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EPR and ENDOR Study of Radiation-Induced Radical Formation in Purines: Sodium
Inosine Crystals X-irradiated at 10 K

Sibel Tokdemir and William H. Nelson*
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X-irradiated single crystals of sodium inosine (Nmosine-2.5H,0), in which the hypoxanthine base is
present as the N1-deprotonated anion, were investigated using K-band (24 GHz) electron paramagnetic
resonance (EPR), electrenuclear double resonance (ENDOR), and ENDOR induced EPR (EIE) techniques
at 10 K. At least five different radicals were present immediately after irradiation at R Kvhich decayed

upon warming the crystals to 50 K, was identified as the electron-loss product of the parent N1-deprotonated
hypoxanthine base. Hyperfine couplings to HC8 and HC2 were fully characterized with ENDOR spectroscopy,
and the identification was supported by DFT calculatidR®, which also decayed on warming to 50 K,
exhibited nearly equal couplings to HC2 and HC8. Taken in combination with an extensive set of DFT
calculations, the experimental results indicate fRatis the (doubly negative) product of electron-gain by

the initially anionic N1-deprotonated hypoxanthine par@&8, which exhibited hyperfine coupling only to

HC8 could not be identifiedR4, which persisted on annealing to 260 K, exhibited one largeoton hyperfine
coupling which was fully characterized by ENDOR. Based on DFT calculations and the experimental data,
R4 was identified as the product of net H-abstraction fromi. @he remaining HC5was the source of the
measuredx-proton couplingR5, present at low temperature and the only observable radical after warming
the crystals to room temperature, was identified as the l€&ddition radical. Thex-coupling to HC2 and
p-couplings to the pair of C8 methlyene protons were fully characterized by ENDOR.

Introduction hypoxanthine crystallized from acidic solutions causing proto-
nation at N7+° This report focuses on inosine crystallized from
basic solutions causing deprotonation at N1 (see the structure
below). This N1-deprotonated anionic form of the hypoxanthine
base has no remaining-N\H protons; as a result, the base itself
has no capability to deprotonate on electron loss. Thus, this set
of molecules offers the following variety of protons attached
to nitrogen positions in hypoxanthine: protons at N1 and N7
(N7-protonated hypoxanthine), proton at N1 (inosine), and none
(N1-deprotonated hypoxanthine).

Study of the N7-protonated hypoxanthine crystals clearly
identified two major products of ionization-induced proton
transfer involving the purine: deprotonation at N7 following
electron loss, and protonation at N3 following electron gain.
q.lnfortunately, in the inosine study, it was not possible to
conclusively identify the radical products of hypoxanthine,
although possibilities included electron loss with no deproto-
nation and/or with deprotonation at N1. Thus, the specific goal
for this study was to clarify the results from inosine, while the
broader goal was to characterize the response to oxidation of a
LN o o purine system with no readily available avenue for charge

H neutralization by deprotonation.
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This work continues a series of investigations into the
ionization-initiated radical products of hypoxanthine derivatives.
The overall goal of the investigations is to understand and
develop descriptions of radiation-initiated radical mechanisms
important for DNA ionization. Although it is not a natural
component of DNA, hypoxanthine is a useful subject because
of its similarities to, and differences from, the natural purine
components of DNA, adenine and guanine. In particular, one
mechanism potentially decisive for the stability or transience
of a radical species is its capability to rapidly donate or accept
protons as a charge neutralization mechanism following electron
loss or gain-2 As is shown by the structures below, specific
differences among hypoxanthine, guanine, and adenine are th
distribution of polar regions at positions 1, 2, and 6. These
regions serve as proton acceptors or donors with other polar
species in their immediate molecular environment and thereby
are centrally important to whether proton transfers can occur
rapidly following one-electron ionization of the purine.
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The initial study of this series focused on inosine, the riboside

of hypoxanthiné. More recently, we reported results from H R
N7-protonated NI-deprotonated
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Figure 1. (a) EPR (second derivative) and (b) ENDOR spectra of-Masine -2.5H,0 recorded at 10 K with the external field parallel to fbél

axis. Magnetic field positions labeled-d in part a indicate the settings for the ENDOR spectra shown in part b. Field setting e was used for the
ENDOR shown in Figure 3. (c) EPR and (d) ENDOR spectra recorded at 10 K with the external field parallelléddkis. Magnetic field
positions f and g in part c indicate the settings for the ENDOR spectra in part d.

Experimental Section [(aL) L) and@éCaxes. To resolve the Schonland ambigtitiata

was collected from a check plane by rotation of a crystal about
an axis with the polar coordinateés= 163° and ¢ = 136°.

Data from each plane was collected from a fresh crystal and
the consistency of the measurements indicates the repeatability
of the data. Previous reports describe the experimental proce-
dures of X irradiation followed by K-band (ca. 23.7 GHz) EPR,
ENDOR, and ENDOR-Induced EPR (EIE) measurements at

High-quality crystals of N&Inosine-2.5H,0 were prepared
from commercial inosine (Sigma 14125, used as received) by
slow evaporation from high-pH aqueous solutions at room
temperature. Typical solutions consisted of 0.2 M inosine in
0.3 N NaOH. Crystals formed from open solutions withind
days and solutions kept in a desiccator gave crystals after 1

day. Deuterated crystals also were grown in a corresponding,. - .
. : - liquid helium temperatures. We note that the EPR spectra are
manner from NaOD an lutions kept in i r. (I . S o
anner fro a0D and D solutions kept in a desiccator. (It presented in second derivative format, that the ENDOR is in

turned out that none of the couplings detected by ENDOR were first derivative format, and that the free-proton frequency for
from exchangeable protons.) Under these conditions, the sodlumENDOR at K-band is approximately 36.0 MHz. Details of the

salt crystallized with the inosine molecule in the anionic form ) ) -
via deprotonation at N1 as is mentioned above. The molecule data coléecnon and analysis methods were previously  de-
with the standard numbering system is shown below: SCfIbeC.i5.'. . . . . .
To aid in identifying the radical products, hyperfine couplings
from feasible structures following geometry optimizations were

o}
calculated using Gaussian 03 for Windows (GO3WAI
N computations used DFT methods with the B3LYP functidfial,
NT ° 7\ optimizations used the 6-31G basis set, and hyperfine couplings
Jz\\@ 4| R 8 )—H were computed with the 6-311G basisMore detail on the
3
H N N

computational procedures is given in the discussions of the
specific results below. Previous reports have shown that this
general approach predicts hyperfine couplings which correlate
well with experimental results

As well, characteristic directions associated with the aniso-
tropic couplings from EPR crystallography are very helpful in
identifying the radical structures. Recent work has shown that
structures computed from crystallographic coordinates using the
NOSYMM option provide dipolar coupling eigenvectors which
correlate well with the experimental resulést* Evidently with
]_Vl"{el” otonated this computational approach, molecular reorientations on radical
inosine structure formation are described well by the geometry changes during
optimization. Thus, for the analyses described below, the GO3W
data sets were prepared with Cartesian coordinates obtained from
the crystallographic data and the NOSYMM option.

The crystallographic and molecular structure of'Naosine”
was reported by Kliers and Mayer who found the crystals to
have orthorhombic symmetry belonging to space gife2y2,2.5
Because of the orthorhombic symmetry, the experimental results
given below are expressed in apzsystem based on trebc
crystallographic axes. Moreover, the good quality of the crystals  Figures 1 and 2 show EPR, ENDOR, and EIE spectra
permitted analysis and reporting of the hydrogen atom positions.recorded at 10 K following irradiation at that temperature.

Following irradiation of the crystals to ca. 100 kGy, data were Numbers labeled on the ENDOR lines correspond to the proton
collected from three independent planes of rotation: about the couplings. EIE and warming techniques were used for grouping

Results and Discussion
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TABLE 1: Hyperfine Couplings for R1 2 Formed in Na*-Inosine -2.5H,0 X-Irradiated at 10 K

Tokdemir and Nelson

eigenvectors

coupling (line) isotropic value principal valué< ad O e0l
—24.83 (2) 0.304 (2) —0.767 (1) —0.565 (1)
R —16.38 (2) —17.68 (2) —0.853 (1) —0.483 (2) 0.198 (1)
(line 2) —6.62 (2) 0.424 (1) —0.422 (1) 0.801 (1)
—6.40 (3) 0.482 (19) —0.816 (12) —0.318 (6)
R1, —3.56 (5) —5.43 (3) —0.846 (12) —0.528 (19) 0.071 (6)
(line 7) 1.15(9) 0.226 (5) —0.235(7) 0.945 (2)
4.98 normal to the ring
N1d 3.43 2.66 in the plane of the ring
2.66 in the plane of the ring
30.66 normal to the ring
N3d 12.93 4.06 in the plane of the ring
4.06 in the plane of the ring
eigenvectors
directions from crystal structure a0 O e
base perpendicular —0.86845 —0.45239 0.20283
C8—H bond direction 0.36318 —0.30203 0.88141
C2—H bond direction 0.12216 0.15018 0.98108

a Structurel. ® Numbers in parentheses are the estimated uncertainties in the respective values as reported by the statisticaCangdisigs
in MHz. 9 See Spectrum Simulation for a description of the method used to evaluate these.

nent of coupling 2 indicates C8 spin density of 0.2%. (= —

70 MHZ5) while the dipolar component indicatpéC8) = 0.25
(Qgip = 38.7 MHZ519. Although coupling 7 is assigned to
HC2, it has more unusual properties. Specifically, the two
negative components listed in Table R1f) are nearly equal
and noticeably larger in magnitude than the positive component;
these are properties more characteristic of a point dipole
interaction (-like) than a standard-coupling.

Previous EPR/ENDOR study of the neutral inosine molecule
in anhydrous inosine crystals found a radieamed Rl in that
study—with a pair of proton couplings very similar to those
from lines 2 and 7 in this study/On the basis of the similarities
of the coupling tensors and parent molecules, it seems certain
thatR1 of this study and RI of the earlier one are from a radical
with the same structure.

To aid in the identification oR1, we calculated couplings
expected from several radical structures based on electron loss
(oxidation) by the parent. Of these, Hxand HX; _q (shown
as structures 1 and 2, respectivélyjave couplings similar to

Structure 2: HX:}’_g
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Figure 2. (a) EPR (second derivative) and-Q) EIE responses from
each ENDOR line indicated in Figure 1b. The EIE patterns are similar
for lines 2 and 7 which were assignedRa. Likewise, EIE from lines
1 and 3 are similar and they were assigned® R3 has only one
coupling indicated by line 4R4 also has only one detectable coupling
indicated by line 6.

o]

the radicals. As is explained below, the data indicates the
formation and stabilization of at least five different radicals:
R1, R2, R3, R4, and the C8 H-addition radical.

Radical R1: The Electron-Loss Radical.On the basis of
the similar EIE patterns of lines 2 and 7, shown in Figure 2, those associated with lines 2 and 7 (see Table 2). Fon%ix
these two lines were assigned to the same radical. Analysis ofthe calculated HC8 coupling (eigenvalues and eigenvectors) are
their full angular dependence, (shown in Figure S1 of the virtually identical to those obtained experimentally for line 2.
Supporting Information) gave the results listed in Table 1. (All In addition, this structure is readily identifiable as the product
nitrogen couplings listed in Table 1 were obtained with the EPR of electron loss in N&lIno~, and that of electron loss followed
spectrum-simulation methods discussed below.) As is shown by deprotonation at N1 of inosine.
in Figure 3, lines 2 and 7 disappeared on annealing the crystals Also for Hx(ll, the coupling values predicted for HC2 match
to 50 K. those of line 7 very well. However, the calculated eigenvectors

Coupling 2 is characteristic of am-coupling to HC8 since correspond poorly to the experimental results for line 7.
the eigenvectors for minimum and intermediate values deviate Specifically, the calculateUniq corresponds to the experimental
9.0 and 2.0 from the crystallographic C8H bond direction Vmax and vice versa. Close inspection of the computational
and the base perpendicular, respectively. The isotropic compo-results shows predicted spins at N1, C2, and N3 of 01805,

Structure 1: Hx,
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Figure 3. ENDOR warming study for N&lnosine-2.5H,0. The
magnetic field was parallel to thé(laxis and the field was set to the
peak labeled e in Figure 1a. ENDOR lines 2, 7, 1, and 3 all disappeared
on warming to 50 K. Only lines 4, 6, 8, and 10 persisted at higher
temperatures.

and 0.28, respectively, creating an allyl-like arrangement. The
small amount of spin at C2 means that the coupling to HC2
arises from the composite of all three centers of spin: an
o-interaction from the small negative spin on C2, and the dipolar
component ofs-interactions from the positive spin on N1 and
N3. We note that the experimentally estimated coupling to N3
is a close match to that predicted, but the experimental value
for N1 is much less than predicted.

Because the HC2 coupling predicted for the:%!xg struc-
ture also is a good match for the experimental result from line
7, it is necessary to consider this as a possibility Ri.
Formation of Hii,g from Na":Ino~ would be the net result
of electron loss and cleavage of the NO1' bond. Normally,
cleavage of CN bonds is considered an unlikely mechanism for
ionization-initiated products in solids. However, the recent
discovery that low-energy electrons (LEE) lead to DNA strand
breakag® indicates the need to consider the LEE mechanism
in the analysis of direct ionization effects. Taken in combination
with the experimental values, the computational results provide
no conclusive basis for distinguishing between gll-band
Hx:i,g as the identity oR1. Computational results from both
structures reproduce the experimental HC8 coupling well;,
However, the calculations for the HC2 coupling from Hx,
agree better with experiment while those from OJibemore
nearly match experimental estimates for the N3 nitrogen
couplings. It is easy to understand how?l—lbcould occur in
both Na':Ino~ and inosine since it is product of simple electron
loss in the former, and of electron loss followed by deprotonation
at N1 in the latter. In contrast, for E[)k_g to be a product of

J. Phys. Chem. A, Vol. 110, No. 20, 2008555

Radical 2: The Electron-Gain Radical. As is shown in
Figure 2, lines 1 and 3 exhibited similar EIE patterns, and both
were observed to decay with no detectable successors on
warming the crystals to ca. 50 K (shown in Figure 3). On the
basis of the EIE, lines 1 and 3 were assigned to radral
Eigenvalues and eigenvectors for both are listed in Table 3.
(Figure S2 of the Supporting Information shows the angular
dependence of this coupling for three planes of data.)

Coupling 1 was assigned to an H@2coupling since the
eigenvectors for the minimum and intermediate values differ
by 5.6 and 5.9 from the crystallographic C2HC2 bond
direction and the base perpendicular, respectively. The isotropic
coupling indicates 0.30 spin density at Q@€ —70 MHz 19),
while the dipolar component indicates 0.2@3(, = 38.7
MHz).2516Coupling 3 was assigned to an H@&oupling since
Vmin deviates 8.4 from the crystallographic G8H bond and
Vmig deviates 8.4 from the base perpendicular. The isotropic
component of coupling 3 indicates 0.21 spin density at C8, while
the dipolar component indicates 0.28 spin density.

The difference in spin densities indicated by the isotropic
and dipolar components of coupling 3 indicates the likelihood
of bending at the C8 position, probably that the- 3828 bond
is bent out of the molecular plane. It is also notable that the
HC2 and HC8 couplings have dipolar parts of similar magnitude
indicating similar spin densities at the two positions.

With the goal of identifying the structure &2, we calculated
couplings expected from the electron-gain structures which
seemed most plausible for the purine moiety: the product of
electron gain by the native anionic base (]%Dxthe product of
electron gain and protonation at N1 (H), and the product of
electron gain plus protonation at O6 (Ehge).zo Calculations
on all three structures predicted significant hyperfine couplings
to HC2 and HCS8 as were observed. (See entried gf Table
4.) However, for HX? and ijﬂ, the predicted HC8 cou-
plings were significantly larger than experiment, and that for
HC2 was significantly smaller. In contrast, for the Hx
structure, the situation was reversed.

Computational results from these negatively charged struc-
tures were quite sensitive to whether the basis sets included
diffuse functions. For example, the NHN9 and C8&HC8
bonds were bent considerably in the gas-phase structure for
Hx_] optimized without diffuse functions [B3LYP/6-31G-
(d,p)]. In contrast, the corresponding structure optimized with
diffuse functions [B3LYP/6-3+G(d,p)] was planar. Visualiza-
tion of the HOMO for the latter structure showed it to exhibit
severe diffuse character. This was reflected in the computed
hydrogen hyperfine couplings which exhibited point-dipole
character with small dipolar components rather than the normal
o-coupling character exhibited by the experimental results.

inosine, it is necessary that the parent undergoes two bond Because of their sensitivity to diffuse functions, the computa-

cleavages (i.e., NtHN1 and N9-C1'), and it is difficult to

tions indicate that the unpaired electron is loosely bound in a

envision both events occurring. Thus, we propose the structureHOMO extending enough beyond the molecular framework that

Hx’, as the most plausible identification f& (and RI of the

these radicals’ surroundings can be significant in determining

previous Work)_ With the added note that the HC2 Coup"ng the eXperimenta”y observed results. In the Crystal, a water
values are small, and therefore vulnerable to relatively small molecule is positioned with hydrogen bonds to N1 and O6; O6

geometrical variations, we attribute the discrepancy between also accepts two additional hydrogen bonds, one from another
computation and experiment for line 7 and the HC2 coupling Water and the second from HO@f a neighboring molecule.

to the result of Computation on an isolated vacuum-state Therefore, we undertook a set of Computations to test the effect
molecule. The consequent difficulty in obtaining the actual ©Of nearby water on the hyperfine couplings from the gas-phase-
geometry of the product in the solid state has been discussedoptimized Hx 7 structure.

previously** Thus, it appears that the actual structureRdf
differs from the optimized vacuum-state geometry oﬁll-hn

Couplings for the HXf + H20O cluster geometry-optimized
and calculateavithoutdiffuse functions (entry 5, Table 4) were

such a way as to reduce the spin at N1 (or N3) and perhaps tovirtually the same as those for E|§§+6 and Hx:i mentioned

increase the magnitude of spin at €2.

above. However, computations at the level of 6-311G(2d,p) on



6556 J. Phys. Chem. A, Vol. 110, No. 20, 2006

Tokdemir and Nelson

TABLE 2: Computational Results for the Structures Hx_;° and Hx_;-9~* Compared with Experimentab

Hx_1 gt experiment Hx4°
coupling eigenvectors eigenvectors eigenvectors
atom iso. dip. [ O e iso. dip. [F: O e iso. dip. [ [Tolm| e
—3.77 0.4311 —0.8842 —0.1797 —2.84 0.482 —0.816 —0.318 —2.77 —0.8692 —0.4569  0.1889
HC2 —5.53 —2.00 —0.8669 —0.4612 0.1893 —3.56 —1.87 —0.846 —0.528 0.071 155 —1.18 0.2551 —0.7418 —0.6202
5.77 0.2502 —0.0742  0.9653 471 0.226-0.235 0.945 3.96 0.4235-0.4909 0.7613
—7.83 0.2939 —0.7784 —0.5547 —8.46 0.304 —0.767 —0.565 —9.17 0.3118 —0.8035 —0.5071
HC8 —12.45 —1.32 —0.8670 —0.4614 0.1882-16.38 —1.31 —0.853 —0.483 0.198 —15.53 —0.83 —0.8693 —0.4567 0.1891
9.15 0.4024 —0.4256  0.8105 9.76  0.424-0.422 0.801 10.04 0.3835-0.3819  0.8409
—2.80 —0.78 —5.99
N1 0.99 —2.77 3.42 —0.78 3.83 —6.07
5.58 1.56 12.06
—7.17 —8.88 —13.06
N3 4.01 —6.99 12.94 —8.88 9.22 —12.85
14.17 17.76 25.91
—5.26
N7 2.36 —4.97
10.23

a Column headings “iso.” and “dip.” respectively indicate the isotropic and dipolar components of the hyperfine cobiglihgsupling values

are MHz.

TABLE 3: Hyperfine Couplings for R2 Formed in Na *+Inosine™-2.5H,0 X-Irradiated at 10 K

eigenvectors

coupling (line) isotropic valu& principal valué< El b0 enl
—34.89(2) —0.4421 (7) 0.8926 (5) —0.0891 (15)
R2 —21.81(2) —19.43(2) —0.8733 (3) —0.4056 (8) 0.2699 (9)
(line 1) —11.10(2) 0.2048 (8) 0.1972 (16) 0.9588 (5)
—28.17(2) 0.3404 (9) —0.8230 (12) —0.4547 (15)
R2 —14.39(4) —11.60(2) —0.8002 (5) —0.5075 (12) 0.3195 (14)
(line 3) —3.40(2) 0.4937 (7) —0.2551 (15) 0.8314 (6)
8.03 normal to the ring
N7¢ 3.81 1.69 in the plane of the ring
1.69 in the plane of the ring
eigenvectors
directions from crystal structure (ad molm| e
base perpendicular —0.86845 —0.45239 0.20283
C8—H bond direction 0.36318 —0.30203 0.88141
C2—H bond direction 0.12216 0.15018 0.98108

aNumbers in parentheses are the estimated uncertainties in the respective values as reported by the statisticAlCanadiisgs in MHz.
¢ See Spectrum Simulation for a description of the method used to evaluate these.

the cluster optimized at 6-31G(d,p) gave HC2 and HC8 dipolar Calculated values from all three artificially bent structures
couplings more nearly equal, although still somewhat larger than provide reasonable approximations to the experimental isotropic
the experimental values (entry 6, Table 4). Because of the and dipolar components (entries-102, Table 4). Thus, the
additional water-like hydrogen bonding to O6, we then calcu- couplings alone provide no conclusive basis for distinguishing
lated the couplings for I{X}’Jre, Hxii, and the H)Zf + HO among these as potential structures 2. Likewise, the
cluster within a continuum dielectrie & 78.2) using the PCM  nitrogen couplings computed for the three structures are all
method of GO3. For all cases, the respective dipolar couplings consistent with the estimated experimental values. However,
were very close to the experimental values (entrieS,7Table  ¢jrcumstantial evidence favors Hik for two reasons. First,
4). In fact, the b values for HXT + HO are different from 152 ang Hx 2 + H,0 are not really different for calculations
experiment by less than 10%. where both are within the dielectric field of water. It is simply
The final step was to calculate couplings with the PCM that the cluster explicitly includes a water molecule within the
procedure on variants of the structures in which the-888 continuous water-like dielectric medium in which the PCM
bonds were artificially bent out of the molecular pl&Adhe approach embeds the molecule. Second, transfer of a proton to
structures optimized at 6-315(d,p) were nominally planar, but - g for forming Hx !, will certainly be inhibited by repulsive
the experimental HC8 coupling showed evidence for pyramidal i\, ences from the two waters also serving as hydrogen bond
character of the bonds to C8. It is known that such character in donors to 06. Thus, it seems less likely for O to attract a proton

thg .bonds fo a center of Spin aﬁe.CtS the .dlpolar component than for the water-like surroundings to enable the stability of
minimally but causes the isotropic coupling component to
the electron adduct.

become more positiv& The objective of this step was to test
the possibility that computations with a reasonably bent structure
could approximate the experimental values.

On the basis of the reasoning above, we propose that the
structure and conditions of entry 10 in Table 4 most accurately
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TABLE 4: Computed Results for Various Structures and Conditions Compared to Experimental Results for R2b

entry no. structure OPT SP PCM coupling Aiso b- bo by

1 experiment HC2 —21.81 —13.08 2.38 10.71
HC8 —14.39 —13.78 2.79 10.99

2 HX:i HC2 —-12.12 —-7.12 0.22 6.90
HC8 47.88 —16.20 —3.63 19.83

3 Hx 1 HC2 17.39 —24.01 —1.99 26.00
HC8 —8.66 —4.99 -0.14 5.13

4 Hx L., HC2 -16.72 -919  -0.21 9.41
’ HC8 35.09 —18.29 —1.20 19.49

5 Hx:i + H,0 HC2 —15.25 —8.84 0.43 8.41
HC8 45.23 —16.96 —-3.35 20.31

6 Hx:i + H,0 + HC2 —25.49 —14.92 1.39 13.53
HC8 —33.81 —19.85 4.15 15.69

7 Hx:i + + X HC2 —22.91 —12.76 1.03 11.73
HC8 —28.01 —15.76 3.44 12.32

8 HX L, + + X HC2 -19.48 -9.92 045 10.37
’ HC8 —27.40 —14.74 2.05 12.69

9 HX "2 + H,0 + + X HC2 —23.27 -12.52 1.48 11.04
HC8 —29.18 —15.90 4.01 11.89

10 Hxii, 12° bend + + X HC2 —20.64 —11.50 0.78 10.72
HC8 —15.82 —15.84 3.22 12.62

11 Hx:he, 8° bend + + X HC2 —18.80 —9.59 —0.45 10.04
' HC8 —16.70 —14.47 1.21 13.26

12 Hx "2+ H,0, 12 bend + + X HC2 —21.22 —11.42 1.21 10.21
HC8 —17.28 —15.95 3.70 12.24

a“+”in the OPT column indicates geometries optimized at 6-G1d,p); others were optimized at 6-31G(d,p}-"in the SP column indicates
single-point calculations for EPR parameters using 6+3&(2d,p); other single-point calculations used 6-311G(2d,p). “X” in the PCM column
indicates a single point calculation using SGRFCM keyword.? All coupling values are in MHz.

M —H
Q o ‘|3 Q
N “\ N N "\N N\ n N u\
el ey ) > Lell>— e b
\ H N’ \ H N \: \(
R R
Hx\ 6 Hx? Hx' Hx? +H,0

describedfk2 within the host crystal. Additional support for this  coupling for three planes.) Line 4 decayed in the range-200
conclusion is that the computation on the bent structure of entry 250 K with no new lines appearing (not shown).

10 not only satisfactorily reproduces the experimental eigen-  Coupling 4 was identified as an HGBcoupling sinc&/min
values of the HC2 and HC8 couplings, it also reproduces the and V,q deviate 9.9 and 3.9 from the crystallographic G8
eigenvectors to good accuracy. For HC2, the angular differencesHC8 bond direction and the base perpendicular, respectively.

between computed and experimental directiongg, Vimia and The hyperfine coupling tensor derived from the data is listed
Vmin, respectively) are 2.2, 4.1, and 4.for HC8, the respective  in Table 5. From both the isotropic and dipolar coupling
values are 1.5, 2.4, and 2.7 components, the spin at C8 is estimated to be QR3 € —70

It should be noted that the PCM results are from single-point MHz > andQj;, = 38.7 MHZ519. These results also indicate
calculations using structures optimized in the gas phase. As suchthat the bonds to C8 are coplanar in this product.
they are not true equilibrium geometries for these cases. Although it is not possible to identifR3 from coupling 4
Nevertheless, the calculations support the identificationRi2at  alone, we note that a radical with a similar coupling was detected
is the product of electron capture by the initially anionic parent in the earlier study of anhydrous inosine crystals (labeled RVII
purine moiety. Specifically, the calculations demonstrate that in that study} In that case, it was suggested that the radical
there exists a geometry and a combination of conditions for was the result of deprotonation at N1 of the initial electron-
which such a radical ion can exhibit the observed set of loss product. However, based on the analysiRbabove, it is
hyperfine couplings. Moreover, the computations indicate that now evident that the product of N1-deprotonation was actually
the observed couplings are strongly affected by the surroundings,RI in the earlier work.
namely the waters, a behavior reasonable for a doubly negative Ragical R4: Ribose-Centered RadicalOnly line 6 could
system where the added electron is expected to be loosely boundpe attributed to this radical by EIE as is shown in Figure 2.

Radical 3: Unidentified Base-Centered RadicalOn the This low-amplitude line remained stable as crystals were
basis of the EIE patterns shown in Figure 2, coupling 4 was warmed between10 and 100 K. On warming the crystal from
assigned to radic&3. It was possible to collect ENDOR data 150 to 260 K, line 6 moved to a slightly lower frequency (not
in three independent planes for this coupling. (Figure S3 of the shown). (Figure S3 of the Supporting Information shows the
Supporting Information shows the angular dependence of this angular dependence of this coupling for all three planes.) The
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TABLE 5: Hyperfine Couplings for R3 2 Formed in Nat-Inosine™-2.5H,0 X-Irradiated at 10 K

Tokdemir and Nelson

eigenvectors

coupling (line) isotropic value principal valué® @ad O en
-31.2(2) 0.32526 (2) —0.74675(1) —0.58014 (1)
R3; —20.1(2) —-19.7 (2) —0.86034 (1) —0.48830 (2) 0.14619 (1)
(line 4) -9.3(2) 0.39245 (1) —0.45157 (1) 0.80129 (1)
18.6 normal to the ring
N3 6.22 0 in the plane of the ring
0 in the plane of the ring
21.6 normal to the ring
N7¢ 7.20 0 in the plane of the ring
0 in the plane of the ring
eigenvectors
directions from crystal structure a0 O e
base perpendicular —0.86845 —0.45239 0.20283
C8—H bond direction 0.36318 —0.30203 0.88141
C2—H bond direction 0.12216 0.15018 0.98108

¢Numbers in parentheses are the estimated uncertainties in the respective values as reported by the statisticAlCanadiisgs in MHz.

¢See Spectrum Simulation for a description of the method used to evaluate these. For these, the analysis gave small imaginary values for the

in-plane components. For this reason, the values were simply set to 0.

TABLE 6: Hyperfine Couplings for R4 2 Formed in Na™Inosine-2.5H,0 X-Irradiated at 10 K

eigenvectors

coupling (line) isotropic value principal valué< N b0 e
—94.06 (3) 0.6685(3) —0.3286(4) —0.6672(3)
R4, —59.22(3) —56.53 (3) 0.5641(6) 0.8087(4) 0.1668(7)
(line 6) —27.06 (3) 0.4847(2) —0.4879(8) 0.7260(3)
eigenvectors
directions from crystal structure (an Nl (ed

C5-H(C5a) bond direction —0.23270 0.81832 0.52555
C5-H(C5b) bond direction 0.68274 0.67568 —0.27806
C2-H(C2) bond direction —0.59281 0.31373 —0.74173
C3-H(C3) bond direction —0.35204 —0.67703 —0.64630

a Structure3a.  Couplings in MHz.

corresponding hyperfine coupling tensor, typical forGH

a-proton, was calculated from ENDOR data obtained at 10 K 3P
and is listed in Table 6. Witkiso = —70 MHz!° the isotropic

coupling indicateg = 0.81, and withQg,, = 38.7 MHz;>16
the dipolar component indicates= 0.83. These nearly-identical
values indicate no detectable pyramidal character in the bonding

to the CH, z-fragment.

The eigenvectors associated with line 6 indicate that it is
unlikely to be associated with the purine ring and thus likely to
be from a ribose-centered radical. Suchcaproton coupling HC4
in the ribose could arise from a variety of events, such as
dehydroxylation at C2or C3, cleavage of the CAC5 bond,
net loss of either hydrogen from Cstructure 3a), or cleavage HOS
of the N9-C1' glycosidic bond (Structure 3b). In all cases, the
resulting radical product is likely to undergo reorientation,
perhaps to a very large degree, since the carbon at the center of

TABLE 7: Computational Results for Structures 3a and

eigenvectors

coupling Aiso Buip (a0

MmO edd

—35.07 0.7014

HC52 —38.68 —1.65 0.5882
36.73 —0.4025

—6.65 —0.6482

10.11 —4.04 0.5246

10.69 0.5520

—12.65 —0.5959

—7.46  —9.37 0.7250

22.02 0.3453

HCS5' Abstraction (Structur8a)

—0.4091 0.5837

0.7947 —0.1499
0.4484 0.7981
0.3011 0.6994
0.8424 0.1235
—0.4470 0.7039
0.6763 0.4331
0.6850 —0.0720
—0.2711 0.8985

Glycosidic Cleavage (Structub)

—-32.35 09179  0.3568 —0.1734

spin will rehybridize to change the bonding geometry from  HcCz -36.12 —2.11 —0.3792 0.6607 —0.6478

tetrahedral to more nearly planar. Of the possibilities listed, 3446 —0.1166 0.6604 0.7418
radicals from net H loss at C&re well-known, while those —6.02 0.7239 —-0.6613 —0.1968

from net dehydroxylation at C2or C3 are unlikely since HC2 65.31 —3.37 -0.0382 -0.3232 0.9456
oxidation typically leads instead to dehydrogenation at C or O 9.40 0.6889 0.6770 0.2592
in sugars. In addition, the recent recognition that capture of low- Experiment

energy electrons (LEESs) can lead to cleavage of the glycosidic —34.84 0.6685 —0.3286 0.6672
bond’ makes it important to consider the structure from rupture  line 6 —59.22 3.69 0.5641 0.8087 —0.1668

of the N9-C1' bond (see the discussion associated ViRth 32.16 —0.4847 0.4879  0.7260

above). In particular, if the capture of an electron should lead

a Computed isotropic coupling values a

re in the column headed by

to cleavage of the glycosidic bond, the greater electron affinity A, and dipolar values are in the column labetgg. ® All coupling
of the purine component vs the ribose makes the probability values are given in MHz.
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high that the electronic charge will reside on the purine fragment
with the unpaired spin residing on the ribose. Thus, in an LEE
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N\

a)

MgO:Cr**

event, the radical product of glycosidic bond cleavage is most
likely to be a Cl-centered sugar radical.

EigenvectoVyin of R2 deviates 26.7, 30.4, and 22.#fom
the crystallographic C5HC51 C5—HC52, and C1—-HCY
bond directions, respectively. However, in view of the possibility
for extensive reorientation, these correlations are of uncertain
value. Therefore, we undertook a series of calculations on ribose b)
structures derived from abstraction of either’ Cydrogen
(structure3a) or from cleavage of the N9C1' glycosidic bond
(structure3b).

T T T
8400 8450 8500 8550

—l

Magnetic Field (Gauss)
1 N — 1 1

8
/ﬁw\ﬁv
40 45 85 90 95

Frequency (MHz)

Figure 4. (a) EPR (second derivative) and (b) ENDOR from
Na'-Inosine+2.5H:,0 recorded at room temperature with the external
field parallel to thel¢Oaxis. At this position the magnetic field was
approximately in the ring plane for one magnetic site. The arrow in
the EPR spectrum indicates the magnetic field setting for the ENDOR
scan.

9 9, 10

35

Structure 3a Structure 3b

In calculating the geometry from CHH-abstraction, the
(crystal-based) coordinate set included the purine base but theand the base-perpendicular, respectively. W@k, of —70
positions of all purine atoms were frozen for the optimization. MHz*® the spin density at C2 is estimated as 0.19.
The objective was to anchor the ribose unit and prevent Coupling 8 unambiguously identifi¢25 as the C8 H-addition
unrealistic reorientations. Although it was less clear how to radical shown in structurd. (This radical was also present
achieve similar anchoring for the structure from glycosidic
cleavage, we chose to freeze the coordinates of botha@dd Q
O5. Results from the calculations are shown in Table 7. For 2
HCS5 abstraction, the optimized structures were virtually identi- N H
cal regardless of the specific H&tom omitted from the initial )\ | ><H
coordinate set. As well, the results were the same for optimiza- H \N N
tion [at 6-31G(d,p)] with or without diffuse functions. With the \
primary focus on properties of the calculatedcoupling R
(coupling values and dipolar directions) in comparison to the Structure 4: Hx',
experimental results, it is clear that the result from abstraction
of HCS provides a better match to the eigenvectors. (The immediately after irradiation at 6 K, as indicated by the presence
computed isotropic components of thecouplings for both of line 8 in Figure 1b. However,t&® K the intensity of line 8
structures are smaller than experiment and reflect a pyramidalwas much less than at room temperature.) Coupling temeyrs
geometry at the center of spin in both optimized geometries.) and R5; are due to interactions with the tw6-methylene
As well, this structure predicts a very small Cgébupling (to protons at C8. Th¢g-methylene couplings are nearly equal,
HC4') while the Cl-centered structure from glycosidic bond indicating dihedral angles near 30The magnitudes of the
cleavage predicts A-coupling to HC2 of approximately 65 hyperfine couplings are very similar to those of adenine C8
MHz. In addition, the C5centered calculation predicts a highly H-addition radicals (9-methyladen#feand deoxyadenosine
anisotropic COH coupling. Although we identified no such  monohydraté29.
coupling, the spectra contain unidentified ENDOR lines around It was not possible to obtain enough data to calculate a
65 MHz. The corresponding radical centered ori ®&s also coupling tensor for line 11. This line must arise from a coupling
observed in the previous study of inosine whgreouplings to to HC2, HCS8, or a proton in the sugar since sodium inosine
HO5, C4, and ao-coupling to HO3 were detected and has no hydrogens at N1, N7, or N9. One possibility is that its
analyzed source is the HC8 coupling from the C2 H-addition radical.

Radical 5: C8 H-Addition Radical. Figure 4 shows EPR Spectrum Simulations.Gaussian calculations on radic®%
and ENDOR spectra recorded after warming a crystal to room and R2 discussed above predicted sufficient nitrogen spin
temperature. The EPR is dominated by a 3-line pattern density to affect the EPR patterns. Consequently, recreation of
characteristic of the well-known H-adduct species of which there the EPR patterns, individually and in combination, with
can be two forms for inosine: addition at C2 or addition at C8. spectrum simulation techniques serves as confirmation of the
From EIE, shown in Figure 5, ENDOR lines—80 were radical structures proposed above. In addition, successful
assigned t&5, and Table 8 shows hyperfine tensors from these. simulations will also provide an estimate of the relative
(Figure S4, Supporting Information shows the angular depen- populations of each radical form. Overall EPR patterns from
dence of these couplings for all three planes.) Coupling 8, from the Na™“Inosine-2.5H,0 crystals were compact at most ori-
a nonexchangeable proton, is a typica-&2 a-coupling with entations, indicating limited contributions from nitrogen hyper-
eigenvectors for the minimum and intermediate principal values fine couplings. Nevertheless, some orientations showed clear
deviating only 0.7 and 0.3 from the C2-H bond direction indication of nitrogen contributions.
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TABLE 8: Hyperfine Couplings for R5 2 Formed in Na*-Inosine -2.5H,0 X-Irradiated at Room Temperature

eigenvectors

coupling (line) isotropic value® principal valuéc @0 O @0
—20.88(2) —0.473(2) 0.877(1) —0.087(2)
R5, —-13.51(2) —13.41(2) 0.874(1) 0.454(2) —-0.172(2)
(line 8) —6.24(2) 0.112(2) 0.158(3) 0.981(0)
112.70(2) 0.816(1) —0.311(5) 0.488(1)
R5; 107.26(2) 105.29(2) 0.051(2) —0.802(5) —0.595(8)
(line 9) 103.79(2) 0.576(1) 0.511(6) —0.638(6)
118.70(2) 0.068(2) —0.748(12) 0.660(7)
R5; 113.32(2) 111.27(2) 0.493(0) 0.600(4) 0.629(8)
(line 10) 109.94(2) 0.867(0) —0.283(6) —0.410(9)
eigenvectors
directions from crystal structure a0 b0 e
base perpendicular —0.86845 —0.45239 0.20283
C8—H bond direction 0.36318 —0.30203 0.88141
C2—H bond direction 0.12216 0.15018 0.98108

a Structured. ® Numbers in parentheses are the estimated uncertainties in the respective values as reported by the statisticaCangdisigs

in MHz.

AN

8400 8450 8500
Magnetic Field (Gauss)

Figure 5. EPR (top) and EIE responses (lower 5) from each ENDOR
line shown in Figure 4b. The EIE patterns are similar for all ENDOR
lines except line 11. Lines 9a and 9b are the same coupling but from
radicals in the two distinct magnetic sites. Since line 9 is more
anisotropic than the other two, slight misorientation leads to doubling
of the lines as seen in Figure 4b. (The EPR line near 8550 G is from
the MgO:Cr3 reference sample.).

T
8550

Our approach to the simulations was as described previéusly.
The nitrogen couplings listed in the tables above were obtained
with those methods by simulating the EPR at three magnetic
field positions: field alongal] (bC] and in the ring plane for
rotation aboutdl] Figure 6 shows simulated and the experi-
mental spectra for three different magnetic field orientations.
The simulations indicated relative radical concentrations as
follows: R1 = 55.7%,R2 = 23.6%,R3 = 15.0%, andR4 =
5.7%. Because the relatively low-resolution character of the
spectra makes the uncertainty in these results high, they shoul
be considered only as estimates.

Discussion: Proton-Transfer Behavior

A central focus of this series of studies is identification and
description of the proton-transfer behavior of the primary ionized

g

first, there will be no lasting effects of the ionization; however
if proton transfers occur before recombination, the ionization
produces neutral radicals which eaand will—react further to
produce the ultimate chemical consequences of ionization.
Because of their far greater mass, protons are much less
mobile than electrons. Thus, at the experimental temperatures
for this study (10 K), the most probable proton transfers are
those between neighbors, and hydrogen bonds are most probable
routes. Structurd indicates the arrangement of hydrogen bonds

H1WA ,HO2!
(.92784) ¢ (1.768A)
JH2W3

H%‘f‘f ) W @oTiA)
2.051A)
oY

. X N

(3.921A)" N

(1.982A)!

OH
\ (1.768A)

)
'

06

(2.1284)

oOws

Structure 5. Hydrogen bonding
arrangements

and close contacts in the Ndnosine -2.5H,0 crystals. (In the
crystal, all available hydrogen bond acceptors and donors
articipate in hydrogen bonds or close associations.) Particularly
otable points are as follows: (1) the Ndon, strongly
associated with the waters in the vicinity of sugar 0%53.9 A

from N1 and is more that 4.0 A from other base atoms; (2) N1,
the deprotonated site, is hydrogen-bonded/closely associated
with a water proton at the distance of 2.051 A; (3) the shortest
hydrogen bond is between O6 and HQO# a neighboring

molecular species. Proton transfers are an important stage inmolecule (1.768 A); (4) 06 accepts a second hydrogen bond
the evolution of radiation-induced damage. They are slower thanfrom a water proton (the “0.5” water) with the length 1.927 A
electron transfers, but the stability of primary ionic species can and is closely associated with a hydrogen from still another
be determined by whether intermolecular proton transfers occurwater @ = 2.579 A); (5) N3 accepts an intramolecular hydrogen
before electrorhole recombinatioR.If recombination occurs bond from HO5 (1.982 A).
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previously reported from X irradiated inosidéherefore, these
results allow that product to be identifie®2 was the product

of electron gain by the initially anionic hypoxanthine unit.
Unusual abouR1 and R2 in this crystal system is that they
were primary electron-loss and electron-gain products stabilized
without intermolecular proton transfers. Warming the crystals
to ca. 50 K led to simultaneous disappearance of both, probably

T T

8400 8450 8500 8400 8450 8500 by electron-hole recombinationR3 could not be identified.
Magnetic Field (Gauss) Magnetic Field (Gauss) On the basis of its single hyperfine coupling and computational

modeling,R4 was identified as the product of net dehydroge-
nation from C5 of the ribose unit.R5, detected at low
temperature but studied at room temperature, was identified as
the product of net hydrogen addition to C8.

Of these, the most unusual wR2. Its identification as the
primary electron-gain product of the initially anionic purine
parent was established primarily on the basis of a computational

800 8450 8500 model including the host environment. The model yielding

Magnetic Field (Gauss) results most compatible with experiment indicated that the

Figure 6. Comparison of simulated (dotted lines) and experimental unpaired electron of the doubly negative product was weakly
(solid lines) EPR spectra (second derivative) fronti@osine -2.5H,0 bound making the observable hyperfine parameters strongly
for three different positions of the magnetic field in the ab crystal- affected by the dielectric properties of the surroundings. As well,
lographic plane: (a) with the magnetic field parallel to thelaxis, the experimental results indicated nonplanarity of the bonds to

(b) with the magnetic field in the ring plane for one of the magnetic

sites, and (c) with the magnetic field parallel to té&laxis. HCSB, a property supported by the computations on structures

with artificially adjusted geometries. However, the structural
In the discussion above, the conclusions were that radicals M0del providing computational couplings (coupling values and
R1 and R2 are the primary electron-loss and electron-gain characteristic directions) most compatible with experiment was

products of the hypoxanthine base. It is unusual for the primary Nt that of full geometry optimization under the set of conditions
products to be stabilized in crystals without intermolecular indicated by the analysis. This indicates that further development

proton transfers. Qualitative summaries of several studies in fact.Of computational methodology is necessary for successful ab

concluded that product stabilization depended on hydrogen'nitio des.cription of molecular systems suchR&within their
bonding networks allowing concerted proton transfers which host environment.

move the net charge two or more molecules a#zy.n the Acknowledgment. The early stages of this work were
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work led to the suggestion that cytosine and adenine nucleotides ' and analyzing the spectra.
would deprotonate at Ciinder conditions inhibiting to depro-
tonation from the bas®:2% It is therefore notable in this case
thatR1 was detected as the product of one-electron oxidation
and no evidence was detected for the product of HC1
abstraction. Likewise, the evidence fB2 indicates shallow
trapping of the electron. The indicated environmental effects
on the hyperfine couplings suggests trapping somewhat like that
reported previously for electrons in sugafsn this case, rather
than being trapped interstitially, the electron is trapped by the
molecule itself. However, the molecule is within surroundings
somewhat like that created by the polyhydroxy environment (1) Steenken, SChem. Re. 1989 89, 503.

establishing the electron traps in sugars. Thus, rather than being ~ (2) Steenken, Scree Radical Res. Commub992 16, 349.
localized, the electron is “lightly attached” to the molecular Res(l%g';oﬁqE'l‘%j Nelson, W. H.; Sagstuen, E; Close, D. Rédiat.
framework and the unpaired spin is delocalized around the  (4) Tokdemir, S.; Nelson, W. HRadiat. Res2005 163 663.
hypoxanthine unit. With this arrangement, the local electric (5) Tokdemir, S.; Nelson, W. HJ. Phys. Chem. 2005 109, 8732.
fields generated by the anionic character of the surrounding  (6) Kltfers, P.; Mayer, PActa Crystallogr.1996 C52 2970.

mol I videntl lish marainall le tr ing si (7) Schonland, D. SProc. Phys. Sod959 73, 788.
olecules evidently establishes a marginally stable trapping site (8) (a) Nelson, W. H.; Hole, E. O.; Sagstuen, E.; Close, DI J.

Supporting Information Available: Figures showing the
angular dependence of the coupling tensors Rir from
Na'-Inosine (Figure S1), forR2 from Na'-Inosine (Figure
S2), for R3 and R4 from Na"Inosine (Figure S3), and for
R5 from Na'-Inosine” at room temperature (Figure S4). This
material is available free of charge via the Internet at http://
pubs.acs.org.
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