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PREFACE

The work to be presented in this thesis is a review of some studies by

electron spin resonance spectroscopy of radiation induced radical formation

in some nucleic acid and protein components and some sulfur-substituted

analogs. The work has been carried out at The University of Oslo, Institute

of Physics, in the period 1974 - 1978. The main part of the results to be

discussed are reported in the following papers, referred to in the text by

Roman numerals.

I. R. Bergene and E. Sagstuen, E.S.R. studies of sulfur-substituted

pyrimidines. 2-thio-5-carboxyuracil at 77 K.

Int. J. Radiat. Biol. 28, 137 - 146 (1975)

II. C. Ramming and E. Sagstuen, The crystal and molecular struc-

ture of 6-methylmercaptopurine riboside monohydrate.

Acta Chem. Scand. B30, 716 - 720 (1976)

III. E. Sagstuen and C. Alexander, Jr., ESR of sulfur-substituted

purines and nucleosides; carbon-centered radicals in mercapto-

purine crystals at 77 K.

Mol. Phys. 32, 743 - 757 (1976)

IV. E. Sagstuen and C. Alexander, Jr., ESR of sulfur-substituted

purines and nucleosides; sulfur- and oxygen-centered radicals

in mercaptopurine crystals at 77 K.

J. Chem. Phys. 68, 762 - 768 (1978)

V. E. Sagstuen, Radiation induced free radical formation in sulfur-

substituted purines. 6-mercaptopurine at 77 K.

J. Chem. Phys. (in press)

VI. 6. Saxeb0l and E. Sagstuen, Radiation damage in L-histidine*HCl

monohydrate.

Int. J. Radiat. Biol. 26, 373 - 382 (1974).
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VII. E. Sagstuen, H.G. Byrkjeland, and T. Henriksen, An ESR study

of irradiated L-tryptophan'HCl single crystals at 295 K.

Radiat. Res. 7^, 10 - 22 (1978)

VIII. I. Egtvedt, E. Sagstuen, R. Bergene, and T. Henriksen, Radiation

damage to dihydrouracil.

Radiat. Res. 75, 252 - 267 (1978)

IX. I. Egtvedt, E. Sagstuen, and T. Henriksen, An ESR study of

light- and temperature-induced free radical conversions in

single crystals of dihydrouracil.

Radiat. Res. (in press)
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INTRODUCTION

Radiation damage and ESR spectroscopy

When cellular systems are exposed to ionizing radiation, the long-term

observable effects may range from minor disturbances to such dramatic changes

as mutations and cell death. The processes leading to these macroscopical

injuries are primarily confined at the molecular level. In order to under-

stand the nature of the biological effects it is therefore neccessary to

attain knowledge about the early molecular processes induced by radiation.

This constitues the field of radiation biophysics, i.e. to identify molecular

products formed in irradiated systems and to establish their reactions and

fate.

In all models aimed at a description of the action of radiation at the mole-

cular level the formation of free radicals (which are species containing un-

paired electrons) is a central concept. A large amount of research has been

carried out in order to elucidate the processes into which these highly reactive

species participate, and a variety of techniques have been used (1). During

the last two decades electron spin resonance (ESR) spectroscopy has proved to

be one of the most powerful tools in the study of the early radiation induced

processes. This field of research was made possible with the invention of

ESR spectroscopy by Zavoisky in 1945 (2). However, the potentials of the ESR

technique within radiation biophysics was not fully appreciated until some

10 years later, when Walter Gordy and his coworkers started their investiga-

tions of the radiation damage to proteins, nucleic acids and their components

(3-5).

The technique of ESR spectroscopy is uniquely suited to study free radi-

cals, as it is based on resonance absorption of energy by unpaired electrons

in a magnetic field. ESR spectroscopy makes it possible to detect free

radicals and in some cases, to identify them. The interpretation process

is based on the interaction between the unpaired electron spin angular mo-

mentum and its orbital angular momentum, as well as on its interactions with

nuclei in the environment (inter- or intramolecular) which posess a magnetic

moment. These interactions are described by a spin-Hamilton operator which

for most applications of ESR to organic radicals may properly be written as
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H = BH'g'jS - Z gN 3N H'I_. + Z
i i i

where j> and _I_. are the spin angular momentum operators for the electron

and _i interacting nuclei. The first, and leading term of this operator

represents the Zeemann energy of the electron in the applied magnetic field

11. In the absence of electronic orbital momentum this energy is usually given

by g 811 where 3 is the Bohr magneton. The value of g is close to

2.0023. However, if there is a contribution to the magnetic moment from the

orbital motion of the electron the g-value will deviate from the free electron

g-value. The deviation is anisotropic, and consequently g is replaced by

the tensor quantity g. The second term in the spin-Hamiltonian is the nu-

clear Zeemann energy and the last term describes the magnetic interaction be-

tween the electron and the different nuclei by means of a tensor A., called

the hyperfine splitting tensor.

In order to study free radicals by ESR it is necessary to build up a

sufficient number of unpaired spins in the sample (approximately 10 or more

depending upon the shape of the resonance). This may be difficult since free

radicals in general are very reactive and different techniques have been used

either to trap the induced radicals or to attain a sufficient steady state

concentration level. The latter technique has been applied for liquid systems

by _iri situ radiation using high doserates, whereas the former technique has

been successfully applied to solid samples such as powders, ".rystals, spores,

and frozen solutions. A procedure which seems to contain a large dmount of

information is to irradiate at low temperatures and by subsequent heat-treat-

ments of the sample to study the reactions and fate of the induced radicals.

In the early years of ESR spectroscopy measusurements of radical yields

were considered to be important for the understanding of the radiation damage.

It was in particular sought for a correlation between the total radical content

and the biological damage. Several difficulties were, however, soon encountered.

In the first place, physical parameters such as crystallinity, oxygen concen-

tration, temperature, radiation dose, etc. largely influenced the yield mea-

surements. Furthermore, the integration procedure of the derivative absorp-

tion curves, in particular the unavoidable baseline drift, combined with the

lack of a suitable reference system resulted in large uncertainties in the

absolute yield measurements. Large discrepancies became apparent when the

results from different laboratories were compared (6). With some notable ex-
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ceptions (7,8) it was found to be a discrepancy between the dose-yield

curves for radicals and the dose-yield curves for biological damage (9). It

is therefore reasonable that the qualitative aspects of ESR spectroscopy more

and more came into focus. In particular, radical identification has attained

an important role.

A

The g and A tensors are the keys to the identification of the paramagne-

tic radiation products, and much of this review is concerned with the measure-

ment and interpretation of these quantities. It was stated above that § and

A are anisotropic. Consequently, the regularity of the system to which the

radicals are confined is decisive for the information content of the ESR ex-

periment. In isotropic (for example liquid solutions) or disordered systems

(frozen solutions, powders) the structural information gained is often rather

scarce, and the radical identification may be ambiguous. Radical identifica-
A

tion based on g and A tensor is fully appreciated only in completely ordered

systems. One approach is to use single crystals of the molecules to be in-

vestigated. The orientation of the molecules in single crystals can be obtained

by other physical methods and may be used to relate the characteristic ESR

parameters to a definite radical structure.

It was early recognized that the macromolecules in the cell, such as the

nucleic acids (DNA, RNA) and proteins (enzymes), are the principal targets

of radiation injury. Attempts to study nucleic acids and proteins directly

have so far yielded only limited information. This is, in the first place,

due to the complexity of these molecules, and secondly, to the fact that it

has been impossible to attain single crystals large enough for ESR spectroscopy.

Recently, some experiments with semi-oriented samples of DNA, obtained by the

"wet spinning" technique, has proved very promising (10). The main effort has

been concentrated on more simple systems, and in the last 10 years single crystal

studies of protein- and nucleic acid-components have received considerable

attention. That is, the purine and pyrimidine bases, nucleosides and nucleoti-

des of the nucleic acids and the amino acids and dipeptides of the proteins.

It may be argued that these systems are far from being under biological con-

ditions. However, part of the motivation for studying radiation damage in

crystals of small molecules is the need of background information of the

structure and properties of free radicals which, in turn, may be formed by

radiation also in important biological macromolecules. Different environments

will only to a small extent modify the ESR tensors. Hence, once these quanti-

ties are determined, as e.g. in single crystal studies, the ESR spectrum of

the radical in question may be considered as a fingerprint by wh^ch it may be
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recognized in other systems. In this thesis single crystal studies of

aromatic amino acids (VI, VII) and pyrimidine derivatives (I, VIII, IX),

together with some substituted purine derivatives (II - V) are presented, and

the results are discussed in relation to the present knowledge about radical

formation in these classes of compounds.

In recent years several experiments have demonstrated the ability of cer-

tain sulfur-containing molecules to protect organisms as well as the raacro-

molecules from radiation damage. Gordy and his coworkers (see below) found that

the electron spin density produced in sulfur-containing proteins, to a large

extent became localized on the cysteine and cystine residues (A,11). Further-

more, in molecular mixtures of proteins and small molecular sulfur-containing

compounds the sulfur atom seem to act as a "sink" for radiation energy primarily

absorbed in the protein molecule (6). Several mechanisms have been suggested

for the action of radioprotective sulfur compounds. A prerequisite for a

detailed mechanism is information about the formation and structure of the

sulfur-centered radicals. This has been a subject of debate for several years

(see below). In this thesis single crystal studies of some sulfur-containing

aromatic compounds (I - V) have been presented with the purpose to shed light

on the electronic structure of sulfur-centered radicals.

It should be mentioned that during the course of this work new ideas and

results have emerged which in turn have resulted in modifications of

previous conclusions. Some of the new experiments are included in this review

and contribute to the final conclusions.

Radical formation in sulfur-containing
substances; a review of previous results

In the pioneering work of Gordy and his coworkers (3,4) on radiation-

induced free radicals in powdered proteins, a very broad resonance was some-

times observed. This resonance could only be detected in substances containing

sulfur. From other compounds only a relatively narrow spectrum (usually a

doublet resonance) wns obtained. The difference between the two types of

spectra are demonstrated in Fig. 1, in which the resonances observed from

irradiated silk and hair are shown. It was concluded that the broad resonance,

characterized by a long "tail" at the low-field side of the spectra, was due

22.
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Fig. 1. First derivative ESR spectra at 23 GHz from X-irradiated
A: silk and B: hair. The arrows indicate the g = 2.00
position. The markers at the base are 68 gauss apart
(taken from ref. 2).

to radicals with a large fraction of the unpaired electron localized on a

sulfur atom. It was noted that even if a protein molecule contained only

a small amount of sulfur-containing amino acids (< 10%) the ESR spectrum

was dominated by the "sulfur pattern", being almost identical to that obtained

from amorphous cystine (4). This indicated that radiation damage had to be

transferred from any arbitrary locus in the protein molecule to the sulfur

atoms. This could have a serious effect on the structure and function of

proteins, since these properties may depend upon intact S-S disulfide linkages.

The long tail in the ESR "sulfur pattern" may be explained by a very large

anisotropy in the g-tensor for sulfur-centered free radicals. At this point,

some comments to the theory of the g-tensor seems pertinent.

The theory of the g-value variation in atoms and molecules have been worked

out by Pryce (12) and Stone (13), and its application to ir-electron radicals

has been discussed (14). The deviation from the free spin g-value [g(fs)]

is due to a coupling between the electronic ground state and configurationally

excited states through spin-orbit interactions and may be predicted from the

expression

g.. = g7fs)6.. - 2

\p and i|/ are the molecular orbitals containing the unpaired electron

and E .
o n is

where

in the ground and excited states, with orbital energies E

the spin-orbit coupling constant of atom k and L. is the ith component

of the angular momentum operator. Thus, for radicals with energetically low

excited state configurations and spin density on atoms with a large spin-orbit

coupling constant (?), considerable g-value variations nay be expected. This
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is usually borne out for radicals with spin density localized on heteroatoms.

Ordinarily these atoms contribute electron lone pairs, participating in non-

bonding (n) molecular orbitals which energetically are very close to the

orbital containing the unpaired electron. Hence, the energy required for

the promotion of an electron from the n-orbital into the half-filled orbital

is low. Furthermore, the spin-orbit coupling constant for heteroatoms is far

larger than that for carbon (? = 152 cm , c. = 382 cm , z, = 28 cm ).

Following the early observations of the "sulfur pattern" the theoretical

line shape of the powder resonances from radicals with two or three different

principal g-values were calculated (15). The powder resonance from sulfur-

containing proteins as well as from cystine and cysteine agreed well with

the calculated lineshape with principal g-values of the order 2.055, 2.025,

and 2.002. This interpretation was subsequently confirmed by Kurita and Gordy

(16) in a single crystal analysis of cystine. A resonance with the g-tensor

principal values of 2.053, 2.025, and 2.002 was observed and ascribed to a

thiyl radical (RS-) formed by a scission of the S-S bond.

Kurita and Gordy (16) calculated the g-value variation for thiyl radicals

using eq. [1] and a model of the electronic structure of the sulfur atom

like that in Fig. 2B. Their analysis did show that the maximum g-value

pig. 2: The electronic structure of the sulfur atom, used to discuss
the g-value variation for thiyl (RS*) radicals. A) unhybri-
ized 3s and 3p atomic orbitals, and B) sp^ hybridized atomic
orbitals. <j>. denote the orbitals used for the calculation of
the g-values.

should occur when the applied magnetic field is directed along the C-S bond

(x-direction). The g-value in this direction is given by
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8 X X = 8(fs) - [2]

The minimum g-value (close to the free spin value) should be found along the

orbital of the unpaired spin (z-axis) whereas g should attain an inter-

mediate value. The experimental results for cystine were in fair agreement

with those expected from the calculations, although a considerable displace-

ment of the C - S bond had to be postulated in order to explain the observed

direction of the maximum g-value (g ).

Several studies on the formation of sulfur-centered radicals in amorphous

and polycystalline systems of proteins, amino acids and mixtures of sulfur

compounds have been performed (6,11, 17-19). In all instances the character-

istic "sulfur pattern" was observed, either after irradiation at room tempe-

rature, or after irradiation at 77 K followed by heat-treatments at higher

temperatures. It was suggested (6,11,19) that at 77 K mainly non-sulfur

radical species were formed, which upon heat-treatments take part in secondary

reactions whereupon RS- radicals are formed.

In 1964, single crystal studies of L-cystine dihydrochloride irradiated at

77 K (20) and 4.2 K (21) were presented. These studies fully demonstrated

that ionic species were among the primary radicals formed in this disulfide.

In both the cation and the anion the: unpaired electron was localized t-1 the

S - S bond, but the g-value anisotropy for these species were smaller than

that discussed above for the thiyl radical. It was shown (20) that upon heat-

treatment the anion radical decomposed and via an intermediate resonance the

spectrum observed by Kurita and Gordy was formed at room temperature.

A year later (1965) the sulfur radical field became even more complicated

since Akasaka (22) found a new sulfur radical in single crystals of the thiol

cysteine hydrochloride at low temperatures. Even for sulfur radicals the g-

value variation shown by this species was exceptionally large. Thus, one of

the principal values (g|j) was found to be 2.29 (22). The g-tensor was almost

axially symmetric with g. equal to 1.99. It was suggested that the radical

was of the thiyl type (RS")> but with an electronic structure different from

that discussed above. With the model shown in Fig. 2A the axial symmetry can

be accounted for by a near degeneracy of the 3p and 3p atomic orbitals.

Similar to the model with sp hybridized orbitals on sulfur, e should
r ' &t.iax

occur along the C - S bond. The value is given by eq. [2]. Now, the predicted

g-value variations was found experimentally. Thus, for cysteine hydrochloride

25.
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is usually borne out for radicals with spin density localized on heteroatoms.

Ordinarily these atoms contribute electron lone pairs, participating in non-

bonding (n) molecular orbitals which energetically are very close to the

orbital containing the unpaired electron. Hence, the energy required for

the promotion of an electron from the n-orbital into the half-filled orbital

is low. Furthermore, the spin-orbit coupling constant for heteroatoms is far

larger than that for carbon 152 cm
-1

= 382 cm-1 28 cm" 1).

Following the early observations of the "sulfur pattern" the theoretical

line shape of the powder resonances from radicals with two or three different

principal g-values were calculated (15) . The powder resonance from sulfur-

containing proteins as well as from cystine and cysteine agreed well with

the calculated lineshape with principal g-values of the order 2.055, 2.025,

and 2.002. This interpretation was subsequently confirmed by Kurita and Gordy

(16) in a single crystal analysis of cystine. A resonance with the g-tensor

principal values of 2.053, 2.025, and 2.002 was observed and ascribed to a

thiyl radical (RS-) formed by a scission of the S-S bond.

Kurita and Gordy (16) calculated the g-value variation for thiyl radicals

using eq. [1] and a model of the electronic structure of the sulfur atom

like that in Fig. 2B. Their analysis did show that the maximum g-value

Fig. 2: The electronic structure of the sulfur atom, used to discuss
the g-value variation for thiyl (RS-) radicals. A) unhybri-
ized 3s and 3p atomic orbitals, and B) sp2 hybridized atomic
orbitals. <(>. denote the orbitals used for the calculation of
the g-values.

should occur when the applied magnetic field is directed along the C-S bond

(x-direction). The g-value in this direction is given by

26.
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the direction of the maximum g-value was within 10 from the C - S bond in the

undamaged molecule (23,26). Similar resonances with large g-value variations

were subsequently observed in other compounds (27,28). In those cases where

the crystal structure is known, the direction of the g -value almost co-

incides with the C - S bond direction (27).

The sulfur radical field appeared rather confusing since the same

radical (RS) was ascribed to two entirely different resonances. It was

argued (22) that environmental effects were responsible for the differences.

This may be true for the small differences observed within one of the

two types of resonances, but environmental effects can hardly be responsible

for the large differences between the two main types of g-tensors. Thus

typical intermolecular effects involving sulfur atoms (§_•£• hydrogen bonding

or van der Waals interactions) or intramolecular effects such as TT-conjugation

do not exceed energies of 5 - 10 kcal.'.nol. This would imply differences in

principal g -values (taking eq. [2] into consideration) from 2.21 to 2.30

as observed in N-acetyl-L-cysteine and L-penicillamine. In elkyl radicals

(where the effect of Tr-conjugation is negligible) it is the non-symmetric

environmental effects which are responsible for lifting the degeneracy of the

3p and 3p orbitals of sulfur (see Fig. 2B). These are not strong enough

to give a g value of only 2.055. Furthermore, a large deviation from

axial symmetry as observed for the "old" sulfur resonance can only be induced

by a very strong environmental interaction. It is intriguing, therefore, to note

that the data show this deviation to be precisely the same regardless of type of

environment, hydrogen bonding or non-hydrogen bonding. These considerations cast

grave doubts upon the idea that RS- radicals may explain the "sulfur pattern".

Approximately 10 years after the first single crystal studies of L-cystine

and L-cy'.ci.ne were published new results and ideas, relevant to this problem,

appeared. Thus, in 1974, M.C.R. Symons (29) and Hadley and Gordy (30) inde-

pendently proposed that the "sulfur pattern" was due to a disulfide radical.

Hadley and Gordy based their interpretation on studies of the hyperfine
33

interaction from the isotope S in natural abundance. They concluded that

the resonance with g-values in the range 2.055, 2.025, and 2.002 was due to

a radical with the structure RSS*(30-33). The unpaired electron, reciding

in a Tt-orbital normal to the ^CSS- fragment was shared almost entirely between

the two sulfur atoms with approximately 60% on the terminal sulfur and about

30% on the other one. The calculated g-tensor for this radical structure has

its maximum value in a direction approximately 10 from the S-S bond, or

about 50°(130°) from the C-S bond direction.

27.
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Symons (29) proposed that the radical species responsible for the "sulfur
pi

pattern" is a dimer RS- - S«^nI, with the unpaired electron in an anti-
K

bonding a-orbital between the two sulfur atoms. Consequently, the minimum

g-value is expected to occur in this direction. Symons and coworkers (34-36)

discuss the two models proposed with regard to the available experimental

data, and conclude that either of the models may be used. This ambiguouity

is partly due to the possibility for geometric rearrangements in the molecular

neighborhood of the sulfur atom upon radical formation. This render structure

assignments based on the principal directions of the g-tensor uncertain.

33
Hadley and Gordy have also studied the S nuclear coupling from a radical

formed by irradiation of N-acetyl-L-cysteine at 77 K (33), previously identi-

fied by Saxebtfil and Herskedal (28) to be a RS radical. They concluded that

this radical is in fact a monosulfide one, as expected for a thiyl radical (22).

In order to account for the observation that the minimum g-value is below the

free spin value, a feature observed for all thiyl resonances so far reported,

they proposed an alternative radical model. Thus, they suggested that the

radical is either the negatively charged RS H or the neutral RSH. species

in which 90% of the unpaired spin density is concentrated in a p-d hybrid

orbital on S. This model can account for the low g-value observed, but the

radical model has not been received with much enthusiasm (35, I v).

It was mentioned above (page 9) that several mechanisms have been suggested

for the action of radioprotective sulfur compounds. In all models the thiyl

(RS-) radicals play an important role. The ESR evidence for the formation of

thiyl radicals have been the "sulfur pattern". The new results referred to

above clearly have consequences for the suggested models. Part of the work

presented in this thesis (to be discussed below) was carried out with the pur-

pose to shed light on some of the structural problems which have been reviewed

above. Work remains to be carried out in order to coordinate the recent results

on sulfur-centered radicals with the previous data on the radioprotective action

of sulfur-containing compounds.

A DISCUSSION OF THE RESULTS PRESENTED IN THE CONTRIBUTED PAPERS

Sulfur-containing compounds (I - V)

In paper I the results rrom a single crystal study of the pyrimidine

derivative 2-thio-5-carboxyaracil (2T5CU) are reported. After irradiation

28.
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at 77 K the dominating resonance showed a g-value anisotropy quite different

from that observed in other thiopyrimidines (37-38). The g-value variation

was very large and the g-tensor exhibited near-axial symmetry. Three confor-

mations of the responsible radical were observed, all exhibiting the same an-

gular g-variation, but with slightly different maximum values. A hyperfine

interaction with a nitrogen nucleus, common for all three conformations was

also observed. With the discussion in the previous section in mind, the g-

value anisotropy is as expected for thiyl radicals. Thus, it was concluded

that the three resonances were due to three conformations of a radical formed

by hydrogen abstraction from either Nl or N3 , followed by electronic

rearrangements leaving the main part of the unpaired spin density to the sulfur

atom:

The iT-nature of this radical was confirmed by the observation that the

direction of the maximum nitrogen splitting was parallel to the direction of

the minimum g-value. The observation of three different conformations with

the same nitrogen splitting tensor, indicates that the spin density distribu-

tion is quite similar whereas the environmental interactions imposed to the

sulfur atom are different in the three conformations. The differences are

probably due to crystalline imperfections. Following Morton (39) the nitrogen

splitting observed indicates that about 19% of the spin density is localized

to the nitrogen 2p -orbital,
z

Based on the ESR data it is not possible to discriminate between the two

candidates given above. The chemical structures indicate quite similar spin

density distributions. In paper I some MO calculations at the CNDO level
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of approximation (40) were presented, which indicate that the Hi-

abstraction radical is the more probable one.

A re-examination of the MO-data reveals that the ground state of both

structures are of a-symmetry, in contrast to the conclusion made from the ESR

data. This discrepancy demonstrates a problem which also has been encountered

by other authors (41,42). That is, the standard CN/INDO method sometimes

converges to an electronic configuration which is not the one of lowest energy.

This is usually associated with oxydation products, such as the cation radical

or the neutral radicals formed by a N - H bond scission.

Adams and Box (42) pointed out that an interchange of the highest occupied

and the lowest virtual 0 orbitals under certain circumstances could produce

a IT distribution of the unpaired spin density. This would occur if these

two orbitals are of TT and a symmetry, respectively, and if the virtual

orbital gives LCAO coeffisients largest for those atomic orbitals which con-

tribute significantly to the total a spin density. This is seen from the

expression for the spin density matrix (40):

p
yv

P
= E

i

a
c

u

a
.c .1 VI

_ q

•

(3 8
c' .c .yi vi

Here y,v indicate the atomic basis functions, p and q are the number of

a and 8 electrons, and c , c are the LCAO coeffisients of the a and

8 eigenfunctions of the unrestricted molecular orbital wavefunctions.

By the procedure outlined above it was possible to generate ir-spin densi-

sities for the Hl-abstraction radicals in cytosine and uracil, which were in

fair agreement with the experimental data (42) . The interchange technique was

therefore applied to the original calculations reported in paper I for the

two radical candidates in 2T5CU. In both cases the a spin densities were

almost completely annihilated and the resulting TT distributions are pre-

sented in Table I.

In an attempt to compare these results with spin densities obtained from

simpler methods, additional calculations for the two candidates were performed

using the simple Hiickel method (43, 44) and the McLachlan modification of the

Huckel orbitals (45). The parameters used in the Hilckel calculations were

those recommended by Streitwieser (44) together with h_ = 0 and k__ = 0.78
o Co

for the sulfur parameters. A = - 1.2 was used in the McLachlan calculations.

The results obtained are given in Table 1.

30.
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TABLE I: Calculated ir-spin densities for the two radical candidates

suggested for the thiyl radical formed by irradiation in

single crystals of 2-thio-5-carboxyuracil at 77 K. s

Atom
Abstraction from Nl

CNDO HcL H

Abstraction from N3

CNDO McL H

Nl

C2

S

N3

C4

04

C5

C6

0.171

0.053

0.096

0.219

-0.055

0.804

0.189

0.033

0.615

0.074

0.000

0.259

0.188

0.074

0

0

0

0

- 0

.013

.011

.021

.025

.039

0

0

0

0

0

.033

.013

.020

.094

.003

0.069

0.021

0.679

0.117

0.017

0.006

-0.070

0.009

0.043

0.014

0.784

0.142

0.000

0.009

0.010

0.007

0.045

0.045

0.656

0.176

0.012

0.019

0.032

0.017

The results in this Table have not been published elsewhere.

The methods used are Huckel (H), McLachlan (McL) and CNDO/2. The CNDO spin

densities are obtained after an interchange of the 8-orbitals (see text).

As expected the n-electron M0 methods (Huckel, McLachlan) yield similar

spin distributions for the two candidates. In particular, the nitrogen spin

density is of the same magnitude as that obtained from the experimental data

(19%). On the other hand, the "interchanged" CNDO data are somewhat ambiguous.

Whereas the results ior the H3-abstraction radical are in fair agreement with

the other data for this candidate, the results for the Hl-abstraction radical

is very different. For this candidate a very small fraction of the spin

density is localized on the sulfur atom. It is generally accepted that the

simple Huckel method is capable of giving a reliable first estimate of the

spin distribution in aromatic radicals. The significant difference between the

Huckel and "inverted" CNDO data consequently indicates that this method of

treating the CNDO data may yield spurious results. Thus, care must be taken

in using this method for identification purposes.

In order to decide which of the two radicals is formed in 2T5CU, other

methods must probably be resorted to. Possible procedures may be isotope

labelling of one of the nitrogens, or blocking of one of the nitrogens by a

methyl group.
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In 2T5CU (paper I) two other resonances were studied. A relatively

large g-value anisotropy was observed which would imply a fairly large amount

of unpaired spin density localized on atoms such as oxygen or sulfur. A

further discussion of these resonances would require a knowledge of the mole-

cular and crystal structure of this compound. These data are, however, not

available. Consequently, only tentative radical structures were assigned to

the two resonances.

In papers II - V the structure and properties of radicals formed in some

sulfur-substituted purine derivatives are studied. The compounds investigated

are 6-methylmercaptopurine (6MeMP), its riboside 6-methylmercaptopurine ribo-

side (6MeMPR) and 6-mercaptopurine (6MP). Our interest in these substances

6MeMP

OH OH

were in part also due to the results of a preliminary report by Pugh (46).

In crystals of these compounds, and also in 6-thioguanine, the well known puri-

ne hydrogen addition radical was not formed after irradiation at room tempera-

ture. The only exception to this was 6MeMPR. The purine H-adduct is

characterized by two almost equivalent 3-proton couplings of about 40 gauss

and have been reported to be formed in all other purine derivatives studies

to date (47,48). The ESR spectrum characteristic for this radical has also

been detected in irradiated DNA (49). It has tentatively been suggested that

the formation of these radicals in the above mentioned sulfur-compounds may

in some way be prevented by the sulfur substituent (50), although it is formed

in 6MeMPR. The radical formation and secondary reactions in these substances

after irradiation at 7 7 K were studied in an attempt to elucidate the mechanisms

by which the formation of the H-adduct is hindered.

32.



19.

Furthermore, in these aromatic compounds the possibilities for reorienta-

of the carbon-sulfur bond is highly restricted, Ttiis Leaves more con-

fidence to radical identifications based on the principal directions of the

g-tensor in combination with crystal structure data. Hence, the knowledge

of the detailed crystal and molecular structure of the compounds to be studied

by ESR spectroscopy was considered neccessary. Crystal data were available

except in the case of 6MeMPR. Consequently, a crystal structure analysis of

this compound was undertaken and in paper II the data are given. The experi-

mental work and the interpretation of the diffraction data was mainly performed

by Dr. Chr. Ramming. The results from this analysis made possible an unam-

biguous identification of the H-addition radical formed in this compound

after irradiation at room temperature (46, 51). The molecule clearly contains

two possible sites for a H-atom addition, i.e. either at C2 or at C8. It

is not possible from ESR/ENDOR data to distinguish between these two alterna-

tives. An a-proton interaction due to the proton bonded to C8 or C2 was

observed and the coupling tensor was measured with great accuracy using

ENDOR spectroscopy (51).

By comparing the characteristic principal directions of this interaction

with the crystallographic data it became evident that the a-proton was bonded

to C8, and that the radical was formed by a net H-addition to C2:

ribose

After irradiation at 77 K the dominating radical in both the 6MeMP and

6MeMPR crystals is a species formed by hydrogen atom abstraction from the

methyl group:
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H or ribose

In paper III this radical is analyzed in some detail. At most orientations

the resonance consists of four lines due to interactions with the two remaining

protons of the methyl group. At some orientations, however, satellite lines

appear in between the main resonance lines. It was assumed that these

satellites were due to socalled "second-order effects" caused by simultaneous

electron spin-nuclear spin transitions. Such transitions are "forbidden"

when the usual spin Hamiltonian, neglecting the nuclear Zeemann term, is used.

Consequently, the data were analyzed using the spin Hamiltonian of eq. [1]

and a procedure was developed for the evaluation of tensor data. The agreement

between the theoretically predicted line positions and those observed was

convincing and fully supported the assumption that the satellite lines are

due to second order effects. This was further supported by some computer

simulations. Thus, using a program developed by Lefebvre and Maruani (52)

(MARLEF) and made available to us by Dr. Anders Lund, Sweden, it was possible

to simulate the ESR spectra based on a spin Hamiltonian including the nuclear

Zeemann term to first and second order. Using the tensors given in Table I

of paper III, the spectrum shown in Fig. 3 was obtained when it was assumed

that the magnetic field is directed along the a*-axis of the 6MeMPR crystal .

The simulated spectrum in Fig. 3 is to be compared with the spectra presented

in Fig. 2B of paper III.

The g-value variation observed for this radical is somewhat anomalous in

that the direction of the minimum g-value deviates an angle of 22 + 3 from

the direction of the intermediate values of the a-proton coupling tensors.

The deviation may be due to the influence of low-lying sulfur 3d-orbitals.

This assumption was supported by some calculations using molecular orbitals

obtained from the CNDO/2 calculation of this radical structure. Thus, onlv

An error in Table I, paper III should be noticed. The direction cosines
of the maximum principal value (- 28.2G) of the Ha coupling tensor

should be: (+ 0.585, 0.639, + 0.499).
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Fig. 3. A simulated ESR spectrum of a 6MeMPR crystal with the
magnetic field along the a*-axis. The linewidth used
in the simulation is 2.5 gauss. The tensor data used
in the simulation are those given in Table I of paper III.

calculations including 3d-orbital coeffisients for the sulfur atom reproduced

the symmetry and principal directions of the g-tensor.

In crystals of 6MeMP a pairwise trapping of the methylproton abstraction

radicals was observed. Information about the trapping sites may be obtained

from the dipolar tensor (53). Due to the low intensity of the Am_ = + 1

transitions it was not possible to make a complete analysis of this tensor.

However, the trapping position of the individual species in the pair could be

established.

The resonance discussed in paper III for 6MeMP and 6MeMPR represent only

a part of the total ESR spectrum when the crystals were irradiated at 77 K.

In paper IV the results from further studies of these crystals are reported.

Altogether three radicals were identified; a monosulfide thiyl radical (RS),

an oxygen-centered sugar radical (RO), and a disulfide Tr-radical (RSS*):

purine

ribose

8>-H

H or ribose
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Of these products, the RS and RO radicals were observed in 6MeMPR only,

whereas the disulfide radical was observed in both crystals.

The thiyl radical exhibits a g-value anisotropy comparable to that observed

for 2T5CU (paper I). However, the principal directions of the g-tensors in-

dicate that the orbital containing the unpaired electron is of a different

symmetry in these two compounds. Thus, in the case of 6MeMPR the direction of

the minimum principal g-value is ̂ n the purine plane whereas in 2T5CU the un-

paired electron evidently occupies a 7T-6rbital. This difference is also de-

monstrated by the lack of any nitrogen hyperfine splitting in the 6MeMPR thiyl

radical. The observation that the minimum g-value is in the purine plane

indicates that the S - CH. bond is broken and that the unpaired electron re-

mains in an atomic a-orbital. Hence, the abstracted methyl group either re-

orients (in order to avoid radical recombination) or reacts further into a

non-radical product. The latter hypothesis seems possible if the formation

of the radical involves an attack of the S - CH_ bond by small, diffusible

radicals like H* or e . This mechanism seems to be the most plausible one

since no resonance lines from the methyl radical was observed.

Energetically, it would seem more favourable to rearrange the electronic

distribution into a ^-configuration when the radical is formed. The failure

to observe this may probably be due to strong electrostatic interactions be-

tween the unpaired electron and the environment.

The g-value variation observed for the sugar radical is similar to that
*

observed for a number of alkoxy radicals RCH~O formed in nucleosides and

nucleotides (54). The unpaired electron seems in general to be localized to

the 5'oxygen and can thus interact with the twro 8-protons at C5T In 6MeMPR,

the unpaired electron is localized to the 3'oxygen atom. This conclusion is

based on the direction of the maximum principal value of the g-tensor. Hence,

only coupling to one 3-proton (bonded to C3*) is possible. The magnitude of

this coupling (approximately 40 gauss) is smaller than those usually found (54),

The reason for this seems to be the relatively large dihedral angle of the

3-proton. Recently, Box and Budzinski (55) observed a radical with a similar

structure in the hydroxy compound inositol. The 3-proton coupling in this

species was only about 10 gauss.

A dis*1fide radical is proposed mainly from a consideration of the g-tensor

with a comparison of the directions of the principal values with different

molecular directions. The single-line resonance which has been observed both
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at 77 and 300 K exhibits a g-value anisotropy characteristic of the "sulfur

pattern" discussed in a previous section. Consequently, both Symons' and

Hadley and Gordy's radical models were examined, and it was found that the

ir-electron disulfide model of Hadley and Gordy best could account for the

experimental data. It is of interest to note that a CNDO/2 calculation of

the unpaired spin density distribution of the disulfide radical formed in

6MeMP resulted in negligible ir-spin densities on the atoms in the purine moiety

(less than 2%). As much as 65.6% was found on the terminal sulfur atom and

25.3% on the other sulfur atom. These numbers are in good agreement with those

calculated from the experimental data of Hadley and Gordy (32) (approximately

60 and 30%).

One of the purposes for studying radical formation in the two sulfur-containing

crystals at 77 K was to explain the difference in the H-adduct formation which

has been observed. Thus, this radical is formed in 6MeMPR b'lt not in 6MeMP

after irradiation at room temperature. Our studies of 6MeMPR at 77 K revealed

that the H-adduct is formed even at this temperature. At most orientations,

however, the resonance is masked by the much stronger lines from the methyl-

proton abstraction radical. In both 6MeMP and 6MeMPR the dominating radicals

are formed either by hydrogen abstraction or alternatively by deprotonation

of a parent cation radical and are what may be called, oxydation products.

In 6MeMPR, the H-adduct represents the corresponding reduction product. Con-

sequently, a question about the reduction product in 6MeMP may be raised.

In paper III it was hriefly noted that after irradiation at 77 K, a .•<5so-

nance (which in Fig. 2C of paper III is a singlet marked by an asterix) was

easily bleached by light at this temperature. An analysis of this light-

sensitive resonance has now been performed. Here, it suffices to note that

the results of this analysis (to be presented in detail below) strongly indi-

cate that the reduction product in 6MeMP is the anion radical. Based on this

and on the conclusions drawn in papers III and IV it seems reasonable to propose

different reaction schemes for the (common) anion radical formed in 6MeMP and

6MeMPR crystals. In 6MeMPR the anion may protonate and thus yield the H-adduct

radical whereas in 6MeMP the anion does not protonate. Upon annealing of

a 6MeMP crystal the light-sensitive radical disappears without converting

into other radical species. The different reactions of the anion in the two

compounds may be due to different crystalline environments and the local

availability of protons.

The bleachable resonance (Fig. 2C, paper III) turns out to be a singlet only

along the c*-axis. At other orientations several resonance lines are resolved.
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Fig. 4. An ESR spectrum from a 6MeMP crystal irradiated at 77 K. The
vertical arrow indicates the position of the DPPH resonance.
The stick spectrum is calculated from the tensor data of the
hydrogen abstraction radical (paper III) whereas the stars
indicate the position of other resonance lines.

In Fig. 4 is shown the spectrum obtained with the magnetic field along the a-axis.

After UV-illumination at 77 K the spectrum is reduced to that of the methyl-

proton abstraction radical, indicated by the stick spectrum in Fig. 4. The

positions of the bleachable lines are indicated by stars above the spectrum.

By a comparison of spectra from unbleached and bleached crystals it was

possible to determine the positions of the resonance lines from the light-sensitive

radical at several orientations. The g-tensor was obtained from the standard

analysis (paper III) and is given in Table II. The direction of the minimum

principal g-value is almost perpendicular to the purine moiety. Due to overlap

effects, the hyperfine coupling data were much harder to arrive at. However,

the available data are consistent with an interpretation consisting of a

Tr-radical with unpaired spin density on C2 and C8. The principal direction for

the proton interactions assuming spin densities on C2 and C8 were determined
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TABLE II: ESR parameters for the light-sensitive radical formed in

crystals of 6MeMP at 77 K.a'b

Tensor
Isotropic

value

Principal

values

12.0 G

8.0 "

4.0 "

6.0 G

4.0 "

2.0 "

4.0 G

0.0 "

0.0 "

2.0079

2.0033

2.0019

-0

-0

-0

0

-0

-0

-0

-0

-0

-0

-0

-0

Direction cosines

a

.967

.145

.210

.935

.145

.324

.145

.967

.201

.992

.089

.092

b

0.201

-0.939

-0.295

-0.028

-0.939

0.330

-0.939

0.201

-0.295

0.089

-0.035

-0.995

0

0

-0

0

0

0

0

0

-0

0

-0

0

*c

.155

.312

.932

.352

.312

.887

.312

.155

.932

.092

.995

.027

Ha(C2)

Ha(C8)

8.0 G

4.0 G

1.33 G

2.0044

The results in this Table have not been published elsewhere.

For the determination of the tensors, see text.

from the crystal structure (56). The magnitudes of the principal values were

estimated from measurements of the spectrum widths at some orientations.

Based on the tentative a-proton tensors at C2 and C8 obtained in this way, the

expected hyperfine splitting values were calculated at 5° intervals in the

three planes of rotation. The calculated splitting data were compared to the

experimental data and the magnitudes of the principal values were adjusted to

obtain the best fit. Because of the broad lines along the b-axis (close to

the normal to the purine ring) it appears reasonable also to include a small

nitrogen hyperfine interaction. A nitrogen hyperfine coupling tensor was con-

structed in the same way as those for the a-proton splitting tensors. The

derived tensors are given in Table II.

The ESR tensors given in Table II, together with those for the abstraction

radical given in Table I of paper III were used in spectrum simulation programs
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to generate ESR spectra which can be compared to the experimental ones. The

computer programs used were the above mentioned MARLEF routine (52) as well as

a program (ESRSIM) capable of simulating complex single crystal spectra to

first order without the inclusion of the nuclear Zeemann term (57). In Fig. 5

Fig. 5. Simulated ESR spectra of the two radical species formed in
crystals of 6MeMP at 77 K. The tensor data used for the
simulations are those given in Table II for the light-sensi-
tive radical and in Table I, paper III for the abstraction
radical. The relative number of radicals are 60 and 40%,
respectively. A) a-axis spectrum which may be compared to
that in Fig. 4. The linewidths used were 3.5 and 3.0 gauss.
B) c*-axis spectrum, which may be compared to that in Fig.
2C of paper III. The linewidths used were 4.5 and 2.5 gauss,
respectively, for the two resonances.

are shown two spectra simulated with the MARLEF routine (inclusion of the

nuclear Zeemann term). The top spectrum is with the magnetic field along the
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a-axis, based on a ratio of light-sensitive to abstraction radicals of 3:2.

This spectrum may be compared with the experimental one in Fig. 4. In Fig. 5B

the c*-axis spectrum is shown. This spectrum may be compared to that presented

in Fig. 2C of paper III. In Fig. 6 are shown simulated (top) and observed

DP

Hub

25 gauss

Fig. 6. Simulated (top) and observed (bottom) spectra for
crystals of 6MeMP at 77 K, before (left) and after
(right) UV-illumination. The magnetic field is along
the b-axis. The simulations are based on the assump-
tion that two radicals are formed with a concentration
ratio of 3:2 (see text). One of these radicals dis-
appears upon UV-illumination. The linewidths used were
4.5 and 4.0 gauss.

(bottom) b-axis spectra before (left) and after (right) UV-illumination. The

simulation program used in this case was the ESRSIM routine (second-order

effects negligible at this orientation). In all the simulations the linewidths

(AH ) used were obtained from the experimental data (assuming a Gaussian line
PP

shape) whereas the ratio 3:2 is the one yielding the best agreement with

observation at all orientations. The agreement between the simulated and

observed composite spectra is good and supports the results presented in

Table II.

From the data obtained spin densities on the atoms in the purine moiety can

be estimated. The values arrived at are; 0.35 at C2, 0.17 at C8, and approxi-
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mately 0.08 on one of the nitrogen atoms. Attempts were made to calculate

the spin density distribution for the anion by the CNDO/2 method. Unfortunate-

ly, our calculations did not converge. The spin density distribution of the

anion radical of 6MeMP was consequently calculated by the more simple Huckel

method using the parameter values recommended by Streitwieser (44) together

with
S-CIL

= 0.8:

0.07

The good agreement with the spin density distribution obtained from the experi-

mental data lends support to the assumption that the light-sensitive radical

formed in crystals of 6MeMP at 77 K is the anion species.

Also in the case of 6-mercaptopurir (6MP) the H-addition radical seems to

be absent (46). In paper V is presented results from an analysis of 6M?

crystals irradiated at 77 K, performed in order to compare radical formation

in this compound with those in 6MeMP and 6MeMPR.

Altogether four resonances were observed in irradiated 6MP crystals at 77 K.

The two dominating resonances were identified. These were the thiyl radical

(RS), formed by a net hydrogen abstraction from N7, and the H-adduct at the

C8 position of the purine moiety:

H
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A third resonance, at all orientations exhibiting a single line only, was

analyzed. No definite radical structure could be assigned to this resonance,

however.

The thiyl radical exhibits a g-value anisotropy very similar to that ob-

served for the corresponding radical in 2T5CU. In both radicals the orbital

of the unpaired electron is of ir-symmetry. A comparison between the experi-

mental data and the orbitals and orbital energies as calculated for the 6MP

molecule by the CNDO/2-method suggests that the environment is not very impor-

tant for the stabilization of this radical. Thus, the participation of the

half-filled 3p-orbital of sulfur into the conjugate ir-system seems to be

sufficient for removing the degeneracy of the 3p-orbitals. This is different

from what is found for thiyl radicals formed from aliphatic compounds and

6MeMPR, where intermolecular interactions probably are the most important

factors for the g-value enhancement. ;

I

Radical formation in 6MP may be compared with that observed in crystals of j

hypoxanthine, which is an oxygenated analog to 6MP. At room temperature, the

H-addition radical is formed in both crystals (48). At 77 K, it has been

suggested that the reduction and oxydation products in hypoxanthine are the

anion and cation radicals, respectively (48). In 6MP, the corresponding

radicals would probably be the H-adduct and the thiyl radical species, which

may have been formed by protonation and deprotonation of the parent ionic spe-

cies. It is possible that the most early processes taking place subsequent

to the absorption of radiation energy are not critically dependent upon

whether sulfur is present or not. However, as regards the spin density

distributions in the intermediate and secondary radicals, the effect of the

sulfur atom is appreciable. A comparison of calculated spin distributions in

sulfur- and oxygen-containing substances demonstrates that the sulfur atom

acts as a "sink" for unpaired electrons. This may be the main reason for the

differences in the secondary reactions which take place in these species at

elevated temperatures.

Aromatic amino acids (VI - VII)

A group of compounds rather extensively investigated by ESR spectroscopy is

the amino acids and simple dipeptides (for a review, see ref. 58). From these

studies, a rather comprehensive understanding of the processes taking place in
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the crystalline form has emerged. It has been possible to outline a general

scheme for the radical products and reactions occurring subsequent to the

absorption of radiation energy (59,60). This scheme is reproduced in Fig. 7.

hV

CATION

H n

(la) HN-C-C" r
R N °*

<77K I Intramolecular

AN ION
• v1 . , 0 "
fi-C-C, (Ib)1 p 0"

KOK

decarboxylation deamination
H H o

(Ha) HN-O «C-Ct (Mb)
R R °

t»K I Intermolecular I

(HIa) HN-C-Ct° Hfi-C-cf (1Mb)
2 R 0 - .R 0 -

120 K I

(IVa) H^-C-C? .

Fig. 7. A general scheme for
radical products and
reactions in irradiated
crystalline amino acids.
(Reproduced with per-
mission from ref. 60.)

It must be admitted, however, that the results upon which this scheme is based

mainly are due to experiments on compounds with aliphatic side chains. In

these compounds the carboxyl group acts as the primary "trap" for both elec-

trons and holes. It is not evident that the same scheme is valid when the

sidegroup contains aromatic systems. Such groups would probably serve as

effective trapping sites concurrent with the carboxyl group, which in turn

might lead to radical reaction schemes different from that shown in Fig. 7.

In papers VI and VII are presented some results obtained from crystals of

L-histidine-HCl monohydrate (L-His) and L-tryptophan«HCl (L-Try) (see next page).

These studies were undertaken in order to compare radical formation in aromatic

amino acids with the reaction scheme worked out for aliphatic amino acids

(see Fig. 7).

Prior to our studies on L-His only a very limited amount of data on this

compound were available. The room temperature radical had been identified

(61) to be the hydrogen-adduct to the imidazole base at the C5-position. This

radical, being a side-chain radical may be formed from the parent carboxyl

anion via the deamination product, as is usual for the aliphatic amino acids
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LHis LTry

(58-60). It may a priori equally well be formed by other mechanisms, e.g. by

direct H-addition, or by protonation of a parent imidazole anion. In favour

of the last possibilities it can be noted that a similar radical was reported

in single crystals of imidazole (62).

After irradiation at 77 K a rather complex spectrum was observed, evidently

composed of at least two resonances. The hyperfine structure as well as the

relative yields of these resonances in crystals obtained from water and heavy

water were different, indicating the interaction with exchangeable protons.

Upon heating to above 170 K, both resonances decayed and a new, 8-line spectrum

appeared and became the only detectable component in the temperature range

170 - 250 K. In paper VI is presented a detailed analysis of this spectrum,

and it is shown that the resonance is due to a radical formed by the rupture

of the C2 - Nl bond. Thus, the radical may be termed as a deamination product.

Upon further annealing of the crystal, the resonance from the deamination

radical decayed concominantly with the formation of the H-addition radical

previously identified by Box and coworkers (61).

A preliminary analysis of the 77 K spectra indicated that the dominating

resonance may be due to the carboxyl anion, protonated at one of the oxygens.

The weaker resonance could be due to a decarboxylation product. The radical

reactions described above are thus in agreement with the anion sequence of

the scheme in Fig. 7, in which the anion converts into the deamination radical

which in turn is converted into the side-chain radical. After the completion

of the studies reported in paper VI, two papers discussing radical formation
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in histidine crystals irradiated at low temperatures were published (63,64).

These reports fully confirmed our preliminary results as well as the conclu-

sions arrived at in paper VI. Consequently, no further investigations were

pursued.

L-Try has previously been studied in the polycrystalline state after irra-

diation at room temperature (65), and also in frozen solutions at 77 K (66,67).

Furthermore, the indole moiety, which constitutes the aromatic part of the

tryptophan side chain, has been studied in argon matrices at 4 K (68) and in

frozen solutions at 77 K (69). None of the studies of L-Try yield any evi-

dence for radicals formed from the amino acid backbone. Thus, all the re-

sonances observed seem to be due to radicals formed in the aromatic part of

the amino acid. The dominant species is a H-adduct at the benzene part of the

indole moiety, but some discussions have taken place with regard to the posi-

tion for the H-addition (or protonation) reaction. Furthermore, a cation

radical in the indole ring system and a radical formed by hydrogen abstraction

from Nl has been observed (66). Consequently, the radical formation in L-Try

seems to be in disagreement with the general reaction scheme in Fig. 7.

Since the above results and interpretations are based on polycrystalline or

frozen samples, single crystal experiments were carried out and the analysis

of the results is given in paper VII. Two radical species were observed and

identified at room temperature. One is the H-adduct radical in the benzene

part of the indole moiety. It turned out that even in single crystals the actual

structure of the radical could not be unambiguously determined, but the re-

sults seem to favour the C7-position for the H-addition reaction. The other

possibility which can not be completely eliminated is at the C4-position. The

second radical observed was the deamination radical in the amino acid backbone.

It is of interest to note that upon heating of the crystal to its melting point

no further radical reactions were observed. This shows that the deamination

radical is not the precursor for the H-adduct, as is the case in L-His.

The results in papers VI and VII show that the anion sequence outlined in

Fig. 7 also operates the aromatic amino acids. In L-His it is the only sequence

of reactions taking place from an anionic precursor radical, whereas in

L-Try two chains of reactions seem to occur simultaneously. Thus, the deamina-

tion radical most probably follows from a carboxyl anion precursor, whereas

the H-adduct seems to be due to a protonation of the parent indole anion. In

this compound the aromatic side chain competes with the carboxyl group as the

trapping site for electrons. This may contribute to the explanation of the
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results of Casteliinf^t aj^. (70) who observed that the aromatic ring system may

protect the aliphatic backbone in polyamino acids from radiation damage. In

L-Try the (carboxylic) anion sequence terminates with the deamination radical.

This is not an unusual feature, but has been observed for several other amino

acids, such as L-histidine free base (71), alanine (72), as well as N-acetyl-

L-alanine (73).

With respect to the cation sequence, the situation is less clear. The stu-

dies of L-His indicate the presence of a decarboxylation product (VI, 63),

whereas studies at 4 K also show the formation of an imidazole cation radical.

In L-Try only oxydation products related to the indole moiety has been ob-

served (66,74). Further experiments at low temperature on L-Try crystals are

probably needed in order to get a more complete picture of the oxydative

processes taking place in this compound.

Pyrimidine derivatives (VIII - IX)

Another group of thoroughly studied compounds is the constituent bases of

the nucleic acids (for recent reviews, see refs. 53 and 75). In particular,

the pyrimidine bases and their derivatives have been the subject of several

investigations in our laboratory (53,59, 75-77).

The group of saturated pyrimidines such as dihydrothymine (DHT), dihydro-

6-methyluracil (DH6MU) and dihydrouracil (DHU) has previously been studied

in the polycrystalline state as well as in single crystals (53, 78-82). At

room temperature radicals formed by hydrogen abstraction from the C5 - C6

region (for atomic numbering, see inset below) are the major products formed.

These species exhibit the same chemical structure as the usual H-adduct radi-

cals in the unsaturated pyrimidine analogs, but the mode of formation is

entirely different for the two classes of compounds. Recently (53,82) it has

been demonstrated that ionic species are formed and trapped at low temperatures.

Furthermore, a reversible conversion between the two types of hydrogen ab-

straction radicals upon successive use of UV-illumination and heat-treatment

has been observed (53). Such transformation reactions have previously also

been observed for some of the H-addition radicals induced in unsaturated

pyrimidine derivatives (83).
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In papers VIII and IX are reported the results from a study of DHU single

crystals in the temperature range 77 - 300 K, undertaken in an attempt to

attain a more complete understanding of the radical reactions taking place in

the saturated compounds.

After irradiation at 77 K altogether four radical species are observed:

DHU 1-yl DHU4yl U 5 yl U6yl

The most dominating resonance is that due to the DHU 4-yl radical, identified
by a comparison between the experimental data and the results from INDO-MO

calculations. It must be admitted, however, that tf- INDO evidence for the

04-protonated version of the anion radical is margi iai. The experiments

with DHU were performed with crystals obtained from b-O solutions, and the,

eventual proton attached to 04 may be an exchangeable one. Thus it would

have been useful to investigate crystals obtained from protiated solutions

in order to detect splitting from this proton. Crystals of sufficient size

and quality for ESR measurements were, however, not obtained from such solu-

tions. It can be mentioned that in crystals of DH6MU splitting from this

proton in a similar radical was observed (53).

The resonance lines from the DHU 1-yl radical suffered from severe overlap

with the other resonances in the 77 K spectra. The structure assignment is

consequently tentative, but is supported by INDO-MO calculations and experi-

ments on DH6MU at 4.2 K (82). In the latter crystal the radical was not

observed at 77 K, but rather the related _unsaturated Nl-centered radical (53).

A conversion between the saturated and unsaturated forms of the 1-yl radical

was not observed in DHU.

In addition to the two radicals discussed above, small amounts of the U

5-yl and U 6-yl radicals were formed in DHU at 77 K. Upon heating of the

crystals, the 1-yl and 4-yl radicals decayed almost concominantly at
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temperatures above 160 K (84). The decay of the 4-yl radical seems to be

accompanied by an increase in the intensity of the U 6-yl radical, whereas the

1-yl radical seems to disappear in processes leading to non-radical species.

No significant change in the intensity of the U 5-yl resonance lines was ob-

served in the temperature range from 77 K to 300 K.

At room temperature, the U 6-yl resonance completely dominated the ESR

spectra, and the analysis of this resonance yielded tensor data in substantial

agreement with previous investigations (81). Upon recooling of the crystals

to 77 K followed by illumination with UV/visible light it was found that the

U 6-yl radical was transformed into the U 5-yl species. This greatly facilia-

ted the analysis of the resonance from the latter radical. Furthermore, by

a combined use of ESR data and IND0-M0 calculations it was possible to arrive

at a detailed stereochemical structure of the two hydrogen abstraction radi-

cals. The conformational changes taking place upon radical formation are

clearly visualized.

Based on the complete tensor data for the U 5-yl and U 6-yl radicals it is

possible to make a definite identification of the DHU powder spectra observed

after irradiation at room temperature. With the computer programme MARLEV

described above, powder spectra can be simulated and the best agreement with

the observed spectra was obtained for a composite spectrum consisting of

resonances from U 5-yl and U 6-yl in the relative ratio 1:9.

In paper IX the conversion processes between the U 5-yl and U 6-yl radicals

are studied in some detail. The results show that the process is a one-to-

one first order reaction. By a comparison of different inter- and intra-

molecular hydrogen distances it appears that the most probable process is an

intramolecular hydrogen transfer reaction. The activation energy for the

heat-induced process (which is the U 5-yl to U 6-yl reaction) is of a magni-

tude comparable to those obtained for similar reactions in other compounds

(78,83). This indicates that the reactions proceed by similar mechanisms in

different compounds.

The light-dependence of the U 6-yl to U 5-yl conversion was investigated

by the use of different filters placed between the light source and the sample.

It was found that light of all wavelengths below 450 nm could induce the

process. It can also be mentioned that for wavelengths below 300 nm, U 5-yl

radicals are produced directly at low temperatures.

In paper IX an attempt is made to compare radical formation in different
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pyrimidine derivatives with regard to the structure of the radicals as well

as the reactions into which they participate. The influence of different

substituents to the C5-C6 bond and also of the stereochemical conformation

of the parent undamaged molecules is demonstrated.
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Single crystals of 2-thio-5-carboxyuracil were irradiated and studied at 77 K
with e.s.r. spectroscopy. Five resonances were observed and related to the
sulphur atom in the 2 position of the pyrimidine ring. Three of the resonances
have been assigned to three conformations of a radical formed by hydrogen
abstraction from Nx. The principal values for the nitrogen coupling are 9-7,
00 and 00gauss. The g tensor principal values are 2173, 1-997 and 1-990
for the dominant conformation of this radical. Two other radicals could not be
identified unambiguously.

1. Introduction
Recently, two reports on electron spin resonance (e.s.r.) studies of radiation-

induced free radicals in single crystals of sulphur-substituted pyrimidines
have appeared. In 2-thiobarbituric acid (abbreviated as 2TB, structure I)
the dominant room-temperature radical is formed by hydrogen abstraction from
the C5 position (Mel0, Colombetti and Henriksen 1971). The corresponding
radical is also formed in irradicated barbituric acid at room temperature (Bernhard
and Snipes 1966) as well as 77K (Mel0, Bergene and Henriksen 1973).

i ii m
The e.s.r. spectra of this radical in 2TB revealed a large g value anisotropy,

suggesting that some of the unpaired spin density is localized on the sulphur
atom, and the authors stated that sulphur evidently acts as a ' sink ' for unpaired
spin density in conjugated systems.

Two additional resonances were observed for some orientations of the 2TB
crystal in the external magnetic field. One appeared when the crystal was
irradiated and measured at 77 K; the second after annealing the crystal at room
temperature. The low temperature resonance exhibited a triplet pattern with a
hyperfine splitting of about 5-5 gauss; the room temperature resonance was a
doublet with a 4 gauss splitting. The radicals yielding these resonances were
not identified.

In a single-crystal study of radiation-induced free radicals in cytosine,
Herak (1973) observed a doublet, due to a radical in which the odd electron
interacts with a proton, probably H6. The doublet exhibited a g value aniso-
tropy compatible with those found for sulphur-centred radicals. It was con-
cluded that 2-thiocytosine (2TC, structure II) was present in the crystal as an

E.B. K
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impurity, and furthermore radicals formed in this impurity were responsible
for the observed doublet resonance. However, from the e.s.r. data and TT-MO
calculations, the structure of the radical could not be pinpointed. The radical
candidates proposed were the anion and the two formed by hydrogen addition
to either N3 or S2.

In the present work some results from a study of the pyrimidine derivative
2-thio-5-carboxyuracil (2T5CU, structure III) are presented, undertaken
to shed light on the electronic and molecular structure of radicals induced in
thiopyrimidines between 77 K and room temperature.

2. Experimental
Single crystals of 2T5CU were grown from saturated aqueous solutions.

The detailed crystal and molecular structure is not known. The faintly yellow
crystals exhibited a distinct external morphology, shown in figure 1 together
with the experimental axis system xyz. A cleavage plane (c) parallel to the yz
plane was observed. The crystals were irradiated and observed at 77 K.
On irradiation the crystals attained a deeper yellow colour. All details about
the spectrometer, the irradiation and measuring procedures have been published
elsewhere (Mete et al. 1971).

Figure 1. The external morphology of a single crystal of 2-thio-5-carboxyuracil together
with the experimental axis system xyz.

3. Results
3.1. The Si, S2 and Sa resonances

Figure 2 shows two e.s.r. spectra of an irradiated single crystal of 2T5CU
observed at 77 K. The top spectrum consists of three resonance lines appearing
in the far low-field region, together with a set of partly-unresolved resonance
lines centred close to the free-spin g value. The former resonances, denoted
Sj, S2 and S3 in order of decreasing intensity, displayed a very large g value
anisotropy. The Si and S2 resonances were observed through all three planes of
rotation, but the low intensity of the iS3 resonance at most orientations prevented
determination of its e.s.r. parameters. As demonstrated by the lower spectrum
of figure 2 the Sx and S2 resonances at most orientations were split into 1 : 1 : 1
triplets, coalescing into one (S) at low g values. This hyperfine splitting is
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H
-100G

Figure 2. Second derivative e.s.r. spectra from a single crystal of 2-thio-5-carboxyuracil
at 77 K. The lines numbered from 1 to 5 belong to a manganese field marker.
The top spectrum is recorded with the magnetic field 56° from y in the yz plane
and the bottom spectrum with the magnetic field parallell to the .Y-axis.

Resonance

Si

s,

ss

s,, s» s3

Tensor

g

AN

Isotropic
value

2-052

2048

3-2 gauss

Principal
valuesf

2-173
1-993
1-990

2-158
1-997
1-990

2-21 (max)
1-99 (min)

9-7 gauss
0-0 gauss
0-0 gauss

X

0000
0-000
1000

0-000
0-000
1-000

0
1

1-000
0000
0000

y

0-558
0-830
0-000

0-553
0-833
0-000

0-55
0

0-000
1-000
0-000

z

0-830
-0-558

0000

0-833
-0-553

0000

0-83
0

0000
0000
1-000

t Estimated errors in the principal values are 0-002 and 0-5 gauss, respectively.

Table 1. E.s.r. parameters for the Slt St, and S3 resonances.
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Figure 3. The g value variation and nitrogen splitting (in gauss) in the three orthogonal
planes of the xyz system. The filled and open circles represent experimental
observations for the St and S2 resonances, respectively. The solid lines are cal-
culated from the tensor data in table 1.

obviously due to an interaction between the odd electron and a nitrogen nucleus.
Table 1 gives the principal values of both the nitrogen hyperfine splitting tensor
and the g tensor for the S2 and S2 resonances, together with the corresponding
direction cosines of the principal axes relative to the xys system. Figure 3
shows the nitrogen splitting and g value variation through the three planes of
rotation. Site splitting effects were not observed at any crystal orientation.
The nitrogen splitting tensor is the same for the two resonances Sx and S.,.

From the data given in table 1 and figure 3 it is reasonable to assign the
three S resonances to three conformations of the same radical. Owing to the
large spin-orbit coupling constant of sulphur (As= —382 cm"1), it is further
suggested that the odd electron in this radical mainly resides on the sulphur
atom in the 2 position.

The two spectra in figure 2 represent two extremes with regard to nitrogen
hyperfine splitting and g values. Thus, in the top spectrum the S resonances
show no hyperfine splitting, while the g values correspond to the maximum
principal values of the g tensors. In the bottom spectrum, this situation is
reversed, i.e. the triplet splitting corresponds to the maximum principal value
of the nitrogen splitting tensor, while the g value coincides with the minimum
principal value of the g tensor.

It is well known (Kurita and Gordy 1961) that in sulphur radicals the largest
g value is associated with the C-S direction. The spectral behaviour described
above thus shows that the spin density on the nitrogen atom is mainly localized
in the 2pz orbital (where the z direction is normal to the ring plane). The
tensor data in table 1 further shows that the direction for £mnx is normal to the
direction for the maximum nitrogen splitting.
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Figure 4. The unpaired spin density on some of the atoms in the radicals IV and V calculated
by the CNDO/2 method. The values given are the spin density in the valence
/> and s orbitals, the latter given in parentheses. B.E. is the bonding energy for
the radicals (1 a.u. equals 27-2097 eV).

The above considerations lend support to a structure for the responsible
radical as IV or V, formed by hydrogen abstraction from Nx and N3, respectively.
The e.s.r. data do not, however, discriminate between these two radical candidates.
This ambiguity in the assignment of radical structures initiated some MO
calculations on the CNDO/2 level of approximation (Pople and Beveridge 1970)
The structural data for these calculations were obtained from known data on
similar compounds (Shefter and Mautner 1967). In the structural formulae
in figure 4 the more pertinent data are given for the calculations on the radical

structures IV and V. Surprisingly, these calculations shows that in radical
V almost 90 per cent of the unpaired spin density is localized on the oxygen
atom in 4 position and only a negligible amount on the sulphur atom. On the
other hand, in structure IV approximately 95 per cent of the unpaired spin
density is localized on the sulphur atom, mainly in the in-plane 3p orbitals
(91 per cent). This is in accordance with expectations for a radical with the
observed g value variation and with the maximum g value in the C-S direction
(Kurita and Gordy 1961). However, as compared to the experimental values
the calculations leave a far too low spin-density on Na.
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From the e.s.r. and MO data presented above it is thus concluded that the
three resonances Sx, S2, and S3 are due to three conformations of radical IV,
formed by hydrogen abstraction from Nx.

Furthermore, the e.s.r. data give some information with regard to the mole-
cular stacking in the crystal. The molecules in the unit cell, showing triclinic
symmetry, are packed in layers parallel to the cleavage plane (the yz plane).
Assuming no reorientation of the C-S bond induced by radical formation, the
C6-C6 direction is almost parallel to the y axis.

The composite e.s.r. pattern appearing close to g = 2-0 consists of several
different resonances at 77 K as well as after U.V. illumination and heat treatment
of the crystal. With the exception of two, these resonances overlapped to an
extent which made the analysis impracticable.

3.2. The 5 4 resonance

In an orthogonal reference system x'y'z' related to the xyz system by the
transformation matrixf

/0-336 -0-686 - 0-645 \
R = \ 0-345 0-728 -0-594

\ 0-877 -0-022 0-481/
it became possible to follow one additional resonance occurring at 77 K. In the
xyz system, this resonance was masked by other resonances centred close to the
free-spin g value and by the frequent interference of the S resonances previously
described. This additional resonance, denoted by S4, is shown in figure 5. At
most orientations it exhibited a small doublet splitting due to a weak interaction
between the odd electron and a proton. The results from an analysis of the
e.s.r. data for this resonance are given in table 2.

Several radical candidates can be proposed to account for the S4 resonance.
The considerable g value anisotropy suggests that it is due to a radical where the
unpaired electron interacts with the sulphur atom (or possibly oxygen: see

Figure 5. Second derivative e.s.r. spectrum from a single crystal of 2-thio-5-carboxyuracil
at 77 K, recorded with the magnetic field 110° from ,v' in the x'y' plane of rotation.
The line saturating the receiver is due to the Si, Sa and S3 resonances coalescing into
a single line at this particular orientation.

A A A

A fThus, given a tensor A' in the primed representation then A=RT • A'-i?, where
A refer to the unprimed representation. I
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Resonance

s4

s4

Tensor

g

An

g

Isotropic
value

2021

1 -67 gauss

2-024

Principal
values

2-047

2018

1-998

5-0 gauss

0-0 gauss
0-0 gauss

2-052
2-021
2-000

X

0-111
(-0-346)

0-801
(0-812)
0-589

(-0-469)

-0-172
(-0-734)
-0-064

0-983

0-538
0-721
0-432

Y

0-918
(0-934)

-0-310
(0-355)
0-249

(-0-072)

0-985
(0-658)

-0011
0-172

-0-615
-0-019

0-788

Z

-0-382-j-
(-0-107)
-0-512
(0-463)
0-769

(0-881)

0000
(-0-173)

0-998
0065

-0-576J
0-692

-0-434

f Direction cosines refer to the x'y'z axis system. Numbers in parentheses refer
to the xyz system (figure 1).

% Direction cosines refer to the xyz axis system.

Table 2. E.s.r. parameters for the S4 and S5 resonances.

Box and Budzinski 1975). The doublet splitting tensor is typical for a -C-SH
or -C-OH /?-proton interaction (Hiittermann, Ward and Myers 1970). The
angle between £max (S4) and the maximum principal splitting value is 27-7".
Furthermore, the direction for £max(S4) is 23-3° from the j-axis and almost
in the yz plane (83-6° from the *-axis). Tentatively, a radical with structure
VI is suggested as the most probable candidate. However, some reorientation

of the C-S bond during radical formation must occur. Thus, the angle between
the maximum principal g values of the Sx and S4 resonances is 64-40. Other
candidates to be considered are a radical with the spin density in the carboxyl
group and the cation radical. A CNDO/2 calculation on the cation leaves 96
per cent of the spin density on sulphur. A nearby proton bonded to a neigh-
bour molecule then may be responsible for the doublet splitting.

3.3. U.V. illumination
U.V. illumination of the crystal at 77 K (using a 100 W mercury lamp)

induced several spectral changes. The dominant alterations were the decay
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of the Slt S2 and S3 resonances. A spectrum before exposure to U.V. light
is shown in figure 6, the time development of the decay of Sx(n) and S2(O)
being shown in the upper right hand corner. In this example, the magnetic
field is parallel to the js-axis. On the ordinate scale is given the number of
radicals (in arbitrary units) estimated by the approximate relation N ozh • (AHpp)2,
where AHP1, is the line-width at maximum slope of the absorption and h is the
amplitude.

2 * 6 I 10 12 U 16 I I

EXPOSURE TIME IIOOSCCI

Figure 6. Second derivative e.s.r. spectrum from a crystal of 2-thio-5-carboxyuracil at 77 K
recorded with the magnetic field parallel to the 2-axis in the xyz axis system. In
the upper right corner is shown the U.V. induced decay of the St (a) and S2 (O)
resonances versus time, in units of 100 sec.

As illustrated in figure 6, the radical decay seems to terminate after about
103 sec of exposure. The number of radicals decayed is AAf(Sx) and AAf(S»).
The data show that AN(S2) is about 85-90 per cent of AA^Sj). Separate
measurements revealed that even the S3 resonance disappeared completely
on exposure to U.V. The total number of radicals A^Sg) was ca. 10-15 per
cent of AA^Sx). Thus, &N(S2)+N(SS) equals AA (̂SX) within experimental
error. This may reflect a connection between the mechanisms by which the
radicals decay. However, the difference in decay rates suggests a more compli-
cated mechanism than mutual annihilation of the different conformations of
radical IV.

Finally, it should be noted that even the S4 resonance rapidly decayed on
U.V. illumination. Thus, a possible participation of the radical yielding this
resonance in the decay of radical IV cannot be excluded.
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3.4. The S5 resonance

Owing to several changes in the high-field region of the spectra after heat
treatment of the crystal, a further single-line resonance, S5, became accessible
for e.s.r. analysis. As shown in figure 6, this resonance was also observed at
77 K and was stable when the crystal was bleached with U.V. This resonance
did not show hyperfine splitting for any crystal orientation. The g tensor is
given in table 2. Again the g value anisotropy suggests a sulphur-centred
radical. It should be noted that the direction for the maximum principal
g value intersects the ring plane. That is, the angle between the ring normal
and the direction for £max(S5) is 54-9°. It is suggested that this resonance is
due to a ' dimer' radical formed between two 2T5CU molecules in nearest-
neighbour molecular layers. The principal g values is close to that expected
for a Mx —S—S —M2 radical where the unpaired electron recides in a S —Sa*
orbital (Symons 1974).

4. Discussion
In the present work five resonances have been observed and discussed,

and related to the sulphur atom substituted in the 2 position of the pyrimidine
ring. Three of the resonances have been assigned to three conformations of
radical IV, formed by hydrogen abstraction from Nx. The other two resonances
could not be identified unambiguously.

Radicals formed by scission of the Nx-H bond, leaving the odd electron in a
molecular ir orbital, have been observed in several pyrimidine derivatives, e.g.
cytosine, orotic acid and thymine (Cook, Elliott, and Wyard 1967, Horan and
Snipes 1970, Dulcic and Herak 1973). In these species the nitrogen hyperfine
tensor exhibits the same symmetry characteristics as in the present case. How-
ever, the distribution of the unpaired spin density is entirely different. Thus,
25-30 per cent of the odd electron is located in the 2p» orbital on nitrogen,
while the rest mainly resides on C5. This difference must be ascribed to the
electron-withdrawing effect of sulphur accounting for the well-known radiation
protecting ability of sulphur containing molecules.

As noted above, two resonances were observed from unidentified radicals
induced in 2TB at 77 K and room temperature. The e.s.r. data reported for
these resonances bears a close resemblance to the data for the Sx and S4 resonances
reported here. Work is in progress to shed light on the question whether
similar radicals are formed in these two sulphur-substituted pyrimidine deriva-
tives.

Des monocristaux simples de 2-thio-5-carboxyuracil ont ete irradies et etudics a 77 K par
spectrosa/pie r.p.e. Cinq resonnances ont ete observees et reliees a l'atomc de soufre
dans la position 2 de l'anneau de pyrimidine. Trois des resonnances ont ete assignees a
trois formations d'un radical forme par abstraction de l'hydrogene de Nj. Les valeurs
principals pour le couplage du nitrogene sont de 9,7, 0,0 and 0,0 gauss. Les valeurs
principales du tenseur-.gr sont de 2,173,1,997 and 1,990 pour la configuration dominante
de ce radical. On n'a pas pu identifier deux autres radicau ambigus.

Bestrahlte Einkristalle von 2-thio-S-carboxyuracil wurden auf 77 K abgekiihlt und
mittels E.S.R.-Spektroskopie untersucht. Es wurden insgesamt funf Resonanzen festgestelit
und auf das Schwefelatom in der 2. Position des Pyrimidin-Ringes zuruckgefiihrt. Drei
der Resonanzen gehen zuriick auf drei Konformationen eines Radikals, das durch Abstraktion
eines Wasserstoffatoms von Ni gebildet wird. Die Hauptwerte fiir die Stickstoff-Kopplung
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sind 9,7, 0,0 und 0,0 Gauss. Die £-Tensor-Hauptwerte sind 2,173, 1,997 und 1,990 für
die dominante Konformation desselben Radikals. Zwei andere Radikale konnten nicht
eindeutig bestimmt werden.
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The Crystal and Molecular Structure of 6-Methylmercaptopurine

Riboside Monohydrate
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The crystal structure of 6-methylmercapto-
purine riboside monohydrate has been deter-
mined by X-ray diffraction methods using 3988
observed reflections collected on a counter dif-
fractometer. The crystals are monoclinic, space
group P2 t , with cell dimensions a = 7.912(2) A;
6 = 18.120(1) A; c = 4.848(l) A; £=105.70(2)°.
The structure was refined to a conventional
i?-factor of 0.040, the standard deviations in
bond lengths and angles involving non-hydro-
gen atoms are 0.002 A and 0.1°, respectively.

The molecular and crystal structure is dis-
cussed and the results compared to those ob-
tained from magnetic resonance experiments.

Several sulfur containing nucleic acid ana-
logues are effective metabolic inhibitors used
in cancer chemotherapy. The adenosine ana-
logue 6-methylmereaptopurine riboside (9-^-D-
ribofuranosyl-6-methyIthiopurine) is a strong
inhibitor of several mouse tumors and is also
effective against some human leukemias as
well as other tumors which have become resis-
tant to 6-mercaptopurine therapy.1 It has been
shown that the riboside is mistaken for adeno-
sine at the enzymatic level and is incorporated
into the nucleic acids.2 The action of this drug,
either administered alone or in combination
with other agents, is to influence the purine
metabolic pathways.

Previous investigators have found similarities
between enzymatic reactions and reactions in
the solid state due to ionizing radiation.1 In an
attempt to study reactions induced by ionizing
radiation in chemotherapeutic agents, magnetic
resonance experiments (ESR and ENDOR)
are being carried out on irradiated mercapto-
purine crystals.4'* Although the relative orien-
tations of the purine rings in the unit cell of

the crystals can be predicted from the ESR/
ENDOR data, a detailed stereochemical com-
parison of molecular directions cannot be
made without a complete structural analysis
of the crystals.

Using one of the crystals grown for the
magnetic resonance experiments, an analysis
of the crystal and molecular structure of 6-
methylmercaptopurine riboside (GMeMPR) was
undertaken.

EXPERIMENTAL

Powdered samples of 6MeMPR obtained
from Nutritional Biochemical Company were
recrystallized from water at a constant tem-
perature of 30 °C. A crystal fragment of ap-
proximate dimensions 0.3 x 0.5 x 0.5 mm was
cut from a larger crystal and used for the X-
ray experiments. Data were collected on a
SYNTEX Pi four-circle diffractometer (graph-
ite crvstal monochromated Mo&x radiation,
A = 0.71069).

The crystals are monoclinic; systematic ab-
sences are k odd for (OfcO) indicating P2, or
P21/m as possible space groups of which the
latter could be ruled out for this optically
active compound. Cell parameters were deter-
mined by a least-squares fit to the diffractom-
eter settings for 15 general reflections.

Intensity data were recorded using the 9/20
scanning mode using a scan speed of 2° min"1

for reflections with sin BjX below 0.65 A"1 and
scan speeds varying from 1 to 2° min-1 depend-
ing on the intensity for reflections with sin 8/A
between 0.65 and 0.95 A"1. Reflections in the
latter interval were measured only if a quick
scan gave an intensity larger than a preset
value. The scan range was from 1° below
28(11,) to 1° abovs 20(et.) and background
counts were taken for half the scan time at
each of the scan limits.

Acta Chem. Scand. B 30 (1976) No. 8
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From the 4348 unique reflections recorded,
3988 with I> 2.50<7(I) were retained for the
structure analysis. The standard deviations
for the intensities were calculated by a{I) =
[C-r + fO.OaCj,-)8]* where CT is the total number
of eounts and GN is the scan count minus
background count. The usual corrections were
made for Lorentz and polarization effects, but
no correction was applied for absorption or
extinction.

Scattering factors used were those of Doyle
and Turner for S, O, >T, and C,4 and of Stewart,
Davidson and Simpson for H.' Description of
the computer programs used are given in Refs.
8 and 9. The quantity minimized in the least-
squares calculations was ̂ w/iF' where w is the
inverse of the variance of the observed struc-
ture factors.

CRYSTAL DATA

6-Methylmercaptopurine riboside monohy-
drato, C11HUO<N4S.HSO, monoclinic, a =
7.912(2) A; 6=18.120(1) A; 0 = 4.848(1) A;
/?= 105.70(2)°; («=18+1 °C); 7=669.1 A»;
AT = 316.34; Z = 2; J'(000) = 332; X>caie=1.570 g
cm""3. Absent reflections: (0i0) for k odd. Space
group P2i (No. 4).

STRUCTURE DETERMINATION

The structure was solved by application of
noncentrosymmetric direct methods using the

program assembly MULTAN.1 Phases for 175
reflections with \E\> 1.5 were determined with
the best starting set of phases yielding an
absolute figure of merit of 1.31. An i?-map
based on these phases revealed 26 peaks, of
which 18 could be related to a molecule of the
anticipated geometry. The remaining three
non-hydrogen atoms were localized by the
use of successive Fourier refinements; the posi-
tions of the hydrogen atoms were calculated
from stereochemical considerations after a
preliminary refinement. Using the data with
sin 9/A<0.65 the positional parameters, aniso-
tropic parameters for non-hydrogen atoms and
isotropic parameters for hydrogen atoms were
refined by least-squares methods to a con-
ventional B-factor of 0.04. The goodness of
fit, S=[2wdJ)''Hm-n)]t, was 3.53, however,
and a weight analysis indicated systematic
errors present for the low-angle data. The least-
squares procedure was then repeated with all
the data; the weights for the 1231 reflections
with sin 6/A< 0.6 were multiplied with a factor
varying from 0 to 1 for reflections with sin
8/X varying from 0 to 0.60. The remaining 2757
reflections were given normal weights. The
refinement converged to a conventional iJ-
factor of 0.040, 2JW = 0.043 and 5=1.77.

Table 1. Atomic parameters and their estimated standard deviations. Atoms marked with aster-
isks belong to the ribose moiety. The anisotropic temperature factor has the form
exp -2^[(J711o«A2 + U22b**k*+ U33c*H*+ 2U12a*b*hk + 2U\3a*c*hl + 2U22b*c*M)].
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N7

Fig. 1. Perspective view of the molecule as seen along c* showing bond lengths (A) and angles
(°). Non-hydrogen atoms are represented by thermal ellipsoids defined by the principal axes of
thermal vibration and scaled to include 50 % probability.

Table 1 lists the final parameters and their
estimated standard deviations. Tables of ob-
served and calculated structure factors are
available from the authors.

DISCUSSION

Fig. 1 shows the conformation, thermal el-
lipsoids, and bond lengths and angles involving
non-hydrogen atoms. Estimated standard de-
viations are 0.002 A and 0.1°, respectively.
C —H bond lengths were found in the range
0.78-1.01 A, mean value 0.92 A; for O - H
the range is 0.72-0.86 A, mean value 0.77 A.

The 6-methylmercaptopurine moiety. The ge-
ometry of this part of the molecule is virtually

identical to that found for 6-methylmercapto-
purine trihydrate.10 The purine part is planar
with no atom.situated more than 0.012 A out
of the least-squares plane through the 9 atoms.
The sulfur atom is also close to the plane
(0.015 A) whereas the distance from the plane
to C10 is 0.143 A; the torsional angle XI —
C6 —S-C10 is 5.2°. The normal to the purine
plane forma an angle of 46.5° with the two-
fold screw axis (6).

The glycosidie bond N9 — Cl' is of normal
length, 1.475 A; the Cl' atom is displaced
0.112 A from the purine plane. The dihedral
angle C4-N9-C1'-O1' is -167.9°.

The ribose ring has the C3' endo conforma-
tion with the C3' atom situated 0.S8 A from

Table 2. Hydrogen bond distances (A) and angles (°).

I
A D - A H - A

owow02'
03 '
05 '

HW1
HW2
H02'
H03'
H05'

Nl (1-a
N7 (-a;,
OW (x, y.
OW (x, y,
N3 (1-as

- 1 + z)

. y. z)

, l - z )
l - z )

2.971
2.912
2.844
2.845
2.881

2.21
2.06
2.20
2.08
2.21

>D-H—A

172
168
145
177
157

I
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the plane through Cl', C2', C4', and 0 1 ' . The
deviations of the atoms defining the plane are
as follows: Cl' (-0.041 A), C2' (0.024 A), C4'
(-0.026 A), 0 1 ' (0.032 A). The configuration
of the sugar ring is described by the following
torsional angles about the ring bonds: 7.1° for
(Ol ' -C l ' ) , -28.2° for (Cl '-C2') , 36.9° for
(C2'-C3'), -34.0° for (C3'-C4'), and 17.3° for
(C4' —Ol'). The corresponding values for the
phase angle of pseudorotation P and the ampli-
tude of pucker rm" are 7.9 and 37.3\, respec-
tively. The conformational angles of the side
chain are ( O l ' - C 4 ' - C 5 ' - O 5 ' ) = -67.7° and
(C3 ' -C4 ' -C5 ' -O5 ' ) = 51.1°. The configura-
tion of the ribose moiety ia thus the same as
the one found for cytidine.1* Bond lengths and
angles are found to be quite normal; the C l ' -
0 1 ' bond ia shorter than O l ' - C 4 ' by 0.05 A,
the three ring C —C distances are equal to
1.529 A within twice their standard deviation
and the three hydroxy C—O bonds 1.412 A.
The C - C - C , C - C - 0 and C - O - C angles
are 101.4, 106.2, and 110.6°, respectively, as
compared to 101.7, 105.8, and 109.3° given as
average values for five-membered sugar rings.13

Molecular packing. All hydroxyi hydrogen
atoms are engaged in hydrogen bonding; di-
mensions are given in Table 2. 6-Methylmercap-
topurine riboside molecules are linked through
hydrogen bonds from 05' in one molecule to
N3 in another; chains along the a-axis are
thus formed. The other hydrogen bonds all
involve water molecules which are bonded
approximately tetrahedrally to nitrogen and
oxygen I'toms of four different 6MeMPR mole-
cules. The hydrogen bonds involving Nl, N3
and N7 are situated approximately in the
purine plane. JTo particularly short contacts
are found to the sulfur atom, and apart from
the hydrogen bonds mentioned the intermole-
cular contacts are of the. van der Waals type.

It is of interest to compare erystallographie
directions with the corresponding directions
obtained from magnetic resonance (ESR/
ENDOR) experiments. Pugh and Alexander
report the angle between the normal to the
purine plane and the i-axis from several inde-
pendent measurements of magnetic interactions
to be in the range 44 — 48V close to the value
46.5° given above. The same authors also show
that the direction cosines for either the C2 —H
or the C8 —H bond in the a*bc coordinate

Ada Chem. Scand. B 30 (1976) No. 8

system are (0.97, 0.23, 0.05). In the present
work the corresponding numbers for C8 —H
are found to be (0.96, 0.27, 0.09), given in the
same reference frame. The C8 —H direction
ia thus within the standard deviation (3°) the
same as that determined from the ENDOR
experiments, and the combined data demon-
strate that the radical formation on irradiation
is due to hydrogen addition to the C2 position.

Sagstuen and Alexander report that the
C6 —S bond direction in a radical formed by
hydrogen abstraction from the methyl group
is less than 0.8° from that in the undamaged
molecule.3 Furthermore, one of the methyl
carbon-proton directions is approximately 12°
from the direction of the in-plane methyl
carbon-proton bond in the undamaged mole-
cule. This angle corresponds to a rotation about
the S —C10 bond to increase the conjugation
of the unpaired electron with the ^-molecular
orbital of the purine moiety.

The above results indicate that even if large
amounts of energy are deposited on crystals
of this highly conjugated purine molecule, it is
not reasonable to expect any large changes
in molecular geometry to occur, even in areas
in close proximity to the ultimate center of
radiation damage. This is in agreement with
other magnetic resonance experiments on ir-
radiated purine and pyrimidine compounds
(Ref. 14 and references cited therein).

Acknowledgement. Professor C. Alexander,
Jr., is gratefully acknowledged for supplying
the crystals used in this investigation and for
numerous helpful discussions.
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E.S.R. of sulphur-substituted purines and nucleosides;
carbon-centred radicals in mercaptopurine crystals at 77 Kf

by EINAR SAGSTUEN and CHESTER ALEXANDER, JR.J
Institute of Physics, Department of Biophysics,
University of Oslo, Blindern, Oslo 3, Norway
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Single crystals of the sulphur-containing DNA-base analogue 6-methyl-
mercaptopurine (6MeMP) and its riboside 6-methylmercaptopurine riboside
(6MeMPR) have been prepared and irradiated by 4-0 MeV electrons at 77 K.
Electron spin resonance techniques have been used to study the radiation-
induced radicals at 77 K. The primary carbon-centred radical, common to
both molecules, has been identified as a species formed by hydrogen atom
abstraction from the methyl group. The principal values of the two a-proton
hyperfine coupling tensors and the g-tensors were almost the same for both
molecules and for 6MeMPR were : <xl, -28-8, -17-9 and - 6 - 4 G; «2,
-28-2 , -15-7 and -9 -8 G ; and g, 2-0063, 2-0024 and 20018. These data
indicate a spin density of 0-77 on the methyl carbon atom. Molecular
orbitals determined from CNDO/2 methods were used in calculations of the
directions and magnitude of the g-tensor principal values. Comparison of
these calculated values and experimental data suggests that contribution
of spin density in d-orbitals on the sulphur atom is important in describing
the g-tensor. Methyl H-abstraction radicals trapped in pairs were also
detected in 6MeMP and the data are consistent with an effective interspin
distance of 4-67 A.

1. INTRODUCTION

Recently, E.S.R. and ENDOR studies [1, 2] have been carried out on
radiation-induced radicals in single crystals of the sulphur-substituted adenine
analogue 6-methylmercaptopurine (6MeMP) and its riboside 6-methylmercapto-
purine riboside (6MeMPR) (structural formulae are given in figure 1). Although
similar sulphur-centred radicals are formed in the two compounds at room
temperature, a radical formed by hydrogen addition to C2 of the purine entity
is found exclusively in 6MeMPR. This is surprising with regard to radical
formation in the unsubstituted compounds adenine and adenosine. Thus, in
these two compounds as well as in other adenine and guanine derivatives,
similar H-addition radicals have been reported formed without exception at
room temperature [3]. An E.S.R. spectrum characteristic of this radical has
also been detected in DNA [4]. Since the radicals stabilized at room tempera-
ture usually represent secondary species it appears that sulphur has a significant
effect on the early processes of radiation damage to the DNA bases.

+ This investigation was supported in part by a grant from The University of Alabama,
Research Grants Committee, grant 853.

% On leave from The University of Alabama, Department of Physics and Astronomy,
University, Alabama 3S486, U.S.A.
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This is a report of a continuation of studies of radiation-induced radicals
and radical reactions in sulphur-substituted DNA-base analogues undertaken
to study both the action of radioprotection by sulphur and radical reactions in
anti-tumour agents. The compounds 6MeMP and 6MeMPR are effective
tumour inhibitors [5]. These drugs are incorporated into the nucleic acids
and their effect is to influence the purine metabolic pathways. Previous
investigators have found similarities between enzymatic reactions and reactions
in the solid state due to ionizing radiation [6, 7]. Furthermore, radical reactions
have been incorporated to explain the E.S.R. signals observed during tumour-
inhibiting reactions in vivo [8-10].

The purpose of this research is to study radical reactions initiated by ionizing
radiation in anti-tumour agents and, in particular, to explore the reaction path-
ways leading to the different room temperature radicals observed in these two
compounds. In the present work the carbon-centred radicals stabilized at 77 K
will be discussed, and in a subsequent work the sulphur- and oxygen-centred
radicals, as well as radical reaction mechanisms, will be discussed.

2. CRYSTALLOGRAPHY AND EXPERIMENTAL PROCEDURES

Powders of 6MeMP and 6MeMPR were obtained from Nutritional Bio-
chemical Corp. and single crystals were grown from aqueous solutions by slow
evaporation at 30°C [1, 2]. In figure 1 is shown the external morphology of the
crystals and the coordinate systems used in this study.

CH3-S,(10)

CH3~Sd0)

a. r
H—C(2)

sr v c.

_T>°\ /H W
H

I I C[;

OH OH

b.

Figure 1. Chemical and crystal structures of 6-mercaptopurine riboside (6MeMPR,
a and b) and 6-mercaptopurine (6MeMP, c and d). The orthogonal experimental
reference axes are indicated.
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Crystals of 6MeMP are monoclinic with space group P2x/c and unit cell
parameters a = 10-721 A, b = 6-976 A, c = 15-027 A and 0 = 115-04° [11]. The
unit cell contains four molecules of 6MeMP and two molecules of water. The
purine bases are nearly planar and are hydrogen-bonded in ribbons running
in the c-direction. These ribbons are nearly parallel to the ac-plane and are
stacked in the A-direction. Crystals used for E.S.R. experiments were examined
by X-ray oscillation and Weissenberg techniques and the crystal axes were
identified.

Crystals of 6MeMPR are monoclinic with space group P2X and unit cell
parameters a = 7-912A, b = 18-120 A, c=4-848A and 0= 107-70° [12]. The
unit cell contains two molecules of 6MeMPR and one molecule of water. The
purine bases are nearly planar, and the normal to the plane makes an angle of
46-6° with the 6-axis and lies in the Ac-plane. The crystals used for E.S.R.
experiments were examined by an automated X-ray precession camera for the
identification of crystal axes.

Crystals of 6MeMP and 6MeMPR were irradiated while submerged in liquid
nitrogen with 4-0 MeVf electrons from a linear accelerator. The doses were in
the range 10-20 MRad given at a dose rate of about 1 MRad/min. A JEOL
spectrometer with cylindrical cavity and phase-sensitive detection operating at
X-band was used. All spectra were recorded as the second derivative of the
absorption. The two modulation frequencies used were 100 kHz and 80 Hz, '
and the modulation widths were in the range 2-3 GJ (pp). The microwave
power was in the range 25-100 /xwatt, thus ensuring that no saturation effects
influenced the spectra. The crystals were transferred to a quartz insertion
Dewar filled with liquid nitrogen without any warming and oriented visually
in the Dewar. Angular rotation data were obtained by rotating the Dewar in
the cavity. The rotation angle was determined by a goniometer head fixed to
the Dewar. The uncertainty of the zero position of rotation and the alignment
between the rotation axis and reference axis was less than 5°. Angular rotation
data were recorded at 5° intervals. For both 6MeMP and 6MeMPR crystals
site-splitting was observed except when the magnetic field was parallel to the
reference axes or was rotated about the monoclinic axis, in accordance with the
reported crystal symmetries [11, 12],

For the ultra-violet-bleaching experiments a JEOL ultra-violet unit was used,
equipped with a 100 watt Osram mercury lamp. The magnetic field sweep
width and the ^-values were calibrated by a standard containing Mn++ ions
and DPPH, placed close to the sample in the cavity. All calculations reported
were performed on the CDC 3300 and CDC 6600 computers of the University
of Oslo.

3. DETERMINATION OF HYPERFINE AND ^-TENSORS

When the hyperfine coupling anisotropy is comparable in magnitude to the
corresponding nuclear Zeeman term, the usual first-order treatment of the spin If
hamiltonian neglecting this t e rm is no longer adequate for explaining the E.S .R. }
spectra. As previously shown [13-15] , the spectra should then be analysed /

f 1 eV = 0-160219 aj . i
| 1 G = 10"4Tesla.

3D2
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using a spin hamiltonian of the form

i. H + £ (S . / i - . I,, (1)

where i runs over all interacting nuclei N with nuclear spin I{. Under these
circumstances the resonance pattern from a proton consists of four symmetrically
placed lines. This is due to a ' mixing ' of the electron and nuclear spin states
so that formerly forbidden nuclear spin transitions now can accompany the
electron spin transitions. The four lines are designated by the splittings of the
' outer ' and ' inner' doublets To and Tit whose relative intensities vary in a
well-defined manner [16]. The hyperfine coupling constant T is given by

(2)

at a given orientation of the crystal in the external magnetic field. The principal
experimental difficulty is that ordinarily only the outer doublet is observed,
either because T is appreciably greater than 2gXfixH and so the intensity of the
inner doublet is very low [16], or the inner doublet, usually being of lower
intensity than the outer, is masked by other resonance lines from, e.g., site-
splitting or other radicals simultaneously being present. The a-proton hyperfine
tensors obtained in the present work and the values of J1,, and T-t in each plane
of rotation were calculated by the following procedure.

The observed hyperfine (outer) splittings larger than 13 gauss were first
least-square fitted to the usual equation (appropriate when the nuclear Zeeman
term is neglected)

Tj2 = ( ? % • cos2 6 + (f 2 ) n sin2 8 + 2( t% sin 8 cos 9, (3)

where j , k, I here refer to the coordinate axes involved. The elements of a trial
tensor T were thus determined. From this tensor the outer and inner doublet
splittings were calculated [16] from the equations

+ cos2 0 + (7"2),,+ sin2 0 + 2(7"%+ sin 6 cos 0]1'2

klr cos2 6 + {T2)if sin2 0 + 2(7"%- sin 0 cos 0]1'2}. (4)

For crystal rotation about the x-axis, k*= y and l=z and

(5)

A new tensor was then constructed by fitting equation (3) to the values obtained
by subtracting from the observed splitting half the difference between the
calculated outer doublet splitting and the observed splitting at 5°'intervals.
This procedure was iterated until optimum fit between the calculated To values
and the experimental values (larger than 13 G) was obtained. While the
principal values so obtained could change several gauss from those of the first
trial tensor, the direction cosines were almost unaltered (to within 2°) by this
procedure. Now assuming these directions were the correct ones, small
variations of the principal values were performed to further improve the fit
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between the experimental splittings and To in that the constraint of equation (3)
was relaxed. The r.m.s. deviation for the final fit was then reduced to better
0-5 G. A FORTRAN programme was written to facilitate these computations.

The ^-tensors were evaluated by a least-squares fit between the observed
data and equations of the type equation (3) in the three planes of rotation. The
r.m.s. value of the £-value fit was in the range 1-0—1-5 x 10~4.

4. RESULTS

When a single crystal of 6MeMPR (see figure 1) is irradiated and examined
at 77 K a composite E.S.R. spectrum consisting of resonance lines from several
(at least five) different radicals is observed. The resonances can roughly be
divided into two categories according to the anisotropy in their spectroscopic
splitting factors. Thus, one set of resonances showed a small anisotropy and
were centred close to the DPPH resonance position (g = 2-0036) while the other
group exhibited a large £-value variation, typical for radicals with the main
spin density localized to sulphur or oxygen atoms. Only resonances in the
first category will be discussed in the present work.

4.1. Hydrogen abstraction radical

In figure 2 A an E.S.R. spectrum from 6MeMPR is shown. In this example,
the crystal a*-axis was aligned parallel to the external magnetic field ; the
arrow marks the position of the DPPH resonance. In this spectrum only
resonances from the first category above are displayed. By exposing the
crystal to ultra-violet light it was possible to further simplify the spectrum
because a resonance consisting of one line only (starred in figure 2 A) decayed
rapidly. A spectrum from the ultra-violet bleached 6MeMPR crystal is shown
in figure 2 B, in the same orientation as in figure 2 A. Power saturation experi-
ments indicated that the line marked with the filled triangle in the figure is due
to a different radical species than the one contributing to the eight remaining
lines. Both the bleached resonance and this single-line resonance will be dis-,
cussed in a subsequent report. The remaining resonance pattern could be
ascribed to a single radical species.

At most orientations this remaining spectrum consisted of four prominent
lines, as indicated by the larger bars below figure 2 B, but in addition several
weaker lines were observed at many orientations. These lines are indicated
by the short bars below figure 2 B. The four prominent lines were usually
equi-intense, but coalesced into a 1 :2 :1 triplet at some orientations. The
hyperfine splittings varied in a manner typical for an electron interacting with
two protons in a-positions. A careful analysis of the splittings and intensities
of the sattelite lines relative to the prominent lines revealed that these lines were
due to the same radical species and were caused by simultaneous nuclear
spin-electron spin transitions, sometimes called second-order transitions [14],
arising from the large anisotropy in the dipolar hyperfine coupling. As the spin
hamiltonian in equation (1) contains no terms connecting different nuclear spins,
the spectrum from each nucleus can be analysed independently of the other
interacting nuclei following the procedure described above. The proton and
^-tensors so obtained are given in table 1. A plot of experimental observations and
calculated outer splittings and ^-values in the ca*-plane is presented in figure 3. i
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6M«MP

H»c*

D

Figure 2. Second derivative E.S.R. spectra from crystals of 6MeMPR (A and B) and
6MeMP (C and D) irradiated and observed at 77 K. The magnetic field is parallel
to the a*- and c*-axes, respectively. A and C : before exposure to ultra-violet
light. B and D : after exposure. The stick spectra below the figures are the
positions of the eight most intense lines calculated from tensor values given in table 1
after the theory outlined in the text. The different heights of the sticks reflect the
theoretical intensities at this orientation. The arrow represents the position of the
DPPH resonance.

Both proton tensors are typical for a-protons, and they also have the same
isotropic values, corresponding to a w-spin density of 0-77, following the
McConnell relation with Q=— 23 G [17]. This high spin density indicates
that the two protons must be attached to the same carbon atom, since it is highly
unlikely to find a negative spin density of 0-54 in other places in the molecule
without the observation of additional hyperfine couplings. This is further
substantiated by the observation that the directions of the two intermediate
principal values of the a-proton hyperfine coupling tensors (which correspond
to the direction of the orbital containing the unpaired electron) were parallel to
within experimental error. In addition, the directions of the two minimum
principal values (which correspond to the directions of the C-H bonds) made an
angle of 120-60. An angle of 120° corresponds to the angle between two protons
bonded to a carbon atom with sp2 hybridization.

In 6MeMPR (see figure 1) a radical with an unpaired electron interacting
with two a-protons attached to the same carbon atom might be formed either by
hydrogen abstraction from the methyl group or by OH-abstraction from the
CB' atom of the ribose group. Other possibilities involve rupture and re-
organization of carbon-carbon bonds in the sugar group. In order to resolve



Tensor

Ha,

Ha2

g

Isotropic
valuet

-17-7 G

-17-9 G

2-0035

Principal
values!

-28-8 G

-17-9G
-6-4G

-28-2G
-15-7 G

-9-8 G

20063
20024
20018

C6—S direction
ClO-Ha, direction

6MeMPR

Direction cosines §
a* b

0-997

0024
±0080

±0-585
-0056

0-809

+0-170
0-939

+0-300

+ 0170
+0035

+ 0-047

+0-684
0-728

0-693
+ 0-583
+ 0-503

0-701
+ 0099
+0-706

0-697
0-604

c

-0072

0-730
±0-681

±0-459
0-811

-0-305

±0-693
0-330
0-641

±0-697
±0-797

Isotropic
valuej

-17-5G

-17-9G

20035

Principal
valuesj

-28-5 G

-171 G
-6-9 G

-28-5 G
-16-3G

- 9 0

20063
2-0024
2-0018

6MeMP

Direction cosines §
a b

-0-103

±0-225
0-968

0-805
±0-222
-0-544

0-949
-0-296
±0108

0-947
0-973

+0180

0-953
+0-245

+ 0-251
0-968

±0-020

+0037
±0-234

0-972

+0-052
+ 0052

c*

0-978

±0-200
0-057

0-531
±0-121

0-839

0-313
0-926

+ 0-211

0-316
0-223

Table 1. E.S.R. parameters for the hydrogen abstraction radical in crystals of 6MeMPR and 6MeMP at 77 Kf.

t Estimated uncertainties are 1-0 G and 0-0002 in proton and g-tensor principal values, respectively, and 5° in direction cosines.
X The negative sign is assumed according to the theoretical considerations for a-proton hyperfine interactions.
§ The upper and lower signs are for the two symmetry independent molecules in the unit cell.
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Figure 3. Experimental observed hyperfine outer splitting in gauss ( • : Ha,, C : Ha2)
and ^-values for 6MeMPR rotated in the ca*-plane. The solid curves represent
the variations calculated from the tensor values in table 1 after the theory outlined in
the text.

the ambiguity in the determination of the radical structure, a single crystal of
6MeMP (see figure 1) in which the ribose group is replaced by a hydrogen
atom, was irradiated and examined at 77 K.

The E.S.R. spectra of 6MeMP irradiated and observed at 77 K consist of
resonances from at least four different radical species, and also from radical
pairs (see below). As in the ribose analogue, some of these resonances exhibited
large £-value variations and will be discussed in a later report. The spectrum
obtained when the magnetic field is parallel to the c*-axis is shown in figure 2 r .
Only the resonances appearing close to the DPPH resonance position are
shown in this figure. By exposing the 6MeMP crystal to ultra-violet light at
77 K the spectrum became simpler because one resonance (at this orientation a
single line starred in figure 2 C) decayed rapidly, and the resulting spectrum is
shown in figure 2 D.

By comparing figures 2 B and 2 D the striking similarity suggests that the
same radical is formed in the two different compounds. Angular rotation
studies with an analysis of hyperfine couplings and ^-values as described above
yielded the splitting and ^-tensors given in table 1. These tensor values are,
within experimental error, the same as those for the 6MeMPR radical. The
spin density on the carbon atom is about 0-77, the angle between the two inter-
mediate principal values of the two a-protons is 4° and the angle between the
minimum principal values of these tensors is 119°. In figure 4 is shown the
observed E.S.R. line positions for 6MeMP plotted against the magnetic field as
the crystal was rotated in the e*«-plane. The solid and open squares in this
figure represent line positions of major and minor intensities, respectively, for
each 10th degree of rotation. Also shown in this figure are solid, dashed,
dotted and dash-dot lines representing the positions of the most intense lines as
calculated from the tensor values in table 1, using equation (4) and combinations
of the outer and inner doublet splittings as indicated in the figure.
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o
z
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MAGNETIC FIELD/gauss

20 30

Figure 4. E.S.R. line positions for the methyl-hydrogen abstraction radical in a crystal of
6MeMP rotated in the e*a-plane, plotted for each 10th degree. The solid and open
squares represent lines of major and minor intensities, respectively. The zero
position of the magnetic field scale represents the position of the DPPH resonance
(g = 2-0036). The solid, dashed, dotted and dash-dot lines are theoretically pre-
dicted line positions (see text). The hyperfine splittings for protons Hoc1 and Ha2
are represented by T1 and T2, respectively, and the i and o subscripts represent the
inner and outer doublet splittings.

4.2. Discussion of the radical structure

A radical model which is consistent with the above results is a carbon-
centred species, formed at 77 K by the abstraction of a hydrogen atom from
the methyl group in the purine entity of 6MeMPR and 6MeMP.

There are several features of the unpaired spin density distribution and
radical geometry which are somewhat unexpected when compared to similar
radicals formed in other substituted purines and pyrimidines [3]. As regards
the difference in the dipolar coupling tensors for the Hax and Haa-protons (see
table 1) the results show this difference reproduced in both crystals. This
indicates that environmental interactions are not the origin of this effect. Two
possible intramolecular effects have been considered. In the first place different
C-H bond lengths may yield different dipolar tensors even though the carbon
7r-spin density is the same. Using the theory of McConnell and Strathdee for
7r-radicals [18] and the tensors in table 1 a difference of about 0-12 Af in these
bond lengths is obtained, with the C-H«! bond as the shortest. Secondly, the
CNDO/2-calculated spin densities in 6MeMP (see below) given in table 2

t l A = 10-10m.
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a-orbital

Orbital energy
hartreef

Sulphur
atomic orbitals

0,ooc

-0-4267 0-3684

Atom

^unocc

0-0782

^unocc

0-1144

orbital coefficients

J, unocc
TO

0-1245

p*
Pu
Pi

dXy

0-44
0-00
0-04

-0-08
0-00
0-02

-0-01
0-08

0-01
0-66
0-23
0-07
0-03
0-18
0-01
012

0-00
0-14

-0-04
0-01
0-40
0-01
0-00

-0-15

0-55
-0-13
-0-35

0-39
-0-02
-0-12
-0-05
-0-40

0-30
0-17
0-51
0-28

-0-05
0-29

- 0 1 2
0-26

Atom w-spin density pj-spin density J

Nl
C6
S

C10

0-0800
-0-1710

0-1321
0-6824

0-0200
0-0822

t Hartree (a.u. of energy) = *2/>«eao2*!4"3598 aJ-
X The ^-direction is defined to be along the crystal 6-axis and the z-direction is very

close to the CS-N7 bond direction (see figure 1 c).

Table 2. Some CNDO/2-calculated orbital coefficients, orbital energies and spin densities
for the hydrogen abstraction radical in crystals of 6MeMP.

indicate appreciable spin densities in p-atomic orbitals lying in the purine plane
centred on the methyl carbon and sulphur atoms, and also some Tr-spin density
on Nl. The dipolar interactions between the two coupling protons and these
localized spin densities would be different for each proton and this may partly
be responsible for the observed effect.

It is of interest to note that the C-H«x direction is close to the direction
for the in-plane methyl proton in the undamaged molecules (see table 1). The
deviations may be accounted for by a rotation about the sulphur-methyl-carbon
bond so as to increase the ^-conjugation with the ring.

The magnitudes as well as the symmetry of the ^-tensor principal values
deviate from that expected for a carbon-centred n--type radical [19]. This is
most likely due to the localization of some unpaired spin density at the sulphur
atom. Since the spin-orbit coupling constant of sulphur is very large compared
to that;for carbon (-382 and - 2 8 cm-') the spin-orbit coupling originating
from spin density on- sulphur would dominate the radical £-value variation.
•T,$ro observations- support this view.

fl) The maximum ^-value for both radicals is found in a direction parallel
within 1 V'to the C6-S bond (see directions given in table 1). Application of
the theory of £-value variations for 77-radicals [20] and the Pryce [21] formula

-*•#

,, = 2-00238,,- (6)

indicates that refaitve to the energy of the unpaired electron orbital e0 the C6-S
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cr-bond is lower in energy than the S-C10 bond. This is consistent with the
crystal structures which show that the C6-S and S-C10 bond lengths are 1-73
and 1-80 A, respectively [11, 12].

(2) The direction of the minimum principal £-value, which should be the
direction of the unpaired spin density orbital on sulphur, deviates significantly
from the directions of the intermediate principal values of the a-proton coupling
tensors. The deviation is (22 ± 3°) as obtained by taking the average of the four
vector products involved (table 1). This indicates that this orbital does not
have the symmetry of a pure p-orbital. If the spin density is in an sp3 hybrid
orbital on sulphur, the angle of deviation should be about 36°. The intermediate
angle found indicates a state of a hybridization of the sulphur valence orbitals
which can not be completely described by only s and p-orbitals. From the
crystal structure data [11, 12] the bonding angle C6-S-C10 is about 102°.
This low angle, as compared to the sp2 bonding angle 120° and sp3 angle 109-5°
is usually taken as an indication of the influence of low-lying sulphur 3d-orbitals
in octahedral d2sp3 hybridization. This influence of sulphur d-orbitals would
explain the intermediate 22° angle observed.

In order to further explore the hypothesis of d-orbital contribution to the
^-tensor, an attempt was made to calculate the ^-tensor from the CNDO/2-
calculated molecular orbitals using equation (6). The CNDO programme
used was the standard version of the CNINDO programme [22]. The geometry
of the radical was adopted from the crystal data of 6MeMP [11]. The proton
coordinates were calculated by assuming the direction of Hax being the same as
the direction of the in-plane proton in the undamaged molecule, while the
direction of Ha2 was obtained by a 120° rotation of the C-Ha! bond about the
normal to the C6-S-C10 fragment. The C-H bond lengths were assumed to be
1*0 A. In table 2 are given the most pertinent results of the calculation. The
method used for the calculation of ^-tensor elements was the one adopted by
Melo et al. [23], using the molecular orbitals and orbital energies listed in table
2, but otherwise with the same approximations. In addition to the calculations
performed with sulphur p-orbital coefficients only, a calculation including d-
orbital coefficients was done. It should be stressed that only sulphur orbitals are
included in the calculations and contributions to the ^--tensor from all other atoms
were neglected. In table 3 are given the results of the calculations. By com-
parison with table 1 it is evident that only the calculation including the contribu-
tion from sulphur d-orbitals is able to reproduce both the symmetry of the
^-tensor principal values and their direction cosines relative to the abc* co-
ordinate system. The angle between the calculated and observed minimum
direction is 6° and between the calculated and observed maximum directions
is 12°.

Even if these calculations are highly approximate, the outstanding agreement
between the calculated and the observed ^-tensors is hardly fortuitous and
demonstrates that the ^-value variation observed is due to an interaction between
the sulphur p- and d-orbitals in the ground state and low-lying excited states
through spin-orbit coupling.

4.3. Radical pairs in dMeMP
The formation of pairwise trapped radicals in single crystals of DNA com-

ponents and their derivatives at low temperature has been intensively studied
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p-orbitals only

p- and d-orbitals

C6-S direction

Principal values

20055
2-0048
2-0035

2-0087
20048
2-0038

Direction cosines
a b c*

0-440
-0-897

0-142

0-866
-0-489

0100

0-947

0-209
0-255
0-944

0-027
0-248
0-962

-0052

0-873
0-396

-0-298

0-498
0-836

-0-229

0-316

Table 3. Calculated g-tensor principal values and their directions relative to the abc*
system for the hydrogen abstraction radical in crystals of 6MeMP.

during the past three years [24-26]. Although the biological significance of
these early radiation products has not been established, it has been suggested
that they may have relevance to the occurrence of double strand breaks in
irradiated DNA [25]. So far, radical pairs have been observed only in crystals
of the pyrimidine derivatives. A characteristic feature of these pairs appears
to be that they are formed only in crystals where the molecules are arranged in
parallel planes. The two radicals constituting the pair may, however, become
trapped in the same or in different molecular layers.

A spectrum demonstrating the existence of radical pairs in a single crystal
of the purine derivative 6MeMP irradiated and observed at 77 K is shown in
figure 5. In this example the magnetic field is parallel to the f*-axis. As
indicated by the stick spectra in the figure, the hyperfine splitting of the A/HS =
+ 1 transitions can be ascribed to an interaction between the total spin angular
momentum and four protons. The magnitude of the proton splittings are pair-
wise approximately half of those of the previously described hydrogen abstraction
radical constituting the main part of the central resonance. This suggests that
the pair is formed by two trapped radicals of this type.

Due to the low intensity of the Awis = ± 1 transitions, it was not possible to
make a complete analysis of the radical pair dipolar tensor. In the c*a-plane,
however, the largest coupling was observed close to the a-axis, being approxi-
mately 320 G along this axis. Along the c*-axis a value of (— )237 G was
observed (see figure 5). Inspection of the crystal structure [11] revealed that
the only C10-C10 distance short enough to give rise to this large dipolar coupling
is the contact illustrated in figure 6. Here the length of the interspin vector R
(i.e. the vector connecting the two C10 atoms in the undamaged molecules) is
4-29 A and its direction cosines are (0-8499, 0-4849, -0-2066) in the abc*
reference system. The expected coupling A in the a and c* directions can be
calculated from the relation (assuming axial symmetry)

A = Z)(3cos80-l),

where 6 is the angle between the interspin vector and the magnetic field, and
D = %gpnR~3 is the dipolar coupling constant. The values obtained are 411 and
— 307 G, respectively, significantly larger than those obtained experimentally.
However, since the unpaired spins are not localized entirely on the C10 atoms
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but are delocalized over several nuclei as well, the effective interspin vector Re{(

is expected to be longer than R. Thus, the observed dipolar couplings corres-
pond to a i?eff-value of 4-67 A, assuming the same directions of ReH and R. The
ratio /?/i?cff is then 0-92, in good agreement with similar data obtained by other
workers [26, 27]. It should be mentioned that the radical pairs decay rapidly
upon ultra-violet illumination at 77 K.

Figure 6. The positions (in undamaged crystal) of the two molecules in the 6MeMP
crystal which participate in the radical pair formation, as viewed down the i-axis.
The 6-axis is the screw diad axis, as denoted by the symbol i . The translations
± 6/4 indicate the distance between the two molecules along the diad axis.

It is of interest to note that no radical pair formation was observed in crystals
of 6MeMPR. In this crystal the molecules are not arranged in parallel planes,
but the molecular layers are tilted in such a way that the normals to the purine
planes make an angle of 93° [12].

5. CONCLUSIONS

The results presented in this work indicate that the primary carbon-centred
radical formed when single crystals of 6MeMPR and 6MeMP are irradiated at
77 K is a species, common to both molecules, formed by hydrogen abstraction
from the methyl group in the purine moiety. In crystals of 6MeMP, where
the molecules are arranged in parallel planes, some of the radicals appear to be
trapped in pairs with an effective inter-radical distance of 4>67 A.

Unless this radical becomes involved in very different secondary radical
reactions in the two crystals examined, it is not expected to be either the pre-
cursor for the hydrogen-addition radical on the purine ring in 6MeMPR,
observed at 300 K [2], or important in any radioprotective processes hindering
the formation of the H-addition radical in 6MeMP at 300 K [1]. Thus, in
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order to explain the observed difference in radical formation in these crystals
at 300 K, attention must be directed towards the minority radicals trapped at
77 K as well as radical transformations in the temperature region 77-300 K.
This will be the subject of another report [28].
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leave. The award of the sabbatical leave by the University of Alabama, the
hospitality and thorough reading of this manuscript by Professor Thormod
Henriksen, and discussions with Professor Christian Romming and Dr. Bernt
Klewe are gratefully acknowledged. Norsk Hydros Institute for Cancer
Research is thanked for the use of their linear accelerator. Mr. M. Shah Jahan
is acknowledged for his assistance in growing the crystals.
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ESR of sulfur-substituted purines and nucieosides; sulfur-
and oxygen-centered radicals in mercaptopurine crystals at
77Ka>

Einar Sagstuen and Chester Alexander, Jr.b)

Institute of Physics, Department of Biophysics, University of Oslo, Blindtm, Oslo 3 Norway
(Received 30 August 1977)

Single crystals of the sulfur-substituted adenosine analog, 6-methylmercaptopurine riboside, have been
irradiated by 4.0 MeV electrons and studied by electron spin resonance techniques at 77 K. Three
resonances with large g-value variations were observed. Two of these, R3 »nd Rt, showed no hyperfine
structure, but exhibited g-tensor principal values of: R3 as 2.0608, 2.0211, and 2.004; and Rs as 2.154,
2.003, and 1.989. These are assigned to a w-electron disulfide radical (R3) and a monosulfide RS, (i?s).
The third resonance (RA) exhibited a 41.5 G isotropic doublet splitting and the g-tensor principal values
were 2.086, 2.001, and 1.989. This resonance is ascribed to a radical formed by hydrogen abstraction
from the O3- atom in the ribose sugar. The electronic and molecular structures of the radicals are
discussed in some detail.

I. INTRODUCTION

Recently, ESR studies have been carried out at 300
K1"2 and at 77 K* on radiation-induced radicals in single
crystals of the sulfur-substituted adenosine analog 6-
methylmercaptopurine riboside (6MeMPR) and the cor-
responding base 6-methylmercaptopurine (6MeMP). The
300 K studies revealed a radical Rj formed by a net
hydrogen atom addition to the Ct position

CH3-Sj.

f TV

6MUMPR

I
B 2 n3

of the purlne moiety in 6MeMPR. This H-addltion rad-
ical was not observed in 6MeMP crystals or in crystals
of other sulfur-centered purine analogs such as 6-thlo-
guanine and 6-mercaptopurine.4 This is surprising with
regard to radical formation in other adenine and guanine
derivatives, where H-addttion radicals have been re-

•'Supported in part by Faculty Research Fellowship from The
University of Alabama, Graduate School.

wOn leave from the University of Alabama, Department of
Physics and Astronomy, University, Alabama 35486.

ported to be formed without exception at room temper-
ature. 5 An ESR spectrum characteristic of this radical
has also been detected in irradiated DNA.8

Several sulfur-centered radicals seem to be formed
in both 6MeMPR and 6MeMP crystals at 300 K.1 They
have been assigned to the radical structure R,, although
some spectral features were not in complete agreement
with this radical model. The 77 K study showed that
the main carboncentered species R1; which is formed
in both molecules, is a radical formed by H abstraction
from the methyl group.' This radical is not stable at
300 K. Since the radical is formed in both 6MeMPR
and 6MeMP it is not reasonable to assume that it is im-
portant with regard to the difference in radical forma-
tions in these crystals at 300 K.

In the present paper we report some further work at
77 K on these sulfur compounds. The purpose is mainly
to investigate other primary radical species and, if
possible, determine their role as precursors for the R,
radical in 6MeMPR. In this paper the details, including
the molecular and electronic structure, of three dif-
ferent radicals formed in 6MeMPR at low temperature
are discussed.

II. EXPERIMENTAL

All details about the experimental procedure and crys-
tallography were discussed in a previous paper.' For
the variable temperature experiments, a modified JEOL
variable temperature accessory unit was used. Sample
temperatures were monitored with a DORIC digital ther-
mometer equipped with a Cu/Con thermocouple placed
close to the crystal in the cavity.

III. RESULTS

At least three radical species with large jr-value vari-
ations are formed when a single crystal of 6MeMPR is
irradiated and observed at 77 K. In Fig. 1 are shown
two examples of the ESR spectra observed. In the top
spectrum the magnetic field Is parallel to the b axis. The
resonance lines designated as R,, R4, and R5 will be

762 J. Chem. Phys. 68(2), 15 Jan. 1978 0021-9606/78/6802-0762$01.00 © 1978 American Institute of Physics
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i i:
763

IDPPH

b-axis

FIG. 1. Second-derivative
ESR spectra of an irradiated
6-MeMPR crystal at 77 K. The
double arrow indicates where
the spectrometer gain has been
reductj by a factor of nine
when sweeping upfields. The
stick spectra are calculated
line positions based on the
tensor data in Table I.
Primed and unprimed letters
refer to two magnetically in-
equivalent sites.

r
SO giusi

discussed in this paper, while unmarked lines In the g
=2.00 region are primarily due to the Rj radical dis-
cussed elsewhere. * The lower spectrum of Fig. 1 is
recorded with the magnetic field in the be plane and
absorption, lines from two magnetically different sites
are shown by primed and unprimed letters.

In Fig. 2 are shown the positions of the different res-
onance lines obtained when a 6MeMPR crystal is ro-
tated through the be plane. Resonance line positions
from the R, radical are omitted for clarity. The solid
curves represent the variations predicted from the
tensor data given in Table I.

J. Chem. Phys., Vol. 68, No. 2,15 January 1978
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RELATIVE LINE POSITIONS (glut*)
FIG. 2. Calculated (curves) and observed (points) resonance line positions in the magnetic field (relative to the DPPH absorp-
tion) for rotation of the crystal about the a* axis. Filled and open points refer to two magnetically inequivalent sites. Radical
species R3, R4, and R5 are represented by triangles, squares, and circles, respectively.

A. R3—a sulfur-centered n radical

With reference to Figs. 1 and 2, one resonance line
(designated as R, in Fig. 1) exhibited a moderately
large ^-value anisotropy and no observable hyperfine
coupling at any orientation. This absorption is repre-
sented by the filled triangles in Fig. 2. The resonance
line could be followed through large parts of all the
three planes of rotation and the usual least squares fit-
ting method revealed the ff-tensor principal values and
direction cosines given in Table I. These data are al-
most identical to the values observed for a similar res-
onance in 6MeMPR at 300 K (included in Table I for

comparison) and also in 6MeMP at 300 K. l l2 The res-
onance line was not influenced by uv illumination or
heat treatment up to room temperature. It should be
mentioned, however, that contrary to what was ob-
served at 300 K, no site splitting could be detected. Pos-
sible molecular and electronic structures for this rad-
ical will be discussed below.

B. R4—an oxygen-centered sugar radical

As demonstrated in Fig. 2, a resonance indicated by
squares (filled and open for the two sites) exhibited a
large g-value anisotropy and an almost isotropic 41.5

TABLE I. ESR data for the sulphur- and oxygen-centered radicals observed in single crystals of
6-methylmereaptopurine riboside at 77 K.

Radical

R3

H4

R6

R3
a

Tensor

g

g

it,

g

g

Isotropic Principal
value values

2.0281

2.025

41.5G

2.049

2.0275

2.0608
2.0211
2.0024

2.086
2.001
1.989

Isotropic

2.153
2.003
1.989

2.0577
2.0219
2. 0028

C6-S bond direction*
C3.-O3< bond direction
Purine ring normal

a*

0.720
-0.684

0.117

-0.116
0.09
0.99

-0.163
0.405
0.900

0.71
-0 .70

0.10

-0.170
-0.036

0.082

Direction cosines

b

0.549
0.457

-0.700

0.989
-0 .08

0.12

0.679
-0.616

0.400

0.54
0.45

-0 .71

0.697
0.998

-0.687

c

0.425
0.568
0.705

0.093
0.99

-0.08

0.716
0.676

-0.174

0.45
0.56
0.70

0.697
-0.057

0.723

'it-band ESR data reproduced from Ref. 1.
'Directions are calculated from crystal data (Ref. 8).
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G doublet hyperfine splitting. In Fig. 1 this resonance
is denoted by R4.

The R4 resonance lines could be followed for approx-
imately 120° rotation of the crystal about the c axis and
100° of rotation about the a* axis. Least squares fits
to the data for these two rotations yielded g values of
1.991, 2.084, and 2.000 along the a*, b, and c axes,
respectively. For rotation about the b axis, the R4 res-
onance could not be detected due to the much stronger
lines from the Rt radical. Because of this, however,
an upper limit could be assigned to the off-diagonal
(£*)& element. The principal values and direction co-
sines of the g tensor was calculated using different val-
ues between zero and the upper limit for this element.
It appeared that the value of the element was not critical
in the determination of the magnitude of the principal
values, but introduced a large uncertainty in the two
eigenvectors corresponding to the smallest principal
values. In Table I is given the tensor obtained by as-
suming minimum g value variation in the ca* plane. For
comparison it can be mentioned that assuming (£*)&
= 0.02 with gnn = 2.004 and gmtt = 1. 989 in this plane
yielded the minimum principal g value and correspond-
ing principal direction as

1.987(0.913, 0.137, -0 .385) .

The large g-value variation observed indicates that
the spin density Is mainly localized on either an oxygen
or a sulfur atom, because of the large spin-orbit cou-
pling constant of these atoms as compared to that of
carbon or nitrogen. The large isotropic doublet split-
ting suggests hyperconjugative coupling of the unpaired
electron to a proton. Experiments with crystals ob-
tained from heavy water solutions showed that this pro-
ton is nonexchangeable.

The Pryce formula7 for g-value variations indicates
that the maximum g value would occur along the sul-
fur or oxygen bonding orbital for spin density localized
in a p orbital on these atoms. This assumes that en-
vironmental effects are large enough to lift the degen-
eracy of the p-ir orbitals. The directions given in Table
I show that the direction of maximum g value is not in
the purlne plane, as expected for a sulfur-centered rad-
ical. By comparing the crystal structure of 6MeMPRs

to the experimental direction for the maximum g value
It appears that the CJ.-OJ. bond deviates less than 9°
from this direction. Abstraction of a hydrogen atom
from Oj. may result in a radical with hyperconjugative
coupling of the unpaired electron to the hydrogen atom
on C|. (yielding the radical structure R4) which could
give rise

purin

OH 0 (

Oxygen-centered radicals similar to R4 have previ-
ously been observed in the amino acid DL-serine9 and
in the sugar groups of several nucleosides and nucleo-
tides. 10~ls In all the sugar-containing compounds it was
reported that loss of the hydrogen atom was from Os< of
the sugar group. The resulting radical was of the form
RCH26 with coupling to two protons. The principal val-
ues for the g tensor given in Table I are very similar
to those observed for these alkoxy radicals.ls

Symons has noted that a strong Jhydrogen bonding in-
teraction of the oxygen atom in RO radicals is neces-
sary to lift the degeneracy of the p-ir orbitals.l4 This
condition will permit the g tensor components to be pre-
cisely defined so that ESR observation of the RO radical
is possible. Bernhard et al. have also recently dis-
cussed the importance of hydrogen bonding with regard
to the stabilization of RCH26 radicals.13 Hydrogen bond
involvement seems also to be important in the present
R4 radical. Thus, O3. is hydrogen bonded through the
hydroxyl proton to a neighboring water molecule. By
calculating the normal n to the plane defined by the
C3'-O3, • • • OK atoms, the following result is obtained:

» = (-0.876, -0.004, 0.482) .

This direction is very close to the one obtained for the
minimum g value. Thus, the deviation is in the range
9-25° depending upon the value used for the off-diagonal
element (g g)*,. In Fig. 3 is shown the_geometry of C2>-
Cj.dJj.toj.-C^ fragment together with n, as viewed
down the b axis (the C3.-Oj. bond). The shaded angular
area represents the^direction of the minimum g value
for choices of the (gz)%, element in the range 0. 0-0.02.

to the observed 41.5 G isotropic doublet coupling.

FIG. 3. The atomic arrangement at the C3< position with the
crystallographlc b axis (almost parallel to the C3-O3 bond) per-
pendicular to the plane of the page, n is the normal to the
plane defined by the three atoms C3., O3, and the oxygen atom
of the neighboring water molecule. The direction for the mini-
mum g-principal value of the R< radical is within the hatched
angular area.

J. Chem. Phyi, Vol. 68, No. 2,15 January 1978



766 E. Sagstuen and C. Alexander, Jr.: ESR of sulfur- and oxygen-centered radicals

The above considerations support the view that a hy-
drogen bond between Oj. and a neighboring water mole-
cule represents the asymmetric environmental inter-
action necessary to permit the detection of the R4 res-
onance. The radical formation seems to be accompanied
by a change in the hydrogen bonding of O,.. Thus, if the
hydrogen atom (or proton, following the ejection of an
electron) lost from O,. moves across the hydrogen bond
to the water molecule, the oxygen atom changes from
being a hydrogen bond donor in the undamaged molecule8

to become a hydrogen bond acceptor in the radical.

The dihedral angle 8 between the normal n to the C5. -
O j . . . . Ow plane and the Cj.-Hs. bond is 50.4°. The ex-
pected hyperconjugative hyperfine splitting due to cou-
pling with H5. may be calculated from the formula

where Bt has the value 101 G." This calculation gives
a value of 41.1 G which is very close to the experimen-
tal value of 41.5 G.

The annealing of the R4 radical species was Investi-
gated by warming the crystal above 77 K. It was found
that the line Intensity decreased while no linewldth
change took place as the crystal was warmed. At a
given temperature, however, the line Intensity was con-
stant, that Is, there was no time-dependent radical de-
cay. The temperature-dependent variations up to 160 K
were reversible, so that when the crystal was warmed
the intensity decreased, but it increased again to its
original value when the crystal was recooled. The line
intensity variations were found to be approximately pro-
portional to the inverse fourth power of the absolute tem-
perature (T"*), when corrections for the differences In
Boltzmann factor had been made. An irreversible ther-
mal decay appeared at 165 K. It was difficult to study
the kinetics of this decay since the line intensity was
too weak at the temperatures where the decay was evi-
dent. An analysis of the reversible temperature effect
will be given elsewhere.

The R, radical is more stable than the RCH26 radi-
cals previously studied, which decays at temperatures
above 120 K." The Increased stability may be ascribed
to the more rigid structure of the C-O bond In the pres-
ent molecule. Thus, Cj. here Is a part of the sugar
ring, in contrast to the more open-chain RCHjO radical
fragments.

C. R5—an RS-type radical

A second single-line resonance observed Is designated
as Rs In Fig. 1 and represented by circles (filled and
open for the two sites) In Fig. 2. The more Intense lines
from Rlf R,, and R4 obscure the Rs resonance at several
orientations (see Fig. 2). However, a ̂ -tensor analysis
was possible and the results are presented in Table I.

Considering the resonances discussed in the present
work, Rs exhibits, by far, the largest f-value variation.
Furthermore, from a comparison of the directions of
the principal g values with the crystallographic direc-
tions It is evident that the angle between the maximum
g value and the C6-S bond Is less than 2°. These re-

sults strongly suggest that the responsible radical is
associated with a large spin density on the sulfur atom.

The lack of any observable hyperfine structure may
imply that the methyl group is no longer bonded to the
sulfur atom. This type of radical formation has been
postulated earlier and ascribed to the R, resonance.l'2

The large differences in g-value principal values and
their directions, however, indicate quite different elec-
tronic, and possibly also molecular structures for the
R, and R5 resonances; this will be discussed below.

IV. DISCUSSION

The first observation of a sulfur radical with an ex-
ceptionally large g--value variation was reported for a
crystal of L-cysteine. HC1 by Akasaka.ls The principal
values of the g tensor were: gn = 2.29 and g±= 1. 99. These
values were different from those previously obtained for
sulfur-containing compounds (typically in the range
2.002-2.065). More recently radicals have been ob-
served in other amino acids and dipeptides10 with gmu
values in the range 2. 21-2.30. In cases where the crys-
tal structures are available, it has been established
that the directions of the maximum principal g values
are parallel to the C-S bonds in the undamaged mole-
cules.

The only similar radical reported formed in aromatic
compounds is that found in a crystal of 2-thio-5-car-
boxyuracil (2T5CU).16 In comparison with the above g
values, it can be noted that the maximum g value was
found to be 2.173. This low value was ascribed to a re-
duced spin density in sulfur orbitals due to the increased
possibility of delocallzation of spin density into the con-
jugated system. In fact, a nitrogen hyperfine coupling
was observed which indicated approximately 20% spin
density in a nitrogen 2pit orbital.

In all the above mentioned studies the responsible rad-
ical has been assigned to the structure RS. The variety
of g tensors observed in the different crystals also il-
lustrates the large differences in environmental inter-
actions responsible for the detection of the resonances.

Recently, Hadley and Gordy18 have been able to ob-
serve the nuclear coupling of "S naturally abundant in
sulfur-containing radicals. They have shown that the
radical observed in crystals of JV-acetyl- L-cysteine,
with the g-tensor components: 2.214, 2.006, and 1.990,"
is a monosulfide radical. Furthermore, the unpaired
spin density seems to recide in a 3p orbital on the sul-
fur atom. The orbital direction coincide with that of
the minimum g value.

For aromatic hydrocarbons the direction of the min-
imum g value is predicted to be along the unpaired elec-
tron orbital and the magnitude should be close to the free
spin value of 2.0023. Only 0-0* transitions (with very
high energy requirements) or weak TT—JX* spin-orbit
transitions can contribute to a g shift when the external

.magnetic field is in this direction.lg The g value shift
due to IT-JI* transitions is proportional to the spin-or-
bit coupling constant £*° and also to the spin density on
the heavy atom. These excitations are expected to re-
duce the value of gmtm.21 For radicals where the un-

I
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FIG. 4. A second derivative spectrum of an irradiated
6-MeMPR crystal at 77 K. The double arrow indicates where
the spectrometer gain has been reduced by a factor of nine
when sweeping upfields. The unmarked resonance lines are
due to the Rt radical species.

paired spin density is localized mainly on an atom with
large J , the effect of these transitions may be large
enough to be observable. These conditions are fulfilled
for the sulfur- and oxygen-centered radicals HS and
R6. Similarly, negative g shifts are also observed in
some a-halo alkyl radicals.22 Even though the spin
density on the halo atoms in these radicals is fairly
small (approximately 14% in chlororadicals) the spin-
orbit coupling constants are large (Cl: - 587 cm"1 and
I : - 5060 cm"1) and the negative g shift seems to increase
with increasing £.

In the case of sulfur radicals with g tensors similar to
those of the R5 resonance, Rvalues below that of the free
spin value have previously been attributed to some d
character of the unpaired electron orbital.11tla We do
not, however, assume that this is the dominant factor
for the negative g shifts in these radicals, since com-
parable low,? values always are observed in oxygen-cen-
tered radicals where d orbitals are not available. From
the similarity In the g tensors for the R4 and Rs reso-
nances It is therefore concluded that the R5 resonance is
due to a radical with structure RS, that is, the same
structure as previously suggested for the R, resonance.

Having concluded that the R5 resonance is due to a RS-
type radical it now remains to assign a radical structure
for the Rj resonance observed in both 6MeMPR and 6Me-
MP crystals. In previous papers1'2 the responsible rad-

ical was thought to be formed by a scission of the S-CH,
bond, primarily because of the lack of observable hyper-
fine structure. In light of our observations of the char-
acteristics of the present R5 resonance, it is evident
that this previous model for the R3 resonance not ade-
quately accounts for the 120-125° deviation of the max-
imum f-value eigenvector from the direction of the C6-
S bond. Ionic radical models seem less probable as
candidates for the R, resonance because of its stability
towards heat as well as uv-vislble light. Several neu-
tral radical candidates havebeen considered; for ex-
ample, ES(H)CH,, SCH,, RS(SCH,); RS(S)CH,, and
RSS. The model which seems most adequate for the R,
resonance Is a disulfIde ^-electron radical RSS, simi-
lar to those suggested by Hadley and Gordy for the sul-
fur-centered radicals in several amino acids.18'28 Fol-
lowing these authors' analysis of the g tensor,23 the
maximum g' value Is predicted to occur 10-15° from the
S-S bond and thus 130-135° away from the C-S bond.
This agrees fairly well with the deviation observed for
the R5 resonance (120-125° away from the C6-S bond),
considering the slightly different ^-tensor principal val-
ues as compared to those obtained by Hadley and Gordy,
as v/ell as the approximative nature of the analysis.

It is difficult to visualize the formation of a disulfide
species In 6MeMPR by any simple geometrical changes
(bond rotations, change of hybrid bonding schemes, etc.)
of the neighboring molecules in the crystal. Tentatively,
one reaction scheme for which we have some supporting
evidence is the following

RSCH,-R + SCH,

SCH, + RSCH,-RS(SCH,)CH,

RS(SCH,)CH, - RSS + C2H6

If this scheme is possible, it mightbe expected that the
R, and possibly also the SCH, o- RS(SCH,)CH, species,
would be observable. Two additu lal resonances which
seem to be compatible with the resonances expected
from such species have in fact been observed. These
resonances (Rg and R,) are illustrated in Fig. 4. The
R, resonance line, which also is apparent in Fig. 1 is
a singlet that is observable at 77 K and is stable against
uv irradiation and heating to 300 K.l>* This line has a
width of approximately 6-7 G and an almost isotropic
g value of 2. 003. OurlNDO molecular orbital calcu-
lations indicate that a R species, formed by abstraction
of the S-CH, group, would have a delocalized unpaired
electron distribution with small spin densities on N and
H atoms. Thus, the Rj resonance line is compatible
with an R species.

The R, resonance could only be observed in certain
orientations, but it exhibited a large #-value variation,
and a hyperfine structure that was consistent with inter-
action with methyl hydrogens. Because of overlapping
with other resonances in many orientations It was not
possible to obtain hyperfine g tensors for this resonance.
It was apparent, however, that the maximum g value
was of the order 2.06, and the hyperfine splitting was
approximately 9.5 G. The R, resonance was found to

r
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be bleachable by uv irradiation at 77 K and it decayed
upon heating above 140 K.

V. CONCLUDING REMARKS

The two 6MeMPR sulfur radicals (R,, R5) described
in this report have not been detected in 6MeMP at 77 K,
although the R, resonance has been observed at 300 K.
Thus, it seems possible that the crystal environment
of the BMeMP molecule is sufficiently different from
that of the 6MeMPR molecule as to inhibit these radical
reactions at 77 K.

One purpose of these experiments with sulfur-sub-
stituted purine and purine nucleoside compounds was to
determine what radical reaction steps are precursors
for, or inhibitors against, the purine hydrogen-addition
reaction leading to radical Rj. Although we have de-
tected four different ESR resonances that can be attrib-
uted to sulfur radicals at 77 K and/or at 300 K in 6MeMP
or 6MeMPR, we have not found conclusive evidence
of sulfur radical reactions that affect the R, radical
formation. Because R2 was formed in 6MeMPR and not
in 6MeMP, we were particularly interested in radical
reactions in the ribose moiety of 6MeMPR. Unfortu-
nately, the ribose radical species R4 exhibits an anom-
alous ESR line intensity decrease as a function of tem-
perature, making it impossible to study the decay ki-
netics of this radical. No increase in the Rj, radicalwas
noted, however, as the R, species decayed. Thus, it
seems unlikely that the R, radical is an immediate pre-
cursor for the R2 radical. It is interesting to note that
the R| radical is formed by the rupture of a bond at Os.
and such damage in a DNA or RNA molecule would rep-
resent a strand break.
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Radiation induced free radical formation in sulfur-
substituted purines. 6-Mercaptopurine at 77 K

Einar Sagstuen
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Single crystals of the sulfur-containing purine base derivative 6-mercaptopurine have been irradiated by
4.0 MeV electrons and studied by electron spin resonance techniques at 77 K. The two main resonances
observed, Rl and R3, were analyzed and identified. The Rl resonance exhibited a large g-value
variation. The g-tensor principal values are 2.173, 2.002, and 1.989, and the resonance is ascribed to a
thiyl radical formed by the abstraction of a hydrogen atom from N7. The R3 resonance showed an almost
isotropic 1:2:1 triplet hyperfine structure with a splitting value of 38.5 G. The g-tensor principal values
are 2.0138, 2.0065, and 2.0020. This resonance is assigned to a radical formed by hydrogen addition at
the C8 position. The radical identifications were arrived at by a combination of the ESR data and results
from molecular orbital calculations.

INTRODUCTION

Electron spin resonance (ESR) spectroscopy has been
extensively used to study the effect of ionizing radiation
on organic sulfur-containing compounds.1'2 The interest
for such substances originates mainly from the fact that
a large number of thiols and disulfides are known to be
radioprotectors. ESR experiments have been used to
elucidate the molecular structure of the radiation-induced
radicals as well as to study the mechanisms whereby sul-
fur compounds interfere with the radiation damage pro-
cesses in macromolecules and cells.2

In recent work efforts have been made to study radical
formation in sulfur-containing analogs of the nucleic
acid purine bases adenine and guanine.3"7 It was found
that the characteristic purine hydrogen-addition radical
was not formed in the sulfur-substituted analogs,3'4 al-
though such radicals are always formed in the purine
bases8 and are also found in irradiated DNA.9 It was
tentatively suggested that the formation of the H-addition
radicals may be prevented by the sulfur substituent.

Aromatic compounds seem to be well suited model
compounds for studies concerning the electronic and
molecular structure of sulfur-centered radicals. This
is due to the limited possibilities for major reorienta-
tions of the carbon-sulfur bond. In most sulfur-con-
taining substances studied so far, the possibilities for
movements have constituted a serious obstacle for a defi-
nite assignment of radical structures from the observed
g- and hyperfine splitting tensors. In particular, dis-
cussions have taken place as to whether a species with
principal g values of the order 2.060, 2.025, and 2.002
is a ir-type disulfide radical of the form RSS, or a o*-
type radical of the form R3 • -SR2.10>tl It is of interest
to note that in a recent study of the purine base 6-
methylmercaptopurine and its riboside a radical with g
values close to those given above was observed.' It was
shown that this radical was a ir radical. Furthermore,
the angle between the direction of the maximum princi-
pal g value and the direction of the C-S bond was found
to be 125°, in close agreement with that expected for a
RSS radical structure.10

In a preliminary study of the purine base analog 6-
mercaptopurine [see structural formula in Fig. l(b)]

irradiated and measured at 300 K, it was concluded that
no hydrogen-atom addition radical was formed.3 The
many radical species formed exhibited j'-value varia-
tions indicating some spin density localized at the sulfur
atom. The work to be presented here was undertaken
to study the radical formation at 77 K and, if possible,
to present pathways for the radical reactions in this
compound so as to explain the anticipated absence of the
H-addition radical.

EXPERIMENTAL

Powdered 6-mercaptopurine (6MP) was obtained from
Sigma Chem. Comp. Single crystals were obtained by
slow cooling of aqueous solutions saturated at 90 °C. In
Fig. l(a) is shown the morphology of the crystals ob-
tained and the coordinate system used in this study.

Crystals of 6MP are of the monohydrate form which
are monoclinic with space group C2/c.12 The unit cell
parameters are a=15.294 A, 6=7.732 A, c=12.379 A,
/3= 101.64°, and Z = 8. The sulfur atom in 6MP is in the
thione form and the proton in the imidazole part is
bonded to N7 rather than N9 [see structural formula in
Fig. l(b)]. The crystals were examined by x-ray
Weissenberg techniques for the identification of the crys-
tal axes.

All details concerning the irradiation and measuring
procedures have been discussed elsewhere.6'7

RESULTS

Four different types of resonance patterns are ob-
served when a crystal of 6MP is irradiated and mea-

FIG. 1. (a) The external morphology and reference system
used for crystals of 6-mercaptopurine monohydrate. (b) The
6-mercaptopurine molecule with the atomic numbering used in
this study.
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FIG. 2. Second derivative ESR spectra of an irradiated 6-
mercaptopurine crystal at 77 K.

sured at 77 K. Second-derivative ESR spectra obtained
for two orientations of the crystal are shown in Fig. 2.
Three of the resonances (marked by Rl, R2, and RZ in
the figure) exhibited rather large ^--factor anisotropies
and will be discussed in turn below. The fourth reso-
nance, which is called R4 in Fig. 2, was always centered
about the free spin g value but was not amenable for
analysis due to unresolved hyperfine splitting and fre-
quent overlap with the three other, more intense reso-
nances.

A. ff1—A RS-type radical

The low-field component of the ESR spectra in Fig.
2, designated as Rl, exhibited a very larger-value
variation when the crystal was rotated in the external
magnetic field. In Fig. 3 are shown the observed g-
values (filled and open circles for the two nonequivalent
magnetic sites) together with the ^-value variation cal-
culated from the tensor data given in Table I. Also
presented in Table I are some directions in the mole-
cule, calculated from the crystal data.12

The data presented in Table I show that the direction
of the maximum principal g value makes an angle of
only 4.5° with the C6-S direction. Furthermore, the
direction of the minimum principal value is almost
perpendicular to the plane of the purine ring.

A doublet hyperfine coupling was observed for some
orientations in the c*a and 6c* planes of rotation. In the
former plane, a maximum splitting of about 7.4 G was
reached about 140° from the c* axis. This direction
is almost parallel to the C6-S bond. In the 6c* plane

2.15 -

2.10

ui

2.05 -

2.00 -

a 30 6 0 a 120 150 -c*30 60 C* 30 60

ANGLE OF ROTATION ( DEGREES)

FIG. 3. Observed (points) and calculated (lines) g-value variation for the Rl (circles) andB2 (squares) radical species. Open
and filled symbols refer to two magnetically nonequivalent sites.
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TABLE I. The^f and proton hyperfine coupling tensors for the Rl radiual observed in crystals
of 6-mercaptopurine irradiated and observed at 77 K.

Direction cosines"

Tensor Isotropic value Principal values

2.055

H.JC8) 3.8G

2.173
2.002
1.989

7.5 G
3.5 G
0.5 G

C6-S direction11

Purine ring normal

TO.751
0.537

TO.384

TO. 634
TO.484
TO. 604

T0.6960
T0.4729

-0.123
±0.459

0.880

-0.122
0.833

-0.539

-0.1466
0.8391

±0.649
0.708

T0.279

±0.763
TO.763
TO. 588

±0.7030
TO. 2689

The two signs refer to the two nonequivalent magnetic sites in the crystal.
""Calculated from the crystal data (Ref. 12).

the doublet was more poorly resolved with a maximum
splitting of about 5.5 G observed 100° from the b axis.
Only a slight line broadening close to the a axis in the
ab plane indicated the presence of an additional hyper-
fine coupling in this region. Line broadening effects
which may be due to a small nitrogen hyperfine interac-
tion were observed, but no hyperfine structure was
resolved.

The anisotropic splitting behavior described above is
characteristic for an a-proton coupling. With some
spin density localized on the ring atoms the responsible
proton could be H(C8), H(C2), or H(N1). The proton
bonded to N7 is ruled out because the maximum coupling
was observed in a direction almost parallel to the N7-H
bond. Attempts were made to fit the experimental ob-
servations with an a-proton coupling tensor constructed
in the following way: (a) The directions for the principal
splitting values were calculated from the crystallographic
data12 and (b) the principal values were assigned to give
optimum fit to the experimental data. It was concluded
that the tensor obtained for the C8 proton gave a better
fit to the data than those for the C2 and Nl protons. The
tensor for the H(C8) proton is given in Table I.

For aromatic, carbon-centered radicals the hyper-
fine interaction is the main source of information used
for identification purposes. The g factor, on the other
hand, very often turns out to be almost isotropic and
is consequently of minor importance. However, in the
case of tr-electron radicals with spin density localized
on heteroatoms, the £-value variation may become quite
large and thus constitute a major source of structural
information.

The g-value variation is due to a coupling between the
electronic ground state and configurationally excited
states through spin-orbit interaction, and may be pre-
dicted from the expression

where g(fs) is the free spin g factor (2.0023), ip0 and #„
are the molecular orbitals containing the unpaired elec-
tron in the ground and excited states, with the respective

orbital energies Eo and En, £,, is the spin-orbit coupling
constant of atom k, and Lt is the ith component of the
angular momentum operator. 6, indicates that the L*
operator, acting on some atomic orbital, gives zero un-
less the orbital belongs to atom k.l

The larger g--value variation observed for radicals
with spin density on heteroatoms is due to the existence
of unshared electron pairs, or nonbonding in) orbitals
which usually are close in energy to the unpaired elec-
tron orbital. A low-lying excited state configuration is
thus obtained by promoting one of the electrons in the
n orbital into the half-filled pt orbital (i .e., a transi-
tion of the n~ii type). If it is assumed that the lone
pair orbital is a ps orbital, Eq. (1) shows that the con-
tribution to the g factor from this transition would
dominate the g shift in the x direction. The g shift is
influenced both by the spin-orbit coupling constant and
the energy difference A£(«, n). Thus, the smaller the
energy difference and the larger the spin-orbit coupling
constant, the larger becomes the g shift.

The theory of the ^-value variation for thiyl radicals
RS is well known.13 Thus, if the unpaired electron is
assigned to a nondegenerate 3j&,-sulfur orbital the maxi-
mum g value should be found for an orientation where
the magnetic field is parallel to the direction of the C-S
bond (i .e. , the x direction above). The g'-valueenhance-
ment due to the »— n transition may be calculated from
Eq. (1) to be

gxx=g{fs)-2£s/AE(n, it), (2)

where £s is the spin-orbit coupling constant of sulfur,
382 cm"1. Furthermore, the g- tensor should be al-
most axially symmetric with its minimum value along
the direction of the half-occupied 3p, orbital. It appears
from Table I that the experimental data for the Rl reso-
nance are compatible with a RS radical structure with
the unpaired electron localized on a 3/>JT orbital on the
sulfur atom.

The discussion above illustrates that a knowledge of
the molecular orbitals and their orbital energies may
be useful for predicting the ^-value variation due to a
given species. Consequently, in an attempt to assign a
structure to the Rl resonance, a CNDO/2 calculation14
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TABLE II. Sulfur atomic orbital coefficients for the two high-
est occupied and first virtual molecular orbitals of the 6-mer-
captopurine molecule as calculated by CNDO/2 methods.a

Energy level No. 24 25 (HOMO) 26 (LEMO)
Symmetry » TT* » *
Energy (a.u.) -0.3635 -0.3362 0.0470

Sulfur atomic
orbitals"

3s

Orbital coefficients

0.0036 0.0006 -0.0001

0.0438 -0.0097 -0.0059

0.9666 0.0012 -0.0017

-0.0018 0.8235 -0.3640

I

^ h e coordinates for this calculation were adopted from the
crystallographic data (Ref. 12).

"The coordinate system is chosen so that the z axis is normal
to the plane of the purine moiety, and the x axis is along the
C6-S bond.

of the energy levels of the isolated 6MP molecule was
performed. Some results of this calculation are pre-
sented in Table II. It turns out that the highest occupied
molecular orbital (HOMO) is a TT* orbital with main con-
tribution from a 3/>r-atomic orbital on sulfur. Further-
more, the lowest empty molecular orbital (LEMO) is
also a ?r* orbital. This orbital is rather delocalized
since it involves contributions from Nl, C4, C6, and C8
atomic 2pz orbitals together with the 3/>r orbital on sul-
fur. Thus, a cation radical (loss of an electron from
HOMO) is expected to have the main part of the spin
density localized on the sulfur atom, whereas a reduced
species (where an electron is added in LEMO) would
have a delocalized spin density distribution with pos-
sibilities for hyperfine interactions with several nuclei
in the molecule. Most interesting is, however, the next
highest filled orbital (HOMO -1) which is of the c type
with contributions almost exclusively from the 3py orbi-
tal on sulfur. Hence, it may be termed a nonbonding
(n) orbital. In the case of a cation radical or a related
oxidized species a considerable positive g shift would
be expected in the x direction (i .e. , the C6-S bond di-
rection) due to the B - IT* transition. The energy dif-
ference in, IT*) is obtained from Table Has -0.0237 a.u.
or - 6190 cm"1. This calculated value may be compared
to that obtained from the maximum observed g value.
Thus, from Eq. (2) with the experimental value gxx

= 2.173 the &E value turns out tobe — 4400 cm"1 which is
of the same order of magnitude as that obtained above.
The above considerations make it reasonable to suggest
an oxidized species as responsible for the Rl resonance.

The T-spin density distribution for three different
radical candidates were examined in order to assign a
more detailed radical structure to the data. The candi-
dates were the cation radical and the two species Rl and
Rl'.

s s

Rl

The two latter radicals are formed by a net hydrogen
abstraction from either N7 or N9, followed by electronic
rearrangements leaving the main part of the spin density
on the sulfur atom. The results of the calculations are
given in Table m .

With reference to Table m, the MO calculations for
all three candidates predict a large spin density lo-
calized on the sulfur atom. As anticipated, in the case
of the cation radical only minor amounts of the spin
density become localized on atoms in the conjugated ring
system. For the Rl' radical, however, a significant
fraction of the spin density is attributed to Nl and very
little to C2 or C8. This candidate would leave unex-
plained the observed doublet coupling and introduce some
nitrogen interaction which is not observed. In fact, the
calculated spin density distribution for the Rl' radical
is similar to that observed for a RS radical in the py-
rimidine derivative 2-thio-5-carboxyuraeil." In this
radical a nitrogen coupling with a maximum value of
9.5 G was observed in a direction parallel to the mini-
mum g value. McLachlan calculations for this radical
yielded results in good agreement with the experimental
data. Since the MO calculations for 2-thio-5-carboxyuracil
were similar to those for the Rl ' radical, whereas the
experimental data are quite different, the Rl' candidate
is ruled out. On the other hand, in the case of the Rl
radical only small amounts of the spin density was found
to be localized on the nitrogen atoms, in good agree-
ment with the observations. Furthermore, a spin densi-
ty of about 0.110 is predicted on C8. Using a Q value of
29.9 G18 in the McConnell relation, the isotropic splitting
value given in Table I corresponds to a spin density of
0.128 which is quite close to that calculated.

TABLE III. Calculated 7r-spin density distributions of the ca-
tion, the Rl and RV radicals formed from the 6-mercaptopu-
rine molecule.a

Atom

Nl

C2

N3

C4

C5

C6

S

N7

C8

N9

Cation

McL*

0.093

0.005

0.063

0.126

0.105

-0 .008

0.587

-0 .026

0.086

-0 .031

Cc

0.044

0.000

0.042

0.010

0.100

0.089

0.870

0.003

0.024

0.011

Rl

McL*

0.058

-0 .017

0.018

0.059

0.067

0.008

0.792

-0 .041

0.062

-0 .007

C

0.

0.

- 0 .

0.

0.

- 0 .

0.

- 0 .

1L
- 0 .

c

001

065

025

094

129

129

821

046

111

042

Rl'

McL1

0.190

-0 .065

0.077

-0 .005

0.012

-0 .055

0.861

- 0 . 0 1 9

0.013

- 0 . 0 1 0

*The Htickel method with the McLachlan correction (McL)
(Ref. 15) and the CNDO/2 method (Ref. 14) were used. For
the Rl' radical, the CNDO calculation converged to a <r ground
state, in disagreement with observations.

"The parameters used were those recommended by Streitwieser
(Ref. 16) together with/!S = 0 and frc_s = 0.78. The McLachlan
parameter used was 1.2.

cThe coordinates for the CNDO calculations were adopted from
the crystallographic data (Ref. 12).
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TABLE IV. ESR parameters for the R2 and RZ radicals observed in crystals of 6-mercaptopu-
rine after irradiation at 77 K.

Radical

R2

RZ

RZ

RZ

Tensor

S

g

Ha (N7)

Hg <C8)

Isotropic value

2.0138

2.0074

5.5 G

38.5 G

Principal values

2.0256
2.0059
2.0018

2.0138
2.0065
2.0020

10.5 G
5.0G
L O G

isotropic

Direction cosines

a

TO.793

0.531
TO.298

TO. 685
0.564

TO. 460

±0.788
r0.478
±0.386

b

-0 .126
±0.335

0.934

- 0.147
±0.513

0.846

0.530
0.848

- 0 . 0 3 1

a

c*

±0.596
0.778

T0.199

T0.714
0.647

TO. 269

±0.313
TO.232
TO.922

*The two signs are for the two nonequivalent magnetic sites in the crystal.

From the above discussion it is suggested that the
low-field resonance of the ESR spectra in Fig. 2 is due
to the radical species 121, formed by an abstraction of
a hydrogen atom from N7. From a quantitative point
of view, this resonance is responsible for about 40% of
the total ESR absorption.

It should be noted that the Rl resonance was found to
be stable upon exposure to uv/visible light at 77 K. It
is also stable upon heating in the temperature range
77-230 K, but exhibits a pronounced reversible line
broadening which makes it almost undetectable at 230 K.
A similar behavior has also been observed for other
thiyl radicals.l9 Above 240 K, however, an irreversible
decay took place.

B. R2—A singlet resonance

A second, very prominent feature of the spectra in
Fig. 2 is a narrow singlet resonance line designated by
R2. At most orientations this is the strongest line in
the spectra. Due to the small linewidth, however, it
constitutes only about 15% of the total absorption. The
linewidth was below 7 G at all orientations. The reso-
nance is stable towards exposure to uv/visible light and
also towards annealing at room temperature.

The singlet exhibits a pronounced ^r-value anisotropy
which easily could be followed through all three planes
of rotation. Table IV gives the g tensor obtained and
Fig. 3 shows the observed g values (filled and open
squares for the two sites) together with the g-value vari-
ation calculated from the tensor in Table IV.

Although the values of the g-tensor components are
far smaller than those for the Rl radical, the symmetry
is very much the same. Thus, the g tensor is nearly
axially symmetric with its maximum value along the
C6-S bond and minimum value close to the purine ring
normal. Hence, the radical responsible for the reso-
nance is presumably of the IT type with spin density lo-
calized to the sulfur atom which in turn is responsible
for the g--value variation observed.

It is not straightforward to assign a radical structure

to this resonance. The g tensor indicates that it is not
formed by any fragment addition to the sulfur atom since
this presumably would destroy the axial symmetry ob-
served. The small g'-factor variation observed for this
resonance may be explained either by a small spin densi-
ty on t!: i sulfur atom or by a large energy difference
&E for the orbitals involved. Considering the small
linewidth and lack of hyperfine interactions, the main
part of the spin density, particularly in the former case,
seems to be confined to the ring atoms C4, C5, and C6.
It can also be noted that no similar resonance was ob-
served in an oxygen analog of 6MP, hypoxanthine, af-
ter irradiation at 77 or 295 K.20

C. RZ—A H-addition radical

Two weak resonance lines with a separation of 77 G
are designated by RZ in the lower spectrum of Fig. 2.
Due to line broadening effects it was possible to follow
these lines only through a 60° angular region in the
c*a plane. The spectrum exhibiting the most narrow
lines (&HM = 5.1 G) is presented in Fig. 4. At this
orientation, with the magnetic field almost in the purine
plane and along the N7-H bond direction, a third more
intense line is also apparent in the middle part of the
spectrum. Experiments including power saturation,
as well as the linewidth and f-value variation observed
clearly showed that the three lines belong to the same
resonance. The separation between the two outer lines
was isotropic to within 0.5 G whereas the g value varied
considerably. The angular dependence of the ff-value
variation was similar to that for the Rl and R2 radicals
discussed above. This suggests that the responsible
radical is of the ir type with some spin density localized
on the sulfur atom.

A 1: 2:1 triplet resonance, as indicated in Fig. 4, is
typical for a radical formed by a hydrogen addition to
the C 2 or C 8 positions of the purine moiety.8>M The
large nitrogen hyperfine interactions expected for this
radical, together -with unfavorable relative orientation of
the two magnetic nonequivalent sites in the crystal is
probably responsible for the difficulties involved in ob-
serving this resonance.
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DPPH

FIG. 4. A second derivative ESR spectrum of an irradiated
6-mercaptopurine crystal at 77 K. The stick spectrum indicate
the positions of the R3 resonance lines. The spectrum has
been recorded with the applied magnetic field directed 155°
from the c* axis in the c* a plane.

After irradiation of 6MP crystals at room temperature
the relative yield of the H-addition radical was some-
what larger and this made it possible to study this r e s -
onance in all three planes of rotation. In Fig. 5 are
shown two spectra from the ab and be* planes. These
spectra were recorded with the external magnetic field
in the plane of one of the two magnetic nonequivalent
purine rings. This minimized the nitrogen hyperfine
interaction for this molecule whereas the other site ex-
hibits a weak resonance due to several hyperfine interac-
tions. In the upper spectrum of Fig. 5 the outer lines
of the 1:2:1 triplet is split into a 9.7 G doublet.
The middle lines are partly masked by other resonances
in the central part. This spectrum is recorded with
the magnetic field in a direction 70° away from the N7-
H bond. In the lower spectrum of Fig. 5 the outer lines
of the triplet show no additional hyperfine coupling.
This spectrum is recorded with the magnetic field al-
most perpendicular to the Nl-H bond.

Since the resonance could be observed for a few orien-
tations of the crystal it was not possible to obtain the g
and hyperfine tensors from a usual analysis. However,
tensors could be estimated from the data obtained. It
was suggested above that the radical was of the ir type
with some spin density on the sulfur atom. The maxi-
mum g value is therefore expected to occur in the direc-
tion of the C6-S bond (and this was indeed observed)
whereas the minimum g value should be close to the
free spin g value and in a direction perpendicular to the
purine base. With these requirements, principal values
of the g tensor could be assigned so as to get a best fit
between calculated g values and those obtained from ex-
periment. The g tensor thus arrived at is given in
Table IV. The calculated and observed (in parentheses)
g values for the spectra shown in Figs. 2, 4, and 5 are:
2.0102 (2.0102), 2.0129 (2.0128), 2.0097 (2.0098), and
2.0092(2.0092), respectively.

The doublet hyperfine coupling may be ascribed to any
of the four a protons in the molecule. By a procedure
similar to that described for the Bl resonance above,
tensors were constructed for each of these four protons.
Only the tensor for H(N7) was in agreement with the
experimental values and is given in Table IV. Based on
this tensor the splitting values for the spectra shown
in Figs. 2, 4, and 5 are 3.6, 1.1, 9.8, and 2.9 G, r e -
spectively. Thus, it appears reasonable that the doublet
is resolved only in the upper spectrum of Fig. 5.

The two possible radical candidates which can be sug-
gested to be responsible for the resonance are

R3

These radicals are formed by hydrogen addition on the
C2 or C8 atoms, respectively. Molecular orbital cal-
culations have been used to arrive at the most plausible
of these alternatives. The results of the calculations
are given in Table V. In the case of the R3' radical,
the largest spin density assigned to an atom to which
hydrogen is bonded is C8. A predicted doublet splitting
from H(C8) is, however, in disagreement with observa-

DPPH

FIG. 5. Second derivative ESR spectra of a crystal of 6-mer-
captopurine irradiated and measured at 295 K. The stick spec-
tra indicate the positions of the iJ3 resonance lines. The ex-
ternal magnetic field is: (a) 25° from the a axis in the ab plane,
and (b) 110° from the b axis in the be* plane.
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TABLE V. CNDO/2 calculated ?r-spin
density distributions in the radicals
S3 and J?3', formed from the 6-mer-
captopurine molecule.1

Atom .

Nl
C2
N3
C4
C5
C6
S
N7
C8
N9

R3

-0 .104
-0.045

0.009
-0.208

0.205
-0.124

0.584
0.117

-0.038
0.490

R3'

-0.016
-0.004

0.639
-0.089

0.236
-0.110

0.312
0.053

-0.119
0.108

*For comments and abbreviations, see
footnotes of Table III.

tion (see, e. g., the spectrum in Fig. 4). In R3 the
largest corresponding spin density is assigned to N7.
This agrees with the discussion above, although the cal-
culated spin density on N7 is smaller than expected.
That is, using a Q value of 31 G21 the isotropic H(N7)
splitting value in Table IV corresponds to a spin density
on N7 of 0.18, as compared to the calculated value 0.12.

The calculations predict that a large fraction of the
spin density becomes localized on the sulfur atom in the
R3 radical. The relatively moderate g--value variation
observed is, however, expected since the unpaired elec-
tron occupies an energetically higher IT* orbital in this
radical, as compared to the Rl radical. This implies a
larger &E{n, ir) value and a correspondingly smaller
^-value variation.

From the discussion above it is suggested that the
radical species R3 is formed in crystals of 6MP by a net
hydrogen addition to the C8 position of the purine moiety.
The R3 resonance is responsible for about 25% of the
total ESR absorption at 77 K.

DISCUSSION

The main radical species formed and trapped in crys-
tals of 6-mercaptopurine monohydrate after irradiation
at 77 K are the thiyl radical Rl and the hydrogen-addi-
tion radical A3. Two other resonances have been de-
scribed but no particular radical species have been
identified in the present work.

In the case of the aromatic sulfur-containing com-
pounds studied, 6>r'i7 products resulting from the loss of
a hydrogen atom seem to be the main species stabilized
at 77 K. In the compounds 6-methylmercaptopurine
(6MeMP) and its riboside6 the hydrogen atom is ab-
stracted from the methyl group bonded to the sulfur
atom. The thiyl radical, formed by a scission of the
S-CH3 bond, is far less abundant in these compounds.7

In the mercaptans 2-thio-5-carboxyuracil17 and 6MP,
however, the thiyl radical (formed by a loss of hydrogen
from a nitrogen atom) is the dominating species. The
#-value variation for the radicals formed seem to be
due to the participation of the half-filled fiUfur 3/> or-

bital in the conjugated n system. This is at variance
with similar thiyl radicals formed from aliphatic com-
pounds where hydrogen bonding to the sulfur atom prob-
ably is the most important factor in raising the de-
generacy of the 3p-ir atomic orbitals on sulfur.M

In contrast to previous investigations3 this work clearly
demonstrates the presence of the hydrogen adduct to the
purine base. Hence, there seems to be no obvious cor-
relation between the presence of sulfur and the lack of
H-addition radicals. This is further substantiated by
some recent results obtained in our laboratory for the
indole analog 2-mercaptobenzimidazole. Also in this
compound a hydrogen-addition radical, exhibiting prop-
erties similar to those of the corresponding radical in
indole itself (e. g., as studied in tryptophan single crys-
tals22) was found.

In crystals of 6MeMP the hydrogen adduct is formed
neither at 77 nor at 295 K.4 At 77 K, however, another
radical species is formed together with the abstraction
radical mentioned above. This other species is easily
bleached by light and exhibits a variety of hyperf ine
couplings. Work is now in progress in order to study
the nature of this radical and to decide whether it may be
formed by processes competing with those leading to the
H-adduct radical.
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Radiation damage in L-Histidine-HCl monohydrate
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The radiation-induced radicals in L-Histidine*HCl monohydrate have been
studied with e.s.r. spectroscopy. In the temperature region 170-185 K, an
intermediate radical is formed with the unpaired electron located in a 7r-orbital
on the Ca arbon atom, interacting with one a- and two j8-protons. The principal
values for the a-proton coupling are —11-1, —19-4 and —31-8 gauss. The
isotropic splitting constants for the /8-protons were 44-3 and 7'0 gauss. The
g-value was almost isotropic around 2-0036. The intermediate radical is
proposed formed by a deamination process. The formation of the radical is
described by first-order kinetics. The activation energy for the process is
calculated to 15'9 kcal/mole.

1. Introduction
E.s.r. and E.N.D.O.R. studies of irradiated amino acids, simple peptides and

proteins have yielded enough information to classify two categories of secondary
radicals in proteins (Gordy, Ard and Shields 1955, Shields and Gordy 1958,
Box and Freund 1964, Akasaka, Ohnishi, Suita and Nitta 1964, Henriksen 1968).
Furthermore, the results shows that the secondary radicals in general are products
of a series of reactions initiated by an ionization process. To shed light on the
mechanisms for radiation damage, it is therefore necessary to study the primary
radicals, the secondary radical reactions, and the secondary radicals.

The early processes include the ejection and capture of an electron, i.e.
formation of radical cations and anions (Box, Freund, Lilga and Budzinski 1970,
Box and Budzinski 1971, Sinclair and Hanna 1969). In most of the amino
acids irradiated in the solid state, the anion radical may be observed even at
77 K, whereas the cation radical seems not to be stabilized at this temperature.
These primary species initiate secondary radical reactions along two pathways.
The cation is the precursor radical for a decarboxylation product (Eda and
Iwasaki 1971, Castleman and Moulton 1971, 1972, Saxebol, Meb and Henriksen
1973). When the temperature is further increased, the decarboxylation product
becomes involved in a reaction which in turn yields a secondary radical formed
by a hydrogen abstraction from the a-carbon atom in the amino acid. This
radical, which is known as the protein ' back-bone ' radical, is frequently found
in irradiated peptides at room temperature (Saxebol et al. 1972).

The other reaction sequence starts when the anions become involved in a
deamination reaction. One type of secondary radical formed in the anion
sequence is characterized by an unpaired electron located in the side-chain of
the amino acid (Box, Freund and Budzinski 1966, 1967, Horan, Henriksen and
Snipes 1970).

The information about radiation damage to amino acids and peptides is
derived mainly from experiments with aliphatic amino acids. In aromatic



374 G. Saxebol and E. Sagstuen

amino acids, radicals are produced with the unpaired electron predominantly
located in the aromatic side-chain at room temperature (Fasanella and Gordy
1969 a, 1969 b).

In an E.N.D.O.R. and e.s.r. study of irradiated single crystals of
L-HistidincHCl monohydrate (see figure 1 for the molecular structure and
atomic numbering) Box et al. (Box, Freund and Lilga 1967) suggest that the
secondary radical is formed by the addition of a hydrogen atom to the C5

position in the imidazole ring. A similar radical was reported formed in a
single crystal of imidazole at 300 K (Lamotte and Gloux 1973). This H-addition
radical is frequently observed in other aromatic compounds such as benzene
(Fessenden and Schuler 1963), anthracene (Bohme and Jesse 1969, and par-
ticularly in the purine and pyrimidine bases (Heller and Cole 1965, Pruden,
Snipes and Gordy 1965, Alexander and Gordy 1967, Dertinger 1967).

U. H>
H

H H

Figure 1. Crystal morphology and the coordinate axis system used for L-Histidine-HCl
monohydrate. The histidine molecule and the atomic numbering is shown in the
right part of the figure.

To obtain a more detailed picture of the radiation damage to histidine, the
primary and intermediate radicals must be identified, and for a better under-
standing of the reaction mechanisms, it is necessary to establish the kinetics for
the radical reactions, which is also interesting as regards the formation of the
H-addition radicals in DNA bases and base analogs. In the present work we
report the formation and identity of an intermediate radical in L-Histidine-HCl
monohydrate.

2. Experimental
Single crystals of L-Histidine-HCl monohydrate were grown by slow evapora-

tion of saturated aqueous solutions at room temperature. Similarly, crystals
were grown from heavy water. The crystal structure has been described by
Donohue et al. and refined by Donohue and Caron (Donohue, Lavine and
Rollett 1956, Donohue and Caron 1964). The crystals are orthorhombic with
space group P212121 (D2

4). The unit cell parameters are a = 15-36 A, b = 8-92 A
and C=6-88 A. There are four molecules in the unit cell. A simple X-ray
diffraction analysis of crystals grown from H2O and D2O, performed in our
laboratory, showed excellent agreement with the data given by Donohue and
his colleagues. The amino part of the histidine molecule is in the zwitter-ion
form, and the planar imidazole-ring is positively charged. The crystal
morphology and reference system is shown in figure 1.
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\

The crystals were irradiated at 77 K with 4-0 MeV electrons from a linear
accelerator. A total dose of about 10 Mrads was given with a dose-rate of 0#5
Mrads/min. To achieve and maintain a certain fixed temperature, a JEOL
Variable Temperature Accessory Unit was used. For a complete single-crystal
analysis of the intermediate radical, the crystals were heat-treated at 180 K for
some minutes and then transferred to, and oriented in, an insertion-type Dewar
filled with liquid nitrogen. Second-derivative e.s.r. spectra were recorded at
every 5° of rotation in three orthogonal planes ab, be, ca. The e.s.r. experiments
were carried out with a JEOL spectrometer operating in the X-band region.
The microwave power was about 0*4 mW. For calibration purposes a reference
sample containing Mn++ ions and DPPH (l,l-diphenyl-2-picryl-hydrazyl) was
used. A spectroscopic splitting factor g = 2-0036 was adopted for DPPH
(Holden, Kittel, Merric and Yager 1950).

3. Results
In figure 2 second-derivative e.s.r. spectra of L-Histidine*HC1 monohydrate,

Hlb T=77K

J

-50 Gauss-

Hlb T*180K

-*».

Figure 2. Second-derivative e.s.r. spectra of L-HistidincHCl monohydrate before and
after heat treatment at 180 K. The observation temperature was 77 K in both
measurements.

R.B. 2 C
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grown from H2O, are p"ese.ted. In this example the magnetic field is parallel
to the crystallographic 6-axis. The upper spectrum is from a crystal irradiated
and observed at 77 K; the lower is from a crystal annealed at 180 K before
measurements at 77 K. The figure demonstrates that irreversible spectral
changes take place upon heat treatment. The radical reactions occur in the
temperature region 170-185 K. The radical appearing in this region is stable
with further heat treatment up to about 250 K, at which point another radical
reaction results in the formation of the secondary radical described by Box,
Freund and Lilga (1967). With reference to the spectral changes, the radical
yielding the lower spectrum in figure 2 might well be classified as an ' inter-
mediate radical'.

The e.s.r. spectrum of this radical consists of 8 lines with equal intensity.
The spectrum is easily grouped into three doublets with different splitting
constants. The doublet splittings are indicated in figure 2 as a, ft and ft. In
contrast to the low-temperature spectra, the resonances at 180 K were identical
for the two types of crystal studied at all orientations. In single-crystal studies,
it appears that the e.s.r. lines are sometimes more narrow from D2O-grown
crystals than from crystals grown from ordinary water, because of weakly
interacting and exchangeable protons (Saxebal et al. 1972). Such line narrowing
was not observed in the present work.
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Figure 3. The positions of the different e.s.r. lines relative to the DPPH resonance for the
spectra from the intermediate radical in L-Histidine-HCI monohydrate. The
crystal was oriented in the Ac-plane.

To present spectral details in a more condensed form, figure 3 shows a
complete set of data for one particular plane of rotation (Ac-plane). For each
fifth degree of rotation, the e.s.r. line positions are plotted relative to DPPH
(similar data exists for all planes). A line plot of this type does not include the
relative intensity of the lines. However, this weakness will not cause confusion
in the present case since the lines are of equal intensity. Figure 3 clearly
demonstrates the anisotropic behaviour of the lines in the Ac-plane. As can be
seen the doublet splitting, a is far more anisotropic than the doublet splittings
ft and ft. It also appears that the g-value is almost isotropic. Site-splitting
effects were observed in the two other planes. However, this did not seriously
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affect the good resolution of the lines. The tensor analysis was therefore straight-
forward. The spectra of the intermediate radical can be described by a spin-
Hamiltonian of the form:

where 0 is the Bohr magneton, g is the spectroscopic splitting tensor, S and Ij
are the electron and nuclear spin operators respectively. At is the hyperfine-
coupling tensor of the ith interacting nucleus. From the experimental results,
the different tensors were calculated by a least-squares fitting procedure. The
principal values for the tensors At (i= a, f3lt jS2) andg, and the associated direction
cosines in the ata-system are given in the table. The magnitude of the splitting
tensors and the anisotropy suggest that the unpaired electron interacts with
three different protons. One of these is located in a-position to the unpaired
electron; the two others are typical for protons in j8-position. Furthermore,
the principal values for the ̂ -tensor are typical for a carbon-centred radical with
the unpaired electron in a 7r-orbital. Figure 4 shows the a-proton splitting in
all three planes. The triangle points represent experimental observations; the
fully-drawn curves are calculated splittings based on the tensor data given in the
table.

Tensor

Aa

Afii

g

Isotropic value

-20-8 gauss

7-0 gauss

44-3 gauss

20036

Principal valuesf

-31-8 gauss
-19-4 „
-11-1 „

10-2 gauss
59 „
50 „

46*8 gauss
44-0
42-1 „

2-0042
20036
2-0029

Direction cosines
(in the afic-system)

0-22
-0-40

0-89

0-34
-0-28

0-89

-0-35
-0-42

0-84

0-67
0-73

-0-10

004
0-91
0-40

005
0-96
0-28

017
085
0-50

006
007
0-99

0-97
005

-0-22

0-94
005

-0-34

0-92
-0-32

0-22

0-74
-0-68

001

f Only the relative signs of the principal values within each tensor are determined in this
analysis. The absolute signs are assigned accoiding to the usual theoretical considerations
upon electron-nuclear magnetic interactions.

E.s.r. parameters for the intermediate radical in L-Histidine-HC1 monohydrate.

The McConnell relation (McConnell and Chestnut 1958) aa= Qp" for a
spa- hybridized C-H fragment yields a spin density of p" = 0-90 on the carbon
atom. With regard to the histidine molecule, two reasonable possibilities exist
for the formation of a carbon-centred radical with three interacting protons.
The candidates are the radicals formed by a deamination or a decarboxylation
process. The latter can be excluded since the exchangeable protons in the
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Figure 4. Splitting constants in all three planes for the a-proton in the intermediate

radical in L-Histidine-HCl monohydrate. The triangles are observed values,
whereas the solid curves are calculated, based on tensor data given in the table.

amino-group would be expected to contribute to the hyperfine structure, but
no differences were observed in the spectra from H2O- and D2O-gro\vn crystals.
The remaining candidate for the intermediate radical in L-Histidine-HCl
monohydrate is therefore:

H— C—II
I I
c=c

/ . 1
N

*0

H
C

I
H

H

One question which arises is whether the carboxyl group is protonated or not.
The present results do not indicate a protonated form, since no line-narrowing
effects were observed in the deutrated crystal.

3.1. Formation of the intermediate radical
The primary and intermediate radicals are involved in radical reactions.

In irradiated samples of biological interest, such as amino acids, peptides and
nucleic-acid components, the detailed mechanisms for the secondary radical
reactions are poorly understood. Few experiments have been reported on the
kinetics of reactions in the solid state. It is reasonable to assume that e.s.r.
spectroscopy may in some cases be well suited to radical-reaction studies.
When e.s.r. is applied for this purpose, the temperature is used to select and
control the particular reaction to be investigated. In an experiment with
irradiated polycrystalline DL-Valine, Horan et al. (1970) were able to obtain
detailed information about the secondary-radical reactions. The different
radical species involved in DL-Valine formed a reaction scheme similar to the
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anion sequence mentioned above. Some results have also been reported on
radical-conversions processes in single crystals (Saxebol 1973, Sagstuen 1973).

The difficulties encountered in these studies include overlapping of spectra
from different radicals. To make quantitative measurements, one important
requirement must be fullfilled: the e.s.r. lines for the radical in question should
be free from contributions from other radical spectra. In the case of

i
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Figure 5. The upper diagram shows the formation of the intermediate radical in
L-Histidine-HCl monohydrate at different temperatures. The lower part is an
Arrhenius plot of the calculated rate constants.

L-Histidine-HCl, the two outermost lines for the intermediate radical (see
figure 2) do not overlap with lines from the primary radicals. These e.s.r.
lines were used to monitor the concentration of the intermediate radical. The
kinetics for the formation of this radical could therefore be followed quantitatively.
Thus, the formation of the radical (R) was followed by repeated observations
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at a fixed temperature. The results show that R follows first-order kinetics;

where Rm is the final concentration of R. k(T) is the rate-constant at tempera-
fure T. The experimental results obtained for four different temperatures are
given in figure 5, upper diagram. According to the alternative expression:

log (1-*(*)/*.) =-*(T)-t ,

the rate-constants k(T) were obtained. The logarithm of the rate-constants
versus ljRT is given in the lower part of figure 5. It can be concluded that
the rate constants can be described by the Arrhenius equation:

The apparent activation energy (AZT) for this process is calculated to be 15*9
kcal/mole.

4. Discussion
The radical products so far identified in single crystals of L-Histidine-HCl

monohydrate are a deamination product (this work) and a side chain radical at
300 K (Box, Freund and Lilga 1967). These are typical for the products
appearing in the ' anion sequence' in irradiated amino acids with aliphatic
side-chains.

Although a complete interpretation of the low-temperature spectra is not
yet presented, some comments can be made. Observations in the three planes
for both types of crystal indicate that two different primary radicals are involved.
Preliminary results suggests an anion (probably in a protonated form) and a
decarboxylation product. These radicals seem to be produced with different
yields in the two types of crystal.

Until the primary species are definitely identified, a discussion of the
mechanisms for radical formations and conversions necessarily must be tentative.
However, with regard to the deamination process, neither -NH2 nor -NH3+ is
observed. Thus, the amino group is abstracted from the parent molecule as a
non-paramagnetic fragment, NH3. In radiolysis studies of amino acids ammonia
is a well known product. Within the ' anion scheme ' the intermediate radical
and ammonia may be produced by inter- as well as intra-molecular reactions.

Intermolecular reaction:

H
+ I

JX—C-
J.

,0

*0"

H H
V- I
N — C -

H R

H_N C-
3 I

R

H
— C

Nr



E.s.r. of L-Histidine 381

Intramolecular reaction:

H N f < > H3 ?-C\

A reaction pattern for a protonated anion can be constructed in a similar manner.
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Note added in proof.—Recently two papers dealing with radiation-induced
radicals in L-histidine have been published (Ngo, Budzinski and Box 1974,
Westhof Flossmann and Miiller 1974). In the work Ngo et. ah three different
primary radicals were reported. The ENDOR and e.s.r. spectra at 4.2 K were
attributed to a carboxyl anion radical (in protonated form), a decarboxylation
product and an imidazole cation radical. Thus, our tentative hypothesis with
respect to the primary radicals seems confirmed. Westhof et. al. studied
L-histidine in the temperature range 77-300 K. At intermediate temperatures
their conclusions agree fairly well with the results given in the present work.
However, some disagreements with regard to the tensor data should be
mentioned. The lack of orthogonality in the principal directions given by
Westhof et. al. indicate that their tensors cannot directly be compared with the
tensor data presented in the table on page 377.

Les produits radicaux formes dans les monocristaux de L-histidine-HCl monohydrate
ont ete etudies par la spectroscopie r.p.e. Un radical intermediaire est forme a une
temperature allant de 170 a 185 K. L'electron impair est localise par un 7r-orbite de
l'atome de carbone Ca. Les valeurs principales pour le tenseur du proton-a sont —11-1,
—19-4 et — 31-8 gauss. Les divisions isotropiques de protons-/? sont 44-3 et 7-0 gauss. Le
radical montre une valeur-g relativement isotropique (g= 2-0036). Le radical inter-
mediaire, qui est forme par un processus de deamination, est produit selon une energie
cinetique de premier ordre, avec une energie d'activation de 15-9 kcal/mole.

Die strahlungsinduzierten Radikale des L-Histidine-HCI Monohydrates wurden mit
e.s.r. Spektroskopie studiert. Im Temperaturgebiet 170-185 K wird ein intermediares
Radikal gebildet. Das ungepaarte Elektron ist im w-Orbital des Cot lokalisiert, in Wechsel-
wirkung mit einem a-Proton und zwei /J-Protonen. Die Eigenwerte der a-Proton Wechsel-
wirkung sind —11-1, —19-4 und —31-8 Gauss. Die isotropische Splittsconstantefiir die
^-Protonen waren 44-3 und 7-0 Gauss. Der g-Wert war fast isotropisch (g=2-0036).
Es wird angenommen, dass das intermediare Radikal durch einen Deaminationsprozess
gebildet wird. Die Bildung des Radikales wird durch eine Kinetik erster Ordnung
beschrieben. Die Aktivierungsenergie des Prozesses wird zu 15-9kcal/Mol berechnet.
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An ESR Study of Irradiated L-Tryptophan HCI
Single Crystals at 295 K
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SAGSTUEN, E., BYRKJELANO, H. G., AND HENRIKSEN, T. AH KSK Study of Irradiated
L-Tryptophan-HCl Single Crystals at 295 K. Radiât. Res. 74, 10-22 (1978).

Single crystals of L-tryptophan • HCI have been irradiated with 4.0-MeV electrons and
studied by electron spin resonance techniques at 295 K. At least two different radical
species are stabilized at this temperature. One is formed by a net hydrogen addition to
the aromatic part of the molecule. In this radical the unpaired electron interacts mainly
with two ß- and two a-protons. The /3-protons are almost equivalent to an isotropic
splitting constant of 39.5 G. The principal values of the a-proton tensors are <*i : —18.3,
— 10.2, and - 4 . 2 G ' a ¡ : —18.6, —12.2, and —4.3 G. Additional hypsrfine splitting was
observed at selectee' orientations and attributed to three nuclei of the aromatic ring.
The ¡/-value was 2.0027. The experimental data suggest that the hydrogen is added to
the C7 position in the índole ring. The resonance of the other radical could not be studied
in HCI crystals due to severe overlap between the spectra from the two radicals. In
crystals grown from DC1, however, the H-addtiet (or the l)-adduet) was not. formed.
Consequently, deuterated crystals were used to study the second resonance. Interactions
with three proton», one a- and two nonexchangeable 0-protons, were observed. The
principal values for the a-proton tensor are —32.4, —20.3, and —11.9 G. The isotropic
splitting constants for the /3-protons are 31.7 and 2.8 (i. The ¡/-value is almost isotropic
around 2.0031. It is proposed that the responsible radical is formed by a deamination
process whereby the unpaired electron become localized to the a-carbon atom of the
amino acid.

INTRODUCTION

Radiation-induced formation of free radicals in amino acids, peptides, and
proteins in the crystalline state has been the subject for numerous studies by
ESR and ENDOR techniques. Based on these studies it has been possible to
outline a general scheme of reactions following the initial ionization of the amino
acids (1-3). The main source of information, leading to this rationalization of
the radiation damage, has been the experiments on compounds with aliphatic
side chains. For these compounds the most common secondary radical is the
so-called "backbone radical" formed by hydrogen abstraction from the a-carbon
atom. In the case of aromatic amino acids, however, radicals are formed at room
temperature with the unpaired spin density primarily localized to the conjugated
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A B

11

FIG. 1. (A) The external morphology and reference system used for crystals of L-tryptophan • HC1
and DC1. (B) The tryptophan • HC1 molecule with the atomic numbering used for the aromatic
part.

side chain {4-7)- The secondary radical very often is an H-adduct to the aromatic
ring system. The mode of formation of these radicals is, however, not clear.
Possible mechanisms may either be a protonation of an anion radical or an inter-
molecular H-atom addition process where the deamination product may act as
a precursor.

For the aromatic amino acid L-tryptophan (structure formula in Fig. IB) two
relatively similar structures marked 1 and 2 have been suggested for the above-
mentioned hydrogen addition radical (4, 8-9). The question has also been raised

1 2

whether the radical is deprotonated at Ni or not (10).
No single-crystal ESR analysis of tryptophan has so far been reported. The

present work was therefore initiated with the purpose of presenting single-crystal
ESR data in relation to the crystal structure which may prove useful for the
determination of the radical structures.

EXPERIMENTAL

Polycrystalline L-tryptophan was obtained from Sigma Chemical Company.
Large crystals were grown from saturated 1 TV" HC1 solutions by slow evaporation
at room temperature. Crystals were also grown after several recrystallizations
from DC1 (Merck) solutions. The nitrogen- and oxygen-bonded protons become
exchanged with deuterium by this procedure. The crystal and molecular structure
has been studied by X-ray- (//) and neutron-diffraction (12) methods. The
crystal is monoclinic with space group P2\ and unit cell parameters: a = 7.406 A,
b = 5.301 A, c = 14.62 A, 0 = 98.79°, and Z = 2. The indole ring itself is planar
and the ring normals for the two molecules in the unit cell make an angle of
73.5°. X-ray analysis, using a Weissenberg camera, of the HC1 and DC1 crystals
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used in this investigation yielded cell constants in excellent agreement with those
previously reported (11). The crystal morphology, the reference axis system, as
well as the molecular formula and atomic numbering used, are presented in
Figs. 1A and B.

The crystals were irradiated at 29") K with 4.0-MeV electrons from a linear
accelerator to a total dose in the range 1-20 Mrad. It can be noted that no spectral
variation with dose was observed in this range.

Second-derivative spectra were recorded with a JEOL X-band spectrometer.
Observations were made at intervals of 5° of rotation in all three reference planes.
The microwave power was less than 0.1 mW. A reference sample containing
Mn2+ ions and DPPH was used for calibration purposes.

RESULTS
The H-Adduct Radical

In Fig. 2 are shown the 29") K spectra obtained for the L-tryptophan • HC1
crystal oriented with the magnetic field parallel to the reference axes a* and c.

....

Hua*

H
SO GAUSS

FIG. 2. Second-derivative ESR spectra for L-tryptophan• HC1 single crystals irradiated and
measured at 295 K. The magnetic field is aligned parallel to the a* (upper spectrum) and c (lower
spectrum) axes. The fully drawn stick spectra are based on the a-coupling tensors given in Table I
assuming an isotropic 0-coupling. The dashed vertical bars in the lower spectrum indicate an
additional hyperfine splitting. The arrow indicates the position of the DPPH-resonance
(ff = 2.0036).
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The spectra are composite, consisting of resonances from two or more radicals.
Lines due to the H-adduct are observed in each wing of the spectra (the lines are
marked by the vertical bars below the spectra in Fig. 2). In the center, however,
a broad multiline resonance dominates and partly disguises the central features
of the H-adduct resonance.

The structures suggested above for the H-adduct radical (structure 1 or
structure 2) should both yield two 0-protons which would contribute to the
resonance. This splitting is not immediately apparent, but the total width and
symmetry of the spectra suggest an almost isotropic coupling to two protons.
The sum of the coupling constants was found to be 79 ± 2 G. Furthermore, the
spectra obtained at some orientations (e.g., along the c-axis given in Fig. 2)
indicate only a slight inequivalence in the splitting constants for the two protons.
This suggests a splitting value of about 39.5 G for each /3-proton. Previous
experiments on powders and frozen solutions seem to indicate that the /3-proton
splitting must be of the order 3S-40 G (4, 8, 10). Similar values have also been
reported for the corresponding indole radical (9, IS).

Analysis of the hyperfine splitting in addition to the /J-proton splitting just
mentioned, is made possible by a careful study of the high- and low-field regions
of the spectra. These regions do not suffer from overlap from other resonances for
most orientations. In all previous studies on powders and frozen solutions these
regions exhibit a poorly resolved triplet structure which has been ascribed to
two equivalent protons. By use of the single-crystal technique, far more details
can now be presented. It appears (Fig. 2) that two doublets dominate this part
of the resonance. At some selected orientations additional hyperfine splitting can
be resolved which may be attributed to an interaction of the unpaired electron
with three other nuclei (see below). The two doublets are quite anisotropic,
suggesting that they are due to two protons in a-positions.

The f/-value was measured in all three planes of rotation and was within
experimental error (±0.0005) found to be isotropic with an average value of
2.0027. It can therefore be concluded that the radical in question is of the carbon-
centered type probably with the spin density in 7r-orbitals on carbon atoms in
the benzene part of the indole ring.

A direct interpretation of the spectra is difficult and ambiguous since mono-
clinic crystals usually exhibit resonances from two inequivalent magnetic sites
for orientations where the magnetic field is in planes containing the monoclinic
axis (the 6-axis). As pointed out by Schonland (14) this introduces an ambiguity
in the sign of the off-diagonal tensor elements which are obtained from an analysis
of the spectra in these planes. This problem may be solved by recording spectra
for more general orientations ("skew") with respect to the crystallographic
system and subsequently comparing these spectra with those calculated on the
basis of the splitting tensors using different signs for Ihe respective off-diagonal
elements. This method often fails, however, due to the complexity of the spectra.
This is also true in the present study because all the additional hyperfine couplings
prevented a "clear-cut" interpretation.

In order to arrive at the appropriate a-tensors the results were analyzed on the
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TABLE I

Hyperfine Splitting Tensor Data for the H-Adduct Radical in Crystals of
L-Tryptophan • HO Irradiated and Observed at 295 K

Tensor

H(a),

H(«)s

Isolropic

(G)

-10.9

-11.7

Principal
values

-18.3
-10.2
-4 .2

-18.6
-12.2
- 4 . 3

o*

0.40
-0.20

0.89

:).97
0.00

-0.25

Data set

b

0.85
0.46

-0.28

0.21
0.56
0.80

no. 1

c

-0 .35
0.87
0.35

-0 .13
0.83

-0.54

8"

11»
10'1

a*

-0.40
0.20
O.Si)

0.97
0.00

-0.25

Data set

b

0.85
0.46
0.28

-0 .21
0.56

-0.80

no. 2

c

-0 .35
0.87

-0 .35

0.13
0.83
0.54

T 2

24"
19b

11*
19°

1 Estimated unceriainities are ± 1 (i in principal values and ±10° in principal directions.
2 T is the angle (in degrees) between the corresponding principal direction and the following

directions calculated from crystallography data: a Indole ring normal: (—0.194, 0.580, 0.791).
'•Co-H bond direction: (0.843, -0.353, 0.400). " C5-H bond direction: (0.788, 0.568, -0.238).
11 CVH bond direction: (-0.107, 0.768, -0.032). - C,-H bond direction: (0.077, -0.813, 0.577).

basis of a radical model consisting of a 7r-type radical with structure 1 and/or 2
above. This would involve that the directions of the two intermediate principal
splitting values should both be normal to the indole plane. Furthermore, the
directions of the two smallest principal values (which yield the two C-H directions
involved) should make an angle of approximately 120°.

A variety of hyperh'ne tensors can be constructed from the experimental data.
However, only two sets of a-tensors were compatible with the above requirements.
The data are given in Table I. One set (called data set Xo. 1 in Table I) supports
radical structure 1 whereas the other is compatible with structure 2. It is not
possible a priori to distinguish between the two sets since they differ only by
choice of the laboratory reference axis system. Thus, one set may be obtained
from the other by using a new laboratory system in which the a*-axis is unchanged
and b- and c-axes are directed the opposite way. This degeneracy is due to this
particular crystal structure where we have an unfortunate symmetry relation
between the C—H and C6-H bond directions and the crystal axes.

In Table I are also given some of the more pertinent bond directions as well as
the angles between these directions and the appropriate principal directions.
First of all, the data show that the directions of the two minimum splitting values
make an angle of 129° (the expected value was 120°) while the directions for the
two intermediate splitting values form an angle of 12° in both data sets. It is
quite clear from Table I that data set Xo. 1, which supports radical structure 1,
is most in line with expectation. Thus, the smallest principal value for a\ is only 6°
from the Ce-H bond direction and that for a2 is 10° from the Cj-H bond direction.
The respective values for data set XTo. 2 are 19° both with regard to the C5-H
and the C7-H bond directions. Furthermore, it appears that data set No. 1 yields
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FIG. 3. Calculated (fully drawn curves) and observed ( • : a(H<), O '• a(H6)) a-proton splitting
for the H-adduct (structui'e 1) in the ca*-plane.

smaller angles between the intermediate splitting directions (which are along
the T-orbital in a C-H fragment) and the normal to the indole ring.

Figure 3 reveals the nice fit in the ca*-plane between the experimental splitting
values and those calculated from data set No. 1. A similar fit is, however, also
valid for data set No. 2 by changing the direction of crystal rotation in this plane.

The most prominent hyperfine interaction observed in addition to the a- and
/3-splittings just discussed is a fairly anisotropic doublet splitting, which is indi-
cated in the lower spectrum of Fig. 2 by the dashed vertical bars. This coupling
is resolved only at some orientations in the ca*-plane whereas it is masked at
other orientations by more hyperfine couplings as well as site splitting. The tensor
could not be obtained, but the magnitude and range of variation (approximately
0-6 G) makes it reasonable to ascribe it to the proton attached to C3 in structure 1
(similarly C6 in structure 2). Thus, the C4-Ca-C6 part of the aromatic ring forms
an allyl-type radical fragment (15) yielding a small negative spin density on Cs.
Consequently, the C5-proton exhibits a small coupling of the a-proton type. In
addition, the very same proton possesses splitting of the /3-proton type due to
the spin densities on both CM and C6.

The observed ESR spectra yield additional hyperfine structure at selected
orientations in all three planes. Examples are presented in Fig. 4. In this figure
only the low-field part of the spectra, recorded for two orientations in the ca*-
plane, are given. In the top spectrum, the additional splitting of the order 2.8 G
seems to be a triplet which we ascribe to the Nx atom. In the lower spectrum,
however, this nitrogen splitting is not observed. For this position two small
doublet splittings (about 2.5 G) become evident. One of these doublets is due to
the C5 proton in structure 1 (or the C6-proton in structure 2) whereas we assume
that the other one is due to the Ni-proton. This assignment is supported by the
observation that the largest value for the latter coupling occurs approximately
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135

H

20 GAUSS

FIG. 4. Second-derivative ESU spectra from crystals of i,-trypiophanHCl irradiated and
measured at 295 K. Only the low-field parts of the spectra, recorded 135° (upper) and 55° (lower)
from the c-axis in the co*-plane, are shown. The stick spectra represent an attempt to explain
the spectra and ascribe the splitting to particular nuclei in the aromatic part of the molecule.

55° from the c-axis in the ca*-plane (i.e., the spectrum given in Fig. 4) which is
only 15° from the m-plane normal to the Ni-H bond direction. Furthermore, the
spectra in Fig. 4 indicate that the angle between the directions for the largest
nitrogen splitting (top spectrum) and that for the largest proton splitting in the
ca*-plane te approximately 80°. This fits nicely to the 83° angle between the ring
normal and the in-plane normal to the Ni-H bond projected into the ca*-plane.
This assignment is also in good agreement with the results from molecular orbital
calculations (see below).

The Deamination Radical

The complete ESR spectra presented in Fig. 2 clearly demonstrate that in
addition to the H-adduct at least one other radical species is present. However,
the severe overlap between resonances in the central part of the spectra prevented
a more detailed analysis. The different techniques used to sort out the various
resonances in a composite spectrum such as variation in the microwave power i
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FIG. 5. Second-derivative ESR spectra of L-tryptophan-DCl single crystals irradiated and
measured at 295 K. The crystal is oriented with the magnetic field parallel to the three reference
axes, respectively. The stick spectra are calculated from the different tensors given in Table II.

or the observation temperature, the use of uv light, etc., were not sufficient in
the present studies. However, in experiments with crystals grown from DC1
solutions it appeared that the H-adduct (or a similar D-adduct) was not formed
at all. The dominant resonance in the DC1 crystals seemed in all respect to be
identical to the one masked by the H-adduct resonance in the HCl crystals. This
surprising result gave ample opportunities to use DC1 crystals to study the
unidentified resonance in the HCl crystals.

In Fig. 5 are shown the spectra for the DC1 crystal oriented with the magnetic
field along the respective axes. The spectra seem to indicate coupling to three
protons. The splitting values and anisotropy suggest one a-proton and two
inequivalent /?-protons. The tensor data, based on this interpretation, are given
in Table II.
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TABLE II

Hyperfine Splitting and ^-Tensor Data for the Deamination Radical in Crystals
of L-Tryptophan • DC1 Irradiated and Observed at 295 Ka

Tensor

Ha

H«

Hfl

Isotropic
value

(G)

-21.5

31.7

2.8

g 2.0031

C a-N bond directionc

Principal
values
(G)b

-32.4
-20.3
-11.9

34.8
30.5
29.7

5.6
1.8
1.0

2.0039
2.0033
2.0020

a*

0.238
-0.003

0.971

0.778
0.192

-0.598

0.235
0.154
0.960

-0.363
0.881
0.304

Direction cosines

b

0.714
-0.677
-0.177

0.627
-0.285

0.725

0.700
0.714
0.057

0.605
0.471

-0.642

c

0.658
0.736

-0.159

0.315
0.939

-0.342

0.677
0.683

-0.275

0.709
0.492
0.704

0.865 -0.231 -0.445

• Estimated uncertainties are ±0.5 G and ±0.0005 in hyperfine splitting and ^-tensor principal
values, respectively, and ± 5 ° in principal directions.

b The absolute signs are assigned according to the usual considerations upon electron-nuclear
magnetic interactions.

c Calculated from Ref. {12).

The data in Table II show that the a-proton coupling is fairly large which
indicates a small delocalization of the unpaired spin density. Consequently, a
radical with the unpaired electron localized to the aromatic ring system seems
less probable. Furthermore, the two inequivalent and nonexchangeable /3-protons
makes it reasonable to suggest a radical with the unpaired spin density mainly
localized to the a-carbon of the amino acid. A radical of this type may be formed
either by a deamination process or by a corresponding decarboxylation process.
Since no nitrogen hyperfine splitting is observed we suggest that the resonance
responsible for the spectra given in Fig. 5, and which also is present in the HC1
crystals, is due to the deamination product.

The tensor data in Table II are, in many respects, similar to those observed
for a deamination radical in L-histidine hydrochloride (7, 16). In order to account
for the histidine results Westhof et al. (17) suggested a rehybridization of the
a-carbon atom from sp3 to sp2. Furthermore, the rearrangements seem to yield a
radical in which the Ca-H direction is fairly close to the Ca-N direction of the
undamaged molecule. In the present studies on tryptophan a similar rearrange-
ment upon radical formation seems possible. Thus, the data in Table II show
that the principal direction of the minimum a-splitting value (indicating the
C«-H bond direction) is close to the Ca-N bond direction in the undamaged
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molecule. The data also indicate a rotation of the

CaH

fragment about the C3-C0 bond which in turn is anchored to the large indole ring.
Thus, the angle between the principal direction for the intermediate a-proton
splitting (normal to the

CaH

fragment) and the Ca-Cp bond is approximately 90° for the radical whereas the
calculated angle using the crystallographic data for the undamaged molecule is
only 60°. The opening of this angle is most easily accomplished by a rotation
about the C3-C0 bond. In fact, a rotation of approximately 30° would be sufficient
to satisfy the ESR data.

It can be noted that no spectral changes were observed upon uv illumination
and only a gradual decay was observed upon heat treatment up to the melting
point of the crystal.

DISCUSSION

The single-crystal data presented demonstrate that at least two radicals are
formed and stabilized in tryptophan crystals at room temperature. The H-adduct
radical which has been discussed in several previous publications seems to be
formed by a net hydrogen addition to the C7 position of the indole ring. Thus,
the results presented here favor structure 1 even though the other alternative can
not be completely excluded.

The question previously raised as to whether this radical is deprotonated at Ni
seems to be solved insofar as the results indicate a splitting from this proton.
This implies that the mode of radical formation suggested by Kasai and McLeod
(18) and reiterated as a possibility by Moan and Kaalhus (10) (i.e., electron
capture followed by an intramolecular transfer from Ni to C7) does not operate
in L-tryptophan hydrochloride crystals.

Very often MO calculations have been used to predict the position for a
hydrogen addition reaction. Spin density calculations have been carried out for
different radical candidates with the purpose of attaining support for a particular
structure. In Table III are presented MO results at various levels of approxima-
tion for the H-adduct radical. The Huckel parameters were those recommended
by Streitwieser (18) and Cook el al. (19). The McLachlan empirical parameter
used was X = 1.0 (20). The geometry used for the INDO calculations (21) was
adopted from the L-tryptophan • HC1 crystal structure (11) with small adjust-
ments to allow for a Ce-C? and Cg-C9 bond length of 1.52 A and a bonding angle
C6-C7-C8 of 109°. The agreement between the calculated and observed hyperfine
splitting constants is convincing and yields support to the interpretation made.
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TABLE III

Calculated Spin Density Distributions Together with Calculated and Experimental Hyperfine
Couplings for the Aromatic Part of the H-Adduct Radical (Structure 1) in L-Tryptophan»

Atom

N l

H,
Ci

H2

c3
c«
H<

c6H*

c6H6

c,
H',
H'V
C8

C

Hiickel
p*

0.023

0.012

0.016
0.301

0.001

0.306

0.003
0.076
0.076
0.176
0.017

McLachlan
P 1

0.006

-0.018

0.018
0.395

-0.110

0.432

-0.028
0.083
0.083
0.202

-0.062

INDO

P 1

0.041

-0.050

0.006
0.507

-0.229

0.484

-0.043
0.083
0.083
0.234

-0.133

a(G)

0.4
-1.4

0.9

-11.8

5.8

-11.5

44.5
44.5

Experimental
a(G)"

(1.0)
(1.5)

-11.7

(3.0)

-10.9

39.5
39.5

» For parameter choice and geometries, see text.
b It was not possible to observe the splitting tensors and thus arrive at the isotropic splitting

values for Ni, Hj, and H5. The data given here in parentheses are only tentative and are based
upon some spectra such as those given in Fig. 4.

" The spin densities given for H'7 and H"7 atoms are Is spin densities.

In the present work a surprising isotope effect was found insofar as the H-adduct
was not observed in crystals grown from the DC1 solutions. This seems to indicate
both that the added hydrogen is an exchangeable one and that the responsible
mechanism may be a protonation of an anion. The proton in this process originates
either from the hydrogen bond system or from Ni in a neighbor molecule. With
the purpose to attain information about the particular site for a protonation
reaction both INDO and Hiickel MO calculations have been carried out for
indole and 3-methylindole anion radicals. The protonation reaction is predicted
to occur at the site yielding the highest "net negative charge," qr. It appeared
that the C4 and C7 atoms showed the highest qr values. For the indole anion we
found qA = 0.176 (INDO) and 0.243 (Huckel) and g7 = 0.199 (INDO) and
0.228 (Huckel). The difference between the two positions is small for both
methods (and favors different positions) and can, in our opinion, not be used to
decide which is the most plausible position for a protonation. It is reasonable to
suggest that the crystalline environment of the anion would be important. It is
thus of interest to note that the shortest intermolecular contact between atoms
other than hydrogen in L-tryptophan • HCI crystals is the Cr-N'i distance of
3.42 A. In the DC1 crystals the corresponding D-adduct formation may take
place, but it seems to be slow and below the detection threshold possibly due to

11

\

I
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the reduced mobility of deutcrons compared with protons. A similar effect has
also been observed in other systems (22, -23).
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EGTVEDT, I., SAGSTUEN, E., BERGENE, R., AND HENRIKSEN, T. Radiation Damage
to Dihydrouracil. liadiat. lies. 75, 252-268 (1978).

Single crystals of dihydrouracil, grown from O2O solutions, were irradiated with
4.0-MeV electrons at 77 K. Electron spin resonance techniques were used to study
radiation-induced radicals in the temperature range from 77 to 295 K. Altogether four
different radicals were identified. Two radicals, the anion protonated at 0(4) and the
cation deprotonated at N(\) were observed at 77 K only. Resonance lines from the di-
hydrouracil-5-yl (U 5-yl) and dihydrouracil-6-yl (U 6-yl) radicals were also observed
at this temperature. The detailed structure of the latter two radicals were studied
separately. At room temperature the U 6-yl was the main radical species which com-
pletely dominated the resonance spectra. Furthermore, uv exposure at 77 K of crystals
previously annealed at 295 K resulted in a conversion of the U 6-yl radical into the
U 5-yl species. By repeated annealing at room temperature the process may again be
reversed. Thus, the technique used gave ample opportunities for a detailed study of
the radical conformation. INDO MO-calculations have been performed both for identi-
fication purposes and for attaining information about the radical geometry.

INTRODUCTION

The processes initiated and the products formed when nucleic acid components
are exposed to ionizing radiation are studied from a physicochemical point of
view mainly with the purpose to attain information on molecular changes that
finally result in macroscopic radiation damage (i). Among the experimental
techniques used for this purpose, ESR spectroscopy has reached a high level of
sophistication, and both radical identification as well as a detailed description
of the radical conformation is now available. In the present study the radiation-
induced radicals in the pyrimidine derivative dihydrouracil (abbreviated as
DHU) will be discussed.

The group of saturated pyrimidines such as dihydrothymine (DHT), dihydro-
6-methyluracil(DH6MU) as well as DHU have previously been studied both
as powders and as single crystals {2-8). A major observation is that hydrogen
abstraction from the C(5)-C(6) region yields more or less stable radicals.
It is interesting to note that at room temperature the 5-yl radicals [H-abstraction
from C(5)J dominate the spectra of DHT (3), whereas the 6-yl radicals [H-ab-
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{ I straction from C(6)] plays the same rolo in DH6MU(5). In DHU, lucking methyl
groups in the appropriate region, both alternatives seem a priori equally probable.
The results show that both radicals may indeed be formed, but that the 6-yl
radicals are the most stable ones at room temperature.

In the present paper four different radical species (see the structure formulas)
will be discussed altogether:

H

DHU 4-y l DHU l-yl U5-yl

The anion radical (called DHU 4-yl), which is quite important at 77 K, is prob-
ably protonated at 0(4). All radical species seem to be formed upon irradiation
at 77 K. Different experimental techniques have been used whereby the spectra
of two of these radicals can be; studied without severe influence from other
resonances. This yields excellent opportunities for a detailed study of the radical
conformation. The ESR results will be discussed in relation to IXDO MO-calcu-
lations and to the data for uracil itself and the other saturated pyrimidincs
DHT and DH6MU.

CRYSTALLOGRAPHY AND EXPERIMENTAL PROCEDURE

Dihydrouracil was obtained in the powder form from Sigma Chem. Co. and
used without further purification. Single crystals were grown from saturated D2()
solutions by slowly lowering the temperature from approximately 80°C to room
temperature. In Fig. 1 the molecular structure of DHU with the atomic number-

Dihydrouracil
FIG. 1. The molecular and crystal struct tire of dihydrouracil. The crystal morphology and

reference axes system used in the ESR experiments (abc*) are given. The atomic numbering as
well as the coordinate system used in the INDO calculations (xyz) are given in the left part of the
figure.
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ing and reference system (xyz) used for the INDO calculations are given. The
figure also includes the crystal morphology and the reference axes used (abc*)
for the ESR observations.

Crystals of DHU are monoclinic with space group P2i/c and unit cell param-
eters: a = 4.210 A, b = 5.816 A, c = 19.777 A, 0 = 95.15°, and Z = 4 (9). The
saturated pyrimidine ring is not completely planar but exhibits a twisted half-
chair conformation with C(5) 0.14 A below and C(6) 0.45 A above the ring plane
(see Fig. 4). The molecule is in the diketo form and is hydrogen bonded to two
adjacent molecules. According to llohrer and Sundaralingham (9) 0(4) is not
involved in hydrogen bonding whereas 0(2) contributes to two hydrogen bonds.
Crystals used for ESR experiments were examined by X-ray oscillation techniques
and the crystal axes were identified.

Crystals of DHU were irradiated while submerged in liquid nitrogen with
4.0-MeV electrons from a linear accelerator. The dose rate was approximately
1 Mrad/min and the total doses given were in the range 10 to 20 Mrad. A JEOL
spectrometer with cylindrical cavity operating at 9.5 GHz was used. Spectra
were recorded as the second derivative of the absorption curves. The two modu-
lation frequencies used for this purpose were 100 kHz and 80 Hz. The microwave
pow.3r was in the range 50 to 100 juW and no saturation effects seem to influence
the spectra.

For measurements the crystals were transferred to an insertion Dewar flask
filled with liquid nitrogen. Due to the well denned crystal faces, the crystals
could easily be oriented in the Dewar flask. The uncertainty of the zero position
of rotation and the alignment between the rotation axis and the reference axis
was less than 5°. The Dewar flask with sample could rotate in the magnetic field.
Spectra were recorded for every 5 or 10 degrees of rotation in all three planes.
Site splitting was observed except when the magnetic field was parallel to the
reference axes and for rotation about the monoclinic axis.

For the variable temperature experiments, a modified JEOL variable tem-
perature accessory unit was used. Sample temperatures were monitored with a
DORIC digital thermometer equipped with a Cu/Con thermocouple placed
close to the crystal in the cavity.

In the experiments where the samples were exposed to light a 400-W mercury/
iodine lamp was used. The magnetic field sweep width and the gf-values were
calibrated by a standard sample containing Mn2+/Mg0 and DPPH placed close
to the sample in the cavity. The standard version of the CNINDO program was
used for the molecular orbital calculations (10).

The a-proton hyperfine coupling tensors were calculated from the experimental
data according to the method described by Sagstuen and Alexander (11). The
0-proton hyperfine coupling tensors as well as the ^-tensors were evaluated by
the usual least-squares fitting method.

RESULTS
Irradiation at 77 K

In Fig. 2 some selected spectra of DHU crystals, irradiated and observed at
77 K, are given. The spectra consist of resonances from several radicals. The most
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FIG. 2. Second derivative spectra of DHU irradiated and observed at 77 K. The orientation
of the crystal is given on each resonance. The stick spectra of the DHU 4-yl, U 6-yl, and U 5-yl
radicals, as given from the tensor data in this paper, arc given for convenience. The vertical arrows
indicate the resonance of the DHU 1-yl radical.

dominating with regard to intensity consists of four lines (they are marked by the
upper stick spectra in Fig. 2) and is attributed to the protonated union radical
(called DHU 4-yl). The second most intense resonance is that of the U 5-yl
radical followed by that of the U 6-yl radical. The resonance of DHU 1-yl (marked
by arrows) is at most orientations weak and mostly masked by the other reso-
nances. As judged from the spectra (i.e., the number of lines and their linewidths)
the radical concentrations seem to follow the same relative order as the line
intensities.
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A detailed analysis of composite spectra like those given in Fig. 2 is very hard
and hampered by severe overlap. The analysis may easily result in uncertain
tensor data and even in erroneous radical interpretations. It is therefore quite
important to find methods whereby the different resonances can be studied one
by one without any disturbing influence from the; other resonances. In the case
of DHU it is possible to reach this desired situation for the two contributing
resonances U o-yl and U 6-yl. The ESR data thus observed are more precisely
known, contain more details, and may therefore; be used for a discussion of the
radical conformation.

The U b'-yl radical

Irradiation at room temperature or annealing a low-temperature irradiated
crystal at room temperature lead to one dominating resonance pattern. This
resonance observed at two different temperatures is presented in Fig. 3. The
effect of the observation temperature is restricted to the splitting values.

The spectra at all orientations can be described assuming three doublets
which in turn can be attributed to one a- and two /3-protons. The tensor data at
77 and 295 K are given in Table I.

The observations at room temperature; reveal in addition a small nitrogen
splitting which is resolved only at selected orientations. For most orientations the
interaction with nitrogen resulted only in an increased linewidth. A rough esti-
mate of the nitrogen tensor was arrived at by orienting the crystal with the
magnetic field in the plane given by X(l)-C(2)-X(3)-C(4) as well as orienting
it perpendicular to this plane.

DPPH

295K 77K

Hlla

5O gauss

Fio. 3. Second derivative spectra of DHU after heat treatment to room temperature. The
observation temperatures are 295 K (left part) and 77 K and the magnetic field is oriented along
the «-axis. The stick spectra show the resonance line positions for the U O-yl radical as calculated
from the tensor data in Table I.
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Comparison of the tonsor data (tho ^-factor as well as tho a-proton splitting
directions) with tho appropriate crystallographic directions (see Table I) clearly
show that the a-proton is bonded to C(6) implying the U 6-yl radical. The
hydrogen abstraction from C(6) is followed by a rehybridization at C(6) from
sp3 to sp2. Furthermore, the molecular conformation changes, and C(6) becomes
almost coplanar with tho main part of the pyrimidine ring as shown in Fig. 4.
(A more thorough discussion is given below.) The nitrogen tensor indicates
negative spin density localized to the nitrogen 2s orbital, probably due to spin
polarization of the C(6)-X(l) bond. A similar observation has previously been
reported for related compounds {6, 12).

DHU

U6 yl

U5-yl

N3

FIG. 4. An artist's view of the intact molecule and the two radicals U 6-yl and U 5-yl. All three
structures are viewed along the x-axis. In particular, the attention has been given to the structural
changes in the C(5)-C(6) region following the abstraction reaction. The radical structures have
been arrived at by a combination of ESR data and INDO calculations. The oxygen atoms and the
two protons bonded to the nitrogen atoms have been omitted for clarity.
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TABLE I

Hyperfine- and ^-Tensors for the U 6-yl liadical in DHU Grown from D 20 and Observed at Two Different Temperatures

Tensor

«H(6)

fi H(5')

/»H(5)

N(l)

Isotropic
value*

-18.3 G

24.4 G

42.7 G

- 1.6 G

295 K

Principal
valuesb

-30.1 G
-19.3 G
- 5.4 G

27.3 G
24.9 G
20.9 G

46.6 G
41.7 G
39.9 G

0.4 G
- 2.2 G
- 2.9 G

Direction cosines"

a

0.52
0.78

T0.35

0.57
0.53

T0.63

=F0.14
-0.88

0.45

0.68
=F0.72

0.15

b

T0.17
±0.49

0.85

T0.05
±0.79

0.62

-0.77
TO. 18
T0.61

±0.62
0.66

±0.42

c*

0.84
-0.39
±0.39

0.82
-0.32
±0.48

±0.62
-0.43
-0.66

-0.40
T0.18

0.90

Tensor

aH(6)

P H(5')

0H(5)

Isotropic
value*

-20.1 G

20.8 G

45.9 G

77 K

Principal
values^

-32.3 G
-19.9 G
- 8.2 G

24.0 G
22.2 G
16.2 G

51.1 G
44.8 G
41.8 G

Direction cosines"

a

0.44
0.83

T0.33

0.26
=F0.88
±0.40

=F0.09
±0.95
-0.31

b

T0.20
±0.45

0.87

T0.59
-0.48
-0.65

-0.70
0.17

±0.69

c*

0.87
-0.32
±0.37

0.76
=F0.07
=F0.65

±0.71
±0.28

0.65

E
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T
V

E
D

1 1 E
T

 
A

L
.
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Tensor Isolropic
value*

g 2.0027

Directions calculated from

295 K

Principal
values*

2.0036
2.0026
2.0019

Direction cosines"

a

±0.21
0.81
0.54

the crystallographic data:

The normal to the plane, z:
C(2)-C(4)-direction:
_LC(2)-C(4)-direction and z:

Directions used in the final

C(6)-H(6)-direction:
C(6)-H(5')-direction:
C(6)-H(5)-direction:

0.769
0.537

T0.356

INDO-calculations:

0.66
T0.02

6

0.75
T0.49
±0.45

±0.555
=F0.274

0.784

0.82
=F0.06
-0 .73

c*

±0.63
0.31

-0.71

-0.317
0.798

±0.508

±0.43
0.75

±0.69

Tensor

g

Isolropic
value"

2.0027

77 K

Principal
valuesb

2.0032
2.0027
2.0023

Direction cosines"

a

-0.71
0.00
0.70

6

0.00
-1.00

0.00

c*

-0.70
0.00

-0.71

R
A

D
IA

T
I01 Sf 

D
A

M
A
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X
) 

D
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^

C
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U
R

A
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• The negative sign is assumed according to the theoretical considerations for o-protcm iiyperfine interactions.
b Estimated uncertainties are 1.0 G and 0.0006 in proton and ^-tensor principal values, respectively, and 10° in direction cosines.
0 The upper and lower signs are for the two symmetry independent molecules in the unit cell.
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Herak studied DHU at room temperature some years ago and presented data
for this radical (8). The principal values for the a-proton were found to be 31.0,
21.5, and 6.0 G. The </-value was almost isotropic (2.0023) and the /3-proton
splittings were found to approximately 24 and 42 G.

Zehner et al. observed recently the same radical in a single crystal of uracil
(IS). The a-splittings were 29.5, 18.0, and 8.0 G whereas the two /3-protons
were equivalent and exhibited a splitting constant of 35.5 G. The differences
between DHU and uracil reflect the effect of the crystal structure with regard
to the conformation of the radical.

The U 5-yl radical

It has been reported that some of the pyrimidine derivatives are sensitive
to uv and visible light (6, 14)- The conditions for the light-induced radical
transformations may change from one substance to another. In the case of DHU
we found that if a room temperature annealed crystal was brought down to 77 K
and then exposed to light from a mercury/iodine lamp the U 6-yl radical is
transformed into the U 5-yl r dical. These light-induced radicals were stable
at 77 K, bu were again transformed back to the U 6-yl radicals upon rewarming
to 295 K. The transformation processes can be repeated when desired (see inset).

I
4.1GHT At

U 6-yl

V * •<?'

H

U 5-yl

The nature and kinetics of these processes will be discussed elsewhere. The
technique, however, yields excellent opportunities for a detailed study of the
U 5-yl resonance.

The resonance spectra for orientations of the magnetic field parallel to the
reference axes are given in Fig. 5. One a- and two 0-protons describe the spectra
and the splitting in all three planes. The data are given in Fig. 6 and in Table II.
The directions of the principal values confirm that the a-proton is bonded to
C(5). It can be mentioned that the stick spectra in Fig. 5 are calculated from
the tensor data. Only the positions of the most intense resonance lines (i.e., the
outer doublet of the four a-proton lines) are given.

With reference to Fig. 4 it is of interest to note that the distance between
two particular positions for hydrogen atoms in the two radicals (the one called
H(6) in U 5-yl and the one called H(5) in U 6-yl), as obtained from the final input
data to the INDO MO-calculations (see below), is only 1.67 A. This distance is
to be compared with the shortest intermolecular C(5)-H and C(6)-H distances
in the undamaged crystal of 3.45 and 3.42 A, respectively. Thus, it is reasonable

i
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FIG. 5. Second derivative spectra for the U 5-yl radical. The DHU crystal was exposed to light
from a mercury/iodine lamp at 77 K and observed at this temperature. The crystal orientation
is given as well as the U 5-yl stick sped ra as obtained from the tensor data.

to assume that the radical transformation consists of a transfer of a hydrogen
atom between these two positions. This would imply that the radical transforma-
tion is an intramolecular process.

The U 5-yl radical has also been observed in single crystals of uracil by Zehner
et al. {13). In contrast to the present observations, they found that the radical
transformation U 6-yl —> U 5-yl took place at room temperature. The 0-proton
splitting values were 45 and 51 G and the principal values for the a-tensor were
28.0, 18.0, and 8.1 G. It was assumed that the radical was protonated at 0(4)
(see below).

The DHU 4-yl radical

In order to analyze the resonances of the two other radicals, we are limited
to use the composite spectra at 77 K. The four-line resonance (see Fig. 2) of the
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30° 60° 30° 60° 30° 60°
Crystal orientation

150°

FIG. 6. Splitting data for the U 5-yl radical in all three planes of rotation. The fully drawn
curves are based on the tensor data in Table II. The observed outer doublet of the a-proton
splitting is given by solid and open circles, and the /3-splitting by solid and open triangles and
squares. The solid and open symbols represent the two different magnetic sites.

DHU 4-yl radical can easily be followed. The splitting appears to be isotropic
with splitting values of 31.7 and 10.7 G. The g-factor was almost isotropic with
an average value of 2.0036. We assume that the radical is the DHU 4-yl with
the main spin density localized to a 2pir orbital on C(4) and that the two 0-protons
bonded to C(o) are responsible for the four-line resonance. The radical may either
be the anion itself or its protonated form. IXDO MO-calculations have been
carried out for both alternatives and the data are given in Table III. The experi-
mental data arc most agreeable with the protonated form. This alternative is
also supported from gr-vulue. considerations. Thus, in the protonated anion less
spin density becomes localized to 0(4) and more to C(4) which should result in a
smaller g-value anisotrophy.

The IXDO M()-data for the protonated form (Table III) indicate a small
splitting from the proton bonded to ()(4). This splitting was not observed, how-
ever, although a considerable increase in the linewidth occurred at some orienta-
tions. One argument for not seeing this proton splitting is the fact that the crystals
were grown from D«() which may imply that the proton in question is substituted
by a deuteron. Unfortunately, water- or DMSO-grown DHU crystals of sufficient
quality for ESR measurements have not been obtained in this laboratory.
In the case of DH6MU (6) a doublet splitting with maximum value of 12 G was
attributed to that particular proton. The coupling was only observed for crystals
grown from water and DMSO-solutions.
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Tensor

TABLE II
Hyperfine- and g-Tensors for the U 5-yl Radical in DHU Grown

from D2O and Observed at 77 K

Isolropic
valued-

Principal
values*1

Direction cosines0

a

aH(5)

fi H(6')

-18.1 G

38.9 G

49.0 G

2.0034

-30.7 G
-18.2 G
- 5.5 G

42.7 G
37.7 G
36.4 G

52.4 G
47.8 G
46.7 G

2.0045
2.0037
2.0019

T0.56
0.72
0.41

-0.73
0.23

T0.64

T0.29
0.85

-0.45

0.54
0.69

0.83
±0.51
±0.24

±0.68
±0.36
-0.64

0.89
±0.41
±0.19

0.77
T0.10
±0.63

±0.04
-0.48

0.88

0.08
-0.90
T0.42

=F0.35
0.34
0.87

±0.41
0.84

-0.37

Directions calculated from the crystallographic data:

The normal to the plane, z: 0.769 ±0.555 -0.317
C(2)-C(4)-direction: 0.537 =F0.274 0.798
±C(2)-C(4)-directionandz: T0.356 0.784 ±0.508

Directions used in the final INDO-ealeulations :

C(5)-H(5)-direction: 0.36 ±0.25 0.90
C(5)-H(6)-direction: -0.85 0.53 0.06
C(5)-H(6')-direction: TO.21 0.90 T0.39

a The negative sign is assumed according to the theoretical considerations for a-proton hyperfine
interactions.

b Estimated uncertainties are 1.0 G and 0.0006 in proton and <7-tensor principal values, respec-
tively, and 10° in direction cosines.

c The upper and lower signs are for the two symmetry independent molecules in the unit cell.

The DHU 4-yl resonance is quite unstable and disappears upon exposure to
uv light as well as upon heat treatment. In the latter case, the decrease of the
DHU 4-yl resonance was accompanied by an increase in intensity of the U 6-yl
resonance lines.

The DHU 1-yl radical

The spectra given in Fig. 2 show resonance lines (marked by arrows) which
can not be attributed to any of the above discussed radicals. Severe overlap with
other resonance lines made it impossible to follow these lines and no attempts
were made to arrive at tensor data. The spectra obtained at some orientations
(for example with the magnetic field along the reference axes) suggest that the
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TABLE III

The Results from INDO MO-Calculations on Some Radical Candidates in Crystals of Dihydrouracil, Together with the
Experimentally Obtained Isotropic Coupling Values"

Atom

H(l)
N(l)
C(2)
0(2)
N(3)
H(3)
C(4)
O(4)
H(4)
C(5)
H(5)
H(5')
C(6)
H(6)
H(6')

Anion

P* a

0.000
0.029
0.061

-0.022

0.488
0.371

-0.019
37.8
8.8

0.003

DHU 4-yl

Protonated Exp.

px a

-0.003
-0.008

0.040
0.076

0.690
0.147

- 0.6
-0.026

32.6 31.7
9.7 10.7

0.002

Cation

P *

_

0.281
-0.153

0.525
-0.008

0.001
-0.002

0.001

-0.010

DHU 1-yl

a

7.0
5.9

5.5
15.3

Deprotonated

p* a

0.647 12.5
-0.247

0.502
-0.034

0.013
-0.028

0.003

-0.028
2.0

32.5

Exp.

13.8

1.5
40.2

US-yl

p* a

-0.003
0.005

-0.014
-0.034

-0.192
0.370

0.763
-17.8

-0.042
50.0
38.0

Exp.

-18.1

49.0
38.9

0.096
-0.018

0.057
0.002

0.011
-0.018

-0.027

0.778

U 6-yl

a

0.3

48.1
19.7

-18.7

Exp.

- 1.6

42.7
24.4

-18.3

H
O

1-1

> All splittings (a) are given in gauss.
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hyperfine splitting is due to a nitrogen and two protons. The nitrogen splitting
appears to be quite anisotropic with an average value of approximately 13 to
14 G. The two proton splittings on the other hand seem to be isotropic (suggesting
i8-protons) with splitting values of 1.5 and 40 G.

Attempts were made to isolate the radical in order to make possible a more
detailed study. However, both the use of uv light at 77 K as well as heat treatment
failed, insofar as the resonance in question disappeared by such treatments.

In experiments at 4.2 K with DH6MU, Budzinsky and Box (15) observed a
similar resonance which they attributed to a dcprotonatcd cation very much
similar to the DHU 1-yl radical. The nitrogen splitting was reported to be 12.1 G
and the proton coupling (the nonexchangeable one) was 69.3 G.

The INDO MO-calculations given in Table III also favors an interpretation
involving a deprotonated cation (i.e., the DHU 1-yl radical).

RADICAL CONFORMATION

ESR experiments on single crystals yield splitting and ^-factor results which
contain information about the details of the radical structure. Another source
of information which can be used in combination with the ESR data is the INDO
MO-calculations. The reason for this is that the INDO calculations are based on
a detailed structure of the radicals. If ESR and INDO MO-data are to be com-
pared it must be assumed that the most correct structure of the radical is the
one yielding a calculated spin density distribution and splitting values in best
agreement with observations.

In the folloAving we would like to discuss the conformation of the U 5-yl and
U 6-yl radicals with respect to the INDO and ESR results.

The two radicals are formed when a hydrogen atom is abstracted from either
C(5) or C(6). With reference to the upper structure in Fig. 4 it appears clearly
that two hydrogen atoms stick out from the main part of the pyrimidine plane
fjthe hydrogens marked H(6') and H(5)]. If it is assumed as the first choice that
no other changes occur upon the abstraction reaction, the INDO MO-data would
turn out to be completely unacceptable. Consequently, molecular changes pre-
sumably take place. The following two major changes were then introduced:
(1) The hybridization changes from sp3 to sp2 on the carbon atom involved in the
abstraction reaction. (2) The position of the C (6) atom in both radicals, and also
of the C(5) atom in U 5-yl, is changed to become in plane with the rest of the
pyrimidine ring (see Fig. 4). The finer details of the radicals were then arrived
at by trial and error. In Fig. 4 the parent molecule and the two radical products
are viewed at along the .r-axis. The major part of the pyrimidine ring is in the
xy-plane and the z-axis is normal to the molecular plane. The change in hybridiza-
tion introduces a slightly more aromatic character involving angles of approxi-
mately 120° and somewhat reduced bond lengths in the appropriate region.
These changes were, however, small and never exceeded 4%. The results of the
INDO MO-calculations based on these structures are given in Table III together
with the observed isotropic splitting values.
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The U 6-yl radical

It is evident that the INDO calculated splitting constants, based on the
radical structure shown in Fig. 4, are in good agreement with the observed values.
Furthermore, the angle between the C(6)-H(6) bond used in the INDO calcula-
tions and the aa(min) direction is only 6.2°. The direction of the intermediate
a-proton splitting deviates only 5.5° from the 2-axis. The structure in Fig. 4
clearly shows that the two /3-protons are inequivalent with regard to a 2p^-orbital
(containing the unpaired electron) and would therefore yield different dihedral
angles and splitting values. Taking the anistropy of the /3-protons into account
it is interesting to note that the two maximum values experimentally is found
close to the INDO-calculated C(6)-H(5) and C(6)-H(;V) directions (deviations
of 6.9 and 6.2°, respectively).

The U 5-yl radical

As seen from Fig. 4 the radical is planar with the a-proton slightly outside the
plane. Again the two /3-protons exhibit different dihedral angles resulting in
different splitting values.

The agreement between the calculated and observed isotropic data is ex-
tremely good. Furthermore, taking the anisotropy into account it appears that
the direction of the minimum a-proton value deviates 1.6° from the C(o)-H(5)
bond direction as obtained from the INDO calculations and that the intermediate
splitting is 8.5° from the z-axis. Finally, in the case of the two jS-protons the
maximum splitting directions deviate only 3.2 and 9.7° from the respective INDO-
calculated C(5)-H(6) directions. All these data strongly support the radical
conformation outlined in Fig. 4.

It can be mentioned that in a recent paper Flossmann et al. (14) claim that in
the case of U 5-yl the 0(4) position has to be protonated in order for the INDO
calculations to reproduce the large /3-proton coupling. It is true that a protonation
increases the calculated /3-splittings, but the results in Table III clearly show that
also an unprotonated radical yield excellent agreement. In fact, the important
parameter may in some compounds be the radical conformation rather than the
protonation.

I

DISCUSSION

For some of the dihydropyrimidine compounds studied, several radicals are
formed upon irradiation at 77 K. Some of these radicals disappear after warming
to room temperature and the spectra are dominated by the 5- and 6-yl radicals.
In the case of dihydrouracil both these radicals were suggested formed at room
temperature (7) mainly because of an observed linewidth variation in the powder
spectra. In Heraks experiments on single crystals, however, only the U 6-yl
radical was discussed (8). It is now possible to solve this problem by a careful
comparison between the observed powder spectra at 295 K and powder spectra
simulated from the tensor data presented in Tables I and II (16). We found, as
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H

100 gauss

FIG. 7. First derivative powder spectra of DHU at room temperature. The upper spectrum (A)
is experimentally observed after irradiation at 295 K, whereas the lower spectrum (B) is simulated
from the tensor data in Tables I and II. The simulation is based on a mixture of 90% U 6-yl
radicals and 10% U 5-yl radicals. This particular mixture reproduced iti the most satisfactory
manner the finer details in the experimental spectrum.

shown in Fig. 7, the most convincing resemblance for a simulated resonance con-
sisting of 90% U 6-yl and 10% U 5-yl radicals. It is therefore reasonable to
assume that this relative radical distribution holds true for DHU when irra-
diated or kept at room temperature.

The structural changes involved in the formation of U 6-yl is restricted to the
C(5)-C(6) region of the molecule. The main change consists of a movement of
the C(6) atom to become coplanar with the rest of the pyrimidine ring. It is
evident that these molecular changes do not include a symmetrical distribution
of the two C(5) protons with regard to the molecular plane. If the same radical
is formed in uracil, however, equal splitting constants are observed for these
protons indicating a symmetrical structure (IS). It is also of interest that tho
same radical can be formed in DHU solutions exposed to OH radicals at room
temperature (J. Hiittcrmann, personal communication). For this system Hiitter-
mann found isotropic splitting data which can be compared with those given
in Table I. In the first place, the a-proton splitting was 1S.8 G. Furthermore, the
two /?-proton splitting constants were equivalent (indicating a symmetrical
structure) and on the order of 32.1 G. As seen from Table I the average 0-splitting
for this radical in the single crystal is 33.5 G. The 0-value was 2.0030 and even
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the small nitrogen splitting (approximately 1.3 G) was observed for the U 6-yl
radical in solution.
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EGTVEDT, I., SAGSTUEN, E., AND HENRIKSEN, T. An ESR Study of Light- and Tem-

perature-Induced Free Radical Conversions in Single Crystals of Dihydrouracil.
Radiat. Res. 77, 000-000 (1979).

In dihydrouracil a reversible free radical conversion between the two hydrogen-
abstraction radicals 5-yl and 6-yl has been found. Thus, the 6-yl to 5-yl transforma-
tion takes place if an irradiated sample is cooled below 220 K and exposed to light
with wavelengths below 450 nm. The reverse process is initiated by a subsequent
heating of the sample. The kinetics for both the light- and temperature-induced
processes have been studied. The results indicate that an intramolecular hydrogen
transfer process is more probable than a corresponding intermolecular one. Com-
parison is made with other unsaturated and saturated pyrimidine derivatives.

INTRODUCTION

Previous studies on radiation-induced hydrogen-addition radicals in un-
saturated pyrimidine derivatives have called attention to a reversible radical
transformation between the 5-yl and 6-yl radicals (1,2). Thus, it is possible
to stimulate a transformation from the 6-yl into the 5-yl radical by exposure
to light of wavelength above 400 nm at a suitable temperature. The reverse
process takes place upon a subsequent warming of the sample. It can be men-
tioned that in thymine the transformation process has not been observed
(3, 4) i whereas in some saturated pyrimidine derivatives, such as dihydro-
uracil (5) and dihydro-6-methyluracil (6'), a similar radical transformation has
been found. It can be noted that in these latter compounds the radicals are
formed by a hydrogen-abstraction reaction.

In the present work the reversible radical conversion processes taking place
in single crystals of DHU have been studied. The results will be discussed and
compared to data from other pyrimidine derivatives.
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RADICAL REACTIONS IN DIHYDROURACIL

EXPERIMENTAL

All details of the DHU crystal structure and the irradiation and measuring
. procedures have been discussed elsewhere (5). Powder samples of 6-methyl-

uracil (6MU), obtained from Sigma Chemical Corporation, were sealed off in
glass tubes and irradiated with one end shielded from the radiation. The total
doses given were approximately 20 Mrad at 77 or 295 K. Prior to ESR mea-
surements, the samples were transferred to the shielded end of the tub

For the light-exposure experiments, samples irradiated at 295 K were trans-
ferred to quartz tubes. The light source was a 400-W HVI (mercury/iodine)
OSRAM lamp. The wavelength dependence of the light-induced processes was
studied by insertion of proper cutoff filters (Kodak Wratten) between the light
source and the sample. For the variable-temperature experiments, a modified
JEOL variable-temperature accessory was used. The temperature could be set
and maintained with an accuracy better than 1 K.

Integration of first-derivative spectra was performed using an on-line com-
puter system based on a modified Compucorp 425 G desk computer attached
to a 492 Tape Casette unit. Care had to be taken during the integration in
order to avoid power saturation effects. It was found that the U 6-yl radical
partly saturated at microwave powers.above 80 iiW incident to the cavity
(cylindrical TEon).

RESULTS

1. Effect of Light

When single crystals of DHU were irradiated at room temperature or at
77 K and then annealed at room temperature, the U 6-yl r«lical dominated
the ESR spectra (5). After the crystal was recooled to app.o'matcly 190 K,
the lower spectrum of Fig. 1 was obtained when the app! ca nagnetic field
was parallel to the crystallographic a axis. Upon exposure to »1,' t the spectrum
of the U 6-yl radical gradually decreased, whereas a simultaneous increase of
the U 5-yl resonance was observed. The upper spectrum in Fig. 1 shows the
resulting spectrum, due to the U 5-yl radical (5), whereas the middle trace
shows an ESR spectrum at an intermediate stage with resonance lines from
both the 5-yl and 6-yl radicals.

A filter was used to eliminate light with X < 300 nm, since it was found that
radicals were induced by light of shorter wavelengths. Double integration of
the spectra shown in Fig. 1 indicates that the total number of spins does not
change during the transformation process.

The peak-to-peak ESR line intensities of the U 5-yl and U 6-yl radicals as
a function of exposure time are plotted in Fig. 2A. The good fit to straight
lines in the semilogarithmic plot (Fig. 2B) indicates that the light-induced
transformation is of first order, obeying the differential equation dR/dt = — kt,
where R is the line intensity (peak to peak). The rate constant k was, within
experimental error, the same for both the decay of U 6-yl and the formation
of U 5-yl, and in the present experiment a k value of 0.080 ± 0.002 min-1 was
obtained. With reference to Fig. 2A it should be mentioned that the fi« value
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Fio. 1. The effect of heat on the U 5-yl radical (top to bottom) and light on the U 6-yl
radical (bottom to top) in crystals of dihydrouracil. The applied magnetic field is along the
crystallographic a axis. The numbers to the left of the spectra, indicate the relative spectrometer
gains necessary to produce the same maximum peak-to-peak amplitude in all three spectra.
The observation temperature was 190 K for all spectra shown. The vertical arrows indicate
the position of the DPPH resonance (g = 2.0036).

used to arrive at the rate constant for the formation of the U 5-yl radical was
17.5 em, measured after an exposure time of 1 hr.

By insertion of appropriate filters, the wavelength dependence of the light-
induced process was investigated. It was found that light with wavelength
X > 450 nm did not have enough energy to initiate the radical transformation.

2. Effect of Temperature

The U 5-yl resonance (Fig. 1, top) was stable at temperatures below about
220 K. Above this temperature the U 5-yl resonance decays and the U 6-yl
resonance appears again in the ESR spectra. At a fixed temperature, the decay
of the U 5-yl radical.and the formation of the U 6-yl radical are both expo-
nential, as shown in Figs. 3A and B, respectively. The rate constants as cal-
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culatcd from the slopes of the straight lines in Fig. 3 were, at a given tempera-
ture, approximately the same for both the decay of U 5-yl and the formation
of U 6-yl.

The temperature dependence of the rate constants obtained from the semi-
logarithmic plot in Fig. 3 is, as shown in Fig. 4, found to obey the Arrhenius
equation k(T) = koexp(~AE/RT), where k0 is the frequency factor, R the
molar gas constant, T the absolute temperature, and AE the activation energy
for the process. The activation energies for the formation and decay processes
were, within experimental error, both found to be 18 ± 2 kcal/mole. The fre-
quency factor was calculated to be 5 X 10la sec"1.

•4 m

10 IS

Tim* (n mlnul**

FIG. 2. (A) The decay of the V 6-yl radical (A) and the formation of the U 5-yl radical (•)
when the dihydrouracil crystal was exposed to light at 193 K. The peak-to-peak line amplitudes
for the two radicals are plotted as functions of time. (B) A semilogarithmic plot of the normalized
line amplitudes. The value of Rm used was 17.5 cm.
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FIG. 3. A semilogarithmic plot, of the decay of the U 5-yl radical (A) and the formation of
the U 6-yl radical (B) at different temperatures. A, 223 K; • , 228 K; • , 233 K: O, 238 K;
• , 243 K.

2.0 2.1 2.2

(RTT1 (kcal/mol*)*1

Fio. 4. An Arrhenius diagram of the rate constants calculated from the data in Fig. 3
I, U 5-yl; O, U6-yl-
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DISCUSSION

The activation energy for the transformation process U 5-yl into U 6-yl in
DHU (18 kcal/mole) is comparable to an activation energy of 13.9 kcal/mole,
which was obtained for a similar process in crystals of 1-methyl-uracil {1).
In DHT, the 6-yl to 5-yl conversion has been shown to be a heat-induced
process (7), and not a light-induced one as in DHU. The activation energy
for this process in DHT (23.1 keal/mole) is, however, of a magnitude similar
to those observed for DHU and 1-methyluracil. This may indicate that the
reactions proceed by similar mechanisms in all three compounds.

As pointed out by Bernhard and Snipes (7), several mechanisms may be
suggested to explain the data obtained for the temperature dependence of the
conversion process. Thus, both intra- and intermolecular first-order processes
may be taken into account. Some calculations of intra- and intermolecular
atomic distances were performed in an attempt to distinguish between these
two possibilities. Thus, it is reasonable to assume that the process involving
the shortest hydrogen transfer distance would be the most probable one.

From the INDO-MO data for the U 5-yl and U 6-yl radicals previously
reported (5) it was found that the shortest i«2ramolecular hydrogen transfer
distance is 1.67 A. /ntermoleeular atomic distances may be obtained for the
undamaged molecules from the known crystal structure of DHU (8). On the
other hand, the calculation of distances from a damaged molecule (the radical)
to a neighboring undamaged molecule is not trivial. From the crystal structure,
however, it was found that the shortest distance from C(5) or C(6) in one
molecule to hydrogen atoms bonded to C(6) or C(5), respectively, in a neigh-
boring one is 2.98 A. This is reduced to 2.90 A if standard C-H bond lengths
of 1.09 A are used instead of the crystallographic C-H bond lengths. If geo-
metric rearrangements upon radical formation are taken into account, the
shortest intermolecular hydrogen-transfer distance can hardly become less than
2.25 A, which is considerably larger than the corresponding intramolecular
distance. Consequently, these considerations indicate that the mechanism in
question is an intramolecular hydrogen transfer process.

In the present investigation it was found tliat light of all wavelengths below
450 nm could induce the conversion process. Furthermore, if A is below 300 nm,
U 5-yl radicals are produced directly at low temperatures. This behavior cor-
responds to that observed by Flossmann et al. {1) and Zehner et al. {2) in ex-
periments with unsaturated pyrimidines. These authors found that light with
wavelength above 400 nm was sufficient to induce a conversion process.

In thymine and dihydrothymine, the 5-yl radical is more stable than the
6-yl species (8, 4> ?)• In uracil (#), 1- and 4-substituted derivatives of uracil (i),
DHU (5), DH6MU (6), and 6MU (see below) the 6-yl radical is the most
stable one. Hence, these data indicate that the position of the methyl group
is decisive in determining which radical will be formed. This is corroborated
by our Hiickel calculations on uracil and 5- and 6-methyl-substituted deriva-
tives of uracil {&). Calculation of free valences in the neutral molecules and
of net electronic charges in the negatively charged species shows that in the
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5- and 6-methyl-substituted derivatives the 6- and 5-positions, respectively,
are most susceptible both to H-atom attack and to protonation. In uracil itself,
however, the 5- and 6-positions are almost equivalent, with C(6) slightly pre-
ferred to H-atom attack.

In the compounds where the 5-y] radical is the most stable one, a trans-
formation process similar to the one described will evidently not take place.
For the 6-methyl-substituted compounds studied so far, the results are some-
what ambiguous. Thus, in our experiments with powder samples of 6MU no
transformation process was found. The 6-yl radical was formed almost ex-
clusively whether the irradiation was carried out at 300 or 77 K. On the other
hand, in DH6MU both the 5-yl and the 6-yl radicals are formed, and the trans-
formation process takes place. These results indicate that the methyl group
stabilizes the 6-yl radical in the planar 6MU molecule, whereas, upon puckering
of the molecule (as in DH6MU), the stabilizing effect becomes reduced and
the transformation process may proceed.
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