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ABSTRACT

Both the 5—thymyi radical and the 6-1V:hyrhy1 ré'dicel are formed
When dihydrothynoine is irradiated at rooro temperature. In'this 'paper
‘the 6-thymyl iadical.‘.i's‘ analyzed in detarl by @ée of electrorivspiri' reso-
nance ,(ESR) spectroecopj;. Prineipal values for the spectroseopic |
| ~splitting tensor are vg‘u = 2.00‘39, g, = 2'..0031, and 8w = 2.0022.‘ Hyper -
fine coupling to the B proton is nearly isotropic, vwith A‘3 = 44,0 gausé.
The a-proton .hy'perfine tensor has princv:ivpal‘values, in gatss, of
: Ai = 7.8, A; = 26.9,. Ag_= 17.5. Comiaarisons between the principal |
axes for the ESR parameters and the known crystal structure of di-
hydrothyrnine indicate that radical formation is accompanied by a -
cooformational change in the pyrimidine ring. This change results’
in a radical.structure, which is more nearlyxplanar the.n 1;he original
puckered dihydrothy-rrrine molecule. Irradiationvand observation at
77°K revealed that both the 5- -thymyl rad1ca1 and the 6- thymyl radical:
are formed but the relative quant1t1es of the two radlcals are dlfferent

than at room temperature,

Short title: ESR of Irradiated Dihydrothymine
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« INTRODUCTION
Several electron spin resonance .(ESR) studies have shbown that

‘the 5-thymyl radical is formed when compounds 'containihgv the thymine
ring are exposed to ionizing radiation1-3 or thermal hydrogen atoms. 45
The hydrogen addition at C(6) breaks the 5,6 double bond, leaving an.
- unpaired electron localized mainly in a 2pT orbital on C(S) of the py-
rimidine'rihg. The _5—thymjrl radical is also formed in dihydrothymi‘ne
(I) by a hydrogen abstraction at C(S)’ 6-9 In this compound, it has been
I ,
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reported that the 6-thymyl radical is also formed, both by’ionizving

)

radiation7’

and by exposure to hydrogen atoms. 6 Identification of the
6 -thymyl radical was not uné,mbiguous, however, since polycrystalline
samples were used in those studies and‘large anisotropies are to be
expected in the ESR spectra for this radical. We have now obtained
single cryétals of dihydrothyminé and have carried oﬁt ESR studies
which confirm the presence of the 6.—thymyl radical 1n this compoﬁnd e '
after lrradiation. The parameters éhal'act.erizing the ESR.spectra of

the 6-thymyl radical in dihydrofhyrnine are analyzed 1n this paper, and -
some infoermation is présented aboﬁt changes in molecular conformation ‘

accompanying radical formation.
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EXPERIMENTAL PROCEDURE

Polycrystalline dlhydrothy'mme was obtamed commerc:ally and

used w1thout further pur1f1cat1on. S1ngle crystals were grown by slow-

ly cooling an aqueous solutlon saturated at 80° C. The crystals used for
ESR studies were qu1te small we1gh1ng typically about 0.8 mg, but had

a well- developed crystal hablt It was p0551b1e, from the features

~described by Furberg and Jensen, 10 to determine the crystallographic o

axes in relation to the crystal morphology. The cr‘ystals are ortho-
rhomb1c, space group Pbca, W1th elght molecules in the unit cell. The

unit cell parameters, in angstroms, area = 7. 336 b = 23 474, c = 7, 034

A more detalled descrlptlon of the molecular structure and arrangement

~ within the crystals is g1ven later, in connectlon with the ESR analysis.

The crystals were 1rrad1ated with 6. 5 MeV electrons from a
linear accelerator. Total exposures of 25 to. 50 MR were delivered at
a rate of 1 MR/min.' The exposure temperature was either 295°K or. .

77°K. In the: experlments at 77 K the crystal was 1rrad1ated in one

' end of a quartz tube with the other end of the tube shlelded agalnst

rad1at10n. - After exposure the crystal could be transferred, w1thout ‘

' Warm1ng,to the shielded end, wh1ch was made to hold the crystal in

a deS1red orlentatlon.
ESR spectra.were obtained with a Varian 4502 spectr.omete,r.’
The spectra_recorded at room temperature were obtained at 16 GHz -

with a microwave bridge constructed in our.Laboratory, whereas the-

low-temperature spectra were taken with the Varian X—band rotating

cavity. Hyperfine spllttlngs were measured by compar1son with the
known spl1tt1ngs of a sample of Mn i in MgO'. DPPH was used as a

standard for g-value measurements.
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The calculations necessary for determining spin resonance

parameters were made by using a CDC 6600 computer.

ANALYSIS OF SPECTRA

Two ‘radic':av.ls are formed in significant quantities"when dihydro-
thyrnine is irradiated at room temperature. The hyperfine spectrurn
of the 5-thymyl radical, with a total splitting of about 135 gauss, is
easily recognizable in the spectrum of Fig, 1, where arrows indicate
its outer cernponents. Radicals of this type have been studied pre-
viously in other compounds, and no thorough analysis of the 5-thymyl
radical in irradiated dihydrothy*znine was ‘made. | |

| The otvhevr rac_iical pfesent in irradiated di'hydrothy-rnine ‘has-a
h.yi)_erfin‘e spectrnm.consisting of four ,lines of approﬁimately equal
intensity. Bars beneath the spectra of Figs., 1 and 2 indicate this
quartet pattern. The hyperfine sp11t1:1ng is due to unequal coupllng of
\the unpalred electron to two protons. At varlous crystal orlentatlons,
the couphng to one proton remalned constant at 44.0 gauss, whereas
the other proton coupling varied from about 10 to 26 gauss. The g
value was slightly anisotropic, with values ranging from 2;0022 to
-2.0038. This behavior is typical fer a radical with the unpaired elec-
tron in a carbon atom's 2pm orbital, with hyperfine coupling to one
a pro’con and one B pl‘oton. ~ In the absence of drastic molecular re- :
arrangement, the only rad1ca1 that can be forrned in d1hydrothym1ne |

~ with these propertles 1s the 6- thymyl radical (II).
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The anisotropies in the g tensor and the af—pr.oton. hyperfine tensor can
be used, along with the known crystal and molecular structure, 0 to
confirm this assignnient for the radical giving rise to the quartet

spectrum.

 DETERMINATION OF SPIN RESONANCE PARAMETERS |

The resonance lineé Qbserved can be adequatevly described by -

a spin Hamiltonian of the form
5=pS.g A+T.a% T+ APsa1d,

where g is the spectroscopic splitting tensor, A% is the a-proton

)

hyperfine tensor, and AB is the isotropic [3¥proton hypérfine coupling, _»

The external magnetic field H is assumed to be in the z direction,
and B, §, and T are the Bohr magnetori, the electron spin operator,
and the nuclear spiﬁ operator, respectively. Determination of the

principal values of g and A% by the method of Schonla'nd11 requires

o~

measurement of the maximum and minimum values of these parameters

in three planes. This was possible, with some difficulty, vfo;" the

three crystallographic planes 1n dihydr‘othymine. Although there are
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eighf mdleéules pehr unit cell in the dihydrothymine _c:rlysta‘l, our ESR

- observations show that th.e_' radicals occupy onl_sr two magneti.cally
distinct siters in the unit cell. Tabie I gives thé principa_l values for

g and éa’, along with the cbrresponding direction cosines relating the
principal axes to the crystallographic abc axis system for Qne molecule
in the unit cell. The observed and calculated values for the spin reso-
nance parameters are compared in Figs. 3 and 4 for the ab and ca
planes. Although the maximuin and minimurh values of g and AY

v could,be..d‘e'términed in the bé piane-, it was not possible to measﬁre. :

| the values at all orienfaﬁons, due to overlapping‘lines and interference

from the spectrum of the 5-thymyl radical. _

RADICAL ORIENTATION AND CONFORMATION :

~ The crysfal structure of dihydrothymine is an extremely cbm—
: plicated one. The dihydrofhyrnine molecule itself is not planar, so that
Both D énd L rholecules exist. Accordiﬁg to bFurbex;g and Jensen, !
both enaﬁtiomorphs occupy all sites iﬁ the érystal structure. The two
énantiomorphs do not occur in equal quantities, however§ the ratio of
D moiecules to L molecules is 3:2. The structure is therefore dis-
oraefed, inv the sensé_ that the two forms occupy all sites randomly, .
but with unequal probability. | |

.With the exception of C(5) and C(())', all the nonhydrogen atoms
of the dihydrothymine mbiecﬁle lie nearly in the same plane. Thﬁ_s, :
the planar pprtion of the sfructure is presumably ordered. Our ESR

measurements indicate order rather than disorder with regard to the

site occupancy of the observed radicals. The maximum 'nurr«iber:df

-
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'magnet'ically-di.stinct sites observed is two, | whereas the di-sordered
state should g1ve four, these const1tut1ng two unequally. we1ghted pa1rs.
There are two p0351b1e ways for this to occur. First, 1f radicals were
formed on only the D or the L molecules, the disorder of the crystal ,

structure would not be reflected in the magnetic Syrnmetry of the ESR |

measurements. Second, if the radical were'forrned in such a way that =

the a—carbon was part of the planar s'tructu'r'e, the radical symrnetry
would show order rather.than disor!devr‘.‘ A combination of the two
possibilitles'cannot, of course, be ruled out. o

| The above possibilities c'an be examined more closely by usingr
information available 'from the ESR ’analysis. On theoret.ical grounds,'
* the directions of.gw and Aa are along the p.orbital Acontaining the un-
paired electron. 12,13 For the 6- thyrnyl radical, th1s d1rectlon is per-
pendicular to the plane formed by N(i)’ 6) ° and C(5) \' Smce the atomlc
coord1nates for the atoms in the parent molecule are known, 1Othe
direction perpend1cu1ar to this plane can be- calculated for both D and
L "rnolecules, assurnlng no conformational changes. For both.
enantiornorphs, these calculations show relatively poor \cor.relation .
between thls direction and thev directions for gw_and AZ give.n 1n Table |
. : :

Much better agreement with the ESR results are obtamed 1f it

is assumed that the parent molecule is changed in such a way. that
C(é) becomes a part ot the planar structure. In this case the P orbital
- of the unpaired electron tvould be .perpendicular to the plane of the |
atoms N.(i)’ C(Z)’ N(3), and C(.4).' Th‘e calculations'show'that g, and
A:_are.'only 16 deg_and 10 deg, respe'ctl'vely, from this direction.

!
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It seems likely, the-refore,. that the conforrnatior_l of the newly formed
- 6-thymyl radical changes to'acvcorvnrn‘odate sp2 hybridization at C(6)’
so that C(é) becomes alm.ost part of the ordered structure. Likewise,
C(S) also prohably undergoes some rearrengemeht, although the entire
ring strueture of the radical may not necessarily be>‘§erfe'ct1y planar.
Additional evidence for this model for the o'rrentation and con-
forrhation of the 6-thyrr1y1 radical eomes from the direction of Aa.
The minimum hyperfme couphng to an « proton should occ.ur in the-
dlrectlon of the C- H bond 13 "On the assumption tha_t C('é) becomes
= coplanar with N(1)’ C(Z)’ and N(3), the direction of the C(é)—Ha bond
should be very near the direction of the C(Z) N-(i) bond. Calculations
‘based on the atomic coordlna’ces10 show that the direction of Ai is

only 11 vdeyg from the direction of the C bond

)7 N(1)
It seenrs, therefore, that the radicals appear ordered because

the « cabrbo'nvis part of the planar, ordered structure, even though

C(()) is dieordered in the parent coinpound. It cannot be determined,

however, whether radical formation occurs randomly on both D and

_ L'molecules or whether one enanthiomorph is favored.

LOW-TEMPERATURE STUDIES
Irrad1at1on and observatlon at 77 K revealed that both the 5- |
_thymyl and 6-thymyl radlcals are formed in dlhydrothymlne (Flg. 5).
At this temperature, the corrcen_tratlon of the 5—thyrny1 radical relatlve
to that of the 6-fhmy1 radical is less than at Toom tenrrpereture. ”
When samples 1rrad1ated at 77" K are warmed to room temperature,

- both the relative and absolute amounts of the 5- thymyl radical 1ncrease,
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~This indicates that, upon warming, some of the 6 -thymyl radicals are
converted into 5-thymyl radicals. | | |

It was 1'epor1:ed'ea,r1ier14 that the -6-thymyi radical 'c'onvertsvv |
into the _5.—1:hy'rniy1 radicé._l in the temperature rang’é 90°C to 130°C. |

The actix{atibn energy for this process was found to be 23.1 kcal/r_nole, :

with affrequ‘enc{r factor of 1.2X10.12/min.' 'A'n'extrapol_at.ion of these - |

values tovthe tempeiature range‘.77°K. td ,.>295°-IK éhbws that the con-

vérsion sh’qﬁld bte‘ ehtirely'negligible .at fhese tempe_ra.tur’es. Thus,

it -appé;i'i-__s_. that an addifioné.l converéién process, W1th different kivne‘tics,
~occurs below 295 °K. _The-"rnech_ani-s.‘m(s) féf free radical coﬁversion |

is not known in either case.
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Table I. Principal values of the spectroscopic splitting tensor (g) and
the a-hydrogen hyperfine tensor (A2) for the 6-thymyl radical in irradi-
ated dihydrothymine. Direction cosines relating the corresponding
principal axes to the crystallographic abc coordinate system are given
for one molecule in the unit cell. : : S ‘

Direction cosines

Principal value = , _a_._ b <
g, 2.0039 040 0.76 . 0.51
g, 2,003 047  -0.31 . o0.82
g, 2.0022 079 . -0.57 0,23
A? T.8gawss . -0.20  0.37  0.90
Az 26.9 gauss -0.42  -0.87 0.26
. 17.5gavss 0.89  -0.36 = 0.33
AP ' . 44.0 gauss - D IsotrIOpic _




Fig. 1.

11 o  UCRL-19257

Figure Captions
Second-derivative ESR spectrum of an irradiated single crystal

of dihydrothymine, oriented with the external magnetic field

“along the crystallographic b axis. Vertical arrows indicate

the outer components of the hyperfine 'spectrum of the 5—thymy1

' radical. Bars beneath the spectrum represent the quartet hyper-

Fig. 2.

Fig. 3.

flne pattern of the. 6 thymyl radical, with coupl1ng constants cal—
culated from spin resonance parameters given in Table I._ The :

observation was made at room temperature, at a microwave -

~frequency of 16 GHz.

ESR Spectrum of 1rrad1ated d1hydrothym1ne, A as descr1bed in

Fig. 1, but with the magnet1c field along_the a axis. At this

~orientation, the absorption of the 5-thymyl radical is very weak.

Compar1son between the calculated (solid lines) and observed
(c1rc1es) values for the spm resonance parameters of the 6-

thymyl radlcal in 1rrad1ated d1hydrothym1ne The calculations

' are based on tensor components given in Table I. The magnetic

Fig. 4.

Fig. 5.

field is in the crystallographic ab -plane.
Calculated:and observed values as described in Fig. 3, but -
with the magnetic field in the ca plane. .-
.Second-derivative ESR spectra of a single crystal ofdihydro—
thym1ne, irradiated and observed at 77°K. The magnet1c f1e1d
is (a) along the b axis and (b) along the ~a axis. The ob- |

s'ervat1onvfrequency was 9 GHz.
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