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Singe crystals of trimethoprim were examined after y-irradiation at room tem-
perature by ESR and ENDOR spectroscopy. A radical is formed by abstraction
of a hydrogen atom from the CH, group of the bridge. The unpaired electron is
delocalized mainly onto the trimethoxybenzyl ring. It interacts with one proton of
the bridge and with two protons in the trimethoxybenzyl ring.

Trimethoprim, C,,H,;N,O; [full name: 2,4-diamino-5-
(3,4,5-trimethoxybenzyl)-pyrimidine], is a well known
bacteriostatic drug which inhibits the activity of two dif-
ferent enzymes taking part in biosynthesis of bacterial
folic acid. It has been used among others as a metabolic
inhibitor in the chemotherapy of malaria and cancer be-
cause it affects the synthesis of proteins and nucleic ac-
ids. The molecular structure of trimethoprim is shown in
Fig. 1. Because of the large number of acceptor and do-
nor sites in the compound molecule, the mechanism of its
activity has not been fully determined.

The characteristic structure of the trimethoprim mol-
ecule, with an electron donor, a connecting bridge and an
acceptor, makes it interesting to investigate the unpaired
electron delocalization in radicals derived from trimetho-
prim and the effect of relative spatial orientation of the
donor and acceptor parts on this delocalization. Possible
effects of radiation on the biological activity of the com-
pound would be better understood if the free radicals
which remain stable after irradiation could be character-
ised.

This paper aims at identification of the type and elec-
tron structure of the radical formed under y-irradiation of
trimethoprim at room temperature.

Experimental

Trimethoprim was obtained from Poznan Pharmaceuti-
cal Plant POLFA in the form of a powder. Single crystals
of trimethoprim were grown according to the method de-
scribed in Ref. 1 by crystallization from a saturated so-
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lution of trimethoprim in methyl alcohol by slow evapo-
ration at room temperature. The monocrystals were
homogeneous, colourless and had well developed sur-
faces with a maximum size of 3 x 1 x | mm. The melting
point of the obtained monocrystals was determined to be
196-198°C.

_The monocrystals belong to the triclinic system of
P1 space group symmetry, and their elementary cell pa-
rameters are: a=10.523 A, b=11.222 A, c=8.068 A,
a=101.220°, B=112.150° and vy =112.650°." Each
elementary cell comprises two equivalent molecules.

The obtained monocrystals were exposed to y-irradia-
tion from a cobalt bomb source to a dose of 150 kGy.
The ESR spectra measurements were carried out on a
spectrometer working in the X-band (9.4 GHz) made by
Radiopan, Poland. Electron-nuclear double resonance
spectroscopy (ENDOR) measurements of trimethoprim
monocrystals were performed at the Department of Phys-
ics and Technology of the University in Linképing, Swe-
den, on a 200D-SRC spectrometer made by Bruker. The
ESR and ENDOR signals were recorded by turning the
crystal around the three mutually orthogonal axes x, y
and z at every 5°. The crystal was oriented so that its
c-axis was parallel to the z-axis, and its b-axis made an

NH, H H

Fig. 1. Molecular structure of trimethoprim with the assumed
numbering of the atoms.
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Fig. 2. A monocrystal of trimethoprim in the crystallographic
reference frame abc and the ESR reference frame xyz. The
c-axis is parallel to the z-axis, and the b-axis forms an angle
of 30° with the y-axis and 62.6° with the x-axis.

angle of 30" with the y-axis and 62.6° with the x-axis.
The relative orientation of the experimental frame axes to
the crystal axes is illustrated in Fig. 2.

Experimental results

ESR spectra of irradiated trimethoprim monocrystals, of
which a few are shown in Fig. 3, have a complex struc-
ture and moreover are poorly resolved in most orienta-
tions, making the analysis difficult. As the two molecules
in the elementary cell are magnetically equivalent, the
ESR spectra of the monocrystals should be symmetrical.
The fact that they are not symmetric may suggest the
presence of a radical of a different type. Only one radical
has been assigned, however.

The dependence of the g-factor on the monocrystal ori-
entation relative to the magnetic field of the ESR spectra
is shown in Fig. 4. In this figure and in Fig. 6 the 90-180°
angular variation has been folded back on the 0-90° vari-
ation to save space. The principal values and the corre-
sponding direction cosines of the g-tensor in the labora-
tory frame are given in Table 1.

Relatively well resolved hyperfine structure of the ESR
spectra could be obtained for only a few orientations of
the monocrystals (Fig. 3). Thus, identification of the type
of the radical formed on the basis of ESR spectra only
proved very difficult. In the next step we resorted to EN-
DOR spectroscopy, which proved beneficial. A typical
ENDOR spectrum is presented in Fig. 5.

The analysis of ENDOR spectra provided evidence for
the occurrence of three anisotropic interactions between
the unpaired electron and hydrogen nuclei in trimethop-
rim, and indicated the presence of a few weaker hyperfine
couplings.
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Fig. 3. ESR spectra of y-irradiated single crystal of tri-
methoprim at room temperature. The applied field is in the
yz-plane and makes an angle of 10° (a) and 115° (b) with
the y-axis.

The dependence of the hyperfine splitting values on ori-
entation of the monocrystal with respect to the magnetic
field corresponding to the three anisotropic interactions is
shown in Fig. 6. The data for the hyperfine splitting ten-
sors are collected in Table 1.

Computational results

In order to investigate the type of radical formed in the
irradiated trimethoprim crystal semiempirical MO com-
putations were performed. The radical structure was op-
timized with the RHF/MNDO method developed by
Dewar and Thiel.> The geometry of the neutral molecule
in the crystal phase' was used as an initial trial structure
in the geometry optimization. A neutral radical with one
hydrogen abstracted from the CH, bridge was assumed.
Attempts to calculate the molecular anion failed to con-
verge.



2.0080
2.0060 h X
9
N\, X
2.0040 |- N
\ x/
X"
20020
20000 1 1 1 ] 1 1
0 30 60 30 60 30 60
Y z X Y
® (deg]

Fig. 4. The g-factor dependence on the crystal orientation
with the magnetic field in the yz, zx and xy planes of the
experimental frame, obtained for an irradiated single crystal
of trimethoprim at room temperature. The 90—180° angular
variation has been folded back on the 0—90° variation to
save space.

The optimization of the neutral radical was performed
in three steps. First, all geometrical parameters, except
the dihedral angles of the atoms of the side groups (-NH,,
-OCH,;) and hydrogen-bond lengths in these, were opti-
mized. Second, the methoxy groups and the benzyl ring
were fully optimized while all other parameters were kept
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Fig. 5. ENDOR spectrum of a y-irradiated single crystal of
trimethoprim at room temperature. The applied field is in the
yz plane and makes an angle of 10° with the y-axis. The
lines at 20.83, 22.98 and 33.31 MHz are attributed to three
o-hydrogen atoms.

fixed. In the last step all parameters were optimized ex-
cept those of the methyl part of the methoxy groups as
well as the hydrogens in the NH, groups. The optimized
structure is shown in Fig. 7. Both the pyrimidine and the
benzyl rings remain essentially planar. The C-C-C angle
of the bridge joining the two rings increases from 117.9
to 130.5°, and the two C-C bond lengths are significantly
shortened (Fig. 7). The single hydrogen of the bridge is
tilted from its tetragonal position to a position closer to

Table 1. Experimental principal values and direction cosines of the g-tensor and of the hyperfine tensors, A, (in MHz), for the
a-hydrogen atoms in a y-irradiated single crystal of trimethoprim.?

Direction cosines relative to axes

Principal Calculated
Tensor values values X y z
g 2.0021 0.6185 -0.2919 0.7296
2.0051 —0.3905 0.6915 0.6077
2.0079 -0.6819 —-0.6608 0.3137
A, —6.350 —0.1904 0.8343 0.5174
—-14.272 0.5902 —-0.3239 0.7394
-17.237 0.7845 0.4462 —0.4307
A1iso -12.620 -11.8
A, -5.015 0.7897 —0.3421 —0.56093
=14.224 0.4658 —0.2061 0.8606
-17.200 0.3994 0.9168 0.0034
A% -12.146 -11.9
A, —-17.769 —0.0831 0.7725 0.6296
—-39.259 0.4031 —-0.5517 0.7302
—-63.283 -0.9114 —0.3145 0.2655
A3iso -40.104 -36.3

? Negative principal values have been assumed for the experimental tensors. The calculated isotropic couplings were obtained
by INDO. The orientation of the xyz-axes relative to the crystallographic axes is shown in Fig. 2.
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Fig. 6. Orientation dependence of the first-order ENDOR
splittings, A;, A, and A; of three hydrogens in the yz, zx and
xy-planes of the laboratory frame for an irradiated single crys-
tal of trimethoprim. The 90—180° angular variation has been
folded back on the 0—90° variation to save space.

the plane of the trimethoxybenzyl ring. In this ring, two

C-C bonds remain essentially unaffected, while four are
slightly elongated (Fig. 7). The C-O bonds between ring
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Fig. 7. MNDO-optimized geometry of the radical formed in
y-irradiated single-crystal trimethoprim at room temperature.
The trimethoxybenzy! ring is in the plane of the paper. Also
shown are optimized bond lengths (in A) of selected bonds.
Values of the neutral molecule' are shown in parenthesis. The
positions of the three a-protons assigned in Table 1 are also
indicated.

carbons and methoxy groups also stay essentially un-
changed. The central C, —O bond decreases from 1.371
to 1.363 A, while the C;.—~O and C5.—O bonds increase
from 1.363 and 1.360 A to 1.371 and 1.371 A, respec-
tively.

Single-point RHF/INDO + CI calculations® using the
MNDO optimized structures were employed to extract
hyperfine splittings. The calculated hyperfine splittings
(HFS) for the optimized structure are shown in Table 1.
Three major hydrogen splittings are predicted, in agree-
ment with experiment, as well as a smaller coupling (ca.
5.5 MHz) of the single hydrogen directly bonded to the
pyrimidine ring. The isotropic part of each a-hydrogen
hyperfine coupling was estimated from the INDO-calcu-
lated unpaired m-electron spin density using the McCo-
nnell equation:*

A0 = QcuPp (1

where p is the unpaired n-electron density and Q" is
an empirical constant dependent on the type of radical.
Commonly the constant Q! takes values in the range
—64.4 to —73.4 MHz, but in the present case this range
seems too small. This has also been found for other sys-
tems, e.g. the biphenyl radical cation,>® which requires a
value of —86 MHz to give a good agreement with ex-
perimental data. This value of Qcy" gives the isotropic
HFS presented in Table 1. Although slightly underesti-
mated, the agreement with the experimental values is sat-
isfactory. The INDO calculated densities of the unpaired
electron on individual carbon atoms are: p(C7)=0.43,
p(Ce)=p(Cy)=0.14, p(Cy)=0.17, p(C;)= -0.06,
p(C5)=p(Cs) = —0.04, p(Cy) = (C,) = 0.06, p(C¢)=0.07.
Only densities exceeding 0.025 are listed. Thus, the un-
paired electron is almost completely localized on the
bridge and the benzyl ring, and only slightly delocalized
onto the pyrimidine ring. Such a pronounced asymmetry



in the electron delocalization is most probably due to the
considerable difference of the electronic properties of the
2,4-diaminopyrimidine and 3,4,5-trimethoxybenzyl rings.
The former shows strong electron donor properties, while
the latter has electron acceptor properties.

Discussion

On the basis of the ESR and ENDOR spectral analysis
and the MO calculations it is concluded that in a mono-
crystal of trimethoprim the ionizing radiation induces the
formation of a radical by abstraction of a hydrogen atom
from the CH, group in the bridge joining the two rings of
the molecule. The inferred structure of this radical is pre-
sented in Fig. 7.

The unpaired electron interacts with the hydrogen atom
at C,, and as it delocalizes mainly onto the trimethoxy-
benzyl ring (3,4,5-trimethoxybenzyl) it also interacts with
the hydrogen nuclei at C,. and C,.. Thus, in this radical
three hyperfine interactions of the a-type occur. Two of
them are almost of the same strength. The eigenvectors of
the g- and hyperfine coupling tensors are in mutual agree-
ment with this interpretation, i.e. (a) The eigenvectors for
the intermediate hyperfine coupling principal values
(which should be along the unpaired electron orbital) are
all almost parallel, indicating a planar radical fragment.
(b) The eigenvector for the minimum principal g-value is
nearly parallel to the above directions. (¢) The eigenvec-
tors for the minimum hyperfine coupling principal values
(which should be along the C-H bond direction) are al-
most parallel for (1) and (3), and make an angle of about
130° with (2). This is consistent with the suggested struc-
ture.

There are a few more features of the experimental data
which need to be considered. First, the g-factor variation
is unusually large for a carbon-centred radical. This might
imply delocalization of spin density on oxygen or nitrogen
atoms. Under these conditions the maximum g-factor
should be along the C,.—O bond, which is roughly par-
allel to the bisector of the C,.—H and Cg —H directions
(Figs. 1 and 7). As is well known, these latter directions
are close to the minimum values of the hyperfine splittings
of the hydrogens denoted Al and A2 in Table 1. Per-
forming the arithmetics gives the direction (-0.7727,
—-0.6351, -0.0105), which deviates 19° from the direc-
tion for the maximum g-factor. This is considered satis-
factory in view of the crudeness of the estimate. However,
the MO calculations do not predict this delocalization.
The calculated m-electron spin density on the oxygen is
only 0.01. Probably the geometry of the bridge and the
angle between the two ring planes can play an important
role in the calculated spin distribution, but this has not
been investigated further.

Secondly, the anisotropic parts of the hyperfine split-
tings Al and A2 obtained by subtracting the isotropic
coupling from the principal values of Table 1 deviate from
the form expected for a m-electron carbon-centred radi-
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cal. For unity spin density one usually finds (30, 0, —30)
MHz along the C-H bond, parallel to the n-orbital, and
perpendicular to these directions, respectively.” In the
present case the spin density is delocalized. This has been
taken into account in a method to calculate dipolar cou-
plings from UHF/INDO theory.® Another method ap-
plicable to delocalized n-electron radicals involves an ex-
tension of the theory in Ref. 7 to include contributions
from spin densities at several atoms. The results show
that the form of the dipolar coupling is sensitive to the
spin density distribution.® Calculations with the latter
method give principal dipolar components of Al: 5.7,
-2.0, —3.7 MHz and of A2: 59, - 1.9, —4.0 MHz.
This should be compared with the measured dipolar com-
ponents of Al and A2; 6.3, —1.7, —4.6 and 7.1, - 2.0,
—5.1 MHz, respectively. The agreement between theory
and experiment is quite good considering the difficulty of
estimating the spin density at the C, N and O positions.
In the calculation the RHF/INDO + CI calculated spin
densities on C, and the benzyl ring carbons were used.
Calculated principal directions are as expected where the
intermediate value in each dipolar tensor is found in the
direction perpendicular to the plane of the benzyl ring
and the two large values are found in the plane. Because
of the contribution from spin densities at several atoms
the large, positive component is shifted +7° from the
C-H bond direction and the large, negative component
+97° from the C-H bond direction. The calculated di-
rections are consistent with the properties of the experi-
mentally observed principal directions discussed above.

Finally, it might have been advantageous to compare
directly directions obtained from ESR and ENDOR with
those from crystallographic data, by expressing the crys-
tallographic (a,b,c) coordinates in the experimental frame
(x,y,z). This has not been carried out, since the internal
consistency of the ESR and ENDOR data was consid-
ered satisfactory, as described above, and since the geo-
metry of the radical differs from that of the trimethoprim
molecule.

A delocalization of the unpaired electron from the
—C,H,~- bridge onto the pyrimidine ring is less likely in
view of the computational results. From the ESR point
of view, it would bring about only one a-type hyperfine
interaction with the hydrogen atom at C, and a few B-type
interactions with the hydrogens of the NH, groups at C,
and C,. It is difficult to think of other radicals which
would be formed in the pyrimidine ring by e.g. abstraction
or attachment of a hydrogen atom, in which three a-type
hyperfine interactions would be present. All in all the
most probable type of radical is the one in which the
hydrogen atom is abstracted from the carbon atom C,,
and the unpaired electron is delocalized onto the tri-
methoxybenzyl ring.

Delocalization of the unpaired electron through a
bridge connecting two rings has already been considered
by many authors.’"'? For example, Voevodskii et al.,’
based on the studies of Tuttle and Weissman'® and
McConnell and McLachlan,'! have analyzed the ESR
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spectra of ion radical of aromatic compounds in which
two phenyl rings are linked by a saturated hydrocarbon
bridge. In all the cases studied the electron transfer be-
tween the rings occurs at a rate higher than 10’ Hz. Har-
riman and Maki'*'* also investigated two aromatic rings
connected by different bridging groups: CH,, S, O and
CH,CH,. The hyperfine structure was found to be espe-
cially sensitive to the intramolecular electron transfer rate
when the latter is of the same order of magnitude as the
hyperfine intervals when expressed as frequencies. They
determined the rate of electron transfer through the
bridge, obtaining values ranging from 10°~10® Hz for dif-
ferent compounds. In our case the rate of electron trans-
fer between the pyrimidine and the trimethoxybenzyl ring
is lower than 3 x 10° Hz. Such a small rate is probably
due to a large difference in electronegativity between these
rings and to a delocalization of the unpaired electron onto
the trimethoxybenzyl group. Assessment of the tempera-
ture dependence of this delocalization requires further in-
vestigation.

Acknowledgment. This work was partially supported by
the Swedish Institute and by the Committee for Scientific
Studies (KBN) via grant 2252/2/91. The report of a ref-
eree has greatly helped to improve the manuscript.

162

References

1.

2.

13.

14.

Koetzle, T. F. and Williams, G. J. B. J. Am. Chem. Soc. 98
(1976) 2074.

Dewar, M. J. S. and Thiel, W. J. Am. Chem. Soc. 99 (1977)
4899.

. Pople, J. A. and Beveridge, D. L. Approximate Molecular

Orbital Theory, McGraw-Hill, New York 1970.

. McConnel, H. M. and Chestnut, D. B. J. Chem. Phys. 28

(1958) 107.

. Courtneidge, J. L., Davies, A. G., Clark, T. and Wilhelm, D.

J. Chem. Soc., Perkin Trans. 2 (1984) 1197.

. Erickson, R., Lund, A. and Lindgren, M. Chem. Phys. Ac-

cepted.

. McConnell, H. M. and Strathdee, J. J. Mol. Phys. 2 (1959)

129.

. Edlund, O., Lund, A., Shiotani, M., Sohma, J. and Thou-

mas, K-A. Mol. Phys. 32 (1976) 49.

. Voevodskii, V. V., Solodnikov, S. P. and Chibrikin, V. M.

Dokl. Akad. Nauk SSSR 129 (1959) 1082.

. Tuttle, T. and Weissman, S. J. Am. Chem. Soc. 80 (1958)
5342.

. McConnell, H. M. and McLachlan, A. D. J. Chem. Phys. 34
(1961) 1.

. Krzyminiewski, R., Pawlicka, M. and Pietrzak, J. J. Mol.

Struct. 269 (1992) 155.

Harriman, J. E. and Maki, A. H. J. Chem. Phys. 39 (1963)
778.

Maki, A. H. and Geske, D. H. J. Chem. Phys. 33 (1960)
825.

Received June 14, 1994.



