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Abstract—The solid and the argon-matrix isolated samples of 6-fluorothymine, 1-methyl-6-fluorothymine,
1,3-dimethyl-6-Auorothymine and 3-methylfluorothymine are studied at low temperatures by ir.
spectroscopy. The spectra obtained are interpreted using the calculation of planar normal vibration
frequencies. The electronegative fluorine atom in the 6-position is shown to have a strong influence on the
normal vibration frequency changes of crystalline and isolated thymine. N-H - - - F hydrogen bonds are

evidenced to exist in crystalline samples.

INTRODUCTION

Infrared spectroscopy is widely employed to investigate
the structure of nucleic acid bases and related com-
pounds. The special interest in the derivatives of the
pyrimidine base of nucleic acids—thymine and in
particular in 6F substitutes and their methylated
analogues is connected with their antimetabolic prop-
erties [1-3]. The spectra of these compounds are not
clearly understood yet. Reference 4 shows the ir.
spectra of 6-fluorothymine solutions in the regions of
the stretching vibrations of NH and C=0 groups.

This work is therefore aimed at studying the vibra-
tional spectra of 6-flucrothymine, 1-methyl-6-
fluorothymine and 1,3-dimethyl-6-fluorothymine in
the crystalline state and isolated in argon matrices.
The experimental results are interpreted on the basis
of calculated normal vibrations.

EXPERIMENTAL

The spectra of crystalline samples were registered with an
[KS-29 spectrometer on films in Vaseline and perflucrovase-
line oils. The methed of low lemperature matrix isolation in
solid argon [5] was used to record spectra of the isolated
molecules of 6-fluorothymine and its methylated derivatives.
The spectra were registered with a “Specord IR-75" spec-
trometer, the resolution being 1 cin™ ' at 1800400 cm ~ ! and
4cm™! at 3600 cm . To avoid the band splitting due to
nitrogen impurities in the argon matrix, it was especially
important to use leak-proof vacuum joints {the vacuum was
greater than 107 ® torr). The argon purity was 99.99%. The
concentration of the substances investigated in the matrix
was controlled with quartz microbalances and was one
molecule per 1000 argon atoms. The detailed description of
the measurement method and sample preparation can be
found in Ref. 6.

MATERIALS

The samples of 6-fluorothymine were prepared by
alkali hydrolysis of 2,4,6-trifluoro-5-methylpyrimidine
in the form of colourless crystals: A,,.=270nm
(£=13.98).

1-Methy!-3-methyl-1,3-dimethyl-6-flucrothymine
were prepared through an interaction between 6-
fluorothymine and dimethylsulphate in water in the
presence of alkali with the molar proportions 1:1, 3:1,
3 at 20-25°C for 2 h. Pure methylated dertvatives of 6-
fluorothymine were obtained after fractional crystal-
lization of the precipitate from chloroform:

1-methyl-6-fluorothymine—A4,,,, =257 nm (¢=23.89);

3-methyl-6-fluorothymine—A,,,, =256 nm (¢=3.83);

1,3-dimethyl-6-fluorothymine—~4,,,, =250 nm
(£=13.93).

CALCULATION

The vibrational spectra were calculated using the
programs compiled by GRIBOV and DEMENTIEV
[7. 8] and the force constants of thymine [9]. The
geometrical sizes of the crystalline 6-fluorothymine
molecule were similar to those of thymine [8]. The
C-F bond length was taken to be the same as in the
fluorobenzene molecule, ie. 1.29 A [10]. The vibra-
tional spectra of 6-fluorothymine in the argen matrix
were calculated using the same bond lengths and
valence angles as obtained by the quantum-chemical
method for the thymine molecule with complete geo-
metrical eptimization [11]. Calculations involved the
valence-force field method.

RESULTS AND DISCUSSION

NH- stretching vibrations

A comparison of the ir. spectra for thymine, 6-
fluorothymine and its methyl derivatives (Fig. 1, Table
1) shows that a fluorine atom introduced into the 6-
position induces significant changes in the region of
the NH stretching vibrations,

Firstly, instead of the two intensive bands observed
at 3180 and 3033 cm ™! in the spectra of solid samples
(N;H,,, and N;H,,, of thymine [9], respectively), the
specttum of 6-fluorothymine displays doublets at
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Table 1. Observed and calculated frequencies of planar vibrations of 6-fluorothymine and its methylated derivatives*

S. G. STEPANIAN et al.

6-Fluorothymine 1-Methyl- 3-Methyl- 1,3-Dimethyl-
6-fluorothymine 6-fluorothymine fluorothymine
Observed  Calculated Observed Observed Observed Type

3210 3203 3175 — — N,H str
3105 3096 3120 3125 - N,H str
3081 3105

785 795 760 762 750 Cs-R (CH,) str
1150 1138 1165 1150 1170 C¢-F str

1745 1741 1725 1745 1715 C,=0 str, C,-N str,
1730 1738 C=C str

1702 1697 1690 1698 1686 C,=0 str, C=C str
1652 1648 1670 1625 1645 C,=0 str, C=C str
1524 1525 1490 1555 1450 Ring str

1400 1403 1425 1390 — Ring str, N3H bend
1250 1237 1245 1240 1265 Ring str, N,H bend
985 964 965 975 925 Ring str, ring bend
1025 1009 — 1048 1030 Ring str, ring bend
1310 1306 — 1305 — N,H bend

1466 1442 1455 — — N,H bend

345 333 — 354 — C,-R str

— 314 — — - Ce—R str

— 596 610 — - C=0 bend

382 383 - 382 — C=0 bend

728 728 728 720 722 Ring bend

645 681 668 655 652 Ring bend

530 542 532 — — Ring bend
2900 3000 3020 3000 3040 CH, str as
2964 2927 2920 2960 2940 CHj, str s

1492 1478 1480 1450 1475 CH, bend sciss.
1305 1336 1312 1315 — Ring str,
C-CH, str

* Abbreviations: str, stretching; bend, bending. Frequency in cm ™.

absorbance
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Fig. 1. Infrared spectra of solid samples of 6-fluorothymine

and its methylated derivatives: (1) 6-fluorothymine, (2) 1-

methyl-6-fluorothymine, (3) 1,3-dimethyl-6-fluorothymine,
(4) 3-methyl-6-fluorothymine.

3105, 3081 cm ™! and a broad band at 3210 cm ™. The
spectra of 1-methyl- and 3-methyl-derivatives of 6-
fluorothymine also have doublets in this region: 3175,
3120 cm ™! and 3125, 3105 cm ™!, respectively. In ad-
dition, the calculation shows that, unlike thymine [9],
the high-frequency band in the vibrational spectrum
of 6-fluorothymine is due to N3H,,, vibrations and the

low-frequency one to N, H,,, vibrations, i.c. the N, H,,,
and N,H,, bands are observed to reverse (Table 1).
The significant lowering of the N, H,,, frequency (by ca
60-80 cm " !) in the 6-fluorothymine and 3-methyl-6-
fluorothymine spectra is accounted for by the forma-
tion of the hydrogen bond N,H - - - F in the inter-
molecular complexes of various structures (Fig. 2). The
probability of two types of complex is supported by
the NH,, band splitting in the spectra of all the 6-
fluorothymines studied. In the absence of a strong
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Fig. 2. The structure of 6-fluorothymine complexes with
N-H - - - F hydrogen bonds.
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Fig. 3. Calculated (top) and observed (argon matrix, 11 K) vibrational spectra of 6-fluorothymine. The
bands assigned to C-F bond vibrations (stretching, bending and out-of-plane) are marked.

molecular interaction the N, H,,, and N;H,,, frequen-
cies (3463 and 3438 cm ') of matrix-isolated 6-fluoro-
thymine (Fig. 3 and Table 2) are in good agreement
with the corresponding frequencies of matrix-isolated
thymine (3478 and 3431 cm ™~ !)(Table 3). The 15 cm ™!
decrease of the N, H,,, frequency is due to the lowering
of the N, H bond order by the fluorine atom intro-
duced into the 6-position. Conclusions on the effect of
molecular interaction upon the particular structural
fragments may be drawn from a comparison of the
force constants for solid and isolated 6-fluorothymines
(Table 4).

NH deformation vibrations

Our assumptions on the effects produced by the
fluorine atom substitution are also supported by the
changes in the i.r. spectra occurring in the region of
N,H and N,H,, vibrations. While in the series thym-
ine, 6-fluorothymine, 1-methyl- and 6-fluorothymine
the N;H,. frequency changes only slightly, the
N, H,, frequency increases by 150 cm ™! in the spectra
of solid samples {(due to the formation of hydrogen
bonds, N,H - - - F) and decreases in the spectra of
matrix-isolated molecules (Tables 1 and 2).

C-F bond vibrations

The formation of the N,H . . . F hydrogen bond is
also suggested by the changes in the C-F,,, vibrations.
They are similar in the i.r. spectra of solid 6-fluoro-
thymine and 3-methyl-6-fluorothymine and more
appreciable in the ir. spectra of 1-methyl-6-
fluorothymine and 1,3-dimethyl-6-fluorothymine,
which cannot form hydrogen bonds involving
fluorine.

The spectra of all the matrix-isolated 6-fluorothy-
mine molecules contain intensive bands with close

magnitudes (Fig. 3, Table 2), which correspond to
stretching and deformation vibrations of the C-F
bond. The C-F vibrations are beyond the spectral
capabilities of the instruments used. A strong
450 cm ! band was observed only in the i.r. spectrum
of 1-methyl-6-fluorothymine.

Carbonyl group vibrations

The fluorine atom introduced into the 6-position of
thymine appreciably affects the formation of inter-
molecular hydrogen bonds between the carbonyl
groups and NH bonds. It has been shown [2] that the
presence of F at C, suppresses the proton-acceptor
ability of the C,=O group but does not influence the
C,=0 group. The stretching vibration frequency of
the fragment O=C,-C,=C, is observed to increase as
compared to that of thymine (Table 3). The doublets
observed in the region of C=0,, vibrations (Fig. 1) in
the spectra of both solid samples and solutions [1]
suggest that in addition to the hydrogen bonds
N;-H - -F, the group N,H forms the hydrogen
bonds C,=0O - - - HN;,.

The data in Table 4 indicate that methylation leads
to a low-frequency shift of C=0,,, vibrations in the
spectra of matrix-isolated molecules, the C,=0,,, vi-
brations being shifted by N,-methylation, and
C,=0,, and C,=0,, vibrations by N,- and N,-
methylation.

Ring vibrations

Calculation of the normal vibration modes shows
that many vibrations of the pyrimidine cycle are
contributed by NH deformation vibrations sensitive
to molecular interactions. The transition from an
associated molecule to a matrix-isolated one is there-
fore accompanied by a sharp increase in the vibration
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Table 3. Observed (argon matrix, 11 K) and calculated vibrational spectra of thymine*

Observed [12] Calculated

Observed [12] Calculated

Frequency I Frequency Type Frequency I Frequency Type
3478 19 3480 N,H str 1311 1 661 + 661
3431 15 3433 N,H str 1305 1 543+ 762
3013 C,,—Hstrt 1294 1 1288 CsCy, str
2990 {1198 3 1205 C¢H bend
2934 1182 31 1177 N, H bend, C,H bend
1766 74 1761 C,0 str 1086 S 1096 Ring bend, ring str
{1749 57 1050 C,H bend
1744 50 1740 C,O str, Cs=C, str 959 3 963  C,H bend
1722 36 890 4 902 Ring str, ring bend
1710 100 1703 Cs=Cg str, C,O str 762 11 756 Ring bend, CcH bend
1681 15 1676 Ring str, N;H bend 752 10 747 Ring bend
1667 11 1653 Ring str, NyH bend 724 C,H bend
1470 23 1483 Ring str, C¢H bend 661 17
1456 2 1454 C,H bend 543 21 534 C,0 bend, ring bend
1451 2 1443 C¢H bend, ring str 453 6 456 C,0 bend, C,O bend
1434 2 1439 C,H bend 387 C,C,, bend
1404 21 1411 N,H bend
1388 4 1382 Ring str
1365 1 1366 C,,H bend
1354 1
1344 1

*See Table 2, tm, methyl.

Table 4. Force constants of 6-fluorothymine and its methylated derivatives (106 cm~2)

6-Fluorothymine

1-Methyl-6-
fluorothymine

1,3-Dimethyl-6-
fluorothymine

K of bond Solid Argon matrix Argon matrix Argon matrix
C,=0 18.5 18.12 18.7 184
C,=0 17.83 16.8 17.9 17.3
C-F 11.6 12.8 12.8 12.8
N,-C, 10.3 104 104 10.35
C,-N, 9.1 10.4 104 1035
N,—C, 103 104 104 10.4
C,—C 9.5 10.6 10.6 10.6
Cs—Cq 14.0 149 14.8 14.8
C,-N, 103 109 10.7 10.7
frequencies of the ring, which are contributed by the CONCLUSIONS

NH,, vibrations.

The ring vibrations in the region from 1500 to
400 cm ™! involving the bonds of the C;=C¢-N, frag-
ment, are highly sensitive to the substitution of fluo-
rine for the proton at Cg, to N, - and N;-methylation
and to the transition from the solid state to the
isolated one.

Methyl group vibrations

In the 1500-900 cm ™! region many bands in the
experimental spectra refer to the deformation vibra-
tions of the methyl groups and are of medium inten-
sity. According to the calculation, many vibrations of
the ring are mixed with those of CH(methyl)y,, in this
region. The medium intensity bands in the
1270-1290 cm ™! region correspond to C-CH ,,, and
N-CH,;,,, vibrations.

A comparison of the spectra taken on solid and
matrix-isolated samples of thymine, 6-fluorothymine
and its methyl derivatives and the calculation of their
vibrations permit the following conclusions.

(1) The frequencies and modes of normal vibrations
of thymine are strongly influenced by the electro-
negative fluorine atom introduced into the 6-position.
The suppression of the electron-acceptor properties of
the C,O group leads to an increase in the frequency of
the vibrations corresponding to the stretching vibra-
tions of the O=C,—C,=C,.

(2) The formation of the hydrogen bond
N,H - - - F significantly decreases the N,H,, fre-
quency and increases the N, H,,, frequency.

(3) Intermolecular complexes of various structures
may be formed in the condensed state with hydrogen
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bonds, N,-H - - - F or N,-H - - - O-C,, which leads
to the splitting of the N, H,,, and C,0,,, bands.

(4) On transition from the solid state to the matrix-
isolated one, the frequencies of the ring stretching
vibrations involving the NH groups and of the
C=0,,, vibrations are observed to increase signific-
antly.
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