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Abstract. The vibrational spectra of a synthetic purine nu-
cleoside with known antiviral activity, 9-fB-D-arabino-
furanosyladenine hydrochloride (ara-A.HCI) are reported.
The Fourier transform infrared (FT-IR) and Fourier trans-
form Raman (FT-Raman) spectra were recorded in the
4000-30 cm™" spectral region. The harmonic frequencies
and potential energy distributions (PED) of the vibrational
modes of ara-A.HCl were calculated by two different
methods: a classical molecular mechanics method and a
semiempirical molecular orbital (MO) method, PM3. The
results of both computational methods, based on the Wil-
son GF method, are compared with observed spectra, and
an assignment of the vibrational modes of ara-A.HCI is
proposed on the basis of the potential energy distributions
(PED). It is found that the wavenumbers can be calculated
with remarkable accuracy (=1% deviation in most cases),
with the classical mechanics method, by transferring a suf-
ficiently large set of available harmonic force constants,
thus permitting a reliable assignment. The semiempirical
MO method, PM3, is found to be useful for the assignment
of experimental frequencies although it is less accurate
(=10% deviation). IR intensities calculated by this method
did not coincide with the experimental values. Certain out-
of-plane vibrations in the base, not reported in previous
studies, have been observed. The performance of both
methods was related to the crystallographic and ab initio
data available. Previous normal coordinate calculations for
the adenine base and the nucleoside 5-dGMP are com-
pared with our results and discussed, in relation to the crys-
tal structure of Ara-A.HCL
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Introduction

Owing to the number of active compounds and their se-
lectivity, nucleoside analogues and their derivatives are at
present the most important group of antiviral drugs. While
almost 25 years have elapsed since the first antiviral agent
(5-iodo-2’-deoxyuridine) was marketed, the clinical use of
antiviral agents has gained renewed interest and the search
for new antiviral agents has been further boosted by the
advent of AIDS (acquired immune deficiency syndrome)
and the use of gene therapy GPAT (genetic prodrug acti-
vation therapy). It is clear that the need for treatment of
viral diseases is enormous.
9-B-D-arabinofuranosyladenine (ara-A . HC), Fig. 1, is
a purine nucleoside that exhibits antiviral activity against
DNA viruses of the herpes group. Suhadolnik (1970) has
reviewed the biological activity of ara-A . HCL. The com-
pound is curative against L 1210 leukaemia in mice when
used in combination with inhibitors of adenosine deami-
nase, such as 2’-deoxycoformycin (Wilman 1990). Stud-
ies have indicated that the mechanism of action involves
the conversion of ara-A by cellular kinases to the active

OH H

Fig. 1. Chemical structure and atomic numbering system of ara-
A.HCI
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5’-triphosphate (de Clercq 1981) which has been shown to
inhibit the viral DNA polymerase (Miieller et al. 1975).
Ara-A can be incorporated into either cellular or viral DNA
(Plunkett and Cohen 1975) although it may not necessar-
ily affect the functioning of the DNA.

The crystal structure of ara-A.HCI has been studied by
X-ray diffraction by Chwang and Sundaralingam (1974),
who observed monoclinic crystals with unit cell dimen-
sions of a=6.475A, b=15.787 A, ¢=7510A and
B=121.62°, two molecules per unit cell, with *T, pucker-
ing of the arabinose ring and [C(3")-endo-anti-gg] confor-
mation, which is one of the most common conformations
found in ribo and 2’-deoxyribonucleosides. These authors
observed intermolecular O(2")...0(5") hydrogen bonds
linking adjacent molecules along the c axis; the sheets of
adenine rings in adjacent unit cells linked by hydrogen
bonds between the amino group and the ring nitrogen N(3);
and the chloride ion located in the cavity formed by three
nucleosides, to which it is hydrogen bonded through the
arabinose O(3"), O(3") and the amino nitrogen N(6). The
structure of ara-A has been studied by Bunick and Voet
(1974) and those of the natural analogue adenosine and
adenosine.HCl by Lai and Marsh (1972) and Shikata et al.
(1973), respectively.

Raman spectra of ara-A, ara-A.HCI, adenosine and
adenosine.HC1 have been reported by Theophanides et al.
(1985) with assignments based on correlated group fre-
quencies.

Because of the importance of adenine nucleosides in
biochemistry, a greater understanding of their vibrational
spectra is a useful basis in the study of both adenine-con-
taining biopolymers and drug-enzyme interactions which
would correlate antiviral and antitumour action with the
physicochemical properties of nucleoside analogues.

Our purpose in this paper is to compare experimental
FT-IR and FT-Raman frequencies with theoretical fre-
quencies obtained by normal coordinate analysis using two
different methods: a classical mechanics method and a
semiempirical quantum mechanical molecular orbital
(MO) method, PM3, and to evaluate the advantages of both
methods for obtaining a reliable assignment of the vibra-
tional spectra.

Assignments are thus proposed for observed frequen-
cies corresponding to both in-plane and out-of-plane vi-
brations on the basis of PED. Previous normal coordinate
analysis (Tsuboi et al. 1973; Majoube 1985 a; Dhaouadi
et al. 1993), partial ab initio molecular orbital calculations
(Nishimura et al. 1982) and experimental spectra for the
adenine base, and normal coordinate analysis of 5’-dGMP
(Ghomi and Taillandier 1985) are compared with our re-
sults.

Experimental

Crystals of ara-A.HCI were obtained by slow evaporation
of ara-A (Sigma) in equal volumes of toluene (Quimicen)
and ethanol (Probus), adjusted to pH 2 with a trace of HC1
(Probus).

The IR spectra of polycrystalline ara-A.HC1 were re-
corded with a Bomem-DA3 spectrophotometer, working
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Fig. 2. FT-IR spectrum of polycrystalline ara-A.HCI in KBr disc
(1.6 mg in 200 mg KBr) using Globar source and a narrow band
MCT detector
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Fig. 3. Mid and far-IR spectra of polycrystalline ara-A HCI. a 770-
450 cm™! region using Globar source, mid-IR DTGS detector and
KBr disc (2 mg in 250 mg KBr). b 450-200 cm™' region using Glo-
bar source, far-IR DTGS detector, 3 m Mylar beam splitter and po-
lyethylene disc (3 mg in 75 mg polyethylene). ¢ 200-50 cm™! regi-
on using high pressure mercury lamp, far-IR DTGS detector, 12 um
Mylar beam spliter and polyethylene disc (3 mg in 75 mg polyethy-
lene)
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Fig. 4. FT-Raman spectra (3000 cm™" region) of polycrystalline
ara-A.HCI. The exciting wavelength was 1.06 (m and the apodized
resolution was 4.0 cm™'. An InGaAs detector at 77K was used
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Table 1. Internal coordinates for the ara-A.HCl molecule (96 non-redundant and 27 redundant internal coordinates): v=stretching, é=in-
plane bending, 7= out-of-plane bending, T=torsion

63 § N9-C1’-01”
64 §C1’-01'-C4’
65 6C1-C2’-02
66 6C1-C2"-C%’
67 6C1-C2"-H2’
68 501"-C4’-C3’
69 601’-C1"-C2’
70 § C2’-02’-HO2'
71 6§ C2-C3"-C4’
72 6 02’-C2-C3’
73 § 02'-C2'-H2’
74 § C2'-C3’-HY
75 § C2’-Cl’-HY’
76 6C2’-C3"-03’
77 § C3’-03’-HO3%’
78 § 03'-C3-C4’
79 6 C4’-C3’-H3’
80 6 01'-C4’-C5’
81 § C3-C4"-C5’
82 5§ O1’-C4’-H4’
83 6§ C3’-C4’-H4’
84 5§ C4’-C5’-H52
85 § C4’-C5’-H5'1
86 6 C4-C5-05’
87 6 C5’-05’-HO5’
88 6 H5'1-C5"-H52
89 6 05’-C5"-H52
90 7 C1’-N9-C8-C4
91 7 H8-C8-N7-N9
92 7N6-C6-N1-C5
93 r H1-N1-C2-C6

94 7 C6-N6-H61-H62
95 mH2-C2-N1-N3

96 TN9-C1’-01"-C2’

97 1 C2-N3-C4-C5

98 7 C2-N1-C6-C5

99 7C6-N5-C4-N3

100 7 C6-N1-C2-N3

101 7C4-C5-C6-N1

102 7C5-N7-C8-N9

103 7C4-N9-C8-N7

104 7C5-C4-N9-C8

105 7 C4-C5-N7-C8

106 TN1-C2-N3-C4

107 7C1"-01’-C4’-C3’
108 7C1’-C2'-C3’-C4’
109 7 0O2'-C2’-C1’-N¢’
110 THO2-02'-C2'-C1’
111 THO3-03"-C3’-C4’
112 tHO5-05"-C5"-C4’
113 7C8-N9’-C1"-C2’
114 101"-C1’-N9-C8
115 ©N1-C6-N6-H61
116 vC1-H62

117 vC1-HO2’

118 v C1-HOS’

119 §HI’-C1"-0O1’

120 TN1-C6-N6-H62
121 70O1’-C4’-C5"-05’
122 7 O1’-C4’-C5’-H5'1
123 703"-C3’-C4’-H4’

1 vN1-C2 32 vC5’-05’

2 vN1-H1 33 vC5'-H5'1

3 vNI1-C6 34 v C5’-H5"2

4 vC2-Hs 35 v O5-HO5’

5 vC2-N3 36 6 C6-N1-C2

6 vN3-C4 37 § C6-N1-H1

7 vC4-C5 38 §N1-C2-H2

8 v C4-NO9 39 §N1-C2-N3

9 vC5-Co 40 §N1-C6-C5
10 v C5-N7 41 § C2-N3-C4
11 v C6-N6 42 §C2-N1-H1
12 vN6-H61 43 §N3-C4-N9
13 v N6-H62 44 ON3-C2-H2
14 v N7-C8 45 §N3-C4-C5
15 v C8-H8 46 5 C4-C5-Co
16 v C8-N9 47 § C4-C5-C7
17 vN9-CI’ 48 § C4-N9-C1’
18 vC1’-HI” 49 6 C5-C6-N6
19 vC1-01’ 50 6 C5-C4-N9
20 vC1-C2’ 51 § C6-C5-N7
21 vOor-c4 52 § C6-N6-H61
22 vC2'-02 53 §N1-C6-N6
23 v C2'-C3’ 54 § H61-N6-H62
24 v C2-H2' 55 6 C5-N7-C8
25 v 02"-HO?’ 56 O N7-C8-H8
26 v C3-03’ 57 §N7-C8-N9
27 v 03’-HO3% 58 § C8-N9-C4
28 vC3-C4 59 6 C8-N9-C1l”
29 vC3-H3’ 60 6 N9-C1’-C2’
30 vC4-CY 61 6N9-CI"-H1"
31 vC4'-H4 62 6 N9-C8-H8
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Fig. 5. Corrected FT-Raman spectra (1700-300 cm™ region) of po-
lycrystalline ara-A.HCI. Instrumental conditions as in Fig. 4

under vacuum (pressure <133.3 Pa) to eliminate IR
absorption from water and CO,. In the mid-IR region
of 3500-750 cm™, Fig. 2, the spectrum was recorded
with a Globar source, narrow band MCT detector and
KBr beam splitter, using an effective apodized resolution
of s=1.77 cm™ (RES =2.0 and Hamming apodizing func-
tion), coadding 500 interferograms. The spectrum from
770 to 450 cm™’, Fig. 3a, was recorded with a Globar
source, DTGS detector and KBr beam splitter, using an
effective apodized resolution of s=0.89 cm™ (RES=1.0
and Hamming apodizing function), coadding 500 inter-
ferograms. In the region of 450-200 cm™', Fig. 3b, a

Globar source and 3 um Mylar beam splitter were used,
whereas from 200 to 40 cm™!, Fig. 3¢, a high pressure
mercury lamp and 12 pum Mylar beam splitter were used.
These two spectra were recorded with a far-IR DTGS
detector, resolution of s=1.77 cm™! (RES=2.0 and Ham-
ming apodizing function), coadding 1000 interferograms
in order to obtain a satisfactory signal-to-noise ratio,
S/N.

The FT-Raman spectra, Figs. 4 and 5, were obtained
with a Bomem DA3 FT-Raman accessory. A krypton dis-
charge lamp pumped Nd>*:YAG laser (Quantronix
CW114) working at 1.06 um was the exciting source. The
Raman emission was collected with 180 ° back-scattering
geometry with an ellipsoidal mirror and passed through an
adjustable iris with an aperture of 7 mm to the emission
port of the interferometer. Two filters were used to prevent
any stray light from the white light source and He-Ne la-
ser contributing to the noise of the detector. Two plasma
line filters allow only the 1.06 pm laser line to excite the
sample. A quartz beam splitter and an indium gallium arse-
nide (InGaAs) detector operated at 77 K were installed.
Raleigh linerejection was performed by a set of three notch
filters at =17 ° with respect to the normal light beam. One
of them was placed prior to the aperture at the emission
port and the other two in the sample assembly close to the
detector, before and after an iris with an aperture of 7 mm.
The apodized resolution was s =4.0 cm™! (Blackman-Har-
ris apodizing function). Correction for instrument re-
sponse was made by division of the experimental spectra
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with the spectrum of a white light lamp which had been
normalized for source spectral radiance. The sample con-
tainer was a glass tube with a spherical chamber of 7 mm
diameter that had been back-silvered.

Computational methods
Classical mechanics calculations

The normal coordinate analysis is based on the Wilson
GF method (Wilson et al. 1955). The cartesian coordi-
nates were calculated from X-ray crystallographic data ob-
tained by Chwang and Sundaralingam (1974). The G ma-
trix was written in internal coordinate representation,
using an extended basis of 123 internal coordinates. Ta-
ble 1, including 27 redundancies which were eliminated
by diagonalization, as their corresponding eigenvalues are
zero.

The eigenvalues of G provided a “symmetry” coordi-
nate basis which was then applied to the F matrix in inter-
nal coordinates to yield a “symmetrized” F matrix. The GF
product results in the secular equation whose eigenvalues
give the 96 harmonic vibration wavenumbers (3N-6 inter-
nal coordinates corresponding to the 34 atoms of the ara-
A HCI molecule).

The analysis was carried out using a computer program,
Bioviban, developed by this research group (Escribano
1976; Orza et al. 1985). As a complete set of valence force
constant values for ara-A.HCI was not found in the liter-
ature, the problem of selecting a suitable force field was
overcome by transferring values published for smaller
molecules. The valence force field, Tables 2 and 3, was
transferred without modification from values published
for adenine, assumed to be valid for the base residue
(Dhaouadi et al. 1993), from guanine for the glycosidic
bond and C-N-H bonds (Majoube 1984, 1985 b), 5-dGMP
(Ghomi and Taillandier 1985) and tetrahydrofuran (THF)
(Eyster and Prohofsky 1974) for the arabinose moiety. It
was assumed that the valence force field obtained for THF
-is also valid for the arabinose moiety of ara-A. It should
be mentioned that THF has a planar ring of C,, symme-
try, while the arabinose ring of ara-A.HCI belongs to the
C, point groug The conformation of the arabinose unit of
ara-A.HCl is °T, [C(3")-endo, C(2")-ex0], one of the pre-
ferred puckerlng modes of the ribose ring.

Molecular orbital calculations

Semiempirical MO calculations were carried out using the
PM3 Hamiltonians (Stewart 1989a, b; 1991) as imple-
mented in the HyperChem™ program (version 4, 1994).
Geometry optimization for the G matrix was carried out
by obtaining the minimum on the potential energy hyper-
surface, using the first derivative steepest descent method
followed by the refined Polak-Ribiere conjugate gradient
method. The AMBER molecular mechanics force field
(Weiner et al. 1984, 1986), which takes hydrogen bonding
into account, was used. The F matrix and subsequently the
GF product, giving the vibrational frequencies, and their

Table 2. Diagonal valence force constants (in-plane and out-of-pla-
ne modes) for the set of 123 internal coordinates (including 27 re-
dundancies) for ara-A.HCI: transferred directly from values publis-
hed for adenine (Dhaouadi et al. 1993), guanine (Majoube 1984,
1985b), 5’dGMP (Ghomi and Taillandier 1985) and tetrahydrofuran
(Eyster and Prohofsky 1974). Units: stretching force constants
(mdyn A™"); bending force constants {(mdyn A); out-of-plane wag-
ging and torsional force constants (mdyn A)

Stretch
1 6.21 11 6.2 21 54953 31 4.6440
2 4.07 12 5.86 22 4.745 32 4342
3 62 13 5.86 23 4.2697 33 4.644
4 513 14 7.00 24 4.5709 34 4.644
5 6.88 15 541 25 5.534 35 5.534
6 64 16 5.92 26 4.745 116  0.000
7 64 17 4.86 27 5.534 117 0.000
8 5.92 18 4.6440 28 4.2697 118 0.000
9 573 19 5.4953 29 4.,5709
10 5.51 20 4.2697 30 4.652
Bend
36 1.998 50 1.6 64 1.308 78 1.633
37 0.426 51 1.35 65 1.1633 79 0.656
38 0.520 52 0.415 66 1.0079 80 1.633
39  1.53 53 1.28 67 0.656 81 1.0079
40 1.29 54 0.452 68 1.1633 82 0.7810
41 1.9 55 1.68 69 1.1633 83 0.7346
42 0.426 56 0.425 70  0.530 84  0.7346
43 1.0 57 1.39 71 1.0079 85 0.7346
44 0.52 58 1.4 72 1.633 86 1.1633
45  1.23%1 59 0.31 73 0.781 87 0.533
46 1.0 60 1.588 74 0.656 88  0.550
47 1.23 61 0.52 75 0.7346 89 0.781
48  0.311 62 0426 76 1.1633 119 0.7810
49  1.44 63 1.363 77 0.530

90 0332 92 043 94 0.044 9 0.43
91 0362 93 033 95 03

Torsion
97 0257 103 0.55 109 0.010 115 0.0935
98 0.43 104 0.55 110 0.010 120 0.0208
99 0.585 105 0.55 111 0.010 121 0.0208
100  0.257 106 0.43 112 0.010 122 0.0208
101  0.455 107 0.010 113 0.100 123 0.0935
102 0.61 108 0.010 114 0.100

intensities were then calculated by the HyperChem™ pro-
gram.

Results and discussion

Mid- and far-infrared spectra of polycrystalline ara-A.HCl
in the 4000-750 and 770-40 cm™ spectral regions are
shown in Figs. 2 and 3. FT-Raman spectra are also shown
in Fig. 4 and 5. Raman spectra of ara-A.HCI have been
published previously (Theophanides et al. 1985), but fre-
quencies in the 3000 cm™ region were not measured. The
internal coordinates are listed in Table 1. The fundamen-
tals calculated with the Bioviban program and the semi-
empirical PM3 method, and assignment of the vibrational
modes corresponding to ara-A.HCl together with the PED
are listed in Table 4 and compared with the experimental



Table 3. Off-diagonal valence force constants (in-plane and out-
of-plane modes) for the set of 123 internal coordinates (including
redundancies) for ara-A.HCl: transferred directly from values
published for adenine (Dhaouadi et al. 1993), guanine (Majoube
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1984, 1985b), 5’-dGMP (Ghomi and Taillandier 1985) and tetrahy-
drofuran (Eyster and Prohofsky 1974). Units: stretching force con-
stants (mdyn A'); bending, wagging and torsional force constants
(mdyn A); stretch-bend interaction force constants (mdyn)

Base (N1 protonated adenine) and glycosidic bond.

Stretch-stretch (in-plane)

9-8 0.1500 16-8 0.2000
7-6 0.3500 11-9 0.7500
7-9 0.4400 14-5 -0.1700
9-3 0.6500 14-7 0.1500
3-1 0.6410 7-5 -0.1500
10-9 -0.1500 5-3 0.1500
Bend-bend (in-plane)
49-40 -0.1000 53-40 0.3400
51-49 -0.4500
Stretch-bend (in-plane)
38-1 0.5400 46- 9 0.2000
45-7 0.7500 40- 9 0.2000
46-7 0.7500 41- 5 0.7500
41-6 0.7010 39-'5 0.7500
45-6 0.7010 40-11 0.9010
36-1 0.7010 45- 7 0.3000
36-3 0.4000 50- 7 0.3000
39-1 0.7010 58- 8 0.5500
Wag-wag (out-of plane)
94-92 ~-0.0300 95-91 0.0200
Wag-torsion (out-of-plane)
103-90 -0.0500 100-95 0.1150
104-90 0.2200 106-95 -0.0600
Torsion-torison (out-of-plane)
104-103 0.1950 101-99 -0.0800
104-102 -0.0500 106-98 0.0900
99- 97 -0.1200 99-98 -0.0800
105-103 0.0500 106-99 -0.1000
102- 99 0.1200 101-97 0.1950

Arabinose ring and glycosidic bond

Stretch-stretch

21-19 0.2956 23-22 0.1010
20-19 0.1010 22-20 0.1010
28-21 0.1010 23-20 0.1010
Bend-bend
69-63 -0.0410 69-67 0.0158
83-82 0.0363 74-66 -0.0520
119-75 0.0363 74-71 -0.0520
73-67 0.0363 79-71 -0.0520
89-84 0.0363 83-71 -0.0310
79-74 0.0120 75-66 -0.0310
Stretch-bend
82-21 0.3842 79-23 0.0703
89-32 0.3842 74-28 0.0703
73-22 0.3842 64-21 0.8752
75-20 0.4288 64-19 0.8752
83-28 0.4288 68-21 0.4197
74-23 0.3280 69-19 0.4197
79-28 0.3280 65-22 0.4197
67-20 0.3280 72-22 0.4197
67-23 0.0703 76-26 0.4197

52-49

50- 8
47- 9
47-10
53- 3
55-14
57-14
57-16
58-16

95-92

101-92
98-92

103- 99
105-104
103-102
105- 99
104- 99

28-23
30-28
26-23

83-79
75-67
82-64
19-64
79-68
83-78

78-26
86-32
68-28
69-20
65-20
72-23
76-23
78-28
86-30

0.9000
0.9000
-0.7100
0.5000
0.2500
0.8010

0.2000

0.5500
—0.3000
0.5500
0.7800
0.5800
0.5800
0.5500
0.5500

-0.0100

0.1400
0.1100

—0.0500
—0.1400
0.0350
0.1000
0.2200

0.1010
0.1010
0.1010

—0.0664
0.0314
0.0844
0.0844
0.0158
0.0158

0.4197
0.4197
0.3656
0.3656
0.3656
0.3656
0.3656
0.3656
0.3656

53-52

58-17
44- 5
51-10
55-10
48- 8
62-16

103-91
102-91

115- 98
106- 97
106-100
100- 98
101- 98

32-30
28-26

82-68
119-69
68-64
69-64
71-66
81-71

71-28
71-23
66-23
66-20
63-17
60-17

0.1500
0.2200

0.2500

-0.0300
0.3500
0.7500
0.7500
0.2700
0.7600

0.1200
—0.2450

-0.0100
—0.0400
0.0650
0.0200
0.0500

0.1010
0.1010

-0.0310
-0.0310
0.0285
0.0285
0.1139
0.1139

0.4170
0.4170
0.4170
0.4170
0.3470
0.3470
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Table 4. Observed and calculated wavenumbers for polycrystalline modes, only PED values higher than 10% are mentioned. Intensi-
ara-A.HCl. Assignment (PM3) and potential energy distribution ties: s =strong, m=medium, w = weak, v = very, b=broad, sh =shoul-
(PED, Bioviban) for the normal modes of vibration. Except for few der

Observed wavenumbers Calculated wavenumbers Potential energy distribution

IR FT-Raman Raman® PM3 Bioviban
Plem™ em ™! Pem™ Viem™ Wem™! PED/%
3310bm 3431vw 3312 46VN6H62-45vN6H61 (v,NH,)
3300vs vO5'H+vO2'H (PM3)
3228s vO53'H-vO2’H (PM3)
3518w 3204 47vN6H61 +45vN6H62 (v,NH,)
3159 97vC8HS
3328s 3149 99vO3'H
3117bm 3149 60vO2'H +40 vCIHO2'
3149 61vO5'H-38vCIHO5’
3009w 2960w 3077 96vC2H
2988w 2988w 3011vvw v,C5'H, (PM3)
2972vw 2969 48vC5'H5'1 -46vC5'H52 (v,CH,)
2952w 2956s 2942w VvO5'H (PM3)
2928w 2929s 2862vvw 2926 83vCI'HI’
2879vvw 2924 84vC4'H4’
2903w 2900vvw 2902 59vC2'H2’ +32vC3'H3’
2898w 2895 61vC3'H3 -35vC2'H2’
2870 49vC5'H5"2 +46Vv(C5'H5'1 (V,CH,)
2726w 3385w 2725 97VNIH
2746vs vC8H and deformation of the base (PM3)
2286s vC3'H (PM3)
1835 176H61N6H62 + 16C6N1H1 + 118N 1C6C5
1781 716H5'1C5'H5"2
1680vs 1677vvw 1771s 1686 176N9C8HS8 — 128N7C8HS
1667w deformation of the vase (PM3)
1654vyw 1647vw 1654 128N3C4C5-96N9C8HS
1620m 1617vw 1620w 1602 52805°C5'H5"2-346C4'C5'HS 2
1597 116C5C4N9+118C6N1H1
1588 18 TC6C5CAN3 - 127C2N3C4C5
1559w 1558w 1560m 1535m 1544 396C2N1H1 -308C6N1H1 + 156H61HEH62
1505vw 1505w 1508m 1532 196H1’C1'01’- 188N9CI'H1" + 126H61N6H62
1482m 1480w 1483m 1489 307H8CSNTNY
1470 16 THRC8NTN9 - 156N9C8H8 +126H1'C1°01”
1443vw 1455 226N9C8H8 -206N7C8HS + 126H61NGH62
1420m 1420m 1422m 1419 28 H61N6H62scissoring -8 SCONGH6 1
1398m 1399m 1401m 1401w 1401 348C4'C5'H51’ +6 SH61NG6H62
1387 338H61N6H62scissoring— 13 C6N6H61
1382vw 1381 248C2'C1'H1’—228N3C2H2 +218N1C2H2
1357vw 1364vw 1347vw 1344 13703'C3'C4’'H4’
1340 247TN3C2H2-176N1C2H2
1325m 1326vs 1327s 1327 51802'C2'H2'-326C1'C2'H2’
1300vvw 1307 186N3C2H2~1686N1C2H2
1279 146N9C1'H1’-138C2'C3'H3’
1234m 1233vvw 1254w 1239 20601'C4’"H4" + 168C2'C3’H3 - 128C3'C4'B4”
1229 208C6N1H1 + 196N7C8HS
1218m 1218vw 1219w 1218vw 1221 26801'C41H4’-178C3'C4'HA’
1211m 1189vw 1204 226C4'C4A'H3’
1175vw 1175 166H1'C1'01"-138C2'C3'H3’
1161w 1160vw 1161 240N7C8HS8 - 18N9C8HS + 178C4"C3'H3’
1154 178C3'C4'H4’ + 1656C4'C3'HY’
1149vvw 1142 51aHIN1C2C6-107CO6N1C2N3
1138s 1139%vw 1122vvw 1133 477HIN1C2C6-97C6N1C2N3
1096w 1094vvw 1109vw 1098 1786C2'C3'H3’
1079 665C5’05"HO5’
1066s 1066vw 1070 198C2'02'HO2’ + 106N7C8HS
1046s 1059bvvw 1049vw 1057 338C5'05'HO5  + 188C4'C5’HS'L
1026 120N7C8H8 —118C2N1H1
1022m 1013m 1015m 1024vw 1023 728C3’03’HO3’
1000vw 987 298C2°02'HO2' + 18C3’03’HO3’
958m 957vw 961 208C5’05'HO5" + 19101’C4’C5'H5’1 + 10vC5°05’
922w 919vw 919 116N1C2N3
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Observed wavenumbers

Calculated wavenumbers

Potential energy distribution

IR FT-Raman  Raman? PM3 Bioviban
vem™ wem™ wem™ wem™! wem™! PED/%
900m 905vw 891vvw
878vw
852m 851vw 850w 864vw 861 586C2°02'HO2’
844 177H2C2NIN3-118C2°02'HO2’
834m 832 68mH2C2N1IN3
796m 793m 796m 810 25103'C3’'C4'H4’ - 136C2'C3'H3" + 138C3'C4'H4’
783vw 782w 766vw 778 15703'C3’'C4’'H4’-118C1'C2'H2’
730m 728vs 730s 757w 705 397C6N6H61H62 —-37IN1CON6HG61
720w 715s 702 187C6N6H61~-137TN1C6N6H61 + 137CON6HO61HO2 -
10vC1H62
701vs 701vvw 697vw 697 247nC6N6H61H62 -21TN1C6N6H61
678m 670 497C6N6H61H62 - 19IN1CON6H61 + 14N 1CON6H62
662vw 650 45mC6N6H61H62 +29TIN1CO6N6H62 -6TN1C6N6H61
637m 638vw 640 24nC6N6H61H62 4+ 227N1C6N6H62 4+ 12701°C4’C5'H5'1
616bm 620vvw 623w 626 53701°C4’C5'H5°1
602m 610vvw 609 127N1C6N6H62 - 8701°C4’C5'H5’1
594sh 592vvw 587 33701'C4’C5'H5’1
579m 581vvw 580 327N1C2N3C4-227C6N1C2N3
569m 550vvw 553vvw 550 127H8C8NTN9 - 11701'C4'C5’'H5"1
533m 534w 537m 543 35 vC1H62-328C6N6H61 - 106H6 IN6H62
525vw 508vvw 514 23701°C4’C5’H5’1 +21 -H8C8NT7N9
480w 489vvw 502vvw 487 127H8C8N7N9-11802'C2'C3’
468 22vC1H62 - 197C6N6H61
459vvw 465 118C1°C2°C3’+10vC1H62
433 46TN1CONO6H62 +35TN1C6N6H61
415m 415 20mH8C8NTNI —187C4C5N7C8+ 117C5SNTCENY
363vw 353 19703’C3’C4"™H4" - 15702'C2’C1'NY’ - 11803'C3'C4’
333vw 336s 337m 334m 335 31vC1H62-167H03’03'C3'C4"+137C1°01'C4'C3’
329 287HO3'03'C3'C4’~27vC1H62
294w 318 2271HO3'03'C3'C4’ + 19vC1H62
285w 283vvw 289 517HO3'03'C3'C4’+16701'C4’C5’H5’1
266sh 278 171C1°0O1’'C4’C3’—~ 13vC1H62
258m
230vw
222vw
207vvw 201vvw 198 687THO5’05'C5'C4’
172vvw 194 167THO2'02'C2'C1’ + 15AN6C6N1C5
164w 151 931HO3'03'C3'C4’
149 817HO3'03'C3'C4’
136w 136 897HO5°05°C5’C4’ - 10vC1HOY’
121m 118 797HO2'02'02'C2'C1’ +20vC1HO2’
115sh
104vvw 101 14701'C4’C5°05’ + 13701’C4'C5’H5’1
98vw
89vw
75vw 75 29TC8NIC1'C2" +29701’'C1I’N9C8~ {8VC1HO2’
55vvw 58vvw 57 25701°C4'C5’05+19101'C4’C5’H5’1 - 14vC1HO2'
50vw 51 39701'C4’C5'05’+31701’C4’C5'H5’1

# Theophanides et al. (1985)

results. Owing to the nature of the vibrational modes we
present the calculated results for three distinct spectral re-
gions:

3500-2000 cm ™’ spectral region. In this region, bands due
to O-H, N-H and C-H stretching vibrations are observed
in the FT-IR and FT-Raman spectra of the polycrystalline
sample. The two broad asymmetric bands observed in the
FT-IR spectrum above 3000 cm™ (Fig. 2) are due princi-
pally to overlap of N-H and O-H stretching modes. The

observed broadening of these bands reveals the presence
of hydrogen bonding as indicated by Chwang and Sundar-
alingam (1974) from X-ray diffraction data. Moreover, the
wavenumber shift of the NH, stretchings from =3500 cm™
for adenine in an argon matrix (Majoube et al. 1994) to
=3300 cm™" for polycrystalline ara-A.HCI provides addi-
tional evidence for the involvement of the NH, group in
the hydrogen bonding. The calculated value of the asym-
metric stretching vibration of this group, v,(NH,), is ob-
served at a higher wavenumber than the symmetric stretch-
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ing, V,(NH,), and agrees with published values for the ade-
nine base (Dhaouadi 1993; Mohan 1993; Majoube 1985 a;
Hirakawa 1985). Three different calculated fundamentals
coincide at 3149 cm™', one of which is attributed to the
O3'H stretching vibration and the other two to O2'H and
O5’H stretching with contributions from stretching vibra-
tions involving the C1™ ion and adjacent H atoms. The ar-
omatic and sugar C-H stretching modes are observed at
lower wavenumbers, between 3000 and 2800 cm ™', with
lower intensities and half-band widths in the FT-IR spec-
trum. They are clearly seen in the FT-Raman spectrum,
Fig. 4. The infrared peak at 3117 cm™ does not coincide
exactly with calculated fundamentals. It is not considered
to be an overtone of the band at 1559 cm™! because of the
higher intensity of the former band. The broad band at
3117 cm™' may therefore be assigned to calculated O-H
stretching modes which would be expected to show simi-
lar profiles. The protonation of the basic site N1TH" may
be observed in the FT-IR spectrum by the stretching vibra-
tion of this positively charged group at 2726 cm™, which
is strongly involved in intermolecular hydrogen bonding
as observed in the X-ray crystal structure (Chwang and
Sundaralingam, 1974).

1750-1000 cm™ spectral region. Most of the observed
FI-IR and FT-Raman peaks are due to in-plane vibra-
tion modes of the adenine moiety (Bertoluzza 1987;
Dhaouadi 1993; Mohan 1993; Majoube 1985 a; Hirakawa
1985; Toyama 1994; Tsuboi 1987) although there are sig-
nificant contributions from internal coordinates of the sug-
ar ring in many of the normal modes. Consequently, the
bands observed at 1672 cm™ in FT-IR and at ~1675 cm™
in Raman for adenine, which these authors assign to the
NH, scissoring, are observed as small contributions to the
1654 cm™ mode (PED 5%, Bioviban) and 1667 cm™
mode (PM3). The NH, scissoring contributes to a greater
extent to the modes at 1419 and 1387 cm™ (Bioviban) and
1401 cm™ (PM3). Intense bands observed in adenine
spectra by the above mentioned authors at =1604 cm™" in
FT-IR and ~1612cm™ in Raman shift to 1650 and
1657 cm™, respectively in adenine hydrochloride (Berto-
luzza 1987). These bands would correspond to the very
weak FT-Raman band of ara-A HCl at 1654 cm™ and it is
assigned to a combination of numerous in-plane internal
coordinates of the base. The intense band at 1330 cm™ in
the FT-IR and 1331 cm™' in the FT-Raman spectra of ade-
nine which are observed at 1325 cm™ and 1327 cm™ in
the ara-A.HC] spectra and the calculated spectra at
1327 cm™! are also assigned to a combination of internal
coordinates both of the base and the arabinose moiety. The
methylene C5’H, scissoring of nucleic acids gives a
Raman band at =1420 cm™' (Thomas 1993). This internal
coordinate of the ara-A.HCl contributes mainly to the fun-
damental at =1401 cm™'. The strong FT-Raman band at
1326 cn! is mainly due to arabinose bendings. Various
CN stretchings contribute to a similar band observed in the
IR and Raman spectra of adenine and adenine hydrochlo-
ride. Mathlouthi and Koenig (1986), on the basis of their
studies on the vibrational spectra of carbohydrates, and
Tsuboi et al. (1994) on the basis of their study on the de-
oxyribose vibrations of thymidine, have discussed the dif-

ficulties in assigning all of the observed IR and Raman
vibrations. These difficulties are due to the presence of
highly coupled modes between 1500 and 1200 cm™! and
combination bands which may overlap with those due to
fundamental modes, and interact with one another, lead-
ing to distortion of the shapes of observed bands. Many of
the bands observed in this region are due to H-C-H,
C-0-H and endo- and exo-cyclic H-C-O and C-C-H bend-
ing vibrations and are highly coupled modes. The calcu-
lated wavenumbers are in fairly good agreement with ex-
perimental values in this region.

1000-150 cm™" region. Most of the vibrational modes in
this region are due to torsions and bendings involving hy-
drogen atoms. The FT-IR bands at 1066, 1046, 1022, 958,
900 and 852 cm ™ (Fig. 2) and the FT-Raman bands at 1013
and 851 cm™ (Fig. 5) are assigned to fundamental vibra-
tions of the sugar in agreement with previous studies
(Theophanides 1985) although the contributions of the
C3’03'H, C2’02’H and C5'05’H bendings are of greater
importance, according to the present study, than the CO
and CC stretching vibrations. The C2H, C8H and NH, hy-
drogen wagging modes coupled to torsion modes give rise
to six strong to medium bands in the 730 to 640 cm ™ spec-
tral region (Fig. 3). The strong band at 730 cm™ is as-
signed to ring-breathing vibrations (Thomas 1993) com-
bined with out-of-plane torsions. Tul’ Chinsky et al. (1976)
named the range 800-600 cm™!, “the region of crystallin-
ity” owing to the effect of packing of the molecule in the
crystal lattice. Fundamental modes at =534 and =336 cm ™'
with important contributions from stretching vibrations of
the C1” ion with a H atom of the NH, group may provide
information on the interaction between the C1™ion and the
base. Contributions of vCIH(02") and vCIH(O5") with
vO2'H and vOS5'H, respectively are also predicted in the
fundamentals at 3149 cm™L. In the region below 200 cm™!,
most of the bands are due to torsions of the arabinose res-
idue and lattice vibrations.

In general, very good agreement was observed between
experimental and calculated wavenumbers with the clas-
sical molecular mechanics method, Bioviban (=1% devi-
ation in most cases). By means of the use of a reliable force
field, with a sufficiently large number of harmonic force
constants, which accounts for both low- and high-wave-
number vibrations (Dhaouadi 1993; Florian 1993) the vi-
brational normal modes may be predicted with remarkable
accuracy. The agreement obtained with the semiempirical
method PM3 was within 10%. The potential energy distri-
bution, PED, which gives information about the relative
contributions of the force constants to the potential energy
of a normal mode, is often limited only to the diagonal
terms of the F matrix. In our calculations, the contribu-
tions of force constants for different in-plane and out-
of-plane coupled vibrations were included (Dhaouadi
1993). These provide off-diagonal elements, which are
useful in the case of large molecules, such as ara-A.HCL.
The effects of nonbonded interactions are recognized as
the most serious restriction to the transferability of va-
lence force fields (Palmé and Pietild 1988) and the use of
the molecular mechanics method with the Bioviban pro-
gram, where the nonbonded interactions are taken expli-



citly into account, and included as part of the overall po-
tential energy function resulted in very good agreement
with experimental results. The semiempirical method,
PM3, is helpful in the assignment of bands although there
is less agreement with the wavenumbers of experimental
spectra (10%). This is due to the fact that this method uses
an optimized geometry for the isolated molecule in a vac-
uum and not the crystal structure obtained by X-ray dif-
fraction, and also depends on the adequacy of the param-
eters used.
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