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ABSTRACT 

The infrared (IR) spectra of 5-fluorocytosine (5FC), 5-bromocytosine (5BrC) and 5-iodocy- 
tosine (51C) all isolated in an argon matrix at 15 K are presented and discussed. Vibrational 
assignments are proposed based on ab initio quantum mechanical calculations (3-21G basis set) 
of the IR frequencies and intensities for the amino-oxo and amino-hydroxy tautomers of 5FC. 
The IR spectra prove that the amino-hydroxy tautomer strongly dominates in an inert matrix for 
all the 5-halogenated cytosines studied, in sharp contrast with the dominance of the amino-oxo 
form in polar media. From the experimental absorbances and theoretical molar absorption coef- 
ficients the equilibrium constants. K(h/o), and the difference in the energies of the amino-hy- 
droxy and amino-oxo tautomers are estimated. The value for 5FC agrees very well with the energy 
difference calculated using a 6-31G ** basis set (single point) and 3-21G optimized geometry, 
corrected for the difference in the zero-point vibrational energy. 

INTRODUCTION 

Studies of the physicochemical properties of 5fluorocytosine (5FC) and 
other 5-halogenated derivatives of cytosine are important not only for intrinsic 
reasons, but also because these molecules -particularly 5FC and its nucleoside 
- exhibit anti-tumor (anti-leukemia), anti-fungal and anti-viral activities (e.g. 
see [l-4] and references therein). Some of the biological functions of 5FC 
might be related to the tautomerism of this molecule. 

The aims of this work were: (i) to determine the tautomeric equilibrium of 
5-halogenated cytosines isolated in a hydrophobic inert matrix environment 
based on an analysis of the infrared (IR) spectrum; (ii) to perform an ab initio 
calculation of the vibrational spectrum (with a 3-21G basis set) and stabili- 
zation energy (with a 6-31G** basis set) of the amino-oxo and amino-hydroxy 

*Dedicated to Professor E. Bright Wilson, Jr. 
**On leave (1986-1987) from the Institute of Physics, Technical University, Warsaw, Poland. 

0022-2860/90/$03.50 0 1990 Elsevier Science Publishers B.V. 



64 

tautomers of 5FC which were identified from the matrix spectrum; (iii) to 
interpret the IR spectrum of 5FC and other 5-halogenated cytosines on the 
basis of this calculation; and (iv) to analyse the effect of substitution of a 
different halogen at C5 and of intermolecular interactions on the tautomerism 
and IR spectrum of these molecules. 

Studies of the IR spectra of isolated molecules are important because they 
provide the reference frequencies and intensities for comparison with the spec- 
tra of these molecules placed in any interacting environment; for example, in 
aqueous solution, crystalline solid or after incorporation into DNA or RNA 
(e.g. see ref. 5). Such comparison provides information about the effect of 
intermolecular interaction with each of these environments not only on the 
molecule as a whole, but also on each particular part of the molecule. 

EXPERIMENTAL PROCEDURE 

The IR spectra were recorded on a Nicolet model 7199 FTIR spectrometer. 
The experimental conditions and procedures used were the same as those de- 
scribed previously [ 6,7]. The samples of 5FC, 5-bromocytosine (5BrC) and 5- 
iodocytosine (51C ) were obtained from Sigma. With the exception of 5BrC the 
samples were used with no further purification except for the sublimation oc- 
curring as the sample was deposited into the matrix. The sample of 5BrC re- 
quired additional purification, vacuum sublimation, before the matrix experi- 
ment was done. A deuterated sample of 5FC was prepared by repeated 
recrystallization of 5FC from D,O solution. To prove that the compound did 
not decompose during heating, the IR spectrum of a solid film deposited during 
heating to the same temperature as for the matrix study was compared with 
the spectrum of an unheated crystalline sample (in KBr). Both spectra were 
found to be the same. 

THEORETICAL CALCULATIONS 

Geometry optimization for both the amino-oxo and the amino-hydroxy tau- 
tomers, and for all possible rotamers of these forms of 5FC, was performed 
using a 3-21G basis set [8a] with GAMESS [8b,c] and GAUSSIAN 82 [8d] 
systems of programs running on CDC CYBER 205 (with the former) and on 
CRAY/XMP48 (with the latter) computers. The geometries of the corre- 
sponding tautomers of cytosine obtained from references [6] and [se] were 
used as a starting point. The frequency and intensity calculations with a 3- 
21G basis set, as well as one-point calculations with a 6-31G** basis set at the 
3-21G optimized geometry (6-31G**//3-21G) [8f,g] were performed for the 
lowest-energy rotamers using the GAUSSIAN 82 program installed on the 
CRAY/XMP48 computer at the Pittsburgh Supercomputer Center, using an- 
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alytical first and second derivatives. Zero-point energies were obtained from 
frequencies calculated with the 3-21G basis set. 

RESULTS OF EXPERIMENT AND CALCULATIONS 

Molecular geometries 

The frequency calculations confirm that for all considered tautomeric forms 
and their rotamers 5FC is essentially planar. The calculated geometries are 
given in Fig. 1. (The numbering of atoms is shown in Fig. 2.) The fluorine 

Fig. 1. Calculated (3-21G) optimized geometries (bond lengths and angles) for the amino-hy- 
droxy, amino-oxo and imino-oxo tautomers of 5FC. 
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atom substitution in position 5 causes almost all bond lengths (except for C2- 
N3 and C6-NT) to become a bit shorter than in cystosine (for example, by 
0.015 A, 0.013 A and 0.011 A for the C5-C6 bond in the amino-hydroxy, amino- 
0x0 and imino-oxo forms, respectively). The shortening of these bonds is sim- 
ilar to the effect observed for 5-fluorouracil by Scanlan and Hillier [se]. The 
C2-N3 and C6-Nl bonds in 5FC are predicted to elongate by about half of 
these values in comparison with the bond lengths for similar forms of cytosine 
NW. 

The substitution of the fluorine atom at position 5 causes the NH, group to 
tilt in the direction of the fluorine (the N3-C4-N8 angle increases by more 
than 2” ), a decrease in the C4-N8-HlO angle and a decrease in the C4-C5- 
Fllangle (more than 4” in comparison with the C4-C5-Hll angle in cyto- 
sine ). As a result, the distance between the H10 proton of the NH2 group and 
the F atom decreases, suggesting some kind of weak intramolecular hydrogen 
bond. The N8F distances are 2.75 A, 2.71 A and 2.82 A for amino-hydroxy, 
amino-oxo and imino-oxo forms, respectively. The formation of these weak 
hydrogen bonds stabilizes the planar tautomeric forms considered here for 5FC. 

The results of the calculations of the energies are presented in Table 1. On 
the 3-21G//3-21G level the amino-oxo form of 5FC is calculated to be lowest 
in energy; the amino-hydroxy tautomer and the imino-oxo tautomer are pre- 
dicted to be higher in energy by 8.4 and 3.2 kJ mol-l, respectively (with the 
vibrational corrections). 

When calculations using a better basis set (6-31G**//3-21G) are performed: 
the order of the stability of the three tautomeric forms reverses. The total 
energy calculated with the 6-31G** basis at the global energy minimum of tau- 
tomers optimized at the 3-21G level is lowest for the amino-hydroxy form. 

After including the zero-point vibrational energies, the amino-oxo form is 
predicted to be 13 kJ mol-’ and the imino-oxo form 15.2 kJ mol-’ less stable 
than the amino-hydroxy tautomer. 

The amino-oxo form is predicted to have the largest dipole moment: 5.56 D 
at the 6-31G**//3-21G level. At the same level the dipole moment of the imino- 
0x0 form is calculated to be 3.97 D, and the dipole moment of the amino-hy- 
droxy tautomer 1.82 D. From the differences in these values one can predict a 
strong stabilization of the amino-oxo form in a polar environment. This effect 
could be responsible for the predominance of the amino-oxo tautomer in the 
crystal and in aqueous solutions [ 91. 

Influence of electron correlation 

High-level calculations on molecular fragments mimicking the different tau- 
tomeric forms of nucleic acid bases [lo] have shown that, in the case of the 
hydroxy-oxo tautomerism of these systems, corrections to the energy for cor- 
relation contributions favor the hydroxy tautomer. This correction was found 
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TABLE 1 

Total HF energies, zero-point vibrational energies, and relative energies for the three lowest tau- 
tomeric forms of Sfluorocytosine 

Level of calculation Tautomeric form 

Amino-oxo Imino-0x0 Amino-hydroxy 

3-21G//3-21G 
Global minimum (a.u. ) -488.73049 - 488.72990 488.72630 

Zero-point 
Vibrational energy (kJ mol-‘) 260.20 261.86 257.61 

Relative energy 
(kJ mol-’ ) 0” +3.2 +8.4 

6-31G**/3-21G 
Global minimum (au.) -491.46681 -491.46620 - 491.47077 

6-31G**/3-21G 
Relative energy” (kJ mol-‘) + 13.0 + 16.2 0” 

“The energy of the most stable tautomeric form is defined to be zero and the energies of the other 
forms relative to it are listed. bZero-point vibrational energy from the 3-21G//3-21G level. 

NH 
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NH 

to be especially significant for cytosine, although it was not important for ur- 
acil tautomers. In the case of the amino-imino tautomers of the pyrimidines 
the electron-correlation effects favor the amino forms. However, calculations 
by Les et al. [ 111 on the entire cytosine molecule using the OVOS method [ 121 
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Fig. 2. Definition of internal coordinates for amino-oxo and amino-hydroxy tautomers of 5FC. 

showed that higher-order correlation corrections almost exactly cancel the ex- 
tra stabilization of the amino-hydroxy form resulting from the second-order 
MBPT correction [ 131. The results of Kwiatkowski et al. [lo] and of Les et 
al. [ 111 allow us to assume that even at the highest correlation level the amino- 
hydroxy form of the isolated 5FC molecule will still be predicted to be the most 
stable form, in agreement with the results obtained here on the HF level for 
the 6-31G* basis set. 

IR spectra 

The 5FC molecule has 13 atoms in C, symmetry with 33 normal modes of 
vibrations: 10 out-of-plane and 23 in-plane modes. The symmetry-coordinate 
definition is given in Fig. 2 and in Table 2 and the calculated diagonal force 
constants are collected in Table 3. The use of published scaling procedures 
[ 14,151 with a number of scaling factors seemed to be unsuitable for the ab 
initio calculation on a large molecule with a very complicated IR spectrum, 
where the unequivocal assignment of the observed spectrum to calculated nor- 
mal vibrations is not an easy problem. We decided to use a uniform scaling 
factor of 0.91 for the calculated in-plane frequencies and another value (0.81) 
for the out-of-plane frequencies (see footnote b in Table 5). For the OH stretch 
a factor of 0.92 was used, in accordance with the experimental and theoretical 
studies on other related molecules, e.g. 2-hydroxypyrimidine [ 161. 
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TABLE 2 

Symmetry coordinates of the 5FC tautomers for the description of vibrational modes 

Symmetry coordinate Description* 

In-plane 
S,=Ar, 
S,=Ar, 
S,=Ar, 
S, = Ar., 
S,=Ar, 
S,. =Ar, 

S,=Ar, 
S,. = Ars 

S,=Ar, 
S,,, =Ar,, 

Sr, = ArII 
Slz=Ar12 
S13=Ar13 

S,,=~/~(ACU~-A(Y~+A(Y~-A(Y~+ACY~-A~~~) 
S15 =1/,/&2Acr, -Aa, -Aa, +2Acr4 -AC+, -A& 

S16=1/2(A~2-A.a(3+A~B-A~s) 

S,, =llfi(A& -AM 
Srs =1/&A/&, -AIM 
S,g=l/$(A&AM 
S,,=~/~(&-AP~I) 
Szl = l/&A& -AMoxo 
Sz, = A0 hydroxy 
Sz,=1/~(2A61-ASz-A63) 

S,, =1/&A& -A&) 

Out-of-plane 

Sz4 = AYZ 
Szs =AY., 
S,, = AYS 
Sm = AYG 
S,, = Ay, 0x0 
Sz8 = ATOP hydroxy 

S,, = A7ii~8~9 

sm = ~~N~HHI 

Ss, = U4(A7,2 - A723 + A7334 - A745 + A73j - Ar,l) 
. 

Sa2 = 11 J‘ZJAT~~ -ATOP + Asd5 -A% ) 

C20 OOPL wagging 
C4N8 OOPL wagging 
C5F OOPL wagging 
C6H OOPL wagging 
NlH OOPL wagging (in 0x0 form) 
OH torsion (in hydroxy form) 
N8H9 torsion 
N8HlO torsion 
OOPL ring def. 1 
OOPL ring def. 2 

S,, =1/J12( -Ar,, +2Ar,, -AT,, -ATOM +~AT~~ -At,) OOPL ring def. 3 

“Abbreviations: OOPL, out of plane; def., deformation. 

NlC2 stretching 
C2N3 stretching 
N3C4 stretching 
C4C5 stretching 
C5C6 stretching 
C6Nl stretching 
C207 stretching 
C4N8 stretching 
N8H9 stretching 
N8HlO stretching 
C5F stretching 
C6H stretching 
NlH stretching, in 0x0 
OH stretching, in hydroxy 

Ring def. 1 
Ring def. 2 
Ring def. 3 
C207 bending 
C4N8 bending 
C5F bending 
C6H bending 
NlH bending (in 0x0 form) 
07H13 bending (in hydroxy form ) 

NH, scissoring 
NH, rocking 
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TABLE 3 

Diagonal elements of 5FC in internal coordinates (in mdyn A-i) 

5-Fluorocytosine (hydroxy-amino) 5-Fluorocytosine (keto-amino) 

Internal Force Internal Force 
coordinate constant coordinate constant 
no. no. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 

14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 

32 
33 

In plane 
Stretching 
Nl-C2 
C2-N3 
N3-C4 
c4-c5 
C5-C6 
C6-Nl 
C2-07 
C4-N8 
NB-H9 
NB-HlO 
C&F11 
C6-H12 
07-H13 

Bending 
C2-Nl-C6 
Nl-C2-N3 
C2-N3-C4 
N3-C4-C5 
C4-C5-C6 
C5-C6-Nl 
C2-07-H13 
Nl-C2-07 
N3-C2-07 
N3-C4-N8 
C5-C4-N8 
C4-C5-Fll 
C6-C5-Fll 
C5-C6-H12 
Nl-C6-H12 
H9-NB-H10 
C4-NB-H9 
C4-NB-H10 

Out-of-plane wag 
07-C2-NlLN3 

NB-C4-N3-C5 

8.7923 1 
8.5553 2 
8.7539 3 
7.1635 4 
8.9534 5 
7.8204 6 
7.7000 7 
8.3177 8 
8.2121 9 
8.2658 10 
7.5814 11 
6.3701 12 
8.5290 13 

0.8551 
0.9505 
0.8203 
0.8625 
0.9659 
0.8282 
0.9249 
0.6793 
0.6793 
0.5918 
0.5918 
0.4779 
0.4779 
0.3223 
0.3223 
0.3876 
0.4356 
0.4430 

14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 

0.8794 33 
0.9690 34 

In plane 

Stretching 

Nl-C2 

C2-N3 

N3-C4 

c4-c5 

C5-C6 

C6-Nl 

C2-07 

C4-N8 

NB-H9 
NB-HlO 
C5-Fll 
C6-H12 
Nl-H13 

Bending 

C2-Nl-C6 

Nl-C2-N3 
C2-N3-C4 
N3-C4-C5 
C4-C5-C6 
C5-C6-Nl 
C6-Nl-H13 
C2-Nl-H13 
Nl-C2-07 
N3-C2-07 
N3-C4-N8 
C5-C4-N8 
C4-C5-Fll 
C6-C5-Fll 
C5-C6-H12 
Nl-C6-H12 
H9-NB-H10 
H9-NB-C4 
HlO-NB-C4 

Out-of-plane wag 
H13-Nl-C2-C6 
07-C2-Nl-N3 

5.6651 
6.7462 

10.3595 
6.1910 

10.6210 
7.5594 

14.1236 
8.3631 
8.1797 
8.2638 
7.6314 
6.4081 
8.0430 

0.8675 
0.9031 
0.7332 
0.8232 
0.9298 
0.8042 
0.3173 
0.3173 
0.6861 
0.6861 
0.6378 
0.6378 
0.4916 
0.4916 
0.3098 
0.3098 
0.3878 
0.4479 
0.4479 

0.3061 
1.0294 
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5-Fluorocytosine (hydroxy-amino) 5-Fluorocytosine (keto-amino) 

Internal Force Internal Force 
coordinate constant coordinate constant 
no. no. 

34 
35 

36 
37 
38 
39 
40 

41 
42 
43 
44 
45 
46 
47 

Fll-C5-C4-C6 0.8054 

H12-C6-Nl-C5 0.6607 

Torsion 

H13-07-C2-Nl 
H13-07-C2-N3 
H9-NS-C4-N3 
H9-NS-C4-C5 
HlO-NS-C4-N3 

Torsion 

HlO-NS-C4-C5 
Nl-C2-N3-C4 
C2-N3-C4-C5 
N3-C4-C5-C6 
C4-C5-C6-Nl 
C5-C6-Nl-C2 
C6-Nl-C2-N3 

0.0345 

0.0345 

0.0377 

0.0377 

0.0323 

0.0323 41 

0.1410 42 

0.1550 43 

0.1947 44 

0.2204 45 

0.1820 46 

0.1423 47 

35 
36 
37 

38 
39 
40 

H13-Nl-C2-C6 0.3061 
07-C2-Nl-N3 1.0294 
NS-C4-N3-C5 0.9258 
Fll-C5-C4-C6 0.7811 
H12-C6-Nl-C5 0.6306 

Torsion 

Nl-C2-N3-C4 
C2-N3-C4-C5 
N3-C4-C5-C6 

0.0954 

0.1185 
0.1769 

Torsion 

C4-C5-C6-Nl 

C5-C6-Nl-C2 

C6-Nl-C2-N3 
N9-NS-C4-N3 
H9-NS-C4-C5 
HlO-NS-C4-N3 
HlO-NS-C4-C5 

0.2388 

0.1826 

0.0977 

0.0449 

0.0449 

0.0345 

0.0345 

EXPERIMENTAL RESULTS AND DISCUSSION 

The tautomeric equilibria of the substituted cytosines studied here can be 
examined most convincingly by analysis of the spectral region related to the 
characteristic stretching vibrations of the OH, NH and C=O groups directly 
involved in the tautomeric transition. This part of the IR spectra of 5FC, 5BrC, 
51C and, for comparison, cytosine, is shown in Fig. 3 for the molecules isolated 
in argon matrices. The most important findings from these spectra are: (i) the 
appearance in each spectrum of a relatively strong absorption from the OH 
stretching mode near 3600 cm-l (see results for model systems e.g. refs. 16,17) 
related to the amino-hydroxy tautomer; (ii) the presence in the spectra of all 
5-halogenated cytosines of only trace absorption by the NlH stretching mode 
near 3470-3460 cm- ’ (see results for model systems, e.g. [ 181) related to the 
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Fig. 3. IR spectra in the OH, NH and C=O stretching regions of 5FC (a), 5BrC (b), 51C (c) and 
cytosine (d), each isolated in an argon matrix at about 15 K. 

amino-oxo tautomer; (iii) the appearance in the spectrum of 5FC of only trace 
absorption by the C=O stretching mode near 1710-1750 cm-’ (see results for 
model systems, e.g. ref. 18) related also to the amino-oxo tautomer. It is clear 
that the hydroxy tautomer is predominant. 

From the ratio of experimental absorbances of the OH stretching modes to 
those for the C=O (or NlH) stretches it was possible to determine the 
0x0s hydroxy equilibrium constant 

K(h/o)=[h]/[o]=[abs(OH)/abs(C=O)l*[A(C=O)/A(OH)l (I) 

or 

K(h/o) = [abs(OH)/abs(NlH)] * [A(NlH)/A(OH)] (2) 

where [h] is the concentration of hydroxy form, [o] the concentration of 0x0 
form, abs(OH), abs(C=O) and abs(NlH) are the experimentally measured 
integrated absorbances and A (OH), A (C=O) and A ( NlH) are the calculated 
molar absorption coefficients. 

Because the observed absorbance is very low for the NlH bands of halogen- 
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ated cytosines and so cannot be determined accurately, we have used only eqn. 
( 1) to estimate K( h/o). 

We believe that this value for the equilibrium constant K(h/o) reflects the 
equilibrium as it exists in the gas phase at about 500 K, just before the com- 
pound is codeposited together with the Ar matrix gas onto the cold window in 
the matrix experiment. From this equilibrium constant at T=500 K, we may 
estimate the value for the standard Gibbs free energy difference as 

AG$(exp)=-RTlnK(h/o) (3) 

We expect that the entropies of the amino-hydroxy and amino-oxo forms are 
similar [ 191 so that the entropy difference is approximately zero and 
AG”~AHo. The difference between AH~oo and AE: may also be expected to 
be relatively small, and we neglect it in the following discussion. 

Table 4 summarizes the K( h/o) and A.&oo values for all cytosines studied 
here. The calculated values for the differences in the stabilization energies 
(A,!?: (talc) ) are known only for cytosine and for 5FC [ 11,13,21]. These values 
are given in the last column of Table 4. 

For all the cytosine derivatives listed in Table 4 the amino-hydroxy tautomer 
is favored over the amino-oxo form, but the magnitudes of the AH values grad- 
ually increase on going from cytosine to 5IC, to 5BrC and, finally, to 5FC. Such 
an increase in the relative stabilities of the tautomeric forms can be correlated 
with the changes of the electronegativities of the atom attached to C5 (see, for 
example, ref. 20). 

The agreement between the experimentally determined value of AH of 5FC 
and the calculated value of LEE (3-21G//6-31G**) is surprisingly good, as is 
the agreement with the slightly higher value calculated recently at the coupled 
cluster level [ 211. 

The same order of agreement between the experimental and calculated en- 
ergy differences was also found for cytosine. For both 5FC and cytosine, the 

TABLE 4 

Experimental equilibrium constants, K( h/o), and enthalpy differences, M, compared with the 

calculated stabilization energy differences, AE:, for isolated cytosines 

Compound K(hlo)’ AH? 
(kJ mol-’ ) 

A& 
(kJ mol-‘) 

Cytosine 2.5” -4 

51C 8.4 -8 
5BrC 12.5 -11 
5FC 21.8 -13 

-lb; -4’ 

- 13d; -21.7” 

“Estimated from the data in our previous work [6] (also on the basis of OH and total C=O ab- 

sorption bands). bFrom ref. 13. “From ref. 11. dThis work. “From ref. 21. ‘The estimated error in 

these values is about 30%. 
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experimental and the calculated results both show that the isolated amino- 
hydroxy tautomer is more stable. 

Comparison of experimental and calculated IR spectra of 5FC 

A comparison of the experimental IR spectrum of 5FC isolated in an argon 
matrix, where it is found predominantly in the amino-hydroxy tautomeric form, 
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with the spectrum calculated for the same tautomer is shown in Figs. 4 (a) and 
4 (b). As seen there, the spectral patterns are generally similar for both spectra. 
However, on closer examination it can be seen in the experimental spectrum 
that many bands split into several more-or-less well-resolved components (with 
frequencies given in Table 5) which contribute to the total intensity in the 
spectral region under consideration, and which render the comparison of the 
experimental spectrum with the calculated frequencies and intensities not ex- 
actly straightforward. Such splitting could be due to: (i) matrix site effects 
(e.g. [ 18b,c,22] ), leading often to the appearance of two or more sub-bands 
separated by a few wavenumbers (from 2 to 15 cm-‘); (ii) Fermi resonance 
between a fundamental mode and a nearby combination band involving lower- 
frequency modes of the appropriate symmetry. The second effect may produce 
multicomponent bands with splittings varying from 2 to 40 cm-l and different 
relative intensities all of which arise primarily from the intensity of the un- 
perturbed fundamental. Some of the weak bands could also possibly be due to 
traces of the amino-oxo tautomer or to self-associated dimers. However, these 
bands, if present, are expected to be very weak indeed, as indicated by the very 
low absorbance of the C=O stretching mode near 1700 cm-l which has the 
largest molar absorption coefficient of all the IR absorption bands of the amino- 
0x0 tautomer. 

A comparison between the experimental spectrum and the calculated spec- 
trum is complicated additionally by the fact that the matrix experiment does 
not give absolute values for the absorption intensities, but only relative values 
because the precise concentration and optical path length are not known. How- 
ever, the relative experimental intensities given in Fig. 4 (a) and Table 5 are 
normalized so that the sum of the intensities of all bands observed is equal to 
the sum of the calculated intensities for all the normal modes. As a result, such 
relative experimental intensities are more equivalent to the calculated inten- 
sities. As seen in Table 5, the calculated intensities agree with the experimental 
intensities for some of the normal modes, but for many normal modes the 
calculated and experimental intensities (the latter often consisting of several 
components) differ by a factor of 2 or 3. For some in-plane modes, particularly 
the very weak modes, and for most of the out-of-plane modes, the difference is 
even larger. It seems also that vibrations in the 1600-1200 cm-’ region are 
strongly coupled and that this coupling affects the experimental frequencies 
and relative intensities. However, taking into account all the complications 
involved in the experimental spectrum, and the relatively small basis set used 
for the calculation of the vibrational spectrum, we consider the agreement be- 
tween the experimental and calculated spectra to be satisfactory. It is defi- 
nitely helpful in the interpretation and understanding of the experimental IR 
spectrum of the isolated molecules to have the calculation available for com- 
parison. Calculated molar absorption coefficients are useful in estimating the 
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tautomeric equilibrium constants and the differences in the energies of the 
amino-hydroxy and amino-oxo tautomers. 

The experimental matrix spectrum of analogs of 5FC deuterated at the amino 
group and the ring nitrogens (and O-H ) is shown in Fig. 4 (c ) . The correspond- 
ing calculated spectrum of this molecule is presented in Fig. 4 (d). As was the 
case for undeuterated 5FC, there is general agreement between the patterns of 
the experimental and calculated spectra. 

The frequencies and intensities of all experimentally observed bands and all 
calculated normal modes for the deuterated 5FC are listed in Table 6. Exami- 
nation of the data in Table 6 shows that there are indeed differences between 
the experimental and calculated spectra. These differences result from the same 
factors that influence the spectrum of the undeuterated molecule, as discussed 
previously. 

Comparison of the IR spectra of matrix-isolated 5FC, 5BrC and 5IC 

Because we did not perform calculations of the vibrational spectra of 5BrC 
and 5IC, and since such data do not exist in the available literature, the ten- 
tative interpretation of the vibrational spectra of 5BrC and 51C was made by 
a comparison of their matrix spectra with those of 5FC and cytosine [ 61. 

Besides the difference in the spectral region related to the OH, NlH and 
C=O stretches already discussed in relation to their tautomerism, cytosines 
with different halogen atoms attached at the C5 carbon also show different 
spectral patterns in other parts of their spectra. All these differences can be 
found by examining Tables 5 and 7, in which the frequencies and intensities 
of all bands observed in the matrix spectra of these cytosines are collected. The 
most pronounced differences are well visualized in Figs. 3 and 5 showing the 
matrix spectra of all the 5-halogenated cytosines discussed here. 

A systematic shift to low frequency correlated with the size of the atom at- 
tached to C5 is observed for both the asymmetric and symmetric stretches of 
the NH2 group (Fig. 3 ) . This shift probably results from the intramolecular 
interaction between the NH, group and the halogen substituent, predicted also 
by our calculation for 5FC, as discussed above. 

The spectra of 5FC, 5BrC and 51C differ strongly in the region where the 
strongest absorption bands appear (1650-1400 cm-’ ). One of the most pro- 
nounced differences in the spectra in this region is the appearance near 1550 
cm-’ of a relatively intense triplet for 5BrC and doublet for 5IC, while for 5FC 
it seems probable that the corresponding absorption seems to be shifted to near 
1500 cm-‘. The spectral patterns near 1650-1600,1400-1450 and 1300 cm-’ 
are also quite different, probably due to the effect of halogen substitution on 
the NH2 scissor and ring vibrations. 

According to our calculated PEDs for 5FC, the C-F stretching vibration 
should appear near 1237 cm-‘. Taking into account the mass effect, we can 
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TABLE 7 

Vibrational frequencies, u, IR intensities, A, and preliminary assignments of the bands observed 
in the spectra of 5BrC and 51C isolated in an argon matrix 

5BrC 

v 
(cm-‘) 

A 
(rel)” 

51C 

;)cm-‘) 
A 
(rel)” 

Assignmentb 

3596 108 
3555 54 
3550 32 
3454 5 
3441 13 
3438 81 
3434 45 
1778 5 
1752 5 
1730 5 
1724 49 
1718 9 
1654 9 
1648 22 
1644 13 
1634 22 
1629 90 
1622 45 
1618 72 
1609 90 
1606 198 
1588 13 
1578 9 
1575 7 
1568 54 
1562 90 
1656 54 
1527 5 
1516 5 
1507 5 

1478 22 
1475 31 
1472 13 
1442 252 
1437 36 
1434 63 
1430 27 
1424 36 
1420 67 
1418 54 

3594 70 
3546 56 
3540 26 
3452 8 
3433 10 
3430 56 
3436 30 
1783 4 
1750 10 
1734 6 
1722 44 
1718 14 
1652 12 t 
1646 10 

OH str. 
NH, assymstr. 
ROT 
NlH str.o 

NH, symmstr. 
ROT 

FR/o 
o/MS, 
o/C=0 str. 

1636 
1624 
1620 
1610 
1620 
1698 
1584 
1580 
1576 
1562 
1558 
1550 
1522 
1514 
1508 
1506 
1470 
1468 
1464 
1438 

6 
54 

100 
46 

100 
70 
10 ’ 
10 
10 
60 
26 

100 
3 ’ 

10 
6 
8 

16 
22 
12 , 

230 

NH, SC. 
C5C6 str. 

C5=C6 str. 

RI str. FR, MS 

RI str., RI def., C-O str. 
FR, MS 

1430 64 

1428 130 RI str., 
1413 50 C,N, str. 
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TABLE 7 (continued) 

5BrC 

;Icm-‘) 
A 
(rel)” 

51C 

ycrn-‘) 
A 
(rel)” 

Assignmentb 

1363 17 
1350 180 
1343 5 
1337 3 
1306 3 
1300 7 
1296 25 
1286 3 
1258 27 
1242 3 
1234 3 
1220 8 
1202 32 
1190 65 
1178 3 
1171 3 
1088 94 
1055 22 

1359 
1345 
1339 
1331 

10 
144 

4 
2 

RI str., C6H bend., OH bend. 
C&H bend, OH bend. 

1300 10 

1258 32 
1246 2 
1234 6 
1225 6 
1203 20 
1190 94 
1178 4 
1162 2 
1088 56 

OH bend., RI str., NH2 rock. 
RI str. 

NH, rock., RI str., OH bend. 
CBr str. 
CI str. 
RI str., RI def., NH, rock. 

1037 18 
976 8 
956 2 
953 4 
790 30 
779 5 
774 4 

976 7 
954 3 
950 7 
789 45 
779 9 
773 5 
652 9 

C6H OOPL wag. 
RI def. OOPL 
RI str., RI def., C-O str. 

CBr str., RI str., RI def. 
CI str., RI str., RI def. 637 8 

611 31 
614 4 
604 12 605 11 

601 9 
590 5 
558 5 
545 9 
530 14 
526 5 
518 27 
515 22 
509 27 

570 3 
566 4 

RI def., C-O bend. 

528 10 NH OOPL tor. 

OH OOPL wag. 516 30 
511 40 
508 18 

“See footnote a to Table 5. bSee footnotes c and d to Table 5. 
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b 

a 

io 1450 1450 1950 l&.0 II50 lb50 ‘1 50 450 ko $50 650 $50 ’ 450 
UAVENUMSERS UAVENUMBERS 

Fig. 5. Comparison of the IR spectra in the 1650-450 cm-’ region of 5FC (a), 5BrC (b) and 51C 
(c) each isolated in an argon matrix at about 15 K. 

expect that the C-Br and C-I stretches should be shifted down to about 1000 
cm-‘. This suggests that the absorption band observed at 1055 cm-’ exclu- 
sively in the spectrum of 5BrC is probably related to the C-Br stretch, and the 
band at 1035 cm-l, which appears only in the spectrum of 5IC, is related to 
the C-I stretch. 

Similar comparison and estimation suggests that other absorption bands 
related to the in-plane stretching motions of the C-F, C-Br and C-I bonds are 
located at 774 cm-’ for 5FC, at 650 cm-* for 5BrC and at 637 cm-’ for 51C. 
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The out-of-plane bending vibrations of the CBr and CI groups are expected to 
appear at wavenumbers below the studied region. 

The interpretation of the vibrational spectra of 5BrC and 51C proposed in 
Table 7 is more uncertain than is that for cytosine [6] and 5FC, and it must 
be considered as very tentative. It is expected that improved assignments may 
be possible when quantum mechanical calculations of the vibrational spectra 
with good basis sets (possibly better than that used for the calculation of the 
spectra of 5FC and cytosine) become available. 

Amino-oxo tautomer in the crystalline solid 

As has been shown before, 5FC and other 5-halogenated cytosines when 
isolated in an inert matrix exist predominantly in the amino-hydroxy form 
with only a small amount of the amino-oxo form present. Hence in the matrix 
spectrum only the strongest absorption bands of the amino-oxo form (mainly 
C=O stretch) can be detected. The calculated spectrum of the amino-oxo tau- 
tomer of 5FC must be compared, therefore, with the spectrum of the crystalline 
solid, where this tautomer is exclusively present. Figure 6 and Table 8 show 
such a comparison of the experimental IR and Raman spectra of the crystalline 
solid 5FC sample with the calculated IR and Raman spectra of the amino-oxo 
tautomer. The spectra of crystalline 5BrC and 51C (not discussed here) prove 
that these molecules also exist in the crystal in the amino-oxo form. Because 
molecules in the crystal are involved in hydrogen bonding and other intermo- 
lecular interactions but the spectrum is calculated for non-interacting isolated 
molecules, we can expect that the agreement between the experimental and 
calculated spectra will be worse than for the case of the amino-hydroxy tau- 
tomer of 5FC isolated in an argon matrix which was previously discussed. Hy- 
drogen bonding is expected to change most drastically the stretching and bend- 
ing vibrations of the NlH and NH, groups. It usually has much less effect on 
the vibrations of the C=O group and even less on the vibrations of the ring or 
of the CH group. Nevertheless the calculations provide some help in the inter- 
pretation of the spectrum of the crystalline solid. The details of the comparison 
of the experimental and calculated spectra for crystalline 5FC are given in 
Table 8. The differences in the spectrum of molecules in crystalline solid (in 
0x0 form) and those isolated in an argon matrix (in hydroxy form) can be seen 
by comparing relative absorption bands listed in Table 8 with those in Table 
5. 

It should be noted that the calculated Raman intensities are in much worse 
agreement with those observed experimentally than are the calculated inten- 
sities for the IR spectrum. This suggests that the calculation with the GAUS- 
SIAN 86 program using a 3-21G basis set is not good enough for useful predic- 
tion of Raman intensities. 



INFRARED 

Fig. 6. Comparison of the IR (in KBr pellet) and Raman (in capillary tube) spectra of 5FC 
crystalline solid samples. Vertical lines show the calculated IR spectrum of the amino-oxo form. 
Raman spectra of the powdered samples were measured using a Spex Model 1701 double mono- 
chromator (slits 350 pm) with a cooled photomultiplier (RCA 3130) in the photon-counting 
mode. Excitation was via the 514-nm line (100 mW) of an Ar+ laser (Spectra-Physics 2000 Se- 
ries). Interfering plasma lines were practically eliminated with a laboratory-made prism prefilter. 
The sample, contained in a vertically oriented capillary tube, was rapidly rotated during irradia- 
tion; the scattered radiation was collected in a 180” back-scatter orientation. A microcomputer 
(HP 3000) controlled the wavenumber advance, the signal averaging and the spectral display, 
storage and recording. 
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CONCLUSIONS 

The amino-hydroxy tautomer of 5FC, 5BrC and 5IC dominates when these 
molecules are isolated in an inert environment, in sharp contrast to the exclu- 
sive appearance of the amino-oxo tautomer in polar environments. 

The ab initio calculation of energy at the HF level (6-31G**//3-21G) per- 
formed for 5FC also predicts that the amino-hydroxy tautomer is more stable. 
The calculated energy difference [E (amino-hydroxy ) -E( amino-oxo) = - 13 
kJ mol-’ ] is surprisingly close to the experimentally estimated enthalpy dif- 
ference in the vapor phase at 500 K (U= - 13 + 2 kJ mol-‘). The higher 
stability of the amino-oxo tautomer of 5FC in the polar environment is appar- 
ently correlated with the largest dipole moment for this tautomer. 

The experimentally determined equilibrium constant, K( h/o), and the en- 
thalpy difference from amino-hydroxy and amino-oxo tautomers gradually in- 
creases in going from cytosine to 5IC, to 5BrC to 5FC. This order correlates 
with the increasing electronegativity of halogen atoms. 

The calculation (3-21G) of the vibrational frequencies and intensities pro- 
vided useful data for interpretation of the experimental IR spectra of 5FC. 

By comparison of the IR matrix spectrum of 5FC with those of 5BrC and 
5IC a tentative interpretation of the matrix spectra of these two molecules is 
proposed. 

The IR spectrum of the amino-oxo tautomer, which dominates in the crys- 
talline sample, was interpreted by comparison with the calculated IR spectrum 
of this tautomer. This comparison allows us to determine changes in the fre- 
quencies and intensities due to intermolecular interactions, particularly hy- 
drogen bonding, in the crystal. 
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