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R E S E A R C H  IN T H E  P Y R I M I D I N E  S E R I E S  

XXV.* CALCULATION OF THE NORMAL VIBRATIONS OF BARBITURIC 

AND 2-THIOBARBrrURIC ACIDS 

N.  A.  S m o r y g o  a n d  B.  A.  I v i n  UDC 547:1854.5 : 543.422.4 

The frequencies  and forms of the in-plane normal  vibrations of the t r icarbonyl  forms of ba r -  
bi turic  and 2- thiobarbi tur ie  acids and their  te t radeutero  derivat ives were calculated. The 
calculations were made for  the Czv (or C2v and C s for  barbi tur ic  acid) symmet ry  point group. 
The principal  frequencies observed in the IR spect ra  of these compounds were assigned with 
respec t  to the types of vibrations on the basis of an analysis of the forms of the normal  v ibra-  
t ions. 

Continuing our investigation of the vibrational  spec t ra  of polyhydroxypyrimidines,  we calculated the 
in-plane normal  vibrations of barbi tur ic  and 2- thiobarbi tur ic  acids.  The LR and Raman spectra  of barbituric 
acid and its derivat ives were investigated previously in [2-13]. Pr incipal  attention was directed to an inter-  
pretat ion of the spectra  in the region of the s tretching vibrations of the NH and C = O bonds. Two intense 
bands at ~ 3200 and ~ 3080 em -1 are  observed in the spect ra  of most  of the investigated compounds in the 
VNH region (for example, see Fig. 1) [6]. The �9 of the f i rs t  band is somewhat higher than that of the 
second. These same bands a re  also present  in the spec t ra  of the mono-N-methyl  derivat ives.  For  example, 
two intense bands at 3208, 3098, and 3230,r3130 cm -I are  observed in the spectra  of 1-methylbarbi tur ic  acid 
and 1-methylbarb i ta l  [9]. These same bands were also detected in the spec t ra  of other cyclic amides [14]. 
Miyazawa [14] feels that the band at 3200 cm -1 is due to VNH and that the band at 3080 cm -1 is due to a com-  
bination of vC= O and 5NH and is reinforced by F e r m i  resonance.  However, there are  a number  of examples 
[10] in which the intensity of the band at 3080 cm -1 is higher than that of the band at 3200 cm -1. According 
to x - r a y  diffraction data [15], crysta l l ine  barbi tur ic  acid exists in the t r icarbonyl  form and only two of its 
carbonyl  groups part ic ipate  in the formation of hydrogen bonds. The C(2 ) = O carbonyl group forms a hydro-  
gen bond with the NH group (R=2.909 A). Two acid molecules form a d imer  by means of these hydrogen 
bonds, and the C(4)=O. . .H-N hydrogen bonds (r=2.855 A) cross l ink  the d imers  in ribbons. The third C(6)= 
O carbonyl  group does not part icipate in the formation of hydrogen bonds. Bolton [15] determined the bond 
lengths and the valence angles in the barbi tur ic  acid molecule. 

The hydrogen bonds are  also retained in solutions of barbi tur ic  acid and its derivatives in chloro-  
form and dimethyl sulfoxide (DMSO), but a band at 3400 cm -1, which can be assigned to the vibrations of 

* See [1] for communicat ion XXIV. 
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Fig. 1 Fig. 2 

Fig. 1. IR spect ra  of crys ta l l ine  samples (suspensions in minera l  oil 
and perfluorinated oil): 1) barbi tur ic  acid; 2) 1 ,3 ,5,5- te t radeutero 
barbi tur ic  acid; 3) 2- th iobarbi tur ic  acid (recrystal l ized f rom acet ic  
acid) ; 4) 1,3,5,5-tetradeu_tero-2-thiobarbituric acid ( recrysta l l ized f rom 
D20 and containing an appreciable amount of the enol form). 

Fig. 2. Designations of the natural  vibrational coordinates of the b a r -  
bituric and 2- th iobarbi tur ic  acid molecules (the t r icarbonyl  forms) .  

the nonbonded NH groups [2], appears  in the IR spec t ra  of solutions of the barbi turates  in CHCIa. If one 
takes into account the fact that barbituric  acid fo rms  hydrogen bonds of two types, the band at ~ 3200 cm -1 
can be assigned to the vibrations of the NH groups bonded to C(2 )-- O, and the band at ~ 3080 cm -1 can be 
assigned to the vibrat ions of the NH group bonded to C(4 ) = O by hydrogen bonds. The hydrogen bonds be- 
tween NH and C(4 ) = O are  probably broken when the compounds are  dissolved in DMSO, and barbi tur ic  acid 
exists  in the d imer  form in DMSO solution. In fact,  in the IR spectra  of such solutions the band at 3200 cm -I 
is retained, and the UC(2)= O frequency is not shifted on dissolving, whereas the vC(4)= O and vC(6)= O f r e -  

quencies increase  by 30 cm -1 [9]. Thus the appearance  of two bands in the region of the s t re tching v ibra-  
tions of the NH bonds can be explained either by the p resence  in this region of a band of the corresponding 
combination of u C = O and 5 NH or  by the fact that each type of association has its own VNH absorption band. 

Several  very  intense overlapped bands are  observed in the region of s tretching vibrat ions of carbonyl  
groups in the IR spect ra  of the barbi tur ic  acids (Fig. 1). Intense bands at 1755, 1740, and 1710 cm -1 are  
present  in the spec t rum of a solution of barbi tur ic  acid in diethyl ether [3]. These same bands are  also ob- 
served in the IR spect ra  of crys ta l l ine  samples of N-alkyl-  and 5-alkyl(aryl) derivat ives of barbi tur ic  acid 
and in the spec t ra  of their  solutions in CHC13 [1-5]. These invest igators  [1-5] feel that the C=O groups can 
be considered to be interacting osc i l la tors .  The lowest of the frequencies was assigned to VC(2) = O, and the 

bands at 1740 and 1755 cm -1 were  assigned to symmet r i ca l  and a symmet r i ca l  vibrations of C(4 ) = O and C(~) = 
O bonds. Another interpretat ion of these three frequencies is presented in [7, 8]. As a resu l t  of a study of 
the IR spect ra  of solutions of barbituric  acid and its lSN analog in DMSO it was observed that the highest- 
f requency band is most  sensit ive to isotopic substitution and that it can be assigned to the stretching vibra-  
tions of the C(2 ) =O group included between the two nitrogen atoms.  When the oxygen atom attached to C(~) 
is replaced by sulfur,  this band vanishes and, as already mentioned above, is not shifted in the spectra  of 
solutions of barbi tur ic  acid in DMSO. 

An intense band at 1762 cm -1, a band of low intensity at 1737 cm -1, and an intense band at 1692 cm -1 
are  present  in the Raman spect ra  of crysta l l ine  barbi ta l  and phenobarbital [12]. The rat io of the intensities 
of the second and third bands in the IR spectra  of these compounds is the inverse of the rat io observed in 
the Raman spect ra .  This consti tutes yet  another proof that the f i rs t  band cor responds  to vC(2)= O whereas 

the two other bands are  a symm et r i c a l  and symmet r i ca l  vibrations of the bonds of the ~-dicarbonyl  f rag-  
ment. 
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T A B L E  2 

Force constants of batbituric and 2-thiobarbituric acids (K" 106 cm -2) 

K =K =12,00 H = H  =1,50 
Qi Q2 Qsq~ qaqs 

=10 ,50  H = H  = H  = H q ~ r  =0 ,03  

K = K  = 9,00 H = H  =0,45 
Q5 Q~ qlq4 qlq~ 

K = I6,40 H =0,95 
,tl q4qa 

K =/ (  = 9,00 H =0,05 
q~ q~ q6q7 

qx q2 " q~ Q~ 
/( =K =16,00 A =A =A =A =1,80 

q4 q5 ~ ~ ~4 ~a 

g = K  = 7,50 
qt~ ql 

K~ =3,80 

K =K =3,00 
cz= ctz 

K = K  =3,50 

K =2,50 
ctr 

KI~ ~ = K 8, = 2,50 

t< =K =K =K =0,85 

1( =1( =1( =1( =2,00 

K =K = K  =K =0,80 
~,, ~,~ ~,~ 2,, 

K iLff0,70 

t l  = 2,70 
q,q~ 

H =H =0,30 

t l  = H = 0,40 
QIQ~ Q2Q3 

H =H =0,80 
qlOs q:C& 

H = H  = 1,00 
q;~O~, O~qs 

H = H  =0,60 
q~q~ q~Oz 

H = 1,50 

H = H = 1,80 
qlql  O~.ql 

H = H  =0,80 
q~q4 q~q~ 

QI Qz 
A =A =I,00 

~2 ~3 

qi q~ q~ qz Q~ qa Q3 ~ 
A =A =A =A =A =A =A =A =0,50 

A =A =I,20 

Q~ Q: Q~ Q, 
A =A =A =A =i,50 

qa q~ q~ Q~ 
A =A =A =A =0,90 

Qs Q~ 
A =A =0,80 

ql  

A =--1,20 

qI q~ q5 
A 2122=A I~:I~?A 1~92,? 0,80 

q~_ qe q~ qs q~ q~ q; ,17 O,, 

Af~=Afh=A2~=Af~=AI~ =AIs,=A 15 =,4 ,s=Al~ , =  

Q~ Q~ Q~ O~ O~ Q~ O~ 
=A =A - = A  =A =A =A =A =0,20 

qs q: 

A 15 =A 2, =0,5"0 

1 = !  = l  =0,40 

= l  =0.25 
~ 2~ 

l =l =i =l =l =l =--0,02 
2..  t3,, ~,s 8,, 2,s 2,~ 

f3, 22 f3, fh ~ f3,~ 
i = l  = l  = l  = l  = l  ~ - 0 , 3 0  

th 2, ~ 2~ 
I = l  = l  = l  = - 0 , 25  

l = l  = l  = l  =--0,04 
cz~ ct, c% ct~ 

I = l  = l  = l  = -0 ,35  

= - 1,20 

c/-i ~ i  ~ :  ~ cQ cz~ cQ ~t 

1 =l  = l  = l  = l  = l  = l  = l  = -0 ,40  
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T A B L E  2 (continued) 

Some force constants of 2-thiobarbituric acid (K- l0 s cm-Z) * 
QI Q~ 

K =Kq=9,50 A =A =0,80 

K =4,80 
ql 

q l  q~ 
K =K =9,10 A =A =1,35 

q2 qa ~t 1~2 

K~, =KI~= 1,85 

Q3 Q4 
H =H =1,20 A =A =0,80 

Q,ql.  O~ql ~s [3s 

H = 2,00 
QIQ2 Qs Q4 

A =A =2,OO 
/4 = H = 0,50 P7 ~9 

O~Qs Q~Oe 

H =H =0,30 
qlq~ qlq5 q4 q5 

A =A =-1,20 
H =0,15 a.~ a~ 

q2q3 

ql 1711 
A =A =0,40 q~ q, 

r ~2 Afil 3 =AB~ =0,60 
ql 

A = - 1 , 8 0  
r163 

qm qr q6 q7 

r Q~ Aft,, =Afj,,=Afj~ =Ap, =O,02 
A =A = !,30 

Ct2 ~ 

Q5 Qr ~,~ (Zt 
A =A  =1,80 l = !  = - 0 , 8  

G~4 (~6 ~2 (Z3 

* The  r e m a i n i n g  f o r c e  c o n s t a n t s  a r e  the  s a m e  a s  t h o s e  ob ta ined  f o r  
b a r b i t u r i c  ac id .  

C h a r a c t e r i s t i c  s e r i e s  of bands  of m e d i u m  i n t e n s i t y  a r e  o b s e r v e d  be low 1600 c m  - I  in the  IR and R a m a n  
s p e c t r a  of b a r b i t u r i c  a c i d  (F ig .  1) and i t s  d e r i v a t i v e s .  The  p r e c i s e  a s s i g n m e n t  of t h e s e  bands  wi th  r e s p e c t  
to  t he  t y p e s  of v i b r a t i o n s  on the b a s i s  of an a n a l y s i s  of  the  e x p e r i m e n t a l  da t a  has  not  been  m a d e .  A weak  
band ,  which  p r o b a b l y  c o r r e s p o n d s  to v i b r a t i o n s  of the bonds  of the  O= C - N - H  f r a g m e n t  [10], i s  o b s e r v e d  
a t  1515-1540 c m  -1 [10]. Th i s  band i s  a b s e n t  in the R a m a n  s p e c t r a .  The  IR s p e c t r a  of m o s t  of the b a r b i t u -  
r a t e s  have a band a t  1425-2430 c m  -1 (1447 cm -1 in the R a m a n  s p e c t r a ) ,  which  is f r e q u e n t l y  a c c o m p a n i e d  
by  a s h o u l d e r  a t  1400 c m  - l .  A l l  of the  i n v e s t i g a t o r s  a s s i g n  the s e v e r a l  bands  at  1300-1400 c m  -1 to VC_ N 
r i ng  v i b r a t i o n s  [10]. Some of t h e m  v a n i s h  when the h y d r o g e n  a t o m  a t t a c h e d  to the  n i t r o g e n  a t o m  is r e p l a c e d  
by d e u t e r i u m  and a r e  p r o b a b l y  r e l a t e d  to the  d e f o r m a t i o n  v i b r a t i o n s  of  the  N - H  g r o u p s .  The  band at  1360-  
1389 c m  -1 was  a s s i g n e d  to the  d e f o r m a t i o n  v i b r a t i o n s  of  the  m e t h y l e n e  g r o u p  and is  sh i f t ed  to 1050 cm -1 
on d e u t e r a t i o n  [9]. One weak  band a t  1320 cm -1 is  o b s e r v e d  in th i s  r e g i o n  in the  R a m a n  s p e c t r a .  It i s  a s -  
sumed  tha t  the  band at  1200 c m  -1, which  is  a b s e n t  in the  R a m a n  s p e c t r a ,  c o r r e s p o n d s  to v i b r a t i o n s  of the  
r i ng  C - C  br T[~e band a t  1050 cm -1 (1053 c m  -1 in t he  R a m a n  s p e c t r u m )  can  be  a s s i g n e d  to  r i n g  s k e l e t a l  
v i b r a t i o n s .  The  b r o a d  band  at  840-860 cm -1, which  i s  f r e q u e n t l y  a c c o m p a n i e d  by a band a t  ~ 8 1 5  c m  - I  and 
is  sh i f ted  to the  l o w - f r e q u e n c y  r e g i o n  on d e u t e r a t i o n ,  is  a s c r i b e d  to TNH- A n a r r o w  i n t e n s e  band,  which  is  
a b s e n t  in the  R a m a n  s p e c t r a ,  is  p r e s e n t  a t  ~ 760 cm -1 in the  IR s p e c t r a  of b a r b i t u r i c  a c id  and i t s  d e r i v a -  
t i v e s .  T h e  band at  670 c m  -1 p r o b a b l y  c o r r e s p o n d s  to 6C(2)= O, i n a s m u c h  a s  i t  is  not  p r e s e n t  in the  s p e c -  

t r u m  of 2 - t h i o b a r b i t u r i c  ac id :  The  band a t  629 cm -1 was  a s s i g n e d  to r i n g  s y m m e t r i c a l  b r e a t h i n g  v i b r a t i o n s  
[12]. The  IR s p e c t r a  of b a r b i t u r i c  a c i d s  b e l o w  600 cm -1 have not  been  i n v e s t i g a t e d .  F o u r  bands  of m e d i u m  
i n t e n s i t y  and a w e a k  band a t  ~ 2 0 0  c m  -1 a r e  o b s e r v e d  in the  R a m a n  s p e c t r u m  of b a r b i t u r i c  a c i d  in th i s  r e -  
gion.  Two bands  a t  599 and 416 c m  -1, c o m m o n  to both  c o m p o u n d s ,  a r e  found h e r e  in t he  R a m a n  s p e c t r a  of 

b a r b i t u r a t e s .  

It i s  c l e a r  f rom what  has  been  s t a t e d  above  tha t  for  c o m p l e x  c y c l i c  a m i d e s ,  s p e c i f i c a l l y ,  b a r b i t u r i c  
a c i d s ,  i t  is  d i f f i cu l t  to m a k e  an a c c u r a t e  a s s i g n m e n t  of the  o b s e r v e d  f r e q u e n c i e s  wi th  r e s p e c t  to  the  t y p e s  
of v i b r a t i o n s  u s ing  only  e x p e r i m e n t a l  da ta ,  and we t h e r e f o r e  c a l c u l a t e d  the  i n - p l a n e  n o r m a l  v i b r a t i o n s  of 
the  t r i c a r b o n y l  f o r m s  of b a r b i t u r i c  a c id  and i ts  1,3 ,5 , 5 - t e t r a d e u t e r o  and 2 - t h i o -  and 2 - t h i o - l , 3 , 5 , 5 - t e t r a -  
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deutero der ivat ives .  All of the atoms of the molecule except the hydrogens of the methylene group are  s i tu-  
ated in a single plane. The hydrogen atoms of the methylene group lie in a plane perpendicular  to the plane 
of the ring above and below it. Inasmuch as, according to x - r a y  diffraction data, the differences in the N(t } -  
C(2), and N(3}- C(2), N(3)- C(4} and N(1)- C(6), ?(4)-C(~)and C+(5)-C!~}, C(4) =O and C(6) : ? ,  andN(3) _,H and N(1)-H 
bond lengths andthe internal  aria ex~e rnai  angles inc Luaeo nerween mese  Donas a re  smalt ,  a moaet  wt~n ~:2v sym-  
met ry  was selected.  The plane of  s y m m e t r y  coincides with the plane of the ring, while the axis of sym-  
met ry  passes  through the O= C(2 ) and C(5 ) a toms.  The model has 33 normal  vibrations that break down as 
follows with respec t  to s y m m e t r y  types : 12A 1 + 4A 2 + 10B 1 + 7B 2. For  2- thiobarbi tur ic  acid all of the geo- 
met r ica l  pa ramete r s  were taken to be the same as those for barbi tur ic  acid, whereas  the C = S bond length 
was assumed to be equal to the C(2 ) =S bond length in 2,4-di thiouraci l  [16]. The natural  coordinate that we 
selected for  the calculat ions are  presented in Fig. 2. 

For  calculations within the zero  approximation,the force  constants of a ser ies  of f ragments  of the ba r -  
bituric acid molecule were assumed to be equal to the force constants of the corresponding s t ruc tura l  ele- 
ments of uraci l ,  which we have previously calculated [17]. The force constants of the methylene group were 
taken f rom [18]. The constants of the potential energy of the C = S bond and its interaction with the adjacent 
bonds and angles of the N - C  ( = S ) - N  f ragment  are  equal to the corresponding force constants of thiourea 
[19]. During the calculation, the force  field was refined by the method of least squares (MLS) in conformity 
with the derivat ives  of the frequencies with respec t  to the force  constants.  The potential energy constants 
were varied until the calculated frequencies  coincided sa t i s fac tor i ly  with the experimental  values.  The f r e -  
quencies (Table 1) and fo rms  of the in-plane normal  vibrations were determined.  The final set  of force 
constants is presented in Table 2. 

As one should have expected, most  of the vibrations of barbi tur ic  acid and its derivat ives a re  c o m -  
plex. An analysis  of the fo rms  of the normal  vibrations shows that the band at 1756 cm -1 corresponds  to 
vC(2 ) = O and the bands at 1717 and 1696 cm -t a re  a symmet r i ca l  and symmet r i c a l  s t retching vibrations of 

the C(4) = O and C(6 ) = O groups,  as was previously  assumed.  The r ing bonds par t ic ipate  in these vibrations.  
The 1640 cm -t frequency,  which appears in the IR specra  as a shoulder on the intense band at 1696 cm -1, 
and the 1523, 1441, 1254, 1057, and 768 cm -1 frequencies  correspond to ring s tretching vibrations.  P r i -  
mar i ly  the C - N  bonds ra the r  than the C - C  bonds part icipate in the vibration at 1254 cm -t .  As in the case  
of uraci l ,  the deformation vibrations of the NH and CH groups contribute to the r ing vibrations.  The 1300- 
1400vcm -I region is the region of absorption of the in-plane deformation vibrations of the NH bonds and 
the methylene group. Bands of very low intensity a re  found in this region in the IR spec t ra  of te t radeutero-  
barbituric  acid and its 2- th io te t radeutero  derivative,  and intense bands corresponding to 5ND and ~CD 2 vi-  
brat ions appear  at 1000-1200 cm -t.  

Replacement  of the oxygen atom attached to C(2 ) by sulfur also changes the force  field of the molecule. 
The force constants of the C - N  bonds are  increased,  whereas the coefficients of interaction of the ring 
bonds and the C - S  group with the r ing dec rease .  This constitutes evidence for  a dec rease  in the degree 
of delocalization of the electrons in the ring when oxygen is replaced by sulfur. The increase  in the f r e -  
quencies of the r ing vibrat ions,  to which the s t re tching vibrat ions of the thiocarbonyl group contribute, is 
also associa ted with this. There  are  three  such vibrations at 1527, 1135, and 889 cm -1. The band at 458 
cm -t cor responds  to the vibrations to which the C(2 } = S group makes the p r imary  contribution. 

Thus our  calculations of the in-plane normal  vibrations of the model of barbi tur ic  acid, 2 - th iobar -  
bituric acid, and their  deutero analogs with C2v s y m m e t r y  sa t i s fac tor i ly  descr ibe their  exper imental  v ibra-  
t ional spectra .  Replacement  of the C(2 ) = O group by a C(2 ) = S group brings about redis tr ibut ion of the e lec-  
t ron density in the ring, and this is ref lected in changes i n t h e  frequencies and fo rms  of the normal  v ibra-  
tions of the r ing and the force  field of the molecule.  However, we did not obtain a completely definite in ter-  
pretat ion of the spect rum in the region of NH stre tching vibrat ions.  In the calculated spec t rum of barbituric 
acid, 3190 em -t cor responds  to VasNH, and 3186 cm -t cor responds  to VsNH. From this it can be concluded 
that in the experimental  spec t ra  only one frequency cor responds  to ~NH (3200 cm-1), and the other is a com- 
bination of v C = O and 5NH. It might be assumed that this was a resul t  of the selection of the s y m m e t r y  type 
(C2v) for the calculations,  inasmuch as the barbi tur ic  acid molecule actually more likely has C s symmetry .  
Its s y m m e t r y  relat ive to the axis of s y m m e t r y  is disrupted because of the nonequivalence of the C = O and 
NH bond lengths due to the formation of hydrogen bonds with different strengths.  We therefore  calculated 
the normal  vibrations of a model with C s symmet ry .  The bond lengths and valence angles correspond to 
those presented in [15]. All of the force  constants except the force  constants of the NH bonds coincide with 
the values that we obtained in the calculations with allowance for C2v symmetry .  The KN~H and KN3 H force 
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constants are 9.44 �9 106 and 8.9 �9 106 cm -2, respectively. The ~ i  H and v N H bands at 3186 cm -I and 3111 
cm -I correspond to them. A more rigorous conclusion relative to the origin of the bands in the region of 
the stretching vibrations of the NH bonds might have been drawn after a more detailed experimental investi- 
gation of the spectroscopic manifestation of the hydrogen bonds formed by barbituric acid (this is markedly 
hindered by the extremely low solubility of barbituric acid in solvents suitable for such investigations) and 
calculations of mdoels that more rigorously take into account the presence of hydrogen bonds. 

E X P E R I M E N T A L  

The calculat ions were  made with a Minsk-22 compute r  with p r o g r a m s  developed by L. A. Gribov and 
c o - w o r k e r s  [20]. The spec t r a  of m i ne ra l  oil and perf luor inated  mine ra l  oil suspensions of the compounds 
were  r eco rded  with a P e r k i n - E l m e r  457 s p e c t r o m e t e r .  Barb i tu r ic  and 2- th iobarb i tur ic  acids were  obtained 
by known methods,  r e c r y s t a l l i z e d  to obtain samples  with constant extinction in the i r  UV spec t ra ,  and dried 
at 100-130 ~ (1 m m ,  m e r c u r y  gage). Inasmuch as 2- th iobarb i tur ic  acid may  take on different  desmot rop ic  
f o r m s  depending on the nature  of the solvent  used for  r ec rys t a l l i za t ion  [21], it was r ec rys t a l l i zed  f rom a c e -  
t ic acid in o rde r  to have the pure  thionedicarbonyl  f o r m  in the c rys ta l l ine  sample .  The deutera ted  samples  
were  obtained by repea ted  c rys ta l l i za t ion  f rom 1:)20 at pD ~ 1. 
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