
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  

XX*. CALCULATION OF THE NORMAL VIBRATIONS 

OF URACIL AND ITS DEUTERO DERIVATIVES 

N.  A.  S m o r y g o  a n d  B.  A. I v i n  UDC 547.854.4+ 543.422.4 

The normal vibrations of one of the bases of nueleophilic acids - uracil  and its di- and 
te t radeutero  derivatives - w e r e  calculated for the C s symmetry  point group. On the basis 
of an analysis of the forms of the normal vibrations and the shifts of the atoms in Cartesian 
coordinates the fundamental frequencies observed in the IR and Raman spectra of these 
compounds were assigned with respect  to the types of vibrations, and the potential energy 
constants were determined. 

Continuing our study of methods for the synthesis of and of the structure and propert ies  of oxo-hy- 
droxypyrimidines we calculated the in-plane normal vibrations of one of the bases of nucleic acids - uracil,  
which is the p r ecu r so r  of a large number of physiologically active compounds. In the present  paper we 
repor t  the resul ts  of a calculation of the in-plane normal vibrations of uracil  i tsel f  and of several  of its 
deutero derivatives,  which served as the basis for,subsequent calculations of the vibrational spectra of 
substituted "hydroxy~-pyrimidines.  The calculation of the matr ixes  of the kinematic coefficients, the r e -  
duction of the matr ixes  with respect  to symmetry,  allowance for supplementary expressions,  and the con- 
struction and solution of the secular  equations were accomplished with a Minsk:22 computer with a pro-  
gram developed by L. A. Gribov and co-workers  [2]. The anharmonicity of the vibrations was taken into 
account by introduction of the "spectroscopic ~ atomic masses.  The geometrical  parameters  of the uracil  
molecule used for the calculations were taken from [3]. The uracil  molecule has a planar conformation, 
Cs symmetry  group, and 30 normal vibrations of the following symmetry types: r v = 21A' + 9A". The nat-  
ural  coordinates of the molecules are  presented in Fig. 1. 

The force constants of the C =O, C - N ,  and C - C  bonds, determined 
0 from correlation of the force constants with the ~-bond order  [4, 5], were 

~t% used for  the calculations within the zero approximation. The force con- 
~ ~ H  stunts of the interaction of the coordinates of the bonds and the valence 

H angles and the force constants of interaction of the angular coordinates 
p 3 ~ u ~  -~ ~ : ~ J O e  were taken from [6]. In addition, the force constants of the ortho and meta 

o ~  ~ interactions of the ring bonds were introduced. In the calculations the 
~2 ~, ~ /  i "~ I~g force field was refined by the method of least squares in conformity with 

~ ~ - ~  the derivatives of the frequencies with respect  to the force constants. The 
o [~, ~, [-N'}~ ~ ,.,o ~ potential energy constants were varied until there was sat isfactory agree-  

" O ' ~ P "  ment between the calculated frequencies and the experimental values. The 
1% force field of uracil  obtained in  this way was then used for the calculation 
H 

of the frequencies and forms of the normal vibrations and the shifts of the 
t~ig. 1. Designation of atoms in  Cartesian coordinates of 1,3- and 5,6-dideutero- and 1,3,5,6- 
the natural vibrational te tradeuterouraci ls .  The agT:eement between the calculated frequencies of 
coordinates in the uracil  
molecule. * See [1] for communication XIX. 
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the vibrations of the deuterouraci ls  and the experimental  values constitutes evidence for the correct  se-. 
lect ion of the force  field of uraci l  (Table 1). The final set  of force constants for the uraci l  molecule  i s  
presented below. " 

F o r c e  C o n s t a n t s  o f  U r a c i l  (in l0 s �9 cm'2 units) 

KQ FKQ FKQ FKQ ~ 10,30 H Q I q , =  1,10 

I 
KQ =9,50 HQ,%= 1,20 

KQ= 14,30 I{HQ ,% =0,50 

K~ ,= 18,20 

Ku = 7,98 

K%= 16,50 

/(%= K%=8,80 

K%=9,04 

Kcr ! = 2,00 

K% = 1,80 

Kc~ ~ = 2,30 

Kay=2,10 

K~z =K~z= 1,90 

KI~ ,= K[I ~= KI~ ~= KI~ F 2,00 

K[~ ~=KI~,= 0,80 

K[~ ~= Kl~=0,70 

KI~ ~K~,o=0,81 

KI~, = Kit , ,= 0,75 

i HQ,Q = 1,20 

HQ_,q = 1,80 

IH%%=2,60 

H Q z Q ,  = 0 , 2 0  

i 
IHQ_~% = 0 , 1 0  

H Q ~ q a =  1,b0 

HQ3 Q [ 60 
[ 
[HQ~Q = 0 , 1 0  

HQ~q = 1,50 

HQ.%= 1,40 

HQ.Q, =0,40 

HQ~Q~ = 1,30 

ql (11 '13" q3 ~!5 I [~1 
Air ' =Af~ =Air:, =Af~ =AI~" = 'll~ ~ =0,45 

qs q~ q6 I 
=Ap ,o=Ap =Ap,_~ =0,80 i 

i 
,a ,,o q, ,u ! [3~ ~. 

A f t = A f t = A f I ~ = A [ ~ = 0 , 2 0  :l[3~ = 115,o=0,2z 

I QI QI Q~ Q2 Qs, I~s 
A~, =A~,=A~, =AId=Af t  ~ = t~ =0,40 

Q3 Q4 Q'5 Q5 
=AI~ ~ = A ~  =A~. =AtI 0= 

Q6 Q6 ' ' 
~-A =A~ =0,50 
i - -  [$i 2 

Q4 Q~ Q5 Q,~ , [~' 
AI~ =A[~ 8 =Al~ ~ =AI~,o=0,80 [l~, =0,14 

- i 

] 1~,, 
QI Q~ Qs Q6 i[~i2 =0,38 [A% =AI:I =AI~ ' =AI~o=0,80 

I 
Qj . , Q2 ~ [ ~l o~, 

IA a =Ac~ ' =Ac, = 1,80 iI~, ='[L = --0;01 

c* =Ac, = A ~  =Ac~ =A,~ =l,50ll~s 

Qs Q~ 
IA~ =A~z ~ = 1,70 

Q6 
Au, = 1,20 

ql 
As, = -0,70 

~zo �9 

=IlL = --0,25 
F 

i, o  -o,15 

='/[~ = 7- 0,02 

(Z5 /t;i 
Ct~ Cts 

IIL ' =li~, = -0,15 
q3 

Ao~ ~ = -0,80 

(t2 q4 (~5 q6 
!A s s  =A s =-0 .15  : 2 5 ~ 

A complex broad band with most  intense  maxima at 3130 and 2935 cm -1 is  observed in the IR spec-  
trum of uraci l  in the region of stretching vibrations of N - H  and C - H  bonds. It has been establ ished [7, 8] 
that the lower of these  frequencies  corresponds  to stretching vibrations of the N(3 ) - H  bond, which forms 
a s tronger  hydrogen bond with the C(4 ) =O carbonyl group than the N(1) -H group [9]. The stretching v ibra '  
t ions of the N - H  bonds are characteris t ic  in form (Table 2), and their frequencies  are determined by the 
magnitude of the force constants of the bonds. Using the N(0 - H  and N0) - H  frequencies  obtained in [10] 
in an invest igat ion of the IR spectra of chloroform solutions of 1 -methy l -  and 3-methylurac i l s ,  we calcu-  
lated the force constants for nonassoc iated  N--H bonds. It was found that the potential energy constant of 
the N(3 ) - H  bond is  reduced by 2.7-  106 cm -2 during the formation of a hydrogen bond, whereas  that of the 
N(1 ) - H  bond is  reduced by 1 .93.106 cm -2 [under the condition that the N(t ) - H  frequency a t  34-32 cm -1 and 
the N0) - H  frequency at 3394 cm -1 correspond to the vibrations of free  NH groups]. Analys i s  of the forms 
of the normal  vibrations for the C(5 ) - H  and C(G ) - H  bonds showed that the frequencies  corresponding to 
v C - H  vibrations (3110 and 3092 cm -1) are actually the frequencies  of the synphase and antiphase vibra-  
tions of the CH bonds of the H-C(5  ) =C(6}--H fragment.  
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1 1 
1724 cm -1 1667 crn -1 161e cm -1 

Fig. 2. Shift of the atoms of the urac i l  molecule  in 
the case  of vibrat ions  corresponding to 1724, 1667, 
and 1616 crn -1. 

The highest  f requency  in the region of mult iple  bond absorpt ion was previous ly  [7, 8, 11] ass igned to 
v C(z) = O (1730 cm-1).  The unusually high (as compared  with acycl ic  amides) f requency of this vibrat ion is 
explained by Horac  and Gut [12] by in terac t ion  of the vibrat ions  of the C(2 ) =O and C(4 ) =O groups,  just  as 
was observed  fo r  1 ,3-dicarbonyl  compounds. Other  inves t iga tors  have studied the Ill spec t ra  of 1 ,3-di-  
deu te rourac i l  and the Rarnan spec t r a  of i - m e t h y l -  and 1- rne thy l -3-deu te rourac i l  and have proposed that 
the f requencies  of the in-plane deformat ion  vibrat ions of N - H  bonds a r e  also found in the region of v C(2) =O 
vibrat ions  [7, 11]. Lord  and Thomas  [11] a s sumed  that  the inc rease  in vC(2 ) =O occurs  as a r e su l t  of in-  
t e rac t ion  of 6 N - H  and v C(2 ) = O. In the i r  opinion, the d ec r ea se  in v C(2 ) =' O in the Rarnan spec t ra  of 1- 
me thy l -  (1680 crn -1) and i - m e t h y l - 3 -  deu te rourac i l s  (1694 cm -1) is  a conf i rmat ion of this.  The data that 
we obtained f rom our  calculation of the fo rms  of the normal  vibrat ions and the shifts  of the atoms in C a r -  
tes ian coordinates  (Table 2 and Fig.  2) show that  in terac t ion  of the vibrat ions  of the carbonyl  groups is 
absent,  and the band at  1730 crn -1 is  due to vC(2 ) =O, vC(z)-N(1), and 6N(1) -H vibrat ions of the O-C(2  ) -  
N(1 ) - H  f ragment .  The f requency  of this vibrat ion depends mainly  on the magnitude of the KC(2 ) =O force  
constant  and the fo rce  constants of the C(2 ) -N(1 ) --H and C(6 ) --N(1 ) - H  angles.  Below 1700 crn-" the IR 
spec t rum of c rys ta l l ine  urac i l  contains an intense band at  1666 crn -1, and a band at  1624 crn -1 appears  as 
a shoulder  on it. A band at  1620 crn -1 cor responding  to the shoulder  a t  1624 crn -1 in the IR spec t rum is 
c lea r ly  dist inguished in the Rarnan spec t rum of c rys ta l l ine  urac i l  [11]. The band at  1666 crn -1 was a s -  
signed to v C(4 ) =O vibrat ions ,  whereas  the band at  1620 crn -1 was ass igned to v C(5 ) = C(6 ) vibrat ions [8, 11]. 
According to the calculations,  the f requencies  of two normal  1667 and 1616 crn "l  v ibra t ions  should be found 
in this region of the spec t rum.  In the case  of each of them, there  is a change in the C(4 ) =O and C(5 ) =C(6 ) 
bond lengths and a lso  a change in the inner  C(4 ) -C(5 ) - H ,  C(6) = C(5 ) - H ,  C(5 ) = C(6 ) - H ,  and N(1 ) -C(6 ) - H  

1 angles (Table 2 and Fig.  2). These  two vibra t ions  might  have been t e r m e d  synphase (1667 crn- ) and anti-  
phase (1616 crn -1) vibrat ions  of the conjugated O = C(4 ) -C(5 ) = C(6)-H sys tem.  It should be noted that, in 
cont ras t  to 6 N(I ) - H ,  the N(~)-H deformat ion vibra t ions  do not appear  above 1600 crn -1. As one should 
have expected,  the f requencies  cor responding  to the s t re tching vibrat ions  of the ring bonds a re  found at  
1200-1500 crn -1 and to a cer ta in  degree  cha rac t e r i ze  the vibrat ions  of all  of the r ing bonds but not of each 
taken individually. In addition, the 6 N - H  and 6 C - H  in-plane deformat ion  vibrat ions contribute to p r ac -  
t ical ly  al l  o f  the vibra t ions  whose f requencies  a re  found at  1000-1750 crn -1. Bands corresponding p r i m a r -  
i ly  to the in-plane deformat ion vibrat ions  of N - H  and C - H  bonds a r e  found in this same region. It  is  p r e -  
c isely this fact  that may  explain the shifts  and changes in the intensi t ies  of a large  number  of bands in the 
spec t ra  of pa r t i a l ly  and complete ly  deutera ted  urac i l s  and the sharp  d ec r ea se  in the intensi t ies  of all  of 
the bands at 1000-1400 cm -1 in the IR spec t r a  of t e t r adeu to rourac i l .  

In the course  of this r e s ea r ch ,  data f rom calculat ions of the in-plane normal  vibrat ions of urac i l  and 
its deutero  analogs were  publ ished [13]. Susi and Ard used a di f ferent  approach to the select ion of the 
force  f ie ld  of u rac i l  within the ze ro  approximation - namely,  f rom cor re la t ions  of the force  constants with 
the bond lengths r a t h e r  than with the v -bond  o rd e r s ,  as in our  approach.  We did not in t roduce a coefficient  
fo r  the in te rac t ion  between the C(4 ) =O and C(5 ) = C(6 ) bonds, and the overa l l  number  of force  constants used 
in our  var ian t  of the calculation does not coincide with the number  used in [13]. Despite  this,  with cer ta in  
except ions [the 6 Nil ) - H  vibrat ions  and some r ing vibrat ions] ,  good ag reemen t  is observed  between the 
f requenc ies  and f o r m s  of the normal  vibrat ions  of uraci l  and i ts  deutero  analogs calculated by the d i f fe r -  
ent methods .  The fo rce  constants  of the C =O, C =C, C - N ,  and C - C  bonds and the angles obtained as a 
resu l t  of re f inement  of the f o r c e  f ield within the ze ro  approximation a r e  in good ag reemen t  with the values 
p resen ted  in [13]. All of this, in our  opinion, consti tutes evidence for  the c o r r e c t n e s s  of our  approach to 
the select ion of the fo rce  f ield of such complex he te rocyc l i c  molecules  as  urac i l  and i ts  der iva t ives .  

The authors  s i nce re ly  thank P r o f e s s o r  B. V. Gidaspov, V. V. Mel 'n ikov,  and V. V. Stolpakova for  
enabling us to c a r r y  out the p r e sen t  r e s e a r c h  and for  the i r  constant in te res t .  
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