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INTRODUCTION 

A series of preliminary studies of a number  of natural  and synthetic pyrimidine 
nucleosides demonstrated that  net differences in absorption relative to the carbohydrate 
components of these compounds do exist. In  view of the possibility of the use of ab- 
sorption spectra as a criterion for the characterization of the sugar moiety of these 
biologically important  substances, this s tudy has been extended, the details of which 
will be presented in a forthcoming publication. 

During the course of our work on nucleoside spectra it was found necessary to 
account for the spectra of the pyrimidine bases themselves and in particular their varia- 
tion as a continuous function of pH. The results of this lat ter  s tudy are reported here. 

The ultraviolet absorption spectra of pyrimidines have been studied extensively, in 
many  instances at different p H  values. I t  is, however, most surprising that  in almost all 
instances the pH values at which these spectra were measured were selected either at 
random, or only at such values as to give pronounced differences in spectra from one 
p H  to another. 

I t  was shown long ago by STENSTROM AND GOLDSMITH 1 that  where the absorption 
spectrum of a compound is dependent upon the pH of the medium, the s tudy of these 
changes may  be used to demonstrate  the limiting neutral or ionic forms of the substance 
as well as the dissociation constant. The principle of this method is evident from an 
examination of Fig. 6 which shows the spectrum of I-methyluraci l  between p H  7.2 
and 14. I t  is known from the work of LEVENE and co-workers 2 that  the number  4 
hydroxyl  group dissociates in basic medium with a pK of 9.71 determined by electrome- 
tric titration, Examinat ion of Fig. 6 shows that  from acid p H  to about pH 8.6 the spec- 
t rum of this compound is represented by Curve A. As the pH is further increased changes 
occur until at about  pH II.O we obtain Curve D which remains unaltered upon further 
increase in alkalinity to I N  NaOH. Curve D represents the completely-dissociated form 
of the molecule. I t  will be noticed that  curves A and D cross at  2455 A, indicating that  
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both neutral and dissociated forms of the molecule have the same extinction coefficient 
at this particular wave-length. All curves at intermediate pH values (i.e., B and C) 
should therefore pass through this isosbestic point, a, as they indeed do. Furthermore, 
that  curve which lies exactly midway between A and D represents a mixture in which 
one-half of the molecules are in the dissociated form and one-half in the neutral form; so 
that  the pH of the solution giving this curve should correspond to the pK of the com- 
pound. If a sufficient number of pH values are run, a plot of extinction values at any one 
wave length versus pH would give a "t i trat ion" curve of the compound. In practice, 
however, it is usually sufficient to run several curves at pH values in the vicinity of the 
pK to determine the pK by simple extrapolation to within 0.05 or o.I of a pH unit. For 
example, the value of the pK obtained from Fig. 6 is 9.75, as compared to the value of 
9.71 obtained by LEVENE electrometrically. 

I t  is apparent from the above that a knowledge of the pK of a substance is essential 
for an adequate interpretation of its spectrum. A clear understanding of this point is 
exhibited in a recent publication by MARSHALL AND WALKER 8 who first determined the 
pK's  of their compounds electrometrically, following which they made spectral measure- 
ments at pH values sufficiently removed from these pK values so as to eliminate the 
possibility of the presence of more than one species of the compound in solution. 

In the work outlined below, however, the spectra of the compounds under study 
have been investigated over a wide enough pH range to show spectrophotometrically 
the limiting ionic species in each case, and to permit at the same time the calculation 
of the pK of the compound*. I t  will be seen that  this method is the more useful in that  
it provides a continuous picture of what is taking place particularly when, (I) the 
likelihood or possibility of the existence of more than one dissociating group is suspected, 
(2) the dissociation may occur at pH values above IO or I I  where electrometric or titri- 
metric measurements are rendered difficult, and, in some cases, impossible, and (3) where 
alteration of structure in solutions of varying pH's  is suspected, viz.,  the lactam-lactim 
tautomerism of hydroxypyrimidines, 

I t  is believed that  a reasonably accurate knowledge of the spectra of pyrimidines 
and purines, (as well as other nucleic acid derivatives, the nucleosides, nucleotides, etc.,) 
as well as the variation of these spectra with pH and a complete explanation of this 
variation in terms of structure and properties, will be of value in studies of the structure 
and composition of nucleic acids in the same way, perhaps, that  a knowledge of the 
spectra of aromatic amino acids has been applied to the analysis and structure of pro- 
teins 4. Furthermore, a knowledge of the variation of the spectra of nucleic acid hydroly- 
sis products with pH is becoming increasingly important  as a result of the use of spec- 
trophotometric methods for studying the enzymatic activity of nucleases 5. 

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

All measurements were made with a Beckman Model DU spectrophotometer, Serial No. 29543, 
using IO mm quartz cells. Cell corrections were established at frequent wave-length intervals over 
the entire wave-length range used with distilled water. Solutions were pipetted and mixed directly 
in the cells, using Carlsberg constriction micropipettes and precision-graduated I and 2 ml pipettes. 
Concentrations were generally adjusted so that most of the important optical density readings were 
taken in the range from 0. 3 to 0.8 at wave-length intervals from 5 to 20 A, the smaller interval 

* No attempt has been made in this report to measure the basicity of the ring nitrogen atoms 
by this method. 
~e/erences p. 2x8. 
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be ing  used  in  t he  ne i ghbo rhood  of m a x i m a ,  m i n i m a ,  or po in t s  of inflect ion.  I n  t he  region f rom 
35oo A to 2300 A s l i t  w i d t h s  var ied  f rom o.15 to o.25 m m .  Owing  to t he  fac t  t h a t  t he  i n s t r u m e n t  
was a n e w  one wi th  u n t a r n i s h e d  opt ica l  surfaces ,  i t  was  found  possible  to m a k e  m e a s u r e m e n t s  down 
to 2050 A in those  i n s t ances  where  buffer  abso rp t ion  so pe rmi t t ed .  I n  view of t he  poss ib i l i ty  of 
s t r a y  l i gh t  a t  w a v e - l e n g t h s  below a b o u t  2200 A, t he  spec t r a  of 2 , 4 - d i e t h o x y p y r i m i d i n e  (Fig. II)  
a n d  I - m e t h y l - 4 - e t h o x y - 2 - p y r i m i d o n e  (Fig. IO) were compared .  These  spec t ra  shou ld  show p r o n o u n c e d  
dif ferences  (see below), a n d  in fac t  i t  is found  t h a t  the  fo rmer  d i sp lays  a m a x i m u m  a t  21oo A while 
t he  l a t t e r  does  not .  A s t u d y  of va r ious  concen t r a t i ons  of the  d i a lkoxy  de r iva t ive  showed  t h a t  it  
obeyed  BEER'S L a w  qu i t e  a c c u r a t e l y  a t  2050, 21oo, and  215o A up  to an  opt ica l  d e n s i t y  of over  i .o.  
F u r t h e r m o r e ,  in severa l  i n s t a n c e s  t he  p K  va lue  for a c o m p o u n d  ca lcu la ted  a t  21oo A was  t he  s ame  
as  t h a t  ca l cu la t ed  a t  h i ghe r  w a v e - l e n g t h  values .  However ,  t he  accu racy  of t he  m e a s u r e m e n t s  a t  
t he se  sho r t e r  wave  l e n g t h s  is of neces s i t y  lower owing  to t he  use  of s l i t  w i d t h s  up  to 2.o m m  a t  
t he  ve ry  lowes t  wave  l e n g t h  used.  

d 
All  r e su l t s  are  expressed  as  mo l a r  e x t i n c t i o n  coefficients,  defined as e ~ - where  d is t he  opt ica l  

c 
d e n s i t y  in  t he  IO m m  cell a t  a concen t ra t ion ,  c, expressed  in moles  per  litre.  I t  is bel ieved t h a t  the  
r e su l t s  ob ta ined  are  correc t  to w i t h i n  0. 5 ,to 1 .o%.  

MATERIALS 

Buffers. o. i  N HC1 was  t a k e n  as plff i a n d  o.oi  N HC1 as p H  2.o. Be tween  pI-[ 2.o a n d  5.4 
Walpo le  a ce t a t e  buffers  were used  a t  a n o r m a l i t y  of  0.o25. Be tween  pFI 6.0 a n d  8.6 Sorensen  p h o s p h a t e  
buffers  were used  a t  o.o15 M.  Above  th i s  r ange  Sorensen ' s  glycocol  buffers  were employed .  F ina l ly ,  
o .oi  N N a O H  was  t a k e n  as e s s en t i a l l y  equa l  to p H  12.o, o.I N N a O H  as p H  13, 0.5 N a n d  I.O N 
N a O H  a s s u m e d  to be p H  13.5 and  14 respec t ive ly .  E x c e p t  for t he  ex t r emes ,  p H  va lues  were checked  
wi th  t h e  g lass  electrode,  t he  l a t t e r  being ca l ib ra ted  w i t h  severa l  s t a n d a r d  buffers.  

Compounds. Uracil a n d  thymine were p r o d u c t s  of t he  Schwarz  Labora to r ies ,  Inc. ,  and  were 
recrys ta l l i zed  severa l  t i m e s  f rom ho t  wa t e r  un t i l  c o n s t a n t  va lues  were ob ta ined  spec t ropho to -  
met r i ca l ly .  I-Methyl-4-ethoxy-2-pyrimidone was p repa red  f rom 2 ,4 -d i e thoxypy r imid ine  by  t h e  m e t h o d  
of I-IILBERT AND JOHNSON 6 a n d  recrys ta l l i zed  to a c o n s t a n t  m e l t i n g  po in t ,  135-136°.  I-Methyluracil, 
t he  h y d r o l y s i s  p r o d u c t  of t he  l a t t e r  compound ,  was  reerys ta l l i zed  thr ice  f rom alcohol ,  m.p .  231-232 o. 
5-Nitrouracil was syn t he s i zed  accord ing  to JOHNSON AND MATSUO 7 a n d  r e p e a t e d l y  recrys ta l l i zed  
f rom water .  1,3-Dimethyluracil was p repa red  f rom lzracil by  m e t h y l a t i o n  w i th  d i m e t h y l s u l f a t e  s. 
Three  r ec rys t a l l i za t ions  f rom a lcoho l -e the r  so lu t ion  gave  a pure  p roduc t ,  m.p .  123-124 °. 

3,4-Diethoxypyrimidine6, 9 was redist i l led thr ice  u n d e r  v a c u u m .  2-Ethoxy- and 4-ethoxyuracil were 
p repa red  accord ing  to HILBERT AND JANSEN I°. Af t e r  r epea ted  r ec rys t a l l i za t ions  t h e y  were c h r o m a t o -  
g r a p h e d  s e p a r a t e l y  and  in  a d m i x t u r e  in p r o p a n o l - a m m o n i a - w a t e r .  A clear  s epa ra t i on  was  ob ta ined  
for t he  m i x t u r e  whereas  t he  i n d i v i d u a l  c o m p o u n d s  gave  b u t  one spo t  each  on t he  c h r o m a t o g r a m .  
M.p. 2 -e thoxyurac i l ,  127-128° ;  4 -e thoxyurac i l ,  166-167 °. 2-Methoxy-4-aminopyrimidine was syn-  
thes ized  by  t he  m e t h o d  of HILBERT AND JOHNSON 9. I n  spi te  of  r epea ted  r ec rys t a l l i za t ions  f rom 
boi l ing  water ,  m i n u t e  t races  of t he  2 - a m i n o - 4 - m e t h o x y  de r iva t ive  could be de tec ted  by  c h r o m a t o -  
g r a m s  in  5 %  NaH2POa-isoamyl alcohol .  T he  c o m p o u n d  me l t ed  a t  172-174 ° and  was  cons idered  
suff ic ient ly  pure  for s p e c t r o p h o t o m e t r i c  m e a s u r e m e n t s .  

Cytosine was ob t a i ned  f rom Dr  G. B. BROWN of t he  S l o a n - K e t t e r i n g  I n s t i t u t e  for Cancer  
Research ,  5-methylcytosine f rom Dr  G. Iff. HI~CHINGS of t he  Wel l come  Resea r ch  Labora tor ies ,  Orot@ 
Acid f r om Dr  H. K. MITCHELL of t he  Cal i fornia  I n s t i t u t e  of Technology ,  3-Methyluracil f rom the  
L e v e n e  Collection t h r o u g h  t h e  cou r t e sy  of Dr  A, E. MIRSKY of t he  Rockefel ler  I n s t i t u t e  for Medical  
Research ,  to al l  of w h o m  t he  a u t h o r s  are deep ly  indeb ted .  The  above  4 c o m p o u n d s  p roved  to be 
pu re  b o t h  b y  me l t i ng  po i n t s  a n d  s p e c t r o p h o t o m e t r i c  behav iour .  

Al l  of  t hese  c o m p o u n d s  were dr ied a t  t e m p e r a t u r e s  be tween  115-16o ° as t he i r  me l t i ng  po in t s  
pe rmi t t ed .  

RESULTS 

Cytosine a n d  5-methylcytosine. T h e  v a r i a t i o n  o f  t h e  s p e c t r u m  o f  i - m e t h y l u r a c i l  h a s  

b e e n  d i s c u s s e d  a b o v e  a n d  e x p l a i n e d  i n  t e r m s  o f  i o n i c  d i s s o c i a t i o n  o f  t h e  4 - h y d r o x y l  

g r o u p  i n  a l k a l i n e  m e d i a .  I n  t h e  c a s e  o f  c y t o s i n e  a n d  5 - m e t h y l c y t o s i n e  t w o  p o t e n t i a l l y -  

d i s s o c i a b l e  g r o u p s  a r e  p r e s e n t ,  t h e  4 - a m i n o  a n d  2 - h y d r o x y ,  t h e  e f f e c t s  o f  w h i c h  m a y  b e  

e x p e c t e d  t o  m a n i f e s t  t h e m s e l v e s  i n  t h e i r  s p e c t r a .  E x a m i n a t i o n  o f  t h e  s p e c t r u m  o f  c y t o s -  

i n e  (F ig .  I)  i n  f a c t  r e v e a l s  t h e  p r e s e n c e  o f  t w o  e q u i l i b r i a ,  o n e  i n  a c i d  m e d i a  a n d  t h e  o t h e r  
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Fig.  I. Cytosine in  aqueous  so lu t ion  a t  pI-I va lues  ind ica ted .  I sosbes t i c  po in t  a is t h a t  for p K  1 ; b, c, 
and  d for p K  v The  curve  for pFI 2, no t  shown, is i den t i ca l  w i th  t h a t  for pFI I ;  t h a t  for p H  i i . o ,  
a lso absen t ,  is on ly  s l i g h t l y  d i sp laced  f rom p H  7.2 curve.  (At p H  7.2, e increases  to  I2. 7. IO a a t  
2o75 A, the  shor t e s t  w a v e - l e n g t h  a t  which  m e a s u r e m e n t s  were made),  p K  1 = 4.45, PK2 = 12.2. 

in base, each giving spectrophotometrically-determined pK values in good agreement 
with those determined by LEVENE and co-workers ~ by electrometric t i tration (see 
Table I). 

The discovery of 5-methylcytosine as a constituent of nucleic acid 11 has since been 
supported by HOTCHKISS 12 and confirmed by WYATT la. The lat ter  author listed its ultra- 
violet absorption spectra at 3 pH's ,  acid, neutral, and base. The pK 's  of this compound, 
to our knowledge, have not been reported. Fig. 2 for 5-methylcytosine shows an analogous 
picture to that  of cytosine, as one would expect, disregarding for the moment  the batho- 

Re[erences p. 21S. 
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chromic shift caused by the 5-methyl group, pK values of 4.6 and 12.4 for the amino and 
hydroxyl  group respectively are calculated from its spectrum. 

T A B L E  I 

SPECTROPHOTOMETRICALLY DETERMINED "APPARENT" DISSOCIATION CONSTANTS 
COMPARED TO VALUES DETERMINED BY TITRATION 

Compound 
Dissociation Constant(s) 

Spectrophotometric Titrimetric 

C y t o s i n e  4.45 4 .60  (2)* 
12.2 12.16 (2) 

5 - M e t h y l c y t o s i n e  4.6 - -  
12. 4 

U r a c i l  9-5 9.45 (2) 
> 1 3  

T h y m i n e  9.9 9 .94  (2) 
> 1 3  

I - M e t h y l u r a c i l  9.75 9.71 (2) 
3 - M e t h y l u r a c i l  9.95 9.99 (2) 
1 , 3 - D i m e t h y l u r a c i l  n o n e  n o n e  (2) 
2 - e t h o x y - 4 - h y d r o x y p y r i r n i d i n e  8.2 8.4 * * (3) 
4 - e t h o x y -  2 - p y r i m i d o n e  I o. 7 - -  
5 - N i t r o u r a c i l  5-3 5.48 (24) 

11. 7 
O r o t i c  A c i d  ~ 2.8 2.40 (20) 

9.45 
> 1 3  

2 - m e t h o x y - 4 - a m i n o p y r i m i d i n e  5.3 - -  

* N u m b e r s  i n  p a r e n t h e s e s  a r e  l i t e r a t u r e  r e f e r ences .  
"~ T h i s  v a l u e  for  2 - m e t h o x y - 4 - h y d r o x y - 6 - m e t h y l p y r i m i d i n e .  

Uracil. The dissociation of uracil in basic solution has been the subiect of several 
studies. In  1925, LEVENE AND SIMMS 14 listed two constants for uracil, pK 9.28 and I3.56, 
which they determined electrometrically. Later,  LEVENE and co-workers 2 discarded the 
higher constant on the basis of experimental  errors in the act ivi ty corrections and listed 
uracil as a weak acid with but  one pK at 9-45. They concluded tha t  positions 2 and 4 
have equal tendencies to "enolize and ionize" since the pK 's  of 1- and 3-methyluracil 
gave values of 9.99 and 9.71 respectively. They considered the enolization of one position 
to inhibit the enolization of the other thus giving but  one dissociation constant for uracil. 

Fig. 3 shows the spectrum of uracil. Close examination reveals that  between neutrali ty 
and p H  lO.5 all curves pass through isosbestics a and b. Calculation of the pK in this 
range would give a value of 9.3 in close agreement with the first pK value listed by 
LEVENE 14. The curves between pH i i . o  and o.i N NaOH are identical but slightly dis- 
placed (about 3 %) from isosbestic point a. The curves for higher pH (above o.I  N NaOH) 
show decided shifts to the shorter wave-lengths and concomitantly possess new isosbestic 
points c, d, e, and possibly [, denoting a new equilibrium with a pK 2 greater than 13. 

Because of evidence which will be presented later, we feel inclined to include in the 
first ionic equilibrium all curves between neutral i ty and p H  12.o which gives a pK value 
of 9.5 in agreement with LEVENE'S redetermined value for uracil 2. 

Re/erences p. 2z8. 
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Fig. z. 5-Methylcytosine in aqueous solution at pH values indicated. Isosbestic point ais that for pK,; 
b, c, and d for pK,. The curve for pH 2.0, not shown, is identica1 with pH 1 curve. pK, = 4.6, 

pK, = 12.4. 
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Fig.  3. Uracil in aqueous  so lu t ion  a t  p H  va lues  ind ica ted .  I sosbes t ic  po in t s  a and  b are  those  for p K  1 ; 
c, d, e, and  [ for p K  2. Curves  for pFI i i . o  and  12 are  p r a c t i c a l l y  i den t i ca l  w i t h  t h a t  for p H  13 . 

PKz = 9.5, PK2 ~" 13. 

Regarding the curves between pH 7.2 and II.O, there can be little doubt as to their 
validity since the values for the extinction coefficients and the position of the maxima 
and minima are in very close agreement with those obtained by PLOESER AND LORING 15 
on synthetic as well as natural samples of uracil at these pH's. Further, for the curve at 
pH 14, acidification of the sample in the quartz cell gives a curve identical with that for 
pH 7.2, thus confirming the reversibility of both equilibria. 

Thymine. A similar picture should result from the spectrum of thymine (Fig. 4) and 
indeed, apart from the bathochromic shift due to the 5-methyl substituent, this is the 
case. The pK 1 determined spectrophotometrically is in excellent agreement with 
LEVENE'S value (Table I). Above pH I3 a new equilibrium due to the dienolic form is in 
evidence. The pK 2 for the latter equilibrium is well above 13 and is higher than the 
corresponding pK 2 value for uracil. This is concluded on the basis that  the pH 14 curve 
is less displaced from the pH 13 curve in thymine than are the corresponding curves for 
uracil. The slight deviation from isosbestic point a, noted for uracil, is not present for 

Re]erences p. 213. 
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T A B L E  I I  

S P E C T R O P H O T O M E T R I C  D A T A  O F  P Y R I M I D I N E  D E R I V A T I V E S  

Absorption maxima" Isosbestic points 
Compound 

pH A (A) e" IO -a pH range ), (A) e, IO -a 

Cytos ine  1.o-2.o 21oo, 2760 9.7 o, io .o  
3.6 2745 9.25 
4.4 2720 7.73 
5.0 2690 6.65 
7 - I o  2670 6.13 

12.o 2720 5.63 
13 2815 7.06 
14 282o 7.86 

1-1o 2580 5.20 

lO-14 2195 8.6 
2335 5.9o 
272o 5.63 

5-Methyl -  
cy tos ine  

1.o-2.o 21o5, 2835 12.o, 9.79 
4.4 21o5, 281o 12.6, 8.oo 
5.0 21o5, 2770 13.2, 6.94 
7 i o  21o5, 2735 14.2, 6.23 

12.o 2775 5.80 
13 2880 6.95 
14 2895 8.05 

i - i o  2660 5.4 ° 

10-.14 2210 lO. 4 
2345 6.o5 
279o 5"77 

Urac i l  4.4-7.2 2595 8.2o 4-1o.5 235o 2.68 
8. 7 26oo 7.3 ° 272o 5.o8 
9.5 2615 6.11 

IO.O 2660 5.25 13-14 2255 6.2 
lO. 5 2840 5.4 ° 244 ° 2.2 

12-13 2840 6. i  5 26o0 4.07 
13.5 28o5 6.05 28Io  6.02 
14 2765 6,38 

T h y m i n e  

i - M e t h y l -  
u rac i l  

3-Methyl-  
u rac i l  

1 ,3 -Dimethyl -  
u rac i l  

4.4-7 .2 2070, 2645 9.5, 7.89 4-13 2395 2.52 
io .o  2670 5-97 2780 5 .02 

12-13 291o 5.44 
13.5 2880 5.3 ° 13-14 2285 6.4 
14 282o 5.45 246o 2.17 

264o 4.12 
2875 5.30 

5.4-7.2 2o75 , 2675 8.8, 9.75 
9.5 2665 8.78 

io .o  2655 7.95 
12-14 2650 7.02 

3.0-7.2 2585 7.3 ° 
9.5 2615 6.22 

io . I  2820 6.58 
12-14 218o, 2825 7.06, lO. 7 

1-14 2660 8.90 

3 14 2455 3.66 

3-14 235 ° 2.43 
2680 5.73 

5-Nitro-  
u r ac i l  

1.o-3.o 2375, 3 °00 7 .18 , 9-45 
5.0 2360, 3055 6.7 o, 7.82 
5.6 2330, 2600, 6.37, 4.80, 

3405 11.5 
7.2-1o.o 2305, 2580, 6.0, 5.5 ° , 

3420 15.7 
I2.o 2425, 355 ° 6.2, 14. 5 
13 2425, 3620 6.3, 15.6 
14 2425, 3620 6. 4 , 15.8 

I I 0  

lO-14 

222o 5.4 
2490 5.0 
2680 4.0 
314 ° 7.75 

2550 5.35 
2720 2.64 
297 ° 3.1z 
3515 14.3 
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TABLE n (Continued) 

Absorption maxima ~ 
Compound 

pH ~ (A) 

Orotic Acid i.o 2.o 2o5o, 28oo 
4.4-7.2 2o7o, 2785 

9.5 2815 
12-13 2860 
13.5 2865 
14 2890 

lsosbestic points 

e- IO -3 pH range i (A) e" Io -a 

lO.9, 7.52 
11.6, 7.68 

6.58 
5.98 
5.68 
5.35 

2-ethoxy- 4- 4.4-7.2 2175, 2595 6.65, 6.o 5 
hydroxy- 8.4 264o 6.32 
pyrimidine lO-13 2205, 2645 7.03, 6.70 

4-ethoxy-2- 4.4-7.2 2690 5.08 
pyrimidone io.i 2705 5.13 

lO.5 2740 5.28 
13 2200, 278o 9.7, 6.43 
14 278o 6.53 

1-Methyl- 4- 
ethoxy-2- 
pyrimidone 

7.2 2745 6.1o 

1-7 2830 7.43 

7-13 2515 2.75 
2920 5.60 

13-14 2415 2.6 
295 ° 5.13 

4-13 2335 3.45 
2595 6.o5 
2755 4.07 

4-14 241o 1.32 
2690 5.08 

2-methoxy- 2.0 2295, 2605 8.82, 9-47 1-7 218o 6.6 
4-amino- 7.2 2250 , 2705 8,0, 7.20 2235 7.9 
pyrimidine 2695 7. I5 

2,4-diethoxy- 7.2 21o5, 2590 7.3 o, 6.12 
pyrimidine 

* Points of inflexion are not given. 
** See text for behaviour of this compound in I N NaOH. 

thymine .  I t  m a y  be noted  tha t  at  neutra l  p H  the ex t inc t ion  for uracil  and thymine  are 
wi thin  3% of each o ther  while the posi t ion of the m a x i m u m  in thymine  is displaced 

5 ° A toward  the longer  wave  lengths.  A similar  s i tua t ion  is encountered  with  cytosine 
and 5-methylcytos ine .  Though  we have  not  examined  the spec t rum of 6-methyluraci l ,  

i t  is reasonable  to assume tha t  it, too, will exhibi t  two ionic equi l ibr ia  in basic solution. 

The  exis tence of a second dissociat ion indica ted  by  the spec t rum of uracil  m a y  bear  
i m p o r t a n t  s t ruc tura l  implicat ions.  The  fact  t ha t  these results are in cont radic t ion  with  

those of LEVENE and co-workers 2 and the impor tance  of accurate  and dependable  meas-  

u rements  of the absorpt ion  spectra  of nucleosides and nucleot ides  as well as their  free 
bases in alkaline media,  p rompted  us to under take  a s tudy  of a series of pyr imidine  

der iva t ives  in which o, I, 2 and 3 po ten t ia l ly  dissoeiable groups are present.* 
1,3-Dimethyluraci l .  As would be expected,  this compound,  fixed in the diketonic  

form, has no dissociable groups, a fact  shown t i t r imet r ica l ly  by LEVENE 2. The  spec t rum 
of this compound  in alcoholic solut ion has been repor ted  by AUSTIN 16 and in aqueous  

solut ion by LOOFBOUROW and co-workerslL The la t t e r  authors  show a var ia t ion  in the 
spec t rum of 1 ,3-dimethyluraci l  wi th  pH,  the neut ra l  curve of which differs from those 

* Barbituric Acid, which exhibits two equilibria spectrophotometrically, is discussed along with 
several of its derivatives in a separate paper 27. 
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Fig. 4. Thymine in aqueous solution at pFI values indicated. Isosbestic points a and b are those 
for pKz; c, d, e, and / for pK 2. Curve for pH 12.o, not shown, is identical with that for pH 13 . 

pKz = 9.9, pKa > I3. 

in acid  and  a lkal ine  solut ion.  The  curve  we ob t a in  (Fig. 12) shows no va r i a t i on  f rom p H I  
up  to 14 in full  accord  wi th  the  absence of dissociable  groups.  

I t  was, however ,  no t ed  t h a t  a t  I N  N a O H  the  ex t inc t ion  coefficient of th is  compound  
increased  slowly wi th  t ime over  the  ent i re  spec t ra l  range*.  Neu t r a l i za t ion  of the  so lu t ion  
in the  qua r t z  cells d id  no t  give the  or iginal  curve b u t  r a the r  one wi th  ex t inc t ion  coeffi- 
c ients  somewha t  lower,  f rom which  i t  is ev iden t  t h a t  some chemical  reac t ion  occurs in 
I N  N a O H .  In  o rde r  to ver i fy  th is  conclusion,  a concen t r a t ed  solut ion of 1 ,3-d imethylur -  
acil  was a l lowed to s t a n d  overn igh t  in I N base  af ter  which i t  was neu t ra l i zed  and  
c h r o m a t o g r a p h e d  using two so lvent  sys tems,  p r o p a n o l - a m m o n i a - w a t e r  and  bu tano l -  
water .  Bo th  ch roma tog rams  showed only  a smal l  q u a n t i t y  of 1 ,3-d imethylurac i l  in the  
t r e a t ed  samples  along wi th  severa l  o ther  componen t s  of wide ly  va ry ing  RF values.  
U n t r e a t e d  d ime thy lu rac i l  showed only one spot  on these  ch romatograms .  No fur ther  

* Of all the Compounds studie.d in this report, x,3-dimethyluracil is the only instance where 
a change in spectrum as a function of time was noted. 
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Fig. 5. g-Melhyluracil in aqueous solutioc 
at pH values indicated. Curves for pH 
11.0, 13, and 14, not indicated, are iden- 
tical with that for pH 12.0. pK = 9.95. 

Fig. 6. I-Methyluracilinaqueous 
solution at pH values indicated. 
Curves for pH 11.0, 13, and I.+, 
not shown, coincide with that 

for pH 12.0. pK = 9.75. 

attempt was made to identify the nature of the products resulting from this rather 
unexpected reaction. 
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Fig. 7- 5 -Nitr°uracil in aqueous solution at pFI values indicated. Isosbestic points a, b, c, and d 
correspond to pK1; e, /, g and h are those for pK 2. The curves for pH 12.o and 14 are not shown 
below 3000 A, while that for pH 11.o, necessary for the calculation of pI(2, has been omitted for 

the sake of clarity. I t s e a t  3700Ais 8. 3 -IO 3.pK 1 = 5.3, pK~ = 11. 7 . 

3-Methyluracil  (Fig. 5) and  I -Methyluraci l  (Fig. 6) give b u t  one ionic equi l ib r ium 
as would  be expec ted  wi th  p K  values  in accord wi th  those  r epo r t ed  in the  l i t e ra ture .  

5-Nitrouracil .  The 5-ni t ro  group,  as ide f rom exer t ing  a large ba thoch romic  shif t  
t o w a r d  the  near  u l t r av io le t  TM would  be expec ted  to increase  the  l ab i l i ty  of the  po ten t i a l ly -  
dissociable  hyd rogen  a t o m s  as a resul t  of i t s  s t rong  induc t ive  influence. Thus  the  dis- 
soc ia t ion  p ic ture  of the  second equi l ib r ium should  be man i fes t ed  a t  lower p H ' s  t h a n  was 
found  to be the  case wi th  urac i l  and  thymine .  Fig.  7 shows the  s p e c t r u m  of 5-ni trouraci]  
f rom which  two equi l ib r ia  are ev ident .  The  h igher  p K ,  11.7, h i the r to  no t  repor ted ,  
fu r the r  confirms the  v a l i d i t y  of the  h igher  dissociat ion p ic ture  of uraci l .  

Orotic Acid (urac i l -6-carboxyl ic  acid). This  py r imid ine  de r iva t ive  has  in recen t  
yea r s  acqu i red  m a r k e d  biological  impor t ance .  Of in te res t  is the  recent  i so la t ion  of oro t id-  
ine 19, a nucleoside conta in ing  the above  py r imid ine  in i ts  s t ruc ture .  Though  th ree  po ten t i -  
a l ly-dissociable  groups  are i nd i ca t ed  b y  the  s t ruc tu re  of orot ic  acid,  only  one, to our  
knowledge,  has  been r e p o r t e d  2°, ob t a ined  b y  conduc tomet r i c  t i t r a t ion .  E x a m i n a t i o n  of 
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Fig .  8. Orotic Acid i n  a q u e o u s  s o l u t i o n  a t  p H  v a l u e s  i n d i c a t e d .  I s o s b c s t i c  p o i n t  a is  t h a t  for  pK1; 
b 1 a n d  b 2 for  p K z ;  c 1 a n d  c z for  p K  3. T h e  c u r v e  for  p H  12.o, n o t  s h o w n ,  i s  i d e n t i c a l  w i t h  t h a t  for  
p H  i 3 ;  t h a t  for  p H  i i . o  is  o n l y  s l i g h t l y  d i s p l a c e d  f r o m  t h a t  for p H  13. T h e  c u r v e  for  p H  7.2 a l s o  
r e p r e s e n t s  t h a t  for  p H  3.6;  w h i l e  t h a t  for  p H I  i s  i d e n t i c a l  w i t h  t h a t  for  p H  2.0. p K  1 ~ 2.8, p K  2 

9.45, p K s  > 13. 

Fig.  8 shows th ree  equi l ibr ia ,  one in acid  and  two in base.  Of in te res t  is the  fact  t h a t  
despi te  the  cons iderable  a l t e r a t ion  of the  form of the  curves for orot ic  acid  from those of 
uracil ,  the  p K  2 and  p K  s values  are  s imi lar  to those  of uracil .  

DISCUSSION 

Thus it can be seen that spectral variation as a function of pH gives a composite 
picture of each of these compounds in terms of their degree(s) of dissociation and ioniza- 
tion constant(s). From these spectra, and others to be shown, specific information can be 
deduced regarding the structure of uracil in aqueous solutions of various pH values with 
a greater degree of certainty. 
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Ultraviolet absorption spectroscopy has been used extensively to approach the 
problem of the structure of uracil .21. Four classical structures may be written for uracil, 
each a tautomeric isomer (R = R'  = H). AUsTI• 16 compared the absorption spectra of 
uracil in alcoholic solution to several of its derivatives. She found tha t  uracil did not 

O O O R '  O R '  

HN3 5J) HN I N t N I 

O ~"-N  / I R O / % N /  O~-. .N / R O / % N  
H H 
(I) (II) (III) (IV) 

behave like 2,4-diethoxypyrimidine (IV, R -= R '  = OEt), nor like I -methyl-4-methoxy-  
2-pyrimidone (III, R' - -  OEt).  Uracil differed also from 1-methyl- and 1,3-dimethylur- 
acil, the latter compounds giving similar spectra. Finally, since uracil gave an identical 
spectrum to tha t  of 3-methyluracil in which the 4-position is ketonic, she concluded that  
in alcoholic solution the structure of uracil is to be represented by  structure I I  (R == H). 

During the course of our investigations, a report  appeared by MARSHALL AND 
WALKER a on this problem. They consider the small bathochr0mic effects observed by  
AUSTIN in the spectra of I -methyl -and 1,3-dimethyluracil as compared to uracil and 3- 
methyluracil  to be a consequence of N-methylat ion in the same relative I : 4 position to 
a carbonyl or potential  group analogous to similar shifts observed by  SPECKER AND 
GAWRASCH 2~ with 4-pyridone and N-methyl-4-pyridone. 

Using derivatives of 6-methyluracil and taking into account the respective pK ' s  of 
compounds in the choice of comparison curves, these authors show tha t  6-methyluracil 
(pK, 9.6, curve for pH 4.7) and I,  3, 6-trimethyluracil (pH 7) give similar spectra both 
of which are different from tha t  of 2-methoxy-6-methyl-4-pyrimidone (pK, 8. 4, curve 
for p H  4.7). Hence they conclude tha t  6-methyluracil,  and thereby uracil, is to be re- 
presented by  structure I, the diketo form. 

However, evidence is not presented in their report  to indicate that  structure (A) 
assigned by them to their reference compound is valid. Unless the possibility of struc- 
ture (B) is eliminated, their comparisons may  well have been made with a compound 
comparable to structure IV for uracil. The resulting dissimilarity which they observed 
between 6-methyluracil  and its t r imethyl  derivative as versus their reference compound 
(A or B) may  be comparable, in effect, to the dissimilarity observed by AUSTIN between 
uracil and 2,4-diethoxypyrimidine. 

We were confronted with this identical problem in the course of our work using 

O O H  O E t  O O H  

H N  H N  I) N 

C H s O / % N " - - C H 3  3 N s E t O /  
H 

(A) (B) (C) (D) (E) 

2- and 4-alkoxy derivatives of uracil. Fig. 9 shows the spectral variat ion of 4-ethoxyur- 
acil (C) with a calculated pK of lO. 7. I t  is evident from these curves tha t  in neutral  
solution this compound is in the 2-keto-4-enol form comparable to structure I I I  for 
uracil (R' = H) ; since at  p H  13 it resembles 2,4-diethoxypyrimidine (Fig. I I )  while at  

* A fa i r ly  ex tens ive  rev iew of t h e  l i t e r a tu re  on  t h i s  p r o b l e m  m a y  be  f o u n d  in  re ference  3. 
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one (B) at pI-I 7.2, and z -Methy lurac i l  ,~ 
(C) at pH ie.o, all in aqueous solution. 

0 

Fig. 9. 4-Ethoxy-2-pyrimidone 
(4-ethoxyuracil) in aqueous so- 
lution at pH values indicated. 

pK = Io. 7. 
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p H  7.2 i t  does  no t .  F u r t h e r ,  i n s p e c t i o n  of  F ig .  IO shows  t h a t  i t  bea r s  close s i m i l a r i t y  to 
i - m e t h y l u r a c i l  a t  p H  12, a n d  to  i - m e t h y l - 4 - e t h o x y - 2 - p y r i m i d o n e .  

2 - E t h o x y u r a c i l ,  on  t h e  o t h e r  hand ,  g ives  q u i t e  a d i f fe ren t  p i c tu re ,  i ts  s p e c t r u m  a long  
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Fig.  I I .  2 - E t h o x y - 4 - h y d r o x y p y v i m i d i n e  in aqueous  so lut ion  at p i t  va lues  indicated.  The  curve for 
p H  13 represents  also those  for pI-I i i . o  and 12.o; the  curve for p H  4.4, not  shown,  is ident ica l  wi th  

that  for p H  7.2. p K  8.2. Curve (A) is that  for 2 , 4 - d i e t h o x y p y r i m i d i n e  at p H  7.2. 

with tha t  of 2,4-diethoxypyrimidine being listed in Fig. I I .  The pK determined spectro- 
photometrically is 8.2 in line with the p K  determined titrimetrically by MARSHALL AND 
WALKER s for 2-methoxy-6-methyluraeil  (A or B). Examinat ion of their curves for 
(A or B) reveals that  they are similar to those for (D or E), the 6-methyl group having 
exerted essentially an additive effect. Comparison of the spectra of 2-ethoxyuraeil with 
2,4-diethoxypyrimidine shows a close resemblance regardless of the pH curve chosen for 
the monoalkoxy derivative. Thus, 2-ethoxyuracil is best represented by structure (E), 
2_ethoxy-4-hydroxypyrimidine. On the same basis we believe the same to hold true for 
2-methoxy-6-methyluracil,  the lat ter  to be represented by  structure (B). We would 
conclude that  neither of these "reference compounds" are truly representative of struc- 
ture II,  and as a result they neither sustain nor reject structures I or I I  for uracil. 

A similar picture is obtained by an examination of spectral data  given by  SR'ucKE,z ~a 
dealing with derivatives of 2-thio-6-methyluracil (F). His curve for 2-methylmercapto- 
6-methyluracil (G or H), taken at pH 2 (pK = 7.9) is quite dissimilar to tha t  of 2-methyl- 
mercapto-3,6-dimethyl-4-pyrimidone (J). I t  may  also be seen from these curves that  
neither of these thiouracil derivatives bear resemblance to 2-thio-6-methyluracil (F) at 
p H  2 or 7 (pK = 8.5). Thus compound (G or H) which is analogous to (A or B) or (D or 
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X fA.U) 
Fig. 12. 3-Methylwad (A), Uracil (B), r,3-Dimethyluracil (C), and I-Methyluracil (D), all in aqueous 

solution at pH 7.2. 

E) is to be represented probably by (H) since it differs from the true reference compound 
(J). In addition, further confirmation for the diketonic structure of z-thiouracil is pro- 
vided from this comparison in line with the dipole moment measurements of SCHNEIDER 
AND HALVERSTADT~*. 

Coming back to an examination of AUSTIN'S spectral data for uracil and its N- 

methylated derivatives, the suggestion by MARSHALL AND WALKER that the differences 
observed by AUSTIN are due to N-methylation in the r-position relative to the 4-carbonyl 
group is not entirely evident. Close inspection shows that uracil and 3-methyluracil ex- 
hibit the same extinction coefficient, whereas r-methyl- and r,3-dimethyluracil differ from 
each other, a fact recognized by MARSHALL AND WALKER. Furthermore, below 2400 A 
these resemblances between uracil and 3-methyluracil on the one hand and between 
I-methyl- and r,3-dimethyluracil on the other are not at all apparent. In view of the 
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uncertainty at tached to earlier spectrophotometric measurements by  spectrographic 
methods, and the fact tha t  AUSTIN'S spectral data  were determined in alcoholic media, 
a re-examination of these curves in aqueous solutions is warranted. Fig. 12 lists curves 
at p H  7 for uracil and its N-methylated derivatives as compiled from spectra already 
described above. I t  is evident that  the addition of a I -methyl  group to uracil and 3- 
methyluracil  results in identical bathochromic shifts accompanied by  correspondingly 
identical changes in extinction coefficients. An overall inspection of these curves shows 
tha t  the differences among them are due entirely to the additive effects of both N z and Ns 
methylations. The inescapable conclusion is tha t  all four compounds in Fig. 12 are in 
the diketo form in neutral, aqueous solutions, confirming structure I for uracil. 

The structure o/uracil  in alkaline solutions 

The spectrum of 3-methyluracil  as a function of pH (Fig. 5), the variation of which 
is due to the functional group at position 2, shows a pat tern  in which with increasing 
p H  the peak originally at 2585 A undergoes simultaneously a bathochromic shift and a 
decrease in height accompanied by the appearance of a new peak at 2835 A, the extinc- 
tion coefficient of which increases. A similar pat tern  manifests itself for uracil (and thy-  
mine) contained in the first ionic equilibrium. While, as previously mentioned, the E ~ x  
of the pH 11-13 curve is not as high as tha t  for 3-methyluracil,  (in which the effect of 
the 4-enolic substi tuent is absent), the trend is the same. I t  is for this reason tha t  the 
pH 11-13 curves, though they deviate slightly from isosbestic point a, are included in 
the first ionic equilibrium for uracil. 

The characteristic pa t tern  of 2-hydroxy dissociation is also evident for cytosine 
and 5-methylcytosine (Figs. I and 2) as well as for 5-nitrouracil (Fig. 7). PLOESER AND 
LORING 15 noted tha t  the position of the long-wave max imum for uracil and cytosine 
were similar in base. I t  is noteworthy tha t  the long-wave max imum of all curves for 
3-methyluracil, cytosine, and uracil above pH 9-5 occurs at about  the same wave length, 
the lat ter  compound deviating only above pH 13 where a second equilibrium is manifest- 
ed. I t  is therefore evident tha t  the order of dissociation for uracil (and thymine) can be 
established from these spectra, viz., the equilibrium denoted by  pKz deals with the 2- 
hydroxyl  while that  for pK s (over 13) represents the dissociation of the 4-hydroxyl. I t  is 
not certain from our data  whether the 4-substituent is completely dissociated in I N  base. 
A similar order of dissociation can he established for 5-nitrouracil. 

With the mechanism of lactam-lactim tautomerism represented as 

R - - N - C - R  OH ~ R-__N-C-R R - N = C - R  
H II ~ II --~ I 

O H+ O O -  

it is reasonable to assume tha t  the dissociation of the lactim form at varying p H  is, 
in effect, a measure of the lactam-lactim tautomerism itself. Thus the following order 
of dissociation is presented: 

0 0 O- 

HN II _~ HN ~ ~_ 

H 
p H  8.6 plK 13 > p i t  13 

Re[erences p. 218. 



VOL. 9 (1952) SPECTROPHOTOY~ETRY OF NUCLEIC ACID DERIVATIVES I 217 

The structure o/cytosine and 5-methylcytosine 

The structure of cytosine in neutral solution may be inferred by comparison of its 
spectrum with that  of 2-methoxy-4-aminopyrimidine. Fig. 13 shows the spectrum of the 
latter compound at pH I and 7.2 along with cytosine at pH 7.2 and 14. I t  will be seen 
that  cytosine at pH 7.2 (pK 2 : 12.2) differs markedly from 2-methoxy-4-aminopyrimi- 
dine at the same pH (pK : 5.3) ; whereas, at pH 14, cytosine resembles the 2-methoxy 
derivative at pH 7.2. I-Methylcytosine, the spectrum of which will be shown in a sub- 
sequent publication 26 in connection with pyrimidine nucleosides, shows an identical 
spectrum to that of cytosine, both at pH 7.2. I t  must be concluded, therefore, that  
cytosine, and thereby 5-methylcytosine, in solutions up to pH IO, is to be represented 
by the lactam form. 
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Fig. 13. 2-Methoxy-4-aminopyrimidine at  p H  7.2 (Curve A) and at  p H  i .o (Curve B). Curves for 
in termedia te  p H  values, not  shown, pass th rough  isosbestic points  a, b, and c, wi th  a p K  of 5.3. 
Cytosine at  p H  7.2 (Curve C) and p H  14 (Curve D). At the shor ter  wave lengths  the e of curve C 
increases to 12. 7. lO 3 at  2075 A, while Curve D, by  vir tue of isosbestic poin t  d of Fig. i, passes th rough  

a m a x i m u m  at  about  22o0 A. 

SUMMARY 

I. The ul t raviolet  absorp t ion  spectra  of a num ber  of nucleic acid derivatives (pyrimidines) and 
related compounds  have been measured a t  various p H  values. 

2. The var iat ion of the spectra  wi th  p H  is shown in all cases to be explicable on the basis of 
ionic dissociation. 

3. The apparen t  dissociation cons tan ts  have been calculated from the spectra.  
4. The s t ruc ture  of uracil (and thymine)  is shown to be in the  diketo form in neutral  solution. 

Two ionic equil ibria are demons t ra ted  in alkaline solution and the order of dissociation is shown 
to proceed th rough  the  2- and 4-hydroxyl  groups  respectively. 

5- The spectra  and s t ruc tures  of o ther  pyr imidine  derivatives are discussed. 

RI~SUMI~ 

i. Les spectres d'absorption duns l'ultra-violet d'un certain nombre de d~riv~s d'acide nucl~ique 
(pyrimidines) et de compos~s analogues ont  ~t~ mesur~s ~ diff~rentes valeurs  de pH.  

2. La var iat ion des spectres avec le p H  peut,  duns t o u s l e s  cas, 8tre expliqu6e sur  la base d 'une 
dissociation ionique. 

Re#rences p, 218. 
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3. Les constantes  de dissociation apparente  ont  @t6 calcul@es A par t i r  des spectres. 
4. La s t ruc ture  de l 'uracile (et de la thymine)  pr@sente la forme dic6to en solution neutre.  

L'existence de deux equilibres ioniques en solution alcaline est d@montr@e et l 'ordre des dissociations 
est  respect ivement  des groupes 2- et 4-hydroxyles.  

5. Les spectres et la s t ruc ture  d 'au t res  d6riv6s pyr imidiques  sont  discut6s. 

ZUSAMMENFASSUNG 

i. Die Ul t rav io le tabsorpt ionsspekt ren  einer Anzahl  yon NukleinsAurederivaten (Pyrimidinen) 
und verwandten  Verbindungen wurden  bei verschiedenen p H - W e r t e n  gemessen. 

2. Die Variat ion der Spektren mit  dem p H  kann  in allen F~llen auf Grund einer Ionendis-  
soziation erkl/irt werden. 

3. Die scheinbaren Dissozia t ionskonstanten wurden  yon den Spektren abgeleitet. 
4. Das Uracil  (und Thymin)  liegt in neut ra ler  Lbsung in der Dike to-Form vor. Zwei Gleich- 

gewichtszust~tnde wurden in alkalischer LSsung nachgewiesen;  die Dissoziation geschieht erst  an 
den 2- und dann  an den 4-Hydroxylgruppen.  

5. Die Spektren und die S t ruk tu r  anderer  Pyr imidinder ivate  werden diskutiert .  
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