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In view of a study of the atypical bases of the nucleic acids, the integral values appropriate 
for the methyl substituent have been determined in the SCF approximation previously de- 
scribed [1]. Both the inductive and the hyperconjugation effects have been introduced. An 
application to thymine is described. 

En rue d'une ~tude d6taill~e des bases atypiques des aeides nucl6iques, les int6grales 
appropri6es du substituant m6thyle ont 6t6 d6termin6es duns le cadre de 1'approximation SCF 
pr6eddemment dderite [1]. L'effet induetif et l'effet d'hyperconjugaison sont introduits simul- 
tandment. Le proc6d~ est appliqu6 ~ la thymine. 

Im Rahmen einer Untersuchung fiber atypisehe Basen yon Nukleins~uren sind die Werte 
der Integrale, die im Zusammenhang mit Methylsubstitutenten auftreten, wie friiher ange- 
geben bestimmt worden. Die lYIethode berficksichtigt sowohl den induktiven Ms auch den 
Hyperkonjugationseffekb und wurde auf Thymin angewendet. 

I n  the f ramework of  a refined s tudy  of  the s tructure of  the nucleic acid bases 
and their analogs [1, 2, 3] we present here the results of  an investigation concerning 
thymine  (I) (5-methyluracil). The procedure employed is the Pariser-Parr-Pople 
approximat ion of  the SCF method,  appropriately scaled as described in Ref. [1], 
and supplemented by  the inclusion of  configuration mixing with all singly-excited 
configurations. The s tructure of the a-bonds has been approximated  by  the pro- 
cedure of  D~L Rv, [4], adapted  for conjugated molecules [5] : 

Most of  the published calculations which refer to  thymine,  deal in fact  with 
uracil (II),  thus escaping or neglecting the methyl  problem [6, 7]**. 

Apar t  f rom the interest of permit t ing to  deal with the s tructure of  thymine  
itself, the explicit introduct ion of the methy l  group in the calculations has also 

* This work was supported by grant No G1K 12289-0t of the United States Public Health 
Service (National Institute of General Medical Sciences). 

** One recent paper treats explicitely both uracil and thymine [8]. Unfortunately the large 
discrepancy with experimental results and an error in the chemical structure adopted for 
uracil [1] decreases greatly its significance. 

Note added iu proof. A recent paper by TAz~Ar~o and NAGAKV~A [This journal, 6, 320 
(i966)], although entitled "Electronic Structure od Adenine and Thymine", deals in fact 
with Uracil. 



Theore$ical Study of Purines and Pyrimidines. I I [  t11 

7 o o 

H ~  CH3 HHN~ 
H H 

the advantage of allowing the study of other methylated bases which occur in a 
rather  widespread fashion in the structure of nucleic acids [9] particularly in 
transfer RNA [10, 11, 12]. 

The Representation of the Methyl Group 

According to the conventionnal representation of hyperconjngation [13] in the 
molecular orbital method, the methyl  group is treated as contributing two electrons 
to the yr-electron system, and two atomic orbitals to the basis of development of 
the molecular orbitals, namely one normal ~r orbital from the Carbon atom and 
one pseudo-:z orbitat from the H~ group. In  the Pariser-Parr-Pople approximation, 
this representation necessitates essentially the determination of three integral 
values: the one-center coulomb integral 7H~H3 the 
corresponding core :parameter U~3 and the two-center 8 ~3 
core integral ficI~a- Previous determinations of this kind III 

f ~  
exist for 7H3H3 and ~CH3 [16, 15, 16]. Since, however, 7 i 
our scheme differs from the usual approach particularly �9 in the systematic lowering of the one-center core 
integrals [17], we redetermined the whole set of values. 
On the other hand we have also introduced aninductive ~ r  
effect of the methyl  group through a modification of 
the effective orbital exponent of the ~r atomic orbital on the substituted carbon 
atom. The necessity of the introduction of an inductive effect together with hyper- 
conjugation has been demonstrated a long time ago in the Hfickel approximation 
in the s tudy of "natural  hypsochromic shifts" [18, 19] and recently reemphasized 
[20, 21] in connection with the interpretation of the E P R  spectrum of the toluene 
and other anions. The deficiency of a purely hyperconjugative model has been 
shown to persist in a Pariser-Parr-Pople procedure [21]. 

Toluene (III)  has been used as a reference compound. The pseudoorbital Xs has 
been written in terms of the hydrogen is orbitals h 1 and h~ as the combination 

h 1 - h~ 
~8 - ~- ( i  - ~) 

so tha t  the one-center coulomb integral 7ss is expressed in terms of coulomb and 
exchange integrals over is orbitals (h 1 hl/h 1 hi) , (h 1 hl/h 2 h2) , (h 1 h2/h I h2) , and 
(h 1 hl/h x h~). The one-center is  coulomb integral has been reduced from its theore- 
tical value 17.003 eV to ~2,86 cV by  the Pariser relation [22]. This value corres- 
ponds to an effective orbital exponent $~ 8 = 0.756 which was then used to calculate 
the reduced values of the other is integrals, yielding finally Yss -- 10.65 eV. 



112 A. DEns and A. PULL~L~N: 

The value UH3 = - 8 , 9  eV was then  evaluated  by  using the approximate  
linear relat ionship which exists between 7 and U for the ~ orbitals of one-electron 
cont r ibut ing  carbon, ni t rogen and  oxygen [1]. 

As concerns the induct ive  effect on the subs t i tu ted  carbon i t  has been intro- 
duced via a reduct ion of 0.04 of the Slater orbital  exponent  of the subs t i tu ted  
carbon. The corresponding 7~  and  Ucl  values are listed in  Tab.  1. I n  addit ion,  
this induct ive  effect has been reflected on the fl values of the bonds involving C1 
through the relat ion:  

s 

~o so 
where fl0 and  S o are the resonance and  overlap integrals for a normal  carbon- 
carbon bond  (rio = -- 2.39 eV for r = 1.39 A). flc~a has been determined by  tr ial  and  
error so as to reproduce as m a n y  properties as possible for the reference molecule, 

toluene. The final list of integral  values is given in  Tab.  1. 

Table 1. Integral values ]or the methyl group (e V) 

7~ t0.65 Uc 
7cz, 6.67 fl12 
70cl 10.87 fl17 
UHa -- 8.9 fl~s 
Ucl - 9.0 

Table 2. Comparison o/toluene to benzene 

- 9.5 
- 2.46 
- t .44 
- 3.40 

roluene 

Benzene h 

Dipole 
moment (D) 

Theor. Exp. 

0.45 b 0.43~ 

Ionization 
potential (eV) 

Theor. Exp. 

9.04 8.82 ~ 
9A8 ~ 

Ultra-violet transitions~ 

Theor. r Exp.* 
AE (eV) / 0 AE (eV) 

4.7 0.002 90 
5.9 0.15 0 
6.4 1.34 0 
6.5 1.03 90 
7.6 0.003 0 
7.7 0.006 0 

4.75 0 
6.0 0 
6.6 1.1 
6.6 1.1 

9.46 9.25 a 
9.56 ~ 

4.65 
5.86 
6.571 - 6.79 

4.72 
6.05 
6.74 i - 6.97 

First is given the transition energy AE from the ground state, then the intensity, ], and 
finally the direction of polarization 0 with respect to the symmetry axis of toluene. 

b Directed from the methyl group to the ring. 
c McCLELLAW: Tables of experimental dipole moments (1963). F~E~A~ and Co., San 

Francisco. 
d WATANABE, K., T. N~XAYA~tA, and J. MOTTL: g. Quant. Spect. Rad. Transfer 2, 369 

0962). 
e CI~ABn~, C. H., and L. K~A~ZCs: J. physic. Chem. 66, 436 (1962). 

After inclusion of all singly-excited configurations (SCFCM). 
g PETI~VSKA, J. : J. chem. Physics 84, t120 (t961) (vapor unless otherwise stated). 

GI~SSNE~-P~TT~E, C., H. BW~THOD, and A. PVLLMAZr (unpublished results). 
i In  heptane. 
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The main results relating to toluene are summarized in Tab. 2. The agreement 
with the experimental data for the ionization potential, dipole moment and the 
absorption spectrum, as well as the comparison with the corresponding data for 
benzene, are both sufficiently good for encouraging the further application to other 
methylated molecules. 

The Structure of Thymine 

The SCF calculation of thymine yields the molecular orbitals, among which the 
highest filled in the ground state corresponds to the molecular ionization potential. 
The value obtained is 8.8 eV, distinctly lower than the corresponding value 9A5 eV 
calculated for uracil [1]. This result correlates very satisfactorily with the recent 
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de te rmina t ion  of  the  ioniza t ion  po ten t i a l s  of  these compounds  f rom a mass  spectro-  
met r ic  s t u d y  (8.94 eV for t h y m i n e  and  9.47 eV for uraci l)  [23]. I t  m a y  be a dva n t -  
ageously  compared  wi th  values  sugges ted  in previous  SCF s tudies  of  these com- 
pounds  [7, 8] which r anged  be tween  i0  and  i2  eV. 

The lowest  e m p t y  molecular  o rb i t a l  is 0.41 eV, ve ry  s l ight ly  changed with  
respect  to  the  va lue  0.38 for uracil .  

The  ca lcu la ted  va lue  of  the  dipole  m o m e n t  is 4.0 D. The only re la ted  avai lab le  
expe r imen ta l  va lue  concerns 1 ,3-dimethyl  uraci l  where i t  equals  3 , 9 D .  Our 

ca lcu la ted  value  for t h y m i n e  appears  
E, 75"# 0.//~ 7 

~087 / H3 
o . z y ~  / C 

0.20# N 
0.28# 

Dr'S/ /M'p/e/ (ECK('PI) 
,5'#1"/7 danSl'M~s 

Fig. 3 

therefore  ve ry  reasonable .  The d i s t r ibu t -  
ion of  the  ~-charge  densi t ies  and  bond  
orders  in  the  g round  s t a t e  is given in 
Fig .  t .  The corresponding quant i t i es  in 
the  first exc i ted  singlct  and  t r ip l e t  af ter  
conf igurat ion mix ing  are shown in Fig.  2 
whereas the  spin  densi t ies  in the  lowest  
t r ip le t  appea r  in Fig.  3. 

The resul ts  concerning the  electronic 
t r ans i t ions  in t h y m i n e  are given in Tab.  3. 
The expe r imen ta l  values  of  the  observable  
two m a x i m a  of  absorp t ion  in  t h y m i n e  

are 4.68 and  6.0 eV according to  V o l t  e t  al. [24], to  be compared  wi th  the  corres- 
ponding  values  in uraci l ,  4.8 and  6. t  eV. Oscil lator  s t r eng th  for these two bands  
have  been eva lua t ed  f rom the  abso rp t ion  curve of  t h y m i d i n e  to  be 0.2 and  0.3 
respec t ive ly  [25]. N o  i n t e rmed ia te  absorp t ion  is a p p a r e n t  in the  spec t rum of  

Table 3. Electronic transitions in Thymine (eV) 

SCF SCFCM 

singlets 

orbital 
jump d E  / 0 ~ 

6 - 7 4.9 0,8 

5 - 7 5.5 0.04 

6 - 8 5.8 0.2 

5 - 8 6.4 0.02 

4 - 7 6.4 0.4 

6 - 9 7 . 0  0 . 1  

162 

-166 

- 99 

+ 36 

tri- 
plets 

AE 

2.8 

4.7 

4.8 

5.0 

6.0~ 

singlets 

orbital weight 
jump (%) AE / 

6 - 7 0.84 4.65 
5 - 8 0.04 

5 - 7 0.91 5.45 
6 - 7 0.03 

6 - 8 0.90 5.6 
6 - 7 0.03 

5 - 8 0.68 6.2 
4 - 7 0.13 

4 - 7 0.82 6.3 
5 - 8 O.O9 

6 - 9 0.75 6.8 
6 - 8 0.08 

Angle counted from the N1C 4 axis (counterclockwise). 

0.4 i56 

0.1 162 

0.2 -127 

0.5 148 

0.06 

0.3 

tri- 
plets 

0 AE 

2.0 

2.9 

3.2 

4.55 

5.2 
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thymine  or uracil a l though the possibility of  existence of a hidden band  around 
5.4 eV has been suggested in uracil [26]. 

Examina t ion  of  the theoretical results and comparison with those previously 
obtained for uracil [1, 2, 3] show the following features:  

a) For  the first maximum,  the bathochromie shift observed from uracil to 
thymine  is correctly reproduced,  so is also the numerical  position of the max imum 
in part icular  after configuration mixing. I n  T as in U the 4th configuration has 
more weight in the mixing than  the second. 

b) A calculated transi t ion with a small intensi ty appears towards 5.5 eV. This 
transit ion is no t  visible in the spectrum. 

c) The next  region of  absorpt ion includes a series of  calculated maxima from 
5.6 to 6.8 eV (5.8 to 7 eV before configuration mixing) which maIdfest ly correspond 
to the wide second region of the observed spectrum. 

d) The polarization direction of  the first band  is at  24 ~ f rom the N1C a axis 
towards  the methyl  group, a result comparing very  favorably  with the 19 ~ -- 
value determined for l -me thy l thymine  [27]. 

Among  other s t ructural  characteristics of  thymine  worth  underlining are : 
1. The high electronic densi ty of its C~, the high value of  the bond order of  its 

C 5 - C 6 bond and the high value of  the free valence of its C 6. These features are 
responsible for the high react ivi ty  of  the C 5 - C s bond towards  addit ion reactions 
such as brominat ion or permanganate  oxidation [28] and the preferential react ivi ty  
of  C 6 towards  the fixation of  free radicals [29, 30, 21] (while in uracil this last 
fixation occurs at  C~ [32] in agreement  with the value of  the free valence greater 
at  C 5 than  at  C G of  this molecule [33]). 

2. The great  increase of the reactional properties (electronic charge and free 
valence) of  C 6 in the first excited singlet and triplet and the relatively very  large 
concentrat ion of spin densities at  the carbons of  the C 5 - C G bond in the first 
excited triplet. These features m a y  be related to the location of a number  of  photo- 
reactions of  thymine  on the C 5 - C 6 bond and in part icular  to its involvement  
in the photodimerizat ion of this and related molecules [34]. 
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