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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 [7]. Both the inductive and the hyperconjugation effects have been introduced. An
application to thymine is described.

En vue d’une étude détaillée des bases atypiques des acides nucléiques, les intégrales
appropriées du substituant méthyle ont été déterminées dans le cadre de I'approximation SCF
précédemment décrite [1]. L’effet inductif et ’effet d’hyperconjugaison sont introduits simul-
tanément. Le procédé est appliqué a la thymine.

Im Rahmen einer Untersuchung iiber atypische Basen von Nukleinsfiuren sind die Werte
der Integrale, die im Zusammenhang mit Methylsubstitutenten auftreten, wie friiher ange-
geben bestimmt worden. Die Methode beriicksichtigt sowohl den induktiven als auch den
Hyperkonjugationseffekt und wurde auf Thymin angewendet.

In the framework of a refined study of the structure of the nucleic acid bases
and their analogs [, 2, 3] we present here the results of an investigation concerning
thymine (I) (5-methyluracil). The procedure employed is the Pariser-Parr-Pople
approximation 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 structure of the o-bonds has been approximated by the pro-
cedure of DEL Rz [4], adapted for conjugated molecules [5]:

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

Apart from the interest of permitting to deal with the structure of thymine
itself, the explicit introduction of the methyl group in the calculations has also

* This work was supported by grant No GM 12289-01 of the United States Public Health
Service (National Institute of General Medical Sciences).

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

Note added in proof. A recent paper by Tanako and Nacarura [This journal, 6, 320
(1966)], although entitled “Electronic Structure od Adenine and Thymine”, deals in fact
with Uracil.
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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 hyperconjugation [13] in the
molecular orbital method, the methyl group is treated as contributing two electrons
to the m-electron system, and two atomic orbitals to the basis of development of
the molecular orbitals, namely one normal sz orbital from the carbon atom and
one pseudo-z orbital 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 ymsm; the
corresponding core parameter Uy and the two-center
core integral fcms. Previous determinations of this kind
exist for yugu,; and fou; [14, 15, 16]. Since, however,

our scheme differs from the usual approach particularly @
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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 /4

effect of the methyl group through a modification of

the effective orbital exponent of the = 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 Hiickel approximation
in the study of “natural hypsochromic shifts™ [18, 19] and recently reemphasized
[20, 21] in connection with the interpretation of the EPR 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 (I1I) has been used as a reference compound. The pseudoorbital y, has
been written in terms of the hydrogen 1s orbitals %, and %, as the combination

_ _Z"l—hz
%= =8

so that the one-center coulomb integral y4, is expressed in terms of coulomb and
exchange integrals over 1s orbitals (h; hyfhy By), (By Ryfhy hs), (B hofhy hy), and
(hy Ay/hy hy). The one-center 1s coulomb integral has been reduced from its theore-
tical value 17.003 eV to 12,86 eV by the Pariser relation [22]. This value corres-
ponds to an effective orbital exponent &3, = 0.756 which was then used to calculate
the reduced values of the other 1s integrals, yielding finally yg, = 10.65 eV.
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The value Uny= — 8,9eV was then evaluated by using the approximate
linear relationship which exists between ¢ and U for the & orbitals of one-electron
contributing carbon, nitrogen and oxygen [1].

As concerns the inductive effect on the substituted carbon it has been intro-
duced via a reduction of 0.04 of the Slater orbital exponent of the substituted
carbon. The corresponding y¢, and Ug, values are listed in Tab. 1. In addition,
this induetive effect has been reflected on the § values of the bonds involving C;
through the relation:

where 3, and S, are the resonance and overlap integrals for a normal carbon-
carbon bond (,= —2.39 eV for »—=1.39 A). Bcn, has been determined by trial and
error so as to reproduce as many properties as possible for the reference molecule,
toluene. The final list of integral values is given in Tab. 1.

Table 1. Integral values for the methyl group (eV)

e i 10.65 Uc -95
YcHg 6.67 Pz — 2.46
e 10.87 B —1.44
Us, - 89 Bas - 3.40
Ue, - 9.0

Table 2. Comparison of toluene to benzene

Dipole Tonization Ultra-violet transitionsa
t (D tential (eV
moment (D) potential (eV) Theor.t Exp.s
Theor. Exp. Theor. Exp. |[4E (eV) f 0 AE (eV)
Toluene 0.450 0.43¢° 9.04 8.821 4.7 0.002 90 4.65

9.18e 5.9 0.15 0 5.86

6.4 1.34 0 6.57¢ — 6.79
6.5 1.03 90
7.6 0.003 0
7.7 0.006 0

Benzenett 9.46 9.254 4.75 0 4.72
9.56¢ 6.0 0 6.05
6.6 11 6.741 — 6.97
6.6 11

2 First is given the transition energy AE from the ground state, then the intensity, f, and
finally the direction of polarization 8 with respect to the symmetry axis of toluene.

b Directed from the methyl group to the ring.

¢ McCrerLAN: Tables of experimental dipole moments (1963). FrEEMAN and Co., San
Francisco.

4 WaraNABE, K., T. NagAvAMA, and J. MoTTL: J. Quant. Spect. Rad. Transfer 2, 369
(1962).

e CraBLE, C. H., and L. Kzar~s: J. physic. Chem. 66, 436 (1962).

t After inclusion of all singly-excited configurations (SCFCM).

¢ PETRUSKA, J.: J. chem. Physics 84, 1120 (1961) (vapor unless otherwise stated).

h GIESSNER-PRETTRE, C., H. BerrHOD, and A. PuLLMaN (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 Strueture 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 9.15 eV
calculated for uracil [7]. This result correlates very satisfactorily with the recent

1568 4.952

N
7454 1734
Llectronic charges Bond  orders
Ground state (SCF)
Fig. 1
a §7 7 0
1027, 3
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o N
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First singlet (SCFCM)
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First Iriplet (SCFCM)

Fig. 2
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determination of the ionization potentials of these compounds from a mass spectro-
metric study (8.94 eV for thymine and 9.47 eV for uracil) [23]. It may be advant-
ageously compared with values suggested in previous SCF studies of these com-
pounds [7, §] which ranged between 10 and 12 eV.
The lowest empty molecular orbital is 0.41 eV, very slightly changed with
respect to the value 0.38 for uracil.
The calculated value of the dipole moment is 4.0 D. The only related available
experimental value concerns 1,3-dimethyl uracil where it equals 3,9 D. Our
calculated value for thymine appears
0.756 a7 therefore very reasonable. The distribut-
2087 /H3 ion of "ﬁhe z-charge densities. anfi bor%d
o orders in the ground state is given in
Fig. 1. The corresponding quantities in
the first excited singlet and triplet after
configuration mixing are shown in Fig. 2
whereas the spin densities in the lowest
triplet appear in Fig. 3.

First triplet (SCFCM) The results concerning the electronic
Spin densities transitionsin thymine are given in Tab. 3.
Fig. 3 The experimental values of the observable

two maxima of absorption in thymine
are 4.68 and 6.0 eV according to Vot et al. [24], to be compared with the corres-
ponding values in uracil, 4.8 and 6.1 eV. Oscillator strength for these two bands
have been evaluated from the absorption curve of thymidine to be 0.2 and 0.3
respectively [25]. No intermediate absorption is apparent in the spectrum of

Table 3. Electronic transitions in Thymine (eV)

SCF SCFCM
. tri- . tri-
singlets plets singlets plots
orbital orbital weight
. B 5 E . AE 0
jump 4 / 6 4 jump (%) f Al
6 -7 4.9 0,8 162 | 2.8 6-7 084 4.65 0.4 156 | 2.0
5-8 004
5-17 5.5 0.04 166 | 4.7 5-7 09 5.45 0.1 162 | 2.9
6-7 0.03
6 -8 58 0.2 - 99 | 4.8 6-8 090 5.6 0.2 -127 | 3.2
6-7 003
5-8 6.4 002 + 36 | 50 5-8 068 6.2 0.5 148 | 4.5,
4-7 013
4 -7 6.4 0.4 60, | 4-7 082 6.3 0.06 5.2
5-8 0.09
6 -9 7.0 0.1 6-9 075 6.8 0.3
6-8 0.08

» Angle counted from the N,C, axis (counterclockwise).
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thymine or uracil although the possibility of existence of a hidden band around
5.4 eV has been suggested in uracil [26].

Examination 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 bathochromic shift observed from uracil to
thymine is correctly reproduced, so is also the numerical position of the maximum
in particular after configuration mixing. In T as in U the 4th configuration has
more weight in the mixing than the second.

b) A calculated transition with a small intensity appears towards 5.5 eV. This
transition is not visible in the spectrum.

¢) The next region of absorption includes a series of caleulated maxima from
5.6 t0 6.8 eV (5.8 to 7 eV before configuration mixing) which manifestly correspond
to the wide second region of the observed spectrum.

d) The polarization direction of the first band is at 24° from the N,C, axis
towards the methyl group, a result comparing very favorably with the 19° —
value determined for {-methylthymine [27].

Among other structural characteristics of thymine worth underlining are:

1. The high electronic density of its C;, the high value of the bond order of its
C; — C; bond and the high value of the free valence of its Cq. These features are
responsible for the high reactivity of the C; — Cq bond towards addition reactions
such as bromination or permanganate oxidation [28] and the preferential reactivity
of Cg4 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; than at C4 of this molecule [33]).

2. The great increase of the reactional properties (electronic charge and free
valence) of C; in the first excited singlet and triplet and the relatively very large
concentration of spin densities at the carbons of the C; — C; bond in the first
excited triplet. These features may be related to the location of a number of photo-
reactions of thymine on the C; — C,; bond and in particular fo its involvement
in the photodimerization of this and related molecules [34].
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