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Chemical Reactivity and Electronic Structure of N-Methyl Derivatives of

Xanthine

By Aleksander P. Mazurek,” School of Medicine, Physico-chemical Laboratory, 1 Banacha Street, 02097

Warsaw, Poland

Calculations of electron density and other indices of reactivity have been performed for N-methyl-substituted

xanthines using the Hickel, Del Re, and CNDO/2 methods.

The considerable difference in chemical reactivity of

theophylline, theobromine, and caffeine is probably due either to stericrepulsion of the van der Waals type or to the
electrostatic effects of a positively charged methyl group in position 7.

THE problem of correlating the molecular electronic
structure of various purine derivatives and their chemical
reactivity has already been studied by several workers.
Veillard and Pullman,! Pullman,? and Nagata ef a/.3 have
concluded that in purine the C-8 atom is most susceptible
to electrophilic substitution. This is due to the high
electron density localized on this atom. Quantum
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chemical calculations leading to this conclusion have also
been supported by n.m.r. measurements.

One example of electrophilic substitution is the
coupling reaction with diazonium salts. In a review
Robins concluded ¢ that if N-7 or -9 bears a methyl
group, coupling at C-8 in purines does not proceed.
However, the presence of bulky methyl groups influences
these reactions, by means of their positive inductive
effect. The effect will be inconsiderable only for the
resonance structures (A) and (B), which are not highly
probable. Thus, the statement by Robins on the
influence of methyl groups (localized at N-7 and -9)
upon coupling at C-8 is not a general rule. Moreover,
Robins has overlooked the results of Mazza and
Migliardi® who were successful in obtaining 8-(p-
sulphamylphenylazo)theobromine.

RESULTS AND DISCUSSION

In the present paper we have used the common
Hiickel and Del Re methods &7 for xanthine (7- and 9-H
forms), theophylline (7- and 9-H forms), theobromine,
and caffeine, their 8-halogen derivatives, and also for
isocaffeine. For xanthine, theophylline, theobromine,
caffeine, and their 8-halogen derivatives the more
advanced CNDO/2 method %2 was also applied (Figure 1).
Calculations were carried out according to the QCPE
program. The parameters for the Hiickel and Del Re
methods are in Table 1. The geometry used was that of
ref. 10.

* Present address: Drug Institute, Physico-chemical Laboratory,
30/34 Chelmska Street, 00-725 Warsaw, Poland.

From the study of the effect of charge density due to
methyl and halogen substituents, the following con-
clusions may be drawn. (1) For the four parent com-
pounds examined, <.e. xanthine, theophylline, theo-
bromine, and caffeine the total charge on the carbon
atoms is as follows: C-2 << C-6 << C-8. (2) Substitution
of a nitrogen atom in the imidazole ring by a methyl
group causes a characteristic inductive effect. The
electron density on the nitrogen atom adjacent to the
methyl group is apparently lowered, but increases
slightly on the adjacent carbon atoms. This is almost
entirely due to a n-electron effect. The distribution of
the o-electron density is little disturbed. It is worth
mentioning that when the methyl group is present in
position 7 (theobromine and caffeine) the increase in
electron density is accompanied by a bond order increase
of the N-7-C-8 bond. This is to say that additional
electron density is displaced significantly toward this
bond and the C-8 atom is probably slightly active in
electrophilic substitution reactions. (3) A halogen atom
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Ficure 1 The distribution of total effective charges, n-electron
charges (in parentheses), and n-electron bond orders (CNDO/2
method) for 7H-xanthine (1), 7H-theophylline (2), theo-
bromine (3), and caffeine (4)

at C-8 causes displacement of the electron charge from

C-8 towards the halogen atom; in this way the positive

charge on the carbon atom is increased. These changes

in density either do not affect the surrounding atoms

(CNDO/2) or do, but very slightly (Del Re). As ex-
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TaBLE 1
Parameters used
(a) Htickel method ay = a + 4,8 Bxy = kxyB C H
Bond C-C C=N- C-N=  c=0 C-F c—Cl C—Br c-1 H—N< C—-N< =N—CH,
C H
hc =00 hx=04 )n=10 ho=07 hp=23 hy=22 hype=21 h =20 hiy=16 hy=18 hy=11
he = 0.1 he=10.2 k=02 k=01 ho = —0.2
ha; = —0.4
keo = 1.0 kon = 0.1 ken = 0.9 koo = 2.0 kep = 0.7 koo = 0.7 kopr = 0.7 ket = 0.6  kon= 0.8 kox = 0.8 kno=0.8
kozps = 2.0
(b) Del Re method
Bond C-X C-X H-X
X= C N O X= Cl Br I X= C N 6]
33 0.07 0.24 0.40 3 0.35 0.29 0.26
Eex (l)(l)g 1.00 0.95 cox 0.60 0.45 0.45 emx 1.00 0.45 0.45
Yex = Yxe = . Yex 0.20 0.20 0.20 _ _ _
30 0.40 0.40 0.40 g = 0.00 yux = 0.40 yxu = 0.30
Other types of bonds
X Type 8°, X-B exs
N
C (,3 0.12 C-H 1.00
N\
N 0.38 C=N 0.70
N C\ /C 0.30 C-N 0.70
IT ‘ N-H 0.60
H
H\ /H
N I\II 0.24 C-N 1.00
/C\ N-H 0.45
(e] o= 0.28 Cc=0 0.70

pected, the electron density on the halogen atom
diminishes with decreasing electronegativity. Based on
the present calculations and for corresponding coupling
experiments of various diazonium salts with caffeine, it
might be thought that the coupling method of By-
stricka,!! which has been applied to similar systems to
those examined by us, cannot be used for purines. This
does not mean, however, that for the other groups of
compounds, the reaction of diazonium salts with suitable
bromo derivatives does not increase the yield.

The conclusions obtained from the present calculations
and based on the Hiickel, Del Re, and CNDO/2 methods
are consistent qualitatively. It proves the correctness
of the results (Figure 2).

The calculated electron densities are also well cor-
related with the chemical shifts of the IH n.m.r. signals
for the methyl groups of theophylline, theobromine,
caffeine, isocaffeine, and 3,9-dimethylxanthine 12 (Table
2). Similar results have been obtained upon applying
the CNDO/2 method.

Reactivity of the Purine System.—One of the most
frequently applied reactivity indices is the localization
energy index for Wheland complexes.’® This energy
has been calculated for electrophilic substitution at C-8
in theophylline and theobromine: E, (theophylline)
2.083 B; E. (theobromine) 2.086 8. Therce values are
practically identical. It suggests that there is no dif-
ference in reactivity in the compounds examined. Other

FicUure 2 Changes in electron density on particular atoms:

-022 (

(A)
total Hiickel and Del Re; (B) = Hiickel; (C) total CNDO/2.
Ag = electron density on the ¢th atom of theophylline —
electron density on the ith atom of theobromine, g¢i-(theo-
phylline) — ¢i-(theobromine)
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reactivity indices are (a) the charge on the atom which is
subjected to attack, (b) the electron density on this atom
derived from the highest occupied orbital (HOMO), 7.c.
the index of frontier electrons, (c) the HOMO energy. It
has been established that, for instance, a comparison of
the effective charges in the purine ring leads to wrong
conclusions regarding the position of electrophilic
attack.'* To obtain a proper view of the problem it is
necessary to invoke more detailed reactivity theory.

TABLE 2
1H N.m.r. chemical shifts () of xanthines
Xanthine 1-CH, 3-CH, 7-CH,4 9-CH,
1,3-Dimethyl 3.30 3.48
3,7-Dimethyl 3.49 3.95
1,3,7-Trimethyl 3.32 3.50 3.95
1,3.9-Trimethyl 3.35 3.76 3.99
3,9-Dimethyl 3.65 3.96
Electron charge density (Hiickel and Del Re methods)
1-CH, 3-CH, 7-CH, 9-CH,
1,3-Dimethyl 0.0898 0.0915
3,7-Dimethyl 0.0910 0.1119
1,3,7-Trimethyl 0.0898 0.0909 0.1118
1,3,9-Trimethyl 0.0898 0.0922 0.1110
3,9-Dimethyl 0.0900 0.1110

The change of energy during a reaction (proportional
to AH, i.e. the heat of formation of an acid-base com-
plex) for a second-order perturbation calculation is given
by equation (1) 15 where » and s are the reacting atoms,
_unoec oce 2(C1"")2(CS")2B2

E,* is the energy of the occupied electron level of the
donor nucleophilic, E * is the energy of the occupied
electron level of the acceptor electrophile, and 8 is the
resonance parameter value.

One can distinguish two extreme cases. (1) When
|[En* — Ep*| > 482, one can take the average difference
of energy |En* — En*|ay, and hence equation (2) is

” m

oce unocc
AE =2 % (Crm)? T (Cs")Zy )

BZ
r= (Em* - En*)uv (3)

obtained where relationship (3) applies. In this case the

reaction is controlled by the charge on the atom examined

oc
(2 Ec(Cr"‘*)z]. (2) When |E,* — E.*| & 0, one has a case
which is almost degenerate, giving the approximation (4).

AE = (Cr™)?*(Cs)2prs 4)

In this case the reaction is controlled by the density of
frontier electrons [(Cr™)?].

Any intermediate situation, which may be regarded
as a combination of (1) and (2), is described by equation
() which corresponds to an empirical correlation.1®

oce unocc
AE = 2% (Cr)? I (Cs")2y + (Crm)2(Cs™)28rs ()
k4 ”
Assuming that the attacking electrophilic agent is always

the same, AE should depend only on the electron density
at C-8 (Table 3).
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Analysis of the results from our theoretical calculations
shows that neither of the indices in Table 3 allows the
reactivity of theobromine to be distinguished from that
of caffeine. It follows that dissimilarities in reactivity,
particularly for the reaction considered here, are not due
to changes in the electronic structure of these molecules,
but rather to the influence of steric effects. The latter
effects might be of two types. (a) The presence of a
bulky 7-methyl group in theobromine makes the ap-
proach of the electrophile difficult. This is due to a
steric repulsion of the van der Waals type. (b) Posi-
tively charged protons in the methyl group create a
potential which forbids positively charged species to
approach C-8, owing to simple electrostatic repulsion.
An additional argument in support of such an interpret-
ation is that the rate of electrophilic attack by halogen
is comparable for both theophylline and theobromine.
If nitronium ion is the attacking agent, the differences in
reactivities are more considerable.”” In this case the
electrostatic potential diagrams, calculated for the
molecules under discussion by ab initio and semi-empirical
methods should provide quite an accurate reactivity
index. For the purposes of the quantum chemical
calculations, it was assumed that the coupling reaction

TABLE 3

Densities of frontier electrons at C-8 and energies of the
highest occupied molecular orbital (HOMO) in 8 units

Frontier

electrons HOMO (8 units)

CNDOJ2 CNDO/2

Xanthine method method

Xanthine 0.0957 +0.4044
1,3-Dimethyl 0.0684 +0.3933
3,7-Dimethyl 0.0701 +0.3889
1,3,7-Trimethyl 0.0686 +0.3902

was carried out in the presence of pyridine. The latter
may be a useful catalyst, particularly for those structures
in which the centre of coupling is subjected to over-
crowding by the surrounding substituents.1%1® Apply-
ing the above method we succeeded in preparing 8-
(p-nitrophenylazo)caffeine. The reaction was carried
out in pure pyridine, which also constituted a good
solvent for the sparingly soluble caffeine. It is evident
that the coupling reaction of diazonium salts occurs
with the base itself which is unable to provide an anion.
8-(p-Nitrophenylazo)caffeine was synthesized in 89,
yield after coupling for 24 h. Under similar conditions,
8-(p-nitrophenylazo)theophylline was synthesized in
369, yield after 24 h. The structure and composition of
the new compounds was confirmed by elemental analyses
and i.r. and 'H n.m.r. spectra.26,2
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the computations and for valuable discussions. I also
thank Dr. M. Cieplak for reading and commenting on the
manuscript and a refereee for helpful suggestions. This
work was supported by the Polish Academy of Sciences.

[9/1102 Received, 16th July, 1979]



1296

REFERENCES

1 A. Veillard and B. Pullman, J. Theor. Biol., 1951, 4, 92.

2 B. Pullman, J. Chem. Soc., 1959, 1621.

3 C. Nagata, A. Imamura, Y. Tagashira, and M. Kodama,
Bull. Chem. Soc. Japan, 1965, 38, 1638.

¢ R. K. Robins, in ‘ Heterocyclic Compounds,” ed. R. C.
Elderfield, Russian translation, Izd. Mir, Moscow, 1969, vol. VIII,
ch. 3, p. 215.

5 F. P. Mazza and C. Migliardi, A##. acad. Lincei, Classe sci.
fis. mat. nat., 1939, 29, 80.

8 I. Kulakowska, M. Geller, B. Lesyng, K. Bolewska, and
K. L. Wierzchowski, Biochim. Biophys. Acta, 1975, 407, 420.

? G. Del Re, J. Chem. Soc., 1958, 4031.

8 J. A. Pople, D. P. Santry, and G. A. Segal, J. Chem. Phys.,
1965, 43, 129.

% J. A. Pople, D. L. Beveridge, and P. A. Dobosh, J. Chem.
Phys., 1967, 47, 2026.

10 H, Rasmussen and E. Sletten, Acta Chem. Scand., 1973, 27,
27517.

J.C.S. Perkin II

11 A. Bystricka, Zhur. obshchei Khim., 1936, 6, 1074.

12 D. Lichtenberg, F. Bergman, and Z. Neiman, J. Chem. Soc.,
1971, 1676.

13 G. W. Wheland, J. Amer. Chem. Soc., 1942, 64, 900.

14 R. C. Elderfield, ‘ Heterocyclic Compounds,” New York,
vol. VIII, 1961.

15 G. Klopman, ‘Chemical Reactions and Reaction Paths,
New York, 1974.

18 R. S. Drago and B. B. Wayland, J. Amer. Chem. Soc., 1965,
87, 3571. .

17 F. Cacae and R. Masironi, Ann. Chim. (Italy), 1957, 47, 362.

18 H. Zollinger, ‘ Chemie der Azofarbstoffe,” Basel, 1958.

19 A, P. Mazurek, Ph.D. Thesis, School of Medicine, Warsaw,
1978.

20 1. Skulski and A. P. Mazurek, Colloque Franco-Polonais,
‘ Les composes heterocycliques azotes,” £.6dz, 1976.

21 A. P. Mazurek and L. Skulski, Pol. J. Chem., in the press.

’





