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SUMMARY

The electronic structures of a series of sulfanilamide and sulfonamide derivatives have
been calculated by the Hiickel method and also by the extended Hiickel method.

In the case of the sulfanilamide derivatives (sulfa drugs), the electrophilic reactivity
indices (superdelocalizability or partial atomic population) at the N* atom in the
molecule are correlated with their relative bacteriostatic activities against Escherichia coli.
From the results calculated for a dihydropteridine derivative, a possible reaction mechanism
is proposed in which the carbonium cation of the compound will attack the N* atom of the
sulfanilamide derivatives electrophilically.

In the case of sulfonamide derivatives (carbonic anhydrase inhibitors), the relative
activities as carbonic anhydrase inhibitors are discussed in terms of the electrophilic reac-
tivity indices at the nitrogen atom of the free amino group. A hypothetical reaction model

for the interpretation of the inhibitory action for carbonic anhydrase is proposed.

INTRODUCTION

Recently, many investigations have been
carried out to reveal the relation between
chemical structure and pharmacological
activity. In order to design pharmacologi-
cally more effective compounds, it is es-
pecially important to study quantitatively
the relation between pharmacological ac-
tivity and electronic structure and to
identify the most important and secondary
centers in the chemical structures respon-
sible for the activity of various drugs.

Three species of drugs having the same
sulfonamide moiety are known to show
quantitatively quite different pharma-
cological activities: sulfanilamide deriva-
tives, sulfonamide compounds, and sul-
fonylurea compounds. These compounds
are the antibacterial sulfa drugs, the car-
bonic anhydrase inhibitors, and the oral
antidiabetic drugs, respectively. Ariéns et
al. (1) showed that the essential moieties
for the bacteriostatic action, the carbonic
anhydrase-inhibitory action, and the oral
antidiabetic action are

H,N-@—SO,NH—, —SO,NH,, and —@-so,m{corm——,

Presented at the 88th Annual Meeting of the
Pharmaceutical Society of Japan, Tokyo, April
1968.

respectively.  Various  physicochemical
properties of these compounds, especially
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of the sulfa drugs (2), have also been
studied in relation to their biological ac-
tivities. In this report, the electronic struc-
tures of the former two types of compounds
have been calculated by the Hiickel method
and the extended Hiickel method and re-
lated to their pharmacological activities.

The changes in electronic structure that
some model compounds undergo during a
hypothetical reaction have also been
studied.

The oral antidiabetic drugs have not
been studied here because their mechanism
of pharmacological action is not clear.

THEORETICAL

The Hiickel method. 1t is safe to assume
that the =-electrons play particularly im-
portant roles in bacteriostatic and carbonic
anhydrase-inhibitory action, insofar as
these actions of =-conjugated compounds
are exhibited through specified chemical
reactions. Consequently the conjugated
w-systems are treated by the Hiickel
method.

The parameters used in these calculations
are the Coulomb integrals, a., of a carbon
atom C; a,, of a hetero atom X; and the
resonance integral, B.-,, between a carbon
atom and a hetero atom. These values are
shown in Table 1.

The number of =-electrons in the sulfonyl
group is regarded as 4, on the assumption

TaBLE 1
Coulomb and resonance integrals used in
the Huickel method
alb
=0 |2]0.2[1.4 0.2| [S=0]0.8
-0-| 2 0.2{0.6 S-NH|0.6
NH< 0.

-0H|[0.6{ 0 {0.7 2 N—=N| 1
=N-10.6/0.1] 1 0.2 IN—-0[ 1
-=NH;0.4| 0 (0.6 0.2 Ox:o.aﬁ
>N- 0.5 o 0-6 0.2 ocso.bﬁ
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that the =-molecular orbitals for this group
are constructed as follows.

\g/ 80
AR
0 \;80

Two oxygen atoms of the sulfonyl group
are out of plane, and each r-electron takes
part in w-conjugation (3).

The formal charge (2 —gq,) and the
electrophilic or nucleophilic superdelocali-
zability, S, (4), are used as reactivity
indices.

S.B® =9 (40
r ‘ A]
J
(CH)?
Sm =g Y (&)
- (=x))

where C,/ is the coefficient of the rth
atomic orbital in the jth molecular orbital,
A; is the coefficient of its energy (given as
¢ = a+ A;8), and the summations =°cc
and Zvurece cover occupied orbitals and un-
occupied orbitals, respectively.

The extended Hiickel method. In this
method (5) all valence atomic orbitals are
taken into account. A molecular orbital ¢
can be expressed as a linear combination of
all the atomic orbitals x, of the valence
electrons of each constituent atom.

‘I/ = E CrXr

r

The simultaneous equations are written

Z(Hn—fsn)ca:o, T=l,2...

The orbital energies ¢ are roots of the
secular equation

IHn - CSn‘ =0

The jth molecular orbital is normalized as

2 z C,C.i8r = 1

In these equations H,, and S,, are reso-
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nance and overlap integrals, respectively.
C, is the coefficient of the rth atomic
orbital in the jth molecular orbital.

The Coulomb integral, H,,, of an atomic
orbital is taken as H,, = —I,, in which I,
is the modified valence state ionization po-
tential of the rth atomic orbital. For the
modified valence state ionization potentials,
we adopted the approximate values for
some related compounds determined by an
o-technique in the extended Hiickel method
as proposed by Cusachs et al. (6-8). These
values are shown in Table 2. The Coulomb
integrals for the zinc atom were obtained
from the estimated values of Ballhausen
and Gray (9), and are given in the same
table.

The resonance integral, H,,, between the
rth and the sth atomic orbitals is given by
the following equation:

_ KSu(Hy + Hu)

Hn 2

YONEZAWA ET AL.

where K =175 and 8,, is the overlap
integral.

The exponent values of atomic orbitals
are assessed according to Slater’s rule to
be 1.00 for the hydrogen atom, 1.625 for
the carbon atom, 1.95 for the nitrogen atom,
2.275 for the oxygen atom, and 1.817 for
the sulfur atom. The exponent values of
the zinc atom are 3.067 for the 3d orbital
and 1.176 for the 4s and 4p orbitals.

The steric configurations of the com-
pounds used were obtained from Sutton’s
Tables (10) and are shown in Fig. 1. Un-
known bond lengths and bond angles have
been estimated from those of analogous
compounds.

We adopted the largest partial atomic
population in the highest occupied (HO) or
the next HO or the lowest vacant (LV)
orbitals, and also these orbital energies,
as the reactivity indices in the extended

FiG. 1. Interatomic distances and configurations
Bond lengths and angles are represented in units of Angstroms and degrees, respectively.
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TABLE 2 Hiickel method. The partial atomic popu-
Coulomb integrals used in the lations are
extended Hiickel mothod® X
d]| s | P ) = iC.J
e R e ne(j) = 2 2 Z C.C,IS,,
-NH2 -15.
S(y)r'?dine 13' :}Z%g whgre C/Jis thg coefficient of the r.th aton.lic
neutral (of 2143 =1142 orbital belonging to the X atom in the jth
-COOH 2 -24.47 | -14.85 molecular orbital and }\x covers all the
pyridine 3 ~21.01(-11.52 ic orbitals b ine to the X
<Co 4 21.53|-12.84 atomic or 1ta§ elonging 'to t e X atom.
m o1 £30.79(-14.29 The properties of the ionized forms of
-OH 2 _27.73|-11.00 sulfanilamide derivatives seem to affect
0 3 -31.29(-15.02 indirectly the biological activities, as for
-NH, N1 -23.39(-10.26 instance with respect to membrane perme-
pyridine 2 -23.70(-10.99 ability. The above treatment of the un-
NH3 3 -23.69(-10.47 ionized form, therefore, is considered to be
:S— S; -gg’ -};W appropriate.
’Zn% Zn 28001449 3:22 RESULTS AND DISCUSSION
eV Chemical reactivity indices obtained by

the Hiickel method. In the case of sulfanil-
s Data from Yonezawa et al. (6), Hinze and Jaffé ¢ [uckel metho n the casce s p
(7), Cusachs and Reynolds (8), and Ballhausen and  amide compounds, X—N*H— </ \> _—
Gray (9). —_

TaBLE 3
Chemical reactivity indices calculated by the Hiickel method, relative bacteriostatic
activities of sulfa drugs against E. coli, and pK, at the N* atom®
The empty blocks in the last column indicate no pharmacological activity.

Sulfa Drugs

X-NH-C)-SO,NH-Y
tve ratio

No X | Y S |5{0 5|2-q, [E ool mmba. (1)
1| 0 RIS 491 (2141 2330448 182 598
2 H [Ny, [4907[2.110 2.3470. 42 685
3l D 49072111 2.34§0. 42 637
4 H (OO 487 106526540473 36 47
s| H | X5  [4951[2.386 2.201 o:j g0 723
6| H [ RD4.9382.314 2.2540. 5 479
71 H | 4991922281042 27 856

H |-H 4 0428 1 10.43]

os

11/ch,Co [ -H 2.667 2.447

120600 |-y |26 b 076
13[H,N-O-CO0H |41

¢ The relative bacteriostatic activities are from Kriiger-Thiemer (11), Seydel and Wempe (12), and Ortel
and Mohnike (13). The pK, values are from Bell and Roblin (14) and Yoshioka et al. (15).
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F1a. 2. Superdelocalizabilities and relative bacterio-
stalic activities of sulfa drugs

The numbers over the points in this figure corre-
spond to those of the compounds in Table 3.
@———@, Short-acting sulfa drugs; O———O, long-
acting sulfa drugs.

SO.N'H—Y, electrophilic superdelocaliz-
ability, S,®, at the N*¢ atom; nucleophilic
superdelocalizability, S,™, at the sulfur
atom; and electrophilic superdelocaliz-
ability, 8,®, at the N* atom are com-
pared with their relative bacteriostatic
activities in vitro against Escherichia col.
These relative activities compared to sul-
fanilamide are cited from Kriiger-Thiemer
(11), Seydel and Wempe (12), and Ortel
and Mohnike (13).

The formal charge (2 —q,) at the N!
atom is compared with the pK, value at
the same position, which is obtained from
the papers by Bell and Roblin (14) and
Yoshioka et al. (15).

In Table 3, N*-substituted and N*-sub-
stituted sulfanilamides and p-aminobenzoic
acid are shown. Compounds 14 are long-
acting and compounds 5-8 are short-acting
sulfa drugs. Compounds 9-12 have little or
no bacteriostatic activity, and compound
13 is the essential metabolite indispensable
for the growth of E. coli. It is clear that in
each group of long-acting and short-
acting sulfanilamide derivatives, the active

Mol. Pharmacol. 8, 446-454 (1969)
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ones have the largest S,®> and compara-
tively large S,® and S, in the molecule.
In contrast, the same reactivity indices
at the same position in the N*-substituted
compounds (Nos. 10-12) and carbutamide
(No. 9) are extremely small. The nitrogen
atom of p-aminobenzoic acid (No. 13)
has an S,® value comparable to those
of active sulfanilamide derivatives.
p-Aminobenzoic acid, which is the essential
metabolite for E. coli, appears, therefore,
to compete as expected with active
sulfanilamides.

In Fig. 2, electrophilic and nucleophilic
S, values are plotted against the relative
bacteriostatic activities of sulfanilamide
compounds. Only when these results are
divided into two separate categories (i.e.,
long-acting and short-acting) can a char-
actertistic tendency be visualized. The
reason is uncertain. The correlation curve
of S, with bacteriostatic activity has a
negative slope, which suggests that large
S, values reflect metabolic instability of
the molecular structure or another unknown
factor.

It is therefore likely that the electro-
philic reactivity of the N* atom in sulfanil-
amide compounds may play the principal
role in their bacteriostatic action, and that

Tanie 4
Electrophilic superdelocalizabilities and relative
carbonic anhydrase-inhibitory aclivities of
sulfonamide derivalives

X-S0;NH;

(€) ®© £ i

No X S-nn; S-s-|CA inhibition

oo LGY.  [2472 4408|227t

2lOsoNH-NTN|2477 2857| 198

3| - cH, O (2438 (66°%)

4| cHycoNH-Y X 2480 3063| s9(11%)

s| Hooc <)~  [2.380 (eo)

6| N~ 2498 1(¢)

s Data of Wistrand (17).
® Data of Tanimukai et al, (16).
¢ Data of Burger (19).
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1.094(~10.379)"
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1.608(-10.272)

Sulfa Drugs

1.246(-10.369) "

1.159(-10.240)

e

*
1.077(-10.430)

p- Aminobenzoic Acid

H8 —¢__“>—coon

1.945(-10.293)

HOOC —Q—sozmi2

Carbonic Anhydrase
Inhibitors

N—~
CH ;CONE —J\S J—so_mm,

1.927(-10.289)

F16. 3. The largest partial atomic populations of the HO or the next HO (starred) orbitals at the nitrogen of
all component atoms of sulfa drugs, p-aminobenzoic acid, and carbonic anhydrase inhibitors, and their orbital

energies (electron volts)

the sulfur atom and the N! atom may be
of secondary importance with respect to
such factors as metabolic instability,
solubility, and membrane permeability.

In the case of sulfonamide compounds,
electrophilic superdelocalizability, S5y,
at the free amino position is the next
largest value in the molecule. The sulfur
atoms in the heterocyclic thioether group
of compounds 1, 2, and 4 in Table 4 have
the largest reactivity indices. These indices
are closely correlated with the inhibitory
activities on erythrocyte carbonic anhy-
drase in vitro. These values were obtained
from Tanimukai et al. (16), Wistrand (17),
Maren and Wiley (18), and Burger (19).
The relative reactivity is expressed by
taking that of sulfanilamide as unity. Al-
though compounds 3 and 5 have no hetero-
cyclic thioether group, they have consider-
able inhibitory activity.

It is therefore suggested that the electro-
philic reactivity of the nitrogen atom of the
free amino group may be an important
factor for carbonic anhydrase-inhibitory

activity. In fact, the chemical reactivity
indices of the nitrogen atom in Table 4 are
much larger than those of the N* atom of
the sulfanilamide derivatives shown in
Table 3.

Chemical reactivity indices obtained by
the extended Hiickel method. The com-
pounds for which calculations have been
made are sulfanilamide and sulfathiazole
as sulfa drugs, p-aminobenzoic acid as the
essential bacterial metabolite, and p-sul-
famoylbenzoic acid and acetazolamide as
carbonic anhydrase inhibitors. The largest
partial atomic populations at the HO or
the next HO level (starred) and these
orbital energies in units of electron volts
in several compounds are shown in Fig. 3.

In the case of the sulfa drugs, the cal-
culated energies of the HO and of the next
HO orbitals are nearly degenerate. The
partial atomic populations at these levels
are largest at the N* or N atom of the two
sulfanilamide compounds shown in Fig. 3.
The partial atomic populations of the LV
orbital in the benzene ring are fairly large.

Mol. Pharmacol. 5, 446-454 (1969)
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Fic. 4. Possible biosynthetic pcth Uy dihydroptleroic
acid from 2-amino-4-hydrory-6-hydroxrymethyldihy-
dropteridine and its orbital energies

Occupied energy levels are represented in units
of electron volts, and the HO level is starred. pAB
is p-aminobenzoic acid.

The nitrogen atom of p-aminobenzoic acid
has a slightly smaller reactivity index than
that of the sulfa drugs, in accordance with
the tendency -calculated by the Hiickel
method.

In the case of the carbonic anhydrase
inhibitors, the partial atomic populations
of the nitrogen atom of the free amino
group at the HO level are much larger than
those of any other position in the molecule.
The largest partial atomic population at
the HO level denotes the highest electro-
philic reactivity.! These results are not
compatible with those obtained by the
Hiickel method. These differences may be
attributed to the different cvaluations of
the Coulomb integrals.

From the results described above, it is
generally concluded that the bacteriostatic
actions of sulfa drugs are closely related
to the electrophilic reactivities at the N*
atom. These reactivities are rather larger
than those of p-aminobenzoic acid. On the
other hand, for carbonic anhydrase-inhibi-
tory action the high electrophilic reactivity
of the nitrogen atom of the sulfonamide
group seems indispensable.

!Some of the present authors have proposed
the frontier electron theory, in which the most
reactive position in an electrophilic reaction is
that of the largest partial electron density of the
highest occupied orbital (8).This frontier electron
concept in the Hiickel calculation is extended to
the result obtained by the extended Hiickel
calculation.
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Possible reaction mechanism of sulfa
drugs. It has been reported that sulfa drugs
interfere with the biosynthesis of dihy-
dropteroic acid, either by inhibiting the
enzyme system responsible for conden-
sation of p-aminobenzoic acid with 2-
amino-4-hydroxy-6-hydroxymethyldihydro-
pteridine pyrophosphate (20) or by
producing “fraudulent analogues” of di-
hydropteroic acid (21).

Based on the latter mechanism, the elec-
tronic structure of 2-amino-4-hydroxy-6-
hydroxymethyldihydropteridine was calcu-
lated by means of the extended Hiickel
method. In this case, the geometrical struc-
ture of the compound is assumed to be
similar to that of a pteridine, for which
experimental data are given in Sutton’s
Tables (10). In Fig. 4, some of the higher
occupied molecular orbitals are shown, as
well as the numbering of the position of
the largest partial atomic population in
certain molecular orbitals.

From these results it is suggested that
because of the high electrophilic reactivities
(i.e., the largest partial atomic populations
in the HO or next HO level, and so on), the
N-8 atom, the 2-NH. group, and the oxygen
atom of the hydroxymethyl group will be
most easily pro:onated, since these positions

HO + Cozﬁ H,COs

g i
(o) = C-0
\an \Zné
Partial atomic population at HO level
00.995 0.294
MESOn TNy HEST ,
HA o Qe Wl
OH OH
£ evel 1.004 0419
e
-8 nergy leve p~—* zn p;=* Zn
-18"
N—— % NH, N—e—e—¥ NH;
-"eV g—oooo-*o %# o

FiG. 5. Partial atomic populutions of the HO level
al the oxygen atom in the hydroxyl groups of diammine
zinc(I1) hydroride, and their occupied and unoc-
cuptied energy levels in the complex formation

The starred level is the HO or LV level.
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have the largest partial atomic populations
in higher occupied molecular orbitals, while
the formation of intramolecular hydrogen
bonds between the hydrogen atom of the
6-hydroxymethyl group and the N°® atom
can be expected. In the presence of en-
zyme and adenosine triphosphate, this
compound is considered to lose its hydroxyl
group and to become a carbonium cation
in the transition state. The carbonium
cation may possibly attack electrophilically
at the N* atom of the sulfa drugs or the
nitrogen atom of p-aminobenzoic acid.

Possible reaction mechanism of carbonic
anhydrase inhibitors. From the experi-
mental results obtained by differential
infrared spectrometry, the following cata-
lytic mechanism, shown in Fig. 5, has been
proposed (22). It was suggested that the
bicarbonate ion might be coordinated to
the zinc(II) atom of the carbonic anhy-
drase through the negatively charged oxy-
gen atom of the enzyme.

It was also reported that X-ray diffrac-
tion analyses of carbonic anhydrase in the
presence of acctoxymercurisulfanilamide
suggested that the sulfonamide is bound to
the zinc atom of the enzyme through the
sulfonamide group (23).

From optical rotatory dispersion spectra,
it was concluded that when the enzyme
containing a cobalt (IT) atom or a zinc (1)
atom at the active site interacted with
optically inactive azosulfonamide, dissym-
metry was induced in the originally sym-
metrical transition (24). Fixation of the
molecule in the dissymmetric molecular
environment of the protein might occur
through interaction with the metal ion in
the protein.

We then studied a hypothetical reaction
between methanesulfonamide and diam-
mine zinc(II) hydroxide as models of a
carbonic anhydrase and its inhibitor, re-
spectively. The assumption was made that
when the sulfonamide is coordinated to a
zinc(II) atom on the enzyme, the coordi-
nation number of the zinc atom changes
from 4 to 5 and the original symmetry of
the coordination compound, T; becomes
D.,. The change in the electrophilic
reactivity of the oxygen atom of the
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hydroxyl group in diammine zine(II) hy-
droxide that accompanies a hypothetical
reaction was calculated by the extended
Hiickel method.

In the case of methanesulfonamide, the
HO molecular orbital consists mainly of a
lone pair-type nitrogen atom orbital; i.e.,
the partial atomic population of the nitro-
gen atom at the HO level is the largest in
the molecule.

The LV and next LV orbitals of diam-
mine zinc(II) hydroxide are composed of
p-type zinc atom orbitals, whereas the HO
molecular orbital consists of a o-type oxy-
gen atom orbital; the partial atomic popu-
lation of the HO level becomes largest at
the oxygen atom, and consequently a high
electrophilic reactivity of the oxygen atom
is to be expected. On the other hand, the
sulfonamide is assumed to coordinate to
the diammine zinc(II) hydroxide to
become diammine methanesulfonamide—
zine(II) hydroxide, as indicated in Fig. 5;
i.e., the unshared electron pair of the nitro-
gen atom of the free amino group is assumed
to become bound to the zinc. It is stressed
that in the complex, the partial atomic
population of the HO orbital at the oxygen
atom in the hydroxyl group decreases
markedly in comparison to that in the iso-
lated molecule. This implies a considerable
decrease of electrophilic reactivity in the
complex. As a result, attack of the oxygen
atom of the hydroxyl group coordinated to
the zinc atom becomes more difficult, and
the action of carbonic anhydrase is blocked.

From these results it may be concluded
that the model proposed above is useful
for the formulation of a reaction mecha-
nism of carbonic anhydrase-inhibitory
action.
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