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A recently developed method for the correlation of biological activity aud chemical structure of dissociable
compounds under physiological conditions using the Hammett ¢ constant and the hydrophobicity constaut =
with a correction for the effect of dissociationt has been applied to the analysis of the bacterviostatic activity and

protein binding of the sulfonamide drugs.

the activity, and the optimal hydrophobic character for the activity is dediced from the relationships.

The hvdrophobicity of the drugs is found to play a definite role on

Other

factors being equal, logarithmie plots of the apparent activity against the dissociation coustant are shown to be
expressed by two straight lines, the intersectiow of which corvespouds sometimes to the maximal activity for a

series of sulfanilamides.

The most favorable dissociation consgtatt for the maximum activity and the optimal

hydrophobicity for a series of =ulfanilamides have been suggested to help in the designing of uew sulfonamide

drugs.

Much work has been done to elucidate the relation
between physicochemical properties and bacteriostatic
activity of the sulfonamide drugs. Bell and Roblin®
found that a logarithmie plot of the bacteriostatic ac-
tivities of a series of sulfonamides against their dis-
sociation constants exhibits a parabolie relationship.
Considering that the activity increases with the nega-
tive character of the SO, group, they postulated that
the electron-attracting power of the N! substituent
should be in an optimal range for the maximal activity
so that the ionization constant of the SO.NH group
is about 10—%-10-7. An alternative explanation for
the parabolic relationship was proposed by Cowles? who
assumed that the negative ion which is responsible for
the bacteriostatic action penetrates with difficulty to
the site of action inside the cell so that there should be
an optimal dissociation constant where the balance
between the intrinsic activity and the penetration is
most favorable to the bacteriostatic process. Seydel
and his co-workers,* from a correlation between ir spec-
tra and activity of a number of sulfonamides, empha-
sized that the amount of negative charge on the aro-
matic amino group is a significant factor for the activity.
In spite of these efforts and others,® generally consider-
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ing a single physicochemical parameter, the structure-
activity studies on the sulfonamides still leave much to
be desired.

Recently,® we have developed a method for the cor-
relation of biological activity and chemical structure us-
ing substituent constants such as the Hammett ¢ con-
stant and a hydrophobicity constant = defined as =
log Px — log Py, where Px and Py are the partition
coefficients, determined in the system l-octanol-water,
of the substituted and unsubstituted compounds,
respectively. The contributions of the electronic and
hydrophobic characters of a substituent to a specific
biological activity of a series of substituted compounds
can be analyzed simultaneously by eq 1. Ineq 1, ('ix

log (1/C) = ar — br2 + po + ¢ (1)

the equieffective molar concentration, ¢.e., the concen-
tration causing a standard response such as CD;,,
ED;, minimum inhibitory concentration, etc., and a.
b (= 0), p, and ¢ are constants which are determined by
the method of least squares. The value of 1/C is pro-
portional to the magnitude of biological activity. We
have applied this method’” to compounds which are
dissociated under physiological conditions such as a
series of substituted phenols. For these compounds,
the biological activity can be expressed by either eq 2
or 3 regardless of whether the sites of action are located
inside or outside the cell. Ineq2and3, [H+*]isthe hv-

(6) (a) C. Hansch and T. Fujita, J. Am. Chem. Soc., 86, 1616 (1964);
(b) C. Hansch and A. R. Steward, J. Med. Chem., 7, 691 (1964); (c) C.
Hansch, E, W. Deutsch, and R. N. Smith, J. Am. Chem. Soc., 87, 2738 (1963) ;
(d) C. Hansch, K. Kiehs, and G. L. Lawrence, ibid., 87, 5170 (1965); (e) K.
Kiehs, C. Hansch, and L. Moore, Biochemistry, &, 2602 (1966).

(7) T. Fujita, J. Med. Chem., 9, 797 (1966).
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drogen 1on concentration of the extracellular phase and
K 4 1s the dissociation constant.  p’ and ¢’ are constants
for the 1nized form having the same significance as
p and ¢ fur the neutral molecule.  Eqguation 2 describes
the structure-activity correlation when the action of a
series of compounds is solely due to the neutral molecule.
Likewise, eq 3 holds when the ionie form i regarded as
the active form. However, if the structwre-activity
correlation 1s considered on the basis of the activity data
obtaied at u single extracellular pH, eq 2 and 3 are
interrelated by eq 4 and 5. Therefore, whether the

o= p = pa 41
e =4 pRa" — pll 51

active forn is the neutral or ionized form or both, eq 2
and 3 should hold simultancously.  In these equations,
pa 15 the Hamniett reaction constant for the ionization
of the dissociable group in the molecule and pK % i
the pK 4 of a standard compound (in most cases, the un-
substituted compound). When ApK, = (log K.\¥ —
log K4% is used for the analysis in place of the Ham-
mett o constant, py beconmes 1.

The purpose of this paper is to apply this approach to
the sulfonamide drugs which exist partly in the dissoci-
ated form under conditions of physiological pH. In
this way we can get further insight into the significance
of electronic and hyvdrophobie modifications of the
molecule on the biological activity.  We have found®7
in some cases that equations where one or two terms on
the right side of eq 1-3 are deleted are sufficient far
rationalizing the physiological aectians.  Thus, for a
series of sulfanilamides, equations =uch as Ga-¢ and
7a-c as well as eq 2 and 3 are derived from the apparent
biologieal activity, pH of the test medium, and phyzico-
chemical parameters for substituents by the method of
least.squares. By examining the correlation coefficients
and standard deviations of these equations, an equation
of the best fit is chosen Tor discussion of the strueture-
activity relationship.

1 R+ 1 .
log ¢ + log e T ar + ¢ (6a)
1 LAl L : .
log 7 + log oy~ =0 + ¢ (6h)
log (lj + log A'A%%JTH :] = dx + po + ¢ (6e)
L e Bat I )
log 7 + lug T =ar+¢ (7e)

o+ (7b)

1 K I+
log 5 + log——ﬂ"‘-«—h;\,a1 M

Ka + [H7
Ka

log (L\ + log = qar + p'o + ¢’ 7e)

Results and Discussion

Bacteriostatic Activity of the Substituted Sulfanil-
anilides.—The bacteriostatic activity of various sub-
stituted sulfanilanilides was tested by Schmidt and
Sesler® against gram-positive pneumococeus and gram-

(8) T W, 8ehmidt and C. I, 8esler, /. FAarmucol. Exptl. Therup., 87, 313
(1916).
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negative Iriedldnder’s bacillos and vecently by Sevdel®
againgt gram-negative K. coli. They did not consider
cither the dfect of fomzation under the experimental
conditions or the hydrophobic effect of the substituentx:
however, they did notice that the activity was highly
mfluenced by the position and the nature ol the =ub-
stituent. I faets Sevdel who had earlier pointed ot
the significance af the aromatic anuno gronp for the
activity, shawed that there 1s an approximately linear
relationship betweenr the lagarithm of the mindmmao
mhibitory coucentration for E. coli and the phvsion-
chemical parameters of the =ubstituted aniline moiety
ot the drugs =uch as the Hummett o constant and
irspectral data.

Recently, Yoshioka™ and his assoeiates have deter-
mined the acid dissociation constant of this series of
compounds and found that a modified Hammett rela-
tionship nicely rationalizes the effect of the substituent
on the acid dissociation as shown i eq 8. Using the

log Ky = 1.883[c + Uode™ ~ ai) — SO42 [

dissociation constants obtained by these authors and
those calculated by eq 8 when the eonstant is lacking,
we lave analyzed the structure-activity relationship
for the sulfanilanilides.

While Schmidt and Sesler studied 35 substituted =ul-
fanilanilides, 20 compounds ave included in Tuable 1
omitting those where sterie effects of the substituent(x)
make the estimation of the dissociation constant diffi-
cult.  Ior regression analysis of the activity against
pneuniocaccus, 18 compounds (3,4-disubstituted deriva-
tives omitted) arc used.  Fquations 9a-c and 10a-¢ aee
those for the meta derivatives and eq 11a-c¢ and 12q- ¢
are for the para derivatives (tlie unsubstituted sul-
fanilanilide ix included in each case). In these equa-
tions, A s the i ettro activity relative to that of sul-
fanilamide caleulated from the original value corrected
to a molar basis and [H*T1s 10-781 515 the number
af points used in the regression, s is the standard devin-
tion, and 7 is the correlation coefficient.  I'or the values
of m, those derved fram substituted anilines are used.!?
I"actoring the graups into meta and para derivatives is
found to give a much better correlation.  When both
groups of derivatives are mixed together for the correla-
tion, the activity of the 4-Cl¢; derivative is only poorly
predicted.  The addition of # 7* term daes not improve
the correlation.

meta dertvatives

- "
log A + log [\—A—l—H—J]_l_l R
0.4467 4+ 1.274 12
Lt
[H~]
13720 4 0.866 12

log 4 + log Ka [_Ii'_I Ll_]l_'l__f_], =

1.2040 + 0.2397% + 1.767 12

0.542 0.612 )a)

log A4 + log Ra

V248 0033 (b))

0.136  0.9%2 e)
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November 1967 STRUCTURE-ACTIVITY RELATIONSUHIP OF THE SULFONAMIDE DRUGS 993
TasLE I

BACTERIOSTATIC ACTIVITY OF SUBSTITUTED SULFANILANILIDES

——Agalnst pneumococcus-— —- Against Friedlinder's bacillus— Against K. coli—————

Log 4 + log Log A + log Log 4 + log Log 4 + log Log (1/C) + log Log (1/C) + log

Ky + 1H*| Ky + |H*] Ky + [H-] Ks + |H*] Ky + |H*] Ka + |H*|

1H*| Ka 1H*| Ka 1H*| Ky

Substituent P = Obsd Caled® Obsd Caled? Obsd Caled® Obad Caled” Obsd Caled? Obsd Caled?
H 0 0 0.8 0.77 2.0 1.91 0.5 —-0.03 1.7 1.16 —1.19 —-1.20 0.6 0.57
3-CH; —0.07 0.50 . —-1.34 —1.37 0.5 0.47
3-N(CHs)- —0.05% 0.08 0.9 0.73 2.1 1.98 —0.3 —-0.04 0.9 1.19
3-OCH; 0.12 0.03 1.0 0.92 1.9 1.83 0.1 0.14 1.0 1.05 —1.04 —-1.05 0.5 0.53
3-0C:Hs 0.12 0.53 . . —1.11 —1.12 0.4 0.41
3-1 0.35 1.32 —0.87 —0.94 0.2 0.16
3-Cl 0.37 0.98 1.3 1.45 1.8 1.90 0.7 0.25 1.2 0.69 —0.87 —0.86 0.2 0.23
3-Br 0.39 1.13 1.4 1.51 1.8 1.92 0.3 0.25 0.9 0.66 —1.01 —0.86 0.0 0.19
3-CF; 0.43 1.28 1.4 1.59 1.7 1.93 —-0.1 0.26 0.2 0.60 ..
3-CN 0.56 —0.02 1.4 1.44 1.4 1.52 0.5 0.60 0.5 0.68 .
3-NO- 0.71 0.47 1.6 1.74 1.5 1.54 1.1 0.67 0.9 0.48 —0.18 —0.35 0.3 0.26
3.5-Bre 0.78 2.26 2.4 2.2 2.1 1.93 0.6 0.47 0.3 0.15 ..
3.5-(CF3): 0.86 2.56 2.5 2.42 2.0 1.95 0.4 0.30 —0.1 0.04 .
3,5-(CN)2 1.12 —0.04 2.2 2,11 1.2 1.14 0.7 1.16 —0.3 0.20 .
3.5-(NO2)2 1.42 0.94 2.7 2,70 1.2 1.18 1.5 1.32 0.0 —0.20 .
H 0 0 0.8 0.7¢ 2.0 1.88 . .
4-N(CHa): —0.27% —0.15 0.6 0.65 2.3 2.28 —0.3 —-0.22 1.4 1.41 —1.65 —1.53 0.6 0.68
4-OCH; -0.27 —0.21 0.6 0.65 2.1 2.28 —0.3 —0.21 2 .42 —1.54 —-1.53 0.6 0.69
4-0C:Hs —0.24 0.29 . . —1.31 —1.56 0.7 0.57
4-t-Bu —0.20 1.68 0.6 0.67 2. 2.18 —0.6 —-0.43 0.9 1.08 ..
4-t-Am ~-0.20 2.18 0.6 0.67 2.1 2.18 —0.9 —0.51 0.6 1.01
+CHz ~0.17 0.49 .. . . ~1.43 —-1.49 0.6  0.50
4-Cl 0.23 0.80 1.3 0.81 2.1 1.54 -0.7 0.14 1.5 0.84 —1.18 —1.02 0.2 0.31
4-Br 0.23 1.12 . . —1.03 —1.06 0.3 0.24
41 0.28 1.39 —0.98 —1.04 0.2 0.16
4-CFs 0,54 1.28 0.6 0.91 0.7 1.08 0.0 0.38 0.1 0.350
4-COCHas 0.87 —-0.11 .. 0.00 —0.06 0.4 0.35
4-NO: 1.27 0.49 . 0.27 0.38 0.1 0.10
3-Br-4-t-Bu 0.19 2.81 1.7 1.437' 2.5 2.20% 0.2 —0.21 1.0 0.58
3.4-Clz 0:60 1.78 2.1 1.507 2.1 1.54% 0.0 0.36 0.0 0.38

¢ Taken from D. H. McDaniel and H. C. Brown, J. Org. Chem., 23, 420 (1958),

except for those marked with an asterisk which are

taken from ref 10. The values for the polysubstituted compounds are obtained by summing values for the individual substitueuts.
® Taken from ref 12 or estimated by eq 16, 17, and/or 19 of ref 12 and simply summed to get a figure for the polysubstituted com-

pounds.
vatives and eq 12b for the para derivatives.
by eq 16c. ¢ Caleulated by eq 11b and 12b.

¢ Calculated by eq 9c for the meta derivatives and eq 11b for the para derivatives.
¢ Calculated by eq 13c.
i Caleulated using log 4 + log |(Ka + [H*])/[H*}}

(0.323¢ )para + 0.761 which is derived by combining eq 9¢ and 11b.
+ 0.2457)meta + (—1.4860)para + 1.892 which is derived by combining eq 10c¢ and 12b.

Ky + [HY n s r
log A + log — K.
0.1297 + 1.621 12 0.322 0.353 (10a)
- +
log 4 + log ]*\—A——_;{—[H——] =
A
—0.505¢ + 2.007 12 0.251 0.683  (10b)
- +
log A + log I&-_;{_[_Ii_l =
A
—0.6760 + 0.2457 + 1.906 12 0.134 0.930 (10¢)
para derivatives
Ka + |HY
log A + log ———A’l—H:]*—'— =
— 0.0297 4+ 0.752 7 0.286 0.105 (11a)
Ki + {HY
log A + log *im:]*—— =
0.323¢ + 0.736 7 0.267 0.378 (11b)
K+ |HY
log A + l()g —A[ﬁ;]—“— =
0.353¢ — 0.0507 + 0.777 7 0.292 0.418 (11¢)
+
log 4 + 10g K2 11 _
A
—0.1447 + 2.029 7 0.576 0.253 (12a)
- +
log 4 + log Ks + 1H =
Ka
—1.4860 + 1.878 7 0.322 0.841 (12b)
+
log 4 + log Ky £ [HT _; [H7] =
A
—1.4540 — 0.0547 + 1.922 7 0.334 0.846 (12¢)

¢ Calculated by eq 10c for the meta deri-
/ Calculated by eq 14c. ¢ Calculated by eq 15¢. * Calculated
(12040 + 0.239‘"’)meta +
¥ Calculated using log A + log [(Ka + |H*])/Ka]l = (—0.676¢

For the activity of the meta derivatives in terms of the
concentration of the neutral form, it seems that the
role of the electronic effect of the substituent is most
significant, whereas that of the hydrophobic character
appears to be supplementary to the activity. An F test
indicates, however, that the = terni in eq 9e¢ is justified
at better than 0.995 level of significance when compared
W'ith eq gb (Fl.g 24:03, F1,9,0.005 = 1361). The
somewhat lower correlation coefficient of eq 10c¢ for the
activity in terms of concentration of the ionized form
is attributed to the smaller variance in the values of log
A+ log [(Ka + [HT])/K4]. As expected from eq 4
and 5, eq 9¢ and 10c¢ are related by the difference be-
tween p values: p — p’ = 1.88 which is essentially
equal to pa in eq 8 and that between coustant terms
which is approximately equal to pK,® — pH = 9.0 —
7.8 =1.2.

For the para derivatives, the situation is quite dif-
ferent. Here, the much poorer correlations obtained
for eq 11a-c are partly attributable to the much smaller
variance in the values of log A + log [(Ky + [H*])/
[H+]] than those for the meta derivatives. However,
eq 12b, a counterpart of 11b, shows a moderately good
fit for the values of log A + log [(Ks + [HT])/K4].
The most important inference from the result obtained
by factoring is that the hvdrophobie bonding of the
para substituents as measured by = plays practically
no role in the relative activity. The introduction of a =
term into eq 11b and 12b does not yield a better correla-
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tion.  The pura isomers ave quite active regardless of
the type of substituent, at least within the lhimits
studied. This rvesult could be taken to mean that -
hibition of a metabolie change at this point (c.¢., hy-
droxylation) by the bacteria is responsible for the
higher activity.

‘o1 the activity against the gram-negative bacteria,
we have derived eq 13a-¢ and 14a--¢ for l'riedlander’s
bacillus and eq 1d:a-¢ and 16a-e for £ coli. 1n eq
13w-¢ and 14a-¢, A and [H*] have the same meaning
as ineq Ya-¢ and 10a ¢ In eqg 15a¢ and 16a ¢, (7 s
the nmuinimum inhibitory concentration in wmole/ 1. and
TH*] ix 10-7* (Sauton mediwm'™). It ix noteworthy
that the equations for the two gram-negative buacteria
are very similar to eneh other, although the correla-
tions obtaimed Tor Friedlinder’s bacillus ae not very
wood.

against Friedlinder’s bacillus

log 1+ log »IEA——J_[ J]l—l:] =

H N r

—U.07 1= + 0.316 200 U.ANT 0120 tlsai
K 1
log .1 + log —\—‘—1_:_11]‘ =
049530 — 0105 200 0,369 0,781 (13h)
log 1+ log I‘_ﬁ]';}_ll_l_l =
1.OMe — 01537 + 0.027 200 0,547 V.82 15e)
Ka+ {17
log 4 4 log ——F—— =
g U4 log N
—0.2177 + 0.010 200 0,336 0,363 (14a)
- +
log .1+ log Ra ~+: e
K
—0.908¢ 4 1.028 200 0,404 0,730 (14h)
log -t 4 log Ra =
A
—0.837¢ - 01477 + 1.135 200 0,388 0.77H {lde)

against K. colr

1 Na+ 117

1(1g « + l(lg ———~—1—1-i—x]—— - =
0.1007 — 1.038 17 0.535 0.106 (15

1 Ka+ {117

log ¢ + log - AT“ﬂ— =
1.2360 — 1.270 17 0117 04978 {15b

1 R U

lug P + log -~ _[[T*l =
1.298¢ — V. 14lr — 1.204 17 0004 0,987 (1o

1 Ky 4 1117
log 7 + log — By e ‘
—0.2057 + 0.533 17 U145 VT30 (6

B Ka+ 11}

log ¢ + lag - KOS
— 0551 + 0457 17 0151 0.711 (16

fog ; + log A__A___lel_rl =
—0.2%00 — U.2397 4 0.568 17 0,088 0.919 (16¢)

J7 tests indicate that the 7 term in eq 13c¢ is justified
at better than 0.90 level of significance when compared
with eq 13b (F)y; = 3.41, Fiis000 = 3.03) and that in
eq 1dc at better than 0.975 level of significance com-
pared with eq 15h (Fy 1 = 9.35, Flews = 6.30).  For
the gram-negative baeteria, factoring the groups nito

(131 " Uireibatsogako-Nandabakko landboak of Microbiologyl.'” G-
Loda Publishing Co., Tokyo, 1462, p 1371,

Val. 10

the pmeta and para derivatives does not improve the cor-
relation.  Kqguations 13¢ and e ave approximately
related by eq 4 mud 5. Fguations e and Tae are nat
vefated by g 4 and 3 siuee ¢ vidues are used for the
ptra and p-neetyl denvatives ineq 1 coand 16a ¢
wliere log Ay 1= not a linear function of ¢~ but expressed
by cq S0 D this ease, the difference between p and p’
1= appraximitely equal to p'y expressed by eq 17 where

o and o are those far the p-nitvro graup, (e, p'y =
LNSZ10.75 + 004127 — 0.79)] 1.27 = 1.506.
p'vd = opale + U0He ~ ol 17

As to the active Torm of sulfonamide drugs, some
workers'* have coneluded that the activity 1= due to the
uized form from the nature of the Tunetion relating
the activity of =everal sulfonamides to the hydrogen
1an concentration.  Other workers® have considered
that the negative ion s not itself a prerequisite far ne-
tivity since the sume aetivity is observed in =uch non-
acidie compounds ax 4,4’ -diaminodipheny! sulfone and
sulfanilguamdine. By our pracedure, however, even
i the true active agent i unkunown and whatever the
active form may be, the activity duta obtained at o
specific pH can be accommadated by either eq 2 ar 3
beeause af the relationship expressed by cq 4 and 5. In
this =ituation, therefore, one seems justified in discuss-
g the structure-activity relation using the equation
with the higher correlation cocefficient unless the stand-
ard  deviatians ol the  correlations we  quite dil-
ferent.

Schmidt and Sesterr also studied the antagomstic
cffect of p-uminobenzoic acid on the antibacterial ae-
tivity of these compounds.  The determinations could
not be made for all the compaunds meluded in Table
1. but they found that p-nminobenzoic acid blocked the
activity agninst Priedlinder’s bacllus in every instance
where the determmations could be made, whereas
agaiust pnemnococeus, p-aminobenzoie acid exerted the
antagonistic clfect on only some al the weta and para
derivatives.  This faet might indicate that some of the
<ulfamlanilides exert antipnenmococeal activity through
a different mechani=m from athers nf the sane series of
compaunds,  For the mete ad para derivatives, it is
pussible to cansider different mechandsins ax mdicated
by the different equations eq 9¢ and 11h). However,
the good carrelation caefficients abtained for eq 9b and
eq ¢ would indieate that the antibacterial action
against puemmnacacceus is braught abaut by the same
mechani=m, at least throughout the meta derivatives,
The close shmilarity i p values observed 1 eq 9e. 13¢,
and 15¢ suggests that the electvonie demands for the
antibacterial activity ave the =ame in these three in-
stanees.  lu this respeet, it shauld be noted that the
activity of sulfaiamde drugs Tas been postalated in
some cases to acene through effects on metabalites
other thun p-mninobenzoic aeid A

The plus sign of the coefficient of the = term in eq e
mfers that the higher the = value. the higher the anti-
puemmococen] aetivity, while the minus sign i eq 135¢
and 15¢ Indicates that the reverse is true for the gram-
negative bacteria,  1{ we consider that the linear de-

SCE by O Gl Con, v wad AL Waose, Peae, Saey Bl Bod o djea 50,
G2 il 1L Ol Rednaelkes, OO Wk, 110 C0 Marks Cd o elwie, el
I Srrandsliov, a0, LE3 (lad2y: o TN Klarz, JL e Chepe, Nae,

66, 154 (114,
S0 WD Wmaler wed UL

Dwnieds, i, 68, 2140 184k,
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pendence of the untibacterial activity on the = value
obtained in these equations conies from the ''linear por-
tion”” of the parabolic relationship expressed by eq 1,%
the above results would indicate that, for the gram-
positive pneumococeus, increasing the = value beyond
the limit of the sulfanilanilides tested in this research
would vield an optimal = for the highest activity. On
the other hand, for the gram-negative bacteria, decreas-
ing the = value below the limit of the series of com-
pounds, an optimal = would be found. That the opti-
mal = value in this series is larger with the gram-positive
bacteria than with the gram-negative bacteria is quite
consistent with data obtained earlier for the antibac-
terinl activities of the chloramphenicol analogs® and
the substituted phenols.’?

‘o1 the sulfanilanilides for which K, << [H*], ey
O¢, 13¢, and 15creduce to eq 18, 19, and 20, vespectively.
I'or those for which Ky >> [H7], eq 10¢, 14c, and 16c
reduce to eq 21, 22, and 23, respectively.

log 4 = 1.204¢ + 0.2397 + 0.767 (18)
log 4 = 1.009¢ — 0.1537 + 0.027 (19)
log (1/C) = 1.298¢ — 0.1417 — 1.204 (20)
log A = —0.6760 + (.2457 + 1.906 (21)
log A = —0.837¢ — 0.147r + 1.155 (22)
log (1/C) = —0.280¢ — 0.2397 + 0.568 (23)

I'rom this discussion, it is apparent that for the anti-
bacterial activity of this seres of compounds, the posi-
tion and the hydrophobicity of the substituents on the
aniline moiety are significant as well as the dissociation
of the SO.NH group and/or the electronegativity of the
substituent. However, keeping the hydrophobie pa-
rameter constant in eq 18-23, the apparent activity
[log A or log (1/C)]1s expressed by biphasic plots with
respect to ¢ of which the slopes are 1.204 and —0.676
for the meta derivatives against pneumococcus, 1.009
and —0.837 for I'riedlander’s baecillus, and 1.298 and
—0.280 for E. coli nceording to the conditionsg of [H+]
>> Kyand [H*] << K, respectively. Thus, Bell and
Roblin’s parabolic relationship between log (1/C) and
pPK 4 can be nicely interpreted by these biphasic plots,
the intersection of which corresponds approximately to
the maximal activity. The maximum contribution
from the ¢ term to the apparent potency of the drugs
would be made by setting 0 log A/d¢ = 0 in eq 2, &b,
or 6c.

Equations 2, 6b, and 6¢ can be rearranged to the
form of eq 24 where f(#) is either zero, aw, or ar —
br*. By taking the partial differential of eq 24, we ob-
tain eq 25.

log .t = f(r) + po + log [I1-] —log U} + Ka) + ¢ (24)

dlog .t 1 dEs
“o¢ P T KL FHA de
1 dlog Ka/dlog Ky
P RL T T de / dK.
K4 dlog Ka K

PTELFIET do P T Rhi+mmer Y

Similarly, from eq 3, b, and 7¢ we can derive eq 26

olog.d o HH ;
o0 TP KoFaE+es (26)

(16) C. Hanscli, R. M. Muir, T. I'ujita, P. P. Maloney, F'. Geiger, and M.
Streich, J. Am. Chkem. Soc., 85, 2817 (1963).
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which relates to eq 25 by eq 4. Substituting eq 4 into
eq 25 or 26 and setting the resultant equation to zero
vields eq 27 or 28 for the ideal dissociation constant,

Ka = —(p/p")IH* (27)
pKs = —log (—p/p’) + pH (28)

regardless of the value of py. Thus, the most favorable
dissociation constants under the experimental condi-
tions are found to be Ky ~ 1077 for the meta deriva-
tives against pneumococeus, K, ~ 1077 against
I'riedlander’s bacillus, and Ky ~ 10783 against E. coli.

Bacteriostatic Activity of the Substituted N'-Ben-
zoylsulfanilamides.—Seydel and Wempe! examined
the relationship between antibacterial activity and
physicocheniical properties of the N'-benzoylisulfanil-
aniides and argued that the activity is correlated to the
difference between pKy values of a certain substituted
N'-benzoylsulfanilamide and the corresponding N¢-
acetyl derivative. We have analyzed their activity
data obtained at pH 7.2 (Sauton medium!®) against
gram-negative E. coli and gram-positive M ycobacterium
simegmatis with the correction for iomization. Irom
the data in Table II, eq 29a-d and 30a—d are obtained
for the activity against K. coli and eq 31a—d and 32a-d
for that against . simegmatis.

agaiust E. coli

1 K H~+ ; v
logz, + log %}L]] = " *

—0.9137 4 8.240 15 0.502 0.787

1 K H~
logzV + log —A—l_i%] =

3499ApKa + 8.346 15 0.383 0.882

1 K H+
log o + log =2 [;i]‘] =

2.644ApKa — 0.3347 + 8.442 15 0.4

(200)

(29h)

NS
&
I

902 (2Yc¢)

1 Ka + |H*
log v + log AlH—*l]] =
—0.20172 4+ 04657 +
2.636ApKa 4 8.036 13 0,512 0,036 (204)

log % + log w =
4 A

—0.683r + 5.668 15 0.421 0.751  (30a)
Kia + |H"]
Ka
2.481ApKa + 5.702 15 0.386 0.796

Ks + [HY
Ka

log % + log

(30b)

log% + log =
1.657ApKs — 0.3217 + 5.705 15 0.371 0,830

Ka + 1H* _
Ka -

(30¢)

log }—] + log
— 02897 4+ 0.4747 +
L630ApKA 4+ 5.300 15 10,320 0.887  (30d)
againust M. smeginalis

1 K H*
log I + log —%—1 =

—0.940r + 8.571 14 0.605 0.730

1 K H+
log 7 + log Al_g—ll] =

3.654ApA A 4+ ST42 14

(31a)

0.512  0.RN28 (31h)

(17) J. K, Seydel and E. Wempe, Arzneimittel-Forsch., 14, 705 (1864),
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BACTERIOSTATIC ACTIVITY OF SUBSTITUTED N =BENZOYLSULFANILAMIDE

e Agrains B edd

Log (17°C + log

Raz 7l
-y

Substitnent ApK A" R Ol Caled®
11 0 0 7.4 7.01
2-Cllg —0.35 0. 68 6.9 7.40
3-CHy —0.20 0.H2 7.8 7.7
4-Cll, —0.15 0.42 7.9 T84
4-C s —0.15 0.92 b N
4-Cyll; —0.21 1.42 7.6 7.63
4--Cy —0.15 1.40 7.9 7.70
2,4-(C11y). —0.45 1.10 6.8 6.07
2,5-(CHy). —0.50 1.20 6.7 6.73
3.4-(CHy)a —0 .33 U.94 T 748
2,4,6-(ClL), —0.55 1.78 6.3 6 .40
2,4,5-(Clly) —0.55 1.62 6.9 (.42
2,3,4,5,6-(Cl;), —0.70 282 5.2 .32
3-CH-4-OCH, —0.35 .60 7.6 7.4l
3-CH-4-8CH, —0.15 1,12 7.2 774

» Caleulated from the values of pATa iu Table 11 of ref 17.
=titnted compounds. ¢ Calculated by eq 29d.

Uy e KAt 1T
lt)g ¢ + l()g 1ﬁ:]-'* =
2.724ApK 4 — 03427 + 8811 14
n R+
log ( + lug ST T
— 031970 + 1. 128 +
2.009ApA s + 8119 14 0,350 0.937

L

00 08460 (3les

—U.7287r + 6.039 4 0016 0717 (32a0

1, Ka + 1117]
log - + log =% 2ot =
( i TN
2.603ApAa + 6.112 14 0,456 0,742

Kat U7
Ki

1
log i log
LE6GOAPA A — 0.3627 + 6.186 14 t.4ss 0.776

log (1 + log éx—:}_\,’\“—l——]

—0.5007* S 10O +
1L847apK 4 + 3019 14 0,333 0,912

(:32d)

In these equations, €' is the mmimum mhibitory con-
centration in gmole/l. and ApK 4 is obtained using the
pK 4 value of the unsubstituted N'-benzoylsulfanilamide
as a standard,  1or the = values, those obtained for the
substituted benzoie acids are used.!? Comparison of
these equations would indicate that the activity of this
series of compounds is not linearly related to =. Both
7 and 7* terms in eq 29d and 31d are justified at better
than 0.95 (]'T-_\v]] = -1:64:. F-_)_]]'o.(](, = 398) and 0.99
(Fare = 7.87, Fojoom = 7.56) level of significance com-
pared with eq 20b and 31b, respectively. Ior this
seriex of compounds, hydrophobic characteristies of
the substituents are sufficiently varied to cover the op-
timal value for the maximum activity. The optimal
= valnes ave ealeulated by =etting 9 log (1/0)/07 =
0, l.e mg = 080 Tor Kovold and wo = 1.08 for M. smeg-
matis.  The larger 7o value for the grani-positive bac-
terium than fur the gran-negative ane is in accord with
the finding obtained in the case of the sulfanilanilides
as deseribed nbove,  ISquations 29d and 30d and eq 31d
and 32d are related by eq 4 and 3 s theoretically ex-
peeted. Thus, the structure—activity correlation of this

4 Calenlated by eq 30d.

“Neaimst AL spregmalis

Log (1 U 4 o Log (1/0) + log Lag (1,0) + (ox

Ka + 11 Ky + [0y Ky + 111
Ky Tmey TKa
(s Calead Obad Caled® Ol Ceden)
820 3050 T S 033 .02
4.07 5.00 .4 T.63 .02 .36
.40 5.23 N2 TOS 0T .36
O 40 5,20 N2 N OT 070 .60
5. 62 5.3 N2 B 570 574
17 515 N2 N06G a7 302
a.40 024 N2 N0 0,70 .74
4,065 482 7.2 742 a1 24
4.07 1.7 7.1 T.2F .02 a4
O44 O U7 T.a TR REEN) 0,00
441 (1 (i NS 4,10 1.%0
1.49 T . HY 0. 47 4.090
.27 .2 a4 3,24 IRt
002 4.09 N0 .00 .70 Do
4.70 0,31

" Taken from rel 12 and ~imply sitnuned ta get figures for the polysal-

* Calealated by eq 31d. / Caleulated by eq 32d.
series of compounds is neatly retionalized in terms of
eleetronie and hydrophobic characters of the substitu-
entsinstead of the complex parameter (u pK 4 difference)
deseribed by the original authors.™

Shice all the dissociation constant values for the cont-
pounds studied in thix work are at least 100 times larger
than the value of the hydrogen ion coneentration of the
test medinm (10-7-%), the correction term, log [(Ky +
[H+1) /K| beeomes practically zevo.  I'or such com-
pounds where Ky >> [H*]. the apparent potency of
the dirugs i= predicted by eq 33 und 34, Likewise, for
those where Ky << [H*] the apparent poteney is
deseribed by eq 35 and 36 which are obtained from ¢q
29d and 31d with the log [(Ky + [H+]))/[H*]] term de-
leted.  Thus, it the hvdrophobicity of the substituent

log (1A = =028z + 04T4r + LO0ApKs + 4300
(againsi K. coli) (431

log (1401 = U000z + 1037 4 LNTApA A + 3510
tagainst M. smegmalis) (341

lag (1701 = 020177 4 (04057 + 2.036apKa + S.030
Cagaiust E. eoll) (3D

log (17/0) = —0.0192% + L1287 + 2.9094pKa 4 S 11
(agatnst M. smepnalisy (363

ix kept constant, the biphasic plots for the apparent drug
activity [log (1/C)] with respect to ApK, can be ex-
pressed by two straight lines of which the slopes are
1.650 and 2.636 for K. coli and 1.847 and 2.909 for /.
simegmatis according to Ky >> [H]and K, << [H*],
respectively. In this series of compounds, the apparent
poteney, log (1/C), seems to keep increasing with in-
ereasing ApK 4 or the clectron-attracting ability of the
snbstituent, regardless whether Ky << (H+]or Ky >>
[H+] even though the stopes arve different. However,
the compounds nsed in deriving the equations are
wostly alkyl-=ubstituted derivatives for which ApAly
values do not vary significantly =o that the p values ob-
tained by means ol the least-squares method are not
lighly reliable. Therefore, a definite conclusiai on the
pK 4 dependence ot the (n ritro uetivity could 1ot been
drawn before the derivatives possessing electron-with-
drawing substituents are tested in this series ol com-
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pounds. At any rate, it appears that the Bell and Rob-
lin’s parabolic relationship does not necessarily hold in
some types of sulfonamide drug where both p and p’
are positive or negative in eq 27 or 28.

Plasma Protein Binding and Bacteriostatic Activity
of the N!-Heterocyclic Sulfanilamides.—While protein
binding inactivates the sulfonamide drugs,® it was
found that the protein bound drugs are only slowly
metabolized at the liver, and the binding is re-
versible so that the active free form can be liberated
gradually as the levels in the blood are lowered.!®
Thus, protein binding could be a significant factor for
the duration of action of drugs. There has been con-
siderable controversy as to correlations of physico-
chemical properties of sulfonamides with their protein
bindinge?® Rieder has recently studied a number of
sulfonamide drugs and determined their binding to
human plasma protein.?’ His analysis of this phenome-
non in terms of physicochemical properties such as acid
dissociation constants and oil-water partition coeffi-
cients, however, did not consider the effect of ionization
of the drugs under physiologieal conditions.

If we assume that the process of binding of dissociable
compounds is as shown below, 7.e., in the free state, they
exist as two different species, the neutral and ionized
form of which concentrations are Cr(1 — «) and Cpa,
respectively, but in the bound state they exist as only
one form, Cg, then the equilibrium constants for the
binding of the two species are expressed by eq 37 and
38.

free state bound state
Cy(1- a) (neutral form) &
|15 > U
Cra  (ionized form) “ks
(H7]
K, = Cp/Cs(l — a) (37)
K; = C8/Cra (38)

The effective binding constant, Cp/Cy, is thus described
in eq 39.
CB _ K]K2
;T K+ kK 3)
If we take the ratio of the effective binding constants
of a series of substituted derivatives to that of the un-

substituted standard compound, eq 40 is obtained.

o [(Cr) - fe Kot o)
Cr/ \Cr/o ~ KePKY K, + K,
Taking the logarithms of both sides yields eq 41,
CB _ Kv} , I_{i {{10 + I<‘I0 Q}_!
log &7, = 108 o T 108 o T log g ey + log (\CF>0

(41)
The ratios, K;/K\® and K,/K,®, can be considered to be
functions of the hydrophobic and electronic character
of the substituent so that they can be expressed as in
eq 42 and 43 wherve ai, b, ¢, @z, by, and ¢, are constants.

(18) A. H. Anton, J. Pharmacol. Ezptl. Therap., 129, 282 (1960).

(19) B. B. Newbould and R. Kilpatrick, Lancet, 1, 887 (1960).

(20) (a) 1. M. Klotz and F. M. Walker, J. Am. Chem. Soc., 70, 943 (1948);
(b) W, Sclioltan, Arzneimittel-Forsch., 14, 348 (1964); (c¢) M. Nakagaki. N.
Koga, and H. Terada, Yakugaku Zasshi, 88, 586 (1963); 84, 516 (1964):
(d) O. Jardetzky and N. G. W. Jardetzky, Mol. Pharmacol., 1, 214 (1963);
(e) L. B, Holder and 8. L. Hayes, ibid., 1, 266 (1963).

(21) J. Rieder, Arzneimittel-Forsch., 18, 81 (1963).
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K
log ITiO =ar + bho+ (42)
1 I& = dar + beo + (43)
0Og K20 = aom 20 C2 Ps

The logarithm of the binding constant of a series of
phenols to serum albumin and to mitochondrial protein
determined under conditions where the dissociation can
be ignored has been recently shown to be correlated
by a linear combination of free-energy-related param-
eters such as = and pK .54 Substituting eq 37, 38, 42,
and 43 into eq 41 and collecting the terms yields eq 44.

log -g—B = (a1 + a)r + (b1 + b2)o +
F
Cs 1 1
g E‘—F)o(.l — ao + ;o>
Cs 1 1
(Ci)(l —= T 2)
Since &« = Kp/(Ky + [H*) and 1 — o« = [H*]/

(Ks + [H*]), eq 44 can be converted to eq 45 and
further to eq 46.

('n :
C‘,})Q +oa+ e (44)

+ log

210g—€-§= (s + ad)r + (b + bo)o + log & +
log == +210g(g—,§) Foada (45)
i 2 41] F/o
21og S8 = (@1 + a)r 4+ (b + b + log KA 1
CF 1 2 1 2 KAO

Ka® + |HH . C
o il 4 210 (B)y + o e 46)

21

By substituting log (Ka/Kx% = pso into eq 46 and
collecting terms, eq 47 is obtained, where &k = (& +
a2)/2, p = (b1 + b2 + pa)/2, and ¢ = log [(Cs/Cr)o] +
(Cl + Cz)/?.

Ka + 1H+]] =kr+ po+c (47)

C
log E'—f* + log K F [0 [

Equation 47 can be modified into eq 48a and 48b where
Ki + |H

c

log C—'l; 4 log T =kr + po + ¢’ (48a)
Ka + [H*

log %’ + log =2 }A[‘”] = kr 4+ o+  (48b)

¢ = ¢ —log [[HT]/(Ks® + [H*D], o' = p — pa,
and ¢’ = ¢ — log [KA°/(Ka* + [H*]) 1.

Equation 48a is the expression for the binding con-
stant K), when only the neutral form of the free mole-
cule is responsible for the binding, and eq 48b is that for
K, where only the ionized form is considered in the
binding process. Klotz and Walker®® examined the
binding of some sulfonamides by bovine serum al-
bumin and postulated that the binding is attributable
mainly to the ionized form of the drugs. Since the
expressions are interrelated a priord, the correlation
of the protein binding of a series of dissociable com-
pounds to their hydrophobic and electronic properties
can be analyzed by the same procedure, whichever form
of the free molecule, the neutral or ionic or both, might
be associated with the binding process.

As a criterion of the plasma-binding ability, Rieder?
has determined Langmuir's « constant which is in-
versely proportional to the effective binding constant,
Cp/Cyp. Langmuir’s 8 constant, which reflects the total
number of binding sites per molecule of protein, is
nearly constant; z.e., the mechanism of binding is con-
sidered to be the same throughout the series of com-
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Salfanilamide

NEAcetvxulfanilamide 4.30 0.62
2-Sulfanilamidopyrimidine 3.6 0.79
2-Sulfanilamido-4-methylpyrimidine 310 1).88
2-Sulfanilamido-3-methylpyrimidine 3.31 117
2-Sulfanilamido-4,6-dimethylpyrimidine 238 0.76
4-Sulfanilamido-2,6-dimethylpyrimidine 2,51 0,29
J-Sulfanilannido-2,4-dimethylpyrimidine 2 N3 1.05
4-Sulfanilamido-6-methoxypyrimidine 4. 14 1.44
2-8nlfanilamido-3-methoxypyrinidine 3.06 0.72
$-Sulfanilaimido-2,6-dimethoxypyrinndiue 3.70 1.62
2-8ulfunilamido-4,5,6-trintethoxypyrimidine 3,54 1.76
S-salfanilamido-6-inethoxypyridazine 2 88 u.h2
s-Sulfanilamido-6-chloropyridazine 308 128
S-Sulfanilamido-s>-methylizoxazole 4.03 1,27
S-Sulfanilamido-3,4-dimethylisoxazole 5. 08 2.23
2-Sulfanilamido-4,3-dimerhyloxazole 2,68 06X
3-Sulfanilamido-2-phenylpyrazole 304 1.97
2-Sulfanilamidothiazole 283 0. 69
2-sulfanilamido-s-ethyl-1,3,4-thiadiazole 4 .43 1. N4

> Calculated from the valaes of pA s in ref 21.
ihie aqueous phase; see text.
¢ Calendated by eq d2d. 7 Caleulated by eq 53d.

pounds,®* <o that the analvsis of the binding constant
i tams of Langmui’s o constant with the use of 7 and
o scems justified,

Fitting the data in Table T1 to eq 484, eq 49a-¢ are
obtained. To derive the equations we omitted 3-sul-
fanilamido-4,5-dimethylpyrazole from the orginal work
by Rieder*! since it was found to be very poorly cor-
related. This seems to be due to its somewhat anom-
alous value for Langmuir’s 8 constant when compared
with those of others.  The vulues of = wee caleulated

H N o
I 1
lng ! + log WA + lll |
I [
= Liale — 2806 2000565 0038 140a)
= 0.740ApK 4 — 3053 200 0,670 0.769  (49h)
= 0.002ApA s + LA107 — 3.056 200 0,370 0,040 (49¢1

from the partition coefficient obtained i the isobutyl
alcohol-water system with the correction for dissocia-
tion in the aqueous phase (pH 7.4), assuming that any
dissociation and association in the organic phase cun
be ignored. Instead of ¢, ApK y values ave used for the
analysis.  The unsubstituted sulfanilamide is taken s
the standard so that the = value indicates the hydro-
phobicity of the whole N substituent. The ApK
value i asstimed to be proportional to the eleetron-
withdrawing ability of the NU substituent. Rieder?!
al=o measured the partition coefficients of the drugs
with toluene, CHCly, and ethyvlene dichloride as the
organic phaze. A good correlation is found only with
the = values obtained with the isobutyl uleohol-water
system.

Comparison of eq 4Ya-¢ would indicate that the
modified binding constant i determined mainly by the
hydrophobieity al the N' =substituent. and nothing
1 ta he gaimed by the introduction of o ApAy term,

(22 P Npring, dtepeeimilied-Foesel,, 16, 34G (11661,

Bacreriostartc Activiry or N-HETEROCYCLIC SULFANTLAMIDES

Proteia bireling Tacrericatoic wenvits

log 11 o+ low Log tb (v 4 low Log (1 {7 4 log
Ky 4+ Ky + 0t Ky -y

lLog m- n-y Ky
1w Ol Caled? Obad Cilead® (Ihal Calin)’
=208 =2 O8N 2.0 -2 =200 077 0o
—3.15 =106 -~ 1.87 1190 1.01 —0.00 —u. 4
—20 =204~ 1) .70 066 U0 —u. 01
=225 =169 =1 44 U 44 U 42 U224 U2
211 =141 =108 06O U, Gh U.21 U 24
2008 =210 — 1G4 0.23 =007 17 (144
—1.98 =147 =242 —0.03 -3 0.6 007
-1 =119 116
—1.78 =027 —0. 44 145 1.25 V.30 —=u.038
—1.00 —1.356 —1.71 0.1l .32 — (1.9 015
—0.N] v =0 1 UG 1.01 016 a1
—~1.00 =005 1.0l
— 1.7y =131 —13s V.30 U3 0,30 1).52
=200 =168 —U.7N .
=250 =119 —u.Nn 1.19 1.12 o —g.a2
-1.73 V.67 U7 1,78 1.71 —0. 47 =000
-2 10 =186 —1.77 —0.32 007 —0.1? 025
- 1,00 0.3 .36 U Os 112 12 [URV
—-2.45 =210 —1.76 u.07 0.16 017 u.22
-1 I V.53 ao14 1oIs 140 —0.33 —=u 1a

» Calewdated fron the = Ubergangszahlen™
 The value of pH under which the binding experiiiems were performed is 7.4

v ref 21 with correciion far nization ia
¢ Caledlated by ¢q 44,

Conversion of ¢q 49a into eq H0 shows that for the sul-
fonamides, for which the value of Ky 1s mueh larger
than that of [H*], the Larger the hydrophobicity of the
N1 substituent and the smaller the dissociation constant,
the more firmly the sulfonamides ave bound to the pro-
tein.  lor thase tor which Ay is much smaller than
[H+ 1. eq 50 indieates that the protein binding is only

log ! = 1.630lr - log (Wa + 7 — 12806 + plht (S0
(24

dependent on the hydrophobicity of the N' substitueat.
Iotz and Walker® recognized that the larger dizsocian-
tion constant of sulfonwmides tends to reduce their
ability to combine with the pratein.  Fguations 49:
and 50 clearly mdieate that for u =eries of sulfonamides
of closely related structure where the dissocintion con-
stant ix not appreciably varied. the binding is governed
mostly by the hyvdrophobicity of the N' substituent.
This ix supported by the work of Scholtan® who has
shown that for =eries at d-alkyl- and d-alkoxy-2-2ul-
faniliminopyrimidines, the free-energy change for the
binding i= lincarly related to the earbon munber of the
side chanie,  This important role for hydrophobie forces
m holding sulfonmmide drugs to serunm protein is in line
with our carlier findings an the binding of organic com-
pounds to albumin and hemoglobin#te  Hawever, the
slope of ¢q 49a indicates an even greater dependence
on thiz property for sulfonamide drugs than for simple
aromatic compounds.  Another inference of eq 50 is
that for a particular sulfonamide drug, the plots of log
(1/a) uguinst variation of the experimental pH consist
al two phases; .e.. when pH << pKy, the binding ix
almost unchanged with variation of the pH, while when
pH >> pK . the drug is less limudy bonnd to the protein
with inereasing the pll. This is i accord, at leas
quahitatively, with the finding of Nakagaki and his c¢o-
workers®¢ who have shown for =everal sulfonmmides that
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the plots show a maximum approximately at the point
of pH = pK,4 and the slope in the region of pH >>
pK 4 1s steeper than that where pH << pK,. Even
though the sulfanilamido moiety may be of considerable
importance for the protein binding as argued by
Jardetzky®4 from nmr studies, it is important to note
that the N' substituent contributes strongly to the
binding since log (1/a) is linearly related to the hydro-
phobicity of the substituent.

The assumptions underlying eq 49a—c¢ can be justi-
fied, sinee, when the values of log 1/« are analyzed with-
out correction for the ionization with ApK, and =, the
correlations are much worse than eq 49a—c in terms of
both the correlation coefficient and the standard devia-
tion as shown in eq dla—c. Moreover, none of these
cquations is capable of describing the pH dependence of
the binding constant.

n S r
log & = 0.7997 — 2.846 20 0.491 0.696 (5la)
o
= 0.215ApK, — 2.680 20 0.642 0.343 (51b)
= —0.321ApKs +
1958 — 2285 20 0.452 0.761 (3lc)

Recently, Kriiger-Thiemer and Biinger?® determined
the minimum inhibitory concentration of this series of
drugs for E. coli. For 17 out of 29 compounds in their
paper, the physicochemical parameters, ApK4, and =
obtained from Rieder’s work, can be directly used for
the analysis of the structure-activity relationship.
Fitting the data in Table I1I to eq 2, 3, 6a—c, and 7a-c,
eq 52a—d and 53a-d are obtained. In these equations,

n 8 r
1 Ka + [HY
l()g 6 + l()g Al—l{_l]‘—‘ =
1.207r — 0.760 17 0.536 0.816
1 Ky +\HY _
log 0 + log T =
0.761ApK 4 — 1.090 17 0.244  0.965

L1 Ky + [H*] _
log o + log e =

0.1817 + 0.684ApK 4

1 K H+
log 8 + log Al;—}]] =

—0.29672 4+ 0.9857r +
0.605ApKa — 2.090 170,223 0.975

Kis + |HY
K

(52a)

(52b)

1.932 17 0.242  0.968

|

(52¢)

log% + log

—0.300r + 0.421 17 0.318 0.509

1 K H*
logf, + logA—_;{L—] =

A
—0.240ApK 4 + 0.896 17 0.238 0.764 (53b)
s Ka + |Hf
log ¢ + log K =
0.1677 — 0.312ApK A +
0.955 17 0,238 0.783  (83¢)

1 K Hj
log el + log A—_i_j—] =
—0.30872 4+ 1.0067r —

0.393ApKa + 0.790 17 0.216 0.839 (33d)

C is the minimum inhibitory concentration in umole/I.
and [H*] is taken as 10772 (Sauton medinm!®),  Al-
though the electronic effect of the N substituent seems

(23) E. Kriiger-Thiemer and P. Biinger, Chemotherapia, 10, 61, 129
(1965/1966).
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most significant for the activity, an F test indicates that
both the = and =2 terms of eq 52d are justified at almost
0.90 level of significance compared with eq 52b (F,)3 =
242, F2.13.0,10 = 276, F2.13\o,25 = 154), S0 that the anti-
bacterial activity of this series of compounds is not
linearly related to 7. The optimal = value is calculated
by setting 0 log (1/C)/d% = 0 in eq 32d or 53d, ‘..,
o = 1.67. The plots of log (1/C) against pK,, with
a fixed hydrophobicity, would consist of two straight
lines expressed by eq 54 and 55 according to conditions
of Ky << [H*]and K4 >> [H*], respectively, where
the = and =2 termis arve collected and set constant.

log% = 0.605apK s — 2.000 + constant (r)  (54)

log 15 = —0.303ApKa + 0.790 4 coustant (r) (55)

The optimal pK4 value for the apparent activity, log
(1/C), is obtained by setting 3 log (1/C)/0ApKas = 0
in eq 52d or 83d; i.e., pKy = 7.0 is calculated as the
most favorable value for these heterocyclic sulfonamide
series. These findings on the optimal physicochemical
properties should be kept i11 mind in designing new sulfa
drugs, especially since many of the clinically accepted
sulfa drugs belong to this class of Nl-heterocyclic sul-
fanilamides.

One might assume that the optimal hydrophobic
nature of the sulfonamide drug molecule is not signifi-
cantly different from series to series, regardless of the
type of the N1 substituent, at least for activity against
a particular microorganism.  Thus, for the activity of
the sulfanilanilides against K. coli, my for the whole N
substituent is estimated with the aid of the additive
character of = as less than the = value for the N'-phenyl
moiety with the least hydrophobic substituent, i.e.,
7 < 1.9 =~ [2.13 (x for benzene) — 0.21 (r for 4-
OCH; group)].!?  Activity is decreasing with increas-
ing = of the substituent in this series as shown in eq 1ac.
For the N'-benzoylsulfanilaniides against the same
bacteria, m for the N'-benzoyl moiety is calculated
similarly, .e., mo == 1.9 22 [0.8 (7 for the substituent on
the benzene ring) + 1.58 (log P for acetophenone) —
0.5 (= for CH3)1.'? Since the log P value for the un-
substituted sulfanilamide is —0.78,% the log P, value,
the optimal hydrophobic parameter of the whole drug
molecule for these two series of compounds, is estimated
as log Py £ 1.1 ot the octanol-water scale. The value
for the N'-heteroeyelie derivatives cannot be compared
on the same basis with those for the above two series
since the = values are determined using partition
coefficients obtained in an isobutyl alcohol-water sys-
tem. However, the m, value, 1.68, for the N! hetero-
cveles and the log Py value for the N'-heterocyelic sul-
fanilamides, ==1.6 =~ [1.67 (xo) — 0.07 (log P for sul-
fanilamide determined in isobutyl alcohol-water sys-
tem?!) ], seems not inconsistent with values for the other
series. Since the solubility of the highly polar sul-
fanilamides is expected to be greater in the more hydro-
philic and polar solvent, isobutyl alcohol, than in the
less so 1-octanol, the value of the partition coefficient
of a sulfonamide would be larger in isobutyl alcohol-
water than in the -oetanol—water system.

The optimal pK 4 value for the apparent poteney of
the sulfonamide drugs, except for the N'-benzoyl deriva-

(24) C. Hanscli and 8. M. Anderson, J. Org. Chem., 82, 2383 (1967).
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tives, is always located a little below the value of experi-
mental pH (i.e., between pKy = 6.5 and 7.7) depending
on the experimental conditions and test organisms.  In
spite of the exeeption of the N'-benzoyvl derivatives, aur
over-all results indicate that the pKy value should be
ax close to body pH as possible in order ta obtain o
maximal chemotherapeutic activity,

Although the p value for the N'-heteraevelie deriva-
tives, 0.605, is very similm to that obtained for the
<ulfanilanilides against AL eoli. 0.7 (p value in eq 1o
divided by py = 1.88). the p value for the N'-benzoyl-
sulfanilamides against the same £ eoll, 2.6, s consider-
ably larger than the other twa,  Ax deseribed above, the
p value for the latter 1s not highly relinble <o that the
differenee in p may not be worth tryving to rationalize.
However, in our procedure, the ApK 4 o1 ¢ term cannot
he assigned only to the contiibution ol an clectranic
demand of the drug molecule at the site of action.  If
the transfer process from outside the eell ta the intra-
cellular site of aetion through many partitionings and
adsorption  and  desorption processes r7a biologieal
membranes s governed to some extent by an electronic
offeet of the substituent, this effect 1= contained in the
p value together with the cffect at the site of action.
Sihnce we are unable to separate the roles of the ApK
term, the difference i p values for different series would
not neeessarily mdicate the difference in the essential
electronie demand of the dirugs at the site of action.

The above analyses provide snother llustration of the
great practical advantage of the use af the extrathermo-

Jupimt AL SivaeEr Axp Winkiaa . Puncewnt.

Val. 10

dyname  approach® to structure activity  problems.
T'he role of the hydrophobie property of the moleeule in
the bacteriostatic activity and the protein binding is
nicely delineated by memns ol w0 The analysis, where
the effects of substituent on lonization e separnted
from other eleetrome effects of substituents, is able la
deseribe the pAy dependence ol the bacterostatic
activity. 1t also shows, i o procedure mdependent
from those ai earher workers,** that the maximal ati-
Dacterial activiiy is exerted by drogs having an optimed
pK , value.  This procedure =<hould help it designing
new =ulfonamide drugs with optimal pKy and 7. 1t
should also aid i understanding the plirnacokinetic
mechanism underlyving sulfonamide chemotherapy when
a comprehensive et of biologieal data and phy=icochcme-
el constants for (o edvo propertiex are available. and an
appropriate madel can be chosen fav i oo phenomena
such as curative effeet. metabolic process, and renal
exerction. Thus, i this procedure could be combined
with the recently developed method by Kriger-Thiemer
and Biimger.* o relatianslup between dosage schedule
and moteculn structure of the sulfonamides could be
mtegrated <o that an ideal dosage schedale Tar anew
drug could be predicted Tram struetural parameters
sneh as g P and ApK .

Acknowledgment. I'he authors wish to express thew
sieere thanks to Professors Tetzuo Mit=ui and Miorn
Nakajina far their support af this work.

200 00 10 Lefller ondd 10 Gramadd, " Rutes and lgadibris of Orzaiae Re-
petions"" laha Wiley el S Ines, New York, Ny, L6,

Relationships among Current Quantitative Structure-Activity Models'

JumTa A, SINGER axDp WiLLiam . Purcen.

Depactment of Medicrnal Chemistey, University of Tennessee College of Phariacy, Memphis, Tennessee

38103

feeeeived e 28, Lk

Stracture-acuivity models Talling into two calegories are comparesl.

One eategory ivcelades those models in

which the observed biological activity is expressed ax a function of group contribations to the aciivity and the

ather includes the Hansch substituent coustaut model.

It is demonstrated that, if the biological activity ix w

parabolie function of Hansch's substituent constant, =, the model assuming additive and constant contribution
from each group is not appropriate, but a model previously suiceessful i o specific instance is analogous to the

Hausch equation.

If the 72 term is not significaut, however, the niodel assaming additive and constant cou-

tribation is appropriate when the biological activity is dependent on = avd/or o.

The recent suceess of attempts to express quantita-
tively the relationship of chemical stiuctwre to bio-
logical activity is most encowraging to the medicinal
chemist who wishes to approach drug design rationally.
The quantitative models for stimeture-activity rela-
tionships of related series of molecules fall into two
broad eategories.  (A)  There are mathematical mod-
el in which the obscrved biological activity is expressed
as a funetion of parameters assigned to each substituent
group and/or the parent portion of the molecule; the
values of these parameters are obtained, after a par-
ticular model has been sclected, by fitting the experi-
mentally observed activities of a series ol molecules
using the method of multiple regressions. (B) The

i)y This researeh is Leing sapported by (e 17, 8. Army Medical Research
aid  Development Command (1J.1-49-193-M1D-2779) and tle National

Seience Fouandaton (GB-44531. This paper is Contribution No. 222 fron
ilee Nemy Reaearch Program on Malaria.

second  category is comprised of lmear frec-energy
relationships which ascribe the biological activity of a
molecule to countributions from varous frec-cnergy-
reluted physicochemical parameters of the substituents,
the constants associated with each pliysicochemicnl
purameter being generated by regression analysis far
the biologically tested molecules.

Fxamples of the first approach include those of
Free and Wilson® and INopecky and co-workeis.®4
The method of Free and Wilson? is based upon an ad-
ditive mathematical model in which a particular sub-
atituent in a specific poxition is assumed to make an
additive and eonstant eputribution to the biologieal
activity of 2 molecule e aseriex of chemically related

2 8.0 Free, Jr,, and J. W Wilson, J. Wel, Chem., T, 395 {1164),

i3y K. Bogek, J. Kopecky, M. Krivacova, and D, Viachovid, Erperientin,

20, 667 {19641,
11 ), Kopecky, K. ltodek, wod D, Viachovd, Neture, 207, 081 (10675,




