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The antimalarial activities of chloroquine and 32 of its analogs have been subjected to regression analyses
using a free energy related structure—activity model designed in part to test the DNA intercalation mechanism
of action proposed by O’Brien and Hahn. Molecular parameters included in the analyses are the OctOH-H,O
partition coefficients and the charges on the 7 substituent of the quinoline ring and the two N of the 4-diamino
side chain. The partition coefficients were caled from substituent values in the literature and the charges were
obtained by combining Hiickel and Del Re MO charge distributions. The statistical quantities, B2, F (overall),
and explained variance, were caled for each regression analysis to assess goodness of fit. Under restrictions con-
sistent with the O’Brien-Hahn model, a reasonably high level of structure-activity correlation can be obtained.
The importance of the charge and size of the 7 substituent and the separation between the two nitrogens of the 4-
diamino side chain was verified. The results suggest that the hydrophobic or steric properties of the terminal
amine group of the 4 side chain should be considered along with the charge on N. No high level of correlation
was found when structural variations were allowed at more than one substituent position on the quinoline ring.
This suggests that the role to be played by substituents at one ring position is influenced appreciably by the
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nature of substituents at other ring positions.

Those interested in drug design are beginning to turn
their attention more and more to the development and
utilization of quantitative structure—activity relation-
ships in order to gain insight into the modes of action of
drugs. The availability of a large volume of antima-
larial activity data on extensive series of molecules
spanning several general classes of potential antima-
larial agents makes this a very attractive area for con-
tinuing and expanding these efforts. The series of
chloroquine analogs is particularly well suited to this
purpose in view of the existence of a proposed detailed
mode of action for these molecules as antimalarials.
One may use the quantitative structure-activity stud-
ies, ou the one hand, to ‘‘test” the proposed model, and,
on the other, assuming the model to be basically correct,
to attempt to sharpen or modify the details of the
model.

O’Brien and Hahn?®* have offered a model to account
for the antimalarial activity of chloroquine and its con-
jeners (Figure 1). In particular, thev suggested that:
(1) these compounds exert their antimalarial effect by
intercalation with the parasite DNA, and that the activ-
ity of a given compound depends on the stability of its
complex with DNA; (2) high activity requires an elec-
tronegative group attached to position 7 of the quinoline
ring; (3) the diamino side chain attached to the quino-
line ring at position 4 bridges the two DNA strands by
electrostatic interactions between the diamino nitrogens
and the DNA phosphate groups; and (4) substitution of
any other groups at any other ring position, except posi-
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tion 6 which is almost equivalent to position 7 for this
model, would be expected to alter binding to DNA and
thus diminish activity.

To support this model, considerable evidence derived
from ¢n vitro intercalation studies,?® #n »iwo bactericidal
studies,® and antimalarial activity data selected? from
the literature*® was offered. The first of these studies
demonstrated that chloroquine can intercalate with
DXNA, and the second, that, at least for the strain of
Bacillus megaterium studied, chlorogquine inhibits DNA
(and at higher concentrations, RINA) synthesis.

It is primarily from the third study, the antimalarial
activities of chloroquine and its congeners, that O’Brien
and Hahn deduced the roles to be played by the substit-
uents attached to position 7 of the ring and the diamino
side chain attached to position 4 (here, ¢n vitro studies®
on the binding of aliphatic diamines to DN A were also
helpful). Their observations, based on general trends
in the activity data, were qualitative in nature. The
results presented here represent an attempt to evaluate
quantitatively these trends and to test some of the fea-
tures of the model. The structure—activity equation
designed for this purpose is discussed in the next section.

Structure-Activity Equation.—It has been assumed
that the interaction of the drug D (chloroquine, ete.)
with the biological substrate S (DNA) may be repre-
sented as

K ks
D+S<=DS—>P

where K is the equilibrium constant for the formation
of the drug—substrate complex and k is the rate constant
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(56) F. Y. Wiselogle, Ed., "'A Survey of Antimalarial Drugs 1941-1945,"
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Figure 1.—Proposed structure of DN A-chloroquine complex
consistent with model of O’Brien and Hahn, 2

for the conversion of this complex into produet P.  The

rate of formation of product can be written as
d{P]

—— = k[D-
= = k(D) M

For the equilibrium constant K one has, assuming a
steady-state concentration of complex,

_ D]

(D][S]

= exp(— AG/RT) (2)

where AG is the free energy of formation of D-S from
D and 8, R is the gas constant, and 7 is the absolute

temperature. Solving eq 2 for [D-S] and substituting
in eq 1 gives
‘% — k[D1IS] exp(— AG/RT) @)

Here, [D] represents the concentration of the drug in
the vicinity of the substrate and can be assumed to be
quite different from the administered concentration or
dose, [Do]. It is this latter quantity which is usually
tabulated by the experimentalist while the former re-
mains essentially unknown. To circumvent this diffi-
culty, it is usually assumed that

[D] = A[D,] (4)

where A is less than unity. Hansch and coworkers’
have related the factor A to the OctOH-H,0O partition
coefficient of the drug, using the relationship

A = aexp[—(z — 7°)%/8] (5)

where = is the logarithm of the partition coefficient,

and o, 8, and =° are constants. Substitution of eq 4

and 5 into eq 3 and expansion of AG as AE + PAV —

TAS gives

d[P] ove/

T ka[Do]{Slexp{—(m — =°)2/Blexp[—AE/RT] X
exp|{—(PAV — TAS)/RT] (6)

If one assumes that the drug-substrate complex is sta-
bilized primarily by electrostatic interactions and, fur-
ther, that these can be approximated using the simple
coulomb potential with D and 8 represented as systems

(7) C. Hansch and T. Fujita, J. Amer. Chem. Soc., 86, 1616 (1964).
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of point charges, the stabilization energy, AE, can be
evaluated as
DO S S
sk = 33,9 2 5005, ()

45 T

where QP is the charge at point (atom) 7 of the drug,
Q,® is the charge at point (atom) j of the substrate, and
ry; is the distance separating these two points. Sub-
stitution of eq 7 into eq 6 leads to

d[P]

T ka[Do)[S] exp{— (7= — #°)2/8] X

exp[—EisziDQ,‘S/RTrﬁ] X
exp[—(PAV — TAS)/RT] (8)
Assuming all terms on the right side of eq 8 to be inde-
pendent of [P} and ¢, integration from zero time and
product to some particular values P* and t* gives
P* = ka[Do*][S] exp[— (7 — 7°)?/8] X
exp[—2,Z,QPQ,5/ RTry;] X
exp[— (PAV — TAS)] (9)
where [Dy*] is the drug dosage required to produce
[P*]in time t*. Thus, [D¢*] corresponds to such com-
monly reported quantities as LDj, EDj, TIC4, ete.

Taking the log of each side and rearranging one may
obtain

1 _ 2.303 ,  4.606 .,  2.303 ,,
log _[Do*] = ~———6 m + 3 T ————6 T
EiQ'D E’Qﬁ + log (ka[S]t*/’P*) -
: RT’I'“

2.303(PAV — TAS) (10)

This equation is to be used to study variations in the
activities of a series of very similar molecules assumed
to be active 12a the same mechanism. For this reason,
all quantities in eq 10 which are assumed not to vary
from one member of the series to the next can be treated
as simple constants. The last two terms of the equa-
tion and the parameters 8 and 7° can be so treated.
Further, if one assumes that each of the drug molecules
is oriented relative to the substrate in exactly the same
manner, one can also treat the quantity (Z,Q,5/RTr;)
as a constant for a given value of the index 7. Since
O’Brien and Hahn developed their model in terms of
electrostatic interactions involving the substituent at-
tached to position 7 and the two nitrogens of the di-
amino side chain at position 4, interactions involving
all other point charges of the drug molecule will be con-
sidered constant also. Under these conditions, eq 10
can be rewritten as

log[—’%—] = a7’ + br + cQx + dQn +
eQNz+ + f (11)

where @, is the charge on the substituent attached to
ring position 7, @1 is the charge on the diamino N at
ring position 4 and @x:™ is the charge on the terminal
N of the diamino side chain (assumed to be protonated).
The coefficients and constant have been written simply
asa,b, ..f
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From other sources, one may obtain values for [Do*],
T, Qx, @1, and Qn:* for each of the drugs in the series.
Then, using the techniques of regression analysis, the
coefficients a, b,. . ., f can be evaluated, their significance
tested, and the ability of the activity equation to ex-
plain the observed variation in the biological data mea-
sured (these aspects are discussed later).

The parameter = is usually interpreted in terms of
transport and/or hydrophobic bonding properties of the
molecule.”® Accordingly, a high degree of activity cor-
relation with 7= would imply that ability of the drug to
move from the point of application (crossing phase
boundaries such as membranes, ete.) and possibly inter-
act with the substrate via hydrophobic bonding is im-
portant. Activity dependence on the parameters Qx,
Q@n1, and @n2 7 should provide a test of several features
of the model proposed by O’Brien and Hahn.

It must be recognized, however, that steric require-
ments also are implied by the intercalation model.?®
No such factors have been incorporated in the activity
equation (eq 11). Similarly, no explicit allowance has
been made for effects due to substituents attached at
ring positions other than 4 and 7. These factors must
be taken into consideration in the interpretation of the
results of the regression analyses.

Calculation Procedures.—The antimalarial activity
data used in this study were selected from that listed by
O’Brien and Hahn.?* The quantity 1/{D¢*] (eq 11)
was taken to be 0.1/ METD where METD (the mini-
mum effective therapeutic dose) is the dose required to
reduce the parasitemia in White Rock chicks infected
with Plasmodium gallinaceum to less than 259, of con-
trols.#®* The experimental error inherent in these activ-
ity data will, of course, contribute to uncertainty in the
results. For example, since the METD were deter-
mined by administering drug dosages in a geometric
progression with base 245 a drug with an METD of
0.050 is not necessarily appreciably more or less active
than one with an METD of 0.025 or 0.100, respectively.®

The charges, Qx, @ni, and Qn2T, were obtained by
combining the results of Hiickel = electron calculations?
and Del Re o electron calculations.’® For both calcu-
lations, parameter values recommended to reproduce
dipole moments were used.®!! (Del Re parameters
used for Br are those reported by Bass!?). Com-
puter programs for the Del Re and Hiickel calcula-
tions were written by G. E. Bass and K. Sundarum, re-
spectively. Values for the parameter = were calculated
as the sum of substituent constants, =, gleaned from the
publications of Hansch and coworkers.?.8.13—17

In the analyses reported here, only compounds se-
lected from the series listed by O’Brien and Hahn have
been considered. These can be divided into three
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Publishers, New York, N. Y., 1963, p 67.
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(11) H. Berthod, C. Giessner-Prettre, and A. Pullman, Theor. Chim.
Acta, 8, 212 (1967),

(12) G. E. Bass, Ph.D. Thesis, Vanderbilt University, Nashville, Tenn,,
1970, p 79.

(13) C. Hansch and F. Helmer, J. Polym. Sci., 6, 3295 (1968).

(14) C. Hansch, J. E. Quinlan, and G. L. Lawrence, J. Org. Chem., 88,
347 (1968).

(15) F. Helmer, K. Kiehs, and C. Hansch, Biochemistry, 7, 2858 (1968).
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series.

Series I is composed of compounds which differ from
chloroquine only in the substituent attached to position
7 of the ring.

CH;
NHCH(CHQ);;I:IH(Csz)z

N

X NZ
X = substituent group

Series IT is composed of compounds which differ from
chloroquine in the substituents attached to position 7
and one other position but not at position 4.

CH,4
NHCH (CH2>31§H(C2H5>2

=
Y

X N7
X, Y = substituent groups

Series I11 is composed of compounds which differ from
chloroquine only in the diamino side chain attached at
position 4. The molecules included in each of these

series and corresponding parameter values are given in
Tables I-11I1.

R

=

L
cl N
R = diamino side chain,
terminal nitrogen
protonated

TaBLe 1

ANTIMALARIAL ACTIVITIES AND PARAMETER
VALUES FOR SERIES [

CH;
NHCH(CH2)3§H(C1H5)2

I N
X N7
Activ~
X ity® i Qx Q\1 Qne*
Cl 100 4.20 —0.124 —0.264 0.525
I 67 4.71 —0.101 —0.264 0.525
Br 50 4.35 —0.109 —0.264 0.525
F 50 3.63 —0.176 —0.264 0.525
CF; 50 4.65 —0.042 —0.264 0.525
OCH; 14 3.47 —0.071 —0.264 0.525
CH, 7 3.99 —0.026 —0.264 0.525
H 7 3.49 +0.053 —0.264 0.525
¢ Activities are relative to chloroquine which is 100. (R. L.

O’Brien and F. E. Hahn, Actimicrob. Ag. Chemother., 315
(1965). * ¥ = sum of Hansch = values of all segments (including
the quinoline ring) of the molecule.

Tor the analyses reported here, the charge on the
terminal N of the diamino side chain was always taken
to be that of the protonated cation (designated @n2").
The N attaclied to the ring was taken to be formally
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TasLi I
ANTIMALARIAL ACTIVITIES AND PARAMETER VALUES FOR SER1ES 11

CH,

l
NHCH(CH).NH(CH,),

X Y Activity? b

Cl H 100 4.20
H 6-Cl 100 4.20
a 5-Cl 3 4.20
H 8-Cl 3 4.20
H 3-Br 3 4.35
H 6-OCH; 10 3.47
Cl 6-CH; 25 4.70
Cl 3-CH; 15 4.70
Cl 2-CHs; 10 4.70
1 2-Ph 2 6.33
Cl 3-Br 6 5.06
Cl 5-Br 5 5.06
Cl S8-NH, 2 2.97

» See footnote a, Table 1.

9x QN1 QN2 Qy
—0.124 —0.264 +0.525 +0.055
+0.055 —0.264 +0.525 —0.126
+0.053 —0.264 +0.525 —0.122
+0.055 —0.264 +0.525 —0.124
+0.053 —0.261 +0.525 —0.115
—0.213 —0.266 +0.525 —0.213
—0.125 —0.264 +0.525 —0.104
—0.124 —0.264 +0.525 —0.092
—0.124 —0.264 +0.525 —0.098
—0.124 —0.265 +0.5325 —0.027
—0.124 —0.262 +0.525 —0.113
—0.120 —0.269 +0.525 —0.105
—0.127 —0.265 +0.525 —0.443

b r = sum of Hansch = values of all segments (including the quinoline ring) of the molecule.

TasLe 111
ANTIMALARIAL ACTIVITIES AND PARAMETER VALUES FOR SERrIES 111

R Activity® i
NHCH(CH;)(CH,)sN +(C,H;).H 100 4.20
NHCeHmN +(CzH5)2H° 100 4,18
NHCGH10N+(Cqu>QI{C 25 6.26
NHCeHloN +H202H50 100 3.25
NHCeHmN +HQCH (CHs)CHsC 50 3.64
NHCGHmN +HQCGI-I11 C’iS -_-)0 4 . 66
NHC¢H,,N *H,CsHy, trans 25 4.54
NHCH(CH;)(CH,):N *H,CH; 100 2.75
NHCH(CH3)(CH; )N tHoC,H; 50 3.27
NH(CH,)sN +(C,H;):H S0 3.28
NH(CH, )N +(CH,CH,OH .H b —0.32
NH(CHy)oN +(CeH,)H 6 7.44
NH(CH2>3N +(CsH17>,¢H 5 9 . 52
NHCH.CH(OH)CH.N *(C.H;)H 100 0.96

¢ See footnote g, Table 1.
cyclohexane substituted in the 1 and 4 positions.

neutral. Analyses not reported here!® served to indi-
cate that, at least for the terminal N, it makes little
difference in the extent of correlation whether the nitro-
gen is considered protonated or not.

As a measure of the “goodness of fit” for a particular
activity equation, the square of the multiple correlation
coefficient, ®&? (®* = 1.0 indicates perfect correlation),
the overall F ratio for the regression and corresponding
significance level, and the amount of explained variance,
eV, were calculated.’ The regression coefficient gives
an indication of the degree of correspondence between
the experimentally observed antimalarial activities and
those calculated with the trial linear equation resulting
from the regression analysis. ®? is interpreted as the
fraction of the sum of squares of the deviations of ob-

(18) G. E. Bass, D, R, Hudson, J. E. Parker, and W. P. Purcell, '"Pro-
gress in Molecular and Subcellular Biology,” Vol. 2, Springer-Verlag,
Berlin, in press.

(19) G. W. Snedecor and W, G. Cochran, *'Statistical Methods,” Iowa
State University Press, Ames, Iowa, 1967, pp 386-388, 400-402.

b r = sum of Hansch = values of all segments (including the quinoline riug) of the molecule.

Qx QN1 QN2 [\
—0.124 —0.264 —0.205 +0.525
—0.124 —0.264 —0.208 +0.524
—0.124 —0.264 —0.208 +0.524
—0.124 —0.264 —0.359 +0.346
—0.124 —0.264 —0.361 +0.344
—0.124 —0.264 —0.361 +0.348
—0.124 —0.264 —0.361 +0.348
—0.124 —0.264 —0.355 +0.349
—0.124 —0.264 —0.357 +0.347
—0.124 —0.262 —0.209 +0.526
—0.124 —0.262 —0.205 +0.527
—0.124 —0.262 —0.210 +0.525
—0.124 —0.262 —0.210 +0.525
—0.124 —0.261 —0.208 +0.527

¢ CeHyp is

served activities from the mean activity that is attrib-
uted to the regression. The F ratio is the decision sta-
tistic of the F test of significance. The overall F test
with this model is a test of the null hypothesis that all
of the parameter coefficients are equal to zero; in other
words, the mean activity would be as good an estimate
of the true activity as the activity calculated from the
linear regression equation if the null hypothesis is true.
The explained variance gives the fraction of the variance
of the antimalarial activities which is attributed to the
linear relationship of those parameters included in the
analysis. Even though regression coefficients may
prove to be statistically significant with the F test, it is
not uncommon to find that the fraction of explained
variance is quite small. This would indicate that most
of the variance in the activities must be attributed to
variables not included in the regression. It should be
mentioned that while an explained variance of 1.0 indi-
cates perfect correlation, it is possible for the calculated
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explained variance to be negative. This occurs when,
on a per degree of freedom basis, the mean activity is a
better approximation to the true activity than the cal-
culated activity.

The regression analyses were carried out using a com-
puter program developed in this laboratory based on
IBM 1620 Program 06.0.148, “Single and Multiple
Linear Regression Analyses.”” These and the molecular
orbital calculations reported here were performed on an
IBM 1620 computer.

Analyses Involving Series I, II, and III Combined.—
The overall ability of the structure-activity equation
(eq 11) to explain variations in antimalarial activity was
tested by earrying out regression analyses on the com-
bined series of 33 molecules comprising series I-III.
The combinations of parameters examined and results
obtained are presented in Table IV. In particular, it

TaBLE IV

REGRESSION ANALYSES RESULTS FOR
SeriEs I, 11, anp III CoMBINED

R
S
Y
X N7
Significance
f(r2, =, QX QN1 QN2 @2 level, % eV
ar + b 0.08 85 0.05
art+ b 0.11 90 0.08
ar? 4+ br + ¢ 0.11 80 0.05
aQx + b 0.00 <25 —0.03
a@Qn:t + b 0.01 25 —0.03
Q2T + b 0.16 97.5 0.13
a@x + Ww + c@we* + d 0.17 85 0.09
ar? 4+ br + cQx + dQn:
+ eQne* + f 0.25 80 0.11

¢ Log (0.1/METD) = f(=?% =, Qx, Qi Qn2t).

is seen that the Hansch parameter can explain only
5-89%, of the variance. In some cases, this behavior
might be interpreted as an implication that a stereospe-
cific drug-substrate interaction is involved and/or that
transport of the drug to the active site is not a control-
ling factor within the series.”* Turther, electrostatic
interactions involving Qx, @n1, and Qx. ™ also do not ap-
pear to be able to account for the activity variations.
This implies that if the model of O’Brien and Hahn is
assumed to be correct, the reservations allowed there
for the effect of ring substituents at positions other than
4 and 7 and for steric effects must be of substantial im-
portance.

Taken all together, the results in Table IV indicate
that the structure-activity equation developed here
cannot explain the variations in the biological data of
this series of molecules. This is not to say that the
model of O'Brien and Hahn is wrong, for, as pointed out
above, important steric aspects of the model are not re-
flected in the structure-activity equation. If one ana-
lyzes series I-III individually, however, these factors
can be isolated and their possible importance investi-
gated.

Analyses Involving Series I.—In this series, sub-
stituent variation occurs only at ring position 7. Thus,
no complications are introduced as a result of changes
in the diamino side chain or the presence of additional
ring substituent variations. Examination of Table I
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reveals that Qi and Qn,* do not vary appreciably in
this series and thus need not be included in the regres-
sion analyses. The parameter combinations considered
and results obtained for this series of eight molecules are
presented in Table V.

TABLE V
REGREsSSION ANALYSES RESULTS FOR SERIES |
CH,

NHCH(CHQ)SIEH(CQHa)2

I N
X NZ
Significance
f(r2, =, QX)° @2 level, % eV

ar + b 0.40 90 0.30
ar? 4+ b 0.39 90 0.29
ar? 4+ br 4+ ¢ 0.40 70 0.16
aldx + b 0.00 <25 —-0.16
ar + bQx + ¢ 0.45 75 0.23
ar? 4+ bQx + ¢ 0.45 75 0.23
ar? + br + Qx + d 0.45 50 0.04

¢ Log (0.1/METD) = f(=?, =, @x).

It is seen that the Hansch parameter (as = or 7?%) can
account for 309, of the variance in the biological data.
Taken in conjunction with the relatively high signifi-
cance level (909, this implies that, within this series of
molecules, transport and/or hydrophobic interactions
may be a factor, though only a secondary one.

The complete lack of correlation, significance, and
explained variance obtained with @Qx alone is, at first
glance, somewhat surprising. One of the basic tenets of
the model of O’Brien and Hahn is that, other things
being equal, activity should vary with the electronega-
tivity of the substituent attached at position 7 (here the
charge calculated for that substituent has been substi-
tuted for electronegativity). It must be recalled, how-
ever, that this portion of the molecule must be capable
of being inserted (intercalated) between the DNA base
pairs and that a steric factor is thus implicit in the
model. If a substituent is sufficiently large and bulky,
it would tend to inhibit intercalation regardless of its
electronegativity or charge. In addition, it might be
argued that for a polyatomic group, such as CFj, taking
Qx to be simply the charge on that atom of the group di-
rectly attached to the ring (here, C) is unrealistic. Ac-
cordingly, the net charge on the group, @x (net), was
also calculated.

To investigate these possibilities, regression analyses
using the relationships

log (0.1/METD) = aQx + b (12)
log (0.1/METD) = aQx(net) + b (13)

were carried out starting with the three substituents H,
F, and Cl and expanding the series, adding larger and
larger substituents one at a time, to include all eight
substituents of series I. The results are presented in
Table VI.

Inspection of Table VI reveals that ®? and explained
variance both reach a maximum when the largest sub-
stituent included is Br, regardless of whether @x or
Qx(net) is used. When Qx is used, the explained vari-
ance decreases drastically as the larger, polyatomic



280 Journal of Medicinal Chemistry, 1971, Vol. 14, No. 4

TaBLE VI
SEQUENTIAL REGRESSION ANALYSES ON SERIES I
CH,
NHCH(CH-I),;I:IH(CJHa)z
I N
X NZ
Significance
Substituents included [ level, % eV
Log (0.1/METD) = aQx + b
H, F, Cl 0.79 65 0.59
H, T, Cl Br 0.80 85 0.69
H F Cl Br1 0.77 90 0.69
H, F, Cl, Br, CH; 0.44 75 0.25
H, F, Cl Br, I, CH; 0.41 80 0.26
H, F, Cl, Br, I, CH;, CF; 0.00 <25 —-0.20
H, F, Cl, Br, I, CH;, CF;, OCH, 0,00 <25 -0.16
Log (0.1, METD) = aQx(net) + b
H, F, Cl 0.79 65 0.59
H, F, Cl, Br 0.80 85 0.69
H, F,Cl Br, 1 0.77 90 0.69
H, F, C], Br, CH; 0.75 90 0.67
H, F, Cl, Br, I, CH; 0.73 95 0.66
H, F, Cl, Br, I, CH;, CF, 0.63 95 0.55
H, F, C], Br, I, CH;, CF;, OCH; 0.59 95 0.52

groups are included. This decrease is much more grad-
ual when @x(net) is used. Both of these sets of results
indicate that variations in the charge on the substituent
can account reasonably well (699, explained variance,
909, significance level) for activity variations as long as
the substituents are relatively small. As substituents
larger than Br are considered, however, the explained
variance deereases, implying that additional variables
must be sought to explain the observed biological activ-
ities. In the model of O’Brien and Hahn, such an addi-
tional variable would be steric inhibition of intercala-
tion.

In view of these findings, the regression analyses in-
corporating = and =2 also were repeated for the reduced
series with substituents H, ¥, Cl, Br, and I (Table VII).
It is seen that up to 849 of the variance of the activity
data c:n be explained by using @x and either =2 or .

TanLe VII
ReEGRrESSION ANaLysps INvonving SEries 1
wiTH SussTITUENTS H, ¥, Cl, Br, axp I ONLY

CH;
NHCH(CHE),«IEH(CZHSM
I =
X NZ
Significance
f(n?, 7, Qx)® (R? level, % eV

ar + b 0.46 75 0.28
ar? + b 0.44 75 0.25
ar? 4+ br 4+ ¢ 0.69 65 0.38
aQx + b 0.77 90 0.69
ar + bQx + ¢ 0.92 90 0.84
ar? + b@Qx + ¢ 0.92 90 0.84
ar? + br + Qx + d 0.95 65 0.80

a Log (0.1/METD) = f(«2, =, Qx).

PrreeLy, et al.

Thus, regression analyses on series I indicate that the
charge associated with the substituent attached at posi-
tion 7, whether taken as Q@x or @x(uet) can be correlated
successfully with antimalarial activity as long as the
substituents are not relatively large and bulky. Iur-
ther, transport and/or hydrophobic binding, as mea-
sured by the Hansch parameter, appear to be able to
play only a minor role. These findings ave consistent
with the model of O’Brien and Hahn.

Analyses Involving Series II.—Series 1T is composed
of molecules which have substituents attached to the
quinoline ring at positions other than 4 and 7, and
which have no variation in the diamino side chain.
The parameter combinations cousidered and results
obtained are presented in Table VIII. The parameter

Tapre VIII
REec¢RESSION ANALYSES INVOLvING SeEnries IT
CH,

NHCH(CH‘_/)‘;I:IH(C_/H;,)_-

AN
Y
X N?
Significance
flr?, ©, Qx, Qv, QN1 GN*)¢ a2 level, 9 eV
ar + b 0.01 25 —0.08
ar? + br + ¢ 0.23 70 0.07
aQx + b 0.01 <25 —0.08
aly + b 0.13 75 0.05
alx + bQy + ¢ 0.14 50 —0.03
ar? 4 br 4+ Qx + d 0.30 60 0.07
ar? + br + Qx +
dQu1 + eQu2* + f 0.03 <25 —0.66
ar? + br + c@x +
dQv + Q1 +
Q"+ ¢ 0.47 40 —0.06

¢ Log (0.1/METD) = f(=? =, Qx, Qv, @y, Ox2™®).

Qv is the charge calculated for that atom of substituent
Y attached directly to the ring.

The results for this series are remarkable 1 the vir-
tually complete failure to obtain correlation, coetficient
significance, and explained variance. Omne can only
conelude that the addition of the third ring substituent,
Y. leads to a drastic deviation from the inauner in which
the 4,7-disubstituted analogs exert their antimalarial
cffect.  O’Brien and Hahn?® suggest that this effect may
be due to sterie hinderance to intercalation, or an altera-
tion in the relative orientation of the drug to the nucleo~
tide bases which produces a less stable complex than oc-
curs with chloroquine.

The calculations were repeated after eliminating all
polyatomic substituents except NH,; at X and Y. No
appreciable improvement was obtained.

Analyses Involving Series IIl.—Series III cousists
of 14 molecules which differ from one another only at
the 4-diamino side chain. In the model of O’Brien
and Halin, this side chain is depieted as being electro-
statically bound through the diamino nitrogens to
phosphate groups on opposite DNA strands. The
DXNA geometry led O’Brien and Hahn to prediet that
the effectiveness of this side group should depend on
the number of carbons separating the nitrogens; the
optimal number for this separation is 4. Nine of the
compounds in series IIT have the two diamino nitrogens
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separated by 4 C while, for the remaining 5 compounds,
the separation is 3 C.

When all of the molecules in series 111 were considered
together, the only meaningful results were obtained with
the Hansch parameter. The combinations of variables
tested and results obtained are presented in Table IX.

TasLe IX
REGRESSION ANALYSES RESULTS FOR SERIEs 111
R
jon
a N7
Significance
f(=2, 7, QN1, QN2)° ®R? level, % eV
ar + b 0.24 90 0.17
ar® 4+ b 0.48 99 0.43
art 4+ br + ¢ 0.69 99.5 0.63
an + b 0.11 70 0.03
a@Qx2t + b 0.10 70 0.02
an + bQN2+ + 4 0.13 50 —0.03
ar + bQn1 + ¢ 0.39 90 0.28
ar + bQn:* + ¢ 0.29 80 0.17
ar? 4+ QN1 + ¢ 0.53 97.5 0.45
ar? 4+ bQneT + ¢ 0.49 95 0.39
ar + bQui + @zt + d 0.39 80 0.21
ar? + bQn1 + Qne™ + d 0.54 95 0.40
ar® + br + Qi + d 0.70 99 0.61
ar? + br + cQrt + d 0.70 99 0.61
ar? 4+ br 4+ cQn1 + dQn:T + ¢ 0.70 97.5 0.57

e Log (0.1/METD) = f(r? m, Qn1, Qnz™)-

It is seen that essentially none of the variation in biolog-
ical activity can be accounted for by using only the
charges Q1 and Qn. ™ on the two nitrogens of the side
chain. Furthermore, it can be demonstrated (on the
basis of F tests) that inclusion of these parameters after
7 and/or =2 is statistically unjustified (at the 95% con-
fidence level).

To investigate the possible influence of the separation
of the diamino nitrogens, the subgroups with 3- and 4-C
separations were analyzed separately. The variable
combinations considered and results obtained for the
series of 9 molecules with a 4-C separation are presented
in Table X. The corresponding information for the
series of 5 molecules with a 3-C separation is presented
in Table XI.

Examination of Table X reveals that, again, the
charges of the nitrogens can account for essentially none
of the variance, while = does seem to have some impor-
tance. When the regression analyses are carried out
using both the Hansch parameter (as = or 72) and Qn2 ™,
however, very substantial increases in correlation and
explained variance are obtained, suggesting a coopera-
tive effect. In these equations,

log (0.1/METD) —0.2607 4+ 2.038Qn2" +

4.038 (14)
log (0.1/METD) = —0.2857% + 2.004Qx:*+ +
3.458 (15)

log (0.1/METD) —0.0137% — 0.143= +

2.034Qn:* + 3.788 (16)

the coefficients indicate that activity increases as = de-
creases and Qn.+ increases. A possible rationale within
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TasLe X
REGRESSION ANALYSES INVOLVING SERIES 11
MoLECULES WITH DiamMINO NITROGENS
SEPARATED BY 4 C

R
I R
al N7
Significance
(%, T, QN1 @N2)° ®R2 level. %, eV
ar + b 0.44 90 0.36
ar? + b 0.44 95 0.36
ar® + br + ¢ 0.44 80 0.26
a@Qni + b 0.16 70 0.05
a@Qnet + b 0.01 <25 -0.13
aQni + bt + ¢ 0.17 40 —-0.10
ar + bQx1 + ¢ 0.45 80 0.26
ar 4+ bQn:* + ¢ 0.79 99 0.71
ar? + b@Qn1 + ¢ 0.46 80 0.28
an? + bQnet + ¢ 0.78 99 0.71
ar + bQn1 + @Qnat + d 0.81 95 0.70
ar? 4+ b@Qn1 + @net + d 0.79 95 0.67
ar? 4+ br + cQn1 + d 0.46 60 0.13
ar? 4+ br + cQn2t + d 0.79 95 0.66
ar? 4+ br 4+ cQni + dQn:t + ¢ 0.81 90 0.63
* Log (0.1/METD) = f(x% =, Qni, @na™).
TasLE X1
REGRESSION ANALYSEs INVOLVING SERIEs 111
MorecuLEs wWiTH D1amiNo NITROGENS
SEPARATED BY 3 C
R
I N
al N7
Significance
f(#2, 7, QN1, QN2 ¥) ®R? level, % eV
ar + b 0.30 60 0.07
ar? + b 0.46 75 0.28
ar? 4+ br + ¢ 0.64 55 0.28
a@Qn: + b 0.42 75 0.23
a@Qn:*t + b 0.02 <25 —-0.30
aQx1 + bQn* + ¢ 0.42 40 -0.15
ar + Qw1 + ¢ 0.51 50 0.03
ar + QT + ¢ 0.81 75 0.62
ar? + bQn1 + ¢ 0.62 55 0.24
ar? 4+ bQneT + ¢ 0.73 70 0.47
ar + bQn1 + Qne:t + d 0.93 60 0.73
an? + b@Qn: + Ot + d 0.89 50 0.56
ar® + br + cQn1 + d 0.82 45 0.28
ar? + br + Qnet + d 0.94 60 0.76

* Log (0.1/METD) = f(x% m, @n, Qne*).

the framework of O’Brien and Hahn’s model might then
be that the size of the alkyl groups on the terminal
amine dictates the extent to which the groups can par-
ticipate in electrostatic binding to a nearby DNA phos-
phate group.

The results in Table XI for the 5-molecule subgroup
in which the diamino nitrogens are separated by 3 car-
bons, though understandably less significant, generally
parallel those for the subgroup with 4-C separations.
No support is found, however, for the contention that
the correlation of = and Qn:* reflects a cooperative
effect; here, activity increases as both = and Q2™ de-
crease. The overall significance level for this caleula-
tion, however, is only 759.
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Thus, regression analyses involving these two sub-
groups with fixed N separations indicate that, consis-
tent with O’Brien and Halhn’s niodel, antimalarial activ-
ity does depeud on the separation of the nitrogens in the
4-diamino side chain. When this effect is taken into
consideration, the charge on the terminal N can be cor-
related with antimalarial activity if it is considered
along with the Hansch parameter.

Analyses Involving Series I and III Combined.—
The qualified success achieved with series I and III,
individually, and the complete failure to obtain correla-
tion in series 1T suggest that the poor results obtained
for the three series combined might be due largely to
the influence of series IT along with the apparent steric
effects implicated for series I and III. Accordingly,
analyses were carried out on series I and IIT combined.

First, ignoring the possible steric effects, all 21 mole-
cules of the combined series were included in the regres-
sion analyses. The combination of parameters con-
sidered and the results obtained are presented in Table
XII. Comparisons of these results with those of Table
IV reveals that although the significance and explained
variance associated with #? are increased somewhat, no
appreciable improvement was achieved by eliminating
series I1.

TasLe XII

REGREss1ON ANaLYsEs REsuLTs FOR
Series I anp III CoMBINED

R
I X
X N7
Significance
f(72 m Qx, QN QNe™) @2 level, % eV

ar + b 0.12 85 0.07
ar? 4+ b 0.25 97.5 0.21
ar? 4+ br + ¢ 0.34 97.5 0.27
a@Qx + b 0.00 <25 —-0.05
alrr + b 0.04 b —-0.01
a@x2” + b 0.10 80 0.06
a@Qnt + bOx:* + ¢ 0.11 60 0.01

ar? 4+ br + Qx + dQwx: +
Qe + f 0.43 88 0.24

“« Log (0.1/METD) = f(«x%, 7, Qx, @n1, One*).

To make allowance for the possible steric hinderance
to intercalation and dependence on diamino N separa-
tion, the analyses were repeated using only those mole-
cules from series I with X either H or a halogen (5 mole-
cules) and those from series IIT with 4 C separating the
diamino nitrogens (8 molecules, chloroquine is common
to both scries). The combinations of parameters con-
sidered and results obtained are presented in Table
XIII. Comparison of these results with those in Table
XIIrevea! that correlation with ¢y is improved remark-
ably while those parameters which produce correlation
in series III, (w2 7. Qn1, @~2™) have become even less
significant. 'Within the limitations of the assumptions
and approximations inherent in these calculations, one
can only conclude that the parameter (Jx dominates
those associated with the diamino side chain. A ra-
tionale in terms of the model of O’Brien and Hahn might
then be that the stability of the drug~DNA complex is

PURCELL, ¢ al.

TasLe X111

REecgrEss10N ANaLyses ResuLrs ror Series I axp 111

ComBINED. MOLECULES WITH HYDROGEN o HALOGEN

ATTACHED AT PosiTiON 7 witH 4-D1AMINO NITROGUNS
SEPARATED BY 4 C

R
I =
X i
Signi-
ficance
f(r?, m QX, N1, @N27) ®R? level, % eV
ar + b 0.05 30 —0.04
ar? 4+ b 0.05 50 —0.03
ar? 4+ br + ¢ 0.06 25 —-0.13
a@Qx + b 0.51 99 0.47
a@ni + b 0.00 <25 —0.09
a@xe® 4 b 0.03 40 —0.06
alrx, + bQn2t + ¢ 0.03 <25 —0.16
ar? 4 br + @i + dQxe* + ¢ 0.07 <25 —0.39

ar? 4+ br 4+ Qx + dQx1 +
enet + f 0.63 83 0.37

@ LOg (01//'NIETD> = f(7l'2, ™ QX: QNI: QN2+>'

-

determined primarily by the substituent at position 7
and, that varying this substituent varies the orientation
of the drug relative to the DNA bases and backbones.
This would then alter the manner in which the diamino
side chain is able to interact with the backbone group.

Discussion

One of the principal objectives of this study was to
evaluate quantitatively what appear qualitatively to be
relationships between the structure of chloroquine ana-
logs and their corresponding antimalarial activities.
To this end, a free energy related structural activity
equation (eq 11) was designed to incorporate those
structural characteristics which have been suggested to
be important. It has been found that when single
structural variations are isolated, substantial correlation
can be obtained under further restricted conditions.
No appreciable correlation was found with any combi-
nation of the structural parameters (72, =, Qx, @y,
Q~: 1), however, when more than one type of structural
variation was present in the series of analogs under con-
sideration.

The results of the analyses for the individual series
are, by and large, consistent with the model proposed by
O’Brien and Hahn. Particularly noteworthy are the
dramatically improved values for explained variance ob-
tained with series I and with series I1T when allowances
were made for steric requirements inherent in the model.
The total lack of correlation found here for series II is in
agreement with the comments of O’Brien and Hahn but
no convincing rationale for this behavior has been
offered.

The results of the calculation suggest two possible re-
finements of the O’Brien and Haln model. With re-
gard to the role of the diamino side chain, the apparent
cooperative effect observed for the parameters @x.™ and
= might be interpreted as an indication that the size of
the alkyl groups on the terminal nitrogen significantly
moderates the ability of that nitrogen to participate in
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electrostatic binding to a DNA phosphate group. Loss
of correlation found with the parameters associated with
the diamino side chain in series 11T when series I and III
were combined suggests that perhaps different substitu-
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ents at position 7 dictate different drug—~DNA orienta-
tions which therein alter the manner in which the 4-di-
amino side chain is able to interact with the DN A back-
bone.

Antimalarials.

7-Chloro-4-(substituted amino)quinolines
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Forty-one derivatives of 7-chloro-4-substituted quinolines were made and tested for their antimalarial activity

against Plasmodium berghet in mice.

We have previously prepared! many substituted 7-
chloroquinolines incorporating several novel features in
the side-chain amines attached at position 4. The
derivatives described in the present paper do not fall
into a single class as did the compounds previously
reported, but cover a wide variation of substitutional
features in the side chain (Table I).

Compounds 24, 26-28, and 37 have been described by
Carmack, et al.? The aleohol 24 was used as a key
intermediate. We have also used this alcohol for the
preparation of 29-36, using their procedure with slight
modification. Similarly, we have used the alcohol 9 as
starting material for many derivatives, but in this case,
we were able to isolate the comparatively more stable
bromo derivative 11 and use it for reaction with various
amines.

The acetates 10 and 25 were obtained in our
attempted oxidation of the alcohols 9 and 24 with
DMSO in Ac,O according to the procedure described
by Burdon and Moffat.? No oxidation took place even
when the variation described by Albright and Gold-
man*® was used.

Some of the amines required for this work were made
by using literature procedures, e.g., benzyleyclopropyl-
amine,® 3,4,5-trimethoxybenzylmethylamine,” and in-
danylpropargylamine.® The reduction of the benzyl-
idene intermediate was carried out with NaBH, in-
stead of using catalysts as prescribed in the literature
procedures. 3,4,5-Trimethoxybenzyleyelopropylamine
was prepared in the same way. Preparation of the
indanylpropargylamine by the literature procedure,
i.e., by the alkylation of indanylamine with propargyl
bromide, gave a very poor yield of the monopropargyl-
amine. However, this difficulty was solved by formyl-
ating the indanylamine and then alkylating it with

(1) T. Singh, R. G, Stein, and J. H. Biel, J. Med. Chem., 12, 368 (1969);
T. 8ingh, R, G. Stein, H. H. Koelling, J. F. Hoops, and J. H. Biel, ibid., 12,
524 (1969); T. Singh, R. G. Stein, and J. H. Biel, ibid., 21, 801 (1969); <bid.,
12, 949 (1969).

(2) M. Carmack, O. H, Bullitt, Jr., G. R. Handrick, L. W, Kissinger, and
1. Von, J. Amer. Chem. Soc., 68, 1220 (1946),

(3) M. G. Burdon and J. G. Moffat, ibid., 88, 5855 (1966).

(4) J. D. Albright and L. Goldman, J. Org. Chem., 30, 1107 (1965).

(3) J. D. Albright and L. Goldman, J. Amer. Chem. Soc., 87, 4214 (1965).

(6) British Patent 913,898; Chem. Abstr., §9, 509¢ (1963).

(7) A. Sonn, Ber., 68, 1105 (1925).

(8) C. F. Huebner, Belgian Patent 633,762; Chem. Abstr., 61, 3046a
(1964).

Twenty-seven showed activity.

propargyl bromide. The resulting formyl derivative
was hydrolyzed by treating with 3 N HCL

Biological Tests.—The compounds were tested for
their antimalarial activity against Plasmodium berghet
in mice, by Dr. L. Rane, ¢f al.,? by a procedure reported
by them. The active ecompounds and their activity
figures are listed in Table II. All others were found
to be inactive.

Experimental Section

Preparation of 1, 2, 6, 7, 39, and 40.—A mixt of a 1 M por-
tion of 4,7-dichloroquinoline and 2 M portions of the amine
(or the amine-HCI as in 6, 7, and 39, in which excess of anhyd
K:CO; was also added) in ethoxyethanol was refluxed for 24 hr.
The mixt was cooled and filtered (to remove K,COs if any), and
ethoxyethanol was removed under reduced pressure. The residue
was mixed with H;0, basified with NaOH soln, and extd with
Et:0 or CHCls, and the ext was dried (K.CO3) and coned. The
residue was either distd or crystd.

For 40, a 10 M excess of piperazine was used which was later
distd off after the removal of ethoxyethanol, and the residue was
worked up as usual.

Preparation of 5, 9, and 24.—A modification of procedure A
of Surrey and Hammer®? was used. After the mixt was heated at
150-165° for 6-8 hr, the excess amine was removed by distn
under reduced pressure, and the residue cooled and triturated
with dil NaOH soln. The product, which generally solidified at
this stage, was then purified by crystn.

Preparation of 3, 4, 38, and 41.—A modification of procedure B
of Surrey and Hammer!® was used. After the phenol soln of 4,7-
dichloroquinoline and 1-2 M portions of the amine was heated
at 150~165° for 4~8 hr, the mixt was cooled and poured into 20%,
soln of NaOH. After stirring and triturating the product
generally solidified, and was then pwrified by crystn. For 41,
a slight excess of 4,7-dichloroquinoline was used to eliminate the
formation of the monoproduct.

7-Chloro-4-(3-bromo-1-methylpropylamino )quinoline (11 ).—
To a soln of 44 ml of coned H,80; in 125 ml of 489, HBr, main-
tained at 0°, was slowly added 25.0 g (0.1 mole) of 9. The
mixt was then heated to boiling and maintained at boiling till
(ca. 10 min) a turbidity was formed. After further boiling for 3
min, the mixt was cooled to room temp and extd with CHCl..
The ext was washed with 109, NaOH and then with H.O. It
was dried (MgSO,), filtered, and coned. The product was puri-
fied by crystn.

7-Chloro-4-[3-( N-phthalimido)-1-methylpropylamino]quinoline
(12),—A suspension of 11 (30.0 g, 0.096 mole) and K phthalimide
(22.0 g, 0.12 mole) in 500 ml of DMF was heated at 70-80° for
18 hr. The mixt was cooled, dild with 1 . of H.0, and extd with

(9) T. 8. Osdene, P. B. Russell, and L. Rane, J. Med. Chem., 10, 431
(1967).
(10) A.R.Surrey and H. F. Hammer, J. Amer. Chem. Soc., 68, 116 (1946).



