1184 Jouwrnal of Medicinal Cheppistrg, 1970, 1ol 1.3, No. #

Acknowledgment.-—"I'he authors wish to aeknowledge
support for this research from Nutional Imstitutes of
Health Grant GM-16312,

Appendix

The simulation of Br aud [ orbitals by 3~ and 3p
[unetions may at fivst appenr somewhat controversial,
Therefore. a detatled deseription ix given here. along
with additional data indieating that this proecdure
appears to be valid and =hould give reasonable pre-
dietions for the trends noted i this paper.

The orbitalt to be fitted were chosen to be Slater
funetions with orbital exponents given by Slater’'s rules.
The radial part of these orbitals iz of the form

N

AT exp(— ).

where &, = Q¢ )t < T'Ru,+1)" % I'(v) being the
funetion. It ix necessary to use this form =inee /i,
for bromine is nonintegral.  The radial part of the
simnlating orbital ix

Na?exp( =),

where ¥y = (2007 57(720)"
The overlap integral between the above two functions
1%

lgr—f 4

)

S = NN+ 4 6+ &)
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differentinting S with respect to ¢ and setting the
result to zero leads to

(o = 78 oy + 1)

The overlap integral between the actual Slater orbital
and the simulating orbital s 0.998 for bromie and
0.996 for iodime. <howing that there ik o negligible
difference between them.

Table {1 gives camputed aud experimmental valaes

v T
CoxprrEp AND Exrerivestin Bannices

To InTErN AL RorarioN

Molecnle 1N Larrier? Lxperineencal huyeiert "
(‘:II‘; 4.1} JoR
el o7 3T
FeBr 6= 3T
il 6.~ 5.2 e 005

» All valies are e keal mole. ” Experinental results 1akec
from the tabnlatioe giverc by J. . Lowe, Progr. Phys. Org.
Chern, 801 (19687

for the barrier to mtermal rotation m CoHgo MtClL
FtBr, aud Etl. The computed barriers ave all ex-
aggerated, which ix not uneommnion in EHT ealenlations.
However, the use of simulated orbitals for bromine
and wodine has led to an additional evror of only about
keal 'mole. Therefore, even if the computed barriers
n the thyronine derivatives are in error by a factor
of 5. we feel the rexalt= for the trends predieted cannot
be disputed.
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The basis for a statistical analysix of the Free-Wilson strictire-activity model is presented along with au
explanation and interpretation of the multiple correlation coefticient, the F test of coefficient siguificance, and

the explained variance.

Il conditioning is discussed ax a problem of data saitablility and a merthod for detecting

thix property is snggested. Two examples illustrate the niethodology and interpretation.

With inereasing emphiasis on the application of math-
ematieal and linear free energy related models to quan-
titative understanding of structure- activity relation-
ships,2+% it becomes necessary to investigate the limita-
tions and utilities of these methods.  This work repre-
sents an attempt to establish eriteria for the validity of
the application of the Free-Wilson model.* The pro-
poscd model and the development of the basis for :
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statistical aualyvsix of the data will be presented heve.
The problem of ill conditioning whielt sometines ocears
with this model will be presented along with twa ex-
amples using the developed analy=ix,

The mathematical model developed by Iree and
Wilson to study strueture activity relationships ix ap-
plicable when dealing with an analogous series of com-
pounds with eorresponding biological activity data.
A basie axsumption of thisx model is that the activity of
ach compound ean be resolved as the sum of contri-
butions associated with the separate segments of the
molecule.  As a result, the activity of each eompound
I a series ean be represented in the form of a linear
equation as follows:

overall _
= + contribution of segment 1 +

HVErage

biological
aetivity

........ + contribution of segment »n (1)
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The different segments are thoge portions of the general
structure that change between any two compounds in
the series., A number of different substituents appear
at each segment; thus, for each molecule, one will have
a different linear equation for the activity. The aec-
tivity contributions of the substituents are theunknowns
in the =ystem of independent, linear, inhomogeneous
equations which are set up for the series of compounds
under consideration.

A arbitrary assumption of the Free-Wilson model is
that the total contribution of the substituents of a
given segment over the entire series is zero. I'or ex-
ample, at segment &k one might have four substituents
(e.y., H, CH;, C,H;, C;H;) with the corresponding ac-
tivity eontributions S,. Sy, S,, and Sq and thus require
that

S (ASe + BSy + CS. DS =0 (2)

where the summation index ¢ ruus over the m com-
pounds in the series and the coefficients, 4;, E;, C;, and
Di. are either 1 or 0, depending on whether the corre-
sponding substituent is present in the :th molecule.
From this treatment one can see that the substituent
contributions at a segment are not linearly indepen-
dent; one i algebraically dependent and can be ex-
pressed as a linear combination of the others. This
algebraic relationship 15 referred to as a symmetry equa-
tion.* Egquation 2 can be solved for one of the sub-
stituent contributions, e.g.,

=T (s Bsas)
Thus, for a eompound whicli contains the substituent
with contribution S, the linear equation is written in
terms of S,. Sy, and S,. instead of Sy, using eq 3. In
this way, the assumption of symmetry is incorporated
into the solution.

Uunder these conditions, a series of m compounds with
p segments and a total of n substituents transforms
into a svstem of m equations with n—p independent
variables, or unknowns.  To solve this system of equa-
tions, one must have m > n—p. The solution yvields
the activity contributions of the 2 —p substituents ex-
plicitly treated. The symmetry equations can then be
used to obtain the p remaining contributions.

As I'ree and Wilson show,* once a solution has been
found for a svstem of equations, the substituents at
each segment can then be ranked according to their in-
dividual contributions and the values of the substituent
activity contributions can be used to prediet the ac-
tivities of untested compounds.

Statistical Analysis.—To determine the success or
failure of any series of compounds to fit this additive
model, a statistical analysis of the data should be
cousidered. The I'ree-Wilkon model lendx itself well
to regression analysis, which fits the data to a gen-
eral linear equation. In order to apply a regression
analysis to a system of equations, certain mathematical
requirements must be fulfilled.* This model does, in
fact, meet these requirements.

First, the independent variables are fixed variates
and the dependeut variables are randomly produced.

1

(5) R. L. Anderson and T. A. Bancroft, "Statistical Theory in Researeh,"
MeGraw-Hill Book Company, lne., New York, N. Y., 1952, p 168.
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In the Free—Wilson model, it is obvious that the sub-
stituent groups are fixed for any series of compounds
tested and, since biological responses are not deter-
mined a priori to experimentation, they may be consid-
ered randomly produced.

Second, for any fixed set of independent variables, the
dependent variables associated with this set are nor-
mally aud independently distributed. If one were to
measure repeatedly the biological respouse of any one
compound (assuming identical experimental condi-
tions), this set of respouses would indeed be normally
distributed with no one measurement affecting any of
the others (independeuce). If one uses an already av-
eraged value for the biological response, this require-
ment is still met since the sample means of a normally
distributed population are also normally distributed.®

Finally, for any set of independent variables, the var-
iance of the dependent variables must be the same.
Since there is an underlying normal population of bio-
logical responses for each set of substituents, the total
population of the biological responses will be normally
distributed; therefore, the variances can be considered
equal for all of the responses.

After performing a regression analysis using the
I'ree-Wilson model, several statisties indicative of the
‘““goodness” of fit are appropriate for consideration;
among these are the multiple correlation coefficient, the
overall F value for the test of coefficient significance,
and the explained variance.

The multiple correlation coefficient, R, gives an indi-
cation of the degree of correspondence between the ex-
perimentally observed biological responses and those
calculated with the proposed linear equation resulting
from the regression analysis (R = 1.0 indicates perfect
correlation). This correlation coefficient is usually
used in terms of its square, R2, because of the similarity
in formulas with other statistics. The mathematical
formula for R? is Z§%/Zy*, where 7 = (calculated re-
sponse — mean response), and y = (observed re-
spouse — mean respouse). As such, R? is interpreted
as the fraction of the sum of squares of the deviations of
observed responses from the mean responses that is at-
tributable to the regression.”

The F value is the decision statistic of the F test of
significance. The overall F test with this model is 4
test of the null hypothesis that all of the substituent co-
efficients (activity contributions) are equal to zero; in
other words, the mean biological response would be as
good an estimate of the actual response as the response
caleulated from the linear regression equation. Tls,
this value, after tabular interpretation, indicates the
significance of the substituent econtributions to the aec-
tivity in a series of compounds. The basic assumption
that validates the use of the F test is that the dependent
variables are normally and independently distributed,
whieli in fact holds true for the biological responses in
the Free-Wilson model. The formula for the F statistic
is [Z92/(k—1)]/[2Zd?/(n—k)], where d = (observed re-
spouse — caleulated response), k = total number of vari-
ables (or unknowns) used in the regression, and n =

(6) R.R. Sokal and F. J. Rohlf, "*Biometry. The Principles and Practice
of Statisties in Biological Research,”” W, H. Freeman and Company, San
Francisco, Calif., 1969, p 130.

(7) G. W. Snedecor and W. G. Cochran, '‘Statistical Methods,* 6th ed,
The lowa State University Press, Ames, lowa, 1967, pp 385-387, 400~402.
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total number of data points (compounds) used in the re-
gression.  The corresponding level of significance for
an [ statistic can be found in any table of / distribution
values under (F—1) and (n—£~) degreesx of freedom.’

The explained variance gives the fraction of the
vartatice of the biological responses whieh ix attributed
ti the linear relationship of those substituent contribu-
tions, or unknowns, included in the analvsis. The
formula for caleulating thix quantity ix 1 — |2Zd?
(=l 2y (n =1y} (where ¢, », k. and y are de-
fined above).  Liven though regression coefficients may
prove to be statixtically significant with the F test, it is
not uncommon to find that the fraction of explained
variance ix quite small.  This would indicate that most
of the variance in the responses must be attributed to
variables not included in the regression.’”

The biological respouse data for a series of com-
ponnds can fail an analysis with the Iree-Wilson model
not only on the basix of the statistical results but also ax
a result of the svstem of linear equations being ill con-
ditioned. or unstable.  When applying the Iree
Wilson model to biological studies. it has been found
that it ix not uncommon for these systems of equations
to be ill conditioned. [l econditioning ean be caused by
the disappearance of signifieant figures during solution
of the system and ean lead to extreme inaccuracy in cal-
culated coefficient=. Tt ix thought that thisx =ituation
oceurs when inverse matrix elements or initial matrix
coeflicients are extremely small.  The eoefficients of the
matrix to be =olved in thix example (eross product

niatring are:
N1 ”
m (Z .l‘/;)><z JJ/“_;)

aij = Z Ll — Nh=1 S N\k=1 (.1)

i=1 m

wliere i = the number of equations (compounds) and
Iy = the coeflicient of the /th variate of the kth com-
pound. Also. maceuraey in the initiad data may itself
produce ill conditioning.  1‘addeev and IFaddeeva state
that ‘1t 1s clear that o syvstem with a matrix possessing
sueh a property [ill conditioning | cannot be solved with
any sort of confidence.””

It hax been found that a reliable way to detect ill
conditioning is to perform the regression analysix on
the system twice, changing the ideutity of the depen-
dent substituent at at least one of the segment~. I the
values of the substituent contributions from these two
solutions do not agree to several significant figures, one
can consider the svstem to be unstable and, therefore,
the contribution values and relative rankings would be
unreliable. It should be noted that rounding errors
oune might introduce through the xvmmetry equations
will cause aniform but substantial changes in the con-
tribution values of the svstem; thix could lead to an -
correct decision of mstability,

Examples.—To demonstrate the use of the statistical
mdicatorsof fit and the problem of ill conditioning, two
applications of the Iree-Wilson model are presented.

Example 1.---The data used in this example (series 1)
were =elected from those reported by Coatueyv, ef al.,?

%) ). K. Faddeev and V. N. Faddeeva, “Computational Metliods of
Linear Algebra, W, 1. I'reeman and Company, San Francisco, Calif., 1963,

9
v 1(;)‘(. K. Contuey, W, C, Cooper, N, 1L, Eddy, and J. Greenberg, **Surves

of Antimalarial Agenes,” Public leuleh Mounograph No. 9, UL S, Govern-
ment Peinling Olliee, Wasbington, 10, Ol 1933, pp 6474,
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Tarag |
Frer-WILsoN DESIGN FoR SELECTED
CHLOROQUINE Derivatives Fyvanraren
AGAINST Plasnoodinne gallimaecan =S UBRTITUTION AL
Variamion a1 Foor Bina Posirions

X,

g%

Series |
X,=H (A) or CH, (B)
X, =NHCH.CHOHCH.N(C.H; )., ().

NHCH,CH( OCH)CH,CHN(C.H.), (D).

NHCH,CH(¢ ChCH.CH.N(C.Hy). (E).

0 ©

Cl

NHCH,CH(— CHhCH.CH.N(C.Hy), (F),

@

NH(CH,),8(CH,).N(C,H.), (G), NH(CH,),S(CH.).N(C,H,), (H),

or NH OH
.y
CH.N(C.H.),
Xo=HJyor C1 (K)
X, =H (Lyor CI (M)
log
i - . N Ny N« 1
B C 1 I 8 G 1 D] M METDC
-0.75 =1 =1 =1 =1 =1 =1 ! 0]
~0.75 I ! 130l
—0.75 I -6 11398
I 1 -6 =13 1.398
1 1 1 1 1.301
—-0.75 1 1 1 1.601
1 1 1 1 1007
—0.75 1 1 1 1.609
1 1 1 1 (1. 824
1 1 | | 1.097
-0.75 1 1 I 1.602
—0.7) 1 1 1 1.097
—-0.75 1 1 1 2000
1 -1 -1 -1 -1 =1 =1 1 1 1,694

“ See ref 9.

for the activities of chloroquine derivatives against
Plasmodium gallinacewm. The activity reported is the
minimum effective therapeutic dose (METD), whicli is
the dose required to reduce parasitemia to 25%¢ or less
of controlx.  For analysis, log (0.1/METD) ix used as
the biological response. A logarithmic form of the
aetivity ix used beeause of the natuve of doxe-responsce
activity data. The general structure of the compounds

=

X

®

series |

X

where Xy Xo Ny, and X are the segimments at whicli sub-
stituent  variations occur. The Iree Wilson model
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FrEE-WI1LsSON DESIGN FOR SELECTED CHLOROQUINE DERIVATIVES EVALUATIED
AGAINST P. gallinaceum—SUBSTITUTIONAL VARIATION AT SEVEN RING PosiTlONs

X, X;
Beoed
Xe N Xl

X;

Series IT

X, =H (A) or CK; (B)
X,=H (C), CH; (D)

X, = NH(CH,);N(C,H, ). (E), NHCH.CHOHCH,N(C,H;), (F),

NHCH[CH,N(CH,).}, (G).

NHCH,CH(

Q

NHCH,CH(

0

NHCH,CH(

X

OCH,)CH,CH,N(C.H;) (H),

CHCH,CH,N(CHy), (D),

CHCH,CH,N(C,Hs). (J),

NH(CH,),S(CH..N(C,Hs), (K), NH(CH.),S(CH).N(C,Hs), (L),

NHCH,

0

NH NCH; (0)

®

N(C,H,), (M), NH—@—OH

CH,N(C.H;),

X,=H (P) C1(Q). X; =H (R),Cl (8), OH (T), OCH; (U).

OCH,CH,OH (V)

Xe=H (W).Cl (X). X; =H (Y),Cl (2). CH, (AA)

X Xa X
A c E ¥ H I J K L M N 0
1 1 1
1 1 1
—-10.5 1 1
—-10.5 1 1
1 1 -1 =3 -2 =2 -2 -2 -2 -2 —4 -2
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 -2.83 1
1 1 1
1 —2.83 1
1 1 1
1 -2.83 1
1 1 1
1 —-2.83 1
1 —-2.83 1
1 1 1
1 1 1
1 1 1
1 1 1
1 —-2.83 1
¢ See ref 9.
input data for the series is given in Table I. Thisis a

system of 14 equations and 10 unknowns with 4 depen-

Log

Xo e Nemm—em X, X, 0.1/
P R S8 U V W Y AA METD)e
1 1 —0.438 1 1.921
1 1 —0.438 1 1.699
1 1 1 1 0.699
1 1 1 1 0.301
1 -17 -2 -2 -1 1 1 —0.494
—22 1 1 -21 -1 0.301
1 1 —0.438 1 1.301
1 1 —0.438 1 1.699
1 1 —0.438 1 1.398
1 1 1 1 0.796
1 1 1 1 1.398
1 1 1 1 1.496
1 1 —0.438 1 1.301
1 1 —0.438 1 1.301
1 1 —0.438 1 1.097
1 1 —0.438 1 1.699
1 1 —0.438 1 0.824
1 1 —0.438 1 1.097
1 1 —0.438 1 1.601
1 1 —0.438 1 1.097
1 1 —0.438 1 0.432
1 1 —0.438 2.000
1 1 —0.438 1 1.699

dent substituents (corresponding to 4 segments). The

symmetry equations (eq 2) for the segments are
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Segmett Equation
X 8A +F 63 =0 5
X 200 42D + 2B + 217 + 2 + 2H
+ 21 =0 (6)
v IR2J 42K =0 7)
X1 1L+ 13M =0 (%)

where A, B, ete. denote the substituents.  The depen-
dent substituent= used 1 this example are A, [, I\, and
.. Therefore, when substituent A appears at segment
X 1t s represented ns — (6/8)B (from eq 5), when sub-
stituent [ appears at segment X.. it ix vepresented ax
—1C =1D =18 —1I" —1G —1H (from eq 6), and =o
O11.

For example, the first compound m series I hax sub-
stituents A, 1. J, and M appearing at segments X,, X.,
Xi and X, respectively.  In the Free-Wilson model,
thix compound is represented by the equation

—3/48 —1C —=1D -1k —11
—1G —1H +1J +1M = 1.699 (9)

(since A and 1 are dependent substituents, their equiv-
alence in terms of the other substituents at their respee-
tive segmentx ix used).  The coefficients of e 9 appear
in the first row of the model matrix in Tuble I,

The multiple correlation coefficient of the regression
15 097, the F test proves significant at a 959, con-
fidence level, and 789 of the variance is explained.
Respeetively, these statistical values are nterpreted ax
indieating that, in this seriex of compounds, (a) there ix
a definite linear relationship between substituent con-
tributions and biological activity, (b) at least one of the
substituent contributions substantially affects the bio-
logical aetivity, and (¢} most (78%:) of the variance in
the biologieal responses is explaiied by this treatment.

To check the stability of thix syxtem, the dependent
substituent at segment X, wax changed (from “1” to
SH™Y and the system was =olved again.  The change
the 1dentity of a dependent substituent had no sub-
=tantial atfect on the =olution values.  Therefore, thix
svxtem i considered to be stuble and reliuble for a
study of the relative effects of different substituents on
the biologieal activity.

Example 2,—The data used in thix example were also
selected fram the aetivity data reported by Coatney,
el al..* and the biologleal response used for analysis was
log (0.1 MIZTD) as before. Table IT lists the com-
pounds aud data for this seriex which hax the general
stractare

selies 11

The Free-Wilson model for this series gives rise to a
system of 23 equations and 21 unknowns with 7
dependent =ubstituents (Table I1).  Two solutions for
this xysteni were obtained (Table IIT) by changing the
dependent substituents at segments X, X; and X,
If oue compares these results, 1t 13 seen that the change

Hinson, Bass, asn Prrennn,

a1
CONTEDWTION VALIUES FOR RUMSTITU LN TS D
Nenins M T v T

Solution Selution

set 1 ref 2
[Nuge 101 Qo .1

Segvuue anlaticnents METD] METDY

(N (IR0 [IIEN
1L =10 GRS -0 HYTN
«Nidl 0453 0 0433
11, —10 1225 — 01225
CNGONHHCCHL N (Cal 0.5157 HBrNIE!
NHCH.CHOHCH.N ((sH, o (. 5450 (7507
NHCH{CH.N(CHy ! ~0.3367 - 7470

1024

NH(‘H_(‘H(‘@‘U(‘H CILCTLNCC AL 5 —0. 1243 (
NH('H_(.‘Hx—(i i>——(‘1»('n,('11 N H.» 00264 0 2451

1
Nll(‘ll,(‘H:—@—\('1,;(‘11.4\11_5':1'vll‘ﬂ — 03628 — ). 1461

NHCH ) CHONCull 034506 0. 5005
NHCH S CHL N Callo =0 0221 0. 1946

N1k 'llf@—m\’dih ’ —0. 2424 02804

= —ou

03503 0. 5671
CHNiC 500

TN 027 05004

A\H—<L_/,\( 1, (. 2027
(N0l 00915 -0 2005
& —2.0152 5.TOSD
iNaoH 0. 08TY =0 1505
C — 0412 - 0,657
011 12004 G.GH47
OCTH, —1). 4120 — 06355
OCTE CH.O — 1. 1550 —1.579%
¢ N1l 0. 1832 (0. 1852
Cl — 0. 0823 — {082
iNXoHll 0.0467 (i
1 0.2308 =7 ARIN
T — 1,221 -} 8692

m dependent substituents does have an appreciable
affect on the contribution values.  This illustrates the
effect of an ill conditioned system of equations; there i
1o unique solution xet.  Without a unique =olution. the
substituent contributions are unreliable and. therefore,
no =oud eonelusion can be reached about the resulting
connection between changes in structure and changes in
activity.

Statisticallv. an analyvsis might appear good or =atis-
factory even though the system ix ill conditioned.
l<aeh set of contribution values is indeed o valid =olu-
tion of the system. Tor this example. the multiple
correfation coefficient ix 0.99, the overall F test ix ~ig-
nificant at the 859 confidence level, and the amount of
explained varianee 1x 859¢ 1 These statisties imply that
there 1x a good linear relationship between structure and
aetivity i this =eries. but these values are meaningless
in this example since the system itself has no unique =o-
lution.

It conelusion. when using the Ifree-Wilzon model for
structure-activity studies, it is advisable to submit the
model to a regression analysis in order to test the basice
assumption of activity additivity, using the multiple
correlation coefficient. the overall F test for coefficient
significance, and the explained variance as statistical
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indicators. It is also advisable, with any series of com-
pounds, to check the stability of the system by changing
dependent substituents at various segments, solving the
system of equations again, and comparing the two sets
of solution values. With an unstable system of equa-
tions, there is no unique set of solution coefficients; thus,
the substituent contributions are unreliable and no
sound conclusion can be reached about the resulting

Journal of Medicinal Chemistry, 1970, Vol. 13, No. 6 1189

connection between changes in structure and changes
in activity.
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Structure-Activity Correlations for Anticonvulsant Drugs
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The anticonvulsant activity of series of drugs in mice and in rats against electroshock and pentylenetetrazole-
induced seizures has been found to be highly correlated with the log P values of the drugs, where P is the 1-

octanol-water partition coefficient.

From the data on hand, linear dependence on log P is found for the auti-

electroshock test in mice and the pentylenetetrazole protection test in rats, where the slope of the regression line

associated with log P is about 0.6 £ 0.2.

Parabolic dependence on log P is found for the antielectroshock

activity in rats with an optimum lipophilic character (log Po) of 1.75.

It was estimated that more than 20,000 compounds
had been sereened for anticonvulsant action in the last
10 years,! but many of them were not active or had very
low activity. The need for better anticonvulsants to
cope with epileptic seizures is reflected by continuous
publications in this field, Unfortunately, not only is
the mechanism of anticonvulsant action unknown, but
also, few guide lines are available to help medicinal
chemists in searching for better and safer anticonvul-
sants. The “common denominator” of clinically useful
anticonvulsants has been known for some time.2:?
However, no quantitative correlation of the relative
potency of these drugs with the chemical structure has
been satisfactory.

Recently Andrews examined the anticonvulsant ac-
tivity of a number of potent anticonvulsants and tried
to correlate it with the atomic charges of the so-called
“‘biological active center” obtained from MO calcula-
tions and with the dipole moments of the drugs.* No
significant correlation was obtained. The H-bonding
atoms, although ecommon to all the drugs studied, were
not proven responsible for variations in activity.

In view of the fact that the anticonvulsant activity
was studied i vive and that the availability of the drug
at the biophase and the receptor site must be considered
before any meaningful structure-activity correlation
can be obtained,® the author wishes to show that the
variation in the anticonvulsant activity of series of
potent drugs in 4 different tests can be correlated satis-
factorily with log P (P = 1l-octanol-H,O partition
coefficient).
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The antisupramaximal-electroshock data in mice, the
atomic charge and the dipole moments were taken from
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Results and Discussion
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