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SUMMARY

A quantitative structure-activity relationship (QSAR) based upon molecular shape anal-
ysis has been developed for a set of 18 1-(X-phenyl)-3,3-dialkyltriazenes for which
mutagenic potency is reported. An “active” molecular shape is proposed which suggests,
in turn, a self-consistent mechanism for the microsomal hydroxylation of the nitrogen
methyl group. A second QSAR has been constructed for an alternate set of 24 1-(X-
phenyl)-3,3-dialkyltriazenes for which antitumor potency is reported. The QSAR suggests
that the “active shape for antitumor potency is the same as that hypothesized for Ames
mutagenic potency. A QSAR for a therapeutic index (TI) has been constructed to allow
optimization of the difference between antitumor and mutagenic potencies. Large TIs
require substituents on position 3 of the phenyl ring which are hydrophilic. The antitumor

QSAR has been applied to three known compounds to test its reliability. A compound is
predicted that is expected to have high antitumor activity and low mutagenicity. An
overview of the methodology of molecular shape analysis, and its limitations, is included
as part of this report on the development of QSARs.

INTRODUCTION

Recently Venger et al. (1) have reported a QSAR3 of

the mutagenicity of a set of 1-(X-phenyl)-3,3-dialkyltri-
azenes (Structure I) reported in Table 1.

Log(i/C) = i.09[log P] - i.63[a�] + 5.58

N = 17, R = 0.974, S = 0.315

Average error in prediction = 7.5%

(1)

where P is the water/octanol partition coefficient and
a� is a measure of the resonance electron-withdrawing

power of the X-substituent. Mutagenic activity was mea-
sured in terms of the molar concentration, C, of triazene
producing 30 mutations/108 bacteria above background
based upon the Ames test. Salmonella typhimurium

strain TA92 bacteria were used in the assays.
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ture; BM, bond moment.

STRUCTURE I

The phenyltriazenes also exhibit anticancer activity.
In particular, Hatheway et al. (2) have reported a QSAR
study of 61 1-(X-phenyl)-3,3-dialkyltriazenes based upon
antitumor potency against L1210 leukemia in mice. Their
correlation equation is

log(1/Ctun�) 0.100[log P1 - 0.42[log P]2 - 0.312[a�]

- 0.178[MR-2,6] + 0.391[E5 - R] + 4.124 (2)

N = 61, R = 0.836, S = 0.191

log(Po) = 1.18 (activity maximized)

Average error in prediction = 13.5%

Ctum �5 the moles per kilogram producing a tic = 140 ( t
= life-span of test animal inoculated with leukemia and
treated with drug, c = life-span of control animal inocu-
lated intraperitoneally, but receiving no drug). MR-2,6
refers to the sum of the molar refractivities of the sub-

stituents flanking the triazene side chain, E5 is the Taft
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steric parameter for R, and a� and P are the same as
defined in Eq. 1.

In a subsequent paper (3) these investigators (Hansch
and co-workers) concluded that there was no means for
the synthesis of potent antitumor i-(X-phenyl)-3,3-di-

alkyltriazenes, which are low in toxicity because a QSAR
for toxicity in mice is close in correspondence to Eq. 2.
However, Hansch and co-workers (2) reversed this posi-
tion on the basis of Eq. 1 developed to explain the Ames
mutagenicity of the 1-(X-phenyl)-3,3-dialkyltriazenes.
They qualitatively ifiustrated how mutagenicity (and

presumably carcinogenicity) can be minimized with little
loss in antitumor potency. However, a quantitative
scheme to achieve this end was not given. This may in

part have been due to the fact that the mutagenicity and
antitumor QSARS, respectively, contain different physi-
cochemical descriptors and, consequently, there is a lim-

ited common ground for comparison.
Equation 1 is based upon excluding Compound 1 (X

= 4-CONH2, R = t-Bu) of Table 1 from the analysis. The
inclusion of this compound into the QSAR reduces

the correlation coefficient R to 0.875 and raises the
standard deviation S to 0.611. This is because Eq. 1
predicts Compound 1 to be 2.43 log(1/C) units more
active than observed. Venger et al. (2) have suggested
that the , inactivity of Compound 1 is due to “steric
problems.” In addition, Eq. 2 is not a particularly reliable
relationship. Only 70% of the variance in the activity is
explained, and three compounds in the original data base
had to be neglected in order to achieve even this limited
fit. These observations, coupled with the success of MSA
in developing QSARS for four sets of dihydrofolate re-
ductase inhibitors (4-7), prompted us to apply MSA to
the triazenes. This is also the first application of MSA to
data sets in which both the mechanism and the site of
action are not known. Thus, the deduction of an “active”
shape, or conformer, as has proven possible in the pre-
vious applications, could have particular value in clan-
fying mechanisms of action. An attempt has also been
made to develop a quantitative TI to optimize the differ-
ence between antitumor potency and Ames mutagenicity.

METHODS AND RESULTS

Ames mutagenicity QSAR. This is now our fifth QSAR
study based upon MSA. Some generalizations concerning
the methodology have emerged and are reported as part
of the details of the triazene mutagemcity analysis.

In MSA only free-space intramolecular conformational
analyses are considered. Conformational energetics are
computed using molecular mechanics potentials accord-
ing to the parameterization of Hopfinger (8, 9). The
calculations are carried out using the CHEMLAB system
(10, 11). CHEMLAB is the new name for an expanded

and more flexible version of CAMSEQ-II (10). The
methods and parameters used in a conformational anal-
ysis employing CHEMLAB are identical with those in

CAMSEQ-II.
The fixed-valence geometry approximation is em-

ployed in the conformational analysis so that molecular
shape and conformation are utlimately a function of only
torsional bond rotations. The geometry of the phenyl-
triazene unit, 0-N = N-N, was taken from the crystal

coordinates of C6H5N = NNC6H3(2’,4’-Br2) (12). The
remaining valence bond geometries of the triazenes (R,

x, CH3 ) were generated using “standard” bondlengths

and angles (8) via the structure editor in CHEMLAB.
The first step in MSA is to identify the parent, or

common, structural unit in the compounds under consid-
eration. For the i-(X-phenyl)-3,3-dialkyltriazenes, this
common structural component is represented in Struc-
ture II:

It is next necessary to determine which compounds in
the data set will be included in the QSAR analysis. In
this study all compounds in Table 1 here and in ref. 1 are
considered. However, in both the Baker triazine (4) and
the quinazoline (6) MSA-QSAR studies it was necessary
to select subsets of each of the compound data bases.

There are simply too many compounds in each data base
for performing practical conformational analyses. The
selection of a subset for QSAR analysis is arrived at by
dividing the total data base into classes based upon
unique sets of torsional bond rotations (degrees of con-
formational freedom). Members of each conformational
class, spanning the largest and most uniform range in
activity for each class, are selected for membership in the
QSAR data base. The reasonableness of this approach is
discussed and tested in ref. 4 and 6.

The third step in a MSA-QSAR study is to identify
the conformational degrees of freedom, torsional rota-
tions about bonds, inherent to the parent structure. The
principal bond rotations are O� and 02 (see Structures I

and II). Rotation of the methyl group is frozen so that
one proton is trans to N2 . The -N1 N2- bond is trans
planar as in the crystal structure (12). This bond also has
a large double-bond character so that rotation about it is
energetically unlikely. However, a cis configuration about
-N1 N2- is also a minimum energy state which needs to
be considered.

The next step is the identification of the “active”
conformation of the parent structure. This is critical to

the practical implementation of MSA. Implicit to this

step is the acceptance of the concept that a particular
conformation (shape) is necessary for high activity. Con-
versely, the less stable this “active” conformation, the
less active is the compound. To facilitate the methodol-
ogy, we make the major assumption that one of the free-
space intramolecular energy minima is either the “active”

conformer of the parent structure, or very close to it.
Thus, only minimum energy conformers (with a resolu-
tion of ±5’� in each of the torsional angles) are considered.
A constraint, employed whenever possible, is to select
compounds having major differences in activity, but all
physicochemical features, except potentially shape,

nearly equal. This enhances the chances of unambigu-
ously identifying the active conformer of the parent. In
the present case we first carried out a conformational
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Fic. 1. Conformational energy maps for Compound 17 of Table I

(R = CII;, X = 4-CHi)

a, Trans C,-N, = N�N:,; b, cis C,-N, = N2-N,. Energy contours are

in units of kilocalories per mole relative to the global energy minimum

denoted by +. Secondary minima are denoted byS.

analysis of Compound 17 (R = CH:t, X 4CH3) in
Table 1. Conformational flexibility is mainly a function

of O� and 02 , and the corresponding energy maps for (a)
the trans-N1 N2-isonier, and (b) the cis-N1 N2-isomer are
shown in Fig. 1. Both of the rotations are symmetrical
with respect to 180#{176},and, therefore, only quarter-energy

maps are reported. The energy was minimized for rota-
tion of the 4-CH3 at each O� and 02 , even though the

methyl group has virtually no influence on O� or 02 . The
next compound considered was Compound 1 (R = t-but,
x = 4-CONH2) in Table 1. This compound has a water/

octanol partition coefficient, P, and an electron-with-
drawing parameters, a�, respectively, very nearly the
same as Compound 17; see Table 1. The values of log P

and a � determined and used by Venger et al. ( 1) were

also employed in our work reported here. Venger et al.
(1) demonstrated by Eq. 1 that these two physiochemical
properties correlate highly with mutagenic activity. How-

ever, Compound 17 is observed to be 3.17 log(1/C) units
more active than Compound 1. The O� versus 02 confor-
mational energy maps for Compound 1 with (a) the
trans-N1 N2-isomer, and (b) the cis-N1 N2-isomer are
shown in Fig. 2. In each case the energy for each ( Oi , 02)

conformer has been minimized with respect to rotation
for the t-butyl and 4-CONH2 groups.

A comparison of the cis-N1 N2-energy maps in Figs. 1
and 2 for Compounds 17 and 1, respectively, indicate no
differences in conformational preference for these two
molecules. However, a comparison of the respective
trans-Ni N2-isomers of these compounds indicates that
the shallow degenerate conformer energy minima for

Compound 17 at Oi = 60#{176}(120#{176})and 02 = 180#{176}are
destroyed in Compound 1. All that remains is the struc-
turaily degenerate global energy minimum, common to

both compounds, located at 9� = 60#{176}(120#{176})and 02 = 90#{176}.
We therefore postulate that the O� = 60#{176},02 = 180#{176}or O�
= 120#{176},02 180#{176}conformer is, or is close to, the “active”

conformer. For a frame of reference, O� = 0#{176}corresponds
to C2 and N2 being cis planar, and 02 = 180#{176}corresponds
to the t-butyl being cis to N1.

We must be quite cautious as to the active conformer

state of the parent structure because O� is nearly free to
rotate in both compounds. The major energy destabili-
zation comes from 02. We must also retain both O� = 60#{176}
and 120#{176}as possible active conformers because we have
not yet considered asymmetrical X subFtituents in posi-
tions 2, 3, 5, and 6.

In order to resolve the O� dilemma, we treat it &s
equivalent to a substituent degree of freelom. The gen-
eral procedure we have adopted to han’lie flexible st’b-
stituents is as follows: Freeze the parent structure Into
the active conformer. In this case 82 is set to 180#{176}ar1d we
let O� go from 0#{176}to 180#{176}at 30#{176}increments. For each
value of O� the relative energy minima due to t )rsional

rotations in flexible R and X substituents are dete rmined.
For those compounds possessing substituents with amide

bonds, both the trans and cis isomers have been consid-
ered. All of these conformers of each compound are
individually considered as representative shape states in
the MSA.

The final step prior to constructing the QSAR is carry-
ing out the MSA. This currently consists of computing
the common overlap steric volume, V0, between all pairs
of conformers of all compounds in the MSA data base.
This overlap volume computation is made unique by
spatially superimposing a set of atoms (the CSP) com-
mon to all compounds being analyzed, and orientation-

ally independent of all substituent bond rotations. For
the triazenes this CSP is the phenyl ring. Van der Waals
spheres, centered at atomic positions, constitute the basis
for a molecular steric volume. The mathematics associ-
ated with the common overlap volume calculation is
given in ref. 4. Reference 4 also contains a color, space-

 at U
niversidade do E

stado do R
io de Janeiro on D

ecem
ber 6, 2012

m
olpharm

.aspetjournals.org
D

ow
nloaded from

 

http://molpharm.aspetjournals.org/


190 HOPFINGER AND POTENZONE

CRSS = Compound 7, 3-NHCONH2 with the amide

TABLE 1

Parameter s used in the formul ation of the Q SARs for the mutagenic a ctit’ity ofX- C6H., NNN(CH:i)R

Compound
no.

X R Observed Log 1/C So” BM5 Log P’ a�

Calculated Difference Calculated Difference
(Eq. 3) (Eq. 3) (Eq. 4) (Eq. 4)-�

1 4-CONH2 t-Bu 3.83 3.85 0.02 3.92 0.09 39.01 -0.0115 2.61 -0.30

2 3,5-CN CH:, 3.46 3.50 0.04 3.19 0.27 44.20 0.0289 2.18 1.12

3 4-SO2NH2 CH:1 3.49 3.35 0.14 3.26 0.23 45.82 0.0242 0.98 0.57

4 3-CONH2 CH:i 3.51 3.69 0.18 4.01 0.50 47.69 0.0188 1.21 0.28

5 4-CONH2 CH;, 4.04 3.75 0.29 4.24 0.20 43.44 0.0199 1.20 0.36

6 4-CONH2 allyl 4.16 4.80 0.64 4.66 0.50 44.73 -0.0225 2.09 0.36

7 3-NHCONH2 CH:i 4.19 4.05 0.14 3.82 0.37 48.35 0.0181 1.29 0.03

8 4-CN CH:, 4.43 4.46 0.03 4.92 0.49 43.85 0.0219 2.39 0.66

9 4COCH:, CH. 4.47 4.63 0.16 5.40 0.93 43.92 0.0195 2.27 0.50

10 H CH:i 5.32 5.58 0.26 5.33 0.01 42.95 0.0195 2.59 0.00

11 4-CONH2 n-Bu 5.41 5.12 -0.29 6.07 0.66 44.28 -0.0176 2.46 0.36

12 4-NHCONH2 CH:, 5.59 5.84 0.25 5.08 0.51 43.23 0.0161 1.25 0.84

13 4-NHCONH2 CH 5.83 5.70 -0.13 5.25 -0.58 43.23 -0.0165 1.54 -0.60

14 4CF:, CR, 5.99 5.86 0.13 5.96 0.03 44.14 0.0226 3.70 0.61

15 3CH;i CH., 6.44 6.31 0.13 5.81 0.63 45.18 0.0204 2.85 0.07

16 4-Cl CH:i 6.48 6.32 0.16 5.89 0.59 43.80 0.0212 3.33 0.11

17 4-CH; CH., 7.00 6.58 -0.42 6.72 -0.28 43.40 -0.0156 2.93 -0.31

18 4-C�H5 CH:1 7.67 7.91 0.24 7.76 0.09 44.10 0.0174 4.40 0.18

“ CRSS = Compound 7, trans amide bond with 0, = 0#{176};see Structure I in text.

,) BM = Q(C)Q(N) where Q(X) is the residual charge density on atom X computed by CNDO/2; ref. 13.

‘ Taken from Table 1 of ref. 1.

filling computer-graphics example of how overlap vol-
umes are established and defined. Additional comments
on overlap volume shape descriptors are given in ref. 6.

In order to compare shape similarity for more than
two structures, all structures under analysis must be

compared with a CRSS. The determination of the CRSS
is made by considering all structures in the data base as
possible CRSSs. That compound conformer which max-
imizes the statistical significance of the MSA-dependent
QSAR is selected as the CRSS.

Multidimensional linear regression analysis is used to
establish the QSAR. Vo and two of its dimensional powers

So = V�213 and L0 = � /3

are used as molecular shape descriptors. There is no
biochemical justification to relate measures of biological

activity to V0, So( V0213), or L0( V0113). In our first MSA
study (4) the best correlation equations were empirically
found for V0 powers in the range of 0.3-1.0. This also
turned out to be true in the studies reported in refs. 5-7.
V0 , S� , and L0 represent a uniform range of values over
this preferred V0 power interval. The dimensions of these
shapes descriptors conveniently correspond to volume,
area, and length, respectively. However, the dimensions
of these descriptors have no physical significance.

In the first part of this study a molecular shape term
was added to the log P and a� of Table 1 in order to

construct a QSAR. The optimal correlation equation
using all 18 compounds of Table 1 is:

log(1/C) = 6.198[So] 0.0686[So]2 + 0.966[log P]

N=18, R=0.981,

- 1.753[a�] - 136.66

S = 0.245

So(optimum) = 45.17 (activity is maximized)

bond trans and O� = 0#{176}.It should be noted that Eq. 3 and
Eqs. 4 and 5 which follow each contain a high number of
terms relative to the number of observations (com-
pounds) used in the respective derivation. There is the
possibility that such relationships may not be statistically
valid. However, these relationships make physical sense,

so such a possibility is likely remote. The average error
in prediction of Eq. 3, which we view as the most straight-
forward measure of the significance of a QSAR, is 6.4%.

The QSAR drops in significance as O� goes from 0#{176}to 90#{176}
and then again increases in quality from 90#{176}to 180#{176}.
This, taken with the observations concerning 02 and
activity, leads us to hypothesize that the conformer of
the phenyl-dialkyltriazenes shown in Fig. 3a is the active

state. The conformer shown in Fig. 3b is speculated to be
the least active state based upon the regression analyses.
The conformer of each compound which is least active
has O� = 90#{176},02 90#{176}and is close in both intramolecular
energy and shape (O� = 60#{176},120#{176}and 02 = 90#{176})to the
global energy minimum of all compounds in Table 1. The
active conformer is characterized by the 0-N1 = N2-N3

being trans coplanar such that a methyl group must be
cis planar to N1.

Since a� is, in most cases, a measure of change in

electron density, it occurred to us that calculated residual
charge densities might also be activity correlates. The
CNDO/2 charge densities (13) of each of the nitrogen
and ring carbon atoms were individually considered as
replacements for a� in the correlation analyses. No
regression equation could be found having a correlation
coefficient greater than 0.88. Next, the total net charge

(3) density on the phenyl ring carbons was computed for
each compound. However, the regression equation re-

sulting from using this feature in place of a� has a
correlation coefficient of only 0.875. Last, we considered

the product of charges Q(C1 )Q(N1 ) and Q(N1 )Q(N2) as
correlation descriptors. Since the bond lengths C1 N1 and
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Fic. 3. SJ)ace.fIllIng stereographic representation of (‘ompou�id 10

of Table I q’R = CH. X .J-CH,)

a, The postulated active conformer, 0, = 0#{176},O� = l8O�; h, the

postulated least active conformer, 0, = 900, 0� = 90#{176}.
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Average error in prediction = 11.6%

It is important to note that the CNDO/2 method may
not provide accurate charge densities in some applica-
tions. Thus the selected charge densities may not be good

correlation descriptors because they are wrong. However,

the fact that a particular product of charge densities is a
strong correlating feature tends to negate this possibility.

Equation 4 is certainly not as good as Eq. 3, but the

charge density can be determined by calculation as op-

posed to a�, which is experimentally measured in most
cases.

The Antitumor QSAR. The values for a� and log P

given in Table 2 are those reported by Hatheway et al.
(2). Those compounds in Table 2 which were also studied
for mutagenicity (see Table 1) have their mutagenic
activities reported. The predicted mutagenic activities

are based upon Eq. 3.
The all-planar conformer, having a trans-N1 = N2-

geometry and a cis N1 = N2-N3-CH3 wad deduced to

be the “active” conformer state. This is the same active
conformer as found in the Ames mutagenicity QSAR

investigation and is shown in Fig. 1 for X = 3-CH:3 and R

= CH:i . Although the data base in Table 2 contains
substituents in positions 2 and/or 6, it was not possible

to deduce whether the active conformer requires O� =

0#{176}(C2-C1-N = N, cis) or O� = 180#{176}(C2-C1-N = N, trans).
All 24 compounds and their intramolecular minimum

energy conformers were used as CRSSs in the MSA. In

150 addition, the compound found to be the optimal CRSS
in the formulation of Eq. 3, R = CH3, X = 3-
transNHCONH2, was considered as a possible CRSS.

120

90

60

30

�::� � ‘� 30 ‘ 60 ‘ 90 ‘ 120 150 180

01

FIG. 2. Same as Fig. 1 but for compound 1 of Table I (R = t-butyl,

x = 4-CONH2)

N1 N2 are held constant in the analyses, the corresponding
charge products are relative measures of the BM of these
two bonds. A significant QSAR was found when
Q(C1 )Q(N1 ) replaced at The QSAR is

log(1/C) = 9.649[S�] 0.1072[So]2

+ 0.8654�1og P] + 232.56[Q(C1 )Q(N1 )] - 209.15 (4)

N = 18, R = 0.932, S = 0.459

5(optimum) = 45.00 (activity maximized)

CRSS = Compound 7, 3-NHCONH2 with the amide bond
trans and O� = 0#{176}
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192 HOPFINGER AND POTENZONE

(6)
- 0.028[log P]2 + 1.150[a�] + 135.27

TABLE 2

Parameters Used in the Formulation ofthe QSAR for the Antitumor Activity ofX(’n)C.H� ,,NNN(CH�)R

Ames mutagenic activity from ref. 1 is also reported.

i�tj�i
Compound Observed Predicted

dk)�d

Anti-
tumor

Observed

Ames
mutation

0 Log P

x R Anti-
tumor5

Ames
Mutag.

Anti-
tumor
(Eq. 5)

Ames Mut
(Eq. 3)

1 3,5-CN CH. 2.78 3.46 2.93 3.50 0.16 0.04 44.20 1.12 2.18

2 4-CO2C2H� z-C.,H 2.80 - 2.79 - -0.01 - 38.66 0.48 4.34

3 3-CONH-2,5C1 CR 3.04 - 3.18 - 0.14 - 48.85 0.79 2.42

4 2-CONH2,4,5Cl CH:� 3.14 3.09 0.06 41.06 0.59 2.85

5 4-CONH2 iC:,Hs 3.17 - 3.22 - 0.05 - 38.66 0.36 2.00
6 4-CO�CH: CH. 3.20 - 3.23 - 0.03 - 43.41 0.49 2.77

7 4-COO CH. 3.22 - 3.53 - 0.31 - 42.41 -0.02 -1.77

8 2-Cl CH. 3.26 - 3.43 - 0.17 - 43.37 0.11 2.97

9 2-CONH2 CR 3.31 - 3.42 - 0.11 - 43.39 0.36 1.73

10 4-CONH2 CH2CH=CH2 3.38 4.16 3.42 4.80 0.04 0.64 44.73 0.36 2.09

11 3-CR CH. 3.40 6.44 3.60 6.31 0.20 -0.13 45.18 -0.07 2.85

12 3CO2CH:i CH.� 3.42 3.39 0.03 47.53 0.37 2.72

13 4-CONH2 n-C,H5 3.47 5.41 3.37 5.12 -0.10 -0.29 44.28 0.36 2.76

14 4-CONH2 CR 3.51 4.04 3.45 3.75 -0.06 -0.29 43.44 0.36 1.20

15 H H 3.60 - 3.50 - -0.10 - 40.10 0.00 1.94

16 4-SO2NH2 CH., 3.60 3.49 3.38 3.35 -0.22 -0.14 45.82 0.57 0.98

17 2,6-F CR 3.63 - 3.62 - -0.01 - 43.84 -0.15 2.87

18a 2-COO � CH. 3.64 - 3.44 - -0.20 - 44.05 -0.02 -2.66

19 4-CH. CR 3.76 7.00 3.69 6.58 -0.07 -0.42 43.40 -0.31 2.93

20 3-CONH2 CH. 3.80 3.51 3.58 3.69 -0.22 0.18 47.69 0.28 1.21

21 H CH. 3.85 5.32 3.54 5.58 -0.31 0.26 42.95 0.00 2.59

22 3CONH2,6-OCH:i CH.� 3.95 - 4.07 - 0.12 - 48.03 -0.50 0.44

23 4-NHCONH2 CH., 3.97 5.59 4.07 5.84 0.10 0.25 43.23 -0.69 1.25

24 4-NHCOCH. CH. 4.04 5.83 4.00 5.70 -0.04 -0.13 43.23 -0.60 1.54

“ An outlier with respect to the QSAR of ref. 2.

S From ref. 2.

‘ CRSS; R’CH:,; X=3-trans NHCONH2. Taken from Table 1 of ref. 1.

The optimal CRSS is Compound 12, R = CH3, X = 3-
transCO2CH3. The corresponding correlation equation
has a correlation coefficient of 0.909 and average error in

prediction of 11.3%. However, the second-best CRSS is
R = CH:t, X 3-transNHCONH2. We decided to adopt
the correlation equation developed for this CRSS be-
cause it can be directly compared with Eq. 3; that is,
there is a basis for formulating a therapeutic index rela-
tionship. The QSAR is

log(1/Ctum) 0.2062[S�] - 0.0021[So]2

+ 0.0243[log P] - 0.281[log P]2 - 0.603[a4] - 1.39 (5)

N = 24, R = 0.901, 5 = 0.147

So(optimum) = 49.09 (activity maximized)

Log P(optimum) = 0.43 (activity maximized)

CRSS = [R = CH3, X = 3-NHCONH2] with the amide

bond trans and Oi = 0#{176}

Average error in prediction = 11.7%

The calculated values of So, and predicted activities using
Eq. 5, are given as part of Table 2. The absolute values
between predicted and observed activities are also listed.
Equation 5 represents an improvement over Eq. 2 with
respect to statistical fit, inclusion of a previous outlier,
and general similarity of form to Eq. 1. Nevertheless, a

correlation coefficient of only 0.901 is not ideal. However,
this may be a statistical consequence of the narrow range
in activity for the data base (2.78-4.04 log(1/C) units). A
higher precision is required of S� , �f, and log P to explain
the smaller differences in activity in developing Eq. 5 as
compared with Eq. 3. Unfortunately, the required added
precision cannot be achieved. This may explain why an
attempt to use residual charge densities, or bond mo-

ments in place of a� in constructing a QSAR, which was
successfully done on the mutagenicity data base failed
for the antitumor activities. The uncertainty in calcu-

lated charge densities (bond moments) is probably suffi-
ciently large so as to diminish significantly any structure-
activity fit. This is also the case for the Ames mutagen-
icity data base in which the alternate QSAR for Eq. 3,
based on a bond moment in place of a�, has a correlation
coefficient of 0.937 as compared with 0.982 for Eq. 3.
However, the situation is much worse for the data base

in Table 2. No correlation equation involving charge
densities or bond moments could be constructed having
a correlation coefficient greater than 0.845.

A therapeutic index to maximize the difference be-
tween antitumor potency and mutagenicity can be con-
structed by subtracting Eq. 3 from Eq. 5

TI = -5.992[SoJ + 0.0665[So]2 0.942[log P]
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A term-by-term analysis of Eqs. 3, 5, and 6 provides
insight into the quantitative design of compounds having

large TIs. First, it is noted that antitumor activity is
maximized for So = 49.09, whereas mutagenicity is max-
imized for S0 = 45.17. Since the CRSS has a 3-substituent,

one is led to the conclusion that antitumor potency is
intrinsically increased, and mutagenicity decreased, for
a given substituent, by placing it at position 3, as opposed
to position 4. This is qualitatively ifiustrated by compa-
ing Compounds 14 (X = 3-CONH2) and 20 (X = 4-
CONH2) in Table 2. The values of a� and log P are
nearly the same for these two compounds, yet the X = 3-

CONH2 compound has twice the antitumor potency and
only one-third the mutagenic potency of X = 4-CONH2.

Space-filling stereo models of these two compounds are
shown in Fig. 4 to illustrate the shape differences. Thus

a first criterion to maximize TI is to consider position-3
substituents having molecular volumes similar to an

NHCONH2 group.
If we assume that we select such a position-3 substit-

uent so that So = 49.09 and log P is at the value to
optimize antitumor activity (i.e., 0.43), then Eqs. 3, 5, and
6, respectively, reduce to

Log(1/Cmut) 2.71 - 1.753[a�] (7a)

Log(1/Ctum) 3.67 0.603[a�] (7b)

TI = 0.96 - 1.150[a�] (7c)

If we again assume X is chosen so that So 49.09 and

a � = 0, then Eqs. 3, 5, and 6, respectively, become

Log(1/Cmut) 2.29 + 0.966[log P] (8a)

Log(1/Ctum) 3.67 + 0.0243[log P1

- 0.0281[log P]2 (8b)

TI = 1.380 - 0.942[log PJ

- 0.281[log P]2 (8c)

Equations 7a-c indicate that mutagenic potency in-
creases nearly 3 times as rapidly as antitumor activity
when a� decreases. In contrast, mutagenic activity can

be greatly reduced with little loss in antitumor activity
by making log P increasingly negative. This is clear from

Eqs. 8a-c. Molecular design seems to come down to
achieving a lower value in acceptable antitumor activity
through a�, and tuning in a desired TI through log P.

For example, if log P = -1.5, a� = -0.5 and So = 49.09,
then log(1/Ctum) 3.87, log(1/Cmut) 1.71, and TI =

2.16.
Last, the antitumor tumor activities of three corn-

pounds in the original data base (2), one of which is an
outlier with respect to Eq. 2 taken from ref. 2, were
predicted using Eq. 5. The results are given in Table 3.
The predicted activities of Compounds 26 and 27 are
within the standard deviation limits of Eq. 5. Compound
25, which is an outlier in the QSAR of Hatheway et al.

(2), is predicted to be about one-half log(1/Ctum) units
more active than observed. This is a marginal prediction,

but considerably better than that of Eq. 2. The loss in
the activity of Compound 25 is predicted by our QSAR
to be a result of not being able to assume the active

shape with respect to 02 . The CH� group of the N3

nitrogen atom cannot be trans planar to N1 . If N3 and N1
are trans planar, then there is either an electrostatic

repulsion between the oxygen atom of COCH:i and N1 , or
an unfavorable steric interaction between the CH:i of
COCH3 and N1 . The choice of destabilization depends
upon rotation about the N3-COCH3 bond.

DISCUSSION

Equations 3 and 4 suggest a mechanism of mutagenic
action consistent with the proposed first step of metabolic
activation of the 1-(X-phenyl)-3,3-dialkyltriazenes by
microsomes (1). This is the hydroxylation of the nitrogen
methyl:

CH, CH2OH

/ /
CH5N=NN -�C�H5N=NN

\
R R

Our QSARS suggest that the microsomal substrate might
sterically require a trans planar C6H5N = NN(CH:i )R

conformer with a methyl group trans planar to the nitro-
gen bonded to the ring (see Fig. 3a). If the intramolecular
energy of this state is high (unstable), the activity is low.
The Q(C1 )Q(N1 ) term in Eq. 4 might also be related to
the methyl hydroxylation. Q(C1 )Q(N1 ) is negative be-
cause Q(N1) < 0 (electron-rich) and Q(C1 ) > 0 (electron-
poor). Mutagenicity increases as BM increases, that is,
as the absolute value of BM goes to zero. Neither Q(C1)

STRUCTURE-ACTIVITY ANALYSES OF PHENYLTRIAZENES 193

FIG. 4. Stereographic space-filling models of the active shapes

a, X = 3-CONH2, R = CH,,; b, X = 4-CONH2,R = CH:i.
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194 HOPFINGER AND POTENZONE

TABLE 3

Predicted antitumor act witie.s of three known �ompo ends u.’ang Eq. .5

Compound Compound

no.

Log (1/C,,)

-��-- �-�- -�-- �

Observed” Predicted

Predicted

-observed

S

36.19

a�

-0:31

Log P

:3.13

-�
��iX:�_ R

4-CH. COCH 25 2.78 3.27 1)49

2-CONH2 CH2CH=CH2 26 3.43 :3.30 -0.13 44.91 0.36 2.62

4-NHCOH CR 27 :3.85 :3.93 0.08 43.72 -0.60 1.53

“ Taken fro m ref. 2.

nor Q(N1 ) individually correlates well with activity. Thus
one concludes that mutagenic activity is dependent upon
the actual dipolar character of the C1 N1 bond. When the

methyl group is trans planar to N1 it is at its maximal
distance from the C1 N1 bond. Equation 4 might be telling
us that the hydroxylation reaction is retarded as the
C1 N1 dipole increase; i.e., Q(N1 ) becomes more negative
and/or Q(C1 ) becomes more positive. In other words,
hydroxylation is stabilized as the C1 N1 bond moment
approaches zero.

This mechanistic interpretation of the QSAR is corn-

pletely hypothetical. However, it does explain how mu-
tagenic potency can vary as a function of the X and R

substituent,s on the basis of a known step in the metabolic
activation of the phenyl-dialkyltriazenes. It also identifies

the methyl hydroxylation as the rate-limiting step in
rnutagenic activation.

The shape term in Eq. 3 is not only responsible for

fitting Compound 1 of Table 1 into the QSAR but also
somewhat enhances the QSAR for the other 17 com-
pounds. This can be realized from the fact that the log P

and a � coefficients in Eqs. 1 and 3 are, respectively, about
the same. However, the average error in prediction of Eq.
1 is 7.5% whereas that for Eq. 3 is 6.4%. This suggests

that the shape term is also responsible for the increased
predictive accuracy.

The “active” conformation, deduced by the correlation
analyses and shown in Fig. 3a, is not a relative intramo-
lecular energy minimum with respect to Oi for any corn-
pound in Table 1. This is not the first application of MSA
in which the “active” conformer is not found to be an
intramolecular minimum energy conformer. However,
this might be due to the fact that the conformers of any
phenyltriazene in Table 1, corresponding to 02 = 180#{176}
and O� variable, differ in intramolecular energy by less
than 0.80 kcal/mole, which is probably less than the

accuracy of the method of calculation. That is, for 02 =

180#{176},there is nearly free rotation about O� . Thus receptor

binding interactions could supply the activation energy
needed to go from Oi = 60#{176}and/or 120#{176}to 0#{176}.

The QSARs developed here suggest that both muta-
genic and antitumor activity require the same “active”

shape of the phenyltriazenes with respect to Ui and 92

(see Structure I). This requires that the methyl group
bonded to N:i be trans planar to N1 and the substituted
triazene fragment be coplanar to the phenyl ring. We
hypothesize that this active shape is required for the
microsomal hydroxylation of the nitrogen methyl group.
If we further postulate that mutagenicity and antitumor
potency require the same “active” shape with respect to
the X substituents, then we have sufficient data to make

one generalization regarding conformation. The confor-
mations of flexible X-substituents which yield the most

significant QSARs correspond to intramolecular energy
minima that are most nearly coplanar to the phenyl ring.
In other words, an over-all conclusion regarding the
active molecular shape of the phenyltriazenes, for both
Ames mutagenicity and antitumor potency, is that the
entire compound should be in a coplanar conformation.

Insofar as Ames mutagenicity is a measure of carci-
nogenicity, we have a quantitative recipe, through Eqs.
6-8, to make “safe,” yet potent, antitumor agents. This
recipe calls for 3-X substituents which have a a� value

small enough to achieve an acceptable level of antitumor
activity and a negative log P value selected to achieve a

particular TI. We have estimated some a� and log P and
suggest that the compound (R = CH3 , X = 3-
NHCONHCH2COO, 4-CH3) will have S� = 48.35, a� =

-0.21, log P = -2.06. If these are accurate estimations,
then log(1/Cmut) 1.02, log(1/Ctum) 3.53 and TI = 2.51.
This compound is suggested as a candidate for synthesis
on the basis of its predicted properties.

Equations 3 and 5 demonstrate that the inclusion of 3-
dimensional molecular shape features in a QSAR inves-
tigation can lead to both improvement in quality and
general applicability of a correlation equation as corn-
pared with neglecting shape descriptors. Moreover, it is

also possible to separate spatial contributions to activity
from thermodynamic and/or electronic effects. This is
particularly evident in the development of the TI in this
paper, where the inclusion of So makes it possible to
analyze how a� and log P can be selected to optimize
antitumor activity for a minimal increase in mutagenic
potency. Moreover, MSA-based QSARS have the fringe
benefit of making it possible to hypothesize an “active”
shape required of a homologous series of compounds.

However, it is also important to point out a limitation
of the shape descriptor V0 and its empirical variants S�
and L0 . V0 cannot be used to predict compounds more

active than the most active compound in the data base
being investigated. The prediction of more potent corn-

pounds must come from the non-shape descriptors in the
QSAR. This follows from two properties of the common
overlap steric volume descriptor. First, V0 for any CRSS
cannot be larger than the actual volume of the CRSS.
Second, V0 cannot be less than the volume of the CSP
for any choice of the CRSS. One does not wish to

maximize activity by minimizing 1/o, which corresponds
to using the CSP as the CRSS. This chemically requires
deleting all substituents. Rather, one wishes to increase
activity by increasing V0, which requires making key
substitutions at key sites. However, there are only two
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both Eqs. 3 and 5 in this paper. Log(1/C) is maximized

� at S� = 45.17 and S� = 45.19 for Eqs. 3 and 5, respectively.
� This is within the data base ofS0 values (39.01-48.35). At

- - - -H - best, Eqs. 3 and 5 suggest that large substituents in
� position 3 suppress mutagenic potency.
� A final point to reiterate about the shape descriptors

is that there is no physicochernical basis for believing
that activity should be related to V0 through integer

power relationships. Thus it should not be surprising that
So works better than V� in some correlation analyses.
This is simply an empirical consequence of the mathe-
matical forms of both the shape descriptors and regres-
sion equations.

V0(S0,L0) V0(S0,L0)

a

FIG. 5. The tao possible relationships between overlap volume

shape descriptor. V�, and activity for which activity can increase as

v) increases

a, The most active compound in the data base is the CRSS. A linear

dependence is also possible; b, CRSS has a volume larger than the most

active compound and is more active than the least active compound.

ways in which activity can increase directly with V�

through a linear or parabolic dependence. These are
shown in Fig. 5. In Fig. 5a the CRSS is the most active
compound. In this case the maximum in activity must
correspond to the maximum in V0 . In the second case

the CRSS is any compound in the data base that has a
volume larger than the most active compound, and an

activity greater than the least active compound. Never-
theless, in neither case can we extend the activity versus
Vt) curve irrespective of what compound we choose. V0 in
each case is already at its maximum possible value,
namely the steric volume of the CRSS. We are forced to
stay within the range of descriptor space of V0 as dictated
by the data base and our choice of the CRSS.

A qualitative attempt can be made to enhance activity
through shape by studying space-filling stereographic
models (like those in Figs. 3 and 4) of very active and
very inactive compounds. Differences in spatial occu-

pancy of substituents may be discernible between active
and inactive analogs. This in turn could suggest substit-
uents homologous to those of active compounds but
slightly larger in size. If the relationship between the
shape descriptor and activity is not either of those shown
in Fig. 5, one is most likely at an impasse regarding

enhancing activity through shape. This is the case for
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