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1,2-DIARYLIMIDAZOLES AS INHIBITORS
OF CYCLOOXYGENASE-2:
A QUANTITATIVE STRUCTURE-ACTIVITY
RELATIONSHIP STUDY
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The cyclooxygenase-2 (COX-2) enzyme inhibition activity of derivatives of 1,2-diarylimidazole
is analysed through Fujita—Ban and Hansch approaches. The analyses have helped to ascertain
the role of different substituents in explaining the observed inhibitory potency of these ana-
logues. From both approaches it is revealed that the more hydrophobic X-substitutions that are
present at the 3- and 4-positions of the aryl ring and are also non-hydrogen acceptor in character
improve inhibitory action of a compound. The smaller substituent either H or F is preferred at
the 2-X position as it is involved in steric interaction. Likewise, the substituent —NH, instead of
Me at R is advantageous. Further, for a data set of 35 congeners, the selectivity ratio related to
the constitutive COX-1 isozyme is also analysed through the Fujita—Ban approach. The derived
contributions of parent moiety and various substituents have helped to predict the substitution
pattern in the design of more effective compounds that were not in the original data set.

Keywords: Quantitative structure—activity relationship (QSAR); Inhibitors of

cyclooxygenase-2 enzyme; 1,2-diarylimidazoles; Nonsteroidal anti-inflammatory drugs;
Fujita—Ban and Hansch analyses

INTRODUCTION

It has been established that nonsteroidal anti-inflammatory drugs
(NSAIDs) block the production of prostaglandins (PGs) via the cyclo-
oxygenase pathway and elicit analgesic, antipyretic and anti-inflammatory
activity."? The chronic usage of these drugs has, however, led to disruption
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of beneficial prostaglandin-regulated processes.** This causes the induction
of gastrointestinal mucosal lesions, perforations, bleeding and decreased
renal function® and therefore. restricts their therapeutic usefulness. Alter-
native treatment of inflammation with the steroidal anti-inflammatory
drugs (gluco-corticoids) may also lead to a variety of unwanted side effects,
especially in their use for long periods of treatment.®

Earlier, it was believed that cyclooxygenase (COX) was a single enzyme
present constitutively in most cells, and inhibition of this enzyme would lead
to both beneficial and detrimental effects.” Recently, it was suggested that
the COX enzyme existed in two forms, namely, the inducible form (COX-2)
that 1s expressed during inflammatory conditions and the constitutive iso-
form (COX-1) that produces physiologically important PGs present in gas-
trointestinal tract and kidney.® ' It is realised that it is the inhibition of
COX-1 that causes the various side effects seen with NSAIDs. This finding
coupled with the discovery of COX-2 has suggested that selective inhibitors
of COX-2 might constitute a novel approach to the treatment of inflamma-
tion with minimal or no side effects.''!

Previously we have quantitatively analysed the role of various substitu-
tional parameters in explaining the observed COX-2 inhibition activities in
two different series, the diarylspiro[2.4]heptenes'® and the sulfones and sul-
fonamides of 1,2-diaryl-4.5-difluorobenzene.'® Encouraged by the excellent
derived quantitative relationships we have, in the present communication,
expanded our study to another series of such inhibitors, reported more
recently by Khanna et al.'> They have synthesised a series of 1,2-diarylimi-
dazoles which on evaluation were found to contain highly potent and selec-
tive inhibitors of the human COX-2 enzyme. Their structure—activity (SAR)
studies on these analogues were aimed only at the aiteration of substituents
at different positions of the diarylimidazole moiety and provided no ratio-
nale to reduce the trial-and-error factors. Hence, a quantitative SAR
{QSAR) study on these analogues was conducted so as to provide the ratio-
nale for drug-design and to explore the possible mechanism of their action.

MATERIALS AND METHODS

The reported compounds.'® exemplified by Figure 1 and compiled in
Table I, were subjected to QSAR analysis. Their biological inhibitory
effects towards the human COX-2 enzyme and relevant physicochemical
parameters are also listed in Table I. The activity data is based on 1Csq
values which represent the concentration of a drug to accomplish 50%
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FIGURE 1 Structures of 1,2-diarylimidazoles.

inhibition of the human COX-2 enzyme. The same are expressed as
—log ICso on a molar basis.

The most suitable parameters were found to be the hydrophobic constant,
w, Taft’s steric parameter, Es and the hydrogen acceptor parameter, HA that
were taken directly from the compilation of Hansch et al.'® Besides these
parameters, some dummy variables were also used to account for the effect
of some specific alteration. Further, the COX-1 activities were reported only
for a few compounds and for them the selectivity ratios, S =I1Cs5,(COX-1)/
IC5o(COX-2), computed as log S, are also included in Table 1. Both Fujita—
Ban and Hansch type of calculations were carried out for these compounds.
In the Fujita—Ban approach,'” which is based on an additivity principle, the
biological activity, BA (either —log ICsg or log S) is expressed as

I;/\i = :E:: anYb'-F H (1)

where X; is the jth substituent with a value of 1 if present and 0 if not, ;is the
contribution of the jth substituent (generally hydrogen) to BA; and p is the
theoretical biological activity of the (unsubstituted) reference compound of
the series. The linear equations generated using Equation (1) were solved by
the method of least squares for the values of unknowns a;and p. For the vari-
able —1og ICso(COX-2), both the Fujita— Ban and Hansch type of approaches
were used, while for the variable log S only a Fujita—Ban study was per-
formed. For the latter variable, none of the electronic, hydrophobic, steric or
van der Waals volume parameters was found suitable to correlate with it.

RESULTS AND DISCUSSION

The first sixty compounds (Nos. 1-60) in Table I, only were retained in the
construction of the Fujita—Ban matrix with compound 17 as the reference
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TABLE 1 (Continued )

Compound no. R X Tia HA:, Es(2) Ir ~log ICsq (M)* log S¥
Obsd.® Caled. Obsd®  Calcd.
F.B.
F.B. Equation (6) Equation (7)
57 Me  3.5-Me,4-OMe 0.54 1 0.00 0 6.14 5.98 6.48 6.51 2.10¢ o
58 Me  3.5-Cl,,4-NMe, 0.89 1 0.00 0 6.85 6.63 6.63 6.69 ~r
59 NH» 3.5-F»,4-OMe 0.12 1 0.00 | 7.52 7.41 7.23 7.23 3.07 3.25
60 Me  2.5-Me»4-OMe  —0.02 | ~1.24 0 4.91 5.07 5.29 5.37 —r
61 Me 2-Cl 0.00 0 —-0.97 0 6.05¢ - 5.93¢ 5.93 - —
62 Me 3-CF; 0.88 0 0.00 0 6.68¢ — 7.05¢ 7.04 - —
63 Me 3-SMe 0.61 0 0.00 0 6.46¢ — 6.94° 6.91 -
64 Me 3-CH,OMe —-0.78 1 0.00 0 4.17° - 5.95° — —f —
65 Me 3-NHMe —0.47 1 0.00 0 6.04¢ —— 6.08° 6.03 - -
66 Me 3-NH, ~1.23 1 0.00 0 5.23¢ — 577 5.63 —F —
67 Me 3-NO, —0.28 ] 0.00 0 6.24¢ 6.15° 6.11 ! —
68 Me 4-S0,Me —1.63 ] 0.00 0 5.24¢ — 5.61° 5.43 ! —
69 Me 3.4-OCH,0- -0.05 I 0.00 0 6.77¢ — 6.25° 6.22 1.85¢ —
70 Me 3.5-Brp.4-OMe  —0.02 1 0.00 0 7.05¢ — 6.26° 6.66 ! —

*The COX-2 inhibition activity on a molar basis. "Taken from Ref. [15]. “Outliers’ of the present study. “Compound not considered in formulating Fujita-Ban matrix.
“Predicted inhibition activity value, using Equation (6), for the compound in the test set. "The reported values of selectivity ratio were uncertain. EDefined as S = ICso(COX-1)/

IC5o(COX-2).
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congener. These compounds have identical substitutional variations at a
given position, at least in two or more congeners. Tabulation of this matrix
of 60 linear equations in 20 unknowns including the contribution of parent
compound is avoided here for the sake of brevity. These equations were
solved by the method of least squares for the unknowns p and a; The
contributions of various substituents obtained thereby are summarised in
the first column of Table II and the resulting statistical parameters of the
study are

n=60, r=00957, 5=0.244, F(20,39)=21.202,

where n, 7, s and F are respectively the number of data points, multiple
regression coefficient, standard error of estimate and F-ratio between the
variances of calculated and observed activities. The data point 54 is the only
compound whose calculated activity value was found to be slightly higher
than the observed value. This data point was, therefore, ignored to improve
the results further but no specific reason is immediately apparent for its
‘outlier’ behaviour. In doing so, the corresponding row was removed from
the Fujita—Ban matrix and the MRA of resulting matrix leads to the
results summarised in the last column of Table II. The improved statistical

TABLE II Substituents contributions to cyclooxygenase-2 inhibitory
activities of 1,2-diarylimidazoles

Position Substitution Substituent contribution
n=260 n=>59
X 2-F —0.447 —0.459
2-Me -0.824 -0.839
3-Cl 0.504 0.497
3-F 0.191 0.169
3-Br 0.409 0.398
3-Me 0.098 0.071
3-OMe —0.567 —0.443
3-NMe, —1.238 —1.209
4-Cl 0.406 0.358
4.F 0.074 0.080
4-Me 0.043 0.046
4-OMe —0.276 —0.296
4-NHMe -1.017 —1.009
4-NMe, —0.552 —0.541
4-SMe 0.043 0.041
5-Cl —0.103 —0.088
S5-F —0.107 —-0.012
5-Me —0.606 —0.561
R NH, 0.754 0.788
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parameters of the study are:
n=259, r=0964, 5=0226, F(20,38)=24.760.

The r*-value now accounts for 93% of the variance and the F-value obtained
is significant at 99% level [F533(0.01)=2.40]. The calculated values of
~log ICso(COX-2), listed in Table I, are now in close agreement with the
observed ones. The substituents, to be incorporated at various positions of
the parent moiety, that make higher positive contributions to activity may be
used to design more active compounds of the series in future. A simple sug-
gested compound with substituents such as R = NH, and X = 3-Cl, 4-F may
possess the theoretical activity value nearly one order of magnitude higher
than the highest active compound of the present series.

It is important to note that the Fujita—Ban (or the Free-Wilson) approach
cannot extrapolate beyond the substituents used in the training set whereas
the Hansch approach, attempted next for the same data set of 60 com-
pounds, can do so. The steps of the development of the final QSAR
are described through follow up correlations. In this approach, the binary
variation either —NH; or —Me at R may be described by a dummy variable,
Ig. Its value of 1 or 0, in that order, indicates the presence or absence of
—NH,; at R and the resulting correlation in it is given by Equation (2)

—log ICsp = 0.945(£ 0.140)Ig + 6.629,
n=60, r=0664 s=0517, F(1,58)=45666. 2)

The added hydrophobicity constant, 7(3+4) due to 3-X and 4-X sub-
stituents have further improved the above equation as follows:

— log ICsy = 0.750(% 0.130)7(3 + 4) + 0.943(£ 0.112)Ig + 6.270),
n=60, r=0804, s=0414, F(2,57) = 52.086. 3)

Successive inclusion of hydrogen acceptor property, HA; 4 for 3-X or 4-X
substitutions and Taft’s steric parameter, Es(2) for 2-X substitution are
described respectively by correlation Equations (4) and (5):

~log ICsy = 0.631(£0.123)m(3 + 4) — 0.380( 0.104)HA3 4
+0.877(£0.103)Ig + 6.502,
n=60, r=0845 s=0376. F(3.56)=46.586, (4)

~log ICsy = 0.440(=0.112)7(3 + 4) — 0.456(£0.090)HA3 4
+0.754(£0.159)Es(2) + 0.868( 0.088)x + 6.685,
n=060, r=0893, s5=0320, F(4.55)=53.961. ()
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And, finally eliminating, compound 54 (the ‘outlier’ of Fujita—Ban study),
MRA resulted in the significant correlation Equation (6):

—log ICsp = 0.403(:£0.107)m(3 + 4) — 0.423( 0.087)HAs 4
+0.782(=£ 0.152)Es(2) + 0.914(= 0.085) /g + 6.690,
n=59, r=0904, s5=0304, F(4,54)=060227. (6)

The parameters, r, s and F have now improved in a statistical sense and this
equation as such reflects the parameteric requirement of various substitu-
tions at different positions in the 1,2-diarylimidazoles as inhibitors of the
COX-2 enzyme. The r>-value accounts for 82% of variance in the observed
activity values and the F-value is significant at 99% level [F4 54(0.01) = 3.70].
The calculated activity values, using Equation (6) and listed in Table I, are in
close agreement with the observed ones. In addition, the activities of ten
compounds (test set, Nos. 61-70) that were outside the training set, are also
calculated using this equation. Their predicted values, in this way, are found
nearly related to the observed ones. That the variables used have no mutual
correlation is shown in Table III. The validity of Equation (6) is strengthened
further through consideration of all the compounds of Table I. The test set
that was outside the training set earlier was also combined to give a relatively
larger data set. The MRA on complete data have resulted into correlation
Equation (7) with one more compound (No. 64) as the ‘outlier’.

—log ICsy = 0.499(+0.079)7(3 + 4) — 0.356( 0.085)HA3 4
+0.698(=£ 0.139)Es(2) + 0.929(= 0.085) I + 6.602,
n=68, r=0909, s=0312, F(4,63)=74998. (7)

The statistical significance of Equation (7) is similar to that of Equation (6)
and reflects improved results, as in the above equation, derived for a larger
data set, the »-value obtained accounts for 83% of variance and the F-value,
significant at 99% level [Fy63(0.01) =3.63], is also increased. The mutual
orthogonality conditions among the independent variables of Equation (7)
shown in Table IV and the calculated activity values that closely resemble the

TABLE 111 The intercorrelation matrix amongst the indepen-
dent variables of Equation (6)

(3+4) HA; 4 Es(2) Ir
(3 +4) 1.000 0.244 0337 0.032
HA;, 1.000 0.070 0.205
Es(2) 1.000 0.016
I 1.000
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TABLE IV The intercorrelation matrix amongst the indepen-
dent variables of Equation (7)

734+ 4) HAz 4 Es(2) Ir
m3+4) 1.000 0.346 0.224 0.124
HAq 4 1.000 0.120 0.230
Es(2) 1.000 0.006
Iy 1.000

observed ones are listed in Table 1. For the compounds in the test set, the
predicted and the calculated activities using Equation (6) and Equation (7)
respectively are nearly the same. This inference reveals a better indication of
the predictiveness of Equation (6). Either of these equations may, therefore,
be used to synthesise more effective inhibitors of COX-2 enzyme in future.
From both the approaches, the following conclusions may now be drawn:

1. More hydrophobic substituents that are not hydrogen acceptors in nature
present at the 3- and 4-positions of the aryl ring improve the inhibitory
action of a compound. The Fujita—Ban study, in conformity with this,
assigned higher substitutional contributions to such substituents. But, if
the substituent at either of these two positions also possesses a hydrogen
acceptor property in addition then it may cause a detrimental effect. The
hydrogen acceptor property, adding negatively, counterbalances the
incremental effect to activity produced by the hydrophobic effect.

2. The 2-X substituents of the aryl ring are engaged in steric interaction.
Compared to H and F, the other bulkier substituents having more nega-
tive Es(2) values are undesirable and the Fujita—Ban study has predicted
a more negative substituent contribution for them.

. All substituents at 5-X have negative substituent contributions, suggest-
ing that this position should remain unsubstituted.

4. The substituent ~NH, at R having a positive substituent contribution
relative to Me, enhances the activity of a compound. The same is also
reflected by the positive regression coefficient associated with the indi-
cator vanable Iy in both the Equations (6) and (7).

(U8 )

An attempt was also made to correlate the selectivity ratio, log S with var-
ious physicochemical (o, 7, MR and Es) and structural (van der Waals
volume, Vw) parameters in different combinations, but none of these could
give any meaningful correlations. Interestingly, the Fujita—Ban approach
has delineated some important conclusions for this dependent variable. This
data set consists of only those compounds in which the frequency of occur-
rence of certain group, at a given position, is more than one. For this reason,
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only 35 compounds (Nos. 2, 4, 5, 8, 11-19, 21-28, 30, 31, 33, 35, 36, 40-45,
47, 53 and 59) in Table I were selected for the construction of the Fujita—Ban
matrix and their log S values as the dependent variable. The matrix, sub-
jected to MRA resulted in the solution of 14 independent variables that are
the contributions of parent compound and various substituents present at R,
2-X, 3-X, 4-X, and 5-X. The same are listed in Table V and the statistical
parameters of study are

n=35 r=0289%4, s=0467, F(14,20)= 5.656.

This could account for 80% (r>=0.799) of variance. The calculated log S
values obtained by adding requisite contributions of substituents to
were reasonably in close agreement, except for compound 19. When this
lone compound was deleted, the contributions of substituents and parent
moiety obtained in that way are also included in Table V. The improved
statistical parameters emerging from the study are

n=234, r=0.936, s=0351, F(14,19) =9.565.

The r*-value is now greatly increased and accounts for 88% of the var-
iance. Likewise, the F-value, significant at 99% level [F\414(0.01) =3.20}, is
also increased and the observed and calculated values of logS have
reached parity (Table I). From Table V, it appears that the substituents of
the aromatic ring only at 3-X (F, Cl, Br), and 5-X (F) have positive con-
tributions, while the substitutions at remaining positions of this ring have
negative contributions. Further, the substitution —~NH; instead of —Me at

TABLE V Substituents contributions to selectivity ratio of
1,2-diarylimidazoles

Position Substitution Substituent contribution
n=35 n=134
X 2-Me —0.691 —0.872
3-Cl 0.643 0.412
3-Me —0.359 —0.484
3-F 0.773 0.477
3-Br 0.352 0.040
4-Cl —0.735 —0.884
4-F —0.532 —0.608
4-Me —-0.941 —1.010
4-OMe —1.292 -0.973
4-NMe, —2.555 -2.589
4-SMe —-1.922 —1.988
5-F 1.016 0.914
R NH, —0.494 —0.551
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R, having a negative contribution, is also undesirable now. It is important
to note that any substitutions at 5-X and —Me at R that were undesirable
for having improved COX-2 inhibition activity have now become impor-
tant for the raising of the selectivity ratio. Thus, substitutions such as 3,5-
F, or 3-Cl, 5-F (for X in aromatic ring) and ~Me at R may lead to the
highest theoretical value (=4.77) of log S.

In conclusion, the two analyses in the present study provide the ground
for rationalizing the substituent selection in designing more potent com-
pounds of the series.

Acknowledgement

The financial assistance provided by the UGC, Central Regional Office,
Bhopal, through the sanction of a minor research grant to P.S. is thankfully
acknowledged.

References

[1) G. Lombardino (1985) Nonsteroidal Antiinflammatory Drugs. Wiley Interscience, John
Wiley: New York.

2] 1.B. Smith and A.L. Willis (1971) Nature (New Biol.), 231, 235-237.

{31 D.M. Clive and J.S. Stoff (1984) N. Engl. J. Med., 310, 563-572.

{4] Y. Pirson and C. Van Ypersele de Strihou (1986) Am. J. Kidney Dis., 8, 337-344.

{51 M.C. Allison, A.G. Howatson, C.J. Torrance, F.D. Lee and R.I.G. Russell (1992) N. Engl.
J. Med., 327, 749754,

[6] R.C. Haynes, Jr. (1993) In The Pharmacological Basis of Therapeutics, 8th edn., Gilman,
A.G., Rall, TW. Nies, AS. and Taylor, P. (Eds.), pp. 1442-1452. McGraw-Hill:
New York.

[71 J.R. Vane (1971) Nature (New Biol.), 231, 232-235,

[8] J.L. Masferrer, K. Seibert, B.S. Zweife! and P. Needleman (1992) Proc. Natl. Acad. Sci.
US4, 89, 3917-3921.

[91 W. Xie, I.G. Chipman, D.L. Robertson, R.L. Erikson and D.L. Simmons (1991) Proc.
Natl. Acad. Sci. USA, 88, 2692--2696.

[10} D.A. Kujubu, B.S. Fletcher, B.C. Varnum, R.W. Lim and H.R. Herschman (1991} J. Bio/.
Chem., 266, 12866--12872.

[11] T. Hla and K. Neilson (1992) Proc. Natl. Acad. Sci. USA, 89, 7384-7388.

[12] J.L. Masferrer, B.S. Zweifel, P.T. Manning, S.D. Hauser, K.M. Leahy, W.G. Smith,
P.C. Isakson and K. Seibert (1994) Proc. Natl. Acad. Sci. USA, 91, 3228-3232.

[13] R. Kumar and P. Singh (1997) Indian J. Chem., 36B, 1164—1168.

[14] P. Singh, and R. Kumar (1998) J. Enz. Inhib., 13, 409-417.

[15] LK. Khanna, RM. Weier, Y. Yu, X.D. Xu, F.J. Koszyk, P.W. Collins, C.M. Koboldt,
A.W. Veenhuizen, W.E. Perkins, J.J. Casler, J.L. Masferrer, Y.Y. Zhang, S.A. Gregory,
K. Seibert and P.C. Isakson, (1997) J. Med. Chem., 40, 1634—1647.

[16} C. Hansch and A.J. Leo (1979) Substituents Constants for Correlation Analysis in Chem-
istry and Biology. John Wiley: New York.

[17] T. Fujita and T. Ban (1971) J. Med. Chem., 14, 148—152.

RIGHTS

i,



