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Various 2-arylideneindanones 1, 2-arylidenetetralones 2, and 2-arylidenebenzosuberones 3 were
synthesized with the aim of determining the relative orientations of the two aryl rings which
favored cytotoxicity. Molecular modeling of the unsubstituted compound in each series revealed
differences in the spatial arrangements of the two aryl rings, and evaluation of these compounds
against P388, L1210, Molt 4/C8, and CEM cells as well as a panel of human tumor cell lines
indicated that in general the order of cytotoxicity was 3 > 2 > 1. In particular 2-(4-
methoxyphenylmethylene)-1-benzosuberone (3k) had the greatest cytotoxicity, possessing 11
times the potency of the reference drug melphalan when all five screens were considered. Series
3 was considered in further detail. First, excision of the aryl ring fused to the cycloheptanone
moiety in series 3 led to some 2-arylidene-1-cycloheptanones 4 which had approximately one-
third of the bioactivity of the analogues 3. Second, in some screens cytotoxicity was correlated
negatively with the ¢ values and positively with the MR constants of the substituents in the
arylidene aryl ring of 3. Third, X-ray crystallography of five representative compounds (3i,k—
n) revealed differences in the locations of the aryl rings which may have contributed to the
variations in cytotoxicity. Finally three members of series 3 inhibited RNA and protein syntheses
and induced apoptosis in human Jurkat T cells. This study has revealed that 2-arylidene-1-
benzosuberones are a group of useful cytotoxic agents, and in particular 3k serves as a prototypic

molecule for subsequent structural modifications.

Introduction

A major interest of these laboratories is the design,
syntheses, and evaluation of conjugated styryl ketones
and related compounds as candidate cytotoxic and
anticancer agents.? A number of these compounds
displayed a marked affinity for the mercapto groups of
various naturally occurring thiols and did not react with
amino or hydroxy groups.3* These latter two substitu-
ents are present in nucleic acids, and hence a,(-
unsaturated ketones may not have the genotoxic effects
which are associated with various alkylating agents
used in cancer chemotherapy.®

The objectives of the present study were as follows.
For a number of years, the cytotoxic and anticancer
properties of chalcone (1,3-diphenyl-2-propenone) and
related compounds have been documented.~8 These
compounds are conjugated molecules, but they are still
sufficiently flexible to permit a wide variety of confor-
mations. Hence discernment of the optimal shapes of
these molecules displaying cytotoxic activity is not
possible. In particular, the spatial arrangement of the
two aryl rings would be expected to influence bioactivity
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profoundly. Thus the preparation of rigid analogues of
chalcones, namely, series 1—3, was contemplated in
which the locations of the two aryl rings could vary from
one series to another. The cytotoxic evaluation of these
compounds should permit some understanding of the
importance of the relative positions of the aryl rings.
This concept is illustrated for the unsubstituted com-
pounds 1a, 2a, and 3a in Figure 1. To explore the gen-
erality of this approach, identical substituents were
placed in the arylidene rings in each of the three series
of compounds. If the principal, or possibly sole, mech-
anism of action is the same for all compounds in series
1-3, then differences in cytotoxicity may be attributed
to variation in the shapes of the three groups of
compounds.

A second objective of this study was to seek correla-
tions between the electronic, hydrophobic, and steric
properties of the aryl substituents in the series dem-
onstrating the greatest bioactivity with a view to
determining those physicochemical parameters which
contribute to cytotoxicity. A wide range of nuclear
substituents were chosen; in fact the groups are found
in three of the four quadrants of a Craig plot.° In
addition, the data generated may serve to develop
structure—activity relationships which may afford di-
rections for the development of novel cytotoxic and
anticancer agents.

In summary therefore, the initial phase of the study
was to prepare the compounds in series 1—3 for evalu-
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Figure 1. Comparison of the shapes of 1a (blue), 2a (red),
and 3a (green) generated by molecular modeling in which the
six carbon atoms of the aryl ring fused to the alicyclic ring
were overlapped.

Chart 1. Structures of compounds 1—42

[0}
1a-n 2a-n
. R R
(0] 0]
3a-n 4a-n

a Substituents: a, R=H; b, R=3-F; ¢, R =4-F; d, R = 3-Cl;
e, R=4-Cl; f, R=23-Br; g, R=4-Br; h, R =3-CHjs; i, R = 4-CHj3;
j, R =3-OCHgs; k, R =4-OCHgs; I, R = 3-NO2; m, R = 4-NO3; n, R
= 4-N(CHy3)s.

ation against different murine and human malignant
cells. The principal objective was to gain some indication
of the preferable orientation of the aryl rings in these
molecules and also to discern the effects of different aryl
substituents on cytotoxicity.

Chemistry

The unsaturated ketones 1—3 (Chart 1) were pre-
pared by a Claisen—Schmidt condensation between
1-indanone, 1-tetralone, or 1-benzosuberone and the
appropriate aryl aldehyde. The 2-arylidene-1-cyclohep-
tanones 4 vide infra were synthesized either by the
same route (4a—Kk) or by reaction of 4-morpholinyl-1-
cycloheptene with various aryl aldehydes (41—n).

The infrared spectra of the enones in series 1—4 were
determined. Each compound exhibited a single strong
absorption for the carbonyl group denoting its stereo-
chemical homogeneity. The carbonyl absorptions for
series 1—4 were noted in the regions of 1679—1696,
1658—1666, 1651—1664, and 1665—1684 cm~1, respec-
tively. The higher wavenumbers in series 1 compared
to the analogues in 2 and 3 may be attributed to the
ring strain in 1. The lower carbonyl stretching frequen-
cies of series 3 compared to 4 indicated the contribution
of the aryl ring A to conjugation in the 2-arylidene-1-
benzosuberones. (For the designation of the aryl rings
as A and B, see Figure 2.)

The 'H NMR spectra of solutions of the compounds
in series 1—4 were determined. The aliphatic methine
protons of the enones in series 1—3 appeared in the

AXIS 1 AXIS 2

Figure 2. Distances and bond angles of la.

region of 7.15—7.95 ppm; these absorptions were at low
field due to the proximity of the carbonyl group (see
Figure 1) which exerted an anisotropic effect. For this
reason, the methine protons are shifted downfield and
frequently overlapped with the complex multiplet aris-
ing from the aromatic protons. Previous studies revealed
that the methine absorptions of the E and Z isomers of
2-(phenylmethylene)-3,3-dimethyl-1-indanone were 7.65
and 6.80 ppm1%l and the relevant data for 2-(phenyl-
methylene)-4,4-dimethyl-1-tetralone were 7.71 and 6.63
ppm, respectively.!? In the case of the 2-arylidene-1-
benzosuberones 3a—I,n, the methine protons and those
of the condensed benzene ring in the peri position to
the carbonyl group are overlapped in the region of 7.65—
7.95 ppm. These two protons as well as the other three
aromatic protons in 3m appeared at 7.05—7.95 ppm.
These values are in accord with the published data for
the E isomer of 3a.12 The aliphatic methine proton in
series 4 was found in the region of 7.05—7.80 ppm. Since
the corresponding absorptions for the E and Z isomers
of 2-(phenylmethylene)-6,6-diphenylcyclohexanone are
7.00—7.50 and 6.33 ppm, respectively,’3 the compounds
in series 4 (as well as in series 1—3) were assigned the
E configuration. Detailed infrared and 1H and 13C NMR
investigations on selected derivatives of series 1—34
and 415 provided further evidence for the stereohomo-
geneity and E configuration of the compounds.

To compare the shapes of the compounds in series
1—3, molecular models of 1a, 2a, and 3a were built and
the aryl ring fused to the alicyclic rings was superim-
posed as illustrated in Figure 1. In addition, X-ray
crystallography was undertaken on 3i,k—n, and super-
imposition of the fused aryl ring of all five compounds
revealed that different orientations of the rest of the
molecules occurred. This result is displayed in Figure
3. Certain distances and angles were measured as
illustrated in Figure 2. These data from both the
molecular modeling and X-ray crystallographic studies
are displayed in Tables 1 and 5, respectively.

Cytotoxicity and Biochemical Screens

The compounds in series 1—4 were evaluated against
murine P388 and L1210 leukemic cells as well as
human Molt 4/C8 and CEM T-lymphocytes. These data
are presented in Table 2. The cytotoxicity of various o,(-
unsaturated ketones toward a number of human tumor
cell lines was determined, and the results are portrayed
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Figure 3. Comparison of the shapes of 3i (yellow), 3k (blue), 3l (red), 3m (gray), and 3n (green) determined by X-ray
crystallography in which the six carbon atoms of the aryl ring fused to the alicyclic ring were overlapped.

Table 1. Various Distances and Angles of 1a, 2a, and 3a
Found by Molecular Modeling

compd di (A) dz (A) 01 (deg) 0 (deg)?
la 6.85 2.14 18.2 58.7
2a 7.47 0.18 1.4 —58.6
3a 7.43 1.4 10.9 85.2

a The signs of the torsion angles are positive or negative if the
rotation is anticlockwise or clockwise, respectively.

in Table 4. Compounds 3i,k,n inhibited RNA and
protein syntheses as well as induced apoptosis in human
Jurkat T cells; these data are summarized in Table 6.

Results and Discussion

The spatial orientations of the two aryl rings in these
enones were compared by building models of three
representative compounds in each series, namely, 1a,
2a, and 3a. A conformational search of these three
compounds used the Monte Carlo method, and 1000
starting conformations for each of the three compounds
were minimized. The conformations reported have the
lowest energy with the maximum number of original
conformations reaching this energy minima. The con-
formations with the next higher minimum energy had
similar shapes except for the 6, figures vide infra. In
this representation, the six carbon atoms of the aryl ring
fused to the alicyclic ring were superimposed, which is
illustrated in Figure 1. A difference between the location
of the arylmethylene ring in la and the other two
compounds was observed which may contribute to
variations in the cytotoxicities between the enones in
series 1 and those found in series 2 and 3. Furthermore
the figures indicate that the rings in 2a and 3a are
orientated in a different manner which may have an
impact on bioactivity.

To quantify some of the differences between the
orientations of the two aryl rings of la, 2a, and 3a,
certain distances and angles were measured. The fol-
lowing approach was adopted and is illustrated in
Figure 2. Initially carbon atoms were placed in the
centers of rings A and B which will be referred to here-
after as Ca and Cg. Axis 1 was constructed by incorpo-
rating Ca and two other carbon atoms of ring A as
illustrated in Figure 2. Axis 2 was constructed in a
similar manner in ring B. Axis 3 was made at right
angles to axis 1 and perpendicular to axis 2. The dis-
tances between the centers of rings A and B (d;) and
also the elevation (or depression) of ring B above (or

below) axis 3, i.e., d,, were measured. This deviation
from coplanarity of rings A and B was also calculated
by measuring 6;. Finally the possible lack of coplanarity
of ring B with the adjacent unsaturated linkage (6,) was
determined. The results are summarized in Table 1.

The following differences in shape between the three
compounds were noted, each of which may influence
bioactivity. First, rings A and B are closest in 1a, and
the d; distance is increased by 9% in the case of 2a and
3a. Second, the d, and 6; figures revealed that the
centers of both aromatic rings in 2a are virtually in the
same plane in contrast to the centers of rings B in 1la
and 3a which are above the plane of rings A. Finally,
the 6, values demonstrated that the aryl rings B of 1a
and 2a were approximately 59°, while the torsion angle
of 3a was 45% greater, i.e., 85°. These differences in
spatial orientations of the two aryl rings are considered
to play an important part in the variation in cytotoxic
activity in series 1—3 (see Table 3 and the relevant
discussion in the text).

The cytotoxic properties of the compounds in series
1-3 against two murine leukemias and two human
T-lymphocytes are presented in Table 2. The highest
concentration of compound used in the P388 screen was
50 uM. Since the other cell lines were, in general, less
sensitive to these ketones, a 10-fold increase in the
magnitude of the highest concentrations, i.e., 500 uM,
was used in the L1210, Molt 4/C8, and CEM screens.
To compare the cytotoxicity of the enones in series 1—3
with a view to determining which spatial arrangement
favored bioactivity, the following approach was adopted.
When the ICsp values were greater than 50 uM (P388
screen) or 500 uM (in the case of the other cell lines),
these figures of 50 or 500 u«M were used in computing
the average cytotoxicity for a series of compounds.
Hence the term average potency (AP) will be used since
the figures generated are not strictly 1Csq figures. These
data are summarized in Table 3.

In the case of the evaluation using P388 cells, the
figures in Table 3 revealed that the order of potency in
the three series was 3 > 2 > 1. In series 1 only 36% of
the compounds had ICsq figures of less than 50 uM (see
Table 2) and were clearly markedly less active than the
corresponding six- and seven-membered cycloalkanones
2 and 3. In addition, comparisons were made between
the analogues having the same substituents in the aryl
rings, e.g., the potencies of la, 2a, and 3a were
contrasted and the ICsq figures of 1k, 2k, and 3k were
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P388 and L1210 Leukemic Cells and Human Molt 4/C8 and

1Cso (M)

compd P388 cells L1210 cells Molt 4/C8 cells CEM cells
la >50 112 £ 52 42.3+5.9 41.34+0.8
1b 40.0 181 + 17 46.14+7.2 39.24+1.8
1lc >50 89.0 + 39.6 60.0 + 11.7 422 +£5.2
1d 26.3 41.2 +10.1 50.9 + 11.7 31.8+ 134
le >50 54.1 +£0.3 >500 284 + 141
1f 21.0 43.34+2.6 173 £ 115 32.4 +£24.0
1g >50 64.8 +£2.7 >500 299 + 193
1h 24.9 50.4 + 13.9 80.3 +18.0 41.3 +10.1
1i 38.6 59.1+25 >500 67.1 +£18.9
1j >50 217 + 38 >500 >500
1k >50 45.8 + 0.3 226 + 59 32.6 + 145
1l >50 256 + 35 >500 222 + 53
im >50 >500 >500 >500
1n >50 61.7 £ 2.2 135 + 84 41.0 £ 22
2a 30.2 121 + 104 32.4 +16.6 7.42 +0.56
2b 31.1 61.2+35 11.9+15 8.01 +£0.78
2c 15.9 49.3+0.0 41.2+1.3 33.4+3.3
2d 16.8 118 + 97 41.84+0.8 9.19 + 0.92
2e 20.9 69.1 +£21.8 >500 48.2 + 10.6
2f 16.6 158 + 164 21.2+4.9 8.79 + 0.93
29 20.4 202 +£ 172 >500 >500
2h 16.3 73.2 +£37.8 35.8+22 9.41 + 0.50
2i 17.7 161 + 159 >500 460 + 69
2j 17.6 60.7 +21.8 121 +20 8.78 +£ 0.29
2k 22.1 440+ 2.9 9.41 +£0.29 8.84 +0.22
21 12.0 254 4 22 8.01 +£0.30 5.30 + 0.64
2m >50 >500 >500 >500
2n 5.3 175+ 6.7 2.11 +£0.36 1.65 + 0.08
3a 12.7 106 + 31 42.7 + 3.3 28.9 +£0.7
3b 10.9 134 £ 50 28.3+24 112+ 26
3c 111 60.3 + 10.6 53.6 £7.0 20.0 £ 6.4
3d 8.2 52.3+0.0 23.8+ 2.7 9.44 + 2.06
3e 9.5 51.8+0.4 33.0+0.3 151+ 4.7
3f 10.5 51.0+ 35 17.1+£0.3 8.90 + 0.90
3g 18.6 50.9 +£0.1 54.7 + 4.7 171 +£15
3h 19.9 54.4 +5.7 346 +1.1 15.8 + 4.8
3i 11.8 250+7.4 21.3+14.1 114+16
3j 13.9 56.3+1.8 >1002 9.50 £ 0.16
3k 1.6 0.34 +£0.02 0.47 +£0.33 0.35 4+ 0.04
3l 15.8 48.8 + 0.2 8.82 +£0.38 7.72 £0.93
3m 10.9 >500 >500 >500
3n 1.9 1.87 + 0.07 5.25 + 3.63 3.05 + 0.46
4a >50 261 + 18 215+ 10 110 +£ 22
4b >50 382 + 85 482 4+ 25 224 4+ 23
4c >50 291 + 32 250 + 59 198 +1
4d 25.7 144 + 19 88.6 + 20.3 405+1.9
4e 19.1 83.0 +£16.4 52.6 £ 4.0 43.54+0.5
4f 24.1 246 + 19 176 £ 8 137 £ 15
49 16.8 68.4 +11.8 49.4 + 8.7 428 +0.4
4h 29.8 263 + 33 228 + 50 170 +£ 32
4i >50 >500 >500 >500
4j >50 283 + 33 170 £ 32 128 £ 6
4k >50 306 + 30 250 + 13 194 + 3
41 23.6 162 + 36 39.2+4.1 30.14+0.7
4m 25.2 104 +£ 6 396 +15 36.3+54
an 18.8 79.1 £129 574 +14.1 45.1+5.6
melphalan 0.22 2.13 +£0.03 3.24 £ 0.79 2.47 +£0.30

a At a concentration of 500 uM, 3j is insoluble in the cell culture.
Table 3. Average Potency (AP, uM)? for Series 1—4 Using Different Murine and Human Cell Lines
Molt 4/C8 CEM

series P388 cells L1210 cells lymphocytes lymphocytes

1 42.9 (21.0-50) 127 (41.2—-500) 267 (42.3—500) 155 (31.8—500)

2 20.9 (5.3—50) 135 (17.5—500) 158 (2.11-500) 115 (1.65—500)

3 11.2 (1.6—19.9) 85.2 (0.34—500) 66.0 (0.47—500) 47.0 (0.35—500)

4 34.5(16.8—50) 227 (68.4—500) 186 (39.2—500) 136 (30.1—-500)

a The term average potency is defined in the Results and Discussion section.

compared. In 11 of the 14 comparisons, the potencies
were in the order of 3 > 2 > 1, and in all cases the
compounds in 3 were more cytotoxic than the analogues

in series 1. In general, the ketones were less active
toward the more rapidly growing L1210 cells than the
somewhat slower growing P388 leukemia cells. The AP
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Table 4. Cytotoxicities of Various Cyclic Enones toward
Human Tumor Cell Lines

compd MG MID? (uM) compd MG MID? (uM)

1f 46.7 4a 91.2
1 91.2 4b 67.6
2f 11.8 4c 83.2
3a 18.6 4d 41.7
3b 16.2 4e 33.1
3d 16.6 4h 81.3
3e 17.0 4i 83.2
3h 20.0 4j 85.1
3i 11.2 4k 100
3j 15.9 41 30.2
3k 0.269 4am 30.2
3l 10.2 4n 85.1
3m 89.1 melphalan 25.7
3n 141

aThe letters MG MID refer to the mean graph midpoint values.
This term is explained in the Results and Discussion section.

Table 5. Various Distances and Angles of 3i,k—n Found from
X-ray Crystallography

compd di (A) dz (A) 61 (deg) 0, (deg)?
3i 7.74 2.18 16.4 25.1
3k 7.47 2.18 17.0 19.1
3l 7.72 1.46 10.9 —30.3
3m 7.68 0.78 5.8 6.0
3n 7.74 2.13 16.0 —22.9

a The signs of the torsion angles are positive or negative if the
rotation is anticlockwise or clockwise, respectively.

figures in Table 3 indicated that in the L1210 screen,
while series 3 had the highest activity, series 1 was
slightly more potent than the compounds in series 2.
In comparing the data for the enones when the aryl
substituents were identical, the greatest cytotoxicities
were found in eight, two, and three times in series 3, 2,
and 1, respectively.

The figures in Table 3 revealed that the relative
cytotoxicity of the unsaturated ketones toward Molt
4/C8 T-lymphocytes was in the order of 3 > 2 > 1. When
compounds with the same aryl substituents were com-
pared, the greatest cytotoxicity was displayed almost
equally by the compounds in series 3 and 2 and on no
occasion by the analogues in series 1. In general, the
ketones 1—3 were more active against the CEM cells
than toward the Molt 4/C8 lymphocytes. The data in
Table 3, obtained using CEM cells, indicated an order
of potency of 3 > 2 > 1. However in the 13 comparisons
with compounds possessing the same aryl substituents,
maximum activity was found in 8 of the derivatives in
series 2 and 5 in series 3.

If the hypothesis that the spatial orientations of the
aryl rings significantly influence cytotoxicity is valid,
then the data indicate that the relative locations of the
rings in the 2-arylidenebenzosuberones 3 are preferable
to the conformations of these two groups in series 1 and
2. Thus future design of cytotoxic agents which are rigid
or semirigid analogues of chalcones should bear in mind
the distances between, and positions of, the two aryl
rings in the 2-arylidenebenzosuberones.

The next phase of the work was directed toward
discerning those structural features which caused varia-
tions in cytotoxicity. To explore further the hypothesis
that bioactivity was influenced markedly by the pres-
ence and orientation of both aryl rings, series 4 was
prepared in which the aryl ring fused to the cy-
cloaliphatic ring in 3 had been excised. The AP figures

Dimmock et al.

in Table 3 revealed that the compounds in series 3 had
approximately 3 times the activity of the ketones 4
indicating the importance of the presence of an aryl ring
attached to the 2-arylidenecycloheptanone moiety.

The I1Cs figures of the compounds in series 1—4 were
reviewed in terms of potency by comparing their activi-
ties with that of melphalan. In particular, those unsat-
urated ketones possessing 10% or more of the activities
of this antineoplastic drug were noted. In the P388
screen, compounds 3k,n had 14% and 12%, respectively,
of the activity of melphalan; the remaining compounds
were far less potent. A similar situation prevailed in
the L1210 test insofar as the most active compounds
were 3Kk,n. However in this case, these ketones pos-
sessed 6.3 and 1.1 times, respectively, the potency of
the reference alkylating agent. None of the other
ketones had 10% or more of the activity of melphalan.
In the case of the human T-lymphocytes, half or more
of the compounds in series 2 and 3 had ICs figures
corresponding to at least 10% of the activity of mel-
phalan. Using Molt 4/C8 cells 2a,b,f,j,k,I,n and 3b,d-
F,1,k,I,n met this criterion. Of these compounds 2n and
3k had 1.5 and 6.9 times the activity of melphalan.
When CEM cells were employed, 2a,b,d,f,h,j,k,l,n and
3b—I,n were the most potent compounds and in par-
ticular 3k was 7.1 times more potent than melphalan.
One may summarize these data by indicating that 3k,n
were the most active compounds toward the murine
P388 and L1210 cells and 3k had the greatest activity
toward leukemic cells derived from the T-lymphocytes.
A noteworthy feature of the data revealed that 3k was
the most cytotoxic unsaturated ketone in all four
screens, and it is clearly a very useful lead molecule.

Representative compounds were also evaluated against
approximately 55 human tumor cell lines from nine
different neoplastic diseases: leukemia, melanoma, non-
small-cell lung, colon, central nervous system, ovarian,
renal, prostate, and breast cancers.'® The ketones were
screened using concentrations of log 104 to log 108 M,
and the amounts of compounds required to inhibit 50%
of the growth of the cells were noted. In some cases,
the concentration of compound necessary to inhibit 50%
of the growth of a particular cell line was greater than
the highest concentration used, i.e., log 10~* M, although
this figure was incorporated into the average value for
all cell lines. Thus the term mean graph midpoint (MG
MID) was employed in this screen. The number of cell
lines for which actual ICsy figures were obtained is
indicated in the Experimental Section. A greater than
50% inhibition of the growth of the neoplastic cells at
log 10~4 M concentrations was obtained in either all or
most cases where the MG MID values were 50 uM or
less. In addition to identifying potent cytotoxic agents,
a major aim of this screen is to find compounds with
selective toxicity for one or more groups of cancers which
may permit the identification of compounds with pref-
erential lethality for the same class of neoplasms in vivo.

The results recorded in Table 4 confirmed the general
trends using P388, L1210, Molt 4/C8, and CEM cells.
First, the 3-bromo unsaturated ketone 1f had greater
cytotoxicity than 11 but was less potent than the
tetralone analogue 2f. Second, a comparison between
the data for 3a,b,d,e,h,k—n and 4a,b,d,e,h,k—n re-
vealed that with the exception of 3m, the 2-arylideneben-



Cytotoxic 2-Arylidenebenzocycloalkanones

Journal of Medicinal Chemistry, 1999, Vol. 42, No. 8 1363

Table 6. Cytotoxicity, Inhibition of RNA and Protein Synthesis, and Apoptotic Indices of 3i,k,n Using Human Jurkat T Cells?

% inhibition of synthesis of

compd 1Cso (uM) 1Cgo (uM) RNA (SD) protein (SD) apoptotic index
3i 14.6 23.3 84.2 (15.2) 46.3 (4.4) 83.1
3k 3.50 5.60 92.3 (4.1) 19.5 (1.8) 85.7
3n 2.53 4.04 81.8 (6.1) 52.5 (4.6) 65.2
melphalan 2.20 3.52 85.1 (8.2) 30.5 (5.8) 63.2
actinomycin D 0.0045 0.0072 63.2 (13.1) 51.8 (13.4)
cycloheximide 0.93 1.54 93.3 (6.2) 71.9 (6.1)

aThe ICsp, 1Cg0, and apoptotic index figures were obtained after exposure of the cells to the compounds for 48 h, while inhibition of
RNA and protein syntheses was noted after 8 h. The 1Cgg concentrations of the compounds were used in determining the inhibition of

RNA and protein syntheses as well as the apoptotic indices.

zosuberones 3 had greater activity than the analogues
4. Third, with the exception of 3m, all of the compounds
in series 3 had lower MG MID figures than melphalan.
The two most potent compounds were 3K,n possessing
96 and 18 times, respectively, the activity of melphalan.
This observation, coupled with the data from the previ-
ous screens documented in Table 2, confirms the con-
siderable potential of 3k,n as prototypic molecules for
future development.

Series 3 possessed the greatest cytotoxicity toward
human tumor cell lines, and the question posed was
whether selective toxicity toward one or more neoplastic
diseases was observed. Examination of the mean graphs!’
revealed that preferential cytotoxicity was displayed by
some of the compounds toward colon, breast, and
leukemic cells. The fold increase (FI) in selective toxicity
was calculated by comparing the average figure of
cytotoxicity toward the cell lines in a particular group
of cancers with the MG MID values (which is the
average value of all cell lines). Compounds were noted
with FI figures of 1.50 or higher, i.e., those ketones
having a 50% or more increased toxicity to a particular
neoplastic disease. The following unsaturated ketones
demonstrated selective toxicity (FI figures in parenthe-
ses): 3i (1.57) and 3n (1.69) to colon cancers, 3k (2.41)
and 3n (1.53) to breast neoplasms, and 3e (1.60) and 3l
(2.31) to leukemia. The comparable FI figures using
melphalan for colon, breast, and leukemic cancer cell
lines are 1.12, 1.03, and 2.97, respectively.

To determine the extent to which the electronic,
hydrophobic, and steric properties of the aryl substit-
uents in series 3 influenced cytotoxicity, linear and
semilogarithmic plots were made between the 1Csp and
MG MID figures recorded in Tables 2 and 4 with the o,
o, and molar refractivity (MR) values of the aryl groups.
Correlations were described as positive if bioactivity
increased as the magnititude of the physicochemical
constant was elevated and negative if bioactivity was
favored when the constants were lowered or had in-
creasing negative values. The p values generated are
recorded in the Experimental Section, and the following
correlations (p < 0.1) noted. Cytotoxicity was negatively
correlated with o values in the case of the murine P388
and L1210 cells as well as human tumors. The MR
figures of the aryl groups in series 3 were positively
correlated with bioactivity in the case of all cell lines
except the human tumor data recorded in Table 4. The
hydrophobicity of the aryl substituents was unimportant
in eliciting bioactivity since in the case of all of the cell
lines there were no correlations between the & values
and cytotoxicity. The conclusion to be drawn from this
statistical analysis is that future development of series

3 should include the placement of large substituents on
the arylidene ring which are electron-donating.

The observation that cytotoxicity was correlated
positively with the electron-donating properties of the
aryl substituents is noteworthy since such groups will
diminish the electrophilicity of the methine carbon
atoms. Thus thiol alkylation may not be the principal
mode of action of these compounds. It is conceivable that
since substituents with negative ¢ values will increase
the electron density of ring B, van der Waals bonding
between this ring and a complementary aryl moiety at
a binding site may be enhanced.

In concert with the hypothesis stated previously that
the shapes of these molecules influence cytotoxicity, the
topology of five representative compounds in series 3
was investigated further. The enones 3k,n were chosen
because they are the most cytotoxic compounds found
in this study, while 3i,l were substantially less potent
and 3m has the lowest activity among the benzosub-
erones. Taking into consideration the 1Csy values ob-
tained in the five cytotoxicity screens, the increased
potencies of 3k,n,i,l over 3m were 525, 119, 20, and 18,
respectively, indicating the wide range of bioactivity
among these five compounds. However molecular mod-
eling techniques, whereby the six atoms of the aryl ring
fused to the alicyclic ring were superimposed, revealed
a complete overlap of all compounds except for the aryl
substituents. Hence this physicochemical approach did
not explain the great disparity of cytotoxicity among
3i,k—n.

Thus a second physicochemical technique was em-
ployed, namely, X-ray crystallography, with a view to
determining whether the crystal structures of 3i,k—n
revealed molecules with different shapes. The structures
of these five compounds are portrayed in Figure 3 in
which there was superimposition of the fused aryl rings
revealing different orientations of the remaining parts
of the molecules. The dj, dy, 61, and 6, figures (obtained
in a similar manner described previously) are recorded
in Table 5. The distances between the centers of the aryl
rings appeared to be unrelated to bioactivity since the
d; figures for 3i,I,m,n were very similar. However the
distance was slightly shorter in the case of the most
active compound 3k. The data in Table 5 revealed that
3i,k,n had the greatest d, and 0, figures; for 3l the
values were lower, and the smallest figures were
recorded with the least active compound 3m. The two
most cytotoxic enones, 3k,n, were among the three
compounds with the highest figures. In general there-
fore activity is favored by increased deviation of copla-
narity of the two aryl rings. In terms of seeking
correlations of the 6, figures with cytotoxicity, the most
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active compounds 3k,n had values of 19—23° which may
be optimal in terms of potency. Increases in the 6,
values were noted in the less active analogues 3i,l and
the smallest figure was observed in the least active
compound 3m. One may conclude from the results given
in Table 5 that if the shapes of these molecules
determined by X-ray crystallography reflect their spatial
arrangements in vitro, then the distance d, and inter-
planar angles 6; and 6, likely influence cytotoxicity.
These data afford further guidelines for future molec-
ular modifications not only for the benzosuberones but
also for rigid and semirigid analogues of chalcones.

A comparison of the shapes of 3i,k—n obtained by
molecular modeling, whereby conformational searches
provided structures with global minima, and X-ray
crystallographic techniques was made. The average di,
dy, 01, and 6, values for these compounds determined
by molecular modeling were 7.66 A, 2.43 A, 18.5°, and
61.5°, respectively. These figures did not alter when a
representative compound (3k) was modeled taking into
account the effect of solvent molecules (water). The
average figures for 3i,k—n determined by X-ray crystal-
lography were 7.67 A, 1.75 A, 13.2°, and 20.7°, respec-
tively. Hence in very general terms, the molecular
modeling and X-ray crystallographic data give ap-
proximately similar figures in regard to the distances
d; and d; and the 6; angle, while the interplanar angle
6, provided by the molecular modeling technique is far
greater. Thus the general conclusions regarding the
shapes of 1a, 2a, and 3a determined by modeling (with
the possible exception of the 6, figures) are probably
valid although the corresponding information obtained
from X-ray crystallography of these compounds would
be of interest.

Finally a preliminary investigation into the possible
mode(s) of action of representative 2-arylidenebenzo-
suberones was undertaken. A number of anticancer
agents inhibit the synthesis of ribonucleic acid (RNA)
and proteins!® and induce apoptosis.’®2° A previous
investigation from this laboratory showed that human
Jurkat T cells were more sensitive to a novel o,f-
unsaturated ketone than several other cell lines,?! and
hence this neoplasm was used in the present case.
Compounds 3k,n have 26 and 6 times, respectively, the
average cytotoxicity of 3i, and consideration was given
to the fact that this variation in cytotoxicity may be
correlated with the extent of inhibition of RNA and
protein syntheses as well as induction of apoptosis.

The results obtained for 3i,k,n and melphalan as well
as the established inhibitors of RNA and protein syn-
theses, namely, actinomycin D and cycloheximide, re-
spectively, are summarized in Table 6. The ICso values
of 3i,k,n against Jurkat T cells were consistent with
the previous cytotoxicity data that 3k,n have greater
activity than 3i. For the apoptosis study vide infra,
concentrations of compounds were employed which
would cause the death of the majority of the cells; hence
ICgo figures were generated and also used in the RNA
and protein inhibition studies. The data obtained indi-
cated that at the concentrations of compounds utilized,
no correlations between inhibition of RNA and protein
syntheses and cytotoxicity to Jurkat cells were noted.
Thus, all three benzosuberones inhibited RNA synthesis
to the same extent, and 3i,n were clearly more potent
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inhibitors of protein synthesis than 3k. Cells treated
with 3i,k,n displayed the characteristic effects of apo-
ptosis which included cell shrinkage, cytoplasmic
blebbing, and formation of apoptotic nuclei. An apoptotic
index [(number of cells with apoptotic nuclei/number of
cells counted) x 100] was calculated for each compound.
However no correlation between cytotoxicity and apo-
ptotic indices was observed. The data in Table 6
revealed that some of the ways in which the enones 1—4
exert their cytotoxic effects are likely by inhibition of
the syntheses of certain macromolecules and inducing
apoptosis.

Conclusions

Evaluation of a number of 2-arylidene-1-indanones 1,
2-arylidene-1-tetralones 2, and 2-arylidene-1-benzosub-
erones 3 for cytotoxicity revealed that the greatest
activity resided in series 3. In particular, 3k is a pro-
totypic molecule serving as a template for subsequent
molecular modification with a view to increased activity
and selective toxicity for breast neoplasms. A number
of physicochemical determinations revealed that the
spatial arrangements of the aryl groups influenced
cytotoxicity and that the incorporation of substituents
into the arylidene aryl ring having negative ¢ values
and positive MR figures increased potency. Data pro-
vided from several representative compounds indicated
that these enones inhibit RNA and protein syntheses
and induced apoptosis which are likely major mecha-
nisms whereby cytotoxicity is mediated.

Experimental Section

Melting points were determined on a Boetius apparatus at
a heating rate of 4 °C/min and are uncorrected. Elemental
analyses (C, H), performed at the former Chemistry Division
of the Central Research Laboratory, Pécs, Hungary, and at
the Organic Chemistry Department, Eotvos Lorand Univer-
sity, Budapest, Hungary, were undertaken on 1b,h, 2f,h,j,I,
3b,d,h,i,n, and 4b—n and were within 0.4% of the calculated
values. The remaining compounds have been described previ-
ously and had melting points in accord with the literature
values. Column chromatography was undertaken using Merck
Kieselgel 60 and an eluting solvent of benzene or benzene:
hexane, 1:1 (41,m). The purity of the compounds was checked
by TLC using Merck silica gel 60 F254 alumina sheets using
both benzene and benzene:ethanol (4:1) as developing solvents
for each compound. *H NMR spectra of all compounds were
recorded in deuteriochloroform using a Perkin-Elmer R12
machine (60 MHz) and TMS as the internal standard. Infrared
spectra of all compounds were recorded as potassium bromide
disks or as films between potassium bromide disks using a
Specord 75 instrument.

Synthesis of Series 1-3. The unsaturated ketones were
prepared by a literature method?? and purified by column
chromatography followed by recrystallization from methanol.
The melting points (°C) of unreported compounds are as
follows: 1b, 127-129; 1h, 119-121; 2f, 111-113; 2h, 90—92;
2j, 75—77; 21, 142—144; 3b, 75—77; 3d, 91-93; 3h, 58—60; 3i,
109-111; and 3n, 177-179. The 'H NMR spectra of repre-
sentative compounds 1h, 2h, and 3h were as follows: 1h, ¢
2.37(s, 3H, CHj3), 3.93 (d, 2H, 3 = 2.4 Hz, CH,), 6.95—7.70 (m,
8H, aryl H), 7.75—8.05 (m, 1H, =CH); 2h, 4 2.39 (s, 3H, CHa),
2.75—3.35 (m, 4H, CH,CH,), 7.05—7.65 (m, 7H, aryl H), 7.86
(quasi s, 1H, =CH), 8.05—8.30 (m, 1H, aryl H); and 3h, ¢:
1.85—2.30 (m, 2H, 4-CH,), 2.38 (s, 3H, CHj3), 2.30—3.05 (m,
4H, 3-CH; and 5-CHy), 7.00—7.55 (m, 7H, aryl H), 7.65—7.95
(m, 2H, aryl H, =CH). The infrared spectra revealed cabonyl
stretching frequencies for 1h, 2h, and 3h at 1689, 1661, and
1659 cm™1, respectively.
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Synthesis of Series 4. The compounds were prepared by
following literature procedures?>?® and purified by column
chromatography to give oils (4b,d,f,h,j,K) or solids (4a,c,e,g,i,l—
n) which were crystallized from hexane. The melting points
(°C) of the crystalline materials were as follows: 4a, 39—41,;
4c, 67—-69; 4e, 80—82; 4g, 91—-93; 4i, 50—51; 4l, 53—55; 4m,
91-93; and 4n, 98—100. The *H NMR spectra of a representa-
tive compound 4h was as follows: 6 1.45—1.95 (m, 6H, 4-CH,,
5-CH,, 6-CHy), 2.37 (s, 3H, CHj3), 2.30—2.80 (m, 4H, 3-CH,,
7-CHy), 6.95—7.40 (m, 4H, aryl H), 7.50(quasi s, 1H, =CH).
The infrared spectrum revealed a carbonyl stretching fre-
quency of 1674 cm™1.

Molecular Modeling. Models were built by the Macro-
Model Version 4.5 program?+?5 which was followed by a
conformational search using the Monte Carlo method and
MM2 force-field parameters to obtain minimum energy con-
formations.

X-ray Crystallography of 3i,k—n. The compounds were
crystallized from methanol (3i,k,m,n) or hexane—diethyl ether
by vapor diffusion (3I). A Nonius CAD-4 diffractometer with
a o scan was used for data collection, and the structure was
solved by direct methods using NRCVAX?¢ and refined using
SHELXL-93.2” Atomic scattering factors were taken from the
literature.?® All non-hydrogen atoms were found on the E-map
and refined anisotropically. Hydrogen atom positions were
calculated and not refined.

Statistical Analyses. The ¢, 7, and MR values were taken
from the literature.?® The p values obtained from linear (I) and
semilogarithmic (sl) plots are given below, and the figures in
parentheses refer to the plots of cytotoxicity against the o, x,
and MR constants, respectively: P388, (0.098, 0.559, 0.248),
P388, (0.019, 0.517, 0.081), L1210, (0.073, 0.758, 0.003),
L1210 (0.013, 0.472, 0.035), Molt 4/C8, (0.480, 0.311, 0.060),
Molt 4/C8 (0.236, 0.166, 0.120), CEM, (0.509, 0.707, 0.014),
CEMg (0.179, 0.323, 0.093), human tumors; (0.051, 0.332,
0.727), and human tumorsg (0.021, 0.862, 0.154).

Cytotoxicity Evaluations. The murine P388 screen was
undertaken using a literature protocol.*° The method employed
for evaluating the compounds against murine L1210 cells as
well as human Molt 4/C8 and CEM T-lymphocytes has been
described previously.3* The human tumor assay was conducted
using a reported protocol.®? In this test, the number of cell lines
whose growth was inhibited by 50% or more at the maximum
concentration of compound (log 10™* M per total number of
cell lines used) was as follows: 1f, 46/55; 11, 12/55; 2f, 55/55;
3a, 55/55; 3b, 56/56; 3d, 56/56; 3e, 56/56; 3h, 55/55; 3i, 55/55;
3j, 55/55; 3k, 42/42; 31, 56/56; 3m, 10/56; 3n, 46/47; 4a, 10/54;
4b, 29/53; 4c, 19/54; 4d, 43/52; 4e, 52/53; 4h, 6/55; 4i, 2/55;
4j, 13/53; 4k, 0/57; 41, 51/52; 4m, 52/52; 4n, 16/51; and
melphalan, 57/57.

Measurement of the Inhibition of RNA and Protein
Syntheses and Apoptotic Indices in Jurkat T Cells.
Inhibition of RNA and protein syntheses was determined by
a literature procedure using Jurkat T cells.®® The cytotoxicity
and apoptosis studies followed a method previously employed
in this laboratory?! except that nigrosin dye was used in place
of trypan blue in the cytotoxicity experiments and a solution
of ethidium bromide (0.1% w/v) and acridine orange (0.1% w/v)
was employed for the measurement of apoptosis.
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