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Matrix compare analysis discriminates subtle structural
differences in a family of novel antiproliferative agents,
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Abstract—A diastereoselective synthesis of diaryl-3-hydroxy-2,3,3a,10a-tetrahydrobenzo[b]cycylopenta[e]azepine-4,10(1 H,5 H)-
diones is described employing a tandem Michael-aldol addition as key step. The novel compounds exhibit antiproliferative activity
in a panel of in vitro cultivated cancer cell lines. The bioinformatic tool COMPARE was able to discriminate between two closely
related subgroups of the title compounds, namely 1,3- and 2,3-disubstituted derivatives.

© 2006 Elsevier Ltd. All rights reserved.

The darpones 2 are a class of compounds displaying in vi-
tro and in vivo antiproliferative activity against tumor
cells. The biochemical mechanism underlying the growth
inhibitory effects of darpones is still unknown.!™* For the
general synthesis of darpones, the oxidative cyclization of
the 1,5-diones 1 is a key step (Scheme 1). The intermedi-
ates 1 are prepared by Michael addition reactions of the
1 H-[1]benzazepine-2,5(3H,4H)-dione 3 and 1,3-diaryl-
propenones 4 in the presence of 0.1 equivalents of potas-
sium hydroxide.! Serendipituosly, we found that upon
employing higher concentrations of the basic catalyst, a
tandem Michael-aldol addition leads diastercoselectively
from the mentioned starting materials to a new com-
pound class, namely 1,3-diaryl-3-hydroxy-2,3,3a,10a-
tetrahydrobenzo[b]cycylopenta[e]azepine-4,10(1 H,5 H)-
diones 5 (Scheme 2).

Because 5 bear a weak structural resemblance to the dar-
pones 2, the former were tested in the In Vitro Cell Line
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Scheme 1. Synthesis of darpones 2. Reagents and conditions: (i)
NH;OAc, NH4Fe(SOy),, AcOH, N», reflux.

Screening Project (IVCLSP) of the American National
Cancer Institute. Although the overall in vitro antipro-
liferative activity of Sa—g was only modest with averaged
growth inhibition values (meangraph midpoint values;
MG MID) between 10 and 100 uM, distinct cancer cell
lines were inhibited selectively, for example, the NSCL
cancer cell line NCI-H460 (Table 1).

The reaction leading to 5 furnishes the depicted racemic
(1SR,3RS,3aSR,10aRS) diastereomers. In the crude
reaction mixtures, less than 10% of side diastereomers
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Scheme 2. Synthesis of diaryl-3-hydroxy-2,3,3a,10a-tetrahydrobenzo[b]-
cycylopentalelazepine-4,10(1 H,5H)-diones 5 and 7. Reagents and
conditions: (i) 1 equiv KOH, EtOH, rt; (ii) 2 equiv KOH, EtOH, rt.

were detected by NMR spectroscopy. These side prod-
ucts and traces of open chain precursors 1 were easily re-
moved during the workup procedure which consisted of
collecting the precipitate from the reaction mixture and
crystallization from ethanol.

In order to structurally modify the parent motif 5, it was
intended to shift the 1-aryl substituent to the 2-position.
For the synthesis of the so-designed 2,3-diaryl-3-hy-
droxy-2,3,3a,10a-tetrahydrobenzo[b]cycylopentale]aze-
pine-4,10(1 H,5H)-diones 7 by an analogous procedure,
it would have been necessary to replace the chalcones 4
by 1,2-diarylpropenones. Since it is well known that the
latter are relatively unstable due to formation of Diels—
Alder dimers,® the Mannich bases 6% were employed in
the cyclization reactions as precursors for the corre-
sponding 1,2-diarylpropenones. Again, upon treatment
with potassium hydroxide in ethanol the products of
tandem Michael-aldol cyclizations were formed diastere-
oselectively, albeit in poor to moderate yields (15-49%)
(Table 1, entries 7a—g). Again, side diastereomers were
detected in the crude reaction mixtures only in a low ex-
tent (<10%). Both for compound series 5 and 7 the rel-
ative stereochemistry was determined by assignment of
the aliphatic proton signals by COSY experiments and
subsequent evaluation of NOESY spectra as exemplified
for compound 7a (Fig. 1).

In the IVCLSP, the 2,3-diaryl analogs 7 revealed an
enhanced average antiproliferative potential compared
to the 1,3-diaryl structures. Furthermore, a characteris-
tic selectivity pattern with regard to the antiproliferative
activity on specific cell lines was observed which
appeared to be distinct of that found for the 1,3-diaryl
analogs 5. For example, the NSCL cancer cell line
HOP-62, which was scarcely affected by members of
the 1,3-diaryl series 5, was inhibited by the 1,2-diaryl
analogs 7 in low micromolar concentrations.

For a further rational development of the novel com-
pound classes 5 and 7 as anticancer agents it is of high
relevance to detect the biological targets underlying their
antiproliferative activity. From structural similarity of 5

or 7 to established anticancer agents such a mechanism
is not obvious. However, the selectivity pattern of a
compound displayed in the IVCLSP can be used to gen-
erate a hypothesis on the nature of the growth inhibition
mechanism.

In the IVCLSP, the antiproliferative activities of test
compounds are determined in vitro on distinct cancer cell
lines from nine different tumor entities, representing leu-
kemia, melanoma and cancers of the lung, colon, brain,
ovary, breast, prostate, and kidney. For this purpose,
the cancer cells are incubated with five concentrations be-
tween 10~® and 107* M of the test compound for two
days. A sulforhodamine B assay is employed to determine
the surviving cells. G5y values (Glsy = concentration to
inhibit cell growth by 50%) are calculated for the single
cell lines. An averaged Gls, value over all the cell lines
in the screen is calculated defining the average antiprolif-
erative activity of a test compound. This averaged param-
eter is designated meangraph midpoint (MG-MID).%-10

The selectivity pattern of a compound displayed in the
IVCLSP can be exploited for the generation of hypoth-
eses regarding the mechanism of action of an antiprolif-
erative compound. The basis for such a study is a
COMPARE analysis which pairwise compares the selec-
tivity patterns of two given compounds within the cell
line panel of the IVCLSP. As a result of the COMPARE
analysis a Pearson correlation coefficient (PCC, values
between —1 and +1) is calculated. A high PCC suggests
that two agents share a similar antiproliferative mecha-
nism.”!""13 To check whether the compound classes 5
and 7 display typical selectivity patterns and thus exhibit
characteristic antiproliferative mechanisms, a matrix
COMPARE analysis was performed in which all com-
pounds listed in Table 1 were compared pairwise. From
the results of the matrix COMPARE analysis given in
Table 2 the high discriminatory capability of the tool be-
comes obvious: with just one single exception (correla-
tion of 5b and 7g) significant (p <0.01) correlations
could not be detected when members of the two sub-
groups were compared (refer to values within the rectan-
gle marked in Table 2). In contrast, within a subgroup a
high pattern consistency was found: 13 out of 21 possible
correlations were found significant within the subgroup
5, and all 28 correlations in subgroup 7 were considered
significant. These findings suggest that both compound
classes 5 and 7 constitute groups of antiproliferative
agents with different but characteristic mechanisms of ac-
tion. In this context, it has to be stressed that the levels of
significance (p values) are not indicating the potential
biological meaning of a correlation but, rather, they are
a measure of purely mathematical significance based on
the relative variance of the two data sets being correlated.

COMPARE analyses with members of the 5 and 7 series
in the NCI database of standard agents revealed that
4-nitro-estrone-4-methylether (NSC321803) and bleomy-
cin (NSC 125066) were frequently ranked in the top posi-
tions of standard agents correlated to 7 (data not shown).
However, since the two standard agents are not sharing
an obvious common mechanism this observation is not
helpful in the search for the biological targets of 7.



Table 1. Structural, chemical, and physical data of diaryl-3-hydroxy-2,3,3a,10a-tetrahydrobenzo[b]cycylopenta[e]azepine-4,10(1 H,5 H)-diones 5 and 7

Compound R! R? R? Yield mp (°C) Logio GIso (M) Logo GIsp (M)  Logjo Glso Correlation with Correlation with AXL
(%) HOP-62° NCI-H460° (M) MG-MID®  epidermal growth factor  (receptor tyrosine kinase)

receptor (MT1093)%f (MT994)%f

5a 4-MeO-Ph H Ph 59 230-235 >—-4.0 =5.1 —4.1 0.035 (53) 0.148 (53)

5b 4-CI-Ph H Ph 39 238-239 >-4.0 -5.0 —4.1 0.095 (54) 0.195 (54)

5¢ 3-Cl-Ph H Ph 34 229-230 >—-4.0 5.2 —4.1 —0.170 (55) —0.157 (55)

5d* Ph H 3-Cl-Ph 39 224-225 >-4.0 -5.7 —4.5 —0.106 (59) —0.130 (59)

Se* Ph H 2-Naphthyl 42 238239 >_4.0 -6.7 —438 —0.047 (59) 0.022 (59)

5f Ph H 1,3-Benzodi- 42 254 (dec) —4.1 -5.6 —4.3 —0.185 (55) —0.077 (55)

oxol-5-yl

5g 4-MeO-Ph H 3-Cl-Ph 60 236 >-4.0 -5.0 —4.2 —0.083 (49) —0.108 (49)

7a H Ph Ph 44 247-258 (dec) —-54 5.4 —-4.9 0.441 (49) 0.528 (49)

7b* H 4-Me-Ph Ph 49 261-262 (dec) -5.6 =51 -53 0.491 (59) 0.439 (59)

7c* H 4-MeO-Ph Ph 29 261-263 (dec) —5.6 —-4.9 —-4.9 0.480 (59) 0.505 (59)

7d* H 4-Cl-Ph Ph 53 271-276 (dec) —5.6 -54 -53 0.417 (59) 0.423 (59)

7e* H 3-Cl-Ph Ph 33 244-247 (dec) -5.1 —4.6 —4.7 0.368 (59) 0.376 (59)

7t H Ph 4-Me-Ph 15 286 (dec) -54 —4.7 —4.8 0.493 (59) 0.536 (59)

78" H 4-Me-Ph  4-Me-Ph 29 258262 (dec)  —5.2 —54 -52 0.211 (59) 0.28 (59)

7h? H 4-CIl-Ph 4-Me-Ph 32 270-272 (dec) -53 -57 —54 0.325 (59) 0.358 (59)

Antiproliferative activity of 5 and 7 in the In Vitro Cell Line Screening Project (IVCLSP) of the National Cancer Institute and correlation with selected molecular targets (MT) determined in the cell lines

of the IVCLSP. Numbers in brackets correspond to the cell lines that were used for calculation.

# Average of 2 experiments.

® Non-small cell lung cancer cell line.

“Non-small cell lung cancer cell line.

9MG-MID, meangraph midpoint, mean value for all tested cancer cell lines. If the indicated effect was not attainable for distinct cell lines within the used concentration interval, the highest tested
concentration (=100 puM) was used for the calculation.

®The correlation (Pearson correlation coefficient, PCC) with RNA levels (log values) of the distinct target is given. Numbers in brackets correspond to the number of cell lines that were used for
calculation.

"The data given in bold italics are considered significant (» < 0.01). The distinct p values were calculated from the PCCs and the number of cell lines by StaTable vers.1.0.2 (Cytel Software, Cambridge,
MA 02139, USA).
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Figure 1. NOESY-assignment of the aliphatic and OH protons in _=ae 2 %
compound 7a. The signal of the HO proton in position 3 (5.43 ppm) E)/ NI 2, 2
displays cross-relations with the signals at 3.68 and 2.59 ppm, showing a § E 2 °
that these protons are located on one side of the cyclopentane plane. SRS S 3
On the other side of the plane are located H-3a (3.80 ppm) and H-2 sao 2 §
(3.33 ppm), as is demonstrated by a NOE. The stereochemical RURSNING S ﬁ
assumption depicted in Fig 1 is further supported by the observation QAR g g
of NOEs between the signals at 2.85 and 3.33 ppm one the one hand gl 2238 £ g
and between H-3a and signals caused by hydrogen nuclei of the phenyl ~~  ~ 4 3
1 o NN 5]
substituent at C-3 on the other hand. JLvege <0
NN g e.:
: : | TEL G =
The NCTI’s database of molecular targets (MTs) contains ) SSSsSS 5§ E
. . . . >
expression levels of proven or putative biological targets ocacssae & E
g : ToTTIDE 23
determined in the cancer cell lines of the IVCLSP. A ety o8
COMPARE analysis in the MTs database with the ol N8RS 82 2=
IVCLSP selectivity pattern of a test compound as seed rneEE=se £3
might contribute hints to its mechanism of action, I3IFToET @ g
although it must be kept in mind that in this case two V529 =2 Et‘ B
different patterns are compared: a pattern of endpoint <1883 3338S cE
(Glsp) determinations after two days of compound = AALLAAA S g
exposure and a pattern of target expression in steadily FARBBER|Q = ;
growing cells. The COMPARE with 5§ and 7 in the T I N R
molecular targets database revealed distinct entries that PRI SRR i Eg
. . Q
were frequently found in lists of MTs ranked by PCCs s E=
. .. ]
with compounds 7; among others the positively correlat- 55 socsla 2 E =
ed targets MT994 (AXL receptor tyrosine kinase).'* and DR AR NS T2
MT1093 (epidermal growth factor receptor, EGFR),'? EoT2852818% =v
although the correlation coefficients were not high in AIEEEEEERIEE —§ S
~
absolute terms (for PCC values refer to Table 1). The ~ 2 §
only compound that is not exhibiting a significant corre- TLEITELE § § § 2=
lation with any of these targets is derivative 7g, which crxexzazlazy § 5
. - —_— O D = — =" O~ Q3
therefore has to be regarded as relatively untypical for <|[SSSS3S3535|883 £%
the compound class. Of note, both molecular targets =T ' 8
are tyrosine kinases that have been related to cancer, E s0g22gs/388s ER-
and of these the EGF receptor kinase is one of the main 0 rdthigite N 2 ;
target molecules of kinase inhibitors that are currently 2 82222888 RR8 E s
clinically evaluated as antitumor drugs.'® In contrast, zlgllccsssTgIss=s =2
neither the AXL receptor tyrosine kinase nor the EGFR = il aaa 8=
. .. . e FThooobolasese s 22
kinase was significantly correlated with a compound ° LLLBSELDITETLLL 23
from series 5. In order to gain information whether 3 TEECEAC|BEE & 3 S E3
the antiproliferative activity of the novel structures is Slu|[eessSSS|SSSSS § 5 <4
based on a direct inhibition of phosphorylating en- - = - e~ € B
zymes, representatives S¢ and 7a from both series were [~ TI82283% I2232 |3 g =
tested in a commercially available screening system on S SNgzcozlThsnes | E b
16 cancer-related kinases (Aurora-A, CDK4/CycDI, % 2292922332832 é Es
CDK2/CycE, EGFR, Erb-b2, PDGFR-beta, PLKI, &7 [ £EE g
AKTI1, IGF1-R, VEGF-R1, VEGF-R2, VEGF-R3, £ sogcegsassssse c =T £
TIE2, EPHB4, FAK, and SRC). In this preliminary as- g R AR MAANOEEEE
. . Tooao s ~bom~hNw~|5EE
say, the compounds were tested in 10 uM concentrations = IE82=-2855|8323%RA|2285
in the presence of 0.1 uM ATP. s|El|Feegeeg|SSsSsSss<S Eﬁ"g%
—_— =
. . . 2|2 S22
The results (Fig. 2) revealed in contrast to our prediction w2 250
from the COMPARE analyses that while 7a did not show | E S %5 &
noteworthy kinase inhibition Sc inhibited seven receptor 2|S||am e Ter e 2 g g2
tyrosine kinases (EGFR, Erb-b2, IGF1-R, VEGFR-RI1, = s o
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Figure 2. Residual activities [%] of cancer-related protein kinases after incubation with 10 uM diaryl-3-hydroxy-2,3,3a,10a-tetrahydrobenzo[b]cyc-
ylopenta[e]azepine-4,10(1 H,5H)-diones Sc () or 7a ({0); ATP concentration, 0.1 uM. The displayed diagram represents one of two tests runs which
were performed in singlicate, respectively. In the second run, 1 pM test compound was used (data not shown). As parameter of the assay quality, the
Z’ factor'” was calculated, which did not drop below 0.43 and exceeded 0.70 in most cases. As an additional control, for the distinct enzymes the
coefficients of variation (CV) of a 1% DMSO plate (n = 88) were calculated, which did not exceed 13.39% and were lower than 10% in most cases.

VEGF-R2, TIE2, and EPHB4) by more than 50%. Based
on these findings we speculate that the modest antiprolif-
erative activity of compounds 5 might be caused by a
moderate unselective inhibition of receptor tyrosine ki-
nases. It is surprising that although most of the com-
pounds 7 showed a positive correlation with the EGF-
receptor expression (MT1093, Table 1) neither this nor
any other of the tested receptor kinases was inhibited by
7a. Besides a direct kinase inhibition by 7a, which seems
unlikely based on our findings, several other putative
mechanisms can be used as hypotheses for an explanation
of the observed correlation with the molecular targets of
Table 1. For instance, compounds 7 could interact with
molecules of signaling cascades in which the kinases are
involved. Furthermore, it should be considered that the
molecular targets in the [VCLSP might be intercorrelated
with other cancer-relevant molecules that have not yet
been screened and constitute the actual biological target.
For instance, the expression of the two mentioned tyro-
sine kinases in the IVCLSP is highly intercorrelated with
a PCC of 0.776.

In conclusion, we have disclosed diastercoselective syn-
theses!® of two closely related antiproliferative compound
series 5 and 7 which are clearly distinguished by the bioin-
formatic tool COMPARE. Although protein kinases
apparently are involved in the growth inhibitory activity
displayed by 5 and 7, a defined mechanism still has to be
established. Based on the preliminary results reported
here, further investigations addressing the antiprolifera-
tive mechanism as well as the role of single enantiomers
of the title compounds appear promising.
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Synthesis of 7a, typical procedure: to a stirred suspension
of 3 (175mg, 1.0 mmol) in ethanol (4 mL) is added
potassium hydroxide (112 mg, 2.0 mmol). After stirring of
the mixture for S min at room temperature, 6a (290 mg,
1.0 mmol) is added and stirring is continued for 6 h. The
pH is adjusted to 6 by addition of acetic acid. The
precipitate is collected and crystallized from ethanol to
yield 7a (170 mg, 44%) as colorless crystals, IR: 3440
(OH), 3185 (NH), 3050 (C-H arom.), 1650 (C=0) cm™";
'H NMR: (400 MHz, d-DMSO) & (ppm) = 2.59 (dd, 1H,
J=12.7/12.7 Hz, H,), 2.85 (ddd, 1H, J = 12.1/8.6/3.0 Hz,
H-1) 3.29-3.36 (m, 1H, H-2), 3.68 (dt, 1H, J=11.2/11.2/
3.0 Hz, H-10a), 3.80 (d, 1H, J=12.2 Hz, H-3a), 5.43 (d,

1H, J=1.6 Hz, OH), 7.03-7.13 (m, 6H, H arom.), 7.16 (t,
2H, J=7.2/72Hz, H arom.), 7.21 (d, 1H, J=7.6 Hz, H
arom.), 7.28 (t, I1H, J=17.6/7.6 Hz, H arom.), 7.38 (d, 2H,
J=7.1Hz, Harom.), 7.59 (ddd, 1H, J = 7.6/7.6/1.5 Hz, H
arom.), 8.16 (dd, 1H, J=28.1/1.5 Hz, H arom.), 10.47 (s,
1H, NH); 'H-'H COSY: (400 MHz, ds-DMSO) selected
cross signals: 2.59 and 2.85 with 3.33, 3.33 with 5.43, 3.68
with 2.59 and 2.85 and 3.80; NOESY: (500 MHz, ds-
DMSO) see legend of Figure 1; >C NMR: (100.62 MHz,
ds-DMSO) 6 (ppm) = 30.6 (CH,), 49.5, 51.2, 55.4 (C tert.),
83.4 (C-OH), 122.1, 123.7, 125.4, 126.2, 127.2, 127.4,
129.2, 130.6, 134.1 (C tert.), 124.8, 137.7, 138.2, 143.4 (C
quat.), 174.3 (lactam C=0), 196.6 (C=O0); C,sH, NO;
(383.45) caled C 78.31; H 5.52, N 3.65; found C 78.33, H
5.59, N 3.69.
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