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With the aim of enhancing the structural complexity and diversity of an existing collection of bi- and
terphenyl compounds, we synthesized hybrid molecules comprising of spirocyclic ketones (a complexity-
bearing core) and bi/terphenyls (privileged fragments). Compounds 1, 3, 4, and 6 showed well-defined
activity on apoptosis and differentiation, making them potential leads for development as new
anticancer agents and chemical probes to study signaling networks in neoplastic cells.

Introduction

Deregulated cell proliferation together with suppression of
apoptosis constitutes the minimal common platform upon which
all neoplastic evolution occurs. Indeed, numerous molecular and
cellular mechanisms regulate these crucial events, and their
identification and understanding can offer valuable insights
toward the development of innovative anticancer drugs.

Given our interest in medicinal chemistry and chemical
biology, over the past years we have been engaged in a project
aimed at identifying novel biologically active small molecules,
which can be antitumor lead candidates or valuable chemical
tools to study molecular pathways in cancer cells.

We recently synthesized a library of biphenyls and terphenyls
(privileged structures), and their biological evaluation showed
that some derivatives were able to arrest the cell cycle in Gy—G;
phase and also induce differentiation in leukemia cells.'

As a further development of this project, we aimed at
enhancing the structural complexity and diversity of the
existing collection, generating new biphenyl- and terphenyl-
containing small molecules. With this goal in mind, we turned
our attention to natural-product-like scaffolds as complexity-
bearing cores and biologically validated starting points
(BIOS® moieties),” and envisaged that the introduction of
biphenyl and terphenyl privileged fragments on these scaf-
folds could be a promising approach to design a library of
unique potential bioactive compounds (Figure 1). Thus, we
have developed a two-step linear sequence relying on the
combination of the three-component domino Knoevenagel/
Diels—Alder/epimerization sequence (K—DA—E) for the
construction of the natural product-like cores, followed by
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Suzuki coupling as the derivatization step. This strategy
proved to be a valuable synthetic methodology for the parallel
generation of a library of new molecules that are hybrids of
spirocyclic ketones with biphenyls and terphenyls.* The spiro
ring system is a widespread motif in many natural products>°
and notably is a novel structural feature of spiromentins, a
recently reported class of natural terphenyl derivatives.’

To evaluate the importance of the natural product-like
scaffolds and the privileged fragments forming the hybrid
molecules, we prepared a series of differently substituted
spirocyclic ketones. The general synthetic procedure for the
preparation of the latter series (7—13, Scheme 1) and the
biological evaluation of representative derivatives of the
spirocyclic ketones collections (1—13, Table 1) are described.

Compounds 1—13 were characterized for their antiproli-
ferative activity on HL60 and Ber-Abl-expressing K562
(apoptosis resistant) leukemia cell lines. Two compounds (1
and 4) caused a block of K562 cells in Go—G; after 24 h of
treatment and a massive apoptotic induction after 48 h.
According to their marked proapoptotic ability, 1 and 4
decreased the level of Bcl-2 which is known to play a key role
in regulating apoptosis.®® In chronic myeloid leukemias, the
Ber-Abl oncoprotein causes the overexpression of Bcl-2,
which is known to cause leukemia cells to be resistant toward
different apoptotic stimuli including chemotherapeutic
drugs.m’11 In addition, chronic myeloid leukemias are char-
acterized by high percentage of cells in a resting state (Go—G)
that make them resistant to conventional chemotherapy.
These novel molecules endowed with potent cytotoxic activity
on resting cells and ability to down-regulate the intracellular
levels of Bcl-2 could lead to the development of new thera-
peutic agents for the treatment of these malignancies.

Chemistry

Compounds 1—6 were prepared as previously described
by us.*

© 2009 American Chemical Society
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Figure 1. General design strategy of hybrid compounds.
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“Reagents and conditions: aldehydes 17—20 (1.0 equiv), 1,3-diones
21 and 22 (1.0 equiv), L-DMTC (0.2 equiv), enones 23—25 (2.0 equiv),
MeOH (1M), room temp, 72 h. *Yield refers to the purified product
after flash chromatography.

The spirocyclic ketones (7—13) were synthesized in a highly
diastereoselective way, taking advantage of the three-compo-
nent domino K—DA—E sequence with commercially avail-
able aldehydes (17—20), 1,3-indandione 21 or Meldrum’s acid
22, and 4-substituted-3-buten-2-ones (23—25) in the presence
of a catalytic amount of (1)-5,5-dimethyl thiazolidinium-
4-carboxylate (DMTC), as shown in Scheme 1.

The (E)-4-substituted-3-buten-2-ones (24, 25) were ob-
tained through stereospecific Wittig reaction employing the
appropriate stabilized ylide and commercially available alde-
hydes (18, 19), respectively (see Supporting Information,
Scheme 2).

Biology

All compounds in this study (1—13) were tested for their
antiproliferative activity on sensitive acute myelogenous leu-
kemia HL60 cells and Ber-Abl-expressing K562 cells. The
most active compounds of the series (1, 3, 4, 6) were also
evaluated for their proapoptotic activity on HL60 and K562
cells and their antiproliferative activity on normal cells
(Iymphocytes).

The antiproliferative activity of each compound was eval-
uated by counting cells with an automatic cell counter;
apoptosis was evaluated by morphological assay and
annexine V test. The effects of the most potent compounds

on cell cycle were studied by flow cytometry after staining the
cells with propidium iodide. Moreover, derivatives 1, 3, 4, 6
were evaluated for their effects on the expression of Bel-2 in
K562 cells by flow cytometry after staining cells with FITC-
conjugated anti-Bcl-2 monoclonal antibody. For 3 and 6
which were able to induce a stable block in Go—G; phase
after 72 h, we investigated their ability to induce cell differ-
entiation by evaluating the expression of CD11cand CD61 on
HL60 cells with anti-CD1lc and anti-CD61 monoclonal
antibodies, respectively.

Results and Discussion

The antiproliferative activities of the compounds presented
in this study are shown in Table 1 expressed as ICs, (concen-
tration able to inhibit 50% of the cell growth). Terphenyl 14
and biphenyls 15 and 16 are included for comparison with our
previous collection.> From Table 1, it appears that the most
active compounds of the present series are 1, 3, 4, and 6, which
were further tested for their proapoptotic activity (as shown in
Table 2) expressed as ACs, (concentration able to induce
apoptosis in 50% of cells). In addition, the 1Cs, values of
1, 3, 4, and 6 on normal lymphocytes are shown in the same
table.

Of these compounds, 3 showed antiproliferative ICso of 6
and 14 uM in HL60 and K562 cells, respectively, while 6 was
slightly more active in K562 than in HL60 cells (ICs, of 8 uM
vs 16 uM) (Table 1). In contrast, the proapoptotic activity of
both compounds was scarce in K562 cells (ACs, of 80 uM for
3and > 100 uM for 6, Table 2). This result is consistent with
the drug-induced apoptosis resistance displayed by K562 cells
and may be correlated with the expression of the antiapoptotic
gene Ber-Abl. In K562 cells, compounds 1 and 4 showed ACs
only 2.3 and 2.0 times higher, respectively, than those ob-
served in HL60 cells. Previous reports'? have shown that the
product of the Ber-Abl oncogene causes a delay of drug-
induced apoptosis, which generally appears after 72—96 h. In
our hands, 1 and 4 induced programmed cell death after only
48 h. Noteworthy (Table 2) is the cytotoxic activity of the four
derivatives on normal cells (lymphocytes) which was mark-
edly lower than in HL60 and K562 cells.

Thus, the hybrid molecules formed by a combination of the
two chemotypes provided interesting biological features,
proving that this design strategy was successful to obtain
new bioactive molecules. In fact, 1, 3, 4, and 6 showed better
I1Cso and ACsy than almost all of the previously reported
terphenyls and biphenyls' and the new spirocyclic ketones
described here (7—13, Table 1).

A preliminary SAR analysis of the antiproliferative activity
showed (Table 1) that a crucial determinant of the high
activity seems to be a combination of the two different
molecular moieties. Actually the spirocyclic ketones lacking
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Table 1. ICs5y* (uM =+ SE) of 1—-16 in Sensitive HL60 and Ber-Abl-
Expressing K562 Cells

Pizzirani et al.

Table 2. ACs5y" (uM =+ SE) of Derivatives 1, 3, 4, 6, and 14—16 in
Sensitive HL60 and Ber-Abl-Expressing K562 Cells and 1Cs,” (uM =
SE) of Derivatives 1, 3, 4, and 6 in Normal Lymphocytes
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“Concentration (uM) able to inhibit 50% of cell growth after 48 h of
treatment.

the bi- or terphenyl fragments (7—13) are less active than the
hybrids (1, 3—6). The only exception is 2 which turned inactive
if the para-OH group of 1 is methylated. Considering the
biphenyls 15 and 16, again the hybrid molecules are far more
active. On the other hand, the terphenyl 14 displays an activity
level comparable to that of the hybrids 1, 3,4, and 6. However,
this might be due to the presence of 1,3”,5-OH motif
(a “resveratrol-like pattern” of substitutions)." For the hybrid
molecules 1—6, other than the effects of the methylation on
the antiproliferative action of compounds, no further SAR
pattern is apparent in this series.

To address the mechanism of action of 1, 3, 4, and 6,
their effects on cell cycle were evaluated in K562 cells. After
24 h of treatment, all four compounds induced a block of cells
in Go—G, as revealed by the cytometric analysis of treated

ACS()”
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16 > 80¢ > 80¢ nd?

“Concentration (uM) able to induce apoptosis in 50% of cells
calculated after 48 h of treatment. ” Concentration (,uM) able to inhibit
50% of cell growth after 48 h of treatment.  From ref 2. “ Not determined.
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Figure 2. Effects of some representative compounds presented in this
study on Bcl-2 expression. K562 cells were cultured 24 h without com-
pounds (control) or with 1, 3,4, and 6 at 30 uM; the intracellular level of
Bel-2 was evaluated after 24 h by flow cytometry as described in
Experimental Section: (thin line) control cells stained with a FITC-
conjugated anti-Bcl-2 monoclonal antibody; (thick line) cells treated
with each compounds and stained with a FITC conjugated anti-Bcl-
2 monoclonal antibody.

cells respect to untreated cells (see Supporting Information
Figure A). However, after 48 h, a marked apoptotic sub-Gg—
G peak appeared in cells treated with 1 and 4, suggesting that
these compounds activated apoptosis in cells that were pre-
viously blocked in Gy—Gj phase, while cells treated with 3 and
6 remained blocked in Go—G; even after 72 h without any
apoptosis activation. To evaluate the importance of the
biphenyl moiety on the cell cycle activity of these compounds,
we carried out the same cytometric analysis for the spirocyclic
ketone 7. It turned out that 7 caused a prevalent block of cells
in S and G,—M phases after 24 h, and a block in G,—M after 48
and 72 hours (see Supporting Information Figure A).

Since Bcl-2 plays a main role in Ber-Abl dependent apop-
totic resistance, the expression of Bel-2 was evaluated in K562
cells before and after treatment with 1, 3, 4, and 6. As shown in
Figure 2, after 24 h of exposure to 30 uM 1 or 4, the levels of
Bcl-2 expression decreased (32.8% and 31.2%, respectively).
In contrast, 3 and 6 did not cause a significant modification of
Bcl-2 level in K562 cells (4.3% and 4.9%, respectively). Again,
these results are consistent with the marked proapoptotic
activity of 1 and 4 and marginal ability to induce apoptosis
in K562 cells of 3 and 6, suggesting that the activation of
apoptosisis, at least in part, dependent on the ability of 1 and 4
to reduce the intracellular levels of Bcl-2.
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Figure 3. Expression of CD11cand CD61 in HL60 cells. HL60 cells
were cultured without compounds (control) or with 10 uM 3 or 6;
the expression of CD11c and CD61 was evaluated after 5 days by
flow cytometry as described in Experimental Section: (a, thin line)
untreated cells stained with a PE-conjugated anti-CDl1 I¢; (a, thick
line) cells treated with 3 and stained with a PE-conjugated anti-
CDlIc; (b, thin line) untreated cells stained with a PE-conjugated
anti-CD11c; (b, thick line) cells treated with 6 and stained with a
PE-conjugated anti-CD11c¢; (c, thin line) untreated cells stained with
a FITC-conjugated anti-CD61; (c, thick line) cells treated with 3 and
stained with a PE-conjugated anti-CD61; (d, thin line) untreated
cells stained with a FITC-conjugated anti-CD61; (d, thick line) cells
treated with 6 and stained with a FITC-conjugated anti-CD61.

High levels of Bcl-2 are found in a wide variety of human
cancer, and its overexpression is associated with tumor pro-
gression, poor prognosis, and resistance to chemotherapy.'*!*
For these reasons, intensive efforts are underway to develop
strategies to circumvent the cytoprotective effects of Bcl-2 in
neoplastic cells.'*'® Overexpression of Bcl-2 in K562 cells is
dependent on Ber-Abl-mediated Ras-MAPK activation.'”
Ras protein, when activated, transmits extracellular signals
that promote the growth, proliferation, and survival of
cells. Inhibition of Ras-MAPK pathway results in cell growth
arrest and apoptosis. Although the exact mechanism by which
1 and 4 induce a decrease in intracellular level of Bcl-2 is
unknown, the ability of these compounds to increase the
percentage of cells in Gy—G; suggests a possible interaction
with one or more factors involved in the Ras-MAPK path-
way. Thus, 1 and 4 could be good leads to develop new agents
for the treatment of malignancies characterized by high
percentage of cells in resting phase and overexpression of
Bcl-2, in conditions such as chronic leukemia and low-grade
lymphoma.

Finally, considering the ability of 3 and 6 to induce a stable
block in the Gy—G phase even after 72 h,'®!'? we investigated
their effect on cell differentiation in HL60 and K562 cells.
Cells were exposed to 10 uM of each compound. After 120 h,
the expression of CD61 (monocytic marker) and CDllc
(granulocytic marker) was evaluated by flow cytometry. Both
compounds induced a marked increase in CD61 and CDl1c
expression only in HL60 cells (Figure 3) and not in K562 cells
(data not shown). The HL60 cells differentiated prevalently in
monocytes. Of interest, some monocytes derived from HL60
became specialized macrophages able to phagocyte fragments
of apoptotic cells (see Supporting Information Figure B).
Remarkably, the characteristics of this differentiating behavior
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is similar to terphenyl derivative 14 previously reported by us.
In fact, as discussed in Roberti et al.,' while the clinically used
differentiating drug a/l-trans-retinoic acid (ATRA) induces
prevalent granulocytic differentiation of acute pro-
myelocytic leukemia blasts, 3 and 6, as well as 14, were able
to also induce monocytic (i.e., functional, not only morpho-
logical) differentiation of HL60 cells. Further studies are
underway to explore the possible mechanism of the differ-
entiation-inducing effects of these compounds and their pos-
sible chemical biological applications.

Conclusion

In conclusion, we have shown that our design strategy of
combining three-dimensionally complex, stereochemically
rich scaffolds with biologically validated fragments (BIOS
moieties) succeeded in giving novel small molecules endowed
with interesting antiproliferative activity. The compounds
reported here showed a well-defined activity on apoptosis or
differentiation, thus representing potential leads for new
anticancer agents’ development and as chemical probes to
study signaling networks in neoplastic cells. Thus, the effects
of 1, 4, 3, and 6 on apoptosis and differentiation are clearly
different from those of the previously studied terphenyls'~
that showed mixed proapoptotic and differentiating actions.

The results presented here require further biological inves-
tigations to identify, at a molecular level, the target of the
active compounds, either a macromolecule or a biochemical
pathway. Noteworthy, our synthetic strategy allows a mod-
ular and easy synthesis of these compounds, making the
follow-up studies more rapid and efficient by systematic
structural modifications of the identified hits.?

Experimental Section

General Chemical Methods. Reaction progress was monitored
by TLC on precoated silica gel plates (Kieselgel 60 F,s4, Merck)
and visualized by UV254 light. Flash column chromatography
was performed on silica gel (particle size 40—63 uM, Merck).
Tetrahydrofuran (THF) was freshly distilled over sodium/
benzoketal. Unless otherwise stated, all reagents were obtained
from commercial sources and used without further purification.
Compounds were named relying on the naming algorithm
developed by CambridgeSoft Corporation and used in Chem-
BioDraw Ultra 11.0, with support for the Cahn-Ingold-Prelog
rules for stereochemistry. Melting points were determined on a
Gallenkamp melting points apparatus and are uncorrected. 'H
NMR and *C NMR spectra were recorded at 300 and 75 MHz,
respectively. Chemical shifts (0) are reported relative to TMS as
internal standard. IR-FT spectra were obtained on a Nicolet
Avatar 320 E.S.P. instrument; v,y is expressed in cm ™ '. Purity
of compounds was determined by elemental analyses; purity for
all the tested compounds was =95%.

General Parallel Procedure for the Domino K—DA—E Reac-
tion To Obtain 7—13. In distinct reactors, 1 M solutions of
the appropriate aromatic aldehyde 17—20 (1.0 equiv) and
1,3-dicarbonyl compound 21 or 22 (1.0 equiv) in MeOH (1 M)
were prepared and the catalyst (1)-5,5-dimethyl thiazolidinium-
4-carboxylate (L-DMTC) (0.2 equiv) was added to each reactor.
The resulting mixtures were stirred for 1 h at room temperature.
Then the appropriate 4-substituted 3-buten-2-ones 23—25
(2.0 equiv) were added to each reaction mixture and the suspen-
sions were allowed to stir at room temperature for 72 h. Each
crude mixture was diluted with dichloromethane and treated
with saturated aqueous ammonium chloride solution. The
layers were separated, and the aqueous phase was further
extracted with dichloromethane (3 x 15 mL). The combined
organic layers were dried over Na,SO,4 and evaporated under
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reduced pressure. Each crude Diels—Alder product was purified
using silica gel by flash chromatography (petroleum ether/
EtOAc) (Scheme 1).
(2f3,6f3)-2-(4-Hydroxyphenyl)-6-phenylspiro[cyclohexane-1,2'-
indene]-1',3' 4-trione 8. 4-Hydroxybenzaldehyde 18 (0.12 g, 1.0
mmol), 1,3-indandione 21, and (E)-4-phenyl-3-buten-2-one 23
were allowed to react according to the described general proce-
dure, and the crude Diels—Alder product was purified on silica,
eluting with 8:2 petroleum ether/EtOAc. Yield, 0.19 g (51%);
white solid (mp 204 °C); '"H NMR (CDCl;, 300 MHz) o
2.61—2.68 (m, 2H), 3.70—3.87 (m, 4H), 6.50 (d, / = 9 Hz,
2H), 6.88 (d, J = 9 Hz, 2H), 6.95—7.02 (m, 5H), 7.42—7.53 (m,
3H), 7.66 (d, J = 7.8 Hz, 1H): *CNMR (CDCls;, 75 MHz,
DEPT) 6 43.3(CH,),43.6 (CH,;),47.9 (CH), 48.6 (CH), 62.2 (C),
115.2 (CH), 122.1 (CH), 122.4 (CH), 127.6 (CH), 127.9 (CH),
128.2 (CH), 128.3 (CH), 129.2 (CH), 135.4 (CH), 137.2 (C),
141.9(C), 142.7(C), 155.2(C), 202.3 (C, C=0), 203.7 (C, C=0),
209.4 (C, C=0); IR v, (Nujol) ecm ™! 1174, 1255, 1376, 1462,
1516, 1591, 1613, 1694, 1732, 3498. Anal. (C,sH»004) C, H.
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