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Abstract
In our continued attempts to identify novel and effective pan-Bcl-2 antagonists, we have recently
reported a series of compound 2 (Apogossypol) derivatives, resulting in the chiral compound 4 (8r).
We report here on synthesis and evaluation on its optically pure individual isomers. Compound 11
(BI-97C1), the most potent diastereoisomer of compound 4, inhibits the binding of BH3 peptides to
Bcl-XL, Bcl-2, Mcl-1 and Bfl-1 with IC50 values of 0.31, 0.32, 0.20 and 0.62 μM, respectively. The
compound also potently inhibits cell growth of human prostate cancer, lung cancer and lymphoma
cell lines with EC50 values of 0.13, 0.56 and 0.049 μM, respectively and shows little cytotoxicity
against bax−/−bak−/− cells. Compound 11 displays in vivo efficacy in transgenic mice models and
also demonstrated superior single-agent antitumor efficacy in a prostate cancer mouse xenograft
model. Therefore, compound 11 represents a potential drug lead for the development of novel
apoptosis-based therapies against cancer.

Introduction
Programmed cell-death (apoptosis) plays critical roles in the maintenance of normal tissue
homeostasis, ensuring a proper balance of cell production and cell loss.1, 2 Defects in the
regulation of programmed cell death promote tumorgenesis, and also contribute significantly
to chemoresistance.3, 4 B-cell lymphoma/leukemia-2 (Bcl-2) family proteins are central
regulators of this process.5–7 To date, six anti-apoptotic members of the Bcl-2 family have
been identified and characterized, including Bcl-2, Bcl-XL, Mcl-1, Bfl-1, Bcl-W and Bcl-B.
Given that over-expression of anti-apoptotic Bcl-2 family proteins occurs in many human
cancers and leukemias, these proteins are very attractive targets for the development of novel
anticancer agents.8–10 Members of the Bcl-2 family proteins also include pro-apoptotic
effectors such as Bak, Bax, Bad, Bim and Bid that are antagonized by anti-apoptotic Bcl-2
family proteins via heterodimerization3 involving a hydrophobic crevice on the surface of anti-
apoptotic Bcl-2 family proteins and the alpha-helix BH3 dimerization domain of pro-apoptotic
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members.5 Thus, molecules that mimic the BH3 domain of pro-apoptotic proteins may be
effective in either inducing apoptosis and/or in abrogating the ability of anti-apoptotic Bcl-2
proteins to inhibit cancer cell death.

We and others have reported that the natural product 1 (Gossypol) (Figure 1A) is a potent
inhibitor of Bcl-2, Bcl-XL and Mcl-1, functioning as a BH3 mimic11–15. The (−) atropisomer
of compound 1 is currently in phase II clinical trials (AT101), displaying single-agent antitumor
activity in patients with advanced malignancies.13–15 Given that compound 1 may have off-
target effects likely due to two reactive aldehyde groups, we designed compound 2
(Apogossypol) (Figure 1A), a molecule that lacks these aldehydes, but retains activity against
anti-apoptotic Bcl-2 family proteins in vitro.16 Recently, we further compared the efficacy and
toxicity in mice of compounds 1 and 2. Our preclinical in vivo data show that compound 2 has
superior efficacy and markedly decreased toxicity compared to 1.17 We also evaluated the
single-dose pharmacokinetic characteristics of compound 2 in mice. Compound 2 displayed
superior blood concentrations over time compared to compound 1, due to slower clearance.
18 These observations indicate that compound 2 is a promising lead compound for further
development of cancer therapies.

Recently, we reported the separation and characterization of atropisomers of compound 2.19

These studies revealed that the racemic compound 2 is as effective as its individual isomers
in vitro.19 We further reported the synthesis and evaluation of 5,5′ amide and ketone substituted
compound 2 derivatives.20, 21 Among these derivatives, compound 3 (BI-79D10) and 4 (8r)
20, 21 displayed improved in vitro and in vivo efficacy compared to compound 2 (Figure 1A
and 1B). However, compound 4 has three centers of chirality and is a mixture of diastereisomers
(Figure 1B). Chirality has a significant effect on the behavior of compounds in vitro and in
vivo partially because different enantiomers and diastereoisomers have different physical,
chemical and pharmacology properties. In principle, different enantiomers or diastereoisomers
should be treated as different compounds. Indeed, the (−) atropisomer of compound 1 displayed
a markedly differential activity compared to its natural racemic mixture. On the basis of these
premises, in this current work, we focus our attention on preparing four optically pure isomers
(11–14) of compound 4 (Scheme 1) followed by further investigation of their in vitro and in
vivo activities.

Results and Discussion
We had recently reported that compound 4 was a promising inhibitor of Bcl-XL and Bcl-2 with
improved in vitro and in vivo efficacy compared to compound 2.20 However, compound 4 was
not optically pure having two centers of chirality generated from 2-phenyl propyl groups
(Figure 1B). In addition, compound 4 displayed axial chirality due to restricted rotation around
the binaphthyl bond (Figure 1B). Therefore, it was attractive to explore whether optically pure
isomers of compound 4 presented different in vitro and in vivo activities. A synthetic route
(Scheme 1) was developed to prepare optically pure isomers. Synthesis of atropisomers (+/−)
2, (+/−) 5 and (+/−) 6 had been previously reported.20 The racemic carboxylic acid (+/−) 6 was
then coupled with optically pure chiral amines, (R)-β-methylphenethylamine and (S)-β-
methylphenethylamine, respectively, in the presence of 1-ethyl-3-(3′-dimethylaminopropyl)
carbodiimide (EDCI) at room temperature to give atropoisomers (R, +/−, R) 7 and (S, +/−, S)
8, respectively.22 Subsequent demethylation of the compound (R, +/−, R) 7 and (S, +/−, S) 8
using boron tribromide afforded atropisomers (R, +/−, R) 9 and (S, +/−, S) 10, respectively.
23 The atropisomers (R, +/−, R) 9 were readily resolved using a liquid chiral column
chromatography to afford two optically pure isomers (R, −, R) 11 and (R, +, R) 12 (Scheme
1). The atropisomers (S, +/−, S)-10 were similarly resolved to afford the other two optically
pure isomers (S, −, S)-13 and (S, +, S)-14 (Scheme 1). The optical configuration and purity of
each atropisomer was determined using a polorimeter and liquid chiral column chromatography

Wei et al. Page 2

J Med Chem. Author manuscript; available in PMC 2011 May 27.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



(Table 1 and Supporting Information Figure 1). The optical rotation ([a]) generated by
atropisomer (axial chirality) and 2-phenyl propyl groups in compound 4 was approximately +/
− 18.5 ° and 33.5 °, respectively (Table 1).

Four pure diastereoisomers, namely compounds 11, 12, 13, 14, were first tested by one-
dimensional 1H nuclear magnetic resonance spectroscopy (1D-1H NMR) binding assays
against Bcl-XL, as we reported previously (Figure 1C).24 Compounds 11–14 displayed
significant binding to Bcl-XL in these assays (Figure 1C). However, compared to other
diastereoisomers, compound 11 induced larger chemical shift perturbations in the active site
methyl groups (region between −0.38 and 0.42 ppm) in the one-dimensional 1H-NMR
spectrum of Bcl-XL (Figure 1C). To confirm the result from the one-dimensional 1H-NMR
binding assay, we also produced uniformly 15N-labeled Bcl-XL and measured 2D [15N,1H]-
TROSY correlation spectra in the absence and presence of compound 11 (Figure 1D).
Compound 11 displayed low to submicromolar binding affinity to Bcl-XL, as qualitatively
evaluated by the nature of the shifts at the ligand/protein ratio of 1:1. To further confirm these
results, we evaluated the binding affinity of four pure isomers 11–14 using Isothermal Titration
Calorimetry assay (ITC), competitive fluorescence polarization assays (FPA) and cell viability
assays (Figure 2, Tables 2 and 3). In agreement with NMR binding assays, compound 11
displayed tight binding affinity to Bcl-XL with a Kd value of 0.11 μM in the ITC assay, which
is 4–20 times more potent than other isomers 12–14 in the same assay (Table 2). Compound
11 also displayed the best inhibitory properties against Bcl-XL in the FP assay compared to
the other pure isomers 12–14 and isomer mixture 4, with an IC50 value of 0.31 μM (Figure
2B). Compound 11 also displayed superior cell membrane permeability compared to other
compounds (12–14) (Table 4). Consistent with NMR binding, ITC, FPA and cell permeability
data, compound 11 was more effective compared to other compounds (4, 12–14) in inhibiting
growth of PC3 cells, which expressed high levels of Bcl-XL. The EC50 value of 11 in killing
PC3 cells was 0.13 μM, hence 4–36 fold more potent than other compounds (4 and 12–14)
(Figure 2B and Table 3). Overall, considering both in vitro binding and displacement assays
and cell killing properties, we concluded that anti-Bcl-XL properties of optically pure isomers
11–14 were affected largely by the atropisomers, with the (−) isomers being consistently more
potent than the corresponding (+) isomers. This was in agreement with previous observations
that lead to the selection of (−) 1 (Gossypol, AT101) for clinical trials.13 In fact, atropisomers
(−) 1 and (+) 1 bound to Bcl-XL with IC50 values of 0.48 and 0.54 μM, respectively, in FPA
assays while their EC50 values in killing PC3 cells were 3.3 and 17.8 μM, respectively.13

Compound 11 was more potent compared to (−) 1 in both assays.

To further rationalize these observations, molecular docking studies of diastereoisomers 11–
14 (Figure 3) into the BH3 binding groove in Bcl-XL were performed. These studies suggested
that although the left half components of (−) and (+) atropisomers bound similarly to Bcl-
XL, their right parts had remarkably different binding models (Figure 3). (−) Atropisomers
11 and 13 not only fully occupied the right hydrophobic pockets (P2) but also formed hydrogen
bonding involving their 1′ hydroxyl groups on the right naphthalene ring (Figure 3A). On the
contrary, (+) atropisomers 12 and 14 could not occupy the right hydrophobic pocket (P2) or
form a hydrogen bond with their 1′ hydroxyl groups. The GOLD score of (−) atropisomer 11
was 39.03 which was greater than 34.16 for (+) atropisomer 12. In agreement with FPA and
cell data for Bcl-XL, molecular docking studies further suggested that the two centers of
chirality generated from 2-phenyl propyl groups had little effect for isomers 11–14 to bind to
Bcl-XL. For example, compound 11 and 13 with reverse configurations on 2-phenyl propyl
groups had very similar orientations in Bcl-XL (Figure 3A and 3C) and their GOLD score were
very similar, with values of 39.03 and 39.78, respectively. This binding trend was also observed
for compound 12 and 14 (Figure 3B and 3D), with similar gold score of 34.16 and 34.49,
respectively. This was not unexpected given that these isomers only differ for the arrangement
of a small hydrogen atom and methyl group on the chiral carbon on 2-phenyl propyl group.
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Based on these observations we decided not to explore the asymmetric synthesis of the (R, −,
S) isomer but rather to focus our effects in the characterization of the (R, −, R) isomer,
compound 11, as reported below.

In additional to Bcl-XL, other members of the Bcl-2 family were known to play critical roles
in cancer cell survival.25, 26 Therefore, we further evaluated the binding properties and
specificity of isomers 11–14 against Bcl-2, Mcl-1 and Bfl-1 using FP assays (Table 2 and
Figure 2C). All four isomers (11–14) displayed significant displacement properties against
Bcl-2, Mcl-1 and Bfl-1 in FP assays with average IC50 values of 0.32, 0.22 and 0.65 μM,
respectively (Table 2). To confirm the result from FP assays, we also produced
uniformly 15N-labeled Mcl-1 protein and measured 2D [15N,1H]-TROSY correlation spectra
in the absence and presence of compound 11 (Supporting Information Figure 2A). Compound
11 displayed a significant binding to Mcl-1, as qualitatively evaluated by the nature of the shifts
at the ligand/protein ratio of 2:1. Compound 11 showed inhibitory properties against Bcl-2
compared to other compounds (4, 12–14), with an IC50 value of 0.32 μM in FP assays.
Consistent with FPA data, compound 11 displayed best efficacies compared to other
compounds (4, 12–14) in inhibiting growth of H460 cells, which expressed high level of
Bcl-2.27–29 The IC50 values of 11 in killing H460 cells was 0.42 μM, hence approximately 2-
fold more potent than compounds 12 and 14 (Table 2, 3 and Figure 2C). These observations
were consistent with atropisomers (−) 1 and (+) 1, which bound to Bcl-2 with an IC50 value
of 0.26 and 0.30 μM, respectively, in FPA assays and their EC50 value in killing MDA-MB-231
breast cancer cells was around 2.0 and 10.0 μM, respectively.13 Compound 11 had similar
binding affinity as other isomers (12–14) for Mcl-1 and Bfl-1 in FP assays, which could be
due to structural difference of their BH3 binding pockets (Supporting Information Figure 2B
and 2C) 30, 31

We further evaluated the ability of compounds 11–14 to induce apoptosis of the human BP3
cell line, which originated from a human diffuse large B-cell lymphoma (DLBCL).20, 26 For
these assays, we used Annexin V-FITC and propidium iodide (PI) double staining, followed
by flow-cytometry analysis (Table 3). Compounds 11–14 effectively induced apoptosis of the
BP3 cell line in a dose-dependent manner (Figure 2D, Table 3 and Supporting Information
Figure 3A and 3B). In particular, compound 11 was most effective with an IC50 value of 0.049
μM, which was approximately two- to six-fold more potent than other diastereoisomers 12–
14 (Figure 2D, Table 3 and Supplementary Figure 3A and 3B). The mRNA ratio of Bfl-1, Bcl-
XL and Mcl-1 was approximately 10:3:1 in BP3 cell lines.26 However, we determined by
Western Blot that BP3 cells expressed high levels of both Bfl-1 and Mcl-1.20 In agreement
with these observations, the potent dual Bcl-XL and Bcl-2 antagonist ABT-73732 displayed no
cytotoxic activity against BP3 cell lines presumably because ABT737 was not effective against
Mcl-1 and Bfl-1.25, 32, 33

We next explored whether pure diastereoisomers 11–14 and diastereoisomer mixture 4 had
cytotoxic properties against wild type mouse embryonic fibroblast cells (MEF/WT) and
transformed Bax/Bak double knockout MEF cells (MEF/DKO) in which anti-apoptotic Bcl-2
family proteins lacked a cytoprotective phenotype.34, 35 Compound 11 displayed slight toxicity
in Bak/Bak double knockout mouse embryonic fibroblast cells (MEF/DKO) at 30 μM while
it killed almost 70% wild type mouse embryonic fibroblast cells (MEF/WT) at same
concentration using FITC-Annexin V/PI assays (Figure 4A), implying that the compound 11
only displayed slight off-target effects. In contrast, compound 14 seemed almost equally
effective in killing both MEF/WT and MEF/DKO at 30 μM (Figure 4B), suggesting that other
possible killing mechanisms not related to Bcl-2 inhibition were induced by this compound.
Accordingly, the mixture of isomers 4 displayed higher cytotoxicity in MEF/DKO cells at 3–
30 μM compared to the optically pure isomer 11, indicating that the optically pure isomer was
more selective (Figure 4C).
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Next, we examined the pharmacological properties of the isomers as chirality could greatly
affect such properties due to stereoselective metabolism. To test the pharmacological properties
of diastereoisomers 11–14, we determined their in vitro rat plasma stability, rat microsomal
stability, and cell membrane permeability (Table 4). From these studies, we could conclude
that compound 11 displayed superior cell membrane permeability compared to other
diastereoisomers 12–14. The LogPe value of compound 11 was −6.7, which indicates good
cell membrane permeability, while LogPe values of other compounds (12–14) were around
−7.8, which corresponded to relative poor cell membrane permeability. Compound 11 also
displayed relatively good microsomal stability (Table 4) in which the compound degraded 10.4
% after 40 minutes incubation in rat microsomal preparations. In contrast, compound 12
displayed decreased plasma and microsomal stability compared to other diastereoisomers.
Compound 11 also displayed better chemical stability compared to other compounds (12–14)
at different temperatures (Supporting Information Figure 5)

Hence, using a combination of NMR-based binding assays, FP assays, ITC assays, cytotoxicity
assays and preliminary in vitro ADME data, we selected pan-Bcl-2 antagonists to be further
tested in vivo models. Unlike currently available antagonists,32, 36 our compounds were
effective in inhibiting several of the anti-apoptotic Bcl-2 proteins, hence were expected to
display in vivo efficacy against a variety of mice models of cancer that relied on different Bcl-2
proteins for growth and progression. To test this hypothesis we selected two different models:
Bcl-2 transgenic mouse model and prostate cancer xenograft model that relied on Mcl-1
overexpression. B-cells of the B6 transgenic mice overexpressed human Bcl-2 and
accumulated in the spleen of mice.17, 20 Because we had determined that the spleen weight
was highly consistent in age- and sex-matched Bcl-2-transgenic mice, varying by only ±2%
among control Bcl-2 mice,17 the spleen weight was used as an end-point for assessing in
vivo activity. We tested the in vivo activities of isomers 11–14 in two Bcl-2 transgenic mice
with a single intraperitoneal (i.p.) injection at 42 mg/kg. In agreement with in vitro data,
compound 11 displayed superior in vivo activity compared to other isomers (12–14) in this
model. It induced more than 30% spleen weight reduction compared to ≤20% induced by other
diastereoisomers. Since the maximum spleen shrinkage would be no more than 50% in this
experimental model,20 these compounds induced near 65% maximal biological activity, while
other isomers 12–14 induced ≤40% of maximum reduction in spleen weight at the same dose.
In particular, compound 12 displayed weak in vivo activity, which was in consistent with its
relatively weak cell activity and poor pharmacological properties. All mice tolerated the
treatment well, with only mild signs of GI toxicity.

As mentioned, current available experimental treatments targeting Bcl-2 proteins failed to
address Mcl-1 as a critical regulator of cancer survival. In fact, the potent Bcl-XL/Bcl-2
antagonist ABT-737 (Abbott Laboratories) and the Bcl-2 antisense Genasense (Genta) were
not effective against cancer cells that overexpress Mcl-1.32,36 Therefore, to further examine
the therapeutic potential of compound 11 as a single agent against tumors that relied on Mcl-1
for survival, compound 11 was evaluated side by side with compound 4 in a prostate cancer
xenograft using the M2182 cell line. M2182 was a tumorigenic variant of normal prostate
epithelial P69 cell and highly overexpressed Mcl-1.37–40 A quantity of 1 × 106 M2182 cells
were injected subcutaneously in the left and right flanks of male athymic nude mice, and the
tumors were allowed to grow to an average size of ≈ 75 mm3 prior to initiation of therapy.
Compounds 4 and 11 were administrated (i.p.) every 2 days (total of nine injections) and
compound 4 was injected at two doses, 10 and 25 mg/kg while compound 11 was administrated
at three lower doses, 1, 3 and 5 mg/kg due to its superior in vitro properties compared to
compound 4. Compound 11 and 4 displayed a marked inhibitory effect of tumor size compared
with the control group (Figure 5A-D and Supporting Information Figure 5A and 5B). In fact,
compound 11 at the dose of 5 mg/kg (Figure 5C, 5D, Supporting Information Figure 5A and
5B) and compound 4 at the dose of 25 mg/kg (Figure 5A and 5B) induced near complete
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inhibition of tumor growth in both flanks compared with their control groups. As anticipated,
compound 11 displayed better tumor growth inhibitory effect compared to compound 4. Even
at the dose of 3 mg/kg, compound 11 inhibited tumor growth to ~60% of the tumor volume in
the control group (Figure 5C, 5D, Supporting Information Figure 5A and 5B) while compound
4 displayed weak inhibitory effect of tumor size at the dose of 10 mg/kg (Figure 5A and 5B).
All mice tolerated the treatment well with no apparent signs of toxicity.

Conclusions
In summary, we synthesized and evaluated four diastereoisomers (11–14) of compound 4 in a
variety of in vitro and in vivo assays. The optically pure compound 11 inhibits the binding of
BH3 peptides to Bcl-XL, Bcl-2, Mcl-1 and Bfl-1 with IC50 values of 0.31, 0.32, 0.20 and 0.62
μM, respectively. The compound 11 also potently inhibits cell growth of human prostate
cancer, lung cancer and BP3 B-cell lymphoma cell lines with EC50 values of 0.13, 0.56 and
0.049 μM, respectively. The compound 11 displays approximately 20-fold and 12-fold greater
efficacy in inhibiting growth of PC-3 and BP3 cell, respectively, compared to the compound
4 which was previously disclosed. 20 Compound 11 also shows less cytotoxicity against
bax−/−bak−/− cells compared to compound 4, indicating that it kills cancers cells predominantly
via the intended mechanism. Compound 11 displays in vivo efficacy in transgenic mice in
which Bcl-2 is overexpressed in splenic B-cells and also demonstrats superior single-agent
antitumor efficacy compared to compound 4 in a prostate cancer mouse xenograft model that
depends on Mcl-1 for survival. Considering the critical roles of anti-apoptotic Bcl-2 family
proteins in tumorgenesis, chemoresistance, and the potent inhibitory activity of compound
11 against anti-apoptotic Bcl-2 family proteins, compound 11 represents a viable drug
candidate for the development of novel apoptosis-based cancer therapies.

Experimental Section
General Synthetic Procedures

Unless otherwise indicated, all reagents and anhydrous solvents (CH2Cl2, THF, diethyl ether,
etc) were obtained from commercial sources and used without purification. All reactions were
performed in oven-dried glassware. All reactions involving air or moisture sensitive reagents
were performed under a nitrogen atmosphere. Silica gel or reverse phase chromatography was
performed using prepacked silica gel or C-18 cartridges (RediSep), respectively. All final
compounds were purified to > 95% purity, as determined by a HPLC Breeze from Waters Co.
using an Atlantis T3 3 μM 4.6 mm × 150 mm reverse phase column. Compounds 11–14 were
isolated using a CHIRALCEL OD-RH 5 μM 250 mm × 10 mm reverse phase chiral column
and the enantiomeric purity of compounds 11–14 was analyzed using a CHIRALCEL OD-RH
5 μM 250 mm × 4.6 mm reverse phase chiral column on a HPLC from Water Corp. The eluant
was a linear gradient with a flow rate of 5 mL/min for preparative and 1 mL/min for analytical
column, respectively, from 60% A and 40% B to 20% A and 80% B in 15 min followed by 5
min at 100% B (Solvent A: H2O with 0.1% TFA; Solvent B: ACN with 0.1% TFA).
Compounds were detected at λ = 254 nm. 1H NMR spectra were recorded on Bruker 600 MHz
instruments. Chemical shifts are reported in ppm (δ) relative to 1H (Me4Si at 0.00 ppm).
Coupling constant (J) are reported in Hz throughout. Mass spectral data were acquired on
Shimadzu LCMS-2010EV for low resolution, and on an Agilent ESI-TOF for high resolution.

Compound 1 is commercially available from Yixin Pharmaceutical Co. HPLC purity 99.0%,
tR = 12.50 min and synthesis of compounds 2, 4, 5 and 6 have been previously reported.20

1,1′,6,6′,7,7′-Hexamethoxy-3,3′-dimethyl-N5,N5′-bis(2-phenylpropyl)-2,2′-
binaphthyl-5,5′-dicarboxamide (7)—Compound 6 (1.35 g, 2.45 mmol), EDCI (1.30 g,
6.76 mmol) and HOBT (910 mg, 6.76 mmol) were dissolved in 30 mL of dry CH2Cl2 and
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stirred at room temperature for 15 min under nitrogen atmosphere. (R)-β-
methylphenethylamine (0.81 mL, 5.63 mmol) and N, N-diisopropylethylamine (1.7 mL, 9.8
mmol) were added and the reaction mixture was stirred at room temperature for 20 h. The
mixture was then poured onto 100 mL of water and the solution was extracted with CH2Cl2 (3
× 100 mL). The ether extracts were washed with water and brine, dried over magnesium sulfate
and filtered. Evaporation of the solvent in vacuo and the residue was purified by silica
chromatography to give 1.46 g (76%) of compound 7 as a yellow solid. 1H NMR (600 MHz,
CD3OD) δ 7.36 (s, 2H), 7.33 (d, J = 6.6 Hz, 4H), 7.32 (t, J1 = 7.2 Hz, J2 = 6.6 Hz, 4H), 7.21
(m, 4H), 4.59(s, 4H), 3.98 (s, 6H), 3.85 (s, 6H), 3.76 (m, 2H), 3.63 (m, 2H), 3.54 (s, 3H), 3.53
(s, 3H), 2.01 (s, 3H), 2.00 (s, 3H), 1.38 (d, J1 = 6.0 Hz, 6H). HRMS calcd for C48H52N2O8
785.3796 (M + H), found 785.3790.

1,1′,6,6′,7,7′-Hexamethoxy-3,3′-dimethyl-N5,N5′-bis(2-phenylpropyl)-2,2′-
binaphthyl-5,5′-dicarboxamide (8)—Compound 6 (1.0 g, 1.81 mmol), EDCI (960 mg,
5.0 mmol) and HOBT (181 mg, 1.34 mmol) were dissolved in 25 mL of dry CH2Cl2 and stirred
at room temperature for 10 min under nitrogen atmosphere. (S)-β-methylphenethylamine (0.60
mL, 4.17 mmol) and N, N-diisopropylethylamine (1.26 mL, 7.3 mmol) were added and the
reaction mixture was stirred at room temperature for 24 h. The mixture was then poured onto
50 mL of water and the solution was extracted with CH2Cl2 (3 × 100 mL). The ether extracts
were washed with water and brine, dried over magnesium sulfate and filtered. Evaporation of
the solvent in vacuo and the residue was purified by silica chromatography to give 0.87 g (60%)
of compound 8 as a yellow solid. 1H NMR (600 MHz, CD3OD) δ (600 MHz, CD3OD) δ 7.48
(s, 2H), 7.36 (d, J = 6.0 Hz, 4H), 7.32 (t, J1 = 7.2 Hz, J2 = 7.2 Hz, 4H), 7.22 (m, 4H), 4.59 (s,
4H), 3.98 (s, 6H), 3.84 (s, 6H), 3.76 (m, 2H), 3.63 (m, 2H), 3.54 (s, 3H), 3.53 (s, 3H), 2.01 (s,
3H), 1.99 (s, 3H), 1.38 (d, J1 = 6.6 Hz, 6H). HRMS calcd for C48H52N2O8 785.3796 (M + H),
found 785.3788.

1,1′,6,6′,7,7′-Hexahydroxy-3,3′-dimethyl-N5,N5′-bis(2-phenylpropyl)-2,2′-
binaphthyl-5,5′-dicarboxamide (9)—0.65 mL of BBr3 solution (1.72 g, 6.85 mmol) was
added dropwise into a solution of compound 7 (420 mg, 0.55 mmol) in 20 mL of anhydrous
CH2Cl2 at −78 °C. Stirring was continued at −78 °C for 1 h, 0 °C for 1 h, and ambient
temperature for 1 h. 50 grams of ice containing 10 mL of 6M HCl was added to the mixture
and stirred for 30 min at room temperature. The aqueous layer was extracted with ethyl acetate
(3 × 60 mL). The combined organic layer was washed with water, brine and dried over
MgSO4. The solvent was concentrated in vacuo and the residue was purified using C-18 column
chromatography followed by preparative HPLC (H2O/Acetonitrile) to give 150 mg of
compound 9 (39%) as white-yellow solid. 1H NMR (600 MHz, CD3OD) δ 7.39 (d, J = 4.2 Hz,
2H), 7.19 (m, 4H), 7.15 (t, J1 = 6.0 Hz, J2 = 6.0 Hz, 4H), 7.03 (t, J1 = 6.0 Hz, J2 = 6.0 Hz, 2H),
6.89 (s, 1H), 6.81 (s, 1H), 3.49 (m, 4H), 3.02 (m, 2H), 1.72 (s, 3H), 1.71 (s, 3H), 1.25 (s, 3H),
1.24 (s, 3H). HRMS calcd for C42H40N2O8 701.2857 (M + H), found 701.2865. 100 mg of
compound 9 was further purified using a CHIRALCEL OD-RH 5 μM 250 mm × 10 mm reverse
phase chiral column to give 25 mg of compound 11 and 28 mg of compound 12, respectively.

(S)-1,1′,6,6′,7,7′-hexahydroxy-3,3′-dimethyl-N5-((R)-2-phenylpropyl)-N5′-((R)-2-
phenylpropyl)-2,2′-binaphthyl-5,5′-dicarboxamide (11)—1H NMR (600 MHz,
CD3OD) δ 7.57 (s, 2H), 7.37 (d, J = 7.8 Hz, 4H), 7.33 (t, J1 = 7.2 Hz, J2 = 7.8 Hz, 4H), 7.22
(t, J1 = J2 = 7.2 Hz, 2H), 7.07 (s, 2H), 3.67 (m, 4H), 3.23 (m, 2H), 1.90 (s, 6H), 1.43 (d, J =
7.2 Hz, 6H). 13C NMR (600 MHz, CD3OD) δ 169.73, 149.20, 144.64, 143.95, 133.86, 128.15,
127.17, 126.95, 126.10, 118.38, 116.60, 115.20, 114.37, 105.57, 46.40, 39.56, 19.33, 18.58.
HPLC purity 99.0%, tR = 9.13 min. Enantiomeric purity 99.7%, tR = 12.35 min. HRMS calcd
for C42H40N2O8 701.2857 (M + H), found 701.2854.
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(R)-1,1′,6,6′,7,7′-hexahydroxy-3,3′-dimethyl-N5-((R)-2-phenylpropyl)-N5′-((R)-2-
phenylpropyl)-2,2′-binaphthyl-5,5′-dicarboxamide (12)—1H NMR (600 MHz,
CD3OD) δ 7.57 (s, 2H), 7.38 (d, J = 7.8 Hz, 4H), 7.33 (t, J1 = 7.2 Hz, J2 = 7.8 Hz, 4H), 7.22
(t, J1 = J2 = 7.2 Hz, 2H), 6.99 (s, 2H), 3.75 (dd, J1 = 7.2 Hz, J2 = 13.2 Hz, 2H), 3.62 (dd, J1 =
7.2 Hz, J2 = 13.2 Hz, 2H), 3.20 (m, 2H), 1.89 (s, 6H), 1.42 (d, J = 6.6 Hz, 6H). 13C NMR (600
MHz, CD3OD) δ 169.67, 149.18, 144.62, 144.54, 143.92, 133.85, 128.14, 127.16, 126.97,
126.12, 118.36, 116.59, 115.14, 114.35, 105.56, 46.34, 39.66, 19.63, 18.78. HPLC purity
99.0%, tR = 9.30 min. Enantiomeric purity 99.5%, tR = 10.28 min. HRMS calcd for
C42H40N2O8 701.2857 (M + H), found 701.2848.

1,1′,6,6′,7,7′-Hexahydroxy-3,3′-dimethyl-N5,N5′-bis(2-phenylpropyl)-2,2′-
binaphthyl-5,5′-dicarboxamide (10)—0.45 mL of BBr3 solution (1.18 g, 4.73 mmol) was
added dropwise into a solution of compound 8 (310 mg, 0.40 mmol) in 20 mL of anhydrous
CH2Cl2 at −78 °C. Stirring was continued at −78 °C for 1 h, 0 °C for 1 h, and ambient
temperature for 1 h. 50 grams of ice containing 10 mL of 6M HCl was added to the mixture
and stirred for 1 h at room temperature. The aqueous layer was extracted with dichloromethane
(3 × 50 mL). The combined organic layer was washed with water, brine and dried over
MgSO4. The solvent was concentrated in vacuo and the residue was purified using C-18 column
chromatography (H2O/Acetonitrile) to give 200 mg of compound 10 (72%) as white-yellow
solid. 1H NMR (600 MHz, CD3OD) δ 7.56 (d, J = 6.6 Hz, 2H), 7.39 (t, J1 = 6.0 Hz, J2 = 3.0
Hz, 4H), 7.35 (t, J1 = 6.0 Hz, J2 = 6.6 Hz, 4H), 7.23 (t, J1 = 6.0 Hz, J2 = 6.6 Hz, 2H), 7.06 (s,
1H), 6.99 (s, 1H), 3.76 (dd, J1 = 6.6 Hz, J2 = 11.4 Hz, 1H), 3.68 (m, 3H), 3.22 (m, 2H), 1.90
(s, 3H), 1.89 (s, 3H), 1.43 (m, 6H). HRMS calcd for C42H40N2O8 701.2857 (M + H), found
701.2853. 150 mg of compound 10 was further purified using a CHIRALCEL OD-RH 5 μM
250 mm × 10 mm reverse phase chiral column to give 50 mg of compound 13 and 58 mg of
compound 14, respectively.

(S)-1,1′,6,6′,7,7′-hexahydroxy-3,3′-dimethyl-N5-((S)-2-phenylpropyl)-N5′-((S)-2-
phenylpropyl)-2,2′-binaphthyl-5,5′-dicarboxamide (13)—1H NMR (600 MHz,
CD3OD) δ 7.57 (s, 2H), 7.38 (d, J = 7.2 Hz, 4H), 7.33 (t, J1 = 7.2 Hz, J2 = 7.8 Hz, 4H), 7.22
(t, J1 = 7.2 Hz, J2 = 7.8 Hz, 2H), 6.99 (s, 2H), 3.75 (dd, J1 = 7.8 Hz, J2 = 13.2 Hz, 2H), 3.62
(dd, J1 = 7.8 Hz, J2 = 13.2 Hz, 2H), 3.20 (m, 2H), 1.89 (s, 6H), 1.40 (d, J = 6.6 Hz, 6H). 13C
NMR (600 MHz, CD3OD) δ 169.66, 149.17, 144.62, 144.54, 143.92, 133.85, 128.13, 127.16,
126.96, 126.11, 118.36, 116.60, 115.15, 114.34, 105.55, 46.33, 39.66, 19.35, 18.67. HPLC
purity 99.4%, tR = 9.31 min. Enantiomeric purity 99.1%, tR = 12.38 min. HRMS calcd for
C42H40N2O8 701.2857 (M + H), found 701.2849.

(R)-1,1′,6,6′,7,7′-hexahydroxy-3,3′-dimethyl-N5-((S)-2-phenylpropyl)-N5′-((S)-2-
phenylpropyl)-2,2′-binaphthyl-5,5′-dicarboxamide (14)—1H NMR (600 MHz,
CD3OD) δ 7.57 (s, 2H), 7.37 (d, J = 7.8 Hz, 3H), 7.33 (t, J1 = 7.2 Hz, J2 = 7.8 Hz, 4H), 7.22
(t, J1 = J2 = 7.2 Hz, 2H), 7.06 (s, 2H), 3.66 (m, 4H), 3.22 (m, 2H), 1.90 (s, 6H), 1.40 (s, J =
6.6 Hz, 6H). 13C NMR (600 MHz, CD3OD) δ 169.71, 149.16, 14.64, 144.58, 144.03, 133.84,
128.15, 127.16, 126.95, 126.09, 118.41, 116.56, 115.23, 114.41, 105.57, 46.40, 39.56, 19.34,
18.60. HPLC purity 98.6%, tR = 9.22 min. Enantiomeric purity 99.5%, tR = 10.57 min. HRMS
calcd for C42H40N2O8 701.2857 (M + H), found 701.2852.

Molecular Modeling
Molecular modeling studies were conducted on a Linux workstation and a 64 3.2-GHz CPUs
Linux cluster. Docking studies were performed using the crystal structure of Bcl-XL and Mcl-1
in complex with a BH3 mimetic ligand (Protein Data Bank code 2YXJ and 2NL9, respectively).
30, 32, 41, 42 The ligand was extracted from the protein structure and was used to define the
binding site for small molecules. Compounds 11–14 were docked into the Bcl-2 family protein
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by the GOLD 43 docking program using GoldScore 44 as the scoring function. The active site
radius was set at 10 Å and 10 GA solutions were generated for each molecule. The GA docking
procedure in GOLD 43 allowed the small molecules to flexibly explore the best binding
conformations whereas the protein structure was static. The protein surface was prepared with
the program MOLCAD 45 as implemented in Sybyl (Tripos, St. Louis) and was used to analyze
the binding poses for studied small molecules.

Fluorescence Polarization Assays (FPAs)
A Bak BH3 peptide (F-BakBH3) (GQVGRQLAIIGDDINR) was labeled at the N-terminus
with fluorescein isothiocyanate (FITC) (Molecular Probes) and purified by HPLC. For
competitive binding assays, 100 nM GST–Bcl-XL ΔTM protein was preincubated with the
tested compound at varying concentrations in 47.5 μL PBS (pH=7.4) in 96-well black plates
at room temperature for 10 min, then 2.5 μL of 100 nM FITC-labeled Bak BH3 peptide was
added to produce a final volume of 50 μL. The wild-type and mutant Bak BH3 peptides were
included in each assay plate as positive and negative controls, respectively. After 30 min
incubation at room temperature, the polarization values in millipolarization units 46 were
measured at excitation/emission wavelengths of 480/535 nm with a multilabel plate reader
(PerkinElmer). IC50 was determined by fitting the experimental data to a sigmoidal dose-
response nonlinear regression model (SigmaPlot 10.0.1, Systat Software, Inc., San Jose, CA,
USA). Data reported are mean of three independent experiments ± standard error (SE).
Performance of Bcl-2 and Mcl-1 FPA are similar. Briefly, 50 nM of GST-Bcl-2 or -Mcl-1 were
incubated with various concentrations of compound (4 and 11–14) for 2 min, then 15 nM FITC-
conjugated-Bim BH3 peptide 47 was added in PBS buffer. Fluorescence polarization was
measured after 10 min.

Cell Viability and Apoptosis Assays
The activity of the compounds against human cancer cell lines (PC3, H460, H1299) were
assessed by using the ATP-LITE assay (PerkinElmer). All cells were seeded in either 12F2 or
RPMI1640 medium with 5 mM L-glutamine supplemented with 5% fetal bovine serum
(Mediatech Inc.), penicillin and streptomycin (Omega). For maintenance, cells were cultured
in 5% FBS. Cells plated into 96 well plates at varying initial densities depending on doubling
time. H460 and H1299 plated at 2000 cells/well, and PC3 at 3000 cells/well. Compounds were
diluted to final concentrations with 0.1% DMSO. Prior to dispensing compounds onto cells,
fresh 5% media was placed into wells. Administration of compounds occurred 24 hours after
seeding into the fresh media. Cell viability was evaluated using ATP-LITE reagent
(PerkinElmer) after 72 hours of treatment. Data were normalized to the DMSO control-treated
cells using Prism version 5.01 (Graphpad Software).

The apoptotic activity of the compounds against BP3 cells was assessed by staining with
Annexin V- and propidium iodide (PI). BP3 cell line was cultured in RPMI 1640 medium
(Mediatech Inc., Herndon, VA 20171) containing 10% fetal bovine serum (Mediatech Inc.,
Herndon, VA 20171) and Penicillin/Streptomycin (Mediatech Inc., Herndon, VA 20171). Cells
were cultured with various concentrations of compounds 4 and 11–14 for 1 – 2 days. The
percentage of viable cells was determined by FITC-Annexin V- and propidium iodide (PI)-
labeling, using an Apoptosis Detection kit (BioVision Inc.), and analyzing stained cells by flow
cytometry (FACSort; Bectin-Dickinson, Inc.; Mountain View, CA). Cells that were annexin-
V-negative and PI-negative were considered viable.

The apoptotic activity of compounds 4 and 11–14 against mouse embryonic fibroblast wild-
type cells (MEF/WT) and mouse embryonic fibroblast BAX/Bak double knockout cells (DKO/
MEF) was assessed by staining with Annexin V- and propidium iodide (PI). Wild-type MEF
and DKO/MEF were seeded in 24-well plate at a seeding density of half a million per well (in
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1 ml of DMEM medium supplemented by 10% FCS). Next day, compound was added to wild-
type and DKO cells at final concentration of 0, 2.5, 5.0, 7.5, 10 and 30 μM. On the following
day, floating cells were pooled with adherent cells harvested after brief incubation with 0.25%
Trypsin/EDTA solution (Gibco/In-Vitrogen Inc.). Cells were centrifuged and supernatant was
discarded, and cell pellet was re-suspended with 0.2 ml of Annexin-V binding buffer, followed
by addition of 1 μl Annexin-FITC and 1 μl PI (propidium iodide). The percentage of viable
cells was determined by a 3-color FACSort instrument and data analyzed by Flow-Jo program,
scoring Annexin V-negative, PI-negative as viable cells.

Bcl-2 Transgenic Mice Studies
Transgenic mice expressing Bcl-2 have been described as the B6 line.48 The BCL-2 transgene
represents a minigene version of a t(14;18) translocation in which the human BCL-2 gene is
fused with the immunoglobulin heavy-chain (IgH) locus and associated IgH enhancer. The
transgene was propagated on the Balb/c background. These mice develop polyclonal B-cell
hyperplasia with asynchronous transformation to monoclonal aggressive lymphomas
beginning at approximately 6 months of age, with approximately 90% of mice undergoing
transformation by the age of 12 to 24 months. All animals used here had not yet developed
aggressive lymphoma.

Mouse Experiments
Compounds dissolved in 500 μL of solution (Ethanol: Cremophor EL: Saline = 10: 10: 80)
were injected intraperitoneally to two age- and sex-matched B6Bcl2 mouse, while control-
mice were injected intraperitoneally with 500 μL of the same formulation without compound.
After 24 hours, B6Bcl2 mice were sacrificed by intraperitoneal injection of lethal dose of
Avertin. Spleen was removed and weighed. The spleen weight of mice is used as an end-point
for assessing activity as we determined that spleen weight is highly consistent in age- and sex-
matched Bcl-2-transgenic mice in preliminary studies.17 Variability of spleen weight was
within ±2% among control-treated age-matched, sex-matched B6Bcl2 mice.

M2182 Cell Lines and Stable Clones
M2182 progressed prostate cancer cells were obtained from Dr. Joy Ware (Virginia
Commonwealth University, School of Medicine, Richmond, VA) and cultured as described.
37 M2182 is a tumorigenic but non-metastatic variant of normal prostate epithelial P69 cells.
pGL3 basic plasmid (Promega) was used to transfect M2182 cells using Lipofectamine 2000
(Invitrogen) according to the manufacturer’s protocol. Cells were then selected for 2 weeks in
200 μg/ml of hygromycin, and individual colonies were isolated, expanded, and maintained in
5 μg/ml hygromycin. The overexpression of luciferase in these clones was confirmed by
measuring luciferase activity.

Human Prostate Cancer Xenografts in Athymic Nude Mice—M2182-Luc cells (1×
106) were injected s.c. in 100 μL of PBS in the left and right flanks of male athymic nude mice
(NCRnu/nu, 4 weeks old, 20 g body weight) as described previously.40 After establishing visible
tumors of ~75-mm3, requiring ~5–6 days, compound dissolved in 500 μL of solvent (ethanol/
Cremophor EL/saline=10:10:80) were injected intraperitoneally (i.p.). The injections were
given every 2 days for a total of nine injections. Three treatment groups were established for
the experiment of compound 4, i.e., DMSO only, 10 mg/kg and 25 mg/kg of compound 4. Four
treatment groups were established for the experiment of compound 11, i.e., DMSO only, 1 mg/
kg, 3mg/kg and 5mg/kg of compound 11. A minimum of five animals was used per
experimental condition. For in vivo imaging of tumors, the mice were anesthetized and injected
i.p. with 150 mg/kg luciferin and light emitted from each tumor was determined using a
Xenogen system with CCD camera with an integration time of 1 min. Luminescence
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measurements were made using Living Image software (version 2.50.1; Xenogen). At the end
of the experiment, the animals were sacrificed, and the tumors were removed and
photographed.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Abbreviations list

Bcl-2 B-cell lymphoma/leukemia-2

EDCI 1-ethyl-3-(3′-dimethylaminopropyl)carbodiimide

1D-1H NMR one-dimensional 1H nuclear magnetic resonance spectroscopy

SAR Structure-activity relationship

FPA Fluorescence Polarization Assays

ITC Isothermal Titration Calorimetry

WT Wild type

MEF Mouse embryonic fibroblast cells

DKO Bax/Bak Double knockout

MEF/DKO Bax/Bak Double knockout mouse embryonic fibroblast cells

ACN Acetonitrile

LC-MS Liquid chromatography and tandem mass spectrometry

HPLC High-performance liquid chromatography

TROSY Transverse Relaxation-Optimized Spectroscopy

ADME Absorption, Distribution, Metabolism, and Excretion

DMSO Dimethyl sulphoxide

PAMPA Parallel artificial membrane permeation assay

FITC Fluorescein isothiocyanate

GST Glutathione-S-transferase

PBS Phosphate-buffered saline

SE Standard error

PI Propidium iodide

NADPH Nicotinamide adenine dinucleotide phosphate

Rpm Rotations Per Minute
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Figure 1.
(A) Structure of compounds 1, 2 and 3. (B) Structure of compound 4 (8r). (C) NMR binding
studies. Aliphatic region of the 1H-NMR spectrum of Bcl-XL (15 μM, black) and Bcl-XL in
the presence of compound 11 (150 μM, red), 12 (150 μM, green), 13 (150 μM, grey) and 14
(150 μM, blue). (D) Superposition of 2D [15N,1H]-TROSY spectra of free Bcl-XL (200 μM;
red) and after addition of compound 11 (200 μM; blue).
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Figure 2.
(A) Fluorescence polarization-based competitive binding curves of compound 11 for Bcl-XL
(red squares), Bcl-2 (blue dots), Bfl-1 (dark up triangle) and Mcl-1 (green up triangle) (B)
Inhibition of cell growth by compound 4 (red dots), 11 (blue dots), 12 (green dots), 13 (yellow
dots) and 14 (orange dots) in the PC-3 human prostate cancer cell line. Cells were treated for
3 days and cell viability was evaluated using ATP-LITE assay. (C) Inhibition of cell growth
by compound 4 (deep blue dots), 11 (red square), 12 (green down triangle), 13 (light blue
diamonds) and 14 (grey up triangle) in the H460 human lung cancer cell line. Cells were treated
for 3 days and cell viability was evaluated using ATP-LITE assay. (D) Inhibition of cell growth
by compound 11 (dark square) in the human BP3 cell line. Apoptosis was monitored by
Annexin V-FITC assays.
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Figure 3.
Molecular docking studies. Stereo views of docked structures of (A) Compound 11. (B)
Compound 12. (C) Compound 13. (D) Compound 14 into Bcl-XL (PDB ID:2YXJ).
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Figure 4.
Mouse embryonic fibroblast cells with wild-type (MEF/WT; dark square) or bax−/−bak−/−

double knockout (MEF/DKO, red square) genotypes were treated with compounds 11, 14 and
4 at various concentrations and apoptosis was monitored by Annexin V-FITC assays. (A-C)
Compounds 11, 14 and 4. (D) Effects of compounds 11–14 on shrinkage of Bcl-2 mouse spleen
at a single intraperitoneal injection dose of 42 mg/kg. All shrinkage data are percentage of
maximum reduction of mice spleen size.
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Figure 5.
Characterization of compounds 4 and 11 in tumor xenografts model. Tumor xenografts from
M2182 cells were established in athymic nude mice on the left and right flanks. After
establishing visible tumors of ~75-mm3, DMSO or compounds (4 or 11) were given (i.p.) every
two days (total of nine injections). A minimum of five animals was used per experimental
group. For in vivo imaging of tumors the mice were anesthetized and injected i.p. with 150 mg/
kg luciferin and light emitted from each tumor was determined in a xenogen system with CCD
camera using an integration time of 1 min. Luminescence measurements were made using
Living Image software (version 2.50.1; Xenogen). At the end of the experiment, the animals
were sacrificed, and the tumors were removed and photographed. (A) Left flank tumor treated
with compound 4 at dose of 10 mg/kg and 25 mg/kg, respectively. (B) Right flank tumor treated
with compound 4 at dose of 10 mg/kg and 25 mg/kg, respectively. (C) Left flank tumor treated
with compound 11 at dose of 1, 3 and 5 mg/kg, respectively. (D) Right flank tumor treated
with compound 11 at doses of 1, 3 and 5 mg/kg, respectively.
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Scheme 1.
Reagents and conditions: (a) NaOH, H2O, reflux; (b) H2SO4; (c) DMS, K2CO3; (d) TiCl4,
Cl2CHOCH3, rt; (e) HCl, H2O (f) NaClO2, H2O2, KH2PO4, CH3CN, rt; (g) (R)-(+)-β-
Methylphenethylamine, EDCI, NH2R, HOBT, rt (h) (S)-(−)-β-Methylphenethylamine, EDCI,
NH2R, HOBT, rt (i) BBr3, CH2Cl2 (j) HCl, H2O (k) Chiral column chromatography separation.
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Table 1

Optical Activity and Chiral HPLC Purity of four Diastereoisomers of Compound 4.

Compd Optical Activity Optical rotation [α] (C = 0.1 in EtOH) HPLC Purity (−) : (+)

14 (S, +, S) −9.7 ± 0.5° 0.49 : 99.51

10 (S, +/−, S) −29.0 ± 1.0° 49.43 : 50.57

13 (S, −, S) −49.0 ± 1.0° 99.13 : 0.87

11 (R, −, R) +17.7 ± 0.5° 99.50 : 0.5

9 (R, +/−, R) +35.0 ± 0.5° 49.8 : 50.2

12 (R, +, R) +53.0 ± 1.5° 0.39 : 99.61

4 (RS, +/−, RS) +1.0 ± 0.5° 48.16 : 51.84

(R) +34.2 ± 0.1° a* 99 : 1

(S) −32.8 ± 0.1° b* 99 : 1

a*
Optical activity [α]22/D + 35.0°, C = 1 in Ethanol, commercially available from Sigma-Aldrich.

b*
Optical activity [α]22/D − 35.0°, C = 1 in Ethanol, commercially available from Sigma-Aldrich.
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Table 3

Efficacy (EC50 values in μM) of diastereoisomers of compound 4 against prostate cancer cells (PC3), lung cancer
cells (H460) and lymphoma cell (BP3).

Compound
PC3a* H460a* BP3b*

EC50, μM EC50, μM EC50, μM

11 0.13 ± 0.02 0.42 ± 0.09 0.049

12 4.64 ± 1.07 0.78 ± 0.10 0.072

13 0.47 ± 0.10 0.56 ± 0.08 0.31

14 1.61 ± 0.45 0.80 ± 0.09 0.12

4 2.45 ± 0.50 0.47 ± 0.18 0.61

a*
Determined using the ATP-LITE assay

b*
Determined using Annexin V-FITC and propidium iodide assay
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Table 4

Plasma stability, Microsomal stability, and Cell Membrane Permeability of diastereoisomers 11–14.

Compound Plasma stability (T = 1 h) Microsomal Stability (T = 40 min) Cell Permeability (LogPe)

11 41% 89.6 ± 7.0 % −6.70 ± 0.30

12 28% 83.4 ± 8.1 % −7.69 ± 0.14

13 42% 86.3 ± 7.0 % −7.78 ± 0.06

14 41% 91.6 ± 1.6 % −7.85 ± 0.13
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