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ABSTRACT: Overexpression of myeloid cell leukemia-1
(Mcl-1) in cancers correlates with high tumor grade and
poor survival. Additionally, Mcl-1 drives intrinsic and acquired
resistance to many cancer therapeutics, including B cell
lymphoma 2 family inhibitors, proteasome inhibitors, and
antitubulins. Therefore, Mcl-1 inhibition could serve as a
strategy to target cancers that require Mcl-1 to evade apoptosis. Herein, we describe the use of structure-based design to
discover a novel compound (42) that robustly and specifically inhibits Mcl-1 in cell culture and animal xenograft models.
Compound 42 binds to Mcl-1 with picomolar affinity and inhibited growth of Mcl-1-dependent tumor cell lines in the
nanomolar range. Compound 42 also inhibited the growth of hematological and triple negative breast cancer xenografts at well-
tolerated doses. These findings highlight the use of structure-based design to identify small molecule Mcl-1 inhibitors and
support the use of 42 as a potential treatment strategy to block Mcl-1 activity and induce apoptosis in Mcl-1-dependent cancers.

■ INTRODUCTION

To evade the normal response to severe stress, many cancer
cell types possess a defect in the signal transduction of
programmed cell death (apoptosis).1−4 The B cell lymphoma 2
(Bcl-2) family of proteins are key regulators of apoptosis and
are often deregulated in numerous diseases, including
cancer.2,5−8 Improper regulation of Bcl-2 family members
can increase the threshold for apoptosis, thus allowing cancer
cells to survive under conditions that normal cells would sense
as aberrant and respond by inducing apoptosis.1,3,4 The Bcl-2
family of proteins is comprised of antiapoptotic (Bcl-2, Bcl-xL,
Bcl-w, Bcl-A1, and myeloid cell leukemia-1 (Mcl-1)) and
proapoptotic (Bim, Bid, Bad, PUMA, NOXA, Bak, Bax)

members. Antiapoptotic Bcl-2 family members bind to and
sequester proapoptotic proteins and thereby prevent Bak/Bax
oligiomerization, permeabilization of the outer mitochondrial
membrane, and the commitment of the cell to undergo
apoptosis.1,2,5,6 Amplification of the gene encoding the
antiapoptotic protein Mcl-1 is one of the most common
genetic aberrations in human cancer, and Mcl-1 is frequently
overexpressed in hematologic, breast, and lung cancers.8−18

Importantly, Mcl-1 overexpression contributes to therapeutic
resistance to several cancer treatments, including vincristine,
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taxol, gemcitabine, cisplatin, and others.19,20 Therapeutic
resistance can, however, be reversed through down-regulation
of Mcl-1 by RNA interference, illustrating the therapeutic
potential for targeting Mcl-1 inhibition for the treatment of
cancer.6,7,20,21

Bcl-2 family members possess a conserved Bcl-2 homology 3
(BH3) domain, which is central to the apoptotic function of
proteins in this family. The BH3 domain binds to four
hydrophobic pockets (P1−P4) of the antiapoptotic members
of the Bcl-2 family, including Mcl-1, thus sequestering the
BH3-containing apoptotic protein and preventing its ability to
activate apoptosis. BH3 domains consist of an amphipathetic
α-helix containing four hydrophobic residues which bind to
P1−P4 within the antiapoptotic proteins.4,22−25 A small
molecule inhibitor capable of displacing the BH3-containing
proapoptotic protein from the antiapoptotic family member
could restore apoptotic signaling within a cancer cell. One
challenge in disrupting this interaction is the high binding
affinity between Bcl-2 family members resulting from a large
protein−protein interaction.26 Inhibiting this interaction
requires molecules with very high binding affinity in the
picomolar range.27 This strategy of inducing apoptosis with a
small molecule inhibitor of the antiapoptotic Bcl-2 family of
proteins was validated by the Food and Drug Administration’s
approval of Venetoclax, a Bcl-2 selective inhibitor for the
treatment of chronic lymphocytic leukemia.28−30

Recently, a number of Mcl-1 selective inhibitors have been
described.31−37 One of the most promising compounds,
S63845, has shown robust activity in multiple Mcl-1 sensitive
cell lines and achieved single agent activity in animal xenograft
models of human hematological cancers.38 This compound,
and others described in the patent literature, have targeted the
antiapoptotic protein Mcl-1 to trigger apoptosis in cancer cells

while maintaining a therapeutic window to minimally affect
normal cells. We have previously reported the discovery of
potent Mcl-1 inhibitors,39−44 starting from an initial 2-indole
carboxylic acid lead compound40 and progressing to a series
bearing a novel tricyclic-fused indole diazepinone core unit via
structure-based design.39 In addition to potently inhibiting
Mcl-1, these compounds showed desirable pharmaceutical
properties, such as good passive permeability and aqueous
solubility, allowing them to deliver robust and selective
antiproliferative activities in Mcl-1 sensitive cell lines in a
dose-dependent manner. Although these compounds were able
to demonstrate sub-nanomolar binding affinities, further
improvement in the cellular efficacy was necessary to achieve
in vivo efficacy. However, the most promising compound
identified within this series (ref 39, compound 39) suffered
from high clearance, low exposure, and a short half-life in rat
(intravenous (IV) dosing, 1 mg/kg: CL = 245 mL/min/kg,
AUC = 67 nM·h, t1/2 = 0.57 h), precluding its advancement to
in vivo efficacy studies.
Herein, we report our continued efforts to develop a potent

and selective Mcl-1 inhibitor that builds upon our recently
reported tricyclic amide series.39 Structural modifications to
this series guided by structure-based design have resulted in
ligands that bind to Mcl-1 with low picomolar binding affinity.
The compounds reported in this work demonstrate anti-
proliferative activity in Mcl-1-dependent cell lines, exert their
effect through on-target inhibition of Mcl-1, and display
efficacy in animal xenograft models of hematological and breast
cancers.

■ RESULTS AND DISCUSSION

Reducing Conformational Flexibility in Diazepinone
Core. To further improve upon the potency and pharmaco-

Figure 1. (A) Structure of tricyclic diazepinone Mcl-1 inhibitor (1). (B) Asymmetric unit contains four copies of Mcl-1 (gray)/ligand (1) (green,
cyan, magenta, and orange) complex (6BW2). (C) Overlay of each copy of Mcl-1 inhibitor from the asymmetric unit illustrating similarity in
binding pose of indole core, benzyl amide, propoxyphenyl ether, and trimethyl pyrazole and expansion highlighting variation in the binding pose of
diazepinone ring.
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kinetic profile of our tricyclic diazepinone series, we sought to
optimize the three-carbon linker portion of the diazepinone.
This region of the diazepinone ring allowed for significant
conformational flexibility, as evidenced by multiple conforma-
tions of this moiety in X-ray co-crystal structures of compound
1 with Mcl-1 (Figure 1). This conformational flexibility of the
diazepinone ring can also impact the exit vector of the amide
substituent and affect the binding pose of the key carboxylic
acid moiety. To restrict the conformational freedom of the
diazepinone C-ring, we envisioned either the introduction of a
methyl group at the 5, 6, or 7-postion or replacement of the
diazepinone ring with a six-membered piperazinone ring. To
determine the effects of each modification to the core, the
binding affinities of the unsubstituted lactam core and three
representative benzyl amides for each C-ring modification were
compared in a fluorescence polarization assay (FPA), a binding
assay, both with and without the presence of 1% fetal bovine
serum (FBS) as an assessment of plasma protein binding. The
benzyl amides were selected for consistency of comparison
with 1, ease of synthesis, and to afford products with a binding

affinity to Mcl-1 within the range that could be easily evaluated
in the FPA assay.
A set of analogues bearing a racemic methyl substituent

introduced at the 5-, 6-, and 7-positions of the diazepinone ring
was synthesized (Table 1). Methylation at the 5-position (6)
led to a reduction in binding affinity in the NH lactam core,
and the increased steric hindrance at this diazepinone position
resulted in a low chemical yield of 6, precluding the synthesis
of benzyl amides for this modification. Introduction of a
methyl substituent at either the 6- (7−10) or 7-position (11−
14) of the diazepinone ring resulted in modest losses (2−3-
fold) of binding affinity as compared to the unsubstituted
diazepinone in the absence of FBS. In the presence of 1% FBS,
this effect was more pronounced, with decreases in binding
affinity between 3- and 8-fold being observed.

Optimization of Tricyclic Piperazinone Core. With the
lack of improvement in the binding affinity from modifications
to the diazepinone ring, the effects of replacing the diazepinone
ring with a six-membered piperazinone tricyclic core were
explored. A set of compounds containing the same

Table 1. Binding Affinity of Diazepinone Lactam Tricycles

aMcl-1 Ki in the presence of 1% fetal bovine serum.

Table 2. Binding Affinity of Piperazinone Lactam Tricycles

aMcl-1 Ki in the presence of 1% fetal bovine serum.
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representative benzyl amides was synthesized to evaluate the

effects on the binding affinity of the introduction of

unsubstituted and methylated piperazinones to the tricyclic

core unit (Table 2). In contrast to the diazepinone series, we

were able to readily synthesize each methylated piperazinone

enantiomer separately, allowing the effects of the stereo-

chemistry of the methyl substituent to be examined. The

unsubstituted piperazinone derivatives (15−18) exhibited

Figure 2. (A) Overlay of energy-minimized conformation of (R)-5-methyl piperazinone core (blue) and (S)-5-methyl piperazinone core (orange).
(B) Overlay of energy-minimized conformation of (R)-6-methyl piperazinone core (magenta) and (S)-6-methyl piperazinone core (yellow).

Table 3. TR-FRET Binding Affinity of Compounds to Mcl-1, Bcl-xL, and Bcl-2

aMcl-1 Ki in the presence of 1% fetal bovine serum.
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weaker binding affinity to Mcl-1 than the unsubstituted
diazapinone analogues, both in the absence and presence of
1% FBS. Introduction of an (R)-methyl group at the 5-position
(23−26) of the piperazinone ring resulted in a 5−10-fold
improvement in binding affinity relative to the unsubstituted
piperazinone, whereas introduction of a (S)-methyl group
(19−22) resulted in a 3−5-fold loss in binding affinity,
resulting in up to a 30-fold difference in binding between the
eutomer and distomer. Introduction of a (R)-methyl group at
the 6-position of the piperazinone ring provided a modest
increase in binding affinity relative to the unsubstituted ring
(up to 4-fold), and the (S)-6-methyl group showed no
significant changes relative to the unsubstituted piperazinone.
For methylation at both the 5- and 6-positions of the
piperazinone ring, the difference in binding affinities of the
eutomer/distomer was less pronounced in the presence of 1%
FBS.
The impact of the methyl stereochemistry on the binding

affinity was further evaluated by performing an energy
minimization calculation for each pair of enantiomeric methyl
substituents on a simplified tricyclic piperazinone core using
Maestro Ligand 2D Workspace (Figure 2). Substitution of the
piperazinone 6-position with either an (R)- or (S)-methyl
group had a minimal impact on the dihedral angle between the
trimethyl pyrazole and indole rings, which is in agreement with
the modest effect of the methyl stereochemistry at this site
(Figure 2B). Introduction of a methyl group at the 5-position,
however, had a dramatic impact on the dihedral angle between
the trimethyl pyrazole and indole rings due to steric repulsion
between the piperazinone methyl group and the trimethyl
pyrazole as well as subtle effect on the exit vector of the amide
substituent, which may justify the larger difference in binding
affinities observed for the two enantiomers. These results
suggest that the lowest energy conformation of (R)-5-methyl
piperazinone core may be similar to that adopted by the
inhibitors when bound to Mcl-1.
Optimization of (R)-5-Methyl Piperazinone Aryl

Amide Inhibitors. With the optimized (R)-5-methyl
piperazinone-containing core in hand, the effect of different
amide substituents at the N1 position of the piperazinone was
examined. As described in our discovery of the tricyclic
diazepinone series, electron-rich-fused bicyclic amide sub-
stituents efficiently engage in a cation−π interaction with
R263; resulting in improved binding affinity and efficacy in
cellular growth inhibition assays. Starting from the tricyclic
(R)-5-methyl piperazinone core, a library (35−43) containing
the most promising N-aryl and N-heteroaryl substituents

identified from the tricyclic diazepinone series39 was prepared
and evaluated in the time-resolved fluorescence energy transfer
(TR-FRET) binding assay in the presence and absence of 1%
FBS and a cellular growth inhibition assay using Mcl-1
sensitive multiple myeloma cell line H929 and Mcl-1
insensitive cell line K562 to evaluate off-target liabilities
(Table 3). Compounds bearing a single phenyl ring (35 and
36) displayed a 5−10-fold improvement in the binding affinity
compared to benzyl amides 24−26 in the presence of 1% FBS,
however, in the absence of FBS displayed comparable binding
affinities. These data suggest that the aryl amide series reduces
the degree of plasma protein binding relative to the benzyl
amide series. Introduction of bicyclic aryl groups led to
compounds with even further enhanced Mcl-1 binding
affinities, with several analogues exhibiting picomolar binding
affinity. As expected, electron-rich bicyclic aryl rings proved to
be most potent as they enhanced the cation−π interaction
between the aryl group and R263. The most potent compound
identified in the binding assay, 42, exhibited Ki = 70 and 300
pM in the absence and presence of 1% FBS, respectively. The
excellent binding affinity of 42 translated into potent cellular
activity, achieving a GI50 in H929 cells of 190 nM. Due to
hindered rotation between the trimethyl pyrazole and indole
rings, compound 42 exists as a mixture of diastereomeric
atropisomers. These compounds were separable by high-
performance liquid chromatography (HPLC) and found to
possess similar binding affinities. The (S)-5-methyl piperazi-
none analogue 43 was prepared as a negative control and
found to exhibit a 50-fold weaker binding affinity compared to
42, consistent with the trend observed for 19−22. The
structure of 42, and its evaluation in xenograft models of
human hematological cancers, has been previously reported by
Ramsey et al.44

In addition to the potent binding to Mcl-1, the compounds
also maintained a high selectivity toward other Bcl-2 family
members. Binding to Bcl-2 and Bcl-xL was 104- and 107-fold
weaker, respectively. Within this series, there was an excellent
correlation between the observed binding affinities and cellular
efficacy (Figure 3A), providing evidence that these compounds
exert their effects through binding to Mcl-1. To further
establish the on-target mechanism of action of these
compounds, the caspase activation was measured in H929
cells and found to correlate closely with the observed GI50
(Figure 3B).

X-ray Co-crystal Structure of 42 Bound to Mcl-1. To
understand how 42 achieves its high affinity, the X-ray co-
crystal structure of 42 bound to Mcl-1 was obtained (Figure

Figure 3. (A) Correlation between binding affinity and H929 GI50 in the growth inhibition assay. (B) Correlation between H929 GI50 in growth
inhibition assay and caspase activation EC50.
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4A). In Figure 4B, the X-ray co-crystal structure of 42 binding
to Mcl-1 is compared to that of a 16-mer peptide derived from
the BH3 domain of Mcl-1. It can be seen that although 42 still
lies in the peptide binding groove, it exploits different contacts
to the protein than the peptides. For example, the dimethyl-
chlorophenyl ether of 42 goes much deeper into the P2
hydrophobic pocket than the leucine present in BH3-only
members of the Bcl-2 family of proteins. It can also be seen
that compound 42 does not fully occupy P3, with only the
methyl of the trimethyl pyrazole pointing toward this pocket,
nor does the compound reach as far as the peptide P4 pocket
which is exploited by S63845, another Mcl-1 inhibitor (Figure
4C).38 However, compound 42 does make an important
contact with the protein (Figure 4A) by using the indole
headpiece to cover R263, generating a pseudo-hydrophobic
pocket around this residue. Shielding this hydrophilic residue
from solvent results in a significant gain in affinity due to the
desolvation of the protein ligand interface. Additionally, the
indole headpiece also positions the carboxylic acid to make a
favorable H-bonding interaction with Asn 260 to further
stabilize the complex. Thus, three different classes of Mcl-1
inhibitors (peptides, piperazinone amides series, S63845
series) are all able to achieve high binding affinity to Mcl-1;

however, each class of compounds adopts a distinct binding
pose and utilizes novel interactions within the binding groove.
The X-ray co-crystal structure of 42 also provides further

insight to the tighter binding affinity observed for the (R)-5-
methyl piperazinone as compared to the (S) enantiomer.
Overlaying the energy-minimized conformations of the (R)-
and (S)-5-methyl piperizinone tricyclic lactam cores (Figure 2)
with the X-ray structure of 42 bound to Mcl-1 shows that the
energy-minimized conformation of the (R) enantiomer
(eutomer) aligns very closely to the observed binding pose
of 42 (Figure 4D). In the overlay of the energy-minimized
conformation of the (S)-methyl piperazinone core (distomer)
with 42, however, the pyrazole ring is significantly distorted
from the binding pose observed for 42 due to the steric
repulsion between the (S)-methyl group and the trimethyl
pyrazole.

In Vitro Cell Line Experiments Demonstrate On-
Target Activity. The on-target Mcl-1 activity of 42 was
characterized using multiple in vitro cell line experiments. Co-
immunoprecipitation (Co-IP) experiments of Mcl-1, Bcl-xL,
and Bim in the NCI-H929 cell line indicate that dosing with
compound 42 causes the mechanism-based dose-dependent
displacement of Bim from Mcl-1 (Figure 5A) that is expected

Figure 4. (A) X-ray co-crystal structure of Mcl-1 inhibitor 42 (cyan) and Mcl-1 (6NE5). (B1) Overlay of Mcl-1 inhibitor 42 (cyan) and 16-mer
(yellow) derived from Mcl-1 BH3 region (4HW4). (B2) Comparison of depth of ligand in P2 pocket of inhibitor 42 and 16-mer. (C) Overlay of
Mcl-1 inhibitors 42 (cyan) and S63854 (magenta) (5LOF).38 (D) Overlay of (R)-5-methyl piperazinone tricyclic core (cyan) with X-ray co-crystal
structure of compound 42 (olive) and Mcl-1. (E) Overlay of (S)-5-methyl piperazinone tricyclic core (orange) with X-ray co-crystal structure of
compound 42 (olive) and Mcl-1.
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from an Mcl-1 inhibitor. It was also demonstrated that 42 is
selective for Mcl-1 and does not displace Bim from Bcl-xL
(Figure 5B). Indeed, it appears that displacement of Bim from
Mcl-1 by compound 42 causes a redistribution of Bim to Bcl-
xL. The displacement of Bim from Mcl-1 is dose-dependent
and correlates with the redistribution of Bim to Bcl-xL.
Another indicator of the on-target activity of 42 is that the

dose-dependent decrease in proliferation observed in Mcl-1
sensitive cell lines is correlated with mechanism-based caspase
activation. This is shown for 42 in Figure 5C, for the
previously characterized Mcl-1 sensitive (H929) and insensi-
tive (K562) cell lines. The sensitive cell line, H929, has growth
inhibition and caspase activation at ∼100 nM EC50, whereas
little growth inhibition is observed in the insensitive cell line
K562, even at micromolar concentrations (data not shown).
Compound 42 activity in proliferation experiments in a larger
panel of heme cell lines is shown in Figure S2A, Supporting
Information. In these experiments, compound 42 generally
caused higher cytochrome c release in cell lines with lower GI50
in the proliferation assay (Figure S2B, Supporting Informa-
tion). In addition, cytochrome c release caused by compound
42 is similar to that obtained from the Mcl-1 specific BH3
peptide MS-1 in these cell lines (Figure S2C, Supporting
Information).45

To further test for specific on-target activity, compound 42
was tested in a panel of re-engineered BCR-ABL + B-ALL cells,
that were modified to only contain a specific exogenous human
Bcl-2 family protein (Figure 5D).46−50 When these cell lines
were dosed, a clear separation for the activity of compound 42
against cell lines with different Bcl-2 family proteins was
observed. The cell line which only expressed human Mcl-1 as

the antiapoptotic protein had the lowest EC50. Compound 42
has 4−8-fold less activity against the Bcl-2- and Bcl-xL-
engineered lines, respectively, with a minimal off-target toxicity
even at high concentrations in the DKO (double Bax, Bak
knockout) cell lines. The Mcl-1 specificity in the re-engineered
cell lines is consistent with the results shown in the Co-IP
experiments on the H929 cell line (Figure 5A,B) which
demonstrates dose-dependent compound-mediated displace-
ment of Bim from Mcl-1 and its redistribution to Bcl-xL.

Activity in Animal Tumor Models of Human Cancer.
Pharmacokinetic Profile of Compound 42. After identifying
compound 42 as a potent and selective Mcl-1 inhibitor in
cellular assays, its suitability for progression into in vivo
xenograft models was evaluated. Compound 42 was dosed at 3
mpk IV in rat and found to possess a reasonable clearance (CL
= 38 mL/min/kg), Vdss (1.82), and exposure (1904 nM·h),
providing significant improvements in clearance and exposure
relative to the diazepinone congener. Dosing 42 via intra-
peritoneal (IP) administration in rat at 3 mpk showed that the
compound possessed good permeability and was able to
achieve a Cmax of 626 nM and an AUC of 2041 nM·h. Exposure
in mice (IP, 3 mpk) was somewhat lower with Cmax = 272 nM
and AUC = 523 nM·h. These results demonstrate that
compound 42 can achieve an adequate exposure to test its
efficacy in mouse xenograft models.

Hematologic Cancer Xenograft Models. Compound 42
was evaluated in growth inhibition assays with Mcl-1 sensitive
cell lines AMO-1 (multiple myeloma) and MV-4-11 (acute
leukemia) from which xenograft models had been generated.
Compound 42 was found to be potent in heme cell lines,
achieving a GI50 of 140 nM in AMO-1 and 70 nM in MV-4-11.

Figure 5. Cell line on-target activity studies with 42. (A, B) Co-IP experiments showing Bim complexation as a function of 42 dosed in H929 cells.
(A) Co-IP of Mcl-1 and Bim, (B) Bcl-xL and Bim, vehicle control V was treated with 0.1% dimethyl sulfoxide (DMSO). (C) Comparison of dose-
dependent changes in proliferation and caspase activation in the Mcl-1 sensitive H929 cell line upon dosing with 42. Proliferation data shown in
red, caspase activation in black. (D) Viability studies on a panel of re-engineered BCR-ABL + B-ALL cells modified to have only the indicated
antiapoptotic exogenous human Bcl-2 family member or deletion of Bax/Bak, DKO (double Bax, Bak knockout) treated with 42.
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Compound 42 was then tested in human multiple myeloma
AMO-1 flank xenografts in immunocompromised mice.
Tumors were grown to a volume of 200 mm3 before starting
daily IP dosing for 14 days. Growth inhibition was observed in
a dose-dependent manner with the highest dose, 100 mg/kg,
showing a 60% reduction in tumor growth compared to the
DMSO vehicle (Figure 6A). Compound 42 was well tolerated
over the 14 day dosing period showing no overt signs of
toxicity or significant weight loss.
The in vivo activity of compound 42 was also evaluated in a

secondary hemaotologic cancer model, based on the
dissemination of a human acute myeloid leukemia (AML)
cell line, MV-4-11, into immunodeficient mice. In this model,
immunodeficient γ (NSG) mice were injected with MV-4-11
AML cells and monitored for tumor development.44 MV-4-11
cell engraftment was confirmed by peripheral microchimerism
7 days post-transplant. Mice were then treated with the
indicated doses of 42 for 3 weeks (days 14−35). At day 21 of
treatment, vehicle mice became moribund, and all exper-
imental mice were sacrificed for tissue analysis. Human cell

tumor burden was determined by analyzing blood, bone
marrow, and spleen samples for leukemia cells by CD45 flow
cytometry. Vehicle-treated mice displayed florid leukemia,
whereas almost no human CD45 leukemia cells could be
detected in the blood of animals treated at the 50 or 100 mg/
kg doses (Figure 6B). Human AML cells were also greatly
reduced in bone marrow and spleen at these doses. Finally,
dosing with 42 also prevented the formation of extramedullary
tumors (Figure 6C). However, within 2 weeks of ending
treatment with 42, the mice become morbidly cytopenic and
succumb to disseminated leukemia.

Triple Negative Breast Cancer (TNBC) Solid Tumor
Animal Models. We evaluated the impact of compound 42
in xenograft models of human triple negative breast cancer
(TNBC) using HCC-1187 and BT-20 cells. Interestingly,
compound 42 exhibited a lower potency in TNBC cells
(HCC-1187 GI50 = 1.3 μm, BT-20 GI50 = 2.1 μm) as
compared to hematological cancer cells. Orthotopic HCC-
1187 and BT-20 xenografts were generated in athymic Balb/C
(nu/nu) mice. When tumors reached approximately 100 mm3,

Figure 6. Efficacy of compound 42 in two different in vivo hematologic cancer models. (A) Tumor volume for AMO-1 tumor flank xenografts in
immunocompromised mice. Dosed IP for 14 days at 100, 67, 45 mg/kg or vehicle. (B) Body weight for control and treatment groups in AMO-1
xenograft study. (C, D) MV-4-11 disseminated leukemia model. Dosing at 100, 50 mg/kg or vehicle IP for 21 days. (C) CD45+ human leukemia
chimerism at day 35. (D) Presence of extramedullary tumors in mice at day 35. Per arm vehicle (n = 5), 50 mg/kg (n = 10), and 100 mg/kg (n =
10). A nonparametric, unpaired, two-tailed t-test was used to calculate significance in (C).

Figure 7. In vivo activity of 42/VU-013 in human TNBC HCC-1187/BT-20 TNBC mouse tumor xenograft model. (A) HCC-1187 tumor size as a
function of days with IP dosing of 100 mg/kg of 42, DMSO vehicle control, docetaxol once weekly, or docetaxol + 42. (B) BT-20 tumor size as a
function of days (100 mg/kg of 42, DMSO vehicle control, doxorubicin once weekly, or doxorubicin + 42) with dosed IP.
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mice were randomized to receive compound 42 (100 mg/kg)
or vehicle for 14 days, monitoring weight and tumor volume
daily. HCC-1187 tumors from mice treated with 42 displayed
nearly 60% tumor growth inhibition (TGI) as compared to
tumors treated with vehicle (Figure 7A). Similar results were
seen in 42-treated BT-20 tumors (Figure 7B). Immunohis-
tochemical analysis revealed increased staining for cleaved
caspase 3 in HCC-1187 and BT-20 tumors treated with 42
over vehicle-treated tumors (Figure S3A,B, Supporting
Information), consistent with the induction of tumor cell
apoptosis. At this dose, 42 was well tolerated by animals, as
determined by daily weight monitoring (Figure S3C,
Supporting Information).
Because TNBCs are treated with chemotherapy as the

standard of care, we tested the impact of compound 42 on the
response of HCC-1187 to the taxane docetaxel.51 Although
HCC-1187 cells were relatively resistant to docetaxel as a
single agent, the combination of compound 42 with docetaxel
resulted in tumor growth inhibition than either agent alone
(Figure 7A), suggesting that 42 potently sensitizes HCC-1187
cells to docetaxel. Similarly, the growth of BT-20 xenografts
treated with the combination of 42 and doxorubicin was
inhibited to a greater extent than tumors treated with either
agent alone (Figure 7B). When tested on HCC-1187/BT-20
cells in vitro, this combination was highly synergistic. As shown
in Figure 7, even though the xenografts were relatively
insensitive to once weekly docetaxel or doxorubicin dosing,
the combination of docetaxel or doxorubicin plus 42 had a
robust synergistic activity when compared to either agent
alone.
Synthesis. The synthetic route employed for the indole

core 44 has been previously reported. The methylated
diazepinone and piperazinone tricyclic cores were synthesized

by alkylation with the appropriate oxathiazinane or oxathiazo-
lidine precursor, followed by tert-butoxycarbonyl (Boc)
deprotection and cyclization under basic conditions to afford
the desired tricyclic cores (Scheme 1). Elaboration to the final
analogues (2−43) was accomplished by alkylation with the
appropriate benzyl bromide or Ullmann coupling with the
appropriate aryl bromide followed by saponification. The
absolute configurations of M-42 and P-42 were determined by
X-ray crystallography. Experimental details are described in the
Supporting Information.

■ CONCLUSIONS
Improper regulation of Bcl-2 family members can increase the
threshold for apoptosis in cancer cells allowing them to survive
under conditions that normal cells would sense as aberrant and
respond by inducing apoptosis. BH3 mimetics are a new class
of drugs that target the antiapoptotic Bcl-2 family members to
re-establish the sensitivity of cancer cells to stress. Mcl-1
inhibitors are potentially useful in a wide range of cancers, both
as a single agent and in combination therapies. In this
manuscript, we have described the design and synthesis of a
potent and selective Mcl-1 inhibitor, 42, which represents a
chemically distinct class of Mcl-1 inhibitors that possess on-
target activity in multiple cancer models. In addition to
displaying cellular efficacy in multiple Mcl-1 sensitive cell lines,
42 presented a pharmacokinetics profile suitable for evaluation
in mouse xenograft cancer models. We have shown that mouse
tumor xenografts derived from Mcl-1 sensitive heme and breast
cancer cell lines were also responsive to in vivo treatment,
either as a single agent or in combination, with robust tumor
regression being achieved in the MV-4-11 model of
disseminated leukemia. The ability of this new class of Mcl-1
inhibitors to achieve regressions in tumor xenograft experi-

Scheme 1. Representative Synthesis of Mcl-1 Inhibitorsa

aConditions: (a) CuI, trans-N,N′-dimethylaminocyclohexane, K3PO4, toluene, 110 °C; (b) Pd2dba3, Xantphos, Cs2CO3, dioxane, 110 °C.
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ments compares favorably to Mcl-1 inhibitors that have
recently entered phase I clinical trials. The novel chemotype
and modular synthesis may provide opportunities to differ-
entiate from extant classes of Mcl-1 inhibitors with regards to
compound properties or tolerability. In comparison, the
reported GI50 of S63845 is <10 nM in H929 cells,38

demonstrating that significant further improvement in cellular
efficacy by structural refinement is possible. Efforts are
currently underway to continue exploring the therapeutic
potential of the compound 42 as well as develop improved
Mcl-1 inhibitors with compound dispositions suitable for the
advancement to the clinic.

■ EXPERIMENTAL SECTION
Chemistry. General. All NMR spectra were recorded at room

temperature (rt) on a 400 MHz AMX Bruker spectrometer. 1H
chemical shifts are reported in δ values in ppm downfield with the
deuterated solvent as the internal standard. Data are reported as
follows: chemical shift, multiplicity (s = singlet, d = doublet, t =
triplet, q = quartet, br = broad, m = multiplet), integration, coupling
constant (Hz). Low-resolution mass spectra (MS) were obtained on
an Agilent 1200 series 6140 mass spectrometer with electrospray
ionization (ESI). All samples were of ≥95% purity, as analyzed by
liquid chromatography (LC)−UV/vis−MS. Analytical HPLC was
performed on an Agilent 1200 series with UV detection at 214 and
254 nm along with ELSD detection. LC−MS parameters were as
follows: method A: Phenomenex-C18 Kinetex column, 50 × 2.1 mm2,
1 min gradient, 50% (0.1% trifluoroacetic acid (TFA)/MeCN)/50%
(0.1% TFA/H2O) to 100% (0.1% TFA/MeCN); method B:
Phenomenex-C18 Kinetex column, 50 × 2.1 mm2, 2 min gradient,
50% (0.1% TFA/MeCN)/50% (0.1% TFA/H2O) to 95% (0.1%
TFA/MeCN)/5% (0.1% TFA/H2O); method C: Phenomenex-C18
Kinetex column, 50 × 2.1 mm2, 2 min gradient, 5% (0.1% TFA/
MeCN)/95% (0.1% TFA/H2O) to 95% (0.1% TFA/MeCN)/95%
(0.1% TFA/H2O). Preparative purification was performed on a
Gilson HPLC (Phenomenex-C18, 100 × 30 mm2, 10 min gradient, 5
→ 95% MeCN/H2O with 0.1% TFA) or by automated flash column
chromatography (ISCO, Inc. 100sg CombiFlash). Normal phase
purification was performed with CombiFlash Rf (plus-UV) Auto-
mated Flash Chromatography System. Solvents for reactions,
extraction, and washing were ACS reagent grade, and solvents for
chromatography were HPLC grade. All reagents were purchased from
chemical suppliers and used without purification. LC−MS traces for
tested compounds are available in the Supporting Information
(Section S6).
General Procedures for the Synthesis of Diazepinone and

Piperazinone Cores (6, 7, 11, 15, 19, 23, 27, 31). Indole Alkylation.
To a flame-dried round-bottom 50 mL flask equipped with a magnetic
stir bar were added ethyl 6-chloro-3-(3-(4-chloro-3,5-
dimethylphenoxy)propyl)-7-(4,6-dimethylpyrimidin-5-yl)-1H-indole-
2-carboxylate (1.0 equiv), cesium carbonate (2.5 equiv), and
anhydrous acetonitrile (20 mL). The corresponding sulfamate (2.5
equiv) was added, and the solution was stirred at 80 °C overnight.
The reaction mixture was diluted with ethyl acetate (100 mL) and
washed with brine (3 × 50 mL), dried with anhydrous MgSO4,
filtered, and then concentrated in vacuo. The residue was purified by
flash column chromatography (CombiFlash Rf, EtOAc/hexane = 0−
100% gradient) to afford the title compound.
Boc-Deprotection and Cyclization. The corresponding alkylated

indole was dissolved in anhydrous dichloromethane (DCM) (20 mL)
and cooled to 0 °C in an ice bath. Trifluoroacetic acid (8 equiv) was
added dropwise, and the reaction mixture was allowed to stir at room
temperature for 4 h. The solvent was removed using a rotary
evaporator and dried under vacuum for 2 h. Anhydrous ethanol (20
mL) was added followed by anhydrous K2CO3 (15 equiv). The
reaction mixture was stirred at 50 °C for 2 h. The reaction mixture
was concentrated to 1/3 volume and diluted with ethyl acetate (100
mL) and washed with brine (3 × 50 mL). The combined organic

layers were dried over anhydrous MgSO4, filtered, and concentrated
in vacuo. The residue was purified by flash column chromatography
(CombiFlash Rf, DCM/methanol = 0−5% gradient) to afford the title
compound.

General Procedure for Alkylation of Diazepinone and Piper-
azinone Cores (8−10, 12−14, 16−18, 20−22, 24−26, 28−30, 32−
34). To a flame-dried round-bottom 25 mL flask equipped with a
magnetic stir bar were added the corresponding lactam and anhydrous
DMF (2 mL). The solution was stirred in an ice bath under a nitrogen
atmosphere. Sodium hydride (60%) (2 equiv) was added and allowed
to stir for 10 min. The corresponding alkyl halide (1.7 equiv) was
then added, and the reaction was allowed to stir at 0 °C for 10 min
and then at room temperature for 1 h. The reaction mixture was then
diluted with ethyl acetate (20 mL) and washed with brine (2 × 10
mL), dried with anhydrous MgSO4, filtered off, and concentrated
down using rotary evaporator. The residue was dissolved in a mixture
of tetrahydrofuran (THF) and MeOH (4 mL, 1:1), and NaOH (2 M,
1 mL) was added. The reaction was monitored by LC−MS for
completion. The reaction mixture was neutralized with HCl (1 M),
concentrated to half volume, diluted with ethyl acetate, and washed
with water. The organic layer was concentrated down using a rotary
evaporator and dissolved in a mixture of DMSO and MeOH and
purified by HPLC (Phenomenex Gemini C18, H2O/CH3CN gradient
from 50 to 95% CH3CN for 4 min, 0.1% TFA) to afford the title
compound.

8-Chloro-11-(3-(4-chloro-3,5-dimethylphenoxy)propyl)-5-meth-
yl-7-(1,3,5-trimethyl-1H-pyrazol-4-yl)-2,3,4,5-tetrahydro-1H-[1,4]-
diazepino[1,2-a]indol-1-one (6). Yield 20 mg, 6% for three steps; 1H
NMR (CDCl3) δ 7.67 (d, J = 8 Hz, 1H), 7.26 (d, J = 8 Hz, 1H), 6.66
(s, 2H), 4.77−4.75 (m, 1H), 4.03 (tr, J = 8 Hz, 2H), 3.94 and 3.91
(two s, total 3H), 3.43−3.30 (m, 3H), 3.22−3.12 (m, 2H), 2.36 (s,
6H), 2.25−2.20 (m, 2H), 2.19 (s, 3H), 2.03 and 2.01 (two s, total
3H), 1.87−1.84 (m, 2H), 1.27 and 1.22 (two d, J = 8 Hz, total 3H).
LC−MS method A: RT = 0.89 min, MS (ESI): mass calcd for
C30H34Cl2N4O2, 552.2; m/z found, 553.2 [M + H]+.

8-Chloro-11-(3-(4-chloro-3,5-dimethylphenoxy)propyl)-4-meth-
yl-7-(1,3,5-trimethyl-1H-pyrazol-4-yl)-2,3,4,5-tetrahydro-1H-[1,4]-
diazepino[1,2-a]indol-1-one (7). Yield 270 mg, 80% for three steps;
1H NMR (CDCl3) δ 7.62 (d, J = 8 Hz, 1H), 7.24 (d, J = 8 Hz, 1H),
6.65 (s, 2H), 5.97−5.95 (m, 1H), 4.06−4.03 (m, 1H), 3.97 (t, J = 8
Hz, 2H), 3.68 and 3.66 (two s, total 3H), 3.28−3.11 (m, 3H), 2.76−
2.72 (m, 2H), 2.34 (s, 6H), 2.34 (tr, J = 8 Hz, 2H), 2.21 and 2.20
(two s, total 3H), 2.18 and 2.16 (two s, total 3H), 1.99 (m, 1H), 0.78
and 0.70 (two d, J = 8 Hz, total 3H). LC−MS method A: RT = 0.91
min, MS (ESI): mass calcd for C30H34Cl2N4O2, 552.2; m/z found,
553.2 [M + H]+.

3-((8-Chloro-11-(3-(4-chloro-3,5-dimethylphenoxy)propyl)-4-
methyl-1-oxo-7-(1,3,5-trimethyl-1H-pyrazol-4-yl)-4,5-dihydro-1H-
[1,4]diazepino[1,2-a]indol-2(3H)-yl)methyl)benzoic Acid (8). Yield
27 mg, 73% for two steps; 1H NMR (CDCl3) δ 8.04 (d, J = 6 Hz,
1H), 8.02 (s, 1H), 7.64 (d, J = 8 Hz, 1H), 7.61 (m, 1H), 7.45 (tr, J =
6 Hz, 1H), 7.24 (d, J = 8 Hz, 1H), 6.64 (s, 2H), 5.10 (dd, J1 = 16 Hz,
J2 = 28 Hz, 1H), 4.45 (dd, J1 = 16 Hz, J2 = 28 Hz, 1H), 4.05−4.01 (m,
3H), 3.89 and 3.88 (two s, total 3H), 3.79−3.72 (m, 4H), 3.27−3.24
(m, 1H), 3.22−3.11 (m, 2H), 2.28−2.82 (m, 1H), 2.82 (s, 6H),
2.33−2.24 (m, 2H), 2.22 and 2.20 (two s, total 3H), 2.09 and 1.98
(two s, total 3H), 1.90−1.80 (m, 1H), 0.59 and 0.53 (two d, J = 8 Hz,
total 3H). LC−MS method A: RT = 0.95 min, MS (ESI): mass calcd
for C38H40Cl2N4O4, 686.2; m/z found, 687.2 [M + H]+.

4-((8-Chloro-11-(3-(4-chloro-3,5-dimethylphenoxy)propyl)-4-
methyl-1-oxo-7-(1,3,5-trimethyl-1H-pyrazol-4-yl)-4,5-dihydro-1H-
[1,4]diazepino[1,2-a]indol-2(3H)-yl)methyl)benzoic Acid (9). Yield
30 mg, 82% for two steps; LC−MS method A: RT = 0.94 min, MS
(ESI): mass calcd for C38H40Cl2N4O4, 686.2; m/z found, 687.2 [M +
H]+.

5-((8-Chloro-11-(3-(4-chloro-3,5-dimethylphenoxy)propyl)-4-
methyl-1-oxo-7-(1,3,5-trimethyl-1H-pyrazol-4-yl)-4,5-dihydro-1H-
[1,4]diazepino[1,2-a]indol-2(3H)-yl)methyl)furan-2-carboxylic Acid
(10). Yield 33 mg, 92% for two steps; LC−MS method A: RT = 0.91
min, MS (ESI): mass calcd for C36H38Cl2N4O5, 676.2; m/z found,
677.2 [M + H]+.
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8-Chloro-11-(3-(4-chloro-3,5-dimethylphenoxy)propyl)-3-meth-
yl-7-(1,3,5-trimethyl-1H-pyrazol-4-yl)-2,3,4,5-tetrahydro-1H-[1,4]-
diazepino[1,2-a]indol-1-one (11). Yield 200 mg, 64% for three steps;
1H NMR (CDCl3) δ 7.61 (d, J = 8 Hz, 1H), 7.22 (d, J = 8 Hz, 1H),
6.65 (s, 2H), 5.51−5.32 (m, 1H), 4.25−4.15 (m, 1H), 4.10−3.95 (m,
2H), 3.70 and 3.68 (two s, total 3H), 3.80−3.70 (m, 1H), 3.50−3.45
(m, 1H), 3.35−3.30 (m, 1H), 3.15−3.05 (m, 1H), 2.34 (s, 6H),
2.25−2.20 (m, 1H), 2.05 (s, 3H), 2.04 (two s, total 3H), 1.88−1.86
(m, 1H), 1.49−1.44 (m, 1H), 1.16 (d, J = 8 Hz, 3H). LC−MS
method A: RT = 0.86 min, MS (ESI): mass calcd for C30H34Cl2N4O2,
552.2; m/z found, 553.6 [M + H]+.
3-((8-Chloro-11-(3-(4-chloro-3,5-dimethylphenoxy)propyl)-3-

methyl-1-oxo-7-(1,3,5-trimethyl-1H-pyrazol-4-yl)-4,5-dihydro-1H-
[1,4]diazepino[1,2-a]indol-2(3H)-yl)methyl)benzoic Acid (12). Yield
15 mg, 50% for two steps; 1H NMR (CDCl3) δ 8.05 (d, J = 6 Hz,
1H), 8.00 (s, 1H), 7.66 (m, 1H), 7.64 (d, J = 8 Hz, 1H), 7.43 (tr, J =
6 Hz, 1H), 7.22 (d, J = 8 Hz, 1H), 6.66 (s, 2H), 5.03 (dd, J1= 16 Hz,
J2 = 28 Hz, 1H), 4.60 (dd, J1 = 16 Hz, J2 = 28 Hz, 1H), 4.05−3.98 (m,
3H), 3.89 (s, 3H), 3.65−3.60 (m, 2H), 3.33−3.25 (m, 1H), 3.19−
3.10 (m, 1H), 2.33 (s, 6H), 2.33−2.24 (m, 2H), 2.05 and 2.03 (two s,
total 3H), 2.09 and 1.98 (two s, total 3H), 1.88−1.86 (m, 2H), 1.08
and 1.03 (two d, J = 8 Hz, 3H). LC−MS method A: RT = 0.89 min,
MS (ESI): mass calcd for C38H40Cl2N4O4, 686.2; m/z found, 687.1
[M + H]+.
4-((8-Chloro-11-(3-(4-chloro-3,5-dimethylphenoxy)propyl)-3-

methyl-1-oxo-7-(1,3,5-trimethyl-1H-pyrazol-4-yl)-4,5-dihydro-1H-
[1,4]diazepino[1,2-a]indol-2(3H)-yl)methyl)benzoic Acid (13). Yield
16 mg, 52% for two steps; LC−MS method A: RT = 0.88 min, MS
(ESI): mass calcd for C38H40Cl2N4O4, 686.2; m/z found, 687.1 [M +
H]+.
5-((8-Chloro-11-(3-(4-chloro-3,5-dimethylphenoxy)propyl)-3-

methyl-1-oxo-7-(1,3,5-trimethyl-1H-pyrazol-4-yl)-4,5-dihydro-1H-
[1,4]diazepino[1,2-a]indol-2(3H)-yl)methyl)furan-2-carboxylic Acid
(14). Yield 15 mg, 49% for two steps; LC−MS method A: RT = 0.85
min, MS (ESI): mass calcd for C36H38Cl2N4O5, 676.2; m/z found,
677.2 [M + H]+.
7-Chloro-10-(3-(4-chloro-3,5-dimethylphenoxy)propyl)-6-(1,3,5-

trimethyl-1H-pyrazol-4-yl)-3,4-dihydropyrazino[1,2-a]indol-1(2H)-
one (15). Yield 400 mg, 81% for three steps; 1H NMR (CDCl3) δ
7.65 (d, J = 8 Hz, 1H), 7.26 (d, J = 8 Hz, 1H), 6.65 (s, 2H), 5.96
(broad s, 1H), 4.03 (tr, J = 8 Hz, 2H), 3.85 (s, 3H), 3.81−3.79 (m,
1H), 3.73−3.68 (m, 1H), 3.54−3.48 (m, 2H), 3.39 (tr, J = 8 Hz, 2H),
2.37 (s, 6H), 2.19 (tr, J = 8 Hz, 2H), 2.12 (s, 3H), 2.05 (s, 3H). LC−
MS method A: RT = 0.85 min, MS (ESI): mass calcd for
C28H30Cl2N4O2, 524.1; m/z found, 525.2 [M + H]+.
3-((7-Chloro-10-(3-(4-chloro-3,5-dimethylphenoxy)propyl)-1-

oxo-6-(1,3,5-trimethyl-1H-pyrazol-4-yl)-3,4-dihydropyrazino[1,2-
a]indol-2(1H)-yl)methyl)benzoic Acid (16). Yield 22 mg, 73% for two
steps; 1H NMR (CDCl3) δ 8.04 (d, J = 8 Hz, 1H), 8.01 (s, 1H), 7.67
(d, J = 8 Hz, 1H), 7.61 (d, 4 Hz, 1H), 7.45 (tr, J = 8 Hz, 1H), 7.26 (d,
J = 8 Hz, 1H), 6.67 (s, 2H), 4.87 (q, J1 = 16 Hz, J2 = 36 Hz, 2H), 4.75
(tr, J = 8 Hz, 2H), 3.89 (s, 3H), 3.76−3.72 (m, 1H), 3.65−3.61 (m,
1H), 3.50−3.39 (m, 4H), 2.35 (s, 6H), 2.25 (tr, J = 8 Hz, 2H), 2.06
(s, 3H), 2.05 (s, 3H). LC−MS method A: RT = 0.95 min, MS (ESI):
mass calcd for C36H36Cl2N4O4, 658.2; m/z found, 659.2 [M + H]+.
4-((7-Chloro-10-(3-(4-chloro-3,5-dimethylphenoxy)propyl)-1-

oxo-6-(1,3,5-trimethyl-1H-pyrazol-4-yl)-3,4-dihydropyrazino[1,2-
a]indol-2(1H)-yl)methyl)benzoic Acid (17). Yield 20 mg, 66% for two
steps; LC−MS method A: RT = 0.93 min, MS (ESI): mass calcd for
C36H36Cl2N4O4, 658.2; m/z found, 659.2 [M + H]+.
5-((7-Chloro-10-(3-(4-chloro-3,5-dimethylphenoxy)propyl)-1-

oxo-6-(1,3,5-trimethyl-1H-pyrazol-4-yl)-3,4-dihydropyrazino[1,2-
a]indol-2(1H)-yl)methyl)furan-2-carboxylic Acid (18). Yield 18 mg,
60% for two steps; LC−MS method A: RT = 0.89 min, MS (ESI):
mass calcd for C34H34Cl2N4O5, 648.2; m/z found, 649.2 [M + H]+.
(S)-7-Chloro-10-(3-(4-chloro-3,5-dimethylphenoxy)propyl)-4-

methyl-6-(1,3,5-trimethyl-1H-pyrazol-4-yl)-3,4-dihydropyrazino-
[1,2-a]indol-1(2H)-one (19). Yield 450 mg, 77% for three steps; 1H
NMR (CDCl3) δ 7.67 (d, J = 8 Hz, 1H), 7.26 (d, J = 8 Hz, 1H), 6.65
(s, 2H), 5.65−5.64 (m, 1H), 4.24−4.21 (m, 1H), 4.14−4.11 (m, 1H),
4.04−4.01 (m, 2H), 3.89 (s, 3H), 3.83−3.70 (m, 1H), 3.46−3.43 (m,
1H), 3.41−3.37 (m, 1H), 3.25−3.20 (m, 1H), 2.37 (s, 6H), 2.29 (m,

2H), 2.24 and 2.22 (two s, total 3H), 2.24 and 2.19 (two s, total 3H),
1.16 and 0.98 (two d, J = 8 Hz, total 3H). LC−MS method A: RT =
0.88, 0.90 min, MS (ESI): mass calcd for C29H32Cl2N4O2, 538.2; m/z
found, 539.4 [M + H]+.

(S)-3-((7-Chloro-10-(3-(4-chloro-3,5-dimethylphenoxy)propyl)-4-
methy l -1-oxo-6- (1 ,3 ,5 - t r imethyl -1H-pyrazo l -4-y l ) -3 ,4 -
dihydropyrazino[1,2-a]indol-2(1H)-yl)methyl)benzoic Acid (20).
Yield 25 mg, 89% for two steps; 1H NMR (CDCl3) δ 8.06 (d, J =
8 Hz, 1H), 8.05 (s, 1H), 7.68 (d, J = 8 Hz, 1H), 7.63 (d, 1H, 4 Hz),
7.46 (t, J = 8 Hz, 1H), 7.26 (d, J = 8 Hz, 1H), 6.67 (s, 2H), 5.17 (dd,
J1 = 16 Hz, J2 = 28 Hz, 1H), 4.64 (dd, J1 = 16 Hz, J2 = 28 Hz, 1H),
3.80 (m, 3H), 3.96 (s, 3H), 3.76−3.72 (m, 1H), 3.67−3.41 (m, 2H),
3.20−3.16 (m, 1H), 2.25 (s, 6H), 2.17 (tr, J = 8 Hz, 2H), 2.15 and
2.13 (two s, total 3H), 2.08 and 2.06 (two s, total 3H), 0.75 and 0.68
(two d, total J = 8 Hz, 3H). LC−MS method A: RT = 0.85 min, MS
(ESI): mass calcd for C37H38Cl2N4O4, 672.2; m/z found, 673.1 [M +
H]+.

(S)-4-((7-Chloro-10-(3-(4-chloro-3,5-dimethylphenoxy)propyl)-4-
methy l -1-oxo-6- (1 ,3 ,5 - t r imethyl -1H-pyrazo l -4-y l ) -3 ,4 -
dihydropyrazino[1,2-a]indol-2(1H)-yl)methyl)benzoic Acid (21).
Yield 25 mg, 78% for two steps; LC−MS method A: RT = 0.95
min, MS (ESI): mass calcd for C37H38Cl2N4O4, 672.2; m/z found,
673.0 [M + H]+.

(S)-5-((7-Chloro-10-(3-(4-chloro-3,5-dimethylphenoxy)propyl)-4-
methy l -1-oxo-6- (1 ,3 ,5 - t r imethyl -1H-pyrazo l -4-y l ) -3 ,4 -
dihydropyrazino[1,2-a]indol-2(1H)-yl)methyl)furan-2-carboxylic
Acid (22). Yield 15 mg, 54% for two steps; LC−MS method A: RT =
0.90 min, MS (ESI): mass calcd for C35H36Cl2N4O5, 662.2; m/z
found, 663.0 [M + H]+.

(R)-7-Chloro-10-(3-(4-chloro-3,5-dimethylphenoxy)propyl)-4-
methyl-6-(1,3,5-trimethyl-1H-pyrazol-4-yl)-3,4-dihydropyrazino-
[1,2-a]indol-1(2H)-one (23). Yield 280 mg, 75% for three steps; 1H
NMR (CDCl3) δ 7.67 (d, J = 8 Hz, 1H), 7.26 (d, J = 8 Hz, 1H), 6.65
(s, 2H), 5.65−5.64 (m, 1H), 4.24−4.21 (m, 1H), 4.14−4.11 (m, 1H),
4.04−4.01 (m, 2H), 3.89 (s, 3H), 3.83−3.70 (m, 1H), 3.46−3.43 (m,
1H), 3.41−3.37 (m, 1H), 3.25−3.20 (m, 1H), 2.37 (s, 6H), 2.29 (m,
2H), 2.22 (s, 3H), 1.98 (s, 3H), 1.05 and 0.98 (two d, J = 8 Hz, total
3H). LC−MS method A: RT = 0.84, 0.86 min, MS (ESI): mass calcd
for C29H32Cl2N4O2, 538.2; m/z found, 539.6 [M + H]+.

(R)-3-((7-Chloro-10-(3-(4-chloro-3,5-dimethylphenoxy)propyl)-4-
methy l -1-oxo-6- (1 ,3 ,5 - t r imethyl -1H-pyrazo l -4-y l ) -3 ,4 -
dihydropyrazino[1,2-a]indol-2(1H)-yl)methyl)benzoic Acid (24).
Yield 18 mg, 72% for two steps; 1H NMR (CDCl3) δ 8.03 (d, J =
8 Hz, 1H), 8.01 (s, 1H), 7.66 (d, J = 8 Hz, 1H), 7.64 (d, 4 Hz, 1H),
7.46 (tr, J = 8 Hz, 1H), 7.26 (d, J = 8 Hz, 1H), 6.67 (s, 2H), 5.17 (dd,
J1 = 16 Hz, J2 = 28 Hz, 1H), 4.64 (dd, J1 = 16 Hz, J2 = 28 Hz, 1H),
4.07−4.05 (m, 3H), 3.92 (s, 3H), 3.76−3.72 (m, 1H), 3.51−3.36 (m,
2H), 3.12−3.09 (m, 1H), 2.35 (s, 6H), 2.24 (tr, J = 8 Hz, 2H), 2.18
and 2.16 (two s, total 3H), 2.01 and 1.98 (two s, total 3H), 0.85 and
0.77 (two d, J = 8 Hz, total 3H). LC−MS method A: RT = 0.79 min,
MS (ESI): mass calcd for C37H38Cl2N4O4, 672.2; m/z found, 673.0
[M + H]+.

(R)-4-((7-Chloro-10-(3-(4-chloro-3,5-dimethylphenoxy)propyl)-4-
methy l -1-oxo-6- (1 ,3 ,5 - t r imethyl -1H-pyrazo l -4-y l ) -3 ,4 -
dihydropyrazino[1,2-a]indol-2(1H)-yl)methyl)benzoic Acid (25).
Yield 12 mg, 48% for two steps; LC−MS method A: RT = 0.88
min, MS (ESI): mass calcd for C37H38Cl2N4O4, 672.2; m/z found,
673.0 [M + H]+.

(R)-5-((7-Chloro-10-(3-(4-chloro-3,5-dimethylphenoxy)propyl)-4-
methy l -1-oxo-6- (1 ,3 ,5 - t r imethyl -1H-pyrazo l -4-y l ) -3 ,4 -
dihydropyrazino[1,2-a]indol-2(1H)-yl)methyl)furan-2-carboxylic
Acid (26). Yield 8 mg, 32% for two steps; LC−MS method A: RT =
0.73 min, MS (ESI): mass calcd for C35H36Cl2N4O5, 662.2; m/z
found, 663.0 [M + H]+.

(R)-7-Chloro-10-(3-(4-chloro-3,5-dimethylphenoxy)propyl)-3-
methyl-6-(1,3,5-trimethyl-1H-pyrazol-4-yl)-3,4-dihydropyrazino-
[1,2-a]indol-1(2H)-one (27). Yield 237 mg, 82% for three steps; 1H
NMR (CDCl3) δ 7.65 (d, J = 8 Hz, 1H), 7.26 (d, J = 8 Hz, 1H), 6.65
(s, 2H), 5.72 (m, 1H), 4.02 (tr, J = 8 Hz, 2H), 3.82 (s, 3H), 3.78−
3.73 (m, 2H), 3.38−3.30 (m, 3H), 2.35 (s, 6H), 2.23 (tr, J = 8 Hz,
2H), 2.06 (s, 3H), 2.04 (s, 3H), 1.21 and 1.18 (two d, J = 4 Hz, total
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3H). LC−MS method A: RT = 0.95 min, MS (ESI): mass calcd for
C29H32Cl2N4O2, 538.2; m/z found, 539.1 [M + H]+.
(R)-3-((7-Chloro-10-(3-(4-chloro-3,5-dimethylphenoxy)propyl)-3-

methy l -1-oxo-6- (1 ,3 ,5 - t r imethy l -1H-pyrazo l -4-y l ) -3 ,4 -
dihydropyrazino[1,2-a]indol-2(1H)-yl)methyl)benzoic Acid (28).
Yield 26 mg, 68% for two steps; 1H NMR (CDCl3) δ 8.04 (d, J =
8 Hz, 1H), 8.00 (s, 1H), 7.68 (d, J = 8 Hz, 1H), 7.65 (d, 4 Hz, 1H),
7.46 (tr, J = 8 Hz, 1H), 7.26 (d, J = 8 Hz, 1H), 6.67 (s, 2H), 5.58 (dd,
J1= 8 Hz, J2 = 12 Hz, 1H), 5.52 (dd, J1 = 16 Hz, J2 = 28 Hz, 1H),
4.04−4.00 (m, 3H), 3.87 and 3.69 (two s, total 3H), 3.60−3.55 (m,
3H), 3.45−3.37 (m, 2H), 2.35 (s, 6H), 2.24 (tr, J = 8 Hz, 2H), 2.08−
2.04 (several s, total 6H), 1.14 and 0.57 (two d, J = 8 Hz, total 3H).
LC−MS method A: RT = 1.01 min, MS (ESI): mass calcd for
C37H38Cl2N4O4, 672.2; m/z found, 673.2 [M + H]+.
(R)-4-((7-Chloro-10-(3-(4-chloro-3,5-dimethylphenoxy)propyl)-3-

methy l -1-oxo-6- (1 ,3 ,5 - t r imethy l -1H-pyrazo l -4-y l ) -3 ,4 -
dihydropyrazino[1,2-a]indol-2(1H)-yl)methyl)benzoic Acid (29).
Yield 31 mg, 81% for two steps; LC−MS method A: RT = 1.01
min, MS (ESI): mass calcd for C37H38Cl2N4O4, 672.2; m/z found,
673.2 [M + H]+.
(R)-5-((7-Chloro-10-(3-(4-chloro-3,5-dimethylphenoxy)propyl)-3-

methy l -1-oxo-6- (1 ,3 ,5 - t r imethy l -1H-pyrazo l -4-y l ) -3 ,4 -
dihydropyrazino[1,2-a]indol-2(1H)-yl)methyl)furan-2-carboxylic
Acid (30). Yield 28 mg, 67% for two steps; LC−MS method A: RT =
0.96 min, MS (ESI): mass calcd for C35H36Cl2N4O5, 662.2; m/z
found, 663.2 [M + H]+.
(S)-7-Chloro-10-(3-(4-chloro-3,5-dimethylphenoxy)propyl)-3-

methyl-6-(1,3,5-trimethyl-1H-pyrazol-4-yl)-3,4-dihydropyrazino-
[1,2-a]indol-1(2H)-one (31). Yield 170 mg, 90% for three steps; 1H
NMR (CDCl3) δ 7.64 (d, J = 8 Hz, 1H), 7.26 (d, J = 8 Hz, 1H), 6.65
(s, 2H), 5.73 (m, 1H), 4.03 (tr, J = 8 Hz, 2H), 3.82 (s, 3H), 3.78−
3.73 (m, 2H), 3.38−3.30 (m, 3H), 2.35 (s, 6H), 2.21 (tr, J = 8 Hz,
2H), 2.07 (s, 3H), 2.04 (s, 3H), 1.21 and 1.19 (two d, J = 4 Hz, total
3H). LC−MS method A: RT = 0.90 min, MS (ESI): mass calcd for
C29H32Cl2N4O2, 538.2; m/z found, 539.2 [M + H]+.
(S)-3-((7-Chloro-10-(3-(4-chloro-3,5-dimethylphenoxy)propyl)-3-

methy l -1-oxo-6- (1 ,3 ,5 - t r imethy l -1H-pyrazo l -4-y l ) -3 ,4 -
dihydropyrazino[1,2-a]indol-2(1H)-yl)methyl)benzoic Acid (32).
Yield 29 mg, 92% for two steps; 1H NMR (CDCl3) δ 8.00 (d, J =
8 Hz, 1H), 7.98 (s, 1H), 7.67 (d, J = 8 Hz, 1H), 7.60 (d, 4 Hz, 1H),
7.45 (tr, J = 8 Hz, 1H), 7.26 (d, J = 8 Hz, 1H), 6.67 (s, 2H), 5.59 (dd,
J1 = 8 Hz, J2 = 12 Hz, 1H), 5.54 (dd, J1 = 16 Hz, J2 = 28 Hz, 1H),
4.04−3.90 (m, 3H), 3.86 and 3.68 (two s, total 3H), 3.60−3.55 (m,
3H), 3.47−3.35 (m, 2H), 2.35 (s, 6H), 2.24 (m, 2H), 2.05 (s, 3H),
2.03 (s, 3H), 1.11 and 1.07 (two d, J = 8 Hz, total 3H). LC−MS
method A: RT = 1.00 min, MS (ESI): mass calcd for C37H38Cl2N4O4,
672.2; m/z found, 673.2 [M + H]+.
(S)-4-((7-Chloro-10-(3-(4-chloro-3,5-dimethylphenoxy)propyl)-3-

methy l -1-oxo-6- (1 ,3 ,5 - t r imethy l -1H-pyrazo l -4-y l ) -3 ,4 -
dihydropyrazino[1,2-a]indol-2(1H)-yl)methyl)benzoic Acid (33).
Yield 25 mg, 80% for two steps; LC−MS method A: RT = 1.00
min, MS (ESI): mass calcd for C37H38Cl2N4O4, 672.2; m/z found,
673.2 [M + H]+.
(S)-5-((7-Chloro-10-(3-(4-chloro-3,5-dimethylphenoxy)propyl)-3-

methy l -1-oxo-6- (1 ,3 ,5 - t r imethy l -1H-pyrazo l -4-y l ) -3 ,4 -
dihydropyrazino[1,2-a]indol-2(1H)-yl)methyl)furan-2-carboxylic
Acid (34). Yield 25 mg, 81% for two steps; LC−MS method A: RT =
0.93 min, MS (ESI): mass calcd for C35H36Cl2N4O5, 662.2; m/z
found, 663.2 [M + H]+.
General Procedure A: Ullmann Cross-Coupling. To a flame-dried

2 dram equipped with a magnetic stir bar were added (R)-7-chloro-
10-(3-(4-chloro-3,5-dimethylphenoxy)propyl)-4-methyl-6-(1,3,5-tri-
methyl-1H-pyrazol-4-yl)-3,4-dihydropyrazino[1,2-a]indol-1(2H)-one
(1 equiv), methyl 3-bromo-1-methyl-1H-indole-5-carboxylate (2
equiv), CuI (0.2 equiv), and K3PO4 (3 equiv). trans-N,N′-
Dimethylcyclohexane-1,2-diamine (0.2 equiv) in toluene (1 mL)
was added, and the reaction was sparged with argon for 5 min. The
reaction was then sealed and heated to 110 °C for 48−72 h. The
reaction was then diluted with DCM/H2O (10 mL, 1:1). The organic
layer was separated, and the aqueous layer was extracted with DCM
(2 × 5 mL). The combined organic fractions were combined, dried

with a phase separator, and concentrated in vacuo. The residue was
purified by flash column chromatography, eluting with 0−100%
EtOAc/hexane. The ester was then dissolved in THF/MeOH/H2O
(2/0.5/0.5 mL), and LiOH (5 equiv) was added. The reaction was
heated to 40 °C until complete by LC−MS. The reaction was then
concentrated in vacuo, dissolved in MeOH/DMSO (1 mL), and
purified by reverse phase HPLC (Phenomenex Gemini C18, H2O/
CH3CN gradient from 50 to 95% CH3CN for 4 min, 0.1% TFA) to
afford the title compound.

(R)-3-(7-Chloro-10-(3-(4-chloro-3,5-dimethylphenoxy)propyl)-4-
methy l -1-oxo-6- (1 ,3 ,5 - t r imethyl -1H-pyrazo l -4-y l ) -3 ,4 -
dihydropyrazino[1,2-a]indol-2(1H)-yl)benzoic Acid (35). The title
compound was prepared following General Procedure A. Yield 16 mg,
53% for two steps; 1H NMR (CDCl3) δ 8.02 (d, J = 8 Hz, 1H), 8.00
(s, 1H), 7.72 (d, J = 8 Hz, 1H), 7.69 (d, 4 Hz, 1H), 7.56 (t, J = 8 Hz,
1H), 7.32 (d, J = 8 Hz, 1H), 6.65 (s, 2H), 4.44−4.00 (m, 1H), 4.01
(tr, J = 8 Hz, 2H), 3.96 (s, 3H), 3.46−3.37 (m, 1H), 3.35−3.32 (m,
1H), 2.33 (s, 6H), 2.25 (m, 4H), 2.19 and 2.17 (two s, total 3H), 2.09
and 2.07 (two s, total 3H), 1.18 and 1.11 (two d, J = 6 Hz, total 3H).
LC−MS method A: RT = 0.98 min, MS (ESI): mass calcd for
C36H36Cl2N4O4, 658.2; m/z found, 659.6 [M + H]+.

(R)-4-(7-Chloro-10-(3-(4-chloro-3,5-dimethylphenoxy)propyl)-4-
methy l -1-oxo-6- (1 ,3 ,5 - t r imethyl -1H-pyrazo l -4-y l ) -3 ,4 -
dihydropyrazino[1,2-a]indol-2(1H)-yl)benzoic Acid (36). The title
compound was prepared following General Procedure A. Yield 22 mg,
68% for two steps; 1H NMR (CDCl3) δ 8.10 (d, J = 4 Hz, 2H), 7.66
(d, J = 8 Hz, 1H), 7.40 (d, J = 8 Hz, 2H), 7.26 (d, J = 8 Hz, 1H), 6.57
(s, 2H), 4.39−4.37 (m, 1H), 4.02−4.00 (m, 5H), 3.47−3.42 (m, 1H),
3.37−3.32 (m, 1H), 2.34 (s, 6H), 2.28 and 2.25 (two s, total 3H),
2.22 (tr, J = 8 Hz, 2H), 2.18 (m, 2H), 2.12 and 2.10 (two s, total 3H),
1.15 and 1.10 (two d, J = 6 Hz, total 3H). LC−MS method B RT =
2.23 min, MS (ESI): mass calcd for C36H36Cl2N4O4, 658.2; m/z
found, 658.9 [M + H]+.

(R)-6-(7-Chloro-10-(3-(4-chloro-3,5-dimethylphenoxy)propyl)-4-
methy l -1-oxo-6- (1 ,3 ,5 - t r imethyl -1H-pyrazo l -4-y l ) -3 ,4 -
dihydropyrazino[1,2-a]indol-2(1H)-yl)-1-methyl-1H-indole-4-car-
boxylic Acid (37). The title compound was prepared following
General Procedure A. Yield 41 mg, 62% for two steps. 1H NMR (400
MHz, DMSO-d6) δ 7.74−7.73 (m, 3H), 7.51 (d, J = 1.6 Hz, 1H), 7.28
(d, J = 6.8 Hz, 1H), 6.92 (d, J = 2.4 Hz, 1H), 6.72 (s, 2H), 4.53 (d, J =
8.0 Hz, 1H), 4.16−4.12 (m, 1H), 3.97−3.94 (m, 2H), 3.82 (s, 3H),
3.77 (s, 3H), 3.69 (dd, J = 18.4, 10.8 Hz, 1H), 3.33−3.16 (m, 2H),
2.23 (s, 6H), 2.11 (s, 1.5H), 2.06−2.03 (m, 2H), 2.02 (s, 1.5H), 1.97
(s, 1.5H), 1.87 (s, 1.5H), 1.04 (d, J = 8.4 Hz, 3H). LC−MS method A
RT = 0.89 min, MS (ESI): mass calcd for C39H39Cl2N5O4, 711.2; m/z
found, 712.0 [M + H]+.

(R)-4-(7-Chloro-10-(3-(4-chloro-3,5-dimethylphenoxy)propyl)-4-
methy l -1-oxo-6- (1 ,3 ,5 - t r imethyl -1H-pyrazo l -4-y l ) -3 ,4 -
dihydropyrazino[1,2-a]indol-2(1H)-yl)-1-methyl-1H-indole-6-car-
boxylic Acid (38). To a flame-dried round-bottom 25 mL flask
equipped with a magnetic stir bar were added 7-chloro-10-(3-(4-
chloro-3,5-dimethylphenoxy)propyl)-4-methyl-6-(1,3,5-trimethyl-1H-
pyrazol-4-yl)-3,4-dihydropyrazino[1,2-a]indol-1(2H)-one and anhy-
drous 1,4-dioxane (2 mL). Sequentially, Cs2CO3 (1.8 equiv),
Pd2(dba)3 (2 mol %), xanthpos (7 mol %), and the corresponding
aryl bromide (1.2 equiv) were added. The reaction mixture was stirred
at 120 °C overnight. The reaction was worked up, saponified, and
purified following procedure described in General Procedure A. Yield
15 mg, 65% for two steps. 1H NMR (CDCl3) δ 8.16 (s, 1H), 7.76 (d,
J = 8 Hz, 1H), 7.73 (s, 1H), 7.26 (d, J = 8 Hz, 1H), 7.24 (d, J = 8 Hz,
1H), 6.57 (s, 2H), 6.40 (d, J = 8 Hz, 1H), 4.55−4.50 (m, 1H), 4.21
(m, 2H), 3.99 (s, 3H), 3.91 (s, 3H), 3.69−3.65 (m, 1H), 3.46−3.37
(m, 2H), 2.32 (s, 6H), 2.29 and 2.26 (two s, total 3H), 2.29 (t, J = 8
Hz, 2H), 2.18 (m, 2H), 2.13 and 2.11 (two s, total 3H), 1.27 and 1.20
(two d, J = 6 Hz, total 3H). LC−MS method A: RT = 0.76 min, MS
(ESI): mass calcd for C39H39Cl2N5O4, 711.2; m/z found, 712.0 [M +
H]+.

(R)-7-(7-Chloro-10-(3-(4-chloro-3,5-dimethylphenoxy)propyl)-4-
methy l -1-oxo-6- (1 ,3 ,5 - t r imethyl -1H-pyrazo l -4-y l ) -3 ,4 -
dihydropyrazino[1,2-a]indol-2(1H)-yl)benzo[d][1,3]dioxole-5-car-
boxylic Acid (39). Methyl 7-Iodobenzo[d][1,3]dioxole-5-carbox-
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ylate: In a vial equipped with a stir bar, 7-bromobenzo[d][1,3]-
dioxole-5-carboxylic acid (250 mg, 1.02 mmol) was dissolved in THF
(3.4 mL) and methanol (0.6 mL). TMSCHN2 (0.77 mL, 1.53 mmol,
2.0 M in diethyl ether) was added and stirred at rt for 10 min. The
reaction was quenched with 0.6 mL of glacial acetic acid, and the
reaction was concentrated in vacuo. The resulting white solid (∼250
mg) was redissolved in 1,4-dioxane (1 mL). (1R,2R)-N1,N2-
Dimethylcyclohexane-1,2-diamine (16 μL, 0.1 mmol, d = 0.9 g/
mL), copper iodide (19 mg, 0.1 mmol), and sodium iodide (450 mg,
3 mmol) were added to the reaction mixture. The reaction vial was
purged with argon for 5 min and heated at 110 °C for 24 h. The
reaction was quenched with 30% aqueous NH4OH and extracted with
DCM (3 × 15 mL). The combined organic layers were washed with
brine and dried over MgSO4 and concentrated in vacuo. The resultant
crude reaction mixture was then purified by silica gel chromatography
using a Teledyne ISCO CombiFlash and eluting with 10−100%
EtOAc in hexane to afford the title compound (290 mg, 93% yield,
two steps). LC−MS: RT = 1.586 min, MS (ESI) 306.9 (M + H).
(R)-7-(7-Chloro-10-(3-(4-chloro-3,5-dimethylphenoxy)propyl)-

4-methyl-1-oxo-6-(1,3,5-trimethyl-1H-pyrazol-4-yl)-3,4-
dihydropyrazino[1,2-a]indol-2(1H)-yl)benzo[d][1,3]dioxole-5-
carboxylic Acid (39): The title compound was prepared (75 mg, 77%
yield over two steps) following General Procedure A using (R)-7-
chloro-10-(3-(4-chloro-3,5-dimethylphenoxy)propyl)-4-methyl-6-
(1,3,5-trimethyl-1H-pyrazol-4-yl)-3,4-dihydropyrazino[1,2-a]indol-
1(2H)-one (75 mg, 0.139 mmol) and methyl 7-iodobenzo[d][1,3]-
dioxole-5-carboxylate (106 mg, 0.35 mmol). 1H NMR (400 MHz,
DMSO-d6) δ 7.75 (d, J = 8.6 Hz, 1H), 7.59−7.57 (m, 1H), 7.34 (d, J
= 1.4 Hz, 1H), 7.29 (d, J = 8.6 Hz, 1H), 6.74 (s, 2H), 6.18 (s, 1H),
6.16 (d, J = 2.1 Hz, 1H), 4.39 (dt, J = 12.9, 3.7 Hz, 1H), 4.19−4.08
(m, 1H), 4.03−3.93 (m, 2H), 3.78 (s, 1.5H), 3.77 (s, 1.5H), 3.63 (dd,
J = 18.5, 11.9 Hz, 1H), 3.33−3.26 (m, 1H), 3.25−3.18 (m, 1H), 2.26
(s, 6H), 2.10 (s, 1.5H), 2.09−2.02 (m, 2H), 2.01 (s, 1.5H), 1.95 (s,
1.5H), 1.86 (s, 1.5H), 1.03−0.96 (m, 3H). LC−MS method A: RT =
0.83 min, MS (ESI): mass calcd for C37H36Cl2N4O6, 702.2; m/z
found, 703.0 [M + H]+.
5-(7-Chloro-10-(3-(4-chloro-3,5-dimethylphenoxy)propyl)-4-

methy l -1-oxo-6- (1 ,3 ,5 - t r imethy l -1H-pyrazo l -4-y l ) -3 ,4 -
dihydropyrazino[1,2-a]indol-2(1H)-yl)-1-naphthoic Acid (40). The
title compound was prepared (86 mg, 0.12 mmol, 32% yield over two
steps) as a white solid following General Procedure A using 5-bromo-
1-naphthoic acid (250 mg, 1.0 mmol). 1H NMR (400 MHz, DMSO-
d6): 8.87 (dd, J = 13.8, 8.7 Hz, 1H), 8.16 (t, J = 7.2 Hz, 1H), 8.09−
8.04 (m, 1H), 7.78 (d, J = 8.6 Hz, 1H), 7.72−7.68 (m, 1H), 7.64−
7.49 (m, 2H), 7.32−7.29 (m 1H), 6.69−6.68 (m, 2H), 4.68−4.58 (m,
1H), 4.24−4.18 (m, 1H), 4.05−3.94 (m, 3H), 3.78−3.74 (m, 3H),
3.61−3.53 (m, 1H), 3.25−3.18 (m, 1H), 2.23 (s, 6H), 2.13−1.98 (m,
8H), 1.91−1.90 (m, 1H), 1.19−1.15 (m, 3H); >98% at 215 nm. LC−
MS method B: RT = 2.27 min, MS (ESI) calcd for C40H38Cl2N4O4,
708.2; m/z found, 708.9 (M + H)+.
(R)-3-(7-Chloro-10-(3-(4-chloro-3,5-dimethylphenoxy)propyl)-4-

methy l -1-oxo-6- (1 ,3 ,5 - t r imethy l -1H-pyrazo l -4-y l ) -3 ,4 -
dihydropyrazino[1,2-a]indol-2(1H)-yl)-1-methyl-1H-indole-6-car-
boxylic Acid (41). The title compound (30 mg, 84% yield over two
steps) was prepared following General Procedure A using (R)-7-
chloro-10-(3-(4-chloro-3,5-dimethylphenoxy)propyl)-4-methyl-6-
(1,3,5-trimethyl-1H-pyrazol-4-yl)-3,4-dihydropyrazino[1,2-a]indol-
1(2H)-one (27 mg, 0.05 mmol) and methyl 3-bromo-1-methyl-1H-
indole-6-carboxylate (16 mg, 0.06 mmol). 1H NMR (400 MHz,
DMSO-d6) δ 8.17 (s, 1H), 7.76 (d, J = 8.5 Hz, 1H), 7.67 (d, J = 3.0
Hz, 1H), 7.66−7.62 (m, 1H), 7.48 (dd, J = 8.5, 4.4 Hz, 1H), 7.30 (d, J
= 8.5 Hz, 1H), 6.72 (s, 2H), 4.48 (dd, J = 13.2, 4.0 Hz, 1H), 4.18−
4.14 (m, 1H), 4.02−3.96 (m, 2H), 3.88 (s, 3H), 3.79 (d, J = 3.8 Hz,
3H), 3.66 (t, J = 11.6 Hz, 1H), 3.36−3.19 (m, 2H), 2.55 (s, 6H), 2.12
(s, 2H), 2.10−2.05 (m, 2H), 2.03 (s, 1H), 1.98 (s, 1H), 1.89 (s, 2H),
1.08 (d, J = 6.4 Hz, 3H). LC−MS method B: RT = 1.32 min, MS
(ES): mass calcd for C39H39Cl2N5O4, 711.2; m/z found, 711.9 (M +
H)+.
(R)-3-(7-Chloro-10-(3-(4-chloro-3,5-dimethylphenoxy)propyl)-4-

methy l -1-oxo-6- (1 ,3 ,5 - t r imethy l -1H-pyrazo l -4-y l ) -3 ,4 -

dihydropyrazino[1,2-a]indol-2(1H)-yl)-1-methyl-1H-indole-5-car-
boxylic Acid (42). The title compound (28 mg, 79% yield over two
steps) was prepared following General Procedure A using (R)-7-
chloro-10-(3-(4-chloro-3,5-dimethylphenoxy)propyl)-4-methyl-6-
(1,3,5-trimethyl-1H-pyrazol-4-yl)-3,4-dihydropyrazino[1,2-a]indol-
1(2H)-one (27 mg, 0.05 mmol) and methyl 3-bromo-1-methyl-1H-
indole-5-carboxylate (16 mg, 0.06 mmol). 1H NMR (400 MHz,
DMSO-d6) δ 8.11 (dd, J = 3.5, 1.5 Hz, 1H), 7.87−7.71 (m, 2H), 7.57
(dd, J = 9.4, 1.9 Hz, 2H), 7.30 (d, J = 8.6 Hz, 1H), 6.73 (s, 2H), 4.48
(dd, J = 13.0, 3.8 Hz, 1H), 4.24−4.09 (m, 1H), 3.99 (tt, J = 6.4, 3.2
Hz, 2H), 3.85 (s, 3H), 3.79 (s, 1.5H), 3.77 (s, 1.5H), 3.72−3.59 (m,
1H), 3.23 (dt, J = 13.4, 7.4 Hz, 2H), 2.24 (s, 6H), 2.12 (s, 1.5H), 2.07
(dd, J = 12.7, 6.0 Hz, 2H), 2.03 (s, 1.5H), 1.98 (s, 1.5H), 1.89 (s,
1.5H), 1.19−0.93 (m, 3H). LC−MS method C: RT = 1.96 min, MS
(ES): mass calcd for C39H39Cl2N5O4, 711.2; m/z found, 712.0 (M +
H)+.

Separation of Atropisomers of 23. The mixture of atropisomers of
tricyclic piperazinone 23 was dissolved in DMSO and purified by
reverse phase HPLC (Phenomenex Gemini C18, H2O/CH3CN
gradient from 50 to 95% CH3CN for 10 min, 0.1% TFA) to afford
∼40% of each atropisomer. Once separated, the atropisomers showed
no interconversion after 72 h at 100 °C in DMSO. The absolute
stereochemistry was confirmed by X-ray crystallography. (M)-(R)-7-
Chloro-10-(3-(4-chloro-3,5-dimethylphenoxy)propyl)-4-methyl-6-
(1,3,5-trimethyl-1H-pyrazol-4-yl)-3,4-dihydropyrazino[1,2-a]indol-
1(2H)-one (second eluting atropisomer), LC−MS method B: RT =
1.25 min, 1H NMR (400 MHz, CDCl3): 7.65 (d, J = 8.6 Hz, 1H),
7.26 (d, J = 8.6 Hz, 1H), 6.65 (s, 2H), 6.02 (d, J = 5.0 Hz, 1H), 4.23
(quint, J = 5.2 Hz, 1H), 4.06−3.97 (m, 2H), 3.88 (s, 3H), 3.83 (dd, J
= 12.6, 4.0 Hz, 1H), 3.46−3.30 (m, 2H), 3.21 (ddd, J = 7.2, 5.4, 1.2
Hz), 2.34 (s, 6H), 2.24−2.19 (m, 2H), 2.18 (s, 3H), 1.99 (s, 3H),
0.98 (d, J = 6.3 Hz, 3H). (P)-(R)-7-Chloro-10-(3-(4-chloro-3,5-
dimethylphenoxy)propyl)-4-methyl-6-(1,3,5-trimethyl-1H-pyrazol-4-
yl)-3,4-dihydropyrazino[1,2-a]indol-1(2H)-one (first eluting atro-
pisomer), LC−MS method B: RT = 1.12 min, 1H NMR (400 MHz,
CDCl3): 7.56 (d, J = 8.4 Hz, 1H), 7.18 (d, J = 8.4 Hz, 1H), 6.55 (s,
2H), 6.01 (d, J = 5.0 Hz, 1H), 4.05 (quint, J = 5.2 Hz, 1H), 3.96−3.88
(m, 2H), 3.78 (s, 3H), 3.71 (dd, J = 12.4, 3.9 Hz, 1H), 3.37−3.20 (m,
2H), 3.12 (ddd, J = 12.3, 5.2, 1.1 Hz, 1H), 2.25 (s, 6H), 2.15−2.10
(m, 2H), 2.08 (s, 3H), 1.89 (s, 3H), 0.95 (d, J = 6.5 Hz, 3H).

(M)-(R)-3-(7-Chloro-10-(3-(4-chloro-3,5-dimethylphenoxy)-
propyl)-4-methyl-1-oxo-6-(1,3,5-trimethyl-1H-pyrazol-4-yl)-3,4-
dihydropyrazino[1,2-a]indol-2(1H)-yl)-1-methyl-1H-indole-5-car-
boxylic Acid ((M)-42). The title compound was prepared analogously
to compound 42 using (M)-(R)-7-chloro-10-(3-(4-chloro-3,5-
dimethylphenoxy)propyl)-4-methyl-6-(1,3,5-trimethyl-1H-pyrazol-4-
yl)-3,4-dihydropyrazino[1,2-a]indol-1(2H)-one. 1H NMR (400 MHz,
DMSO-d6): 8.10 (s, 1H), 7.82 (d, J = 8.8 Hz, 1H), 7.75 (d, J = 8.6
Hz, 1H), 7.52−7.45 (m, 2H), 7.29 (d, J = 8.5 Hz, 1H), 6.73 (s, 2H),
4.47 (dd, J = 10.0, 3.6 Hz, 1H), 4.21−4.16 (m, 1H), 4.02−3.88 (m,
2H), 3.83 (s, 3H), 3.77 (s, 3H), 3.66 (d, J = 12.5 Hz, 1H), 3.36−3.21
(m, 2H), 2.24 (s, 6H), 2.11 (s, 3H), 2.07−2.04 (m, 2H), 1.89 (s, 3H),
1.09 (d, J = 6.3 Hz, 3H). LC−MS method C: RT = 2.15 min, MS
(ESI): mass calcd for C39H39Cl2N5O4, 711.2; m/z found, 711.9 (M +
H)+.

(P)-(R)-3-(7-Chloro-10-(3-(4-chloro-3,5-dimethylphenoxy)-
propyl)-4-methyl-1-oxo-6-(1,3,5-trimethyl-1H-pyrazol-4-yl)-3,4-
dihydropyrazino[1,2-a]indol-2(1H)-yl)-1-methyl-1H-indole-5-car-
boxylic Acid ((P)-42). The title compound was prepared analogously
to compound 42 using (P)-(R)-7-chloro-10-(3-(4-chloro-3,5-
dimethylphenoxy)propyl)-4-methyl-6-(1,3,5-trimethyl-1H-pyrazol-4-
yl)-3,4-dihydropyrazino[1,2-a]indol-1(2H)-one. 1H NMR (400 MHz,
DMSO-d6): 8.12 (d, J = 1.1 Hz, 1H), 7.81 (dd, J = 8.7, 1.5 Hz, 1H),
7.76 (d, J = 8.6 Hz, 1H), 7.58−7.56 (m, 2H), 7.30 (d, J = 8.6 Hz,
1H), 6.73 (s, 2H), 4.48 (dd, J = 13.0, 3.7 Hz, 1H), 4.16−4.14 (m,
1H), 4.01−3.96 (m, 2H), 3.85 (s, 3H), 3.77 (s, 3H), 3.66 (d, J = 11.8
Hz, 1H), 3.36−3.21 (m, 2H), 2.24 (s, 6H), 2.07 (d, J = 6.6 Hz, 2H),
2.03 (s, 3H), 1.98 (s, 3H), 1.09 (d, J = 6.5 Hz, 3H). LC−MS method
C: RT = 2.13 min, MS (ESI): mass calcd for C39H39Cl2N5O4, 711.2;
m/z found, 711.9 (M + H)+.
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(S)-3-(7-Chloro-10-(3-(4-chloro-3,5-dimethylphenoxy)propyl)-4-
methy l -1-oxo-6- (1 ,3 ,5 - t r imethy l -1H-pyrazo l -4-y l ) -3 ,4 -
dihydropyrazino[1,2-a]indol-2(1H)-yl)-1-methyl-1H-indole-5-car-
boxylic Acid (43). The title compound (16 mg, 70% yield over two
steps) was prepared analogously to compound 42 starting with (S)-7-
chloro-10-(3-(4-chloro-3,5-dimethylphenoxy)propyl)-4-methyl-6-
(1,3,5-trimethyl-1H-pyrazol-4-yl)-3,4-dihydropyrazino[1,2-a]indol-
1(2H)-one. 1H NMR (MeOH-d4) δ 8.25 (d, J = 1.6 Hz, 1H), 7.95 (d,
J = 8 Hz, 1H), 7.75 (dd, J1 = 12 Hz, J2 = 4 Hz, 1H), 7.51 (d, J = 8 Hz,
1H), 7.38 (d, J = 4 Hz, 1H), 7.29 (d, J = 12 Hz, 1H), 6.53 (s, 2H),
4.46 (dt, J1 = 16 Hz, J2 = 4 Hz, 1H), 4.30−4.28 (m, 1H), 4.05−3.94
(m, 2H), 3.89 (s, 3H), 3.87 (s, 3H), 3.73 (d, J = 8 Hz, 0.5H), 3.70 (d,
J = 8 Hz, 0.5H), 3.52−3.41 (m, 1H), 3.34−3.33 (m, 1H), 2.31 (s,
6H), 2.26 (s, 1.5H), 2.20 (m, 2H), 2.17 (s, 1.5H), 2.08 (s, 1.5H), 2.00
(s, 1.5H), 1.23 and 1.21 (two overplaying d, J = 8 Hz, total 3H). MS
(ESI): mass calcd for C39H39Cl2N5O4, 711.2; m/z found, 712.2 [M +
H]+.
Protein Expression and Purification for Assays and X-ray

Structures. Protein preparation was described previously.40 Briefly,
a previously reported construct was subcloned into an expression
vector (pDEST-HisMBP) expressed in Escherichia coli BL21
CodonPlus (DE3) RIL (Stratagene) and purified through nickel-
column and size-exclusion chromatography sequentially.
Protein Crystallization, Data Collection, and Structure Refine-

ment. Structural studies were performed, as previously de-
scribed.39−43 Briefly, Mcl-1 protein (15 mg/mL) was mixed with a
1.2× excess of ligand in solution (25−30% poly(ethylene glycol)
(PEG) 3350, 0.1 M Bis−Tris pH 6.5, 0.2 M MgCl2) by hanging drop
followed by flash freezing after cryo-protection using 10−20% glycol.
Data were collected at Life Sciences Collaborative Access Team (LS-
CAT) 21-ID-G beamline, Advanced Photon Source (APS), Argonne
National Laboratory. Indexing, integration, and scaling were
performed with HKL2000 (HKL Research),52 phasing by molecular
replacement with Phaser (CCP4)53,54 using the structure (PDB:
4HW2) as a model, refinement used Phenix.55,56 Structural statistics
are given in the Supporting Information. Figures were prepared with
PyMOL (Schrödinger, LLC, New York, 2010).
Competition Binding Assays. A fluorescein isothiocyanate

(FITC)-labeled BH3 peptide derived from Bim (FITC-Bim; FITC-
AHx-EARIAQELRRIGDEFNETYTR-NH2) or Bak (FITC-Bak;
FITC-AHx-GQVGRQLAIIGDDINR-NH2) was purchased from
Genscript and used without further purification. FPA measurements
were made using 384-well, black, flat-bottom plates (Greiner Bio-
One) and a BioTek Cytation 3.
FITC-Bim Assay Conditions. 20 mM Tris pH 7.5, 50 mM NaCl, 3

mM dithiothreitol (DTT), 0.01% 3-[(3-cholamidopropyl)-
dimethylammonio]-1- propanesulfonate, FITC-Bim peptide at 1 nM
and His6-MBP Mcl-1 at 1.5 nM.
Bcl-xL and Bcl-2 Assay Conditions. FITC-Bak peptide (10 nM)

incubated with either 15 nM Mcl-1, 4 nM Bcl-xL, or 4 nM Bcl-2 in 20
mM Tris pH 7.5, 50 mM NaCl, 3 mM DTT, and 5% final DMSO.
Fetal calf serum (1%) is added in 1% FBS assay. For IC50
determination, compounds were diluted in DMSO (10-point,
threefold serial dilutions), added to assay plates, and incubated for
0.5 h at room temperature. The change in anisotropy was measured
and used to calculate an IC50 (inhibitor concentration at which 50%
of bound probe is displaced) by fitting the anisotropy data using
XLFit (IDBS) to a four-parameter dose−response (variable slope)
equation. This was converted to a binding dissociation constant (Ki)
according to the formula: 56 Ki = [I]50/([L]50/Kd + [P]0/Kd + 1),
where [I]50 is the concentration of the free inhibitor at 50% inhibition,
[L]50 is the concentration of the free protein at 0% inhibition, and
Kd

pep represents the dissociation constant of the FITC-labeled peptide
probe. Compounds were evaluated using replicate measurements in
duplicate; Ki values shown are the average of duplicate values.
TR-FRET Assay Conditions. FITC-labeled BAK peptide (300 nM),

1 nM Mcl-1-MBP fusion, 1 nM MBP-terbium (Cisbio, Bedford, MA),
and compound were incubated in a buffer containing 4.5 mM
monobasic potassium phosphate, 15.5 mM dibasic potassium
phosphate, 1 mM ethylenediaminetetraacetic acid, 50 mM NaCl, 1

mM DTT, 0.05% Pluronic F-68, pH 7.5. Mixtures were incubated for
3 h, and signal (ΔF) was measured on the Biotek Cytation 3 equipped
with a filter cube containing an Ex 340/30 nM Em 620/10 filter and
an Ex 340/30 Em 520 filter. IC50 values were calculated by fitting
anisotropy using XLFit (IDBS) and converted into a binding
dissociation constant using the Cheng−Prusoff equation to generate
a Ki. Two or more repeats were obtained, and average Ki values are
reported.

Generation of Engineered Cell Lines. As described previously,44

human BCL-xL, BCL-w, BCL-2 and BFL-1 cDNAs, and a BCR-ABL
(p185) oncofusion plasmid were stably expressed in Mcl-1 condi-
tional Arf-deficient bone marrow by retroviral transduction and
puromycin selection. Endogenous murine Mcl-1 was deleted by
transduction with Cre recombinase. For dosing experiments,
engineered cell lines were seeded in 96-well round-bottom plates.
Mcl-1 inhibitors were solubilized in DMSO, or DMSO vehicle
controls were added at the indicated concentrations, and cells were in
complete Roswell Park Memorial Institute (RPMI) media with 1%
FBS. After 24 h, the plates were centrifuged, and cell viability was
determined by staining with Annexin-V-APC and propidium iodide
(BD Biosciences, San Jose, CA) and measured by flow cytometry
using the high-throughput sampler on a FACSCanto II (BD
Biosciences).

Cell Line Proliferation Assay. AMO-1 and HCC-1187 were
maintained in RPMI, H929 cells were maintained in the RPMI
supplemented with 0.05 mM β mercaptoethanol. MV-4-11 and K562
cell lines were maintained in Iscove’s modified Dulbecco medium.
The cell line BT-20 was propagated in Eagle’s minimum essential
medium. All cell culture media were supplemented with 10% FBS. For
proliferation assays, 3000 cells were dispensed in 96-well plates.
Suspension cells were plated immediately before the compound
addition. Adherent cell lines were incubated overnight at 37 °C in a
tissue culture incubator prior to compound addition. Dose responses
were generated in DMSO and added to the cells. The final DMSO
concentration was 0.5%. Plates were incubated for 72 h, and cell
viability was measured using the CellTiter-Glo reagent (Promega,
Madison, WI). %Viability was defined as relative luminescence units
(RLU) of each well divided by the RLU of cells on day 0. Dose−
response curves were generated, and GI50 values were determined
using the XLFit (IDBS) software.

Caspase Activation Assay. Cells were dispensed in 96-well plates
as described in the proliferation assay methods with 5% FBS and a cell
concentration of 5000 cells per well in a 100 μL volume. Plates are
incubated with the compound for 3 h, 50 μL of Caspase-Glo
(Promega, Madison, WI) reagent is added, and the mixture was
incubated at room temperature in the dark for 30 min. Luminescence
was measured (Biotek Cytation 3) and analyzed using XLFit (IDBS)
to generate EC50 values.

Energy Minimization of Conformations Using Maestro. The
tricyclic core was drawn with the appropriate stereochemistry using
the Maestro Ligand 2D Workspace. The structure was energy
minimized with Macromodel (Maestro) using standard parameters
(Forcefield: OPLS3, Mini: PRCG). All structures were superimposed
to each other and to crystal structures using the SMARTS Keys of the
constant portions of the core (NC(O)ccc1cc(c)c(Cl)cc1). The
superimposed structures were exported to Pymol for visualization.

Co-IP Experiment Mcl-1/Bim, Bcl-xL/Bim, Bcl-2/Bim in NCI-H929
Cell Line. NCI-H929 (10 million) cells were treated with compound
at 31.25, 62.5, 125, 250, 500, and 1000 nM for 90 min. An additional
sample was treated with 0.1% DMSO alone as a vehicle control. Cells
were pelleted, washed in phosphate-buffered saline (PBS), and lysed
in nondenaturing lysis buffer (50 mM Tris (pH 7.4), 150 mM NaCl,
2.5 mM MgCl2 0.5% NP40, protease/phosphatase inhibitor), and 800
μg of total cell lysate in a 400 μL volume was incubated with 4 μg of
biotin-conjugated anti-Mcl-1 clone RC-13 (MA5-13929, Thermo
Fisher scientific), 4 μg of biotin-conjugated anti-Bcl-xL clone 7B2.5
(AB25062, Abcam), or biotin-conjugated mouse IgG1 Isotype control
(PA-5-33199, Thermo Fisher Scientific), followed by the addition of
30 μL of washed Dynabeads M-280 Streptavidin (11205D, Thermo
Fisher Scientific). Beads were washed followed by the addition of LI-
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COR protein loading buffer (LI-COR, 928-40004) diluted in RIPA
buffer at 95 °C. Bim and Mcl-1 were measured by western blot using
rabbit anti-Bim clone Y36 (AB32158, Abcam), polyclonal anti-Mcl-1
(SC-819, Santa Cruz Biotechnology), monoclonal anti-rabbit Bcl-2
clone, and monoclonal anti-rabbit Bcl-xL Clone 54H6 (Cell Signaling
Technologies, #2764) followed by IRDye secondary antibodies. Blots
were scanned and image analysis performed on a LI-COR Odyssey.
Xenograft Flank Tumor Model with AMO-1. Female SCID mice

(6−10 week old) were used for transplantation with human the
multiple myeloma human cell line AMO-1. Mice were inoculated with
1 × 106 AMO-1 tumor cells subcutaneously into the flank of animal.
The tumor cells were resuspended in matrigel (BD Biosciences). The
width and length of the tumors were measured daily using an
electronic caliper. When the tumor volume reached approximately
200 mm3, mice were randomized into treatment and control groups
(n = 8) with 42 (different concentrations) or vehicle. The compound
was diluted in DMSO and administrated by intraperitoneal (IP)
injection daily at the doses described in the figure legends. Mice were
weighed, and tumor volume was measured daily. Tumor volume was
calculated as: volume = length × width2 × 0.52. Tumor growth
inhibition (TGImax) was calculated using: TGImax (%) = (1 − (median
of treated at day x − median of treated at day 0)/(median of control
at day x − median of control at day 0) × 100) where x is the day
maximum where the number of animals per group in the control
group is sufficient to calculate TGI (%). For the statistical analysis of
differences in tumor volume between treatment groups, a two-way
analysis of variance with repeated measures on day factor was
performed on log-transformed data.
In Vivo Tumor Model with MV-4-11. Female NSGS mice (NOD/

SCID/Tg(hSCF/hGM-CSF/hIL3, 6−8 weeks old)) were sublethally
irradiated (1 Gy) the day before intravenous injection with MV-4-11
cells (1 × 106). Engraftment was confirmed by the peripheral
microchimerism of hCD45+ cells at 7 days post-transplant. After
confirmation of chimerism, mice were randomly divided into three
groups and treated with vehicle or 42 at 100, or 50 mg/kg body
weight, daily by IP for 3 weeks. Compound 42 was diluted in DMSO
and administered via IP injection, with vehicle mice receiving DMSO.
At the end of dosing, all mice were sacrificed, and tumor burden was
determined by analyzing blood, bone marrow, and spleen samples for
leukemia burden by CD45 flow cytometry. For flow cytometric
analysis of chimerism, red blood cells were lysed with EL buffer on ice
(Qiagen), with remaining cells washed and resupsended in 1× PBS
with 1% bovine serum albumin and stained for 15 min with the
following antibodies: human CD45-APC (BioLegend), human CD33-
PE-Cy7 (BioLegend), murine CD45-PE (BioLegend) and DAPI
(BioLegend). Cells were washed and submitted for flow cytometric
analysis using a three-laser LSRII (Becton Dickinson).
Xenograft Flank Tumor Model with HCC-1187. All animals were

conducted in accordance to guidelines approved by the IACUC at
Vanderbilt University Medical Center. HCC-1187 cells were
purchased in 2012 from ATCC and cultured at low passage in
Dulbecco’s modified Eagle’s medium with 10% fetal calf serum and
1% antimycotic antibiotic reagent (Gibco). Cell identity was verified
by ATCC using genotyping with a Multiplex STR assay. Cells were
screened monthly for mycoplasma. All cell lines were used for
experiments within 50 passages from thawing. For generation of
orthotopic breast cancer xenografts, 1 × 106 HCC-1187 cells were
injected into the inguinal mammary fatpads of athymic Balb/C nu/nu
female mice (4−6 weeks old, Jax Mice). Tumor dimensions were
measured using digital calipers. Tumor volume was calculated as:
volume = length × width2 × 0.52. When tumors reached 50−100
mm3, mice were randomized into treatment groups to receive daily
treatment with 100 mg/kg 42 in 50% poly(ethylene glycol)-400, 2.5%
DMSO in sterile saline by intraperitoneal injection or equal volume of
vehicle control, in combination with docetaxel (1 mg/kg) or vehicle
(sterile saline) once weekly by intraperitoneal injection. Mice were
weighed twice weekly.
Xenograft Flank Tumor Model with BT-20. All animals were

conducted in accordance to guidelines approved by the IACUC at
Vanderbilt University Medical Center. For generation of orthotopic

breast cancer xenografts, 1 × 106 BT-20 cells were injected into the
inguinal mammary fatpads of athymic Balb/C nu/nu female mice (4−
6 weeks old, Jax Mice). Tumor dimensions were measured using
digital calipers. Tumor volume was calculated as: volume = length ×
width2 × 0.52. When tumors reached 50−100 mm3, mice were
randomized into treatment groups to receive daily treatment with 100
mg/kg 42 in 50% poly(ethylene glycol)-400, 2.5% DMSO in sterile
saline by intraperitoneal injection or equal volume of vehicle control,
in combination with doxorubicin (2 mg/kg) or vehicle (sterile saline)
once weekly by intraperitoneal injection. Mice were weighed twice
weekly.
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