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SUMMARY

As an oncogene, hepatocyte growth factor receptor (proto-oncogene
c-Met; MET) is known to be overexpressed and/or mutated in many
types of cancer and plays a critical role in cancer cell survival, prolifer-
ation, angiogenesis, invasion and metastasis. c-Met encodes for a tyro-
sine-protein kinase receptor that is activated by hepatocyte growth fac-
tor (HGF). Tivantinib is a selective, orally active c-Met inhibitor.
Tivantinib binds directly to the c-Met protein in a selective manner and
disrupts the c-Met signal transduction pathway. Preclinical studies
have demonstrated unique inhibition of c-Met activation in numerous
human cancer cell lines. Phase | and Il clinical trials indicate that this
c-Met inhibitor shows clinical promise in terms of safety, tolerability
and efficacy for the treatment of c-Met-associated cancers.
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SYNTHESIS*

Tivantinib can be obtained by several different ways:

Condensation of methyl 5,6-dihydropyrrolo[3,2,1-ijlquinolin-T-yl-
acetate (I) with methyl (3-indolyl)glyoxylate (Il) in the presence of
LDA in THF affords the butenedioate derivative (lll), which can also
be prepared by condensation of methyl 5,6-dihydropyrrolo[3,2,1-ij]
quinoline-T-glyoxylate (IV) with methyl 3-indolylacetate (V) in the
presence of LDA in THF. Hydrogenation of alkene (Ill) over Pd/C
gives the saturated diester (VI), which upon cyclocondensation with
benzylamine in THF yields the 1-benzyl-2,5-pyrrolidinedione deriva-
tive (VI1). Debenzylation of compound (VII) by means of H, over Pd/C
then provides the 2,3-diarylsuccinimide (VIII) as a cis/trans mixture.
Alternatively, succinimide (VIII) can be produced by the direct cyclo-
condensation of diester (VI) with NH, in MeOH at elevated tempera-
ture. Isomerization of intermediate (VIII) with t-BuOK in t-BuOH or
THF/t-BuOH leads to the (+)-trans-isomer, racemic tivantinib (IX) (1,
2). Resolution of racemate (IX) can be effected by means of chiral
preparative SFC (1, 2) or MCC (3), or by fractional crystallization with
(15,2S)-(+)-pseudoephedrine (3). Scheme 1.

Racemic tivantinib (I1X) can also be obtained by the following methods:

Reduction of the maleimide derivative (X) with Mg in refluxing
MeOH produces the trans-succinimide (IX) (1, 2). Alternatively, the
reduction of maleimide (X) by catalytic hydrogenation over Pd/C in
MeOH (1, 2) or Pd(OH)./C in toluene (3) provides the (+)-cis-succin-
imide (XI), which can be isomerized to the corresponding trans-suc-
cinimide (IX) by treatment with t-BuOK in t-BuOH at 50 °C (1-3).
Similarly, reduction of the maleimide (X) with Zn(Hg) in HCl/EtOH
leads to a mixture of cis- and trans-maleimides (1, 2). The tricyclic
compound (IX) can also be obtained by intramolecular Heck reaction
of the T-allyl-7-bromoindole derivative (XIl) in the presence of 9-BBN
and Pd(PPh.), (1, 2). In a further method, condensation of 1-benzyl-
3,4-dibromopyrrole-2,5-dione (XIll) with indole (XIV) using methyl
magnesium bromide vyields 1-benzyl-3-bromo-4-(3-indolyl)pyrrole-
2,5-dione (XV), which by Suzuki coupling with 5,6-dihydropyrro-
lo[3,2,1-ij]quinolin-1-ylboronic acid (XVI) in the presence of Pd(PPh,),
or by condensation with 5,6-dihydropyrrolo[3,2,1-jlquinoline (XVII)
by means of LIHMDS affords the maleimide (XVIII). Finally, adduct
(XVI1) is reduced with Mg in refluxing MeOH, followed by debenzyl-
ation with H, over Pd/Cin MeOH (IX) (1, 2). Scheme 1.
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Scheme 1. Synthesis of Tivantinib
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The 2,3-disubstituted maleimide intermediate (X) is prepared by
N-alkylation of 1,2,3,4-tetrahydroquinoline (XIX) with ethyl 3-bromo-
pyruvate (XX) in THF to give ethyl 3-(3,4-dihydro-2H-quinolin-1-yl)-
2-oxopropionate (XXI), which by intramolecular cyclocondensation
by means of MgCl, in 2-methoxyethanol at 125 °C affords ethyl 5,6-
dihydropyrrolo[3,2,1-ijlquinoline-T-carboxylate (XXII). Hydrolysis of
ethyl ester (XXII) with NaOH in EtOH/H.O provides the correspond-
ing carboxylic acid (XXIII), which is then decarboxylated to 5,6-dihy-
dropyrrolo[3,2,1-ijlquinoline (lilolidine) (XVII) by heating to 185 °C in
quinoline in the presence of CuO-Cr,0, (1, 2). Acylation of lilolidine
(XVII) with (COCL), in Et,0, and subsequent quenching of the result-
ing glyoxylyl chloride with MeOH or NaOMe/MeOH affords the
oxoester (XXIV), which is finally cyclocondensed with indole-3-
acetamide (XXV) in the presence of t-BuOK in THF (1-3). Scheme 2.

The allyl-indole intermediate (XIl) is obtained by acylation of T-allyl-
7-bromoindole (XXVI) with (COCL), in CH.CL, followed by treatment

Scheme 2. Synthesis of Intermediate (X)
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with NaOMe to afford the oxoester (XXVII), which upon cycloconden-
sation with (3-indolyl)acetamide (XXV) in the presence of t-BuOK in
THF furnishes the pyrrole-2,5-dione derivative (XXVIII). Finally, the
maleimide derivative (XXVIII) is reduced by means of Mg in refluxing
MeOH (1, 2). Scheme 3.

BACKGROUND

c-Met is a proto-oncogene that encodes a receptor tyrosine kinase
protein that functions as the receptor for hepatocyte growth factor
(HGF) (4, 5). HGF activity via c-Met activation is known to be involved
in several important aspects of embryonic development, as well as
wound healing in adults. HGF is expressed by mesenchymal cells,
while c-Met is expressed exclusively by cells of epithelial origin (6).
HGF activation of the c-Met receptor produces a collective group of
biological responses, which include cancer cell proliferation, cell
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Scheme 3. Synthesis of Intermediate (XII)
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migration, resistance to apoptosis, invasion of surrounding tissues
and neovascularization or the sprouting of new blood vessels in
hypoxic tumor tissue (7). All of these biological responses are known
to be associated with aggressive cancer progression and metastasis
(8). Moreover, overexpression of HGF, c-Met and/or MET mutations
are often associated with the initiation of tumor growth, angiogene-
sis and metastasis (8-10). Activation of c-Met is known to signal
through multiple signaling pathways, including, Ras pathway inter-
mediates (11), the phosphatidylinositol-4-phosphate 3-kinase (PI3K)
pathway (6), the signal transducer and activator of transcription
(STAT) pathway (12), B-catenin, which is part of the Wnt pathway (13)
and the Notch pathway (14). Accordingly, it has been reported that
aberrant c-Met signaling is observed in a wide variety of human
malignancies, such as breast, colon, gastric, liver, ovarian, renal, thy-
roid and non-small cell lung cancer (NSCLC) (15-17).

c-Met overexpression and/or mutation in cancer patients has been
correlated with aggressive cancer progression and a poor prognosis
(8, 9). Thus, selective inhibition of c-Met activation and signaling
holds the potential to significantly improve the treatment of many
types of cancer. In addition, it has been reported that in NSCLC there
appears to be an interaction between c-Met and epidermal growth
factor receptor (EGFR) (both tyrosine kinase receptors), resulting in
lateral signaling, which enhances the growth and progression of this
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cancer, thereby suggesting that combined targeting with c-Met and
EGFR inhibitors may improve therapeutic responsiveness (18).

PRECLINICAL PHARMACOLOGY

Tyrosine kinase inhibitors are typically low-molecular-weight mole-
cules that selectively compete with endogenous growth factors for the
ATP binding pocket in the membrane receptor, thereby preventing
receptor activation, trans-phosphorylation and downstream signal-
ing. A number of c-Met inhibitors, such as K-252a (19), SU-11274 (20,
21) and PHA-665752 (22), have been identified and tested. However,
tivantinib (ARQ-197) appears to be unique among the c-Met tyrosine
kinase inhibitors, since it is known to be a highly selective c-Met
inhibitor that acts in a non-ATP-competitive manner and shows prom-
ise as a therapeutic agent for the treatment of various cancers (23).

Tivantinib binds selectively to the inactive or non-phosphorylated
form of the c-Met receptor, and thus prevents receptor activation
by HGF or other growth factors (8). Munshi et al. (24) have report-
ed that tivantinib inhibits both the proliferation of and caspase-
dependent apoptosis in c-Met-expressing or -overexpressing can-
cer cell lines, including human colon adenocarcinoma HT-29,
gastric cancer MKN-45 and breast adenocarcinoma MDA-MB-231
cells. Furthermore, they have demonstrated that oral administra-
tion of tivantinib effectively inhibits the growth of tumors in mouse
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xenograft experiments utilizing these cancer cell lines. The results
indicated that cancer cell death and arrest of tumor growth were
associated with an effect of tivantinib on the caspase-dependent
intrinsic apoptotic pathway.

Recently, Chen et al. (25) examined the combination of tivantinib and
gemcitabine to establish a more effective treatment strategy for
future clinical trials. Both tivantinib and gemcitabine induce cell cycle
arrest of cancer cells; however, these agents act at different phases of
the cell cycle. Therefore, it was postulated that the combination of
these agents, using selective cell cycle pulsatile treatment, could
potentially enhance anticancer treatment effectiveness. In this study,
cancer cells were treated for a total of 7 days; cells were seeded on
day O, treated with gemcitabine for 24 hours on day 2, drug-free
media was added on day 3 and the cells were treated with tivantinib
for 24 hours on day 5, with cell viability testing on day 7. This combi-
natorial pulsatile treatment schedule was found to enhance the cyto-
toxicity of the following cancer cells: bladder, pancreatic, breast, ovar-
ian and uterine carcinomas and NSCLC. In addition, drug
potentiation was also observed when cancer cell exposure to tivanti-
nib preceded gemcitabine treatment in these experiments.

CLINICAL STUDIES

Garcia et al. (26) completed a phase | dose-escalation study to deter-
mine the safety, tolerability, recommended phase Il dose, pharmaco-
kinetics and pharmacodynamic activity of tivantinib. The study was
conducted in 38 patients with metastatic cancer in whom standard
anticancer therapy had failed. Treatment consisted of twice-daily oral
dosing for 2 of 3 weeks with doses ranging from 10 to 360 mg/day.
The results of this study demonstrated that tivantinib was well toler-
ated. Adverse events were generally not observed, with fatigue (24%),
diarrhea (21%) and constipation (21%) being the most common. Of
the 38 patients enrolled in this study, 33 could be evaluated for tivan-
tinib efficacy and it was observed that 1 patient had a partial remis-
sion and in 19 patients the cancer had stabilized for up to 34 weeks.
Based upon the pharmacokinetic results, it was determined that the
recommended phase Il dose for this agent is 120 mg b.i.d.

In a separate phase | study, Yap et al. (27) examined the safety, toler-
ability and tumor targeting of tivantinib employing biopsy samples to
determine intratumoral c-Met signaling, apoptosis and angiogene-
sis. Serial biopsies of patients with solid tumors were evaluated with
dynamic contrast-enhanced magnetic resonance imaging (DCE-
MRI) and quantitation of circulating endothelial cells (CECs) and cir-
culating tumor cells (CTCs) to examine the cancer selectivity of the
compound. In this study, 51 patients received 100-400 mg of tivanti-
nib twice daily. The drug was generally well tolerated, with grade 1-2
fatigue, nausea and vomiting being the most common adverse
events. Dose-limiting adverse events included grade 3 fatigue at a
dose of 200 mg b.i.d. in one patient, grade 3 mucositis, erythrodyses-
thesia and hypokalemia at a dose of 400 mg b.i.d. in one patient, and
grade 3-4 febrile neutropenia at a dose of 360-400 mg b.i.d. in three
patients. Tivantinib treatment was found to decrease c-Met and focal
adhesion kinase phosphorylation and decreased apoptosis in biop-
sies from 15 patients. Treatment produced a 30% or greater decline
in CTCs in 53% of the patients with detectable CTCs (15 total); while
CECs were found to decrease in 58% of all patients, little or no
change in DCE-MRI'imaging was observed with tivantinib treatment.
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Stable disease for 4 months or greater was observed in 14 patients
and minor regression was found in gastric and Merkel cell cancer
patients. The recommended phase Il dose was determined to be 360
mg b.i.d. from the results of this study.

In addition, phase Il clinical trials examining the efficacy of tivantinib
for the treatment of non-CNS germ cell carcinomas have been initi-
ated (http://www.arqule.com/res/onc/).

CONCLUSION

Tivantinib is a selective c-Met inhibitor that appears to effectively
inhibit the growth, invasiveness and metastatic potential of a num-
ber of clinically important cancers. Initial clinical trials indicate that
this agent is well tolerated and has the potential to be used effec-
tively for the treatment of a broad range of human cancers.

SOURCES

Developed by ArQule, Inc. (US) in partnership with Daiichi Sankyo
Co., Ltd. (JP) and Asian licensee Kyowa Hakko Kogyo Co., Ltd. (JP).
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