ACSMedicinal
Chem IStry ) tters pubs.acs.org/acsmedchemlett

(R)-2-Phenylpyrrolidine Substituted Imidazopyridazines: A New Class
of Potent and Selective Pan-TRK Inhibitors

Ha-Soon Choi, Paul V. Rucker, Zhlcheng Wang, Yi Fan, Pamela Albaugh, * Greg Chopluk

Francois Ge551er, Fangxian Sun, Francisco Adrlan, Guoxun Liu, Tami Hood Nanxin Li, Yong Jia,
Jianwei Che, Susan McCormack, Allen Li, Jie L1, Auzon Stefly, AnneMarle Culazzo, Cehne Tompkins,
Van Phung, Andreas Kreusch, Min Lu, Bm Huy,” Apurva Chaudhary, Mahavir Prashad,” Tove Tuntland,
Bo Liu, Jennifer Harris, H. Martin Seidel, Jon Loren, and Valentina Molteni*

Genomics Institute of the Novartis Research Foundation, 10675 John Jay Hopkins Drive, San Diego, California 92121, United States

© Supporting Information

ABSTRACT: Deregulated kinase activities of tropomyosin receptor kinase (TRK) F
family members have been shown to be associated with tumorigenesis and poor
prognosis in a variety of cancer types. In particular, several chromosomal
rearrangements involving TRKA have been reported in colorectal, papillary thyroid,
glioblastoma, melanoma, and lung tissue that are believed to be the key oncogenic
driver in these tumors. By screening the Novartis compound collection, a novel
imidazopyridazine TRK inhibitor was identified that served as a launching point for GNF-8625

drug optimization. Structure guided drug design led to the identification of (R)-2-

phenylpyrrolidine substituted imidazopyridazines as a series of potent, selective, orally bioavailable pan-TRK inhibitors achieving
tumor regression in rats bearing KM12 xenografts. From this work the (R)-2-phenylpyrrolidine has emerged as an ideal moiety to
incorporate in bicyclic TRK inhibitors by virtue of its shape complementarity to the hydrophobic pocket of TRKs.
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he tropomyosin receptor kinase (TRK) receptors, TRKA, other cancer settings. For example, BDNF levels have been

TRKB, and TRKC (also known as NTRK1, NTRK2 and associated with unfavorable pathological parameters and
NTRK3) and their respective neurotrophin ligands (NGF, adverse clinical outcome in breast cancer, and TRKB has
BDNF, and NT-3) are implicated in proliferation, survival, been reported as a strong predictor of aggressive tumor growth
differentiation, and functional regulation of different neuronal in neuroblastoma.’®™*® Selective TRK inhibitors, AZ623 and
populations in the nervous system, especially during embryo- GNF-4256, have been shown to inhibit the growth of human
genesis." In the past decade, the dysregulation of neurotrophin neuroblastoma xenograft tumors and, in combination with
signaling has been linked to the development and progression chemotherapy, have prolonged inhibition of tumor re-
of cancer.”™® Several different mechanisms have been proposed growth.”***> Moreover, high and increased expression of TRK
involving oncogenic activation of TRK receptors, expression of receptors in pancreatic cancer correlates with tumor pro-
alternative and constitutively active splice variants under gression, perineural invasion, pain, and metastasis.”**~>*
hypoxia conditions, point mutations, and genomic rearrange- Given the growing evidence for a role of TRK in cancer there
ments.> TRKA rearrangement leading to constitutively active is interest in discovering developable selective TRK inhibitors
and ligand-independent fused protein TPM3-TRKA was for evaluation in the clinic. Here we describe the discovery of
originally identified in a colorectal carcinoma biopsy'”'" and (R)-2-phenylpyrrolidine substituted imidazopyridazines as a
was later found to be associated with a subset of papillary novel class of selective pan-TRK inhibitors with efficacy in a
thyroid carcinomas (PTC).'”””"® Recently the TPM3-TRKA KM12 rat tumor model.
fusion has also been described to be harbored in KMI12 The novel benzonitrile substituted imidazopyridazine 1 was
colorectal cells.”® Other TRKA fusions with TGF and TPR identified as an inhibitor of TRKB (IC5, = 83 nM) from
have been found in colorectal and thyroid cancers,'** and screening using a TRKB biochemical inhibition assay
recently, TRKA fusions with MPRIP and CD74 have been (Scintillation Proximity Assay). Submicromolar cellular activity
identified in a subset of patients (3.3%) with lung across the three TRK isoforms was shown in Ba/F3 assays
adenocarcinoma that did not contain other common genetic where Ba/F3 cells were rendered TRKA, TRKB, and TRKC

alterations.'® TRKC fusion protein Tel-TRKC has been dependent and IL-3 independent by respectively overexpressing
identified as the causative event in rare cancers such as

secretory breast carcinoma (SBC),"” congenital fibrosarcoma Received: January 30, 2015
(CFS)," and congenital mesoblastic nephroma (CMN)." In Accepted: March 16, 2015
addition, there may be a role for small molecule inhibitors in Published: March 16, 2015
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Table 1. Cellular Activities of Imidazopyridazines

Cellular Ba/F3 assays”

compd TRKA TRKB TRKC wt?
1 0.85 027 0.10 7.13
2 0.74 0.20 023 >10
3 0.050 0.021 0.006 3.92
4 0.17 0.12 0.075 1.01
s 0.076 0.027 0.040 1.92
6 0.006 0.007 0.003 3.00
7 0.027 0.013 0.004 2.53
8 0.52 0.13 0.020 5.89
9 0.17 0.050 0.011 >10
10 0.075 0.047 0.019 >10
11 0.068 0.029 0.008 >10
12 3.13 1.97 0.98 9.23
13 0.021 0.011 0.003 >10
14 0.003 0.001 0.001 >10
15 0.005 0.004 0.002 >10
16 0.001 0.001 <0.001 4.79
17 0.004 0.004 0.002 591

“Proliferation assays with Tel-TRK fusions; ICy, pM. bproliferation
assay using parental Ba/F3 cells.

the constitutively active Tel-TRKA, Tel-TRKB, and Tel-TRKC
fusions (Table 1). In this assay setting, 1 showed differential
cytotoxicity as compared to parental wild-type (WT) Ba/F3
cells grown in the presence of IL-3. The cellular kinase
selectivity profile of 1 was determined in a Ba/F3 panel using
Ba/F3 cells rendered IL-3 independent by stable transduction
with 29 selected kinases activated by fusion with a dimerizing
protein partner (e.g. BCR or Tel).” In this panel, 1 showed
reasonable selectivity with submicromolar inhibitory activity for
FLT3 and ROS (Scheme 1, Table 3).

The X-ray cocrystal structure of 1 showed binding to the
inactivated (DFG-out) kinase domain of TRKC and forming a
key hydrogen bond between N1 of the imidazopyridazine and
the hinge amide NH of Met620 (Figure 1).>**' The
benzonitrile ring was wedged between phenyl rings from the
gatekeeper Phe617, Phe698 from the DFG motif, and the
phenyl ring of the benzylamino group of compound 1. This
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Figure 1. X-ray cocrystal structure of 1 (carbon in yellow) binding to
the active site of TRKC kinase. Hydrogen bonds are depicted as
dashed lines. Nitrogen atoms are shown in blue, oxygen atoms in red,
and a water molecule depicted as a red sphere.

phenyl ring sits under the glycine-rich loop and faces the
solvent exposed front of the binding pocket, lending itself to
immediate structure—activity relationship (SAR) investigations.

Chemistry optimization was initiated with the goal of
identifying compounds with improved potency and pharmaco-
kinetic properties suitable for in vivo profiling. New compounds
were screened for antiproliferative effects in Ba/F3-Tel-TRKA,
TRKB, and TRKC assays, and cytotoxicity effects were
compared with parental wild-type (WT) Ba/F3 cells. Initial
efforts focused on exploring the SAR around the benzyl amine
moiety (R;, R, R,) and the phenyl group linked to the
imidazopyrimidine core (R;) (Scheme 1 and Table 1).

From this work, it appeared that nitrile substitutions in the
phenyl group (R;) at the 3 or 4 ring-position were equally
tolerated (1 vs 2). It was also observed that 3-substitution at
the benzylamine phenyl ring (R,) led to a 10-fold increase in

Scheme 1. Imidazopyridazines SAR Progression and Numbering Assignment
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potency relative to the unsubstituted 1, especially with EWG
groups such as fluorine (3 vs 4). Shimming the phenyl ring
(R;) with the potency boosting 3-F substitution at R, furnished
many tolerated functional groups that could either increase
solubility or further drive potency such as hydroxymethyl
derivative S, amide 6, and sulfonamide 7.

Methylation of the benzylic amine (R,) led to no significant
change in potency (8 vs 1) suggesting that the benzylic amine is
not involved in a critical proton donating interaction.

Docking models using the cocrystal structure of 1 with
TRKC supported that potency could be further increased by
structurally rigidifying the benzyl amine moiety in a cyclic
fashion by reducing conformational entropy. Cyclic piperdine,
morpholine, and pyrrolidine analogues were synthesized as
racemates (9, 10, and 11) and revealed a potency preference
toward the five-membered heterocycle. A cocrystal structure
between TRKA and 10 indicated a preference for the R-
enantiomer and induced protein conformation change from the
DEG-out to the DFG-in state, which allowed the fluorophenyl
to bind near the ribose binding pocket (Figure 2).>° Moreover,

y

Figure 2. X-ray cocrystal structure of TRKA with 10. The
fluorophenyl points toward the pocket usually occupied by the ribose
from ATP. The protein adopts a DFG-in conformation to allow for the
fluorophenyl to bind. Although the 10 racemate was used for
crystallization, only the R-enantiomer binds to TRKA. Color coding
according to Figure 1.

the DFG-in conformation prevented a clash between Phe669
and the compound’s fluorophenyl group. Chiral resolution of
the pyrrolidine derivative 11 into its two enantiomers, 12 and
13, indicated the R-enantiomer (13) as the more potent isomer,
which also demonstrated a 2-fold activity improvement relative
to acyclic compound 3.

By maintaining the 3-F-phenylpyrrolidine in 11, a subsequent
round of optimization at Ry was performed. This effort showed
that replacing the 3-CN-phenyl moiety with a 2-pyridine (14)
led to an 8—20-fold potency improvement across all three TRK
isoforms.

The cocrystal structure of 14 with TRKA revealed an
unanticipated flip of the compound around the imidazopyr-
idazine core while maintaining the same key hinge interaction
(Figure 3).% Binding could only be observed for the R-
enantiomer where the 3-F-phenyl is optimally positioned in the
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Figure 3. X-ray cocrystal structure of TRKA with the R-enantiomer of
14. The protein adopts the DFG-in conformation. Compound 14
maintains the key hydrogen bond between the hinge NH of Met592
and N1 of imidazopyridazine. Surprisingly, the imidazopyridazine is
now flipped. This allows for the fluorophenyl group to better fit the
ribose binding pocket compared to 10. Color coding according to
Figure 1.

hydrophobic pocket originally occupied by Phe669 and
provides excellent shape complementary, likely to contribute
significantly to the observed potency improvement. Molecular
modeling indicated that two distinct binding modes (i.e. core
flipping) are indeed possible for the DFG-in conformation. The
preferred binding mode probably depends upon the sub-
stitution on the 6-position of the imidazopyridazine. When this
substitution is the (R)-phenylpyrrolidine, the “flipped”
orientation appears to be preferred as the pyrrolidine anchors
the phenyl group in the hydrophobic pocket.

It is worth noting that since our initial disclosure of the (R)-
2-phenylpyrrolidine in 2008, this moiety has become a
privileged TRK structure and was incorporated effectively in
closely related scaffolds®*™** and on unrelated bicycle
scaffolds.*

The cocrystal structure of 14 indicated that the pyridine ring
at the 3-position faces the solvent exposed front of the binding
pocket, suggesting that polar groups in this area should be
tolerated. Indeed, decorating the 3-position (R;) of the pyridine
maintained very good potency across the TRK isoforms (18,
16, and 17).

To determine the in vivo PK properties, 15, 16, and 17 were
administered intravenously to Wistar or Sprague—Dawley rats.
High plasma clearance (CL), moderate volume distribution
(Vg), and short half-ife (T,/,) were observed (Table 2). The
plasma clearances of these compounds were about 82% (16 and

Table 2. In Vivo Rat PK Properties after Dosing of 3 mg/kg
IV and 10 mg/kg PO

rat PK* 157 16° 17°
CL (mL/min/kg) 56.9 45.5 452
V. (L/kg) 23 2.4 49
Ty, (h) 0.83 0.9 1.6
AUC PO (h-nM) 659 1897 1879
Cpox PO (nM) 110 250 215
F(%) PO 10 26 27

“Route: Intravenous (3 mg/kg) and oral administrations (10 mg/ kg).
Formulation as a solution in 75% PEG300/25% DSW. “Male
Sprague—Dawley rat. “Male Wistar rat.
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17) and 100% (15) of rat hepatic blood flow (55 mL/min/kg).
Compound 17, with an additional heterocyclic group between
the pyridine and the solubilizing group, led to a higher volume
of distribution (4.9 vs 2.3 L/kg), which resulted in a longer half-
life (1.6 vs 0.9 h) compared to 15 and 16. When administered
orally by gavage, 15 showed low bioavailability (10%), while 16
and 17 had 2.6-fold higher oral bioavailability (Table 2). In
mouse brain tissue distribution studies, the AUC and C,,,
ratios of brain to plasma were lower for 17 (~0.2) compared to
16 (~0.8) (Supporting Information).

Compounds 14, 16, and 17 were tested in the Ba/F3 panel
and showed much improved selectivity across all the kinases
when compared to 1 (Table 3; see Table 1 for TRK activity).

Table 3. Ba/F3 Cellular Kinase Panel (ICsy, uM)

Ba/F3° 1 14 16 17
ABL? 3.8 NA 2.4 52
ALK® 4.8 6.3 12 3.0
ALK 3.1 NA 22 39
BRAF 2.5 NA 62 5.9
BMX 9.7 >10 27 43
FGFR3 39 9.5 49 5.0
FGFR4 59 9.2 53 44
FGR 64 8.7 28 59
FLT1 3.0 NA 2.6 5.3
FLT3 0.72 8.1 33 43
EMS 34 >10 2.5 53
IGFIR 4.0 NA 5.1 54
INSR 8.6 8.8 5.3 6.0
JAK2 4.7 6.7 2.7 5.6
KDR 4.1 6.5 1.0 5.0
KIT 22 5.5 0.79 7.0
LCK 2.0 NA 3.0 52
LYN 7.5 6.4 34 4.9
MER 54 NA 4.7 5.1
MET 5.1 7.7 43 5.7
PDGFRf 2.0 NA 22 4.6
RET 49 8.0 3.7 6.0
RON 6.1 NA 5.0 4.8
ROS 0.30 0.6 0.06 021
SRC 4.6 NA 2.5 4.6
SYK 4.0 NA 4.4 7.9
TIE1 5.5 6.5 43 5.5
TYRO3 NA NA 52 5.0
ZAP70 6.4 NA 52 5.5

“Ba/F3 cells rendered IL-3 independent by stable transduction with
the indicated kinase fused with a Tel dimerization partner unless
otherwise specified. "BCR-ABL. “NMP-ALK.

The main kinase off-target activity remained ROS but with an
improved selectivity index (SI) (SI < 3 for 1 and SI >50 for 14,
16, and 17). This demonstrated that (R)-2-fluorophenylpyrro-
lidine-containing analogues were able to achieve higher potency
as well as increased selectivity due to their high specificity at the
hydrophobic pocket.

In addition, the anti-TRKA activity for compounds 16 and
17 was further demonstrated in two other cellular systems, Ba/
F3 and KMI12. In Ba/F3 cells engineered to express both
TRKA and NGF, both compounds demonstrated potent
antiproliferation activity with ICs, of 0.001 and 0.003 M,
respectively. In KM12 cells, derived from a colon cancer cell
line that harbors the TPM3-TRKA fusion and is dependent on
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TRKA kinase for proliferation and survival, the compounds
were also very potent with IC;, of 0.001 and 0.01 uM,
respectively.

By virtue of its pan-TRK in vitro potency, good selectivity,
relatively low brain exposure, and overall acceptable PK
properties, 17 (GNF-8625) was selected for in vivo efficacy
studies (synthesis in Supporting Information). In a tumor
xenograft model derived from the KMI2 cell line,* 17
demonstrated in vivo antitumor efficacy when administered at
ascending doses twice daily (bid) for 14 days in rats (Figure 4).
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Figure 4. KM12 efficacy model in female CRL RNU nude rats with
compound 17 (GNF-8625). Animals were transplanted with KM12
tumor tissues, and dosing began 10 days postimplant. Vehicle and 17
were dosed twice a day (bid) for 14 days. Efficacy measured as tumor
volume.

In this study, 17 induced 20% tumor regression at 50 mg/kg
bid and achieved partial tumor growth inhibition at 6.25, 12.5,
and 25 mg/kg bid, in a dose-dependent manner. A dose
proportional increase in exposure of compound 17 was
observed, and at the highest doses, a slight increase in body
weight was observed (Supporting Information).

In summary, using a TRK/ligand cocrystal structural guided
approach, we have developed a series of potent, selective, and
efficacious (R)-2-phenylpyrrolidine substituted imidazopyrida-
zine TRK inhibitors. This work has unveiled the (R)-2-
phenylpyrrolidine as a privileged moiety for TRK inhibitors due
to its optimal shape complementarity to the TRK protein’s
hydrophobic pocket available in the “DFG-in” conformation.
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Experimental procedures, characterization of compounds,
kinase selectivity, ADMET data for compound 17, and details
of in vitro and in vivo assays. This material is available free of
charge via the Internet at http://pubs.acs.org.
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