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discovery of potent B-Ra

A novel series of pyrazolo[3,4-c]isoquinoline derivatives was discovered as B-Raf'®°’F inhibitors through

scaffold hopping based on a literature lead PLX4720. Further SAR exploration and optimization led to the
F/GOOE

inhibitors with good oral bioavailability in rats and dogs. One of the com-

pounds EBI-907 (13g) demonstrated excellent in vivo efficacy in B-Raf"**°E dependent Colo-205 tumor

xenograft models in mouse and is under preclinical studies for the treatment of melanoma and B-
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The Ras/Raf/MEK/ERK pathway plays a key role in regulating
cell proliferation, differentiation, and growth. The Raf family of ser-
ine/threonine kinases comprises A-Raf, B-Raf, and C-Raf. There is a
well established biological mechanism that Raf proteins can signal
through phosphorylation and activation of a downstream kinase,
mitogen-activated protein MAPK/ERK kinase (MEK), which subse-
quently phosphorylates and activates extracellular signal-regu-
lated kinase (ERK)' that regulates cell proliferation and survival.
Mutation in B-Raf drives constitutive activation of the Raf~-MEK-
ERK pathway which often leads to alteration of gene expression
and results in many cancers.” The most common B-Raf mutation
is a glutamate instead of a valine substitution at position 600
(V60OE). So far the oncogenic mutation of B-Raf'®°E has been
found in 7% of all human cancers, including more than 60% of mel-
anoma, 45% of papillary thyroid cancer, 10% of colorectal cancers,
and a small subset of ovarian, breast, lung cancers, and leukemia.?
Based on its association with human malignancies, B-Raf has been
a target of high interest to treat cancer in recent decades.” Herein,
we report our discovery of a highly potent and orally efficacious B-
RafV®%% inhibitor EBI-907 (13g) with a novel biaryl scaffold fea-
tured pyrazolo[3,4-c]isoquinoline.

* Corresponding author.

http://dx.doi.org/10.1016/j.bmcl.2015.12.086
0960-894X/© 2015 Published by Elsevier Ltd.

There are many Braf-specific inhibitors with different scaffolds
reported in the literature. Vemurafenib (PLX4032)* with an aza-
indole core was developed by Plexxikon and Roche and became
the first marketed drug for treatments of patients with unresectable
and metastatic melanoma. Dabrafenib (GSK2118436)° with a
pyrimidine substituted thiazole core was later approved as well
by FDA. It is noteworthy that the analogue PLX4720 showed similar
activity in vitro and in vivo as Vemurafenib. The latter was selected
over PLX4720 because it has more scalable pharmacokinetic prop-
erties.® Besides, there are other chemotypes of B-Raf®°°F inhibitors
at different clinical stages including BGB283 (BeiGene),” LGX818
(Novartis),® LY3009120 (Lilly),” MLN2480'° (Takeda) and others in
preclinical development!'! (Fig. 1).

On the basis of the co-crystal structures of Vemurafenib and its
analog PLX4720 published (pdb codes 3C4C, Fig. 2),'> we were able
to identify the key binding interactions of PLX4720 to an ‘active’
conformation unique to the RAF proteins, in which the DFG motif
is in the ‘DFG-in’ conformation but the oC helix is moved outward
from the active site by the lipophilic alkyl group. The sulfonamide
moiety is engaged in very important interactions with key residues
such as Asp-594 and Phe-595, Lys-483 via hydrogen bonds.'? The
N and NH of the aza-indole core are making interactions with
the hinge residues Thr-529, GIn-530, and Trp-531. By breaking
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Figure 1. Structures of representative B-RafY6°°F inhibitors.

the indole 5-membered ring and building a new fused ring from
the carbonyl position, we envisioned a novel scaffold of
3-aminoisoquinoline which will make the same hinge interaction
with Trp-531 and pick up new interactions with Cys-532 (Fig. 2)
from which a new series of B-Raf'®%°E inhibitors could be
developed.'?

To test this idea, we rapidly synthesized compound 1 as shown
in Scheme 1. 3-Bromo-benzonitrile 2 was reduced by using
BH;3-THF to its benzylic amine 3, which was condensed with ace-
timidate to afford acetimidamide intermediate 4. The subsequent
ring closure reaction was carried out in concd sulfuric acid to give
the isoquinoline core 5,'* which was converted to the boronic ester
6 via Miyaura reaction. The boronic ester was coupled with aryl
bromide piece via Suzuki reaction to give the target product 1.

Compound 1 showed 8.7 uM potency in biochemical assays
performed using LanthaScreen™. It was 39 times weaker than
PLX4720 (220 nM). The micromolar enzymatic activity revealed
that additional interactions would be necessary to achieve enough
potency. The carbonyl oxygen of PLX4720 could accept an H-bond

/\/\
oy

Figure 2. Our initial design. Crystal structure conformation of PLX4720 (yellow)
and modeled binding conformation of 1 (cyan) within the crystal structure
conformation of B-Raf protein from pdb:3C4C.
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Scheme 1. Synthesis of compound 1. Reagents and conditions: (a) BHs- THF, THF,
reflux; (b) methyl 2,2-diethoxyacetimidate, 70 °C; (c) concd H,SO4, 40 °C; (d) bis
(pinacolato)diboron, Pd(dppf)Cl,, KOAc, dioxane 120 °C; (e) 7, Pd(dppf)Cl,, Na,COs,
wet DME, 120 °C, microwave.

from a crystallographic water molecule (HOH44), as shown in
Figure 2 and increase potency based on Plexxikon’s pivotal work.'?
We thought that hydrogen bonding acceptor capability of the
carbonyl group may be mimicked by an oxygen-bearing group
such as a methoxyl at the 6-position on the isoquinoline ring. On
the other hand, the amine group of compound 1 may be substi-
tuted by employing LGX818’s side chain to enhance potency as
well.'””> Consequently, we started from different 4-substituted
3-bromo-benzonitrile to synthesize corresponding analogs 8a
and 8b by similar route. Meanwhile, compound 1 and compounds
8a/8b were reacted with methyl N-(1-oxopropan-2-yl) carbamate
via reductive amination to obtain N-substituted analogs of com-
pounds 9-12 (Scheme 2).

A summary of SAR for the isoquinoline series is shown in
Table 1. Compound 10 bearing LGX-818’s side chain was 10 times
more potent than compound 1 in biochemical assay although its
cellular activity was not potent enough. However, compound 9
with the wrong configuration tail showed no activity at all. Fortu-
nately, 6-methoxyl substituted isoquinoline analog 8a exhibited 10
times more potent enzymatic activity and 1.2 uM cellular potency.
Next, we examined compound 11 with both 6-substituted meth-
oxyl and LGX-818’s side chain. Its enzymatic activity and cellular
activity were dramatically improved to 100 nM and 20 nM, respec-
tively. To understand the role of methoxyl group, we synthesized
ethyl substituted analog 12, which was 6 times less potent than

NH
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Scheme 2. Synthesis of analogs of compound 1. Reagents and conditions:
(a) BH3-THF, THF, reflux; (b) methyl 2,2-diethoxyacetimidate, 70 °C, (c) concd
H,S04, 40 °C; (d) bis-(pinacolato)diboron, Pd(dppf)Cl,, KOAc, dioxane, 120 °C; (e) 7,
Pd(dppf)Cly, K>CO3, wet DMF, 120 °C; (f) R*-aldehyde, NaBH5;CN, HOAc, MeOH.

Please cite this article in press as: Lu, B.; et al. Bioorg. Med. Chem. Lett. (2015), http://dx.doi.org/10.1016/j.bmcl.2015.12.086



http://dx.doi.org/10.1016/j.bmcl.2015.12.086

B. Lu et al./Bioorg. Med. Chem. Lett. xxx (2015) XxX—XXX 3

Table 1
Selected SAR of isoquinoline series

Braf'%% Lantha®  A375 cell growth®

1Cso (UM) ICs0 (ULM)
1 H H 8.7 n.d®
o =
9 H MeOJ\N/\% >30 nd
H
P
10 H MeOJ\N 0.8 2.7
H
8a MeO H 0.8 1.2
L
11 MeO MeOJ\N 0.1 0.02
H
I
12 Et MeOJ\H 0.6 0.3

2 Data represent mean value of at least two experiments.
> n.d. = not determined.

compound 11. These results further supported our hypothesis that
the methoxyl group at the 6-position of isoquinoline ring may
indeed increase the binding affinity via polar or H-bond
interactions.

Although compound 11 was potent enough for in vivo study, we
were concerned about its carbamate fragment for potential meta-
bolic instability. At that time Wenglowsky et al. published a set
of B-Raf inhibitors.!' One of them, compound 17, was co-
crystalized with B-Raf (pdb:3TV6). Based on the 3D alignment of
their compound and the modeled pose of our compound 11 in
the crystal structure (Fig. 3), the pyrazole ring is in a good
position to fuse with our isoquinoline core. It seems that it will
not only lock in the NH hydrogen bonding interaction with Cys-
532, but also form a m-m stacking interaction with Trp-531. We
ventured to replace the carbamate side chain with pyrazolo[3,4-
clisoquinoline core by fusing another 5 membered ring onto the
isoquinoline analog 11 (Fig. 3).

The synthetic approach for the preparation of pyrazolo[3,4-c]
isoquinoline analogs is outlined in Scheme 3. 4-Bromo-3-methoxyl
benzoic acid 14 was reduced to its benzylic alcohol, followed by
bromination and cyanation to afford benzylic nitrile intermediate
17. After treatment with sodium hydride (or LIHMDS), it was con-
densed with methyl formic ester (or acyl chloride) smoothly to
give functionalized nitrile 18a-b which was condensed with ben-
zyl hydrazine to form benzylic pyrozole intermediate 19a-b.!°
The following assembly of its isoquinoline ring underwent through
Pictet-Spengler type reaction.!” The obtained bromo piece was
converted to its boronic ester which was further coupled with
another bromo fragment 22 to give biaryl intermediate 23a-h
via Suzuki reaction. Subsequent debenzylation reaction turned
out to be difficult. Initial attempts using hydrogenation (Pd/C, H,)
or KO'Bu/DMSO with O, was not successful.!” Finally, upon heating
23a-h in formic acid via palladium mediated transfer hydrogena-
tion gave analogs 13a-h in modest yields.'®

Crystal structure conformation of Wenglowsky’s compound 17
from pdb:3TV6 (Orange) and modeled binding conformation of
11 (Green) within the crystal structure conformation of B-Raf
protein from pdb:30G7.

Figure 3. Our modified design.
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Scheme 3. Synthesis of analogs 13. Reactions and conditions: (a) BHs, THF; (b) BBr3,
Et,0; (c) KCN/18-crown-6, DMEO; (d) melhyl formate or cydopropanecarbonyl
chloride, NaH or LIHMDSJHF; (e) benzyl hydrazine, HOAc, 'PrOH, 70 °C; (f) (HCHO),,
TFA, reilux; (g) bis (pinacolato)diboron, Pd(dppf),Cl,, KOAc, dioxane, 110 °C; (h) 22,
Pd(dppf),Cly, K3PO4, dioxane, 110 °C; (i) 2W 20% Pd(OH),, ammonium formic, fomic
acid, 100 °C.

As expected, pyrazolo[3,4-c]isoquinoline analogs also showed
potent inhibition in both LanthaScreen™ and A375 cell prolifera-
tion assays. Their SAR is summarized in Table 2. Compound 13a
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Table 2
Selected SAR of pyrazolo[3,4-c]isoquinoline series

Compd R! R’R? R® BrafV6%%E Lantha® A375 cell growth?
ICso (nM) ICso (nM)
13a H FJF H 70 138
13b H Cf H 11 47
13c H cjer H 20 340
13d H CIFE F 7 220
13e >4 FF H 220 135
13f >t ayF H 80 313
13g >4 cafF F 7 13
13h >4 caF  cHy 17 435

¢ Data represent mean value of at least two experiments.
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Figure 4. The binding pose of 13g to B-Raf protein.

gave comparable enzyme activity to aminoisoquinoline analog 11.
When changing one of fluorine to chlorine on the right benzene
ring of 13a, enzymatic activity of 13b was dramatically improved
by 5 times although cellular activity was dropped a little. However,

- ehicle

5- -& EBI-807 (20 mafkg)
- EBI-907 (60 mg/kg)
-

PLX-4720 (60 mg/kg)

Relative tumor volume

Days after treatment

Figure 5. Colo-205 xenograft mice model.

dichloro substituted analog 13c was less potent than 13b. By put-
ting one fluorine atom into the side chain of 13b, enzymatic activ-
ity of compound 13d reached single digit nanomolar (7 nM), but its
cellular activity was lowered. To fix this issue and eliminate poten-
tial metabolic soft spot, we assembled a cyclopropyl onto 3-posi-
tion of the pyrazole.'® Compounds 13e, 13f and 13h were less
potent as well, but compound 13g demonstrated excellent A375
cellular activity with ICsg 13 nM. In the other cell line Colo-205,
it also showed good potency with ICso of 14 nM. In contrast, 13g
did not show meaningful anti-proliferative effects on the growth
of Calu-6 cells carrying a wild-type B-Raf, exhibiting at least 40-
fold (455 nM) selectivity towards B-Raf'5°°E_dependent cells lines.
The modeled binding pose of 13g is shown in Figure 4. In addition
to the same key hinge interactions and backpocket sulfonamide
interactions as 1, 13g also forms the same key hydrogen bond
interaction with HOH44 as PLX4720. The terminal Fluoro group
is placed in close Van der Waals contacts with Phe-516, Leu-505
and tightly bound crystal water HOH14 as well.

Furthermore, compound 13g exhibited excellent liver microso-
mal stability in different species (T;> Human/Rat/Mouse:
350/148/81 min). Based on the above data, 13g became our candi-
date for in vivo study.?’ It displayed desired in vivo pharmacoki-
netics as shown in Table 3. After a single 5 mg/kg oral dose of a
solution of 13g to rats, its AUCy_,4 reached 14186 ng/ml * h. 13g
also showed AUCy_p4 of 8906 ng/ml *h in dogs with a single
2 mg/kg oral dose. Its oral bioavailability for rats and dogs was
20% and 40%, respectively.

The efficacy of 13g in vivo was evaluated in a B-Raf'%%°E-depen-
dent human Colo-205 tumor xenograft mouse model as shown in
Figure 5. Compound 13g was administered orally at 20 mg/kg
and 60 mg/kg daily in a 14 days (QD) with the reference compound
PLX4720 60 mg/kg as a positive control. PLX4720 showed 85%
tumor growth inhibition. Compound 13g caused a partial (76%,

Table 3

The PK parameters of 13g (EBI-907) in rats and dogs
Species/route/dose Cmax (ng/ml) AUCo>4 (ng/ml * h) T2 (h) Cl (ml/min/kg) Vss (L/kg) F (%)
Rat/iv?/0.5 mg/kg 7224 34 1.2 0.34
Rat/po®/5 mg/kg 1498 14,186 20
Dog/iv/0.2 mg/kg 2201 7.8 14 0.91
Dog/po/2 mg/kg 972 8906 40

¢ iv: intravenous injection.

b po: oral administration.
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20 mg/kg) or complete tumor regression (95%, 60 mg/kg) in a dose-
dependent manner, with superior efficacy over PLX4720
(P=0.012). It was noteworthy that no significant changes in body
weights of all treatment groups were observed.

In summary, we developed a novel class of B-Raf'5°°F inhibitor
with biaryl structure featured pyrazolo[3,4-c]isoquinoline core via
two consecutive scaffold hopping from the literature lead PLX4720.
One of the optimized analogs EBI-907 (13g) demonstrated both
excellent potency in vitro and superior efficacy in vivo. Further
development studies of this molecule are in progress and more
detailed results will be disclosed in due course.
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