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Figure 1. B-Raf inhibitors. Hinge binder highlighted as blue, PDB code shown in
parentheses.
The RAS-RAF-MEK-ERK signal transduction pathway plays an
important role in cell survival, growth, and proliferation.1 Mutant
B-Raf induces a constitutive activation of this pathway and is cru-
cial for the development of certain types of tumors.2 Therefore,
inhibition of B-Raf offers a viable means for treating cancers.3 In
previous reports, we disclosed the development of a series of
highly potent B-Raf inhibitors featuring a pyrazolopyrimidine core
and a pyridyl hinge binder.4,5 To further expand the chemical space
of B-Raf inhibitors, we underwent a campaign to design novel scaf-
folds utilizing available structure information.

At the time we started our study both the X-ray structures of
type I and II kinase inhibitors with B-Raf had been published6

(Fig. 1). SB-5908857,8 is a tri-substituted imidazole binding to the
active conformation of B-Raf, while sorafenib2,9 is a di-substituted
urea interacting with the DFG-out inactive conformation of B-Raf.
Both structures employ a nitrogen containing heterocycle as the
hinge binder forming a hydrogen bond with hinge residue C532
which is also true for most of other B-Raf inhibitors.10 We envi-
sioned a different functional group as the hinge binder. As shown
in a recent review,11 amide groups are frequently seen in kinase
inhibitors and it could form two hydrogen bonds with the hinge
ll rights reserved.
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residue.12 Our design started with the imidazole B-Raf inhibitors8

where the pyridyl ring was replaced with an amide group and that
was positioned toward C532 residue by the construction of a fused
six-membered ring (Fig. 2). Dess–Martin oxidation of alcohol 4
provide aldehyde 5, which underwent a Fischer indolization with
4-hydrazinylbenzoic acid followed by amidation and then demeth-
ylation to afford 3 (Scheme 1). The IC50 of compound 3 against
B-Raf13 was greater than 10 lM, although the modeling study sug-
gested a favorable pose in the ATP binding pocket with the car-
bonyl group interacting with C532 of the active conformation
model14 (Fig. 3). We reasoned that there might be an energy pen-
alty to fix the conformation of the amide group. A literature search
revealed that imide groups can interact with the hinge residues
when placed in appropriate positions.15 Therefore, compound 11
with a tied imide group was proposed. The iodination of commer-
cially available 5-aminoisoindoline-1,3-dione (8) followed by a
intra-molecular Heck reaction gave tricycle compound 10.
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Scheme 1. Reagents and conditions: (a) Dess–Martin periodinane, CH2Cl2, rt; (b) 4-
hydrazinylbenzoic acid, HOAc, 130 �C, 45% two steps; (c). CDI, then NH4OH, 50%;
(d). BBr3, CH2Cl2, rt, 50%.

Figure 3. Model of compound 3a with B-Raf.
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Scheme 2. Reagents and conditions: (a) 2 equiv NIS, DMF, 45 �C, 50%; (b) 5, Pd,
DABCO, 30%; (c) BBr3, CH2Cl2, rt, 50%.
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Scheme 3. Reagents and conditions: (a) TIPSCl, Et3N, rt, 74%; (b) ArNH2, cat. XPhos,
cat. Pd2(dba)3, K3PO4, toluene, reflux, 50–60%; (c) TBAF, rt; (d) BBr3, CH2Cl2, rt, 40–60%
two steps; (e) Ar0NH2, cat. t-BuXPhos, cat. Pd2(dba)3, K3PO4, toluene, reflux, 37%.
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Figure 2. The design of B-Raf inhibitors.
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Deprotection with boron tribromide afforded the desired product
11 (Scheme 2). To our delight, compound 11 was active against
B-Raf with an IC50 of 3.47 lM.

To further optimize this series, we wondered if the flat tricyclic
core could be replaced with a more flexible system. To explore
other favorable interactions and improve physical properties,16

two bicyclic compounds 15 and 17 were designed and synthesized.
The preparation of compound 15 started with 5,6-dichloroisoindo-
line-1,3-dione (12). The silyl protection of 12 followed by a
Buchwald coupling reaction17 with two equivalents of 3-methoxy-
aniline afforded intermediate 14. Subsequential deprotection with
tetra-n-butylammonium fluoride and boron tribromide gave com-
pound 15. Compound 17 was synthesized in a similar route via
selective stepwise Buchwald coupling reactions (Scheme 3). Both
isoindoline-1,3-diones 15 and 2,3-dihydrophthalazine-1,4-dione
17 were more potent than tricyclic analog 11 supporting the
hypothesis that a bicyclic scaffold affords a more potent B-Raf
inhibitor. This data warranted optimization of the bicyclic scaffold.
The model of 15 with B-Raf (Fig. 4) suggested there are favorable
hydrogen bond interactions between the imide group and the
hinge region. The isoindoline-1,3-dione core sits in a hydrophobic
pocket surrounded by A481, V471, L514, and F583. One phenol
group interacts with K483 and E501 while the other phenol group
forms two hydrogen bonds with D594 and N581; this may explain
fivefold increases in potency compared to analog 17.

Our efforts for the further exploration of novel hinge binders led
to the discovery 2,3-dihydrophthalazine-1,4-dione 18 and 19,
which were prepared by the reaction of compound 15 and 17 with
hydrazine (Scheme 4). Interestingly, both compounds showed
comparable activity to the isoindoline-1,3-dione analogs and a
model of compound 19 with B-Raf suggests a binding mode very
similar to that of 15 (Fig. 5). A substructure search of diacylhydraz-
ide (CONHNHCO) motif against the RCSB protein data bank18 did



Figure 4. Model of compound 15 with B-Raf (active conformation).
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Figure 5. Model compound 19 with B-Raf (compound 15 shown as blue).
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not reveal any kinase X-ray crystal structures containing such a
hinge binder suggesting it is an uncommon binding element.

After we identified potent type I B-Raf inhibitor leads contain-
ing novel scaffolds by using structure-based drug design strategies,
we wondered if we could build a type II inhibitor using the same
chemical scaffolds that might be beneficial for better selectivity
and/or high biochemical efficiency.19,20 It has been known21 that
type I kinase inhibitors can be converted to type II kinase inhibitors
by the attachment of a lipophilic group at an appropriate position
presumably filling the pocket created by the movement of DFG
motif. Compound 20 was constructed by the replacement22 of
the phenol group with a benzamide group (Fig. 6). The amide
group was designed to form two hydrogen bonds with E501 and
D594, while the phenyl group could extend to the allosteric pocket
in DFG-out conformation (Fig. 7).23 The R2 group was also changed
Figure 7. Model of compound 20d with B-Raf (DFG-out conformation).
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Table 1
Type II B-Raf inhibitors

X
NH

O
NH

O
Cl

O

R4

NN

tBu

ga-f

X = NH R4 B-Raf IC50 (lM) X = HNNH R4 B-Raf IC50 (lM)

20a Cl 0.117 21a Cl 0.035
20b Br 0.035 21b Br 0.019
20c I 0.008 21c I 0.008
20d CF3 0.010 21d CF3 0.017
20e OCF3 0.006 21e OCF3 0.018
20f CN 0.297 21f CN 0.296
20g — 0.349 21g — 0.293



Figure 8. Selectivity of compounds 20d and 21d.

6944 X. Wang et al. / Bioorg. Med. Chem. Lett. 21 (2011) 6941–6944
from a phenyl to a chlorine atom because the modeling study
suggested that a large R2 may have an unfavorable steric interac-
tion with the transposed activation loop.24 Isoindoline-1,3-diones
20a–g were prepared from intermediate 13 by acylation and then
deprotection (Scheme 5). Further reaction with hydrazine provided
2,3-dihydrophthalazine-1,4-diones 21a–g (Scheme 5).

Both the isoindoline-1,3-dione analogs and 2,3-dihydrophthal-
azine-1,4-dione analogs exhibited good activity against B-Raf
(Table 1). The potency increased from meta-chloro, bromo, to iodo
analogs (20a–c/21a–c) indicated large meta lipophilic substituents
on the phenyl ring were preferred to fill the hydrophobic pocket
formed by seven non-polar amino acid residues (Fig. 7). The
meta-trifluoromethylphenyl group has been documented9,25 as a
good hydrophobic group to fill the DFG-out pocket and analogs
(20d, 21d, 20e, and 21e) with such a group or meta-trifluorometh-
oxylphenyl indeed showed low nanomolar IC50s. As we expected,
compounds with a polar substitute (20g, 21g) were less potent.
Interestingly a tert-butyl pyrazole group, which was optimal for a
p38 type II inhibitor,26 did not give better potency.

The selectivity profile of compound 20d and 21d was assessed
against a panel of 22 protein kinases (Fig. 8). Both of the
compounds exhibited excellent selectivity against all of tested
kinases including p38alpha, PKCbeta, and VEGFR2, which were
inhibited by our previous pyrazolopyrimidine series5 and the well
known type II Raf inhibitor sorafenib.9

In summary, both type I and type II B-Raf inhibitor leads with
novel chemical scaffolds and hinge binders have been developed
with the aid of structure-based drug design technology. Com-
pounds with low nanomolecular activity have been identified
and they are suitable for further optimization.
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