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ABSTRACT: Inhibition of the bromodomains of the BET family,
of which BRD4 is a member, has been shown to decrease myc and
interleukin (IL) 6 in vivo, markers that are of therapeutic relevance
to cancer and inflammatory disease, respectively. Herein we report
substituted benzo[b]isoxazolo[4,5-d]azepines and benzotriazolo-
[4,3-d][1,4]diazepines as fragment-derived novel inhibitors of the
bromodomain of BRD4. Compounds from these series were potent
and selective in cells, and subsequent optimization of microsomal BRD4BD-1ICs: 0.015 1M
stability yielded representatives that demonstrated dose- and time-

dependent reduction of plasma IL-6 in mice.
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he bromodomain and extra terminal (BET) family is
made up of BRD2, BRD3, BRD4, and BRDT, each of
which contains tandem bromodomains (BD-1 and BD-2) that
recognize specific acetylated lysine residues in the N-terminal
tails of histones." Members of the BET family modulate gene
expression by recruiting transcriptional regulators to specific
genomic locations.” In 2009, the Mitsubishi Tanabe Pharma
Corporation reported the first small molecule inhibitors of this
family of chromatin adaptors,® and publications followed on the
use of BET inhibitors to demonstrate antitumor activity* and
modulate inflammation.® Experiments applying genetic ablation
or specific inhibitor treatment have established the role of BET
family members in regulating genes crucial for normal cell
grow’ch.é_8
Subsequent studies”'® have defined a mechanistic link
between potency of BET inhibition and activity against
hematologic malignancies and demonstrated that BET
inhibition regulates the MYC oncogene, resulting in cell cycle
arrest and apoptosis. In vivo BET bromodomain inhibition leads
to efficacy in xenograft models representing multiple cancer
types, and BET bromodomains are also implicated in
nononcology indications, i.e., human immunodeficiency virus
and human t-lymphotrophic viral gene expression, DNA
damage response, and cardiac hypertrophy. Importantly, BET
inhibitors have been shown to selectively regulate a subset of
multiple inflammatory cytokines, including interleukins 6, 15,
17, 21, and 23, and granulocyte macrophage colony-stimulating
factor'"'* and have demonstrated efficacy in several in vivo
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models of inflammation, including endotoxic shock, exper-
imental autoimmune encephalomyelitis, and arthritis.>""
Because of the potential therapeutic application of BET
inhibition, we initiated a drug discovery program and recently
reported on a fragment-based effort that resulted in a series of
isoxazolo[5,4-c]thieno[2,3-¢]azepine BET inhibitors exempli-
fied by CPI-3 (Scheme 1)."* Concurrent with that effort we
were interested in exploring a different connectivity within the
seven-membered ring that would provide a unique basis for
modulation of the physicochemical properties and BET
potency of the resultant compounds. Specifically, we
hypothesized that changing the cyclic imine to a substituted
aniline would retain the concave shape important for specific
binding to the bromodomain while providing a different
metabolic profile for the series. We were also interested in
evaluating a modified linker in combination with the reported
triazole binding element®® and in finding a replacement for the
thiophene group of CPI-3 because of its potential metabolic
instability. Here we describe the resulting benzo[b]isoxazolo-
[4,5-d]azepine and benzotriazolo[4,3-d][1,4]diazepine series,
which were potent inhibitors of BET bromodomains in
biochemical and cellular assays and which allowed for
optimization of metabolic stability and demonstration of a
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Scheme 1. Overview of the Origin and Development of Different Azepine-Derived BET Inhibitors

\\"N,‘N

-optimize potency,

-explore alternate ,N‘o
azepine connectivity =~ N ADME
s . —
> o) i
N N
H H
1 2 3
cl CPI-3 ¢
BRD4 BD-1 Alphascreen ICsq: 0.026 uM 30 uM 62 uM 0.015 pM
ACS Med. Chem. Lett. 2013, 4, 835. LE =0.30 LE =0.28 LE =0.26
LLE=2.4 LLE =3.2 LLE =3.1
cLogP: 1.9 cLogP: 0.96
Table 1. BRD4 BD-1 Structure—Activity Relationships of Benzo[b]isoxazolo[4,5-d]azepines
BRD4 BD-1 IL-6 LM Clint PPBf
R1
compound ASICso ECso clogP* (m/r/d/h)® (m/r/d/h)¢
(uM)* (uM)* (uL/min/mg) (%)
NC
R! R?
(+)-JQ-18 0.024
I-BET1518 0.018
4 H H 0.55+0.21 4.6 £04S 43 22/24/18/17 >99/>99/>99/>99
N
S | : H 0.064 +0.012 0.38 £0.039 4.1 101/195/165/86 >99/99/>99/>99
H,N
6 P Me 0.036£0.009  0078+0.004 47  44/210/240/62  99/98/>99/>99
H,N
N\//]
7 HaN, ,N Me 0.031 +0.005 0.067 £ 0.023 3.5 44/62/22/33 96/97/99/99
o
SN
8 P Me 0.032 £0.010 0.094 £ 0.018 4.3 64/71/65/52 99/97/98/98
o
7~
9 N\:] CH,CONH, 0.31 +£0.086 0.81+0.027 2.6 37/22/69/27 96/94/98/99
/

“Binding was measured using an AlphaLISA assay with the isolated bromodomain. See Supporting Information for more details. N > 3. “IL-6 ECy, =
measurement of the suppression of IL-6 release from THP-1 cells following stimulation with lipopolysaccharide. N = 2. “clogP calculated using
ChemDraw 14. “LM Cl;,. = intrinsic clearance of compound when incubated with liver microsomes. *(m/r/d/h) = mouse/rat/ dog/human. JPPB =
plasma protein binding. Potencies reported in refs 4 and S, respectively.

pharmacodynamic effect in a mouse model of IL-6 suppression
(Scheme 1).

Our investigations began with the preparation of benzo[b]-
isoxazolo[4,5-d]azepine fragment 1 (Scheme 1), which
exhibited a BRD4 BD-1 binding affinity in an AlphalISA
(AS) assay comparable to that of the 3-methyl-4-phenyl-
isoxazol-S-amine fragment from which CPI-3 was derived (ICs,
33 uM)"? and which provided several vectors to use to improve
potency. Of them, N-arylation to form the 4-cyano compound
4 (Table 1) markedly improved biochemical potency and
activity in a cellular readout of IL-6 suppression, a BET-related
phenotype relevant to modulation of the immune response in
vivo (see Supporting Information for details). Throughout our
studies, BRD4 BD-1 was used as a surrogate for the entire BET

family; tests of individual compounds against the bromodo-
mains of BRD2, BRD3, and BRDT supported this assumption
(vide infra). A variety of substitutions around the ring were
explored; 4-CN-Ph was consistently the most potent
substitution and is the only one shown here, for simplicity.
Potency could be further improved with the addition of a
heterocycle at the 8 position, as in compound 5 (Table 1, see
numbering). Introduction of a methyl group on the azepine
(Table 1, 6) maintained biochemical activity but improved
translation of that potency into a cellular context, perhaps by
affording greater conformational preorganization of the
compound, which has been shown to improve cell perme-
ability.'*'> A variety of substituted heterocycles were tolerated
at the 8 position, as exemplified by compounds 7 and 8, but any
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Table 2. BRD4 BD-1 Structure—Activity Relationships of Benzo[1,2,4][4,3-d]triazolo[1,4]diazepines

2N
G &
1\Nr N
@ }Rz BRD4 BD-1
R! ) N 4
compound & AS1Cso
(uM)*
cl
R! R?
10 H H 1.56 £ 0.48
11 N H 0.044 £ 0.019
/
NRY”
12 /lg Me 0.026 + 0.003
H,N
13 H Me 0.35+£0.16
14 H CH,CONHEt 2.1£0.29
NRY”
3 /lg R-Me 0.015 £0.004
H,N
N
15 )l:,:[ S-Me 0.79+024
H,N
YN.
: N4 N
16 N 1.2 +0.44

&

(o]

LM Clin PPBf
IL-6 ECso
(B0 clogP* (m/r/d/h)e (m/r/d/h)°
: (ML/min/mg) (%)
23+1.1 4.2 500/126/390/154 93/95/95/95
0.13 +0.036 4.2 77/154/91/14 97/95/96/96
0.016 + 0.002 4.8 -/34/94/6.4 98/97/97/98
0.29 + 0.042 4.7 110/25/83/24 96/96/95/97
1.8+ 0.64 29 52/74/33/44 92/87/91/91
0.013 £ 0.004 4.8 16/26/19/5.1 98/96/96/98
0.79£0.19 4.8 - -
3.18 4.7 -/65/-/25 -/97/-/98

“Binding was measured using an AlphaLISA assay with the isolated bromodomain. See Supporting Information for more details. N > 3. bIL-6 ECy, =
measurement of the suppression of IL-6 release from THP-1 cells following stimulation with lipopolysaccharide. N = 2. “clogP calculated using
ChemDraw 14. “LM Cl,,. = intrinsic clearance of compound when incubated with liver microsomes. *(m/r/d/h) = mouse/rat/ dog/human. JPPB =

plasma protein binding. #N = 1.

groups attached to the azepine ring other than methyl were
deleterious to activity (e.g., compound 9 in Table 1; see Table
S7 for further examples). The limitation to methyl at the 4
position is in contrast to what we observed with the
isoxazolo[$,4-c]thieno[2,3-¢]azepine scaffold (cf. CPI-3)"
and with what others have observed with related scaffolds.**
Substitutions at other positions of the benzo ring or at the 1
position of the isoxazole diminished potency (data not shown).

In the course of optimizing potency, we determined the in
vitro metabolic stability of several compounds. As shown in
Table 1, clearance in liver microsomes was generally high for
the series across species, which we surmised may have been due
to the high clogP values intrinsic to the class."* Replacement of
the isoxazole with a triazole binding element presented an
opportunity to lower the clogP of the series; simple estimates of
lipophilicity'® suggested that the more polar heterocycle would
consistently lower clogP by one unit relative to the
corresponding isoxazoles while maintaining the overall shape
and binding mode of the initial series, allowing us to capitalize
on similar structure—activity relationships (SARs).

To explore whether the triazole could be combined with the
aniline azepine linker, we prepared the triazole fragment 2
(Scheme 1) and found that it, too, bound BRD4 with potency
comparable to 1. Even with the change in heterocycle, much of
the SAR from the benzo[b]isoxazolo[4,5-d]azepine series could
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be recapitulated; N-arylation improved potency (Table 2, 10),
as did incorporation of certain heterocycles at the 8 position
(Table 2, 11). In contrast with the benzo[b]isoxazolo[4,5-
d]azepine series, 4-Cl-Ph was consistently the most potent N-
aryl substituent for the benzotriazolo[4,3-d][1,4]diazepines,
although, again, a variety of substitution patterns were
tolerated. As before, subsequent methylation at the 4 position
of the azepine ring (Table 2, 12) provided compounds highly
active in both the biochemical and cellular assays. Also, azepine
substitutions other than methyl resulted in a roughly 10-fold
loss in potency, as exemplified by 14 (Table 2; further examples
in Table S7). Separation of the individual enantiomers of
elaborated compounds established that most of the binding
activity resided within one enantiomer; compound 3 (98% ee)
was greater than 50-fold more potent than 15 (>99% ee, Table
2). Gratifyingly, in vitro liver microsome intrinsic clearance in
this series was generally lower than that in the corresponding
isoxazoles (e.g, LM Cl, of 6 vs 12 across species), even
though incorporation of the chlorophenyl, which was optimal
for potency, returned the clogP of most compounds to the
same range as that of the isoxazole series. Finally, to determine
the impact of alternate methyl substitution on the azepine ring,
compound 16 was prepared. It demonstrated little change in
potency relative to unsubstituted 10 even though both 4- and
S-methyl substituents would be expected to preorganize the
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azepine, suggesting that the position of the methyl azepine
substituent was important beyond just its effect on the
conformation of the azepine ring.

A co-crystal structure of 3 obtained in BRD4 BD-1
established the binding mode of these series (Figure 1la).

(b) °

Figure 1. (A) A 1.4 A cocrystal structure of 3 (green) bound to BRD4
BD-1. PDB code: 421Q. Key H-bonding interactions are indicated.
(B) An overlay of a co-crystal structure of 13 (green) with one of CPI-
3 (gray) shows the similarity in binding modes between the two series
(RMSD = 0.43 for common heavy atoms). PDB code: 4X2I.

Notably, it complemented the binding site similar to our
reported isoxazolo[S,4-c]thieno[2,3-¢]azepines, as exemplified
by an overlay of the crystal structures of 3 (chosen for
simplicity) and CPI-3; RMSD between the common heavy
atoms of the two series was only 0.43 (Figure 1b). As intended,
3 adopted a cupped shape, filling the space between Asnl40
and the WPF shelf (residues 81—83) and making lipophilic
contacts around gatekeeper residue Ile146. The lone pair of the
triazole nitrogen in the 3 position served as an H-bond acceptor
in the crucial interaction with Asn140 (highly conserved among
bromodomains), positioning the triazole methyl group in the
same location as the N-acetyl of the natural acetylated lysine
substrate and orienting the nitrogen in position 2 to engage in a
through-water hydrogen bond with Tyr97. The 4-methyl
azepine substituent provided a second, noncanonical H-bond
donating interaction'”'® with the Asn and enforced the
curvature of the azepine. The co-crystal structure allowed for
the unambiguous assignment of the stereochemistry at that
position (as did the co-crystal structure of the opposite
enantiomer, 15, Figure S2). Interestingly, the proximity
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observed between the aminopyridine of 3 and Trp81 suggested
that the increased potency of compounds substituted at that
position may have been due to a productive edge to face
interaction.

To further explore that idea, we examined a number of
resolved compounds with a greater variety of substituents at
position 8. As shown in Table 3, heteroaromatic substituents

Table 3. BRD4 BD-1 Structure—Activity Relationship of 8-
Substituted Benzotriazolo[4,3-d][1,4]diazepines

Y /‘N
> BRD4
/@( .
R7g N BD-1
ECso
cmpd AS ICso
(um)P
c (uM)?
R
17 NRY 0.046 = 0.10+
- 0.045 0.076
- \Ej 0.025 + 0.036 £
NG 0.002° 0.017
e + +
1 N 0.074 + 0.041 +
\=N 0.023 0.010
HNQ - 0.065 + 0.096 +
20
\'01 0.026 0.028
. 0.45 +
21 NN 0.28 £0.075 0‘:)528
\=N :
Nar” 0.67 £
S +
o & 1.2+0.49 020

“Binding was measured using an AlphalISA assay with the isolated
bromodomain; see Supporting Information for more details. N > 3.
bIL-6 ECy, = measurement of the suppression of IL-6 release from
THP-1 cells following stimulation with lipopolysaccharide. N > 2. °N
=2.

such as pyridine (17), pyrolidinone (18), and N-linked triazole
(19) yielded compounds with potent binding and cellular
activity. A primary carboxamide (20) also improved cellular
potency roughly 3-fold relative to unsubstituted 13 (Table 2).
Interestingly, compounds unable to align a 7 system with the
edge of Trp81, such as 21 and 22, lost potency relative to 13,
consistent with the model of an edge to face interaction driving
the binding affinity at the 8 position.

On the basis of its favorable combination of cellular activity
and ADME properties, compound 3 was chosen for in vivo
pharmacokinetic profiling in rat. As shown in Table 4, 3
demonstrated IV clearance ten percent below liver blood flow, a
reasonable half-life, and appreciable oral bioavailability.
Importantly, this profile suggested that exposure of 3 would
be sufficient to modulate IL-6 in an in vivo model.

Before proceeding with experiments to gauge the BET
activity of 3 in vivo, we determined its binding affinity to the
bromodomains of other members of the BET family. As
mentioned above, BRD4 BD-1 proved representative of activity
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Table 4. Pharmacokinetic and Selected in Vitro Parameters
for 3 in Rat

parameter compd 3

cell potency IL-6 ECy, (uM) 0.013
binding efficiency LEAN/LLE® 0.26/3.1
In vitro LM,,, Cl,,,> (4L/min/mg) 26

PPB,, (%) 96
V¥ (1 mg/kg) Cl (L/h/kg) 3.8 (90% LBF®)

Clunbouna (L/h/kg) 95

V,, (L/kg) 22

t,, (h) 0.67
PO’ (10 mg/kg) Cpoe (M) 0.29

t,, () 1.8

AUC,, (uM-h) 14

F (%) 23

“LEAN = plCs,/#heavy atoms; LLE = pICy, — clogP. bIM,, Cl,, =
intrinsic clearance of compound when incubated with rat liver
microsomes. “PPB,,, = rat plasma protein binding. 9V formulation:
1 mL of 1 mg/mL solution of 3 in 5:25:70 DMA/PEG400/20%
SBECD. N = 3 rats. °LBF = liver blood flow.”PO formulation: 10 mL
of 1 mg/mL suspension of 3 in 0.5% methylcellulose. N = 3 rats.

against other BET proteins; ICss ranged from 0.003 to 0.017
UM (see Supporting Information for individual values). Because
bromodomains are highly homologous across the class,”® we
also assessed the activity of 3 against eight other non-BET
bromodomains, as estimated by AlphalISA or time-resolved
fluorescence resonance energy transfer. With the exception of
CREB binding protein (CBP) (AS ICy = 2.2 uM), 3
demonstrated an ICy, greater than 15 yM on all of the
bromodomains tested (see Supporting Information), suggesting
that its activity in vivo would be limited to the BET family at the
relevant concentrations.

Having established its BET activity, specificity, and potential
for meaningful in vivo exposure, 3 was dosed PO in mouse at 15
mg/kg at various time points prior to LPS stimulation. Plasma
IL-6 levels were measured 2 h later. As shown in Figure 2, IL-6
release was suppressed to baseline levels at higher plasma
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Figure 2. Suppression of IL-6 release in mouse correlates with plasma
exposure of 3 following 15 mg/kg dosing PO. Free concentration of 3
calculated based on 98% PPB, .. Dashed line indicates cellular IL-6
ECq.
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concentrations of 3 and returned toward vehicle levels over the
time course of dosing, in conjunction with decreasing plasma
concentrations of 3. Substantial suppression of the IL-6
response in that experiment was observed only when the
predicted free plasma concentration of compound was above
the cellular ECy,,”° consistent with the free drug hypothesis.”!
These results support the model of BET inhibition mediating a
reduction in inflammatory response IL-6 levels and further
recommend BET as a target for drug discovery.

In summary, we report the discovery of benzo[b]isoxazolo-
[4,5-d]azepines and benzotriazolo[4,3-d][1,4]diazepines as two
new series of BET inhibitors that combine design elements
from our previously reported isoxazolo[S,4-c]thieno[2,3-¢]-
azepines with a unique azepine connection pattern. Both series
afforded biochemically and cellularly potent compounds, some
of which could be optimized for metabolic stability and applied
in vivo to demonstrate dose-dependent modulation of IL-6
suppression via BET engagement. Further applications of these
series will be reported in due course.
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Further references describing the biological and pharmaco-
logical validation of BET as a drug discovery target; assay
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