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ABSTRACT: The identification and lead optimization of a
series of pyrazolo[3,4-d]pyridazinone derivatives are described
as a novel class of potent irreversible BTK inhibitors, resulting
in the discovery of compound 8. Compound 8 exhibited high
potency against BTK kinase and acceptable PK profile.
Furthermore, compound 8 demonstrated significant in vivo
efficacy in a mouse-collagen-induced arthritis (CIA) model.
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Bruton’s tyrosine kinase (BTK) is an important member of
the Tec family of non-receptor tyrosine kinases mostly

expressed in B cells, mast cells, and macrophages and plays a
central role in B-cell survival, activation, proliferation, differ-
entiation, and maturation through multiple signaling pathways
downstream of the B cell receptor (BCR) and Fcγ receptor
(FcR).1−4 Therefore, BTK has been considered as a promising
and attractive target for the treatment of B cell related diseases,
such as hematological malignancies and rheumatoid arthritis
(RA).5,6

In fact, many research groups have been focusing their
efforts on the development of small molecular BTK inhibitors.
On the basis of the binding modes with the BTK catalytic
domains, the reported small molecular BTK inhibitors are
generally divided into irreversible inhibitors and reversible
inhibitors.7−12 The irreversible BTK inhibitors can achieve a
strong binding to the relatively unique Cys481 residue of BTK
enzyme and exhibit a powerful advantage.5 Among them,
ibrutinib is the most successful example and has been approved
by the U.S. FDA as the first-in-class irreversible BTK inhibitor
for the treatment of mantle cell lymphoma (MCL), chronic
lymphocytic leukemia (CLL), and Waldenström’s macro-
globulinemia (WM).13−17 However, the indication develop-
ment of RA was limited due to possible off-target side effects.18

Subsequently, several other irreversible BTK inhibitors,19−23

such as HM71224,19 ONO-4029,20 CC-292,21 and evobruti-
nib,23 have been also advanced into clinical trials for the
treatment of autoimmune diseases (Figure 1).

The BTK inhibitors in Figure 1 contain different pyrimidine
scaffolds with an acrylamide group as Michael acceptor in the
structures, which can form a covalent bond with Cys481.
Inspired by these pioneering works, our medicinal strategy was
to keep the acrylamide moiety as a Michael acceptor
unchanged initially and search for a novel structural motif as
the central core, hoping to generate irreversible BTK inhibitor
with potent activity, improved PK property, and safety. Herein
we describe the discovery of a novel 4-amino-1H-pyrazolo[3,4-
d]pyridazin-7(6H)-one scaffold and our early lead optimiza-
tion efforts in this series, resulting in compound 8 as a highly
potent BTK inhibitor for RA (Figure 2).24
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Figure 1. Representative chemical structures of irreversible BTK
inhibitors.

Letter

pubs.acs.org/acsmedchemlettCite This: ACS Med. Chem. Lett. 2020, 11, 1863−1868

© 2019 American Chemical Society 1863 DOI: 10.1021/acsmedchemlett.9b00395
ACS Med. Chem. Lett. 2020, 11, 1863−1868

pubs.acs.org/acsmedchemlett
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acsmedchemlett.9b00395
http://dx.doi.org/10.1021/acsmedchemlett.9b00395


Our primary optimization is focused on probing different
scaffolds that replace a pyrazolo[3,4-d]pyrimidine in the
ibrutinib structure (Figure 3). Compound 1 was initially

synthesized by cleaving the pyrazolo ring of ibrutinib and
evaluated in vitro activity against the BTK enzyme.
Unfortunately, compound 1 displayed weak activity against
BTK with IC50 values of 921 nM. Cyclization of compound 1
led to different products 2−4, which also exhibited poor
inhibition of the enzyme (>10 μM, 1675 nM, and >10 μM,
respectively). In addition, the introduction of a phenyl group
into the pyrazolo[3,4-d]pyrimidine showed similarly poor
potency to inhibit the BTK kinase, possessing an IC50 value of
1244 nM (5). Changing the pyrimidinamine of compound 5
into isoxazol-3-amine resulted in a 3.7-fold decrease in activity
(6, IC50 = 4664 nM). The replacement of pyrazolo[3,4-
d]pyrimidine of ibrutinib with pyrazolo[3,4-d]oxazinone also
afforded weaker potency against BTK (7). To our delight,
further replacing the “O” of the pyrazolo[3,4-d]oxazinone ring
with a “NH” led to pyrazolo[3,4-d]pyridazinone derivative 8,
showing a significantly increased enzymatic activity with IC50
of 2.1 nM.
Docking study of compound 8 with BTK was carried out via

covalent docking protocol of Glide.25 As illustrated in Figure 4,
compound 8 could covalently bind to Cys481 and formed an
HB network with hinge key residues Met477, Glu475, and
gatekeeper Thr474 (Figure 4a). The binding mode of
compound 8 could overlay well with that of ibrutinib
(cocrystallized with BTK, PDB code 5P9J) (Figure 4b). The
piperidine and diphenyl ether groups of compound 8 formed
the same orientation with that of ibrutinib, and the terminal
phenyl group inserted into a hydrophobic pocket to form π−π

stacking with Phe540. Although compound 8 can potentially
bind well to the BTK model, the calculated strain energy of its
binding mode is high. Therefore, originally it was not
recommended with high priority for the synthesis. However,
the high potency of compound 8 reflected that it was
sometimes tricky to evaluate compounds by using ligand
strain energy.
Interestingly, the originally predicted binding modes

indicated that compounds 5 and 6 could covalently bind
well on 3PIY,26 while both compounds showed poor potency.
The biological data are not consistent with the computational
modeling results. The reason was not clear until the cocrystal
structure of ibrutinib (5P9J) was released in 2017.27

Compounds 5 and 6 could not bind well on 5P9J, which has
a typical DFG-in conformation, while 3PIY has an atypical
DFG conformation. In 5P9J, the Asp539 formed a salt bridge
with Lys430, which narrowed down the binding pocket.
Therefore, the tricycles core of both compounds could not be
accommodated in the binding pocket. The docking template
with atypical DFG conformation seemed not appropriate for
the prediction in this case. Different from compounds 5 and 6,
the core structure of compound 8 is bicyclic and comparably
small. Compound 8 could bind well on both typical DFG-in
5P9J and atypical DFG-in 3PIY with high docking score
(−11.66 and −10.40 kcal/mol). In atypical DFG-in 3PIY,
Phe540 is out of typical DFG position. The terminal phenyl
group of compound 8 inserted into the hydrophobic pocket
but could not form π−π stacking with Phe540, which led to
the decreased docking score (−10.40 vs −11.66 kcal/mol).
Encouraged by this result, we commenced with investigation

on N-substituent groups in pyridazinone ring (R1) and
acrylamide moiety containing different alkyl rings (R2) to

Figure 2. Structure of compound 8.

Figure 3. Study of novel core and BTK IC50. BTK IC50 values are
shown as single determinations. BTK IC50 of ibrutinib is 2.0 nM.

Figure 4. Predicted binding mode of compound 8 (a) and overlaid
compound 8 with ibrutinib (b) on BTK (PDB code 5P9J).
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obtain more potent irreversible BTK inhibitors. The biological
and pharmacokinetics data for compounds 8−19 are
summarized in Table 1. Replacing the proton of the

pyridazinone ring with a methyl led to a decrease of potency
for compound 9 (2.1 vs 160 nM). Introduction of larger
substituent groups, such as −Et (10) and −CH2CF3 (11), led
to complete loss of activity. This indicated that an extra
hydrogen bond interaction of NH in the pyridazinone ring
with the carbonyl group of Met477 played a critical role for
maintaining BTK inhibitory activity. We next turned to

optimize the Michael acceptor moiety of the molecule. First,
the ring size of the cyclic amino group was investigated. When
piperidine in compound 8 was replaced by pyrrolidine, the
resulting compound 12 was also very active (IC50 = 1.4 nM).
However, this change reduced oral Cmax (252 vs 137 nM) and
exposure (128 vs 68 ng·h/mL). Changing the size of ring into
four-membered (13) or seven-membered (14) ring resulted in
3- to 5-fold decrease in activity (IC50 = 9.8 nM and 6.7 nM).
With regard to compound 15, containing an aza-spiroheptane
framework as acrylamide moiety, it exhibited a decreased BTK
enzymatic potency, with an IC50 value of 46 nM. In addition,
the enzymatic activity of compound 16 bearing acrylamide
moiety at the para-position in cyclohexane group was similar to
that of compound 8 (1.6 vs 2.1 nM). Compound 16 had better
Cmax and AUC, suggesting better PK profile than compound 8;
however, a poor solubility affected its druggability, and
compound 16 demonstrated a higher human plasma protein
binding rate (see Supporting Information p S41). By
movement of the para-position acrylamide group of compound
16 to the meta-position, the resulting compound 17 showed
6.3-fold reduced BTK activity. The combination of a short
carbon linker and N-methylacrylamide (18) appeared to be
beneficial in inhibiting the BTK (IC50 = 1.2 nM) enzyme,
albeit with a lower Cmax (123 vs 252 nM) and oral AUC
exposure (49.5 vs 128 ng·h/mL). An attempt to introduce
dimethyl aminomethyl group at the alkene terminus of
compound 18 led to decreased potency, with an IC50 value
of 35 nM (19).
On the basis of the structure of compound 8, we conducted

further SAR studies on the Michael acceptor moiety of this
compound. As shown in Table 2, we examined the effect of
α,β-unsaturated amide groups on potency. Replacing the
acrylamide with vinyl sulfonamide resulted in compound 20,

Table 1. Structure−Activity Relationship with R1 and R2

Groups

aIC50 values are shown as single determinations. bOral Cmax
(maximum concentration) after 2 mg/kg oral dosing in male Balb/
C mice. cOral AUC (area under the curve) after 2 mg/kg oral dosing
in male Balb/C mice.

Table 2. Structure−Activity Relationship with R3 Group

aIC50 values are shown as single determinations.
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which displayed a 2-fold decrease in activity against BTK (IC50
= 4.2 nM). When a dimethyl aminomethyl group was
introduced at the terminal alkene of acrylamide of compound
8, the potency of the resulting compound 21 was similar to
that of compound 8 (IC50 = 2.6 nM). However, a larger
morpholine group attached to the same position (22) showed
a decreased activity relative to compound 21 (13 vs 2.6 nM).
In addition, other analogues containing cyano cyclopropyla-
crylamide (23) or 2-butynamide (24) showed IC50 values of
22 nM and 12 nM, respectively.
After this preliminary optimization of enzymatic activities,

we next examined in vitro and in vivo pharmacokinetic (PK)
profiles of compound 8. For comparison, the approved drug
ibrutinib was also evaluated as reference. As presented in Table
3, compound 8 and ibrutinib exhibited equivalent potency

against BTK kinase (2.1 nM vs 2.0 nM). They also showed
>95% plasma protein binding across three species of human,
rat, and mouse. No major drug−drug interaction liability was
detected since inhibition against all 5 CYP enzyme was IC50 of
>10 μM except for ibrutinib’s IC50 of 9.7 μM against 2C9.
Similar hERG liability was observed in compound 8 and
ibrutinib (5.6 vs 7.7 μM).
Pharmacokinetic parameters of compound 8 and ibrutinib in

the rat and mice are summarized in Table 4. After an
intravenous injection, similar pharmacokinetic properties with

half-life (rat, 0.32 vs 0.32 h; mice, 0.42 vs 0.34 h), clearance
(rat, 54.6 vs 53.2 (mL/min0/kg; mice, 31.3 vs 27.4 (mL/
min)/kg), volume of distribution (rat, 1.55 vs 1.44 L/kg; mice,
0.82 vs 0.55 L/kg), and AUC exposure (rat, 604 vs 643 ng.h/
mL; mice, 576 vs 628 ng.h/mL) were observed in two species.
After oral administration, compound 8 exhibited higher Cmax
(rat, 466 vs 150 ng/mL; mice, 252 vs 55.3 ng/mL) and plasma
exposure (rat, 642 vs 318 ng.h/mL; mice, 128 vs 21.4 ng.h/
mL) with a favorable oral bioavailability (rat, 23.7% vs 10.3%;
mice, 11.2% vs 1.8%) compared to ibrutinib.
On the basis of its enzymatic potency and pharmacokinetic

profile, compound 8 was taken forward for in vivo efficacy
study in a mouse collagen-induced arthritis (CIA) model.28 In
this study, compound 8 (3 mg/kg or 10 mg/kg) or ibrutinib
(10 mg/kg) was dosed by oral gavage, q.d., from day 28 (10
mice per group). As shown in Figure 5, the treatment with

compound 8 or ibrutinib for 14 days inhibited the significant
progression of the disease compared to the vehicle control, and
compound 8 exhibited a clear dose-dependent reduction per
paw clinical scores. Notably, the 3 mg/kg regimen of
compound 8 provided equivalent efficacy to ibrutinib at 10
mg/kg, and the best in vivo efficacy was observed when dosed
10 mg/kg of compound 8 (Figure 5). Furthermore, compound
8 was also well tolerated, and no significant body weight loss
was observed for all different dosages.
Compound 8, which is exemplified in the present article, was

prepared starting from the commercially available materials, as
outlined in Scheme 1. Compound 25 as the starting material
was treated by a series of reactions, including substitution,
elimination, and cyclization, to provide the key intermediate
28. The treatment of compound 28 with NIS in the presence
of CAN gave the corresponding product 29. Compound 29
was reacted with CuCN in the presence of Pd2(dba)3 and
Pd(dppf)2Cl2 in DMF at 100 °C to afford the desired product
30. The treatment of compound 30 with (S)-N-Boc-piperidin-
3-ol under Mitsunobu reaction conditions generated the
product 31, followed by cyclization in refluxing hydrazine
hydrate leading to compound 32. Boc deprotection of

Table 3. In Vitro Profiling Data for Compound 8 and
Ibrutinib

parameter 8 ibrutinib

enzyme IC50 (nM) 2.1 2.0
PPB % bound (h, r, m) 97.5, 99.7, 95.3 96.9, 97.8, 96.2
CYP inhibition (μM)

1A2 >100 >100
2C9 39.6 9.69
2C19 43.9 33.5
2D6 >100 >100
3A4 37.3 40.8

hERG IC50 (μM) 5.6 7.7

Table 4. Pharmacokinetic Parameters of Compound 8 and
Ibrutinib

8 ibrutinib

for rat iv po iv po

dose (mg/kg) 2 10 2 10
T1/2 (h) 0.32 0.32
Cl ((mL/min)/kg) 54.6 53.2
Vdss (L/kg) 1.55 1.44
Cmax (ng/mL) 466 150
AUC0−last (ng·h/mL) 604 642 643 318
F (%) 23.7 10.3

8 ibrutinib

for mice iv po iv po

dose (mg/kg) 1 2 1 2
T1/2 (h) 0.42 0.34
Cl ((mL/min)/kg) 31.3 27.4
Vdss (L/kg) 0.82 0.55
Cmax (ng/mL) 252 55.3
AUC0−last (ng·h/mL) 576 128 628 21.4
F (%) 11.2 1.8

Figure 5. In vivo efficacy of compound 8 and ibrutinib in a mouse
collagen-induced arthritis (CIA) model.
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compound 32 with hydrochloric acid in EtOAc afforded
compound 33. Finally, the product 8 was obtained by the
condensation reaction of compound 33 with acrylic acid. This
synthetic sequence can be applied to the synthesis of
compounds 9−24 by varying the corresponding materials
under similar reaction conditions (for details for the synthesis
of compounds 1−7 and 9−24, see Supporting Information).
In summary, we designed and synthesized a new series of

pyrazolo[3,4-d]pyridazinone derivatives as potent and orally
active irreversible BTK inhibitors. Through the exploration of
different N-substituent groups in pyridazinone ring and
Michael acceptor moieties in pyrazolo[3,4-d]pyridazinone,
we successfully developed the SAR profile around this series,
resulting in the discovery of compound 8, which has shown
high potency against BTK enzyme and acceptable oral PK.
Furthermore, compound 8 demonstrated prominent inhibition
of arthritis in a mouse collagen-induced arthritis (CIA) model.
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