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ABSTRACT: Bruton’s tyrosine kinase (BTK) has been shown to play a key role in the
pathogenesis of autoimmunity. Therefore, the inhibition of the kinase activity of BTK with a small
molecule inhibitor could offer a breakthrough in the clinical treatment of many autoimmune
diseases. This Letter describes the discovery of BMS-986143 through systematic structure−
activity relationship (SAR) development. This compound benefits from defined chirality derived
from two rotationally stable atropisomeric axes, providing a potent and selective single
atropisomer with desirable efficacy and tolerability profiles.
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Protein kinases have been linked, directly and indirectly, to
the pathophysiology of a large number of diseases.1

Inhibition of kinase activity has the potential to interfere with
critical signaling cascades, thus making kinases an attractive
target for a wide variety of therapeutic areas.1 One such protein
kinase, Bruton’s Tyrosine Kinase (BTK), is a nonreceptor kinase
expressed in all hematopoietic cells including B cells, mast calls,
and macrophages, but not in T cells or differentiated plasma
cells. BTK, one of the five Tec family kinases, plays a crucial role
in B cell receptor mediated signaling in B cells and Fcγ receptor
(e.g., FcγRlla and FcγRllla) and Fcε receptor mediated signaling
in myeloid cells.2−4 Autoimmune disease development in
humans, including rheumatoid arthritis (RA) and lupus, is
reliant on many of the BTK regulated signaling pathways.5−10

Consequently, the inhibition of the kinase activity of BTK has
emerged as a clinical strategy for the treatment of many
autoimmune diseases, without depleting B cells or inducing B
cell immune deficiency.11 This has led to a significant effort
across the pharmaceutical industry to identify both irreversible
and reversible small molecule inhibitors of BTK as clinical
therapeutic agents to treat autoimmunity.12−26

We previously disclosed a potent, reversible carbazole
inhibitor of BTK (1, BTK IC50 = 3 nM; human whole blood
IC50 = 550 nM measuring the expression of CD69). A notable
characteristic was that 1 existed as a mixture of four

interconverting atropisomers. Although carbazole 1 demon-
strated desirable efficacy in mouse models of RA, undesired side
effects were noted during tolerability studies in multiple species.
More recently, we reported on a strategy to improve the intrinsic
activity, selectivity, and ultimately the tolerability profile through
the identification of a single, stable atropisomer by rotationally
locking two atropisomeric axes into the preferred bioactive
conformation to inhibit BTK.28 Removing the less target
relevant atropisomers could potentially mitigate undesired off-
target interactions that could be contributing to the toxicity
observed with 1. This was accomplished by replacing the
quinazolinone with a quinazolinedione to lock the lower
atropisomeric axis and by adding small substituents at C3 to
rotationally lock the carbazole C4 atropisomeric axis. This effort
resulted in the identification of a single, rotationally stable
atropisomer, carbazole 2, which provided a 6-fold improvement
in human whole blood potency when compared to 1 (IC50 = 90
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vs 550 nM), as well as improved kinase selectivity.28 As
previously disclosed, demethylation of the quinazolinedione
occurred in vivo in both mouse (66%) and rat (80%), resulting
in the formation of metabolite 3.28 Further structure−activity
relationship (SAR) evolution, focused on exploring carbazole

C3 substitution as well as other structural variations, led to the
identification of clinical asset BMS-986142 (4).28,29 In this
letter, we outline a parallel strategy to overcome the stability
issue through the replacement of the quinazolinedione with
pyridopyrimidinedione bicyclic systems 5 and 6 (Figure 1).

Figure 1. Identification of pyridopyrimidinedione inhibitors.

Table 1. In Vitro Potency of Carbazoles 5

in vitro activity mouse PK (10 mg/kg)

compd dione chirality R1 R2 BTK IC50 (nM)a JAK2/BTK selectivity Ramos IC50 (nM)a hWB IC50 (nM)a Cma× (μM) AUC (μM·h)

1 NA NA NA 3.0 ± 0.10 94× 26 ± 15 550 ± 100 8.9 80
5a peak 1 H H 1.7 (n = 1) 1200× 19 ± 21 ND 0.54 2.5
5b peak 2 H H 1.8 (n = 1) 530× 8.5 ± 3.0 410 (n = 1)
5c racemate H OMe 0.63 (n = 1) 1600× 19 (n = 2) 140 (n = 1) 1.3 3.9
5d racemate OMe H 0.52 (n = 1) 1900× 19 ± 10 140 ± 73 1.3 4.0
5e racemate H Cl 0.49 ± 0.20 1500× 3.1 ± 2.7 3,000 (n = 3)
5f racemate Cl H 0.94 (n = 1) 1400× 12 (n = 2) 120 (n = 2) 3.5 23
5g R Cl H 1.0 (n = 1) 1100× 18 (n = 1) 78 (n = 1)
5h S Cl H 0.41 (n = 2) 2500× 13 ± 7 69 (n = 2)
5i racemate F H 0.86 (n = 2) 1100× 19 (n = 2) 75 (n = 2) 5.2 28
5j peak 1 F H 1.7 (n = 2) 500× 18 (n = 2) 91 (n = 1)
5k peak 2 F H 1.2 ± 0.8 870× 14 ± 1 79 ± 20

aIC50 values are shown as mean values of at least three determinations unless specified otherwise; ND = not determined.

ACS Medicinal Chemistry Letters pubs.acs.org/acsmedchemlett Letter

https://dx.doi.org/10.1021/acsmedchemlett.0c00335
ACS Med. Chem. Lett. 2020, 11, 2195−2203

2196

https://pubs.acs.org/doi/10.1021/acsmedchemlett.0c00335?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmedchemlett.0c00335?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmedchemlett.0c00335?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmedchemlett.0c00335?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmedchemlett.0c00335?fig=tbl1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmedchemlett.0c00335?fig=tbl1&ref=pdf
pubs.acs.org/acsmedchemlett?ref=pdf
https://dx.doi.org/10.1021/acsmedchemlett.0c00335?ref=pdf


The pyridopyrimidinedione-carbazole compounds presented
in this Letter were evaluated in both biochemical and cellular
assays to determine their intrinsic activity against BTK (see
Supporting Information S2). Enzymatic activity was established
in a human recombinant BTK enzymatic assay.28 Cellular
activity was determined in a B cell receptor (BCR) stimulated
calcium flux assay in Ramos B cells.28 Potent analogues were
then triaged with a human BCR stimulated whole blood assay
(hWB), measuring the expression of CD69.28 Additionally,
compounds were evaluated against a subset of kinases with the
goal of identifying a highly selective inhibitor. In this Letter,
selectivity for BTK over JAK2 is shown in Tables 1 and 2,
highlighting improved kinase selectivity relative to 1. Clinically,
JAK2 inhibition has been associated with anemia,30 a potentially
undesirable side effect when considering the treatment of
autoimmune disease. Select compounds, with desirable potency,
selectivity, and in vitro liability profiles were subsequently
evaluated in vivo.
As we initiated work in this series, compounds 5a and 5b

(Table 1) were prepared from enantiomerically pure pyridopyr-
imidinedione atropisomeric intermediates, isolated from super-
critical fluid chromatography (SFC) chiral resolution (see
Supporting Information S1). Both compounds demonstrated
comparable activity and selectivity when evaluated in the in vitro
assays. Further SAR development focused on exploring
substitution at the R1 and R2 positions to enhance potency.
Since chiral resolution of the lower stable atropisomeric center
did not result in significant differentiation, subsequent early
compounds were evaluated as a racemic mixture of atropisomers
at the dione and as a mixture of interconverting atropisomers at
carbazole C4. The addition of a donating methoxy group at
either the R1 or R2 carbons (5d and 5c) respectively, was
tolerated, both providing very similar activity (BTK biochemical
assay, the Ramos cellular assay, and the human whole blood
assay) and similar oral plasma blood levels in mouse PK studies.
Interestingly, both compounds were∼4-fold more potent in the
whole blood assay when compared to compound 1 (140 vs 550
nM, respectively). Replacing the R2 methoxy with a chloro (5e)
maintained intrinsic activity; however, the compound was found

to be inactive in the whole blood assay (IC50 > 3 μM). Further
analysis revealed that 5e was unstable in whole blood when
incubated at a concentration of 0.5 μM, showing >85%
degradation within 10 min and complete degradation by the 2
h time point. To further understand the source of the instability,
5e was incubated in human liver microsomes with glutathione
(10 μM, 60min). Themajor metabolite identified corresponded
to direct glutathione replacement of the pyridopyrimidinedione
chloro substituent, indicating that the R2 chloro is highly
reactive. This is not surprising considering the δ-chloroenone
motif. The R1 chloro derivative (5f), on the other hand, was
found to be stable in the same assay, and as a result was stable in
the whole blood assay providing 120 nM activity. Enantiomeri-
cally pure chloro diones were prepared as stable atropisomers,
derived from chiral boronic esters with confirmed absolute
chirality. Both 5g (R) and 5h (S) provided ∼7−8 fold
improvement in whole blood potency relative to 1 and 13−27
fold improvement in the selectivity for BTK over JAK2. The R1

fluoro substitution (5i−k) provided similar results. Although
the systemic oral exposures in mouse PK for the compounds
shown in Table 1 were lower than those seen with 1, we were
encouraged by the significant improvement in human whole
blood potency observed in this series.
The addition of either a chloro or a fluoro at the carbazole C3

position (R3) of compound 5i rotationally restricted the C3
atropiosmeric center, allowing for the isolation of four single,
stable atropisomeric compounds, as shown in Table 2. Although
chloro versus fluoro substitution provided little differentiation in
intrinsic potency, the chirality of the C4 individual atropisomers
had a profound effect on potency and selectivity, with
compound 6d providing a human whole blood IC50 of 25 nM
(22-fold more potent than 1) and selectivity for BTK over JAK2
of 3,800-fold (40-fold more selective than 1). Single crystal X-
ray crystallographic analysis of compound 6d confirmed that the
carbazole C4 atropisomer is the R configuration (Figure 2;
CDCC # 1501157), consistent with the preferred bioactive
conformation observed in the cocrystal structure of clinical asset
BMS-986142 bound in the active site of BTK.28 The lower dione
atropisomer was confirmed to be the S configuration. When

Table 2. In Vitro Potency of Carbazoles 6

in vitro activity

compd R3 chirality BTK IC50 (nM)a JAK2/BTK selectivity Ramos IC50 (nM)a hWB IC50 (nM)a

6a Cl homochiral 180 (n = 1) 11× >300 ND
6b Cl homochiral 0.55 ± 0.16 2600× 10 ± 2 162 (n = 1)
6c Cl homochiral 17 (n = 1) 60× 87 (n = 1) ND
6d Cl homochiral 0.26 ± 0.12 3800× 6.9 ± 3.4 25 ± 19
6e F homochiral 6.3 (n = 1) 330× 600 (n = 1) ND
6f F homochiral 0.22 ± 0.07 6000× 6.6 ± 0.9 64 (n = 2)
6g F homochiral 7.2 (n = 1) 140× 170 (n = 2) ND
6h F homochiral 0.19 ± 0.02 7200× 7.6 ± 2.4 37 (n = 2)

aIC50 values are shown as mean values of at least three determinations unless specified otherwise; ND = Not determined.
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comparing the desired, bioactive conformation (6d) with the
undesired conformation (6c), the observed increase in
biochemical, cellular, and human whole blood potencies, as
well as the significant differences in the selectivity for BTK over
JAK2, clearly demonstrates the potential benefit of preparing
and isolating a single, rotationally stable atropisomeric
compound. This effect is consistent with the benefits observed
with traditional chiral center resolution. It is worth noting that
both atropisomers 6c and 6d showed similar inhibition of JAK2
with an IC50 of ∼1 μM, so the improvement in selectivity
observed is derived from the increased affinity of 6d for BTK.
With highly desirable whole blood potency and selectivity, 6d
was advanced for further evaluation.
A more in depth in vitro activity profile for 6d is presented in

Table 3. In multiple assays aimed at establishing the
effectiveness of the compound in inhibiting critical B cell
functions derived through BCR stimulation, including pro-
liferation, antibody production, and costimulatory molecule
expression, 6d potently inhibited signaling and functional end
points with single digit nanomolar activity. Consistent with the
inhibition observed in BCR stimulated pathways, 6d provided
potent inhibition of end points derived from IgG-containing
immune complex low affinity activating Fcγ receptor signaling in
peripheral blood mononuclear cells (PBMC) (IC50 = 2 nM). Of
particular interest, 6d inhibited the expression of CD63 on the
surface of basophils in human whole blood, driven by FcεRI
signaling (IC50 of 54 nM). This is similar to the previously stated
human whole blood activity when measuring the BCR-
stimulated expression of CD69 on the surface of B cells (IC50
= 25 nM). Compared to our early lead compound 1 (Table 3),
6d provided significantly enhanced cellular and whole blood
potencies.
Carbazole 6d was evaluated against 384 kinases, inhibiting

only seven kinases with less than 100-fold selectivity relative to
BTK (Table 4). Four of the seven were Tec family members,
TEC, BMX, TXK, and ITK, and only three kinases, TEC, BLK,
and BMX, were inhibited with less than 30-fold selectivity
relative to BTK.
In pharmacokinetic (PK) studies in mice and dogs (Table 5),

carbazole 6d was highly absorbed with bioavailability of 100%

and 82%, respectively. The compound had a low rate of plasma
clearance with a large steady-state volume of distribution in both
species. On the basis of the PK and liability profiles (Table 6),
coupled with demonstrated potency and selectivity, 6d was
further evaluated in vivo in models of human RA.
In order to understand the compounds impact on in vivo

efficacy in models of human RA, 6d was evaluated in two mouse
models, a collagen-induced arthritis (CIA) model,19 dependent
on both BCR-signaling and Fcγ receptor signaling, and an
anticollagen antibody-induced model,28 dependent solely on
Fcγ receptor signaling. In the CIA study (Figure 3), 6d was
dosed orally at 15 and 45 mg/kg BID and provided dose-
dependent inhibition of observed clinical disease progression
(63% and 80%, respectively), representing 17 and 19 h coverage
of the mouse whole blood IC50 (130 nM). In the anticollagen

Figure 2. Single crystal X-ray structure of 6d confirming the absolute
atropisomeric stereochemistry (CDCC # 1501157).

Table 3. Partial In Vitro Cell Activity Data and Whole Blood
Data for 6d

IC50 (nM)a

assay receptor/stimulation 6d 1

cellular assays

calcium flux in Ramos B
Cells

BCR/anti-IgM 7 ± 3 26 ± 15

proliferation of human
peripheral B Cells

BCR/anti-IgM/IgG 1 ± 0.4 8b

CD86 surface expression
in peripheral B Cells

BCR/anti-IgM/IgG 1 ± 0.5 40 ± 30

CD86 surface expression
in peripheral B Cells

CD40/CD40L >10 000 >10 000

TNFα from human
PBMC Cells

FCλR/immune
complex

2b 14b

human whole blood assays

human whole blood
CD69 surface expression
in peripheral B Cells

BCR/anti-IgM 25 ± 10 550 ± 100

mouse whole blood
CD69 surface expression
in peripheral B Cells

BCR/anti-IgM/IgG 130 2,100 ± 200

human whole blood
CD63 surface expression
in basophils

FceRI/anti-IgE 54 ± 20 ND

aIC50 values are shown as mean values of at least three
determinations. bIC50 values are shown as a single determination;
PBMC = peripheral blood mononuclear cells; ND = not determined.

Table 4. Partial In Vitro Selectivity Data for 6d

kinase biochemical IC50 (nM) kinase/BTK fold selectivity

BTK (Tec family) 0.26
TEC (Tec family) 3 10×
BLK 5 17×
BMX (Tec family) 7 23×
TXK (Tec family) 10 33×
FGR 15 50×
YES1 19 63×
ITK (Tec family) 21 70×
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antibody-induced arthritis (CAIA) study (Figure 4), 6d when
dosed orally at 10 and 25 mg/kg BID resulted in 78% and 100%
suppression of clinically evident paw swelling, respectively. The
observed efficacy corresponded to 17 h (10 mg/kg BID) and 23
h (25mg/kg BID) coverage of themouse whole blood IC50 (130
nM). In summary, PK/PD relationships for 6d in preclinical
models of arthritis suggested that coverage of the whole blood
IC50 for 18 h duration is needed to achieve robust efficacy of
>70% reduction in clinical scores. Doses providing close to 24 h
duration of whole blood IC50 coverage resulted in maximal
efficacy (100% reductions in clinical scores).
Compounds represented by pyridopyrimidinediones 531 and

632 were prepared as outlined in Schemes 1−3. The final
compounds were synthesized as shown in Scheme 1. Carbazole
727,28 was coupled with the appropriate pyridopyrimidinedione
(8) under standard Suzuki coupling conditions33 to give the
racemic compounds 5 and 9. If R3 is Cl or F, subsequent SFC
chiral resolution provided each of the four rotationally stable
atropisomers 6a−h. Alternatively, compounds 5g, 5h, and 6d
were prepared starting with the appropriate chiral boronic ester
10 or 16, as depicted in Scheme 2. The absolute chiral
configuration of 6d was established through single crystal X-ray
structural elucidation (Figure 2; CDCC # 1501157)
The synthesis of boronic ester intermediates 8, 10, and 16 is

shown in Scheme 3. Commercially available phenyl acetic acids
or sodium salts prepared as outlined in Scheme 3 were coupled
with 3-bromo-2-methylaniline in the presence of HATU and
diisopropylamine in DMF to give 14. Intermediate 14 was
converted to boronic ester 15, which was subsequently heated
with carbondiimidazole in toluene at 100 °C to provide 8. SFC
chiral resolution afforded single, rotationally stable atropiso-
meric intermediates 10 and 16. The absolute configuration of
boronic ester 10 was confirmed to be S through single crystal X-
ray structural elucidation (CDCC # 1501156; refer to the
supplemental section for structural details).
The inhibition of the kinase activity of BTK with a small

molecule inhibitor has emerged as a clinical strategy for the
treatment of many autoimmune diseases. Pyridopyrimidine-
dione-carbazoles were envisioned to resolve a metabolic stability
issue observed in the quinazolinedione series. An iterative SAR
effort established the viability of the pyridopyrimidinediones as a

Table 5. Pharmacokinetic Parameters for 6d

parameter mouseb doga

po dose (mg/kg) 6 2
iv dose (mg/kg) 3 1
Cmax (μM), PO 4.3 1.2 ± 0.4
Tmax (μM), PO 1.0 3.7 ± 1.2
AUC (μM·h), PO 20 13 ± 6
T1/2 (h), iv 3.6 7.9 ± 0.6
MRT (h), iv 3.5 10.1 ± 1.5
CL (mL/min/kg), iv 8.6 4.4 ± 0.7
Vss (L/kg), iv 1.8 2.6 ± 0.3
Fpo (%) 100 82 ± 31

aAverage of three animals. bAverage of two animals. Vehicle: (po)
80% PEG400, 20% water; (iv) 10% DMAC, 30% PEG300, 60%
water; (iv dog) 10% EtOH, 70% PEG400, 20% water.

Table 6. Partial In Vitro Profiling Data for 6d

parameter result

protein binding (bound) 99.7% human
99.4% mouse
99.5% rat
98.7% dog
98.2% monkey

mutagenicity Ames negative
hERG (patch clamp) IC50 > 30 μM
Na+ (patch clamp) 13% @ 10 μM (1 and 4 Hz)
Ca+ (patch clamp) 19% @ 10 μM
CYP inhibition (IC50)

a >12 μM 1A2, 2B6, 2D6, 2C19
3.2 μM 2C8
5.7 μM 2C9
11 μM 3A4

PAMPA permeability 1836/1302 nm/s (pH 5.5/7.4)
Caco2 Permeability: ND due to insufficient recovery
Aqueous solubility <0.001 mg/mL
FaSSIF solubilityb 14 μg/mL
FeSSIF solubilityc 551 μg/mL
logD at pH 7.0 (HPLC) 3.84

aCYP = Cytochrome P450. bFaSSIF = Fasted state simulated
intestinal fluid. cFeSSIF = Fed state simulated intestinal fluid; ND =
not determined.

Figure 3. Efficacy of 6d in mouse model of human collagen-induced
arthritis. A 15 mg/kg BID dose provided 17 h coverage of the mouse
WB IC50 (130 nM) while a 45 mg/kg BID dose provided 19 h coverage.
Error bars represent the mean ± SEM. *P < 0.05 versus vehicle control
group.

Figure 4. Efficacy of 6d in FcgR-dependent collagen Ab-induced
arthritis (CAIA). Robust efficacy was observed with a 10 mg/kg BID
dose providing 18 h coverage of themouseWB IC50 (130 nM), and a 25
mg/kg BID dose provided 23 h coverage. Error bars represent the mean
± SEM. *P < 0.05 versus vehicle control group.
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progressable series. This effort resulted in the identification of a
single atropisomer 6d, conformationally stable under physio-
logical conditions, which demonstrated significant improve-
ments in human whole blood potency (25 versus 550 nM,
respectively) and overall selectivity relative to earlier lead 1.

Importantly, in multiple species, carbazole 6d had a desirable
safety and tolerability profile. This clearly demonstrates the
potential benefit of preparing and isolating a single, rotationally
stable atropisomeric compound to enhance potency, selectivity,
and safety, similar to the benefits observed with traditional chiral

Scheme 1. Preparation of Carbazoles 5, 6, and 9a

aReagents and conditions: (a). Dichloro 1,1′-bis(diphenylphosphino)ferrocene palladium(II)−CH2Cl2 adduct, Cs2CO3, THF−water, 45 °C, 60−
65% yield.

Scheme 2. Preparation of Atropisomers 5g and 5h and Preparation of Single, Rotationally Stable Atropisomer 6da

aReagents and conditions: (a). Dichloro 1,1′-bis(diphenylphosphino)ferrocene palladium(II)−CH2Cl2 adduct, Cs2CO3, THF−water, 45 °C; 60−
68% yield.
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center resolution. With a desirable in vitro and in vivo profile, 3-
chloro-4-(R)-(3-(S)-(5-chloro-1,3-dioxo-1H-pyrido[1,2-c]-
pyrimidin-2(3H)-yl)-2-methylphenyl)-7-(2-hydroxypropan-2-
yl)-9H-carbazole-1-carboxamide (6d, BMS-986143) was se-
lected as a development candidate for further evaluation as a
potential agent for the treatment of autoimmune diseases.
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