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Starting from benzylpyrimidine 2, molecular modeling and X-ray crystallography were used to design
highly potent inhibitors of Interleukin-2 inducible T-cell kinase (ITK). Sulfonylpyridine 4i showed
sub-nanomolar affinity against ITK, was selective versus Lck and its activity in the Jurkat cell-based assay
was greatly improved over 2.

© 2014 Elsevier Ltd. All rights reserved.

Interleukin-2 inducible T cell kinase (ITK, also known as Emt or
Tsk), is a member of the Tec family of tyrosine kinases and is mainly
expressed in T cells, mast cells and natural killer cells. In T cells, ITK
is activated after T-cell receptor (TCR) stimulation leading to phos-
phorylation of phospholipase C-y1 (PLC-y1), calcium mobilization,
IL-2 production, and cell proliferation and differentiation.'? Dele-
tion of ITK in mice results in reduced production of Th2 cytokines
such as IL-4, IL-5 and IL-13.% ITK has been shown to play an impor-
tant role in the development of T-cell dependent late phase
responses of allergic asthma. In studies with ITK~/~ mice, the
immunological symptoms of allergic asthma are attenuated and
lung inflammation, eosinophil infiltration and mucus production
are drastically reduced in response to challenge with the allergen
ovalbumin.* Similar results were reported with a selective ITK
inhibitor” indicating a potential role of ITK kinase activity in inflam-
matory processes. Therefore, selective inhibition of ITK could repre-
sent an attractive approach for the treatment of T-cell mediated
diseases.

* Corresponding author.
E-mail address: Giancarlo.Trani@evotec.com (G. Trani).

http://dx.doi.org/10.1016/j.bmcl.2014.10.020
0960-894X/© 2014 Elsevier Ltd. All rights reserved.

The initial optimization work carried out on an HTS hit from the
Genentech compound collection (unpublished data) led to the
identification of benzylpyrimidine 2 (Fig. 1), a compound which
combines the features of the initial Genentech HTS hit 1a and
another ITK inhibitor 1b previously published by researchers at
GSK.° Compound 2 had improved kinetic aqueous solubility
(70 uM) compared to 1b (<1 puM) and showed high inhibitory
activity against ITK (K; =53 nM);” however, when it was tested
against lymphocyte-specific kinase (Lck), another T-cell tyrosine
kinase which operates upstream of ITK in the TCR cascade, it
showed a complete lack of selectivity (3.5-fold) and its activity in
a Jurkat cell-based assay,® as measured by inhibition of phosphor-
ylation of PLC-y1, was sub-optimal (ICso=2.6 uM). Here we
describe the further optimization of compound 2, which led to
the identification of a novel series of sulfonylpyridines as selective
ITK inhibitors with improved activity in the Jurkat cell-based assay
compared to 2.

In silico modeling of 2 in the ITK kinase domain gave rise to the
binding hypothesis which is summarized in Figure 2. The amino-
pyrazole portion forms three hydrogen bonds with Met438 and
Glu436 of the hinge region and the benzene ring of the substituent
at the 6-position of the pyrimidine is involved in an edge-face
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Figure 1. Hit to lead studies.

Figure 2. In silico modeling of compound 2 in the ITK kinase domain.

interaction with Phe437, which is proposed to account for the
majority of the potency boost over the initial HTS hit 1a. The same
interactions were also observed in the X-ray crystal structures of
two other ITK inhibitors (indazole and benzothiazole) discovered
at Genentech.”

We initially sought to replace the benzylic carbon with alterna-
tive linkers in order to modulate the angles between the pyrimidine
core and the phenyl ring, in an attempt to maximize the interaction
with Phe437 and selectivity against Lck, which contains a tyrosine
(Tyr318) in place of Phe437 in ITK. Sulfonylpyrimidine 3 (Table 1)
showed the highest affinity amongst the linkers explored (ether,
thioether, sulfone), with a K; against ITK of 177 nM. Although less
active than 2, we envisioned that the loss in affinity could be the
result of an electronic repulsion between the oxygens of the sulfo-
nyl linker and the lone pair of the proximal nitrogen of the pyrim-
idine core, disfavoring the phenyl ring from adopting the desired
bioactive conformation required for interaction with Phe437. This
observation was supported by a conformational analysis'®
performed on the model system 4-methanesulfonyl-pyrimidine,
as shown in Figure 3A. The minimization of steric interactions
and electronic repulsions suggested an energy minimum at a
dihedral angle of 120°, while the optimal bioactive conformation
as predicted by the docking (Fig. 2) was circa 4 kcal/mol higher in
energy, at an angle of about 60°. A similar analysis performed on

Table 1
Data for sulfonylpyrimidine 3 and sulfonylpyridine 4a
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4-methanesulfonyl-pyridine (Fig. 3B) which lacks the nitrogen lone
pair ortho to the sulfonyl linker revealed an energy minimum at 90°.
In this system, the putative bioactive conformation was much clo-
ser to the minimum and only 1 kcal/mol higher in energy, thus
decreasing the enthalpic penalty of binding. Based on this hypoth-
esis we prepared the sulfonylpyridine 4a and we were pleased to
see that the experimental results reflected what was predicted in
the torsional scan. Compound 4a was not only very potent (ITK
K; = 4 nM), showing 44-fold increase in potency over 3 and 13-fold
over 2, but it also showed improved selectivity against Lck (34-fold)
compared to 2 (3.5-fold).

In order to explore whether the binding energy of 4a could be
further improved, we prepared a range of heterocycles (Table 2).

Compound 5 where the pyrazole was replaced by an imidazole
displayed a 3-fold drop in potency and loss of Lck selectivity.
Thiazole 6a showed sub-nanomolar affinity for ITK, (K; = 0.27 nM);
however, its affinity for Lck was also in the low nanomolar range.
We believe that the different shape of the thiazole which allows
for more effective hydrogen bond interactions with the hinge
sequence, the restricted rotation of the thiazole ring across the
NH—C bond and a higher desolvation penalty associated to the
pyrazole compared to the thiazole, all contributed to the 15-fold
increase in potency observed for compound 6a over 4a.

Benzothiazole 6b had similar potency to pyrazole 4a but
showed >100-fold selectivity against Lck. Although compounds
6a and 6b were respectively more active and selective than 4a,
they were also more lipophilic, and in the case of 6b contained
an additional aromatic ring. This led to poor kinetic solubility
which was reflected in a higher solubility forecast index (SFI),'! a
simple metric which has been used as a tool to predict solubility
via the sum of cLogD; 4 and aromatic ring count.

Given its favorable potency and selectivity profile, we further
explored the SAR of the more soluble pyrazole 4a (Table 3). We
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Figure 3. Dihedral torsional scan performed on 4-methanesulfonyl-pyrimidine (A) and on 4-methanesulfonyl-pyridine (B).
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reasoned that ITK activity and selectivity against Lck could be
further improved by exploiting the difference in the gatekeeper
residue between the two kinases (Phe435 in ITK, Thr316 in Lck).
A phenyl group directly attached to the pyrazole ring
(compound 4b) showed similar potency to 4a. The activity was

Figure 4. X-ray structure of 4b in the ITK kinase domain (resolution 2.6 A, PDB code
4QD6). Only selected residues of ITK are shown for clarity. Protein-ligand hydrogen
bonds are indicated by the dashed lines in yellow.

minimally affected by the introduction of small substituents on
the phenyl ring, as shown by compounds 4c-g, with para-substitu-
tion (4d) preferred over meta- (4c). However, larger, lipophilic sub-
stituents led to a drop in potency (4f and 4g), presumably due to a
clash with the gatekeeper residue.

In order to validate the binding hypothesis, we determined the
crystal structure of compound 4b bound in the ITK active site. The
structure, solved at 2.6 A resolution, confirmed many of the fea-
tures predicted by the in silico model (Fig. 4).!* The aminopyrazole
moiety forms three hydrogen bonds with the hinge sequence
(Met438 and Glu436). The pyridine core is positioned in the same
plane of the aminopyrazole, sandwiched in a narrow lipophilic cleft,
and the sulfone linker positions the phenyl ring at a dihedral angle
of 60° from the pyridine core, giving a close edge-face interaction
with Phe437. The crystal structure also revealed that the hydroxyl
of the cyclohexanol group forms a hydrogen bond to a water mole-
cule which is further stabilized by hydrogen bonds with Ser499 and
Asp500.

The phenyl ring at the 5-position of the pyrazole is involved in
an edge-face interaction with the gatekeeper Phe435. Unfortu-
nately, this only slightly improved ITK activity over 4a (compounds
4b-e), and was also associated with an equal increase in affinity for
Lck, presumably due to a m1—OH interaction with the Thr316 gate-
keeper in Lck. Furthermore, the presence of the extra aromatic ring
led to a deterioration in aqueous solubility of 4b-g relative to 4a,
and therefore we investigated the replacement of the phenyl ring
with alkyl groups.
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Scheme 1. Reagents and conditions: (a) SEM-CI, DIPEA, CH,Cl,, RT, 20 h; (b) Ha, Pd/C, ethanol, RT, 20 h, 41% over two steps; (c) Thiophenol, NaOH, acetone/water (1:1), RT,
1 h, 80%; (d) 8, DIPEA, ethanol, 85 °C, 37 h, 52%; (e) trans-4-aminocyclohexanol, 2-propanol, 150 °C in microwave, 4 h, 90%; (f) mCPBA, CH,Cl,, RT, 45 min, 47%; (g) HCl (4 M in

1,4-dioxane), RT, 20 h, 37%.
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Scheme 2. Reagents and conditions: (a) thiophenol, Pd,(dba)s, xantphos, DIPEA,
1,4-dioxane, 110 °C, 1.5 h, 77%; (b) mCPBA, CH,Cl,, RT, 4 h, 90%.

Gratifyingly, we found that aliphatic substituents (4h-j) were
well tolerated and in general led to improved ITK affinity and
increased Lck selectivity. Cyclobutane 4h had ITK K;=1.6 nM
and was 39-fold selective versus Lck. Increasing the size to cyclo-
pentane 4i led to a 9.5-fold increase in potency (ITK K; = 0.17 nM)
compared to 4h and selectivity versus Lck was also improved
(182-fold). This boost in potency and selectivity is likely due to
the ability of the cyclopentane ring to establish more effective
lipophilic interactions with Phe435 in ITK than with Thr316 in
Lck. When the size of the alkyl substituent was increased further
(cyclohexane 4j), ITK activity started to plateau and selectivity to
decrease. Although alkyl pyrazoles 4h-j have a lower SFI compared
to the aryl analogs 4b-g due to the former having one less aromatic
ring, the increasing size of the alkyl groups necessary for better
activity and selectivity, also contributed to a higher LogD, resulting

in no improvement of aqueous solubility compared to the aryl
analogs, thus suggesting that in order to obtain compounds with
measurable solubility a hard cut-off of SFI =7 should be observed
in this series.

Compound 4i (Table 3) had the best ITK activity and selectivity
versus Lck and it was selected for further profiling. It showed mod-
erate to high clearance in human liver microsomes (16 mL/min/kg),
no P450 inhibition below 8 uM (against 2C9, 2C19, 2D6 and 3A4)
and moderate permeability as measured in the MDR1/MDCK assay
(Papp apical to basolateral (AB) = 2.5 x 10~° cm/s, Py, basolateral to
apical (BA) =12 x 107® cm/s, BA/AB = 4.8). 4i also inhibited PLC-y1
phosphorylation in Jurkat cells with an ICso =180 nM, a 15-fold
improvement over 2. Invitrogen kinase selectivity profiling of 4i
at 0.1 uM (40 kinases) resulted in only 3 kinases showing greater
than 70% inhibition (CDK2, FIt3 and MuSK).

Compounds 3, 4a-j, 5 and 6a-b were prepared as described in
Schemes 1-4. Sulfonylpyrimidine 3 was prepared in five steps
starting from 2,4,6-trichloropyrimidine 9 (Scheme 1). Reaction
with thiophenoxide ion at room temperature followed by a second
nucleophilic displacement with SEM-protected aminopyrazole 8
afforded the 2-chloropyrimidine 10. A third nucleophilic substitu-
tion with trans-4-aminocyclohexanol, followed by oxidation of the
thioether to the corresponding sulfone and final deprotection of
the pyrazole with HCl at room temperature afforded the desired
pyrimidine sulfone 3. Aminopyrazole 8 (Scheme 1) was obtained
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Scheme 3. Reagents and conditions: (a) DIPEA, DMSO, 100-110 °C, up to 36 h; (b) DIPEA, DMSO, 150-165 °C in microwave, up to 6 h, 23-62%; (c) trans-4-aminocyclohexanol,
DIPEA, DMSO, 120 °C, up to 20 h; (d) trans-4-aminocyclohexanol, DIPEA, DMSO, 170 °C in microwave, up to 2 h, 10-54%; (e) 1-methyl-4-aminoimidazole, DIPEA, DMSO,
120 °C, 2 h, 24%; (f) trans-4-aminocyclohexanol, DIPEA, DMSO, 120 °C, 20 h, 31%.
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Scheme 4. Reagents and conditions: (a) 2-amino-5-methylthiazole, Pd,(dba)s, xantphos, Na,COs, 1,4-dioxane, 100 °C, 2 h, 52%; (b) 2-aminobenzothiazole, Pd,(dba)s,
xantphos, Na,COs, 1,4-dioxane, 150 °C in microwave, 45 min, 40%; (c) 17a, trans-4-aminocyclohexanol, Pd,(dba)s, BINAP, NaO‘Bu, DME, 85 °C, 20 h, 35%; (d) 17b, trans-4-

aminocyclohexanol, DMSO, 150 °C in microwave, 1.5 h, 19%.

by reaction of 3-methyl-5-nitropyrazole 7 with (2-chloromethoxy-
ethyl)-trimethyl-silane followed by catalytic hydrogenation over
palladium on charcoal and final separation of the regioisomers by
chromatography.'?

The building block 4-benzenesulfonyl-2,6-dichloropyridine 13
(Scheme 2) was prepared in two steps from commercially available
2,6-dichloro-4-iodopyridine 11 by palladium catalyzed cross-cou-
pling with thiophenol, followed by oxidation of thioether 12 with
meta-chloroperbenzoic acid.

Compounds 4a-j were synthesized from 13 in two successive
nucleophilic displacements, initially with the desired 3-aminopyr-
azole followed by trans-4-aminocyclohexanol (Scheme 3). Amino-
pyrazoles 14a-f and 14h-j were all commercially available,
while 14g was prepared by cyclization of the corresponding 3-
ox0-3-(4-trifluoromethoxy-phenyl)-propionitrile with hydrazine
according to the literature procedure.'* Compound 5 (Scheme 3)
was prepared in an analogous manner to 4a-j, using 1-methyl-4-
aminoimidazole in the first nucleophilic displacement.

Attempts at installing the aminothiazole moiety by nucleophilic
substitution on dichloropyridine 13 in the presence of mild organic
bases were unsuccessful due to the low reactivity of the aminothi-
azole. Increasing the nucleophilicity by formation of the anion with
sodium hydride led to the preferential displacement of the sulfone
group at the 4-position. This issue was overcome by performing a
palladium catalyzed amination to afford intermediates 17a-b
(Scheme 4). The trans-4-aminocyclohexanol was then installed
either by nucleophilic displacement in DMSO or by palladium cat-
alyzed cross-coupling to afford compounds 6a-b.

In conclusion, starting from the non selective benzylpyrimidine
2, by judicious choice of the linker and optimization of small mol-
ecule conformations we have identified a new class of highly
potent and selective ITK inhibitors, as exemplified by compound
4i. The intrinsic potency, selectivity versus Lck and cellular activity
were all improved over the lead compound; however, further
improvements in physicochemical properties and in particular
solubility are required.
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Diffraction data were collected at beamline 104-1 of Diamond Light Source
(Didcot, Oxfordshire, UK) at a wavelength of 0.917 A. The structure was solved
by molecular replacement and refined using the program REFMAC and
rebuilding in the program COOT.

For details about REFMAC see ‘Refinement of Macromolecular Structures by
the Maximum-Likelihood Method’ Murshudov, G. N.; Vagin, A. A.; Dodson, E. ].
Acta Crystallogr. 1997, D53, 240.

13.

14.

5823

For details about COOT see: ‘Features and Development of Coot’ Emsley, P.;
Lohkamp, B.; Scott, W.; Cowtan, K. Acta Crystallogr. 2010, D66, 486.
The more polar, slow running regioisomer, was tentatively assigned as
structure 8 (Scheme 1) and was carried forward to the next stage.
Haydar, S. N.; Bothmann, H.; Ghiron, C.; Maccari, L.; Micco, I.; Nencini, A.;
Zanaletti, R. WO 2010/009290 A1; Chem. Abstr. 2010, 152, 192109.



	Design, synthesis and structure–activity relationships of a novel class of sulfonylpyridine inhibitors of Interleukin-2 inducible T-cell kinase (ITK)
	References and notes


