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Abstract—This communication details the synthesis, biological activity, and binding mode of a novel class of 2-benzimidazole
substituted pyrimidines. The most potent analogs disclosed showed low nanomolar activity for the inhibition of Lck kinase and
a representative analog was co-crystallized with Hck (a structurally related member of the Src family kinases).

© 2006 Elsevier Ltd. All rights reserved.

Lck is a 56-kD Src family protein tyrosine kinase (PTK)
that plays a critical role in the development and activa-
tion of T cells including T-cell antigen receptor (TCR)
phosphorylation (an event necessary for signal transduc-
tion in the T cell signaling cascade of the T-cell recep-
tor).!&1® Activation of this cascade ultimately results
in the production of cytokines such as interleukin-2
(IL-2) and IFNy.!®!¢1d The production of these cyto-
kines results in further activation and proliferation of
T lymphocytes to generate an immune response. Unlike
the widespread expression of some other Src family
PTKSs, Lck expression is restricted to T-cells and natural
killer (NK) cells.'d As such the inhibition of Lck has
been proposed as a potential treatment for a number
of autoimmune diseases where T-cells are thought to
play an important role such as rheumatoid arthritis
(RA), inflammatory bowel disease (IBD), psoriasis, sys-
temic lupus erythematosus (SLE), and organ graft
rejection.'®

Screening efforts in our laboratories identified 4-
benzo[d]isoxazole compounds la-b as moderate Lck
inhibitors (Fig. 1). Initial work directed at improving
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1(a) R= OH; Ick ICs =42 uM
1 (b) R= NHy; Ick [Cso = 6.8 uM

Figure 1. Initial benzo[d]isoxazole containing lead molecule.

the potency of these lead compounds led to the develop-
ment of a facile SAR strategy incorporating benzimid-
azole substituted pyrimidines. This communication
details the synthesis, biological activity, and binding
mode of a novel class of 2,4,6-trisubstituted pyrimidine
derivatives based on the initial lead benzo[d]isoxazole
1. The binding mode of these trisubstituted pyrimidine
inhibitors was also determined from X-ray co-crystal-
lography experiments in the related hematopoietic cell
kinase (Hck), a member of the Src family kinases.!®b

The synthesis of the lead 2,4-disubstituted pyrimidines
(1a-b) is outlined in Scheme 1. 4-Iodo-2-methylthiopyr-
imidine®® (2) was treated with isopropyl magnesium
chloride followed by addition of 2-fluoro-benzaldehyde
to give alcohol 3.2°2¢ Oxidation of this material with
MnO, afforded the corresponding ketone which was
condensed with hydroxyl amine resulting in oxime 4.
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Scheme 1. Preparation of compounds 1a-b. Reagents and conditions:
(a) isopropyl magnesium chloride 2 M, THF —40 °C; then 2-fluoro-
benzaldehyde, 34%; (b) MnO,, DCM, 24h, 97%; (c) hydroxyl-
amine'HCl, pyridine, 95 °C, 3 h; (d) NaH, DMF 165 °C, 0.5 h, 54%
(2 steps); (e) m-CPBA, DCM, 0°C, 0.25h; (f) 3-amino-4-methyl-
phenol, CH5;CN, 155 °C, microwave, 15% (2 steps 1a); (g) 4-methyl-
benzene-1,3-diamine, CH3CN, 150 °C, microwave, 0.5 h, HPLC sep-
aration of isomers, 1% (2 steps 1b).

Treatment of this crude material with NaH followed by
heat afforded intermediate 5.> Oxidation of the thio-
group on compound 5 with Oxone® and displacement
of the resultant sulfone/sulfoxide mixture generated the
final products 1a-b.*

To more quickly expand the SAR of pyrimidines 1 and
to overcome synthetic difficulties with this scaffold, a
benzimidazole group was substituted for the 4-
benzo[d]isoxazole moiety. The resulting phenol 6a
(Table 1) proved to be a significantly more potent
inhibitor (Lck ICsy = 193 nM)** compared to 1a. Inter-
estingly, the corresponding methyl ether 6b and amides
6¢c—d displayed greatly attenuated activity. Pyrimidine

Table 1. ICs, values for derivatives 6a—m, 7a—c
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#ICso’s were determined with a commercial Proflour assay (Promega
corp., Cat. #1271).

6e which did not contain the 4-methyl group on the
C2 anilino substituent (compare 6a vs 6e) was devoid
of activity.

Our attention subsequently focused on understanding
the role of the pyrimidine ring nitrogen atoms (N1 and
N3) in the potency observed. Regioisomeric analogs
Ta—c were synthesized using modified literature condi-
tions and the results are presented in Table 1.°

Derivative 7a which transposed the substituents at C2
and C4 relative to original compound 6a displayed
greater potency (Lck ICsy = 24); however, the C4 C6
isomerically substituted compound (8, Fig. 2) was de-
void of any Lck activity.”

With such a potent lead molecule (7a) we again attempt-
ed to introduce alternatively functionalized anilines at
C4. However both the 5S-methoxy (7b) and 5-fluoro ani-
line (7¢) derivatives showed greatly attenuated activity
(Table 1). The presence of both a 4-methyl and phenolic
hydroxyl on the C2 anilino substituent appeared crucial
for good activity.

Our efforts were next directed at adding functionality to
improve the poor aqueous solubility (4 pg/ml) of scaf-
fold 7a.® A series of 2,4,6-trisubstituted pyrimidines
were synthesized which maintained both the C2 and
C4 groups found on 7a while introducing various basic
amine substituents to the C6 position of the pyrimidine
core (Tables 2 and 3). We reasoned that basic amine
substituents could be tolerated at position C6 after
examining the active site of Lck in complex with inhib-
itors disclosed in the literature.” These groups may im-
part greater aqueous solubility and added potency
through interactions with proximal acidic residues.

The synthesis of these 2,4,6-trisubstituted pyrimidines is
outlined in Scheme 2. 4,6-Dichloro-2-methylsulfanyl-py-
rimidine and 5-methoxy-2-methyl-phenylamine were
heated at 140 °C to afford intermediate 10. Oxidation
of the thiol group in 10 with Oxone® followed by dis-
placement of the resultant sulfone/sulfoxide mixture
with sodium benzimidazolate and the subsequent phenol
deprotection gave 11. The 6-chloro group on this pyrim-
idine was then displaced with various amines and sodi-
um alkoxides to give 12a-p. Analogs 12q-r resulted
from Suzuki-Miyaura coupling of the corresponding vi-
nyl heterocycle and 11.'°

The initially synthesized compounds 12a—e containing
simple substituents at the C6 position were somewhat

Lck ICs0 > 10uM

Figure 2. Compound 8.
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Table 2. Lck inhibition data for derivatives 12a-r
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#ICsy’s were determined with a commercial Proflour assay (Promega
corp., Cat. #1271).

®Biological activity of 12k in two related Src family kinases was
determined in a similar fashion (Src ICso=162nM; Hck
ICso = 46 nM).%>>¢.

less potent inhibitors of Lck compared to the lead 7a
(ICsp = 71-384 nM). The N-methyl piperazine analog
12f, however, displayed better potency but possessed
no aqueous solubility (sol < 0.1 pg/ml at pH 7.4).

Introduction of an ethylmorpholine group at the C6 via
an O (12g) or NH (12i) linker resulted in inhibitors with
better potency in the enzyme assay (Lck ICsq =3 and
17 nM, respectively). Methylation on the phenolic
hydroxyl (12h) dramatically reduced potency (compare
12g vs 12h).

Substitution of the N-methyl piperizine unit for mor-
pholine (12j vs 12g) gave the first analog with good
aqueous solubility (sol = 70 pg/ml at pH 7.4) with only
a slight decrease in activity (Lck ICs5y = 65 nM). Deriva-
tives 12k—n also displayed good kinase inhibition (Lck
ICsp = 3-130 nM). Hydrazino analogs 120 and 12p how-
ever displayed lower potency. Insertion of a methylene
spacer (12q) produced an analog with better enzyme
potency than the corresponding hydrazino analog 12o.
However insertion of an additional ethylene spacer
(12r) in combination with a piperidine substituent (con-
trast 12q, 12m, and 12r) reduced activity.

Representative compounds that showed promising Lck
inhibition were tested for inhibition of IL-2 production
in a Jurkat cellular assay.!'! Analogs displaying cellular
potency were screened for in vitro metabolism!? and
progressed into PK studies (Table 3). Compounds 12g,
12§, and 12q showed moderate to good IL-2 inhibitory
activity (0.054, 0.400, and 0.163 uM, respectively). The
morpholino compound 12g however showed poor aque-
ous solubility. Metabolism studies of the compounds in
Table 3 revealed moderate to high intrinsic clearance
(CLjn¢ = 48-124 ml/min kg).!3 Inhibitors 12g, 12h, and
12q were subsequently evaluated in a PK study to deter-
mine bioavailability and half-life. Both molecules 12g
and 12q had no oral bioavailability. Only the less potent
methoxy analog 12h was orally bioavailable (% F = 22;
TI/Z =213 h)

To delineate the binding mode of these molecules an X-
ray crystallographic structure of 12k with hck (a struc-
turally related member of the Src family kinases) was
obtained (Fig. 3).!* Inhibitor 12k orients itself in the
hck enzyme such that the benzimidazole N hydrogen
bonds to the amide N-H of Met319 and the phenolic
OH hydrogen bonds to carboxyl of Glu 288. An addi-
tional interaction may occur between the O-H of the
Thr316 (gatekeeper residue) and the aniline N-H on
the phenol substituent. The 4-methyl group on the phe-
nol substituent appears to sit in a small hydrophobic
grove formed in part by the CH; of Thr316. This place-
ment appears to position the phenolic OH for optimal
interaction with Glu288.

In summary we have reported a class of trisubstituted
pyrimidines that have shown nanomolar activity for
inhibiting Lck kinase activity. The binding mode of this
series of novel Lck inhibitors was determined through
X-ray co-crystallographic studies in the structurally
related Src family kinase Hck (PDB accession code
2HKS5). Seven of the most potent analogs were further
tested for inhibition of IL-2 cytokine production, show-
ing a range of potencies (0.054-2.280 uM). The pharma-
cokinetic properties of these pyrimidine analogs were
also evaluated. Compounds 12j-1, 12n, and 12q all had
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Table 3. IL-2 inhibition and pharmacokinetic data for select compounds

Compound IL-2% ICso (M) Solubility (ug/ml) Met % loss® CL;y® (ml/min kg) F (%)
12g 0.054 3 48 124 0
12h° 1.270 27 — 48 2
124 0.400 70 35 83 —
12k 0.549 127 45 107 —
121 2.195 55 48 92 —
12n 2.281 54 39 93 —
12q 0.163 40 — 50 0

#Inhibition of IL-2 synthesis measured from Jurkat cells.

04 loss and intrinsic clearance after 1 h for compounds (1 M concentration) tested in cryopreserved rat hepatocyte suspensions.
¢ Compound 12 h had CL_plasma (ml/min kg) = 132, AUC-po (ng-h/ml) = 497, Cpax (ng/ml) = 76.

4 Compounds dosed po and iv at 10 mg/kg.
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Scheme 2. Preparation of compound 12a-r. Reagents and conditions:
(a) S5-methoxy-2-methyl-phenylamine, Hiinig’s base, DMF 140 °C,
85%; (b) Oxone® MeOH, H,O0, quantitative; (c) benzimidazole, NaH,
DMEF, 0 °C to generate sodium benzimidazolate then MW 60 °C, 67%;
(d) BBr;, DCM, 50%; (e) various amines, anilines, and alkoxides,
NMP, MW 100 °C, 15 min.

Figure 3. Key hydrogen bonds between 12k and Hck.

good aqueous solubility (40-127 pg/ml). Metabolism
studies of the compounds revealed moderate to high
intrinsic clearance (CL;, = 48-124 ml/min kg).! Subse-
quent PK studies revealed the phenol containing phar-
macophore  produced  inhibitors  with  poor
bioavailability. Only the methoxy derivative 12h had
good BA (% F=22, T\, =2.1h).
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