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Herein, we describe the synthesis of Pyk2 inhibitors via macrocyclization of FAK and dual
Pyk2-FAK inhibitors. We identified macrocycle 25a as a highly potent Pyk2 inhibitor (ICso =
0.7 nM), with ~175-fold improvement in Pyk2 potency as compared to its acyclic counterpart.
In many cases, macrocyclization improved Pyk2 potency while weakening FAK potency,
thereby improving the Pyk2/FAK selectivity ratio for this structural class of inhibitors. Various
macrocyclic linkers were studied in an attempt to optimize Pyk2 selectivity. We observed

Keywords: macrocyclic atropisomerism during the synthesis of 19-membered macrocycles 10a-d, and
Pyk2 successfully obtained crystallographic evidence of one atropisomer (10a-AtropB) preferentially
FAK bound to Pyk2.
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Glioblastoma 2009 Elsevier Ltd. All rights reserved.

Proline-rich tyrosine Kkinase 2 (Pyk2) is a non-receptor
cytoplasmic tyrosine kinase within the focal adhesion kinase
(FAK) subfamily. Both Pyk2 and FAK are involved in multiple
signaling pathways that regulate cell migration, proliferation and
survival."* Over the last decade, genetic knockdown of Pyk2
together with inhibition by small molecules have demonstrated
the potential role of Pyk2 in the treatment of osteoporosis.®*
Recently, the biological significance of the focal adhesion
kinases in promoting the migration and invasion of malignant
cells has been of increasing interest.>®’ Glioblastoma multiforme
is the most common and most aggressive malignant primary
brain tumor due to the propensity of peripheral glioma cells to
migrate and disperse among neighboring normal brain
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cells. Combinations of surgical resection, radiotherapy and/or
chemotherapy with temozolomide are not curative treatments.
Over 90% of the estimated new glioblastoma cases in 2015 were
found in adults >40 years old. The 5-year relative survival rate
for patients diagnosed with glioblastoma is 5.1%, a statistic
which has shown no significant improvement over the past 30
years, in spite of recent therapeutic advancements.? Given this
unmet medical need, we sought to selectively target Pyk2 and
evaluate its role in the migration and invasion of malignant
glioblastoma cells. Unlike FAK, which is ubiquitously
expressed, Pyk2 expression is high|&l localized in the brain,
hematopoietic and nervous systems.*® Radial migration assays
using SF767 glioblastoma cell lines have shown upregulation of
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Figure 1. Representative structures of reported diaminopyrimidine Pyk2/FAK inhibitors.
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Pyk2 in cells at the migratory rim relative to those at the primary
core."t A direct correlation between the rate of migration and
levels of activated Pyk2 was also observed. Conversely,
silencing Pyk2 expression with siRNA significantly reduced the
migratory potential of glioblastoma cells.””> A relationship has
also been  demonstrated between increasing  Pyk2
expression/phosphorylation events and advancing tumor WHO
grade, thus indicating Pyk2 as a potential mediator of
glioblastoma progression.™

The catalytic domains of Pyk2 and FAK kinases have 73%
sequence similarity. The similarity is slightly higher (78%) for
residues generally thought to form the ATP binding sites of these
two enzymes.™ Consequently, the discovery of a small molecule
inhibitor selective for Pyk2 has been challenging. We initiated
efforts toward that goal for proof-of-concept studies and focused
our attention on diaminopyrimidine-based inhibitors PF-
431396>"°, PF-562271" and compound 1' (Figure 1). PF-
562271 was described as a potent, ATP-competitive and
reversible FAK inhibitor (ICs = 1.5 nM) with a ~9-fold
selectivity over Pyk2 (ICs, = 13 nM). To better understand the
interaction of PF-562271 with Pyk2, we solved a crystal
structure of the complex. A comparison in the binding pose of
PF-562271 complexed with FAK™ versus Pyk2" revealed a
significant conformational difference in the amino-methyl
pyridinyl sulfonamide group (Figures 2a and 2b). The rotamer of
the benzylic CH,-NH bond of PF-562271 observed in the Pyk2-
bound structure induced a conformation of the nearby DFG loop
in Pyk2 (DFG-in) distinct from that observed in FAK (helical
DFG). We hypothesized that a macrocyclic analogue of PF-
562271 favoring the Pyk2-bound conformation shown in Figure
2b would enhance selectivity of the inhibitor over FAK.?
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Figure 2. (A) Co-crystal structure of PF-562271 (pink) bound to FAK (PDB
entry 3BZ3)" showing the methionine gatekeeper (cyan), the hydrogen
bonding interactions between the aminopyrimidine and the hinge backbone
(orange), as well as the amino-methyl pyridinyl sulfonamide group projecting
toward the DFG motif (residues Asp-Phe-Gly in lavender). (B) Co-crystal
structure of PF-562271 (yellow) bound to Pyk2 (PDB entry 5TOB, resolution
2.2 A) depicting the amino-methyl pyridinyl sulfonamide group adopting a
unique conformation next to the DFG motif. The macrocyclization strategy is
also depicted (black dotted line).

Macrocycle 10a was synthesized as described in Schemes 1 and
2. Under SyAr conditions, 2-chloronicotinonitrile 2a was
heated with tert-butyl 5-aminopentanoate in refluxing ethanol

(Scheme 1).* The resulting aminopyridine was treated with
mesyl chloride and the nitrile was subsequently reduced to afford
amine 3a. Chloroaminopyrimidine intermediate 7 was heated
with 3a under basic conditions to generate diaminopyrimidine 8a
(Scheme 2).**?*  Following N-Boc deprotection and tert-butyl
ester hydrolysis, crude amino acid 9a was subjected to a HATU-
mediated macrolactamization under dilute conditions to provide
10a in 56% yield over two steps.” In contrast to PF-562271, 10a
exhibited moderate selectivity for Pyk2 over FAK (Pyk2 ICy, =
3.1 nM, FAK ICs, = 17 nM, Table 1) demonstrating the validity
of the macrocyclization strategy. The excellent  cellular
permeability of 10a was also notable (Caco-2: A to B = 30 x 10
cm/s and B to A = 32 x 10° cm/s) and- displayed a moderate
improvement over acyclic inhibitor PF-562271 in the absorptive
direction (Caco-2: A to B = 11 x 10°cm/s and B to A = 29 x 10°
cm/s).

NH,
Ny “ “ Ny
\ a b, c ) \ d, e
— EE—— — e
cI” N tBuO N7 X HN
2a 32 (X=N) SO,Me o:s‘:o 2b
3b (X=C)
NHBoc NH, * HCI
d,i
L . (o]
HN HOMN
NHy * HCI 0=8=0 5 3c 0=S=0
|
fg Et Et
! *HCl
7~
4 NHBoc HN
d,h,i 0 D
- T
HN HO N
|
0=5=0 6 3d 0=8=0
Me Me

Scheme 1. Reagents and conditions for N-pyridinylmethanesulfonamide and
N-phenylsulfonamides: (a) tBuO,C(CH3)4sNH,, EtOH, 85°C (54%); (b)
LiIHMDS, MsCI, THF, -78°C (64%): (c) H,, Raney Ni, 50 bar, EtOH, 60°C
(40%); (d) Br(CH2)4CO,tBu, Ko,CO3, DMF, 125°C (54-82%)%*; () H., Raney
Ni, 70 bar, EtOH, 50°C (50%); (f) Boc,O, NaHCO3;, THF/H,O (95%); (9)
MeSO,NH, or EtSO,NH;, Cul, N-methylglycine, KsPO4, DMF, 100°C (40%);
(h) NaH, Mel, THF (85%); (i) 4N HCl in 1,4-dioxane (95%).
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Scheme 2. Reagents and conditions: (a) iPr.NH, PhMe/IPA, 90°C; (b) TFA,
DCM; (c) HATU, 4-methylmorpholine, DMF (0.005M) (10-30% over 3
steps).



Interestingly, a small molecule crystal structure of 10a
revealed the presence of atropisomers 10a-AtropA and 10a-
AtropB in the solid state (Figure 3a).”> For 10a-AtropA, the
linker alkyl chain appeared disordered but was successfully
modeled as 80/20 occupancy. Co-crystallization of macrocycle
10a with Pyk2 confirmed preservation of the binding mode,
inhibitor conformation, protein-inhibitor interactions and
revealed the kinase adopting a DFG-in conformation (Figure
3b).*  An overlay of the Pyk2-bound conformation of 10a with
the solid state conformation of 10a-AtropB indicated that the
latter was the relevant atropisomer for inhibition (Figure 3c).
Attempts to separate the atropisomers in chiral HPLC and SFC
screens were unsuccessful, suggesting that rapid interconversion
was occurring on the HPLC timescale.””*® On the other hand,
chiral HPLC analysis of the N-phenylmethanesulfonamide
macrocycle 10b (Pyk2 IC5, = 0.9 nM) suggested a 1:1 ratio of
atropisomers, however baseline resolution of the split peak could
not be achieved, presumably due to on-column interconversion.”®

A) 10a-AtropA 10a-AtropB

Figure 3. (A) Small molecule X-ray structure (0.75 A) of macrocycle 10a as
a mixture of atropisomers 10a-AtropA (green) and 10a-AtropB (orange).
Atoms disordered in the crystal are labeled with an asterisk (*). (B) Co-
crystal structure overlay of macrocycle 10a (cyan, PDB entry 5TO8,
resolution 2.0 A) and PF-562271 (yellow) bound to Pyk2. (C) Overlay of
macrocycle 10a (cyan) bound to Pyk2 and small molecule X-ray structure of
10a-AtropB (orange).

To_ increase the energy barrier for atropisomer
interconversion, we focused our attention on N-
phenylsulfonamides, prepared the bulkier ethyl sulfonamide 10c,
and also explored the effect of alkylation of the secondary
benzylic amine in the form of the tertiary analogue 10d. 1-
lodobenzylamine hydrochloride 4 proved useful as a starting
material for both compounds, with copper mediated N-arylation
of the sulfonamide® and selective alkylation of the sulfonamide
over the carbamate under basic conditions as key steps (Scheme
1). Chiral HPLC analysis of 10c and 10d were qualitatively
similar and showed two peaks separated by a plateau, which

suggested the atropisomers may be separable on preparative
scale.””*" Unfortunately, however, peak resolution for 10c could
not be achieved due to on-column interconversion. Nonetheless,
the rapidly interconverting class 1 atropisomers® constituting
both 10c and 10d showed >100-fold improvement in Pyk2 1Cs,
(1.5 nM and 1.9 nM respectively) when compared to their
corresponding acyclic diaminopyrimidines 9c and 9d, together
with 5-fold selectivity over the FAK enzyme (Table 1).

Table 1. Pyk2 and FAK ICs values for diaminopyrimidine
macrocycles and acyclic precursors.
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The effect of various macrocycle linkers on Pyk2 and FAK
biochemical potencies was also investigated (Figure 4).
Shortening the 5-carbon linker of 10a to four carbons yielded 11
as an 18-membered macrocyclic dual Pyk2/FAK inhibitor with a
10-fold loss in Pyk2 potency (ICso = 30 nM). Replacing the
tertiary methyl sulfonamide moiety in 10b with a secondary
sulfonamide within the linker afforded 19-membered macrocycle
12, an equipotent Pyk2 inhibitor (ICs, = 3.5 nM) with a slight
erosion in FAK selectivity compared to 10b.* Rigidifying
macrocycle 13 with a phenyl-containing linker did not improve
selectivity.
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Figure 4. Effect of various linkers on Pyk2 and FAK potencies.
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Scheme 3. Reagents and conditions: (a) Boc,0, EtsN, CH,Cl, (90%); (b) (Allyl)NHSO,Me, Cul, DMEDA, K,COs, ACN, 70°C (74%)*; (c) TFA/DCM (58%-
quantitative); (d) NaH, Mel, THF (98%); (e) Boc,O, NaHCOs;, THF/H,0 (91%); (f) MeSO,NH,, Cul, 1,3-di(2-pyridyl)-1,3-propanedione, K,CO3;, DMF, 120°C
(89%); (g) AllylBr, K,CO3, ACN, 70°C (66%); (h) 22a or 22b, iPr,NH, PhMe/IPA, 90°C (38-75%).%

Table 2. Intrinsic potencies for acyclic and 15-membered macrocyclic diaminopyrimidines.
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25b H Morpholine N CH 131 3.21
24c Me Morpholine N CH 1.55 5.75
23d Me Morpholine CH N 6625 7496
24d Me Morpholine CH N 2.70 14.0

(a) For 24a-c: Pd(OAC),, (tBu)sP, EtsN, ACN, 80°C (14-31%); and for 24d: Pd,(dba)s, (tBu)sP, Cy.NMe, 1,4-dioxane, 90°C (10%); (b) H, Pd/C,

EtOH/EtOAC (50-67%).

N-Phenylsulfonamide macrocycles 10b-d suffered from
poor solubility (<1.6 uM at pH 7), and short half-lives were
observed for 10a-d in mouse, dog and/or human liver
microsomes (t;, < 60 min). For the next generation of
macrocyclic Pyk2 inhibitors, we employed an intramolecular
Heck reaction for the ring closure step. Macrocycles with
morpholine as R? and/or 3-pyridyl regioisomers were prepared as
a tactic to enhance solubility (Scheme 3). Intermediate 20, used
as a precursor for the synthesis of macrocycle 23d, was prepared
via a copper-catalyzed N-arylation of methanesulfonamide.®
Heck-mediated macrocyclizations of 23a-d under dilute
conditions provided inhibitors 24a-d bearing 3-carbon linkers,
thus decreasing the number of sites for potential metabolism
(Table 2). In some cases, the alkene was reduced with Pd/C
under an atmosphere of hydrogen to yield macrocycles 25a and

25b. Assessment of the activities of the acyclic precursors 23a-b
relative to the macrocycles 24a-b proved further evidence of the
potency switch toward Pyk2 and selectivity improvement in the
latter. Strikingly, the acyclic tertiary amine 23d was markedly
less active against both enzymes but macrocyclization to 24d
provided for ~2,500-fold and 500-fold increases in potency
against Pyk2 and FAK respectively.  Saturation of the
macrocyclic linker in 25a led to a modest improvement in Pyk2
potency, albeit with a relative loss in selectivity. Incremental
improvements in Kinetic solubility at physiological pH were
noticed between 24a, 24c and 24d (0.3, 1 and 3 uM
respectively). Macrocycle 24d, bearing an unsaturated 3-carbon
linker, exemplified the most metabolically stable analogue tested
in the human microsomal stability assay (t;, = 263 min).



Conformational analysis provides further insight into the
SAR trends apparent in Table 2. Acyclic precursors 23a-b are
25-50 fold less active than their macrocyclic counterparts 24a-b
against Pyk2. The global minima for 23a-b are conformations in
which the -NHCH,- linker between the pyrimidine and pyridine
rings is staggered, and the calculated energy penalty to adopt the
gauche local minima evident in the bioactive conformation (cf
Figure 3c) is ca. 2.3 kcal/mol.** In the still more dramatic case of
the tertiary amines, the 2,500-fold Pyk2 potency differential is
largely explained by the same phenomenon coupled with the
need for the N-Me substituent to lie in the same plane and
pointing towards the adjacent o-CF; substituent — a conformation
that lies 4.3 kcal/mol above the global minimum for the acyclic
analogue 23d. Conformational analysis also confirms that
second generation macrocycles 24a, 24d and 25a can adopt a low
energy conformation (either the global minimum or within 0.5
kcal/mol of it) that overlays closely with the small molecule
crystal structure of 10a-AtropB (Figure 4). The detrimental
conformational effect of N-methylation is effectively overcome
through macrocyclization of 23d to 24d.

A) o f{ B)

Figure 4. Calculated low energy conformations of second generation
macrocycles (A) with secondary benzylic amine 24a (cyan), (B) tertiary
benzylic amine 24d (yellow) and (C) highly potent Pyk2 inhibitor 25a
bearing a saturated linker (green). (D) Overlay of the minimized
conformations of 24a, 24d and 25a with the small molecule crystal structure
10a-AtropB (orange).

In summary, the use of a‘macrocyclization strategy provided
an enhancement in Pyk2.vs FAK selectivity, despite the high
degree of sequence similarity in their active sites. Macrocyclic
atropisomerism was observed with 10a, where the solid state
conformation of 10a-AtropB was found to be remarkably similar
to the Pyk2 bound conformation. The excellent in vitro potencies
of macrocycles 10, 12, 24 and 25 (ICs, = 0.7 - 3.1 nM), combined
with their Pyk2/FAK selectivity (2- to 3-fold), render them
suitable tool..compounds for future proof-of-concept studies.
Improving solubility, metabolic stability and ensuring blood
brain barrier permeability will be necessary to enable their utility
in glioblastoma xenograft models.
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