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The synthesis and SAR for a series of diaminopyrimidines as PYK2 inhibitors are described. Using a com-
bination of library and traditional medicinal chemistry techniques, a FAK-selective chemical series was
transformed into compounds possessing good PYK2 potency and 10- to 20-fold selectivity against FAK.
Subsequent studies found that the majority of the compounds were positive in a reactive metabolite
assay, an indicator for potential toxicological liabilities. Based on the proposed mechanism for bioactiva-
tion, as well as a combination of structure-based drug design and traditional medicinal chemistry tech-
niques, a follow-up series of PYK2 inhibitors was identified that maintained PYK2 potency, FAK selectivity
and HLM stability, yet were negative in the RM assay.

� 2008 Elsevier Ltd. All rights reserved.
Proline-rich tyrosine kinase 2 (PYK2) and focal adhesion kinase
(FAK) are nonreceptor tyrosine kinases, and together they constitute
the FAK subfamily.1 Unlike FAK expression, which is ubiquitous,
PYK2 expression is relatively restricted, with highest levels in the
brain and the hematopoietic system. In contrast to the embryonic
lethality in FAK-deficient mice, PYK2 �/� mice are viable and fer-
tile.2 In a prior study, we found that the skeletal phenotype of adult
PYK2 �/� female mice has significantly increased bone mass and
bone mineral density compared to wild-type mice.3 Furthermore,
daily oral administration of a small-molecule PYK2 inhibitor (PF-
431396, 1a) resulted in an increase in bone formation and protection
against bone loss in the ovariectomized (OVX) rat model, an estab-
lished preclinical model of postmenopausal osteoporosis.3 The fact
that this efficacious response resulted from increased bone forma-
tion with minimal change in bone resorption has important thera-
peutic implications. Oral agents approved to treat osteoporosis
include bisphosphonates, estrogen, and selective estrogen receptor
modulators (SERMs), all of which are antiresorptive in nature and
ll rights reserved.

alker).
are insufficient for restoring bone in critically osteoporotic patients.
Parathyroid hormone 1–34 is the only approved bone anabolic
agent; however, it is an injectable that increases bone turnover with
a balance favoring bone formation. Considering the usual challenges
associated with protein-based therapeutics, such as inconvenient
routes of administration, an orally bioavailable small-molecule
PYK2 inhibitor represents an attractive anabolic therapy for patients
afflicted by low bone mass and offers a new opportunity to impact
this unmet medical need in the aging population.
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Pyrimidine 1a was an attractive compound due to its in vitro PYK2
potency (PYK2 IC50 = 31 nM) and in vivo efficacy.3 However, subse-

quent studies accessing the bioactivation potential of 1a and struc-
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Scheme 1. General synthetic route for the preparation of pyrimidines of types 1
and 2. Method A reagents and conditions: (a) 2.0 equiv, ZnCl2 (1.0 M solution in
ether), CH2Cl2–tBuOH (1:1), �5 �C, 1 h; ArNH2, 1.1 equiv Et3N, �5 ? 40 �C, 45–95%;
(b) RNH2, DMF, Na2CO3, 85 �C, 1–2 h, 60–95%. Method B reagents and conditions: (a)
RNH2, i-Pr2NEt, THF, room temperature, 24 h, 75–95%; (b) ArNH2, i-Pr2NEt, dioxane,
110 �C, 24–48 h, 10–50%.
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turally-related analogs in NADPH- and glutathione-ethyl ester
(GSH-EE)-supplemented human liver microsomes (HLM) revealed
the formation of sulfydryl conjugates, a phenomenon consistent
with reactive metabolite formation. With an increasing awareness
of potential toxicological liabilities that can occur via bioactivation
of toxicophores within drug candidates,4 we felt that it was impor-
tant to identify the metabolic pathway responsible for reactive
metabolite formation and to eliminate this undesirable attribute
via rational structural modifications. We detail below the synthesis
and structure–activity relationships (SARs) for a series of diamino
pyrimidines as PYK2 inhibitors. We also detail our efforts to charac-
terize the structure of the GSH conjugate of 1a. This information
provided insights into the structure of the reactive metabolite and
the bioactivation pathway responsible for its formation thus allow-
ing chemical intervention to eliminate the potential safety hurdle.

Pyrimidines of types 1 and 2 were prepared in two steps accord-
ing to Scheme 1. Method A was utilized for pyrimidines possessing
a trifluoromethyl group at C5,5,6 whereas all other pyrimidines
examined in this study were prepared by Method B.

Early in-house SAR studies on the pyrimidine series against the
related kinase, FAK, identified 5-aminooxindole as a suitable C2
group (Table 1).7 While other 6,5-fused heterocycles, such as in-
dole 1b and indazole 1c, were also tolerated at this position, these
heterocycles exhibited sub-optimal oral pharmacokinetics in the
rat (oral bioavailability < 5%) due to a combination of poor aqueous
solubility and first pass oxidative metabolism. SAR studies also
identified trifluoromethyl as a suitable C5 group (compounds 1d–
1i). While the role of the C5 substituent in the inhibitory process
is unclear, it is possible that the C5 substituent modulates the acid-
ity of the C2 N–H bond, which is important for ligand binding to
the kinase (vide infra). Further optimization of the pyrimidine ser-
ies for PYK2 activity also found that 5-aminooxindole and trifluo-
romethyl were optimal C2 and C5 groups, respectively.
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Scheme 2. Proposed mechanism of P4
Not surprisingly, there was as well significant overlap in the
SAR for PYK2 and FAK at the C4-position of the pyrimidine ring.
This is likely due to the high degree of homology between PYK2
and FAK within the ATP binding pocket.8 Nevertheless, some differ-
ences in the SARs were identified. For instance, whereas unsubsti-
tuted benzylamine 1j showed a modest preference for FAK, meta-
substitution significantly increased FAK activity and selectivity
(compounds 1k and 1l). Conversely, ortho-substitution appeared
to result in a modest selectivity for PYK2 (compounds 1m and
1n). para-Substitution resulted in decreased activity for both FAK
and PYK2 (data not shown). In an effort to identify compounds
with better HLM stability and PYK2 selectivity, we prepared a
diversity library possessing aliphatic C4 amines. Two compounds
emerged from these efforts, caprolactam 1o and cyclopentanedi-
amine 1p, that showed good PYK2 potency and 6- to 10-fold selec-
tivity against FAK. Cyclopentanediamine 1p was further attractive
in that it appeared to be stable in HLM towards oxidative
metabolism.

During the course of the SAR studies to optimize PYK2 inhibi-
tory potency and selectivity, it was observed that our early lead
compound 1a was positive in a high-throughput screen (HTS) for
reactive metabolite formation. This screen examines the bioactiva-
tion potential of drug candidates in HLM via the detection of GSH
and/or GSH-EE-captured reactive metabolites.9 There are examples
of drugs that are false positives in the HTS RM assay, yet are not
associated with a significant incidence of toxicity.10 However, since
our interest was to develop a drug candidate for treating osteopo-
rosis, which is a nonlife threatening disease, we felt it was impor-
tant to eliminate the bioactivation liability within this chemical
series. Liquid chromatography–tandem mass spectrometry (LC/
MS/MS) analysis of the NADPH-supplemented HLM incubations
containing 1a and GSH or GSH-EE9,11,12 led to the detection of sul-
fydryl conjugates with molecular ions (MH+) at 812 (GSH) and 840
(GSH-EE), respectively. The formation of these conjugates was
NADPH-dependent suggesting the involvement of cytochrome
P450 in the bioactivation of 1a. Also, inclusion of the specific
P4503A4 inhibitor ketoconazole in the HLM incubations elimi-
nated conjugate formation and overall metabolism implicating
that P4503A4 was responsible for the oxidative metabolism/bioac-
tivation of 1a. Furthermore, in both cases, additional chromato-
graphic separation revealed the presence of two isomeric peaks
as depicted with the GSH conjugate of 1a (Fig. 1, panel A). Overall,
the molecular mass of the conjugate was consistent with the addi-
tion of one molecule of GSH or GSH-EE to the molecular mass of
the parent compound 1a.
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Table 1
In vitro IC50 values for FAK and PYK2 inhibition, HLM stability and propensity for reactive metabolite formation by compounds 1a–1r

1a-r

N

NN
H

N
H

Y

ZX

Compound X Y Z FAK IC50
a (nM) PYK2 IC50

b (nM) HLM Ehc RMAd,e

1a PF-431396
H
N

O
CF3

N
Me SO2Me

1.5 (n = 3) 11 (n = 3)f 0.78 Positive

1b N CF3

N
160 1200 >0.85 Positive

1c
H
N

N
CF3

N
16 600 0.55 N.T.

1d
H
N

O
H

N
>10,000 >10,000 <0.26 Positive

1e
H
N

O
Me

N
2200 >3000 <0.30 Positive

1f
H
N

O
Cl

N
77 (n = 3) >1000 <0.28 Positive

1g
H
N

O
Br

N
46 (n = 5) 580 0.44 N.T.

1h
H
N

O
CN

N
190 1800 <0.26 Positive

1i
H
N

O
CF3

N
19 680 <0.26 Positive

1j
H
N

O
CF3 34 120 <0.26 N.T.

1k
H
N

O
CF3

N SO2Me

1.9 (n = 7) 190 (n = 7) 0.59 Positive

1l
H
N

O
CF3

SO2Me

9.0 (n = 9) >1100 0.35 Positive

1m
H
N

O
CF3

SO2Me

59 15 0.55 Positive

1n
H
N

O
CF3

O2S N
170 (n = 4) 17 (n = 4) >0.93 Positive

1o
H
N

O
CF3

H
N

O 300 49 0.55 Positive

1p
H
N

O
CF3

NMe2

810, 1600 53 <0.26 Positive

(continued on next page)
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Table 1 (continued)

Compound X Y Z FAK IC50
a (nM) PYK2 IC50

b (nM) HLM Ehc RMAd,e

1q

H
NO

CF3

N
38 210 0.29 Positive

1r

H
N

O

CF3 N.T. 33 N.T. Positive

a FAK ELISA protocol. IC50 values represent the concentration required to inhibit 50% of poly-Glu-Tyr phosphorylation by GST:FAK (see: Ref. 19). Numbers indicate IC50

values generated from individual 6-point concentration response relationships in triplicate.
b PYK2 ELISA protocol. IC50 values represent the concentration required to inhibit 50% of poly-Glu-Tyr phosphorylation by GST:PYK2 (see: Ref. 19). Numbers indicate IC50

values generated from individual 6-point concentration response relationships in triplicate.
c Eh = in vitro hepatic extraction ratio, which is obtained from dividing estimated hepatic blood clearance of test compounds by the human hepatic blood flow of 20 mL/

min/kg. Protocols for measuring half-lives in HLM and subsequent scaling to blood clearance have been published (see: Ref. 20).
d For compound 1b, the molecular mass of the GSH-EE conjugate corresponded to addition of the thiol to a N-demethylated metabolite of the parent compound.
e For all other analogs, the molecular mass of the GSH-EE conjugate corresponded to addition of the thiol to the parent compound suggesting a similar bioactivation

mechanism as shown for 1a.
f Buckbinder et al. (see: Ref. 3) reports an IC50 of 31 nM for compound 1a using a fluorescence polarization assay.
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The product ion spectrum obtained by collision-induced disso-
ciation (CID) of the MH+ at m/z 812 for the isomeric GSH conjugates
of 1a produced identical fragment ions at m/z 724, 683, 623, 551,
539, and 198 (Fig. 1, panel B). The presence of the fragment ion
at m/z 19813 established that the C4 substituent was unaltered
(see Fig. 1, panel B), indicating that GSH conjugation had occurred
on the 5-aminooxindole or the trifluoromethylpyrimidine ring. The
fragment ion at m/z 683 corresponded with the loss of the pyroglu-
tamate moiety, which represents a characteristic fragment ion de-
rived from GSH conjugates.14 The fragment ion at m/z 539 was
assigned as a cleavage adjacent to the cysteinyl thioether moiety
with charge retention on the 1a residue. The occurrence of the
fragment ion at m/z 539 is consistent with the presence of an aro-
matic thioether motif in 1a.14 A proposed structure for the GSH
conjugate(s) of 1a that is consistent with the observed mass spec-
trum, is shown in Figure 1, panel B. The assigned regiochemistry of
GSH addition as shown is arbitrary and for illustrative purposes
only. A mechanism for its formation is shown in Scheme 2. Thus,
P450-catalyzed two-electron oxidation of the 5-aminooxindole
motif would generate the electrophilic bis-imine followed by Mi-
chael addition of GSH. A similar mechanism has recently been re-
ported for a series of aryl amide tyrosine kinase inhibitors.15 In
general, this bioactivation sequence is analogous to the one ob-
served with the prototypic hepatotoxin and anti-inflammatory
agent acetaminophen.16 Not surprisingly, all analogs possessing
the 5-aminooxindole group at C2 were positive in the reactive
metabolite assessments (see Table 1). Likewise, analogs 1q and
1r, in which the oxindole group was replaced with the correspond-
ing dihydroquinolinone and tetrahydrobenzazepinone functional-
ities, respectively, also formed sulfydryl conjugates (Table 1). The
molecular masses of these conjugates suggested that a similar bio-
activation pathway involving the para-aminophenylacetamido
framework was operative.

Our strategy was to eliminate the bioactivation liability ob-
served with 1a while maintaining or improving PYK2 potency,
FAK selectivity and HLM stability. The X-ray co-crystal structure
of pyrimidine 1n bound to the ATP binding pocket of PYK2 is
detailed in Figure 2.17 The structure shows N1 of the pyrimidine
and the C2 amino group making key hydrogen bonds to the hinge
residue (Tyr505). More importantly, the structure shows the
5-membered ring lactam of the oxindole partially solvent exposed.
Thus, it was thought that making small structural modifications to
the lactam ring should be possible without adversely affecting
PYK2 activity. Furthermore, based on the propensity of electron-
rich aryl rings to undergo bioactivation by CYP enzymes,18 we
reasoned that replacing the fused lactam, an electron donating
moiety, in 1a with an electron withdrawing group should lower
the compound’s susceptibility to undergo CYP-mediated bioactiva-
tion. For this exercise, we limited the C5 substituent to trifluoro-
methyl and the C4 substituent to either cyclopentanediamine or
N-methyl-methanesulfonamidobenzylamine since it was unlikely
that these groups contribute significantly to the bioactivation
process.

Compounds possessing modifications to the C2 5-aminooxin-
dole moiety are shown in Table 2. We were pleased to discover that
analogs possessing a variety of aryl amines at C2 were negative in
the RM assay. Furthermore, several of the compounds showed
PYK2 activity and FAK selectivity similar to their corresponding
5-aminooxindole counterparts. Thus, isoindolinone 2a, where the
carbonyl and amino groups of the lactam ring of 1a have been re-
versed, displayed similar PYK2 potency and FAK selectivity to that
of 1a. Tetrahydrobenzazepinone 2b was negative in the RM assay,
but it was 3-fold less potent against PYK2 and was less stable in
HLM. Both dihydrobenzothiophene-S,S-dioxide 2c and dihydro-
benzisothiazole-S,S-dioxide 2d showed similar PYK2 activity and
HLM stability compared to the corresponding oxindole analog 1p.
In general, the 6,5-fused heterocycles, where an electron with-
drawing group (EWG) is directly attached to the ring, were effec-
tive replacement groups for the oxindole. Analogs 2e–2i, which
possess a directly linked EWG but do not contain a fused ring, also
eliminated the bioactivation potential. The PYK2 potency and HLM
stability of these analogs was in-line with the corresponding fused
ring compounds. Sulfone 2e displayed good stability in HLM,
whereas sulfonamide 2g and carboxamides 2h and 2i were less
stable than their fused ring counterparts.

Azanorbornene 2j is an example of an analog that does not pos-
sess a directly linked EWG yet was negative in the RM assay. Inter-
estingly, this analog was 9-fold more potent against PYK2 than the
corresponding oxindole analog 1p. It is possible the acetamide car-
bonyl on the azanorbornene is making a favorable interaction out
of the plane of the benzene ring with PYK2, which would not be
possible with the planar oxindole. Pyridine 2k and imidazopyri-
dine 2l represent two additional examples that were negative in
the RM assay yet do not possess a directly linked EWG. In these
cases, it is likely the pyridine nitrogen has a significant effect on
the electron density of the aryl ring such that a bioactivation mech-
anism similar to 1a is not favored.

While it was reasonable to anticipate lack of GSH conjugates for
compounds 2a–2l due to disruption of the electron-rich bis-aniline
architecture, we were surprised to find that benzosultam derivatives
2m and 2n were devoid of sulfydryl conjugate formation in the HTS
reactive metabolite screen as well as in separate HLM incubations



Table 2
In vitro IC50 values for FAK and PYK2 inhibition, HLM stability and propensity for reactive metabolite formation by compounds 2a–2n

2a-n

N

NN
H

N
H

CF3

Z1-2X Z1 =
N

SO2Me

Z2 =

N

Compound X Z FAK IC50
a (nM) PYK2 IC50

b (nM) In vitro HLM Ehc RMAd

2a
HN

O

1 0.50 5.0 N.T. Negative

2b HN

O

2 880 143 0.59 Negative

2c SO
O

2 623 67 (n = 3) 0.37 Negative

2d S
N

O
O

2 3200 25, 65 0.44 Negative

2e
S

O O

2 1300, 2000 95 (n = 4) <0.28 Negative

2f
S

O O

1 0.94 35, 66 0.93 Negative

2g
S

N
H

O O

2 3800, 4500e 154f 0.66 Negative

2h Et2N

O

2 3300 (n = 4)e 72 (n = 4)f 0.66 Negative

2i Me2N

O

2 3900, 4000e 99hf 0.66 Negative

2j

NAc

2 72 6 0.63 Negative

2k
N

2 4100, 6900e 430f 0.48 Negative

2l
N

N
2 N.T. 150f 0.41 Negative

2m

H
N

S
O

O 1 1.0, 5.0 2.0, 3.0 0.71 Negative

(continued on next page)
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Table 2 (continued)

Compound X Z FAK IC50
a (nM) PYK2 IC50

b (nM) In vitro HLM Ehc RMAd

2n

H
N

S
O

O 2 >650 (n = 5) 50 (n = 5) <0.26 Negative

a FAK ELISA protocol. IC50 values represent the concentration required to inhibit 50% of poly-Glu-Tyr phosphorylation by GST:FAK (see: Ref. 19). Numbers indicate IC50

values generated from individual 6-point concentration response relationships in triplicate.
b PYK2 ELISA protocol. IC50 values represent the concentration required to inhibit 50% of poly-Glu-Tyr phosphorylation by GST:PYK2 (see: Ref. 19). Numbers indicate IC50

values generated from individual 6-point concentration response relationships in triplicate.
c Eh = hepatic extraction ratio, which is obtained from dividing estimated hepatic blood clearance of test compounds by the human hepatic blood flow of 20 mL/min/kg.

Protocols for measuring half-lives in HLM and subsequent scaling to blood clearance have been published (see: Ref. 20).
d Reactive metabolite assessments in the HTS screening mode were conducted using GSH-EE as trapping agent in NADPH-supplemented HLM.
e FAK fluorescence polarization (FP) protocol as described in Ref. 3 using FAK kinase domain construct as described in Ref. 19 IC50 values represent the concentration to

inhibit 50% of the phosphorylation of a peptide substrate relative to vehicle control. Numbers indicate IC50 values generated from individual 8-point concentration response
relationships in triplicate.

f PYK2 fluorescence polarization (FP) protocol as described in Ref. 3 IC50 values represent the concentration to inhibit 50% of the phosphorylation of a peptide substrate
relative to vehicle control. Numbers indicate IC50 values generated from individual 8-point concentration response relationships in triplicate.
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with GSH. The precise reason(s) for lack of GSH conjugate formation,
despite the presence of the para-aminophenylsulfonamido group,
remains unclear and is the subject of an independent investigation
in our laboratory. In addition to the lack of reactive metabolite liabil-
ity, both benzosultams 2m and 2n show good PYK2 potency. Benzo-
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an identical mass spectrum suggesting that they were regioisomers. Assigned regiochem
sultam 2n was further attractive in that it showed 20-fold FAK
selectivity and was stable in HLM.

In summary, we have described the synthesis and SAR for a
series of diaminopyrimidines as PYK2 inhibitors. Using a combi-
nation of library and traditional medicinal chemistry techniques,
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Figure 2. Crystal structure of compound 1n (magenta) bound to PYK2. Dashed lines
show hydrogen bond contacts to the hinge region.
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we were able to transform a FAK-selective chemical series into
compounds with good PYK2 potency and 10- to 20-fold selectiv-
ity against FAK. It was later determined that the vast majority of
these compounds were positive in a HTS RM assay, indicating a
potential toxicological liability for this set of compounds. The 5-
aminooxindole moiety was identified as the likely culprit. Based
on the proposed mechanism for bioactivation, as well as a com-
bination of structure-based drug design and traditional medicinal
chemistry techniques, we prepared a follow-up series of PYK2
inhibitors that were negative in the RM assay. Furthermore,
many of these follow-up analogs and especially those possessing
the C4 cyclopentanediamine, showed good PYK2 activity and
FAK selectivity. Compounds 2c–2e, 2l, and 2n are further attrac-
tive in that they were stable in HLM.
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