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Abstract: The inhibition of tyrosine kinase~mediated signal transduction pathways represents a therapeutic
approach to the intervention of proliferative diseases such as cancer, atherosclerosis, and restenosis. A novel
series of pyrido[2,3-d]pyrimidine inhibitors of the PDGFr, bFGFr, and c-Src tyrosine kinases was developed
from compound library screening and lead optimization.' In addition, highly selective inhibitors of the FGFr
tyrosine kinase were also discovered and developed from this novel series of pyrido[2,3-d]pyrimidines. The
syntheses, biological evaluation, and structure—activity relationships of this series are reported.

© 1997 Elsevier Science Ltd.

Introduction: Protein tyrosine kinases (PTKSs) catalyze the selective transfer of a phosphate group from ATP to
a tyrosine hydroxyl residue of a substrate protein. Tyrosine phosphorylation is a critical event in growth factor
mediated signal transduction and PTKs are key components of this process.” The aberrant overexpression of
receptor PTKs or their cognate ligands has been implicated in the pathogenesis of proliferative diseases. For
example, strong evidence exists for the role of the platelet-derived growth factor (PDGF) and the basic fibroblast
growth factor (bFGF) in such diseases as restenosis,’ atherosclerosis,* and cancer.’” FGF is also reputed to be a
potent angiogenic factor for which tumor cells are dependent upon to grow and metastasize.® In addition, elevated
levels of pp60~5“(c-Src), a nonreceptor cytoplasmic PTK, has been associated with a variety of human
malignancies.”® Thus, given the critical role of these PTKs in the propagation of abnormal mitogenic growth
signaling, inhibitors of the PDGF receptor (PDGFr), FGF receptor (FGFr) and c-Src tyrosine kinases represent a
potential therapeutic strategy for controlling a variety of proliferative disorders.

Results and Discussion: Screening of our compound library for inhibitors of the PDGF and FGF receptor
tyrosine kinases led to the discovery of a novel pyrido[2,3-d]pyrimidine tyrosine kinase inhibitor, 5, PD 089828
(see Figure 1). Compound 5 inhibited PDGFr and FGFr tyrosine kinase activity with ICsp values of 1.25 and
0.14 pM, respectively. Upon further evaluation, 5 was also found to inhibit the cytosolic ¢c-Src tyrosine kinase
activity with an ICsg value for inhibition in the submicromolar range (see Table 1). A structure—activity
relationship (SAR) study focusing on phenyl substitution in the 6-position was initiated to determine structural
requirements for optimizing potency of these three kinases and enzyme selectivity at this position (see Table IhN
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FIGURE 1.
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The SAR study generally revealed that either 2- or 2,6-disubstituted phenyl moieties in the 6-position
possessing either methyl or halogen substituents resulted in an increase in PDGFr, FGFr, and c-Src tyrosine
kinase inhibitory activity relative to the unsubstituted parent compound, 4. The greatest increases in activities
were realized with the 2,6-disubstituted compounds (8, 9, and 15) which were a log order more potent against
PDGFr and FGFr tyrosine kinases and several orders of magnitude more potent against the c-Src tyrosine kinase
compared to 4. Tyrosine kinase activity was least affected by a 2,6-difluoro substitution (compound 10) in the
phenyl ring producing only a modest increase in FGFr-TK and c-Src kinase activity. Larger groups in the 2-
position of the phenyl ring such as ethyl (compound 22), or methoxy (compound 24), resulted in a decrease in
activity against PDGFr-TK and FGFr-TK with little or no effect on c-Src activity. Substitutions in the 4-position
of the phenyl ring resulted in a loss or decrease in activity against all three kinases as exemplified by 14, 26 and
27. However, the 2,4,6-trimethyl analog, 18, retained similar tyrosine kinase activity relative to the 2,6-diMe
analog, 15, even though it contained a methyl substituent in the 4-position.

Most interestingly, substitutions at the 3- and 5-positions of the phenyl ring showed a high degree of
selectivity for the FGFr tyrosine kinase relative to that of the other kinases (see Table 2). Initially, the 3,5-
dimethyl analog, 17, was synthesized and displayed selectivity for the FGFr-TK (ICso = 1.13 uM) relative to the
PDGFr-TK ( ICso = 52.9 uM) and the ¢-Src tyrosine kinase (ICsy > 50 pM). This interesting finding led us to
investigate further the effects of 3,5-substitution on FGFr selectivity. The 2,3,5,6-tetramethyl analog, 19, was
selective for FGFr-TK with an ICs, value of 0.71 uM and was inactive against PDGFr and c-Src tyrosine kinases.
Compared to 19, the 3,5-dimethoxy analog, 28, was an order of magnitude more potent against the FGFr-TK
with an ICs, value of 0.06 uM. Similar to 19, 28 was inactive against the PDGFr-TK and c-Src tyrosine kinases
(Table 3). Increasing the size of the 3,5-dialkoxy substituents from 3,5-diOMe (28) to 3,5-diOEt (30) retained
FGFr-TK selectivity but was accompanied by a decrease in potency for inhibition of the FGFr-TK (ICso = 1.65
uM for 30 vs ICsy = 0.06 uM for 28). The 3,5-diEt (23) and 3,5-diNMe, (31) analogs were also selective but
less potent than compound 28. The 3,5-diF (11) analog revealed a decrease in potency and showed no selectivity
against FGFr-TK while the 3,5-diCF, (12) analog was inactive against PDGFr, FGFr, and c-Src tyrosine
kinases.
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Structure—Activity Relationships:

Table 1.

Substituted Phenyl Analogs

N
HN J\\
No R PDGF!'-TII‘? FGFr-TK ¢-SRC-TK
. ! (ICs, pM) (Csp, pM)'° (ICs50, UM)'°

4 H 13.24 8.0 19.33
5 2,6-diCl 1.25 0.14 0.22
6 2,3-diCt 226 0.16 4.41
7 2,3,6-triCl 2.96 0.11 1.41
8 2,6-diBr 1.42 0.29 0.21
9 2-Br, 6-Cl 0.62 0.18 0.21
10 2,6-diF 1.67 0.11 0.80
11 3,5-diF 8.97 1.10 1.35
12 3,5-diCF, >50 >50 >50
13 2-Me 1.05 1.40 0.41
14 4-Me 6.31 1.67 17.50
15 2,6-diMe 0.34 0.40 0.11
16 2,3-diMe 6.05 0.34 4.17
17 3,5-diMe 52.90 1.13 >50
18 2,4,6-triMe 1.47 0.27 0.36
19 2,3,5,6-tetraMe >50 0.71 >50
20 2,3,4,5,6-pentaMe >50 1.62 >50
21 2,6-diMe, 3-OCH,CH,NEt, 11.81 0.89 1.65
22 2-Et 4.48 11.22 10.43
23 3,5-diEt >50 7.76 >50
24 2-OMe 4.48 11.22 10.43
25 3-OMe 2293 0.36 36.40
26 4-OMe 2.89 3.97 >50
27 3,4-diOMe >50 20.25 >50
28 3,5-diOMe >50 0.06 >50
29 3-0OEt 23.00 0.67 >50
30 3,5-diOEt >50 1.65 >50
31 3,5-diNMe, >50 16.00 >50
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Since compounds 19 and 28 were the most potent and selective inhibitors of the FGFr-TK from this

series, they were selected for further profiling against an expanded panel of protein kinases. As seen in Tables 1
and 2, compounds 19 (PD 162628) and 28 (PD 166866) retained their high degree of selectivity for the FGFr-
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TK relative to this expanded panel of enzymes. In contrast, the initial lead, compound 5, showed broad activity
against this panel of enzymes. The highly FGF-selective compound, 28, was further evaluated for its ability to
inhibit FGF-stimulated human umbilical vein endothelial cells (HUVECSs) growth. HUVECs has shown to be
dependent upon FGF for growth." In a 4-day growth delay assay,'? compound 28 inhibited FGF-stimulated
HUVEC growth with an IC,of 0.059 pM.

Table 2. FGFr Selective TK Inhibitor Profile

H. N NN a N H,N N
N Bf H,N" N N H,g N\K 5 Nee <
Kinase (ICs,, pM)" 5 19 28
PD 089828 PD 162628 PD 166866

MAPK 7.1 >50 >50
CDK4 >50 >40 >40
EGFr 0.45 6.68 50

InsR >50 >50 >50

PKC 50 >50 >50

Synthesis: Compounds 4-31 were prepared according to the general method described in Scheme 1. The

previously reported aldehyde 1

was condensed with an appropriately substituted phenylacetonitrile (2) in
refluxing 2-ethoxyethanol under basic conditions (0.4 equiv sodium hydride) to afford the corresponding 2,7-
diamino-(6-aryl)-pyrido[2,3-d]pyrimidine (3) in variable yields (27-97%). Subsequently, a suspension of 3 in
DMF at room temperature was treated with 1.1 equiv of NaH, stirred for 1 h, followed by the addition of terr-

butylisocyanate to afford the desired target compounds 4-31 in yields ranging from 30-70%.

Scheme 1. Pyrido[2,3-d]pyrimidine Analogs

/‘:,/Rl /B/Rl
Ny THO Z R a NN b NF RS
L, 5 7 WA - JALLE K
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H,N N NH, H,N N N NH, N N # a ]’j
CN
1 2 3 4-31

(a) NaH, 2-ethoxyethanol, 27-98% yield; (b) i. NaH, DMF,; ii. {-BuNCO, 30-70% yield.

Generally, the substituted phenylacetonitrile intermediates used in this work were obtained from

. . . 1,13,14,17
commercial sources or prepared according to literature methods.

However, several of the intermediates
used in this study were novel, and therefore syntheses were developed to access them. Scheme 2 describes the
synthetic routes used to prepare these heretofore unknown substituted phenylacetonitriles, which were used to

prepare compounds 23, 30, and 31.
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Scheme 2. Arylacetonitrile Intermediates for Compounds 23, 30, and 31
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(a) NBS, CCl4 (88%); (b) BaCO3 dioxane/H20 (quantitative); (c) 8 N Jones reagent, acetone (53%); (d) Brp, NaOH/H20,
dioxane (90%); (e) LAH, THF (92%); () i. SOCl,, benzene; ii. KCN, 95% EtOH (45%).
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(a) K2CO3, Etl, acetone (82%); (b) LAH, THF (82%); (c) PPh3, DEAD, acetone cyanohydrin (35%).

OH CN
COMe CO2Me

ON NO2 Me2N NMez Me N NMe, MeoN NMe
(a) i. Hp, Ra/Ni, MeOH, ii. 37% HCHO iii. Ra/Ni (77%); (b) LAH, THF (94%); (c) PPh3, DEAD, acetone cyanohydrin (30%).

Biological Evaluation: The following enzyme assays were run according to previously reported literature
procedures: PDGFr-TK/FGFr-TK,'® c-Src,'” MAPK,” EGFr,” InsR,” and PKC.? The CDK4 assay* and
HUVEC growth delay assay' were performed in our laboratories.

Conclusions: Compound library screening to identify leads with PDGFr and FGFr tyrosine kinase inhibitory
activity led to the discovery of a novel series of pyrido[2,3-d]pyrimidine compounds with PDGFr, FGFr, and c-
Src TK enzyme inhibitory activity. SAR studies focusing on modifications at the 6-phenyl moiety of the initial
lead produced a series of broadly active potent TK inhibitors. This study also led to the development of a novel
series of 2-amino-6-(3,5-disubstituted-phenyl)-pyrido[2,3-d] pyrimidin-7-yl]-3-tert-butyl-urea analogs which are
highly selective and potent inhibitors of the FGFr tyrosine kinase.
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