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Abstract

A series of eleven conformationally restricted, 4-substituted 2,6-dimethylfuro[2,3-d]pyrimidines
was designed to explore the bioactive conformation required for dual inhibition of microtubule
assembly and receptor tyrosine kinases (RTKSs), and their biological activities are reported. All
three rotatable single bonds in the lead compound 1 were sequentially restricted to address the role
of each in SAR for microtubule and RTK inhibitory effects. Compounds 2, 3, 7 and 10 showed
microtubule depolymerizing activity comparable to or better than the lead 1, some with nanomolar
ECgq values. While compound 8 had no effect on microtubules, 8 and 10 both showed potent RTK
inhibition with nanomolar 1C5ps. These compounds confirm that the bioactive conformation for
RTK inhibition is different from that for tubulin inhibition. The tetrahydroquinoline analog 10
showed the most potent dual tubulin and RTK inhibitory activities (low nanomolar inhibition of
EGFR, VEGFR2 and PDGFR-3). Compound 10 is highly potent activity against many NCI cancer
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cell lines, including several chemo-resistant cell lines, and could serve as a lead for further
preclinical studies.

Introduction

Angiogenesis is required to provide the “life blood” of tumors, and, without a new blood
supply, tumors cannot grow and metastasize.! During carcinogenesis, an angiogenic switch
occurs, and several angiogenic growth factors stimulate their receptor tyrosine kinases
(RTKs) to initiate multiple pro-angiogenic events.2 A therapeutic strategy to inhibit these
key angiogenic proteins or their RTKs was envisioned, 3-° and multiple inhibitors targeting
EGFR, VEGF and/or PDGFR- among others are now used clinically. These RTKSs are
noted to have multi-kinase effects, and this appears to be important for optimal activities.
Antiangiogenic therapies have proven to be useful clinically in combination with other
approaches, and new agents continue to be developed.®

Turning to cytotoxic chemotherapy, tubulin binding agents are among the most successful
anticancer drugs in clinical use (Figure 1).” These compounds can be classified as
microtubule stabilizers that stimulate tubulin polymerization or destabilizers that inhibit
tubulin polymerization. The destabilizing agents bind to tubulin at different binding sites,
including the vinca domain and the colchicine site.” The vinca alkaloids, including
vincristine, vinblastine, and vindesine (Figure 1), bind competitively within the vinca site.
These vinca alkaloids have utility in the treatment of both solid and liquid tumors and are
used in cancer therapy in both adults and children. Structurally diverse natural products and
their analogs, including eribulin mesylate and maytansine (Figure 1) displace the vincas in a
noncompetitive manner and they were assumed to bind within the vinca domain and initiate
allosteric effects.® 9 Very recent studies by the Steinmetz laboratory demonstrated that
maytansine binds to a distinct microtubule depolymerizer site on B-tubulin that they have
designated as the maytansinel? site. Occupancy of this site inhibits tubulin polymerization
by preventing the addition of new subunits at the plus ends of the microtubule, a mechanism
different from vinca site agents.19 These microtubule targeting agents have clinical utility,
since a maytansine derivative is the payload in the antibody drug conjugate T-DM1 (ado-
trastuzumab emtansine, Kadcyla®) and eribulin is used in the treatment of breast cancer.
The colchicine site is a third non-overlapping microtubule destabilizer binding site on p-
tubulin and is located at its interface with a-tubulin. While colchicine is too toxic for use in
cancer therapy, a number of colchicine site agents have been evaluated for clinical activity,
including 2-methoxyestradiol (2ME2), combretastatin A-4 phosphate (CA-4P)
(fosbretastatin), the combretastatin CA-1P prodrug (OXi4503) and other closely related
compounds.”- 1112 The interaction of colchicine site agents with tubulin is intriguing in that
some colchicine site agents, notably 2ME2, were developed based on antiangiogenic effects,
while others, including CA-4P, have antivascular effects that initiate rapid destruction of the
tumor vasculature. Thus, while these colchicine site agents inhibit tubulin polymerization
and cause microtubule depolymerization in cells, there are other mechanistic differences that
are not fully understood.
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Multidrug resistance remains a major challenge in the curative treatment of cancer, and
colchicine site agents have advantages over other microtubule targeting agents because most
of them circumvent the P-glycoprotein (Pgp) and Bl1I tubulin-mediated resistance that have
been implicated in limiting the clinical efficacy of other microtubule targeting agents.” 13 In
spite of this, no colchicine site agents have yet achieved FDA approval for anticancer
therapy. This site has excellent potential for new drug discovery.

Returning to RTKSs, vascular endothelial growth factor receptor (VEGFR), platelet derived
growth factor receptor (PDGFR), epidermal growth factor receptor (EGFR) and related
enzymes are inhibited by small molecules, such as erlotinib, semaxanib, sunitinib, afatinib,
axitinib and cabozanitinb, that have considerable utility as targeted cancer chemotherapeutic
agents (Figure 2).14-20 |t is well established in the literature that these RTK inhibitors are
cytostatic.14 18. 19 Combination chemotherapy with RTK inhibitors as the antiangiogenic
component along with cytotoxic chemotherapeutic agents are in clinical trials.15: 17,20
Examples of such combinations currently in clinical trials include the combination of
lapatinib with carboplatin, paclitaxel and trastuzumab in metastatic breast cancer?! and
docetaxel, gemcitabine and pazopanib as treatment for soft tissue sarcoma22 among others.23
The advantages of combination chemotherapy, particularly with RTK inhibitors, addresses
pathway redundancy,1’ as well as tumor heterogeneity among other resistance mechanisms,
and is beneficial when RTK inhibitors are combined with conventional cancer
therapeutics.15 17. 20

We sought to combine RTK inhibitory and cytotoxic activities in single molecules to afford
combination chemotherapeutics via single agents.24 25 In keeping with the principles of
combination chemotherapy?® 26 such single entities would act simultaneously at two or
more distinct targets and prevent or delay the emergence of resistance, avoid drug-drug
interactions, circumvent pharmacokinetic problems and overlapping toxicities that plague
combination chemotherapy with two or more separate agents.28 In this study, we report the
design, synthesis and biological activities of novel conformationally restricted bicyclic
furo[2,3-d]pyrimidines, some of which possess potent activities against both tubulin and
RTKs and potently inhibit cancer cells in culture.

We25 recently reported the design and discovery of a series of novel bicyclic furo[2,3-
d]pyrimidines, some of which possess both RTK and tubulin inhibitory properties and
display potent in vivo antitumor activities. In this reported series of compounds, compound
1 (Figure 3) showed the most potent activities against both RTKs and tubulin. As shown in
Figure 3, the bioactive conformation of 1 is determined by three rotatable single bonds: 4-
position C-N bond (bond a), 1’-position C-N bond (bond b) and 4’-position C-O bond (bond
¢). Conformational analysis via molecular modeling and *H NMR studies suggested that the
methyl group on the aniline nitrogen in 1 restricted the free rotation of bond a as well as
bond b (Figure 3) and thus restricts the conformation of the anilino ring.2> The potent
activities of compound 1 against RTKs and tubulin were thought to be correlated with the
conformational restriction in the molecule.2
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To further explore the bioactive conformation and improve the biological activity of 1,
compounds 2—4 (Figure 3) were designed, in which the free rotation of the bonds a, b and ¢
were sequentially restricted by replacement of a proton by a methoxy group. Our initial
strategy to explore the bioactive conformation was to increase the energy barrier between
the preferred conformation and non-preferred conformation by introducing bulky groups
adjacent to the rotatable o bonds... In compound 2 the additional 2’-methoxy group restricts
the rotation of both b while rotation around bonds a and ¢ are mostly unaffected. Compound
3 (Figure 3) was designed to restrict the free rotation of bond ¢ by introducing an additional
methoxy group at the 3’-position, . Using molecular modeling, we determined that compared
to the 3’-proton in 1, the bulky 3’-methoxy group forces the methyl in the 4’-methoxy group
to point away from the 3’-methoxy group. Introduction of methoxy groups at both the 3" and
5’-positions in compound 4 (Figure 3), both of which are ortho to the 4’-position, severely
restricts the rotation of bond c¢ and forces the 4’-methoxy group to adopt a conformation that
minimizes repulsive interactions with the ortho substitutions. Similar to 3, the rotation of
bonds a and b are not affected in 4. We were aware that the additional methoxy groups in 2—
4 may not only restrict the free rotation of single bonds but also provide extra binding or
hindrance to binding due to steric and/or electronic properties with the targets. The choice of
the methoxy moieties was based on the molecular modeling docked poses of our previous
analog 1 and its 4’-methoxy group overlap with the methoxy groups of colchicine in its
binding pocket in tubulin.2®

A second strategy to explore the influence of conformational restriction was to restrict the
free rotation of single bonds by incorporating the bond into a ring. By changing the ring size
and bond order, the conformation of the compounds can be further manipulated. With
optimal ring size and bond order, the preferred conformation of the compound for activity
could be defined. Compounds 5-10 (Figure 4) were designed using this strategy to explore
the bioactive conformation.

In compounds 5-7, fused bicyclic systems were designed to replace the monocyclic 4’-
methoxyphenyl group of 1. The 4’-methoxy group in 1 was converted to a methylenedioxy
moiety as part of a fused bicyclic ring system. In compounds 5-7, bond c is locked into a
fixed conformation, while rotation of bonds a and b are mostly unaffected. The
methylenedioxy ring in 5, the dihydrobenzofuran in 6 and the benzofuran in 7 mimic the
function of the 4’-methoxy group in 1 and could also provide additional binding interactions
or steric hindrance with the target proteins.

Compounds 8-10 were designed to restrict the rotation of bonds a, b and d with free rotation
of bond ¢ unaffected. In 8, the N-methyl moiety and the phenyl ring of 1 is connected
through an additional carbon providing a dihydroindole ring. The N-methyl group and the
phenyl ring in 1 were incorporated into an indole ring to give compound 9. Connecting the
N-methyl moiety and the phenyl ring via two carbon atoms affords the tetrahydroquinoline
analog 10. Bond b in compounds 8-10 is restricted by incorporation into a fused bicyclic
ring system and is no longer freely rotatable. The bulk of the 4-N-substitutions also restrict
the rotation of bond a in 8-10. The dihydroindole (8), the tetrahydroquinoline (9), and
indole (10) analogs have different ring size and increased ring rigidity, thus the fused phenyl
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ring in 8-10 was locked into somewhat different conformations, which may translate into
increased potency and/or selectivity.

Compounds 11 and 12 introduce bulk at the 4’-position of the aniline moiety and were
designed to explore the effect of bulk at that position. In addition, the 4’-isopropy! (11) and
4’-ethyl (12) could also affect rotation around bond c.

A systematic conformational search around the rotatable bonds of 1 (bonds a, b and c,
Figure 3, 5° increments) and 10 (bonds a and ¢, Figure 4) using Sybyl X 2.1.127 showed a
dramatic reduction in the number of conformations for 10 (1525 conformations)as compared
to 1 (74,400 conformations), evidence of the expected conformational restriction due to the
tetrahydroquinoline moiety. Similar reductions in the number of conformations were
observed with the other restricted analogs (5 — 9, results not shown).

Modeling

Docking studies were performed for compounds 2 — 12 in the colchicine site of tubulin
(PDB: 1SA028, 3.58A), in VEGFR2 (PDB: 1YWN??, 1.71A), in EGFR (PDB: 1M1739) and
in a homology model of PDGFR-B24 using LeadIT 2.1.6 31 (validated by re-docking the
crystal structure ligands) using previously reported methods.24 25 Docking studies of the
lead 12° and standard compounds (semaxanib for VEGFR2, erlotinib for EGFR and
sunitinib for PDGFR-f3) were performed using the previous methods. The docked poses
were visualized using the software CCP4mg.32

Multiple low-energy conformations (within 1 kcal/mol of the best pose) were obtained on
docking 2 — 12 in the ATP site of the three target kinases and the colchicine site of tubulin.
The docked conformation of 10 in the colchicine site of tubulin (Figure 5) is presented as a
working model for compounds 2 — 12 based on their similarity to the bound conformation of
N-deacetyl-N-(2-mercaptoacetyl)colchicine?® (DAMA-colchicine) (Figure 5, not shown in
the model). The 6’-OMe phenyl group of 10 is oriented towards the triOMe containing A-
ring of DAMA-colchicine and interacts with Leuf246, Ala248, Leup253, Ala3314, 1lef376
and Valp316. The 4’-OMe of 10 forms a hydrogen bond with Cysp241, analogous to the
hydrogen bond formed by the 3’~-OMe group of DAMA-colchicine with Cysp241. The
tetrahydroquinoline ring of 10 occupies a region in space in proximity to the C5 and C6 of
the B-ring of colchicine and is involved in hydrophobic interactions with Lysp252, Alaj3248
and Leup246. The furo[2,3-d]pyrimidine scaffold of 10 partly overlaps with the C-ring of
DAMA colchicine and forms hydrophobic interactions with Leup253, Asnp256 and
Lysp250. Compound 10 had a docked score of =25 kJ/mol, which was better than the
docked score of 1 (=23 kJ/mol). These results are in accord with results from recently

published molecular modeling studies at the colchicine site of tubulin of our lead compound
1_25

Figure 6 shows the docked pose of 10 in the ATP site of VEGFR2 (PDB: 1YWN?29). The
furo[2,3-d]pyrimidine scaffold of 10 is oriented parallel to the Hinge region amino acids
(Figure 6) and occupies the adenine binding region of the ATP site of VEGFR2. The N1
nitrogen of 10 forms a hydrogen bond with the backbone NH of Cys917 in the Hinge region.
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Additionally, the scaffold is stabilized by hydrophobic interactions with Leu838 and
Leul1033. The bulk of the tetrahydroquinoline moiety forces a vertical orientation of the
molecule in the pocket and additionally interacts with the side chain carbon atoms of
111042 (not shown) and Cys1043. This vertical conformation orients the 6’-OMe moiety
towards the sugar binding pocket in the ATP site of VEGFR2.2° The vertical orientation of
the furo[2,3-d]pyrimidine scaffold of 10 is in contrast to the horizontal orientation of the
purine ring of ATP in the ATP site of VEGFR2.2% 33 Compound 10 showed an improved
docking score of —25 kJ/mol compared to 1 (—24 kJ/mol) in VEGFR2.

Figure 7 shows the docked pose of 10 in the ATP site of EGFR (PDB: 1M1739). As with the
docked pose of 10 in VEGFR?2, the furo[2,3-d]pyrimidine scaffold of 10 is oriented parallel
to the Hinge region (Figure 7) due to the bulky tetrahydroquinoline ring and lies in the
adenine binding region of the ATP binding site. The N1 nitrogen of 10 forms a hydrogen
bond with the backbone NH of Met769 in the Hinge region. Additionally, the bicyclic
scaffold forms hydrophobic interactions with Leu694, Met769, Leu820 and Met769. The 2-
Me moiety interacts with Leu694 and Leu768 while the 6-Me moiety interacts with Cys751,
Thr766, Leu768 and Met769. The tetrahydroquinoline moiety provides hydrophobic
interactions with Phe699, Val702 and Lys721. In this conformation the 6’-OMe moiety lies
in a polar pocket formed by the salt bridge between the side chains of Lys721 and Asp831.
The vertical orientation of 10 is similar to that seen with the docked pose of 10 in VEGFR2
(Figure 6) and is a consequence of the steric hindrance afforded by the tetrahydroquinoline
with the Hinge region amino acids. The docked score of 10 was —26 kJ/mol, better than the
docking score of —24 kJ/mol for 1 in these studies.

Figure 8 shows the docked pose of 10 in the ATP binding site of a PDGFR-3 homology
model.24 The furo[2,3-d]pyrimidine scaffold of 10 is once again oriented parallel to the
Hinge region (Figure 8) and occupies the adenine region of the ATP site. The furo oxygen of
10 forms a hydrogen bond with the backbone NH of Cys684 in the Hinge region. The
bicyclic scaffold forms hydrophobic interactions with Tyr683, Tyr686, Gly687 and Leu833
in the binding pocket. The 2-Me moiety interacts with Gly687, while the 6-Me moiety
interacts with Ala632, Tyr683 and Leu833. The tetrahydroquinoline group interacts with
Leu606 (not labeled), VVal614 and Ala848. As is seen with the docked conformation of 10 in
EGFR (Figure 7), the 6’-OMe moiety lies in a polar pocket formed by the salt bridge formed
between the side chains of Arg849 and Asp688. The docked score of 10 was —20 kJ/mol,
better than the docked score of —19 kJ/mol for 1 in these studies.

The conformations and energies of 1 and 10 in their lowest energy (Figure 9 A and D
respectively) and the docked conformations in the colchicine site of tubulin (Figure 9 B and
E respectively) are presented as representative examples of compounds 1 —12.
Superimposition of the docked and the energy minimum conformations of 1 and 10 (Figures
9C and 9F respectively) are also presented. Analysis of these conformations indicates that
the docked conformation of 10 is energetically (AE between conformations D and E in
Figure 9 is 0.42 kcal/mol) and conformationally closer to its lowest energy conformation
compared to 1 (AE between conformations A and B in Figure 9 is 3.7 kcal/mol). Thus,
compound 10 could be anticipated to bind more efficiently to the colchicine site of tubulin
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compared to 1 and was expected to exhibit increased potency. Similar results were predicted
for the other conformationally restricted analogs 2 — 9 compared to 1 (modeling not shown).

We previously reported two possible binding modes for 1 that varied in the orientation of the
furo[2,3-d]pyrimidine scaffold relative to the Hinge (either parallel to the Hinge, termed
‘vertical’ binding mode, analogous to that seen in the docked conformation of 10 in Figure
6, or perpendicular to the Hinge, termed ‘horizontal’ binding mode) in the ATP site of
VEGFR2.25 On comparing the conformations and energies of the docked poses of 1 and 10
to the conformations obtained by the systematic search using Sybyl-X 2.1, it was observed
that the docked conformations of 1 in its horizontal binding mode and 10 in its vertical
binding mode were conformationally and energetically closest to the lowest energy
conformations of 1 and 10 (for 1, AE between conformations A and B in Figure 10 = 0.81
kcal/mol and for 10, AE between conformations E and F in Figure 10 = 1.03 kcal/mol),
respectively. In contrast, the predicted vertical binding mode for 1 was conformationally and
energetically distant from the lowest energy conformation of 1 from the systematic search
study (AE between conformations A and C in Figure 10 = 1.78 kcal/mol). Similar results
were obtained for the docked poses of 10 and 1 in EGFR and PDGFR-f and their respective
low energy conformations (data not shown). These studies indicate that some flexibility in
the molecule is necessary and is an important determining factor for the bioactive
conformations of these compounds in RTKs and tubulin to allow adaptation of different
conformations in order to function as multi-targeted inhibitors at different sites.

Chemistry

The synthesis of the key intermediate, compound 17, is shown in Scheme 1. As we recently
reported, 2 a three step reaction, starting from diethyl propargyl malonate 13, was
successfully employed in the synthesis of 4-chloro-2,6-dimethylfuro[2,3-d]pyrimidine 17
(Scheme 1). The condensation of diethyl propargyl malonate 13 and acetamidine
hydrochloride 14 was carried out as a route to pyrimidine 15. Intramolecular cyclization of
15 to the furo[2,3-d]pyrimidine 16 (87%) proceeded under H,SO4 (conc.) at rt.

Chlorination of 16 with POCI; afforded the 4-chloro-2,6-dimethylfuro[2,3-d]pyrimidine 17.
This key intermediate was reacted with the appropriate anilines (Scheme 2), in nBuOH at
reflux in the presence of a catalytic amount of HCI, to give intermediate compounds 18-25.
Compounds 2-7, 11 and 12 were synthesized via N-methylation of 18-25 with dimethyl
sulfate in the presence of NaH (Scheme 2).

Under nucleophilic displacement condition, intermediate 17 (Scheme 3) reacted with 26 or
27 at reflux in nBuOH and a catalytic amount of HCI to provide 8 or 10, respectively.

Direct aromatization of 8 to 9 was attempted. The conversion of 8 to 9 under different
oxidation conditions including the use of MnO,,34 Pd/C,3°> Se0,36-38 and DDQ36-38 were
unfruitful. This inability to convert 8 to 9 attests to the stability of 8 to aromatization. The
failure of the above strategies prompted us to develop an alternate procedure for the
synthesis of 9, as shown in Scheme 4. The deprotonation of 5-methoxyindoline by NaH in
DMF resulted in the formation of a pyrrole anion, which was then reacted with 17 via SyAr

Bioorg Med Chem. Author manuscript; available in PMC 2016 May 15.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhang et al. Page 8

displacement to afford 9 in 41% yield. The structure of the target 9 was confirmed by 1H
NMR and elemental analysis.

Biological Evaluations and Discussion

RTK inhibitory activity of the compounds 2 — 12 was evaluated using human cancer cells
known to express high levels of EGFR, VEGFR-2 or PDFGR-J using a phosphotyrosine
ELISA cytoblot, and the data obtained are summarized in Table 1. Compound 1 and
compounds known to inhibit a particular RTK were used as positive controls for these
assays. The effects of the compounds on cell proliferation were measured in A431 cancer
cells known to overexpress EGFR (Table 1). Finally, the effects of 2 — 12 on blood vessel
formation was assessed using the chicken embryo chorioallantoic membrane (CAM) assay,
a standard test for angiogenesis, and the results are presented in Table 1. In the CAM assay,
purified angiogenic growth factors were placed locally on a vascularized membrane of a
developing chicken embryo together with compounds of interest. Digitized images of the
vasculature were taken 48 h after growth factor administration and the number of vessels per
unit area evaluated as a measure of vascular density.

In the cellular assays using cells with high expression of EGFR, compound 10 showed
potency similar to that of the standard erlotinib and was about 30-fold more potent than 1.
All the other compounds (2 — 9, 11 and 12) were less potent than erlotinib and 1 in EGFR
expressing cells. This result suggests that the tetrahydroquinaline ring system in 10 is highly
favorable for EGFR inhibition and also indicates that conformational restriction by other
structural constraints described above, besides the tetrahydroquinoline, were detrimental to
inhibition of EGFR overexpressing cancer cells as compared to 1.

Against VEGFR-2 expressing cells, both 6 and 7 with the conformationally restricted 4°-
OMe of 1 afforded excellent inhibitory activity, better than 1 and the standard semaxanib
and 3fold better than sunitinib. Conformationally restricted analogs 3 and 5, with restrictions
at the 4’-OMe of 1, were equipotent with 1 and sunitinib, as is 8 with a 5’-OMe
dihydroindole substituent at the 4-position. Compounds 2, 10, and 11 maintain two-digit
nanomolar potency but were less potent than 1 and sunitinib. Compounds 4 and 9 were
relatively inactive, with 12 six-fold less active than 1. With the exception of 4, 9 and 12,
conformational restriction affords good potency against VEGFR-2 overexpressing cells,
with some analogs better than 1 and the standard sunitinib.

In the PDGFR-B expressing cells, as in VEGFR-2 expressing cells, 6 and 7 were the most
potent and were similar to 1 and about 4-fold better than the standard sunitinib. Compounds
2,5 and 10 were less potent than 1 but better than sunitinib. Compounds 3, 8, and 11 were
similar to sunitinib but less potent than 1. Finally, 4, 9 and 12 were the least potent, but
possessed three-digit nanomolar 1Cgq values. Thus, like VEGFR-2, with the exception of 4,
9 and 12, conformational restriction of 1 was conducive to PDGFR-f inhibition.

Against A431 cells all of the analogs (with 4 as an exception) had good activity as compared
to 1 and were 2- to 3-fold less potent than 1. In the CAM angiogenesis assay, all of the
compounds showed activity, with 6 and 7 being most potent and 4, 10, and 12 least potent.
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The ability of compounds 2-12 to cause dose-dependent loss of cellular microtubules was
evaluated and the data summarized in Table 2 in comparison with the data obtained with 1,
CA-4 and paclitaxel as controls. Compounds 2, 3, 6, 7, 10 and 12 showed dose-dependent
loss of cellular microtubules. Among these compounds, 10 had an ECsq of 21 nM, which is
5- to 10-fold more potent than all the other analogs, including 1, and comparable to the
value obtained with CA-4. The second most potent new compound was 12 and the third
most active was 6. Compounds 2, 3 and 7 were significantly less potent. With 10, it appears
that restriction in conformation can lead to an increased effect on cellular microtubules,
while with 4, 5, 8, 9 and 11 perhaps the bulk and/or conformational rigidity prevented
optimal interactions with tubulin. Although 8 showed good RTK inhibition, it had no effect
on cellular microtubules. Structure— activity analyses of all the members of this series
identified that the conformation of the compounds did affect potency as disruptors of
cellular microtubules (Table 2), and this activity was independent of the bioactive
conformation required for RTK inhibition.

Comparing the biological activities of 2 — 4 against RTKs and tubulin (Table 1 and Table 2)
suggests that increasing the energy barrier for rotation by introducing bulky groups adjacent
to the rotatable o bonds was detrimental to biological activity in RTKSs and tubulin compared
to 1, except in A431 cells, where 2 and 3 show improved activities compared to 1. However,
the extent of the loss of activity of 2 — 4 against RTKs was less than that against tubulin.
This indicates that the ability to rotate bonds a — ¢ to achieve the bioactive conformations of
these compounds is of greater importance against tubulin than against RTKSs.

Compounds 5 — 7, where the design strategy was to restrict rotation of bond ¢ by
incorporation into a ring, showed improved activities against VEGFR2 (compounds 6 and
7), but these compounds lost activity against EGFR, PDGFR-f and tubulin. Comparing 8 —
10, in which both bonds a and b are restricted by incorporation in a ring, shows that
complete restriction of rotation in 9 eliminated RTK as well as tubulin inhibitory activities.
Increasing flexibility around bond a in 8 restored some of the lost inhibitory activity against
both RTKSs and tubulin. The most flexible analog of the 8 — 10 compounds, 10, showed
improved activities in inhibition of EGFR and tubulin compared to 1, once again indicating
that some flexibility is necessary for dual RTK/tubulin inhibitory effects.

Compounds 11 and 12, which were designed to explore the effect of bulk at the 4’-position
of the aniline moiety, showed loss of activities against RTKs as compared to 1. However, 12
showed improved potency in most of the tubulin assays (Table 2) as compared to 1,
indicating that bulk at the 4’-position is beneficial for antitubulin activity.

The ability to circumvent drug resistance mechanisms is a notable advantage of most
colchicine site agents, and the effects of compounds 2-12 were evaluated in two pairs of
multidrug resistant cell lines (Table 2). The microtubule active compounds were evaluated
in the parental HeLa cells and in an engineered cell line overexpressing Bl tubulin
(WTBIII). The cells were equally sensitive to each of the compounds, with relative
resistance values of 0.7-0.9. In addition, the compounds were evaluated for their ability to
inhibit the growth of SK-OV-3 cells overexpressing Pgp in comparison to the parental line
(Table 2). The relative resistance values range from 1.2-1.6, while the relative resistance of
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the Pgp substrate paclitaxel was 188. These results demonstrated that compounds 2, 3, 6, 7,
10 and 12 overcome both plIl and Pgp mediated drug resistance mechanisms.

To our knowledge, of all the compounds having dual RTK inhibition and microtubule
disrupting activity, compound 10 showed the best EGFR inhibition and anti-microtubule
activity. Studies were conducted to determine if 10 interacted directly with purified tubulin.
We determined the ICsq for inhibition of tubulin polymerization of 10 as compared to CA-4
and 1. In this assay, 10 inhibited tubulin assembly about as well as CA-4 (Table 3) and was
better than 1. The data in Table 4 also showed that 10 binds at the colchicine site on tubulin,
since it inhibited [3H]colchicine binding to the protein as potently as did CA-4.

Compounds 6 and 10, the most potent microtubule depolymerization agents in the current
study, and compound 7 for comparison, were selected by the National Cancer Institute for
evaluation in the NCI 60 cell line panel and compared with 1. All three compounds (6, 7 and
10) showed potent Glsps against most of the NCI 60 cancer cell lines (Table 4). Although 6
and 7 were less potent than 1 in most cancer cell lines, 10 showed a significantly improved
potency against all of the cancer cells when compared to 1.

A series of eleven furo[2,3-d]pyrimidine compounds was designed and evaluated as dual
multi-targeted RTK inhibitors and antimitotic agents, using a conformational restriction
strategy. Compounds 8 and 10 showed EGFR inhibitory activity similar to or better than the
parent analog 1, while inhibitory effects on VEGFR2 and PDGFR-f were less than those of
1. SAR analysis indicates that restriction of only bond b (2) leads to improvement in A431
cytotoxicity compared to 1. For bond c, complete restriction (6 and 7) results in an increase
in VEGFR2 inhibitory activity but a decrease in all other biological tests compared to 1.
Partial restriction of bond ¢ with an ortho substitution (3) leads to an improvement in A431
cytotoxicity compared to 1 but is detrimental to all other activities (Table 1). Further
restriction with a di-ortho substitution (4) or as a methylene dioxy (5) of bond c is
detrimental to activity across the board. Severe restriction of bonds b and d (9) results in loss
of activity for both RTKs and tubulin. However, partial restriction (8) of bonds b and d
restores RTK activity. Further relaxation of restriction of bonds b and d provides optimal
RTK and tubulin activity in 10. The lack of tubulin activity for 11 is attributed more to bulk
than restriction of bond c. This is apparent on comparison of 11 and 12. Remarkably, six of
the compounds, 2, 3, 6, 7, 10 and 12 disrupted cellular microtubules and had significant
cytotoxic activities indicating that restriction of bonds a, b and d are conducive to dual RTK
and tubulin inhibitory properties. Compound 10 has the best balance of RTK and tubulin
inhibitory activities resulting from the conformational restriction of bonds a, b and d.

However, as appears to be the case with compound 8, the bioactive conformation for RTK
inhibition is predicted to be independent of the bioactive conformation required for tubulin
inhibition. The preferred conformation of the tetrahydroquinoline substituted analog 10 is
optimal for EGFR as well as for tubulin inhibition. Compound 10 is more potent than the
lead compound 1 for both EGFR (20-fold) and tubulin (5-fold) inhibition, but not for all
RTKs nor for antiangiogenic activities, indicating that the bioactive conformation in
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furo[2,3-d]pyrimidine analogs for dual RTK and tubulin inhibitory activities are different.
This indicates that suitable conformational restriction increases potency for both tubulin and
EGFR without loss of activity against VEGFR2 and PDGFR-B. Among multi-targeted
inhibitors, the best analog is selected on the basis of the compound that has the best balance
of inhibitory activities against the various targets. For this series, 10 was the best analog as
evidenced by the activities in the NCI-60 cancer cell line panel, where it had significantly
greater activity than the parent 1. Compound 10 is currently in further preclinical
evaluations, the results of which will be the subject of future communications.

Experimental section

All evaporations were carried out in vacuo with a rotary evaporator. Analytical samples
were dried in vacuo (0.2 mmHg) in a CHEM-DRY drying apparatus over P,Og at 55 °C.
Melting points were determined on a MEL-TEMP Il melting point apparatus with FLUKE
51 K/J electronic thermometer and are uncorrected. Proton nuclear magnetic resonance (*H
NMR) spectra were recorded on a Bruker WH-300 (300 MHz) or a Bruker 400MHz/52 MM
(400 MHz) spectrometer. The chemical shift values are expressed in ppm (parts per million)
relative to tetramethylsilane as internal standard: s ) singlet, d ) doublet, t) triplet, q)
quartet, m ) mutiplet, br ) broad singlet. The relative integrals of peak areas agreed with
those expected for the assigned structures. Thin-layer chromatography (TLC) was performed
on Whatman Sil G/UV254 silica gel plates with fluorescent indicator, and the spots were
visualized under 254 and 366 nm illumination. Proportions of solvents used for TLC are by
volume. Column chromatography was performed on a 230-400 mesh silica gel (Fisher,
Somerville, NJ) column. Elemental analyses were performed by Atlantic Microlab, Inc.,
Norcross, GA. Element compositions were within £ 0.4% of the calculated values.
Fractional moles of water or organic solvents found in some analytical samples could not be
prevented despite 24-48 h of drying in vacuo and were confirmed where possible by their
presence in the 1H NMR spectra. All solvents and chemicals were purchased from Aldrich
Chemical Co. or Fisher Scientific and were used as received. Purities of the final compounds
2-10 were > 95% by elemental analysis.

2-Methyl-6-hydroxy-5-prop-2-yn-1-ylpyrimidin-4(3H)-one (15)

To a mixture of diethyl prop-2-yn-1-ylmalonate 13 (11.9 g, 60 mmol) and acetamidine
hydrochloride 14 (5.68 g, 60 mmol) in MeOH (100 mL) was added sodium metal (1.38 g, 60
mmol) portion wise. The resulted mixture was heated to reflux for 24 h. The suspension was
then cooled in an ice-bath and the precipitate formed was collected by filtration and
dissolved in 40 mL of water. This solution was adjusted to pH 3-4 with 1 N HCI,
whereupon a thick precipitate formed, which was collected through filtration and washed
with a small amount of water and acetone and dried over P,Os to afford 4.1 g (42%) of 15 as
a white solid; mp >300 °C; R; 0.11 (CHCl3/MeOH 6:1); 1H NMR (DMSO-dg) § 2.23 (s, 3
H), 3.05 (s, 2 H), 3.32 (s, 1 H), 11.92 (s, 2 H).

2,6-Dimethylfuro[2,3-d]pyrimidin-4(3H)-one (16)

To a 25 mL round-bottomed flask were added 15 (1.64 g, 10 mmol) and concentrated
sulfuric acid (15 mL). The resulting solution was stirred overnight at ambient temperature
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and poured into 100 mL distilled water and extracted with chloroform (3 x 30 mL). The
organic layers were pooled, dried over Na,SO,4 and concentrated to afford 16 (1.36g, 83%)
as a yellow powder; mp >300 °C; R 0.35 (CHCl3/MeOH 6:1); 1H NMR (DMSO-dg) & 2.42
(s, 3H, CH3), 2.44 (s, 3 H, CHg), 6.63 (s, 1 H, CH), 12.50 (s, 1 H, 3-NH exch).

4-Chloro-2,6-dimethylfuro[2,3-d]pyrimidine (17)

To a 50 mL flask were added 16 (1.64 g, 1 mmol) and 10 mL POCI3. The resulting mixture
was maintained at reflux for 2 h, and the solvent was removed under reduced pressure to
afford a dark residue. The crude mixture was purified by silica gel column chromatography
using EtOAc/Hexane = 20:1 as the eluent. Fractions containing the product (TLC) were
combined and evaporated to afford 1.55 g (85%) 17 as a yellow solid; mp 47.6-48.1 °C; R¢
0.26 (EtOAc/Hexane 15:1); IH NMR (DMSO-dg) § 2.48 (s, 3 H), 2.63 (s, 3 H), 6.77 (s, 1
H).

General procedure for the synthesis of 18-25

To a 100-mL round-bottomed flask, flushed with nitrogen, were added 17 (127 mg, 0.7
mmol), the appropriate aniline (1.05 mmol), BUuOH (20 mL), and 2-3 drops of conc. HCI.
The reaction mixture was heated at reflux with stirring for 2 h until the starting material 17
disappeared (TLC). The reaction solution was allowed to cool to room temperature; the
solvent was removed under reduced pressure, and the residue was purified by column
chromatography on silica gel with 10% EtOAc/Hexane as the eluent. Fractions containing
the product (TLC) were combined and evaporated to afford target compounds.

N-(2,4-dimethoxyphenyl)-2,6-dimethylfuro[2,3-d]pyrimidin-4-amine (18)

Using the general procedure described above, compound 18 (77%) was obtained as an off-
white powder; mp 97.7-97.9 °C; R; 0.62 (EtOAc/Hexane 1:1); 1H NMR (DMSO-dg) & 2.31
(s, 3H), 2.37 (s,3H), 3.73 (s, 3 H, OCH3), 3.81 (s, 3 H, OCH3), 5.93 (s, 1 H, 5-CH), 6.55—
6.58 (dd, 1 H, J = 6.8 Hz, J = 2 Hz CgH3), 7.33-7.35(d, 2 H, J = 6.8 Hz, CgH3), 8.78 (s, 1
H, NH E'XCh), Anal. (C16H17N303) C,H,N.

N-(3,4-dimethoxyphenyl)-2,6-dimethylfuro[2,3-d]pyrimidin-4-amine (19)

Using the general procedure described above, compound 19 (82%) was obtained as a gray
solid; mp 150.8-151.4 °C; R 0.50 (EtOAc/Hexane 1:1); 1H NMR (DMSO-dg) § 2.41 (s, 3
H), 2.48 (s, 3 H), 3.75 (s, 3 H, OCH3), 3.78 (s, 3 H, OCH3), 6.57 (s, 1 H, 5-CH), 6.94-6.96
(d, 1H,J=7.2 Hz, CgH3), 7.24-7.26 (dd, 1 H, J = 7.2 Hz, CgH3), 7.54 (s, L H), 9.36 (s, 1
H, NH exch), Anal. (C1gH17N303-H,0) C, H, N.

2,6-Dimethyl-N-(3,4,5-trimethoxyphenyl)furo[2,3-d]pyrimidin-4-amine (20)

Using the general procedure described above, compound 20 (83%) was obtained as a yellow
powder; mp 173.5-173.7 °C; R¢ 0.3 (EtOAc/Hexane 3:1); 1H NMR (DMSO-dg) § 2.43 (s, 3
H), 2.50 (s, 3 H), 3.65 (s, 3 H, OCH3), 3.80 (s, 6 H, 2 OCH3), 6.71 (s, 1 H, 5-CH), 7.29 (s, 2
H, CgHy), 9.43 (s, 1 H, NH exch), Anal. (C17H1gN304:0.2H,0) C, H, N.
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N-1,3-benzodioxol-5-yl-2,6-dimethylfuro[2,3-d]pyrimidin-4-amine (21)
Using the general procedure described above, compound 21 (72%) was obtained as a brown
solid; mp 185.5-187.1 °C; R 0.10 (EtOAc/Hexane 1:3); 1H NMR (DMSO-dg) § 2.40 (s, 3
H, CH3), 2.46 (s, 3 H, CH3), 6.01 (s, 2 H, OCH0), 6.59 (br, 1 H, NH exch), 6.89-6.91 (d, 1
H,J=6.8 Hz), 7.09-7.11 (dd, 1 H, J = 8.4 Hz ), 7.51 (s, 1 H), 9.37 (s, 1 H), Anal.
(C15H13N302) C, H, N.

N-(2,3-dihydro-1-benzofuran-5-yl)-2,6-dimethylfuro[2,3-d]pyrimidin-4-amine (22)
Using the general procedure described above, compound 22 (70%) was obtained as a brown
solid; mp 193.7-195.2 °C; R 0.10 (EtOAc/Hexane 1:3); *H NMR (DMSO-dg) & 2.38 (s, 3
H, CH3), 2.44 (s, 3H, CH3), 3.18-3.23 (t, 2 H, J = 8.4 Hz, CH,CH)), 4.52-4.56 (t, 2 H, J =
8.4 Hz, CH,CH,), 6.43 (br, 1 H, NH exch), 6.74-6.77 (d, 1 H, J = 8.4 Hz), 7.33-7.35 (d, 1
H, J=8.4 Hz), 7.57 (s, 1 H), 9.50 (s, 1 H), Anal. (C1gH15N305) C, H, N.

N-1-benzofuran-5-yl-2,6-dimethylfuro[2,3-d]pyrimidin-4-amine (23)
Using the general procedure described above, compound 23 (66%) was obtained as colorless
crystals; mp 173.4-175.0 °C; R; 0.10 (EtOAc/Hexane 1:3); TH NMR (DMSO-dg) & 2.40 (s,
3 H, 6-CHg), 2.49 (s, 3 H, 2-CHg), 6.55 (br, 1 H, NH exch), 6.98 (d, 1 H, J = 1.6 Hz, 5-CH),
7.58-7.60 (d, 2 H, CgHs), 7.99 (d, 1 H, CgH5), 8.11-8.13 (t, 1 H, CgH5), 9.50 (s, 1 H,
C8H5), Anal. (C16H13N302) C,H, N.

N-(4-propoxyphenyl)furo[2,3-d]pyrimidin-4-amine (24)
Using the general procedure described above, compound 24 (67%) was obtained as colorless
crystals; mp 136.3-137.1°C; Rs 0.51 (EtOAc/Hexane 1:3); 1H NMR (DMSO-dg) § 0.98—
1.00 (t, 3 H, OCH,CH,CHj3), 1.70-1.77 (m, 2 H, OCH,CH,CH3), 2.40 (s, 3 H, 6-CH3), 2.45
(s, 3 H, 2-CHj3), 3.91-3.94 (t, 2 H, OCH,CH,CHy3), 6.53 (s, 1 H, 5-CH), 6.93-6.94 (d, 2 H, J
=7.2 Hz, CgHy), 7.61-7.62 (d, 2 H, J = 7.2 Hz, CgHy), 9.33 (s, 1 H, NH exch); Anal.
(C17H19N305) C, H, N.

N-(4-ethoxyphenyl)-2,6-dimethylfuro[2,3-d]pyrimidin-4-amine (25)
Using the general procedure described above, compound 25 (80%) was obtained as an off-
white powder; mp 160.6-162.1 °C; R; 0.51 (EtOAc/Hexane 1:3); 1H NMR (DMSO-dg) §
1.32-1.35 (t, 3 H, J = 5.6 Hz, OCH,CH3), 2.40 (s, 3 H, 6-CH3), 2.45 (s, 3 H, 2-CH3), 4.00-
4.04 (9, 2 H, J=5.6 Hz, OCH,CH?3), 6.50 (s, 1 H, 5-CH), 6.93-6.94 (d, 2 H, J = 6.8 Hz,
CgHa), 7.61 (d, 2 H, J= 6.8 Hz, CgH4), 9.34 (s, 1 H, NH exch); Anal. (C1gH17N305) C, H,
N.

General procedure for the synthesis of 2-7, 11 and 12

To a 25 mL round bottomed flask was added the appropriate amount of 18-25 (0.5 mmol),
which was dissolved in DMF (2 mL). The flask was purged with argon for five min,
followed by cooling to 0 °C using an ice bath. Sodium hydride (36 mg, 1.5 mmol) was
added to the solution at 0 °C. The solution was stirred for 30 min at 0 °C under an argon
atmosphere. Dimethyl sulfate (150 mg, 1.2 mmol) was introduced to the reaction mixture
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with the help of a syringe, and the flask was warmed to room temperature. The mixture was
stirred at room temperature for another 3 h, and 5 mL of 1 N HCI was added carefully to
quench the reaction. The reaction solvent was removed under reduced pressure, and the
residue was suspended in water (20 mL). The suspension was extracted using EtOAc (2 x 10
mL). The combined organic extracts were washed with brine (10 mL), dried over anhydrous
sodium sulfate and removed by evaporation under reduced pressure. The residue was
purified by column chromatography on silica gel with 20% EtOAc/Hexane as the eluent.
Fractions containing the product (TLC) were combined and evaporated to afford target
compounds.

N-(2,4-dimethoxyphenyl)-N,2,6-trimethylfuro[2,3-d]pyrimidin-4-amine (2)

Using the general procedure described above, compound 2 (74%) was obtained as orange
crystals: mp 166.1-166.4 °C; R¢ 0.38 (EtOAc/Hexane, 1:1); TH NMR (DMSO-d6) § 2.16 (s,
3 H, CH3), 2.47 (s, 3 H, CH3y), 3.41 (s, 3 H, NCH3), 3.70 (s, 3 H, OCH3), 3.85 (s, 3 H,
OCHjy), 4.57 (s, 1 H, 5-CH), 6.62-6.64 (dd, 1 H, J = 6.8 Hz, J = 2.0 Hz, C¢H3), 6.75-6.76
(d, 1 H, J = 6.8 Hz, CgH3), 7.24-7.22 (d, 1 H, J = 2.0 Hz, CgH3), Anal. (C17H19N30) C, H,
N.

N-(3,4-dimethoxyphenyl)-N,2,6-trimethylfuro[2,3-d]pyrimidin-4-amine (3)

Using the general procedure described above, compound 3 (50%) was obtained as orange
crystals: mp 114.2-116.6 °C; Rs 0.28 (EtOAc/Hexane, 1:1); 'H NMR (DMSO-d6) § 2.17 (s,
3 H, CHgy), 2.48 (s, 3 H, CH3), 3.47 (s, 3H, NCH3), 3.73 (s, 3H, OCH3), 3.82 (s, 3 H,
OCHj3), 4.64 (s, 1 H, 5-CH), 6.87-6.89 (dd, 1 H, J = 6.8 Hz, J = 2.0 Hz, CgH3), 7.02-7.07
(d, 1H,J=2.0Hz, C6H3), 7.04-7.06 (d, 1H,J=6.8Hz, C6H3), Anal. (C17H19N303) C,H,
N.

N,2,6-trimethyl-N-(3,4,5-trimethoxyphenyl)furo[2,3-d]pyrimidin-4-amine (4)

Using the general procedure described above, compound 4 (63%) was obtained as light
yellow crystals: mp 176.5-178.1 °C; R 0.19 (EtOAc/Hexane, 2:1); 1H NMR (DMSO-d6) &
2.20 (s, 3 H, CH3), 2.49 (s, 3H, CH3), 3.50 (s, 3 H, NCH3), 3.74(s, 9 H, 3 OCH3), 4.73 (s, 1
H, 5-CH), 6.73 (S, 2 H, C6H2), Anal. (C18H21N304) C,H,N.

N-1,3-benzodioxol-5-yl-N,2,6-trimethylfuro[2,3-d]pyrimidin-4-amine (5)

Using the general procedure described above, compound 5 (67%) was obtained as colorless
crystals; mp 200.0-200.7 °C; R¢ 0.48 (EtOAc/Hexane 1:1); IH NMR (DMSO-dg) § 2.21 (s,
3 H, CH3), 2.48 (s, 3 H, CH3), 3.44 (s, 3 H, OCH3), 4.76 (s, 1 H, 5-CH), 6.14 (s, 2 H,
OCH,0), 6.82-6.84 (m, 1 H), 7.01-7.04 (m, 2 H), Anal. (C16H15N303) C, H, N.

N-(2,3-dihydro-1-benzofuran-5-yl)-N,2,6-trimethylfuro[2,3-d]pyrimidin-4-amine (6)

Using the general procedure described above, compound 6 (59%) was obtained as colorless
crystals; mp 167.2-168.4 °C; R 0.16 (EtOAc/Hexane 3:1); IH NMR (DMSO-dg) & 2.18 (s,

3 H, CH3), 2.48 (s, 3 H, CH3), 3.21-3.25 (t, 2 H, J = 6.8 Hz,CH,CHy), 3.45 (s, 3 H, OCHy),
4.61-4.64 (t,2 H, J = 6.8 Hz, CH,CHJ>), 4.65 (s, 1 H, 5-CH), 6.86-6.88 (d, 1 H, J = 6.8 Hz),
7.05-7.07 (dd, 1 H,J=8.4 Hz ), 7.24 (s, 1 H), Anal. (C17H17N305) C, H, N.
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N-1-benzofuran-5-ylI-N,2,6-trimethylfuro[2,3-d]pyrimidin-4-amine (7)
Using the general procedure described above, compound 7 (63%) was obtained as colorless
crystals; mp 193.0-194.2 °C; R 0.22 (EtOAc/Hexane 3:1); IH NMR (DMSO-dg) & 2.10 (s,
3 H, CH3), 6 2.49 (s, 3 H, CH3), 3.38 (s, 3 H, OCH3), 4.37 (s, 1 H, 5-CH), 7.03 (s, 1 H),
7.30-7.32(d, 1 H,J = 6.8 Hz), 7.69 (s, 1 H), 7.74-7.76 (d, 1 H, ) = 6.8 Hz), 8.13 (s, 1 H),
Anal. (Cl7H15N302), C,H, N.

N-2,6-trimethyl-N-(4-propoxyphenyl)furo[2,3-d]pyrimidin-4-amine (11)
Using the general procedure described above, compound 11 (61%) was obtained as a light
brown solid: mp 100.7-100.8 °C; R; 0.7 (EtOAc/Hexane, 1:3); IH NMR (DMSO0-d6) §
0.99-1.03 (t, 3 H, J = 5.6 Hz, OCH,CH,CH3), 1.75-1.79 (m, 2 H, J = 5.6 Hz,
OCH,CH,CH3), 2.17 (s, 3 H, CHg), 2.48 (s, 3 H, CH3), 3.45 (s, 3 H, NCH3), 3.99-4.02 (t, 2
H, J=5.6 Hz, OCH,CH,CH3), 4.62 (s, 1 H, 5-CH), 7.05-7.07 (d, 2 H, J = 7.2 Hz, CgHy),
7.27-7.28 (d, 2 H, J=7.2 Hz, CgHy); Anal. (C1gH21N30,)C, H, N..

N-(4-ethoxyphenyl)-N,2,6-trimethylfuro[2,3-d]pyrimidin-4-amine (12)
Using the general procedure described above, compound 12 (49%) was obtained as colorless
crystals: mp 107.6-108.2 °C; R 0.64 (EtOAc/Hexane, 1:3); 1H NMR (DMSO-d6) & 1.36—
1.38 (t, 3 H, J=5.6 Hz, OCH,CH3), 2.16 (s, 3 H, CH3),2.48 (s, 3 H, CH3), 3.45 (s, 3 H,
NCHj3), 4.85-4.10 (g, 2 H, OCH,CHg3), 4.58 (s, 1 H, 5-CH), 7.04-7.06 (d, 2 H, J = 7.2 Hz,
CgHy), 7.26-7.28 (d, 2 H, J = 7.2 Hz, CgHy); Anal. (C17H19N305), C, H, N.

4-(5-methoxyindolin-1-yl)-2,6-dimethylfuro[2,3-d]pyrimidine (8)
To a 100 mL round-bottomed flask, flushed with nitrogen, were added 17 (91 mg, 0.5
mmol), 5-methoxyindoline (82 mg, 0.55 mmol), n-BuOH (10 mL), and 2-3 drops of conc.
HCI. The reaction mixture was heated at reflux with stirring for 12 h until the starting
material 17 disappeared (TLC). The reaction solution was allowed to cool to room
temperature; the solvent was removed under reduced pressure, and the residue was purified
by column chromatography on silica gel with hexane: acetyl acetate = 20:1 as the eluent.
Fractions containing the product (TLC) were combined and evaporated to afford 93 mg
(63%) 8 as a white powder: mp 201.1-202.3 °C; R; 0.5 (EtOAc/Hexane 3:1); 1H NMR
(DMSO-dg) 6 2.42 (s, 3 H), 2.53 (s, 3 H), 3.25 (t, 2 H), 3.75 (s, 3 H), 4.39 (t, 2 H), 6.79 (t, 2
H), 6.89 (d, 1 H), 8.48 (d, 1 H), Anal. (C17H17N305), C, H, N.

4-(5-methoxy-1H-indol-1-yl)-2,6-dimethylfuro[2,3-d]pyrimidine (9)
To a solution of 5-methoxy-1H-indole (74 mg, 0.5 mmol) in 5 mL DMF was added NaH (13
mg, 0.55 mmol) at 0 °C and stirred for 30 min at the same temperature. To the solution was
added 17 (273 mg, 1.5 mmol), and the mixture was stirred for another 2 h at ambient
temperature. After adding 1 mL 1 N HCI to terminate the reaction, the solvent was removed
under reduced pressure. The crude mixture was purified by silica gel column
chromatography using hexane: acetyl acetate=20:1 as the eluent. Fractions containing the
product (TLC) were combined and evaporated to afford 66 mg (41%) 9 as colorless crystals:
mp 131.6-133.2 °C; R; 0.28 (EtOAc/Hexane 3:1); 1H NMR (DMSO-dg) & 2.51 (s, 3 H),
2.71(s,3H),3.81(s,3H),6.84(d,1H,J=28Hz),6.95(dd,1H,J, =7.2Hz, J,=2.0
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Hz), 7.09 (s, 1 H), 7.20 (d, 1 H,J= 2.0 Hz ), 8.04 (d, 1 H, J = 2.8 Hz), 857 (d, 1 H, J = 7.2
Hz ), Anal. (C17H15N302) C,H,N.

4-(6-methoxy-3,4-dihydroquinolin-1(2H)-yl)-2,6-dimethylfuro[2,3-d]pyrimidine (10)

Molecular

To a 100 mL round-bottomed flask flushed with nitrogen were added 17 (91 mg, 0.5 mmol),
6-methoxy-1,2,3,4-tetrahydroquinoline (90 mg, 0.55 mmol), BUuOH (10 mL), and 2-3 drops
of conc. HCI. The reaction mixture was heated at reflux with stirring for 12 h until the
starting material 17 disappeared (TLC). The reaction solution was allowed to cool to room
temperature; the solvent was removed under reduced pressure, and the residue was purified
by column chromatography on silica gel with hexane: acetyl acetate = 20:1 as the eluent.
Fractions containing the product (TLC) were combined and evaporated to afford 74 mg
(48%) of 10 as a pink powder: mp 108.9-109.6 °C; R; 0.5 (EtOAc/Hexane 3:1); 1H NMR
(DMSO-dg) 6 1.90 (m, 2 H), 2.28 (s, 3 H), 2.48 (s, 3 H), 2.73 (t, 2 H), 3.75 (s, 3 H), 3.94 (t,
2H),5.53(,1H),6.76 (dd, 1 H, J; =7.2 Hz, J, = 2.0 Hz), 6.85 (d, 1 H, J = 2.0 Hz), 6.05
(d, 1 H,J=7.2 Hz), Anal. (C1gH19N30,) C, H, N.

modeling

The X-ray crystal structures of tubulin co-crystallized with DAMA-colchicine, a close
structural analog of colchicine (PDB: 1SA0%8, 3.58 A resolution) and VEGFR-2 co-
crystallized with a furo[2,3-d]pyrimidine inhibitor (PDB: 1YWN,2° 1.71 A resolution) were
obtained from the protein database. The preparation and validation of the PDGFR-f
homology model has been previously reported.?4

Preparation of receptor and ligands for docking

The crystal structures of tubulin and VEGFR-2 and the homology model for PDGFR-f were
imported into MOE 2013.08.39 After addition of hydrogen atoms, the protein was then
“prepared” using the LigX function in MOE 2013.08, which is a collection of procedures
that conducts interactive ligand modification and energy minimization in the active site of a
flexible receptor. The procedure was performed with the default settings.

Ligands were built using the molecule builder function in MOE, energy minimized to local
minima using the MMF94X forcefield to a constant (0.05 kcal/mol). Ligands were docked
into the active site of the prepared protein using LeadIT 2.1.6.31 The docking site was
restricted to the active site pocket residues defined as residues within 6.5 A of the bound
crystal structure ligand. Docking was performed using a hybrid (enthalpy and entropy)
approach as the placement method. Docked poses were scored using the default threshold
(full score contribution threshold of 0.3; no score contribution threshold of 0.7). Clash
handling (protein-ligand and intra-ligand were set at default values of 2.9 A3 and 0.6 A3,
respectively. The maximum number of solutions per iteration was set at 300, and the
maximum number of solutions per fragment was set at 300. The best docked poses were
exported as sdf files and visualized using the software CCP4mg.32
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Docking Procedure

Colchicine site on tubulin

The A and B subunits of the protein, along with the crystallized ligand, were retained, while
the C, D, and E subunits, GTP, GDP, and Mg ions were deleted. After addition of hydrogen
atoms, the protein was then “prepared” using the LigX function in MOE as described above.

To validate the utility of LeadlT 2.1.6 for docking ligands into the active site, DAMA.-
colchicine, the co-crystallized ligand in the crystal structure (PDB: 1SA0),28 was built using
the molecule builder, energy minimized, and docked into the active site using the above
parameters. The best docked pose of DAMA-colchicine displayed an rmsd of 1.10 A
compared with the crystal structure pose of DAMA-colchicine. LeadlT 2.1.6 was thus
validated for our docking studies. Docking studies were performed for 1-12 and the
standard compounds using the same settings. Poses from the docking experiment were
visualized using MOE and CCP4mg.

Kinase docking

After addition of hydrogen atoms, the proteins were then “prepared” using the LigX
function in MOE as described above. To validate the utility of LeadlT 2.1.6 for docking
ligands into the active site of the RTKs, the co-crystallized ligands in the crystal structures
(N-{4-[4-amino-6-(4-methoxyphenyl)furo[2,3-d]pyrimidin-5-yl]phenyl}-N'-[2-fluoro-5-
(trifluoromethyl)phenyl]urea from PDB 1YWN?2? for VEGFR?2, [6,7-Bis(2-methoxy-
ethoxy)quinazoline-4-yl]-(3-ethynylphenyl)amine from PDB 1M17 for EGFR30) were built
using the molecule builder, energy minimized using MMFF94x forcefield to a gradient of
0.05 kcal/mol and docked into the active site using the above parameters. The best docked
poses of the original ligands displayed RMSD values of 0.9 A and 0.91 A, respectively,
compared to the crystal structure poses, thus validating our docking procedure with LeadlT
2.1.6

Systematic conformational search using Sybyl-X 2.1.1

A systematic conformational search was carried out for 1 — 12 using Sybyl-X 2.1.127 by
importing the energy minimized conformations of these compounds used for the docking
studies. All applicable rotatable bonds (bonds a—c, see Figures 3 & 4) were selected for each
compound and the search was carried out using 5° increments, and the energy of the ensuing
poses was recorded. The poses were exported to MOE 2013.08,3% and RMSD calculations
with the docked poses were performed in MOE 2013.0839 using an SVL code (mol_rmsd)
obtained from the SVL exchange website.40

Biological evaluation methods

Antibodies—The PY-HRP antibody was from BD Transduction Laboratories (Franklin
Lakes, NJ). Antibodies against EGFR, PDGFR-f, and VEGFR-2 were purchased from Cell
Signaling Technology (Danvers, MA).

Phosphotyrosine ELISA—Cells used were cancer cell lines naturally expressing high
levels of EGFR (A431), VEGFR-2 (U251), and PDGFR-$ (SH-SY5Y). Expression levels at
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the RNA level were derived from the NCI Developmental Therapeutics Program (NCI-DTP)
web site public molecular target information. Briefly, cells at 60—75% confluence were
placed in serum-free medium for 18 h to reduce the background of phosphorylation. Cells
were always >98% viable by Trypan blue exclusion. Cells were then pretreated for 60 min
with a range of concentrations of 10,000-0.17 nM compound, in 14 log increments. The cells
were then stimulated by the addition of 100 ng/mL EGF, VEGF, or PDGF-BB for 10 min.
The reaction was stopped, and cells were permeabilized by quickly removing the media and
adding ice-cold Tris-buffered saline (TBS) containing 0.05% Triton X-100, protease
inhibitor cocktail and tyrosine phosphatase inhibitor cocktail. The TBS solution was then
removed and cells fixed to the plate for 30 min at 60 °C, with a further incubation in 70%
ethanol for 30 min. Cells were exposed to a blocking solution (TBS with 1% bovine serum
albumin) for 1 h, washed, and then a horseradish peroxidase (HRP)-conjugated
phosphotyrosine (PY) antibody was added overnight. The antibody was removed, cells were
washed again in TBS, exposed to an enhanced luminol ELISA substrate (Pierce Chemical
EMD, Rockford, IL) and light emission was measured using a Biotek (Winooski, VT)
microplate reader. Data were graphed as a percent of the control (cells receiving growth
factor alone), and 1Cgq values were calculated from two to three separate experiments with
6-8 replicates for each experiment using non-linear regression dose-response relation
analysis with Prism 6.0 software (GraphPad, San Diego CA).

CAM assay of angiogenesis—The CAM assay is a standard assay for testing
antiangiogenic agents. The CAM assay used in these studies was performed as described
previously.22 Briefly, fertile leghorn chicken eggs (Ideal Poultry, Cameron, TX) were
incubated for 10 days. The proangiogenic factors, human VEGF-165 and bFGF (100 ng
each) were then added at saturation to a 6 mm microbial testing disk (BBL, Cockeysville,
MD) and placed onto the CAM by breaking a small hole in the superior surface of the egg.
Antiangiogenic compounds, at various doses, were added 8 h after the VEGF/bFGF at
saturation to the same microbial testing disk, and the embryos were incubated for an
additional 40 h. After 48 h, the CAMs were perfused with 2% paraformaldehyde containing
0.025% Triton X-100 for 20 sec, excised around the area of treatment, fixed again in 4%
paraformaldehyde for 30 min, placed on Petri dishes, and a digitized image was taken using
a dissecting microscope (Wild M400; Bannockburn, IL) at 7.5X and SPOT enhanced digital
imaging system (Diagnostic Instruments, Sterling Heights, MI). A grid was then added to
the digital CAM images, and the average number of vessels within 5-7 grids counted as a
measure of vascularity. Sunitinib and semaxanib were used as positive controls for
antiangiogenic activity. Data were graphed as a percent of CAMs receiving bFGF/VEGF
only and 1Csq values calculated from two to three separate experiments with 2-5 replicates
per experiment using non-linear regression dose-response relation analysis.

Evaluation of Microtubule Effects

Indirect immunofluorescence was used to evaluate the effects of the compounds on cellular
microtubules as described previously.* Briefly, A-10 cells were treated for 18 h with
vehicle (DMSO) or a compound, and microtubule effects were evaluated microscopically
using a B-tubulin antibody. The ECgg was calculated from 3 independent experiments.
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Antiproliferative Effects

The antiproliferative effects of compounds were evaluated using the sulforhodamine B
(SRB) assay as described previously.#! The cells were treated with the compounds, vehicle
(DMSO) or positive controls, (paclitaxel, CA-4) for 48 h. The ICsq values represent the
mean of 3 independent experiments each conducted with triplicate wells £ SD.

Tubulin studies

Bovine brain tubulin was purified as described previously.#2 The tubulin assembly assay*3
and the [3H]colchicine binding assay** were performed as described previously.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Structures of chemically diverse microtubule depolymerizing agents.
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Structure and conformational analysis of compounds 1 — 4.
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Stereoview. Docked pose of 10 in the colchicine site of tubulin. PDB: 1SA0.28
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Stereoview. Docked pose of 10 in VEGFR2. PDB: 1YWN2°
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Stereoview. Docked pose of 10 in EGFR. PDB: 1M1730
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Figure 8.
Stereoview. Docked pose of 10 in a PDGFR-B homology model.24
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Figure 9.
Comparison of 1 and 10 in the colchicine site of tubulin. Lowest energy conformations of 1

(A) and 10 (D) predicted by the systematic conformational search. Docked conformations of
1 (B) and 10 (E) in the colchicine binding site of tubulin. The poses were generated by
superimposition of the furo[2,3-d]pyrimidine scaffolds of the docked and energy minimum
poses of 1 (C) and 10 (F) and highlight differences in the orientations of the 4-position
substituents.
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Figure 10.
Comparison of 1 and 10 in the ATP site of VEGFR2. Lowest energy conformations of 1 (A)

and 10 (E) predicted by the systematic conformational search. Docked conformations of 12°
in the vertical (B) and horizontal (C) binding modes and 10 (F) in the vertical binding mode
in the ATP site of VEGFR2. The poses were generated by superimposition of the furo[2,3-
d]pyrimidine scaffolds of the docked and energy minimum poses of 1 (D) and 10 (G) and
highlight differences in the orientations of the 4-position substituents.
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Scheme 1.

The synthesis of 4-chloro-2,6-dimethylfuro[2,3-d]pyrimidine 17.
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Reagents and conditions: (a) the appropriate aniline, -PrOH or n-BuOH, conc. HCI (cat.), reflux;
(b) NaH, then dimethyl sulfate

Scheme 2.
The synthesis of N-aryl-2,6-dimethylfuro[2,3-d]pyrimidin-4-amines 27, 11 and 12.
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Reagents and conditions: (a) nBuOH, 1 drop of HCI (conc.), reflux

Scheme 3.
The synthesis of 8 and 10.
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OMe

OMe N

17 28

Reagents and conditions: (a) NaH, DMF, 0 °C - r.t.

Scheme 4.
The synthesis of compound 9.
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Effects of 1 and 10 on tubulin polymerization and inhibition of colchicine binding.

Compound | Inhibition tubulin | Inhibition of colchicine
assembly binding
1C5o(UM) = SD % inhibition + SD
1uM 5uM
CA-4 1.0+0.09 88+2 99+0.2
1 2.4+0.01 63+5 88+3
10 1101 82+3 9% +1
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