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Abstract

In an effort to optimize the structural requirements for combined cytostatic and cytotoxic effects in 

single agents, a series of 5-(arylthio)-9H-pyrimido[4,5-b]indole-2,4-diamines 3-7 were 

synthesized and evaluated as inhibitors of receptor tyrosine kinases (RTKs) as well as thymidylate 

synthase (TS). The synthesis of these compounds involved the nucleophilic displacement of the 

common intermediate 5-bromo/5-chloro-9H-pyrimido[4,5-b]indole-2,4-diamine with appropriate 

aryl thiols. A novel four step synthetic scheme to the common intermediate was developed which 

is more efficient relative to the previously reported six-step sequence. Biological evaluation of 

these compounds indicated dual activity in RTKs and human TS (hTS). In the VEGFR-2 assay, 

compound 5 was equipotent to the standard compound semaxanib and was better than standard TS 

inhibitor pemetrexed, in the hTS assay. Compounds 3, 6 and 7 were nanomolar inhibitors of hTS 

and were several fold better than pemetrexed.
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Angiogenesis – the process of formation of new blood vessels from existing vasculature – is 

essential for tumor growth and metastasis.1 For angiogenesis, receptor tyrosine kinases 

(RTKs) play a crucial role.2 RTKs are enzymes that catalyze the transfer of the γ-phosphate 

of ATP to tyrosine residues of protein substrates. RTK families that are overexpressed in 

cancer cells include vascular endothelial growth factor receptor (VEGFR), epidermal growth 

factor receptor (EGFR) and platelet derived growth factor receptor (PDGFR) among 

others.3,4 Agents that circumvent angiogenesis by inhibition of RTKs have established a new 

paradigm in cancer chemotherapy. RTK inhibitors that function by inhibition of a single 

RTK are prone to resistance by numerous mechanisms including point mutations in the ATP 

binding site and upregulation of additional RTKs.5 Consequently multi-RTK inhibition in 

cancer chemotherapy has emerged as a promising approach and its validity has been 

highlighted by the approval of several multi-RTK inhibitors including sorafenib, sunitinib, 

afatinib, cabozanitib and nintedanib (Figure 1). The enzyme thymidylate synthase (TS) 

utilizes 5,10-methylenetetrahydrofolate as a cofactor to transfer a methyl group to dUMP 

(deoxyuridine monophosphate).6,7 Because of its vital role in DNA synthesis and cell 

growth, TS is a viable target for several clinically used cancer chemotherapeutic agents and 

also for developing anti-opportunistic infection agents.8,9 The fluoropyrimidine, 5-

fluorouracil (5-FU) and its derivatives, in particular, capecitabine (Figure 1), have found 

extensive utility in ovarian, breast, colon, and several other cancers alone and in 

combinations and are a mainstay in cancer chemotherapy.10,11 TS inhibitors that are 

antifolates are used clinically, alone or in combination, in a variety of cancers. These include 

pemetrexed (PMX)12 and in Europe raltitrexed (RTX) (Figure 1).

Combination cancer chemotherapy is not a novel concept. Recent studies suggest that the 

combination of separate cytostatic antiangiogenic agents with separate cytotoxic agents is 

more effective in cancer chemotherapy than either agent alone.13–20 We21 designed single 

agents that would function by both a cytostatic (antiangiogenic) mechanism and a cytotoxic 

(antifolate) mechanism. Such single agents are anticipated to circumvent the 

pharmacokinetic problems of two or more agents and reduce drug-drug interactions. In 

addition, such agents could be used at lower doses to alleviate toxicity, would be devoid of 

overlapping toxicities, and delay or prevent tumor cell resistance due to inhibition of 

multiple mechanisms. Most significantly, providing the cytotoxic agent, by structural design, 
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in the same molecule allows the cytotoxicity to be mainfested as soon as the antiangiogenic 

effects are operable. A separately dosed cytotoxic agent may miss the timing window and 

hence circumvent the intent of the combination. Such multi-targeted agents could wield their 

cytotoxic action as soon as or even during transient tumor vasculature normalization22,23 due 

to the antiangiogenic effects. Thus such agents, perhaps, do not need to be as potent as 

conventional, separately dosed cytotoxic agents. Dosing of such an antiangiogenic multi-

targeted RTK inhibitor with a built-in cytotoxic mechanism would be equivalent to providing 

a combination of multi-targeted RTK inhibitors along with a metronomic dosing of a 

cytotoxic agent. Thus these single agents would be in keeping with the two important 

mechanisms that suggest the rationale for the success of separate antiangiogenic and 

cytotoxic chemotherapeutic agents in combination for cancer chemotherapy.22–26 Other 

advantages of such single agents are in the decreased cost and increased patient compliance 

which are sometimes as important contributors to chemotherapy failure as resistance, 

toxicity and lack of efficacy.

The antiangiogenic component is typically targeted to tumor cells and is, under most 

circumstances, not targeted to normal cells. In contrast, the cytotoxic component is targeted 

to the tumor cells but not exclusively. Thus the challenge in designing single agents with a 

cytotoxic component is that the cytotoxic component should be potent enough to kill tumor 

cells that have been compromised via the antiangiogenic effect but not potent enough to 

induce serious toxicity to normal cells unaffected by the antiangiogenic effect. One of the 

most important problems with conventional cytotoxic chemotherapeutic agents is dose 

limiting toxicities. These single agents should avoid these toxicities as they do not need to be 

as potent as conventional chemotherapeutic agents.

On the basis of this rationale we21 previously designed, synthesized and evaluated two 

compounds – 1 and 2 (Figure 1) that each inhibit VEGFR-2 and PDGFR-β for 

antiangiogenic effects and also inhibit human TS (hTS) for cytotoxic effects in single agents. 

The inhibitory potency of both these single agents against VEGFR-2, PDGFR-β, and hTS is 

better than or close to the standard agents used in these assays (Tables 1, 2). In a COLO-205 

xenograft mouse model, compound 1 significantly decreased tumor growth (tumor growth 

inhibition (TGI) = 76% at 35 mg/kg), liver metastases, and tumor blood vessels compared 

with a standard drug DMBI (Figure 3) and control and thus demonstrated potent tumor 

growth inhibition, inhibition of metastasis, and antiangiogenic effects in vivo. These 

compounds afford combination chemotherapeutic potential in single agents.

In order to determine a structure activity relationship (SAR) and to optimize 1 and 2, as an 

initial step, compounds 3-7 were designed with variations in the substitution at the 5-thioaryl 

portion of the 2,4-diamino pyrimido[4,5-b]indole scaffold. The 2′-naphthyl (3), 1′-naphthyl 

(4), and 2′,5′-diOMe phenyl (5) substitutions are based on previously known potent RTK 

inhibitors compounds 8 (VEGFR-1 assay), 9 (chorioallantoic membrane (CAM) assay – a 

test for angiogenesis), and 10 (VEGFR-2, PDGFR-β assays) respectively.27 The 4′-OMe 

phenyl (6) was proposed to determine the effect of an electron donating substituent on 

activity. The 4′-Cl substituted phenyl in 7 was selected on the basis of the multiRTK 

inhibitory activity (VEGFR-2, VEGFR-1) of vatalanib28 which has a similar substitution 

pattern.
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The synthesis of 1 and 2 involved the nucleophilic displacement of the common intermediate 

5-chloro-9H-pyrimido[4,5-b]indole-2,4-diamine 14 (Scheme 1) with appropriate benzene 

thiols.21 We elected to develop a shorter synthesis than the six step sequence to 14 reported 

previously.21 The literature is rich with reports wherein 2,4-diamino pyrrolo[2,3-

d]pyrimidines are synthesized from appropriately substituted pyrroles and 

cyclocondensation partners (guanidine/1,1-dimethylguanidine).29–31 Extension of this 

method to obtain the tricyclic 2,4-diamino pyrimido[4,5-b]indole system by using a suitably 

substituted indole and the appropriate cyclocondensation partner seemed like a feasible 

approach. This synthetic strategy required the substituted indole 13 (Scheme 1) which was 

synthesized in two steps from 2,3-dichloronitrobenzene 11 by a sodium hydride induced 

displacement with malononitrile to 12, followed by Zn-dust catalyzed reduction. 

Cyclocondensation of 13 with carbamimidic chloride hydrochloride in methylsulfone at 

110–120 °C for 8 hours resulted in an incomplete reaction. Recharging the reaction mixture 

with carbamimidic chloride hydrochloride and allowing the reaction to proceed for an 

additional 16 hours (total reaction time = 24 hours) led to completion of the reaction, and 14 
was obtained in 45% yield. Thus, a shorter and more efficient four step synthesis to 14 (net 

yield = 15%) was developed, which is an improvement over the previously reported21 six 

step synthesis to 14 (net yield = 5%). Synthesis of 3 and 4 was accomplished by SNAr 

reaction of the aryl chloride 14 with naphthalene thiols 15 and 16 in a microwave apparatus 

(Biotage initiator®).

SNAr reactions of thiophenols substituted with an electron-withdrawing group (EWG) or an 

electron-donating group (EDG) were not successful using this method. It has been shown 

that EWGs on the phenyl nucleus decrease, and EDGs increase the nucleophilicity of sulfur 

in thiophenols toward 2,4-dichloronitrobenzene.32 Hence the reaction failure with 

thiophenols bearing EWGs can be attributed to decreased nucleophilicity. The reaction 

failure of thiophenols bearing EDGs can be surmised to be due to an increased propensity of 

the thiophenoxide anion to form disulfides33 relative to undergoing an SNAr with 14.

Thus for the synthesis of 5-(substituted phenylthio)-9H-pyrimido[4,5-b]indole-2,4-diamines 

with thiols bearing electron withdrawing and electron donating substituents the 5-bromo 

analog (20) (Scheme 2) was judged to be a better substrate since it had been reported that the 

5-bromo is a better leaving group under similar conditions.34

The synthesis involved a sodium hydride induced displacement of known 1735 (Scheme 2) 

with malononitrile to afford 18, followed by a Zn-dust catalyzed reductive cycliztion to 19, 

and a cyclocondensation to afford 20. Displacement of the 5-bromo of 20 with thiols 21-23 
in the presence of CuI, potassium carbonate in DMF under microwave conditions furnished 

target compounds 5-7 respectively in yields ranging from 42–77%.

The RTK inhibitory activities of compounds 3–7 (Table 1) were evaluated using a 

phosphotyrosine ELISA in human tumor cells known to express high levels of VEGFR-2, 

EGFR and PDGFRβ.36,37 Whole cell assays were used for evaluating RTK inhibition as 

these assays afford more meaningful results for translation to in vivo studies.27,38–41 A431 

cancer cells known to over express EGFR were used to determine the effect of compounds 

on cell proliferation. EGFR has been shown to be a factor in the survival of A431 cells.42 
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For studying cell-proliferation, CYQUANT®, a DNA intercalating dye that has been shown 

to provide a linear approximation of cell number was used.43

The IC50 values of RTK inhibition vary under different assay conditions. Hence, we used a 

standard (control) compound in each of the evaluations. For VEGFR-2, the standard was 

semaxanib (Figure 3); for EGFR, the standard was CB67645 (24); for PDGFR-β the 

standard was DMBI; for the cytotoxicity study against the growth of A431 cells in culture 

the standard was cisplatin. Since the inhibitory activities are determined in cells, a definite 

structure-activity relationship cannot be determined for 1-7 and RTK inhibition.

In the VEGFR-2 assay, compound 5 with electron donating 2′,5′-diOMe phenyl substitution 

was the most potent in this series and was equipotent to standard semaxanib (Figure 3). 

However the electron donating 4′-OMe phenyl substitution in 6 exhibited 15-fold less 

potency than semaxanib. The 2′-naphthyl substituted 3 and the 1′-naphthyl substituted 4 
were 13-fold and 16-fold less potent respectively than semaxanib. Hence bulky 5-position 

substituents were not tolerated (3, 4). Compound 7 with a 4′-Cl phenyl substitution was 

inactive. The most potent parent compound 1 with an unsubstituted phenyl was 2-fold less 

active than 5 in the VEGFR-2 assay.

In the EGFR assay, compound 5 with electron donating 2′,5′-diOMe phenyl substitution 

exhibited single digit micromolar inhibition. Compound 5 was the most potent compound in 

this series, but was 22-fold less active than the standard 24 (Figure 3) in this assay. The next 

most potent compound – the 4′-Cl phenyl substituted 7 was 40-fold less potent than 24. The 

2′-naphthyl substituted 3 and the 1′-naphthyl substituted 4 were 100-fold and 835-fold less 

potent than 24. This indicates that the presence of a bulky substitution might be tolerated if a 

3′, 4′-disubstitution is present on the thiophenyl group (3), and is not tolerated if a 2′, 3′-
disubstitution is present on thiophenyl group (4). Compound 6 with an electron donating 4′-
OMe phenyl was about 100-fold less active than 24. The most potent lead compound 2 with 

a 4′-Me phenyl substitution was 2.4-fold less active than 5 in the EGFR assay.

In the PDGFR-β assay, the most potent compounds in the series – the 1′-naphthyl 

substituted 4 and 4′-OMe phenyl substituted 6 were about 16-fold less active than the 

standard DMBI (Figure 3). The 2′-naphthyl substituted 3 was 24-fold less active than 

DMBI. Compounds 5 with a 2′,5′-diOMe phenyl substitution and 7 with a 4′-Cl phenyl 

substitution were inactive in this assay even at 200 micromolar concentrations. The most 

potent lead compound 1 with an unsubstituted phenyl was about 21-fold more active than 4 
and 6 in the PDGFR-β assay.

The most potent compound in the A431 cytotoxicity assay was the 4′-Cl phenyl substituted 

7 which was equipotent to the standard Cisplatin. The electron donating 2′,5′-diOMe phenyl 

substituted 5, and the 2′-naphthyl substituted 3 were the next most potent compounds and 

were about 4-fold less active than cisplatin. The electron donating 4′-OMe phenyl 

substituted 6 was about 6-fold less active than cisplatin. The 1′-naphthyl substituted 4 was 

inactive even at 200 micromolar concentration. The most potent lead compound 2 with a 4′-
Me phenyl substitution was equipotent to 7 in the A431 cytotoxicity assay.
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Compounds 3-7 were also evaluated against isolated human, and Escherichia coli (E. coli) 
TS and DHFR and compared against standard compounds (Table 2). In the hTS assay the 

analogues were active inhibitors with IC50 values ranging from 0.12 to 2.3 μM. In analogues 

with electron withdrawing substitutions, remarkably the 4′-Cl- substituted analogue 7 was 

equipotent with the clinically used classical RTX (Figure 1) and in analogues bearing 

electron donating substituents, the 4′-OMe- substituted analogue 6 was also remarkably 3- 

and 79- fold more potent than RTX and PMX respectively. Compound 5 bearing a electron 

donating 2′,5′-diOMe substitution was only 3-fold less active than RTX. This indicates that 

the increase in activity of 5 was probably not due to electronic factors but more likely due to 

favorable binding conformations induced by these substituents on the phenyl ring. The 2′-
naphthyl substituted (3) and 1′-naphthyl substituted (4) compounds were 3-fold better than 

and 6-fold worse than RTX respectively indicating that the requirement for bulk in the 5-

position is specific. Relative to the 4′-methyl substituted lead compound 2; the most potent 

compound 3 was 3-fold more active. Against human DHFR, in general, 3-7 were poorly 

active.

In summary, five novel 5-(Arylthio)-9H-pyrimido[4,5-b]indole-2,4-diamines 3-7 were 

designed, synthesized and evaluated as inhibitors of RTKs as well as hTS. Biological 

evaluation showed that compound 5 had excellent VEGFR-2 inhibitory activity without 

significant human TS activity. Compounds 3, 6, and 7 had good hTS inhibitory activity but 

were poor VEGFR-2 inhibitors. Some of the analogues were indeed better TS (3, 6) or RTK 

(5, 7) inhibitors than the parent analogues 1 and 2, and this provides impetus for a continued 

search for multitargeted RTK activity along with TS inhibition in single molecules that 

supersede that of the parent compounds 1 and 2.
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Abbreviations

RTK receptor tyrosine kinases

VEGF vascular endothelial growth factor

EGFR epidermal growth factor receptor

PDGFR platelet derived growth factor receptor

c-kit stem cell factor receptor

CSF-1R colony stimulating factor 1 Receptor

Flt-3 FMS-like tyrosine kinase 3
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hTS human thymidylate synthase

5-FU 5-fluorouracil

PMX pemetrexed

RTX raltitrexed

MTX methotrexate

TGI total growth inhibition

CAM chorioallantoic membrane

DMF dimethyl formamide

NMP N-methyl-2-pyrrolidone

THF tetrahydrofuran

TLC thin layer chromatography
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Figure 1. 
Known anticancer agents
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Figure 2. 
Designed pyrimido[4,5-b]indoles 3-7, reported RTK inhibitors 8-10, Vatalanib.
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Figure 3. 
Standard drugs and control agents
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Scheme 1. 
Reagents and conditions: (a) malononitrile, NaH, DMF, 70–80 °C, 3 h; (b) Zn, HOAc, 50–

55 °C, 2 h 30 min; (c) (i) Carbamimidic chloride hydrochloride, methylsulfone, 110–120 °C, 

8 h; (ii) recharge with carbamimidic chloride hydrochloride, methylsulfone, 110–120 °C, 16 

h; (d) K2CO3, NMP, microwave, 250 °C, 30 min.
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Scheme 2. 
Reagents and conditions: (a) malononitrile, NaH, THF, reflux, 70–80 °C, 3 h; (b) Zn, HOAc, 

50–55 °C, 2 h, 30 min; (c) (i) methylsulfone, 110–120 °C, 8 h; (ii) recharge with 

carbamimidic chloride hydrochloride, methylsulfone, 110–120 °C, 12 h; (d) CuI, K2CO3, 

DMF, 180 °C, 4 h.
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Table 1

IC50 Values (μM) of Kinase Inhibition and A431 Cytotoxicity Assay

Compd # VEGFR-2 (Flk-1) Kinase Inhibition EGFR Kinase Inhibition PDGFR-β Kinase Inhibition A431 Cytotoxicity

1 22.6±4.5 15.07±3.1 2.8±0.42 49.2±4.7

2 56.3±7.1 10.41±1.2 40.3±5.1 14.1±2.0

3 160.3±19.1 20.0±3.6 90.1±10.2 43.1±7.0

4 193.1±22.6 167.3±20.1 58.2±8.1 >200

5 10.2 ±2.6 4.3±0.62 >200 38.4±5.2

6 182.2±34.2 20.8±3.1 60.5±7.2 67.3±7.2

7 >500 8.3±1.9 >200 10.3±2.1

Semaxanib 12.0±2.7

CB67645 (24) 0.2±0.004

DMBI 3.7±0.06

Cisplatin 10.6±2.9
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Table 2

Inhibitory concentrations (IC50, μ M) against isolated human and E. coli TS and DHFR

Compd TS Inhibitory Activitya DHFR Inhibitory Activitya

Humanc E. colic Humand E. colie

1 0.54 >27 >33 (17)b > 33 (35)

2 0.39 >26 >31 (7) > 31 (27)

3 0.12 >2.3 (0) >28 (18) 28

4 2.3 >2.3 (20) >27 (25) 27

5 1.1 2.1 >27 (0) >27 (0)

6 0.14 >2.5 (0) >30 (13) 31

7 0.48 >2.4 (13) >29 (20) >29 (0)

Raltitrexedf 0.38 5.7

Pemetrexedg 9.5 76

Methotrexate 0.022 0.0066

Trimethoprim 680 0.02

Thymidylate synthase (TS) assay: TS was assayed spectrophotometrically at 30 °C and pH 7.4 in a mixture containing 0.1 M 2-mercaptoethanol, 
0.0003 M (6R,S)- tetrahydrofolate, 0.012 M formaldehyde, 0.02 M MgCl2, 0.001 M dUMP, 0.04 M Tris–HCl, and 0.00075 M NaEDTA. This was 

the assay described by Wahba and Friedkin,44 except that the dUMP concentration was increased 25-fold according to the method of Davisson et 

al.45 The reaction was initiated by the addition of an amount of enzyme yielding a change in absorbance at 340 nm of 0.016/min in the absence of 
inhibitor.

Dihydrofolate reductase (DHFR) assay:46 All enzymes were assayed spectrophotometrically in a solution containing 50 μM dihydrofolate, 80 μM 
NADPH, 0.05 M Tris–HCl, 0.001 M 2-mercaptoethanol, and 0.001 M EDTA at pH 7.4 and 30 °C. The reaction was initiated with an amount of 
enzyme yielding a change in OD at 340 nm of 0.015/min.

a
The percent inhibition was determined at a minimum of four inhibitor concentrations within 20% of the 50% point. The standard deviations for 

determination of 50% points are within ±10% of the value given.

b
Numbers in parentheses indicate the percent inhibition at the stated concentration.

c
Kindly provided by Dr. Frank Maley, New York State Department of Health, Albany, NY.

d
Kindly provided by Dr. J. H. Freisheim, Medical College of Ohio, Toledo, OH.

e
Kindly provided by Dr. R. L. Blakley, St. Jude Children’s hospital, Memphis TN.

f
Kindly provided by Dr. Ann Jackman, Institute of Cancer Research, Sutton, Surrey, UK.

g
Kindly provided by Dr. Chuan Shih, Eli Lilly and Co.
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