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Abstract: A series of N-3-substituted 7-aminopyrido[2,3-d]pyrimidin-6-carbonitrile
derivatives was readily synthesized and their anti-proliferative activities on five types of
tumor cells were evaluated through a cell-based phenotypic screening approach.
Compound 3k was found to be potent on human colon cancer SW620 cells with an ICsg
value of 12.5 uM. Structural optimization of compound 3k led to compound 4a with
improved anti-proliferative potency on SW620 cells with an ICsy value of 6.9 uM. Further
cell-cycle analyses suggested that compound 4a induced apoptosis of SW620 cells in a
concentration-dependent manner.
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1. Introduction

Chemotherapy is one of the most commonly used treatment options for malignant tumors,
especially for unresectable patients [1]. Improvements in treatment and prevention have led to a
decrease in cancer deaths, but the number of new diagnoses continues to rise. New classes of therapies
targeting specific proteins perturbed in cancers have been heralded as “smart drugs” that more
effectively target the disease than current chemotherapeutic regimes such as doxorubicin, cisplatin and
fluorouracil [2]. However, disappointing results in recent clinical trials indicate that a major challenge
of target-based drug discovery approaches is overcoming target mechanism heterogeneity among
patients and inherent or acquired drug resistance [3]. Consequently, current cancer drug discovery
approaches are not appropriately tailored to complex disease mechanism(s) [4]. Phenotypic screening,
widely used to find new drugs in old days, is arguably associated with the more humble recognition
that you really don’t believe you understand the mechanism [5]. If you can establish a way to make a
wayward cell less harmful, the mechanism may not matter all that much. Between 1999 and 2008, the
contribution of phenotypic screening to the discovery of first-in-class small-molecule drugs exceeded
that of target-based approaches-with 28 and 17 of these drugs coming from the two approaches,
respectively [5].

Our research group focused our attention on the design, synthesis and cell-based phenotypic
screening of novel tumor growth inhibitors and apoptosis inducer as potential anti-proliferative agents.
In recent years nitrogen-containing heteroaromatic species of biological significance have attracted
considerable research interest as these entities constitute the core structure of numerous pharmaceuticals.
Pyrimidine derivatives have shown remarkable activity as PDE4 inhibitors, antileukemia, bronchodilators,
vasodilators, antiallergic, antihypertensive and anticancer agents [6—12]. In the past few years, several
synthetic methodologies for 7-aminopyrido[2,3-d]|pyrimidin-6-carbonitrile derivatives have been
developed [13]. However, the antitumor activities of these compounds have not been fully explored.

In this article we describe a novel series of N-3-substituted 7-aminopyrido[2,3-d]pyrimidine-6-
carbonitrile derivatives (Figure 1) and a cell-based phenotypic evaluation of their anti-tumor activities
by the MTT method. The cell-cycle analysis of the most potent compound 4a is presented. Their
preliminary structure—activity relationships (SARs) are also discussed.

Figure 1. Structure of 7-amino-pyrido[2,3-d]pyrimidine-6-carbonitrile derivatives.

2. Results and Discussion
2.1. Chemistry

The general synthetic approach to the desired final compounds 3a—s is outlined in Scheme 1.
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Scheme 1. Synthetic route of compounds 3a—s.
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Reagents and conditions: (1) malononitrile, 6-amino-1-methyluracil or 6-aminouracil, cat.
triethylbenzylammonium chloride (TEBAC), ethylene glycol for 2a—e or H,O for 2f-i, 100 °C for
5-24 h. (ii) R?-X, K,CO;, DMF, 60 °C for 3a—i, 3r—s; r.t. for 3j—q.

The core structure of 7-aminopyrido[2,3-d]pyrimidine-6-carbonitrile derivatives, was built via a
reported multi-component reaction [14] with minor revisions. Briefly, the key intermediates 2a—i were
readily synthesized in parallel with an appropriate aromatic aldehyde, 6-methyl-1-amino uracil/6-
aminouracil and malononitrile as starting materials in the presence of TEBAC. The final compounds
3a—s were thus obtained by N-3 alkylation of the precursors 2 with R*-X in the presence of potassium
carbonate in DMF. To note, derivatives 3a—i and 3r—s were obtained at 60 °C, whereas the reaction at
room temperature was found to be optimal to afford compounds 3j—q. The structures of 3a—s were
fully characterized and identified by "H-NMR, *C-NMR and HR-MS analyses.

As illustrated in Scheme 2, to find a more potent compound, derivatives 4a—e were prepared
starting from 2g or 2j in the presence of K,CO; or triethylamine at room temperature in DMF.
Compounds 4a—e were fully characterized and identified by 'H-NMR, C-NMR and HR-MS before
biological evaluation.

Scheme 2. Synthetic route of compounds 4a—e.
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Reagents and conditions: R%-X (X=Cl, Br), K,COs, (triethylamine for 4e), DMF, r.t.
2.2. Anti-proliferative Activities

All the final compounds underwent primary phenotypic screening for their inhibitory activity
against A549, HepG2, SW620, Skov-3 and HeLa tumor cells at 40 uM using the MTT assay. For
comparison, the data of cisplatin are also included. As shown in Table 1, some derivatives (compounds
3j—s) exerted potent or moderate inhibitory activities against the five assayed tumor cell lines at 40 uM
(Table 1). The inhibitory activities of most compounds on SW620 cells were slightly more potent than
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those for human lung carcinoma A549 cells, human hepatocellular liver carcinoma HepG2 cells,
human cervical carcinoma epithelial HeLa cells and human ovarian cancer Skov-3 cells. In our initial
efforts to search for novel potent anticancer agents, a caffeine moiety, reported to suppress the
proliferation of various cancer cell lines and transformed cell lines [15,16], was covalently coupled to
the 7-aminopyrido[2,3-d]pyrimidine-6-carbonitrile scaffold through a two-carbon linker at the N-3
position. Unfortunately, the obtained compound 3a demonstrated low inhibitory effects on the five
tested tumor cell lines. Further modification of compound 3a with various substituents at the C-5
position of the pyrido[2,3-d]pyrimidine scaffold showed no improvement in activities.

Table 1. Inhibition of compounds 3a—s on five types of tumor cells at 40 uM.

|
<’N | " \,L//O n R2 1 X CN
N \/\N AN CN N | X
' o A M PN NNH
07 N7 N NH, s 2
R’ R
3a-i 3j-s
IN “ at 40 pM (%)
Compd. R' R’ Ar
SW620 A549 SKOV-3 HepG2 HeLa
3a H — Phenyl 9+23 10£2.6 NT® NT 37+3.0
3b H — 4-Cl-Ph- 8+ 1.4 3+1.5 12+2.2 NT 18 +2.1
3c H — 3,4-di MeO-Ph- 11£09 22+0.5 NT 29+2.8 29+2.1
3d H — 3-MeO-4-OH-Ph- 13+£3.0 9+£22 18+24 10+1.8 20+ 1.1
3e H — 4-Br-Ph- 27+12  28+29 NT 21+2.8 34+1.6
3f Me — Phenyl 7+1.7 NT NT NT NT
3g Me — 3-MeO-4-OH-Ph- 3+1.3 NT NT NT 17+3.1
3h Me — 3,4-di MeO-Ph- 10+0.8 16+1.7 NT 17+22 23+0.7
3i Me — Thiazolyl NT NT NT NT NT
3j Me  2-methylbenzyl 3,4-di MeO-Ph- 14+2.1 NT NT NT NT
3k Me  2-methylbenzyl 3-MeO-4-(2-Me-BnO)-Ph 85+2.8 26+3.6 NT 28+33 9+4.0
31 Me  2-methylbenzyl Phenyl 3609 NT NT 10+3.8 NT
3m Me  2-fluorobenzyl Phenyl 48+4.3 52+23 32+£2.1 20+1.9 NT
3n Me  3-fluorobenzyl Phenyl 42+3.1 55+1.1 NT 16 +0.5 14+2.8
30 Me  2-(4-fluorophenyl)-2-oxoethyl Phenyl 38+ 1.7 22+39 825 24+5.4 23+19
3p Me  2-(4-methoxyphenyl)-2-oxoethyl ~ Phenyl 21+09 38+28 38+1.0 20+ 1.4 NT
3q Me  Propargyl Phenyl 25+3.7 2816 7+29 20+£3.3 19+£0.8
3r Me  Cyclopentyl Phenyl 52422 NT NT 21+ 1.7 14+3.6
3s Me  Butyl Phenyl 35+1.5 20+1.8 NT NT 13+4.5
Cis ° — — 72+2.1 68+1.8 67+1.9 80+2.8 80+3.5

*IN = inhibition, measured 48 h after treatment with compounds 3a—s (40 uM). Results are given in
concentrations of 40 uM after continuous exposure of 48 h and show means + SEM values of three-

independent experiments. IR = OD(C) ~OD(S) ;. ®*NT denotes not tested; ¢ Cis denotes cisplatin.
0D(C)

This finding could have been due to the excessive numbers of hydrophilic nitrogen atoms in the
caffeine substituent. Hence, coupling caffeine with the pyrido[2,3-d]pyrimidine scaffold did not
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work as expected. Thus, we turned to link more lipophilic groups at N-3 position to investigate
whether thus obtained derivatives would inhibit tumor cell proliferation more effectively. Compounds
3j—s, with certain lipophilic alkyl or aryl groups incorporated into the N-3 position, exhibited
higher inhibition values (Table 1) as proposed.

To obtain more accurate data on the anti-proliferative activities of derivatives 3j—s, we conducted
an MTT assay against SW620 tumor cells to measure their ICsy values. The concentrations of the
assayed compound are in a range from 2.5 to 80 uM. As shown in Table 2, derivative 3k was found to
be the most potent one against human colon cancer cells SW620 at low micromolar level, with an I1Cs,
value of 12.5 uM, comparable to that of cisplatin. However, compound 3k exhibited extremely poor
inhibitory potency for A549, Skov-3, HepG-2 and HeLa cell lines (Table 1).

Table 2. ICs values of compounds 3j—s on SW620 cells.

Compd. ICs5*(uM) Compd. ICso(nM) Compd. ICsy(pM) Compd. 1Cso(nM)
3j >80 3p 59.6 +2.1 3m 65.1+1.1 3s >80
3k 12.5+0.7 3q 719+1.5 3n 79.6 £2.7 Cis " 95+05°¢
31 76.1+1.9 3r 29+ 0.9 30 715+ 1.8

*1Cs, denotes half maximal inhibitory concentration. Values are means + SEM of three independent
experiments; ® Cis denotes cisplatin; © The ICs, value is comparable to the reported in the literature [17].

To find a more potent compound, derivatives 4a—e were readily prepared starting from 2g or 2j in
the presence of K,COj; or triethylamine at room temperature in DMF (Scheme 2). Compounds 4a—e
were fully characterized and identified by 'H-NMR, "C-NMR and HR-MS before biological
evaluation. The ICs values of compounds 4a—e on SW620 tumor cells are shown in Table 3.

Table 3. ICs values of compounds 4a—e on SW620 cells.

4a-e
Compd. R’ R’ R'  ICs*(uM)
4a O UL OMe  69+04
4b “ “ H >40
4c m ) fYﬁ@ ~ OMe >40
O O
4d “ “ H >40
AN
4e H Q% OMe 36.8+1.1
Cis " - - - 9.5+0.5

*1Cso denotes half maximal inhibitory concentration. Values are means + SEM of three independent

experiments; ® Cis denotes cisplatin.
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Special emphasis was placed upon SAR studies on the 3-position of the pyrido[2,3-d]pyrimidine
scaffold and 3-, 4-positions of the phenyl(Ar) at the 5-position of the scaffold (Table 3). When R* was
a methoxy group, R* and R’ were substituted by the benzyl or l-phenylethanone-2-yl group,
respectively, and two compounds, 4a and 4c, were obtained with notably different ICsy values on
SW620 cells, 6.9 uM for 4a and above 40 uM for 4¢. This result suggested that the carbonyl group of
the 1-phenylethanone-2-yl substituent decreased anti-proliferative activities. We next investigated if
the methoxy group (R*) at C-5 position of the pyrido[2,3-d]pyrimidine scaffold was necessary by
removing the methoxy group. Consequently, compound 4b was synthesized with a hydrogen atom for
R*, which led to almost total loss of activity (Table 3). Thus, a methoxy group of R* plays a crucial
part in contributing to biological activities for pyrido[2,3-d]pyrimidine derivatives.

2.3. Cell-Cycle Analyses

Cell-cycle analyses were done by flow cytometric measurements on SW620 cells. annexin V-
fluorescein isothiocyanate (FITC) was used as a marker of phosphatidylserine exposure and propidium
iodide (PI) as a marker for dead cells. This combination allowed differentiation between early
apoptotic cells (annexin V-positive, PIl-negative), late apoptotic/necrotic cells (annexin V-positive,
PI-positive), and viable cells (annexin V-negative, PI-negative).

Figure 2. Effects of 4a on the induction of apoptosis in SW620 cells for 48 h: a, control;
b, 5 uM; c, 10 uM; d, 20 uM; e, 40 uM. Cells were stained with annexin V-FITC and PI.
The total number of apoptotic cells are the sum of annexin V+/PI— (early apoptotic) and
annexin V+/PI+ (late apoptotic/necrotic) cell populations.
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After treatment with compound 4a at 0, 5, 10, 20 and 40 uM for 48 h, the percentage of apoptotic
cells was 15.11%, 17.06%, 61.12%, 76.33% and 89.26% (Figure 2). These results indicated that the
growth inhibition of SW620 cells was caused by inducing apoptosis in a concentration-dependent
manner [18].

3. Experimental
3.1. General

Human cancer cell lines were purchased from American Type Culture Collection (ATCC, Rockville,
MD, USA). Dulbecco’s modified Eagle’s medium (DMEM) and RPMI 1640 were purchased from
Gibco (Grand Island, New York, NY, USA). Fetal bovine serum (FBS) was purchased from Hyclone
(Logan, UT, USA). All chemicals were commercially available and used without further purification
unless otherwise stated. Column chromatography was carried out on silica gel (400 mesh, Qingdao
Marine Chemical Ltd., Qingdao, China). Thin-layer chromatography (TLC) was undertaken on TLC
silica gel 60 F254 plates. "H-NMR and *C-NMR spectra were recorded on a Bruker Avance (Varian
Unity Inova) 400 MHz spectrometer using TMS as internal reference chemical shift in o, ppm.
Chemical shifts (8) are reported in parts per million relative to tetramethylsilane (TMS) used as an
internal standard, where (6) TMS = 0.00 ppm. High-resolution mass spectrometry was carried out on a
Waters Q-TOF Premier mass spectrometer.

3.2. General Procedure for the Synthesis of 2a—j

For derivatives 2a—e (Figure 3), 6-aminouracil (10 mmol) were suspended in ethylene glycol
(120 mL) at 100 °C, the appropriate aldehyde (10 mmol) and propanedinitrile (10 mmol) were added
in one portion.

Figure 3. The chemical structure of compounds 2a—e.
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After the mixture turned transparent, TEBAC (150 mg) was added to the mixture as phase transfer
catalyst. The resultant mixture was stirred at 100 °C for 4-7 h, cooled to room temperature, The
mixture was filtered, washed with EtOH, the solids 2a—e formed were recrystallized from DMF and
water. Their physical appearance, melting point and spectroscopic data were in agreement with
published data.

For derivatives 2f—j (Figure 4), 6-amino-1-methyluracil (10 mmol) were suspended in water (120 mL)
at 100 °C, aldehyde (10 mmol) and propanedinitrile (10 mmol) were added until the suspension almost
cleared up, then the TEBAC (150 mg) was added in the mixture as phase transfer catalyst, the mixture
was stirred at 100 °C for 20-24 h, cooled to room temperature, The mixture was filtered, washed with
EtOH, the solids 2f—j formed were recrystallized from DMF and water. Their physical appearance,
melting point and spectroscopic data were in agreement with published data.

Figure 4. The chemical structure of compounds 2f-j.
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3.3. The Structure of Reagents R’-X (Figure 5) and General Procedure for the Synthesis of
1-(2-Bromoethyl)-3, 7-dimethyl-1 H— purine-2,6(3H, 7H)-diones

Anhydrous cesium carbonate (50 mmol) and theobromine (25 mmol) were suspended in DMF
(100 mL), after the mixture was stirred at room temperature for 10 min, 1,2-dibromoethane
(250 mmol) was added. After completion of the reaction as monitored by TLC, the mixture was poured
into water, extracted with ethyl acetate, the organic layer was washed with water twice, and dried with
anhydrous sodium sulfate. The combined organic layer was evaporated to obtain a residue which was
purified by column chromatography. Its physical appearance and spectroscopic data were in agreement
with published data.
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Figure 5. The chemical structure of reagents R*-X.
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3.4. Syntheses of Compounds 3a—s

The corresponding compounds 2 (1 mmol) and anhydrous potassium carbonate were stirred at 60 °C
(for 3f—q, room temperature) in DMF (5 mL), then R*-X (1.1 mmol) was added. After completion of
the reaction monitored by TLC, the mixture was poured into water (25 mL). It was extracted with
dichloromethane (for 3f—q, ethyl acetate was used). The combined organic layer was washed with
water, dried with Na,SOy, evaporated to obtain a residue, and purified by column chromatography.

7-Amino-3-(2-(3, 7-dimethyl-2,6-dioxo-2, 3,6, 7-tetrahydro- 1 H-purin-1-yl)ethyl)-2,4-dioxo-5-phenyl- 1,2,
3,4-tetrahydropyrido[2,3-d]pyrimidine-6-carbonitrile (3a) White solid; Yield: 40.1%; 'H-NMR
(DMSO-dg) 6 11.11 (s, 1H), 8.00(s, 1H), 7.65 (s, 2H), 7.41 (d, J = 2.4 Hz, 2H), 7.26 (t, J = 2.8 Hz, 1H),
7.15 (t, J = 3.2 Hz, 2H), 4.47 (s, 2H), 4.26 (s, 2H), 3.79 (s, 3H), 3.35 (s, 3H); ?C-NMR (DMSO-dg): &
160.78, 159.91, 158.91, 155.46, 155.00, 154.56, 150.99, 150.54, 150.19, 148.17, 142.84, 136.65,
128.23, 127.65, 127.37, 115.24, 106.37, 98.89, 98.22, 88.61, 87.80, 33.08, 29.34; HRMS: calcd. for
Ca3H19NoO4 " [M+Na']: 508.1458, found: 508.1486.

7-Amino-5-(4-chlorophenyl)-3-(2-(3, 7-dimethyl-2,6-dioxo-2, 3,6, 7-tetrahydro- 1 H-purin-1-yl)ethyl)-2,4-
dioxo-1,2,3,4-tetrahydropyrido[2,3-d[pyrimidine-6-carbonitrile (3b) White solid; Yield: 57.3%;
'H-NMR (DMSO-ds) & 11.17 (s, 1H), 8.00 (s, 1H), 7.69 (s, 2H), 7.49 (d, J = 8.8 Hz, 2H), 7.19 (d,
J = 8.8 Hz, 2H), 4.46 (d, J = 3.2 Hz, 2H), 4.26 (d, J = 3.2 Hz, 2H), 3.79 (s, 3H), 3.35 (s, 3H);
BC-NMR (DMSO-ds): & 159.83, 158.82, 157.56, 154.99 154.55, 150.98, 150.49, 148.18, 142.84,
135.53, 133.06, 129.41, 127.78, 114.93, 106.37, 98.84, 87.62, 67.19, 60.70, 59.72, 33.08, 29.25, 19.93;
HRMS: caled. for Co3HisCINgO," [M+Na']: 542.1068, 544.1038, found: 542.1012, 544.1064.

7-Amino-5-(3,4-dimethoxyphenyl)-3-(2-(3, 7-dimethyl-2,6-dioxo-2, 3,6, 7-tetrahydro- 1 H-purin- 1-yl)-ethyl)-
2,4-dioxo-1,2,3,4-tetrahydropyrido[2,3-d]pyrimidine-6-carbonitrile (3¢) White solid; Yield: 32.2%;
'H-NMR (DMSO-dg) & 11.09 (s, 1H), 8.00 (s, 1H), 7.58 (s, 2H), 6.99 (d, J = 8.4 Hz, 1H), 6.76 (d,
J=2Hz1H), 6.71 (dd, J = 8 Hz, J =2 Hz, 1H), 4.46 (m, 2H), 4.25 (s, 2H), 3.81 (s, 3H), 3.79 (s, 3H),
3.72 (s, 3H), 3.35 (s, 3H); "C-NMR (DMSO-ds): & 159.87, 158.73, 155.00, 154.56, 151.00, 150.53,
148.93, 148.71, 147.82, 142.82, 128.73, 120.18, 115.34, 111.79, 110.88, 106.38, 99.03, 88.07, 67.19,
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67.15, 60.70, 55.45, 33.07, 29.23, 19.92; HRMS: calcd. for CpsHa3NgOs  [M+Na']: 568.1669, found:
568.1703.

7-Amino-3-(2-(3,7-dimethyl-2,6-dioxo-2,3,6,7-tetrahydro- 1 H-purin-1-yl)ethyl)-5-(4-hydroxy-3-
methoxyphenyl)-2,4-dioxo-1,2,3,4-tetrahydropyrido|2,3-d] pyrimidine-6-carbonitrile (3d) White solid;
Yield: 30.5%; "H-NMR (DMSO-de) & 11.07 (s, 1H), 9.25 (s, 1H), 7.53 (s, 2H), 6.80 (d, J = 8 Hz, 1H),
6.73 (d, J=1.6 Hz, 1H), 6.58 (dd, /= 7.6 Hz, J = 1.2 Hz, 1H), 4.46 (d, J = 19.6 Hz, 2H), 4.25 (s, 2H),
3.79 (s, 3H), 3.73 (s, 3H), 3.35 (s, 3H); "C-NMR (DMSO de): & 159.88, 159.05, 158.75, 155.02(2C),
150.98, 150.54, 148.18(2C), 146.95, 146.76, 142.82, 127.23, 120.61, 114.83(2C), 112.32, 106.37,
99.03, 88.11, 55.67(2C), 33.07, 29.33; HRMS: calcd. for C4Hy NoOg " [M+Na']: 554.1512, found:
554.1580.

7-Amino-5-(4-bromophenyl)-3-(2-(3, 7-dimethyl-2,6-dioxo-2, 3,6, 7-tetrahydro- | H-purin-1-yl)ethyl)-2,4-
dioxo-1,2,3,4-tetrahydropyrido[2,3-d[pyrimidine-6-carbonitrile (3e) White solid; Yield: 27.7%;
'H-NMR (DMSO-d¢) & 11.18 (s, 1H), 8.00 (s, 1H), 7.64 (s, 2H), 7.63 (d, J = 8.4 Hz, 1H), 7.13 (d,
J=18.4Hz, 1H), 4,46 (s, 2H), 4.25 (s, 2H), 3.79 (s, 3H), 3.36 (s, 3H); "C-NMR (DMSO-de): & 159.83,
158.83, 157.57, 155.00, 154.56, 150.99, 150.50, 148.19, 142.86, 135.94, 130.76, 129.57, 121.72,
114.93, 106.37, 98.79, 87.53, 59.72(2C), 33.09, 29.34, 20.73, 14.05; HRMS: calcd. for Co3H;sBrNyO,"
[M-H']: 562.0587, 564.0566, found: 562.0511, 564.0612.

7-Amino-3-(2-(3, 7-dimethyl-2,6-dioxo-2,3,6, 7-tetrahydro- 1 H-purin- 1-yl)ethyl)- I -methyl-2,4-dioxo-5-
phenyl-1,2,3,4-tetrahydropyrido[2,3-d]pyrimidine-6-carbonitrile (3f) White solid; Yield: 57.8%; 'H-
NMR (DMSO-de) 6 8.08 (s, 1H), 7.89 (s, 2H), 7.34 (t, /= 7.6 Hz, 1H), 7.25 (t,J = 7.6 Hz, 2H), 6.83 (d,
J=17.2 Hz, 2H), 4.06 (m, 4H).3.76 (s, 3H), 3.46 (s, 3H), 3.30 (s, 3H); "C-NMR (DMSO-de): & 160.75,
159.89, 158.84, 155.09(2C), 154.15, 151.51, 151.26(2C), 148.81, 143.41, 136.90, 128.49, 127.96,
127.30, 115.68, 106.96, 98.56(2C), 88.90(2C), 33.52, 29.96, 29.74; HRMS: calcd. for Cp4HyNoO,"
[M+Na']: 522.1614, found: 522.1642.

7-Amino-3-(2-(3,7-dimethyl-2,6-dioxo-2,3,6, 7-tetrahydro- 1 H-purin-1-yl)ethyl)-5-(4-hydroxy-3-
methoxyphenyl)-1-methyl-2,4-dioxo-1,2,3,4-tetrahydropyrido[2,3-d]pyrimidine-6-carbonitrile 3g)
White solid; Yield: 52.1%; 'H-NMR (DMSO-ds) 8 9.21 (s, 1H), 8.04 (s, 1H), 7.83 (s, 2H), 6.73 (s, 1H),
6.62 (d, J = 8.4 Hz, 1H), 6.20 (dd, J = 8.4 Hz, J = 1.6 Hz, 1H), 4.18 (m, 2H), 3.98 (m, 2H), 3.77
(s, 3H), 3.68 (s, 3H), 3.43 (s, 3H), 3.31(s, 3H); "C-NMR (DMSO-d¢): & 160.77, 160.21, 159.08,
155.08, 154.65, 152.05(2C), 148.79, 147.30(2C), 143.96, 127.96, 121.33, 115.10(2C), 112.95, 107.05,
98.81, 88.78, 79.64, 56.08(2C), 33.53, 29.95, 29.77; HRMS: calcd. for CpsHa3NoOs [M+Na']:
568.1669, found: 568.1605.

7-Amino-5-(3,4-dimethoxyphenyl)-3-(2-(3, 7-dimethyl-2,6-dioxo-2, 3,6, 7-tetrahydro- 1 H-purin-1-yl) ethyl)-
1-methyl-2,4-dioxo-1,2,3,4-tetrahydropyrido[ 2, 3-d] pyrimidine-6-carbonitrile (3h) White solid; Yield:
49.5%; "H-NMR (DMSO-de) & 8.06 (s, 1H), 7.87 (s, 2H), 7.77 (s, 1H), 6.76 (d, J = 8.4 Hz, 1H), 6.35
(dd, J= 1.6 Hz, J = 8 Hz, 1H), 4.15 (m, 2H), 4.22 (m, 2H), 3.79 (s, 3H), 3.78 (s, 3H), 3.67 (s, 3H),
3.43 (s, 3H), 3.31 (s, 3H); "C-NMR (DMSO-ds): 8160.43, 159.84, 158.55, 154.87, 154.13, 151.59,
151.35, 148.81, 148.38, 143.56, 129.52, 120.22, 115.67(2C), 112.13, 106.99, 98.87, 88.40, 79.22,
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55.98, 55.86, 33.55, 29.96, 29.78, 21.22, 14.55; HRMS: calcd. for Cy6H2sNoOg [M+Na']: 582.1825,
found: 582.1877.

7-Amino-3-(2-(3,7-dimethyl-2,6-dioxo-2, 3,6, 7-tetrahydro- 1 H-purin-1-yl)ethyl)- I-methyl-2,4-dioxo-5-
(thiophen-2-yl)-1,2,3,4-tetrahydropyrido[2,3-d]pyrimidine-6-carbonitrile (3i) White solid; Yield:
60.3%; "H-NMR (DMSO-de) & 8.04 (s, 1H), 7.96 (s, 2H), 7.59 (d, J = 4.8 Hz, 1H), 7.01 (t, J= 3.2 Hz,
1H), 6.81 (d, J = 2.4 Hz, 1H), 4.08 (d, J = 5.2 Hz, 4H), 3.77 (s, 3H), 3.44 (s, 3H), 3.31 (s, 3H);
BC-NMR (DMSO-de): & 161.03, 158.95, 154.12, 151.05, 149.88, 148.62, 137.76, 136.25, 130.89,
128.43, 128.02, 123.52, 116.83, 112.04, 111.80, 101.62, 90.85, 56.66, 55.89, 45.73, 30.68, 16.98;
HRMS: calcd. for C2H 9NoO4S* [M+Na']: 528.1178, found: 528.1096.

7-Amino-5-(3,4-dimethoxyphenyl)- I-methyl-3-(2-methylbenzyl)-2,4-dioxo- 1,2, 3,4-tetrahydropyrido [2,
3-d]pyrimidine-6-carbonitrile (3j) White solid; Yield: 57.8%; 'H-NMR (CDCls) & 7.12 (s, 1H), 7.11
(d, J=1.2 Hz, 1H), 7.06 (m, 1H), 6.96 (d, J = 8 Hz, 2H), 6.90 (dd, /=8 Hz, J=2 Hz, 1H), 6.73 (d,J=2
Hz, 1H), 5.70 (s, 2H), 5.10 (s, 2H), 3.92 (s, 3H), 3.80 (s, 3H), 3.64 (s, 3H); C-NMR (DMSO-dq): &
160.16(2C), 158.77, 154.22, 151.05, 149.88, 148.62, 135.76, 134.44, 130.30, 128.23, 127.02, 125.84,
125.59, 120.20, 115.53, 111.24, 110.70, 100.42, 90.35, 55.89, 55.75, 42.23, 30.27, 19.26; HRMS:
calcd. for C,5Ha3NsO4 " [M+Na']: 480.1648, found: 480.1604.

7-Amino-5-(3-methoxy-4-(2-methylbenzyloxy)phenyl)- I-methyl-3-(2-methylbenzyl)-2,4-dioxo-1,2,3,4-
tetrahydropyrido[2,3-d]pyrimidine-6-carbonitrile (3k) White solid; Yield: 28.8%; 'H-NMR (CDCls) &
7.46 (d, J = 7.2 Hz, 1H), 7.26-7.21 (m, 3H), 7.13 (t, J = 2.8 Hz, 2H), 7.10-7.07 (m, 1H), 7.02 (d,
J=28.8 Hz, 1H), 6.97 (d, J= 7.6 Hz, 1H), 6.88 (dd, J = 8 Hz, J = 2Hz, 1H), 6.78 (d, J = 1.6 Hz, 1H),
5.71 (s, 2H), 5.15(s, 2H), 5.13 (s, 2H), 3.80 (s, 3H), 3.66 (s, 3H), 2.41 (s, 3H), 2.39 (s, 3H); *C-NMR
(DMSO-de): 6 160.88, 159.84, 158.73, 154.40, 151.28(2C), 148.71, 148.59, 137.28, 135.40, 135.29,
135.26, 130.56, 130.26, 129.97, 129.33, 128.63, 126.91, 126.26, 125.04, 120.46, 116.11, 112.76,
112.47, 99.29, 89.36, 68.96, 55.98, 42.23, 30.24, 19.13, 18.94; HRMS: calcd. for C3,H,0N50," [M-H']:
546.2141, found: 546.2157.

7-Amino-1-methyl-3-(2-methylbenzyl)-2,4-dioxo-5-phenyl-1,2,3,4-tetrahydropyrido[ 2, 3-d] pyrimidine-

6-carbonitrile (31) White solid; Yield: 65.8%; 'H-NMR (CDCls) & 7.48 (t, J = 3.2 Hz, 3H), 7.28 (d,
J=3.6 Hz, 2H), 7.11 (d, J = 3.6 Hz, 2H), 7.07 (m, 1H), 6.90 (d, J = 7.6 Hz, 1H), 5.71 (s, 2H), 5.08 (s,
2H), 3.65 (s, 3H), 2.35 (s, 3H); "C-NMR (DMSO-de): & 160.49, 159.92, 158.82, 154.24, 151.32,
150.06, 148.77, 136.18, 135.63, 134.28, 130.26, 129.19, 128.32, 127.07, 126.99, 125.91, 125.35,
115.19, 100.56, 90.60, 42.20, 30.26, 19.21; HRMS: calcd. for C»3H;oNsO," [M+H]: 398.1617, found:
398.1685.

7-Amino-3-(2-fluorobenzyl)- 1-methyl-2,4-dioxo-5-phenyl-1,2,3,4-tetrahydropyrido[ 2, 3-d] pyrimidine-
6-carbonitrile (3m) White solid; Yield: 60.2%; 'H-NMR (CDCl3) & 7.51 (t, J = 2.8 Hz, 3H), 7.38 (dd,
J=284Hz, J=152 Hz, 2H), 7.26 (s, 2H), 6.93 (t, J = 8.8 Hz, 2H), 5.68 (s, 2H), 5.03 (s, 2H), 3.62 (s,
3H), 2.18 (s, 3H); "C-NMR (DMSO-d): & 160.49, 159.94, 159.87, 158.70, 154.12, 150.80, 136.14,
131.03, 130.98, 129.25, 128.95, 128.92, 128.35, 127.10, 123.98(2C), 115.42, 115.14, 100.37, 90.26,
43.84,38.67,30.21; HRMS: calcd. for Co,H sFNsO," [M-H']: 400.1210, found: 400.1248.
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7-Amino-3-(3-fluorobenzyl)-1-methyl-2,4-dioxo-5-phenyl-1,2,3,4-tetrahydropyrido[2,3-d]pyrimidine-
6-carbonitrile (3n) White solid; Yield: 66.7%; 'H-NMR (CDCls) & 7.51 (t, J = 3.2 Hz, 3H), 7.28-7.19
(m, 3H), 7.14 (d, J = 7.6 Hz, 1H), 7.05 (d, J = 10 Hz, 1H), 6.94-6.89 (m, 1H), 5.70 (s, 2H), 5.05 (s,
2H), 3.63 (s, 3H); "C-NMR (DMSO-ds): & 163.94, 161.49, 160.47, 159.95, 158.68, 154.07, 150.98,
139.06, 136.21, 129.82, 129.24, 128.35, 127.11, 124.43, 115.62, 115.13, 115.38, 114.41, 100.39,
90.31, 44.09, 30.22; HRMS: calcd. for C»pH sFNsO," [M-H]: 400.1210, found: 400.1296.

7-Amino-3-(2-(4-fluorophenyl)-2-oxoethyl)-1-methyl-2,4-dioxo-5-phenyl-1,2,3,4-tetrahydropyrido
[2,3-d]pyrimidine-6-carbonitrile (30) Yellow solid; Yield: 48.0%; 'H-NMR (CDClL) & 7.95 (dd,
J=28.8,J=5.2Hz, 2H), 7.46 (t, J = 3.6Hz, 3H), 7.26 (d, /= 9.2Hz, 2H), 7.12 (t, J = 8.6 Hz, 2H), 5.74
(s, 2H), 5.32 (s, 2H), 3.66 (s, 3H); "C-NMR (DMSO-de): & 191.68, 166.53, 160.90, 160.12, 158.37,
154.23, 151.00, 137.43, 131.60, 131.53, 128.64, 128.23(2C), 127.68(3C), 116.55, 116.41, 115.65,
98.69, 89.53, 47.82, 30.20; HRMS: calcd. for Cp3sH;sFNsO;" [M-H]: 428.1159, found: 428.1105.

7-Amino-3-(2-(4-methoxyphenyl)-2-oxoethyl)-1-methyl-2,4-dioxo-5-phenyl-1,2, 3,4-tetrahydropyrido
[2,3-d]pyrimidine-6-carbonitrile (3p) Yellow solid; Yield: 45.2%; 'H-NMR (CDCl;) & 7.90 (d,
J=28.8 Hz, 2H), 7.46 (t, /=4 Hz, 3H), 7.27 (d, J = 9.2 Hz, 2H), 6.91 (d, J = 8.8 Hz, 2H), 5.73 (s, 2H),
5.32 (s, 2H), 3.86 (s, 3H), 3.67 (s, 3H); C-NMR (DMSO-ds): & 191.11, 164.13, 160.88, 160.11,
158.40, 154.22, 151.03, 137.46, 130.77(2C), 128.63, 128.23(2C), 127.69(2C), 115.68, 114.57(2C),
98.72, 89.50, 56.07(2C), 47.56, 30.18; HRMS: calcd. for C4H gN5O4" [M—H+]: 440.1359, found:
440.1375.

7-Amino-1-methyl-2,4-dioxo-5-phenyl-3-(prop-2-ynyl)-1,2,3,4-tetrahydropyrido[ 2, 3-d] pyrimidine-6-
carbonitrile (3q) White solid; Yield: 65.7%; 'H-NMR (DMSO-d¢) & 7.95 (s, 2H), 7.44 (4,
J =3 Hz, 3H), 7.25-7.23 (m, 2H), 7.44 (d, J = 1.6 Hz, 2H), 3.52 (s, 3H), 3.07 (s, 1H); *C-NMR
(DMSO-ds): & 160.82, 160.13, 157.85, 154.17, 150.50, 137.52, 128.67, 128.28(2C), 127.69(2C),
115.66, 98.86, 89.41, 79.67, 73.45, 30.67, 30.18; HRMS: calcd. for CisH3NsO," [M-H']: 330.0991,
found: 330.0916.

7-Amino-3-cyclopentyl-1-methyl-2,4-dioxo-5-phenyl-1,2,3,4-tetrahydropyrido[2,3-d] pyrimidine-6-
carbonitrile (3r) White solid; Yield: 48.3%; 'H-NMR (CDCls) & 7.51-7.49 (m, 3H), 7.25 (t, J = 4 Hz,
2H), 5.66 (s, 2H), 5.26-5.21 (m, 1H), 3.61 (s, 3H), 2.05-1.99 (m, 2H), 1.90-1.85 (m, 2H), 1.79-1.71
(m, 2H), 1.52-1.48 (m, 2H); *C-NMR (DMSO-de): & 160.73, 160.02, 159.12, 154.08, 150.70, 137.96,
128.48, 128.22(2C), 127.64(2C), 115.80, 99.37, 89.10, 52.83, 29.88, 28.37(2C), 25.66(2C); HRMS:
caled. for CooH oNsO," [M-H']: 360.1460, found: 360.1436.

7-Amino-3-butyl-1-methyl-2,4-dioxo-5-phenyl-1,2,3,4-tetrahydropyrido[2,3-d] pyrimidine-6-carbo-
nitrile (3s) White solid; Yield: 51.9%; 'H-NMR (CDClL) & 7.50 (t, J = 3.6 Hz, 3H), 7.25 (d,
J=2.8 Hz, 2H), 5.67 (s, 2H), 3.86 (t, /= 7.8 Hz, 2H), 3.64 (s, 3H), 1.56-1.48 (m, 2H), 1.31-1.25 (m,
2H), 0.89-0.86 (m, 3H); C-NMR (DMSO-ds): & 160.23, 159.80, 158.64, 154.01, 151.00, 136.37,
129.14, 128.31(2C), 127.00(2C), 115.26, 100.59, 90.06, 41.69, 30.10, 29.74, 20.15, 13.75; HRMS:
caled. for C1oH;oNsO," [M-H'] m/z 348.1460, found: 348.1488.
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3.5. Synthesis of Compounds 4a—d

Compounds 2g or 2j (1 mmol) and anhydrous potassium carbonate were stirred at room
temperature in DMF (5 mL). Reagents 1-(bromomethyl)-4-fluorobenzene or 2-bromo-1-(4-
methoxyphenyl) ethanone (2.1 mmol) were added. After monitoring the completion of the reaction by
TLC, the mixture was poured into water (25 mL). It was extracted with EA. The combined organic
layer was washed with water, dried with Na,SOj, evaporated to obtain a residue, that was purified by
column chromatography.

7-Amino-3-(4-fluorobenzyl)-5-(4-(4-fluorobenzyloxy)-3-methoxyphenyl)- 1-methyl-2,4-dioxo- 1,2, 3,4-
tetrahydropyrido[2,3-d]pyrimidine-6-carbonitrile (4a) White solid; Yield: 27.2%; '"H-NMR (CDCl3) &
7.47-7.40 (m, 4H), 7.08 (t, /= 8.6 Hz, 2H), 7.00 (d, J = 8.4 Hz, 1H), 6.94 (t,J = 8.8 Hz, 2H), 6.84 (dd,
J=28.4Hz,J=2Hz, 1H), 7.75 (d, /= 2 Hz, 1H), 5.67 (s, 2H), 5.15 (s, 2H), 5.05 (s, 2H), 3.83 (s, 3H),
3.62 (s, 3H); >C-NMR (DMSO-de): & 163.04, 162.44, 160.62, 160.33, 160.03, 159.29, 158.17, 153.77,
150.78, 148.18, 147.93, 133.38, 133.24, 133.21, 130.25, 130.17, 129.64, 119.97, 115.56, 115.33,
115.12, 114.99, 114.78, 112.36, 112.06, 98.74, 88.91, 69.13, 55.51, 29.69; HRMS: calcd. for
C30H23F,NsO," [M+H]: 556.1796, found: 556.1856.

7-Amino-3-(4-fluorobenzyl)-5-(4-(4-fluorobenzyloxy)phenyl)- I-methyl-2,4-dioxo- 1,2, 3,4-tetrahydropyrido-
[2,3-d]pyrimidine-6-carbonitrile (4b) White solid; Yield: 24.6%; 'H-NMR (CDCl5) 6 7.55 (t, J=7.6 Hz,
1H), 7.36-7.00 (m, 11H), 5.72 (s, 2H), 5.20 (s, 2H), 5.19 (s, 2H), 3.64 (s, 3H); *C-NMR (DMSO-dy):
0 161.47, 160.30, 159.71, 158.82, 154.20, 150.79, 129.95, 129.88, 129.82, 129.04, 128.95, 128.43,
124.34, 123.98, 123.96, 123.88, 123.78, 123.64, 123.54, 115.48, 115.34, 115.32, 114.44, 100.40, 90.39,
63.64, 63.61, 38.71, 30.24; HRMS: calcd. for Co9H,1FoNsO5" [M+H']: 526.1691, found: 526.1675.

7-Amino-5-(3-methoxy-4-(2-(4-methoxyphenyl)-2-oxoethoxy)phenyl)-3-(2-(4-methoxyphenyl)-2-oxo-
ethyl)-1-methyl-2,4-dioxo-1,2,3,4-tetrahydropyrido[2,3-d] pyrimidine-6-carbonitrile (4¢) White solid;
Yield: 28.1%; "H-NMR (DMSO-ds) & 8.01 (dd, J = 8.8 Hz, J = 6.8 Hz, 4H), 7.07 (dd, J = 8.4 Hz,
J=5.2 Hz, 4H), 6.90-6.85 (m, 2H), 6.73(dd, J = 8.8 Hz, J= 2 Hz, 1H), 5.50 (s, 2H), 5.23 (s, 2H), 3.85
(s, 6H), 3.74 (s, 3H), 3.53 (s, 3H); "C-NMR (DMSO-de): & 193.22, 191.18, 164.14, 164.02, 160.90,
159.84, 158.36, 154.22, 151.04, 148.50, 148.10, 130.77(4C), 130.01, 127.77, 127.71, 120.37, 115.97,
114.59(2C), 114.50(2C), 112.97, 112.64, 98.88, 89.67, 70.87, 56.13, 56.07, 47.61, 30.18; HRMS:
calcd. for C34H2NsOg" [M+Na']: 658.1914, found: 658.1896.

7-Amino-5-(4-(2-(4-methoxyphenyl)-2-oxoethoxy)phenyl)-3-(2-(4-methoxyphenyl)-2-oxoethyl)- I-methyl-
2,4-dioxo-1,2,3,4-tetrahydropyrido[2,3-d]pyrimidine-6-carbonitrile (4d) White solid; Yield: 21.7%;
'H-NMR (DMSO-d¢) & 8.01 (t, J = 9.2 Hz, 4H), 7.17 (d, J = 8.8 Hz, 2H), 7.10-7.03 (m, 4H), 6.96 (d,
J=18.8 Hz, 2H), 5.53 (s, 2H), 5.22 (s, 2H), 3.86 (s, 6H), 3.53 (s, 3H); "C-NMR (DMSO-de): & 193.14,
191.15, 164.13, 164.03, 160.90, 160.50, 159.94, 158.58, 158.45, 158.14, 154.26, 151.02, 130.79(2C),
130.73(2C), 129.63, 129.46, 129.39, 127.72, 127.68, 114.98, 114.54(2C), 114.30(2C), 98.82, 89.66,
70.33, 56.07(2C), 47.58, 30.19; HRMS: calcd. for C33H27N50;" [M+H ]:606.1989, found: 606.1971.
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3.6. Synthesis of Compound 4e

Compound 2g (1 mmol) and TsCl (2.1 mmol) were dissolved in DMF (5 mL) followed by the
addition of triethylamine (3 mmol). The mixture was stirred at room temperature for 24 h. The reaction
mixture was poured into water and extracted with DCM. The combined organic layer were washed
with water and evaporated to half of its volume. The organic layer was cooled to room temperature,
and the solid filtered and washed with EtOH to obtain 4-(7-amino-6-cyano-1-methyl-2,4-dioxo-1,2,3,4-
tetrahydropyrido[2,3-d]pyrimidin-5-yl)-2-methoxy phenyl-4-methylbenzenesulfonate (4e) White solid;
Yield: 57.0%; 'H-NMR (DMSO-dg) & 11.24 (s, 1H), 7.89 (s, 2H), 7.62 (d, J = 8.4 Hz, 2H), 7.42 (d,
J =8 Hz, 2H), 7.21 (d, J= 8 Hz, 1H), 6.92 (d, /= 1.6 Hz, 1H), 6.84 (dd, /= 8.4 Hz, J = 1.6 Hz, 1H),
3.42 (s, 3H), 3.34 (s, 3H), 2.41 (s, 3H); "C-NMR (DMSO-ds): & 162.77, 160.74, 159.24, 158.29,
155.40, 151.15, 150.96, 145.90, 137.86, 137.74, 132.21, 130.15, 128.74, 123.57, 120.31, 115.66,
113.28, 99.70, 88.48, 56.07, 36.24, 29.12, 21.62; HRMS: calcd. for Co3H 9Ns5OsS™ [M+H]: 494.1134,
found: 494.1108.

3.7. Cell Proliferation Assay (MTT Assay)

Briefly, cells (2,500/well) were seeded in 96-well plates and cultured for 24 h, followed by
treatment with target compounds for a further 48 h. Twenty microlitres of 5 mg/mL MTT was added
per well and incubated for a further 2.5 h at 37 °C. Then the supernatant was removed, and
150 pL/well DMSO added for 15-20 min. The optical density of each well was measured at 570 nm
using a SpectraMAX M5 microplate spectrophotometer (Molecular Devices, Silicon Valley, CA, USA).

3.8. Apoptosis Analyses

Briefly, 1.5 x 10° cells were seeded per well in a six-well plate. Twenty-four hours later, cells were
treated with 4a for a further 48 h. All cells were collected, washed twice with phosphate-buffered
saline (PBS) and resuspended in 100 uL binding buffer. Then cell suspensions were mixed with 5 uL
annexin V-FITC and 10 pL PI, and incubated for 15 min in the dark at room temperature. After
staining, 400 pL of binding buffer was added and stained cells analyzed using a flow cytometer.

4. Conclusions

Twenty-four novel N-3 substituted 7-aminopyrido[2,3-d]pyrimidin-6-carbonitrile derivatives were
synthesized and evaluated as potential anticancer agents through a cell-based phenotypic screening
approach. Compound 3k was found to exhibit significant potency against human colon cancer cells
SW620 with an ICsg value of 12.5 puM. Further structural modification led to a more potent compound
4a with an ICsy value of 6.9 uM, which is slightly more potent than cisplatin against SW620 tumor
cells. Preliminary SARs information suggested that lipophilic groups at N-3 position are preferred and
a methoxy group at the R*-position plays a crucial part. Flow cytometric analyses indicated that
compound 4a acts through induction of apoptosis in human colon cancer SW620 cells. The underlying
mechanism of action of compound 3k and 4a will further examined in our lab.



Molecules 2012, 17 2365

Acknowledgments

This work was supported by the National Major Program of China during the 12th Five-Year Plan

Period(2012Z2X09103-101-036).The authors gratefully thank Ms. Yong-Qiu Mao for flow cytometric
measurements and fruitful discussions.

Conflict of Interest

The authors declare no conflict of interest.

References and Notes

10.

I11.

12.

Hirsch, J. An anniversary for cancer chemotherapy. JAMA 2006, 296, 1518—1520.

Arias, J.L. Drug Targeting Strategies in Cancer Treatment: An Overview. Mini. Rev. Med. Chem.
2011, /1, 1-17.

John, P.G.; Stephen, L.R.; Hans, E.G.; Greg, A.M.; Michael, C.W. Drug resistance and tumor.
CME J. Gynecol. Oncol. 2002, 7, 25-28.

Brown, D. Unfinished business: Target-based drug discovery. Drug. Discov. Today 2007, 12,
1007-1012.

Swinney, D.C.; Anthony, J. How were new medicines discovered? Nat. Rev. Drug. Discov. 2011,
10, 507-519.

Taltavull, J.; Serrat, J.; Gracia, J.; Gavalda, A.; Andres, M.; Cordoba, M.; Miralpeix, M.;
Vilella, D.; Beleta, J.; Ryder, H.; Pages, L. Synthesis and Biological Activity of
Pyrido[3-,2°:4,5]thieno[3,2-d]pyrimidines as Phosphodiesterase Type 4 Inhibitors. J. Med. Chem.

2010, 53, 6912—6922.

Radi, M.; Dreassi, E.; Brullo, C.; Crespan, E.; Tintori, C.; Bernardo, V.; Valoti, M.; Zamperini, C.;
Daigl, H.; Musumeci, F.; Carraro, F.; Naldini, A.; Filippi, I.; Maga, G.; Schenone, S.; Botta, M.
Design, Synthesis, Biological Activity, and ADME Properties of Pyrazolo[3,4-d]pyrimidines
Active in Hypoxic Human Leukemia Cells: A Lead Optimization Study. J. Med. Chem. 2011, 54,
2610-2626.

William, J.C. Pyrimido[4,5-d]pyrimidine derivatives for use as bronchodilators. U.S. Patent
5,162,316, 10 November 1992.

Claverie, J.M.; Loiseau, G.; Mattioda, G.; Millischer, R.; Percheron, F. 5-methylthio-pyrimidine
vasodilators. U.S. Patent 3,968,214, 6 July 1976.

Gupta, P.P.; Srimal, R.C.; Avasthi, K.; Garg, N.; Chandra, T.; Bhakuni, D.S. Antiallergic activity
of alkyl substituted pyrazolo[3, 4-d|pyrimidine (compound 88—765). Indian J. Exp. Biol. 1995, 33,
38-40.

Sekiya, T.; Hiranuma, H.; Hata, S.; Mizogami, S.; Hanazuka, M.; Yamada, S. Pyrimidine
derivatives. 4. Synthesis and antihypertensive activity of 4-amino-2-(4-cinnamoylpiperazino)-6,7-
dimethoxyquinazoline derivatives. J. Med. Chem. 1983, 26, 411-416.

El-Deeb, I.M.; Lee, S.H. Design and synthesis of new anticancer pyrimidines with multiple-
kinase inhibitory effect. Bioorg. Med. Chem. 2010, 18, 3860-3874.



Molecules 2012, 17 2366

13.

14.

15.

16.

17.

18.

Tu, S.J.; Zhang, J.P.; Zhu, X.T.; Xu, J.N.; Zhang, Y.; Wang, Q.; Jia, R.H.; Jiang, B.; Zhang, J.Y ;
New potential inhibitors of cyclin-dependent kinase 4: Design and synthesis of pyrido[2,3-
dlpyrimidine derivatives under microwave irradiation. Bioorg. Med. Chem. Lett. 2006, 16,
3578-3581.

Shi, D.Q.; Niu, L.H.; Shi, JW.; Wang, X.S.; Ji, S.J. One-pot Synthesis of Pyrido[2,3-
d]pyrimidines via Efficient Three-component Reaction in Aqueous Media. J. Heterocycl. Chem.
2007, 44, 1083-1090.

Rogozin, E.A.; Lee, K.W.; Kang, N.J.; Yu, H.; Nomura, M.; Miyamoto, K.I.; Conney, A.H.;
Bode, A.M.; Dong, Z. Inhibitory effects of caffeine analogues on neoplastic transformation:
structure—activity relationship. Carcinogenesis 2008, 29, 1228—1234.

He, Z.; Ma, W.Y.; Hashimoto, T.; Bode, A.M.; Yang, C.S.; Dong, Z. Induction of Apoptosis by
Caffeine Is Mediated by the p53, Bax, and Caspase 3 Pathways. Cancer. Res. 2003, 63,
4396—4401.

Shetty, R.S.; Lee, Y.; Liu, B.; Husain, A.; Joseph, R.-W.; Lu, Y.; Nelson, D.; Mihelcic, J.;
Chao, W.; Moffett, K.K.; Schumacher, A.; Flubacher, D.; Stojanovic, A.; Bukhtiyarova, M.;
Williams, K.; Lee, K.J.; Ochman, A.R.; Saporito, M.S.; Moore, W.R.; Flynn, G.A.; Dorsey, B.D.;
Springman, E.B.; Fujimoto, T.; Kelly, M.J. Synthesis and Pharmacological Evaluation of
N-(3-(1H-Indol-4-yl)-5-(2-methoxyisonicotinoyl)phenyl)methanesulfonamide (LP-261), a Potent
Antimitotic Agent. J. Med. Chem. 2011, 54, 179-200.

Louis, C.; Richard, L.; Carole, L. Cell Cycle Arrest and Apoptosis Responses of Human Breast
Epithelial Cells to the Synthetic Organosulfur Compound p-Methoxyphenyl p-Toluenesulfonate.
Anticancer. Res. 2008, 28, 2753-2763.

Sample Availability: Samples of the compounds are available from the authors.

© 2012 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article

distributed under the terms and conditions of the Creative Commons Attribution license

(http://creativecommons.org/licenses/by/3.0/).



