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ABSTRACT: On the basis of structural analysis of dihydrofolate reductase (DHFR) (cocrystallized separately with NADPH,
dihydrofolate and NADPH, trimethoprim), compounds 2 and 3 were optimized for inhibition of DHFR. Appreciable tumor
growth inhibitory activities of compounds 2 and 3 over 60 human tumor cell lines were recorded. Combination of syringaldehyde
and indole moieties in these two compounds was rationalized by the synthesis of compounds 4−7, 10, and 11, which were found
to have less tumor growth inhibitory activities than compounds 2 and 3. Further, UV−vis and NMR spectral investigations
showed significant interactions of compounds 2 and 3 with DHFR and inhibition of its catalytic activity was observed in the
presence of these compounds. Therefore, modification of trimethoprim, an antibacterial drug with no tumor growth inhibition,
led to the development of compounds 2 and 3 having appreciable anticancer activities that seem to be due to inhibition of
DHFR.

■ INTRODUCTION
Dihydrofolate reductase (DHFR) is a ubiquitous enzyme
showing its presence in protists as well as in plants and animals.
The role of DHFR in folate metabolic pathway for biosynthesis
of thymidine (precursor for DNA replication) is well
established where it is responsible for reduction of
dihydrofolate to tetrahydrofolate with the help of NADPH.1

With it being responsible for generating raw materials of DNA
replication, inhibition of DHFR forms the basis for treatment of
various infectious diseases and is the target of antibacterial
drugs like trimethoprim2,3 as well as anticancer drugs 5-
fluorouracil4,5 and methotrexate.6−8 Structural analysis of
DHFR cocrystallized with NADPH, dihydrofolate, and
trimethoprim provides an insight of the mode of interactions
between DHFR and its cofactor, substrate, and inhibitor,
respectively, which laid the basis for the design of new
molecules as strategic inhibitors of DHFR metabolic pathway
for chemotherapy of various diseases. As cofactor, NADPH is
held by DHFR through H-bond interactions of the phosphate
group with Ser64 (2.71 and 2.71 Å) amino acid of DHFR.9−11

Oxygen atoms of linker phosphate also exhibit H-bond
interaction with Thr96 and Gln95 at distances of 2.51, 3.26,
and 3.08 Å, while amidic oxygen of nicotine unit is H-bonded
to Ala7 (Figure 1). During the metabolic phase, dihydrofolate,
the substrate of DHFR, is held in the substrate binding pocket
of enzyme through ion pair formations between Arg57 and the
COOH group (2.72, 3.09, and 2.80 Å) on one side and Asp27,
NH2, and N-5 of folate on the other end (Figure 1). The NH2

group of folate also interacts with Thr111 through H-bond
from a distance of 3.41 Å. Any alteration in the binding mode
of NADPH/folate with DHFR led to changes in the folate
metabolic pathway, which actually is the goal of DHFR
inhibitors. The binding pattern of trimethoprim (TMP) with
DHFR indicates that its trimethoxybenzene part is placed
favorably in the hydrophobic pocket constituted by Phe92,
Ile50, Val31, Leu28, and Trp22 (gray amino acids, Figure 2),
while the pyrimidine part interacts through H-bonding with
Asp27 (which otherwise forms ion pair with folate) and Thr111
and hence acts through the folate analogue inhibitor of DHFR.
Besides the development of a number of DHFR

inhibitors12−19 but medicinal use of a few of them,2,8,20,21

where they also face the problem of drug resistance, there is
continuous search for new chemical entities with potential of
targeting of this enzyme. In the present investigation, a
combination of ligand based and target structure based
strategies were involved for the development of new molecules.
Since folate is extended from Arg57 into the lower part to
Thr111, Asp27 in the upper part, it was envisaged that a slight
increase in the size of the inhibitor might make it interact with
more amino acid residues, otherwise occupied by folate, and
hence enhance efficacy of the inhibitor. Therefore, out of the
two equally potent fragments of TMP (viz. trimethoxybenzene
and pyrimidine (interacting with DHFR through hydrophobic
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and H-bond interactions, respectively)), it was planned to
modify its one unit. The liver toxicity of TMP, associated with
its conversion to pyrimidine iminoquinone methide through
oxidation by human neutrophils,22 made us modify the
pyrimidine unit, and hence, in continuation of our efforts for
developing safe, effective, and economical new chemo-
therapeutic agents using the indole moiety, two new molecules
(2, 3; Chart 1) were designed and screened for tumor growth
inhibitory activities. Both the 2,6-dimethoxyphenolic compo-
nent (part of trimethoprim metabolite, Chart 1) and indole
moiety (biologically relevant moiety in place of pyrimidine of
trimethoprim) of compounds 2 and 3 were considered as
safeguards for their nontoxicity to biological systems.

■ RESULTS AND DISCUSSION

Chemistry and Biology. Compounds 2 and 3 were built in
quantitative yield by Knoevenagel condensation between an
equimolar mixture of oxindole/indolinone and syringaldehyde
(1) on irradiation under microwaves for 2−3 min (Scheme 1).

In vitro tumor growth inhibitory activities of both
compounds were investigated on a 60 cell line panel of
human cancer cells at five concentrations: 10−4, 10−5, 10−6,

Figure 1. Crystal coordinates of DHFR cocrystallized with NADPH and folate (PDB entry 3FRD). Black lines indicate H-bonds with distances in Å.
Purple, light blue, and gray colors correspond to positively charged, hydrophilic, and hydrophobic amino acids, respectively.

Figure 2. Crystal coordinates of DHFR cocrystallized with NADPH and TMP (PDB entry 2W9G). Black lines indicate H-bonds with distances in Å.
Purple, light blue, and gray colors correspond to positively charged, hydrophilic, and hydrophobic amino acids, respectively.

Chart 1. Design of Molecules
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10−7, and 10−8 M. Detailed results of these investigations in
terms of GI50 (50% growth inhibitory concentration), TGI
(total tumor growth inhibitory concentration), LC50 (50%
lethal concentration), and therapeutic indices23 over all the
cancer cell lines are given in Table S1 (Supporting
Information). Average GI50 values (over all the 60 cancer cell
lines) of compounds 2 and 3 (Table 1) were 3.5 and 1.5 μM,

respectively, which were much better than those of
indomethacin (GI50 = 64.3 μM)24 and trimethoprim,25 drugs
carrying one of the two fragments (indole/syringaldehyde)
present in compounds 2 and 3. Compound 2 also showed
specificity for certain cell lines like SR, NCI-H522, UACC-257,
OVCAR-3, A498, MCF7, HS 578T, and MDA-MB-468 with
GI50 in the range 0.6−2.0 μM (Table S1). Compound 3
exhibited specificity for leukemia, colon, CNS, melanoma,
ovarian, and prostate cancer cell lines with GI50 in the range
0.08−1 μM (Table S1). Total growth inhibitory concentration
and LC50 were, respectively, 21.4 and 19.4 for compound 2 and
72.4 and 61.6 for compound 3. The therapeutic indices of 20.6
and 41.1 for compounds 2 and 3, respectively, were very much
in line with that required for anticancer drugs. Therefore,
modification of trimethoprim in the form of compounds 2 and
3 resulted in several-fold increase in tumor growth inhibitory
activities of new compounds in comparison to that of
trimethoprim, and ligand/target based design of new molecules
was justified. Physicochemical parameters of compounds 2 and
3 also obey Lipinski’s rule of 5, favoring their druglike
properties (Table 2).

The design and appreciable tumor growth inhibitory
activities of compounds 2 and 3 led us to check experimentally
the interactions of these compounds with DHFR and also to
rationalize the combination of indole and syringaldehyde in
compounds 2 and 3. For this purpose, UV−vis and NMR
spectral techniques were taken into consideration along with
synthesis and anticancer activities of more compounds.

UV−Visible Spectral Studies of Interactions of
Compounds 2 and 3 with DHFR. A solution of DHFR in
HEPES buffer (10−3 M) at pH 7.2 exhibited UV−vis
absorption bands at 218 and 269 nm (red trace, Figure 3).

Stepwise addition of compound 2 (10−5 M, 10−40 μL) to the
solution of DHFR resulted in a decrease of absorption intensity
at 218 nm with an increase in absorption intensity at 269 nm
and appearance of a new band at 478 nm. Alternatively,
incremental addition of DHFR (5−30 μL) to solution of
compound 2 in HEPES buffer at pH 7.2 resulted in a decrease
in absorption bands at 260 and 375 nm (two absorption
maxima of compound 2) with the formation of a new band at
478 nm (Figure 4).
Similarly, stepwise addition of compound 3 (10−5 M, 10−40

μL) to a solution of DHFR in HEPES buffer (10−3 M) at pH
7.2 changed the absorption bands at 218 and 269 nm (Figure
5). Addition of DHFR (5−30 μL) to solution of compound 3
(10−5 M) (purple trace, Figure 5) resulted in a decrease in
absorption intensity at 218, 269, and 375 nm (Figure 5).
Binding constants of 2-DHFR and 3-DHFR were calculated as
1.3 × 107 and 1.6 × 107 M−1, respectively (Table S4).
Therefore, a change in UV−vis spectra of compounds 2 and 3
in the presence of DHFR clearly indicated their interactions

Scheme 1. Synthesis of Compounds 2 and 3

Table 1. Average GI50 (μM), TGI (μM), LC50 (μM) over 60
Cancer Cell Lines and Therapeutic Indices (TI) for
Compounds 2 and 3, 6, 7, 11, and 12

compd GI50 TGI LC50 TI

2 3.5 21.4 72.4 20.6
3 1.5 19.4 61.6 41.1
6 3.9 17.7 50.1 12.8
7 2.0 9.1 27.5 13.7
11 5.5 16.9 47.8 18.4
12 1.8 3.2 9.1 5.1

indomethacin 64.3
trimethoprim no tumor growth

inhibition at 10−5 M

Table 2. Lipinski Values for Compounds 2 and 3

compd log P TPSA (Å2) nON nOHNH

2 2.76 60.56 6 1
3 5.78 49.71 5 0

Figure 3. Absorption spectra of dihydrofolate reductase (red trace) in
the presence of increasing concentration of compound 2 (10−5 M).
Arrows denote change in absorption with increasing concentration of
compound 2.
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with DHFR. In order to check the possibilities that tumor
growth inhibitory activities of compounds 2 and 3 might be due
to inhibition of other enzymes, their interactions with
thymidylate synthase (TS) and thymidylate phosphorylase
(TP) (other enzymes involved in cancer propagation) were
also studied. No change in UV−vis spectra of compounds on
addition of TS and TP indicated noninteractions of compounds
2 and 3 with these enzymes. Molecular docking of compounds
2 and 3 in the active site of DHFR (PDB entries 3FRD and
2W9G) indicated H-bond interactions between compound and
amino acid residues (Figures S15−S18, Supporting Informa-
tion).

Effectiveness of Indole−Syringaldehyde Combina-
tion. As already mentioned, anticancer activities of compounds
2 and 3 were much improved over that of TMP. The
effectiveness of indole and syringaldehyde combination in
compounds 2 and 3 toward tumor growth inhibitory activities
was further rationalized by the synthesis of other related
compounds. By replacement of the indole moiety of
compounds 2 and 3 with pyrimidine and pyrazole, compounds
4 and 5 were synthesized through the reaction of
syringaldehyde with 2-(3-chlorophenyl)-5-methyl-2,4-dihydro-
pyrazol-3-one and barbituric acid, respectively (Scheme 2).
Anticancer screening of compounds 4 and 5 over 60 human

tumor cell lines showed very poor inhibition of tumor growth
in the presence of these compounds, indicating the significant
role of the indole moiety for anticancer activities of compounds
2 and 3. Moreover, compounds 4 and 5 did not show
interaction with DHFR, as indicated from UV−vis spectral
investigations.
In order to replace the syringaldehyde component of

compounds 2 and 3, compounds 6 and 7 were synthesized
through the reaction of 5-bromoindole-3-carboxaldehyde with
2-(3-chlorophenyl)-5-methyl-2,4-dihydropyrazol-3-one and re-
action of indolinone with pyridine-2-carboxaldehyde, respec-
tively, under MWI (Scheme 3).

Anticancer screening of compounds 6 and 7 showed tumor
growth inhibitory activities of these compounds (Table S2)
with average GI50 values over all 60 tumor cell lines of 3.9 and
2.0 μM, respectively (Table 1), which are slightly higher than
those of compounds 2 and 3, indicating lower efficacy of
compounds 6 and 7. TGI, LC50, and TI of compound 6 were
recorded as 50.1 μM, 17.7 μM, and 12.8, respectively, while
respective values for compound 7 were 9.1, 27.5, and 13.7 μM.
UV−vis spectral based investigations showed a small change in

Figure 4. Absorption spectra of compound 2 (10−5 M, green trace) in
the presence of increasing concentration of DHFR (5−30 μL). Arrows
denote change in absorption with increasing concentration of DHFR.

Figure 5. Absorption spectra of dihydrofolate reductase (red trace)
and compound 3 (purple trace). Absorption spectrum of DHFR (red
trace) changed to green trace on addition of compound 3, while
absorption spectrum of compound 3 (purple trace) changed to blue
trace on addition of DHFR.

Scheme 2. Synthesis of Compounds 4 and 5

Scheme 3. Synthesis of Compounds 6 and 7
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UV−vis spectra of compounds 6 and 7 on addition of DHFR,
pointing toward poor interactions of these compounds with the
enzyme (Supporting Information).
Further, the substitution at N-1 of indole of unbrominated

compound 6 and a similar combination with indolinone
provided compounds 11 and 12 (Scheme 4), which showed
tumor growth inhibitory activities with average GI50 over all the
tumor cell lines of 5.5 and 1.8 μM, respectively (Table 1).
However, their respective TI (18.4 and 5.1) was poor
compared to that of compounds 2 and 3. These compounds
showed specificity for certain cell lines like COLO 205, HCT-
116, and SW-620 of colon cancer; M14 and SK-MEL-28 of
melanoma; and CAK-1 and UO-31 of renal cancer by
compound 11 with GI50 in the range 1.7−1.8 μM; while
compound 12 inhibited tumor growth of almost all 60 cell lines
at 1.3−2.0 μM (Table S3). Changes in UV−vis spectra of
compounds 11 and 12 on addition of DHFR were also less
than those observed for compounds 2 and 3 and were
comparable to those of compounds 6 and 7 (Table S4).
Therefore, comparison of tumor growth inhibitory activities

and UV−vis spectral studies (in the presence of DHFR) of
compounds 2 and 3 with compounds 4−7, 11, and 12 clearly

supported the combination of indole and syringaldehyde in
compounds 2 and 3 for appreciable anticancer activities and
interactions with DHFR.

1H NMR Spectral Investigations. To further support the
above experimental results and locate the site(s) of
interaction(s) of compound with DHFR, 1H NMR spectral
investigations were performed. 1H NMR spectra of 2 (48 mM),
3 (32 mM), and DHFR (6 μL) were recorded in 0.7 mL of
DMSO-d6 at 25 °C. In the 1H NMR spectrum of compound 2
(lower trace, Figure 6), signals at δ 9.2, 9.3, and 10.6
correspond to exchangeable protons (NH, OH) as confirmed
by their D2O exchange (middle trace, Figure 6). Comparison of
the 1H NMR spectrum of compound 2 with the spectra of
compounds 3 and 4 resulted in the assignment of signals at δ
9.2, 9.3 to NH and the assignment of the signal at δ 10.6 to OH
of compound 2. Addition of 6 μL of DHFR to solution of
compound 2 in DMSO-d6 resulted in a significant decrease in
intensity of NH signals (δ 9.2, 9.3) of compound 2 (upper
trace, Figure 6) while no change in OH signal was observed
indicating interactions from NH of compound 2 with amino
acid residues of DHFR.

Scheme 4. Synthesis of Compounds 11 and 12

Figure 6. Part of 1H NMR spectrum of compound 2 (lower trace). D2O exchange (middle trace) showing exchangeable proton NH at δ 9.2 and 9.3
and exchangeable proton OH at 10.6. Compound 2 in the presence of DHFR (upper trace). Intensities of NH signals get decreased.
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A change in chemical shift and linewidth of some of the
peaks of DHFR in the region 3−4 ppm (the region most
distinctively visible in 1H NMR spectrum of DHFR) (red trace,
Figure 7) also indicated interactions of compound 2 and the
enzyme.
Addition of 6 μL of DHFR to solution of compound 3 in

DMSO-d6 has also made changes in chemical shift and
linewidth of DHFR signals in the region 3−4 ppm (blue
trace, Figure 7). 1H NMR spectra of a mixture of DHFR with
compound 4 as well as with compound 5 did not exhibit any
change either in the spectrum of DHFR or compounds (Figure
8). There is no interference of resonances from compounds in
the region 3−4 ppm (1H NMR spectra of compounds in
Supporting Information).
Compounds 6, 7, 11, and 12 also made changes in the 1H

NMR spectrum of DHFR (Figures 13 and 14 of Supporting
Information). Hence, results of NMR spectral investigations are
in parallel with those from UV−vis studies supporting
significant interactions of compounds 2 and 3 with DHFR.
Dihydrofolate Reductase Inhibition Assay. The results

of UV−vis and NMR based spectral investigations showing
appreciable interactions between compounds 2/3 and DHFR
prompted us to check the inhibition of DHFR activity by these
compounds. Dihydrofolate reductase inhibition assay kit
involving the DHFR mediated conversion of dihydrofolate to
tetrahydrofolate in the presence of NADPH was used to
investigate the inhibition of DHFR in the presence of
compounds. It was observed that these compounds resulted
in 80−90% inhibition in the enzyme activity at micromolar
concentrations (Table 3).

DHFR inhibitory activity of compounds 2, 11, and 12 was
comparable to that of methotrexate, while compound 3
exhibited comparatively less inhibition of DHFR activity as
evident from its IC80 value. Therefore, the results of the DHFR
inhibition assay confirmed the UV−vis/NMR spectral results of
interactions between compounds 2, 3, 11, and 12 with DHFR.
However, in the present assay, the effect of compounds 4, 5, 6,
and 7 on DHFR inhibition could not be studied, which might
be because of their no interactions or fewer interactions with
DHFR.

■ CONCLUSIONS
Structural analysis of dihydrofolate reductase in the presence of
its cofactor, substrate, and inhibitor led to the design of new

Figure 7. Part of 1H NMR spectrum of DHFR (6 μL in 0.7 mL of DMSO-d6) (lower trace). Change in resonances in the presence of compound 2
(middle trace) and compound 3 (upper trace).

Figure 8. Part of 1H NMR spectrum of DHFR (lower trace) and in the presence of compound 4 (middle trace) and in the presence of compound 5
(upper trace), indicating no change in 1H NMR spectra of DHFR in the presence of compounds 4 and 5.

Table 3. 80% Inhibitory Concentration (IC80) of
Compounds 2−7, 11, and 12 for DHFR

compd IC80 (μM)

2 1.36a

3 10.05
4
5
6
7
11 1.06
12 0.89

methotrexate 1.44
aIC90: compound 2 exhibited >90% inhibition at all five concen-
trations.
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molecules having structural similarities with the known
antibacterial drug trimethoprim. A simple synthetic method-
ology that could be scaled up to procure tons of compounds
was employed for the synthesis of the compounds. Compounds
2 and 3 showed significant tumor growth inhibitory activities
over 60 human tumor cell lines and exhibited appreciable
interactions with DHFR, as evidenced by UV−vis and NMR
spectral studies. Compounds 2 and 3 also exhibited significant
inhibition of DHFR activity with IC80 in the micromolar range,
indicating DHFR inhibition as the probable mode of action of
these compounds. Overall, a rational modification of the
trimethoprim drug with no anticancer activity led to the
development of two new molecules showing appreciable
anticancer activities and interactions with DHFR.

■ EXPERIMENTAL SECTION
Chemical Synthesis. General Remarks. Melting points were

determined in capillaries and are uncorrected. 1H and 13C NMR
spectra were recorded on JEOL 300 and 75 MHz NMR spectrometers,
respectively, using CDCl3 and/or DMSO-d6 as solvent. Chemical shifts
are given in ppm with TMS as an internal reference. J values are given
in hertz. Signals are abbreviated as follows: singlet, s; doublet, d;
double−doublet, dd; triplet, t; multiplet, m. In 13C NMR spectral data,
+ve and −ve terms correspond to CH3, CH, CH2 signals in DEPT-135
NMR spectra. Chromatography was performed with silica 100−200
mesh, and reactions were monitored by thin layer chromatography
(TLC) with silica plates coated with silica gel HF-254. Elemental
analysis was performed on a Thermoelectron FLASH EA1112 CHN
analyzer. Reactions under microwaves were performed using a
microwave oven (INALSA model 1MW17EG) with microwave
power of 700 W and operating frequency of 2450 MHz. IR and UV
spectral data were recorded on FTIR 8400S Shimadzu and BioTek
PowerWave XS instruments, respectively.
General Procedure for the Synthesis of New Conjugates. A finely

ground mixture of aldehyde (1 mmol) and heterocycle based active
methylene component (indolinone, oxindole, barbituric acid, and 1-(3-
chlorophenyl)-3-methyl-2-pyrazolin-5-one) (1.2 mmol) on irradiating
in a microwave oven gave solid products which were washed with
diethyl ether to give pure products 2−7.
Synthesis of 3-(4-Hydroxy-3,5-dimethoxybenzylidene)-1,3-dihy-

droindol-2-one (2). A finely ground mixture of syringaldehyde (100
mg, 1 mmol) and oxindole (84.34 mg, 1.2 mmol) was irradiated in a
microwave oven for 1 min. The completion of the reaction was
checked by TLC. The solid mass was washed with diethyl ether to give
pure product 2. Yield 80%. Yellow solid. Mp 200 °C. νmax (KBr, cm

−1):
3401 (NH), 3205 (OH), 1598 (CO). 1H NMR (300 MHz, DMSO-
d6, δ) 3.79 (s, 3H, OCH3), 3.82 (s, 3H, OCH3), 6.80−6.98 (m, 2H,
ArH), 7.05 (s, 1H, ArH), 7.13−7.22 (m, 1H, ArH), 7.54−7.82 (m, 2H,
ArH), 8.07 (s, 1H, CH), 9.16, 9.30 (NH, D2O exchange), 10.53
(OH, D2O exchange). 13C NMR (normal/DEPT-135) (CDCl3, δ)
56.4 (+ve, OCH3), 109.3 (+ve, CH), 109.9 (+ve, CH), 110.1 (+ve,
CH), 118.7 (+ve, CH), 121.6 (C), 121.9 (+ve, CH), 122.8 (C), 125.8
(+ve, CH), 128.1 (C), 129.5 (C), 136.5 (C), 138.2 (+ve, CH), 138.6
(C), 141.2 (C), 146.5 (C), 170.1 (CO). MS (FAB) 298 (M+ + 1).
Anal. Calcd for C17H15NO4: C, 68.68; H, 5.09; N, 4.71. Found: C,
68.69, H, 5.08, N, 4.79.
Synthesis of 1-(2,6-Dichlorophenyl)-3-(4-hydroxy-3,5-dimethox-

ybenzylidene)-1,3-dihydroindol-2-one (3). A finely ground mixture of
syringaldehyde (100 mg, 1 mmol) and indolinone (84.34 mg, 1.2
mmol) was irradiated in a microwave oven for 1 min. The completion
of reaction was checked by TLC. The solid mass was washed with
diethyl ether to give pure product 3. Yield 82%. Yellow solid. Mp 150
°C. νmax (KBr, cm−1): 3215 (OH), 1612 (CO). 1H NMR (300
MHz, DMSO-d6, δ) 3.81 (s, 3H, OCH3), 3.82 (s, 3H, OCH3), 6.39−
6.46 (m, 1H, ArH), 7.08−7.24 (m, 3H, ArH), 7.62 (t, J = 8.1 Hz,1H,
ArH), 7.76 (d, J = 8.7 Hz, 1H, ArH), 7.78−7.99 (m, 2H, ArH), 7.99−
8.06 (m, 2H, ArH), 9.76 (OH, D2O exchange). 13C NMR (normal/
DEPT-135) (CDCl3, δ) 56.5 (+ve, OCH3), 106.7 (+ve, CH), 108.7

(+ve, CH), 109.3 (+ve, CH), 118.7 (+ve, CH), 122.4 (+ve, CH),
124.6 (C), 125.8 (C), 128.4 (+ve, CH), 129.4 (+ve, CH), 130.6 (+ve,
CH), 135.7 (C), 136.7 (C), 138.1 (C), 139.1 (+ve, CH), 142.1 (C),
146.6 (C), 167.2 (CO). MS (FAB) 441 (M+ + 1). Anal. Calcd for
C23H15Cl2NO4: C, 62.46; H, 3.87; N, 3.17. Found: C, 62.49; H, 3.88;
N, 3.19.

Synthesis of (4Z)-4-(4-Hydroxy-3,5-dimethoxybenzylidene)-1-(3-
chlorophenyl)-3-methyl-1H-pyrazol-5(4H)-one (4). A finely ground
mixture of syringaldehyde (100 mg, 1 mmol) and 1-(3-chlorophenyl)-
3-methyl-2-pyrazolin-5-one (137 mg, 1.2 mmol) was irradiated in a
microwave oven for 1 min. The completion of reaction was checked by
TLC. The solid mass was washed with diethyl ether to give pure
product 4. Yield: 81%. Mp 184 °C. νmax (KBr)/cm

−1 3205 (OH),
1598 (CO). 1H NMR (300 MHz, DMSO-d6, δ) 2.31 (s, 3H, CH3),
3.82 (s, 3H, OCH3), 3.86 (s, 3H, OCH3), 7.19 (s, 2H, ArH), 7.45 (t,
1H, J = 8.1 Hz, ArH),7.73 (s, 1H, ArH), 7.92 (d, J = 8.4 Hz, 1H, ArH),
8.07 (s, 1H, ArH), 8.24 (s, 1H, CH), 9.76 (OH, D2O exchange).
13C NMR (normal/DEPT-135, δ) 33.6 (CH3), 56.2 (OCH3), 56.3
(OCH3), 104.6 (CH), 112.1 (CH), 116.6 (CH), 118.4 (CH), 120.2
(C), 124.1 (CH), 125.1 (C), 129.6 (CH), 129.7 (CH), 132.1 (C),
133.6 (C), 134 (C), 139.5 (C), 147 (C), 147.3 (C), 148.3 (CH), 151.4
(C). MS (FAB) 373 (M + 1). Anal. Calcd for C19H17N2O4: C, 61.21;
H, 4.60; N, 7.51. Found: C, 61.19; H, 4.61; N, 7.49.

Synthesis of 5-(4-Hydroxy-3,5-dimethoxybenzylidene)-1,3-dime-
thylpyrimidine-2,4,6-(1H,3H,5H)-trione (5). A finely ground mixture
of syringaldehyde (100 mg, 1 mmol) and 1,3-dimethylbarbituric acid
(103 mg, 1.2 mmol) was irradiated in a microwave oven for 1 min.
The completion of reaction was checked by TLC. The solid mass was
washed with diethyl ether to give pure product 5. Yield: 95%. Mp 237
°C. νmax (KBr)/cm

−1 3425(OH), 1656 (CO). 1H NMR (300 MHz,
DMSO-d6, δ) 3.22 (s, 6H, 2× CH3), 3.83 (s, 6H, 2 × OCH3), 7.97 (s,
2H, ArH), 8.31 (s, 1H,CH), 10.03 (OH, D2O exchange). 13C NMR
(normal/DEPT-135, δ) 24.5 (CH3), 32.4 (CH3), 54.4 (2 × OCH3),
111.9 (CH), 112.2 (CH), 141.3 (C), 145.4 (C), 149.3 (CO), 156.2
(CO). MS (FAB) 321 (M + 1). Anal. Calcd for C15H16N2O6: C,
56.25; H, 5.04; N, 8.75. Found: C, 56.28; H, 5.01; N, 8.76.

Synthesis of 4-(5-Bromo-1H-indol-3-ylmethylene)-2-(3-chloro-
phenyl)-5-methyl-2,4-dihydropyrazol-3-one (6). A finely ground
mixture of 5-bromoindole-3-carboxaldehyde (100 mg, 1 mmol) and
1-(3-chlorophenyl)-3-methyl-2-pyrazolin-5-one (137 mg, 1.2 mmol)
was irradiated in a microwave oven for 1 min. The completion of
reaction was checked by TLC. The solid mass was washed with diethyl
ether to give pure product 6. Orange solid. Yield 65%. Mp >240 °C.
1H NMR (300 MHz, DMSO-d6, δ) 2.40 (s, 3H, CH3), 7.20 (d, J = 9.0
Hz, 1H, ArH), 7.43 (t, J = 9.0 Hz, 2H, ArH), 7.53 (d, J = 8.4 Hz, 1H,
ArH), 7.94 (d, J = 8.1 Hz, 1H, ArH), 8.13 (d, J = 9.0 Hz, 2H, ArH),
8.49 (s, 1H, CH), 9.70 (s, 1H, indole2-H), 12.7 (NH, D2O
exchange). 13C NMR (normal/DEPT-135) (DMSO + CDCl3, δ)
13.02 (+ve, CH3), 111.779 (C), 114.507 (+ve, CH), 115.142 (C),
115.81 (+ve, CH), 117.19 (+ve, CH), 118.61 (C), 121.23 (+ve, CH),
123.22 (+ve, CH), 125.86 (+ve, CH), 129.96 (+ve, CH), 133.29 (C),
135.13 (C), 137.29 (+ve, CH), 139.02 (+ve, CH), 139.93 (C), 151.43
(C), 162.85 (C). Anal. Calcd for C19H13BrClN3O: C, 55.03; H, 3.16;
N, 10.13. Found: C, 54.64; H, 3.19; N, 11.68.

Synthesis of (Z)-1-(2,6-Dichlorophenyl)-3-((pyridin-2-yl)-
methylene)indolin-2-one (7). A finely ground mixture of pyridine-2-
carboxaldehyde (100 mg, 1 mmol) and indolinone (137 mg, 1.2
mmol) was irradiated in a microwave oven for 1 min. The completion
of reaction was checked by TLC. The solid mass was washed with
diethyl ether to give pure product 7. Shiny yellow solid. Yield 86%. Mp
188 °C. νmax (KBr): 1668 (CO). 1H NMR (300 MHz, DMSO-d6,
δ) 6.45 (d, J = 7.8 Hz, 1H, ArH), 7.16 (t, J = 7.5 Hz, 1H, ArH), 7.33 (t,
J = 7.5 Hz, 1H, ArH), 7.50−7.54 (m, 1H, ArH), 7.65 (d, J = 7.8 Hz,
1H, ArH), 7.78 (d, J = 8.4 Hz, 3H, ArH), 7.98 (s, 2H, ArH), 8.94 (d, J
= 7.5 Hz, 1H, ArH). 9.22 (d, J = 7.5 Hz, 1H, ArH). 13C NMR
(normal/DEPT-135) (CDCl3, δ) 109.2 (+ve, CH), 122.4 (+ve, CH),
123.2 (+ve, CH), 123.7 (+ve, CH), 124.4 (C), 127.7 (+ve, CH), 128.8
(+ve, CH), 128.91 (+ve, CH), 128.94 (+ve, CH), 129.7 (+ve, CH),
130.6 (+ve, CH), 135.71 (C), 135.73 (C), 135.9 (C), 136.9 (+ve,
CH), 141.5 (C), 144.8 (+ve, CH), 167.1(C). FAB mass m/z 366 (M+)
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366:368:370 (9:6:1). Anal. Calcd for C20H12Cl2N2O: C, 65.41; H,
3.29; N, 7.63. Found: C, 65.15; H, 3.28; N, 7.38.
General Procedure for the Synthesis of Compounds 11 and 12.

An equimolar mixture of indole-3-carboxaldehyde and epichlorohydrin
was stirred in CH3CN in the presence of NaH to give N-substituted
product 8 which on reaction with 1-(3-chlorophenyl)-3-methyl-2-
pyrazolin-5-one and indolinone provided compounds 9 and 10,
respectively. Treatment of compounds 9 and 10 with piperidine under
MWI gave compounds 11 and 12, respectively.
Synthesis of (4Z)-1-(3-Chlorophenyl)-4-((1-(2-hydroxy-3-(piperi-

din-1-yl)propyl)-1H-indol-3-yl)methylene)-3-methyl-1H-pyrazol-
5(4H)-one (11). Yellow solid. Yield 83%. Mp 148 °C. νmax (KBr): 1694
(CO). 1H NMR (300 MHz, DMSO-d6, δ) 1.40−1.56 (m, 7H, 3 ×
CH2 + CH), 2.28−2.51 (m, 8H, 2 × CH2 + CH, CH3), 4.03−4.51 (m,
3H, CH2 + CH), 5.15 (br, 1H, OH), 7.22−7.37 (m, 4H, ArH), 7.68 (s,
1H, ArH), 7.96−8.10 (m, 3H, 3ArH), 8.21 (s, 1H, CH), 9.84 (s,
1H, indole2-H). 13C NMR (DEPT-135) (CDCl3, δ) 13.6 (+ve, CH3),
24.4 (−ve, CH2), 26.4 (−ve, CH2), 30.1 (−ve, CH2), 52.0 (−ve, CH2),
55.0 (−ve, CH2), 62.0 (−ve, CH2), 66.4 (+ve, CH), 111.9 (+ve, CH),
112.5 (C), 117.1 (C), 118.3 (+ve, CH), 119.2 (+ve, CH), 119.7 (+ve,
CH), 123.0 (C), 124.1 (+ve, CH), 124.5 (+ve, CH), 130.1 (C), 134.8
(C), 136.0 (+ve, CH), 137.8 (C), 140.4 (C), 141.8 (+ve, CH), 151.3
(C), 163.8 (CO). MS (FAB) 476 (M+). Anal. Calcd for
C27H29ClN4O2: C, 67.99; H, 6.13; N, 11.75. Found: C, 67.78; H,
6.14; N, 11.76.
Synthesis of (Z)-1-(2,6-Dichlorophenyl)-3-((1-(2-hydroxy-3-(piper-

idin-1-yl)propyl)-1H-indol-3-yl)methylene)indolin-2-one (12). Yel-
low solid. Yield 83%. Mp 181 °C. νmax (KBr): 1694 (CO). 1H
NMR (300 MHz, DMSO-d6, δ) 1.22−1.47 (m, 6H, 3 × CH2), 2.20−
2.35 (m, 6H, 3 × CH2), 3.97−4.19 (m, 2H, CH2), 4.40−4.44 (m, 1H,
CH), 5.01 (br, 1H, OH), 6.42 (d, J = 7.5 Hz, 1H ArH), 7.14 (t, 2H, J =
3.6 Hz, ArH), 7.28−7.30 (m, 2H, ArH), 7.59−7.64 (t, J = 7.8 Hz, 2H,
ArH), 7.77 (d, J = 7.8 Hz, 2H, ArH), 8.08 (d, J = 5.7 Hz, 1H, ArH),
8.26 (d, J = 4.8 Hz, 1H, ArH), 8.35 (s, 1H, CH), 9.42 (s, 1H,
indole2-H). 13C NMR (DEPT-135) (CDCl3, δ) 24.0 (−ve, CH2), 25.8
(−ve, CH2), 50.2 (−ve, CH2), 51.3 (−ve, CH2), 54.5 (−ve, CH2), 61.5
(−ve, CH2), 61.8 (−ve, CH2), 66.0 (+ve, CH), 108.6 (+ve, CH),
110.9 (+ve, CH), 111.7 (+ve, CH), 117.5 (C), 117.8 (+ve, CH), 118.0
(+ve, CH), 120.1 (+ve, CH), 121.5 (+ve, CH), 122.1 (+ve, CH),
122.8 (+ve, CH), 126.7 (+ve, CH), 127.9 (+ve, CH), 128.9 (+ve,
CH), 130.4 (C), 131.8 (C), 132.3 (C), 136.0 (C), 136.9 (C), 137.6
(C), 138.8 (C), 163.8 (CO). MS (FAB) 545 (M+). Anal. Calcd for
C31H29Cl2N3O2: C, 68.13; H, 5.35; N, 7.69. Found: C, 68.18; H, 5.34;
N, 7.66.
In Vitro Anticancer Screening. Anticancer screening of

compounds was carried out at National Cancer Institute, Bethesda,
MD, U.S., as per the standard procedure.23 Human tumor cell lines of
the cancer screening panel were grown in RPMI 1640 medium
containing 5% fetal bovine serum and 2 mM L-glutamine. Cells were
inoculated into 96-well microtiter plates in 100 μL at plating densities
ranging from 5000 to 40 000 cells/well depending on the doubling
time of individual cell lines. After cell inoculation, the microtiter plates
were incubated at 37 °C, 5% CO2, 95% air, and 100% relative humidity
for 24 h prior to addition of experimental drugs. After 24 h, two plates
of each cell line were fixed in situ with TCA to represent a
measurement of the cell population for each cell line at the time of
compound addition (Tz). Compounds were solubilized in dimethyl
sulfoxide at 400-fold the desired final maximum test concentration and
stored frozen prior to use. At the time of compound addition, an
aliquot of frozen concentrate was thawed and diluted to twice the
desired final maximum test concentration with complete medium
containing 50 μg/mL gentamicin. Additional 4, 10-fold, or 1/2 log
serial dilutions were made to provide a total of five compound
concentrations plus control. Aliquots of 100 μL of these different drug
dilutions were added to the appropriate microtiter well already
containing 100 μL of medium, resulting in the required final
concentrations. Following compound addition, the plates were
incubated for an additional 48 h at 37 °C, 5% CO2, 95% air, and
100% relative humidity. For adherent cells, the assay was terminated
by the addition of cold TCA. Cells were fixed in situ by the gentle

addition of 50 μL of cold 50% (w/v) TCA (final concentration, 10%
TCA) and incubated for 60 min at 4 °C. The supernatant was
discarded, and the plates were washed five times with tap water and
air-dried. Sulforhodamine B (SRB) solution (100 μL) at 0.4% (w/v) in
1% acetic acid was added to each well, and plates were incubated for
10 min at room temperature. After staining, unbound dye was
removed by washing five times with 1% acetic acid and the plates were
air-dried. Bound stain was subsequently solubilized with 10 mM
Trizma base, and the absorbance was read on an automated plate
reader at a wavelength of 515 nm. By use of the absorbance
measurements [time zero (Tz), control growth (C), and test growth in
the presence of compound at five concentration levels (Ti)], the
percentage growth was calculated at each of the compound
concentrations. Percentage growth inhibition was calculated as

− − ×C[(Ti Tz)/( Tz)] 100

for concentrations for which Ti ≥ Tz, and

− ×[(Ti Tz)/Tz] 100

for concentrations for which Ti < Tz.
Growth inhibition of 50% (GI50) was calculated from [(Ti − Tz)/

(C −Tz)] × 100 = 50, which was the compound concentration
resulting in a 50% reduction in the net protein increase (as measured
by SRB staining) in control cells during the drug incubation. The drug
concentration resulting in total growth inhibition (TGI) was calculated
from Ti = Tz. The LC50 (concentration of drug resulting in a 50%
reduction in the measured protein at the end of the drug treatment
compared to that at the beginning) indicating a net loss of cells
following treatment was calculated from [(Ti − Tz)/Tz] × 100 = −50.
Values were calculated for each of these three parameters if the level of
activity was reached; however, if the effect was not reached or
exceeded, the value for that parameter was expressed as greater or less
than the maximum or minimum concentration tested.

UV−Visible Spectral Studies. UV−vis spectral studies were
performed on BioTek PowerWave XS instrument. 10−3 M stock
solutions of the compounds were prepared in ethanol−HEPES buffer
(1:1), pH 7.2. The enzyme stock solution was prepared by diluting 6
μL of dihydrofolate reductase to 1 mL in ethanol−HEPES buffer
(1:1), pH 7.2. The spectra were recorded on incremental addition of
10 μL of enzyme stock solution to 10−4 M (prepared by diluting stock
solution) compound solution.

Equation Used for Calculating Binding Constants: Benesi−
Hildebrand Equation.26 The equation is the following:

− = − + −A A A A K A A1/( ) 1/( ) {1/[ ( )]}[ligand]f obs f fc f fc

where K is the binding constant, Af is the absorbance of the free host,
Aobs is the absorbance observed, and Afc is the absorbance at saturation.

Dihydrofolate Reductase Inhibition Assay. The dihydrofolate
reductase inhibition assay was performed as per the manual of the
DHFR assay kit (Sigma product code CS0340). All the dilutions were
made in assay buffer, pH 7.5. 10 mM stock solutions of dihydrofolic
acid and NADPH in assay buffer were prepared. Stock solutions of the
test compounds with different concentrations were prepared in
DMSO, and an amount of 20 μL of each was taken to attain final
concentration of 10−8, 10−7, 10−6, 10−5, and 10−4 M in the respective
wells of 96-well plate containing assay buffer. An amount of 0.1 unit of
DHFR as supplied in the kit was diluted, and an amount of 20 μL of its
3 × 10−3 unit was used in each reaction. Each well of the 96-well plate
was charged with 157.8 μL of assay buffer. Then 1.2 μL of NADPH
solution was added to each well except 1A and 1B, and 20 μL of test
compound (including methotrexate as positive control) was added to
each well except 1A−H. The reaction was started by the addition of 1
μL of dihydrofolic acid to each well except 1C and 1D. 1G and 1H
contained 20 μL of DMSO to check any inhibition of enzyme activity
due to DMSO. The change in absorbance at 340 nm was monitored as
a function of time. Percentage inhibition of enzymatic activity was
calculated after nullifying the effects of NADPH, folate, and solvent.
IC50 was calculated by plotting a graph between percentage inhibition
and the corresponding concentration of the compound.
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