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ABSTRACT: Xanthine oxidase (XO) plays a crucial role in the formation of uric
acid by oxidative hydroxylation of purines. Herein, we report the design and
synthesis of Knoevenagel/tandem Knoevenagel and Michael adducts of cyclohexane-
1,3-dione and aryl aldehydes as nonpurine XO inhibitors derived from naturally
occurring scaffolds. Density functional theory calculations highlighted the reaction
pathways and reasoned the formation of tandem Knoevenagel and Michael adducts.
The synthetics were assessed for their XO inhibitory potential, and among them, four
compounds (1b, 1g, 2b, and 3a) were found to possess best IC50 values in the range
of 3.66−4.98 μM. Interestingly, Knoevenagel adducts exhibited a competitive-type
inhibition, whereas tandem Knoevenagel and Michael adducts produced a
noncompetitive mode of inhibition. The compounds were capable of reducing the
H2O2 levels induced by XO, both in normal and cancer cells with no significant
cytotoxicity. Molecular modeling studies highlighted the role of interactions of
compounds with residual amino acids of the XO active site and also corroborated
with the observed structure−activity relationship.

■ INTRODUCTION

Xanthine oxidase (XO) is a ubiquitous and cytosolic enzyme.1

It is primarily involved in the purine metabolism and catalyzes
the conversion of purines into uric acid via oxidative
hydroxylation and uses O2 as the terminal oxidant of electrons
that produces reactive oxygen species (ROS), which upon
subsequent reaction with water yields H2O2.

2,3 The over-
expression of XO elevates the uric acid level, resulting in
hyperuricemia and gout, and may also cause other diseases
such as metabolic disorder, diabetes,4 chronic heart failure,5

hypertension,6 tissue injury,7 cancer,8 inflammation,9 and
oxidative damage.2,10,11 Inhibition of XO has been found to
be beneficial in broad-spectrum therapeutics for above said
conditions.12 Allopurinol was first approved as a XO inhibitor
for the treatment of hyperuricemia/gout in 1996. Allopurinol is
a purine analogue that inhibits XO reversibly by getting
oxidized to oxypurinol.2 Oxypurinol then binds to a reduced
form of XO, that is, [Mo(IV)], via the formation of a covalent
bond, thereby exerting its XO inhibitory potential. Eventually,
this covalent bond dissociates with time, and XO is reoxidized,
re-forming Mo(IV) and leaving behind oxypurinol.13 The
undissociated drug further leads to drug reaction with
eosinophilia and systemic symptoms syndrome14 characterized
by skin rash, lymph node enlargement, fever, and single or
multiple organ involvement. This occurs due to the inhibition

of other purine-utilizing enzymes that include guanine
deaminase, hypoxanthine-guanine phosphoribosyltransferase,
orotate phosphoribosyltransferase, orotidine-5-monophosphate
decarboxylase, and purine nucleoside phosphorylase,15,16

which is a peculiar feature of purine-based XO inhibitors.11,17

This led to the quest for selective XO inhibitors derived from
nonpurine skeleton, and as a result, febuxostat and topiroxostat
(FYX-051) were launched as antihyperuricemic/gout agents in
2009 and 2013, respectively. Although both the agents are
exceedingly effective noncompetitive inhibitors of human XO
than allopurinol, they are also associated with side effects such
as diarrhoea, nausea, headache, arthralgia, rash, and rise in the
hepatic serum enzyme level.18,19 In a recent report, Jordan and
Gresser disclosed a cardiovascular-associated death rate due to
febuxostat therapy.20 In addition, febuxostat is currently not
used for the treatment of asymptomatic hyperuricemia.13,21

The newer derivative topiroxostat is more potent than
allopurinol and is well-tolerated by patients with renal failures.
However, side effects such as elevated alanine aminotransferase
decreases the white blood cell count causing eczema
nasopharyngitis, and the extreme pain observed with top-
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iroxostat in phase 2 trial necessitates the search for new XO
inhibitors.22 Amidst several other classes, chalcones,23

xanthones,24 flavonoids,25 naphthoflavone,26 azaflavones,27

pyrazolines/pyrazoles,28 pyrazoloquinazolines,29 2,4-
diarylpyrano[3,2-c]chromen5(4H)-one,30 and so forth from
synthetic or natural origin are reported as XO inhib-
itors2,28,29,31 (Figure 1). Considering the toxicities and side
effects of both purine as well as nonpurine XO inhibitors, the
discovery and development of more potent and selective XO
inhibitors devoid of side effects is still warranted.
On the basis of our previous experiences with the discovery

of XO inhibitors,2,28,29,31 we thought of considering easily
accessible adducts of 1,3-cyclohexadione and aldehydes (1),
xanthenes-1,8-diones (2), and arylidenes (3) as modified
nonpurine-based designed leads obtained after scaffold
hopping32−34 of naturally occurring XO inhibitors such as
flavonoids, xanthones, and chalcones. In addition, the designed

compounds were anticipated to interact with active site amino
acid residues of XO more firmly as compared to their parent
molecules (Figure 2).

■ RESULTS AND DISCUSSION
Chemistry. As per the literature reports, the synthesis of

target compounds 1, 2, and 3 could be accomplished via
Knoevenagel35/Tandem Knoevenagel and Michael addition of
cyclohexane-1,3-dione (4) with aryl aldehydes (5).36−47 The
Knoevenagel condensation involves use of high boiling
solvents dimethylformamide (DMF48), acidic or basic ionic
liquids ([bmim]Cl·AlCl3, and [bpy]Cl·AlCl3,

36 [bmIm]OH,40

[H3N
+−CH2−CH2−OH][CH3COO−],38 [Hmim]HSO4,

49

[bmim]BF4 with L-histidine47), which are difficult to recover,
additional organic/inorganic acids or bases [ZrOCl2·8H2O in
dry tetrahydrofuran (THF),42 nano-ZnAl2O4,

45 taurine (2-
aminoethanesulfonic acid)44 with or without solid support

Figure 1. Some reported XO inhibitors.

Figure 2. Design strategies for target compounds (1, 2, and 3) as nonpurine XO inhibitors.
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(NH4OAc-basic alumina,39 HClO4−SiO2, and PPA−SiO2,
37),

which require extra treatments during workup and special
efforts for the adsorption of the reagents on solid support or
need to use special equipment (microwave39 and ultrasound
radiation50). Thus, the development of an easy and environ-
mental-friendly synthetic procedure is still required.
Being motivated by the dual activation (electrophilic as well

as nucleophilic) role of the solvent51,52 in the condensation
reaction of Meldrum’s acid with aryl aldehydes and others, we
thought of developing a catalyst-free and environmentally
benign methodology for the synthesis of target compounds. To
obtain the optimized reaction conditions, a model reaction of
cyclohexane-1,3-dione (4; 2 equiv) with 4-chlorobenzaldehyde
(5b; 1 equiv) was carried out at room temperature under
catalyst-free condition and in solvents (0.5 mL; Scheme 1)

such as PhMe, hexane, CHCl3, DCM, DCE, EtOAc, MeCN,
1,4-dioxane, THF, DMF, dimethyl sulfoxide (DMSO), MeOH,
EtOH, iPrOH, and H2O. The best results were obtained in
carrying out the reaction with methanol as a solvent in 4 h that
afforded 1b (88%) (See Supporting Information, Table S1).
Utilizing the optimized conditions, compounds 1a−1h were

synthesized, whereas the target compounds 2a−2d were
synthesized by heating the reaction mixture of cyclohexane-
1,3-dione (2 equiv) with the corresponding aryl aldehydes (1
equiv) in MeOH. We synthesized one representative
compound 3a to see the effect on XO inhibitory activity
(Scheme 2). The compounds were purified by recrystallization
from MeOH and characterized by mp, infrared (IR), nuclear
magnetic resonance (NMR), and high-resolution mass
spectrometry (HRMS).
To rationalize the formation of 1a via tandem Knoevenagel

and Michael addition and the formation of 3a (not 10; Scheme
3) as a sole product via Knoevenagel reaction only, quantum
chemical studies were carried out to explore the reaction
pathways using the B3LYP/6-31+G(d) level. The correspond-
ing potential energy surfaces are plotted in Figures 3 and 4.
From Scheme 3 and Figure 3, it is clear that the first step in the
reaction requires very comparable activation energies on both
the pathways (∼28 kcal/mol), however, there are differences in
the product stabilities. Product 7 is endothermic (4.46 kcal/
mol), whereas product 3a is exothermic (−0.86 kcal/mol) in
comparison to the corresponding starting material. The second
C−C bond formation reaction is endothermic on both the
pathways (Figure 4). The activation energy for the second step
on the pathway leading to 1a is 29.75 kcal/mol, and the
product is 13.6 kcal/mol less stable. The reverse process on
this pathway requires 16.15 kcal/mol. The second C−C bond
formation reaction along the pathway leading to 10 requires an
activation energy of 35.27 kcal/mol, and the product is less
stable by 24.27 kcal/mol. The reverse reaction on this path
requires only about 11 kcal/mol. Clearly, the second C−C

bond formation reaction is energetically more demanding in
the case of 10, thus making this path both thermodynamically
and kinetically less favorable. This comparative energy profile
analysis explains the absence of product 10 under the
experimental conditions along the reaction path as in Scheme
3E.
XO assay2,28,29,31 is an oxidative enzymatic reaction, which

produces uric acid by oxidation of xanthine via utilizing XO.
The in vitro XO inhibitory potency of target compounds was
determined spectrophotometrically by measuring the uric acid
formation at 292 nm. Allopurinol and febuxostat were used as
positive controls. The results suggested that 1b, 1g, 2b, 2c, and
3a exhibited excellent XO inhibition and reduction in the levels
of uric acid (Table 1). To look into the mode of inhibition of
XO, Lineweaver−Burke plots of 1g and 3a were analyzed. The
results suggest that 1g and 3g are noncompetitive and
competitive-type inhibitors, respectively, as compared to
allopurinol that exhibited a competitive mode of inhibition.
(Figure 5).
XO is a perilous source of ROS in numerous diseases

including inflammatory conditions and cancer.53 H2O2 is a
dominant reactive product produced by XO under clinical
conditions.54 To quantify the effect of selected synthetics on
H2O2 concentration in normal cells, we employed the Amplex
Red assay.55 Chemically, Amplex Red is 10-acetyl-3,7-
dihydroxyphenoxazine, a colorless nonfluorescent compound
that gets oxidized by H2O2 into resorufin in the presence of
horseradish peroxidase (HRP).56 The assay is highly sensitive
that may detect as low as 10−11 M H2O2 in a 100 μL volume.
Briefly, we treated embryonic kidney cells (HEK293) with

Scheme 1. Optimization of Reaction Condition for the
Synthesis of 1b

Scheme 2. Synthesis of Target Compounds
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varying doses of potent XO inhibitors 1b, 1g, 2b, and 3a (0.5,
1, 5 and 10 μM; Figure 6). The results suggested a dose-
dependent decrease in H2O2 level that could be due to XO
inhibition. As cancer cells produce a high level of H2O2, we
thought it worthwhile to estimate H2O2 levels in cancer cells
under the influence of the synthetics. For this, we selected
highly invasive and XO-overexpressed MCF-7 (breast cancer)
cells.8 To our delight, synthetics were able to reduce the H2O2
levels validating the mechanism that could be via XO
inhibition in breast cancer cells. The results were more

prominent in MCF-7 than in normal cells (HEK293).
Compounds 1b and 2b were found to be most potent in
terms of reducing the H2O2 levels.
Because toxicity is a major issue in drug development,57,58

we assessed the toxicity (if any) of compounds 1b, 1g, 2b, and
3a at 10 μM concentrations toward normal cells (HEK293) by

Scheme 3. Schematic Representation of the Mechanism for the Formation of 1a and 3a

Figure 3. Potential energy surface comparing the energetics of first
C−C bond formation products (Scheme 3C−E).

Figure 4. Potential energy surface comparing the energetics of second
C−C bond formation products. The compounds inhibited XO and
decreased the H2O2 levels, with no cytotoxicity toward normal cells.
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the MTT-based assay (Figure 7). The results indicated that no
significant cytotoxicity was observed. Thus, the compounds
emerged as potential XO inhibitors and were capable of
reducing the H2O2 levels, both in normal and cancer cells.
Molecular Modeling Study. To investigate the binding of

inhibitors with XO, the representative compounds 1b, 2b, and
3a were docked via flexible docking into the active site of XO
(PDB: 3bdj)59 using Glide.60 All inhibitors were found to
occupy the allopurinol binding site. The docking studies
revealed that the inhibitors interact mainly with SER876,
PHE914, and PHE1009, which are common with most of the
known inhibitors (Figure 8).2 SER876 was involved in the
important H-bond interaction with the inhibitors and is found
crucial in XO inhibitory activity. Important π−π interactions
were observed between the phenyl ring of the inhibitors and
PHE914 and PHE1009. The most active compound 3a
showed the interactions with the important amino acids
[SER 876 (H-bond), PHE914, and PHE1009 (π−π inter-
action)]. Similarly, for the intermediate active compound 1b, it
was observed that the SER876 interaction was conserved and
the H-bond interaction with GLU802 was seen. Further, the
docking scores obtained were found to be in accordance with
the observed XO inhibitory activity (Table 2).
Nonpurine inhibitors bind to the XO active site at a distance

more than 3 Å from the molybdenum center of molybdopterin
(MPT) (approximately 5 Å in the case of febuxostat).2 It was
observed that the coordination distances from the molybde-

num center to inhibitors 3a, 1b, 2b, and allopurinol were found
to be 6.2, 8.0, 6.8, and 2.9 Å, respectively (Figure 9). This
study further evidences that synthetics are the nonpurine type
of XO inhibitors.

■ CONCLUSIONS

In summary, we have designed, synthesized, and assessed the
in vitro XO inhibitory activity of Knoevenagel/tandem
Knoevenagel and Michael adducts of cyclohexane-1,3-dione
and aryl aldehydes as nonpurine XO inhibitors. The potent
compounds decreased the H2O2 levels produced as a result of
XO inhibition. Future work will expand the library of
compounds based on 3a and will be published in due course.

■ EXPERIMENTAL SECTION

Synthesis. General Procedure for the Synthesis of 1. A
mixture of 1,3-cyclohexanedione (4, 0.20 g, 1.78 mmol, 1
equiv) and aryl aldehyde (5, 1 equiv) was dissolved in
methanol (0.5 mL), and the reaction mixture was stirred at
room temperature for about 4−6 h. The progress of the
reaction was monitored by thin-layer chromatography (TLC).
After the completion of the reaction (TLC), the precipitate
formed was filtered off and washed with excess methanol and
dried to afford the crude product. The crude product was
further purified by recrystallization from methanol. The
remaining reactions were carried out following this general
procedure.
Physical data of compounds are given below.
Synthesis of 2,2′-(Phenylmethylene)bis(3-hydroxycyclo-

hex-2-en-1-one) (1a). Yield: 85%; colorless crystals; mp:
217−219 °C (Lit44 219−220 °C); IR (KBr, cm−1): 3388
(OH), 2916 (C−H stretch), 1723 (CO), 1672 (CC);
HRMS (time-of-flight electrospray ionization (TOF-ESI)):
calcd for C19H19ClO4, 312.1362 [M]+; observed, 313.1317 [M
+ H]+.

Synthesis of 2,2′-((4-Chlorophenyl)methylene)bis(3-hy-
droxycyclohex-2-en-1-one) (1b). Yield: 84%; colorless
crystals; mp: 199−201 °C; IR (KBr, cm−1): 3483 (OH),
2950 (C−H stretch), 1719 (CO), 1601 (CC), 1031−
1196 (C−OH stretch), 793 (C−Cl); 1H NMR [CDCl3, 400
MHz, δ (ppm) with trimethylsilane (TMS) = 0]: 12.31 (1H,
s), 7.21 (2H, t, J = 8 Hz), 7.01 (2H, s), 5.38(1H, s), 2.60−2.53
(4H, m), 2.39−2.10 (4H, m), 2.00−1.95 (4H, m); 13CNMR
(CDCl3, 100 MHz, δ with TMS = 0): 192.39, 191.02, 136.55,
131.65, 128.36, 128.04, 116.26, 33.57, 33.06, 32.62, 20.13;
HRMS (TOF-ESI): calcd for C19H19ClO4, 346.0972 [M]+;
observed, 347.1127 [M + H]+.

Table 1. IC50 Values of Investigational Compounds

entry compound code IC50 (μM)a± SD

1 1a 15.28 ± 0.28
2 1b 4.98 ± 0.55
3 1c 13.75 ± 0.31
4 1d 9.94 ± 0.49
5 1e 10.17 ± 0.39
6 1f 9.98 ± 0.61
7 1g 4.93 ± 0.53
8 1h 5.55 ± 0.79
9 2a 5.31 ± 0.81
10 2b 4.08 ± 0.67
11 2c 5.61 ± 0.77
12 2d 13.14 ± 0.45
13 3a 3.66 ± 0.57
14 allopurinol 7.08 ± 0.73
15 febuxostat 5.38 ± 0.32b

aData are expressed as mean ± standard deviation (SD) of three
independent values. bValue was obtained as a result of the separate
experiment.

Figure 5. Lineweaver−Burk plots of compounds (A) 1g and (B) 3a.
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Synthesis of 2,2′-(p-Tolylmethylene)bis(3-hydroxycyclo-
hex-2-en-1-one) (1c). Yield: 82%; colorless crystals; mp:
197−199 °C; IR (KBr, cm−1): 3406 (OH), 3170 (OH), 2950
(C−H stretch), 1715 (CO), 1607 (CC), 1177 (C−OH
stretch); 1H NMR (DMSO-d6, 400 MHz, δ (ppm) with TMS

= 0): 7.01 (2H, d, J = 8 Hz), 6.95 (2H, d, J = 8 Hz), 4.48 (1H,
s), 2.60−2.47 (4H, m), 2.22−2.15 (4H, t, J = 4 Hz), 1.98−1.92
(4H, m); 13C NMR (DMSO-d6, 100 MHz, δ with TMS = 0):
196.29, 165.16, 142.15, 129.02, 128.36, 100.46, 116.13, 36.89,
26.91, 21.04, 20.98; HRMS (TOF-ESI): calcd for C20H22O4,
326.1518 [M]+; observed, 327.1539 [M + H]+.

Synthesis of 2,2′-((2-Methoxyphenyl)methylene)bis(3-hy-
droxycyclohex-2en-1-one) (1d). Yield: 75%; colorless crystals;
mp: 203−205 °C; IR (KBr, cm−1): 3361 (OH), 3266 (OH),
2949 (−C−H stretch), 1710 (CO), 1611 (CC); 1H
NMR (DMSO-d6, 400 MHz, δ (ppm) with TMS = 0): 6.99
(1H, t, J = 8 Hz), 6.81 (1H, s), 6.73 (1H, s), 6.65 (1H, s), 4.49
(1H, s), 3.67 (3H, s), 2.47−2.45 (4H, m), 2.39−2.28 (4H, m),
1.90−1.85 (4H, m); 13C NMR (DMSO-d6, 100 MHz, δ with
TMS = 0): 196.15, 169.85, 156.61, 131.76, 126.84, 120.04,
111.54, 101.67, 56.06, 37.33, 29.07, 21.05, 20.56; HRMS
(TOF-ESI): calcd for C20H22O5, 342.1467 [M]+; observed,
343.1490 [M + H]+.

Synthesis of 2,2′-((4-Bromophenyl)methylene)bis(3-hy-
droxycyclohex-2-en-1-one) (1e). Yield: 89%; light brown
color crystals; mp: 205−207 °C; IR (KBr, cm−1): 3335 (OH),

Figure 6. Percentage decrease in resorufin intensity suggesting the reduction in the levels of H2O2 upon treatment with 1b, 1g, 2b, and 3a at a
concentration of 0.5, 1, 5, and 10 μM, as indicated by the Amplex Red assay on (A) HEK293 cells (B) MCF-7 cells.

Figure 7. Percentage cell survival (HEK293) after treatment with
investigational compounds at a concentration of 10 μM incubated for
24 h.

Figure 8. Interaction of the ligands with the important residues at the catalytic XO binding site.
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2944 (−C−H stretch), 1721 (CO), 1605 (CC), 650 (C−
Br); 1H NMR (CDCl3, 400 MHz, δ (ppm) with TMS = 0):
12.31 (1H, s), 7.35 (2H, d, J = 8 Hz), 6.95 (2H, d, J = 8 Hz),
5.36 (1H, s), 2.60−2.43 (4H, m), 2.39−2.03 (4H, m), 2.01−
1.95 (4H, m); 13C NMR (CDCl3, 100 MHz, δ with TMS = 0):
192.35, 190.95, 137.06, 131.23, 128.37, 119.66, 116.12, 33.49,
33.00, 32.62, 20.06; HRMS (TOF-ESI): calcd for C19H19BrO4,
390.0467 [M]+; observed, 391.0502 [M + H]+.
Synthesis of 2,2′-((2-Chlorophenyl)methylene)bis(3-hy-

droxycyclohex-2-en-1-one) (1f). Yield: 63%: colorless crystals;
mp: 200−202 °C; IR (KBr, cm−1): 3321 (OH), 2936 (−C−H
stretch), 1715 (CO), 1613 (CC), 657 (C−Cl); 1H NMR
(CDCl3, 400 MHz, δ (ppm) with TMS = 0): 7.26 (1H, d, J = 4
Hz), 7.06 (2H, t, J = 4 Hz), 6.89 (1H, s), 4.59 (1H, s),2.42−
2.25 (4H, m), 2.25−2.15 (4H, m), 1.98−1.93 (4H, m); 13C
NMR (CDCl3, 100 MHz, δ with TMS = 0): 191.73, 190.86,
130.59, 129.50, 128.12, 126.40, 116.65, 56.27, 37.13, 33.03,
20.26; HRMS (TOF-ESI): calcd for C19H19ClO4: 346.0972
[M]+; observed, 347.0994 [M + H]+.
Synthesis of 2,2′-((2-Chloro-6-fluorophenyl)methylene)-

bis(3-hydroxycyclohex-2-en-1-one) (1g). Yield: 70%; color-
less crystals; mp: 197−199 °C; IR (KBr, cm−1): 3361 (OH),
3266 (OH), 2950 (−C−H stretch), 1710 (CO), 1125 (C−
F), 750 (C−Cl); 1H NMR (DMSO-d6, 400 MHz, δ (ppm)
with TMS = 0): 10.59 (1H, s), 7.10 (1H, d, J = 8 Hz), 7.05
(2H, d, J = 8 Hz), 4.93 (1H, s), 2.52−2.48 (4H, m), 2.46−2.24
(4H, m), 1.98−1.93 (4H, m); 13C NMR (DMSO-d6, 100
MHz, δ with TMS = 0): 197.15, 152.41, 167.32, 133.11,
128.27, 125.31, 123.81, 114.78, 112.34, 37.06, 27.55, 20.82,

20.50; HRMS (TOF-ESI): calcd for C19H18ClFO4, 364.878
[M]+; observed, 367.0659 [M+2 + H]+.

Synthesis of 2,2′-((4-Fluorophenyl)methylene)bis(3-hy-
droxycyclohex-2-en-1-one) (1h). Yield: 77%; colorless
crystals; mp: 203−205 °C; IR (KBr, cm−1): 3308 (OH),
2962 (−C−H stretch), 1710 (CO), 1307 (C−F); 1H NMR
(DMSO-d6, 400 MHz, δ (ppm) with TMS = 0): 7.15 (1H, d, J
= 4 Hz), 6.90 (1H, s), 6.90−6.86 (3H, m), 5.35 (1H, s), 3.83
(1H, d, J = 4 Hz), 3.30 (3H, s), 2.47−2.45 (4H, m), 2.45−2.38
(4H, m), 2.10−2.05 (4H, m); 13C NMR (DMSO-d6, 100
MHz, δ with TMS = 0): 206.54, 196.43, 168.10, 130.61,
114.55, 100.53, 60.23, 33.34, 32.37, 20.95, 20.19; HRMS
(TOF-ESI): calcd for C19H19FO4, 330.1267 [M]+; observed,
331.1286 [M + H]+.

Synthesis of 9-(3,4-Dimethoxyphenyl)-3,4,5,6,7,9-hexahy-
dro-1H-xanthene-1,8(2H)-dione (2a). Yield: 81%: colorless
crystals; mp: 193−195 °C; IR (KBr, cm−1): 3425 (OH),2928
(C−H stretch), 1664 (CO), 1601 (CC), 1130−1171
(C−OH stretch); 1H NMR (DMSO-d6, 400 MHz, δ (ppm)
with TMS = 0): 6.73 (2H, d, J = 8 Hz), 6.61 (1H, s), 4.50 (1H,
s), 3.65 (3H, s), 3.63 (3H, s),2.46−2.25 (4H, m), 2.24−2.15
(4H, m), 1.91−1.82 (4H, d, J = 4 Hz); 13C NMR (DMSO-d6,
100 MHz, δ with TMS = 0): 196.94, 165.21, 148.66, 147.81,
137.69, 120.16, 116.18, 112.84, 112.20, 55.97, 36.99, 30.63,
26.98, 20.45; HRMS (TOF-ESI): calcd for C21H22O5,
354.1467 [M]+; observed, 377.1232 [M + Na]+.

Synthesis of 9-(4-Hydroxyphenyl)-3,4,5,6,7,9-hexahydro-
1H-xanthene-1,8(2H)-dione (2b). Yield: 82%; colorless
crystals; mp: 195−197 °C; IR (KBr, cm−1): 3401 (OH),
3279 (OH), 2918 (C−H stretch), 1715 (CO), 1607 (C
C), 1177(C−OH stretch); 1H NMR (DMSO-d6,400 MHz, δ
(ppm) with TMS = 0): 9.16 (1H, s), 6.95 (2H, d, J = 8 Hz),
6.58 (2H, d, J = 8 Hz), 4.48 (1H, s), 2.33−2.26 (4H, m),
2.25−2.20 (4H, m), 2.09−1.92 (4H, m); 13C NMR (DMSO-
d6, 100 MHz, δ with TMS = 0): 196.81, 164.95, 156.10,
129.32, 116.41, 115.14, 36.92, 30.23, 26.90, 20.37; Anal.
Found: C, 73.49; H, 5.96; HRMS (TOF-ESI): calcd for
C19H18O4, 310.1205 [M]+; observed, 333.1176 [M + Na]+ and
217.0979 [M − C6H5O]

+.
Synthesis of 4-(1,8-Dioxo-2,3,4,5,6,7,8,9-octahydro-1H-

xanthen-9-yl)benzonitrile (2c). Yield: 85%; colorless crystals;
mp: 205−207 °C; IR (KBr, cm−1): 3406 (OH), 3170 (OH),
2221 (CN stretch), 1719 (CO), 1600 (CC); 1H NMR
(DMSO-d6, 400 MHz, δ (ppm) with TMS = 0): 7.64 (2H, d, J
= 4 Hz), 7.35 (2H, d, J = 4 Hz), 4.56 (1H, s), 2.6−2.47 (4H,
m), 2.46−2.22 (4H, m), 1.93−1.81 (4H, m); 13C NMR
(DMSO-d6, 100 MHz, δ with TMS = 0): 196.88, 165.90,
150.47, 132.48, 129.75, 119.36, 114.97, 109.53, 36.79, 32.16,
26.96, 20.29; Anal. Found: C, 75.33; H, 5.43; N, 4.48; HRMS
(TOF-ESI): calcd for C20H17NO3, 319.1208 [M]+; observed,
342.1269 [M + Na]+.

Synthesis of 9-(3-Hydroxyphenyl)-3,4,5,6,7,9-hexahydro-
1H-xanthene-1,8(2H)-dione (2d). Yield: 78%; colorless
crystals; mp:192−194 °C; IR (KBr, cm−1): 3474 (OH),

Table 2. Inhibitors Showing the Interactions with the Important Residues of the Catalytic XO Sitea

Cd LEU648 PHE649 GLU802 SER876 PHE914 PHE1009 docking scores IC50 (μM)b± SD

1b a a − a − − −5.07 4.98 ± 0.55
2b − − a a a a −5.48 4.08 ± 0.67
3a − − − a a a −6.10 3.66 ± 0.57
A − − a − a a −4.78 7.08 ± 0.73

a+ = interaction; − = no interaction; A = Allopurinol. bData are expressed as mean ± SD of three independent values.

Figure 9. Coordination distances of the synthesized inhibitors (1b,
2b, and 3a) with the molybdenum center of MPT at the catalytic XO
binding site.
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3377 (OH stretch), 3178 (OH), 2955 (−C−H), 1720 (C
O); 1H NMR (DMSO-d6, 400 MHz, δ (ppm) with TMS = 0):
9.16 (1H, s), 6.92 (2H, d, J = 8 Hz), 6.57 (2H, d, J = 4 Hz),
6.54 (1H, s), 4.47 (1H, s), 2.47−2.42 (4H, m), 2.40−2.24
(4H, m), 1.91−1.81 (4H, m); 13C NMR (DMSO-d6, 100
MHz, δ with TMS = 0): 196.78, 165.28, 157.49, 146.36,
129.39, 118.99, 115.67, 113.67, 36.97, 31.04, 27.00, 20.40;
HRMS (TOF-ESI): calcd for C19H18O4, 310.1205 [M]+;
observed, 311.1221 [M + H]+.
General Procedure for the Synthesis of 2-((1H-indol-3-

yl)methylene)cyclohexane-1,3-dione (3a). A mixture of 1,3-
cyclohexanedione (4, 0.20 g, 1.78 mmol, 1 equiv) and indole-
3-carboxaldehyde (5l, 0.26 g, 1.78 mmol, 1 equiv) was
dissolved in methanol, and the reaction mixture was stirred at
room temperature for about 6 h. The progress of the reaction
was monitored by TLC. After the completion of reaction
(TLC), the precipitate was filtered off, and washing was done
with excess methanol and dried to afford the crude product.
The crude product was further purified by recrystallization
from methanol.
Synthesis of 2-((1H-indol-3-yl)methylene)cyclohexane-

1,3-dione (3a). Yield: 72%; yellowish color crystals; mp:
162−164 °C; IR (KBr, cm−1): 3445 (N−H), 3049−2766
(CC), 1668 (CO), 1610 (CO); 1H NMR (DMSO-d6,
400 MHz, δ (ppm) with TMS = 0): 9.44 (1H, s), 8.50 (1H, s),
7.85 (1H, t, J = 4 Hz), 7.58 (1H, d, J = 4 Hz), 7.30 (2H, d, J =
4 Hz), 2.64−2.50 (1H, m), 1.98−1.92 (2H, m); 13C NMR
(DMSO-d6, 100 MHz, δ with TMS = 0): 198.32, 197.67,
140.84, 138.90, 137.05, 130.04, 125.89, 124.01, 122.88, 118.20,
113.57, 112.39, 18.58.; HRMS (TOF-ESI): calcd for
C15H13NO2, 239.0946 [M]+; observed, 240.1126 [M + H]+.
Biology. XO Inhibitory Assay. XO assay relies on the

principle of an oxidative enzymatic reaction that produces uric
acid via oxidation of xanthine by the catalytic action of XO.
The assay was performed in accordance with our previous
reported methodologies.28,29 Briefly, phosphate buffer (pH 7.5,
50 mM) was prepared by using 9.4 mL of (1M) KH2PO4
(potassium phosphate monobasic) and 40.6 mL of K2HPO4
(potassium phosphate dibasic). They were mixed together, and
the volume was made up to 1000 mL with deionized water.
Next, xanthine solution (0.10 mM) was prepared by dissolving
15.2 mg of xanthine in 1 mL of NaOH solution to prepare 0.1
(M) xanthine stock solution (1 μL/mL) in deionized water.
HCl (1 M) was added to maintain the pH level. XO enzyme
solution (0.1−0.2 unit/mL) was made using 1 mg of
lyophilized powder of XO enzyme in 1 mL of cold phosphate
buffer reagents to prepare a stock solution of 16 U/mL. From
the prepared working solution, the stock solution was diluted
up to the required volume. Next, the inhibitory effect on XO
was measured under aerobic condition spectrophotometrically
at 292 nm. The reaction mixture comprises 1.5 mL of 50 mM
potassium phosphate buffer (pH 7.4), 1 mL of test sample
solution (1,5, 25, and 50 μM) dissolved in biological grade
DMSO, and 0.5 mL of freshly prepared XO enzyme solution.
The mixture was then preincubated for 15 min at room
temperature. Then, 1 mL of substrate solution (0.10 mM of
xanthine) was added to the mixture followed by its incubation
for 30 min, and then the reaction was stopped by adding 1 mL
of 1M HCl. A blank was prepared by replacing xanthine with
phosphate buffer, and the absorbance was measured. Readings
were taken in triplicate. The percentage inhibition of XO was
measured using the formula

= [ − ] ×A A A% inhibition ( )/ 100c s c

where Ac = absorbance of control (sample in absence of XO
inhibitors) and As = absorbance of treated samples.
IC50 was calculated using Graph Prism Software, and

Lineweaver−Burk plotting was done using MS Excel.
Culturing and Maintenance of Cells. The cells used in

the experiments were purchased from the National Centre for
Cell Science, Pune India. The cells were grown in T-25 flasks
(corning) culture medium comprising Dulbecco’s modified
Eagle’s medium, fetal bovine serum (10%), and 1× penicillin-
streptomycin antibiotic solution. Cell maintenance was done in
an incubator under standard conditions of 5% CO2 and 95%
humidity at 37 °C. Once cells became confluent (70−80%),
they were split by trypsinization. Both cancer and normal cells
were maintained under the abovementioned conditions.

Amplex Red Assay. Amplex Red reagent was purchased
from Invitrogen, India and was as per the manufacturer
protocol (catalog no. A12214). The assay relies on the
principle that nonfluorescent Amplex red gets oxidized to
resorufin (highly absorbing and fluorescent pink compound) in
the presence of H2O2 under HRP-catalyzed reaction.55 Briefly,
normal (HEK293) and breast cancer (MCF-7) cells were
seeded in a 96-well plate and treated with investigational
compounds at varying concentrations and were further
incubated for 24 h. After the stipulated interval, the media
was removed and supplemented with phosphate-buffered
saline (1× PBS). Thereafter, 50 μL of Amplex Red (Stock:
50 μM) and HRP (0.1 unit/mL) were added to each well and
kept in the dark for 30 min. The fluorescence was measured
using a microplate reader 530/590 nm (Ex/Em). Standard
curves were obtained using predefined volumes of H2O2 along
with Amplex red and HRP. The experiment was done in
triplicate.

MTT Assay. For the MTT assay, approximately 10 000 cells
were seeded in each well of 96-well plates. After 24 h, serum
starvation was given for 4 h, before replenishing the complete
media. After that, treatment of cells with selected compounds
at varying concentrations was given, and the cells were
incubated for 24 h. After the stipulated time period, the
medium was discarded and cells were washed with 1× PBS.
Then, MTT dye 10 μL (5 mg/mL stock) was added to each
well, and the plate was incubated in the dark for 4 h. The
formazan crystals so formed were dissolved in DMSO, and
absorbance was measured at 570 nm using a microplate reader.
The results were represented graphically in terms of percent
survival.61−64

Molecular Modeling. The 3D structure of XO (PDB ID:
3BDJ)59 was retrieved from Protein Data Bank (www.rcsb.
org). The predictions of the binding sites were done on the
basis of the ligand (oxypurinol) present in the binding cavity
using the receptor grid generation module in Maestro 11.4.
Structures of the compounds (ligands) were drawn using
ChemDraw Professional. The geometries of the compounds
were subsequently optimized by OPLS3 force field using
LIGPREP module in Schrodinger (2018−3).60 The ligands
were docked at the binding site of XO using the GLIDE
module of Schrodinger software.65 GLIDE uses a Lamarckian
genetic algorithm for the generation of different conformations
of a ligand. It was used for the ranking of docked
conformations of inhibitors. The Glide score comprises the
following equation
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= × + × +

+ + + + +

E E E

E E E E E

Glide score 0.065 0.130vdW coul lipo

Hbond metal buryP rotB site

Computational Method. Quantum chemical calculations
were employed with Gaussian09 suite of programs.66 Density
functional theory was used for the geometry optimizations and
frequency calculations for all structures using the B3LYP67

functional and the 6-311+G(d,p) basis set. The transition
states were confirmed to have only one imaginary frequency.
The energy values discussed in the manuscript are based on
the free energy (ΔG) changes.
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