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1. Introduction 

Xanthine oxidase (XO) is an enzyme that contains a 
molybdenum atom at the active site and catalyzes the oxidation 
of purine bases to uric acid.1 Since a high level of uric acid in the 
blood is associated with gout, XO inhibitors are widely used for 
the treatment of hyperuricemia, and consequently gout.2 Even 
though allopurinol was developed as an XO inhibitor over 60 
years ago, it remains the most widely prescribed therapeutic drug 
for hyperuricemia and gout worldwide (Figure 1).3 However, 
allopurinol and its metabolites may cause serious adverse effects 
on account of the purine skeleton.4,5 On the other hand, 
febuxostat, which is a recently developed XO inhibitor, exhibits 
a non-purine skeleton and does not show the side effects 
observed for allopurinol (Figure 1).6 Allopurinol and its active 
metabolite oxyprinol coordinate to the molybdenum atom at the 
active site of XO and inhibit the oxidation of hypoxanthine and 
xanthine to uric acid.7,8 In contrast, febuxostat does not form 
coordination bonds with the molybdenum atom, but binds to the 
narrow aisle through which xanthine passes.9,10 Its carboxylic 
acid group forms hydrogen bonds with the amino acid residues at 
the active site of XO. Although various XO inhibitors have been 
developed since allopurinol has been used as a therapeutic agent 
for gout, there are only a few clinically used XO inhibitors for 
the treatment of hyperuricemia and gout.11 Therefore, the 
development of novel XO inhibitors with non-purine skeletons 
should be highly desirable, as they should increase treatment 
options for these diseases. 

 
Figure 1. Chemical structures of allopurinol and febuxostat. 

 

Tropolone is a seven-membered non-benzenoid aromatic 
compound that contains three double bonds conjugated with a 
carbonyl group and a hydroxyl group (Figure 2).12 β-Thujaplicin 
is a tropolone-containing natural product that shows inhibitory 
activity against several enzymes.13-16 We have previously 
reported that tropolone can act as a bioisostere of benzoic acid in 
the development of retinoic-acid-receptor modulators.17 Several 
papers have already been published that use tropolone 
derivatives as ligands for metal complexes.18-20 We thus 
considered that tropolone might bind to the molybdenum atom at 
the active site of XO in a chelating fashion similar to allopurinol, 
or attach to the narrow aisle to the molybdenum atom via the 
formation of hydrogen bonds similar to febuxostat. Based on the 
chemical structures of clinical XO inhibitors, and the synthetic 
advantages of tropolone derivatives, 5-arylazotropolone 
derivatives 1 and 2 were designed as novel XO inhibitors (Figure 
2). 

Herein, we describe the synthesis of 5-arylazotropolone 
derivatives 1 and 2, as well as their structure-activity relationship 
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regarding the inhibition of XO. Additionally, we describe 
enzyme-kinetic and docking-simulation studies involving 1j, 
which exhibited the most potent XO-inhibitory activity. 

 

Figure 2. Structures of tropolone and the designed molecules (1 and 2) as 

novel XO inhibitors. 

 

2. Results and discussion 

2.1. Synthesis of the tropolone derivatives 1 and 2 

Tropolone was synthesized from dicyclopentadiene 3 
according to a previously reported procedure (Scheme 1).21 
Briefly, cyclopentadiene 4, which was obtained from the 
cracking of 3 at 200 oC, was reacted with dichloroketene, which 
was obtained from the in-situ reaction of dichloroacetyl chloride 
with triethylamine, to give 7,7-dichlorobicyclo[3.2.0]hept-2-en-
6-one (5) in 79% yield. Bicyclic intermediate 5 was subsequently 
treated with sodium acetate to give crude tropolone 6 in 95% 
yield. Vacuum distillation and recrystallization from AcOEt 
afforded pure 6 as colorless needles. 

 

Scheme 1. Synthesis of tropolone. Reagents and conditions: a) 200 °C; b) 

Cl2CHCOCl, Et3N, pentane, 79%; c) NaOH, acetic acid, 95%. 

 

Commercially available anilines (7) were transformed into the 
corresponding diazonium salts using sodium nitrite, and 

subsequently reacted with sodium troponate under basic 
conditions to give the corresponding 5-arylazotropolone 
derivatives (Scheme 2). Compound 1t was treated with 
trimethylsilyldiazomethane to afford 2, which contains a 
methoxy instead of a hydroxy group on the tropolone ring 
(Scheme 2).22 All synthesized derivatives were purified by 
recrystallization due to the strong adsorption of tropolone 
derivatives on silica gel. 

 

Scheme 2. Synthesis of tropolone derivatives 1 and 2. Reagents and 

conditions: a) (i) 10% HCl aq., (ii) NaNO2, (iii) sodium troponate, 10% 

NaOH aq., (iv) recrystallization, 2‒62%; b) TMS diazomethane, MeOH, 
recrystallization, 31%. 

 

2.2. Biological evaluations of the synthesized compounds 1 and 2 

The XO-inhibitory activity of the synthesized compounds was 
evaluated by means of in vitro enzyme-inhibitory assays using 
XO from bovine milk and xanthine as a substrate.23,24 XO-
inhibitory rates (%) of each test compound at specific 
concentrations (100 µM ‒ 10 nM) were determined based upon 
the quantity of uric acid, which is a metabolite of xanthine, 
estimated from the absorbance at 290 nm. IC50 values of the test 
compounds were calculated from the dose-response curves 
obtained from the XO-inhibitory rates at each concentration. The 
XO-inhibitory activity values of the test compounds are 
summarized in Table 1.  

 

Table 1. IC50 values of tropolone derivatives 1 and 2 against XO.a 



  

 
aAll XO inhibitory assays were treated with the test compounds (1 nM – 100 µM) in the presence of XO and xanthine as a substrate and performed in triplicate (n 
= 3). bIC50 values of the tested compounds were calculated from dose-response curves based on the inhibitory rate against XO. 

 

Non-substituted derivative 1a showed a ~ 20 times weaker 
XO-inhibitory activity than allopurinol. The introduction of 
fluorine and chlorine atoms at the meta position on the benzene 
ring increased the XO-inhibitory activity, while both m-bromo 
(1d) and m-iodo derivatives (1e) were inactive. Although m-
methyl derivative 1f was inactive, trifluoromethyl derivative 1g 
inhibited the catalytic activity of XO (IC50 = 7.4 µM). It seems 
that the presence of an electron-withdrawing group at the meta 
position of the benzene ring plays an important role for the 
inhibitory activity of XO. Given the Hammett constant of the 
methoxy group at the meta position (σm = 0.12), 1h should be 
active for the inhibition of XO.25 However, the size of the 
methoxy group might be slightly large for the ligand-binding 
pocket of XO. While both 1i and 1j, which contain strong 
electron-withdrawing groups, showed more potent XO-inhibitory 
activity than allopurinol, 1j acted as the most potent inhibitor 
among all tested compounds. Even though ester groups are also 
electron withdrawing, the XO-inhibitory activity of 1k was a 
very weak. This low activity may be attributed to the relatively 
large size of the ester group relative to the ligand-binding pocket 
of XO.  

Interestingly, 1l‒1o, which contain electron-withdrawing 
groups at the para position of the benzene ring, did not show any 
inhibitory activity, even though 1n contains a nitro group with 
highly electron-withdrawing properties. The observed activity 
patterns may be rationalized in terms of a steric repulsion 
between the substituents at the para position of the benzene ring 
and the amino-acid residues on the ligand-binding pocket of XO. 

 Compound 1p, which contains an additional methyl 
group at the ortho position of 1j, showed weak XO-inhibitory 
activity and an IC50 value of 23 µM, which is ~ 50 times lower 

than that of the parent compound (1j). Compound 1q, which 
contains a methyl group at the ortho position relative to 1d, was 
also inactive. Probably, the presence of a methyl group at the 
ortho position negatively affect the XO-inhibitory activity via the 
electron-donating nature or some sterically hinderance. The XO-
inhibitory activity of 1r decreased remarkably compared to that 
of the parent compound (1g) due to the introduction of a cyano 
group at the para position. As shown for 1f and 1g, similar 
substituent effects for the XO-inhibitory activity by methyl and 
trifluoromethyl groups were also observed in 3,5-dimethylphenyl 
derivative 1s and 3,5-bis(trifluoromethyl)phenyl derivative 1t, 
respectively. Although 1s was inactive, the XO inhibitory 
activity of 1t was more potent than that of the parent compound 
(1g) and similar to that of allopurinol. This might be caused by 
the electronic substituent effects arising from the presence of two 
trifluoromethyl groups at the meta position of 1t. Trimethoxy 
derivative 1u maintained weak XO-inhibitory activity owing to 
the presence of two methoxy groups at the meta position, albeit 
that there are three methoxy groups present on the benzene ring. 
When the hydroxy group of the tropolone ring of 1t was 
protected with a methyl group, the XO-inhibitory activity of 1t, 
which is similar to that of allopurinol, ceased (compound 2). 
Accordingly, we concluded that the hydroxy group of the 
tropolone ring should interact with the active site of XO, and that 
the enhancement of the acidity of the hydroxy group relates 
closely to the increase of the XO-inhibitory activity. 

 

2.3. Kinetic studies on 1j for XO-inhibitory process 

To determine the XO-inhibitory mechanisms of 5-
arylazotropolone derivatives, we carried out kinetic studies on 



  

the selected compound 1j.23,24 A Lineweaver-Burk (LB) plot 
analysis on the oxidation of xanthine by XO in the presence 
(0.25, 0.5, or 1.0 µM) or absence of 1j was performed (Figure 3). 
Km and Vmax values for each concentration of 1j were estimated 
from the intersections of the x- and y-axes on the LB plot, 
respectively (Table 2). The Km values increased with increasing 
concentrations of 1j, while the Vmax values exhibited a 
concentration-dependent decrease. Thus, an intersection of 
straight lines obtained from each concentration is located 
between the x- and y-axes plots, suggesting that 1j engages in 
competitive and non-competitive XO-inhibitory mechanisms, in 
a fashion similar to allopurinol and febuxostat.8,9 

 

Figure 3. Lineweaver-Burk plots for the oxidation of xanthine by XO in the 
presence and absence of 1j. 

 

Table 2. Km and Vmax values for XO in the presence and absence of 1j.a 

 
a
Km and Vmax values were estimated from enzyme-kinetic studies. 

 

2.4. Docking simulation study of 1j using XO 

A docking-simulation study of XO (PDB: 1N5X) with the 
selected inhibitor 1j was carried out using an automatic docking 
program (Discovery Studio 4.5/CDOCKER).26 The docking 
mode of 1j at the active site of XO is shown in Figure 4. The 
carbonyl group of the tropolone ring engaged in hydrogen bonds 
with a hydroxy group bound to the molybdenum ion at the active 
site and the NH group of Ala1079 as the backbone. The acidic 
hydroxy group of the tropolone ring interacted with the 
guanidine group of Arg880 of XO. These results suggest that the 
loss of the XO-inhibitory activity of 2 is due to the protection of 
the hydroxy group by the methyl group. Furthermore, the potent 
inhibitory activity observed in the tropolone derivatives with an 
electron-withdrawing group might be caused by the interaction 
between the troponate anion derived from the acidic hydroxy 
group and the cationic guanidinium group of Arg880. It seems 
that a nitro group on the benzene ring of 1j interacted with the 
amino acid residue of Lys771. The poor inhibitory activity of the 
ester group in 1k could be explained by the steric repulsion with 
the amino acid residue of Lys771. Several hydrophobic amino-
acid residues of XO are close to the tropolone and benzene rings 

on account of the hydrophobic interactions, as shown in the X-
ray diffraction co-crystal structure of febuxostat with XO.9,10 

 

Figure 4. Plausible binding mode of 1j with XO obtained from a docking-

simulation study. 

 

3. Conclusion 

Based on the chemical properties of tropolone, i.e., the 
chelating effect and the pKa value that is similar to that of 
carboxylic acid, simple and facile azotropolone derivatives were 
designed and synthesized as novel XO inhibitors. The hydroxy 
and carbonyl groups of the tropolone ring of the azotropolone 
derivatives are very important for the XO-inhibitory activity. 
Compound 1j showed a potent XO-inhibitory activity that was 
ca. tenfold higher than that of allopurinol, and acted as a mixed-
type inhibitor with both competitive and non-competitive 
inhibition mechanisms, similar to those of allopurinol and 
febuxostat. Docking-simulation studies of 1j with XO suggested 
three important interactions: (i) hydrogen bonds between the 
carbonyl group of the tropolone ring, a hydroxy group bound to 
the molybdenum ion, and the NH group of Ala1079 as a 
backbone; (ii) a hydrogen bond between the acidic hydroxy 
group of the tropolone ring and the guanidine group of Arg880, 
and (iii) an electrostatic interaction between the nitro group on 
the benzene ring and the amino acid residue of Lys771. SAR 
studies of a linking group and tropolone ring of 1j, as well as 
QSAR studies on the pKa values of the azotropolone derivatives 
are currently in progress in our laboratory in order to discover 
more potent and non-toxic XO inhibitors. 

 

4. Experimental 

4.1. General Considerations 

Melting points were determined using a Yanaco micro 
melting point apparatus and are uncorrected. 1H NMR and 13C 
NMR spectra were recorded on JEOL JNM-EX-270 and JNM-
LA-400 spectrometers. Chemical shifts for the 1H NMR spectra 
are referenced to tetramethylsilane (0.0 ppm) as an internal 
standard. Chemical shifts for the 13C NMR spectra are referenced 
to the signals of residual non-deuterated solvents within the 
deuterated solvents. The splitting patterns are assigned as 
follows: s (singlet), d (doublet), t (triplet), q (quartet), and m 
(multiplet). Mass spectra were recorded on a JEOL JMS-DX-303 
spectrometer. Elemental analyses were performed on a Perkin 
Elmer 2400 CHN spectrometer. TLC was performed on F254 
silica gel from Merck. Reagents were purchased from Wako 
Pure Chemical Industries, Ltd., Sigma-Aldrich Co., and Tokyo 
Chemical Industry, Ltd. (TCI). All solvents (reagent quality) 
were purchased from common commercial sources and used 



  

without further purification. Yields of the tested compounds in 
this section represent those after recrystallization. 

4.1.1.  (E)-5-phenyl -2-hydroxycyclohepta-2, 4,6-

t ri enone (1a )  

A solution of aniline 7a (188 mg, 2.0 mmol) in 6 mL of 10% 
hydrochloric acid was treated dropwise with a 2 N aqueous 
solution of NaNO2 (2 mL, 4.0 mmol) at 0 °C, and the mixture 
was stirred at 0 °C for 30 min to prepare the corresponding 
diazonium salt in situ. A solution of sodium troponate, which 
was prepared from tropolone (262 mg, 2.2 mmol) and 10 mL of 
a 10% aqueous solution of NaOH, was added at 0 °C, and the 
reaction mixture was stirred at room temperature overnight. The 
mixture was poured into 10% hydrochloric acid, and the thus 
obtained brown precipitate was collected, washed with water, 
and dried to afford 571 mg (quantitative yield) of crude 1a, 
which was purified by recrystallization from AcOEt to afford 
116 mg (25% yield) of brown needles; mp 159‒160 °C; 1H NMR 
(400 MHz, DMSO-d6) δ (ppm) 7.36 (d, J = 12.0 Hz, 2H), 
7.39‒7.62 (m, 3H), 7.87 (dd, J = 2.0 Hz, 8.4 Hz, 2H), 8.11 (dd, J 
= 1.2 Hz, 12.0 Hz, 2H); 13C NMR (100 MHz, DMSO-d6) δ 
(ppm) 122.6, 123.9, 129.5, 131.6, 133.0, 149.6, 151.6, 171.9; IR 
(KBr, cm-1) 3172 (OH), 1612 (C=O), 1560 (N=N); MS (EI) m/z 
77 (100%), 226 (M+); HRMS Calcd. for C13H10N2O2: 226.0742, 
Found: 226.0736; Anal. Calcd. for C13H10N2O2 0.1 H2O: C 68.47, 
H 4.51, N 12.29, Found: C 68.42, H 4.50, N 12.19. 

 

4.1.2.  (E)-5- (3-Fluoropheny l )-2-
hydroxycyclohepta-2,4, 6- tri enone (1b)  

Compound 1b was prepared by the same method as described 
for the synthesis of 1a using 3-fluoroaniline (222 mg, 2.0 mmol) 
instead of aniline; 182 mg (34% yield); red needles (AcOEt); mp 
177‒178 °C; 1H NMR (400 MHz, DMSO-d6) δ (ppm) 7.35 (dd, J 
= 1.9 Hz, 12.2 Hz, 2H), 7.44 (ddd, J = 1.1 Hz, 2.7 Hz, 8.4 Hz, 
1H), 7.59‒7.67 (m, 2H), 7.77 (ddd, J = 1.1 Hz, 2.7 Hz, 8.1 Hz, 
1H), 8.11 (dd, J = 1.1 Hz, 11.9 Hz, 2H); 13C NMR (100 MHz, 
DMSO-d6) δ (ppm) 107.5, 107.7, 118.0, 118.2, 120.5, 123.8, 
131.3, 133.3, 161.5, 163.9, 172.2; MS (EI) m/z 244 (M+, 100%); 
HRMS Calcd. for C13H9FN2O2: 244.0648, Found: 244.0642; 
Anal. Calcd. for C13H9FN2O2: C 63.93, H 3.71, N 11.47, Found: 
C 63.91 H 3.79, N 11.43. 

 

4.1.3.  (E)-5- (3-Chloropheny l )-2-

hydroxycyclohepta-2,4, 6- tri enone (1c )  

Compound 1c was prepared by the same method as described 
for the synthesis of 1a using 3-chloroaniline (290 mg, 2.3 mmol) 
instead of aniline; 245 mg (47% yield); red/brown needles 
(AcOEt); mp 170‒172 °C; 1H NMR (400 MHz, DMSO-d6) δ 
(ppm) 7.34 (d, J = 12.0 Hz, 2H), 7.62-7.63 (m, 2H), 7.84‒7.87 
(m, 2H), 8.11 (dd, J = 1.2 Hz, 12.0 Hz, 2H); 13C NMR (100 MHz, 
DMSO-d6) δ (ppm) 120.9, 122.6, 123.8, 130.9, 131.3, 133.4, 
134.2, 149.4, 152.5, 172.3; MS (EI) m/z 111 (100%), 260 (M+); 
HRMS Cacld. for C13H9

35ClN2O2: 260.0353, Found: 260.0347, 
Cacld. for C13H9

37ClN2O2: 262.0323, Found: 262.0331; Anal. 
Calcd. for C13H9ClN2O2 0.1 H2O: C 59.48, H 3.53, N 10.68, 
Found: C 59.40, H 3.49, N 10.62. 

 

4.1.4.  (E)-5- (3-Bromophenyl )-2-hydroxycyclohepta-

2 ,4,6-t ri enone (1d )  

Compound 1d was prepared by the same method as described 
for the synthesis of 1a using 3-bromoaniline (390 mg, 2.3 mmol) 
instead of aniline; 249 mg (35% yield); brown needles (AcOEt); 
mp 170‒171 °C; 1H NMR (400 MHz, DMSO-d6) δ (ppm) 7.36 

(d, J = 12.0 Hz, 2H), 7.56 (t, J = 8.0 Hz, 1H), 7.75 (dd, J = 0.8 
Hz, 8.0 Hz, 1H), 7.90 (dd, J = 0.8 Hz, 8.0 Hz, 1H), 7.97 (t, J = 
2Hz, 1H), 8.12 (d, J = 12.4 Hz, 2H); 13C NMR (100 MHz, 
DMSO-d6) δ (ppm) 122.6, 123.2, 123.6, 123.8, 131.6, 133.4, 
133.8, 149.4, 152.6, 172.1; MS (EI) m/z 304 (M+, 100%); HRMS 
Calcd. for C13H9

79BrN2O2: 303.9847, Found: 303.9854, HRMS 
Calcd. for C13H9

81BrN2O2: 305.9827, Found: 305.9830; Anal. 
Calcd. for C13H9BrN2O2: C 51.17, H 2.97, N 9.18, Found: C 
50.87, H 3.00, N 9.17. 

 

4.1.5.  (E)-5- (3- Iodopheny l )-2-hydroxycyclohepta-

2 ,4,6-t ri enone (1e)  

Compound 1e was prepared by the same method as described 
for the synthesis of 1a using 3-iodoaniline (456 mg, 2.1 mmol) 
instead of aniline; 149 mg (20% yield); purple/brown needles 
(AcOEt); mp 198‒201 °C; 1H NMR (400 MHz, DMSO-d6) δ 
(ppm) 7.35 (d, J = 12.0 Hz, 2H), 7.40 (t, J = 8.0 Hz, 7.6 Hz 1H), 
7.90 (dd, J = 1.2 Hz, 7.6 Hz, 2H), 8.11 (dd, J = 1.2 Hz, 12.4 Hz, 
2H), 8.13 (dd, J = 1.6 Hz, 1H); 13C NMR (100 MHz, DMSO-d6) 
δ (ppm) 95.6, 123.6, 123.8, 129.4, 131.6, 133.3, 139.7, 149.4, 
152.4, 172.1; MS (EI) m/z 352 (M+, 100%); HRMS Calcd. for 
C13H9IN2O2: 351.9709, Found: 351.9707; Anal. Calcd. for 
C13H9IN2O2: C 44.34, H 2.58, N 7.96, Found: C 44.09, H 2.68, N 
7.82. 

 

4.1.6.  (E)-5- (3-Tolyl )-2-hydroxycyclohepta-2,4,6-

t ri enone (1f ) 

Compound 1f was prepared by the same method as described 
for the synthesis of 1a using m-toluidine (260 mg, 2.4 mmol) 
instead of aniline; 65 mg (14% yield); brown thin needles 
(AcOEt); mp 170‒171 °C; 1H NMR (400 MHz, DMSO-d6) δ 
(ppm) 2.41(s, 3H), 7.35 (dd, J = 1.2 Hz, 12.0 Hz, 2H), 7.40 (t, J 

= 7.6 Hz, 8.4 Hz 1H), 7.67 (dd, J = 1.2 Hz, 6.0 Hz, 2H), 8.10 (dd, 
J =1.2 Hz, 12.0 Hz, 2H); 13C NMR (100 MHz, DMSO-d6) δ 
(ppm) 20.9, 120.3, 122.6, 123.9, 129.3, 132.3, 132.9, 139.0, 
149.6 151.6, 171.9; MS (EI) m/z 240 (M+), 91 (100%); HRMS 
Calcd. for C14H12N2O2: 240.0899, Found: 240.0893; Anal. Calcd. 
for C14H12N2O2: C 69.99, H 5.03, N 11.66, Found: C 70.05, H 
5.12, N 11.56. 

 

4.1.7.  (E)-5- (3-Trif l uoromethylpheny l )-2-

hydroxycyclohepta-2,4,6- tri enone (1g )  

Compound 1g was prepared by the same method as described 
for the synthesis of 1a using 3-(trifluoromethyl)aniline (328 mg, 
2.0 mmol) instead of aniline; 157 mg (26% yield); red/purple 
needles (AcOEt); mp 189‒192 °C; 1H NMR (400 MHz, DMSO-
d6) δ (ppm) 7.36 (d, J = 12.2 Hz, 2H), 7.84 (t, J = 7.8 Hz, 1H), 
7.92 (d, J = 7.6 Hz, 1H), 8.15 (dd, J = 7.0 Hz, 12.2 Hz, 4H); 13C 
NMR (100 MHz, DMSO-d6) δ (ppm) 118.4, 122.5, 123.8, 125.2, 
126.9. 127.7, 130.3, 131.0, 133.5, 149.5, 151.6, 172.2; MS (EI) 
m/z 145 (100%), 294 (M+); HRMS Calcd. for C14H9FN2O2: 
294.0616, Found: 294.0624; Anal. Calcd. for C14H9FN2O2: C 
57.15, H 3.08, N 9.52, Found: C 56.85, H 3.13, N 9.52.  

 

4.1.8.  (E)-5- (3-Methoxyphenyl )-2-

hydroxycyclohepta-2,4,6- tri enone (1h )  

 Compound 1h was prepared by the same method as 
described for the synthesis of 1a using m-anisidine (754 mg, 6.1 
mmol) instead of aniline; 151 mg (10% yield); brown prisms 
(AcOEt); mp 155‒157 °C; 1H NMR (400 MHz, DMSO-d6) δ 
(ppm) 3.84 (s, 3H), 7.12‒7.16 (m, 1H), 7.36 (d, J = 12.4 Hz, 2H), 



  

7.38‒7.39 (m, 1H), 7.49 (s, 1H), 7.48‒7.53 (m, 1H), 8.09 (d, J = 
12.4 Hz, 2H); 13C NMR (100 MHz, DMSO-d6) δ (ppm) 55.4, 
106.1, 116.3, 117.8, 123.8, 130.3, 133.0, 149.5, 152.8, 160.1, 
171.9; MS (EI) m/z 107 (100%), 256 (M+); HRMS Calcd. for 
C14H12N2O3: 256.0849, Found 256.0846, Anal. Calcd. for 
C14H12N2O3: C 65.61, H 4.72, N 10.93 Found: C 65.36, H 4.71, 
N 10.93 

 

4.1.9.  (E)-5- (3-Cyanopheny l )-2-hydroxycyclohepta-

2 ,4,6-t ri enone (1i ) 

Compound 1i was prepared by the same method as described 
for the synthesis of 1a using 3-aminobenzonitrile (236 mg, 2.0 
mmol) instead of aniline; 63 mg (13% yield); red needles 
(AcOEt); mp 199‒201 °C; 1H NMR (400 MHz, DMSO-d6) δ 
(ppm) 7.36 (d, J = 12.2 Hz, 2H), 7.79 (t, J = 8.0 Hz, 1H), 8.01 (d, 
J = 7.6 Hz, 1H), 8.12 (d, J = 12.0 Hz, 2H), 8.16 (d, J = 1.9 Hz, 
1H), 8.26 (t, J = 1.7 Hz, 1H), 13C NMR (100 MHz, DMSO-d6) δ 
(ppm) 112.6, 118.1, 123.8, 126.0, 127.1, 131.0, 133.5, 134.5, 
149.3, 151.5, 172.4; MS (EI) m/z 251 (M+, 100%); HRMS Calcd. 
for C14H9N3O2: 251.0695, Found: 251.0691; Anal. Calcd. for 
C14H9N3O2: C 66.93, H 3.61, N 16.73, Found: C 66.63, H 3.68, 
N 16.64. 

 

4.1.10.  (E)-5- (3-Nit rophenyl )-2-hydroxycyclohepta-

2 ,4,6-t ri enone (1j ) 

Compound 1j was prepared by the same method as described 
for the synthesis of 1a using 3-nitroaniline (277 mg, 2.0 mmol) 
instead of aniline; 301 mg (55% yield); red/brown needles 
(AcOEt); mp 231–232 °C; 1H NMR (400 MHz, DMSO-d6) δ 
(ppm) 7.35 (d, J = 11.6 Hz, 2H), 7.89 (t, J = 8.0 Hz, 1H), 8.15 (d, 
J = 11.6 Hz, 2H), 8.31 (d, J = 7.6 Hz, 1H), 8.39 (d, J = 7.2 Hz, 
1H), 8.52 (s, 1H); 13C NMR (100 MHz, DMSO-d6) δ (ppm) 
115.5, 123.7, 125.2, 129.6, 131.1, 133.6, 148.7, 151.8, 152.4, 
172.4; MS (EI) m/z 271 (M+, 100%); HRMS Calcd. for 
C13H9N3O4: 271.0594, Found: 271.0597; Anal. Calcd. for 
C13H9N3O4 · 0.1 H2O: C 57.18, H 3.40, N 15.39, Found: C 57.10, 
H 3.24, N 15.78. 

 

4.1.11.  (E)-5- (3-Methoxycarbonylphenyl )-2-

hydroxycyclohepta-2,4, 6- tri enone (1k)  

Compound 1k was prepared by the same method as described 
for the synthesis of 1a using methyl 3-aminobanzoate (604 mg, 
4.0 mmol) instead of aniline; 203 mg (36% yield): brown thin 
needles (AcOEt); mp 202‒206 °C; 1H NMR (400 MHz, DMSO-
d6) δ (ppm) 3.88 (s, 3H), 7.36 (d, J = 12.0 Hz, 2H), 7.74 (t, J = 
7.8 Hz, 1H), 8.11‒8.15 (m, 4H), 8.33 (d, J = 1.7 Hz, 1H), 13C 
NMR (100 MHz, DMSO-d6) δ (ppm) 52.5, 122.5, 123.8, 127.8, 
130.3, 131.0, 131.6, 133.3, 149.5, 151.5, 165.6, 172.1; MS (EI) 
m/z 135 (100%), 284 (M+); HRMS Calcd. for C15H12N2O4: 
284.0797, Found: 284.0798; Anal. Calcd. for C15H12N2O4: C 
63.38, H 4.25, N 9.85, Found: C 62.75, H 4.24, N 9.73. 

 

4.1.12.  (E)-5- (4-Fluorophenyl )-2-
hydroxycyclohepta-2,4, 6- tri enone (1l )  

Compound 1l was prepared by the same method as described 
for the synthesis of 1a using 4-fluoroaniline (243 mg, 2.2 mmol) 
instead of aniline; 152 mg (33% yield); yellow/brown plates 
(AcOEt); mp 201‒202 °C; 1H NMR (400 MHz, DMSO-d6) δ 
(ppm) 7.36 (d, J = 12.0 Hz, 2H), 7.43 (t, J = 8.8 Hz, 2H), 7.94 
(dt, J = 5.4 Hz, 9.0 Hz, 2H), 8.08 (d, J = 12.0 Hz, 2H); 13C NMR 
(100 MHz, DMSO-d6) δ (ppm) 116.4, 116.7, 123.9, 124.9, 125.0, 

133.0, 148.4, 149.6, 162.6, 165.1, 171.9; MS (EI) m/z 95 (100%), 
244 (M+); HRMS Calcd. for C13H9FN2O2: 244.0648, Found: 
244.0655; Anal. Calcd. for C13H9FN2O2 · 0.1 H2O: C 63.46, H 
3.77, N 11.39, Found: C 63.36, H 3.77, N 11.33. 

4.1.13.  (E)-5-(4-Met hoxyphenyl )-2-

hydroxycyclohepta-2,4,6- tri enone (1m ) 

Compound 1m was prepared by the same method as 
described for the synthesis of 1a using p-anisidine (247 mg, 2.0 
mmol) instead of aniline; 77 mg (15% yield); brown needles 
(AcOEt); mp 170‒174 °C; 1H NMR (400 MHz, DMSO-d6) δ 
(ppm) 3.86 (s, 3H) 7.13 (d, J = 9.1 Hz, 2H), 7.35 (d, J = 12.2 Hz, 
2H), 7.87 (d, J = 9.1 Hz, 2H), 8.05 (d, J = 12.0 Hz, 2H); 13C 
NMR (100 MHz, DMSO-d6) δ (ppm) 55.7, 114.7, 123.9, 124.7, 
132.4, 145.9, 149.7, 162.1, 171.7; MS (EI) m/z 107 (100%), 256 
(M+); HRMS Calcd. for C14H12N2O3: 256.0848, Found: 
256.0846; Anal. Calcd. for C14H12N2O3: C 65.62, H 4.72, N 
10.93, Found: C 65.34, H 4.65, N 10.80. 

 

4.1.14.  (E)-5-(4-Nit rophenyl )-2-hydroxycyclohept a-

2 ,4,6-t ri enone (1n)  

Compound 1n was prepared by the same method as described 
for the synthesis of 1a using 4-nitroaniline (558 mg, 4.0 mmol) 
instead of aniline; 55 mg (10% yield); brown needles (AcOEt); 
mp 250‒254 °C; 1H NMR (270 MHz, DMSO-d6) δ (ppm) 7.26 
(d, J = 12.0 Hz, 2H), 8.01 (d, J = 9.1 Hz, 2H), 8.1 (d, J = 9.1 Hz, 
2H), 8.41 (d, J = 12.0 Hz, 2H); 13C NMR (100 MHz, DMSO-d6) 
δ (ppm) 122.9, 123.8, 125.2, 133.8, 147.8, 154.5, 173.8; MS (EI) 
m/z 271 (M+, 100%); HRMS Calcd. for C13H9N3O4: 271.0593, 
Found: 271.0596; Anal. Calcd. for C13H9N3O4: C 57.57, H 3.34, 
N 15.49, Found: C 57.46, H 3.35, N 15.23. 

4.1.15.  (E)-5-(4-Ethoxycarbonylpheny l )-2-

hydroxycyclohepta-2,4,6- tri enone (1o )  

Compound 1o was prepared by the same method as described 
for the synthesis of 1a using ethyl 4-amionobenzoate (331 mg, 
2.0 mmol) instead of aniline; 11 mg (2% yield); red needles 
(AcOEt); mp 208‒210 °C; 1H NMR (400 MHz, DMSO-d6) δ 
(ppm) 1.34 (t, J = 7.1 Hz, 3H), 4.34 (q, J = 7.1 Hz, 2H), 7.33 (d, 
J = 11.9 Hz, 2H), 7.95 (d, J = 8.5 Hz, 2H), 8.12 (d, J = 12.0 Hz, 
2H), 8.14 (d, J = 8.3 Hz, 2H); 13C NMR (100 MHz, DMSO-d6) δ 
(ppm) 14.1, 61.1, 122.6, 123.8, 130.5, 131.5, 133.5, 149.4, 153.9, 
165.1, 172.5; MS (EI) m/z 149 (100%), 298 (M+); HRMS Calcd. 
for C16H14N2O4: 298.0954, Found: 298.0958; Anal. Calcd. for 
C16H14N2O4: C 64.42, H 4.73, N 9.39, Found: C 64.35, H 4.72, N 
9.28. 

 

4.1.16.  (E)-5-(2-Met hyl -3-nit rophenyl )diazeny l )-2-

hydroxycyclohepta-2,4,6- tri enone (1p )  

Compound 1p was prepared by the same method as described 
for the synthesis of 1a using 2-methyl-3-nitroaniline (312 mg, 
2.1 mmol) instead of aniline; 34 mg (6% yield); brown prisms 
(AcOEt); mp 176–178 °C; 1H NMR (400 MHz, DMSO-d6) δ 
(ppm) 2.78 (s, 3H), 7.38 (d, J = 11.6 Hz, 2H), 7.58 (t, J = 7.6 Hz, 
8.4 Hz, 1H), 7.84 (d, J = 8.0 Hz, 1H), 8.08 (d, J = 8.4 Hz, 1H), 
8.15 (d, J = 12.0 Hz, 2H); 13C NMR (100 MHz, DMSO-d6) δ 
(ppm) 12.7, 119.9, 123.8, 126.3, 127.5, 131.3, 133.7, 149.9, 
150.5, 151.1, 172.2; MS (EI) m/z 121 (100%), 285 (M+); HRMS 
Calcd. for C14H11N3O4: 285.0750, Found: 285.0754; Anal. Calcd. 
for C14H11N3O4 · 0.1 H2O: C 58.57, H 3.93, N 14.64, Found: C 
58.18, H 3.81, N 14.51. 

 



  

4.1.17.  (E)-5- (2-Methyl -5-bromophenyl )-2-

hydroxycyclohepta-2,4, 6- tri enone (1q)  

 Compound 1q was prepared by the same method as 
described for the synthesis of 1a using 5-bromo-2-methylaniline 
(373 mg, 2.0 mmol) instead of aniline; 49 mg (8%); brown 
needles (AcOEt); mp 162‒164 °C; 1H NMR (400 MHz, DMSO-
d6) δ (ppm) 2.62 (s, 3H), 7.36 (d, J = 12.1 Hz, 2H), 7.41 (d, J = 
8.2 Hz, 1H), 7.61 (dd, J = 1.9 Hz, 8.2 Hz, 1H), 7.68 (d, J = 2.4 
Hz, 1H), 8.13 (d, J = 12.1 Hz, 2H); 13C NMR (100 MHz, 
DMSO-d6) δ (ppm) 16.7, 117.9, 119.7, 123.8, 133.4, 133.5, 
137.1, 149.8, 150.3, 172.1;MS (EI) m/z 169 (100%), 318 (M+); 
HRMS Calcd. for C14H11

79BrN2O2: 318.0004, Found: 317.9996, 
C14H11

81BrN2O2: 319.9983, Found: 319.9999; Anal. Calcd. for 
C14H11BrN2O2: C 52.69, H 3.49, N 8.78, Found: C 52.81, H 3.43, 
N 8.73. 

 

4.1.18.  (E)-5- (3-Trif l uoromethyl -4-cyanophenyl )-2-

hydroxycyclohepta-2,4, 6- tri enone (1r )  

 Compound 1r was prepared by the same method as 
described for the synthesis of 1a using 4-amino-2-
(trifluorometyl)benzonitrile (376 mg, 2.0 mmol) instead of 
aniline; 53 mg (8% yield); dark brown needles (AcOEt); mp 
193–194 °C; 1H NMR (400 MHz, DMSO-d6) δ (ppm)  7.27 (d, J 

= 12.0 Hz, 2H), 8.11 (d, J = 11.6 Hz, 2H), 8.21 (d, J = 8.8 Hz, 
1H), 8.25 (s, 1H), 8.35 (d, J = 8.1 Hz, 1H); 13C NMR (100 MHz, 
DMSO-d6) δ (ppm) 115.3, 119.3, 120.9, 123.6, 124.1, 126.3, 
132.3, 134.2, 137.2, 148.6, 152.8, 173.7; MS (EI) m/z 319 (M+, 
100%); HRMS Calcd. for C15H8F3N3O2: 319.0569, Found: 
319.0573; Anal. Calcd. for C15H8F3N3O2: C 56.43, H 2.53, N 
13.17, Found: C 56.65, H 2.42, N 13.22. 

 

4.1.19.  (E)-5- ((3, 5-Dimethylphenyl )diazenyl )-2-

hydroxycyclohepta-2,4, 6- tri enone (1s )  

Compound 1s was prepared by the same method as described 
for the synthesis of 1a using 3,5-dimethylaniline (336 mg, 2.8 
mmol) instead of aniline; 30 mg (5% yield); brown prisms 
(AcOEt); mp 162–164 °C; 1H NMR (400 MHz, DMSO-d6) δ 
(ppm) 2.37 (s, 6H), 7.20 (s, 1H), 7.37 (d, J = 12.0 Hz, 2H), 7.49 
(s, 2H), 8.07 (d, J = 11.6 Hz, 2H); 13C NMR (100 MHz, DMSO-
d6) δ (ppm) 20.7, 120.3, 123.8, 132.8, 133.0, 138.7, 149.7, 151.7, 
171.8; MS (EI) m/z 105 (100%), 254 (M+); HRMS Calcd. for 
C15H14N2O2: 254.1056, Found: 254.1045; Anal. Calcd. for 
C15H14N2O2: C 70.85, H 5.55, N 11.02, Found: C 70.96, H 5.63, 
N 10.99. 

 

4.1.20.  (E)-5- ((3, 5-

Bi s (tri f l uoromethyl )phenyl )diazeny l )-2-
hydroxycyclohepta-2,4, 6- tri enone (1t )  

 Compound 1t was prepared by the same method as 
described for the synthesis of 1a using 3,5-
bis(trifluoromethyl)aniline (2.31 g, 10 mmol) instead of aniline; 
2.25 g (62% yield); red/brown thin needles (AcOEt); mp 194–
196 °C; 1H NMR (400 MHz, DMSO-d6) δ (ppm) 7.34 (d, J = 
12.0 Hz, 2H), 8.18 (d, J = 12.4 Hz, 2H), 8.28 (s, 1H), 8.43 (s, 
2H); 13C NMR (100 MHz, DMSO-d6) δ (ppm) 121.6, 122.7, 
123.7, 124.3, 131.6, 133.9, 149.0, 152.1, 172.8; MS (EI) m/z 362 
(M+, 100%); HRMS Calcd. for C15H8F6N2O2: 362.0490, Found: 
362.0494; Anal. Calcd. for C15H8F6N2O2: C 49.73, H 2.23, N 
7.74, Found: C 49.57, H 2.14, N 7.65. 

 

4.1.21.  (E)-5-((3 ,4,5-Tr imethoxyphenyl )d iazeny l )-

2-hydroxycyclohepta-2,4,6-tr i enone (1u)  

Compound 1u was prepared by the same method as described 
for the synthesis of 1a using 3,4,5-trimethoxyaniline (370 mg, 
2.0 mmol) instead of aniline; 215 mg (34% yield); purple 
needles (AcOEt); mp 156‒160 °C; 1H NMR (270 MHz, DMSO-
d6) δ (ppm) 3.75 (s, 3H), 3.88 (s, 6H), 7.25 (s, 2H), 7.36 (d, J = 
12.2 Hz, 2H), 8.11 (d, J = 12.2 Hz, 2H); 13C NMR (100 MHz, 
DMSO-d6) δ (ppm) 56.0, 60.3, 100.4, 123.9, 132.8, 140.5, 147.5, 
149.5, 153.4, 171.8; MS (EI) m/z 316 (M+, 100%); HRMS Calcd. 
for C16H16N2O5: 316.1059, Found: 316.1062; Anal. Calcd. for 
C16H16N2O5: C 60.75, H 5.10, N 8.86, Found C16H16N2O5: C 
60.47, H 5.04, N 8.72. 

 

4.1.22.  (E)-5-((3 ,5-
Bi s (tri f l uoromethy l )phenyl )d iazeny l )-2-

methoxycyclohepta-2,4 ,6-t ri enone (2)  

A 2 M of solution of TMS diazomethane (4.5 mL, 9.0 mmol) 
was added dropwise to a solution of 1t (1.10 g, 3.04 mmol) in 30 
mL of THF and 20 mL of MeOH at 0 °C. The mixture was 
stirred for 1 h at room temperature, and subsequently quenched 
by the addition of 5 mL of acetic acid. The crude mixture was 
concentrated to afford 1.32 g (quantitative yield) of crude 2, 
which was purified by recrystallization from AcOEt to afford 
353 mg (31% yield) of red/brown thin needles; mp 187–189 °C; 
1H NMR (400 MHz, DMSO-d6) δ (ppm) 4.09 (s, 3H), 6.98 (d, J 
= 10.8 Hz, 1H), 7.32 (d, J = 13.2 Hz, 1H), 7.99 (s, 1H), 8.02 (dd, 
J = 2.0 Hz, 10.8 Hz, 1H), 8.13 (dd, J = 2.0 Hz, 13.0 Hz, 1H), 
8.34 (s, 2H); 13C NMR (100 MHz, DMSO-d6) δ (ppm) 56.4, 
110.3, 121.6, 122.9, 124.0, 126.5, 132.8, 136.2, 138.1, 150.3, 
152.3, 165.4, 180.1; MS (EI) m/z 376 (M+, 100%); HRMS Calcd. 
for C16H10F6N2O2: 376.0647, Found: 376.0655; Anal. Calcd. for 
C16H10F6N2O2 · 0.1 AcOEt: C 51.15, H 2.83, N 7.28, Found: C 
51.39, H 2.79, N 7.00. 

 

4.2. Biological assays 

4 .2.1.  Xanthine-oxidase (XO)-inhibitory assay 

Reaction mixtures containing 100 mM phosphate buffer (pH 
= 7.4), 0.01 U/mL of xanthine oxidase (Oriental Yeast), and the 
test compounds in DMSO at specific concentrations (100 µM – 
10 nM) were incubated at 25 °C for 15 min. Allopurinol was 
used as a positive control. The reactions were started by addition 
of 150 µM of xanthine (Wako). After 8 min, the enzymatic 
reactions were stopped by addition of hydrochloric acid (1 M, 25 
µΜ), and the production of uric acid was estimated based on the 
absorbance at 290 nm. IC50 values for each compound were 
calculated using the GraphPad Prism 4.0 software. Final 
concentrations of DMSO (0.5%) did not interfere with the 
enzyme activity. 

 

4.2.2.  Kinetic  studies 

Reaction mixtures containing 100 mM phosphate buffer (pH 
= 7.4), 0.01 U/mL of XO, and 1j at 0.25 µM, 0.5 µM, or 1.0 µM 
were incubated at 25 °C for 15 min. The reactions were started 
by addition of xanthine solutions (22.5 µM, 30 µM, 45 µM, or 
60 µM). After 5 min, the enzymatic reactions were stopped by 
addition of hydrochloric acid (1 M, 25 µM) and the production 
of uric acid was estimated based on the absorbance at 290 nm. 
Michaelis-Menten and Lineweaver-Burk plots were prepared in 
order to analyze the enzyme kinetics using the data obtained. 
Vmax and Km values of 1j at each concentration were calculated 



  

from the intersections of x- and y-axes in the Lineweaver-Burk 
plots. 

 

4.3. Computational study 

Three-dimensional (3D) structures of protein-ligand 
complexes were predicted using the Discovery Studio 
4.5/CDOCKER software (BIOVIA) with default settings. The 
3D structures of XO used in this study were retrieved from the 
RCSB Protein Data Bank (PDB ID: 1N5X). Missing hydrogen 
atoms in the crystal structure were computationally added and 
the center of the active site was defined as the center of the 
ligand in 1N5X. The conformation of 1j was optimized using the 
CHARMm force field and docking simulation of 1j with 1N5X 
(CDOCKER protocol). The docking pose with the highest 
CDOCKER INTERACTION ENERGY was selected for the 
discussion of twelve docking modes. 
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