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In our previous study, we reported a series of N-phenylisonicotinamide derivatives as novel xanthine
oxidase (XO) inhibitors and identified N-(3-cyano-4-((2-cyanobenzyl)oxy)phenyl)isonicotinamide
(compound 1) as the most potent one with an IC50 value of 0.312 mM. To further optimize the structure
and improve the potency, a structure-based drug design (SBDD) strategy was performed to construct the
missing H-bond between the small molecule and the Asn768 residue of XO. We introduced a tetrazole
moiety at the 30-position of the phenyl to serve as an H-bond acceptor and obtained a series of N-(3-(1H-
tetrazol-1-yl)phenyl)isonicotinamide derivatives (2a-t and 6e8). Besides, to investigate the influence of
the amide-reversal, some N-(pyridin-4-yl)-3-(1H-tetrazol-1-yl)benzamide derivatives (3c, 3e, 3i, 3k and
3u) were also synthesized and evaluated. Biological evaluation and structure-activity relationship
analysis demonstrated that the 30-(1H-tetrazol-1-yl) moiety was an excellent fragment for the N-phe-
nylisonicotinamide scaffold; a substituted benzyloxy, especially, an m-cyanobenzyloxy (e.g., 2s), linking
at the 40-position was welcome for the potency; and the amide-reversal could damage the potency, so
maintenance of the N-phenylisonicotinamide scaffold was essential. In summary, starting from com-
pound 1, the SBDD effort successfully identified a promising XO inhibitor 2s (IC50¼ 0.031 mM), with a 10-
fold gain in potency. Its potency was very close to the positive control topiroxostat (IC50¼ 0.021 mM). A
Lineweaver-Burk plot indicated that compound 2s acted as a mixed-type XO inhibitor. Molecular docking
and molecular dynamics simulations revealed that the tetrazole moiety could occupy the Asn768-sub-
pocket with N-4 atom accepting an H-bond from the Asn768 residue, as expected.

© 2019 Elsevier Masson SAS. All rights reserved.
1. Introduction

Xanthine oxidase (XO) is a key enzyme responsible for the
catabolism of purines, which catalyzes the hydroxylation of both
hypoxanthine and xanthine in the last two steps of urate biosyn-
thesis in humans [1,2]. In parallel with the hydroxylation, XO
transfers the electrons to oxygen molecules to form either
hydrogen peroxide or superoxide anion [1,3,4]. Therefore, inhibi-
tion of XO not only effectively reduces the production of uric acid
for the treatment of hyperuricemia and gout, but also benefits the
pathological conditions caused by the XO-derived reactive oxygen
species such as oxidative damage, post-ischemic reperfusion injury,
.
rk.

served.
diabetes and chronic heart failure [2,5,6].
So far, the clinically used XO inhibitors mainly include allopu-

rinol, febuxostat and topiroxostat (Fig. 1). Allopurinol is a hypo-
xanthine isomer, which has been prescribed in the treatment of
hyperuricemia and gout for several decades. However, it is
restrained from clinical application due to serious adverse effects
that possibly derived from the purine backbone [7]. Topiroxostat
and Febuxostat are novel non-purine XO inhibitors basing on
characteristic five-membered ring linkers with high in vitro
enzyme inhibitory activity in the nanomolar level. Both of them
have been approved by the U.S. Food and Drug Administration
(FDA). However, some side effects were observed after the clinical
application. Topiroxostat may enhance the incidence of gouty
arthritis [8]. And on February 21, 2019, FDA had concluded there is
an increased risk of heart-related death with febuxostat (Uloric)
compared to allopurinol. Hence, it is an urgent requirement to
discover novel XO inhibitors having fewer adverse effects in the
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Fig. 1. Chemical structures of febuxostat, topiroxostat and compound 1.
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treatment of gout and related complications. In addition, numerous
XO inhibitors have been reported in recent years including iso-
cytosines [9e12], pyrano[3,2-d]pyrimidines [13], pyrazoles [14],
thiazoles [15], 2-mercapto-6phenylpyrimidine-4-carboxylic acids
[16], 2-arylbenzo[b]furans [17,18], flavonoids [19e22], chalcones
[23], fraxamosides [24], etc.

In the past few years, our team has been working on the dis-
covery of novel XO inhibitors. We successively reported multiple
series of XO inhibitors based on the diverse scaffolds [25e28]. With
these experiences, we employed an amide fragment as an opened-
ring isostere of five-membered ring linkers of classic XO inhibitors
(e.g., 1,2,4-triazole in topiroxostat and thiazole in febuxostat) to give
a kind of novel scaffold basing on an N-phenylisonicotinamide for
the first time, and identified a potent XO inhibitor N-(3-cyano-4-
((2-cyanobenzyl)oxy)phenyl)isonicotinamide (compound 1, Fig. 1)
[29]. The molecular docking studies indicated that compound 1
could form a set of interactions with XO active pocket [29]. How-
ever, a crucial H-bond interaction linking to the terminal amino of
Asn768 residue was missing [30e32]. Since the terminal amino of
Asn768 usually acts as an H-bond donor during the interaction, the
absence of the corresponding H-bond acceptor on compound 1 is
very likely the main cause of a significant decrease in potency
compared with topiroxostat.

To further optimize the structure of N-phenylisonicotinamide
and to improve the XO inhibitory potency, structure-based drug
design (SBDD) was carried out. The Asn768 residue is located at a
sub-pocket (marked as Asn768-sub-pocket) that is large enough to
accommodate a flat five-membered ring [31,33]. Tetrazole is a
popular drug-like fragment that has beenwidely used bymedicinal
chemists in drug design [34e36]. Considering that each N atom of
Scheme 1. Reagents and conditions: (i) NaN3, triethyl orthoformate, AcOH, 80 �C, overnight;
1 h; (iv) NaOH, MeOH, H2O, 50 �C, 4 h; (v) Acetyl chloride, Et3N, THF, overnight; (vi) RCl or
the tetrazole has the potential to serve as an H-bond acceptor,
tetrazole is a good choice to match the Asn768-sub-pocket.
Therefore, we employed a tetrazole moiety to link at the 30-position
of the phenyl to obtain a series of N-(3-(1H-tetrazol-1-yl)phenyl)
isonicotinamide derivatives (2a-t and 6e8), hoping that, the larger
size tetrazole could occupy the Asn768-sub-pocket, approach
Asn768 residue from more potential angles and interact with it.
Furthermore, to investigate the influence of the amide-reversal,
some N-(pyridin-4-yl)-3-(1H-tetrazol-1-yl)benzamide derivatives
(3c, 3e, 3i, 3k and 3u) were also synthesized and evaluated. Also,
steady-state kinetic analysis and molecular modeling studies were
performed to investigate the inhibition behaviors of the optimized
compound.

2. Results and discussion

2.1. Chemistry

The synthesis of N-(4-alkoxy-3-(1H-tetrazol-1-yl)phenyl)iso-
nicotinamides (2a-t and 6e8) was performed as outlined in
Scheme l. Commercially available 2-amino-4-nitrophenol was
reacted with NaN3 and triethyl orthoformate to obtain 4-nitro-2-
(1H-tetrazol-1-yl)phenol (4). The reduction of 4 by iron powder in
the presence of ammonium chloride yielded 4-amino-2-(1H-tet-
razol-1-yl)phenol (5), which was alkylated with isonicotinoyl
chloride in the presence of triethylamine to provide di-
isonicotinoyl product (6). The extra isonicotinoyl linking on the
hydroxyl group was removed in a sodium hydroxide aqueous so-
lution to provide key intermediate N-(4-hydroxy-3-(1H-tetrazol-1-
yl)phenyl)isonicotinamide (7). Acetylation of compound 7 with
(ii) Fe, NH4Cl, EtOH, H2O, 80 �C, overnight; (iii) isonicotinoyl chloride, Et3N, DCM, �5 �C,
RBr, K2CO3, KI, DMF, 60 �C for 3 h, or 25 �C for 48 h.



Table 1
In vitro XO inhibitory potency of compounds.

Compounds R groups IC50 (mM)a

2a iso-Propyl 0.603± 0.053
2b n-Butyl 0.264± 0.022
2c iso-Butyl 0.165± 0.0.12
2d sec-Butyl 0.171± 0.009
2e n-Pentyl 0.174± 0.014
2f iso-Pentyl 0.145± 0.012
2g cyclo-Pentyl 0.128± 0.018
2h Pentan-3-yl 0.141± 0.013
2i n-Hexyl 0.153± 0.009
2j n-Octyl 0.092± 0.008
2k Benzyl 0.094± 0.010
2l o-Methylbenzyl 0.053± 0.008c

2m m-Methylbenzyl 0.044± 0.009c

2n p-Methylbenzyl 0.132± 0.012
2o o-Methoxybenzyl 0.117± 0.011
2p m-Methoxybenzyl 0.050± 0.007c

2q p-Methoxybenzyl 0.067± 0.009
2r o-Cyanobenzyl 0.110± 0.014
2s m-Cyanobenzyl 0.031± 0.004c

2t p-Cyanobenzyl 0.100± 0.009
6 Isonicotinoyl n.a.b

7 H n.a.
8 Acetyl 0.173± 0.016
1 / 0.312± 0.021
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acetyl chloride gave compound 8, and alkylation of compound 7
with various alkyl chlorides or alkyl bromides obtained N-(4-
alkoxy-3-(1H-tetrazol-1-yl)phenyl)isonicotinamides (2a-t).

The synthesis of 4-alkoxy-N-(pyridin-4-yl)-3-(1H-tetrazol-1-yl)
benzamides (3c, 3e, 3i, 3k and 3u) was carried out by a similar
procedure as shown in Scheme 2. Commercially available 3-amino-
4-hydroxybenzoic acid was treated with NaN3 and triethyl ortho-
formate to yield 4-hydroxy-3-(1H-tetrazol-1-yl)benzoic acid (9).
Compound 9 was alkylated with various alkyl chlorides or alkyl
bromides, and followed by a hydrolysis reaction to provide key
intermediates 4-alkoxy-3-(1H-tetrazol-1-yl)benzoic acids (11).
Compounds 11 were treated with thionyl chloride to yield 4-
alkoxy-3-(1H-tetrazol-1-yl)benzoyl chloride hydrochlorides (12).
The Acylation of pyridin-4-amine with compounds 12 in the
presence of triethylamine provided target compounds 4-alkoxy-N-
(pyridin-4-yl)-3-(1H-tetrazol-1-yl)benzamides 3c, 3e, 3i, 3k and
3u.

The structures were elucidated by HRMS, 1H NMR, and 13C NMR
spectra. All spectral data were in accordance with the assumed
structures. In ESI-HRMS analysis, the target compounds showed
[M�H]- ion peaks. In 1H NMR spectra, the CH of tetrazole and the
NH of amide were observed at approximately 9.80 ppm and
10.67 ppm, respectively.
Topiroxostat / 0.021± 0.003

a Values are means± SD of three independent experiments.
b n.a.: not active (<60% inhibition at 10 mM).
c P< 0.05, versus topiroxostat.
2.2. Biological activity

The in vitro bovine XO inhibitory activity of compounds 2aet,
3c, 3e, 3i, 3k, 3u and 6e8was measured spectrophotometrically by
determining uric acid production at 294 nm. Topiroxostat and
compound 1 were included as reference compounds. The testing
results are shown in Table 1 and Table 2.

As shown in Table 1, most of the compounds presented much
higher potency than compound 1, revealed that tetrazole fragment
was greatly beneficial for the XO inhibitory potency, and intro-
duction of the tetrazole moiety at the 30-position was a successful
optimization strategy. However, the amide-reversal didn't achieve
positive results. As displayed in Table 2, all the amide-reversal de-
rivatives (3c, 3e, 3i, 3k and 3u) displayed poor activities, which
were 18e30 times lower than their N-phenylisonicotinamide
counterparts. Therefore, the N-phenylisonicotinamide scaffold
should be maintained, and our efforts were mainly focused on the
N-phenylisonicotinamide series.

Numerous studies have proven that the substituent near the
Scheme 2. Reagents and conditions: (i) NaN3, triethyl orthoformate, AcOH, 80 �C, overnigh
SOCl2, DMF, 50 �C, 5 h; (v) pyridin-4-amine, Et3N, THF, �10 �C, 1 h, then room temperature
similar position of the 40-OR group has a significant effect on po-
tency, and the optimal substituent will changewith the structure of
the scaffold [37e41]. As shown in Table 1, the 40-alkoxy and 40-
benzyloxy derivatives (2a-t) presented well to excellent XO inhib-
itory potency with IC50 values ranging from 0.031 to 0.603 mM.
Removal of the alkyl or benzyl R group gave compound 7 accom-
panied by the disappearance of the potency, meaning that the
lipophilic R group played a crucial role in potency. In addition, the
isonicotinoyloxy derivative 6 and acetoxy derivative 8 showed poor
potency as well, compound 6 was totally inactive and compound 8
presented a weak potency with an IC50 value of 0.17 mM, indicated
that acyloxy wasn't a suitable choice for the 40-position.

Among the 40-alkoxy derivatives (2a-j), it was found that as the
size of R group increased; the potency is gradually enhanced. A
similar trend was also observed in our previous works involving a
t; (ii) RCl or RBr, K2CO3, KI, DMF, 60 �C, 6 h; (iii) NaOH, MeOH, H2O, 50 �C, 30min; (iv)
overnight.



Table 2
In vitro XO inhibitory potency of target compounds 3c, 3e, 3i, 3k and 3u.

R groups Compounds IC50 (mM)a Compounds IC50 (mM)

iso-Butyl 3c 2.89± 0.12 2c 0.165± 0.014
n-Pentyl 3e 3.86± 0.15 2e 0.174± 0.013
n-Hexyl 3i 4.59± 0.21 2i 0.153± 0.012
Benzyl 3k 2.10± 0.18 2k 0.094± 0.009
Methyl 3u n.a.b / /

a Values are means± SD of three independent experiments.
b n.a.: not active (<60% inhibition at 10 mM).

Fig. 2. Lineweaver-Burk plot analysis of XO inhibition by compound 2s.
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series of XO inhibitors based on a 1,2,3-triazole-4-carboxylic acid
scaffold [42]. In addition, it seemed that the branched alkoxy de-
rivatives usually possessed higher potency than their linear alkoxy
counterparts (e.g., 2b versus 2c, 2d). Among this sub-series, com-
pounds 2j displayed a relatively high potency with an IC50 value of
0.092 mM.

In the 40-benzyloxy derivatives (2k-t), compound 2k
(IC50¼ 0.094 mM) bearing a 40-benzyloxy group showed consider-
able potency to compound 2j (IC50¼ 0.092 mM). When the benzyl
group was substituted by methyl, methoxy or cyano, some de-
rivatives observed further improved potency, such as compounds 2l
(IC50¼ 0.053 mM), 2m (IC50¼ 0.044 mM), 2p (IC50¼ 0.050 mM), 2q
(IC50¼ 0.067 mM) and 2s (IC50¼ 0.031 mM). In addition, it seemed
that the meta-derivative usually possessed higher potency than its
ortho- and para-derivatives (e.g., 2m versus 2l, 2n; 2p versus 2o, 2q;
2s versus 2r, 2t). Especially, meta-cyanobenzyloxy derivative 2s
presented the highest potency with an IC50 value of 0.031 mM.
Interestingly, the most preferred 40-group was a meta-cyano-
benzyloxy rather than the ortho-cyanobenzyloxy group of com-
pound 1.

In summary, starting from theN-phenylisonicotinamide scaffold
of 1, structural optimization successfully identified a promising XO
inhibitor 2s (IC50¼ 0.031 mM) and achieved a 10-fold gain in po-
tency. Its potency was very close to the positive control topiroxostat
(IC50¼ 0.021 mM). To investigate the inhibition type of compound
2s on XO, enzyme kinetics studies were performed. The
Lineweaver-Burk plot (Fig. 2) revealed that compound 2s acted as a
mixed-type inhibitor with the same inhibition type as compound 1
[29].

2.3. Molecular docking

To foresee the possible interactions of the optimized compound
with XO, molecular modeling simulations of 2s and 1 in the binding
pocket of XO were performed with MOE (Molecular Operating
Environment, version 2015.1001, Chemical Computing Group Inc.,
Canada) software. Since the structure of human XO has not been
resolved yet, and bovine XO and human XO exhibit 90% sequence
identity [43], we have adopted the crystal structure of bovine XO in
complexwith topiroxostat (PDB code 1V97) [33] as a receptor in the
docking calculations.

Using the default GBVI/WSA dG as a docking function, the 2s and
1 docking scores were �9.16 kcal/mol and �7.83 kcal/mol, respec-
tively. The scoring order was consistent with its XO binding affinity
as well as its inhibition potency. As shown in Fig. 3, the N-phe-
nylisonicotinamide scaffolds of 2s and 1 formed a set of the same
interactions with XO active pocket. For instance, the pyridine para-
N accepted an H-bond from Glu1261, the amide NH formed an H-
bond with Glu802 carboxy, the carbonyl group linked to the resi-
dues Arg880 and Thr1010 via a water (HOH5497) bridge, and the
benzyloxy tail was surrounded by some lipophilic amino acid res-
idues (e.g., Leu648, Phe649 and Phe1013) near the outer region of
the pocket. The difference was that, due to the larger size, the
tetrazole moiety of compound 2s can be inserted into and closely
occupy the Asn768-sub-pocket, where the N-4 atom accepts an H-
bond from the Asn768 residue, as expected. This interaction will
immensely benefit the binding affinities as well as enzyme inhib-
itory potency.

2.4. Molecular dynamics (MD) simulations

To obtain a more integrated and precise view of the binding
process, a 10 ns MD simulationwas performed by starting from the
docking pose of compound 2s. The NAMD software (version 2.13)
[44] incorporating in VMD (visual molecular dynamics, version
1.9.3) [45] was adopted for the simulations. The backbone root
mean square deviation (RMSD) of the complex calculated by VMD
was exhibited in Fig. 3C. It can be seen from Fig. 3C that the RMSD
value of the complex tended to be convergent with fluctuations
around 2.95 Å after 10 ns of simulation, clearly indicating that the
whole system has been equilibrated. The binding model at the end
of 10 ns-MD simulation was picked up and rendered with MOE
software (Fig. 3B). A set of strong interactions between compound
2s and XO active pocket were observed as displayed in Fig. 3B. For
instance, the N-4 atom of the tetrazole formed a strong H-bond
with Asn768, as expected; the pyridine para-N and Glu1261
retained the H-bond interaction derived from the docking pose.
Although the H-bond between the amide NH and Glu802 residue
disappeared, some interesting new interactions emerged on them-
cyanobenzyl fragment. After the MD simulation, the m-cyanoben-
zyl tail was folded in the vertical direction of the molecular plane,
and as a result, the cyano group was captured by the hydroxyl and
amide NH of the Ser876 residue through two H-bonds. Obviously,
these interactions may contribute to the ligand-acceptor binding
affinity. It also could be an explanation for the excellent potency of
compound 2s compared with its benzyl analogs (e.g., 2k-r and 2t).

3. Conclusions

In summary, starting from theN-phenylisonicotinamide scaffold



Fig. 3. Results of docking and MD simulations. (A) Docking pose of compound 1 (cyan) and compound 2s (pink) within the XO binding pocket; (B) MD conformation of compound
2s (pink) in complex with XO; (C) Backbone RMSD of the complex versus time (10 ns). (For interpretation of the references to colour in this figure legend, the reader is referred to
the Web version of this article.)
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compound 1, a series of N-(3-(1H-tetrazol-1-yl)phenyl)iso-
nicotinamide derivatives was designed and synthesized as novel
XO inhibitors by utilizing an SBDD strategy. SAR analysis demon-
strated that the 30-(1H-tetrazol-1-yl) moiety greatly improved the
inhibitory potency; a 40-benzyloxy substituent, especially, a 40-m-
cyanobenzyloxy, was welcome for the N-phenylisonicotinamide
scaffold; and the amide-reversal was not beneficial, so mainte-
nance of the N-phenylisonicotinamide scaffold was essential. The
optimized compound 2s exhibited a 10-fold gain in potencywith an
IC50 value of 0.031 mM, which was very close to the positive control
topiroxostat (IC50¼ 0.021 mM). A Lineweaver-Burk plot showed
that compound 2s acted as a mixed-type XO inhibitor. Molecular
docking and MD simulations revealed that the tetrazole moiety
could occupy the Asn768-sub-pocket, where the N-4 atom could
form an H-bond with the Asn768 residue, as expected. Taken
together, compound 2s has good potential to serve as a new lead
compound for the treatment of hyperuricemia and gout, and the
further detailed investigation on compound 2s is under progress.

4. Experimental protocols

4.1. Chemistry

Unless otherwise indicated, reagents and solvents were pur-
chased from commercial sources and used without further purifi-
cation. All reactions were monitored by TLC using silica gel
aluminum cards (0.2mm thickness) with a fluorescent indicator
254 nm. 1H NMR and 13C NMR spectra were recorded on a Bruker
spectrometer. Chemical shifts were expressed in parts per million
using tetramethylsilane as an internal reference and DMSO‑d6 as
the solvent. ESI-HRMS data were gathered using a Bruker
microTOF-Q instrument.
4.1.1. Synthesis of 4-nitro-2-(1H-tetrazol-1-yl)phenol (4)
A mixture of 2-amino-4-nitrophenol (10.0 g, 64.9mmol),

triethyl orthoformate (20.7 g, 129.7mmol) and NaN3 (8.4 g,
129.7mmol) in AcOH (100mL) was heated at 80 �C overnight. The
resulted solution was cooled and poured into ice water (200mL).
The formed precipitate was collected by filtration, washed with a
large quantity of water and dried to give 4-nitro-2-(1H-tetrazol-1-
yl)phenol 4 (11.7 g, yield 87.1%) as a brown solid.1H NMR (600MHz,
DMSO‑d6) d 12.50 (s, 1H), 9.83 (s, 1H), 8.52 (d, J¼ 2.8 Hz, 1H), 8.27
(dd, J¼ 9.2, 2.8 Hz, 1H), 7.28 (d, J¼ 9.2 Hz, 1H).13C NMR (150MHz,
DMSO‑d6) d 156.92, 144.91, 139.73, 127.22, 122.08, 121.77, 117.82.
4.1.2. Synthesis of 4-amino-2-(1H-tetrazol-1-yl)phenol (5)
Amixture of compound 4 (6.0 g, 29.0 mmol), iron powder (6.5 g,

115.8 mmol) and ammonium chloride (3.1 g, 57.9 mmol) in ethanol
(90 mL) and water (30 mL) was refluxed overnight. After the
completion of the reaction, the mixture was diluted with water
(200 mL) and extracted with ethyl acetate (50 mL*3). The oil layer
was combined, successively washed with water and brine, dried
over anhydrous Na2SO4 and evaporated in vacuum to provide 4-
amino-2-(1H-tetrazol-1-yl)phenol 5 (4.2 g, yield 82.6%) as a yel-
low solid. 1H NMR (600MHz, DMSO‑d6) d 9.71 (s, 1H), 9.59 (s, 1H),
6.90 (d, J¼ 2.6 Hz, 1H), 6.88 (d, J¼ 8.7 Hz, 1H), 6.68 (dd, J¼ 8.7,
2.6 Hz, 1H), 4.92 (s, 2H). 13C NMR (150MHz, DMSO‑d6) d 144.68,
142.37, 140.44, 121.92, 118.41, 117.42, 110.04.
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4.1.3. Synthesis of 4-(isonicotinamido)-2-(1H-tetrazol-1-yl)phenyl
isonicotinate (6)

Into a solution of 4-amino-2-(1H-tetrazol-1-yl)phenol (1.0 g,
5.6mmol) and triethylamine (5.2 g, 50.8mmol) in dichloro-
methane (20mL) at �5 �C, was added isonicotinoyl chloride (4.0 g,
22.6mmol) in dichloromethane (20mL). The mixture was stirred
for 1 h at the same temperature. Then, water (80mL) was added.
The oil layer was collected, successively washed with water and
brine and evaporated in vacuum to give 4-(isonicotinamido)-2-
(1H-tetrazol-1-yl)phenyl isonicotinate 6 (1.7 g, 79.4%), as a yellow
solid. 1H NMR (600MHz, DMSO‑d6) d 10.97 (s, 1H), 10.04 (s, 1H),
8.93e8.80 (m, 4H), 8.38 (d, J¼ 2.5 Hz, 1H), 8.08 (dd, J¼ 9.0, 2.5 Hz,
1H), 7.90 (m, 4H), 7.79 (d, J¼ 9.0 Hz, 1H). 13C NMR (150MHz,
DMSO‑d6) d 164.92, 163.23, 151.46, 150.87, 144.84, 141.74, 139.13,
138.19, 135.64, 126.53, 125.25, 123.45, 123.35, 122.04, 118.02.

4.1.4. Synthesis of N-(4-hydroxy-3-(1H-tetrazol-1-yl)phenyl)
isonicotinamide (7)

A solution of compound 6 (2.0 g, 5.2mmol) and sodium hy-
droxide (1.0 g, 25.8mmol) inmethol (40mL) andwater (15mL)was
heated at 50 �C for 4 h. After the completion of the reaction, the
insoluble solid was filtered out and the filtrate was acidized by 5%
hydrochloric acid aqueous solution. The formed precipitate was
collected by filtration, washed with water and dried to give N-(4-
hydroxy-3-(1H-tetrazol-1-yl)phenyl)isonicotinamide 7 (0.64 g,
yield 43.8%) as a yellow solid. 1H NMR (600MHz, DMSO‑d6) d 10.72
(s, 1H), 9.82 (s, 1H), 8.75 (d, J¼ 5.9 Hz, 2H), 8.23 (d, J¼ 2.5 Hz, 1H),
7.91 (d, J¼ 6.0 Hz, 2H), 7.80e7.77 (m, 1H), 7.26 (d, J¼ 8.9 Hz, 1H).13C
NMR (150MHz, DMSO‑d6) d 164.18, 150.65, 147.24, 144.77, 142.07,
131.11, 123.98, 122.04, 121.26, 117.76, 117.67.

4.1.5. N-(4-(acetoxy)-3-(1H-tetrazol-1-yl)phenyl)isonicotinamide
(8)

A solution of compound 7 (0.2 g, 0.7mmol) acetyl chloride
(0.08 g, 1.1mmol) and triethylamine (0.14 g, 1.4mmol) in THF
(15mL) was stirred at room temperature overnight. After the
completion of the reaction, the insoluble solid was filtered out. The
filtrate was concentrated under reduced pressure and the residue
was diluted with water (30mL). The formed precipitate was
collected by filtration, washed by water and dried to give N-(4-
(acetoxy)-3-(1H-tetrazol-1-yl)phenyl)isonicotinamide 7 as a light
yellow powder, yield 86.2%. 1H NMR (400MHz, DMSO‑d6) d 10.89
(s, 1H), 9.92 (s, 1H), 8.82 (dd, J¼ 4.5, 1.5 Hz, 2H), 8.30 (d, J¼ 2.5 Hz,
1H), 8.00 (dd, J¼ 9.0, 2.5 Hz, 1H), 7.89 (dd, J¼ 4.4, 1.6 Hz, 2H),
7.59e7.54 (m, 1H), 2.18 (d, J¼ 5.6 Hz, 3H).13C NMR (100MHz,
DMSO‑d6) d 168.84, 164.83, 150.88, 144.68, 141.76, 139.36, 137.69,
126.60, 125.26, 123.33, 122.02, 117.78, 40.63, 40.42, 40.21, 40.00,
39.79, 39.58, 39.37, 20.85. ESI-HRMS calcd. for C15H11N6O3 [M�H]-

323.0893, found: 323.0892.

4.1.6. General procedure for the synthesis of N-(4-alkoxy-3-(1H-
tetrazol-1-yl)phenyl)isonicotinamides 2a-t

A mixture of compound 7 (0.71mmol), alkyl chloride or alkyl
bromide (0.85mmol), anhydrous potassium carbonate (1.4mmol)
and potassium iodide (0.05mmol) in DMF (10mL) was stirred
under nitrogen atmosphere. When the alkyl chloride or alkyl bro-
mide is a benzyl derivative, the mixture was reacted at 25 �C for
48 h, otherwise, the reaction was heated at 60 �C for 3 h. After that,
water (40mL) was added. The formed precipitate was collected,
washed with water and dried to yield a crude product, which was
further purified by recrystallization from 50% ethanol to provide
corresponding products 2a-t.

4.1.6 .1. N-(4-isopropoxy-3-(1H-tetrazol-1-yl)phenyl) iso-
nicotinamides (2a). A white powder, yield 87.3%. 1H NMR
(600MHz, DMSO‑d6) d 10.68 (s, 1H), 9.79 (s, 1H), 8.81 (d, J¼ 5.4 Hz,
2H), 8.21 (d, J¼ 2.5 Hz, 1H), 7.93 (dd, J¼ 9.1, 2.5 Hz, 1H), 7.88 (d,
J¼ 5.9 Hz, 2H), 7.44 (d, J¼ 9.2 Hz, 1H), 4.79e4.68 (m, 1H), 1.26 (d,
J¼ 6.0 Hz, 6H). 13C NMR (150MHz, DMSO‑d6) d 164.27, 150.73,
150.73, 146.49, 144.99, 141.90, 132.41, 123.64, 123.35, 121.89, 121.89,
118.01, 116.13, 72.20, 21.88. ESI-HRMS calcd. for C16H15N6O2
[M�H]-323.1256, found: 323.1260.

4.1.6.2. N-(4-butoxy-3-(1H-tetrazol-1-yl)phenyl)isonicotinamides
(2b). A light yellow powder, yield 86.5%. 1H NMR (600MHz,
DMSO‑d6) d 10.68 (s,1H), 9.79 (s,1H), 8.81 (d, J¼ 4.5 Hz, 2H), 8.20 (s,
1H), 7.94 (d, J¼ 8.5 Hz, 1H), 7.88 (d, J¼ 4.4 Hz, 2H), 7.42 (d,
J¼ 9.0 Hz, 1H), 4.11 (t, J¼ 6.1 Hz, 2H), 1.71e1.61 (m, 2H), 1.31 (m,
2H), 0.87 (t, J¼ 7.3 Hz, 3H). 13C NMR (150MHz, DMSO‑d6) d 164.25,
150.72, 150.72, 147.79, 145.01, 141.87, 132.41, 123.72, 122.53, 121.88,
121.88, 118.02, 114.67, 69.19, 30.72, 18.94, 13.96. ESI-HRMS calcd. for
C17H17N6O2 [M�H]- 337.1413, found: 37.1416.

4.1.6.3. N-(4-isobutoxy-3-(1H-tetrazol-1-yl)phenyl)isonicotinamides
(2c). A white solid, yield 82.4%. 1H NMR (600MHz, DMSO‑d6)
d 10.69 (s, 1H), 9.79 (s, 1H), 8.81 (d, J¼ 5.1 Hz, 2H), 8.19 (d, J¼ 2.5 Hz,
1H), 7.94 (dd, J¼ 9.0, 2.5 Hz,1H), 7.89 (dd, J¼ 4.7,1.3 Hz, 2H), 7.41 (d,
J¼ 9.1 Hz, 1H), 3.89 (d, J¼ 6.4 Hz, 2H), 1.98 (m, 1H), 0.87 (d,
J¼ 6.7 Hz, 6H). 13C NMR (150MHz, DMSO‑d6) d 164.26, 150.73,
148.08, 145.11, 141.87, 132.40, 123.85, 122.53, 121.88, 118.26, 114.67,
75.45, 27.89, 19.17. ESI-HRMS calcd. for C17H17N6O2 [M�H]-

337.1413, found: 337.1416.

4.1.6 .4 . N-(4-sec-butoxy-3-(1H-tetrazol-1-yl)phenyl) iso-
nicotinamides (2d). A yellow powder, yield 83.3%. 1H NMR
(600MHz, DMSO‑d6) d 10.69 (s, 1H), 9.76 (s, 1H), 8.81 (d, J¼ 5.8 Hz,
2H), 8.21 (d, J¼ 2.5 Hz, 1H), 7.93 (dd, J¼ 9.1, 2.5 Hz, 1H), 7.88 (d,
J¼ 5.9 Hz, 2H), 7.43 (d, J¼ 9.2 Hz, 1H), 4.59e4.46 (m, 1H), 1.64e1.52
(m, 2H), 1.21 (d, J¼ 6.1 Hz, 3H), 0.81 (t, J¼ 7.4 Hz, 3H). 13C NMR
(150MHz, DMSO‑d6) d 164.36, 150.80, 147.03, 145.09, 141.99,132.48,
123.87, 123.52, 121.96, 118.32, 116.22, 77.00, 28.68, 19.07, 9.57. ESI-
HRMS calcd. for C17H17N6O2 [M�H]- 337.1413, found: 337.1416.

4.1.6.5. N-(4-(pentyloxy)-3-(1H-tetrazol-1-yl)phenyl)iso-
nicotinamide (2e). Ayellow powder, yield 85.1%. 1H NMR (600MHz,
DMSO‑d6) d 10.68 (s, 1H), 9.80 (s, 1H), 8.81 (d, J¼ 5.8 Hz, 2H), 8.20
(d, J¼ 2.4 Hz, 1H), 7.94 (dd, J¼ 9.0, 2.4 Hz, 1H), 7.89 (d, J¼ 5.8 Hz,
2H), 7.41 (d, J¼ 9.1 Hz, 1H), 4.11 (t, J¼ 6.4 Hz, 2H), 1.68 (m, 2H), 1.27
(dd, J¼ 8.7, 5.5 Hz, 4H), 0.85 (t, J¼ 6.8 Hz, 3H). 13C NMR (150MHz,
DMSO‑d6) d 164.25, 150.72, 147.78, 145.01, 141.88, 132.43, 123.72,
122.55, 121.88, 118.02, 114.70, 69.47, 28.29, 27.82, 22.08, 14.20. ESI-
HRMS calcd. for C18H19N6O2 [M�H]- 351.1569, found: 351.1572.

4.1.6.6. N-(4-(isopentyloxy)-3-(1H-tetrazol-1-yl)phenyl)iso-
nicotinamide (2f). A light yellow powder, yield 90.8%. 1H NMR
(600MHz, DMSO‑d6) d 10.68 (s, 1H), 9.79 (s, 1H), 8.81 (d, J¼ 4.2 Hz,
2H), 8.21 (d, J¼ 2.4 Hz, 1H), 7.94 (dd, J¼ 9.0, 2.3 Hz, 1H), 7.89 (d,
J¼ 5.6 Hz, 2H), 7.43 (d, J¼ 9.1 Hz, 1H), 4.14 (t, J¼ 6.3 Hz, 2H),
1.65e1.55 (m, 3H), 0.86 (d, J¼ 6.3 Hz, 6H). 13C NMR (150MHz,
DMSO‑d6) d 164.24, 150.72, 147.78, 144.99, 141.86, 132.42, 123.71,
122.52, 121.88, 118.02, 114.65, 68.03, 37.37, 24.96, 22.69. ESI-HRMS
calcd. for C18H19N6O2 [M�H]- 351.1569, found: 351.1572.

4.1.6.7. N-(4-(cyclopentyloxy)-3-(1H-tetrazol-1-yl)phenyl)iso-
nicotinamide (2g). Awhite powder, yield 78.3%. 1H NMR (600MHz,
DMSO‑d6) d 10.69 (s, 1H), 9.75 (s, 1H), 8.81 (d, J¼ 5.7 Hz, 2H), 8.21
(d, J¼ 2.4 Hz, 1H), 7.93 (dd, J¼ 9.0, 2.5 Hz, 1H), 7.88 (d, J¼ 5.8 Hz,
2H), 7.41 (d, J¼ 9.1 Hz, 1H), 5.04e4.84 (m, 1H), 1.87 (m, 2H),
1.73e1.63 (m, 2H), 1.54 (t, J¼ 7.1 Hz, 4H). 13C NMR (150MHz,
DMSO‑d6) d 164.36, 150.80, 146.80, 144.99, 142.00, 132.45, 123.76,
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123.40, 121.96, 118.20, 116.04, 81.43, 32.53, 23.76. ESI-HRMS calcd.
for C18H17N6O2 [M�H]- 349.1413, found: 349.1416.

4.1.6.8. N-(4-((2-ethylpropanyl)oxy)-3-(1H-tetrazol-1-yl)phenyl)iso-
nicotinamide (2h). An off-white powder, yield 78.3%. 1H NMR
(500MHz, DMSO‑d6) d 10.76 (s, 1H), 9.74 (d, J¼ 9.8 Hz, 1H), 8.80 (d,
J¼ 4.8 Hz, 2H), 8.21 (s,1H), 7.94 (d, J¼ 9.1 Hz,1H), 7.90 (d, J¼ 4.8 Hz,
2H), 7.43 (d, J¼ 9.1 Hz, 1H), 4.43e4.35 (m, 1H), 1.61e1.50 (m, 4H),
0.78 (t, J¼ 7.4 Hz, 6H).13C NMR (125MHz, DMSO‑d6) d 163.71,
150.16, 146.92, 144.52, 141.32, 131.79, 123.35, 122.78, 121.37, 117.84,
115.49, 81.04, 24.90, 8.79. ESI-HRMS calcd. for C18H19N6O2 [M�H]-

351.1569, found: 351.1573.

4.1.6.9. N-(4-(hexyloxy)-3-(1H-tetrazol-1-yl)phenyl)isonicotinamide
(2i). A light yellow powder, yield 80.2%. 1H NMR (600MHz,
DMSO‑d6) d 10.68 (s, 1H), 9.80 (s, 1H), 8.81 (d, J¼ 5.8 Hz, 2H), 8.20
(d, J¼ 2.4 Hz, 1H), 7.94 (dd, J¼ 9.0, 2.4 Hz, 1H), 7.89 (d, J¼ 5.9 Hz,
2H), 7.41 (d, J¼ 9.1 Hz,1H), 4.11 (t, J¼ 6.4 Hz, 2H),1.70e1.63 (m, 2H),
1.29e1.20 (m, 6H), 0.84 (t, J¼ 6.8 Hz, 3H). 13C NMR (150MHz,
DMSO‑d6) d 164.25, 150.72, 147.78, 145.01, 141.87, 132.42, 123.72,
122.55,121.88,118.02, 114.70, 69.48, 31.16, 28.57, 25.29, 22.34,14.18.
ESI-HRMS calcd. for C19H21N6O2 [M�H]- 365.1726, found:
365.1728.

4.1.6.10. N-(4-(octyloxy)-3-(1H-tetrazol-1-yl)phenyl)isonicotinamide
(2j). A white powder, yield 77.3%. 1H NMR (600MHz, DMSO‑d6)
d 10.68 (s, 1H), 9.79 (s, 1H), 8.81 (dd, J¼ 4.5, 1.5 Hz, 2H), 8.21 (d,
J¼ 2.5 Hz, 1H), 7.94 (dd, J¼ 9.1, 2.5 Hz, 1H), 7.89 (dd, J¼ 4.5, 1.5 Hz,
2H), 7.41 (d, J¼ 9.1 Hz,1H), 4.10 (t, J¼ 6.4 Hz, 2H),1.70e1.64 (m, 2H),
1.28e1.19 (m, 10H), 0.86 (t, J¼ 7.1 Hz, 3H). 13C NMR (150MHz,
DMSO‑d6) d 164.23, 150.72, 147.73, 144.97, 141.86, 132.43, 123.67,
122.55, 121.87, 117.96, 114.68, 69.48, 31.52, 28.94, 28.61, 25.64,
22.44, 14.31. ESI-HRMS calcd. for C21H25N6O2 [M�H]- 393.2039,
found: 393.2041.

4.1.6.11. N-(4-(benzyloxy)-3-(1H-tetrazol-1-yl)phenyl)iso-
nicotinamide (2k). A yellow powder, yield 88.6%. 1H NMR
(600MHz, DMSO‑d6) d 10.72 (s, 1H), 9.85 (s, 1H), 8.81 (d, J¼ 4.9 Hz,
2H), 8.23 (d, J¼ 2.5 Hz, 1H), 7.95 (dd, J¼ 9.1, 2.5 Hz, 1H), 7.89 (d,
J¼ 5.9 Hz, 2H), 7.51 (d, J¼ 9.1 Hz, 1H), 7.39 (s, 2H), 7.38 (d, J¼ 1.5 Hz,
2H), 7.36e7.31 (m, 1H), 5.27 (s, 2H). 13C NMR (150MHz, DMSO‑d6)
d 164.41, 150.82, 147.58, 145.13, 141.96, 136.53, 132.88, 128.98,
128.59, 128.02, 123.81, 122.97, 121.96, 118.35, 115.44, 71.14. ESI-
HRMS calcd. for C20H15N6O2 [M�H]- 372.1256, found: 371.1259.

4.1.6.12. N-(4-((2-methylbenzyl)oxy)-3-(1H-tetrazol-1-yl)phenyl)
isonicotinamide(2l). A yellow powder, yield 78.3%. 1H NMR
(600MHz, DMSO‑d6) d 10.74 (s, 1H), 9.77 (s, 1H), 8.81 (d, J¼ 5.7 Hz,
2H), 8.20 (d, J¼ 2.5 Hz, 1H), 7.97 (dd, J¼ 9.1, 2.5 Hz, 1H), 7.90 (d,
J¼ 5.9 Hz, 2H), 7.58 (d, J¼ 9.1 Hz, 1H), 7.30 (d, J¼ 7.4 Hz, 1H), 7.24 (t,
J¼ 7.0 Hz, 1H), 7.18 (m, 2H), 5.25 (s, 2H), 2.20 (s, 3H). 13C NMR
(150MHz, DMSO‑d6) d 164.40, 150.81, 147.91, 145.16, 141.95, 136.91,
134.40, 132.86, 130.67, 128.78, 128.76, 126.27, 123.99, 122.95, 121.97,
118.65, 115.54, 69.83, 18.71. ESI-HRMS calcd. for C21H17N6O2
[M�H]- 385.1413, found: 385.1416.

4.1.6.13. N-(4-((3-methylbenzyl)oxy)-3-(1H-tetrazol-1-yl)phenyl)
isonicotinamide (2m). A yellow powder, yield 76.9%. 1H NMR
(600MHz, DMSO‑d6) d 10.72 (s, 1H), 9.85 (s, 1H), 8.81 (dd, J¼ 4.5,
1.4 Hz, 2H), 8.23 (d, J¼ 2.5 Hz, 1H), 7.95 (dd, J¼ 9.1, 2.6 Hz, 1H), 7.89
(dd, J¼ 4.5, 1.5 Hz, 2H), 7.50 (d, J¼ 9.1 Hz,1H), 7.26 (t, J¼ 7.8 Hz,1H),
7.17 (d, J¼ 7.2 Hz, 2H), 7.14 (d, J¼ 7.5 Hz, 1H), 5.22 (s, 2H), 2.30 (s,
3H). 13C NMR (150MHz, DMSO‑d6) d 164.40, 150.81, 147.60, 145.13,
141.96, 138.16, 136.45, 132.89, 129.19, 128.88, 128.57, 125.07, 123.81,
123.01, 121.97, 118.31, 115.49, 71.24, 21.41. ESI-HRMS calcd. for
C21H17N6O2 [M�H]- 385.1413, found: 385.1416.

4.1.6.14. N-(4-((4-methylbenzyl)oxy)-3-(1H-tetrazol-1-yl)phenyl)
isonicotinamide (2n). A yellow powder, yield 80.5%. 1H NMR
(600MHz, DMSO‑d6) d 10.69 (s, 1H), 9.81 (s, 1H), 8.81 (d, J¼ 5.6 Hz,
2H), 8.21 (d, J¼ 2.4 Hz, 1H), 7.93 (dd, J¼ 9.1, 2.5 Hz, 1H), 7.88 (d,
J¼ 5.9 Hz, 2H), 7.50 (d, J¼ 9.1 Hz,1H), 7.27 (d, J¼ 7.9 Hz, 2H), 7.18 (d,
J¼ 7.8 Hz, 2H), 5.20 (s, 2H), 2.29 (s, 3H). 13C NMR (150MHz,
DMSO‑d6) d 164.29, 150.73, 147.43, 145.02, 141.86, 137.86, 133.34,
132.70, 129.45, 128.15, 123.64, 122.81, 121.88, 118.13, 115.31, 70.95,
21.14. ESI-HRMS calcd. for C21H17N6O2 [M�H]- 385.1413, found:
385.1416.

4.1.6.15. N-(4-((2-methoxybenzyl)oxy)-3-(1H-tetrazol-1-yl)phenyl)
isonicotinamide (2o). A yellow powder, yield 79.3%. 1H NMR
(600MHz, DMSO‑d6) d 10.72 (s, 1H), 9.73 (s, 1H), 8.82 (d, J¼ 4.1 Hz,
2H), 8.24 (d, J¼ 2.5 Hz, 1H), 7.96 (dd, J¼ 9.1, 2.5 Hz, 1H), 7.90 (d,
J¼ 5.8 Hz, 2H), 7.53 (d, J¼ 9.1 Hz, 1H), 7.37e7.32 (m, 1H), 7.30 (d,
J¼ 7.4 Hz, 1H), 7.05 (d, J¼ 8.2 Hz, 1H), 6.94 (t, J¼ 7.4 Hz, 1H), 5.23 (s,
2H), 3.80 (s, 3H). 13C NMR (150MHz, DMSO‑d6) d 164.28, 157.36,
150.68, 147.34, 144.86, 141.89, 132.85, 130.24, 129.63, 123.91, 123.60,
123.02, 121.93, 120.68, 117.87, 115.66, 111.36, 67.04, 55.76. ESI-HRMS
calcd. for C21H17N6O3 [M�H]- 401.1362, found: 401.1365.

4.1.6.16. N-(4-((3-methoxy-cyanobenzyl)oxy)-3-(1H-tetrazol-1-yl)
phenyl)isonicotinamide (2p). An off-white powder, yield 67.3%. 1H
NMR (500MHz, DMSO‑d6) d 10.73 (s, 1H), 9.87 (s, 1H), 8.80 (s, 2H),
8.22 (s, 1H), 7.94 (d, J¼ 8.9 Hz, 1H), 7.88 (s, 2H), 7.48 (d, J¼ 8.8 Hz,
1H), 7.28 (t, J¼ 7.3 Hz, 1H), 6.93 (s, 2H), 6.88 (d, J¼ 8.0 Hz, 1H), 5.22
(s, 2H), 3.74 (s, 3H). 13C NMR (125MHz, DMSO‑d6) d 163.77, 159.21,
150.16, 146.90, 144.56, 141.41, 137.47, 132.42, 129.44, 123.23, 122.32,
121.34, 119.33, 117.76, 114.74, 113.54, 112.61, 70.29, 54.85. ESI-HRMS
calcd. for C21H17N6O3 [M�H]- 401.1362, found: 401.1365.

4.1.6.17. N-(4-((4-methoxy-cyanobenzyl)oxy)-3-(1H-tetrazol-1-yl)
phenyl)isonicotinamide (2q). An off-white powder, yield 65.9%. 1H
NMR (600MHz, DMSO‑d6) d 10.67 (s, 1H), 9.77 (s, 1H), 8.81 (d,
J¼ 4.8 Hz, 2H), 8.21 (d, J¼ 2.4 Hz, 1H), 7.94 (dd, J¼ 9.0, 2.4 Hz, 1H),
7.88 (d, J¼ 5.8 Hz, 2H), 7.51 (d, J¼ 9.1 Hz,1H), 7.33 (d, J¼ 8.5 Hz, 2H),
6.93 (d, J¼ 8.6 Hz, 2H), 5.17 (s, 2H), 3.75 (s, 3H). 13C NMR (150MHz,
DMSO‑d6) d 164.39, 159.69, 150.82, 147.55, 145.04, 141.97, 132.80,
129.97, 128.32, 123.73, 122.99, 121.96, 118.19, 115.55, 114.39, 71.01,
55.57. ESI-HRMS calcd. for C21H17N6O3 [M�H]- 401.1362, found:
401.1365.

4.1.6.18. N-(4-((2-cyanobenzyl)oxy)-3-(1H-tetrazol-1-yl)phenyl)iso-
nicotinamide (2r). An off-white powder, yield 72.3%. 1H NMR
(500MHz, DMSO‑d6) d 10.77 (s, 1H), 9.75 (s, 1H), 8.80 (d, J¼ 3.5 Hz,
2H), 8.23 (s, 1H), 7.97 (d, J¼ 9.0 Hz, 1H), 7.88 (s, 3H), 7.74 (t,
J¼ 7.3 Hz, 1H), 7.64 (d, J¼ 7.6 Hz, 1H), 7.59e7.54 (m, 2H), 5.43 (s,
2H). 13C NMR (125MHz, DMSO‑d6) d 163.83, 150.18, 146.43, 144.36,
141.34, 138.90, 133.32, 133.18, 132.82, 129.17, 129.13, 123.17, 122.43,
121.35, 117.77, 116.85, 114.90, 110.81, 68.76. ESI-HRMS calcd. for
C21H14N7O2 [M�H]- 396.1209, found: 396.1212.

4.1.6.19. N-(4-((3-cyanobenzyl)oxy)-3-(1H-tetrazol-1-yl)phenyl)iso-
nicotinamide (2s). An off-white powder, yield 81.2%. 1H NMR
(600MHz, DMSO‑d6) d 10.72 (s, 1H), 9.91 (s, 1H), 8.82 (d, J¼ 5.6 Hz,
2H), 8.24 (d, J¼ 2.3 Hz, 1H), 7.96 (dd, J¼ 9.0, 2.3 Hz, 1H), 7.89 (d,
J¼ 5.7 Hz, 3H), 7.82 (d, J¼ 7.7 Hz, 1H), 7.74 (d, J¼ 7.8 Hz, 1H), 7.61 (t,
J¼ 7.7 Hz, 1H), 7.49 (d, J¼ 9.1 Hz, 1H), 5.33 (s, 2H). 13C NMR
(150MHz, DMSO‑d6) d 164.42, 150.82, 147.16, 145.22, 141.92, 138.24,
133.12, 132.78, 132.40, 131.53, 130.26, 123.78, 122.96, 121.97, 119.05,
118.39, 115.33, 112.02, 69.95. ESI-HRMS calcd. for C21H14N7O2
[M�H]- 396.1209, found: 396.1212.
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4.1.6.20. N-(4-((4-cyanobenzyl)oxy)-3-(1H-tetrazol-1-yl)phenyl)iso-
nicotinamide (2t). Ayellow powder, yield 65.6%. 1H NMR (500MHz,
DMSO‑d6) d 10.74 (s, 1H), 9.90 (s, 1H), 8.80 (s, 2H), 8.22 (s, 1H), 7.91
(d, J¼ 34.5 Hz, 5H), 7.57 (s, 2H), 7.46 (s, 1H), 5.37 (s, 2H).13C NMR
(125MHz, DMSO‑d6) d 163.79, 150.17, 146.56, 144.55, 141.61, 141.33,
132.56, 132.31, 127.84, 123.19, 122.30, 121.33, 118.46, 117.86, 114.65,
110.65, 69.49. ESI-HRMS calcd. for C21H14N7O2 [M�H]- 396.1209,
found: 396.1212.

4.1.7. Synthesis of 4-hydroxy-3-(1H-tetrazol-1-yl)benzoic acid (9)
A mixture of 3-amino-4-hydroxybenzoic acid (5.0 g, 33mmol),

triethyl orthoformate (14.5 g, 98mmol) and NaN3 (4.3 g, 65mmol)
in AcOH (50mL) was reacted at 80 �C overnight. Then, 15% hydro-
chloric acid aqueous solution (50mL) was added. After stirring at
80 �C for 1 h, the mixture was cooled and allowed to stand for 3 h.
The formed precipitate was filtered, washed with water and dried
to yield 4-hydroxy-3-(1H-tetrazol-1-yl)benzoic acid (4.5 g, 67.0%)
as an off-white solid. 1H NMR (400MHz, DMSO‑d6) d 12.89 (s, 1H),
11.78 (s, 1H), 9.82 (s, 1H), 8.16 (d, J¼ 2.1 Hz, 1H), 8.00 (dd, J¼ 8.6,
2.1 Hz, 1H), 7.22 (d, J¼ 8.6 Hz, 1H). 13C NMR (100MHz, DMSO‑d6)
d 166.58, 154.70, 144.97, 132.95, 127.40, 122.68, 121.76, 117.45.

4.1.8. General procedure for the synthesis of 4-alkoxy-3-(1H-
tetrazol-1-yl)benzoic acid (11)

A mixture of compound 9 (4.9mmol), alkyl chloride or alkyl
bromide (12.1mmol), anhydrous potassium carbonate (24.3mmol)
and potassium iodide (0.5mmol) in DMF (15mL) was stirred at
60 �C for 6 h. The insoluble solid was filtered off and the filtrate was
diluted with water (50mL). The formed precipitate was collected
by filtration, washed with a large quantity of water and dried to
give the corresponding intermediates alkyl 4-alkoxy-3-(1H-tetra-
zol-1-yl)benzoates 10, which was directly used in the next step
without further purification.

A solution of prepared compound 10 and sodium hydroxide
(9.8mmol) in methanol (20mL) and water (20mL) was heated at
50 �C for 30min. After the completion of the reaction, the solution
was cooled to �5 �C, acidized to pH 3e4 with 5% hydrochloric acid
aqueous solution and allowed to stand for 5 h. The formed pre-
cipitate was collected by filtration, washed with water and dried to
give the corresponding key intermediates 4-alkoxy-3-(1H-tetrazol-
1-yl)benzoic acids (11c, 11e, 11i, 11k and 11u).

4.1.8.1. 4-Isobutoxy-3-(1H-tetrazol-1-yl)benzoic acid (11c). A yellow
powder, yield 68.8%. 1H NMR (600MHz, DMSO‑d6) d 13.12 (s, 1H),
9.76 (s, 1H), 8.17 (d, J¼ 2.0 Hz, 1H), 8.13 (dd, J¼ 8.7, 2.1 Hz, 1H), 7.44
(d, J¼ 8.8 Hz, 1H), 3.95 (d, J¼ 6.4 Hz, 2H), 1.97 (m, 1H), 0.85 (d,
J¼ 6.7 Hz, 6H). 13C NMR (150MHz, DMSO‑d6) d 166.39, 155.46,
145.24, 133.50, 127.65, 123.92, 122.96, 114.16, 75.67, 27.87, 19.12.

4.1.8.2. 4-(pentyloxy)-3-(1H-tetrazol-1-yl)benzoic acid (11e). A yel-
low powder, yield 76.8%. 1H NMR (600MHz, DMSO‑d6) d 13.08 (s,
1H), 9.76 (s, 1H), 8.17 (d, J¼ 2.1 Hz, 1H), 8.12 (dd, J¼ 8.7, 2.1 Hz, 1H),
7.45 (d, J¼ 8.8 Hz,1H), 4.17 (t, J¼ 6.5 Hz, 2H), 1.68 (p, J¼ 6.8 Hz, 2H),
1.28e1.24 (m, 4H), 0.83 (m, 3H). 13C NMR (150MHz, DMSO‑d6)
d 166.38, 155.19, 145.13, 133.36, 127.40,123.92, 122.98,114.22, 69.89,
28.19, 27.81, 22.11, 14.22.

4.1.8.3. 4-(hexyloxy)-3-(1H-tetrazol-1-yl)benzoic acid (11i). A yel-
low powder, yield 64.2%. 1H NMR (600MHz, DMSO‑d6) d 13.03 (s,
1H), 9.76 (s, 1H), 8.16 (d, J¼ 2.1 Hz, 1H), 8.12 (dd, J¼ 8.7, 2.1 Hz, 1H),
4.17 (t, J¼ 6.4 Hz, 2H), 1.70e1.63 (m, 2H), 1.28e1.20 (m, 6H), 0.82 (t,
J¼ 6.9 Hz, 3H).13C NMR (150MHz, DMSO‑d6) d 166.35, 155.18,
145.13, 133.35, 127.38, 123.95, 122.98, 114.22, 69.90, 31.19, 28.47,
25.27, 22.38, 14.20.
4.1.8.4. 4-(benzyloxy)-3-(1H-tetrazol-1-yl)benzoic acid (11k).
An off-white powder, yield 78.8%. 1H NMR (600MHz, DMSO‑d6)
d 13.07 (s, 1H), 9.81 (s, 1H), 8.22 (d, J¼ 2.1 Hz, 1H), 8.15 (dd, J¼ 8.7,
2.1 Hz, 1H), 7.54 (d, J¼ 8.8 Hz, 1H), 7.38 (q, J¼ 7.9 Hz, 4H), 7.33 (m,
2H), 5.33 (d, J¼ 4.9 Hz, 2H).13C NMR (150MHz, DMSO‑d6) d 166.38,
154.83, 145.18, 136.02, 133.33, 129.01, 128.70, 128.01, 127.61, 124.47,
123.20, 114.73, 71.27.

4.1.8.5. 4-Methoxy-3-(1H-tetrazol-1-yl)benzoic acid (11u). An off-
white powder, yield 58.7%. 1H NMR (400MHz, DMSO‑d6) d 13.15
(s, 1H), 9.84 (s, 1H), 8.18 (d, J¼ 2.1 Hz, 1H), 8.15 (dd, J¼ 8.7, 2.1 Hz,
1H), 7.47 (d, J¼ 8.8 Hz, 1H), 3.95 (s, 3H). 13C NMR (100MHz,
DMSO‑d6) d 166.38, 155.70, 145.22, 133.38, 127.32, 124.08, 122.86,
113.63, 57.36.

4.1.9. General procedure for the synthesis of 4-alkoxy-N-(pyridin-4-
yl)-3-(1H-tetrazol-1-yl)benzamides 3

A solution of compound 11 (4.0mmol) in thionyl chloride
(10mL) containing two drops of DMF was heated at 50 �C for 5 h.
After that, The extra thionyl chloride was evaporated in vacuum
and the precipitate was added THF (20mL) to yield a suspension of
4-alkoxy-3-(1H-tetrazol-1-yl)benzoyl chloride hydrochloride 12.

The freshly prepared compound 12 suspensions were slowly
dropwise added into a solution of pyridin-4-amine (6.0mmol) and
triethylamine (12.0mmol) in THF (30mL) at �10 �C. The mixture
was maintained at the same temperature for 1 h and then stirred at
room temperature overnight. The insoluble materials were
removed by filtration and washed with THF. The filtrate was
evaporated in vacuum to remove about 2/3 of the solvent. The
residue was dispersed into water, filtered under reduced pressure,
washed and dried to provide crude products, which was further
purified by recrystallization from 50% ethanol to provide corre-
sponding 4-alkoxy-N-(pyridin-4-yl)-3-(1H-tetrazol-1-yl)benza-
mides 3c, 3e, 3i, 3k and 3u.

4.1.9.1. 4-Isobutoxy-N-(pyridin-4-yl)-3-(1H-tetrazol-1-yl)benzamide
(3c). A yellow powder, yield 62.2%. 1H NMR (400MHz, DMSO‑d6)
d 10.59 (s, 1H), 9.82 (s, 1H), 8.48 (d, J¼ 5.7 Hz, 2H), 8.35 (d,
J¼ 2.2 Hz, 1H), 8.25 (dd, J¼ 8.8, 2.2 Hz, 1H), 7.78 (d, J¼ 6.3 Hz, 2H),
7.52 (d, J¼ 8.9 Hz, 1H), 3.98 (d, J¼ 6.4 Hz, 2H), 1.98 (m, 1H), 0.87 (d,
J¼ 6.7 Hz, 6H). 13C NMR (100MHz, DMSO‑d6) d 164.78, 155.03,
150.78, 146.28, 145.40, 132.37, 126.80, 126.51, 122.80, 114.53, 114.15,
75.69, 27.92, 19.16. ESI-HRMS calcd. for C17H17N6O2 [M�H]-

337.1413, found: 337.1417.

4.1.9.2. 4-(pentyloxy)-N-(pyridin-4-yl)-3-(1H-tetrazol-1-yl)benza-
mide (3e). A yellow powder, yield 73.1%. 1H NMR (400MHz,
DMSO‑d6) d 10.59 (s, 1H), 9.82 (s, 1H), 8.48 (d, J¼ 6.0 Hz, 2H), 8.36
(d, J¼ 2.2 Hz, 1H), 8.24 (dd, J¼ 8.8, 2.3 Hz, 1H), 7.78 (dd, J¼ 4.9,
1.4 Hz, 2H), 7.52 (d, J¼ 8.9 Hz, 1H), 4.19 (t, J¼ 6.5 Hz, 2H), 1.69 (p,
J¼ 6.8 Hz, 2H), 1.27 (m, 4H), 0.83 (t, J¼ 7.1 Hz, 3H). 13C NMR
(100MHz, DMSO‑d6) d 164.79,154.71,150.77,146.28,145.28,132.23,
126.82, 126.24, 122.80, 114.53, 114.16, 69.89, 28.22, 27.83, 22.14,
14.26. ESI-HRMS calcd. for C18H19N6O2 [M�H]- 351.1569, found:
351.1573.

4.1.9.3. 4-(hexyloxy)-N-(pyridin-4-yl)-3-(1H-tetrazol-1-yl)benza-
mide (3i). A yellow powder, yield 81.2%. 1H NMR (600MHz,
DMSO‑d6) d 10.62 (s, 1H), 9.84 (s, 1H), 8.49 (t, J¼ 8.6 Hz, 2H), 8.37 (d,
J¼ 2.2 Hz, 1H), 8.25 (dd, J¼ 8.8, 2.2Hz, 1H), 7.80 (dd, J¼ 5.0, 1.4 Hz,
2H), 7.54 (d, J¼ 8.9 Hz,1H), 4.21 (t, J¼ 6.4 Hz, 2H),1.72e1.67 (m, 2H),
1.31e1.22 (m, 6H), 0.84 (t, J¼ 6.8Hz, 3H). 13C NMR (150MHz,
DMSO‑d6) d 164.80, 154.71, 150.78, 146.29, 145.32, 132.24, 126.79,
126.25,122.78,114.52, 114.15, 69.89, 31.22, 28.49, 25.31, 22.43, 14.26.
ESI-HRMS calcd. for C19H21N6O2 [M�H]- 365.1726, found: 365.1729.
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4.1.9.4. 4-(benzyloxy)-N-(pyridin-4-yl)-3-(1H-tetrazol-1-yl)benza-
mide (3k). A yellow powder, yield 72.8%. 1H NMR (600MHz,
DMSO‑d6) d 10.63 (s, 1H), 9.89 (s, 1H), 8.48 (t, J¼ 8.2 Hz, 2H), 8.38 (d,
J¼ 2.2 Hz, 1H), 8.25 (dd, J¼ 8.8, 2.2 Hz, 1H), 7.78 (dd, J¼ 5.0, 1.3 Hz,
2H), 7.63e7.61 (m,1H), 7.41e7.37 (m, 4H), 7.35e7.32 (m,1H), 5.37 (s,
2H). 13C NMR (150MHz, DMSO‑d6) d 164.82, 154.34, 150.81, 146.27,
145.39, 136.06, 132.20, 129.05, 128.72, 128.03, 127.27, 126.51, 123.01,
114.70, 114.52, 71.19. ESI-HRMS calcd. for C20H15N6O2 [M�H]-

371.1256, found: 371.1261.

4.1.9.5. 4-Methoxy-N-(pyridin-4-yl)-3-(1H-tetrazol-1-yl)benzamide
(3u). An off-white powder, yield 77.8%. 1H NMR (600MHz,
DMSO‑d6) d 10.65 (s, 1H), 9.90 (s, 1H), 8.49 (dd, J¼ 4.9, 1.4 Hz, 2H),
8.37 (d, J¼ 2.3 Hz, 1H), 8.28 (dd, J¼ 8.8, 2.3 Hz, 1H), 7.79 (dd, J¼ 4.8,
1.5 Hz, 2H), 7.56 (d, J¼ 8.9 Hz, 1H), 3.98 (s, 3H).13C NMR (150MHz,
DMSO‑d6) d 164.84, 155.26, 150.77, 146.31, 145.39, 132.28, 126.98,
126.22, 122.66, 114.54, 113.56, 57.41. ESI-HRMS calcd. for
C14H11N6O2 [M�H]- 295.0943, found: 295.0950.

4.2. Assay of in vitro XO inhibitory activity

Bovine XO inhibitory potency in vitro was assayed spectropho-
tometrically by measuring the uric acid formation at 294 nm at
25 �C. The testing method was based on the procedure reported by
Matsumoto et al. [30], with modification. The assay mixture con-
tained 0.1M sodium pyrophosphate buffer (pH 8.3), 0.3mM
Na2EDTA, 1mM xanthine, 25 U/L XO (Sigma, X1875), and the test
compound. The enzyme was pre-incubated for 10minwith the test
compound, and the reaction was started by the addition of
xanthine. The XO inhibition by various compounds was calculated
by the reduction of uric acid production in the first 2min. All tests
were performed in triplicate. Compounds presenting inhibitory
effects over 60% at a concentration of 10 mMwere further tested at a
wide range of concentrations to calculate their IC50 values using
SPSS 20.0 software.

4.3. Molecular docking

Molecular modeling studies were carried out with MOE (Mo-
lecular Operating Environment, version 2015.1001) software by a
similar procedure reported in our previous studies [29]. The crystal
structure of bovine XO in complex with topiroxostat (PDB code
1V97) [33] downloaded from RCSB Protein Data Bank was adopted
in docking calculations. The receptor was optimized by a Quickprep
protocol with the following procedures of Structure Preparation,
Protonate 3D and Structure Refine (RMSD gradient¼ 0.1 kcal/mol,
AMBER10: EHT field) [46]. The docking procedure was adopted the
standard protocol implemented in MOE and all parameters were
maintained as the defaults.

4.4. MD simulations

MD simulations were performed with NAMD software (version
2.13) [44] incorporating in VMD (visual molecular dynamics,
version 1.9.3) [45]. The proteinwas described by using CHARMM22
force field. Ligand parameterization was carried out using
CHARMM General Force Field (CGenFF) server (https://cgenff.
umaryland.edu/) which performed ligand atom typing and
assignment of parameters and charges by analogy [47]. All the
systems were solvated using the TIP3 water model and neutralized
by the addition of NaCl. Minimization for 1000 steps was carried
out by the steepest descent method and the system equilibrated for
1 ns in NVT ensemble. Unrestrained 10 ns-production-MD simu-
lations was performed at constant temperature (300 K) and pres-
sure (1 atm) in (NPT) ensemble at a time step of 2 fs. The results
were analyzed in VMD and the binding model at the end of 10 ns-
MD simulation was rendered in MOE software.
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