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CXCR1 and CXCR2 are CXC chemokine receptors (CXCRs), corresponding to cytokines of the CXC

chemokine family. CXCR2 was found to be 77% homologous to CXCR1. Antagonism of the chemokine

receptor CXCR2 has been proposed as a new strategy for the treatment of metastatic cancer. In order to

find a CXCR2 selective antagonist, a bicyclo[2.2.1]heptane containing N,N0-diarylsquaramide (compound

2e) was identified by introducing a bridge ring system into the N,N0-diarylsquaramide skeleton, and it

exhibited good CXCR2 antagonistic activity (CXCR2IC50 ¼ 48 nM) and good selectivity

(CXCR1IC50/
CXCR2IC50 ¼ 60.4). Furthermore, an in vitro biological assay of compound 2e also

demonstrated its good anti-cancer metastatic effect against the pancreatic cancer cell line CFPAC1. In

addition, compound 2e showed an extremely high stability in simulated intestinal fluid (SIF) and

simulated gastric fluid (SGF), as well as in rat and human plasma, but not in rat and human liver

microsomes. In vivo pharmacokinetic studies in rats indicated that 2e has an excellent PK profile

(10 mg kg�1 po, Cmax ¼ 2863 ng mL�1, t1/2 ¼ 2.58 h). Moreover, molecular docking was further

implemented to propose the preponderant configuration of compound 2e, providing important and

useful guidelines for further development.
1. Introduction

CXCR1 and CXCR2 are CXC chemokine receptors (CXCRs) and
G-protein coupled receptors, which correspond to cytokines
of the CXC chemokine family. CXCR2 was found to be 77%
homologous to CXCR1.1,2 The CXC chemokine receptor 1
(CXCR1) and CXC chemokine receptor 2 (CXCR2) can both be
activated by chemokine CXCL8 (interleukin-8, IL-8) and
granulocyte chemotactic protein-2. Furthermore, CXCR2 can
also be activated by several other ELR+ CXC chemokines,
including neutrophil-activating peptides and growth related
oncogenes (GROa, b and g).3 Several studies have demon-
strated the intimate relationship between CXCR2 and
different cancer types.4–9 Here, the blockade of CXCR2 repre-
sents an attractive strategy for the treatment of cancer
metastasis.5,7,10–19 As shown in Fig. 1, CXCR1 or CXCR2
Chemistry, College of Pharmaceutical

China. E-mail: huyz@zju.edu.cn

Shanghai Institute of Materia Medica,

China

The National Center for Drug Screening,

nese Academy of Sciences, Shanghai, PR

(ESI) available: CXCR2 homologous
MR spectra of compounds 1a and 2e.

hemistry 2018
antagonists such as AZD5069, Danirixin, Reparixin, Ladarixin
and SX-682 have entered clinical trials for different indica-
tions. Among these compounds, the CXCR2 selective antag-
onist AZD5069 is currently in phase II clinical trials for the
treatment of metastatic head & neck cancer and metastatic
pancreatic cancer, administered in combination with
MEDI4736 (a PD-L1 inhibitor). In addition, SX-682 is also in
phase I clinical trials for the treatment of metastatic mela-
noma, in combination with pembrolizumab. Therefore,
developing novel CXCR2 selective antagonists may provide
inspiration in future studies.

Among numerous structural motifs in clinical compounds,
polycyclic hydrocarbon scaffolds offer a variety of diverse
features such as a unique three-dimensional shape and
hydrophobic and pharmacokinetic properties.20–23 As shown
in Fig. 2(A), the use of bicyclic motifs of polycyclic scaffolds,
including bicyclo[2.2.1], bicyclo[2.2.2], bicyclo[4.4.1] and
bicyclo[5.3.1], appears to be a widely used strategy in drug
discovery.20 Furthermore, it is obvious that bridge ring
systems play an important role in various pharmaceutical
compounds.

The N,N0-diarylsquaramide CXCR1/2 antagonist MK7123
(SCH527123) has been discontinued in phase II clinical trials.
The indications ofMK7123 were chronic obstructive pulmonary
disease (COPD), asthma and psoriasis. MK7123 exhibited 10-
fold greater selectivity for CXCR1 over CXCR2.24 As shown in
RSC Adv., 2018, 8, 11061–11069 | 11061

http://crossmark.crossref.org/dialog/?doi=10.1039/c8ra01806e&domain=pdf&date_stamp=2018-03-20
http://orcid.org/0000-0002-2178-4372
http://orcid.org/0000-0002-6180-9183
http://orcid.org/0000-0001-7202-9214
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra01806e
https://rsc.66557.net/en/journals/journal/RA
https://rsc.66557.net/en/journals/journal/RA?issueid=RA008020


Fig. 1 Structures of clinical compounds.

Fig. 2 (A) Drugs containing bridge ring systems; (B) the right and left-
hand parts of MK7123; (C) compound design rationale.
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Fig. 2(B), due to the high tolerance and hydrophobic charac-
teristics of the right-hand part of the compound,24–26 polycyclic
hydrocarbon scaffolds were introduced to explore the CXCR2
selectivity and anti-cancer metastatic effect.

At rst, a simple bicyclo[2.2.1] moiety was introduced to
afford compound 1a, as shown in Fig. 2(C). Interestingly,
compound 1a showed a 113-fold selectivity for CXCR2 over
CXCR1 (CXCR1IC50 ¼ 7 mM, CXCR2IC50 ¼ 0.062 mM). In order to
develop CXCR2 selective antagonists with much higher antag-
onistic potentials, promising pharmacokinetic proles and
good anti-cancer metastasis effects, other bridge ring systems
were considered. Meanwhile, the introduction of different
electron-withdrawing groups to the le-hand part of the struc-
ture was also evaluated.
11062 | RSC Adv., 2018, 8, 11061–11069
2. Results and discussion
2.1 Chemistry

The synthesis of target compounds 1a–1f is illustrated in
Scheme 1. The substituted aminophenol (compound 6) was
derived from a commercially available starting material (3-nitro-
salicylic acid 3). The acyl chloride containing compound 4 was
obtained via an acylation reaction with thionyl chloride, and
successive condensation in the presence of dimethylamine
hydrochloride afforded the amide compound 5. Subsequently,
the aniline compound 6 was acquired via reduction of the nitro-
containing compound 5 in a H2 Pd/C system. Aer this,
compound 6 underwent a nucleophilic substitution reaction with
3,4-diethoxycyclobut-3-ene-1,2-dione to provide the intermediate
compound 7. Then the ethoxyl group was substituted with
different bridge ring amines to provide the nal products 1a–1f.

The synthesis of target compounds 2a–2h is illustrated in
Scheme 2. Compounds 8a–8d with different electron-
withdrawing groups were used as starting materials.
Compounds 2a–2d were afforded via a 2-step nucleophilic
substitution reaction with 3,4-dialkoxycyclobut-3-ene-1,2-dione
and bridge-ring amines, respectively. The acyl chloride
compound 4was treated with different amines to provide amide
compounds 10a–10c, and these nitryl containing intermediates
were subsequently reduced to provide compounds 11a–11c.
Compounds 11a–11c underwent a nucleophilic substitution
reaction with 3,4-diethoxycyclobut-3-ene-1,2-dione to provide
compounds 12a–12c. In the presence of bicyclo[2.2.1]heptan-2-
amine, the target compounds 2e–2g were formed. The protect-
ing group (–Boc) of compound 2g was easily removed using HCl
saturated ethyl acetate to afford the target compound 2h.

2.2 In vitro CXCR1 and CXCR2 antagonistic activity

As listed in Table 1, different bridge ring substituents were
explored. Among these compounds, the bridge ring space size
was found to be important for the corresponding CXCR2
affinities. When the polycyclic hydrocarbon scaffolds were
enlarged (1b, CXCR2IC50 > 100 mM; 1c, CXCR2IC50 ¼ 5.5 mM; 1d,
This journal is © The Royal Society of Chemistry 2018
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Scheme 1 Synthetic route of compounds 1a–1f. (a) SOCl2, dichloromethane; (b) dimethylamine hydrochloride, TEA, dichloromethane; (c) Pd/C,
H2, methanol; (d) 3,4-diethoxycyclobut-3-ene-1,2-dione, ethanol; (e) diverse bridge ring amines, ethanol.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

1 
M

ar
ch

 2
01

8.
 D

ow
nl

oa
de

d 
on

 7
/8

/2
02

5 
2:

30
:1

4 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
CXCR2IC50 ¼ 1 mM) or moved away from the parent nucleus (1e,
CXCR2IC50 ¼ 2.6 mM; 1f, CXCR2IC50 ¼ 23.6 mM), the CXCR2 binding
affinity of the corresponding analogues decreased dramatically.

Subsequent structure–activity relationship (SAR) determi-
nations resulted in changing the electron-withdrawing group
on the le side of the structure. Throughout our assay, the
introduction of an electron-donating methyl group (2a,
CXCR2IC50 ¼ 3.8 mM) or an electron-withdrawing cyano group
(2b, CXCR2IC50 ¼ 0.45 mM) at the R2 position resulted in loss of
activity. Compared to compound 1a, aer replacement of the R1

amide moiety with sulfone (2c, CXCR2IC50 ¼ 0.12 mM) or sulf-
oxide (2d, CXCR2IC50 ¼ 92 nM), compound 2c exhibited a similar
selectivity but weaker binding affinity and compound 2d
demonstrated a suitable CXCR2 antagonistic activity but with
reduced selectivity. On the basis of this observation, subsequent
modications focused on the modication of the R1 amide
Scheme 2 Synthetic route of compounds 2a–2h. (a) 3,4-diethoxycy
ethanol; (b) (1S,4R)-bicyclo[2.2.1]heptan-2-amine, ethanol or methanol;
saturated ethyl acetate.

This journal is © The Royal Society of Chemistry 2018
moiety. Compound 2e showed an increased CXCR2 binding
affinity (CXCR2IC50 ¼ 48 nM), but a decreased selectivity ratio.
When the amide along with the ve-membered ring in 2e was
enlarged to a six-membered ring (2f, CXCR2IC50 ¼ 0.42 mM), the
CXCR2 antagonistic affinity was found to be reduced approxi-
mately 10-fold. Comparing compound 2g (CXCR1IC50 ¼ 5.6 mM
and CXCR2IC50 ¼ 0.42 mM) and 2h (CXCR1IC50 > 100 mM and
CXCR2IC50¼ 0.53 mM), the introduction of a hydrophilic center to
the le-hand amide moiety (2h) led to a signicant loss of
CXCR1 antagonistic activity, resulting in an increased CXCR2
antagonistic selectivity (>188-fold) (Table 2).
2.3 Cell migration suppression by compound 2e

The highly metastatic CFPAC1 pancreatic cancer cell line was
selected for the following in vitro biological evaluation. The
clobut-3-ene-1,2-dione or 3,4-dimethoxycyclobut-3-ene-1,2-dione,
(c) diverse amines, dichloromethane; (d) Pd/C, H2, methanol; (e) HCl

RSC Adv., 2018, 8, 11061–11069 | 11063
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Table 1 Antagonistic activity and selectivity of bridge ring substituents
on CXCR1/2 binding

No. R1

CXCR1 (mM) CXCR2 (mM)

RatioaIC50 SEM IC50 SEM

1a 7.0 2.9 0.062 0.028 113

1b >100 — >100 — —

1c 35.6 3.0 5.5 0.5 6.5

1d 6.7 0.1 1.0 0.2 6.7

1e 30.8 4.8 2.6 1.2 11.8

1f 48.8 6.5 23.6 1.2 2.1

a Ratio ¼ CXCR1IC50/
CXCR2IC50.

Table 2 Antagonistic activity and selectivity of left-hand substituents
on CXCR1/2 binding

No. R1 R2

CXCR1 (mM) CXCR2 (mM)

RatioaIC50 SEM IC50 SEM

2a H CH3 86.1 2.7 3.8 1.3 22.7
2b H CN 42.7 1.5 0.45 0.14 94.9

2c Cl 12.4 4.3 0.12 0.025 103.3

2d Cl 6.5 3.0 0.092 0.019 70.7

2e H 2.9 0.3 0.048 0.0075 60.4

2f H 10.3 5.6 0.59 0.061 17.5

2g H 5.6 1.5 0.42 0.054 13.3

2h H >100 — 0.53 0.17 >188.7

a Ratio ¼ CXCR1IC50/
CXCR2IC50.

Fig. 3 (A) The survival rate of compound 2e against the CFPAC1 cell
line; (B) the images of CFPAC1 cell migration; (C) the images of the
Transwell assay.
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migration inhibitory effect of compound 2e was studied based
on a well-established wound healing assay and Transwell assay.
At rst, the cytotoxicity of compound 2e was evaluated to
provide a suitable concentration range for the cell migration
assays. As shown in Fig. 3(A), the result indicated that
compound 2e displayed no inhibitory effect on the CFPAC1 cell
line at different concentrations (6.25, 12.5, 25, 50, and 100 mM).

Based on the cytotoxicity result, the cells were treated with 10
mM compound 2e. As a result, the wound area showed a time-
dependent decrease in healing rate and the migration inhibi-
tory rate was 20.2% aer 48 h of treatment (Fig. 3(B)). To further
address the anti-cancer metastatic effect of compound 2e,
a subsequent Transwell assay was carried out. As shown in
Fig. 3(C), 3 different visual elds were chosen randomly to take
the count of the number of cells. The dosing group (727 � 50
cells) traversed much less into the lower chamber of the
Transwell than the control group (1221 � 57 cells). Therefore, it
is believed that compound 2e may modulate the migration
capacity of CFPAC1 cells in vitro.

2.4 In vitro metabolism stability assays of compound 2e

In order to evaluate the druggability of compound 2e, the in
vitro stability was tested. 2e was incubated with simulated
intestinal uid (SIF) and simulated gastric uid (SGF), rat and
human plasma, and rat and human liver microsomes. The
relative concentration changes are shown in Table 3.
Compound 2e exhibited a higher stability in SGF than in SIF
aer 45 min of treatment. In addition, 2e showed extreme
stability in both rat and human plasma, as both stability rates
11064 | RSC Adv., 2018, 8, 11061–11069
were >99% aer 45 min. However, in liver microsome assays,
compound 2e was found to degrade at various levels. Aer
45 min of incubation, 84% of the compound was determined to
remain in rat liver microsomes and 27% was found to remain in
human liver microsomes. Therefore, improving the liver
microsome stability of compound 2e remains a critical goal that
is currently being addressed in our laboratory.
This journal is © The Royal Society of Chemistry 2018
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Table 3 The results of in vitro stability assays (@45 min)

Compound

Remaining percentage (%)

SIF and SGF
stability

Plasma
stability

Liver microsome
stability

SIF SGF Rat Human Rat Human

2e 92.2 � 2.0 >99 >99 >99 84.2 � 3.4 27.4 � 4.3

Fig. 4 (A) Interactionmode of CXCR2 and (R)-2e; (B) interactionmode
of CXCR2 and (S)-2e.
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2.5 Oral pharmacokinetic proles of compound 2e

Compound 2e was also tested in in vivo pharmacokinetic
studies in rats (10 mg kg�1 PO). As shown in Table 4, the
compound demonstrated a moderate clearance rate with a t1/2 of
2.58 h along with an excellent absorbance (Cmax of
2863 ngmL�1). The mean residence time (MRT) is 3.43 h and the
area under the curve from 0 h to 24 h (AUC0–t) is 8820 h ngmL�1.
This preliminary data suggests that this compound may
constitute a reasonable starting point for further drug
development.
2.6 Molecular docking

In order to give a structural illustration for the experimental
results above, molecular docking was performed to further
explore the mechanism of the newly developed N,N0-diary-
lsquaramide derivatives and predict the preponderant cong-
uration of compound 2e. Due to the absence of a crystal
structure of CXCR2, the structure of CXCR1 was employed,
which shares a 77% sequence similarity. The homologous
modelling and docking were performed with the modules Align
Sequence to Templates, Build Homology Models, Standard
Dynamic Cascade and Flexible Docking (see Fig. S1†) implanted
in Discovery Studio 2.5.

According to the possible ligand binding site reported
previously,27 the result of the docking study showed that the S
conguration ((S)-2e, LibDockScore ¼ 73.34) performed better
than the R conguration ((R)-2e, LibDockScore ¼ 52.10). As
shown in Fig. 4(A), one of the ketone oxygens on the cyclobut-3-
ene-1,2-dione part of (R)-2e is hydrogen-bonded to Arg80, and
the bicyclo[2.2.1]heptane moiety of (R)-2e inserted into
a hydrophobic pocket surrounded by Ser81, Ala249 and Val252.
Table 4 PK profiles of compound 2e

PK parameters Value

Dose 10 mg kg�1

Kel 0.285 � 0.084 h�1

t1/2 2.58 � 0.74 h
tmax 0.33 � 0.14 h
Cmax 2863 � 94 ng mL�1

AUC0–t 8820 � 3555 h ng mL�1

AUC0–inf 8940 � 3455 h ng mL�1

AUMC0–t 30 509 � 19 743 h h ng mL�1

AUMC0–inf 32 103 � 18 610 h h ng mL�1

MRTPO 3.43 � 0.73 h

This journal is © The Royal Society of Chemistry 2018
In contrast, (S)-2e exhibited a stronger binding mode. Inter-
estingly, both of the ketone oxygens on the cyclobut-3-ene-1,2-
dione part of (S)-2e are hydrogen-bonded to Arg80, and the
amino groups on the cyclobut-3-ene-1,2-dione part of (S)-2e
formed additional H-bonds with Tyr314 and Gly244. The bicyclo
[2.2.1]heptane moiety of (S)-2e inserted into the same hydro-
phobic pocket surrounded by Ser81, Ala249 and Val252.
Therefore, the antagonistic activity of (S)-2e may be better than
that of (R)-2e, although this needs further biological
verication.
3. Conclusions

In conclusion, a bridged ring system was applied and explored
in the N,N0-diarylsquaramide skeleton. Upon optimization,
compound 2e bearing bicyclo[2.2.1]heptane demonstrated good
CXCR2 antagonistic activity and a suitable selectivity against
CXCR1. In addition, good in vitro stability, reasonable oral
pharmacokinetic proles and a high anticancer metastatic
effect were also demonstrated. Computational docking results
illustrated the interaction mode of 2e, and (S)-2e may demon-
strate better antagonistic activity. Further chiral resolution and
in vivo biological tests of compound 2e are currently underway
in our laboratory.
4. Experimental section
4.1 CXCR1 and CXCR2 antagonistic activity assay

Human Embryonic Kidney 293 (HEK293) cells stably expressing
Ga16 and CXCR1 or CXCR2 were seeded onto 96-well plates and
incubated for 24 h. Cells were loaded with 2 mmol L�1 Fluo-4 AM
in Hanks balanced salt solution (HBSS, containing KCl
5.4 mmol L�1, Na2HPO4 0.3 mmol L�1, KH2PO4 0.4 mmol L�1,
NaHCO3 4.2mmol L�1, CaCl2 1.3mmol L�1, MgCl2 0.5mmol L�1,
Mg2SO4 0.6 mmol L�1, NaCl 137 mmol L�1, BSA 5 g L�1, glucose
5.6 mmol L�1, and sulnpyrazone 250 mmol L�1, at pH 7.4) at
37 �C for 45 min. The excess dye was removed and 50 mL of
the HBSS containing test compounds was added. Aer incu-
bation at room temperature for 10 min, 25 mL HBSS containing
IL-8 was dispensed into the well using a FlexStation II micro-
plate reader (Molecular Devices, Sunnyvale, CA, USA) and the
intracellular calcium change was recorded with an excitation
wavelength of 485 nm and emission wavelength of 525 nm. The
RSC Adv., 2018, 8, 11061–11069 | 11065
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half maximal inhibitory concentrations (IC50) of compounds
were determined using the “Analyze Data” “XY analyses”
“Nonlinear regression (curve t)” protocol implanted in
GraphPad Prism soware by constructing their dose–response
curves, where the x axis is the log value of concentration and the
y axis is the response value (for the curves of each compound,
see Table S1†). Each experiment was repeated at least three
times.

4.2 Anti-proliferation assay

CFPAC1 cells were seeded in 96-well plates at a density of 4000
cells per well. Aer 24 h of adherence, cells were incubated with
the medium alone or with medium containing test compounds
for 72 h. Five different concentrations (6.25, 12.5, 25, 50, and
100 mM) of both antagonists were used. The cell viability was
determined using MTT assays. The growth inhibition was
calculated as % ¼ [1 � (A/B)] � 100, where A and B were the
absorbances of the treated and untreated cells, respectively.

4.3 Cell migration assay

The cell migration assay was performed in a 24-well Transwell
plate with an 8 mm polycarbonate sterile membrane (Corning
Incorporated). The cells were plated in the upper chamber at 2
� 104 cells per insert in 200 mL of serum-free medium. Inserts
were placed in wells containing 600 mL of medium supple-
mented with 10% FBS. Aer being cultured for 24 h, cells on the
upper surface were detached with a cotton swab. Filters were
xed and cells in the lower lter were stained with 0.1% crystal
violet for 15 minutes and photographed under a 100� micro-
scope. 3 different visual elds were chosen randomly to take the
count of the number of cells.

4.4 Wound healing assay

CFPAC1 cells (5 � 105 cells per well) were seeded in a 6-well
tissue culture plate and grown to 90% conuence. Aer the
medium was removed, a gap with constant width was created in
the center of the well by scratching the monolayer with a sterile
micropipette tip. The cells were then rinsed with phosphate-
buffered saline (PBS) thrice to remove cellular debris, and
were subsequently exposed to 1& DMSO or 10 mM compound
2e. The wound closure was monitored and photographed at 0,
24, and 48 h using ImagePro soware. The cell migration
inhibitory rate was calculated as % ¼ [1 � (0 h wound area �
24 h or 48 h wound area)/0 h wound area] � 100.

4.5 Pharmacokinetic studies

This study was performed in strict accordance with the Labo-
ratory Animal Management Regulations (State Scientic and
Technological Commission Publication No. 8-27 Rev. 2017) and
was approved by Zhejiang University Laboratory Animal Center
(Hangzhou, China). SD rats (purchased from Zhaoyan (Suzhou,
China) New Drug Research Center Co. Ltd) were administered
compound 2e at doses of 10 mg kg�1 by oral gavage in the
solvent (2% DMSO + 98% (0.5% MC)). Venous blood (100 mL)
samples were collected at 0, 0.25, 0.5, 1, 2, 4, 6, 8, and 24 h.
11066 | RSC Adv., 2018, 8, 11061–11069
Plasma was separated from whole blood by centrifugation and
stored at �20 �C until analysis. Compound levels were deter-
mined using an Agilent 1200-API4000QTRAP LC/MS system.
The Cmax, Tmax, t1/2 and AUC were evaluated using Analyst 1.5.1.
4.6 SIF and SGF stability assays

SIF was prepared by dissolving 0.68 grams of pancreatin (Sigma)
in 100 mL of 50 mM potassium phosphate buffer (pH 7.4). SGF
was prepared by dissolving 3.2 g of pepsin (Sigma) in 1000 mL
water containing 2.0 g of sodium chloride (Sinopharm Chem-
ical Reagent Co., Ltd) and 7.0 mL of concentrated hydrochloric
acid (Sinopharm Chemical Reagent Co., Ltd) (pH about 1.2). A
480 mL aliquot of the SIF buffer or SGF solution was added to
20 mL of a test article solution at 100 mg mL�1 to give a nal
solution. The mixture was incubated at 37 �C with gentle
agitation. An aliquot of 100 mL of the reactionmixture was taken
at 0, 15, and 45 minutes and quenched using 400 mL of meth-
anol containing 1 mg mL�1 internal standard compound (from
the in-house database). Aer quenching, the mixture was
vortexed and centrifuged and 10 mL of the resulting solution was
injected into a Shimadzu LCMS-2020 system. The percentage
remaining of the test article at the incubation times of 15 and 45
minutes relative to that at 0 minutes was calculated using the
peak area ratio of the test article versus the internal standard.
4.7 Plasma stability assay

A 500 mL aliquot of rat plasma or human plasma (purchased
from Shanghai Yuduo Biotechnology Company) was added to
5 mL of a test article solution at 100 mg mL�1 to give a nal
solution. The mixture was incubated at 37 �C with gentle
agitation. An aliquot of 100 mL of the reactionmixture was taken
at 0, 15, and 45 minutes and quenched using 400 mL of meth-
anol containing 1 mg mL�1 internal standard compound (from
the in-house database). Aer quenching, the mixture was
vortexed and centrifuged and 10 mL of the resulting solution was
injected into an API4000 + LC/MS system. The percentage
remaining of the test article at the incubation times of 15 and 45
minutes relative to that at 0 minutes was calculated using the
peak area ratio of the test article versus the internal standard.
4.8 Liver microsome stability assay

1 mg mL�1 microsome solution (purchased from Ruide
Research Institute for Liver Diseases (Shanghai) Co. Ltd) was
mixed with 20 mL of 50 mM NADPH (Aladdin) solution to
prepare a microsome-NADPH solution. 500 mL of the
microsome-NADPH solution was pre-warmed at 37 �C for 5
minutes. 5 mL of a 100 mg mL�1 test article solution was then
added to initiate the reaction. The incubation mixture was kept
at 37 �C and 100 mL aliquots were taken at 0, 15, and 45minutes.
In each aliquot, the reaction was quenched using 400 mL of
methanol containing 1 mg mL�1 internal standard compound
(from the in-house database). Aer quenching, the mixtures
were vortexed and centrifuged. The supernatant was transferred
and 10 mL was injected into an API4000 + LC/MS system. The
peak area ratio of a test article versus the internal standard was
This journal is © The Royal Society of Chemistry 2018
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used in the calculation of the rate of disappearance of a test
article.
4.9 Chemistry

4.9.1 General experimental information. All reagents and
solvents were used as purchased from commercial sources.
Chromatography was performed using silica gel (200–300mesh)
or a C18 column. All reactions were monitored by TLC, using
silica gel plates with uorescence F254 and UV light visualiza-
tion. Proton NMR spectra were obtained on a Bruker AVII 500
spectrometer with the use of CDCl3, CD3OD, (CD3)2CO or
DMSO-d6 as the solvent. Carbon-13 NMR spectra were obtained
on a Bruker spectrometer (125 MHz) using DMSO-d6 as the
solvent. Chemical shis are referenced to the residual solvent
peak and reported in ppm (d scale) and all coupling constant (J)
values are given in Hz. The following multiplicity abbreviations
are used: (s) singlet, (d) doublet, (t) triplet, (q) quartet, (m)
multiplet, and (br) broad. ESI-MS data were recorded on a Shi-
madzu LC-MS 2020 instrument.

4.9.2 3-((2-Ethoxy-3,4-dioxocyclobut-1-en-1-yl)amino)-2-
hydroxy-N,N-dimethylbenzamide (7). 2-Hydroxy-3-nitrobenzoic
acid (compound 3, 5 g) was added to thionyl chloride (5 mL)
and heated under reux for 12 h. The solution was concentrated
to afford 2-hydroxy-3-nitrobenzoyl chloride (compound 4, 4.6 g),
which can be used directly for the next step. To a solution of 4
(4 g, 20 mmol) and TEA (8 g, 80 mmol) in DCM, dimethylamine
hydrochloride (3.3 g, 40 mmol) was added, then the solution
was stirred for 6 h at room temperature. The solution was
extracted with 1 N NaOH (20 mL � 3), the aqueous phase was
combined and acidized to pH ¼ 1–2 with 1 N HCl, then
extracted with EtOAc (50 mL � 3). The combined organic layers
were washed with brine, dried over Na2SO4, ltered and
concentrated to afford compound 5 (3.6 g).

To a solution of compound 5 (105 mg, 0.5 mmol) in
methanol, Pd/C (10 mg) was added and then heated under
reux for 6 h under a H2 atmosphere. The solution was ltered
and the ltrate was concentrated to afford compound 6, which
needed to be used directly for the next step. To a solution of
compound 6 in ethanol, 3,4-diethoxycyclobut-3-ene-1,2-dione
(128 mg, 0.75 mmol) was added and the solution was stirred
for 12 h at room temperature. The solution was concentrated,
the residue was dissolved in water and acidized to pH ¼ 1–2
with 1 N HCl, then extracted with EtOAc (50 mL � 3). The
combined organic layers were washed with brine, dried over
Na2SO4, then ltered and concentrated. The residue was
puried using silica gel chromatography to afford compound
7 (96 mg, 63% total yield) as a yellow solid. 1H NMR (500 MHz,
CDCl3) d 7.79 (s, 1H), 7.12 (m, 1H), 6.90 (t, J ¼ 8.0 Hz, 1H), 4.88
(m, 2H), 3.20 (s, 6H), 1.53 (t, J ¼ 7.0 Hz, 3H). ESI-MS:m/z¼ 303
[M–H]+.

4.9.3 General procedure A for preparation of 3-((bridge
ring-yl)amino)-2-hydroxy-N,N-dimethylbenzamide (1a–1e). To
a solution of compound 7 (0.2 mmol) in ethanol, bridge ring
amine (0.3 mmol) was added, then stirred at room temperature
for 12 h. The solution was acidized to pH ¼ 3–4 with 1 N HCl
and then concentrated. The residue was puried using C18
This journal is © The Royal Society of Chemistry 2018
chromatography (eluent: MeOH : H2O ¼ 1 : 4–1 : 1) to afford
compound 1a–1e.

4.9.4 3-((2-(((1S,4R)-Bicyclo[2.2.1]heptan-2-yl)amino)-3,4-
dioxocyclobut-1-en-1-yl)amino)-2-hydroxy-N,N-dimethylbenza-
mide (1a). General procedure A, yield: 47%. 1H NMR (500 MHz,
MeOD) d 7.97 (s, 1H), 6.99 (m, 1H), 6.94 (m, 1H), 4.29 (m, 1H),
3.08 (s, 6H), 2.49–2.25 (m, 2H), 2.22–1.87 (m, 1H), 1.69 (m, 1H),
1.54 (m, 2H), 1.44 (m, 1H), 1.32 (m, 2H), 1.24–0.95 (m, 1H). ESI-
MS: m/z ¼ 368 [M–H]+.

4.9.5 Tert-butyl (1R,5S)-3-((2-((3-(dimethylcarbamoyl)-2-
hydroxyphenyl)amino)-3,4-dioxocyclobut-1-en-1-yl)amino)-8-
azabicyclo[3.2.1]octane-8-carboxylate (1b). General procedure A,
yield: 43%. 1H NMR (500 MHz, MeOD) d 7.89 (s, 1H), 6.98 (m,
2H), 4.23 (m, 2H), 3.15–3.00 (m, 6H), 2.32 (s, 1H), 2.08–1.83 (m,
8H), 1.48 (s, 9H). ESI-MS: m/z ¼ 483 [M–H]+.

4.9.6 3-((3,4-Dioxo-2-(((1R,4R)-1,7,7-trimethylbicyclo[2.2.1]
heptan-2-yl)amino)cyclobut-1-en-1-yl)amino)-2-hydroxy-N,N-
dimethylbenzamide (1c). General procedure A, yield: 32%. 1H
NMR (500 MHz, MeOD) d 7.91 (m, 1H), 6.99 (m), 6.94 (m, 1H),
3.08 (s, 6H), 1.98 (m, 1H), 1.86–1.76 (m, 3H), 1.64 (m, 1H), 1.35–
1.18 (m, 3H), 1.01 (s, 3H), 0.91 (m, 6H). ESI-MS: m/z ¼ 410
[M–H]+.

4.9.7 2-Hydroxy-N,N-dimethyl-3-((2-(((4R,7R,7aR)-octahy-
dro-1H-4,7-methanoinden-5-yl)amino)-3,4-dioxocyclobut-1-en-
1-yl)amino)benzamide (1d). General procedure A, yield: 26%.
1H NMR (500MHz, CDCl3) d 7.84 (s, 1H), 6.89 (d, J¼ 6.9 Hz, 1H),
6.77 (t, J ¼ 7.6 Hz, 1H), 3.09 (s, 6H), 2.24–2.18 (m, 1H), 2.08 (m,
1H), 2.01–1.78 (m, 4H), 1.77–1.70 (m, 1H), 1.61 (m, 1H), 1.44–
1.24 (m, 2H), 1.19–1.04 (m, 2H), 0.99–0.76 (m, 3H). ESI-MS: m/
z ¼ 408 [M–H]+.

4.9.8 3-((2-((((1S,4S)-Bicyclo[2.2.1]hept-5-en-2-yl)methyl)
amino)-3,4-dioxocyclobut-1-en-1-yl)amino)-2-hydroxy-N,N-
dimethylbenzamide (1e). General procedure A, yield: 39%. 1H
NMR (500 MHz, CDCl3) d 7.88 (m, 1H), 6.93–6.83 (m, 1H), 6.77
(m, 1H), 6.15–5.76 (m, 2H), 3.69–3.50 (m, 1H), 3.30–3.13 (m,
1H), 3.02 (d, J ¼ 5.5 Hz, 6H), 2.82–2.52 (m, 2H), 1.84–1.70 (m,
1H), 1.62–1.04 (m, 4H). ESI-MS: m/z ¼ 380 [M–H]+.

4.9.9 3-((2-((((1R,4S)-Bicyclo[2.2.1]heptan-2-yl)methyl)
amino)-3,4-dioxocyclobut-1-en-1-yl)amino)-2-hydroxy-N,N-
dimethylbenzamide (1f). General procedure A, yield: 30%. 1H
NMR (500 MHz, CDCl3) d 7.73 (m, 1H), 6.82 (m, 1H), 6.71 (m,
1H), 3.02 (m, 6H), 2.28–1.99 (m, 4H), 1.72 (m, 1H), 1.51–1.45 (m,
2H), 1.30 (m, 2H), 1.13–1.01 (m, 3H), 0.74–0.63 (m, 1H). ESI-MS:
m/z ¼ 382 [M–H]+.

4.9.10 General procedure B for preparation of 3-
(substituted amino)-4-ethoxycyclobut-3-ene-1,2-dione (9a and
9b) or 3-(substituted amino)-4-methoxycyclobut-3-ene-1,2-
dione (9c and 9d). To a solution of substituted aminophenol
8a–8d (0.5 mmol) in ethanol, 3,4-diethoxycyclobut-3-ene-1,2-
dione (128 mg, 0.75 mmol) or 3,4-dimethoxycyclobut-3-ene-1,2-
dione (107 mg, 0.75 mmol) was added, and stirred for 12 h at
room temperature. The solution was concentrated, the residue
was dissolved in water and acidized to pH ¼ 1–2 with 1 N HCl,
and then extracted with EtOAc (50 mL � 3). The combined
organic layers were washed with brine, dried over Na2SO4, then
ltered and concentrated. The residue was puried using silica
gel chromatography to afford compounds 9a–9d.
RSC Adv., 2018, 8, 11061–11069 | 11067
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4.9.11 3-Ethoxy-4-((2-hydroxy-4-methylphenyl)amino)
cyclobut-3-ene-1,2-dione (9a). General procedure B, yield: 70%.
1H NMR (500 MHz, CDCl3) d 7.33 (m, 1H), 6.87 (s, 1H), 6.74 (d,
J ¼ 8.0 Hz, 1H), 4.97 (q, J ¼ 7.0 Hz, 2H), 2.30 (s, 3H), 1.56 (t, J ¼
7.0 Hz, 3H). ESI-MS: m/z ¼ 246 [M–H]+.

4.9.12 4-((2-Ethoxy-3,4-dioxocyclobut-1-en-1-yl)amino)-3-
hydroxybenzonitrile (9b). General procedure B, yield: 53%. 1H
NMR (500 MHz, MeOD) d 7.64 (d, J ¼ 8.0 Hz, 1H), 7.22 (m, 1H),
7.12 (t, J ¼ 3.0 Hz, 1H), 4.85–4.81 (m, 2H), 1.53–1.46 (m, 3H).
ESI-MS: m/z ¼ 257 [M–H]+.

4.9.13 3-((4-Chloro-2-hydroxy-3-(isopropylsulfonyl)phenyl)
amino)-4-methoxycyclobut-3-ene-1,2-dione (9c). General proce-
dure B, yield: 47%. 1H NMR (500 MHz, MeOD) d 7.67 (d, J ¼
8.5 Hz, 1H), 7.17 (m, 1H), 4.43 (s, 3H), 3.97–3.87 (m, 1H), 1.35 (d,
J ¼ 7.0 Hz, 6H). ESI-MS: m/z ¼ 358 [M–H]+.

4.9.14 3-((4-Chloro-2-hydroxy-3-(isopropylsulnyl)phenyl)
amino)-4-methoxycyclobut-3-ene-1,2-dione (9d). General proce-
dure B, yield: 43%. 1H NMR (500 MHz, CDCl3) d 12.27 (s, 1H),
7.86 (s, 1H), 7.64 (s, 1H), 6.93 (d, J ¼ 9.0 Hz, 1H), 4.51 (s, 3H),
3.41 (m, 1H), 1.44 (m, 6H). ESI-MS: m/z ¼ 342 [M–H]+.

4.9.15 General procedure C for preparation of 3-
(substituted amino)-4-ethoxycyclobut-3-ene-1,2-dione (12a–
12c). To a solution of 4 (2 mmol) and TEA (4 mmol) in DCM,
amine (2 mmol) was added, then stirred for 6 h at room
temperature. The solution was extracted with 1 N NaOH (20 mL
� 3), the aqueous phase was combined and acidized to pH ¼ 1–
2 with 1 N HCl, then extracted with EtOAc (50 mL � 3). The
combined organic layers were washed with brine, dried over
Na2SO4, ltered and concentrated to afford compound 10a–10c.

To a solution of compound 10a–10c in methanol, Pd/C was
added, then heated under reux for 6 h under a H2 atmosphere.
The solution was ltered and the ltrate was concentrated to
afford compounds 11a–11c, which needed to be used directly
for the next step. To a solution of 11a–11c in ethanol, 3,4-
diethoxycyclobut-3-ene-1,2-dione was added, and the solution
was stirred for 12 h at room temperature. The solution was
concentrated, the residue was dissolved in water and acidized to
pH ¼ 1–2 with 1 N HCl, then extracted with EtOAc (50 mL � 3).
The combined organic layers were washed with brine, dried
over Na2SO4, then ltered and concentrated. The residue was
puried using silica gel chromatography to afford compounds
12a–12c.

4.9.16 3-Ethoxy-4-((2-hydroxy-3-(pyrrolidine-1-carbonyl)
phenyl)amino)cyclobut-3-ene-1,2-dione (12a). General proce-
dure C, yield: 57%. 1H NMR (500 MHz, CDCl3) d 7.82 (s, 1H),
7.30–7.27 (m, 1H), 6.89 (m, 1H), 4.88 (q, J ¼ 7.0 Hz, 2H), 3.74 (s,
4H), 2.02–1.93 (m, 4H), 1.58–1.47 (m, 3H). ESI-MS: m/z ¼ 329
[M–H]+.

4.9.17 3-Ethoxy-4-((2-hydroxy-3-(piperidine-1-carbonyl)
phenyl)amino)cyclobut-3-ene-1,2-dione (12b). General proce-
dure C, yield: 31%. 1H NMR (500 MHz, CDCl3) d 7.80 (s, 1H),
7.02 (m, 1H), 6.88 (m, 1H), 4.88 (q, J¼ 7.0 Hz, 2H), 3.70–3.63 (m,
4H), 1.77–1.64 (m, 6H), 1.53 (t, J ¼ 7.0 Hz, 3H). ESI-MS: m/z ¼
343 [M–H]+.

4.9.18 Tert-butyl 4-(3-((2-ethoxy-3,4-dioxocyclobut-1-en-1-yl)
amino)-2-hydroxybenzoyl)piperazine-1-carboxylate (12c). General
11068 | RSC Adv., 2018, 8, 11061–11069
procedure C, yield: 39%. 1H NMR (500MHz, CDCl3) d 7.76 (s, 1H),
7.06–6.98 (m, 1H), 6.92 (t, J¼ 8.0 Hz, 1H), 4.89 (q, J¼ 7.0 Hz, 2H),
3.79–3.68 (m, 4H), 3.56–3.48 (m, 4H), 1.54 (t, J¼ 7.0 Hz, 3H), 1.48
(s, 9H). ESI-MS: m/z ¼ 444 [M–H]+.

4.9.19 General procedure D for the preparation of 3-
(((1S,4R)-bicyclo[2.2.1]heptan-2-yl)amino)-4-((substituted-
phenyl)amino)cyclobut-3-ene-1,2-dione (2a–2g). To a solution of
compounds 9a–9e and 12a–12c in ethanol, (1S,4R)-bicyclo[2.2.1]
heptan-2-amine was added, then stirred at room temperature
for 12 h. The solution was acidized to pH ¼ 3–4 with 1 N HCl,
and then concentrated. The residue was puried using C18
chromatography (eluent: MeOH : H2O ¼ 1 : 4–1 : 1) to afford
compounds 2a–2g.

4.9.20 3-(((1S,4R)-Bicyclo[2.2.1]heptan-2-yl)amino)-4-((2-
hydroxy-4-methylphenyl)amino)cyclobut-3-ene-1,2-dione (2a).
General procedure D, yield: 48%. 1H NMR (500 MHz, MeOD)
d 7.75 (m, 1H), 6.66 (m, 2H), 4.56–4.04 (m, 1H), 2.42 (m, 1H),
2.34–2.28 (m, 1H), 2.26 (s, 3H), 2.23–1.87 (m, 1H), 1.78–1.66 (m,
1H), 1.65–1.36 (m, 4H), 1.31 (m, 1H), 1.25–0.96 (m, 1H). ESI-MS:
m/z ¼ 311 [M–H]+.

4.9.21 4-((2-(((1S,4R)-Bicyclo[2.2.1]heptan-2-yl)amino)-3,4-
dioxocyclobut-1-en-1-yl)amino)-3-hydroxybenzonitrile (2b).
General procedure D, yield: 40%. 1H NMR (500 MHz, DMSO)
d 11.06 (s, 1H), 9.45 (m, 1H), 8.48 (m, 1H), 8.06 (t, J ¼ 9.0 Hz,
1H), 7.30 (d, J ¼ 8.5 Hz, 1H), 7.16 (m, 1H), 4.40 (m, 1H), 2.34 (m,
1H), 2.24 (s, 1H), 2.14–1.81 (m, 1H), 1.69–1.56 (m, 1H), 1.55–1.27
(m, 4H), 1.25–1.17 (m, 1H), 1.16–0.92 (m, 1H). ESI-MS: m/z ¼
322 [M–H]+.

4.9.22 3-(((1S,4R)-Bicyclo[2.2.1]heptan-2-yl)amino)-4-((4-
chloro-2-hydroxy-3-(isopropylsulfonyl)phenyl)amino)cyclobut-
3-ene-1,2-dione (2c). General procedure D, yield: 27%. 1H NMR
(500 MHz, DMSO) d 9.39 (m, 1H), 8.50 (m, 1H), 7.75 (m, 1H),
6.06 (s, 1H), 4.41 (m, 2H), 2.32–2.28 (m, 1H), 2.21 (m, 1H), 2.07–
1.92 (m, 1H), 1.66 (m, 1H), 1.50 (d, J ¼ 5.5 Hz, 1H), 1.43 (d, J ¼
9.0 Hz, 2H), 1.32 (d, J ¼ 8.5 Hz, 2H), 1.14–1.11 (m, 6H), 0.96 (m,
1H). ESI-MS: m/z ¼ 437 [M–H]+.

4.9.23 3-(((1S,4R)-Bicyclo[2.2.1]heptan-2-yl)amino)-4-((4-
chloro-2-hydroxy-3-(isopropylsulnyl)phenyl)amino)cyclobut-3-
ene-1,2-dione (2d). General procedure D, yield: 31%. 1H NMR
(500MHz, CDCl3) d 9.29 (m, 1H), 8.31 (m, 1H), 8.01 (t, J¼ 8.5 Hz,
1H), 7.08 (d, J ¼ 8.5 Hz, 1H), 4.38 (s, 1H), 3.51 (s, 1H), 2.33 (m,
1H), 2.23 (s, 1H), 2.09 (m, 1H), 1.69–1.55 (m, 1H), 1.55–1.42 (m,
2H), 1.40–1.28 (m, 8H), 1.26–1.11 (m, 2H). ESI-MS: m/z ¼ 421
[M–H]+.

4.9.24 3-(((1S,4R)-Bicyclo[2.2.1]heptan-2-yl)amino)-4-((2-
hydroxy-3-(pyrrolidine-1-carbonyl)phenyl)amino)cyclobut-3-
ene-1,2-dione (2e). General procedure D, yield: 38%. 1H NMR
(500 MHz, DMSO) d 8.36 (m, 1H), 7.91–7.82 (m, 1H), 7.15–7.09
(m, 1H), 6.87 (t, J¼ 8.0 Hz, 1H), 4.18 (m, 1H), 3.57–3.48 (m, 4H),
2.34 (m, 1H), 2.24 (s, 1H), 2.09 (s, 1H), 1.91–1.75 (m, 4H), 1.73–
1.56 (m, 1H), 1.55–1.30 (m, 4H), 1.17 (m, 1H), 0.98 (m, 1H). 13C
NMR (126 MHz, DMSO) d 184.70, 180.68, 169.75, 168.48, 163.88,
163.68, 122.68, 122.57, 122.09, 121.91, 121.62, 119.01, 57.27,
55.49, 44.00, 42.69, 38.14, 37.66, 36.91, 35.75, 35.20, 30.03,
28.26, 26.11, 21.18. ESI-MS: m/z ¼ 394 [M–H]+.

4.9.25 3-(((1S,4R)-Bicyclo[2.2.1]heptan-2-yl)amino)-4-((2-
hydroxy-3-(piperidine-1-carbonyl)phenyl)amino)cyclobut-3-ene-
This journal is © The Royal Society of Chemistry 2018
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1,2-dione (2f). General procedure D, yield: 26%. 1H NMR (500
MHz, DMSO) d 8.48–8.29 (m, 1H), 7.82–7.70 (m, 1H), 6.78 (s,
1H), 4.38 (s, 1H), 3.40 (s, 4H), 2.32 (m, 1H), 2.19 (m, 2H), 2.09
(m, 1H), 1.79 (m, 1H), 1.70–1.63 (m, 1H), 1.58 (s, 2H), 1.44 (m,
4H), 1.23 (m, 3H), 0.79 (m, 1H). ESI-MS: m/z ¼ 408 [M–H]+.

4.9.26 Tert-butyl 4-(3-((2-(((1S,4R)-bicyclo[2.2.1]heptan-2-yl)
amino)-3,4-dioxocyclobut-1-en-1-yl)amino)-2-hydroxybenzoyl)
piperazine-1-carboxylate (2g). General procedure D, yield: 42%.
1H NMR (500MHz, MeOD) d 7.99 (s, 1H), 7.04–6.94 (m, 2H), 4.32
(m, 1H), 3.57 (m, 8H), 2.43 (m, 1H), 2.36–2.29 (m, 1H), 2.26–1.89
(m, 1H), 1.73 (m, 1H), 1.66–1.53 (m, 3H), 1.49 (s, 10H), 1.33 (m,
1H), 1.13 (m, 1H). ESI-MS: m/z ¼ 509 [M–H]+.

4.9.27 3-(((1S,4R)-Bicyclo[2.2.1]heptan-2-yl)amino)-4-((2-
hydroxy-3-(piperazine-1-carbonyl)phenyl)amino)cyclobut-3-ene-
1,2-dione hydrochloride (2h). To a solution of compound 2g
(51 mg, 0.1 mmol) in methanol, HCl in ethyl acetate was added,
and the solution was stirred for 12 h at room temperature. The
solution was concentrated and the residue was washed with dry
ethyl acetate to afford compound 2h (38 mg, yield 85%) as a light
yellow solid. 1H NMR (500 MHz, MeOD) d 7.89 (s, 1H), 7.03 (m,
1H), 6.98 (m, 1H), 4.49 (m, 1H), 3.86 (s, 4H), 2.41 (m, 1H), 2.33–
2.27 (m, 1H), 2.20 (m, 1H), 2.01 (m, 1H), 1.91 (m, 1H), 1.70 (m, 1H),
1.63–1.25 (m, 7H), 1.23–1.13 (m, 1H). ESI-MS: m/z ¼ 409 [M–H]+.
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