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hoxycarbonylthieno[2,3-b]
quinolines in biomass-derived solvent g-
valerolactone and their biological evaluation
against protein tyrosine phosphatase 1B†

Xu-Yang Mu,‡a Zhi-Jia Wang,‡a Bo Feng,‡a Lei Xu,b Li-Xin Gao,b

Rajendran Satheeshkumar, ac Jia Li,b Yu-Bo Zhou*b and Wen-Long Wang *a

A series of 2-ethoxycarbonylthieno[2,3-b]quinolines were synthesized in the bio-derived “green” solvent g-

valerolactone (GVL) and evaluated for their inhibitory activities against PTP1B, the representative compound

6a displayed an IC50 value of 8.04 � 0.71 mMwith 4.34-fold preference over TCPTP. These results provided

novel lead compounds for the design of inhibitors of PTP1B as well as other PTPs.
Introduction

Protein tyrosinephosphatase 1B (PTP1B) is a prototypicmember of the
protein tyrosine phosphatase (PTP) family that appears to be involved
in the regulation of several cellular functions, including insulin
cascade,1 and other important pathways related to human breast and
ovarian cancers.2 Consequently, the inhibition of PTP1B is considered
to be a potential therapeutic for the treatment of type 2 diabetes and
cancers. Various PTP1B inhibitors have been developed over the past
decade.3 However, only two candidates have entered clinical trials
while no commercial drugs have been approved to date duemainly to
limited bioavailability.3 Therefore, the rapid development of a potent
and bioavailable PTP1B specic inhibitor remains necessary.

Thienoquinolines are an important subset of the quinoline
family and consequential structural units in the domain of
medicinal chemistry due to their myriad bioactivities.4–6 This
class of compounds are well documented with urea transporter
inhibitory (compound 1),7 anti-inammatory (compound 2),8

anti-oxidant (compound 3)8 activities (Fig. 1).
Our efforts to develop modulators of protein tyrosine phos-

phatases started from 1H-2,3-dihydroperimidines.9–14 Using the
scaffold hopping strategy,15,16 we developed 3-aryl-1-oxa-2,8-dia-
zaspiro[4.5]dec-2-enes11 as PTP1B inhibitors, bis-aryl amides9 and
benzo[c][1,2,5]thiadiazoles as SH2-Containing Protein Tyrosine
Phosphatase-2 (SHP2) inhibitors.13 We noticed that the scaffold of
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is work.
thieno[2,3-b]quinolines showed high similarity with that of 1H-2,3-
dihydroperimidines and might provide novel scaffold to develop
novel PTP1B inhibitors (Fig. 2).

In the pharmaceutical industry, there is a strong desire to
embed sustainable principles earlier in the drug discovery
process,17,18 in which the development of more environmentally
friendly methods for the isolation and purication of active
molecules continues to represent a major challenge.17 There are
many examples of Green Chemistry principles successfully
applied in medicinal chemistry,17–21 such as using microwave
chemistry22,23 and high-throughput screening18,24 to provide
drug candidates consuming less material, with less waste, and
in less time. In recent years there has been a trend towards the use
of bio-derived, green solvents as replacements for hazardous and/
or environmentally-damaging solvents for oxidation, nitration,
rearrangement, phosphonylation, amide condensation, urea
formation, and metal catalyzed cross-coupling.21,25–37 Increasing
attention is directed to g-valerolactone (GVL),38–44 which is a natu-
rally occurring chemical found in fruits.38 Due to the low toxicity
and the outstanding physicochemical properties of biodegrad-
ability and low vapor pressure,38 GVL has been recognized as
sustainable dipolar aprotic solvents and has been developed as
a greener alternative to classical solvents used in metal-catalyzed
cross-coupling reactions,44 transformation of CO2 to formam-
ides,38 and membrane preparation.41 With our interest in the area
of sustainable synthesis in discovery-phase medicinal chemistry,45

we developed an environmentally benign and sustainable protocol
Fig. 1 Biologically active thienoquinolines.
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Fig. 2 The scaffolds of modulators of protein tyrosine phosphatases
derived from 1H-2,3-dihydroperimidines.
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View Article Online
for the synthesis of 2-ethoxycarbonylthieno[2,3-b]quinolines by
condensation of 2-chloro-3-formylquinolines with ethyl mercap-
toacetate at 90 �C in g-valerolactone as a solvent, in which the
simple addition of water allowed for complete removal of GVL
without the need for extensive isolation and purication.

The obtained 2-ethoxycarbonylthieno[2,3-b]quinolines were eval-
uated for their inhibitory activities against PTP1B, several derivatives
were identied as PTP1B inhibitors, the representative compound 6a
was also subjected to selectivity analyses to determine whether its
biological properties made it suitable for further development.
Results and discussion

To optimize the experimental parameters (Table 1), 2-
chloroquinoline-3-carbaldehyde (4a), which was prepared as
ref. 7, was chosen as model substrate using precipitate
Table 1 Optimization of synthesis of 2-ethoxycarbonylthieno[2,3-b]quin

Entry Base (equiv.) 5a (equiv.) Concentration

1 Na2CO3 (6) 1.2 0.05
2 DIPEA (6) 1.2 0.05
3 DBU (6) 1.2 0.05
4 Et3N (6) 1.2 0.05
5 Et3N (4) 1.2 0.05
6 Et3N (8) 1.2 0.05
7 Et3N (6) 1 0.05
8 Et3N (6) 1.4 0.05
9 Et3N (6) 1.2 0.05
10 Et3N (6) 1.2 0.05
11 Et3N (6) 1.2 0.05
12 Et3N (6) 1.2 0.1
13 Et3N (6) 1.2 0.5
14 Et3N (6) 1.2 0.8
15 Et3N (6) 1.2 0.5

a Precipitation and washing.

© 2021 The Author(s). Published by the Royal Society of Chemistry
procedure by simple addition of water (Table 1). A series of
bases, such as Na2CO3, DIPEA, DBU, and Et3N, were investi-
gated at six equivalents compared to 2-chloroquinoline-3-
carbaldehyde. Among them, Et3N showed best result with
66% yield (entry 4). Increase or decrease of the equivalent of
Et3N showed no positive effects on the yield (entries 5 and 6).
Aer investigation of the equivalent of ethyl mercaptoacetate
(entries 7 and 8), the results demonstrated that 1.2 equivalent
was the optimal (entry 4). The reaction temperature also was
investigated (entries 9–11), and the results displayed that the
temperature obviously affected the yield and the suitable
temperature was 90 �C (entry 4). Aer an increase in concen-
tration (entries 12–14), the yield was improved remarkably and
the suitable concentration was 0.5 mol L�1 (entry 13). Prolonged
the reaction time from one hour (entry 13) to two hours (entry
15) did not benet the reaction yield.

Based on the optimized reaction conditions, a series of 2-
ethoxycarbonylthieno[2,3-b]quinolines were synthesized from
compounds 4a–4n, which were prepared as ref. 7. The results
showed that this protocol could be applied to various of 2-
chloroquinoline-3-carbaldehydes with electro-withdrawing and
electro-donating group on phenyl ring, and had good substrate
compatibility in moderate to excellent yields from 51% to 92%
(Table 2).
Protein tyrosine phosphatase 1B inhibitory activities and
structure–activity relationships

The inhibitory activities of all synthesized compounds against
PTP1B were measured using 6,8-diuoro-4-methylumbelliferyl
phosphate (DiFMUP) as the substrate and NSC-87877 as
oline (6a) in GVL

4a (mol L�1) Temp. (oC) Time (h) Yield (%)

90 1 49a

90 1 21a

90 1 56a

90 1 66a

90 1 59a

90 1 59a

90 1 62a

90 1 65a

30 1 Trace
60 1 53a

120 1 63a

90 1 73a

90 1 82a

90 1 76a

90 2 82a

RSC Adv., 2021, 11, 3216–3220 | 3217
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Table 2 Synthesis of 2-ethoxycarbonylthieno[2,3-b]quinolines under optimal conditions
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positive control,46–48 and the results were detailed in Table 3. As
for compounds 6a–6b, compound 6a with chloride at 8 position
showed 98.8 � 0.1% inhibition at the concentration of 50 mM,
exhibited obviously better inhibitory activity against PTP1B
compared to the compound 6b with chloride at the 9 position.
This result indicated that the position of chloride on the phenyl
ring signicantly affected the inhibitory activity. As for
compounds 6a, 6c–6f with substitutes on the 8 position,
compounds 6a with chloride and compound 6c with bromide
showed excellent inhibitory activities against PTP1B at the
concentration of 50 mM, compound 6e with triuoromethyl
group exhibited moderate inhibitory activity, while compound
6d with uoride and compound 6f with H atom obviously lose
inhibitory activity. These results indicated that the electronic
property and substitute size played important role on the
inhibitory activity. Among compounds (6g–6i) with methyl
group on the phenyl ring, compound 6g showed better inhibi-
tory activity than the compound 6h and 6i. These results were
similar with that from compounds with chloride (compounds
6a and 6b) and further demonstrated that the position of
Table 3 Protein tyrosine phosphatase 1B inhibitory activities of compou

Comp. Inhibition (%) at 50 mM IC50
a

6a 98.8 � 0.1 8.04 � 0.71
6b 45.7 � 9.5 NTb

6c 98.2 � 0.1 8.96 � 1.22
6d 26.1 � 6.5 NTb

6e 71.6 � 3.0 21.21 � 1.50
6f 4.5 � 2.6 NTb

6g 52.1 � 4.8 NTb

NSC-87877 — 26.18 � 8.58

a IC50 values were determined by regression analyses and expressed as m

3218 | RSC Adv., 2021, 11, 3216–3220
substrates on phenyl ring affected the inhibitory activities.
Among compounds withmethoxyl group (6j–6n), all of them did
not show obviously inhibitory activities. These results implied
that electro-donating group on the phenyl ring was detrimental
to the inhibitory activity. In general, the biological activities of
2-ethoxycarbonylthieno[2,3-b]quinolines were affected by three
issues of the substitute on phenyl ring A, including position,
electronic property and substitute size.

Selectivity against other PTPs

PTP1B shares the close homology with other PTPs, for example,
T-cell protein tyrosine phosphatase (TCPTP) shares a structur-
ally very similar active site with PTP1B and about 80% homol-
ogous in the catalytic domain, making it difficult to design
inhibitors that are specic for PTP1B.46 In addition to the
potency exploration, we investigated the selectivity of the
representative compounds 6a, 6c against other PTPs (TCPTP,
SHP-2) (Table 4). Homogeneous T-cell protein tyrosine phos-
phatase (TCPTP) inhibitory activities were investigated simul-
taneously by the same method.47–49 Compounds 6a and 6c
nds 6a–6n

Comp. Inhibition (%) at 50 mM IC50
a

6h 12.7 � 6.5 NTb

6i 22.5 � 1.4 NTb

6j 20.8 � 1.9 NTb

6k 21.6 � 3.2 NTb

6l 23.0 � 0.4 NTb

6m 35.5 � 2.1 NTb

6n 25.2 � 0.5 NTb

— —

eans � SD of three replications. b NT means not tested.

© 2021 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra09247a


Table 4 The IC50 values of compounds 6a and 6c against PTPsa

Comp.

IC50 (mM)

TCPTP/PTP1BPTP1B TCPTP SHP2

6a 8.04 � 0.71 34.93 � 3.21 12.17 � 3.13 4.34
6c 8.96 � 1.22 30.75 � 2.97 7.84 � 0.98 3.43
NSC-87877 26.18 � 8.58 71.87 � 3.87 5.09 � 2.03 2.74

a TCPTP, T-cell protein tyrosine phosphatase; SHP-2, SH2-Containing
Protein Tyrosine Phosphatase-2; IC50 values were determined by
regression analyses and expressed as means � SD of three replications.
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View Article Online
exhibited 4.34-fold and 3.43-fold greater selectivity for PTP1B
than for TCPTP respectively. Besides TCPTP, we tested the
inhibitory activity of 6a and 6c against SHP2, both of them
showed similar activities against PTP1B. These results indicated
that the scaffold of thieno[2,3-b]quinolines preferred PTP1B
compared to the homogeneous scaffolds, such as bis-aryl
amides and benzo[c][1,2,5]thiadiazoles t for SHP2, and the
scaffold hopping strategy provided an efficient way to obtain
selective modulator for specic PTPs.
Conclusions

In summary, we have developed a sustainable protocol for
synthesis of 2-ethoxycarbonylthieno[2,3-b]quinolines with
a simple precipitate procedure by addition of water for the
removal of the high boiling solvent GVL, providing an impor-
tant alternative approach to the current industrial use of toxic
solvent DMF and THF. In addition, Biological evaluation
demonstrated that some of the synthesized 2-ethox-
ycarbonylthieno[2,3-b]quinolines showed inhibitory activity
against PTP1B, and the representative compound 6a displayed
an IC50 value of 8.04 � 0.71 mM with 4.34-fold preference over
TCPTP. These preliminary results provided a possible oppor-
tunity for the development of novel PTP1B inhibitors.
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