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ABSTRACT

Fructose-1,6-bisphosphatase (FBPase) is an attractive target for affecting the GNG
pathway. In our previous study, the C128 site of FBPase has been identified as a new
allosteric site, where several nitrovinyl compounds can bind to inhibit FBPase activity.
Herein, a series of nitrostyrene derivatives were further synthesized, and their
inhibitory activities against FBPase were investigated in vitro. Most of the prepared
nitrostyrene compounds exhibit potent FBPase inhibition (ICsy < 10 pM). Specifically,
when the substituents of F, Cl, OCHj3, CF;, OH, COOH, or 2-nitrovinyl were installed
at the R, (meta-) position of the benzene ring, the FBPase inhibitory activities of the
resulting compounds increased 4.5-55 folds compared to those compounds with the
same groups at the R; (para-) position. In addition, the preferred substituents at the R
position were Cl or Br, thus compound HS36 exhibited the most potent inhibitory
activity (ICsp = 0.15 uM). The molecular docking and site-directed mutation suggest
that C128 and N125 are essential for the binding of HS36 and FBPase, which is
consistent with the C128-N125-S123 allosteric inhibition mechanism. The reaction
enthalpy calculations show that the order of the reactions of compounds with thiol
groups at the R3 position is Cl > H > CHj;. CoMSIA analysis is consistent with our
proposed binding mode. The effect of compounds HS12 and HS36 on glucose
production in primary mouse hepatocytes were further evaluated, showing that the

inhibition was 71% and 41% at 100 puM, respectively.

KEYWORDS Fructose-1,6-bisphosphatase (FBPase), FBPase inhibitors, covalent

inhibitors



1. Introduction

T2DM (type 2 diabetes mellitus) has been increasing worldwide as a
comprehensive disease, and research interest is continuing to grow|[ 1, 2]. The prominent
features of T2DM are insulin resistance and hyperglycemia, which mostly come from
endogenous glucose (EGP)[3]. Current antidiabetic drugs mainly focus on elevating
insulin secretion and relieving insulin resistance[2, 4-7]. Metformin is the only
available drug for the primary, albeit indirect, decrease in EGP, indicating that EGP is
an attractive target for controlling blood glucose levels, and much research remains to
be done in this field[8, 9]. Gluconeogenesis (GNG) is a major factor for EGP to generate
glucose, and in this process, the substrates pyruvate and lactate can be converted
glucose[10]. More importantly, the strategy of blocking the GNG pathway is
considered a promising strategy for developing antidiabetic drugs, that can be used to
control EGP[11, 12]. Glucose-6-phosphatase (G6Pase), fructose-1,6-bisphosphatase
(FBPase) and phosphoenolpyruvate carboxykinase (PEPCK) are important enzymes
and the primary targets for GNG. However, G6Pase and PEPCK are also involved in
other metabolic pathways, while FBPase is not, thus, it is an attractive target for only
affecting the GNG pathway[12, 13].

Human liver FBPase catalyzes the conversion of fructose-1,6-bisphosphate (FBP)
as the substrate to fructose-6-phosphate (F6P) and phosphate, and it’s one of the rate-
limiting reactions of the GNG pathway[14]. The endogenous allosteric agents
adenosine monophosphate (AMP) and fructose-2,6-bisphoshpatase (FDP) can
synergistically inhibit FBPase[15]. AMP binds to a unique allosteric site and causes a

conformational change from the active state (R) to an inactive state (T), whereas FDP



binds to the substrate site and competes with FBP[16, 17]. Recently, metformin has
been demonstrated to indirectly inhibit FBPase and then affect GNG by elevating AMP
levels[18]. On the other hand, FBPase is overexpressed in some diabetic models, and
these facts highlight the importance of FBPase as a target for regulating blood
glucose[11, 19]. Moreover, substantial efforts have been devoted to discover AMP site
inhibitors against FBPase, and a wide variety of inhibitors have been reported in the
literatures[ 11, 13, 20-32]. In addition, the AMP mimic MB07803, the most successful
FBPase inhibitor, has been advanced to clinical trials[11, 33].

Covalent inhibitors have higher ligand efficiencies and longer binding times
relative to noncovalent inhibitors[34, 35]. In the past decade, some covalent inhibitors,
such as ibrutinib, osimertinib and acalabrutinib, have been approved by the FDA
(United States Food and Drug Administration), initiating a new era for covalent
inhibitors[36-38]. In our previous work[39], nitrostyrene (HS1) could covalently bind
to the C128 of FBPase with an ICs, value of 3.5 uM by fragment screening. In this
work, we synthesized a series of nitrostyrene derivatives and explored their structure-
activity relationships. Furthermore, the biological activities of the prepared compounds
were evaluated in primary hepatocytes.

2. Results and discussion

2.1 Chemistry

The synthetic route to target compounds was outlined in Scheme 1 and Scheme 2
in support information. All reagents were obtained from commercial suppliers and were
used without further purification. TLC analysis were performed using precoated glass

plates. Column chromatography separations were performed using silica gel (200-300



mesh). '"H NMR and '3C NMR spectra were obtained on Varian Mercury-Plus 400 and
Varian NMR System 600 spectrometers. Chemical shifts are reported in ppm (6) with
the NMR solvent signals as an internal reference. Coupling constants (J) are reported
in Hz. The abbreviations s, d, t and m refer to singlet, doublet, triplet and multiplet,

respectively.

2.2 Nitrostyrene compounds against FBPase and structure-activity relationships.

In a previous work, phenyl groups have been shown to preferentially bind f-
nitroalkenes over alkyl chains for inhibition activity[39]. Therefore, a benzene ring was
selected as the scaffold for lead generation. Because a phenyl group linked to a f-
nitroalkene (HS1) is a suitable structure for inhibiting FBPase, the side chain of this

molecule would be the second moiety to be explored.

Table 1. Inhibitory activities of hit compounds (HS1-HS22) against FBPase.

R,
Rl
= NO,

Compound R, R, Hu-FBPase I[Csq (WM)
HS1 H H 35+03
HS2 F H 49+0.8
HS3 Cl H 3.3+0.5
HS4 CH; H 0.72+0.11
HS5 OCH; H 16.0+1.8
HS6 SCH; H 300+ 1.8
HS7 CF; H 1.6+0.2
HSS8 OH H 150+ 1.6
HS9 COOH H 25.0=+1.8

HS10 NO, H 0.49 +0.07
HS11 CN H 0.36 =0.08
HS12 1,2,4-Triazole-1-yl H 0.89+0.08



HS13 H F 0.32+£0.02
HS14 H Cl 0.34 +£0.02
HS15 H CH; 1.7£ 0.3

HS16 H OCH; 0.29 +£0.03
HS17 H CF; 0.40 +£0.06
HS18 H OH 0.24+£0.03
HS19 H COOH 55+03

HS20 H NO, 1.7+0.1

HS21 H CN 0.38 +£0.04
HS22 H 2-Nitrovinyl 0.38 £0.02

The SAR of substituent at the R (para-) position of the benzene ring was explored
using both electron-donating (e.g., CH;, OCH;, SCHj3;, and OH) and electron-
withdrawing (e.g., NO,, CN, Cl, CF;, and COOH) groups, and the results are
summarized in Table 1. The addition of an electron-donating group, such as OH, OCH3,
or SCH3, at the para-position of the benzene ring led to partial decrease in potency (HSS,
HSS5, and HS6, Table 1). These compounds had ICs, values ranging from 15.0 to 30.0
uM, corresponding to a 4.3-8.5 folds decrease in potency relative to HS1. On the other
hand, with the introduction of an electron-withdrawing group, such as CI, CF3, CN, and
NO,, at the para-position, the analogs showed similar or higher potencies than HS1. As
shown in Table 1, significant improvements in potency were observed when NO,, CN,
or 1,24-triazole-1-yl was at the para-position. The substituted analogs displayed
significantly higher potencies, the CN is most favorable (compound HS11, IC5,= 0.36
uM), followed by NO, (compound HS10, IC5y=0.49 uM) and 1,2,4-triazole-1-yl group
(compound HS12, ICsy = 0.89 uM). The approximately 4 to 10-fold enhancement in
potency over compound HS1 suggested that the electron-withdrawing groups (CN,

NO,, or 1,2,4-triazole-1-yl) at the para-position of compound HS1 is favorable for the



FBPase inhibitory activities. However, when a COOH was introduced, the compound
HS9 exhibited 7.1-fold decrease in potency in comparison with HS1, likely because the
carboxyl group has remarkable solvation effect.

To further elucidate the effects of the position of the substituents on the benzene
ring on inhibition, compounds HS13-HS22 were synthesized, and the relative results
were summarized in Table 1. Introducing the F, Cl, OCHj;, CF;, OH, COOH or 2-
nitrovinyl at the R, (meta-) position of the benzene ring, afforded analogs with 1Cs
values of 0.29-5.5 uM, corresponding to 4.5-55 folds improvements over the analogs
with substituents at the para-position. These results suggest that the F and CI groups at
the meta-position are preferred over the same groups at the para-position and suggest
that substituents at the meta-position of the benzene ring play a key role in the binding
interactions between FBPase and compounds of this series and can enhance their

FBPase inhibitory potency.
Table 2. Inhibitory activities of hit compounds (HS23-HS36) against FBPase.

R,
R;
R3
=
NO,

Compound R, R, R; Hu-FBPase ICs, (uM)
HS23 H H CH;, 16.0£2.5
HS24 CN H CH; 5.1+04
HS25 H Br 0.21 £0.04
HS26 H Cl 0.16 £0.02
HS27 H CN Br 0.23 +£0.02
HS28 CN H Br 0.27 £0.02
HS29 H F Br 0.23 +£0.04

HS30 F H Br 0.64 £0.03



HS31 H Cl Cl 0.34+£0.04

HS32 Cl H Cl 0.54+£0.03
HS33 H CN Cl 0.21£0.03
HS34 CN H Cl 0.30 £0.04
HS35 H NO, Cl 0.37+0.03
HS36 NO, H Cl 0.15+0.03

To further optimize the 2-nitrovinylbenzene scaffold, the introduction of
substituents at the R; position was explored and the results were summarized in Table
2. The addition of a CHj; group at the R; position (HS23, IC5y = 16.0 uM) led to slight
decrease in activity over compound HS1, while the introduction of a CHj group at the
Rj position of HS11 (HS24, 1Csq = 5.1 uM) result in 14-fold decrease in potency
relative to that of the parent compound. These results suggest that the introduction of a
CHj; group at the R; position is unsuitable for improving potency. However, adding Br
or Cl group at the R; position of HS1, the corresponding compounds (HS25 and HS26)
showed 16.6-fold and 21.8-fold increases in potency, with the ICs, values of 0.21 uM
and 0.16 uM, respectively. This indicate that the chloro and bromo substituted analogs
are more potent than analogs with CHj substituents and that the installation of a halogen
substituent at the R position is favorable for increasing potency. As in this case, having
determined that CN, NO,, F, Cl, and CHj are the preferred groups on the benzene ring,
Br or Cl groups was introduced at the R; position of the corresponding compounds, and
the FBPase inhibitory potencies of the resulting compounds were explored. As shown
in Table 2, HS27-HS36 were generally more potent than the analogs without Br or CI

groups at the R; position, the ICs, values of them ranging from 0.15 to 0.72 pM. Among



all the tested compounds, HS36 (ICso=0.15 uM) with a NO, group at the meta-position

and a Br group at the R3 position was the most potent compound.

2.3 The binding modes of compounds HS1 and HS36 against the C128 site of FBPase.
To explore the binding model in detail, compounds HS1 and HS36 were selected

as probe molecules for studying the interactions with FBPase using the covalent

docking module of Autodock. The possible binding modes of compounds HS1 and

30 5 N

[ \
R254B - 7 ’2-3‘%

Y258.B CI128.A

Figure 1. Reasonable binding modes of HS1 (A) and HS36 (C) into the C128 site of
FBPase docked by Autodock. The binding models of HS1 (B) and HS36 (D) with the

surface electrostatic potential.

HS36 are shown in Figure 1. However, compound HS1 or HS36 did not conflict with
F6P and was located at the bottom of the substrate pocket. Obviously, a covalent bond
was formed between SH of C128.A and the B carbon of compound HS1 or HS36. The

nitro group of compound HS1 could form two hydrogen bonding interactions with the



NH, groups of R254.B and R243.B. In addition, the meta-substituent on HS1 is close
to the OH group of Y258.B. These results suggest that elevating the inhibitory activity
of compound HS13 compared with that of compound HS1 relies on this hydrogen
bonding interaction, and a substituent at the meta-position is better than one at the para-
position for achieving this hydrogen bonding interaction. In addition, the NO, group of
compound HS36 could form two hydrogen bonding interactions with the NH, group of
R254.B and R243.B. The nitro moiety at the meta-position on benzene in compound
HS36 could form a hydrogen bond with OH group of S124.A. The benzene ring of

HS36 can form n-n interaction with the phenyl ring of Y258.B.

Table 3. The ICsy of HS36 against FBPase mutations.

WT C128S S124A NI125A DI27A R243A R254A Y258A

Specific activity

4.0+0.2 2702  5.0£0.2  2.7+0.2 1.5+0.1 2.5+03  1.9£0.1 3.5+£0.2

(U/mg )

HS36 1Csy (LM) 0.15+£0.03 19515  1.3£0.1 26.4+£3.1 0.56+£0.10 1.4+0.1 2.2+0.2 0.91%0.12

HS36 (IC5b/1CY), 1 1300 8.7 176 3.7 9.3 14.7 6.1

To identify the interactions of HS36 and FBPase, the C128, S124, N125, D127,
R243, R254 and Y258 were mutated to Ser or Ala. As listed in Table 3, C128S and
N125A substitutions led to 1300-fold (195 uM) and 176-fold (26.4 uM) increases in
the ICsy values compared with those for wild-type FBPase (0.15 pM). These
experimental results suggest that C128 and N125 are of great importance for binding
of compound HS36 and FBPase, which is consistent with our previously reported
binding model and the C128-N125-S123 allosteric inhibition mechanism[39]. In
comparison, the ICsg values of S124A (1.3 uM), R243A (1.4 uM), R254A (2.2 uM) and

Y258A (0.91 uM) are 8.7-fold, 9.3-fold 14.7-fold and 6.1-fold higher, respectively,



than that of wild-type FBPase, indicating that interactions between S124, R243, R254,
Y258 and HS36 exist.

Furthermore, the compounds with a halogen at the R3 position displayed potent
inhibitory activities against FBPase, but the compounds with CH; at R3 showed lower
activities. To elucidate the differences in the biological activity of these compounds,
the effects of different substituents at R3 on the reaction enthalpy were explored. All
local minima in water were located by geometry optimization. The level of theory was
©B97xD/6-311++G**, and the solvation model was SMD. All quantum chemistry
calculations were performed with the Gaussian 09 package. The reaction enthalpy is -
18.65 kcal/mol for HS1, -18.24 kcal/mol for HS23 and -20.83 kcal/mol for HS26. Thus,
the order of the reactions of compounds with thiol groups at R; is C1 (HS26) > H (HS1)
> CH; (HS23).

2.4 CoMSIA Analysis.

Comparative Molecular Similarity Index Analysis (CoMSIA) method a is
effective tool for 3D-QSAR analysis. The PLS analysis results for the CoMSIA model
are summarized in Table 4. A predictive CoMSIA model with a leave-one-out cross-
validated coefficient (q?) of 0.489 and a correlation coefficient (R?) of 0.885 was built.
As shown in Figure 2, the predicted activity values are in good agreement with the
experimental data. The standard error (S = 0.246) and F-test value (F = 52.102) further
corroborate the predicted model. In the QSAR model, the contributions of the steric and
electrostatic fields are 9.5% and 90.5%, respectively.

Table 4. Statistical parameters of the CoOMSIA Model



contribution (%)
q° R? S F ; ;
steric electrostatic
0.489 0.885 0.246 52.102 9.5 90.5
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Figure 2. Plot of predicted vs experimental values for the training and test sets based
on the CoMSIA model.

The CoMSIA contour maps shown in Figure 3 present the steric and electrostatic
fields. In the steric field map, the green contour surrounding the benzene ring suggests
that more bulky substituents in these positions would be favorable for higher activity,
while the yellow contour indicates the region of unfavorable steric effects. These results
are consistent with our binding mode proposed above. In the CoOMSIA electrostatic field,
the blue region indicates that a negative charge may be favorable for inhibitory activity,

whereas a positive charge is unfavorable.



Figure 3. Steric and electrostatic maps of the CoMSIA model. HS1 is shown inside the

field. In the steric field contour plot, sterically favored areas are represented by green
polyhedra, while sterically disfavored areas are represented by yellow polyhedra. In the
electrostatic field contour plot, positive-charge-favored areas are represented by red
polyhedra, whereas negative-charge-favored areas are represented by blue polyhedra.
2.5 Inhibition of Glucose Production in Hepatocytes.

As FBPase plays a central role in GNG, the nitrostyrene compounds were further
evaluated based on glucose production in freshly isolated primary mouse hepatocytes.
As illustrated in Figure 4, the representative nitrostyrene compounds (HS12 and HS36)
at 100 uM both effectively inhibited glucose production by primary mouse hepatocytes
with lactate/pyruvate as the GNG substrate, compared with the 0.1% DMSO control
group. HS12 and HS36 at 100 uM inhibited glucose production by approximately 71%

and 41%, respectively. Metformin is as the only marketed drug recognized to acts, at



least partially, through the inhibition of GNG[12]. As a positive control, the inhibitory
ability of metformin to glucose production by mouse hepatocytes was also

evaluated[32].
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Figure 4. The compounds HS12(A), HS36(B), inhibition GNG assay on the primary
mouse hepatocytes. Metformin (2 mM) was utilized as the control. *P < 0.05, **P <

0.01, ***P < 0.001 versus DMSO group.

3 Conclusion

In summary, a series of nitrostyrene derivatives were synthesized, and their
inhibitory activities against FBPase were investigated in vitro. Most of the prepared
nitrostyrene compounds could potently inhibit (<10 uM) FBPase. Specifically, when
the F, Cl, OCH3, CF5;, OH, COOH, or 2-nitrovinyl substituents were installed at the
meta-position, the FBPase inhibition activities of the resulting compounds increased
4.5-55 folds compared with those of the compound with the same group at the para-
position. Moreover, the preferred substituents at the R; position were Cl or Br over CH3
for increasing the inhibitory activity, and compound HS36 exhibited the most potent

inhibitory activity (ICso = 0.15 uM). The structure-activity relationship (SAR) has been



analyzed by the joint use of the reaction enthalpy calculations, molecular docking, site-
directed mutagenesis and CoMSIA strategies. Subsequently, HS36 can reduce glucose
production in hepatocytes. In conclusion, this work can provide a new platform for
designing covalent inhibitors of FBPase for treating T2DM. Further structural
optimization of nitrostyrene compounds and the QSAR studies are well underway in
our group.

4 Experimental

4.1 General methods

4.1.1. General procedure for the preparation of substituted 2-nitrovinyl benzene
derivatives

An aromatic aldehyde (5 mmol) was dropped into a solution of ammonium acetate
(12 mmol) in dry nitromethane (10 mL) and acetic acid (20 mL) at 90 °C with stirring.
The mixture was then refluxed for 5 h, and the mixture was poured into water and
extracted with ethyl acetate (3 x 50 mL). The extracts were washed with saturated saline
solution, dried over Na,SQ,, filtered and concentrated under reduced pressure. The
residue was recrystallized from methanol or purified by column chromatography on
silica gel (ethyl acetate / petroleum ether) to obtain the target 2-nitrovinyl benzene
derivative.
4.1.2 General procedure for the preparation of substituted 2-bromo-2-nitrovinyl
benzene derivatives

To a stirred solution of a substituted 2-nitrovinyl benzene (10.0 mmol) in sodium
acetate (12.0 mmol) in chloroform (10 mL) was dropwise added neat Br; (12.0 mmol)
over 5 min at 0 °C. The cloudy yellow reaction mixture was then heated to reflux and
stirred for 5-8 h (monitored by TLC). The excess Br, was removed by washing the
reaction mixture with a saturated aqueous solution of Na,S,05;. The aqueous solution
was then extracted with CH,Cl, (3 x 20 mL). The combined CH,Cl, layers were dried

over anhydrous Na,SO,. The solvent was removed by evaporation under reduced



pressure to give a crude solid that was purified by silica gel column chromatography
using ethyl acetate and petroleum ether as the eluent.

4.1.3 General procedure for the preparation of substituted 2-chloro-2-nitrovinyl
benzene derivatives

To a solution of substituted 2-nitrovinyl benzene (0.4 mmol) in wet DMF (2.7 mL, 0.15
M) was added iodobenzene dichloride (PhICL,) (1.5 equiv) with stirring. The resulting
mixture was maintained at room temperature, and the reaction progress was monitored
by TLC. Upon completion, the reaction mixture was poured into cold water (30 mL)
and extracted with CH,Cl, (3 x 20 mL). The combined organic layers were washed
with saturated NaHCO; (1 x 50 mL) and brine (1 x 50 mL) before being dried over
anhydrous Na,SO,4. The solvent was removed under vacuum and the residue was
purified by silica gel chromatography, using a mixture of ethyl acetate and petroleum

ether to afford the desired product.

(E)-(2-nitrovinyl) benzene (HS1)

Yield 88%. Yellow solid. M.p.: 57 — 58 °C. '"H NMR (400 MHz, CDCl;) ¢: 8.01 (d, J
=13.7 Hz, 1H), 7.59 (d, J=13.7 Hz, 1H), 7.55 (d, J=7.1 Hz, 2H), 7.50 (d, /= 7.0 Hz,
1H), 7.48 — 7.42 (m, 2H). 3C NMR (101 MHz, CDCl;) o: 133.8, 131.9, 126.9, 124.89,
124.2, 123.9. MS (EI) m/z: 149.1 [M]".

(E)-1-fluoro-4-(2-nitrovinyl) benzene (HS2)
Yield 78%. Yellow solid. M.p.: 100 — 101 °C. 'H NMR (400 MHz, CDCls) d: 7.98 (d,

1H), 7.65 — 7.49 (m, 3H), 7.20 — 7.06 (m, 4H). 3C NMR (101 MHz, CDCls) 8: 166.3,
163.8, 137.9, 137.0, 131.4, 131.4, 126.4, 117.0, 116.7. MS (EI) m/z: 167.2 [M]".

(E)-1-chloro-4-(2-nitrovinyl) benzene (HS3)

Yield 77%. Yellow solid. M.p.: 113 — 114 °C. 'TH NMR (400 MHz, CDCls) d: 7.96 (d,
J=13.9Hz, 1H), 7.57 (dd, J= 13.7 Hz, 1H), 7.53 — 7.35 (m, 4H). *C NMR (101 MHz,
CDCls) o0: 138.4, 137.8, 137.6, 130.4, 129.9, 128.7. MS (EI) m/z: 183.1 [M]".

(E)-1-methyl-4-(2-nitrovinyl) benzene (HS4)

Yield 88%. Yellow solid. M.p.: 101 — 103 °C. 'H NMR (400 MHz, CDCls) d: 7.97 (d,
J=13.7 Hz, 1H), 7.56 (d, J = 13.7 Hz, 1H), 7.44 (d, J= 7.7 Hz, 2H), 7.25 (d, J= 7.6
Hz, 2H), 2.40 (s, 3H). 3C NMR (101 MHz, CDCls) 6: 143.1, 139.1, 136.1, 130.1, 129.1,
127.2,21.6. MS (EI) m/z: 163.2 [M]".



(E)-1-methoxy-4-(2-nitrovinyl) benzene (HSS)

Yield 85%. Yellow solid. M.p.: 87 — 88 °C. 'H NMR (400 MHz, CDCls) J: 7.97 (d, J
=13.6 Hz, 1H), 7.55 — 7.46 (m, 3H), 6.96 (d, J = 8.8 Hz, 2H), 3.87 (s, 3H). *C NMR
(101 MHz, CDCl;) d: 162.9, 139.0, 134.9, 131.2, 122.5, 114.9, 77.4, 77.1, 76.8, 55.5.
MS (EI) m/z: 179.1 [M]".

(E)-methyl(4-(2-nitrovinyl) phenyl) sulfane (HS6)

Yield 80%. Yellow solid. M.p.: 84 — 86 °C. 'H NMR (400 MHz, CDCls) J: 7.94 (d, J
=13.6 Hz, 1H), 7.56 (d, J=13.6 Hz, 1H), 7.44 (d, /= 8.4 Hz, 2H), 7.25 (d, /= 8.4 Hz,
2H), 2.51 (s, 3H). 3C NMR (101 MHz, CDCls) 6: 145.1, 138.7, 136.0, 129.4, 126.10,
125.9, 14.8. MS (EI) m/z: 195.2 [M]".

(E)-1-(2-nitrovinyl)-4-(trifluoromethyl) benzene (HS7)

Yield 67%. Yellow solid. M.p.: 90 — 92 °C. '"H NMR (600 MHz, CDCl;) ¢: 8.03 (d, J
=13.7 Hz, 1H), 7.73 (d, J= 8.2 Hz, 2H), 7.68 (d, J= 8.1 Hz, 2H), 7.62 (d, /= 13.7 Hz,
1H). 3C NMR (151 MHz, CDCl;) ¢: 138.8, 137.1, 133.4, 129.3, 126.3. MS (EI) m/z:
217.2 [M]*.

(E)-4-(2-nitrovinyl) phenol (HSS8)

Yield 69%. Yellow solid. M.p.: 163 — 165 °C. 'H NMR (600 MHz, DMSO-ds) J: 10.45
(s, 1H), 8.07 (s, 2H), 7.73 (d, J= 8.5 Hz, 2H), 6.87 (d, J = 8.5 Hz, 2H). *C NMR (151
MHz, DMSO-d) 0: 162.0, 140.3, 135.2, 132.8, 121.5, 116.6. MS (EI) m/z: 165.2 [M]*.

(E)-4-(2-nitrovinyl) benzoic acid (HS9)

Yield 79%. Yellow solid. M.p.: > 250 °C. 'H NMR (600 MHz, DMSO-d) o: 13.38 (s,
1H), 8.32 (d, /= 13.6 Hz, 1H), 8.20 (d, /= 13.6 Hz, 1H), 8.03 (d, /= 8.1 Hz, 2H), 7.98
(d, J = 8.2 Hz, 2H). 13C NMR (151 MHz, DMSO-dy) J: 167.1, 139.9, 138.3, 134.6,
134.3, 130.2, 130.2. MS (EI) m/z: 193.1 [M]".

(E)-1-nitro-4-(2-nitrovinyl) benzene (HS10)

Yield 79%. Yellow solid. M.p.: 201 — 202 °C. 'H NMR (600 MHz, CDCl;) o: 8.33 (d,
J=28.6 Hz, 2H), 8.05 (d, /= 13.7 Hz, 1H), 7.74 (d, J = 8.6 Hz, 2H), 7.65 (d, J = 13.7
Hz, 1H). 3*C NMR (151 MHz, Acetone-ds) o: 140.6, 136.9, 136.1, 130.5, 124.1. MS
(EI) m/z: 194.1 [M]".

(E)-4-(2-nitrovinyl) benzonitrile (HS11)

Yield 75%. Yellow solid. M.p.: 184 — 185 °C. 'H NMR (600 MHz, CDCl;) ¢: 8.00 (d,
J=13.7 Hz, 1H), 7.77 (d, J = 8.3 Hz, 2H), 7.67 (d, J = 8.3 Hz, 2H), 7.63 (d, /= 13.8
Hz, 1H). BCNMR (151 MHz, CDCls) 6: 139.4, 136.6, 134.3,133.0,129.4, 117.8, 115.2.
MS (EI) m/z: 174.0 [M]".



(E)-1-(4-(2-nitrovinyl) phenyl)-1H-1,2,4-triazole (HS12)

Yield 65%. Yellow solid. M.p.: > 200 °C. '"H NMR (600 MHz, DMSO-ds) d: 9.45 (s,
1H), 8.33 (d, /= 14.0 Hz, 2H), 8.20 (d, /= 13.6 Hz, 1H), 8.09 (d, J = 8.7 Hz, 2H), 8.01
(d, J = 8.7 Hz, 2H). 13C NMR (101 MHz, DMSO-dy) J: 157.7, 147.7, 143.8, 143.3,
143.0, 136.4, 134.5, 124.5. MS (EI) m/z: 216.1 [M]".

(E)-1-fluoro-3-(2-nitrovinyl) benzene (HS13)

Yield 72%. Yellow solid. M.p.: 45 — 47 °C. "H NMR (600 MHz, CDCls) &: 7.97 (d, J
= 13.6 Hz, 1H), 7.57 (d, J = 13.7 Hz, 1H), 7.45 (q, J= 7.5 Hz, 1H), 7.35 (d,J= 7.7 Hz,
1H), 7.25 (d, J=9.2 Hz, 1H), 7.21 (t, J = 8.2 Hz, 1H). 3C NMR (151 MHz, CDCl;) 6:
163.8,162.1, 138.1,137.7, 132.1,132.1, 131.1, 131.1, 125.2, 119.1, 119.0, 115.5, 115.3.
MS (EI) m/z: 167.0 [M]".

(E)-1-chloro-3-(2-nitrovinyl) benzene (HS14)

Yield 77%. Yellow solid. M.p.: 47 — 48 °C. '"H NMR (600 MHz, CDCL;) &: 7.98 — 7.90
(m, 1H), 7.59 (d, J = 13.8 Hz, 1H), 7.55 (s, 1H), 7.51 — 7.44 (m, 2H), 7.44 — 7.39 (m,
1H). 3C NMR (151 MHz, CDCL;) §: 138.0, 137.5, 135.3, 132.0, 131.8, 130.6, 128.7,
127.3. MS (EI) m/z: 183.3 [M]*.

(E)-1-methyl-3-(2-nitrovinyl) benzene (HS15)

Yield 81%. Yellow liquid. 'H NMR (600 MHz, CDCly) & 7.97 (d, J = 13.7 Hz, 1H),
7.58 (d, J = 13.7 Hz, 1H), 7.37 — 7.29 (m, 4H), 2.40 (s, 3H). 3C NMR (151 MHz,
CDCl;) 6: 134.1, 134.1, 131.7, 127.9, 124.8, 124.6, 124.1, 121.2, 16.1. MS (EI) m/z:
163.1 [M]".

(E)-1-methoxy-3-(2-nitrovinyl) benzene (HS16)

Yield 77%. Yellow solid. M.p.: 91 — 93 °C. 'H NMR (600 MHz, CDCls) &: 7.97 (d, J
= 13.6 Hz, 1H), 7.57 (d, J= 13.6 Hz, 1H), 7.37 (t, J= 8.2 Hz, 1H), 7.14 (d,J= 7.6 Hz,
1H), 7.04 (d, J = 6.5 Hz, 2H), 3.85 (s, 3H). 3C NMR (151 MHz, CDCLy) §: 154.9,
133.9, 132.1, 126.1, 125.3, 116.6, 112.8, 108.8, 50.3. MS (EI) m/z: 179.1 [M]".

(E)-1-(2-nitrovinyl)-3-(trifluoromethyl) benzene (HS17)

Yield 69%. Yellow solid. M.p.: 75 — 76 °C. "H NMR (600 MHz, CDCls) &: 8.04 (d, J
= 13.7 Hz, 1H), 7.81 (s, 1H), 7.76 (d, J = 7.9 Hz, 2H), 7.65 (d, J = 13.6 Hz, 1H), 7.62
(d, J=17.8 Hz, 1H). 3C NMR (151 MHz, CDCLy) 6: 138.4, 137.3, 132.0, 131.8, 130.8,
130.0, 128.4, 125.7, 124.3, 122.5. MS (EI) m/z: 216.9 [M]".



(E)-3-(2-nitrovinyl) phenol (HS18)

Yield 85%. Yellow solid. M.p.: 135 — 136 °C. 'TH NMR (600 MHz, CDCls) d: 7.95 (d,
J=13.7 Hz, 1H), 7.56 (d, J = 13.6 Hz, 1H), 7.33 (t,J= 7.9 Hz, 1H), 7.13 (d, /= 7.6
Hz, 1H), 7.02 (s, 1H), 6.98 (d, J = 8.1 Hz, 1H). 3C NMR (151 MHz, DMSO-dg) 9:
158.1, 139.8, 138.2, 131.8, 130.5, 121.0, 119.6, 116.5. MS (EI) m/z: 115.1 [M]".

(E)-3-(2-nitrovinyl) benzoic acid (HS19)

Yield 85%. Yellow solid. M.p.: 194 — 195 °C. '"H NMR (600 MHz, CDCls) ¢: 8.30 (s,
1H), 8.23 (d, J= 7.8 Hz, 1H), 8.07 (d, /= 13.7 Hz, 1H), 7.80 (d, J= 7.7 Hz, 1H), 7.68
(d,J=13.7Hz, 1H), 7.61 (t,J=7.7 Hz, 1H). 3C NMR (151 MHz, DMSO-ds) 5: 166.8,
139.1, 138.5, 133.4, 132.6, 132.1, 131.0, 129.7. MS (EI) m/z: 193.2 [M]".

(E)-1-nitro-3-(2-nitrovinyl) benzene (HS20)

Yield 75%. Yellow solid. M.p.: 122 — 123 °C. '"H NMR (600 MHz, CDCls) ¢: 8.43 (s,
1H), 8.36 (d, J = 8.2 Hz, 1H), 8.07 (d, /= 13.8 Hz, 1H), 7.89 (d, J= 7.6 Hz, 1H), 7.73
—7.65 (m, 2H). 3C NMR (101 MHz, DMSO-dy) 6: 153.2, 145.1, 141.8, 140.4, 137.2,
135.5, 130.9, 129.4. MS (EI) m/z: 194.1 [M]".

(E)-3-(2-nitrovinyl) benzonitrile (HS21)

Yield 82%. Yellow solid. M.p.: 201 — 202 °C. 'H NMR (600 MHz, Chloroform-d) &
7.99 (d,J=13.7 Hz, 1H), 7.85 (s, 1H), 7.79 (d, J = 7.8 Hz, 2H), 7.64 — 7.60 (m, 2H).
BC NMR (151 MHz, cdcls) 6: 138.9, 136.4, 134.9, 132.7, 132.3, 131.4, 1304, 117.5,
114.0. MS (EI) m/z: 174.1 [M]".

1,3-bis((£)-2-nitrovinyl) benzene (HS22)

Yield 78%. Yellow solid. M.p.: 203 — 204 °C. 'H NMR (400 MHz, CDCl;) §: 8.02 (d,
J=13.7 Hz, 2H), 7.69 (d, J = 8.0 Hz, 3H), 7.63 (d, J = 13.7 Hz, 2H), 7.60 — 7.55 (m,
1H). 3C NMR (101 MHz, DMSO-ds) o: 143.9, 143.0, 138.4, 136.2, 135.0, 134.2.

(E)-4-(2-nitroprop-1-en-1-yl) benzonitrile (HS24)

Yield 70%. Yellow solid. M.p.: 108 — 110 °C. '"H NMR (600 MHz, CDCls) ¢: 8.07 (s,
1H), 7.78 (d, J = 8.2 Hz, 2H), 7.56 (d, J = 8.1 Hz, 2H), 2.46 (s, 3H). 3C NMR (151
MHz, CDCL) d: 149.6, 136.7, 132.3, 131.0, 130.0, 117.9, 112.9, 13.8. MS (EI) m/z:
188.1 [M]".

(2)-(2-bromo-2-nitrovinyl) benzene (HS25)



Yield 87%. Yellow solid. M.p.: 63 — 64 °C. 'H NMR (600 MHz, CDCl;) 6: 8.65 (s,
1H), 7.90 (d, J = 7.1 Hz, 2H), 7.56 — 7.48 (m, 3H). *C NMR (151 MHz, CDCL;) J:
136.4, 131.9, 130.9, 130.1, 128.9, 127.9. MS (EI) m/z: 226.9 [M—1]* 228.9 [M+1]".

(£)-(2-chloro-2-nitrovinyl) benzene (HS26)

Yield 78%. Yellow solid. M.p.: 43 — 44 °C. 'H NMR (600 MHz, CDCl;) 6: 8.38 (s,
1H), 7.88 — 7.83 (m, 2H), 7.55 — 7.48 (m, 3H). 3C NMR (151 MHz, DMSO-dq) J:
137.1, 132.5, 132.4, 131.6, 129.9, 129.4. MS (EI) m/z: 183.0 [M]*.

(£)-3-(2-bromo-2-nitrovinyl) benzonitrile (HS27)

Yield 65%. Yellow solid. M.p.: 92 — 93 °C. 'H NMR (600 MHz, CDCl;) 6: 8.60 (s,
1H), 8.18 (s, 1H), 8.05 (d, /= 8.2 Hz, 1H), 7.80 (d, J= 7.8 Hz, 1H), 7.65 (t, J= 7.9 Hz,
1H). 3C NMR (151 MHz, CDCL;) §: 134.6, 134.5, 133.8, 133.5, 131.6, 130.6, 129.9,
117.7, 113.5. MS (EI) m/z: 251.9 [M—1]*, 253.9 [M+1]".

(£)-4-(2-bromo-2-nitrovinyl) benzonitrile (HS28)

Yield 67%. Yellow solid. M.p.: 148 — 150 °C. '"H NMR (600 MHz, CDCL) 6: 8.62 (s,
1H), 7.96 (d, J = 8.2 Hz, 2H), 7.79 (d, J = 8.3 Hz, 2H). 3C NMR (151 MHz, CDCL) 5
134.6, 134.2, 132.5, 130.9, 117.9, 114.8. MS (EI) m/z: 251.9 [M—1]*, 253.9 [M+1]".

(£)-1-(2-bromo-2-nitrovinyl)-3-fluorobenzene (HS29)

Yield 64%. Yellow solid. M.p.: 41 — 42 °C. '"H NMR (600 MHz, CDCl5) & 8.58 (s, 1H),
7.67 (d, J=9.6 Hz, 1H), 7.60 (d, J= 7.8 Hz, 1H), 7.48 (q, J= 7.8 Hz, 1H), 7.23 (t, J =
8.2 Hz, 1H). 3C NMR (151 MHz, CDCls) &: 163.3, 161.7, 135.1, 132.1, 130.6, 129.2,
127.2, 118.8, 116.8, 94.8. MS (EI) m/z: 244.9 [M-1]", 246.9 [M+1]*.

(£)-1-(2-bromo-2-nitrovinyl)-4-fluorobenzene (HS30)

Yield 68%. Yellow solid. M.p.: 52 — 53 °C. 'H NMR (600 MHz, CDCl3) 4 8.63 (s, 1H),
7.94 (dd, J=8.7, 5.4 Hz, 2H), 7.20 (t, J= 8.6 Hz, 2H). 13C NMR (151 MHz, CDCl;) é:
165.4, 163.7, 135.3, 133.4, 127.8, 126.3, 116.4. MS (EI) m/z: 244.8 [M-1]*, 246.9
[M+1]". HRMS (ESI) m/z calcd CgHsNO,FBr [M + CH;0]+ 275.9677, found 275.9676.

(£)-1-chloro-3-(2-chloro-2-nitrovinyl) benzene (HS31)

Yield 79%. Yellow solid. M.p.: 45 — 46 °C. 'H NMR (600 MHz, CDCls) o: 8.28 (s,
1H), 7.83 (s, 1H), 7.70 (d,J= 7.6 Hz, 1H), 7.48 (d, /= 8.1 Hz, 1H), 7.44 (t,J= 7.8 Hz,
1H). 3C NMR (151 MHz, CDCl;) ¢: 133.4, 129.9, 126.6, 126.1, 125.3, 125.1, 124.9,
124.2. MS (EI) m/z: 216.9 [M]".



(£)-1-chloro-4-(2-chloro-2-nitrovinyl) benzene (HS32)

Yield 80%. Yellow solid. M.p.: 58 — 60 °C. 'H NMR (600 MHz, CDCls) ¢: 8.38 (s,
1H), 7.85 (d, J= 8.1 Hz, 2H), 7.52 (d, J= 8.0 Hz, 2H). 3C NMR (151 MHz, CDCl;) ¢:
137.7,137.5, 131.9, 129.9, 129.1, 127.6. MS (EI) m/z: 216.9 [M]".

(£)-3-(2-chloro-2-nitrovinyl) benzonitrile (HS33)

Yield 72%. Yellow solid. M.p.: 106 — 108 °C. '"H NMR (600 MHz, CDCls) o: 8.36 (s,
1H), 8.16 (s, 1H), 8.05 (d,/=7.9 Hz, 1H), 7.81 (d, J= 7.7 Hz, 1H), 7.66 (t,J = 7.9 Hz,
1H). BC NMR (151 MHz, CDCl) d: 134.4, 129.7, 129.4, 128.6, 125.8, 124.9, 123.8,
112.5, 108.5. MS (EI) m/z: 208.1 [M]". MS (EI) m/z: 208.0 [M]". HRMS (ESI) m/z
calcd CoHsN20,Cl [M + CH;0]+ 239.0229, found 239.0236.

(£)-4-(2-chloro-2-nitrovinyl) benzonitrile (HS34)

Yield 73%. Yellow solid. M.p.: 138 — 140 °C. '"H NMR (600 MHz, CDCls) o: 8.37 (s,
1H), 7.95 (d, J= 8.2 Hz, 2H), 7.80 (d, J= 8.2 Hz, 2H). 3C NMR (151 MHz, CDCl;) ¢:
134.8, 128.8, 127.5, 126.0, 124.1, 112.7, 109.7. MS (EI) m/z: 208.0 [M]". HRMS (ESI)
m/z calcd CoHsN20,CI [M + CH;0]+ 239.0229, found 239.0236.

(£)-1-(2-chloro-2-nitrovinyl)-3-nitrobenzene (HS35)

Yield 67%. Yellow solid. M.p.: 111 — 112 °C. 'H NMR (600 MHz, CDCls) 6: 8.76 (s,
1H), 8.43 (s, 1H), 8.38 (d, J = 8.2 Hz, 1H), 8.15 (d, J = 7.6 Hz, 1H), 7.78 — 7.70 (m,
1H). 3C NMR (151 MHz, CDCly) 6: 136.0, 135.8, 133.3, 130.9, 129.8, 128.4, 125.6,
124.8. MS (EI) m/z: 217.1 [M]*. HRMS (ESI) m/z caled CgHsN20,Cl [M + CH;0]+
259.0127, found 259.0127.

(£)-1-(2-chloro-2-nitrovinyl)-4-nitrobenzene (HS36)

Yield 68%. Yellow solid. M.p.: 98 — 100 °C. 'H NMR (600 MHz, CDCls) d: 8.42 (s,
1H), 8.36 (d, J= 8.7 Hz, 2H), 8.02 (d, J= 8.7 Hz, 2H). 3C NMR (151 MHz, CDCl;) ¢:
148.5, 135.3, 133.4, 131.2, 128.4, 123.7. MS (EI) m/z: 217.1 [M]".

4.2 FBPase inhibition assays
The protein expression and purity, and FBPase inhibition assays were performed
for detection compounds inhibitory activities as previously described[39].

4.3 Gluconeogenesis inhibition in mouse hepatocytes.



Primary hepatocytes were isolated from C57BLKS mice that were fasted
overnight as described previously[40, 41], and then seeded in 24-well plates (2x10°
cells per cell) in DMEM (Invitrogen™) containing 1 g/L glucose and 10% fetal bovine
serum (FBS). After a 4-h attachment period, the cells were incubated overnight after
being added fresh medium. Then the medium was replaced with 500 uL. of DMEM
without glucose and phenol red, but supplemented with 20 mM sodium lactate and 2
mM sodium pyruvate as well as the test compounds at the desired concentrations in
three parallel wells. After 4 h of incubation, 50 puL of culture supernatant was collected,
and the glucose concentration was determined using a colorimetric glucose assay kit
(Fudan-Zhang-jiang™, Shanghai, China).

4.4 Molecular docking

The crystal structure of FBPase (PDB: 4H46) complexed with F6P and AMP was
downloaded from the RSCB Protein Data Bank. Compound HS13 and HS36 were built
and optimized in SYBYL 1.3. Then, HS13 and HS36 were docked into the C128 site
of FBPase by using the covalent module of Autodock[42]. The docking process used
the default parameters except the “generate diverse solution” option was chosen to
enhance the variety of docked conformations.
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