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[ABSTRACT] To search for potent anti-ischemic stroke agents, a series of tetramethylpyrazine (TMP)/resveratrol (RES) hybrids 6a−t
were designed and synthesized. These hybrids inhibited adenosine diphosphate (ADP)- or arachidonic acid (AA)-induced platelet ag-
gregation, among them, 6d, 6g−i, 6o and 6q were more active than TMP. The most active compound 6h exhibited more potent anti-
platelet aggregation activity than TMP, RES, as well as positive control ticlopidine (Ticlid) and aspirin (ASP). Furthermore, 6h exer-
ted strong antioxidative activity in a dose-dependent manner in rat pheochromocytoma PC12 cells which were treated with hydrogen
peroxide (H2O2) or hydroxyl radical (·OH). Importantly, 6h significantly protected primary neuronal cells suffered from oxygen-gluc-
ose deprivation/reoxygenation (OGD/R) injury, comparable to an anti-ischemic drug edaravone (Eda). Together, our findings suggest
that 6h may be a promising candidate warranting further investigation for the intervention of ischemic stroke.
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Ischemic stroke  with  high  morbidity,  mortality,  disabil-
ity  and  recurrence  rates  remains  a  leading  cause  of  death
globally [1-4]. Due to its complex pathogeneses, including ge-
netic high risk, thrombosis, and chronic inflammation, etc. [5],
it  is  difficult  at  present  to  effectively  treat  this  fatal  disease.
Over the past  ten years,  great  efforts  have been made by re-
searchers  to  combat  ischemic  stroke,  and  a  large  number  of
anti-platelet  aggregation,  anticoagulant,  neuroprotective,  and
thrombolytic  drugs  are  available [6-11].  However,  the  clinical
efficacy  of  these  drugs  is  still  unsatisfactory [12],  and  new
therapeutic drugs with good efficacy and safety for the inter-
vention of ischemic stroke are urgently needed.

2,  3,  5,  6-Tetramethylpyrazine  (ligustrazine,  TMP),  a
main active ingredient of the Chinese herbal medicine Ligus-
ticum  wallichii  Franchat (Chuanxiong),  is  able  to  promote
the proliferation and differentiation of the neuronal precursor
cells  (NPCs) [13, 14] and enhance NPCs migration towards the
ischemic region in rats with middle cerebral artery occlusion
(MCAO)  model [15].  Tetramethylpyrazine  nitrone  (TBN),  a
ligustrazine derivative, is a potent free radical scavenger with
multifunctional  neuroprotective  effects  in  rat  and  monkey
models  of  ischemic  stroke [16-18] and  has  now  advanced  to
Phase II  clinical  trial  for  the  treatment  of  ischemic stroke in
China.

Resveratrol (RES), 3, 5, 4′-trihydroxy-trans-stilbene, is a
poly-phenol compound found in red wine, grapes, and many
plants,  such  as  knotweeds  and  pine  trees.  RES  has  multiple
functions such as anti-inflammation, anti-oxidation, inhibition
of arachidonate acid metabolism [19],  and platelet activity [20].
It has been reported that RES reduced brain infarction by in-
hibition of inducible nitric oxide synthase (iNOS), and upreg-
ulation of  endothelial  nitric  oxide  synthase  (eNOS)  expres-
sion  in  MCAO  rats  model [21].  Other  studies  suggested  that
RES attenuated ischemic brain injury via inhibition of myel-
operoxidase levels,  pyrin  domain-containing  3  inflamma-
some  (NLRP-3)  formation,  cerebral  TNF-α production,  and
apoptosis s [22-24]. Furthermore, it was reported that RES activ-
ated nuclear erythroid 2-related factor 2- and sirtuin-1-medi-
ated  pathways  to  enhance  neuronal  survival  in  response  to

[Received on] 24-Feb.-2020
[Research funding] This work was supported by the National Natur-
al  Science  Foundation  of  China  (Nos.  81822041,  81773573,
21977116, and 81673305), the National Science & Technology Ma-
jor  Project  “Key  New  Drug  Creation  and  Manufacturing  Program ”
(No.  2018ZX09711002-006-013),  the  Open  Project  of  State  Key
Laboratory  of  Natural  Medicines  (No.  SKLNMZZCX201824),  and
the State Key Laboratory of Pathogenesis, Prevention and Treatment
of High Incidence Diseases in Central Asia Fund (No. SKL-HIDCA-
2018-1), part  of  the  work  was  supported  by  the  Postgraduate  Re-
search  &  Practice  Innovation  Program  of  Jiangsu  Province  (No.
KYCX18_0795).
[*Corresponding author] E-mails:  zyhtgd@163.com  (ZHANG  Yi-
Hua); zhangjianhuang@cpu.edu.cn (HUANG Zhang-Jian)
∆These authors contributed equally to this work.
These authors have no conflict of interest to declare. 

 

Available online at www.sciencedirect.com

Chinese Journal of Natural Medicines 2020, 18(8): 633-640
doi: 10.1016/S1875-5364(20)30076-5

•Research article•

– 633 –



cerebral ischemia [25, 26]. These investigations suggest that the
use of RES may provide benefits in the treatment of cerebral
ischemia.

In  order  to  search  for  more  potent  anti-ischemic  agents
than TMP and/or RES, a series of compounds 6a−t were de-
signed  and  synthesized  by  hybridization  of  TMP  with  RES
(Table 1). Herein, we report the synthesis and biological eval-
uation of these hybrids.

Results and Discussion

Chemistry
The synthesis of the target compounds 6a−6t is depicted

in Scheme 1. Generally, treatment of TMP with 30% hydro-
gen  peroxide  aqueous  solution  produced  pyrazine  1,  4-diox-
ide 1,  which  was  heat  at  reflux  in  acetic  anhydride via a
Boekelheide rearrangement  reaction  to  furnish  diacetate  de-
rivative 2.  Subsequently,  hydrolysis  of 2 in  a  20% aqueous

sodium hydroxide solution provided dihydroxy compound 3,
followed  by  treatment  with  phosphorus  tribromide  to  give
brominated derivative 4. The phosphate ester 5 was obtained
by  the  reaction  of 4 with triethyl  phosphite.  Finally,  treat-
ment  of 5 with  corresponding  substituted  benzaldehydes  in
the  presence  of  sodium  hydride via the Wittig-Horner  reac-
tion afforded 6a−6t. All the target compounds with a chemic-
al purity of > 95% (determined by HPLC analysis) were used
for following biological experiments.
In vitro anti-platelet aggregation

Firstly, we evaluated the in vitro inhibitory effects of the
target  compounds on the adenosine diphosphate  (ADP)-  and
arachidonic  acid  (AA)-induced platelet  aggregation  in  rabbit
platelet-rich  plasma  (PRP)  by  Born’s  turbidimetric  method.
Ticlopidine hydrochloride  (Ticlid)  and  aspirin  (ASP),  as  in-
hibitors  of  adenosine  diphosphate  (ADP)-  and  arachidonic
acid  (AA)-induced  platelet  aggregation,  respectively [27, 28],
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were used as  positive controls.  As shown in Table  2,  all  the
target  compounds  inhibited  the  platelet  aggregation  induced
by  ADP  (10  μmol·L−1)  or  AA  (1  mmol·L−1) to  certain  de-
grees,  and 6d, 6g−i, 6o and 6q were more active than TMP.

Notably, the inhibitory activity of the most potent compound
6h (IC50 0.12  mmol·L−1) on  ADP-induced  platelet  aggrega-
tion  was  10.6-,  5.2-,  and  2.4-fold  larger  than  that  of  TMP
(IC50 1.27 mmol·L−1),  RES (IC50 0.62 mmol·L−1),  and Ticlid
(IC50 0.29  mmol·L−1),  respectively.  Similarly,  inhibition  of
6h on AA-induced platelet aggregation (IC50 0.07 mmol·L−1)
was  11.3-,  7.4-,  and  2.1-fold  stronger  than  that  of  TMP
(IC50 0.79  mmol·L−1),  RES  (IC50 0.52  mmol·L−1),  and  ASP
(IC50 0.15 mmol·L−1), respectively.

The preliminary  analysis  of  structure-activity  relation-
ships (SARs) revealed that among compounds with one sub-
stituent on each benzene ring, the hydroxy-bearing ones (6h,
6i and 6q)  have  better  inhibitory  activity  than  others.  The
general  order  of  activity  for  one  substituent  is  hydroxy  >
halogen > methoxy > dimethyl amino > methyl, which might
be due to the steric hindrance. In addition, the hydroxyl sub-
stituent at  the  para-position  of  the  benzene  ring  was  prefer-
able  (6h),  as  well  as  halogen  substituent  (6n).  Among  the
compounds  with  multiple  substituents  on  the  benzene  ring,
the  compound  possessing  three  methoxy  groups  (6d) dis-
played  stronger  activity  than  compounds  with  one  or  two
methoxy groups,  probably  attributable  to  the  electron donat-
ing  effects  that  increase  the  electron  density  on  the  phenyl
group  which  may  be  beneficial  for  inhibitory  activity  on
platelet aggregation.

Given  that  compound 6h was  composed  of  TMP  and
RES  moieties,  we  further  evaluated  the  inhibitory  effects  of
each moiety alone or  in  combination on platelet  aggregation
in vitro.  As shown in Table 3, the inhibitory activity of both
TMP or RES alone on ADP- or AA-induced platelet aggrega-
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Scheme 1    Synthetic route of compounds 6a−6t. Reagents and conditions: (a) 30% H2O2, AcOH, 95 °C, 8 h; (b) Ac2O, reflux, 2.5
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Table 2    The IC50 values of compounds 6a−6t against plate-
let aggregation in vitro induced by ADP or AA (mean ± SD,
n = 5)

Compound
IC50/(mmol·L−1)

ADP (10 μmol·L−1) AA (1 mmol·L−1)

Ticlid a 0.29 ± 0.11 -

ASP b - 0.15 ± 0.09

6a 1.21 ± 0.26 0.78 ± 0.06

6b 1.18 ± 0.17 0.80 ± 0.12

6c 1.28 ± 0.21 0.99 ± 0.11

6d 0.83 ± 0.08 0.61 ± 0.24

6e 1.30 ± 0.25 0.99 ± 0.14

6f 1.17 ± 0.18 0.72 ± 0.26

6g 0.96 ± 0.13 0.57 ± 0.04

6h 0.12 ± 0.04 0.07 ± 0.01

6i 0.31 ± 0.07 0.19 ± 0.05

6j 1.99 ± 0.30 1.18 ± 0.21

6k 1.91 ± 0.26 1.74 ± 0.17

6l 2.55 ± 0.34 2.26± 0.24

6m 1.81 ± 0.18 1.47 ± 0.13

6n 1.08 ± 0.07 0.77 ± 0.11

6o 1.06 ± 0.05 0.67 ± 0.17

6p 3.90 ± 0.39 3.34 ± 0.28

6q 0.92 ± 0.11 0.75 ± 0.07

6r 1.51 ± 0.04 1.40 ± 0.13

6s 2.15 ± 0.24 1.90 ± 0.19

6t 1.36 ± 0.15 1.94 ± 0.20
a Ticlid is an inhibitor of ADP-induced platelet aggregation; b ASP is
an inhibitor of AA-induced platelet aggregation

 
Table 3    The IC50 values of compounds against platelet  ag-
gregation in vitro  (mean ± SD, n = 5)

Compound
IC50/(mmol·L−1)

ADP (10 μmol·L−1) AA (1 mmol·L−1)

6h 0.12 ± 0.04 0.07 ± 0.01

TMP 1.27 ± 0.22 0.79 ± 0.14

RES 0.62 ± 0.04 0.52 ± 0.03

TMP + RES (1∶1) 0.34 ± 0.01 0.22 ± 0.01

TMP + RES (1∶2) 0.25 ± 0.01 0.19 ± 0.01
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tion was weaker than that of 6h.  Moreover, the inhibition of
6h was significantly more potent than that of TMP and RES
in  combination  (1  :  1  and  1  :  2,  respectively).  These  results
indicated  that  both  RES  and  TMP  moieties  in 6h may pos-
sess synergistic effects on anti-platelet aggregation activity.
In vitro antioxidant activity assay

It is well-known that ischemic tissues would suffer fatal
oxidative  damages  after  reperfusion [29, 30].  Therefore,  we
evaluated  the  antioxidative  effect  of 6h on rat  pheochromo-
cytoma PC12 cells which were treated with hydrogen perox-
ide (H2O2)  or hydroxyl radicals (·OH). As can be seen from
Fig. 1, H2O2 or ·OH displayed obvious cell damage effect on
PC12 cells after incubation for 1 h, and the cell viability was
reduced  by  52.52% and  58.20%,  respectively.  However,  the
cell viability by pretreatment with 6h at 10 μmol·L−1 was im-
proved  to  be  72.59% and  80.59%,  respectively,  which  is
more potent than that of TMP (62.15% and 70.16%) or RES
(59.88% and  64.25%) pretreatment  under  the  same  condi-
tions.  Additionally,  the  cell  viability  of  PC12  cells  which
were  pretreated  with  RES  (10  μmol·L−1)  plus  TMP  (10
μmol·L−1)  was  66.19% and  74.20%,  respectively.  When  the
concentration  of  RES was  increased  to  20  μmol·L−1 (TMP :
RES, 1 : 2), the viability was only slightly up to 68.32% and
79.63%.  Notably,  the  viability  of 6h was  somewhat  greater
than  a  known  clinic  drug  edaravone  (Eda)  (71.42% and
79.50%)  under  the  same  conditions.  Collectively, 6h exhib-
ited  the  most  potent  protective  activity  among  all  tested
groups.
Oxygen-glucose deprivation (OGD) and recovery  (R)  induc-
tion

We  further  investigated  the  effects  of 6h on  primary
neuronal  cells  survival  rate  in  an  oxygen-glucose
deprivation/reoxygenation (OGD/R) model, which is used for
simulating  cerebral  ischemia/reperfusion in  vitro.  As  shown
in Fig.  2, in  comparison with  control  group,  the  neuron sur-
vival  rate  of  OGD/R  group  was  significantly  reduced.  All
tested  groups  improved  the  survival  rate  of  neurons  relative
to  the  model  group.  The  neuroprotective  effect  of 6h (1

μmol·L−1)  was better  than that  of  TMP and RES alone or  in
combination (1∶1 or  1∶2)  and comparable  to  Eda.  All  the
data  above  indicates  that 6h had a  significant  protective  ef-
fect  on  OGD/R-induced  neuronal  damage,  and  possibly
thanks to the synergistic effects of each moiety in 6h.

Experimental

Chemistry
General experimental procedures

Melting points  of  individual  compounds  were  determ-
ined on  a  Mel-TEMP  II  melting  point  apparatus  and  uncor-
rected. 1H NMR and 13C NMR spectra were recorded with a
Bruker Avance 300 MHz spectrometer at 303 K, using TMS
as  an  internal  standard.  Mass  spectra  were  obtained  on  an
Agilent  Q-TOF  6540  spectrometer.  All  compounds  were
routinely  checked  by  TLC  and 1H NMR.  TLC  were  per-
formed  on  silica  gel  GF/UV  254,  and  the  chromatograms
were conducted on silica gel (200−300 mesh) and visualized
under UV light at  254 or 365 nm. All  solvents were reagent
grade and, when necessary, were purified and dried by stand-
ard  methods.  Solutions  after  reactions  and  extractions  were
concentrated using a rotary evaporator operating at a reduced
pressure  of  ca.  20  Torr.  The  purity  of  all  tested  compounds
was  characterized  by  HPLC  analysis  (Shimadzu  LC-20A
HPLC  system  consisting  of  LC-20AT  pumps  and  an  SPD-
20AV UV detector).
General procedure for the preparation of 2

To a stirred solution of TMP hydrochloride (41.5 g, 200
mmol)  in  H2O (400 mL),  NaOH (8  g,  200 mmol)  in  50 mL
H2O was added dropwise at 0 ºC, and the mixture was stirred
at room temperature for 2 h. Then the precipitate was collec-
ted  by  filtration  and  dried  to  give  ligustrazine  trihydrate.
Next,  to  the  solution  of  ligustrazine  trihydrate  (38  g,  200
mmol) in glacial acetic acid (45 mL), 30% H2O2 (36 mL, 320
mmol) aqueous solution was added. After stirring at 95 ºC for
18 h, another portion of 30% H2O2 (36 mL, 320 mmol) was
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Fig.  1     Protection  from  H2O2-  or  ·OH-induced  cytotoxicity
in  PC12 cells.  Data  are  expressed as  the  mean ± SD of  each
group from five separate experiment and are analyzed by one-
way  analysis  of  variance  (ANOVA)  followed  by  post  hoc
Tukey  test. **P <  0.01 vs the  H2O2-treated  group; #P <  0.05,
##P < 0.01 vs the ·OH-treated group
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Fig. 2    Effects of the test compounds (1 μmol·L−1) on the sur-
vive  rate  of  primary  rat  hippocampal  neurons  treated  by
oxygen/glucose deprivation  and  reoxygenation.  Data  are  ex-
pressed  as  the  mean  ±  SD of  each  group  from five  separate
experiment and  are  analyzed  by  one-way  analysis  of  vari-
ance  (ANOVA)  followed  by  post  hoc  Tukey  test. **P <  0.01
vs OGD/R group; ###P < 0.001 vs control group
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added and heated at reflux for 4 h. The resulted mixture was
alkalized to  pH 10 with  20% NaOH (aq)  and extracted with
trichloromethane.  Combined  organic  layer  was  washed  with
brine,  dried over anhydrous sodium sulfate and concentrated
in  vacuo to  afford  crude product 1,  which was  used without
further purification.

Compound 1 was then dissolved in acetic anhydride and
stirred at reflux for 2.5 h. The acetic anhydride was removed
in vacuo and purified by column chromatography to get 2 as
a  yellow  solid,  yield  67%. 1H  NMR  (300  MHz,  CDCl3)  δ:
5.22 (s, 4H), 2.57 (s, 6H), 2.13 (s, 6H). 13C NMR (300 MHz,
CDCl3)  δ:  170.51,  149.42,  147.38,  64.73,  20.68,  20.53.  ESI-
MS m/z 253.1 ([M + H]+).
General procedure for the preparation of 3

A solution of compound 2 in 20% NaOH (aq) (300 mL)
was stirred at room temperature overnight. The reaction mix-
ture was extracted with trichloromethane.  Combined organic
layer was washed with H2O, brine, dried over anhydrous so-
dium sulfate  and  concentrated  in  vacuo,  then  recrystalliza-
tion with petroleum ether to afford 3 as a yellow needle crys-
tal,  yield  32%.  Melting  point  110−112  ºC. 1H  NMR  (300
MHz, CDCl3) δ: 7.27 (s, 4H), 2.58 (s, 2H), 2.48 (s, 6H). 13C
NMR (300 MHz, CDCl3) δ: 149.15, 149.25, 147.18, 146.17,
60.47, 61.05, 21.21, 19.21. ESI-MS m/z 169.3 ([M + H]+).
General procedure for the preparation of 4

To a solution of compound 3 (1.68 g, 10.0 mmol, 1.0 eq)
in CH2Cl2,  phosphorus tribromide (0.95 mL, 10.0 mmol, 1.0
eq) was added dropwise, and the mixture was stirred in an ice
bath for 0.5 h. The reaction solution was quenched with satur-
ated  Na2CO3 solution,  then  the  pH  was  adjusted  to  7  with
10% acetic acid and extracted with CH2Cl2. The organic lay-
er was  collected,  washed  with  brine,  and  dried  over  anhyd-
rous  sodium  sulfate.  Remove  the  solvent  and  compound 4
was obtained as a yellow solid. The crude product 4 was dir-
ectly used in the following step without further purification.
General procedure for the preparation of 5

A solution of compound 4 (2.69 g, 9.2 mmol, 1.0 eq) in
triethylphosphite  (20  mL)  was  heat  at  reflux  for  1  h.  After
completion of the reaction, the solvent was removed by evap-
oration in vacuo and the residue was then purified by column
chromatography to provide 5 as  yellow solid,  yield 67%. 1H
NMR (300 MHz, CDCl3) δ: 4.19−4.02 (m, 8H), 3.39 (d, J =
20.9 Hz, 4H), 2.58 (s, 6H), 1.28 (t, J = 7.1 Hz, 12H).
General procedure for the preparation of 6a−6t

To  a  stirred  solution  of  compound 5 (122.4  mg,  0.3
mmol,  1.0  eq)  in  anhydrous  THF  was  added  NaH  (28  mg,
0.75 mmol, 2.5 eq) in an ice bath for 0.5 h. Then the individu-
al substituted benzaldehydes (0.75 mmol, 2.5 eq) were added.
After  completion  of  the  reaction,  the  reaction  was  quenched
by  water  and  extracted  with  CH2Cl2.  The  organic  layer  was
collected  and  dried  over  anhydrous  sodium  sulfate.  The
solvent was removed under vacuum and the resulted residue
was purified  by  column  chromatography  to  afford  corres-
ponding 6a−6t.
2, 5-Dimethyl-3, 6-di((E)-styryl) pyrazine (6a)

The title compound 6a was obtained starting from 5 and

benzaldehyde  (79.6  mg,  0.75  mmol,  2.5  eq)  as  a  yellowish
solid.  Yield  65%.  Melting point  296−298 ºC. 1H NMR (300
MHz, CDCl3) δ: 7.76 (d, J = 15.7 Hz, 2H), 7.63 (d, J = 10.1
Hz,  4H),  7.43−7.28  (m,  8H),  2.70  (s,  6H). 13C  NMR  (75
MHz,  CDCl3)  δ:  148.08,  146.09,  136.92,  134.65,  128.72,
128.48, 127.28, 122.84, 21.39. ESI-MS m/z 311.2 ([M – H]–).
2, 5-Bis((E)-3, 4-dimethoxystyryl)-3, 6-dimethylpyrazine (6b)

The title compound 6b was obtained starting from 5 and
3,  4-dimethoxybenzaldehyde  (124.6  mg,  0.75  mmol,  2.5  eq)
as  a  yellowish  solid.  Yield  57%.  Melting  point  265–267 ºC.
1H  NMR  (300  MHz,  CDCl3)  δ:  7.77  (d, J =  15.4  Hz,  2H),
7.21–7.14  (m,  6H),  6.89  (d, J =  8.3  Hz,  2H),  3.96  (s,  6H),
3.93  (s,  6H),  2.70  (s,  6H). 13C  NMR  (75  MHz,  CDCl3)  δ:
149.85,  149.21,  147.69,  134.70,  130.07,  120.91,  120.67,
118.84,  111.33,  109.88,  55.98,  21.39.  ESI-MS m/z 432.2
([M]+).
4, 4'-((1E, 1'E)-(3, 6-Dimethylpyrazine-2, 5-diyl)bis(ethene-2,
1-diyl))bis(2-methoxyphenol) (6c)

The title compound 6c was obtained starting from 5 and
4-hydroxy-3-methoxybenzaldehyde  (114.1  mg,  0.75  mmol,
2.5  eq)  as  a  yellowish  solid.  Yield  45%.  Melting  point
256–258 ºC. 1H NMR (300 MHz, DMSO-d6) δ: 9.33 (s, 2H),
7.64 (d, J = 15.5 Hz, 2H), 7.32 (s, 2H), 7.25 (d, J = 15.8 Hz,
2H), 7.15 (d, J = 8.2 Hz, 2H), 6.80 (d, J = 8.1 Hz, 2H), 3.86
(s,  6H),  2.63  (s,  6H). 13C  NMR  (75  MHz,  DMSO-d6)  δ:
147.82,  147.56,  147.28,  145.30,  133.91,  128.15,  121.09,
119.83, 115.61, 110.96, 55.71, 21.04. ESI-MS m/z 405.2 ([M +
H]+).
2, 5-Dimethyl-3, 6-bis((E)-3, 4, 5-trimethoxystyryl) pyrazine (6d)

The title compound 6d was obtained starting from 5 and
3,  4,  5-trimethoxybenzaldehyde  (147.2  mg,  0.75  mmol,  2.5
eq)  as  a  yellowish solid.  Yield  60%.  Melting point  267–269
ºC. 1H NMR (300 MHz, CDCl3) δ: 7.76 (d, J = 15.5 Hz, 2H),
7.18 (d, J = 15.5 Hz, 2H), 6.84 (s, 4H), 3.94 (s, 12H), 3.89 (s,
6H),  2.70  (s,  6H). 13C  NMR  (75  MHz,  CDCl3)  δ:  153.47,
147.93,  145.92,  139.02,  138.60,  134.94,  132.52,  122.04,
104.65,  60.98,  56.24,  21.43.  ESI-MS m/z 515.2  ([M  +
Na]+).
2, 5-bis((E)-4-Methoxystyryl)-3, 6-dimethylpyrazine (6e)

The title compound 6e was obtained starting from 5 and
4-methoxybenzaldehyde (102.1 mg, 0.75 mmol,  2.5 eq) as a
yellowish  solid.  Yield  60%.  Melting  point  239–241  ºC. 1H
NMR (300 MHz, CDCl3)  δ:  7.77 (d, J = 15.5 Hz, 2H),  7.56
(d, J = 8.2 Hz, 4H), 7.16 (d, J = 15.5 Hz, 2H), 6.92 (d, J = 8.2
Hz, 4H), 3.85 (s, 6H), 2.67 (s, 6H). 13C NMR (75 MHz, CD-
Cl3)  δ:  160.04,  147.72,  146.02,  134.05,  129.83,  128.65,
120.68,  114.22,  55.33,  21.41.  ESI-MS m/z 373.2  ([M  +
H]+).
2, 5-bis((E)-2-Methoxystyryl)-3, 6-dimethylpyrazine (6f)

The title compound 6f was obtained starting from 5 and
3-bromo-4-methoxybenzaldehyde (161.3 mg, 0.75 mmol, 2.5
eq)  as  a  yellowish solid.  Yield  55%.  Melting point  245–247
ºC. 1H NMR (300 MHz, CDCl3) δ: 7.82 (d, J = 12.1 Hz, 2H),
7.72 (d, J = 15.6 Hz, 2H), 7.49 (d, J = 8.5 Hz, 2H), 7.15 (d,
J = 15.6 Hz, 2H), 6.91 (d, J = 8.4 Hz, 2H), 3.93 (s, 6H), 2.68
(s,  6H). 13C  NMR  (75  MHz,  CDCl3)  δ:  157.58,  147.85,
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145.74,  131.54,  128.14,  127.39,  125.59,  124.72,  121.83,
111.89, 56.35, 21.45.
2, 5-bis((E)-2-Methoxystyryl)-3, 6-dimethylpyrazine (6g)

The title compound 6g was obtained starting from 5 and
2-methoxybenzaldehyde (102.1 mg, 0.75 mmol,  2.5 eq) as a
yellowish  solid.  Yield  67%.  Melting  point  218–220  °C. 1H
NMR (300 MHz, CDCl3)  δ:  8.10 (d, J = 15.8 Hz, 2H),  7.63
(d, J = 7.6 Hz, 2H), 7.38 (d, J = 15.7 Hz, 2H), 7.35–7.29 (m,
2H), 7.01–6.92 (m, 4H), 3.93 (s, 6H), 2.69 (s, 6H). 13C NMR
(75 MHz, CDCl3) δ: 157.72, 148.03, 146.43, 129.72, 129.44,
127.82,  126.16,  123.95,  120.67,  111.00,  55.48,  21.44.  ESI-
MS m/z 373.2 ([M + H]+).
4, 4'-((1E, 1'E)-(3, 6-Dimethylpyrazine-2, 5-diyl)bis(ethene-2,
1-diyl))diphenol (6h)

The title compound 6h was obtained starting from 5 and
4-hydroxybenzaldehyde  (91.2  mg,  0.75  mmol,  2.5  eq)  as  a
yellowish solid. Yield 43%. Melting point > 300 ºC. 1H NMR
(300 MHz, DMSO-d6) δ: 9.75 (s, 2H), 7.62 (d, J = 15.8 Hz,
2H), 7.56 (d, J = 8.2 Hz, 4H), 7.21 (d, J = 15.5 Hz, 2H), 6.80
(d, J = 7.9 Hz, 4H), 2.61 (s, 6H). 13C NMR (75 MHz, DMSO-
d6)  δ:  158.58,  148.79,  145.80,  131.30,  129.34,  128.11,
120.11, 116.09, 21.50. ESI-MS m/z 345.1 ([M + H]+).
2, 2'-((1E, 1'E)-(3, 6-Dimethylpyrazine-2, 5-diyl)bis(ethene-2,
1-diyl))diphenol (6i)

The title compound 6i was obtained starting from 5 and 2-
hydroxybenzaldehyde (91.2 mg, 0.75 mmol, 2.5 eq) as a yel-
lowish solid. Yield 46%. Melting point 242–244 ºC. 1H NMR
(300 MHz, DMSO-d6) δ: 9.95 (s, 2H), 8.01 (d, J = 15.6 Hz,
2H),  7.73  (d, J =  8.1  Hz,  2H),  7.49  (d, J =  15.5  Hz,  2H),
7.16–7.12  (m,  2H),  6.92–6.82  (m,  4H),  2.63  (s,  6H). 13C
NMR  (75  MHz,  DMSO-d6)  δ:  155.74,  147.61,  145.69,
129.52,  129.17,  127.39,  123.40,  122.13,  119.32,  115.94,
21.07. ESI-MS m/z 345.2 ([M + H]+).
2, 5-Dimethyl-3, 6-bis((E)-4-methylstyryl) pyrazine (6j)

The title compound 6j was obtained starting from 5 and
4-methylbenzaldehyde (90.1 mg, 0.75 mmol, 2.5 eq) as a yel-
lowish solid. Yield 66%. Melting point 223–225 °C. 1H NMR
(300 MHz, CDCl3) δ: 7.79 (d, J = 15.6 Hz, 2H), 7.51 (d, J =
7.8  Hz,  4H),  7.28–7.18  (m,  6H),  2.68  (s,  6H),  2.38  (s,  6H).
13C  NMR  (75  MHz,  CDCl3)  δ:  147.90,  146.07,  138.52,
134.47, 129.43, 128.27, 127.20, 121.89, 21.39, 21.31.
2, 5-Dimethyl-3, 6-bis((E)-3-methylstyryl) pyrazine (6k)

The title compound 6k was obtained starting from 5 and
3-methylbenzaldehyde (90.1 mg, 0.75 mmol, 2.5 eq) as a yel-
lowish solid. Yield 72%. Melting point 195–197 °C. 1H NMR
(300 MHz, CDCl3) δ: 7.80 (d, J = 15.6 Hz, 2H), 7.42 (d, J =
8.2  Hz,  4H),  7.31–7.28  (m,  4H),  7.13  (d, J =  7.5  Hz,  2H),
2.69  (s,  6H),  2.40  (s,  6H). 13C  NMR  (75  MHz,  CDCl3)  δ:
148.00,  146.08,  138.26,  136.86,  134.79,  129.33,  128.60,
127.89, 124.53, 122.61, 21.38.
2, 5-Dimethyl-3, 6-bis((E)-2-methylstyryl) pyrazine (6l)

The title compound 6l was obtained starting from 5 and 2-
methylbenzaldehyde (90.1  mg,  0.75  mmol,  2.5  eq)  as  a  yel-
lowish solid. Yield 69%. Melting point 203–205 °C. 1H NMR
(300  MHz,  CDCl3)  δ:  8.07  (d, J =  15.5  Hz,  2H),  7.69–7.66
(m,  2H),  7.26–7.18  (m,  8H),  2.69  (s,  6H),  2.51  (s,  6H). 13C

NMR  (75  MHz,  CDCl3)  δ:  148.05,  146.25,  136.82,  136.01,
132.68, 130.55, 128.34, 126.15, 125.80, 124.06, 21.39, 19.96.
2, 5-bis((E)-2-Chlorostyryl)-3, 6-dimethylpyrazine (6m)

The title compound 6m was obtained starting from 5 and
2-chlorobenzaldehyde  (105.4  mg,  0.75  mmol,  2.5  eq)  as  a
yellowish  solid.  Yield  45%.  Melting  point  249–250  °C. 1H
NMR (300 MHz, CDCl3)  δ:  8.20 (d, J = 15.6 Hz, 2H),  7.74
(dd, J =  7.6,  1.8  Hz,  2H),  7.43  (dd, J =  7.5,  1.4  Hz,  2H),
7.44–7.22 (m, 6H), 2.71 (s, 6H). 13C NMR (75 MHz, CDCl3)
δ:  148.40,  146.14,  135.12,  134.27,  131.17,  130.00,  129.34,
127.13, 126.90, 125.54, 21.39.
2, 5-bis((E)-4-Chlorostyryl)-3, 6-dimethylpyrazine (6n)

The title compound 6n was obtained starting from 5 and
4-chlorobenzaldehyde  (105.4  mg,  0.75  mmol,  2.5  eq)  as  a
yellowish  solid.  Yield  43%.  Melting  point  282–284  °C. 1H
NMR (300 MHz, CDCl3)  δ:  7.78 (d, J = 15.7 Hz, 2H),  7.54
(d, J = 8.4 Hz, 4H), 7.36 (d, J = 8.4 Hz, 4H), 7.27 (d, J = 15.5
Hz, 2H), 2.69 (s, 6H). 13C NMR (75 MHz, CDCl3) δ: 153.91,
144.58,  137.83,  134.91,  133.00,  128.50,  127.97,  122.80,
76.94, 76.51, 76.09, 20.87.
2, 5-bis((E)-4-Bromostyryl)-3, 6-dimethylpyrazine (6o)

The title compound 6o was obtained starting from 5 and
4-bromobenzaldehyde  (138.8  mg,  0.75  mmol,  2.5  eq)  as  a
yellowish  solid.  Yield  38%.  Melting  point  284–286  °C. 1H
NMR  (300  MHz,  CDCl3)  δ:  7.77  (d, J =  15.6  Hz,  2H),
7.52–7.46  (m,  8H),  7.28  (d, J =  15.4  Hz,  2H),  2.69  (s,  6H).
13C  NMR  (75  MHz,  CDCl3)  δ:  148.18,  145.86,  134.12,
131.93, 131.34, 130.40, 128.76, 122.86, 21.18.
2, 5-bis((E)-3-Methoxystyryl)-3, 6-dimethylpyrazine (6p)

The title compound 6p was obtained starting from 5 and
3-methoxybenzaldehyde (102.1 mg, 0.75 mmol,  2.5 eq) as a
yellowish  solid.  Yield  38%.  Melting  point  184–186  °C. 1H
NMR  (300  MHz,  CDCl3)  δ:  7.80  (d, J =  15.6  Hz,  2H),
7.33–7.23  (m,  6H),  7.15–7.12  (m,  2H),  6.89–6.85  (m,  2H),
3.86  (s,  6H),  2.69  (s,  6H). 13C  NMR  (75  MHz,  CDCl3)  δ:
159.91,  148.10,  146.00,  138.30,  134.82,  129.67,  122.97,
119.94, 114.20, 112.67, 55.28, 21.32. ESI-MS m/z 373.2 ([M +
H]+).
3, 3'-((1E, 1'E)-(3, 6-Dimethylpyrazine-2, 5-diyl)bis(ethene-2,
1-diyl))diphenol (6q)

The title compound 6q was obtained starting from 5 and
3-hydroxybenzaldehyde  (91.6.  mg,  0.75  mmol,  2.5  eq)  as  a
yellowish solid. Yield 42%. Melting point > 300 °C. 1H NMR
(300 MHz, DMSO-d6) δ: 9.50 (s, 2H), 7.64 (d, J = 15.5 Hz,
2H),  7.36  (d, J =  15.6  Hz,  2H),  7.21–7.17  (m,  4H),  7.09  (s,
2H),  6.77–6.74  (m,  2H),  2.65  (s,  6H). 13C  NMR  (75  MHz,
DMSO-d6)  δ:  157.62,  147.88,  145.36,  137.65,  133.92,
129.67,  122.72,  118.45,  115.79,  113.60,  20.96.  ESI-MS m/z
345.2 ([M + H]+).
2, 5-bis((E)-2, 4-Dimethoxystyryl)-3, 6-dimethylpyrazine (6r)

The title compound 6r was obtained starting from 5 and
2, 4-dimethoxybenzaldehyde (124.6. mg, 0.75 mmol, 2.5 eq)
as  a  yellowish solid.  Yield 50%.  Melting point  279–281 °C.
1H  NMR  (300  MHz,  CDCl3)  δ:  8.00  (d, J =  15.7  Hz,  2H),
7.55 (d, J = 8.5 Hz, 2H), 7.28 (d, J = 15.7 Hz, 2H), 6.55–6.48
(m,  4H),  3.91  (s,  6H),  3.85  (s,  6H),  2.66  (s,  6H). 13C  NMR
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(75 MHz, CDCl3) δ: 159.06, 151.83, 148.22, 141.86, 129.12,
127.91, 121.15, 108.68, 105.09, 98.51, 55.49, 55.39. ESI-MS
m/z 433.2 ([M + H]+).
4, 4'-((1E, 1'E)-(3, 6-Dimethylpyrazine-2, 5-diyl)bis(ethene-2,
1-diyl))bis(N, N-dimethylaniline) (6s)

The title compound 6s was obtained starting from 5 and
4-(dimethyl amino) benzaldehyde (111.9. mg, 0.75 mmol, 2.5
eq)  as  a  yellowish solid.  Yield  52%.  Melting point  271–273
°C. 1H NMR (300 MHz, CDCl3) δ: 7.73 (d, J = 15.5 Hz, 2H),
7.51 (d, J = 8.7 Hz, 4H), 7.08 (d, J = 15.5 Hz, 2H), 6.71 (d,
J =  8.7  Hz,  4H),  3.00  (s,  12H),  2.65  (s,  6H). 13C  NMR  (75
MHz,  CDCl3)  δ:  150.54,  147.34,  145.97,  134.14,  128.51,
125.51,  118.53,  112.24,  40.32,  21.50.  ESI-MS m/z 399.2
([M + H]+).
2, 5-bis((E)-4-Fluorostyryl)-3, 6-dimethylpyrazine (6t)

The title compound 6t was obtained starting from 5 and
4-fluorobenzaldehyde (93.1. mg, 0.75 mmol, 2.5 eq) as a yel-
lowish solid. Yield 63%. Melting point 282–284 °C. 1H NMR
(300  MHz,  CDCl3)  δ:  7.79  (d, J =  15.6  Hz,  2H),  7.67–7.56
(m, 4H), 7.21 (d, J = 15.7 Hz, 2H), 7.08 (t, J = 8.6 Hz, 4H),
2.68 (s,  6H). 13C NMR (75 MHz, CDCl3) δ: 164.56, 147.99,
145.94,  133.64,  133.08,  128.95,  128.84,  122.36,  115.89,
115.61, 21.29. ESI-MS m/z 347.1 ([M − H]−).
Biological evaluation
Anti-platelet aggregation in vitro [31]

Blood samples were withdrawn from rabbit carotid artery
and mixed with 3.8% sodium citrate (9∶1, V/V). After cent-
rifugation at 1000 r·min−1 for 15 min at room temperature to
obtain  PRP,  the  remaining  blood  was  further  centrifuged  at
3000  r·min−1 for  another  15  min  to  obtain  platelet-poor
plasma  (PPP).  Platelet  aggregation  was  measured  by  Born’s
turbidimetric method in a platelet aggregometer (LG-PABER-
I  platelet  aggregometer,  Beijing,  China)  at  37  °C within  3  h
after blood  collection.  Briefly,  PRP  (260  μL)  was  preincub-
ated in  duplicate  for  5  min  at  37  °C  with  vehicle,  the  indi-
vidual compounds, or reference drugs (ASP and Ticlid) at the
same  concentrations  (0.01,  0.05,  0.1,  0.5  and  1  mmol·L−1)
and  the  platelet  aggregation  in  individual  PPR  samples  was
induced by ADP (final concentration of 10 μmol·L−1) or AA
(final concentration of 1 mmol·L−1), followed by recording of
light transmission at maximal aggregation within 5 min. The
inhibition  rate  of  the  tested  individual  compounds  on  the
platelet aggregation was calculated as the following formula:
inhibition rate (%) = 100 × [(1 − (the platelet aggregation in
samples  with  the  tested  compound)/(the  platelet  aggregation
in control samples)]. In addition, the concentrations of selec-
ted compounds that inhibited the platelet aggregation to 50%
(IC50) were calculated.
In vitro antioxidant activity assay [32]

Cell culture and treatment
PC12 cells  were  cultured  in  DMEM supplemented  with

10% (V/V)  heat-inactivated  fetal  bovine  serum,  5% FBS,  1
mmol·L−1 sodium  pyruvate,  100  U·mL−1 penicillin  and  100
μg·mL−1 streptomycin  in  a  humidified  atmosphere  of  5%
CO2/95% air at 37 °C in poly-lysine-coated flasks.

For  all  experiments,  the  cells  were  used  at  logarithmic

phase and seeded at a concentration of 1 × 105 cells/mL. The
cells  were  incubated  with  individual  compounds  in  1%
FBS−DMEM medium for  2  h,  respectively,  and  then  incub-
ated  for  1  h  in  1% FBS−DMEM  medium  containing  800
μmol·L−1 H2O2 or  1  mmol·L−1 H2O2/20  μmol·L−1 Fe2+ (pH
7.4).  And then,  incubation was continued for 14 h using 1%
FBS−DMEM medium without H2O2.
Cell viability measurement by MTT assay

Cell  viability  was  measured by the  MTT assay.  Briefly,
after exposure to H2O2, 20 μL of MTT dye was added to each
well  at  a  final  concentration  of  5  mg·mL−1. After  4  h  of  in-
cubation,  150 μL of  DMSO, the solubilization/stop solution,
was added to dissolve the formazan crystals, and the absorb-
ance was read using a microtiter plate reader at a wavelength
of 570 nm.
Oxygen-glucose deprivation (OGD) and recovery  (R)  induc-
tion [33]

The rat cortical neurons were isolated as described previ-
ously.  Generally,  SD rat  embryos at  E18-E19 were obtained
from  Experimental  Animal  Center  of  Nanjing  University,
Nanjing,  China  and  sacrificed  by  cervical  dislocation  under
general  anesthesia.  Their  brain  cortex  tissues  were  dissected
out and  mechanically  and  enzymatically  dissociated  to  pre-
pare  single  cell  suspensions.  Primary  cortical  neurons  (4  ×
104 cells/mL) were cultured onto poly-lysine-coated plates in
DMEM supplemented with 10% FBS for 4 h at 37 ºC in a hu-
midified atmosphere of 95% air and 5% CO2 to allow cell ad-
hesion.  The  primary  cortical  neurons  were  pretreated  with
corresponding  compounds  (1  μmol·L−1)  in  primary  Neuron
Basal  Medium with  2% B27 supplement  (Invitrogen)  for  24
h. After being washed, the cells were cultured in glucose- and
FBS-free DMEM in 1% O2, 5% CO2, and 94% N2 for 2 h at
37  °C  to  induce  OGD  injury.  Subsequently,  the  cells  were
cultured in 10% FBS−DMEM (5% glucose) for 24 h at 37 °C
in a humidified atmosphere of 20% O2 and 5% CO2. The cell
viability was measured by MTT assay.

Conclusions

In summary, a series of TMP/RES hybrids 6a−t were de-
signed, synthesized and biologically evaluated. The most po-
tent  compound 6h displayed excellent  anti-platelet  aggregat-
ive  and  antioxidative  activities,  and  improved  OGD/R
primary neuronal cell viability, which were superior to TMP,
RES and/or other clinical drug(s), deserving further investiga-
tions for the treatment of ischemic stroke.

Abbreviations

AA,  arachidonic  acid;  ADP,  adenosine  diphosphate;
ASP, aspirin; eNOS, endothelial nitric oxide synthase; H2O2,
hydrogen  peroxide;  iNOS,  inducible  nitric  oxide  synthase;
MCAO, middle cerebral artery occlusion; NLRP-3, pyrin do-
main-containing 3 inflammasome; NPCs, neuronal precursor
cells;  OGD/R,  oxygen-glucose  deprivation/reoxygenation;
·OH, hydroxyl radical; PPP, platelet-poor plasma; PRP, plate-
let-rich plasma; RES, resveratrol; SARs, structure-activity re-
lationships; TBN, tetramethylpyrazine nitrone; Ticlid, ticlop-
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ligustrazine.
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