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Abstract

Two cinnamide  derivatives, namely, E){1-(4-(bis(4-methylphenyl)-
methyl)piperazin-1-yl)-3-(3,4-diethoxyphenyl)propeR-1-one %) and €)-1-(4-(bis-
(4-fluorophenyl)methyl)piperazin-1-yl)-3-(4-meth@lyenyl)prop-2-en-1-one  6),
have been synthesized and characterized by IRrapeEagh resolution masspectra,
'H NMR spectra’®*C NMR spectra. The compouridis a novel compound and has
never been reported in the literature. Their ctystauctures were studied by
single-crystal X-ray diffractionThey all crystallize in the monoclinic system. The
single-crystal X-ray revealed that compoumdhas infinite X-shaped 1-D polymeric
chains structure and compoumdhas a layered -B structure by intermolecular
interactions. Hirshfeld surface analysis demonstrahe presence of-HH, O---H,
C:*H, F*H, C-H-*m andr*-*n intermolecular interactions. In addition, the MTT
assay results indicated that the compoundad6 display effective activities against

neurotoxicity which is induced by glutamine in PCddélls. The in vivo experiment



indicated that the compourchas a good protective effect on cerebral infarction
Keywords. Cinnamide derivative; Crystal structure; Hirshfalgrface; MTT assay;
Anti-ischemic activity
1. Introduction

Stroke, commonly known as cerebrovascular acciddat, caused by
cerebrovascular obstruction or rupture which wadad to brain blood circulation
disorders and brain tissue function and structuaeabes.Stroke is the second
primary reason of mortality and becomes the moshroon reason of long-term
disability in the world [1-5]. There are two maipes of stroke: ischemic, because of
being short of blood flowing into the cerebrum, d@inorrhagic, because of bleeding
into the cerebrum or into the ventricular systerh [Especially, in China, ischemic
stroke accounts for about 70% of total strokes][As¢hemic stroke mainly includes
thrombotic cerebral infarction (cerebral thromb@isismbolic cerebral infarction,
lacunar infarction, multiple cerebral infarctiondatransient ischemic attack [10,11].
The pathogenesis of ischemic stroke involves coxpime and spatial cascade
reactions that can initiate many links in the dsseAlthough the pathogenesis is not
clear, scientists generally believe that activatbglutamate receptors which leads to
increasing intracellular calcium concentrationhis tnain cause of death in the infarct
cells [8,12].

So far, the current methods of treating iscloestrioke are six major categories:
antiplatelet therapy, thrombolytic therapy, antgoant therapy, neuroprotective

therapy, traditional Chinese medicine treatment @theér drug therapyamong them,



traditional Chinese medicine treatment and othergdreatment are not obvious.
Thrombolytic therapy can make the blood vesselanalization, but it also produces
reperfusion injury [13]. Hundreds of neuroproteetagents have been developed for
stroke. Almost all of the neuroprotective agents eiffective in animal experiments,
however, the clinical effect is poor even ineffeetor the serious side effects limit its
clinical application. Therefore, the search for nesuroprotective agents has become
the focus of current research.

Natural products are biologically interesting malles that play an important
role in modern drug discovery [14]. S.R. Kim etatained some natural products by
extracting dried roots of Scrophularia buergerigitd. Studies have shown that these
compounds exhibit strong neuroprotective activilynen the structure-activity
relationship of these compounds indicated thai{E)g-methoxycinnamoyl structure
has neuroprotective activity [16]. Some literatureported that substituted
benzhydrylpiperazine structures also have antiotidauroprotective activity [17].

Based on the above information, we used the splipiinciple to incorporate
cinnamoyl moiety and benzhydrylpiperazine structume the same molecule, and
found that cinnamide scaffold often affords neuotgctive compounds. Especially
(E)-1-(4-(bis(4-fluorophenyl)methyl)piperazin-1-yIH{d-methoxyphenyl)prop-2-en-
1-one (compound in this paper), which has th&)¢p-methoxycinnamoyl moiety,
exhibited good neuroprotection in vitfd8]. In subsequent work, we selectéds
lead compound, and designed and synthesized seweval series of cinnamide

derivatives substituted with different functionalogps to study of the substituent



variability influence on the biological activity. dhpound 6 showed good
neuroprotective activity at three test concentreti¢0.1, 1.0, 10 uM) (protection >
40%) and exhibited better neuroprotection thantp@scontrol Edaravone.

In this study, compoun8 and 6 were synthesized and characterized by using
different spectroscopic methods. The in vitro bsagsactivity of compounds and6
was studied by MTT assay. Moreover, compond/as conducted on an animal
experiment for further research.

2. Experimental section
2.1. General procedures

All chemicals were of analytical grade and usedhaut further purification.
Melting point was determined on a WRR-401 apparahgswas uncorrected. Thid
and**C NMR spectra were recorded on a Bruker AV-500rimsent (CDC} solution;
TMS internal standard). High resolution mass spe@tRMS) were obtained on a
MALDI Micro MX instrument. IR was obtained on Bruk&nsor 27 FT-IR with KBr
pellets. Fetal bovine serum (FBS) was got from Hwy@l (Logan, Utah, USA).
3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazotiu bromide (MTT) was got from
Sigma Chemical Company (Saint Louis, Missouri, USA)
2.2. Synthesis
2.2.1. Synthesis of (E)-1-(4-(bis(4-methyl phenyl)methyl)piperazin-1-yl)-3-
(3,4-diethoxyphenyl)prop-2-en-1-one 5

The synthesis step of the target compound is shovtheme 1. The substituted

1-benzhydrylpiperazin2 was prepared from substituted benzopherioaecording to



the reference [19]. The substituted cinnamic dcwilas synthesized from substituted
benzaldehyde3 by the Knoevenagel reactions [20]. The detailedisgsis step of the
target compound is shown below.

A stirred solution of compound4(5 mmol) in dichloromethane (15 mL) was
treated dropwise with oxalyl dichloride (2.5 mL)dalN,N-dimethylformamide(2
drop), continuing to stir at room temperature fohdur. After completion of the
reaction, the solvent was evaporated under redpeessure. The compouna@, (6
mmol) and triethylamine (3 mL) were placed in tey@drofuran (30mL) and the
residue that was dissolved in tetrahydrofuran (19 af the previous step was added
dropwise at O[]. Then the reaction solution was stirred overniglhtambient
temperature. The solution was removed under redpoessure for a small volume
after completion of the reaction and the residues waurified by column
chromatography (66% EtOAc in petroleum ether) &dythe white solid compourtsl
(1.58 g, 63.2%). m.p.. 131~1338. 'H NMR (CDCk) & 1.42~1.48 (m, 6H,
2CH5CH,0), 2.26~2.29 (s, 6H, 2GHPh), 2.40~2.43 (m, 4H, N(Gb3), 3.65~3.72 (m,
4H, CON(CH),), 4.05~4.13 (m, 4H, 2C§€H,0), 4.19 (s, 1H, CH(Ph), 6.64 (d,J =
15.3 Hz, 1H, COCH=), 6.81~7.30 (m, 11H, Ar-H), 7(85J = 15.3 Hz, 1H, PhCH=).
¥C NMR (CDCh) o: 14.72, 21.16, 42.96, 45.99, 64.67, 75.25, 112138,95, 114.70,
121.69, 127.63, 128.24, 129.16, 136.54, 139.31,484248.69, 150.31, 165.47. IR
(KB, cm'l): 3060.2, 3018.7, 2980.7, 2814.2, 1637.9, 158832.7, 1458.7, 1429.5,
1266.5, 1234.0, 1138.4, 1043.2, 799.0. HRMS (ES$t)nCalcd. for GH3sN,OsNa

[M + Na'] 521.2780. Found: 521.2768.



2.2.2. Synthesis of (E)-1-(4-(bis(4-fluorophenyl)methyl)piperazin-1-yl)-3-
(4-methoxyphenyl)prop-2-en-1-one 6
In similar procedure, the target compousidvas obtained in a 56% yield as a
white solid. m.p.: 176-172 °C. '"H NMR (CDCk) §: 2.38~2.41 (m, 4H, N(Chh),
3.68 (br, 4H, CON(CH),), 3.82 (s, 3H, OCHJ, 4.25 (s, 1H, CH(Ph), 6.67 (d,J =
15.3 Hz, 1H, COCH=), 6.86~7.45 (m, 12H, Ar-H), 7(@0J = 15.3 Hz, 1H, PhCH=).
13C NMR (CDCE) 8: 42.20, 45.81, 45.9051.53 51.59 51.90 51.94 55.25, 74.19,
114.15, 114.42, 115.34115.62 127.94, 129.13, 129.19129.23, 137.59, 142.38,
160.23, 160.79 163.49, 165.56. IR (KBr, cl): 3075.5, 3028.0, 2969.7, 2821.3,
1647.4, 1600.8, 1573.1, 1510.4, 1449.5, 1279.61.222173.8 1003.4, 823.7. HRMS
(ESI, m/z): Calcd. for gHosFN,O.Na [M + Na] 471.1860. Found: 471.1816.
H
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Scheme 1. Synthesis of the title cinnamide compouBsdmdeé.

2.3. Crystal structure determination

Suitable crystals were obtained by slow evaporatiogthanol (compoun8) or
a mixture of chloroform and cyclohexane (compo@pdolution at room temperature.
The single-crystal X-ray diffraction data of titempound$ and6 were collected at
293(2)K with graphite-monochromated Moakradiation § = 0.71073 A) on an
Enraf-Nonius CAD4/PC four-circle diffractometer,ing the o-scan mode [21]. The

structure was decided by using SHELXS-97 and rdfiagainst E by full-matrix



least-squares method [22]. Hydrogen atoms were rg@tke geometrically. The
Diamond [23] and Mercury programs [24] were useddascribe the molecular
structures. The crystal data and parameters afrirstal structure refinement statistics

were summarized in Table 1.

Table 1 The crystal data and structure refinement for caumpls5 and6.

Compound 5 6

Formula GoH3aN-05 Cy7H26FN50,
Formula weight 498.64 448.50

Crystal system Monoclinic Monoclinic
Space group R& P2/n
a/A 13.592(3) 10.171(2)
b/A 21.263(4) 16.280(3)
c/A 9.939(2) 14.053(3)
pre 90.63(3) 97.12(3)
VIA® 2872.3(10) 2309.0(8)
z 4 4
Deaic (Mg mi°) 1.153 1.290
T/IK 293(2) 293(2)

u (mmit) 0.074 0.092
Cryst dimensions 0.3x0.2x0.1 0.3x0.2x0.2
No. of reflections 5268 4247

collected

No. of unique 2485 2946
reflections
No. of parameters 335 298
Goodness-of-fit (GOF) on’F 1.003 1.006
Ry,WR, (I > 20(1)) 0.0683,0.1569 0.0542, 0.1460
R;, WR; (all data) 0.1610, 0.1996 0.082r1661
CCDC NO. 867525 806575

2.4. Pharmacol ogy

2.4.1. In vitro experiment

In order to investigate the in vitro anti-ischeraittivity, the title compounds

and6 were screened in Glu-induced PC12 cells. The leglldability was assessed

by MTT assay [25-28].

PC12 cells were vaccinated in 96-well plates (1@stpore). Dulbecco’s



modified Eagle’s Medium (DMEM) containing 10% FBSasvput into the cell
incubator under the condition of 5% @€QVhen the degree of cell fusion reached
about 60% under the microscope after 24 hours bivating, the culture medium
was removed. Glutamine at a concentration of 10 Wmhowas incubated in
serum-free DMEM at 37C for 1 hour. Then glutamine (10 mmol/L) with
compound$ and6 (0.1, 1, 10umol/L) or Edaravone (9(mol/L) were cultivated in
serum-free DMEM for 24 hours separately. The celtoredium was removed. The
MTT (100 uL, 0.5 mg/mL) was added to each culture well at'37 Finally, 100uL
of DMSO solution was added to each well after 4rhotlihe cells were dissolved in
Scroll instrument to read with a microplate readlee measurement wavelength was
570 nm and the reference wavelength was 630 nm)33[@9Each sample is made of
five holes.
2.4.2. In vivo experiment

The in vivo anti-ischemic activity of the title compour@élwas tested using
middle cerebral artery occlusion (MCAQO) model. hofgon area was assessed by
TTC staining assay [31, 32].

Kunming mice of both sexes were randomly divided & groups (10 mice per
group) which are sham-operated group, MCAO modaligy C6/4 group (4 mg/Kg),
C6/12 group (12 mg/Kg), C6/36 group (36 mg/Kg) &dhravone group (6 mg/Kg)
respectivelyFocal cerebral ischemia was induced according @dMCAO method.
Reperfusion was directed by using suture 2 hoursr a1ICAO. After 24 h of

reperfusion, the brain of the rats was isolated egiimate the infarct size.



Sham-operated groups were performed in the saomisih to avoid the influence of
the suture. The brain tissues were stained by TWkich were photographed
immediately with an HD digital camera, and infaoctiarea was analyzed with
Image-pro Plus Version 5.1.
3. Result and discussion
3.1. Chemistry
Substituted benzaldehyd&svere used as starting materials, which were tideate
with malonic acid to afford substituted cinnamiddad. Cinnamic acid chlorides,
which were obtained by oxalyl dichloride in dicldonethane at room temperature,
were allowed to react witR in the presence of triethylamine to afford thegéar
compounds$ and6. The chemical structures of these compounds wanérmed by
spectroscopic methods.
3.2. Crystal structures of compounds 5 and 6
The single-crystal X-ray diffraction study revetiiat compound crystallizes as
colorless block crystals in the monoclinic systenspace group2;/c with Z = 4, the
asym-metric unit (ASU) consisting of an entire caupd5 molecular (Fig. 1a). The
title molecule exists in ak configuration with respect to the C21=C22 ethenedbo
(distance of 1.317(4) A). The piperazine ring adopt chair conformation. The
geometrical parameters for the hydrogen bondséarvio moleculars are summarized
in Table 2.
The crystal can be described as every two moleaflesmpouncb are crossed

together to form a “X” structure (Fig. 1b). The Xwtures are further stacked by



C-H---O intermolecular interactions, with average disesnof 3.358 A between the
carbonyl oxygen of one molecule and the carbon (€71 and C14) of another in
the adjacent X units, into an interlaced chaincitme (Fig. 1c). The plane separation
between the stacked compouBdmolecules in the adjacent X units is 9.939 A,
Additionly, these molecules are connected in-ax{;X_1X1X.;:++ fashion by means of
C-H---O (distance of 3.486 A for the carbonyl group an833 A for the ethoxy
group) and €H---x (distance of 3.571 A) interactions to form infaiX-shaped 1-D
polymeric chains (Fig. 1d). The two X units in tbleains form a head-to-tail type
interaction and every two molecules in the “X” wnparallel with each other are

reverse.

(@) (b)

Fig. 1 (a) Molecular structure d§ with atom labeling of the asymmetric unit; (b) t@ompounds molecules are
crossed together to form a “X” structure; (¢) Thesuctures are further stacked byHC:-O intermolecular

interactions; (d) infinite Xshaped 4D polymeric chains.

The single-crystal X-ray diffraction study revetiiat compound crystallizes as

colorless block crystals in the monoclinic systenspace group2:/n with Z = 4, the



asym-metric unit (ASU) consisting of an entire caupd6 molecular (Fig. 2a). The
title molecule also has dhconfiguration and a chair conformation.

The structure can be described as follows: ntiméecules of compouné are
connected by means of GI414A---F2 (distance of 3.207 A) interactions to form
infinite 1-D chains structure (Fig. 2b). As shown in Fig. Zhe :D chain structure
formed a 2D structure through two hydrogen bonds C8-H82 (distance of 3.453 A)
where the phenyl ring acts as an H donor and theggonding carbonyl group of the
adjacent molecule acts as an H acceptor. FBes®ructure are further stacked in a
parallel fashion to form a layered3 structure by C1-8418---F2 (distance of 3.472

A) andn--n (distance of 3.672 A) interactions (Fig. 2d).
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Fig. 2 (a) Molecular structure o6 with atom labeling of the asymmetric unit; (b)D1chain
structure of compoun@; (c) perspective view of-B structure of compoun@; (d) 3D pack
structure of compoun@l

Table 2 Geometrical parameters for the hydrogen bondsarcompoundS and6.

D-H---A D-H(A) D---A(A) H--AR) ZD-H-A(°)

compoundb
C4-H4---01 0.930 3.486 2.696 143.28




Cl17/H17B--01 0.969 3.288 2.365 158.90

C21-H21---01 0.930 3.281 2.357 171.95
C24-H24---01 0.930 3.506 2.698 145.81
C14-H14B--02  0.961 3.531 2.647 153.07
compounds

C8-H8:--02 0.930 3.453 2.587 155.12
C14-H14A:--F2 0.969 3.207 2.452 134.59
C18-H18---F2 0.930 3.472 2.597 156.95

3.3. Hirshfeld surfaces analysis

The intermolecular interactions of compouridsend 6 can be visualized by
Hirshfeld surface analysis which is often usedxpl@e molecular crystals [33-35].
As is shown in Fig. 3, the Hirshfeld surfaces & ttvo moleculars have been mapped
over Gom(-0.304 to 1.552, -0.131 to 1.416 A for molecularand6, separately) and
the fingerprint plots of moleculatsand6 are illustrated in Fig. 4. For the compounds
5 and6, the red regions mainly indicate strong® and F:-H interactions and the
green color regions in the2 fingerprint plots mainly represent-+H, O---H, and
F---H interactions.

The O--H intermolecular interactions look like a “bat”, wwh contribute 10.1%
and 10.2% to the total Hirshfeld surfaces for commus 5 and 6. The F:-H
interactions comprise 16.2% of the total Hirshfsldfaces, which is the red area on
the dom surface for compoun@. The H:-H interactions have a more significant
contribution to the total Hirshfeld surfaces of gwunds5 and6, comprising 67.8%
and 44.9% and reflect in the middle of th® Zingerprint plots. The “butterfly” are
identified as a consequence of-€l interactions, contributing 21.4%, 24.6% to the
total Hirshfeld surfaces for compoun@sand 6 at the upper right corner of the

fingerprint plots The C--C interactions is belong to---n interactions and have a



lower contribution to the two moleculars, of 0.2&md 2.2% in the total Hirshfeld
surfaces, respectively. The percentage of@contacts ob and6 is 0.2%, and 0.1%,
respectively. Besides the contacts mentioned abtwe, presence of ‘FC, F-F,

N---H and other interactions is summarized in Table 3.

Compound 5 Compound 6

'BCOmpoundS All H-H
d

UG U8 TU T2 T4 16 T T T U US TU T2 T4 16 T Uz

Iy

U6 US TU TZ T4 165 T8 20 7

Vde

U5 U8 TU T2 14 16 T8 20 3

06}

UG US TU T2 T4 16 T8 20 22 24

Fig. 4 The 2D fingerprint plots of the compourteland6.
Table 3 The percentages of the various interactions cantdbs to the total Hirshfeld surface
area of the compoundsand®6.

Percentage (%)

Interactions
Compouncb Compounds
H---H 67.8 44.9
O-H 10.1 10.2
C--H 21.4 24.6
N---H 0.2 0.4
C---C 0.2 2.2




C---0 0.2 0.1
E..-C — 0.7
F--H — 16.2
F--F — 0.1
other 0.1 0.6

3.4. Pharmacological evaluation
3.4.1. MTT assay

The inhibitory effect of the compoun&sand6 on glutamate-induced PC12 cell
injury was performed by MTT assafs shown in Fig. 5, we can clearly find the
compound 5 has a weak inhibitory effect on glutamatiuced PC12 cells injury in a
dose-dependent manner. Although the dose-effeatioaEhip of the compoun@ is
not obvious, it could significantly inhibit the dage of PC12 cells induced by
glutamate, is stronger than the positive contralgdEdaravone. No matter in the
previous work or the new work, the inhibitory effeof the compounds on
glutamate-induced PC12 cell injury was performedWbyT assay and compared to
Edaravone. Cell protection of compou6@dt four test concentrations (0.1, 1.0, 10,
100 uM) was 91.2%, 70.4%, 97.4% and 4.8%, respagtifChinese Chemical
Letters 2008) [18]. Cell protection of compouddt three test concentrations (0.1, 1.0,
10 uM) was 71.01%, 49.66%, and 77.75%, respectiidy matter in the previous
work or now, this compound showed good neuropritecactivity at three test
concentrations (0.1, 1.0, 10 pM) (protection > 40%Nd exhibited better
neuroprotection than Edaravone. Next, we conduetedanimal experiment on

compoundb for further research.
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Fig. 5 The inhibitory effect of the compoun&sand 6 on glutamate-induced PC12 cell injury, the
cell viability (%) of the compoundS and 6 in three dose groups is 10.18% (Quhol/L,5),
19.62% (1.0umol/L,5), 23.17% (10umol/L,5), 71.01% (0.1umol/L,6), 49.66% (1.0umol/L,6)

and 77.75% (1Qumol/L,6) respectively; the cell viability (%) of the Edacme is 33.04% (90
umol/L).

3.4.2. Anti-ischemic activity
The model of cerebral ischemia-reperfusion wasbésteed by middle cerebral

artery occlusion (MCAO), and the pharmacologicahleation of compoun® was
performed. After the experiment, the color of thai tissue infarction area became
white without staining, but the normal brain tissugs stained with dark-red (Fig. 6a).
As shown in Fig. 6b, the area of cerebral infarctio each dose group was
significantly lower than that in MCAO model group € 0.01). When compound
was administered at a dose of 36 mg/kg, the intarcrea reached to the maximal
reduction with an infarction area of 1142.3%. This indicated that compoufichas

a good protective effect on MCAO cerebral infanatio
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Fig. 6 (a) The infarction area on each section of ratrbveas determined on digital images
using a computerized image analyzer, and infarchoma was assessed calculated; (b) the

infarction area (%,_Xi SD) is as follows: 0.97 + 0.42% (sham-operateld),64 + 3.83%*

(MACO), 11.87 + 2.07%(C6/4), 11.96 + 2.9286(C6/12), 11.12 + 2.76%4(C6/36) and 9.56 +
3.78% (Edaravone):P < 0.01, compared with sham-operatéB;< 0.01, compared with MACO.

4. Conclusion

In this work, we have designed and synthesizeddwoamide derivatives. The
compound5 is a novel compound, while the compoudidhas been reported in our
previous study. These compounds were charactebyd® spectraHigh resolution
massspectralH NMR spectra®*C NMR spectra and single-crystal X-ray diffraction.
Crystal structures analysis revealed that the stgcknotif of the compound is
constructed by €H---O and C-H---n interactions and that of the compou@ds
constructed by €H---O, C-H---F and=---n stacking interactions. Hirshfeld surface
analysis demonstrated the presence ofHy O---H, C:+-H, F-+H, C-H--w andn**n
intermolecular interactions. Furthermore, the MTSsay results indicated that the
compounds has a weak inhibitory effect on glutamate-induP€&iL2 cells injury in a
dose-dependent manner, while the compo@rsignificantly inhibits the damage of

PC12 cells. Moreover, the compou@dvas conducted on an animal experiment for



further research. The results revealed that congh6uras a good protective effect on
MCAO cerebral infarction. Finally, the further raseh will be in the following paper
on the basis of the present study.
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Highlights

Two cinnamide derivatives have been synthesized and characterized.

Their crystal structures were studied by single-crystal X-ray diffraction.
Intermolecular interactions of compounds have been quantificationally
visualized.

The bioassay activity of the compounds in vitro and in vivo was studied.



