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Abstract: (E) -4-chloro-4’ -ethoxystilbene (2a) and (E) 4, 4’ -
dichlorostilbene (2b) were synthesized by the Witting-Horner
reaction. The crystals of 2a and 2b were prepared through
solvent evaporation and characterized by the single-crystal X-
ray diffraction. Molecular structure analysis confirms the E-
configuration of C=C bond. The crystal of 2a reveals an
orthorhombic and space group Pna2l structure while 2b shows
a monoclinic and space group P21/c structure. The electronic
structures of 2a and 2b were optimized at B3BLYP/6-311 + + G
(d, p) level
indicate close O—H and Cl—H contacts and w—r stacking in

The Hirshfeld surface and fingerprint plot

2a and 2b. Molecular electrostatic potential shows that the O
and Cl atoms of 2a and Cl atoms of 2b have the minimum
energies and they are more likely to be attacked by electrophiles
in reaction. Frontier molecular orbitals analysis demonstrates
that the AE| jyonomo Of 22 and 2b are 3. 85 and 3. 91 eV,
respectively.
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1 , 2-Diphenylethylene possesses special biological ac-
tivity and interesting fluorescence property, which
can be widely used in both pharmaceutical and material
chemistry applications. For example, trans-3, 4, 5-tri-
hydroxystilbene is of potent antioxidant effect, which can
be used for anticancer, anti-arteriosclerosis and reducing
blood fat'™. Some other 1, 2-diphenylethylene deriva-
tives were universally applied as organic optical storage
materials, molecular switch materials, photon laser scan-
ning microscopy, and fluorescent dye”™ . Therefore, the
investigation of these compounds attracted considerable
research attention. They can be prepared by the Perkin re-
action, Knoevenagel reaction"”’
most of these methods present problems such as poor ste-
roselectivity and strict reaction conditions. Therefore, the
development of convenient and efficient methods is of
great interest to chemists.

and so on. However,

We decided to employ the
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Witting-Horner reaction for this purpose. First of all, the
reaction is stereoselective and favors the E-configuration
in stilbene products. In addition, the conditions of the re-
action are moderate and vigorous exclusion of oxygen and
moisture is not necessary. Moreover, the yield is relative-
ly higher. We would also like to explore the structure and
properties of E-stilbenes through theoretical calculations.
Information about charge transfer and structure properties
are obtained by the Mulliken charge distribution and Fron-
tier molecular orbital. The reactivity of the compounds
can be measured by the electrostatic potential. In summa-
ry, the overall research can be of great value in the syn-
thesis and structural studies of E-stilbenes.

1 Experimental

1.1 Materials and measurements

All reagents were purchased from Aldrich Chemical
Co. and were used without further purification. The 'H
NMR spectra were recorded at 303 K on a Bruker Avance
400 MHz NMR spectrometer using DMSO-d, as solvent
and TMS as an internal standard. The UV-vis absorption
spectra were recorded on a Shimadzu UV-3600 spectrom-
eter.

1.2 Procedure of preparation

The mixture of benzyl chloride (100 mmol) and trie-
thoxyphosphine (150 mmol) was stirred at 140 C for 8 h
and the product diethyl benzylphosphonate was purified
A solution of diethyl
benzylphosphonate (10.0 mmol) in anhrdrous tetrahydro-
furan (30 mL ) was stirred under nitrogen atmosphere for
0.5hat 0 C and 60% NaH (15.0 mmol) was added
portionwise. Benzaldehyde (la or 1b, 7.5 mmol) was
added dropwise into the solution and the reaction mixture
was stirred for 2 to 3 h at 0 C'*7",
was poured into cold water (150 mL) to precipitate the

through vacuum distillation.

The reaction mixture

product. The crude product was purified by recrystalliza-
tion (m(CH,OH): m(EtOAc) =1:1). The synthesis
process is shown in Fig. 1.

(E) 4-Chloro4’ -ethoxystilbene(2a). Yield: 90.9% ;
melting point 175 to 177 C; IR (KBr, cm™') 3 018,
2978, 1603, 969, 835, 723; 'H-NMR(400 MHz, DM-
SO) 87.58 to 7.53 (m, 4H), 7.42 (d, 2H), 7.23 (d,
J=16.0 Hz, 1H), 7.09 (d, J=16.0 Hz, 1H), 6.94
(d, 2H), 4.05 (q, 2H), 1.34 (t, 3H).
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(E)-4, 4’ -dichlorostilbene (2b). Yield: 76. 3%
melting point 74 to 76 C; IR (KBr, cm™') 3 060,
2 924, 963, 811, 740, 717; 'H-NMR (400 MHz, DM-
SO) §7.86 t0 7.83 (dd, 1H), 7.63 (d, 2H), 7.48 to
7.46 (dd, 1H), 7.43 (d, 2H), 7.44 (d, J =16.4 Hz,
1H), 7.38t0 7.28 (m, 2H), 7.29 (d, J=16.4 Hz, 1H).

1.3 X-ray crystallography

Colorless crystals of 2a ( CCDC: 1573662) and 2b
(CCDC: 1573663) were grown by slow evaporation from
methanol and analyzed by ENRAF NONIUS CAD4 serial
X-ray diffractometer equipped with a graphite-monochro-
matic MoK radiation (A = 0. 071 073 nm) at 298 K.
The OPTEP drawings and numbering scheme of crystals
are exhibited in Fig. 2. The X-ray diffraction data and re-
finements are shown in Tab. 1. Crystograpphic data is de-
posited in Cambridge Crystallographic Data Centre.
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Reflux OEt

O\\
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2a:R=OCH,CH,

NaH,THF,O 0C tort. Cl O
2b:R=CI

Fig.1 The synthesis of 2a and 2b

r—")-co
la:R=OCH,CH,

1b:R=Cl

Tab.1 Crystal structures and refinement data of 2a and 2b

Parameter Crystal of 2a Crystal of 2b
Chemical formula CsH;5CIO C4H,, Cl,
Formula weight 258.73 249.12
Crystal system Orthorhombic Monoclinic
Space group Pna2l P21/C
(Cgm:;({?;s“y/ 1.259 1.380
a/nm 0.624 5 0.480 8
b/nm 0.742 3 1.027 3
¢/nm 2.945 7 1.2320
o/(°) 90 90
B/(°) 90 99.79
¥/ (%) 90 90
V/nm’ 1.3655 0.599 7
Formula units 4 4

Crystal size/

0.30 x0.30 x0.10
(mm X mm X mm)

0.20 x0.10 x0.10

T/K 293 293

Index range O0<h<7, 0<k<8, O0<h<5, 0<k<l12,
-35<1<35 -1l4<i<14

F(000) 544 256

Completeness/ % 100 100

Ry, WR,(I>20(1)) 0.062 2, 0.122 1 0.052 5, 0.131 3

R,, WR,(all data) 0.146 4, 0.1519 0.078 4, 0.146 6

Goodness of fit 1.004 1.003

Omin> Omax 1.38, 25.36 2.6, 25.36

CCDC deposit number 1 573 662 1 573 663

(d)
OPTEP drawings and numbering schemes.

Fig. 2
(b) 2b

(a) 2a;

2 Computational Methods

All the structures were optimized using B3LYP'®' meth-
od and 6-311 + + G (d, p)" basis set in Gaussian 09
software. B3LYP defines the exchange functional as a
linear combination of Hatree-Fock, local and gradient-
corrected exchange terms. 6-311G uses three sizes of con-
tracted functions for each orbital-type. Meanwhile, the
diffuse function can deal with molecules with lone pairs
and polarized function allow orbitals to change size. After
the optimization,
Then, the Frontier molecular orbital and electrostatic po-
tential are analyzed. The molecular Hirshfeld surface'"’
of a crystal is constructed through partitioning the space
into regions, which is determined by electron distribu-
tion. Normalized contact distance d,, is used for map-

norm

ping the surfaces and is calculated by the following equa-

the wave functions were acquired.

tion:

vdw vdw
i - d, —r d, -,
norm vdw + vdw

r, r

i e

where d, is the distance from Hirshfeld surface to the nea-
rest nucleus internal; d, is the distance from the surface to
" is the van der Waals radius of
is the
van der Waals radius of the atom of the nearest nucleus
external. All of them are normalized by the van der

Waals radius of the atom involved.

the nucleus external; 7,

dw

the atom of the nearest nucleus internal and r,"

3 Results and Discussion

3.1 Crystal structure

Compound 2a was crystalized in the orthorhombic
space group Pna2l and was found to adopt an E-configu-
C=C bond, and C6, C7, C8 and C9
were almost in the same plane with a torsion angle of
—179.29°. Compound 2b crystallized in the monoclinic
space group P21/C and was also shown to have an E-con-
figuration. The torsion angle of C6§-C75-C7-C6 was

ration about its
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180°. The dihedral angles of two phenyl rings of 2a and
2b are 4. 82° and 178°, respectively. Clearly, both com-

pounds present a considerable coplanarity. Other relevant
bond lengths and angles are presented in Tabs.2 and 3.

Tab.2 Selected bonding length and bonding angle determined by experiment and B3LYP of 2a

Bonding length/nm

Bonding atoms

Bonding angle/(°)

Bonding atoms

Experiment B3LYP Experiment B3LYP

C1—Co6 0.1339 0. 1405 C2—C3—Cl 119.74 119.74
Cl1—C2 0.1329 0.139 1 Cl—C3—C4 119.55 119.55
C2—C3 0.1362 0.1390 C5—C6—C7 125.71 123.77
C3—C4 0.1333 0.139 4 C1—C6—C7 116.61 118.92
C3—Cl 0.174 5 0.1759 C6—C7—C8 129.26 126.99
C4—C5 0.138 3 0.138 8 C7—C8—C9 127.94 127. 41
C5—C6 0.143 8 0.140 7 C8—C9—Cl10 117.05 119.16
C6—C7 0.1497 0.146 4 C8—C9—Cl14 125.30 123.84
C7—C8 0.120 6 0.1347 C11—C12—0 126.39 124.93
Cc8—C9 0.1512 0.146 2 C13—C12—0 116.4 115.85
C9—Cl10 0.138 4 0.140 1 C12—0—Cl15 116.73 119.09
C9—Cl14 0.1362 0.141 0 O0—Cl15—Cl6 107.03 107.72
C10—C11 0.136 8 0.139 4 Cl—C3—C2—Cl1 -179.59 180.00
Cl11—CI12 0.136 6 0.1397 Cl—C3—C4—C5 -178.72 -180.00
C12—C13 0.140 5 0.140 6 C5—C6—C7—C8 -5.76 0.34
C13—Cl14 0.140 4 0.1382 C1—C6—C7—C8 173.18 -179.68
C12—O0 0.1326 0.136 2 C6—C7—C8—C9 -179.29 -179.98
0—C15 0.140 5 0.143 1 C7—C8—C9—C10 -167.43 -179.77
C15—Cl16 0.148 5 0.151 6 C7—C8—C9—Cl14 8.79 0.24
C11—C12—0—CI5 -2.02 0.01

C13—C12—0—Cl15 178.85 -180.00

C12—0—Cl15—Cl4 -172.64 -180.00

Tab.3 Selected bonding length and bonding angle determined by experiment and B3LYP of 2b

Bonding length/nm

Bonding atoms

Bonding angle/(°)

Bonding atoms

Experiment B3LYP Experiment B3LYP

Cl1—C2 0.139 8 0.138 8 Cl—C3—C4 119.39 119.72
C2—C3 0.136 7 0.139 4 Cl—C3—C2 119.61 119.52
C3—Cl1 0.1859 0.1757 C5—C6—C7 117.64 118.83
C3—C4 0.138 5 0.1390 C1—C6—C7 123.41 123.73
C4—C5 0.1399 0.139 1 C6—C7—CT7% 124.78 127.10
C5—C6 0.136 6 0.140 5 Cl—C3—C4—C5 -178.90 180.00
C6—Cl1 0.1392 0.1407 Cl—C3—C2—Cl1 178.00 180.00
C6—C7 0.1499 0.146 4 C5—C6—C7—C7% -1.76 180.00
C71—C7% 0.1290 0.1346 C1—C6—C7—C7% 178. 14 0.00
C6—C7—C75—C63 180. 00 180.00

3.2 Hirshfeld surface and fingerprint plot

The molecular Hirshfeld surface and fingerprint plot
can be utilized to provide information about three-dimen-
sional intermolecular interactions in crystal. Three-dimen-
sional maps are generated with d where the atoms
make intermolecular contactors closer than van der Waals
radii and the contacts are highlighted in red. White and
blue indicate van der Waals contacts and ones longer than

norm ?

van der Walls contacts, respectively. Two-dimensional
fingerprint plots are derived from the Hirshfeld surface,
which summarizes the complex information according to
the combination of d, and d,. Points on the plot are col-
ored from green to blue with the increment of the contri-
bution, while points with no contribution on the surface

are left uncolored. The deep circular depressions on the
surface represent hydrogen bonding contacts.
Fig. 3 shows strong interactions between O—H and
Cl—H. w—r interactions are colored as red and blue tri-
angles. Fig. 4 shows that there are considerable interac-
tions between Cl—H. Two-dimensional fingerprint plots
of 2a (see Fig.5) shows four sharp spikes, which means
that interaction appears between two adjacent molecules in
the crystal structure. Points with no contribution to the
surface are left uncoloured, points with small contribution
are left green and points with more contribution are left
blue. Reciprocal CI—H and O—H offer contribution to
the Hirshfeld surface with 16.3% and 4.3%, respective-
ly. Therefore, it can be concluded that close contacts are
mainly due to C—H—CI and C—H—O hydrogen bonding.

Clearly,
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(b) (¢)
Fig.3 Three-dimensional Hirshfeld maps of 2a. (a) Front view; (b) Back view; (c) Shape index

(a) (b) ()
Fig.4 Three-dimensional Hirshfeld maps of 2b. (a) Front view; (b) Back view; (c) Shape index
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Fig.5 Two-dimensional fingerprint plots of 2a. (a) Full reciprocal; (b) Cl—H reciprocal; (c) O—H reciprocal; (d) H—H reciprocal; (e)
C—H reciprocal
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In addition, the reciprocal CI—H of 2b (see Fig. 6) is
31.5% , which means that C—H—CI hydrogen bonding
contributed significantly to the Hirshfeld surface. Points
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0.06 0.0 014 0.18 022 026
d/nm

(a)
0.261

0.22r

0.18f

¢

d /nm

0.14f

0.101

0.06

0.06 0.0 014 018 022 026
d/nm

(b)
0.261

0221

0.18f

d /nm

¢

0.141

0.10F

0.06
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Fig.6 Two-dimensional fingerprint plots of 2b. (a) Full recipro-
cal; (b) Cl—H reciprocal; (c) H—H reciprocal; (d) C—H reciprocal

with no contribution to the surface are left uncoloured,
points with small contribution are left green and points
with more contribution are left blue. As close contacts are
mainly contributed by hydrogen bonding, C—H—CI and
C—H—O are the hydrogen bonding of 2a, and C—H—
Cl is the hydrogen bonding of 2b. Thus, the results are
consistent with single crystal structures.

3.3 Mulliken charge

Partial atom charge can be applied to analyze dipole
moments, electronic structures, polarizabilities of mole-
cules and chemical reactivity. Charge distributions of 2a
and 2b are obtained by Mulliken population analysis,
which computes charge by dividing orbital overlap evenly
between the two atoms involved. The results are listed in
Tabs.4 and 5. The CI atoms in the benzene ring of 2a
and 2b have a high-positive charge of 0. 460 and 0.492
a.u., respectively. Carbon atoms in C=C of 2a and
2b have a discrepant charge distribution due to the effect
of ethyoxyl. C7 and C8 of 2a bear charges of 0. 109 and
-0.001 a. u. C7 of 2b has a charge of
—0.004 a.u. The carbon atoms of two benzene ring of
2a bear different charges, C1—C6 of the benzene with
Cl-substituted have charges in the range — 1. 085 to 0.
371 a. u. In addition, C9—Cl4 of the benzene with
ethyoxyl-substituted carry charges from -0.832 to 1.073
a. u. Carbon atoms C1—C6 of the benzene ring of 2b
have charges in the range of —1.123 to -0.356 a. u.
Different substituent groups do have considerable effect in
the charge distribution of the benzene rings. However,
the substituent effect decreases with the increase in dis-

However,

tance.

Tab.4 Mulliken charge of 2a

Atom Charge/a. u.|| Atom Charge/a.u.|| Atom Charge/a. u.
C1 -0.168 Cc7 -0.179 C13 -0.229
C2 -0.221 C8 -0.150 Cl4 -0.161
C3 0.041 9 -0.118 C15 -0.026
C4 -0.218 C10 -0.148 Cl16 -0.585
C5 -0.169 Cl11 -0.296 (0} -0.552
C6 -0.078 C12 0.332 Cl 0.460

Tab.5 Mulliken charge of 2b

Atom Charge/a.u.|| Atom Charge/a.u.|| Atom Charge/a. u.
Cl1 -0.165 Cc7 -0.160 C23 -0.217
C2 -0.217 C7% -0.160 C13 -0.165
C3 -0.037 C63 0.083 Cl 0.492
C4 -0.221 C53 -0.164 CI3 0.492
C5 -0.164 C43 -0.221
C6 0.083 C3% -0.037

3.4 Molecular electrostatic potential

Electrostatic potential ( ESP) over molecular van der
Waals surface is critical for understanding chemicalreac-
tivities, charge density and delocalization. In-depth in-
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vestigation of ESP can provide deeper understanding of
the structure. Fig.7 presents ESP-mapped molecular van
der Waals surface of 2a and 2b. Molecular surface areas
in ESP range, which are useful to quantitatively discuss
the ESP distribution on the whole molecular surface of the
products, as shown in Tab. 6. According to Fig. 7, lone
pair of O atom leads to an ESP minima ( — 86. 65 kl/
mol), which is the most negative on the van der Waals
surface. Furthermore, the ESP minima located near the
Cl atom have a value of —60. 14 kJ/mol. As for 2b, the
distribution of the minima is more symmetric, and for the
two minima near two Cl atoms, which have a value of -
47.38 kJ/mol. Each surface maximum corresponds to a
hydrogen atom and the global maximum one of 2a and 2b
are 91.96 and 108.90 kJ/mol, respectively. The surface

areas of 2a and 2b are 3. 1585 and 2. 8184 nm’, respec-
tively. In Fig. 5, the negative values of ESP for 2a are
concentrated between - 54. 37 and - 35. 55 kJ/mol

(35.58% ), while the positive values of ESP are concen-
trated in the range of 20.91 to 58.55 kJ/mol (40.00% ).
However, the distribution in 2b is symmetrical and mod-
erate.

ESP/(kJ + mol™'):
96.19
58.55
2091
-16.73
~54.37
-92.00

(a)

+ mol™):
125.46
87.82
50.18
12.55
-25.09
—62.73

ESP/(kJ

(b)
Fig.7 Molecular electrostatic potential map. (a) 2a; (b) 2b

3.5 Frontier molecular orbitals

Frontier molecular orbitals have a critical role in deter-
mining the structures and properties of chemicals. The
highest occupied molecular orbitals (HOMO) and lowest
unoccupied molecularorbitals (LUMO) were calculated.
LUMO +2, LUMO +1, LUMO, HOMO, HOMO -1 and
HOMO -2 orbitals of 2a and 2b are presented in Fig. 8 and
the relevant information is listed in Tab. 7. According to
the results, the energy of HOMO and LUMO is -5.607
and —1.758 eV for 2a and -6.058 and -2.146 eV for
2b. Both products are stable as the energies of HOMO
and LUMO, including neighboring orbitals, are all nega-
tive. HOMO and LUMO is known as the reference of e-
lectron donating and electron accepting potential. Higher
AE| jvonomo Means greater stability. AE| jyonomo Of 22
and 2b are 3.85 and 3.91 eV, respectively.

Tab. 6 The distribution of molecular surface areas of 2a and
2b within different ESP ranges

ESP range of Surf ESP range of Surf
2a/(kJ- mol ! UrECE o b/(KJ- mol 7! urtace
( mol ™) area/ % ( mol ") area/ %
Minimum Maximum Minimum Maximum
-92.00 -73.19 0.89 -62.73 -43.91 2.43
-73.19 -54.37 3.56 -43.91 -25.09 22.45
-54.37 -35.55 22.08 -25.09 -6.27 22.78
-35.55 -16.73 13.50 -6.27 12.55 12.17
-16.73 2.09 9.46 12.55 31.37 9.48
2.09 20.91 8.90 31.37 50.18 7.85
20.91 39.73 13.01 50.18 69.00 8.79
39.73 58.55 13.64 69.00 87.82 9.81
58.55 77.37 13.19 87.82 106. 64 4.06
77.37 96.19 1.76 106. 64 125.46 0.18
LUMO+2 LUMO+2
LUMO+1 % ¥ “ LUMo+10‘
o O
o]
LUMO LUMO
HOMO Z HOMO d E
" € R 4 /,-/(y
HOMO-1 HOMO-1 J
O ] R
S
HOMO-2 HOMO-2

(a) (b)

Fig.8 Molecular frontier orbitals from HOMO -2 to LUMO
+2. (a) 2a; (b) 2b
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Tab.7 The energies of molecular orbitals and the energy gap of HOMO and LUMO eV
Products LUMO +2 LUMO +1 LUMO HOMO HOMO -1 HOMO -2 AE| ymo - HOMO
2a -0.616 -0.761 -1.758 -5.607 -6.944 -7.268 3.85
2b -0.934 -0.999 -2.146 —-6.058 —-7.382 -7.609 3.91
erties of triphenylamine-based dendrimers [J]. New Jour-

4 Conclusion

(E)-4-chloro4’ -ethoxystilbene (2a) and (E)-4, 4’-
dichlorostilbene (2b) were synthesized and their single
crystals were characterized. Compound 2a presented an
orthorhombic space group Pna2l structure and 2b was
found to be a monoclinic space group P21/c structure.
Hirshfeld analyses revealed close O—H and Cl—H con-
tacts in the crystal structure of 2a, while close Cl—H
contacts existing in 2b. Electrostatic potential showed that
O and Cl of 2a and Cl of 2b have most negative values.
Therefore, they are more likely to undergo electrophilic
attack. HOMO and LUMO orbitals of the benzene rings
in both compounds are calculated according to the Fron-
tier molecular orbitals and AE| yonomo Of 2b is higher
than that of 2a.
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