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nzene liquid crystals involving
chalcone and ester linkages†

Xueyou Zhu, Fengnan Yin, Haiying Zhao, * Shufeng Chen and Zhanxi Bian

Five new series of azobenzene derivatives containing thiophene, naphthalene or ferrocene with chalcone

and ester linkages have been synthesized and characterized. The photosensitive azobenzene group

underwent photoisomerization under UV light, which was monitored by UV-visible spectroscopy. The

cyclic voltammograms of compounds containing ferrocene showed a quasi-reversible and diffusion-

controlled redox process. These compounds displayed high thermal stability according to the

thermogravimetry measurements. According to differential scanning calorimetry, thermal polarizing

microscopy and powder X-ray diffraction studies, the compounds containing ferrocene and the

compounds with three or no terminal alkoxy chains on the side of the ester group all showed no liquid

crystal behaviour. However, the compounds with a terminal alkoxy chain on the side of the ester group

or a terminal alkoxy chain at both ends of the molecule exhibited enantiotropic mesophases, but the

latter had a narrow mesogenic domain. The increase of the length of the mesogenic unit by

replacement of the benzene ring with a naphthalene ring resulted in both an increase in the clearing

point and in an increase in the mesophase domain.
1 Introduction

Thermotropic liquid crystals (LCs) are a special category of so
matter; their molecular order and dynamics are intermediate
between an isotropic uid and that of a crystal.1 LC materials
are promising candidates for fabricating cost-effective and
portable bio/chemical sensors, and for interfacial and opto-
electronic applications.2–4 A thermotropic liquid crystal consists
of either linear or disclike molecules. The general architecture
for linear thermotropic liquid crystals consists of linearly linked
ring systems and exible chains. The rings may be linked to
each other either directly or through some linking group (e.g.
ester, olenic, acetylenic, azo, imido) that maintains the line-
arity of the core.5 Azobenzene, as one of the traditional photo-
chromic moieties, is thermally very stable and can perform
photo-induced reversible isomerization under UV irradia-
tion,6–10 So azo compounds have advantages over substances
with other linkages like ester, tolane or even the more
commonly encountered Schiff's base linkage.11–13 In recent
decades, azobenzene based low and high molecular weight
liquid crystalline materials have been frequently discussed for
their sensitivity of chromophoric group towards light and found
to exhibit interesting optical properties, which enable us to
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study the materials in holography, optical storage device,
optical switching and establish widespread applications in
display technology.14–19

On the other hand, chalcones are the main precursors for the
biosynthesis of avonoids and isoavonoids. A variety of
organic molecules with chalcone moiety have been evaluated
for pharmacological applications due to their good antimicro-
bial,20 nematocidal,21 anticancer22 and antiplasmodial23 activi-
ties. In addition, chalcones are reported to be effective
photosensitive materials and have potential nonlinear optical24

and liquid crystal properties.25 Chalcone linkage along with
other linkages, such as imine and ester groups, combined to
exhibit various mesophases.26–31 However, to the best of our
knowledge, there are rare reports about the combination of azo
and chalcone linkages using in the liquid-crystalline materials
to date.32,33 In this article, we synthesized a series of new liquid
crystalline compounds involving chalcone, azo and ester link-
ages. The designed molecular structures are shown in Fig. 1.
Their redox and optical properties were studied. Thermometric
data will be evaluated in terms of molecular rigidity and exi-
bility depending onmolecular structure and thenmesomorphic
properties and behaviors will be compared with structurally
similar series.
2 Results and discussion
2.1 Photoisomerisation studies

The photoisomerisation studies were carried out on the selec-
tive compounds dissolved in the dichloromethane. The initial
This journal is © The Royal Society of Chemistry 2017
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Fig. 1 The structures of compounds I–V.

Fig. 2 UV-vis absorption spectra of selective compounds I–V taken at
10�5 M in CH2Cl2.

Fig. 3 Changes of absorption spectra of Ic-8 in CH2Cl2 during UV
exposure.
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measurements were carried out on the unexposed materials.
The obtained results of the UV-visible absorption spectra (UV-
vis) are presented in Fig. 2 and Table S1.†

Compounds Ia-8 and Ib-8 exhibited three absorption bands,
whereas others exhibited two absorption bands. The absorption
bands in ultraviolet area were attributed to the p–p* electronic
transitions. For the compound V, the absorption band centered
at �260 nm (see Fig. 2 insert) had large molar absorption
coefficient aer introducing the naphthalene ring. The
absorption due to Fe(d)-p* electronic transitions in compounds
Ia-8 and Ib-8 also appeared at the range of 260 nm. In addition,
the same absorption at 346 nm for compounds Ia, Ib and Ic
indicated that the introduction of ferrocenyl almost had no
effect on this absorption. However, this band shied bath-
ochromically about 10 nm aer introduction of thiophene ring
(compounds Id and IId) or alkoxy group on the side of chalcone
(compounds III, IV and V). Furthermore, compounds Ia-8 and
Ib-8 with ferrocenyl showed very broad absorption bands at
480–620 nm due to d–d type transitions of the electrons of the
iron atoms, and this band for the [3]ferrocenophane-containing
Ib-8 was stronger than that of ferrocene-containing 1a-8.34

Next, the compounds were irradiated with UV light (365 nm).
As an example, the spectral changes of Ic are presented in Fig. 3.
With increasing time of irradiation the band at 342 nm strongly
decreased. This change in the UV-vis spectrum suited the
reduction of concentration of E isomers in azo group in irra-
diated mixture. At the same time, the increase of the band at
440 nm (n–p* electron transition) corresponded to the growth
of the concentration of Z isomer in azo group in investigated
mixture. Moreover, the equilibrium between Z and E isomers in
azo group was established aer 75 s of irradiation. The iso-
sbestic points were observed at 312 and 408 nm, corresponding
This journal is © The Royal Society of Chemistry 2017
to E–Z isomerization as these suggesting that only two isomers
obtained. Furthermore, another absorption band exhibited
chalcone unit in double bond underwent isomerization around
263 nm.35 Table 1 shows the summary of time taken for the
selected compounds for E–Z photoisomerisation with their
calculated conversion efficiency (CE).7 As shown in Table 1, 1a-8
took the longest time (157 s) for E–Z conversion with the CE of
27.3% aer exposure to UV light, whereas Ic-8 gave 45.1% of CE
when bulky ferrocene was replaced by a benzene ring. However,
Id-8, IV-8 and V-8 took shorter time (40–50 s) with the low CE of
8–10% aer introducing alkoxy chain in benzene ring. The
possible reason is the bulky ferrocene and alkoxy chain
increasing the energy of Z isomer.

Aer irradiation samples were le in the dark to allow
thermal back relaxation. This process for Ic-8 is presented in
Fig. 4. It can be seen that back transition from Z to E form was
much slower than the isomerisation during the UV irradiation,
and the equilibrium for compound Ic-8 was not achieved yet
aer 1485 min. Similar phenomena were observed in other
compounds. Long thermal back relaxation allows us to realize
that optical storage devices with these materials which need
longer periods.

2.2 Electrochemical investigation

The electrochemical properties of representative compounds
containing ferrocene (Ia-8, Ia-12 and Ib-12) were studied by
RSC Adv., 2017, 7, 46344–46353 | 46345
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Table 1 Time taken for the azo derivatives for E–Z isomerisation with
their calculated conversion efficiency

Compd. E–Z (time) (s) CE (%)

Ia-8 157 27.3
Ic-8 75 45.1
Id-8 40 9.6
IV-8 50 10.2
V-8 40 8.7

Fig. 4 Changes of absorption spectra of Ic-8 in CH2Cl2 during thermal
back relaxation.

Fig. 5 CV curves of selective compounds Ia–Ib in CH2Cl2, 0.1 M
TBAPF6. Scan rate ¼ 100 mV s�1.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

9 
Se

pt
em

be
r 

20
17

. D
ow

nl
oa

de
d 

on
 7

/3
/2

02
5 

5:
19

:1
5 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
cyclic voltammetry (CV) using CH2Cl2 as the solvent containing
0.1 M tetra-n-butylammoniumhexauorophosphate (TBAPF6) as
a supporting electrolyte. Electrochemical data are shown in
Table 2. Selected CV curves are shown in Fig. 5. All redox-active
ferrocenyl groups exhibited one-electron transfer processes
with formal redox potentials E1/2 ¼ 146–148 mV for Ia-8, Ia-12
and E1/2 ¼ 79 mV for Ib-12 vs. Fc/Fc+, which indicates that
lengthening of the alkoxy chain has little effect on the formal
redox potentials of ferrocene. However, as compared to Ia-8 and
Ia-12, the potentials for Ib-12 cathodically shied about 70 mV
thereby suggesting easy oxidation by loss of an electron for [3]
ferrocenophane-containing derivatives. A reasonable explana-
tion is the effect of trimethylene group as an electron donor in
[3]ferrocenophane-containing derivative leading to the lower
oxidation potential of ferrocene.36 From Table 2, we found the
ipc/ipa ratios approached 1, but the DE value was in the range of
143–149 mV indicating a quasi-reversible redox step for studied
Table 2 CV data of 10�3 M solutions of selected compounds in
CH2Cl2 containing 0.1 M TBAPF6 as supporting electrolyte at 100 mV
s�1 scan rate. Potentials are vs. Fc/Fc+

Compd. Epa
a/mV Epc

b/mV DEc/mV E1/2
d/mV ipa

e/mA ipa/ipc
f

Ia-8 223 74 149 148 27.4 0.96
Ia-12 217 74 143 146 25.0 0.89
Ib-12 151 6 145 79 29.4 0.99

a Anodic peak potential. b Cathodic peak potential. c DE ¼ Epa � Epc.
d E1/2¼ 1/2(Epa + Epc).

e Anodic peak current. f ipc, cathodic peak current.

46346 | RSC Adv., 2017, 7, 46344–46353
compounds. In addition, as shown in Fig. 6, the redox poten-
tials of Ib-8 slightly inuenced by the scan rate in a range from
10 to 300 mV s�1, and both the anodic and cathodic peak
currents are linear to the square root of scan rates, indicating
a diffusion-controlled process.34
2.3 Thermal behavior

Thermal stability of these compounds was measured by
simultaneous thermogravimetric and differential scanning
calorimetry (TG-DSC) measurement under N2. The TG curves of
Ia–Id are shown in Fig. S1.† From the TG curves, we can see that
the decomposition temperatures were somewhat higher for Ic-8
and Id-8 (about 300 �C) than for Ia-8 and Ib-8 (about 270 �C),
which indicated the higher thermal stability of the former.

Mesomorphic properties of these compounds had been
investigated. The textural studies of them have been performed
using thermal polarizing microscopy (POM) and the thermal
analyses have been carried out using DSC. The thermal analyses
data of compounds Ia, Ib, II and III are presented in Table S2.†
As shown in Table S2,† compounds Ia–Ib did not display LC
behaviors, however, most of them gave rise to crystal to crystal
or crystal polymorphic phase transitions upon heating and
cooling cycles. For the series of compounds Ia, the phase tran-
sition temperature of crystal to isotropic liquid lowered gradu-
ally with increasing the length of the terminal alkoxy chain from
eight to fourteen carbon atoms, but this temperature raised
when further lengthening the terminal alkoxy chain to sixteen
Fig. 6 CV curves and peak currents of Ib-8 obtained at different scan
rates in CH2Cl2.

This journal is © The Royal Society of Chemistry 2017
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Fig. 8 Polarizing optical microscopy images (20�) (a) Ic-8 at 195.0 �C
on heating, (b) Ic-8 at 229.8 �C (c) Ic-12 at 207.4 �C (d) Ic-14 at
200.4 �C (e) Id-8 at 232.6 �C (f) Id-12 at 213.0 �C on cooling. Scale bar,
30 mm.

Fig. 9 XRD patterns of compound Ic-8 on heating 195 �C and cooling
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carbon atoms. In addition, this temperature for the series of
compounds Ib with the same length of terminal alkoxy chain
lowered obviously when replacing ferrocene by [3]
ferrocenophane.

Compounds Ia–Ib were non-mesomorphic. It seems to like
that there is unfavourable effect of bulky ferrocene in present
system which is disadvantageous to molecule packing, so
ferrocene was replaced by a benzene ring or thiophene ring in
the following study. Compounds Ic–Id with one terminal alkoxy
chain on the side of ester group were prepared, and we were
pleased to nd that they all displayed liquid crystal behaviors
and showed similar phase transitions in the heating and cool-
ing cycles. As examples, the DSC curves of Ic-8 and Id-8 are
shown in Fig. 7. At the beginning of the rst heating cycle,
crystal to crystal phase transition was observed for Ic-8, then an
endothermic peak appeared at 167 �C with large enthalpy
change of 82.0 kJ mol�1 corresponding to the melting point
followed by the formation of mesophase with the range of 61 �C.
The mesophase exhibited marbled texture as presented in
Fig. 8a which was identied by POM.37 On slow cooling from the
isotropic liquid, the enantiotropic mesophase was observed.
The droplet texture for Ic-8, fourbrush schlieren texture for Ic-12
and marbled texture for Ic-14 appeared on cooling as presented
in Fig. 8b–d. X-ray diffraction (XRD) experiments were further
performed to elucidate the mesomorphic properties. As shown
in Fig. 9, the XRD patterns of Ic-8 presented one diffuse peak in
wide-angle region during the heating and cooling cycle aer
entering into the mesophase, which demonstrated a disordered
position of mesogen. Taking into account the DSC, POM and
XRD results, this series compounds probably possessed enan-
tiotropic smectic C (SmC) phase.38 As shown in Table 3, the
mesophase ranges (DT) in the cooling cycles were 79.1 �C for Ic-
8, 56.4 �C for Ic-12 and 51.5 �C for Ic-14 respectively, which
narrowed gradually with increasing the length of the terminal
alkoxy chain. The lower homologues Ic-8 had the widest
mesogenic domain and the highest clearing temperature
(�229 �C). Similar thermal behaviors were observed in series Id.
Moreover, for the compound with same length of terminal
alkoxy chain, the mesophase range of the series Id containing
thiophene (91.0 �C for Id-8, 66.0 �C for Id-12 and 58.7 �C for Id-
14) was wider, and the clearing points of series Id were higher
Fig. 7 DSC traces of selected compounds. h2: the second heating, c:
the first cooling.

230 �C, 220 �C and 100 �C. Asterisks in the spectrum show the alumina
from the sample cell holder.

This journal is © The Royal Society of Chemistry 2017
than those of the series Ic. The POM images of Id-8 at 232.6 �C
and Id-12 at 213.0 �C on cooling were presented in Fig. 8e and f.
Therefore, the presence of heteroatom S being more polarizable
than carbon resulted in great changes in the corresponding
liquid crystalline phases and physical properties of the observed
phases.

Compounds Ic–Id all exhibited enantiotropic mesomorphic
behaviours, but their melting points were high. In order to
obtain mesogenic compounds with low melting point,
compounds IIc–IId with three terminal alkoxy chains were
prepared. As shown in Table S2,† the melting points of
compounds IIc-8, IIc-14 and IId-8 are 73.5, 72.7, and 94.1 �C
RSC Adv., 2017, 7, 46344–46353 | 46347
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Table 3 Phase transition temperatures and associated enthalpies of compounds 1–4

Compd.

Phase transitionsa �C (DH kJ�1 mol�1)

First heating Second heating First cooling DTb

Ic-8 C1 71.7 (8.3) C2 158.2 (6.8) C3

167.6 (82.0) M 228.7 (0.9) I
C2 158.8 (16.2) C3 166.8
(57.5) M 227.9 (1.2) I

I 227.6 (�1.13) M 148.5
(�56.2) C3 145.3 (�9.5) C2

79.1

Ic-12 C1 102.2 (17.6) C2 128.2 (6.8)
C3 161.1 (78.0) M 207.5 (1.3) I

C 160.7 (72.3) M 205.9 (1.5) I I 205.2 (�1.31) M 148.8
(�71.2) C

56.4

Ic-14 C1 113.0 (31.7) C2 164.4
(86.6) M 201.8 (1.6) I

C1 61.2 (12.3) C2 164.2
(82.0) M 201.1 (1.6) I

I 200.3 (�1.3) M 148.8
(�80.1) C2 66.0 (�11.3) C1

51.5

Id-8 C 178.8 (97.9) M 236.7 (2.21)
I

C1141.4 (�10.4) C2 177.8
(91.3) M 234.9 (2.04) I

I 234.9 (�1.93) M 143.9
(�71.4) C

91.0

Id-12 C1 103.6 (32.1) C2 159.4
(128.9) M 213.8 (2.4) I

C1 51.4 (5.4) C2 158.9
(116.5) M 212.9 (2.7) I

I 212.5 (�2.2) M 146.5
(�110.7) C2 45.4 (�6.3) C1

66.0

Id-14 C1 113.8 (31.7) C2 160.5
(84.5) M 205.3 (1.4) I

C 159.7 (78.0) M 205.3 (1.5) I I 204.6 (�1.57) M 145.9
(�76.6) C

58.7

IV-8 C1 123.2 (8.0) C2 176.0
(54.3) M 190.2 (0.6) I

C1 176.1 (52.2) M 189.9 (0.6) I I 189.8 (�0.4) M 163.8
(�49.2) C

26.0

IV-10 C1 76.5 (15.4) C2 151.2
(42.5) M 181.1 (0.6) I

C 158.6 (43.9) M 180.8 (0.7) I I 180.7 (�0.8) M 144.9
(�34.7) C

35.8

IV-12 C1 82.5 (5.6) C2 98.8 (8.3) C3

104.7 (1.8) C4 146.8 (44.9) M1

153.0 (0.8) M2 172.8 (0.9) I

C1 113.9 (2.8) C2 147.4 (34.5)
M1 152.84 (0.6) M2 172.6
(0.8) I

I 172.3 (�0.9) M2 152.6
(�0.9) M1 142.6 (�29.9) C

29.7

IV-14 C1 92.56 (5.5) C2 109.55
(27.0) C3 144.1 (43.4) M1

161.2 (1.9) M2 167.9 (0.4) I

C1 127.5 (4.0) C2 144.3 (37.9)
M1 161.1 (2.0) M2 167.8 (0.6)
I

I 167.6 (�0.8) M2 160.8
(�1.8) M1 138.5 (�26.9) C

29.1

V C 180.4 (40.8) M 235.7 (0.8) I C 178.4 (38.3) M 229.1 (0.7) I I 229.1 (�0.5) M 163.3
(�34.8) C

65.8

a C: crystal, M: mesophase, I: isotropic liquid. b Mesophase range.
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respectively, lowering 85–94 �C compared with compounds Ic-8,
Ic-14 and Id-8. However, compounds IIc–IId with three terminal
alkoxy chains were non-mesomorphic, but showed either
simple melting and freezing process or crystal polymorphic
phase transitions in the heating and cooling cycles. From above
observations, it seemed likely that increasing the number of
long chain was unfavourable for inducing mesomorphism due
to increasing the disorder of molecular.
Fig. 10 Polarizing optical microscopy images (20�) (a) IV-8 at
192.4 �C on heating, (b) IV-14 at 169.6 �C (c) IV-14 at 162.7 �C (d) V at
239.6 �C on cooling. Scale bar, 30 mm.

46348 | RSC Adv., 2017, 7, 46344–46353
To better understand the effect of the position of long chain
on the formation of mesophases, compounds III-8 and III-14
with terminal alkoxy chain on the side of chalcone were
prepared. We were surprised to nd that compounds III-8 and
III-14 showed no liquid crystal behaviours. As shown in Table
S2,† compounds III-8 and III-14 also displayed crystal poly-
morphic phase transitions in the heating and cooling cycles,
and their melting points (III-8, 184.8 �C; III-14, 173.6 �C) were
slight higher than those of compounds Ic-8 (167.6 �C) and Ic-14
(164.4 �C).

Next, we studied the thermal behaviours of compounds IV–V
with a terminal alkoxy chain at both ends of the molecular.
From Table 3, we can see that the melting point of compound
IV-8 (176.0 �C) increased by about 10 �C compared with 1c-8
(167.6 �C), whereas the increase of the length of the exible
chain (IV-12, 146.8 �C; IV-14, 144.1 �C) resulted in a decrease of
the melting point by 15–20 �C compared with Ic-12 (161.1 �C)
and Ic-14 (164.4 �C). According DSC and POM observation, the
series IV all showed enantiotropic mesophases but with the
narrow mesogenic domains (26–36 �C) and low clearing
temperature compared with the series of Ic. Upon heating,
compounds IV-8 and IV-10 having shorter chains exhibited
schlieren texture aer entering into the mesophase, and
showed fourfold brush near the melting point (Fig. 10a). The
inversing process was also observed on cooling. However, as
shown in Table 3, IV-12 and IV-14 having longer chains dis-
played twomesogenic domains. As an example, on cooling from
isotropic of IV-14, fourbrush schlieren texture was observed at
This journal is © The Royal Society of Chemistry 2017
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Fig. 11 XRD patterns of compound IV-14 on cooling. Asterisks in the
spectrum show the alumina from the sample cell holder.

Scheme 1 Synthesis of compounds I–V.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

9 
Se

pt
em

be
r 

20
17

. D
ow

nl
oa

de
d 

on
 7

/3
/2

02
5 

5:
19

:1
5 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
169.6 �C as displayed in Fig. 10b and further cooling, dendritic
texture were exhibited at 162.7 �C as displayed in Fig. 10c.39 The
XRD patterns of IV-14 (Fig. 11) presented one diffuse peak
during the cooling cycle aer entering into the mesophase
indicating the possibility of SmC phase.

The increase of the length of the mesogenic unit by
replacement benzene ring with naphthalene ring (compound V)
resulted in both an increase of the clearing point by about 46 �C
compared with its analogue, compound IV-8, and in an increase
of the SmCmesophase domain (by about 40 �C), but themelting
point changed slightly. Fig. 10d showed the POM image of V at
239.6 �C on cooling. Thus, the lengthening the rigid core may
favour a better packing of the molecules which was benecial to
exhibiting liquid crystal properties.

3 Conclusion

In summary, we have synthesized 23 azobenzene compounds
involving chalcone and ester linkages. The compounds con-
taining ferrocene exhibit good electrochemical properties.
Investigations of liquid crystal properties indicated that the
compounds containing ferrocene (Ia–Ib series) and the
compounds with three (IIc–IId series) or no (III series) terminal
alkoxy chains on the side of ester group all showed no liquid
crystal behaviours. However, the compounds with a terminal
alkoxy chain on the side of ester group (Ic–Id series) or a terminal
alkoxy chain at both ends of the molecular (IV–V series) exhibi-
ted enantiotropic SmC phases. The replacement benzene ring
with naphthalene ring results in both an increase of the clearing
point and in an increase of the mesophase domain. Some of
these azo molecules underwent photoisomerization under UV
light. Very long thermal back relaxation has potential advantage
in the creation of optical storage devices.

4 Experimental
4.1 Materials and measurements

Detailed procedures of synthesis and characterization of
compounds VIa–VIe were described in ESI.† Acyl chloride VII
was prepared according to reported procedures.25 IR spectra
were recorded as KBr pellets on a Bruker-ALPHA spectrometer.
This journal is © The Royal Society of Chemistry 2017
NMR spectra were recorded on an Avance 500 Bruker (500 MHz)
spectrometer using tetramethylsilane as internal standard.
HRMS spectra were recorded on a Bruker ultraeXtremeMALDI-
TOF/TOF mass spectrometer. Elemental analysis was performed
on a Perkins-Elmer 2400 elemental analyser. Electronic absorp-
tion spectra were recorded on Shimadzu UV2600 spectropho-
tometer. Thermal stability was measured by EXSTAR TG/
DTA7300 simultaneous TG-DSC measurement under N2. DSC
thermographs were obtained on a METTLER TOLEDO DSC3 at
a heating rate of 10 �C min�1 under nitrogen ow. Powder XRD
experiments were conducted using a D8 ADVANCE equipped
with a LynxEye detector, CuKa radiation source, and graphite
monochromator, l ¼ 1.54 Å. CV experiments were recorded on
AUTOLAB PGSTAT302 voltammetric analyzer and performed at
room temperature in dry CH2Cl2 solutions with the concentra-
tion of 10�3 M containing 0.1 M TBAPF6 as a supporting elec-
trolyte. A three-electrode conguration consisting of a glassy
carbon working electrode, a Pt wire counter electrode, and an Ag/
AgCl (with a saturated KCl solution) couple reference electrode
was used. The Fc/Fc+ couple was used as internal reference and
showed a peak at +0.484 V vs. Ag/AgCl. Prior to experiments, the
system was purged with puried nitrogen gas to exclude dis-
solved oxygen from the solution.
4.2 General procedure for the synthesis of compounds I–V

Compound VI (0.45 mmol) was redissolved in dry pyridine
(2 mL), to which acyl chloride VII (0.5 mmol) in dry pyridine
(2 mL) was added dropwise at �5 �C. The reaction was stirred
for 4 h at room temperature. The solvent was removed by
distillation at reduced pressure and the residue was separated
by silica gel column chromatography using CH2Cl2/petroleum
ether as eluent. The second fraction was the desired product,
which was recrystallized from CH2Cl2/methanol to afford the
pure compounds I–V (Scheme 1).

Ia-8. Yield 67%, mp 172–178 �C, Rf ¼ 0.117 (CH2Cl2 : petro-
leum ether¼ 2 : 1); IR (KBr, n, cm�1): 3102, 2950, 2919, 2853, 1733,
1654, 1592, 1509, 1315, 1261, 1074, 979; 1H NMR (500 MHz,
CDCl3) (d ppm): 8.17–8.13 (m, 4H, C6H4), 8.06–8.00 (m, 4H, C6H4),
7.81 (d, J¼ 15.0 Hz, 1H, CH), 7.41 (d, J¼ 8.5 Hz, 2H, C6H4), 7.17 (d,
J ¼ 15.0 Hz, 1H, CH), 7.00 (d, J ¼ 9.0 Hz, 2H, C6H4), 4.63 (d, J ¼
2.0 Hz, 2H, FcH), 4.52 (d, J ¼ 2.0 Hz, 2H, FcH), 4.21 (s, 5H, FcH),
RSC Adv., 2017, 7, 46344–46353 | 46349
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4.06 (t, J ¼ 6.5 Hz, 2H, OCH2), 1.88–1.78 (m, 2H, CH2), 1.52–1.44
(m, 2H, CH2), 1.37–1.45 (m, 8H, CH2), 0.90 (t, J¼ 7.0 Hz, 3H, CH3);
13C NMR (125 MHz, CDCl3) (d ppm): 188.97, 164.62, 163.82,
154.62, 153.76, 150.23, 147.55, 132.45, 129.49, 124.49, 122.98,
122.65, 121.17, 114.46, 72.74, 72.30, 70.58, 69.67, 68.44, 31.86,
29.38, 29.28, 26.04, 22.71, 14.16; HRMS, MALDI+, m/z: calcd for
C40H40FeN2O4: [M

+] 668.2337, found: 668.2333.
Ia-10. Yield 71%, mp 182–184 �C, Rf ¼ 0.263 (CH2Cl2 : petro-

leum ether ¼ 3 : 1); IR (KBr, n, cm�1): 3051, 2922, 2851, 1731,
1654, 1590, 1512, 1316, 1267, 1104, 978; 1H NMR (500 MHz,
CDCl3) (d ppm): 8.16 (d, J¼ 8.5 Hz, 2H, C6H4), 8.12 (d, J¼ 7.0 Hz,
2H, C6H4), 8.05 (d, J ¼ 8.5 Hz, 2H, C6H4), 8.01 (d, J¼ 8.0 Hz, 2H,
C6H4), 7.75 (d, J ¼ 14.0 Hz, 1H, CH), 7.40 (d, J ¼ 9.0 Hz, 2H,
C6H4), 7.13 (d, J¼ 14 Hz, 1H, CH), 6.99 (d, J¼ 9.0 Hz, 2H, C6H4),
4.76 (s, 2H, FcH), 4.64 (s, 2H, FcH), 4.33 (s, 5H, FcH), 4.06 (t, J ¼
6.5 Hz, 2H, OCH2), 1.86–1.80 (m, 2H, CH2), 1.51–1.45 (m, 2H,
CH2), 1.41–1.19 (m, 12H, CH2), 0.89 (t, J ¼ 7.0 Hz, 3H, CH3);

13C
NMR (125 MHz, CDCl3) (d ppm): 189.09, 164.59, 163.78, 154.58,
153.72, 150.19, 147.54, 132.41, 129.39, 124.45, 122.93, 122.61,
121.13, 119.02, 114.42, 71.61, 69.90, 69.16, 68.40, 31.91, 29.57,
29.36, 29.11, 26.00, 22.70, 14.14; HRMS, MALDI+, m/z: calcd for
C42H44FeN2O4: [M

+] 696.2651, found: 696.2648.
Ia-12. Yield 66.5%, mp 164–168 �C, Rf ¼ 0.27 (CH2Cl2 : petro-

leum ether ¼ 3 : 1); IR (KBr, n, cm�1): 3088, 2920, 2850, 1728,
1653, 1602, 1510, 1314, 1256, 1070, 979; 1H NMR (500 MHz,
CDCl3) (d ppm): 8.16 (d, J¼ 8.5 Hz, 2H, C6H4), 8.12 (d, J¼ 8.0 Hz,
2H, C6H4), 8.05 (d, J¼ 8.5 Hz, 2H, C6H4), 8.01 (s, 2H, C6H4), 7.73
(b, 1H, CH), 7.40 (d, J¼ 8.5 Hz, 2H, C6H4), 7.14 (b, 1H, CH), 6.99
(d, J ¼ 8.5 Hz, 2H, C6H4), 4.83 (s, 2H, FcH), 4.69 (s, 2H, FcH),
4.37 (s, 5H, FcH), 4.06 (t, J ¼ 6.5 Hz, 2H, OCH2), 1.84–1.80 (m,
2H, CH2), 1.49–1.46 (m, 2H, CH2), 1.37–1.20 (m, 16H, CH2), 0.88
(t, J ¼ 6.5 Hz, 3H, CH3);

13C NMR (125 MHz, CDCl3) (d ppm):
188.98, 164.59, 163.78, 154.57, 153.72, 150.19, 146.41, 132.41,
129.55, 124.45, 122.99, 122.61, 121.13, 114.41, 71.17, 69.97,
69.63, 68.40, 31.94, 29.63, 29.37, 22.71, 14.14; HRMS, MALDI+,
m/z: calcd for C44H48FeN2O4: [M

+] 724.2964, found: 724.2966.
Ia-14. Yield 72.3%, mp 172–176 �C, Rf ¼ 0.27 (CH2Cl2 : petro-

leum ether ¼ 3 : 1); IR (KBr, n, cm�1): 3094, 2921, 2849, 1732,
1654, 1590, 1512, 1316, 1269, 1077, 977; 1H NMR (500 MHz,
CDCl3) (d ppm): 8.16 (d, J¼ 8.5 Hz, 2H, C6H4), 8.13 (d, J¼ 8.0 Hz,
2H, C6H4), 8.05 (d, J ¼ 8.5 Hz, 2H, C6H4), 8.01 (d, J¼ 8.0 Hz, 2H,
C6H4), 7.79 (d, J ¼ 15.0 Hz, 1H, CH), 7.40 (d, J ¼ 8.5 Hz, 2H,
C6H4), 7.17 (d, J ¼ 15.0 Hz, 1H, CH), 6.98 (d, J ¼ 8.5 Hz, 2H,
C6H4), 4.66 (s, 2H, FcH), 4.55 (s, 2H, FcH), 4.23 (s, 5H, FcH), 4.06
(t, J ¼ 6.5 Hz, 2H, OCH2), 1.86–1.80 (m, 2H, CH2), 1.49–1.45 (m,
2H, CH2), 1.37–1.26 (m, 20H, CH2), 0.88 (t, J ¼ 6.5 Hz, 3H, CH3);
13C NMR (125 MHz, CDCl3) (d ppm): 189.00, 164.59, 163.78,
154.58, 153.71, 150.18, 147.55, 132.41, 129.45, 124.45, 122.93,
122.61, 119.12, 114.41, 70.51, 69.63, 69.34, 68.40, 31.94, 29.64,
29.38, 29.11, 26.00, 22.71, 14.15; HRMS, MALDI+, m/z: calcd for
C46H52FeN2O4: [M

+] 752.3277, found: 752.3278.
Ia-16. Yield 73%, mp 168–170 �C, Rf ¼ 0.275 (CH2Cl2 : petro-

leum ether ¼ 3 : 1); IR (KBr, n, cm�1): 3094, 2950, 2920, 2854,
1732, 1653, 1592, 1509, 1316, 1260, 1074, 979; 1H NMR (500
MHz, CDCl3) (d ppm): 8.16 (d, J¼ 8.5 Hz, 2H, C6H4), 8.11 (b, 2H,
C6H4), 7.05 (d, J ¼ 8.5 Hz, 2H, C6H4), 8.01 (b, 2H, C6H4), 7.71 (b,
1H, CH), 7.40 (d, J ¼ 8.5 Hz, 2H, C6H4), 7.14 (s, 1H, CH), 6.98 (d,
46350 | RSC Adv., 2017, 7, 46344–46353
J¼ 8.5 Hz, 2H, C6H4), 4.84 (s, 2H, FcH), 4.71 (s, 2H, FcH), 4.39 (s,
5H, FcH), 4.05 (t, J¼ 6.5 Hz, 2H, OCH2), 1.85–1.80 (m, 2H, CH2),
1.49–1.46 (m, 2H, CH2), 1.37–1.20 (m, 24H, CH2), 0.88 (t, J ¼
6.7 Hz, 3H, CH3);

13C NMR (125 MHz, CDCl3) (d ppm): 188.94,
164.58, 163.78, 154.57, 153.72, 151.74–151.56, 150.18–149.98,
132.41, 124.45, 122.98, 122.61, 121.13, 114.41, 68.41, 31.95,
29.71, 29.64, 29.38, 26.00, 22.71, 14.15; HRMS, MALDI+, m/z:
calcd for C48H56FeN2O4: [M

+] 780.3590, found: 780.3585.
Ib-8. Yield 77.2%, mp 142–145 �C, Rf ¼ 0.23 (CH2Cl2 : petro-

leum ether¼ 3 : 1); IR (KBr, n, cm�1): 3078.37, 2926.80, 2852.78,
1731.00, 1650.52, 1603.11, 1509.38, 1260.60, 1070.15, 976.68; 1H
NMR (500 MHz, CDCl3) (d ppm): 8.17 (d, J ¼ 8.5 Hz, 2H, C6H4),
8.11 (d, J¼ 8.5 Hz, 2H, C6H4), 8.05 (d, J¼ 8.5 Hz, 2H, C6H4), 8.00
(s, 2H, C6H4), 7.82 (b, 1H, CH), 7.40 (d, J ¼ 8.5 Hz, 2H, C6H4),
7.05 (b, 1H, CH), 6.99 (d, J¼ 8.5 Hz, 2H, C6H4), 4.65 (b, 2H, FcH),
4.51–4.29 (m, 3H, FcH), 4.17–4.04 (m, 3H, FcH, OCH2), 3.93 (s,
1H, FcH), 2.02–1.62 (m, 8H, CH2), 1.52–1.45 (m, 2H, CH2), 1.42–
1.24 (m, 8H, CH2), 0.90 (t, J ¼ 6.5 Hz, 3H, CH3);

13C NMR (125
MHz, CDCl3) (d ppm): 188.66, 164.58, 163.77, 162.62, 154.38,
153.66, 150.20, 149.61, 147.76, 147.73, 147.70, 132.41, 132.41,
131.16, 129.31, 125.80, 124.48, 124.41, 123.11, 123.03, 122.60,
121.13, 114.41, 89.67, 86.60, 73.49, 73.47, 70.78, 69.99, 68.40,
34.85, 31.82, 29.71, 29.34, 29.24, 29.01, 26.00, 24.54, 24.09,
22.67, 14.13; HRMS, ESI m/z: calcd for C43H44FeN2O4: [M]+

708.2646, found: 708.2631.
Ib-12. Yield 78.5%, mp 140–144 �C, Rf ¼ 0.215

(CH2Cl2 : petroleum ether ¼ 3 : 1); IR (KBr, n, cm�1): 3124.18,
2923.63, 2853.37, 1727.16, 1648.34, 1602.12, 1510.01, 1258.84,
1075.98, 975.69. 1H NMR (500 MHz, CDCl3) (d ppm): 8.16 (d, J ¼
8.5 Hz, 2H, C6H4), 8.11 (d, J ¼ 6.5 Hz, 2H, C6H4), 8.06 (d, J ¼
8.5 Hz, 2H, C6H4), 8.00 (d, J ¼ 7.0 Hz, 2H, C6H4), 7.76 (d, J ¼
14.0 Hz, 1H, CH), 7.41 (d, J ¼ 8.5 Hz, 2H, C6H4), 7.05 (d, J ¼
14.0 Hz, 1H, CH), 7.00 (d, J ¼ 9.0 Hz, 2H, C6H4), 4.54 (s, 2H,
FcH), 4.36 (s, 1H, FcH), 4.33 (s, 1H, FcH), 4.28 (s, 1H, FcH), 4.07
(t, J ¼ 6.5 Hz, 3H, OCH2), 3.90 (s, 1H, FcH), 2.06–1.89 (m, 6H,
CH2), 1.86–1.80 (m, 2H, CH2), 1.51–1.45 (m, 2H, CH2), 1.37–1.25
(m, 16H, CH2), 0.89 (t, J¼ 6.5 Hz, 3H, CH3);

13C NMR (125 MHz,
CDCl3) (d ppm): 189.04, 164.53, 163.79, 154.46, 153.70, 150.24,
147.64, 147.64, 140.56, 132.39, 129.30, 124.39, 122.89, 122.55,
114.43, 89.63, 86.58, 73.44, 73.43, 70.80, 70.24, 70.22, 70.20,
70.06, 68.41, 34.83, 31.91, 29.61, 29.35, 29.10, 25.99, 24.55,
24.11, 22.67, 14.08; HRMS, ESI m/z: calcd for C47H52FeN2O4:
[M]+ 764.3272, found: 764.3263.

Ic-8. Yield 72.5%,mp 158–165 �C, Rf¼ 0.25 (CH2Cl2 : petroleum
ether ¼ 2 : 1); IR (KBr, n, cm�1): 3052, 2953, 2922, 2853, 1729,
1656, 1605, 1573, 1466, 1306, 1259, 1066, 842; 1H NMR (500
MHz, CDCl3) (d ppm): 8.19 (d, J ¼ 8.5 Hz, 2H, C6H4), 8.17 (d, J ¼
9.0 Hz, 2H, C6H4), 8.07 (d, J ¼ 8.5 Hz, 2H, C6H4), 8.03 (d, J ¼
8.5 Hz, 2H, C6H4), 7.86 (d, J ¼ 15.5 Hz, 1H, CH), 7.69–7.68 (m,
2H, C6H5), 7.58 (d, J ¼ 15.5 Hz, 1H, CH), 7.45–7.44 (m, 3H,
C6H5), 7.42 (d, J ¼ 9.0 Hz, 2H, C6H4), 6.99 (d, J ¼ 8.5 Hz, 2H,
C6H4), 4.06 (t, J ¼ 6.5 Hz, 2H, OCH2), 1.86–1.81 (m, 2H, CH2),
1.51–1.47 (m, 2H, CH2), 1.42–1.23 (m, 8H, CH2), 0.90 (t, J ¼
7.0 Hz, 3H, CH3);

13C NMR (125 MHz, CDCl3) (d ppm): 189.85,
164.58, 163.79, 154.83, 153.79, 150.17, 145.34, 139.69, 134.81,
132.41, 130.75, 129.59, 129.04, 128.57, 124.49, 123.01, 122.62,
121.99, 121.12, 114.42, 68.40, 31.82, 29.34, 29.23, 29.11, 26.00,
This journal is © The Royal Society of Chemistry 2017
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22.67, 14.12; HRMS, MALDI+ m/z: calcd for C36H37N2NaO4: [M +
Na]+ 583.2567, found: 583.2560.

Ic-12. Yield 75.3%, mp 150–156 �C, Rf ¼ 0.277 (CH2Cl2 : petro-
leum ether ¼ 2 : 1); IR (KBr, n, cm�1): 3052, 2953, 2821, 2853,
1729, 1656, 1605, 1578, 1495, 1306, 1259, 1066, 842; 1H NMR
(500MHz, CDCl3) (d ppm): 8.18 (d, J¼ 8.5 Hz, 2H, C6H4), 8.16 (d,
J ¼ 9.0 Hz, 2H, C6H4), 8.05 (d, J ¼ 9.0 Hz, 2H, C6H4), 8.02 (d, J ¼
8.5 Hz, 2H, C6H4), 7.85 (d, J ¼ 15.5 Hz, 1H, CH), 7.69–7.68 (m,
2H, C6H5), 7.58 (d, J ¼ 15.5 Hz, 1H, CH), 7.45–7.44 (m, 3H,
C6H5), 7.42 (d, J ¼ 9.0 Hz, 2H, C6H4), 7.00 (d, J ¼ 9.0 Hz, 2H,
C6H4), 4.06 (t, J ¼ 6.5 Hz, 2H, OCH2), 1.86–1.80 (m, 2H, CH2),
1.48–1.45 (m, 2H, CH2), 1.37–1.26 (m, 16H, CH2), 0.89 (t, J ¼
7.0 Hz, 3H, CH3);

13C NMR (125 MHz, CDCl3) (d ppm): 189.84,
164.57, 163.79, 154.82, 153.79, 150.16, 145.34, 139.68, 134.81,
132.41, 130.75, 129.59, 129.04, 128.58, 124.49, 123.01, 122.62,
121.98, 121.12, 114.42, 68.40, 31.94, 29.67, 29.65, 29.60, 29.57,
29.37, 29.11, 26.00, 22.71, 14.15; HRMS, MALDI+ m/z: calcd for
C40H45N2O4: [M + H]+ 617.3379, found: 617.3350. Elemental
analysis: calcd for C40H44N2O4: C 77.89, H 7.19, N 4.54%; found:
C 77.73, H 7.55, N 4.33%.

Ic-14. Yield 76.9%, mp 162–164 �C, Rf ¼ 0.28 (ethyl aceta-
te : petroleum ether ¼ 1 : 20); IR (KBr, n, cm�1): 3125.77,
2954.43, 2849.44, 1736.54, 1657.86, 1608.91, 1575.47, 1497.17,
1307.46, 1259.58, 1082.75, 842.04; 1H NMR (500 MHz, CDCl3) (d
ppm): 8.18 (d, J ¼ 9.0 Hz, 2H, C6H4), 8.16 (d, J ¼ 9.0 Hz, 2H,
C6H4), 8.06 (t, J ¼ 9.0 Hz, 2H, C6H4), 8.04 (t, J ¼ 8.5 Hz, 2H,
C6H4), 7.88 (d, J ¼ 15.5 Hz, 1H, CH), 7.69–7.68 (m, 2H, C6H5),
7.60 (d, J¼ 15.5 Hz, 1H, ArH), 7.42–7.44 (m, 3H, C6H5), 7.40 (d, J
¼ 9.0 Hz, C6H4), 7.00 (d, J¼ 9.0 Hz, 2H, C6H4), 4.06 (t, J¼ 6.5 Hz,
2H, OCH2), 1.86–1.80 (m, 2H, CH2), 1.51–1.45 (m, 2H, CH2),
1.37–1.26 (m, 20H, CH2), 0.88 (t, J ¼ 7.0 Hz, 3H, CH3);

13C NMR
(125 MHz, CDCl3) (d ppm): 189.86, 164.58, 163.79, 153.79,
145.35, 139.69, 134.80, 132.42, 130.75, 129.59, 129.04, 128.58,
124.49, 123.01, 122.63, 121.98, 114.42, 68.40, 31.94, 29.71,
29.69, 29.61, 29.38, 29.11, 26.00, 22.71, 14.15; HRMS, MALDI+

m/z: calcd for C42H49N2O4: [M + H]+ 645.3692, found: 645.3668.
Id-8. Yield 75.7%, mp 176–179 �C, Rf ¼ 0.27 (CH2Cl2 : petro-

leum ether ¼ 2 : 1); IR (KBr, n, cm�1): 3105, 2925, 2853, 1731,
1647, 1602, 1567, 1494, 1315, 1257, 1074, 844; 1H NMR (500
MHz, CDCl3) (d ppm): 8.17 (d, J ¼ 8.5 Hz, 4H, C6H4), 8.05 (d, J ¼
8.5 Hz, 2H, C6H4), 8.01 (d, J ¼ 8.5 Hz, 2H, C6H4), 7.98 (d, J ¼
15.5 Hz, 1H, CH), 7.46 (d, J ¼ 5.0 Hz, 1H, TpH), 7.41–7.37 (m,
4H, C6H4), 7.12 (m, 1H, TpH), 6.99 (d, J¼ 8.5 Hz, 2H, C6H4), 4.06
(t, J ¼ 6.5 Hz, 2H, CH2), 1.87–1.80 (m, 2H, CH2), 1.50–1.46 (m,
2H, CH2), 1.41–1.24 (m, 8H, CH2), 0.90 (t, J ¼ 7.0 Hz, 3H, CH3);
13C NMR (125 MHz, CDCl3) (d ppm): 189.17, 164.56, 163.79,
154.81, 153.78, 152.56, 140.34, 137.68, 132.41, 129.48, 129.12,
128.45, 124.49, 123.01, 122.62, 114.42, 68.40, 31.82, 29.34,
29.24, 29.11, 26.00, 22.67, 14.12; HRMS, MALDI+ m/z: calcd for
C34H35N2O4S: [M + H]+ 567.2318, found: 567.2299.

Id-12. Yield 76%, mp 149–158 �C, Rf ¼ 0.29 (CH2Cl2 : petro-
leum ether ¼ 2 : 1); IR (KBr, n, cm�1): 3128, 2954, 2919, 2849,
1736, 1652, 1596, 1510, 1469, 1289, 1260, 1081, 844; 1H NMR
(500MHz, CDCl3) (d ppm): 8.17 (d, J¼ 8.5 Hz, 4H, C6H4), 8.05 (d,
J ¼ 8.5 Hz, 2H, C6H4), 8.02 (d, J ¼ 8.5 Hz, 2H, C6H4), 7.98 (d, J ¼
15.5 Hz, 1H, CH), 7.45 (d, J ¼ 5 Hz, 1H, TpH), 7.41–7.37 (m, 4H,
CH, TpH, C6H4), 7.12 (t, J¼ 4.5 Hz, 1H, TpH), 7.00 (d, J¼ 9.0 Hz,
This journal is © The Royal Society of Chemistry 2017
2H, C6H4), 4.05 (t, J ¼ 6.5 Hz, 2H, OCH2), 1.85–1.80 (m, 2H,
CH2), 1.51–1.45 (m, 2H, CH2), 1.37–1.27 (m, 16H, CH2), 0.89 (t,
J ¼ 7.0 Hz, 3H, CH3);

13C NMR (125 MHz, CDCl3) (d ppm):
189.15, 164.57, 163.79, 154.81, 153.78, 150.16, 140.34, 139.61,
137.66, 132.41, 129.48, 129.12, 128.46, 124.48, 123.01, 122.61,
121.12, 120.65, 114.41, 68.40, 31.94, 29.67, 29.61, 29.58, 29.37,
29.11, 26.00, 22.71, 14.14; HRMS, MALDI+ m/z: calcd for
C38H43N2O4S: [M + H]+ 623.2944, found 623.2926; elemental
analysis: calcd for C38H42N2O4S: C 73.28, H 6.80, N 4.50%;
found: C 72.89, H 6.76, N 4.43%.

Id-14. Yield 73%, mp 158–160 �C, Rf ¼ 0.305 (CH2Cl2 : petro-
leum ether ¼ 2 : 1); IR (KBr, n, cm�1): 3078, 2954, 2918, 2849,
1735, 1652, 1596, 1510, 1469, 1290, 1259, 1081, 852; 1H NMR
(500 MHz, CDCl3) (d ppm): 8.17 (d, J ¼ 8.5 Hz, 4H, C6H4), 8.05
(d, J ¼ 8.5 Hz, 2H, C6H4), 8.02 (d, J ¼ 8.5 Hz, 2H, C6H4), 7.98 (d,
J ¼ 15.5 Hz, 1H, CH), 7.45 (d, J ¼ 5 Hz, 1H, TpH), 7.41–7.37 (m,
4H, CH, TpH, C6H4), 7.12 (t, J ¼ 4.5 Hz, 1H, TpH), 7.00 (d, J ¼
9.0 Hz, 2H, C6H4), 4.06 (t, J¼ 6.5 Hz, 2H, ArH), 1.86–1.80 (m, 2H,
CH2), 1.49–1.47 (m, 2H, CH2), 1.37–1.27 (m, 20H, CH2), 0.88 (t,
J ¼ 7.0 Hz, 3H, CH3);

13C NMR (125 MHz, CDCl3) (d ppm):
189.16, 164.58, 163.78, 154.80, 153.78, 150.16, 140.34, 137.68,
132.41, 129.49, 129.13, 128.46, 124.49, 123.01, 122.62, 120.64,
114.41, 68.40, 31.95, 29.69, 29.67, 29.61, 29.57, 29.38, 29.11,
26.00, 22.72, 14.15; HRMS, MALDI+ m/z: calcd for C40H47N2O4S:
[M + H]+ 651.3257, found: 651.3243; elemental analysis: calcd
for C40H46N2O4S: C 73.81%, H 7.12, N 4.30%; found: C 73.65, H
7.11, N 4.24%.

IIc-8. Yield 53.1%, mp 71–73 �C, Rf¼ 0.2 (CH2Cl2 : petroleum
ether : ethyl acetate ¼ 2 mL : 1 mL : 20 mL); IR (KBr, n, cm�1):
3066, 2923, 2853, 2360, 1729, 1656, 1595, 1569, 1496, 1193,
1033, 983; 1H NMR (500 MHz, CDCl3) (d ppm): 8.19 (d, J ¼
8.5 Hz, 2H), 8.06 (d, J¼ 8.5 Hz, 2H), 8.04 (d, J¼ 8.5 Hz, 2H), 7.87
(d, J ¼ 15.5 Hz, 1H), 7.70–7.67 (m, 2H), 7.59 (d, J ¼ 15.5 Hz, 1H),
7.47–7.38 (m, 7H), 4.11–4.03 (m, 6H), 1.87–1.76 (m, 6H), 1.53–
1.47 (m, 6H), 1.38–1.26 (m, 24H), 0.91–0.87 (m, 9H); 13C NMR
(125 MHz, CDCl3) (d ppm): 189.82, 164.71, 163.66, 154.76,
153.70, 153.34, 153.04, 151.57, 150.58, 150.34, 150.24, 147.02,
145.37, 143.27, 139.75, 134.79, 130.76, 129.59, 129.03, 128.57,
124.52, 123.42, 123.04, 122.54, 122.19, 121.95, 111.07, 108.64,
74.17, 73.63, 69.31, 31.92, 31.68, 31.88, 31.87, 31.84, 31.82,
30.31, 30.20, 29.52, 29.47, 29.43, 29.36, 29.34, 29.31, 29.30,
29.27, 26.09, 26.02, 26.01, 22.69, 14.12. HRMS, MALDI+ m/z:
calcd for C52H68N2NaO6: [M + Na]+ 839.4975, found: 839.4939.

IIc-14. Yield 53.6%, mp 87–90 �C, Rf ¼ 0.29 (CH2Cl2 : petro-
leum ether : ethyl acetate ¼ 3 mL : 1 mL : 20 mL); IR (KBr,
n, cm�1): 3063, 2920, 2850, 1744, 1658, 1576, 1495, 1261, 1011,
879.80; 1H NMR (500 MHz, CDCl3) (d ppm): 8.19 (d, J ¼ 8.5 Hz,
2H), 8.06 (d, J ¼ 8.5 Hz, 2H), 8.03 (d, J ¼ 8.5 Hz, 2H), 7.87 (d, J ¼
15.5 Hz, 1H), 7.70–7.68 (m, 2H), 7.59 (d, J ¼ 15.5 Hz, 1H), 7.46–
7.43 (m, 5H), 7.38 (s, 1H), 4.12–4.02 (m, 6H), 1.87–1.75 (m, 6H),
1.53–1.45 (m, 6H), 1.40–1.26 (m, 60H), 0.91–0.86 (m, 9H); 13C
NMR (125 MHz, CDCl3) (d ppm): 189.83, 163.67, 154.77, 153.35,
153.04, 151.58, 150.59, 150.35, 147.03, 145.38, 139.76, 134.80,
130.76, 129.59, 129.04, 128.58, 124.52, 123.43, 123.04, 122.60,
122.53, 122.24, 122.02, 111.10, 108.61, 74.31, 74.22, 73.61,
69.32, 69.31, 69.28, 31.96, 31.95, 31.92, 31.84, 31.82, 30.48,
30.35, 30.26, 30.25, 29.58, 29.57, 29.48, 29.46, 29.45, 29.36,
RSC Adv., 2017, 7, 46344–46353 | 46351
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29.35, 29.34, 29.33, 29.26, 26.16, 26.10, 26.08, 26.05, 22.69,
14.12. HRMS, MALDI+ m/z: calcd for C70H104N2NaO6: [M + Na]+

1091.7792, found: 1901.7763.
IId-8. Yield 53.1%, mp 90–91 �C, Rf ¼ 0.2 (CH2Cl2 : petroleum

ether : ethyl acetate ¼ 3 mL : 1 mL : 20 mL); IR (KBr, n, cm�1):
3072, 2922, 2854, 1727, 1651, 1586, 1498, 1283, 1028, 942; 1H
NMR (500 MHz, CDCl3) (d ppm): 8.17 (d, J¼ 8.5 Hz, 2H), 8.06 (d,
J¼ 8.5 Hz, 2H), 8.02 (d, J¼ 8.5 Hz, 2H), 8.00 (d, J¼ 15.5 Hz, 1H),
7.46 (d, J ¼ 5.0 Hz, 1H, TpH), 7.44–7.37 (m, 6H), 7.13–7.11 (m,
1H), 4.11–4.04 (m, 6H), 1.87–1.75 (m, 6H), 1.53–1.47 (m, 6H),
1.40–1.26 (m, 24H), 0.91–0.87 (m, 9H); 13C NMR (125 MHz,
CDCl3) (d ppm): 189.11, 164.71, 163.66, 154.77, 153.70, 153.34,
153.04, 151.58, 150.59, 147.02, 143.27, 140.33, 139.65, 137.69,
132.41, 129.49, 129.13, 128.46, 124.52, 123.48, 123.04, 122.64,
122.53, 120.62, 111.08, 108.65, 74.31, 73.63, 69.32, 31.92, 31.83,
30.37, 30.32, 30.21, 29.53, 29.47, 29.44, 29.39, 29.37, 29.35,
29.32, 29.30, 29.27, 26.10, 26.07, 26.03, 26.02, 22.72, 22.69,
14.12. HRMS, MALDI+ m/z: calcd for C50H66N2NaO6S: [M + Na]+

845.4538, found: 845.4539.
III-8. Yield 71%, mp 186–187 �C, Rf ¼ 0.2 (CH2Cl2 : petroleum

ether : ethyl acetate ¼ 3 mL : 1 mL : 20 mL); IR (KBr, n, cm�1):
3060, 2954, 2922, 2852, 1744, 1658, 1629, 1572, 1511, 1266,
1084, 979; 1H NMR (500 MHz, CDCl3) (d ppm): 8.24 (d, J ¼
7.5 Hz, 2H), 8.17 (d, J¼ 8.5 Hz, 2H), 8.07 (d, J¼ 8.5 Hz, 2H), 8.03
(d, J ¼ 8.5 Hz, 2H), 7.83 (d, J ¼ 15.5 Hz, 1H), 7.68 (t, J ¼ 7.5 Hz,
1H), 7.63 (d, J ¼ 8.5 Hz, 2H), 7.55 (t, J ¼ 7.5 Hz, 2H), 7.45 (d, J ¼
15.5 Hz, 1H), 7.42 (d, J ¼ 8.5 Hz, 2H), 6.95 (d, J ¼ 8.5 Hz, 2H),
4.02 (t, J ¼ 6.5 Hz, 2H), 1.85–1.78 (m, 2H), 1.50–1.44 (m, 2H),
1.38–1.30 (m, 8H), 0.89 (t, J ¼ 6.8 Hz, 3H); 13C NMR (125 MHz,
CDCl3) (d ppm): 189.87, 164.83, 161.53, 154.64, 153.52, 150.31,
145.37, 140.15, 133.90, 130.40, 130.29, 129.48, 129.21, 128.70,
127.28, 124.51, 122.97, 122.54, 119.45, 114.99, 68.25, 31.82,
29.35, 29.25, 29.17, 26.03, 22.68, 14.12. HRMS, MALDI+ m/z:
calcd for C36H37N2O4: [M + H]+ 561.2753, found: 561.2728.

III-14. Yield 70.6%, mp 165–166 �C, Rf ¼ 0.2 (CH2Cl2-
: petroleum ether : ethyl acetate ¼ 3 mL : 1 mL : 20 mL), IR
(KBr, n, cm�1): 3042, 2954, 2922, 2852, 1744, 1658, 1629, 1572,
1511, 1266, 1084, 979.70; 1H NMR (500 MHz, CDCl3) (d ppm):
8.24 (d, J ¼ 7.0 Hz, 2H), 8.17 (d, J ¼ 8.5 Hz, 2H), 8.07 (d, J ¼
8.5 Hz, 2H), 8.03 (d, J ¼ 8.5 Hz, 2H), 7.83 (d, J ¼ 15.5 Hz, 1H),
7.68 (t, J¼ 7.5 Hz, 1H), 7.62 (d, J¼ 8.5 Hz, 2H), 7.55 (t, J¼ 7.5 Hz,
2H), 7.46 (d, J¼ 15.5 Hz, 1H), 7.42 (d, J¼ 8.5 Hz, 2H), 6.94 (d, J¼
8.5 Hz, 2H), 4.01 (t, J¼ 6.5 Hz, 2H), 1.84–1.78 (m, 2H), 1.51–1.43
(m, 2H), 1.36–1.26 (m, 20H), 0.88 (t, J ¼ 6.9 Hz, 3H); 13C NMR
(125 MHz, CDCl3) (d ppm): 189.87, 164.83, 161.53, 154.64,
150.31, 145.37, 133.90, 130.35, 129.48, 128.70, 127.28, 124.51,
122.97, 122.54, 119.45, 114.99, 77.28, 77.03, 76.77, 68.25, 31.82,
29.45–29.03, 26.03, 22.68, 14.12. HRMS, MALDI+ m/z: calcd for
C42H49N2NaO4: [M + Na]+ 667.3506, found: 667.3519.

IV-8. Yield 42.5%, mp 172–177 �C, Rf ¼ 0.17 (CH2Cl2 : petro-
leum ether : ethyl acetate ¼ 2 mL : 1 mL : 20 mL); IR (KBr,
n, cm�1): 3072, 2955, 2922, 2851, 1729, 1656, 1597, 1511, 1262,
1070, 985; 1H NMR (500 MHz, CDCl3) (d ppm): 8.17 (d, J ¼
8.5 Hz, 4H), 8.06 (d, J¼ 9.0 Hz, 2H), 8.02 (d, J¼ 8.5 Hz, 2H), 7.83
(d, J¼ 15.5 Hz, 1H), 7.63 (d, J¼ 8.5 Hz, 2H), 7.46 (d, J ¼ 15.5 Hz,
1H), 7.40 (d, J ¼ 9.0 Hz, 2H), 6.99 (d, J ¼ 9.0 Hz, 2H), 6.95 (d, J ¼
8.5 Hz, 2H), 4.06 (t, J ¼ 6.5 Hz, 2H), 4.02 (t, J ¼ 6.5 Hz, 2H),
46352 | RSC Adv., 2017, 7, 46344–46353
1.86–1.78 (m, 4H), 1.50–1.44 (m, 4H), 1.39–1.26 (m, 16H), 0.91–
0.88 (m, 6H). 13C NMR (125 MHz, CDCl3) (d ppm): 189.85,
163.78, 161.52, 154.67, 153.74, 150.17, 145.34, 140.09, 132.41,
130.40, 129.47, 127.28, 124.46, 122.95, 122.61, 121.13, 119.45,
114.99, 114.41, 77.29, 77.03, 76.78, 68.32, 31.82, 29.22, 26.02,
22.68, 14.13. HRMS, MALDI+ m/z: calcd for C44H53N2O5: [M +
H]+ 689.3954, found: 689.3922.

IV-10. Yield 42.7%, mp 149–150 �C, Rf ¼ 0.18 (CH2Cl2 : petro-
leum ether : ethyl acetate ¼ 2 mL : 1 mL : 20 mL); IR (KBr,
n, cm�1): 3064, 2955, 2920, 2851, 1737, 1658, 1628, 1573, 1510,
1258, 1080, 989; 1H NMR (500 MHz, CDCl3) (d ppm): 8.17 (d, J ¼
8.0 Hz, 4H), 8.06 (d, J¼ 9.0 Hz, 2H), 8.02 (d, J¼ 8.5 Hz, 2H), 7.83
(d, J¼ 15.5 Hz, 1H), 7.63 (d, J¼ 8.5 Hz, 2H), 7.46 (d, J ¼ 15.5 Hz,
1H), 7.40 (d, J ¼ 8.5 Hz, 2H), 6.99 (d, J ¼ 9.0 Hz, 2H), 6.95 (d, J ¼
8.5 Hz, 2H), 4.06 (t, J¼ 6.5 Hz, 2H), 4.01 (t, J¼ 6.5 Hz, 2H), 1.86–
1.78 (m, 4H), 1.51–1.44 (m, 4H), 1.36–1.28 (m, 24H), 0.90–0.87
(m, 6H); 13C NMR (125 MHz, CDCl3) (d ppm): 189.86, 163.78,
161.52, 154.67, 153.74, 145.34, 132.41, 130.40, 129.47, 127.28,
124.46, 122.95, 122.61, 121.12, 119.46, 114.99, 114.41, 77.28,
77.03, 76.78, 68.32, 31.91, 29.57, 29.36, 29.14, 26.01, 22.70,
14.14. HRMS, MALDI+ m/z: calcd for C48H61N2O5: [M + H]+

745.4580, found: 745.4545.
IV-12. Yield 43%, mp 147–148 �C, Rf ¼ 0.20 (CH2Cl2 : petro-

leum ether : ethyl acetate ¼ 2 mL : 1 mL : 20 mL); IR (KBr,
n, cm�1): 3068, 2955, 2919, 2850, 1737, 1659, 1603, 1573, 1510,
1260, 1081, 989. 1H NMR (500 MHz, CDCl3) (d ppm): 8.17 (d, J ¼
8.0 Hz, 4H), 8.05 (d, J¼ 9.0 Hz, 2H), 8.02 (d, J¼ 8.5 Hz, 2H), 7.83
(d, J¼ 15.5 Hz, 1H), 7.63 (d, J¼ 8.5 Hz, 2H), 7.46 (d, J ¼ 15.5 Hz,
1H), 7.40 (d, J ¼ 8.5 Hz, 2H), 6.99 (d, J ¼ 9.0 Hz, 2H), 6.94 (d, J ¼
8.5 Hz, 2H), 4.06 (t, J¼ 6.5 Hz, 2H), 4.01 (t, J¼ 6.5 Hz, 2H), 1.86–
1.78 (m, 4H), 1.51–1.43 (m, 4H), 1.37–1.27 (m, 32H), 0.89 (t, J ¼
6.5 Hz, 6H); 13C NMR (125 MHz, CDCl3) (d ppm): 189.85, 164.57,
163.78, 161.52, 154.67, 153.74, 150.17, 145.34, 140.09, 132.41,
130.40, 129.47, 127.28, 124.46, 122.95, 122.61, 121.12, 119.45,
114.98, 114.41, 77.29, 77.03, 76.78, 68.32, 31.94, 29.63, 29.37,
29.14, 26.01, 22.71, 14.15. HRMS, MALDI+ m/z: calcd for
C52H69N2O5: [M + H]+ 801.5206, found: 801.5189.

IV-14. Yield 42.6%, mp 140–144 �C, Rf ¼ 0.23 (CH2Cl2 : petro-
leum ether : ethyl acetate ¼ 2 mL : 1 mL : 20 mL); IR (KBr,
n, cm�1): 3062, 2955, 2918, 2849, 1736, 1659, 1603, 1568, 1258,
1082.04, 978. 1H NMR (500 MHz, CDCl3) trans isomer >85% (d
ppm): 8.17 (d, J ¼ 8.0 Hz, 4H), 8.05 (d, J ¼ 8.5 Hz, 2H), 8.01 (d, J
¼ 8.5 Hz, 2H), 7.82 (d, J ¼ 16.0 Hz, 1H), 7.63 (d, J ¼ 8.5 Hz, 2H),
7.46 (d, J ¼ 15.5 Hz, 1H), 7.40 (d, J ¼ 9.0 Hz, 2H), 6.99 (d, J ¼
9.0 Hz, 2H), 6.94 (d, J ¼ 8.5 Hz, 2H), 4.06 (t, J ¼ 6.5 Hz, 2H), 4.01
(t, J ¼ 6.5 Hz, 2H), 1.86–1.78 (m, 4H), 1.51–1.44 (m, 4H), 1.37–
1.24 (m, 40H), 0.88 (t, J ¼ 6.5 Hz, 6H). 13C NMR (125 MHz,
CDCl3) (d ppm): 189.84, 164.52 (s), 163.79, 161.57, 154.57,
153.74, 150.17, 145.32, 140.08, 132.38, 130.42, 129.48, 127.31,
124.42, 122.93, 122.59, 121.12, 119.44, 114.95, 114.46, 77.30,
77.04, 76.77, 68.31, 31.96, 29.64, 29.36, 29.14, 26.03, 22.71,
14.14. HRMS, MALDI+ m/z: calcd for C56H77N2O5: [M + H]+

857.5832, found: 857.5812.
V. Yield 42.7%, mp 220–224 �C, Rf ¼ 0.18 (CH2Cl2 : petroleum

ether : ethyl acetate ¼ 2 mL : 1 mL : 20 mL); IR (KBr, n, cm�1):
3070, 2923, 2852, 1731, 1655, 1598, 1570, 1510, 1246, 1064, 979;
1H NMR (500 MHz, CDCl3) trans isomer >70% (d ppm): 8.76
This journal is © The Royal Society of Chemistry 2017
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(s, 1H), 8.33 (d, J¼ 9.0 Hz, 1H), 8.27 (d, J¼ 9.0 Hz, 1H), 8.18 (d, J
¼ 8.5 Hz, 3H), 8.09 (d, J ¼ 8.5 Hz, 2H), 8.03 (d, J ¼ 8.5 Hz, 2H),
7.94 (d, J ¼ 9.0 Hz, 1H), 7.84 (d, J ¼ 15.5 Hz, 1H), 7.63 (d, J ¼
8.5 Hz, 2H), 7.49–7.44 (m, 3H), 7.39 (d, J ¼ 9.0 Hz, 1H), 7.26 (s,
1H), 6.95 (d, J ¼ 8.5 Hz, 2H), 4.24 (t, J ¼ 6.5 Hz, 2H), 4.02 (t, J ¼
6.5 Hz, 2H), 1.95–1.87 (m, 2H), 1.84–1.78 (m, 2H), 1.58–1.53 (m,
2H), 1.49–1.45 (m, 2H), 1.42–1.27 (m, 16H), 0.90 (t, J ¼ 6.5 Hz,
6H); 13C NMR (125MHz, CDCl3) (d ppm): 189.84, 164.79, 161.53,
154.60, 145.36, 140.15, 132.32, 130.40, 129.56, 127.28, 126.84,
124.62, 124.21, 122.98, 122.58, 119.43, 115.58, 114.99, 77.29,
77.03, 76.78, 70.03, 68.25, 31.83, 29.28, 25.99, 22.68, 14.13.
HRMS, MALDI+ m/z: calcd for C48H55N2O5: [M + H]+ 739.4111,
found: 739.4108.
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