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Hsinchu, Taiwan, Republic of China

and SHUNG-LONG WU

Department of Chemical Engineering, Tatung Institute of Technology, Taipei 10451,
Taiwan, Republic of China

(Received 21 April 1994; accepted 15 May 1994)

Four series of ferroelectric liquid crystals containing oligooxyethylene spacers have been
synthesized. These obtained liquid crystal compounds were characterized by NMR, differential
scanning calorimetry (DSC) and optical polarized microscopy (POM). The properties of the
liquid crystalline phase were investigated as a function of spacer units, numbers of core aromatic
rings, and different terminal asymmetric moieties. It was found that (i) the phase transition
temperature decreased with the increasing oligooxyethylene spacer unit, (ii) the liquid crystalline
phases were enhanced in three phenyl ring system than in two phenyl ring system, and
(iii) ferroelectric liquid crystals containing different terminal asymmetric moieties exhibited
novel mesophase phenomena. A twist grain boundary phase (TGB 4 phase) was observed in some
compounds of this study. Furthermore, a wide temperature chiral smectic C range including room

temperature was achieved.

1. Introduction

The first ferroelectric liquid crystal (FLC) was
discovered in 1975 by Meyer et al. [1]. Prompted by the
development of the surface stabilized ferroelectric liquid
crystal display technology [2], the physics and technology
of the FLC cell have been extensively developed [3-0].
Thus, great advances have been made toward the
realization and application of practical devices [7, 8].

It is desirable for a FLC display that the ferroelectric
liquid crystal material shows a smectic phase over a wide
range of temperatures including room temperature [9].
Furthermore, a large spontaneous polarization is required.
A FLC related device can be operated at a reduced driving
voltage as a result, These properties are influenced by the
molecular structures of liquid crystal compounds.
Consequently, it is of interest to synthesize ferroelectric
liquid crystal compounds and compositions which exhibit
favorable spontaneous polarization values and exhibit
smectic character over a wide range of temperatures,
especially at room temperature.

Besides low molar mass FLCs, several side-chain liquid

* Author for correspondence.

crystalline polymers (LCPs) exhibiting a chiral smectic C
mesophase have been reported [10-13]. Ferroelectric
properties, for example, spontaneous polarization in these
polymers, have also been provided in some cases [10-13].
As a part of the research program dedicated to the
development of high efficiency FLC materials, we have
designed and synthesized some novel low molar mass
FLCs and ferroelectric side-chain liquid crystalline
polymers [14, 15]. They exhibit a broad temperature range
chiral smectic C phase and satisfactory electro-optical
properties [15].

In this paper, we have synthesized and characterized
four series of ferroelectric liquid crystals. These materials
contained oligooxyethylene spacers, various chiral
moieties, and two or three aromatic rings of ester core
units. The influence of the spacer unit and different chiral
tails on formation of mesophases is discussed.

The new series have the general formulae:

Series 1

o o
[ ] ] *
H,0=CH—cB,—{ ocH,cn ) o—O—c—o—O—c — o—cm,He;H,
cn,

n=0,1,2,3 (MDnl1A)
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Series 11
H,C== CH— CH,—{ OCHzCHz‘)‘,, 0—@—" —@—@— ()-cn,u-lczl{5
Hs
n=0,1,2,3 MDnlI2A)
Series 11
0 ﬁ .
H,C=Cti— Ct;—{ OCH,CH 5 0—@—(":— o-@—@—c— O—(IIHCHZCSH“
CH,
n=0,1,2,3 MDnlI2B)
Series 1V
g h ..
H,C= CH— CH,~{ OCH,CH 3 u—@—c— oo— C—E?FHCZHS
I CH,

n=0,1,2,3 (MDnl2C)

2. Synthesis
The compounds of series MDnllA, MDnl2A,
MDnl12B and MDnl12C were prepared following the
schemes | and 2.
Synthetic details of the above reactions are described in
the experimental section.

3. Results and discussion
The phase sequences and the corresponding transition
temperatures for these new series are reported in
table 1 (a),(k), and figure 1 (a), (b), (c).

K,COCH,CN

HO— - COCHy ——t 2
= T W OCH,CH Y O

H+OCHCH ) 0@ CO,CH,
2-4
aH/THE H,C=CHCH,Br
2.4 NATHE Na—fOCHZ(‘,HZ-)H()*O CO,CH; —Z—V—aBl———
KOH,,,/CH;0H

HoC=CHCHi{ OCH,CHy 7 (€ )O CO,CH;

5-8
DCC/DMAP/THF
HaC=CHCH{ OCH,CH ()—@— COOH T .

9- 12

1120411—1(211;6ocnzcn.;,_to@— Coo-&:})——m R*

17- 32

13- 16

u=0,1.2.3. m=1, R*= —COOCH,CHC,Hs (A)
CH

— 0,023, m=2, R*= “('()()(,‘HZ(?I[C;lk (A
CH,
%
—C()()(]‘H(’,,HH (B)
CH,

-()(‘()(H(Ill( M (s
C1eH,
THEF: tetrahydrofuran; DCC: N,N’-dicyclohexyl carbodiimide;
DMAP: 4-(dimethyl amino) pyridine.

Scheme . Synthesis of scries MDnl11A, MDnl2A, MDnl12B,
and MDnl2C.

1. Optical microscopy

3.1.1. Series MDnlIA

The series were composed of two phenyl rings
interconnected via a single ester linkage and
(S)-2-methyl-1-butyl chiral tail groups. However, these
compounds exhibited few mesomorphic phases and no
chiral smectic C phase. Only the derivative with a short
spacer chain (n=0) showed smectic A phase. Other
ordered smectic phases were present in MDO11A, and
MDI111A, MD211A and MD311A were viscous liquids
and were not liquid crystalline.

3.1.2. Series MDnli2A

The four members of this series contained an
(5)-2-methyl-1-butyl chiral moiety and oxyethylene unit
chains, in addition to a biphenyl ring within the mesogen
core. The biphenyl ring in the mesogen core revealed
richer mesomorphic behaviour compared to the series
MDnl1A (see figure 1(a)). Series MDnl12A were all
enantiotropic. The first derivative which has no
oxyethylene unit (n = 0) exhibited a blue phase (BP), the
cholesteric (Ch) phase, and the classical smectic A phase
with focal-conic or homeotropic texture. The other
three  derivatives (n=1-3) displayed a Dblue
phase—cholesteric~twist grain boundary A phase—smectic
A—chiral smectic C (BP-Ch-TGBA—S,-S&) liquid crystal
sequence. The transition from the isotropic liquid to blue
phase IT (BPIT) (between two untreated glass plates) was
somewhat difficult to be observed by POM, but easily
detected by calorimetric studies. A grazed platelet texture
could be observed clearly at the transition from BPII to
blue phase I (BPI). Upon cooling, scale-like and
paramorphotic defective textures grew gradually during

. NaNO,/HCL . .
HOOCCH-CHO ;e HOOCCHCHCHL,
NIL, Cli, Ct CH,

DCCMAPTHE - .
H()—@*(?( JOH Ht)—@— COOCH,CHC HS

HOCH,{HO,H; .
H, &
— DEAD/BPhy/TUF o
o~ < - coon e = 10~_p—~)- covatic,,
HOCH,{HC,Hs 1,
CH, 14
= o DEAD/PPhyTHF .
HO{ g4 pmcoon 2R - () COOTHCH,s
H()?H(}Hl Jr f,
CH. 15

DOCAMAPTHE
R ”()—Q}—(_}()uxu(m e

H()ULILH‘(HC %
C1CHy 16

H()C}—Q(m

DEAD: diethyl azodicarboxylate; PPhsy: triphenyl phosphine:
THEF: tetrahydrofuran; DCC: N,N'-dicyclohexyl carbodiimide:
DMAP: 4-(dimethyl amino)-pyridine.

Scheme 2. Synthesis of chiral compounds 1, and 13-16.
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Table 1. (a) Transition temperatures for the MDn11A and MDnl2A series.

293

Phase transition °C (corresponding enthalpy changes, mJ mg )

Name n [ Heating ]
Cooling
MDO11A 0 C48-52( — ) 84 50-92(55)1 I
125( —)S221-65(— ) S 18-84(62:1)1 C
MDI11A 1 C16:62(2:6) S 38-43(50-7)1
123.09(51-5) S 15-5(2-0) C
MD211A 2 CSl
I-§C
MD311A 3 8l
1-§C
MDO12A 0 C97-8(58-65) Sa 144(2-58) Ch 180(1-3)1
1180 BP 178(1-3) Ch 136(2-6) S 54-4(45-16) C
MDI112A 1 C71-4(39-1) SE95(0-6) S4 127-2(1-6) Ch 145-1(1-0) 1
1151-9 BP 144(0-9)| Ch 126-6(1- 2§ TGBA 125:7( — ) S» 93(0-8) S& 1.5(20) C
MD212A 2 C62:4(61-6) SE79(0-9) S 93-5(2-3) Ch 107-5(1-1) I
1108-4 BPI1 106-3 BP1 106(0-9)11 Ch 94.9(2-0/ TGB A 93-3( — ) S, 78(1-0) S% — 8-5(16.8)C
19-5( — ) S&49-5(0- 41 400
MD312A 3 C19-5( — ) SE49-5(0-6) SA 57-4(1-2) Ch 71-4(0-7) [

169 BPI167-3 BPI 60-5(0-6)+1 Ch 55(1-2) TGBA 51-2( — ) SA49(1-1) S — 42.3(— )+ C

T AH(C-S4-1). £ AH(I-S,—S-K). § No liquid crystalline phase was observed and melting point was below — 20°C. || AH(I-BP-Ch).
Y AH(Ch-TGBA-S4). 1T AHI-BPII-BPI-Ch). i Enthalpies were too small to be evaluated.

Table 1. (b) Transition temperatures for the MDn12B and MDn12C series.

Phase transition °C (corresponding enthalpy changes, mJ mg ~ ')

N [Heating]
ame " Cooling
MDO012B 0 C84-7(42-3) 54 136-9(10-3) I
1133-3(10-1)S,33:51 (19:3)C
C65-5(39-2)F SE69-1( — ) SA 104-1(5-5)1
MD112B 1 (3921 S¢ ( )*A (3-5)
1101-9(5-65)S527-5( — )SE24-3(22-6)t C
MD212B 5 C72-54(54-04)1 o
158-4(4-94) S, 28(37-3)S¢26-7C
MD312B 3 C —40(0-6)S; — 14-11(0-2) S, — 7-14(0-3) S5 19-72(3-8) I
120-8( — ) S 16-48(4-0)£ S3 — 4-7(0-4) S, — 12.76(0-2) S, — 46:05( —)§ C
MDO12C 0 C78-9(19-8) SA 100(1-0) Ch 181-7(0-8) I
[179-5BP 178(1-4) Ch92-3(1-2)| TGBA 84-3( — ) SA 67-5(15-8) C
MDI112C ] C29:9(7-4)S57-1(1-4) S 113-2(7-2) Ch 141-7(0-9) I
1142-2BPI1141-8 BPI 136(1-1)Ch 112-1(7-3) S£ 53.9(1-9) S 23-9(1-0) C
C —9:2(4-2) SE88-3(7-3) Ch 103-5(0-8) 1
MD212C 2 -~ (4:2)SE 88:3(79) f )
1102 BPI196-6 BP190-2(1-8) Ch 85-9(7-8) S& — 13-9(5-8)C
C —2526( — )8 SE57-59(5-3) BP 63-5(0-2) 1
MD312C 3 (—)85S¢ (5-3) (0-2)

163-77(0-3) BP 58-6(5-3) S¢ — 28-13( ~)§C

+ AH(C-SE-S4).  AH(I-SA-S3). § Enthalpies were too small to be evaluated. || AH(Ch-TGBA—S4).
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the formation of the cholesteric phase [16]. Further
cooling from the scale-like cholesteric phase, the TGB,
phase appeared as evidenced by the formation of filament
textures [17-20] or Grandjean iridescent textures [21]
(see figure 2(a)). The textures were confirmed by the
observation of pitch bands which are perpendicular to
the long axes of the filaments. Below the transition
temperature of TGBA phase, a novel liquid crystalline
behaviour of a smectic A phase was observed. The
molecules apparently formed a smectic A phase through
distortion of the helix of the TGB4 phase. However, the
helical layer ordering of TGBa phase did not completely
unwind, instead, it remained in smectic A phase to form
a novel spiral texture (sec figure 2 (b)). The ferroelectric
Sé& phase cooling down the smectic A phase showed the
striated lines of the fan domains. However, the spiral fan
style of smectic A phase textures remained unchanged
(see figure 2 (c)).

177 F
157 L

_ Isotropic
137 |
17 |
X BPII

vt BPI

T/C

57
37 - Se*
17 —

23 F C

43 L

(a)

132 -
12 F .

3 Isotropic
92

72_-

T/,C

170 |
150 - Isotropic
130 |
110 |
BPI

T/rC

Figure 1. Plots of transition temperatures versus 7, the number
of oxyethylene spacer chain: (a) series MDn12A; (b) series
MDn12B; (¢) sertes MDn12C.

From figure 1 (a), the presence of these oxyethylene unit
chains significantly depressed the phase transition
temperatures. A similar depressing effect of the
oxyethylene on the clearing points and crystalline to
nematic transition of nematic LCs also has been reported
by others [22]. This depression has been attributed to the
increased flexibility of these C—O bonds. The temperature
ranges of BP, TGB 4 and chiral smectic C phases increased
as oxyethylene chain unit increased. On the other hand, the
temperature ranges of cholesteric and smectic A phases
behaved otherwise. It is important to note that this series
has a tendency to form the chiral smectic C phase based
on the result above.

3.1.3. Series MDnl2B

This series differed structurally from the MDnl12A
series. The (§)-2-methyl-1-butyl terminal chiral tail of
MDn12A was replaced by the (R)-1-methylheptyl chiral
moiety. The transition temperatures are plotted as a
function of units of oxyethylene chain (see figure 1(b)).
On cooling from the isotropic liquid, all the compounds
exhibited a classical smectic A phase. The chiral smectic
C phase was obtained in the homologues with longer
spacer chains, n = 1, 2. The chiral smectic C phase showed
a typical striated fan texture. The homologue with the
longest spacer chain, MD312B, exhibited richer smectic
polymorphism, S;, S; and S;. The transition temperatures
(—20°C ~ 40°C) were too low to be investigated under
the microscope, but could be easily detected by
calorimetry studies. Compared with MDnl2A series
and MDnl12B series, the longer chiral alkyl chain
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(a)

(©

Figure 2. Optical polarizing micrographs displayed by
MD312A: (a) the filament texture of TGB 4 phase at 54-9°C
(400 X ); (b) spiral smectic A phase at 50-2°C (400 X ); (¢)
chiral smectic C phase at 48-8°C (400 X).

Figure 3. Optical polarizing micrographs displayed by
MD212C: (a) colourful (orange/red) homeotropic texture
at 80-2°C (400 X ); (b) dark colour on the same region at
51°C (400 X ); {¢) chiral smectic C texture on another
region at 51°C (400 X ).
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(1-methylheptyl) has a stronger tendency to narrow the 3350

temperature range of chiral smectic C phase. Similar |

results have been reported by Waugh et al. [23].

Furthermore, no BP, cholesteric or TGBa phases were g S

observed in the MDn12B series. 2750 !

3.1.4. Series MDnl2C 3 .

The last series of compounds, MDnl2C, were s0} 9 s0z ses iz 10 \

covalently  incorporated  with (25,35 )-2-chloro- \

3-methylpentanoyloxy chiral moiety instead of (S)-2- A N

methyl-1-butoxycarbonyl and (R)-1-methylheptoxy- |

carbonyl of MDn12A and MDn12B. This type of moiety 1550 " A \

with two chiral centres has been reported to possess a large . Se ~ !
2000 950 - . . . S

~55 -5 45 35 145
T/°C

1200+ o ToBa—a (©)

g Figure 4. DSC thermograms of (a) MD212A (5°Cmin ',
3 ?, cooling scan), (b) MD212B (5°C min ~ !, cooling scan), and
z (¢) MD212C (5°Cmin !, cooling scan).

400} L. o
spontaneous polarization [24]. The four compounds of this
series were all mesomorphic. Different chiral moieties
usually result in different mesophase sequences

-a00t (see figure 1 (). MDO012C exhibited an
I-BPII-BPI-Ch-TGBA-SA—C liquid crystal sequence
similar to those of compounds MD112A, MD212A and
MD312A. However, no chiral smectic C phase was

71200~ s " o . 0})5§rved for. MDO012C. MD112C and MD212C exhibited
T similar liquid crystal behaviour. On cooling from the

isotropic, a BP and a cholesteric phase with paramorphosis

(@) style were observed. Upon subsequent cooling of the

3200 cholesteric phase, the TGB4 phase was not present but a
. smectic phase with vague striated lines and colourful

Se—=C homeotropic alignment somewhat like the cholesteric

texture appeared (see figure 3 (a)). 1t is believed that the

2600[ phase was not a smectic A phase because it revealed a
colourful homeotropic alignment (green/orange colour in
MDI112C, orange/red colour in MD212C). This is
indicative of the existence of a special phase. Further

2000y cooling from this special phase, striated lines appeared
clearly on the fan domains, and the colourful region started
to gradually change into dark colour (see figure 3 (), (¢)).
The initial evaluation of electro-optical properties on

100y MD212C indicated that this phase possessed a chiral
smectic C bistability. This result indicated that a
ferroelectricity did exist in this phase. For another

800 , , . homologue with longer spacer chain of this series (n = 3),

0 15 30 45 60 75

T/°C
(h)

MD312C cxhibited a BP and chiral smectic C phase with

striated lines. No cholesteric phase was observed in
MD312C.
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Table 2. Transition temperatures for racemates ( + IMD212A and (= )MD312A.

Phase transition °C (corresponding enthalpy changes, mJ mg ')

Name n [Heating]
Cooling
(+)MD212A ’ C65-6(48-8) S 79-2(0-5) SA 94-6(1-2)N 110-7(0-N 1
1108-7(0-9) N 92-6(1-5) SA 76-4(0-8) S¢ — 9-9(20-2)C
(+)MD312A 3 C9:5(—)8c46:4(0-6) S, 58-5(1-1)N 72:2(0-6) I

172(0-7)N57-2(1-1) S5, 47-4(0-7) Sc —40-9(—)iC

T Enthalpies were too smali to be evaluated.

The MDnl12C series has a significantly narrower
smectic A temperature range compared to the MDn12A
series compounds with the same spacer length (see
figure 1 (a) and (c)). It is highly irregular that the TGB4
phase was present in the homologue MDO12C with such
short spacer chain. Normally, the TGB, phase is only
present in liquid crystals with a long spacer chain [18, 21].

3.2. Calorimetric studies

Transition enthalpies were determined by differential
scanning calorimetry using a Seiko DSC 220C. The
transition temperatures and corresponding enthalpies
values are given in table 1(a), (b). the thermograms
were recorded upon cooling at a rate of 5°Cmin ' (see
figure 4(a), (b) and (c)). For MDI112A, MD212A,
MD312A and MDO012C, it is was very difficult to obtain
individual transition enthalpies from the BP/Ch and
TGBA/Sa phases due to overlapping. Only the melting
transition enthalpies could be determined unambiguously.
The enthalpies of some overlapping phase transitions are
given in table 1. Four homologues of series MDnl12A
underwent a larger degree of supercooling (maximum:
70-9°C for MD212A) than the other three series
compounds. This property has been utilized effectively in
LC mixtures [9].

3.3. Racemate studies

The layered structure of the TGB, phase was first
inferred from studies of racemates of the two compounds
( =)MD212A and ( £ )MD312A. They all exhibited the
phase sequence: [-N-S,—C (see table 2). The smectic A
phase was observed instead of TGB 4 phase when chirality
was eliminated in a racemate. This showed that the TGB 4
phase is a variant of the smectic A phase. The temperatures
of clarification were higher than those of the optically pure
compounds. This result agrees well with the
Renn-Lubensky model [25] and the prediction of
de Gennes [26].

4. Conclusions

All the novel compounds were liquid crystalline except
MD211A and MD311A. The oxyethylene unit as the
spacer chain favoured a lowering of the transition
temperatures. When the number of oxyethylene units was
increased, the transition temperatures decreased. Several
compounds (n = 1, 2,3) in the MDn12A series were found
to have the phase sequence, Ch-TGBA-SA. MD012C of
the MDn12C series exhibited the same phase sequence.
It was very difficult to obtain enthalpy values for many of
the transitions due to overlapping.

The results reported here indicated that the chiral
MDn12A series seems to be the right candidate for the
formation of a wide temperature range of chiral smectic C
(~90°C). This phenomenon was also found in the
MDn12C series. Therefore they could be very useful
for preparing new ferroelectric side chain liquid
crystalline polymers (FSCLCPs) with a wide temperature
range of chiral smectic C phase, including room
temperature.

The MDn12B series had a narrow chiral smectic C
temperature range possibly due to longer chiral tail
(1-methylheptyl) and oxyethylene spacer chain. For the
MDnllA series, the mesophases disappeared in
the derivatives with longer spacers (n=2,3). It can be
concluded that oxyethylene chain is more suitable for the
formation of the mesophases in three aromatic ring ester
system than in two aromatic ring ester system.

5. Experimental

5.1. Materials

Allyl bromide, 2-chloroethanol, 2-(2-chloroethoxy)-
ethanol, 2-(2-(2-chloroethoxy) ethoxy)ethanol, 4-hy-
droxy-4’-biphenylcarboxylic acid (from Aldrich);
methyl-4-hydroxybenzoate, 4-hydroxybenzoic acid,
4.4’ -dihydroxybiphenyl (from TCI); (§)-2-methyl-1-
butanol (from Fluka); L-2-octanol (from Janssen);
L-isoleucine and other reagents (from Merk UK. Ltd.)
were used as received.
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5.2. Measurements

'H NMR spectra were obtained with a Bruker
AM300 MHz spectrometer. All spectra were recorded in
CDCl; with TMS as the internal standard unless otherwise
noted. A Seiko DSC 220C differential scanning
calorimeter equipped with a 5200H computer system was
used to determine the thermal transitions that were read at
the maximum of their endothermic or exothermic peaks.
In all cases, heating and cooling rates were 5°Cmin "',
unless otherwise specified. After the first heating scan, the
sample was annealed at 10°C above the isotropization
temperature for 5-10min. Under these conditions,
beginning with the second heating and cooling scans, all
recorded DSC scans gave reproducible data. The
transitions reported were read during the second or third
heating scan and cooling scan unless otherwise specified.
A Nikon Microphot-FX optical polarized microscope
equipped with a Mettler FP 82 hot stage and a Mettler
FP 80 central processor was used in observing thermal
transitions and anisotropic textures.

5.3. Synthesis

5.3.1. (28, 35)-2-Chloro-3-methyl-pentanoic acid (1)
The synthesis of compound (1) is according to the
method of Koppenhoefer [26]. In a 500 ml, round flask
equipped with a magnetic stirrer were placed L-isoleucine
(0-2mol) and 360 ml SN HCI at 0°C. The cooled sodium
nitrite aqueous solution (0-3mol) was added dropwise
under nitrogen below 4°C. After stirring the reaction
mixture for 5 h, the ice bath was removed, and the mixture
kept at room temperature for 24 h. 16 g calcium carbonate
were added, and extracted with ethyl ether. The organic
phase was washed with a 10 wt % aqueous solution of HCI,
and the solvent evaporated on a rotavapor. The colourless
oily product was obtained by vacuum distillation
(110°C/8 mmHg, Yield 84-7 per cent). [«]3 = — 7-6, 'H
NMR (CDCl3, TMS): 6 = 0-9 (t, 3H, — CH,CH,), 0-97 (d,
3H, -CHCH3-C;Hs-), 1-27 and 1-58 (m, 2 H, -CH,CH5),
2-03 (m, 1 H, -CHCHj3-), 4-14 (m, 1 H, -CHCI-COOH).

5.3.2. Methyl 4-(2-hydroxyethoxy)benzoate (2); Methyl
4-(2-(2-hydroxyethoxy)ethoxy)benzoate (3);
Methyl 4-(2-(2-(2-hydroxyethoxy)ethoxy)ethoxy)
benzoate (4)

These compounds were synthesized by similar method.
An example synthesis of methyl 4-(2-(2-hydroxy-
ethoxy)ethoxy)benzoate (3) is presented below: A
solution of 2-(2-chloroethoxy)ethanol 5-38 g (0-04 mol) in
50 ml of acetonitrile was added dropwise to a solution of
methyl 4-hydroxybenzoate 5-1g (0-036 mol) and 23-2¢g
(0-168 mol) of powdered anhydrous potassium carbonate
in 300 ml of acetonitrile at 80°C. After stirring the reaction
mixture under reflux for 12h, 250 ml of the acetonitrile

was then distilled and 250 ml dichloromethane added. The
reaction mixture was filtered through celite and the solid
was washed thoroughly with dichloromethane.
Evaporation of the filtrate yielded product in the form of
a yellow oil. Purification by flash chromatography on
silica gel with 40 per cent diethyl ether in dichloromethane
yielded 7-1g (87 per cent). 'H NMR (CDCl;, TMS):
=262 (s, 1H, -OH), 381425 (m, B8H,
—(OCH,CH>)>-), 3-85 (5,3 H,-COOCH3), 6-9 and 7-9 (2d,
4 aromatic protons).

5.3.3. Methyl 4-allyloxybenzoate (5); Methyl
4-(2-allyloxyethoxy)benzoate (6); Methyl 4-(2-(2-
allyloxyethoxy)ethoxy)benzoate (7); Methyl 4-(2-
(2-(2-allyloxyethoxy)ethoxy)ethoxy)benzoate (8)

These compounds were synthesized by the same
method. The prepration of methyl 4-(2-(2-allyloxy-
ethoxy)ethoxy)benzoate (7) is presented as followed:

Methyl 4-(2-(2-hydroxyethoxy)ethoxy)benzoate (3) 8-4 g

(0-035mol) was added to a suspension of 3-15g

(0-105mol) sodium hydride in 100ml dried

tetrahydrofuran at 4°C. After the hydrogen was

completely released, allyl bromide 3-94 ml (0-0456 mol)
was added dropwise to the reaction mixture and then
stirred at room temperature overnight. The excess sodium
hydride was treated with distilled water and extracted with
ethyl acetate. The organic phase was washed with 10 per
cent aqueous hydrochloric acid solution, dried over
anhydrous MgSQ,, and the solvent evaporated on a rotary
evaporator. The yellow oil product was purified by flash
chromatography on silica gel with 4 per cent diethyl

ether in dichloromethane. Yield 8-39 g (86 per cent). 'H

NMR (CDCl;, TMS): §=3-81-425 (m, 10H,

—CH,—(OCH,CH>),-), 3-85 (s, 3H, -COOCHs), 5-23 and

59 (m, 3H, CH,=CH-), 6-95 and 8-05 (2d, 4 aromatic

protons).

5.3.4. 4-Allyloxybenzoic acid (9);
4-(2-Allyloxyethoxy)benzoic acid (10); 4-(2-(2-
Allyloxyethoxy)ethoxy)benzoic acid (11); 4-(2-(2-
(2-Allyloxyethoxy)ethoxy)ethoxy)benzoic acid (12)

These compounds were synthesized by similar method.

An example synthesis of 4-(2-(2-allyloxyethoxy)-

ethoxy)benzoic acid (11) is presented below: A mixture of

8-39g (0-03mol) of methyl 4-(2-(2-allyloxyethoxy)-
ethoxy) benzoate (7), 6 ml of 50 per cent aqueous sodium
hydroxide solution and 150 ml of methanol was stirred

under reflux for 3 h. Methanol was distilled off (100 ml)

and water 600 ml was added. The reaction mixture was

acidified with hydrochloric acid. After cooling at 0°C, a

white solid was filtered and set aside. The filtrate was

extracted with dichloromethane and the extracted material
was evaporated to a white solid which was combined with
the set-aside material. The combined material was dried
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Table 3. (a) Chemical shift  and [«]3° value of series MDnl 1A, MDn12A.

Monomers

(]2t

'H NMR spectrat

MDO11A

MDIL]1A

MD211A

MD311A

MDO12A

MD112A

MD212A

MD312A

+2.94

+2.66

+1.98

+1-567

+2.57

+ 2203

+1-513

+ 1-463

1-0 (m, 6H, -CHCH3;-CH,CHs), 1-3 and 1-5 (m, 2 H, —CH,CH3), 1-8
(m, 1 H, -CHCHj3), 42 and 4-3 (m, 2 H, —O-CH,~), 4-6 (m, 2H, -CH,-O-),
5-23 and 59 (m, 3 H, CH,=CH-), 6-9-7-9 (4d, 8 aromatic protons).

1.0 (m, 6 H, -CHCH;-CH,CH;), 1-3 and 1-5 (m, 2 H, -CH,CH>), 1.8

(m, 1 H, ~-CHCH), 42 and 4-3 (m, 2H, ~O~CH,-), 3-81—4-25

(m, 6H, -CH,~(OCH,CH,)-), 5:23 and 5-9 (m, 3H, CH,=CH-), 6-9-7-9
(4d, 8 aromatic protons). o

1-0 (m, 6 H, -CHCH3-CH,;CH3), 1-3 and 1-5 (m, 2 H, ~CH,CH3), 1-8

(m, 1H, -CHCH3), 42 and 4.3 (m, 2H, ~O-CH>-), 3-81-4-25

(m, 10H, -CH,~(OCH,CH,);~), 5-23 and 5-9 (m, 3 H, CH,=CH-), 6-9-7-9
(4d, 8 aromatic protons).

1-0 (m, 6H, -CHCH3;-CH,CH3), 1-3 and 1-5 (m, 2H, -CH,CHj), 1-8

(m, 1 H, -CHCHy), 4-2 and 4-3 (m, 2H, ~O-CH,-), 3-81-4-25

(m, 14H, -CH~(OCH2CH,);-), 5-23 and 5-9 (m, 3H, CH,=CH-), 6:9~7-9
(4d, 8 aromatic protons).

1.0 (m, 6 H, -CHCH3—CH2CHs), 1-3 and 1-5 (m, 2H, ~-CH,CH3), 1-8
(m, 1 H, -CHCH3), 4-2 and 4-3 (m, 2 H, —O-CH>-), 4-6 (m, 2H, -CH>~-0-),
5-23 and 5-9 (m, 3H, CH,=CH-), 6:9-8-0 (6d, 12 aromatic protons).

1.0 (m, 6 H, -CHCH;-CH,CH3), 1-3 and 1-5 (m, 2H, -CH,CH3), 1-8

(m, 1 H, -CHCHz), 42 and 4-3 (m, 2H, ~-O-CH>-), 3-81-4-25

(m, 6H, -CH>~(OCH,CH>)-), 5-23 and 59 (m, 3H, CH,=CH-), 6-9-8-035
(6d, 12 aromatic protons).

1-0 (m, 6 H, -CHCH;-CH,CH3), 1-3 and 1-5 (m, 2H, -CH,CH3), 1-8

(m, 1H, -CHCH3), 4-2 and 4-3 (m, 2H, -O-CH;-), 3-81-4-25

(m, 10H, ~CH>—~(OCH:CH,),-), 5-23 and 5-9 (m, 3 H, CH,=CH-), 6-9~8.05
(6d, 12 aromatic protons).

1-0 (m, 6 H, -CHCH;—CH>CH3), 1-3 and 15 (m, 2H, -CH;CH,), 1-8

(m, 1H, -CHCH3), 4-2 and 4-3 (m, 2H, ~O-CH>-), 3-81-4-25

(m, 14H, -CH,(OCH2CH,)s-), 5-23 and 5-9 (m, 3H, CH,=CH-), 6.9-8-05
(6d, 12 aromatic protons).

T These values were measured in CHCl;, 25°C.
1 These values were measured in CDCl3, using 300 MHz nuclear magnetic resonance spectroscopy (internal

standard tetramethylsilane).

under vacuum to yield 4-4 g of product (94-3 per cent). 'H
NMR (CDCl;, TMS): 6=3-81425 (m, 10H,
~CH>—(OCH,CH>»)>-), 5-23 and 5-9 (m, 3H, CH,=CH-),
6-95 and 805 (2d, 4 aromatic protons), 122 (s, 1H,
—COOH).

5.3.5. (S)-2-Methyl-1-butyl 4-hydroxybenzoate (13);
4-4'-Dihydrobiphenyl (28, 3S)-2-chloro-3-methyl
pentanoate (16)

The two compounds could be prepared from
4-hydroxybenzoic acid, 4-4'-biphenyl and (S)-2-
methyl-1-butanol, (2,35 )-2-chloro-3-methy! pentanoic
acid (1) via a csterification. An example synthesis of
compound (13): In a 250ml round-bottomed flask,
4-hydroxybenzoic acid 4-14 g (0-03 mol), (5)-2-methyl-
I-butanol 4-3ml (0-04mol), DCC (dicyclohexyl-

carbodiimide) 6-18 g (0-03 mol), 4-pyrrolidino pyridine
0-444 g (0-003mol) and dried THF 50ml were stirred
under N: at 4°C overnight. The solution was filtered and
filtrate was washed with 10 per cent HCl(aq) and 5 per cent
NaHCOs(aq). The filtrate was evaporated to a crudely
yellow oil. The product was purified by flash
chromatography on silica gel with 40 per cent diethyl ether
in dichloromethane. Yield: (13) 70-5 per cent; (16) 79-36
percent. m.p.: (13) < 25°C, (16) 121°C. 'HNMR (CDCls,
TMS): (13) 1-0 (m, 6 H, -CHCH3~CH,CHj3), 1:3 and 1.5
(m, 2H, -CH,CH3), 1-8 (m, 1 H,-~CHCH3), 4-2 and 4-3 (m,
2H, -O—CH;-), 7-0 and 8-0 (2d, 4 H, aromatic protons).
(16) 0.9 (t, 3H, -CH,CHs), 0-97 (d, 3H, -CHCH»—C,Hs),
1.27 and 1-58 (m, 2 H, -CH,CH3), 2-03 (m, 1 H, -CHCH3y),
4.14 (m, 1 H, -CHCI1-COQ), 6-9, 7-5, 7-6 and 8-05 (4d,
8 H, aromatic protons).
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Table 3. (b) Chemical shift § and [«]% value of series MDn12B, MDn12C.

Monomers [a}3’t 'H NMR spectraf

MDOI2B +26-744

0-9 (t, 3H, (CH,)s—CHy), 134 (d, 3H, -OCH (CHa)-), 1-26-2-28

(m, 10H, «(CH,)s—CH3), 4-44 (m, 1 H, -O-CH(CH3)-CH-), 4-6
(m, 2H, -CH»~0-), 523 and 59 (m, 3H, CH,=CH-), 6.9-8-05
(6d, 12 aromatic protons).

MDI112B +25.92

09 (t, 3H, «(CH,),—CH3), 1-:34 (d, 3H, —-OCH (CH3)-), 1-26-2-28

(m, 10H, —(CH,)s—CH3), 4-44 (m, 1 H, -O-CH(CH3)--CH;-), 3-81-4-25
(m, 6 H, -CH;—(OCH,CH,)-), 5-23 and 5-9 (m, 3H, CH,=CH-), 6-9-8-05
(6d, 12 aromatic protons).

MD212B +23.28

09 (i, 3H, ~(CH,)4—CHs), 134 (d, 3H, ~OCH (CH.)-), 1-26-228

(m, 10H, «(CH,)s—CHa3), 4-44 (m, 1 H, -O-CH(CH;)-CH;-), 3-81-4.25
(m, 10H, -CH,—(OCH,CHj3),-), 5-23 and 5-9 (m, 3 H, CH,=CH-), 6-9-8-05
(6d, 12 aromatic protons).

MD312B +21-599

0-9 (t, 3H, (CH;)4—CHs), 1.34 (d, 3H, -OCH (CHai)-), 1-26-2.-28

(m, 10H, «(CH,)s—CHs), 4-44 (m, 1 H, -O-CH(CH3)-CH;,~), 3-81-4-25
(m, 14 H, -CH~(OCH>CH,)s-), 5-23 and 59 (m, 3H, CH,=CH-), 6-9-8.05
(6d, 12 aromatic protons).

MDO012C —3-012

0-9 (t, 3H, -CH,CH»), 097 (d, 3H, -CHCH3~C,Hs),

1.27 and 1-58 (m, 2H, -CH,CH3), 2:03 (m, 1 H, -CHCH3),
4-14 (m, 1 H, -CHCI-COO), 4-6 (m, 2H, -CH,~0-), 5-23 and 5-9
(m, 3H, CH,=CH-), 6-9-8-05 (6d, 12 aromatic protons).

MDI112C —3.423

0-9 (1, 3H, -CH,CHs5), 0-97 (d, 3H, -CHCH;-C,H5),

1-27 and 1-58 (m, 2H, -CH,CH3), 2:03 (m, 1 H, -CHCH3),
4-14 (m, 1 H, -CHCI-COO), 3-81-4-25 (m, 6 H, -CH,~(OCH,CH,)-),
5-23 and 59 (m, 3H, CH,=CH-), 6-9-8-05 (6d, 12 aromatic protons).

MD212C —7-523

0-9 (t. 3H, -CH>CH,), 0-97 (d, 3H, -CHCH;-C,Hj5),

1-27 and 1-58 (m, 2H, -CH,CH3), 2-03 (m, 1 H, -CHCH,),
4-14 (m, 1 H, ~-CHCI-COO), 3-81-4-25 (m, 10H, ~-CH,{(OCH,CH,),-),
5-23 and 59 (m, 3H, CH,=CH-), 6.9-8-05 (6d, 12 aromatic protons).

MD312C — 5-889

09 (t, 3H, 7CH2CE3), 0-97 (d, 3H, —CHCE3—C2H5),

1-27 and 1-58 (m, 2H, -CH,CHj3), 2-03 (m, 1 H, —CHCHs3),
4-14 (m, 1 H, -CHCI-COQ), 3-81—4.25 (m, 14H, —CH,;—(OCH,CHo>)s-),
5-23 and 59 (m, 3H, CH,=CH-), 6.9-8.05 (6d, 12 aromatic protons).

T These values were measured in CHCls, 25°C.

¥ These values were measured in CDCls, using 300 MHz nuclear magnetic resonance spectroscopy (internal

standard tetramethylsilane).

5.3.6. (8)-2-Methyl-1-butyl 4-hydroxybiphenyl-4'-
carboxylate (14); (R)-1-Methyl-1-heptyl
4-hydroxybiphenyl-4'-carboxylate (15)

Mitsunobu [28] reaction can be used to prepare
compound (14) and (15). An example synthesis of
compound (14) is presented below: A solution of
(5)-2-methyl-1-butanol 1-505ml (0-014mol) and TPP
(triphenylphosphine) 2-447 grams (0-009 mol) in 20 ml of
dried THF was added dropwise to a solution of
4-hydroxybiphenyl-4’-carboxylic acid 2g (0-009 mol)
and  23-2g  (0-168mol) of DLAD (diethyl
azodicarboxylate) 1-625 g (0-009 mol) in 20ml of dried
THF at room temperature. After stirring the reaction
mixture under reflux for 24 h, the reaction mixture was
filtered through celite. Evaporation of the filtrate yielded

the product in the form of a yellow oil. Purification by flash
chromatography on silica gel with 40 per cent diethyl ether
in dichloromethane yielded 2-12 g (80 per cent) m.p.: (14)
104°C, (15) 111-8°C. 'H NMR (CDCl;, TMS): (14) 1-0
(m, 6H, -CHCH;~CH,CH3), 1-3 and 1-5 (m, 2H,
—CH,CHs), 1-8 (m, 1 H, -CHCHa), 4.2 and 4.3 (i, 2 H,
—-0-CH>-), 69, 7-5, 7-6 and 8-05 (4d, 8H, aromatic
protons). (15) 09 (t, 3H, —(CH,)s—CHa), 1-34 (d, 3 H,
-OCHCH;-), 1-26-2.28 (m, 10H, (CH,)s—CH.), 4-44
(m, 1H, -O-CHCHs-CHy-), 6-9, 7-5, 7-6 and 8-05 (4d,
8 H, aromatic protons).

53.7. MDnlIA
4-[(§5)-2-Methyl-1-butoxycarbonyl]phenyl 4-allyloxy-
benzoate (17); 4-[(5)-2-Methyl-1 -butoxycarbonyl]phenyl
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4-(2-alloyloxyethoxy)benzoate (18); 4-[(S)-2-Methyl-1-
butoxycarbonyllphenyl ~4-(2-(2-allyloxyethoxy)ethoxy)
benzoate (19); 4-[(S )-2-Methyl-1-butoxycarbonyl]phenyl
4-(2-(2-(2-allyloxyethoxy)ethoxy)ethoxy)benzoate (20);.

5.3.8. MDniI2A
4-[(S)-2-Methyl-1-butoxycarbonyli]-4'-biphenyl 4-al-
lyloxy benzoate (21); 4-[(5)-2-Methyl-1-butoxycar-
bonyl]-4'-biphenyl 4-(2-allyloxyethoxy)benzoate (22);
4-[(5)-2-Methyl-1-butoxycarbonyl]-4’ -biphenyl 4-(2-(2-
allyloxyethoxy)ethoxy)benzoate (23); 4-[(S)-2-Methyl-
1-butoxycarbonyl]-4’-biphenyl  4-(2-(2-(2-allyloxyeth-
oxy)-ethoxy)ethoxy)benzoate (24).

5.39. MDni2B
4-[(R)-1-Methyl-1-heptoxycarbonyl]-4’-biphenyl 4-al-
lyloxybenzoate (25); 4-[(R)-1-Methyl-1-heptoxycar-
bonyl}-4'-biphenyl 4-(2-aliyloxyethoxy)benzoate (26);
4-[(R)-1-Methyl-1-heptoxycarbonyl]-4’-biphenyl  4-(2-
(2-allyloxyethoxy)ethoxy)benzoate (27); 4-[(R)-1-Me-
thyl-1-heptoxycarbonyl]-4’-biphenyl  4-(2-(2-(2-allyl-
oxyethoxy)ethoxy)ethoxy)benzoate (28).

5.3.10. MDni2C

4-[(28,3S5)-2-Chloro-3-methylpentanoyloxy]-4'-biphenyl
4-allyloxybenzoate (29); 4-[(25, 35 )-2-Chloro-3-methyl-
pentanoyloxy]-4’-biphenyl 4-(2-allyloxyethoxy)benzoate
(30); 4-[(2S, 35)-2-Chloro-3-methyl-pentanoyloxy]-4'-
biphenyl 4-(2-(2-allyloxyethoxy)ethoxy)benzoate (31);
4-[(2S, 35 )-2-Chloro-3-methyl-pentanoyloxy]-4'-biphe-
nyl 4-(2-(2-(2-allyloxyethoxy)ethoxy)ethoxy)benzoate
(32).

These final products were synthesized by the same
method of preparing compounds (13), (16), or compounds
(14), (15). The [«]3’, '"H NMR spectra are listed in table

3(a), ().

The authors are grateful to the National Science Council
of the Republic of China (NSC-81-0416-E007-02 and
NSC-82-0511-E007-01).
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