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NTT Interdisciplinary Research Laboratories, Nippon Telegraph and Telephone Corporation, 
Musashino, Tokyo 180, Japan 

(Received November 13, 1991; in final form December 16, 1991) 

The syntheses and properties of a series of ferroelectric liquid crystals with two chiral groups, one on 
each side of the core, are described. One of the chiral groups is an optically active alkanoyl group and 
the other is a group derived from one of three kinds of optically active carboxylic acids. The mesomorphic 
properties and spontaneous polarization of these dichiral compounds are compared with those of 
monochiral compounds having one of the two chiral groups. These properties and polarization values 
are discussed in terms of the core and the chiral structure. The dichiral compounds all exhibit very 
large spontaneous polarization and the maximum value (11.3 mC/mz) was obtained for a compound 
with a hydroxyl group in the core. 

INTRODUCTION 

Since the discovery1 of a ferroelectric liquid crystal (FLC), many studies have been 
devoted to synthesis of ferroelectric liquid crystal compounds that have a large 
spontaneous polarization Ps. The Ps of a liquid crystal compound is induced by 
the dipole perpendicular to the molecular long axis. Ps can be increased by using 
a larger dipole or by placing the dipole close to an asymmetric carbon atom. 
Although the dipoles of esters and ethers have been used to form many ferroelectric 
liquid crystals, recent have shown that liquid crystals with a carbonyl group 
adjacent both to the core of the liquid crystal and to an asymmetric carbon atom 
have a larger Ps than corresponding esters or ethers. 

Another way to increase Ps is by introducing two or more dipoles near the chiral 
center in such a way that their components perpendicular to the molecular long 
axis are increa~ed.~ One example of this is the introduction of a hydroxyl group 
ortho to a carbonyl g r o ~ p ~ , ~  or an ester group6 attached to an asymmetric carbon 
atom. The formation of an intramolecular hydrogen bond between the hydroxyl 
and the carbonyl group increases the dipole components perpendicular to the 
molecular long axis, increasing the Ps of the molecule. 

The introduction of two or more chiral groups into one molecule has also been 
studied as a way of enhancing P s . ~  The most important factor in this case is that 
the signs of the Ps due to each of the chiral groups are the same. We have already 
synthesized FLC compounds that have an optically active alkanoyl group on one 
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2 S. KOBAYASHI AND S. ISHIBASHI 

side of the core and a chiral group derived from lactic acid on the other side, and 
we have shown that these compounds exhibit markedly large Ps.* ,~  In the present 
work we have extended this study by synthesizing analogous compounds with a 
different core or a different terminal group or both. Their ferroelectric liquid crystal 
properties will be described here. 

MATERIALS AND THEIR PREPARATION 

The compounds examined are shown in Table I. The absolute configurations of 
the two chiral groups in each compound were selected so that the signs of Ps due 
to each of them are the same. 

Compounds 1, 2 and 3 were prepared according to Scheme I, and compounds 

TABLE I 

Compounds with two chiral groups 

Comp. No. Chemical Structure 
Absolute  

Configuration 
c' c'* 
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DICHIRAL FERROELECTRIC LIQUID CRYSTALS 3 

pyridine 
R,*COCI + H O ~ C O O H  - R ~ T O O ~ C O O H  1 5  

AIC13 
C H ~ O Q  + R2*COCI - HOQCOR2' 1 6  

OH ZnC12 
H O G  + R2'COCI - HO&OR2' 1 7 

DCC 
15 + 16 or 1 7  - 1, 2 or 3 

CI 
CH3 I CH3 I I 

R1* = CmH2m+10C*H-, CkH2k+lC*H- or C2H5CH(CH3)C'H- 

CH3 
I 

R2* = CnH2,+1C*H- 

DCC = Dicyclohexyl carbodiirnide 

SCHEME I Synthesis of compounds 1, 2 and 3. 

pyridine 
R,'COCI + HOQCOOH - R1'COOQCOOH 1 8  

DCC 
18 + 1 9  - 4(X=OH) 

DCC 
18 + 1 5  - 6(X=OH) 

Bz = Benzyl 

SCHEME I1 Synthesis of compounds 4(X = OH) and 6(X = OH). 

4(X = H), 6(X = H) and 7 were prepared by using an analogous process. Com- 
pounds 4(X = OH) and 6(X = OH) were synthesized according to Scheme 11. 
Compounds 5 were prepared according to Scheme 111. 

Compounds 1, 2, 3, 6 and 7 were compared with compounds 8 to 14 (Table II),  
each of which have one chiral structure. 
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4 S .  KOBAYASHI AND S. ISHIBASHI 

pyridine . .  
R,*COCI + HOWOH - R , * C O O ~ O H  2 0 

QNHCOCH, + R2'COCI 

H+ NaN02 - R2'COQ NH2 - R2*CO Q N2+ 
H+ 

DCC 
20 + 2 1  - 5 

SCHEME I11 Synthesis of compound 5 .  

RESULTS AND DISCUSSION 

Specific rotations are listed in Table I11 for compounds 1 to 7 and in Table IV for 
compounds 8 to 14. Transition temperatures, Ps, tilt angles 8 and Po (= Ps/sinO) 
are summarized in Table V for compounds 1 to 7 and in Table VI for compounds 
8 to 14. 

Mesomorphic Properties 

The mesomorphic properties of liquid crystals are affected by the structure of the 
chiral center, the core structure, the type and length of the terminal chains, and 
the presence of a substituent in the core. 

Phase transition temperatures for compounds 1 are plotted against the terminal 
chain carbon number m in Figure 1 and n in Figure 2. As m increases in compounds 
1 with n = 6, the thermal stabilities of smectic phases decrease; at the same time, 
the S, phase narrows, disappears when m = 6, and appears again when m is greater 
than 6 (Figures lc, Id). The thermal stabilities of smectic phases for compounds 
1 with n = 2, on the contrary, do not vary with increasing m and the S, phase 
remains wide (Figures la ,  lb). The variation of n in compounds 1 with m = 6 
causes a change of mesomorphic properties (Figure 2) similar to that for compounds 
1 with m = 6 due to the variation of m (Figure lc, Id). This implies that, except 
when m or n is very small, both the terminal chains in compounds 1 play a similar 
role in determining mesomorphic properties. 

Whereas compounds 1 with n = 2 exhibit an enantiotropic S, and a monotropic 
S z  phase, compounds 1 with IZ greater than 2 show monotropic S,  and Sg  phases. 
Compounds 1 with X = H and certain combinations of m and n, however, show 
enantiotropic S, and S z  phases. For example, compounds 1(8,4,H) and 1(10,6,H) 
exhibit enantiotropic S,  and Sg phases. 

The thermal stabilities of the liquid crystal phases for dichiral compounds 1 are 
considerably lower than those of the monochiral compounds 8, 9 and 10. This 
implies that the molecular packing or the superposition of the cores or both in 
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DICHIRAL FERROELECTRIC LIQUID CRYSTALS 5 

TABLE I1 

Compounds with one chiral group 

Comp. No. Chemical Structure Absolute Configuration 

9 

1 0  

1 1  

1 2  

1 3  

1 4  

compounds 1 is considerably depressed because of the presence of two branched 
chiral groups on both sides of the core. 

Dichiral compounds 2 have an Z-S,-S; transition sequence, as do the monochiral 
compounds 8 and 9 containing the ketone structure. This means that the meso- 
morphic properties of compounds 2 are mainly governed by the ketone structure. 
Both the melting points and the thermal stabilities of smectic phases for compounds 
2 are lower than those of compound 9. This is attributed to the presence of a 
methyl group in the fatty acid residue in compounds 2. The methyl branch causes 
the depression of the molecular packing and the superposition of the cores. 

Compounds 1(6,2,H), 4(6,2,H,H) and 5(6,2) all show an I-S,-S; transition 
sequence (Figure 3). They have the same chiral groups on both sides of three-ring 
cores but their core structures differ: compound 1 is a derivative of phenyl 4- 
biphenylcarboxylate, compound 4 is a derivative of biphenyl benzoate and com- 
pound 5 has a core similar to that in compounds 1 but that differs in the direction 
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6 S. KOBAYASHI AND S. ISHIBASHI 

TABLE I11 

Specific rotation of dichiral compounds 1 to 7 

Compound [a]+ c(g/100ml) 
+44.4 0.52 
+48.1 
+46.7 
+47.9 
+42.0 
+35.3 
+39.2 
+33.9 
+39.7 
+32.7 
+36.4 
+34.4 
+33.8 
+33.2 
+32.9 
+30.7 
+29.4 
+33.9 
+29.6 
+29.6 
+3 1.7 
+29.7 
+17.3 
+18.6 

+6.4 
+7.4 

+38.9 
+41.9 
+45.6 
+34.2 
+34.2 
+42.3 
+34.2 
+42.1 
+36.8 
+27.7 
+24.8 

0.34 
0.27 
0.29 
1 .o 
0.54 
0.22 
0.4 1 
0.22 
0.25 
0.22 
0.52 
0.20 
0.25 
1 .o 
1 .o 
0.21 
0.22 
0.62 
0.42 
0.62 
0.36 
0.4 1 
0.22 
0.33 
0.33 
0.57 
0.82 
0.4 
0.5 
0.31 
0.62 
0.63 
0.35 
0.24 
0.42 
0.41 

7(8,6) + I  2.2 0 .42 
Solvent: chloroform 

of the central ester group. The thermal stabilities of the smectic phases of these 
compounds are almost the same despite their different cores. The thermal stabilities 
of the S z  phases, however, are influenced by the core structures: the most stable 
S z  phase can be obtained for compound 5, followed by compounds 1. 

Compounds 6 and 7, which have a four-ring core, show enantiotropic S,  and 
Sg phases. The thermal stabilities of the liquid crystal phases for compounds 6 
and 7 are higher than those for analogous compounds with three-ring cores. 
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DICHIRAL FERROELECTRIC LIQUID CRYSTALS 

TABLE IV 

Specific rotation of monochiral compounds 8 
to 14 

S(2,OH) +12.3 1 .o 
8(6,H) +4.8 1 .o 
816,OH) +7.1 0.49 
9 ( H )  +4.2 0.66 

1 0  +28.8 0.4 
1 1  +10.9 0 . 3  
1 2  +1.8 0.33 
1 3  +0.9 0.3 1 
1 4  +24.4 0.34 

Solvent:  chloroform 

Introduction of a substituent, such as a hydroxyl group or a halogen atom, into 
a side position within the core considerably decreases the thermal stabilities of the 
smectic phases (Figure 3). This is the same as the effect already described for 
compounds 83 and is attributed to an increase in the intermolecular distance. In 
general, hydroxyl groups considerably enhance intermolecular cohesion by forming 
intermolecular hydrogen bonds. In this work, however, a hydroxyl group is intro- 
duced into the core at the position ortho to the alkanoyl group so that an intra- 
molecular hydrogen bond is formed to suppress intermolecular interaction. For- 
mation of an intramolecular hydrogen bond was confirmed by IR and NMR 
spectroscopy. 3,5 

Figure 3 shows that the effect of a hydroxyl group on the mesomorphic properties 
is larger for compounds 4 than for compounds 1. For example, the introduction 
of a hydroxyl group into compounds 4 leads to disappearance of liquid crystal 
phases for n = 2, and a marked depression of the smectic phases (by 55°C) for n 
= 6, whereas the presence of a hydroxyl group in compounds 1 depresses the 
smectic phase by 43°C for n = 2 and by 33°C for n = 6. This implies that a hydroxyl 
group in the biphenyl structure more strongly interferes with the superposition of 
the cores than does a hydroxyl group in the phenyl ring. 

Spontaneous Polarization 

The Ps of compounds having two chiral groups, with the same signs of Ps, on both 
sides of the core is very large. In particular, compounds 1 show extremely large 
Ps. The largest value reaches 11.3 mC/m2 at T, - T = 10°C for compound 1(6,6,OH). 
This is the largest value ever reported for FLC’s. 

If the signs of the two chiral groups are different, the compounds show a re- 
markably smaller ps. For example, the optical isomer of compound 1(6,6,H) whose 
absolute configuration is (S,S) shows a Ps of -0.40 mC/m2, and the Ps of the (S,S) 
isomer of compound 1(6,6,OH) is only - 0.46 mC/m2. 

Dichiral three-ring compounds 1 to 3 exhibit larger Ps than corresponding com- 
pounds with one of the two chiral groups. The Po values for compounds 1 to 3 are 
compared with those for the corresponding compounds (Table VII). The Po for 
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8 S. KOBAYASHI AND S. ISHIBASHI 

TABLE V 

Properties of dichiral compounds 1 to 7 

Compound Phase transition temperature/"C # 1  ~ $ 2  e#2 p0#3 
Cr SX SC* SA N* I /mCm-2 /mCm-2 

* 5 5  
* 5 5  
0 5 2  
- 5 2  
0 7 9  
- 4 7  
* 4 3  
* 4 5  
- 3 7  
0 6 2  
0 9 2  
- 4 5  
* 3 7  
9 9 7  
0 6 5  
* 8 0  
* 4 3  
- 6 4  
* 5 6  
- 4 7  
0 4 0  
* 7 9  
0 4 6  
999 
0 6 2  ( ' 2  
* 8 8  
* 5 4  
* 6 7  
- 6 3  
* 4 4  
* 3 2  
- 5  1 
* 7 3  

0 1 0 8  
09 8 
- 1 0 4  
0 1 0 6  
- 6 3  
979)  
* 4 0 )  
0 8 0  
0 4 0 )  
0 6 8  
- 4 4 )  
- 7 6 )  
0 4 2 )  
0 4 9  

075)  
0 4 4  
- 7  5 
* 4 7 )  
043)  
0 4 6  
975)  
* 2 7 )  

9 5 5 )  
- 1 0 3  

6 5 )  

0 5  1 
0 3 1 )  

* I 0 0  

. 

. 

. 

. . 

. 

. 

- 7 8 )  

. 

. 

. . 
6(6,2,0H) - 4 9  ( 0 1 7 )  0115 0 1 7 6  
6(6,6,H) 0 1 0 3  ( 0 9 7 )  *I72 0 1 9 3  
6(8,6,H) - 9 7  ( 0 8 6 )  *I69 - 1 8 7  

2.85 
3.10#4 
2.90 
3.50 
4.40 
4.57 
7 .70  
4.07 
6.50 

6 .63  
6 .60  
6 .10  

11.30 
5 .12  
6 .65  
4 .18  

5 .60  
5.85 
3 .60  
4 .70  
4 .40  

4.05 

6.65#4 

2.78 
2.87 

3.25 
2 .00  
2 .75  
2.50 

I I .0#4 

2 6  

2 7  
3 0  
2 8  
3 4  
3 5  
3 3  
3 4  

3 4  
3 6  
3 8  
3 6  
2 9  
3 3  

3 4  
3 9  
3 5  
3 7  
3 0  

2 6  

3 6  
3 6  

2 7  
2 5  
3 6  
3 1  

6.46 

6.50 
8.00 
9.40 
8.17 

13.40 
7.47 

1 1.60 

12.0 
10 .40  
17 .90  

8.80 
13.70 

7.67 

10.0 
9.20 
6.30 
7.90 
8.80 

9.14 

4.73 
4.85 

7.16 
4.60 
4.70 
4.90 

7 (8 ,6 )  * I 0 6  ( 0 7 9 )  0166 0 1 9 0  1.78 3 3  3.25 
Note # I  Cr, Sx,  Sc*, S A .  N* and I are abbreviations for crystal, unidentified smectic. 
chiral smectic C, smectic A ,  chiral nematic and isotropic liquid phases, respectively. 
( 1 indicates monotropic transition. 
#2 Ps and t i l t  angles ( 0 )  were measured at 10 C below the SA-Sc* or I-Sc* transition 
temperature (Tc) .  Ps werc all minus. 
#3 Po=Ps/sinB. 
#4 Obtained by extrapolating the values measured for the mixtures exhibiting an 
enantiotropic Sc* phase with compound S ( 6 , O H ) .  
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DICHIRAL FERROELECTRIC LIQUID CRYSTALS 

120 
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Q 40 
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L 

9 
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- mP \. 

- - 
. (b)  - S C '  

Y 

TABLE VI 

Properties of monochiral compounds 8 to 14 

Compound Phase transition teinperature/'C # 1  ps#2 (j#2 p0#3 
Cr SX SP SA N* I /mCm-2 /mCm-2 

8(2,H) * 7 8  ( - 6 5 )  0 1 2 6  0184 -0 .53  1 8  -1 .72  
S(2,OH) 0 4 9  ( * 1 2 )  
8(6,H) - 7 9  ( -65 )"  
8(6,OH) - 3 3  ( - 5 )  
9 ( H )  - 8 4  ( - 6 1 )  
1 0  * I 0 1  
1 1  0 1 0 7  
1 2  - 3  9 
1 3  * I 3 2  

* 9 6  ' 1 5 5  -0.71 1 8  -2 .49  
* I 3 9  - 1 5 3  -1.08 2 4  -2.66 
* 9 6  0 1 3 2  -1 .46  2 0  -4 .27  
* I 3 3  - 1 5 7  -0 .91  2 2  -2 .59  
0 1 3 5  - 1 3 8  ' -0 .78  3 1 -1.51 
- 1 3 3  -0 .23  3 8  -0 .37  
- 1 3 5  - 1 5 9  * I 6 1  -0.60 2 5  -1 .42  
* 2 0 9  * 2 5 1  -0.80 2 3  -2 .05  

1 4  - 1 3 5  * 2 3 0  - 2 3 7  ' -0 .70  3 0  -1 .40  
Note : # I .  #2, #3  ; See the note in Table V .  * Antiferroelectric S c *  phase i0 .  

m 

0 ' .  ' . " ' 
0 2 4 6 

m 

120 

9 

?! 
5 80 

. 

I 
E 
Q 

I- 

I ",9 ......... .-a,.. 

SC' 

. 
?! 
2 40 I 
E 
Q 

I- 

- *  

SC - n - 
0 2 4 6 8 1 0  1 2  

40 
2 4 6 8 1 0 1 2  

m m 
FIGURE 1 
(b) n = 2, X = OH; (c) n = 6 ,  X = H; (d) n = 6 ,  X = OH. 

Dependences of transition temperatures on rn for compounds 1 with (a) n = 2, X = H; 

the compounds with two chiral groups is considerably greater than the sums of the 
Po for the corresponding compounds. 

On the other hand, dichiral four-ring compounds 6 and 7 exhibit smaller Ps than 
their three-ring analogues, 1 and 2. The dichiral four-ring compound 6(6,6,H) shows 
a Ps of only 2.75 mC/m2, whereas its three-ring analogue, 1(6,6,H), shows a Ps of 
6.10 mC/m2. The Po of compound 6(6,6,H) is larger by 36% than the sum of the 
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10 S. KOBAYASHI AND S. ISHIBASHI 

9 . 
2 
a 
F 
n 

l- 

c 

al 

E 

80 

40 

0 
0 2 4 6 8 1 0  

n 
FIGURE 2 Dependences of transition temperatures on n for compounds 1. 

TABLE VII 

Comparison of Po of dichiral compounds 1, 2, 3 and 6 with Po of the corresponding 
monochiral compounds 

Dichiral c oinpo u n  d Monochiral compound Po 1 +Po2 
No. PO No. Pol NO. Po2 

l(6.2.H) 8 .0 10 1.51 8(2,H) 1.72 3 . 2 3  
l(6.2,OH) 9.4 10 1.51 8(2,OH) 2.49 4 . 0 0  
l (6 .6 .H)  10 .4  10 1.51 8(6,H) 2.66 4 . 1 7  
1(6,6,OH) 1 7 . 9  1 0  1.51 8(6,OH) 4.27 5 . 7 8  
2(8,6,H) 6.3 11 0.37 8(6,H) 2.66 3 . 0 3  
3(6,H) 8 .8  12 1.42 8(6,H) 2.66 4 . 0 8  
6(6,6,H) 4.7 14 1.40 1 3  2.05 3 . 4 5  

Po for the corresponding monochiral compounds 13 and 14, whereas the Po of 
compound 1(6,6,H) is about 2.5 times the sum of the Po for compounds 8(6,H) 
and 10 (Table VII). This suggests that marked enhancement of Ps by the intro- 
duction of two chiral groups on both sides of the core can be achieved only for 
compounds with a three-ring core, irrespective of the core structure. 

This implies that the motion around the chiral centers in the dichiral compounds 
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DICHIRAL FERROELECTRIC LIQUID CRYSTALS 11 

with a three-ring core is more effectively damped than it is in the monochiral 
compounds and in the dichiral compounds with a four-ring core. This damping is 
probably caused by intermolecular interaction associated with the specific alignment 
of molecules. Another explanation for the effective damping of the motion may 
be that the dichiral compounds with a three-ring core show an Sg phase at much 
lower temperatures than do the monochiral compounds and the dichiral compounds 
with a four-ring core. 

The Ps of compounds 1 is plotted in Figure 4 against rn and n. The increase in 
the terminal aliphatic chain length of the alkanoyl group and of the alkoxy group 
attached to the lactic acid residue in compounds 1 leads to an increase in Ps. This 
can be explained by damping of the motion around the chiral centers.'l The Ps 
values, however, reach maxima and then decrease with increasing rn or n. 

The effect on Ps of the chiral group located at the opposite side of the alkanoyl 
group is shown in Figure 5 .  The Ps of compounds 1 is larger than that of compounds 
2. This means that the alkoxy group in compounds 1 plays an important role in 
enhancing Ps. 

Comparison of Ps between compounds 1, 4 and 5 having the same chiral groups 
(Figure 6) leads to the conclusion that the effect of the core structure on Ps is not 
so large. 

The presence of a hydroxyl group ortho to the alkanoyl group in the dichiral 
compounds 1,2  and 4 results in a considerable increase in Ps. This can be explained, 

12 

N 'I 0 . 8pq 
a 4  n 

0 
2 4 6 8  

- 
0 2 4 6 8 1 0  

m n 
FIGURE 4 Relation between spontaneous polarization and (a) m, and (b) n for compounds 
X = OH (measured at T - T, = -10°C). 

E 

1 with 

-20 -15 -10 -5 0 
T - TC I "C 

FIGURE 5 Spontaneous polarization of dichiral compounds with different chiral groups. 
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12 S. KOBAYASHI AND S. ISHIBASHI 

0 
- 2 0  - 1 5  - 1 0  - 5  0 

T - TC I "C 

FIGURE 6 Effect of core structure on spontaneous polarization 

12 

N 

' E  
6 
E 

n 
. 

0 
-20 -15  -10 - 5  0 

T - Tc I "C 
FIGURE 7 Temperature dependences of spontaneous polarization for compounds 1. 

in a manner similar to that for monochiral ketone compounds 8,3 by the formation 
of an intramolecular hydrogen bond between the hydroxyl and the carbonyl group. 

The introduction of a halogen atom ortho to the lactic acid residue in the core 
of compounds 4 leads to a significant decrease in Ps. This is explained by the 
compensation of dipoles of the ester group and the halogen atom. Steric hindrance 
and electrostatic repulsion cause the halogen atom to be located on the side opposite 
to the ester group. 

As shown in Figures 5 and 6, the temperature dependences for compounds 1, 
2 , 4  and 5, which show an I-S,-S: transition sequence on cooling, are characterized 
by a steep rise in Ps immediately after the SA-ST, transition. This is also true for 
other dichiral compounds 1 to 5 exhibiting an I-SA-ST, transition sequence (Figure 
7). The steep rise of Ps immediately after the SA-ST, transition is characteristic of 
the first order SA-S: transition. l2 The curves of temperature dependences of Ps 
for the dichiral compounds with a four-ring core (6 and 7), on the other hand, 
show a slow rise from zero (Figure 8). This is characteristic of the second order 
transition and these curves resemble those of the monochiral ketone compounds 
8 (Figure 9). 

Electric field-induced S,-S: transition is observed for the dichiral compounds 
which show a first order S,-SE transition. The phenomenon is under investigation 
and the results will be reported elsewhere. 
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DICHIRAL FERROELECTRIC LIQUID CRYSTALS 13 

- 3 0  - 2 0  -1 0 0 
T - T C  I "C 

FIGURE 8 Temperature dependences of spontaneous polarization for dichiral compounds with a 
four-ring core. 

T - TC I "C 

FIGURE 9 Temperature dependences of spontaneous polarization for monochiral ketone compounds 
8. 

EXPERIMENTAL 

Synthesis of Compounds 

(1) (R)-4-(2-n-Hexyloxypropanoyloxy)-biphenyl-4'-carboxylic acid 15[RT = (R)- 
C6HI30C*H(CH3)-]. To a solution of 4-hydroxy-biphenyl-4'-carboxylic acid (2.61 
g) in carbon tetrachloride (50 ml) and pyridine (10 ml), a solution of (R)-2-n- 
hexyloxypropanoyl chloride (2.35 g) in carbon tetrachloride (20 ml) was added 
dropwise and the mixture was then refluxed for 3 hours. After cooling, the resultant 
mixture was taken up in dilute hydrochloric acid and extracted with ethyl ether. 
The organic extract was washed twice with dilute hydrochloric acid, washed three 
times with water and dried over anhydrous Na,SO,. The solvent was evaporated 
and the residue was recrystallized from ethanol to yield 2.30 g of the title compound 
as white crystals. [ ( . I D  = f43.8" (CHC13, c = 0.96). IR cm-l(KBr): 1756(COO), 
1678(COOH), 1186, 772. 

(2) (S)-4-(2-Methylbutyroyl)phenol 16[R2 = (S)-C,H,C*H(CH,)-1. Anisole (8.25 
g) was added dropwise to a suspension of aluminium chloride (9.2 g) in dry 1,2- 
dichloroethane (100 ml) at O T ,  and then a solution of (S)-2-methylbutyroyl chloride 
(8.2 g) in dry 1,2-dichloroethane (50 ml) was added dropwise to the mixture over 
1 hour while stirring. The resultant mixture was stirred for 3 hours at room tem- 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

4:
43

 1
8 

Fe
br

ua
ry

 2
01

3 



14 S. KOBAYASHI AND S. ISHIBASHI 

perature, and then aluminium chloride (9.2 g) was added in a small portion to the 
mixture. The stirring was continued for 2 hours under reflux. After cooling to room 
temperature, the mixture was poured into dilute hydrochloric acid (200 ml) and 
extracted twice with diethyl ether (200 ml). The organic extract was washed with 
water, dried over anhydrous Na,S04, and evaporated. The residue (10.1 g) was 
purified by chromatography on silica gel with chloroform as eluent to give 8.37 g 
of the title compound as a viscous liquid. [.ID = +40.9" (CHCl,, c = 1.0). IR 
cm-'(neat): 3305, 1651(ChO), 1602, 1578, 1221. 'H NMR Gppm(CDC1,): 0.91(3H, 
t ,  CH2CE13), 1.18(3H, d, C*HCH3), 1.49 and 1.82(2H, m, C*HCbCH,), 3.36(1H, 
m, C*H), 6.03(1H, s, OH), 6.90(2H, d, arom. H ortho to OH), 7.92(2H, d, arom. 
H ortho to CO). 

(3) (S)-3-Hydroxy-4-(2-methyloctyloyl)phenol 17[R2 = (S)-C6H,,C*H(CH,)-]. 
Anhydrous zinc chloride (10.0 g) was dissolved in 10.0 g of (S)-( +)-2-methyl 
octanoic acid by heating to 110°C. Resorcinol (8.8 g) was added to the mixture 
and the resultant mixture was then heated to 150°C over a period of 30 minutes 
while stirring. After cooling to room temperature, hydrochloric acid (25 ml) and 
water (25 ml) were added to the mixture. Then the mixture was extracted three 
times with diethyl ether (50 ml) and the organic extract was washed with water, 
dried over anhydrous Na,S04, and evaporated. The residue (10.4 g) was purified 
by chromatography on silica gel with chloroform as eluent to give 7.3 g of the title 
compound as an orange viscous liquid. [ff]D = +15.2" (CHCl,, c = 0.84). IR 
cm-'(neat): 3361, 1635(C==O), 1601, 1514, 1383, 1234. 'H NMR Gppm(CDC1,): 
0.93(3H, t ,  CH,CH,), 1.20(3H, d, C*HCI4,), 1.51-1.83(10H, m, CH,), 3.33(1H, 
m, C*H), 5.67( lH,  s, OH para to CO), 6.38(1H, d, arom. H ortho to CO), 6.39(1H, 
s ,  arom. H between OH'S), 6.93(1H, d, arom. H meta to CO). 

(4) (S)-4-(2-Methylbutyroyl)phenyl (R)-4-(4-(2-n-hexyloxypropanoyloxy)phenyl)- 
benzoate 1(6,2,H). To a solution of (R)-4-(2-n-hexyloxypropanoyloxy)biphenyl- 
4-carboxylic acid (0.37 g) and (S)-4-(2-methylbutyroyl)phenol (0.20 g) in dry meth- 
ylene chloride, dimethylaminopyridine (0.02 g) and dicyclohexyl carbodiimide (0.23 
g) were added, and the reaction was continued for 20 hours at room temperature 
with stirring. After filtration to remove any insoluble material, the filtrate was 
diluted with diethyl ether (100 ml), the organic layer was washed twice with dilute 
hydrochloric acid and three times with water, dried over anhydrous Na2S04, and 
then evaporated. The resultant residue (0.55 g) was chromatographed on silica gel 
with n-hexane/ethyl acetate (9:l) as eluent and then recrystallized from n-hexane 
to give 0.12 g of the title compound as white crystals. [ff]D = +47.9" (CHCl,, c 
= 0.3). IR cm-l(KBr): 2936, 1764(C*-COO), 1728(PhC00), 1680(C=O), 1602, 
1274, 890, 766. 'H NMR Gppm (CDCl,): 0.88-0.96(6H, m, CH,CH,), 1.22(3H, 
d,  COC*HCH,CH,), 1.25-1.86(138, m, CH3(C&),CH20 + COC*HCH, + 
COC*HC&CH,), 3.40(1H, q ,  COC*HCH,), 3.52(1H, m) and 3.70(1H, 
m)[C,H,,C1320], 4.22(1H, q, C,H,,OC*H(CH,)COO); 7.24(2H, d), 7.35(2H, d), 
7.67(2H, d), 7.72(2H, d), 8.06(2H, d) and 8.27(2H, d)[arom. HI. 

( 5 )  (R)-4-(2-n-Hexyloxypropanoyloxy)benzoic acid 18[R, = (R)-C6H130C*H- 
(CH,)-1. To a solution of p-hydroxybenzoic acid (2.15 g) in methylene chloride 
(30 ml) and pyridine (10 ml), a solution of (R)-2-n-hexyloxypropanoyl chloride 
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DICHIRAL FERROELECTRIC LIQUID CRYSTALS 15 

(3.0 g) in methylene chloride (20 ml) was added dropwise and then the mixture 
was then refluxed for 5 hours. After cooling, the mixture was poured into dilute 
hydrochloric acid, and extracted with diethyl ether. The organic extract was washed 
twice with dilute hydrochloric acid and three times with water and then dried over 
anhydrous Na,SO,. The solvent was evaporated and the residue was recrystallized 
from n-hexane to yield 2.13 g of the title compound as white crystals with a mp, 
of 67.0”C. [aID = +45.2” (CHCl,, c = 2.1). IR cm-’(KBr): 1775(COO), 
1685(COOH), 1210, 1170, 1123. 

(6) (S)-4,3’-Dihydroxy-4’-(2-methylbutyroyl)biphenyl 19[R2 = (S)-C,H,C*H- 
(CH,)-1. A mixture of 3-benzyloxyiodobenzene (119 g) and p-iodoanisole (89.9 
g) was heated to 55-65°C. To this mixture, copper powder (210 g) was added and 
stirring was continued for 10 hours at 200-210°C. After cooling, the reaction 
mixture was poured into toluene (500 ml), filtered to remove any inorganic material, 
and evaporated. The residue was chromatographed on silica gel with n-hexane/ 
ethyl acetate (20:l) as eluent to give 64.8 g of 3’-benzyloxy-4-methoxybiphenyl as 
white crystals with a mp. of 78.5”C. 

The 3’-benzyloxy-4-methoxybiphenyl (29.0 g) obtained above was reduced with 
hydrogen in the presence of Raney nickel (2 g) in ethyl acetatehetrahydrofuran 
(300 ml) at 90-110°C. After reaction, the catalyst was filtered off, the solvent was 
evaporated, and the residue was chromatographed on silica gel with n-hexane/ 
ethylacetate as eluent to give 15.1 g of 3’-hydroxy-4-methoxybiphenyl as white 
crystals with a mp. of 765°C. 

To a solution of 3’-hydroxy-4-methoxybiphenyl (15 g) in pyridine (40 ml), (S)- 
2-methylbutyroyl chloride (9.1 g) was added dropwise and then stirring was con- 
tinued for 2 hours at room temperature. The reaction mixture was neutralized with 
dilute hydrochloric acid and extracted with ethyl acetate. The organic layer was 
washed with water, dried over anhydrous MgSO,, and then evaporated. The pale 
yellow oily residue was chromatographed on silica gel with n-hexane/ethyl acetate 
(5:l) as eluent to give 20.5 g of (S)-3’-(2-methylbutyroyloxy)-4-methoxybiphenyl 
as a pale yellow oil. [.ID = + 12.0” (CHCl,, c = 2). IR cm-l(neat): 293O,1745(COO), 
1605. 

To a suspension of aluminium chloride (5.7 g) in nitrobenzene (15 ml), (S)-3’- 
(2-methylbutyroyloxy)-4-methoxybiphenyl (10 g) obtained above was added drop- 
wise at 70°C and stirring was continued for 3 hours at 115-125°C. After cooling, 
the reaction mixture was poured into dilute hydrochloric acid and extracted with 
ethyl acetate. The organic layer was washed with water and dried over anhydrous 
MgS0,. The solvent was removed and the residue was chromatographed on silica 
gel with n-hexane/ethyl acetate (1O:l) as eluent to give 3.7 g of (S)-3’-hydroxy-4‘- 
(2-methylbutyroyl)-4-methoxybiphenyl as a pale yellow viscous oil. [ & I D  = + 19.5” 
(CHCI,, c = 2). 
(S)-3’-Hydroxy-4’-(2-methylbutyroyl)-4-methoxybiphenyl(2.8 g) and aluminium 

chloride (1.7 g) in toluene (300 ml) were stirred for 3 hours under reflux. After 
cooling, the reaction mixture was poured into dilute hydrochloric acid and extracted 
with ethyl acetate. The organic layer was washed and dried over anhydrous Na,SO,. 
The solvent was removed under reduced pressure and the residue was chromato- 
graphed on silica gel with n-hexane/acetone (1O:l) as eluent to give 1.7 g (S)-4,3’- 
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16 S. KOBAYASHI AND S. ISHIBASHI 

dihydroxy-4’-(2-methylbutyroyl)biphenyl as a pale yellow viscous oil. [ff]D = + 18.5” 
(CHCI,, c = 2). lH NMR Gppm (CDCl,): 0.96(3H, t, CH,CH,), 1.25(3H, d, 
C*HC&), 1.50-1.93 (2H, m, CH,), 3.41-3.50(1H, m, COC*H), 5.34(1H, bs, 4- 
OH), 6.90(2H, d, arom. 3- and 5-H), 7.11(1H, d, arom. 6’-H), 7.18(1H, d, 2’-H), 
7.53(2H, d, arom. 2- and 6-H), 7.82(1H, d,  arom. 5’-H), 12.70(1H, s, 3’-OH). 

(7) (S)-4-(3-Hydroxy-4-(2-methylbutyroyl)phenyl)phenyl (R)-4-(2-n-hexyloxypro- 
panoy1oxy)benzoate 4(6,2,OH,H). Using (R)-(2-n-hexyloxypropanoyloxy)- 
benzoic acid (0.5 g) and (S)-4,3‘-dihydroxy-4’-(2-methylbutyroyl)biphenyl(O.46 g), 
the reaction was carried out in the same manner as described in (4) above to give 
0.3 g of the title compound as white microneedles with a mp. of 50.0”C. [ff]D = 
t-41.9” (CHCI,, c = 0.82). IR cm-l(KBr): 1772(C*-COO), 1738(Ph-C00), 
1636(C=O), 1604, 1264, 1204, 1162, 1120, 1072, 798. IH NMR Gppm(CDC1,): 
0.87-0.99(6H, m, CFI3(CH2),O- and C*-CH2CH,), 1.26-1.92(16H, m, 
CH,(W2),CH2O- and C*-CH,CH,), 3.43-3.74(3H, m, CH,O- and COC*H-), 
4.18-4.26(1H, m, -OC*€JCOO-), 7.13-7.36(6H, m, 3- and 5-H in Ph and 3-, 5-, 
2’- and 6’-H in Biph), 7.69(2H, d, 2- and 6-H in Biph), 7.85(1H, d, 5’-H in Biph), 
8.27(2H, d, 2- and 6-H in Ph), 12.71(1H, s, OH). 

(8) (R)-4-Hydroxy-4’-(2-n-hexyloxypropanoyloxy)biphenyl 20[R, = 
C6H,,0C*H(CH3)-1. To a solution of 4,4’-dihydroxybiphenyl(3.9 g) in methylene 
chloride (40 ml) and pyridine (40 ml), a solution of (R)-2-n-hexyloxypropanoyl 
chloride (3.9 g) in methylene chloride (20 ml) was added dropwise and the mixture 
was stirred for 2 hours at room temperature. The reaction mixture was poured into 
dilute hydrochloric acid (150 ml) and extracted twice with methylene chloride. The 
organic extract was washed twice with dilute hydrochloric acid and three times with 
water and then dried over anhydrous MgS0,. The solvent was removed and the 
resultant residue was chromatographed on silica gel with n-hexane/ethyl acetate 
(5:l) as eluent to give 3.2 g of the title compound as white crystals with a mp. of 
91.0”C. [ c t ] D  = +39.4” (CHC13, c = 0.97). ‘H NMR Gppm (CDCl,): 0.89(3H, t, 
CH,CH,), 1.23-1.73(11H, m, C*HCH3 and CH,(CH,),-), 3.60(2H, m, CH,OC*), 
4.21(1H, m, C*H), 6.02(1H, bs, OH), 6.82(2H, d, arom. H ortho to OH), 7.12(2H, 
d, arom. H ortho to OCO), 7.36-7.46(4H, m, other arom. H). 

(9) (S)-4-(2-Methylbutyroyl)benzoic acid 21[R, = (S)-C,H,C*H(CH,)-1. Alu- 
minium chloride (107 g) was added in a small portion to a solution of acetanilide 
(27.0 g) in dry 1,2-dichloroethane (500 ml), and then a solution of (S)-2-methyl- 
butyroyl chloride (36.2 g) in 1,2-dichloroethane (50 ml) was added dropwise to the 
mixture under stirring. The resultant mixture was refluxed for 3 hours. After 
cooling, the mixture was poured into dilute hydrochloric acid (500 ml), and the 
separated organic layer was washed with water and evaporated. The residue was 
then dissolved in 6N hydrochloric acid (200 ml), and the solution was refluxed for 
4 hours. After cooling, the mixture was neutralized with 20% NaOH aqueous 
solution and extracted twice with methylene chloride (100 ml). The organic extract 
was washed with water, dried over anhydrous Na,SO,, and evaporated. The residue 
was purified by chromatography on silica gel with n-hexane/ethyl acetate (3:l) as 
eluent to give 10.3 g of (S)-4-amino-(2-methyl)butyrophenone as a pale yellow 
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DICHIRAL FERROELECTRIC LIQUID CRYSTALS 17 

liquid. [ . -ID = +21.5" (CHCl,, c = 0.98). IR cm-l(neat): 3370, 3280,2940,2850, 
1660, 1605. 

To a solution of (S)-4-amino-(2-methyl)butyrophenone (8.9 g) in concentrated 
hydrochloric acid (20 ml) and water (20 ml), a solution of sodium nitrate (4.3 g) 
in water (10 ml) was added dropwise at 0-5°C while stirring. After stirring for 1 
hour at the same temperature, the mixture was neutralized, poured into a solution 
of CuCN (14.1 g) in water (200 ml), and refluxed for 30 minutes. After cooling, 
the mixture was extracted twice with ethyl ether. The organic extract was washed 
with water and evaporated. The residue was dissolved in an aqueous solution 
containing 40% sulfuric acid (100 ml) and the solution was refluxed for 3 hours. 
After cooling to room temperature, the precipitate was separated, washed with 
water, and recrystallized from ethanol/water to give the title compound as white 
crystals with a mp. of 101.0"C. [.ID = +21.8" (CHCI,, c = 1.0). IR cm-l(KBr): 
2950,2870,2650,2540,1680,1605. 'H NMR Gppm (CDC1,): 0.91(3H7 t, CH,CFI,), 
1.18(3H7 d, C*HCH,), 1.46-1.90(2H, m, CH,), 3.42(1H, m, C*H), 8.03(2H, d, 
arom. H ortho to CO), 8.21(2H, d, arom. H ortho to COOH). 

Measurements of Properties 

Phase transition temperatures were measured by using a differential scanning cal- 
orimeter (Perkin Elmer DSC-7) and a polarized microscope (Nikon XTP-11) with 
a Mettler FP82 hot stage. Values of Ps were measured by the triangular wave 
method1, using cells made from two glass plates coated first with a transparent 
I T 0  electrode and then with rubbed polyimide. The cell spacing was 10 pm and 
the area of the electrode was 1.0 cm2. The resistivities of the compounds examined 
were more than 6 x lo9 Ln cm. 
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