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The synthesis of chiral side chain liquid crystalline polyacrylates with a two-stereogenic centre
from L-a-aminoacid is described. The chiral tail is 2-chloroalcohol obtained from L-isoleucine
and the spacer group has either four or eleven methylene units. The mesogenic moiety is
derived from phenyl benzoate. The stereochemistry of the key intermediate (25,35)-(1)-4-
[1-(2-chloro-3-methyl) pentyloxy] phenyl benzoate (6) obtained by a Mitsunobu reaction was
established by single crystal X-ray analysis. This result indicates that the nucleophilic displace-
ment of chiral diazonium salts proceeds with overall retention of configuration. The liquid
crystalline behaviour of polyacrylates P13 and P14 was investigated by DSC, optical microscopy,
small angle X-ray scattering and depolarized light scattering. The polyacrylate P13, with eleven
methylene units in the spacer, exhibits a chiral smectic A phase whereas the polyacrylate P14,
with a spacer containing four methylene units, displays a chiral nematic phase.

1. Introduction

Since 1978, when Ringsdorf and co-workers [1]
developed a new architecture for polymers entitled side
chain liquid crystal polymer (SCLCP), research in basic
liquid crystalline science and technological applications
has experienced great growth. This intense interest is
due to their wide range of applications as ‘hightech’
materials [2, 3]. Moreover, chirality in smectic liquid
crystals (LCs) gained a pivotal position in the history of
LCs after Meyer and co-workers [4] discovered the
phenomenon of ferroelectricity in chiral SmC LCs and,
later, Clark and Largerwall [5] found a new electro-
optical effect with surface stabilized ferroelectric liquid
crystals (SSFLCs). However, the first chiral side chain
liquid crystal polymer was reported in 1984 by Shibaev
and co-workers [ 6]. Since then, a wide range of candidate
materials has been synthesized and their mesomorphic
and electro-optical properties studied [7].

In a previous paper, we reported the synthesis and
mesomorphic behaviour of a series of achiral liquid
crystalline polyacrylates possessing a short spacer with

* Author for correspondence; e-mail: aloir@iq.ufrgs.br

four methylene units [8]. More recently, we described
the synthesis of new chiral polyacrylates derived from
(S)-2-methyl-1-butanol as chiral terminal chain, with
spacer groups having either four or eleven carbon atoms
[9]. Their mesomorphic behaviour was investigated
and their properties in solution were studied by light
scattering. The phase behaviour was dependent on the
molecular relationships among the polymer backbone,
the terminal group attached to mesogenic groups and the
molecular mass. The polyacrylate with four methylene
units in the spacer exhibits a chiral nematic phase,
whereas the polyacrylate with a spacer containing eleven
methylene units displays a smectic phase.

In this paper we report the synthesis of chiral side
chain liquid crystal polyacrylates P13 and P14 contain-
ing (25,35)-4"-[ 1-(2-chloro-3-methyl ) pentyloxy] phenyl
4-[ 1-(propenoyloxy) alkyloxy] benzoates (My and Mjiz2)
and their mesomorphic properties. The new chiral
terminal chain is derived from L-isoleucine, and the
relative and absolute stereochemical relationships were
established unequivocally by single crystal X-ray analysis.
The chemical structure of the new polyacrylates is shown
in figure 1. Their liquid crystalline properties were
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n=4,11

Figure 1. General chemical structure of the chiral liquid crystal polyacrylates.

systematically studied by detailed small angle X-ray
scattering as well as by differential scanning calorimetry
and polarizing optical microscopy. The mesophase
behaviour and molecular orientation in the mesophase of
P13 were also investigated by depolarized light scattering.
A variety of chiral groups is already used in chiral
liquid crystalline compounds [10]. We believe that the
chiral precursors 3 and 7 that were synthesized in this
work are promising candidates for generating both low
and high molar mass chiral LCs. The features of 3 or 7
as a chiral group in liquid crystalline compounds are:
(1) they are easily prepared with excellent stereochemical
integrity from readily available amino acids; (ii) the
chiral centre near an aromatic core or carboxylate group,
as well as the highly polar C—CI bond and gauche effect
[11] around the Cit and C2 carbon bond, lead us to
expect enhancement of the electro-optical properties.

) 123 Experimental

H NMR and C NMR spectra in CDCIlz were
obtained using Varian-200 and 300 MHz spectrometers
using TMS as the internal standard. IR spectra were
recorded in Nujol on a 3000 Galaxy Series spectrometer.
Elemental analysis was determined using a Perkin Elmer
2400CHN instrument. Optical rotations were recorded
on a Perkin-Elmer 341 polarimeter at the sodium D line.
The thermal transitions and the mesomorphic textures
were determined using a Leitz Ortholux polarizing
microscope in conjunction with a Mettler FP-52 heating
stage and a PL-DSC differential scanning calorimeter.
The rate of heating or cooling was 10°C min~ . The
number average molecular mass and polydispersity of

the polymers were characterized with a Waters GPC
system (Waters 150C refractometer), relative to poly-
styrene standards. These are listed in table 1. Mass
spectra were recorded on a GC-MS Shimadzu QP-5050
(EIL, 70eV).

Small angle X-ray scattering (SAXS) measurements
were performed on the bending magnetic beamline
BM2 at the European Synchrotron Radiation Facility
(ESRF), Grenoble, France [ 127; the incident energy was
16.2keV. An indirect illumination CCD detector (Princeton
Instruments) was used, at 27.5 cm from the sample. The
scattering curve /(4) was determin_e3d over a doognain of
q values ranging between 2% 10 and 0.8A . The
powder samples were placed in a stainless steel sample
holder closed by two mica windows of thickness 20 pm.
The sequence glassy state-mesogenic phase—isotropic
state was investigated with the samples mounted on a
thermostatted block placed in the beam, in which the
temperature was increased. The intensities were corrected
for the detector response and the dark current signals,
as well as for sample transmission and background
scattering.

Depolarized light scattering experiments were per-
formed on a standard set-up described elsewhere [8].
The light source was a He-Ne laser with wavelength
632.8 nm. The sample was oriented in a glass cell con-
sisting of two glass plate substrates buffed with poly-
imide and an optical path of 5um (Linkam Scientific
Instruments). The scattered light, /ve, was analysed with
a GlannfThorppson prism having an extinction ratio
better than 10

Purification by column chromatography was carried
out on 70—230 mesh Merck silica gel 60. (L)-(—)-Isoleucine,

Table 1. Comparative data and transition temperatures (T /OC)a of the chiral polyacrylates P13 and Pi4. g= glassy state,
S = smectic phase, N* = chiral nematic phase, I = isotropic liquid.

Polymer M /g mol” ' Mw/Mn Yield/% g S N* I aAH/kcal mru [ac]lz)O/Od
Pi3 21,200 1.60 57 * 373 ¢ 682 . 0.19 +7.0
P4 113,300 1.50 25 d 20.5 d 63.1 d +9.0

a b
. Enthalpy in the phage transition from liquid state to a liquid crystalline state; mru = mole repeating unit. Glass transition.

Value not determined. [o]: 1.0g in 100ml CH2Cl>.
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P-hydroxy methylbenzoate, 4-(/V,N-dimethylamino)-
pyridine (DMAP), P- toluenesulphonyl chloride, 1,3-
dicyclohexylcarbodiimide (DCC), 22 -azobis (isobutyro-
nitrile) (AIBN), diethylazodicarboxylate (DEAD) and
triphenylphosphine (PPh3) were purchased from Aldrich,
and used as received unless otherwise specified. Dichloro-
methane (CH2Cl2) was distilled over calcium hydride
under argon immediately before use. Analytical thin
layer chromatography (TLC) was conducted on Merck
aluminium plates with 0.2mm of silica gel 60F-254.
Anhydrous sodium sulphate was used to dry all organic
extracts. Toluene was first heated at reflux over sodium and
then distilled under argon. AIBN was freshly recrystallized
from methanol.

2.1. (28,3S)-(T )-2-Chloro-3-methylpentanoic acid (2)

Compound 2 was prepared according to conditions
described by Koppenhoeferzgnd co-workers |:131 a]. Yield
67% of colourless oil. [o]0 = —1.44 (neat). H NMR
(CDCIs, 200 MHz): 6 0.93 (t, 3H, CH3); 1.06 (d, 3H,
CH3); 1.25 (m, 1H, CH2CH3); 1.62 (m, 1H, CH2CH3);
2.15 (m, 1H, CHCH3); 424 (d, 1H, CHC], J= 6.34 Hz);
9.60 (board, 1H, CO2H). ’C NMR (CDCls, 50 MHz):
0 1085; 1586; 24.81; 38.77; 62.70; 175.24.

2.2. (28,3S)-(T )-2-Chloro-3-methyl-1-pentanol (3)
[135b]

In a 21, three-necked, round-bottomed flask equipped
with a mechanical stirrer, 50 ml dropping funnel, stopper
and an efficient reflux condenser fitted with a calcium
chloride drying tube, was placed lithium aluminium
hydride (2.43 g, 0.064 mol); 110 ml of dry diethyl ether
was added with caution. The slurry was cooled in an ice
bath and a solution of compound 2 (8.00 g, 0.053 mol)
in 40ml of dry diethyl ether was added carefully with
vigorous stirring over a 10 min period so that refluxing
of the solvent was kept under control. After a total
reaction time of 15 min, the drying tube was removed
and 10 ml of water added dropwise with efficient stirring
and cooling. The precipitate was dissolved by addition
of 29 ml of 2N sulphuric acid. The layers were separated,
and the aqueous layer extracted with three 100 ml
portions of diethyl ether. The combined ether layers well
washed with 50ml of water, 50 ml of sodium carbonate
solution and 50 ml of sodium bicarbonate solution, each
aqueous layer being re-extracted with two 50 ml portions
of diethyl ether. The combined ethereal layers were dried
over sodium sulphate, and concentrated to give an oily
residue. Fractlonal distillation at reduced pressure
(ie. bp 85°C at 22 mmHg) yielded 57% of colourless
oil. [oc]D = —6.70 (neat). H NMR (CDCl3, 200 MHz):
5 092 (t, 3H, CH3, J =7.40Hz); 1.01 (d, 3H, CHs,
J=6.82Hz); 125 (m, 1H, CHHCH3); 1.50 (m, 1H,
CHHCH?3); 1.80 (m, 1H, CHCH3); 2.20 (m, OH, board);

3.66 (dd, 1H, CHHOH, *J gem = 1210, *Jirans = 7.74 Hz);
377 (dd, CHHOH, Jeem=12, 10, *Jis=3, 64 Hz); 3.91 (ddd,
1131‘1, CHCI Jtrans 7.70 HZ Jtrans 562 Jcts 3.60 HZ)

C NMR (CDCB, 50 MHz): 6 10.9; 15.6; 24.7; 37.8;
64.4; 69.8; IR vmax/cm  3373; 2966; 2878; 1460; 1381;
1075; 1032; 814; 773 (nujol).

2.3. 4-Hydroxyphenyl benzoate (3)
Compound 5 was synthesized following the procedure
reported by Helgee and co-workers [14]. Yield 63%,
m.p. 172°C. '"H NMR (CDCI3/DMSO, 200 MHz): 6690
(dd, 4H, Ar); 7.52 (m, 3H, Ar); 8.10 (d, 2H, Ar). I
ymax /cm  : 3368; 2928; 1515; 1463; 1377; 1242; 1105;
770; 722.

2.4. (28,3S)-(T )-4-[ 1-(2-Chloro-3-methyl ) pentyloxy ]-
phenyl benzoate (6)

A solution of DEAD (2.61 g, 15 mmol) and compound 3
(1.36 g, 10 mmol) in THF (5ml) was added dropwise to
a cold stirred solution of 4-hydroxyphenyl benzoate
(2.14 g, 10 mmol), triphenylphosphine (3.93 g, 15 mmol)
and THF (45ml) during 1 h. The mixture was stirred at
room temperature for 48 h and the solvent evaporated
from the reaction mixture. The resulting oil was dissolved
in ethyl acetate (25 ml) and four times this final volume
was added of light petroleum. Triphenylphosphine
oxide was precipitated; this was filtered off and the
solution evaporated to dryness. The material obtained
was purified by column chromatography on silica gel
with hexane/ethyl acetate as eluent (9/1). Yield 1.85 g,
(52%), white solid, [«]0 =113 (1.0, CH2Cl2). Anal:
calc. for 6 C1oH2103Cl (332.5 ¢ mol ) C 68.67, H 6.32;
found C 68.48, H 6.28%. H NMR (CDCIs, 200 MHz):
o 0.88 (t, 3H, CHs, / =740Hz); 1.01 (d, 3H, CHs,
J=6.82Hz); 225 (m, 1H, CHHCH3); 2.55 (m, 1H,
CHHCH?3); 1.95 (m, 1H, CHCH?3); 4.15 (m, 3H, CH:z0,
CHCI); 6.94 (d, 2H, Ar, / =9.13Hz); 7.12 (d, 2H, Ar,
J =8.96 Hz); 750 (m, 2H, Ar); 7.60 (m, 1H, Ar); 8.20
(d, 2H, Ar). “C NMR (CDClIs, S0 MHz): 6 11.5; 16.1;
24.5; 38.1; 64.8; 70.3; 115.4; 122.5; 128.5; 129.5; 130.1;
133.5; 144.8; 156.0; 1654 CG/MS (EL 70eV): 334
(M +2, 3%): 332 (M, 9%); 214 (3%); 105 (100%);

7 (51%); 51 (17%); 4 ( 6%).

2.5. (28,3S)-(T )-4-[ 1-(2-Chloro-3-methyl ) pentyloxy ]-
phenol (7)

To 1.34 g (4.0 mmol) of compound 6 in an ethanol/
water mixture (30ml), 0.26 g (4.8 mmol) of potassium
hydroxide was added, and the mixture stirred overnight
at room temperature. The ethanol was evaporated and
the product extracted with diethyl ether; the solution
was washed with water (2 X 25ml), dried over Na2SO4
and purified on silica gel using ethyl acetate/hexane
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(1/9) to_yield 0.66 g (73%) [4]0 =+ 16 (1.0; CH2Cl2),
m.p. 60°C. 'H NMR (CDCls, 200 MHz): 5 0.87 (t, 3H,
CH3, J =7.40Hz); 0.99 (d, 3H, CH3, J =6.82 Hz); 4.02
(m, 3H, OCH2, CHCI); 510 (broad, 1H, OH); 6.70
(m, 4H, Ar). C NMR (CDCls, 50 MHz): 6 11.5; 16.1;
245; 38.1; 652, 708; 116.1; 1162; 150.0; 152.5. IR
ymax /cm 3363; 2965; 2877, 1604; 1455; 1511; 1229
(nujol). CG/MS (EL 70eV): 230 (M"+2, 5%); 228
( 15%); 123(3%) 110 (100%); 93 (5%); 81 (22%);
(13%), 5(29%); 41 (33%).

2.6. 4-[ (4-Propenoyloxy)undecyloxy Jbenzoic acid (8)

Compound 8 was synth%sized accordin_glto ref. [157.
White solid (92%), m.p. 94 C. IR vmax/cm  3080-2700;
2929; 2853; 1718 1685; 1605; 1464; 1250; 1177; 1037,
854; 772 (KBr). 'H NMR (CDCIs, 200 MHz): 6 1.34
(m, 14H, CH2); 1.72 (m, 4H, CH2); 4.10 (m, 4H, CH20);
5.80 (dd, 1H, CH™CHz2); 6.15 (dd, 1H, CH™CH2); 6.40
(dd, 1H, CH=CH2); 6.90 (d, 2H, Y =9.0Hz, Ar); 8.03
(d, 2H, J=33 Hz, Ar).

2.7. 4-[ (4-Propenoyloxy)butyloxy Jbenzoic acid (11)

Compound 11 was prepared according to ref. [16].
White solid (61%), m.p. 122°C. IR ymax/cm  3100—2700;
2928; 2853; 1743; 1670; 1607 1463; 1377; 1294; 1254,
1172; 960; 851; 722 (nujol). "H NMR (CDClIs, 200 MHz):
0 1.78 (m, 4H, CHz2); 4.11 (m, 2H, CH20); 4.21 (s, 2H,
CH20); 5.75 (dd, 1H, CH™CH2); 6.05 (dd, 1H, CHTCH2);
6.35 (dd, 1H, CH=CH2); 6.85 (d, 2H, Y = 8.0 Hz, Ar); 8.0
(d, 2H, / =8.0Hz, Ar).

2.8. (28,3S)-(T )-4-[ 1-(2-Chloro-3-methyl ) pentyloxy ]-
phenyl 4[ 1-(propenoyloxy Jundecyloxy |-
benzoate (M)

The monomers My and Mi2 were synthesized accord-
ing to ref. [17]. Compounds 7 (0.88 g, 3.8 mmol) and 8
(1.02 g, 3.8 mmol), were added to dry CH2Cl2 (30ml)
under argon and the solution was stirred at room
temperature for 10 min. DCC (0.80 g, 3.9 mmol) and
DMAP (47 mg, 0.39 mmol) were then added, and the
solution was stirred for 24h at room temperature.
The solution was filtered and the solvent evaporated. The
crude product was purified by column chromatography
(silica gel, diethyl ether/hexane—1/9) to yl%d 1.27¢
(57%) of My as a white solid; m.p. 38° C, [a]0 = +70
(1.0; CH2Cl2). Anal: calc. for Mo C32H44QOe (524 g mol )
C 73.28; H 8.39; found C 73.08, H 8.47%. 'H NMR
(CDCls, 200 MHz): 6 0.92 (t, 3H, CH3); 1.21 (d, 3H, CH3);
1.50 (m, 20H, (CH2), CH2CH3); 1.95 (m, 1H, CHCH3);
4.05 (m, 7H, 3CH20, CHCI); 5.75 (dd, 1H, CH™CHz,
3Jgem = 1.60, Jus— 10.20 Hz); 6.05 (dd, 1H, CH™CHz,
Jeis =10.20, *irans = 17.10); 6.33 (dd, 1H, CH™CHz,

*Jgem =1.80, Jurans = 17.20 Hz); 690 (m, 4H, Ar); 7.05
(¢, 2H, Ar, J=88Hz); 8.00 (d, 2H, Ar, J/ =8.6Hz).

C NMR (CDCIs, 50 MHz): 6 11.5; 16.0; 24.5; 25.9;
28.6; 29.1; 29.2; 29.3; 29.4; 29.6; 38.0; 64.6; 64.8; 68.5; 70.3;
114.2; 115.4; 121.5; 122.6; 128.6; 130.3; 132.1; 144.9; 155.8;
163.4; 165.1; 166.2. TR ymax/cm  2923; 2859; 1729; 1607;
1511; 1462; 1377; 1259; 1192; 1165; 1057; 795; 716 (nujol ).

2.9. (28,3S)-(T )-4-[ 1-(2-Chloro-3-methyl ) pentyloxy ]-
phenyl 4[ 1-(propenoyloxy )butyloxy -
benzoate (My2)

This compound was synthesized according to the pro-
cedure described above. Yield 0.56 g (74%) after column
chromatography (silica gel dl%hyl ether/hexane = 1/9)
as a white solid, m.p. 40° C,[«]> =71 10.0 (1.0; CH2Cl2).

'H NMR (CDCIs, 200 MHz): 6 0.94 (t, 3H, CH3); 1.07

(d, 3H, CH3); 1.25 (m, 1H, CHHCH3); 1.65 (m, 1H,
CHHCH3); 2.00 (m, 5H, CHCH3, (CH2)2); 4.20 (m, 7H,
33CH20 CHCIl); 5.83 (dd, 1H, CH™CHz, 3Jgem=1.46,
Jus 10.30 Hz); 6.12 (dd, 1H, CH=CHz, Jcis2=10.20,
Juas =1730Hz); 641 (dd, 1H, CH=CHz, Jgem=
1.46, *Jirans = 17.30 Hz); 7.02 (dd, 4H, Ar); 7.12 (d, 2H,
Ar,J =920 Hz); 8.14 (d, 2H, Ar, / =9.00 Hz). " C NMR
(CDCI3, 50 MHz): 6 11.5; 16.0; 24.4; 25.3; 25.7; 38.0;
64.0; 64.5; 67.5; 70.2; 114.1; 115.3; 121.7; 122.5; 128.3;
130.6; 132.1; 144.8; 155.8; 163.1; 163.1; 165.1; 166.1.
IR ymax/cm 2923 2854; 1725; 1605; 1511; 1462; 1377;
1279; 1195; 1070; 963 (nujol).

2.10. Polymerization

All the polymerlzatlon reactions were carrled out
in toluene solution at 70°C using the initiator 2, 2'-azo-
bis(isobutyronitrile) AIBN (5 wt %). The yields were
60-90% based on total monomer added to the reaction.
All reaction mixtures were heated under reflux for 72 h
and, after cooling, were precipitated from cold methanol.
The precipitates were purified by reprecipitation with
cold methanol from toluene solution and dried in
yacuum. The purity of homoPolymers was checked by
"H NMR. Pis: )lleld 57%, [o]> T 7.0 (1.0; CH2Cl2), P14
yield 25%, [«]> * 9.0 (1.0; CHzCl2).

3. Results and discussion
3.1. Synthesis of (2S,3S)-(t )-4-[ 1-(2-chloro-3-methyl )-
pentyloxy Jphenol (7)

The synthetic approach for the synthesis of chiral
precursor 7 is outlined in schemes 1 and 2. The amino
acid, L-isoleucine (1), was transformed into chiral inter-
mediate 2 under diazotization conditions (NaNOz/HCl)
in 67% yield. The chiral a-aminoacids are important pre-
cursors for the synthesis of small organic molecules with
high optical purity. Chiral halohydrins, oxiranes and
alcohol are the most common products from diazotization
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reactions of a-aminoacids. The next step in scheme 1
was the time-controlled lithium aluminium hydride
reduction procedure developed by Koppenhoefer and
co-workers [ 137] giving the chiral 2-chloroalcohol 3 with
a 57% yield; this is a useful starting material for the
synthesis of chiral liquid crystal assemblies. This pro-
cedure was used to prevent hydrogenolysis of the
chlorine—carbon bond [18].

The stereochemical outcome of chlorination by
diazonium salt react}on was confirmed by proton NMR
analysis. From the H NMR spectrum we observed a
signal at 4.2 ppm as a doublet with /15 = 6.34 Hz. No
other signal was detected in this spectral region, indicating
a diastereomeric excess of =>95%. Nucleophilic sub-
stitution takes place with retention of the configuration
[19-217 by means of double configuration inversion of
an unstable a-lactone (figure 2).

Synthesis of the key intermediate 7 was achieved by
the Mitsunobu reaction [ 22] starting from hydroquinone
monobenzoate 5 [14] and the chiral chloroalcohol 3.
Compound 5 was synthesized in 63% yield by conversion
of 4 into the acyl derivative followed by reaction with
hydroquinone in pyridine. The corresponding diester
was obtained in a yield of 16% as a by-product. We
investigated the best condition for the Mitsunobu

reaction to give compound 6 in 52% yield and [oc]éo =

+13.0 (1, CH2Cl2). Basic hydrolysis yielded (25,35)«(*)-
4-[ 1+(2- chloro 3-methyl )pentyloxy] phenol (7) in 73%
yield and [oc]D =116.0 (1, CH2Cl2).

The reaction conditions for synthesis of compound 6
under Mitsunobu coupling were investigated. The choice
of solvent is critical owing to the low solubility of
compound 5. In CH2Clz, the reaction yields the desired
product 6, but all attempts to repeat that reaction either
gave poor yields (15-25% yield) or failed [23]. We
found that the best conditions were those involving
THF as solvent. THF solutions of 3 and diethyl azo-
dicarboxylate were added over 1h to the solution of 5
and PPh3 at 0°C. The temperature was then allowed to
rise to 25°C over 48 h.

The stereochemistry of intermediate 6 was established
unequivocally by single crystal X-ray structure deter-
mination (figure 3), showing that the nucleophilic dis-
placement of chiral diazonium salts in scheme 1 proceeds
with overall retention of configuration. To the best of
our knowledge this is the first example in which a chloro
derivative has been synthesized from a chiral aminoacid
and its crystalline structure determined.

The Flack [24] parameter should be 0 (within 3 ESDs)
if the absolute structure is the one refined. In this case
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Figure 2. Mechanistic representation of the first and second steps in the nucleophilic displacement of chiral diazonium salts
through an unstable intermediate a-lactone. The starting material has S configuration at the C-2 centre. Internal nucleophilic
attack from the neighbouring oxygen yields an unstable intermediate with inverted configuration at the C-2 centre. The
second nucleophilic attack from an external chlorine atom opens the three-member ring and gives the product with inverted
inversion at the C-2 centre. The net result is that the reaction proceeds with overall retention of configuration.

Figure 3. Molecular structure of (25,35)-(*)-4-[ 1-(2-chloro-3-methyl)pentyloxy] phenyl benzoate (6). Perspective view and atom
labelling; thermal ellipsoids are given at the 50% probability level.

it is 0.12(12), which means that the configuration shown
in the picture corresponds, without ambiguity, to the
absolute configuration.

Table 2 shows the crystal data and structure refine-
ment for compound 6. Atomic coordinates and equivalent
isotropic displacement parameters are shown in table 3.
Tables 4 and 5 list the bond lengths and bond angles
for 6, respectively.

From the tables, we see that both phenyl rings are
planar, to within experimentzal accuracy, as can be seen
by the gav {defined as [(Zidi)/N —37 ", where di is the
deviation of the atom from the best least squares plane

and NV the_n3umber of atoms forming the plane} values
of 33X 10 and 45%10 for the C7 to C12 and C14
to C19 planes, respectively. The phenyl rings make a
dihedral angle of 75.9(1)0. The torsion angle for rotation
about the C1 and C2 atoms of aliphatic tail indicates
that gauche conformation is adopted. The more stable
anti conformation is not seen for C1 and C2 atoms in
solid crystalline. However the anti conformation is
observed in the torsion angle for rotation about the C2
and C3 atoms, so that an antiperiplanar arrangement
between C1 and C6 atoms in figure 3 is evidence for the
stereochemical integrity of the diazotization reaction.



Table 2. Crystal data and structure refinement of compound 6.

New chiral LC polyacrylates

Empirical formula CroH21ClO3
Formula weight 332.81 Cl-C(2) 1.81094)
Temperature 293K O(1)-C(13) 1.197(5)
Wavelength 0.71073 A 0O(2)-C(13) 1.350(5)
Crystal system orthorhombic 0O(2)-C(10) 1.417(5)
Space group P212121 O(3)-C(7) 1.367(5)
ajA 5.7890(9) O(3)-C(1) 1.435(5)
b/é 9.096(1) C(1)-C(2) 1.498(5)
¢/A 33.500(4) C(2)-C(3) 1.517(6)
U/A 1764.0(4) C(3)-C(6) 1.525(6)
z . 4 C(3)-C(4) 1.533(6)
De/gcm . 1.253 C(4)-C(5) 1.524(6)
Absorption coeflicient/mm 0.228 C(7)-C(8) 1.377(5)
F(000) s 704 C(7)-C(12) 1.379(6)
Crystal size/mm . 0.20 X 0.20 X 0.15 C(8)-C(9) 1.387(6)
0 range for data collection/ 1.22 to 27.97 C(9)-C(10) 1.351(6)
Limiting indices —1<h<7 —12<k=<y, C(10)-C(11) 1.383(6)
0sI<44 C(11)-C(12) 1.374(6)
Reflections collected 2935 C(13)-C(14) 1.479(6)
Independent reflections 2858 [Rint =0.0182] C(14)-C(15) 1.375(6)
Y-scan absorption correction C(14)-C(19) 1.389(6)
Max., min. transmission factors  0.9666, 0.9554 C(15)-C(16) 1.387(6)
Refinement method Ful?natrix least-squares C(16)-C(17) 1.378(6)
on C(17)-C(18) 1.373(7)
Data/restraints/parameters 2858/0/210 C(18)-C(19) 1.378(6)
Goodness-of-fit on ¥ 0.984

1193

Table 4. Bond lengths (A) for non-hydrogen atoms for

structure 6 in scheme 2.
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R1=00332, wR2=0,0719
0.177 and —0.252

Final R indices [ > 20({)]
Largest difT. peak and hole”

(€A ) Table 5. Bond angles () for non-hydrogen atoms for structure 6
in scheme 2.
C(13)-0(2)-C(10) 116.6(4)
. C(7)-0(3)-C(1) 117.5(3)
Table 3. Atomic coordinates (¥ 10 ) and equivalent isotropic O(3)-C(1)-C(2) 109.0(3)
displacement parameters (A~ X 10”) for nnn. Uea is defined C(1)-C(2)-C(3) 115.6(4)
as one third of the trace of the orthogonalized Us tensor. C(1)-C(2)-Cl 108.1(3)
C(3)-C(2)-Cl1 110.4(3)
Atom X Y Zz Ueq C(2)-C(3)-C(6) 109.9(3)
C(2)-C(3)-C(4) 110.6(4)
Cl 1596(2) 7189(1) 3767(1) 64(1) C(6)-C(3)-C(4) 110.5(4)
O(1) 7613(6) 7470(4) 1386(1) 76(1) C(5)-C(4)-C(3) 114.2(4)
0(2) 10144 (6) 8820(3) 1729(1) 60(1) O(3)-C(7)-C(8) 124.7(4)
0O(3) 5349(6) 8013(3) 3136(1) 58(1) O(3)-C(7)-C(12) 115.4(4)
C(1) 3684(8) 9077(5) 3268(1) 57(1) C(8)-C(7)-C(12) 119.9(4)
C(2) 3250(8) 8863 (4) 3705(1) 48(1) C(7)-C(8)-C(9) 119.6(4)
C(3) 5384(8) 8831(4) 3967(1) 49(1) C(10)-C(9)-C(8) 119.8(4)
C(4) 4705(10) 8858(6) 4409(1) 69(2) C(9)-C(10)-C(11) 121.3(5)
C(5) 6717(11) 8625(6) 4696(2) 103(2) C(9)-C(10)-0(2) 119.4(4)
C(6) 6940(9) 10134 (5) 3868(2) 77(2) C(11)-C(10)-0(2) 119.2(4)
C(7) 6421(9) 8262(4) 2779(1) 47(1) C(12)-C(11)-C(10) 118.9(4)
C(8) 5744(8) 9303(4) 2504(1) 58(1) C(11)-C(12)-C(7) 120.4(4)
C(9) 6967(10) 9457(5) 2151(1) 60(1) O(1)-C(13)-0(2) 122.1(5)
C(10) 8824(9) 8596(5) 2080(1) S1(1) O(1)-C(13)-C(14) 125.4(5)
C(11) 9531(9) 7546 (4) 2353(1) 58(1) O(2)-C(13)-C(14) 112.4(4)
C(12) 8326(8) 7395(4) 2704(1) 52(1) C(15)-C(14)-C(19) 119.1(5)
C(13) 9311(9) 8223(4) 1390(2) 53(1) C(15)-C(14)-C(13) 122.9(4)
C(14) 10697 (9) 8627(4) 1036(1) 46(1) C(19)-C(14)-C(13) 118.0(4)
C(15) 12738(9) 9393(5) 1061(1) 57(1) C(14)-C(15)-C(16) 120.6(4)
C(16) 13998 (10) 9721(5) 720(2) 67(2) C(17)-C(16)-C(15) 119.5(5)
C(17) 13176 (11) 9287(5) 353(2) 74(2) C(18)-C(17)-C(16) 120.4(5)
C(18) 11147 (11) 8514(5) 324(2) 71(2) C(17)-C(18)-C(19) 119.9(5)
C(19) 9912(10) 8178(5) 663(1) 63(1) C(18)-C(19)-C(14) 120.4(5)
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3.2. Synthesis of chiral monomers My and My,
containing eleven and four carbon atoms in the spacer
group

Schemes 3 and 4 describe the synthesis of the chiral
monomers My and Miz2. The 4-(11-hydroxyundecyloxy)-
benzoic acid was prepared by alkylation [25] with
methyl P-hydroxybenzoate and 11-bromo-1-undecanol
(K2COs3, CH3CN) with 76% yield. Basic hydrolysis
followed by addition of concentrated hydrochloric acid
gave the acid derivative in 85% yield. Next, we syn-
thesized the 4-[ (4-propenoyloxy) undecyloxy]benzoic acid
(8) in 92% yield [15, 8]. The final step in scheme 3 is
the esterification reaction using DCC as dehydrating
agent, DMAP as catalyst [17], and phenol 7. The
target molecule of (25,35)-(*)-4-[ 1-(2-chloro-3-methyl )-
pentyloxy] phenyl 4-[1-(propenoyloxy)undecyloxy] -
benzoate (My) was obtained with 57% yield.

The chiral monomer Mi2 was prepared as outlined in
scheme 4. The key intermediate 4-[ (4-propenoyloxy)-
butyloxy] benzoic acid (11) was prepared by the method
described in ref. [ 247, with a slightly different first step.

COMe 3. HOCH5(CH,)sCH,Br,

K;CO5, CHACN (76%)

pey

pTSA, benzene (92%)

o]

b. KOH, EtOHH,0 (85%) =
¢. Acrylic acid, hydroquinone,

Instead of 4-bromobutyl acetate we used 4-chlorobutyl
acetate, obtained from the quantitative ring-opening
reaction of THF with acetylchloride and zinc chloride
(catalyst) under reflux. The final step of the synthetic
scheme is the esterification reaction providing the chiral
monomer ester M2 that was prepared from compounds
11 and 7 using DCC in CH2Cl2 containing a catalytic
amount of DMAP [17]. The monomers My and M2
were isolated by silica gel column chromatography. The
purified monomers were characterized by spectroscopic
methods, and satisfactory analytical data were obtained
(see §2).

3.3. Polymerization

The monomers were submitted to free radical poly-
merization with 2,2'-azobis(isobutyronitrile) (AIBN,
5wt%) as the radical initiator in toluene to give the
chiral polyacrylates P13 and Pi4 (scheme 5). The low
yield of P (table 1) is due to several precipitations in
cold methanol from toluene solution until no signal of
olefinic protons in NMR spectrum was observed.

\)J\o/\ﬂf\o@-cozﬂ

8

ld. (7), DCC, DMAP, CH.Cl, (57%)

Scheme 3.

a. AcCl, ZnCl, (quant.)
b. KOH, p-HOCgH,CO,Me,

f > DMF/benzene (85%) N

c. i. KOH, ethanol, H,O

o ii. HCI, Ho0 (90%)
d. CHp=CHCO,H, hydroquinone,
10 pTSA, benzene (61%)

o o
/\n/ \/\/\o—©——(
: O
My

(o]
/\n/ WO@CO;H
o

11

l e. (7). DCC, DMAP, CH,Cl, (74%)

Scheme 4.
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Monomers %mne (o)
Mg/ M
9 M2 ] oo n-2 O
(0]
Psy3 n=11
P14 n= 4
Scheme 5.

3.4. Crystal structure determination

Suitable crystals of (25,35)-(F )-4-[ 1-(2-chloro-3-methyl)-
pentyloxy] phenyl benzoate (6) were grown at room tem-
perature from ethyl acetate solution by slow evaporation.
Data were collected on a CAD-4 Mach 3 Enraf Nonius
diﬂractometer, in the /20 scan mode with ® scan
width=0.801 0.35 tan 0, using graphite monochromated
MoK, radiation. Data were corrected for Lorentz, polar-
ization and absorption effects. The structure was solved
by the standard heavy atom Patterson method, followed
by normal difference Fourier techniques. H-atoms were
located on stereochemical grounds, and refined with
fixed geometry, each riding on a carrier atom, with an
isotropic displacement parameter amounting to 1.5
(for methyl H atoms) or 1.2 (for the other H atoms)
times the value of the equivalent isotropic displacement
parameter of the atom to which they are attached. A
summary of crystallographic parameters is presented in

1.25 1
1.00 - P
0.75 -
0.50 -
0.25 -
0.00 -

-0.25 -
) Glassy State

Heat Flow / mCal/sec

2nd heating

37.3°C

Smectic Phase

table 2. The final atomic coordinates and equivalent
isotropic thermal parameters are listed in table 3. Tables
4 and 5 display bond lengths and bond angles for non-
hydrogen atoms. The programs used were SHELXS-86
[26], SHELXL-97 [27], ZORTEP [28] and PARST
[29].

3.5. Mesomorphic properties of the chiral homopolymers
P13 and P14

The mesomorphic and thermal behaviours of the homo-
polymers investigated by differential scanning calorimetry
(DSC) and optical microscopy are summarized in table 1.
The polymer with eleven methylene units in the spacer
group, P13, has the smaller number average molecular
weight, Mn. The molecular weight distributions My /M
are similar for both P13 and Pi4.

The DSC thermograms of the polyacrylate P13 can
be seen in figure 4. They show two endothermic peaks

2nd cooling

Isotropic

-1.25 T T
0 10 20 30 40

50

v 1 v 1
60 70 80 90 100 110

Temperature/°C

Figure 4. DSC thermogram of the polyacrylate P13 as a functlonlof temperature for the second heating and cooling cycles. Scan
rates of 10 C min

(1cal =4.18 J).
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at 37.3 and 682°C during the second heating scans,
associated with the transition from the glassy state to
the mesophase for the first peak, and from the mesophase
to the isotropic liquid for the second peak. The temper-
ature range for the mesophase is 30.9°C. The nature of
the mesophase was tentatively assigned as smectic for
P13 with a blurred Schlieren texture, as observed by
optical microscopy.

The DSC thermogram for P14 has the same appear-
ance as that P13, and exhibits two small peaks at 20.5
and 61.5°C related to the transitions glassy state —
mesophase ~isotropic state, respectively. The range of
temperature for the mesophase is 41.0°C; it was assigned
as nematic by optical microscopy. Smectic and nematic
order are favoured after polymerization for both P13 and
P14; they do not crystallize upon cooling, but instead
vitrify to liquid crystalline glasses. The phase behaviour of
the monomers was also investigated, but none possesses
a stable liquid crystal phase above the melting point.

3.6. Small angle X-ray scattering
Attempts to align the polymer samples by cooling
them from the isotropic phase in a magnetic field of
0.5 T over a period of a few hours proved unsuccessful,
probably due to their high viscosity. Temperature-
dependent SAXS profiles of samples of P13 and P14 are
given in figures 5 and 6, respectively.

The results obtained by analysis of the SAXS profiles
are summarized in table 6. The glassy state —> smectic
phase transition of sample Pi3 can be observed in
figure 5, fr(grylthe spl(i)tting of the two peaks, at ¢ = 0.202
and 0.330163_ R at 22 oC, into the two peaks at ¢ = 0.178
and 0.356 A , at 38 C. The well defined inner peaks,
giving d—spacings in the range 35.30 to 3456 A on
increasing the temperature between 38 and 60°C (see
table 6), correspond to the smectic layer spacing of
molecular orientational order [ 30]. Their reflections con-
sisted of a circle with nearly uniform intensity, indicating

max
5

Table 6. Layer spacing, d normalized intensity, £(2)/1(q)
and mean mesogenic fluctuation amplitude, vAX /L, from
small angle X-ray scattering.

P13 Pus

AS /A Laylg™  Jax Lt /A
22 31.12 0.10 — 27.04

38 35.30 1.0 0.0 —
42 35.08 0.92 0.07 27.32
50 35.84 0.34 0.14 27.61

60 34.56 0.08 0.19 —

‘L (35.18 A) is calculated from the monomer repeat unit in
their fully extended conformation [35].

10 ———————
38°C
N

[ 42°C ‘

I (q)/arb. units

q/A"

Figure 5. Small angle X-ray scattering profiles of the polyacrylate P13 as a function of temperature for a heating cycle.
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10" 5

Lot
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Figure 6. Small angle X-ray scattering profiles of the polyacrylate Pi4 as a function of temperature for a heating cycle.

that smectic layers were formed with no preferred direction.
The liquid-like intermesogenic organization within the
layers, which appears as a diffuse outer peak (c. 1.2 A )
in the X-ray profile of samples displaying disordered
smectic phases [31], could not be observed owing to
the limited ¢ range utilized in this work. The second
order Bragg reﬁections0 are also just \iis_i‘g)le for the tem-
peratures 38,42 and 50 C,at 4~ 0.36 A , superimposed
on a diffuse peak. Two sharp signals with Bragg spacings
in the ratio 1:2 in the low angle region are typical of
smectic phases.

The broad diffuse scattering peak, which appears as
another secondary maximum and can be observed also
in the isotropic phase, may be attributed to the under-
lying polymer backbone. In the smectic phase, it is
known that the main chains can preferentially occupy
the space between the mesogenic layers [32] if the
spacers are flexible [ 33].

In addition, the intensity of the low angle peak
increases with increasing temperature, from 22 to 38°C
(see table 6). As the temperature increases beyond 42°C,
however, their intensity begins to decrease. Since this
intensity depends also on the order [34], the increase
suggests a higher degree of order of the smectic layers,
due to the increasing mobility of the main polymer
chain. The subsequent intensity decrease indicates that

for higher temperatures, the backbone motion begins to
reduce the number of regions with ordered structures
inside the sample [34].

The fully extended length of a side chain mesogenic
unit of P13, L, was estimated by means of semi-empirical
calculations using the AM1 Hamiltonian [35], to be
3518 A. In the glassy state (22°C), the inner peak
corresponds to a layer of 31.1 A. This difference may be
related to the mesogenic units, which are poorly stiffened
between the polymer backbones. Because the ratio d/L
is ~1 in the mesophase, between 38 and 60°C, the
smectic structure has monolayer character, i.e. SmA1.
As the layer spacing 4 becomes slightly smaller with
increasing temperature, we interpret this effect as the
result of a larger amplitude motion of the mesogenic
units attached to the polymer backbone. Since ¢ and L
are known, the amplitude of vibration, AX, at each
temperature is given through the relation:

&+ (A =L (1)

The calculated values of AX were used to estimate the
mean mesogenic fluctuation amplitude, \/A7 /L, as a
function of the temperature. These are listed in table 6.
According to these results, melting occurs only when the
mean mesogenic fluctuation amplitude exceeds 0.19. This
value is higher than the fraction =3.7%, that is typical
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for the melting of a number of metals [ 367, and reflects
the stability of the smectic layers due to the presence of
the polymer backbone.

The SAXS 2proﬁles of P14 can be seen in figure 6,
plotted in a 14" vs. 4 representation, which reveals broad
features in the scattering pattern. The profiles are typical
of the nematic phase of side chain polymers, where only
positional liquid-like short range order is present [37].
The small angle scattering response has a maximum
that corresponds to the length of the repeat unit of the
polymer, 4. From the peak position an apparent side
chain length could thus be obtained, also listed in table 6.

Thus, on changing the spacer from 11 methyl groups
in the smectic sample P13 to 4 in P14, the one-dimensional
long range positional order is lost, which means that
the smectic order develops more easily when the coupling
between the mesogenic cores and the backbone weakens.

3.7. Depolarized light scattering

For this experiment the glass cell containing the
sample was placed with the director n, related to the
long range orientational order of the mesogenic side
groups [38], perpendicular to the scattering plane. A
reference sample, pentylcyanobiphenyl (5CB—-Aldrich) was
first investigated in the same way, in order to stabilize
standard experimental conditions and to reproduce
literature results [39]. To avoid unwanted scattering,

the cell was always placed in an index matching bath
(Decalin, Aldrich). The depolarized intensities, Ivu,
were measgllred by heating the sample at a rate of
0.35 Cmin ,determined by the conditions of the equip-
ment. The scattering behaviour observed for the Pi3
sample as a function of temperature is shown in figure 7.
The glassy = smectic, as well as the smectic — isotropic
phase transitions, could be clearly detected, as indicated.
The positions are in accordance with the values obtained
by DSC analysis (see table 1 and figure 4).

As a rule, depolarized light scattered by a molecular
system is related to the optical anisotropy of the molecule,
ultimately related to molecular conformations. For the
polyacrylates investigated in this work, the evolution of
Ivu with temperature can be related to the orientational
arrangement of the mesogenic moieties. The depolarized
light scattered by the mesogenic segments is given by
[40]:

Ivu =Ng"ndsin” 0 cos” 0sin” ) (2)

where N is the nurr&ber of scattering particles in the
scattering volume,  is the optical anisotropy of the
segment and 7 is the number of segments. 0 and ¢ are
the orientation angles of the symmetry axis of the
segment in a laboratory-fixed frame. Since each seg-
mental position with respect to ¢ is as likely as any
other, and taking the scattering of all the segments in

E
E
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E
4

0.8

0.6

04

I,,,/ arb. units

0.2
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Figure 7. Depolarized light intensity, /vt scattered by the P13 sample as a function of temperature for a heating cycle.
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the polymer chain, equation (2) can be rewritten as:
1
v =N<" 5 Gsin’ 207 (3)

with <y2> the mean-squared optical anisotropy of the
polymer. Thus changes in the positional orientation in
the system can be detected by measuring /vu. In this
way {sin” 207 can be defined as an order parameter for
this polycrystalline system. To obtain (sin” 20) for the
smectic phase of P13, we relate the scattered light in the
smectic /vus to that in the glassy state /viG, which is
the more ordered state, and for which <sin2 20> takes
its maximum value:

1
N<y2>5<sin2 20)
= — (4)
N<y >E

IVHS

IVHG

Taking the mean value for /vus (between 40 and 60°C)
and the n%aximum value for Ivue (at 35°C) in figure 7,
gives {sin” 207 = 0.47. This information can be used as
a reference for the degree of order that can be achieved
by the liquid crystalline polyacrylate P13. It is important
to emphasize that this approach takes all the integrated
depolarized scattered light into account. In order to
obtain the absolute order parameter (P2 by means of
light scattering, the value of <y > or {P2)c, the order
parameter in the glassy state, must be known.
Furthermore, the relative increase of orientation with
temperature observed between 40 and 60°C could be
dominated by the effects of increasing chain mobility
that favour the alignment of the smectic layers. A
pretransitional effect can be seen at higher temperatures,
just before reaching the isotropic phase. This may be
caused by thermal fluctuations which affect the local
orientation in the ordered domains. Similar behaviour
is observed in the glassy state — smectic phase transition.

4. Conclusions

In this work new chiral side chain liquid crystalline
polyacrylates P13 and P14 were synthesized and their
mesomorphic behaviours investigated. The molecular
structure of the polyacrylates has a substituted phenyl-
benzoate system as a core, a flexible spacer group having
four or eleven methylenic units inserted between the
core and polymerizable acrylate unit, and a chiral chain
derived from L-isoleucine.

From L-isoleucine we synthesized a key intermediate
(25,35)-(*)-4-[ 1-(2-chloro-3-methyl ) pentyloxy] phenyl
benzoate (6) by a Mitsunobu reaction; its stereochemistry
was established unequivocally by single crystal X-ray
analysis showing that the nucleophilic displacement of
chiral diazonium salts proceeds with overall retention of

configuration. The Flack parameter refined to 0.12(12)
gave an accurate determination of the absolute con-
figuration of the crystal structure of 6. The intermediate
6 was hydrolysed under basic conditions to give the
target phenol 7. The esterification reaction between 7
and polymerizable P-substituted benzoic acids 8 and
11 gave the non-mesogenic monomers My and Miz.
Polymerization (AIBN, 5 wt %) yielded the mesogenic
polyacrylates P13 and Pia.

The chiral polyacrylates P13 and P14 showed the
enantiotropic smectic A and nematic phase, respectively.
A comparison of data obtained from thermal analysis
and small angle X-ray scattering reveals that meso-
morphic behaviour is dependent on both molecular mass
and spacer length. Thus, we observed the chiral nematic
phase for the polymer with higher molecular weight and
shorter spacer group, and the smectic A phase for lower
molecular weight and longer spacer group.

In addition, depolarized light scattering seems to be
a promising technique for the investigation of the charac-
teristic phase transition temperatures in the oriented
samples, as well as to indicate the degree of order of the
polymer chains in the mesophase.
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