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ABSTRACT

(S)- and (R)-1-cyano-2-methylpropyl 4'-{{4-(8-vinyloxyoctyloxy)benzovl]oxy } biphenyi-
d-carboxylate [(S)-11 and (R)-11, both > 99% ece] cnantiomers and their corresponding
homopolymers {poly[(S)-11] und poly[(R)-11]} with well defined molecular weight and narrow
molecular weight distribution were synthesized and characterized. The mesomorphic behaviors of
(S)-11 and poly[(S)-11} are identical to those of (R)-11 and poly[(R)-11], respectively. Bo:h
monomers (S)-11 and (R)-11 exhibit enantiotropic Sa, Sc* and Sx (unidentified smectic:
phases. The corresponding homopolymers ¢xhibit Sp and Sc* phases. The homopolymers with
DP < 6 show also a crystalline phase. while those with DP > 10 exhibit a second ,x phase. Phase
diagrams were investigated tor four different pairs of enantiomers: (S)-11/(R)-11.(S)-
11/poly[(R)-11] and poly{(S)-11]/poly{(R)-11] with similar and dissimilar molecular weight.
In all cases the structural units derived from the enantiomeric components are miscible and
therefore isomorphic in the Sa and S¢* phases over the entire range of enantiomeric composition.

Chiral molecular recognition was observed in the S5 and Sx phases of monomers but not
in the Sa phase of polymers. In addition. a very unusual chiral molecular recognition effect was
detected in the Sc* phase of monomers below their crystallization temperature and in the S¢~
phase of polymers below their glass transition temperature. In the Sc* phase of monomers above
the melting temperature and of polymers above the glass transition temperature the two enantiomers
exhibit nonideal solution behavior. Nonideal solution behavior was also observed in the S phase

of monomer-polymer and polymer-polymer mixtures.

INTRODUCTION

In the field of liquid crystals chiral molecular recognition was observed in various lavered
phases of enantiomeric pairs of low molar mass liquid crystals,!-4 although very little
understunding of b influence of structural parameters on its manifestation is available. Molecular
recogniita i enantiomenic and diastereomenic pairs of macromolecular liyuid crystals has not been

studied. mainly because of the lack of the technigues available to synthesize enantiomeric and




2
diastercomeric pairs of liquid crystalline polymers witﬁ well controlled molecular weight and
narrow molecular weight distnbution.

Recently we intuated a systematic series of investigations on the chiral molecular
recognition by studving the relationship between molecular, macromolecular and supramolecular
structures and the extent of manifestation of heterochiral recognition.> The methodology used in
our research involves the svnthesis ot enantiomeric and diastereomeric mesogenic vinyl ethers and
of the corresponding homopolvmers and copolymers by living cationic polymerization and
copolymerization reactions. Living cationic polymerization provides homogeneous polymers and
copolymers with well controlled molecular weight, composition and narrow molecular weight
distribution.0-7  Chiral recognition is detected by studying the phase diagrams of monomers,
homopolymers and copolymers as a function of enantiomeric composition. In the first publication
of this series,”® we have reported the observation of the first example of heterochiral recognition in
the Sz phase of molecular pairs of diastereomeric liquid crystals based on (2R, 35)- and (28, 35)-
2-tluoro-3-methvlpentyl +'-(11-vinyloxyundecanyloxy)biphenyl-4-carboxylate. However, this
chiral recognition effect was not observed in the mixture of the two diastereomeric polymers and in
the corresponding copolymers. In subsequent publications from this series,3b.¢ heterochiral
recognition was observed first in the S5 phase of molecular pairs of enantiomeric liquid crystals
based on (R)- and (S)-2-chloro-4-methylpentyl 4'-(8-vinyloxyoctyloxy)biphenyl-4-carboxylateSb
and (R)- and ($)-2-fluoro-4-methylpentyl 4'-(8-vinyloxyoctyloxy)biphenyl-4-carboxylate,5¢ and
also in the S¢* phase of the last pair of enantiomers. In addition, chiral recognition was observed
in the same phases of the corresponding homopolymers. However, the copolymers based on the
(R)- and (S)-2-chloro-4-methvlpentyl +4'-(8-vinyloxyoctyloxy)biphenyl-4-carboxylate enantiomers
do not exhibit heterochiral recognition in any of their phases, while the copolymers based on (R)-
and ($)-2-tluoro-4-methvipentyl 4'-(8-vinyloxyoctyloxy)biphenyl-4-carboxylate enantiomers
display chiral recognition in both their Sc* and Sx phases. The recognition effect observed in the
Sc ™ phase of these copolymers is larger than that observed in their corresponding homopolymer

mintures. The enhancement ot the recognition effect in the compounds containing fluorine instead
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of chlorine 1n the stereocenter 1s constdered to be due to ‘thc higher clcctrbncgativity of fluorre.
Theretore, investigation of stereocenters with larger dipoles is of great interest for these studies.

This paper reports the svathesis and living cationic polymerization of a pair of enantiomeric
monomers containing a -CN group in their stereocenter ie.. (S)- and (R)-1-cyano-2-methvipropyi
- {[3-(8-vinvloxyoctyloxyibenzoviJoxybiphenvl-4-carboxvlate [(S)-11 and (Ry)-117].
Heterochiral recognition between the two enantiomers was investigated by studving the phise
diagrams of various binary mixtures ot monomers and polvmers as a function of enantiomer:.

composition.

EXPERIMENTAL
Materials

L-Valine [(S)-2-amino-3-methylbutanoic acid. Y97%. Aldrich], methvl chloroformate (997 .
Aldrich), tetrabutylammomum hvdrogen sulfate (TBAH. 97%. Aldrich), 1.2-
dicyclohexylcarbodiimide (DCC. 997, Aldrich), wiphenyl phosphine (PPh3, 99%. Aldrich). ethyvi
4-hydroxybenzoate (99%. Aldrich). tris{3-(hepratluoropropyl-hydroxymethylene)-+)-
camphoratol, curopiumIll) derivauve [Euthfc)s. 98%. Aldrich], benzyl bromide (98%. Fluk)
and diethyl azodicarboxylate (DEAD, 90-95%. Fluka), were used as received. Chlorosulfonyl
isocyvanate (97%. Fluka) was distilled under Na atmosphere before each use. Dimethvl sulfoxide
(DMSO. 99%. Fisher) was heated overnight at 100°C over CaHj, distilled from CaH> under
vacuum, and stored over molecular sieves (4A). Tetrahydrofuran (THF. 99%. Fisher) was
refluxed over LIAIHS over might and freshly distilled from LiAlH4 before each use.

Methylene chloride (99%. Fisher) used in the cationic polymerization was purified by
washing with concentrated sulfuric acid several times until the acid layer remains colorless. then
with water. dried over anhydrous MgS50y. refluxed over calcium hydride and freshly disulled
under argon betore each use. Dimethyvl sulfide [(CH3)2S] (anhydrous, 99+%. packed under

nitrogen in Sure/Seal boutle. Aldrich) was distilled over sodium metal under argon.
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Tritluoromethanesultonic acid (CF3SO3H) (98%, Aldrich) was distilled under vacuum. The

source of all the other chemicals used was described in the previous publications.”

Techniques

'H-NMR (200 MHz) spectra were recorded on a Varian XL-200 spectrometer, with
terramethvisilane (TMS) as internal standard. Infrared (IR) spectra were recorded on a Perkin-
Elmer 1320 infrared spectrophotometer, with samples sandwiched between KBr pellets. The
specific rotation of optically active compounds was determined with a Perkin-Elmer 241
polarimeter in solution (the concentration reported is in g/100ml solvent). The enantiomeric excess
of monomers was measured by TH-NMR spectroscopy using Eu(hfc)3 as a shift reagent.

Relative molecular weights of polymers were determined by gel permeauon
chromatography (GPC) with a Perkin-Elmer Series 10 LC instrument equipped with LC-100
column oven and a Nelson Analytical 900 series integrator data station. A set of two Perkin-Elmer
PL zel columns of 5x10° and 104 A with THF as solvent (Iml/min) and a calibration plot
constructed with polvstyrene standards were used. High pressure liquid chromatography (HPLC)
experiments were pertormed with the same instrument.

Phase transition temperatures were determined by a Perkin-Elmer DSC-7 differential
scanning calorimeter (DSC) equipped with a TAC 7/DX thermal analysis controller. In all cases,
heating and cooling rates were 10°C/min unless otherwise indicated. Glass transition temperatures
(Ty) were read at the middle of the change in the heat capacity. A Carl-Zeiss optical polarized
microscope equipped with a Mettler FP 82 hot stage and a Mettler FP 80 central processor was
used to observe the thermal transitions and to verify the anisotropic textures.

The dependence of layver spacing of monomers and polymers on temperature was measured
by wide angle X-ray scattering (WAXS) experiments (X-ray source: a Rigaku Rotaflex RU-200
D/max rB 12 KW Generator cquipped with nickel filtered Cu Ko-radiation and a variable

temperature sample holder). The sample was melted into a thin film on an aluminum plate and the




measurement was taken dunng the heating and/or cooling scan (2.50C/miny at 20 ranging rom

1.89 to 309,

Synthesis of (S)-1-Cyano-2-Methyipropyl 4'-{[4-(8-Vinyloxyoctyloxyibenzoyi]-
oxy}biphenyl-4-Carboxylate [(S)-11] and (R)-1-Cyano-2-Methylpropyl 4'-{[4-
(8-Vinyloxyoctyloxylbenzoyljoxy}biphenyl-4-Carboxylate [(R)-11]

The synthetic procedure used tor the preparation of monomers (S)-11 and (R)-11 .y
outlined in Scheme 1. The synthesis ot 4-hyvdroxybiphenyl-4-carboxylic acid (4) was described

elsewhere.’

(S)-Sodium 2-Hydroxy-3-Methvibutanoate [(S)-2]3

To a stirred solution of L-valine ([a| 55 =+27.5. ¢=8.0, 6N HCl) (50.0g. 0.43mol) n
650ml of 0.5M H2SOy4 (cooled in an ice bath) was added a solution of NaNQ3 (44.3¢g. 0.64moi) in
120mi of H2O during 3 h. Evolution of N2 was observed during the addition. After surnng .
room temperature tor 10 h. the reactuon mixture was adjusted to pH=6 by the addition of solid
NaHCO3z. Then. the solution was adjusted to pH=3 with 40% phosphoric acid. The crude
product was extracted by THF (4x150ml). The combined THF extract was washed with brine
twice and dried over anhvdrous MgSOy. Atfter THF was distilled, a slightly pink oil remained.
This was dissolved in 200ml of CH3OH. and the resulting solution was adjusted to pH=7-8 using
a concentrated solution of NaOH in CH:OH. The resulting solution was poured into 1200 ml of
diethyi ether to produce a white precipitate, which was filtered and dried to give a white powder
(39.6¢. 66%). [a] ,3;' =-11.6 (¢ = 8.03. H-O). IR absorptions (with niijol on KBr plate) at 1590
and 3300 ¢cm-! indicated the conjugated carbonyl group in -COO-Na* and -OH group.

respectively.
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Svnthesis of (S)-Benzyl Z-Hydroxy-J-Methylbut;moate [(S)-3]8

A mixture of (8)-2 (39.0g, 0.27mol), benzyl bromide (47.9g, 0.27mol) and TBAH
(4.8g¢. 0.0Imol) in molecular sieve dried DMF (200ml) was stirred at room temperature for 24 h.
DMF was removed by vacuum distillation under 50°C. The resulting suspension was diluted with
diethvl ether and filtered. The tiltrate was washed with H2O, 5% NaHCOj3 and H0, respectively.
After the ether solution was dned over anhydrous MgSQOy, the ether was distilled on a rotary
evaporator and the resulting liquid was distilled under vacuum to yield a colorless liquid (48.5g,
96.0-99.0°C,0.09mmHg, 83.6%). Purity: > 99% (HPLC). [a] 5 =-11.0 (c=0.83, CHCl3). !H-
NMR (CDCly. TMS. 6. ppm): 7.37 (s, 5ArH, -CgHs), 5.22 (s, 2H, -CH2Ph), 4.09 (broad s, 1H,
-OH). 2.76(d. J=6.53Hz. 1H. -CH(OH)-), 2.09 (m, 1H, -CH(CH3)2), 1.01-0.84 (2d, J=7.0Hz,
6H. -CH(CH3)2).

4'-(Methyloxycarbonyvloxyibiphenyl-4-Carboxylic Acid (5)?

To a solution of NaOH (14.9g, 0.37mol) in 360m! of H20 maintained at -10°C, 4 (27.5g,
0.13mol) was added with vigorous stirring. Methyl chloroformate (19.8g, 0.21mol) was added
dropwise to the resulting suspension during 1 h. The reaction mixture was stirred at -5°C for 4 h
and then was brought to pH=3 by the addition of 20% HCI solution. The resulting white
precipitate was filtered off. washed with a large amount of H20 and dried without further
purification to yield 33.5g (95%) of white crystals. mp: 262.2-265.0°C. 'H-NMR
[((CDz1;2CO/DMSO=1/1. TMS. &, ppm]: 8.09 (d, J=8.0Hz, 2ArH, o to -COOH), 7.60 (d,
J=X.6Hz. 4ArH. m to -COOH and m to -OCOO0O-), 7.33 (d, J=8.7Hz, 2ArH, o to -OCOO-), 3.89

(s. 3H. CH30-).

{S)-1-Benzyloxycarbonyl-2-Methylpropyl 4'-(Methyloxycarbonyloxy)biphenyl-4-
Carboxyvlate [(5)-6]
To a suspension containing 5 (9.0g, 33.1mmol), (S)-3 (6.9g, 33.1mmol) and anhydrous

t-dimethy laminopyridinium p-toluene sulfonate (DPTS)10 (1.9g, 6.5mmol) in a mixture of 80ml




ot drv CH>Cly and 30mlb dry DME cooled inace bath. was added a solution of DCC (7 2.
3. dmmol) in 20ml of dry CH>Cl> duning 15 min. The suspension turned to a clear solution
during the addition and a precipitate tormed in about 30 min. After the reaction mixture was surres
at room temperature for 8 h, the precipiate was tiltered and the filtrate was diluted with 100mi o1
diethvl ether. washed with H20 and dried over anhydrous MgSO4. The crude product was
purified by column chromatography (neutral alumina. diethyl ether/hexane=1/1 as eluent) to viekd .
colorless viscous liquid (18 2g, 9670 Purity: > 99% (HPLQO). [0(]13)5 =+3.72 (c=1.00. CHC+:
TH-NMR (CDClz. TMS, o, ppmu: X.15 d. J=X.5Hz. 2ArH. o to -COO-), 7.65 (d. J="0H..
2ArH. mto -COO-), 7.63 «d. J=x.8Hz. 2ArH. m 10 -OCO0-), 7.34 (s. SArH. -CH>-Ci,Hsv 7 00
(d. J=10.3Hz. 2ArH, o 10 -OCOO-. 322 d. J=2.3Hz. 2H, -CH2Ph), 5.15 (d. J=06.2H/z 111
-COOCH{COOCH>Ph)-1. 393 15 3H. CH:0-1, 2.39 (m. tH. -CH(CH3)2). 1.10-1-00 - 2

J=7.O0Hz. 6H. -CH(CHax 2.

(R)-1-Benzyloxycarbonyl-2-Methylpropyl 4'-tMethyloxycarbonyloxy)biphenyl-4-
Carboxvylate [(R)-6]'!

A suspension of 5 (9.0g. 33 immol). (8$)-3 (6.9g, 33.Immol) and PPh3 (8.77¢.
33 Immol) in 100ml of dry THF was cooled in an ice bath. DEAD (6.4g, 33.1mmol) was added
dropwise during 20 min. and the suspension turned into a clear light yellow solution dunng the
addition. The <~'ution was stirred at room temperature tor 12 h and the solvent was distilled in @
rotary evaporator to uive a light yellow thick suspension, which was subjected to column
chromatography (neutral alumina. dicthy I ether/hexane=1/1 as eluent) to vield a colorless viscous
liquid (8.0g, 32%). Purty: > 9997 (HPLC). [o] [; =-3.70 (¢=0.99, CHCl3). 'H-NMR (CDC(lxz,
TMS. 3. ppmi: 815 (d. J=8.0Hz. 2ArH. 0 10 -COO-), 7.65 (d. J=8.2Hz, 2ArH. m t0 -COO-.
7.63 (d. J=8.5Hz. 2ArH. m 10 -OCOO-1. 7.34 (5. SArH. -CH2-CeHs). 7.30 (d. I=10.6Hz.
2ArH. 0 o -OCOO0-», 5.22 «d. }=3.0Hz 2H. -CH2Ph), 5.16 (d. J=6.1Hz. 1H. -COOCLL
(COOCHAPhI-), 3.93 (5. 3H. CH:0O-.. 240 im. TH. -CH(CH3)7), 1.10-1-07 (2d. J=6.8Hz. 6H.

CH(CH1).




(Si1-1-Carboxy-2-Methyvipropyl 4'-(Meth.yloxycarbon'yloxy)biphen}'l-4-
Carboxvlate [($)-7])

(S1-6 (14.0g. SL.8mmol) was dissolved in 150mi of ethyl acetate containing 5% Pd-on-
charcoal 0.7y, The resulting suspension was stirred under Hp atmosphere (50 psi) at room
temperature tor N h to complete the hvdrogenolysis of the benzyl ester (monitored by using TLC).
The catalvstwas tiltered off and the tilrate was evaporated to dryness to give a white solid (10.6g.
WSO Punve » 999 mp: 118.5-120.00C. [a] §=+37.30 (c=1.05, CHCl3). 'H-NMR
rCDC TMS o0 ppm: N6 d. J=9.4Hz, 2ArH, o to -C0OO0-), 7.67 (d, J=7.7Hz, 2ArH. m 10
-COO- 75 vdl J=x3Hzo 2ArH mo -OCO0O0-), 7.30 (d, J=8.3Hz, 2ArH, o to -OCOQO-), 5.17
tdo J=4 4Hzo TH - COOCHCOOH) -, 394 (s, 3H, CH30-), 2.44 (m, LH, -CH(CH3y)»). 1.18-

I3 12d, J=x.0Hz. ol -CH(CH1inoo.

tRI-1-Carboxy-2-Methvipropyl 4'-(Methyloxycarbonyloxy)biphenyl-4-
Carboxylate [(R)-7]

(R)-7 was prepared from (R)-6 by the same method as (S§)-7. Starting from (R)-6
(X.0z. 21.5mmob. a white solid was obtained (5.1g, 80%). Purity: > 99%. mp: 118.8-120.0°C.
fels = -37.34 ¢ = 1.10. CHCly). 'H-NMR (CDCl3, TMS, 8, ppm): 8.15 (d, J=8.9Hz. 2ArH.
o 10 -COO-1. .66 4. J=7.0Hz. 2ArH. m 1o -COO0-), 7.65 (d, J=8.5Hz, 2ArH, m to -OCOO-),
7.28 id, I=83Hz, 2ArH o o -0C00-), 5.17 (d, J=4.3Hz, 1H, -COOCH(COOH)-), 3.94 (s.
AL CH0-0 234 om, TH -CHCH1n). 1.17-1-13 (2d, J=5.8Hz, 6H, -CH(CHa3)?).

(S) -1-Cyano-2-Methyvlpropyl 4'-(Methyloxycarbonyloxy)biphenyl-4-Carboxylate

[1S)-8]1-

“hlorosaitfonvl socvanate 15.7¢, 40.2mmol) was added dropwise at room temperature

during 153 min o solutton of (8)-7 (7.5¢. 20.1mmol) in 25ml of dry CHCl,. The reaction

minture was retluxed tor 1 h and then was distilled under vacuum to remove the solvent and the

excess of chlorosultonyl isocvanate. Dry CH2Clp (10ml) was introduced under a Np atmosphere
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and the resulting light vellow solution was cooled in an ice~ bath. Dry DMF (20ml) was then added
slowlv and the solution was stirred at room temperature for 1 h. The reaction mixture was then
poured into 100ml of water, and extracted with diethyl ether (4x50ml). The combined cther
solution was washed with 5% NaHCO1z and H20. and dried over anhydrous MgSOj. The cther
solution was distilled in a rotary evaporaior to give a light yellow oil, which was purified by
column chromatography (neutral alumina. diethyl ether/hexane=2/1 as eluent) to vield a white soiid
(4.d4g, 62%). Purnty: > 99%. mp: 71.6-72.99C. [a]ff=-8.16 (¢c=1.00. CHCl3). TH-NMR
(CDCl3, TMS. 0. ppm): 8. 14 (d. J=8.2Hz. 2ArH. o to -COQ-), 7.67 (2d. J=8.1Hz. 4ArH. m w0
-COO- and m to -OCOO-), 7.35 (d. J=8.9Hz. 2ArH. o to -OCOO-), 548 (d. J=5.9Hz. 1H.
-COOCH(CN)Y-), 3.94 (s. 3H. CH30-), 2.32 (m, |H, -CH(CH3)2), 1.21 (t, J=7.4Hz. 6l

-CH(CHz)2).

(R)-1-Cyano-2-Methylpropyl 4'-(Methyvloxycarbonyloxy)biphenyl-4-Carboxylate
[(R)-8]

Starting from (R)-7 (3.5g, 9.4mmol) and chlorosulfonyl isocyanate (2.7g, 19.0mmob).
(R)-8 (2.1g, 61%) was obtained as a white solid by a similar procedure to that used in the case ot
(S)-8. Purity: > 99%. mp: 71.6-73.19C. [a] 5 =+8.16 (c=1.02, CHCl3). 'H-NMR (CDCl;.
TMS. 3. ppm): 8.14 (d. J=8.0Hz. 2ArH. o 10 -C0O0-), 7.67 (2d, J=8.3Hz, 4ArH, m to -COO-
and m to -OCOO-), 7.35 (d. J=8.6Hz, 2ArH, o to -OCOO-), 5.48 (d. J=6.0Hz. IH.
-COOCH(CN)-), 394 (s. 3H. CH30-), 2.33 (m. 1H, -CH(CH3z)3), 1.22 (t, J=7.4Hz. 6H.

-CH(CH3)2).

(S)-1-Cyano-2-Methylpropyl 4'-(Hyvdroxy)biphenyl-4-Carboxylate [($)-97Y

(S)-8 (4.15¢. 11.7mmol) was stirred in a mixture of 300ml of ethanol and 150ml of
agueous ammonia (10-35%) at room temperature for 1 h. The reaction mixture was poured into
300ml of water. The crude product was extracted with CH2Clp (4x80ml) and the combined

CH-Cl5 solution was washed with oM HCLL 5% NaHCOj3 and water, respectively. The crude
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product was puritied by column chromatography (silica gél, hexane/ethyl acetate=6/1 as eluent) to
vield a white solid (2.8¢, 82%). Purity: > 99%, mp: 103.1-104.5°C [0} ¥=-4.40 (c=1.07.
CHClz). H-NMR (CDCl3, TMS, 8. ppm): 8.10 (d, J=8.0Hz, 2ArH, o to -COQO-), 7.66 (d.
J=3.6Hz, 2ArH. m to -COO-), 7.54(d. J=8.5Hz, 2ArH, m to -OH), 6.96 (d, J=9.4Hz, 2ArH, o
to -OH), 5.47 (d. J=>.4Hz, 1H. -COOCH(CN)-), 5.37(s, 1H, -OH), 2.34 (m, 1H, -CH(CH3)j).
1.21 (1. J=7.3Hz. 6H, -CH(CH3)»).

(R)-1-Cyano-2-Methylpropyl 4'-(Hydroxy)biphenyl-4-Carboxylate [(R)-9]

(R)-9 (1.2¢g, 72%) was obtained from (R)-8 (2.0g, 5.7mmol) by the same method as
($)-9. Purity: > 99%. mp: 103.0-104.7°C. [0t} ¥ =+4.39 (c=1.01, CHCl3). 1H-NMR (CDCl;3,
TMS. o. ppm): 8.10 (d. J=8.0Hz. 2ArH, o to -COO-), 7.66 (d, J=8.5Hz, 2ArH, m to -COO-),
7.54 (d. J=8.7Hz. 2ArH. m to -OH), 6.96 (d, J=8.8Hz, 2ArH, o to -OH), 5.47 (d, J=5.3Hz,
I1H, -COOCH(CN)-), 5.37 (s, 1H, -OH), 2.34 (m, 1H, -CH(CH3)2), 1.21 (t, J=7.1Hz, 6H,
-CH(CH3)2).

4-(8-Vinyvloxyoctyloxy)benzoic Acid (10)

Ethvl 4-hydroxvbenzoate (2.24g, 13.3mmol) and NaOH (0.54g, 13.5mmol) were
dissolved in 80ml 95% ethanol and heated to reflux for 15 min. 8-Vinyloxyoctylbromide’¢
(3.17¢, 13.5mmol) was added and the reaction mixture was refluxed for 14 h and poured into
200m! of water. The crude product was extracted with diethyl ether and purified by column
chromatography (silica gel, CH2Cly/CgH14=2/1 as eluent) to give ethyl 4-(8-
vinyloxvoctyloxy)benzoate as a colorless liquid (3.1 g, 72%). Purity: > 99%. lH-NMR (CDCls,
TMS. 3. ppm): 8.00 (d. J=8.0Hz. 2ArH. o to -CO0-), 6.91 (d, J=8.6Hz, 2ArH, m to -COO-),
6.33-0.42 (q, J=7.0Hz, 11, CH=CH-), 4.35 (q, J=6.1Hz, 2H, -COOCH>-), 4.17(d, J=3.6Hz,
1H. ¢is CH2=CH-), 4.00 (m. 3H. trans CH»=CH- and -PhOCH»-), 3.68 (1, J=6.9Hz, 2H,
=CHOCH,), 1.77 tm. 2H. -PhOCH2CH»>-), 1.67 (m, 2H, =CHOCH,CH>-), 1.38 (m, 11H,

-0(CH2)20CHas- and -CH2CHy). Ethyvl 4-(8-vinyloxyoctyloxy)benzoate (3.1g, 13.3mmol) was




I

hydrolvzed at 60°C for 1 h in 60ml of Y5 ecthanol cohntaining KOH (i’..7g, 48.4mmol). The
resulting solution was cooled and acidified with IN HCL. The precipitate was filtered, dried in air
and recrystallized from 95% cthanol to afford white crystals (2.4g, 85%). 'H-NMR (CDCl;.
TMS, 5. ppm): 8.06 (d. J=8.1Hz. 2ArH. 0 to -COOH), 6.94 (d, J=8.6Hz, 2ArH. m to -COOH).
6.53-6.42 (q, J=7.0Hz, 1H. CH2=CH-). 4.17(d, J=4.0Hz, 1H, cis CHy=CH-), 4.03 (m. 3H.
trans CH»>=CH- and -PhOCH»-), 3.68 (1, J=7.1Hz, 2H, =CHOCH?), 1.79 (m. 2.
-PhOCH>CHz-), 1.66 (m. 2H, =CHOCH»CH»-), 1.37 (m. 8H, -O(CH3)2(CH»)4-).

(S)-1-Cyano-2-Methylpropyl 4'-{[4-(8-Vinyloxyoctyloxy)benzoylloxy}biphenyi-
.-carboxyvlate [(S)-11]

Into a suspension of (S)-9 (1.0g. 3.4mmol), 10 (1.0g, 3.4mmol) and DPTS (0.2¢.
0.7mmol) in 15m! of dry CH2Cls was added dropwise a solution of DCC (0.73g, 3.6mmol) in
2ml of CH,Cl; dropwise at room temperature. The reaction mixture first became a clear solution.
Then u precipitate formed. After stirring at room temperature for 8 h, the reaction mixture was
diluted with 50ml of diethvl ether and then was filtered. The filtrate was poured into 100 mi of ice
water and extracted with diethyl ether (4x50ml). The combined ether solution was washed with
water, and dried over anhydrous MgSO4. The crude product was purified by column
chromatography (silica gel. CH2Cly/CoH14=6/1 as eluent) and finally was recrystallized tfrom
methanol to yield white crystals (1.4 g, 74%). Purity: > 99%. Enantiomeric excess: > 99% (1H-
NMR). Phase transitions: K 106.20C S 120.19C i (DSC, 10°C/min). [a]}=-3.07 (c=1.07.
CHCl3). 'H-NMR (CDCl3, TMS., &, ppm): 8.16 (2d, J=11.2Hz, 4ArH, o to -COO-), 7.71 (2d.
J=7.5Hz. 4ArH, m 10 -COO-), 7.34(d. J=8.3Hz, 2ArH, m to -OCO-), 7.00 (d, J=8.8Hz, 2ArH.
o to -OCH3-), 6.54-6.43 (q. J=7.1Hz, 1H. CH3=CH-), 5.48 (d, J=6.0Hz, 1H, -COOCH(CN),
4.18 (d, J=3.8Hz. |H, cis CH2=CH-), 4.06 (1, J=6.3Hz, 2H, -PhOCH3-), 3.99 (d, J=6.6Hz.
[H, trans CHy=CH-), 3.69 (t, J=6.5Hz. 2H, =CHOCH)}>), 2.33 (m, 1H, -CH(CH3)2), 1.83 (m,
2H. -PhOCH,CH3-), 1.68 (m. 2H. =CHOCH>CH3-), 1.39 (m, 8H, -O(CH2)2(CH2)4-). 1.22 (1.
J=6.6Hz. 6H. -CH(CHz312).
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(R)-1-Cyano-2-Methylpropyl 4'-{[4-(8-Vinylox-yoctyloxy)berizoyl]oxy}biphenyl-
4-Carboxylate [(R)-11]

White crystals of (R)-11 (1.5g, 76%) were obtained by following an identical procedure
as in the case of (S)-11. Purity: > 99%. Enantiomeric excess: > 99% (!H-NMR). Phase
transitions: K 106.19C S 120.00C i (DSC, 10°C/min). [a] =+3.07 (c=1.07, CHCl3). 'H-
NMR (CDCl3z, TMS. d. ppm): 8.16 (2d, J=11.2Hz, 4ArH, o to -COO-), 7.70 (2d, J=7.6Hz,
4ATH. m to -COO-), 7.34(d. J=8.3Hz, 2ArH, m o0 -OCO-), 7.00 (d, J=7.6Hz, 2ArH, o to
-OCH»-), 6.54-6.43 (q. J=7.1Hz, 1H, CH,=CH.), 5.48 (d, J=6.0Hz, 1H, -COOCH(CN), 4.18
(d. J=3.8Hz. IH. cis CH2=CH-), 4.06 (t, J=6.3Hz, 2H, -PhOCH>-), 3.98 (d, J=6.4Hz, 1H,
trans CH~=CH-), 3.69 (1, J=6.4Hz, 2H, =CHOCH3), 2.34 (m, 1H, -CH(CH3)3), 1.84 (m, 2H,
-PhOCH-CH>-), 1.67 (m. 2H. =CHOCH,CH>-), 1.39 (m, 8H, -O(CH3)2(CH2)4-), 1.22 (1,
J=6.7Hz. 6H. -CH(CHa3)»).

Cationic Polymerizations

Polymerizations were carried out in a three-neck round bottom flask equipped with a
stopcock and rubber septum under argon atmosphere at 0°C for 1 h. All glassware was dried
overnight at 140°C. The monomer was further dried under vacuum overnight in the
polvmerization flask. After the flask was filled with argon, freshly distilled dry CH2Cl was
added through a syringe and the solution was cooled to 0°C. Freshly distilled (CH3)2S and
CF:SO3H were then added consecutively via syringes. The monomer concentration was about
().2M and the (CH3)>S concentration was 10 times larger than that of the CF3SO3H used as an
initiator. The polymer molecular weight was controlled by the monomer/initiator ((M]o/[1}o) ratio.
After guenching the polymerization with NH4OH and CH3O0H, the reaction mixture was
precipitated into methanol. The filtered polymers were purified by precipitation from CHxCla

solution into CH3OH. The resulting polymers were dried in a vacuum oven at room temperature.




RESULTS AND DISCUSSION
1. Synthesis of monomers (S)-11 and (R)-11

The synthesis of monomers (S)-11 and (R)-11 is presented in Scheme 1. L-Valinc was
reacted with HNO:> between -5 and 0°C in aqueous solution to give (S)-2-hydroxy-3-
methylbutanoic acid with retention of original (S) configuration due to the anchimeric assistance
provided by the carboxylate group.!3 A simili mechanism was valid for the replacement of the
amino group with chlorine via the diazonium salt intermediate. Complete retention of
configuration during this reaction was observed for most of the optically active amino acids. '+:12
The carboxylic acid group of (S)-2-hydroxy-3-methylbutanoic acid was neutralized with NaOH to
give (S)-sodium 2-hydroxy-3-methyibuiaroate [(8)-2] and then was esterified with benzyl
bromide to produce (S)-3. Methyl chloroformate was used to protect the phenol group of 4 10
give 5. (S)-6 was prepared by the esterification of (S)-3 with 5 in the presence of DCC and
DPTS. This reaction takes place with the retention of configuration of the chiral center.

The esterification of (S)-3 with 5 in the presence of DEAD and PPhj yields (R)-6 with
the inversion of configuration of the stereocenter of (S)-3. The general mechanism!! of this
reaction is outlined in Scheme 2. In this reaction, DEAD (12) and PPh3 (13) reacted to generate
the quaternary phosphonium salt (14). 14 was protonated by an acid (1§), forming a second
quaternary phosphonium salt (16). The nucleophilic attack by a chiral alcohol (17) gives an
alkoxyphosphonium salt (18), which undergoes SN2 type displacement to afford the product 20
with inversion of configuration.11.16.17

The benzyl ester protecting group of (S)-6 and (R)-6 was removed by hydrogenolysis to
produce (S)-7 and (R)-7, respectively. Afterwards, the -COOH group of (S)-7 and (R)-7 was
converted to -CN by treating the acid with CISO3NCO in CH2Cl; and DMF.12 The deprotection
of methyl carbonate of (S)-8 and (R)-8 was carried out with 30% NH4OH in ethanol? to yield
(S)-9 and (R)-9, which were reacted with 10 in the presence of DCC and DPTS to produce

monomers (S)-11 and (R)-11.
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2. Optical purities of (S)-11 and (R)-11

The optical purities of monomers (S)-11 and (R)-11 were determined by 200 MHz !H-
NMR spectroscopy using Euthfe)s as a chiral shift reagent. The 1H-NMR spectra of (S)-11 and
(R)-11 recorded in CDCI3 are identical. Figure la presents representative 'H-NMR spectra of
(S)-11 without. while Figure 1b with the shift reagent. Figure 2a and b presents the !H-NMR
spectra of the monomer mixture (molar ratio of (S)-11/(R)-11=2/1) without and with the shift
reagent. respectively. In Figure la the doublet at 8=5.48 (J=6.0) is due to the proton of the
cvanohvdrin ester [-COOCH(CN)-|. When the shift reagent Eu(hfc)3 was added incrementally to
the monomer solution, the doublet shifted to a higher field and its coupling constant as indicated in
Figure b did not change (J=6.0). Although the !H-NMR spectra of (S)-11 and (R)-11
monomer mixture (molar ratio of (S)-11/(R)-11=2/1) (Figure 2a) looks identical to that of (S)-
11. the addition of the shift reagent clearly separated two doublets. The doublet at §=6.02 (J=6.0)
is due to the cyanohydrin ester hydrogen in (S)-11 and the other at 8=6.14 (J=6.0) is due to the
cyanohvdrin ester hydrogen in (R)-11. The integration of these two doublets is 2/1, reflecting the
initial molar ratio of the two monomers in the mixture. As the amount of the shift reagent
increases, the separation of these two doublets become larger and they are shifted to an even higher
field. However. the coupling constant of both doublets remains unchanged. This separation
behavior by the chiral shift reagent is due to the different interaction between the pure enantiomers
with the chiral shift reagent. Both monomers were carefully checked by 'H-NMR with the

Euthfc);. The optical purities of both monomers [(S)-11 and (R)-11] are higher than 99% ee.

3. Polymerization of (S)-11 and (R)-11 and Characterization of Poly[(S)-11] and
Polv[((R)-11]

Previous publications from our®7.18 and other laboratories!9 have demonstrated that
polymerization of functional vinyl ethers initiated by (CF3SO3H/(CH3)2S system exhibits the
characteristics of a living polymerization, leading to well defined polymers with controlled

molecular weights and narrow polydispersities. Therefore both monomers (S)-11 and (R)-11
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were polvmerized using CF3SO3H/(CH3)2S8 at 0°C in dn CH,Clp. The résulling polymers were
characterized by GPC, DSC and thermal optical polarized microscopy. Selected polymer samples
were ualso characterized by wide angle X-ray scauering (WAXS) measurements to confirm the
nature of the mesophases assigned by optical polarized microscopy. The characterization results
are summarized in Tables 1 and 2.

Polymer vields are between 50 and 70%. The low polymer yields are due to a combination
of the polvmer loss during the purification process and the small scale polymerization experiments
(100 mg). Within the experimental error the relative number average molecular weights (Mn) of
both poly([(S)-11] and poly[(R)-11] are well controlled by the initial molar ratio of monomer to
initiator ([M]o/[1]p). A charactenstic linear dependence of Mn on [M]o/[I]g 1s shown in Figure 3.
The polydispersities of all polymers are less than 1.20. All these features support the
characteristics of a living polymenzation.

The mesomorphic behavior of poly[(S)-11] and poly[(R)-11] was charactenzed by
DSC. The thermal transition temperatures and the nature of various mesophases were confirmed
by thermal optical polarized microscopy. The DSC thermograms of the first heating scan (20°C)
are presented in Figure 4a and b for poly[(S)-11] and poly{(R)-11], respectively. Thermal
decomposition of poly((S)-11]s and poly[(R)-11]s with DP larger than 6 was observed after the
first heating scan when the isotropization temperature exceeded 200°C. TH-NMR spectra of the
samples collected from the DSC pan indicate that the decomposition of cyanohydrin esters and
some kind of transesterification might take place. Figure 4a shows that all poly{(S)-11]s with
different degrees of polymerization (D) exhibit enantiotropic Sc* and Sa phases. Poly[(S)-11]s
with DP < 5.4 also show a crystalline phase below 55°C. The disappearance of this crystalline
phase in polymers with higher DP is probably due to the decreased chain mobility. Poly[(S)-11]1s
with DP 2 10.1 exhibit an unidentified smectic phase (Sx phase). The nature of the Sx phase is
not identified yet at this moment. The DSCs scans of poly[(R)-11]s (Figure 4b) are quite similar
to those of polyv{(S)-11]s. Their phase behavior can be compared in Figure 5 by superimposing

the dependence of their thermal transition temperatures on DP. It is clear that the mesomorphic
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behavior of poly[(S)-11]s is identical to that of poly[(li)-ll]s. Without polymers containing
well controlled molecular weights and narrow polydispersities, no such comparison could be
made. Misleading conclusions can be drawn if we do not have the entire dependence of phase
transitions on molecular weight.

In order to further confirm the Sc* and Sp phases of both homopolymers, WAXS
experiments were carried out. The results obtained from WAXS are shown in Figure 6a and b,
where representative scattering patterns in each of the Sa, Sc* and Sx phases and the dependence
of the layer spacing obtained during the heating scan (2.5°C/min) on temperature are presented. In
Figure 6a all three scattering patterns show a sharp peak due to the layer structure of the smectic
phase. The additional peaks in Sx phase can be related to the additional position order within the
smectic layer. As observed from Figure 6b, the layer spacing of both homopolymers increases
with increasing the temperature within the range of the Sc* phase, and then remains constant at
31.5+0.5 A from 150°C on, where the S phase is formed. The behavior of the layer spacing as
a function of temperature is in good agreement with the phase transition temperatures and the
nature of mesophases determined by DSC and optical polarized microscopy. The experimental
value (31.5 + 0.5 A) of the layer spacing in the S phase is consistent with the calculated value
(32.6 A) of the fully extended mesogenic unit. Therefore, these results support the existence of

Sa and Sc* phases in both homopolymers.

4. Mesomorphic behavior and heterochiral molecular recognition in mixtures of
enantiomeric monomers and polymers
The first order phase transition temperature of a binary mixture of an ideal solution can be

predicted by the Schroder-van Laar equation:20

-1
AHsz(T- Tl)

X] = 1 —
AH, T (T~ Ty)

where., x1 is the mole fraction of compound 1; Ty and T are the transition temperatures; AH; and

AH-> are the corresponding enthalpy changes: and T is the transition temperature of the mixture.
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\ssuminy that the ransition temperatures of the two cor;lponents are in the order of Ty < Ty, the
transiton temperatures of the mixtures as a function of composition follow one of the following
three wdeal cases i anideal solution is tormed. Case 1) when the enthalpy changes AH{ = AH»,
the ransiion temperatures of the mixture should show a linear dependence on composition: Case
2 wnen AHy < A, the ransiton emperatures will exhibit an upward curvature; and Case 3)
when Ay > A~ the ransition temperatures will show a downward curvature. Chiral
recocnition leads to a nomideal solution behavior for the case of an ideal mixture. Chiral
recouniton 1s present when a positive deviation from the ideal solution behavior dependence
nredicted by the Schroder-van Laar equation which is due to an interaction between the two
cnantiomers cheterochiral recognition) is observed. Heterochiral recognition requires first that the
iwo compounds are miscible at the molecular level. On the other hand, a negative deviation from
the ideal behavior is an other manifestation of a nonideal solution behavior which is caused by the
mmmiscibility of the two compounds at the molecular level.

in order 1o study the heterochiral recognition in pairs of enantiomeric monomers and
polvmers. miscibility studies were carried out by preparing four pairs from the following mixtures:
(S1-TLiR)-11 (S- T /polv[(R)-11] with DP=4.4, poly[(S)-11] with DP=4.6/poly[(R)-11]
with DP=1.4 and polv[tS)-11] with DP=4.3/poly[(R)-11] with DP=5.7. These mixtures can be
cateconzed into three groups: a) binary mixtures of monomers; b) binary mixtures of monomer
and polvmer: and ¢) binary mixtures of polymers with similar and dissimilar molecular weights.
All these muntures were prepared by dissolving the two components in CH2Cly, followed by the

evaporation of ~olvent in the vacuum oven for at least 24 h at room temperature.

4a Mixtures of monomers

The DSC iraces of monomer mixtures (S)-11/(R)-11(X/Y) [where X/Y is the molar ratio
of 1859-11 10 tRY-11] are presented in Figure 7. The phase diagrams of the monomer mixtures
are provided in Fioure X0 The phase transition temperatures and corresponding enthalpy changes

are ummartzed i Fable S
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Figure 7a, b and d presents the first and second imating. and first cooling scans of (S)-
11/(R)-11(X/Y). Subsequent heating and cooling scans are identical to the second heating and
first cooling scans, respectively. In order to reveal the phase transition from Sc* to Sa for (S)-
11/(R)-11(X/Y) with X/Y=70/30-20/70. an additional heating scan was performed by cooling the
sample only up to 50°C followed by reheating from 30°C. The resulting DSC curves are
presented in Figure 7c. This experiment allows the kinetically controlled crystalline phases which
cover the Sc*-Sa transition in (S)-11/(R)-11(X/Y) with X/Y = 70/30-30/70 to be suppressed.
As observed in Figure 7, the phase behaviors of the two enantiomers (S)-11 and (R)-11 arc
identical. In the first DSC scan (Figure 7a) the optical pure enantiomers are crystalline and melt
into a Sp phase at 106°C, followed by « first order transition to an isotropic phase at 120°C. All
monomer mixtures (S)-11/(R)-11(X/Y=90/10-10/90) are also crystalline and exhibit a Sa phase.
Additional crystalline phases are generated upon mixing these two enantiomers. As observed from
Figure 7b, ¢ and d, both enantiomers and their mixtures exhibit enantiotropic Sa, Sc* and Sx
phases in addition to the polymorphic crystalline phases. If we examine the DSC cooling scan
from Figure 7d, we observe that there is no crystallization peak. however, there is an additional
unidentified S phase in (S)-11/(R)-11(X/Y) with X/Y=3/7-7/3. The nature of these Sx, Sx' and
crystalline phases is not yet clear at present time and is not of main concern for this paper. The
dependence of all phase transition temperatures on enantiomeric composition (or enantiomeric
excess) is illustrated in Figure 8. The highest crystalline melting temperature decreased as the
enantiomeric excess of the mixtures decreases during the first heating scan (Figure 8a), while in
Figure 8b and c, these two enantiomers are miscible and therefore isomorphic in the Sa, Sc* and
Sx phases over the entire range of enantiomeric composition.

In order to further confirm the Sc* and S phases of both monomers and their mixtures.
WAXS experiments were performed on both enantiomers and on their racemic mixture. The
dependence of the layer spacing on temperature is shown in Figure 9a and b as obtained during the
heating and cooling scans, respectively. In Figure Ya the layer spacings of both monomers do not

change much with the increase in temperature in the crystalline phase until about 75°C when the




19

St phase is formed. In the S¢* phase the layer s;acing increases with the increase in
temperature untl it reaches a constant value (30.3 £ 0.5A) at about 89°C when the Sa phase is
tormed. Within the experimental error the experimental d-spacing of 30.3 + 0.5A is very ciose to
the caleulated value of the extended monomeric unit which is 32.6A. Since the SC*-S A transition
is covered by a crvstalline phase in the racemic mixture, a sudden jump in d-spacing to 29.9A was
observed (Frgure 9a). Data obtained during the cooling scan (Figure 9b) show a constant d-
spacing in the Sy phase. tollowed by a gradual decrease of the d-spacing in the Sc* phase during
the cooling process. These results are in good agreement with the results obtained by DSC and
optical polanzed microscopy. and theretore, confirm the Sc* and S,, phases of both monomers
and ot therr maxtures.

The most sigmiticant observation in the mixtures of the two enantiomeric monomers is the
upward curvature of the phase transition temperature from the Sp phase to the isotropic phase
(Fieure X) with a deviation of up to 2.49C in the racemic mixture compared with that of the pure
cnannomers. This indicates a very strong heterochiral molecular recognition in the S phase of the
enantiomerte mixture of (S)-11 and (R)-11 compared with other systems!-4. Based on the
previous discussion a linear dependence is expected for the SA-I transition temperature of (S)-
11/1RY-11N/Y) 1f they form an ideal solution since their transition temperatures and the
associated enthalpy changes are identical. Instead, the Sa-I transition temperature of the monomer
minture shows an upward curvature, resulting in a positive deviation from the ideal solution
hebavior. This s an ideal mixture at the molecular level over which a strong interaction between
the two enantomers (S)-11 and (R)-11 is overlapped. Therefore, a very strong heterochiral
recogniuon s observed between the two enantiomers in their S5 phase. It is also observed that the
Sa-S¢t transiton temperatures display a downward curvature with a deviation of up to -3.2°C for
the racemue muxture. This means that the two enantiomers do not form an ideal solution in the Sc*
phase prior to S-S 4 transition. Similar behaviors were found in many other systems.!<45 The
other interesung phenomena are the positives curvatures of the Sx-Sc* and Sc*-K transitions

SProure sh wath adevianon ot up o 79C and 100C, respectively, in the racemic mixture. This
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observation indicates that there is a strong heterochiral rc@‘ngnition in the S\ phase and also in the
Sc* phase of (S)-11/(R)-11(X/Y). However. the recognition event in the Sc* phase occurs
only below the crystallization temperature.

In summary. both enantiomeric monomers and their mixtures exhibit enantiotropic S «.
Sc* and Sy phases in addition to polvimorphic cryvstalline phases. Both enantiomers are miscibic
in their Sa, Sc™ and Sy phases over the enure range of composition. The dependence ot the
phase transition temperatures of monomer MINIUIEs on enantiomeric excess demonstrated « non
ideal solution behavior in their S5. 5S¢~ and Sy phases and a strong heterochiral interaction in i
these phases. In the last two phases this interaction occurs only below the crvstallizanon
temperature. The presence of such a strong chiral recognition is probably related to the unigue
structure of cyanohydrin ester group in the two enantiomeric monomers. The rigid -CN poiar
group in cyvanohvdrin ester was directly attached to the chiral center. and this chiral center was
connected to the -COO- group directly. Such a swructurai feature could prevent the free rotation o
the terminal chiral group. theretore muintauning o large dipole moment in the smectic laver. This
could be the reason why the positive deviation 1s high tup to 2.49C in S phase) compared with
similar data observed for other enantiomeric mixtures. =~ What makes it more interesting is thu
it represent the first example in which the chiral recognition is expended to the S¢* and Sy phases
in (S)-11I/(R)-11(X/Y). A previous publication trom our group has reported the first example :in
which chiral recognition was observed in the S¢r phase only in the mixtures of enantiomeric
polymers based on (R)- and (S)-2-tluoro-4-methvipentyl 4'-(8-vinvloxvoctyloxy)biphenyi-4-

carboxylate. but not in monomer mixtures.~¢

4b) Mixtures of monomer with polvmer

The DSC traces of the first and second heating. and the first cooling scans of the mixtures
of (S)-11 with poly[(R)-11] with DP=1.4 are illustrated in Figure 10a. b and c¢. respectively.
The corresponding phase diagrams are presented in Figure 11a. b, and ¢. The thermal transition

temperatures and corresponding enthalpy changes are summanzed in Table V.
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The tirst DSC scans (Figure 10a) show a decreased amount of crystallinity upon the
aaine of (Si- 11 with polvi(R)-11]. In the second heating scan (Figure 10b) the kinetically
controiled ervstatline phase ts totally suppressed. As observed from the Figure 11b and c. the
Cruturid units of (5111 and polv[(R)-11} are miscible and isomorphic only in the Sa and Sc*
Dhases. Sa-l transition temperature seems to show a linear dependence over the entire
composition range. Since the AH corresponding to Sa-I transition temperature for monomer (S)-
E1 i~ fess than that of polyv{tR)-11], the Schroder-van Laar equation predicts a positive curviture
ror . wdead ~olunion. The net result 1s a nonideal behavior, and a negative deviation of up to
2 20C rrom the theorencal values is observed. Therefore, there is no heterochiral recognition in
‘he monomernpolvmer mixtures. The S¢=-Sa transition temperature exhibits a downward

cun ature. and this also represents a nonideal solution behavior.

4¢0 Mintures of polymers

Fao ~ets of binary mixtures of poly{(S)-11] with poly[(R)-11] were prepared. Polymer
quniure 1oconsists ot nolv[(Si- 11 with DP=4.6 and poly[(R)-11] with DP=4.4. Their
Moiecuiar wetehts. Sa-1 transiton temperatures and corresponding enthalpy changes are close to
cack other. Poivmer mixture 11 consists of poly[(S)-11) with DP=4.3 and poly[(R)-11] with
DP=3" The molecular werght. Sa-1 transition temperature and corresponding AH of poly[(R)-
11 .re higher than those of poly{(S)-11]. The characterization results are summarized in Tables
< .nd o, Figures 12 and |3 represent their first heating DSC traces and the corresponding phase
dracrams, respectively. As we can see from Figure 12, the crystalline phase was suppressed upon
qunine i both polymer muxtures. All mixtures are amorphous and exhibit enantiotropic Sc* and
S\ phases. The phase diagrams trom Figure 13 indicate that the structural units of both polvmers
e mneahle and ssomorphie i therr Sy and Sc* phases for both mixtures. The Sa-1 transition
semperatures ~how .t shightly negative curvature for both mixtures. Based on the previous
i iesion. the S ) transiton temperature should show a linear dependence for the polymer

dervrre [and o rositnn e cursatuare tor the polymer mixeure 11 if ideal solid solutions were formed.
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The net result 1s a negatve deviaton cup to -1.0°C; tor -hoth mixtures from the ideal behavior.
indicating that no heterochiral recognition exists in the Sy phase ot the polvmer mixtures. The
Sc*-Sa transition temperature also shows a negative curvature with a deviation of up to abow
-8.10C for both polymer mixtures. This trend 1s simrlar 1o that of the present monomer/monomer
mixtures and monomer/polymer mixtures. and that of other system.

However, it 1s interesting that the glass wansition temperature shows a positive curvaturce.
Similar positive deviations of the glass iransition temperature is well established for miscibic
polvmer blends with strong interchain interactions.=122 This is probably due to stron:
intermolecular interactions hetween the enantnomeric structural units which leads to less tree
volume in the glassy state of the S¢* phase. Theretore. this result demonstrates a chiral molecuia:

<

recognition etfect in the S¢™ which exists only below the zliass ransition temperature.
S. Summary

Based on the previous discussion. heterochiral molecular recognition was observed in pairs
of enantiomeric monomers (S)-11/(R)-11(X/Y) 1n their S5 phase and in their Sc* phase below
crystallization and in Sx phases. The recognition effect 1n the Sx phase represents the second
example of chiral molecular recognition observed in a tilied Sc* phase of enantiomeric pairs of low
molar mass liquid crystals.>® The presence of a much stronger chiral recognition effect compared
with previous systems!**> is probably due to the lurger dipole present in the stereocenter of 11
which is directly coupled to the mesogen.

The chiral molecular recognition event observed in the S5 phase of the monomer mixtures
canceled in the corresponding mixtures involving polvmers (monomer/polymer and polymer/
polymer mixtu.es). Figure 14 llustrates the deviation ot the isotropization temperature of various
mixtures obtained as a function of the composition of R enantiomer. These deviations were
calculated by the difference between the expertmental and calculated values for an ideal solution
using the Schroder-van Laar equation.  As observed trom Figure 14, only the Sa-1 transition

temperatures from monomer/monomer mstures ~show o positive deviation of up to 2.40C.
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mdivanng the existence ot heterochiral recognition in monomer mixtures. Each time when a
polymer was involved in the mixture. @ negative deviation of the SA-I transition temperatures was
observed. The chiral molecular recognition effects in the Sc* phase of monomers below
crystathizaton and in polymers below glass transitions are of extreme fundamental interest.
Scheme 3 outlines a possible mechanism for the heterochiral interaction between the stereocenters
ot tS)-11 and (R)-11 in an untlted laver phase like Sao. As illustrated in this scheme,
heterochiral interaction can be envisioned to take place between the acidic hydrogen and the cyano
groups ot the two stereocenters when they are arranged in a layer structure like that encountered in
a Sy phase. Addinonal structural and modeling investigations are necessary to elucidate this
possibiiny.

As demonstrated by the results of this and previous publications!-5, layered liquid
crvstalline phases are providing an interesting alternative approach to quantitative studies on chiral
molecuiar recogmition which so tar was investigated mostly with monolayers of enantiomers23 and

. Ny
duiasterecomers.~
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Synthests  of (S)-1-cvano-2-methylpropyl 4'-{[4-(8-vinyloxyoctyi-
oxvibenzovlloxy | biphenyl-4-carboxylate {(S)-11] and (R)-1-cyano-2-methylpropyl
4-1[4-8-vinvioxyoctvloxyibenzoyl]oxy } biphenyl-4-carboxylate {(R)-11].

Mechaniem of cotenfication of (S)-3 with § in the presence of DEAD/PPhz with

inversion of contiguration.

Possible mechanism tor heterochiral interaction between the stereocenters of (S)-11
and tRY-11.

Representative TH-NMR spectra of monomer (S)-11 ([(S)-11]1]=0.038M): (a)
without shift reagent: tby with shift reagent ([Eu(hfc)3}=0.011M).

Representative 'H-NMR spectra of the binary mixture of monomers (S)-11/(R)-
FLON/Y) with X/7Y=2/1 (((S)-11]=0.038M, [(R)-11]=0.019 M): (a) without shift
reagent: thy with shitt reagent (| Eu(hfc)3]=0.014M).

The dependence of number-average molecular weight (Mn) and polydispersity
(Mw/Mn) of polyv[($)-11] (open symbols) and poly[(R)-11] (closed symbols)
determined by GPC on the {M]y/[1] ratio.

DSC traces of polvmers with different degrees of polymerization (DP) determined by
GPC. DP is printed on the top of each DSC scan (heating rate: 20°C/min): (a)
polv[(Si-11]: (b polv{(R)-11].

The dependence of phase transition temperatures on DP of poly((S)-11] (open
swmboisy and polv(R)-11] (closed symbols): @, O: T(g-Sc*, Sx); ». 20 T(Sx-
Sc-*). &0 Tek-Sc~): M. : T(Sc*-Sa); A, A: T(Sa-1).

ta) Representative wide angle X-ray scattering patterns of poly((S)-11] with
DP=i9.7 in Sx. Sa and S¢~ phases; (b) The dependence of the laver spacings of
polvi(S1-11] with DP=17.3 and poly{(R)-11] with DP = 19.7 on temperature
determined by wide angle X-ray scattering experiments during the heating scan

(2500, mm.




Figure 7.

Figure 8.

Figure 9.

Figure 10.

Figure 11.

Figure 12.

DSC traces of (S)-11 and (R)-11 and their bihary mixtures. The composition of the
binary mixtures is printed on the top of each DSC scan (10°C/min): (a) first heating
scan; (b) second heating scan: (c) heating scan after cooling to 50°C; (d) first cooling

scan.

The dependence of the phase transition temperatures on the composition of binary
mixtures of (S)-11 and (R)-11. (a) first heating scan: Q: T(Sa-1); A: T(k-Sa): .
®: T(k-k); &: T(k-k), crystallization: (b) combination of second heating scan and
heating scan after cooling to 50°C: J: T(Sa-1); A: T(Sc*-Sa); B: T(k-Sc*); A. V.
®: T(k-k); &, 3, M : T(k-K), crystallization: 4d: T(Sc*-k), crystallization; &: T(Sx-
Sc*); (c) first cooling scans: Jd: T(i-Sap); A: T(SA-Sc*); A:T(Sc*-Sx); &: T(Sx-
Sx).

The dependence of the layer spacings of (S)-11, (R)-11 and their racemic mixture
on temperature determined by wide angle X-ray scattering experiments (2.5°C/min):

(a) during heating scan: (b) during cooling scan.

DSC traces of the binary mixtures of (S)-11 and poly[(R)-11] with DP=4.4. The
composition of the binary mixtures is printed on the top of each DSC scan (10°C/min).
(a) first heating scan: (b) second heating scan: (¢} first cooling scan.

The dependence of phase transition temperatures on composition of binary mixtures of
(S)-11 and poly[(R)-11] with DP=4.4: (a) first heating scan: Q: T(Sa-i); A:
T(Sc*-Sa); A: T(k-Sc*. Sa); B T(k-k); O: T(g-k); (b) second heating scan: J:
T(Sa-i), A: T(Sc*-Sa); B: T(k-k); O: T(k-k), crystallization; ©: T(Sc*-k),
crystallization; ®: T(Sx-S¢); O: T(g-Sc*); (c) first cooling scan: Q: T(-Sa); A:
T(SA-Sc*); &: T(S-Sx); O: T(Sc*-g).

DSC traces of the binary mixtures of poly[(S)-11] and poly[(R)-11]. The
composition of the binary mixtures is printed on the top of each DSC scan (10°C/min,
first heating scan): (a) binary mixtures of poly{(S)-11] with DP=4.6 and poly[(R)-
11} with DP=4.4: (b) binary mixtures of poly[(S)-11] with DP=4.3 and poly[(R)-
11] with DP=5.7.




Freure 13,

Freure 14

The dependence of phase transition tcmpgratures on the composition of binary
mixtures of poly[(S)-11] and poly[(R)-11]. (a) first heating scan of binary mixture
of poly[(S)-11) with DP=4.6 and poly[(R)-11] with DP=4.4; (b) first heating scan
of binary mixtures of poly[(S)-11] with DP=4.3 and poly[(R)-11] with DP=5.7.
d: T(SA-1): A T(Sc*-Sa); O: T(g-Sc*, k); B: T(k-Sc*).

The dependence of the deviation of SA-I transition temperatures of various mixtures on
the composition of (R)-enantiomer calculated by the difference between the
experimental values obtained during the first heating scan and the calculated values for
ideal solution using the Schroder-van Laar equation:

2:(SH-11/R)-1T;

M: 11S/poly{(R)-11] with DP=4.4;

W poiy{(S)-11] with DP=4.6/poly[(R)-11] with DP=4.4;

A: polv((S)-11] with DP=4.3/poly[(R)-11] with DP=5.7.
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5.04 Deviation of clearing temperature
of vorious mixture vs. composition
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