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ABSTRACT

Liquid crystalline ﬁblymers containing a Ehiral amectic C Pﬁase
can exhibit ferroelectric behavior, making them of great_c;mmercial
interest in the development of flat eledtro—optic display'deviceé.
While the ferrcelectric phase'is‘well known 1in non-polyméric liquid
crystala, display cells are difficult to pfoduce because FPE material
ntist Se#contaihed in a layer oné to three microns in thickness.
Polymeric liquid crystals are readily cast into very thin, uﬁifo}m,
dimensionally stable filﬁs, thus greatly simplifying the manufacture
of large display cells. To date there is only ome reported example of
a liquid erystalline polymer exhibiting'ferroelectric properties.

The goal of this work was ts make new, potentially ferroelectric,
liquid erystalline polymers. However, it soon becgme obvious that
reported synthetic methods were inadequate in terms of uiility and
efficlency. Accordingly, a new methodology was developed which
greatly simplifies the synthesis of a variety of sidg—chain liquid
crystall;ne pelymethacrylates. .

In the final synthetic step, the ﬂtﬁyplohexylcarbodiimide
coupling of 10-methacryloyloxydecanoigjahid with an alkyl 4-
hydroxyphenyl 4-carboxy benzoate %ﬁficiently gives a methacrylate
monomer which 1s féadily polymerized by standard methods. The
benzoate moiety can readily be substituted for other hydroxy
terminated molecules that promote liquid erystalline phases. The
previously unreported 10—methacry1oyio#ydecanoic acid was prepared in

excellent yleld from 10-hydroxydecanoic acid using a highly selective

benzyl ester protection scheme. Four new polymers and one methyl
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methacrylate copolymer were prepared in this manner.

’

Using the methodology deveéloped in this work, a novel liquid

‘erystalline polymethacrylate 1§c’orporating a chiraly paired mesogen w‘as

prepared. To date, only a sirzgle achiral paired mesogen side-chain

polymer has been reported. The corresponding methyl methacrylate
# . )

-

copolymer was also prepax’ed in this work. .

Thus, a new synthesis of side—?‘:‘hain liquid cryétall_i,;le

polymethacrylates has been developed which offers significant

r

advantages over"'previously reported methods. It has been used to
prepare new chiral liquid cr‘ystalline polymers including a novel

chiral paired mesogen polymer.
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, INTRODUCTION

The 1iquid crystalline state was first discovered in 1888 by
Reinitzer in his studiés of cholesteryl benzoate (1). It was not
until 1971, however, that the first polymerie liquid crystals were
reported (2). Since that timg.a tremendous amount of research in
" polymeric I'iquid crystals has, been fueled by both industrial and
acadenic interest. Industrial a;plications include high strength
fibers such as Dupont’s Kevlarﬁa based on poly(p—phenyléne
terephthalamide) (3), while academic interest has been driven by the
theoretical significance of the structural order in fluid‘phaseé.
More recently, the discovery of liquid crystals with potential
ferroelectric properties has creaved a new research thrust. Of
particular incerest_is"the synthesis of liquid crystalline polymers
vith potential fe;roelectric properties, the area in which this thesis
is concerned.

In order to properly understand the liquid crystalline phases
possible in polymers, it is necessary to first discuss these phases in
low molecular wefght liquid erystals. This will be followed by a
discussion of the.principles involved when connecting liquid crystal
molecules to 8 polymer, and finally by a summary of the synthetic
routes known in the preparation of liquid crystalline polymefs.

The liquid érystalline state occurs primarily with rod-shaped
molecules which are anisotropic in some preperty. *Liquid crystalline
phases, or mesophases, which occur Iin solution are called lyotropic
nesophases, while those th;('fonm in the solid state upon heating or

cooling are called thermotropic mesophases. _Eﬁérmotropic liquid
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crystqlliné compounds are further classified depending on the
stability of the mesophase. If the mésophase is observed directly on
geating, it is thermodynamically stable and is called enantiotfopic;
If the mesophase is obsefved on cooling only, it is metastable and
thus monotropic.

Thermotropic liquid crystalline QAmpounds{ Or mesogens, are
usually rod-shaped, with rigid aromatic units connected by rigid
central 1inkages such as -C00-, -CH=CH-, or —-N=NO-, and with an
aliphatic tail on both ends. Cholesteric liquid crystals are an
exception. Example% are shown in Figure 1.  Lyotropiec liquid
crysta}line compounds include combinations guch as sodium dodecyl
sulfate/water/l-alkanol.

Two ma jor types of mespphases, the nematic and smectic states,
exist for thermotropic liquid cf&stalline.compounds. In both states
the major mole;ular axes are épprox;mately parallel, Pmt only in the
smectic state do molecular layers occur.” In the nematic phase there
is a high degree of long range orientational order but no long range
translational order (Figure 2). The 1liquid crystal molecules slide
easily past one another, but more or -less retain their parallelism.
In some nematics regions of about one hundred molecules, called
cybotactic groups, may be arranged in layers (4).

The cholesteric mesophase 1s a nematic type of liquid crystal in
which the mesogens are optically active. On a local scale, ordering
is very similar between nematic and cholesteric-meaophases, but on a
larger scale a heligal pacging of the mesogens is evident in the

latter (Figure 3} This helical.packipg is periodic with a

characteri\:ii/pfféh. With optically active molecules the pitch has a



Figure 1
Examples of Liquid Crystialline Molecules

. ' Liquid Crystalline
Temperature Range °C

MeO -@—N=N@—0Me 118-135

@-g—o’ . —147-186
n-CgH,,0 -@CH=N @-m
o 59-98-——
n-C4H,,0 -<C:)>-coo-<(__')>-n-c_‘,ﬂ,1 '
: 80-165

n.c,H"cn 225-35
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Figure 3

Cholesteric Order of Mesophase of Pitch q,
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finite value and leads to the cholesteric mesophase. With optically
inactive or racemic compounds the pitch is infinite and results in the
nematic mesophase. Th; energy difference between cholesteric and
nematic mescphases is very small (5), so that addition of small
amounts of a cholesteric liquid crystai molecule to a ﬁematic
mesophase generally results in a cholesteric mesophase (6).

Historically, the cholesteric mesophase was named because 1t was
first discovered in cholestgric este;é- For non-steroidal optically
active mesopens forming this mesophase, the term chiral nematic is
more appropriate, and also emphasizes the relationship between the
nenatic ana the choles;eric mesophases.

The second major type of mesomorphiﬁ ordér occurs in the smectic
"state. This mesophase retains the approximate parallelism of major
molecular axes, but has the added presence of molecular layers. These
layers are similar to the monolayers formed by long chain fatt§ aclds
in water. The additional order in the smectic phase makes it
generally more viscous than the nematic phase. There are at least
eight smectic mesophases, varying in the organization of mesogens in
the layefs.

In the smectic A phase, the molecules are randomly tilted in each
layer, with the tilt direction averaging to zero. Mesogens can move
arouﬁd easlly in the layer, but no long ‘range order iﬁ the layer
occurs (Figure 4a).

The smectic C phase isﬁvery.similar to the smectic A phase,
except for a uniform tilting of the molecular axes in each layer
(Figure 4b), Tilt angles of up to 45° may occur, and in some cases *

the tilt angle varies with temperature,



Figure 4

Order in Smecti.rS A and C Ph_ase.s
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The remaining smectic phases B, D, E, F, G, H, 1 are classified
based on the order present and the tilt direction, if.present, within

eécﬁllayer. Excellent reviews on the subject have been published
—(7,8).

For example, the smectic B phase is characterized by a layer
arrangément of the mesogens in a hexagonally close-packed array in
which their leng axes are perpendicular_to the plane of the layer.
The closely related smectic G phaée has similar hexagonal packing but
the liquid crystal molecules are tilted relative to the plane of the
layer.' —

0f particular interest in tilted smectic phases are the.
ferroeiectric properties that they can exhibit when the liquid crystal
molecules are optically active. It 1s important to remember th;t in
an optically active; tilted smectic phase, the structural assymetry of
the liquid crystal molecules causes a twist of the tilct direction as
one moves from layer to layer. In each layer, the optically active
iiquid crystal molecules are arranged sé that their net dipole moments
all point in the same direction. This~leads to a net dipole moment,
making .each layer ferrcelectric. Thé macromolecular helical
arrangement, however, leads to a céﬁcellation of ferroelectric
properties in the bulk phase. 1In theory such properties are.poesible
for the smectic C, I, and F pﬁases. Ferroelectric behavior was first
suggested for smectic_ C phases byAMeyer and co-workers in 1975 (9).

The ferroelectric phase has very important’applications as a
f&st—swit;;ingi bistable electro-optic display (10,11). Such phases,
when oriented with the layers perpendicular between electrode cell

-4

plates, can switch from light transmitting to non-transmitting and

-
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vice versa ¥n microseconds following low voltage pulses. Tﬁe device
istable, meanihg that it remembers the last on-off state in the
absence of an electric field. Poésible applications of such a device
include flat television display screens, CRT scrgens, and information
storage deﬁices. While ;he ferroelectriz phaée is now well known for
liquid crystals, display ce11$j}emain difficult to produce because
biséable operation éan only occur in devices that are 1 to 3 microms
thick (12). Creating large cells of a uniform thickness of these
~dimensions provides severe techﬁical problems. For this reason,
polymeric l1iquid crystals are of interest, as the technology already
exists for forming such thin, uniform films. Once formed they would
be dimensionally stable. -

With such promising applicatighs it is tempting to examine the
éynthetic routes to polymers showing smectic C mesophases. First,
however, the factors involved in connecting liquid crystal molecules
to a polymer backbone must be discussed.

There are two general methods by which mesogenic moleties can be
incorporgted nte a polymer. Figure 5 illustratés a main chain
polymer in which‘the monomer units, containiné the mesogen, are linked
head to tail. The rigid, rod-like monomers create 2 rigid, rod-like
macromolecule., The resulting main chain polymeric liquid crystal is
of interest primarily for 1its mechanical properties, as very high
strength fibres may be formed_(13). Main chain liquid crystal
polymers generally have very high temperature liquid cryptalline
phases (14) and so are not of great interest for display devices,
where almesophase at room temperature @s désired. These polymers have

been extensively xeviewed (15).
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Figure 5

Types of Liquid Crystalline Phases
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Mesogenic monomers -may also be linked in a head to head
arrangement, where the mesogenic moieties are attached to a polymer as
pendant groups (Figure 5). Such macromolecules are known as side-
chain or comb p;lymers. It was soon discovered éhat linking a
mesogenic molety directly to a polymer backbone rarely produced
polymers with a 1iquid crystalline phase, even though the monomers
themse{xfs existed in the 1liquid crystalline state (16,17).
Apparently, attachipg the mesogen dfrectly to the polymer greatly
reduces its range of motion, and makes parallel allgnment of mesogens
difficult, This and steric interaction results im stiffeﬁing of the
polymer chain and an increase in the glass transition temperature

g g

crystalline phase 1is observed, .if one is observed at all.

(T.). The T, is usually so high that only a monotropic liquid,
This ' problem waé overcome bx Finkelmann in 1978 by the
introduction of & flexible spacer chain, typlcally n-alkyl, between
the mesogeﬁic moiety and the polymer backbone, thus partially
decoupling the polymer motion"from the motion of the mesogenic side
.group (18,19). This allows the polymer to adopt a statistical chain
conformation while the mesogenic groups can adopt’ an anisogpdpic
o _

ordering. Complete decoupling, of course, does not occur and polymer

© properties are dependent on spacé% length,

Side-chain liquid crystalline polymers—-can show mesomorphic
behavior at temperatures close to room temperature. For-fhis reason
théy are of much more interest as materials for electro-optic display
devices than their main-chain counterparts. Typlically, they are made
by two general methods: ﬁddition polymerization or polymer
modification (Figure 6).

11



y Figure 6
Side-Chain Liquid Crystalline Polymers
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The first examples of polymer modificqtibn involved the reaction

of poly(acryloyl chloride) with 4-hydroxybiphenyl or 4-hydroxy

azobenzene (20,21,22). Polymer quality was generally poor due to side

reactions, and this type of route is seldom used at present.

’ Polymer modification has been used extensively’ for the synthe;is
of side-chain polysiloxanes from poly(oxy(methyléilylene)) and, vinyl
substituted mesogenic monomers In the presence of a plétinum (V)
catalyst (23-26). Figure 7 outlines the reagents uséd, and éome
selected examples. Polysiloxane side-chain polymers tend to have the

0y

lowest '1‘8 values when compared to other polymers with similar side-
chains. Yields have not been reported in synthesés published to datg,
éhedding doubt -on the utility of the synthetic routes employed.

Polymer modification using phase-transfer catdlysis has been

_explored by Keller. He has reacted w-bromoalkyl esters with sodium

polyacryléte (27), sodium polyitaconate (28) and poly(methyl vinyl
eth?r-co-disodium malate) (29) under phase-transfer conditions to
obtain polymers wiéh liquid crys;alline properties. The poiyacrylat?
synthesis is shown 1in Figﬁxé?s. Yields for theseAphasé—transfer
reactions range from 15 to éSZ.
- Recently,‘addition polymerization of epoxide—containing monomers
has produced poly{ethylene okide) oligomers with side-chain mesogenic
groups (30). Degree of polymerization is very low, however, with the
oligomers containing a maximum of about twelve repeating units.
Acrylates, methacrylates, and 2-chloroacrylates are the ﬁost
extengively used monomers for the synthesis of’sideﬂchain liquid
crystalline polymers becapse they are readily transformed'into high

molecular weight pelymers with low T, values (31).
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. Figure 7
Polymer Modification of Poly(oxy(methylsilylene))
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Figure 8 ‘
Polymer Modiffcation by Phase-Transfer Catalysis
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The first monomer synthesis incorporating a spacer chain was

-

reported by Finkelmann in 1978 (18). A biphenyl mdiety acted as the "’

mesogenic group, separated by either a 2 or 6 carbon epacer chain from -

poly(methyl methacrylate), The synthetic route, which is outlineé\in
- 1

- -

Figure 9, was reported without yieldg or product Eharacterization and
is not repeated in the literature. A éimilar route has been reported
by Shibaev (32) and is shown in Figure 10. Reported yields are from 60
to 70%, but the method is applicable only to mesogens which are stable
to strongly basic conditions, such as p-alkaxy substituted biphenyls.
Sevdral other synthetic routes exist for the synthesis of biphenyl
mesogenic monomers (32,33). Both involve at least five reaction
'steps, each of generally poorlor unreﬁorted ylelds, and include
reaction conditions so harsh as to preveﬁt the incorporation of most
other types of liquid crystal mesogens. These conditions include
Friedel-Crafts acylation, reduction with 1lithium aluminum hydride, and
Wolff-Kischner reduction of ketones. ThJQ, thesé “Teaction gequencéé
are of very limited use in the synthesis of other types of mesogen
containing side-chain polymers.

More attentiqp has been paid to synthetic routes involving the
phenoxy benzoate mesogen. F{gure 11 outlines the synthetic route
developeé by Ringsdorff for acrylates (34), which has been used in
later work for methacrylates and 2-ch1qroacrylateé (35,36). 1In this
case, the mesogen is aﬁtached to the spacer chain‘by an ether linkage;
Shibaev (37) claims to‘have attached phenoxy benzoate; to the spacer
chain via an ester linkage (Figure 12). The resulting 6-bromo

hexanoate ester is reacted with sodium acrylate or lithium acrylate

(38) to give the acrylate monomer. However, ylelds are not reported

16
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Figure 9
Liquid Crystal Anrylafe Polymers Containing Biphenyl Mesogens
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Figure 10
Liquid Crystal Acrylate Polymers Containing Biphenyl Heaogens
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Figure 11
Liquid Crystal Acrylate Polyaers with Phenyl Benzoate Mesogens
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Figure i_

Mesogen Attached to,Spécer Chain by Ester Linkage
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and ekpe;imental detdils Are incomplete. In a }ater1§aper‘by_8hibaev
(32), a similar reaction sequence using 4-hydroxy-4’-cyanobiphenyl and
11-bromoundecanoyl chloride gave an overall yield of 23X for the two
synthetic sfeps. .

Up to this point the phase behavior of side-chain polymers has
not been discussed. In this work we are interested in oﬁﬁaining
polymers with\smectic mesophases, and ‘will éoncentrate on structures
that favor the smectlc state. Thg type of polymer, length of spacer
chain, and structure of thg mesogen are three important areas in the
determination of mesophase type. All three areas have been reviewved
exfensively (39,40,41), but a summary is in order. The type of
polymer employed 1s significant’primarily in the glass transition
tempefature_thah it produces, as the liquid crystal polymer must be
above the Tg to exhibit true liquid crystalline #properties. With.‘long
spacer groups, the polymer chain itself usually makes up less than 20%
of the total weight of the polymer, making the Tg value iargely
depéndent on the mesogenic group. For instance, the Té value of
liquid crystalline polymethacrxlates were found to be only 10 to 20°C
higher than those of the corresponding polyacrylates, with a six
carbon spacer group (34). In comparison, poly(methyi methacrylate? and
poly{methyl acrylate) h{}e Tg val§fs of 105 ané 10°c, respéctively
(42).

Polysiloxane liquid crystalline ﬁolymers generally have thé
lowest Ty values. Thus, main chain flexibility has an influénce on T,
and the temperature range.of the liquid crystalline phase, but 1i£t1e

‘influence on the type -‘of ‘mesophase. Typically, as the degree of

polymerization increases, both -the glass tgansition temperature and
Pl
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the clearing temperature increase, but a point is reached after which
no significant increase occurs in either of them (43). The clearing
temperature aﬁd the glass transition temperature‘do not increase at an
_equal rate as the degree of polymerization increase%, sc that high
molecular weight polymers tend t6 have thé greatest }iquid crystalline
temperature range. |

Spacer groups 1n liquid crystalline polymers are typlcally
straight chain alkyl groups, althbugh oligoethylene oxide spacers have
been used with some succeés (44). Several important trends occur on
increasing the spacer length. One of these is a deerease in the Tg of
the polymer due to a plasticizing effect, while another is the
influence on mesophase type. Spacers with more than 4 to b6 mthylene
units favor smectic mesophases over nematic ones in similar ;ystems
(39). Flexibility of thelépacer chain {s also important. For example,
the lower flexibility of 611goethylene oxide spacers generally results
in a smaller liquid crystalline range.

The wmesogenic group, of course, plays the most-impprtant role 1in
the determinétion of mesophase type. Correlétion between mesogen
structure and mesophase has been reviewed and empirical relationships
exist (45).'”ﬁesopﬁase prediction based on structure . is not yet
possible, however. o

Whdle the smectic C phase is the most common of the tilEed
polymeric smectic phases, 1t is relatively rare when compared’%o
smectic phases in general. Polymeric liquld crystals exhibiting
smectic C phases are shown in Table 1. The great commercial‘potential

of chiral smectic C phases has very recently led to two reports of

this mesophase (46,47). Shibaev (46) reports ferroelectric behavior
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Table 1

Polymeric Liquid Crystals Exhibiting a Smectic C Phase

Transition®

~cH, — cH);

|
coo(cH,), .0 R
R: —@—CN 5.30S,1451 .

- ‘ {s1)

="CH=N —@—CN Sc31S5,1691 .

~{CH,— CH3,

| i 0
' . coo(cH,), co C—0C3H7 S;40S.95N116 I (52)

C

‘"—(CHZ - c)—

i .
coo (cH. ), —@— —@-o n-C,H, g39S.110N1171  (35)

CH,

£CH,— (I:-)-

coo(CH,) do @- @cocu CHEt  Sg15S,851 (45)

a. The first letter represents initial state (K, crystalline;
L, l1iquid crystalline; I, isotropic), while the numbers
represent the temperature at which the state changes.
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similar to low molecular weight liquid crystalline ferroelectrics, but
n '

as usual provides no. experimental detall or conclusive evidence to

support his clailms.

The synthetic routes ouﬁlined for the synthesis of side-chailn
liquid créstalline polymers are usually Eﬁecific to certain types of
mesogens and of génerally poor yield. Clearly, a need exists for a
synthetic route that is of generai utility and of high chemical y¥eld,
while at the same time being simple to carry out. With theaé

characteristics in mind, the synthetic strategy of this'work.will bF

discussed.
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RESULTS AND DISCUSSION

I. Synthesis of Monomers

The initial synthetic target chosen for this work was the polymer

f .
claimed by Shibaev (46) in 1984 (Table 1). This polymer contains a

chiral 2-methyl buﬁyl group and 1s said to havela low temperature
smectic ¢ phase and ferroelectric behavier. Unfortunately, these
claims remain unsubstantiated because of a cogklete lack of chemical
characterization of the polymer and 1its précursofs. In fact, no
experimental detaill or even a synthetic scheme are supplied. Until
very recently (47) this was the only éeported polymeric liquid
crystalline material exhibiting a chiral smectic C phase. A further
incentive for the choice of this tafget structure was the unusual
mesogen incorporated into the polymer: an alkyl 4=hydroxyphenyl 4-
carboxy benzoate, To my knowledge, this mesogepic group had not
previously been incorporated in any reported polymeric liquid
erystals, primarily because it is not stable to the synthetic methods
which are typically used. The incorporation of such a group is thus
of interest because it opens a vista to the use of other acid or base
sensitive mesogenlc groups.

A desirable retro-synthetic scheme from the monomer is shown in
Figure 13. 1In such an approach, the monomer would be produced by

N

coupling the mesogeh to a polymerizable spacer chain. Polymerization
itself would be carried out later using standard cénditions. This
method has never been reported and 1is very aFtractive in 1its
versgtility. Many different types of mesogenic groupsICOuld be

incorporated into the monomer in the last synthetic step since all

25



B

Figure 13

Monomer Retro-Synthesis
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that would be required is a terminal hydroxy grouﬁ: Efﬁmples include

4'-hydroxybiphenyls (50), p-hydroxy benzoates (51), p-

hydraxyazomethines (52) and of course the target mesogenic group. The

synthesis of tﬁe latter is simple and will be described later.

The polymerizégle spacer chain is much more difficult to obtain

o .
and no methacryTsate compounds of this type have been described

- previously. However, a similar compound, 10-acrylo§loxydecanoic acld,

has been reported by Diamond (53). In his procedure 10-
hydraxydecanoic acid 1 is allowed to react with acryloyl chloride in

chloroform in the absence of an acid acceptor. The crude acid 1is

treated directly with axalyl chloride or thionyl chlo%ide, then

distilled in a wiped-film still at 170 ¢ and 0.02 mm Hg giving the
desired acid chloride in 43% yield. These conditions are rather
severe, but served as a starting point for this work. ﬁiamohd's ten
carbon spacer chain was chosen over the eleven carbon spacer chaiﬂ
claimed in the paper of Shibaev based on convenience on&y,.as high
burity 10-hydroxy decanoic acid is readily obtained from the alkaline
cleavage of castor oil (54).

’

Figure 14 outlines the various results of the reaction of 1 with

resolutibn proton NMR shows that both the desired product 3 and the
dimer 2c were formed, as confirmed by the presence of the two clearly
resolved methylene signals qf 253_ The two compounds were not readily
separated by chromatography or crystallization, but by forming the
acid chlorides,tgg could be obtained in 22 to 30% yield'follbwing
Kugelrohr distillaéion. Such poor yields and the difficult

-

experimental conditions which were involved led me to search for a

27
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Figure li,

‘Spacer Chain Reactions
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more acceptable synthetic voute to 3.

First, nddition of an acid acceptor to the reaction was
considered, In the presence of triethylamine, the reaction of 1 with
one equivalent of methacryloyl chloride produced the anhydride 2a in

excel lent yield. Further reaction with methacryloyl chloride gave the

ester-anhydride 2b, The possibility of using the methacrylate

anhydride as a protecting group was -considered, and selective
hydrolysis of the anhydride in 2b was attemptéd. The methacrylate
anhydride group Iis rpmarkably hindered] and in a}l cases
poiymgrization or ester h&drolysis og::ifed before anhydride
hydrolysis was comPlete. The use of a more readily hydrolyzed
unhydride, such as that derived from chlorocacetic acid, was
considered. The reaction of chloroacetyl chloride with 1 in the
presence oflan acid acceptor completely favored ester over anhydride
formation. --

The Entroduction of reactive site selectivity was attempte& by
use of the dianion of l. It was reasoned that the alkoxy anion, having
higher pKa, would react preferentially with methacryloyl chloride.
However, the reaction of 1 with one'equivalenc of sodium hydride and
one cquivnlent'bf;triethylamine in tetrahydrofuran, followed by
cddition of one eguivalent of mgthacryloyl chloride at =78 °C gave
both 2a and 2b, among other products. Clearly, such lack of
selectivity was not acceptable. o

These failures led to serious consideration of a protecting group
strategy for the synthesi{ of 3. Restrictions in the nature of such a
protecting group are severe, as it must readily functicnalize the

carboxylic acid in the presence of a primary alcohol, be stable to the

29
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conditions used in the funét?onalization of that alcohol, and most
importantly, it must be cleaved selectively in the presence of both an
ester group and thg‘&eadily polymerized methacryloyl nniegy. Since at
least three synthetic steps would be required, they must all be of
high yield.

A paper by Olah (55) revealed a potential solution to the
problem. He reported that benzyl esters are cleaved in four hours
with sodium jiodide and chlorotrimethylsilane in acetonitrile at room
temperature, while cleavagé of methyl esters requires 30 to 58 hours
in refluxing acetonitrile, This tremendous difference in reactivity is
due to th; relative stabilities of benzyl and methyl carbocations 1in
the reaction sequence.

With this remarkable selectivity in hand, an efficient benzyl
ester synthesis was meeded that would work in the presence of a
primarylalcohol.- The method of Wagenkneéht (56), in which the
tetramethylammonium salg of a carboxylate undergoes an Sy2 reaction
with benzyl;éhloride in‘dimethylformamide, was found to be suitable.

The resulting synthetic scheme 15 shown in Figure 15. Benzyl

ester prbtection of 1 was achieved in 87X yield to give 4, which was
treated with methacryloyl chloride in the présence of pyridine to give
;2 1n 95% yield. Selective benzyl ester cleavage gave the desired

/

polymerizable spacef”chain 3 in 96X yield. The reaction sequence 1s

easily carried out on aﬁ?ffty millimole scale.

| It must be pointed out that although proton and carbon-13 NMR and
chemical ionization mass spectroscoplc anal&sés vere completely
satisfactory for 3, elemental analysis was not. Drying of 3 was very

difficult, especifally as heating above 40 °C often caused
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Figure 15

Spacer Chain Reaction Sequence
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polymerization. In fact, the elemental analysis obtained is
istent with a hydration number of almost one, making this a likely
ause of the problem. As will be seen, if a small amount of water is

present it does not cause a significant problem in the subsequent

reaction. ' )

At this point it is appropriate toiaescribe the synthesis of Epe“
hydroxy-terminated mesogenic group. Figure 16 outlines the classic;l
methods used to make the mesogenic groups reported in this work, Since‘
there are at present no efficient routes to monoterephthalate esters,
the method of Dewar (57) was used, to give Eg:gf&n yields of 18 to
30%. In each case: howeﬁer, the major co—p?oduct was the
. corresponding dialkylterephthaiate, from which the alcohol starting
material could be recovered by base hydrolysis. o

Formation of the acld chlorides of 6a-d and reaction with eccéfs
hydroquinone in ﬁyridine gave 7a-d in yields of 58 to 72X, Thesé
compounds have not been described in the literature.

The selection of the alkyl end groups of 7a-d was based on the
- use of readily avaiiable'op:%cally active or potentially optically
active alcohols structurally similar to 2-methyl-l-butanol. Compound
7b was made.{rom (+)-sec-phenethylalcohol, essentially replacing the
ethyl gr;up in 7a with ghenyl. Synthesls of (+)-sec—phenethylalcohol
by lithium aluminum hydride reduction of (-)-2-phenylpropionic acid
has been reported (58} but was not carried out in this gork. In
compound 7c, derived from (8)-(-)-l-phenylethanol, the methylene
spacer between the chiral centeé and the ;eréphthalate was eliminated.

To prepare 6d, (S)~(-)-perillyl alcohol was used as one of many

natural product alcohols available as a low cost ghiral center.. This
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»1s important in the synthesis of optically active liquid crystalline
polymers, as suitable chiral alcohols ;refoften'expensive.
Unfortunately, compound 6a reacted with one equivalent of hydrogen
chloride on conversion to 2§: Similar reactions are.known (59,60).
This reduced the desirability-of-this- end-group since the additional
bulkiness of the tertiary chldride ca?‘be‘expected to reduce the
likelihood of producing a liquid ;rystalline phase.

‘The.final step of_ the-monomer synthesls involved the coupling of
-the polymerizable spacer chain to compounds 7a-~d. This waslfirst
attempted using the acid chloride 3a. However, ﬁo reaction occurred
between 2a and 7a in pyridine. Phase—tranéfer‘catalysis in the
presence of potassium ca?bqnate as base‘%gs also unsuccessful. Using
sodium hydroxide as the basé (61), the monomer 8a was finally produced
in 82% yield. Unfortunately, the ﬁonomer produced by this method was
prone to gel formation on polymerization. It.was speculated that due
to the presence of base in the reaction medium, small amounts of
hydroquinone may have been formgd by base hydrolysis of 7a, which
would have then reacted readily with 3a to form the bifunctional
cross~linking agent 17 (Figure 17). This compound was prepared
separately and was fopnd to have an Rg value almost identical to that
of the monomer. Since gel formation can be accomplished with very low
concentrations of cross—linking agent, and removal of 17 from the
preduct was not feasible, an alternate route was chosen.

This alternate route consisted of the reagtion of acid g;%ich
compounds 7a-d in the presence of dicyclohexylcarbodiimide (DCC) with
4—dimethylaminqpyridine\ (DMAP) as catalyst (62), (Figure 18).

N

“\
Yields of 83 to Sgﬁxio% monomers 8a-c and 69% for monomer 8d were
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Figure 17
Cross—Linking Agent
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Figure 18

Monomer Synthesis
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obtained.‘ These monomers ﬁ“ére fully characterized and were found to
be completely aatisfactory. _The high field proton NMR spectrum of
each monomer 1s included in Appendix A.

A novel fifth monomer with two parallel mesogehnic groups was also
prepared. To date there is only one reported example of such a paired
mesogen, which was made as a side-chain pol;rsiloxane (63),(Figure 19).
Paired mesogens are of interest because of the relative increase in
concentration of mesogenic groups in the polymer, making me.sophas'e
formation more likely to occur. It was thus of Interest to prepare a
paired mesogen containing chiral centers. The synthesis, based upon

the methods developed for the monomers 8a-d, is shown 1in Figure 20.

The DCC coupling of 3 with L-malic acid dibenzyl ester 9 was

carried out in 77% yi;ald. Th:a sodium iodide/chlorotrimethylsilane
cleavage of 10 resulted in the diacid 1] whicﬁ was not fully purj:fied
and characterized due to separation problems. Its high field proton.
NMR spectrum indicated the desired product as well as small amoun!;s of
malic acid and other unidentified impurities. The crude diacid 1l was
coupled with 7a using DCC to give the paired mesdgen;monomer 12.

Although the yield was low, the reaction was easily carried out and

the readily purified monomer 12 was fully characterized.
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Figure 12

Polysiloxane Palired Mesogen
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Figure 20

Synthesis of Chiral Paired Mesogen Monomer

B

il
_C—OCH,Ph

Me || I
—/>—CO(CH,)900H . HOCH
3 CH,ﬁocn Ph
0 R
2
DCC
DMAP
777
0 .
)—Co(cH,),COCH

CH,ﬁoc M,Ph

10
4 o ‘ - R

1) Nal/Me,SiCI/CH,CN

2} H,0

=N
3)2H0@-0C @COCH,CHEt,Dcc;DMAP

v 307

)—o@- @cocu CHEt
Hs—co (cH,), COCH
“cH co@- -@COCHZCHH

39



II. Polymers and Copolymers

-All monomers were polymerized in tdluene at 70 °C with 0.5 mole
pg}cent each of 2,2°-azo-bis-isobutyronitrile (AIBN) and l,l1'~azo-bis-
c&clohexanenitrile‘over a two déy period. The latter initiator was
chosen due to its longer half-life at the polymerization temperature.
Thus it can prolong the period of radical formation and increase
conversion- Copolymers with methyl methacrylaté were prepared from
the monomers 72 and 12. Figure'Zl lists the polymers prepared in this
work. Table 2 shows ylelds and molecular weights of these polymers.
For polymers 13c and 13d low yields are reported, which represent only

the soiuble fraction of the polymer TYecovered from the gel that was

produced. The cross-linking agent 17 appeared to arise from

‘hydroquinone, which bad not been completely removed from compouﬁda Ic

and 7d. Thus it is important to insure removal of hydroquinone from

the hydroxy-terminated mesogens prior-to monomer formation.

~ -

Membrane osmometry showed all the polymers to have similar

molecular sizes. The apparently. low molecular weight of copolymer 13

can be accounted for by the large proportion of methyl methacrylate
present in the polymer. The degree of polymerization and thus chain

length are all comparable.

N

It should be noted: here that no attempt was made to prepare
materials with very high‘molecular weights., Since molecular size is

limited both by the percentage and nature of the initiator‘abed, 2}

compromise is required. The longer—lived initiator used in this work

favors increased conversion at the expense of molecular- size, as the

o

likelihood of termination by radical recombination increases with

»

reaction time.
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Compound

Yield '
v

89
92
362
328
75 .
78

61

Table 3

Polymers and Copolymers

A}

Molecular Weightb

157,000
238,000
232,000
104,000
141,000

30,600

75,700

Optical-Rotation ’
(g/dL, chloroform)

o +2.5% (4.6)
+30.6° (1.3)
-20.2° (2.3)

-5.5% (3.6)
+1.5° (3.3)

-6.2° (3.1)

a. soluble polymer recovered from gel.
b. determined by membrane osmometry.
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III.' Phase Behavior

All of the ﬁonomers, polymers, and copolymers wef; analyzed py
differential scanning calorimetry (DSC) and polarized light microscopy
to determine their phase behavior. Photographs are displayed in
Appendix B while DSC curves are shown in Appendix C. Resﬁlts are
summarized in Table 3. Glass transitions sometimes occurred with
partial crystallization. For monomer 8a, the glass transition was
very broad and not readily ;bserved. This 1is known for other
polymethacrylate liquid crystalline compounds (35).

It should be mentioned that unambiéuous mesophase identification
of side—éhain liquid Zrystalline polymers can only be done by X-ray
d:ffrnction measurements. This technique involvPs obtaining an X—ray
dlffrnctiqn pattern from anloriented polymer sample. These techniques
have recently beeﬁ published for side-chain 1liquid cf&étalline
polymers (64,65), but were founﬁ to be ﬁeyond the scope of this work.
Thus only the existence of a mesophase can be demonstrated, while the

I

specific type of ﬁésoﬁhase can_only be inferred. N

Monomers 8a and 12 were found to h;ve é monotropic liquid
crystalline phase. This means that the liquid crysfalline phase 1is
stable only below the melting point of the compound, and 1s observed
on supercooling only. Monomer Eé d'gpiayed an enantiotropic
mesophase. .All three monomérs exhibited a similar birefringence
pntgern by polarized light microscopy. Uéing the excellent‘guides sf
Gray (7), and Dewmus (8), the nematic mesophase was indicated for all
three compounds.

Only the polymers cobtained from liquid crystalline monomers

formed a mesophase. Polymers 13a and 13b showed enantiotropic phase

43
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Table 3

Phase Behavior

.
Conpound Tg . Phases Observed
Heating® . H Cooling H
8a - K33.21 45.8 123L13.6K 9.5/28.1
8b - K26L36LS81  45/0.3/27 I36L24K 1.5/2.5
8c - - K521 . 65.5 I-12.6K 9.4
8d - K271 37.8 I-12K 25.3
12 - K921 60.8  © I52L48K .68'.6
13a 5-20 1891 ~11.8 184.5L 13.2
13b 25-45 L1041 3.3 1jozL, 3.1
13c 30-45 - -
13d 35—50' - - )
14 40-50 L1581 I150.5L149L  7.6/2.8
15 45-60 | - -
16 30-50 - -

a. The first letter represents initial state (X,
crystalline; L, liquid crystalline; 1, isotropic),
while the numbers represent the temperature at which
the state changes. )
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behavior with almost identical birefriﬁgence patterns. The Schlieren
texture observed for bpth 13 very characteristic of the smectic C
mesophase. | h

The paired mesogen polymer 14 was the only other polymer to
exhibit‘a mesophase. It was a highly qnupuél.phase howéver, as it
appé;red to be of very similar stability to a crystalline phase. In
microscope observation at 150'90; the liquid cryétalline phase could
be initia;ed in the isotropic melt by brief application of pressure to
the glass sl1ide, or by annealing at 150 °C for several hours. Both a
crystalline phase and =a meéﬁphase wefe able to occur in adjacent
droplefs, as the photograph in Appendix'B clearly shows.

Neither of the copolymers showed liquid crystalline behavior.
The paired mesogen copolymer, in which methyl methacrylate Qnits made
up only 23'perceqt'of the polymer units, did not exhibit a mesophase.
Apparently the extra p@f}ﬁer 53ckbone present destabilizes the

mgégphase, and does not act as a simple diluent.
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IV. Conclusion : - Co

Polymers l13a-d and 14-16 were aynthesizgd and characterized by
infrared spectroscoﬁy, proton NMR, DSC, polarized ligh; microscopy,
and elemental analysis. All poly;ers exXcept igé contained optically
active centers. Polymeré l};:g-and 14 were found to have 1iquid
crystalline pfoperties.

The new synthetic method developed in this work is very versatile
and Eéaves many optidns open for further work; For 'example,
polymerizable spacer chains of different lengths could be made to
study the effect of lengtﬂ on mesophase characteristics. Other
polymerizable end groups could be incorporated fo vary the glass
transition temperature of the polymer. Many hydroxy-terminated

.

mesogenic groups are avallable which have not been incorporated int?'
polymers. These include mesogenic groups .which previously were too
sensitive to the reaction conditions available. Expansion into this
area cpuld produce many new mesomorphiclpolymers of interest., The
effect of copolymer ratios on liquid crystalline properties is an
obvious area of interest, given the failure of the copolymers 15 and
16 to produce a mesophase.

The synthetic route to the novel paired mesogen polymer 14 could

be exploited in a similar large number of ways.

46



EXPERIMENTAL SECTION

I. Materials and Equipment

All the starting mﬁterials used in this work were commercially
available in 98% or higher purity and used wifhout further
purification.unless otherwise stateg.

Melting points were measured in caplllaries using a Gallenkampl
Melting Point Appératus equipped with a calibrated thermometer.
Values are reported in degrees centigrade and are uncorrected,

Infrared spectra were recorded on a Nicolet 10 DX FT-IR
spectrometer, either as potassium bromide discs ﬁr as films on sodium
chloride plates. |

Except where statedwotherwise, nuclear magnetic resonance (NMR)
spectra were measured on a Varian XL-300 spectrometer. Chemical
shifts (J) are reported in parts per million from Eetramethylsilane.
The fo%lowing conventions are used: s, ginglet; d, doublet; ¢,
triplet; q,‘HGEEEEE;'BE; broéd singlet; dd, doublet of doublets; dt;,
doublet of triplets; dq, doublet of quartets; .m, multiplet.

Optical rotations were measured using a Perkin-Elmer Model 241
digital polarimeter with the D-1line of a sodium lamp. All
measurements were made at room temperature with chloroform as soclvent
using.a one dm, one mL sample cell.

High preséure liquid chromatography (HPLC) was carried out on a
Waters preparative LC model 500A, | |

Mass spectroscoplc QHalyses‘were performed on ave Analytical
model 7070E double focusing instrument.

Molecular weights of polymers and copolymers were determined in
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toluene using a Wescan Instruments Ltd. model 231 "Athena" Membrane

Osmometer.

.

Birefringence patterns were observed using an Olympus BH-2

microscope with BH2-KPA polarizer and Leitz model 350 microscope

heating hot stage. Photographs were taken with a camera attachment

using Polaroid 667 black and white film.
The alkaline cleavage of castor pil was performedlusing a Parr

300 nL reactor with stirrer, heater, and glass insert, supplied by the

Parr Instrument Company, Moline, Illinois.

Differential scanning calorimetry was carried out using the
Mettler %ABOOO system with DSC 20 cell and a Kelvinator three cubic
foot upright freezer. .

Microanalyses were performed by'M—H—W‘Laboratories, P.0. Box

15149, Phoenix, Arizona,lLS;A.BSOIB.

I1. Procedures
A. Spacer—Chain
10-hydroxydecanoic acid 1
To a slurry of powdered sodium hydroxide (14.7‘é, 0.37 mol) in
absolute etﬁanol (85 mL) was added castor oil (40 g, 0.04] mol,
assuming a molecular weight of 980). The mixture was placed in a
glass-1lined 300 nlL Parr reactor ana heated with slow stirring to 195
°c. Initial pressure at that temperature was 240 psl. After heating
fé}_l9 hours, a pressure of 400 psi was reached and the reactor was
allowed to cool. The resulting waxy white solid was dissolved in 300
mL of distilled water and extracted with diethyl ether (3 x 50‘qL) to

remove 2-octanol. The solution was then acidified with 6N
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hydrochloric acid, and the resulting organic phase was separated. The
i‘emaining aqueous phase was extracted with ether (3 x 50 mL) and the
extracts were combined with the previous oréanic phase. .The combined
extracts were washed with saturated brine solution (2x 50 mL) then
dried over magnesium sulfate. Evaporation of the ether gave 32,2 g of -
a clear yellow oll. The ¢il was dissolved in warm ethyl gcetate-(BS
n!L), and hécane was added (90 mL). After standing overnight at -5 °C,
the mixture depositéd 13.9 g of a white powder which on
recrystal lization from benzere (100 mL) gave 13.4 g of 1 (67% yield
based on a ricinoleic ester content of B7% in castor oil), mp 73-75 °C
(11t(54) 73-75),

IR (KBr disc): 3200, 2914, 1685, 1469, 1310, 1286, 1047 em™ L.

Proton. NMR (CDCl3IDHSO—d6): d 3;58 (t,2d), 2.29 (t,2H), 1.58 (t,2H),
1.51 (t,2H),  1.14 (s,10H). ' o
C-13 NMR (DMSO-dg): o 176.5 (5), 60.80 (), 33.72 (t), 32.60 (&),

29.07 (t), 29.00 (t), 28.83 (t), 28.66 (t), 25.57 (t), 24.5}4(%).

Analysis: calculated for CjgH,q03: C,63.80; H,10.71; Oaﬁ/_’-{hf’;

£ - s
Found: C,64.00; H,10.72. f )

Benzyl 10-hydraxydecancate 4

To 1 (24 g, 128 mmol) was added tetramethylammonium hydroxide
solution (20 weight percent in methanol) to neutrality (about” 70 mL).
Methanol was evaporated at 50 °C under aspirator vacuum.. To the
resulting viscous liquid was added dimethylforma;:de (500 mL) with
s‘tirring, and benzyl chloride (15.0 g, 130 mmol). After stirring at
room temperature for sixteen hours, the mixture was poured into

e

&
distilled water (500 mlL) and extracted with diethyl ether (4x 100
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mL). The combined extracts were washed with distilled water (2 x 100
ml) and 5% sodium bicarbonate solution (2 x 100 mL)s The sodium
"bicarbonate extract was acidified, gtt‘acted with ether, dried over
sodium sulfate, filtered, and solvent‘was evaporated to glve unreacted

v

1,-.0.7g. The combined extracts wé‘i"e then washed with distilled-water
(2 x 100 mL) and saturated brine solution (2 x 100 mL), then dried
over sodium sulfate. The dried ether solution w;.s; filtered and
-solvent was evaporated under aspirator vacuum. to give 32.4 g of &
clear oil, which was dissolved in 1 L of 5% ethyl acetate in hexane:
and left at -5 °C o§ernight. The resulting crystals were filtered and
dried to give 27 g of 4. A further 3.8 g of product was obtained as a
second crop on evaporation of crystallization solvent and
recrystallization of the residue. Yield 30.8 g (871), mp 35-37 °cC.
IR(KBr disc): 3316, 2927, 17?6, 1169, 747 686 co L,
Proton NMR (CDCl3): d 7.30 (m,SH), 5.06 (s,2H), 3.59 (t,2H); 2.30
(t,2H), 1.56 (m,4H), 1.24 (s, 10H). -
€C-13 NMR (CPCl4): J173.67, 136.10, 128.51, 128,13, 66.06, 63.01,
34,30, 32.75, 29.34, 29.29, 29.11, 29,05, 25.67, 24.91.
Analysis: calculated for C17H2603:' C,73.34; H,9.41; 0,17.24.

=

Found: C,?B;Sﬁ; H,9.22,

Benzyl I0-wethacryloyloxydecanoate 5
Y To i-(IS'O g, 54 mmol) in anhydrous diethyl ether (150 mL) under -
8 nitrogen atmosphere was added 2,6-d.i‘methy1phenol (50 mg) and
pyridine (9.1 mL, 108 mmol, distiiled from KOH). To the stirred
solution was added dropwise freshly distilled methacryloyl chloride

(5.4 mL, 55 mmol) in anhydrous ether (20 mL). After stirring for 22
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. !
hours, the mixture was filtered through celite, extracted with 0.6N .

HC1l (2 x 50 mL), distilled h:;ter (1 x 50 mL), 5% sodium bicarbonate
solution (2 x 50 ml), digtilled water (1 x 50 mL), and saturated brine
solution (2 x 50 ml), then dried over sodium sulfate. The dried
solution was filtered and the sSlvent evaporated under aspilrator
vacuum. Drying under.vacuum over phosphorus pentoxide for sixteen
hours at 40 °C ylelded 5asa clear oll, 17.7 g {95%). ..

IR(E£11lm): 2929, 1738, 1720, 1639, 1455, 1165, 687 cm L.

Protonm NMR (CDCl3): d 7.30 (m,5H), 6.05 (s,1H), 5.49 (s,l_H), 5.04
(s,2H), 4.08 (t,2H), 2.30 (t,2H), 1.88 (s,3H), 1.60 (dt,4k), 1.23
(s,10H).

C-13 NMR (CDC13): d 173.60, 167.51, 136.51, 136.10, 128.49, 128,40,

128.13, 125.08, 66.02, 64.75, 34.27, 29.25, 29.11, 29.06, 29.01,

28.55, 25.91, 24.88, 18.30.

Analysis:z calculated for C21H3004: c,72.80; H,8.73; 0,18.47.

Found: C,72.99; H,8.58.

10-methacryloyloxydecanoic acid 3 |

To 5 (17.7 g, 51.2 mmol) dissolved in dry acetonitrile (120 mL)
was added sodium icdide (30.7 g, 205 mmol) with stirring under a
nitfogen atmosphere. Chlorotrimethylsilane (26.0 mL, 205 mmol) was
added dropwise over a ten minute period, and the mixture was left to
stir for 24 hours at room temperature. It was then poured into
distilled water (300 mL) and extracted with diethyl ethexr (4 x 100
ml). The combined ether extract's were washed with water (3-x 50 ml),
10X sodium thiosulfate golution (2 x 50 mL), water (2 x 56 ml), 5%

sodium bicarbonate solution {2 x 50 mL), and extracted with 10X sodium
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carbonate solution (4 x 50 mL). The combined sodium carbonate
extracts were washed with ether (2 x 50 mL), acidified with 6N

hydrochloric acid, and extracted with ether (4 x 100 ml). The

L
kombined ether extracts were washgd with water (1 x 50 ml) and

0.
-

saturated brine solution (2x 50 mL),then dried over sodium s‘ulfate
for 2_4“hours. T;'le mix ture was filtered, solvent was evaporated under
aspirator vacuum, and the fesidu; was dried over phospha;:us pentoxide
at 40 °C e;nd 2 mm Hg to give 12.6 g of 3 as a clear oil (96%).
I_I_{(film): 2800-3600, 2928, 1718, 1696, 1297, 1166, 93%, 815 em™ L.
Proton NMR (CDC1;): d 6.04 (s,1H), 5.50 (s,1H), 4.08 (t,2H), 2.30
(t,2H), 1.B8 (s,3H), 1.60 (m,4H), 1.25 (s,I10H).
C-13 NMR (CDCl3): J’IB0.0S, 167.58, 136.51, 125.17, 64.80, 34.03,
29.24, 29.12, 2'9.06, 28..97, 28,53, 25.91, 25.83, 24.62, 18.30.
Analysis: calculated\_\'for Cia“zaoa * 0.5 H20: ¢,63.37; H,9.49; 0,27.13.
Found: C,63.20; H,8.68.

HS“(chenical 1on1zaéion): 257 {(m+1).

IG—methacryloyluxydeqanoyl chloride 3a

To 1 (0.50g, 2.7 mmol) and hydroquinone (0.1g) in ethanol-free
chloroform (20 mL) at 50 °C was azid'ed rapidly with stirrihg freshly
distilled methacryloyl chloride (0.60g, 5.5 mmol)., The solution was
heated at reflux until proton NMR showed the disappearance of the
triplet at d 3.60, about 2 hours. High resolution NMR showed the
following: 6.02 (s,l1H), 5.48 (s,1H), 4.06 (t,2H), 3.98 (t,1.6H), 2.28
(t,2H), 2.22 (t,1.6H), 1.86 (s,3H), 1.56 (m,7H), 1.12 (s, 17.2H).
This spectrum is consistent with 20 to 25% of the product having

structure 2a and 75 to 80X having structure 2¢, The cooled solution

52



was tre.aated with thionyl chloride (0.40 mL, 5.5 mmol) énd then heated
to 50 °C fm;‘ 90 mim}tes. Solvent and excess thionyl chloride were
removed by diétillation under aspirator vacuum at 50 °c, to give a
residual yeliow oll which was distilled in a K::gelrohr apparatus at
0.07 mm Hg and 120 °C to .give 210 mgof 3a as a clear oll tZBZ).
IR(fiLm): 2982, 1799, 1718, 1297, 1166, 944 e 1.

Prot‘ti::l NMR (CDC134): d 6.04 (s,1H), 5.49 (s,1H), 4.08 (t,2H), 2.82
(t,2H), 1.88 (s,3H), 1.62 (m,4H), 1.24 (s,10H).

C-13 NMR (€DC15): d 173.74 (s), 167.46 (s), 136.48 (s), 125.09 (t),
64.68 (t), 47.03 (t), 29.11 (t), 29.03 l(t:), 28.91 (t), 28.52 (),

28.30 (t), 25.85 (t), 24.97 (t), 18.26 (q).

B. Alkyl 4-Carboxy Benzoates 6a-d

The method of Dewar (57) was used, and 1s 1llustrated for
compound ba. |

To terephthaloyl chloride (60 g, 0.29 mol) dissolved in dry
benzene (300 mL) was added (S)-(-)}-2-methyl-l-butanol (27 g, 0.31 mol)
with stirring under a nitrogen atmosphere. The solution was heated at
reflux for two hours, then cooled. The atirrea solution was treated
with aqueous pyridine (44 mlL pyridine in 200 mL water) then stirred
for two hours. Benzene was _evap‘oratéd at 40 °C under aspirar_or' vacuum
to give a white semi-solid, which was washed with 0.15N hydrochloric
ecid (4 x SO-M ml) and water (1 x 50 mL). It was then stirrerd
vigorously with 10% sodium carbonate solution (400 mL) for 6 hours.
The mixture was filtered and the solution was acidified with 6N
hy&‘?ochloric acid with stirring in a 2L beaker. The precipitate was

filtered, washed with distilled water (200 ml) and dissolved in
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diethyl ether to form a cloudy solution which was dried over sodium

sulfate. The dried solution was filtered'through celite and solvent

was evaporated under aspirator vacuum to give a white soclid. This

solid was dissolved in chloroform.and filtered throuéﬁ celite, The

filtered solution, free of terephthalic acid, was evaporated under

aspirator vacuum to give 22.7 g of crude product. This was dissolved

in a minimum of diethyl ether and hot petroleum ether (500 mlL) was
. o

added. After standing overnight at O OC the mixture deposited 14.8 g
of crystals. Evaporation of solvent and repetition of the

recrystallization proceduse produced another.S.B g of'prodqst. Total

ﬁ\
yield of 6a was 20.6 g (30%). 7

Tabulated Data for 6a—d

Compound Yield Optical Rotatidn in meltin% point
c .

% chloroform (g/dL)
ba k 30 +5.01° (3.7) 153-154
6b 19 J- 156=157
6c 18 +57.3° (3.5) 103~106
6d 23 -45.7° (1.4) - 137-142

Furtber Characterization of 6a-d

n

(S)—(+)-2-methylbutyl &—carboxy benzoate 6a .
IR(KBr disc): 2400-3200, 2963, 1711, 1684, 1276, 1104, 848, 733 cu '
Proton NMR (CDCl4): d 8.11 (m,4H), 4.16 (dq,2H), 1.84 (m,1H), 1.50
(m,1H), 1.27 (m,1H), 0.97 (d,3H), 0.91 (t,3H).

C-13 WMR (CDCl3): d 171.40 (s), 165.69 (s), 135.00 (s), 132.87 (s),
130.11 (d), 129.52 (d), 70.04 (t), 34.20 (d), 26.08 (t), 16.42 (g),

11,21 (q).



Cue

Analysis: calculated for 613H1604: C,66.09; H,6.83; 0,27,09.

Found: C,66.28; H,6.63.

(_-tj—Z-phenylpropyl f4-carbmy benxocate 6b

IR(KBr disc): 2400-3200, 1718, 1684, 1268, 732, 702 em L.

Proton NMR (CDC1j): d 8.06 (2d,4H), 7.26 (m,5H), 4.40 (m,2H), 3.23 (q,
1H, J=7.6 Hz), 1.36 (d, 3H, J=7.6 Hz). |

C-13 NMR (CDC1,): d 171.23 (s), 165.55 (s), 142.90 (s), 134.88 (s),

132.93 (s), 130.16 (d), 129.60 (d), 128.57 (d), 127.29 (d), 126.84

(d), 70.36 (t), 39.02 (d‘), 18.00 (q).

Analysis: calculated for C17H1604: Cc,71.82; H,5.6_7;’ 0,22.51.

Found: C,72.00; H,5.44. . <@

(S)«(+)-1-phenylethyl &—carbmy benzo-at:e' 6c

IR(KBr dia;c): 2400-32'00, 1719, 1£22, 1272, 731, 697 em™ L,
Proton NMR (CDCI.3): d 8.10 (s,4H), 7.26-7.42 (m,5H), 6.10 (q,—llFH., '
J=7.0 Hz), 1.64 (d,éH,J-?.; Hz). | .

€-13 NMR (CDC14): d 171.27, 164.90, 141.31, 135.13, 132.95, 130.14,
129.71, 128.63, 128.09, 126.09, 73.66, 22.29."

Analysis: calculated for C,6H1404¢ C,71.10; H,5.22; 0,23.68.

Found: C,71.37; H,5.43.

(S)—(-)-perillyl 4&—carboxy benzoate 6d
(S)-(-)-Perillyl alcohol was first purified by HPLC with 10/90 .
ethyl acetate/hexane as eluent.

IR(KBr dise): 2400-3100, 1718,'1688, 1272, 1017, 731 e 1,
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Proton NMR (CDC1,): d 8.12 (m,4H), 5.84 (s,1H), 4.70-4.80 (m,4H), 2.16
(bs, 4H), 1.8-2.1 (m,4H), 1.72 (s,2H), 1.4-1.6 (m,2H).
C-13 NMR (CDC13): d 171.17 (), 165.56 (s), 149.47 (s), 134.98 (s),

132.93 (s)k_132.31 (s), 130.16 (d), 129.67 (d); 126.27 (d), 108.85

(t), 69.44 (), 40.77 (d), 30.47 (), 27.29 (t§% 26.46 (t), 20.74 (q).

C. Alkyl Q—Hydroxyphenyl 4-Carboxy Benzoates 7a-d

Typical procedure:

The acid chloride was first obtained by éreating the acid 6a-d
with an excess of thionyl chloride using pyridine as catalyst. After
two to -four hours, excess thionyl chloride Qas distilled under
aspirator vacuum to give the acid chloride as a residual product.

Typically 10 mmol of the acid chlori:e was added to a stirred
satur;ted solutiqﬂ_gfﬁpyqroquinone (50 mmol) in dry pyridine (35 mL).
After stirring for 16 hours the solutioﬂ—was poured into 1.1N HCY (400
ml) and 6N HCl was added until the mixture was slightly acidic. The
precipitate was filtered, washed with 0.5N HC1 (100 mlL), distilled_
water {150 mL) and then dissolved in ethyl acetate. The ethyl acetate
solution was diluted by half with- ethanol, and sclvent ﬁas evaporated
under aspirator vacuum. Crystals, which usually formed after two
thirds of the solvent had.evaporated, wére filtered and discarded.
The filtrate was then evaporated to dryness, and disgolved in 20 mlL of
ethyl acetate. Silica gel (150 mesh, 3g per gram of compound) was
added, and solvent was evaporated. The resulting eilica was placed on
top of a silica gel column (100 g) and eluted with 20/80 ethyl
acetate/hexane. The first product to.be eluted wan always the by-

product diester of hydroquinone, followed by the des!.red monoester.
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Tabolated Data for 7sa—d

~

Compound  Yield Optical Rotation  Melting Point  R®

4 Chloroform (g/dL) °c
72 72 +4.2° (5.6) 106=107  .3/.55
7 65 - 13-115  .24/.51
e . 58 +49.3° (0795) 78-83 -19/.49
- . 62 ~26.1° (1.0) 01 17/.42

. a@. Rg using silica TLC with 20/80 ethyl .
acetate/hexane eluent. First number is value
for product, second for diester by-product.

Further Cha‘?racteri;étio:; of 7a—d

(S)-(+)-2-methylbutyl A-hydroxyphenyl &—carbaxy benzoate 7a
IR(KBr disc): '_3382. 2960, 1708, 1287, 1267, 1180, 725 cm™ 1.
Proton NMR (CDCl4): cﬁs.n‘(zd,m), 7.04 (d,2H), 6.84 (d,2H), 4.76
(bs,1H), 4,16 (dq,2H), 1.86 (m,1H), 1.50 (m,1H), 1.25 (m,lH), 1.96
(d,3H), 1.90 (t,3H). ! '
C-13 NMR (CDC1,): d 166,08 (s), 165.31 (), 153.99 (s), 143.81 (s),
134.73 (s), 133.20 (s), 130.14 (d), 129.66 (d), 122.32 @ 116.21
(4),. 70.26 (r), 34.21 (&), 26.09 (r), 16.48 (q), 11.26 (q).
Analysie: calculated for CIQHZOOS: C,69.50; H,6.14; 0,24.36.

_ Found: C,69.73; H,5.99. :
(1}~2-phen}quyﬂrmyﬁhenyl 4—carboxy benzoate 7b
IR(KBr disc): 3400-3450, 2969, 1732, 1717, 1275, 1237, 1192, 722, 699
o - r@,‘

Proton RHNR (CDCls): d 8.19 (d,2H), B8.04 (d4,2H), 7.27 (m,5H), 7.04
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(d,2H), 6.83 (d,2H), 4.76 (bs, IR), 4,40 (m,2R), 3.24 (q,lH, J=7.2
Hz), 1.37 (d,3H, J=7.2 Hz). |
C-13 NMR (CDC13): d 165,69_(5), 165.07 (s}, 153.73 (8),- 144.06 (s),
142,89 (s), 134.59 (s),.133;28 (s), 130.10 (d), 129.65 (d), 128.58
(d), 127.30 (d), 126.85 (d), 122.42 (49, 116.18 (d), 70.53 (t), 39.04
(d), 17.98 (q). '
Analysis: Falculated for C23H2005: C,73.39; H,5.36; 0,21.25.
Found: C,73.14; H,5.60.

-
(S)~(+)-1-phenylethyl &-hydraxyphenyl &—éarbaxy benzoate Ic
IR(KBr disc): 3400-3450, 1718, 1509, 1271, 1249, 1192, 726, 696 em™ 1,
Proton NMR (CDC13): d 8.16 (m,4H), 7.26-7.44 (m,5H), 7.40 (d,2H), 6.82
‘(d,2B), 6.11 (q,1H,J=6.2 éz), 1.65 (d,3H,J=6.0 Hz), 1.4-1.7 (bs,1H).
C-13 NMR (CDCIB)E ) 165,09, 153.70, 144.08, 141,29, }34.85, i33.30,
130.11, 129,78, 128.64, 128.14, 126.09, 122,41, 116.17, 73.78, 22.32.
Analysis: calculated for C22H1805: c,72.92; H,5.01; 0,22.08. ‘

Found: C,72.82; H,5.26.

(S)-(-)- l—(é-(2—(2—ch10topropy1))cyclohex l—enyl)nethyl
6ﬂhydra:ypheny1 &—carbaxy benzoate 7d

IR(KBr disc): 3500, 2328, 1723, 1602, 1510, izeg, 1191, 1018, 727

em~ L. - | .
Proton NMR (cpcl,): d 8.16 (2d,4H), 7.03 (d,2H), 6.83 (d,2H), 5.80
(s,1H), 4.72 (s5,2H), 1.2-2.4 (m,l4H).

C-13 NMR (CDCly): d' 165.67 (8), 164.99 (s), 153.70 (s), 144.09 (s),
134.62 (s), 133.34 (s), 132.48 (s), 130.11 (d), 129.74 (d), 125.83
(d), 122,43 (d), 116.14 (d), 74.03 (s), 69.21 E:), 46.18 (d), 30.61

(q), 29.89 (q), 27.23 (t), 26.83 (t), 24.24 (t).
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.D-\QgiEYI 4—(10~-Methacryloyloxydecamoyloxy)phenyl &—Cafboxy"
&

nzoate Monomers 8a—d .
Typical procedure: —_—

Compound 7 (5 mmol), compound 3 (5.1 mmol) and 4-

dimethylaminopyridine (50 mg) were digsolved in dichloromethane (10

mL) with stirring under a nitrogen atmosphere. A solution of
dicyélohexylcarbodiimide {5.5 mmol) in dichloromethane {5 ml) was
added, and the solution was left_to stir for. 24 hours at‘room
temperature. The mixture was filtered to remove dicfclohexylurea and
washed with water (2 x 20 mL), 5% acetic acld solution (2 x 20 ml),
water (2 x I20 ml) and saturated brine solution (I x 20 mL")“,then dried
over sodium sulfate. The dried solution was filtered and solvent was
evaporated to give the crude product, which was purified by column

chromatography using 10/90 eth&l acetate/hexane or by HPLC with 5/95

ethyl acetate/hexane.

Tabulated Datas for Ba—d

Compound Yield Optical Rotation =~ Melting Point Rfa

4 Chloroform (g/dL) °c
8a 89 +2.6° (4.4) 44-46P .45
8b 86 - 56-58° .49
Bc 83 +30.4° (1.6) 48-51 .45
8d 69 ~-19.7° (3.0) 35-38 .50

a. Rp using silica TLC with 20/80
ethyl acetate/hexane eluent.

. b. exhibited liquid crystalline behavior.u
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Farther Characteri:ation of Ba—d

Proton NMR spectra for 8a-d, carried out using deuterochloroform-

as solvent, are shown in Appendix A, Chemical shifts are tabulated

below.

(8)-(+)-2-methylbutyl 4-(10-methacryloyloxydecanoyloxy)pbenyl
4-carboxy benzoate 8a

IR(KBr disc): 2930, 1762, 1734, ¥722, 1710, 1507, 1273, 1255, 1180,
1016, 733 cn™l. |

" Proton NMR (CDClj): d 8.20 (d,2H), 8.12 (d,2H), 7.16 (d,2H), 7.10
(d,2H), 6.04 (s,1R), 5.50 (s,1H), 4.16 (m,2H), 4.08 (t,2H), 2.50
(t,24), 1.87 (s,3H), 1.84 (m,IlH), 1.70 (¢,2H), 1l.61 (t,2H), 1.4%
(m,lH),. 1.28 (s,lllH), 0.97 (d4,3H), 0.90 (t,3H).

C-13 NMR (CDCIB): d 172.09 (s), 167.50 (s), 165.66 (s), 164.24 (s),
148.35 (s), 148.00 (s), 136.52 (s), 134.94 .(s). 133.02 (s), 130.12
(d), 129.65 (d), 125.14 (t), 122.56 (d), 122.40 (d), 70.06 (:),‘. 64.75
(t), 34.31 (d), 34.25 (c), 29.28 (c), 29.22 (v), 29.15 (t), 29.05 (t),
28.57 (t), 26.14 (), 25.93 (&), 24.85 (1), 18.34 (g), 16.52 (q),
11.29 (g).

Analysis: calculated for Cq4H;,0g: C,69.94; H,7.47; 0,22.59.

Found: C,69.96; H,;I.29.

.8a From 3a and 7a.

'I:o 7a (0.66 g, 2 mmol) was added tetrabutylammonium hydrogen
sulfate (5 mg), 2,6-dimethylphenocl (5 mg‘), powdered sodium hydroxide
(0.20 g, 5 mmoi) and dry diethyl ether-(IOO ml) under & nitrogen
atmosphere. To the stirred solution at 0 °C was added. dropwise 3a

(0.66 g, 2.4 mmol). After 55 minutes the mixture was filtered,



"A; .

S,

solvent was evaporated undér aapirétor vacuum, and the crude product
was purified by column chromatography on silica gel (100 g) with 20/80
ethyl acéta:e/hexane as eluent to give 0.93 g of 8a as a white solid
(BZ*). TLC (silica, 5/95 ethyl acetate/hexane) showed trace amounts of
an impurity of nearly 1dént1ca} Re which could not be separated by
chromatography or by crystallization from absolute ethanol. IR, NMR
were identical to those of the previous preparation of 8a, but on
polymerization a gel was always produced.

Analysis: calculated for C33H4208: C,69.94; H,7.47; 0,22.59.

. Found: C,70.20; H,7.27.

(+)-2-phenylpropyl 4—(lﬂ—methacryloyloxydecanoyloxyjphenyl
4—carboxy benzoate 8b

IR(KBr disc): 2935, 1755, 1737, 1715, 1504, 1258, 1188, 724, 701 cm*l_
Proton NMR (CDCl3): d 8.16 (d,2H), 8.02 (d,2H), 7.32-7.06 (m,9H),
6.04 (s,1H), 5.48 (s,1H), 4.39 (m,2H), 4.08 (£,2H), 3.22 (q,1H), 2.50
(t,2H), 1.88 (s,3H), 1.70 (t,2H), 1.62 (r,2H), 1.35 (d,3H), 1.28
(s,10H). _ |

C-13 NMR (CDC13): d 172.10 (s), 167.52 (s), 165.48 (s), 164.21 (s),
148,38 (s), 148.00 (8), 142.90 (s), 136.53 (s), 134.70 (s), 133.07
(), 130.11 (d), 129.66 (d), 128.57 (d), 127.29 (d), 126.84 (d),

125.15 (t), 122,56 (d), 122.39 (d), 70.33 (t), 64.77 (t), 39.02 (d),

34.31 (t), 29.29 (t), 29.16 (r), 29.03 (tr), 28.58 (t), 25.94 (t), - =

24.86 (t), 18.33 (q), 17.98 (g).
Analysis: calculated for Cq;H;,0g: c,72.29; H,6.89; 0,20.82.

Foupd: C,72.09; H,6.72.
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(S)-(+)-1-phenylethyl 4—(10-methacryloylaxydecanoylexy)phenyl
4—carbaxy benzoate 8¢

IR(KBr disc): 2832, 1758, 1742, 1716, 1506, 1279, 1258, 1183, 761, 730

702 em~ L,

——— -

Proton NMR (CDClg): d 8.17 (2d,4H), 7u44=7.26 (m,SH), 7.14 (24 ,4H)
6.11 (q,1H), 6.04 (s,1H), 5.50 {s,1H), 4.08 (t,2H), 2.52 (t,2H), 1.88
(s,3H), 1.78-1.56 (m,7H), 1.28 (s,10H).

C~13 NMR (CDC13): d 172.03 (s), 167.44 (s), 164.77 (s), 164.16 (s),
148.32°(s), 147,94 (s), 141.28 (s), 136.47 (s), 134.90 (s), 133.04
(s), 130.04 (d), 129.70 (d), 128.57 (d), 128.03 (d), 126.03 (d),
125.07 (t), 122.51 (d), 122.35 (d), 73.59 (d), 64.70 (t), 34.25 (t),
29.23 (t), 29.10 (t), 28.98 (t), 28.52 (t), 25.88 (t),  24.80 (t),
22.25 (q), 18.27 (q).

Analysis: calculated for C36H4008: C,71.98; H,6.71; 0,21.31.

Found: C,71.72; H,6.70.

(8)-(-)-1-(4—(2—-(2-chloropropyl) Jcyclobex~1-enyl)methyl
4—(10-methacryloyloxydecanoylaxy)phenyl 4—carbaxy benzoate 8

IR(KBr disc): 2931, 1759, 1742, 1721, 1501, 1268, 1181, 1017,

728 em” 1.

Proton NMR (CDCl4): d 8.16 (2d,4H), 7.14 (2d,4H), 6.04 (s,1H), 5.81
(s,1H), 5.50 (s,1H), 4.71:(s,2H), 4,08 (t,2H), 2.52 (t,2H), 2.32-1.96
(m,5H), 1.89 (s,3H), 1.86-1.58 (m,6), 1.53 (d,6H), 1.29 (s,l10H).

C-13 NMR (€DC14): d 172.01 (s), 167.43 (s), 165.39 (s), 164.13 (s},
148.31 (s), 147.92 (s), 136.46 (8), 134.68 (s), 133.06 (8), 132.47
(s), 130.05 (d), 129.66 (4), 125.71 (d), 125.05 (t), 122,49 (d),
122.32 (d), 73.88 (s), 69.08 (t), 64.68 (t), 46.11 (d), 34.24 (r),

30.54 (q), 29.84 (g), 29.22 (t), 29.09 (t), 28.97 (t), 28.51 (t),
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——2 /216 (t), 26.76 (t), 25.87 (t), 24.79 (r), 24.17 (t), 18.26 (q).

E. Paired Mesogen Monomer
(S)-(-)—dib’enzyl 2-hydroxypropandicate 9

To L-malic acid (15 g, 0.11 mol) w;as added & solution of
tetramethylammonium hydroxide in methanol (20 weight percent) until
neutral t:-o litmus. Solvent was- evaporated from the solution unde;' '
aspirator .v'acuum at 50 °C to glve a very viscous iiqpid, which was
_ vigorously stirred iﬁ dimethylformamide (200 mL) under a nitrogen-
atmosphere. Benzyl chloride (2%9.7g,- 0.23 mol) was added, and the
mixture was left to stir for 48 hours, Distilled water (200 ml) was
added, and the solution was extracted with diethyl ether (4 x 400 mL).
The combined ether extracts were washed with water (3 x 100 mL), 2%
acetic acid solution (2 x 100 ml), water (1 x 100 mL}), 5% sodium
bicarbonate solution (1 xl100 mL), water (3 x 100 wL), and sat:u‘ra‘ted
brine solution (2 x 100 mL), then dried over sodium sulf-late. The
dried solution was filtered and solvent was evaporated under reduced
i)ressure to g_ive 31.4 g of a pale yellow oil. This crude product was
purified in two- batches by HPLC with 20/80 ethyl acetate/hexane to
givé 23.1 g of 9 as a:c‘lear oll (67%). Rf (20/80 ethyl ac'etate/hexane,
silica TLC): 0.22. Optical rotation -20.1° (c=4.l1, chlolroform).
IR(f11wm): 3491, 3065, 3034, 2954, 1739, 1455, 1266, 1216, 1166, 110l4,
752, 697 cm” 1.
Proton NMR (CDCl4): d 7.28 (m,10R), 5.13 (s,2H), 5.06 (s,2H), 4.50
(bs,1H), 3.16 (bs,1H), 2.84 (m,2H).
Analysis: calculated’ for CygH,;g05: C,68.78; BH,5.77; 0,25.45.

Found: C,68.83; H,5.59.
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(5)-(-)—dibenzyl 2-(10-methacryloylaxydecanoylaxy)propandioate 10

To 4 (5.0 g 19.5 mmol) and 9 (6.13 g, 19.5 mmol) 1in
dichloromethane (55 ml) under a nitrogen qtmésphere was addednh—
dimethylaminopyridine (150 mg) and 2,6~dimethylphenol (lOb mgl. A
solution of dicyclohexylcarbodiimide (4.85 g, 23.4 mmol) in
diéhloromethane (5 mL) was added with stirring. After sixteen haurs
of. Etirring at- room temperature, the mixture was filtered and washed
with wéter (3x 20 mL), 5% acetic acid solution (3 x 20 mL), wate¥(3
x 20 mL), and saturated brine sclution (2x 20 mL), then dried over
sodium sulfate. The dried solution was filtered énd so0l vent was
evaporated under aspirator vacuum to give a brown oil, The oill was
dissolved in 40/60 ethyl acetate hexane (100 mL) and filtered again.
On evaporation of solwvent under aépirator vacuum 12.5g ;f crude
product was obtained, which was purified by HPLC with 7/93 ethyl
acetate/hexane as eluent to give 8.3 g of 10 és a clear oil (77%).
R¢ (20/80 ethyl acetate/hexane, silica TLC): 0.48.
Optical rotation: =-12.4° (c=3,5, chlorof;rmL
IR(£11m): 2935, 1743, 1717, 1696, 1169 cm L.
Proton NMR (CDCls): d 7.26 (m,10H), 6.04 (s,1H), 5.48 (m,2H), 5.06
(m,4H), 4.08 (t,2H), 2.87 (d,2H), 2.26 (dt,2H), 1.90 (s,3H), 1.60

{m,4H), 1.12 (s,10H).

€-13 NMR (CDC13): d 172,65 (s), 168.86 (s), 168.73 (8), 167.54 (s),

136.53 (s), 135.36 (s), 135.00 (s), 128.58 (d), 128,47 (d), 128,40

(d), 128.31 (d), 128.23 (d), 125.14 (1), 68.08 (d), 67.42.(t), 66.83
4

(t), 64.78 (t), 36.18 (t), 33.77 (t), 29.26 (t), 29.17 (¢), 29,10 (r),

28.93 (t), 28.58 (t), 25.94 (t), 24,67 (t), 18.33 (q).
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Analysis: calculated for Cy,H,q0g: C,69.54; H,7.29; 0,23.16.

Found: C,69.27; H,7.32.

(S)-(—)-Zf(lO—methacryloyluxydecanoylu:y)propandioc acid 11

To 10 (2.1 g, 3.8 mmol) and sodium iodide £4.56 g, 30.4 mmol) in
dry acetonitrile (40 ml) stirred unde? s nitrogen atmosphere was added
‘chlorotrimethylsilane (3.9 mL, 30.4 mmol). After fifteen hours, the
reaction mixture was poured into dilute sodium bicarbonaée solution
(L68 g, 20 mmol, in 150 mL water). The slightly acidic solution was

extracted with diethyl ether (4 x 50 mlL). The combined ether extracts

- were washed with water (2 x 30 mL), 5% sodium thiosulfate solution (2

X 50 mL), water {2 x 30 mL), and saturated brére solution (2x 30 ml),
then d;ied over sodium sulfate, The dried solution was filtered and
solvent was evaporated to give an oil which was washed with hexane (4
X 30 mL) until benzyl iocdide was no longer.detected in the hexane wash
by TLC. Solvent was evaporatea'under apirator vacuum to give the
crude product as a clear viscous oil, 1.3 g; which was used without
further purification. The high resolution proton NMR spectrum of crude
1] 4s shown in Appendix A, and tabulated below.

Proton NMR (CDClj): d 6.06 (s,1H), 5.51 (s,1H), 5.48 (r,1H), 4.10
(t,2H), 2.94 (m,2H), 2.36 (t,2H), 1.88 (s,3H), 1.60 (m,4H), 1.24

(s,ldH).

(-)—d1((S)-2—methylbutyl A&—phenyl 4—carbaxy benzoate)
(S)-(-)-2-(10-methacryloylox ydecanoylaxy)propandioate 12

To 11 (1.3 g, about 3.5 mmol), 6a (1.5 g, 4.6 mmol), and 4~
dimethylaminopyridine (40 mg) dissolved in dichloromethane (20 mL) was

added with stirring a solution of dicyclohexylecarbodiimide (1.50 g,
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7.3 mmol) in dichloromethane (3 mL)., After 48 hours, TLC showed that
reaction had taken place but that some 6a still remained.. The
mixture was filtered, washed with water {(2x 10 mL), 5% acetic acid
solution (3x 10 ml), water (2x 10 mL), and saturated brine solution
(2x 10 mL),th‘;n dried over sodium sulfate. The dried solution was
filtered and soivent was evaporated under aspirator vacuum. The
resulting o'il was purified by column chromatography (150 g silica)
using 15/85 ethyl acetate/hexane as eluent, to give 0.68 g of 12 as a
white solid (30% based on 6a). R (20/80 ethyl acetate/hexane TLC on
silica): 0.20. Optical rotation -8.3° (c=3.1, chloroform).. J
_mp B88-92 °C , exhi.biting monot?op c iquid crystalline behavior. |
IR(KBr dise): 2933, 17_5_7/':_\1'{94, 17i9, 1507, 1271, 1246, 1183, 1018,
725 en” 1,

Proton NMR (CDCly): d 8.15 (2d,8H), 7.17 (24,8H), 6.02 (s,1H), 5.74
(t,1H), 5.48 (s,IH), 4.16 (m,4H), 4.06 (t,‘ZH), 3.27 {(m,2H), 2.&2-
(t,2®), 1.90-1.80 (m,5H), 1.70-1.40 (m,8H), 1.24 (m,10H), 0.97 (d,6H),
0.90 (t,6H).

C-13 NMR (CDC14): d 172.72 (s), 167.50 (s), 167.43 (s), 167.35 (s),
165.67 (s), 164.17 (s), 148.52 (s), 148.40 (s), 147.87 (8), 147.73
(s), 136.52 (s), 135.00 (s), 132.90 (s), 130.12 Q(d), 12‘._3.67 (d},
125,10 (t), 122.65 (d), 122.62 (d), 122.39 (d), 12234 (d), 70.10 (&),
67.92 (d), 64.77 (t), 36.34 (t), 34.26 (t), 33.82 (d), 29.25 (t),
29,13 (t), 28.94 (t), 28.55 (t), 26.14 (t), 25.91 (t), 24.77 (t),

18.32 (q), 16.51 {(q), 11.26 (q).
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F. . Polymers 13a—d, 14, and Copolymers 15, 16

Typically, to 1.0 g of monomer in 2.0 mL of dry toluene was added.
2,2’-azo-b1s—isobu:yronitrile (0.5 mole %) and 1,l’—azo-bis-
cyclohexanenitrile (0.5 mole Z). The latter initiator was made by a

known procedure (66). The solution was then heated under a nitrogen

atmosphere at 70 °C in an o041 bath for 48 hours. It was then diluted

. with toluene (ten to fifteen mL) and the polymer was precipitated into

-

one liter of distilled hexane. The pre'cipitated polymer was filtered,
and the precipitation repeated. Polymers 13c¢c and 13d formed gels from
which sﬁluble polymer was recovered by refluxing for two hours in
dichloromethane followed by filtration through a medium fritted disc

funnel. The recovered soluble polymer was then precipitated twice

. using distilled hexane.

The copolymers 15 and 16 were treated in an identical manner.
Initiators were added based on the total amount of the two monomers
present. A 4.0 to 1 mole ratio of methyl methacrylate ?o monomer 8a
resulted in an identical ratio in the copolymer 15, as determined by
high resollution proton NMR. A 3.0 to 1 mole ratio‘ of methyl
methacrylate to monomer 12 resulted in aoratio of only 0.3 to !l in

copolymer 1_6. It 1s possible that the long‘reaétion time required led

to a loss of methyl methacrylate by a slow nitrogen purge.
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Tabulated Data for Polymers and Copolymers

Compound Yield Molecular Weightb Opﬁical Rotation

kA . (g/dL, chloroform)
13a 89 . ' 157,000 +2.5° (4.6)
13b 92 238,000 - -
13c 368 ' 232,000 © +30.6° (1.3)
13d 328 104,000 ©=20.29 (2.3)
1 75 141,000 - -5.5° (3.6)
15 78 30,600 +1.5° (3.3)
16 61 75,700 -6.2% (3.1)

a. soluble polymer recovered from gel.
b, determined by membrane osmometry.

Other Data for Polymers and Copolymers

High resolution protonw NMR spectra, carried out using

deuterochloroform as solvent, are shown in Appendix A, Chemical

shifts are tabulatéd below.

Poly((S)—(+)—2—mel:hy1butﬁl 4—(10-wethacryloyloxydecanoylaxy)phenyl
4—carbaxy benzoate) 13a '

IR(KBr disc): 2931, 1762, 1734, 1724, 1506, 1264, 1184, 1017,

725 em™ L.

Proton NMR (CDCl5): d 8.09 (2d,4H), 7.09 (2d,4H), 4.12 (m,2H), 3.88
(bs,2H), 2.48 (t,28), 1.86-1.40 (m,11H), 1.28 (s,11H), 0.94 (d,3H),
0.88 (t,3H).

i

Analysia: calculated for (c33H4208)x‘ C,69.94; H,7.47; 0,22.59.

Found: C,70.09; H,7.49.

68



[oREe

-

4

Poly((+)-2-phenylpropyl A~{10-methacryloylox ydecanoylmy )pbenyl

é-cnrbnxy benzoate) 13b

IR(KBr disc): 2930, 1760, 1724, 1501, 1267, 1182, 1017, 761, 725, 700

Cm—l . )

Proton NMR (CDCl3): d 8.02 (2d,4H), 7.30-7.00 (m,9H), 4.34 (m,2H),

3.88 (bs,2H), 3.16 (q,1H), 2.46 (bs,2H), 1.80-1.44 (m,9H), 1.40-1.20

{m,13H).

Analyeis: calculated for (Cy;H,,0g),: C,72.29; H,6.89; 0,20.82.

Found: €,72.12; H,6.95.

B

Poly({S)-(+)-1-phenylethyl 4- (10ﬂnethacryloylcxydecanoyla:y)phenyl
4-carbaxy benzoate) 13c 74

IR(KBr disc): 2931, 1761, 1740, 1724,

726, 699 cm~ 1,

Proton NMR (CDC14): d 8.12 (2d,4H), 7.

1501, 1266, 1181, 1016, 762,

44-7,20 (m,5H), 7.09 (2d,4H),

6.08 (q,IH), 3.88 (bs,2H), 2.48 (bs,2H), 1.80-1.44 (m,9H), 1.50

(s,34), 1.27 (bs,10H).

Analysis: calculated for (CyqH,q0g), ¢ C,71.98; H,6.71; 0,21.31.

Found: C,72.04; H,6.84.,

Poly((S)~(-)-1-(4-(2-(2~chloropropyl))cyclohex~l-enyl)methyl

4~(10—methacryloylx ydecanoylaxy)phenyl

4-carboxy benzoate) 13d

IR(KBr disc): 2931, 1761, 1740, 1725, 1501, 1266, .1181, 1016,

725 em™ L.

Proton NMR (CDCl,): d 8.08 (2d,4H), 7.08 (2d,4H), 5.76 (s,1H), 4.66

(s,2H), 3.88 (bs,2H), 2.48 (bs,2H),

(m,27H).

Analyeisg:calculatedfor (038H47C108)x’

Found: C,68.42; H,6.88; Cl1,5.3

€9

2,30-1.82 (m,58), 1.80-1.10

C,68.40; H,7.10; C1,5.32; 0,19.18.
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Poly((-)-di((S)-2-methylbutyl A-phenyl &~-carboxy benzoate)
(5)~(-)-2-(10-methacryloylax ydecanoylax y)propandioate) 14

IR(KBr disc): 2963, 2931, 1744, 1723, 1501, 1266, 1179, 1016,
724 em™ L. h -
Proton NMR (€DCly): d 8.04 (2d,8H), 7.08 (m,8H), 5.66 (t,1H), 4.09

(m,4H), 3.82 (bs,2H), 3.18 (m,2H),  2.36 (bs,2H), 1.78 (m,3H), 1.65-

©1.32 (m,12H), 1.20 (bs,10H), 0.92 (d,6H), 0.84 (r,6H).

Analysis: calculated for (CSGHGAOIG)){_: C,67.73; H,6.50; 0,25.78,

- Found: C,68,00; H,6.60.

Poly(methyl net:hacrylate—co—(S)-;(+)—2-nethy1bul:jr1 &4-=(10-
methacryloylaxydecanoylaxy)phenyl 4-carboxy benzoate) 15

- IR(RBr disc): 2934, 1761, 1728, 1501, 1267, 1248, 1181, 1149, 1017,

749, 727 em” L, .

Proton NMR (CDCig): d 8.14 (2d,4H), 7.13 (2d,4H), 4.15 (m,2H), 3.88
(bs,2H), 3.52 (s,12K), 2.51 (t,2H), 2.00-1.44 (Q,x&), 1.24 (bs,12H),
0.97 (d,3H), 0.90 (t,3H).

Analysisg: calculat.ed fo.r (053H74016)x: C,65.82; H,7.71; 0,26.47.

Found: C,66.09; H,7.81.

Poly(methyl methacrylate—co~(-)-di((5)-2-methylbutyl &—phenyl
4~carbaxy benzoate) (S)~(-)-2—(10-methacryloyloxydecanoyl—
axy)propandioate) 16

IR(KBr disc): 2931, 1762, 1744, 1724, 1501, 1265, 1179, 1016,

724 cm” 1L, I

Proton NMR (CDClg): dJ 8.08 (d,8H), 7.11 (bs,8H), 5.68 (bs,1H), 4.10
(m,4H), 3.84 (bs,2H), 3.48 (bs,0.9H), 3.20 (m,?H), 2.38 (bs,2H), 1.80

(m,3H), 1.70-1.36 (m,13H), 1.20 (bs,10H), 0.92 (d,6H), 0'84. (t,6H).
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An;ly'lil: ca lcul_lated .for(c57.5H66.&°.16.;)x:
' C,67.50; i1,6.54; 0,25.96. Found: C,67.76; H,6.86.

c. H'lécelhileo\u ‘_ .

l,Hl(l&ﬂthlcryloylorydegamyloxy)bemn-e 17 _
To hydroquinone (50 wg, 0. la5 ﬁmol) 1 (250 og, 0.98 mmol) and 4-

dlmcthylauinopyridine (10 mg) 1n dichloromethane (5 mL) was added a

‘solution of dicyclohexylcarbodlimide (220 mg, 1.1 mmol) in

d!:l1inremethnne (1 al) A‘fter_ stirring for 24 hours under a mnitrogen

.:tw-_'.i-.\f 'l".c:.':.‘; i.hc'azixtur;_c was filtered, washed with distilled water (2 x"

Qm!.}’-‘ NP ompeetie acid solution (2 x 15 pL). water (2 x 15 I;BL/), and

sar.uratcd brine solution (2 x. 15 mL), then dried over sodium sulfate.’

“The dlricd solution was filtered and solvent was evaporated under

nspirntor'vacuum to give 300 mg of 17 as a uhite solid (1001)

IR(KBr disc): 2917 1748, 1711, 1506 1194 el

Proton NME (60 MHz, CDCI3) c 7.1 (s, 2H), 6.1 (s, 1H), 5.5 (s. 1H),

-7

Q@&.l (t,2H), 2.5 (t,2H), 1.9 (5.3H), 1.0-1.7 (m, 14H).
. Hethacrylic lO-hydraxydecanlgic anhydride 2a
Te 1 (0.50 g, 2.7 mma’l] in diethyl ether (20 nl) was addéd‘
‘ triethylamine (0.28 g, 2.7 mmol) and freu_h-lly distilled _rmethacryloyl
v cvhlor*idg _(0526 u;L, 'ﬂ2.7 mmol) Hi.th stirring un.der'a nitrogen
! atm:osphe_re.. .After two' hours triethylamine hydrochloride was filtered
from 'lthe “B:'J]..-l.ltien, ‘and solvent wzs evaporateld under .aspirator vacuuu.;t-. :
| "@:o glve 0.72.g -ofl 2a az a cle‘ar.oi'.l (100%). Proton NMR showed no ester

“ formaticun. Rg (k0/60 el:hyl acétate/hexane) 0.34. =

In(film) 3400, 2929» 1806, 1731, 1043 cum-l.
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Methacrylic ln—methacryloylaiydecqnoic anhydride 2b

To lk(250 mg, 1.3 mmol) in diethyl ether (10 ml), was added
triethylamine (270‘mg, 2.6 mmol) ﬁnd freshly éistilled methacryloyl
chloride (280 mg, 2.6 mmol) with stirring under a nitrogen ntmosphere.-
After 18 houfs-the‘mixture was filtered, extracted with water {(3x 5
ml), dilute hjdrochloric QCid solution (3 x 5 ml), ;ater (2x S.mL).-
and satu?ated brine solution (2x.10 mlL), then:driéd ovéffmagﬁesium
sulfat;; The dried solution. was filtered ana Boléent:was ;vaporated
under reduced press;}e to give 330 mg of‘gh as an oil (78).. R¢
(40/60 etﬁ}l acetate/hexane): 0.69. _ "
IR(film): 2927, 1805, 1784, 1715, 1698, 1040 co~l.
Proton NMR (60 MHz, CDCI3): d 6.1 (s, 2H), 5.7 (s, 2H5,~W.I (t, ZHi,
2.4 (m, 2H), 2.0:(s, 6H), 1.3 (m, 14H).

MS({chemical ionization): 325_(M + 1).

10—(2—chloroacetyluxy)de;audic cid
To 1 (0.50 g, 2.7 mmoj
trieth}lamine (0.75 wL, 2.7 mmol) with stirring. After five minutes,.

chloroacetyl chloride (0.45 ml, 2.8 mmol) was added dropwise over a

five minute period. A precipitate formed immediately. After twelve
. * X ' ~ -
hours the mixture was filtered through celite, and solvent was

evaporated under reduced pressure to give 0.72 g of the product as a

»

clear oil (100%). Proton NMR showed the disappearance of the

methylene alcohol resonance and the appearance of a methylene ester

resonance.

IR(£ilm): 2700-3500, 2926, L757, 1725, 1216, 1190 cm~1.
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1.

3.

CLAIMS TO ORIGINAL RESEARCH

The development of a2 new synthetic route to side=chain liquid

erystalline polymethacrylates which offers significant advantages

a
s

over preﬁiously reported methods.
The preparhtion and characterization of three new side—chain
poiymethacrylates, one of which exhibits liquid crystalline
prbperties.. | -

The firet reported synthesis of anw-methacryloyloxyalkanoic
gcid,-specifically 10-methacrylo§loxydecanoic acid, which is a
Jéry versatile reagent in side*chain.polymethacrylate synthesis.

The synthesis and gharacterizatiop of the first chiral paired
mqsoéen liquid crystalline polymethacrylate.

P;eparatian of twouﬁesogen—contqining methyl methacrylate'

.copolymers. -
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APPENDIX A

300 MHz Proton NMR Spectra
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APPENDIX B

Photographs of Birefringeace Patterns

Monomer 8a 50X magnification, crossed polarizers, 18 °C, cooling.
Transition from liquid crystalline to crystal.

{

Monomer 8b 50X magnification, crossed polarizers, 30 °C, heating.

——
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Monomer 12 50X magnification, crossed polarizers, 49 °C, cooling.

s

_Polymer 13a 50X magnification, crossed polarizers, 72 oc.
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Polymer 13a 200X magnification, crossed polarizers, 80 oc.

Polymer 13b 200X magnification, crossed polarizers, 99 oc.
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Polymer 14 50X magnification, crossed polarizers, 90 °c.

After cooling from 200 ©°.

Polymer 14 50X magnification, crossed polarizers, 148 %.
Shows polymer in two different states, one liquid
crystalline and the other crystalline.
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APPENDIX C °

Differential Scanning Calorimetry Curv;es
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Monomer 8a 5.70 ng, cooling at 5 °C per minute.

Exotherms: 23.0 °C, 9.5 J/g; 13.6 °c, 28.1 J/g.
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Monomer 8b 4.43 mg, heating at 10 °C per minute.

Exotherms: 26.4 °C, 44.9 J/g; 36.4, °C, 0.8 J/g; 58.4 °cC,
27.3 J/g. ,
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Monomer 8b 4.43 mg, cooling at 5 ®C per minute.
<
Exotherms: 35.7 °¢, 1.5 J/g; 23.5 °C, 2.5 J/g.
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Monomer 8¢ 10.60 mg, heating at 5 °C per minute.

Endotherms: -10.6 °C, 17.3 J/g; 51.6 °C, 44.3 J/g.
Exotherm: 10.1 °C, 37.0 J/g.
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Monomer 12 2.82 mg, cooling at 5 °C per minute.

Exotherms at 52 and 48 °C, 48.6 J/g total (unresolved).
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Polymer I3a 5.15 mg, heating at 5 °C per minute. .

Glass tramsition: 5-20 oc.

Endotherm 89.2 °c, 11.8 J/g.
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Polymer !3a 5.15 mg, cooling at 5 °C per minute.

Exotherm: 85.0 °c, 13.2 J/g.
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Polymer 13b 7.67 mg, heating at 5 °C per minute.

Glass transition (partial crystallization): 25-40 °C.'

. Endotherms: 70 °C; 103.9 °c, 3.3 J/g.
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Polymer 13b 7.67 mg, cooling at 5 °C per minute.

Exotherm: 102.2 °C, 3.1 J/g.

97



mw

EXOTHERMAL —»
6.50

r l | I
0 50 100 150

Polymer 14 5.30 mg, heating at S °C per minute.
Glass Transition: 40-50 °C. &

Exotherm: 158 °C, 2.33 J/g.
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Polymer 14 5.30 mg, cooling at | OC per minute.

Evotherms: 150.5 °C, 7.6 J/g; 149.0 °C, 2.8 J/s.
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