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Three homologous series of 6-Z-n-alkyl-a-d-galactopyranoses, where linking group Z represents
either a carboxy group (OCO), a sulphur atom (S) or a propylthio group (C3 H6 S), have
been synthesized starting from 1,2 :3,4-di-O-isopropylidene-a-d-galactopyranose in two or
three steps. The length of the terminal aliphatic chains has been varied systematically and the
e� ect on the thermotropic liquid crystal transition temperatures studied. An enantiotropic
smectic A* phase was found for each of the homologues prepared. The order of e� ciency
of the linking group Z in favouring liquid crystal formation for the same homologues of the
6-O-n-acyl-a-d-galactopyranoses (Z =OCO), 6-S-n-alkyl-6-thio-a-d-galactopyranoses (Z =S),
6-O-n-alkyl-a-d-galactopyranoses (Z =O) and 6-O-(propylene-[3¾ -S-n-alkyl] )-a-d-galacto-
pyranoses (OC3 H6 S), is S# OCO> O> OC3 H6 S. This correlates well with the order of
polarisability of Z for the ® rst of the linking groups (Z =S, OCO, O). The low clearing point
of the 6-O-(propylene-[3¾ -S-n-alkyl] )-a-d-galactopyranoses may be due to the presence of a
non-conjugated heteroatom in the terminal aliphatic chain. This has parallels with similar
behaviour found for non-amphiphilic liquid crystals and is not well understood.

1. Introduction blood [11] . Most of these practical applications of
carbohydrates involve aqueous solutions, suspensions,Chemically simple carbohydrate derivatives, which
emulsions or gels. Since the solubility, surface tension,exhibit thermotropic liquid crystalline properties in the
critical micelle concentration, lyotropic phase formation,pure state or lyotropic properties with solvents (especially
aqueous gel formation, etc., are all dependent on thewater), are of increasing interest for a number of reasons.
hydrophilic± lipophilic balance (HLB) [12] , i.e. on theMixtures of monosaccharides, oligosaccharides and poly-
chain length of the alkyl/acyl substituent for a givensaccharides, such as alkyl polyglycosides (APGs), have
carbohydrate head group, it is important to synthesizesigni® cant practical applications as non-ionic surfactants,
homologous series for systematic investigations of theirwhich are non-toxic, biocompatible and biodegradable.
physical and biological properties.They are especially attractive as detergents as they

A number of recent studies [13± 31] of a diverseare easily prepared in a high overall yield in tens of
variety of substituted carbohydrates have shown thatthousands of tons p.a. from a diverse, renewable and
the main molecular factors determining the type ofnatural resource. They are used, for example, as cheap
thermotropic and lyotropic mesophases observed forcomponents of detergents for laundry and dishwashing
liquid crystalline carbohydrate derivatives are the con-applications [1± 3] . More expensive, monodisperse mono-
® guration of the hydrophilic (carbohydrate) part of thesaccharides, such as alkyl glycosides, are commercially
molecule, the number and length of the hydrophobicavailable as mild solvents for membrane proteins, which
substituents, such as alkyl chains characteristic of liquidcan be solvated, extracted, separated and reconstituted
crystalline carbohydrate derivatives, and the degreein their original, non-denatured form [4, 5] . They are
and strength of hydrogen bonding with neighbouringalso used as the major components of liposomes and
molecules. However, the dependence of mesomorphicvesicles in high-value-added drug release formulations
behaviour on the nature of the linkage between the[6, 7] , as well as exhibiting promising antiviral and
hydrophilic and hydrophobic parts of liquid crystallineantibacterial activity themselves [8± 10] . Per¯ uorinated
carbohydrates has been studied to a much lesser extent,carbohydrate derivatives have also been used as arti® cial
although it has been reported recently [14] that some
thioether and ester derivatives of d,l-xylitol, which is an
open chain polyol, exhibit higher clearing points than*Author forcorrespondence; e-mail: S.M.Kelly@chem.hull.ac.uk

³ EPSRC Advanced Fellow. those sugars with oxygen in place of the sulphur atom
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986 P. Bault et al.

or carboxy group. Many homologues of these xylitol (Z = OC3 H6 S). The nature of the linkage between the
lipophilic and hydrophilic parts of the molecule has beenderivatives were found to be soluble in water and were

also reported to exhibit interesting lyotropic behaviour. varied in order to determine the e� ect of the nature of
this linkageon themacroscopic liquidcrystalline propertiesMost thermal data for liquid crystalline carbohydrate

derivatives to be found in the literature are for glucose, of these carbohydrates.
perhaps due to its ready availability and cheapness.
However, recent investigations of the physical properties 2. Synthesis

The 6-Z-n-alkyl derivatives of d-galactose (5; Z = OCO,of other carbohydrates, such as galactose [24± 27] in the
pure state, as well as components of aqueous suspensions S and OC3 H6 S), i.e. 6-O-n-acyl-a-d-galactopyranoses

(Z = OCO; n = 7± 11,13,15,17), 6-S-n-alkyl-6-thio-a-and emulsions with lyotropic liquid crystalline properties
[28] , indicate that they may exhibit a more advantageous d-galactopyranoses (Z = S; n = 8,10,12,14,16,18) and

6-O-(propylene-[3¾ -S-n-alkyl] )-a-d-galactopyranosesproperty spectrum as biodegradable and biocompatible
surfactants for non-denaturized proteins as well as (Z =OC3 H6 S; n =8,10,12,14,16,18), wereprepared follow-

ing the general synthetic pathways depicted in the scheme.detergents, compared with that of analogous glucose
derivatives. It has also been reported that substituted The synthesis of 6-O-n-alkyl-a-d-galactopyranoses

(Z =O; n =8,10,12,14,16,18) has been reported previouslysugars in the pyranose form with axial hydroxy groups,
such as galactose, exhibit higher clearing points than those [27] . The compounds (5) were prepared starting from

1,2 :3,4-di-O-isopropylidene-a-d-galactopyranose (1),sugars, such as glucose, with only equatorial hydroxy
groups with the same substituents, such as alkyl chains which was synthesized by the method of ReÂ gnault

[32] . The esters (5; Z = OCO; n = 7± 11,13,15,17) were[24± 27] . Therefore, we report here the synthesis of three
short homologous series of related 6-Z-n-alkyl-a-d- obtained by reaction of the diacetal (1) with various acid

chlorides in the presence of triethylamine to yield the pro-galactopyranoses, namely 6-O-n-acyl-a-d-galactopyranoses
(Z=OCO), 6-S-n-alkyl-6-thio-a-d-galactopyranoses (Z=S) tected intermediates (4; Z = OCO; n = 7± 11,13,15,17). The

deacetalization conditions with tri¯ uoroacetic acid wereand 6-O-(propylene-[3¾ -S-n-alkyl] )-a-d-galactopyranoses

Scheme.
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987L iquid crystalline galactopyranose s

chosen to produce the a-con® guration for the 6-O-n-acyl-
a-d-galactopyranoses (5; Z = OCO; n = 7± 11,13,15,17).
The thioethers (5; Z = S; n = 8,10,12,14,16,18) were syn-
thesized by tosylation of the diacetal substrate (1) to
yield the protected tosylate (3) followed by reaction with
HSCnH2 n+ 1 in the presence of potassium hydroxide to
give the protected diacetals (4; Z = S; n = 7± 11,13,15,17).
Deacetalization with CF3 CO2 H gave the 6-S-n-alkyl-
6-thio-a-d-galactopyranoses (5; Z=S; n=8,10,12,14,16,18)
in the a-con® guration as above. The protected thioethers
(4; Z = OC3 H6 S; n = 8,10,12,14,16,18) were obtained by
reaction of the allylic intermediate (2), prepared by
base-catalysed alkylation of (1) with allyl bromide,
with various thiols in toluene at 80ß C. Deacetalization
withCF3 CO2 Hgave the 6-O-(propylene-[3¾ -S-n-alkyl] )-

Figure 2. The oily streak texture with isotropic areas ofa-d-galactopyranoses (5; Z = OC3 H6 S; n = 8,12,16,18)
decomposed material at 154ß C just below the clearingas above. point of 6-O-(propylene-[3¾ -S-octyl] )-a-d-galactopyranose
(5; Z =OC3 H6 S; n =8) on a glass substrate (Ö 160).

3. Phase characterization
3.1. Phase characterization by thermal optical

observed at or just above the clearing point for all ofmicroscopy
the homologues prepared. However, the focal conicThe thermotropic mesophases observed for the four
texture was always formed on cooling, see ® gure 3, alongseries of 6-Z-n-alkyl-a-d-galactopyranoses (5; Z = OCO,
with optically extinct homeotropic areas. The clearingS, OC3 H6 S and O) studied exhibited almost identical
point decreased on subsequent heating and coolingtextures during optical microscopy. All of the carbo-
cycles. Nevertheless, fresh samples always gave the samehydrates prepared exhibited the same enantiotropic
melting and clearing point on the ® rst heating cycle. Themesophase on heating: the crystals melt on heating at a
values for the clearing point were found to agree welldiscrete temperature (Tm ) to form a birefringent, ¯ uid
(# 2± 3ß C) with those values determined by di� erentialtexture, see ® gure 1, which changed into an oily streak
scanning calorimetry for nearly all of the homologuesappearance of webbed focal conic-like defects at higher
prepared, see §3.2. However, there was sometimes poortemperatures, see ® gure 2. This optical behaviour is
agreement (< 10ß C) for the melting point for 6-S-n-alkyl-typical of the SmA* phase, which is nearly always
6-thio-a-d-galactopyranoses (5; Z = S) due to substantialobserved for liquid crystalline carbohydrates. At a higher
thermal decompositiongiving rise tovery broad transitionstemperature the preparation became optically extinct at
during both types of measurement. Therefore, the valuesthe clearing point (TSm A * -I ). Thermal decomposition was

Figure 3. The focal conic defect texture of 6-O-(propylene-
Figure 1. The texture observed on melting 6-O-(propylene- [3¾ -S-octyl] )-a-d-galactopyranose (5; Z=OC3 H6 S; n=8)

formed on cooling from the isotropic liquid down to[3¾ -S-octyl] )-a-d-galactopyranose (5; Z=OC3 H6 S; n=8)
at 95ß C on a glass substrate (Ö 160). 150ß C on a glass substrate (Ö 160).
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988 P. Bault et al.

for the melting point listed in table 1 for this series of bonding. Thus, most of the resultant texture becomes
homeotropic and optically extinct between crossedcarbohydrates are those obtained from microscopy and

re¯ ect the temperature at which the compound was polarizers, which indicates that the phase is optically
uniaxial. However, focal conic defects could still bejudged to have melted. Therefore, a degree of subjectivity

in these measurements cannot be excluded. These broad observed in parts of the area of view and especially
around air bubbles and at the edges of the preparationmelting transitions are most probably attributable to

the sulphur atom, as the corresponding 6-O-n-alkyl- for all of the materials prepared. This optical behaviour,
i.e. simultaneous presence of both homeotropic and focala-d-galactopyranoses (5; Z = O) [27] are much more

stable and good agreement between Tm values obtained conic textures, indicates that the mesophase observed is
a calamitic smectic A* phase (SmA*). The elliptical andfrom DSC measurements and microscopy was found,

see above. Upon cooling from the isotropic liquid, hyperbolic lines of optical discontinuity characteristic of
focal conic defects were also observed, which classi® esbaÃ tonnets were observed, which coalesced spontaneously

in the bulk to form focal conic domains, see ® gure 3. the mesophase as being smectic A* with a layered
structure, where the long axes of the molecules are onAs the sample is cooled further, the polar hydrophilic

end of the carbohydrate molecules sometimes tended to average orthogonal to the layer planes and the in-plane
and out-of-plane positional ordering of the molecules isadhere more strongly to the glass surface via hydrogen
short range, see §3.3.

Table 1. Transition temperatures (ß C) and some enthalpies
3.2. Phase characterization by di� erential scanning(J gÕ 1 ) of transition for the 6-Z-n-alkyl-a-d-galactopyranoses (5).

calorimetry
The enthalpy values for the melting (Tm ) and clearing

points (TSm A * -I) of the 6-O-n-acyl-a-d-galactopyranoses
(5; Z = OCO), 6-S-n-alkyl-6-thio-a-d-galactopyranoses
(5; Z =S) and 6-O-(propylene-[3¾ -S-n-alkyl] )-a-d-galacto-
pyranoses (5; Z = OC3 H6 S) prepared in this work and
the 6-O-n-alkyl-a-d-galactopyranoses (5; Z =O) reported

n Cr SmA* I
previously [27] are collated in brackets in table 1. It is

Z =OCO clear that the transitions Tm and TSm A * -I are both ® rst
7 E 85 (8.1) E 133 (2.0) E order transitions. The clearing point enthalpies are
8 E 90 (101.9) E 155 (1.9) E relatively small in comparison to the melting enthalpies.
9 E 87 (85.5) E 175 (2.3) E

The values measured are of a similar magnitude to those10 E 115 (74.0) E 181 (8.6) E

found in conventional liquid crystal systems which11 E 94 (63.9) E 182 (11.1) E

13 E 117 (70.3) E 184 (2.2) E exhibit SmA* to isotropic liquid transitions, although
15 E 118 (104.6) E 182 (1.6) E the variations are quite large (0.8± 11.4 J gÕ 1 ) for TSm A * -I
17 E 114 (74.7) E 181 (1.8) E and much larger than the percentage change for Tm

Z =S (63.9± 148.0 J gÕ 1 ). These values were determined twice
8 E 98 E 173 E on heating and cooling cycles on the same sample. The

10 E 104 (90.5) E 191 (11.4) E

value found on the ® rst heating cycle is quoted in the12 E 109 (120.9) E 185 (7.8) E

table. The other values varied considerably due to14 E 100 (105.1) E 183 (7.5) E

thermal decomposition. However, the values obtainedon16 E 103 (140.0) E 181 (8.2) E

18 E 114 (152.6) E 177 (3.3) E separate samples of the same compounds were generally
reproducible, although variations were found for someZ =OC3 H6 S

8 E 95 (128.5) E 156 (3.9) E homologues due to the onset of thermal degradation at
10 E 101 (137.6) E 166 (1.4) E or just above TSm A * -I . This renders an interpretation of
12 E 99 (139.8) E 165 (1.9) E these large variations in the enthalpy of the SmA* to
14 E 109 (148.0) E 163 (1.5) E

isotropic liquid transition of dubious value. As the16 E 90 (111.2) E 162 (1.1) E

solubility of an amphiphile in water is mainly determined18 E 104 (139.2) E 154 (0.8) E

[33] by the amount of energy required to overcome theZ =O
crystal lattice forces, the high values sometimes found8 E 113 (117.1) E 169 (7.75) E

for the melting process of the same homologues indicate10 E 117 (72.7) E 172 (1.87) E

12 E 119 (127.8) E 171 (3.70) E that these materials will be sparingly soluble in water
14 E 114 (118.1) E 169 (6.92) E and indeed this was found to be the case. The large
16 E 121 (127.1) E 167 (1.58) E

enthalpy values determined for Tm compared with those18 E 119 (125.6) E 164 (1.16) E

found for TSm A * indicate that these values correspond
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989L iquid crystalline galactopyranose s

to the breaking of a three-dimensional crystal lattice the 6-O-n-acyl-a-d-galactopyranoses (5; Z = OCO) and
poor for the 6-S-n-alkyl-6-thio-a-d-galactopyranosesprimarily held together by intermolecular hydrogen

bonding between the carbohydrate moieties, which (5; Z = S). There are often di� erences of 20ß C between
the onset temperature and the peak temperature of ade® nes the melting point [30] . This is followed by the

breaking down at the clearing point of the less ordered transition for the latter, see ® gure 5. This is due to sub-
stantial thermal decomposition on heating during bothand ¯ uid bilayer structure of the SmA* phase, stabilized

by van der Waals forces between the aliphatic chains, to types of measurements. The 6-O-(propylene-[3¾ -S-n-alkyl] )-
a-d-galactopyranoses (5; Z =OC3 H6 S) prepared in thisgive the isotropic liquid. Some residual hydrogen bond-

ing will no doubt still be present in the liquid crystalline work and the 6-O-n-alkyl-a-d-galactopyranoses (5; Z =O)
reported previously [27] appear to be much more stableand liquid states. The low Tm enthalpy values found for

the 6-O-(propylene-[3¾ -S-n-alkyl] )-a-d-galactopyranoses to heat. The base lines are relatively ¯ at and sharp
transition peaks are observed, see ® gures 6 and 7.(5; Z = OC3 H6 S) compared with those of the other three

series of carbohydrates may be due either to the presence
of the heteroatom in the terminal chain or to the 3.3. X-ray analysis

The experimental values for the d-spacings found forsomewhat lower purity of this particular series.
Typical heating thermograms for one homologue 6-S-decyl-6-thio-a-d-galactopyranose (5; Z = S; n = 10)

measured at a scan rate of 2ß C minÕ 1 , see §5, are plottedwith approximately the same chain length of each of the
four series, i.e. 6-O-tetradecanoyl-a-d-galactopyranose against temperature in ® gure 8. Phase re¯ ections relating

to a layer spacing of 33.7AÊ (d1 = 32.2 and d2 = 16.0AÊ )(5; Z = OCO; n = 13), 6-S-tetradecyl-6-thio-a-d-galacto-
pyranose (5; Z =S; n =14), 6-O-(propylene-[3¾ -S-decyl] )- were observed at 103ß C in the fully formed SmA* phase

above Tm . The layer spacing decreases with increasinga-d-galactopyranose (5; Z = OC3 H6 S; n = 10) and
6-O-tetradecyl-a-d-galactopyranose (5; Z = O; n = 14) temperature. This is accompanied by a marked decrease

of the scattering intensity associated with d2 . Similar[27] , are shown in ® gures 4± 7, respectively. The heating
thermograms for 6-O-n -acyl-a-d-galactopyranoses behaviour has beenfound for other carbohydrate materials

[27] . It can be attributed to a decrease in order within(5; Z=OCO) and 6-S-n-alkyl-6-thio-a-d-galactopyranoses
(5; Z = S) often exhibit a steep slope for the base line, the phase at higher temperature. Above 160ß C the d2

rē ection disappears altogether, which is indicative of anvery broad peaks and clear thermal decomposition at
or just above TSm A * -I , see ® gures 4 and 5. Agreement almost complete loss of order in the smectic phase. Above

184ß C, where a layer spacing of 28.7AÊ was found, thebetween the values for the melting and clearing point
obtained by DSC and optical microscopy is good for transition to the isotropic liquid had already occurred

Figure 4. Di� erential scanning thermogram as a function of temperature for the ® rst heating cycle for the 6-O-tetradecanoyl-
a-d-galactopyranose (5; Z =OCO; n =13), scan rate 10ß CminÕ 1 .
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990 P. Bault et al.

Figure 5. Di� erential scanning thermogram as a function of temperature for the ® rst heating cycle for the 6-S-tetradecyl-6-thio-
a-d-galactopyranose (5; Z =S; n =14), scan rate 10ß C minÕ 1 .

Figure 6. Di� erential scanning thermogram as a function of temperature for the ® rst heating cycle for the 6-O-(propylene-
[3¾ -S-decyl] )-a-d-galactopyranose (5; Z =OC3 H6 S; n =10), scan rate 10ß CminÕ 1 .

due to thermal decomposition (TSm A * -I =191ß C according has a calculated layer spacing of 34.4AÊ (2 Ö 17.2AÊ ). This
corresponds reasonably well with the observed value ofto optical microscopy). The estimation of the maximum

molecular length for 6-S-decyl-6-thio-a-d-galactopyranose 32.2AÊ for the layer spacing. Thus, 6-S-decyl-6-thio-a-d-
galactopyranose (5; Z =S; n =10) appears to form a SmA*(5; Z =S; n = 10) obtained from modelling the molecular

structure, using the Cerius2 (3.5) software from MSI, phase with a bilayer structure without any interdigitation
of the molecular core or the terminal chain.yields a value of 17.2AÊ [27] . A bipolar smectic A phase
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991L iquid crystalline galactopyranose s

Figure 7. Di� erential scanning thermogram as a function of temperature for the ® rst heating cycle for the 6-O-tetradecyl-
a-d-galactopyranose (5; Z =O; n =14) [27] , scan rate 10ß C minÕ 1 .

Figure 9. The experimental values for the d-spacingsFigure 8. The experimental values for the d-spacings for
for 6-O-(propylene-[3¾ -S-octyl] )-a-d-galactopyranose6-S-decyl-6-thio-a-d-galactopyranose (5; Z =OC3 H6 S;
(5; Z =OC3 H6 S; n =8), scan rate 2ß C minÕ 1 .n =10), scan rate 2ß C minÕ 1 .

The experimental values for the d-spacings measured at isotropic liquid had clearly occurred. The calculated
molecular length of 6-O-(propylene-[3¾ -S-octyl] )-a-d-a scan rate of 3ß C minÕ 1 for 6-O-(propylene-[3¾ -S-octyl] )-

a-d-galactopyranose (5; Z = OC3 H6 S; n =8) are plotted galactopyranose (5; Z = OC3 H6 S; n = 8) is 24.3AÊ .
Therefore, the calculated spacing for a bipolar SmA*against temperature in ® gure 9. The melting to the

liquid crystalline phase at 95ß C, as identi® ed by optical phase would be about 48AÊ . However, a layer spacing
of only 33.7AÊ is found. This implies that some degree ofpolarizing microscopy, could also be observed in the

X-ray measurements. Re¯ ections associated with a layer molecular interdigitation must be present in the bipolar
SmA* phase observed. Since the only major di� erencespacing of 33.7AÊ were detected just above Tm . With

increasing temperature, a continuous contraction of between 6-S-decyl-6-thio-a-d-galactopyranose (5; Z = S)
and 6-O-(propylene-[3¾ -S-octyl] )-a-d-galactopyranosethe layer spacing to 30.7AÊ up to TSm A * -I at 156ß C was

observed. Above that temperature the transition to the (5; Z = OC3 H6 S; n = 8) is the presence of the sulphur
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992 P. Bault et al.

atom in the chain and a slightly longer chain length and
as no interdigitation of the cores is found for 6-S-decyl-
6-thio-a-d-galactopyranose (5; Z = S), it can be assumed
that interdigitationof the terminal chain of the molecules
takes place for 6-O-(propylene-[3¾ -S-decyl] )-a-d-galacto-
pyranose (5; Z = OC3 H6 S; n = 8). The value of 33.7AÊ
observed upon melting to form the SmA* phase corre-
sponds approximately to interdigitation of the alkyl chains
up to the sulphur atoms in the chain, which would give
a layer spacing of about 35.5AÊ . Thus, it is concluded
that 6-O-(propylene-[3¾ -S-octyl] )-a-d-galactopyranose
(5; Z = OC3 H6 S; n = 8) exhibits an interdigitatedbipolar
SmA* between the melting and clearing points.

Thus, the conclusion to be drawn from the X-ray
di� raction experiments is that the introduction of an
additional propyloxy spacer group into 6-S-n-alkyl-
6-thio-a-d-galactopyranoses (5; Z = S) to form the
6-O -(propylene-[3¾ -S-n-alkyl] )-a-d-galactopyranoses
(5; Z = OC3 H6 S) leads to a variation of the phase
structure. The presence of the additional propyloxy spacer
group results in a di� erence in the degree of interdigitation
of the terminal alkyl chains of the 6-O-(propylene-
[3¾ -S-n-alkyl] )-a-d-galactopyranoses (5; Z = OC3 H6 S)
compared with that of the 6-S-n-alkyl-6-thio-a-d-
galactopyranoses (5; Z = S).

4. Discussion of the transition temperatures

The liquid crystal transition temperatures of the 6-O-n-
acyl-a-d-galactopyranoses (5; Z=OCO; n=7± 11,13,15,17)
are collated in table 1 and plotted against the number
(n) of methylene units in the terminal chain in ® gure 10.
TSm A * -I increases from low values for short alkyl chains,

Figure 10. Plot of the transition temperatures of the 6-O-n-acyl-but then reaches a maximumbefore decreasing gradually
a-d-galactopyranoses (5; Z =OCO; n =7± 11,13,15,17)

as the chain becomes longer. Tm shows a certain degree against the number of the carbon atoms (n) in the alkyl
of alternation and a general tendency to increase with part of the alkyl terminal chain
increasing chain length, although the di� erences for the
absolute values of Tm are generally small. Therefore, a
broad SmA* phase is observed for most homologues
of the 6-O-n-acyl-a-d-galactopyranoses (5; Z = OCO; corresponding homologues of the 6-O-n-acyl-a-d-galacto-

pyranoses. This is probably attributable to a higher degreen =7± 11,13,15,17) after a critical length of the alkyl chain
(n = 5) has been attained, although most homologues of molecular polarizability of the esters and thioethers,

although the e� ect could well have been expected to beexhibit high Tm and TSm A * -I .
The 6-S-n-alkyl-6-thio-a-d-galactopyranoses (5; Z = S; much smaller than that observed considering the strong

intermolecular hydrogen bonding between the fourn = 8,10,12,14,16,18) exhibit high Tm and TSm A * -I , see
table 1 and ® gure 11. Therefore a broad SmA* phase is hydroxyl groups on adjacent carbohydrates molecules.

The liquid crystal transition temperatures of theobserved for most homologues. Tm is almost independent
of chain length, whereas TSm A * -I increases from low values 6-O-(propylene-[3¾ -S-n-alkyl] )-a-d-galactopyranoses

(5; Z = OC3 H6 S; n = 8,12,16,18) also recorded in table 1for short alkyl chain lengths, reaches a maximum and
then decreases gradually as the chain becomes longer. are signi® cantly lower than those of the corresponding

esters, ethers or thioethers (5; Z = OCO, O, S). ThisThe 6-S-n-alkyl-6-thio-a-d-galactopyranoses (5; Z = S;
n = 8,10,12,14,16,18) possess clearing points at higher may be due to intermolecular dipole± dipole interactions

attributable to non-conjugated heteroatoms, althoughtemperatures and melting points at lower temperatures
than those of the corresponding 6-O-n-alkyl-a-d-galacto- this may be caused by the lower length/breadth ratio of

molecular dimers as revealed by X-ray analysis. This ispyranoses, see ® gure 11, but lower than those of the
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993L iquid crystalline galactopyranose s

shown more clearly by the thermal data in table 2 where produce the 6-O-(propylene-[3¾ -S-n-octyl] )-a-d-galacto-
pyranose (5; Z = OC3 H6 S; n = 8) leads to a lower clear-it can be seen that the replacement of a methylene group

in the middle of a chain of the 6-O-dodecyl-a-d-galacto- ing point for the latter. This may have parallels with
similar behaviour found for non-amphiphilic liquidpyranose (5; Z = O; n = 12) by a sulphur atom to
crystals and is not well understood [34] .

Therefore, the order of e� ciency of the linking
group Z in favouring liquid crystal formation for the
same homologues of the 6-O-n-acyl-a-d-galactopyranoses
(Z = OCO), 6-S-n-alkyl-6-thio-a-d-galactopyranoses
(Z = S), 6-O-n-alkyl-a-d-galactopyranoses (Z = O) and
6-O-(propylene-[3¾ -S-n-alkyl] )-a-d-galactopyranoses
(OC3 H6 S), based on comparisons of the clearing point,
is:

S# OCO> O> OC3 H6 S

The 6-O-(propylene-[3¾ -S-n-alkyl] )-a-d-galactopyranoses
(OC3 H6 S) exhibit a broader mesophase range than the
corresponding 6-O-n-alkyl-a-d-galactopyranoses (Z =O),
due to lower melting points for each homologue of the
former, but otherwise the order is the same based on
mesophase range. This correlates well with the order of
polarizability of the linking unit Z for the ® rst three
members of the series (except for the 6-O-(propylene-
[3¾ -S-n-alkyl] )-a-d-galactopyranoses, where the presence
of a sulphur atom in the middle of a chain gives rise to
a lower clearing point) and is in good agreement with
the mesomorphic behaviour of related homologous series
of ester, ether and thioether derivatives of d,l-xylitol
[14] .

5. Experimental

5.1. Characterization
NMR spectra were recorded using a Bruker WB-300

and the solvents CDCl3 , (CD3 )2 SO or C5 D5 N (internal
Me4 Si). Reactions were monitored by either HPLC

Figure 11. Plot of the transition temperatures of the 6-S-n-alkyl- (Waters 721), using one of the reverse phase columns
6-thio-a-d-galactopyranoses (5; Z =S; n =8,10,12,14,16,18) RP-18 (Merck) or PN 27-196 (Waters) or CPG (Girdel)and the 6-O-n-alkyl-a-d-galactopyranoses (5; Z =O;

with columns of either OV 17 or SE 30. The structuresn =8,10,12,14,16,18) against the number of the carbon
of all the compounds were determined by 1 H and 1 3Catoms (n) in the alkyl part of the alkyl terminal chain.
NMR spectroscopy.

The purity of the compounds was determined by thinTable 2. Transition temperatures (ß ) for the 6-O-(propylene-
layer chromatography (TLC), high performance liquid[3¾ -S-octyl] )-a-d-galactopyranose (5; Z =OC3 H6 S; n =8)

and the 6-O-dodecyl-a-d-galactopyranose (5; Z =O; chromatography (HPLC), elemental analysis (CHS)
n =12) [27] . and di� erential scanning calorimetry (DSC); 4 Ö 8cm

precoated TLC plates, SiO2 SIL G/UV2 5 4 , layer thick-
ness 0.25mm (Machery-Nagel, DuÈ ren, Germany) were
utilized. The purity of the6-O-n-acyl-a-d-galactopyranoses
(5; Z = OCO; n =7± 11,13,15,17) and the 6-S-n-alkyl-6-
thio-a-d-galactopyranoses (5; Z =S; n =8,10,12,14,16,18)
as determined by elemental analysis was satisfactory

Compound X Cr SmA* I (> 99.5%) for all the homologues prepared and very
good (> 99.9%) for most homologues. Despite repeated

(Z =OC3 H6 S; n =8) S E 95 E 156 E

recrystallization, the purity of the 6-O-(propylene-(Z =O; n =12) CH2
E 119 E 171 E

[3¾ -S-n-alkyl] )-a-d-galactopyranoses (5; Z = OC3 H6 S;
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994 P. Bault et al.

n = 8,10,12,14,16,18) was unsatisfactory for some homo- prepared as polycrystalline powders in Lindemann tubes
and maintained at a controlled temperature allowing forlogues (> 98.0%), although DSC indicated a higher

purity (> 99.5%) and optical microscopy also revealed the recording of di� raction data whilst performing a
temperature scan of 2 or 3ß C minÕ 1 in the temperaturea relatively sharp clearing point for the carbohydrate

derivatives. Melting points were determined with a BuÈ chi range of 90 to 200ß C. The selected experimental set-up
was limited to the recording of data relating to latticeapparatus and are uncorrected. Optical rotations were

recorded at room temperature in CHCl3 solutions with parameters greater than 17.8AÊ . The use of wet rat-tail
collagen as calibration standard leads to a systematica Perkin-Elmer 241 polarimeter using a 1 dm cell.

Column chromatography was performed on silica gel error of 3% of the observed d-spacings [38] .
(60 mesh, Matrex) by gradient elution with hexane±
acetone (in each case the ratio of silica gel to product 5.2. General synthetic procedures

5.2.1. 6-O-Alkyl-1,2 : 3,4-di-O-isopropylidene -a-d-mixture to be puri® ed was 30 : 1). Reaction solvents and
liquid reagents were puri® ed by distillation or drying galactopyranose (2)

Finely powdered potassium hydroxide (2.4 equiv.) andshortly before use. Reactions were carried out under
nitrogen unless water was present as a reagent or a allyl bromide (1.2 equiv.) were added to a stirred solution

of the 1,2 :3,4-di-O-isopropylidene-a-d-galactopyranose (1)solvent. All temperatures were measured externally unless
otherwise stated. (1 equiv.) in 4: 1 toluene : dimethyl sulphoxide (100g lÕ 1 )

at room temperature. After complete reaction (2h), theMesophase identi® cation and the determination of
the transition temperatures of the carbohydrates pre- mixture was ® ltered and the ® ltrate neutralized with

saturated aqueous ammonium chloride. The organicpared were determined by optical microscopy using
either a Zeiss Universal or an Olympus BH-2 polarizing phase was separated, washed with water (twice), dried

(Na2 SO4 ) and the solvent removed under reducedpressure.light microscope in conjunction with a Mettler FP 52
microfurnace and FP 5 Central Processor. Puri® cation by column chromatography (solvent mixture

hexane :acetone 24 : 1v/v) yielded 6-O-alkyl-1,2 : 3,4-DSC was used todetermine the enthalpies of transition
and to con® rm the phase transition temperatures deter- di-O-isopropylidene-a-d-galactopyranose (2 ) as an oil

(96%); [a] 2 7
D =Õ 68.3 (c = 1; CHCl3 ).mined by optical microscopy. Thermograms (scan rate

10ß C minÕ 1 ) were obtained using a Perkin Elmer DSC 7
operating on 7 series/UNIX software. The results obtained 5.2.2. 6-O-p-T oluenesulphonyl-1, 2 : 3,4-di-O-

isopropylidene-a-d-galactopyranos e (3)were standardized with respect to indium (measured onset
156.68ß C, DH 28.47 J gÕ 1 , literature value 156.60ß C, DH p-Toluenesulphonyl chloride (1 equiv.) and triethyl-

amine (1.1 equiv.) were added at room temperature to a28.45 J gÕ 1 ), nitrotoluene (measured onset 51.17ß C, DH
118.49 J gÕ 1 , literature value 51.63ß C, DH 122.58 J gÕ 1 ) mixture of the 1,2 : 3,4-di-O-isopropylidene-a-d-galacto-

pyranose (1) in toluene (100g lÕ 1 ). After 24h the mixtureand benzil (measured onset 94.42ß C, DH 108.52 J gÕ 1 ,
literature value 94.87ß C, DH 92.68 J gÕ 1 ). was ® ltered and the solvent removed under reduced

pressure. The crude product was recrystallized from aComparison of the transition temperatures determined
by optical microscopy and DSC show some discrepancies mixture of 5 : 1 hexane± acetone giving the pure tosylate

(3) in 92% yield; m.p. = 102.5± 104.3ß C; [a] 2 2
D =Õ 68.7of about 2± 3ß C. These di� erences can be attributed to

decomposition at elevated temperatures at a rate which (c = 1.5; CHCl3 ).
depends on the rate of heating, the time spent at an
elevated temperature and the nature of the supporting 5.2.3. 6-O-n-Acyl-1,2 : 3,4-di-O-isopropylidene -a-d-

galactopyranoses (4; Z =OCO; n =7± 11,13,15,17)substrate, e.g. the materials decomposed more quickly
in aluminium DSC pans than in gold DSC pans, or on Triethylamine (1.1 equiv.) was added to a stirred

solution of the 1,2 : 3,4-di-O-isopropylidene-a-d-galacto-glass microscope slides.
Inorder to characterize the solid state of these materials, pyranose (1) in toluene (100g lÕ 1 ) at room temperature,

followed by the appropriate acid chloride (1 equiv.).6-S-n-decyl-6-thio-a-d-galactopyranose (5; Z =S; n =10)
and the 6-O -(propylene-[3¾ -S-n-octyl] )-a-d-galacto- After complete reaction (1 to 3h), the mixture was

® ltered and the solvent removed under reduced pressure.pyranose (5; Z = OC3 H6 S; n = 8) were investigated using
X-ray di� raction. The tendency of carbohydrates to The raw reaction products were puri® ed by column

chromatography (solvent mixture hexane : acetonedecompose at high temperatures required an experi-
mental set-up allowing for the recording of su� cient 24 : 1v/v) and recrystallization from tetrahydrofuran to

give the desired products in 90 to 95% yields, except fordata before degradation of the sample set in. Thus
high ¯ ux synchrotron radiation was employed, using the stearic ester (70%). All the acid chlorides used were

commercially available except for decanoyl chloridethe experimental set-up of station 8.2 at Daresbury
Laboratories, described elsewhere [35± 38] . Samples were which was prepared by the reaction of thionyl chloride
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995L iquid crystalline galactopyranose s

(1.2 equiv.) with the corresponding acid (1 equiv.) in (2.4 equiv.) and 6-O-p-toluenesulphonyl-1,2 : 3,4-di-O-
toluene, in the presence of pyridine (1 equiv.) at 110ß C. isopropylidene-a-d-galactopyranose (3) (1 equiv.) in 4: 1
After 24h, the solvent was removed under reduced toluene± dimethyl sulphoxide (100g lÕ 1 ). After complete
pressure until the volume of the mixture was reduced reaction (1 to 4h), the mixture was ® ltered, and the
by 50%. The resulting solution was then used to esterify ® ltrate neutralized with saturated aqueous ammonium
the diacetal (1) as described above. chloride solution. The organic phase was separated,

washed with water (twice), dried (Na2 SO4 ), and the
5.2.4. 6-O-(Propylene-(3 ¾ -S-n-Alkyl))-1,2:3,4-di-O-iso- solvent removed under reduced pressure. The desired

propylidene-a-d-galactopyranoses (4; Z = OC3 H6 S; products were isolated after puri® cation by column
n = 8,10,12,14,16,18) chromatography (solventmixturehexane:acetone49:1v/v)

Thioetheri® cation was achieved via the addition of in 88 to 95% yields.
the appropriate alkyl thiol (2 equiv.) at 80ß C, to a stirred
solution of 6-O-alkyl-1,2 :3,4-di-O-isopropylidene-a-d-

5.2.6. 6-Z-n-alkyl-a-d-galactopyranose s (5; Z = OCO;galactopyranose (2) (1 equiv.) in toluene (200g lÕ 1 ).
n=7± 11,13,15,17; Z=OC3 H6 S;After 24 h, the solvent was removed under reduced
n=8,10,12,14,16,18 ; Z = S; n = 8,10,12,14,16,18).pressure and the desired products were isolated after

The appropriate diacetal d-galactose derivativepuri® cation by column chromatography (hexane) in 80
(4; Z = OCO; n = 7± 11,13,15,17; Z = OC3 H6 S;to 90% yields.
n = 8,10,12.14,16,18; Z = S; n = 8,10,12,14,16,18) was
added to a stirred solution of tri¯ uoroacetic acid :water5.2.5. 6-S-n-Alkyl-1,2 : 3,4-di-O-isopropylidene -a-d-
9 : 1 (v/v) (500g lÕ 1 ), at room temperature. After 15min,galactopyranose s (4; Z = S; n = 8,10,12,14,16,18)
cold diethyl ether was added and the solution cooled toThioetheri® cation was achieved via dropwise addition
Õ 20ß C. The desired products were ® ltered o� , washedof a solution of the appropriate alkyl thiol (1.2 equiv.)

in toluene, at 60ß C, to a stirred solution of KOH with diethyl ether (twice) and recrystallized from diethyl

Table 3. Yields and physical constant data for the 6-Z-n-alkyl-a-d-galactopyranoses (5).

Calculated/% Found/%
Compound

n Yieldsa/% [a] 2 3
D

b MW Formula C H C H

Z =OCO
7 46 56.2 306.35 C1 4 H2 6 O7 54.88 8.55 55.15 8.69
8 64 55.9 320.38 C1 5 H2 8 O7 56.23 8.81 56.64 9.06
9 66 45.0 334.41 C1 6 H3 0 O7 57.46 9.04 57.82 9.32

10 71 42.1 348.43 C1 7 H3 2 O7 58.60 9.25 59.46 9.58
11 74 41.9 362.46 C1 8 H3 4 O7 59.64 9.45 59.93 9.58
13 92 39.4 390.51 C2 0 H3 8 O7 61.51 9.80 61.72 9.97
15 89 32.5 418.57 C2 2 H4 2 O7 63.13 10.11 63.63 10.39
17 84 33.7 446.62 C2 4 H4 6 O7 64.54 10.38 64.86 10.63

Z =S
8 82 36.7 308.43 C1 4 H2 8 O5 S 54.51 9.15 54.83 9.22

10 86 32.1 336.49 C1 6 H3 2 O5 S 57.11 9.58 57.41 9.81
12 90 24.9 364.54 C1 8 H3 6 O5 S 59.30 9.95 59.75 10.06
14 96 26.4 392.59 C2 0 H4 0 O5 S 61.18 10.27 61.36 10.43
16 94 24.7 420.65 C2 2 H4 4 O5 S 62.81 10.54 63.05 10.69
18 91 23.1 448.70 C2 4 H4 8 O5 S 64.24 10.78 64.49 10.96

Z =OC3 H6 S
8 75 28.1 366.51 C1 7 H3 4 O6 S 55.71 9.35 55.59 9.52

10 78 27.4 394.56 C1 9 H3 8 O6 S 57.84 9.70 58.30 9.97
12 80 23.5 422.62 C2 1 H4 2 O6 S 59.68 10.01 60.19 10.34
14 92 22.9 450.67 C2 3 H4 6 O6 S 61.29 10.28 61.84 10.63
16 88 24.3 478.72 C2 5 H5 0 O6 S 62.72 10.52 63.28 10.85
18 92 21.2 506.77 C2 7 H5 4 O6 S 63.99 10.74 64.94 11.19

a Starting from compounds (4 ).
b In pyridine; c =1; after a week.
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996 P. Bault et al.

Table 4. 1H NMR chemical shifts for the 6-Z-n-alkyl-a-d-galactopyranoses (5) in (CD3 )2 SO at 300 K.

Z =O± CH2 ± CH2 ± CH2 ± S
Z =OCO Z =S 1¾ 2¾ 3¾

Site d/ppm J/Hz d/ppm J/Hz d/ppm J/Hz

H1 4.93 (d) J1 , 2 =3.15 4.88 (t) J1 , 2 =3.71 4.91 (d) J1 , 2 =2.98
H2 3.50 (dd) J2 , 3 =10.04 3.50 (m) J2 , 3 =6.78 3.50 (dd) J2 , 3 =7.48
H3 3.55 (dd) J3 , 4 =2.59 3.52 (m) J3 , 4 =2.00 3.53 (dd) J3 , 4 =2.90
H4 3.65 (dd) J4 , 5 =1.93 3.71 (t) J4 , 5 =0 3.62 (d) J4 , 5 =0
H5 3.98 (m) J5 , 6 =5.90 3.85 (t) J5 , 6 =6.27 3.91 (t) J5 , 6 =5.79
H6a 4.05 (dd) J6 a , 6 b =5.31 2.65 (dd) J6 a , 6 b =13.77 3.40 (dd) J6 a , 6 b =9.38
H6b 4.05 (dd) Ð 2.52 (dd) Ð 3.36 (dd) Ð

H1¾ : 3.38 (t) J1 ¾ , 2 ¾ =6.72
Z Ð Ð Ð Ð H2¾ : 1.71 (q) Ð

H3¾ : 2.51 (t) J2 ¾ , 3 ¾ =6.39

a-CH2 2.26 (t) J a , b =7.32 2.48 (t) J a , b =7.48 2.44 (t) J a , b =6.39
b-CH2 1.50 (m) / 1.49 (q) Ð 1.49 (q) Ð
(n-3)-CH2 1.23 (s) / 1.23 (s) Ð 1.24 (s) Ð
v-CH3 0.85 (t) Jx , x Õ 1 =6.10 0.85 (t) Jx , x Õ 1 =6.10 0.85 (t) J x , x Õ 1 =6.73

ether. The yields, optical rotation and combustion We gratefully acknowledge the EPSRC for support of
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and 5, respectively. Council and the MinisteÁ re des A� aires EtrangeÁ res,
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for ® nancial support for this research work. Mrs. J. WelshTable 5. 1 3C NMR chemical shifts d (ppm) for the 6-Z-n-
and C. Kennedy (CHN) are also thanked for theiralkyl-a-d-galactopyranoses (5 ) in (CD3 )2 SO at 300 K.
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