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L iquid Crystals, 1997, Vol. 23, No. 1, 35 ± 41

New carbohydrate amphiphiles

I. Synthesis

by UWE BEGINN, SANDRA KEINATH and MARTIN MOÈ LLER*

Abteilung Organische Chemie III, Makromolekulare Chemie, UniversitaÈ t Ulm,
Albert-Einstein-Allee 11, Postfach 4066, D-89069 Ulm, Germany

(Received 15 November 1996; accepted 17 February 1997 )

The synthesis and characterization of two groups of new amphiphilic carbohydrates,
3,4,5-tris(alkoxy)-N-(1-deoxysorbitol-1-yl )benzamide and 3,4,5-tris(alkoxy)-N-(2-deoxyglucos-
2-yl )benzamide are described. The phase behaviour was investigated by di� erential scanning
calorimetry and thermo-optical analysis. All the investigated compounds exhibit thermotropic
mesophases. Depending on the length of the alkyl chains, hexagonal columnar and cubic
mesophases are obtained.

1. Introduction rod-like units, by association or aggregation of suitable
small molecules, which can be used as components inNumerous ® nite biological structures assemble them-

selves from their molecular components, e.g. collagen macromolecular composites. Such composites can be
formed if the units assemble in a solvent which is either® laments, micro-tubuli, ribosomes, multi-enzyme com-

plexes, cell membranes and viruses [1 ± 4]. Formation of a monomer or a reactive oligomer allowing polymer-
ization in a second step with preservation of the supra-such complicated structures is based on rules and fun-

damental principles which control the growth of molecular structure. In the case that the building block
molecules of the self-assembled units carry polymerizablethe molecular assemblies to ® nite sizes and de® ned

geometrical shapes in the range between 1 and 100 nm. reactive groups, the structure can be ® xed permanently
by covalent links.Only recently have the principles of self-controlled

growth become an issue of interest in materials research Carbohydrate amphiphiles are known to exhibit
numerous forms of self-organization [15]; in particular[5]. This is partially driven by scienti® c curiosity and

partly by the growing interest in nanostructured mat- several N-alkylgluconamide derivatives have been shown
to give supramolecular aggregates in aqueous solutionserials. The assembly of supramolecular units of ® nite

size represents a promising approach for the develop- [7, 8].
In a ® rst approach we describe the synthesis andment of novel functional materials and thin ® lms, com-

plementary to lithographic techniques, which extend the characterization of the non-polymerizable model com-
pounds 3,4,5-tris(alkoxy)-N-(1-deoxysorbitol-1-yl )benza-size scale for structural engineering to even smaller

dimensions. The potential of this approach can be seen mides (1 ) and 3,4,5-tris(alkoxy)-N-(2-deoxyglucos-
2-yl )benzamides (2 ) with three di� erent alkoxy chainswith examples of supramolecular structures like rods,

ribbons, helices, braids, tubuli and rolled up multi- (cf. ® gure 1). The supramolecular aggregation and the
embedding of the structures obtained into polymericlayered sheets with rather well de® ned widths, which

have been observed for certain amphiphilic sugar molec- systems will be reported in a subsequent paper.
ules in aqueous solution [6 ± 10]. Typical pictures can
be found in reference [6], ® gure 2.4.

2. Results and discussionBecause of the absence of the hydrophobic e� ect in
An amphiphilic structure will result if long aliphaticorganic solvents, the ability to form supramolecular

chains are combined with a polar carbohydrate unit.structures is less pronounced in organic solvents [11]
Because of the high space requirement of three alkyland we know only a few approaches towards the de® ned
chains, the amphiphiles 1 and 2 are expected easily toformation of small molecules into mesoscopic units in
form inverse associates or aggregates in non-polar envir-non-aqueous media [12± 14].
onments. Furthermore, it is assumed that the wedge-The present work is an attempt to prepare well de® ned
shaped geometry of the molecules will favour the forma-
tion of cylindrical structures. Variation of the length
of the alkyl chains allows tuning of the internal*Author for correspondence.

0267 ± 8292/97 $12 0́0 Ñ 1997 Taylor & Francis Ltd.
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36 U. Beginn et al.

the association behaviour can be altered by variation of
the carbohydrate head group. Sorbitylbenzamides 1

possess a more ¯ exible, linear hexose group, while the
glucosylbenzamides 2 contain a pyranose unit.

The carbohydrates were joined to the non-polar
groups via amide linkages to avoid the formation of
isomeric O-acylated products. In addition, the amide
group forms relatively strong hydrogen bonds, which
may enhance the self-organizing properties of the amphi-
philes. Care was taken not to attach the carbohydrates
at their anomeric carbon atoms, since the acetal-like
character of such connections may facilitate hydrolytic
or thermolytic bond cleavages.

Preparation of the sorbitylbenzamides 1 was accomp-
lished by reacting 1-deoxy-1-aminosorbitol with the
appropriate tris(alkoxy)benzoyl chloride [19] (cf.
® gure 2). 2-Deoxy-2-aminoglucosamine was prepared in
situ by adding a stoichiometric amount of sodium
methylate to a methanolic solution of 2-deoxy-2-amino-
glucosamine hydrochloride. The glucosylbenzamides
2 were obtained by subsequent addition of the acid
chloride to a supersaturated solution of 2-deoxy-Figure 1. Synthesized carbohydrate amphiphiles, 1=
2-aminoglucosamine (for details see experimental part).3,4,5-tris(alkoxy)-N-(1-deoxysorbitol-1-yl )benzamides

Compounds 1 and 2 were synthesized with three(1a: n=8, 1b: n=12, 1c: n=16) and 2=3,4,5-tris(alkoxy)-
N-(2-deoxyglucos-2-yl)benzamides (2a: n=8, 2b: n=12, di� erent alkoxy substituents (1a , 2a : n=8; 1b , 2b : n=12;
2c: n=16). 1c, 2c: n=16), cf. ® gure 3.

Phase transitions of compounds 1 and 2 were investi-
hydrophobic/hydrophilic balance which, in the ® rst gated by di� erential scanning calorimetry (DSC) and
instance, determines the solubility and association beha- thermo-optical analysis with crossed polarizers. The

observed transition temperatures, as obtained from theviour of amphiphilic compounds [16± 18]. Additionally,

Figure 2. Synthetic scheme for the preparation of the carbohydrate amphiphiles 1 and 2.
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37Carbohydrate amphiphile s

(a)

(b)

(a)

(b)

Figure 3. Optical micrographs, crossed polarizers, l-plate Figure 6. Optical micrographs, crossed polarizers, l-plate
inserted, magni® cation=100 Ö . (a) 1a: T=20 ß C, after inserted, magni® cation=100 Ö . (a) 2a: T=107 ß C, after
cooling from 170ß C; (b) 1a: T=167 ß C, heated from ambi- cooling from 140ß C; (b) 2c: T=91 ß C, after annealing for
ent temperature, after annealing for 1 hour. 23 hours.

® rst heating runs on the solvent-precipitated samples,
are summarized in the table. All compounds investigated
can be supercooled very easily. In fact the observed
phase sequence depended strongly on the thermal history
of the samples. All compounds started to decompose
above 180ß C.

At room temperature, the solvent-precipitated carbo-
hydrate amides 1 and 2 were white powders. X-ray
powder di� raction measurements, using a Guinier
camera, indicated a mesomorphic, partially disordered
structure. The scattering diagrams showed a re¯ ection
around 2H=12 ß and a weak halo with a maximum near
2H=20± 24 ß . This is typical for mesophases without
three dimensional long range order. Phase type and
lattice geometry could not be determined from these

Figure 5. Optical micrograph, crossed polarizers, showing the
preliminary data, since no measurements were donebroken texture of a long chained compound 1 (1c: T=
below 2H=8 ß [20].20 ß C, after annealing for 23 hours, l-plate inserted, magni-

® cation=100 Ö ). The presence of a mesophase could also be observed
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38 U. Beginn et al.

Figure 4. Proposed structural
model for the columnar hexa-
gonal disordered (Colhd) meso-
phase of 1a and 2a.
(a) Schematic representation of
a carbohydrate amphiphile
with octyloxy chains; (b) pro-
posed head to head arrange-
ment with head group
overlapping in a column cross
section; (c) hexagonal arrange-
ment of the columns (view on
the 11-plane).

by applying pressure to the methanol-precipitated white be regarded as a ® rst indication of the formation of a
cubic mesophase.powders, placed between two glass plates. The com-

pounds sintered and gave an opaque± transparent glass. Phase structures of the other mesophases could not
be identi® ed by optical investigations, since even afterBetween crossed polarizers a broken, non-speci® c texture

was found for all compounds 1. annealing for several hours only broken, non-speci® c
textures were established (cf. ® gure 5). Detailed X-rayAt room temperature, the 3,4,5-tris(octyloxy)-

N-(1-deoxysorbitol-1-yl )benzamide (1a) exhibited a studies are being undertaken.
As the data in the table demonstrate, the phasemosaic-like texture (cf. ® gure 3 (a)). The compound

transformed at 78 ß C (DH=46 kJ mol Õ 1 ) into a second sequences of the compounds 2 were similar to those of
the amphiphiles 1. Compound 2a showed two consecut-mesophase showing a ǹeedle’ texture (cf. ® gure 3 (b))

which is typical for columnar phases. Upon raising the ive mesophases, the second one being a Colhd phase
with a lattice spacing of ahex=3 8́ nm. It is assumed thattemperature further, 1a became isotropic at 167ß C.

WAXS di� ractograms of 1a at T=100 ß C showed the structural model proposed for the Colhd phase of 1a

can be applied in this case too. The mesophase exhibitedthree re¯ ections at d10=3 3́5 nm, d11=1 9́7 nm and d20=
1 7́2 nm, indicating a two dimensional hexagonal order. a broken mosaic/ ǹeedle’-like texture (cf. ® gure 6 (a)) .

Further polarizing microscopy studies were only ofThe lattice spacing was determined as ahex=3 9́ nm.
Since in the mid-angle region (2H=10± 30 ß ) no sharp limited help because of the very high melt viscosity

which prevented the formation of characteristic texturesre¯ ections were found, the mesophase type must be
columnar hexagonal disordered (Colhd ). The column ( ® gure 6 (b)).

Compounds 2b and 2c also seem to possess a cubicdiameter dcol =ahex can be correlated to the molecular
dimensions assuming that the molecules assemble via mesophase (2b : Td1=113 ß C, 2c: Td2=99 ß C). If a sorbityl-

benzamide 1 is compared with a glucosylbenzamide 2association of the carbohydrate head groups, stabilized
by hydrogen bonds (cf. ® gure 4). The number of molec-
ules per column cross-section was estimated to be
(6 Ô 0 6́ ) if the average vertical distance between two Table Transition temperatures and enthalpies for the solu-
molecules inside a column was assumed to be 0 5́± 0 6́ nm tion-precipitated amphihilic compounds 1 and 2 as
and the density of the compound was taken to be observed on the ® rst heating run by DSC. Transition

temperatures in ß C, transition enthalpies in kJ mol Õ 1 .1 0́ Ô 0 1́ g cm Õ 3 .
Compounds 1b and 1c showed an interesting poly-

Compound Tg Td1 DH1 Td2 DH2 Tisomorphism, exhibiting up to three consecutive meso-
phases. All transition temperatures, as obtained from 1ac Ð 78 46 Ð Ð 167a,b

the ® rst DSC heating run, are summarized in the table. 1bd Ð 79 35 92 3 #235a,b

1cc Ð 57 63 67 8 #138a,bThe phase above 92 ß C (1b) and 67 ß C (1c), respectively,
was an optically isotropic phase with a very high viscos- 2ac 54 103 20 Ð Ð #140a,b

2bd 72 113 21 Ð Ð #194a,bity, which did not show ¯ uid properties. If the samples
2cd 73 81 84 99 6 #188a,bwere sheared between two glass slides, the phase showed

stress-induced birefringence. The interference colours a Data from thermo-optical analysis.
vanished after release of the shear stress. Upon heating, b Sample decomposes before isotropization.
the viscosity decreased abruptly at a de® nite temperature c Heating rate=5 K min Õ 1 .

d Heating rate=2 K min Õ 1 .(1b5T=235 ß C, 1c5T=138 ß C). These observations can
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39Carbohydrate amphiphile s

with the same substituents, the phase sequence seems to ethylamine in 100 ml of methanol was slowly added a
solution of 7 5́ mmol of 3,4,5-tris(alkoxy)benzoyl chloridebe essentially the same.
in 200 ml of dry tetrahydrofuran at ambient temperature;
stirring was continued for 30 min after completing the3. Conclusion

A simple synthetic route was used to couple non- addition. The solvent was removed under reduced pres-
sure; the residue was extracted with water to remove thepolar 3,4,5-tris(alkoxy)benzoyl chlorides with carbohyd-

rate amines of high polarity via amide linkages, yielding excess of the d-sorbitol and subsequently stirred with
200 ml of methanol until a clear solution was obtainedtwo novel classes of carbohydrate amphiphiles. It was

demonstrated that the sorbitylbenzamides (1 ) and gluco- (2± 3 days). The pure product precipitated after storing
the solution in the refrigerator.sylbenzamides (2 ) show a complicated phase behaviour,

including liquid crystalline phases of columnar and cubic
types. Detailed X-ray investigations will be performed 4.2.3. 3,4,5-Tris(octyloxy)-N-(1-deoxysorbitol -1-yl )ben-

zamide (1a)to identify the observed mesophases of these carbohyd-
rate amphiphiles. The occurrence of di� erent mesophases Yield: 3 4́ g (73%) of white product, decomposition at

170ß C, purity >95% (1H NMR), TLC: single spot.may be taken as an indicator of the ability of compounds
1 and 2 to form supramolecular structures. Elemental analysis for C37H67NO9 (669 9́ g mol Õ 1 ) : C

66 0́, H 10 0́, N 2 3́, O 21 8́ wt%; calc. C 66 3́, H 10 1́, NFuture work will investigate the suitability of the
sorbityl- or glucosyl-benzamides as useful tools for the 2 1́, O 21 5́ wt%. 1H NMR (THF-d8, d/ppm): 0 8́8 (t,

9H, ± CH3 ), 1 3́6 (m, 24H, (± CH2 )4 ), 1 5́4 (m, 6H, c-CH2 ),construction of supramolecular assemblies of limited size
in organic solutions. 1 7́7 (m, 6H, b-CH2 ), 3 1́2 (s, 5H, CHOH ), 3 6́3 (t, 6H,

a-CH2 ) , 4 0́0 (m, 13H, CHOH), 4 9́8 (d, 2H, CH2OH),
7 2́2 (s, 2H, H± C2, H± C6), 8 2́0 (s, 1H, ± NH). 13C NMR4. Experimental

4.1. Methods (THF-d8, d/ppm): 14 3́6 (± CH 3), 23 3́8 (Cb3/5), 26 9́7
(Cb4), 29 8́7± 32 2́8 (C alkyl ), 56 0́0 (Ca), 62 1́2 (Cf ),For thermo-optical analysis a Zeiss AXIOSKOP

polarizing microscope equipped with a Mettler FP 82 69 0́3± 72 9́4 (b ± e, a3/5, a4), 92 3́5 (C2, C6), 107 1́3 (C1),
129 7́8 (C4), 140 7́7 (C3), 167 0́0 (C7). IR (KBr-pellet,hot stage and the photoautomat Mettler FP 80, was

used. DSC measurements were performed using a n/cm Õ 1 ): 3364, 2955, 2917, 2872, 2851, 1637, 1581, 1546,
1500, 1468, 1427, 1386, 1340, 1231, 1120, 1052, 761, 712.Perkin-Elmer DSC 7 unit. Infrared spectra were taken

from a Bruker IFS 66V-Spectrophotometer. 1H NMR
(200 MHz) and 13C NMR (50 4́ MHz) spectra were 4.2.4. 3,4,5-Tris(dodecyloxy)-N-(1-deoxysorbitol-1-yl )-

benzamide (1b)recorded on a Bruker AC200 spectrometer, using tetra-
methylsilane as internal standard. Thin layer chromato- Yield: 5 5́ g (82%) of white product, decomposition at

210ß C, purity >95% (1H NMR), TLC: single spot.graphy (TLC) was performed with petrolethes:
dichlormethane mixtures on Merck KG-60/F254 TLC- Elemental analysis for C48H91NO9 (838 3́ g mol Õ 1 ) : C

70 3́, H 11 0́, N 1 9́, O 16 8́ wt%; calc. C 70 2́, H 10 2́, Nplates, with detection by illuminating with UV light
(254 nm) or using iodine vapour. For WAXS measure- 1 7́, O 17 2́ wt%. 1H NMR (THF-d8, d/ppm): 0 9́0 (t,

9H, ± CH3 ), 1 3́6 (m, 48H, (± CH2 )4 ), 1 5́2 (m, 6H, c-CH2 ),ments, a Guinier camera (Huber) was used; the
X-ray radiation (Cu-K

a 1 ) came from a Philips PW 1120 1 7́4 (m, 6H, b-CH2 ), 3 1́3 (s, 5H, CHOH ), 3 5́9 (t, 6H,
a-CH2 ) , 4 0́0 (m, 13H, CHOH), 5 1́3 (d, 2H, CH2OH),X-ray generator, equipped with a SiO2 mono-

chromator. Elemental analyses were performed by the 7 2́2 (s, 2H, H± C2, H± C6), 8 1́8 (s, 1H, ± NH). 13C NMR
(THF-d8, d/ppm): 14 4́0 (± CH3 ), 23 4́6 (Cb3/5), 27 0́8microanalytical laboratory of the University of Ulm.
(Cb4), 30 2́5± 32 7́8 (C Alkyl ), 56 0́8 (Ca), 62 9́3 (Cf ),
69 6́1± 73 4́2 (b ± e, a3/5, a4), 92 5́4 (C2, C6), 107 0́2 (C1),4.2. Materials

4.2.1. 3,4,5-Tris(alkylox y)benzoyl chloride 130 2́3 (C4), 141 7́7 (C3), 167 8́9 (C7). IR (KBr-pellet,
n/cm Õ 1 ) 3367, 2955, 2920, 2872, 2850, 1635, 1581, 1546,This was prepared as described in the literature [19].

1-Amino-1-deoxy-d-sorbitol (Merck, 96%), 2-amino- 1501, 1468, 1427, 1389, 1340, 1236, 1120, 1093, 760, 722.
2-deoxy-d-glucose (Aldrich, 98%) and triethylamine
(Fluka, >98%) were used as received; solvents (technical 4.2.5. 3,4,5-Tris(hexadecylox y)-N-(1-deoxysorbitol-1-y l)-

benzamide (1c)grade) were puri® ed by standard procedures.
Yield: 6 3́ g (78%) of white product, decomposition at

210ß C, purity >95% (1H NMR), TLC: single spot.4.2.2. 3,4,5-Tris(alkoxy)-N-(1-deoxysorbitol-1-yl )ben-
zamides (1 ) Elemental analysis for C61H115NO9 (1006 6́ g mol Õ 1 ) : C

72 2́, H 11 3́, N 1 8́, O 14 7́ wt%; calc. C 72 8́, H 11 5́, NTo a well stirred solution of 1 4́5 g (8 mmol ) of
1-amino-1-deoxy-d-sorbitol and 0 7́6 g (7 5́ mmol) of tri- 1 4́, O 14 3́ wt%. 1H NMR (THF-d8, d/ppm): 0 9́0 (t,
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40 U. Beginn et al.

9H, ± CH3 ), 1 3́2 (m, 72H, (± CHO2 )12 ) , 1 5́6 (m, 6H, c- 7 2́4 (s, 2H, H± C2, H± C6), 8 2́1 (s, 1H, ± NH). 13C NMR
(THF-d8, d/ppm): 14 3́6 (± CH3 ), 24 1́4 (Cb3/5), 27 1́6CH2 ), 1 8́1 (m, 6H, b-CH2 ), 3 2́1 (s, 5H, CHOH ), 3 6́2 (t,

6H, a-CH2 ), 4 0́0 (m, 13H, CHOH) 5 0́9 (d, 2H, CH2OH), (Cb4), 31 2́5± 33 4́6 (C Alkyl ), 56 3́8 (Ca), 63 8́2 (Cf ),
69 9́2± 73 5́2 (b ± e, a3/5, a4), 91 7́4 (C2, C6), 107 0́2 (C1),7 2́1 (s, 2H, H± C2, H± C6), 8 5́1 (s, 1H, ± NH). 13C NMR

(THF-d8, d/ppm): 14 7́2 (± CH3 ) , 24 3́6 (Cb3/5), 27 9́5 129 7́4 (C4), 140 0́5 (C3), 166 9́8 (C7). IR (KBr-pellet,
n/cm Õ 1 ): 3388, 2956, 2921, 2872, 2851, 1635, 1582, 1543,(Cb4), 30 8́9± 34 2́1 (C alkyl ), 56 7́6 (Ca), 64 0́2 (Cf ),

69 8́2± 75 0́4 (b± e, a3/5, a4), 93 7́8 (C2, C6), 108 6́4 (C1), 1500, 1468, 1427, 1342, 1230, 1118, 1036, 850, 763, 721.
132 4́2 (C4), 142 9́6 (C3), 167 9́9 (C7). IR (KBr-pellet,
n/cm Õ 1 ) : 3363, 2955, 2917, 2872, 2850, 1638, 1581, 1545, 4.2.9. 3,4,5-Tris(hexadecylox y)-N-(2-deoxyglucos-2 -yl )-

benzamide (2c)1499, 1469, 1426, 1385, 1340, 1230, 1122, 1035, 763,
720, 619. Yield: 4 5́ g (84%) of white product, decomposition at

183ß C, purity >95% (1H NMR), TLC: single spot.
Elemental analysis for C61H113NO8 (988 6́ g mol Õ 1 ): C4.2.6. 3,4,5-Tris(alkoxy)-N-(2-deoxyglucos-2-y l )benza-

mides (2 ) 71 6́, H 11 2́, N 1 7́, O 15 5́ wt%; calc. C 73 1́, H 11 3́, N
1 4́, O 14 2́ wt%. 1H NMR (THF-d8, d/ppm): 0 8́9 (t,Following the literature [21], a solution of 0 4́3 g

(8 mmol ) of sodium methylate in 100 ml of methanol 9H, ± CH3 ), 1 3́51 (m, 48H, (± CH2 )8 ) , 1 5́2 (m, 6H, c-
CH2 ), 1 7́8 (m, 6H, b-CH2 ) , 3 2́1 (s, 4H, CHOH ) , 3 9́9 ( t,was poured into a well stirred solution of 1 7́3 g (8 mmol)

of d-2-amino-2-deoxyglucose in 100 ml of methanol 6H, a-CH2 ), 5 1́2 (m, 13H, CHOH), 5 2́3 (d, 2H,
CH2OH), 7 3́8 (s, 2H, H± C2, H± C6), 8 1́9 (s, 1H, ± NH).and stirred for 15 min. Then 0 7́6 g (7 5́ mmol) of tri-

ethylamine was added and ® nally a solution of 13C NMR (THF-d8, d/ppm): 14 4́1 (± CH3 ), 24 3́6
(Cb3/5), 27 1́9 (Cb4), 31 7́9± 34 0́6 (C Alkyl ), 56 7́8 (Ca),3,4,5-tris(alkoxy)benzoyl chloride in 200 ml tetrahydro-

furan was slowly added at ambient temperature. 63 9́2 (Cf ), 69 9́9± 74 3́1 (b ± e, a3/5, a4), 91 7́9 (C2, C6),
107 1́5 (C1), 130 1́7 (C4), 140 3́5 (C3), 166 9́9 (C7). IRReaction was carried out and isolation of the prod-

uct achieved as described for the synthesis of (KBr-pellet, n/cm Õ 1 ): 3364, 2956, 2917, 2873, 2850, 1627,
1583, 1543, 1501, 1469, 1427, 1344, 1229, 1122, 1059,3,4,5-tris(alkoxy)benzoylglucamides (1 ).
737, 720.

4.2.7. 3,4,5-Tris(octyloxy)-N-(2-deoxyglucos-2-y l )ben-
zamide (2a) The authors wish to thank Dr. B. Heise for performing

the X-ray measurements. The ® nancial support of theYield: 6 3́ g (79%) of white product, decomposition at
170ß C, purity >95% (1H NMR), TLC: single spot. L̀andesforschungsschwerpunkt Mimetik des Landes

Baden WuÈ rtemberg’ is gratefully acknowledged.Elemental analysis for C37H65O8 (651 9́ g mol Õ 1 ): C 67 4́,
H 10 2́, N 2 1́, O 20 4́ wt%; calc. C 68 2́, H 10 0́, N 2 2́,
O 19 6́ wt%. 1H NMR (THF-d8, d/ppm): 0 8́7 (t 9H, References
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