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Preface

Abstract (english)

The form of organisation of amphiphilic compounds is of great importance for several
biological and technical applications. Nevertheless the structure-property relationship of these
compounds has in many areas not been investigated thoroughly yet. Especially the influence
of chirality and complex structures is in many parts still not clear, in particular regarding the
difference in energetically comparable structural order. The aim of this work is largely the
investigation of the form of organisation of micelles, vesicles and membranes in aqueous
media, as well as their interaction and transitions.

Different structures from simple alkyl glycosides, alkyl glycosides with spacers to complex
glyco glycero lipids can serve as target compounds for these investigations.

The investigation of these properties requires the use of different characterisation methods
and their combinations, as well as theoretical concepts.

Liquid crystalline properties were determined using polarising microscopy. The thermotropic
phase behaviour was determined by heating the sample, whereas the lyotropic phase
behaviour was determined by the contact of the sample with water. In case of the lyotropic
phase behaviour it is possible to observe the complete phase sequence over the whole
concentration range. The characterisation of the single phases requires different physical
methods. Information about the calorimetric data of the phase transitions determined by
differential scanning calorimetry (DSC) accomplish the results from the polarising
microscopy, but is restricted to the investigation of defined concentrations.

The aggregation of amphiphiles in solution starts above the critical micelles concentration
(CMC). The CMC was determined from the change of the surface tension in dependence of
the concentration of amphiphile in solution, using a tensiometer. Furthermore it is possible to
determine the area of an amphiphile molecule at the air-water interface, as well as to predict
the possible shape of the micelles formed above the CMC.

The aggregate structure of amphiphiles in dilute solution (< 5 wt%) was determined using
small-angle neutron scattering (SANS). The micellar form and structure can be determined
very exactly due to the different scattering behaviour of neutrons on the nuclei of hydrogen
and deuterium. In some cases it was also possible to determine the change of the micellar
structure, in dependence of the concentration or temperature. The micellar structures were
calculated using two different ways, a model-independent approach and fitting of the
scattering data to different models. Comparing the results of both approaches gives concise
information on the studied systems.

For the characterisation of the higher ordered lyotropic phases, especially of the biological
relevant lamellar and cubic phases, small-angle x-ray scattering (SAXS) experiments where
performed. Additional information about the packing order of the hydrophobic alkyl- and acyl
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chains was retrieved from the investigation with fourier-transform-infrared-spectroscopy
(FTIR).

The foaming properties of amphiphiles are an important technical feature of these
compounds. The foaming behaviour was determined using a modification of the standard
procedure according to DIN 53902-2, which gave reliable results, but required only very
small amounts of amphiphile. The in-vivo characterisation of the foam structure and aging of
the foams was made using a modified light microscope. These gave insights into the foam
structure and the statistic pore size distribution of the air-bubbles inside of the foam.

The theoretical concept of the hydrophilic-lipophilic balance (HLBG) was accomplished by
practical tests. The concept of the critical packing parameter (CPP), which predicts the
possible aggregate form in dilute solution, was compared with the results from the SANS-
experiments.

The investigated compounds were synthesised using several synthetic pathways, which gave
the target compounds in gram scale and in highest purity. The different structural types
covered ranged from alkyl glycosides and alkyl glycosides with different types of spacers to
complex glyco glycero lipids. The molecular shape was also varied by the use of different
carbohydrates (Glucose, Lactose, Maltose, Melibiose, Gentiobiose, Maltotriose). For some
compounds the synthetic pathways were optimised, which gave the compounds in
considerable higher yields and, in part, less synthetic steps. It was also observed, that the
differences in the physical properties of glyco glycero lipids with the alkyl chain connected
via an ether or ester linkage are very small. Moreover the 1,3-ether lipids can be synthesised
in a few steps in gram scale, whereas the synthesis of the ester based lipids requires numerous
steps. From 49 lipids synthesised in this work, 32 were synthesised for the first time.

The thermotropic liquid crystalline properties of the investigated alkyl glycosides differ
mainly in the transition temperatures. High melting points were determined for compounds
with linear alkyl chains. The melting point is lower for compounds with unsaturated and with
methyl branched alkyl chains compared to the corresponding analogues with linear alkyl
chains. In this case most of the compounds are in the liquid crystalline state at room
temperature. Exceptions were found for compounds with unsaturated alkyl chains containing
amide groups in the hydrophilic or in the spacer part. Here the melting point is above room
temperature. Nearly all alkyl glycosides with disaccharide headgroups formed exclusively a
smectic A phase. Only for three compounds was a cubic phase observed on cooling.

Glyco glycero lipids with trisaccharide carbohydrate headgroups or with two methyl branched
alkyl chains only show smectic A phases, too. Interestingly it was found that 1,3-di-O-alkyl-
glycero glyco lipids show nearly the same phase behaviour and transition temperatures as the
corresponding glycosyl diacyl glycerols. The formation of columnar phases besides the
smectic A phase was observed for slightly wedge shaped compounds, whereas Y-shaped
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glyco glycero lipids and lipids with tilted headgroups also have the ability to form cubic
phases.

Conversely to thermotropism, the lyotropic phase behaviour is already affected by small
changes of the molecular structure. Generally it was found that, with the exception of Y-
shaped glyco glycero lipids, all compounds investigated in this work show lamellar phases
and so have the ability to act as membrane forming or membrane stabilising compounds. In
the case of glyco glycero lipids with disaccharide headgroups and linear alkyl chains inverted
phases are formed, whereas most of the alkyl glycosides form hexagonal and partly lyotropic
cubic phases. An interesting exception was found for compounds with an ethanolamine
spacer. Except for one compound it was observed that the spacer allows only the formation of
lamellar phases. Investigation of the lyotropic aggregate structure of the lipid 1,3-di-O-(cis-9-
octadecenyl)-2-O-B-D-maltopyranosyl-sn-glycerol showed the formation of a well-resolved
cubic phase over a broad concentration and temperature range. This result is of high
biological relevance as such behaviour has so far only been observed for a few lecithine
lipids.

Y-mesogenes exhibit thermotropic and lyotropic cubic phases. The structure enables the
formation of cubic structures. Supposably this structure facilitates the formation of cubic
phases in biological processes.

The chemical structure of the amphiphiles strongly influences the CMC. Additionally it was
found that amphiphiles with a Maltose carbohydrate headgroup are more surface-active than
amphiphiles bearing Melibiose or Maltotriose headgroups.

Micelle formation was observed for several amphiphilic lipids. A more detailed concept for
the formation of micelles by carbohydrate-based amphiphiles could be derived from this data.
The change of the micellar structure can be explained using a general structural concept.
Compounds of a rod-like molecular shape with n-alkyl chains form large aggregates.
Amphiphiles with a wedge-shaped or tilted structure and a n-alkyl chain show a critical chain
length above which rod-like micelles are formed and below it spherical micelles. The growth
of rod-like micelles of the investigated lipids was determined to follow standard models.
Spacers will change the micellar structure. Ethylene glycol spacers increase the hydrophilic
part of the molecule and also the flexibility of the alkyl chain. Ethanolamine spacers
connected with the fatty acid chain by an amide group also increase the hydrophilic part, but
the flexibility is dramatically reduced. In contrast an ethyl branching in the spacer part of
ethanolamine increases the hydrophobic part.

Short methyl branched chains, instead of n-alkyl chains, favour the formation of bilayer
structures whereas long methyl branched chains will form micellar structures. Large
carbohydrate headgroups (trisaccharides) as well as broad hydrophilic headgroups (Y-shaped
lipids) can only form spherical micelles. Also bolaamphiphiles with two disaccharide
headgroups can form spherical micelles, but only in a very narrow concentration range, most
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probably followed by the formation of bilayer structures. This effect shows, that the
interaction between membranes formed by the bolaamphiphile and vesicles or micelles is
different as it is for non-bola lipids

The interaction of a carbohydrate-based bolaamphiphile with octyl B-D-glucopyranoside was
found to be antagonistic, which is confirmed by a higher mixture CMC compared to the ideal
mixing expectation and a decreasing of length of octyl B-D-glucopyranoside micelles upon
addition of a small amount of bolaamphiphile to the solution. These results are unexpected,
because the chemical structures of the investigated compounds are very similar and thus an
increase in the size of micelles would normally be expected.

Thermotropic properties can be related to the micellar structure in dilute solution. Compounds
showing a complex thermotropic phase behaviour due to a labile balance between the
hydrophilic and hydrophobic moiety form large aggregate structures already at low
concentrations in aqueous solution. A simple thermotropic phase behaviour is connected with
the formation of small micelles in dilute solution.

Prediction of the aggregate form above the critical micelle concentration (CMC) by the
Critical Packing Parameter (CPP), derived from the headgroup area at the air-water interface
is only of limited use for carbohydrate-based amphiphiles. The micelle shape moreover
depends on small changes of the molecular structure not captured by the adsorption at the
liquid-air interface.

The relationship between the chemical structure and the micellar forms can be used for the
design of micellar solutions in new applications.

The aqueous solubility of the amphiphiles in this thesis follows the general trend expected
from their hydrophilic-lipophilic balance according to Griffin (HLBG), e.g. good water
solubility was found for amphiphiles with a high HLBG number and a good emulsification
ability was found for lipids with low HLBG number.

The method of methylation of the alkyl chain controls the self-assembly and can explain
different biological functions for either plants (variable temperature) or animals (constant
temperature). The solubility of the melibioside (2R,4R,6R,8R)-2,4,6,8-tetramethyldecyl-6-O-
(a-D-galactopyranosyl)-B-D-glucopyranoside (Mel-B-TMD) was found to be low even above
its Krafft-temperature. This is similar to observations made for the (all-R) tetramethyldecyl
wax esters of the preen gland, which is responsible for the good water protection of the
feathers of the domestic goose. The TMD-chains retains this effect even as a part of a more
hydrophilic molecule. Additionally a methyl-branched chain favours the formation of
membranes. Conversely the formation of cubic and columnar phases is suppressed.
Carbohydrate based amphiphiles are good foaming agents above their Krafft-temperature
already at very low concentrations. Foams formed by the investigated compounds are very
stable, especially compared to technical surfactants. The foaming ability increases with
increasing temperature. The results give new insights in the relationship between the chemical
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structure of the amphiphiles and the foaming behaviour, which allows the selection of an
appreciable foamer. For use as cosmetic detergent it was found, by foaming microscopy, that
these new amphiphilic sugar surfactants have the ability to form very fine structured foams,
with a very narrow pore-size distribution of small air-bubbles. Also the stability of the foam is
superior compared to standard cosmetic surfactants.

The general concepts, derived from the phase behaviour of the investigated simple lipid
structures can be validated in future for its use on more complex and natural structures.
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Abstract (german)

Die Organisationsformen amphiphiler Verbindungen sind von zentraler Bedeutung fur viele
biologische und technische Anwendungen. Die Struktur-Eigenschafts-Beziehungen dieser
Verbindungen sind in vielen Bereichen jedoch noch nicht ausreichend erforscht. Besonders
der Einflu® von Chiralitdt und komplexen Strukturen wirft noch viele Fragen auf,
insbesondere im Unterschied energetisch vergleichbarer Ordnungsstrukturen. Das Ziel dieser
Arbeit ist im wesentlichen die Untersuchung der Organisationsform von Micellen, Vesikeln
und Membranen im wassrigen Medium, ihrer Wechselwirkung und Ubergénge.

Als Zielstrukturen fir diese Untersuchungen kommen Lipide von Alkylglycosiden
Alkylglycosiden mit Spacer bis hin zu komplexen Glyco-Glycerolipiden in Betracht.

Die Untersuchung der Eigenschaften erfordert den Einsatz und die Kombination
verschiedener MelSmethoden und theoretischer Konzepte, die sich gegenseitig erganzen.

Die Bestimmung der flussigkristallinen  Eigenschaften erfolgte  mittels  der
Polarisationsmikroskopie. Das thermotrope Phasenverhalten wird durch Aufheizen der Probe
bestimmt, das lyotrope hingegen durch Kontakt mit Wasser. Im Fall des lyotropen
Phasenverhaltens kann man so (ber den Konzentrationsgradienten das gesamte
Phasendiagramm beobachten. Die Charakterisierung der Strukturen der einzelnen Phasen
erfordert verschiedene physikalische MelRmethoden. Die Untersuchung der Proben durch
Differential Scanning Calorimetry (DSC) gibt ergdnzend zur Polarisationsmikroskopie
Informationen Uber kalorimetrische Daten der Phasenumwandlungen, erlaubt aber nur die
Untersuchung von definierten Konzentrationen.

Die Aggregation von Amphiphilen in Losung beginnt im Allgemeinen oberhalb der kritischen
Micell Konzentration (CMC). Diese Grenze wurde mittels Anderung der
Oberflachenspannnung, in Abhéngigkeit von der Konzentration mit einem Tensiometer
bestimmt. Auler der CMC lassen sich aus dem Verlauf der Oberflachenspannnung auch
Riickschlisse auf den beanspruchten Platz eines Molekdils an der Oberflache, sowie auf die
maogliche Form der oberhalb der CMC gebildeten Micellen ziehen.

Die Aggregatstrukturen der Amphiphile in verdunnter Losung (< 5 Gew.%) wurden mit der
Neutronenkleinwinkelstreuung (SANS) bestimmt. Durch das unterschiedliche Streuverhalten
von Neutronen am Wasserstoff- und Deuteriumkern lassen sich Micellform und -struktur sehr
genau bestimmen. Dariiberhinaus konnte in einigen Fallen auch die Strukturdnderung der
Micellen, bedingt durch Anderung der Konzentration oder Temperatur, bestimmt werden. Die
Micellstrukturen wurden auf zwei unterschiedlichen Wegen berechnet, modellunabh&ngig
und durch Anfitten unterschiedlicher Modelle. Aus dem Vergleich der Ergebnisse aus beiden
Methoden erhélt man zuverldssige Informationen tber die untersuchten Systeme.
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Die Charakterisierung hoher geordneter lyotroper Phasen, insbesondere der biologisch
relevanten, lamellaren und kubischen Phasen, erfolgte durch Rontgenkleinwinkelstreuung
(SAXS). Zusétzliche Informationen Uber das Packungsverhalten der hydrophoben Alkyl- und
Acylketten, wurden durch Fourier-Transform-Infrarot-Spektroskopie (FTIR) erhalten.

Eine wichtige technische Kenngrdlie von Amphiphilen ist ihr Schaumungsverhalten. Fir die
Bestimmung der Schaumhdhe und Stabilitdt wurde das Standardverfahren nach DIN 53902-2
vereinfacht, so daR eine repréasentative Untersuchung des Schaumungsverhaltens mit deutlich
geringeren Einsatzkonzentrationen an Amphiphil méglich war. Die Charakterisierung der
Struktur und des Alterungsverhaltens von in vivo erzeugten Schdumen wurde mit einem
modifizierten Lichtmikroskop durchgefuhrt. Diese Untersuchung liefert Erkenntnisse Gber die
Struktur des Schaums und die statistische Verteilung der Porengréle der Luftblasen innerhalb
desselben.

Das theoretische Konzept der Hydrophilic-Lipophilic Balance (HLBG), das eine Vorhersage
der Tensid/Emulgator Eigenschaften auf Grund theoretischer Berechnungen ermdglicht,
wurde durch praktische Tests ergénzt. Das theoretische Konzept des kritischen Packungs-
Parameters (CPP), der eine Vorhersage der Aggregatform in verdinnter Losung oberhalb der
CMC ermdglicht, wurden mit den Ergebnissen der SANS-Experimente verglichen.

Die Herstellung der untersuchten Verbindungen erfolgte auf unterschiedlichen synthetischen
Wegen. Die Verbindungen wurden in héchster Reinheit und im GrammmaRstab erhalten. Auf
diese Weise wurden Verbindungen von Alkylglycosiden, Alkylglycosiden mit Spacer bis hin
zu komplexen Glyco-Glycerolipiden realisiert. Die Molekulstruktur wurde weiterhin durch
die Nutzung verschiedener Zuckerkopfgruppen variiert (Glucose, Lactose, Maltose,
Melibiose, Gentiobiose, Maltotriose). Durch die Optimierung von Synthesewegen gelang die
Synthese von verschiedenen Verbindungen in deutlich hoheren Ausbeuten und teilweise
weniger Syntheseschritten. Auch zeigte sich, daB der Unterschied zwischen den
physikalischen Eigenschaften von Glyco-Glycerolipiden in denen die Kette Ether oder Ester-
gebunden vorliegt sehr gering ist. Die Ether-Lipide sind dafir aber leicht in wenigen Stufen
und im Grammmafstab herstellbar, wohingegen die Herstellung der Ester-Lipide eine
wesentlich groRere Anzahl von Syntheseschritten erfordert. VVon den 49 hergestellten
Zielverbindungen sind 32 in dieser Arbeit zum ersten Mal beschrieben worden.

Die Untersuchung des thermotropen Phasenverhaltens der Lipide zeigt im Wesentlichen
Unterschiede in den Umwandlungstemperaturen und nicht im Phasenverhalten selber.
n-Alkylglycoside zeigen einen hohen Schmelzpunkt, der durch den Einsatz ungeséttigter oder
methylierten Alkylketten gesenkt werden kann. Die meisten Verbindungen mit ungesattigten
oder methylierten Alkylketten sind bei Raumtemperatur flissigkristallin, eine Ausnahme
bilden Lipide bei denen die Alkylkette amidisch gebunden ist; diese zeigen einen hdheren
Schmelzpunkt. Fast alle Alkylglycoside und deren Derivate zeigen nur eine thermotrope
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smektisch A Phase, nur fur drei Verbindungen wurde beim Abkihlen aus der isotropen
Losung die Bildung einer kubischen Phase beobachtet.

Auch  Glyco-Glycerolipide mit Trisaccharid-Kohlenhydratkopfgruppen und  Glyco-
Glycerolipide mit zwei methylierten Ketten bilden nur eine smektisch A Phase.
Interessanterweise ist dabei das Phasenverhalten der hergestellten 1,3-Di-O-Alkyl Glyco-
Glycerolipide vergleichbar zu dem der entsprechenden Glycosyl-Diacylglycerole. Die
Bildung einer columnaren Phase neben der smektischen Phase wurde fur leicht gekrimmte
Verbindungen beobachtet, wohingegen Y-Mesogene und Verbindungen mit stark gekrimmter
Struktur auch kubische Phasen bilden.

Das lyotrope Phasenverhalten wird bereits durch kleine Anderungen der Molekdilstruktur
beeinflullt. Alle Verbindungen mit Ausnahme der Y-Mesogene bilden lamellare Phasen, und
zeigen somit ihre Eigenschaft als Membranbildner oder Stabilisatoren. Glyco-Glycerolipide
bilden neben der lamellaren Phase inverse Strukturen, wahrend die meisten Alkylglycoside
neben der lamellaren Phase hexagonale und teilweise kubische Phasen bilden. Fir
Verbindungen mit einem Ethanolaminspacer wurde, mit einer Ausnahme, nur die Bildung
von lamellaren Phasen beobachtet. Das synthetische Lipid 1,3-Di-O-(cis-9-Octadecenyl)-2-O-
B-D-maltopyransoyl-sn-glycerol hingegen, bildet eine kubische Phase (ber einen weiten
Konzentrations- und Temperaturbereich. Dieses Resultat ist von biologischer Relevanz, da ein
solches Phasenverhalten bis jetzt nur flr einige biologisch relevante Lecithine beobachtet
wurde.

Y-Mesogene zeigen neben thermotrop kubischen, auch lyotrop kubische Phasen.
Madglicherweise erleichtert hierbei die Y-férmige Struktur die Bildung kubischer Phasen in
biologischen VVorgangen.

Bei den untersuchten Amphiphilen wird die kritische Micellkonzentration (CMC) durch die
individuelle chemische Struktur stark beeinfluBt. Dartberhinaus wurde beobachtet, dal
Amphiphile mit einer Maltose-Kohlenhydratkopfgruppe starker grenzflachenaktiv sind als
solche mit Melibiose- oder Maltotriose-Kopfgruppen.

Ein GroRteil der untersuchten Lipide bildet Micellen in wassriger Losung. Daraus konnte ein
detailliertes Konzept fur die Micellbildung von Kohlenhydratamphiphilen abgeleitet werden.
Die Anderung der micellaren Strukturen kann mit folgendem generellen Strukturkonzept
erklart werden. Verbindungen die eine n-Alkylkette tragen, weisen sowohl mit leicht, als auch
mit stark gekrimmter Struktur eine kritische Kettenldange auf. Wahrend oberhalb dieser
kritischen Kettenlédnge eine zylindrische Micelle gebildet wird, erfolgt unterhalb die Bildung
einer kugelférmigen Micelle. Das Micellwachstum der zylindrischen Micellen folgt den
bekannten Modellen. Die Micellstruktur wird durch Spacer verandert: Ethylenglycol Spacer
vergroRern den hydrophilen Molekdlteil und erhohen die Flexibilitat der Kette. Beim Einsatz
von Ethanolamin Spacern, bei denen die Fettséurekette tiber eine Amidbindung an den Spacer
gebunden ist, wird ebenfalls der hydrophile Teil des Molekdls vergroRert, die Flexibilitat der

16



Preface

Kette jedoch drastisch reduziert. Eine Ethylgruppe am Ethanolamin Spacer erhoht hingegen
den hydrophoben Teil des Molekiils.

Kurze methylierte Ketten an Stelle von n-Alkyl Ketten fuhren zur Bildung wvon
Doppelschicht-Strukturen, wohingegen lange methylierte Ketten micellare Strukturen bilden.
Grole volumingse Kopfgruppen (Trisaccharide) und auch breite Kopfgruppen (Y-Mesogene)
kdnnen nur kugelférmige Micellen bilden. Auch bilden Bolaamphiphile mit zwei Disaccharid
Kopfgruppen kugelférmige Micellen, aber nur in einem schmalen Konzentrationsbereich,
nach den dann, bereits in verdunnter Ldsung, die Bildung groRerer, wahrscheinlich
Doppelschichtstrukturen folgt. Dieser Effekt zeigt, dall die Wechselwirkung dieser
Membranen mit Vesikeln oder Micellen anders ist als bei Membranen normaler Lipide.

Eine  antagonistische ~ Wechselwirkung  zwischen  einem  Bolaamphiphil — mit
Kohlenhydratkopfgruppen und Octyl-B-D-glucopyranosid wurde durch eine hohere
Mischungs-CMC, im Vergleich zur idealen Mischung, und eine Verringerung der Micellldnge
von Octyl-B-D-glucopyranosid-Micellen nach Bolaamphiphil-Zugabe bestatigt. Dieses
Ergebnis ist unerwartet, da die &hnlichen chemischen Strukturen der Kopfgruppen
normalerweise einen synergistischen Effekt auf die Micellgrofie erwarten lassen.

Ein weiterer, interessanter Zusammenhang kann zwischen den thermotropen Eigenschaften
und der Micellstruktur in verdinnter Lésung hergestellt werden. Verbindungen, die auf Grund
eines instabilen Gleichgewichts zwischen dem hydrophilen und hydrophoben Molekiilteil ein
komplexes Phasenverhalten zeigen, neigen bereits in verdinnter Losung zur Bildung groRer
Aggregatstrukturen. Ein einfaches thermotropes Phasenverhalten kann mit der Bildung
Kleiner Micellstrukturen korreliert werden.

Die Vorhersage der Micellstruktur mittels des Kritischen Packungs Parameters (CPP), der aus
der Adsorption an der Luft-Wasser Grenzflache berechnet wird, ist nur sehr bedingt tauglich
fur Kohlenhydratamphiphile. Die Micellstruktur wird bereits von kleinen strukturellen
Anderungen beeinfluft, die sich auf das Verhalten an der Grenzflache aber nicht auswirken.
Der Zusammenhang zwischen der chemischen Struktur und der Micellform kann flr die
Herstellung micellarer Systeme fiir neue Anwendungen genutzt werden.

Die Loslichkeit der Amphiphile folgt im GroRen und Ganzen dem Konzept der Hydrophilic-
Lipophilic Balance nach Griffen (HLBG), z.B. wurde eine gute Wasserloslichkeit fir
Verbindungen mit hohen HLBG-Werten und gute Emulgatoreigenschaften fur niedrige
HLBG-Werte gefunden.

Das Aggregationsverhalten kann durch die Art der Methylierung der Alkylkette kontrolliert
und dartiberhinaus kénnen damit die unterschiedlichen biologischen Funktionen fir Pflanzen
(variable Temperatur) oder Tiere (konstante Temperatur) erklart werden. Die Loslichkeit von
(2R,4R,6R,8R)-2,4,6,8-Tetramethyldecyl-6-O-(a-D-galactopyranosyl)-p-D-glucopyranosid
(Mel-B-TMD) ist auch oberhalb der Krafft-Temperatur niedrig. Ein &hnliches
Loslichkeitsverhalten wurde bereits fur die (all-R) Tetramethyldecyl Wachs-Ester aus der
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Burzeldrise der Hausgans, die fir die wasserabweisenden Eigenschaften der Federn
verantwortlich sind, beobachtet. Die TMD-Kette behdlt diesen EinfluR auch als Teil eines
wesentlich polareren Molekuls. Darlberhinaus favorisiert eine methylierte Kette die Bildung
von Doppelschichten (Membranen), wohingegen die Bildung kubischer und columnarer
Phasen unterdruckt wird.

Kohlenhydratamphiphile zeigen oberhalb ihrer jeweiligen Krafft-Temperatur bereits in
niedrigen Konzentrationen gute Schaumungseigenschaften. Die Schaume sind sehr stabil,
besonders im Vergleich zu industriellen Standardschdumern. Auch erhoht sich die
Schaumbildung mit steigender Temperatur. Die Ergebnisse geben einen neuen Einblick in die
Beziehung zwischen der chemischen  Struktur des  Amphiphils und dem
Schdumungsverhalten, was eine gezieltere Auswahl eines gewinschten Schaumers
ermoglicht. Die in dieser Arbeit untersuchten neuen Kohlenhydratamphiphile bilden sehr
feine, kugelormige Sch&ume mit einer GroRenverteilung hauptsachlich zu schmalen
Luftbldschen hin. Auch die Stabilitat der Schaume ist, im Vergleich zu Standardschdumern
der kosmetischen Industrie, deutlich hoher.

Die allgemeinen Konzepte, entwickelt aus dem Phasenverhalten der hier untersuchten
einfachen Grundstrukturen, konnen zukunftig auf ihre Anwendbarkeit auf natdrliche,
komplexere Strukturen hin untersucht werden.
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List of abbreviations

a0
abs.
APG

BFsEt,0
b.p.

Chbz
CDCl;
Ci2Es
CHCl3
CH.CI,
CsHsN
CMC
CPP
col
Conc.
Cr

cub
cubbi
cubyis

dd

DIN
DLS
DMF
DMSO
D20
DSC
dt

EtzN
EO

headgroup area at the liquid-air interface

absolute
alkyl polyglucoside

borontrifluoride diethyletherate
boiling point

carbonylbenzyloxy
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hexaethyleneglycoldodecylether (Laureth-6)

chloroform

dichloromethane

pyridine

critical micelle concentration
critical packing parameter
columnar mesophase
concentration

crystalline

cubic mesophase
bicontinous cubic mesophase
discontinous cubic mesophase

doublet

double doublet

Deutsche Industrie Norm
dynamic light scattering
N,N-dimethylformamide
dimethylsulfoxide
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differential scanning calorimetry

double triplet

triethylamine
ethyleneoxide
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FeC|3
FTIR

g
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H
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mM
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MeOH
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NaN;

NaOMe
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spectroscopy
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SAXS
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V,
vIiv%
w/o

wit%
w/v%

oil in water

palladium on charcoal
polyethyleneoxide
phytol (3,7,11,15-tetramethylhexadecyl)
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small-angle neutron scattering
small-angle x-ray scattering
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chain melting temperature (Lg <> L, transition)
tetrahydrofurane
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inverted bicontinous cubic phase (lyotropic)
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Chapter 1

1.1 Amphiphiles

The great importance of amphiphilic molecules for biological systems and technical
applications is their ability to form both thermotropic liquid crystalline phases in their pure

state upon heating and lyotropic liquid crystalline phases upon addition of solvent.

T
A
/\ Cubp; Cuby,
Cubdis (EOI) SA ((|3_|0I) CubdiS
I L) |
-~
Paraffin HyO

FIGURE 1.1: Phase behaviour of amphiphiles in principle (Prade et al., 1995; Blunk et al.,
1998).

The driving force for the mesophase formation is a micro phase separation leading, in the case
of amphiphilic molecules, to an aggregate structure with separated regions for the lipophilic
and hydrophilic moieties. This enables the maintenance of the van der Waals interaction in
the hydrophilic region. The phase behaviour of these compounds in principle is shown in
Figure 1.1 (Prade et al, 1995; Blunk et al., 1998). At a fixed amphiphile/water ratio,
corresponding to a vertical line in the diagram, amphiphiles normally display the same phase
even as the temperature varies, exceptions can be found especially if these compounds have
an unusual geometry of the carbohydrate headgroup. In this case cubic phases may also be
observed, while simple amphiphiles exhibit only a thermotropic Smectic A phase. Deviation
from the phase behaviour of the pure amphiphiles, that is only changed by the temperature,
will occur upon the addition of solvents. The lamellar phase consists of planar bilayers, which
are built up by rod-like molecules. The bilayers stack on top of the other and each one is
separated by a layer of water in aqueous systems. Hence this phase is importance as it
corresponds to the cell membrane in biological systems (Rilfors et al., 1984). Whereas small
amounts of, for example water, will not change the phase type and transition temperatures,
larger amounts will induce new mesophases such as cubic and columnar phases (Hy) besides

the lamellar mesophase. The discontinous cubic phases are based upon varied packing of
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spherical or slightly anisotropic micelles, whereas the bicontinous cubic phases with
interwoven fluid porous structures are based on underlying infinite periodic minimal surfaces
(Fairhurst et al., 1998). Bicontinous cubic phases are of great biological interest as they are
supposed to play an important role during the process of cell-fusion or exocytosis (Siegel,
1986; Ellens et al., 1989; Siegel et al., 1989; Nivea et al., 1995), despite that the molecular
mechanism behind the fusion process is not yet full understood. It is known that the key step
in a fusion process has to be the rearrangement of the lipid molecules of the formerly apposed
two bilayers to form a single, continous membrane connecting both cells. Cubic phases can
also be induced, by using simple alkyl glycosides as dopants to membrane forming lipids
(Minden et al., 2002a).

Besides the homogenous liquid crystalline or single phases (Holmberg et al., 2003a) other
heterogeneous systems consisting of two or more phases can be formed by amphiphiles (see
Table 1.1). The formation of lyotropic aggregates will occur above a defined temperature the
so-called Krafft-eutectic temperature. The Krafft-temperature (7%) is a specific temperature
above which a hydrated solid amphiphile dissolves into assemblies (Laughlin, 1992 and
1994). Below this temperature the amphiphile precipitates as a hydrated solid.

TaABLE 1.1: Examples for different classes of amphiphilic systems.

Systems of single phases Systems of multiple phases
(homogeneous systems) (heterogeneous systems)
Solid phases Emulsions
Liquid crystalline phases Suspensions
Isotropic solutions Vesicles

Micellar solutions Foams

Microemulsions Gels

Vesicle solutions

1.2 Structure-property relationships

The aggregation of amphiphiles often does not depend on the exact chemical structure but
more general on the overall shape of the lipid (see for example Tschierske, 2001, and
references cited herein). Minden et al., (2000) showed that it is possible to reduce the
demanding stereochemistry of glycolipids to a more simple model. It was found that the exact

configuration of the carbohydrate headgroup (e.g. gluco, galacto) has its main influence on
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the transition temperatures of the compounds, but not on the phase sequence (see for example
Vill et al., 2000; Minden et al., 2000; Minden et al., 2002b). Thus the principle molecular
structure can be reduced to the type and position of linkage between the carbohydrate
headgroups. An overview of the general classes of amphiphiles is given in figure 1.2.

With reference to figure 1.2 it can be seen that the types of amphiphiles can be divided into
three general classes. Type A has a rod-like structure, an example of these compounds would
be alkyl glucosides or alkyl lactosides and cellobiosides. The alkyl chain is typically
connected to the carbohydrate headgroup in B-position and, in the case of disaccharides, the
two sugar moieties are also connected via a -linkage at the anomeric centre. Compounds of
type B can be divided into two subcategories: slightly wedge-shaped and tilted compounds.
Typical molecules of this type would be for example alkyl-B-maltosides where the two
Glucose units of the carbohydrate headgroup are connected via a al—4 linkage or alkyl
melibiosides where a Galactose moiety is linked al—6 to a Glucose moiety. Type C
represents a class of common biological lipids, the diacyl- or dialkyl glycosyl glycerols.
These compounds are often termed “Y-shaped” lipids and can be found as normal (one polar

head, two chains) or inverted (two polar heads, one chain) types.
rod

wedge tilted normal inverted

A B C

FIGURE 1.2: Types of amphiphiles (Minden et al., 2000).

This simple structural description of amphiphiles has been successfully applied to the liquid
crystalline properties of alkyl glycosides and glycosyl diacyl glycerols (Vill et al., 2000;
Minden et al., 2000; Minden et al., 2002a; Minden et al., 2002b). It can also be used to
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describe other carbohydrate headgroups or a different linkage of the alky chain to those
headgroups.

1.3 Micelles

Liquid crystalline phases of alkyl glycosides and glycolipids have been extensively
investigated. Micellar phases of synthetic alkyl glycosides and glycolipids on the other hand
are less well known and most work is done on commercially available compounds. A concise
description of the structure-property relationship between the micellar phases and the
molecular structure is still missing.

In aqueous solution amphiphilic molecules form monolayer films at the air-water interface,
further added amphiphiles are packed into this adsorption-film until the surface is completely
covered by a monolayer. At this point, the so-called critical micelle concentration (CMC),
further increase of the concentration of amphiphiles leads to the formation of micelles
(Holmberg et al., 2003a). The surface tension of the solution is lowered with increasing
concentration, according to the adsorption-isotherm of Gibbs (Hiernez, 1977; Gibbs, 1976).
After reaching the CMC, the surface tension stays constant.

The micellar forms can be very different, simple spherical micelles can be found, as well as
long rod-like aggregates, which behave similar to solutions of polymers (Holmberg et al.,
2003a). The micellar form depends on the molecular structure. For example, in the case of
tridecyl and tetradecyl maltoside elongation of the alkyl chain by one methylene group leads
to the formation from spherical (Minden et al., 2000) to polymer-like micelles (Ericsson et
al., 2005; Heerklotz et al., 2004).

1.3.1 Geometric packing of amphiphilic molecules in micelles

The formation of aggregates above the CMC can be described in terms of a geometrical
packing analysis. The two main forces that control the self-assembly into aggregate structures
in water arise from the behaviour at the air-water interface. One force derives from the
association of the molecules due to a hydrophobic attraction at the interfacial area, while the
other, repulsive force arises from the nature of the headgroups, requiring the contact of the
hydrophilic head with water. According to Tanford (1980) these ‘opposing forces’ are acting
mainly at the interface between the hydrophilic and hydrophobic parts. The balance of these
two forces is the optimal headgroup area (ay) or an energetic minimum of the interfacial area

(a) per molecule (See also Figure 1.3).
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Free energy of interaction, p.o

Repulsive energy

Surface area per molecule,a

FIGURE 1.3: Position of the optimal headgroup area (ay) at the minimum of the total energy of
the repulsive (headgroup) and attractive (hydrophobic) forces (Israelachvili, 1992a).

From this the interfacial energy per molecule can be expressed as:

0 4 2
Hy :27a0+5(a_a0) (1.1)
with: y: interfacial free energy per unit area
a: surface area per molecule

ap: optimal surface area per molecule

4y interfacial energy per molecule

where the attractive interaction from the interfacial tension force (Parsegian, 1966; Jonnson
and Wennerstrom, 1981) and the repulsive contributions arising from steric, hydration and
electrostatic forces of the headgroup (Isrealachvili et al., 1980; Puwada and Blanckstein,
1990) are taken into account.

With knowledge of the preferred interfacial area and the geometric properties of the

molecules the most favoured structures that arise from these can now be predicted.
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Interfacial
(hydrophobic)

attraction
~—f

Head group (hydrophilic) interaction

Area a,

FIGURE 1.4: Geometric packing of amphiphilic molecules into spherical micelles (Reprinted
from ISRAELACHVILL, J.N., Intermolecular and Surface Forces, 2™ ed., p.368, Copyright

1992, with permission from Elsevier).

The most simple micellar form is a sphere. As shown in Figure 1.4 a sphere can be divided
into cones. According to Israelachvili (1992a) the molecular geometry of the amphiphile-cone
in the micelle depends on the optimal headgroup area a, the volume of the hydrophobic alkyl
chain v and its maximum length /,,. The chain cannot extend this length, so it is more
commonly referred to as the critical chain length /.. According to Tanford (1980) the critical
chain length is given by

[ <1 ~(0.15+0.12651, )nm (12)

with: n.: number of carbon atoms
l.: critical chain length

Inax : maximum chain length

and the volume of the chain by
v~ (27.4+269n )x107 nm’ (1.3)

with: v : chain volume

The aggregation number N is assumed to be the ratio between the volume of the micellar core

V.uic and the chain volume v:

Vmic 47Z-Rr3;tic
N = b 3 (1.4)

30



Chapter 1

with: Vi : volume of the micellar core
N: aggregation number

R,,ic : radius of the micellar core

Also N can be expressed as the ratio between the micellar area A4, at the surface and the

headgroup cross-section area ay:

A 47R*.

N — mic — mic
(1.5)

a, a,
with: A, : Surface area of the micelle
From Eq. 1.4 and 1.5 follows:
% 1

== 1.6
RmicaO 3 ( )

Since R cannot exceed the maximum chain length of the surfactant alkyl chain the term on
the left side in Eq. 1.6 is limited by

1%

1
<=
L a3 (1.7)

max
for a spherical micelle. The ratio described in Eq. 1.7 is called Critical Packing Parameter
(CPP). Amphiphiles do not form only spherical micelles, since for smaller values of ay Eq.
1.7 will be v / ap . > 1/3. The aggregates that can be formed and the corresponding CPP

values are shown in table 1.2.

TABLE 1.2: Supramolecular structures depending on the packing shape and the critical
packing parameter (CPP), according to Israelachvili (1992).

CPP Packing shape Structures formed
<1/3 Cone Spherical micelles
1/3-1/2 Truncated cone Cylindrical micelles
1/2-1 Truncated cone Flexible bilayers, vesicles
~1 Cylinder Planar bilayers
>1 Inverted structures

The interaction and the chirality of complex headgroups (e.g. carbohydrates) are not captured
within the model of the CPP. The CPP can be easily calculated from the headgroup area at
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the air-water interface which can be measured by surface tension experiments. The structures
that are formed by carbohydrate-based lipids on the other hand often do not correspond with
that predicted by the CPP.

1.4 Structural characterisation of supramolecular aggregates

Physical, technical, biophysical and biological properties have been reported for lipids (for
recent reviews see for example Koynova and Caffrey, 1994; Mannock and McElhaney, 2004
and references cited herein). The connection of these properties with the molecular structure
of these compounds gives a structure-property relationship, which provides a different
understanding of certain functions of these lipids. Useful methods for the characterisation of
the physical and biophysical properties can be concluded from the general phase behaviour of
lipids (Figure 1.5).

-
A SAXS / Polarising microscopy SANS
DSC/FTIR DLS
Cubyp,; Cubp; CcMmC Surface
/ tension
CUbdiS Col SA Col CubdiS %
H H
(Hyp) L,) (H))
Paraffin H, O

FIGURE 1.5: Physical characterisation methods for determining structural properties of
amphiphilic compounds (SAXS - Small-angle x-ray scattering; DSC - Differential scanning
calorimetry; FTIR - Fourier Transform Infrared spectroscopy of the chain order; SANS -

Small-angle neutron scattering; DLS - Dynamic light scattering).
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As shown in figure 1.5 the method of choice depends on the concentration of the amphiphile
in the solvent. It is assumed that the aggregation of amphiphiles starts at a certain point, the
critical micelle concentration (CMC).

The CMC can be determined using various methods, where the most common one is the
surface tension method. The micellar phase region can be characterised by using small-angle
neutron scattering (SANS) or dynamic light scattering (DLS). A combination of the methods
provides a comprehensive picture of the structure of the aggregates. The structure of higher
ordered phases in water, especially cubic, hexagonal and lamellar phases, can be determined
best by using small-angle x-ray scattering (SAXS). Micellar phases can also be characterised
using this method, but its use is limited to water contents of no more than 95% above which it
becomes impossible to substract scattering signals of aggregates from the residual
background. A qualitative phase diagram of the lyotropic phases can be obtained by
polarising microscopy using the contact preparation technique. The thermotropic phases and
phase transitions can be characterised as well. For phase transition temperatures and the
characterisation of the phases differential scanning calorimetry (DSC) is very common.
Nevertheless, it is often not possible to determine the phase region of metastable phases (e.g.
cubic phases). In this case the combination of DSC and polarising microscopy will be useful.
Additional structural information regarding the conformation of the hydrophobic molecular
part in water can be obtained by using Fourier-Transform Infrared Spectroscopy (FTIR). A
combination of these methods gives a complete picture of the supramolecular aggregate

structure of the investigated amphiphile.

1.4.1 Surface tension

There are several possible ways for the determination of the CMC of an amphiphilic
molecule. The most common one for surfactants and amphiphiles is the use of the de Noiiy
ring method. A platinum ring is submerged in an aqueous solution of the amphiphile and the
maximum force that is required to pull the ring through the surface is determined. The surface

tension is then calculated using

oc=0 -F= P -F (1.8)
2r- (R, +R,)
with: o : surface tension
o measured surface tension
F: correction factor
P: maximum force on pulling the ring through the surface,

Ri/ R;: inner radius / outer radius of the ring
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The correction factor F' in Eq. 1.8 includes the hydrostatic lifted volume, temperature, ring
geometry and the density of the solution.

Besides the CMC other useful data can be obtained. For non-ionic surfactants the surface
tension is related to the adsorption of a molecule at air-liquid interface through the Gibbs-
equation (Hiernez, 1977; Gibbs, 1976)

oo = —Z Iou, (1.9)
i=1

with: 77: surface concentration of component i

4 : chemical potential of component i

from Eq. 1.9 the surface concentration of the amphiphile can be derived:

r._ L} do
RT| dnc (1.10)

with: R : molar gas constant

T : temperature

¢ : concentration

At the air-water interface only monolayer adsorption is assumed, therefore the adsorbed

amount of amphiphile is inversely proportional to the area per molecule at the interface
1000
6.023I'

with: @y : headgroup area at the air-water interface

a, (in A*/molecule) (1.11)

and can be used for the calculation of the Critical Packing Parameter (CPP).

1.4.2 Small-angle scattering (SANS and SAXS)

Information regarding the structure, especially the structural parameters of supramolecular
aggregates, is necessary for a thorough characterisation of amphiphilic compounds. The use
of x-ray or neutron radiation is one of the most important tools. The scattering of the radiation
occurs for x-rays on the electron system of the atoms and for neutrons directly on the nucleus.

According to Braggs equation (Eq. 1.12),

l_ 2-sin@
T (1.12)
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with: d : distance between the different scattering layers
0: scattering angle

A : wavelength

it is obvious that the scattering angle depends on the size of the structure. Large structures,
like micelles will scatter at small angles and vice versa. The great advantage of neutron
scattering compared to x-ray scattering lies in the fact that neutron scattering length densities
(b) for hydrogen and deuterium are very different (b = -0.374 x 102 cm <> bp = 0.667 x
107"% cm). Thus the scattering curves of normal and heavy water are different and this offers

the possibility to measure solutions at very low concentrations.

Shematic View of SANS-1

Super mirror polarizer

NG-1 (R=1040m) Spin Flipper  Guide Field Cryostat ~ Detector
Reactor /
FRG-1 ﬂ i
i! | FI \’:I
N | BEL 2V
Cold Source Velocity Selector{ Neutron Guide/Collimator ; Sample

9m ! 10 m

FIGURE 1.6: Schematic view of the small-angle scattering instrument SANS-1 at the GKSS

research centre (Taken from: Schreyer ef al., 2004, reprinted with permission).

Neutron scattering experiments described in this thesis were carried out using the FRG-1
reactor at the GKSS research centre in Geesthacht, Germany. The experimental setup of the
SANS-1 instrument designed for the investigation of colloidal systems (Stuhrmann et al.,
1995) is shown in figure 1.6. The research reactor FRG-1 has a thermal neutron source power
of five megawatts. It provides a constant neutron flux of 1.4 x 10" n/cm®. The neutrons are
sent through beam-holes to the different experiments. For the SANS-1 experiment the
neutrons are guided first through a curved beam-line (NG-1), where the gamma-irradiation is
cut off. Next the neutron-beam passes a velocity selector where only neutrons of the desired
speed can pass. The beam passes the collimator line and is sent onto the sample. The
wavelength of the cold polarised neutrons is A = 8.1 A with a wavelength resolution of +10
%. The samples are kept in a thermostated sample holder for isothermal conditions. With the

SANS-1 instrument it is possible to measure five samples in one cycle. A two-dimensional
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*He-counter is used for the detection of the scattered neutrons. The active area of the detector
is 55 x 55 cm® with an effective pixel size of 0.7 x 0.7 cm®. The detector is placed in a
vacuum-pipe and the sample-to-detector distance can be varied from 0.7 to 9 m. This allows
coverage of scattering vectors from 0.005 to 0.25 A

The raw scattering data have to be corrected for the incoherent background scattering of the
solvent and are normalised to the concentration. The further analysis of the scattering data can
be done in two different ways. First a model-independent approach is used, the indirect
Fourier Transformation method (IFT) (Glatter, 1977; Pedersen, 1997). The IFT-routine gives
information about the shape, radius and mass of the studied aggregates. With this information
it is possible to select appropriate models that can then be applied to the scattering data. From
a ‘best fit’ further information, e.g. overall length, flexibility or aggregation number, can be
calculated. More detailed informations about the chosen models and data analysis are given in
the subsequent chapters. Data analysis is done using computer programs. For the analysis of
the raw data the programs “SANSI” and “ri” from the GKSS program library were used.
Model fits were performed using the program “LORES’ from Prof. Jan Skov Pedersen
(University of Aarhus). The IFT-analysis was made using the program “Glatter” by Prof.
O. Glatter and J.S. Pedersen.

1.4.3 Fourier Transform Infrared Spectroscopy (FTIR)

Another method for the characterisation of the supramolecular structures of glycolipids is the
FTIR spectroscopy (see for example Brandenburg and Seydel, 1998, and references cited
herein). The state of order of the alkyl or acyl chains of glycolipids influences their molecular
shape. It is assumed that the chains can have two main states, the gel (f-phase) and the liquid
crystalline (a-phase) state. The transition between the - and the [(phase takes place at a
given phase transition temperature 7. The value of this chain melting temperature 7, depends
firstly on the number, length and degree of unsaturation of the acyl chains and secondly on
the conformation, charge density, its distribution within the headgroup region and the nature
and size of the saccharide moiety. IR spectroscopy allows the study of the motional freedom
of the absorbing groups within the molecules and the changes due to temperature, pH, solutes,
hydrogen and/or salt binding as well as interaction with agents. In many analyses of
glycolipids, FTIR spectroscopy is applied complementary to other techniques, such as NMR
and mass spectrometry, merely as a tool to monitor functional groups like sulfate, phosphate,
etc. Phase transitions, which are often observed with changing water content, can be observed
by FTIR-spectroscopy, but it is not possible to correlate this transition with its supramolecular
structure. The phases have to be determined by other methods auch as small-angle x-ray

scattering. Figure 1.7 shows an example of these orientation measurements. The lipid sample
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in aqueous buffer is spread on the surface of the crystal and the totally reflected polarised
light allows the analysis of thin multilayers. For the evaluation of the gel-to-liquid crystalline
phase behaviour, the peak position of the symmetric stretching vibration of the methylene
band v, (CH,) approximately 2850 cm™ is often chosen, which is a sensitive marker of lipid
order (Brandenburg and Seydel, 1990).

IR light
¥

FIGURE 1.7: Orientation measurements (IR dichroism) via an attenuated total reflectance unit

(Copyright by FZ Borstel, reprinted with permission).

1.5 Industrial Applications

An important technical feature of amphiphiles is the use as foaming agents or cleansers
(Ananthapadmanabhan et al., 2004; Holmberg et al., 2003b) in products for domestic or
household use.

Foams are defined as a dispersion of a gas in a liquid or solid. They are divided into two
different classes: Non-stable or transient foams and stable foams (Holmberg et al., 2003b).
Whereas transient foams can only be characterised by the dynamic foam height, using the
Bikerman method (Bikerman, 1953), stable foams are characterised by their foaming ability
and foam stability. A pure liquid itself cannot form foams a surface active substance is
required.

Cleansers are usually mixtures of amphiphilic surfactants and cosurfactants designed to uplift
and solubilise dirt from skin. Beside this function, the formation of foam is desired and often
regarded as an aspect of quality by the consumer. Therefore much attempt has been made by
the industry to create formulations with a good cleansing and foaming ability (see for example
Engels et al., 1998). The foaming behaviour can be determined by using the industrial
standard foam test according to Ross and Miles (DIN53902-2, 1977; Ross and Miles, 1941).
A more simple method, working in a similar way, but requiring only small amounts of

substance for each test, is shown in figure 1.8. By shaking a defined volume of a solution of
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the amphiphile in water in a defined manner, the foaming ability can be determined. The foam
stability is then defined as the volume of foam that remains 30 minutes after agitation of the

cylinder. The experiment is repeated several times until the deviation stays constant.

FIGURE 1.8: Foam test similar to the Ross-Miles test method. Left: Foaming ability (V) -

Foam volume direct after agitation). Right: Foam stability (73) - Foam volume after 30 min.).

Compounds showing a good foaming ability have to be tested for their use in consumer
products. The foaming properties obtained from the Ross-Miles test often do not correlate
with the formation of foam on skin or hair. This is tested by foaming a defined amount of hair
with a defined amount of test solution. The formed foam is investigated by light microscopy
immediately afterwards. Thus it is possible to get information about the structure of the foam
and the size distribution of the air bubbles inside the foam.

The determination of the foam heights allows a first selection. Compounds showing a good
foaming ability are then tested for their foaming ability on hair or skin. The foam structure is
another criteria in the invetsigation of the amphiphiles. Spherical foams with a narrow size
distribution of small air bubbles are preferred and are regarded as foams of a good quality for
the use in a consumer product (J. Schreiber, personal communication).

Compounds showing a good foaming ability in the Ross-Miles test, but not on skin or hair,

are also of interest; for example as ingredients in foaming bath or as laundry detergent.
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1.6 Previous work

1.6.1 Synthesis

Several synthetic strategies have been employed to the synthesis of carbohydrate-based
amphiphiles and glycolipids. Several structural types have gained interest as lipids for

biological investigations, liquid crystals or surfactants and detergents.

Alkyl glycosides

Alkyl glycosides are commonly used as detergents and emulgators. Several approaches are
available for the synthesis of these compounds. The synthesis of the pure a- and -anomeres
has been performed in different ways. Peracetylated glycosyl-halides have commonly been
used for the synthesis of alkyl monosaccharides in four steps (for example Noller and
Rockwell, 1938; Rosevar et al., 1980; Ma et al., 1994). Also the synthesis of short-chained
alkyl maltosides has been performed in this way (Boyd et al., 2000). The use of the a-halides
only produce products with -configuration (D-gluco and D-galacto series). The neighbouring
group-effect of acetyl on C-2 of the sugar ring, forces the aglycon into the frans position
(Paulsen, 1982). The synthesis of an a-anomer is slightly more complicated as it requires a
thermodynamically less stable PB-halide and a neighbouring group at C-2 that does not
participate in the substitution reaction.

It is a more convenient method to use a peracetylated saccharide as glycosyl donor. Under
catalysis of a Lewis acid the acetoxy group at C-1 is substituted by the aglycon (Banoub and
Bundle, 1979). The B-anomer can be isolated under kinetic control, whereas the a-anomer is
prepared under thermodynamic control (Bocker and Thiem, 1989). The use of boron
trifluoride etherate for example was found to give the desired B-anomer after a reaction time
of 5 hours (Vill et al., 2000), also the degree of anomerisation was found to be very low. The
synthesis of a-anomers using tin(IV)chloride or ferric(Ill)chloride as Lewis acid has been
described for the synthesis of several alkyl a-mono- and disaccharides (Vill et al., 2000;
Minden et al., 2000; Chatterjee and Nuhn, 1998).

Derivatives of alkyl glycosides

The synthesis of glycolipids with a spacer between the carbohydrate head and the lipophilic
tail has only been described sparingly, for these compounds have no natural structural
analogues. Most similar to natural compounds is the building-block sugar-ethanolamine-fatty
acid, as the N-acyl ethanolamine spacer unit is similar to the ceramide subunit. Therefore

Miura et al. (1996) synthesised a few lactose-based compounds of this structural type with
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four different fatty acids. However, the synthetic route provided the compounds only in very
poor yields and furthermore the starting materials are expensive.

A different aim is the use of ethyleneglycol spacer to increase the distance between the
carbohydrate headgroup and surface in vesicles (Nuhn et al., 1994, Bendas et al., 1996). Falk
et al. (1995) synthesised a series of n-alkyl-ethylenglycol a-monosaccharides using FeCls as
Lewis acid in excellent yields, they also report that the f-anomeres were obtained in moderate
yields. The synthesis of (2-dodecyloxy-ethyl) B-D-lactopyranosides as an intermediate in the
synthesis of a sulfated lipid using trimethylsilyl trifluoromethansulfonate has also been
described (Yoshida et al., 1995), but to date this is the only example for long-chain n-alkyl
ethylenglycol lipids with disaccharide carbohydrate headgroups.

Another class of alkyl glycoside derivatives are the N-acyl glycosylamines where the hydroxy
group at C-1 of the sugar ring is replaced by an amino group. Several synthetic pathways have
been used for the synthesis of these surfactants. One way uses the direct reaction of the
freshly prepared glycosylamine with the fatty acid chloride in methanol (Lubineau et al.,
1995). The great disadvantage is that most of the glycosylamines derived from disaccharides
are not soluble in the solvents needed for the reaction. Therefore a different pathway uses
peracetylated glycosylamines. The method described by Masuda and Shimizu (1998) starts
from the peracetylated a-glycosyl bromide. The bromide is substituted by an azido-group that

is converted into the glycosyl amine.

Glyco glycero lipids

Glyco glycero lipids and especially glycosyl 1,3-dialkyl, 1,2-diacyl glycerols and diglycosyl
2-acyl glycerols have created much interest due to their possible role in biological processes
(see for example Ishizuka and Yamakawa, 1985; Curatolo, 1987). Therefore different
synthetic strategies have been employed for the synthesis of these compounds. A simple and
convenient method for the synthesis of glycosyl 1,3-dialkyl glycerols has been described by
Minamikawa et al. (1994). This synthetic route starts with the peracetylated sugar, which is
deprotected on C-1. Next the a-trichloracetimidate is prepared which is then reacted with the
dialkyl glycerol under Lewis acid catalysis. After deprotection of the sugar the final
compounds are obtained in good to excellent yields.

The synthesis of glycosyl diacyl glycerols is sligthly more complicated and requires different
synthetic strategies depending on the type of fatty acid chain. Mannock et al. (1987, 1990)
described a procedure for the synthesis of glycosyl diacyl glycerols with saturated fatty acid
chains, which gives the final products in a few steps. Nevertheless the sugar headgroup is
deprotected in the last step using hydrazine hydrate. Hence this method is not suitable for the
preparation of lipids with unsaturated acyl chains as the double bond will be destroyed during

the deprotection step. Nagatsu et al. (1994) and Minden et al. (2002b) used an alternative
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method introducing intermediate changes to the protective group which can be easily removed
afterwards under reductive conditions.

For the synthesis of inverted glyco glycero lipids with one hydrophobic chain and two sugar
heads only a few examples can be found (Minden et al., 2002b; Schmidt and Jankowski,
1996).

1.6.2 Structure-property relationship

The influence of the molecular structure of amphiphiles on the supramolecular self-assembly
can provide solutions to possible functions (see for example Hato, 2001; Ellens ef al., 1989;
Lindblom and Rilfors, 1989; Curatolo, 1987; Tanaka et al., 2004; Brandenburg and Seydel,
1990; Tschierske, 2002). Despite the importance of this structure-property relationship, only a
little is known about it to date. The main problem arises from the fact that the molecular
structure of glycosides is often over-simplified. The molecular structure of disaccharide or
higher alkyl glycosides is understood as only a combination of two or more sugar units
regardless of the real molecular structure. Moller et al. for example state “...alkyl glucosides
(C,G,,) with different hydrocarbon chain length and different numbers of glucose units.”
(Moller et al., 1998) and thus consider the type of sugar linkage as unimportant. It can also be
found that different disaccharides (e.g. lactose and Maltose) are regarded to be similar, despite

the fact that the molecular structure is totally different (S6dermann and Johansson, 2000).

1.6.3 Micelles formed by glycolipids and surfactants

Numerous publications deal with the investigation of micelles formed by sugar-based
surfactants (see for example Holmberg, 2001; Stubenrauch, 2001; Hoffmann and Platz, 2001,
and references cited herein; Tschierske, 1996, and references cited herein). The subjects of
these investigations are very different although the number of compounds investigated is
small. Commercially available compounds have mainly been investigated, and there are only
a few examples of investigations dealing with synthetic or natural amphiphiles. The results
obtained for similar compounds are often different. This might be explained by the different
techniques used for the characterisation of the micellar phase region. Whereas the use of
small-angle scattering techniques dominates, other methods e.g. light scattering or NMR-self-

diffusion measurements are also used.
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Monosaccharide Headgroups

Octyl-B-D-glucopyranoside (Glc-B-C8). Glc-B-C8 has long been known as a good foamer and
is used as surfactant and detergent in many applications (see for example Shinoda ef al., 1959;
Shinoda et al., 1996, and references cited herein). It is thus not surprising that the micellar
structure of this compound has also been investigated. However, the aggregation behaviour of
Glc-B-C8 in dilute solution is still not sufficiently explained. Focher et al. (1989) found a
hydrodynamic radius of 28 A for Glc-B-C8 which cannot be correlated with a spherical
micellar shape. Directly above the CMC the results from NMR self-diffusion experiments
point on a non-spherical shape of the micelles as reported by Nilsson ef al. (1998). The study
of the micellar phase region by SAXS and SANS gives results which can be described by a
cylindrical core-shell model (Zhang et al., 1999). Also the micellar phase region extends from
the CMC up to 60 wt% of lipid (Nilsson et al., 1996) without a structural change (He et al.,
2000).

The micellar shape and length as well as the phase diagram indicate a dramatic change with
increasing alkyl chain length from seven to ten carbon atoms. Zhang et al. (1999) compared
the micelle length of heptyl-, octyl and nonyl-B-D-glucoside and found that at the same molar
concentration the size of micelles increases from 16 A for heptyl-B-D-glucopyranoside (Glc-
B-C7) to 45.6 A for Glc-B-C8 and finally to 1600 A for nonyl-B-D-glucopyranoside (Glc-B-
C9). Additionally Nilsson et al. (1998) postulated a rod-like shape for the micelles formed by
Glc-B-C9 and decyl-B-D-glucopyranoside (Glc-B-C10).

Interestingly, Glc-B-C10, displays two micellar phases at concentrations between 0.1 and
17 wt% of surfactant (Nilsson et al., 1998). The aggregation number of the dilute micellar
phase lies in the range of 200 and 400 molecules per micelle, whereas in concentrated
micellar phases aggregation numbers of >600 can be found, possibly belonging to large
wormlike aggregates or branched micelles (Nilsson et al., 1998).

The phase diagram of Glc-B-C9 was found to be similar to that of Glc-B-C8 (Nilsson et al.,
1998). A broad micellar phase region, which, upon increasing concentration, is sequentially
followed by a hexagonal, bicontinuous cubic, and a lamellar phase change. Also for Glc-B-C9
different results for the micellar structure are reported. Whereas one group postulates the
formation of spherical micelles (Majhi and Blume, 2001) at concentrations near the CMC,
Nilsson ef al. suggest that nonspherical aggregates are formed at concentrations immediately
above the CMC (Nilsson et al.,, 1998). At higher concentration Glc-B-C9 forms stiff,
elongated structures, which grow in one dimension with increasing concentration (Ericsson et
al., 2004). The structure could be described more specificly by a model for thread-like
micelles.
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Disaccharide Headgroups

Octyl-, dodecyl-, tridecyl and tetradecyl -D-maltoside have been extensively investigated due
to their good solubility in water, e.g. the Krafft-temperature is below 20 °C.

For example the micellar structure of octyl-B-D-maltoside was determined to be spherical and
does not change size or shape throughout the whole concentration range of the micellar phase
(He et al., 2002; Aoudia and Zana, 1998). The micellar size and shape at different
temperatures was reported to be similar too. For the micellar shape of dodecyl-B-D-maltoside
(Mal-B-C12) different results can be found in the literature. Focher et al. (1989) estimated a
spherical shape by using a combination of dynamic light scattering and NMR-self diffusion
experiments. Later on a micellar shape was determined for Mal-B-C12 by small-angle
scattering methods, but while one publication calculated an ellipticity of e = 0.75 (Cecutti et
al., 1991), another publication postulated an oblate ellipsoid with e = 0.59 (Dupuy et al.,
1997). In addition to these differences all three authors found that the micellar shape does not
change with increasing concentration throughout the whole micellar phase range and that with
an increase of the alkyl chain length, a change of the micellar shape occurs at lower
concentration. As reported by Heerklotz et al. (2004), the formation of elliptical micelles was
observed for tridecyl-B-D-maltoside (Mal-B-C13) at low and medium concentration. At
higher concentrations a sphere-to-rod phase transition takes place. For tetradecyl-B-D-
maltoside (Mal-B-C14) the transition already occurs at low concentrations (~ 10 mM). In the
concentration range from 10 to 300 mM the formation of rod-like micelles can be observed
before a liquid crystalline phase is formed. According to Ericsson et al. (2005) Mal-B-C14
forms polymer-like micelles at medium concentrations that grow with increasing
concentration. These micelles show length scales of 1700 A (1 wt% lipid) at 35 °C, which
increase up to 3800 A for a concentration of 5 wt% of lipid. At higher temperatures the length
of micelles even increases.

Beside normal alkyl glycosides synthetic surfactants containing amine or amide groups have
also been investigated for their ability to form micelles in aqueous solution. Dupuy et al.
(1996, 1998) and Auvray et al. (2001) investigated several short chained (N-alkylamino)-
lactitols with alkyl chains of 8 to 12 carbon atoms, (N-dodecyl)-lactobionamide and (N-acetyl
N-dodecyl)-lactosylamine. The open-ring lactitols form elliptical micelles with an axis ratio of
~ 0.7 from C8 to C12 alkyl chains length. The total radius and the aggregation increase
linearly with increasing chain length. The open-ring lactobionamide shows a similar micellar
structure as the corresponding lactitol. Only the (N-acetyl N-dodecyl)-lactosylamine forms
spherical micelles with a smaller aggregation number than the other compounds. A dramatic
change of the aggregate structure occurs when the alkyl chain length is increased.
Bhattacharya and Acharya (2000) found that the (N-hexadecyl)-lactitol as well as the (V-

hexadecyl)-maltitol no longer form micelles but vesicles with diameters between 500 and
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800 A. Conversely (N-hexadecyl) lactosylamine and maltosylamine still form micelles but
with a radius of more than 80 A, which is more than twice the radius of the (N-dodecyl)-
lactosylamine, indicating that the molecular structure becomes unfavourable for the formation

of micelles with increasing chain length.

Anomeric linkage a — S

The influence of the anomeric linkage of the alkyl chain to the sugar headgroup has been
investigated for octyl glucoside (Glc-a-C8 and Glc-B-C8) and for dodecyl maltoside (Mal-a-
C12 and Mal-B-C12). Focher et al. (1989) were the first to report that the type of anomeric
linkage of the alkyl chain changes the phase behaviour in dilute solution completely. Whereas
Glc-B-C8 was found to form small micelles, the a-anomer does not form micelles but large
non-spherical structures instead. A less dramatic difference in the aggregate formation was
found by Dupuy et al. (1997) for the two anomers of dodecyl maltoside. As reported before,
Mal-B-C12 was found to form elliptical micelles with a total radius of 34.4 A and an
ellipticity of & =0.59, while the a-anomer Mal-a-C12 forms spherical micelles of smaller size
with an average radius of 24 A. The main difference can be seen in the aggregation number N.
In the case of Mal-a-C12, where a micelle is formed by 75 molecules, micelles of the 3-

anomer require nearly twice as many molecules (N = 132).

Branched chains

Branched alkyl chains are commonly used to enhance solubility in water by lowering the
Krafft-temperature. Detailed studies of the higher ordered phases of lipids bearing
methylated, ethylated or higher branched chains are known (see for example Hato, 2001, and
references cited herein) but studies of the micellar phases are scarce. Hato et al. (2002)
observed a micellar phase for (3,7,11,15-tetramethylhexadecyl)--D-maltoside, but no closer
characterisation was given. The monosaccharides with the same type of alkyl chain did not
form a micellar phase. A similar result was found for (2,4,6,8-tetramethyldecyl)-p-D-
glucoside and galactoside as well as for (3,7,11-trimethyldodecyl)-B-D-glucoside (Milkereit et
al., 2004). The molecular shape of the compounds only allows the formation of a lamellar
phase, but no other phases are formed with increased water content. Single branched
compounds on the other hand retain the ability of micelle formation. Nilsson et al. (1997)
found micellar phases for four different glucosides with 2-ethylhexyl, isooctyl, 2-propylheptyl
and isodecyl alkyl chains.

Mixed micelles
Mixed micelles of two or more different amphiphiles or surfactants are of interest, because

new properties often arise from the addition of a second surfactant (Holmberg et al., 2003c).
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Examples of mixed micellar systems have been described (Hines, 2001 and references cited
herein). Different effects can be observed by mixing different surfactants: change of the shape
of micelles, aggregation number and length scale. These effects can be antagonistic
(destabilisation) or protagonistic (stabilisation). For example the addition of sodium dodecyl
sulfate (SDS) to micelles of the EO-surfactant C;,E¢ reduces the aggregation number owing
to a growth of the electrostatic interaction of the headgroups (Garamus, 2003). The addition
of SDS to micelles of the alkyl glycoside Mal-B-C12 does not change the mean aggregation
number of the elliptical micelles: the growth of the electrostatic interaction leads only to an
increase of the ellipticity of the micelles with increasing molar fraction of SDS (Bucci ef al.,
1991). A positive effect on the micellar growth has been reported by Lainez ef al. (2004). The
addition of the cationic surfactant tetradecyltrimethylammonium bromide to micelles of Glc-
B-C8 increases the aggregation number as the molar fraction of cationic surfactant increases.

Alkyl poly glucoside (APQG) itself can be regarded as a mixed micelle system. It is a complex
mixture of different a- and B-glucosides with different alkyl chain lengths and a varying
degree of polymerisation of the Glucose units. These systems are difficult to analyse due to
the inhomogenous distribution of the alkyl glucosides. Nevertheless it is reported that APG
derived from alcohol blends of short chain length (Cs/10G;5-APG) form spherical micelles
whereas the medium chain derivatives (Ci2/14G15-APG) form rod-like micelles (Platz et al.,
1995). Furthermore effects can be induced by the addition of hexanol to micelles formed by
the short-chain Cg/190G 5-APG (Stradner et al., 2000). The globular micelles of the pure APG
start to grow to rod-like micelles at very low hexanol content at slightly higher hexanol
concentration the formation of giant polymer- (or worm)-like micelles is observed. On the
other hand the addition of small amounts of n-butanol to micellar solutions of the pure
amhiphil Glc-B-C8 completely changes the shape of micelles from a rod-like geometry to

anisotropic micelles (Moller ef al., 1998).

Other amphiphile or lipid structures

Formation of micelles can also be observed for more complex structures. Gulik et al. (1995)
found that even the complex gangliosides GM1 and acetyl GM1 form spherical micelles in
dilute aqueous solution. Interestingly these compounds form a discontinous cubic phase with
increased concentration, which is normally very difficult to characterise. Non-typical
amphiphiles are able to form micelles as well. For example the formation of spherical
micelles was observed for a bolaamphiphile with two N-aza-18-crown-6 headgroups and a
Cl6-alkyl chain (Caponetti et al., 2004).

From all these results it becomes obvious, that sugar-based amphiphiles already show
complex aggregation behaviour in the micellar solution. The properties are difficult to
generalize, especially for disaccharide compounds, due to a limited amount of data. It is also
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difficult to apply results obtained for typical surfactants, e.g. EO-based or ionic to sugar-

surfactants, due to the differences in the polar headgroup region.

1.7 Aims

In the preceding introduction a general overview was given about the aggregation of
amphiphilic compounds, aggregation models, the main characterisation methods and the
current state of scientific research. In the subsequent chapters of this thesis the synthesis of
different types of amphiphilic compounds is described, with structural variations of the
carbohydrate headgroup and the lipophilic tail. Furthermore, the characterisation of the
lyotropic aggregates and phases, as well as technical features of the synthesised compounds,
are presented. Finally, the results are combined to derive structure-property relationship with

three main aims:

I. A general overview for the micelle formation of carbohydrate-based amphiphiles with

respect to their chemical structures.
II. The influence of the molecular structure on the formation of higher-ordered phases.
III. A characterisation of the physicochemical properties of these compounds in their pure

state and in solution.

The main individual tasks can be subdivided as follows:

= Synthesis of new carbohydrate-based amphiphiles and (Chapter 2, 4, 6, 9, 10 and
lipids Appendix A)
» Investigation of the micellar structure of amphiphiles (Chapter 2, 3, 4, 5, 8, 9 and
Appendix B)
» Determination of the higher-ordered phases of (Chapter 7)

glycolipids and amphiphiles

» Influence of the structure of lipophilic tails from (Chapter 4 and 7)

different natural sources
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» Investigation of the liquid crystalline properties

= Influence of cosurfactants on the micellar structure

» Other physicochemical properties, e.g. CMC, surface

tension, solubility and foaming

= More general models for the relationship between the
molecular structures of carbohydrate-based amphiphiles

and the micellar form and the formation of foams

(Chapter 2, 4, 7,9 and 10)

(Chapter 3)

(Chapter 3, 4, 5, 9, 11 and
Appendix B)

(Chapter 11)
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Abstract

We synthesised a new glycoglycerolipid [1,3@([3-p-glucopyranosyl)-2-deoxy-2-aminé-palmitoyl-sn-glycerol] with a
Y-shaped structure bearing two sugar head groups and only one fatty acid chain. Instead of an ester linkage between the glycerol
and the fatty acid an amido function was introduced. The mesogenic properties were investigated using polarising microscopy
and are discussed with respect to similar compounds. The lyotropism was measured using the contact preparation method and
small-angle neutron-scattering.
© 2004 Elsevier Ireland Ltd. All rights reserved.

Keywords: Glyco-glycero-lipids; Amphiphiles; Lyotropic cubic phases; Small-angle neutron-scattering

1. Introduction structure Fig. 1b were reported Ninden et al.,
2002a; Fischer et al., 1994
Glyco-glycero-lipids are known to be impor- All of these amphotropic molecules form both

tant constituent of many cell membranes. Natu- thermotropic liquid crystalline phases in their pure
rally occurring glyco-glycero-lipids normally have a state upon heating and lyotropic polymorphism can
Y-shaped structureF{g. 13§ with a polar carbohy-  be found on the addition of solvent. The driving force
drate head group linked to a 1,2- or 1,3@hacyl of the mesophase formation in case of amphiphiles
or alkyl-sn-glycerol (shizuka and Yamakawa, 1985 is a micro phase separation leading to an aggregate
Minden et al., 2002a;biMannock et al., 1987, 1990, structure with separated regions for the lipophilic and
2001; Hinz et al., 1996; Six et al., 1983; Kuttenreich hydrophilic molecular parts.
et al., 1988; Nagatsu et al., 1994; Minamikawa et al.,  The structures of the common lyotropic and ther-
1994. But only a few compounds with an inverse motropic aggregates have been investigated exten-
sively (Curatolo, 1987; Prade et al., 1995; Blunk
et al., 1998; Jeffrey and Wingert, 1992

"+ Corresponding author. Tek:49-40-42838-4269: Th_e synthe_5|s of glycollp|ds is often_very ted_lous,
fax: +49-40-42838-4325. requires multistep synthesis, and the introduction of
E-mail address: vill@ligcryst.chemie.uni-hamburg.de (V. Vill). other functional groups than alkoxy or esters (e.g.

0009-3084/$ — see front matter © 2004 Elsevier Ireland Ltd. All rights reserved.
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Fig. 1. (@) Normal Y-shaped glyco-glycero-lipid and (b) inverted structure.

phosphate, nitrogen, sulphur) makes the synthesis of-

ten more complicated.

We report about the easy synthesis of a new
glyco-glycero-lipid with an inverted Y-shaped struc-
ture. An amido group substituted the oxygen at the
carbon-2 in order to make the molecule more polar.
The thermotropic and the lyotropic properties are dis-

tion reaction. The desired product was obtained in a
yield of 15%, besides this an amount-e8% mono-
glycosylated product could be separated from the re-
action mixture, however, the reaction time exceeded
18 h, but noa-product was detected.

One could expect that it would make more sense
using other glycosylation procedures, e.g. for the syn-

cussed; the results from small-angle-neutron-scatteringthesis of the lipid 20-oleoyl-1,2-diO-B-p-glucopyra-

are presented.

2. Results and discussion
2.1. Synthesis

Fig. 2shows the synthetic route used for the prepa-
ration of N-palmitoyl-1,3-diO-(B-p-glucopyranosyl)-
2-deoxy-2-aminan-glycerol.

In an earlier paper we reported the synthesis of
an 1,3-diO-glucosyl-20-acylsn-glycerol (Minden
et al.,, 2002x that required a multistep synthesis
with several protecting and deprotecting steps. The
synthesis of the title compound should afford less
synthetic steps. We started with commercial avail-
able 2-amino-1,3-propanediol (Serinol). For glyco-
sylation the amino function had to be protected.
We used in this case the benzyloxycarbonyl group
(cbz) as protective group. On treatment bfwith
benzyl chloroformate according to the procedure
described byHarada et al. (1996we obtained
2-benzyloxycarbonylamino-1,3-propanediol in 40%
yield. 1,2,3,4,6-pent®-acetyl{3-p-glucopyranoside
was prepared according to the literaturés¢her and
Helferich, 191).

The glycosylation reaction was carried using the
method described byill et al. (1986) but instead of
tin tetrachloride boron trifluoride etherate, a more ef-
ficient Lewis acid for the synthesis @@-glycosides
(Ferrier and Furneaux, 19Y&as used for glycosyla-

nosylsn-glycerol the key glycosylation step was
carried out using a variation of the Kénigs—Knorr pro-
cedure Helferich and Ost, 1962o0r using the trichlo-
racetimidate procedure&s¢hmidt and Stumpp, 1983
for the synthesis of 1,3-diglycosylated 2-acyl-glycerol
esters (Milkereit and Vill, unpublished), due to higher
yields. But this holds not true for this glycosylation
reaction. The problem seems to be a lower reactivity
of the amino alcohol, because even using the trichlo-
racetimidate procedure, the yield was around 15-16%
and two more synthetic steps for the synthesis of the
imidate are necessary.

In the next step the cbz group was removed by
hydrogenation. The reaction was somehow tedious
and the product had to be purified by silica gel chro-
matography. The amino glycer8lwas reacted with
palmitoyl chloride using the method described by
Masuda et al. (2000)however, dichlormethane was
used as solvent instead ofN-dimethylformamide.
After chromatographic purification compouddwas
obtained in 45% vyield. In the last step the com-
pound was deacetylated using the Zemplen proce-
dure, leading to the desired lipM-palmitoyl-1,3-di-
O-B-p-glucopyranosyl-2-deoxy-2-amina-glycerol
(5) in 94% yield.

2.2. Thermotropic properties

Table 1shows the thermotropic properties of the
synthesised compound, together with the data of some
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Table 1
Thermotropic properties of the synthesised lipid, together with some literature data for compaAriginSchmidt and Jankowski, 1996
Schmidt and Vill, unpublished result§: Fischer et al., 1994D: Minden et al., 2002a
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5 g ? col 65 cub 134 1
A Cr 115  disc 1495 1
B Cr 111 cub 205 1
C Cr 110 disc 125 cub 175 1

D Cr <20 col 72 cub 156  Sa 217 1

similar mesogenes for comparisgh, B: Schmidt and alkyl chains show no liquid crystal phases at ambient
Jankowski, 1996Schmidt and Vill, unpublished re- temperature. Hence the kind of linkage has for these
sults;C: Fischer et al., 1994D: Minden et al., 2002a three compounds no remarkable influence on the melt-
It depicts clearly the influence of the type of linkage ing point. For compouné the influence of the kind of
between the alkyl chain and the glycerol moiety, the linkage is more significant. Compared@oone would
chain length and type of chain. expect for a palmitoyl ester a much higher melting
The type of chain has the strongest effects on the temperature, but the palmitoyl amidhas a very un-
melting point. An unsaturation in the hydrophobic part usual melting behaviour, due to a much more complex
of the molecule D) leads to liquid crystallinity even  hydrogen bond network, that differs from the ester.
at ambient temperature, due to a disturbed packing The compound is in glass state at ambient temperature,
of the chains. Compounds, B andC with saturated  with a phase transitions temperature to the columnar
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phase that could not be clearly determined. On cool- In the next step we investigated the structure of
ing the phase transition from the columnar phase to the lyotropic aggregates with small-angle neutron-
the glass state could only be seen in the “breaking” scattering. For the investigation of micellar structures
of the glass at low temperatures. The length of the this method provides significant structural informa-
hydrophobic chain can be seen in the different kind tion (He et al., 200p and for the investigation of
of phases occurring with varying chain length. For discontinous cubic phases information of the size and
compoundB andC, increasing the chain length with  shape of the micelles in isotropic micellar phases it is
two methylene groups leads to a second phase. Forhelpful to unravel the structure of the cubic phase.
compoundsA, D and5 the polymorphism increases

with increasing chain length (the type of linkage is 2.4. Analysis of SANS data

not considered), starting with only a columnar-discotic

phase for the short chain compound to a columnar, 2.4.1. Model-independent approach

cubic and lamellar phase diagram for thgghain. The pair distribution functionp(r) of scattering
Compound5 forms a columnar phase of type |, the length density gives in many cases information about
hydrophilic/hydrophobic interface curved towards the the overall shape and dimension of micell&atter
hydrocarbon chain region. As a fact of frustration, a and Kratky, 1982 Because the scattering data is only
cubic phase is formed between 65 and 1G4since measured in a finite range, a traditional Fourier trans-
the columnar phase is already destabilised due to theformation cannot be performed, instead an indirect
increased volume of the fluid hydrocarbon chain re- Fourier transformation can be use@lgtter, 1977;
gion. A S\ phase cannot be formed, because the hy- Pedersen, 1997 The p(r) function is approximated
drocarbon chain length is to short to accommodate the by linear combination of a finite number of cubic
hydrophilic headgroup, which is too broad compared B-spline functions, giving the expression:

to the hydrocarbon chain. Compoulmdbecomes at

higher temperatures rod-like, and is able to form a al

Sx phase, but the fluidity maximum of the hydropho. P) = 2_ @i¢i(®) (1)

bic chain of compoun is not enough to form aS i=1

phase. After calculating thex(r) function we are able to calcu-
late integral parameters of the micelle, likE@®)/dW

2.3. Lyotropic properties expressing the scattering at the so called “zero” angle

and Ry the radius of gyrationGlatter, 1977, Glatter
The lyotropism was measured using the contact and Kratky, 198, which is given by:
preparation technique. Compoubdlisplayed in the Dimax 5
contact with water the phase sequence: R2 = Jo " p(redr

Dmax
(100% water) cub H  (100% lipid) 2[y ™ p(r) dr

The occurrence of the hexagonal phase with the hy- with an upper limit for the maximum particle size of
drophilic sugar moieties curved towards the water re- Dmax
gion was expected, more interesting is the cubic phase.
For compound even two cubic phases were found 2.4.2. Modelling
(Minden et al., 2002ga but the structure was not fur- To obtain specific structural information about the
ther investigated. micelle it is necessary to fit the experimental data by
The cubic phase can have two possible shapes,the different models of micellar structures. Looking at
discontinuous and bicontinous phases. Whereas thethe results from the contact preparation, it seemed to
discontinous cubic phases are based upon variousbe enough to use a spherical and an ellipsoidal model
packing of spherical or slightly anisotropic micelles, to fit the data.
the bicontinous cubic phases with interwoven fluid  The differential cross-sections of neutron-scattering
structures are based upon underlying infinite periodic per unit volume by an ensemble of monodisperse
minimal surfacesKairhurst et al., 1998 spherical-like objects with negligible interaction can

)
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be written as:
dX(q) dx(0)
a2 dQF2(‘I) + Binc

where d¥(0)/dW depends on the concentration of mi-

0,35 4

3 0,30

0,25 -

celles @), the volume of micelle\) and the difference % 0,20+
in the scattering length densities between micelles and £ o,s-
solvent leading to the equation: % oio ]
dx(0) =

4o = "p) = p9?V? (4)

(o) andps describe the average of the neutron-scattering ]

length densities of aggregates and solvent, respec- <©% T T A A A
tively, and Bj,c stands for the residual scattering A
background.

The form factor F2(q) expresses the scattering Fig- 3. Pair distribution function (for = 7.0 x 104gmL-1).
cross-section of one particl&qg. (5) stands for the

form factor for spherical and elliptical micelles

) The pair distance distribution function calculated by
> 7 2 . the IFT method is shown iRig. 3. It gives an indica-
Fa) = /0 [f(q’ ﬂ)] sinpdp (5) tion that a spherical shape is more probable, due to its
nearly Gaussian form, therefore, the models for spher-
. . ] ical and ellipsoidal micelles were fitted to the data. The
sathe functpnf(q,ﬂ ) can be written as: fitting results are shown iRig. 4, showing the model
. ) = 3[sinx — x cosx] (©) fit for spherical micelles and the data, the fit for ellip-
3 soidal micelles is not shown. The application of ellip-
whereg is the angle between the vectpand the axis ~ Soidal model gives the value of parameteis equal
of the particle and = gb[sin® 8 + 2 co ]¥/2. For to 1, i.e. spherical shape. The structural results calcu-
e = 1, Eq. (6) describes the scattering of spherical lated from the model fitting results are summarised in

aggregates witlr = b = r. Table 2
The models described above were applied to fit the
experimental data.

In the case of an ellipsoid with three semiaxes,

10*
2.5. Sructural analysis M

03_ ov

Two different concentrations were measured (0.07 o !
and 0.1 wt.%). At both besides the smaller aggregates &
some larger aggregates are formed, exceeding the mea-£
surement range of SANS. On further increasing the 2
concentration the smaller aggregates stay nearly the 5
same size, therefore, the large aggregates have to grow, - 14t
but it is not observable on the present data due to lim-

10%

Q

0O 0.7 mg/mL
ited g-range. v 1mg/mL
From this point of view, it seems to be useful to anal- 10° +———rrry ——————
ysis only the data for the medium concentration, be- 0,01 0.1
cause the aggregates have for all concentrations nearly q, A"

the same size, and at medium concentration the smallerc;; , scatering data far= 7.0 x 104 gmL-* (empty squares)

aggregate can be investigated besides the larger aggreand ¢ = 10.0 x 104gmL! (solid triangles) together with the
gate. model fit for spherical micelles (solid line).



G. Milkereit et al./Chemistry and Physics of Lipids 131 (2004) 51-61

Table 2

Results of SANS data analysis by model independent approach
(IFT), Ry and d¥(0)/d£2/c, model fitting, r and calculated pa-
rameter of aggregates, i.e. radius of equivalent sphere

Radius of gyrationRg (A) 29.24+ 0.2
Radius of equivalent sphere (A) 37# 0.3
Radius of sphere from model fitting,(A) 36 + 2
Scattering at “zero”-angle, 172+ 1

dx(0)/d2/c (cmPg1)
Apparent molar mass of micelle,
Mapp (GM™)
Radius of equivalent sphere (A)

8.4+ 0.4) x 10

296 1.5

The fitting of the data shows another interesting re-
sult of the experiments. It can be seen, that the fitted
curve is close to the experimental data. But it is re-
markable that at lowg values, the curves of the model
fit and the experimental data diverge, and this discrep-

ancy is cannot be explained as an experimental er-

ror. We assume that in this experiment we observed
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the polar group, and therefore, the length of molecule.
From another point of view, the radius of the micelle
obtained from SANS analysis is the average value,
which is affected by the polydispersity of the aggre-
gates and by the fluctuation of the micellar surface.
That is why the obtained value of the micellar radius
(36 A), which is higher due to the above mentioned
effects of hydration, polydispersity and fluctuation of
surface, is in good agreement with the length of the
“dry molecule” (31 A).

On the other hand there is some disagreement
between the radius of equivalent sphere calculated
from radius of gyration Ry) and the scattering at
“zero’-angle (d(0)/ds2/c). It is straight forward
to get the mass and volume of the micelle from
dX'(0)/ds2/c. In the present calculations we have
taken into account that eight H-atoms of hydroxyl
functions of the sugar head groups are under H-D
exchange. The value of equivalent sphere obtained
from dX(0)/ds2/c is equal to 29.6 A which is signif-

the formation of a non-micellar aggregate besides the icant lower than the values obtained frdrg (IFT)

spherical micelles. The lowest part of experimental
data ¢ < 0.01 A-1) was analysed by power law

d=(@q) _
ds2

The obtained value of is equal to 27 & 0.1 which

points on the formation of aggregates with a relation

between the mas$W) and linear sizesrf asM~r?’

for a length scale of > 300 A.

This change of micellar form is similar to a sec-
ond or higher order phase transition, but it is not
the same as the main liquid crystalline phase tran-
sition. However, from the neutron-scattering data
it was not possible to obtain information about the
space group of a possible cubic phase, this informa-
tion may be provided by X-ray diffraction experi-
ments.

The results inTable 2describe the local structure
of the micelle in a solution of heavy water. The model
fits showed that the micelles are spherical with the ra-
dius in the range of 36-38 A. The results of model
independent analysis and model fitting give the con-
sistent values. The radius of micelle corresponds to
the length of the molecule, which is equal 81 A.
This molecule length is the value for the length of the
“dry molecule”, under real conditions the hydration of

—a

()

and model fitting. This difference can be explained
by the beginning of the phase separation, i.e. the co-
existence of two different kinds of aggregates (large
particles of the hexagonal phase and small spherical
micelles). The Scattering data were normalised by
total concentration of surfactant but in the interval of
the scattering vectoq (0.01-0.25 A1) analysed by
IFT method only the scattering from the small spher-
ical aggregates is significant. That is why, actual val-
ues of the micellelar mass (volume) should be larger
and the corresponding radius of equivalent sphere
also. Taking into account these difficulties one can
conclude the observation of spherical micelles with
a radius of 36-38 A and an aggregation number of
about 200.

3. Summary

A new synthetic strategy was employed success-
ful to synthesise an unusual glyco-glycero-lipid. The
mesogenic properties are strongly influenced by the
amide linkage of the fatty acid chain to the hydrophilic
part of the molecule. The investigation of the lyotropic
structure by small-angle neutron-scattering revealed
an interesting lyotropism. The micellar structure was

the carbohydrate headgroup increases the volume ofdetermined and the size of the micelle was calculated
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by standard procedures. Another interesting observa- conventional proceduresMignall and Bates, 1986
tion is the phase transition that seems to occur in the The two-dimensional isotropic scattering spectra were
measured concentration range. The micelles stay theazimuthally average, converted to an absolute scale,
same size, whereas with increasing concentration all and corrected for detector efficiency by dividing by the
molecules are used for building up the new phase. In- incoherent scattering spectra of pure watafignall
teresting is that many inverted Y-mesogenes exhibit and Bates, 1986which was measured with a 1-mm
thermotropic and lyotropic cubic phases. The struc- path-length quartz cell (Hellma).
ture enables the formation of cubic structures, perhaps The average excess scattering length density per unit
this structure facilitates the formation of cubic phases massA pn, of the surfactant in deuterated water was
in biological processes. determined from the known chemical composition, it

was equal toApym = —4.297 x 101%cm gt for the

full protonated and in the case of H-D exchange of
4. Experimental section eight H atomsApm = —3.528 x 101%cmg .

4.1. Polarising microscopy 43 Materials
An Olympus BH optical polarising microscope
equipped with a Mettler FP 82 hot stage and a Mettler
FP 80 central processor was used to identify thermal

transitions and characterise anisotropic textures.

For the contact preparation a small amount of sam-
ple was placed on a microscope slide and covered with
a cover glass before heating to thg Bhase. After-
wards a small amount of solvent was placed on the
slide at the edge of the cover glass. As soon as the sol-
vent had moved under the cover glass and the sample
was completely surrounded with the solvent, it was
placed again for some seconds on the hot stage at
temperature of 100-12@ and the phase behaviour
was investigated immediately afterwards by polarising
microscopy.

Dry solvents were obtained from Fluka or Merck,
all other solvents were freshly distilled before use.
Deuterium oxide was purchased from Deutero.
Thin-layer chromatography was performed on silica
gel (Merck Ghksg), and detection was effected by
spraying with a solution of: (a) ethanol—sulphuric
acid (9:1) or (b) ethanol-molybdic phosphoric acid
(99:1) followed by heating. Column chromatog-
raphy was performed using silica gel 60 (Merck,
0.063-0.200nm, 230-400mesh). NMR spectra
were recorded on a Bruker AMX 400 or a Bruker
®DRX 5001 spectrometer (gncentred multiplett; d:
doublet; t: triplet; dd: double doublet; dt: double
triplet).

4.2. Small-angle neutron-scattering 4.4. Synthesis

Small-angle neutron-scattering experiments were 4.4.1. N-(Carbonylbenzyl oxy)-2-amino-propane-
made with the SANS-1 experiment at the FRG1 re- 1,3-diol (1)
search reactor at GKSS research Centre, Geesthacht, Benzyl chloroformate (8.4mL; 10.2g; 60 mmol)
Germany Stuhrmann et al., 1995Four sample-to- was added dropwise to a stirred solution of 5g
detector distances (from 0.7 to 9.7 m) were employed (54.8 mmol) Serinol (2-amino-1,3-propanediol) and
to cover the range of scattering vectorérom 0.005 8.3 g (60 mmol) potassium carbonate in 40 mL of wa-
to 0.25A1. The neutron wavelength was 8.1 A ter at 5°C. The mixture was stirred for an additional
with a wavelength resolution of 10% (full-width at hour at 3°C and then extracted four-times with 50 mL
half-maximum value). ethyl acetate. The combined organic extracts were
The samples were kept in quartz cells (Hellma) with dried over magnesium sulphate and solvent was re-
a path length of 5mm. The samples were placed in a moved in vacuo. The residue was recrystallised from
thermostated sample holder, for isothermal conditions. acetonai-hexane. Yield: 4.93 g (40%).
The raw spectra were corrected for the background H NMR (400 MHz, pyridine-g): § = 5.07-5.15
from the solvent, sample cell, and other sources, by (m, 5H, H-arom.), 4.92 (s, 2H, ChHbenzyl.),
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4.15-4.22 (m, 2H, H-1a, H-3a), 4.06-4.14 (m, 2H,
H-1b, H-3b), 3.92-4.02 (m, 1H, H-2).

4.4.2. N-(Carbonylbenzyloxy)-1,3-di-O-
(2,3,4,6-tetra-O-acetyl- 8-p-glucopyranosyl)-2-
deoxy-2-amino-sn-glycerol (2)
1,2,3,4,6-Pent&®-acetyl-p-glucopyranosid (11.7
g; 30mmol) and 2.3g (10 mmolN-carbonylben-
zyloxy-2-amino-1,3-propanediol were dissolved in
150 mL anhydrous dichlormethane under an atmo-
sphere of dry nitrogen. Boron trifluoride etherate
(3.81mL; 4.3g; 30mmol) was added dropwise at
0°C and the solution was stirred 18h at ambient

) 1H, H-T,
temperature. After the reaction had been quenched

with a saturated solution of sodium hydrogen carbon-

ate, the organic layer was separated and the aqueouém

layer extracted two-times with dichlormethane. The
combined organic phases were washed twice with
water (100 mL), dried over magnesium sulphate and
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4.4.3. 1,3-Di-0O-(2,3,4,6-tetra-O-acetyl-B-p-
glucopyranosyl)-2-deoxy-2-amino-sn-glycerol (3)

A mixture of 682 mg (0.77 mmoR and 40 mg Pd/C
(10%) in 100 mL methanol/tetrahydrofurane (1:1 v/v)
was stirred under 1atm of hydrogen. After 2 days
TLC showed the reaction to be complete. The catalyst
was removed by filtration. The mother liquor evapo-
rated in vacuo and the resulting residue purified by
silica gel chromatography (chloroform—methanol 9:1).
Yield: 567 mg (97%).

'H NMR (400 MHz, CDCk 4+ TMS): § = 5.19
(dd, 2H, H-3, H-3"), 5.07, 5.08 (je dd, 1H, H‘4
H-4"), 4.99 (m, 2H, H-2, H-2"), 4.52, 4.54 (je d,
H-17), 4.23-4.26 (m, 2H, H-8aH-6d"),
4.11, 4.13 (je dd, 1H, H-8b H-6k"), 3.58-3.91
, 6H, H-1a, H-3b, H-1b, H-3b, H:5H-5"), 3.09
(me, 1H, H-2), 2.08, 2.05 (je s, 3H, OAc), 2.01 (s,
6H, OAc), 2.00, 1.98, 1.95, 1.93 (je s, 3H, OAc);
3.]1/’2/ =81 HZ, 3.]3/’2/ =97 HZ, 3.]3/’4/ =97 HZ,

. . _ _ 3 _ 2 _
solvent was removed in vacuo. The residue was puri- ~J#.5 = 9.7H2,%Jg gy = 2.6 HZ," Jgq iy = 12.2Hz,

fied by silica gel chromatography (ethyl acetate—light
petroleum, bp 50-78C, 2:1). Yield: 1.30g (15%).

1H NMR (500 MHz, CDC+TMS): § = 7.28-7.37
(m, 5H, H-arom.), 5.19, 5.20 (je dd,1H, H;¥H-3"),
5.07, 5.08 (je dd, 1H, H/4H-4"), 4.99, 5.01 (je dd,
1H, H-2, H-2"), 4.58, 4.62 (je d, 1H, Cpibenzyl.),
4.52,4.55 (jed, 1H, H/1H-1"), 4.24, 4.26 (je dd, 1H,
H-6d, H-6d'), 4.10, 4.14 (je dd, 1H, H-6pH-6L"),
3.96, 3.88 (je dd, H-1a, H-3a), 3.59-3.70 (m, 4H,
H-1b, H-3b, H-3, H-5"), 3.41 (m, 1H, H-2), 2.07,
2.06 (je s, 3H, OAc), 2.02 (s, 6H, OAc), 2.00 (s, 9H,
OAc), 1.94 (s, 3H, OAc)3Jy » = 8.1Hz,3Jy 3
9.7Hz,3J3 4 = 9.7Hz,3Jy 5 = 9.7Hz,3J5 ¢4 =
4.6Hz, 3Jg gy 26Hz, 2Jgyy 122 Hz,
3.]1//,2// = 8.1 Hz, 3]2//’3// = 9.7Hz, 3.]3//’4// = 9.7 Hz,
Iy s = 97Hz, 3J5 6y = 4.6Hz, 35 gy =
2.6 Hz, 2J6d/,b(/ =122 Hz, 3‘]16.2 = 3.1Hz, 2J1a,b =
10.7Hz,%J332 = 3.1Hz,%J35p = 10.7 Hz.

13C NMR (125MHz, CDC} 4+ TMS): § = 17263
(C=0, amid), 170.64, 170.28, 170.24, 169.98, 169.35,
169.26 (GO, OAc), 138.32 (GQuarrarom.), 128.42,
127.74, 127.59 (C-arom.), 101.21, 101.14 (C-1
C-17), 72.8, 72.70 (C-3 C-3"), 72.41 (C-benzyl.),
71.88 (C-5, C-5"), 71.38, 71.29 (C-2 C-2"), 70.35,
69.22 (C-1, C-3), 68.39 (C-4C-4"), 61.88 (C-6,
C-6’), 52.03 (C-2), 20.74, 20.60, 20.18 (—gH
OAC).

3.]1//’2// = 8.1 Hz, 3]3//’2// = 8.1 Hz, 3.]3//’4// = 9.7 Hz,
3‘]5”,6/ = 26 HZ, SJGd/,b'/ = 122 HZ

4.4.4. N-(Palmitoyl)-1,3-di-O-(2,3,4,6-tetra-O-
acetyl- 8-p-glucopyranosyl)-2-deoxy-2-amino-
sn-glycerol (4)

Compound 3 (560mg; 0.74mmol) and 7oL
(73.2mg; 0.9 mmol) pyridine were dissolved in 25 mL
anhydrous dichlormethane. At°C a solution of
224pL (203mg; 0.74mmol) palmitoyl chloride in
1 mL anhydrous dichlormethane was added slowly.
Afterwards the solution was stirred 30 min &t®and
overnight at ambient temperature. The organic phase
was washed twice with a saturated solution of sodium
hydrogen carbonate (10mL) and once with water
(5mL), dried over magnesium sulphate, and evapo-
rated in vacuo. The residue was purified by silica gel
chromatography (ethyl acetate—light petroleum, bp
50-70°C 2:1). Yield: 330 mg (45%).

H NMR (500 MHz, CDCk 4+ TMS): § = 5.19,
5.21 (je dd, 1H, H-3 H-3"), 5.07, 5.08 (je dd, 1H,
H-4', H-4"), 4.99, 5.02 (je dd, 1H, H{2H-2"), 4.53,
4.56 (je d, 1H, H-1, H-1"), 4.24, 4.26 (je dd, 1H,
H-6d, H-6d"), 4.10, 4.13 (je dd, 1H, H-8pbH-6L"),
3.89, 3.96 (je dd, 1H, H-1a, H-3a), 3.59-3.69 (m, 4H,
H-1b, H-3b, H-5, H-5"), 3.41 (m, 1H, H-2), 2.21
(m, 2H, Alkyl-a-CHy), 2.07, 2.05 (je s, 3H, OAc),
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2.03 (s, 6H, OAc), 2.00 (s, 9H, OAc), 1.94 (s, 3H,
OAc), 1.49-1.59 (m, 2H, AlkyR-CHy), 1.19-1.31
(m, 24H, Alkyl-CHp), 0.85 (t, 3H, Alkyl-CHp);
3Jpy = 81Hz,3Jy 3 = 9.7Hz,3J3 4 = 9.7Hz,
3Jy5 = 9.7Hz,3J5 64 = 4.6Hz,3J5 gy = 2.6 Hz,

2Jeqy = 122Hz, 3Jyp = 81Hz, 3y 3 =
9.7 HZ,3J3//74// =97 HZ,3J4//,5// =97 HZ,3J5//’6d/ =
4.6 Hz, 3J5”,6U’ = 26Hz, 2J6d/,b/’ = 122Hz,

8J1a2 = 3.1Hz,%J1ap = 10.7Hz, 3J342 = 3.1Hz,
3 J3ap = 10.7 Hz.

13C NMR (125MHz, CDCk + TMS): § = 17251
(C=0, amid), 170.63, 170.29, 170.18, 169.70, 169.35,
169.27 (GO, OAc), 101.25, 101.19 (C-1C-1),
72.86, 72.72 (C/3 C-3'), 71.87 (C-5, C-5"), 71.38,
71.30 (C-2, C-2'), 70.35, 69.22 (C-1, C-3), 68.45
(C-4, C-4"), 61.84 (C-6, C-8"), 52.08 (C-2), 25.96,
24.83, 24.69, 24.17, 23.18, 22.70, 21.18 (Alkyl-QH
20.74, 20.61, 20.19 (-GHOAC), 14.08 (Alkyl-ChH).

4.4.5. N-(Palmitoyl)-1,3-di-O-(8-p-glucopyranosyl)-
2-deoxy-2-amino-sn-glycerol (5)

Compound4 (325 mg; 0.33 mmol) was dissolved in
25 mL dry methanol and sodium methoxide was added
(pH 8-9). The solution was stirred at ambient temper-
ature until TLC revealed the reaction to be complete.
The reaction mixture was neutralised using Amberlyst
IR 120 ion exchange resign (protonated form), fil-
trated and evaporated in vacuo. The product was re-
crystallised from methanol. Yield: 201 mg (94%).

1H NMR (400 MHz, ¢;-methanol):s = 4.33, 4.34
(je d, 1H, H-1, H-1"), 4.04, 4.09 (je d, 1H, H-1a,
H-3a), 3.81-3.94 (m, 4H, H-1b, H-3b, H6&-64’),
3.65-3.73 (m, 2H, H-6bH-6k"), 3.26-3.42 (m, 7H,
H-2, H-3, H-4, H-5, H-3", H-4", H-5"), 3.22, 3.23
(je dd, 1H, H-2, H-2"), 2.39 (t, 2H, Alkyl«-CH,),
1.59-1.67 (m, 2H, AlkylB-CH,), 1.30-1.41 (m,
24H, Alkyl-CHy), 0.93 (t, 3H, Alkyl-CH); 3Jy o

8.1Hz,3Jy 3 = 9.2Hz,3J1 »» = 81Hz,3J150 =
4.1Hz,%J1ap = 112Hz,3J352 = 5.7Hz, 3J34p =
11.1 Hz.
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Abstract

We have synthesized a new type of bolaamphiphile with disaccharide headgroups at the polar terminus and an alkyl chain of 12
carbon atoms. The self organization properties of the pure compound in dilute aqueous solutions have been investigated using
surface tension measurements critical micelle concentration (CMC) and small angle neutron scattering (aggregate structure). Ad-
ditionally, we have used the bolaamphiphile as a dopant to solutions of octyl-B-p-glucoside. Addition of bolaamphiphile shifts the
CMC to higher values compared to ideal mixing and decreases the size of micelles.

© 2004 Elsevier B.V. All rights reserved.

1. Introduction

Glyco glycero lipids are known to be important
constituents of many cell membranes. Naturally occur-
ring glyco glycerol lipids normally have an Y-shaped
structure with a polar carbohydrate head group linked
to an 1,2- or 1,3-di-O-acyl or alkyl-sn-glycerol [1-5].
Additionally, cell membranes consist of a wide variety of
lipids (e.g. phospholipids, alkyl glycosides). Whereas the
above mentioned lipid compositions are mainly occur-
ring in plant and bacteria cell membranes, a special kind
of glycolipids can be found in a few bacteria that can
exist in very hostile environments. These lipids, the so-
called bolaamphiphiles, are characteristic for their un-
usual chemical structure. The principal structure is
shown in Fig. 1. The non polar part of the lipids is
connected on both ends of the chain to polar head
groups. The difference to normal lipids can be seen in the
formation of the lipid bilayer. Normal lipids build up
bilayers with one molecule on each side of the mem-
brane, whereas bolaamphiphiles form bilayers where the

*Corresponding author. Fax: +49-4152-871356.
E-mail address: vasyl.haramus@gkss.de (V.M. Garamus).

0009-2614/$ - see front matter © 2004 Elsevier B.V. All rights reserved.

doi:10.1016/j.cplett.2004.05.058

inner and outer sides of the membrane consist of only
one molecule. Bolaamphiphiles show unusual high
melting points as reported by Mitsutoshi [6] and this
property can be a possible explanation for the temper-
ature resistance of the cell membrane of archaebacteria
[7]. Until now only very few data are available regarding
bolaamphiphiles [8] and especially data of the sugar
based ones can hardly be found.

We have synthesized a new bolaamphiphile with two
disaccharide head groups, linked to an alkyl chain con-
sisting of 12 carbon atoms. The lyotropic properties of
the pure compound were investigated using small angle
neutron scattering and surface tension measurements. In
a second experiment, the mixture of the bolaamphiphile
with the well known surfactant octyl-B-p-glucoside is
studied.

2. Materials and methods
2.1. Synthesis
Synthesis of 1,12-Bis-[4"-O-(a-D-glucopyranosyl)-f-

D-glucopyranosyl)]-dodecane (MDM) will be published
elsewhere. The purity of this compound was 99%
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Fig. 1. (a) Principal structure of bolaamphiphiles; (b) investigated compounds: Octyl-B-p-glucopyranoside (OG); 1,12-Bis-[4"-O-(o-D-glucopyr-

anosyl)-f-D-glucopyranosyl]-dodecane (MDM).

(Fig. 1). Octyl B-p-glucopyranoside (OG) was prepared
from 1-octanol and 1,2,3,4,6-penta-O-acetyl-f-p-gluco-
pyranoside according to standard procedures [9]. The
compound was obtained in a purity of 99.8% (Fig. 1).

2.2. Surface tension

Surface tension was measured on a Kriiss K6 tensi-
ometer (Kriiss, Germany), using the de Noly ring
method. Measurements were carried out using bide-
stilled water with a surface tension of ¢ = 72-73 mN/m.
Correction for the ring geometry and the hydrostatic
lifted volume of liquid was made using the method de-
scribed by Harkins and Jordan or by Zuidema and
Waters [10,11]. The reproducibility between measure-
ments on different samples was +1 mN/m.

2.3. Small angle neutron scattering

Small angle neutron scattering experiments were
performed on the SANS-1 instrument at the FRG-1
research reactor in GKSS Research Centre, Geesthacht,
Germany [12]. Four sample-to-detector distances (from
0.7 to 9.7 m) were employed to cover the range of
scattering vectors g from 0.005 to 0.25 A~!. The neutron
wavelength 4 was 8.1 A with a wavelength resolution of
10% (full-width-at-full-maximum).

The solutions were prepared in D,O (Deutero
GmbH, purity 99.98%). The samples were kept in quartz
cells (Hellma) with a path length of 5 mm. The samples
were placed in a thermostated holder, for isothermal
conditions 7 = 25.0 & 0.5 °C. The raw spectra were
corrected for the background from the solvent, sample
cell, and other sources, by conventional procedures
[13,14] and converted to an absolute scale.

The average excess scattering length density per unit
mass Ap,, of the surfactant in deuterated water was
determined from the known chemical composition, it
was equal to Ap,, = —4.883 x 10'° c¢m/g for OG and
Ap,, = —3.34 x 10'° cm/g for MDM.

3. Results and discussion
3.1. Determination of critical micelle concentration

Surface tension measurements were performed to
obtain the critical micelle concentration (CMC) of the
mixture solutions with different fractions of OG in the
mixture of OG and MDM. The CMC values were ob-
tained as intersection of linear extrapolated values of the
surface tension below and above the CMC [15].

Fig. 2 shows the CMC values of the mixtures together
with the theoretical curve for the CMCs of ideal mixing
surfactants which was calculated within the regular so-
lution theory using [16,17]

1 B o . | ()
CMChx ACMC,  fCMG,’

where f], f> the activity coefficients of OG and MDM in
mixed micelles (for ideal mixing f; = f, =1). CMC;
corresponds to OG/water mixture (19.7+1.9 mM) and
CMC, corresponds to MDM/water ones (0.44+0.03
mM).

It is easy to see that the experimental values of the
CMC are always higher than the values expected for an
ideal mixing. It shows that there is some repulsive in-
teraction between the surfactant molecules. It can be
expected that the parameters /1 and f; are larger than 1
and the corresponding parameter [, which is related to
an interaction between surfactants in mixed micelles, is
positive [16,17].
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Fig. 2. CMC as a function of surfactant composition of OG and MDM
mixtures (symbols) and ideal mixing curve (solid line). o is the molar
fraction of OG.

3.2. Determination of micellar structure

SANS data were collected for the following solutions:
OG in D,0 (0.01 g/mL, 34.2 mM); MDM in D,O (0.01
g/mL, 11.8 mM); the mixture of OG(0.01 g/mL, 34.2
mM) and of MDM (0.001 g/mL; 1.18 mM) in D,0 at 25
°C. The scattering curves for OG and MDM obtained
by small angle neutron scattering are shown in Fig. 3.
The scattering intensities of compounds OG and MDM
are very different. OG represents the typical scattering
for anisotropic aggregates (short rod-like aggregates)
which were reported earlier [18]. In the case of MDM
solutions, we have observed strong scattering in the

100 -

10 4

dx(g)/de/(c-CMC), cm®g™

0.01 0.1
q A"

Fig. 3. SANS data of solutions of pure 1,12-bis-[4"-O-(a-D-glucopyr-
anosyl)-p-p-glucopyranosyl]-dodecane 0.01 g/mL (filled squares), pure
Octyl-B-p-glucopyranoside 0.01 g/mL (empty squares) and mixture of
OG (0.01 g/mL) with 0.001 g/mL of MDM in D,O, T = 25 °C. Solid
lines are fits by IFT (MDM) and cylindrical model (OG and mixture).

lower ¢ region which points to the presence of very large
aggregates. But there is also a significant scattering at
the higher ¢ range, i.e., it is a sign of smaller aggregates,
too. It seems that there are populations of aggregates
with different sizes. The scattering curve of the mixed
solution is similar to the curve of pure OG, as it should
be expected due to the very small molar fraction of
added MDM, although the curve is lower than the
scattering curve of the pure OG solution. This could
mean a decreasing of the micelles upon the addition of
MDM.

In the case of MDM/D,0O solution, we have used a
model independent analysis, i.e., indirect Fourier
transformation method (IFT) which does not demand
any a priori information about the structure of the
studied aggregates [19].

The overall shape and dimensions of studied aggre-
gates can be estimated from the pair distribution func-
tion p(r). The scattering intensities are written in the
form of pair distribution function by Fourier transform
which, for an isotropic sample, can be expressed as

sin gr

d2(g)/dQ = 4n /0 o) -

The pair distribution function is connected with the
contrast Ap(r) (difference between scattering length
density of aggregate at point 7, p(r), and averaged scat-
tering length density of solvent p,, Ap(r) = p(r) — p,)
via an autocorrelation function of the contrast

plr) =71 / Ap(u)Ap(r + u)u? du. (3)

In IFT method the pair distribution function of an
aggregate with finite maximal dimensions Dy.y 1S ap-
proximated by a linear combination of a finite number,
N, of cubic B-splines, evenly distributed in the interval
[07Dmax]:

dr. (2)

p(r) = Z ap,(r), (4)

where a; is the coeflicient of the ith cubic B-spline ¢, (7).
a; are fitting parameters which are optimized using a
least-squares method of minimization together with
smoothness constraint.

The IFT analysis has been performed twice: i) for the
whole g range (fit is shown in Fig. 3) and ii) for large ¢
range (¢ > 0.02 A~!). The aim of this additional pro-
cedure is to get information about scattering of small
aggregates only (large ¢). The obtained p(r) functions
are shown in Fig. 4. As we have expected there are two
maxima (whole g range analysis) at 7 ~ 15 A and r ~ 350
A. Analysis of large ¢ range (empty symbols) and whole
g interval (filed symbols) gives the consistent results for
interval of » for small particles. It points that the dif-
ference in size of aggregates is so large that there is no
overlapping in scattering curve. The size of large
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Fig. 4. Pair distance distribution function obtained by IFT analysis for
solution of MDM (empty symbols are results of analysis of only the
large ¢ part of spectra, ¢ > 0.02 A~1).

aggregates should be considered with caution due to
limited ¢ range. It can be expected that the larger ag-
gregate radius is not smaller than 350 A. From the ra-
dius of smaller aggregates (~15 A) and known
molecular structure one can determine the aggregation
number of MDM aggregate as ~14.

The scattering data of OG/D,0 solution and of OG/
MDM/D;0 mixture were modeled by population of
rod-like particles. For a mono-disperse system of an-
isotropical interactive particles, which is a reasonable
approximation for micelles at low concentrations, the
scattering cross-section dX(g)/dQ can be described in a
decoupling approximation by [20]

d2(q)/dQ = nP(@)S'(9), (5)
where

Plg) = (IF(@)"), (6)
S'(q) =1+ B(q)[S(q) — 1], ()
Bla) = F@)F/(IF@F). (8)

The inner brackets ( ) in Egs. (6) and (8) represent an
average weighted by the distribution of particle sizes
and/or orientations, n is the number density (corre-
sponding to the concentration) of the particles in the
solution, P(q) is the form factor, F(q) is the amplitude of
the form factor, S(gq) is the structure factor, and S’(g) is
the effective structure factor modified by the anisotropy
and polydispersity of particles. In the case of cylindrical
particles, F(g) is expressed as

sin(gL/2 cos B)2Ji (qR sin B) 9)
(qL/2cos f)(gR sin f3)

where Ap is the average difference in scattering density
between the particles and the solvent, ¥ is the volume of

F(q) = ApV

a particle, L is the length of the cylinder, R is the radius
of the cylinder, J; is the first-order Bessel function, and 8
is the angle between the ¢ vector and the axis of the
cylinder [21].

Fig. 3 shows a reasonable agreement between exper-
imental data and model fits. The values of the fit pa-
rameters show that micelles become smaller upon
addition of MDM to the solution, i.e., length of micelles
decreases from L = 74 + 4 A (aggregation number ~80)
for the pure OG solution to L = 63 + 3 A (aggregation
number ~68) for the OG-MDM mixture. The radius of
cross-section does not change R =12 + 1 A.

As reported by Caponetti et al. [22], the size of mi-
celles formed by bolaform (non-carbohydrate surfac-
tant) can be reduced upon the addition of salt, in our
case, we reduced the size of micelles formed by normal
alkyl glucoside by the addition of a bolaamphiphile.

Previously [18], we have got length of OG micelle
L =96+ 2 A for 100 mM solution. One can conclude
that micelles grow with concentration of OG.

From present SANS data, we cannot say how much
MDM is present in micelles. This question can be an-
swered by using deuterated OG. One can expect that the
fraction of MDM is small.

4. Conclusions

A new carbohydrate based bolaamphiphile (MDM)
has been synthesized and described by surface tension
and small angle neutron scattering. MDM shows quite
low CMC values and population of supramolecular
aggregates with different length scales (small » ~ 15 A
and large » ~ 350 A). The interaction of MDM with
octyl glucoside (OG) is antagonistic, which is confirmed
by a higher mixture CMC compared to the ideal mixing
expectation (the value of parameter f is positive) and a
decreasing of length of OG micelles upon addition of
small amount of MDM to the solution (from 74 to 63
A). The results are unexpected, because due to the very
similiar chemical structure of the investigated com-
pounds (OG, one gluco-headgroup; MDM, two gluco-
based-headgroups) normally an increase in the size of
micelles would be expected. The biological relevance of
this effect is under investigation.
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Two alkyl glycosides with the same type of disaccharide headgroups (melibiose) and different methyl-branched
alkyl chains, short chiral [[R,4R,6R,8R)-2,4,6,8-tetramethyldecyl, extracted from an animal source] and long
nonchiral (3,7,11,15-tetramethylhexadecyl, from a plant source), were synthesized. The supramolecular
aggregate structure formed in dilute solutions was investigated by small-angle neutron scattering and surface
tension measurements. The lyotropic phase diagram was studied by differential scanning calorimetry and
water penetration scans. The thermotropic phase behavior was investigated by polarizing microscopy. The
compounds showed unusual phase behavior: (i) The liquid-crystalline polymorphism is reduced to only form
smectic A phases in the pure state; the formation of lyotropic phases such as hexagonal or lamellar phases
was not observed. (i) The compound with the longer nonchiral alkyl chain is more soluble in water than the
one with the shorter chiral chain, most likely because of the different flexibilities of the chains. (iii) For the
long-chain compound, the formation of micelles is observed, whereas the short-chain compound forms large
disklike/bilayer aggregates. The method of methylation of the chain controls the self-assembly and can explain
different biological functions for either plants (variable temperature) or animals (constant temperature).

1. Introduction T

The first observation of lyotropic liquid-crystalline phase
behavior was in 1884 when Koch observed unusual optical
textures upon the investigation of aqueous dispersions of extracts
from tuberculosis bacterfaThe observation of thermotropic
liquid crystallinity is also related to alkylated carbohydrates.
Fischer and Helferich observed a double melting of hexadecyl-
B-p-glucopyranosidé.These amphotropic molecules that form
both thermotropic and lyotropic mesophases gained much
interest during recent yeats! They are mainly nontoxic and
biodegradable and can be obtained from renewable sources.

The principal phase behavior of these compounds is shown Paraﬁiﬁ V ' V Hy0

in Figure 1% A typical amphiphile is represented by a vertical Figure 1. Principal phase behavior of amphiphilic compoufés.
line and usually exhibits only one mesophase, but in the case
of an unusual geometry of the hydrophilic headgroup, poly- aqgition of paraffin, it is possible to induce inverse phases (e.g.,
morphism can occur. In this case, cubic phases may also bejnyerse micelles), with the polar headgroup curved away from
observed? while simple amphiphiles normally exhibit only a  the solvent.
smectic A (@) phase thermotropicall: The discontinuous cubic phases are based upon various
Deviation from the previously mentioned vertical line may packings of spherical or slightly anisotropic micelles, whereas
also be seen upon the addition of solvents, the most commonthe bicontinuous cubic phases with interwoven fluid porous
of which is water, because of its biological relevance. Whereas structures are based upon underlying infinite periodic minimal
small amounts of water will not change the phase type and surfaces? This phase, in particular, is of great biological
transition temperatures, larger amounts will introduce new interestt3-18 The lamellar (l) phase with its multibilayer
phases, such as cubic and columnar phasgg)(RJpon the structure has long been well-known to biologists, but there is
much evidence today that the bicontinuous cubic phase may
* Corresponding author. Phone:49 40-42 838 4269. Faxi-49 40-42  play an important role in processes such as membrane fusion.
838 4325. E-mall. vill@ligeryst.chemie.uni-hamburg.de. A problem in lipid and surfactant investigations is solubility.
tg%gsggs%f;;mgg;%e Surfactants that are soluble in water show no polymorphism
y that would be interesting for biophysical investigations, whereas

§ Nanotechnology Research Institute, AIST. ' A
Il Gesellschaft fuBiotechnologische Forschung mbH. compounds that show this polymorphism are often not soluble

10.1021/jp0460238 CCC: $30.25 © 2005 American Chemical Society
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Figure 2. Chemical structures of the investigated glycolipid®{(2"'R,4'R,6"R,8'R)-2"",4",6",8"-tetramethyldecyl]-829-(a-p-galactopyranosyl)-
f-p-glucopyranoside (Meb-TMD) and 1-0-(3",7",11",15"-tetramethylhexadecyl)-6-(o-p-galactopyranosylf-p-glucopyranoside (MeB-Phy).

in water because of the length of the alkyl chain. With increasing As alkyl chains, we chose the phytanyl chain with a chain length
chain length, the melting temperature and the Krafft temperature of 16 methylene groups (4 additional methylene groups in the
(or gel to liquid-crystalline phase transitiodk) rise. For branched part) and the (&} tetramethyldecyl chain with a
example,T; of dodecyl-maltoside is below 2% and rises for chain length of 10 methylene groups (4 additional methylene
stearyl-maltoside to 40C.1° groups in the branched part). The thermotropic properties were
To circumvent this problem, alkyl glycosides with unsaturated studied using polarizing microscopy, the lyotropic phase
chains were synthesizé@2°the melting point and’; could be sequence was studied by the contact preparation method, and
lowered by this to below CC. The disadvantage of these differential scanning calorimetry was performed at defined water
molecules is the lability of the double bond, which is unstable concentrations. The critical micelle concentration (cmc) was
in oxidative environments and often not stable during chemical measured by the surface tension method, and additionally,
modifications. A different approach is the use of methyl- geometric properties were calculated from this. The micellar
branched alkyl chains, with a homogeneous alternating sequenceaggregate structures in dilute solution were investigated using
of branching. There are two main sources for this type of chain. small-angle neutron scattering (SANS).
The isoprenoid-type alcohols can be obtained from plant sources,
as short-chain (gernaniol) and long-chain alcohols (phytanol). 2. Materials and Methods
Several lipids of these plant-based carbohydrates were synthe- ) .
sized, and their lyotropic properties were thoroughly 2.1 Materials. o_L-D-Mellblose monohyqlrate was purchased
investigated26 A shorter-chained methyl-branched fatty from Acros Organics. Solvents were distilled prior to us®-6-
alcohol can be obtained from animal sources. The preen gland(2,3 4,6 -TetraO-acetylo-p-galactopyranosyl)-1,2,3,4-tetra-
of the domestic goose is a source for the chiral alcohol O-acetyl-p-glucopyranoside (melibiose peracetate) was pre-
(2R 4R 6R 8R)-tetramethyldecanol. Several glyco glycero lipids Pared according to standard procedures. 3,7,11,15-Tetra-
and alkyl glycosides with this type of alcohol have been Methylhexadecan-1-ol was prepared by hydrogenation of
synthesized’~2° These compounds also showed liquid-crystal- 3.7,11,15-tetramethylhexadec-2-en-1-ol (Merck, Darmstadt) in
line phase behavior at ambient temperature. the presence of palladium on c_harcoal (10%; Fluka) as described
For biological model systems, it is often necessary to also by Minamikawa et at-*°The chiral fatty alcohol (4R 6R 8R)-
test lipids with an uncommon carbohydrate headgroup. Whereas tetramethyldecan-1-ol was prepared using extracts from rump
for technical applications, glucosides and maltosides are useddlands ofAnser a.f. domesticif$:%>
uncommon or expensive carbohydrate headgroups are less Thin-layer chromatography (TLC) was performed on silica
frequently used and investigated. Nevertheless, it is useful if gel (Merck GRss), and detection was effected by spraying with
the results obtained for branched maltosid&s ic lowered) a solution of ethanol/sulfuric acid (9:1, v/v), followed by heating.
can be applied to other disaccharide compounds. Additionally, Column chromatography was performed using silica gel (Merck,
it would be interesting to see if these compounds would then 0.063-0.200 mm, 236-400 mesh). NMR spectra were recorded

still show a phase behavior similar to that of thealkyl on a Bruker AMX 400 or DRX5001 spectrometer (i
analogues, which is often much more complex than that of centered multiplet, d= doublet, t,= triplet, dd = double
glucosides or maltosides. doublet, and dt= doublet triplet).J values are given in hertz.

In this paper, we report about the synthesis of two different  2.2. Synthesis.1-O-[(2"R,4'R,6'R,8'R)-2',4",6",8"'-Tet-
alkyl glycosides with the same disaccharide headgroups andramethyldecyl]-6-O-(23,4',6 -tetra-O-acetylei-D-galactopyran-
different alkyl chains (Figure 2). As a carbohydrate headgroup, osyl)-2,3,4-tri-O-acetyB-b-glucopyranosidel). Totals of 3.39
we chose thenl—6-linked sugar melibiose, consisting of a g (5 mmol) of melibiose peracetate and 1.07 g (5 mmol) of
galactose moiety and a glucose moiety. Thade>6-linked (2R 4R,6R,8R)-2,4,6,8-tetramethyldecan-1-ol were dissolved in
headgroups are of particular interest because they show a muctb0 mL of dry dichloromethane under an atmosphere of dry
more complex polymorphism than the commonly usde~4- nitrogen. A total of 994 mg (88QiL; 7 mmol) of boron
or f1—4-linked disaccharides (for example, maltose or lactose). trifluoride etherate was added, and the solution was stirred for
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6 h at ambient temperature until TLC revealed the reaction to for compoundl. Yield: 1.28 g (28%). GsH76015 (944.3906).
be complete. The reaction was quenched with 50 mL of a 'H NMR (400 MHz, CDC} + TMS): 6 5.42 (dd, 1H, H-4,
saturated solution of sodium hydrogen carbonate, the organic5.32 (dd, 1H, H-3, 5.18 (dd, 1H, H-3), 5.18 (dd, 1H, H-3),
layer was separated, and the aqueous layer was extracted twic.13 (d, 1H, H-1), 5.08 (dd, 1H, H-2, 5.04 (dd, 1H, H-4),
with dichloromethane. The combined organic phases were 4.90 (dd, 1H, H-2), 4.45 (d, 1H, H-1), 4.28 (ddd, 1H, H;5
washed twice with water, dried over magnesium sulfate, and 4.08 (dd, 1H, H-6§, 4.03 (dd, 1H, H-61), 3.80 (dt, 1H, He.a),
evaporated in vacuo. The residue was purified by column 3.73 (dd, 1H, H-6a), 3.62 (ddd, 1H, H-5), 3.55 (dd, 1H, H-6b),

chromatography [light petroleum (bp 530 °C)/ethyl acetate
(2:1)]. Yield: 0.99 g (24%). GoHs4O1s (860.2967)1H NMR
(400 MHz, CDCk + TMS): 6 5.38 (dd, 1H, H-4, 5.28 (dd,
1H, H-3), 5.14 (t, 1H, H-3), 5.09 (d, 1H, H%), 5.04 (dd, 1H,
H-2), 5.02 (t, 1H, H-4), 4.87 (dd, 1H, H-2), 4.40 (d, 1H, H-1),
4.17 (m, 1H, H-58), 3.99-4.08 (m, 3H, H-6a, H-6aH-6b),
3.69 (dd, 1H, H-6b), 3.58 (ddd, 1H, H-5), 3.534r\H, H-0.a),
3.23 (m, 1H, H-ab), 2.06, 1.99 (je 1, 3H, OAc), 1.98 (s, 6H,
OAc), 1.97,1.94, 1.91 (each s, 3H, OAc), 1.78&,(dH, H-),
1.57 (m, 1H, H-), 1.55 (m, 1H, H<), 1.40 (m, 1H, H-),
1.37 (m, H-w@), 1.32 (g, 1H, H-ya), 1.22 (g, H-na), 1.19 (g,
1H, H-ea), 1.03 (m, 1H, H+b), 0.95 (d, 3H, Chp), 0.86-
0.92 (m, 2H, Hyb, H<b), 0.88 (d, 3H, CHd), 0.86 (t, 3H,
alkyl-CHj), 0.81-0.85 (m, 1H, Hxb), 0.84 (d, 3H, ChH-6),
0.82 (d, 3H, CH—C); 3\]1’2: 8.1,3.]2'3: 9.7,3\]3,4: 9.7,3.]4,5:
9.7, 3J5,6a: 4.8, 3J5'5b - 2.6, 3\]6a,b - 11.2,3\]1',2 - 3.6, 3\]2',3'
= 10.7,3\]3',4' = 3.5,3\]4',5' = 1.3, 3JCH3fﬁ,ﬁ = 6.6,3JCH37(§,(5 =
6.6,3JCH3_§§ = 6.6,3JCH3_919 = 6-6,3Jalky|—CH3,L =6.6.13C NMR
(400 MHz, CDCk + TMS): ¢ 170.52, 170.30, 170.18, 169.84,
169.32, 169.28 (€0, OAc), 101.42 (C-1), 96.75 (C1 75.08
(C-o), 72.94 (C-3), 72.61 (C-5), 71.32 (C-2), 69.10 (C-4), 68.05,
68.03 (C-4, C-2), 67.42 (C-3), 66.47 (C-5), 66.39 (C-6), 61.60
(C-6), 45.36 (Ce¢), 44.58 (C#), 41.03 (Cy), 31.52 (CH), 30.35
(C-B), 28.81 (C¢), 27.43 (C£), 27.31 (Cé), 21.11 (CH-9),
20.98 (CH-{), 20.77, 20.70, 20.67, 20.64 CHs, OAC), 20.08
(CHz-0), 17.78 (CH-p), 11.24 (alkyl-CH).
1-0-[(2'R,4'R,8'R,8'R)-2',4",6",8'-Tetramethyldecyl]-6-O-
(a-D-galactopyranosyl)-p-glucopyranoside (Meb-TMD). A
total of 0.97 g (1.16 mmol) ol was dissolved in 50 mL of

3.42 (dt, 1H, Heb), 2.10, 2.09, 2.01, 2.00, 1.97, 1.95 (each s,
3H, OAc), 1.45-1.64 (m, 4H, Hy, H-n, H-4, H-0), 0.98-1.64
(m, ZOH, Cl‘k-ﬂ, CHz-é, CHz-G, CHz-é, CHz-U, CHz-L, CHz-X,
CHa-u, CHz-v, CH2-§), 0.87 (d, 3H, CH-9), 0.84 (d, 6H, CH-
7, CH3-/1), 0.81 (d, 6H, CH—O, CH’3—0); 3\]12 = 8.1, 3\]2'3 =
9.7, 3\]3,4 = 9.7, 3\]4,5 = 9.7, 3\]5'53: 5.1, 3~]5,6b = 2.5, 3~]6a,b =
11.2,3\]1"2 = 3.6,3\]2',3' = 10.7,3\]3"4' = 3.1,3\]4',5' = 1.0,3\]5',5;,(
= 5.6, 3-]5’,6U = 6.6,3\]6(—,{@' = 11-213\]aaﬂ—CH2 = 6.1, SJubﬁ—CHz
= 6.6, sJona,b= 9.7, 3JCH3,CH2 = 6.6.
1-0-(3',7",11",15"'-Tetramethylhexadecyl)-6-@p-galac-
topyranosyl)g-p-glucopyranoside (Mef-Phy).A total of 1.20
g (1.31 mmol) of2 was deprotected as described for compound
Mel--TMD. Yield: 741 mg (91%). G:He011 (622.4292).
[0]?% +48 (¢ 1.0, MeOH). HIRESFAB-MS 1fV2): 645.0382
[M + NaJ*. *H NMR (400 MHz, methanotl): o 4.89 (d, 1H,
H-1), 4.31 (d, 1H, H-1), 4.01 (dd, 1H, H-6a), 3:93.95 (m,
2H, H-4, H-5), 3.52-3.86 (m, 6H, H-2 H-3, H-6d, H-6b,
H-6b, H-aia, H-ab), 3.50 (ddd, 1H, H-5), 3.43 (dd, 1H, H-4),
3.38 (dd, 1H, H-3), 3.21 (dd, 1H, H-2), 1.68.75 (m, 4H, Hy,
H-n, H-1, H-0), 1.01-1.64 (m, 20H, CHf, CHy-9, CHy-¢,
CHz-C, CHz-U, CHz-L, CHz-X, CHz-/t, CHz-V, CH2-§), 0.94 (d,
3H, CH;:-9), 0.84 (d, 6H, CH-5, CHs-1), 0.90 (d, 6H, CH-o,
CH'3-0); 3\]1,2 = 8.1, 3\]2'3 = 9.2, 3J3,4 = 9.2, 3‘]4,5 = 9.2, 3\]5'53
- 4-113J5,6b: 2-0,2~]6a,b: 11.2,3\]1"2' =4.1.

2.3. Surface TensionSurface tension was measured on a
Kruss K6 tensiometer (Kgs), using the de Nguring method.
Measurements were carried out using bidistilled water with a
surface tension af = 72—73 mN/m. All values were corrected
for the temperature. Corrections for the ring geometry and the

anhydrous methanol, and sodium methoxide was added (pHnydrostatic lifted volume of the liquid were made using the
8—9). The solution was stirred at ambient temperature until TLC Method described by Harkins and Joréfeor by Zuidema and

revealed the reaction to be complete. It was neutralized using

Dowex 50WX ion-exchange resin (protonated form), filtered,

Waters®*
2.4. SANS.SANS experiments were performed with the

and evaporated in vacuo. The product was recrysta"ized from SANS-1 instrument at the FRG1 research reactor at the GKSS

propan-2-ol. Yield: 588 mg (94%). 4&gHs50011 (538.3353).
[0]%% +52 (c 0.8, MeOH). HIRESFAB-MS f¥2): 561.6758
[M + NaJ*. IH NMR (500 MHz, methanoty): ¢ 4.89 (d, 1H,
H-1'), 4.31 (d, 1H, H-1), 4.01 (dd, 1H, H-6a), 3:98.95 (m,
2H, H-4, H-5), 3.88 (dt, 1H, Heia), 3.69-3.80 (m, 4H, H-2,
H-3', H-6d, H-6b, H-61), 3.68 (dd, 1H, Heia), 3.58 (dt, 1H,
H-ab), 3.50 (ddd, 1H, H-5), 3.48 (dd, 1H, tb), 3.43 (dd,
1H, H-4), 3.38 (dd, 1H, H-3), 3.21 (dd, 1H, H-2), 1.93(m
1H, Hp), 1.61-1.65 (m, 2H, H8, H-C), 1.49 (m, 1H, H-),
1.44 (m, H-a), 1.42 (g, 1H, H-ya), 1.32 (g, H-na), 1.27 (g,
1H, H-a), 1.10 (g, 1H, H=b), 0.99 (d, 3H, CH-8), 0.96 (m,
1H, H+yb), 0.95 (m, 1H, H<b), 0.94 (d, 3H, CH-9), 0.93 (t,
3H, alkyl-CHs), 0.92 (d, 3H, CH-6), 0.90 (d, 3H, CH-¢), 0.88
(mc, 1H, H-ﬂb); 3.]1,2: 8.1,3.]2’3: 9.2,3\]3'4: 9.2,3.]4,5: 9.2,
3\]5’65\: 4.1,3J5'5b: 2.0,2\]63@: 11.2,3\]1"2' - 4-113JH70Laﬁ -
7.6,3JH7abﬁ = 5-1,3JHfaa,b: 9-2,3~]CH37ﬁ,ﬂ = 6.6,3JCH37(3,5 =
6.6, 3JCH3—§,§ = 6.6, 3JCH3—9,0 = 6.1, 3JalkyI—CH3,L = 6.6.
1-0-(3',7",11',15'-Tetramethylhexadecyl)-6-O*(2 4,6 -tetra-
O-acetyle-p-galactopyranosyl)-2,3,4-tri-O-acety-p-glucopy-
ranoside R). Totals of 3.39 g (5 mmol) of melibiose peracetate,

Research Centr&.Four sample-to-detector distances (from 0.7
to 9.7 m) were employed to cover the range of scattering vectors
g from 0.005 to 0.25 AL The neutron wavelength was 8.1

A with a wavelength resolution of 10% (full-width at full-
maximum).

The solutions were prepared in® (Deutero GmbH; purity
99.98%). The samples were kept in quartz cells (Hellma) that
had a path length of 5 mm. The samples were placed in a
thermostated holder for isothermal conditiohs 25.0+ 0.5
and 50.0+ 0.5 °C. The raw spectra were corrected for the
background from the solvent, sample cell, and other sources
by conventional proceduré$.The two-dimensional isotropic
scattering spectra were azimuthally averaged, converted to an
absolute scale, and corrected for detector efficiency by dividing
them by the incoherent scattering spectra of pure watehjich
was measured wita 1 mmpathlength quartz cell (Hellma).

The average excess scattering-length density per unit mass
(Apm) of the surfactant in deuterated water was determined from
the known chemical composition, and it was equat-#92 x
10 cm/g for compound MeB-Phy and—4.51 x 10'° cm/g

1.49 g (5 mmol) of 3,7,11,15-tetramethylhexadecan-1-ol, and for compound Me}-TMD.

994 mg (880uL; 7 mmol) of boron trifluoride etherate in 50

2.5. Polarizing Microscopy and Contact Preparation.An

mL of anhydrous dichloromethane were reacted as describedOlympus BH optical polarizing microscope equipped with a
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Figure 3. Synthetic procedure for the preparation of NleIFMD and Mel{3-Phy.

Mettler FP 82 hot stage and a Mettler FP 80 central processorin different ways. Phythanol (3,7,11,15-tetramethylhexadecan-
was used to identify thermal transitions and characterize 1-ol), for the preparation of Meb-Phy, was prepared by a
anisotropic textures. simple catalytic hydrogenation of phythol (3,7,11,15-tetra-

For the contact preparation, a small amount of sample was methylhexadec-2-en-1-ol), as described by Minamikawa et
placed on a microscope slide and covered with a cover glassal?!3°
before heating it to the liquid-crystalline phase, (& Col). The chiral methyl-branched fatty alcohol R2R,6R,8R)-
Afterward, a small amount of solvent was placed on the slide 2,4,6,8-tetramethyldecanol was prepared from natural sources
at the edge of the cover glass. As soon as the solvent had moveds described by Morr et &:32Using extracts from the preen
under the cover glass and the sample was completely surroundedlands of the domestic gooser(ser a.f. domesticlishe alcohol
by the solvent, it was again placed, for a few seconds, on theis prepared in a multistep synthesis by transesterification,
hot stage at a temperature of 0020 °C, and the phase  Spaltrohr distillation, and reduction of the fatty acid methyl ester.
behavior was investigated immediately afterward by polarizing The alcohol was obtained with a diastereomeric excess of more
microscopy. than 99%.

2.6. Differential Scanning Calorimetry (DSC).The thermal The synthesis of compounds MefMD and Mel#-Phy was
phase behavior of the investigated compounds was investigatecearried out using standard procedutéotection of the sugar
using a Seiko SSC/560U differential scanning calorimeter. The in acetic acid anhydride/sulfuric acid afforded fii@eracetate
lipid/water mixtures were sealed in silver DSC capsules. To in @ good yield. The glycosylation reaction using boron
fully develop crystals of MeB-Phy, the samples (49 wt % lipid) trifluoride etherate as a Lewis acid gave the degf-gdlycosides.
were incubated at-20 °C for 3 h before a heating run was Deprotection using the standard Zerfpfgrocedure finally led
initiated at a rate of 0.2C/min. For Mel$-TMD, the samples  t0 the desired products.

(54 wt % lipid) were incubated at-40 °C for 3 h before 3.2. Thermotropic Liquid-Crystalline Properties. The
initiating a heating run at a rate of 0°€/min. A cooling run  thermotropic properties were investigated using polarizing

was not performed because of a great degree of supercoolingnicroscopy. The following liquid-crystalline phases and transi-
of the samples. tion temperatures were found (Ercrystalline; g= glass; 1=

isotropic):
3. Results and Discussion

156.9 |
178.6 |

Mel-5-TMD Cr <20.0 S
3.1. Compounds and Synthesigzigure 3 shows the synthetic Mel-3-Phy g ? 2
route for the preparation of the investigated compounds.
Although the preparations of both glycosides follow the same Compound Mel5-TMD, with the short alkyl chain, is already

route, the alcohols needed for the preparations were prepared liquid crystal at ambient temperature. The compound forms a
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Figure 4. Water-penetration scan for MGHPhy at 23°C (x40). There
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Figure 5. Heating curve of a 49 wt % Mgl-Phy/water system (heating

was no sign of water penetration, and crystals remained, even after 24, .. 0.2°C/min).

h of contact with water. When the temperature exceedefiG4Ghe

crystals melted and quickly turned into a transparent isotropic solution

(see text).

ally observed in water-penetration experiments. Upon cooling
of the transparent aqueous solution, the solid again started to

B-Phy also exclusively forms a,phase. The clearing temper-
ature is 21.7 K higher compared to that of MEIFMD. Both

DSC measurements. Figure 5 shows a typical example of the
DSC thermogram of the Mg-Phy/water system (49 wt %),

compounds cannot be obtained in a crystalline form, like most in which an endothermic peal\ti = 38 kJ/mol) associated
of the known branched-chain glycolipids. The glass temperature With the glass~> L, phase transition of Mg#-Phy was observed

(Tg) of Mel-5-TMD is below room temperature, whereas Mel-

p-Phy has aly above room temperature. It forms a rigid glass
structure with cracks resulting from shrinking during cooling

of the glassy state.

Unfortunately, no reliable data on the thermotropic and

between 33 and 43C. The endothermic peak that starts at about
—15°C and ends at about°C belongs to the melting of frozen
water in the Melg-Phy/water system. Compared to normal ice
melting, the water started to melt at significantly lower
temperatures. This suggests that the melting of ice in the Mel-

lyotropic phase sequence and transition temperatures for the-Phy/water system, occurring throughout a wide temperature

correspondingi-decyl-, n-hexadecyl-, om-eicosanyl-melibio-
sides can be found. Despite this, the data for rifedodecyl-
and n-octadecyl-melibiosidé8 provide sufficient information
for a comparisonn-Dodecyl-melibioside forms a cubic phase
above the melting point (158C) upon heating, whereas upon
cooling from the isotropic phase, ax Shase is formed.
However,n-octadecyl-melibioside has a melting point of 152
°C, and above that, axhase is formed throughout the whole
temperature range up to the clearing temperature {252

range, is a result of different water organization.

Mel-3-TMD/Water SystenDry Mel-3-TMD exhibited bire-
fringent textures at 23C. Upon addition of water, an isotropic
region started to grow from the M@-TMD/water interface,
with a concomitant decrease in the birefringent MelMD
region (see Figure 6). The birefringent M&TMD region
eventually disappeared, resulting in a two-phase-coexistence
system of the isotropic phase (I) and the agueous system (W).
As seen in Figure 6c, the isotropic (most probably 3elMD-

The melting point is lowered in both cases. In the case of rich) phase dispersed as spherical liquid droplets in an aqueous
the tetramethyldecyl chain, the effect is even much stronger thansolution phase. Thus, the isotropic phase observed in the water-
that for the tetramethylhexadecyl chain. This means that the Penetration scan (Figure 6a,b) was not a cubic phase. The turbid
distance between the methyl groups in the branching has to betwo-phase state remained unaltered at least up ®€7@hen
taken into account. With decreasing distances between thethe two-phase solution was incubated 864 the liquid droplets
methyl groups, the disturbance of the packing density in the transformed into birefringent solid particles.
chains rises. Another effect is the change in the molecular shape. The observation is consistent with the DSC thermogram of

The molecular geometry oFdodecyl-melibioside lies between

the Mels-TMD/water system (54 wt %). The thermogram

arodlike and a wedge-shaped structure, which can be seen frontonsists of two endothermic peaks. The lower endothermic peak
the phases formed. The tetramethyldecyl chain then leads to ais most presumably the one associated with the melting of frozen

stable rodlike structure; thus, a stable thermotropipBase is
formed. Melg-Phy also forms a S phase, but compared to

water in the Melg-TMD/water system. The second peak,
overlapping with the first endothermic peak, is associated with

n-octadecyl-melibioside, the temperature range of this phase isthe phase transition of Mgl-TMD. The endotherm completed
small, indicating that the shape is still rodlike. However, upon at about 18°C (indicated by an arrow in Figure 7).

heating, a change of shape is favored.

3.3. Thermal and Lyotropic Phase Behavior of the Lipid/
Water Systems.Mel-3-Phy/Water SystenmVWater-penetration
(contact-penetration) experiments of MePhy displayed rather
unusual phase behavior. Dry Mg{Phy was in the glass state
at ambient temperature (2&) and did not show any sign of

To summarize the results, the MglPhy/water system
displayed ark of about 33°C, above which the system formed
an isotropic transparent solution with moderate foaming ability.
This indicates that MeB-Phy is soluble in water by forming
normal micelles at temperatures abovelitgs Compound Mel-
B-TMD, on the other hand, was not soluble in water, even at

water penetration, even after 2 days of contact with water (seetemperatures above it%. The Mel3-TMD/water system forms

Figure 4). With increasing temperature (above @}, the glass

a two-phase solution that consists of a lipid-rich phase and an

disappeared rapidly, forming a clear transparent solution. This aqueous solution (most probably built up by isotropic disklike

may be attributable to the dissolving of M@lPhy in water.

Solutions of Melg-Phy then showed a moderate foaming ability.

aggregates/bilayer aggregates; see section 3.5). As shown in
section 3.5, the concentration of M@TMD in the aqueous

Because of the rapid change upon heating, it was not possiblesolution is about 1@ g/mL (~18 times the cmc). Thus, Mel-
to observe any stable water-penetration textures that are generg-Phy, with its phytanyl chain (a total of 20 carbon atoms), is
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Figure 6. Water-penetration scan of MEBFTMD at 23°C (x40). W:
water region. |: isotropic region. L: lipid region. Microscopic pictures
at (a) 2 min of water penetration and (b) 5 min of water penetration.
(c) Microscopic picture ba 3 wt % Mel-3-TMD/water system at 23
°C (x40). Spherical droplets of the water-swollen lipid phase (disklike/
bilayer aggregates) are dispersed in the aqueous solution phase.
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Figure 7. Heating curve of a 54 wt % Meg-TMD/water system
(heating rate: 0.4C/min).

40 60

more soluble in water than M@-TMD, with its smaller
hydrophobic chain (a total of 14 carbon atoms in the hydro-
phobic chain). A definite explanation will need a more detailed

Milkereit et al.

stretching vibration band in Fourier transform infrared spec-
troscopy, which is found upon the investigation of glycosyl
diacyl glycerols with tetramethyldecyl chaitithat is a sensitive
marker of the alkyl and acyl chain ord&This can result in a
rigid structure of compound Mei-TMD, even abovelk. The
hydration and self-assembly that occurs upon the addition of
water will be energetically more unfavorable than it will for
the more flexible Melg-Phy.

Second, the good aqueous solubility of MeRhy appears
to be in marked contrast to the phase behavior of another
phytanyl-chained glycolipid, ©B-phythanylf-p-maltoside,
B-Maly(Phyt). Having a common phytanyl chain, their molecular
structures differ only in their headgroup part, for example,
melibiose for Melg-Phy and maltose fof-Malx(Phyt). It is
interesting to note that th@-Mal(Phyt)/water system forms a
water (dilute aqueous lipid solution) and @ two-phase region
followed by a one-phase region of theg phase as the lipid
concentration increaséThis again adds an intriguing example
in which the saccharide headgroup has a significant effect on
the physical behavior of glycolipid/water systeffis.

Lowering Tk by using branched alkyl chains insteachesdlkyl
chains is a common method employed in surfactant chentistry.
Unfortunately, no literature data are available onThevalues
of n-tetradecyl- orn-eicosanyl-melibiosides. Only data for
n-dodecyl-melibiosideTk < 0 °C) andn-octadecyl-melibioside
(Tk = 67.5°C) can be found?® From these data, the values for
n-tetradecyl-glycoside (2030 °C) and n-eicosanyl-glycoside
(80—100°C) can be estimated. When these values are compared
with the DSC results, the difference between the branched chains
is again visible. Wherea$x of Mel-5-Phy (33°C) is signifi-
cantly lower than even that for octadecyl-melibioside, of
Mel-5-TMD (18 °C) seems to be in the same range as those
for the corresponding-alkyl analogues.

3.4. Surface Tension and Geometric PropertiesTable 1
shows the geometrical properties of the investigated compounds.
The carbon-chain volume and the extended chain length were
calculated according to the method described by Tarffodr
the calculations, we assumed that the volume of the carbon
chains totaled 14 and 20 carbon atoms for [#&MD and Mel-
B-Phy, respectively. For the chain length, we assumed that the
branching of the chain does not affect the chain length; therefore,
the chain length will be, in the case of M@TMD, 10 carbon
atoms and, in the case of MgHPhy, 16 carbon atoms.

In Figure 8, the adsorption isotherms of the investigated
compounds at the air solution interface are shown. The
interfacial absorption behavior was investigated at@0Both
compounds formed homogeneous solutions in the measured
concentration range; no phase separation occurred, and no
multiphase systems formed. No phase separation occurred above
the cmc for compound Me#-Phy. For MelS-TMD at a
concentration of 1x 1073 g/mL, the solution became cloudy,
indicating the formation of bigger aggregates/phases or a
solubility limit.

The data obtained from the surface tension measurements are
presented in Table 1.

phase diagram, but a reason for this unexpected behavior might The cmc value of Mep-TMD is higher than that of
be found in the difference between the branched alkyl chains. compound Melg-Phy, which has a longer alkyl chain. The

In comparison to that ofi-alkyl chains, the flexibility of the

decrease of the cmc from MBFTMD to Mel-5-Phy is in

alkyl chain should be reduced, in the cases of both the phytanyl accordance with the theory predicting a decrease in cmc values

and tetramethyldecyl chaidéNevertheless, the phytanyl chain
should show some flexibility with its alternating(CH,)3—

with an increase in the alkyl chain length.
From the pre-cmc slope, the headgroup area per molecule at

CHCH;— sequence. However, the tetramethyldecyl chain, with the air-water interface was calculated. From this, the critical

the alternating—CH,—CHCH;— sequence, should show less
flexibility. This is also indicated by the absence of the symmetric

packing parameters (CPPs) were calcul4tekks shown in Table
1, CPP predicts the formation of a bilayer structure for the
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TABLE 1: Adsorption of Mel- 8-TMD and Mel- f-Phy at the Air—Aqueous-Solution Interface and Data Calculated from the
Pre-cmc Slope, T = 40°C

carbon chain extended chain critical packing
Yeme Ymin volume lengtt headgroup aréa  parameter
cmc[mML™Y  cmclg/mL] [mN/m]  [mN/m] ve [A9] I [A] ao[A?] vdlldo
Mel-3-TMD  0.1+2 x 102 54x 10° 35.6 35.2 404 14.15 23t 4 ~1
Mel-3-Phy 0.03+1x 102 1.87x10° ~36 ~36 565.4 21.74 3% 15 0.7

aThe values were calculated using= 27.4+ 26.90.. ° Calculated witH. = 1.5+ 1.265.*? ¢ Calculated from the pre-cmc slopé Calculated
from the carbon chain volume, the extended chain length, and the headgroup area per molecule atvdterainterface obtained from the
pre-cmc slope

v Mel-3-TMD
60 +  Mel-B-Phy
] . v
S " K
v :
. v =
50 %)
— =
.E . v ((_5)
E 45 . . §
o . v =
40 . n
. v ©
35 - T Yy vy
T T T T T T T T T T 1
-3,0 25 2,0 15 -1,0 05 g, A"
log ¢ [mM] Figure 9. Scattering curves and model fits for solutions of Nel-
Figure 8. Surface tension plots for Mgd-TMD and Mel#-Phy at 40 TMD (c = 1.0 x 10-% g/mL; empty symbols) and Mei-Phy ¢ = 5.0
°C. x 1074 g/mL; filled symbols) in BO, T = 50 °C. The curves are
normalized to the concentration of surfactant in aggregatesdmc).
shorter-chained lipid MgB-TMD. For compound Me-Phy, The solid lines represent fits or approximations. The arrow points to

the prediction of the micellar shape is more difficult. The error the position of the maximum in the scattering data of MeIMD.

in the determination oy from the pre-cmc slope is very high ) ) ) ) )
because it is difficult to estimate the correct part in the slope of diameter, or thickness, respectively. The IFT routine for rodlike

the curve (the value of CPP predicts a cylindrical structure of aggregates was applied to the largpart @@ > 0.02 A™%). The -
largeq part is chosen to ensure the validity of the approximation

the micelles). ; S :
3.5. Analysis of SANS DataSANS data were collected for ~ for rodlike aggregates (infinite long cylinde)> 1/, whereL
solutions of Mel8-TMD (c = 1.0 x 1072 g/mL) and Mels- is the length of the cylinder.
Phy € = 5.0 x 104 g/mL) in D;O at a temperature of 5@C We obtained the following values for the parametelRss g
for Mel-3-Phy and 20, 50, and 7@C for Mel-3-TMD. These =13.44+ 0.2 A (the corresponding radius of the homogeneous

concentrations are approximately-285 times the cmc value ~ Circular cross section of Med-Phy aggregates is 198 0.4
for both compounds. A detailed description of the analysis of A) andM. = (1.4 + 0.1) x 1073 g/cm (this gives~13 Mel-

the SANS data is given in the appendix. pB-Phy molecules per 10 A of aggregate length araD A? per

The obtained scattering curves are very different for the two one Melg-Phy molecule at the surface of the cylinder). The
glycosides (shown in Figure 9). Compound MEIFMD shows radius of the cylindrical cross section, calculated from the radius
a high scattering at the lowest interval of the scattering vector Of gyration, points to an extended conformation of the alkyl
(q < 0.01 A1), At an intermediatey range (0.0+0.1 A1), chain in the rodlike aggregates (Table 1).
the scattering curve changes and shows a disklike behavior The analysis was continued with the model fitting. A
according to &(q)/dQ ~ g2 For large values df, a diffraction cylindrical model was chosen and applied to the experimental
maximum € ~ 0.15 A2) is observed. data. In Figure 9, the experimental data and the applied model

In contrast, the scattering curve of the lipid MEgPhy shows are shown. The applied model and the experimental scattering
a rodlike behavior at an intermediate range of the scattering curve fit together throughout the whole interval of the scattering
vector (E(g)/dR ~ g 3). vectorg. Using the data, we calculated the radiRs< 19.2+

It can be assumed that the two lipids form different aggregate 0.4 A) and the length of the cylindet (= 290+ 10 A). The
structures in an aqueous solution: (1) NeFMD forms large radii of the cylinder obtained by the two different methods (IFT
aggregates with partial-plane or disk-shaped substructures. (2)analysis and model fitting) are in accordance. Both of the
Mel-3-Phy forms small rodlike aggregates. methods gave consistent results, which can be interpreted as

Mel-3-Phy SolutionsWe started the analysis of the scattering the formation of short cylindrical aggregates in dilute solution.
data for compound MeB-Phy by applying the indirect Fourier ~ The results are summarized in Table 2.
transformation (IFT) method developed by Glatttusing the The observations of the water-penetration scans of fdel-
version reported by Peders&énThis model-independent ap-  Phy are consistent with the results from SANS. AbdxeMel-
proach needs only minor additional (model) information on the [-Phy forms cylindrical micelles at a concentration that is 27
possible aggregate structure: dimensions (spherelike, rodlike,times above the cmc. The formation of micelles is similar to
or disklike) and a maximal value of the diameter, cross-sectional that of the n-alkyl counterparts. For example, faris-9-
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TABLE 2: Results of SANS Data Analysis by a excluded. For example;tetradecyl-melibioside forms spherical
Model-Independent Approach (IFT), Model Fitting, and micelles38
Sai%gtaasﬁﬁ a?ﬂestgigf) Aggregates for Meg-Phy (¢ = 5.0 The CPP values calculated from the surface tension data
~ollar sh indrical (section 3.4) are in accordance with the results from the SANS
?;Idciisaéfscﬁi%%rical cross section [A] Clygl?e 6'.‘2"" analysis. Melg-Phy forms cylindrical micelles (CPP- 0.7),
length [A] 200+ 10 whereas MeJ3-TMD forms bilayer aggregates (CPP 1).
mass per unit length [g/cm] (140.1)x 10718
number of molecules per 1 nm of length  ~13 4. Conclusions
surface area per molecule7A 90
Two new glycolipids with methyl-branched alkyl chains of
TABLE 3: Results of SANS Data Analysis by different lengths and chiralities were synthesized. The combina-
'(\;Agﬂﬁﬁ?fde%%Tgﬁ'gtﬁrpé’frﬂ;r ég;r()ais'\g&dae@tﬁ'rﬁba(ncdz tion of different analytical §tandard methods (polgrizing mi-
1.0 x 103 g/mL, T = 25, 50, and 70°C) croscopy, contact preparation, DSC, sur_face tension measure-
micellar shape bilayerflarge aggregates ments, and_SANS) gave a comprehensive chargctenzatlon of
radius [A] ~4000 A (large aggregates) the plophysmal properties in thg pure state and in an aqueous
thickness of layer for [A] 39 2 (bilayer) solution. The effect of the branching is obvious. The compounds
repeat distance between layers [A] 480 (bilayer) show liquid-crystalline phase behavior near or at ambient
mass per surface unit [g/én (8.3+0.5) x 107 (bilayer) temperature, although the phase behavior is charmgétky!-
surface area per moleculeqA 100 (bilayer) melibiosides exhibit a more complex polymorphism leading to

the formation of lamellar, cubic, and columnar mesophases,

octadecenyl-melibioside, the formation of long cylindrical pecause of the wedge-shaped geometry of the molecules, than
micelles was observed. was found for the investigated compounds. The use of methyl-

For compound MeB-Phy, the area per headgroup in the pranched alkyl chains instead wialkyl chains led to a general
micelles obtained from the SANS data is aboti2imes higher  change of the physical properties. It is interesting to note that
than that at the liquietair interface (Table 2). This shows that, the solubility of Mel-TMD is low even aboveTk. This is
in the micelle, a wedge-shaped packing of the molecules with similar to the observations made for the tetramethyldecyl wax
a dense hydration of the carbohydrate headgroup can beesters of the preen glands, which are responsible for the good
assumed, whereas at the ligtidir interface, a nearly rodlike  water protection of the feathers of the domestic gd8sehe
packing of the monolayers occurs. method of methylation of the chain controls the self-assembly

Mel-3-TMD Solution. The scattering data of M¢l-TMD and can explain different biological functions for plants (variable
show the so-called Porod behavior at the lowest interval of temperature) and animals (constant temperature). The different
(@ < 0.01 A7%). It points to a smooth and sharp interface influences of the branched chains can be used for the applica-
between large aggregates and the surrounding solvent. Theions. Mel#-Phy shows normal surfactant behavior starting with
following parameters of smaller disklike/bilayer aggregates were micelle formation and can be used as a sugar surfactant,
obtained from the analysis of the intermediate part of the exhibiting a galactose residue at the end of the disaccharide

scattering curve: a radius gyration of thicknessRef, = 11.4 head. Conversely, Mg&-TMD will form stable bilayers and

+ 0.4 A (the corresponding thickness of bilayers of Mel-  can be used for building model membranes with an unusual
TMD is 39+ 2 A) and a mass per surface unitdf = (8.3 + carbohydrate head or more simple stabilized membranes.

0.5) x 10710 g/cn? (100 A? per one Mels-TMD molecule in The main observations that were made can be summarized
the surface of the bilayer). as follows.

We can summarize the results of the structural analysis as (1) Similar properties of MeB-Phy and Mel-TMD:

follows: Large aggregatesR(~ 4000 A) are formed. The (a) The liquid-crystalline polymorphism is reduced to only
surface is smooth/sharp. Substructural units are disklike particlesgy Sa phases in the pure state: the formation of lyotropic
with a thickness of approximately 40 A, and the formation of phases, such as hexagonal or lamellar phases, was not observed.
ordered bilayers with a repeat distance between the layets of (b) No cubic or columnar phases were formed, because of

:40.—'[.50/3\t|s”(]).bserved. Itt |st'prol:3;_51rllole thatlglve observed a.phjs.ethe branched alkyl chains, therefore changing the molecular
ransition at this concentration. The results are summarized in g 20 from wedge-shaped to a rodlike shape.

Table 3. e - . o

For compound Me3-TMD, the headgroup area in the bilayer (g) '_I'I_Ee Stakl)l."ty of jche I|qua|‘d:crystallllne pf(]jase Is increased.
obtained from SANS is about 4 times higher than that at the (d) e melting points andy’s are lowered.
liquid—air interface (Table 3). This is due to the formation of ~ (2) Differences between Mgi-Phy and Melg-TMD:
different aggregates in solution that makes the calculation of (&) Mel{3-Phy forms cylindrical micelles.
the exact concentration in the single aggregates impossible. From (b) The less flexible TMD chain disables the formation of a
the theoretical point of view, it is expected that the headgroup large micellar solution region; compound M@AMD forms
area in the bilayer should be in a range similar to that at the disklike aggregates/bilayers of small or medium size instead

air—water interfacé! because no birefringent textures were observed for this phase
Contrary to the results obtained for solutions of MeRhy, region (Figure 6)-_ .
compound Mel8-TMD formed no micelles at a concentration (c) Mel-3-TMD is not very soluble in water, even aboVg.

of 1 x 1073 g/mL (18 times above the cmc). In this case, the (d) Mel-8-Phy has a greater hydrophobic moiety than Mel-
formation of large aggregates/lipid bilayers was observed. This f-TMD, but it is more soluble in water, as a result of the more
can again be an indication that the alkyl chain of MeFRD flexible phytanyl chain.

is very rigid, which makes the formation of micelles, even at

low concentrations, unfavorable. Nevertheless, concentrations Acknowledgment. Financial support by the Deutsche For-
below this were not investigated; thus, the formation of micelles schungsgemeinschaft (Graduiertenkolleg 464, SFB 470) is
in a very narrow concentration range near the cmc cannot begratefully acknowledged.
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Appendix: Analysis of SANS Data Peyi(0) is the form factor of a cylinder of length and radius
-48
Mel-B-Phy Solutions. The scattering intensities for rodlike
aggregates are written via the cross-sectional pair distance sinlal/(2 cosB)12J.[aRsin A1) 2
distribution functionpcg(r): P (a) =4 wa] SInlGLA l 1[q. /] sinp dp
°y 0 [qU/(2 cosp)][aRsin ] ©)
VA 00
dR(@/0Q = (T2 [pedn) Jan o (M) o |
q whereJ; is the first-order Bessel function.

whereJy is the zeroth-order Bessel function.
The pcg(r) function is given by

- P.od(@) = 2Si(qL)/(qL) — 4 sirf(qL/2)/(qL? 7
pedr) = 5 [TAR() Ap(r + 1) A (2) d@) = 2SKgL)/(aL) — 4 sirf(aL2)(’LY)  (7)
L

Prod(Q,L) is the form factor of an infinitely thin rod of length
L:

where
whereAp(r).|s the contrast [dlfferencg between the scattering- Si(x) = fxt_lsint ot
length density of aggregates at the paini(r), and the averaged 0
scattering-length density of the solveps, Ap(r) = p(r) — pd; ) ) )
the vectors andr’ are lying in the cross-sectional plane. The functionc(q) is related to the Fourier transform of the
The pair distance distribution function is expressed as a sum ‘direct” correlation function, which we approximated by the
values of the coefficients are calculated numerically by a least- . N ,
squares fitting of the IFT model curve to the experimental data. c(q) = 3[sin@D) — gD’ cos@D)] (8)
In the present study, the valuesDf..x were carefully chosen (qD)?
to give both good fits to the experimental data and smpgth ) ) )
(r) functions. where the diameter of the correlation hole is choseD'as
At the largeq range ( > 0.02 A1), the experimental data 2R. ) ] )
and the fitted curves coincide very well (data not shown). In the final fit, four parameters were fitted: the length of the

The Gaussian shape of the pair distribution function is micelle, the cross-sectional radius, a correction factor for the
characteristic of almost-homogeneous cylindrical aggregatesabsolute scale, and a residual background. The correction fagtor
formed by compound Mes-Phy. Here, we got a first estimation for the absolute scale takes small errors of the concentration
of the cross-sectional diameter of approximately 40 A, which into account, and it is expected to be close to unity. The
is obtained from the maximum distance mf(r). correction factor for the absolute scale variation is within 5%

After determination of the pair distance distribution function, Of unity, which reflects the accuracy of the absolute calibration
the mass per unit length of the aggregstieand the radius of ~ Of SANS data and of the surfactant concentration. The experi-

gyration of the cross section of the micelResy will be mental data and thg applied model are shown in Figure 9.
calculated. The radius of gyration can be written as Mel-5-TMD Solution. The scattering data of Mg-TMD
show the so-called Porod behavior at the lowest interval of
00 —1)-48
J; erCS(r) dl’ 1/2 (q < 0.01 A )
=l 3 _
N P [ pen) 3) d>(q)/dQ ~ Aq* (9)

This points to a smooth and sharp interface between aggregates
The analysis was continued with the model fitting. A cylindrical formed by Mels-TMD and the surrounding solvent. The
model was chosen and applied to the experimental data. Theparamete is connected with the interfacial ar&by
model scattering cross section used for the fitting is based on

the integral equation theory for polymers and the polymer A= ZnApZS (20)
reference interaction site model. For the isotropic solution of
rigid cylinders, the scattering cross section was takéh as First, the parametek was obtained from a fitting procedure at
the lowestq region. With knowledge of the volume fraction of
5 Peyi(a) the surfactant and with the assumption that the formed ag-
dZ(q)/dQ/(c — cmc)= MAp, 1+ p L _ 2R gregates are spherical, the size of the aggregates was estimated
e(@ Proda D to be R ~ 4000 A. This means that, even at this very low
(4) concentration, compound M@FTMD forms not only simple

_ : : icelles but large aggregates as well. Most probably, these are
wheref = [1 — S0)]/S0), with S0) being the structure factor mice o 29 . . .
calculated by the rigid cylinder model: that is, for a solution of some sheets of lipid bilayers, which, with a further increase of

isotropic rigid cylinders0) is calculated from the expression concentration, will form a lamellar phase.

for the osmotic compressibility as determined in the scaled The.posmon ?fdth[e 3:ffr39t:on mf;Xltmum 'T).Ithe sc.atterlng
particle approximation: curve is connected to the distance between bilayers:

d =27l 11
(1 _ B _ C)4 qmax ( )

[1+ 2B+ C)]?+ 2D[1 + B + (5/4)C]

S0) = ®)

From the quite-broad maximum in the SANS curdesan be
estimated to be 4050 A.

In this equationB = 7R2Ln, C = 4/37R%n, D = 1/27RL°n, L Next, the interval ofy from 0.01 to 0.1 A* was analyzed by
is the length of the cylindersy is the radius of the cylinders, the IFT method. This interval shows the scattering behavibr (d
andn is the number concentration of the cylinders. (o)/dQ ~ q~2) of disklike (bilayer) aggregates.
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The scattering intensities for disklike aggregates are written
in the form of the thickness pair distance distribution function

pr(r):

dS(Q)/dQ = (Z—J;)n [Tpyn) costn dr  (12)
q
The pr(r) function is given by*
=CEZCME PA o) Ap(r + ') dr’ 13
Pr(r) M [Ap(r') Ap(r +17) dr (13)

with r corresponding to the coordinate in tkelirection and
Ms corresponding to the mass per surface units of disklike
aggregates.

Now we are able to describe the intermediqt@aterval for
disklike aggregates by IFT (Figure 9). Similar to the method
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Abstract

Three new alkyl glycosides with similar molecular structures (oleyl and oleoyl alkyl chains and various head groups: disaccharide, trisac-
charide and disaccharide with an additional amidoethoxy spacer) were synthesized and their supramolecular structure in aqueous solution w
investigated. Small angle neutron scattering, surface tension measurement and the contact preparation method were applied to get molecu
structure—property relationships. Although the chemical structures differ only in small details, their CMC values, lyotropic phase behaviour,
surface area per surfactant molecule in the micelle and at the liquid—air interface, and the size and shape of the micelles are very differen
We have found three different types of aggregates: spherical, cylindrical and polymer-like micelles in dilute solutions.

0 2004 Elsevier Inc. All rights reserved.

Keywords: Alkyl glycosides; Small angle neutron scattering; Polymer-like micelles; Surface tension

1. Introduction industrial products. Alkyl glycosides bearing carbohydrate
head groups as the polar parts are good candidates for this
The unique properties of solutions of amphiphilic mole- so-called “green” or “natural” surfactanf3].
cules in polar (e.g., water) and nonpolar (e.g., paraffin) sol- The synthesis of these new environmentally compatible
vents are well knowrf1]. The molecular structure of am-  surfactants sharing similar properties with those of con-
phiphilic compounds has a great influence on the formation ventional surfactants demands also the intensive study of
of specific structures like spherical, rod-like and worm-like their self-assembly behaviour. Regarding this aspect, alkyl
micelles, vesicles and lamellar aggregates. Other propertiegylycosides are significantly less studied compared to ionic
such as the CMC, solubility of nondissolved substances or or nonionic PEO-based surfactants. There are many differ-
phase boundaries also depend on the molecular shape oénces in self-organization between glycosides, and ionic and
the amphiphilef2]. The delicate balance between opposite PEO-based surfactants. More specifically, alkyl glycosides
forces associated with the hydrophobic and the hydrophilic carry no charge but still have rigid carbohydrate headgroups.
parts of the molecule plays a key role especially in the case Therefore they share features with PEO-based and ionic sur-
of long chain surfactants. factants. At the very least the chirality of carbohydrate head

During the last decade biodegradable nontoxic surfac- groups has a great influence on the self-assembly in solution,
tants synthesized from renewable sources have become morg characteristic missing for normal surfactajds

and more attractive as ingredients for consumer, health and  actyal reviews addressing the relationship between the
structure of alkyl glycosides and their aggregation behav-

* Corresponding author. Fax: +49-4152-871356. iour can be found in the literaturfs,6]. To date mainly
E-mail address: vasyl.haramus@gkss.@¢M. Garamus). short and medium chained alkyl glycosides have been in-
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doi:10.1016/}.jcis.2004.10.039


http://www.elsevier.com/locate/jcis
mailto:vasyl.haramus@gkss.de

G. Milkereit et al. / Journal of Colloid and Interface Science 284 (2005) 704713 705

vestigated. The results show that an increase of the alkyl Ho Q

chain length usually leads to the destabilization of the hexag- Ho H
onal phase in favour of the lamellar phase due to a de-
creasing curvature of the surfactant monolayer and an in-
crease of the critical packing parameter (CPP) of the sur-

NCHg T CaHyr

factant molecules. An increase of the polar head group from wo = Q oM
mono- to disaccharides was found to cause thermotropic and Ho W

lyotropic polymorphism([7,8]. The shape of the micelles o Q

also changes; for example, the disaccharidectyl 5-D- HO Ho.

. . . . . OH
maltopyranoside forms spherical micelles in a wide range ?

of concentrations but the corresponding monosaccharide
octyl 8-D-glucopyranoside forms rod-like micellg$10]. OMT

Whereas mainly the higher ordered lyotropic phases of HO
glycolipids are investigated, ygt1-13]little data is avail-

O, —
o CHs T Catyr

able on the micellar structures of glycolipids. oH | H o o
In this paper we report our results on the investigation Ho. o
of a set of synthetic alkyl glycosides with unsaturated alkyl oH OEJ\HN)k(C”Z” Cofter

chains in dilute agueous solutions. These compounds are
very important in modern researches because nearly 50% ofgig. 1. chemical structures otig-9-octadecenyl)-49-(a-D-glucopyran-
the natural occurring lipids contain unsaturated alkyl chains. osyl)-8-p-glucopyranoside @M), (cis-9-octadecenyl)-42-[4'-O-(a-D-
The great difference compared to technical surfactants, for glucopyranosyl)-p-glucopyranosyl]s-p-glucopyranoside QMT), [N-
example APGs, is the purity of present compounds, and a de_(cis—9-oct@ecenoyl)-’2—ethylamino]-40-(oz-D-qucopyranosyI)/%-D-gluc-
fined chemical composition of the carbohydrate headgroup opyranosideQsMl).
and the anomeric linkages of the monosaccharides in the
head and of the alkyl chain. To derive structure—property compound has been found to be 99%. The molecular struc-
relationship the alkyl chain type was kept constant and the ture is presented iRig. 1
polar head group was changed systematically. This gives us
the possibility to investigate the influence of the head group 1. o[ N-(cis-9-octadecenoyl)-2”-amino-ethyl] -4- O-
size and chemical nature on the aggregation properties of s012' 3' 4/ 6'-tetra- 0-acetyl-a-D-glucopyranosyl)-2,3,6-tri-
lutions. 0-acetyl- B-D-glucopyranoside (OSM)

The size and shape of the aggregates in dilute solutions  gynthesis of this compound will be described elsewhere
(micellar Ly phase) were studied by small angle neutron |G Milkereit, V. Vill, unpublished results]. The purity has

scattering (SANS). The CMC was investigated using surface peen found to be 99.9% and the molecular structure is also
tension and the lyotropic phase behaviour by contact prepa-presented irFig. 1

ration methods. We have observed that the micellar struc-
ture changes from large polymer-like aggregates to smaller
mostly stiff rod-like objects and further to relatively small,
nearly spherical micelles with increasing size of the surfac-
tant head group.

2.2. Polarising microscopy

An Olympus BH optical polarising microscope equipped
with a Mettler FP 82 hot stage and a Mettler FP 80 central
processor was used to identify thermal transitions and char-
acterize anisotropic textures.

For the contact preparation a small amount of sample
was placed on a microscope slide and covered with a cover

2. Materialsand methods

2.1. Yynthesis glass before heating to the liquid crystalline phasg (%

Col). Afterwards a small amount of solvent was placed on
(cis-9-octadecenyl)-4- O -(-D-glucopyranosyl)-5-b- the slide at the edge of the cover glass. As soon as the sol-
glucopyranoside (OM) vent had moved under the cover glass and the sample was

The synthesis of this compound is described in f&t. completely surrounded by the solvent, it was placed again

The purity of this compound has been found to be 99.9%. for several seconds on the hot stage at a temperature of 100
The molecular structure is presentedHig. 1 to 120°C and the phase behaviour was investigated imme-

diately afterwards by polarising microscopy. The following
(cis-9-octadecenyl)-4- O -[ 4 - O -(a-D-glucopyranosyl)-a-D- abbreviations were used to describe the lyotropic phaggs: L
glucopyranosyl] - 8-D-glucopyranoside (OMT) lamellar; H;, hexagonal (normal type);V bicontinuous cu-

Synthesis of this compound will be described elsewhere bic phase; cub, discontinuous cubic phase; and ch, lyotropic
[G. Milkereit, V. Vill, unpublished results]. Purity of this  cholesteric phase.
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2.3. Surfacetension 3. Results

Surface tension was measured on a Kriiss K6 Tensiome-3-1. Compounds
ter (Kruss, Germany), using the de Noly ring method. All
measurements were carried out using bidistilled water with
a surface tension of = 72—-73 mN'm. For each sample
the experiment was repeated three times in order to obtain
constant values. All values were first corrected for the tem-
perature. Correction for the ring geometry and the hydro-
static lifted volume of liquid were made using the method
described by Harkins and Jordan or by Zuidema and Water:
for values<25 mN/m [14,15] The excess surface concen-
tration I” [mol m~2] was calculated from the modified Gibbs
adsorption equatiofi6,17],

The chemical structures of the investigated compounds
are shown inFig. 1 All compounds have the same type
of unsaturated alkyl chain although compour@l T and
OSM are modifications oOM .

The two glucose units of the maltose head grou@bf
andOSM are linkedel — 4, whereas the trisaccharide head
sgroup ofOMT has three glucose units withodl — 4 link-
age. The oleyl chain of compour@M andOMT is linked
directly to the sugar uniQSM has a G-spacer between the
carbohydrate head group and the carboxylic chain, increas-
ing the polar part of the molecule.

re_ 1[0 (1) 3.2 Lyotropi i
=—==l3mzl 2. Lyotropic properties

whereo is the surface tension (NTH), R the gas constant, The Iyptropic liquid crystalline. propertigs were .investi—
T the temperature [K] and the surfactant concentration gated using the contact preparation technique. This method
[mML~1]. From Eq.(1) the area occupied by each mole- allows to study the whole phase sequence from the pure

cule at the air—water interface can be calculated via liquid crystal to pure water. The resul_ts are summarised in
Table 1 All investigated compounds displayed complex ly-

1070 otropic phase behaviour upon the addition of water. This
ao= F—NA’ (2) is in contrast to their thermotropic properties, where all
) compounds exhibited only a single liquid crystalline phase
whereNa is Avogadro’s number. (Smectic A/lamellar for compound®M and OSM and a
columnar phase of the normal type for compoudili T).
2.4. Small angle neutron scattering These phases can also be found in the lyotropic phase se-

guence for the lowest water concentration. The normal alkyl
Small angle neutron scattering experiments were madeglycosideOM shows that with increasing water content a
using the SANS-1 experiment at the FRG1 research reactorhexagonal phase is formed next. The phase transition does
at the GKSS Research Centre, Geesthacht, Gerrjiajy not occur directly but via a bicontinuous cubic ph{&je Be-
Four sample-to-detector distances (from 0.7 to 9.7 m) were Yond the hexagonal phase a less anisotropic phase is formed
employed to cover the range of scattering veciprisom which, to date, has been observed only for a few alkyl gly-
0.005 to 0.25 AL. The neutron wavelength was 8.1 A cosides ye[8]. This is assumed to be a lyotropic cholesteric

with a wavelength resolution of 10% (full-width-at-half- Phase. _
maximum value). The introduction of a spacer between the sugar head

The solutions were prepared inO (Deutero GmbH, pu- ~ 9roup and the alkyl chain does not change the phase se-
rity 99.98%). The samples were keptin quartz cells (Hellma) dueénce, but the increase in polarity induced by the amidic
with a path length of 5 mm. The samples were placed function of compound®SM leads to changes in the range of
in a thermostated sample holder for isothermal conditions € Phases. The lyotropic lamellar phase decreases slightly,
T = 250+ 0.5°C. The raw spectra were corrected for the whereas a broad hexagonal phase is formed. Again, we have
background from the solvent, sample cell and other sourcesCPServed a possible lyotropic cholesteric phase. The abil-
using conventional procedurds9]. The two-dimensional  |Y {0 form strong hydrogen bonding networks is typical for
isotropic scattering spectra were azimuthally averaged, con-amIdIC functions in glycolipid$21].
verted to an absolute scale and corrected for the detector
efficiency by dividing by the incoherent scattering spectra Table 1 , ,
of pure watef19], which was measured with a 1-mm-path- Lyotropic phase sequence of the synthesized compounds in the contact

' tion with wat
length quartz cell (Hellma). preparafion with warer

The average excess scattering length density per unitgmT La Vi :1 cub ch
mass Apm of the surfactant in deuterated water was de- ogy Ly Vi Hi ch
termined from the known chemical composition. This was pure surfactant Water
0
found to be equoal to-4.64 x 10'° cmyg for compound The water content increases from the left side (pure surfactant) to the right
OM, —4.11x 10*% cm/g for compoundOM T and—4.44 x side (pure water) of the diagram. (Data for compound OM were taken from

10'% cm/g for compounddSM. ref. [8].)
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"] multi-phase systems were formed. Above the CMC no phase
] separation could be observeélhble 2presents the data ob-
60 tained from the surface tension measurements. The surface
area per surfactant molecule at the liquid—air interface deter-
. mined from the pre-CMC slope was used for calculating the
CPP (Eq.(2)). The carbon chain volume and the extended
45 o chain length of the investigated compounds were calculated
w0 % using the Tanford methof@0]. For the “normal” alkyl gly-
R cosidesOM andOMT a chain length of 18 carbon atoms
S0 2s 20 s -0 08 was used for calculation and for the carboxylic acid chain of
log & [mM] compoundOSM the hydrophobic part of the chain was re-
garded to be only 17 carbon atoms. For compouhiisand
OSM a cylindrical shape should be expected3k CPP<
; 1/2) and for compoun®MT a spherical shape is possible
i (CPP< 1/3).
52 i The CMC decreases in the ordeSM > OMT > OM.
° CompoundOM shows the lowest CMC value, as expected,
° due to the favourable balance between the hydrophilic and
hydrophobic molecule parts. The CMC for compouid T
6 . is only two times higher than that @M, which is unex-
] i pected whereas fddSM it is more than four times higher.

l This cannot be explained only by changes in the polarity of
the head group; in this case it is more likely that the stereo-
chemistry of the carbohydrate head group has a very strong
influence on the interaction between the molecules even in
dilute solutions. This holds especially true for the trisaccha-
ride OMT where the long-range chirality transfer should be

much higher than for disaccharidm_]. Taking this into ac- _
. count, it can be assumed that with increasing concentration
. of the surfactant the diastereomeric interaction between the
50 o sugar head groups @MT is getting much stronger than
1 for the disaccharide head groups. This is the reason why the
formation of micelles is more favoured for compou@ T.
The CMC is therefore lower than the extrapolated value from
® . compoundOM.

surface tension [mMN/m]

surface tension [MN/m]

30 25 20 45 10 05
log ¢ [mM]

surface tension [MN/m]
1
°

P P P R P AR A RARS R 3.4. Analysis of SANS data
log ¢ [mM]

Three different concentrations were measured for each
compound (Ix 1074, 5x 10~ and 1x 103 g/mL). The
concentration of 5 10~4 g/mL is of particular interest be-

If the disaccharide head group is exchanged by a trisac-cayse it is 10-50 times higher than the CMRalgle 9. The
charide head group (compoun@MT), the lyotropism  concentration of 5 10~ g/mL will be in the region of the
changes completely. The balance between the hydrophilicdilute micellar Ly phase, where an overlapping of micelles
and the hydrophobic part of the amphiphile is changed in will not occur. In the concentration range fromx110~4 to
favour of the hydrophilic part and this favours the formation 1 x 10-3 g/mL a significant change in size and shape of the
of a hexagonal structure. Interestingly, a discontinuous cubic micelles was not observed. SANS data for a concentration of

Fig. 2. Surface tension plots f@M, OMT andOSM at 25°C.

phase is formed at the highest water concentration. 5 x 10~4 g/mL are shown irFig. 3 (all measured scattering
data are provided aSupplementary Materipl The scatter-
3.3. Surfacetension and geometric properties ing intensities were normalized to the concentration of the

alkyl glycosides in the micelles by dividing bhy— CMC.

The adsorption isotherms for all three compounds at the The values of the scattering intensities and the shapes of
liquid—air interface are presented kig. 2 The interfacial the scattering curves are different for alkyl glycosides with
adsorption behaviour of the compounds was investigated atdifferent head groups, which points to the difference in the
25°C and it was observed that all compounds formed homo- size and shape of the micelles. The values of the scatter-
geneous solutions and that no phase separation occurred oing intensities are in the ordédM > OSM > OMT. In
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Table 2
Adsorption ofOM, OMT andOSM at the air-aqueous solution interface and data calculated from the CMC and the pre-CMQ siopg;C
CMC CMC YCMC Ymin Carbon Extended Head Packing
[mMML™Y] [g/mL] [MNm~1] [MNm—1] chain chain group parametet
volumé® lengttP are& ag ve/ (leag)
ve [A3] Ic [A] [A2]
OM 0.02+2x 1074 1.2x10°° 37.8+1 378+ 1 5116 2427 4745 0.45
OMT 0.042+2x 1073 3.2x 1073 425+1 422+ 1 5116 2427 128+11 016
OSM 0.09+1x 1073 58x 107> 355+1 351+1 4847 2301 47+5 0.45

@ The values were calculated using = 27.4 + 26.9n¢.
b calculated withc = 1.5+ 1.2651¢ [20].
¢ Calculated from the pre-CMC slope.

d Calculated from the carbon chain volume and the extended chain length and the head group area obtained from the surface tension measurements.

the case of dilute solutions this reflects directly the varia-
tion of the micellar size. CompoundM forms the largest
micelles whereas compour@MT forms the smallest ones.
Next, the slope of the scattering intensities at ipwegions
(dX(q)/d2 ~ g~*) suggests the shape of the formed aggre-
gates: rod-like for compounddM andOSM (« ~ 1) and
nearly spherical for compour@MT (« ~ 0).

We have started the analysis of SANS data by applying
the indirect Fourier transformation method (IFT) developed
by Glatter[23] in the version of Pedersd@4]. This model-

to the experimental data. In the present study, the values of
Dmax were carefully chosen to give both good fits to the ex-
perimental data and smoogh(r) or pcs(r) functions.

The experimental data and fitted curvésg( 3) coin-
cide perfectly, taking the limiteg range of the analysis for
compoundsOM and OSM (¢ > 0.02 A-1) into account.
The pair distance distribution function exhibits a shape that
is characteristic for a homogeneous sphere for compound
OMT (Fig. 4a) and an almost homogeneous locally cylindri-
cal structure for compound@®M andOSM (Fig. 4b). We ob-

independent approach needs only minor additional (model) tained a first estimate of the diameter of the sphere from the
information on the possible aggregate structure: dimensionsmaximum distance of (), and the cross-sectional diameter

(sphere-like, rod-like or disk-like) and maximal value of the

from the maximum distance gics(r), which are approxi-

diameter and cross-section diameter and thickness, respecmately 70 and 50 A, respectively (pair distance distribution

tively.

The IFT routine for spherical aggregates was applied to
the data obtained for compour@M T, and the IFT rou-
tine for rod-like aggregates was applied to the laggeart
(g > 0.02 A-1) of the data for compound®M andOSM.

The largeg part is chosen to ensure the validity of the ap-
proximation for infinitely long cylindey > 1/L, whereL is
the length of the cylinder.

The scattering intensities for spherical micelles are evalu-
ated using the pair distance distribution functja) or via
the cross-section pair distance distribution functiass(r)
for rod-like micelles. The normalizegl(r) and pcs(r) func-
tions are given by25]
c—CMC

Ao M ®)
where Ap(r) is the contrast (difference between scattering
length density of aggregates at pointo(r), and the aver-
aged scattering length density of the solvegt Ap(r) =
p(r) — ps) and
¢—CMC

2 M

In the case of rod-like aggregates, the vectoasdr’ are in
the cross-section plane.

The pair distance distribution function is expressed as
a sum of N b-splines evenly distributed in the interval
[0, Dmax] and the values of the coefficients are calculated
numerically by a least-squares fitting of the IFT model curve

p(r)= r2Ap () Ap(r' +1)dr’,

pcs(r) = rAp(r)Ap(r +r')dr’. (4)

functions obtained for other concentrations are available as
Supplementary Materigl

After determination of the pair distance distribution func-
tions it is straightforward to get the mass of the aggreg#tes
(spherical micelles, compour@MT) or the mass per unit
length of the aggregat#/ (rod-like micelles, compounds
OM andOSM) and the radius of gyration of the excess scat-
tering length density of the whole micellRy (compound
OMT) or of cross section of the micellRcs g (compounds
OM andOSM).

The values of the parameters obtained by the IFT method
are shown ifable 3 It is easy to see that the characteristics
of the cross section for compoun@ andOSM are very
similar, which suggests that locally the structure of the mi-
celles is not affected by increasing the polar group by the
amidoethoxy part. The radius of cylindrical cross section
calculated from the radius of gyration (approximation to a
homogeneous structure) is equak@5 A which points to
a flexible conformation of the alkyl chain. In the case of the
spherical micelle formed by compou@M T, the radius of
the sphere was calculated in a similar way and its value is
significantly larger (35 A) which points to a more extended
conformation of the alkyl chain than for compou@d/T.

The next step in the analysis is the modelling of stud-
ied systems by some kind of structures and comparison of
the experimental data and model curves, which represent the
scattering from the applied model. The model-independent
analysis, together with the contact preparation method and
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Table 3

Results of SANS data analysis by model-independent approach (IFT),
model fitting and calculated parameters of aggregates for all three com-
pounds at =5 x 10~4 g/mL

oM OoOMT OsM
10 Micellar shape Polymer-like ~ Sphere Cylinder
Radius of cylindrical cross 25+ 1 - 25+1
section [A]
1 Length or radius for 1200+ 200 35+1 600+ 100
0,01 o OMT [A]
q[A"] Mass of micelle, 1.3+03 0124+0.01 068+0.10
x10° [g/M]
Fig. 3. Scattering data far = 5.0 x 104 g/mL (empty triangles) with Masslger unit length, 18+01 - 2001
the IFT fits (solid lines) for rod-like@M), spherical QM T) and rod-like x10"2[g/cm]
(OSM) micelles. Number of molecules per 19+ 2 - 20+ 2
1 nm of length
Surface area per 80+8 90+ 10 80+ 8

surface tension measurements, gives us enough informatiommolecule [#]

to select a specific model.
In general, it was assumed that all studied systems are di-

lute solutions, which means the scattering intensities dependtions which are less than 0.05%). In this case the scattering

only on the size and shape of the micelles and the interac-intensities are
tion between micelles is small. This should be reasonable )
for noncharged micelles in dilute solutions (for volume frac- d¥(g)/d2 =n(|F()|%).

(5)
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The values inside the brackets) represent an average points on the order of magnitude of the micellar size. This
weighted by the distribution of particle sizes and/or orienta- value should be considered with caution and points to some
tions,n is the number density (corresponding to the concen- lower limits of the micellar length.
tration) of the particles in the solutiofi,(¢) is the amplitude The deviation in the experimental data (higher values than
of the form factor, the IFT analysis, which is presented king. 3) in the case

of OM can be explained as scattering from flexible rods.
F(q)=VApfig,V.sh, (6) It looks like that there is a crossover from the scattering
where V is the volume of the micellepp is the contrast  of a cylindrical cross sectionXi(q)/d2 ~ ¢ (Il;* < ¢ <

of scattering length densities between the particles and theREé) to the scattering of a coilH(g)/ds2 ~ g2 (6 solvent)
solvent, and the scattering functigitg, V., sh) depends on  or 4x(4)/ds2 ~ ¢=5/3 (good solvent) for the interval of the
the volume (size) and the shape sh of the micelles. scattering vectorsl(-! < ¢ < 151), wherel, is the persis-

The simplest situation is for compou@MT, where the  tence length of flexible aggregates (polymer-like micelles)
IFT method describes the experimental data perfectly andanqy, is the contour length of the micelles. The persistence
the shape ofp(r) is symmetrical (homogeneous sphere). length describes the flexibility of polymer-like micelles as an
The scattering function for an ellipsoid of revolution with average cosine between the directions of two different parts
semi-axes, b anda (a = £b) was taken in the fitting proce-  of the micelle versus the contour length between these parts
dure[25]. using the expressioftosy) = exp(—L/ Ip).

The fitting of the scattering data from a solution of com- In the modelling of the scattering curves and the deter-
pound OMT by the model of an ellipsoid of revolution  mination of the persistence length, the powerful approach
shows the same quality of agreement as in the case of the IFThased on intensive studies (renormalization group theory,
method. The obtained value of the parameter of anisotfopy Monte Carlo simulation and scattering techniques) of Ped-
is equal to 1 within statistical errors (different initial values grsen and Schurtenberger should be applg&j27] The
were checked). This means that micelles formed by com- fiexipility of the aggregates can be obtained by fitting the

poundOMT (three monosaccharide units in the head group) fy|| range of scattering curves. The scattering intensities are
are spherical with a small polydispersity. The obtained ra- i, the form of

dius is equal to 3% 1 A. We did not apply more complicated
models, for example two shell aggregates, because it woulddX (¢)/d$2/(c — CMC) ~ Swc(q. L, Ip)Scs(q. R), (7)
significantly increase the number of fitting parameters and
demand additional experimental data (SAXS and/or SANS
on partially deuterated compounds).

where Swc(g, L, Ip) is the single chain scattering function
for a semi-flexible chain with excluded-volume effects of

_ the contour lengthL and the persistence lengih A de-
For compound©OM and OSM the model-independent i expression fos(g. L. I,) can be found in Refq26,

approach IFT shows some disagreement for the lgweal- 521 ¢, Ry is the scattering of the cross section of semi-
ues. This could mean that the studied aggregates are not 'deaﬁexible aggregatelod].
infinitely long cylinders in a scale rangéarger than~100 A The results and fits are shown in the Holtzer (bending

{ q ). The behaviour of the scattering mtensﬁy at low rod) presentatiog x d= (¢)/ds2/(c — CMC) in Fig. 5 The
q regions reflects the overall structure of the studied aggre- ;g gives a satisfactory reproduction of the upturn of the

gates or, in other words, the crossover of scattering from a g atering data, which points to the flexibility of the formed
local cylindrical structure to overall or intermediate struc-

tural units of studied micelles. It should be pointed out that 20
the deviations are different: compou@M shows higher
scattering than infinitely long cylinders and compo@&vi
shows lower scattering than infinitely long cylinders.
CompoundOSM shows, at the lowegy region g <
0.01 A1), the typical crossover of finite size, rod-like par-
ticles (stiff cylinders), i.e., from &(¢q)/d2 ~ ¢~ 1 (L7 <
q < Rca) to d¥(q)/d$2 ~ exp(—q?R3) (L~ > g), where
L is the cylinder lengthRcs is the cross-sectional radius,
Rg is the radius of the gyration of cylinder. We have applied
the model of stiff cylinderg25] to the data of compound
OSM and the model curve is in good agreement with the
experimental data. The obtained radius of cross section is

N
o
1
-

o
1

(&
1

qdz(q)/dQ/(c-CMC), [em ™ (g/mL)'A™

equal to 25+ 1 A which is in agreement with the IFT analy- 00'00 ' 0.05 ' 0.10

sis and suggests a circular and homogeneous cross section. q A

The length of the micelleg is about 606t 100 A. Due to '

limited experimental data at lower regions, the determi-  Fig. 5. Model fits using the flexible chain model (Eq. (12)) and experimental

nation of the cylindrical length is of lower accuracy which data OM (5x 10~ g/mL) in Holtzer (bending rod) representation.
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aggregates. We have obtained the values of contour lengthfound the same values for the surface area of compounds
1200+ 200 A, persistence length 38050 A and the radius ~ OM and OSM in micelles and at the liquid—air interface.
of cross section 25 1 A. From this it can be concluded that the amidoethoxy spacer
The obtained values of contour length are affected by the of OSM does not change the volume of the polar head group,
polydispersity of the micelles and the fact that real small the local structure of micelles or the structure at the liquid—
g values that are needed for the study of such long aggre-air interface significantly. The higher values for the surface
gates were not achieved. In R§Z6] the polydispersity was  area obtained for micelles compared to the values for the
first fixed to Mw/Mn = 2 and then the value of the average liquid—air interface (compound3M andOSM) are not sur-
contour length was determined by fitting. In our c&3 prising. Due to the local circular geometry of cylindrical
micelles may be quite polydisperse, but we do not know the aggregates the polar groups @M and OSM molecules
range of distributions, and that is why it was not possible cannot cover the micellar surface and occupy more surface

to include the polydispersity in the fitting of the scattering area; this part of the micelle area is not covered by the polar
data. The persistence length is affected by interactions be-head groug28].

tween the micelles and should be extrapolated to the value at  |n case of compoun®MT the situation is more com-
‘zero concentration.” The intramicellar interaction is taken plicated. The surface area p@MT molecule is higher
into account. (128 A2) at the liquid—air interface (planar geometry) than
The obtained values of contour length¥200 A) and  in the micelle (90 &) with its spherical geometry. This dis-
persistence length~300 A), together with the value of the  crepancy can be explained in different ways. The first ex-
radius of the cross section (25 A), seem to be reasonablepjanation could be a difference in the direction of the polar
These values support our assumption that the formed aggregroups at the interface, meaning that in the micellar aggre-
gates are long and flexible. gates the polar head group is directed perpendicularly to the
micelle—solvent interface, and at the liquid—air interface the
angle between the polar head group and the interface is less

4. Discussion than 90. Another explanation is the decrease of the effec-
. tive size of the polar group due to specific diastereomeric
4.1. Surface area occupied by surfactant molecules interactions. This effect also has an influence on the CMC

) values as mentioned in SectiBhOMT shows a columnar
The surface area occupied by the surfactant moleculesphase in the thermotropic phase diagram, which is an indi-
(OM, OMT andOSM) in the micelles (SANS datdable 3 cation for the nonlinear shape of the molecule. 4T a
and at the liquid—air interface (surface tension désle 9 banana-shaped structure is to be exped®d.is more lin-
can be compared. In the case of cylindrical aggreg@® (g4 and shows therefore a thermotropic lamellar phase. The

andOSM) it can be estimated thats = 27 RcsMs/ ML Na, effect is already known from starch, where the sugar groups
where Rcs is the radius of the cylindrical cross section, are twisted in a helif29].

Ms is the molar mass of a surfactant molecule avd is
Avogadro’s number. The calculation is performed for the
surface of an infinite cylinder, which should give larger val-
ues than obtained by the measurements at the liquid—air
interface (planar surface). Note that the choice of a sepa- Micelles formed byOM show a flexibility and the value
ration surface between the surfactant molecules and waterof the persistence length is equal 800 A. If we com-
molecules in the micelle cannot be considered as a neutralpare the values af, for different systems (ionic surfactant/
plane surface. However, it is well known that in heavy water salt/water mixtures, nonionic surfactants or microemulsions)
the excess neutron scattering length density from the polarobtained via different experimental methods and analysis ap-
groups of surfactant molecules is much lower than that for proaches, the bandwidth of the presented results ranges from
the alkyl chains. Therefore errors made by using the above-100 to 1700 A[30] for rod-like micelles. Smaller persis-
described expression should not be too large. The valuestence length values{200 A) obtained by analysis taking an
obtained for the surface area @M and OSM molecules intra- and interchain interaction into account were reported
are identical within experimental errord{= 80+ 8 A?). for shorter surfactants with saturated alkyl chains (C16E6
The same procedure was applied @¥ T micelles, taking ~ in D20 [31], lecithin microemulsions in cyclohexarjg2],
the spherical shape of the formed micelles into account (i.e.,or in deuterated isooctar{@0] or TDAO/NaCl/D;O mix-
As = 47 R?Ms/M Na whereR is the radius of a spherical  tures[33]). For mixtures of APGs with hexanol in aqueous
micelle). In this case the value is slightly higher (99 A?). solution an increase of the micellar size and flexibility was
The values of the surface area per surfactant moleculesreported[34]. Nevertheless, the results presented in the lit-
for OM, OMT andOSM obtained from SANS and surface erature are of less use, especially the APGs often used are
tension measurements show the same trends. Compoundtatistical mixtures of different APGs. The anomeric linkage
OMT shows the maximum of occupied surface area, al- between the sugars in the head and between the alkyl chain
thoughOMT has the largest (volume) polar head group. We and the sugars are an averagexefand g-linkages. Effects

4.2. Flexibility of micelles formed by OM and OSM
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of the anomeric linkage on the formation of micelles are re-  The lyotropic cholesteric phase found for compounds
ported in the literature (see, for exami&5]). OM andOSM in the lyotropic phase diagram also fits well

Assuming that the analysis procedure was similar it can to the micellar shapes. The interaction of cylindrical ag-
be suggested that we observed an increase of rigidity forgregates will be chiral in nature in the case of glycolipids,
polymer-like micelles formed by long chain alkyl glyco- leading to a twisted ordering of the micelles.
sides. There are a few possible reasons for the observed The effect of the amidoethoxy spac&d$M) is more
effect: (i) longer and stiffer alkyl chains due to the double complicated. Micelles formed b¥SM are shorter than
bond withcis-conformation in the middle of the chain; (i) OM ones. This should be related to an additional energy
bigger repulsive interactions among the polar head groupsof transfer, which is necessary for the molecule with the
resulting in a similar behaviour to that of electrostatic inter- amidoethoxyspacer to move from the solvent to the mi-
actions in charged micelles and giving a significant increase celle. Nevertheless, the effect of amidic functions, forming
of the persistence length. directed hydrogen bonding networks and resulting in more

We could not observe the flexibility for rod-like micelles  rigid structures, also plays an important role. Therefore the
formed by compoun®SM. The absence of flexibility in formation of micelles is less favoured f@SM compared to
the data could have two possible reasons: (1) the persistencé)M-
length of OSM s larger than the micellar length, and/or (2)
the contour length of the micelles is so small, that the flexi-
bility is not detectable. Looking at the similar volumes of the
polar head groups d®SM andOM molecules it would be
reasonable that the persistence length should be not smalle
than 300 A (the value obtained f@M micelles). As the mi-
celles have a contour length of about 600Falfle 3, they
are almost two times as long as the persistence length. It is
known that flexibility cannot be observed in a scattering ex-
periment for such short semi-flexible cha[23].

Therefore it can be concluded that the contour length of
OSM micelles is too small for flexibility to be observed in

5. Conclusions

The combination of different experimental methods (sur-
Face tension, contact preparation method and small angle
neutron scattering) and the systematic variation of the po-
lar carbohydrate head group morphology of long unsatu-
rated alkyl chain surfactants gives new information about the
structure—property relationship of aqueous solutions of long
chain alkyl glycosides. The local structure of the formed
aggregates varies from cylindrical for the disaccharide sur-
factants (polymer-like micelles for compou@M or short

our studies. cylinders for compound OSM) to spherical for the trisaccha-
ride surfactant (compoun®@MT), which is in accordance

4.3. Relationship between the molecular structure and with the critical packing parameter approach. The lyotropic

properties of long chain alkyl glycoside solutions phase behaviour is also in accordance with the CPP consider-

ation. The variation of CMCs and surface area per surfactant

In this paper we have investigated different properties of molecule in micelles and at the liquid—air interface reflects
surfactant solutions: the CMC, the lyotropic phase behav- the fine effects of hydrogen bonding networks for the ami-
iour and the structures of micelles regarding the variation doethoxy spacer (compour@SM) and the specific interac-
of the polar head group of long unsaturated alkyl chain sur- tions between the long polar head groups (compdDiNr ).
factant. It is observed that the local structure of the formed
aggregates follows simple geometrical considerations the so-
called critical packing parameter. The significant increase Acknowledgments
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Abstract

Glycosyl dialkyl- and diacyl-glycerols bearing saturated, unsaturated or chiral methyl branched chains in the tail and disac-
charide and trisaccharide carbohydrate headgroups were synthesised. Standard procedures were used for the preparation of th
educts and the glyco lipids: trichloracetimidate procedure for the preparation of long-chained compounds, glycosylation using
the B-peracetate and boron trifluoride etherate was successful for the preparation of lipids with a medium-alkyl chain length.
Preparation of the ester was afforded in a multi-step synthesis according to published procedures. Thus, several lipids were
synthesised in a few synthetic steps in good yields. The introduction of unsaturated or methyl branched chains lead to liquid
crystallinity at ambient temperature, because these compounds will be used as model compounds for biological systems. The
biophysical properties of these compounds will be reported in a following paper.
© 2005 Elsevier Ireland Ltd. All rights reserved.

Keywords: Glyco glycero lipids; Synthesis; Branched fatty acids; Trichloracetimidate procedure

1. Introduction as important constituents in cell membranes. In prin-
ciple, these lipids consist of a carbohydrate head-

Glyco glycero lipids are known to be an impor- group as polar head while the unpolar tail is build up
tant class of glycolipids. These lipids can be found by glycerol esters or ethers of alkyl or acyl chains

T D01 of oridinal article: 10,1016/t chemohvslin.2005.01.007 (Ishizuka and Yamakawa, 1985Lipids with small

i orrgs;gg('ﬂﬁgegljtchi'r_ ol 446 40 45838 zlgeg; DR headgroups (1-3 carbohydrate units in the head) can
fax: +49 40 42838 7815. be found as major components of the cell mem-
E-mail addressvill@ligcryst.chemie.uni-hamburg.de (V. Vill). brane, whereas the more complex lipids are in-

0009-3084/$ — see front matter © 2005 Elsevier Ireland Ltd. All rights reserved.
doi:10.1016/j.chemphyslip.2005.01.004
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volved in cell surface recognition process€sifatolo, The mesomorphic properties of the synthesised
1987). compounds are presented in a following paper
In a preceding paper, we reported about the synthe- (Milkereit et al., 2004, in pregs
sis of glycosyl diacyl-glycerols with monosaccharide
and disaccharide headgroupgiiden et al., 2002a
with unsaturated and chiral methyl branched fatty 2. Results and discussion
acid chains. These molecules showed liquid crystalline
phases already at ambient temperature so biophysi- First three different types of 1,3-substituted glyc-
cal properties could be investigated in the temperature erols were synthesised using standard procedures (see
range of biological system&Ajinden et al., 2002 for exampleBebernitz et al., 2001
The great disadvantage of these compounds is the Synthesis of 1,3-d®-tetradecyl-sn-glycerol and
synthesis. The synthesis of a single diacyl-glycerol 1,3-di-O-(oleyl)-sn-glycerolis already described in the
with unsaturated fatty acid chains requires at least nine literature (see for exampléltenburger et al., 1992;
synthetic steps, and the overall yield will be inthe range Bear and Stanacev, 1965; Paltauf and Johnston,)1971
of 3—26%. The chiral methyl branched fatty acid R2R,
Especially for physical characterisation and biologi- 6R,8R)-2,4,6,8-tetramethyldecanoic acid and the
caltesting, enough substance hasto be provided. Therecorresponding alcohol R4R,6R,8R)-2,4,6,8-tetra-
fore, a relative short-synthetic procedure is needed to methyldecanol were prepared from natural source

enable a rapid synthesis in good yields. as described byMorr et al. (1992, 1997) Using
Inrecentyears, Hato and co-workers prepared a new extracts from the preen glands of the domestic goose

class of glycolipids with a 1,3-dB-alkyl-sn-glycerol (Anser a.f. domesticisthe acid was prepared in a

moiety. Mainly 1,3-dialkyl-glyco glycero lipids with- multi-step synthesis by transesterification, Spaltrohr

dodecyl andh-tetradecyl alkyl chains and oligomaltose distillation and saponification of the fatty acid methyl
and cellobiose headgroups were synthesised in good toester. The alcohol was prepared by reduction of the
excellent yields Minamikawa et al., 1994and a rel- fatty acid methyl ester instead of the saponification
ative short-synthetic sequence. The lyotropic proper- step. The fatty acid and the alcohol were obtained
ties of the oligosaccharide headgroups were thoroughly with a diastereomeric excess of more than 99%.
characterised Hato, 2001; Hato and Minamikawa, The alcohol was used for the synthesis of the new
1996; Hato et al., 1998; Korchowiec et al., 200A glycerol 3. The fatty acid was used for the synthesis
few examples with methyl branched phytanyl chains of the diacyl-glycerol instead, as described below.
can be foundNlinamikawa and Hato, 1997The am- The synthesis of the aglycoh was carried out by
phiphilic properties of some of these compounds were reacting the sodium salt @is-9-octadecenol with an-
in part similar to those observed for the unsaturated hydrous 1,3-di-chlor-propan-2-ol. After purification,
disaccharide compoundsi{nden et al., 2002a the product was obtained in low yields (21%). In a
From this observation, we synthesised a series second attempt, epichlorhydrine was used instead,
of 1,3-dialkyl-glyco-glycerolipids with disaccharide but this did not increase the yield considerably. The
(Maltose and Melibiose) and trisaccharide (mal- synthesis of compoundsand3 was performed in a
totriose) headgroups. Different synthetic standard similar way. The salt of the alcohol was reacted with
routes were employed to ensure a fast and effi- epichlorhydrine. The products were obtained in good
cient synthesis. To derive structure property relation- yields, after chromatographic purification. In case of
ships, different types of alkyl chains were used: un- the synthesis of compound® non-reacted alcohol
saturated dis-9-octadecenyl), saturated-tetradecyl) was nearly completely recovered.

and chiral methyl branched ®4R,6R,8R)-2,4,6,8- For the preparation of the dialkyl-glyco glycero
tetramethyldecyl). Additionally, a 1,2-diacyl-methyl lipids, we used two different routes. As showrkig. 1,
branched maltoside and unsaturate®-&ikyl mal- the glycerol with octadecenyl chains was reacted us-

totrioside were synthesised. Even in case of 1,3-ethers,ing the trichloracetimidate procedurgghmidt, 1986;
the unsaturated and methyl branched alkyl chains Schmidtand Kager, 1985; Schmidt and Stumpp, 1983;
should prevent crystallisation. Schmidt et al., 1984 which has been proven to
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Fig. 1. Synthesis of 1,3-dB-alkyl glyco glycero lipids via the trichloracetimidate route.
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be useful in the preparation of glyco glycero lipids
(Minamikawa et al., 1994 We started with the un-
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en (DBU) was used as bassohmidt and Kinzy, 1994
instead of the often used sodium hydri&ekmidt and

protected sugar, which was acetylated using acetic Stumpp, 198Bor caesium carbonate. The great advan-

acid anhydride in pyridine to give the produ&snd

tage of this base is the change of colour during the

11 in excellent yields. Next, the peracetylated sac- reaction, indicating at this point that sufficient amount
charide was deprotected at the reducing terminus by of base has been added. In the glycosylation coupling,
treatment with an excess of ammonium carbonate in the glycosyl donor was reacted with 1,3@i{cis-9-

dimethylformamide at ambient temperature. Finally,
the glycosyl donor§ and13 were prepared by react-

ing trichloracetonitril in dichlormethane under basic
conditions. However, 1,8-diazabicyclo[5.4.0]undec-7-
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24:

octadecenyl)-glycerdl in the presence of trimethylsi-

Iyl trifluormethanesulfonate (one-to-one molar ratio).
As reported byMinamikawa et al. (1994)the chem-
ical structure of the donors and the acceptors had no
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Fig. 2. Synthesis of 1,3-dB-alkyl glyco glycerol lipids via the3-peracetate.
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significant influence on the reaction, as can be seenand the glycerol2 and3 were than reacted in anhy-
in the similar yields of the disaccharide and trisaccha- drous dichlormethane in the presence of boron trifluo-
ride product, respectively. Also the double bonds of the ride etherate. Deprotection of the product was afforded
glycerol were stable during the reaction. The peracety- using sodium methoxide in anhydrous methanol. Al-
lated lipids8 and 14 were deprotected using sodium though this glycosylation reaction is more likely use-
methoxide in anhydrous methanol to give the desired ful for the preparation of alkyl glycosides, its use was
products9 and15. in this case successful and the overall yields are com-

For the glycosylation reaction of the shorter-chained parable to the trichloracetimidate procedure. However,
aglycons Fig. 2), which should be more reactive, we if the long-chained aglycoth was reacted with thg-
used the standard procedure describedvitiyet al. peracetate, produBtwas obtained only in poor yields.
(1989) Protection of the sugar was afforded by re- This second synthetic route is therefore being useful if
action of the unprotected sugar in acetic acid anhy- glycerols with alkyl chains of medium-chain length are
dride with a catalytic amount of sulfuric acid, yield- used. In addition, the synthetic procedure is shorter by
ing the B-anomer in good vyields. Th@-peracetate  two steps.

AcO
RO o] OH
AcO 6] OH
\/\/

OAc
25: R = tetra-O-acteyl-a-D-glucopyranosy!

RCOOH, DCC
DMAP, CH4Cl, abs.

(0]
AcO v
Roﬁ/ O/\l/\l/\r\l/\
AcO (@)
ore . TN

26: R = tetra-O-acteyl- S AT W N Ve

a-D-glucopyranosyl
(0]

NoH=OH,
MeQOH, CH.Cl,

\J (0]
HO
RO/% OW\
HO (0]
OH \/\
(@]
27: R = a-D-glucopyranosyl S TN ST SN ST

o]

Fig. 3. Synthesis of 1,2-db-[(2'R4'R,6"R,8'R)-2",4",6",8’-tetramethyl-decanoyl]-O-(a-bp-glucopyranosyl)3-p-glucopyranoside.
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For comparison, the corresponding 1,2-diacyl-
glycol glycerolipids and alkyl glycosides had to be
synthesised. The corresponding 1,2adbleoyl glyc-

Due to their liquid crystallinity at ambient temper-
ature, the glycolipid®, 15, 20, 27 and29 could not be
recrystallised after the deprotection step. To ensure the

erol maltoside was already synthesised by our group high purity, which is necessary for the exact determina-

(Minden et al., 2002a but no data are available
on the corresponding 1,2-@-(2R 4R,6R,8R)-2,4,6,8-
tetramethyldecanoyl glycerol glycoside. The synthe-
sis of the 1,2-diacyl-glyco-glycero lipi@7 is partial
shown inFig. 3. The diol 25 was synthesised simi-
lar to the well-elaborated procedure fratannock et
al. (1987) The first step is a condensation of 1,2-di-
O-benzyl-sn-glycerol with maltoseperacetate in abs.
dichlormethane in the presence of boron trifluoride
etherateinden et al., 2002a; Vill et al., 198%o ob-
tain the-maltoside. Itis again noteworthy that the eas-
ily accessible and optically pure 1-isopropylidene-
sn-glycerol racemises during the Koenigs—Knorr con-
densation procedureWghrli and Pomeranz, 1969;
Wickberg, 1958 or under Lewis acid catalysis, due
to intramolecular migration of the isopropylidene
group and cannot be used thus. After hydrogenolytic
removal of the benzyl protective groups of com-
pound, the glyceroR5 is afforded. This was ester-
ified with (2R,4R,6R,8R)-2,4,6,8-tetramethyldecanoic
acid using the DCC methodHéssner and Alexa-
nian, 1978 and DMAP, yielding the esteR6. Af-
ter deacetylation under reductive conditions and a
subsequent chromatographic purification, the gly-
cosyl diacyl-glycerol27 was obtained as a waxy
solid.

The alkyl glycoside?9 was synthesised according
to the method described bill et al. (1989) The 3-

tion of the liquid crystalline transition temperatu@®s
15and29 were purified by means of an additional gel
filtration, whereas for compoun@ and27, a subse-
quent silica gel chromatography was already success-
ful. The productsl8 and 24 were purified by recrys-
tallisaton from methanol or propane-2-ol.

3. Conclusions

Different standard synthetic procedures were em-
ployed to the synthesis of several glyco lipids. The
synthesised lipids are shown Fig. 4. It was possi-
ble to obtain the lipids in short-synthetic steps in good
overall yields, partially in Gram-scale. On our knowl-
edge, we were the first to synthesise the 1,®«dileyl-
lipids 9and15, the oleyl-maltotriosided9) and the chi-
ral methyl branched lipid20 and27. The 1,3-dialkyl-
glycerols were synthesised in a fast and efficient way.
For the glycosylation, two different routes were cho-
sen depending on the aglycon. The long-chained glyc-
erol bearing unsaturated alkyl chains was reacted with
the carbohydrate using the trichloracetimidate method.
The products were obtained in excellent yields for mal-
tose and maltotriose headgroups. The synthesis of the
medium and methyl branched glyco glycero lipids was
done using a shorter-reaction sequence was chosen.
The glycosylation of th@-peracetate using boron tri-

maltotriose peracetete was reacted under catalysis offluoride etherate as Lewis acid also afforded the desired

a lewis acid to give the desired alkly glycoside. In-
stead of tin tetrachloride, we used boron trifluoride
etherate as Lewis acid-érrier and Furneaux, 1976;

Minden et al., 200pfor the synthesis of thg-anomers.

products. The yields were good for the preparation of
then-tetradecyl lipids (35 and 45%) but the use of the
chiral methyl branched aglycdled to lower yields.
For the synthesis of the glycosy! dialkyl-glycerols, it is

The compound could be separated by simply silica gel more likely to use the glycosylation via the peracety-
chromatography; no tedious ion-exchange chromatog- lated sugar. The reaction sequence is shortened by two
raphy was necessary. After deprotection in anhydrous steps including tedious chromatographic purification
methanol using catalytic amounts of sodium methoxide and the overall yields are comparable to that obtained
the compound was obtained in high purity. Compared with the trichloracetimidate procedure. For the synthe-
to the synthesis of alkyl glycosides bearing monosac- sis of long-chain glycosyl dialkyl-glycerols and highly
charide or disaccharide carbohydrate headgroups (seemethyl branched glycerols, the trichloracetimidate pro-

for example Bocker and Thiem, 1989; Minden et al.,
2000; Vill et al., 2000, compound29 was obtained
only in poor yields. In this case, other methods should
be used for the preparation.

cedure is superior to other methods. Another problemin
the synthesis of biological interesting compounds is to
obtain compounds that show low-melting points. Due
to the need of liquid crystallinity at biological relevant
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H
HO OH
HO o\ —2
\\x//o HO.
1| HO
HO. O\/\O/ (CHz)a\i/CaHn o 1//0

HO (¢} (CHgz)g CgHi7
CH CgH -
9 \O/( 2)8\7/ gH7 on ~"o \N—

15

CHy), CgH
. (CH2s gHi7
O N\ /

Ci4Hze

O,
- \/\O/

\O/CmHze

Fig. 4. Structures of the synthesised lipids.

temperatures, the compounds cannot be recrystallised.«-Melibiose monohydrate and maltotriose were

Therefore, more tedious chromatographic purification purchased from Acros Organics.

steps are necessary to ensure highest purity of the Thin-layer chromatography (TLC) was performed

lipids. on silica gel (Merck Gbsg), and detection was ef-
fected by spraying with a solution of ethanol:sulfuric
acid (9:1) followed by heating. Column chromatog-
raphy was performed using silica gel (Merck,

4. Experimental section 0.063-0.200 mm, 230—400 mesh). NMR spectra were
recorded on a Bruker AMX 400 or a Bruker DRX
4.1. Materials and methods 5001 spectrometer (gncentred multiplet; d, doublet;

t, triplet; dd, double doublet; dt, double triplet).

Peracetylated disaccharides were prepared accor-
ding to the literature \(ill et al., 1989. Synthesis 4.2. Synthesis
of 3-O-[4-0-(2",3",4",6"-tetraO-acetylw-p-gluco-
pyranosyl-2,3,6 - tri-O-acetyl3-p-glucopyranosyl)- Deacetylation (general procedure 1):
sn-glycerol @5) has been described in an earlier The compound was dissolved in anhydrous
paper Minden et al., 2002a Synthesis of the chiral  methanol and sodium methoxide was added (pH 8-9).
fatty acid (R 4R,6R,8R)-2,4,6,8-tetramethyldecanoic  The solution was stirred at ambient temperature until
acid and the corresponding alcohol was performed TLC revealed the reaction to be complete. It was neu-
according to the procedure dflorr et al. (1992, tralised then using Amberlyst IR 120 ion-exchanger
1997) n-Tetradecanol (purest grade) and maltose resign (protonated form), filtrated and evaporated in
monohydrate were purchased from Fluka Chemie. vacuo.



8 G. Milkereit et al. / Chemistry and Physics of Lipids 135 (2005) 1-14

4.2.1. 1,3-Di-O-[(2R 4R,6R,8R)-
24,6 ,8-tetra-methyl-decyl]-propan-2-oBj

The reaction was carried out as described for com-

pound2, using 69 (28 mmol) (R,4R,6R,8R)-2,4,6,8-
tetramethyldecane-1-ol, 644 mg (28 mmol) sodium and
1.3g (1.1 mL; 14 mmol) epichlorhydrine in 100 mL of
toluene. The product was purified by column chro-
matography (light petroleum b.p. 50-70-ethyl ac-
etate 20:1, then 9:1) to give slight yellow syrup.

Yield: 3.19 g (47%). GiHg4O3 (484.4855).

1H NMR (500 MHz, CDCg + TMS): § = 3.84-3.90
(m, 1H, H-2), 3.34-3.44 (m, 8H, H-1a, H-1b, H-3a,
H-3b, H-14, H-1b), 2.57 (m, 2H, H-2, 1.78 (m,
2H, H-3d), 1.51-1.69 (m, 4H, H/4 H-6), 1.28-1.49
(m, 4H, H-8, H-9d), 1.16-1.25 (m, 10H, H-3a
H-7d, CHz-2), 0.97-1.12 (m, 4H, H-3b H-9b),
0.80-0.95 (m, 4H, H-8b H-7b), 0.90 (d, 6H, CH-
4), 0.85 (t, 6H, CH-10), 0.84 (m, 6H, Ch#-8), 0.81
(d, 6H, CH;-6').

13C NMR (125 MHz, CDC4 + TMS): § =72.20 (C-
1,C-3),76.50, 76.09 (C-1C-1H), 70.25(C-2), 45.48,
44.88, 44.85 (C-8aC-5H, C-74d, C-74), 41.52, 41.30
(C-34d, C-30), 31.58 (C-85 C-8b), 31.08, 30.85 (C-
2d, C-2b), 28.94, 28.90 (C-9aC-9b), 28.09, 28.05
(C-4d, C-4b), 27.25, 27.23 (C-B8a C-6b), 21.69,
21.65, 21.64, 21.59, 21.48, 21.45 (&Hd, CHz-4b/,
CHs-6d, CHsz-6b/, CH3-8d, CH3z-8b'), 18.98 (CH-
2d, CHz-2b), 11.25 (Ch-104, CHz-10b).

4.2.2. 1,3-Di-O-[cis-9-octadecenyl]-2-O/D-
(27,3",4",6"-tetra-O-acetyle-p-glucopyranosyl)-
2',3,6-tri-O-acetyl-8-p-glucopyranosyl]-sn-
glycerol @)

Seven hundred and eighty-one milligrams (1 mmol)
7, 593mg (1 mmol)1 and 100mg of freshly dried
powdered molecular sieve ec) were dissolved in
10 mL of anhydrous dichlormethane under an atmo-
sphere of nitrogen. Under cooling (@), 222 mg
(2 mmol) trimethylsilyl trifluormethanesulfonate were
added dropwise. Afterwards, the reaction mixture was
stirred for 6h at 0C. After TLC revealed the re-
action to be complete, pyridine was added, 50 mL

dichlormethane were added and the reaction mixture

was filtered through Celife The organic phase was

magnesium sulphate and solvent was removed un-
der reduced pressure. The residue was purified by
short-column chromatography (light petroleum b.p.
50-70°C—ethyl acetate 4:1).

Yield: 1.0 g (83%). GsH110020 (1210.759).

1H NMR (500 MHz, CDCk + TMS): § =5.28-5.43
(m, 4H, H-olefin), 5.33 (d, 1H, H/)), 5.29 (dd, 1H,
H-3"), 5.17 (dd, 1H, H-3), 4.98 (dd, 1H, H-4), 4.79
(dd, 1H, H-2'), 4.72 (dd, 1H, H-2, 4.71 (d, 1H, H-
1), 4.40 (dd, 1H, H-63, 4.19 (dd, 1H, H-6%), 4.15
(dd, 1H, H.6b), 3.97 (dd, 1H, H-66), 3.90 (dd, 1H,
H-4'), 3.89 (ddd, 1H, H-8), 3.80-3.87 (m, 1H, H-
2), 3.59 (ddd, 1H, H-9, 3.49 (d, 2H, H-1a, H-3a),
3.29-3.37 (m, 6H, H-1b, H-3y-CH,), 2.06, 2.03,
1.97,1.95(eachs, 3H, OAc), 1.93 (s, 6H, OAc), 1.92 (s,
3H, OAc), 1.86-1.99 (m, 8H, H-allyl.), 1.40-1.53 (m,
4H, B-CHy), 1.12-1.33 (m, 44H, alkyl-C}J, 0.81 (t,
6H, alkyl-CHg); 3Jy » =8.6,3Jy 3 =9.6,3J3 4 =9.6,
3\]4/,5/ =9.6, 3\]5/‘53 =2.8, 3‘-]5’,6[:{ =4.5, 3J6&1,b’ =11.9,
301 2=4.0,33y 3 =9.8, 333 4 =9.8, 3y 5 =9.8,
335 6a =4.1,35 o1y =2.0,334 1y = 12.5 Hz.

13C NMR (125MHz, CDC}+TMS): §=170.55,
170.49, 170.27, 169.98, 169.60, 169.44 (C=0, OAc),
130.08 (C-olefin), 100.86, (C}1. 96.06 (C-1), 78.70
(C-2), 75.88 (C-3, 73.48 (C-4), 72.92 (C-2), 72.63
(C-5),71.86 &-CHy), 71.31 (C-1, C-3), 70.38 (C“2,
70.09 (C-3), 69.25 (C-5B), 68.68 (C-4), 63.46 (C-
6), 61.77 (C-6), 33.36 (C-allyl), 32.57, 30.51, 30.26,
30.04, 29.89, 29.79, 29.71, 26.62 (alkyl-©H20.89,
20.78, 20.68, 20.64, 20.62, 20.60, 20.59 ¢(CBAc),
14.13 (alkyl-CH).

4.2.3. 1,3-Di-O-[cis-9-octadecenyl]-2-O-HD-
(a-p-glucopyranosyl)8-p-glucopyranosyl]-sn-
glycerol ©)

Nine hundred and eighty-eight milligrams
(0.815mmol) 8 were deprotected using general
procedure 1. The product was purified by gel filtration
on a column of Serva LH-20 suspended in methanol.

Yield: 665 mg (89%). G1Hgs013 (916.6851).

FAB-HIRESMS: mVz=939.6712 | + NaJ" (calc.
939.6749).

[]2 = +22° (¢ = 0.17, MeOH)
1H NMR (400 MHz, d-methanol):5=5.27-5.38

washed twice with 10mL of a saturated solution of (m, 4H, H-olefin), 5.14 (d, 1H, H‘), 4.31 (d, 1H,
sodium hydrogen carbonate, and subsequently with H-1"), 3.94-3.97 (m, 1H, H-2), 3.88 (dd, 1H, H‘Ba
10 mL of water. The organic phase was dried over 3.79-3.87 (m, 3H, H/4, H-64, H-6d’), 3.65-3.73
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(m, 2H, H-8’, H-6b"), 3.61 (m, 2H, H-3 H-3"),

3.56 (dd, 1H, H-4, 3.43-3.50 (m, 3H, H-1a, H-
3a, H-2’), 3.38 (ddd, 1H, H-§, 3.24-3.29 (m,
3H, H-1b, H-3b, H-2), 3.16-3.21 (m, 4H, alkyl-
a-CHy), 1.92-2.05 (m, 8H-CH,-allyl.), 1.48-1.57
(m, 4H, alkylB-CHy), 1.16-1.41 (m, 44H, alkyl-
CHp), 0.88 (t, 3H, alkyl-CH); 33y » =8.1,3J3 4 =9.2,

30y 5=9.3,305 64 =2.1, 3J5 gy =5.6, 2gqpy =12.2,

33y 2 =3.6 Hz.

4.2.4. 1,3-Di-O-[cis-9-octadecenyl]-2-Q4-O-
[47-O-(27,3",4" 6" -tetra-O-acetyle-p-
glucopyranosyl)-2,3”,6"-tri-O-acetylw-p-
glucopyranosyl]-23,6'-tri-O-acetyl-8-p-
glucopyranosyl-sn-glycerol (4)

The reactionwas carried out as describedfosing
1.1g (1 mmol}13and 593 mg (1 mmol}. The product
was purified using light petroleum b.p. 50-10-ethyl
acetate 1:1 as eluent.

Yield: 983 mg (70%). G7H12602g (1498.8436).

1H NMR (400 MHz, CDCk + TMS): § =5.25-5.26
(m, 6H, H-3’, H-3", H-olefin), 5.20 (d, 2H, H-1,
H-1"), 5.19 (dd, 1H, H-3, 5.00 (dd, 1H, H-4),
3.79 (dd, 1H, H-2'), 4.72 (d, 1H, H-1), 4.71 (dd, 1H,
H-2), 4.67 (dd, 1H, H-2), 4.35-4.42 (m, 2H, H-2,
H-6d), 3.80—4.27 (m, 11H, H-1a, H-3a, H;H-4",
H-5", H-5", H-6d’, H-6d", H-6b, H-6k’, H-6L"),
3.45-3.51 (m, 2H, H-1b, H-3b), 3.30-3.38 (m, 5H,
H-5, alkyl-a-CHy), 2.09, 2.08, 2.03, 1.98, 1.97, 1.96,
1.95, 1.93, 1.92, 1.91 (each s, 3H, OAc), 1.44-1.51
(m, 8H, H-allyl.), 1.15-1.32 (m, 48H, alkyl-G},
0.81 (t, 6H, alkyl-CH); 3J)/,/=8.1, 33 3'=9.2,
335’ 4/ =9.2,33y 2 =3.8,30 3 =10.2,33y y» =3.8,
2\]2”/’3//' =10.4, 3\]3'”’4/” =9.8, 3\]4/”’5”' =9.8,
3J(:|-|2,(:|-|3 =6.9Hz.

13C NMR (100 MHz, CDC}+TMS): §=170.54,

9
4.2.5. 1,3-Di-O-[cis-9-octadecenyl]-2-O-
{4-O-[4""-O-(x-p-glucopyranosyly-p-
glucopyranosyl]g-p-glucopyranosyj-
sn-glycerol (5)
Nine hundred and seventy-five milligrams

(0.65mmol) 14 were deprotected using general
procedure 1. The product was purified by gel filtration
on a column of Serva LH-20 suspended in methanol.
Yield: 647 mg (93%). G7H106018 (1078.7379).
FAB-HIRESMS:m/z=1101.72551 + NaJ* (calc.
1101.7277)

[a]20 = +45° (¢ = 0.8, MeOH)

IH NMR (500 MHz, di-Methanol): §=5.26-5.36
(m, 4H, H-olefin), 5.12 (d, 1H, H{), 5.10 (d,
1H, H-17), 4.43 (d, 1H, H-1), 3.92-3.98 (m, 1H,
H-2), 3.69-3.85 (m, 8H, H/4 H-4”, H-6d, H-
6d’, H-6d", H-60, H-6b’, H-6L"'), 3.50-3.66 (M,
7H, H-1a, H-3a, H-3 H-3’, H-3", H-5’, H-5"),
3.42-3.49 (m, 7H, H-1b, H-3b, H-4alkyl-a-CHy),
3.40 (dd, 2H, H-2, H-2"), 3.33 (m, 1H, H-5),
3.20 (dd, 1H, H-2, 1.91-2.04 (m, 8H, H-allyl.),
1.49-1.57 (m, 4HB-CH,), 1.16-1.39 (m, 44H, alkyl-
CH;y), 0.87 (t, 6H, alkyl-CH); 33y » =8.1,30, 3 =9.1,
80y 2 =413y 3 =9.8,30y 5 =4.1,33pn 3, =9.8,
3J(:|-|2,(;H3:6.6 Hz.

4.2.6. 1,3-Di-O-tetradecyl-2-O-[40-(2/,3",4",
6"'-tetra-O-acetyle-p-glucopyranosyl)-23',4 -tri-
O-acetylg-p-glucopyranosyl]-sn-glyceroli(7)

3.39g (5mmol) Maltoseperacetate and 2.42g
(5mmol) 2 were dissolved in 50mL of dry
dichlormethane under an atmosphere of dry nitrogen.
994 mg (88QuL; 7 mmol) boron trifluoride etherate
were added and the solution was stirred for 6 h at am-
bient temperature until TLC revealed the reaction to
be complete. The reaction was quenched with 50 mL

170.52,170.29,170.27,169.97,169.83, 169.59, 169.43of a saturated solution of sodium hydrogen carbonate,

(C=0, OAc), 130.34, 130.25 (C-olefin), 100.65 (§;1
96.14, 96.11 (C“1, C-1"), 78.76 (C-2), 75.88 (C‘}
74.38 (C-3), 73.00, 72.87, 72.39, 72.11, 71.67 (C-
4, C-4', C-5, C-5', C-5"), 72.23, 72.19 (C*2 C-

2"), 70.92 (C-2"), 70.49, 70.46 (Gx), 69.82 (C-3),
69.34, 69.29 (C-1, C-3), 68.36 (C23, 63.50, 62.81,
61.83 (C-6, C-68/, C-6"), 33.02, 32.32, 30.19, 30.13,
30.08, 30.05, 29.93, 29.91, 29.72, 27.64, 26.55, 26.53,
23.09 (alkyl-CH), 21.31, 21.28, 21.21, 21.08, 21.05,
20.99, 20.96 (CH, OAc), 14.61, 14.58 (alkyl-C).

the organic layer was separated and the aqueous layer
extracted twice with dichlormethane. The combined
organic phases were washed twice with water, dried
over magnesium sulphate and evaporated in vacuo. The
residue was purified by column chromatography (light
petroleum b.p. 50-70C—ethyl acetate 2:1).

Yield: 3.009 (54%). G7H95020 (1102.6651).

IH NMR (400MHz, CDCh+TMS): §=5.34
(d, 1H, H-7’), 5.29 (dd, 1H, H-3), 5.18 (t, 1H,
H-3), 4.98 (t, 1H, H-4), 4.79 (dd, 1H, H-2),
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4.74 (dd, 1H, H-2, 4.70 (d, 1H, H-1), 4.40 (dd,
1H, H-6d), 4.19 (dd, 1H, H-64), 4.15 (dd, 1H,
H-6b), 3.97 (dd, 1H, H-68), 3.91 (t, 1H, H-4),
3.80-3.91 (m, 2H, H-2, H/§, 3.59 (ddd, 1H, H-5,
3.44-3.51 (m, 2H, H-1a, H-3a), 3.29-3.38 (m, 6H,
H-1b, H-3b, alkyle-CH,), 2.07, 2.03, 1.98, 1.96
(each s, 3H, OAc), 1.93 (s, 6H, OAc), 1.92 (s,
3H, OAc), 1.42-1.52 (m, 4HB-CHp), 1.16-1.25
(m, 44H, alkyl-CH), 0.81 (t, 6H, alkyl-CH);
8Jr2>=8.1, 33y3=97, 3334=97, 3Jy5=97,
335 64 =2.8,3J5 gy =4.8,2Jp4 6 = 12.2,3311 2 =3.8,
332 3=9.7,333 4 =9.7,30y 5 =9.7,3)5 g5 = 4.1,
335 61y = 2.3, 2Jea 61 = 12.9, 3JCHy,CHs =
6.6 Hz.

13C NMR (100 MHz, CDC}+ TMS): §=170.94,
170.87, 170.62, 170.34, 170.05, 169.82 (C=0, OAC),
100.66 (C-1), 95.94 (C-1), 78.75 (C-2), 75.94
(C-3), 73.25 (C-4), 72.81 (C-2), 72.43 (C-9),
72.19, 72.10 (Gx), 71.66, 70.92 (C-1, C-3), 70.40
(C-2’), 70.09 (C-3), 69.80 (C-3), 68.47 (C-4),
63.33 (C-6), 61.94 (C-6), 32.34, 30.12, 30.08,
29.95, 29.78, 26.56, 26.53, 23.11 (alkyl-QH21.35,
21.25, 21.11, 21.06, 21.00-CHs, OAc), 14.54
(alkyl-CHs).

4.2.7. 1,3-Di-O-tetradecyl-2-O-[40-(a-D-
glucopyranosyl)8-np-glucopyranosyl]-sn-
glycerol (18)

2.98g (2.70 mmol}L7 were deprotected using gen-
eral procedure 1. The product was recrystallised from
methanol.

Yield: 2.10 g (90%). GsHg40O13 (808.5912).

MALDITOF-MS: m/iz=831.6 M + NaJ*
Calc. C 63.83 Found
H 10.46

C 63.92
H 10.58

[0]2 = +20° (¢ = 1.0, MeOH)

IH NMR (500 MHz, d-Methanol): §=5.19 (d,
1H, H-17), 4.30 (d, 1H, H-1), 3.94-3.96 (m, 1H,
H-2), 3.89 (dd, 1H, H-63, 3.76-3.87 (m, 3H, H-
4", H-6b, H-6d’), 3.66-3.73 (m, 2H, H/5 H-
6b’), 3.58-3.63 (m, 2H, H/3 H-3"), 3.52 (dd, 1H,
H-4'), 3.43-3.50 (m, 3H, H-1a, H-3a, H 3.39
(ddd, 1H, H-B), 3.22-3.29 (m, 3H, H-1b, H-3b,
H-2), 3.17-3.21 (m, 4H, alkyé-CH,), 1.41-1.50
(m, 4H, alkyl-CH,), 1.16-1.35 (m, 44H, alkyl-
CHy), 0.88 (t, 6H, alkyl-CH); 33y » =8.1,3J3 4 =9.1,
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30y 5=9.1,3%0564=2.1, 335 6y =5.7, 2Jpapy = 12.1,
3311 2 =3.6Hz.

4.2.8. 1,3-Di-O-[(?R,4R,6R,8R)-2,4,6,8-
tetramethyldecyl]-2-O-[4-O-(2",3",4" ,6"'-
tetra-O-acetyle-p-glucopyranosyl)-2,3”,4" -tri-
O-acetylg-p-glucopyranosyl]-sn-glyceroll©)

The reaction was carried out as described for
17 using 1.83g (2.7 mmol) Maltoseperacetate, 1.3g
(2.7mmol)3 and 537 mg (47p.L; 3.78 mmol) boron
trifluoride etherate. The product was purified using
light petroleum b.p. 50-70C—ethyl acetate 2:1 as elu-
ent.

Yield: 1.04 g (35%). G7HggO20 (1102.6651)

'H NMR (500 MHz, CDCk+TMS): §=5.36 (d,
1H, H-1""), 5.28 (dd, 1H, H-3), 5.21 (dd, 1H, H-3),
5.00 (t, 1H, H-4"), 4.85 (dd, 1H, H-2"), 4.76 (dd, 1H,
H-27), 4.74 (d, 1H, H-Y), 4.41 (dd, 1H, H-68), 4.19
(dd, 1H, H-64"), 4.14 (dd, 1H, H-66), 3.96 (dd, 1H,
H-6b""), 3.92 (t, 1H, H-4), 3.81-3.95 (m, 2H, H-2,
H-5"), 3.61 (ddd, 1H, H-8), 3.44-3.50 (m, 2H, H-1a,
H-3a), 3.28-3.40 (m, 6H, H-1b, H-3b, H/1&-1b),
2.56 (m, 2H, H-2), 2.07, 2.03, 1.98, 1.96 (each s, 3H,
OAC), 1.94 (s, 6H, OAc), 1.91 (s, 3H, OAc), 1.78 (m,
2H, H-34d), 1.52-1.70 (m, 4H, H/4 H-6), 1.28-1.50
(m, 4H, H-8, H-94), 1.16-1.26 (m, 10H, H-3aH-74,
CHs-2), 0.98-1.13 (m, 4H, H-3bH-9b), 0.79-0.95
(m, 4H, H-58, H-7k), 0.90 (d, 6H, CH-4'), 0.85 (t,
6H, CH;-10), 0.83 (m, 6H, CH-8), 0.79 (d, 6H, CH-
6). 3Jy 2 =8.1,%3y3=9.7,%303 4 =9.7,30y 5 =9.7,
335 64 =2.8,335' o1y =4.8,20pa 61 = 12.23317 2 =3.8,
300 2/=9.7,333/ 4 =9.7,30y 5 =9.7, 335 5 = 4.1,
335 gty = 2.3,%Jp4' 61y = 12.9 Hz.

13C NMR (100 MHz, CDC{+ TMS): §=170.98,
170.90, 170.68, 170.34, 170.12, 169.92 (C=0, OAC),
100.54 (C-1"), 95.98 (C-1), 78.76 (C-2), 75.92 (C-
3"), 73.26 (C-4), 72.81 (C-2), 72.43 (C-5), 72.25,
72.14 (C-14 C-1b), 71.98, 71.05 (C-1, C-3), 70.48
(C-2", 70.25 (C-3), 69.78 (C-8’), 68.55 (C-&4"),
63.42 (C-6), 61.98 (C-6"), 45.48, 44.87, 44.84 (C-
5d, C-54, C-7d, C-7H), 41.51, 41.34 (C-3aC-
3b), 31.57 (C-84 C-84), 31.07, 30.86 (C-2aC-2b),
28.93, 28.89 (C-9aC-9H), 28.07, 28.03 (C-4aC-
4y), 27.26, 27.24 (C-8aC-6b), 21.69, 21.65, 21.64,
21.59,21.48,21.45 (CH4d, CHz-4b/, CHz-6d, CHs-
6k, CHz-8d, CHz-8b), 21.36, 21.26, 21.12, 21.07,
21.01 (CHjs, OAc), 18.98 (CH-2d, CHsz-21), 11.25
(CHs-104, CH3-10b).
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4.2.9. 1,3-Di-O-[(2R,4R,6R,8R)-2,4,6,8-
tetramethyldecyl]-2-O-[4-O-(x-p-glucopyr-
anosyl)B-p-glucopyranosyl]-sn-glycerolQ)

Nine hundred and fifty milligrams (0.86 mmol)

1.96, 1.93, 1.91 (each s, 3H, OAc), 1.43-1.51 (m,
4H, alkyl-8-CHy), 1.14-1.28 (m, 44H, alkyl-Ch),
0.81 (t, 6H, alkyl-CH); 33y »=7.9, 33, 3=95,
3J3/’4/:9.5, 3\]4/,5/:9.7, 3‘-]5’6&1 =41, ZJGa,b(:ll.O,

17 were deprotected using general procedure 1. The 3J1~,2~ :3.8,3.]2//,3/ :10.7,3.]3//,4// :3.5,3.]4”,5// =1.0,
product was purified by silica gel chromatography 3Jch, cH; =6.9 Hz.

(chloroform—methanol 10:1).

Yield: 522mg (75%). G3Hg4013 (808.5912).
MALDITOF-MS: m/z=831.5 M+ NaJ'FAB-
HIRESMS:m/z=831.5802 1 + NaJ" (calc. 831.581)

[a]Z = +25° (c = 0.2, MeOH)

IH NMR (500 MHz, di-MeOH): d=5.21 (d, 1H,
H-1""), 4.40 (d, 1H, H-1), 3.94-3.96 (m, 1H, H-2),
3.43-3.50 (m, 2H, H-1a, H-3a), 3.75-3.95 (m, 4H,
H-3”, H-3", H-4", H-4"") 3.52-3.70 (m, 6H, H-5
H-5", H-6d’, H-6d", H-61’, H-6b""), 3.48 (dd, 1H,
H-2), 3.40 (dd, 1H, H-2), 3.22-3.29 (m, 6H, H-
1b, H-3b, H-14 H.1d, H-1b, H-1), 2.54-2.65 (m,
2H, H-2, H-2), 1.69-1.79 (m, 2H, H-3a H-34),
1.47-1.65 (m, 4H, H/4 H-4, H-6, H-6), 1.31-1.47
(m, 4H, H-8, H-8, H-94, H-94), 1.11-1.23 (m, 10H,
H-5d, H-5d, H-7d, H-74d, CHs-2/, CHs-2'), 1.01-1.11
(m, 4H, H-3B, H-3b", H-9b, H-9), 0.80-0.97 (m,
28H, H-58, H-50, H-70, H-7b, CHs-4, CHs-4,
CHz-6/, CHz-6/, CHs-8, CHs-8, CHz-10, CHs-
10); 3312=9.7,33,3=9.2, 30y 2 =4.1,33, 3 =9.7,
ZJaa,aB = :|.2.2,3.]0“51’[).(”-!Z = 7'1’3J0LB~B'CH2 =7.6 Hz.

4.2.10. 1,3-Di-O-tetradecyl-2-O-[80-(2",3",4",

6"'-tetra-O-acetyle-p-galactopyranosyl)-23,4 -

tri-O-acetyl8-p-glucopyranosyl]-sn-glycero(3)
The reaction was carried out as described ¥a@r

13C NMR (125MHz, CDCk+TMS): §=170.95,
170.77,170.74, 170.58, 170.16, 169.76, 169.70 (C=0,
OAc), 100.94 (C-1), 97.13 (C-1), 78.39 (C-2), 73.00
(C-3), 72.17 (C-5), 72.10, 71.92 (Gx), 71.38 (C-2),
71.70, 70.97 (C-1, C-3), 69.37 (C)468.36, 68.31 (C-
4', C-2"), 67.85 (C-3), 66.85 (C-5), 66.83 (C-6),
62.10 (C-6), 32.33, 30.12, 30.08, 29.96, 29.78, 26.58,
26.54, 23.10 (alkyl-Ch), 21.23, 21.12, 21.04, 20.80
(—~CHs, OAc), 14.53 (alkyl-CH).

4.2.11. 1,3-Di-O-tetradecyl-2-O-[80-(x-p-gala-
ctopyranosyl)s-p-glucopyranosyl]-sn-
glycerol 24)

1.95¢g (1.77 mmolp3 were deprotected using gen-
eral procedure 1. The product was recrystallised from
2-propanol.

Yield: 1.27g (89%). G3Hg4013 (808.5912).

MALDITOF-MS: m/z=831.5 M + NaJ*
Calc. C 63.86 Found
H 10.46

C63.91
H 10.10

[0]2 = 423 (¢ = 0.8, CH3COCH)

1H NMR (400 MHz, ¢;-methanol)s=4.89 (d, 1H,
H-1"), 4.31 (d, 1H, H-1), 4.01 (dd, 1H, H-63,
3.90-3.95 (m, 2H, H4 H-5’, H-2), 3.69-3.80 (m,
5H, H-2’, H-3", H-6d’, H-6b, H-6b"), 3.50 (ddd,
1H, H-5), 3.43-3.49 (m, 3H, H-1a, H-3a, H)43.38
(dd, 1H, H-3), 3.20-3.28 (m, 3H, H-1b, H-3b, H-

using 2.95g (4.3mmol) Melibioseperacetate, 2.3g 2), 3.17-3.22 (m, 4H, alkyk-CHp), 1.40-1.49 (m,

(4.3 mmol)2 and 854 mg (76Q.L; 6 mmol) boron tri-

4H, B-CHy), 1.16-1.36 (m, 44H, alkyl-C}J, 0.88 (t,

fluoride etherate. The product was purified using light 6H, alkyl-CHg); 331 2'=8.1,33y 3 =9.2,333 4 =9.2,

petroleum b.p. 50-70C—ethyl acetate 2:1 as eluent.

Yield: 2.05 g (43%) G7Hgg020 (1102.6651).

IH NMR (500 MHz, CDCk+ TMS): 3 =5.39 (dd,
1H, H-4"), 5.27 (dd, 1H, H-3), 5.13 (t, 1H, H-3),
5,09 (d, 1H, H-Y), 5.05 (dd, 1H, H-2), 5.04 (dd,
1H, H-4), 4.83 (dd, 1H, H-9, 4.71 (d, 1H, H-1),
4.15 (m, 1H, H-5B), 4.00-4.08 (m, 2H, H-83 H-
6b’), 3.82-3.87 (m, 1H, H-2), 3.68 (dd, 1H, Hpa
3.45-3.57 (m, 4H, H-1a, H-3a, H-31-6b), 3.29-3.37
(m, 6H, H-1b, H-3b, alkyle-CH>), 2.06, 1.98, 1.97,

30y 5=9.2335 64 =4.1,305 65y =2.0,33; »» =4.1Hz.

4.2.12. 1,2-Di-O-[(?R,4R,6R,8R)-2,4,6 8-
tetramethyldecanoyl]-3-O-[40-(2",3",4",6"'-
tetra-O-acetyle-p-glucopyranosyl)-2,3”,6-tri-
O-acetylg-p-glucopyranosyl]-sn-glycerolg)
677.5mg (0.95 mmol) B-[4'-0-(2",3",4”,6"-tet-
ra-O-acetyla-p-glucopyranosyl)-2,3,6-trd-acetylf
-p-glucopyranosyl]-sn-glycerol 26), 435mg (1.90
mmol) (R 4R 6R,8R)-2,4,6,8-tetramethyldecanoic
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acid, 393mg (1.90mmol) N,N'-dicyclohexyl-
carbodiimide and a catalytic amount of 4-(1-
pyrrolidinyl)pyridine were dissolved in 25mL of
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4.2.13. 1,2-Di-O-[(?R,4R,6R,8R)-2,4,6 8-
tetramethyldecanoyl]-3-O-[40O-(a-p-
glucopyranosyl)8-p-glucopyranosyl]-

dry dichlormethane and stirred at room temperature sn-glycerol 27)

overnight, until TLC revealed the reaction to be
complete.N, N'-dicyclohexylurea formed during the
course of the reaction was filtered off, the solvent

Five hundred and eighteen milligrams (0.46 mmol)
26 were dissolved in a mixture of 7 mL dry methanol
and 3mL dry dichlormethane. 0.18 mL (3.65 mmol)

removed under reduced pressure and the resultinghydrazine hydrate (100%) were added to this solu-

syrup purified by silica gel chromatography (light
petroleum b.p. 50-70C—ethyl acetate 2:1).

Yield: 537 mg (49%). G7Hg4022 (1130.6237).

IH NMR (500 MHz, CDCk+TMS): §=5.36 (d,
1H, H-1"), 5.30 (dd, 1H, H-8'), 5.20 (dd, 1H, H-
3", 5.00 (dd, 1H, H-4'), 5.16-5.23 (m, 1H, H-2),
4.81 (dd, 1H, H-2), 4.78 (dd, 1H, H-2), 4.71 (d,
1H, H-17), 4.41 (dd, 1H, H-64), 4.32 (dd, 1H, H-
1a), 4.13-4.21 (m, 3H, H-1b, H-8bH-6d"), 3.99
(dd, 1H, H-61"), 3.97 (dd, 1H, H-3a), 3.90 (t, 1H,
H-4"), 3.85 (ddd, 1H, H-%), 3.66 (dd, 1H, H-3b),
3.60 (ddd, 1H, H-8), 2.56 (m, 2H, H-2’, H-2),
2.08, 2.07, 2.00, 1.98 (each s, 3H, OAc), 1.94 (s, 6H,
OAc), 1.92 (s, 3H, OAc), 1.72-1.76 (m, 2H, H3a
H-34), 1.54-1.65 (m, 2H, H/6 H-6), 1.48-1.54 (m,
2H, H-4, H-4), 1.30-1.46 (m, 4H, H/8H-8, H-94,
H-9d), 1.15-1.28 (m, 10H, H-3aH-5d, H-74d, H-
7d, CHs-2', CHz-2'), 0.95-1.09 (m 4H, H-3bH-3b,
H-9b/, H-9b), 0.80-0.94 (m, 28H, H-3bH-51, H-
70, H-70, CHsz-4', CHs-4', CH3-6/, CH3-6', CHsz-8',
CH3-8, CHs-10, CH3-10); 33y > =8.1,33, 3 =9.7,
303,4=9.7, 3Jy5=9.7, 3J564=2.8, 35y =438,
2J6q.6t =12.2,3017 2 =3.8,332 3, =9.7,333 4 =9.7,
S5 =97, 35 6q =41, 35 gy = 2.3, 2 o1y’ =
12.9Hz.

13C NMR (125MHz, CDC}+ TMS): §=176.95,
176.01 (C-1, C-1), 170.95, 170.86, 170.65, 170.25,
169.37,169.18 (C=0, OAc), 101.16 (C%}, 96.01 (C-
1), 75.75 (C-3), 73.24 (C-4), 71.96 (C-2), 71.13
(C-5"), 70.45 (C-2"), 70.11 (C-3’), 69.95 (C-3"),
69.65 (C-2), 68.33 (C‘4), 67.80 (C-3), 63.25 (C-
6"), 62.14 (C-1), 61.85 (C!6), 45.34, 44.86, 44.82
(C-5d, C-54, C-7d, C-70), 40.91, 40.81 (C-3aC-
3b), 37.26, 37.17 (C-2aC-2b), 31.53 (C-85 C-80),
28.98, 28.96 (C-9a C-91), 28.09, 28.06 (C-4aC-
41, 27.25 (C-65 C-6b), 21.35, 21.26, 21.12, 20.99,

tion and the mixture was heated at the temperature
of reflux for 8 h. The solution was cooled in an ice-
bath, neutralised with formic acid and the solvent re-
moved in vacuo. The residue was submitted to chro-
matographic purification on silica gel (chloroform—
methanol 15:1).

Yield: 166 mg (43%). G3HgoO15 (836.5497).

MALDITOF-MS: m/z=859.4 M + NaJ*

FAB-HIRESMS: m/z=859.5388 M + NaJ" (calc.
859.5395)

[]2 = +28(c = 0.3, MeOH)

'H NMR (500 MHz, di-MeOH +TMS): §=5.27
(me, 1H, H-2), 5.15 (d, 1H, H-T), 4.40 (dd, 1H, H-
1a), 4.30 (d, 1H, H-/1), 4.21 (dd, 1H, H-1b), 3.97
(dd, 1H, H-3a), 3.89 (dd, 1H, H-63 3.79-3.86 (m,
2H, H-64’, H-6d"), 3.64-3.72 (m, 2H, H/8, H-
6b”), 3.62 (t, 2H, H-3, H-3"), 3.55 (dd, 1H, H-
4"y, 3.45 (dd, 1H, H-2'), 3.37 (ddd, 1H, H-8), 3.27
(dd, 1H, H-4"), 3.25 (dd, 1H, H-2), 2.53-2.64 (m,
2H, H-2, H-2), 1.68-1.78 (m, 2H, H-3aH-34),
1.46-1.64 (m, 4H, H/4 H-4, H-6, H-6), 1.30-1.46
(m, 4H, H-8, H-8, H-9d, H-9d), 1.10-1.22 (m,
10H, H-5&, H-5d, H-84, H-8d, CHs-2/, —CHs-
2), 0.99-1.10 (m, 4H, H-3b H-3b, H-91, H-9b),
0.79-0.94 (m, 28H, H-BbH-5b, H-7b, H-7b, CHs-
4, CHsz-4', CH3-6', CH3-6/, CH3-8, CH3-8, CHs-
10, —CH3-10); 33y 2 =7.9,33 3 =9.1,333 4 =9.1,
3045 =9.3,305 64 =1.9,3J5 gy =4.4,2Jp4 6y = 12.3,
331 2 =3.8, 33y, 3:=9.8, 333 4/ =9.2, 3J152=2.8,
3\]1[3,2:6.6, 3Jla,1b: 12.0, 3J3a12:5.4, 3J3b,2:6.0,
2J3a,3p=11.0 Hz.

13C  NMR (125MHz, d-MeOH+TMS):
$=177.03, 176.78 (C!{1 C-1), 104.53 (C-1),
102.83 (C-1"), 81.10 (C-4), 77.44, 74.88 (C/3

20.70, 20.68, 20.64, 20.59, 20.48, 20.45, 19.92, 19.90 C-3""), 76.52 (C-5), 74.57 (C-3’), 74.30 (C-2),

(OAC, CHg-4d, CHg-4b, CHz-6d, CHs-610, CH3-84,
CHs-8H), 18.15 (CH-24d, CHs-2b), 11.20 (CH-104,
CHs-10H).

73.95(C-2"), 71.49 (C-2), 71.31 (C“4), 68.71 (C-3),
63.85 (C-1), 62.64 (C26), 61.94 (C-6), 45.31, 44.85
(C-5d, C-58, C-7d, C-7H), 40.89, 40.82 (C-3a
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C-3b), 37.32, 37.27 (C-Za C-24), 31.52 (C-84 13C NMR (125MHz, CDC}+TMS): §=170.58,
C-8b), 28.98 (C-95 C-90), 28.09 (C-44 C-48),  170.56,170.53, 170.31, 169.88, 169.63, 169.47 (C=0,
27.24 (C-64 C-6b), 20.60, 20.64, 20.48, 20.46,19.91 OAc), 130.38, 130.29 (C-olefin), 100.68 (C-1), 96.18,
(CHg-4d, CHg-4b, CHs-6d, CHg-6b, CHs-8d,  96.15 (C-1, C-17), 75.91 (C-3), 73.04 (C4 72.91
CHs-80),18.19, 18.14 (CH2d, CHs-2b), 11.20  (C-4), 72.43 (C-2), 72.27 (C“3, 71.23 (C-5), 70.97
(CH3-10d, CHs-100). (C-2), 70.90 (Ce:), 70.53 (C-2), 70.50 (C-3), 69.86
(C-5"), 69.37 (C-5), 69.33 (C-4), 63.54 (C-6), 62.85
(C-6), 61.87 (C-6), 31.95, 29.82, 29.56, 29.44, 29.36,

4.2.14. (cis-9-Octadecenyl) 4-O-4®-(2',3",4", 29.31, 27.26, 25.88, 22.73 (alkyl-GH 21.35, 21.32,
6"-tetra-O-acetyle-p-glucopyranosyl)-23',6'-tri- 21.25, 21.12, 21.09, 21.03, 21.00 (§HDAC), 14.62
O-acetyle-p-glucopyranosyl]-2,3,6-tri-O-acetyl- (alkyl-CHz).

B-pD-glucopyranosideZ8)

4.23g (4.4 mmol) 3-p-Maltotrioseundecaacetate,
1.14mL (1.34g; 6.6 mmolgis-9-octadecen-1-ol and  4-2.15. (cis-9-Octadecenyl) 4-O0-(a-p-
20 mg freshly dried powdered molecular sieve (0.4 nm) 9lucopyranosyl}-p-glucopyranosyl]s-p-
were dissolved in 50 mL of dry dichlormethane undera 9lucopyranosideZ9)
dry nitrogen atmosphere. 0.86 mL (679 mg; 6.8 mmol)  Nine hundred and forty-two milligrams (0.8 mmol)
boron trifluoride etherate were added dropwise. After 28 were deprotected using general procedure 1. The
5h, TLC revealed the reaction to be complete. The re- Product was purified by gel filtration on a column of
action was quenched with 50 mL of a saturated solution Serva LH-20 suspended in methanol.
of sodium hydrogen carbonate, the organic layer was ~ Yield: 648 mg (98%). GeHeeO16 (754.4351).
separated and the aqueous layer extracted twice with FAB-HIRESMS: miz=777.4248 M +Na]" (calc.
dichlormethane. The combined organic phases were 777.4279)
washed twice with water, dried over magnesium sul-
phate and evaporated in vacuo. The resulting syrup Was[“]D = 4+40°(c = 0.1, MeOH)

urified by column chromatography (light petroleum
(pb.p. 50—7y0’C)—ethyI acetate le)r.) v (ante TH NMR (500MHz, d-methanol). d=5.20-5.41
Yield: 971 mg (19%). GeHgO26 (1174.5407). (m, 2H, H-olefin), 5.16 (d, 1H, HY), 5.14 (d, 1H,
1H NMR (500 MHz, CDCh + TMS): $=5.30-5.40  1-1). 4.17 (d, 1H, H-1), 3.78-3.91 (m, 6H, H-
3’, H-6a, H-64 H-6d',H-60, H.-64’), 3.88 (dd,

(m, 4H, H-3, H-3", H-olefin), 5.25 (d, 2H, H-1 / /
H-17), 5.22 (dd, 1H, H-3), 504 (dd, 1H, Hig LM H-47,3.76 (m, 1H, H-5'), 3.58-3.69 (m, 3H,
: , 1H, H-3), o Hed, H-5, Heaa), 3.61 (dd, 1H, H-4), 3.47-3.56

4.83 (dd, 1H, H-2), 4.77 (dd, 1H, H-2), 4.71 (dd, ;

1H, H-2), 4.48 (d, 1M, H-1), 4.41 (dd, 2H, H-6a, (M 3H, H-3, H-6b, Hab), 349 (dd, 1H, H-
H-6d), 4.29 (dd, 1H, H-6b), 4.21 (dd, 1H, H-6g 2 ). 3-44 (dd, 1H, H-, 3.35 (m, 1H, H-5),
416 (dd. 1H, 16D, 403 (dd. 1M, Heef), 3.0y 327 (dd 1H, H-3), 3.21 (dd, 1H, H-2), 1.95-2.06

(M, 1H, H-B7), 3.93 (dd, 1H, H-4, 3.91 (m, 14, (M 4H., H-allyl), 1.50-1.65 (m, 2H,B-CHy),
" N o e TN CHg); 331,=8.1, 33,3=9.1, 3334=9.3, 3J45=9.2

(ddd, 1H, H-5), 3.40-3.45 (m, 1H, Hb), 2.10, 3): "W127 0.4, TN23% 9L 1347 9.9, A5 9.4,
8Jy =38, 33, 3=9.8, 3J1»» =38, 33,3 =98

2.09, 2.03, 1.98, 1.96, 1.95, 1.93, 1.92 (each s, 3H, ,“1'2 O V23 TY0 2 O 23 =
SJ// H:98SJH H:68HZ

OAc), 1.91 (s, 6H, OAc) 1.47-1.58 (m, 6H, H-allyl., 418" = 9.8, "JCH;,CHz = ©- :

B-CHy), 1.17-1.38 (m, 22H, alkyl-C}), 0.85 (t,

3H, aIkyI-CHg); 331,2:8.1, 3J2,3:9.3, 8334=9.2,

3345 9.2, 35 6a=2.4, Jsab 4.3, J6ab 12.1, Acknowledgements

33,/ 2 =41, 3J2/ '=10.4, %33 4/ =9.2, 3J4’ 5=9.2,

3J5 64=2.4,335 gy =3.8,206q 1y =12.1,3)y » = 4.1, We thank M. Duerkop and C. Brandt for technical

332”' g = 10_4,3331, = 9.8,3.]4//'5// =9.8,3Jy éa' =3.5, assistance. We are grateful to theutsche Forschungs-

35 o = 22, 26a =126, 3JeppcH,=6.6,  gemeinschaiSFB 470, Graduiertenkolleg 464) for fi-
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1. Introduction

The observation of double melting of certain long
chain alkyl glucopyranosides, e.g. hexadeeyb-
glucopyranoside b¥ischer and Helferich (1911yas
the first indication of thermotropic liquid crystalline
properties in amphiphilic carbohydrates.

These amphiphilic molecules form both ther-
motropic liquid crystalline phases in their pure state
upon heating and lyotropic liquid crystalline phases
upon addition of solvent.

The driving force for the mesophase formation is a

micro phase separation leading in the case of the am-

phiphilic molecules to an aggregate structure with sep-
arated regions for the lipophilic and hydrophilic moi-

eties, enabling the maintenance of the van der Waals’

interaction in the hydrophilic region.

G. Milkereit et al. / Chemistry and Physics of Lipids 135 (2005) 15-26

and transition temperatures, larger amounts willinduce
new phases such as cubic and columnar phasgg (H
The discontinuous cubic phases are based upon various
packing of spherical or slightly anisotropic micelles,
whereas the bicontinuous cubic phases with interwo-
ven fluid porous structures are based on underlying
infinite periodic minimal surfacesF@irhurst et al.,
1998.

Due to the use as model compounds for biological
systems, synthetic glycolipids have to be liquid crys-
talline already at or near ambient temperature.

In an earlier paper the synthesis of glycosyl diacyl-
glycerol with mono- and disaccharide headgroups
(Minden et al.,, 2002a with unsaturated and chi-
ral methyl branched fatty acid chains was described.
These molecules displayed liquid crystalline phases
already at ambient temperature, so that their bio-

The principal phase behaviour of these compounds physical properties could be investigated in the tem-

is shown inFig. 1 (Prade et al., 1995; Blunk et al.,
1998. At a fixed amphiphile/water ratio, correspond-
ing to a vertical line in the diagram, amphiphiles of-

perature range of biological systenidifden et al.,
20021.
In recent years Hato and co-workers prepared a new

ten display different phases as the temperature varies,class of glycolipids with a 1,3-dB-alkyl-sn-glycerol

especially if these compounds have an unusual ge-

moiety. Mainly 1,3-dialkyl-glyco-glycero lipids with

ometry of the carbohydrate headgroup. In this case n-dodecyl andn-tetradecyl alkyl chains and oligo-
cubic phases may also be observed, while simple maltose and cellobiose headgroups were synthesized

amphiphiles exhibit only a thermotropic Smectic A
phase.

Deviation from the phase behaviour of the pure am-
phiphiles, that is only changed by the temperature will
occur upon the addition of solvents. Whereas small
amounts of e.g. water will not change the phase type

Paraffin Hy O

Fig. 1. Principal phase behaviour of amphiphilic compoufiade
etal., 1995; Blunk et al., 1998

in high yields Minamikawa et al., 1994 The ly-
otropic properties of the oligosaccharide headgroups
were thoroughly characteriseddto et al., 1998; Ko-
rchowiec et al., 2001; Hato and Minamikawa, 1996;
Hato, 200). A few examples with methyl branched
phytanyl chains can be fount{namikawa and Hato,
1997. The amphiphilic properties of some of these
compounds were in part similar to those observed for
the unsaturated disaccharide compourdds@en et

al., 20023

We synthesized several dialkyl- and diacyl glycosyl
glycerols, bearing saturated, unsaturated and methyl
branched chains. Their biophysical properties are de-
scribed below and discussed in terms of their chemical
structures.

The thermotropic properties of the compounds
were investigated by means of polarising microscopy.
The lyotropic phase behaviour was characterised
using different methods: The phase sequence by
the contact preparation technique, the Krafft-
temperature/p <> L,-phase transition by FT-IR-
spectroscopy and the aggregate structure by small-
angle X-ray scattering.
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2. Results and discussion mesophase with the hydrophilic/hydrophobic interface
curved towards the (minor) sugar component. Introduc-
2.1. Thermotropic phase behaviour tion of unsaturation into the alkyl chain led to liquid

crystallinity already at ambient temperature, accord-
The transition temperatures of the pure compounds ing to previous results\ll et al., 2000; Minden et al.,
are shown inFig. 2 Due to its wedge shape the 2000, 2002a The clearing temperature bis 23.3°C
1,3-dioleyl maltosidel forms an inverted columnar islowerthanthatof the corresponding 1,26@teleoyl-

HO.

O o~ (cHz)a CgHi7 /%
OH
O (CHo)g CgHi7
1 \(O\/(CHz)s CgHiz on \E\O/ Ny
2 (
-~

CHalg CgHi7
N—
HO
Ho ©
HO.
HO.
OH S o
HO o /CMHZQ
HO OH \(\
OH
o
o

CiaHag
HO. [¢]
OH \(CHz)s CgHi7
7
HO

\n/\/\/\/\/ HO o O/CMHgg
OH
5

O/CMHZQ

[¢]

1 Cr <200 col 2159 1
2 Cr <200 Sa >280 I°
3 Cr 925 col 228.7 d°
4 Cr <200 Sa 150.6 1
5 Cr 790 Sa 1259 cub 158.6 1
6 Cr <200 Sa 1533 1
7 Cr ? (Sa) ? col 233.0 d°

* The clearing temperature exceeded the temperature range of the hot stage

® The compounds decomposed above this temperature

Fig. 2. Transition temperatures of the synthetic compounds.
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3-0O-B-p-maltopyranosyl-sn-glycerolMinden et al., lar Smectic A phases. The same phase behaviour is
20023. This might be attributed to the weaker interac- observed for compounglithe corresponding 1,2-ester,
tion of the ether linkage compared to the ester linkage. where the only difference to compouddcan be ob-
The carbohydrate headgroup of compo@ihas one served in the stability of the liquid crystalline phase,
more glucose unit than compoufdand this leads to  which is slightly higher ¢3°C).
the formation of a lamellar Smectic A phase and asta-  The methyl branching disturbs the interaction in the
bilization of the liquid crystalline phase of more than hydrophobic tail region as previously reportétiiden
65°C. This might result from the balance between the etal., 2002aand therefore destabilises the mesophase,
long alky! chains of the glycerol moiety and the trisac- but enlarges its range, since the crystal to liquid crystal
charide headgroup, leading to a more rod-like packing interconversion is much more strongly depressed.
of the molecules. This illustrates the wide range of usage of properties
Saturated shorter alkyl chains lead to compo8nd  which can be produced using chiral methyl branched
The hydrophobic part of the molecule is still dominant fatty acid/alcohol chains. This feature has been used for
resulting in a wedge shaped structure, and to the for- the preparation of phospholipidgi6rr et al., 1997and
mation of the inverted columnar phase. Nevertheless references cited herein), gluco-glycero lipidiiiden
the stability of the liquid crystalline phase is reduced et al., 20025 ferro- and antiferro-electric liquid crys-
by ~60°C due to a less wedge shaped molecular struc- tals Heppke et al., 1997 triphenylene-based liquid
ture. Then-alkyl chain of this compound leads to abet- crystals Echultz et al., 2002as well as potent antimy-
ter chain packing compared to compouhdesulting cotics Morr et al., 1995; Kuwahara et al., 1994
in the higher melting temperature. Compound7 can be seen as the single chain coun-
Incompoundbtheal — 4 diglucoside headgroupis  terpart of compoun@. On reducing the size of the hy-
replaced by a1 — 6 linked carbohydrate headgroup. drophobic moiety of the molecule the balance between
This structural variation leads to the formation of Smec- the hydrophilic and hydrophobic moiety is shifted to-
tic A and broad cubic phases. The melting point is still wards the hydrophilic carbohydrate headgroup. The
high, due to the good packing of the alkyl chains. The thermotropic textures become less distinguishable in-
reason for the different phase behaviour may be seen indicating that the shift of the balance is not very strong.
the broad structure of thel — 6 linked disaccharide It was not possible to determine an exact melting tem-
headgroup, resulting in a rod-like shape at low tem- perature but it can be assumed that it is belowGQAt
peratures (formation of the Smectic A phase). With lower temperatures there are indications of the forma-
increasing temperature the molecule becomes moretion of a lamellar Smectic A phase whereas at higher
and more wedge-shaped due to increased motion oftemperatures (above 10Q) a columnar phase forms.
the aliphatic chains, resulting in the formation of the A proof for the Smectic A phase is the observation of
cubic phase. The cubic phase is formed as a compro-lyotropic lamellar structures (see Sectiah2.1 and
mise, since the Smectic A phase is destabilised by the 2.2.2. In total the balance between the hydropho-
molecular moiety, but this destabilisation is not suf- bic and hydrophilic moieties favours the formation of
ficient to enable the formation of a columnar phase lamellar and columnar structures, due to a more la-
beyond the cubic phase, as previously reported for bile balance between a rod-like structure and a wedge-
compounds with longer alkyl chaindl{nden et al., shaped structure, which is favoured with increasing
20023. temperature.
The alkyl chains of compountiagain are shortened
compared to compourg] resulting in achainlengthof 2.2, Lyotropic phase behaviour
10 carbon atoms per chain. In this case the alkyl chains
are methyl branched leading to a melting temperature 2.2.1. Contact preparation

below 20°C. Introduction of lateral branches in addi- Fig. 3 shows the lyotropic phase sequence in the
tion to unsaturation is a well known method in liquid contact preparation with water. Only the alkyl mal-
crystal chemistry to prevent crystallisation. tosides1 and 3 display a lyotropic polymorphism.

The balance between the hydrophilic and the hy- In both cases, three phases are formed with increas-
drophobic part again favours the formation of lamel- ing water concentration: a;Hphase, a bicontinuous
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1 Col Hi Vi L
2854
2 Sa Lo -
£
3 Cr Hy Vi Lo £, 2853
2
4 Sa Ly
§ 2852
5 o Lo &
=
]
6  Sa Lo = 2851
7 Cr | cub
2850

g

2854
(100 % LC) (100 % Water)
" Myelin figures beyond the S, phase in the contact preparation with water =
£ 2853
Fig. 3. Lyotropic phase sequence in the contact preparation with g’
water. o2
g i
2 2852 -
gJ I - 40 % waler, healing-scan
i o y y +* coaling-scan
cubic V; phase and a J phase. Furthermore, be- = A0 e 20 % water, heatings scan
. . I coaling-scan
yond the lamellar region towards higher water con- 2851+ e
centration myelin figuresJeffrey and Wingert, 1992; . . . ‘ .
Bouligand, 1998 can be found. Again, this phase 20 -10 0 10 20 30 40
(b) Temperature [°C]

sequence is the same as that of 1,Dddleoyl-

-O-B-p-mal ranosyl-sn-glycerolMinden l.
3-0-B altopyranosyl-sn-glycero M den et al., Fig. 4. (a) Peak position of the symmetric stretching vibration of the

20022_3' . . . methylene groupss(CHy) vs. temperature for compounds2 and
This phase behaviour might result from the increase 7 at different water contents.( () 97.5% water; [J) 90% water;

in size of the headgroup with increasing hydration. Asa 2: (v) 97.5% water; O) 90% water:7: (@) 97.5% water; £) 90%
result the molecule should become less Wedge_shaped/vater). (b) Peak position of the symmetric stretching vibration of
and finally even rod-shaped. This is in accordance with ¢ methylene groupss(CH;) vs. temperature for compouridat
the observation of a cubic and finally a lamellar phase different Wate.r .Contoenm' 40% water, heat.'.ng ican’ 40% water,

- ] cooling scan;¥: 20% water, heating sca;: 20% water, cooling
(rod-like shape of the molecules) at the highest water scan).
concentration.

The other lipids only form lamellar phases. Intro-

duction of a third glucose moiety into the headgroup bon chain region would form next. Since this phase was
balances the hydrophobic and hydrophilic parts of not found, the increase in size of the melibiose head-
the trisaccharid®, so that only a lamellar . phase group due to hydration seems not to suffice to become
can form. For then-alkyl maltoside3 and the methyl the dominating factor and to force the polar/nonpolar
branched analoguesand 6 the balance between the interface to curve towards the chain region.
molecular counterparts is achieved by shortening the  The substitution of the dialkylglycerol moiety of the
alkyl chain. The position of the chain in the glyc- trisaccharide€ by a single alkyl chain did not change
erol moiety (1,%> 1,3) and the type of linkage (es- the lyotropism much. In addition to the lamellar phase
ter<«> ether) seem to have no influence on the lyotropic a cubic phase was found. The isotropic texture might
phase behaviour. Compoubdvith a Galal — 6-Glc be a hint to a discontinuous cubic phase, resulting from
disaccharide headgroup displayed, interestingly, only the packing of spherical micelles. The formation of a
myelin figures besides the lamellag bhase. It might cubic phase again suggests that with increasing water
be expected that upon hydration gphase withthe po-  content the rod-like shape is transformed into a slightly
lar/unpolar interface curved towards the fluid hydrocar- wedge-shaped structure.
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2.2.2. Structural lyotropism

Analysis of the gel to liquid crystallinep(< «)
phase transition of the alkyl and acyl chains:

Above 20°C all samples bearing unsaturated alkyl
chains are in the liquid crystalline phase of the acyl,
with the maltotriose-1-oleyl glycolipid having a sig-
nificantly higher fluidity than the other two dialkylated
glycolipids (Fig. 4). Interestingly, only maltose-1,3-
oleyl (1) exhibits a sharp phase transition into a
gel phase around &, with a wavenumber around
2850.5 cnl. This value is typical for other glycolipids
such as lipopolysaccharideBrandenburg and Seydel,
1990 but it is higher than it can be found for phos-
pholipids Brandenburg and Seydel, 199t contrast
to the maltose compound, the maltotriose com-
pounds 2 and7) exhibit very broad phase transitions
over a temperature range of more than°Q with
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comitantly, a strong hysteretic behaviour — difference

of the phase transition temperature between heating-
and cooling-scan — is observed at 20% water content,
which does not take place at water contents of 40% or
higher.

The exchange of the unsaturated oleyl chains by
the saturated-alkyl chains of compound3 and5 in-
creases the phase transition temperatures. 6). A
sharp transition can be observed for both compounds
at a water content of 90%. Below 46 the maltoside
3is in the gel phase, whereas the phase transition for
the melibiosides already occurs at 2ZC. This signifi-
cantly lower transition temperature is due to the wedge-
shaped structure of the melibiose headgroup, leading to
a less dense packing than for the only slightly wedge-
shaped maltoside.

Fig. 6 shows the phase behaviour of the maltoside

wavenumber values corresponding to a relatively high 3 at different water contents. It is obvious that three

fluidity even below—20°C. Thus, the comparison of
maltose-1,3-oleyl ) with the maltotriose-1,3-oleyl

phase transition sections are formed with changing wa-
ter content. At high water content of 90% and 80% the

(2) shows that addition of one monosaccharide to main gel to liquid crystalline phase transition occurs
the headgroup drastically suppresses the gel phaseat a temperature of 4%. With increasing amount of
at low temperatures. Regarding the dependence onlipid (58% and 40% water) the transition temperature
water content (lyotropism), the phase behaviour is increases by around°&, indicating a better packing
unchanged for all samples in the water concentration of the chains in this structure. When the water content

range from 90% to 97.5%.

is below 40%, the transition temperature is lowered by

However, reduction of the water content resultsina 10°C compared to a water content of 90%, indicating

drastic increase (fluidization) of the wavenumber val-

again the formation of a structure with a looser packing

ues in the gel phase at water contents lower than 40%, of the alkyl chains.

as exemplified for maltose-1,3-oley)(Fig. 4b). Con-

28531 D:.;._.—D:"._';‘;.-JD‘

2852

28511

Wave number [em’]

2850+

1 n 1 L 1 " 1 n
20 30 40
Temperature [°C]

50 60
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Fig. 5. Peak position of the symmetric stretching vibration of the
methylene groupss(CHz) vs. temperature for compoun8sand5
at 90% water conten8( l; 5: (J).

2854

2853
2852
2851

2850

Wavenumber [cm’']

2849

2848 1 1 1 L L 1 1 1
0 30 40 50 70 80

Temperature [°C]

Fig. 6. Peak position of the symmetric stretching vibration of the
methylene groupss(CHy) vs. temperature for compourgdat dif-
ferent water contentd; 90.9% waterf1: 80% water@®: 58% water;

V: 40% watery¥: <40% water heating scaft): <40% water cooling-
scan).
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The infrared spectra of the two compounds with tent ig. 7a) only comparable to that found for the
the chiral methyl branched chaing énd6) show no
symmetric stretching vibration. This result is not un-

expected, due to the rigid structure of the chains with

the alternating-CH(CHs)— and—CH,— groups, which
considerably reduces the flexibility of the alkyl chain.

However, the symmetric bending vibrational band at

1378 cnr?! plotted against temperature indicates for
both compounds a very low phase transition £CO

Analysis of the three-dimensional

aggregate

structures of the glycolipids maltose-1,3-oley),(
maltotriose-1-oleyl2), and maltotriose-1,3-oleyr}.
The glycolipid 1,3-oleyl maltosid& exhibits an ex-

tremely well-resolved cubic phase at 90% water con-

0,1 0,2 0.3 0.4 05
(@) s [nm-1]
: 6.54n o
] 5.35nm
4.64 nm3.77 nm 3.09 nm
3.29
\nm/
— 2.92nm
=]
o
e 2,66 nm
/
2.44 nm
w
T T T - . § : . | i |
0,1 0,2 0,3 0,4 0,5 06
(b) s [nm-]

simple, well-characterised lipid monooleifig. 7b)
(Luzzati et al., 1986; Mariani et al., 1988At 20
and 40°C, reflections are found ay2, /3, \/4, /6,

V8, /9, /10, /12, and./14 of the periodicity of
11.1 and 11.7 nm, respectively, which corresponds to
the cubic phase $* (Pn3m). At 60 and 70C, the
cubic phase is not clearly defined and, a superposi-
tion with another cubic phase cannot be excluded.
After cooling back to 20C the original cubic phase
Q?%%4 has vanished, and the main reflection at 5.49 nm
can be assigned to the periodicity; of an inverted
hexagonal phase (H phase. For this phase also the
second order at 2.78nm and two further peaks at

5.49 nm

70°C
20 °C after
cooling
0,1 I O.I2 O.IS 0:4 0,5
(c) s [nm-1]

7.09 nm

70°C
120 °C after
: . : . cooling
0,1 0,2 0,3 0,4 0,5
(d) s [nm-1]

Fig. 7. (a) Small-angle X-ray diffraction patterns of maltose-1,3-oleyl (compauati90% water content and 2. The diffraction pattern is
indicative for a cubic structure of space grouf?®) (b) Small-angle X-ray diffraction patterns of monoolein at 50% water content ah@.40
The diffraction pattern is indicative of a cubic structure of space grotf} s originally described by Luzatti et al. (1986). (c) Small-angle
X-ray diffraction patterns of maltose-1,3-oleyl (compoundt 90% water content at 7€ and after cooling to 20C. The diffraction patterns
are indicative of a cubic structure of space groif34Qand of the inverted hexagonal structurg.d) Small-angle X-ray diffraction patterns
of maltose-1,3-oleyl (compourt) at 80% water content at 7€ and after cooling to 20C. The diffraction patterns are indicative of a cubic
structure of space group?®¥, and of the inverted hexagonal structurg.H
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3.25nm=dy//3 and 2.14nmdy/,/7 are observed
(Fig. 7c). Since the sample was temperature-cycled
between 10 and 6%C in a time period of approx-
imately 1h prior to the measurement it can be as-
sumed that after longer storage at°)the original
cubic phase should be formed again. The results of
the measurements at 80% water conté&ing.(7d) can

be interpreted in a similar way, except for the fact
that there is a lower number of well-resolved reflec-
tions. After cooling back to 20C the H, phase reap-
pears.

Duetotheincrease of the sugar headgroup and, thus
the effective cross-section of the lipid backbone, the
1,3-oleyl maltotriosid adopts only lamellar phases at
90% as well as at 80% water conteRig. 8a and b). At
90% water contentHig. 8a), at 60 and 70C a second

5.96 nnj

2.02inm

20°C

70 °C after
cooling
5

40°C
60 °C

T
03
s [nm-1]

(b)

Fig. 8. Small-angle X-ray diffraction patterns of maltotriose-1,3-
oleyl (compound2) at 90% water content and 7@ and after re-
cooling to 20°C (a) and at 80% water content and 40 and6@b).
The diffraction patterns are indicative of only multilamellar struc-
tures.
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Fig. 9. Small-angle X-ray diffraction patterns of maltotriose-1-oleyl
(compound?) at 90% water content and 4C (a) and at 80% water
content and 40 and 6@ (b).

lamellar periodicity at 5.43 nm is also observed, which
is retained after cooling back to 2C. The appearance
of the multilamellar structure for this compound is at
the same time a proof for the assumption that the cubic
phase of compound maltotriose-1,3-oleyl is of type I
(inverted cubic), and not of type | (séeizzati et al.,
1986.

The compound maltotriose-1-oleyl (Fig. 9a and
b) exhibits under nearly all conditions, 90% and 80%
water content and temperatures 20=Z0 broad re-
flections in thes-range 0.13-0.35 nrt, which can be
interpreted as unilamellar structures. The occurrence
of sharp reflections at 2@ for the 90% water content
sample Fig. 9) is additionally indicative of a partial
multilamellarisation (se®ouwstra et al., 1993 The
existence of a cubic phase (Secti#2.]) could not
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be proved by small-angle X-ray scattering. Perhaps the Table1 _ N _
existence range of this phase is too narrow or other tGe' tof"q“'d CryTta”'I”e phase ransiion dete(r[“'lnec’ ‘IJIY F(T?"R' y
: . ype of supramolecular aggregate structures (L: lamellar, Q: cubic,
effects like tempe'rature d?_pendence play an wpportant H: hexagonal), determined by wide-angle X-ray diffraction
role on the formation. Additionally SAXS experiments

at water contents of 95% and higher give no reason- Compound Te (C) Aggregate structures
able results. In dilute solution (99.9% water content), 1 15 Qhi

however, this compound forms spherical micelles that S_ig rL]E:?J“'")

show interaction at slightly lower water content (98%), , N n.mb

what would be necessary for the formation of a discon- 5 27 n.m°

tinuous cubic phaseMilkereit et al., 200%. Thus the 6 no* n.mP

existence range of a possible discontinuous cubic phase’ <20 L (uni)

cannot be proved or excluded, itfalls betweenthe range  a N stretching vibration was observed.

were the two scattering methods can be employed. b Not measured.

3. Conclusions temperatures of these compounds. They are only

slightly lower for the ethers than for the esters. This

The liquid crystalline properties were investigated could mean, that in the case of alkyl chains, which
by a combination of different methods. The ther- lower the melting point by packing disturbance, the
motropic properties are strongly influenced by the effect of the ester group and the position of linkage
chemical structure of the lipids. An unsaturation in at the glycerol moiety is less important. For saturated
the hydrophobic part of the molecule leads to liquid n-alkyl chains the difference between ester and ether is
crystallinity already at ambient temperature, whereas a much largerKuttenreich etal., 1988; Hinz et al., 1991,
saturatedh-alkyl chain results in a melting point well  1996. Thus the unsaturated and methyl branched
above that temperature. The melting point can also be glyco-glycero ether lipids can serve as substitutes for
lowered by using methyl branched alkyl chains, duetoa the ester analogues.
disturbed packing. The influence of the chain length of ~ The lyotropic phase behaviour of the glyco-glycero
the maltosides is also obvious: A chain length of more compounds is dominated by the formation of lamel-
than 14 carbon atoms leads to the formation of colum- lar phases. Only the maltosidésand 3 with a chain
nar phases of the inverted type because of its wedge-length of 18 or 14 carbon atoms show a lyotropic poly-
shaped structure, a chain length of 10 carbon atoms onmorphism in the contact preparation with water.
the other side lead to a Smectic A phase, due to the The results for the phase transition measurements
rod-like structure. The exchange of thé — 4 linked and the aggregate structure indicate the complexity
maltose headgroup (compouByby anal — 6 linked of the structural polymorphism of glycolipids. Thus,
headgroup (compoung) results in a rod-like shape the change from the disaccharide maltoside (com-
of the molecule above the melting point that with in- poundl) to maltotrioside (compoun®) leads to a dra-
creasing temperature becomes more wedge-shaped, amatic decrease in the acyl chain melting temperature
revealed by the formation of a stable cubic phase. The (Fig. 4a, Table 1) and a change from cubic inverted
introduction of a third sugar moiety in the sugar head to a multilamellar structure. Furthermore a reduction
(compound2) stabilises the Smectic A phase over a of the number of alkyl chains — compou2d—- 7 —
wide temperature range. Therefore it can be concluded leads to an overall increase in alkyl chain fluidity and
that the intramolecular hydrophobic—hydrophilic bal- a change from a multi- into a unilamellar structure
ance is perfect. (Figs. 4a and 10

Another interesting observation is that in the Literature data on glycolipids are scarce. THiisz
case of the unsaturated maltositieand the methyl et al. (1991)and Tenchova et al. (1996nvestigated
branched maltosidé the phases are the same as for the structural polymorphism of diacyl sugars having
the corresponding 1,2-estefdifiden et al., 2002and mainly monosaccharides (glucose, galactose, man-
compound6). The same holds true for the transition nose), but in some cases also a di- (maltose) or trisac-
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Fig. 10. Peak position of the symmetric bending vibration of the
methyl groupsis(CHs) vs. temperature for compoundsand6 at
90% water content( A; 6: @).

on the lyotropism of glycolipids are available, despite
the known strong water binding ability of most sugars.
Only for lipopolysaccharides (LPS) and its lipid moi-
ety, lipid A, have comprehensive investigations been
published. Thus, lipid A, consisting of a diglucosamine
backbone phosphorylated in positions 1 andaty-
lated with up to seven hydrocarbon chains, as well as
various rough mutant LPS differing in the length of
the sugar chains (up to 11 monosaccharides), exhib-
ited a strong lyotropic behaviour already when low-
ering the sugar content from 80% to 50% or below
(Brandenburg et al., 1990; Seydel et al., 199his
could be deduced from an increase in the phase tran-
sition temperature and a transition from a nonlamellar,
mixed nonlamellar/unilamellar, or unilamellar into a
multilamellar aggregate structure. Since LPS belong
to the most important triggers of the immune system

charide (maltotriose) as backbone. As only compounds and may be present in vivo under different hydration
with saturated acyl chains were synthesised, the resultsconditions, this lyotropic behaviour should be of high
are, however, not directly comparable. Thus, maltose- biological relevance.

and maltotriose-containing compounds with acyl chain
lengths C14 to C18 exhibited only lamellar phases and

phase transition temperatures betweef@@nd ap-
proximately 70°C depending on the acyl chain lengths
(Hinz et al., 199) However, for compounds with one

sugar at highertemperatures also nonlamellar cubic and

Hy structures were observedignchova et al., 1996
Mannock et al. (1988&ndLewis et al. (1990pbtained
similar results (see review lBrandenburg etal., 1998

4. Experimental

4.1. Materials and methods

Synthesis of lipidd—7 will be described elsewhere
(Milkereit et al., in presp
An Olympus BH optical polarising microscope

Glycosyl diacyl-glycerols are important compo- equipped with a Mettler FP 82 hot stage and a Mettler
nents of the membranes of many plants and microor- FP 80 central processor was used to identify thermal
ganisms. Thus, they play a role as low molecular mass transitions and characterise anisotropic textures.
antigen Priest et al., 2008as well as in molecu- For the contact preparation a small amount of sam-
lar organisation Kragata et al., 1993 The latter au- ple was placed on a microscope slide and covered with a
thors found for digalactosyl diacyl-glycerols beside the cover glass before heating. Afterwards a small amount
structural importance of these compounds also a role of solvent was placed on the slide at the edge of the
for cell recognition and adhesion (see also review by cover glass. As soon as the solvent had moved under
Brandenburg and Seydel). the cover glass and completely surrounded the sample

Unfortunately, for most of the natural compounds with the solvent, the slide was placed again for a few
neither the exact chemical structure nor the structural seconds onthe hot stage atatemperature of 1002120
polymorphism is known. Although this should be of and the phase behaviour was investigated immediately
great importance for an understanding of its biological afterwards by polarizing microscopy.
function.

As an example for Mal-1,3-oleyl (compourt)
and for Mal-1,3-myristoyl 8) at low water concentra-
tion also a strong lyotropic behaviour, i.e., a change
of the phase transition temperature, was observed The glycolipid samples were dispersed in 20 mM
(Figs. 4b and B So far, only very few literature data Hepes, pH 7.0 at a defined glycolipid:water ratio. The

4.2. Sample preparation for lyotropic phase
behaviour
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samples were temperature-cycled several times, i.e.,Acknowledgements

heated to 60C, vortexed, and cooled to IC.

4.3. FT-IR spectroscopy

The infrared spectroscopic measurements were per-
formed on an IFS-55 spectrometer (Bruker, Karlsruhe,
Germany). For phase transition measurements, the lipid
samples were placed in a Caguvette with a 12.;um
Teflon spacer. Temperature-scans were performed au-
tomatically between a low initial temperature40 to
+10°C) and 70°C with a heating rate of 0.8C/min.

For measurement of hydrated lipid samples, these were
spread on a ATR Ge plate, and free water was evap-
orated. Every 3C, 50 interferograms were accumu-
lated, apodized, Fourier-transformed, and converted to
absorbance spectra.

For the evaluation of the gel to liquid crystalline
phase behaviour, the peak position of the symmetric
stretching vibration of the methylene bamg{CHy)
around 2850cm! was taken, which is a sensitive
marker of lipid order Brandenburg and Seydel, 1990
For compoundg and6 with branched methyl groups
the symmetric bending vibratiods(CHs3) around
1378 cnt! was taken instead.

4.4. Small-angle X-ray scattering

X-ray diffraction experiments on the aggre-
gate structure of the glycolipids were performed
at the European Molecular Biology Laboratory
(EMBL) outstation at the Hamburg synchrotron radi-
ation facility HASYLAB using the double-focussing
monochromator-mirror camera X38gch and Bordas,
1983. All samples were incubated for at least 15 min
at the desired temperature prior to the measurements.
X-ray diffraction patterns, obtained with exposure
times of 2 min using a linear gas proportional detector
with delay line readout, were recorded according to
previously described procedures. From the diffraction
patterns, the spacing ratios can be deduced from which
an assignment to defined three-dimensional aggregate
structures is possibleBfandenburg et al., 1990In
the diffraction patterns presented here, the logarithm
of the scattering intensity ldgs) is plotted versus the
scattering vectors=2sing/A (20 =scattering angle,
A=wavelength=0.15nm), and thd-spacings are
calculated according s 1/d.

We thank G. von Busse for performing the in-

frared measurements. We are grateful to the Deutsche

Forschungsgemeinschaft (SFB 470, Graduiertenkolleg
464) for financial support.
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HOW THERMOTROPIC PROPERTIES INFLUENCE THE FORMATION
OF LYOTROPIC AGGREGATES NEAR THE CRITICAL MICELLE
CONCENTRATION
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“Institute of Organic Chemistry, University of Hamburg, Martin-Luther-King-Platz 6, 20146 Hamburg, Germany

In this work, we investigated the lyotropic aggregation behaviour in dilute solutions of two synthetic glycolipids with same alkyl
chain. The chemical structure of the carbohydrate headgroups is similar, nevertheless as reported the thermotropic phase behaviour
is different. We found that the slightly tilted compound showing a complex thermotropic phase behaviour forms large aggregates
with substructure already in dilute solutions and the significantly tilted compound with its simple thermotropic phase behaviour

forms small spherical micelles near the CMC.

Keywords: glycolipids, lyotropic aggregation, SAXS, thermotropic phase behaviour

Introduction

In recent years, glycolipids have gained much interest
in biophysics and physical chemistry. The biological
interest focuses on their role in cell membranes and
cell fusion processes. Simple alkyl glycosides can be
found as membrane components [1], whereas more
complex glycolipids are reported to serve as second
messengers [2], pathogens [3—7] and some are sub-
structures of complex endotoxines [8—10]. Especially,
the type of carbohydrate headgroup plays an important
role in cell recognition and membrane fusion pro-
cesses [11-16].

From the industrial point of view, the surfactants
from renewable sources are important ingredients for
consumer health, and care products. Especially, alkyl
glycosides and alkyl polyglucosides are the major
group of this new natural surfactants [17-20].

Furthermore, many of the features of the self-ag-
gregation of ionic and PEO-based surfactants are diffi-
cult or impossible to apply to alkyl glycosides in a di-
rect and meaningful manner. More specifically, alkyl
glycosides carry no charge but still have rigid carbohy-
drate headgroups. Therefore, they share features with
PEO-based and ionic surfactants. In addition, the
chirality of carbohydrate head groups has a great influ-
ence on the self-assembly in solutions [21].

Generally, the calorimetric effects of the dilute
glycolipid—water systems are hardly detectable [22]. In
this issue the concentrated endotoxine/phospholipid/wa-
ter is described by Urban ef al. and showed that in the
case of the abundance of endotoxine the calorimetric ef-
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Fig. 1 Chemical structures of the investigated lipids
Gen-3-C18 and Mel-a-C18

fects are vanished (the temperature range of the phase
transition is extended extremely and the change in
enthalpy is reduced drastically) in spite the fact that sig-
nificant structural changes occur during the increasing
temperature [23]. We have intend to show that the
thermotropic behaviour of the dilute glycolipid system
with minor thermotropic effect is accompanied with
complex structural formation which are observed by us-
ing scattering technique. The thermotropic properties of
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both compounds were already investigated by polariz-
ing microscopy [24]. Mel-a-C18 shows only thermo-
tropic Smectic A phase whereas Gen-C18 shows
thermotropic Smectic A and cubic phases. The structure
of the slightly wedge-shaped Gen-$-C18 is subject to
the conflict between the hydrophilic and hydrophobic
moiety, where the carbohydrate head favours the forma-
tion of columnar structures and the lipophilic tail fa-
vours the formation of lamellar structures which results
in the formation of cubic phases besides the smectic
phase. This structural conflict also destabilises the phase
range of the liquid crystalline phase compared to the
melibioside Mel-a-C18, which shows liquid crystalline
phase behaviour over a temperature range of 122°C
whereas the Gen-3-C18 shows a liquid crystalline phase
only over a temperature interval of 98°C.

Small angle neutron scattering data were col-
lected for solutions of Gen8-C18 at 25°C and for
Mel-a-C18 solutions at 50°C in D,0O. The higher tem-
perature for second compound is applied with purpose
to increase the solubility of Mel-a.-C18 and to improve
signal/noise ratio in scattering experiments.

In this work, we investigated the lyotropic aggre-
gation behaviour in dilute solutions of synthetic glyco-
lipids with different molecular shapes: slightly wedge-
shaped (Gen-$-C18), and significantly tilted
(Mel-a-C18). We found that a rich thermotropic phase
behaviour of Gen-3-C18 is connected with formation of
complex aggregates already in dilute solution, whereas a
lipid Mel-0.-C18 showing a simple thermotropic phase
behaviour forms only small micelles in dilute solution.

Experimental

Materials and methods
Compounds

Synthesis of the compounds is described elsewhere [24].
Purity of the compounds was estimated to be >99%.
Shortcuts are used to describe the compounds within the
text: Mel-a-C18 for stearyl 6-O-(a.-D-galacto-
pyranosyl)-a.-D-glucopyranoside, and Gen-3-C18 for
stearyl 6-O-(B-D-glucopyranosyl)-3-D-glucopyranoside.

Small angle neutron scattering

Small angle neutron scattering experiments were
performed with the SANS-1 instrument at the FRG1
research reactor at the GKSS Research Centre,
Geesthacht, Germany [25]. Four sample-to-detector
distances (from 0.7 to 9.7 m) were employed to cover
the range of scattering vectors ¢ from 0.005
to 0.25 A™'. The neutron wavelength, A, was 8.1 A
with a wavelength resolution of 10% (full-width-at-
full-maximum). The solutions were prepared in D,O
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(Deutero GmbH, purity 99.98 %). The samples were
kept in quartz cells (Hellma) with a path length
of 5 mm. The samples were placed in a thermostated
holder, for isothermal conditions: 7=25.0+0.5 and
50.0£0.5°C. The raw spectra were converted to an
absolute scale and corrected for the backgrounds [26].

Results and discussion
Compounds

The chemical structures of the investigated compounds
are shown in Fig. 1. The slightly wedge-shaped com-
pound, Gen3-C18, is a disaccharide with B-linkage of
the alkyl chain and a glucopyranoside moiety linked
B1—6 to the first sugar ring. On the other hand, the
tilted compound, Mel-a.-C18, bears a galactopyranoside
moiety linked o.1—6 to the first sugar ring. In this lipid,
the alkyl chain is linked via an o.-glycosidic bond to the
disaccharide headgroup.

Analysis of SANS data

SANS data were collected for solutions of Gen-3-C18
(c=1.0-10", 5.0.10%, 1.0-10° g mL™") at 25°C, and
Mel-0-C18 (¢=6.3-10"* g mL™) at 50°C in DO, these
concentrations are near the CMC (CMC<1-10° gmL"'
for both compounds).

The obtained scattering curves are very different
for the two glycosides (Fig. 2). Compound Gen-3-C18
shows a significant and rapidly decreasing scattering
(dZ(g)/dQ~g *, a=1-2) at the low and intermediate in-
tervals of the scattering vector (¢<0.1 A™). At large val-
ues of the scattering vector, ¢, a diffraction maximum

d=(q)/d€/c /em? g7!

10 T T

0.01 0.1
q/A

Fig. 2 Scattering curves and model fits for solutions of
GenB-C18 (0 - ¢=1.0-10° g mL™") and Mel-a-C18
(m—c=6.3-107* gmL™") in D,0. The curves are normal-
ized to the concentration of the surfactant in micelles.
The solid lines represent fits by the IFT method
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(g=0.15 A™") can be observed. In contrast to the scatter-
ing curve of the Gen{3-C18 solution, the Mel-o-C18
scattering curve shows a small and approximately con-
stant scattering at the low and intermediate intervals of
g. It can be assumed that the two lipids form different
aggregates in aqueous solution: 7) Gen-B-C18 forms
large aggregates with well-ordered plane or disc-shaped
substructures; ii) Mel-o.-C18 forms small and near
spherical aggregates.

We started the analysis of the scattering data by ap-
plying the indirect Fourier transformation (IFT) method
developed by Glatter [27] in the version of Pedersen
[28]. This independent model approach needs only mi-
nor additional information about the possible aggregate
structure: dimensions (sphere-like, rod-like or disc-like),
and a maximum value of the diameter, cross section di-
ameter or thickness, respectively. The IFT routine for
spherical-like aggregates was applied to the whole ¢
range of Mel-0.-C18 scattering data. Only the low and
intermediate (¢<0.1 A™") ¢ range of the scattering data
of Gen-3-C18 were analysed. In the latter case, we have
tried to exclude the diffraction maximum from our anal-
ysis (Gma=0.15 A™).

The scattering intensities (dZ(q)/dQQ) of the
studied solutions are written via the pair distance
distribution function p(r). This is connected with the
distribution of the scattering length density within the
particles as an autocorrelation function [29]:

POIAp()Ap(r4r)dr? (1
where Ap(r) represents the contrast (difference
between the scattering length density of aggregates at
the point », p(7), and the averaged scattering length
density of the solvent, ps, Ap(¥)=p()—ps.

In the IFT approach, the pair distance distribution
function is expressed as a sum of N b-splines, evenly
distributed in the interval [0, D,,.«]. The values of the
coefficients are calculated numerically by a least
square fitting of the IFT model curve to the experimen-
tal data. In the present study, the values of Dp,x were
carefully chosen to give both, good fits to the experi-
mental data and smooth p(r) functions. In the investi-
gated ¢ range the experimental data and the fitted
curves coincide very well (Fig. 2).

The gaussian shape (Fig. 3) of the pair distribu-
tion function is characteristic for an almost spherical
aggregate formed by compound Mel-a-C18. From the
maximum distance of the p(») function a first estima-
tion of the diameter (~70 A) is possible. The shape of
the p(r) function of compound Gen-3-C18 on the other
hand side is determined in a significant larger interval
of 7 (~1000 A) and suggests a slightly non-symmetrical
shape of aggregates. The measured g-range is limited,
therefore, it is not possible to investigate the whole size
of the aggregates, the diameter of the formed aggre-
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Fig. 3 Pair distance distribution functions obtained for
Mel-a-C18 aggregates (B — r-scale is in the top,
Diax=70 A) and for Gen-B-C18 (0 — r-scale is in the
bottom, Dyex=1000 A)

gates is larger than 1000 A, and the system can be
polydispersed and/or non-spherical.

After determination of the pair distance distribu-
tion function, the radius of gyration of the cross section
of the aggregates, R,, can be calculated. The radius of
gyration is written in the form:

1/2

©

j * p(r)dr
R =] )

g ZT p(r)dr

The radii of gyration were calculated: 7) compound
Mel-a-C18 — R,=25.0+0.8 A (the corresponding radius
of the homogeneous sphere is 32+1 A); /i) Compound
Gen-B-C18 — R,=320+8 A (the corresponding radius of
the homogeneous sphere is 410+10 A).

The analysis was continued by fitting of the
Mel-0.-C18 scattering data to a spherical model [29].
For the radius of the sphere a value of 311 A was
obtained, which agrees with the value obtained from
the IFT analysis.

The diffraction maximum at a large ¢ region
points on some well-ordered substructures formed by
GenB-C18 in the concentration range from 107
to 10° g mL™'. An increase of the concentration of
Gen-B-C18 by a factor of 10 does not change the shape
of the scattering curve at a low and intermediate ¢
range (¢<0.1 A™") as can be seen from Fig. 4. There is
no shift of the peak position of the maximum but the
peak becomes sharper with increasing concentration.
From the position of the peak it is possible to calculate
the distance d between the layers using @u.d=2m
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Fig. 4 Scattering curves of Gen-3-C18 solutions in D,0O at dif-
ferent concentrations of the lipid (@ — ¢=1-10" g mL™,
v—c=510"gmL", 0-¢=1-10" gmL™, 7=25°C)

(d~43 A). The length of Gen-B-C18 molecules can be
calculated from the value of d. The length for one mol-
ecule in the layer (21.5 A) points on a flexible confor-
mation of the alkyl chain. This way of determination of
molecular length can be considered only as maximum
value of molecular length due to presence of hydrated
water. Actually length of molecule is smaller and this
supports more our conclusion on flexible conformation
of alkyl chain of Gen--C18.

The other thermotropic properties of both com-
pounds were already described [24]. Mel-a-C18 shows
only thermotropic Smectic A phase whereas Gen-3-C18
shows thermotropic Smectic A and cubic phases. Also
the lyotropic structures at a concentration of 0.1 g mL ™
were investigated for both compounds by small angle
X-ray scattering (SAXS) [28]. At this high concentra-
tion, both compounds form lamellar structures in a
broad temperature range. SANS-experiments were per-
formed at a concentration near the CMC that is about
10 to 10° times lower than the concentrations that were
used for the SAXS-measurements. At this low concen-
tration where the interaction between aggregates can be
neglected a strong influence of the molecular shape on
the aggregation behaviour is observed. The significantly
tilted melibioside Mel-o-C18 is packed into spherical
micelles, here the imbalance between the hydrophilic
and hydrophobic moiety is large, whereas in the pure
state this imbalance is small, as can be seen from the
thermotropic phase behaviour. On the other hand, the
slightly wedge-shaped gentibioside, Gen-3-C18, is sub-
ject to the conflict between the hydrophilic and hydro-
phobic moiety, where the carbohydrate head favours the
formation of columnar structures and the lipophilic tail
favours the formation of lamellar structures. From the
thermotropic properties, this can be seen in the forma-
tion of a cubic phase besides the Smectic A phase. In di-
lute solution, this effect decreases resulting in the forma-
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tion of large disc-like aggregates, because a wedge-
shaped structure would favour spherical or cylindrical
structures and a rod-like structure the formation of
bilayers. Hence large bilayer structures (discs) are
formed as a tribute to the slightly tilted structure. With
increasing concentration the interaction between the ag-
gregates will be superior and besides other phases the
lamellar phase with its bilayer structure dominates the
lyotropic phases.
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Chapter 9

Complex effect of ethyl branching on the supramolecular structure of a long
chain neoglycolipid

Submitted for Publication in Colloids and Surfaces: Physicochemical and Engineering Aspects.

Abstract

A new ethyl-branched neoglycolipid was synthesised from D-maltose and N-tetradecanoyl-(2R)-2-
aminobutanol in three steps. The physical properties of three glycolipids (non-branched spacer,
without spacer with same alkyl chain and longer alkyl chain) of similar structure were also
investigated for comparison. The liquid crystalline properties were studied using polarising
microscopy and the contact preparation method. Investigation of the micelle formation and structure
was performed using surface tension measurements and small angle neutron scattering. The interaction
between the amidic and the ethyl group leads to a better solubility of the compound with a branched
ethyl spacer compared to the non-branched one and favours the formation of long cylindrical micelles.
The micelle length is significantly higher than reported for n-alkyl maltosides of similar chain length,
i.e., the non-polar ethyl spacer gives a better packing of the polar groups.

Key-Words: Glycolipids, Micelles, Synthesis, Liquid Crystals, Small Angle Neutron Scattering
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1. Introduction

The main problem with the investigation of the lyotropic properties of long chain n-alkyl glycosides
and neoglycolipids with disaccharide headgroups is the high Krafft-eutectic temperature Ty, that
makes a characterisation of the lyotropic phases difficult or often impossible [1-3]. Especially for the
use in biological model systems a Ty at ambient temperature is necessary. The use of unsaturated or
highly branched alkyl chains solves this problem and becomes a standard procedure in liquid
crystalline chemistry [4]. Unsaturated alkyl chains on the other hand can be destroyed by B-oxidation
or other effects in solution (reactants, etc.). Micelles formed by highly branched chains are different to
ones formed by compounds with n-alkyl chains, due to a different packing of the chain in the micelle
core as reported by Milkereit et al. [5].

OH Branching

HO °
HO OH
OH
o o) o)
HO o) )J\
OH N"  CisHzy

Mal-B-AB14 Spacer

Hydrophobic
OH part

HO
HO

- %
C H
Ho 13H27
HO Mal-B-EA14 Spacer
Hydrophobic
part

C14H25
Mal-B-C14 ..
Mal-B-C18 187

Hydrophobic
part

Figure 1: Molecular structures of the branched (Mal-B-AB14), unbranched (Mal-B-EA14) and the
normal n-alkyl maltosides Mal-B-C14 and Mal-B-C18, showing the main structural differences.

Recent reviews addressing the structure-property relationship of alkyl glycosides and their aggregation
behaviour can be found in the literature [6, 7]. To date mainly short and medium chain alkyl
glycosides have been widely investigated by small angle neutron scattering (SANS). The shape of the
micelles varies with size of the polar group, for example the disaccharide n-octyl 3-D-maltopyranoside
forms spherical micelles in a wide concentration range but the corresponding monosaccharide n-octyl
B-D-glucopyranoside forms rod-like micelles [8, 9]. The increasing of alkyl chain length from n-
nonyl-4D-glucoside to n-tetradecyl-SD-maltoside favours the growth of micelles from relatively
stiff cylidrical aggregates to large flexible polymer-like micelles [10, 11]. Our recent systematic
studies on the effect of structure of the polar head group in the case of glycosides with unsaturated
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oleyl chains (C18) shows the formation of three different types of aggregates: spherical, cylindrical
and polymer-like micelles in dilute solutions when the polar group is varied i.e., trisaccharide,
disaccharide with an additional amidoethoxy spacer and disaccharide [12].

In this work we present a new neoglycolipid (Mal-B-AB14) based on a secondary amino alcohol, that
forms large micelles already in dilute solution (Figure 1). Comparison of the data with similar
maltosides (tetradecyl: Mal-B-C14, stearyl: Mal-B-C18 and the non-branched analogue: Mal-B-
EAL4) showed, that the micelles formed by the branched glycolipid are significantly longer.

2. Materials and Methods

Peracetylated Maltose was prepared according to the literature [13]. Thin-layer chromatography was
performed on silica gel (Merck GF,s,), and detection was effected by spraying with a solution of
ethanol / sulphuric acid (9:1), followed by heating. Column chromatography was performed using
silica gel (Merck, 0.063-0.200 mm, 230-400 mesh). NMR spectra were recorded on a Bruker AMX
400 or a Bruker DRX 5001 spectrometer (m. = centred multiplet, d = doublet, t = triplet, dd = double
doublet, dt = double triplet).

2.1 Polarising Microscopy

An Olympus BH optical polarising microscope equipped with a Mettler FP 82 hot stage and a Mettler
FP 80 central processor was used to identify thermal transitions and characterise anisotropic textures.
Contact preparation was carried out according to standard procedures [14].

2.2 Surface Tension

Surface tension was measured on a Kriiss K6 Tensiometer (Kriss, Germany), using the de Noty ring
method. All measurements were carried out using bidistilled water with a surface tension of ¢ = 72 -
73 mN/m (20 °C). For each sample the experiment was repeated three times in order to obtain constant
values. First all values were multiplied with a correction factor taken the deviation of the measured
value for pure water and the literature value into account (o / o). Correction for the ring geometry
and the hydrostatic lifted volume of liquid were made using the method described by Harkins and
Jordan or by Zuidema and Waters [15, 16].

2.3 Small angle neutron scattering

Small angle neutron scattering experiments were performed with the SANS-1 experiment at the FRG1
research reactor at the GKSS research Centre, Geesthacht, Germany [17]. Four sample-to-detector
distances (from 0.7 to 9.7 m) were employed to cover the range of scattering vectors g from 0.005 to
0.25 A™. The neutron wavelength 1 was 8.1 A with a wavelength resolution of 10 % (full-width-at-
full-maximum). The solutions were prepared in D,O (Deutero GmbH, purity 99.98 %). The samples
were kept in quartz cells (Hellma) with a path length of 5 mm. The samples were placed in a
thermostated holder, for isothermal conditions T = 25.0+0.5 °C and 50.0+0.5 °C. The raw spectra were
corrected for the background from the solvent, sample cell and other sources, by conventional
procedures [18]. The two-dimensional isotropic scattering spectra were azimuthally average,
converted to an absolute scale and corrected for detector efficiency by dividing by the incoherent
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scattering spectra of pure water, which was measured with a 1-mm-path-length quartz cell (Hellma).
The average excess scattering length density per unit mass Apy, of the surfactant in deuterated water
was determined from the known chemical composition it was equal to Apy, = - 4.80 x 10™ cm/g for
Mal-B-C18 and Ap, = - 4.43 x 10" cm/g for Mal-B-AB14. The density of the lipids was determined
using the program ChemSketch 3.50 (ACD-labs).

2.4 Synthesis

Synthesis of Mal-p-C18, Mal-B-C14 and Mal-B-EA14 has been described elsewhere [3,19]. The
synthesis of Mal-B-AB14 was performed in three steps (scheme 1). First the amino alcohol (2R)-2-
aminobutane-1-ol was acylated with tetradecanoyl chloride in dichloromethane, to give the product in
a good vyield. The N-acyl alcohol was used in the glycosylation reaction with maltoseperacetate using
boron trifluoride etherate as catalyst similar to the procedure described by Vill et al. [13]. However the
product was only obtained in 30 % yield. One reason could be that the N-acyl alcohol did not dissolve
completely in dichloromethane on starting the glycosylation reaction. Upon addition of the Lewis acid
the precipitate dissolved immediately indicating a possible interaction of the Lewis acid with the
functionalised alcohol. However addition of more Lewis acid did not increase the yield. After
deprotection and recrystallisation the final product Mal-B-AB14 was obtained in 88 % yield. Further
synthetic details including NMR data can be found in the Appendix.

i (0]
—>
HO HO
NH» N Cqi3Ho7
H
ii
OAc

RO 0] O
AcO O )J\
OAC H CigHz7
R = o-D-GIc(OAC)
oH i
RO O @)
H 0 PR
N C.3H
OH 13H27
R = a-D-Gle H

Scheme 1: Synthesis of Mal-B-AB14*
®Reagents: (i) Tetradecanoyl chloride, Et;N, CH,Cl, (75%); (ii) Maltoseperacetate, BFz;eEt,O, CH,Cl,
(30%); (iii) NaOMe, MeOH (88%)
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3. Results and Discussion

The liquid crystalline properties were investigated using polarising microscopy. The results are shown
in Table 1 and in Figure 2. Compound Mal-B-AB14 was in the glass state at room temperature. Upon
heating the compound formed a lamellar Smectic A (SmA) phase. The transition temperature was
estimated to be between 40 and 50 °C. The SmA phase was formed in the whole temperature range up
to the clearing temperature (I) of 240 °C. On cooling from the isotropic phase the SmA phase formed
and at room temperature it took several hours until the glass was formed again. The transition
temperature of Mal-B-AB14 differs from that of the other investigated maltosides with a similar chain
length. The compound does not simply melt, due to the ethyl branching of the spacer that disturbs the
packing of the alkyl chains, instead a glass <> liquid crystalline phase transition occurs. The formation
of a strong hydrogen-bonding network can be seen in the small liquid crystalline phase range of Mal-
B-EA14, where the clearing temperature is more than 100 °C lower than observed for the n-alkyl
maltosides. The role of the CH,CH,-group in the interaction between the amide groups becomes
obvious if the phase range of the liquid crystalline phases is compared. Mal-B-EA14 forms the liquid
crystalline phase only over a temperature range of 63 °C, whereas the phase range of the Smectic A
phase of Mal-B-AB14 can be estimated to be similar or even higher than that of the long chain alky!l
maltoside Mal-B-C18.

Table 1: Thermotropic and lyotropic properties of the investigated compounds obtained by polarising
microscopy and the contact preparation method (Data for Mal-B-C14 and Mal-B-C18 are taken from

v.Minden et al. [3]; * = Myelin figures were formed in the contact preparation with water).

Thermotropic properties

Mal--C14 Cr 107 SmA 264 |
Mal-p-C18 Cr 106 SmA 274 |
Mal-B-EA14 Cr 102 SmA 165 |
Mal-B-AB14 g ? SmA 240 |

Lyotropic properties

Mal-B-C14 Lo Ha
Mal-B-C18 Lo Hy
Mal-B-EA14 Lo
Mal-B-AB14 L, Vi H;
pure lipid 100 % water
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Figure 2: Polarising Microscopy - Textures of the liquid crystalline phases of Mal-B-AB14. a) SmA
phase of the pure lipid on cooling from the isotropic solution. b) Phase sequence in the contact
preparation with water (SmA - Smectic A phase of the pure lipid, L, - Lyotropic lamellar phase, V; -
Lyotropic cubic (type 1) phase, H; - Lyotropic hexagonal (type 1) phase).
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The lyotropic properties of Mal-B-AB14 also differ from those of the corresponding normal alkyl
glycosides. In the contact preparation with water lamellar phases are formed on the lipid rich side.
With increasing water content a cubic phase is formed followed by a hexagonal phase of type I. The
alkyl glycosides Mal-B-C18 and Mal-B-C14 form only a lamellar and a hexagonal (type 1) phase. This
indicates that the amidic group also affects the lyotropic properties. The main difference in the
lyotropic phase behaviour can be found between the branched and non-branched lipids. While Mal-p-
AB14 shows some lyotropic polymorphism in the contact with water, Mal-B-EA14 only forms a
lamellar phase and myelin figures as a sign of low water solubility.

Surface tension for (Figure 3) compound Mal-B-AB14 solutions in water was measured at 25 °C. The
obtained value of cmc is 0.040 + 0.002 mM (2.5 x 10®° g/mL). No phase separation occurred up to a
concentration of 1 wt%. The value is similar to that obtained for Mal--C14 (0.020 £ 0.001 mM; 1.1 x
10 g/mL). This means, that the influence of the spacer on the energy transfer of molecules from bulk
solution to micelles is small. The non-branched Mal-B-EA14 does not form measurable solutions
between 25 °C and 70 °C, due to its bad solubility in water and/or possibly a high Krafft-temperature.
For Mal-B-C18 cmc values were not measured due to technical limitations of our tensiometer.

65

604 A&

55 -

35+

-3,0 -2,5 -2,0 -15 -1,0

log c [mMM]

Figure 3: Surface tension plots for Mal-B-AB14 (filled symbols) and Mal-B-C14 (empty symbols) at
25 °C.
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ds/do/c [em™ (g/mL™)]

0,040
0,035 —-
0,030 —-
0,025 —-
0,020 —-

0,015

p(r), arbitrary units

0,010

0,005

0,000

-0,005 T T T T T T T . I . ; . :

b)

dz/do/c [em™ (g/mL™)]

0.01 0.1

q[A"]

Figure 4: a) Scattering data for Mal-B-AB14 at 25 °C (filled squares; ¢ = 5x10™ g/mL) and Mal-p-
C18 at 50 °C (empty squares; 4.3x10™* g/mL) together with the model IFT fits (solid lines). The
dashed line shows the dependence dx(g)/dQ ~ g*; b) pair distance distribution function p(r), for Mal-
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B-AB14 at 25 °C (filled squares; ¢ = 5x10 g/mL) and Mal-B-C18 at 50 °C (empty squares; 4.3x10™
g/mL); c) Scattering data for Mal-p-AB14 (25 °C) at different concentrations: ¢ = 1x10-4 g/mL
(empty squares), ¢ = 5x10-4 g/mL (empty triangles) and ¢ = 1x10-3 g/mL (filled squares). Solid lines
are fits (Eq. 4).

Small angle neutron scattering experiments were performed using three different concentrations of
Mal-B-AB14 in water (1x10™, 5x10* and 1x10° g/mL, at 25 °C). For comparison solutions of stearyl
maltoside (Mal-B-C18) and the non-branched Mal-B-EA14 were prepared. Only Mal-B-C18 gave
measurable solutions at 50 °C (see Figure 4a). The non-branched Mal-B-EA14 does not form
measurable solutions between 25 °C and 70 °C, due to its bad solubility in water and/or possibly a
high Krafft-temperature. This again shows the effect of the ethyl branching in compound Mal-3-AB14
on the solubility in water.

In case of dilute solutions the scattering intensity normalized to the concentration of the glycosides
(see Figure 4c) is proportional to the mass of aggregates. The increasing of scattering with the
concentration of Mal-B-AB14 should point on micelle growth. It is a well-known behaviour for rod-
like micelles.

The shape of scattering curves of Mal--AB14 and Mal-B-C18 are typical for rod-like aggregates
(Figure 4a), i.e., at an intermediate q range the dependence of the differential cross section of neutron
scattering is connected with d2(q)/dQ ~ g™ which reflects the scattering of the cross section of rod-like
aggregates. In general the higher scattering of solutions of Mal-B-AB14 is connected with the
formation of larger rod-like aggregates (micelles) compared to Mal-p-C18.

Information on the local structure of the micelles can be obtained by applying the indirect Fourier
transformation (IFT) to the experimental data from the high-q range (¢>0.02 A™*) [20]. The asymptotic
behaviour of the scattering function for q > 1/ L, where L is the length of the cylinder, can be
expressed as

T [ P
dx(@/dQ= ()2 [ Pes (N 3o (aryrdr = (e @ (1)
0
where Jg is the zeroth-order Bessel function and Ics(q) is the cross-section scattering intensity. The

normalized cross-section distance distribution function p (r) is given by [21]

C
272M |

where the vectors r and r’ lie in the cross-section plane. A first estimation of the distance distribution

Pes (1) = =———[ Ap(r)Ap(r +r')dr", @

function p.(r) is obtained by applying the IFT method (Figure 4b). Experimental data and fitted

curves perfectly coincide within the range of the scattering vector g>0.02 Al

From pcg(r) the integral parameter of the micellar cross-section such as the cross-section radius of

gyration Rcs,q can be calculated according to Glatter [22]. The cross-section radius is written in the
form:
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1/2

[T pes (r)dr
Rcs,g R

- 3)
[ pes (rydr

The asymmetrical shape of pcs(r) suggests an elliptical shape of the cross section of the aggregates
formed by both compounds (Figure 4b).
The model of scattering cross sections by dilute solution of rigid cylinders is given by Eq. 4 [23]:

dz(q)/dQ/(c-CMC) = MAp; P, (0), 4)

where P,(q) is the form factor of a cylinder with the length L and with an elliptical cross-section with
the semi axis A and B. In the case of long cylinders the scattering of the cross-section is described [23]
in a decouple approximation as:

Py (@)=P,,4(a, L)Scs(@), ®)

Proa(g,L) is the form factor of an infinitely thin rod of the length L. Scs(q) is the elliptical cross-section
scattering function

_27¢(23,(ar(AB,))’
Ses (@ =7 j( qr(A,B,6) j 0

0

(6)

with r(A,B,8) =[A?sin® @+ B cos’ 8]"% and J; is the first order Bessel function.

In the final fit, five parameters were fitted: the length of cylinders L, the cross section axis A and B, a
correction factor for the absolute scale and a residual background. The correction factor for the
absolute scale takes small errors in concentrations into account and it is expected to be close to unity.
The obtained parameters of aggregates are listed in Table 2. Literature data of the micellar structure
for tetradecyl maltoside (Mal-B-C14) are shown in addition. It should be pointed that parameters of
aggregates were calculated without taking into account interaction between them and should be
considered with caution i.e., as effective ones.

Table 2: Micellar form and parameter of micellar structure of the investigated compounds and
literature data for comparison (Data taken from a - from v.Minden et al. [3] and b - from Ericsson et
al. [11]).

T[°C] ¢ [g/mL] Length [A] |Rcs[A] |a-axis[A] |b-axis [A] |axis ratio [€]
Mal-B-AB-14 | 25 1x10™ 500200 20+1 20 21 1
Mal-B-Ab-14 |25 5x10™ 11004200 22+1 17 26 15
Mal-B-AB-14 |25 1x10° 1700200 22+1 16 27 16
Mal-p-C14* |25 1x107 200 20+
Mal-B-C14°> |35 1x107 17004200 21+1 16 26 16
Mal-B-C18 |50 4.3x10™ 700100 27+1 19 33 1.7
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Mal-B-AB14 micelles grow with increasing concentration of glycolipid (Table 2) from 500 to 1700 A
in studied concentration range. Roughly it follows classic mean-field models for micellar growth [24]
i.e., L ~ c? Micelles formed by branched glycolipid (Mal-B-AB14) are larger than micelles formed
Mal-B-C14 at similar concentration. It looks that growth rate is higher for Mal-B-AB14 than Mal-§-
C1i4.

The ellipticity of the cross section is similar for Mal-p-C18 (¢ = 1.7), Mal-B-AB14 (¢ = 1.5-1.6) and
Mal-B-C14 (¢ = 1.6). For Mal-B-C18 the minor axis values point to an extended conformation of the
alkyl chains, also for Mal-B-AB14 and Mal-B-C14 the minor axis values are of similar size,
suggesting an extended conformation of the alkyl chains too.

Summary

Comparison of the compounds with a branched spacer Mal-B-AB14 and a non-branched spacer Mal-
B-EA14 shows that branching significantly increases the solubility of the glycolipid in water, i.e., an
existence of cmc and a rich lyotropic phase diagram.

The ethyl branched spacer also favours the growth of micelles. The micelles formed by Mal-p-AB14
are larger than that formed by Mal-B-C18 and significantly larger than that formed by Mal-g-C14.
These differences cannot be explained by different experimental conditions. Solutions of Mal-B-C18
and Mal-B-C14 were measured at higher temperature (50 and 35 °C). The investigation of Mal-p-C14
showed that the micellar structure increases in the interval of T from 35 to 50 °C [11]. To our
knowledge, the main effect arises from the fact that the amide function builds up strong hydrogen
bonding networks in the pure state and in solution that normally leads to the formation of rigid
structures as reported by Masuda et al. [25] and Milkereit et al. [26]. The ethyl branching on the other
hand disturbs the packing of molecules, leading to liquid crystalline phase behaviour already at room
temperature, or in this case to a better dissolving at room temperature compared to Mal-B-C18. These
two effects seem to be in equilibrium for Mal-B-AB14, which leads to the formation of longer
aggregates than formed by the alkyl glycosides of similar length. Another interesting observation is
the fact, that the spacer despite the polar amido group does not increase the polarity. Otherwise an
increase of the polarity would result in the formation of shorter micelles than observed for Mal-3-C14.
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Appendix A

Synthesis

N-Tetradecanoyl-(2R)-2-amino-butan-1-ol (1)

17.83 g (0.2 mol; 18.8 mL) (R)-(-)-2-Amino-butane-1-ol and 22.7 g (0.22 mol; 31 mL) Triethylamine were
dissolved in 100 mL anhydrous dichloromethane. The solution was cooled to -10 °C and 44.43 g (48.8 mL; 0.18
mol) Tetradecanoy! chloride were added dropwise. The reaction mixture was allowed to warm to room
temperature after complete addition. The precipitated solid was collected and washed with water. The product
was recrystallised from light petroleum (b.p. 50-70) to give the product as a white solid.
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Yield: 44.4 g (75 %).
CigH37,02N

1-O-(N-Tetradecanoyl-(2’’R)-2’’-amino-butyl)-4-0O-(2’,3",4°,6’-tetra-O-acetyl-a-D-glucopyranosyl)-2,3,6-
tri-O-acetyl-R-D-glucopyranosid (2)

1.0 g (1.5 mmol) Maltoseperacetate and 673 mg (2.25 mmol) 1 were dissolved in 60 mL of dry dichloromethane
under an atmosphere of dry nitrogen. 426 mg (377 uL; 3 mmol) boron trifluoride etherate were added and the
solution was stirred for five hours at room temperature until t.l.c. revealed the reaction to be complete. The
reaction was quenched with 50 mL of a saturated solution of sodium hydrogen carbonate, the organic layer was
separated and the aqueous layer extracted twice with dichloromethane. The combined organic phases were
washed twice with water, dried over magnesium sulphate and evaporated in vacuo. The residue was purified by
column chromatography (light petroleum b.p. 50-70 °C - ethyl acetate 2:1 — 1:1).

Yield: 450 mg (30 %) white solid.

C44H71019N

[a]5 = +30° (c= 0.4, CHCIy)
MALDI-TOF-MS: m/z = 941.1 [M+Na]*

1-O-(N-Tetradecanoyl-(2’’R)-2’’-amino-butyl)-4-O-(a-D-glucopyranosyl)-R-D-glucopyranoside (Mal-j-
AB14)

435 mg (0.47 mmol) 2 were dissolved in 50 mL anhydrous methanol and sodium methoxide was added (pH 8-9).
The solution was stirred at room temperature until TLC revealed the reaction to be complete. It was neutralised
then using DOWEX 50WX ion-exchange resin (protonated form), filtrated and evaporated in vacuo. The product
was recrystallised from methanol.

Yield: 258 mg (88 %) white solid.

CsoHs7NO1,

[ = +28° (c=0.1, MeOH)

MALDI-TOF-MS: m/z = 646.9 [M+Na]"
Anal.Calcd for CgHs;NO1»: C,57.77; H, 9.21; N, 2.25. Found: C, 57.65; H, 9.24; N 2.17

NMR-data

N-Tetradecanoyl-(2R)-2-amino-butan-1-ol (1)

'H-NMR (400 MHz, CDCl; + TMS): § = 5.72 (d, 1H, Jypnn 7.1 Hz, NH), 3.78 - 3.86 (m, 1H, H-R), 3.65 (dd,
IH, Joapn 2-3, Joap 10.7 Hz, H-0a), 3.55 (dd, 1H, Joppn 5.9 Hz, H-ab), 2.17 (t, 2H, Alkyl-o-CH,), 1.36 - 1.64
(m, 4H, y-CH,, Alkyl-R-CH,), 1.16 - 1.32 (m, 20H, Alkyl-CH,), 0.93 (t, 3H, 5-CHs), 0.86 (t, 3H, Alkyl-CHj).
3C-NMR (100 MHz, CDCl; + TMS): § = 171.16 (C=0), 61.18 (C-a), 59.80 (C-R), 36.71 (Alkyl-a-CH,), 36.55
(Alkyl-8-CH,), 32.15, 29.36, 29.28 (Alkyl-CH,), 26.78 (y-CH,), 25.75, 23.02, 21.05 (Alkyl-CH,), 14.98 (&-
CHs), 14.15 (Alkyl-CHs).

1-O-(N-Tetradecanoyl-(2’’R)-2’’-amino-butyl)-4-0O-(2’,3",4°,6’-tetra-O-acetyl-a-D-glucopyranosyl)-2,3,6-
tri-O-acetyl-3-D-glucopyranosid (2)

'H-NMR (400 MHz, CDCl; + TMS): & = 5.37 (d, 1H, NH), 5.33 (d, 1H, J;-»- 4.1 Hz, H-1"), 5.29 (dd, 1H, J,- 5
9.7, J3 4 9.7 Hz, H-3%), 5.19 (dd, 1H, J,3 9.2, J34 9.2 Hz, H-3), 4.98 (dd, 1H, Js 5 9.7 Hz, H-4°), 4.79 (dd, 1H,
H-2%), 4.74 (dd, 1H, J;, 7.9 Hz, H-2), 4.43 (d, 1H, H-1), 4.39 - 4.44 (m, 1H, H-B), 4.19 (dd, 1H, Js' o 4.1, Jea' '
12.2 Hz, H-6a"), 4.16 (dd, 1H, Js¢, 4.5, Jsap 12.0 Hz, H-63), 3.99 (dd, 1H, Js g, 2.0 Hz, H-6b"), 3.86 - 3.95 (m,
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3H, H-4, H-6b, H-5), 3.76 (dd, 1H, H-aa), 3.61 (ddd, 1H, Jsg, 3.0 Hz, H-5), 3.47 (dd, 1H, H-ab), 2.06 - 2.09
(m, 2H, Alkyl-a-CH,), 2.07, 2.03, 1.98, 1.96, 1.95, 1.94, 1.93 (je s, 3H, OAc), 1.37 - 1.56 (m, 4H, H-ya, H-yb,
AlKyl-B8-CH,), 1.14 - 1.26 (m, 20H, Alkyl-CH,), 0.82 (t, 3H, 5-CHj), 0.81 (t, 3H, Alkyl-CHs).

B3C-NMR (100 MHz, CDCl; + TMS): 8 = 172.9 (C=0, Amid), 170.54, 170.50, 170.27, 170.01, 169.62, 169.43
(C=0, OACc), 100.31 (C-1), 95.38 (C-1°), 75.51 (C-3), 72.84 (C-4), 72.26, 72.11 (C-2, C-5), 70.18 (C-ot), 69.99
(C-2%), 69.40 (C-3), 68.58 (C-5’), 68.07 (C-4"), 62.95 (C-6), 61.56 (C-6’), 58.75 (C-P), 36.40 (Alkyl-a-CHy),
36.31 (Alkyl-3-CH,), 31.19, 29.02 (AlKyl-CH,), 26.9 (y-CH,) 25.95, 24.83, 24.69, 24.17, 23.18, 22.70 (Alkyl-
CHy), 20.94, 20.85, 20.69, 20.62, 20.59 (-CHa, OAC), 14.97 (5-CH3), 14.11 (Alkyl-CHs).

1-O-(N-Tetradecanoyl-(2’’R)-2’’-amino-butyl)-4-O-(a-D-glucopyranosyl)-R-D-glucopyranoside  (Mal-B-
AB14)

'H-NMR (400 MHz, CD,0D): & = 5.17 (d, 1H, J;-» 3.6 Hz, H-1"), 4.32 (d, 1H, J;, 8.1 Hz, H-1), 3.99 (m,, 2H,
H-6a, H-B), 3.90 (dd, 1H, H-6b), 3.79 - 3.86 (m, 3H, H-4’, H-6a’, Alkyl-H-aa), 3.48 - 3.76 (m, 12H, H-3, H-4,
H-3’, H-5’, H-6b’, H-aia, H-ab, H-B, Alkyl-H-ab, Alkyl-B-CH,), 3.45 (dd, 1H, J»- 3- 10.1 Hz, H-2"), 3.38 (ddd,
1H, 345 9.7, Js62 2.0, s 6p 4.6 Hz, H-5), 3.24 - 3.31 (m, 1H, H-2,), 1.35-1.41 (m, 2H, H-ya, H-yb), 1.11 - 1.30 (m,
20H, Alkyl-CH,), 0.86 (t, 3H, 8—CHy), 0.84 (t, 3H, Alkyl-CHj3).
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An Improved Synthetic Procedure for the Preparation of N-acyl (2-Aminoethyl)-
B-D-glycopyranoside Lipids and Characterisation of Their Mesogenic Properties

Submitted for Publication in Journal of Carbohydrate Chemistry.

Abstract

A modified synthetic procedure was used for the synthesis of N-acyl (2-aminoethyl) glycosides
bearing Maltose, Melibiose and Lactose carbohydrate headgroups and different acyl chains. The lipids
were prepared in gram scale and investigated for their liquid crystalline properties. It was found that
the polar spacer suppresses polymorphism the resulting simplified phase was found in the pure state
upon heating, as well as for the lyotropic phase behaviour.
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Introduction

N-acyl aminoethyl lactopyranosides have gained interest as possible substitutes for ceramides in the
investiagtion of enzymatic reactions [1]. Other kinds of spacer between the carbohydrate headgroup
and the lipophilic tail have also been used as substitutes for ceramides [2] or for the preparation
biological active liposomes [3]. Nevertheless the synthesis of homologues series of N-acyl ethylamino
disaccharides with variation of the sugar and the acyl chain has not been reported yet. Also a
characterisation of its liquid crystalline properties in the pure state (thermotropic) and upon the
addition of water (lyotropic) cannot be found, despite the fact that knowledge of these can explain
possible biological functions of these lipids [4-7].

Liquid crystalline properties of n-alkyl glycosides on the other hand are well known for many
compounds [8].

Disaccharides with alkyl chain-length of 12 to 18 carbon atoms show a complex phase behaviour,
which depends on the structure of the carbohydrate headgroup [9].

OR? OR?
AcO OAc AcO 0
OAc OAc "B
1: R'= B-D-Gal(OAc), R?= OAc 4: R'= B-D-Gal(OAc), R?= OAc
2: R'= a-D-Gal(OAc), R*= OAc 5: R!= B-D-Gal(OAc), R?= OAc
3: Rl= OAc, R?= a-D-Gal(OAc) 6: R'= OAc, R?= B-D-Gal(OAc)
ii
OR? OR?
rlO o) i RLO o)
AcO O AcO 0]
onc > NH onc. > N
10: R'= B-D-Gal(OAc), R?= OAc 7: Rl= B-D-Gal(OAc), R?= OAC
11: R'= B-D-Gal(OAc), R?= OAc 8: Rl= B-D-Gal(OAc), R?= OAC
12: R'= OAc, R?= B-D-Gal(OAc) 9: R'= OAc, R?= B-D-Gal(OAc)

Scheme 1: Synthesis of the precursors 10, 11 and 12. Reagents and conditions: i.) HO(CH,),Br,
BF;*Et,O, CH,CI; abs., 0 °C, 2h, r.t., 18h ii.) NaNz, DMF, r.t., 24h; iii.) H,, Pd/C 10%, MeOH abs. or
MeOH abs. / THF abs. 9:1, r.t., 1h.

Results and Discussion

Synthesis

A few N-acylaminoethyl B-lactosides were first synthesized by Miura et al. [10], bearing fatty acid
chains with a chain length of 8, 12, 16 and 20 carbon atoms. Peracetylated lactose was condensed with
Fmoc proctected ethanolamin in the route described there. After removal of the Fmoc group the
aminogroup was acylated with octanoyl, dodecanoyl, hexadecanoyl and eicosanoyl chloride.
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Deprotection gave the products in 22-30% overall yield. Although this yields are considerable good,
they synthesized only amounts of around 300 mg. For a close physical and biological characterisation
on the other hand amounts of several grams are often necessary. Therefore we used a different route
for the synthesis of different N-acyl (2-aminoethyl) glycosides that can easily be upscaled (Scheme 1
and 2).

OR?

10,11, 12 ' ~ Rlo% )CJ)\
AcO 0
3
oac N R

13: R!= B-D-Gal(OAc), R?= OAc, R3= Ci3H,;
14: R'= B-D-Gal(OAc), R*= OAc, R%= Cy5H3;
15: R!= B-D-Gal(OAc), R?%= OAc, R®=(CHp)” > CgHyy
16: R'= a-D-Gal(OAc), R?= OAc, R%= Cy3Hy7
ii 17: R'= 0-D-Gal(OAc), R?= OAc, R®= Cy5Ha;
18: R!= o-D-Gal(OAc), R%= OAc, R®= (CHy);”  CgHuy
19: R'= OAc, R%= a-D-Gal(OAc), R%= Cy3Hy7
20: R'= OAc, R?= a-D-Gal(OAc), R%= Ci5H3;
21: R'= OAc, R%= 0-D-Gal(OAC), R%= (CHz)7”~ > CgHyy

Rlo% i
HO o~ N J\ Re
H

22: R'= B-D-Gal, R?= OH, R®= Cy3H,;
23: R'= B-D-Gal, R?= OH, R®= C;5H3;
24: R'= B-D-Gal, R%= OH, R3= (CHp)7” > CgHiy
25: R'= 0-D-Glc, R?= OH, R%= Cy3Hy7
26: R'= a-D-Glc, R?= OH, R®= Cy5H3;
27: R'= -D-Glc, R%= OH, R%= (CH2)r” > CgHiy
28: R'= OH, R?= o-D-Gal, R%= Cy3H,7
29: R'= OH, R?= 0-D-Gal, R%= Cy5Hg;
30: R'= OH, R%= 0-D-Gal, R= (CHa)7” > CaHyy

Scheme 2: Synthesis of the final lipids 22-30. Reagents and conditions: i.) RCOCI, DMF abs., CsHsN
abs., 0 °C, 2h; ii.) NaOMe, MeOH abs., r.t., 4h.

Instead of Fmoc protected ethanolamine, we condensed the peracetylated disaccharide with
bromethanol using boron trifluoride as lewis acid according to procedures described before [11]. It is
noteworthy to mention that in this case glycosylation at a temperature of 0 °C gave considerable
higher yields as if the reaction was stirred at room temperature. After chromatographic purification the
2-bromoethyl glycoside was obtained in yields of 50 to 60 %. Nucleophilic substitution of the bromine
using sodium azide in N,N-dimethylformamide (DMF) afforded the corresponding azide in
quantitative yields after workup. Further purification was not necessary. The 2-aminoethyl glycoside
was prepared by reduction of the azide with hydrogen under catalysis of palladium on charcoal (10%).
The azide was completely conversed to the amine, as could be seen in TLC (1:3 light petroleum b.p.
50-70 ethyl acetate), where the educt spot completely disappeared after 2 hours and only one single
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spot that moved distinctly slower, was detected. The amine was immediately reacted with the freshly
distilled acyl chloride in DMF using a catalytic amount of pyridine according to the procedure of
Masuda et al. [12]. TLC (1:2 light petroleum - ethyl actete) of the reaction showed after stirring
overnight only three spots, two that moved very fast (Rf 0.7 and 0.8) possibly belonging to the
carbonic acid and some minor byproducts and one spot (Rr 0.3) belonging to the product. The educt
spot was not detectable. After chromatographic purification the compounds were obtained in 70 to 90
% vyield, depending on the acyl chain length. After deptrotection using the modified Zemplén
procedure the lipids were finally obtained after recrystallization from methanol or after
chromatographic purification (4:1 chloroform - methanol). Using this route nine lipids with
tetradecanoyl, hexadecanoyl and oleoyl chains and lactose, maltose and melibiose carbohydrate
headgroups were synthesised in good yields and in gram scale.

Liquid Crystalline Phase Behaviour

The thermotropic phase transitions were investigated using polarising microscopy. The results are
shown in table 1. All compounds show liquid crystalline phase behaviour upon heating. The six
compounds with n-acyl chains (22,23,25,26,28,29) are crystalline at ambient temperature. The
lactoside 24 and the melibioside 30 with the unsaturated oleoyl chain did not crystallize, forming a
glass instead. Also a defined phase transition temperature of the transition from the glassy state to the
liquid crystalline phase could not be determined. It was only observed that the compound transformed
into the liquid crystalline state at temperatures above 50 °C. The maltoside 27, also carrying an oleoyl
chain, was the only compound showing liquid crystalline phase behaviour already at ambient
temperature. Interestingly it was observed that all compounds formed only thermotropic smectic A
(bilayer) phases as liquid crystalline phase. This is surprising because their alkyl glycoside
counterparts form other phases like e.g. cubic phases besides the lamellar phase [9]. An explanation
for this simplified phase behaviour might be the interaction of the amidic group. The formation of a
hydrogen-bonding network in the hydrophobic part of the molecule disables the formation of complex
phases like cubic phases. Another deviation from the liquid crystalline phase behaviour of the
corresponding alkyl glycosides can be seen in the transition temperatures. The compounds 24-30 show
similar melting points as the n-alkyl glycosides, only for the two lactosides 22 and 23 it was found that
the melting points are 15-20 °C lower. Deviation between the alkyl glycosides and the investigated
compounds is found for the clearing temperatures. The clearing temperatures are lowered for all
compounds by 50-75 °C compared to their n-alkyl counterparts. Three compounds showed signs of
decomposition near the clearing point. Again this might be attributable to the interaction of the amidic
group in the hydrophobic part that disturbs the order of the acyl chains, which then leads to a reduced
stability of the liquid crystalline phase.

The lyotropic phase sequences of the investigated compounds are shown in table 2. The influence of
the amino-spacer on the lyotropic phase behaviour in water is obvious at first glance. Compounds 22,
23, 25, 26, 28 and 29 bearing n-alkyl chains only form lamellar phases upon the addition of water. Due
to the low water solubility of these compounds myelin figures are formed beyond the lamellar phase.
The three compounds with the oleoyl chain (24, 27, 30) show lyotropic polymorphism. Beyond the
lamellar phase hexagonal phases of type | can be found. In case of compound 27 with its maltose
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carbohydrate headgroup a cubic phase is formed between the lamellar and the hexagonal phase. Above
the cmc the maltoside 27 forms long and stiff cylindrical micelles, compared to oleyl maltoside, which
forms polymer-like and flexible micelles [13].

Since mixing of glycolipids with different phase behaviour can induce new phases [14], the simplified
phase behaviour of the N-acyl ethylamino glycosides can be useful to control the phase behaviour of
lipid mixtures, where it might induce and/or stabilise phases that are of biological interest.

Table 1: Thermotropic phase transitions of the pure compounds (in °C; Cr = crystalline; g = glass;
SmA = Smectic A phase; | = isotropic; d = decomposition)

22 Cr 147 SmA 208 d
23 Cr 148 SmA 212 d
24 g ? SMA 180 1
25 Cr 102 SmA 164 |
26 Cr 103 SmA 191 d
27 Cr <20 SmA 123 |
28 Cr 151 SMA 205 |
29 Cr 152 SmA 210 |
30 g ? SMA 195 1

Table 2: Lyotropic phase sequence in the contact preparation with water (Cr = crystalline; g = glass;
L, = lamellar phase; ~ = Myelin figures were formed beyond the lamellar phase towards the water
region; H; = hexagonal phase; V; = bicontinous cubic phase)

22 Cr Lo
23 Cr Lo
24 g Lo H:
25 Cr Lo
26 Cr Lo
27 SmA Ly Vi Hi
28 Cr Lo
29 Cr Lo
30 g L, H;
pure compound 100 % water
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Experimental

General

Thin-layer chromatography was performed on silica gel (Merck GF,s4), and detection was effected by spraying
with a solution of ethanol/sulphuric acid (9:1), followed by heating. Column chromatography was performed
using silica gel 60 (Merck, 0.063-0.200 mm, 230-400 mesh). NMR spectra were recorded on a Bruker AMX 400
or a Bruker DRX 5001 spectrometer (m. = centred multiplet, d = doublet, t = triplet, dd = double doublet, dt =
double triplet). Spectral assignments were made by the double-resonance technique COSY. An Olympus BH
optical polarising microscope equipped with a Mettler FP 82 hot stage and a Mettler FP 80 central processor was
used to identify thermal transitions and characterise anisotropic textures. For the contact preparation a small
amount of sample was placed on a microscope slide and covered with a cover glass before heating. Afterwards a
small amount of solvent was placed on the slide at the edge of the cover glass. As soon as the solvent had moved
under the cover glass and completely surrounded the sample with the solvent, the slide was placed again for a
few seconds on the hot stage at a temperature of 100 - 120 °C and the phase behaviour was investigated
immediately afterwards by polarizing microscopy.

Synthesis

(2-Amino-ethyl) 4-O-(2’, 3’, 4°, 6’-tetra-O-acetyl-B-D-galactopyranosyl)-2,3,6-tri-O-acetyl--
glucopyranoside (10)

13.6g (20 mmol) 4-0O-(2’, 3’, 4’, 6’-tetra-O-acetyl-B-D-galactopyranosyl)-1,2,3,6-tetra-O-acetyl-p-D-gluco-
pyranoside and 1.85mL (3.2 g; 26 mmol) anhydrous 2-Bromethanol were dissolved in 50 mL anhydrous
dichlormethane under an atmosphere of dry nitrogen. 6.5 mL (7.4 g; 52 mmol) boron trifluoride etherate were
added dropwise at 0 °C under nitrogen. Stirring was continued for 2 h at 0 °C and an additional 18 h at room
temperature. The solution was poured on ice water (100 mL) and extracted twice with 50 mL dichlormethane.
The combined organic phases were washed twice with 50 mL saturated sodium hydrogen carbonate solution,
twice with 30 mL water, dried over magnesium sulfate and solvent removed in vacuo. The residue was purified
by column chromatography (light petroleum b.p. 50-70 °C - ethyl acetate 1:1). Yield: 8.2 g (62 %) 4. 7.4 g
(10 mmol) 4 were dissolved in 100 mL anhydrous N,N-dimethylformamide. 6.5 g (100 mmol) sodium azide
were added and the reaction mixture was stirred overnight at ambient temperature. The reaction mixture was
filtered and the filtrate was poured on 100 mL water and extracted three times with 100 mL dichlormethane. The
combined organic phases were washed with brine (100 mL), two times with water (100 mL) and dried over
magnesium sulphate. Solvent was evaporated in vacuo, to give compound 7 in quantitative yield as slight yellow
syrup, which was used without further purification. 7.1 g (10 mmol) 7 were dissolved in 100 mL of a 9:1 mixture
of anhydrous methanol and tetrahydrofurane. 30 mg Palladium on charcoal (10%) were added and the reaction
mixture was stirred under an atmosphere of hydrogen for two hours until t.l.c revealed the reaction to be
complete (light petroleum b.p. 50-70 °C- ethyl acetate 1:2). The catalyst was filtered off and solvent was
evaporated under reduced pressure. The residue was subjected to column chromatography (light petroleum b.p.
50-70 °C - ethyl acetate 1:3).

Yield: 6.7 g (98 %).

'H-NMR (400 MHz, C¢Dy): & = 5.54 (dd, 1H, 3J;-» 8.1, 3Jy 5 10.4, H-2"), 5.47 (dd, 1H, *J3 4 3.6, *J4 5 1.0, H-
4°), 5.41 (dd, 1H, 33,5 9.7, 3J5, 9.2, H-3), 5.26 (dd, 1H, %J;, 8.1, H-2), 5.10 (dd, 1H, H-3"), 4.52 (dd, 1H, *J56,
2.0, 2Jgagp 12.2, H-6a), 4.31 (d, 1H, H-1"), 4.22 (d, 1H, H-1), 4.14 (dd, 1H, *J5¢, 6.1, H-6b), 4.05-4.12 (m, 2H, H-
6a’, H-6b"), 3.80-3.85 (m, 1H, OCH,CH,N), 3.70-3.74 (m, 1H, OCH,CH,N) 3.63 (dd, 1H, 3J,5 9.2, H-4), 3.44-
3.50 (m, 3H, H-5", OCH,CH;N), 3.20 (ddd, 1H, H-5), 1.97, 1.93, 1.84, 1.73, 1.70, 1.64, 1.54 (each s, 3H, OAc).
CagH41018N (679.2324)
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(2-Amino-ethyl) 4-0-(2’, 3’, 4°, 6’-tetra-O-acetyl-a-D-glucopyranosyl)-2,3,6-tri-O-acetyl-B-
glucopyranoside (11)

13.6g (20 mmol) 4-O-(2’, 3’, 4°, 6’-tetra-O-acetyl-a-D-glucopyranosyl)-1,2,3,6-tetra-O-acetyl-p-D-gluco-
pyranoside and 1.85 mL (3.2 g; 26 mmol) anhydrous 2-Bromethanol were reacted as described for compound 4.
Yield: 9.8 g (74 %) of compound 5. 7.4 g (10 mmol) 5 were reacted as described for compound 7. The product 8
was obtained in quantitative yield and used without further purification. 7.1 g (10 mmol) 8 in 100 mL anhydrous
methanol were reacted as described for compound 10.

Yield: 6.7 g (98 %).

'H-NMR (400 MHz, CDCl; + TMS): & = 6.03 (bs, 2H, NH), 5.35 (d, 1H, 3J;,- 4.1, H-17), 5.29 (dd, 1H, *J, 5
10.1, 3334 9.7, H-37), 5.20 (dd, 1H, 33,53 9.2, %J34 9.2, H-3), 4.99 (dd, 1H, %), 5 9.9, H-4"), 4.80 (dd, 1H, H-2),
477 (dd, 1H, 33,5 7.9, H-2), 4.53 (d, 1H, H-1), 4.43 (dd, 1H, *Js 6, 2.8, 2Jeap 12.2, H-6a), 4.19 (d, 1H, *Js 6 2.3,
2Jearpr 11.2, H-62"), 4.16 (dd, 1H, *Js ¢ 4.3, H-6b), 3.98 (dd, 1H, *Js ¢ 3.6, H-6b), 3.95 (dd, 1H, *J,5 9.2, H-4),
3.84-3.93 (m, 2H, H-5’, OCH,CH;N), 3.70-3.75 (m, 1H, OCH,CH,N), 3.63 (ddd, 1H, H-5), 3.49 (m., 2H,
OCH,CH,N), 2.08, 2.04 (each s, 3H, OAc), 1.98 (s, 6H, OAc), 1.96, 1.94, 1.93 (each s, 3H, OAC).

CosHa1015N (679.2324)

(2-Amino-ethyl) 6-O-(2’, 3’, 4°, 6’-tetra-O-acetyl-a-D-galactopyranosyl)-2,3,4-tri-O-acetyl-B-
glucopyranoside (12)

13.6g (20 mmol) 6-0-(2°, 3’, 4’, 6’-tetra-O-acetyl-a-D-galactopyranosyl)-1,2,3,4-tetra-O-acetyl-p-D-gluco-
pyranoside and 1.85 mL (3.2 g; 26 mmol) anhydrous 2-Bromethanol were reacted as described for compound 4.
Yield: 8.6 g (65 %) of compound 6. 7.4 g (10 mmol) 6 were reacted as described for compound 7. The product 9
was obtained in quantitative yield and used without further purification. 7.1 g (10 mmol) 9 in 100 mL anhydrous
methanol were reacted as described for compound 10.

Yield: 6.5 g (96 %).

"H-NMR (400 MHz, CDCI, + TMS): & = 5.45 (dd, 1H, g4 3.1, %45 1.0, H-4"), 5.35 (dd, 1H, %), 5 10.7, H-
3%, 5.21 (dd, 1H, 33,5 9.7, 3J3,4 9.7, H-3), 5.16 (d, 1H, 3J;-» 3.6, H-1"), 5.11 (dd, 1H, H-2"), 5.07 (dd, 1H, 3J,5
9.7, H-4), 4.93 (d, 1H, 3J;, 8.1, H-2), 4.48 (d, 1H, H-1), 4.25 (ddd, 1H, *Js ¢y 5.6, *Js g 6.6, H-57), 4.11 (dd, 1H,
2Jear sy 11.2, H-6a"), 4.06 (dd, 1H, H-6b"), 3.90-3.98 (m, 1H, OCH,CH,N), 3.66-3.78 (m, 2H, H-6a,
OCH,CH;,N), 3.65 (ddd, 1H, *Jse, 5.1, *Jse, 2.5, H-5), 3.58 (dd, 1H, 2Jgaep 11.2, H-6b), 3.47-3.51 (m, 2H,
OCH,CH;N), 2.13, 2.12, 2.05, 2.04, 2.03, 2.00, 1.98 (each s, 3H, OAC).

CosH41018N (679.2324)

(N-Tetradecanoyl 2-Amino-ethyl) 4-O-(2’, 3’, 4’, 6’-tetra-O-acetyl-pB-D-galactopyranosyl)-2,3,6-tri-O-
acetyl-B-glucopyranoside (13)

3.4 g (5 mmol) 10 and 0.4 mL (396 mg, 5 mmol) anhydrous pyridine were dissolved in 80 mL anhydrous N,N-
dimethylformamide. 1.4 mL (1.2 g; 5 mmol) freshly distilled tetradecanoyl chloride in 10 mL anhydrous N,N-
dimethylformamide were added dropwise at 0 °C. Stirring was continued for 1 h at 0 °C and for 14 h at room
temperature. The solution was poured on 60 mL ice water and extracted three times with 80 mL dichlormethane.
The combined organic phases were washed two times with 80 mL saturated sodium hydrogen carbonate
solution, with 50 mL water, dried over magnesium sulfate and solvent was removed in vacuo. The residue was
purified by column chromatography (light petroleum b.p. 50-70 °C - ethyl acetate 1:1).

Yield: 3.2 g (72 %).

[ =-15 (c = 1.0, CHCLy).

165



Chapter 10

'H-NMR (400 MHz, CDCl; + TMS): & = 6.04 (s, 1H, NH), 5.28 (dd, 1H, %J34 3.5, *J,5 1.0, H-4’), 5.13 (dd,
1H,%3,59.7,%5, 9.7, H-3), 5.04 (dd, 1H, *J;- - 8.1, *J 5 10.1, H-2’), 4.88 (dd, 1H, H-3"), 4.83 (dd, 1H, 3J;, 8.1,
H-2), 4.50 (d, 1H, H-1), 4.42 (dd, 1H, *Js6, 2.0, 3Jg,p, 12.2, H-6a), 4.41 (d, 1H, H-17), 3.98 - 4.09 (m, 3H, H-6b,
H-6a’, H-6b’), 3.77-3.86 (m, 2H, H-5’, OCH,CH;N), 3.72 (dd, 1H, %J,5 9.7, H-4), 3.60-3.64 (m, 1H,
OCH,CH;N), 3.53 (ddd, 1H, 3Js¢, 6.1, H-5), 3.48-3.51 (m, 2H, OCH,CH,N), 2.20 (m, 2H, alkyl-a-CH,), 2.08,
2.05, 1.99 (each s, 3H, OAc), 1.98 (s, 6H, 2x OAc), 1.97, 1.90 (each s, 3H, OAc), 1.44-1.50 (m, 2H, alkyl B-
CH,), 1.14-1.28 (m, 20H, alkyl-CHj,), 0.81 (t, 3H, alkyl-CH5).

BC-NMR (100 MHz, CDCl; + TMS): § = 172.10 (C=0, amide), 170.88, 170.67, 170.18, 170.01, 169.77 (C=0,
OAC), 100.09 (C-1), 99.67 (C-1), 71.84 (C-3), 71.63 (C-5), 70.70 (C-2), 70.62 (OCH,CH,N), 70.02 (C-3’),
69.70 (C-5%), 68.13 (C-2’), 65.63 (C-4’), 61.03 (C-6), 59.78 (C-6"), 47.56 (OCH,CH,N), 42.10 (alkyl-a-CH,),
36.72 (alkyl-B-CH,), 32.19, 30.14, 30.07, 30.04, 30.01, 29.92, 29.77, 26.50 (alkyl-CH,), 21.28, 21.23, 21.11,
21.04, 20.98 (CH5, OAc), 14.54 (alkyl-CHs).

CuoHe701N (889.4307)

(N-Hexadecanoyl 2-Amino-ethyl) 4-O-(2’, 3’, 4, 6’-tetra-O-acetyl-B-D-galactopyranosyl)-2,3,6-tri-O-
acetyl-B-glucopyranoside (14)1%

3.4 9 (5 mmol) 10 and 1.5 mL (1.4 g; 5 mmol) freshly distilled hexadecanoyl chloride were reacted as described
for compound 13.

Yield: 3.4 g (73 %).

[a]éo =-16 (c = 1.1, CHCI3). No optical rotation value was reported in the reference.

'H-NMR (400 MHz, CDCl; + TMS): & = 6.05 (s, 1H, NH), 5.24 (dd, 1H, 3J5.4 3.5, *J45 1.0, H-4"), 5.14 (dd,
1H, 23,5 9.7, %35, 9.7, H-3), 5.05 (dd, 1H, %), - 8.1, ), 5 10.1, H-2"), 4.89 (dd, 1H, H-3"), 4.82 (dd, 1H, 3J,, 8.1,
H-2), 4.51 (d, 1H, H-1), 4.43 (dd, 1H, *Js¢, 2.0, %Jeap 12.2, H-6a), 4.42 (d, 1H, H-1"), 3.97 - 4.09 (m, 3H, H-6b,
H-6a’, H-6b’), 3.76-3.87 (m, 2H, H-5’, OCH,CH,N), 3.72 (dd, 1H, %J,5 9.7, H-4), 3.61-3.66 (m, 1H,
OCH,CH,N), 3.54 (ddd, 1H, *Js¢, 6.1, H-5), 3.48-3.52 (m, 2H, OCH,CH,N), 2.23 (m,, 2H, alkyl-a-CH,), 2.09,
2.04, 2.00 (each s, 3H, OAc), 1.98 (s, 6H, 2x OAc), 1.97, 1.92 (each s, 3H, OAc), 1.44-1.53 (m, 2H, alkyl k-
CH,), 1.14-1.29 (m, 24H, alkyl-CHj), 0.82 (t, 3H, alkyl-CHy).

B3C-NMR (100 MHz, CDCl; + TMS): § = 172.12 (C=0, amide), 170.89, 170.68, 170.19, 170.09, 169.87 (C=0,
OAC), 100.07 (C-1), 99.68 (C-1), 71.85 (C-3), 71.64 (C-5), 70.72 (C-2), 70.63 (OCH,CH,N), 70.08 (C-3’),
69.68 (C-5"), 68.12 (C-27), 65.62 (C-4’), 61.05 (C-6), 59.80 (C-6"), 47.59 (OCH,CH,N), 42.08 (alkyl-o-CH,),
36.70 (alkyl-B-CH,), 32.18, 30.12, 30.05, 30.01, 29.92, 29.75, 29.67, 26.48 (alkyl-CH,), 21.26, 21.21, 21.11,
21.05, 20.99 (CHs, OAC), 14.52 (alkyl-CH,).

CusH71 01N (917.4620)

(N-cis-9-Octadecenoyl 2-Amino-ethyl) 4-O-(2°, 3’, 4°, 6’-tetra-O-acetyl-B-D-galactopyranosyl)-2,3,6-tri-O-
acetyl-B-glucopyranoside (15)

3.4 9 (5 mmol) 10 and 1.6 mL (1.5 g; 5 mmol) freshly distilled oleoyl chloride were reacted using as described
for compound 13.

Yield: 3.1 g (65 %).

[a]5) =-18 (c = 1.0, CHCI).

'H-NMR (400 MHz, CDCl; + TMS): & = 6.04 (s, 1H, NH), 5.32-5.39 (m, 2H, H-olefinic.), 5.24 (dd, 1H, *Jz 4
3.5, %5 1.0, H-4%), 5.14 (dd, 1H, 3J,5 9.7, 3334 9.7, H-3), 5.05 (dd, 1H, 3J;-, 8.1, %), 5 10.1, H-2’), 4.89 (dd,
1H, H-3’), 4.82 (dd, 1H, 3J;, 8.1, H-2), 4.51 (d, 1H, H-1), 4.43 (dd, 1H, *J56, 2.0, *Jga, 12.2, H-64), 4.42 (d, 1H,
H-1%), 3.97-4.09 (m, 3H, H-6b, H-6a’, H-6b"), 3.76-3.87 (m, 2H, H-5", OCH,CH,N), 3.72 (dd, 1H, 3\]4,5 9.7, H-
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4), 3.61-3.66 (m, 1H, OCH,CH,N), 3.54 (ddd, 1H, *Js¢, 6.1, H-5), 3.48-3.52 (m, 2H, OCH,CH;N), 2.23 (m,, 2H,
alkyl-a-CH,), 2.09, 2.04, 2.00 (each s, 3H, OAc), 1.98 (s, 6H, 2x OAc), 1.97, 1.92 (each s, 3H, OAc), 1.90-1.97
(m, 4H, allyl-CH2),1.44-1.53 (m, 2H, alkyl 3-CH,), 1.14-1.29 (m, 20H, alkyl-CH,), 0.82 (t, 3H, alkyl-CH).
B3C-NMR (100 MHz, CDCl; + TMS): & = 172.12 (C=0, amide), 170.89, 170.68, 170.19, 170.09, 169.87 (C=0,
OAC), 131.54, 131.48 (C-olefin.), 100.07 (C-1), 99.68 (C-1), 71.85 (C-3), 71.64 (C-5), 70.72 (C-2), 70.63
(OCH,CH;N), 70.08 (C-3’), 69.68 (C-5’), 68.12 (C-2’), 65.62 (C-4’), 61.05 (C-6), 59.80 (C-6"), 47.59
(OCH,CH3N), 41.39 (alkyl-a-CHy), 32.18, 30.12, 30.05, 30.01, 29.92, 29.75, 29.67, 26.48 (alkyl-CH,), 21.26,
21.21, 21.11, 21.05, 20.99 (CH3, OAC), 14.52 (alkyl-CHs).

CusH73019N (943.4777)

(N-Tetradecanoyl 2-Amino-ethyl) 4-O-(2’, 3’, 4’, 6’-tetra-O-acetyl-a-D-glucopyranosyl)-2,3,6-tri-O-acetyl-
B-glucopyranoside (16)

3.4 9 (5mmol) 11 and 1.4 mL (1.2 g; 5 mmol) freshly distilled tetradecanoyl chloride were reacted as described
for compound 13.

Yield: 3.5 g (79 %).

[]5) =+30 (c = 1.4, CHCL).

'H-NMR (500 MHz, CDCl; + TMS): & = 6.51 (s, 1H, NH), 5.41 (d, 1H, %)y, 4.1, H-1°), 5.35 (dd, 1H, %J,.5
10.2, 3J3 4 10.2, H-3), 5.24 (dd, 1H, 3J,5 9.2, %334 9.2, H-3), 5.04 (dd, 1H, 3J;5 10.2, H-4"), 4.85 (dd, 1H, H-
2%), 4.80 (dd, 1H, 3J;, 7.6, H-2), 4.50 (d, 1H, H-1), 4.46 (dd, 1H, *J56, 2.5, “Jeap 12.2, H-6a), 4.25 (dd, 1H, *J5 6z
4.1, gy 12.2, H-62°), 4.22 (dd, 1H, *Js 6, 4.6, H-6b), 4.03 (dd, 1H, 3J5 ¢ 2.0, H-6b"), 3.99 (dd, 1H, 3J,5 9.2,
H-4), 3.95 (ddd, 1H, H-5’), 3.82-3.88 (m, 1H, OCH,CH,N), 3.66 (ddd, 1H, H-5), 3.45 (m, 1H, OCH,CH,N),
3.38-3.42 (m, 2H, OCH,CH,N), 2.17-2.21 (m, 2H, alkyl-a-CH,), 2.13, 2.09, 2.04, 2.02, 2.00 (each s, 3H, OAC),
1.99 (s, 6H, OAC), 1.49-1.59 (m, 2H, alkyl-R-CH,), 1.19-1.31 (m, 20H, alkyl-CHy,), 0.86 (t, 2H, alkyl-CHs).
B3C-NMR (125 MHz, CDCl; + TMS): § = 172.9 (C=0, amide), 170.54, 170.50, 170.27, 170.01, 169.62, 169.43
(C=0, OACc), 100.31 (C-1), 95.38 (C-1"), 75.51 (C-3), 72.84 (C-4), 72.26, 72.11 (C-2, C-5), 70.18 (OCH,CH;N),
69.99 (C-2°), 69.40 (C-3’), 68.58 (C-5°), 68.07 (C-4’), 62.95 (C-6), 61.56 (C-6"), 46.25 (OCH,CH,N), 42.08
(alkyl-0-CH,), 36.80 (alkyl-B-CH,), 32.16, 29.45, 29.30, 25.95, 24.83, 24.69, 24.17, 23.18, 22.70 (alkyl-CH,),
20.94, 20.85, 20.69, 20.62, 20.59 (-CH3, OAC), 14.16 (alkyl-CH5).

C42He7019N (889.4307)

(N-Hexadecanoyl 2-Amino-ethyl) 4-O-(2’, 3, 4’, 6’-tetra-O-acetyl-a-D-glucopyranosyl)-2,3,6-tri-O-acetyl-
B-glucopyranoside (17)

3.4 9 (5 mmol) 11 and 1.5 mL (1.4 g; 5 mmol) freshly distilled tetradecanoyl chloride were reacted as described
for compound 13.

Yield: 3.7 g (80 %).

[a]f =+30 (c = 1.2, CHCL).

'H-NMR (500 MHz, CDCl; + TMS): & = 6.02 (s, 1H, NH), 5.37 (d, 1H, J;- - 3.8, H-17), 5.34 (dd, 1H, 3J,.3- 9.8,
3334 9.8, H-3"), 5.20 (dd, 1H, 3J,5 9.5, 3J3, 9.1, H-3), 5.08 (dd, 1H, 3J; 5 9.8, H-4"), 4.84 (dd, 1H, H-2), 4.77
(dd, 1H, %J;, 8.1, H-2), 4.48 (d, 1H, H-1), 4.46 (dd, 1H, 3Js6, 2.8, *Jeap 12.0, H-6a), 4.23 (dd, 1H, *J5 ¢ 4.1,
2Jearpr 12.3, H-62"), 4.20 (dd, 1H, *Js ¢ 4.4, H-6b), 4.05 (dd, 1H, *Js g 2.2, H-6b), 3.96 (dd, 1H, *J,5 9.1, H-4),
3.92 (m,, 1H, H-5"), 3.80-3.85 (m, 1H, OCH,CH;,N), 3.64 (ddd, 1H, H-5), 3.55-3.63 (m, 1H, OCH,CH,N), 3.44-
3.49 (m, 2H, OCH,CH,N), 2.20 (t, 2H, alkyl-a-CH,), 2.11, 2.08, 2.01, 1.98, 1.97 (je s, 3H, OAc), 1.95 (s, 6H,
OAC), 1.54-1.60 (m, 2H, alkyl-R-CH,), 1.17-1.44 (m, 24H, alkyl-CH,), 0.86 (t, 3H, alkyl-CHs).
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B3C-NMR (125 MHz, CDCl; + TMS): & = 171.02 (C=0, amide), 170.09, 170.08, 170.07, 169.78, 169.45, 169.30
(C=0, OAC), 100.12 (C-1), 95.30 (C-1), 75.45 (C-3), 71.84 (C-4), 71.24, 71.20 (C-2, C-5), 70.09 (OCH,CH,N),
69.98 (C-2°), 69.30 (C-3’), 68.42 (C-5), 68.01 (C-4"), 62.89 (C-6), 61.47 (C-6), 46.18 (OCH,CH,N), 42.43
(alkyl-a-CHy), 36.70 (alkyl-B-CHy), 32.15, 29.98, 29.45, 29.35, 29.30, 25.74, 23.01, 22.92, 21.75, 21.06 (alkyl-
CH,), 20.90, 29.85, 20.62, 20.59, 20.55, 20.51 (CH,, OAC), 14.16 (alkyl-CHs).

CasH71015N (917.4620)

(N-cis-9-Octadecenoyl 2-Amino-ethyl) 4-O-(2°, 3’, 4°, 6’-tetra-O-acetyl-a-D-glucopyranosyl)-2,3,6-tri-O-
acetyl-B-glucopyranoside (18)

3.49 (5mmol) 11 and 1.6 mL (1.5 g; 5 mmol) freshly distilled oleoyl chloride were reacted as described for
compound 13.

Yield: 3.3 g (70 %).

[]5) =+30 (c= 0.9, CHCI).

'H-NMR (500 MHz, CDCl; + TMS): & = 6.02 (s, 1H, NH), 5.34 - 5.41 (m, 2H, H-olefin.), 5.37 (d, 1H, 3J; »» 3.8,
H-1°), 5.33 (dd, 1H, *J, 3 9.8, *J5.4- 9.8, H-3"), 5.21 (dd, 1H, %J,5 9.5, 3J54 9.1, H-3), 5.01 (dd, 1H, %), 5 9.8, H-
4%),4.82 (dd, 1H, H-2"), 4.77 (dd, 1H, *J,, 8.1, H-2), 4.47 (d, 1H, H-1), 4.44 (dd, 1H, *J56, 2.8, 2Jes,, 12.0, H-6a),
4.22 (dd, 1H, 35 g 4.1, 2Jga 12.3, H-62"), 4.20 (dd, 1H, *J5 ¢, 4.4, H-6b), 4.01 (dd, 1H, 335 ¢ 2.2, H-6b"), 3.97
(dd, 1H, 33,5 9.1, H-4), 3.93 (m, 1H, H-5), 3.82 (m,, 1H, OCH,CH,N), 3.64 (ddd, 1H, H-5), 3.58-3.65 (m, 1H,
OCH,CH;N), 3.45 - 3.51 (m, 2H, OCH,CH;N), 2.23 (m, 2H, alkyl-a-CH,), 2.11, 2.07, 2.01, 1.99, 1.98 (je s, 3H,
OAc), 1.97 (s, 6H, OAC),1.89-1.95 (m, 4H, allyl-CH,), 1.49-1.55 (m, 2H, alkyl-8-CH,), 1.18-1.32 (m, 20H,
alkyl-CH,), 0.85 (t, 3H, alkyl-CHs).

BC-NMR (125 MHz, CDCl; + TMS): & = 173.09 (C=0, Amid), 170.14, 170.10, 170.08, 169.87, 169.51, 169.34
(C=0, OAc), 131.50, 131.45 (C-olefin) 100.22 (C-1), 95.44 (C-1’), 75.41 (C-3), 71.74 (C-4), 71.17, 71.99 (C-2,
C-5), 70.15 (OCH,CH,N), 69.93 (C-2"), 69.30 (C-3’), 68.41 (C-5"), 67.98 (C-4"), 62.85 (C-6), 61.45 (C-6"),
46.25 (OCH,CH;N), 41.37 (alkyl-a-CH,), 31.84, 29.61, 29.57, 29.53, 29.31, 29.27, 29.24 (alkyl-CH,), 20.84,
29.75, 20.59, 20.54, 20.52, 20.49 (CH3, OAC), 14.03 (alkyl-CHs).

CusH73010N (943.4777)

(N-Tetradecanoyl 2-Amino-ethyl) 6-0-(2’, 3’, 4°, 6’-tetra-O-acetyl-a-D-galactopyranosyl)-2,3,4-tri-O-
acetyl-B-glucopyranoside (19)

3.4 g (5 mmol) 12 and 1.4 mL (1.2 g; 5 mmol) freshly distilled tetradecanoyl chloride were reacted as described
for compound 13.

Yield: 3.6 g (80 %).

[y =+48 (c = 1.1, CHCI).

'H-NMR (400 MHz, CDCl; + TMS): & = 6.07 (s, 1H, NH), 5.37 (dd, 1H, H-4’), 5.26 (dd, 1H, 3J, 3 11.0, *J5. 4
3.5, H-3%), 5.14 (dd, 1H, %J,5 9.7, *J5, 9.7, H-3), 5.08 (d, 1H, *J;-,- 3.6, H-1"), 5.02 (dd, 1H, H-2"), 5.00 (dd, 1H,
%345 9.7, H-4), 4.86 (dd, 1H, *J;, 8.1, H-2), 4.52 (d, 1H, H-1), 4.17 (ddd, 1H, *J; 5 1.3, *Js 62 5.6, *Js: s 6.6, H-
5%, 4.05 (dd, 1H, *Jgx 11.2, H-62"), 4.02 (dd, 1H, H-6b’), 3.84 (m,, 1H, OCH,CH,N), 3.68 (dd, 1H, *J5¢, 5.0,
*Jeap 11.1, H-6a), 3.55-3.66 (M, 4H, H-5, OCH,CH,N), 3.51 (dd, 1H, *Js¢, 2.0, H-6b), 2.18 (m,, alkyl-a-CH,),
2.07, 2.06, 1.98, 1.97, 1.95, 1.94, 1.92 (je s, 3H, OAc), 1.42-1.50 (m, 2H, alkyl-8-CH,), 1.16-1.28 (m, 24H,
alkyl-CH,), 0.85 (t, 3H, alkyl-CHj).

“C-NMR (100 MHz, CDCIl, + TMS): & = 172.89 (C=0, amide), 170.56, 170.35, 170.21, 169.87, 169.36, 169.31
(C=0, OAc), 100.56 (C-1), 96.47 (C-1"), 72.93 (C-3), 72.66 (C-5), 71.58 (C-2), 70.02 (OCH,CH,N), 69.08 (C-
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4), 68.09, 68.02 (C-4", C-2), 67.47 (C-3'), 66.48 (C-5), 66.45 (C-6), 61.67 (C-6"), 47.05 (OCH,CH,N), 42.03
(alkyl-a-CHy), 36.81 (alkyl-B-CH,), 31.94, 29.72, 29.66, 29.44, 29.40, 29.37, 25.90, 22.70 (alkyl-CH,), 20.80,
20.71, 20.67, 20.65 (CH,, OAC), 14.13 (alkyl-CHs).

CaaHs7016N (889.4307)

(N-Hexadecanoyl 2-Amino-ethyl) 6-O-(2’, 3’, 4, 6’-tetra-O-acetyl-a-D-galactopyranosyl)-2,3,4-tri-O-
acetyl-B-glucopyranoside (20)

3.4 9 (5 mmol) 12 and 1.5 mL (1.4 g; 5 mmol) freshly distilled hexadecanoyl chloride were reacted as described
for compound 13.

Yield: 3.6 g. (79 %)

[a]f =+47 (c=0.7, CHCL).

'H-NMR (400 MHz, CDCl; + TMS): & = 6.05 (s, 1H, NH), 5.38 (dd, 1H, 3J5.4 3.5, *J; 5 1.3, H-4"), 5.27 (dd,
1H, H-3°), 5.14 (dd, 1H, 33,5 9.7, %334 9.7, H-3), 5.09 (d, 1H, *J;-»» 3.8, H-1°), 5.03 (dd, 1H, 3J» 5 11.0, H-27),
5.00 (dd, 1H, %J,5 9.8, H-4), 4.87 (dd, 1H, *J;, 8.2, H-2), 4.53 (d, 1H, H-1), 4.17 (ddd, 1H, *J5 ¢ 5.6, *Js' g 6.6,
H-5’), 4.06 (dd, 1H, *Jey 11.2, H-62"), 4.01 (dd, 1H, H-6b"), 3.82 (m,, 1H, OCH,CH,N), 3.68 (dd, 1H, 3Js¢,
5.0, *Jg.p 11.4, H-6a), 3.56-3.67 (M, 4H, H-5, OCH,CH,N), 3.52 (dd, 1H, *Js¢, 2.0, H-6b), 2.20 (m,, alkyl-o--
CH,), 2.07, 2.06, 1.98, 1.97, 1.96, 1.93, 1.92 (je s, 3H, OAc), 1.44-1.50 (m, 2H, alkyl-R-CH,), 1.15-1.26 (m,
24H, alkyl-CH,), 0.81 (t, 3H, alkyl-CHs).

B3C-NMR (100 MHz, CDCl; + TMS): & = 172.88 (C=0, amide), 170.52, 170.31, 170.17, 169.83, 169.32, 169.27
(C=0, OAc), 100.52 (C-1), 96.43 (C-17), 72.93 (C-3), 72.62 (C-5), 71.99 (OCH,CH,N) 71.34 (C-2), 69.04 (C-
4), 68.05, 68.04 (C-4’, C-27), 67.43 (C-3’), 66.44 (C-5°), 66.41 (C-6), 61.63 (C-6"), 47.11 (OCH,CH,N), 42.02
(alkyl-a-CH,), 36.71 (alkyl-B-CH,), 32.35, 31.90, 29.68, 29.62, 29.40, 29.23, 25.86, 22.66 (alkyl-CH,), 20.76,
20.67, 20.63, 20.61 (CHj5, OAc), 14.09 (alkyl-CHs).

CasH7,016N (917.4620)

(N-cis-9-Octadecenoyl 2-Amino-ethyl) 6-0-(2’, 3, 4’, 6’-tetra-O-acetyl-a-D-galactopyranosyl)-2,3,4-tri-O-
acetyl-B-glucopyranoside (21)

3.49 (5mmol) 12 and 1.6 mL (1.5 g; 5 mmol) freshly distilled oleoyl chloride were reacted as described for
compound 13.

Yield: 3.4 g (73 %).

[a]5) =+50 (c = 1.0, CHCIS).

'H-NMR (400 MHz, CDCl; + TMS): & = 6.04 (s, 1H, NH), 5.32-5.40 (m, 2H, H-olefin.), 5.40 (dd, 1H, 3Jz 4 3.5,
3p5 1.3, H-4%), 5.25 (dd, 1H, %3, 5 11.0, H-3"), 5.15 (dd, 1H, 33,5 9.7, %33, 9.7, H-3), 5.09 (d, 1H, 3J;-,- 3.6, H-
17), 5.03 (dd, 1H, H-2"), 5.01 (dd, 1H, %J,5 9.7, H-4), 4.87 (dd, 1H, *J;, 8.1, H-2), 4.51 (d, 1H, H-1), 4.18 (ddd,
1H, ¥56x 5.6, 356y 6.6, H-5°), 4.06 (dd, 1H, 3Jgrp 11.2, H-62°), 4.03 (dd, 1H, H-6b’), 3.85 (m,, 1H,
OCH,CH;N), 3.69 (dd, 1H, *J56, 5.0, *Jsap 11.1, H-6a), 3.52-3.64 (m, 4H, H-5, OCH,CH,N), 3.52 (dd, 1H, *Js 5,
2.0, H-6b), 2.17 (m, alkyl-a-CH,), 2.06, 2.05, 2.00, 1.99, 1.96, 1.95, 1.92 (je s, 3H, OAc), 1.85-1.92 (m, 4H,
allyl-CH,), 1.43-1.50 (m, 2H, alkyl-B-CH,), 1.17-1.29 (m, 24H, alkyl-CH,), 0.85 (t, 3H, alkyl-CHy).

B¥C-NMR (100 MHz, CDCl; + TMS): 6 = 172.88 (C=0, amide), 170.52, 170.31, 170.17, 169.83, 169.32, 169.27
(C=0, OAc), 131.45, 131.42 (C-olefin.), 100.51 (C-1), 96.48 (C-1’), 72.91 (C-3), 72.64 (C-5), 71.97
(OCH,CH,N) 71.32 (C-2), 69.08 (C-4), 68.04, 68.01 (C-4’, C-27), 67.42 (C-3"), 66.46 (C-5°), 66.42 (C-6), 61.63
(C-6°), 47.09 (OCH,CH;N), 41.58 (alkyl-a-CH,), 32.35, 31.90, 29.66, 29.64, 29.41, 29.24, 25.85, 22.66 (alkyl-
CH,), 20.76, 20.64, 20.63, 20.60 (CH3, OAC), 14.12 (alkyl-CHs).

CasH73019N (943.4777)
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(N-Tetradecanoyl 2-Amino-ethyl) 4-O-(B-D-galactopyranosyl)-B-glucopyranoside (22)

3.0 g (3.4 mmol) 13 were dissolved in 50 mL anhydrous methanol and sodium methoxide was added (pH 8-9).
The solution was stirred at ambient temperature until t.l.c. revealed the reaction to be complete. It was
neutralised then using DOWEX 50WX ion-exchange resin (protonated form), filtrated and evaporated in vacuo.
The product was recrystallised from methanol.

Yield: 1.6 g (80 %).

[a]F =-6 (c= 0.5 DMSO).

'H-NMR (400 MHz, pyridine-ds): & = 5.46 (d, 1H, 3J;, 8.1, H-1"), 5.24 (d, 1H, *J;, 8.1, H-1), 4.82-5.00 (m, 5H,
H-6a, H-2’, H-3’, H-4’, H-5"), 4.59-4.70 (m, 2H, H-6a’, H-6b"), 4.51-4.58 (m, 2H, H-5, H-6b), 4.40 (dd, 1H, %J;,,
9.5,31,5 9.5, H-4), 4.21-4.34 (m, 3H, H-2, H-3, OCH,CH,N), 3.81 (m,, 2H, OCH,CH;N), 3.55 (m,, 2H, alkyl-o-
CH,), 1.91-1.99 (m, 2H, alkyl-3-CH,), 1.51-1.60 (m, 20H, alkyl-CH,), 1.20 (t, 3H, alkyl-CHs).

C,8H5301:N (595.3568)

Anal. Calcd C, 56.45; H, 8.97; N, 2.35. Found C, 56.25; H, 8.93; N, 2.34

(N-Hexadecanoyl 2-Amino-ethyl) 4-O-(B-D-galactopyranosyl)-B-glucopyranoside (23)™"
3.2 g (3.5 mmol) 14 were reacted as described for compound 22. The product was recrystallised from methanol.
Yield: 1.8 g (82 %).

[a]ZDO =-6 (c = 0.4, DMSO). No optical rotation value was reported in the reference.

'H-NMR (400 MHz, pyridine-ds): & = 5.45 (d, 1H, %J,, 8.1, H-1°), 5.22 (d, 1H, 3J;, 8.1, H-1), 4.82-5.02 (m, 5H,
H-6a, H-2’, H-3’, H-4’, H-5"), 4.53-4.70 (m, 2H, H-6a’, H-6b"), 4.51-4.60 (m, 2H, H-5, H-6b), 4.42 (dd, 1H, 3J;,
9.5,31,5 9.5, H-4), 4.21-4.38 (m, 3H, H-2, H-3, OCH,CH,N), 3.84 (m,, 2H, OCH,CH;N), 3.57 (m,, 2H, alkyl-a.-
CHy), 1.92-2.00 (m, 2H, alkyl-B-CH,), 1.50-1.62 (m, 24H, alkyl-CH,), 1.21 (t, 3H, alkyl-CHs).

C3gHs5701,N (623.3881)

Anal. Caled C, 57.77; H, 9.21; N, 2.25. Found: C, 57.85; H, 9.24; N, 2.25

(N-cis-9-Octadecenoyl 2-Amino-ethyl) 4-O-(B-D-galactopyranosyl)-B-glucopyranoside (24)

2.99 (3.1 mmol) 15 were reacted as described for compound 22. The product was purified by column
chromatography (chloroform - methanol 9:1).

Yield: 1.9 g (95 %).

[y =-7 (c = 0.4, MeOH).

'H-NMR (400 MHz, pyridine-ds): & = 5.30-5.44 (m, 3H, H-1", H-olefin.), 5.20 (d, 1H, *J,, 8.1, H-1), 4.82-5.01
(m, 5H, H-6a, H-2°, H-3°, H-4’, H-5"), 4.53-4.69 (m, 2H, H-6a’, H-6b’), 4.51-4.61 (m, 2H, H-5, H-6b), 4.41 (dd,
1H, %334 9.5, %45 9.5, H-4), 4.21-4.39 (m, 3H, H-2, H-3, OCH,CH,N), 3.83 (m,, 2H, OCH,CH,N), 3.56 (m, 2H,
alkyl-a-CH,), 2.20-2.26 (m, 4H, allyl-CH,), 1.92-2.01 (m, 2H, alkyl-3-CH,), 1.50-1.62 (m, 20H, alkyl-CH,),
1.21 (t, 3H, alkyl-CHy).

CszH50012N (649.4037)

HIRES-FAB-MS: Calc: m/z = 673.3935 [M+Na]" Found: m/z = 673.3945

(N-Tetradecanoyl 2-Amino-ethyl) 4-O-(a-D-glucopyranosyl)-p-glucopyranoside (25)
3.3 g (3.7 mmol) 16 were reacted as described for compound 22. The product was recrystallised from methanol.
Yield: 1.8 g (81 %).

[ =+28 (c = 0.7, MeOH).
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'H-NMR (400 MHz, d,-Methanol): & = 5.18 (d, 1H, *J;-»» 3.5, H-1°), 4.34 (d, 1H, %, 8.1, H-1), 4.02 (dd, 1H,
335,62 2.0, 2Jgap 11.9, H-6a), 3.90 (dd, 1H, *Js ¢, 4.5, H-6b), 3.79-3.88 (m, 2H, H-4’, H-6a’), 3.47-3.76 (M, 9H, H-
3, H-4, H-3’, H-5’, H-6b’, OCH,CH,N), 3.45 (dd, 1H, *J,- 3- 10.2, H-2"), 3.40 (ddd, 1H, *J,5 9.7, H-5), 3.15-3.34
(m, 5H, H-2, OCH,CH.N, alkyl-a-CH,), 1.58 (m., 2H, alkyl-B-CH,), 1.21-1.41 (m, 20H, alkyl-CH,), 0.88 (t,
3H, alkyl-CHy).

CusHs301,N (595.3568)

Anal. Calcd C, 56.45; H, 8.97; N, 2.35. Found C, 56.65; H, 9.33; N, 2.23

(N-Hexadecanoyl 2-Amino-ethyl) 4-O-(a-D-glucopyranosyl)-B-glucopyranoside (26)

3.4 g (3.7 mmol) 17 were reacted as described for compound 22. The product was recrystallised from methanol.
Yield: 1.8 g (79 %).

[ =+28 (c = 0.6, MeOH).

'H-NMR (400 MHz, d,-Methanol): & = 5.20 (d, 1H, *J;-»» 3.6, H-1"), 4.31 (d, 1H, %), 8.1, H-1), 4.03 (dd, 1H,
%3562 2.0, 2Jap 12.0, H-6a), 3.91 (dd, 1H, Js¢, 4.6, H-6b), 3.78-3.88 (m, 2H, H-4’, H-6a’), 3.48-3.76 (m, 9H, H-
3, H-4, H-3’, H-5’, H-6b’, OCH,CH,N), 3.45 (dd, 1H, *J, 3 10.1, H-2"), 3.39 (ddd, 1H, 3J,5 9.7, H-5), 3.15-3.30
(m, 5H, H-2, OCH,CH,N, alkyl-a-CH,), 1.61-1.71 (m, 2H, alkyl-B-CH,), 1.27-1.48 (m, 24H, alkyl-CH,), 0.90
(t, 3H, alkyl-CHj).

C3oHs701;N (623.3881)

Anal. Calcd C, 57.77; H, 9.21; N, 2.25. Found C, 57.80; H, 9.25; N, 2.23

(N-cis-9-Octadecenoyl 2-Amino-ethyl) 4-O-(a-D-glucopyranosyl)-p-glucopyranoside (27)

3.09 (3.2mmol) 18 were reacted as described for compound 22. The product was purified by column
chromatography (chloroform - methanol 9:1).

Yield: 2.0 g (94 %).

[a]) =+27 (c = 0.3, MeOH).

'H-NMR (500 MHz, d,-Methanol): & = 5.27-5.38 (m, 2H, H-olefin.), 5.14 (d, 1H, J;- » 3.6, H-17), 4.31 (d, 1H,
331, 8.1, H-1), 3.88 (dd, 1H, *Js5.6, 2.1, *Jgap 12.2, H-64), 3.79-3.87 (m, 3H, H-4’, H-6b, H-6a’), 3.65-3.73 (m, 2H,
H-5°, H-6b’), 3.61 (m, 2H, H-3, H-3’), 3.56-3.59 (m, 2H, H-4, OCH,CH,N), 3.43-3.50 (m, H, H-2’,
OCH,CH;N), 3.38 (ddd, 1H, %J,5 9.3, *J5¢, 5.6, H-5), 3.25-3.32 (m, 3H, H-2, OCH,CH,N), 3.16-3.21 (m, 2H,
alkyl-a-CH,), 1.92-2.05 (m, 4H, allyl-CH,), 1.48-1.57 (m, 2H, alkyl-B-CH), 1.16-1.41 (m, 20H, alkyl-CH,),
0.88 (t, 3H, alkyl-CHy5).

CsyH59015N (649.4037)

HIRES-FAB-MS: Calc: m/z = 673.3935 [M+Na]* Found: m/z = 673.3938

(N-Tetradecanoyl 2-Amino-ethyl) 6-O-(a-D-galactopyranosyl)-B-glucopyranoside (28)

3.4 g (3.8 mmol) 19 were reacted as described for compound 22. The product was recrystallised from methanol.
Yield: 1.8 g (81 %).

[y =+41 (c = 1.0, MeOH).

'H-NMR (400 MHz, d,-MeOH): d = 4.90 (d, 1H, *J;-,- 3.6, H-17), 4.32 (d, 1H, 3J;, 8.1, H-1), 4.02 (dd, 1H, %Js¢,
4.1, Jgep 11.2, H-6a), 3.91-3.96 (m, 2H, H-4", H-5"), 3.70-3.81 (m, 6H, H-2", H-3", H-6a", H-6b", H-6b,
OCH,CH;N), 3.52-3.67 (m, 3H, OCH,CH,N), 3.51 (ddd, 1H, %J,5 9.2, *Js¢, 2.0, H-5), 3.44 (dd,1H, *J5, 9.2, H-
4),3.39 (dd, 1H, %J,3 9.2, H-3), 3.22 (dd, 1H, H-2), 2.20 (m,, 2H, alkyl-a-CH,), 1.61-1.71 (m, 2H, alkyl-B-CH,),
1.28-1.46 (m, 24H, alkyl-CH,), 0.94 (t, 3H, alkyl-CH3).
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CasHs;01.N (595.3568)
Anal. Calcd C, 56.45; H, 8.97; N, 2.35. Found C, 56.28; H, 8.90; N, 2.24

(N-Hexadecanoyl 2-Amino-ethyl) 6-O-(a.-D-galactopyranosyl)-p-glucopyranoside (29)

3.4 g (3.7 mmol) 20 were reacted as described for compound 22. The product was recrystallised from methanol.
Yield: 2.0 g (85 %).

[y =+43 (c = 1.1, MeOH).

'H-NMR (400 MHz, d,-MeOH): d = 4.90 (d, 1H, *J;-,- 3.5, H-17), 4.31 (d, 1H, 3J;, 8.1, H-1), 4.03 (dd, 1H, %Js¢,
4.0, 2Jgap 11.2, H-6a), 3.90-3.96 (m, 2H, H-4", H-5"), 3.71-3.81 (m, 6H, H-2", H-3", H-6a", H-6b", H-6b,
OCH,CH;N), 3.51-3.65 (m, 3H, OCH,CH,N), 3.49 (ddd, 1H, %J,5 9.2, *Js¢, 2.0, H-5), 3.44 (dd,1H, *J5, 9.2, H-
4),3.38 (dd, 1H, %J,3 9.2, H-3), 3.22 (dd, 1H, H-2), 2.19 (m,, 2H, alkyl-a-CH,), 1.61-1.70 (m, 2H, alkyl-B-CH,),
1.28-1.48 (m, 28H, alkyl-CH,), 0.94 (t, 3H, alkyl-CHy).

C3oHs7015N (623.3881)

Anal. Calcd C, 57.77; H, 9.21; N, 2.25. Found C, 57.72; H, 9.19; N, 2.23

(N-cis-9-Octadecenoyl 2-Amino-ethyl) 6-O-(a-D-galactopyranosyl)-p-glucopyranoside (30)

3.19g (3.3mmol) 21 were reacted as described for compound 22. The product was purified by column
chromatography (chloroform - methanol 9:1).

Yield: 2.0 g (93 %).

[a]5 =+40 (c = 0.5, MeOH).

'H-NMR (400 MHz, d,-MeOH): d = 5.26-5.35 (m, 2H, H-olefin.), 4.91 (d, 1H, %J;- - 3.5, H-1), 4.32 (d, 1H, *J;,
8.1, H-1), 4.03 (dd, 1H, %J56, 4.0, Jgaep 11.2, H-6a), 3.91-3.98 (m, 2H, H-4", H-5), 3.70-3.81 (m, 6H, H-2", H-
3", H-6a", H-6b", H-6b, OCH,CH;N), 3.52-3.67 (m, 3H, OCH,CH;N), 3.51 (ddd, 1H, 3J,5 9.2, *J5 ¢, 2.0, H-5),
3.45 (dd,1H, %J54 9.2, H-4), 3.38 (dd, 1H, %J,5 9.2, H-3), 3.22 (dd, 1H, H-2), 2.15-2.20 (m, 2H, alkyl-a-CH,),
1.93-2.04 (m, 4H, allyl-CH,), 1.63-1.72 (m, 2H, alkyl-B-CH,), 1.30-1.48 (m, 28H, alkyl-CHy), 0.94 (t, 3H, alkyI-
CHb).

CaoHssO1,N (649.4037)

HIRES-FAB-MS: Calc: m/z = 672.3935 [M+Na]* Found: m/z = 672.3941
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11. General conclusions

In the preceding chapters results regarding the synthesis and different physicochemical and
biophysical properties of amphiphiles were presented in detailed form. In this chapter
conclusions regarding different aspects of amphiphilic compounds are given. Furthermore a
few new aspects of amphiphiles are introduced.

11.1 Synthesis of amphiphilic compounds

A systematic evaluation of the amphiphilic structure and its biophysical properties requires
different chemical target structures that have to be accessed easily in a few steps and in
considerably good yields. The carbohydrate structure, provides a good source of different
structures. In particular the three common sugars: Lactose, Maltose and Melibiose are basic
structures when used for the synthesis of different amphiphilic structures. Furthermore lactose
and Maltose are produced on a large industrial scale, e.g. commercial lactose is a byproduct of
cheese manufacturing, which makes them low cost materials. Additionally the general
structure concept introduced in Chapter One was easily realised by using these three sugars.
The lactose headgroup has a rod-like molecular shape (Galactose is linked p1—4 on
Glucose), the Maltose headgroup is slightly wedge-shaped (Glucose is linked al—4 on
Glucose) and the Melibiose headgroup has a tilted structure (Galactose is linked al—6 on
Glucose).

These carbohydrate building blocks were easily converted into several amphiphiles as shown
in figure 11.1, where the most common ones are the alkyl glycosides (1). A slight increase of
the polar headgroup can be achieved by introducing a polar spacer between the carbohydrate
headgroup and the lipophilic tail. In structures of type (I1) the lipophilic chain is connected to
the amino group of the ethanolamine spacer. In structures of type (I11) the spacer is ethylene
glycol. This structure is similar to that of common industrial surfactants like sodium laureth-I
/ 11 (or sodium lauryl ether sulfate) where instead of carbohydrate a sulfate headgroup can be
found. Common analogues to natural lipids are the glyco glycero lipids of type (IV), (V) and
(VI). Lipids of type (IV) and (V1) have similar structures in which alkyl chains are linked to
the glycerol moiety via an ether group (IV) or an ester group (V1). The main difference is the
position of the linkage of the chains, which is a 1,3-position of the glycerol for (IV) and a 1,2-
position of the glycerol for (VI). Type (V) is also a glyco glycero structure but of an inverted
type. Whereas in (IVV) and (VI) two chains are connected to one sugar headgroup, the Y-
shaped structure of (V) has only one chain, but two sugar residues. Furthermore the polarity is
increased by replacing the ether / ester group by an amide group. Finally structures of type
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(VI1) have been synthesised, which can be seen as analogues of normal alkyl glycosides (1),
where the O-glycosidic bond is replaced by an amide group.

OR?2
o o}

RO

OR2 HO O\/\ )’k

N Chain
OH H

RO
HO

(0] O Chain HO
1 =
) oHO O. o i HO ° i
\/\/ Chain o OH )]\
OH o N Chain
VI Ie} HO H
HO (¢}
OH
Vv

FIGURE 11.1: General types of amphiphilic structures synthesised in this thesis (R!, R%:
position of possible sugar residues in the hydrophilic part, where R can be hydrogen, Glucose,
Galactose or Maltose in a- or B-configuration; Chain: alkyl/acyl chain of the lipophilic part).
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11.1.1 Alkyl glycosides

The synthesis of alkyl glycosides has been the subject of many publications. Most of the alkyl
glycosides used in this thesis have been synthesised before (See for example Minden et al.,
2000). In principal the synthetic route starts from the protected sugar followed by replacement
of the protective group on C-1 and the deprotection step (see for example Chapter 4 and 6).
The desired product, with a- or pB-configuration at the anomeric centre, depends on the
reaction conditions and the protecting groups (Banoub and Bundle, 1979, Bocker and Thiem,

1989).
(0]
OCygH3s
OH
Maltri-C18:1 Gen-C18
O
™ (CHyg CeH17
OH OH oH
(e} OH
HO H Q
OH H OH
OH
HO O H (@)
~N . ~N .
oH Chain OH Chain
Mel-C12 (Chain: Cy,Hos) Mal-C12  (Chain: CypHas)
Mel-C14 (Chain: Cy4Hg) Mal-C14 (Chain: Cy4H5g)
Mel-C16 (Chain: CygHss) Mal-C16 (Chain: C1gHg3)
Mel-C18 (Chain: CygHs7) Mal-C18 (Chain: CygH37)
Mel-C18:1 (Chain: (CHz)gt/ CgH17) Mal-C18:1 (Chain: (CHz)st/ CgHi7)
OH _OH OH _OH
OH ;
Chain
0 HO o~ Q
HO 0 3 HO
OH HO OH
) O
Lac-C12 (Chain: Cy5Hys) HO
Lac-C14 (Chain: C14H29) HO
Lac-C16 (Chain: C16H33) OH
Lac-C18 (Chain: CygH37) Mel-a-C12 (Chain: Cq,H5s5) OChain
Lac-C18:1 (Chain: (CHaes __ _ CeHir) Mel-a-C18 (Chain: CygHs7)

FIGURE 11.2: Alkyl glycosides synthesised and investigated in this thesis.
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Upon the preparation of the desired compounds, it was found that the purification can be
simplified. Normally the peracetylated B-product is purified by column chromatography
directly after the glycosylation step. In this case the product was subjected to the deprotection
procedure first, and afterwards purified by a simple recrystallisation from methanol, ethanol
or propanol. Thus it was possible to synthesise the compounds on a larger scale (10-20 g) than
described (1-2 g) by Minden et al. (2000). In addition to known compounds new alkyl
glycosides have been synthesised, which are the lipids with an oleyl chain, Mel-B-C18:1,
Maltri-p-C18:1 (figure 11.2) and with methyl branched chains, Mel-B-Phy, Mel-B-TMD
(figure 11.3).

The general synthetic scheme and reaction conditions are described in Chapter 4 and 6.

OH OH
O
HO
OH
OH _OH
. HO °
HO HO O\/\/\/\/\/
OH
OH Mel-B-TMD
HO Q
HO (@]
Mel-B-Phy

FIGURE 11.3: Alkyl glycosides bearing methyl branched alkyl chains, synthesised and
investigated in this thesis.

11.1.2 N-Acyl glycosylamines

A convenient pathway for the preparation of bolaamphipiles based on N-acyl glycosylamines
has been described by Masuda et al. (1998). This synthetic route was successfully applied to
the synthesis of an N-oleoyl maltosyl- and melibiosylamine. As shown in scheme 11.1 the
synthesis requires five steps starting from peracetylated disaccaride. After conversion into
glycosyl bromide the bromine was substituted by azide, which gave the glycosylazide in
quantitative yield. The reduction step had to be modified due to the bad solubility of
glycosylazides in pure methanol. The compounds were therefore dissolved in a 1:1 mixture of
methanol and tetrahydrofurane. As the catalyst described in the literature (platine on charcoal)

180



Chapter 11

did not work properly in the solvent mixture, palladium on charcoal was used instead. This
gave glycosylamines in quantitative yields. The glycosylamine was reacted with oleoyl
chloride in dry dimethylformamide with pyridine as base. At the final stage the protecting
groups were removed after chromatograpic purification.

A direct condensation of an unprotected glycosylamine with carbonic acid chloride as
described by Kallin et al. (1989) and Lubineau et al. (1995) for monosaccharides and
maltosides with short carbonic acid chains (2-12), was not successful due to the poor
solubility of the glycosylamines and carbonic acid chloride in the appropriate solvents.

//TS;SS::;;;EXMM //TS;EE::;;:EX// Chwn
HBr/HAc 33%, CH,CI,,
0°C 1h, r.t. 12h NaOMe, MeOH,

r.t., 2h

OR2
r1o Q

AcO N Chain
OAc \ﬂ/
NaNs, DMF\ o
r.t., 24h
R Ho PlC ok /" Roc e, o
MeOH/THF, RO, 0°C,
AcO Na AcO NH,

OAc OAc

ScHEME 11.1: Synthetic route for the preparation of N-acyl glycosylamines with Maltose and
Melibiose headgroups (Maltose: R'=a-D-Glucose, R*=H; Melibiose: R'=H, R*=a-D-
Galactose; Chain: Cy7Hs3) .

Figure 11.4 shows the lipids that were synthesised using this synthetic route. The synthesis of

these compounds has not previously been reported. A detailed description of the synthesis can
be found in Appendix A.
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OH
HO Q
HO OH
OH
OH _OH Q
HO. N CH CgH
o) N (CHa7 . _CeHur
OH
HO Mal-A-C18:1 @
OH AAE:
HO Q
HO N CH CgH
N (CHaa _ CeHy
OH
Mel-A-C18:1 o

FIGURE 11.4: N-acyl glycosylamines synthesised and investigated in this thesis.

11.1.3 N-Acyl 2-aminoethyl glycosides

The synthetic route described in Chapter 10 has been found to be the most efficient way for
the preparation of N-acyl 2-aminoethyl glycosides. It starts with the preparation of the
peracetylated 2-bromoethyl glycoside followed by a nucleophilic replacement of bromine by
azide and a reduction yielding 2-aminoethyl glycosides. The esterification step with the
corresponding acid chloride and finally the deprotection lead to the target molecules. With
this convenient route it was possible to obtain the desired compounds in high overall yields
(56-65 %) and with less tedious purification steps than described in other published
procedures (Miura et al., 1996). Figure 11.5 shows the structures of the synthesised
compounds. All compounds have been synthesised for the first time, except for compound
Lac-EA-C16.

The lipid Mal-AB-C14 was obtained in good vyields (30 %) by direct glycosylation of
N-tetradecanoyl-2-ethyl-2-aminoethanol with peracetylated Maltose, as described in Chapter
9.

Other synthetic routes where also employed (Scheme 11.2). Because the direct condensation
of the N-acyl 2-ethyl-2-aminoethanol aglycon was succesful in the synthesis of Mal-AB-C14,
an attempt was also made to use the non-branced N-acyl 2-aminoethanol as aglycon.
Problems arose whilst dissolving the alcohol in the solvent for the glycosylation reaction, as it
took large amounts of solvent to partially dissolve the alcohol. In all cases the alcohol
dissolved upon the addition of the Lewis acid, boron trifluoride etherate. The yields from the
direct glycosylation were also low, even for a reaction time of more than 72 hours it was not
more than 0.1 to 2 %. As it was possible to obtain the glycoside of the ethyl branched
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aminoalcohol where the amide group is shielded by the ethyl group, the ability of the amide
group for a strong interaction and aggregation might lower the reactivity of the hydroxyl
group of the alcohol in case of non-branched N-acyl 2-aminoethanols.

Another attempt was made by using protected 2-aminoethanol. The aminoethanol was
protected using carbonylbenzyloxy chloride (Cbz) and then used in the glycosylation
procedure. The glycosides were obtained in moderate yields (21 % for lactose and 30 % for
Maltose and Melibiose). The Cbz-group should have been removed by hydrogenation, but this
was the limiting step in this synthetic pathway as complete removal was not possible.

OH
HO Q
HO OH
OH _OH OH o) o)
0 HO o\/\ J]\
OH N Chain
HO H
OH Mal-EA-C14 (Chain: CyaHy7)
o o Mal-EA-C16 (Chain: Cy5H3y)
HO Mal-EA-C18:1 (Chain: (CH2)7E/ CgHi7)
HO 9 )J\
OH Y Chain
H

Mel-EA-C14 (Chain: C13H27)
Mel-EA-C16 (Chain: Cy5H3y)
Mel-EA-C18:1 (Chain: (CHa)i __ _CeHi7)

OH _OH
OH i
N Chain
o) HO O/\/H\n/
HO o) o
OH HO
Lac-EA-C14 (Chain: Cy3Hy7)

OH Lac-EA-C16 (Chain: Cq5H3q)
Lac-EA-C18:1 (Chain: (CH2)7E/

(0]
OH
R
’ 0 P}
OH H CisHa7

Mal-AB-C14

CgHi7)

FIGURE 11.5: N-acyl 2-aminoethyl glycosides with (Mal-AB-C14) and without ethyl
branching synthesised and investigated in this thesis.
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(e}

OR2 2

HO\/\NJ]\ . OR
rRlo (@] N Chain r10 e} o
AcO OAc > JJ\
> AcO O
OAc one N7 chain
BF3' Etzo, CH2C|2, H
r.t.,, 5-72h

BF3' Etzo, CH2C|2,
r.t.,, 5h

HO
~"N

o
JJ\O/\O OR2
H
Rlo% I
AcO (6] JJ\
oA SN o
¢ H
% Hy, PdIC,

MeOH/THF,
r.t., 4-96h
OR2
Rrlo Q
AcO (@]
OAc N NH;

ScHEME 11.2: Attempts for the synthesis of N-acyl 2-aminoethyl glycosides (Lactose: R*=p-
D-Galactose, R°=H; Maltose: R'=a-D-Glucose, R>=H; Melibiose: R'=H, R?=a-D-Galactose;
Chain: Fatty acid chain).

11.1.4 2-Alkyloxyethyl glycosides

The synthesis of the ethylene glycol lipids was performed in three steps (scheme 11.3). First
the 2-alkyl-ethanol precursors were synthesized by using a modification of the standard
methods described by Wrigley et al. (1960). An excess of ethylene glycol was reacted with
sodium. Afterwards a solution of alkylbromide in tetrahydrofurane was added. The ethylene
glycol derivatives were then used as the alcohol component in the glycosylation reaction with
the peracetylated disaccharide under the catalysis of boron trifluoride etherate (Vill et al.,
1989). The yields for the glycosylation reaction were good (30-54 %). After deprotection and
recrystallisation the final products were obtained in good yields (27-53 %) in gram scale and
in highest purity. The structures of the synthesized compounds are shown in figure 11.6. The
synthesis of compound Lac-EG-C12 has also been described (Yoshida et al., 1995), however
the authors obtained the compound only in poor yields and in milligram scale. The other
lipids were synthesised for the first time in the course of this thesis. A detailed description of
the synthesis can be found in appendix A.
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OR? HO(CoH4) CrHboni1 OR?
BF5Et,0, CH,CI
1 O 3ERY, LHL D, 1 0]
RO r.t., 5h o RO
AcO OAc - AcO (0] CHons1
\/\O/ n'f2n+
OAc OAc

NaOMe, MeOH,

OR2 r.t., 2h

HO O~ CoHan1
OH O

ScHEME 11.3: Synthesis of 2-alkyloxyethyl glycosides (Lactose: R*=p-b-Galactose, R*=H:;
Maltose: R*=a-D-Glucose, R*=H; Melibiose: R'=H, R*=a--D-Galactose; n=12,14,16).

OH OH
OH
(e} (e}
HO O/\/ ™ Chain
HO (@) o)
OH
OH

OH OH
Lac-EG-C12 (Chain: CyoHas) Q
Lac-EG-C14 (Chain: C14H29) HO
Lac-EG-C16 (Chain: C16H33) OH
HO Q
HO (@) Chain
~ o7
OH OH
o Mel-EG-C12 (Chain: Clezs)
HO Mel-EG-C14 (Chain: Cy4H)
HO OH Mel-EG-C16 (Chain: C16H33)
OH o
HO (6] Chain
on \/\O/

Mal-EG-C12 (Chain: Cq,Hys5)
Mal-EG-C14 (Chain: C14H2)
Mal-EG-C16 (Chain: CygHss)

FIGURE 11.6: 2-Alkyloxyethyl glycosides synthesised and investigated in this thesis.
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11.1.5 Glyco glycero glycosides

Many novel glyco glycero lipids with different structures were synthesised during this
research (Figure 11.7), seven lipids were synthesised for the first time. The compounds were
synthesised by using four different routes, depending on the target structure (see Chapter 1
and 6). Glycosylation of peracetylated disaccharide and 1,3-dialkylglycerol under catalysis of
boron trifluoride etherate and the following deprotection step under basic conditions has
already been successful for the synthesis of the glyco glycero lipids Mal-1,3-C14, Mel-1,3-
C14 and Mal-1,3-TMD with a medium alkyl chain length. The glycosylation using a 1,3-
dialkylglycerol with oleyl chains (18 carbon atoms) required a different synthetic route, as the
route used for the synthesis of the medium chained lipids gave only very poor yields (10-
15 %). In this case the use of the trichloracetimidate procedure (Schmidt et al., 1984) with
some modifications (Schmidt and Kinzy, 1994) gave the compounds Mal-1,3-C18:1 and
Maltri-C18:1 in good overall yields (74 and 65 %). Synthesis of the glycosyl diacyl glycerol
Mal-1,2-TMD was performed by using the well known procedure of Mannock et al. (1987).
The synthesis of the Y-shaped lipid Glc-Y16 required a different synthetic route. Chz-
protected serinol was used in a glycosylation reaction with peracetylated Glucose, which was
also the limiting factor in this synthetic procedure due to the low yields (15 %). The yields did
not increase using other glycosylation methods. After cleavage of the protective group the
amine function was esterified using hexadecanoyl chloride and, finally, the acetyl groups
were removed by using standard procedures.
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FIGURE 11.7: Glyco glycero lipids synthesised and investigated in this thesis
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11.2 Liquid Crystalline Properties

The influence of the configuration of the carbohydrate headgroup on the phase transition
temperatures has been shown by Minden et al. (2000) and Vill et al. (2000). For
monosaccharide headgroups differences can be seen to arise upon the configuration of single
hydroxy groups, e.g. gluco (4-OH in equatorial position) vs. galacto (4-OH in axial position).
In the case of disaccharide headgroups this effect can be ignored, e.g. lactose (gal-B1—4-glc)
and cellobiose (glc-p1—4-glc) have similar transition temperatures. Differences arise due to
variation of the position of linkage of the second sugar residue.

11.2.1 Melting point dependence on the molecular structure

Synthetic amphiphiles are useful target compounds for biological investigations even in their
pure state, but the application of these is often difficult due to a high melting point, which
gives the relevant liquid crystalline phase region only at temperatures well above biological
temperatures. Ways to circumvent this problem include the usage of unsaturated or methyl
branched compounds.

Table 11.1 shows a summary of the thermotropic phase behaviour for selected compounds
with different structural elements. As can be seen alkyl glycosides with linear saturated alkyl
chains are in the crystalline state at room temperature (transition temperatures are given in
Appendix C). Alkyl glycosides are already in the liquid crystalline state at room temperature
if the alkyl chain contains a double bond with Z-configuration or if a methyl branched chain is
used. Interestingly, in the case of Mal-A-C18:1 the compound is in the crystalline state at
room temperature, whereas with compound Mal-EA-C18:1, where the distance between the
amide group and the carbohydrate head is increased by two carbon atoms, it is in the liquid
crystalline state at room temperature. This can be interpreted in the way of different
interaction of the amidic groups which will be stronger in the case of Mal-A-C18:1 where the
group is part of the polar head region, while in the case of Mal-EA-C18:1 the amide group is
isolated from the carbohydrate headgroup which weakens the interaction of the amide group,
as for example in a hydrogen bonding network.

In the case of the glyco glycero lipids a similar behaviour as observed for the alkyl glycosides
can be found. The linear and saturated alkyl chains of the glyco glycero lipids Mal-1,3-C14
and Mel-1,3-C14 enables a stable packing of the chains which leads to a high melting point.
The disturbed packing of the compounds with unsaturated alkyl chains (Mal-1,3-C18:1 and
Maltri-1,3-C18:1), as well as methyl branched chains (Mal-1,2-TMD and Mal-1,3-TMD),
prevents these compounds from crystallisation.
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11.2.2 Liquid crystalline phase dependence on the molecular structure

As the liquid crystalline phases can be explained in terms of a biological function, the form of
these is a crucial point in the investigation of new amphiphilic lipids, and is even more
important than the transition temperatures. It has already been shown that biological relevant
phases like cubic phases can be induced by mixing different lipids each not forming a cubic
phase (Minden et al., 2002) or pathogenic lipids, like GGPL-1 that can also induce cubic
phases in membrane lipid compositions (Milkereit et al., to be published).

Table 11.1 shows the thermotropic liquid crystalline phases of some compounds investigated
in this thesis. The phases of the remaining compounds are shown in Appendix C, as they
display only lamellar smectic A phases. Table 11.1 lists all different structural elements
obtained during this work.

The phase behaviour of the rod-like alkyl lactosides depends on the alkyl chain length. A
chain length of 12 and 14 carbon atoms only results in the formation of smectic A phases. The
elongation of the chain to 16 and 18 carbon atoms (Lac-C16 and Lac-C18) disturbs the
balance between the hydrophilic and hydrophobic moiety of the molecule and as a
consequence cubic phases are formed. Interestingly compound Lac-C18:1, bearing an
unsaturated alkyl chain, does not form a cubic phase, as the disturbing effect in the chain
packing disables its formation.

The alkyl maltosides, with their slightly tilted carbohydrate headgroup, only show a smectic
A phase for alkyl chain lengths of 12 to 18 carbon atoms and also for the unsaturated
analogue Mal-C18:1. In this case the molecular structure enables different packing
configurations of the carbohydrate headgroup, which can compensate for the influence of the
hydrophobic part. Even by increasing the hydrophilic part by amidic groups (Mal-A-C18:1)
or by using different kind of spacer (Mal-EG-C14, Mal-AB-C14, Mal-EA-C18:1), the
formation of more phases other than a Smectic A phase, is not enabled.

The tilted molecular structure of the melibiosides results in a similar structure-phase
relationship as found for the alkyl maltosides. Only the short chain compound Mel-C12 forms
a cubic phase beside the Smectic A phase. Interestingly even the voluminous branched chains
of Mel-B-TMD and Mel-B-Phy cannot disturb the balance of the different molecular parts.
The introduction of a third sugar moiety results in the formation of new phases. As expected
the trisaccharide Maltri-C18:1 forms a columnar phase, due to the increased size of the
hydrophilic headgroup. Nevertheless, in the case of the glyco glycero lipid Maltri-1,3-C18:1,
with two alkyl chains, the hydrophilic and hydrophobic parts are in balance again.

In the case of disaccharide compounds a second alkyl chain enables the formation of new
phases.

The maltosides with linear alkyl chains (Mal-1,3-C14 and Mal-1,3-C18:1) only show
columnar phases with the hydrophobic chains outside the rods, whereas the methyl branched
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analogues Mal-1,2-TMD and Mal-1,3-TMD form only Smectic A phases. The melibioside
Mel-1,3-C14 shows a Smectic A and a columnar phase which shows that the tilted
carbohydrate headgroup can partly compensate for the influence of a second alkyl chain.
Finally, the Y-shaped lipid Glc-Y16 bearing two single carbohydrate headgroups and one
fatty acid chain shows a columnar phase as expected owing to the broad hydrophilic
headgroup. At higher temperatures a cubic phase can also be found.

TABLE 11.1: Thermotropic phases of selected compounds (left side low temperature, right
side high temperature). Abbreviations: Cr, crystalline at room temperature; g, glass state at
room temperature; LC, liquid crystalline at room temperature; (cub), cubic phase formed on
cooling; cub, cubic phase; SmA, Smectic A phase; col, columnar phase.

Lac-C14 Cr SmA
Lac-C16 Cr (cub) SmA
Lac-C18 Cr (cub) SmA
Lac-C18:1 Cr SmA
Mel-C12 Cr (cub) SmA
Mel-C14 Cr SmA
Mel-B-TMD LC SmA
Mal-AB-C14 g SmA
Mal-EG-C14 Cr SmA
Mel-C18 Cr SmA
Mal-C18:1 g SmA
Mal-A-C18:1 Cr SmA
Mal-EA-C18:1 LC SmA
Mel-B-Phy g SmA
Maltri-C18:1 LC SmA col
Mal-1,3-C14 Cr col
Mal-1,3-TMD LC SmA
Mal-1,2-TMD LC SmA
Mal-1,3-C18:1 LC col
Mel-1,3-C14 Cr SmA cub
Maltri-1,3-C18:1 LC SmA
Glc-Y16 g col cub
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11.2.3 Lyotropic phase behaviour

In contrats to the influence of the molecular structure on the thermotropic phase behaviour,
the lyotropic phase behaviour is affected by small changes of the molecular structure. Table
11.2 shows the lyotropic phase behaviour of several amphiphilic compounds with Maltose
and Maltotriose carbohydrate headgroups investigated in this thesis, together with some data
taken from the relevant literature. The comparison of only one type of carbohydrate
headgroup makes the structure-property relationship more clear. The compounds are sorted by
their phase sequences, starting with the lyotropic polymorphism of inverted structures and
ending with the phases of highest water content.

The first interesting fact is that, except for the lipid Glc-Y16, all compounds form lamellar
phases. As a lamellar phase is similar to the bilayer of the biological membrane it can be
assumed that all these structures have the ability to form or to be a part of membranes. The
lipophilic part of the two glyco glycero lipids with alkyl chain length of 14 (Mal-1,3-C14)
and 18 carbon atoms (Mal-1,3-C18:1) and a number of two chains is larger than the
hydrophilic headgroup and enables the formation of inverted structures. The phase diagram is
simplified to form only lamellar L, phases for glyco glycero lipids where the hydrophilic and
hydrophobic parts are in balance. This is achieved by using long alkyl chains and a larger
sugar headgroup (Maltri-1,3-C18:1) or by a shorter alkyl chain length (Mal-1,3-TMD and
Mal-1,2-TMD). Nevertheless, the polar part of the molecule cannot extend a rod-like shape
of the molecule, as can be seen by the formation of myelin figures towards higher water
concentration (Jeffrey and Wingert 1992; Bouligand, 1998). Next, the number of alkyl chains
is reduced to one chain. As can be seen only three compounds (Mal-EA-C14, Mal-EA-C16,
Mal-A-C18:1) exclusively form a lamellar phase. Poor water solubility, even at elevated
temperatures, might be the reason why compounds Mal-EA-C14 and Mal-EA-C16 only form
lamellar phases and myelin figures towards a higher water content. The similar compound
Mal-EA-C18:1, which is soluble in water at room temperature, shows a lyotropic
polymorphism. This could also be expected for the before-mentioned compounds Mal-EA-
C14 and Mal-EA-C16.

In case of the N-acyl maltosylamine Mal-A-C18:1, which is soluble in water at room
temperature, only a lamellar phase is formed this may be be attributable to the amide group.
This is located in the polar headgroup region and can build up a strong hydrogen-bonding
network that makes the formation of other phases than the lamellar phase energetically
unfavourable. The O-glycoside analogue Mal-C18:1, in comparison, shows a bicontinous
cubic and a hexagonal phase next to the lamellar phase.
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TABLE 11.2: Lyotropic phase sequences of selected compounds. Data for compound Mal-
C12 taken from Boyd et al. (2000) and for Mal-C18 and Mal-C18:1 taken from Minden et
al. (2000). [Abbreviations: Cr, crystalline at room temperature; g, glass state at room
temperature; SmA, thermotropic smectic A phase; H,;, inverted hexagonal phase, V), inverted
bicontinous cubic phase; L,, lamellar phase, V,, bicontinous cubic phase, H;, hexagonal
phase; cub, discontinous cubic phase; *, myelin figures formed beyond the lamellar phase on
the water rich side].

Pure compound 100 % water
Mal-1,3-C14 Cr Hy Vi L

Mal-1,3-C18:1 SmA Hy Vi L

Mal-1,3-TMD SmA Lo

Mal-1,2-TMD SmA Lo

Maltri-1,3-C18:1  SmA Lo

Mal-EA-C14 Cr Lo

Mal-EA-C16 Cr Lo

Mal-A-C18:1 Cr L

Mal-C14 Cr Lo H,
Mal-EG-C14 Cr Lo H,
Mal-C16 Cr Lo H,
Mal-EG-C16 Cr Lo H,
Mal-C18 Cr Lo H,
Mal-EA-C18:1 SmA L. Vi H
Mal-C12 Cr L. Vi H
Mal-EG-C12 L. Vi H
Mal-AB-C14 L. Vi H
Mal-C18:1 L. Vi H
Maltri-C18:1 SmA Ly cub
Glc-Y16 g H, cub

The formation of hexagonal phases, with the polar headgroup curved towards the water (type
1), is found for most of the single chain amphiphiles, regardless to the chain length (12-18
carbon atoms), spacer or double bonds. The formation of a bicontinous cubic phase (V))
between the lamellar and the hexagonal phase is only found for a few compounds. As no
special structural concept can be predicted from the results, it is more likely that the formation
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of the V,-phase must depend on a certain hydrophilic lipophilic balance given by the special
structural order of the compound in solution.

At least the number of sugar residues of the single chain amphiphiles is increased. This was
done by using a trisaccharide instead of a disaccharide headgroup (Maltri-C18:1) and by
using a glyco glycero lipid with two carbohydrate headgroups on each end of the glycerol
moiety and only one fatty acid chain (Glc-Y16). The effect on the phase behaviour is very
different. The trisaccharide still forms a lamellar phase but the large headgroup cannot form a
hexagonal one. But a discontinous cubic phase was observed using polarising microscopy.
This phase, which is seldom observed, is built up by spherical micelles that are ordered in a
cubic space group due to a strong interaction of the hydrophilic headgroups (Fairhurst et al.,
1998). This discontinous cubic phase is also found for the glyco glycero lipid Glc-Y16.
Contrary to compound Maltri-C18:1, which forms a lamellar phase, Glc-Y16 forms only a
hexagonal one due to the extremely wedge shaped structure of the molecule. But both
compounds form a discontinous cubic phase on the water rich side.

11.3 Hydrophilic lipophilic balance and solubility

The concept of the hydrophilic lipophilic balance (HLB) is a tool for the selection of a
surfactant for a given application. The HLB is defined by Griffin (1949, 1954) as the balance
of the size and strength of the hydrophilic and lipophilic moieties of the surfactant molecule
and can be estimated as

M
HLB = 20—™ (11.1)
M :

t
with:  Mp,: Molecular weight of the hydrophilic group
M;: Total molecular weight of the molecule

From these numbers typical applications of surfactants can be chosen. For instance HLB
numbers in the range of 3-6 indicate an w/o emulsifier, while an o/w emulsifier should be
indicated by a HLB-number range from 8-14. For surfactants that can be used for more than
one application it is clear that the same HLB-number can belong to different applications, e.g.
HLB 8-14 for o/w-emulsifier, 9-13 for a detergent. The HLB-concept is useful for room-
temperature operations, however problems arise if temperature varies, as the properties of
many surfactants are temperature sensitive. Some general principles can be concluded from
this concept. For instance, amphiphiles classified as detergent (HLB 9-13) should be readily
soluble in water, while w/o-emulsifiers should be soluble in less- or non-polar solvents.
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Table 11.3 shows the HLB-values of several amphiphiles investigated in this thesis as well as
their solubility in water and ethanol. Solubilities where tested at room temperature by
dissolving the appropriate amount of substance in the solvent without heating the sample. It
can be seen that surfactants with a high HLB-number are soluble in water at room
temperature, despite the fact that some amphiphiles are insoluble at room temperature due to
the high Krafft-temperature, which arises from the conformation of the different carbohydrate
headgroups. Additionally the glyco glycero lipids Mal-1,3-TMD, Mal-1,2-TMD, Mal-1,3-
C18:1 and Mel-1,3-C14 with HLB numbers of 7.44 to 8.44 have been found to be good o/w-
emulsifiers (see Appendix C). In general it was found that the HLB-concept is also useful for
the selection of carbohydrate-based amphiphiles.

TABLE 11.3: HLB-values according to Griffin and solubility of amphiphiles in water and
ethanol (The solubility limit was tested up to a concentration of 1 w/v% lipid in water or
ethanol at room temperature. Solubilities were determined in concentration intervals of 0.01,
0.1 and 1 w/v% with the result indicating up to which concentration the surfactant was finally
soluble).

Compound My HLB hydrophobic solubility limit [w/v9o]
carbon atoms water ethanol
Lac-EG-C12 554.67 13.89 12 <0.01 <0.01
Mal-EG-C12 554.67 13.89 12 >1 0.1
Mel-EG-C12 554.67 13.89 12 >1 0.01
Lac-C12 510.62 13.37 12 <0.01 <0.01
Mal-C12 510.62 13.37 12 >1 0.1
Mel-C12 510.62 13.37 12 0.1 0.01
Mel-a-C12 510.62 13.37 12 >1 0.1
Maltri-C18:1 754.90 13.34 18 >1 1
Lac-EG-C14 582.73 13.23 14 0.01 0.01
Mal-EG-C14 582.73 13.23 14 0.01 0.1
Mel-EG-C14 582.73 13.23 14 0.01 0.1
Lac-EA-C14 595.73 12.90 14 <0.01 <0.01
Mal-EA-C14 595.73 12.90 14 <0.01 0.01
Mel-EA-C14 595.73 12.90 14 <0.01 0.01
Mal-C14 538.68 12.67 14 1 >1
Mel-C14 538.68 12.67 14 0.1 0.1
Mel-B-TMD 538.68 12.67 14 0.1 >1
Mal-EG-C16 610.78 12.62 16 <0.01 <0.01
Mal-EA-C16 623.78 12.32 16 <0.01 <0.01
Mel-EA-C16 623.78 12.32 16 <0.01 <0.01
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Compound My HLB hydrophobic solubility limit [w/v%o]
carbon atoms water ethanol
Mal-C16 566.73 12.04 16 <0.01 <0.01
Mal-EA-C18:1 649.82 11.83 18 1 0.1
Mel-EA-C18:1 649.82 11.83 18 <0.01 0.01
Lac-C18:1 592.77 11.52 18 <0.01 0.01
Mal-C18:1 592.77 11.52 18 >1 >1
Mel-C18:1 592.77 11.52 18 >1 >1
Lac-C18 594.78 11.47 18 <0.01 <0.01
Mal-C18 594.78 11.47 18 <0.01 >1
Mel-C18 594.78 11.47 18 <0.01 <0.01
Mal-A-C18:1 605.77 11.17 17 >1 >1
Mel-A-C18:1 605.77 11.17 17 >1 0.1
Mal-AB-C14 627.83 11.00 18 1 1
Mel-B-Phy 622.83 10.96 20 <0.01 >1
Maltri-1,3-C18:1 1079.45 9.33 36 <0.01 >1
Mal-1,3-C14 809.13 8.44 28 <0.01 >1
Mal-1,3-TMD 809.13 8.44 28 <0.01 >1
Mel-1,3-C14 809.13 8.44 28 <0.01 >1
Mal-1,2-TMD 837.10 8.15 26 <0.01 >1
Mal-1,3-C18:1 917.31 7.44 36 <0.01 >1

11.4 CMC and Surface tension

For some surfactants the critical micelle concentration was measured by using the de Noly
ring method (see table 11.4). The CMC is strongly influenced by changes of the molecular
structure. Surprisingly compounds with an unsaturated alkyl chain do not follow the trend
observed for normal ionic surfactants, where a steady decrease of the CMC with increasing
chain length can be observed (Holmberg et al., 2003). Interestingly the Maltose-based
bolaamphiphile MDM (see Chapter 3) also shows the tendency to form micelles. From the
surface tension at the CMC it can be concluded that most of the amphiphiles bearing a
Maltose headgroup are more surface active than amphiphiles with a Melibiose or trisaccharide
headgroup. Maltose-based amphiphiles occupy a similar area per headgroup at the air-water
interface. For melibiosides it can be observed that this depends on the type of alkyl chain. For
a linear chain the headgroup area is large, whereas for less flexible voluminous branched
chains, as well as unsaturated chains, this value becomes small.
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TABLE 11.4 : CMC values and surface tension () at the CMC for several surfactants.

Compound Hydrophobic CMC yemc T Headgroup
chain length [mM] [MN m?] [°C] area ap [A]
Mal-C18:1 18 0.02 38 25 47+5
Lac-EG-C14 14 0.1 36 30 --
Mal-EG-C14 14 0.1 36 30 31+8
Mel-EG-C14 14 0.08 39 30 50+9
Mal-EA-C18:1 17 0.09 36 25 47 +£5
Maltri-C18:1 18 0.04 43 25 128 + 11
Mel-B-TMD 10 0.1 36 40 23.1+4
Mel-B-Phy 16 0.03 36 40 37+15
Mel-C14 14 0.14 41 50 60 + 15
Mel-C18:1 18 0.003 45 25 30+8
MDM (Bola) 12 0.44 -- 25 --
Mal-C14 14 0.02 37 25 45+ 4
Mal-AB-C14 14 0.04 36 25 49 +4

TABLE 11.5: Critical packing parameters (CPP) calculated from the headgroup area per
molecule at the air-water interface (ap) the carbon chain volume (v¢) and the extended chain

length (lc).
Compound Hydrophobic ao [A] Ve [A7] Il [A] CPP (v¢/l.ap)
carbon atoms
Maltri-C18:1 18 128 511.6 24.27 0.16
Mel-C14 14 60 404 19.21 0.35
Mel-EG-C14 14 50 404 19.21 0.42
Mal-AB-C14 14 49 404 19.21 0.43
Mal-C18:1 18 47 511.6 24.27 0.45
Mal-EA-C18:1 17 47 484.7 23.01 0.45
Mal-C14 14 45 404 19.21 0.47
Mal-EG-C14 14 31 404 19.21 0.7
Mel-C18:1 18 30 511.6 24.27 0.7
Mel-B-Phy 20 37 565.4 21.74 0.7
Mel-B-TMD 14 23.1 404 14.15 ~1
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With knowledge of the headgroup area per molecule at the air-water interface, the critical
packing parameter (CPP) was calculated. A first estimation of the aggregate structure formed
above the CMC can then be made. Table 11.5 shows the values used for the calculation and
the resulting CPP. Spherical aggregates should only be formed by the trisaccharide Maltri-
C18:1, whereas planar bilayers should be formed only by the methyl branched Mel-B-TMD.
Between these completely different structures the formation of vesicles might be possible for
the ethyleneglycol derivative Mal-EG-C14, alkyl glycoside Mel-C18:1 and the less dense
methyl branched compound Mel-B-Phy. For all other compounds a cylindrical aggregate
structure should be possible.

As this is only a theoretical approach, these values have to be validated by determination of
the real aggregate structure in solution.

11.5 Micellar and higher aggregate structures

11.5.1 Influence of the chemical structure on the micelle shape

The determination of the aggregate structure by small-angle neutron scattering for several
amphiphilic compounds has been described in detail in the preceding chapters and in
Appendix B.

In this section interest is focused on a comparison of micellar / aggregate forms in dilute
solution with respect to the chemical structure of the investigated molecules. As previously
discussed the relationship between the liquid crystalline and other physical properties and the
molecular structure can be generalised by using the structural concept introduced in Chapter
One. Depending on the molecular structure, the hydratisation of the molecule can force it to
assemble into a different aggregate structure, or, speaking more generally, change the
molecular shape. Thus it was found that not only the liquid crystalline phases depend on the
shape of the molecule but also the micellar structure is sensitive to small changes of the
molecular structure.

Table 11.6 gives a summary of the micellar structure of amphiphiles investigated in this thesis
as well as some literature data. The data is sorted by the micellar form, starting with spherical
micelles and ending with large vesicles and bilayer structures. As previously described by He
et al. (2000) and Heerklotz et al. (2004), the micellar shape of alkyl glycosides is not
temperature-sensitive in a temperature range from 5 to 65 °C. Therefore the results shown in
table 11.6 can be compared directly.
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TABLE 11.6: Micellar structures of different glycolipids determined by SANS in this thesis
together with some literature data (A: Dupuy et al., 1997; B: Minden et al., 2000; C:
Erricsson et al., 2005).

Lipid Micellar Conc. Cross Rcs or thickness|Lengthor | T
form [wt%] | section of layer radius [°C]
[A] [A]
Mel-C14 sphere 0.05 21 50
Mel-C14 sphere 0.1 22 50
Mal-EG-C14 sphere 0.05 40 25
Mel-EG-C14 sphere 0.1 35 25
Glc-Y16 sphere 0.07 36 25
Glc-Y16 sphere 0.1 36 25
Mel-a-C18 sphere 0.063 31 50
Maltri-C18:1 sphere 0.01 35 25
Maltri-C18:1 sphere 0.05 35 25
Maltri-C18:1 sphere 0.1 35 25
MDM (Bola) sphere 1 15 25
Mal-C12 (A) ellipse 1 28 24
Lac-EG-C14 disc 0.1 12 25
Mal-C14 (B) rod 0.1 elliptical |20 200 25
Mal-C14 (C) rod 1 elliptical | 21 1700 35
Mal-AB-C14 rod 0.01 spherical |20 500 25
Mal-AB-C14 rod 0.05 elliptical |22 1100 25
Mal-AB-C14 rod 0.1 elliptical |22 1700 25
Mal-C18 rod 0.043 elliptical |27 700 50
Mel-C18:1 rod 0.01 spherical |34 373 25
Mal-EA-C18:1 |rod 0.01 spherical |24 230 25
Mal-EA-C18:1 |rod 0.05 spherical | 25 600 25
Mel-B-Phy rod 0.05 elliptical |19 290 50
Mal-C18:1 polymer 0.05 spherical |25 >1200 25
Mal-C18:1 polymer 0.1 spherical | 25 >1200 25
Gen-C18 disc 0.01 43 (layer) ~1000 25
Gen-C18 disc 0.05 43 (layer) ~1000 25
Gen-C18 disc 0.1 43 (layer) ~1000 25
Lac-C18:1 large aggregate | 0.01 ~960 50
Mel-B-TMD bilayer/ 0.1 39 (layer) ~4000 50
vesicle
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The effect of the alkyl chain length on the micellar form of alkyl B-glycosides is interesting.
Compounds with a slightly wedge-shaped or tilted structure (Maltose and Melibiose) no
longer form small micelles but larger rod-like aggregates above a certain chain length, which
is defined as “critical chain length”. For maltosides this chain length was found to be 14
carbon atoms. As can be seen from table 11.6, Mal-C12 only forms elliptical micelles with a
maximum outer diameter of 28 A, whereas two more carbon atoms in the hydrophobic chain
(Mal-C14) lead to the formation of rod-like micelles with a length scale of more than 1700 A.
In the case of the alkyl B-melibiosides the critical chain length is about 16 or 18 carbon atoms.
The tetradecyl melibioside (Mel-C14) still forms spherical micelles with an average radius of
22 A, unlike the corresponding maltoside Mal-C14. With a chain length of 18 carbon atoms
the melibioside Mel-C18:1 also forms rod-like micelles with a length of 373 A.

The type of anomeric linkage of the alkyl chain to the carbohydrate headgroup also influences
the micellar structure. As can be seen from the two melibiosides Mel-a-C18 and Mel-C18:1,
the B-anomer favours the formation of rod-like micelles (L = 373 A) whereas the a-linkage
changes the molecular shape, resulting in a very wide hydrophilic part which is best packed
into spherical micelles (R = 31 A).

Data on compounds with a rod-like shape (e.g. lactosides) are difficult to obtain due to their
very high Krafft-temperatures. Therefore measurable solutions of rod-like compounds were
obtained for the alkyl B-lactosides with an unsaturated oleyl chain (Lac-C18:1) or with an
ethyleneglycol spacer (Lac-EG-C14). This also applies to the B-gentibioside Gen-C18 with a
disaccharide headgroup consisting of two Glucose carbohydrate headgroups linked via a
B1—6 glycosidic bond. Both compounds with a long alkyl chain (Lac-C18:1 and Gen-C18)
form large aggregates only, which can be expected for compounds with a rod-like molecular
shape. The formation of large disc-like aggregates by the lipid Gen-C18, with a diameter of
around 1000 A but only a thickness of ~ 43 A, is unusual. Normally the formation of spherical
vesicles or similar aggregates would be expected.

If the headgroup is changed from a di- to a trisaccharide, the molecular shape becomes more
cone-like, as a third sugar moiety increases the interaction and repulsive forces. As a result,
Maltri-C18:1 only forms spherical micelles, whereas the corresponding maltosides form rod-
and polymerlike micelles. Also a Y-shaped structure with two carbohydrate heads and one
aliphatic chain favours the formation of spherical micelles as can be seen for Glc-Y16. If a
carbohydrate headgroup is positioned at each end of the alkyl chain, a bola-structure is
obtained (compound MDM - for the molecular structure please refer to Chapter 3). This
structure also shows the ability to form spherical micelles in a very narrow concentration
range, which transforms with increasing concentration into large aggregate structures.

The type of alkyl chain has to be discussed next. Four alkyl chain types were investigated:
linear without a double bond, linear with double bond, short chains with a high degree of
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methyl branching, and long chains with a low degree of methyl branching. The difference
between the influence of saturated and unsaturated linear chains on the micellar structure is
small. When comparing the maltosides Mal-C18 and Mal-C18:1 it is found that in both cases
rod-like micelles are formed, and only differences in the length scales are observed. On the
other hand, the effect of methyl branched chains on the micellar structure is large. A long
alkyl chain with a low degree of methylation retains some flexibility and leads to aggregates
in a similar way to linear alkyl chains. This can be concluded from the micellar structure of
the linear compound Mel-C18:1 which forms rod-like micelles and the methyl branched
compound Mel-B-Phy, with a chain length of 16 carbon atoms and 4 methyl groups in the
branching, that also forms rod-like micelles. A difference arises only in the length scales
(Mel-C18:1: L = 3737 A, Mel-B-Phy: L = 290 A). A short alkyl chain with a high degree of
methylation on the other hand looses its flexibility (see Chapter 7), and this makes the
formation of micelles difficult. Therefore compound Mel-B-TMD forms large bilayer
structures and vesicles already in dilute solution.

The use of different spacers between the hydrophilic and the hydrophobic moiety gives the
possibility of fine-tuning the micellar properties. The ethylene glycol spacer effects an
increase of the hydrophilic part. In the case of the maltoside Mal-EG-C14 this results in the
formation of spherical micelles, whereas the corresponding alkyl maltoside (Mal-C14)
already forms rod-like micelles. In the case of the melibiosides this affects the overall radius
of the micelles. The micellar radius of Mel-C14, which forms spherical micelles, was
estimated to be 17 A, whereas for spherical micelles of Mel-EG-C14, a total radius of 35 A
was calculated using a core-and-shell model. Despite the fact that the large difference is
probably a result of the different models, used for the calculation of the micelle radii, the
difference in the pair-distance size distribution remains. A second effect is the increase of
flexibility. Usually it would be expected that a compound with a rod-like molecular shape like
Lac-EG-C14, forms large structures, but in this case the formation of small disc-like micelles
has been found. These results also fit the general structural concept as the micellar shape
changes from disc-like (rod-like shape of Lac-EG-C14) to spherical with a total radius of
40 A (slightly wedge-shape of Mal-EG-C14), and to spherical with a total radius of 35 A
(tilted shape of Mel-EG-C14).

The hydrophilic part of the molecule is also increased by the use of an ethanolamine spacer.
In this case the hydrophobic chain is linked via an amidic group to the spacer. The
comparison of the lipid Mal-EA-C18:1 and the lipid analogue without spacer Mal-C18:1
shows that the influence is different to that found for the ethylene glycol spacer. Both
compounds form rod-like micelles. Micelles of Mal-C18:1 are polymer-like, but the micelles
of Mal-EA-C18:1 are shorter. More important is the fact that the micelles of Mal-C18:1 have
a persistence length of ~ 200 A, whereas micelles of Mal-EA-C18:1 show no flexibility at all.
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The third type of spacer, 2-aminobutane-1-ol, which can be discussed as an ethanolamine
spacer with an ethyl branching, increases the hydrophobic part of the molecule. For the
glycosides Mal-AB-C14 the formation of small micelles should be expected, if the
hydrophilic part is increased by the spacer. But the opposite behaviour is observed as this
compound forms long rod-like micelles. Compared to the alkyl glycoside Mal-C14 which
forms micelles with a length of 1700 A at a concentration of 1 wt%, Mal-AB-C14 shows this
length scale at a concentration of 0.1 wt%, which is similar to the concentration behaviour of
Mal-C18:1, where polymer-like micelles with L > 1200 A are formed at a concentration of
0.1 wt%.

Another general observation is the fact that the spherical micelles do not change the micellar
shape (e.g. sphere to rod) with increasing concentration. For rod-like micelles, on the other
hand, it was observed that micelles grow in one dimension (length) with increasing
concentration. The growth of micelle length can be described as

L ~ c% (11.2)
with: L : Length
C : concentration

which follows classical mean-field models for the micelle growth (Cates and Candau, 1990).

11.5.2 Micellar form and the critical packing parameter

The investigation of the aggregate structure of the amphiphiles above the CMC and
comparison with the aggregate structures predicted by the critical packing parameter derived
from the surface tension measurements is now possible. Literature values on the CPP and the
real aggregate structure of sugar-based glycolipids are seldom reported, therefore a
comparison is difficult. Some measurements of the headgroup area of decyl- and dodecyl-p-
D-maltosides have been carried out by Boyd et al. (2000), and from this data a CPP of 0.50
for decyl-p-D-maltoside and 0.48 for dodecyl-B-D-maltoside has been calculated. Even within
the limit of the standard deviation these values do not correlate with the micellar forms
described in the literature (see also Chapter 1), which suggests a spherical and slightly
elliptical shape for these two compounds.

Table 11.7 shows the micellar form determined by small-angle neutron scattering and the
CPP calculated from the adsorption at the air-water interface. As the surface tension strongly
depends on temperature this effect has also to be taken into account. Obviously nearly half the
CPP values are not in accordance with the micellar form found in aqueous solution.
Nevertheless if the deviation of the values for the headgroup area at the air-water interface is
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taken into account, the CPP for Mel-C14, Mel-C18:1 and Mel-B-Phy, predicts a spherical
structure for Mel-C14 and rod-like structures for Mel-C18:1 and Mel-B-Phy which correlates
with the micellar structure determined by SANS.

Even if the deviation is taken into account the discrepancy between the micellar form and the
CPP remains for the two lipids with an ethyleneglycol spacer Mal-EG-C14 and Mel-EG-
Ci4.

In general the CPP model is only of limited use for the prediction of the aggregate structure
for sugar-based amphiphiles with more complex carbohydrate headgroups.

TABLE 11.7: Micellar form estimated by SANS and critical packing parameter calculated
from surface tension measurements. Deviation of the CPP from the micellar form is marked

grey.

Compound Tsans [°C] Micellar form Tepp [°C] CPP
Mal-C14 35 rod 25 0.47
Mel-C14 50 sphere 50 0.35
Mel-B-TMD 50 bilayer/vesicle 40 ~1
Mal-EG-C14 25 sphere 30 0.7
Mel-EG-C14 25 sphere 30 0.42
Mal-AB-C14 25 rod 30 0.43
Mal-C18:1 25 rod/polymer 25 0.45
Mel-C18:1 25 rod 25 0.7
Mal-EA-C18:1 25 rod 25 0.45
Mel-B-Phy 50 rod 40 0.7
Maltri-C18:1 25 sphere 25 0.16

11.5.3 Formation of higher ordered lyotropic aggregates

Beside the formation of micelles, the lyotropic phase diagram also shows that lyotropic
aggregate structures with a higher degree of order are formed with decreasing water
concentration. In this work the structure of these phases was investigated for different lipids
by using SAXS and / or FTIR-spectroscopy.

The influence of the alkyl chains on the phase-behaviour of the gel-to-liquid phase transition
has been found to depend on the flexibility of the alkyl chains. Whereas linear and saturated
alkyl chains show a high flexibility, which results in several possible states of order, an
unsaturated alkyl chain is already more rigid and the reduced packing order leads to lower
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transition temperatures. Methyl branched chains show no flexibility and the phase transition
also occurs at very low temperatures.

TABLE 11.8: Lyotropic aggregate structure determined by SAXS for selected compounds (Q,
cubic structure; Hy,, inverted columnar structure; L, lamellar structure).

Compound Concentration | Temperature Structure Group
[wt%] [°C]
Mal-1,3-C18:1 10 20-60 Q Q%" (Pn3m)
10 60-70 Q
20 20-70 Q Q%" (Pn3m)
10 20 (on cooling) Hy
20 20 (on cooling) Hy
Maltri-1,3-C18:1 10 20-70 L multi
20 20-70 L mulit
Maltri-C18:1 10 20-70 L uni
20 20-70 L uni

The aggregate structure was then determined only for three lipids with unsaturated alkyl
chains (table 11.8). The reduced flexibility results in lyotropic phases over a larger
temperature range, but as the chains are more flexible than methyl branched chains, lyotropic
polymorphism can be found. The results from SAXS-analysis again show the influence of the
carbohydrate headgroup on the aggregate structure. The compounds with a trisaccharide
headgroup (Maltri-C18:1 and Maltri-1,3-C18:1) only show reflections indicative of a
lamellar structure. The difference between the two chain lipid (Maltri-1,3-C18:1) and the
single chain lipid (Maltri-C18:1) can be found in the ordering of the lamellar phases, a
multilamellar phase formed by the two chain lipid and unilamellar structures formed by the
single chain lipid. Surprisingly the disaccharide Mal-1,3-C18:1 exhibited an extremely well-
resolved cubic phase already at a higher water content and over a very broad temperature
range. This cubic structure will be of interest for the investigation of a possible biological
function.

203




Chapter 11

11.6 Foaming

11.6.1 Foaming according to Ross-Miles

The foaming behaviour of amphiphilic compounds was investigated by a fairly simple foam
test that required only a small amount of substance (see Chapter 1). The foaming behaviour
was investigated for concentrations of 0.1 w/v% of amphiphile in bidistilled water at 25 °C
and 50 °C. For details of the experimental set-up see Appendix C3. The results are shown in
table 11.9 and table 11.10. The amphiphiles are categorised by their foaming ability into
moderate, good and excellent foam forming substances. The first general observation is that
the foamability is low for surfactants with low solubility and that good foamers always form
clear solutions in water. Many of the investigated amphiphiles show a similar, and in part
superior, foaming ability and foam stability to that observed for the ionic surfactant sodium
dodecyl sulfate (SDS) sodium dodecylether sulfate (SLES) and alkylpolyglucoside (APG).
With increasing temperature most of the amphiphiles show an increase of the foam heights.
However a decrease is not observed for bad foamers, as the foam heights mainly remained
unchanged. Interestingly, the foam stability is dramatically reduced for dodecyl glycosides,
e.g Mal-C12, Mel-C12, Mel-a-C12 compared to the foam stability at 25 °C. The foaming
behaviour of the investigated amphiphilic compounds shows an interesting dependence on
their chemical structure. Of course, this cannot be assumed for compounds that do not form
clear solutions even at elevated temperature.

Short hydrophobic chains compared to the carbohydrate headgroup are necessary for
amphiphiles to show good foaming ability. An additional spacer between the carbohydrate
headgroup and the lipophilic chain also enhances the foaming ability.

Long chain amphiphiles are poor foaming agents due to their large hydrophobic part that
reduces the interaction forces in the surface of the film in the plateau border of the foam.
Despite this an amide group instead of the glycosidic O-linkage results in excellent foaming
properties, even for long-chain derivatives, for example Mal-A-C18:1 and Mel-A-C18:1. As
previously discussed, the amide group located in the polar headgroup region enhances the
formation of a strong hydrogen bonding network which stabilises the film in the plateau
border of the foam film.

A change of the structure of the carbohydrate headgroup (e.g. Maltose to Melibiose) has only
a minor influence on the foaming properties for similar compounds.
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TABLE 11.9: Foaming ability (immediately after agitation) and foam stability (remaining
foam after 30 min.) at 25 °C, for selected compounds.

Compound Foam volume Foam volume Appearance of Aqueous
immediately [mL] |after 30 min.| solution solubility
[mL] [wivos]
Moderate foamers (0-20 mL)
SLES 20 18 clear
Mel-EG-C14 19 15 turbid
Mel-a-C12 16 12 turbid
Mel-C12 15 11 clear
Mal-EG-C14 14 13 turbid
Mal-EA-C18:1 12 10 clear
Mel-EA-C18:1 11 10 clear
Maltri-C18:1 8 6 clear
Mel-C18:1 7 6 clear
Mal-C18:1 7 5 clear
Lac-EA-C18:1 4 2 precipitated solid
Mal-C16 3 2 precipitated solid
Lac-C18:1 2 0,5 precipitated solid
Mal-AB-C14 1 1 clear
Mel-C14 1 0 clear
Good foamers (20-60 mL)
APG 60 50 clear
Mel-A-C18:1 53 48 clear
Mal-C14 51 47 clear
Mel-A-C12 50 50 clear
Mel-EG-C12 50 42 clear
Mal-EG-C12 48 42 clear
Mal-C12 40 35 clear
Excellent foamers (>60 mL)
Mal-A-C18:1 63 56 clear
SDS 61 36 clear
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TABLE 11.10: Foaming ability (immediately after agitation) and foam stability (remaining
foam after 30 min.) at 50 °C, for selected compounds.

Compound Foam volume Foam volume Appearance of
immediately [mL] after 30 min. [mL] solution
Moderate foamers (0-20 mL)
Mel-C14 18 14 clear
Mal-EA-C18:1 14 12 clear
Mel-A-C16 14 12 turbid
Mel-EA-C18:1 12 10 clear
Mel-C18:1 11 10 clear
Mal-A-C16 11 10 turbid
Maltri-C18:1 10 7 clear
Lac-EG-C14 8 8 clear
Lac-EA-C18:1 8 6 turbid
Lac-C18:1 7 5 clear
Mal-C18:1 4 3 clear
Mal-C16 4 2 precipitated solid
Lac-C12 4 0 turbid
Lac-C14 3 2 precipitated solid
Lac-A-C14 2 2 precipitated solid
Mal-EA-C16 2 2 precipitated solid
Mal-EG-C16 2 2 precipitated solid
Lac-A-C16 1 1 precipitated solid
Lac-C16 1 0,5 precipitated solid
Mel-C16 1 0,5 precipitated solid
Mal-AB-C14 1 0 clear
Mel-B-Phy 10 7 clear
Mel-B-TMD 8 5 clear
Good foamers (20-60 mL)
Mal-C12 55 25 clear
Mel-C12 54 10 clear
Mel-A-C18:1 50 49 clear
Mel-EG-C12 50 49 clear
Mal-EG-C12 50 48 clear
Mal-EG-C14 47 45 clear
SLES 30 25 clear
Mel-EG-C14 25 12 clear
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Compound Foam volume Foam volume Appearance of
immediately [mL] after 30 min. [mL] solution
Excellent foamers (>60 mL)
Mel-a-C12 80 35 clear
Mal-A-C18:1 68 59 clear
APG 65 55 clear
Mel-A-C12 68 35 clear
SDS 63 10 clear
Mal-C14 62 58 clear

11.6.2 Foam microscopy in the presence of hair

Having selected a foamer as a potential candidate for industrial use, it was then compared
with known compounds already in use in consumer products. The foam structure of the new
lipid Mal-EG-C12 was compared with the foam structures of a commercially available alkyl
polyglucoside (APG, Plantaren 2000UP, Cognis, Germany) and a product containing sodium
laurylether sulfate (SLES) as the main surfactant component. The composition of the APG is
shown in table 11.11. Mal-EG-C12 was chosen, because it shows good water solubility and a
good constant foaming behaviour at different temperatures. The tests were performed in the
laboratory of the Beiersdorf AG, Hamburg. For each experiment a defined hair sample was
washed with a given amount of the solution. The obtained foam was investigated by light
microscopy to get information about the foam structure and furthermore, the aging of the
foam was analysed. The pore size distribution was automatically calculated by using a
modelling program.

TABLE 11.11: Composition of the alkyl polyglucoside Plantaren 2000UP, Cognis, Germany
(Taken from the technical data sheet, Cognis, Dusseldorf, 2002).

~ 1 wt%
33-40 wt%  Octyl a-D-glucopyranoside and Octyl B-D-glucopyranoside

Hexyl a-D-glucopyranoside and Hexyl B-D-glucopyranoside

21-28 wt%  Decyl a-D-glucopyranoside and Decyl B-D-glucopyranoside
27-32 Wwt%  Dodecyl a-D-glucopyranoside and Dodecyl B-D-glucopyranoside
9-12 wt%
~ 1 wt%

Tetradecyl a-D-glucopyranoside and Tetradecyl B-D-glucopyranoside
Hexadecy! a-D-glucopyranoside and Hexadecyl 3-D-glucopyranoside
Higher polymers

+ Fatty alcohol
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The results are shown in figures 11.8 - 11.13. The SLES containing product initially formed a
foam with a rhomboedric structure, whereas APG and Mal-EG-C12 formed spherical foams.
Upon aging, the foam structure of APG and Mal-EG-C12 also changes to a rhomboedrical
structure. It can also be seen that the foam of APG is not very stable upon aging.

The quality of the foams becomes clearer if the pore size distribution of the air bubbles inside
the foam are compared. SLES shows a broad size distribution with similar parts of small and
large air bubbles directly after foam formation. Upon aging, the maximum size distribution
shifts towards larger sizes with more than 40% showing sizes larger than 100000 pumZ.
Contrary to SLES the size distribution for APG and Mal-EG-C12 shows that more than 70%
of the air bubbles have initial sizes below 30000 pm?. Upon aging the size distributions for
APG and Mal-EG-C12 are slightly different. Whereas for APG after 5 min. more than one
third of the air bubbles have sizes of more than 100000 pm?, for Mal-EG-C12 only 25 % of
the air-bubbles have sizes of more than 100000 pm?, but still more than 40% of the bubbles
are in a size range of less than 30000 pm?.

In summary, it can be concluded that Mal-EG-C12 is a better foaming amphiphile than the
standard surfactants SLES and APG. The fact that Mal-EG-C12 already forms a fine and
stable foam as a single substance makes this compound interesting for industrial applications.
The foaming properties of SLES are optimised in the detergent industry by mixing it with
cosurfactants like cocoamphoacetates or cocamidopropylbetaines. However high
concentrations of the surfactant are usually necessary. APG has better foaming properties at
low concentrations due to the fact that APG is a complex mixture of different alkyl
glucosides and higher adducts of Glucose with an inhomogeneous distribution of the alkyl
chains length. Additionally the higher price is a disadvantage compared to SLES.
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FIGURE 11.8: Left - SLES containing product foam structure (Concentration 15 wt% SLES),
after 0 min; Right - Pore size distribution.
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FIGURE 11.9: Left - SLES containing product foam structure (Concentration 15 wt% SLES),
after 10 min; Right - Pore size distribution.
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FIGURE 11.10: Left - APG foam structure (Concentration 0.1 wt%), after 0 min; Right - Pore
size distribution.
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FIGURE 11.11: Left - APG foam structure (Concentration 0.1 wt%), after 5 min; Right - Pore
size distribution.
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FIGURE 11.12: Left - Mal-EG-C12 foam structure (Concentration 0.1 wt%), after 0 min;
Right - Pore size distribution.
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FIGURE 11.13: Left - Mal-EG-C12 foam structure (Concentration 0.1 wt%), after 5 min;
Right - Pore size distribution.
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11.7 Perspectives

Based on the results of this thesis, very promising possibilities for future investigations arise.
For example:

The influence of lipids forming lyotropic cubic phases in membrane mixtures or as the
major component of vesicles containing drugs or pathogens needs to be investigated.
What and what kind is the influence of the spacer group between the polar and the non-
polar part, especially the flexibility and the ability for the formation of hydrogen bonding
networks, on a membrane.

What structural changes occur if different micelle forms are mixed with proteins, and
what use can be made of it?

The investigation of formation of micelles in the presence of different salts and various
salt concentrations.

The influence of the molecular structure on the formation of mixed micelles of lipids.
Design of an appreciated micelle.

The design of micelles of defined shape allows new applications. The chirality of the
carbohydrate headgroup can then be used for chiral interaction or chirality transfer.

The investigation of the foaming behaviour in a mixture with salts and cosurfactants.

The synthesis of amphiphiles in a technical scale and investigation of the foaming
behaviour.

The optimisation of the foaming properties by mixing different amphiphiles.

Little is known about the micellar properties of carbohydrate-based bolaamphiphiles.
Recent results show that the addition of bolaamphiphiles in micellar systems can result in
different effects, for example stabilisation and growth of micelles formed by ionic
surfactants upon the addition of small amounts of bolaamphiphile (Gerber et al., 2005).
The general concepts, derived from the phase behaviour of the investigated simple lipid
structures can be validated in future for its use on more complex and natural structures.
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Appendix A
Unpublished synthesis

Materials and Methods
A description of the materials and methods used for the synthesis is stated in the preceding chapters.

Synthesis

(2-Dodecyloxy-ethyl) 4-O-(B-D-galactopyranosyl)-B-D-glucopyranoside (Lac-EG-C12)

6.8 g (10 mmol) Lactoseperacetate and 2.4 g (11 mmol) 2-dodecyloxy-ethanol were dissolved in
100 mL of dry dichlormethane under an atmosphere of dry nitrogen. 1.99 g (1.76 mL; 14 mmol) boron
trifluoride etherate were added and the solution was stirred for 5 hours at ambient temperature until
t.l.c. revealed the reaction to be complete. The reaction was quenched with 50 mL of a saturated
solution of sodium hydrogen carbonate, the organic layer was separated and the aqueous layer was
extracted twice with dichlormethane. The combined organic phases were washed twice with water,
dried over magnesium sulphate and evaporated in vacuo. The residue was purified by column
chromatography (light petroleum b.p. 50-70 °C - ethyl acetate 1:1).

Yield: 2.51 g (30 %)

2.5 g (4.5 mmol) (2-Dodecyloxy-ethyl) 4-O-(2,3,4,6-tetra-O-acetyl-p-D-galactopyranosyl)-2,3,6-tri-O-
acetyl-B-D-glucopyranoside were dissolved in 50 mL anhydrous methanol and sodium methoxide was
added (pH 8-9). The solution was stirred at ambient temperature until t.l.c. revealed the reaction to be
complete. It was neutralised then by using Amberlyst IR 120 ion-exchange resign (protonated form),
filtrated and evaporated in vacuo. The product was purified by column chromatography (chloroform /
methanol 9:1).

Yield: 1.6 g (95 %).

(2-Dodecyloxy-ethyl) 4-O-(2,3.4,6-tetra-O-acetyl- -D-galactopyranosyl)-2,3,6-tri-O-acetyl- 5-D-
glucopyranoside:

'H-NMR (400 MHz, CDCl; + TMS): & = 5.28 (dd, 1H, *J;5 1.0, H-4’), 5.13 (dd, 1H, *J5, 9.7, H-3), 5.04 (dd,
1H, %), 5 10.1, H-2°), 4.88 (dd, 1H, %J3 4 3.5, H-3"), 4.83 (dd, 1H, %J;, 8.1, 3J,5 9.7, H-2), 4.50 (d, 1H, H-1),
4.42 (dd, 1H, *Js6, 2.0, *Jesp 12.2, H-6a), 4.41 (d, 1H, °J;-»» 8.1, H-1"), 3.98 - 4.09 (m, 3H, H-6b, H-6a’, H-6b"),
3.77 - 3.86 (m, 2H, H-5", H-aa), 3.72 (dd, 1H, *J,5 9.7, H-4), 3.59 - 3.65 (m, 1H, H-ab), 3.53 (ddd, 1H, *Js ¢
6.1, H-5), 3.46 - 3.50 (m, 2H, H-Ba, H-Bb), 3.35 (M., 2H, Alkyl-a-CH,), 2.08, 2.05, 1.99 (each s, 3H, OAc), 1.98
(s, 6H, 2x OAc), 1.97, 1.90 (each s, 3H, OACc), 1.44 - 1.50 (m, 2H, Alkyl B-CH,), 1.14 - 1.28 (m, 18H, Alkyl-
CH,), 0.81 (t, 3H, Alkyl-CHs).

BC-NMR (125 MHz, CDCl; + TMS): & = 170.89, 170.67, 170.18, 170.02, 169.78 (C=0, OAC), 100.08 (C-1’),
99.66 (C-1), 71.85 (C-3), 71.62 (C-5), 70.67 (C-2), 70.62 (C-r), 70.01 (C-3°), 69.69 (C-5°), 68.70 (C-p), 68.14
(C-2’), 68.06 (C-a-Alkyl), 65.62 (C-4°), 61.04 (C-6), 59.79 (C-6), 32.33, 30.15, 30.08, 30.05, 30.02, 29.93,
29.76, 26.51 (Alkyl-CH,), 21.29, 21.24, 21.12, 21.05, 20.99 (CH3, OAC), 14.54 (Alkyl-CHj).

CuoHesO1o (848.4042)

[ = +7 (c = 0.4, CHCIy), Lit.: [@]3 = +7.0 (c = 0.27, CHCI5) (Yoshida et al., 1995)
MALDI-TOF: m/z = 872.3 [M+Na]*
(2-Dodecyloxy-ethyl) 4-O-(S-D-galactopyranosyl)-5-D-glucopyranoside:
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'H-NMR (400 MHz, pyridine-ds): & = 5.47 (d, 1H, *J;-» 8.1, H-1’), 5.24 (d, 1H, 3J;, 8.1, H-1), 4.82 - 4.99 (m,
5H, H-6a, H-2’, H-37, H-4’, H-5°), 4.76 - 4.82 (m, 1H, H-ca), 4.59 - 4.70 (m, 3H, H-6a’, H-6b’, H-ab), 4.51 -
4,58 (m, 2H, H-5, H-6b), 4.40 (dd, 1H, 3J,5 9.5, H-4), 4.34 (dd, 1H, %J,5 9.5, *J34 9.5, H-3), 4.25 (dd, 1H, H-2),
4.02 (Mg, 2H, B-CH,), 3.80 (m,, 2H, Alkyl-a-CH,), 1.91 - 1.99 (m, 2H, Alkyl-B-CH,), 1.52 - 1.70 (m, 22H,
Alkyl-CH,), 1.24 (t, 3H, Alkyl-CHs).

Cu6Hs001, (554.3302)

[ = +3 (c = 0.5, MeOH), Lit.: [@]2) = +2.4 (c = 0.36, MeOH) (Yoshida et al., 1995)

MALDI-TOF: m/z = 577.1 [M+Na]"
Anal Calcd C, 56.30; H, 9.09. Found C, 56.35; H, 9.10

(2-Dodecyloxy-ethyl) 4-O-(a-D-glucopyranosyl)-B-D-glucopyranoside (Mal-EG-C12)
B-D-Maltoseoctaacetat was reacted as described for Lac-EG-C12.

Yield: 4.0 g (47 %).

3.8 g (4.6 mmol) (2-Dodecyloxy-ethyl) 4-O-(2,3,4,6-tetra-O-acetyl-a-D-glucopyranosyl)-2,3,6-tri-O-
acetyl-pB-D-glucopyranoside were deprotected as described for Lac-EG-C12. The product was
recrystallised from 2-propanol.

Yield: 2.4 g (96%).

(2-Dodecyloxy-ethyl) 4-0-(2,3,4,6-tetra-O-acetyl- a-D-glucopyranosyl)-2,3,6-tri-O-acetyl- f-D-glucopyranoside:
'H-NMR (400 MHz, CDCl; + TMS): & = 5.34 (d, 1H, %J;-»- 3.8, H-1°), 5.29 (dd, 1H, *J» 5 9.7, 3J34 9.7, H-3’),
5.18 (dd, 1H, %3,5 9.2, %35, 9.2, H-3), 4.98 (dd, 1H, %1, 5 9.7, H-4"), 4.79 (dd, 1H, H-2’), 4.76 (dd, 1H, 3J;, 8.1,
H-2), 456 (d, 1H, H-1), 4.41 (dd, 1H, *Js¢, 2.8, %Jeap 12.0, H-6a), 4.13 - 4.20 (m, 2H, H-6b, H-6a’), 3.60 - 3.68
(m, 2H, H-5, H-0a), 3.45 - 3.52 (m, 2H, H-Ba, H-Bb), 3.35 (M., 2H, Alkyl-a-CH,), 3.98 (dd, 1H, 3Js g 2.3,
3J6arp 12.5, H-6b), 3.93 (t, 3H, 3J,5 9.2, H-4), 3.81 - 3.91 (M, 2H, H-5’, H-ab), 2.07, 2.03, 1.98, 1.96, 1.95 (each
s, 3H, OAc), 1.93 (s, 6H, OAc), 1.48 (m,, 2H, Alkyl-B-CH,), 1.12 - 1.28 (m, 18H, Alkyl-CH,), 0.81 (t, 3H,
Alkyl-CHj).

BC-NMR (100 MHz, CDCl; + TMS): 5 = 170.98, 170.91, 170.66, 170.38, 170.09, 169.86 (C=0, OAC), 100.79
(C-1), 95.96 (C-1"), 75.86 (C-3), 73.17 (C-4), 72.52 (C-2), 72.06, 72.03 (C-5, a-CH,), 70.41 (C-2"), 70.12 (B-
CH,), 69.84 (C-3"), 69.77 (Alkyl-a-CH,), 69.53 (C-5’), 68.90 (C-4’), 63.28 (C-6), 61.92 (C-6’), 32.33, 30.14,
30.08, 30.05, 30.02, 29.93, 29.76, 26.51, 23.10 (Alkyl-CH,), 21.36, 21.27, 21.11, 21.08, 21.04, 20.99 (CHs,
OAc), 14.47 (Alkyl-CHy).

CuoHesO19 (848.9266)

[a]5 = +24 (c= 0.4, cHCLy)

MALDI-TOF: m/z = 872.8 [M+Na]*

(2-Dodecyloxy-ethyl) 4-O-(a-D-glucopyranosyl)-4-D-glucopyranoside:

'H-NMR (400 MHz, d,-Methanol): & = 5.16 (d, 1H, 3J;-» 3.6, H-1°), 4.33 (d, 1H, %J;, 8.1, H-1), 4.02 (dd, 1H,
335,62 2.0, 2gapp 12.0, H-6a), 3.90 (dd, 1H, J5 ¢, 4.6, H-6b), 3.79 - 3.78 (m, 2H, H-4’, H-62’), 3.48 - 3.76 (m, 11H,
H-3, H-4, H-3’, H-5", H-6b’, a-CH,, B-CH,), 3.45 (dd, 1H, %J,- 3 10.1, H-2"), 3.39 (ddd, 1H, %J,5 9.7, H-5), 3.24
- 3.32 (m, 3H, H-2, Alkyl-a-CH,), 1.59 (m,, 2H, Alkyl-B-CH,), 1.21 - 1.41 (m, 18H, Alkyl-CH,), 0.91 (t, 3H,
Alkyl-CH).

C26Hs0012 (554.3302)

[a]5 = +18 (c = 0.1, MeOH)

MALDI-TOF: m/z = 578.0 [M+Na]*
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Anal. Calcd C, 56.30; H, 9.09. Found C, 56.31; H, 9.11

(2-Dodecyloxy-ethyl) 6-O-(a-D-galactopyranosyl)-B-D-glucopyranoside (Mel-EG-C12)
B-D-Melibioseoctaacetat was reacted as described for Lac-EG-C12.

Yield: 3.0 g (35%).

2.9 9 (1.73 mmol) (2-Dodecyloxy-ethyl) 6-0-(2,3,4,6-tetra-O-acetyl-a-D-galactopyranosyl)-2,3,4-tri-
O-acetyl-B-D-glucopyranoside were deprotected as described for Lac-EG-C12. The product was
recrystallised from methanol.

Ausbeute: 1.8 g (94%).

(2-Dodecyloxy-ethyl) 6-O-(2,3,4,6-tetra-O-acetyl- a-D-galactopyranosyl)-2,3,4-tri-O-acetyl- 5-D-
glucopyranoside:

'H-NMR (400 MHz, CDCl; + TMS): & = 5.38 (dd, 1H, *J45 1.3, H-4"), 5.28 (dd, 1H, *J 5 10.5, %J5.4 3.5, H-
3°), 5.14 (t, 1H, 33,5 9.7, 3334 9.7, H-3), 5.10 (d, 1H, 3J;-,- 3.6, H-1"), 5.04 (dd, 1H, H-2"), 5.00 (t, 1H, 3J,5 9.7,
H-4), 4.87 (dd, 1H, H-2), 4.53 (d, 1H, %J,, 8.2 , H-1), 4.17 (ddd, 1H, H-5"), 4.04 (dd, 1H, *Js 6 5.6, *Jea 11.2,
H-6a’), 4.01 (dd, 1H, *Js ¢, 6.6, H-6b"), 3.79 - 3.85 (m, 1H, H-aa), 3.68 (dd, 1H, *Js6, 5.6, *Jeap 11.4, H-6a),
3.61 - 3.66 (M, 1H, H-ab), 3.59 (ddd, 1H, %Jsg, 2.0, H-5), 3.52 (dd, 1H, H-6b), 3.45 - 3.51 (m, 2H, H-Ba, H-pb),
3.35 (m¢, 2H, Alkyl-a-CHy,), 2.07, 2.06, 1.98, 1.97, 1.96, 1.93, 1.91 (each s, 3H, OAc), 1.43 - 1.51 (m, 2H,
Alkyl-B-CH,), 1.12 - 1.30 (m, 18H, Alkyl-CH,), 0.81 (t, 3H, Alkyl-CHj).

3C-NMR (100 MHz, CDCl; + TMS): & = 170.53, 170.30, 170.18, 169.82, 169.33, 169.28 (C=0, OAc), 100.42
(C-1), 97.43 (C-17), 73.93 (C-3), 73.62 (C-5), 72.01 (C-or) 71.99 (C-2), 70.71 (C-B) 70.02 (Alkyl-a-CH,), 69.54
(C-4), 68.55, 68.48 (C-4’, C-2°), 67.57 (C-3"), 66.42 (C-5°), 66.31 (C-6), 62.93 (C-6"), 32.33, 31.88, 29.48,
29.42, 29.38, 29.03, 25.59, 22.37 (Alkyl-CH,), 20.65, 20.55, 20.50, 20.35 (-CHj;, OAc), 14.14 (Alkyl-CHy).
CaoHeaO10 (848.9266)

[a]f = +53 (c= 0.2, CHCIy)

MALDI-TOF: m/z = 872.0 [M+Na]*

(2-Dodecyloxy-ethyl) 6-O-(a-D-galactopyranosyl)-8-bD-glucopyranoside:

'H-NMR (400 MHz, d,-Methanol): & = 4.90 (d, 1H, 3J;-»» 3.4, H-1), 4.27 (d, 1H, 3J;, 8.1, H-1), 3.87 - 3.94 (m,
2H, H-6a, H-aa), 3.80 - 3.87 (m, 2H, H-4’, H-57), 3.62 - 3.70 (m, 6H, H-2’, H-3’, H-6a’, H-6b’, H-6b, H-ab),
3.55 - 3.60 (m, 2H, B-CH,), 3.38 - 3.46 (m, 3H, H-5, Alkyl-a-CH,), 3.34 (dd, 1H, H-4), 3.30 (dd, 1H, 3J,5 9.2,
%334 9.2, H-3), 3.15 (dd, 1H, H-2), 1.47 - 1.56 (m, 2H, Alkyl-B-CH,), 1.16 - 1.35 (m, 18H, Alkyl-CH,), 0.84 (t,
3H, Alkyl-CHj).

CasHs0012 (554.3302)

[e]y) = +50 (c = 1.0, MeOH)

MALDI-TOF: m/z = 577.5 [M+Na]"

Anal. Calcd C, 56.30; H, 9.09. Found C, 56.39; H, 9.11

(2-Tetradecyloxy-ethyl) 4-O-(B-D-galactopyranosyl)-B-D-glucopyranoside (Lac-EG-C14)

6.8 g (10 mmol) B-D-Lactoseoctaacetat and 2.8 g (11 mmol) 2-Tetradecyloxy-ethanol were reacted as
described for Lac-EG-C12.

Yield: 2.9 g (34 %).
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2.8 g (3.2 mmol) (2-Tetradecyloxy-ethyl) 4-O-(2,3,4,6-tetra-O-acetyl-p-D-galactopyranosyl)-2,3,6-tri-
O-acetyl-B-D-glucopyranoside were deprotected as described for Lac-EG-C12. The product was
recrystallised from methanol.

Yield: 1.8 g (92%).

(2-Tetradecyloxy-ethyl) 4-O-(2,3.4,6-tetra-O-acetyl- 5-D-galactopyranosyl)-2,3,6-tri-O-acetyl- 5-D-
glucopyranoside:

'H-NMR (400 MHz, CDCl; + TMS): & = 5.28 (dd, 1H, *J3 4 3.5, *J, 5 1.0, H-4"), 5.12 (dd, 1H, %J34 9.5, H-3),
5.04 (dd, 1H, ®Jy-, 8.1, %), 5 10.4, H-2"), 4.88 (dd, 1H, H-3"), 4.83 (dd, 1H, *J,5 9.5, H-2), 4.49 (d, 1H, %J,, 8.1,
H-1), 4.39 - 4.44 (m, 2H, H-1’, H-6a), 3.98 - 4.08 (m, 3H, H-6b, H-6a’, H-6b"), 3.78 - 3.84 (m, 2H, H-5’, H-aa),
3.72 (dd, 1H, 33,5 9.7, H-4), 3.59 - 3.64 (M, 1H, H-ab), 3.53 (ddd, 1H, *Js¢, 2.0, 3Js6, 6.1, H-5), 3.46 - 3.50 (m,
2H, H-Ba, H-Bb), 3.34 (m,, 2H, Alkyl-a-CH,), 2.08, 2.05, 1.99 (each s, 3H, OAc), 1.97 (s, 6H, 2x OAc), 1.96,
1.89 (each s, 3H, OAc), 1.44 - 1.51 (m, 2H, Alkyl B-CH,), 1.14 - 1.28 (m, 22H, Alkyl-CH,), 0.81 (t, 3H, AlkyI-
CHy).

BC-NMR (125 MHz, CDCl; + TMS): 8 = 170.93, 170.80, 170.65, 170.12, 170.00, 169.87 (C=0, OAc), 100.08
(C-17), 99.66 (C-1), 71.85 (C-3), 71.62 (C-5), 70.67 (C-2), 70.62 (C-a), 70.01 (C-3"), 69.69 (C-5"), 68.70 (C-B),
68.14 (C-27), 68.06 (C-a-Alkyl), 65.62 (C-4’), 61.04 (C-6), 59.79 (C-6’), 30.91, 28.71, 28.67, 28.63, 28.59,
28.50, 28.34, 25.08, 21.67 (Alkyl-CHy), 21.37, 21.09, 21.01, 20.99, 20.96, 20.94 (CHj, OAc), 13.10 (Alkyl-
CHa).

Cu2HggO1o (876.4355)

[a]5 = +15 (c = 1.1, CHCly)

MALDI-TOF: m/z = 900.1 [M+Na]"

(2-Tetradecyloxy-ethyl) 4-O-(/-D-galactopyranosyl)-5-D-glucopyranoside:

'H-NMR (400 MHz, Pyridin-ds): & = 5.48 (d, 1H, J;-»» 8.1, H-1°), 5.22 (d, 1H, 3J;, 8.1, H-1), 4.80 - 4.95 (m,
5H, H-6a, H-2’, H-37, H-4", H-5°), 4.73 - 4.79 (m, 1H, H-ca), 4.59 - 4.70 (m, 3H, H-6a’, H-6b’, H-ab), 4.50 -
4.56 (m, 2H, H-5, H-6b), 4.41 (dd, 1H, %J;4 9.5, 3J,5 9.5, H-4), 4.32 (dd, 1H, 33,5 9.5, H-3), 4.26 (dd, 1H, H-2),
4.09 (Mg, 2H, B-CH,), 3.83 (m, 2H, Alkyl-a-CH,), 1.93 - 2.01 (m, 2H, Alkyl-B-CH,), 1.56 - 1.79 (m, 22H,
Alkyl-CH,), 1.26 (t, 3H, Alkyl-CH).

CaHs401, (582.3615)

[} = +2 (c = 0.2, MeOH)

MALDI-TOF: m/z = 583.4 [M+Na]*
Anal. Calcd C, 57.71; H, 9.34. Found C, 57.78; H, 9.38

(2-Tetradecyloxy-ethyl) 4-O-(a-D-glucopyranosyl)-B-D-glucopyranoside (Mal-EG-C14)
B-D-Maltoseoctaacetat was reacted as described for Lac-EG-C14.

Yield: 4.7 g (54%).

4.6 g (5.2 mmol) (2-Tetradecyloxy-ethyl) 4-O-(2,3,4,6-tetra-O-acetyl-a-D-glucopyranosyl)-2,3,6-tri-
O-acetyl-B-D-glucopyranoside were deprotected as described for Lac-EG-C12.

Yield: 3.1 g (98%).

(2-Tetradecyloxy-ethyl) 4-O-(2,3,4,6-tetra-O-acetyl-a-D-glucopyranosyl)-2,3,6-tri-O-acetyl- 5-D-

glucopyranoside:
'H-NMR (400 MHz, CDCl; + TMS): & = 5.34 (d, 1H, 3J;-,- 4.1, H-17), 5.29 (dd, 1H, *J» 5 9.7, 3J3.4- 9.7, H-3’),
5.18 (dd, 1H, *J34 9.2, H-3), 4.98 (dd, 1H, 31,5 9.7, H-4"), 4.79 (dd, 1H, H-2’), 4.76 (dd, 1H, %J,, 8.1, *J,5 9.2,
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H-2), 4.56 (d, 1H, H-1), 4.41 (dd, 1H, ®Js4, 2.8, *Jeap 12.0, H-6a), 4.13 - 4.20 (m, 2H, H-6b, H-6a’), 3.98 (dd,
1H, %60 2.3, *Joary 12.5, H-6b"), 3.93 (dd, 1H, %J,5 9.4, H-4), 3.90 (m,, 1H, H-5), 3.81 - 3.87 (m, 1H, H-aa),
3.57 - 3.67 (m, 2H, H-5, H-ab), 3.46 - 3.50 (m, 2H, H-Ba, H-Bb), 3.32 - 3.37 (m, 2H, Alkyl-a-CH,), 2.07, 2.03,
1.98, 1.95 (each s, 3H, OAc), 1.93 (s, 6H, 2x OAc), 1.43 - 1.51 (m, 2H, Alkyl-B-CH,), 1.14 - 1.28 (m, 22H,
Alkyl-CH,), 0.81 (t, 3H, Alkyl-CHs).

B3C-NMR (100 MHz, CDCl; + TMS): § = 170.94, 170.87, 170.62, 170.34, 170.05, 169.82 (C=0, OAC), 100.79
(C-1), 95.97 (C-1’), 75.86 (C-3), 73.22 (C-4), 72.59 (C-2), 72.54 (C-5), 72.02 , (a-CHy), 70.42 (C-2°), 70.09 (B-
CH,), 69.79 (C-3’), 69.51 (Alkyl-a-CH,), 68.90 (C-5’), 68.48 (C-4"), 63.29 (C-6), 61.94 (C-6"), 32.32, 30.13,
30.09, 30.07, 30.05, 30.04, 30.01, 29.92, 26.50, 23.09 (Alkyl-CH,), 21.32, 21.23, 21.07, 21.04, 21.00, 20.97
(CH3, OAC), 14.51 (Alkyl-CHj).

CuoHggO1o (876.4355)

[]5 = +30 (c = 1.1, CHCI)

MALDI-TOF: m/z = 900.9 [M+Na]"

(2-Tetradecyloxy-ethyl) 4-O-(a-D-glucopyranosyl)- 5-D-glucopyranoside:

'H-NMR (400 MHz, d,-Methanol): & = 5.17 (d, 1H, %J;-»» 3.6, H-17), 4.32 (d, 1H, 3J;, 8.1, H-1), 4.01 (dd, 1H,
%3562 2.0, H-6a), 3.90 (dd, 1H, J5 ¢ 4.6, 2Jeapp 12.0, H-6b), 3.79 - 3.86 (M, 2H, H-4’, H-6a"), 3.48 - 3.76 (m, 11H,
H-3, H-4, H-3’, H-5°, H-6b’, a-CH,, B-CH,), 3.45 (dd, 1H, %J, 3 10.1, H-2"), 3.38 (ddd, 1H, %J,5 9.7, H-5), 3.24
- 3.31 (m, 3H, H-2, Alkyl-0-CH,), 1.55 - 1.64 (m, 2H, Alkyl-B-CH,), 1.19 - 1.42 (m, 22H, Alkyl-CH,), 0.91 (t,
3H, Alkyl-CHs).

CagHs4H12 (582.3615)

[y = +30 (c = 0.8, MeOH)
MALDI-TOF: m/z = 583.0 [M+Na]"
Anal. Calcd C, 57.71; H, 9.34. Found C, 57.80; H, 9.37

(2-Tetradecyloxy-ethyl) 6-O-(a-D-galactopyranosyl)-B-D-glucopyranoside (Mel-EG-C14)
B-D-Melibioseoctaacetat was reacted as described for Lac-EG-C14.

Yield: 2.7 g (31%).

2.6 g (3mmol) (2-Tetradecyloxy-ethyl) 6-O-(2,3,4,6-tetra-O-acetyl-a-D-galactopyranosyl)-2,3,4-tri-
O-acetyl-B-D-glucopyranoside were deprotected as described for Lac-EG-C12.

Yield: 1.8 g (99%).

(2-Tetradecyloxy-ethyl) 6-O-(2,3,4,6-tetra-O-acetyl- a-D-galactopyranosyl)-2,3,4-tri-O-acetyl- 5-D-
glucopyranoside:

'H-NMR (400 MHz, CDCl; + TMS): & = 5.38 (dd, 1H, *J3 4 3.5, %1, & 1.3, H-4"), 5.27 (dd, 1H, %J, 3 11.0, H-
3%), 5.14 (dd, 1H, 35, 9.7, H-3), 5.10 (d, 1H, *J;- » 3.8, H-1"), 5.04 (dd, 1H, H-2"), 5.00 (dd, 1H, *J,5 9.8, H-4),
4.87 (dd, 1H, %3, 8.2, 33,5 9.7, H-2), 4.53 (d, 1H, H-1), 4.17 (ddd, 1H, )5 6 5.6, *J5 g 6.6, H-5), 4.06 (dd, 1H,
3J6arp 11.2, H-62°), 4.01 (dd, 1H, H-6b"), 3.82 (M., 1H, H-0a), 3.68 (dd, 1H, *J5¢, 5.0, 3Jeap 11.4, H-6a), 3.62-
3.66 (m, 1H, H-ab), 3.59 (ddd, 1H, J5¢, 2.0, H-5), 3.52 (dd, 1H, H-6b), 3.46 - 3.50 (m, 2H, H-Ba, H-ph), 3.34
(M, 2H, Alkyl-a-CH,), 2.07, 2.06, 1.98, 1.97, 1.96, 1.93, 1.92 (each s, 3H, OAc), 1.44 - 1.50 (m, 2H, Alkyl-B-
CH,), 1.15 - 1.26 (m, 22H, Alkyl-CH,), 0.81 (t, 3H, Alkyl-CHs).

3C-NMR (100 MHz, CDCl3 + TMS): 6 = 170.52, 170.31, 170.17, 169.83, 169.32, 169.27 (C=0, OAc), 100.52
(C-1), 96.43 (C-17), 72.93 (C-3), 72.62 (C-5), 71.99 (C-ar) 71.34 (C-2), 70.01 (C-B) 69.98 (Alkyl-0-CH,), 69.04
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(C-4), 68.05, 68.04 (C-4’, C-27), 67.43 (C-3’), 66.44 (C-5°), 66.41 (C-6), 61.63 (C-6"), 32.35, 31.90, 29.68,
29.62, 29.40, 29.23, 25.86, 22.66 (AlKyl-CH,), 20.76, 20.67, 20.63, 20.61 (-CH,, OAC), 14.09 (Alkyl-CH).
CazHesO10 (876.4355)

[y = +50 (c = 1.1, CHCI)

MALDI-TOF: m/z = 899.8 [M+Na]"

(2-Tetradecyloxy-ethyl) 6-O-(a-D-galactopyranosyl)-4-b-glucopyranoside:

'H-NMR (400 MHz, d,-Methanol): & = 4.90 (d, 1H, 3J;-»» 3.4, H-17), 4.32 (d, 1H, 3J;, 8.1, H-1), 3.85 - 4.03 (m,
2H, H-6a, H-aa), 3.71 - 3.83 (m, 2H, H-4’, H-5), 3.59 - 3.68 (m, 6H, H-2’, H-3’, H-6a’, H-6b’, H-6b, H-ab),
3.53 - 3.57 (m, 2H, B-CHy), 3.36 - 3.43 (m, 3H, H-5, Alkyl-a-CH,), 3.31 (dd, 1H, *J5, 9.2, H-4), 3.27 (dd, 1H,
33,5 9.2, H-3), 3.14 (dd, 1H, H-2), 1.45 - 1.54 (m, 2H, Alkyl-B-CH,), 1.11 - 1.30 (m, 22H, Alkyl-CH,), 0.84 (t,
3H, Alkyl-CHs).

Cy8H5401; (582.3615)

[a]f = +49 (c = 0.9, MeOH)

MALDI-TOF: m/z = 583.0 [M+Na]*

Anal. Calcd C, 57.71; H, 9.34. Found C, 57.75; H, 9.36

(2-Hexadecyloxy-ethyl) 4-O-(B-D-galactopyranosyl)-B-D-glucopyranoside (Lac-EG-C16)

6.8 g (10 mmol) B-D-Lactoseoctaacetat and 3.2 g (11 mmol) 2-Hexadecyloxy-ethanol were reacted as
described for Lac-EG-C12.

Yield: 2.6 g (29%).

2.5 g (2.8 mmol) (2-Hexadecyloxy-ethyl) 4-O-(2,3,4,6-tetra-O-acetyl-p-D-galactopyranosyl)-2,3,6-tri-
O-acetyl-B-D-glucopyranoside were deprotected as described for Lac-EG-C12. The product was
recrystallised from methanol.

Yield: 1.6 g (92%).

(2-Hexadecyloxy-ethyl) 4-O-(2,3,4,6-tetra-O-acetyl- #-D-galactopyranosyl)-2,3,6-tri-O-acetyl- 5-D-
glucopyranoside:

'H-NMR (400 MHz, CDCl; + TMS): & = 5.29 (dd, 1H, )3 4 3.5, *J,.5 1.0, H-4’), 5.12 (dd, 1H, %J,5 9.7, *J5,
9.7, H-3), 5.04 (dd, 1H, 3J;-» 8.1, 3J» 5 10.7, H-2), 4.88 (dd, 1H, H-3’), 4.83 (dd, 1H, 3J;, 8.1, H-2), 4.49 (d,
1H, H-1), 4.38 - 4.45 (m, 2H, H-1’, H-6a), 3.99 - 4.10 (m, 3H, H-6b, H-6a’, H-6b’), 3.78 - 3.84 (m, 2H, H-5’, H-
aa), 3.72 (dd, 1H, %J,5 9.7, H-4), 3.58 - 3.62 (M, 1H, H-ab), 3.53 (ddd, 1H, *J56, 2.0, *Js¢, 6.1, H-5), 3.45 - 3.51
(m, 2H, H-Ba, H-Bb), 3.32 - 3.38 (M, 2H, Alkyl-a-CH,), 2.08, 2.05, 1.99 (each s, 3H, OAc), 1.98 (s, 6H, 2x
OAC), 1.96, 1.90 (each s, 3H, OAc), 1.45 - 1.52 (m, 2H, Alkyl B-CH,), 1.12 - 1.30 (m, 26H, Alkyl-CH,), 0.88 (t,
3H, Alkyl-CHj).

BC-NMR (100 MHz, CDCl; + TMS): 6 = 170.92, 170.79, 170.64, 170.13, 170.02, 169.88 (C=0, OAc), 100.08
(C-17), 99.69 (C-1), 71.88 (C-3), 71.63 (C-5), 70.67 (C-2), 70.62 (C-a), 70.01 (C-3’), 69.71 (C-5), 68.72 (C-p),
68.16 (C-27), 68.07 (C-a-Alkyl), 65.62 (C-4’), 61.05 (C-6), 59.80 (C-6’), 30.93, 28.72, 28.68, 28.60, 28.59,
28.50, 28.34, 28.01, 25.08, 21.67 (Alkyl-CH,), 21.39, 21.10, 21.05, 20.99, 20.95, 20.94 (CHj, OAc), 14.10
(Alkyl-CHy).

CuaH72019 (904.4668)

[a]f = +13 (c= 0.6, CHCI,)

MALDI-TOF: m/z = 927.1 [M+Na]"

(2-Hexadecyloxy-ethyl) 4-O-(#-D-galactopyranosyl)- #-D-glucopyranoside:
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'H-NMR (400 MHz, Pyridin-ds): & = 5.47 (d, 1H, J;»- 8.1, H-1"), 5.22 (d, 1H, 3J;, 8.1, H-1), 4.75 - 4.98 (m,
6H, H-6a, H-2’, H-3’, H-4’, H-5’, H-0a), 4.59 - 4.71 (m, 3H, H-6a’, H-6b’, H-ab), 4.49 - 4.55 (m, 2H, H-5, H-
6b), 4.40 (dd, 1H, %334 9.6, )45 9.6, H-4), 4.33 (dd, 1H, %J,5 9.6, H-3), 4.25 (dd, 1H, H-2), 4.01 - 4.10 (m, 2H, p-
CH,), 3.80 - 3.89 (m, 2H, Alkyl-a-CH,), 1.92 - 2.02 (m, 2H, Alkyl-B-CH,), 1.50 - 1.81 (m, 26H, Alkyl-CH,),
1.25 (t, 3H, Alkyl-CHj).

CaoHs501, (610.3928)

[ = +5(c = 1.1, MeOH)

MALDI-TOF: m/z = 633.8 [M+Na]"
Anal. Calcd C, 58.99; H, 9.57. Found C, 58.79; H, 9.52

(2-Hexadecyloxy-ethyl) 4-O-(a-D-glucopyranosyl)-p-D-glucopyranoside (Mal-EG-C16)
B-D-Maltoseoctaacetat was reacted as described for Lac-EG-C16.

Yield: 4.7 g (52%).

4.6 g (5 mmol) (2-Hexadecyloxy-ethyl) 4-0-(2,3,4,6-tetra-O-acetyl-a-D-glucopyranosyl)-2,3,6-tri-O-
acetyl-pB-D-glucopyranoside were deprotected as described for Lac-EG-C12. The product was
recrystallised from methanol.

Yield: 3.1 g (95%).

(2-Hexadecyloxy-ethyl) 4-0O-(2,3,4,6-tetra-O-acetyl-a-D-glucopyranosyl)-2,3,6-tri-O-acetyl- 5-D-
glucopyranoside:

'H-NMR (500 MHz, CDCl; + TMS): § = 5.40 (d, 1H, 3J;- 5 4.1, H-1"), 5.33 (dd, 1H, %J, 5 10.7, *J3. 4 9.8, H-3"),
5.22 (dd, 1H, 3J,5 9.1, 3J5, 9.1, H-3), 5.03 (dd, 1H, *J, 5 9.8, H-4"), 4.83 (dd, 1H, H.2’), 4.80 (dd, 1H, J,, 8.1,
H-2), 459 (d, 1H, H-1), 4.45 (dd, 1H, *J56, 2.7, 2Jeap 12.0, H-6a), 4.23 (dd, 1H, 3J5 g2 4.1, Jeap 12.3, H-63"),
4.20 (dd, 1H, %Js 6, 4.4, H-6b), 4.01 (dd, 1H, ®Js. g 2.2, H-6b"), 3.97 (dd, 1H, 3J,5 9.1, H-4), 3.93 (m,, 1H, H-5"),
3.88 (ddd, 1H, *Jyapa 4.6, *Jeapp 4.6, Joap 11.0, H-aa), 3.63 - 3.70 (m, 2H, H-ab, H-Ba), 3.49 - 3.56 (m, 2H, H-5,
H-Bb), 3.39 (t, 2H, Alkyl-a-CH,), 2.11, 2.07, 2.01, 1.99, 1.98 (each s, 3H, OAc), 1.97 (s, 6H, OAc), 1.47 - 1.55
(m, 2H, Alkyl-B-CH,), 1.17 - 1.32 (m, 26H, Alkyl-CH,), 0.85 (t, 3H, Alkyl-CHs).

3C-.NMR (100 MHz, CDCl3 + TMS): 56 = 170.74, 170.67, 170.42, 170.14, 169.85, 169.62 (C=0, OAC), 100.59
(C-1), 95.77 (C-17), 75.66 (C-3), 73.02 (C-4), 72.39 (C-2), 72.34 (C-5), 71.82, (a-CH,), 70.22 (C-2), 69.89 (B-
CH,), 69.59 (C-3), 69.30 (Alkyl-a-CH,), 68.71 (C-5°), 68.28 (C-4"), 63.09 (C-6), 61.74 (C-67), 32.22, 30.13,
30.09, 30.07, 30.05, 30.04, 30.01, 29.92, 29.75, 26.50, 23.09 (Alkyl-CH,), 21.12, 21.03, 20.87, 20.84, 20.80,
20.77 (CH3, OAC), 14.31 (Alkyl-CHj).

CasH7,010 (904.4668)

[]f = +30 (c = 1.1, CHCIy)

MALDI-TOF: m/z = 927.8 [M+Na]*

(2-Hexadecyloxy-ethyl) 4-O-(a-D-glucopyranosyl)- 5-D-glucopyranoside:

'H-NMR (400 MHz, d,-Methanol): & = 5.21 (d, 1H, %J;-»- 3.6, H-1"), 4.36 (d, 1H, %J;, 8.1, H-1), 4.08 (dd, 1H,
%562 2.0, 2Jgap 12.0, H-6a), 3.91 (dd, 1H, *Js ¢, 4.6, H-6b), 3.80 - 3.87 (m, 2H, H-4’, H-6a’), 3.50 - 3.78 (m, 11H,
H-3, H-4, H-3’, H-5’, H-6b’, a-CH,, B-CH,), 3.48 (dd, 1H, 3J, 3 10.0, H-27), 3.40 (ddd, 1H, %J,5 9.7, H-5), 3.26
- 3.33 (m, 3H, H-2, Alkyl-a-CH,), 1.60 (m,, 2H, Alkyl-B-CH,), 1.19 - 1.46 (m, 26H, Alkyl-CH,), 0.90 (t, 3H,
Alkyl-CHj).

CaoHs01, (610.3928)

[} = +32 (c = 1.0, MeOH)
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MALDI-TOF: m/z = 634.0 [M+Na]"
Anal. Calcd C, 58.99; H, 9.57. Found C, 58.85; H, 9.58

(2-Hexadecyloxy-ethyl) 6-O-(a-D-galactopyranosyl)-B-D-glucopyranoside (Mel-EG-C16)
[-D-Melibioseoctaacetat was reacted as described for Lac-EG-C16.

Yield: 2.7 g (30%).

2.6 g (2.9 mmol) (2-Hexadecyloxy-ethyl) 6-O-(2,3,4,6-tetra-O-acetyl-o-D-galactopyranosyl)-2,3,4-tri-
O-acetyl-B-D-glucopyranoside were deprotected as described for Lac-EG-C12. The product was
recrystallised from methanol.

Yield: 1.7 g (94%).

(2-Hexadecyloxy-ethyl) 6-0-(2,3.4,6-tetra-O-acetyl- a-D-galactopyranosyl)-2,3,4-tri-O-acetyl- #-D-
glucopyranoside:

'H-NMR (400 MHz, CDCl; + TMS): & = 5.38 (dd, 1H, %J3 4 3.5, *J;5 1.3, H-4"), 5.26 (dd, 1H, *J, 5 10.5, H-
3%), 5.15 (dd, 1H, 3J,5 9.7, 3J5, 9.7, H-3), 5.09 (d, 1H, *J;-»» 3.5, H-1°), 5.04 (dd, 1H, H-2"), 4.99 (dd, 1H, 3J,5
9.7, H-4), 4.88 (dd, 1H, %J;, 8.1, H-2), 4.55 (d, 1H, H-1), 4.18 (ddd, 1H, *J5 g» 5.7, *Js ¢ 6.6, H-5"), 4.05 (dd,
1H, 3Jezp 11.2, H-62%), 4.02 (dd, 1H, H-6b"), 3.80 - 3.85 (m, 1H, H-aa), 3.70 (dd, 1H, *Js¢, 5.0, *Jgap 11.7, H-
6a), 3.64-3.68 (M, 1H, H-ab), 3.60 (ddd, 1H, %Js¢, 2.1, H-5), 3.52 (dd, 1H, H-6b), 3.46 - 3.52 (m, 2H, H-Ba, H-
Bb), 3.38 (M, 2H, Alkyl-a-CH,), 2.07, 2.06, 1.99, 1.98, 1.96, 1.94, 1.93 (each s, 3H, OAc), 1.45 - 1.51 (m, 2H,
Alkyl-B-CH,), 1.12 - 1.30 (m, 26H, Alkyl-CH,), 0.88 (t, 3H, Alkyl-CHs).

BC-NMR (100 MHz, CDCl; + TMS): 6 = 170.51, 170.32, 170.18, 169.84, 169.33, 169.28 (C=0, OAc), 100.50
(C-1), 96.44 (C-17), 72.95 (C-3), 72.61 (C-5), 72.00 (C-o) 71.38 (C-2), 70.05 (C-B) 69.90 (Alkyl-a-CH,), 69.10
(C-4), 68.05, 68.02 (C-4’, C-2"), 67.40 (C-3"), 66.48 (C-5°), 66.40 (C-6), 61.65 (C-6"), 32.35, 31.98, 29.68,
29.60, 29.40, 29.23, 29.05, 25.88, 22.66 (Alkyl-CH,), 20.75, 20.69, 20.64, 20.62 (-CHs, OAc), 14.11 (Alkyl-
CHy).

CuaH72019 (904.4668)

[ = +51(c=0.8, CHCI,)

MALDI-TOF: m/z = 928.0 [M+Na]"

(2-Hexadecyloxy-ethyl) 6-O-(a-D-galactopyranosyl)-3-D-glucopyranoside:

'H-NMR (400 MHz, d,-Methanol): & = 4.91 (d, 1H, ®Jy» 3.5, H-1°), 4.31 (d, 1H, *J;, 8.1, H-1), 3.86 - 4.05 (m,
2H, H-6a, H-aa), 3.70 - 3.84 (m, 2H, H-4’, H-5"), 3.61 - 3.70 (m, 6H, H-2’, H-3’, H-6a’, H-6b’, H-6b, H-ab),
3.54 - 3.59 (m, 2H, B-CH,), 3.33 - 3.43 (m, 4H, H-4, H-5, Alkyl-a-CH,), 3.28 (dd, 1H, %J;, 9.7, H-3), 3.17 (dd,
1H, %353 9.7, H-2), 1.44 - 1.54 (m, 2H, Alkyl-B-CH,), 1.10 - 1.39 (m, 26H, Alkyl-CH,), 0.85 (t, 3H, Alkyl-CHy).
CaoHs5012 (610.3928)

[y = +51 (c = 1.0, MeOH)

MALDI-TOF: m/z = 633.9 [M+Na]"
Anal. Calcd C, 58.99; H, 9.57. Found C, 59.02; H, 9.58

N-(cis-9-octadecenoyl) 4-O-(a.-D-glucopyranosyl)-B-D-glucopyranosylamine (Mal-A-C18:1)

14 g (20 mmol) Acetobrommaltose were dissolved in 50 mL anhydrous N,N-dimethylformamide.
5.2 g (80 mmol) Sodium azide were added and the suspension was stirred for 24 hours in the dark at
room temperature. The solvent was removed in vacuo and the residue was taken up in 200 mL ethyl
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acetate and filtrated. The solution was washed three times with 100 mL water, dried over magnesium
sulphate and solvent was removed in vacuo. The product was used without further purification.

330 (5 mmol) 4-0-(2’,3’,4’,6’-Tetra-O-acetyl-a-D-glucopyranosyl)-2,3,6-tri-O-acety|--D-
glucopyranosyl azide were dissolved in 50 mL of a mixture of anhydrous methanol and
tetrahydrofurane (1:1 v/v) under an atmosphere of dry nitrogen. 30 mg Palladium on charcoal (10%)
were added carefully and the reaction mixture was stirred for 3 hours under an atmosphere of dry
hydrogen until t.l.c. revealed the reaction to be complete. The catalyst was removed by filtration and
the solvent was evaporated under reduced pressure. The residue was taken up in 50 mL anhydrous
N,N-dimethylformamide. 568 puL (7 mmol; 555 mg) Pyridine were added and the solution was cooled
to 0 °C. 1.6 mL (5 mmol; 1.5 g) Oleoyl chloride were added at 0 °C. The reaction mixture was stirred
overnight at room temperature and poured afterwards on 100 mL of water and extracted three times
with 50 mL of dichlormethane. The combined organic phases were washed once with 100 mL
saturated sodium bicarbonate solution and twice with water, dried over magnesium sulphate and
solvent was removed under reduced pressure. The syrup was purified by column chromatography
(light petroleum b.p. 50-70 / ethyl acetate 1:1).

Yield: 2.1 g (46%).

2.0g (2.2 mmol) N-(cis-9-octadecenoyl) 4-O-(2°,3’,4’,6’-tetra-O-acetyl-a-D-glucopyranosyl)-2,3,6-
tri-O-acetyl-B-D-glucopyranosylamine were dissolved in 50 mL anhydrous methanol and sodium
methoxide was added (pH 8-9). The solution was stirred at ambient temperature until t.l.c. revealed the
reaction to be complete. It was then neutralised by using DOWEX 50WX ion-exchange resin
(protonated form), filtrated and evaporated in vacuo. The product was purified by column
chromatography (chloroform / methanol 9:1).

Yield: 1.3 g (97 %).

N-(cis-9-octadecenoyl) 4-0-(2’,3°,4",6’-tetra-O-acetyl- a-D-glucopyranosyl)-2,3,6-tri-O-acetyl- 4-D-
glucopyranosyl-amine:

'H-NMR (500 MHz, CDCl; + TMS): & = 6.18 (d, 1H, %Ju1 9.3, NH), 5.37 (d, 1H, 3J;-,- 3.8, H-1’), 5.25-5.33
(m, 3H, H-3’, H-olefinic), 5.23 (dd, 1H, %J;, 9.3, H-1), 5.21 (dd, 1H, %J,5 9.7, *J3,4 9.7, H-3), 5.03 (dd, 1H, H-2),
5.01 (dd, 1H, %334 9.7, %)y 5 9.7, H-4"), 4.82 (dd, 1H, *J, 3 9.7, H-2"), 4.44 (dd, 1H, *Js, 2.8, “Jsp 12.0, H-62),
4.22 (dd, 1H, 35 2 4.1, ea 12.3, H-62"), 4.20 (dd, 1H, *J5 ¢, 4.4, H-6b), 4.01 (dd, 1H, *J5 g, 2.2, H-6b"), 3.97
(dd, 1H, 2,5 9.7, H-4), 3.90-3.95 (m, 2H, H-5", H-aa), 3.65 (dt, 1H, 2J,. 6.1, H-ab), 3.63 (ddd, 1H, H-5), 2.11,
2.07,2.01, 1.99, 1.98 (each s, 3H, OAc), 1.97 (s, 6H, OAc), 1.62-1.76 (m, 4H, H-allylic) 1.49 - 1.55 (m, 2H, p-
CH,), 1.11 - 1.32 (m, 22H, Alkyl-CH,), 0.85 (t, 3H, Alkyl-CHs).

¥C-NMR (100 MHz, CDCl; + TMS): § = 173.09 (C=0, amide), 170.14, 170.10, 170.08, 169.87, 169.51, 169.34
(C=0, OAc), 131.50, 131.45 (C-olefinic) 100.22 (C-1), 95.44 (C-17), 75.41 (C-3), 71.74 (C-4), 71.17, 71.99 (C-
2, C-5), 69.93 (C-27), 69.30 (C-3’), 69.25 (C-a), 68.41 (C-5°), 67.98 (C-4"), 62.85 (C-6), 61.45 (C-6"), 31.84,
29.61, 29.57, 29.53, 29.31, 29.27, 29.24 (Alkyl-CH,), 20.84, 29.75, 20.59, 20.54, 20.52, 20.49 (CHs;, OAc),
14.03 (Alkyl-CHy).

CasHggNO1g (899.4515)

[y = +18 (c=0.3, CHCIy)

N-(cis-9-octadecenoyl) 4-O-(a-D-glucopyranosyl)- S-D-glucopyranosylamine:

'H-NMR (400 MHz, d,-methanol): & = 5.34-5.47 (m, 2H, H-olefinic), 5.04 (dd, 1H, *J;, 9.7, H-1), 5.2 (d, 1H,
3y, 3.6, H-17), 3.28-3.99 (m, 12H, H-3, H-3", H-4, H-4", H-5, H-5", H-6a, H-6a", H-6b, H-6b", H-aia, H-ab),
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3.48 (dd, 1H, *Jy 5 9.7, H-2"), 3.26 (dd, 1H, 3J,5 9.3, H-2), 1.98-2.15 (m, 4H, H-allylic), 1.61-1.71 (m, 2H, B-
CHy), 1.27-1.48 (m, 20H, -CH,-), 0.95 (t, 3H, -CHy).

C3oHssNOy; (605.3775)

[a]5 = +58 (c=0.7, CsHsN)

HIRES-FAB-MS: Calc: m/z = 628.3673 [M+Na]* Found: m/z = 628.3699

N-(cis-9-octadecenoyl) 6-O-(a-D-galactopyranosyl)-p-D-glucopyranosylamine (Mel-A-C18:1)

14 g (20 mmol) Acetobrommelibiose were dissolved in 50 mL anhydrous N,N-dimethylformamide.
5.2 g (80 mmol) Sodium azide were added and the suspension was stirred for 24 hours in the dark at
room temperature. Solvent was removed in vacuo and the residue was taken up in 200 mL ethyl
acetate and was filtrated. The solution was washed three times with 100 mL water, dried over
magnesium sulphate and the solvent was removed in vacuo. The product was used without further
purification.

3.3¢g (5 mmol) 6-0-(2°,3’,4’,6’-Tetra-O-acetyl-a-D-galactopyranosyl)-2,3,4-tri-O-acetyl--D-
glucopyranosyl azide and 1.6 mL (5 mmol; 1.5 g) oleoyl chloride were reacted as described for Mal-
A-C18:1.

Yield: 1.1 g (36 %).

N-(cis-9-octadecenoyl) 6-0O-(2’,3°,4’,6’-tetra-O-acetyl- a-D-galactopyranosyl)-2,3,4-tri-O-acetyl- 5-D-gluco-
pyranosylamine:

'H-NMR (400 MHz, CDCl; + TMS): & = 6.17 (d, 1H, *Jy1 9.4, NH), 5.27 (dd, 1H, )34 3.1, 31,5 1.2, H-4"),
5.24 - 5.30 (m, 3H, H-3’, H-olefinic), 5.23 (d, 1H, J;. - 3.6, H-1"), 5.22 (dd, 1H, %J,, 9.4, H-1), 5.17 (t, 1H, *J34
9.7, H-3), 5.02 (dd, 1H, 33,5 9.7, H-2), 4.96 (dd, 1H, 3J, 3 10.9, H-2’), 4.76 (t, 1H, *J,45 9.7, H-4), 4.13 (ddd, 1H,
H-5’), 3.95 - 4.05 (m, 3H, H-6a’, H-6b’, H-0a), 3.68 (ddd, 1H, *J56, 5.1, 3J5 6, 2.5, H-5), 3.65 (dd, 1H, *Jg,, 11.2,
H-6a), 3.61 (dt, 1H, *J,ap 6.1, H-ab), 3.58 (dd, 1H, H-6b), 2.11, 2.06, 1.98, 1.97, 1.96, 1.95, 1.92 (each s, 3H,
OAc), 1.63 - 1.76 (m, 4H, H-allylic), 1.47 - 1.59 (m, 2H, B-CH,), 1.11 - 1.30 (m, 22H, Alkyl-CH,), 0.81 (t,
3H,AlKkyl-CHy).

¥C-NMR (125 MHz, CDCl; + TMS): § = 173.12 (C=0, amide), 170.52, 170.31, 170.17, 169.83, 169.32, 169.27
(C=0, OAc), 131.51, 131.45 (C-olefinic), 100.52 (C-1), 96.43 (C-1’), 72.93 (C-3), 72.62 (C-5), 71.34 (C-2),
69.98 (C-a1), 69.04 (C-4), 68.05, 68.04 (C-4, C-27), 67.43 (C-3"), 66.44 (C-5"), 66.41 (C-6), 61.63 (C-6"), 31.90,
29.68, 29.62, 29.40, 29.23, 25.86, 22.66 (Alkyl-CH,), 20.76, 20.67, 20.63, 20.61 (-CHs, OAc), 14.09 (Alkyl-
CHs).

CusHggNO15 (899.4515)

[a]5 = +30 (c=0.5, CHCI)

N-(cis-9-octadecenoyl) 6-O-(a-D-galactopyranosyl)- #-D-glucopyranosylamine:

'H-NMR (400 MHz, d,-methanol): & = 5.33-5.40 (m, 2H, H-olefinic), 5.02 (dd, 1H, %J,, 9.5, H-1), 4.89 (d, 1H,
3y 4.1, H-17), 4.01 (dd, 1H, *J56, 4.1, 2Jgap 11.2, H-6a), 3.85 - 3.95 (m, 3H, H-4’, H-5’, H-0a), 3.69 - 3.80 (m,
4H, H-2’, H-3’, H-6a’, H-6b, H-6b’, H-ab), 3.50 (ddd, 1H, 3J,5 9.2, 3J5 ¢, 2.0, H-5), 3.43 (dd, 1H, H-4), 3.38 (dd,
1H, 23,5 9.2, %33, 9.2, H-3), 3.21 (dd, 1H, H-2), 1.98-2.14 (m, 4H, H-allylic), 1.60 - 1.70 (m, 2H, B-CH2), 1.27 -
1.49 (m, 20H, Alkyl-CH2), 0.93 (t, 3H, Alkyl-CH3).

C3oHssNO4; (605.3775)

[ = +60 (c=0.8, CsH:N)
HIRES-FAB-MS: Calc: m/z = 628.3673 [M+Na]* Found: m/z = 628.3694
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Appendix B

Unpublished SANS- and surface tension results

Materials and methods

SANS-experiments, Surface tension experiments and data treatment were carried out as described in

chapters 2, 3, 4, 5, 8 and

Compounds: Lac-EG-C14, Mal-EG-C14, Mel-EG-C14

1.) Surface Tension:

9.

TABLE B1: Adsorption at the air-water interface and data calculated from the pre CMC-slope (T = 30

+4°C)
Lac-EG-C14 Mal-EG-C14 Mel-EG-C14
CMC [mM L] 0.1+£0.09 0.1+£0.08 0.08 £ 0.02
CMC [g mL™] 5.8x10” 5.8x107 4.6x10”
Yemc [MN m™] 36 36 39
[ #nin [MN M] 35 36 38
Carbon chain volume o, [A%] 404 404 404
Extended chain length I, [A] 19.21 19.21 19.21
Head group area a, [A’] -- 31+8 50+ 9
Packing parameter v/ (l.ao) -- 0.7 0.42
65
v Lac-EG-14
o e v O Mal-EG-14
60 v ® Mel-EG-14
Tl
Z o °
é v
= 50 4 o e v
é 457 - Oe vv
é 40 - * o’
5 Dv. Xy
35 Yvywy © ®
40 35 30 25 20 A5 10 05

log ¢ [mM]

FIGURE B1: Surface tension plot for Mal-EG-C14, Mel-EG-C14 and Lac-EG-C14 at T = 55 °C.
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2.) SANS

Lac-EG-C14

Data-treatment: Freeform using the IFT-routine with a thickness pair-distribution function

Results:

TABLE B2: Results of SANS data analysis by the model independent approach (IFT).

Compound Concentration [g mL™"] | T[°C] |Micellar shape |Dmax [A] |Ry[A]
Lac-EG-C14 |1x10° 25 disc-like 100 12 + 2, Ry,
.
10°
E
~ 10°
o
=
Q
% 10' A
g 10° 4

q A*

FIGURE B2: Scattering data for Lac-EG-C14 (filled squares) together with the model fit (solid line).
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Mal-EG-C14, Mel-EG-C14
Data-treatment: IFT-routine, Core-and-shell model

Results:

TABLE B3: Results of SANS data analysis by the model independent approach (IFT).

Compound Concentration [g mL™] T [°C] |Micellar shape |Dmax [A] |R,[A]
Mal-EG-C14 |1x10™ 25 spherical 90 27.6 £0.3
Mel-EG-C14 |1x10° 25 spherical 75 23.4+0.3

TABLE B4: Results of SANS data analysis by the fitting of the two-shell spherical micelle model: R; is

the radius of core, R; is the total radius of micelle and A is the ratio of the contrast between shell and

core.
Compound Concentration [g mL™] T [°C] Rc [A] R: [A] A

Mal-EG-C14 |1x10™ 25 22+1 40+1 0.22+0.01
Mel-EG-C14 |1x10? 25 22+1 35+1 0.22+0.01
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Figure B3: Pair distance distribution

functions, p(r) for Mal-EG-C14.
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Figure B5: Pair distance distribution function,
p(r) for Mel-EG-C14.
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Figure B4: Scattering data for Mal-EG-C14
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Figure B6: Scattering data for Mel-EG-C14
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(solid line).
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Compound: Mel-C14, Mel-C18:1, Lac-C18:1

1.) Surface tension

TABLE B5: Adsorption at the air-water interface and data calculated from the pre CMC-slope (T = 50
+ 8 °C for Mel-C14 and T = 25 = 1 °C for Mel-C18:1)

Mel-C14 Mel-C18:1
CMC [mM L] 0.14 +0.02 0.003 + 2x10™
CMC [g mL™] 7.5x10° 1.8x10°
Yemc [mN m_l] 41 45
| Zin [MN M™] 41 40
Carbon chain volume v, [A’] 404 511.6
extended chain length I [A] 19.21 24.27
Head group area a, [A%] 60 + 15 30+8
packing parameter v, / (l.ao) 0.35 0.7
o]
__ 54+ . _ 2;: -
£ £
= . S o]
% 48 - - % 52
o $ 50 .
o 46- L] o 48
S S 46
5 a4 L. 5 a4 " .
n ] 0N 42 - [ ]
42 L] 40 - "t
20 LI 28]
35 30 25 20 s 10 05 40 35 80 25 20 s 10 05
log ¢ [mM] log ¢ [mM]

FIGURE B7: Surface tension plots for Mel-C14 (T = 5048 °C) and Mel-C18:1 (T =25+ 1 °C).

229



Appendix

2.) SANS
Data treatment:
Lac-C18:1:
Calculation of the Porod-parameter (d3{q)/d£2~ Aq™) according to chapter 4.
Mel-C14: IFT-routine, spherical-model
Mel-C18:1: IFT-routine, cylindrical model

Results:

TABLE B6: Results of SANS data analysis by the model independent approach (IFT) and model

fitting.

Compound Concentration | T[°C] | Micellar shape | Dmax [A] |Length or | Ry [A]
[g mL™] radius [A]
Mel-C14 5x10™ 50 spherical 60 21+0.2 --
Mel-C14 1x10° 50 spherical 60 22+0.2 -
Lac-C18:1 1x10™ 50 large aggregate | -- ~ 960 --
Mel-C18:1 1x10™ 25 cylindrical 60 373+8 34+1
.
10° A " un
E -
. 10" L
e han
2 .
% 10" 4 .-II' L]
u "u 'l.fﬁtnll.—'-ﬁ
10° T T
0,01 0,1
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FIGURE B8: Scattering data for Lac-C18:1.
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p(r), arbitrary units
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Figure B9: Pair distance distribution function,

p(r) for Mel-C18:1.
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Figure B11: Pair distance distribution

function, p(r) for Mel-C14, ¢ = 5x10* g/mL.
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Figure B13: Pair distance distribution

function, p(r) for Mel-C14, ¢ = 1x10° g/mL.
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Figure B10: Scattering data for Mel-C18:1
(filled squares) together with the model fit
(solid line).
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Figure B12: Scattering data for Mel-C14
(filled squares) together with the model fit
(solid line), ¢ = 5x10™ g/mL.
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Figure B14: Scattering data for Mel-C14
(filled squares) together with the model fit
(sold line), ¢ = 1x107 g/mL.
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Appendix C

C.1 Thermotropic phase sequences

Lac-C12 Cr SmA I

Mal-C12 Cr SmA I taken from: Boyd et al. (2000)
Mal-C14 Cr SmA I taken from: Minden et al. (2000)
Mal-C16 Cr SmA I

Mal-C18 Cr SmA I taken from: Minden et al. (2000)
Mel-C16 Cr SmA I

Lac-EG-C12 Cr SmA I

Lac-EG-C14 Cr SmA I

Lac-EG-C16 Cr SmA I

Mal-EG-C12 ¢ SmA I

Mal-EG-C16 Cr SmA I

Mel-A-C18:1 Cr SmA d

Mel-EG-C12 ¢ SmA I

Mel-EG-C14 Cr SmA d

Mel-EG-C16 Cr SmA I

C.2 Emulsification

Method

A defined amount of amphiphile was suspended in octyldodecanol at 60-70 °C in a test tube. 60 v/v%
water and 0.7 w/v% magnesium sulfate were added, the tube was sealed and emulsification was
achieved by shaking the test tube for two minutes. The degree of emulsification was determined after
20 seconds, 5 min. and 60 min.
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Results
Emulsification behaviour of different glyco glycero lipids at different concentrations of lipid.

Compound Conc. [w/v9o] Emulsification [%0]
20 sec. 5 min. 60 min.
Mal-1,3-TMD 1 100 90 90
0.1 80 80 70
Mal-1,2-TMD 1 100 85 85
0.1 80 80 80
Mel-1,3-C14 1 90 60 20
0.1 70 30 10
Mal-1,3-C18:1 1 100 100 100
0.1 80 80 80
C.3 Foaming

Measurements were performed by using 100 mL or 25 mL measuring cylinders. Before usage the
cylinders were filled with concentrated nitric acid for 24 h, and after rinsing with bidistilled water,
filled with bidistilled water for another 24 h. The solutions were prepared by weighing the surfactant /
lipid and adding bidistilled water up to a weight of 10 g (approx. 10 mL). The solutions were
equilibrated at 25 °C or 50 °C prior to use. Foaming was achieved by turning the closed cylinder
around at a rate of 20 times during 30 seconds. The experiment was repeated until deviation was no
larger than 5 %. Foam volumes were determined immediately (foaming ability) and after 30 minutes
(foam stability).
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Appendix D

Safety information

In the table below all relevant chemicals used in this work are listed with information about the
classification (hazard sign, dangerous properties in form of R-phrases) and secure handling (S-
phrases).

Name Hazard |R S

sign
(R)-2-Aminobutan-1-ol C 34 26-36/37/39-45
2-Amino-1,3-propandiol C 34 26-36/37/39-45
2-Bromethanol T+ 10-26/27/28-36/37/38-68 16-26-28A-36/37/39-45
2-Propanol F, Xi 11-36-37 7-16-24/25-26
4-(1-Pyrrolidinyl)pyridine T 25-35 26-36/37/39-45
Acetobrommaltose - 23/24/25-36/37/38 45-26-36/37/39
Acetone F, Xi 11-36-66-67 9-16-26
Benzyl chloroformate F,C,N |11-20-34-50/53 16-26-36/37/39-45-61
Boron trifluoride etherate F.T 15-34-48/23 6.3-26-36/37/39-45
Celite Xn 48/20 22
Chloroform Xn 22-38-40-48/20/22 36/37
Dichloromethane Xn 40 23.2-24/25-36/37
Dodecanol N 50 61
Dodecanoylchloride C 34 26-36/37/39-45
Epichlorhydrine T 45-10-E23/24/25-34-43 53-45
Ethanol F 11 7-16
Ethyl acetate F, Xi 11-36-66-67 16-26-33
Penta-O-acetyl-B-D-glucose -- -- 22-24/25
Hexadecanoy! chloride C 14-34-37 26-36/37/39-45
Hydrazine hydrate T,N 45-E23/24/25-34-43-50/53 | 53-26-36/37/39-45-60-61
lon-exchange resin Xi 36 26
Light petroleum b.p. 50-70 F, Xn, N | 11-38-48/20-51/53-62-65-67 | 16-23.2-24-33-36/37-61-62
Methanol F,T 11-23/24/25-39/23/24/25 7-16-36/37-45
N,N’-Dicyclohexylcarbodiimide T 22-24-41-43 24-26-37/39-45
N,N-Dimethylformamide T 61-E20/21-36 53-45
n-Hexane F, Xn, N | 11-38-48/20-51/53-62-65-67 | 9-16-29-33-36/37-61-62
Oleoyl chloride C 34 26-36/37/39-45
Palladium on Charcoal (10%) F 11 15
Platin on Charcoal (10%) F 11 15
Potassium carbonate Xi 36/37/38 22-26
Pyridine F, Xn 11-20/21/22 26-28.1
Silica gel - -- 22
Sodium F,C 14/15-34 5.3-8-43.7-45
Sodium azide T+, N 28-32-50/53 28.1-45-60-61
Sodium hydrogen carbonate -- -- 22-24/25
Tetradecanoyl chloride C 34 26-36/37/39-45
Tetrahydrofurane F, Xi 11-19-36/37 16-29-33
Tetramethylsilan F 12 9-16-29-43.3
Tin (1V) chloride C 34-52/53 7/8-26-45-61
Toluene F, Xn 11-38-48/20-63-65-67 36/37-46-62
Trichloracetonitrile T,N 23/24/25-51/53 45-61
Triethylamine F.C 11-20/21/22-35 3-16-26-29-36/37/39/45
Trimethylsilyl C 10-14-34-37 26-36/37/39-45
trifluormethansulfonate
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