COMMUNICATIONS
Monosaccharide-Alkyl Glycoside Glasses

Substrate: Homogeneous Plasticized Glass | %
{D-Gal + EYPr-e~D-Gal + 1,12-Dihydroxydodecane)
w-Galactosidase

Product: Liquid Crystalline Plasticized Glass
{1 12 -Dihydroxydodecane Mono-/Bis-«-D-Galactosides),
- " . S e

Doping of monosaccharides with alkyl glyco-  homogeneous or heterogeneous liquid phases.
sides results in glasses with depressed glass  Glycosidase enzymes are active in these
transition temperatures and greatly increased  media and catalyze the O-glycosylation of a
hydrophobicities. These can be liquified (plasti-  wide range of acceptors in good yields.

cized) by alcohols and are capable of dissolving ~ Find out more on the following pages.

a variety of hydrophobic compounds to form
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Monosaccharide — Alkyl Glycoside Glass
Phases: Plasticization with Hydrophilic and
Hydrophobic Molecules

Igbal Gill* and Rao Valivety

The ability of carbohydrates to form amorphous glassy
solids is a well-known phenomenon, which has assumed great
importance in the fields of cryobiology, room-temperature
stabilization of biologicals, microbiology, and food technol-
ogy.ll In particular, the ability to engineer the glass transition
temperature (7,) of carbohydrate glasses and the facile
encapsulation and stabilization of proteins, nucleic acids,
lipids, and volatiles into glass matrices have found uses in
areas as diverse as the production of shelf-stable enzymes,
therapeutics, biomembranes, and other biologicals,?> 3 the
encapsulation of flavours and aromas, and the production of
low moisture foods.!!

Although such glasses are efficient matrices for hydrophilic
substances, problems arise with the incorporation of hydro-
phobic molecules, which invariably lead to the formation of
biphasic sugar—dopant glasses. As part of our efforts to
develop new reaction media for the glycosidase-mediated
synthesis of O-glycosides, we undertook a study of mixtures of
monosaccharides, alkyl glycosides, and various dopants. We
now report that admixtures of lower alkyl glycosides with
their parent monosaccharides form glasses akin to those of
pure sugars. The T}, values of the glasses can be lowered by the
inclusion of water and/or hydrophilic or hydrophobic mole-
cules to form monophasic liquids (plasticized glasses) that are
stable to phase separation. To our knowledge, this is the first
report of sugar—alkyl glycoside glasses, and of the solubiliza-
tion of hydrophobic species, including alkyl and arylalkyl
alcohols, phenols, terpenols, and lipids, therein.

Starting with glucose, galactose, mannose, or 2-acetamido-
2-deoxyglucose, mixtures containing 72-87 % (all percentag-
es quoted are the weight to weight ratio (w:w)) of ethyl,
propyl, butyl, and/or but-3-enyl glycoside and 13-28% of
monosaccharide were synthesized by the addition of excess
alcohol to a supersaturated solution of the sugar containing
the requisite enzyme. Thus, a glass with a T, value of 23-26°C
and composed of D-glucose (11 % ), ethyl f-D-glucopyranoside
(39 %), propyl -p-glucopyranoside (45 % ), water (3% ), and
propan-1-ol (2%) was obtained by the almond S-p-glucosi-
dase mediated condensation of a solution of pD-glucose with
ethanol:propan-1-ol (1:1), followed by evaporation.

As with conventional sugar glasses, the addition of water or
lower alcohols resulted in the dramatic depression of the T,
value (Figure 1).l1 More importantly, we found that the glass
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Figure 1. Plastization of a D-glucose:ethyl S-p-glucoside:propyl -p-glu-
coside:water:propanol glass (11:39:45:3:2) by various compounds. o=
Benzyl alcohol, A =pent-4-en-1-ol, m=2-hydroxyethyl methacrylate, o =
glycidol, & =ethanol, and @ =water.

could also be plasticized by other alcohols such as glycidol,
2-hydroxyethyl methacrylate (HEMA), pent-4-en-1-ol, and
benzyl alcohol (Figure 1), with the depression in the 7, value
being more pronounced for the more hydrophilic plasticizers.
Further experiments showed that 41-68% of these plasti-
cizers could be doped into the glasses without phase
separation (Table 1). The resultant plasticized glasses were
viscous, free-flowing isotropic liquids that were stable to
phase separation and/or crystallization for over one week
under ambient conditions, and displayed T, values well below
room temperature.

Differential scanning calorimetry (DSC) and microscopic
studies of the system benzyl alcohol:(glucose:ethyl [-D-
glucoside:propyl -p-glucoside (12:41:47)):buffer uncovered
six distinct regions in the phase diagram (Figure 2): (A) mono-
phasic glass: a stable/metastable isotropic plasticized glass
region for benzyl alcohol concentrations up to 53% and
buffer contents up to 72%, with 7, values extending from
below —70°C up to 44°C; (B)microemulsion—glass: a
solution of alkyl glucoside in buffer-saturated benzyl alcohol,
dispersed as a microemulsion in a plasticized glass phase;
(C) macroemulsion—glass: a two-phase system of benzyl
alcohol:buffer:alkyl glucoside solution together with a plasti-
cized glass phase; (D) monophasic solution: a saturated
solution of alkyl glucoside in buffer-saturated benzyl alcohol;
(E) biphasic solution: a biphasic system of alkyl glucoside in
water-saturated benzyl alcohol, together with benzyl alcohol
in a buffer/alkyl glucoside solution; (F) monophasic solution:
a homogeneous, isotropic ternary solution of alkyl glucoside
and benzyl alcohol in buffer.

Encouraged by these results, we examined the plasticiza-
tion of sugar—alkyl glycoside glasses of a- and S-pD-glucose
and galactose, f-D-mannose, and N-acetyl-3-D-glucosamine
by a variety of dopants including long-chain alcohols, phenols,
amino acid derivatives, hydroxyacids, glycerolipids, sphingo-
lipids, and cardenolides (Table 1). The 7, values of the
anhydrous glasses ranged over 38-50°C, with the inclusion
of 5-8% of water:propanol (w:w) depressing these to 18-
25°C. Importantly, these glasses could be plasticized with
13-35% of hydrophobic dopants before phase separation
was observed. Even hydrophobic compounds such as digi-
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Table 1. Plasticization of monosaccharide —alkyl glycoside glasses by various dopants (plasticizers).?

Composition of pure glass phasel® [%] H,0[%] PrOH[%] T,[°C] Dopant [Doplsl¥ [%] T [°C]
D-Glc:Et-B-D-Glep:Pr-A-p-Glep (12:41:47) 3 2 25 (44) glycidol 68 <—100
3 2 25 (44) 2-hydroxyethyl methacrylate 61 <—100
3 2 25 (44) pent-4-en-1-ol 56 <—100
3 2 25 (44) Dbenzyl alcohol 41 —-82
3 2 25 (44) hydroquinone 18 —28
3 2 25 (44) (R)-rhododendrol 32 —46
3 2 25 (44) (S)-N-Aloc-Ser-OMe 35 —50
3 2 25 (44)  (R,S)-1-O-oleoylglycerol 19 —43
3 2 25 (44) sphingosine 23 —49
3 2 25 (44) digitoxigenin 11 -23
5 10 —24 (44) (R,5)-1-O-oleoylglycerol 28 -6l
5 10 —24 (44) digitoxigenin 17 - 60
D-Glc:Et-a-D-Glep:Pr-a-p-Glep (19:37:44) 3 1 27 (47) geraniol 29 =77
D-Gal:Et-a-p-Galp:Pr-a-p-Galp (18:39:43) 4 1 22 (41) nerol 24 —-74
D-Gal:Et-f-D-Galp:Pr--D-Galp (16:36:48) 5 2 25 (50) ricinoleic acid 14 —28
D-Man:Et-3-p-Manp :Pr-3-pD-Manp (17:46:37) 6 2 18 (38) vanillin 13 —45
D-GleNAc:Et-f-D-GleNAcp :Pr--D-GleNAcp (15:59:26) 5 5 28 (54) a-ionone 9 -37

[a] All percentages quoted are the weight to weight ratio. [b] Composition of the anhydrous sugar —alkyl glycoside glass. [c] 7, value of the anhydrous sugar -
alkyl glucoside glass (in parenthesis) and the given monosaccharide:alkyl glycoside:water:propanol glass (without parenthesis). [d] Maximum amount of
dopant possible without phase separation. [e] T, value of the sugar:alkyl glycoside :water:propanol:dopant composition. The plasticized glasses were formed
by heating the mixtures to above the 7, value of the pure sugar glasses, followed by cooling to room temperature.
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solubilization of highly hydropho-
bic and nonhydroxylated mole-
cules, such as a- and pf-ionone
(Table 1).

On examination of various ami-
no acid, peptide, aromatic, lipid,
and terpenoid acceptors, we dis-
covered that above their saturating
concentrations the plasticizers gave
rise to a variety of microheteroge-
neous systems. In the simplest cas-
es, these consisted of micro- and
macroemulsions (higher alkyl alco-
hols, arylalkyl alcohols, ricinoleic
acid) or solid suspensions (hydro-
quinones, cardenolides) of the ex-
cess dopant dispersed in the dop-
ant-saturated plasticized glass (Fig-
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Figure 2. Ternary phase diagram for a system containing benzyl alcohol/glucose:(ethyl S-p-glucoside:
(propyl f-p-glucoside (12:41:47))), and acetate buffer (50 mm, pH 6). The compositions were formed by
heating the sugar—glucoside glass to 40°C, followed by dilution with benzyl alcohol and/or buffer. The

biphasic - microemulsion
a) HyO:GM:BnOH Glass

b) HyO+GM in BnOH

10 ure 3b). However, in the cases of

diols, diamides, and peptides, two-

0 phase plasticized glass—eutectoid

90 100 %[((;yv]v) systems were readily formed (Fig-

ure 3¢). Meanwhile, bicontinuous
plasticized glass—liquid crystal
phases were observed for glycero-
lipid and sphingolipid dopants
(Figure 3d).

The results demonstrate the ex-

mixtures were allowed to equilibrate at room temperature for 24 h prior to examination by DSC and

microscopy. Gm = glucose-glucoside mixture

toxigenin and ricinoleic acid could be incorporated at levels of
11-14% into the glasses, contrasting with their very low
solubilities in pure monosaccharide glasses or aqueous
solutions. Furthermore, the judicious elevation of the water:
propanol contents of the glasses enabled significant increases
in dopant concentrations, and also allowed the effective

Angew. Chem. Int. Ed. 2000, 39, No. 21

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000

istence of a novel class of glasses
derived from mixtures of monosac-
charides and their alkyl glycosides,
which are capable of solubilizing a variety of hydrophilic and
hydrophobic compounds to form isotropic liquids. Prelimi-
nary results indicate the possibility of engineering the 7,
values and plasticization profiles of the glasses by varying
the alkyl glycosides used for glass formation, the ratios of the
glass-forming components, and the amounts of modifiers such
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Figure 3. Examples of homogeneous and heterogeneous plasticized glass
phases. a) Homogeneous glass: benzyl alcohol:(D-Glc:Et--D-Glep :Pr--D-
Glcp (12:41:47)):buffer:ethanol (4:4:1:1), —60°C. b) Heterogeneous sus-
pension of a solid acceptor in a plasticized glass: hydroquinone:(D-Glc:Et-
f-D-Glep:Pr-f-p-Glep (11:42)):buffer:ethanol (40:45:10:5),30°C. ¢) Liquid
eutectoid in plasticized glass: (S,S5)-N'-Aloc:serinylalanine methyl ester:(p-
Gal:Et-f-D-Gal:Pr--pD-Gal  (16:36:48)):buffer:ethanol  (25:55:10:10),
30°C. d) Liquid crystal in plasticized glass: (R,S)-1-oleoylglycerol:(p-
Gal:Et--D-Galp:Pr-f-p-Galp  (16:36:48)):buffer:ethanol  (60:25:5:10),
30°C.

as water and lower alcohols. In addition to applications in the
encapsulation/stabilization of hydrophobic bioactives and
biological samples, such plasticized glasses are promising
media for glycosidase-catalyzed glycosylations.

Experimental Section

Representative synthesis of glass-forming 12:41:47 p-Glc:Et--p-Glep :Pr-
p-D-Glep mix. D-Glucose (100 g) was dissolved in hot acetate buffer
(40 mL, 15mmM, pH6, containing 5mm of calcium and magnesium
acetates), and the solution was cooled to 65°C. Ethanol (20 mL), then
almond f-D-glucosidase (0.5 g in 5 mL of buffer containing 10 mm of 1,4-
dithiothreitol), were added to the solution at 65 °C, and ethanol:1-propanol
(2:3,500 mL) was added over 4 h. Further portions of the enzyme (1 x 0.5 g
in 5 mL of buffer) and alcohol mixture (500 mL, over 6 h) were added, and
reaction continued for 52 h. Filtration through silica gel, then rotary
evaporation at 60 °C gave the product as a pale yellow glass containing 3 %
of water and 2% of propanol (117 g, 88% of f-p-glucosides, T, =23 -
26°C). The other monosaccharide — glycoside glasses were synthesized in
a similar manner, as described in the Supporting Information.
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Enzymatic Glycosylation in Plasticized Glass
Phases: A Novel and Efficient Route to
O-Glycosides™*

Igbal Gill* and Rao Valivety

Glycosidation is widely encountered in nature where it
serves to modulate the biological activity, solubility, transport,
bioavailability, and chemical/biological stability of agly-
cones.I 2l Major efforts have been invested into developing
strategies for glycosidation, with enzymatic methods attract-
ing especial interest, by virtue of their mildness, high
selectivity, and acceptance of unprotected sugars as substra-
tes.’® 4 The ability of glycosidases to use nonactivated sugars,
their broad specificity for aglycones, and their wide avail-
ability, has made these enzymes attractive for synthetic
applications.!] Thus, glycosidases have been used for the
glycosylation of sugars and aza-sugars,”! aliphatic and aro-
matic alcohols,| 7l peptides,”®! glycerides and sphingolipids,
terpenoids,'”! phenolics,['l, alkaloids,?! and antibiotics.['*!

In the preceeding communication we disclosed the forma-
tion of plasticized glasses by mixtures of monosaccharides,
alkyl glycosides and various hydrophilic and hydrophobic
compounds. We now describe the application of these liquids
as media for glycosidase-catalyzed reactions. Plasticized
glasses support high concentrations of both acceptor and
sugar donor and enable the synthesis of a variety of glycosides
(Scheme 1) in good yields and with unprecedented produc-
tivities.

Despite extensive synthetic applications of glycosidases, the
difficulties encountered in accommodating solvent require-
ments of the substrates, thermodynamic considerations, and
prerequisites for efficient biocatalyst function have limited
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