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Summary

The f)-D-galactosidase of Escherichia coli catalysed galactosyl transfer
to a variety of acceptor substrates. Transfers to simple alcohols were
followed by transfers to chiral alcohols, chiral diols (bearing primary
and secondary hydroxyl groups) and to a me so- diol. In particular,
the regio- and stereoselective aspects of the reactions were
investigated. In general, transfer to primary hydroxyl groups was
favoured over transfer to secondary hydroxyl groups, but little or no
preference for the transfer to specific enantiomers in a racemic
mixture was observed. The results for propane-1,2-diol and butane1,3-diol are interpreted in terms of the possible conformations which
might be adopted at the active site of the enzyme.
Transfer to cii-cyclohexa-3,5-diene- 1,2-diol gave rise to two
diastereoisomers. During the early stages of the reaction, a
diastereoisomeric excess of ca. 80% was observed; this was reduced
to ca. 20% as the yields o f product reached their maximum values.
Assignment of the structures of the products was based on a
combination of the techniques of nuclear Overhauser enhancement
and molecular modelling.
a-Galactosyl transfers to lactose and cellobiose using M ortierella
vinacea a-D-galactosidase were also studied. In both cases, a single
trisaccharide was isolated. Spectroscopic evidence indicated that a
(1-6) linkages had been formed in both cases.
An acrylamide/acrylic acid polymer intended for use in enzymatic
oligosaccharide synthesis was developed. The polymer was high
swelling so as to allow permeation by the enzyme and could be easily
stored. An attempt to introduce chiral cavities specific for certain
monosaccharides was made by substituting part of the acrylamide
for a boronate-containing acrylamide and carrying out the
polymerisation in the presence of the monosaccharide. The success of
the imprinting procedure was measured by the ability of the
polymer to separate the components of a racemic mixture of the
monosaccharide. The application of such "molecular imprinting" as an
aid to oligosaccharide synthesis is discussed.
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CHAPTER ONE
General Introduction: The A pplication o f Enzymes in
O ligosaccharide Synthesis.

The selective synthesis of oligosaccharides has become of
increasing importance over the last few years in response to an
appreciation of their role in biology.1*23 Carbohydrate chains
covalently linked to proteins and lipids are present at the
periphery of all cells from every organism and in all secretions
and intercellular fluids from vertebrates.

It is evident that

such chains in glycolipids and glycoproteins play crucial rôles in
the recognition events controlling cell and tissue behaviour.
Examples occur in immune systems (antigen-antibody
reaction), in the reception and processing of hormones and
neurotransmitters, in the recognition o f molecules involved in
the process of cell sorting during tissue development and in the
molecular changes associated with controlled growth and
differentiation.

By modification o f the determinants,

conclusions may be drawn regarding the kind of interaction of
oligosaccharides with the surface proteins.

This has the

potential of leading to new drugs which would, for example,
prevent the adhesion of bacteria to mucosal surfaces; thus the
onset of pathogenesis may be prevented by the blocking of the
bacterial receptors by a carbohydrate drug. Additionally,
modified glycoconjugates are indicators of diseased conditions
including a number of malignancies.

In this connection

diagnostic kits have been developed which employ antibodies
against cancer-associated carbohydrate antigens.
1

To explore and exploit the biological activity of
carbohydrates there arises a need to develop synthetic
procedures for oligosaccharide chains which can be employed
following synthetic and biosynthetic work on oligopeptides and
oligonucleotides.24

Though classical methods of carbohydrate

synthesis are well developed,25*32 their inherent complexity
makes this an area which provides perhaps the greatest
challenge to the organic chemist. In particular, syntheses
providing complete control over regio- and stereospecificity are
desirable but the large number of hydroxyl groups of similar
reactivity and the possibility of forming either the a - or the 0 anomer necessitate many protection and deprotection steps.
Thus a synthesis of a trisaccharide may require in excess o f ten
chemical steps whereas the synthesis of a decasaccharide is yet
to be achieved.

Where a synthesis is possible it is likely to be

laborious and time-consuming, reducing both the yields and the
chances o f a practical large-scale synthesis.

With these

difficulties it is likely that oligosaccharide synthesis is the area
where the application of enzymatic methods may have the
greatest potential.

Enzymatic methods are gaining acceptance as routine
tools in organic synthesis33 and in the area of carbohydrates
they offer important advantages over chemical methods.

Such

b io tra n sfo rm a tio n s preclude the need for hydroxyl group
protections and provide stereospecific and often highly
regiospecific syntheses.

Additionally, they proceed under mild

conditions in aqueous and often organic media.

The

appropriate enzymes are becoming more readily available and
2

immobilisations increase their lifetimes and allow their reuse.
Several overviews of the types and uses of biotransformations
in carbohydrate chemistry have appeared recently. 15.16.17.24
There are three main groups of enzymes dealing with
oligosaccharide anabolism and catabolism in vivo:
i) the enzymes of the so-called Leloir pathway
ii) the enzymes of the non-Leloir pathway
iii) the glycosidases.

Leloir

glvcosvltransferases

The Leloir glycosyltransferases (EC 2.4) form a section of
the transferase enzymes and catalyse the transfer of a sugar
moiety from a "donor" molecule to an "acceptor" molecule.

In

general they catalyse monosaccharide transfer from a glycosyl
nucleotide (sugar nucleoside phosphate) to a protein, lipid or
growing oligosaccharide.

Such nucleotides are often referred to

as 'activated' or 'high energy' on account of the large amount of
free energy they generate on hydrolysis as a result of reduced
electrostatic repulsion between negatively charged groups and
an overall increase in resonance stabilisation energy.

The

number of activated glycosyl nucleotides used is small and each
corresponds to its own set o f glycosyltransferases, each enzyme
being responsible for the creation of a specific glycosidic
linkage.

An example of the usefulness of these enzymes in

synthesis is given in Scheme 1.

3

The trisaccharide 5-acetamido-3,5-dideoxy-a-D-g/ycer0D-ga/acf0-2-nonulopyranoiic acid-(2-6)-fl-D-galactopyranosyl(1 -4)-2-acetam ido-2-deoxy-D -glucopyranose[N eu5A ca(2-6)Gal-p-(l-4)-GlcNAc, (5)1, commonly found as a component of
glycoproteins, was prepared by galactosyl transfer from UDP-Dgalactose (1) to N-acetyl-D-glucosamine (2), followed by
enzymatic sialyl transfer from cytidine-5'-monophosphosialate
(4).34 The enzymes employed were a galactosyltransférase [EC
2.4.1.22) and 6-D-galactoside-a(2-6)sialy(transferase [EC

4

2.4.99.1J, the latter causing a change of configuration at the
anomeric carbon of the sialic acid moiety.

Although in excess of one hundred glycosyltransferases
are known and their specificity of glycosidic bond formation is
particularly high, these enzymes have so far failed to fulfil
their promise on account of a lack of availability and the high
cost of the activated sugars necessary for their action.
However, with the advent o f genetic engineering, improved
methods of enzyme isolation and purification as well as recent
advances in enzymatic syntheses of sugar nucleotides, one can
anticipate Leloir glycosyltransferases emerging as key tools in
synthesis over the next few years.

Non-Lcloir— glvcosyliransfcrascs
The non-Leloir pathway enzymes may also involve
transfer from high energy phosphate compounds but activation
is in the form of sugar phosphates rather than in the form of
sugar nucleoside phosphates.

An example of such a synthesis is

given in Scheme 2;35 it is interesting to note the change in
anomeric configuration during the transformation.

5

High energy phosphate compounds are not always a
requirement of activity, however.

Glycansucrases, in particular

amylosucrase (EC 2.4.1.4), dextransucrase (EC 2.4.1.5),
inulinsucrase (EC 2.4.1.9), levansucrase (EC 2.4.1.10) and
altemansucrase (EC 2.4.1.125) are able to take advantage of the
the relatively high bond energy in sucrose [a -D glucopyranosyl-( 1-2)-p-D-fructofuranose (G lca( 1-2)f)Fru)]
when transferring D-fructose or D-glucose residues.

Levansucrase and inulinsucrase are Dfructosyltransferases using sucrose as substrate to synthesise
P(2-6)- and P-(2-l)-D-fructans respectively by repeated Dfructose transfer.

Similarly the glucosyltransferases

dextransucrase, alternansucrase and amylosucrase synthesise
glycogen-like polysaccharides from sucrose.

As well as

transferring to sucrose these enzymes have also been found to
transfer to other acceptors.36-38 Thus Betacoccus
arabinosaceous dextransucrase effects transfer o f D-glucose to
the HO-6 of 3-O-methyl-D-glucose (6) to give mainly the (1-6)linked disaccharide plus smaller amounts of (l-6)-linked triand tetrasaccharides39(Scheme 3).

(6)
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Schama 3

Other types of glycosyltransferases have also been used
in synthesis40-42 and recently fructosyltransferases have been
identified which carry out fundamentally different transfer
reactions to those of levansucrase and inulinsucrase.43' 47 This
serves to indicate the diversity of action of glycosyltransferases
and with the large number of potential sources of enzymes it is
likely that further transferases will emerge.
Certain glycosyltransferases are also be able to create
glycosidic linkages de novo without the need for pre-existing
glycosidic linkages.48*49 Thus, for example, a-D -glucosyl
fluoride may substitute for sucrose in the synthesis o f glucans
by amylosucrase.30

An important member of the transferase group of
enzymes is cyclodextrin-a-(l-4)-glucosyltransferase (EC
2.4.1.19) which can carry out cyclisation, coupling and
disproportionation reactions31' 33 (Scheme 4; G=D-glucose).
G-O
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—
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In common with the glycosyhransferases discussed
above, this enzyme also accepts fluorinated substrates.34 Thus
a-D-glucosyl fluoride is converted into a mixture of a - and |5cyclodextrins as well as malto-oligomers. In the presence of
suitable acceptors33 gluco- and malto-derivatives are produced.

Using soluble starch as donor this enzyme is also able to
transfer D-glucose units to N -substituted moranolines36 (to give
oligoglucosyl moranolines) and the sweetener stevioside37 to
give mono-, di- and tri-a-glucosylated products.

Glycosidases

The glycosidases are classified under hydrolases (EC 3.2)
as their natural function is the hydrolysis of carbohydrates;
those which cleave terminal glycosidic linkages of oligo- or
polysaccharides are called exoglycosidases while those cleaving
at non-terminal positions are called endoglycosidases.

They are

subdivided according to whether they act on O-, N - or 5glycosyl compounds (EC 3.2.1, 3.2.2 and 3.2.3, respectively).
Those acting on O-glycosyl compounds have been particularly
valuable in synthesis, perhaps more so than their
glycosyltransferase counterparts, on account of their ease of
isolation and the fact that they do not involve cofactors.
However, although they are generally less expensive than the
transferases they usually give lower yields and do not exhibit
the same high degree of regioselectivity.

About one hundred glycosidases have been identified and
although not all have been used in synthesis most are likely to
possess synthetic activity.

Some of those which have already

been used in synthesis are given in Table 1.
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Tabic 1— ; Glvcosidasca which have been employed in ivntheii».
Enzym e
BC

Systematic name

References

3.2.1.1

a-am ylase

1,4-a-D-glucan

3 .2 .1 .2

B-amylaie

1.4-a-D-glucan maltohydrolase

39.61

3 .2 .1 .3

glucoamylase
(amyloglucosidase)

e x o -1,4-a-D -glucosidase

59.62-64

3 .2 .1 .1 7

lysozyme

mucopeptide N-acetylm uram oylhydrolase

65-73

3 .2 .1 .2 0

a-D -glucosidate

a-D-glucoside glucohydrolase

125,128.129
170.179-189

3.2.1.21

B-D-glucosidase
(em ulsin)

B-D-glucoside glucohydrolase

126,127
130.158.169178

3 .2 .1 .2 2

a-D -galactosidase

a-D -galactoside
galactohydrolase

136.140-142
164-168

3 .2 .1 .2 3

B-D-galactosidase

B-D-galactoside galactohydrolase

131-135.138
140-152
154-160

3 .2 .1 .2 4

ct-D-mannosidase

a-D-m annoside

122-124
140.141.189

3 .2 .1 .2 6

B-D-fructofuranosidase
(invertase)
a,a -tre h alase

B-D -fructofuranoside
fructohydrolasc

137,168
190-194

a,a -tre h alase glucohydrolase

74.75

3 .2 .1 .3 0

B-N-acetyl-Dglucosam inidase

2-acetam ido-2-hydroxy-B -D glucoside acetamidodeoxyglucohydrolase

143.204.205

3.2.1.31

B-D-glucuronidase

B-D-glucuronide

76.77

3 .2 .1 .3 9

e n d o -1,3-B-Dglucanase

3 .2 .1 .2 8

glucanohydrolase

mannohydrolase

38-60

78

3.2.1.41

pullulanase

pullulan

3 .2 .1 .4 9

a-Af-acetyl-Dgalactosam inidase

2-acetam ido-2-deoxy-a-D galactoside acetamidodeoxygalactohydrolase

10

6-glucanohydrolase

79-83
204

Table 1 (continued).
Enzyme
BC

Other name

References

3.2.1.50

a-A/-acetyl-Dglucosam inidase

2-acetam ido-2-deoxy-a-D glucoside aceumidodeoxyglucohydrolaae

204

3.2.I.S1

a-L -fucoiidase

a-L-fucoiide

203.204

3.2.1.52

B-A/-aceiyl-Dhcxosam inidase

2-acetam ido-2-deox yB-D-hexoiide acetamidodeoxyhexohydrolaie

204.206

3.2.1.53

B-A'-acetyl-Dgalactosam inidase

2-acetam ido-2-deoxy-BD-galactoside acetamidodeoxygalactohydrolase

204

3.2.1.60

exo-m altotetraoh y d ro laie

1.4-a-D-glucan
hydrolaie

84

3.2.1.68

itoam ylate

glycogen 6-glucanohydrolaie

8 5 -8 7

3.2.1.89

e n d o - 1,4-B-D-

arabinogalactan 4-B-Dgalactanohydrolase

88

1.4-a-D -glucan

89

galactanaie
3.2.1.98

exo-malto
hexaohydrolase

fucohydrolaie

maltotetrao-

Those which have been most widely used are lysozyme,
pullulanase, a - and B-amylases, isoamylase, a - and B-Dglucosidases and galactosidases, a-D-mannosidase, B-Dxylosidase and B-D-fructofuranosidase.

These enzymes are of

two distinct types; lysozyme, pullulanase and the amylases are
able to catalyse the transfer of one or more glycosidic residues
whereas the "-osidases" are strictly limited to the transfer of a
single sugar unit at any one time.

Thus, for example, a - and B-

amylases can catalyse both glucosyl and maltosyl transfers.59 61
These differences are reflected in the mechanism of action of
these enzymes; whereas the "-osidases" are thought to possess
only two binding sites (see below), lysozyme, for example, is able
to accommodate six sugar residues.71.90-92

Transglycosylation reactions have been carried out with
lysozyme using either the cell wall tetrasaccharides GlcNAcB(l4)MurNAcB( 1-4)GlcNAcB( 1-4)MurNAc (7) or the chitin
oligosaccharides [B(l-4)NAcGlc]4 or 5 as donors and mono- or
disaccharides as acceptors.

With the cell wall tetrasaccharide (7) as donor a
disaccharide unit was transferred to GlcNAc, GlcNAcB(l4)GlcNAc, GlcNAcB(l-4)MurNAc, D-galactose and Dxylose.66*70*71

In general B(l-4)-links were formed except in

the case of D-xylose (8) where B(l-2)-links predominated
(Scheme S).
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Lysozym«

With the chitin oligosaccharides transfer of two units is
also common,65*69*72*73 though examples are known where
one,65*72*73 three,67*73 four,67*68 and five67 units are
transferred.

Two recent examples concern penta-N-

acetylchitopentaose (9) as donor and p-nitrophenyl 2acetamido-2-deoxy-B-D-glucopyranoside (10) as acceptor in
aqueous methanol68 and aqueous dimethyl sulphoxide67 media
(Scheme 6).
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Pullulanase and isoamylase have been found to be
particularly useful in modifications of cyclodextrins; a -, B- and
Y-cyclodextrins (six, seven or eight a(l-4)-linked a-D glucopyranosyl residues joined together in a closed loop) have
been receiving increasing attention over the last few years.
Their hydrophobic interiors enable them to form inclusion
complexes with various compounds while their hydrophilic
exteriors give them relatively high solubility in aqueous media.
These properties have led to them being used for stabilising
labile materials, emulsifying oils, masking odours, changing
viscous or oily compounds into powders and stabilising waterinsoluble or slightly soluble compounds, particularly
pharmaceuticals.

The solubility characteristics of cyclomalto-

oligosaccharides may be improved by the attachment of Dglucose or malto-oligosaccharide moieties to the 6-position(s) of
the glycosyl residue(s).

Such branching may be achieved with

either pullulanase or isoamylase using their reverse hydrolytic
or transfer properties.

Reverse reactions involve condensation

between malto-oligosaccharides (11) and the cyclodextrins (12)
with the oligosaccharide group(s) invariably becoming attached
to the 6-position(s) of the cyclodextrin 79,80.82.83-87 (Scheme 7).

4
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Isoamylase (E C 3.2.1.68)

As well as the singly branched products shown in Scheme
7, these reverse hydrolytic reactions may also generate di- and
tri-0-a-oligoglucosyl a -, 6* and ycydodextrins. Mixtures of
branched non-cyclic products are also produced via
condensation of the malto-oligosaccharide.
The transfer reactions generally involve a -m a lto sy l
fluoride as substrate and give products similar to those
obtained by reverse hydrolytic reactions.82*83 The exact
composition of the product mixture depends on the source of
the enzyme but yields may be significantly higher than those
obtained from corresponding reactions employing maltose as
substrate.

Of all the enzymes so far discussed, those which

have received most attention are a - and B-D-glucosidases and
galactosidases, B-D-xylosidase, a-D-mannosidase and B-Dfructofuranosidase.

The applications of these enzymes in

synthesis are best viewed in conjunction with a consideration
of their mode of action.

6

D-Mannosidases. D-glucosidases. D-galactosidases and B-D-

fructofuranosidasc: mechanism of action.
Although glycosidases have been applied in synthesis
since the last century it is only in the last few years that
insights have been gained into their mode of action.

Despite

much attention, however, no precise mechanism has yet
emerged.

Most theories about the mechanism involve some

form of acid catalysis of the departure of the aglycone to yield
a common glycosyl-enzyme intermediate, stabilised by ion pair
formation oi covalent bonding to an enzyme group.93*94 The
exact nature of the intermediate is still the subject of much
debate but is known to be dependent on such factors as
hydrophobic forces, conformational changes, entropy changes
as well as the source of the enzyme and, most importantly, the
structure of the substrate (both glycone and aglycone).

With

the possible exception of B-D-xylosidase, where available
evidence points to a single mechanism, the retention of
anomeric configuration is achieved via a double displacement
with either formation or breakdown of the intermediate being
rate-determining.

Work in this area has recently been

reviewed by Sinnott95*96 who considers that the double
displacement mechanism involves glycopyranosyl cation-like
transition states leading to and from a covalent glycosylated
carboxylate as the glycosyl-enzyme intermediate with most of
the catalytic power of the enzyme coming from non-covalent
interactions (Scheme 8).

7

E" Gly*
E ♦ GlyX

E + GlyOR

EGlyX

E Gly

Alternative hypotheses have recently been advanced by
Fleet,97 and Post and Karplus98 which involve an endocyclic
ring-opening between the anomeric carbon and the ring
oxygen, though such proposals are not in accordance with
kinetic observations.
Most studies into the mechanism of action of glycosidases
have centred on B-D-galactosidase from E. coli. The enzyme is
readily available and its amino acid sequence has been
d eterm in ed .99

It is tetrameric in nature (with independent

active sites) and obeys Michaelis-Menten kinetics (Scheme 9,
see also Appendix 1).

k .
k.
K*
E + O n io n -r — E G alO R -----— E 'G a l---- ’

E + GalOH

Since the configuration at the anomeric centre of the
galactosyl moiety is unchanged during the reaction there are
two possible mechanisms: a double displacement (two Sn 2
steps), or a shielded oxocarbonium ion with frontside attack by
the incoming nucleophile.
8

On the basis of studies of oxygen-18 leaving group kinetic
isotope effects on the hydrolysis o f p-nitrophenyl and o,pdinitrophenyl B-D-galactosides Rosenbirg and Kirsch100
determined that both pathways may be operated by the
enzyme depending on the reactivity of substrate.

The

predominant route for all but the most reactive substrates is
the displacement mechanism involving S n 2 nucleophilic
displacement of the aglycone to give a covalent galactosylenzyme intermediate followed by nucleophilic attack by water.
Highly reactive substrates with acidic leaving groups form a
transient enzyme-bound galactosyl oxocarbonium ion which
partitions between the nucleophilic residue on the enzyme and
the solvent (Scheme 10).

Galactosyl -enzyme

19

One other possibility involves neighbouring group
participation of the hydroxyl group at C-2 following the
realisation that o.p-dinitrophenyl

2-chloro-2-deoxy-B-D-

galactopyranoside is a good inhibitor of the enzyme without
being a substrate . 101

The hypothesis was tested by comparing

the rates of hydrolyses of B-D-galactosides with those o f the
corresponding 2-deoxy-B-D-/yxo-hexopyranosides .96 The lyxoderivatives exhibited extremely low rates of hydrolysis, far
lower than could be accounted for by poor binding due to the
absence of a C-2 hydroxyl group.

Such results appear to

confirm the essential rôle of the C-2 hydroxyl group in the
cleavage of B-D-galactosides by the enzyme.

Unfortunately this

mechanism cannot be differentiated from one involving
nucleophilic attack by the enzyme on the basis of kinetic
isotopic effect data.

Precise details regarding the active site of B-Dgalactosidase are yet to be defined though it is thought that
there are two catalytically functioning groups; an acidic group
activates the aglyconoxy group by protonation of the anomeric
oxygen while a basic group is responsible for electrostatically
assisting the formation of the galactosyl oxocarbonium ion and
reversibly stabilising it as an a-D-galactosyl ester intermediate.
Carboxylate groups have been identified at the active
s ite 103*107 though it is uncertain whether two different
carboxyl groups, one in its protonated form, the other as its
conjugate base, are employed, or whether the bifunctional
catalysis is executed by a single carboxyl group.

The former

corresponds to a bilateral model in which the carboxylic groups
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act from opposite sides of the pyranoid plane whereas the
latter corresponds to a monolateral model with the carboxylic
group acting from only one side.

Investigations into these two

possibilities have been possible following the realisation that
glycosidases are able to catalyse additions to the double bonds
of glycals 108 and heptenitols 109 which both act as proton
acceptors in the same way as glycosides.

The incubation of D-galactal-2*<f (13) with glycerol110
yielded

1-deoxyglycerol-l-yl 2-deoxy-B-D-/yjro-

hexopyranoside-2(S)-d (14) which is consistent with
protonation occuring from below the plane of the pyranoid ring
(Scheme 11).

In a recent study111 into the hydration products of (Z)3,7 -an h y d ro -1,2-dideoxy-2-deuterio-D -ga/acio-oct-2-enitol
(13) the sole product was 2-(S)-l ,2-dideoxy-2-deuterio-D galacto-3-octulopyranose (16) which is consistent with
protonation from above the plane of the pyranoside ring
(Scheme 12).

2

Taken together, these two results indicate the location of two
catalytically active groups on opposite sides of the pyranoid
ring lending credence to the bilateral model in the case of B-Dgalactosidase.

As a result of various binding studies with B-Dgalactosidase the hydrolytic and transgalactosylic reactions
have been found to involve two binding sites; 112**13 a
"galactose" and a "glucose" site, corresponding with the two
components of the natural substrate, lactose.

The overall

binding specificity at the "galactose" site is determined by
positions 3, 4 and 6 of galactose with positions 3 and 4 being
critical; the wrong orientation at either of these positions
essentially eliminates binding and catalysis.

The hydroxyl

group at position 2 has only a small effect on the binding
irrespective of its presence/absence or its orientation.

As

discussed above, however, it may be important in catalysis.
Positions 3 and 4 are also considered to be involved in catalysis
but the significance of the 3-position has not been fully
elucidated.
Studies involving the "glucose" site indicate that in the
free state there is little affinity for glucose but that after the
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glycosidic bond of the substrate has been broken the affinity
for glucose greatly increases, most likely due to a conformation
change of the active site of the enzyme.99*116 This accounts for
the high degree of intramolecular allolactose (GalB(l- 6 )Glc)
production when lactose (GalB(l-4)G!c) acts as substrate.

The

control of levels of allolactose is the natural function of B-Dgalactosidase and is accomplished by the enzyme determining
the ability of glucose to bind to the galactosyl form of the
enzyme.

Binding studies with a large number of sugars and

alcohols have shown that it is the ability to bind rather than
the reactivity which is the most important factor regarding the
specificity of the "glucose” site.
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Glycosidases in synthesis.
Modern applications of glycosidases in oligosaccharide
manipulations stem from studies which began during the last
century.

The fact that enzymes were able to split

oligosaccharides suggested that it may be possible to link
monosaccharide units together in a reverse-type reaction.

The

earliest known communication on the subject describes the
synthesis of maltose from glucose by the action of yeast. 116
This was followed by extensive studies and a period of prolific
publication in the area of glycoside and oligosaccharide
formation by Bourquelot et al. early this century .118

As discussed above, the mechanism of action of
glycosidases has been greatly studied and is still the subject of
much debate.

Nevertheless, there is general acceptance that

reactions proceed via a glycosyl-enzyme intermediate followed
by aglycone elimination to give an oxonium ion.

The oxonium

ion may then undergo nucleophilic attack in one of three ways:
i) attack by water (giving simple hydrolysis), ii) attack by the
outgoing aglycone, or iii) attack by an added nucleophile.
various possibilities are exemplified by the action of B-Dgalactosidase on lactose (Scheme 13).
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These

oxonkim ion

In the attack by the outgoing aglycone more than one
possiblity may exist depending on whether it possesses more
than one nucleophilic centre.

Thus in reactions where a

disaccharide acts as substrate, attack may be by the newly
liberated hydroxyl group (constituting the reverse reaction) or
a different hydroxyl group (constituting a "direct"
transglycosylation reaction ) . 119 If attack occurs by an added
nucleophile, eg. an alcohol or a sugar, then a transglycosylation
reaction occurs resulting in the production of a glycoside or an
25

oligosaccharide; it is in these types of reaction that the majority
of the synthetic power of glycosidases lies.

A glycosyl-enzyme intermediate may also be formed
from a free monosaccharide.

By this means synthesis may be

achieved from saccharides with no pre-existing glycosidic bond.
Such reactions constitute "reversion” syntheses.

Reversion syntheses.
In the production of oligosaccharides from
monosaccharides the equilibrium lies heavily in favour of the
reactants and a practical synthesis may only be achieved by
taking measures to displace the equilibrium.

This is normally

done by employing high concentrations of substrates,
decreasing the amount of water present, removing the product
or a combination of all three.

Early reversion syntheses were pioneered by Bourquelot
et al. 118 who used high concentrations of monosaccharides in
conjunction with the appropriate glycosidase (generally or a -D glucosidase, B-D-glucosidase, a-D-galactosidase, B-Dgalactosidase or a-D-mannosidase).

A remarkable number of

syntheses were achieved and these were reviewed by
Oppenheimer and Kuhn . 120 A more recent review has been
conducted by Stanek et a /.121
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tt-D-Mannosidascs,
a-D-Manno-oligosaccharide synthesis by reverse
hydrolysis has received little attention despite the importance
of D-mannose residues as elements of N- and O -linked
oligosaccharides.

However, two disaccharides, a-D -

m annopyranosyl-(l- 6 )-D-mannopyranose

(M a n a (l- 6 )Man) and

an unidentified isomer, were obtained by Courtois and Le
D izet 122 by the action of a plant a-D-mannosidase on a 20%
w/w D-mannose solution.

Much higher yields, up to 37% disaccharides, were
achieved by Johansson et a /.123 by using a much higher
concentration of D-mannose (83% w/w) and a temperature of
73°C to speed the reaction.

That such a high temperature could

be tolerated by the enzyme is in accordance with an earlier
d isco v e ry 124 that sugars and polyols have a stabilising effect on
proteins; indeed no reduction in enzyme activity could be
detected.

The major product was the a ( l - 6 )-linked isomer

with smaller amounts of the a(l-2>- and (l-3)-isomers.

Higher

oligosaccharides were also detected but not characterised.
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D-Glucosidascs.
As discussed earlier, reversion reactions of D-glucosidases
have been known since the last century when it was found that
maltose (G lca(l-4)G lc) could be obtained from glucose by the
action of yeast.

Such 'batch' reactions, ie. simple mixing of

substrate and enzyme, give low yields as little attention is
given to driving the equilibrium in favour of products.
reaction was re-investigated by Naketani et al. 123

The

In addition

to maltose it was found that the yeast a-D-glucosidase also
produced isomaltose (G lc a (l- 6 )Glc) and that yields could be
increased by shaking a visking tube containing the enzyme in
the glucose solution.

The system, it was thought, was

encouraging the synthetic reaction with the substrate being
continuously provided at a high level and the products being
removed by diffusion through the visking tube.

It was also

discovered that the presence of active charcoal in the reaction
mixture further increased the yield of maltose.

This was

attributed to adsorption o f maltose onto the charcoal once it
had diffused through the visking tube, thus effectively
removing it from the reaction mixture.

Tanaka and Oi also employed activated charcoal in an
attempt to improve yields in the sweet almond B-Dglucosidase-catalysed condensation of D-glucose . 126

However,

rather than adding the active charcoal directly to the reaction
mixture, the D-glucose solution was pumped through columns
of the immobilised enzyme and active charcoal in series.
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Product oligosaccharides could then be eluted from the charcoal
column using progressively more concentrated solutions of
ethanol in water.

This so-called 'continuous' method was

compared with a simple batch procedure employing the
immobilised enzyme and visking tubing.

Curiously the poorest

yields were obtained with the continuous method.

The best

results were obtained by using enzyme entrapped in
polyacrylamide beads in a batch process though it was still only
possible to obtain 21 mg of cellobiose (GlcB(l-4)Glc) from 30 g
glucose after 3 days.

In all reactions cellobiose was the main

product with smaller amounts of gentiobiose (GlcB(l- 6)Glc).
The effect of temperature, pH and substrate concentration on
the production of cellobiose were also investigated in the
reaction employing entrapped B-D-glucosidase in a batch
method.

The yield of cellobiose could be increased by

increasing temperature (to an optimum of 41°C), decreasing pH
and increasing the concentration of glucose.
The same reaction in the batch mode was investigated by
Ajisaka et al. 127 It was found that significantly higher
concentrations of D-glucose (90% w/v) dramatically increased
the overall yield of disaccharides to 49% thus indicating that
substrate concentration is probably the most important factor
in shifting the equilibrium in favour of products.

In contrast to

the results of Tanaka and Oi, however, gentiobiose was found to
be the main product; the product mixture consisted of
gentiobiose : (sophorose (Glcp(l-2)Glc) + cellobiose) :
laminaribiose (GlcB(l-3)Glc) 6:3:1.
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The reaction was found to

proceed fastest at pH 4 and SS°C and the yield of disaccharides
increased approximately linearly with glucose concentration.

In a more recent publication Fujimoto et al. compared the
yields and ratios of glucobioses synthesised from D-glucose by
the action of an a-D-glucosidase (Saccharomyces sp.) two B-Dglucosidases (almond and Penicillium funicolosum) and a
glucoamylase (Rhizopus sp.) in batch and continuous
processes . 128 For the batch processes yields of glucobioses of
approximately 30% were obtained whereas the continuous
processes gave yields lower than 10%.

These differences are

explained by the use of a lower monosaccharide concentration
in the continuous method in order to decrease the viscosity for
circulation.

The factors controlling the structure and the

composition of the disaccharides appeared to have a strong
relationship with the substrate specificity of the enzymes.
Additionally, the ratio of disaccharide compositions was
markedly affected by the reaction method; such differences are
most likely accounted for by transglycosylation reactions which
may occur in batch reactions but which are precluded in the
continuous system.
a-D-Glucosidases have also been used for the formation of
a-D -glucosyl-B -D -fructoses . 129 In a batch method
Saccharomyces sp. a-D-glucosidase produced a -D -g lu c o sy l-(ll)-B-D-fructose (G lca(l-l)BFru) with smaller amounts of a ( l 4)-, (1-3)- and ( l - 6 )-linked products (total 30% disaccharides).
The concentration of D-glucose and D-fructose were 10% and
100% (w/v) respectively to reduce formation of glucobioses.

When the a-D-glucosidase was immobilised and applied in a
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continuous system with a column o f activated carbon, the same
saccharides were produced but in considerably lower yield
(total 10% disaccharides) and with the major product being a D*glucosyl-( 1-4)-B-D-fructose (G lca( 1-4)BFru).

The reverse hydrolytic synthesis of long chain alkyl
glucosides (important as surfactants) has also been achieved
using a B-D-glucosidase. 130

Almond B-D-glucosidase

immobilised on XAD-4 catalysed direct condensation of Dglucose with a variety of water-insoluble primary alcohols (C4 C 12) by simply shaking the two phase mixture.

A yield of

approximately 10 g dm *3 for the alkyl B-D-glucosides could be
obtained after several days, though up to two weeks were
required to reach thermodynamic equilibrium in the case of the
long chain alcohols.
D-Galactosidases.

The most intensively studied glycosidase with respect to
reversion and transglycosylation reactions is E. coli B-Dgalactosidase.

When immobilised on Sepharose CL-4B this

enzyme has been shown to produce 6-0-B-D -galactopyranosyl2-acetamido-2-deoxy-D-galactose (GalNAcB(l-6 )Gal (17)) from
D-galactose and 2-acetamido-2-deoxy-D-galactose 131*132
(Scheme 14).
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The low yield (2-3%) of the product is attributed to the
use o f only low substrate concentrations.
Huber and Hurlburt carried out a study into
galactose/glucose and galactose/galactose condensations as well
as the ability o f E. coli B-D-galactosidase to catalyse reversion
reactions of monosaccharides other than galactose .133

At least ten B-D-Gal-D-GIc's and ten B-D-Gal-D-Gal's
(including a - and B-anomers) could be detected, their relative
abundances depending on the ratio of D-glucose and Dgalactose in the initial mixture.

O f the various monosaccharides

tested for their possible substitution of D-galactose in reversion
reactions only tw o, D-fructose and D-arabinose, gave rise to
new products as detected by GLC.

No new peaks were detected

few L-ribose, D-tagatose, D-lyxose, L-sorbose, D-erythrose, DLglyceraldehyde, D-glucose, D-talose, 2-deoxy-D-galactose, or Nacetyl-D-galactosamine despite the fact that they bound to the
"galactose" site o f the enzyme or closely resembled the
structure of D-galactose.

These results indicate that the 6-

position is least important for reactivity and that the 2 hydroxyl group must be equatorial for activity even though an
axial 2 -hydroxyl group also gives rise to tight binding.
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Ajisaka et al. used immobilised E.coli B-D-galactosidase in
a continuous system for the condensation of D-galactose with Dfructose and AT-acetyl-D-glucosamine (Scheme 15).*34

Lactulose (GalB(l-4)BFru (18» and allolactulose
(GalB(l-l)BFru (19)) were obtained in 3.3 and 8.0% yields
respectively and AT-acetyllactosamine (GalB(l-4)GlcNAc (20))
and N -acetyl allolactosamine (GalB(l- 6 )GlcNAc (21)) were
obtained in 0.9 and 9.1% yield respectively.

The overall yield

was found to be increased by renewing the column of activated
carbon, allowing virtually all o f the monosaccharides to be
converted to products.
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These reactions have been further studied by the same
g ro u p 135 and small amounts of B(l-5)- and B (l- 6 )-linked
products were also detected in the condensation of D-galactose
with D-fructose.

A comparison was made between batch (free

enzyme) and continuous (immobilised enzyme) processes for
the aforementioned synthesis and also for production of B-Dgalactosyl-D-glucoses (B(l-2)-,(I-3)-,(l-4)- and (l-ô)-linked)
from D-glucose and D-galactose using the B-D-galactosidases
from Aspergillus oryzae and Escherichia coli.

In the synthesis of B-D-galactosyl-D-glucoses and Dgalactosyl-2-acetamido-2-deoxy-D-glucoses the

continuous

method gave yields approximately twice those obtained from
the batch method though the composition of the disaccharide
mixture was little affected by either the method o f production
or the origin of the enzyme.

In the production o f the B-D-

galactosyl-D-fructoses, however, the batch method gave yields
over five times those obtained by the continuous method.

Also,

the proportions of p(l-5)-linked disaccharides w ere markedly
different for the two enzymes and the ratios of B(1 -5)- and (16 )-linked disaccharides associated with the batch and

continuous methods were also different.
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An example of trisaccharide synthesis by reversion has
appeared recently . 136 D-Galactose was condensed with sucrose
(a-D-glucopyranosyl-(l-2)-B-D-fructose) using free and
immobilised M. vinacea and E. coli B-D-galactosidases by batch
and continuous methods.

The a - and B-D-galactosidases

produced raffinose (G ala(l-6)G lca(l-2)B Fru (22)) and
isoraffinose (GalB(l-6)Glca(l-2)BFru (23)) respectively (Scheme
16).

, Ch^OH

OH
(23)

Using the batch method with the free enzymes additional
products were detected.

The a-D-galactosidase produced

planteóse (G ala(l-6 )F ru 6 (2 -l)aG lc) and the B-D-galactosidase
produced the novel trisaccharide (G aip(l-6)B Fru(2-l)aG lc);
these trisaccharides were considered to be formed by
transgalactosylations from the rapidly produced raffinose or
isoraffinose.
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6 -D-Fructofuranosidase

B-D-Fructofuranosidase (invcrtasc) has also been found to
exhibit reverse hydrolytic activity. 137 Alkyl B-Dfructofuranosidases were obtained using methanol, ethanol and
propan-l-ol as substrates though only small yields (<3%)
resulted as no attention was given to optimising the reaction
(Scheme 17).
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Transelvcosvlation syntheses.

The name "transglycosylation" was originally given by
R abaté 138 to enzymatic processes by which 'a certain glycoside
is converted in the presence of a suitable acceptor to a new
compound corresponding to the initial substance.'

With respect

to glycosidases the term nowadays denotes the formation of
new substances from a glycoside or oligosaccharide.

The

enzymes derive their names from the nature of the sugar
residues they are able to transfer and the type of glycosidic
linkage which is broken and formed.

Thus fi-D-galactosidase

catalyses reactions of sugars in which the transferred moiety is
the terminal galactose attached to the rest of the donor via a Blinkage.

Additionally, the newly formed linkage between
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galactose and the acceptor is also B- in type with no a-isotner
being formed.

It is the highly stereoselective nature of the

transglycosylation reaction which makes it attractive in
oligosaccharide synthesis; depending on the nature of the donor
and the linkage (a- or B-) required, the appropriate enzyme can
be chosen.

When more than one hydroxyl group may act as the

acceptor a mixture of isomers may result . For example, when
the acceptor molecule is a monosaccharide the mixture may
consist of a mixture of B (l-l)-, B( 1-2)-, B(1 -3)- and B( 1-4)- and
B(l-6)-isomers.

Quite often, however, one particular isomer

predominates and various methods exist of modulating the
ratio of products (see below).

In contrast to equilibrium-controlled reverse reactions,
transglycoslyation reactions are kinetically controlled, the
optimum yields being achieved by stopping the reaction at the
appropriate stage (often determined by HPLC).

In general

reactions are carried out in water which competes with the
intended acceptor for the transferred sugar.

On account of the

relatively high concentration of water the equilibrium lies
heavily in favour of hydrolysis.

Studies with B-D-galactosidase,

however, show that the ratio of the rates of
transgalactosylation and hydrolysis may be increased by
increasing the acceptor concentration and that the rate of
transgalactosylation is dependent on structural features of the
acceptor . 139

Further, the addition of acceptor often stimulates

enzymatic activity; since the extent of hydrolysis is greatly
decreased this rate enhancement is due to a large increase in
the rate o f transfer.140

The effect of reducing water
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concentration by the addition of an organic co-solvent (N ,N dimethylformamide) was studied by Nilsson 141 using coffee
bean a-D-galactosidase.

Somewhat surprisingly it was found

that the yield of glycoside decreased with increasing amounts
of DMF despite the reduction in water activity.

Thus the yield

of G ala(l- 3)Gala 0 C6H4N 0 2 -p from Gala 0 C 6H4N 0 2 -p (donor and
acceptor) was reduced from 32% to 10% on increasing the DMF
co-solvent concentration from 0 to 43% (v/v).

Reasons for this

are unclear but it is suggested that the acceptor binds to the
enzyme acceptor binding site with a lower affinity the higher
the concentration of organic co-solvent.

The conformation of

the enzyme is apparently not distorted by the co-solvent,
because the regioselectivity o f the enzyme remains more or
less constant.

One potential advantage of miscible hydro-

organic systems over purely aqueous systems, however, is that
the solubilities of glycosides with hydrophobic aglycones are
likely to be enhanced in the former allowing the use of higher
concentrations of such glycosides as donors and acceptors.

In the same study the effect of changing the nature and
configuration of the aglycones of the acceptor glycosides was
also examined.

Thus whereas the glycosyl acceptor GalaOM e

gave G ala(l-3)G alaO M e (24) as the main product using coffee
bean a-D-galactosidase and G ala 0 C 6H4N0 2 -p as glycosyl donor,
GalBOMe gave the corresponding a ( l - 6 )-linked product G a la(l6 )GalBOMe (25) (Scheme 18).

38

(24)

Schama 18

The equivalent experiment with E. coli 6-D-galactosidase and
GalBOC6H4NO 2-0 as glycosyl donor gave GalB( 1-6)GalaOMe and
GalB(l-3)GalBOMe as the main products i.e. a reversal of
regioselectivity.

That both the structure of the aglycone and its

anomeric configuration have a pronounced effect on the
regioselectivity was further confirmed in a following study by
N ilsson.142 a - and B-D-Galactosidases and a-D -m annosidases
were used with o- or p-nitrophenyl B-D-glycoside derivatives
as donor and either the a - or B-D-glycoside (aglycone = Me,
C 6H4NO 2- 0 , C6H 4NO 2-P) as the acceptor. Although mixtures
were always formed, a preponderance of one particular isomer
could generally be obtained by careful choice of donor and
acceptor

though, curiously, no (l-4)-linked isomers were

detected as products (Table 2).
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Table 2

; Effect of varying donor and accentor on the type of

linkage formed bv coffee bean a-D -ealactosidase.

Glycosyl

Glycosyl

donor

acceptor

Main

yield

Product

%

G ala0C 6H4N 0 2-p GalaOMe

Gala( 1-3)GalaOMe

27

G ala0C 6H4N 02-p GaipOMe

Gala( 1-6 )GalpOMe

18

GalaOC 6H4N0 2-o GalaOC 6H4N 0 2-o Gala( 1-2)GalaOC 6H4N0 2 -o 6

The effect of changing only the nature of the aglycone of
the acceptor was examined using jack bean a-D -m annosidase
with Mana 0 C 6H4N 0 2 -p as donor and either ManaOMe or
M a n a 0 C 6H4N 0 2 -p as acceptor. In both cases the o (l-2)- and
( l - 6 )-linked disaccharides were the major and minor products
respectively but their ratio was 5:1 in the case of the former
and 19:1 in the case of the latter.

In the case where M anaOMe

was used as acceptor the trisaccharide glycoside M an a(l-2 )
M ana(l-2)M anaO M e was also formed.

These various

differences in regioselectivity with a - and B-D-galactosidases
and a-D-mannosidase further support the conclusions
regarding a hydrophobic binding site suggested by Nilsson
following studies with organic co-solvents.

With respect to the

glycosyl acceptor the bulky, more hydrophobic aryl groups
have larger effects on regioselectivity than the corresponding
methyl groups.
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Similar regioselectivities were obtained with a - and B-Dgalactosidases . 143 Thus using disaccharide donors (raffinose and
lactose) and allyl alcohol, benzyl alcohol and
trimethylsilylethanol as acceptors galactosidases were formed
which when used in further transglycosylation reactions gave
rise to mainly (1-3)- and (l- 6 )-linked disaccharide glycosides.

The effect of using 2-acetamido-2-deoxy-B-D-glycosides
as acceptors was also studied by Nilsson. 144 (Scheme 19).

Schema 19

NHAc

In general the (l-3)-linked disaccharide was the main product
with nitrophenyl a - and B-D-galactosides as donors although a
significant amount of GalB(l-4)GlcNAcBOMe could be obtained
using GalB0 C6H4N 0 2 -p as donor and GlcNAcpOMe as acceptor.

Another way of modulating linkage formation is via the
source of enzyme.

The effect of enzyme source was highlighted

by Nilsson who observed how different B-D-galactosidases gave
different disaccharide products .24 Thus whereas E. coli 131,132
and yeast 145 B-D-galactosidases catalyse mainly the formation
of GalB(l-6 )GlcNAc, Lactobacillus B-D-galactosidase146 and B-Dgalactosidase from rat mammary gland 147 give almost
exclusively the B(1 -4)- and (l-3)-linked products respectively.
The various specificities of enzymes from different
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sources have been used for the preparation of a particular
isomer from a mixture by specific hydrolyses of unwanted
isomers. 14**149 Thus GalB(l-3)GlcNAc and GalB(l-3)GlcNAcBSEt
were synthesised by transgalactosylation reactions using
bovine testes B-D-galactosidase with lactose as donor.

In both

cases the product mixtures contained unwanted B(l-4)- and
( l- 6 )-linked isomers which could be hydrolysed and
subsequently removed by employing E. coli B-D-galactosidase.
The E.coli enzyme was also used in synthetic mode but only one
product, GalB(l- 6 )GlcNAcBSEt, was obtained.
In addition to the use of more than one glycosidase in a
catabolic way, it is also possible to combine glycosidases and
glycosyltransferases in the synthesis and also to use enzymatic
methods in conjuction with chemical methods. These
possibilities have been discussed elsewhere .24
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fi-D-GalactPsidasc.
Many studies with B-D-galactosidase have involved its
incubation with lactose (Galfi(l-4)Glc) followed by analysis of
the various oligosaccharides produced.119.150-153 Early studies
have been reviewed by Stanek et a /.121
review has appeared more recently . 134
GalB(l-6 )Gal

A more comprehensive
Common products are

and GalB(l-6 )Glc in addition to other

disaccharides, trisaccharides, tetrasaccharides, pentasaccharides
and possibly higher oligosaccharides.

Generally B(l-6 >- and

fi(l-4)-linkages are formed with smaller amounts of B(l-3)linkages but the exact nature of the product spectrum is
strongly dependent on the source of the enzyme.
The use of non-saccharide acceptors has also been a
major focus for studies with B-D-galactosidase.

Boos et at. have

studied B-D-galactosyl transfer to glycerol and concluded that
only the (2/?)-B-D-galactoside (26) (in addition to smaller
amounts o f 2 -0 -B-D-galactosy(glycerol) is formed 133*136
(Scheme 20).

CHjOH
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Interestingly, in the reversion reaction between Dgalactose and glycerol these workers determined the product
mixture to consist of a diastereomeric excess of the (2S)-B-Dgalactoside.

Similar studies have been carried out with racemic
isopropylideneglycerol as acceptor which yielded
diastereomerically pure isopropylideneglycerol galactoside
(27). This was then hydrolysed to (2/?)-glyceryl B-D-galactoside
(26) (Scheme 21).
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(SM27)

Schem e 21

(S)-(26)

More recent studies, however, indicate that the galactosyl
transfer is essentially non-stereoselective.
d onor1*7-! « a

With lactose as

diastereomeric mixture of products was

obtained and with o-nitrophenyl 6 -D-gaIactoside as donor1*7 a
20% diastereomeric excess of the (2S)-B-D-galactoside was
formed.

It was suggested that the pure diastereomer obtained

in the Boos study was a result of inadvertent diastereomeric
enrichment during the crystallisation procedure rather than
any diastereoselective property of the enzyme.
Racemic 2,3-epoxypropanol has also been used as an
acceptor . 1*7 A slight diastereomeric excess o f (2/?,3)epoxypropyl B-D-galactoside (R:S = 7:3) was formed when onitrophenyl B-D-galactoside was used as donor but no
diastereomeric excess could be detected when lactose was used
as donor.

Regio- and stereochemical studies have been carried out
by Crout et al. using lactose as donor with racemic butan-2-ol
and a variety of diols as acceptors .1*8 With racemic butan-2-ol
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a slight selectivity for the (S)-enantiomer (R:S = 1.00:0.83) was
observed.

When racemic propane-1,2-diol was used as acceptor all
four possible products were formed (Scheme 22).

The major

product was the one in which the galactose was attached to the
primary hydroxyl group of the diol (R:S * 1.00:0.86).

A similar

selectivity (R:S = 1.00:0.77) was observed in formation of the
minor product by transfer to the secondary hydroxyl group.
Overall, transfer to the primary hydroxyl group was favoured
over the secondary by a factor of 1.00:0.35.

Schama 22
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Somewhat different results were obtained when racemic
butane-1,3-diol was used as acceptor (Scheme 23).

E.coH
B-D-flalactosidase

Scheme 23

In this case there was only a very slight
diastereoselectivity in transfer to the primary hydroxyl group
(R:S=1.00:0.99), but in transfer to the secondary hydroxyl group
there was a marked selectivity in favour of the (A )-enantiom er
(/?:S=1:0.5) and overall transfer to the primary hydroxyl group
was favoured over the secondary by a factor of 1.00:0.13.

The

various results for these diols were interpreted in terms of the
possible conformations which they might adopt in the
hydrophobic "glucose" binding site of the enzyme.
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Racemic phenylethylene glycol has also been used as the
acceptor in transgalactosylation reactions with phenyl B-Dgalactoside as donor and the enzyme from Aspergillus oryzae
(Scheme 24). M
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Transfer occurred mainly to the primary hydroxyl group
and the enzyme exhibited little or no diastereoselectivity.

The

diastereomers could, however, be separated by HPLC.

The B-D-galactosidases from E. coli and Aspergillus oryzae
have also been used for galactosyl transfers from lactose or
phenyl fi-D-galactoside to mono- and bicyclic m e jo -l,2 -d io ls.,6°
The Aspergillus oryzae enzyme gave low or negligible
selectivities but these could be improved considerably by using
acetone as a co-solvent.

Reasonable selectivities (50-90% d.e.)

were obtained using the E. coli enzyme.

Although the absolute

configurations of the aglycone moieties were not determined it
was observed that in the cases of c is - 1, 2 dihydroxycyclopentane and c/ 5- l , 2 -dihydroxycyclohexane
(where direct comparisons were possible) the asymmetric
induction was opposite for the two enzymes.
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c is-1,2-Dihydroxycyclohexa-3,5-dienc has also been used
as an acceptor using B-D-galactosidase from E. coli. 161 (Scheme
25).

When isolated in the early stages of the reaction a
mixture corresponding to a diastereisomeric excess o f 80% was
obtained.

This d.e. value was reduced to 20% if the product

was isolated at the end of the reaction (when all of the lactose
had been consumed).

The configurations of the aglycone

moieties were determined by a combination of molecular
modelling and NMR techniques.

The attachment of glycosyl residues to steroids is of value
for the creation of new drugs since the physiological activity of
these compounds frequently depends on the type or position of
attached sugars.

Aspergillus oryzae

B-D-galactosidase was able to

galactosylate several steroids in good yield with solubility
problems being circumvented by using organic co-solvents . 162*163
Thus the cardiac glycoside gitoxigenin (27) could be prepared in
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good yield in 62.5% aqueous acetonitrile using phenyl B-Dgalactoside as donor (Scheme 26).

Transglycosylation reactions have also been of value in
modifying rubusoside (B-D-glucosyl ester of 13-0-B-D-glucosylsteviol, (28)) which although being 110 times as sweet as
sucrose also possesses a slightly bitter taste . 164

The sweetening

properties of rubusoside may be improved by attachment of
glycosyl residues to the 4- or 6 -position of the glucosyl
residues and this may be effected by several B-Dgalactosidases. For example, using lactose as substrate, E. coli BD-galactosidase forms the ( l - 6 )-allolactosyl derivative (Scheme
27).
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g-D-Galactosidase.
The majority of transgalactosylations carried out with a D-galactosidase have involved transfer to mono* or
disaccharide acceptors and most of the early work has been
reviewed by Stanek et a /.121

A study of the enzyme from a

P neum ococcal source has revealed that transfer from melibiose
(G ala(l-6)G lc) to D-galactose or D-glucose gives predominantly
a(l-6)-linkages but also a(l-l)*linkages; a variety of other
monosaccharides were also able to function as acceptors.163
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Incubation of raffinose (G ala(l-6)G lca(l-2)B Fru (29))
with the enzyme from Pycnoporus cinnabarinus also gave rise
to an a ( l - 6 )-linkage in forming stachyose (G a la (l- 6 )G a la (l6)Glca(l-2)BFru ( 30 )).>66

Pycnoporus
cinnabarinus

a-D-galactosidase

More recently the same authors characterised five
further products from the reaction mixture; their structures
indicated that in addition to catalysing transfer to the C -6
hydroxyl group the enzyme was also able to form a ( l- 3 ) linkages with the terminal galactose residues . 167
a-D-Galactosidases are also able to effect modifications
of rubusoside (28) in a similar manner to B-D-galactosidase
(discussed above ) . 168

Raffinose and melibiose were used as

donors with a-D-galactosidases from Mortierella vinacea,
Absidia reflexa, E. coli and green coffee beans. In all cases
transfer was found to occur to the C -6 hydroxyl groups of the
glucosyl residues; in the case of M. vinacea a-D -galactosidase
transfer occurred exclusively to the glycosyl residue at the
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13-hydroxyl group whereas the euzymes from the other
sources effected transfer to either or both glucosyl residues.
a-D-Galactosidase from Absidia corymbifera also gave
a ( l- 6 )-linkages when incubated with melibiose; several
oligosaccharides were formed but the major products were
G ala(l- 6 )Gal, G a la(l- 6 )G ala(l- 6 )Glc and Gala( 1-6 )Gala( 16)Gala( 1-6 )Glc. 169

fi-E-Glucosidascs.
B-D-Glucosidases have been used in transfer reactions to
non-saccharides as well as saccharide acceptors.

In the former

category B-D-glucosidase from Aspergillus luchuensis was able
to transfer D-glucose to butan-l-ol and butan-2-ol in a column
method where the enzyme was retained as the stationary
phase on a column of hydrophilic solid such as cellulose . 170

A stereospecific preparation of the mono-B-D-glucoside
(31) of (lJ?, 2A )-fran 5- l , 2 -cyclohexanediol was achieved using
Takadiastase (a crude enzyme mixture produced by A spergillus
oryzae) with cellobiose (GlcB(l-4)Glc) as donor in the presence
of a racemic mixture o f (1A.2A)- and (lS ,2 S )-tra n s-l,2 cyclohexanediols 171 (Scheme 29).
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°n

(1 fl.2 fl)

(1 S .2 S)

Aspergillus

oryzae
G-D-glucosidase

(31)

Additionally, using almond B-D-glucosidase with salicin
(B-D-glucoside of 2-hydroxybenzyl alcohol) as donor, c is-1,2cyclohexanediol, cyclohexanol, butan-2 -ol and, interestingly,
ferr-butanol could also be glycosylated.
The B-D-glucosidase of Stachybotrys atra has been found
to transfer both D-glucosyl and D-xylosyl residues to simple
a lc o h o ls . 172

However, when phenol or 4-methylumbelliferone

(7-hydroxy-4-methylcoumarone (32)) were employed as
acceptors, only D-xylosyl residues could be transferred (Scheme
30).172
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In the same study it was also found to be possible to
transfer D-glucosyl residues to a variety of anilines using p chlorophenyl B-D-glucopyranoside as the donor.
B-D-Glucosidase has also been found to glucosylate
phenylethylene glycol, propylene glycol, 3-chloropropylene
glycol and a-phenylethyl alcohol. 139

The transformations were

carried out using a crude Aspergillus oryzae B-D-galactosidase
bearing B-D-glucosidase activity.

Mixtures of diastereomers

were formed but could be invariably separated by HPLC.

Kusama et al. 174 considered that B-D-glucosidases could
be classified into tw o groups: hydrolases, such as those of
Aspergillus aculeatus 173 and Talaromyces empersonii,176 and
transglucosidases, such as those of Alcaligenes faecalis,177
Aspergillus niger 178 and Streptomyces jp . 174 depending on the
ratio of hydrolysis to transfer for a given substrate
concentration.

The Streptomyces sp. enzyme produced

gentiobiose (GlcB(l-6 )Glc) from B-gluco-disaccharides and also
from epicellobiose (GlcB(l-4)Man); transfer products (of
undetermined structure) were also obtained from p nitrophenyl B-D-glucoside, phenyl B-D-glucoside and salicin.
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A variety of commercial B-D-glucosidase preparations
were compared for their transfer activity in the study by
Tanaka and Oi.126 Using cellobiose (GlcB(l-4)Glc) as substrate,
free sweet almond B-D-glucosidase gave only hydrolysis
products whereas significant amounts o f the transfer products
cellotriose (GlcB(l-4)GlcB(l-4)Glc) and gentiobiose (GlcB(l6 )Glc) were produced with the immobilised preparations.

The ability of B-D-glucosidase to transfer units other than
B-D-glucosyl was shown in a recent publication by Sakai et
a /.179 Bifidobacterium breve clb B-D-glucosidase I displayed
transfucosylation activity in producing B(l-2)-, (1-3)-, (1-4)and ( l- 6 )-linked D-fucopyranosyl D-glucosides (3:4:2:1, 30%
yield) from p-nitrophenyl B-D-fucoside and D-glucose (Scheme
31).
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g-D-Glucosidases.

In common with B-D-glucosidases and most other
glycosidases, a-D-glucosidases have also been used in transfer
reactions to both saccharide and non-saccharide acceptors.

In

recent years the greatest focus has been on saccharide
acceptors but Itano et a /.171 conducted an interesting study into
the stereospecific preparation of monoglucosides of optically
active tr a n s -\,2-cyclohexanediols (see also above).

W ith

Takadiastase high stereospecifities could be obtained using
maltose as donor in the presence of racemic mixture o f the
diols (Scheme 32).
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The action of a-D-glucosidase on maltose (G lca(l-4)G lc)
tends to give rise to a(l-4>- and (l- 6 )-linked di- and higher
oligosaccharides though a (l-2 ) - and (l-3)-linked products have
also been identified.

Thus, for example, Tetrahym ena

pyriformis a-D-glucosidase in the presence of maltose gives
maltotriose (G lca(l-4)G lca(l-4)G lc) and panose (Glca(l*
6)G lca(l-4)G lc) as the main products with smaller amounts of
isomaltose (G lca(l- 6 )Glc), a ( l - 6 )glucosylmaltotriose (G lca(l6)G lca(l-4)G lca(l-4)G lc) and maltotetraose
(G lca(l-4)G lca( l-4 )G lca(l-4 )G lc ) . 180 With D-xylose as acceptor
this enzyme gave rise to 4 - 0 -a-D -glucopyranosyl-D -xylose
whereas D-lyxose was glucosylated to a mixture of 2-0-, 3 -0-,
and 4-O-a-D-glucopyranosyl-D-lyxoses; D-fructose, Dglucuronic acid, sucrose and methyl a-D-glucopyranoside did
not, however, serve as acceptors . 181 A further study with this
enzyme using phenyl a-D-glucoside as donor gave 6 -O -a-D glucopyranosyl-D-galactose, 6 -O -a-D-glucopyranosyl-Dmannose, 4-O-a-D-glucopyranosyl-L-xylose, 1-O-a-Dglucopyranosylerythritol, 1-O -a-D -glucopyranosyl-D -m annitol,
1 -0 - and 6-0-a-D-glucopyranosyl-D-glucitol and 1-O-a-Dglucopyranosylribitol in the presence of the appropriate
acceptor . 182

These results show the high preference of this

enzyme for primary hydroxyl groups; with monosaccharides
a ( l - 6 )-linked disaccharides were formed but with the
symmetrical and asymmetrical alditols no differentiatiation
between the two possible primary hydroxyl groups was
observed.

When monosaccharides not bearing any primary

hydroxyl groups were used as acceptors, eg. D-ribose, D-lyxose,
58

D-xylosc and L-xylose, transfer to the equatorial OH at C-4
predom inated.
Sucrose (Glca(l-2)BFru), may also act as a substrate for a
D-glucosidases.

Thus maltulose (Glca(l-4)BFru) (33) was the

main product when sucrose was treated with mucosal
preparations of rats or rabbits 183 (Scheme 33).

The maltulose is apparently formed by transfer of D*
glucose units to free D-fructose formed as result of sucrose
hydrolysis.
Sucrose may also act as an acceptor in a
transglucosylation reaction.

Immobilised buckwheat a-D -

glucosidase, using maltose as donor, is able to glucosylate
sucrose to form erlöse (G lca(l-4)G lca(l-2)B Fru (34)) as the
main product, in addition to theanderose (G lc a (l- 6 )G lc o (l2)BFru) and "esculose" (G lca(l-3)G lco(l-2)B Fru).184
Erlöse was also formed when sucrose was the sole
substrate of honey-bee a-D-glucosidase 1185 (Scheme 34).
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These results contrast with those of Hubei and Thompson,
who, using the same enzyme, identified melezitose (G lc a (l3)FruB(2-l )aGlc (35)) as the main product by transfer of
glucosyl unit to the fructosyl rather than the glucosyl residue of
sucrose (Scheme 35 ) . 186
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When maltose and phenyl a-D-glucoside were incubated
with honey-bee a-D-glucosidase the main products were
maltotriose and phenyl a-maltoside further indicating the
enzyme's tendency to form a ( l- ^ - lin k a g e s . 185

The transglucosylating properties of the micro-organism
Protaminobacter

rubrum have been of value in the sugar

industry with the discovery that it is able to convert sucrose
(Glca(l-2)BFru) into palatinose (G lca(l- 6 )BFru), a valuable
sweetener on account of its low cariogenic property .187

This organism has also been shown to carry out the
intermolecular transfer of a glucosyl unit from sucrose to Darabinose . 188

Recently, a more efficient method of

glucosylating furanosides was discovered using immobilised P .
rubrum and 6'-chloro-6'-deoxysucrose (36) as glucosyl donor
instead of sucrose . 189 This system has proved effective for the
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diastereoselective glucosylation of the hydroxymethyl group of
isopropylideneglycerol 189 and in the transfer of a glucosyl unit
to methyl B-D-arabinofuranoside (37 ) 190 (Scheme 36).
CHjOH

Scheme 36

OH

D-Mannosidascs.
Transmannosidation reactions have hitherto received
very little attention and this is somewhat surprising when one
considers the degree to which they occur in glycoproteins.

That

such reactions may be carried out with the same ease as other
transglycosylations has, however, been demonsrated by De
Prijcker et al. who prepared methyl a-D-mannoside from pnitrophenyl a-D-mannoside and methanol using Me die a go
sativa L. a-m annosidase . 191 More recently Nilsson synthesised
various manno-oligosaccharides using jack bean a -D m annosidase 141- 142 (see above).

Studies with B-D-mannosidases are even more rare than
those with a-D -m annosidases.
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B-D-Fructofuranoside finvcrtasc).
Transfructosylations with invertase have been extensive
and the early work has been reviewed by Stanek et a /.121 and
E delm an . 192

Most reactions have employed sucrose as substrate

and fructosyl transfer generally gives rise to the trisaccharides
6 -kestose (Glca(l-2)FruB(6-2)BFru), neokestose (FruB(2-

6)Glco(l-2)BFru) and 1-kestose (G lca(l-2)FruB(l-2)BFru) among
other oligosaccharides; qualitative and quantitative analyses of
reaction mixtures containing 10% sucrose and yeast invertase
was carried out by Anderson et al. 193

That transfer occurs

almost exclusively to the primary hydroxyl groups of sucrose
was further confirmed by Straathof et al. using Saccharom yces
cerevisiae yeast invertase . 194

The major product was 6 -kestose

but also detected were 6-0-B-D -fructofuranosyl-D -glucose
(FruB(2-6)Glc) and inulobiose (FruB(2-l)BFru).

More recently

Jung et al. determined a mathematical model for the production
of fructo-oligosaccharides from sucrose, 1-kestose and nystose
(G lc a ( 1-2)FruB( 1-2)FruB( 1-2)BFru) using a fructosyltransferase'
from Aureobasidium pullulans . 195

When sucrose was employed

as substrate, glucose and 1-kestose were produced and this
pattern was reproduced with 1-kestose and nystose which gave
sucrose and nystose, and 1-kestose and fructofuranosylnystose,
respectively, as a result of fructosyl transfer to terminal
fructose units.
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The use of invertase for the synthesis of alkyl B-Dfructosides was achieved by Reese and Mandels when they
prepared butyl B-D-fructoside from sucrose and butan-l-ol . 170
More recently methyl, ethyl, and propyl B-D-fructosidcs (38)
were prepared from sucrose and the appropriate alcohol in the
presence of invertase from Baker's yeast (Saccharom yces
cerevi'jae ) 137 (Scheme 37).

(38)

R -C H a CH2CH3,
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Ergot alkaloid glycosides have also been prepared by
transfructosylation reactions using sucrose as donor. 196 Free
and immobilised cells of Claviceps purpurea were able to
transfer fructosyl residues to elymoclavine (39), chanoclavine,
lysergol and dihydrolysergol to give mono- and difructosylated
derivatives.

The formation of elymoclavine-0-B-D-fructoside

(40) and elym oclavine-0-B-D -fructofuranosyl-(2-l)-0-B-D fructofuranoside (41) from sucrose and elymoclavine is shown
in Scheme 38.
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D-Xvlosidases
The first examples of transxylosylation reactions involved
transfer from p-nitrophenyl B-D-xyloside to acceptors such as
methanol, glycerol and phenyl B-D-xyloside (to give the B(l-4)linked phenyl B-D-xylobioside) 197 using B-D-xylosidase
partially purified from the commercial preparation
H em icellulase . 198 The ability of Aspergillus niger B-Dxylosidase to form alkyl B-D-xylosides was recently
investigated by Shinoyama et al. l".2 0 0

Xylobiose (XylB( 1-

4)Xyl (42)) was used as donor and B-D-xylosides (43) were
formed from a wide variety of alcohols including pentan-l-ol.
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hexan-l-ol, hcptan-l-ol, octan-l-ol and /erf-butanol (Scheme
39).

Scheme 39

(43)

With Aspergillus niger B-D-xylosidase and xylobiose as
the sole substrate the non-reducing disaccharide O-B-Dxylopyranosyl-(l-l)-B-D-xylopyranose (44) was obtained as
the main product (Scheme 40).201

Scheme 40

(44)

B acillus a-D-Xylosidase has been shown to exhibit
transfer activity with the substrates methyl a-D-xyloside. a 1,3-xylobiose and isoprimeverose (X ylo(l- 6 )Glc (45 ) ) .202 The
substrates acted as both donors and acceptors and in the case
of isoprimeverose the main transfer product was found to be O
o -D -x y lo p y ran o sy l-(l-4 )-0 -a-D -x y lo p y ran o sy l-(l-6 )-D glucopyranose (46) (Scheme 41).
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(45)

Scheme 41

(46)

The ability o f B-D-glucosidase to transfer B-D-xylosyl
units in addition to B-D-glucosyl units was discussed above .173
Penicillium wortm anni B-D-xylosidase has also demonstrated
an ambivalence towards glycosyl transfer with its ability to
transfer a-L-arabinopyranosyl units as well as B-D-xylosyl
units .203

tt-L-Fucosidascs.
Many L-fucose-containing glycoconjugates have
important biological functions but syntheses employing a -L fucosidases are rare.

A recent communication, however, cites

the porcine liver a-L-fucosidase-catalysed synthesis o f methyl
2 -0 - and methyl 6-0-(o-L -fucopyranosyl)-B -D galactopyranosides (L-Fuca(l-2)GalBOMe (48) and L -F u ca(l6 )GalBOMe (49) respectively) using p-nitrophenyl a-L -fucoside

(L -Fuca 0 C 6H4N 0 2 -p (47a)) and a-L-fucopyranosyl fluoride (LFucoOF (47b)) as donors and methyl B-D-galactoside (GalBOMe)
as acceptor with free and immobilised enzyme204 (Scheme 42).
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To improve the solubility of the glycosyl donor up to 50%
organic co-solvent was added.

Although the activity of the a -

L-fucosidase was dramatically decreased by the co-solvent the
enhanced donor solubility and minimisation of competing
hydrolysis gave improved yields.

Thus the best result was

obtained using the free enzyme with the p-nitrophenyl
glycoside (47a) as the donor (donor : acceptor = 1:2.5 ) in
phosphate buffer with 30% dimethyl sulphoxide for 5 days.
This yielded 16.5% of a 2:3 mixture o f (48) and (49); when the
glycosyl fluoride (47b) was employed as the donor the yield
was shifted to 9.7% and the ratio to c a . 1:1.

The enzymatic

synthesis of (49) in good yield (25% ) and with high
regioselectivity has also been claimed by Nilsson.203
D-Glucose, L-fucose and lactose were found not to act as
acceptors in the reaction but 2-acetamido-2-deoxy-D-galactose
(50) yielded a small amount of the disaccharide (51) with
trehalose-type interglycosidic linkage (Scheme 43).
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a

N-Acetvlglvcosaminidase and B-Af-Acetvlhcxosaminidase.
Enzymatic syntheses involving transfer of 2-acetamido-2deoxy-D-glucose (GlcNAc) and 2-acetamido-2-deoxy-Dgalactose (GalNAc) may be carried out by N-acetyl-Dglucosaminidases, N-acetyl-D-galactosaminidases and B-Nacetyl-D-hexosaminidases, the latter being able to transfer both
N-acetyl-D-glucosyl and N-acetyl-D-galactosyl units.

HexNAc

units occur widely in glycolipids and glycoproteins with
BGlcNAc residues being situated at branch points in the core of
glycoprotein glycans and imposing important effects on the
conformation, rigidity and biological activity of glycans.11 So
far, however, few examples of transglycosylation reactions with
these enzymes have been reported.

Werries et al. reported the isolation of two forms of b-Nacetyl-D-glucosaminidase from bovine spleen and employed
them in the synthesis of a pentasaccharide of unknown
structure from a chrondoitin-4-sulphate tetrasaccharide using
phenyl 2-acetamido-2-deoxy-B-D-glucopyranoside as donor.206

More recently Nilsson described the syntheses of
GlcNAcB( 1-6 )GalBOMe (52) (Scheme 44) and GlcNAcB(l6 )ManaOMe using jack bean B-N-acetyl-D-glucosaminidase . 144
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Subsequent studies using a hexosaminidase from mollusc
Chamelea gallina gave a 50:50 mixture o f GlcNAcB(l-6)GalBOMe
and GlcNAcB(l-3)GalBOMe whereas the main product using
GalaOMe as acceptor was GlcNAcB(l-6)GalaOMe.205 These
results provide further evidence of how the anomeric
configuration of the acceptor and the source of the enzyme can
affect regioselectivity.

The structure o f the donor was found to

affect both yield and regioselectivity (Table 3).

Thus the yield

o f GalNAca(l-3)GalaOMe was greater with GalNAcaOC6H4NO2*0
as donor rather than GalNAcaOPh and whereas the former gave
the a(l-3)-linked product almost exclusively, the phenyl
glycoside gave approximately equal amounts of the a(l-6>- and
a(l-3)-linked isomers.

The formation o f GalNAcB(l-3)Gal(JOMe

and GlcNAca(l-3)GalaOMe using GalNAc0OC6H4NO2-P and
GICNAC0 OC 6H 4NO 2-0 , respectively, as donors in the presence of
the appropriate acceptor glycosides demonstrated the ability of
the crude enzyme preparation to catalyse the transfer of
aGlcNAc, BGlcNAc, aGalNAc and BGalNAc residues. The low
yields obtained (5-10% based on the donor substrate) are
understandable as no attempt was made to optimise the
procedure.

However, preliminary experiments indicated that
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up to 50% yields of HexNAcGal glycosides might be obtained by
employing a high acceptor concentration.
Table 3
Formation of disaccharide glycosides using crude enzvme
preparation from Chamelea sailing.

Donor

A cceptor

Main product*

Comment*
highly regioselective
>85% rcgioaelective
equal amount*

GlcNAcB0 C6H4N0 2 -p ManaOMe
OakxOMe
OalBOMe

GlcN AcB( 1-6)ManaOMe
GlcN AcB( 1-6)G*laOMe
GlcN AcB( 1- 3)G*ipO Me
GlcNAcB(l-6)GalBOMe

0 alNAca0 C6H4N02-p OakxOMe

GlcN Aca( 1-6)G*laO Me

high yield

GalNAcaOPh

GalaOMc

GlcN Aca( 1-3)GalaOMe
GlcN Aca( 1-6)GalaOMe

equal amount*

GalNAcB0 C6H4N0 2-p OalBOMe

GlcN AcB( 13)Gal pOMe

GalNAcaOC6H4N02-o OalaOMe

GlcN Aca( 1-3)GalaO Me

highly regioaelective

Purified B-Af-acetyl-D-hexosaminidase from the culture
filtrate of Nocardia orientalis has also been shown to carry out
tranglycosylation reactions .206 Using di-ANacetylchitobiose
(GlcNAcB( 1-4)GlcNAc (53)) as substrate two major transfer
products were isolated; these were identified as GlcNAcB(l6 )GlcNAc (54) and tri-N-acetylchitotriose (GlcNAcB(l-

4)GlcNAcB(l-4)GlcNAc (55)) (Scheme 45).

7

(54)

(“ I

Scheme 45

The enzyme was also shown lo possess B-N-acetylgalactosaminidase activity (but no a-W -acetylhexosam inidase
acitivity) though transfer reactions using this property were
not explored.
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Conclusion.
Until recently enzymes were the realm of the biochemist
and the reluctance of chemists to explore their potential in
synthesis can be understood when one considers their complex
nature and the difficulties associated with their isolation and
purification.

Nowadays, enzymes are the domain of

enzymologists but as they become more well understood and
more widely available chemists are beginning to appreciate the
benefits they have to offer.
In comparison to classical synthesis the study of enzymerelated transformations is in its infancy, but there can be little
doubt as to their potential, particularly in the field of
carbohydrate chemistry.

The foregoing discussion serves to

define current thinking on the mode of action of glycosidases
and to collate the information hitherto gained on their
application in saccharide synthesis.

The advantages of these

types of enzyme in forming stereo- and regiospecific linkages
without the need for tedious protection and deprotection steps
is clearly demonstrated.

Although the enzymatic synthesis of

large oligosaccharides is currently outside the scope of modem
technology, the synthesis o f di- and trisaccharides is common
place and the barriers to more intricate syntheses may be more
easily negotiable with enzymes than by applying classical
synthesis.
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Much research remains lo be done on the carbohydratemetabolising enzymes and indeed in all areas of
biotransformations; the scale of the task is made clear when
one considers the ineffable diversity of enzyme sources and the
fact that each enzyme, even those bearing the same EC number,
generally possesses a unique set of properties.

However one

can appreciate the impact that a large selection of cheap and
readily available enzymes with well-defined properties will
have in chemical transformations and it may not be long before
enzymes form an indispensable part of the chemist's armoury.
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CHAPTER TWO
Transglvcosvlation Studies with the B-D -Galactosidase of

Escherichia colL
As discussed earlier, the f)-D-galactosidase of E. coli has been
the subject of a large number of enzymatic studies. The fact that it
is readily available and relatively inexpensive made it attractive
to us as the starting point for an investigation into the regio- and
stereoselective aspects of enzymatic transglycosylation reactions.
The following discussion relates to a study involving galactosyl
transfer to achiral and chiral mono-ols and diols as well as to one
m e so -diol and two disaccharides.

Transfer to achiral acceptors.
Initial studies were restricted to the transfer of galactose
from lactose to achiral alcohols bearing, except in the case of
propane- 1,3-diol, a single hydroxyl group (Scheme 46, overleaf).
A list of substrates and products is given in Table 4.
Products could be easily isolated by preparative TLC, but the
purest products were obtained by HPLC. A typical HPLC trace is
shown in Figure 1, with the galactoside exhibiting the shortest
retention time followed by glucose, galactose, lactose and
allolactose (G aip(l- 6 )Glc). The production of allolactose may be
attributed to intramolecular or "direct" transglycosylation as a
result of the glucose moiety of a lactose molecule trapping the
galactosyl-enzyme intermediate at its 6 -hydroxyl group before it
is released from the active site of the enzyme. Alternatively, it
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may be produced by free glucose acting as an acceptor in the
same way as the added alcohol.
HOCHj
H<

p-D-galactosidase from

HOCHj
h<

♦ ROH
E. coli

•OH

OH
OH
Schem e 46

56) R-CH3
(57) R-CH 2
CH3
(58) R-CHjCHzCHa
(59) R-CH(CH3
)2
(60) R-CH 2
CH2
OCH3
(61) R-CH 2
(CH2
)2
CH3
(62) R-C(CH3)3
(63) R-CH 2
CH(CH3
)2
(64) R-CH2
<CH2
)3
CH3
(65) R-CH(CHaCHd2
(6
6) R-CHj(CHj)eCH3
(67) R-CH CH CH OH
(

j

j

j

The progress of the reaction could be easily followed by
HPLC and measurement of the galactoside peak heights at
different time intervals permitted the determination of the
maximum product concentration (Figure 2). In general, this
occurred at 36 to 48 hours, after which time it gradually declined.
Thermodynamic equilibrium was reached only after several days
when all glycosidic bonds had been hydrolysed by the enzyme to
give a mixture consisting of only glucose, galactose and the
alcohol. For each of the alcohols examined, a lag phase of two to
three hours duration corresponding to a low rate of product
formation was followed by a rapid rate of production where the
galactoside concentration increased approximately linearly with
time.
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TABLE 4
Glycoside formation from lactose and various achiral alcohols
catalysed by E.coli fJ-D-Galactosidase

Product

S u b stra te 8

Yieldh / %

galactoside

M ethanol

(56)

53

Ethanol

(57)

52

P ro p a n -1 -ol

(58)

54

P ro p an -2 -o l

(59)

49

2-M ethoxyethanol

(60)

45

B u ta n -l-o l

(61)

38

ferf-B u tan o l

(62)

-

2 -M e th y lp ro p a n -1-ol

(63)

36

P e n ta n -1 -o l

(64)

24

P e n ta n -3 -o l

(65)

33

O c tan -l-o l

(66)

-

P ropane-1,3-diol

(67)

42

Substrates employed as described in Method A except for
propane-1,3-diol which was applied as described in
Method B.
Based on lactose with isolation by HPLC.

77

F lf.
of

2. G r a p h to »how t h e ty p ic a l v a r ia t io n
p ro d u c t
c o n c e n tra tio n
w ith
tin e .

79

A measure of the greater effectiveness of the alcohol in
acting as the nucleophile compared with water can be gained by
considering their relative concentrations. The chances of capture
of the galactosyl-enzyme intermediate by the alcohol are
increased by employing an 8:1 ratio of concentrations of alcohol to
lactose, but the concentration of alcohol is still very small (~0.3 M)
when compared to the concentration of water (33 M). This effect
indicates that k4 for the transglycosylation step (Scheme 47) is
significantly greater than It3 for the competing hydrolysis.

Scheme 47

A high rate of transglycosylation relative to hydrolysis is
common for glycosidases and indeed, as discussed earlier, the
presence of an alcohol generally results in an increase in the
overall enzymatic activity . 139'*40
Of the alcohols examined, only ferf-butanol and octan-l-ol
failed to give glycosides. That fer/-butanol did not serve as an
acceptor might have been expected on steric grounds, but it
should be noted that terr-butanol has been successfully
glycosylated using the p-D-glucosidase of Aspergillus oryzaexlx
and the 0-D-xylosidase of Aspergillus nigerJ 99,200
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The reluctance of octan-l-ol to enter into the
transglycosylation reaction may be due to its low solubility,
although a reasonable yield of galactoside could be obtained in the
case of pentan-l-ol which has a solubility of ca. 30 g dm*? at the
temperature employed in the syntheses. The involvement of
octan-l-ol in transglycosylation reactions has, however, been
demonstrated by the group of Shinoyama 199»200 and it has also
been shown to be possible to produce long chain glycosides by
reversion simply by shaking a two-phase mixture of glucose,
water and the alcohol in the presence of the enzyme.130 There is
no obvious explanation of this disparity in substrate acceptance
by different glycosidases, except that the Km values (see Appendix
1) for such substrates may be an important factor.

The possibility of employing a thiol as an acceptor was also
investigated (Scheme 48).
HOCHj
{J -D -ga la c So sid a se fro m H O ^ - O j C H * C H * C H 3

♦ CH3CH2CH2SH

° 0OH

Schama 48

Analysis by HPLC and TLC showed the production of glucose
and galactose in approximately equimolar amounts corresponding
to straightforward lactose hydrolysis. Further, there was no
evidence of thiogalactoside formation, either on the HPLC trace or
in any HPLC fractions. The inability of propane-1-thiol to act as an
81

acceptor is somewhat curious when one considers the
nucleophilicity of the sulphur atom. However, the resistance of
thiogalactosides to hydrolysis by Escherichia coli 0-D -galactosidase
is well documented and indeed this property has enabled
isopropyl P-D-thiogalactoside to find application in studies of
bacterial lactose transport processes.
Transfer to chiral acceptors.

A significant body of knowledge concerning
transglycosylation reactions already exists, but little insight has
been gained into aspects of the regio- and stereoselectivity of
transfer; those studies that have been carried out were discussed
earlier. The aim of the work described here was to further the
understanding of transfer reactions involving chiral substrates. To
this end a systematic study of galactosyl transfer to chiral
acceptors catalysed by the p-D-galactosidase of Escherichia coli
was initiated. Three chiral alcohols, butan-2-ol. pentan-2-ol and
2,2-dimethyl-l,3-dioxolane-4-m ethanol (isopropylidene

glycerol,

IPG), and two chiral diols, propane- 1,2-dioi and butane-1,3-diol,
were examined and, except in the case of pentan- 2 -ol which was
available only as the racemate, each was applied as a single
enantiomer and as the racemate (Table 3). Determinations of the
regio- and stereoselectivities of the reactions were carried out by
*H NMR and, except in the case of pentan-2-ol, enantiomerically
pure acceptor provided a means of ascertaining whether the
enzyme displayed any stereoselectivity towards one or other
enantiomer o f the acceptor.
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TABLES
Glycoside formation from lactose and various chiral alcohols
catalysed by E.coli (3-D-galactosidase

Substrate8

8

Product
galactoside(s)

Yield<> / *

Racemic Butan-2-ol

( 68) + (69)

32

(/?)-Butan-2-ol

(68)

32

racemic Pentan-2-ol

(70) + (71)

29

racemic IPG

(72) + (73)

47

(S)-IPG

(72)

47

racemic Propane-1,2-diol

(74) -(77)

46

(S )-Propane-1,2-diol

(74) + (75)

31

racemic Butan-l,3-diol

(78) -(81)

61

(5)-B utane-l,3-diol

(78) + (79)

63

Substrates employed as described in Method B, except for
racemic pentan-2 -ol which was applied as described in
Method A.

b

Based on lactose with isolation by HPLC.

In the case of racemic butan-2-ol (Scheme 49), a mixture of
both possible diastereoisomers (( 68 ) and (69)) was formed, as
indicated by the signals in the

NMR spectrum (see also

Appendix 2) attributable to the methyl group attached to the
carbinol carbon atom (Figure 3).
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FIGURE 3

Partial

>H NMR spectrum for the p-D-galaclosides

produced from racemic bulan-2-ol

T t7-----------------84

Comparison with the spectrum of the product from (R)butan-2-ol showed that the products from the (R )- and (5)enantiomers were formed in a ratio of 1.00:0.83.
With racemic pentan-2-ol, a diastereoisometric mixture of
products was also formed (Scheme SO).

By considering the signals

in the *H NMR spectrum due to the methyl group attached to the
carbinol carbon atom (in the same way as for butan-2 -ol) it was
clear that one product slightly predominated over the other
(Figure 4). In this case, a ratio of 1.00:0.86 was indicated, but it
was not possible to assign the signals to the products from the (R)and (S)-enantiomers of pentan-2 -ol as samples of the individual
enantiomers were not available for comparison. However, it was
noted that the ratio of the signals was in the opposite sense when
compared with those in the spectrum for the galactosides of
butan-2-ol. This suggested that the slight diastereoselectivity
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HGURE4

Partial >H NMR spectrum for
the P-D-galactosides produced from
racem ic pentan- 2 -ol.
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exhibited by the enzyme was different for the two alcohols with
the (/O-enantiomer being favoured in the case of butan-2 -ol and
the (5)-enantiomer being favoured in the case of pentan-2 -ol
(Scheme SO).

(70)

036

1.00

(71)

Schem e 50

An analogous situation was seen to exist when the 13C NMR
spectra were considered, i.e. comparable signals for the two
products were also reversed in relative intensity (c f. Figures 5 and
6 ). Stereochemical influences of aglycone alcohols on 13C chemical

shifts (see also Appendix 2) o f P-D-glucosides have been studied
by several workers .202'204-208*214

It was discovered that

attachment of the anomeric carbon atom to an (5)-centre resulted
in deshielding of the anomeric carbon atom in such a way that it
gave a resonance significantly downfield of the corresponding
carbon atom attached to an (R)-centre. This observation is
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reflected in the spectra of the galactosides of (S)- and (A)-butan2-ol (Figure 5) where the relevant resonances are at 102.8 and
101.7 p.p.m. and it may be reasonable to expect that the
resonance at lowest field (104.9 p.p.m) in the spectrum of the
galactosides derived from racemic pentan-2-ol is attributable to
the galactoside of the (S)-alcohol and that the corresponding signal
for the galactoside of the (A)-alcohol is the one at 103.7 p.p.m..
These conclusions are particularly well supported by the
corresponding chemical shifts of the anomeric carbon atoms of the
P-D-glucosides of (S)- and (/?)*pentan-2-ol which appear at 103.9
and 102.0 p.p.m. respectively .210

Similar arguments may be brought to bear on the
chemical shifts of the a-carbon atoms of the aglycone moieties
which experience increased deshielding when attached to (5)alcohols. Thus in the case of the galactosides derived from racemic
pentan-2-ol, the a-carbon atom signals are situated at 76.8 and
78.1 ppm, with the latter (for the derivative of the (5)-alcohol)
being the most intense (c/. Figures 5 and 6 ). Taken together, these
results indicate that the diastereoselectivity is opposite for the
two substrates although definitive assignment of the spectra of
the galactosides of (/?)- and (S)-pentan-2-ol is necessary before
this conclusion can be substantiated.

In galactosyl transfer to racemic IPG (Scheme 31), a
complete lack of diastereoselectivity was observed as shown by
the pair o f doublets in the *H NMR spectrum associated with the
anomeric protons of the diastereoisomeric product which were of
nearly equal (within 3%) intensity.
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Results similar to those reported here have been obtained
by others 151 but they are in sharp contrast with those obtained by
Boos et al. ,55- 156 which indicated that the transfer was completely
stereoselective. In our study all products were examined without
involving any crystallisation procedures and it is suggested that
the isolation of a diastereoisomerically pure product in the Boos
study was as a result of inadvertent diastereoisomeric enrichment
during the crystallisation procedure.

Galactosyl transfer in the presence of racemic propane-1,2diol (Scheme 52) gave all four of the possible products as
indicated by the four sets of doublets in the anomeric region of
the Iff NMR spectrum (Figure 7).
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Of the four sets, those furthest

downfield were of lower intensity and corresponded to the minor
products in which the galactosyl group was attached to the
secondary hydroxyl group of the (/?)- and (S)-enantiomers
(galactosides (75) and (77».

The slight downfield shift is in

accordance with the y-effect, which predicts that anomeric protons
experience greater deshielding when attached to the aglycone
through a secondary hydroxyl group than when attached through
a primary hydroxyl group .2*0’2*4 The lower intensity of the
doublets is a result of a smaller degree of transfer to the
secondary hydroxyl groups which may be expected on steric
grounds. Assignment of the signals attributable to the products
from the (R )- and (5 »enantiomers of the substrate was made by
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comparison with the product obtained from (S )-p ro p an e-l,2 -diol
and integration of the signals due to the anomeric protons showed
that selectivity with respect to the enantiomeric substrates was
nearly the same. In transfer to the primary hydroxyl group (to
give galactosides (74) and (76)), for example, it appeared that the
(S)-enantiomer was favoured over the (A)-enantiomer by a factor
of 1.00 :0 .86 , although the extreme closeness of the the pairs of
doublets makes the definitive assignment of the signals difficult.
In transfer to the secondary hydroxyl group, the (A )-enantiom er
was favoured over the (S)-enantiomer by a factor of 1.00:0.77 and
overall transfer to the primary hydroxyl group was favoured over
the secondary by a factor of 1.00:0.35. When (5 )-p ro p an e-l,2 -diol
was used as a substrate, a similar ratio of 1.00:0.33 was observed
for the selectivity for transfer to the primary hydroxyl group.

Corresponding data were obtained in a similar manner for
the galactosyl transfer to racemic butane-1,3-diol, which also gave
rise to four products (Scheme 53).

However, in this case, the

selectivity with respect to transfer to the primary and secondary
hydroxyl groups was significantly greater. From the relative
integrations of the signals attributable to the anomeric protons, it
could be seen that the selectivity for transfer to the primary
hydroxyl group was favoured over the secondary by a factor of
1.00:0.15 (Figure 8 ). In transfer to the primary hydroxyl group,
the anomeric signals revealed that the (/?)-enantiomer was
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E.coM
l)-D-galactosidase

favoured over the (S)-enantiomer by a factor of 1.00:0.99,
indicating an almost total lack of diastereoselectivity in this mode.
The corresponding information for the minor products could not
be obtained from the anomeric signals as they were not
distinguished at 400 MHz, but consideration of the signals
attributable to the methyl groups in the product indicated that for
transfer to the secondary hydroxyl group the (R )-enantiomer was
favoured over the (S)-enantiomer by a factor of 1.00:0.50.
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The selectivity of these reactions can be expressed in a
different way. With racemic propane-1,2-diol, and considering the
(/? )-enantiomer, selectivity with respect to transfer to the primary
hydroxyl group relative to the secondary hydroxyl group was
1.00:0.37. For the (S)-enantiomer, the corresponding ratio was
1.00:0.33. However, for racemic butane-1,3-diol, the
corresponding ratios were 1.00 :0.20 for the (/?)-enantiomer and
1.00:0.10 for the (S)-enantiomer. When the (S)-enantiomers of
propane- 1, 2 -diol and butane- 1,2 -diol were used, the
corresponding selectivities were found to be 1.00:0.33 and
1.00:0.13 respectively. These were not significantly different from
the ratios found for the racemates.
The most comprehensive study of the structural factors
affecting acceptor reactivity in 0-D -galactosidase-catalysed
reactions, was made by Huber et a /.115 who obtained kinetic data
for a number of simple acceptor alcohols, monosaccharides and
alditols. They interpreted their results in terms of a hypothetical
glycopyranose binding site which allows for the formation of
allolactose through attack of the galactosyl-enzyme intermediate
by the 6 -hydroxyl group of glucose (Figure 9).

Figure 9
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Although this model must be regarded as tentative, it
does nevertheless provide a starting point for a discussion of the
results obtained with butane-1,3-diol. The corresponding
conformations with respect to binding at the active site are (i) and
(ii) (Figure 10) for attack by the primary and secondary hydroxyl
groups o f (/?)-butane- 1,3-diol and (iii) and (iv) for the
corresponding reaction modes for the (S)-enantiomer. These
conformations have been chosen to mimic as closely as possible
the conformation of the C-4 to C -6 component of glucopyranose, as
this part of the molecule is considered to be the most important in
relation to recognition by the active site.

F ig u r e 10

The relationship of the structures in Figure 10 to the bound
glucopyranose system in Figure 9 is indicated in the structure (i)
(Figure 10) in which the most important carbon atoms are
numbered. For attack by the primary hydroxyl group it is
conformation (iii) of the (S)-enantiomer that most closely
resembles that of the model (Figure 9). However, since there was
essentially no discrimination between the (R )- and (S)98

enantiomers, the alternative conformation (i) for the (R )enantiomer in which the methyl group is in an 'axial' conformation
in terms of the glucopyranose model must be equally acceptable.
For attack by the secondary hydroxyl group, the only
difference in conformation for the two enantiomers is at the chiral
centres (c/. (ii) and (iv)). The preference for attack by the primary
as opposed to secondary hydroxyl groups suggests that steric
factors are important in this transglycosylation reaction, but the
explanation for attack by the secondary hydroxyl group of the
(R )-enantiomer (ii) being twice as favoured as attack by the
secondary hydroxyl group of the (5)-enantiomer may also lie in
the highly hydrophobic nature of the glucose binding site of f)-Dgalactosidase. This discrimination suggests that the orientation of
the methyl group in (iv) is disfavoured for steric reasons or that
the orientation of the methyl group in conformation (ii) of the (R)enantiomer is favoured by a hydrophobic interaction. It is
possible, of course, that both factors operate simultaneously.
Interpretation of the results with propane-1,2-diol is less
informative since the 1,2-diol structure mimics the C-4 to C -6
component of glucopyranose less well than butane-1,3-diol. Also,
there is essentially no discrimination between the enantiomers.
One significant difference between the two systems, however, is in
the greater discrimination between the primary and secondary
hydroxyl groups of butane-1,3-diol (1.00:0.15) compared to
propane-1,2-diol (1.00:0.35). The source of the difference may be
the difference in binding ability imparted to the two diols by the
methyl groups when they adopt conformations for attack by the
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primary hydroxyl groups. Thus the greater binding of (i) and (iii)
relative to the equivalent conformations for propane-1,2 -diol has
the effect of more than halving the participation of the secondary
hydroxyl group of butane- 1,3-diol relative to propane-1,2 -diol in
the transglycosylation reaction.

The conclusions of Huber et al., although highly informative,
did not have the benefit of product analysis, so the importance of
competing modes of reaction could not be appreciated. Our results
do take this factor into account and also indicate that
stereochemical discrimination is greatest for galactosyl transfer to
secondary hydroxyl groups. If used for biotransformations, with
high diastereoselectivity as the goal, transgalactosylation is
therefore likely to give better results when secondary hydroxyl
groups act as the acceptors.

T ra n sfe r to c iJ - c v c l o h e x a - 3 .5 - d i e n e - 1 .2 - d i Q L

The ability of micro-organisms to dihydroxylate aromatic
substrates has led to considerable interest in dihydrocatechols as
building blocks in organic synthesis. The archetypal example of
the oxidation is the conversion of benzene by strains of
Pseudomonas putida to cij-cyclohexa-3,5-diene-l,2-diol
("benzene-cis-glycol"(82), Scheme 54 ).215
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Pseudom onas putida

Scheme 54

In recent years, this product has found application in the
synthesis of polyphenylene216, i * ) - , 217 (+)-2,8and (-)-pinitol218 as
well as m yo-inositol-1,4,3-triphosphate .2 19 One possible way of
enhancing the synthetic value of benzene-ci'j-glycol (82) is to
destroy the plane of symmetry by introducing a substituent at
one of the hydroxyl positions and create a chiral building block.
The obvious method for achieving this would be by using the
”meso trick ",220 that is, enantioselective enzymatic hydrolysis of
the diacetate (83) (Scheme 33).

(84)
Schama SS

However, although selective hydrolysis occurs, the
intermediate monoester (84) rapidly undergoes elimination of
acetic acid to give phenol as the sole product.221
In order to produce a stereoselectively modified derivative
of (82) which would be less likely to undergo elimination,
galactosyl transfer was investigated. Incubation of lactose and the
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me so- diol with the ß-D-galactosidase of Escherichia coli was found
to produce both of the possible products (Scheme 56).

(85)

(86)
Scheme 56

Analysis of the reaction mixture by HPLC during the early
stages o f the reaction (3 to 4 hours) indicated a diastereoisomeric
excess of ca. 80%; this could be confirmed by NMR analysis of the
isolated product. In order to achieve optimum yields, however, it
was necessary to allow the reaction to continue until almost all of
the lactose had been consumed. This resulted in a decline in the
diastereoisomeric ratio to ca. 20%, though it was found possible to
separate the diastereoisomers by HPLC. The changes in the ratios
of the products may be explained by the relative rates of
formation and hydrolysis of the products, with the fastest-formed
diastereoisomer also being the one most susceptible to hydrolysis.
The diastereoisomeric excess of the product is therefore
dependent on the incubation time. As with all the galactosyl
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transfers so far considered, however, hydrolysis of the products is
relatively slow compared to the rate of transfer, so that isolation
of the products prior to extensive hydrolysis is quite simple.
Another possible explanation for the variation in product ratios
might have been the enzyme-catalysed transfer of the galactosyl
residue between the two hydroxyl groups. This possibility is
eliminated, however, since incubation of the pure
diastereoisomers did not result in any interconversion.

Once the products had been separated an attempt was made
to deduce their structures. Such an assignment presents some
problems and the difficulty of the task is shown by the work of
Gais et al.160 who also carried out galactosyl transfer to m ejo-diols
but postponed elucidation of the stereochemistry of the products.
The method used in the present case combined nuclear
Overhauser enhancement (NOE) studies with molecular modelling.
First, the minimum energy conformations of the two structures
were determined using the molecular mechanics programme
PCM ODEL .222 In order to ensure that all of the reasonable energy
minima had been located, the MULTOR routine was used to
generate a series of conformations by 60° rotations about the C1/0 glycosidic bond. For each of these conformations, a second set
was generated by 60° rotations about the O/C-l' bond. From the
thirty six conformations thus generated for each of the structures,
thirteen meaningful conformations were obtained for the (l'-S )galactoside (85) and twelve for the (l'-R)-galactoside ( 86) (Figure
> 1).
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minor galactoside (B)

minor galactoside (A)
Flour» 11

Each of these conformations was then minimised in two
ways: first, permitting intramolecular hydrogen bonding and
second, with intramolecular hydrogen bonding prevented, to
simulate the situation in aqueous solution. In both cases, the
lowest energy conformation for the (l'-lO-galactoside ( 86 ) was the
one with a l-H/ 6 '-H distance of 2.2 A (Figures 12 and 13). For the
(l'S-galactoside (83), the lowest energy conformation with
intramolecular hydrogen bonding permitted had a l-H / 6 '-H
distance of 2.3 A. However, this conformation was stabilised by a
hydrogen bond between the hydrogen atom of the 2'-hydroxyl
group and the ring oxygen of the galactosyl residue. When this
possibility was prevented, this conformer had a l-H/ 6’-H distance
of 3.9 A (Figures 14 and 15). The difference between the l-H/6’-H
distances for the two structures is quite significant, with that for
the (l'-5)-galactoside being in the range where NOE effects might
be expected. Examination of the NOE spectra of the major isomer
(A) with the longer retention time on HPLC showed that when the
anomeric proton 1-H (4.48 p.p.m) was irradiated, there was a
significant NOE to 6'-H at 5.9 p.p.m. (Figure 16). Conversely,
irradiation of 6'-H produced a strong NOE to I-H (Figure 17). The
corresponding experiments with the minor isomer (B) which had
the shorter retention time failed to give any NOEs (Figures 18 and
19). These results were supported by further NOE data in cases
104

•senerated diagram of the ( l ’Ä)-ß-D-
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FIGURE 14 PCMODEL-generated diagram of the ( l’S)-ß-D-

F I G U R E 16 N O E Spe ctrum o btained b y irradiation o f the H - l

proton of the major isomer of the galactoside mixture
obtained from c r'j-cycloh ex a-3,5-d ie ne -1,2-d io l.
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F I G U R E 17 N O E Spe ctrum obtained b y irradiation o f the H proton o f the m ajor iso m e r o f the galactoside i
obtained fro m c iJ - c y c lo h e x a - 3 . 5 - d ie n e - 1, 2 - d io l
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F I f l I I R E 18 N O E S p c c ir u m

obtained b y irrad iatio n o f the 11-1

p ro to n o f the m inor isom er o f the galactoside m ixture
o b t a in e d fro m i- ij - c y c lo h e x a - 3 , 5 - d ie n e - l , 2 - d io l .

III

F I G U R E 19 N O E S p e c tru m obtained b y irra d ia tio n o f the H -6 '
proton o f the m in o r isom er o f the galactoside m ixtu re
obtained f r o m c ij - c y c lo h e x a - 3 , 5 - d i e n e - 1,2 -d io l.
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where proton-proton distances were significantly different for the
tw o diastereoisomers and permitted the preliminary conclusion to
be drawn that galactoside (B) is the (VS, 2'/?)-galactoside (85) and
that galactoside (A) is the (VR, 2'S)-galactoside ( 86 ).
While the reliability of the conclusions derived in the above
manner is open to question, the potential of the method is clearly
demonstrated. However, although the galactosides displayed a
remarkable amenability for study by this method, a definitive
assignment of configuration is still needed.
Although the enzyme applied in this transfer reaction failed
to give an overall high yield of a single diastereoisomer, the high
diastereoselectivity exhibited during the early part of the reaction
indicates that there may be other |3-D-galactosidases which would
give higher diastereoselectivities. For example, the enzyme from
Aspergillus oryzae has proved superior to the E. coli enzyme in
transfers to mono- and bicyclic m eso-diols.

Transfer to disaccharide acceptors.
The foregoing discussion relating to glycosyl transfer to non
saccharides is valuable for gaining an understanding of these
types of reactions. However, the most important application of
these enzymes is in the synthesis of oligosaccharides. Enzymatic
disaccharide synthesis is now commonplace, but little study has
been made of transfers to disaccharide acceptors. Our attempts at
trisaccharide synthesis employed the a-D-galactosidase of
113

M ortie relia vinacea using o-nitrophenyl a-D-galactoside as donor
with lactose and cellobiose as acceptors.

(i) Transfer to lactose (Galß(l-4)Glc).
a-Galactosyl transfer to lactose (Scheme 57) was carried out
with an acceptor:donor ratio of 4:1.

HPLC analysis of the product mixture showed a single
trisaccharide peak which could not be resolved by varying the
solvent composition. Isolation of this fraction and analysis by ! H
and ,3C NMR confirmed that a single isomer had been formed.
Thus, for example, the lH NMR spectrum showed four anomeric
signals (Figure 20). The signal at 6 4.94 is typical of protons
attached to anomeric carbon atoms involved in a-linkages, while
the signal at 6 4.42 corresponded to the anomeric proton on the C7 carbon atom. This latter resonance is complicated by a small
amount of lactose impurity. The signals at 6 4.61 and 6 5.17 have a
combined integration corresponding to a single proton and are

ns

trisaccharide obtained by transfer of a galactose

B GURE 2Q Anomeric region of the >H NMR spectrum of the

associated with the anomeric protons of the reducing moiety of
the product.
Establishment of the newly-formed linkage was made by
considering the 13C NMR spectrum (Figure 21). As expected, there
were four resonances corresponding to the four anomeric carbon
atoms. The resonance at 6 99.1 corresponded to the anomeric
carbon atom of the newly-introduced a-galactosyl moiety. Its
position at 6 99.1 was indicative of an a(l-6)-linkage, but the
strongest evidence in favour of this conclusion was the resonance
at 6 67.2 associated with the C-12 carbon atom. In general, such
carbon atoms give signals at ca. 5 61-62 when bearing free
hydroxyl groups, but when involved in forming a-linkages to
glycosyl residues they experience a downfield shift of several
ppm .223 Such shifts would not result from attachment of a
glycosyl moiety at any other positions.

That the galactosyl residue

was attached to the C-12 rather than the C-6 carbon atom of
lactose (which would give a branched trisaccharide) was
confirmed by the splitting of the resonance at 6 60.9/61.0
attributable to the C-6 of the reducing glucosyl unit.

These values

are very close to the corresponding values for lactose (c/. 6
60.8/60.9) and had the galactosyl residue been attached at this
position the split resonance would have been observed at ca. 5 67.

(ih Transfer to cellobiosc (GlcB(l-4)GlcL
a-Galactosyl transfer to cellobiose was also found to produce
• single product

((88), Scheme 58).
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FIGURE 21 Anomeric region of the

NMR spectrum of the

Schem e SB

The *H NMR spectrum was reminiscent of that of G a la (l6)G al|l(l-4)G lc (87) prepared above, with the anomeric protons of
the transferred galactosyl residue giving a signal at 5 4.46 (c/.
4.42, above). Determination of the nature of the newly-formed
linkage was carried out by applying the same approach as that in
the foregoing case. The conclusion that attachment was via C-12 of
the non-reducing component of the acceptor was supported by the
observation of a resonance at 5 66.7 (c/. 67.2, above).
These results with the a-D-galactosidase of M. vinacea
parallel those o f Kitahata el al. who, in similar transfers to the
sweetener rubusoside also found that this enzyme had a tendency
to form only a (l-6 )-lin k a g e s.168

The ease with which these trisaccharides have been
prepared demonstrates the value of glycosidases in synthesis,
since the classical synthesis of such compounds would require
many steps. However, there remains the question of whether
higher oligosaccharides may be prepared with similar facility.
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Further, glycosidases will only realise their full potential
when it becomes possible to select a certain variety of enzyme
capable of catalysing the formation of the specific linkage
required. For example, the a-D-galactosidases for which
information is available have been found capable only of forming
a (l-6 ) linkages and it is necessary to characterise other varieties
which would form specifically a (l-4 ), a(l-3 ) or a (l-2 ) linkages. If
such a feat could be accomplished for all types of linkage, the
problem of separation of product mixtures would be obviated and
one might envisage enzymatic oligosaccharide synthesis
superseding classical oligosaccharide synthesis.

CH A P TER TH R E E

Molecular Imprinting as an Aid lo Oligosaccharide Synthesis
A common problem in oligosaccharide synthesis is control
over the regioselectivity of bond formation.

As discussed

above, it may be possible to modulate the nature of the linkage
by the judicious choice of the aglycone of the acceptor and the
enzyme source.

Other approaches include the classical chemical

protection, the addition of complexing agents, immobilisation of
the acceptor and relatively new technique of "molecular
im printing."
The application of classical protecting groups such as
isopropylidene, benzylidene and acetate, etc., is well known in
carbohydrate chemistry; acetone, for example, forms l,2:3,4-diO -isopropylidene-a-D-galactopyranoside with the a-anomer of
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Since the 6-hydroxyl group is not involved in the protection
one could envisage its participation in a transglycosylation
reaction.

The same rationale applies to the addition of complexing
agents, i.e. the specific binding of certain hydroxyl groups so
that glycosidic bond formation is restricted to a reduced
number of hydroxyl groups.

Much work has been concerned

with complexing agents and in particular with boronate agents
12

which yield crystalline derivatives.224

D-Glucose, for example,

gives a crystalline l,2:3,S-bis(phenylboronate) with
phenylboronic acid (Scheme 59).225

Schema 59

Although boronates have great potential for application in
many areas of chemistry, advances have been hampered by the
diversity o f linkages formed by boron with polyols. As a result
the possibility of transglycosylation reactions employing
carbohydrate boronates as acceptors has yet to be explored.
Boronic acids have, however, been of great value in areas such
as molecular imprinting (see below).

Oligosaccharide synthesis by immobilisation of the
acceptor on a polymer support has attracted considerable
interest in recent years,65 *72*226*229 although this method has
yet to become competitive with classical solution chemistry.

As

discussed by Zehavi et al.12 the major reasons for this are i)
incomplete glycosylation,
blocks and

ii) scarcity of saccharide building

iii) the necessity to introduce protecting groups.

The application of enzymes serves to overcome the difficulties
mentioned under ii) and iii) and a recent example involves the
lysozyme-catalysed transfer of a monosaccharide unit to a
cellobio-polymer (Scheme 60).65
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Scheme 60

The o-nitrophenyl cellobiose was attached to an
aminoethyl-substituted acrylamide polymer via amide bonds
and following the transglycosylation reaction the product was
released by UV irradiation.
"Molecular imprinting” was the name coined by Wulff to
describe the production of a polymer bearing tailor-made
cavities for specific types of molecules.230*233 One
characteristic of enzyme catalysis is the binding of the reacting
substrate in the active centre which is a perfectly fitting cavity
23

containing, in the correct stereochemistry, functional groups for
binding and catalysis.

The creation of such tight-fitting cavities

in a polymer matrix may be achieved by binding suitable
polymerisable groups to a template or "print” molecule and
then copolymerising in the presence of a large amount of crosslinking agent.

This gives a rigid polymer with cavities filled

with the tightly-fitting template molecules.

Subsequent

removal of the template molecules generates cavities with an
affinity for the original template molecules (Scheme 61, T =
template molecule).

1

Much of the work in this area has been focussed on
phenyl a-D-mannopyranoside (template) and 4vinylphenylboronic acid which reversibly binds with the
template in a well-defined manner; two molecules of the latter
bind each template molecule at four hydroxyl groups via ester
linkages (Figure 22).
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Figure 22

A fter complexation, polymerisation generates a structure
in which the template molecules are bound in rigid cavities.
Treatment with water or methanol then leaches out the print
molecules to give the imprinted polymer (Scheme 62).

If as in this case the print molecule is chiral, a measure of
the success of the imprinting method can be gained from the
ability of the polymer to separate the racemate of the print
m olecule, i.e. phenyl a-L and a-D-mannopyranosides in the
case described.

Another possibility, which has only recently

met with success,234 is to measure the optical activity of the
polym er.
The application of imprinted polymers in the enzymatic
synthesis of oligosaccharides has, as far as the author is aware,
yet to be investigated.

Since glycosidases are characterised by

their ability to transfer glycosyl moieties to the non-reducing
ends of oligosaccharides little advantage can be expected to be
gained by embedding the acceptor in a polymer cavity.
However, it might be supposed that the embedding of the
acceptor may have an effect on the regioselectivity of the
transfer reaction and thus offer an alternative way to modulate
linkage-form ation.
A proposed synthesis might begin with the formation of
an imprinted polymer bearing cavities specific for the reducing
end of target molecule.

For example, if it were proposed to

synthesise the trisaccharide GalB(l-4)GalB(l-4)Glc then glucose
(but see below) would be employed as the print molecule, with
glucose complexation being envisaged as being carried out by a
boronate monomer (as above).

Following polymerisation and

washing, the polymer would be equilibrated with the acceptor
molecule lactose (GalB(l-4)Glc) in the expectation that the
glucose moieties would be bound in the cavities and the
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galactose moieties would remain exposed.

The exposed

galactose moieties would then be used as the acceptors in a
transgalactosylation reaction to give the trisaccharide product
which would be easily removed by washing.

Such a possibility

raises many questions, the answers to which are likely to
require a considerable amount of research.

The ensuing study

can only begin to explore the possibility of using imprinted
polymers as tools in the enzymatic synthesis of
oligosaccharides.

The following discussion attempts to draw

attention to some of the strengths and weaknesses of the
strategy.
For a polymer to be of any value in enzymatic
oligosaccharide synthesis it would need to possess several
attributes.

In the first instance it must exhibit a powerful

memory effect and be easily permeable to the enzyme.
Development of a polymer to this end involves many factors;
enzyme permeability may be achieved using macroporous
(macroreticular) polymers consisting of a network of polymer
chains and large pores while optimisation o f the memory effect
requires that the influences of rigidity, flexibility and
accessibility be considered.
The polymer should also possess high rigidity in order to
preserve the shape of the cavities.

This can be done by high

cross-linking and it is known that for some polymers less than
10% cross-linking agent results in a complete lack of specificity
for the template.239

In contrast to the requirement for rigidity,

the polymer should also exhibit a degree of flexibility in or
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around the cavities since cavities of accurate shape but lacking
flexibility show a kinetic hindrance to reversible binding.
Flexibility is greatly influenced by the type of cross-linking
agent and a balance needs to be reached between a polymer
with highly specific cavities which cannot be split from their
hosts and one which possesses less selective cavities but allows
fast binding and splitting of print molecules.

In the case of

boronate polymers it may be possible to exert some degree of
control over the binding/splitting process by altering the pH;
studies by Barker et al.236 indicate that with phenylboronic
acid carbohydrates are essentially uncomplexed below pH 5
and fully complexed beyond pH 9.

Finally the polymer should possess a degree of
mechanical stability and have as many as possible of its
cavities accessible to acceptor, donor and, most importantly, the
enzyme; the co-existence of the acceptor, donor and enzyme at
the same area o f the polymer structure is dependent on the
flexibility of the polymer and the pore size distribution.
In the hypothetical trisaccharide synthesis outlined above
D-glucose was proposed as the print molecule; careful
consideration of the interaction of areneboronic acids with Dglucose, however, indicates that this would be unsuitable as the
print molecule as it reacts in the furanose form (Scheme 59).
more appropriate print molecule would be 4 -0 -methyl Dglucose which, like the glucose moiety of lactose, is unable to
adopt the furanose form.

Further, the specificity of cavities
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A

formed by 4 -0 -methyl D-glucose would not be dependent on
the 4-position.
As discussed above pH has an important effect on
binding.

To optimise the number and specificity of cavities,

polymerisation should be carried out at elevated pH.

Control of

pH would also be important when rebinding lactose and
carrying out the transglycosylation reaction; a balance would
need to be reached between the degree of lactose binding and
the enzyme activity.

Although most glycosidases exhibit their

greatest activity at approximately pH 7 or less, considerable
activity may still be maintained at pH 8 or greater which would
favour binding of the acceptor (lactose).
Accessibility of the bound lactose may be a problem in
syntheses of this nature, i.e. the enzyme may be too large or
the cavity may be too "buried" for the enzyme to be able to
"see" the lactose molecule.

A possible way of circumventing

such a problem would be to increase the proportion of each
acceptor molecule not involved in binding in the cavity.

Since

the acceptor molecule is predetermined, the easiest way of
regulating the amount of each acceptor exposed to the enzyme
is via the size of the cavity which is controlled by the choice of
the print molecule.

In trisaccharide syntheses, variation of the

print molecule is not possible since a monosaccharide must be
used, but as the size of the target molecule increases, so does
the choice of print molecule.
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A possible advantage in the synthesis of higher
oligosaccharides is in the increased specificity that the deeper
cavities may have for the acceptor; the greater specificity
conferred on the cavities by an increased number of boronatecarbohydrate interactions would decrease the chances of the
acceptor molecule going into the cavity backwards.

However,

with deeper cavities, unfavourable entropy effects may become
prohibitive to the uptake of acceptor molecules by the cavities.
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C H A P TER

FOUR

Molecular Imprinting Using Acrylamide Polymers.
In the development of a saccharide-imprinted polymer
for use in enzymatic oligosaccharide synthesis the primary
considerations are

i) that the polymer will allow free

movement of the enzyme and

ii) that it should bear groups

capable of binding saccharide molecules.

On account of the high

molecular weights of enzymes it is perhaps the first of these
considerations which would be likely to pose the greater
problem since the incorporation o f suitable binding groups may
be achieved via small modifications in the composition of the
monomer mixture used in polymerisation.
In our efforts to overcome the problem of the enzyme
accessibility we were attracted to acrylamide polymers which
are known for their capacity for large changes in swelling, i.e.
their ability to adopt a very open structure of large pore sizes.
Further, acrylamide polymers are amenable to substitution by
boronate-containing monomers which can bind saccharide
molecules during polymerisation.

The possibility for altering

the swelling of the polymer was also attractive to us as a means
of physically altering the structure o f the polymer on a
microscale to facilitate sugar binding/release.

The transition of

an imprinted structure from small volume to high volume, for
example, gives the possibility for distortion of the cavities and
a consequent change in the degree of sugar binding.
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With these considerations in mind our approach was to
consider first AMsopropylacry(amide polymers and then
acrylamide/acrylic acid co-polymers.
AMsopropvlacrvlamide

polymers.

Polymers of AT-isopropylacrylamide exhibit large changes
in swelling (see Appendix 2) when their temperatures are
raised or lowered through their lower critical solution
temperature (LCST).237-239 Thus these 'hydrogels' shrink or
deswell in aqueous solutions as the temperature is raised
through a few degrees at their LCST (generally 30 to 40°C) and
reswell or expand on cooling below the LCST.

These properties

have allowed these thermally reversible gels to be used to
deliver drugs, to selectively or non-selectively remove
undesirable toxins, to assay for specific substances, to recover
selected products of a bioprocess or chemical process, to
separate via affinity binding a substance from a complex
mixture and to act as temperature-sensitive catalysts and
reaction control systems.

Our aim was to develop a polymer which would exhibit a
swelling great enough to permit free movement of the enzyme
at temperatures above the transition range of temperatures.

In

a typical experiment it was envisaged that the enzyme would
execute the transfer of a glycoside moiety onto a bound
acceptor molecule at, for example, 40°C and then the
temperature would be reduced to below the transition range to
facilitate product removal.
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Experiments were conducted to examine the effects of
various factors on the swelling of AMsopropylacrylamide
polymers in distilled water at 20°C and 50°C,

i.e. temperatures

significantly below and above the transition range.

With the

swelling at the upper temperatures being the most important
in determining the suitability of the polymer for use in
conjunction with polymers, efforts were made to maximise this
value by variation of cross-linking agent, initiator and
m onomer concentrations.
Cross-linking agent (AfA'-methylenebisacrylamide, MBA)
was varied from 0.1 to 3.0 mole %.* With increasing amounts
of MBA the swelling at 20°C was found to decrease
approximately exponentially from ca.30 cm3 g-* to ca.6 cm3 g*1,
but the swelling at 50°C was found to remain approximately
constant at ca.3 cm3 g*1.
Variation of the concentration of the initiator mixture
(W,N,N',Ar-tetramethylethylenediamine (TEMED): ammonium
persulphate, 1:1) was found to have only a small effect on
swelling.

Thus a fivefold increase in initiator concentration

increased the swelling at 20°C from ca.6 cm3 g*1 to ca.8 cm3 g*1
but had little or no effect on the swelling at 50°C which
remained approximately constant at ca.3 cm3 g*1.
* Cross-linking agent concentrations are expressed with
respect to the total concentration o f monomer.
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The effects o f varying the concentration of monomer
(from 5 to 20 g cm*3) were similar to those observed in the
variation of cross-linking agent.

With increasing monomer

concentration the swelling at 20°C was found to decrease
approximately exponentially from ca.35 cm3 g*1 to ca.6 cm3 g*1,
but the swelling at 50°C was found to remain approximately
constant.
From these experiments the difficulty of increasing the
swelling at 50°C of W-isopropylacrylamide polymers was clearly
demonstrated.

Gels with swellings greater than ca A cm3 g 1

could not be obtained and since this value was considered to be
too low for use of the polymer in conjunction with enzymes, an
alternative type of acrylamide polymer was examined.

Acrvlamide/acrvlic acid co-polvmers
Acrylamide/acrylic acid co-polymers are known for their
capacity for large changes in swelling in aqueous media and,
under the trade name Agrigel,240*241 have found application in
agriculture as slow releasers of moisture in soil.

The swellings

of these types of polymer are found to be dependent on the
ionic strength of the swelling medium. The origin of this effect
is the repulsion between the negatively charged carboxyl
groups.

In distilled water there are no barriers to the repulsion

and the swelling is at a maximum, but by increasing the ionic
strength of the medium the carboxyl groups are shielded from
one and another causing a reduction in swelling.
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The ability to

impose a control over swelling by varying the ionic strength
was attractive to us for the reasons outlined above.

Preliminary studies into acrylamide/acrylic acid-type co
polymers were concerned with methacrylic acid as the acid
component on account of the greater rigidity it was expected to
impart to the polymer compared to acrylic acid.
Polymerisations involving methacrylic acid were, however,
slow and unpredictable and it was superseded in favour of
acrylic acid which gave sufficiently rigid yet reproducible co
polymers.
Development of the acrylamide/acrylic acid co-polymer
was based on a 50:50 molar amide/acid composition and the
first experiments were designed to define approximate levels
of cross-linking agent (MBA) and initiator (TEMED/ammonium
persulphate).

Below 0.1% MBA the polymer was so sticky as to

be unworkable, but at MBA levels o f 1.0% sufficiently rigid
polymers with reasonable swelling values in water and 1 M
NaCl* were obtained (ca.65 and co.25 cm3 g 1, respectively).

* Initially 1 M NaCl was used for measuring swellings in
high ionic strength media but it later became clear that values
obtained in 0.1 M phosphate, i.e. the medium in which the
enzyme and polymer would likely be employed in synthesis,
would provide a better guide as to the suitability of the
polymer.
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An attempt was then made to substitute acrylamide for
N-acryloyl-3-aminophenylboronic acid (AAPB).

The synthesis

of AAPB was in accordance with the method of Igloi and
Kttssel242*243 but with some modifications on account of the low
solubility of 3-aminophenylboronic acid (Scheme 63).

Several attempts to improve the yield were made eg. by
the addition of triethylamine to quench the liberated HCI (as
successfully achieved by Schott244 in his synthesis of the
methacryloyl derivative) and the use of a slight excess (1:1
equivalents) of acryloyl chloride.

The addition o f triethylamine

had an adverse effect on the reaction; a small amount of a very
dark unidentified material was obtained.

For the purposes of

identification the AAPB was recrystallised from water but in
the preparation of polymers it was employed in its crude form.

In the substitution of acrylamide for AAPB a change of
initiator from TEMED/ammonium persulphate to the thermal
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initiator 4,4'-azobis(4-cyanopentanoic acid) (ACPA) was made.
The purpose of this change was to preclude oxidation problems
which may have occurred during polymerisation in the
presence of monosaccharides on account of the powerful
oxidising properties o f ammonium persulphate and to alleviate
the solubility problems of AAPB as result of the increased
temperatures (ca.80°C) used for polymerisation. Unlike the
TEMED/ammonium persulphate system which generates free
radicals by a complex, poorly understood mechanism, ACPA
functions in a well-defined manner (Scheme 64).
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Boron was incorporated into the polymers by substitution
of acrylamide by 5 to 25% AAPB.

The degree of incorporation

was determined by plasma emission spectrometry (see
Appendix 3) and in each case approximately half of the AAPB
was taken up into the polymer.

It was also found that the

presence of glucose during polymerisation did not affect boron
uptake and that values of swelling were largely unaffected.
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The effect of the incorporation of AAPB on swelling was
measured in 1 M NaCl and found to be independent of the
levels AAPB.

At this stage of the gel development, an arbitrary

AAPB level of 15% was chosen for subsequent studies.

Also, all

further swellings were carried out in 0.1 M sodium phosphate
buffer rather than 1 M NaCl for the reasons described in the
footnote on page 130.

The effect of varying the pH of the

buffer (from 6.3 to 8.8) on swelling for 15% AAPB gels at three
levels of cross-linking was determined.

The swelling values of

ca.43, ca.33 and ca.29 cm3 g 1 obtained for gels of 0.46, 0.58
and 0.70 mole % cross-linking agent, respectively, were found
to be independent of pH and compared with values of c a.1 1 0 ,
ca .70 and ca .60 cm3 g*1 determined in distilled water.
An indication as to the readiness of E. coli B-Dgalactosidase to permeate these gels was gained by immersion
of the fully swollen gel in an enzyme/buffer solution (pH 7)
followed by filtration, re-emersion in a solution of onitrophenyl B-D-galactoside

(ONPG) and the measurement of

the rate of the liberation of o-nitrophenol.

Somewhat

surprisingly, there was no increase in the absorption o f the
supernatant ONPG solution.

This result was unexpected

because gels with swellings greater than 18 cm3 g*1 are known
to be permeable to globular proteins with molecular masses of
up to 400,000 and yet these gels had swelling values in excess
of 30 cm3 g*1 but were not permeable to E. coli B-Dgalactosidase with a molecular mass of approximately 540,000.
Similar studies were then carried out with A. oryzae B-Dgalactosidase (M.W. - 100,000) and similar results obtained.
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The reluctance o f these enzymes to permeate the gels may be
explained in terms of
the enzyme,
and ii).

i) charged repulsion between the gel and

ii) enzyme aggregation, or iii) a combination of i)

The first of these possibilities concerns repulsion

between the negatively charged polymer ions (on account of
the carboxylate groups) and the enzyme which is also
negatively charged at the pHs employed in the experiment. The
negative charges on the enzyme are explained by a
preponderance o f carboxylate groups on the exterior of the
enzyme (as evidenced by the isoelectric point of c a A of the
enzyme) which are deprotonated at the elevated pH of the
experiment.

Aggregation to dimers, trimers, tetramers, etc., is

commonly experienced with enzymes and there is a strong
possibility that this may be a contributing factor to the
reluctance of the gels to allow free passage of the enzyme.

A

common method of reducing aggregation is the addition of
sodium dodecyl sulphate (SDS); some preliminary studies were
carried out into the effects of SDS on enzyme activity but it
soon became clear that the best way of ensuring uptake of the
enzyme by the gel would be to allow the dehydrated gel to
swell in the enzyme solution.

Linder these conditions the

osmotic forces favouring entry of the enzyme into the gel were
sufficient to overcome the aggregation or electrical effects
which may have existed.
By allowing the gel to swell in a volume of a solution of
enzyme in buffer equivalent to one and a half times its normal
swelling volume and measuring the increase (or otherwise) in
activity of the supernatant enzyme solution, it was possible to
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gauge the degree to which the enzyme had permeated the gel.
In the event that there was no permeation of the gel by the
enzyme the activity of the supernatant solution would have
been expected to have increased threefold whereas
unrestricted permeation would have resulted in no change in
activity.

When a gel cross-linked with 0.46 mole % MBA was

tested in this manner with E. coli B-D-galactosidase the activity
of the supernatant after four hours was increased from 2.1 to
2.7 Ucm*3 implying that the enzyme activity of the gelabsorbed solution was 1.8 Ucm*3.

In the corresponding

experiment with A. oryzae B-D-galactosidase the enzyme
activity of the supernatant solution was increased from 6.5 to
9.5 Ucm*3 so that the solution contained within the gel had an
activity of 5.0 Ucm*3.

The levels of enzyme uptake were

sufficiently great for there to have been little further concern
about the compatibility of these gels with enzymes o f fairly
high molecular weight.

Should uptake of the enzyme by the gel still have
remained a problem a possible solution may have been to have
allowed the gel to swell in a solution of the enzyme in distilled
water (which would have caused maximum swelling of the gel
and therefore a greater chance o f permeation by the enzyme)
and then deswell by increasing phosphate concentration.

At this stage of the polymer development the realisation
was made that the imprinting procedure was being carried out
at small volumes and that the gels were then being expected to
exhibit selectivity for the print molecule after swelling in
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buffer solution.

Since such a swelling would be likely to cause

a distortion of the cavities and a concomitant reduction in
selectivity, an attempt was made to prepare the polymer at a
volume which would be more consistent with that at which it
would be employed in an oligosaccharide synthesis.

To this end

a study was carried out to determine the highest dilution which
would give rise to a workable gel.

At this point an attempt was

also made to improve the imprinting method by carrying out
the polymerisation at elevated pH.

Thus a 0.1 M solution of

disodium orthophosphate (Na2HP 0 4 , natural pH c a .8.9) was
used as the solvent for the monomers.

This provided a

sufficiently high pH to greatly encourage complexation of the
print molecule and therefore increase the number and
selectivity of cavities formed.

The monomer concentration was

minimised at 0.S8 mmol cm*3 using an initiator concentration
of 0.4 mole % and a greater level of cross-linking agent (5.5
mole % MBA); below this monomer concentration
polymerisation was unpredictable with viscous solutions often
being formed.
The complexing ability of a gel is at its maximum when
its volume corresponds to the volume used in the
polymerisation since this swelling reflects the conditions under
which the imprinting took place.

In general, however, enzyme

experiments are carried out in 0.1 M phosphate buffer which
would cause a significant swelling of the gel.

A measure of the

distortion of the polymer caused by swelling in 0.1 M
phosphate buffer may be gained from the ratio o f the volumes
it occupies at the point of polymerisation and in the buffer
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solution.

Under ideal circumstances the value of this quotient

will tend to unity but in the case of the boronate gels the
quotients are significantly less than unity.

For example, in the

case where the monomer concentration was 0.58 mmol cm*3
polymerisation took place at a volume of 27 cm3 but in 0.1 M
phosphate the gel swelled to ca .50 cm3 giving a quotient of
0.54.

One way of increasing quotients and thereby bringing

gels closer to the volumes they occupied during the imprinting
procedure is to enforce a decrease in swelling by increasing the
phosphate concentration.

Thus by soaking the gel in 1.0 M

phosphate it was possible to reduce the swelling from a value
of ca.50 cm3 g*1 to a value of caAO cm3 g*1 which corresponded
with a quotient of 0.68.

However, since only small

improvements in the quotients could be achieved with higher
concentrations of phosphate and concentrations approaching
1.0 M led to crystallisation of the solute, it was decided to
conduct subsequent experiments with 0.1 M phosphate buffer.
In an effort to gauge the affinity of glucose-imprinted
polymers for glucose, two polymers, one with and one without
AAPB, both prepared in the presence of glucose, were washed
repeatedly with buffer solutions o f varying pH and the
concentration of glucose in the filtrate measured by the phenolsulphuric acid method.

When both polymers were washed with

0.1 M phosphate buffer at pH 8.9 the expected gradual
decrease in the glucose concentration of the fíltrate was
observed, but when the pH of the buffer solution was changed
to pH 4.0 the concentration of glucose in the filtrate from the
boronate polymer increased threefold compared to slight
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decrease in glucose concentration in the filtrate from the
polymer devoid of AAPB.

Although these results serve only as

an indicator o f the affinity the boronate polymer may exhibit
for glucose, it is interesting that the effect is in the direction
one would expect considering the higher degree of saccharide
binding at higher pH's.
An improved method for determining the selectivity of
boronate polymers was to measure the degree to which they
were able to separate the enantiomers of the print molecule
used in their formation.

For each print molecule comparisons

were made between four polymers i.e. with and without
boronate and in the presence and absence of the print
molecule.
When a racemic mixture of D-(+)- and L-(-)-glucose was
passed through columns o f the polymers random fluctuations in
the rotations o f the eluted fractions occurred but in the case of
the polymers containing boronate and prepared in the presence
of D-(+)-glucose there was slight tendency towards more
negative rotations.

A similar effect was observed in the

attempted separation of L-(+)- and D-(-)-arabinoses but care
should be exercised when interpreting these results
particularly when one considers the small differences which
one is attempting to measure and the tendency of the
polarimeter to give inconsistent readings.
These results are further complicated by the fact that

i)

the proportion of boronate molecules successfully involved in
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binding monosaccharide is not known and ii)

the relative

selectivities o f the cavities for the enantiomers is also
unknown.

Thus, for example, it may be that only a small

number o f boronate groups became part o f accessible cavities
so that the polymer is effectively saturated by the
monosaccharide.

Conversely, the majority of boronate molecule

may be available for, and involved in, binding, but exhibit a
distinct lack of enantioselectivity so that all monosaccharide
molecules are bound regardless of chirality.

In order to

distinguish between these possibilities and properly assess the
abilities of these polymers to bind/separate D- and L-sugars, a
significant amount of further, more specific experimentation is
req u ired .

The above discussion charts the attempted development
of a boronate polymer for use in enzymatic oligosaccharide
synthesis.

The development reached the stage whereby a

polymer was prepared which allows permeation by high
molecular weight enzymes and shows promise in exhibiting a
degree o f affinity and possibly enantioselectivity for
monosaccharides.

Much of the work described is qualitative in

nature on account of the nature of the goal and the reluctance
that acrylamide/acrylic acid polymers show for accurate
measurement.

As a result, emphasis has been put on the

thought processes surrounding the polymer development
rather than recital of experimental data.

This study has only begun to investigate the potential
that polymers may have in oligosaccharide synthesis but it is
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hoped that some progress has been made towards a better
understanding of the possibilities which these types of polymer
may offer.
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C H A P TER

F IV E

Experimental for Chanter 2.

General
AU transgalactosylations were carried out in 0.1 M
sodium phosphate buffer; 0.1 M Na2H P 0 4 was adjusted to the
correct pH using 0.1 M NaH2P 0 4 . Analytical TLC was carried
out using Kieselgel 60 PF-2S4 plates with development in the
solvent system propan-l-ol:nitromethane:water (10:9:3 v/v).
Products were visualised by spraying the plates with a solution
of phosphomolybdic acid in ethanol (70 gdm-3) and heating to
150°C for 5 minutes.

Preparative TLC plates were prepared

using Kieselgel 60 PF-254.

Development was with propan-1-

ol:nitromethane:water (10:9:2 v/v) and visualisation was,
unless otherwise stated, as described above.

Product

galactosides were isolated from the silica by treatment with hot
distilled water followed by nitration through Celite.

The

filtrate was lyophilised and the product again treated with a
small amount of hot distilled water.

Filtration through Celite

followed by lyophilisation gave virtually silica-free product.
Recrystallisations were carried out by a mixed solvent method
(w ater/ethanol).
HPLC was carried out using a Waters 6000A solvent
delivery system with an R401 differential refractometer.

A

Magnasil 5H aminopropyl column (25 cm x 4 mm) was used
with the solvent system acetonitrile:water (77:23 v/v, unless
otherwise stated).
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*H NMR was carried out at 400 MHz using a Broker
WH400 spectrometer.

13C NMR spectra were determined at

100.62 MHz using the Broker WH400 spectrometer.

NMR

measurements were carried out with D2O as solvent and all
NMR data is expressed in parts per million (ppm).
Infrared spectra were carried out using a Perkin
Elmer Infrared Spectrophotometer 197 using Nujol as the
mulling agent.
Mass spectra were determined using a Kratos MS80 mass
spectrometer in the electron impact mode or the chemical
ionisation mode with ammonia as the ionising gas.

For accurate

mass determination the acetate of the product was used.
Acetates w ere obtained by treating the galactoside (10 mg)
with a mixture of pyridine and acetic anhydride ( 1:1 v/v, 2
cm 3) for 12 h at 20°C followed by reagent removal under
reduced

pressure.

All yields are based on the galactosyl donor i.e. lactose or
o-nitrophenyl

B-D-galactopyranoside.

M elting points, where applicable, were determined using
a Stuart Scientific Melting Point Apparatus (SMP 1).

148

Trans-B-galactosvlations

Method A
Lactose (0.18 g, 0.S mmol) and the alcohol (4 mmol) were
dissolved in 0.1 M phosphate buffer (pH 7.3, 3.0 cm3). B-DGalactosidase from E. coli (Sigma Grade X, 23 units) was added
to the stirred mixture at t=0, 3 and 6 h (75 units total).

The

mixture was incubated at 25°C for 48 h at which time HPLC
examination showed that most of the lactose had been
consumed.

The reaction mixture was heated to 90°C for 5

minutes and filtered.

The filtrate was lyophilised and the

product isolated by either preparative TLC or HPLC, as
described above.

Method B
Lactose (0.27 g, 0.75 mmol) and the alcohol (6 mmol)
were dissolved in 0.1 M phosphate buffer (pH 7.3, 2.5 cm3). BD-Galactosidase from E. coli (Sigma, Grade X, 50 units) was
added to the stirred mixture at t=0, 3 and 6 h (150 units total).
The mixture was incubated and worked up as described in
Method A.
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Transfer to »chiral acceptors

Methyl B-D-talaclopyranosidc (56)
Method A, using methanol, yielded methyl B-Dgalactopyranoside (31 mg, 33%), m.p. 177-180°C;
R,(HPLC)=3.2min; 6H 3.43 (1H. dd. J2,t 7.9 Hz. J 2.3 9.9 Hz. 2-H).
3.51 (3H. i. Me), 3.58 (1H, dd, J3l2 9.9 Hz, J 3,4 3.5 Hz, 3-H), 3.63
(1H, ddd, J5.4 1.0 Hz, J5,6A 7.9 Hz, J5,6b 4.3 Hz, 3-H). 3.68 (1H, dd,
J«B,5 4.3 Hz, J6B.6A 11.6 Hz, 6-H), 3.73 (1H, dd, J6a ,5 7.9 Hz,
J6A.6B 11.6 Hz, 6-H), 3.85 (1H, dd. J4.3 3.5 Hz, 14,5 0.9 Hz, 4-H),
4.25 (1H, d, JU 7 9 Hz, 1-H);
*c 57.9 (C l ), 61.7 (C-6), 69.5 (C-4), 71.S (C-2), 73.6 (C-3).
75.9 (C-5), 104.6 (C-l);
El. m/z 195 (M++1.23%), 163 (M*-OCH3.62), 91 (M+C4Ht0 337), 73 (M-t.C4H9O4.49), 60 (M*-C3Hio 0 4 , 100);
IR(cm-l), 3300(br, OH), 2870(m, CH), 1400-1270(m,-OH).
1150-1040(m, C-O).
Ethvl B-D-galactoovranoside (571

Method A, using ethanol,

yielded ethyl B-D*

galactopyranoside (54 mg, 52%), m.p. 114-116“C;
Rt(HPLC)=3.4min; SH 1.17 (3H, t, J2',p 7.1 Hz, 2 -H), 3.40-3.85
( 6H, ring protons 2-H, 3-H, 5-H. 6A-H. 6B-H, 4-H), 3.7 (1H, I ' 
ll), 3.91 (1H. dd. J f. 2- 7.1 Hz, J f . f 9.8 Hz, 1 -H ). 4.34 (1H, d. J 1.2
7.9 Hz, 1-H);
8c 15.1 (C-2), 61.7 (C-6 ), 66.8 (C -l1), 69.4 (C-4), 71.5 (C-

2), 73.6 (C-3). 75.8 (C-5), 103.2 (C-l);
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El, m/z 209 (M++l,52%), 163 (M*-C2H 5,100), 91 (M*C 5H9O 3.26), 73 (M*-CjHuO«,48). 60 (M*-C6H i 2 0 «.73 ):
IR(cm -l), 3290(br. OH), 2870(m, CH). 1410-1270(m,-OH).
1150-1040(m, C-O).
Propyl B-D-galactopyranoside (58)

Method A, using propan-1 -ol yielded propyl B-Dgalactopyranoside (60 mg, 34%) m.p. 103-105°C;
R,(HPLC)=3.5min; <h 0.85 (3H. t, h \2 ' 7.5 Hi. 3'-H), 1.56 (2H, m,
2'-H), 3.41-3.86 ( 6 H, ring protons 2-H, 3-H. 5-H, 6 A-H. 6B-H, 4H), 3.56 (1H. 1--H), 3.86 (1H, dq, J f . r 6.9 Hz, I f , |- 9.8 Hz, 1-H),
4.33 (1H. d, h a 7.9 Hz, 1-H);
5C 10.5 (C-3'), 23.0 (C-2*), 61.7 (C-6 ), 69.4 (C-4), 71.6 (C2), 72.9 (C -D , 73.6 (C-3), 75.8 (C-5), 103.5 (C-l);
Cl (N H j), m/z 240 (M+NJV.71%), 223 (M*+1.61), 180 (M+OCj H 7+NH4+^ 2 ), 163 (M*-OC3H7,100). 91 (Mr-C 6H n 0 3J l ) , 73
(M+-CeH1304,33), 60 (M*-C7Hi40«,44);
IR(cm -l), 3300(br, OH), 2870(m, CH), 1390-1270(m.-OH),
1160-1040(m, C-0).
I -Methvlethvl B-D-.alaclopyranoside (59)

Method A, using propan-2-ol, yielded 1-methylethyl B-Dgalactopyranoside (54 mg, 49%), m.p. I25-128°C;
R,(HPLC)=3.8min; SH 1.14 (3H, d, Jr,I' 6.3 Hz, 2-H ). 1.17 (3H. d.
J2-,,> 6.14 Hz. 2*-H), 3.36-3.85 ( 6 H, ring protons 2-H. 3-H. 5-H,
6A-H, 6 B-H, 4-H), 4.04 (1H, m. 1-H), 4.40 (1H, d, J u 7.9 Hz. 1-

Mk
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*C 21.8/23.2 (C-27C-2"), 61.6 (C-6 ), 69.4 (C-4). 71.6 (C-2),
73.7

(C-3). 73.7 (C-T). 75.8 (C-5), 101.7 (C-l);
El. m/z 223 (M++l,45%), 163 (M*-OC 3H 7.100), 91 (M+-

C6H n 0 3.54), 73 (M*-C6H i 30 4,29), 60 (M*-C7H i 40 4,35);
Cl (NH3), m/z 240 (M+NR»*.61%), 223 (M++1.39), 180 (M+OC 3H 7+NHz*.IOO), 163 (M*-OC 3H7,39), 91 (M*-C6H u 0 3,13). 73
(M^-C6H i 30 4.68), 60(M*-C7H i 4O4,21);
IR(cm-l), 3300(br, OH), 2850(m. CH), 1410-1270<m,-OH),
1150-1040(m, C-O).
2-Methoxvethvl B-D-ialactopvranosidc (60)

Method A, using 2-methoxyethanol, yielded 2methoxyethyl 6 -D-galactopyranoside (53 mg. 45%);
Rt(HPLC)=4.0min; SH 3.32 (3H, «, Me). 3.42-3.84 (6H, ring
protons 2-H, 3-H, 5-H, 6A-H, 6B-H, 4-H), - 3.6 (2H, 2-H), -3 .7
(1H. 1"-H), 3.99 (1H, dt, I f . f 11.5 Hz, Ji j ' 4.3 Ha. l'-H), 4.32
(1H. d. I i j 7.8 Hz. 1-H);
8c 58.6 (C(Me)), 61.6 (C-6 ), 69.2 (C-2'), 69.2 (C-4), 71.4 (C-

D . 71.7 (C-2). 73.3 (C-3). 75.7 (C-5), 103.4 (C-l);
Cl (NH3), m/z 256 (M+NHa‘ ,47%), 239 (M++1.61). 180 (M+OCH 2CH2OMe+NH4+, 100), 163 (M*-0CH2CH20Me,61). 91 (M*C iH u 0 4J6 ), 73 (M*-C4H i 3O j ,42), 60 (M»-C7H14O j ,25);
lR(cm '), 3300(br, OH). 2870(m. CH), 1410-1270(m.-OH).
1150-1040(m, C-0).
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Bulvl B-D-galactopvranoside (61)

Method A, using butan-l-ol, yielded butyl B-Dgalactopyranoside (45 mg, 38%), m.p. 103-105°C;
R,(HPLC)=4.5min; SH 0.85 (3H, t, J< J 7.4 Hz. 4-H), 1.30 (2H. m,
3'H). 1.55 (2H, m, 2'-H), 3.41-3.86 ( 6H, ring protons 2-H, 3-H, 5H, 6 A-H, 6B-H, 4-H). -3 .6 (1H, l'-H ), 3.87 (1H. dt. h 'Z 6.8 Hz.
I f .l - 9.9 Hz, l'-H), 4.33 (1H, d, J t .2 7.9 Hz. 1-H);
8C 13.8 (C-4*), 19.1 (C-3'), 31.5 (C-2'). 61.5 (C-6 ), 69.2 (C-

4), 70.9 (C -r), 71.4 (C-2), 73.5 (C-3), 75.7 (C-5), 103.4 (C-l);
a

3

(N H ), m /z 2 5 4 (M + N H a*.29% ), 2 3 7 (M ++ 1.7), 180 (M *-

O C 4H 9+N H 4+.28), 163 (M *-O C aH 9,100), 91 (M * -C 7 H i3 0 j,5 4 ), 73

7

(M +-C H i3 0 4 ,4 ), 6 0 (M * -C j H |6 0 « ,5 );

IR(ctn-l), 3290(br, OH), 2870(m, CH), 1410-1270(m.-OH),
1160-1050(m, C-O).
2-MethvlDroovl B-D-aaliclonyrnnoside (63)
Method A. using 2-methylpropan-l-ol. yielded 2methylpropyl B-D-galactopyranoside (43 mg, 36%), m.p. 118120®C; R,(HPLC)=4.5min; 8h 0.826 (3H, d. I 3-.2' 6.7 Hz, 3"-H),
0.834 (3H, d, J y ? 6.7 Hz, 3 -H), 1.81 (1H. m, 2 -H), 3.32-3.84
( 6H, ring protons 2-H, 3-H, 5-H, 6 A-H, 6 B-H. 4-H). 3.35 (1H, dd.
Jl-.l- 9.8 Hz, Ji-, 2- 6.9 Hz, I'-H), -3.6 (1H, 1-H), 4.29 (1H, d. I 1.2
7.9

Hz. 1-H);
Be 19.1 (C-3*, C-3"), 28.4 (C-2). 61.5 (C-6 ), 69.3 (C-4), 71.4

(C-2), 73.4 (C-3), 75.7 (C-5), 77.7 (C-l*), 103.7 (C-l);
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El, m/z 237 (M*+l,41%), 163 (M*-OC4H».69), 91 (M+C7H i j 0 3,37). 73 (M*-C7H ,,04.23). 60 (M*-C«H|60 4.100);
IR (c m '), 3300(br. OH), 2870(in, CH). 1420-1270(m.-OH),
1130-1040(m, C-O).

P e n lv l

B -D - g a lic lo o v r a n o s id e

(6 4 )

Method A. using pentan-l-ol, yielded pentyl B-Dgalactopyranoside (30 mg, 24%); Rl(HPLC)=5.1 min;

6h - 0.8 (3H,

t , 1 , ,4' -7 Hz, y-H), 1.24 (4H, m, 3'-H + 4'-H), 1.35 (2H, m, 2’-H),
3.38-3.84 (6H. ring protons 2-H, 3-H. 5-H. 6A-H. 6 B-H. 4-H),
-3 .6 (1H, 1"-H). 3.84 (1H, dt. I f . f 9.8 Hz, I f j - 6.9 Hz, 1-H). 4.30
(1H, d. J i ,2 7.9 Hz, 1-H);
*C 13.9 (C-5 ), 22.4 (C-4 ), 27.9 (C-3 ), 29.1 (C-2 ), 61.5 (C6 ), 69.2 (C-4), 71.2 (C-l ), 71.3 (C-2), 73.4 (C-3). 75.6 (C-5),

103.3 (C-l);
a (NHj), ül/z 268 (M+NHa+,33*). 251 (M*+l,22). 180 (M*OCjHn+NHa+lOO). 163 (M*-OC,H h .61), 91 (M + -C |H |,0 3,43). 73
(M +-C |H nO 4.20), 60 (M*-C«Hi , 0 4,25);
IR(cm-l). 3300(br, OH). 2900(m, CH), 1410-1270(m.-OH),
1170-1040(m, C-O).
1-Elhvloron»! B-D-aalactopyranoside (65)

Method A, using pentan-3-ol, yielded 1-ethylpropyl B-Dgalactopyranoside (41 mg, 33%); R|(HPLC)«4.9min;

8h 0.816

(3H, t, J 3 J ’ 7.5 Hz, 3 -H), 0.821 (3H, t. l 3-,2- 7.4 Hz, 3"-H), -1 .5
(4H, m, 2 -H + 2"-H), 3.38-3.84 ( 6H. ring protons 2-H. 3-H. 5-H.
6 A-H, 6 B-H, 4-H). -3.6 (1H, 1-H), 4.37 (1H, d, J i j 7.9 Hz. 1-H);
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6c 8 .9/9 .6 (C-37C-3-), 25.6/26.8 (C-2'/C-2-). 61.4 (C-6 ).

69.2 (C-4). 71.6 (C-2). 73.6 (C-3). 75.5 (C-5). 83.9 (C -l'), 102.5
(C-l);
Cl (NH3), m/z 268 (M+NH4».25%). 251 (M++1.41), 180 (M+OC5H h +NH4*^7), 163 (M*-OCjHn,100). 91 (M *-C|Hi30 3.54), 73
(M*-C 8H|704,24). 60 (M--C 9H„04.35);
IR(cm-l). 3300(br, OH), 2880(m, CH). 1410-128O(m.-OH),
1150-1040(m. C-O).
3-Hvdroxvnronvl B-D-aalactoovranosidc (67)

Method B, using propine-1,3-diol, yielded 3hydroxypropyl B-D-galaclopyranoside (75 mg, 42%);
R,(HPLC)=4.8min; SH 1.81 (2H. m. 2 -H), 3.41-3.86 ( 6 H. ring
protons 2-H, 3-H, 5-H, 6A-H, 6B-H, 4-H), 3.64 (2H, t, Ig j - 6.4 Hz,
3 -H), «3.7 (1H, r - H ) , 3.95 (1H, dt, J r , r 10.1 Hz, Ji j- 6.4 Hz, I'
ll), 4.33 (IH, d. J 1.2 7.9 Hz. 1-H);
6c 32.2 (C-2'), 59.3 (C-3'). 61.7 (C-6 ), 67.9 (C -l-). 69.4 (C-

4), 713 (C-2). 73.5 (C-3). 75.8 (C-5), 103.6 (C-l);
El, m/z 239 (M++l,47%), 163 (M*-OCH2CH2CH2OH,45), 91
(M»-C6H i i O4,100), 73 (M*-C6H i 30 3.37), 60 (M*-C7Hi 40 3,49);
Cl (NH3). m/z 466.1881 (M(Ac)3+NH4+);
IR(cm-l), 3290(br, OH), 2870(m, CH), 1410-1270(m,-OH).
1150-1040(m, C-O).
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T r a n s fe r to c h ira l

a c c e n to r s

1-Methvlproovl B-D-Ealaclopyranosidc ( 68 )

Method B, using racemic butan-2-ol, yielded a
diastereomeric mixture of 1-methylpropyl B-Dgalactopyranoside (56 mg, 32%); Rt(HPLC)=4.8min.
Cl (NH3), m/z 254 (M+NH**,100%), 237 (M*+l,76), 180
(M*-OC4H9+NR**,22), 163 (M»-OC«H9.18), 91 (M*-C7Hi30j,24),
73 (M»-C7H i 504,76). 60 (M r-C,H, 60«.47);
Cl (NH3). m/z 422.2050 (M(Ac)x+NH4*);
IR(cm-l), 3300(br, OH). 2860(m, CH), 1400-1270(m,-OH),
1140-1040(m, C-O).
(/?)-!-Methylproovl B-D-zalaclopvranosidc ( 68 )
Method B, using (ft)-butan-2-ol, yielded (* ) -lmethylpropyl B-D-galactopyranoside (57 mg, 32%), m.p. 118121'C; R|(HPLC)=4.8min; SH 0.83 (3H, t. J3T 7.5 Hz, 3-H), 1.12
(3H, d. J2- j ' 6.2 Hz. 2"-H). 1.44 (1H. m, 2"-H), 1.58 (1H, m, 2’H), 3.38-3.87 (6H, ring protons 2-H, 3-H. 5-H, 6A-H, 6B-H, 4-H),
3.83 (1H, qt. Jr j ' 6.3 Hz,

6.3 Hz, 1-H), 4.40 (1H, d, J |,j 8.0

Hz. 1-H);
8C 9.9 (C-3), 19.1 (C-2"), 30.0 (C-2'), 61.7 (C-6 ), 69.4 (C-4),

71.6 (C-2), 73.8 (C-3), 75.8 (C-5), 78.6 (C-l*), 101.7 (C-l);
El, m/z 237 (M*+l,7%), 163 (M*-OC 4H9.6 ), 91 (M+C 7H i 303,100). 73 (M*-C7H | 504.71), 60 (M*-Cl H |t 04.27);
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CI (NHj). m/z 254 (M+NH«+.15%), 237 (M*+l,39), 180 (M»OC 4H9+NH4M 6 ), 163 (M+-OC»H9,73), 91 (M+-C7H |30 3,17). 73
(M+-C7H 15O 4.43 ), 60 (M*-C|H i 60«.100);
CI (NH3), mjz 422.2050 (M(Ac)4+NH4+);
IR(cm-l), 3300(br, OH). 2860<in. CH). 1410-1270(in.-OH).

1140-1040(m, C-O).

NMR d an for (SI-l-M elhylpropyl B-D-zalaclopvraitosidc 1691
t H 0.83 (3H. I. J3'.2’ 7.4 Hz. 3'H), 1.16 (3H. d. J j - . r 6.3 Hz.
2"--H), -1.4 (1H. 2"-H), -1 .6 (1H. 2’-H). 3.38-3.86 (ring protons
2-H, 3-H, 5-H, 6 A-H, 6B-H, 4-H), -3.8 (1H, l'-H), 4.40 (1H. d. Il j
7.9

Hz. 1-H);
8c 9.5 (C-3*), 20.7 (C-2"). 29.1 (C-2). 61.7 (C-6 ). 69.4 (C-4).

71.8

(C-2), 73.7 (C-3). 75.8 (C-5), 79.4 (C -l), 102.8 (C-l).
1-M ethvlbuivl B-D-gsIzcloovrznosidc (70).(71)

Method A, using racemic pentan-2-ol. yielded a
diastereomeric mixture of 1-methylbutyl B-Dgalactopyranoside (36 mg, 29%); Ri(HPLC)-5.2min; 8h 0.82 (6 H,
t. U y 7.3 Hz, 4 -H). 1.11 (3H. d, J j - . r 6.1 Hz. 2"'-H), 1.16 (3H. d,
l j - . l 6.3 Hz. 2”'-H), 1.29 (4H. 3 -H). 1.38 (2H. 2"-H), 1.51 (2H, 2'H), 3.36-3.84 (12H, ring protons 2-H. 3-H, 5-H, 6A-H. 6 B-H, 4H), -3.9 (2H. l'-H), 4.38 (2H. d. l u 7.9 Hz, 1-H);
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a

(NHj). m/z 268 (M+NR,*,41%). 251 (M++1.40), 180 (M*-

OCsHn+NHz+.Sl). 163 (M»-0C5H n.69), 91 (M+-CgHijO3.100), 73
(M*-C»H itO«.29). 60 (M+-C9H i 80 4,48);
IR(cm-l), 3290(br, OH). 2870<m, CH). 1410-1270(m,-OH).
1150-1040(m. C-O).

fic A s s i g n m e n t s *

(R)-l-M ethylbutyl B-D-gzItctopyrinoside (70); 8C
13.9/14.0 (C-4'). 18.4/18.7 (C-3'), 19.4 (C-2"), 39.0 (C-2')> 61.4
(C-6 ), 69.2 (C-4). 71.4/71.6 (C-2), 73.5/73.6 (C-3), 75.6 (C-5),
76.8

(C -l'), 101.4 (C-l).
(5)-l -Methylbulyl B-D-galaclopyranoside (71); 5C

13.9/14.0 (C-4 ), 18.4/18.7 (C-3'), 21.1 (C-2"), 38.4 (C-2'), 61.4
(C-6 ), 69.2 (C-4), 71.4/71.6 (C-2), 73.5/73.6 (C-3). 75.6 (C-5),
78.1 (C-1'), 102.7 (C-l).
* Assignments based on studies by Kasai et a/.208 and
comparisons with

1-methylpropyl B-D-galactopyranosidc.
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2 ? -D iin r th v l- l.3 -ciioxolane-4-m ethv]
g a la c to n v ra n n s id c

R-D-

(7 2 ).1 7 3 )

Method B, using racemic 2,2-dimelhyl-l,3-dioxolane-4methanol, yielded a diastereomeric mixture of 2 ,2 -dimethyll,3-dioxolane-4-methyl B-D-galactopyranoside (103 mg, 47%);
Ri(HPLC)=4.7min.
El, m/z 295 (M*+l,54%), 163 (M *-C6HnO3.100), 91 (M*C6H i 50 j ,19). 73 <M+-C6H 1706.26), 60 (M*-C7H i»06.87);
IR (c m '), 3280(br, OH), 2850(m, CH), 1400-1270(m,-OH),

1140-1040(m, C-O).
t.Ct-7 ?.-riimethvl-i -3-dioxoiane-4-methyl

B-D-

galactoovranoside (72)
Method B, using (S)-2 ,2-dim ethyl-l,3-dioxolane-4methanol, yielded (S)-2,2-dim ethyl-l,3-dioxolane-4-m ethyl

B-

D-galactopyranoside (103 mg, 475b); R[(HPLC)=4 .7 min, 6h 1-33
(3H, s 5'-H), 1.40 (3H. s. 5"-H), 3.43-3.85 (6H. sugar ring
protons 2-H, 3-H. 5-H, 6 A-H, 6B-H, 4-H). -3.7 (1H. 1"-H), 3.77
(1H. dd, Jy y 8.7 Hi, J 5-.2 6.8 Hz, 3"-H), 3.88 (1H. dd. J p .r 11.1
H i. J r J ' 6.5 H i. l'-H), 4.10 (1H, dd. J3 J - 8.7 Hi. h \ 2 ‘ 6-4 Hi. 3 H). 4.34 (1H. d. I t j 7.8 Hz 1-H). 4.40 (1H, m. i-H );
8C 25.0/26.4 (26.4 (C-5', C-5"), 61.7 (C-6 ), 66.3 (C-3'). 69.4

(C-4), 70.6 (C l ), 71.5 (C-2), 73.5 (C-3), 75.1 (C-2), 75.9 (C-5),
103.8

(C-l), 110.8 (C-4');
El, m/z 295 (M*+l,32%). 163 (M^-CsHnOs.lOO). 91 (M*-

C6H i 50 j ,65), 73 (M+-C6H 1706.43). 60 (M*-C7H n06.54);
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IR (cm -I). 3300(br, OH). 2870( iii, CH). 1410-127(Km,-OH).
U 30-1040(m , C-O).
N M R D a ta for t 8 t- 2 .2 - D i m e l h v l- 1 .3 - d i o x o la n e - 4 m elh v l

B-D-galaclQPvranoside (7 3 )

SH 133 (3H, a, 5-H), 1.40 (3H, l, 5"-H), 3.44-3.85 (6H,
sugar ring protons 2-H. 3-H. S H. 6A-H, 6B-H. 4-H). -3.7 (1H.
1"-H). 3.77 <1H, 3"-H), 3 96 (1H. dd, Jp ,|- 10.9 Hz, J |',2 3.8 Hz,
l'-H), 4.10 (1H, dd, J3 ,3- 8.7 Hz, J3'.2' 6.4 Hz, 3-H). 4.34 (1H. d,
J l ,2 7.8 Hz, 1-H), -4 .4 (1H, m. 2 -H);
8 C 25.0/26.4 (C -5\ C-5"), 61.7 (C-6 ), 66.3 (C-3')> 69.4 (C-4).

71.2 (C -D , 71.6 (C-2), 73.4 (C-3), 75.4 (C-2 ), 75.9 (C-5), 103.9
(C-l), 110.9 (C-4').

B -D -G a la c to s id e s o f

P r o n a n e -1 ,2 -d io l (7 4 1 .(7 5 ).(7 6 ).(7 7 )

Method B, using racemic propane-1,2-diol, yielded a
mixture of four B-D-galactosides (82 mg, 46%);
R,(HPLC)=3.7min.
C l (NHj). m/z 256 (M+NH4*. 100%). 239 (M++1.80), 180
(M*-C 3H702+NH4*,21), 163 (M*-C3Ht02,65), 91 (M*-C6Hi|O4.30).
73 (M+-C6H |30 5.63). 60 (M*-C7H m 05.44);
C l (NH3), 466.1920 (M(Ac)5+NH«*).
IR (cm -l), 3300(br. OH), 2860(m, CH), 1400-1270(m,-OH), 11501040(m, C-O).
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B-D-Galactosides of (S)-Propane-1.2-diol (74U 7U

Method B. using (S)-propane-l,2-diol, yielded a mixture
of two B-D-galactosides (91 mg, 51%); Ri(HPLC)=3.6min.
Cl (NH 3), m/z 256 (M+NHz+,79%), 239 (M*+l,87), 180 (M+C3H702+NH*+,65), 163 (M*-C3H70 2.32), 91 (M+-C6HuO«,19), 73
(M+-C6Hi3Oj.l00), 60 (M+-C 7H1405,47);
Cl (NH3), 466.1916 (M(Ac)5+NH4 *);
IR(cm-l), 3280(br, OH), 2860<m, CH), 1400-1270(m,-OH),
1150-1040(m, C-O).
NMR Data for (51-2-hvdroxvDroovl B-D-aalactoovranoside (74)
6H 1.09 (3H, d, J 3 ^ 6 . 5 Hz, 3-H ). 3.41-3.84 ( 6 H, ring

protons 2-H, 3-H, 5-H, 6 A-H, 6B-H, 4-H), 3.43 (1H, dd, J r.l'1 0 .7
Hz, J i - J 7.8 Hz, r-H), 3.84 (1H, dd, I f .l - 10.7 Hz, l v ? 3.1 Hz,
l'-H), -3.9 (1H, m, 2-H ), 4.34 (1H, d. I i j 7.8 Hz, 1-H);
Jc 18.8 (C-3 ), 61.7 (C-6 ), 67.4 (C-2 ), 69.4 (C-4), 71.7 (C2), 73.5 (C-3), 75.9 (C -l ), 75.9 (C-5), 104.1 (C-l).
NMR Data for (S)-l-mcihvl-2-llvdroxvcthYl B-B:
yaiactonvranoside (75)
8 h 1.16 (3H, d. I r - . r 6.5 Hz. 2"-H). 3.41-3.84 (6H, ring
protons 2-H, 3-H, 5-H. 6A-H, 6B-H, 4-H), -3.5 (1H. 2"-H), 3.84
( 1H, 2 -H), -3.9 ( 1H. m, r-H), 4.45 ( 1H, d. J 1.2 7.9 Hz, 1-H);
61

*e 17.8 (C-2-), 61.7 (C-6 ), 65.6 <C-2'), 69.4 (C-4), 71.8 (C2). 73.5 (C-3), 75.9 (C-5), 78.1 (C -l-), 103.2 (C-l).
NMR D au for (Rl-2-hvdroxvoropvl B-Dgalarrnnvrannsirie

1761

5H 1.10 (3H. d, J 3',2' 6.5 Hz. 3 -H). 3.42-3.88 ( 6H. ring
protons 2-H, 3-H, 5-H, 6 A-H, 6B-H, 4-H). -3.5 (1H. 2"-H), -3.85
(1H, 2'-H), -3.9 (1H. l'-H), 4.35 (1H, d, J i ,2 7.8 Hz. 1-H);
6c 18.8 (C-3*), 61.7 (C-6 ), 67.1 (C-2-), 69.4 (C-4), 71.6 (C-

2), 73.5 (C-3). 75.6 (C -l-), 75.9 (C-5). 103.7 (C-l).
NMR Datz for «1-1 -melhvl-2-hvdroxvethvl

B-D-

gzlactoovranoside (771
6h 1.12 (3H, d, J 2" .r 6.7 Hz, 2" -H), 3.42-3.88 ( 6 H, ring
protons 2-H, 3-H, 5-H, 6A-H, 6B-H, 4-H), 4.41 (1H, d, J i .2 7.9 Hz,
1-H).
6c 16.3 (C-2"), 61.8 (C-6 ). 66.1 (C-2-), 69.4 (C-4), 71.6 (C-

2), 73.6 (C-3), 75.9 (C-5), 77.2 (C-1'), 101.9 (C-l).
B-D-Galactosides of Butane-1.3-diol (781.(791.(801.(811

Method B, using racemic butane-1,3-diol, yielded a
mixture of four B-D-galactosidases (116 mg, 61%);
R,(HPLC)-4.4min.
Cl (NH3), tn/z 270 (M+NH»+,100%), 253 (M*+l,32), 180
(M*-C«H902+NH4*.54), 163 (M*-C«H902J3), 91 (M*-C7H t30«,89),
62

73 (M*-C7H i 5O 5.10). 60 (M*-CsH | 60 3,49);
Cl (NH3), m/z 480.2077 (M(Ac)s + NHt*);
IR(cm>). 3300(br, OH), 2870(in, CH), 1410-1270(m,-OH),
U50-1040(m , C-O).
B-D-Gaiactosides of (S)-Bulanc-1.3-diol (78U 7g)

Method B, using (5).butane-1,3-diol, yielded a mixture of
two 6 -D-galactosides (119 mg, 63%); R|(H PLC)-4.4m in.
Cl (NH3), m/z 270 (M+NHaMOO»), 253 (M++1.49), 180
(M+-CaH902+NH4+,32), 163 (M*-C4Ho02,43), 91 (M*-C7H i 30<,87),
73 (M+-C7H i50 3^7), 60 (M *-C|H|605,41);
Cl (NH3), m/z 480.2085 (M(Ac)5 + NH*+);
IR(cm-l), 3290(br, OH), 2870(m, CH), 1410-1270(m,-OH),
1150-1040(m, C-O).
NMR Data for m -3 -h v d roxvbulvl B-D-Itlaclopvranosidc (28)
8h 1.14 (3H, d, J«',3' 6.1 Hz. 4 -H). 1.72 (2H. m, 2 -H), 3.41-

3.86

(6 H, ring protons 2-H, 3-H, 5-H, 6A-H, 6 B-H. 4-H), -3 .7

(1H, 1"-H), -3.9 (1H, l ’-H), -3.9 (1H, 3 -H), 4.34 (1H, d, J i ,2 7.9
Hz, 1-H);
Bc 23.0 (C-4 ), 38.5 (C-21), 61.7 (C-6 ), 65.8 (C-3 ), 68.1 (C1’), 69.4 (C-4), 71.6 (C-2), 73.6 (C-3), 75.8 (C-5). 103.7 (C-l).
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NMR Dat» for (Sl-l-melhvl-3-livdroxvpropvI B-Dg a la c t n n v r a n o a ir f a

ili)\

SH 1.13 (3H. d. J 2-.I- 6.3 Hz. 2"-H), 1.66 (2H. m. 2-H), 3.413.86 (6H, ring protons 2-H, 3-H, 5-H, 6 A-H, 6 B-H. 4-H), -3 .6
(2H, 3'-H), -3 .9 (1H, l'-H), 4.40 (1H, d, J i j 7.9 Hz. 1-H);
6c 21.7 (C-2-), 38.9 (C-2'), 59.2 (C-3'), 61.7 (C-6 ). 69.4 (C-

4), 71.6 (C-2), 73.6 (C-3), 75.8 (C-5). 76.1 (C l ), 103.3 (C-l).
NMR Data for (Rl-3-hvdroivbutvl B-D-galaclopvranoside (80)

6h

1.14 (3H, d. J4 .3 6.3 Hz, 4-H), -1.72 (2H, m. 2 -H) 3.41-

3.86 (6H, ring protons 2-H, 3-H, 5-H, 6A-H, 6B-H, 4-H), -3 .7
(1H. 1"-H), -3 .9 (1H. l'-H), -3.9 (1H, 3-H), 4.33 (1H, d, J | j 7 . 9
Hz. 1-H);
8C 22.9 (C-4‘), 38.4 (C-2'), 61.7 (C-6 ), 65.8 (C-T), 68.1 (C-

1), 69.4 (C-4), 71.6 (C-2). 73.6 (C-3), 75.8 (C-5), 103.6 (C-l).

NMR Data for (Rl-l-methvl-3-hvdrozvDroPvl fl-Jzzlzcioovranoside (81)

5h

1.17 (3H. d, J 2-.1 6.3 Hz, 2"-H). -1.66 (2H, m, 2 -H),

3.41-3.86 ( 6 H, ring protons 2-H. 3-H, S-H, 6 A-H, 6B-H, 4-H),
-3.6 (2H. 3 -H), - 3.9 (1H, I'-H), 4.40 (1H. d, J |,2 7.9 Hz, 1-H);
6c 20.0 (C-2-), 39.4 (C-2 ), 59.2 (C-3 ), 61.8 (C-6 ), 69.4 (C4), 71.8 (C-2), 73.7 (C-3), 75.8 (C-l'), 75.8 (C-5). 101.8 (C-l).
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Transfer to a m eso -d io l

cii-2-H vdrosvcvclohexi-3.5-dienvl B-Dyalactopvranoside (85~>.(861

Lactose (0.S4 g, 1.5 mmol) and ci'j-cyclohexa-3,5-diene1,2-diol (0.67 g, 6 mmol) were dissolved on 0.1 M phosphate
buffer (pH 7.3, 5 cm3). B-D-Galactosidase from E. coli (Sigma,
Grade X, 100 units) was added to the stirred mixture at t=0 and
t=3 h (200 units total).

The mixture was incubated at 25°C for

48 h with the levels of lactose and products being monitored by
HPLC.

Excess of the diol acceptor was removed by extraction

into ethyl acetate and the product galactosides were isolated as
a diastereomeric mixture by HPLC (standard conditions) or
preparative TLC (using UV for visualisation).

The galactoside

mixture was separated into the component diastereomers by
further HPLC purification using the same column but with the
solvent mixture MeCN:H2<>, 90:10 v/v. This process gave rise to
a major isomer of longer retention time (87 mg, 21%), m.p. 125129°C and a minor isomer of shorter retention time (54 mg,
13%), m.p. 134-136#C.
The minor isomer was identified as (15,2/?)-2hydroxycyclohexa-3,5-dienyl B-D-galactopyranoside (85);
Rt(HPLC)=4.6min;

8h 3.46*3.85 ( 6H, sugar ring protons 2-H, 3-

H, 5-H, 6 A-H, 6B-H, 4-H), 4.33 (1H, dd. ly .r 5.1 Hz, Jyj* 0.9 Hz,
2-H), 4.42 (1H, dd, Ip j* 5.0 Hz, Ji*,6* 12 Hz. 1-H), 4.47 (1H. d,
J u 7.8 Hz, 1-H), 5.94 (2H, m, 3 -H ♦ 6 -H), 6.02 (2H, m, 4-H ♦ 5 H);
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i c 61.6 (C-6), 66.3 (C-2’). 69.3 (C-4), 71.8 (C-2). 73.4
(C-3), 75.9 (C-5), 76.7 (C-1). 103.4 (C-l),
126.1/126.3/127.9/129.1 (C -3\ C-4'. C-5', C-6');
a (NHj), m/z 292 (M+NK<MOO%). 275 (M *+l,57), 180
(M+-C6H702+NH4+,65), 163 (M*-C4H702.19), 91 (M»-C9H i i 0 4.65),
73 (M+-C 9H i 3O5.43), 60 (M*-C|0H i4Oj .23);
CI (NH3), m/z 502.1925 (M(Ac)3+NH4*).
IR(cm-l), 3300(br, OH), 30000, C-C), 2860(nn, CH), 16400,
C -C ), 1600(s, C-C), 1400-1270(m,-OH), 1140-1040(m, C-O).

The major isomer was identified as
(l/f,2S)-2-hydroxycyclohexa-3,5-dienyl B-D-galactopyranoside
( 86 ); R|(HPLC)=4.9min; 6 h 3.46-3.85 (6H, sugar ring protons 2H, 3-H, 5-H, 6A-H, 6B, 4-H), 4.29 (1H, dd, J 2’.r 5.3 Hz, h y 0.9
Hz, 2'-H), 4.45 (1H, m. l'-H). 4.48 (IH, d. J 1.2 7.7 Hz. 1-H), 5.94
(2H, m. 3 -H + 6 -H), 6.04 (2H. m. 4 -H + 5 -H);
6C61.7 (C-6 ). 66.4 (C-2 ). 69.4 (C-4), 71.5 (C-2). 73.4 (C3). 75.8 (C-5), 76.8 (C-l'). 102.6 (C-l),
126.2/126.5/127.3/128.5 (C -3\ C-4', C-5', C-6 ');
Cl (NH3), m/z 292 (M+NIV.78%), 275 (M++1.100). 180
(M+-C6H702+NHZ+.34), 163 (M*-C6Ht02.23), 91 (M»-C 9Hn 0 4,45),
73 (M*-C 9H i 305.87), 60 (M*-C ioH i 40 5,71);
Cl (NH3), m/z 502.1925 (MfAck+NHa*);
IR(cm-l), 3300(br, OH), 30000, C-C). 2860(m, CH),
1640(s, C-C), 1600(5, C -C ), 1400-1270(m,-OH), 1140-1040(m,
C-O).
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Transfer to disaccharide acceptors
g-D -G alactopvraposvl-d -6)-B-D-galactopvranosvln-41-alucopvranosc (G alg(l-6)G alB(l-4)Glc) (87)

o-Nitrophenyl a-D-galactopyranosidc (0.031 g. 0.1 mmol)
and lactose (0.144 g, 0.4 mmol) were dissolved in 0.1 M
phosphate buffer (pH 6.0. 2 cm3). o-D-Galactosidase from from
Mortierella vinacea (Hokkaido Sugar Co., Ltd., 2 units) was
added and the mixture incubated at 40°C for 24 h.

Levels of

trisaccharides were monitored by HPLC using the solvent
mixture MeCN:H20 , 73:27 v/v; a single trisaccharide peak was
evident and the same HPLC conditions were used to isolate the
product (21 mg. 42%); R,(HPLC)-17min; SH 4.42 (1H. d, J 7.« 7.8
Hx, 7-H), 4.61 (-1/2 H. d. J 1.2 8.0 Hz, B-l-H). 4.94 (1H, d, J ij.i«
3.9 Hz. 13-H). 5.17 (-1/2 H, d, 1\3 3.7 Hz. a -l-H );
Be 60.9 (aC-6). 61.0 (ßC-6), 62.0 (C-18), 67.2 (C-12).
69.2/69.4/70.1/71.6/71.9/73.3/73.9 (C-8, C-9, C-10, C -ll) .
69.2/69.4 (C-14), 70.1 (C-1S), 70.1 (C-16), 70.7 (oC-2), 75.2
(ßC-3), 75.4 (B-C-5), 80.1 (BC-4), 80.3 (oC-4). 92.6 (aC-1). 96.5
(ßC-1), 99.1 (C-13), 103.9 (C-7);
CI (NH3). m/z 522 (M+NK**,29%). 505 (M++1.100), 343
(M+-C6H n 06+NH4+^5), 325 (M* C6H u 0 6.34), 180 (M+C 12H 21O 11+NH4M 5), 163 (M*-Ci2H2iO n ,57);
IR(cm ') . 3270(br, OH), 2870(m. CH), I400-I270(m.-OH).
1150-1040(m, C-O).
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a - D - G a la c t o p v r a n o s v l- ( 1 - 6 ) - ß - D - g lu c o D v ra n o s v l(1 -4 ^ -y lu c o p v ra n o s e ( G a la n - 6 ) G lc B ( l- 4 1 G lc )

(881

o-Nitrophenyl a-D-galactopyranoside (0.031 g, 0.1 mmol)
and cellobiose (0.137 g, 0.4 mmol) were dissolved in 0.1 M
phosphate buffer (pH 6.0, 2cm3). a-D-Galactosidase from
Mortierella vinacea (Hokkaido Sugar Co., Ltd., 2 units) was
added and the mixture incubated at 40°C for 24 h.

Levels of

trisaccharide were monitored by HPLC using the solvent
mixture MeCN:H 2 0 , 73:27 v/v;

a

single trisaccharide product

was evident and the same HPLC conditions were used to isolate
the product (12 mg, 24%); Rt(HPLC)=19min;

8h

4.46 (1H, d, J7,8

8.0 Hz, 7-H), 4.58 (-2/3 H. d. }\,2 8.0 Hz, ß-1-OH), 4.93 (1H, d.
J 13.14 3.8 Hz, 13-H), 5.14 (-1/3 H, d, J 1.2 3.8 Hz, o-l-O H );
8C66.7 (C-12), 92.5 (oC-1), 96.3 (ßC-1), 98.9 (C-13), 103.4

(C-7);
Cl (NH3), m/z 522 (M+NHa+,57%), 505 (M++1.44), 343 (M+CeHnOft+NHaMOO). 325 (M+-C6H i i 06.67), 180 (M*Ci2H2iOn+NH4*,33), 163 (M^-C i 2H2i O i i ,96);
IR(cm-*), 3280(br, OH), 2870(m, CH), 1410-1270(m,-OH),
1150-1040(m, C-O).

CHAPTER SIX
Experimental for Chapter 4.
After polymerisation all gels were broken up into small
particles and washed copiously with water to remove residual
monomers and initiator fragments.

Swelling measurements

were then made as follows; the gel was allowed to equilibrate
in the swelling medium and then portions (>1 g) were pressed
between absorbent tissues to remove excess swelling medium.
The gel was then weighed, dried overnight in an oven at 105°C,
and reweighed.

The swelling was then calculated using the

equation derived in Appendix 3.

Gels could be stored by

exposing them to gradually increasing concentrations of acetone
(up to 100%), filtering and drying under vacuum.

The hard

granules formed in this way could be easily hydrated to gels by
immersion in an aqueous medium.

Enzymatic solutions were assayed at 37°C by measuring
the increase in absorption at 410 nm of a solution of
o-nitrophenyl B-D-galactopyranoside.

For this purpose the

following reagents were pipetted into a 3 cm 3 cuvette (1 cm
light path):
Reagents

A

0.1 M Sodium phosphate buffer (pH according
to the pH maximum of the enzyme, 2.7 cm3).

B

0.03 M MgCl2 (0.1 cm3).

C

Enzyme solution (0.1 cm3).

D

0.068 M o-Nitrophenyl B-D-galactopyranoside
in Reagent A (0.1 cm3).
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The variation of A410 nm at 37°C was measured as a
function of time using a thermostatted spectrophotometer with
Reagent A as reference.

Polv(AM sopropvlacrvlamide)
N-Isopropylacrylamide (2 g, 17.7 mmol) and N,N’methylenebisacrylamide (0.0273 g, 0.177 mmol) were
dissolved in distilled water (28.6 cm3).

Ammonium

persulphate (0.2 g, 0.88 mmol) was added and after dissolution
the mixture was purged with argon for ten minutes.

N,N,N',N'-

Tetramethylethylenediamine (0.154 g, 0.2 cm3, 1.3 mmol.) was
added and the mixture rapidly stirred.

After one hour the

resultant polymer was washed with distilled water and
swelling measurements made in distilled water at 20°C and
50°C.
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The variation of A410 nm a* 37°C was measured as a
function of time using a thermostatted spectrophotometer with
Reagent A as reference.

P o lv (y y - is o p r o D v ia c rv la m id e )

AMsopropylacrylamide (2 g, 17.7 mmol) and N,N'methylenebisacrylamide (0.0273 g, 0.177 mmol) were
dissolved in distilled water (28.6 cm3).

Ammonium

persulphate (0.2 g, 0.88 mmol) was added and after dissolution
the mixture was purged with argon for ten minutes.

N ,N,N',N'-

Tetramethylethylenediamine (0.154 g, 0.2 cm3, 1.3 mmol.) was
added and the mixture rapidly stirred.

After one hour the

resultant polymer was washed with distilled water and
swelling measurements made in distilled water at 20°C and
50°C.
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W -A c r v lo v l-3 -a m in o D h e n v lb o r o n ic

» c id 2 4 2 2 « 3

Sodium hydrogen carbonate (8.4 g, 0.1 mol) was added
slowly to a stirred solution of 3-aminophenylboronic acid
hemisulphate (9.3 g, 0.05 mol) in distilled water (350 cm3).
The resulting precipitate was dissolved by warming and the
solution cooled to 10°C. Acryloyl chloride (4.98 g, 4.5 cm3,
0.055 mol) was added slowly over a 20 minute period with the
temperature being maintained at 10-15°C.

The mixture was

stored at 4°C overnight, filtered under suction and the
precipitate was washed with ice-cold water.

Recrystallisation

from water gave a fawn solid (7.48 g, 79%), mp. 256-260°C; 8 h
5.82 (1H. dd, CH2=C//), -6.3 (2H, m, C // 2=CH). 7.38 (1H, t, 5H),
7.52 (2H, d, 4-H + 6-H). 7.67 (1H, s, 2-H);
6C 124.8/127.1/131.0/131.3 (C-2,4,5,6), 129.0 (CH=CH2),

129.4 (CH=CH2), 137.0 (C-3), 167.4 (CO).
IR(cm -l) , 3500(OH. br). 3300(NH. s). 3260(NH, s),
1670(CO, *), 1620(C*C, s), 1510(aryl-H, s).
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5Q;5Q Acrylamidc/acrylic acid polymer
Acrylamide (0.621 g, 8.74 mmol), acrylic acid (0.63 g, 0.6
cm 3, 8.74 mmol) and A/,A/'-methylenebisacrylamide (0.13 g. 0.97
mmol) w ere dissolved in aqueous solution of disodium
orthophosphate (0.1 M Na2HPC>4, natural pH ca.8.9, 30 cm3).
Sodium hydrogen carbonate (0.77 g, 9.17 mmol) was added
slowly and after the effervescence had ceased a solution of
4,4'-azobis(4-cyanopentanoic acid) (0.0196 g, 0.07 mmol) and
sodium carbonate (0.076 g, 0.072 mmol) in aqueous disodium
orthophosphate (0.1 M Na2H P 0 4 , natural pH -8.9, 0.4 cm3) was
added.

T he mixture was purged with argon for ten minutes in

a sealed tube and then polymerisation allowed to take place by
gently shaking in a water bath at 80°C for one hour.

After

washing w ith water, the gel was stored as described above.
This method was also employed to form two other 50:50
acrylamide/acrylic acid polymers but with the additional
ingredients o f D-glucose (0.589 g, 3.27 mmol) and L-arabinose
(0.491 g, 3.27 mmol).
3 5 :1 5 :5 0 A crvlam idc/W -acrvlovl-3-

aminobcMcncboronic acid/acrylic icid polymer
Acrylamide (0.528 g, 7.43 mmol),

-aeryloy 1-3-

aminophenylboronic acid (0.25 g, 1.31 mmol), acrylic acid (0.63
g, 0.6 cm3, 8.74 mmol) and Af,AT-methylenebisacrylamide (0.15
g, 0.97 mm ol) were copolymerised as described above in the
preparation of the 50:50 acrylamide/acrylic acid polymer.
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35:15:50

Acrvlamide/N-acrvlovl-3-

aminophenvlboronic acid/acrvlic acid polymers
imprinted with D-ylucose and L-arabinose

The above procedure for the preparation of a 35:15:50
acrylamide/Af-acryloyl-3-aminophenylboronic acid/acrylic acid
polymer was used for the preparation of imprinted boronate
polymers by the addition of D-glucose (0.589 g, 3.27 mmol) and
L-arabinose (0.491 g, 3.27 mmol) to the monomer mixture.

Measurements of the rate of leaching of
monosaccharides from acrvlamidc polymer*

Each polymer was divided approximately in half and the
portions stirred for a few minutes with 0.1 M sodium
phosphate buffer (20 cm3) at either ca.pH 4 (natural pH of
NaH 2POa) or -pH 8.9 (natural pH of NaiHPOa) with washings
being collected by filtration.

After six successive washings, the

polymers were washed twice with the reversed buffer,

a

polymer which had been washed with buffer at -pH 4 was now
washed with buffer at ca .pH 8.9, and vice versa.
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The concentration o f the monosaccharides in the filtrates
were determined by comparison with a standard curve
obtained as follows: a solution of phenol in water (40 mgcm*3, 1
cm 3) and the sugar solution (5-200 p g c n r3, 1 cm3) were
pipetted into a test-tube.

Concentrated sulphuric acid (S cm3)

was added rapidly and the solution mixed by inversion.

After

cooling the absorbance at 48S nm was measured; a reference
was prepared by substituting distilled water for the sugar
solution.

Permeation of gel by enzymes
The hydrated gel (ca.0.5 g) was allowed to swell and
equilibrate in a solution o f the enzyme (5-10 units cm*3) in 0.1
M phosphate buffer (pH according to the pH maximum of the
enzyme).

The volume of the enzyme solution used was one and

a half times the volume which the gel would normally absorb
ie. mass of gel x swelling x 1.5 cm3. A measure of the
permeation of the gel by the enzyme was determined by
assaying the original enzyme solution and comparing it with
the values obtained for the supernatant enzyme solution.
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Separation of enantiomers by acrylamide polvi
The fully-washed polymer (-0.5 g) was allowed to swell
in 0.1 M sodium phosphate buffer (-pH 9) and placed in a
chromatography column (3 cm x 30 cm).

The same buffer

solution was passed through the gel until monosaccharide could
no longer be detected (phenol-sulphuric acid method) in the
washings; the column was then run 'dry'.

A solution of the

appropriate D-monosaccharide (50 mg) and L-monosaccharide
(50 mg) in buffer (10 cm3) was introduced into the column and
allowed to pass through the gel slowly.

Fractions of 2 cm3 were

collected and their optical rotations were measured.
Fraction
Original
solution
1
2
3
4
5
6
7
S

Rotation / degrees
0.000
0.002
-0.005
•0.003
-0 030
-0.047
•0.034
•0.019
•0.026

ppendix
D erivation and meaning of K m

Most enzymes function in accordance to the following
equation:
ES

products ♦ E

(1)

for which the following symbols may be used:
[E] = total concentration of enzyme
[S] = total concentration of substrate
[ESJ = concentration of enzyme-substrate complex
[E]-[ES] = concentration of free enzyme
and k i, k2 , k3 represent the rate constants for the
reactions.
For the rate of formation of ES one obtains:
4ES]
a

k, ÜE1 - (ES1HS)

(2)

since the rate of formation of ES is proportional to the
concentration of substrate and free enzyme.
The rate of disappearance of ES is given by:
-

[ESJ ♦

a

*

(3)

[ES]

Thus in the steady state:
k, (|EJ - [ESJ)[SJ

.

*<2 [ES) ♦ kj [ES]

(4)

which on rearrangement gives:
[S]([E) - [ES))
[ESI

_

* 10

-

K«

(5|

Solving for [ES] one obtains an equation for the steady
sta te concentration of ES:
[E][S]

IES]

Km ♦ IS]

The observed initial rate v of the reaction is
proportional to [ES].
Thus:

W

v - »8 [ESI

When the substrate concentration is high in relation
to the enzyme concentration all the enzyme is present
as ES and the rate of the reaction is maximal and
given by:
V«« - KafEl

(8)

Substituting the value of [ES] in equation 6 for [ES] in
equation 7 and dividing by equation 8 gives the MichaelisMenten equation:
Vm* [S]

(9)

Km ♦ IS]

When v=Vmax/2, Km=[S] and Km is the substrate
concentration which will give half maximum rate. For any
enzyme-substrate system Km will have a characteristic
value independent o f the enzyme concentration. If an
enzyme acts on several substrates it will have a
characteristic Km for each substrate.
K m is also a function of a substrate's ability to bind
with a low value reflecting strong binding and vice versa.
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Appendix 2
NMR of Carbohydrates
i). Proton NMR
1H NMR spectroscopy is a powerful technique for
the elucidation of carbohydrate structures.

In the case of

monosaccharides, where the problem of overlapping signals is a
minor one, a study of the splitting patterns of the different
signals allows determination of which protons are coupled to
which.

Complete assignment may be made via decoupling

experiments which consist of the consecutive irradiation of the
individual signals and observing the collapse in the splitting
pattern of the signals of the adjacent protons.

This is made

easier by the fact that the anomeric proton is readily identified
as the one resonating at the lowest field.

Thus saturation of the

anomeric proton signal will lead to collapse, or partial collapse,
of the H-2 signal.

Irradiation of the H-2 signal will then allow

identification of the H-3 signal and so on around the ring. The
configuration of the monosaccharide may then be determined
by examination of the coupling constants which provide
information about the dihedral angle between adjacent
protons.
Finally, the closeness in space of particular protons
may be studied using the phenomenon o f nuclear Overhauser
enhancement (NOE).

Briefly, NOE derives from the dipolar

interactions between two nuclei.

Perturbation of the

population o f spin states of one of the nuclei (by selective
irradiation) causes more efficient dipolar relaxation of the other
nucleus leading to an increase in its intensity.

Since the degree

of enhancement is dependent on the proximity of the nuclei
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this method may provide useful structural information.
A complete assignment of proton signals for methyl
0-D-galactoside was given by Welti243.

The most characteristic

signal in the spectrum, and in the spectra of all j)-Dgalactosides, is the doublet associated with the anomeric proton
(H -l) which resonates at least 0.4ppm downfield of any other
ring proton.

The coupling constant between H-l and the

adjoining proton H-2 is usually about 8 Hz reflecting the
transdiaxial relationship.

The corresponding coupling constant

for a-D-galactosides is 3-4Hz.

Assignment of protons in the

aglycon is straightforward and recourse to more complicated
experiments is unnecessary in these simple cases.

ii). Carbon-13 NMR
With the advent of Fourier transform techniques
the measurement of 13C spectra has become routine and the
information it provides is invaluable to the chemist.

The

spectra obtained are generally much more simple than the
corresponding ! H spectra because there are fewer signals
spread over a wider of frequency.

In their most simple forms,

the spectra are of three types: i). undecoupled, where each
carbon resonance is split by its attached protons, ii). offresonance decoupled, where partial proton decoupling produces
considerable simplification but without removing all o f the
decoupling information and Hi), proton noise decoupled, where
each carbon gives rise to a single resonance.

In practice only

the latter tw o are usually used and nowadays it is common to
glean coupling information from DEPT (distortionless
enhancement by polarisation transfer) experiments rather than
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via off-resonance decoupling.

DEPT experiments enable the

distinction between different types of carbon atoms i.e.
between methyl, methylene and methine carbon atoms, and
have the advantage over off-resonance techniques of producing
simple spectra thus eliminating the possibility of any
ambiguities when determining multiplicities.
The assignment o f resonances in the carbon-13
spectrum of f)-D-galactosides is facilitated by the fact that the
values for each ring carbon (C-2, C-3, C-4, C-5 and C-6 ) vary by
no more than 0 .2ppm irrespective of the aglycon .202*204*208' 214
The chemical shift for C -l lies considerably downfield of all
other ring carbons on account of the greater deshielding caused
by attachment to two oxygen atoms rather than one.

Any

ambiguities in assignment of the carbon resonances in the
aglycon are eliminated by DEPT135 experiments which
distinguish carbon atoms bearing two protons from those
bearing one or three protons,
iii). Two Dimensional NMR
Greater information than is available from standard
one dimensional NMR experiments may be obtained via two
dimensional NMR (2D NMR).

2D NMR experiments involve

subtle changes in the way in which the magnetic field is
applied to the sample and provide a means of separating
chemical shift and coupling effects along two axes.

Thus a

three dimensional representation of the data may be obtained
with the chemical shift on the conventional axis and the
coupling information on a new axis stretching behind the
conventional spectrum.

Commonly, the information is

displayed as a contour p lo t. and the technique is termed
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correlation spectroscopy (COSY). The 2D COSY spectrum thus
consists of a set o f resonances along the diagonal
(corresponding to the normal one dimensional spectrum) and
off-diagonal "cross peaks” which signify spin couplings between
the related multiplets on the diagonal.
The most common types of COSY experiments are
iH -iH 2D COSY (homonuclear correlation spectroscopy) which
give proton-proton coupling information and !H -,3C COSY
(heteronuclear correlation spectroscopy) which correlate carbon
resonances with proton resonances.

With these and other more

elegant NMR techniques it is possible to assign the spectra of
relatively complex carbohydrate molecules.
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Appendix 3
Calculations of values o f swelling

Values of swelling are defined as the volume of aqueous
medium absorbed by one gramme of fully swollen polymer.
All values are approximate and are calculated as follows:
Let

A=

Mass of polymer + mass of salt.

B=

Mass of polymer + mass of salt + mass of
w ater.

C=

Mass of polymer.

Then swelling.

s -

Now,

C = A-mass of salt

B

c

=A-x(B - A),
where x = mass of salt per gramme of water
.
-

5 "

B-(A ■ x(B - A ))
A - x(B - A )

B - A
For distilled water x=0 => S = — ^

For 1 M NaCl x * 0.05844
For phosphate buffers values of x could be determined by
evaporation of known volumes of the buffer.
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A p p en d ix

4

Boron analyses for polymers of increasing AAFfi1
Samples were digested in HNO3/H 2O 2 and analyses carried out
by inductively-coupled plasma emission spectrometry. Levels
of boron are given in p.p.m.

Found

Expected

Sample*

% AAPB

A

0

0

0

B

5

1680

3540

C

10

3610

7080

D

15

5100

10620

E

20

6960

14160

F

25

7860

17700

Q

15

5230

10620

*0—»25% with respect to acrylamide.
^Sample G was prepared in the presence of glucose.
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