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The hydrolysis of sixteen mainly deoxy and deoxyhalo derivatives of cellobiose
catalysed by B-p-glucosidase from Aspergillus niger has been studied by means of
'H NMR spectroscopy and progress-curve enzyme kinetics in both single-substrate
and competition experiments. In the non-reducing ring of cellobiose it was found that
the hydroxy groups at positions 2’, 3’, and 4’ are essential for the enzymatic hydro-
lysis. The primary hydroxy group on 6’ in this ring is, although important for the
hydrolysis, not essential. The analogues modified at positions 3’ and 4’ and the
6'-bromo-6'-deoxy derivative were not inhibitors, whereas the 2’-deoxy derivative
inhibited the enzymatic hydrolysis of methyl f-cellobioside to some extent. Of the
analogues modified in the reducing ring, some were hydrolysed faster (e.g. the deoxy
compounds) and some slower than methyl B-cellobioside in single-substrate ex-
periments, but all derivatives were hydrolysed at a lower rate than this reference
substrate in direct competition and displayed relatively weak inhibitory effects. The
results are interpreted qualitatively with respect to changes in the free binding
energies of the substrates and catalytic transition states based on the Michaelis—

Menten mechanism, and some mechanistic implications of these findings are dis-

cussed.

Chemically modified substrates have, for many years,
found application in the study of molecular recognition and
enzyme mechanism and have proved to be one of the most
fruitful approaches for the elucidation of specific inter-
actions between macromolecular species and ligands, often
accompanied by tremendous synthetic effort. We have re-
cently reviewed this approach in the field of enzyme proc-
essing of carbohydrate substrates.?

Cellobiose [4-O-(B-D-glucopyranosyl)-p-glucose] occurs
widely in plants, mainly as the prime hydrolysis product of
cellulose catalysed by cellulases (EC 3.2.1.91). Hence, it
constitutes the simplest cellulose model and the system
cellobiose—cellobiase (B-p-glucosidase, EC 3.2.1.21) can be
used to study the breakdown of B-linked p-glucose oligo-
and poly-mers. We have previously described the use of
'H NMR spectroscopy and progress-curve enzyme kinetics
analysis to study of the B-p-glucosidase-catalysed hydro-
lysis of a number of methyl B-cellobioside analogous with
deoxy functions in the reducing ring.! In this paper we
describe the syntheses of some novel cellobiose derivatives
and we report on further kinetic studies on the substrate
specificity of a commercial B-p-glucosidase preparation
from Aspergillus niger.

1 Part I, see Ref. 1.
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Edwards, in 1980, reviewed the chemistry of cellobiose
and described the derivatives known at that time.> A num-
ber of cellobiose derivatives have since then been syn-
thesized and described in the literature, most of which
contain modifications of the two primary hydroxy groups.
The most substantial of these works is that of Takeo et al.*
We ourselves have placed much emphasis on the mono-
deoxy and monodeoxyhalo analogues of cellobiose in order
to elucidate the carbohydrate—enzyme interactions of spe-
cific hydroxy groups.

B-p-Glucosidase from Aspergillus niger has previously
been purified and characterized,>® most recently by
McCleary and Harrington® who used the commercial crude
product from NOVO Industri A/S.° There are a number of
disagreements between the results of these reports, espe-
cially in the molecular weight determinations and also in
the Michaelis-Menten parameters. McCleary and Harring-
ton® found K|, values of 1.89 and 0.8 mM for cellobiose and
p-nitrophenyl -p-glucopyranoside, respectively, so in the
present study substrate concentrations well above K, were
used. Nothing is known about its amino acid sequence nor
its amino acid composition, and hence the enzyme cannot
be regarded as well characterized.

In this study, methyl §3-cellobioside was chosen as the
reference compound instead of cellobiose itself because
mutarotation between a- and f-anomers is prevented. This



greatly simplifies the analysis of NMR spectra and the use
of this compound enables one to distinguish between the
hydrolysis products, glucose and methyl §-p-glucopyrano-
side, stemming from the two glucose units of the substrate.
As pointed out previously' the conventional Michaelis—
Menten parameters K, and V,,, are not well determined
by simple progress-curve analysis — especially so when the
reactions are severely product inhibited. Instead we use the
accurately determinable parameters v, (initial rate) and ¢,
(half-life) and compare these from experiments carried out
under identical conditions.

Results

Deoxy and deoxyhalo derivatives of cellobiose. Scheme 1
shows the structures of the cellobiose analogues used in this
investigation. The syntheses of compounds not previously
described are described below. The principal aim of the
synthetic work was to obtain potentially interesting com-
pounds and no effort has been made to optimize or to
examine synthesis procedures thoroughly.
1,5-Anhydro-4-O-(f-p-glucopyranosyl)-p-glucitol 11 was
prepared as shown in Scheme 2 from heptaacetyl-a-cello-
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biosyl bromide 24 via the heptaacetyl-1,5-anhydrocello-
biitol 25 in 77 % yield. The use of hydrogen under pressure
and triethylamine avoided the use of zinc for the reduc-
tion' and afforded a higher yield.

Methyl 3-deoxy-a-cellobioside 12 was synthesized
analogously to the synthesis of the corresponding maltose
derivative.!! Heptaacetyl-a-cellobiosyl bromide 24 was first
treated with sodium iodide in dry acetone followed by the
addition of diethylamine which resulted in an elimination
to produce heptaacetyl-2-hydroxycellobial 26 (Scheme 2).
This was a more facile reaction than the method employed
by Rao and Lerner who used 1,5-diazabicyclo[5.4.0]undec-
5-ene for the dehydrohalogenation.”? Compound 26 was
then subjected to a Ferrier rearrangement by migration of
the double bond to the 2,3-position catalysed by boron
trifluoride—diethyl ether and in the presence of methanol
the methyl a-glycoside 27 was obtained. Palladium-cata-
lysed hydrogenation of 27 gave almost exclusively the de-
sired ribo configuration and not the arabino of the methyl
hexaacetyl-3-deoxy-a-cellobioside 28. Deacylation by
methoxide gave the unprotected methyl 3-deoxy-a-cello-
bioside 12.

1,6-Anhydro-f-cellobiose 10, methyl 6-deoxy-f-cellobio-
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side 13, and the 6-deoxy-6-iodo derivative 16 were also
synthesized analogously to the corresponding maltose de-
rivative!"* (Scheme 2).

Enzyme kinetics of derivatives modified in the non-reducing
ring. The requirements for the enzyme to recognize specific
hydroxy groups in the non-reducing ring were elucidated by
preparing substrate analogues containing deoxy functions
at the different positions. It is possible that some analogues
which are not themselves substrates may be able to bind to
the active site of the enzyme and thus express inhibitory
effects.

Results for single-substrate experiments with analogues
modified in the non-reducing ring are listed in Table 1. The
results for the reference substrate methyl B-cellobioside
were obtained from triplicate experiments. The relative
error is smaller for the half-life than for the initial rate
owing to the non-linearity of the least-squares regression
analysis. Clearly, the hydroxy groups at positions 2', 3" and
4’ are essential for the analogue to be a substrate for the
enzyme. The 4'-epi analogue (methyl $-lactoside) is not a
substrate either. The 6'-deoxy derivative is slowly hydro-
lysed, whereas the 6'-bromo compound is not a substrate.
These results are in very good accordance with the results
obtained with B-p-glucosidase from Aspergillus oryzae."

The results for the competition experiments with sub-
strate analogues modified in the non-reducing ring are
listed in Table 2. The 3'-deoxy, 4'-deoxy and 4'-epi, and
6’-bromo-6'-deoxy derivatives do not inhibit the hydrolysis
of methyl B-cellobioside and these compounds appear not
to be recognized by the enzyme at all at the concentrations
studied.

The 6’-deoxy derivative is a poor inhibitor and its own
hydrolysis rate is greatly reduced. Hence, this compound
forms less stabilized enzyme—substrate and catalytic transi-
tion-state complexes than methyl f-cellobioside (see
below).

Table 1. Single-substrate initial rates and half-lives of cellobiose
analogues madified in the non-reducing ring relative to the
single-substrate values for the reference substrate methyl
B-cellobioside. The initial rates and half-lives were obtained by
fitting of the progress curves of the enzymatic hydrolysis as
described previously.' The reactions took place in D,O at

pH 4.75 and 27°C.

Substrate Yo/ MM Relative

Vo t
1 (ref.)? 28.1 1 1
2 (Me 2’-deoxy-a) 49 0 o
3 (3'-deoxy) 294 0 0
4 (4'-deoxy) 29.4 0 ®©
5 (4'-epi) 28.1 0 £
6 (6'-deoxy) 294 0.18 5.6
7 (6'-Br) 23.9 0 ©

vy = 0.472+£0.007 mM min~', t, = 31.3 0.3 min. Errors are
standard deviations from triplicate experiments.
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Table 2. Competition initial rates and half-lives of cellobiose
analogues modified in the non-reducing ring relative to the
single-substrate values for the reference substrate methyl
B-cellobioside.

Substrate Yo/ mM Relative

Vo t,
One-substrate experiment
1 (ref)® 28.1 1 1
Two-substrate experiments
1 28.1 0.73 14
2-deoxy-p-glucose 15.3
1 28.1 0.02 84
2 (Me 2'-deoxy-a) 5.0 0 o
1 28.1 1.0 0.99
3 (3'-deoxy) 29.4 0 o
1 28.1 0.98 1.0
4 (4'-deoxy) 29.4 0 ©
1 28.1 0.99 1.0
5 (4'-epi) 28.1 0 o
1 28.1 0.95 1.1
6 (6'-deoxy) 29.4 0.02 86
1 28.1 0.93 1.1
7 (6'-Br) 23.9 0 o

Vo and ¢, as in Table 1.

Methyl 2’-deoxy-a-cellobioside is not a substrate, al-
though it is known that 2’-deoxy glycosides are very labile
to acid hydrolysis.!*!* In fact, a slow breakdown at a con-
stant rate was observed for this compound, but since the
rate was the same in single substrate as well as in competi-
tion experiments, it could be concluded that the observed
breakdown was due to non-enzymatic acid-catalysed
hydrolysis. This 2'-deoxy analogue is, however, the most
potent inhibitor of the analogues tested. This suggests that
the 2’-hydroxy group may be directly involved in the cata-
lytic process.

Enzyme kinetics of derivatives modified in the reducing
ring. Kinetic single-substrate experiments were carried out
with a number of substrates modified in the reducing ring
and the results are summarized in Table 3. In the one-
substrate experiments some analogues are hydrolysed more
rapidly than methyl B-cellobioside in the order 3-deoxy >
6-deoxy > 1-deoxy > 6-bromo-6-deoxy > Ph a-cell. >
reference whereas the others are hydrolysed considerably
slower. Thus it appears that increasing the hydrophobicity
of the aglycone enhances the enzymatic hydrolysis,
whereas inverting the aglycone ring from a *C; to a 'C, chair
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Table 3. Single-substrate initial rates and half-lives of cellobiose
analogues modified in the reducing ring relative to the single-
substrate values for the reference substrate methyl p-
cellobioside.

Substrate Yo/ MM Relative

vy t
1 (ref.)s 28.1 1 1
8 (Me B-o-gicp)? 25.7 0.43 9.1
9 (Ph o-cell.) 26.1 1.1 1.9
10 (1,6-anhydro)® 30.8 0.44 25
11 (1-deoxy)® 30.6 1.5 0.69
12 (3-deoxy-a)® 294 43 0.41
13 (6-deoxy)® 294 2.1 0.51
14 (6-Cl) 26.7 0.57 1.3
15 (6-Br) 239 1.3 0.65
16 (6-1) 215 0.53 1.4

“vp and t, as in Table 1. ®Reported previously.'

Table 4. Competition initial rates and half-lives of cellobiose
analogues modified in the reducing ring relative to the single-
substrate values for the reference substrate methyl g-
cellobioside.

Substrate Yo/ MM Relative
o t,

One-substrate experiment

1 (ref.)? 28.1 1 1
Two-substrate experiments

1° 28.1 0.66 20

8 (Me B-o-gicp) 25.7

1 28.1 0.54 1.9

9 (Ph a-cell.) 26.1 0.43 29

1° 28.1 0.91 1.1
10 (1,6-anhydro)® 30.8 0.07 14

1° 28.1 0.51 1.9
11 (1-deoxy)® 30.6 0.44 24

1° 28.1 0.93 1.1
12 (3-deoxy-a)® 294 0.52 1.9

1° 28.1 0.50 20
13 (6-deoxy)® 294 0.36 2.8

1 28.1 0.53 1.8
14 (6-Cl) 26.7 0.28 33

1 28.1 0.36 27
15 (6-Br) 239 0.15 28

1 28.1 0.21 4.2
16 (6-1) 215 0.09 41

2v, and t, as in Table 1. °Reported previously.'
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conformation as in 1,6-anhydro-f-cellobiose decreases the
hydrolysis rate.

For the 6-deoxy-6-halo series, the chloro and the iodo
derivatives have almost the same kinetic parameters,
whereas the bromo compound has an initial rate twice as
large and a correspondingly shorter half-life. From a simple
comparison of rates and half-lives, there is no clear trend as
to the influence of steric factors of this group on the binding
of the reducing ring.

Phenyl a-cellobioside has a greater initial rate than
methyl B-cellobioside, but a longer half-life. This reaction
is thus severely product inhibited and the enzyme thus
forms a less firmly bound enzyme-substrate complex with
phenyl a-cellobioside than with methyl B-cellobioside.?

Competition experiments were carried out with two
simultaneous substrates (or substrate + inhibitor) with
methyl B-cellobioside as the reference substrate together
with an analogue modified in the reducing ring or methyl
B-D-glucopyranoside. The results are shown in Table 4.
Methyl B-cellobioside is hydrolysed faster than its com-
petitor when in direct competition with the analogue, as is
also the case when the analogues are hydrolysed faster in
single-substrate experiments. When compared with the
single-substrate experiment with methyl B-cellobioside, all
analogues inhibit the hydrolysis of this somewhat, and the
inhibitory effect on the reference substrate has the order
6-bromo-6-deoxy > 6-deoxy > 1-deoxy > Ph a-cell >
3-deoxy.

The reducing ring analogues are all inhibited by methyl
B-cellobioside in such a way that the relative order of
inhibition of the reference substrate on the analogues is
6-bromo-6-deoxy > 3-deoxy > 6-deoxy > 1-deoxy > Ph
o-cell. In the order of decreasing inhibition which apart
from the 6-bromo-analogue is the same order as the order
of rates in the single-substrate experiments.

Discussion

The results for this B-p-glucosidase resemble those for
B-p-galactosidase from Escherichia coli,'s'” especially with
regard to the requirements of the hydroxy groups in the
non-reducing ring. There are, however, differences in
product-inhibition properties and in the interactions with
the reducing ring. Glucoamylase from Aspergillus niger
showed a different pattern of specificity.!"'*? The essential
hydroxy groups for this enzyme are those in positions 3, 4’
and 6'. Perhaps the hydroxy group in the 2’-position of
cellobiose is engaged in neighbouring-group assistance and
interacts with the catalytic carboxy group on the -p-gluco-
sidase (by hydrogen bonding), whereby the 2’-OH group
could direct the acidic group of the active site into the right
position for proton donation to the glycosidic oxygen atom.
Similar observations and proposals have been made for
B-p-galactosidase from Escherichia coli,'*'" whereas the
2'-OH is non-essential for glucoamylase.!"*#2 It must be
pointed out that the 2'-deoxy derivative in this study was
the methyl a-glycoside whereas the other analogues were
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reaction coordinate

Fig. 1. Free-energy diagram of the p-p-glucosidase-catalysed
hydrolysis of cellobiose analogues.

B-glycosides. It cannot be ruled out that the differences in
behaviour could be due to this difference in anomeric con-
figuration. The specificity for the 4’-position is mutual for
all enzymes mentioned here (this is what distinguishes the
substrates for B-D-glucosidase and p-p-galactosidase), and
this specificity has also been found for p-xylose (p-glucose)
isomerase.?* It can be visualized that the substrate ap-
proaches the enzyme from the C-4’ end of the non-reducing
ring, and then the group in the 4-position of this ring would
be the first to encounter the active site. It is therefore likely
that the specificity requirements are especially critical for
this position. It can also be argued that any comformational
changes in the substrate in going to the transition state can
be recognized by movement in the position of this hydroxy
group.

Fig. 1 shows a qualitative free-energy diagram referring
to the simple Michaelis-Menten mechanism given in
eqn. (1), where E is the free enzyme, S is the free sub-

E+seRipgKa,pgyp (1)

strate, ES is the enzyme-substrate complex, and P is the
product. K, is the dissociation constant for the enzyme-
substrate complex and is approximated (identified) with
K, whereas k., is the catalytic rate constant (= V,/[El],,
where [E], is the stoichiometric enzyme concentration).
The ratio k/K,, is the second-order rate constant (or the
so-called binding specificity or catalytic power). The solid
line corresponds to the enzyme-catalysed reaction, whereas
the dotted line corresponds to the uncatalysed (or acid-
catalysed) reaction. The scheme has been truncated. It is
known that enzymatic reactions such as the ones in ques-
tion consist of several intermediary steps with several
bound ground-state as well as transition-state species.
However, one of these steps is usually rate limiting, i.e. the
transition state of this step and the preceding intermediate
are kinetically the most important species. The free ener-
gies depicted in the figure are:

B-GLUCOSIDASE SUBSTRATES. PART i

AG® free energy of the overall reaction,

AG; free binding (stabilization) energy of ES,

AG# free energy of activation for formation of ES,

AG}# free energy of activation for the uncatalysed
reaction,

AG* free energy of activation for the enzyme-catalysed
reaction,

AG} free binding (stabilization) energy of the catalytic
transition state.

The absolute positions of the energy levels are arbitrary.
The a factors are the factors by which the corresponding
energy level is changed in the substrate analogues com-
pared with the reference compound methyl B-cellobioside.
An increase in a transition state will lead to a decrease in
the rate constants, whereas an increase in a ground state
will lead to an increase in the rate constants. A larger initial
rate for an analogue compared with the reference substrate
can result from either of two sources: the transition state of
a rate-limiting step along the enzymatic pathway may be of
lower energy and thereby give rise to a lower energy of
activation. A lower-energy transition state can be formed
either because of tighter binding to the enzyme or because
the transition-state structure itself has an intrinsically lower
energy. The other possibility for an increase in the initial
rate may arise from looser binding of an intermediate
preceding a rate-limiting step. This would also lead to a
decrease in the energy of activation and thus a higher rate.
In the first case the analogue would also be hydrolysed
faster than the reference compound in direct competition
with this and the mutual inhibitory effects are expected to
be greater on the reference than on the analogue. The
reverse is true for the second case, here the analogue would
be hydrolysed more slowly than the reference in direct
competition and the analogue would also be the most
susceptible substrate for inhibition.

All compounds for which the energy of activation is
reduced are hydrolysed faster than methyl B-cellobioside in
single-substrate experiments, but are hydrolysed at a lower
rate than the reference substrate in direct competition with
this. So it seems for the deoxy compounds that the better
substrates they are by themselves, the worse competitors
they are to the reference substrate. A plausible explanation
for this is that both a Kkinetically important enzyme-sub-
strate (enzyme-intermediate) complex and a rate-limiting
transition state in the Michaelis-Menten type reaction
scheme (Fig. 1) are less stabilized for the fast analogues
than for the reference compound, but in such a way that the
destabilization of the enzyme-substrate complex is consid-
erably larger than the destabilization of the transition state
(i.e. AAG. > AAG}). This leads to lower energies of
activation and will cause a rate increase in single-substrate
experiments. But if, on the other hand, the substrate ana-
logue has to compete directly with methyl B-cellobioside,
the relative stabilizations of the catalytic transition states
will determine the relative rates, and the relative order of
rates will switch over in favour of the substrate which forms
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the most stabilized catalytic transition state. In all cases
tested, the most stabilized catalytic transition state was
formed by the reference compound methyl p-cellobioside.
According to this model 1,6-anhydro-g-cellobiose appar-
ently forms a substantially less stable enzyme-substrate
complex than methyl B-cellobioside, but it also forms a
substantially higher-energy transition state, hence it
exhibits a relatively low rate of hydrolysis and a weak
inhibition. The qualitative energy diagram shown in Fig. 1
illustrates this feature. The 6-bromo-6-deoxy analogue is
the only halo compound which has a higher energy of
activation than the reference and is hydrolysed faster than
this. This is because the destabilization of the enzyme-—
substrate complex is large enough to compensate for the
relatively small destabilization of the catalytic transition
state.

Methyl 6'-deoxy--cellobioside and 1,6-anhydro-f-cello-
biose show the largest increases in the difference of binding
energies of the transition states and also some of the largest
increases in the difference of binding energies of the
enzyme-substrate complex. However, the destabilization
of the enzyme—substrate complex is not sufficiently large to
compensate the rate reduction, and these compounds are
therefore both relatively poor substrates and poor in-
hibitors.

Experimental

General procedures. '"H NMR spectra were recorded on
Bruker AM-500, Bruker AC-250, and Bruker HX-90 in-
struments and “C NMR spectra on Bruker AM-500,
Bruker AC-250, and Bruker WH-90 instruments at 300 K.
Tetramethylsilane was used as an internal reference (0
ppm) in deuteriochloroform solutions for both 'H and *C
spectra. For spectra recorded in deuterium oxide the HDO
peak was used as internal reference (4.75 ppm) for 'H
spectra, whereas an external instrument reference was used
for 13C spectra in this solvent. NMR data are shown in
Tables 5 and 6.

Glucose-free and lyephilised f-p-glucosidase from
Aspergillus niger (EC 3.2.1.21, B-p-glucopyranoside gluco-
hydrolase, cellobiase, Novozym 188) was a gift from
NOVO Industri A/S. This enzyme is commercial and used
in industry together with cellulases for the breakdown of
cellulose to glucose. The enzyme is very stable, and no loss
of activity could be detected for an enzyme batch after
having been stored for 2 months at room temperature, in
accordance with the manufacturer’s specifications.® The
commercial enzyme preparation from NOVO is very crude
—only 1.5 % of the total protein is B-p-glucosidase,® but the
pH- and temperature-profiles for stability and activity are
the same for the crude and the purified preparations.®®
However, although activities towards maltose, lactose, tre-
halose, sucrose, and methyl a-p-glucopyranoside can be
detected in the crude preparation, they were observed to
be very low (<< 1 %) compared with the activities towards
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B-p-glucosides. Such secondary activities are common in a
great number of enzyme preparations. In the time scales we
used in our kinetic experiments, no secondary activities
could be detected; these only become apparent upon pro-
longed standing. We primarily measured large catalytic
effects and our interpretations are based only on such data.
Most importantly, there was an intrinsic control in our
experiments, in that all substrates were studied in both
single substrate as well as in competition experiments, and
since large mutual inhibitory effects are observed both of
the reference substrate on the analogues and vice versa, it
can, with reasonable confidence, be ruled out that any of
the catalytic effects could be provided by other enzymes
than the B-p-glucosidase in question.

The enzyme kinetics reactions took place in 0.1 M so-
dium acetate buffer in deuterium oxide, pH 4.75 (uncor-
rected meter reading) at 27 °C. The concentrations of sub-
strates were 10 mg ml™* (ca. 30 mM) and 15 pl of a solution
of 20 mg ml™! enzyme in the same buffer was added to 1 ml
of the substrate solution to start the reaction. An aliquot of
600 ul in an NMR tube was then quickly degassed and
placed in the spectrometer probe. Kinetic 'H NMR spec-
troscopy and progress-curve analysis were then carried out
as described previously.'

Optical rotations were measured on a Perkin Elmer 241
polarimeter, melting points are uncorrected and elemental
analyses were carried out by Lgven A/S’s microanalytical
laboratory. All reactions in organic solvents were carried
out with the exclusion of moisture (calcium chloride).

Work-up from organic solvents was carried out by three
washings with 4 M hydrochloric acid and three with
saturated sodium hydrogen carbonate solution. The so-
lutions were then dried with sodium or magnesium sul-
phate, filtered, and concentrated under diminished pres-
sure at ca. 50°C.

Deacylations took place in dry methanol containing ca.
1 mM sodium methoxide for approximately 0.5-1.0 h. Ions
were removed by the addition of IRC-50 (H*) ion-ex-
change resin equilibrated in methanol. After filtration of
the resin, the solution was concentrated by vaporization
under reduced pressure.

The palladium used as the catalyst for hydrogenations
was a mixture containing 5% palladium and activated
carbon (Pd/C).

Where stated, unprotected sugars were separated on a
Sephadex 15 column by elution with methanol-water (1:1).
Fractions were collected by a fraction collector and exam-
ined for carbohydrate by charring with sulfuric acid. The
relevant fractions were then pooled and concentrated. All
reactions took place at room temperature unless otherwise
stated.

Methyl 2'-deoxy-a-cellobioside 2 was a generous gift
from Prof. Schmidt (Konstanz, Germany).” Methyl 3'-
deoxy-f-cellobioside 3 was prepared by Bock and Peder-
sen'' and was obtained as a by-product in equal amount
from a glycoside synthesis of the corresponding maltose
derivative, while methyl 4’-deoxy-f-cellobioside 4 was pre-



Table 5. 'H NMR chemical shifts and observed first-order
coupling constants of protected and unprotected disaccharides.
Assignments marked with an asterisk may need to be reversed.
The two first rows for each compound (designated by H’)
contain data from the non-reducing ring and the rows below
contain data from the reducing ring.

Solvent 1 2 3 4 5 6 6 OMe
1 DO H 452332 353 3.43 3.50 3.94 3.75
J, 77 80 92 92 20 63
J 12.1
H 442 332 365 3.65 3.64 401 3.83 3.59
J 7.7 80 20 48
o 11.8
2 D,O H 477 187, 3.76 3.29 3.40 3.97 3.77
1.49,
J; 100 50, 95 99 22 60
2.0 120,
A 13.0 12.3
H 4.85 364 382 3.71 3.78 3.89 3.81 3.44
J;, 40100 100 100 28 58
Jo 12.8
3 DO H 451353 222, 350 3.44 3.94 3.71
1.61,
J, 78 56 3.1,
104 886,
A 13.9
H 4.42 333 366 3.76 3.65 4.01 3.83 3.60
J;, 80 78 1.8 438
6 D,O H 456 332 348 3.20 3.52 1.34
J; 77 92 96 96 6.0
H 4.38 332 364 3.43 3.50 3.93 3.74 3.57
J; 7.7 80 20 63
J 11.8
7 D,O H 459 335 355 3.50 3.66 3.86 3.70
J 79 94 92 91 18 54
Jo 11.4
H 442 334 366 3.66 3.66 4.01 3.83 3.59
J; 80 9.1 45
o 12.3
9 D,O H 458 338 355 3.48 3.55 3.96 3.77
J, 78 80 92 92 20 64
J 12.0
H 566 379 409 3.81 3.86 4.01 3.93
J, 40 84 24 55
Jo 12.0
10 D,0 H' 461 337 354 3.44 3.48 3.96 3.76
J, 70 80 92 92 20 63
Jp 12.1
H 547 354 390 3.85 4.80 4.09 3.80
Jy 1.7 2.2 5.7
b 7.5
11 D,O H' 451 333 358 3.43 3.49 3.93 3.75
J, 80 80 90 94 21 58
Jo 12.3
H 3.49 329 354 3.64 3.64 3.98 3.78
J 1.9, 89 86 26 6.6
8.9,
J 12.4
12 D,0 H' 451 323 346 3.36 3.46 3.87 3.70
J 81 91 81 95 25 42
A 12.3
H 469 380 234, 3.43 3.62 3.90 3.76 3.43
1.80,
J; 35 39 49, 98 25 56
J 11.9 12.6
(cont.)

Table 5. (cont.).

B-GLUCOSIDASE SUBSTRATES. PART I

Solvent 1 2 3 4 5 6 6 OMe
13 D,O H' 442 314 355 358 3.55 3.94 3.76
J, 84 96 96 96 15 36
o 12.6
H 435 3.26 3.41 3.26 3.47 2.77 3.53
J; 84 941 96 96 6.0
14 D,O H' 458 332 353 343 351 392 3.75
J, 80 91 92 94 16 55
b 12.2
H 447 333 366 3.78 3.86 4.02 3.86 3.58
J; 80 91 92 90 22 96
15 D,0 H' 462 3.34 3.54 3.44 3.52 3.91 3.76
J, 80 95 95 95 22 60
Jp 1.1
H 449 3.34 3.67 3.74 3.79 3.94 3.84 3.60
J, 80 89 89 9.0 22 42
Jo 121
16 D,0 H' 4.63 3.33 3.53 3.43 3.52 3.93 3.75
J; 79 93 91 94 17 48
A 12.4
H 449 3.34 3.68 3.59 3.43 3.75 3.51 3.54
J, 81 94 90 89 13 6.6
J 115
19 CDCl; H' 4.87 505 5.21 5.05 3.80 4.11 4.23
J; 81 94 95 86 19 55
Jo 12.3
H 545 519 455 3.54 3.97 4.59
A 5.2
Jo 7.3
20 CDCl, H' 464 493 5.17 5.06 3.69 4.04 4.36
J; 81 95 96 97 20 44
J; 12.4
H 441 487 5.17 3.39 3.93 3.49
J;, 80 97 9.8 23
J 124
21 CDCl; H' 4.63 493 5.18 5.07 3.70 4.05 4.35
J; 79 93 94 96 23 44
4 125
H 442 488 5.18 3.84 3.63 4.56 4.38 3.49
3.11 (OMs]
J; 78 96 95 95 20 4.0
Jp 7.4
22 CDCl; H' 466 494 5.16* 5.07 3.69 4.06 4.36
J; 81 93 90 95 21 42
J 12.3
H 444 491 5.18" 3.64 3.27 3.62 3.29 3.52
J; 81 93 90 90 68
Jo 12.0
26 CDCl; H' 468 498 5.18 5.10 3.69 4.25 4.29
J; 79 92 94 97 18 44
J 12.4
H 6.59 5.69 4.43 4.08 4.29 4.25
J3 47 92 20 45
Jp 124
27 CDCI; H' 469 503 525 5.19 4.10 4.20 4.38
J; 79 96 97 97 17 54
Jo 11.9
H 495 592 4.40 3.77 4.38 4.20 3.49
Ja 20 100 28
Jo 10.7
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Table 6. '*C NMR chemical shifts of protected and unprotected
disaccharides. Assignments marked with an asterisk may need
to be reversed. The first two rows for each compound
(designated by C’) contain data from the non-reducing ring and
the rows below contain data from the reducing ring.

Solvent 1 2 3 4 5 6 OMe

1 DO C' 1033 740 764 703 76.8 61.4
C 1039 737 752 796 756 60.9 58.1

2 DO C' 1040 687" 39.1 652" 79.6 61.7
C 1056 73.8* 753 808 757 61.1 58.1

6 DO C' 1039 746 772 712 775 161
C 1045 742 759 803 764 61.8 58.9

7 DO C' 1033 740 75.1* 720 758 33.3
C 1039 737 750" 79.8 755 60.9 58.1

9 DO C' 1039 746 769 709 774 620
C 981 726" 723" 79.8 73.0" 61.0

10 DO C' 1023 70.7 73.8 70.6 76.9" 65.9
C 1023 748 784 796 76.3" 61.6

11 DO C 1034 740 763 703 76.8 614
C 799" 695 700 79.8" 76.8 61.1

12 DO C' 1038 744 763 715 76.6 61.4
C 989 66.8 344 703 739 60.9 556

14 D,O C' 1034 739 762 70.2 768 61.3
C 104.0 73.6" 73.9" 79.7 748 442 582

15§ D,O C' 1034 740 763 702 768 61.3
C 1039 736 736 81.0 748 33.2 583

16 D,O C' 1035 740 763 703 768 61.4
C 1038 73.7 73.7 830 746 6.7 583

19 CDCl, C' 1005 712 728 680 721 61.8
C 989 684 69.0 766 73.6 64.8

20 CDCI; C' 1005 71.7 73.0 679 71.8 60.2
C 101.7 715 726 749 749 616 57.4

21 CDCI; C' 1003 71.7 729 67.8 72.0 61.5
C 1016 713 723 768 727 67.0 57.2
38.0
(OMs)
22 CDCl; C' 1006 71.7 729 67.6 720 61.8
C 1011 715 720 798 737 4.2 5741

23 CDCl; C' 1008 71.7 72.7 677 725 61.4
C 1011 754 727 768 70.7 17.0 56.7

25 CDCl, C' 1005 714 727 676 717 614
C 772 666 678 763 73.1 61.6

26 CDCIl; C' 1005 713 727 68.0 72.1 61.6
C 1394 748 748 76.7 68.1 61.3

27 CDCl; C' 1015 713 727 676 719 625
C 1178 1455 94.7 734 683 62.0 56.1

28 CDCI; C' 1018 713 727 682 71.8 62.7
C 96.1 683" 31.3 75.0 68.4" 62.2 55.0
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pared by Bock and Adelhorst'®!? being identical with the
corresponding lactose derivative.

Methyl B-cellobioside [methyl 4-O-(B-pglucopyranosyl)-
f-p-glucopyranoside] 1 was synthesized by the Koenigs—
Knorr method® from commercial cellobiose octaacetate
17. Methyl 6’-deoxy-B-cellobioside 6 and the methyl
6-deoxy-6-halo-B-cellobiosides 14 and 15 were obtained ac-
cording to Takeo et al.* Phenyl o-cellobioside 9 was
prepared from the peracetate obtained by the method of
Helferich and Schmitz-Hillebrecht?” by deacylation with
methoxide.

Methyl 2,6-di-O-acetyl-3-deoxy-4-O-(2,3,4,6-tetra-O-acetyl-
B-p-glucopyranosyl)-a-p-erythro-hex-2-enopyranoside  (27).
Compound 26 (6.0 g, 9.7 mmol) was dissolved in dry di-
chloromethane (60 ml) and a mixture of dry methanol/
boron trifluoride-diethyl ether/dichloromethane (1:3:11,
10.8 ml) was added and the solution was stirred (1.5 h).
After the addition of 150 ml dichloromethane, the solution
was washed with water and three times with saturated
sodium hydrogen carbonate and worked up. Two recrystal-
lizations from ethanol gave 27. Yield 3.41 g, 60 %, m.p.
160-164°C, [a]§ —16.5° (c 1.0, chloroform). Anal.
CysH3,046: C, H.

Methyl 2,6-di-O-acetyl-3-deoxy-4-O-(2,3,4,6-tetra-O-acetyl-
B-D-glucopyranosyl)-a-p-ribo-hexopyranoside (28). Com-
pound 27 (2.5 g, 4.2 mmol) was dissolved in ethyl acetate
(100 ml) and palladium on activated carbon was added
(200 mg). The solution was stirred (20 h) under hydrogen.
Filtration, evaporation of solvent, and two recrystalliza-
tions from ethanol gave compound 28. Yield 2.27 g, 91 %,
m.p. 155-158°C, [a]5 —20.0° (¢ 1.0, chloroform). Anal.
C,sH3,0y6: C, H.

Methyl 3-deoxy-4-O-(B-p-glucopyranosyl)-a-p-ribo-hexo-
pyranoside (12). Compound 28 (1.1 g, 1.9 mmol) was
deacylated with methoxide. After elution of the crude reac-
tion mixture on Sephadex G-15 the product 12 was ob-
tained. Yield 0.46 g, 74 % as a syrup. [a]5 — 49.9° (¢ 0.9,
water). Anal. C;;H,,0,,: C, H.

Methyl 2,3-di-O-acetyl-4-O-(2,3,4,6-tetra-O-acetyl-$-p-gluco-
pyranosyl)-B-p-glucopyranoside (20). To a solution of 19
(3.0 g, 5.2 mmol) in dry dichloromethane (21 ml) were
added dry zinc bromide (0.36 g) and dichloromethyl methyl
ether (6 ml) and the mixture was stirred (1.5 h). After
evaporation to dryness, dry methanol (25 ml) and dry di-
chloromethane (5 ml) were added together with silver car-
bonate (3.6 g). This mixture was stirred overnight in the
dark and then filtered through Celite and activated carbon.
Work-up and recrystallization from ethanol gave 20. Yield
2.0 g, 63%, m.p. 180-182°C, [a]5 —14.4° (c 1.0, chloro-
form).

Methyl 2,3-di-O-acetyl-6-O-methylsulfonyl-4-O-(2,3,4,6-tetra-
O-acetyl-f-p-glucopyranosyl)-f-p-glucopyranoside (21). To



a solution of 20 (1.5 g, 2.5 mmol) in dry pyridine (5.5 ml)
was added methanesulfonyl chloride (1.5 ml, 19.4 mmol)
and the mixture was stirred at 0°C (2 h). After the addition
of water (50 ml) the product crystallized within 1 h. This
product was filtered off, dissolved in dichloromethane and
worked up in the usual manner to give compound 21. Yield
1.5 g, 88%, m.p. 190-192°C, [a]? —12.3 (c 1.3, chloro-
form). Anal. C,sH;0,,S: C, H.

Methyl 6-deoxy-6-iodo-4-O-(B-p-glucopyranosyl)-f-p-gluco-
pyranoside (16). After deacylation of compound 22 (0.44 g,
0.61 mmol) with methoxide and recrystallization from
ethanol-diethyl ether, compound 16 was obtained. Yield
0.23 g, 81 %, m.p. 147-153°C. Column chromatography
on Sephadex G-15 gave 16 with m.p. 161-163°C, [a]3
—6.5° (c 1.1, water). Anal. C;H,;10,,: C, H.
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