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ABSTRACT

Nickel sulphate efficiently catalyses oxidative glycol cleavage, using sodium
hypochlorite as the primary oxidant. Suspended nickel peroxide is assumed to be the
active intermediate. 2,3-Butanediol was oxidised (conversion 95%) to acetate at pH <10
and 20 °C, applying a molar ratio hypochlorite: nickel:diol of 8:0.2:1. Methyl «-D-
glucopyranoside was initially oxidised to disodium (R)-2-O-[(R)-carboxylato(methoxy)
methyljerythrate. Subsequently oxidation to disodium (R)-2-O-{(R)-carboxylato
(methoxy)methyl]glycerate took place. B-Cyclodextrin was preferentially oxidatively
cleaved (ca. 50%) between the C(2)-C(3) carbons, although oxidation at the C(6) carbon
(ca. 25%) appeared to occur as well. In contrast, maltodextrin was oxidised at the primary
hydroxyl functions.

INTRODUCTION

Chemicals and materials derived from carbohydrates are generally regarded as safe
and environmentally acceptable because they are expected to be biodegradable and are
derived from a renewable source. If appropriate processes for converting carbohydrates to

useful products become available, it also is to be expected that the wish for a green label
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Scheme. Reaction cycle of oxidation catalysed by nickel salts.

will accelerate the introduction of these products. In this context, selective oxidation of the
commodity starch is an attractive proposition. Oxidation of the primary alcohol groups to
carboxylatel would yield a product, which is structurally closely related to high-value
materials such as pectinate and alginate.

Dicarboxy starch, which results from glycol cleavage of the C(2)-C(3) bond, has been
reported to show good performance as a co-builder in detergent formulations.>?

Nickel peroxide is an attractive candidate for oxidation of carbohydrates as it is
easily prepared from nickel hydroxide and sodium hypochlorite, the specific surface area
is high *3 and it has been reported to oxidize primary as well as secondary hydroxyl
groups.4 It has been observed that the reactivity of diols towards oxidation with nickel
peroxide increases with enhanced hydrophilicity.6 In the oxidation of benzyl alcohols
nickel peroxide was a superior oxidant compared to manganese dioxide.” It is believed that
oxidation processes at a nickel anode take place via nickel peroxide.("m The
electrochemical oxidation of the L-ascorbic acid intermediate 2,3:4,6-di-O-isopropylidene-
L-sorbose to the corresponding L-gulonic acid derivative is an example of its application
on a technical scale.'' Selective oxidation of methyl a-D-glucopyranoside at the (primary)
C(6) hydroxyi function to the aldehyde has been reported using a nickel electrode.'?

In our work we initially used nickel peroxide in stoichiometric amounts, as has
generally been the case apart from electrode processes. We reasoned, however, that with
hypochlorite present to drive an in-process recycle, a catalytic amount of nickel salt should
suffice (Scheme).

In the present paper we report the results obtained on the oxidation of the model
compound 2,3-butanediol as well as of methyl a-D-glucopyranoside, B-cyclodextrin and
maltodextrin, when applying sub-stoichiometric amounts of nickel(II) salts and the effects

of pH and temperature.
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Table 1. Nickel-peroxide-mediated oxidation of 2,3-butanediol *

pH Temperature (°C) Conversion (%)b selectivity to acetate (%)

9 20 80 100
10 0 15 100
10 10 25 100
10 20 80 100
10° 20 <2 nd.
10 30 <5 nd.
11 20 20 60

12 20 15 , 10

a.  Reaction conditions: 2,3-butanediol 0.5 g (5.5 mmol) , NaOCl 15 wt % 19.5 g (38.5
mmol) 30.5 mL H,0 and NiSO, -6 H,0 0.262 g (1 mmol). By adding 2M NaOH
the pH was kept constant. The reaction time was 25 minutes.

b.  Determined after 25 min reaction time.

Blank experiment, no nickel sulphate added.

d.  Not determined.

©

RESULTS AND DISCUSSION

The Effects of pH and Temperature on Selectivity and Diol Oxidation Rate.
Schafer and Schneider ® have investigated the effect of pH on the oxidation of methy! 2,3-
O-isopropylidene-B-D-ribofuranoside to its uronic acid derivative at a nickel anode.
Between pH 8.5 and 14 the yield increased with the pH.

Because preliminary experiments had indicated that glycol cleavage predominated
in the nickel peroxide-mediated oxidation of methyl a-D-glucopyranoside, we selected
2.3-butanediol as a model system. The nickel peroxide (black solid, 180 m’/g) remained
essentially undissolved (< 10° M) during the oxidation. Therefore we assume that
oxidation takes place at the NiO, surface. The effect of the pH and the reaction
temperature are compiled in Table 1.

At pH < 10 2,3-butanediol was selectively oxidised to acetic acid. Formic acid and
carbonate, which result from over-oxidation, were not observed. The reaction proceeded

slowly with low selectivity at pH > 11. Subsequent reactions were performed at pH 10,
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Table 2. Effect of the amount of hypochlorite on the conversion® of 2,3-butanediol.

molar ratio NaOCl: diol conversion to acetate (%)
5 48
6 60
7 80
8 95

a.  Conditions: 20 °C, pH 10, 25 min reaction time after which a plateau was reached
in all reactions. Formulations see Table 1.

because below this value HOCl would be present which partakes in an uncatalysed
background reaction. Reactions were performed at 20 °C; lower temperatures resulted in a
slow reaction, whereas at 30 °C a strongly exothermic runaway reaction took place.

[t became apparent (see Table 2) that 8 mol of hypochlorite per mol of reactant are
required to achieve an essentially quantitative conversion whereas in theory 3 moles
should be sufficient. We ascribe this effect to nickel catalysed disproportionation of

hypochlorite, according to:
3ClO™ — 2CI" + Cl04”

Oxidation of Methyl o-D-Glucopyranoside. On the basis of the above results we
performed the oxidation of methyl a-D-glucopyranoside (1), using 8 eq. of sodium
hypochlorite at pH 10 and O °C because 1 is a rather sensitive compound. The reaction
initially proceeded rapidly, but it slowed down after 20% of 1 had reacted. By using a
very large excess of hypochlorite (20 eq.) the conversion could be enhanced to 60%. In
the absence of nickel sulphate no reaction was observed.

Upon HPLC analysis of the reaction product, disodium (R)-3-O-[(R)-carboxylato-
(methoxy)methyl]erythrate (3) and a-methyl glucuronide as well as tartronate, formate
and carbonate were identified by comparison with reference compounds. A sixth

reaction product, disodium (R)-3-O-[(R)-carboxylato(methoxy)methyl]glycerate (4) was
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Figure 1. Selectivity of the nickel peroxide catalysed oxidation of methyl a-D-gluco-
pyranoside towards glycol cleavage, 3 and 4 (+), a-methy! glucuronate (o) and tartronate,
5 (») vs. time.

isolated by ion-exchange chromatography and identified using 3C NMR. These NMR
data are in accordance with the results of Nieuwenhuizen et al."®

The course of the reaction is graphically depicted in Figure 1 from which it
becomes clear that the products are formed in parallel, not consecutive, reactions. The
products of glycol cleavage (3 and 4) accounted for 60% of converted 1 (see also
Figure 2). By analogy with diol cleavage by periodate14 and hypochioric acid”’ we
assume that 3 and 4 are formed in stages via the dialdehyde 2. C(3)-C(4) cleavage in
the aldehyde stage (2) would result in the formation of formic acid whereas cleavage of
the dicarboxylate (3) gives rise to carbonate as the side-product. Oxidation of the
primary (C(6)) hydroxyl group, leading to a-methyl glucuronide, played only a minor
role. The formation of tartronic acid (5) makes it clear that oxidation of 1 is
accompanied by cleavage of the glycosidic bond.

Upon reuse, the wet catalyst showed the same properties as the nickel sulphate
catalyst except that the strong sodium hydroxide consumption in the first two minutes
was not observed. This strong sodium hydroxide consumption (2 €q.) is probably due to

formation of nickel hydroxide. When the catalyst is dried the activity is strongly
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Figure 2. Main pathways postulated for the oxidation of methyl a-D-glucopyranoside
with nickel peroxide

decreased. This might be due to some sintering of the material during the drying process
leading to a lower surface area of the dried catalyst.

Oligosaccharides. We undertook the oxidation of the oligosaccharides B-
cyclodextrin (formulation OCI:Ni:glucose units 8:0.2:1) and maltodextrin (DP 16)
(formulation OCI:Ni:glucose unit 8:0.2:1). Oxidations of both reactants was observed.
Based upon BC NMR analysis, maltodextrin reacted mainly via glycol cleavage and
products of oxidation at C(6) were not observed. Carbonate was also found, probably
resulting from chain degradation starting at the reducing end.

B-Cyclodextrin partially reacted under the oxidising conditions. Consequently, the
symmetry is lost which complicates the 3C NMR spectrum. By comparison with the Be
NMR spectrum of Floor et al.,'® which is depicted in Figure 3, it is concluded that glycol
moieties (C(2)-C(3)) are cleaved with a selectivity of 50% and oxidation at C-6 occurs to

about 25% based upon the decrease in C({6) signal.



Downloaded by [Michigan State University] at 16:23 25 December 2014

METHYL o-D-GLUCOPYRANOSIDE 519

Ch CG

C3

MMMMM

180 160 140 120 100 80 60
ppm

Figure 3. °C NMR spectrum (101 Mhz) of glycol-oxidized B-cyclodextrin as published
by Floor et al.'®

We tentatively conclude that the selectivity of the heterogeneous nickel peroxide
catalyst towards glycol cleavage is influenced by steric effects. The selectivity changes
from 85% (methyl a-D-glucopyranoside) to 60% if access to the glycol unit is sterically
hindered (B-cyclodextrin). Nickel peroxide catalysed oxidation might be an economical
and environmentally interesting process if a more efficient (co-)oxidant becomes

available

EXPERIMENTAL

Materials. Methyl a-D-glucopyranoside and B-cyclodextrin were purchased form
Janssen Chimia. Maltodextrin was a generous gift of V-Labs Inc.. Nickel sulphate was
procured from Merck and sodium hypochlorite from Chemproha. Trifluoroacetic acid
was purchased from Janssen and ammonium hydrogen carbonate from J.T. Baker

Chemicals.

General Procedures. All oxidation experiments were performed in a magnetically
stirred, thermostatted reaction vessel of 100 mL. During the oxidation the pH was kept

constant using a pH meter (Metrohm 654), a pH controller (Metrohm 614) and a motor
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burette (Metrohm 655) containing 2.00 M aqueous sodium hydroxide. Samples were
analysed by HPLC on a system consisting of a Millipore 590 pump and a Perkin Elmer
ISS-100 autosampler, a Shodex RI SE-51 RI detector, a Shimadzu SPD-6A UV detector
at 215 nm, and a Spectra Physics SP4270 integrator. A Phenomenex organic acid column
was used with aqueous 0.01 M trifluoroacetic acid as the mobile phase at 60 °C. A
Benson BA-X8 anion exchange column was used at 85 °C to monitor the charged
compound using aqueous buffer of 0.162 M ammonium sulphate and 0.038 M
magnesium sulphate at pH 8. °C NMR spectra were recorded on a Varian VXR-400S
spectrometer using 30 % D,0 in H,0 as solvent and fert-butyl alcohol as internal
reference.

Preparative Anion Chromatography. A column (Pharmacia 28x140 mm) was
packed with anion exchange resin (Dowex 1X 8-200) and used at a flow of 50 mL h'!
using an LKB 2232 Microperpex S peristaltic pump. A Millipore R403 Differential
Refractometer was used for detection. The mobile phase was filtered and degassed . The
reaction product was brought onto the column, then the neutral compounds were flushed
with water. The mobile was replaced by 0.5 M ammonium hydrogen carbonate to elute
the anionic compounds. The different fractions were lyophilized several times to
evaporate the ammonium hydrogen carbonate.

Oxidation of 2,3-Butanediol.

1. pH and temperature dependence. 2,3-Butanediol (0.5 g, 5.5 mmol) was dissolved
in a mixture of aqueous sodium hypochlorite 15 wt % (19.5 g, 39 mmol) and 30.5 mL
water. The solution was brought at the reaction temperature (See Table 1), the pH of the
solution was adjusted to the desired value by adding concentrated hydrochloric acid. The
pH was kept constant during the reaction by addition of 2 M sodium hydroxide solution
as described above, NiSO, - 6H,0 (0.262 g, 1 mmol) was added and after 25 minutes the
amounts of acetic acid and formic acid in the reaction mixture were measured.

2. Conversion optimum. 2,3-Butanediol was oxidised at pH 10 and 20 °C. using
varying amounts of hypochlorite. Appropriate amounts of hypochiorite solution (15%
active Cl,) (13.75 g (27.5 mmol), 16.5 g (33 mmol), 19.5 (39 mmol) or 22.3 g (44 mmol))

was diluted with water to a total weight was 50 g. To these solutions 2,3-butanediol (0.5
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g, 5.5 mmol) and nickel sulphate (0.262 g, 1 mmol) were added. After 25 minutes the
NaOH consumption came to a standstill after addition of 12 mmol sodium hydroxide.
The conversion of 2,3-butanediol into acetate was determined by HPLC.

Methyl o-D-Glucopyranoside. Methyl a-D-glucopyranoside (1 g, 5.15 mmol) was
dissolved in sodium hypochlorite solution (15% active Cl;) 20.5 g (41 mmol) and 29.5 g
of water at 0 °C, the pH was adjusted at 10 by addition of concentrated hydrochloric acid,
and nickel sulphate (0.262 g, 1 mmol) was added. The reaction came to a standstill after
addition of 15 mmol sodium hydroxide. The amounts of substrate and reaction products
were determined using HPLC. The 2,4-dicarboxylate 4 was isolated using preparative
anion exchange chromatography. 13C NMR: & 178.6, 175.7 [COO (C-2, C-4)], 102.4 [C-
1], 82.2 [C-5], 64.4 [C-6], 55.0 [OCH,). The use of nickel chloride leads to the same
results.

B-Cyclodextrin. B-Cyclodextrin (1 g, 0.88 mmol) was dissolved in sodium
hypochlorite solution (15% active Cl,) (20.5 g, 40 mmol) at 0 °C, the pH was adjusted at
10 by addition of concentrated hydrochloric acid and nickel sulphate (0.262 g, 1 mmol)
was added. After 16 h (15 mmol sodium hydroxide) the reaction mixture was centrifuged
and the supernatant was analysed using quantitative NMR. The selectivity was
determined by integrating the signals of primary and secondary carbons.

Maltodextrin. Maltodextrin MD-6 (1 g, 0.03 mmol) was dissoived in sodium
hypochlorite solution (15% active Cl,) (20.5 g, 40 mmol) at 0 °C, the pH was adjusted to
10 by addition of concentrated hydrochloric acid, and nickel sulphate (0.262 g, 1 mmol)
was added. After 16 h (16 mmol sodium hydroxide) the reaction mixture was centrifuged

and the supernatant was analysed using quantitative NMR.
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