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Hoschke c.s. beweren ten onrechte dat modificatie van het actieve
centrum van enzymen de evenwichtsligging van een reactie kan ver-—

schuiven.

A. Hoschke, K. Balogh, E. Ldszlé en J. Holld, Starch 35 (1984) 26.

De conclusie van Bock c.s. dat B-D-fructofuranose de reactieve
fructosevorm is voor het enzym glucose-isomerase (E.C. 5.3.1.5) is

niet juist.

K. Bock, M. Meldal, B. Meyer en L. Wiebe, Acta Chem. Scand. B 37
101.
Dit proefschrift, Hoofdstuk 6.

De verklaring van Weiss c.s. dat de vorming van saccharinezuren uit
suikers in alkalisch milieu plaats vindt door middel van complexe

cross—Cannizzaro reacties is niet juist.

A.H. Weiss, R.F. Socha, V.A. Likholobov en M.M. Sakharov, Chemtech.
1980, 643.

De verklaring van Baust c.s. dat het niet elueren van ureum van gesul-
o - . . o
foneerd polystyreen-divinylbenzeen in de calciumvorm bij 90 C te

wijten is aan sterke complexering is onwaarschijnlijk.

J.G. Baust, R.E. Lee, R.R. Rojas, D.L. Hendriz, D. Friday en H. James,
J. Chromatogr. 261 (1983) 6S.

In kinetische modellen voor de alkalische afbraak van glucose en fruc-
tose wordt de isomerisatie naar en de afbraak van psicose ten onrechte

buiten beschouwing gelaten.

C. Kooyman, K. Vellenga en H.G.J. de Wilt, Carbohydr. Res. 54 (1977) 33
G. de Wit, A.P.G. Kieboom en H. van Bekkum, Carbohydr. Res. 74 (1979) 157




6. Bij het gebruik van glucose-isomerase voor de productie van
glucose/fructose~stropen wordt te weinig rekening gehouden met het
feit dat de mutarotatiesnelheid van glucose de snelheidsbeperkende

stap kan zijn.

Gist Brocades N.V., Datasheet Maxazyme GI~Immob., Mgi-02-01/83.03.En.05.
NOVO Industri A.S., Datasheet Sweetzyme Q, B 174d-GB 2000, Aug. 1981.
Miles Kali-Chemie A.G., Datasheet Optisweet 22, Advances in the

Enzymatic Processing of the Starch Industry.

~

De veronderstelling van Wisniak en Simon dat het inactief zijn van een
Raney-nikkel katalysator in de hydrogenering van fructose het gevolg

is van productinhibitie is niet erg plausibel.
J. Wisniak en R. Simon, Ind. Eng. Chem. Prod. Res. Dev. 18 (1979) 50.

8. De aanpassing van het toetsenbord van telefoontoestellen aan dat van

rekenmachines zou het gebruikersgemak vergroten.

9. In plaats van de luchtweerstandscoéfficiént C, dient C * (frontaal-
oppervlak) als maat voor de stroomlijn van auto's te worden gehanteerd.
Ter informatie van de gebruiker is voorts de maat Cy * (frontaalopper~

vlak)/(inwendig nuttig volume) aan te bevelen.

10. Met het toelaten van betaalde coaches als speler aan de Nederlandse
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doelstellingen bereikt.
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1. INTRODUCTION

Simultaneous action of a bio— and a chemo-catalyst is an attractive
possibility for several catalytic processes in solution. For example,
one might think of a specific enzyme action equilibrating the starting
material and an intermediate compound that is concomitantly transformed
by the chemo-catalyst into the final product. Some problems to be faced
with such a combiﬁed catalytic system are the narrow condition range of
the enzyme, the preferential conversion of the intermediate compound by
the chemo-catalyst, and the possible mutual poisoning of the two differ-
ent catalysts.

As the first example of such a catalytic approach involving coopera-
tion of a bio- and a chemo—catalyst1’2 this thesis describes an investi-
gation towards the combined use of glucose isomerase and a metal cata-—
lyst in the preparation of the sugar substitute D-mannitol from D-glu—
cose or D-glucose/D-fructose mixtures (e.g. invert sugar or isoglucose
syrups). D-Mannitol is a valuable nutritive sweetener because of its
non-hygroscopic and non-carious properties together with a pleasant
taste. A survey of its present commercial production and of alternative
D-mannitol production procedures reported in the literature is given in
Chapter 2.

The approach dealt with in this thesis involves a dual heterogeneous
catalytic system consisting of immobilized glucose isomerase and a sup—
ported metal hydrogenation catalyst. Such a combined single batch proce-
dure is based on the enzymatic interconversion, D-~glucose and D-fruc-—
tose, with concomitant and preferential hydrogenation of D-fructose
(Scheme I).



HC=0 H,C —OH

HC—OH é:o
HO—CH enzyme Ho—CH

He— ol st s HE—OH

HC —OH HC —OH

H,é —OH HI‘C —OH
O-glucose O-fructose

Hzf—OH H,c‘ —OH
HC —OH HO—CH
Ho—éw HO—CH
HC—OH HC —OH
HC—OH He— o
HXC‘vOH H:\‘i —OH
D-glucitol D-mannitol

Scheme I. Combi-process: simultaneous enzymatic isomerization and metal

catalyzed hydrogenation of D~glucose/D-fructose mixtures.

Optimal D-mannitol formation in this 'combi-process' requires
(i) preferential hydrogenation of D-fructose with respect to D-glucose,
(ii) selectivity towards D-mannitol in the D-fructose hydrogenation,
(iii) relatively fast D-glucose == D~fructose interconversion in order
to maintain the D-fructose concentration at a maximum, and (iv) minimum
interference of the two catalytic species, including their different
demands for sufficient activity.

It will be demonstrated that these requirements may indeed be ful-
filled to a large extent by an appropriate choice of metal catalyst and
reaction conditions. The experiments performed in the search for a
selective hydrogenation catalyst are described in Chapter 3. It was
found that copper is the most suitable catalyst metal for the required
selective hydrogenation of D-fructose in the presence of D-glucose. The
D-mannitol/D-glucitol ratio obtained upon hydrogenation of D-fructose
proved to be satisfactory (0.67) for a silica-supported copper catalyst,
but could be improved substantially upon addition of small amounts of
borate to the hydrogenation formulation. The mechanism of the copper
catalyzed hydrogenation has been studied in detail. The selectivities
observed can be understood by the preferential and stereoselective
hydrogenation of furanose ring structures.

In order to gain further insight in the positive effect of borate

anions on D-mannitol formation from D-fructose, the complexation of
borate with D-glucose, D-fructose, D-mannitol, and D-glucitol has been
investigated in more detail (Chapter 4). Particularly NMR techniques
proved to be valuable in the study of borate-sugar and borate-alditol
egters.

Also, we had to find out whether immobilized glucose isomerase
remained sufficiently active under applicable hydrogenation conditions.
The results of this study and a survey of the behaviour and properties
of glucose isomerase are given in Chapter 5.

The mechanism of the enzymatic isomerization of D-glucose and
D-fructose, accomplished by the enzyme glucose isomerase, is described
in Chapter 6.

On the basis of the above-mentioned work concerning the bio- and
chemo-catalyst, 7.2. immobilized glucose isomerase and supported copper,
respectively, the behaviour of the two catalysts in a single batch pro-
cedure has been investigated (Chapter 7). Mutual poisoning of enzyme and
metal catalyst could be largely avoided by a proper choice of reaction
conditions and formulation. This resulted an enhanced yield of D-man-
nitol (65%) as compared to the present industrial process (30%).

Throughout this investigation, high performance liquid chromato-
graphy (HPLC) was used as the analytical technique. After some modifica-
tion of procedures reported in the literature, it proved to be a rapid

and reproducible quantitative analytical tool (Chapter 8).

References

1. M. Makkee, A.P.G. Kieboom, H. van Bekkum, and J.A. Roels, J. Chem.
Soc., Chem. Commun. 1980, 930.

2. M. Makkee, A.P.G. Kieboom, H. van Bekkum, and J.A. Roels, Abstracts
of Papers, 29th IUPAC Congress, Cologne (1983) 434.
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2. PRODUCTION METHODS OF D—MANNITOL

Application and production

D-Mannitol is a valuable nutritive sweetener, because it is non-hy-
groscopic in its crystalline forml and has no teeth decaying effectsz.
Up to a daily intake of 10-20 g D-mannitol shows no laxative proper-—

tiesl’j.

|
HC —OH
|

H,C —OH

D-mannitol
Fig. 1. D-Mannitol.

Due to these properties, D-mannitol is used as a sweet builder in
'sugar—-free' chewing gum and pharmaceutical preparations. In the latter
application, it masks the unpleasant taste of drugs and shows a higher
mechanical strength and stabilityl.

The commercial production of D-mannitol (ca. 6000 ton in !978)4
takes place by high pressure hydrogenation of 1:1 D-glucose/D-fructose
mixtures with Raney-Nickel as the catalyst. In the hydrogenation reac-
tion the D-mannitol source is D-fructose which gives rise to D-glucitol

and D-mannitol upon hydrogenation:

*
Accepted for publication in 'Starch'.
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H,C —OH H,C—0H
HC —OH HO —CH
Hycotalyst  HO—CH ; Ho —Ch
HC —OH HC —0H
HC —OH HC —0H
H;CJ —OH w,r{ —OH
D-glucitol D-mannitol

Figs 05 Hydrogenation of D-fructose.

Due to the chirality of D-fructose the D—mannitol/D—gluc{to] ratio
formed is expected to differ from one and this ratio may vary depending
on specific molecular D—fructose/catalyst interactions during the hydro-

genation reaction® .

Concomitantly, the D-glucose part of the mixture is converted into

D-glucitol:

HC=0 H,C—0OH
H(‘:~OH HC —0OH
HO—CH H,,catalyst r;o »éH
HC—0H HC—o0oH
HCJ —OH Hé—GN
H,C—0OH H,C—0H
D-glucose D-glucitol

Efiga 3, Hydrogenation of D-glucose.

The starting D—glucose/D—fructose mixture is obtained either by hydro-
lysis of sucrose (using the eénzyme invertase ag the catalyst as carried
out by CCA—Biochem, Gorinchem, The Netherlands6) or by the isomerization
of D-glucose (using the enzyme glucose isomerase as the catalyst as per—
formed by Roquette Fréres, Lille, France7). The hydrogenation product
consists of a -~ 7:3 mixture of D-glucitol and D-mannitol in aqueous
solution. Due to the much lower solubility of D-mannitol in water (220 ¢
per liter water at 25.°6) as compared to that of D-glucitol (2350 g per
liter water at 25 ol D-mannitol can be obtained by fractional crystal—
lizationl’s. The filtrate is concentrated and sold as a 70% aqueous
D-glucitol solution containing to some extent D-mannitol. The D-mannitol
Process is summarized in Scheme T, The numbers in this, and the other

schemes, roughly correspond to parts of the compounds on a weight base.

100 SUCROSE

ENZYMATIC HYDROLYSIS

INVERTASE
o 9 TION
50-60 ° HYDROGENA'

Ra-Ni or N\'/SiClz

50 D-GLUCOSE
RUCTOSE

ENZYMATIC ISOMERIZATION

GLUCOSE ISOMERASE
pH 7-8
60 °C

70 D-GLUCITOL
30 D-MANNITOL

i i i or
production of D-mannitol, using isoglucose

G OIS
invert sugar as starting material®’’.

Scheme I. Commercial

It has to be mentioned that the industrial hydrogenation Step. is often
carried out in two stages at different le"g’lO. During the first stige
(at neutral pH) D-fructose hydrogenation takes place prelferentiaid)'/_.
Then the pH of the reaction mixture is made slightly a%kallnf by.a lf
tion of calcium hydroxide in order to induce partial isomerization o

D-glucose into D-fructose and D-mannose:

HC =0 Hzc‘ﬂOH HIC=O
: - 0—CH
HE= O c=0 HOEC
HO—CH ot HO—CH OH-_ HO—CH
HE —on HE—Ok HC—OH
I HC—OH
H?——OH HC—CH ] -
e
HyC—OH H,C—OH 2C
D-gh 407 D-t 0°%) D 20%)

Fig. 4. Alkaline isomerization of D-glucose.




In this way, some additional D-mannitol formation occurs from D-fructose

and D-mannose. The latter, although formed in minor amounts, gives sole—

ly D-mannitol as the hydrogenation product:

Hc=g Hie o
HO—CH HO—CH
HO—CH H, catalyst HoféH

HC‘ —OH HC—0H

HC’—OH HC —OH

Hzé —OH H,C—OH
D-mannose D-mannitol

Fig. 5. Hydrogenation of D-mannose.

Alternative D-mannitol procedures

The low D-mannitol yield (25-30%) of the industrial production

method asks for the development of altérnative procedures. Research
interest appears from the many patents and papers published recently in
this field. A survey of these investigations will be given below. In
addition, some other possible combinations of known procedures have been
included. The various procedures have been divided into four categories,
based on the species which are reduced towards D-mannitol:

(i) D-glucose

(ii) D-fructose

(iii) D-mannose

(iv) D-mannose + D-fructose

(i) D-glucose

Direct conversion of D-glucose into D-mannitol is, of course, the

most straightforward manner. This is, in principle, possible using fer-

mentative proceclu.mesll’12 (Scheme II).
Enzyme stability, co-factor regeneration and the required reaction

time are the main problems to be solved.

MICROBIAL CONVERSION

TORULOPSIS MANNITOF./
s ASPERGILLUS CANDIDUS
15 wt % SOLUTION
pH 7.2 25-30 %
te - 10 days

30-50 D-MANNITOL

i 5 11512
Scheme IT. Fermative production of D-mannitol”">*<.
(ii) D-fructose

Procedures based on the hydrogenation of D-glucose/D-fructose
mixtures preferably require a catalyst which shows sufficient selec—
tivity towards D-mannitol formation from D-fructose. The commonly used
catalysts, Raney-Nickel and nickel on silica provide roughly equal
amounts of D-mannitol and D-glucitol upon hydrogenation of D-fructose

(Scheme III).

HYDROGENATION

50 D-GLUCITOL

Ra-Ni or Ni/Si0,
Ra-Ni or Ni/Si0, 50 D-MANNITOL

100 °¢

100 atm H

Scheme III. Hydrogenation of D-fructose towards D-mannitol.

Also higher group VIII metals were found to give the same selectivit}sf
(40—50%)5. However, as described by Dewing et a1.13 and in this thesis
(Chapter 3) copper catalysts show a substantially higher selectivity
(65-90%). Consequently, the D-mannitol yield of the various processes
discussed below using Raney-Nickel or nickel on silica as the catalyst
can be increased by ca. 30% if copper is used as the hydrogenation
catalyst.

Very high D-fructose syrups as starting material for the hydrogen-—
ation reaction can be obtained by different ways, %.2. chromatographic

i 16
15 conversion of D-glucose via D-glucosone into D-fructose-®,
>

17-19

separation

hydrolysis of inulin and via conversion of D-glucose into poly-D-

fructosezo’ZI. The conversion schemes are given in Schemes IV, V, VI,

and VII and in Figs. 6 and 7.
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ENZYMATIC HYDROLYSIS

D-GLUCOSE

5
ENZYMATIC ISOMERIZATION e

108 D-GLUCOSE
92 D-FRUCTOSE

HYDROGENATION

Ra-Ni or H\/S\TJZ
100-140 °C
40-120 atm H

92 D-GLUCOSE

FRUCTOSE

CHROMATOGR. SEPARATION

Scheme VI. Enzymatic hydrolysis of inulinw—lg, followed by hydrogen-—

HYDROGENAT ION ;
= ation.
Ra-Ni or Ni/Si0,
58 D-GLUCITOL oHi5L7 16 D-GLUCOSE
42 D-MANNITOL 100-140 % 84 D-FRUCTOSE
20 atm
ENZYMATIC ISOMERIZATION
GLUCOSE 1SOMERASE
s > = 15 0SYL TRANSFERASE 5 D-GLUCOSE
Scheme IV. Chromatographic separation of D-glucose and D-fructose 5 oH 7-8 95 D-FRUCTAN
followed by D-fructose hydrogenation and D-glucose recycling. 60 °C
ENZYMATIC POLYMERIZATION
ENZYMATIC OXIDATION ENZYMATIC HYDROLYSIS
£-2 HYDROGENATION
100 0-GLUCOSE D UC0SE 2 0 1Dase 99 D-GLUCOSONE : 5 D-GLUCOSE INUL INASE/ INVERTASE
-Ni or Ni/si0,
PHST ettty 95 D-FRUCTOSE oH 3-7
20-30 % e 50-60 °C
40-100 atm H,
2
HYDROGENATION HYDROGENATION
Ra-Ni or mgsmz 55 0-FRUCTOSE Pd/g
100-140 °c 130 °c 52 D-GLUCTTOL
40-120 atn H, 40 atm H, 48 D-MANNITOL

Scheme VII. Conversion of D-glucose via poly-D-fructose into D-mannitol.

49 D-GLUCITOL
49 D-MANNITOL

Scheme V. Production of D-fructose, according to Cetus Corp.m, followed

by hydrogenation.
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HC=0 HC=0 H,C—OH
| |
HC—OH G=0! c=0
| D-glucose-2- | |
HO—CH STinee HO—CH H,. Pd/C HO —CH
| _— | —_—r |
HC—OH HE—oH HC —OH
|
HC—OH HC —OH HC —OH
| |
H,C—OH H,C—OH H,C —OH
D-glucose D-glucosone D- fructose

Fig. 6. Enzymatic oxidation of D-glucose, followed by catalytic hydro-

genation of D-glucosone, according to Cetus Corp.16.

glucose D-fructosyl
isomerase transferase
D-glucose =———== D-tructose ———— poly-D-fructose

inulinase
invertase

D-fructose

Fig. 7. Production of D-fructose, according to CPC International20,21,

On the basis of 1:1 D-fructose/D-glucose syrups, three other alter-—
native procedures may be mentioned, Z.e. a process including additional
D-glucitol/D-mannitol epimerization22 (isomerization), a process involv-—

ing D-glucose/D-fructose transfer hydrogenatian_25

with D-glucose as
the H-donor and D-fructose as the H-acceptor, and a process based on the
enzymatic D-glucose —= D-fructose interconversion with simultaneous and
preferential hydrogenation of D-fructose. The main objectives are summa-

rized in Schemes VIII, IX, and X and in Figs. 8, 9, and 10.

H,C—OH H,C —OH
H(‘: —OH HO —CH
HO—CH Hy.Ru/C HO*(I:H

HC—OH ~ 180°C HC—oH

HC: —OH H(l‘: —OH

H,C—OH H,C —OH

D-glucitol D-mannitol

Fig. 8. Epimerization of D-glucitol towards D-glucitol/D-mannitol mix—

CUIESZZ .

EPIMERIZATION

-13-

HYDROGENATION

Ra-Ni
50 D-GLUCOSE : 5‘5 76 D-GLUCITOL
50 D-FRUCTOSE I ; 23 D-MANNITOL
120 %
150 atm H

2

76 D-GLUCITOL
8 D-MANNITOL

Ru/C
180 °C
100 atm H

2

Scheme VITI. D-Mannitol production including epimerization

Scheme IX. D-Mannitol production by transfer

Fig.

57 D-GLUCITOL
22 D-MANNITOL

YSTALLIZATION

citolzz .

TRANSFER HYDROGENATION

Pt/C or Rh/C

17 D-GLUCITOL
50 D-GLUCOSE

0.33 M KOH 49 D-GLUCON. ACID
50 D-FRUCTOSE pH 13.5 32 D-MANNITOL
25 %

sugan:z}_z5 5
D -glucose D-gluconic acid
PtIC =
033MKOH
HZO' 25°C
D-fructose D-glucitol + D-mannitol

9. Transfer hydrogenation of D-glucose/D-fructose mixtures

CRYSTALLIZATION

37 D-MANNITOL

of: ‘D=glu—

hydrogenation of invert

23-25
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100 D-GLUCOSE

ENZYMATIC ISOMERIZATION
GLUCOSE 1SOMERASE
Cu/sio,
pH 7.0-7.5
70 °c
50 atm H,

35 D-GLUCITOL
65 D-MANNITOL

HYDROGENATION

50 D-GLUCOSE
50 D-FRUCTOSE

Scheme X. D-Mannitol production by simultaneous enzymatic isomerization

s - 26=29
and hydrogenation (combi-process) .

glucose isomerase
D-glucose ——————= D-fructose

H,.catalyst

D-glucitol D-mannitol

Fig. 10. Simulaneous enzymatic isomerization and hydrogenation of D-glu-
26-29

cose/D-fructose mixtures (combi-process)
Comparison of the procedures mentioned above for D-fructose as the
D-mannitol precursor show that the combi-process (Scheme X) is by far
the most straightforward procedure with high D-mannitol yield, thereby
using relatively inexpensive starting materials (invert sugar, D-glu-
cose/D-fructose syrups, or D-glucose). The route starting from inulin
(Scheme VI) and that via direct hydrogenation of D-glucosone into a

D-mannitol/D-glucitol mixture (Scheme V) seem also promising.

nose, several routes have

= 5=

(iii) D-mannose

As D-mannitol is the sole product upon the hydrogenation of D-man-—

been developed via the molybdate catalyzed

epimerization of D-glucose into D-mannose (Fig. 11).

H,C—

D-mannose (30%)

Fig. 1. Epimerization of D-glucose towards D-glucose/D-mannose mix-

30

tures

5 o e
At equilibrium the D-mannose content 1s about 30% so that the ultimate

3 :
D-mannitol yield is still rather low (Scheme XI).

EPIMERIZATION

69 D-GLUCOSE
29 D-MANNOSE

MOL YBDATES

pH 3

90-130 °C

LSS e R

HYDROGENATION

Ni/sio,
150 °C
115 atm H,

Epimerization of D-glucose into D-mannose, followed by hydro-
30

Scheme XI.

genation

Increase of the D-mannitol yield has been accomplished by the introduc-—
tion of a separation step after the epimerization reaction. Selective
D-glucose-NaCl adduct formation yields a D-mannose—enriched D—mannose/l]);
glucose solution, which upon hydrogenation gives circa 50% D-mannitol

(Scheme XII).
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100 D-GLUCOSE 20 NaCl

138 D-GLUCOSE

58 D-MANNOSE
10 NaCl
ADDUCT FORMATION
EPIMERIZATION
MOLYBDATES GLUCOSE .NaC1
pH 3-5 70 °c

90-130 °c

FILTRATION

90 D-GLUCOSE
10 D-MANNOSE
10 NaCl

48 D-GLUCOSE
48 D-MANNOSE
20 NaCl

48 D-GLUCOSE
48 D-MANNOSE

SEPARATION

HYDROGENATION
Ni/510, 48 D-GLUCITOL
150 °c 48 D-MANNITOL
120 atm H2

Scheme XII.Hydrogenation of a D-mannose-enriched D-glucose/D-mannose

epimerizate32 5

The low D-mannitol yield (Scheme XI) and the rather complicated
separation procedure (Scheme XII) might be overcome by a simultaneous
epimerization and hydrogenation procedur833. If it is assumed that no
serious interference occurs between the epimerization catalyst (molyb-
date) and the hydrogenation catalyst. Taking into account the preferen-
tial D-mannose hydrogenation (by a factor 2) as found by us34 for D-man-—
nose/D-glucose mixtures over a number of conventional hydrogenation
catalysts, a D-mannitol yield of ca. 457 would be expected (Scheme XIII
and Fig. 12).

Such a combined procedure would seem of importance if a more selec—

tive hydrogenation catalyst can be developed.

EPIMERIZATION
MOLYBDATES
HYDROG. CATALYST

pH 3-5
90-130 °c
20-120 atm

52 D-GLUCITOL

100 D-GLUCOSE 46 D-MANNITOL

HYDROGENATION

Scheme XIII. Simultaneous epimerization and hydrogenation of D-glucose

and D-mannose.

Mool
D-glucose ————=D-mannose
pH3-5
‘ 50-130°C

H,,cotalyst Hy.catalyst

D -glucitol D-mannitol

Fig. 12.Simultaneous epimerization and hydrogenation of D-glucose/D—

mannose mixtures33 v

(iv) D-mannose and D-fructose

A further possibility is given by the sequential use of D-glucose/D—
mannose epimerization and D-glucose/D-fructose isomerization prior to
the hydrogenation step. In this way, D-glucose is first epimerized into
a D-glucose/D-mannose mixture, which is subsequently treated with glu—
cose isomerase35 (Scheme XIV).

(It may be noted that the use of copper as the hydrogenation cata-—
lyst would increase the D-mannitol yield to circa 55%.)

Simultaneous enzymatic isomerization and hydrogenation in this pro-
cedure will further increase the D-mannitol yield. Such a procedure,
which has not yet been experimentally verified, is depicted in Scheme XV
and Fig. 13.

Another possibility is the simultaneous interconversion and hydro-
genation of D—glucose/D—fructose/D—mannose mixtures which, in principle,

could be attractive (Fig. 14).
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EPIMERIZATION

HOLYBDATES
pH 3-5
90-130 °¢

HYDROGENAT ION

35 D-GLUCOSE

Ni/Si0,
150 % 34 D~FRUCTOSE
115 atm N2 29 D-MANNOSE

52 D-GLUCITOL
46 D-MANNITOL

Scheme XIV. D~Mannitol production from D-glucose

merization, isomerization and hydrogenation

EPIMERIZATION

HOLYBOATES
pH 3-5
90-130 %

100 D-GLUCOSE

25 D-GLUCITOL
73 D-MANNITOL

Scheme XV. Epimerization of D-glucose, followed

procedure.

69 D-GLUCOSE
29 D-MANNOSE

ENZYMATIC ISOMERIZATION

GLUCOSE TSOMERASE
pH 7-8
60 °C

by sequential epi-
35

69 D-GLUCOSE
29 D-MANNOSE

ENZYMATIC ISOMERIZATION
GLUCOSE ISOMERASE
Cu/sio,
pH 7.0-7.5
Z0R00
50 atm H,

HYDROGENATION

by the combi-process

= ko=
Moo}
D-glucose D
glucose isomerase
D-glucose ———————= D-fructose D-mannose
S N
Y B
Hz‘calmyz/ N Ha.catalyst
\ i
D-glucitol D-mannitol

Fig. 13. Combination of epimerization and combi-process procedure.

D-glucose ———= D-fructose T———= D-mannose

\\ H, catalyst / H,.catalyst /

N

D-glucitol D-mannitol

Fig. !4. Simultaneous D-glucose/D-fructose/D-mannose isomerization and

hydrogenatiom9 2 10'

Two examples of concomitant alkaline isomerization and hydrogenation
are given in Scheme XVI (starting from D—glucose36) and Scheme XVII

9’10) . Only partial

(with a D-glucose/D-fructose mixture as feedstock
isomerization is attainable, however, since otherwise substantial
amounts of alkaline degradation products will be formed. So, the in-—
crease in D-mannitol yield is Ilimited, due to the non-availability of a

proper catalyst for the D-glucose/D-mannose/D-fructose isomerization.

ALKALINE ISOMERIZATION

Ra~Ni

100 D-GLUCOSE Pt 68 D-GLUCITOL
SR 27 D-ANNITOL
50 atm HZ

HYDROGENATION

Scheme XVI. Alkaline isomerization and hydrogenation of D-glucose36.



ALKALINE 1SOMERIZATION
Ra-Ni
50 D-GLUCOSE pH 9-10
0-
50 D-FRUCTOSE 50-100 °c
50 atm H,
HYDROGENATION

Scheme XVII. Alkaline isomerization and hydrogenation of isoglucose or

invert sugarg’lo.

For comparison, a hypothetic procedure is shown in Scheme XVIII.

ENZYMATIC ISOMERIZATION
GLUCOSE 150
MANNOSE 1

Cu/sio,
pH 7-8, 70 O

50 atm H,

Scheme XVIII. Super combi-process procedure, using glucose isomerase,

mannose isomerase and Cu/SiDz as catalysts.

Here, it is assumed that the action of two (known) isomerasesa7 keeps
the D-glucose/D-fructose/D-mannose mixture in equilibrium during the
hydrogenation reaction. Using the results as found by USS,ZB,BQ, the
D-mannitol yield will be approximately 65%. Although the D-mannitol
yield will be much higher than in the case of alkaline isomerization,
such a procedure has no advantage as compared to the combi-process dealt
with in Fig. 10 and Scheme X or that proposed in Scheme XV involving a

separate D-glucose/D-mannose epimerization step.

Conclusions

A comparison of all of the above mentioned procedures allows the
conclusion that the combi-process (Scheme X) is the most promising and

straightforward procedure in the preparation of D-mannitol. High yield

=

(65%) of D-mannitol is obtained in a one-pot procedure, thereby using
relatively inexpensive starting materials as D-glucose, D-glucose/D-

fructose syrups, or invert sugar.
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3. HYDROGENATION OF D-FRUCTOSE AND D—FRUCTOSE/D-GLUCOSE MIXTURES"

Introduction

Hydrogenation of D-glucose yields D-glucitol whereas D-fructose
yields a mixture of D-glucitol and D-mannitol. From this one can under-
stand why D-mannitol is about three times as expensive as D-glucitol.
However, apart from its nice sweet taste and non-carious properties,
D-mannitol is in a more favourable position for various applications due
to its non—hygroscopicityl_é.

In our search for an alternative procedure for the preparation of

D-mannitol, we have developed the combi-process depicted in Fig. 11—3.

glucose isomerase
D-glucose ——————= D-fructose

H,.catalyst

D-glucitol D-mannitol

Fig. 1. Combi-process: simultaneocus enzymatic isomerization and metal

catalyzed hydrogenation of D-glucose/D-fructose mixtures.

Optimal D-mannitol formation requires a hydrogenation catalyst with the

following properties:

(i) sufficient activity at conditions dictated by the enzyme species
(=" 60=7082C % pHE = "6 5-850)°3
(ii) preferential hydrogenation of D-fructose with respect to D-glu-

cose;

(iii) selectivity towards D-mannitol for the D-fructose hydrogenation.

Accepted for publication in 'Carbohydrate Research'.
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In this connection we have studied the behaviour of a series of
catalysts in the hydrogenation of D-glucose, D-fructose and mixtures
thereof . As supported copper appeared to be the catalyst of choice, the
mechanism and kinetics of the copper—catalyzed liquid phase hydrogena—
tion of monosaccharides have been investigated in more detail, including

the effect of certain additives.

Experimental
Materials

D-Glucose, D-fructose, D-mannose, D-talose, D-glucitol, D-mannitol,
calcium carbonate, calcium chloride and sodium tetraborate were supplied
by Merck. Copper nitrate, magnesium sulfate, magnesium chloride and
ammonium bicarbonate were obtained from Baker. Isomaltulose was a gift
from Stddeutsche Zucker A.G. The catalyst; 57 ruthenium, 5% palladium,
57 rhodium and 5% platinum on carbon were obtained from prijfhout
Amsterdam. The 107 iridium on carbon catalyst was prepared by impreg-
nation of activated carbon (Degussa, 770 mz.g-l) with iridium trichlo-
ride (Alfa) followed by reduction with Hy at 300 °C and 1 atm for 3 h.
The 5% osmium on carbon catalyst was prepared by the reduction of osmium
tetraoxide (Drijfhout) in the presence of a suspension of activated
carbon (Degussa, 770 mz.g_l) in 2-propanol at 60 °C and 100 atm hydrogen
pressure for 2 h. The 5% ruthenium on calcium carbonate was prepared by
impregnation of calcium carbonate with a solution of ruthenium trichlo-
ride (Alfa) in acetone, followed by reduction with Hy at 60 °C and 1 atm
for 3 h. 60% Nickel on silica and Raney Nickel B 115 Z were obtained
from Strem Chemicals and Degussa, respectively. All the above mentioned
catalysts were used without prior treatment. The 207 copper on silica
catalyst was prepared according to the literacm:e6 with some modifica-
tions in the reduction step for which the following procedure was used.
The dried catalyst precursor was treated with 10% Hy and 90% Np at 1 atm
and heated from 25 °C to 400 °c for 1 h, heated at 400 SOt aradiaihn,
cooled down to room temperature and stored under nitrogen. The active
metal surface of the copper on silica amounted to 80-100 mz.g_1 Cu, as
determined by the dissociation of Np0. The B.E.T. surface of the silica

was 290 1112.g_1 $i0y (as determined by Np adsorption).
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Apparatus

The hydrogenations were carried out in a 450 ml Hastelloy B auto-
clave model 4562, manufactured by Parr. The autoclave was equipped with
a motor-driven impeller stirrer, a sampling device and two needle

valves. The autoclave was thermostatted by a water bath.

Procedure

The catalyst and the additives were transferred into the aqueous
solution of the carbohydrate to be hydrogenated. The autoclave was
sealed, flushed with hydrogen and placed in the water bath. After
reaching the required temperature the autoclave was pressurized with
hydrogen to the required level. The reaction was started by switching on
the stirrer. The conversion was followed by HPLC analysis of samples

withdrawn from the reaction mixture.

The HPLC system consisted of an M 6000 A pump (Waters Assoc.), a
Rheodyne 7125 injector, an R 401 differential refractometer (Waters
Assoc.) and a cation-exchange resin column. Chromatographic conditions;
column dimensions: 30 cm * 7.0 mm ID; Aminex A 7 8% cross-linked resin
(7-11 ym) in the Ca(II)-form; temperature: 85 °C; flow rate: 0.6 ml/min;
eluent: degassed and deionized H50. The chromatographic procedure 1is

described in more detail elsewhere7.

Results and discussion

Catalyst screening

The hydrogenation of D-glucose, D-fructose and a 1:1 D-glucose/D-
fructose mixture were carried out in aqueous solution at pH 6-8, 60-70
°C, and 20-50 atm Hp with eight different catalyst metals.

Table I shows the catalysts used together with their initial activi-
ty for invert sugar (D-glucose/D-fructose 1:1) hydrogenation. As for
most of these catalysts no metal surfaces have been determined these

data only give an impression of the metal surface activity.
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Two selectivities have been used in the screening of these hydrogen-

ation catalysts:

(i) selectivity towards D-mannitol formation from D-fructose:

_D-mannitol formed

& D-fructose converted

D-mannitol

(ii) selectivity towards D-fructose conversion in 1:1 D-glucose/D-fruc-

tose mixtures:

s = D-fructose converted
D-fructose  (D-fructose + D-glucose) converted

Fig.

copper on silica,

of palladium on

Sp-mannitol Proved to be

2=

2. The influence of catalysts applied on SD—mannitol (o) for the

Sp-fructose (¥)
sugar hydrogenation, and on the overall yield (@) of D-mannitol

D-fructose hydrogenation, on for the invert

in the combi-process.

(o) 30.0 g D-fructose, 250 ml Hy0, 60 °C, 20 kg/cm2 Hy, 0.5 g
catalyst;

(x) 60.0 g invert sugar, 250 ml Hy0, 60 °C, 20 kg/cm2 Hy, 1.0 g
catalyst;

(8) Sp-fructose * SD-mannitol’
() SP-mannitol 1R the presencerof borate (cfimFicI gy

Reasonable to rather good values for SD—fructose were obtained with

ruthenium on carbon, osmium on carbon and platinum

Rhodium on carbon shows no preference whereas in the case

carbon D-glucose was preferentially hydrogenated.

rather independent of the metal catalyst

applied, except for copper on silica which showed a rather high selec-

TABLE I
Catalytic activities of metal catalysts used for invert sugar hydrogena-
tion®
Initial (wol+hiis 5
Catalyst nitial rate (mol. “Bratal
100% Raney Nickel 0.1
607 Nickel on silica 0.04
20% Copper on silica 053
5% Ruthenium on carbon 1.9
5% Ruthenium on calcium carbonate 1.4 TR
5% Rhodium on carbon 0.3
5% Palladium on carbon 053
5% Osmium on carbon 1.6
10% Iridium on carbon 0.8 tivity
5% Platinum on carbon 159

improved to

60.0 g invert sugar, 0.3 g MgSO,, 0.5 g CaCO3, 250 ml H,0, 60 £0n
20 kg/cm? Hy.

addition,

towards D-mannitol (0.67).

0.85 by adding of borate as

This selectivity can be further

illustrated in Fig. 3. In

Sp—fructose for copper on silica was slightly enhanced (from

0.88 to 0.92) in the presence of borate.

Obviously, the copper on silica is the catalyst of choice for D-man-—

nitol formation. Application in the combi-process should allow a D-man-

The results are shown in Fig. 2.

nitol yield of D m=nnitol

Sp-fructose * 100 = 78%.



Sp-mannitol

SN T o

Fig. 3. The influence of borate on Sp_ . nnito1 for the D-fructose hydro-
genation over copper on silica.
2
30.0 g fructose, 250 ml Hy0, 70 °C, 50 kg/em® Hy, 1.0 g 20%

Cu/Si0p without (o) and in the presence (x) of 0.5 g CaCO3-
Additives

In order to keep the enzyme glucose isomerase sufficiently active
during the combi-process, small amounts of CaCOj (as buffering agent)
and Mg(II) (as enzyme stabilizing agent) have to be added to the hydro-
genation mixture. These additives had no serious effect on the activity

of the metal catalysts. Furthermore, remained essentially

Sp-fructose

the same, whereas increased fractionally, especially for

Sp-mannitol
platinum on carbon (Fig. 4).
The addition of borate to the hydrogenation formulation with copper
on silica as catalyst had a positive effect on the selectivity towards
D-mannitol (Fig. 3). The effect is somewhat less pronounced when Ca(II)
and Mg(II) are present. The other catalysts showed no increase in
SD-mannitol upon borate addition. The borate/copper phenomenon will be
discussed below (the mechanism of the D-fructose hydrogenation over

copper, effect of borate addition).
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Fig. 4. Selectivities in the presence of Ca(II) and Mg(II).
Sp-mannitol® (o) 30.0 g D-fructose, 0.3 g MgSO;, 0.5 g CaCO3,
250 ml H,0, 60 °C, 20 kg/em’ H,, 0.5 g catalyst.
Sp-fructose: (%) 60.0 g invert sugar, 0.3 g MgSO4, 0.5 g CaCO3,
5 2
250 ml Hp0, 60 °C, 20 kg/em” Hy, 1.0 g catalyst.

SD-fructose * SD-mannitol’ (@) -

Kinetics of the D-fructose hydrogenation
Hydrogenation of D~fructose over copper on silica and platinum on
carbon at various agitation rates showed that the reaction rate was

independent of the stirrer speed between 800-1200 rpm (Fig. 5).

2 10
o P g
= ( T N
208 [t %
g s
D /
$osl- x
SOt
T
04l /
[ o 2’»
o | | |
o 400 800 1200 1600

—— = impeller speed (rpm)

Fig. 5. The influence of the impeller speed on the relative initial rate
of D-fructose hydrogenation.
30.0 g D-fructose, 0.3 g MgS04, 0.5 g CaCO3, 250 ml Hp0 and (x)
(Bl Swg iy S ie e R e o) kg/cm2 Hp, or (o) 1.0 g 20% Cu/SiOp,
70 °C, 50 kg/cm® H,.
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A stirrer speed of 800 rpm was used throughout the experiments. The
initial rate of the hydrogenation of D-fructose (0.833 M) was linearly
dependent on the catalyst/D-fructose ratio in the range of 0.003-0.1667
(Fig. 6), Z.e. the hydrogenation is first order in the amount of cata-

lyst.

(-dFidt)y=o /

—catalyst (g)

Fig. 6. The influence of the amounts of CL\/SiO2 on the initial rate of
D-fructose hydrogenation.
30.0 g D-fructose, 0.3 g MgSO4, 0.5 g CaCoOj, 0.1 g NayB,07.-
10Hy0, 200 ml Hy0, 70 °C, 50 kg/em? Hy.

An activation energy for the hydrogenation of D-fructose over copper

on silica of 14.7 keal/mol in the temperature range of 60 to 90 °C is

obtained from Fig. 7.
The D-fructose hydrogenation over copper on silica appeared to be

first order in hydrogen pressure (Fig. 8).
A typical plot for the hydrogenation of D-fructose over copper is

shown in Fig. 9. The reaction appeared to be between zero and first

order in D-fructose concentration at 0.3 < [F] < 0.8, zero order at [F]

> 0.8 and first order at [F] < 0.3 M. This is demonstrated by the loga-

rithmic relation between [F] and d[F]/dt as shown in Fig. 10.

==

o
[

Ep=14.7 kcal/mole

IS

w

-In(-dF7dt),

o

26 2.8 3.0 32

e o )
T x10

Fig. 7. Arrhenius plot of the initial reaction rates for the D-fructose
hydrogenation.
30.0 g D-fructose, 0.3 g MgS04, 0.5 g CaCO3, 0.1 g NapB,07.-
10H0, 1.0 g 20% Cu/Si0p, 200 ml Hy0, 50 kg/cm2 Hy at 60, 70, 80
and 90 °C.

o S \
o %
E 4 M
5 x
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\\x
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Fig. 8. The influence of the hydrogen pressure on the initial rates for
the D-fructose hydrogenation.
30.0 g D-fructose, 0.3 g MgS04, 0.5 g CaCO3, 0.1 g Na,B,07.-
10H0, 1.0 g 20% Cu/$i0p, 200 ml Hy0, 70 °C.

The foregoing results lead to the conclusion that the rate limiting step
is the hydrogen attack at D-fructose on the catalyst surface. The reac-
tion products D-mannitol and D-glucitol did neither affect the rate of
D-fructose hydrogenation as appeared from Table II, nor the stereoselec-—

tivity of this reaction.



TABLE II
g' Influence of D-mannitol and D-glucitol on the rate of the D-fructose
ri_‘é‘o hydrogenationa
g
o Composition Initial rate (mol.h™l)
]o
0 30 g D-Fructose 0.044
60 g D-Fructose 0.045
30 g D-Fructose + 30 g D-Mannitol 0.041
30 g D-Fructose + 30 g D-Glucitol 0.042
Fig. 9. Concentration versus time of a typical D-fructose hydrogenation. 30 g D-Fructose + 15 g D-Mannitol + 15 g D-Glucitol 0.043
30.0 g D-fructose, 0.3 g MgSO4, 0.5 g CaCO3, 0.1 g NapB,07.-
10850, 1.0 g 20% Cu/Si0y, 200 ml Hy0, 70 °C, S50 kg/cmz Hy. iges e CaCO4: 0.4 g MgSO4; 1.0 g 20% Cu/Si0p; 200 ml Hp0; 70 °C;
2

50 kg/em® Hy.

The kinetic picture observed is easily explained using Langmuir-

-4 -3 g2
k T Hinshelwood kinetics.
by k
D-fructose (in solution) ——= D-fructose (adsorbed) —— products
€,
-d [F] pre i)
el e el
dt F 1 + h}7 [F] + IbC
Here, k includes the hydrogen pressure and the amount of catalyst,
In (-dF /dt)
/ f whilst IbC is the sum of the contributions of water, D-glucitol, D-man—
-5 ‘ nitol and the hydrogen to the denominator of the Langmuir-Hinshelwood

expression.
Fig. 10. The influence of the concentration of D-fructose on its initial
rate of hydrogenation. IE“bp [E] >> 1+ ZbL then r ~ Kk (zero order in D-fructose),
0.3 g MgSO;, 0.5 g CaCO3, 0.1 g NapB,07.10H,0, 1.0 g 20%
Cu/8i0,, 200 ml H,0, 70 °C, 50 kg/cm2 Hy. D-Fructose (a: 120.0 1f by [F] << 1 + EbC then r ~ k [F] (first order in D-fructose).
eassb 6050 s 30 0Fa S ds S50 48 “e2ipi0 o)

The selectivity towards D-fructose conversion in the hydrogenation
of 1:1 D-glucose/D-fructose mixtures over copper on silica is determined
by both the adsorption and reaction rate constants of D-fructose and
D-glucose:

kF b

Sp-fructose = kK b
G G

i
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Individual hydrogenations of D-glucose and D-fructose (0.833 M) over
copper on silica in water at 70 °C and 50 atm Hy yielded kp/kg = 27.
Under the same conditions, the co-adsorption of D-glucose was examined
by measuring the decrease in initial rate for the D-fructose hydrogena-

tion upon addition of increasing amounts of D-glucose (Fig. 11).

°
o

[e)
@

o
)

rel (-dF/dt)y

0 02 04 0.6 0B 10

[Flo

(Flo * [c1o

Fig. 11. The influence of D-glucose on the relative initial rate of the
D-fructose hydrogenation.
30.0 g D-fructose, 0.3 g MgSO,;, 0.5 g CaCO3, 0.1 g NapB407.—
10H90, 1.0 g 20% Cu/Si0p, 200 ml Hp0, 70 °C, 50 kg/cm2 Hy.

k F k. F
Using r i bF el = i : ]O
ER ot B RS = b,
< S s e
F
bG
it follows that T 3, Z.e. D-glucose is adsorbed more strongly than
D-fructose. So thg overall selectivity Sp_fryctose = 9 observed upon

hydrogenation of equimolar quantities of D-fructose and D-glucose is
brought about by a 27 times higher reactivity of D-fructose, which is

partly counteracted by a 3 times stronger adsorption of D-glucose.

Mechanism of the D-fructose hydrogenation over copper

In aqueous solution, D-fructose is present in four different forms:
g-D-fructopyranose, o-D-fructofuranose, p-D-fructofuranose and the open—
chain structure. These forms will have different strengths of adsorption
on the metal surface of the hydrogenation catalyst, while each of such

an adsorbed surface complex has its own rate of hydrogenation. The com~
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bination of adsorption strength and reactivity will determine which form
of D-fructose is preferentially hydrogenated.

In addition, there are in principle three mechanistic possibilities
for the hydrogenation of the carbonyl group of a ketose® (CElig el
- hydrogenation of the free carbonyl group (a);
— hydrogenation of the 1,2-enediol form (b);

- hydrogenolysis of either a pyranose or a furanose form (c).

Ry R'

H, |
aSC—C H—C—OH
A i,

R, R

HC —OH H,C—OH
1l H, [
b C—OH H—%—OH
]
R, R
H
o, OH Oy
/" H, |
c c COH
\
%, s

Fig. 12. Mechanistic possibilities of the D-fructose hydrogenation.
a) carbonyl hydrogenation;
b) enediol hydrogenation;

c) ring C-0 hydrogenolysis.

Possibilities a and b have been rejected by Ruddlesden et al.g. These
authors found no reaction of an open-chain keto-D-fructose derivative
(1,3,4,5,6-penta-O-acetyl-2-keto-D-fructose did not show any hydrogena-
tion whereas 1,3,4,5-tetra-0-acetyl-D-fructopyranose could be hydrogen—
ated under comparable conditions) and found only incorporation of one 2H
at C-2 upon deuterogenation of D-fructose, respectively. The latter
result has been confirmed by us: one ZH at C-2 for D-fructose (DZO,
7O 50 kg/cmz) and of one 2H at C-1 for both D-glucose and D-mannose
(Dy0,= 1008 5C, =50 kg/cmz) were present in the alditol upon deuterogena-—
tion of the monosaccharides over copper on silica. The remaining mecha-
nistic possibility c, however, is also not consistent since the methyl
D-fructosides are not hydrogenated under the above mentioned hydrogena-—
tion conditions. At higher temperatures (120 °C) and long reaction times
the methyl D-fructosides were converted into methanol, D-mannitol and

D-glucitol, without any 2-0O-methyl-D-mannitol or 2-0O-methyl-D-glucitol
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formation. Clearly, hydrogenation occurs after hydrolysis of the methyl
D-fructosides into methanol and D~fructose. Any ring C-0 hydrogenolysis
can be ruled out. Consequently, the only possibility left will be a
mechanism in which the ring structure with an ionizable anomeric hydrox-—
yl is the reactive species.

13C NMR work on monosaccharides in this laboratory has shown that
upon ionization of D-~fructose the C-O ring bond is weakened and that the
anomeric C-0  bond becomes partly of double bond character, leading to
the following electronic structures for the E-pyranose and f-furanose

formsg (Eigs 139,

o H,COH o
~_ %
Q/ €H,0H HO /A
4 oH \ / CH,OH
I
HO OH
B~pyranase p-furanose

Fig. 13. Ionized D-fructose species.

It is believed that interaction of ketoses and aldoses with metals like
copper may easily lead to such ionized species on the metal surface. In
this way a favourable system for hydrogen attack at the anomeric carbon
is obtained (transfer of a hydride-like species to the partially posi-
tive anomeric carbon, on the analogy of the mechanism proposed for the
benzyl C-0 hydrogenolysislo). The ring oxygen is a good leaving group in
the process due to the weakened C-0 bond. The importance of ionized
species is further shown by the strongly accelerating effect of base in
the hydrogenation of D-fructose over noble metals as platinum and
rhodiumll. The electronic distribution in the ionized species in combi-
nation with the proposed attack of a hydride-like species favours hydro-
gen attack from the 'anti-ring-0' side, Z.e. an Sy2 type of reaction
with inversion of configuration of the anomeric carbon (ef. Fig. 14).
We, therefore, propose that D-mannitol formation occurs from the E-forms
of D-fructose, whereas D-glucitol formation occurs from the a—forms of
D—fructoselz.

An explanation of the diastereoselective coatrol of the reaction
needs a complete interpretation of the occurrence of the different ring
forms in solution in combination with their relative adsorption
strengths and reactivities. In this respect isomaltulose (6-0-a—-D-gluco-

pyranosyl-D-fructofuranose) is a suitable model compound since there are

=T

only two forms present (in aqueous solution at room temperature), <.e.
6-0-a-D-glucopyranosyl-u-D-fructofuranose (20%) and 6-0-u-D-glucopyrano-
syl-f-~D-fructofuranose (80%). If the furanose forms react with compara-
ble rate and adsorb with comparable strength the 6-0-u-D-glucopyranosyl-
D-mannitol/6~0-u -D-glucopyranosyl-D-glucitol ratio should be largely
determined by the g /a ratio of these two furanose forms in solution.
This, indeed, is in accordance with the results of the hydrogenation of
isomaltulose (Cu/SiOz, 1008 G, ¥ 350 kg/cm2 Hz) which gave 677 of 6-0-x-D-
glucopyranosyl-D-mannitol and 337 of 6-~0-z-D-glucopyranosyl-D-glucitol.
In the case of D-fructose there are three major ring forms present
in aqueous solution (at 66 °C), <.e. g-D-fructopyranose (55%), &-D-
fructofuranose (35%) and o-D-fructofuranose (10%). Nevertheless, the
product composition wupon hydrogenation over copper on silica still

corresponds with that of isomaltulose and thus resembles the 8/a-D-fruc-~

tofuranose ratio, <.e. 67% of D-mannitol and 33% of D-glucitol. The
pyranose form probably plays a minor role in the hydrogenation reaction.
Taking into account the somewhat higher adsorption strength of D-glucose
(1007 pyranose form) than that of D-fructose, the small contribution of
the pyranose form of D-fructose to the hydrogenation reaction is due to
its much lower reactivity. This analysis would imply a substantially
higher reactivity ratio of D-fructofuranose and D-glucopyranose than the
overall ratio of 27 for D-fructose and D-glucose as given earlier in
this chapter.

The phenomenon of the lower reactivity of the pyranose form in
respect with the furanose form is in accordance with the results
obtained by the competitive hydrogenation of D-mannose and D-talose.
D-Mannose is solely present as its pyranose forms (Hy0, 31 °C), whereas
D-talose is present for 70% in pyranose forms and for 30% in furanose
forms (HpO0, 44 °C) (due to the extra axial 4-OH group in the pyranose
form). Competitive hydrogenation of a 1:1 D-mannose/D-talose mixture
showed that the initial conversion of D-talose was 2.7 times higher than
that of D-mannose (Cu/SiOz, Z058C, 250 kg/cm2 Hy, HZO)'

In an analogous way the preferential hydrogenation product formation
for L-sorbose, D-~tagatose, D-psicose, D-xylulose and D-ribulose, as
expected from their respective g/a-furanose ratios in water, will be
D-glucitol, D-allitol, D-talitol, D-arabinitol and D-ribitol, respec—
tively. This, indeed, appears to be in qualitative accordance with the
experimental hydrogenation results of Ruddlesden et al.s with copper on

silica as the catalyst.
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On the basis of the foregoing results and considerations we propose
that the hydrogenation of D-fructose (and other ketoses) over copper
involves the following steps (ef. Fig. 14):

(i) formation of an ionized furanose ring species adsorbed on the
copper surface by coordination of 0-1, 0-2 and 0-5, which induces
weakening of the ring C-O0 bond and the development of some double
bond character in the anomeric C-0;

(ii) attack of a hydride-like species from the copper surface from the
anti-ring-0 side with inversion of configuration at the anomeric
carbon;

(iii) co-adsorption of pyranose forms with relatively low reactivity.

Fig. l4. Chemisorption of a D-furanose form: anti-ring-0 side H-attack.
Effect of borate addition

In the presence of borate, the copper catalyzed hydrogenation of
D-fructose and isomaltulose gave enhanced yields of D-mannitol (80-90%)

Ly ang L3¢

and 6-0-u-D-glucopyranosyl-D-mannitol (75%), respectively.
NMR spectra show that under these conditions 1:2 borate-sugar esters are
formed, in which the sugar moiety possesses the B-furanose forrn13 (Fig.
15)

The borate effect can be understood on the basis of the above
mentioned hydrogenation mechanism, assuming that the 1:2 borate-sugar
esters are preferentially hydrogenated. As even small amounts of borate
already affect the selectivity, relatively strong adsorption of 1:2
borate-sugar esters on the copper surface must occur. It may be noted
that the selectivity of the other hydrogenation catalysts, e¢.g. ruthe-—
nium on carbon, platinum on carbon and Raney-Nickel, was not influenced
by the addition of borate. Probably, these metal surfaces have less

affinity towards borate-sugar esters.
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Fig. 15. Chemisorption of 1:2 borate-f-D-fructofuranose ester: anti-

ring-0 side H-attack.

As shown in Fig. 3, the presence of CaCO3 (as a buffering agent)
partly counteracted the effect of the addition of borate, in particular
at low borate concentrations. “E and 13¢c NMR showed that CaCO3 prohi-
bited borate-sugar ester formation, which will be due to the formation
of calcium-borate complexes, unless the borate concentration exceeded

the amount of CaCO3.
Mechanism of the aldose hydrogenation over copper

D-Glucose and D-maunnose are solely present as their - and g -pyra-
nose ring structures. Molecular models indicate that the adsorption of
the f-pyranose form will be more favourable through the coordination of

the anomeric, ring and C-6 oxygens with a surface copper atom (Fig. 16).

Fig. 16. Chemisorption of a E£-D-pyranose form: anti-ring-0 side H-

attack,

Assuming comparable reactivities of the adsorbed o- and £-pyranose

forms, the above mentioned mechanism would then predict that D-glucose
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will be preferentially converted into (S)—]—ZH—D—glucitol upon deutero-
genation with copper on silica, since the f-pyranose form is present in
excess (62%). On the other hand, the selectivity for (5)—1~2H—D4mannitol
formation from deuterogenation of D-mannose with copper on silica is
expected to be smaller, since the ?-D-mannopyranose content is just 8575
This expectation is based on the mechanism suggested for the ketose
hydrogenation over copper, involving hydrogen attack on the anomeric
carbon with inversion of configuration, as depicted in Fig. 17 for the

pyranose forms which prevail in solution.

OH
i
H—C—H

OH HE —CH

OH
o= OH |
T e e e
HO HO H\ HO” HO 24 "H HCI—OH
Z}? HC —OH
|
Cu ; H,C —OH

2
B-D - glycopyranose (S)-1-"H-D-glucitol

OH

| 2
OH OH H—C—H

Q OH I
HO FORYE TS e o HHH = HO—CH
I
HO —CH
HO ON HO 25 OH 19 $
2 HC —OH

I HE Ok
H,C —OH
2
a-D - mannopyranose (R)-1- H-D-mannitol
Fig. 17. Stereoselective 2g-attack on g-D-glucopyranose and o-D-manno—

pyranose.

In order to verify these interpretations, both D-glucose and D-man-—
nose were deuterogenated in Dy0 over copper on silica at 120 °C and 50
kg/cm2 D,. The relative amounts of (R)- and (S)—I—ZH—D—glucitol and of
(R~ and (S)—I—ZH—D—mannitol were determined as their respective
1,4:3,6-dianhydro derivatives. Comparison of the 1H NMR spectra of these
products with those of 1,4:3,6-dianhydro-D-glucitol and -D-mannitol from

14,15

the literature showed indeed that D-glucose yielded 807 of (S)-1-

=

2

2H—D—glucitol, whereas D-mannose gave a 1:1 (R)/(S5) mixture of the 1-“H-

D-mannitols.

Conclusions

The results show that copper on silica may be conveniently applied
as the hydrogenation catalyst in the combi-process. The selectivity for
D-fructose hydrogenation in the presence of equimolar amounts of D-glu-
cose (0.92) and the selectivity for D-mannitol formation from D-fructose
(0.67-0.85) are much higher than those for the other catalysts investi-
gated. The activity of copper on silica at moderate temperatures
(60-80 °C) is, however, somewhat low. The D-fructose hydrogenation obeys
Langmuir-Hinshelwood kinetics: a shift from first to zeroc kinetics in
D-fructose is observed going from low (< 0.3 M) to high (> 0.8 M)
D-fructose concentrations. Some preferent adsorption of pyranose with
respect to furanose forms on copper occurs. Adsorption takes probably
place by the anomeric oxygen and the ring oxygen. The reactivity of a
furanose form appears to be much higher than that of a pyranose form.
Combination of adsorption strength and reactivity data shows that
D-fructose is preferentially hydrogenated via its furanose forms. Hydro-
genation is propesed to occur by hydrogenolysis of the ionized ring form
with inversion of configuration at the anomeric carbon. This mechanism
further explains the enhanced D-mannitol yield from D-fructose-borate
esters, the preferential (807%) (S)—I—ZH—D—glucitol formation upon deu-—
terogenation of D-glucose, as well as the diastereoselectivity of the

copper—-catalyzed hydrogenation of a series of 7 ketoses.
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4, INTERACTION OF BORATE WLITH D-MANNITOL, D-GLUCITOL, D-FRUCTOSE AND
D-GLUCOSE

Introduction

In our combi-process research (the simultaneous action of the enzyme
glucose isomerase and a conventional hydrogenation catalyst, applied to
the preparation of D—mannitol)l%’ we observed that the D-mannitol yield
was substantially enhanced by the addition of catalytic amounts of
borate anions to the reaction formulation upon the hydrogenation of
D-fructose over a supported copper catalyst. In order to get more
insight in this phenomenon we have studied the interaction of borate
anions with a number of hydroxy compounds and carbohydrate.

Some first principles concerning the interaction of borate anions
with hydroxy compounds were established by Bi:Seseken5 some sixty years
ago in this laboratory. Borate ester formation has been used as a tool
in the configurational analysis of carbohydrates and in a variety of
separation and chromatographic techniques. For more than a century this
class of compounds and their stability as borate esters have been
studied, using several techniques (such as potentiometry and polari-
metry). These techniques, however, give no direct information concerning
the identity of the borate ester species involved. Henderson et al.6
were the first to use 1B NMR for identifying borate esters of diols in
water and applied their results in the carbohydrate field7. This tech-
nique provides direct information concerning the surrounding of boron.

The potential of 11

B NMR in the elucidation of the interaction of borate
anions (B7) with (poly)hydroxycarboxylic acids has been quite recently
demonstrated by Van Duin et at.8.

This chapter describes the combined use of llB and 13(3 NMR spectro-—
scopy in the structure elucidation of borate esters of some carbohy-
drates (L), e.g. D-mannitol, D-glucitol, D-fructose and D-glucose in
aqueous solution. Special attention has been given to the influence of

pH on the stability of the various borate esters. First of all the Ly
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chemical shifts of borate esters of model 1,2-, 1,3- and 1,4-diols have
been determined in order to be able to distinguish between 5-, 6— and
7-membered ring systems in both mono-esters (BL ) and di-esters (BL;) by
1l NMR and to estimate the respective borate ester stabilities. The llp
NMR results thus obtained further allowed an appropriate choice of the
ester formulation (pH, borate/polyol ratio) to be studied by 13C NMR,
i.e. where only one or two borate ester species occur predominantly.

From 13¢ NMR the esterified hydroxyls of the polyol were established.

EerrimenCal

llp WMR and 3¢ R spectra were recorded at 25 °C with a Nicolet
NT-200 WB spectrometer at 64.19 MHz with 0.1 M boric acid as the exter—
nal reference and a Varian CFT 20 spectrometer at 20.12 MHz with dioxane
in Dp0 as the external reference, respectively. The total boron concen-—
tration Cg = 0.1 M for all the 113 NMR spectra and ‘the total polyol con-—
centration Cp = 0.1 M for all the 136 NMR spectra. The samples were
prepared by dissolution of the appropriate amounts of boric acid and
polyol in Dp0. The pH was adjusted with 40% NaOD in Dy0 (Merck) and the
total volume of each sample was 5 ml. Isomaltulose was a gift of Sid-
deutsche Zucker A.G. which is gratefully acknowledged. All other chemi-

cals used were of analytical grade and commercially available.

Results and discussion

Interaction of borate anions with diols

The interconversion of boric acid and borate anions, and the inter-—
action of borate with diols may be described by the following equilib-

ria:

=

o KQ
B(OH)] + OH s B(OH); (1)
®) (8"
| |
HO—C— HO. (oo
. | Ky e |
8 (OH); + <1:n —_— /B\ Cln + 2H,0 (2)
Hele= HO “o—Cc—
|
(=] (L) (BL)
HO, o] (‘: HO (IZ l l
e =3 i =& O
\\-// | \ Ka | \\_// |
/B\ ! + cln —— In /B ?n + 2H,0 (3)
HO (¢] ? HO=C— c—0 \o c
| | |
(BL7) (L) (8[2)

The association constants for these equilibria are defined as:

K, = [B1/([B] * [OH"])
Ky = [BLT1/CIB7] * [L])
K, = [BLy]/([BLT] * [L])

[}

Over the pH range of 3-14 there is only one signal observed for the
boric acid/borate equilibrium. The change in chemical shift over this pH
range (Fig. 1) may be ascribed to the variation in the relative concen-—
trations of boric acid and borate species (eq. (1)) which interconver—

sion is fast on the Ll

B NMR time scale.

The NMR signals at & = O ppm and & = -17.6 ppm correspond to boric
acid and borate, respectively. The formation of diol borate esters and
its hydrolysis (eq. (2) and eq. (3)) are slow on the llB NMR time scale
at 25 °C, i.e. separate signals for the free and complexed boron species
are observed.

Table I shows 113 chemical shift data of borate esters of a series
of selected diols. By varying the relative concentration of diol and
borate it could be ascertained which signal belonged to the mono-ester
(BL™), which to the di-ester (BL:) and which of these signals corre-

sponds to a 5-, 6- or 7-membered ring borate ester. The boron mass



TABLE I

Chemical shifts (!B NMR) and stability
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a
compounds and borate in water

constants of esters of dihydroxy

Compound 5 e Ky X,
(L) (1/mol) (1/mol)
1,2-ethanediol =857 =1050 1.0 ==
1,2-propanediol =356 —=0.9 1.4 0.4
(+)-2,3-butanediol =1356 =936 B 2.4
i:3—dimethy—2,3—butanediol 1458 - 350 =
cis-1,2-cyclopentanediol -13.6 =0 3353 78
2is-1,2-cyclohexanediol -14.2 -10.7 152 -
trans-1,2-cyclohexanediol =14.3 ST = ==
1,3-propanediol -18.4 ~19.0 950 —
1,3-butanediol =182 =859 180 e
1,4-butanediol =167 = -— -=

2 0.1 M boric acid, 0.1 M dihydroxy

- 8.5 % 102,

b In ppm with respect to 0.1 M boric

o |

compound, pH

128088258 G HIBR]/ [(B

acid as the external reference.

3} = bl b

G

i ] g MR chemical shift of boric acid as function of pH (0.1 M

H3BO3, D,0, 25 °C).

10 12 14
——pH
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balance together with the integrated 11B NMR spectra yielded the borate
ester stabilities (K; and K,).

llB NMR data of borate at pH 12 in the presence of equimolar amounts
of acyelic 1,2-diols showed that methyl substitution at the hydroxyl
carbons first enhances Kj ((+)-2,3-butanediol > 1,2-propanediol > 1,2-
ethanediol), which, however, decreases upon further methyl substitution
((£)-2,3-butanediol > 2,3—dimethy1—2,3—butanediol). This because of the
anti-planar conformation of the hydroxyls in the latter compound.

Three other compounds have been examined, Z.e. Cis—l,Z—cyclopentane—
diol, as a model for a furanose ring containing two vicinal eis-hydroxyl
groups and cis~1,2-cyclohexanediol and trans-1,2-cyclohexanediol as
models for a pyranose ring containing two vicinal ax/eq and eq/eq
hydroxyl groups, respectively. The stability of the borate ester of cig-
1,2-cyclopentanediol, due to its favourably located hydroxyl groups, is
substantially higher than that of the corresponding cyclohexane deriva-
tive. The relatively high stability of the borate di-ester (BL;) of ecig-
1,2-cyclopentanediol is noteworthy. The borate ester formation as a
function of pH is given in Fig. 2 for 1,2-ethanediol, eis-1,2-cyclo-
hexanediol and cie-1,2-cyclopentanediol. The results are consistent with
the 'charge rule' developed by Van Duin et al.g, i.2. an increase of
borate ester formation at increasing pH. The slight decrease in concen-
tration of BL; with L = eig-1,2-cyclopentanediol at high pH might be due
to ionizationhof one of the two hydroxyl groups.

The stability of borate esters of acyclic 1,3-diols lie in the same
range as those of borate esters of acyclic 1,2~diols, whereas the forma-
tion of borate esters of acyclic 1,4-diols is negligible.

In conclusion 1lB NMR spectroscopy provides direct information of
the surroundings of the boron species (due to llB chemical shift dif-
ferences) and offers the possibility to calculate the borate ester
stabilities. Two vicinal eis-hydroxyl groups in a furanose ring possess
a much more favourable geometry for the formation of borate esters than

two vicinal eis-hydroxyl groups in a pyranose ring.



—48-

0.10
conc

Fig. 2. Formation of borate esters of 1,2-diols as function of pH (0.1 M
H3BO3, D20, 25 °C); A 1,2-ethanediol (1.0 M), B eis-1,2-cyclo—
hexanediol (1.0 M), C cis—l,z—cyclopentanediol (0.1 M), D cis—
1,2-cyclopentanediol (1.0 M).

Interaction of borate anions with D-mannitol

The ester formation between D-mannitol and borate has been studied
by 1l \R at pH = 6-12 and different D-mannitol/borate ratios (Fig. 3)-
In accordance with the results of the model dihydroxy compounds, the
amount of borate esterified increases upon increasing pH.

At high D-mannitol/borate ratios GEig s3s st 2a 0l M) bis(D-mannitol)
borate (BL2> occurs predominantly. It has to be noted that, in parti-
cular at low D-mannitol/borate ratios (Fig. 35 L = 0:01 M), thescucyve
'BL™' also includes borate esters of the type BZLZ« and BBL3-. On the
analogy of the phenylboronate esters of D-mannitol, the following
species are expected to be present in addition to Bl®,ta6 illustrated in
Fig. 4.

Under the hydrogenation conditions applied (sugar/borate ratio 160,

pH ~ 7) the two major D-mannitol species present are free D-mannitol and

—49-

L=001M L =C

L=01M

010 F
s

canc

(M)

L e
005 ’, : \‘><;
| A

Bl 7
Ji
= o
aL o Bl //
— <.
e, /
Gyl - mae, g
=
G ke B 6 8 10 12 B e o 2
— pH
o L=10M
conc
w) 2 BLI
005
|
E
\
o
6 8 10 12 10 ‘2
— pH

Fig. 3. D-Mannitol (L) borate ester formation as function of pH and [L]

(0.1 M H3BO3, Dy0, 25 °C).
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Fig. 4. Structural possibilities of D-mannitol di- and tri-borate

esters.

= 1.0 M). Although there are
many different structural possibilities for BL_
2

bis(D-mannitol) borate (BL;) (Elp. 3t

both llp mr (one

signal at & = -9.50) and 13¢ NMR (only two new signals at § = 74.0 and

75 i i
8) point to the formation of one structural isomer with high symme-
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try. Comparison of the 3¢ wr spectra of D-mannitol and 2-2H-D-man-
nitol, as such or in the presence of borate, shows no shift for c-1/C-6
upon borate ester formatiom, whereas ¢-2/C-5 and C-3/C-4 undergo a shift
of 2.1 and 5.5 ppm, respectively (Fig. S

Clearly, borate ester formation takes place selectively with 3- and
4—0H of D-mannitol, leading to bis(D-mannitol) 3,4;3',4'-borate (Fig.
6). Because of the C, symmetry of D-mannitol no diastereomers of this
ester exist, which further explains the simplicity of both 11p and 13¢
NMR spectral data.

The values of the borate—induced 13¢ ghifts are in agreement with
those reported by Gorin et al.9 for the ester formation between .2 55,0~
di—O—isopropylidene—D—mannitol and phenylboronic acid. The selective
3,4-D-mannitol borate ester formation can be well understood from the
preferential zig-zag conformation of D-mannitol in waterlo (Fig. 7), in

which the 3- and- 4-OH groups are in a favourable position for ester

formation.

6 (ppm)

Fig. 5.13¢ NMR spectra of 0.1 M D-mannitol without (A) and in the

presence (B) of 0.025 M H3BO3 (D0, pH ~ 6,=2502C) ;- idem for

2

2-“H-D-mannitol (C and D).
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Fig. 6. Bis(D-mannitol) 3,4;3',4'-borate.

Q

Fig. 7. Preferred zig-zag conformation of D-mannitol in water.

It may be noted that borate ester formation with 1- and 2-0OH (or 5- and
6-0H) is less favourable because of the greater freedom of rotation of
the hydroxy methyl group, resulting in an unfavourable change in entropy

upon esterification.

Interaction of borate anions with D-glueitol

11

The results from B NMR have been summarized in Fig. 8. At low

D-glucitol/borate ratio (Fig. 8; L = 0.01 M) at pH = 12 about 907 of
D-glucitol is esterified with at least two borate anions, Z.2. the 'BL '
curve has to be considered as a mixture of BL , BZLZ_ and B3L3—. The
picture further resembles that of D-mannitol, <.e. both alditols show a
comparable tendency for borate ester formation.

1;

From B NMR (Fig. 8; L = 1.0 M; one signal at § = -9.50) it follows

that BL; is a spirocyclic 5-membered ring ester. In contrast to D-man—

nitol, however, 13C NMR of a solution containing predominantly BL2 and

D-glucitol shows a great number of signals (around § = 64, 72 and 74) in

addition to the six signals of 'free' D-glucitol (Fig. 9).
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Fig. 8. D-Glucitol (L) borate ester formation as function of pH and [L]

(0.1 M H3BO3, D0, 25 °C).
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Fig 9.13¢ NMR spectra of 0.1 M D-glucitol without (A) and in the
presence (B) of 0.025 M H3BO3 (Dp0, pH ~ 6, 25 °C).
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At least four different BL. species are present. D~Glucitol possesses in

)
water a zig-zag structurel? (Fig. 10) in which the 2=, 3- and 4-OH

groups are all in a favourable position for borate ester formation.

P 0 @
- X P
- fiven el
b | [/
T \
—— &
> 4 (e
Fig. 10. Preferred zig-zag conformation of D-glucitol in water.

Therefore, the following six bis(D-glucitol) borates (BLE) are expected
to occur:

bis(D-glucitol) (R)-2,3;2" ,3'-borate (Fig. 11)

bis(D-glucitol) (5)-2,3;

o

. 3l-~horate (Fig=1ily

bis(D-glucitol) (R)-3,4;3",4'-borate
bis(D-glucitol) (5)-3,4;3",4"-borate
bis(D-glucitol) (R)-2,3;3',4'-borate
bis(D-glucitol) ($)-2,3;3',4"'-borate
Hos HO, _CHZ0H
S \. 0 " oH
oH o /’Q{
S \O
/ CH,OH
(e}
HOH,C
R
HO
HOH,C o
OH \é/o
\ 7 D
HOH,C 2

Fig. 11. Bis(D-glucitol (R)- and (8)-2,3;2',3'-borate.
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Interaction of borate anions with D-fructose

At low concentration of D-fructose (Fig. 12; L = 0.01 M) at pH = 12
the 11B NMR results show that 90% of D-fructose is esterified with two
borates as a 5-membered ring ester (35 = -13.01 with an intemsity of 25%
and § = -13.72 with an intensity of 75%). This means that under these
conditions BZLZ_ is the major species present.

Using the 13c MR results!l for the interaction of phenylboronates
with D-fructose, l1-O-methyl-D-fructose and 2-O-methyl-D-fructose, the
13¢ chemical shifts of 1,2;4,5—12 and 2,3;4,5-di-0-isopropylidene—-f-D-
fructopyranose13 and the 3:1 intensity ratio of the llg signals in our
case, we may conclude that the Bsz— ester of D-fructose is an equilib-
rium of two esters: (-D-fructopyranose 1,2;4,5-diborate and 3-D-fructo-

pyranose 2,3;4,5-diborate (Fig. 13).

L=0 01M L=005M L=0-1M>
Q10

conc
M) \\“‘\\o~__<

0.05
BL
o L n 3
5 el
—= pH
L=05M L=1.0M
0.10
conc B
(M)
005
B BL™

Fig. 12. D-Fructose (L) borate ester formation as function of pH and [L]

(0.1 M H3BO3, D0, 25 °C).
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Fig. 13. E-D-Fructopyranose 1,2;4,5-diborate (A) and B-D-fructopyranose
2,3;4,5-diborate (B).

At higher D-fructose/borate ratios (Fig. 125 L > 0.1 M) the picture

further resembles that of D-mannitol and D-glucitol. 11

B NMR (one signal
at & = -9.50) shows that BL; is a spirocyclic 5-membered ring borate
ester. 13¢ MR reveals six new signals (3 doublets, 1 triplet and 2

singulets) in addition to the 18 signals of D-fructose (Fig. 14).

offle
e .
.
|
1 I | I | S
10 100 90 80 70 60
ppm

Fig. 1l4. 13¢ nMr spectrum of 0.1 M D-fructose in the presence of 0.017 M
H3BO3 (Dy0, pH ~ 6, 25 °C).

D-Fructose is present in 4 different forms in water, 4i.e. f-D-fructo-

pyranose, a- and E-D-fructofuranose and the keto form, which could
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interact with borate. Taking into account the relatively high stability

of Cis—l,z—cyclopentanediol borate, the appearance of only one doublet

at low field for C-2 together with a chemical shift of 8-9 ppm for both

c-2 and C-3 reveals that borate ester formation occurs predominantly
—D-fructofuranose. Thus, both bis(B-D-

15) have to be

with the 2- and 3-OH groups of @
fructosefuranose) (R)-— and (95)-2,3;2',3'-borate (Fig.

considered as major BL, species.

5]

Fig. 15. Bis(ﬁ-D—fructofuranose) (R)- and (8)-2,3;2'3"-borate.

o verify this result we have examined the interaction of iso-
i.e. the D-fructo—

In order t
maltulose (6-0—(a—D-glucopyranosyl)—D-fructofuranose,
pyranose form is excluded) with borate under comparable conditions (Fig.

16) . 1lp \MR shows that BL2 is a spirocyclic S-membered ring ester.

L:-001M L0 1M L=05M
010 =
conc B BL;
M)
005
B
B BL”
o
CHENE 0 12 6 SR O
—= pH

Fig. 16. Isomaltulose (L) borate ester formation as function of pH and

{L] (0.1 M H3BO3, D0, 25 °C).

with 13¢ NMR, the addition of borate to a solution of isomaltulose shows

the same phenomena as described above for D-fructose. In addition,

observed borate-induced shifts for isomaltulose and D-fructose agree

quite well (Table II), so that indeed the 2- and 3-OH groups of the £-D-

fructofuranose moiety are involved in borate ester formation.

the
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TABLE IT
Chemical shifts 13c MMR of D-fructose and isomaltulose and of the borate

diesters in water®

D-Fructose Isomaltulose

$ (9 AS ) & Ag

s-Ffll R 8 =

B-Ff BL; 3-Ffl4 BL,
C-1 63.7 65.2 155 63.7 65.1 1.4
-2 102.4 111.6 9.2 102.6 111.5 8.9
G=5 76.4 84.4 8.0 76.3 84.4 8.1
C-4 75.4 78.1 2.7 75.5 78.4 2.9
(o5 81.6 86.2 4.6 81.9 85.7 3.8
c-6 63.3 63.0 =03 68.7 68.4 -0.3

2 0.1 M carbohydrate, 0.015 M boric acid, pH = 6.0, 25 °C.

b : s
In ppm using 0.1 M dioxane as the external reference.
Interaction of borate anions with D-glucose

At low concentration of D-glucose (Fig. 17; L = 0.01 M) at pH = 12
11 z
the B NMR results show that 90% of D-glucose is esterified with two

2= is th j i 11
e major species present. B NMR further

borate anions, Z.2. ByL
shows under these conditions that there are various BL™ species present,
including two different S5-membered ring mono-esters (& = -13.03 with an
intensity of 50% and & = -15.08 with an intensity of 25%) and one
6-membered ring mono-ester (§ = -17.92 with an intensity of 25%).

ik

De Wit and De Bruyn and Anteunis15 postulated that under these

conditions o-D-glucofuranose 1,2;3,5,6-diborate is the structure of the
Bsz_ ester of D-glucose. The three different 11B signals for BZLZ_ in
the ratio 2:1:1 (belonging to a 5-, a 5- and a 6-membered ring, respec—
tively), however, point to an equilibrium of a-D-glucofuranose 1,2;3,5-
diborate and a-D-glucofuranose 1,2;5,6-diborate (Fig. 18).

pe wit!! also found that the borate ester stability for the BZLZ_
species is higher than that of the BL™ species. The fact that D-glucose
is solely present in its pyranose forms together with the observed

' - >
strong interaction' of boron species with cis-1,2-cyclopentanediol mean
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Fig. 17. D-Glucose (L) borate ester formation as function of pH and [L]

(0.1 M H3BO3, Dp0, 25 °C).

o o
A \ O <oH
i
o Ho o o]

il Gl
IB‘OH B=on
OH OH

A 8

Fig. 18.a~D-Glucofuranose 1,2;3,5-diborate (A) and a-D-glucofuranose

1,2;5,6-diborate (B).

that D-glucose has to transform into its furanose forms of which the o-
anomer is by far more suitable for esterification with two boron
species.

At higher D-glucose/borate ratios (Fig. 17; L > 0.5 M) at neutral pH
11B NMR (one signal at 6 = -8.72) points to the formation of a spiro-
cyclic S5-membered ring BL; ester. Unfortunately, due to the low stabi-
lity constant, 130 NMR reveals no clear new signals in addition to the
12 signals of D-glucose. Taking into account the results for D-fructose
and cis-1,2-cyclopentanediol, we propose that the following two bis(D-
glucose) borates occur predominantly: bis(u-D-glucofuranose) (A)- and

(S)-1,2;1",2'-borate (Fig. 19).
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Fig. 19. Bis(a-D-glucofuranose) (R)- and (5)-1,2;1',2'-borate.

of borate in the D-

e hydrogenation

The selectivity for the copper-catalyzed hydrogenation of D-fructose
towards D-mannitol in the presence of borate is initially high (0.90-
0.95), but decreases gradually towards 0.67 at higher conversions, Z.e
the selectivity for D-mannitol formation in the absence of borate
anions. The drop in selectivity is caused by the fact that the overall
borate ester stabilities (Kl * Ky) of D-mannitol, D-glucitol and D-fruc-
tose are more or less the same (Table III) and, consequently, the amount
of bis(D~fructose) borate will progressively diminish upon increasing

conversion.
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TABLE IIIL

. a
Stability constants of a number of carbchydrate/borate esters in water

Carbohydrate Ky Koy Ky % Ko

(1/mol) (1/mol) (12/m012>
D-Mannitol 1060 150 15.9 10%
D-Glucitol 6840 80 54.7 104
D-Glucose 940 3 0.3 10%
D-Fructose 4950 75 87010t
Isomaltulose 3660 160 58.6 10%
6-0-—D-Glucopyranosyl-D-mannitol 1120 310 34.7 IOA
6-0-a~D-Glucopyranosyl-D-glucitol 1300 310 40.3 10%

2 0.1 M boric acid, 0.5 M carbohydrate, pH = 7.0, 25 °C, [BT]/[B] = 8.5

0

Conclusions

Combination of g and 13c mMR is a valuable tool for the elucida-
tion of ester formation between borate and polyhydroxy compounds. Both
the structures and stability constants of the borate esters of D-manni-
tol, D-glucitol, D-fructose and D-glucose have been determined in this
way. The overall stability constant for borate di-esters of D-mannitol,
D-glucitol and D-fructose is about two orders of magnitude higher than
that of D-glucose. D-Mannitol leads to one borate di-ester, D-glucose as
well as D-fructose to two diastereomeric borate di-esters and D-glucitol
to up to six different borate di-esters. The presence of a moiety con-
taining two vicinal secondary hydroxyl groups in a 'cis-like' arrange-

ment is most favourable for borate ester formation.
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5. GLUCOSE ISOMERASE AND ITS BEHAVIOUR UNDER HYDROGENATION CONDITIONS®

Introduction

The reaction conditions of the simultaneous enzymatic interconver-—
sion D-glucose == D-fructose and the preferential hydrogenation of
D-fructose, as a novel dual catalytic approach towards the preparation
of D—mannitoll’z, will be largely determined by the biocatalyst. In
general, glucose isomerase from various sources requires for its cata-
lytic action: (i) a divalent cation such as Mg(II), Co(II), or Mn(II)3,
(ii) a pH in the range of 6.5-8.5, and (iii) a temperature in the range
of 40-90 °C. In addition, it is known that the catalytic effect of glu-
cose isomerase is inhibited by Cu(II), Hg(II), Ni(II), Ag(I) and to some
extent by Ca(II), D-xylitol, D-mannitol and D—glucitola. In this chapter
first a literature survey is given of the history of glucose isomerase,
its mechanism of isomerization and the properties of commercially avail-
able immobilized glucose isomerases. Subsequently, experiments are
described in which glucose isomerase is subjected to various reaction
conditions. This to establish the limitations in reaction conditions of

the above-mentioned 'combi-process'.

Literature survey of glucose isomerase

History

During the early 1950's, several monosaccharide isomerizing enzymes

were observed in animal tissues and bacteria. A significant discovery of

*
Accepted for publication in 'Starch'.
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Marshall and Kooi® was the observation that the enzyme 'xylose isomer-—
ase' from Pseudomonas hydrophila, which interconverts D-xylose and
D-xylulose, also isomerizes D-glucose to D-fructose. However, from the
required presence of arsenate in the reaction mixture for obtaining a
proper D-glucose == D-fructose conversion as well as from the ability
to isomerize D-glucose-6-phosphate into D-fructose-6-phosphate in the
absence of arsenate, it was concluded that this enzyme was a D-glucose—
6-phosphate isomerase (E.C. 5.3.1.9; D-glucose-6-phosphate ketol isomer-—
ase)s. This fact, and the fact that the formation of xylose isomerase
was absolutely dependent on the presence of D-xylose in the growth
medium meant that this enzyme could not be exploited commercially. Since
then a great number of other glucose isomerases (D-xylose ketol isomer-—
ase; E.C. 5.3.1.5), which do not need arsenate in the reaction mixture
for the interconversion of D-glucose and D-fructose, have been discov-
ered. In particular, glucose isomerases derived from Lactobacillus sp.,
Streptomyces sp., Actinoplanes missouriensis, Bacillus coagulans and
Arthrobacter sp., have been investigated. Most of these bioorganisms use
relatively inexpensive carbon sources such as heet molasses, wheat bran
or corn starch in their growth medium. The production, extraction and
purification of glucose isomerases from these sources have been

reviewed7’8'9.
Glucose isomerase and its mechanism of isomerization

The molecular weight of the different glucose isomerases varies from

52.000 for species from Streptomyces bikiniesis!® to as high as 190.000

for species from Lactobacillus breviell. Treatment of various glucose

isomerases with guanidine.HCl shows that the enzyme may be considered,
as a rough approximation, to be built up by one to four subunits with a
molecular weight of 40.000 - 50.00010’12’13’14. The isolated subunits

derived from Streptomyces olivochvomogeneslo,

14

Streptomyces griseo-
fuscus and Bacillus strearothermophiles!® possess, however, no iso-
merizing properties. Furthermore, the amino acid composition of Strep-
tomyces albus'? and Bacillus coagulan.5‘13 is completely different from
each other, although the molecular weight of the isolated subunit of
both enzymes lies in the range of 40.000 - 45.000. These similar, or
maybe identical, subunits are associated by non-covalent bonds. Dimeric
species are obtained from Actinoplanes missouriensisl® (MW = 80.000)

whereas tetrameric species occur in Streptomyces albus'? (MW = 157.000)
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and Bacillus coagulansl3 (MW = 163.000). At present, it is not obvious
whether such subunit combinations count for more than one active site.
Glucose isomerase requires Mg(II), Co(II), Mn(II) or a combination
thereof for its catalytic activity as well as for its protection against
heat denaturation. Studies of the mechanism of the reaction catalyzed by

glucose isomerases derived from Lactobacillus brevis and Streptomyces

species indicate that there is a binding of Mn(II) at the active site of
the enzymel6. Both Mg(II) and Co(II) are found to be of importance in
order to obtain a high activity of glucose isomerase from Actinoplanes
missouriensis: Mg(II) proves to be essential for the enzyme, whereas
Co(II) further enhances the activityl7. For glucose isomerase obtained
from Streptomyces phaechromogenes the optimum temperature is raised from
80 °C to 90 °C when Co(II) is added to the Mg(II)-containing solutionlg.
On the other hand, for a glucose isomerase species derived from Bacillus
coagulans Co(II) is essential for the enzyme, whereas Mg(II) further
enhances the activit‘]lg. Since Co(I1) is not allowed in the final prod-
uct, the practical use of glucose isomerases is restricted to those
enzyme preparations which are active and stable in the presence of only
Mg(II). Relative high Mg(II) concentrations (107 = 1072 M) are applied.
At Mg(1I) concentrations » 1072 M the enzyme activity of Actinoplanes
missouriensis was not further enhancedlE. As extra addition of Mg(II)
results in higher costs for both the isomerization process and the puri-
fication procedure, the ultimate choice of Mg(II) concentration will be
a compromise between these additional expenses and profits by enhanced
enzymatic activity and enzyme half lifetime.

Various carbohydrates and related compounds have been examined as
the reactant for the enzyme. In addition to D-glucose and D-xylose, also
D-ribose, L-arabinose, D-allose and D-galactose are isomerized by glu-
cose isomerase with a measurable rate. These sugars have in common the
presence of a Cj-a-pyranose structure and an equatorial hydroxyl group
at C-2. When the 3-0OH and 4-OH groups are in an equatorial position, as
in the case for D-glucose and D-xylose, relatively high isomerization

rates are observed as shown in Table 117’20.
It has been indeed demonstrated by Iy WR and 13C NMR that glucose

21

iomerase is specific for the a-pyranose form of D-xylose and D-glu-

cosezz. The enzymatic isomerization of D-xylose to D-xylulose and of

D-glucose to D-fructose involves a 1,2-proton shift without exchange

with the Solvent21’22. The proposed mechanism suggests that a metal ion
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TABLE I

Reactant specificity of glucose isomerase from Actinoplanes missourien-
aisa’n

Reactant Relative initial rate of ketose formation (mol/h)b
D-Glucose 0.325

D-Galactose 0.015

D-Mannose 0.000

D-Xylose 0.158

D-Ribose 0.052

D-Arabinosz 0.000

1 M reactant; 3.107° M Mg(II); 3.107% M Co(II); pH = 7.5; 75 ‘C.

b Amount of enzyme - (not specified) was kept constant.

participates in the binding of the reactant at the active site of the
enzyme through a metal-bridge complex. The enzyme-bound metal ion is
believed to coordinate bidentately with the 1- and 2-OH groups of the
o —-pyranose form of D-glucose and D-xylose, thus facilitating proton

removal at C-2 by a basic group of the enzyme. This leads to the forma-

25

tion of a cis-enediol intermediate with subsequent transfer of the

same proton from the enzyme to C-1. It is generally assumed that the

7,22,23

B-D-fructofuranose structure is formed initially Critical exam—

ination of molecular models, however, shows that initial a-D-fructofura-

nose formation would be expected from the cis—enediol intermediate. This

was experimentally established by the enzymatic isomerization of 1—13C—
°C26. The initial ratio of a-D-fructofuranose/g-D-fruc-—
13

D-glucose at 66

tofuranose proved to be about 1.0 as determined by C NMR, which is
substantially higher than the equilibrium value (0.3) under the same
conditions. The mechanism of the interconversion of D-glucose and

D-fructose is illustrated in Fig. 126.

Using the principle of the least
molecular motion, attack of 0-5 of the c¢is-enediol intermediate, which
will be accompanied by hydrogen addition, will give either o -D-gluco-—
pyranose or a-D-fructofuranose.

22 of the stereo-

This mechanism fully explains the observations
specific (S$)- and (R)—I—ZH—D—fructose formation upon enzymatic isomer-—
ization of 1- and Z—ZH—D—glucose, respectively. The suggestions made by

Lagz16 et aZ.27 that the acyclic form is the reactive species for the

==

a-D-glucopyranose cis-enediol Intermediate a-D-fructofuranose

Fig. 1. Mechanism of the interconversion of D-glucose and D-fructose by

the enzyme glucose isomerase (E.C. 5.3.1.5)26.

enzyme glucose isomerase, are not consistent with other studies and our
observations.
The isomerization of D-glucose to D-fructose is reversible. The

equilibrium constant

(7],

K = = 1.
[—G]—G—IOO

at 58 °C and has been reported to increase by 0.08 unit for each rise in

temperature of 10 225,
Commercially available immobilized glucose isomerases

Glucose isomerase, nowadays one of the most important enzymes for
industrial use, has received extensive attention during the past decade.
Since the isomerization of D-glucose to D-fructose is a simple reaction,
i.2. (i) the reactant is a relatively small molecule, (ii) no pH-change,
(iii) no reactant inhibition, and (iv) no cofactors required, it was
readily achieved to use immobilized glucose isomerase in a continuous
flow reactor. The use of immobilized glucose isomerase in this way has
great advantages over the use of soluble glucose isomerase, since the
product formation can be controlled more strictly and the separation of
the enzyme from the reaction mixture is simple. In our approach of com-
bined action of glucose isomerase with a hydrogenation catalyst in order

to convert D-glucose or D-glucose/D-fructose mixtures into D-mannitol,




immobilization of the enzyme is required in order to prevent serious
poisoning of the two catalyst systems. Despite of the fact that a number
of accounts regarding the preparation and characterization of immobi-
lized glucose isomerase have been published, only two enzyme manufac-
tures, NOVO Industri A.S., Bagsvaerds, Denmark and Gist Brocades N.V.,
Delft, The Netherlands, have been successfully so far in producing
immobilized glucose isomerase at a large scale for the isomerization of
starch based glucose syrupsg. Both enzyme products consist of immobi-
lized cell material containing glucose isomerase. In addition, Miles
Kali-Chemie GmbH & Co Kg, Hannover, West Germany, has developed a ouri-
fied enzyme system anchored onto a silica support, which has become

commercially available quite recently.
Properties of immobilized glucose isomerases

A summary of the properties of these immobilized enzyme systems,
together with their sources and immobilizatjon methods, is given in
Table II.

The effect of pH on the initial activity and the stability of
Maxazyme GI-Immob., Sweetzyme Q and, as far as known, Optisweet 22 is
illustrated in Figs. 2 and 329_31. As a compromise between activity and
stability of the enzyme, a pH of 7-8 should be preferentially chosen. In
order to fulfil this pH demand during the simultaneous enzymatic isome-
rization and hydrogenation of invert sugar the use of a small amount of

solid CaCO3 as the buffer would seem convenient to protect the system

rel initial activity (%)

6 7 8 9 10

—=pH

Fig. 2. The influence of pH on the initial activity of immobilized glu-
cose isomerasezg’BO.

( ), Sweetzyme Q; (~—--), Maxazyme GI-Immob.
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TABLE IT
Summary of data and properties of commercially available immobilized glucose isomerase
Trade name Ma_xazymc GI-Immob.29 Sweetzyme (,}30’34 Optisweet 2231
Company Gist Brocades NOVO Industri Miles Kali-Chemie
Enzyme source Actinoplanes3s Bacillus coagulans3®  Streptomyces
missouriensis ribiginosus
Immobilization Whole cells, Whole cells33, Purified enzyme
method entrapped32 in gelatin, cross-linked with covalently bouné
cross-linked with glutardialdehyde on silica
glutardialdehyde
Performance Wet spherical particles Granulated dried Suspension of
cylindrical particles spherical particles
Reactant (reported) D-Xylose, D—Ribosel7, D—Xylose1v13, D-Glucose
D-Allose, D-Galactose, D-Ribose, D-Glucose
D-Glucose
T (max. activity) 90 °cl7,32 83 °¢30 —=
T (recommended) 60 °c29 60 °c>0 60 °C
pH-range 6-929 5-930 =
pH (recommended) 7.529 8.230 7ES
Cation requirement 3.1073 M Mg(11)29 4.107% M M 34 -3
e . M Mg(II) 5.1073 M Mg(1II)
Inhibitors Ag(T), Ni(II1)29, Cu(II), Ni(II)34, Ca(11)
(reported) Hg(II), Al(III), Ca( TN Zn( L)
Fe(II), zn(II), Ca(II) Ba(II), Hg(II), As(IL)
Half lifetime (at 1300 129 o
0 1050 h
recommended : o
conditions)
Productivity at 243029 143034 13000

half lifetime (kg
dry product/kg dry
€nzyme preparation)

Molecular weight 80.00015 100.000 160.000 |
Enzyme content of 6-7% 12% 7-87 |
€nzyme preparation - :

Activit 0.044

(mol‘h_{_g‘l)a 0.116 0.617 |
Apparent turn over 50 30 360

number (3‘1>b ‘

a

fee t)gxpgrlmental part, section procedure and calculation. 0.617 M D-glucose; 1.0 g|

N Nilmg ilized glucose isomerase; 1072 Mg(I1); 107" M Ca(I1); 70.2 °Cy pR = 7.1; I:{O. ‘L

caTciiasz ?—glucose molecules, which are converted per molecule enzyme per second as
e rom enzyme activity, the enzyme content of the i il i

st Es = S e immobilized glucose isomerase
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Fig. 3. The influence of pH on the stability of immobilized glucose iso-

merase, regarding half-lifetime?? 31,

(
Optisweet 22.

), Sweetzyme Q; (----), Maxazyme GI-Immob.; (o-.-0),

against trace amounts of acidic degradation products formed. The possi-
bility of some inhibitory effect by Ca(II), however, should be envis-—
aged.

The influence of temperature on both the initial activity and the
half lifetime of Maxazyme GI-Immob., Sweetzyme Q and, as far as known,
9,17,29-32

Optisweet 22 is shown in Figs. 4 and 5 The temperature to

achieve maximum activity is somewhat higher for Maxazyme GI-Immob.
(90 "C)32 than for Sweetzyme Q (83 °C)30. The influence of temperature
on the half lifetime for both enzymes is more or less the same. Although

the choice of temperature is a compromise between the activity and life

rel initial activity (%)

Fig. 4. The influence of temperature on the initial activity of immo-

bilized glucose isomerase17 ,30,32 .

(

), Sweetzyme Q; (----), Maxazyme GI-Immob.

= A=

halflife time (h)
1500 |-

1000 —

90

—eT(°C)

Fig. 5. The influence of temperature on the stability of immobilized

glucose isomerase, regarding half-lifetimeg’3o’31.
(——), Sweetzyme Q; (--~-), Maxazyme GI-Immob.; (o), Optisweet
22

time that is required, the region will be limited from 55-75 °C. For the
present combi-process a relatively high temperature (70 °C) has been
chosen in order to retain for an acceptable hydrogenation activity of
the metal catalyst.

Apart from pH and temperature, the hydrogenation reaction requires
conditions which will largely deviate from those for the production of
high fructose corn syrups. Therefore, the influence of hydrogen pres-
sure, Mg(II), Ca(II), transition metal ions, borate (used as an addi-
tive) and hydrogenation products (D-glucitol and D-mannitol) on the
activity of immobilized glucose isomerase has been investigated. Maxa-—
zyme GI-Immob. and Sweetzyme Q have been taken as examples of immobi-
lized cells, Optisweet 22 as an example of an immobilized isolated

enzyme species. The results of this study are given in this chapter.
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Experimental

Materials

Maxazyme GI-Immob., Sweetzyme Q and Optisweet 22 were gifts from
Gist Brocades N.V., NOVO Industri A.S. and Miles Kali-Chemie K.G.,
respectively. D-Glucose, D-fructose, D-mannitol, D-glucitol, calcium
carbonate, calcium chloride and sodium tetraborate were supplied by
Merck. Copper nitrate, magnesium sulfate, magnesium chloride and nickel

nitrate were obtained from Baker, ruthenium trichloride from Alfa.

Apparatus

The activity experiments were carried out in a 150 ml vessel equip-—
ped with a pH-electrode (Broadly James Corp. 9093-HT 3) connected to a
pH-meter (Metrohm, 632), a dosimat (Metrohm, E 535) and a magnetic
stirrer. The pH was kept constant at 7.1 with an impulsomat (Metrohm,
614). The reaction vessel was equipped with a thermostat jacket and was

keptaat 70,28 +10.2 5C.
Procedure

The immobilized glucose isomerase (1.000 g), 90 ml of deionized
water and the selected additive(s) were placed in the reaction vessel.
After one hour incubation 10.000 g of D-glucose was added. The conver-—
sion was followed by taking samples of 0.l ml at suitable intervals and
analyzing the samples by means of high performance liquid chromatography
(HELC).

Analysis method

The HPLC system consisted of an M 6000 A pump (Waters Assoc.), a
Rheodyne 7125 injector, an R 401 differential refractometer (Waters
Assoc.), an SP 4100 integrator (Spectro Physics) and a cation-exchange
resin column. Chromatographic conditions: column dimensions: 30 cm * 7.0
mm ID; Aminex A 7 87 cross-linked resin (7-11 pm) in the Ca(II)-form;
temperature: 85 °C; flow rate: 0.6 ml/min; eluent: degassed and deion-
ized Hy0. The chromatographic procedure is described in more detail

elsewhere37 .
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Caleulation of enayme activity

The enzymatic interconversion

k k
1
D-glucose ?2 D-fructose (G %z F)
may be expressed as
d [G] d [F
e e {6l - k,w [F]
with [G] = [G], and [F] = [Flo at t = =, whereas [G] = [Gl, and [F] = O
at t = 0 if the experiment is started with D-glucose as the reactant,

and w = weight of enzyme preparation in 8. Using the mass balance
Gl - = =
(61~ 16l = [¥]

we get as the kinetic expression

d [G
——d£—‘]—= (kl + kz) w [G] - kzw [G]D

or, in the integrated form,

K [G]0 =
== = klw (@l =p JARE
(K + 1) [6] - (61,

e

[F]
. *

th =
wi K 4

k

2 S

= STwos the equilibrium constant.

e 3

The rate constant k1 is calculated by means of this integrated form of
the kinetic expression, using the least squares method.

The activity of immobilized glucose isomerase is defined as the

initial rate

= u(i].)
dt

= klw [G]0 at [G]0 = 0.617 (= 10% w/w)

as obtained from the experimental data by extrapolation to t = O,
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Results and discussion

D-Glucose/D-fructose equilibrium constant

In order to calculate the rate constant kl we have to know the

equilibrium constant

under the conditions used. Therefore, the equilibrium concentration
ratios of D-glucose and D-fructose have been determined in the total
concentration range of 0.3 - 2.2 M using Maxazyme GI~Immob., Sweetzyme Q

and Optisweet 22 (Table III).

TABLE III
Equilibrium constant K* at different total D-glucose/D-fructose concen~
tration® ¢
Total concentration K%t
)
0.278 1.110
0.555 1.109
0.617 1107
0.833 1.114
1.111 1.104
1.667 1.104
2227 1.105
2 1.00 g enzyme; Ve, = 100 ml; Hy0; pH = 7.1; T = 70.2 °C; 1072 M

Mg(II).

The data show that in the equilibrium constant K* is independent of the
*

total D-glucose/D-fructose concentratio. This allowed the use of K =

1.107 throughout the calculation of the activity of immobilized glucose

isomerase at 70 °C.
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Hydrogen pressure

Since the hydrogenation of invert sugar takes place under hydrogen
pressure, its influence on the activity of Maxazyme GI-Immob. has been
examined. The curves of the conversion of D-glucose towards D-fructose
as a function of time at different hydrogen pressures are presented in
Fig. 6. It was found that in the pressure range of 1-75 kg/cm2 the
hydrogen pressure has no influence on the activity of Maxazyme GI-Immob.
In the course of our work another example of the influence of Hy-pres—
sure was reported for the enzymes w-amylase and E\‘amylaSQBB. Here both
the presence of hydrogen and high pressure caused a slight decrease in

the activity of a-amylase and f-amylase.

production of D-fructose (%]

Fig. 6. The influence of hydrogen pressure on the activity of Maxazyme
GI-Tmmob.
0.617 M D-glucose, 1.0 g Maxazyme GI-Immob., 1072 Mg(ID), 1074
RECAGUDIEETI0) 2 e i =k ks HyO0. Blank (1), Py, 1 (2), 10 (3),
25 (4), 40 (5), 50 (6) and 75 (7) kg/cm?.

The influence of Mg(II) and Ca(II)

Extraction of Optisweet 22 with EDTA shows that glucose isomerase
contains Mg(II) and trace amounts Co(II) and Mn(II) (Table IV). The
value of 6.8 ppm Mg(II) corresponds with about 6 atoms Mg(II) per enzyme
molecule (MW = 160.000), Z.e. at least one Mg(II) per subunit. Although
the coordination between Mg(II) and the enzyme[‘o will be much stronger
than the coordination between Mg(II) and invert sugar (1l:1 D-glucose/D-
fructose mixture)l‘é, substantial accumulation of Mg(II) in solution

occurs at high invert sugar concentrations (Table IV).
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The observed Mg(II) extraction of the enzyme by aqueous invert sugar
explains the requirement of the use of Mg(II)-containing D-glucose corn
syrups in order to maintain full enzyme activityls’”.

Another metal ion that plays an important role in the production of
high D-fructose corn syrups is Ca(II). For the production of D-glucose
syrups two types of enzymes (u-amylase for the liquefaction of starch
into dextrins and amyloglucosidase for the saccharification of dextrins
into D-glucose) are used in the industrial starch degradation. c—Amylase
requires calcium metallo-enzyme: the addition of Ca(II) or the use of

tap water has an activating and stabilizing influence.

TABLE IV

Extraction of metal ions from Optisweet 207

Medium pH Metal ion concentration in solution
(ppm)
Mg(11) Co(ID) Mn(TT)
Water 7.0 0.2
Invert sugar in water, 1074 M 750 0.2
Invert sugar in water, 1073 u 7.:0 02
Invert sugar in water, 1072 M 7.0 0.2
Invert sugar in water, 1071 i 75 0.6
Invert sugar in water, 1 M 750 2.8
Invert sugar in water, 3 M 7D 4.2
EDTA in water, 1 M 1055) 6.8 (0)55) 0.1

2 5.0 g Optisweet 22; 50 ml solution; 20 °C; 1 h.

Calcium, however, has to be removed from D-glucose syrups thus
obtained, since it has been shown to act as an inhibitor for glucose
isomeraseBz.

The inhibitory effect will be due to exchange of Mg(II) by Ca(II)
at the active centre of the enzyme, as clearly demonstrated by the
strong accumulation of Mg(II) in solution when Ca(II) is added to a
suspension of Optisweet 22 in water (Table V). The complete deactiva-
tion of the enzyme, Optisweet 22, even at low Ca(II)-Mg(II) exchange,
is noteworthy. Exchange of Mg(II) for Ca(II) at one of the four sub-
units is perhaps sufficient to inhibit the enzyme action.

The effect of Mg(II) and Ca(II) on the activity of Maxazyme

GI-Immob. 1is given in Table VI. Mg(II) enhances the activity of the
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TABLE V

Influence of Ca(II) on the activity® of and the extraction of Mg(II)b
from Optisweet 22.

Ca(II) Mg(1I) Activity® Rel. activity
(ppm) (added) (ppm) (found) (mol.h_lg_l) (%)
= 0.5 0.131 100
12 2.7 0 0
60 4e2 0 0
400 6.6 0 0
4000 6.8 0 0

2 0.617 M D-glucose; 1.0 g Optisweet 22; 70.2 °C; pH = 7.1; H,0.
b 5.0 g Optisweet 22; 50 ml Hy0; 20 °C; pH = 7.15 1 h.
C Activity, defined in experimental part, section calculation of

enzyme activity.

TABLE VI

Influence of Mg(II) and Ca(II) on the activity of Maxazyme GI-Immob.2

Additive Concentration Activity Rel. activity
o0 (mol.hlg™1) 1¢3)
- — 0.046 100
MgS0y, 1073 0.048 104
MgS0, 105 0.059 128
MgCl, 1052 0.060 130
cacl, 1074 0.034 74
cacl, 1073 0.015 33
caCl, 5 e 0.010 22
cacl, 102 0.007 15
CaCl, Jogt 0.003 6
NaCl g 0.044 96

2 0.617 M D-Glucose; 1.0 g Maxazyme GI-Immob.; 70.2 °C; pH = 7.1;
H 02
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enzyme, whereas Ca(II) causes a strong decrease in activity. However,
the glucose isomerase in its cellular environment and encapsulated in
a gelatin-glutardialdehyde matrix (Maxazyme GI-Immob.) proves to be
much better protected against Ca(II) than the isolated glucose iso-
merase attached to silica (Optisweet 22).

Simultaneous enzymatic interconversion and hydrogenation of
D-glucose/D-fructose mixtures will be accompanied with the formation
of small quantities of acidic degradation products, resulting in a
decrease of pH. In order to keep the pH at the required level during
the hydrogenation in the autoclave, as a prerequisite for optimam
activity of the enzyme and for the protection of the hydrogenation
catalyst, a small amount of solid CaCOj as an inexpensive buffer is
added. Although the solubility of CaCOj as such in water at ZO==G=ds
rather low (~ 10_A M), trace amounts of acidic degradation products
formed will increase the Ca(II) concentration to 10_3 M as determined
with A.A.S. With Maxazyme GI-Immob. the use of CaCOy as a buffer is
just acceptable, whereas for Optisweet 22 this ‘will be not.

Fortunately, the inhibitory effect of Ca(II) can be Ilargely
overcome by extra addition of Mg(II) as shown in Table VII and Fig. 7
for Maxazyme GI-Immob. A similar reactivating effect of Mg(II) is
observed for Optisweet 22 (restore of activity in the presence of
107% M Ga(II) by addition of 1072 M Mg(II)).

TABLE VII

Influence of CaCO3 on the activity of Maxazyme GI-Immob.?

Additive Concentration (M) Activity Rel. activity
Ca(1I1) Mg(II) (mol.n71g™hy %)
- — 0.046 100
CaCo, on 0.034 74
CaCo, HgSO, R 0.036 78
cacos MgSo, 107 1073 0.036 78
CaCo; MgSOy 105 SRS R 0 0.039 85
CaCo3 MgSOy 1074 105 0.044 96
CaCl, MgSO, 105 1072 0.037 80
CaCl, Mgso, 5 1072 i 0.019 42

2 0,309 M D-glucose; 1.0 g Maxazyme GI-Immob.; 70.2 °C; pH = 7.1;

HZO.
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“["production of D-fructose (%)

oo |

Fig. 7. The influence of CaC03 on the activity of Maxazyme GI-Immob.
0.307 M D-glucose, 1.0 g Maxazyme GI-Immob., 70.2 °C, pH =
7.1, H0. (1), blank; (2), 107% ¥ cacoy; (3), 107 M cacos +
5.107% o Mgso,; (4), 107% M Cacoy + 1073 M MgS0,; (5), 1074 M
CaC03 + 5.1073 M MgS0,; (6), 1074 u CaCO4 + 1072y MgS0y .

The influences of some transition metal ione

During the hydrogenation reaction trace amounts of cations can be
stripped off from the hydrogenation catalysts, which are generally
not quantitatively reduced to metal(0). For instance, the hydrogena-
tion of 60 g D-glucose/D-fructose mixture with 2 g 20% Cu/Si0, in 200
ml HpO at 70 °C initially resulted in a concentration of 15 ppm
Cu(II) in solution, as determined by A.A.S. Upon further hydrogena-—
tion the amount of Cu(II) in solution was gradually reduced to 1-2
ppm. In this respect, the influence of trace amounts Cu(II), Ni(II)
and Ru(III) on the activities of immobilized glucose isomerases has
been investigated.

Cu(II) and in particular Ni(II) cause a decrease in the activity
of Maxazyme GI-Immob., whereas Ru(III) surprisingly enhances the
enzyme activity (Table VIII, Figs. 8, 9 and 10). Optisweet 22 proves
to be extremely sensitive to trace amounts of Ni(II) and especially
Cu(II), whereas Ru(III) has no effect on the activity of Optisweet 22
(Table IX, Figs. 11 and 12). As shown above for Ca(II), the glucose
isomerase in Maxazyme GI-Immob. is apparently much better protected
against metal ion poisoning because it is present in whole cells
entrapped in a gelatin-glutardialdehyde matrix. The following experi-

ments showed that adsorption/complexation of Cu(II) at the gelatin-—
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TABLE VIII
Influence of transition metal ions on the activity of Maxazyme GI-
Immob.?
Additive Concentration Activity Rel. activity
) (ppm) (mol.h71g™1y €3}
= 0.046 100
Cu(TI) ot TlT 9 0.031 67
Cu(II) QTR0 26 0.031 67
Cu(TII) 14.5 1074 93 0.023 50
Ni(II) (71054 7 0.030 65
Ni(II) w90 il et 71 0.017 37
Ni(II) 00RI0R+ 587 0.009 20
Ru(III) 0.8 1074 8 0.053* 115
Ru(III) DhE e 23 0.069 150
Ru( III) 19.8 1074 200 0.050 108
a

0.617 M D-glucose; 1.0 g Maxazyme GI-Immob.; 70.2 °C; pH = 7.1;
Hp0.

production of D-fructose (%)

Fig. 8. The influence of Cu(II) on the activity of Maxazyme GI-Immob.
0.617 M D-glucose, 1.0 g Maxazyme GI-Immob., 70.2 °C, pH =
7.1, Hp0. (1), blank; (2), 9 ppm Cu(II); (3), 26 ppm Cu(II);
(4), 93 ppm Cu(II).

9=

60

production of O-fructose (%)

Fig. 9. The influence of Ni(II) on the activity of Maxazyme GI-Immob.
0.617 M D-glucose, 1.0 g Maxazyme GI-TImmob., 70.2 °C, pH =
71, Hp0. (1), blank; (2), 7 ppm NLCTL): (3), 71 ppm Ni(II);
(4), 587 ppm Ni(II).

production of D-fructose (%)

Fig. 10.The influence of Ru(III) on the activity of Maxazyme GI-
Immob.
0.617 M D-glucose, 1.0 g Maxazyme GI~Immob., 70.2 °C, pH =
7.1, Bs0. (1), blank; £2), 8 ppm Ru(ITD): (3), 23 ppm
Ru(III); (4), 200 ppm Ru(III).

glutardialdehyde matrix is responsible for this phenomenon: addition
of 2.0 g gelatin-glutardialdehyde matrix (prepared according to the
1iterature9) to an aqueous solution (50 ml) containing 60 ppm Cu(II)
diminished the Cu(II) concentration to 30 ppm. Similar differences in

metal ion inhibition has been observed by Kasumi et aZ.39 between
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TABLE IX

Influence of transition metal ions on the activity of Optisweet 222

Additive Concentration Activity Rel. activity
() (ppm) (mol.n~lg™1) (%)
- = 0.617 100
Cu(11) 3 1074 19 - 0
Cu(11) 3 105 19 0.268 43
+ EDTA a0t 12
= 0.617 100
Ni(ID) 3.4 1074 20 0.092 15
Ni(II) 3.4 cl05s 20 0.268 43
+ EDTA Lo ES e
= 0.617 ° 100
Ru(rrees S8 on' 25 0.569 92

2 0.617 M D-glucose; 1.0 g Optisweet 22; 1072 M Mg(II); 1074 M

Ca(II); 70.2 °C; pH = 7.1; HyO.

60
production of D-fructose (%)

Fig. 11.The influence of Cu(II) on the activity of Optisweet 22.
0.619 M D-glucose, 1.0 g Optisweet 22, 1072 M Mg(IT), 10~% M
Ca(ITRE70-2¢C ¥pH = 7.1 ,#H,0.

(1), blank; (2), 19 ppm Cu(II); (3), 19 ppm Cu(II) + 112 ppm
EDTA.

~83~

Fig. 12.The influence of Ni(II) on the activity of Optisweet 22.
0.617 M D-glucose, 1.0 g Optisweet 22, 1072 M Mg(TIT), 1074 M
Ca(II), 70.2 °C, pH = 7.1, H,0.
(1) Blank; (2), 20 ppm Ni(II); (3), 20 ppm Ni(II) + 127 ppm
EDTA.

non-immobilized glucose isomerase and glucose isomerase immobilized
in a chitosan matrix.

The strong inhibition of Cu(II) and Ni(II) on Optisweet 22 can be
largely counteracted by the addition of equimolar amounts of EDTA as
shown in Table IX and Figs. 11 and 12. Since the coordination of both
Cu(II) and Ni(II) with EDTA is about 1010 times stronger than that of
Ca(II) and Mg(II)l‘O, the trace amounts of Cu(II) and Ni(II) present
(~ 15 ppm) are still selectively coordinated, even in the presence of
relatively high Mg(II) concentrations.

It cannot yet be decided whether an exchange of cations at the
active site of the enzyme or a change in the conformation, brought
about by cation coordination near the active site of the enzyme, is
responsible for a decrease in enzyme activity in the case of Ca(1I),
Ni(II) and Cu(II). The combination of cation exchange at the active
center with a change in the conformation of the enzyme, adsorption/
complexation of cations on the carrier matrix, the rate of diffusion
of cations and the possible strong coordination of substrate with the
cation in the active center of the enzyme should also be taken in
account. A full explanation of the influences of cations on the
activity of immobilized glucose isomerase lies beyond the scope of

this chapter.
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Borates as additive

The D-glucose =—= D-fructose equilibrium prohibits D-glucose con-
version of more than ~ 50%. The addition of stoichiometric amounts of
borates“>42 or germanateslﬁﬁz'z‘, however, has been found to increase
the D-glucose conversion substantially (up to 90%). This phenomenon
is due to selective complexation of D-fructose with these anions.
Such an approach is considered to be rather inconvenient for the com-
bined hydrogenation-isomerization process since (i) the removal of
these additives from the reaction products is cumbersome and (ii) the
strong complexation of the hydrogenation products D-mannitol and
D-glucitol with these anions would require more than stoichiometric
amounts of such additives. On the other hand the selectivity of the
formation of D-mannitol from D-fructose by hydrogenation over Cu/SiOz
is enhanced by adding catalytic amounts of borates to the reaction

mixcure[*5 »46 .

Therefore, this effect of borate addition is of direct
importance for an increased overall yield of' D-mannitol and has not
the disadvantages as mentioned above. Furthermore, small amounts of
borates as such and of borates in the presence of Mg(II) and Ca(II)
have negligible effects on the activity of Maxazyme GI-Immob. as

shown in Table X.

TABLE X

Influence of borates on the activity of Maxazyme GI-Immob.?

Additive Concentration Activity Rel. activity

(M) (mol.h‘lg_l) (%)
== - 0.046 100
Borate 5 0w 0.046 100
Borate 1073 0.046 100
Borate 7105 0.046 100
Borate 5 1073 0.046 100
Borate g 1073 0.046 100
Borate 31032 0.031 67
Borate + Mg(II) 5 1073 + 1072 0.063 137
Horte b (s i 05 R 0.043 94
+ ca(II) S lon:

a8 0.617 M D-glucose; 1.0 g Maxazyme GI-Immob.; 70.2 °C; pH = 7.1,

HZO.
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The influence of sugar alcohols

During the hydrogenation of invert sugar D-mannitol and D-gluci-
tol are produced in increasing amounts. The effects of these alditols
and two model compounds on the activity of Optisweet 22 are summa-—
rized in Table XI. The inhibiting effect of D-mannitol, 2-deoxy~D-
glucose and 2-deoxy-D-glucitol is very small, whereas that of D-glu-

citol proves to be substantial. Similar observations were made by

TABLE XI

Influence of D-glucitol and D-mannitol on the activity of Optisweet
2028

Additive Concentration Molar ratio Activity Rel. activity
(M) (polyol/D- (mol.h_lg_l) (%)
glucose)
= 0.617 100
D-Glucitol Q1D 0.2 0.342 55
D-Glucitol 0.31 0.5 0.284 46
D-Glucitol 0.61 il 0.213 35
D-Glucitol 1.20 2 0.163 26
= 0.617 100
D-Mannitol 012 0.2 0.521 84
D-Mannitol 0%31: 0.5 0.521 84
D-Mannitol 0.61 i 0.498 81
D-Mannitol 15220 2 0.475 77
2-Deoxy-D- 0212 0.2 0.613 99
glucose
2-Deoxy-D- 0.12 0.2 0.605 98
glucitol

® 0.617 M D-glucose; 1.0 g Optisweet 22; 1072 M Mg(II); 10~% M
Ca (SRR (1152 555 G pHe 887 ] » Hy0.
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Fig. 13. D-Glucitol can mimic the D-glucose-enzyme complex.

Fig. l4. D-Mannitol cannot mimic the D-glucose-enzyme complex.

Scallet et al.17 for the effects of sugars and sugar alcohols on the
isomerase activity of Actinoplanes missouriensis. Apparently, D-glu-
citol may mimic a D-glucose (or D-fructose) molecule quite effective-
ly: both size and Mg(II) coordination fulfil the conditions of the
active site of the enzyme species. D-Glucitol in a pseudo-cyclic bent
conformation indeed closely resembles the geometry of D-glucose, as
depicted in Fig. 13. On the contrary, D-mannitol, 2-deoxy-D-glucose
and 2-deoxy-D-glucitol are not able to mimic the D-glucose geometry.
For D-mannitol the 2-OH is in the wrong ('axial') position (Fig. 14),
which is consistent with the fact that glucose isomerase is unable to
isomerize D-mannose and D-arabinose (Table I). For 2-deoxy-D-glucose
and 2-deoxy-D-glucitol the absence of the 'equatorial' 2-OH prohibits
bidentate coordination with Mg(II), which is thought to be essential
for the formation of the cis-enediol intermediate. As expected, these
compounds show no decrease in the activity of Optisweet 295t s
respect, it may be noted that possible extraction of Mg(II) from the

active site of the enzyme by D-glucitol may also play a role, since

—gT

the coordination of D-glucitol with Mg(II) is stronger than that of
D-mannitol and of D—glucosew. It may be noted that the ultimate
concentration under practical conditions (1.2 M invert sugar) will be
~ 0.5 M D-glucitol and ~ 0.7 M D-mannitol.

Consequently one has to take into account a decrease of enzymatic
activity by a factor 3 due to product formation during the simulta-—

neous hydrogenation reaction.

The influence of immobilized glucose isomerase on the hydrogenation

catalysts

It was found that the presence of Maxazyme GI-Immob. and Sweet-—
zyme Q resulted in a decrease of the activity of the hydrogenation
catalysts platinum on carbon and copper on silical'g. Probably, this
is due to co-adsorption of small amounts of mobile fragments that
leach out of the immobilized glucose isomerase onto the hydrogenation
catalyst. The poisoning of the hydrogenation catalyst observed by
Optisweet 22 is less serious, as would be expected from the fact that
it consists of a purified enzyme system covalently bound to an inor-

ganic support (Si0p).

Conclusions

The immobilized glucose isomerase either in its entrapped cell
environment (Maxazyme GI-Immob., glucose isomerase in whole cells
entrapped in a gelatin-glutardialdehyde matrix) or in its purified
form (Optisweet 22, isolated glucose isomerase, covalently attached
to Si0p) may be conveniently applied, with partial conservation of
its activity, under hydrogenation conditions (70 °C, up to 75 kg/cm2
Hyo-pressure). The D-glucose/D-fructose equilibrium constant is inde-
pendent of the total concentration between 0.2 and 2.2 M. Small
amounts of (CaC03 and MgSO, should be present in order to maintain
sufficient enzyme activity (Z.e. pH ~ 7 and Mg(II) source for the
enzyme, respectively). Maxazyme GI-Immob. and Sweetzyme Q result in a
higher degree of poisoning of the hydrogenation catalyst than Opti-
sweet 22. On the other hand, traces of Cu(II) from the hydrogenation
catalyst seriously poison Optisweet 22, which can be counteracted by

the addition of a trace quantity of EDTA. Of the hydrogenation pro—
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ducts D-mannitol and D-glucitol, the latter has some enzyme inhibit-—
ing effect. This is explained by the ability of D-glucitol to mimic

the D-glucose geometry in the active site of glucose isomerase.
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6. MECHANISM OF THE ENZYMATIC ISOMERIZATION OF D-GLUCOSE AND D-FRUCTOSE"

Introduction

Immobilized glucose isomerase (D-xylose ketol isomerase; E.C.
5.3.1.5) is applied on an industrial scale for the isomerization of
D-glucose syrups into D-fructose containing Syrupsl_3. The D-glucose/D-
fructose interconversion is thought to take place via a cZs-enediol
intermediate coordinated to a metal ion (Mg(II) or Co(II)) of the

ermz)wne4 Gtz b

Fig. 1. Proposed cis—enediol intermediateb.

It has been assumed that a basic center of the enzyme is involved in the

intramolecular hydrogen transfer from C-2 of D-glucose towards C-1 of

455

D-fructose and vice versa Experimentally, no exchange between the

550

transferred hydrogen and water has been found~’ The orientation of the

side chain of the c¢is-enediol enzyme complex will induce, using the

Accepted for publication in 'Recl. Trav. Chim. Pays—Bas'.



principle of least molecular motion, «-D-glucopyranose formation by
attack of 0-5 at C-1. This indeed has been recently verified by NMR
spect):oscopy5 and is in accord with earlier results for the D-xylose/D-
xylulose interconversion by the same type of Enzymeﬁ.

With respect to the ketose reactant of the enzymatic isomerization,

it is generally assumed that the B-furanose form of D-fructose is the
reactive substrate5’7. Inspection of molecular models, however, shows
that conversion of the cis-enediol intermediate (Fig. 1) into @ -D-fruec-

tofuranose requires a substantial geometric reorientation. According to
the principle of least molecular motion, w-D-fructofuranose is expected
to be the reactive species.

This consideration and the fact that the 13C NMR data presented by
Bock et aZ.S with respect to the determination of the reactive D-fruc-
tose lie close to the experimental error, led us to reinvestigate the
nature of the reactive species for the enzymatic D-glucose-D-fructose

interconversion.

Results and discussion

The fast mutarotation of D-fructose at the optimum temperature
(65 °C) for the isomerization with glucose isomerase and the absence of
anomeric hydrogens of D-fructose require the use of ]3(1 NMR at short
reaction times. We, therefore, have applied 13C NMR together with IAIBC—
D-glucose in order to establish any preferential anomeric specificity of
the enzyme during the initial stages of the isomerization reaction. Four
transients per spectrum were sufficient. As the enzyme insoluble glucose
isomerase (Optisweet P) from Miles Kali-Chemie was used. A selection of
the data obtained from 115 13’C NMR spectra, recorded at intervals of 33
seconds of the enzymatic isomerization of mutarotated 1—‘3C—D—glucose
are shown in Fig. 2 and in Table I (with Gp = glucopyranose, Fp = fruc-
topyranose, Ff = fructofuranose).

First, there is a steep decrease of the a/f ratio of D-glucopyranose
at short reaction times, Z.e. from 0.61 0L 028 a tRtR=R 0 RtoN 02455 =001
at t = 3.3 min (Fig. 3). This result proves that a«-D-glucopyranose is

the reactive species, which is in accordance with the literatureA_é.

— e

G

o

L

iLU, 3

100 90 70

Fig. 2. Four of the 115 13C NMR spectra taken during the enzymatic iso-

merization of mutarotated 1—13C—D—glucose towards a mixture of

1—13C—D—glucose and IABC-D—fructose at different reaction

times. Conditions: DyO-Hp0 (1:1), pH ~ 7; 66 °C; glucose isomer—
ase (Optisweet P), 12.5 g/l1; [l*lBC-D—glucose] = 0.14 Mat £t =0

(reaction times corrected for 5 min warming-up from 0-66 °C).

04 L L 1
(0] 10 20 30

t (min)

Fig. 3. Ratio of a- and p-D-glucopyranose during the enzymatic isomer-—

ization of 1—13C—D—glucose. Reaction conditions: see legend Fig.

2
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TABLE I

13 a,b

Enzymatic conversion of 1- ~C-D-glucose with Optisweet P

Time Conversion o—-D-Gp 5-D-Gp a—-D-Ff B=D=-E£ H=D-Hp
(min) %) (%) (%) (% (%) %)
0.00 0 38 62 0 0 0
0.55 4 34 62 1 1 2
1.10 5 33 62 it 1 3
1.65 7 S 62 2 2 5)
2.20 8 30 62 2 2 4
2.75 9 29 62 2 2 5
3.30 10 28 62 2 3 5
385 11 29 60 & 3 6
4.40 12 30 58 2 4 6
4.95 13 30 57 2 4 7
5.50 14 30 56 =2 4 8
6.05 15 30 55 2 5 8
6.60 16 30 54 3 5 8
7.15 17 30 53 3 5 9
7.70 18 30 52 3 5 10
8.25 19 30 51 3 6 10
8.80 20 30 50 3 7 10
9.35 Gl 30 49 3 7 11
9.90 22, 30 48 3 7 12
10.45 23 29, 48 3 8 12
11.00 24 29 47 3 8 18
13.75 27 28 45 3 g 15
16.50 31 26 43 4 10 17
22.00 37 24 50 4 150 21
33.00 46 21 33 5 17/ 24
= 53 18 29 6 18 30

2 Reaction conditions: see legend Hipg,o2.

b Percentages + 0.5.

Secondly, mutual comparison of the peak heights of the o~ and R-fructo-
furanoses at these short reaction times (5 measurements) indicate an

o/ ratio of about 1, which then gradually decreases to the equilibrium

—05—

value of 0.35 (Fig. 4). We conclude that the a-furanose form (and not
the g-furanose form as reporteds) is initially formed and consequently

is also the reactive D-fructose species in the enzymatic isomerization.

a-D-F
16~ B-D-Ft

t (min)

Fig. 4. Ratio of o~ and g-D-fructofuranose during the enzymatic iso-—
merization of 1—13C—D—glucose. Reaction conditions: see legend

Fig 82

On the basis of the present results we propose a mechanism as illus—

trated in Figs. 5 and 6.

a-D-glucopyranose cis-enediol intermediate a-D-fructofuranose

Fig. 5. Mechanism of the interconversion of D~glucose and D-fructose by

the enzyme glucose isomerase (E.C. 5.3.1.5).
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OH OH
HO = glucose
L AbEE A
_—
HO HO Isomerase oH

OH OH \

a-D-glucopyranose a-D-fructofuranose

OH

/ B-D-fructofuranose

OH OH
HO OH ?7
"o OH ©
OH
HO SH
HO

B-D-glucopyranose p-D-fructopyranose

Fig. 6.Actual equilibria for the enzymatic D-glucose and D-fructose

interconversion.

Using the principle of the least molecular motion, ring closure by 0-5
of the c¢is-enediol intermediate, accompanied by proton attack, gives
either oa-D-glucopyranose or a-D-fructofuranose. This interconversion
requires almost no conformational change of the pseudo-cyclic enediol
since the 0-5 is favourably situated for backside attack of the C=C bond
on both C-1 and C-2. In this respect it may be noted that an a-D-gluco-
pyranose—-B-D-fructofuranose interconversion would require a substantial
reorientation of the C4 chain of the enediol intermediate, Z.e. at least
a rotation of 180° around C-2-C-3 together with both a forward and back-
ward rotation of 120° around C-3-C-4. This to meet the required geometry
for frontside attack of 0-5 to the double bond.

Finally, the proposed mechanism explains the stereospecific (8)~ and
(R)—I—ZH—D—fructose formation upon enzymatic isomerization of 1- and 2-

2H—D—glucosel', respectively, through a cis-2

H S shlt tF rom NC=] S ta = 0=0
(Fig. 7). It may be noted that this mechanistic picture also will hold
for the D-xylose-D-xylulose interconversion and related isomerizations

with this enzyme.

_97_
e
a-D-Gp
E—

a-D-Fy

Fig. 7. Mechanistic picture of the enzymatic stereoselective inter-
&
conversion of 2-“H-x-D-glucopyranose and (R ~1-2H- a~D-fructo-

furanose: concomitant frontside H-transfer and backside ring

closure.

Experimental

Glucose isomerase, Optisweet P (E.C. 5.3.1.5) was a generous gift of
Miles Kali~Chemie K.G., West Germany. This preparation consisted of
dried insoluble whole cells, containing glucose isomerase activity.

i

The

C-D-Glucose, containing 99% I3C, was obtained from C.E.A., France.

13C MMR experiments were carried out on a Nicolet NT-200 WB spectro-

G

meter, operated at 50.31 MHz. C-D-Glucose (0.10 g) was dissolved in
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4 ml DZO‘HZO (1:1) at pH ~ 7 in a 10 mm tube. After reaching the muta-
rotation equilibrium at 66 °C in the NMR instrument the I3C NMR signals
were measured. The NMR tube was taken out of the NMR instrument, cooled
down to 0 °C and glucose isomerase (50 mg) was added. The NMR tube was
placed once again in the NMR instrument (66 °C) and subsequently 115 130
NMR spectra were recorded at intervals of 33 seconds (pulse width: 20
usec; pulse delay: 8 sec; 4 transients) in order to follow the enzymatic
conversion. The warming-up of the reaction mixture took about 5 min.
During this period it was necessary to adjust the homogeneity of the
magnetic field. After reaching the isomerization equilibrium the enzyme
was removed by centrifugation and thereupon the anomeric distribution of
mutarotated D-glucose and D-fructose determined as a function of temper-
ature (0.10 g 1—13C—D—glucose/1—13C—D—fructose mixture in 4 ml D,0-H,0
(1:1)). It was found that at equilibrium the distribution of the anomers
of D-~glucose (387 o-pyranose and 627 P-pyranose) and the ratio of u-
and B-D-fructofuranose (0.35) were independent of the temperature in the
range of 0-70 °C. For D-fructose, the pyranose-furanose ratio decreased
from 2.8 to 1.2 upon increasing the temperature from 0-70 °C.

The relative amounts of the different sugar species were determined
from the peak surfaces of their C-1 resonances. The o /f ratios of the
D-fructofuranoses were determined from their relative C-1 peak heights.

The accuracy is estimated to be within 30%.
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7. COMBINED ACTION OF ENZYME AND METAL CATALYST, APPLIED TO THE PREPARA—
TION OF D-MANNITOL'

Introduction

Simultaneous action of a bio- and a chemo-catalyst is an attractive
possibility for several catalytic processes in solution. For example, a
starting compound is brought into equilibrium with a specific enzyme
with an intermediate compound that is concomitantly and irreversibly
transformed by the chemo-catalyst into the final product. Some problems
to be faced with such a combined catalytic system are the narrow condi-
tion range of the enzyme, the preferential conversion of the intermedi-
ate compound by the chemo-catalyst, and the possible mutual poisoning of
the two different catalysts.

As the first example of this approach we reported on the combined
use of glucose isomerase and platinum in the preparation of the sugar
substitute D-mannitol from D-glucose/D-fructose mixtures (e.g. invert
sugar or isoglucose), leading to a D-mannitol yield of 46%122. soon
afterwards, Ruddlesden et al.3 applied glucose isomerase together with
ruthenium loaded zeolite Y in a similar approach in order to protect the
hydrogenation catalyst against poisoning by the enzyme. The zeolite
pores were thought to be inaccessible to inhibiting species. Starting
from D-glucose a 29% yield of D-mannitol was realized with this system.

Another interesting approach, based on the combi-~process procedure,
involves the simultaneous enzymatic (o~ and B-amylase) hydrolysis and
the catalytic (Raney-Nickel) hydrogenation of maize starch as reported
by Kearsly et al.l*. Their main goal was to bring about a faster and more
complete enzymatic hydrolysis of starch upon withdrawal of D-glucose

from the equilibrium by catalytic hydrogenation. Their combined hydroly-

Accepted for publication in 'Carbohydrate Research'.
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sis-hydrogenation process was found to suffer from inhibition of the
enzyme by the nickel catalyst.

The present chapter describes our further investigations towards the
development of an improved combi production method for D-mannitol. Apart
from its nice sweet taste and non-carious properties, D-mannitol is used
in 'sugar free' chewing gums and pharmaceutical preparations due to its
non-hygroscopicity property. Up to now, D-mannitol is commercially
obtained in yields of less than 30% by the catalytic hydrogenation of
D-glucose/D-fructose mixtures. The combination of either base- or molyb-
dic acid-~catalyzed isomerization of D-glucose and hydrogenation has been
proposed as possible alternative chemical combi procedures. These, and
possible other alternative preparation methods of D-mannitol have been
reviewed by us in detail elsewheres. Our combi-process is based on the
enzymatic interconversion of the starting components D-glucose and
D-fructose with concomitant and preferential hydrogenation of D-fruc-~

tose, as depicted in Fig. I.

glucose Isomerase
D-glucose ——————= D-fructose

H,.catalyst

D-glucitol D-mannitol

Fig. 1. Combi-process: simultaneous enzymatic isomerization and metal

catalyzed hydrogenation of D-glucose/D-fructose mixtures.

Optimal D-mannitol formation in such an approach requires:

(%) preferential hydrogenation of D-fructose with respect to D-glu-
cose;

(ii) selectivity towards D-mannitol for the D-fructose hydrogenation;

(iii) relatively fast D-glucose ——= D-fructose interconversion in order
to maintain the D-fructose concentration at a maximum;

(iv) minimum interference of the two catalytic species, including their

different demands for sufficient activity.

The requirements (i) and (ii) were found to be best fulfilled with

copper on silica as the hydrogenation catalyst6, showing an initial

selectivity of 0.9 for the hydrogenation of D-fructose in a 1:1 D-glu-
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cose/D-fructose mixture together with preferential (67-85%) D-mannitol
formation in the D-fructose hydrogenation. From the other catalysts
investigated, platinum, ruthenium, osmium and iridium on carbon showed
reasonable initial selectivities (0.8-0.9) for the preferential hydro-
genation of D-fructose in the presence of D-glucose but showed lower
values (0.45-0.55) for the selective formation of D-mannitol in the
D-fructose hydrogenation. For comparison, these catalysts have been
included too in the present investigation. The hydrogenation conditions
are largely determined by the narrow condition range of the glucose iso-
merase species (50-70 °C, pH = 6.5-8.0)7. These moderate temperatures,
however, restrict the hydrogenation rates. To meet the requirements
(iii) and (iv) the enzyme glucose isomerase was used in an immobilized
form. This possibly allows a simple separation of the enzyme from the
reaction mixture and prevents serious interaction of the two catalyst
systems. In this respect, we have investigated the behaviour of three
commercially available immobilized glucose isomerases in combination
with five different hydrogenation catalysts. Hydrogenations have been
performed in aqueous solution in the presence of small amounts of MgS0,
(as enzyme stabilizing agent) and CaCO4 (as buffering agent) at
60-70 °C, pH of 7.0-8.0 and a hydrogen pressure of 20-50 kg/cmz. As
established before, immobilized glucose isomerase functions quite well
under these high pressure conditions: there was only some decrease of
enzyme activity due to the formation of D-mannitol and D-glucitol, which

compete with D-glucose for the active site of the enzyme7.

Experimental

Materials

D-Glucose, D-fructose, calcium carbonate and sodium tetraborate were
supplied by Merck. Magnesium sulfate, magnesium hydrogen phosphate and
ethylenediaminetetraacetic acid were obtained from Baker. The catalysts
5% ruthenium and 5% platinum on carbon were obtained from Drijfhout
Amsterdam. The preparations of 107 iridium on carbon, 5% osmium on car-
bon and 20%Z copper on silica are described elsewheree. All the above
mentioned catalysts were used without prior treatment. Maxazyme GI-
Immob., Sweetzyme Q and Optisweet 22 were gifts of Gist Brocades N.V.,

NOVO Industri A.S. and Miles Kali-Chemi K.G., respectively. Data of the
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enzyme preparations are given elsewhere7.

Apparatus

The simultaneous enzymatic isomerization and catalytic hydrogenation
experiments were carried out in a 450 ml Hastelloy B autoclave model
4562, manufactured by Parr. The autoclave was equipped with a motor-—
driven impeller stirrer, sampling device and two needle valves. The

autoclave was thermostatted by a water bath.

Procedure

The immobilized enzyme, the hydrogenation catalyst and the additives
were transferred in the aqueous solution of D-glucose or a 1:1 D-glu-
cose/D~fructose mixture. The autoclave was sealed, flushed with hydrogen
and placed in the water bath. After reaching the required temperature
the autoclave was pressurized with hydrogen to the required level. The
reaction was started by switching on the stirrer. The conversion was
followed by HPLC analysis of samples withdrayn from the reaction mix-

ture.

Analysis method

The HPLC system consisted of an M 6000 A pump (Waters Assoc.), a
Rheodyne 7125 injector, an R 401 differential refractometer (Waters
Assoc.) and a cation-exchange resin column. Chromatographic conditions;
column dimensions: 30 ecm * 7.0 mm ID; Aminex A 7 8% cross-linked resin
(7-11 ym) in the Ca(II)-form; temperature: 85 °C; flow rate: 0.6 ml/min;
eluent: degassed and deionized Hy0. The chromatographic procedure is

described in more detail elsewhereg.

Results and discussion

Glucose isomerase entrapped in cell material

We first studied Maxazyme GI-Immob. of Gist Brocades and Sweetzyme Q
of NOVO which consist of whole cells, containing the enzyme glucose

isomerase immobilized in a gelatin-glutardialdehyde and in a glutardial-
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dehyde matrix, respective1y7. Ruthenium, osmium, iridium, and platinum

on carbon were applied in the hydrogenation of 1:I D-glucose/D-fructose
mixtures without enzyme (Table I) and in the presence of these enzyme
systems (Tables II and III). The results clearly show a serious poison-
ing of the hydrogenation catalysts by the enzymes, except for the combi-

nation of Maxazyme GI-Immob. and ruthenium on carbon.

TABLE I

Conversion and product composition for the 1:1 D-glucose/D-fructose

hydrogenation?,

Catalyst Conversion D-Glucose D-Fructose D-Mannitol D-Glucitol

mole 7% mole 7% mole 7 mole 7% mole 7
5% Ru/C 60 33 i 19 41
5% 0s/C 45 40 15 19 26
1078 e/ 20 48 32 10 10
S5Z8PE/C 57 45 19 19 18

2 Conditions: 30.0 g D-glucose, 30.0 g D-fructose, 1.0 g catalyst, 0.3 g
MgS04, 0.5 g CaCOy, 250 ml Hy0, 60 °C, 20 kg/em® Hy, pH: 7.1-7.6, t =
25 h.

TABLE II
Conversion and product composition for the 1:1 D-glucose/D~fructose

hydrogenation in the presence of Sweetzyme Qa.

Catalyst Conversion D-Glucose D-Fructose D-Mannitol D-Glucitol

mole 7% mole 7 mole 7 mole 7% mole %
5% Ru/C 16 43 41 6 10
5% 0s/C 13 45 42 6 7
10% Tx/C 4 48 48 2 2
bLe Pt/ o 9 44 45 5 6

2 Conditions: 30.0 g D-glucose, 30.0 g D-fructose, 3.0 g Sweetzyme Q,
° 2
1.0 g catalyst, 0.3 g MgSO4, 0.5 g CaCO3, 250 ml, 60 °C, 20 kg/em® Hy,
pho® 7.1=7.b,t = 25h,
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TABLE IIT
Conversion and product composition for the 1:1 D-glucose/D-fructose

hydrogenation in the presence of Maxazyme GI-Immob.2.

Catalyst Conversion D~Glucose D-~Fructose D-Mannitol D~Glucitol

mole 7 mole 7 mole 7 mole % mole 7
5% Ru/C 46 30 29 17 25
5% 0Os/C i 41 40 9 10
107 Tx/C 8 46 46 4 4
5% Pt/C ) 44 45 & 6

4 Conditions: 30.0 g D-glucose, 30.0 g D-fructose, 10.0 g Maxazyme GI-
Immob., 1.0 g catalyst, 0.3 g MgS04, 0.5 g €aC03, 250 ml Hy0, 60 °C,
20 kg/cn? Hy, pH = 7.1-7.6, t = 25 h.

The poisoning effect of these enzyme systems is further illustrated by
comparison of Fig. 2 with Figs. 3 and 4 for copper on silica as the

hydrogenation catalyst.

conversion (mol traction)

1
a 20 40 60 80

Fig. 2, Time course of 1:1 D-glucose/D~fructose hydrogenation over
Cu/810;.
30.0 g D-glucose, 30.0 g D-fructose, 5.0 g 20% Cu/SiOZ, 0.3 g
MgS04, 0.5 g CaCO3, 0.1 g NapB,07.10H,0, 0.05 g EDTA, 200 ml
Hy0, 70 °C, 50 kg/cm® Hy, pH 7.1-7.6, 800 rpm. D-Glucose (1),
D-fructose (2), D~mannitol (3), D-glucitol (4).

ST

conversion (mol traction)

A e

mé/://’/-'
o i L

o 20 40 60 20

Fig. 3.The combi-process using Cu/Si0, and the enzyme Sweetzyme Q.
30.0 g D-glucose, 30.0 g D-fructose, 5.0 g Sweetzyme Q, 5.0 g
20% Cu/8i0p, 0.3 g MgSO,;, 0.5 g CaCO3, 0.1 g Na,B,07.10H,0,
0.05 g EDTA, 200 ml Hy0, 70 °C, 50 kg/em’ Hy, pH 7.1-7.6, 800
rpm. D-Glucose (1), D-fructose (2), D-mannitol (3), D-glucitol
(4).

anversion (mol fraction

Fig. 4.The combi-prccess using Cu/SiOZ and the enzyme Maxazyme GI-
TImmob.
30.0 g D-glucose, 30.0 g D-fructose, 15.0 g Maxazyme GI-Immob.,
5.0 g 20% Cu/Si0, 0.3 g MgS04, 0.5 g CaCO3, 0.1 g NapBs07.—
10H»0, 0.05 g EDTA, 200 ml HpO, 706 °C, 50 kg/cm2 Hy, pH 7.1-7.6,
800 rpm. D-Glucose (1), D-fructose (2), D-mannitol (3), D-gluci-
ok A@S

This poisoning effect, which is more serious pronounced for Sweetzyme Q
than for Maxazyme GI-Immob., is probably due to adsorption of mobile
fragments from the immobilized glucose isomerase system onto the hydro-
genation catalyst. For instance, column washing of Maxazyme GI-Immob.

resulted in elution of 6% of the total enzyme material. Addition of 0.5
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g of this material (containing proteins without isomerizing activity) to
the hydrogenation of a 1:1 D-glucose/D-fructose mixture over ruthenium
on carbon caused a 25% decrease in hydrogenation rate.

In order to prevent such poisoning effects the following experiments
have been carried out:

(i) careful column—- or batch-washing of Maxazyme GI“Immob.7;

(ii) extra cross-linking of Maxazyme GI-Immob. (with 57 glutardialde-
hyde) ;

(iii) the use of Maxazyme Gi-Immob. which had functioned for 1050 h (its
half-life time) in the industrial high D-fructose corn syrup proc-—
ess;

(iv) the fixation of Maxazyme GI-Immob. in a metallic gauze during the
hydrogenation reaction;

(v) the addition of extra silica or activated carbon during the
hydrogenation reactions in order to adsorb the mobile fragments;

(vi) some combinations of the above mentioned precautions.

The Maxazyme GI-Immob. preparations thus obtained and applied were still

sufficiently active, but still showed the same strong poisoning effect

towards the hydrogenation catalysts. In this respect it may be noted
that Ruddlesden et aZ.3 applied ruthenium loaded zeolite Y in order to
protect the metal. Their results, however, indicate that the ruthenium

loaded zeolite Y catalyst also suffered from poisoning effects.
Glucose isomerase immobilized on silica

Quite recently, Miles Kali-Chemie introduced a new type of immobi-
lized glucose isomerase, Optisweet 22. This enzyme system consists of a
purified enzyme glucose isomerase anchored onto a silica support7. This
purified enzyme system is more sensitive to species present in the
hydrogenation formulation than the cellular enzyme preparations. For
example traces of copper ions inhibit Optisweet 227 as is shown from the
slow D-glucose/D-fructose interconversion during the copper catalyzed
hydrogenation (Fig. 5).

On the other hand, this inhibitory effect can easily be counteracted
by the addition of trace (equimolar on copper ions) amounts of EDTA,
which selectively forms a complex with copper ions. Fig. 6 clearly
demonstrates the high activity of Optisweet 22 to maintain the D-glu-
cose/D-fructose mixture at equilibrium, thus resulting in a 627 D-man-—

nitol yield.
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Fig. 5. The combi-process using Cu/Sio2 and the enzyme Optisweet 22.
30.0 g D-glucose, 30.0 g D-fructose, 3.0 g Optisweet 22, 5.0 g
20% Cu/Si0p, 0.3 g MgS04, 0.5 g CaC03, 0.1 g NapB407.10Hp0, 200
ml Hp0, 70 °C, 50 kg/cm2 Hy, pH 7.1-7.6, 800 rpm. D-Glucose (1),
D-fructose (2), D-mannitol (3), D-glucitol (4).

[ conversion (mol tractian)
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Fig. 6. Improvement of the activity of Optisweet 22 by EDTA in the
combi-process using Cu/Si0, (compare with Fig. 5).
30.0 g D-glucose, 30.0 g D-fructose, 3.0 g Optisweet 22, 5.0 g
20% Cu/Si0p, 0.3 g MgSO4, 0.5 g CaCO3, 0.1 g NapB407.10H,0, 0.05
g EDTA, 200 ml Hy0, 70 °C, 50 kg/cm® Hy, pH 7.1-7.6, 800 rpm.
D~Glucose (1), D-fructose (2), D-mannitol (3), D-glucitol (4).

Comparison of Fig. 3 (Sweetzyme Q) and Fig. 4 (Maxazyme GI-Immob.)
with Fig. 6 (Optisweet 22) shows that the poisoning effect exerted by

Optisweet 22 is less serious. It may be noted that EDTA has no influence
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on the carbohydrate hydrogenation reaction rate and that there was no
further extraction of cations from the metal hydrogenation catalysts
under the hydrogenation conditions applied.

A relatively fast but less D-mannitol yielding procedure is the
combi-process using the enzyme Optisweet 22 and the hydrogenation
catalyst ruthenium on carbon. Complete hydrogenation of a 1:1 D-glu-
cose/D-fructose mixture occurred within 10 h, yielding 407 D-mannitol
(Fig. 7). Addition of EDTA to the reaction mixture is not necessary with
ruthenium on carbon as catalyst, since ruthenium ions show a positive
influence on the activity of immobilized glucose isomerases7. Other
hydrogenation catalysts under these hydrogenation conditions severely
suffered from small amounts of mobile fragments exerted by Optisweet 22
or from degradation products formed, causing a decrease in hydrogenation

activity and stability.

[* conversion (mol fraction)

Fig. 7. The combi-process using the enzyme Optisweet 22 and Ru/C.
30.0 g D-glucose, 30.0 g D-fructose, 3.0 g Optisweet 22, 1.0 g
5% Ru/C, 0.3 g MgSO4, 0.5 g CaCO3, 200 ml Hy0, 70 °C, 50 kg/cmZ
Hy, pH 7.1-7.6, 800 rpm. D-Glucose (1), D-fructose (2), D-
mannitol (3), D-glucitol (4).

As reported elsewhere®

, an improvement of the selectivity of the D-man-
nitol formation from D-fructose by the hydrogenation over copper on
silica is obtained by the addition of catalytic amounts of borates to
the reaction mixture. The effect of borates on this selectivity, how—
ever, is suppressed when CaCO3 is used as buffer. We, therefore, applied

magnesium hydrogen phosphate as both buffering and enzyme stabilizing
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agent in the presence of small amounts of borates, resulting in an
increase in selectivity towards D-mannitol (0.67-0.72) from D-fructose,
whereas the initial selectivity for the D-fructose hydrogenation in 1:1
D-glucose/D-fructose mixtures remained the same (0.92). The activity of
the copper catalyst, however, is about 50% less in the presence of mag-
nesium hydrogen phosphate as the buffering agent. On the other hand, the
enzyme system (Optisweet 22) is really able to maintain the D-glucose/D-
fructose equilibrium during the hydrogenation reaction (Fig. 8). In this

case a D-mannitol yield of 66% was obtained.

conversion (mol fraction)

Fig. 8. The combi-process using the enzyme Optisweet 22 and Cu/$i0y in

the presence of MgHPO, as both buffering and enzyme-stabilizing
agent.
30.0 g D-glucose, 30.0 g D-fructose, 3.0 g Optisweet 22, 5.0 g
20% Cu/Si0p, 1.0 g MgHPO4.3Hp0, 0.1 g NapB,07.10Hp0, 0.05 g
EDTA, 200 ml Hy0, 70 °C, 50 kg/cm® Hy, pH 7.1-7.6, 800 rpm.
D-Glucose (1), D-fructose (2), D-mannitol (3), D-glucitol (4).

D-Glucose as starting material

It is shown in Fig. 9 that under these circumstances (magnesium
hydrogen phosphate and borate addition) D-glucose can be used as
starting material in the combi-process, thus omitting prior enzymatic
isomerization of D-glucose or the use of invert sugar.

The yield of D-mannitol (64%) is about as high as in the case of a

1:1 D-glucose/D-fructose mixture as starting material.
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Fig. 9. Conversion of D-glucose into D-mannitol by the combi-process.
60.0 g D-glucose, 3.0 g Optisweet 22, 5.0 g 20% Cu/Si0p, 1.0 g
MgHPO4.3Hy0, 0.1 g NapB,407.10H70, 0.05 EDTA, 200 ml Hp0, 70 °C,
50 kg/cm2
(2), D-mannitol (3), D-glucitol (4).

Hy, pH 7.1-7.6, 800 rpm. D-Glucose (1), D-fructose

Conclusions

The results show that glucose isomerase immobilized on silica
(Optisweet 22) in combination with a copper hydrogenation catalyst can
be conveniently applied in the present combi-process. High yields of
D-mannitol (62-66%) have been obtained with D-glucose or 1:1 D-glucose/-
D-fructose mixtures as starting material. Small amounts of CaCO3 and
MgSO; or MgHPO, have to be present in order to maintain sufficient
enzyme activity (Z.e. pH ~ 7 and Mg(II) required by the enzyme), whereas
the enzyme has to be protected against traces of Cu(II) from the copper
catalyst by the addition of equimolar amounts of EDTA. Glucose isomer—
ases entrapped in whole cell materials, Maxazyme GI-Immob. and Sweetzyme
Q, result in a more serious poisoning of the hydrogenation catalyst and
are, therefore, less applicable than Optisweet 22 in a single batch pro-—
cedure.

The combination of Optisweet 22 with ruthenium on carbon provides a
faster method for the conversion of 1:1 D-glucose/D-fructose mixtures

into D-mannitol and D-glucitol. The D-mannitol yield, however, is much

=R

lower (40%).

The occurrence of non-enzymatic isomerization and degradation
reactions is negligible under the reaction conditions used. As to the
selectivity the present combi-process is a great improvement on other

approaches reported in the literature in the production of D-mannitol.
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8. HPLC ANALYSIS OF REACTION MIXTURES CONTAINING MONOSACCHARIDES AND
AI.DITOLS*

Introduction

The valuable nutritive sweetener D-mannitol is commercially produced
by high pressure hydrogenation of invert sugar with Raney-Nickel as the
catalyst. As only D-fructose gives rise to partial D-mannitol formation
the overall D-mannitol yield is less than 30%. Searching for an alterna-
tive procedure for the preparation of D-mannitol, we have in study the

combi-process depicted in Scheme Il.

glucose isomerase
D-glucose ——————> D-fructose

H,.catalyst

D-glucitol D-mannitol

Scheme I. Combi-process for the preparation of D-mannitol: simultaneous
enzymatic interconversion and metal catalyzed hydrogenation of

D-glucose/D-fructose mixtures.

This combined single batch procedure involves the enzymatic interconver—
sion of D-glucose and D-fructose (immobilized glucose isomerase) with
concomitant and preferential hydrogenation of D-fructose (copper on si-
lica as the catalyst). Up to 65% yields of D-mannitol have been
obtainedl.

The investigation of the simultaneous isomerization and hydrogena-

*
Accepted for publication in 'International Sugar Journal'.
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tion of D-glucose/D-fructose mixtures1 required a quantitative fast
analysis technique for the determination of D-glucose, D-fructose,
D-mannitol and D-glucitol. In addition, it was sometimes of importance
to detect the formation of possible by-products as D-psicose, D-sorbose,
D-tagatose and D-mannose.

Gas chromatography (GC) is a well-developed and accurate analytical
tool for the analysis of carbohydrate mixtures. However, quantitative
derivatization of the samples is required to obtain sufficient volatili-
ty of the carbohydrate components. Moreover, GC analysis shows separate
peaks for the different anomeric furanose and pyranose forms of reducing
sugars which complicates quantitative interpretation. Since the GC
method is also rather time-consuming and cannot easily be automated
because of the required derivatization step, we have chosen for HPLC as
the analytical tool.

During the last ‘decade HPLC has become a sophisticated and rapid
method for the analysis of carbohydrate mixtures. At present, two types
of stationary phases are commonly used in the HPLC analysis of carbohy-
drates and related compounds:

— alkylamine-modified silica using acetonitrile/water as the eluentz_b;

— cation exchange resin using water as the eluenté‘”.

Silica can be modified with alkylamine chemically as well as physically.
A modified silica as the stationary phase is resistent to high pressure
and results in good separations, especially of disaccharides, at room
temperature. The carbohydrates are eluted in the order of increasing
degree of polymerization, the monosaccharides first, subsequently the
disaccharides and then oligosaccharides. For a routine analysis, there
is the problem that both retention times and response factors are highly
sensitive to small variations in the composition of the eluent aceto-
nitrile/water and to small alterations in column temperatureS. Further—
more, solubility problems often arise in the acetonitrile/water solvent
system and the signal to noise ratio is rather poor using RI-detection.
Finally, acetonitrile is expensive and toxic. The above mentioned
reasons have, therefore, led us to choose cation exchange resins as the
stationary phase together with water as the eluent for the present
investigations. This despite of the fact that the pressure resistance of

this system is less than that of modified silica.
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Cation exchange resins in carbohydrate HPLC-analysis

The main task of the cation exchange resin is to immobilize the
cation. In carbohydrate separation resins of the sulfonated polystyrene-
divinylbenzene are most frequently used. These rigid gel type resins
become porous on swelling, with the pore size depending on the degree of
cross-linking (as indicated by the percentage of divinylbenzene in the
copolymer). A resin with a lower percentage of cross-linking has a more
open structure permeable to higher molecular weight substances than a
higher cross-linked resin. It has, however, a lower physical resistance
to shrinking and swelling. Because of high porosity and high concentra-
tion of functional groups within their chemical structure, ion exchange
resins have a high effective capacity. Finally, the remarkable chemical
stability of ion exchange resins makes them useful under a wide variety
of conditions including temperature, organic solvents, reducing and
oxidizing agents.

We will focus our attention on the sulfonated polystyrene-divinyl-
benzene cation exchange resin. The various carbohydrate-resin inter-—
actions which may play a role in the separation process have been summa-—
rized below:

- Ligand exchange: based on the interaction of the carbohy-
drate with the cation;

- Reverse phase partitioning: based on the distribution of carbohydrates
between a polar mobile phase and the non-—
polar resin backbone;

- Normal phase partitioning: based on the distribution of sample mole-
cules between intra-particle ('bound')
mobile phase and the bulk mobile phase;

exelusion: based on the physical exclusion of carbo-

hydrates which are too large to penetrate
part of the effective pore structure of
the resin.

In carbohydrate analysis the character of the cation of the exchange
resin is a major factor in determining the quality of the separation.
The separation is to a large extent due to differences in coordinating
ability of the carbohydrate with the cation of the resin. It has been
shown by NMR and electrophoresis studies, both carried out in the pres-

GO

ence of metal ions that an ax-eq-ax sequence of three adjacent

hydroxyl groups in cyclohexitol systems or in pyranose rings, or an all-
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cis arrangement of three vicinal hydroxyl groups in furanose rings gives

rise to tridentate chelation with suitable metal cations <Kass 1= )

mol™! in water at 25 °C). The same holds for a threo-threo arrangement

12,13

of three adjacent hydroxyls in alditols In general, the strength

of coordination of two vicinal hydroxyl groups is much weaker (K 4

1

ass
(05505 mol_l). It has been reported by Gray that an appropriate choice of
the cation may easily result in a rapid baseline separation of a mixture
of D-glucose, D-xylose, D-galactose, D-arabinose, and D-mannose.

The degree of cross-linking is also of importance. In particular,
mixtures of oligosaccharides of different molecular weight are better
separated with cation exchange resins with a lower degree of cross-
linking, as the separation mechanism of size exclusion (molecular
sieving) becomes of greater importance. This was shown by Scobell and
Brobst9 for the analysis of acid hydrolyzed corn syrups over four Ag(I)
resins with different degrees of cross-linking. Although the effect of
partial Ag(I) loading is not yet clearly understood, it provides a much
better method for the separation of oligosaccharides than the use of
resins in other cationic forms (Ca(II) and Pb(II)). However, of the many

cation exchange resins studiedé’lo’ll’IA,

Ca(II) exchange resin gave the
best overall performance for the separation of monosaccharides, which is
of most importance for the present investigation.

It should be noted that mono- and disaccharides containing an
anomeric hydroxyl (e.g. reducing sugars) often show broader peaks than
those without an anomeric hydroxyl, in particular at lower temperature.
This is caused by the rather slow rate of mutarotation and the different
strengths of coordination of the various anomers of the former under the

chromatographic conditions. Angyal et aZ.6 and Verhaar and Kusterlb

have
found that the addition of 0.001 M triethylamine, which catalyzes the
mutarotation reaction, results in an efficient separation of various
carbohydrate mixtures over a resin in the Ca(II) form at 30-50 °C.

On the basis of these literature data we have developed a convenient
HPLC procedure for the quantitative analysis of reaction mixtures con-
taining both monosaccharides and sugar alcohols. The effect of particle

size, temperature and flow rate has been examined.

-119-

Experimental

Apparatus

The HPLC system consisted of an M 6000 A pump (Waters Ass.), a
Rheodyne 7125 injector or a Dupont 834 autoinjector fitted with a
Rheodyne 7010 injector and an R 401 differential refractometer (Waters
ASSS ),

Chromatographic grade tubings (SS 316 Lichroma) 25 cm * 4.0 mm ID
and 30 cm * 7.8 mm ID with the appropriate Parker Hannifin end fittings
were obtained from Bio-Rad Lab. Chromatographic grade tubing Apollo (SS
316 Lichroma) 30 cm * 7.0 mm ID with the appropriate Valco end fittings

were obtained from Betron and Chrompack, respectively.
Chromatographic conditions

Unless otherwise specified the following conditions were used
throughout: Deionized and degassed water of 85 °C as the eluent; column
temperature of 85 °C; detector temperature of 35 °C; detector attenua—
tion of 16 *; recorder semnsitivity of 10 mV full scale; sample concen-—

tration of 1-3% (w/w) carbohydrates in water; sample volume of 20-50 upl.
Materials

The HPLC column Aminex HPX 87 C, obtained from Bio Rad Lab., had the
following specifications: column (30 ecm * 7.8 mm ID); chromatographic
resin Aminex A 7 (particle size 7-11 um) in the Ca(II) form. The chro-
matographic resins Aminex A 7 (particle size 7-11 um) and Aminex A 5
(particle size 10-15 ym) were supplied by Bio Rad Lab. in the Na(I) form
and were converted into the Ca(II) form (see column preparation). The
resin matrix had the following specifications: sulfonic acid; exchange
capacity: 1.7 meq/ml; maximum allowable temperature: 150 °C; maximum
allowable pressure: 5000 psi.

D-Psicose was prepared by the oxidation of 1,2;4,5-di-0O-isopropyl-
idene-a-D-fructopyranose and the subsequent reduction of 1,2:4,5-di-0-
isopropylidene— a—D—fructopyran~37u105315. The desired product was
obtained by liquid chromatography, using the cation exchange resin Bio
Rad AG 50 W-X8 in the Ca(II) form and water as eluent. D-Psicose was

13 16

identified by C NMR D-Xylulose was prepared by the isomerization of



D-xylose using glucose isomerase, followed by liquid Chroma\togra;:ohy17

over the anion exchange resin Bio Rad AG 1-X8 in the bisulfite form
using a 3:1 propanol/water mixture as the eluent. All other chemicals

used were of analytical grade and were commercially available.
Colum preparation

The procedure used for the column preparation is based on literature
methods7'14 with some modifications.

- A suspension of cation exchange resin Aminex A 5 or Aminex A 7 (ca.
1.5 g/ml column content) was boiled under reflux for 0.5 h in 6 M HCl
(50 ml). The resin was filtered off and the procedure was repeated.
Then the resulting slurry was cooled to room temperature and diluted
with an equal volume of deionized water. The resin was filtered off,
washed with deionized u;ater (500 ml), stirred with 0.5 M calcium
nitrate (100 ml) for 0.5 h, and filtered off. This procedure was
repeated three times. The resulting resin was then stirred with
deionized water (100 ml). This washing was repeated three times.

- The analysis column was fitted with a stainless steel filter on top
and a pre-column below. A filling reservoir was connected to the pre-
column.

— The resin was slurried up in deionized water and put into the filling
reservoir, which was subsequently filled up with deionized water and

connected to the eluent pump.

Deionized water was pumped through at a flow rate of 1.5 ml/min. After
reaching a pressure drop of 50 psi per cm bed height, deionized water
was pumped through for one hour in such a way as to maintain this

pressure drop.

The analysis column was disconnected, filled off flatly and fitted

with a stainless steel filter.

Results and discussion

The influence of the particle eize of the cation exchange resin

The effect of the particle size on the chromatographic efficiency
has been studied by comparison of the Ca(II) cation exchange resins
Aminex A 5, Aminex A 7, which differ only in particle size, and the

commercially available analysis column Aminex HPX 87 C in the HPLC

analysis of a mixture of D-glucose, D-fructose, D-mannitol and D-glu-
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citol (Fig. 1 and Table 1I).
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Fig. 1. Effect of particle size distribution on the efficiency of D-
glucose (1), D-fructose (2), D-mannitol (3), and D-glucitol (4).
Chromatographic conditions: column (30 em * 7.8 mm ID); station-
ary phase: sulfonated polystyrene-divinylbenzene resin; eluent:
Hy0; flow rate: 0.6 ml/min; temperature: 85 °C.

A) Aminex A 5 in Ca(II) form (10-15 pm).
B) Aminex A 7 in Ca(II) form (7-11 pm).

TABLE T

Effect of particle size of Ca(II) resins on the efficiencya’b

Ca(II) resin Aminex A 5 Aminex A 7 Aminex HPX 87 C
Particle size (um) 10=15 7-11 7=11
D-Glucose 3600 4500 3100
D-Fructose 4900 7500 4800
D-Mannitol 6100 11000 7600
D-Glucitol 5800 10500 7300

2 Chromatographic conditions:

g Efficiency:

e

luent:

temperature: 85

number of

D
(tr/w%)“, in which t,.

Wy = peak width at half height

column dimension 30 cm * 7.8 mm ID
HZO; rate: 0.6 min;
theoretical plates N = 5.54 *

retention time and

18
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The results clearly show the favourable effect of smaller particles on
the efficiency and peak form. It may also be concluded that the effi-
ciency of the home-prepared column is about 50% higher than that of the
commercially available Aminex HPX 87 C with the same particle size dis-—

tribution.

The influence of temperature and flow rate on the capacity factor and

the efficiency

As mentioned, monosaccharides containing an anomeric hydroxyl often
show broader peaks than those without an anomeric hydroxyl, which is due
to the relatively slow rate of mutarotation of the former under the
chromatographic conditions. A higher temperature has a positive effect
on the efficiency since both the rate of mass transfer and the rate of
mutarotation increase. On the other hand, the complexation strength of
the carbohydrate with the cation will decrease at higher temperature.

Therefore, the capacity factor

in which t, = retention time of a compound that coordinates to the

cation, and t, = retention time of an unretained compound18

, will also
decrease at higher temperatures. Fig. 2 illustrates the influence of the
temperature on the capacity factors with various flow rates and differ-
ent particle size distributions of the cation exchange resins. At each
temperature identical retention volumes were observed at different flow
rates (0.1-1.0 ml/min). Also the particle size distribution (Aminex A 5
(10-15 um) and Aminex A 7 (7-11 pm)) has no effect on the retention
volume.

The temperature dependency D-glucitol (4) > D-mannitol (3) > D-fruc-—
tose (2) > D-glucose (1) ~ D-mannose (5) ~ myo-inositol (6) clearly
parallels the order of Ca(II) complexation strenghtss’ll_IB. The de-
crease in capacity factor at increasing temperature will therefore be
due to a decrease of Ca(II) complexation of D-glucitol, D-mannitol and
D-fructose.

The effect of flow rate on the efficiency at different temperatures

is shown in Fig. 3.
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Fig. 2.The influence of the temperature on the capacity factor of
D-glucose (1), D-fructose (2), D-mannitol (3), D-glucitol (4),
D-mannose (5), and myo-inositol (6).

Chromatographic conditions: column (30 cm * 7.0 mm ID); eluent:
HypO; stationary phase: sulfonated polystyrene-divinylbenzene
resin; Aminex A 5 in the Ca(II) form (10-15 um), and Aminex A 7
in the Ca(II) form (7-11 um); flow rates of 0.1, 0.3, 0.6, and
1.0 ml/min.

(Each point is a coincidence of eight measurements at different

flow rates and particle size distributions (see text)).

The behaviour of both cyclic and acyclic carbohydrates without an
anomeric hydroxyl, <.e. myo-inositol, D-glucitol and D-mannitol, is
quite different from that of D-glucose, D-mannose and D-fructose.
Clearly, this difference is due to mutarotation phenomena of the latter
compounds during the chromotagraphic separation. At higher temperatures,
the efficiency picture of these mutarotating monosaccharides shows more
resemblance to that of the other polyhydroxy compounds, as is demon-
strated by Fig. 4. This is clearly due to the increased rate of mutaro-

tation.
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Fig. 3. The influence of the flow rate on the efficiency of D-glucose
(1), D-fructose (2), D-mannitol (3), D-glucitol (4), D-mannose
(5), and myo—inositol (6) at different temperatures.
Chromatographic conditions: column (30 ecm * 7.0 mm ID); station-—
ary phase: sulfonated polystyrene-divinylbenzene resin; Aminex

A 7 in the Ca(II) form (7-11 pm); eluent: HyO.
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Fig. 4. The influence of the temperature on the efficiency of D-glucose
(1), D-fructose (2), D-mannitol (3), D-glucitol (4), D-mannose
(5), and myo-inositol at different flow rates.
Chromatographic conditions: column (30 cm * 7.0 mm 1ID);
stationary phase: sulfonated polystyrene-divinylbenzene resin;

Aminex A 7 in the Ca(II) form (7-11 pm); eluent: Hy0.

In this respect, we already mentioned that Angyal et al.6 and Verhaar

and Kusterlb

have applied 0.001 M triethylamine (TEA) in water as the
eluent. In this way a much better resolution (a higher capacity factor)
and efficiency were obtained for D-glucose, D-fructose and D-mannose at
lower temperature, which is due to the amine-catalyzed mutarotation.
Unfortunately, TEA from the eluent gradually displaces Ca(II) from the
cation exchanger, resulting in a decrease of retention times and separa-
tion efficiency in due course. Immobilization of TEA (e.g. in the form

of a weak base ion exchanger) might overcome this disadvantage. Another



=126~ ~127-

possibility is a partly exchanged cation exchange resin, where free TABLE II
sulfonic acid groups might catalyze the rate of mutarotation. Retention times (min) and capacity factors for a number of Carbohydratesa’b
It has to be noted that a complete understanding of the chromato-
graphic behaviour (Fig. 3 and Fig. 4) requires a detailed description of Carbohydrate i k! Carbohydrate ty k!
the various diffusion and mass transfer processes (van Deemter equa-
tionls). This falls, however, beyond the objective of this paper. Raffinose 12.48 0121 Methyl a-D-glucopyranoside 17.66 0.587
Cellobiose 13.80 0.240 3-0-Methyl-D-glucose 16.20 0.455
Practical chromatographic conditions chosen Sucrose 13592 S 05251 2-Deoxy-D-glucose 1852080635
Maltose 14.31 0.286 6-Deoxy-D-glucose 18.62 0.673
The results mentioned above have enabled us to the choice of chroma- Isomaltulose 4.2 0N313 2-Deoxy-D-galactose 20.64 0.854
tographic conditions for the almost base line separation of D-glucose, Lactose 14.86 0.335 6-Deoxy-D-galactose Sl I 0.989
D-mannose, D-fructose, D-mannitol, D-glucitol, D-tagatose, and D-psicose Lactulose 16.62 0.493 6-Deoxy-D-mannose 20:07 0.803
as given in Fig. 5. The system proved to be stable for 12 months (6,500 6-0-0-D-Glucopyranosyl— D-Xylose 14.00 0.707
analysis runs) with respect to retention time, peak width and column -D-mannitol 18.66 0.676 D-Arabinose 22547 1.019
efficiency without any need for regeneration. This permitted us to use lactitol 205215053 16! D-Lyxose 23.40 1.102
the chromatographic system with an autoinjector overnight and in the 6-0-u~D-Glucopyranosyl- D-Ribose 39.10 92513
weekends, thus taking away the objection of the somewhat longer time of -D-glucitol 22.04 0.980 2-Deoxy-D-ribose 23,13 1.078
analysis (45 min). D-Glucose 17 03 = 00580 D-Xylulose 22.56 1,627
D-Galactose 19586 S OK 70! D-Ribulose 36.46 2.276
D-Mannose 20.03 0.800 myo-Inositol 22,13 0.988
o S o D-Altrose 20.43 0.835 D-Mannitol LRI 1.676
r \ D-Allose 27235 L L45T D-Talitol 3013 1.707
\ \ D-Talose 36 2N9=80 5040 Galactitol 35857 2.196
\ \ L-Sorbose 190600751 D-Glucitol 37.33 2.354
= \ | \ D-Fructose 22..5121,097 Ribitol 24.47 1.198
L‘V#J \b/ \ \ \ L D-Tagatose 2 V1SS 486 D-Arabinitol 30.05 1.700
2 £, 2. NS D-Psicose 34702007 Xylitol 39,05 2.508
Pentaerythritol 24.60 1.210
Fig. 5. HPLC analysis of an aqueous mixture of D-glucose (1), D~fructose Erythritol 25.64 1.304
(2), D-mannitol (3), D-glucitol (4), D-mannose (5), D~tagatose
(7), and D-psicose (8). 3 Chromatographic conditions: column (30 cm * 7.0 mm ID); Aminex A 7 in Ca(II) form
Chromatographic conditions: column (30 cm * 7.0 mm ID); station- (7-11 ym); eluent: Hy0; temperature: 62 °C; flow rate: 0.3 ml/min.
ary phase: sulfonated polystyrene-divinylbenzene resin; Aminex b Unretained Ca(ClOg)y: ty = 11.13 min.
A 7 in the Ca(II) form (7-11 um); eluent: HyO0; temperature:
62 °C; flow rate: 0.3 ml/min. For the enzymatic isomerization of D-glucose the only reaction pro-

ducts are D-glucose and D-fructose, whereas the hydrogenation of D-glu-
The retention times and the capacity factors of a number of mono- and cose, D-fructose and invert sugar (D-glucose:D-fructose = 1:1) under
disaccharides and sugar alcohols are summarized in Table II. mild conditions leads to a mixture of D-glucose, D-fructose, D-mannitol,

and D-glucitol. In these cases a very rapid and quantitative analysis of



-128-

the reaction mixture is obtained within 6 min over an HPLC column (25 cm

t higher tempera-
6. The

% 4.0 mm ID) containing Aminex A 7 in the Ca(II) form a
ture (85 °C) and with a flow rate of 0.5 ml/min as given in Fig.
method is suitable for automation and operates with water as the eluent

and RI detection.

RI

el

o 3 6

—— t(min)

Fig. 6. HPLC analysis of an aqueous mixture of D-glucose (1), D-fructose

(2), D-mannitol (3), and D-glucitol (4).
Chromatographic conditions: column (25 cm * 4.0 mm ID); station—
ary phase: sulfonated polystyrene—divinylbenzene resin; Aminex
A 7 in the Ca(II) form (7-11 m); eluent: Hy0; temperature: 85

°C; flow rate: 0.5 ml/min.
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SUMMARY
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This thesis describes investigations in the field of the combi-process:

the combined action of an enzyme and a metal catalyst, applied to the

preparation of D-mannitol.

Chapter 1.

Chapter 2.

Chapter

In the introduction the principles and the requirements of
the combi-process are explained. The organization of this

thesis is given.

The present commercial production of D-mannitol, a valuable
nutritive sweetener, takes place by hydrogenation of 1:1
D-glucose/D-fructose mixtures over nickel. The low D-manni-
tol yield (25-30%), however, asks for the development of
alternative procedures. A literature survey of various pro-
duction methods is given, including some other possible
combinations of known procedures. It is concluded that the
simultaneous use of glucose isomerase and copper on silica
(combi-process) is a promising procedure for the preparation

of D-mannitol from D-glucose or D-glucose/D~fructose syrups.

D-Fructose and D-fructose/D-glucose mixtures have been
hydrogenated in water at 60-80 °C and 20-75 kg/cm2 hydrogen
with Ni, Cu, Ru, Rh, PD=0s, Tr and Pt assthescatalyst
metals. The selectivity for D-mannitol formation from
D-fructose as well as the selectivity for D-fructose hydro-
genation in the presence of D-glucose with silica-supported
Cu as the catalyst are substantially higher than those for
the other catalysts investigated.

With Cu/Si0y as the catalyst, the hydrogenation of D-fruc-—
tose is first order with respect to the amount of catalyst
and the hydrogen pressure, whereas a shift from first to
zero order kinetics occurs from low (< 0.3 M) to high (> 0.8
M) D-fructose concentrations. D-Fructose is preferentially
hydrogenated via its furanose ring forms, presumably by
attack of a copper hydride-like species on the anomeric
carbon with inversion of configuration. Preferential adsorp-—
tion of pyranose with respect to furanose forms occurs,

whereas the furanose forms show a much higher reactivity.



Chapter 4.

Chapter 5.
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The mechanism proposed for the copper-catalyzed hydrogena-
tion explains both the enhanced D-mannitol yield from
D-fructose borate esters and the diastereoselectivity of the

hydrogenation of seven other ketoses.

The combination of 1!B and 13C NMR spectroscopy with several
model compounds is used in order to elucidate the ester for-
mation between borate and D-mannitol, D-glucitol, D~fructose
and D-glucose in aqueous solution at pH 6-12 and 25 °C.
Under conditions which are comparable with those applied for
the copper-—catalyzed hydrogenation, the main borate ester
species present are spirocyclic di-esters of borate in which
the boron takes part of two S5-membered rings. The overall
stability constant for the borate di-ester of D-mannitol,
D-glucitol and D-fructose is about two orders of magnitude
higher than that of D-glucose. At high carbohydrate/borate
ratios D-mannitol shows the selective formation of bis(D-
mannitol) 3,4;3'4'-borate, whereas D-glucitol results in a
mixture of six different bis(D-glucitol) borate esters
involving both 2,3- and 3,4-dihydroxyl moieties. Bis(D-fruc-
tose) and bis(D-glucose) borate esters consist of pairs of
diastereomers of the 2,3-£~ and 1,2-ca-furanose moieties,
respectively.

At low carbohydrate/borate ratios mono-, di- and, sometimes,
triborate esters are formed, e.g. a mixture of o-D-glucofu-
ranose 1,2;3,5-diborate and w-D-glucofuranose 1,2;5,6-dibo—
rate for D-glucose and a mixture of g-D-fructopyranose
1,2;4,5-diborate and B-D-fructopyranose 2,3;4,5-diborate for

D-fructose.

A survey is given of glucose isomerase (E.C. 5.3.1.5), its
sources, its mechanism of isomerization and its data and
properties in three different immobilized forms which are
commercially available. In addition, the effect of a number
of parameters on the activity of immobilized glucose isomer-—
ase has been investigated, e.g. hydrogen pressure, Mg(II)
and Ca(II), transition metal ions, borate and sugar alco-
hols. Immobilized glucose isomerase, either in its entrapped

cell environment or in its purified form, remains suffi-

Chapter 6.

Chapter 7.

Chapter 8.

ciently active under the hydrogenation conditions (copper on
slil{ca 7080 AunSTton /5, kg/cm2 hydrogen pressure) to main-
tain D-glucose and D-fructose equilibrium. Essential addi-
tives are a buffering agent (e.g. CaCOj; pH - 7), a magne-—
sium salt (as the Mg(II) source for the enzyme) and, in the
case of the purified enzyme preparation, a chelating agent
(EDTA) for the protection of the enzyme against traces of
copper ions. D-Glucitol, in contrast to D-mannitol, has some
inhibiting effect on the enzyme action. It possesses the
right geometry to mimic a D-glucose (or D-fructose) molecule
at the active center. The D-glucose/D-fructose equilibrium
constant is independent of the total sugar concentration
(between 0.2-2.2 M).

13C—D~g1ucose to an equilibrium mix-

1

The isomerization of 1-

C-D-fructose by the enzyme
13,

ture of 1—13C4D—g1ucose and 1-
glucose isomerase (E.C. 5.3.1.5) has been followed by
NMR spectroscopy. The results show that the a-D-glucopyra-
nose and the a-D-fructofuranose form are the reactive

species for the enzyme.

A combi-process involving co-operation of a bio- and a
chemo-catalyst has been developed by simultaneous enzymatic
interconversion and metal-catalyzed hydrogenation of D-glu-
cose/D-fructose mixtures. High yields of D-mannitol (62-66%)
have been obtained with D-glucose or D-glucose/D-fructose
mixtures as the starting material using glucose isomerase
immobilized on silica in combination with a copper on silica
hydrogenation catalyst (water, pH ~ 7, 70 °C, 50 kg/cm2
hydrogen, trace amounts of buffer, Mg(II), borate and EDTA) .
Non-enzymatic isomerization and degradation reactions are

negligible under these reaction conditions.

With respect to the above-mentioned investigations a quanti-
tative HPLC analysis technique has been developed (using RL
detection). Sulfonated polystyrene-divinylbenzene resin in
the Ca(II) form as the stationary phase with water as the
eluent at 65 °C gives almost base line separation of sucro-

se, D-glucose, D-mannose, D-fructose, D-tagatose, D-manni-
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tol, D-psicose and D-glucitol. Retention times and capacity
factors have been determined for 44 mono-, di-, trisaccha-
rides and alditols. The HPLC system proved to be stable for
12 menths (6,500 analysis runs) without any need for regen-
eration. This allowed the use of an autoinjector overnight
and the weekends. Dependent on the complexity of the carbo-

hydrate mixture, analysis times vary from 6 to 60 min.

SAMENVATTING

=l8=

In dit proefschrift wordt het onderzoek beschreven aan het combi-proces:

de gecombineerde samenwerking van een enzym en een metaalkatalysator,

toegepast voor de bereiding van D-mannitol.

Hoofdstuk 1.

Hoofdstuk 2.

Hoofdstuk

z

3.

In de inleiding worden het principe van en de eisen aan
het combi-proces uitgelegd. Tevens wordt de opbouw van het

proefschrift weergegeven.

De huidige commerci&le productie aan D-mannitol, een waar—
devolle zoetstof, gebeurt door middel van de hydrogenering
van een l:1 mengsel van D-glucose en D-fructose over een
nikkel katalysator. De lage D-mannitol opbrengst vraagt
echter om de ontwikkeling van alternatieve werkwijzen. Uit
een literatuuroverzicht van de verschillende productieme—
thodes, inclusief enige combinaties van bekende werkwij—
zen, kan worden geconcludeerd dat het combi-proces (de
gelijktijdige werking van glucose isomerase en koperkata-—
lysator) een veelbelovende werkwijze is voor de productie
aan D-mannitol vanuit D-glucose of D-glucose/D-fructose

stropen.

In waterig milieu van 60-80 °C en een waterstofdruk van
20-75 kg/cm2 zijn D-fructose en mengsels van D-fructose en
D-glucose over Ni, Cu, Ru, Rh, Pd, Os, Ir en Pt als me-
taalkatalysator gehydrogeneerd. Zowel de selectiviteit
naar D-mannitol uitgaande van D-fructose als de selecti-
viteit voor de hydrogenering van D-fructose in aanwezig-
heid van D-glucose zijn voor de Cu/SiOZ katalysator bedui-
dend hoger dan de gevonden selectiviteiten van de andere
onderzochte katalysatoren. De hydrogenering van D-fructose
over Cu/SiOg is eerste orde in de hoeveelheid katalysator
en de waterstofdruk. Er treedt een verschuiving op van
eerste naar nulde orde kinetiek gaande van lage (< 0.3 M)
naar hoge (> 0.8 M) D-fructose concentraties. D-Fructose
wordt bij voorkeur via zijn furanose ringvormen gehydroge-—
neerd, waarschijnlijk door de aanval van een koperhydride-

achtig deeltje op het anomere koolstofatoom met inversie
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van configuratie. De adsorptiesterkte van de pyranose
vormen is hoger dan die van de furanose vormen, de reacti-
viteit van de furanose vormen daarentegen is aanzienlijk
groter dan die van de pyranose vormen. Het voorgestelde
mechanisme voor de hydrogenering over koperkatalysator
verklaart zowel de verhoogde D-mannitol opbrengst voor de
hydrogenering van D-fructose in de aanwezigheid van bora-
ten als de diastereoselectiviteit voor de hydrogenering

van zeven andere ketosen.

De combinatie van g en 3¢ R spectroscopie aan diverse
modelstoffen is gebruikt om de estervorming tussen boraat
en D-mannitol, D-glucitol, D-fructose en D-glucose in
waterig milieu bij pH 6-12 en 25 °C op te helderen. Onder
omstandigheden die’ vergelijkbaar zijn met de toegepaste
hydrogeneringscondities, zijn de boraatesters hoofdzake-
1ijk aanwezig als spirocyclische di-esters waarin het
booratoom deel uitmaakt van twee vijfringen. De stabili-
teitsconstante voor de boraat di-ester van D-mannitol,
D-glucitol en D-fructose is ongeveer honderd keer hoger
dan die van D-glucose. D-Mannitol vormt bij hoge koolhy-
draat/boraat verhoudingen selectief het bis(D-mannitol)-
3,4;3",4'-boraat. In het geval van D-glucitol wordt een
mengsel van zes bis(D-glucitol)boraatesters gevormd, waar-—
bij zowel de 2,3- als de 3,4-dihydroxygroepen van het
D-glucitol betrokken =zijn. Verder worden onder deze om-—
standigheden het bis( f-D-fructofuranose)-(R)- en (95—
2,3;2',3"-boraat voor het D-fructose en het bis(ax-D-gluco-
furanose) (R)- en (S)-1,2;1',2'-boraat voor het D-glucose
gevormd. Bij lage koolhydraat/boraat verhoudingen worden
mono-, di- en soms triboraatesters gevormd, bijvoorbeeld
een mengsel van o-D-glucofuranose-1,2;3,5-diboraat en a-D-
glucofuranose-1,2;5,6~diboraat voor D-glucose en een meng-—
sel van B-D-fructopyranose-2,3;4,5-diboraat en B-D-fructo-

pyranose—1,2;4,5-diboraat voor D-fructose.

Hoofdstuk 5.

Hoofdstuk 6.

Hoofdstuk 7.
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In een overzicht over drie geimmobiliseerde glucose iso-
merases (E.C. 5.3.1.5), die commercieel verkrijgbaar zijn,
worden achtereenvolgens de bronnen, het mechanisme van de
isomerisatie en praktijkeigenschappen behandeld. Tevens
wordt het effect van waterstofdruk, Mg(II) en Ca(II),
overgangsmetaalionen, boraat en alditolen op de activiteit
van geImmobiliseerd glucose isomerase onderzocht. GeImmo-—
biliseerde glucose isomerases, hetzij opgesloten in de
eigen celomgeving, hetzij in zuivere vorm, blijven vol-
doende actief onder de condities van het combi-proces
(Cu/8i0,5, 70 °C, 50 kg/cm2 waterstofdruk) om het evenwicht
van D-glucose en D-fructose in stand te houden. Een buffer
(CaC03, pH ~ 7), een Mg(II) bron en, in het geval van een
gezuiverd enzympreparaat, een complexerend agens (EDTA)
zijn echter noodzakelijk voor het optimaal functioneren
van het enzym. D-Glucitol heeft, in tegenstelling tot
D-mannitol, enigszins een remmende werking op het enzym.
D-Glucitol beschikt over de juiste geometrie om het D-glu—
cose— of het D-fructosemolecuul in het actieve centrum van
het enzym na te bootsen. De D-glucose/D-fructose even—
wichtsconstante is onafhankelijk van de totale suikercon-

centratie (0.2-2.2 M).

Met behulp van 3¢ mRr spectroscopie is de enzymatische

z v : 1
isomerisatie van 1- :

13

C-D-glucose naar het evenwichts—

mengsel van 1 C-D-glucose en 1—13C—D—fructose onder—
zocht. De reactieve anomeren voor het enzym glucose iso-
merase (E.C. 5.3.1.5) blijken «-D-glucopyranose en «-D-

fructofuranose te zijn.

De samenwerking tussen een bio- en een chemo-katalysator
wordt in het combi-proces toegepast voor de gelijktijdige
enzymatische interconversie en metaalgekatalyseerde hydro-
genering van D-glucose/D-fructose mengsels. Het combi-pro-—
ces leidt tot hoge opbrengsten aan D-mannitol (62-667) met
D-glucose of mengsels van D-glucose en D-fructose als
grondstoffen. Deze hoge opbrengst wordt bereikt door ge-
bruik te maken van gezuiverd glucose isomerase geImmobili-
seerd op silica en koper op silica als hydrogeneringskata-—

lysator. De optimale procescodities zijn een temperatuur
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van 70 °C, een waterstofdruk van 50 kg/cm2 en een pH van
7. Tevens moeten er sporen van een buffer, Mg(II)-zout,
boraat en EDTA aan de waterige oplossing toegevoegd wor-
den. Onder deze omstandigheden zijn de niet-enzymatische

isomerisatie- en afbraakreacties te verwaarlozen.

Voor het onderzoek aan het combi-proces is een kwantita-
tieve HPLC analysetechniek ontwikkeld. Door gebruik te
maken van een gesulfoneerde polystyreen-divinylbenzeenhars
in de Ca(II)-vorm als stationaire fase bij 65 °C met water
als eluent, kan een mengsel van sucrose, D-glucose, D-man-—
nose, D-fructose, D-tagatose, D-mannitol, D-psicose en
D-glucitol zo goed als tot basislijn gescheiden worden. De
retentietijden en de capaciteitsfactoren van 44 mono-,
di-, trisacchariden en alditolen zijn bepaald. Het HPLC
systeem blijkt gedurende een periode van 12 maanden (6500
analyses) stabiel te zijn. Regeneratie van de HPLC-kolom
is niet noodzakelijk. Het gebruik van een auto~injector op
het HPLC systeem gedurende de nachten en in het weekend is
geen probleem. De analysetijd varieert afhankelijk van de
ingewikkeldheid van het koolhydratenmengsel van 6 tot 60

minuten.
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