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Abstract

Epimerization of D-glucose and D-mannose. catalyzed by the water solzole complexes of’ Cu(I}, Ni(Il), Co(Il) and Cd(11)
with bisnitrogen ligands 4-7, and by Mo(V1) complexes prepared in situ from ammonium heptamolybdate (AHM) with
ligands 4-9 is compared. All examined complexes exhibit lower catalytic activity than AHM: strong courdination of the
ligands by both (N.O) heteroatoms to metal jons, presumably affords catalytically less active species. Some free ligands and
their metal (II) complexes catalyze both C(2) epimerization and isomerization of aldoses t7 D-fructose.
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1. Introduction

Continuing our study of the ammonium hep-
tamolybdate (AHM) catalyzed C{2) epimeriza-
tion of aldohexoses [1-3], and aldopentoses [4].
we recently reported [5] the kinetic and thermo-
dynamic data of C(2) epimerization of D-man-
nose (p-Man) to D-glucose (D-Glc) in aceto-
nitrile—water. Small shifts of the equilibrium
D-Glc = D-Man in favour of D-Man were ob-
served in the mixtures of these two solvents.
Commercial interest in the catalytic C(2)
epimerization of aldoses resides in the opportu-
nity to obtain valuable C(2) epimers from their
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more widespread counterparts in nature, and
after subsequent high-pressure irydrogenation
and separation of two polyols, to yield the less
available C(2) epimeric polyol. This process is
presently performed in two separate steps; in the
first one isomerization oi the more available
aldose, e.g. D-Glc or D-Xy;, is completed and in
the second one, efter separation of the AHM
catalyst by the ion-exchange chromatography.
heterogenous high-pressure hydrogenation of the
epimeric mixture is pertormed, usually cat-
alyzed by RaNi in aqueous solution [6-9]. Ex-
ceptionally, separation oi D-mannitol from D-
sorbitol can be achieved by crystallization [10];
separation of other epimeric polyols requires
tedious chromatographic methods [11].

In such two-step process the final yield of the
less available polyol, e.g. D-mannitol or D-lyxi-
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limitation can in principle be alleviated by ah.h—
ing the equilibrium of C(2) epimerization either
by changing the reaction medium, as observed
for water—acetonitrile mixtures [3], or more
conveniently by contemporaneous selective hy-
drogenation of the emerging C(2) epimer. This
latter approach has not been attempted as yet,
though based on the well known LeChattelier
principle. It can be completed by employing
two mutually compatible catalytic systems,
[catalyst X]
Aldose-A 2  Aldose-B

catalyst Y, source of hyvdrogen
) - " [Alditol-B]

Epimerization is a reversible process: compo-
sition of the equilibrium mixture of two aldoses
is governed by their relative stabilities under
reaction conditions. Selective hydrogenation
during epimerization of the less stable, and
therefore more reactive aldose in the epimeric

mixture, will result in complete conversion of

the more stable aldose into C(2) epimeric alditol.

Accordingly. the convenient catalytic system,
a single catalyst or a combination of two com-
patible catalytic species, would complete the
conversion of the aldose A to the alditol B in a
single pot. Some recent reports have addressed
coupling of the reactions catalyzed by polyox-
ometalates, as e.g. oxidative dehydrogenation,
acylation and coupling of hydrocarbons, com-
bining an oxidative and reductive reaction in the
one-pot catalytic process [12-15].

Molybdate ions seem unique among polyox-
ometalates in their property to catalyze C(2)
epimerization. Tungstate ions are completely
catalytically inactive, though CD and NMR
studies have revealed formation of stable com-
plexes with aldoses [3,16]. Complexes of same
transition metals with bisnitrogen ligands were
recently reported by Tanase et al. to promote
C(2) epimerization of aldoses [17-23]. Because
of the high molar ratio complex:substrate, usu-
ally 1:1, these complexes can hardly be re-
garded as the catalysts, however. Among a
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Scheme 1.

number of metals and ‘igands tested [24.25,27],
only the complexes of Ni(Il). Ca(Il), Co(1l) and
Sr(il) with N,N.N’'-Me,en (Me,en: 1I-
(dimethylamino)-2-methylamino-ethane) and
N.N.N',N'-Me,en (Me_,en: 1,2-bis(dimethyl-
amino)-ethane) have proven active. Moreover,
they were studied in organic solvents exclu-
sively, usually in methanol, because of the poor
solubility of diamine complexes in water. In
organic solvents, however, the aldoses are com-
pletely insoluble. Both aspects strongly limit
productivity of this reaction, rendering such
process a priori unattractive for commercial ex-
ploitation.

Searching for a ‘comby’ catalytic process. in
this paper we report comparative study of
epimerization of D-Glc and p-Man by some
water soluble metal(II) complexes and molyb-
date complexes with bisnitrogen ligands 4-9
(see Scheme 1). In the following paper we



S. Kolaric, V. §lmji(- /Journal of Molecular Catalysis A: Chemizal 110 (1996} 181-188 183

report comparative study of homogeneous hy-

drooenatlon of the same pair of epimeric al-
doses [28]

Qos 1L&GJ.

2. Experimental
2.1. General

Melting points were determined on elec-
trothermal melting point apparatus. 'H- and
""C-NMR spectra were obtained on JEOL FX
900FT and Variar XL-GEM 3G0 spectropho-
tometers; shifts are given in ppm downfieid
from TMS. GLC analyses were performed on a
Hewlett Packard GC 5890 chromatograph with
flame ionization detector (FID), HP 3396A intz-
grator and capillary HP-17 column. HPLC anal-
yses were performed with a Hewlett Packard
1350 pu.mp equipped with an automaticaily con-
trolled thermostat, HP 1047A refractometric de-
tector and HP 3396A integrator.

2.2, Materials

D-Glc. b-Man (p.a.. Fluka) were dried in
vacuo for 24 h before use. Ammonium hepta-
molybdate tetrahydrate (NH,)Mo,0.,-4H,0
(p.a.. Aldrich). N_N’-ethylenediamine.
methoxyacewylchloride, triethylamine.
dimethoxyethylamine, oxalylchloride. morpho-
line, diethyloxalate. tetrakis-(2-methoxyethyl)-
ethylenediamine (p.a.. Fluka), NiCl,-2H,0.
CuCl, - 2H,0, SnCl, - 2H,0, Co(Cl, - 2H,0.
CdSO, - 2H,0. SbCl;. (p.a.. Kemika) were used
as received. Redistilled water and p.a. organic
solvents stored under nitrogen, were used in ail
experiments.

2.3. Preparation of the ligands

2.3.1. N.N'-Dimethyi-N.N'-bis( 2’ -methox ace-
rvl)-ethylenediamide (1)

Methoxyacetyl chloride (25 g, 237 mmol),
dissolved in toluene (50 ml) was added drop-
wise to the ice-cooled mixture of N.N’-ethylen-
ediamine (10 g, 113 mmol) and triethylamine

(74 g, 237 mmol). The reaction mixture was

LNl lel e wada

%tlrred for 1 h at room temperdture and progress

eyttt taroO 3

of reaction was followed Uy GLC. It was then
washed with 0.5 M sulfuric acid (3 X 50 ml)
and the combined aqueous exiracts were ad-
justed to pH > 12 with solid KOH. The crude
product was extracted with dichloromethane (5
X 50 ml) and distilled, b.p. 200-230°C /1
mmHg, to afford 14 g (77.4%) of > 90% pure

"H-NMR: 2.92 (s, 6H) 3.33 (s, 6H), 3.49 (s,
4H), 396 (d. 4H). ""C-NMR: 34.34, 44.69,
59.22, 71.04, 169.85.

2.3.2. Bis-oxalvimorpholide (2)

The solution of diethyl oxalate (11 g, 75
mmol) and morpholine (16.5 g, 190 mmol) was
heated under reflux for 7 days. and reaction was
followed by GLC. On slow cooling to room
temperature pure product has crystallized. it was
obtained 8.96 g of 2 (52.4%, 96.1% GLC assay).
“CNMR: 41.25. 46.27, 66.31, 66.59. 167.73.

2.3.3. Bis-(dimethoxvethyl)-oxalvlamide (3)

Starting from dimethoxyethylamine (10.5 ¢
79 mmol) and triethylamine (7 g, 69 mmol),
dissolved in toluene (250 ml), and oxalylchlo-
ride (£ 2 ¢ 33 mmol) dissolved in toluene (50
ml). title compound was prepared as described
for 1. Crude product (9.5 g. 89.5%) exhibited
97.4% GLC purity, and was used in the next
step without further purification. 'H-NMR: 3.31
(s, 6H), 3.34 (s, 6H). 3.55-3.58 (m, 8H), 3.65-
3.69 (m, 8H). "*C-NMR: 44.60. 48.28. 58.58,
58.64. 69.99, 70.88. 165.52.

2.3.4. Preparation of ethvlenediamines 4-6,
general procedure

Diamides 1-3 (40 mmol) were dissolved in
THF (50 mi). and resulting solution was added
under ice-cooling to the stirred suspension of
LiAIH, (4.6 g. 120 mmol) in THF. The reaction
mi~ture was then wormed up to 50°C. and
reaction monitored by GLC. After completed
conversion crushed ice was added. and precipi-
tate separated by filtration. Filtrate was washed
with 0.5 M sulfuric acid (3 X 50 mi), combined
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aqueous extracts were made alkaline, pH > 12,
with solid KOH. Crude products were extracted
with dichloromethane (5 X 50 ml) and were ei-
ther distilled under reduced pressure or recrys-
tallized.

2.3.5. N,N'-Dimethyl-N,N'-bis(2'-methoxyace-
rvl)-ethyelenediamine (4)

Crude product (9.68 g, 84.5%) was distilled
at 80°C/3 mmHg, affording 4.7 g of pure 4,
94.7% GLC assay. 'H-NMR: 2.29 (s, 6H), 2.55
(s, 4H), 2.539 (t, J=5.7 Hz, 4H), 3.35 (s, 6H),
348 (t, J=6.0 Hz, 4H). "C-NMR: 42.73,
55.46, 56.91, 58.45. 70.31.

2.3.6. 1,2-Dimaorpholino-ethane (5)

Crude product was crystallized from
dichloromethane affording 4.4 g (52.4%) of
crystals, m.p. 72.8-73.8°C, GC assay 97.5%.
'H-NMR: 2.44 (1, J=4.8 Hz, 8H), 2.46 (s,
4H), 3.66 (1. J=4.8, 8H). "C-NMR: 53.89,
55.85, 66.69.

2.3.7. NN.N',N'-Tetramethoxvethyl-ethylen-
ediamine (6)

The crude, oily product (7.7 g, 88.9%). was
distilled at 150°C /0.4 mmHg, to afford 3.6 g
(47%) of 6, 94.1% GLC assay. 'H-NMR: 2.68
(s, 4H), 2.73 (1, J = 6.0 Hz, 8H), 3.32 (s, 12 H).
346 (t, J=6.0 Hz, 8H). “"C-NMR: 52.90,
54.21, 58.57, 70.93.
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Fig. 1. Progress curve for the isomerization of p-Gle to p-fructo<w

catalyzed by complexes: O [Ni(I1)-4], O [Ni(I1)~5], [ [Ni(1D)=¢].
a [Ni(ID-7] in water at 100°C.

Tuble 1
C(2) epimerization of p-Gle catalyzed by [Ni(ID)-N, N-diamine]
complexes, in water at 100°C and in methanol at 60°C *

Complex  Equilibrium mixture
water, 100°C methanol, 60°C

D-Glc p-Man p-Fructose p-Gle p-Man D-Fructose

[NWID-4] 442 120 438 30.8 12,7 566
(Ni(ID-5] 818 3.1 15.0 8.3 104 i3
[Ni(II)-6] 459 12.1 42,0 643 48 309

[Ni(ID-7] 57.7 100 297

* Molar ratio of p-Gle:Ni(Il :diamine was 1:1:2: reaction time: 90
min.

2.4. Catalytic C(2) epimerization

All experiments for the determination of
progress curves were repeated twice.

C(2) epimerization was performed in a
home-made double-walled, 50 ml glass reactor,
thermostated by Haake L circulator thermostat
with silicon oil as the heating medium. The
aldose (I mmol) was dissolved in water or
methanol and the inorganic salt (1 mmol) and
diamine 4~9 (2 mmol) were added to the solu-
tion. Samples of the reaction mixture (0.2 ml)
were taken at various time intervals and diluted
by water (0.6 ml). The progress of reaction was
monitored by HPLC on Aminex HPX-87C col-
umn (300 X 7.8 mm) (Bio-Rad), thermostated at
85°C. Redistilled water was used as the eluant
at flow rate of 0.8 ml/min. Under these condi-
tions the retention times were as follows: HM
5.30 min, D-Glc 7.60 min, b-Man 9.23 min,
D-fructose 10.22 min.

2. Results and discussion

In the present study we wished to expand the
range of the complexes with bidentate nitrogen
ligands that promote C(2) epimerization in or-
ganic solvents, reported by Tanase et al. [17,23],
to those with additional hydroxy groups or oxy-
gen atoms in order to obtain water-soluble com-
plexes with transition metals as Cu(II), Ni(Il),
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Fig. 2. Progress curve for the C(2) epimerization of -Gl to
p-Man catalyzed by complexes: O [Ni{I1)-4]. OC [Ni(I)-5]. (4
[Ni(ID-6]. o [Ni(ID)-7] in water at 100°C.

Co(Il) and Cd(II). Such complexes were ex-
pected to epimerize aldoses at catalytic concen-
trations in aqueous solution, where high concen-
trations of sugars can be achieved. For compari-
son, the same ligands are combined with HM
ions in the expectation of obtaining particularly
selective catalysts.

Initiating this project, water-soluble Ni(Il)
complexes with the ligands 4-7 have been ex-
amined. Epimerization of D-Glc was performed
in water at 100°C. and — to compare the results
with those of Tanase et al. [26,27] also in
methanol at 60°C. In all experiments molar ratio
D-Glc:N(ID:ligand was 1:1:2, as used by Tanase
et al. Final conversions, reached after 90 min,
are presented in the Table 1, and progress curves
in the Figs. 1-4.

HPLC monitoring surprisingly revealed iso-
merization of D-Glc to D-fructose as the primary
process in both solvents, and C(2) epimerization
as the slower one. This result can be explained
by inactivation of Ni(Il) on complexation to the
ligands 4-7, which can form hexacoordinated
complexes of the general formulae I. Klufers
reported formation of neutral complexes of
Cu(Il) and Pd(I1) with polyols in aqueous solu-
tions [29]. Analogously, the OH and NH group.
or N atom, in the ligands 4-8 may be used by
the metal to form = or donor bonds, or a
combination of the two. depending on the ox-
ophilicity of the bound metal.

100
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Fig. 3. Progress curve for the isomerization of p-Glc to p-fructose
catalyzed by complexes: O [Ni(I1)-4]. O [Ni(II)-5]. @ [Ni(11)-6]
in methanol at 60°C.

Since deactivation of Ni(Il) complexes could
be consequence of the low metal:ligand ratio,
epimerization was performed at a bD-
Glc:metal:ligand ratio of 1:1:1, Fig. 5. No for-
mation of D-Man was observed, the only prod-
uct was D-fructose, formed at approximately the
same rate as with the 1:2 metal:ligand ratio. The
test of ligand 7 in the absence of the metal ions,
for both directions of cpimerization, at an al-
dose:ligand molar ratio of 1:2, resulted in the
processes presented in Figs. 6 and 7. Isomeric
D-fructose and C(2) epimeric aldose were formed
from both substrates, though in somewhat dif-
ferent proportions. There was 52.3% of D-Glc.
10.3% of D-Man, and 37.6% of p-fructose in the
equilibriv.. mixture reached from D-Glc, but

L]

20 +

% D-Mannosc

Ymin

Fig. 4. Progress curve for the C(2) epimerization of p-Gle to
D-Man catalyzed by complexes: O [Ni(iD-4]. O [Ni(ID-5].
[Ni(ID)~6] in methanol at 60°C.
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% D-Fructosc

Umin
Fig. 5. Progress curve for the C(2} epimerization of p-Glc cat-
alyzed by O [Ni(iD-4]. O [Ni(ID-5]. @ [Nitl}-6). a [Ni(ID-7]
complexes in water at 100°C: molar ratio of »-Gle:Ni(ITkdiamine
is 1:1:0.

0 i '
0 50 100 150 200 250 300

tmin
Fig. 6. Progress curve for the C(2) epimerization of 0-Gle cat-
alyzed by ligand 7 in water at 100°C: molar ratio of »-Gle:7 is
1:2: O p-Gle. O p-Man. i@ p-fructose.

100
®

75 <

50_

25_

g o
0 T T T T
4] 0 100 130 200 250
tmin

Fig. 7. Progress curve for the C(2) epimerization of »-Man
catalyzed by ligand 7 in water at 100°C: molar ratio of »-Man:7 is
1:2: ld p-Man, O p-Gle. O Dructose.

Tabic 2
C(2) epimerization of 1-Gle catalyzed by [(Mo(VI)-N-ligand]
complexes in water at 100°C

Complex 1 Gmin) D-Gle:p-Man
AHM 15 62:38
[Mo-4] 270 70:30
[Mo-5] 270 76:24
[Mo-6) 270 92:8

Mo-7] 270 94:0

[Mo-8] 15 70:30
[Mo-9] ] 6238

4449 p-Man, 24.9% p-Glc, and 28.7% of D-
fructose in the equilibrium mixture reached from
n-Man. This outcome reveals that the free lig-
and 7 epimerizes D-Man faster then D-Glc, as
observed also with HM [2], and that boih al-
doses isomerize into D-fructose, both processes
being obviously base-catalyzed.

To conclude this section. water soluble com-
plexes of Ni(ID, Cu(Il). Co(Il) and Cd(I1) with
bisnitrogen ligands proved non-selective in C(2)
epimerizauon, catalyzing contemporaneous iso-
merization of both aldoses to D-fructose.

In the second part of this study we prepared
in situ complexes of AHM by adding equimolar
quantities of the ligands 4-9. The exact stoi-
chiometries of [Mo(VH-(N.N-diamine),] and
[Mo(VD—( N-alkylamine), ] complexes have not
been determined.

Table 2 presents the ratios of p-Glc/p-Man
achieved with the single complex. Fig. 8 shows
the progress curves of epimerization at 100°C,

TohD-Mannosc

LR L L
0 50 100 130 200 250 300

tYmin
Fig. 8. Progress curve for the C(2) epimerization of nD-Gle cat-
alyzed by [d AHM. O [Mo-4]. O [Mo-5]. > [Mo-6). @
[Mo-7]. ® [Mo- 8]. + [Mo-9] complexes in water at 100°C,
molar ratio of p-Gle:((Mo( VD -ligand] is 10:1.
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Taple 3
C(2) epimerization of p-Gle catalyzed by [Mo-8] complex in
waler at 100°C

Complex  Molar ratio of D-Gle:complex 7 (min) - p-Gle:p-Man

AHM 278:1 45 70:30
[Mo-8] 2781 270 80:20
[Mo-8] 139:1 270 72:28
[Mo-8] 70:1 180 70:30
[Mo-8] 10:1 15 70:30

and at 10:1 molar ratio D-Glc:{Mo(VD—-ligand].
The resuits reveal nearly equal activity of the
complexes [Mo-8], [Mo-9], and AHM. The
efficacy of the complexes [Mo—4] and [Mo-5]
is notably lower, however, the equilibrium be-
ing reached after 270 min, while the complexes
[Mo-6] and [Mo-7] proved nearly inactive. In
all experiments the aldose:Mo(V1) ratio was
10:1, i.e. ten times higher than that used by
Tanase [27] with Ni(Il) complexes of bisnitro-
gen ligands, but still much lower than in the
catalytic epimerizations with AHM [4,5]. We
therefore examined the effect of the
aldose:{JMo—-8] ratio on the rate of epimeriza-
tion. The data collected in Table 3 and Fig. 9
show that the catalytic efficacy of [Mo-8] is
significantly Jower than that of AHM; ca. 70:30
D-Glc:p-Man equilibrium is still reached. though
after notably longer reaction times.

Diminished catalytic efficacy of bideniate

% D~-Mannosc

T T T T T
0 50 100 i 200 250 300

tYmin

Fig. 9. Progress curve for the C(2) epimerization of p-Gle cat-

alyzed by [Mo-8] complexes at molar ratio of Glc:[Mo-8]: O
278%:1. 8 139:1. A 70:1. %7 10:1. and AHM at molar ratio of O
278:1. in water at OO C.

iigands presented in Table 2 can be explained
by coordination of depolymerized polymolyb-
date ions to nitrogen ligand. Ligands 4-7, which
posses additional hydroxy or methoxy groups
presumably coordinate to Mo(VI) by both het-
eroatoms forming catalytically less active
species, that have largely lost the coordinating
ability for aldoses.

In conclusion, the accumulated data accentu-
ated AHM as the umque, highly specific cata-
lyst for C(2) epimerization of aldoses. We
therefore entered the study of homogeneous hy-
drogenation catalysts described the next paper
[28]. expecting their compatibility with AHM
catalyzed epimerization.
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