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ABSTRACT

The interaction of D-glucose with the hydrated alkaline-earth metal halides
has been studied in solution, and adducts of the type Mg(D-glucose)X, 4 H,0,
Ca(p-glucose)X, -4 H,0, and Ca(p-glucose),X, -4 H,0, where X = Cl~ and Br~,
have been isolated, and characterized by means of F.t.-i.r. and "H-n.m.r. spectros-
copy, X-ray powder diffraction, and molar conductivity measurements. Spectro-
scopic and other evidence suggested that the Mg(Il) ion in the Mg(p-glucose)X,-4
H,0O addaucts six-coordinate, binding to a D-glucose molecule (possibly vie O-1 and
-2 atoms) and to four H,O molecules, whereas, in the corresponding 1:1 Ca-b-
glucose adduct, the Ca(Il) ion is possibly seven-coordinate, binding to a sugar
moiety (through the O-1, O-2, and other sugar donor atoms) and to four H,0O
molecules. In 1:2 Ca(p-glucose),X,-4 H,O, the calcium ion may be eight-
coordinate, binding to two D-glucose molecules (possibly via the O-1 and O-2 atoms
of each sugar moiety) and to four H,O molecules. The strong, sugar H-bonding
network is rearranged upon D-glucose adduct-formation, and the a-anomeric con-
figuration is favored by these metal cation coordinations.

INTRODUCTION

Recent findings by Templeton and Sarkar’ on the formation of metal—carbo-
hydrate complexes in human kidney demonstrate the biological importance of
metal-sugar complexes. The Ni(II) ion was found! to form complexes with several
sugar moieties, including D-glucose and D-glucosamine derivatives. Calcium 1ons
and sugars appear to participate in a variety of biological adhesion and agglutina-
tion processes, including those occurring at the cell surfaces®. The stabilizing effects
of the alkaline-earth metal ions on the double helix structure of DNA are well
known?. The interaction of magnesium and calcium ions with the sugar residue of
nucleic acids and their components has been demonstrated through X-ray diffrac-
tion and spectroscopic measurements, and the effect of binding of these metal
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cations on the sugar conformational transitions have been studied* . The inter-
action of the calcium ion with p-glucose has been studied by '"H-n.m.x. spectros-
copy’, and the effects of interaction of alkali, alkaline-earth. and other metal
cations on the anomeric configurations of this sugar have been reported®. The
synthesis and characterization of several metal-sugar complexes of the alkali,
alkaline-earth, Zn?*, Cd>*, Hg2*, Ag*, UO3*, [Co(NH,)CL,}~, [Co(NH,):Cl}**.
cis-Pt{NH,),Cl; (antitumor), and trans-Pt{NH,),Cl, containing the p-glucuronate
anion®, the D-gluconate anion'®, L-arabinose!!, p-fructose!, o-glucurono-1.4-
lactone!?, D-glucurono-1,5-lactone’, vitamin C¥, and sucrose’ have been
reported.

The aim of the present work was the synthesis and characterization of several
Mg(II) and Ca(Il) adducts containing a D-glucose molecule, in both the solid and
in solution, by using F.t.-i.r. and 'H-n.m.1. spectroscopy, X-ray powder diffraction,
and molar conductivity measurements that have not previously been reported.
Comparisons have been made between the i.r. spectra of the alkaline-carth metal-
p-glucose adducts and free - and B-D-glucose and their equilibrated solution and
the effects of binding of these metal ions on the sugar anomeric configurations.
Furthermore, assignments of the sugar OH-stretching frequencies have been made,
based on neutron diffraction measurements, hydrogen-bonding energies, and the
geometrical parameters reported in the literature!’"*'. The chemical structure of
p-glucopyranose, with the numbering of the atoms, is shown.

a-D-QIuCopYranose A~p-glucopyranose

EXPERIMENTAL

Materials and methods. — Anhydrous p-glucose was purchased from Aldrich
Chemical Company, and recrystallized from water~methanol. The a- and S-D-
glucose were from Kodak, and were used as supplied. D,0O (99.8%) and Me,SO-d;
(99.8%) were obtained Cambridge Isotope Laboratories. Other chemical com-
pounds were reagent grade and were used as supplied.

Synthesis of calcium halide-D-glucose adducts. — Calcium halide (1 mmol) in
H,0 (10 mL) was added to a hot solution of n-glucose (1 mmol) in H,0 (20 mL),
and the mixture were heated for 30 min at 80°. The solution was then kept for 48 h
at room temperature, and 7:3 acetone-ethanol was added to precipitate the com-
pound. This was filtered off, washed several times with acetone, and dried (CaCl,).
In another experiment, a solution of p-glucose (2 mmol) in H,O (20 mL) was mixed
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with a solution of the calcium halide (1 mmol) in H,O (10 mL), and the mixtures
were heated for 40 min at 80°, cooled to room temperature, and 7:3 acetone—
ethanol added to afford a precipitate; this was filtered off, washed several times
with acetone, and dried (CaCl,). The analytical data showed the composition of
Ca(D-glucose)Cl,-4 H,O and Ca(p-glucose),X, -4 H,0, where X = Cl- or Br~.
Several attempts made to prepare the 1:1 Ca-Br-D-glucose adduct were unsuccess-
ful. The calcium-sugar compounds are very soluble in water and in hot alcohol, but
insoluble in any other common organic solvents, and were recrystallized from
water—ethanol.

Synthesis of magnesium halide-D-glucose adducts. — A solution of D-glucose
(1 mmol) in methanol (30 mL) was added to a hot solution of the magnesium halide
(1 mmol) in methanol (20 mL), and the mixtures were heated to boiling until all of
the D-glucose had dissolved. This solution was cooled to room temperature and 3:7
acetone—ether was added to precipitate the adduct; this was washed several times
with ether, and dried (CaCl,). The analytical results showed the composition of
Mg(D-glucose)X, -4 H,O, where X = CI~ or Br~. The Mg-D-glucose adducts are
very hygroscopic, and should be kept in a desiccator over CaCl,. The compounds
are very soluble in water, alcohol, and hot acetone, but insoluble in other common
organic solvents, and were recrystallized from water-methanol.

Physical measurements. — The F.t.-i.1. spectra were recorded with a Digilab
FTS 15/C and Nicolet SXDB Fourier-transform infrared interferometer, equipped
with a high-sensitivity HgCdTe or DTGS detector and a KBr beam-splitter. The
spectra were recorder with a spectral resolution of 2 to 4 cm~! for KCl pellets. The
film of D-glucose solution was prepared by spreading an aqueous solution of the
sugar (10%) on a AgCl plate, followed by evaporation and respreading as needed,
to obtain a uniform thickness. 'H-N.m.r. spectra were recorded with a Bruker WH
90-MHz instrument, with D,O or Me,SO-d, solutions containing sodium 4,4-di-
methyl-4-silapentane-1-sulfonate (DSS) or Me,Si as reference. Molar conductance
measurements were carried out at room temperature in H,O solution (mm) with a
conductivity meter of the CDM2e type (Radiometer, Copenhagen). The X-ray
powder diagrams were taken for comparative purposes, using a powder camera
(Philips, Debye-Scherre) with CuKa radiation.

RESULTS AND DISCUSSION

F.t.-i.r. spectra. — The infrared spectra of free D-glucose and its alkaline-
earth metal halide adducts were recorded in the region of 4000-500 cm™!, and the
results of the spectral analysis are described.

D-Glucose OH siretching vibrations and metal ion coordination. — The
assignment of the D-glucose OH stretching frequencies presented here is based on
the intermolecular O - - - O distances, the H-bonding energies, and the geometrical
parameters reported in the literature!’=2!. In the crystal structure of a-D-gluco-
pyranose, there are five intermolecular H-bondings'®, two of which are relatively
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a-D-glucose

Absorbance

Ca(p-glucose)Cl, * 4H,0

v T T ~
3700 3478 3256 3033 2811 2700
-1

Fig. 1. F.t.-i.r. spectra of p-glucose and its alkaline-earth metal ions in the region of 3700-2700 cm~!,

strong hydrogen-bonds, such as OH-3---0O-2 and OH-6---0-3, two slightly
weaker, namely, OH-4---0-4 and OH-2---0-6, and one of moderate energy,
OH-1---0-5. The energies of these hydrogen bonds range'® from 9.4 kJ.mol~' for
OH-1---0-51t0 14.6 kJ.mol~' for OH-3---0-2.

The five infrared absorption bands observed in the region of 3500-3200 ¢cm !
in the spectrum of free a-p-glucose were assigned as follows. The two strong
absorption bands at ~3404 and 3342 cm~' were respectively assigned to
OH-3---0-2 and OH-6---0-3, and the two broad, strong bands at ~310 and 3266
cm~! are related to OH-4---0-4 and OH-2---0-6, respectively, and a band at
3234 ecm~! to OH-1---O-5 group-stretching frequency (sce Table 1). The present
assignments are in good agreement with the observations’! made by Mathlouthi
and co-workers.

The free a-D-glucose OH stretching vibrations showed considerable changes
on metal-adduct formation. In the spectra of the 1:1 metal-D-glucose complexes,
the absorption bands related to OH-2 at 3342, and OH-1 at 3234 cm™! showed
major intensity changes and shifted towards lower frequencies (sce Table I and Fig.
1). On the other hand, in the spectra of the 1:2 metal-p-glucose adducts. the OH-3-
H stretching vibration at 3404 cm~! shifted towards higher frequency, whereas the
other sugar OH stretching vibrations shifted towards lower frequencies (see Fig. |
and Table I). The shifts of the D-glucose OH-1and OH-2stretching vibrations towards
lower frequencies in the spectra of the 1:1 metal-sugar adducts are indicative of the
Mg(IT) and Ca(Il) binding via the 1- and 2-hydroxyl groups of the sugar. The shifts
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of the OH-3 stretching vibration towards higher frequency in the spectra of the 1:2
metal-D-glucose adducts is due to rearrangements of the sugar hydrogen-bonding
system and not to participation of the sugar OH-3 in metal-ligand bonding. The
participation of the sugar OH-1 in metal-D-glucose binding is supported by the
major downfield shifts of the anomeric OH groups in Me,SO solution on sugar-
adduct formation; the '"H-n.m.r. spectra will be discussed later. It is worth noting
that the minor spectral changes observed for the other p-glucose OH stretching
vibrations may be related to rearrangements of the sugar H-bonding system on
complex formation.

D-Glucose C-H streiching vibrations. — Recently, the C-H stretching
vibrations of solid a- and B-D-glucose have been assigned by Longhi et al.22 by

a-D-glucose

Mg{p-glucose)
Tl a w0

=

Calo-glucose) Cly* 4 H,0

v

Ca(o-glucosel, Clys 4 H,0

Absorbance

T T T T d
1800 151 1222 1933 644 500

om
Fig. 2. F.t.-i.r. spectra of D-glucose and its alkaline-earth metal ions in the region of 1800-500 cm™!,
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using isotopic substitutions. The a- and B-bD-glucose have different C—H stretching
features??. The five i.r. absorption bands observed in the spectrum of a-D-glucose
and studied here are assigned to the C-4-H (2965), C-6-H (2943), C-3-H (2900),
C-2-H (2850), and C-5-H (2825 cm™!) stretching vibrations (see Fig. 1 and
Table 1). Our observations are in good agreement with those that Longhi er al.*
made for a-D-glucose. The C-H stretching vibrations of a-D-glucose exhibited no
major changes on sugar adduct-formation (see Fig. 1).

H,O0 binding. — The presence of a broad absorption band at ~3200 cm~!
(related to the water OH stetching vibration) and a medium band at ~1640 cm™!
(due to the water bending mode), which are absent from the spectrum of the free
sugar, are assigned to the bonded H,O molecules (see Fig. 2 and Table I).

D-Glucose ring vibrational frequencies. — The strongly coupled COH, CH,,
and CCH bending modes of free p-glucose?>~2* appeared as several absorption
bands, having medium intensities, in the region of 1460-1200 cm~!, exhibited major
intensity changes, and shifted towards higher frequencies (see Fig. 2 and Table I).
The shifts of the sugar OH bending modes towards higher frequencies, together
with the shifts of the sugar OH stretching vibrations towards lower frequencies (see
Fig. 1), are consistent with the participation of the sugar OH groups in metal-ligand
bonding®-'!.

The bp-glucose C-O stretching vibrations?*~2% were observed as several
absorption bands, at 1149, 1112, 1100, 1078, 1051, 1025, and 997 cm~!, and showed
alterations upon sugar-adduct formation (see Fig. 2 and Table I). The spectral
changes observed for the sugar ring C-O stretching vibrations are related to metal-
hydroxyl group coordination and the rearrangements of the sugar H-bonding net-
work, on metal complexation®-1!,

The free sugar skeletal deformation modes of C-O-C-O and C-C-C
groups®*~% appeared as several absorption bands in the region of 1000-500 cm~!
and showed some changes on sugar-adduct formation (see Fig. 2 and Table I).
Because the sugar ring vibrational frequencies are strongly coupled, metal ion
binding could change the electron distribution within the ring system (where the
vibrations are mostly localized), resulting in ring distortion which finally causes
alterations of the ring vibrational frequencies®!!.

A comparison between sugar anomeric forms and the alkaline-earth metal—n-
glucose adducts. — The i.r. spectra of a- and B-D-glucose are markedly different
from each other and from the spectrum of their equilibrium solution mixture (see
Fig. 3), as are their '"H-n.m.r.26, C-n.m.r.?’, and Raman spectra®. The main
spectral differences are in the region of 950-500 cm ™! (called the anomeric region),
shown in Fig. 4. The infrared spectrum of the « anomer shows three sharp
absorption bands, at 915, 838, and 776 cm™!, and a broad band having medium
intensity at 621 cm !, which are absent from the spectrum of the 8 anomer (see Fig.
4). The B anomer shows a weak band at 912 cm~!, a sharp band at 900 cm™!, a
weak band at 860 cm™', a strong band at 711 cm ™!, and a strong band at 592 cm~!,
and these are not present in the spectrum of the o anomer (see Fig. 4). The
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a-D-glucose

fA-p-glucose

Absorbance

sotution (anomeric mixture)

T T T T 1
1800 151 1222 833 644 500

em™”

Fig. 3. F.t.-i.r. spectra of a- and B-D-glucose and their equilibrium mixture (in aqueous solution) in the
region of 1800-500 cm™".

spectrum of the equilibrium solution mixture, which is composed® of a: 8 = ~2:3
(based on the 'H-n.m.r. spectrum), shows the presence of several bands related to
both anomers (see Fig. 4). Several absorption bands occur, at 917 (« anomer), 903
(B anomer), 857 (B anomer), 847 (« anomer), 772 (a anomer), 725 (o and B
anomer), 708 (B anomer), 668 (a and 8 anomer), 638 (8 anomer), 602 (possibly B
anomer), 559 (B anomer), and 515 cm~! (B anomer) (see Fig. 4). On comparing the
i.r. spectra of the alkaline-earth metal-D-glucose adducts with those of the two
anomers in this region (950-500 cm™") (see Figs. 1 and 4), the presence is seen, in
the spectra of these metal-sugar adducts, of several absorption bands, at ~914-920,
839842, and 770~780 cm~!, which are marker bands for the a-anomeric form, and
this is indicative of the binding of D-glucose to these metal cations through its a-
anomeric configuration. This is consistent with the results of Raman spectroscopic
studies®, which showed the great tendency of Ca(Il) ions towards complexation
with the @ anomer of the D-glucose molecule. The binding of the calcium ion to the
a anomer of other sugars was also reported®.

'H-N.m.r. spectra. — The anomeric proton (H-1) chemical-shifts of free D-
glucose in D,0O solution were observed® at 5.26 (a anomer) and 4.68 p.p.m. (B8
anomer) and exhibited no changes in the presence of Mg(II) and Ca(II) halides,
and this is mainly related to the presence of no major interaction between these
metal cations and D-glucose molecules in aqueous solutions. Similar observations
were made earlier by Angyal and Davies’ for the D-glucose molecule in the
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presence of the Ca(Il) ion in aqueous solution. On the other hand, the 8- and
a-anomeric O-1-H chemical shifts of free D-glucose were observed®® at 6.57 and
6.20 p.p.m. (in Me,SO), respectively, and they exhibited major downfield shifts
upon interaction with Mg(IT) and Ca(I1) ion. The changes observed are indicative
of strong interaction between these metal ions and D-glucose in non-aqueous
solution, in particular with the anomeric O-1-H group.

X-Ray powder diffraction and molar conductivity measurements. — The X-
ray powder patterns of the Mg(II)-pD-glucose adducts were similar. The X-ray
powder diagrams of the 1:1 Ca halide—sugar adducts were almost identical, but
were different from those of the 1:2 metal-sugar adducts, and this i1s mainly due to
the different coordination numbers of the Ca(Il) ion in these two Ca(11)-complexes
(possibly 7 in the 1:1 and 8 for the 1:2 metal-sugar adduct). It should be noted that
the coordination numbers of the Ca(ll) ion were found not the same in the

a-D-glucose

fi-b-glucose

Absorbance

515 solution

(equilibrated)

.‘
T T
350 850 750 \ 650 550 500

Fig. 4. The F.t.-i.r. spectra of a- and B-D-glucose and their equilibrium mixture (in aqueous solution)
in the region of 950-500 cm~! (anomeric region).
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structurally known3! 1:1 and 1:2 Ca halide-D-fructose adducts (that in the 1:1
was found to be 7, and that in the 1:2 was 8). The X-ray powder patterns of the
Mg(I)-D-glucose adducts were not similar to those of the corresponding Ca(II)
complexes, and this is also related to the smaller coordination numbers of the
Mg(II) ion (possibly 6) with respect to the calcium ion (possibly 7 or 8).

The high molar conductivities (170-200 £2-!.cm?.mol~') observed for the
alkaline-earth metal-D-glucose adducts in H,O solution are indicative of major
dissociation of these metal-carbohydrate complexes in aqueous solution, which is
consistent with the 'H-n.m.r.-spectral observations in D,O solutions already
discussed. Similar behavior was observed for several Ca halide-D-fructose adducts
in aqueous solution, where their crystal structures (solid) showed direct metal-OH
(sugar) binding, with no direct metal halide interaction'2.30.31,

SUMMARY AND CONCLUSIONS

On the basis of the spectroscopic properties of solid D-glucose and in solution
and its alkaline-earth metal adducts, the following remarks may be made. (@) There
is a strong interaction between D-glucose and the alkaline-earth metal cations in
the solid and in non-aqueous solutions, whereas, in H,O solution, such interaction
is less significant. (b) In the 1:1, solid, metal-D-glucose adducts, the Mg(II) ion
may be six-coordinate, binding to a sugar molecule (possibly through O-1-H and
0-2-H) and to four H,0O, while the Ca(II) ion may be seven-coordinate, binding to
a D-glucose (possibly through O-1-H, O-2-H and other sugar donor atoms) and to
four H,O. (¢) In the 1:2 Ca(Il)-D-glucose adduct, the calcium ion may be eight-
coordinate, binding to two sugar units bidentately via O-1-H and O-2-H and four
H,0. (d) The 1:1 and 1:2 calcium~sugar adducts are spectrally dissimilar. (¢) The
binding of D-glucose to these alkaline-earth metal ion is through its @-anomeric
structure.
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