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Zinc(11) complexes containing N-glycosides derived from D-glucosamine (D-GlcN) and ethylenediamine (en),
[Zn(D-GlcN-en),]X, (1a X = Cl, 1b X, = SO,*"), were prepared and characterized by elemental analysis and nuclear
magnetic resonance spectroscopy involving X-ray crystallography, where D-GlcN-en = 1-{(2-aminoethyl)amino}-2-
amino-1,2-dideoxy-D-glucose. The complex cation of 1a has a nearly C, symmetry and the central zinc atom is
octahedrally coordinated by two tridentate N-glycoside ligands from D-glucosamine and ethylenediamine. The
N-glycoside ligand, p-GlIcN-en, ligates to the zinc atom through the C? amino nitrogen atom of D-glucosamine and
the two nitrogen atoms of the diamine in a meridional mode. The analysis of the solution conformation of the sugar
ring in 1a based on vicinal coupling constants confirmed the similar structure revealed by X-ray crystallography.

Introduction

Interactions of carbohydrates with metal ions have become an
important subject in the bioinorganic field, since many sugar-
processing enzymes have been revealed to function with redox
non-active metal ions such as Mg?", Mn?" and Zn>' in the
active sites.! Elucidation of the reactivity and behavior of
sugars around redox active metal ions also involves their
potential relevance to ribonucleotide reductases which utilize
non-heme diiron or coenzyme B, functional units.?

As a significant part of our program to clarify the nature of
sugar—transition-metal interactions, we have synthesized and
fully characterized metal complexes containing N-glycosides
formed from polyamines and sugars* or amino sugars.* We have
recently reported the mononuclear nickel(i) complexes ligated
by a tridentate N-glycoside formed from ethylenediamine
or trimethylenediamine (tn) and p-glucosamine, [Ni(D-GlcN-
diamine),]Cl,, which showed effective antifungal activity
against the pathogenic yeast Candida albicans which causes
serious disease in HIV-seropositive patients.?

Zinc is commonly found to bind to proteins in nature, either
as a part of a catalytic site in enzymes® or as a structural com-
ponent, as in DNA binding “zinc fingers”.” Complexes of Zn(1r)
with monosaccharides Fru® (fructose) and GlupA (p-gluco-
pyranosiduronic acid)® have been described, as has electrostatic
binding to oligogalacturonates." The binding of Zn(u) to
heparin and glycosylaminoglycans was also reported.!'*
Therefore, the ability to clarify the nature of the coordination
behavior of sugars around the Zn(1r) center is highly desirable.

In this paper, we wish to report the first successful isolation
and X-ray crystal structure determination of zinc(1r) complexes
containing N-glycosides derived from D-glucosamine (D-GIcN)
and ethylenediamine including their structure analysis in solu-
tion by means of 'H and *C NMR measurements.

Experimental
Materials

All reagents were of the best commercial grade and were
used without further purification. [Zn(en),]Cl,-H,O'* was pre-
pared by known methods. The following abbreviations are
used; en = 1,2-diaminoethane; D-GIcN = 2-amino-2-deoxy-D-
glucose; D-GlcN-en = 1-{(2-aminoethyl)amino}-2-amino-1,2-
dideoxy-D-glucose.

Preparations of zinc(i1) complexes containing N-glycosides of
D-glucosamine

[Zn(D-GlcN-en),]CL,-H,O0 (1a-H,0). p-GIcN-HCI1 (2.15 g,
0.01 mol) and [Zn(en);]Cl,-2H,0 (3.16 g, 0.01 mol) were dis-
solved in 200 mL of methanol, and the mixture was stirred for
2-3 days at room temperature. The solution was kept at room
temperature to give white microcrystals, which were collected,
washed with cold ethanol, and dried in vacuo (1.68 g, yield
22%). Cale. for [Zn(D-GlcN-en),]Cl,-H,O (1a-H,0): C¢H,y-
NO,Cl,Zn: C, 32.30; H, 6.71; N, 14.22. Found: C, 32.19; H,
6.76; N, 14.08%.

[Zn(D-GlcN-en),]SO,-4H,0 (1b-4H,0). A methanolic solu-
tion containing ethylenediamine (0.601 g, 0.01 mol) and
D-GIcN-HCI (2.150 g, 0.01 mol) was heated at 60 °C for 80
min. The resultant pale yellow solution was cooled to room
temperature, and a methanolic solution of ZnSO,-7H,0 (2.876
g, 0.01 mol) was added to the solution to yield a white powder,
which was collected, washed with cold ethanol, and dried
in vacuo (3.24 g, yield 48%). Calc. for [Zn(D-GlcN-en),]SO,-
4H,0 (1b-4H,0): C;sH,sN:O,,SZn: C, 28.43; H, 6.86; N, 12.43.
Found: C, 28.42; H, 6.85; N, 12.43%.
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Measurements

Infrared spectra were measured as KBr pellets or Nujol mulls
on a JASCO FT/IR8900 recording spectrometer. All NMR
spectra ['H, "*C, DEPT, 'H-'"H, COSY, HMQC (heteronuclear
multiple quantum correlation), HMBC (heteronuclear mul-
tiple bond correlation), NOESY and ROESY] were obtained on
a Varian UNITY 500 MHz spectrometer in solutions of
(CD;4),SO and CD;0OD (2:1) at 40 °C. The residual solvent
peak of CD,;0D was referenced to § 3.3 in 'H and 6 49.0 in *C
NMR. One-dimensional 'H NMR were recorded with a spec-
tral width of 8000 Hz, 64 k data points. One-dimensional *C
and DEPT NMR spectra were recorded with a spectral width
of 28900 Hz, 65.5 k data points. Two-dimensional field gradient
'"H-'H COSY were recorded with a spectral width of 2600 Hz
with 1024 data points, 256 increments (zero filling to 2 k); four
transients were recorded for each increment with a relaxation
delay of 1 s.

Two-dimensional field gradient HMQC and HMBC (8 Hz, 4
Hz and 12 Hz) were recorded with a spectral width of 2600 Hz,
10254 points in the 'H dimension and 13900 in the “C
dimension, 256 increments (zero-filling to 8 k); 32 transients
were recorded for each increment, with a relaxation delay of
1.8 s. ROESY spectra were obtained as follows. The standard
pulse sequence D1-90°-£2-90°-SL-90°-FID acquisition was used
to perform the ROESY experiment. The relaxation delay D1
was 1.5 s and the sweep width in both dimensions was 8000 Hz.
Typical spectra were obtained from 8 scans and 256 increments
and processed using a Gaussian weighting function. ROESY
spectra with spin lock duration of 0.8 s were recorded. The 2 D
ROESY experiments were recorded and displayed in the phase-
sensitive mode. Mixing times of 1.5 s were used. The number of
transients was set to 256 scans for each block: the other param-
eters were identical with those in '"H-'H COSY experiments.
Zero filling was applied in the evolution time domain and the
data were processed using a Gaussian weighting function in
both dimensions.

Crystallography

Crystal data and intensity measurement for [Zn(D-GlcN-
en),]Cl,-2.75H,0-0.5CH,OH (1a-2.75H,0-0.5CH;OH).
Microcrystals of 1a-2.75H,0-0.5CH;OH were recrystallized
from a minimum amount of water containing twice the amount
of methanol to yield needle-like white crystals suitable for
X-ray crystallography. The crystals were sensitive in air and
became opaque after removal from the mother-liquor. A white
crystal coated with epoxy cement on a glass fiber was mounted
on the goniometer head on a Rigaku AFCSS four-circle auto-
mated diffractometer and was used to collect diffraction data at
room temperature. The unit cell dimensions were determined
by a least-squares method with 25 reflections in the range of
20 < 26 < 30°. Three standard reflections were monitored every
150 reflections and showed only 1-4% random variation in
intensity, for which no correction was made. The linear absorp-
tion coefficient for Cu-Ka (4 =1.54178 A) was 32.37 cm™'. An
empirical absorption correction by the w-scan method was
applied. The data were corrected for Lorentz and polarization
effects. The crystallographic and experimental data are sum-
marized in Table 1.

Structure solution and refinement. The structure was solved
by direct methods (SAPI91) and cycles of Fourier and differ-
ence Fourier syntheses. The structure was refined by full-matrix
least-squares techniques. All hydrogen atoms were determined
by difference Fourier syntheses and refined with appropriate
B, The final refinement converged to R=X| F,| — |F||/Z|F,| =
0.050 and R, = [Ew(|F,| — |F)YZw|F " = 0.077 [w = 1/6*(F,)].
The atomic scattering factors and values of /' and f” for Cl, Zn,
O, N and C atoms were taken from refs. 16 and 17. The known
absolute configurations of the asymmetric carbon atoms of
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Table 1 Crystallographic and experimental data for 1a-2.75H,0O-
0.5CH;0H

Formula 041.25NgC16.5H395ZnCl,
Formula weight 638.31

Crystal system Orthorhombic
Space group P2,2,2,(No. 19)
alA 16.300(7)

blA 23.398(5)

c/A 15.791(3)

VIA3 6022(2)

zZ 8

DJgcem™? 1.365

TI°C 23

No. obsd. unique reflections 3706 (I > 3a0(1))

Table 2 Selected bond distances (A) and angles (°) for complex
1a-2.75H,0-0.5CH;0OH*

Zn(1)-N(1) 2.172(7) Zn(1)-N(2) 2.186(7)
Zn(1)-N(3) 2.297(7) Zn(1)-N(4) 2.193(7)
Zn(1)-N(5) 2.195(6) Zn(1)-N(6) 2.247(7)
Zn(2)-N(7) 2.178(7) Zn(2)-N(@8) 2.178(7)
Zn(2)-N(9) 2.268(7) Zn(2)-N(10) 2.195(8)
Zn(2)-N(11) 2.149(7) Zn(2)-N(12) 2.271(7)
N(Q2)-C(3) 1.44(1) N(5)-C(11) 1.45(1)

N(8)-C(19) 1.42(1) N(11)-C(27) 1.44(1)

N(1)-Zn(1)-N@2)  78.6(3) N(9)-Zn(2)-N(12) 89.4(2)
N(1)-Zn(1)-N3)  154.7(3) N(10)-Zn(2)-N(11)  80.0(3)
N(1)-Zn(1)-N@)  100.1(3) N(10)-Zn(2)-N(12)  158.2(3)
N(1)-Zn(1)-N(5)  108.3(3) N(11)-Zn(2)-N(12)  78.4(2)
N(1)-Zn(1)-N(6)  90.1(3) N(2)-Zn(1)-N(3) 77.4(2)
N@2)-Zn(1)-N@)  97.93) N(@2)-Zn(1)-N(5) 172.6(2)
NQ2)-Zn(1)-N(6)  104.5(2) N(3)-Zn(1)-N(4) 91.2(3)
NG3)Zn(1)-NG)  96.1(2) N(3)-Zn(1)-N(6) 88.0(2)
N@4)-Zn(1)-N(5)  78.5(3) N(4)-Zn(1)-N(6) 156.8(3)
N(5)-Zn(1)-N(6) 78.5(2) N(7)-Zn(2)-N(8) 79.8(3)
N(7)-Zn(2)-N(©9)  156.3(3) N(7)-Zn(2)-N(12) 89.9(3)
N(8)-Zn(2)-N(9) 77.3(2) N(8)-Zn(2)-N(10) 97.6(3)
N@B)-Zn(2)-N(11)  173.4(2) N(8)-Zn(2)-N(12)  103.7(2)
N(9)-Zn(2)-N(10)  90.8(3) N(9)-Zn(2)-N(11) 96.5(2)

“ Estimated standard deviations are given in parentheses.

D-glucosamine were used as internal references for asymmetric
centers to determine the absolute configuration of the complex.
Selected bond distances and angles are listed in Table 2. All
calculations were performed on a Digital VAX station 3100
M38 computer with the TEXSAN-TEXRAY structure analysis
package.’® The perspective views were drawn by using the pro-
gram ORTEP-II."

CCDC reference number 186/1407.

See http://www.rsc.org/suppdata/dt/1999/1851/ for crystallo-
graphic files in .cif format.

Calculation of the vicinal 'H-"H coupling constants of the sugar
units and diamine groups of [Zn(D-GlcN-en),]**

Recently Altona et al. proposed an extended Karplus equation
by considering empirical group electronegativities for vicinal
NMR 'H-'H couplings along the C-C bond as shown in eqn.
(1) where A, are empirical group electronegativities (substitu-

3J(H*,H?) = 14.63 cos® (p) — 0.78 cos (p) + 0.60 +
3:40.34 — 231[s(p) + 184141} (1)

ent parameters) and s; stands for the ‘sign factor’ (formally
denoted &) of the substituent attached to the H-C-C-H frag-
ment in question, either +1 or —1.2! The torsion angles were
calculated for the H-C—C-H fragments on the sugar rings and
diamine chelates from the atomic coordinates determined by
the crystal structure of 1a-2.75H,0-0.5CH;OH. The A values
defined in the literature?® were used. In our study, the H*-C*-



C’—H? torsion angles (¢, —180 < ¢ < 180°) for sugar ring struc-
tures and diamine chelate conformations on [Zn(D-GIcN-
en),]*" were converted into the vicinal proton—proton coupling
constants [*J(H*,H?)] on the basis of the empirical equations
proposed by Altona et al. as shown in eqn. (1).

Results and discussion

When the insoluble b-GlcN-HCI was reacted with a methanol
solution of [Zn(en);]Cl,-2H,0, complete solubilization was
observed. Analytical data showed that the complexes 1a and 1b
consisted of two diamines and two amino sugar residues per
zinc atom together with some solvent water molecules. In the
IR spectra, besides a broad band for hydroxyl groups, a moder-
ate peak corresponding to J(N-H) was observed around 1600
cm™!, which shifted to higher energy compared with that of the
starting complex [Zn(en),]**, suggesting glycosylamine form-
ation just as observed in the reactions of [Ni(diamine),]**
(diamine = en or tn) with monosaccharides.’

From these analytical data, the zinc(11) complexes of D-glucos-
amine were assumed to have a pseudo-octahedral [ZnN] struc-
ture where two N-glycoside ligands from a diamine and an
amino sugar coordinate to the zinc atom in a tridentate manner.
Providing the proposed bis(tridentate)zinc(ir) structure is cor-
rect, some isomers, including the A and A configurations
around the metal center and the mer and fac geometrical
modes, are possible, but they could not be determined by
spectroscopic analyses alone. In order to clarify the detailed
structure, an X-ray crystallographic study of [Zn(D-GIlcN-
en),]Cl,-2.75H,0-0.5CH;OH was undertaken.

Molecular structure of [Zn(p-GleN-en),]Cl,-2.75H,0-
0.5CH,OH

There are two complexes in the asymmetrical unit. Since the
structures of both the complex cations are nearly identical, the
following description of the molecular structure applies equally
to both the complex ions. A perspective drawing of the complex
cation is given in Fig. 1, and some selected bond distances
and angles are listed in Table 2. The compound consists of
one complex cation, two chloride anions and methanol and
water molecules of crystallization. The zinc atom is octa-
hedrally coordinated by two N-glycoside ligands, D-GIlcN-
en, 1-{(2-aminoethyl)amino}-2-amino-1,2-dideoxy-D-glucose,
through six nitrogen atoms. The complex cation has a nearly C,
symmetry and is fairly distorted from ideal O, symmetry with
the average trans angle of 170.0° for the tridentate N-glycoside
ligands. The two N-glycoside ligands coordinate to the zinc atom
in a meridional mode with A configuration around the metal
center defined by the two sugar chelate rings. The configuration
around the metal center in 1a is same as that in [Ni(D-GIcN-
en),]** 2.* Each ligand coordinates to the metal at three points,
through the C? amino nitrogen atom of the glucosamine moiety
and through the two nitrogen atoms of the 1,2-diaminoethane
residue. The pyranoid ring of the sugar unit in D-GlcN-en
adopts the usual B-*C, chair conformation. In our series of
nickel(m1)-sugar complexes, also including the present complex,
the anomeric form of the N-glycosides is exclusively f and no
complex with the a-N-glycoside conformation was isolated thus
far except for [Ni(D-Ara-tn),]**.% The five-membered chelate
rings involving the sugar moiety, {[Zn(1)N(2)C(3)C(4)N(3)],
[Zn(1N(S)C(1DHC(12)N(6)], [Zn(2)N(8)C(19)C(20)N(9)],
[Zn(2)N(11)C(27)C(28)N(12)]} take a A-gauche conformation
and the five-membered chelate rings of the diamine part,
{[Zn(H)N(DC()C(2)N(2)], {[Zn(HN@HCO)C0N(5)],
{[Zn(2)N(7)C(17)C(18)N(8)], {[Zn(2)N(10)C(25)C(26)N(11)]},
adopt a 6 gauche form. The absolute configuration around the
glycosidic nitrogen atoms is S in the notation of Cahn, Ingold
and Prelog.?> These configurational aspects, just the same as
those found in 2, closely relate to the configuration around the
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Fig. 1 Perspective drawing of [Zn(D-GlcN-en),]*" with the atomic
numbering scheme in an asymmetric unit.

C? carbon atom of the sugar moiety (R). The pyranoid ring is
arranged to be planar with respect to the sugar chelate ring,
which is interestingly contrasted to that found in [Ni(L-Rha-
tn),]**,%* the pyranoid ring being considerably tilted with
respect to the sugar chelate ring. The average bite angle of the
five-membered chelate rings including the diamine part {N(1)—
Zn(1)-N(2), N@#)-Zn(1)-N(5), N(7)-Zn(2)-N(8), N(11)-
Zn(2)-N(12)}, is 78.6°, and that of the five-membered one
comprising the sugar moiety {N(2)-Zn(1)-N(3), N(5)-Zn(1)-
N(6), N(8)-Zn(2)-N(9), N(11)-Zn(2)-N(12)} is 77.9° which
are normal values for the five-membered diamine rings. The
average trans angle between the terminally coordinating
atoms of the N-glycoside ligand to the zinc {N(1)-Zn(1)-
N(3), N(2)-Zn(1)-N(5), N(4)-Zn(1)-N(6), N(7)-Zn(2)-N(9),
N(8)-Zn(2)-N(11), N(10)-Zn(2)-N(12)} is 162.0° which is
similar to those in 2. The unit cell consists of the 8§ complex
cations, 16 Cl counter anions and 22 waters and 4 methanols
of crystallization, in which disorder for some of the H,O has
been observed.

This complex decomposed gradually in water. However, 'H
and ®C NMR spectra of la were obtained in (CD;),SO-
CD;0D and unambiguously assigned by 'H-'H and “C—'H
COSY two-dimensional NMR spectroscopy. Proton and *C
NMR spectra of the complex are summarized in Table 3. All
hydrogen atoms of OH, NH and NH, groups were replaced
by deuterium. The structure of the D-GIcN-en unit is shown
in Fig. 2. In the *C NMR spectrum of 1a only eight signals
were observed although the complex cation contains 16
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Table 3 Carbon and proton chemical shifts (ppm) of 1a

13C resonances

Sugar units (en) units

C! c? c? ct (o (o) c’ Cc?
88.97 56.92 76.81 7142 7884  61.73 4527 38.76

'H resonances

Sugar units

H' H? H? H* H’
3.73 222 3.40 3.11 3.15

HS, H’
3.52,3.72

Table 4 Average torsion angles of the H-C-C-H fragments of the
sugar rings (¢/°)

Fragment o

H'-C'-C*-H? 177.3
H>-C>-C*H? —176.9
H*-C*-C*-H* 173.2
H*-C*C>-H* —174.0

Table 5 Vicinal '"H-'H spin-spin coupling constants (Hz) for sugar
units

Observed Calculated
12 9.0 8.9
3as 9.8 10.1
a4 9.0 9.6
as 8.3 9.7
u* HO
A
C H o Hll
HO/ \\CS/l/ i .
\ | _c? N /C\
HO. e 77 {po
O C3/HSI \\(ﬂ C, ‘HQI'I NH2
b b

Hl

Fig.2 Drawing of D-GlcN-en unit with the atomic numbering scheme.

carbon atoms. Thus the *C spectral data strongly suggest
that the two N-glycoside ligands are equivalent, consistent
with the C, symmetrical structure as confirmed by X-ray
analysis.

Conformational analysis of sugar units and diamine chelates on
[Zn(p-GleN-en),**

The successful use of proton NMR spectroscopy for the elucid-
ation of structural details in conformational analysis depends
largely on the availability of a reliable functional relationship
between vicinal proton—proton coupling constants and associ-
ated ¢ (H-C-C-H) torsional angles, usually referred to as a
Karplus-type equation. In our previous paper,”® we analyzed
the structures of the sugar units of cobalt(r) complexes con-
taining an N-glycoside derived from ethylenediamine and an
aldose by means of the semiempirical AMI1 calculations
coupled with the conversion of the vicinal 'H-'H spin—spin
coupling constants in the "H NMR spectra into torsion angles
of the corresponding H-C-C-H fragments, where we used the
empirical Karplus-type equation proposed by Haasnoot et al.*!
Recently Altona et al. proposed an extended Karplus equation
by considering empirical group electronegativities as described
in eqn. (1).*° This generalized Karplus—Altona equation was
effectively used in the recent reports on the anomeric effect in
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purine nucleotides* and vicinal coupling constants to H-C—C—
F torsion angles.” The *C; conformation of the pyranose rings
in 1a was confirmed by "H NMR spectroscopy and by using
eqn. (1). The torsional angles of the H-C-C-H fragments and
the observed and calculated vicinal coupling constants are
listed in Tables 4 and 5, respectively. The corresponding
couplings resemble each other. Therefore, it can be concluded
that the hydrogens at C', C2, C*, C* and C® are in the trans axial
orientation corresponding to a p-*C, conformation as revealed
by X-ray crystallography.

The results observed in this work are promising for the devel-
opment of new and effective zinc-containing compounds in
medicine. The screening of these complexes for bioactivity is
now in progress.

Acknowledgements

This work was partially supported by a Grant-in-Aid for
Scientific Research and Grant-in-Aid for Scientific Research on
Priority Areas from the Ministry of Education, Science, Sports
and Culture and Grants from the Iwatani, Nippon Itagarasu,
Nagase Foundations and the San-Ei Gen Foundation for Food
Chemical Research.

References

1 (a) R. W. Gracy and E. A. Noltmann, J Biol. Chem., 1968, 243,
4109; (b) R. W. Gracy and E. A. Noltmann, J Biol. Chem., 1968,
243, 5410; (¢) R. L. Root, J. R. Durrwachter and C.-H. Wong, J. Am.
Chem. Soc., 1985, 107, 2997; (d) J. Jenkins, J. Janin, F. Rey,
M. Chiadmi, H. Tilbeurgh, I. Lasters, M. D. Maeyer, D. V. Belle,
S. J. Wodak, M. Lauwereys, P. Stanssens, N. T. Mrabet,
J. Snauwaert, G. Matthyssens and A.-M. Lambeir, Biochemistry,
1992, 31, 5449; (¢) M. Whitlow, A. J. Howard, B. C. Finzel, T. L.
Poulos, E. Winborne and G. L. Gilliland, Proteins, 1991, 9, 153;
(/) Y. Zhang, J.-Y. Liang, S. Huang, H. Ke and W. N. Lipscomb,
Biochemistry, 1993, 32, 17; (g) Y. Xue, S. Huang, J.-Y. Liang,
Y. Zhang and W. N. Lipscomb, Proc. Natl. Acad. Sci. USA, 1994,
91, 12482; (h) K. D. Hardman, R. C. Agarwal and M. Freiser,
J. Mol. Biol., 1982, 157, 69.

2 S.J. Lippard and J. M. Berg, in Principles of Bioinorganic Chemistry,
University Science Book, CA, 1994, ch. 11.

3 (a) S. Yano, Coord. Chem. Rev., 1988, 92, 113 and refs. therein;
(b) S. Yano and K. Ohtsuka, in Metal Ions in Biological Systems,
ed. H. Sigel and A. Sigel, Marcel Dekker, New York, 1996, vol. 32,
p- 27 and refs. therein; (c¢) S. Takizawa, H. Sugita, S. Yano and
S. Yoshikawa, J. Am. Chem. Soc., 1980, 102, 7969; (d) H. Shioi,
S. Yano, K. Toriumi, T. Ito and S. Yoshikawa, J. Chem. Soc., Chem.
Commun., 1983, 201; (e) S. Yano, M. Kato, H. Shioi, T. Takahashi,
T. Tsubomura, K. Toriumi, T. Ito, M. Hidai and S. Yoshikawa,
J. Chem. Soc., Dalton Trans., 1993, 1699; (f) T. Tanase, R. Nouchi,
Y. Oka, M. Kato, N. Nakamura, Y. Yamamura, Y. Yamamoto and
S. Yano, J Chem. Soc., Dalton Trans., 1993, 2645; (g) T. Tanase,
Y. Yasuda, T. Onaka and S. Yano, J Chem. Soc., Dalton Trans.,
1998, 345.

4 S. Yano, Y. Sakai, K. Toriumi, H. Ito, T. Ito and S. Yoshikawa,
Inorg. Chem., 1985, 24, 498.

5 (a) S. Yano, S. Inoue, R. Nouchi, M. Kato and T. Suzuki, Biol.
Pharm. Bull., 1995, 18, 923; (b) S. Yano, S. Inoue, R. Nouchi,
K. Mogami, Y. Shinohara, Y. Yasuda, M. Kato, T. Tanase,
T. Kakuchi, Y. Mikata, T. Suzuki and Y. Yamamoto, J Inorg
Biochem., 1998, 69, 15.

6 B. Sarker, Metal Protein Interactions: Progress in Food and
Nutritional Sciences, Pergamon, Oxford, 1987, vol. 11, p. 363.

7 J. M. Berg, J. Biol. Chem., 1990, 265, 6513.

8 H. A. T. Riahi, Carbohydr. Res., 1988,172, 1.

9 H. A. T. Riahi, J. Inorg Biochem., 1986, 265, 23.

10 J. Ollis, V. J. James, S. J. Angyal and P. M. Pojer, Carbohydr. Res.,
978, 60, 219.

E. Grushka and A. S. Cohen, Anal. Lett., 1982, 15, 1277.

F. Parrish and W. R. Fair, Biochem. J., 1981, 193, 407.

A. Woodhead, W. F. Long and F. B. Williamson, Biochem. J.,

H
H
1

11
12 R.
13 N.
1986, 237, 281.

. S. Sato and F. Gyorkey, J. Biochem., 1976, 80, 883.

Maralikrishna, C. Mahadevan, S. Sastry, M. Seshasagee and
S. Subramanian, Acta Crystallogr., Sect. C, 1983, 39, 1630.

R
N
C
C

14
15



16 D. T. Cromer and J. T. Waber, International Tables for X-Ray
Crystallography, Kynoch Press, Birmingham, 1974, vol. IV.

17 D. T. Cromer, Acta Crystallogr., 1965, 18, 17.

18 TEXSAN-TEXRAY, Structure Analysis Package, Molecular
Structure Corporation, Houston, TX, 1985.

19 C. K. Johnson, ORTEP-II, A FORTRAN Thermal Ellipsoid Plot
Program, Oak Ridge National Laboratory, Oak Ridge, Tennessee,
1976.

20 C. Altona, R. Francke, R. D. Haan, J. H. Ippel, G. J. Daalmans,
A.J. A. W. Hoekzema and J. V. Wijk, J. Magn. Reson., 1994, 32, 670.

21 C. A. G. Haasnoot, F. A. A. M. De Leecuw and C. Altona,
Tetrahedron, 1980, 36, 2783.

22 R. S. Cahn, C. K. Ingold and V. Prelog, Experientia, 1956, 12, 81.

23 K. Ishida, S. Nonoyama, T. Hirano, S. Yano, M. Hidai and
S. Yoshikawa, J. Am. Chem. Soc., 1989, 111, 1599.

24 M. Polak, B. Mohar, J. Kobe and J. Plavec, J. Am. Chem. Soc., 1998,
120, 2508.

25 C. Thibaudeau, J. Plavec and J. Chattopadhyaya, J. Org Chem.,
1998, 63, 4967.

Paper 9/01475F

J. Chem. Soc., Dalton Trans., 1999, 1851-1855 1855



