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The novel tetranuclear copper(II) complexes with R-D-glucose-1-
phosphates, [Cu4(µ-OH)(R-D-Glc-1P)2(L)4(H2O)2](NO3)3 (L ) bpy
(1), phen (2)), were prepared and characterized by X-ray
crystallography. Complex 1 was further transformed into the ATP
stabilized tetracopper(II) complex of [Cu4(ATP)2(bpy)4] (4), where
ATP is adenosine 5′-triphosphate.

Carbohydrates are indispensable to living organisms as
energy source, and in their metabolism and biosyntheses,
sugar phosphate esters are known to play crucial roles as
intermediate compounds in regulating biosystems.1 Recent
biological studies have revealed that many enzymes, which
promote transformations of sugar phosphates, require metal
ions with their functions, examples being fructose-1,6-
bisphosphatase (dinuclear MgII, MnII, CoII, ZnII),2 phospho-
mannose isomerase (ZnII),3 phosphoglucose isomerase (FeII),4

phosphoglucomutase (MgII),5 and ribulose bisphosphate
carboxylase (MgII, MnII, CaII).6 In this regard, studies on
interaction of sugar phosphate esters with metal ions are of
significant importance in the field of bioinorganic chemistry;

however, no structurally characterized transition metal
complex has been reported thus far. We have studied
synthesis and characterization of transition metal complexes
with N-glycosides, in which aldoses such asD-glucose and
D-mannose, having very weak affinity to metal ions under
neutral conditions by themselves, were tethered onto metal
centers throughN-glycosidic bond formation with polyamine
ligands.7 In the present study, we have focused onR-D-
glucose-1-phosphate (R-D-Glc-1P), since it acts as critical
intermediate in the first step of glycolysis and glycogen
synthesis, and we have successfully prepared and character-
ized discrete tetranuclear copper(II) complexes bridged by
R-D-Glc-1P with the help of diimine ligands. Further, the
bridging sugar phosphates were readily replaced by adenosine
5′-triphosphate (ATP) through a structural change of tetra-
nuclear copper(II) framework. CuII complexes with diimine-
type ligands, notably, have been studied in relevance to
artificial nuclease activity.8

Reaction of Cu(NO3)2‚3H2O with Na2[R-D-Glc-1P] in the
presence of 2,2′-bipyridyl (bpy) or 1,10-phenanthroline
(phen) afforded blue crystals of [Cu4(µ-OH)(R-D-Glc-1P)2-
(L)4(H2O)2](NO3)3 (L ) bpy (1), phen (2)).9 The electronic
absorption (UV-vis) and circular dichroism (CD) spectra
exhibited conspicuous positive Cotton effects (λmax (∆ε) )
647 nm (0.370) (1), 651 nm (0.233) (2)) in the range of the
d-d transition of CuII ions, and suggested that the chiral
sugar phosphate esters directly coordinated to the metal
centers. In the ESI-MS spectra for methanolic solutions of
1 and2, divalent parent peaks corresponding to{Cu4(R-D-
Glc-1P)2(L)4 - 2H}2+ were observed atm/z ) 694.97 (1)
and 743.23 (2). The distributions of the different isotopes,
observed in the range ofm/z695-699 (1) and 743-748 (2),
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were in agreement with the simulated peak patterns (as
shown in Supporting Information). These spectral similarities
indicated that the tetranuclear structures of1 and 2 are
analogous to each other, and the detailed structure of2 was
determined by X-ray crystallography.10

The asymmetric unit of complex2 contains two indepen-
dent complex cations, abbreviated asA and B (Figure 1).
Both cations contain tetranuclear copper(II) ions bridged by
two phosphate groups ofR-D-Glc-1P and a hydroxo group
with four auxiliary phen and two water molecules. To our
knowledge, this is the first example of transition metal
complexes containing free sugar phosphate esters.11 Each
copper ion is ligated by two N atoms of phen and three O
atoms of phosphate, hydroxo, and/or water units, and adopts
[N2O3] square pyramidal geometry with axial bond distance
significantly elongated (2.212(4)-2.697(4) Å). The phos-
phate group ofR-D-Glc-1P bridges three Cu atoms at
equatorial sites and additionally attaches to the fourth Cu
atom at its axial site, resulting in a trapezoidal tetracopper
core with the upper side clipped by the hydroxo bridge
(Cuup‚‚‚Cuup ) 3.254(1) Å (A), 3.409(1) Å (B); average
Cuup‚‚‚Cudown ) 3.562 Å (3.425(1)-3.669(1) Å);
Cudown‚‚‚Cudown ) 4.258(1) Å (A), 4.234(1) Å (B); average
Cu-OOH ) 1.928 Å; average Cu-OOH-Cu ) 119.6°)
(Scheme 1). The{Cu4(µ-OH)(µ4-PO4)2} core structures of
cationsA andB are chemically similar and approximately

enantiomeric to each other, and in contrast, the orientations
of theD-glucose moieties are entirely different, although the
sugar parts with a stable4C1-chair conformation are away
from the tetranuclear core without any interaction with CuII

ions. In cationA, C-6 hydroxymethyl parts ofD-glucose
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Figure 1. Perspective drawings for the complex cations of2: (a) cation
A and (b) cationB; Cu (yellow), P (violet), O (red), N (blue), and C (gray).

Scheme 1. Structural Changes of the Tetranuclear Copper(II) Core of
Complex2 (Cation A) to Those of Complexes3 and4a

a Color scheme: Cu (yellow), P (violet), O (red), N (blue), and C (gray).
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moieties are directed upward, near to the hydroxo bridge,
and in cationB, those parts are directed downward, far from
the hydroxo unit. These structures implied that the sugar
residues are easily rotated around theR anomeric C-O and
P-O single bonds depending on the configurational switch
of the tetracopper cluster core. It should be noted that the
hydrophobic stacking between two phen units attached to
the Cuup and Cudown centers may stabilize the tetranuclear
structure.

When complex1 was treated with CH3COOH, the bridging
hydroxo group was dissociated to afford another blue
complex of [Cu4(R-D-Glc-1P)2(CH3COO)2(bpy)4](NO3)2 (3).9,10

The phosphate-bridged tetracopper framework of1 was
converted into a symmetrical rectangular core (Cu1‚‚‚Cu2
) 3.341(1) Å, Cu3‚‚‚Cu4 ) 3.254(1) Å, Cu1‚‚‚Cu3 )
4.254(1) Å, Cu2‚‚‚Cu4) 4.062(1) Å), in which the hydroxo
group disappeared and, instead, two acetate anions bridge
another pair of CuII ions (CuupCudown) with µ2-oxygen atoms
(Scheme 1).

In some attempts to explore reactions of sugar phosphate
esters, complex1 was revealed to readily undergo phosphate-
ester-exchange reaction by ATP. Reaction of1 with Na2[H2-
ATP] in a 1:2 ratio afforded the tetracopper(II) complex
formulated as [Cu4(ATP)2(bpy)4] (4).9 The structure was
determined by X-ray crystallographic analysis to consist of
four linearly dispersed{CuII(bpy)} fragments bridged by two
ATP tetravalent anions as illustrated in Figure 2(Cu1‚‚‚Cu2
) 3.444(1) Å, Cu3‚‚‚Cu4 ) 3.4523(8) Å, Cu2‚‚‚Cu4 )
5.0613(7) Å).10 Two dinuclear, square pyramidal CuII units
supported by the triphosphate group of ATP,{Cu2(ATP)-
(bpy)2}, are further connected through the axial coordination
of â-phosphate oxygen atoms (Cu2-O23 ) 2.263(4) Å,
Cu4-O10) 2.247(4) Å), resulting in a characteristic eight-
membered puckered ring of the central part (Scheme 1).
Whereas metal complexes with ATP could provide useful
insights to elucidate bioenergetic processes, characterized

examples have still been rare and most are mononuclear
species and its sodium salts.12 In particular, those containing
multimetallic centers have strictly been limited; the only
available structures with multinuclear transition metal ions
are [Zn(H2ATP)(bpy)]2 (5)13 and [Cu(H2ATP)(phen)]2 (6),14

both possessing an essentially identical structure with the
triphosphate group chelating to a metal and itsγ-phosphate
oxygen atom attaching to the other metal ion. In contrast,
the bridging behavior of the ATP triphosphate groups in the
dimeric units of complex4 is remarkably different as two
CuII ions are held together by the bridges fromR- and
â-phosphate oxygen atoms and from two oxygen atoms of
γ-phoshate unit. The adenosine residues take theanti-C2′-
endoconformation without any direct interaction with metal
ions, but weak intramolecular stacking between the purine
ring and two bpy ligands is observed as in complexes5 and
6.13,14 The stacking may be responsible for the considerable
stability of 4. It should be noted that complex4 was not
obtained just by mixing CuII ions with Na2[H2ATP] and bpy,
demonstrating that the tetranuclear CuII centers of1 provide
a suitable platform to stabilize the triphosphate unit of ATP.

In conclusion, the tetracopper(II) complexes withR-D-
glucose-1-phosphates were prepared and characterized as the
first example of transition metal complexes fixing free sugar
phosphates, in whichR-D-Glc-1P moieties are anchored
exclusively by the phosphate group and the orientation of
sugar parts is delicately influenced by the structure of the
core framework. Further, complex1 was revealed to be a
good precursor of the ATP stabilized tetranuclear CuII

complex4. These molecules could provide useful information
in elucidation of phosphate-dependent bioprocesses and in
development of biomimetic reactions.

Acknowledgment. This work is partly supported by
Grants-in-Aid for Scientific Research from the Ministry of
Education, Culture, Sports, and Science and Technology,
Japan.

Supporting Information Available: X-ray crystallographic files
in CIF format and ORTEP plots of complexes2 and3, tables of
crystallographic data for complexes2-4, ESI-MS spectra of1 and
2, and UV-vis and CD spectra of complexes1-4. This material
is available free of charge via the Internet at http://pubs.acs.org.

IC0487631

(12) For example: (a) Cini, R.; Pifferi, C.J. Chem. Soc., Dalton Trans.
1999, 699. (b) Sugawara, Y.; Kamiya, N.; Iwasaki, H.; Ito, T.; Satow,
Y. J. Am. Chem. Soc. 1991, 113, 5440. (c) Cini, R.; Marzilli, L. G.
Inorg. Chem. 1988, 27, 1855. (d) Sabat, M.; Cini, R.; Haromy, T.;
Sundaralingam, M.Biochemistry1985, 24, 7827. (e) Cini, R.; Burla,
M. C.; Nunzi, A.; Polidori, G. P.; Zanazzi, P. F.J. Chem. Soc., Dalton
Trans. 1984, 2467. (f) Cini, R.; Sabat, M.; Sundaralingam, M.; Burla,
M. C.; Nunzi, A.; Polidori, G.; Zanazzi, P. F.J. Biomol. Struct. Dyn.
1983, 1, 633.

(13) (a) Orioli, P.; Cini, R.; Donati, D.; Mangani, S.Nature 1980, 283,
691. (b) Orioli, P.; Cini, R.; Donati, D.; Mangani, S.J. Am. Chem.
Soc.1981, 103, 4446.

(14) Sheldrick, W. S.Angew. Chem., Int. Ed. Engl.1981, 20, 460.

Figure 2. ORTEP plot of complex4; thermal ellipsoids set at 40%
probability.
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