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Next to iron, copper is the most important biological
element for binding, transport, and activation of molecular
oxygen. Copper-containing oxidases for the four-electron
reduction of oxygen often display dinuclear (e.g. catechol
oxidase)[1] or oligonuclear active centers (e.g. ascorbate
oxidase).[2] The great biological importance of such copper
complexes has induced intensive studies on oligonuclear
model compounds.[3] Our concept for the design of oligonu-
clear complexes is to use structurally modified amino
derivatives of carbohydrates instead of the proteins that are
the ªbackbonesº of the natural systems and to bind the metal
through tridentate, anionic ligand structures of type I.
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The protonated forms of such chelating ligands I are easily
accessible by condensation of hydroxyalkylamines with 1,3-
dicarbonyl compounds. Even with the first prototypes[4] a high
tendency of the metal complexes to reach coordinative
saturation by the formation of di- or tetranuclear complexes
was found.[5] Much interest has been shown for the copper
complexes[5±16] because of the ligand-dependant magnetic
interaction between the metal centers. The substituents
R1 ± R3 as well as the bridging groups X[17] are useful for
tuning properties such as redox potential and Lewis acidity of
the central atom, which are important for catalytic reactions.

Based on current knowledge, carbohydrates are not typical
biological coordination partners for metal atoms. However, as
synthetic catalysts they are an interesting alternative to
proteins: These chiral, polyfunctional natural substances are
accessible in a broad range of molecular sizes, and obey the
rules of unit conformation and configuration. They can be
functionalized selectively in various ways as mono-, oligo-, or
polysaccharides and can be structured supramolecularly
(fibers, gels, membranes, mono- and multilayers).[18±20] Hydro-
philic and lipophilic properties as well as biological properties
such as biocompatibility and biological decomposition and
activity can be directed in a broad range. Investigations in
recent years on the metallo-organic[21] and complex chemis-
try[22±27] of N-glycosides, nonmodified carbohydrates, and
inosites have shown that carbohydrates have a very interest-
ing potential as complex ligands. We present here the first
structurally defined coordination compounds of b-oxoen-
amine ligands on the basis of amino carbohydrates. Com-
pounds 1 a, 1 b (from ligand II), and 2 (from ligand III) can be
crystallized from methanol/water (1 a), toluene (1 b), or
methanol/diethyl ether (2 ; Scheme 1).[29] Single-crystal X-ray
structures were obtained for 1 a and 2.

Scheme 1. Synthesis of ligands II and III.

The asymmetric unit of 1 a[30] contains two dinuclear
complexes, in which the bridging alcoholate oxygen atoms
in the 3-position of the ligand build a Cu2O2 four-membered
ring with the copper atoms (Figure 1). The distances between
the copper atoms are 2.977(1) and 3.020(1) �, respectively.
Striking is the low symmetry of the compound, which is also
typical for many natural copper centers. One copper atom is
coordinated in a distorted square planar fashion, whereas the
other copper atom is in a distorted square pyramidal environ-

Figure 1. Structure of the two complex molecules in 1 a.

ment by binding of a water or methanol ligand. The bond
lengths and angles in the central coordination unit all show
values which could be expected for the named geometries.
The different coordination of solvent molecules to the two
copper atoms gives a hint that possible substrate molecules
might be bound to the copper centers in an unsymmetrical
way. Crystals of 1 b were obtained from toluene and are of
lower quality, so that only the structural motive could be
determined. It shows the presence of symmetric dinuclear
complexes without axial ligands.

Investigation of the magnetic properties of 1 a shows
diamagnetism over the whole temperature region of 4 ±
300 K, caused by a very strong antiferromagnetic coupling.
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This coupling is less strong in 1 b. At room temperature the
remaining paramagnetism and the diamagnetism of the
sample compensate, so that no resulting susceptibility can
be measured. Compound 1 b is EPR-silent but, as a result of
the remaining paramagnetism, shows no NMR spectrum
which can be interpreted, except for the signals of the
peripheral methyl groups. Such strong antiferromagnetic
coupling is also characteristic of copper complexes of Schiff
bases of 3-aminopropanol.[5±7] This is in contrast to the weak
or even lacking coupling in complexes derived from Schiff
bases of 2-aminoethanol[5, 8±16] or 2-aminoglucose.[28]

Complex 2[31] shows a trinuclear structure (Figure 2) which
can formally be interpreted by an insertion of a copper acetate
monomer in a dinuclear compound similar to 1 a. At a first

Figure 2. Structure of the copper complex 2.

glance, a distorted square planar environment is found for all
three copper atoms in the trimer. By intermolecular, chain-
type binding of the peripheral oxygen atoms of neighboring
molecules with Cu(A), a square-pyramidal coordination of
Cu(A) results, in which the central atom is moved 0.046(3) �
out of the base plane. At the two other copper atoms the
methoxy oxygen atoms in the 3-position of the ligand serve as
axial ligands; Cu(B) (with O2(A)) reaches a distorted square
pyramidal geometry, and Cu(C) (with O2(A) and O2(B)) a
distorted octahedral geometry. The additional donor atoms
allow, by addition of a third copper atom to two building
blocks of type I, a rarely observed trinuclear structure. With
all three copper atoms having different axial ligands, 2
showsÐlike 1 aÐa strikingly low symmetry. Even the cop-
per ± copper distances between Cu(C) and its neighbors differ
significantly (3.248(3) and 3.207(3) �). Nevertheless, both
values are within a range known for such complexes, in which
two metal atoms are bridged by a catechol ligand. This is a
remarkable parallel to the oxidases named above.

The effective magnetic moment of 2 at room temperature is
2.71 mB (Figure 3). The temperature-dependant measurement
showed an antiferromagnetic coupling, by which the para-

Figure 3. a) Magnetic behavior (cm vs. T (&), cm
ÿ1 vs. T (~), and magnetic

moment m vs. T (�)) and b), c) EPR spectra (right: �20 for T> 30 K) of 2.

magnetism at 2 K is decreased to 1.64 mB. This is close to the
spin-only value of a S� 1

2 ground state. The EPR spectrum can
be described as a signal for S� 1

2 at g� 2.04 and two signals of a
paramagnet with S� 1 at g� 1.47 and 5.87. Whereas the latter
signals decrease in intensity with decreasing temperature, the
signal for the doublet state grows stronger and obeys a
Boltzmann distribution. Therefore, it can be assumed that two
copper atoms in 2 are coupled antiferromagnetically, while
the third one is not involved in coupling interactions. Taking
this into regard, fitting of the measured data results in a
coupling constant J of ÿ309 cmÿ1, which underlines the
observed strong coupling.[5±7]

The structures of 1 a, b and 2 contain elements which are
found in different metalloenzymes, for example the 1,3-
bridging of two metal atoms by an acetate and by an
alcoholate, as in 2. The double alcoholate bridge in 1 a,b is
reminiscent of catechol oxidase[1] and other oxidases and
oxygenases with copper centers. Owing to their low symmetry,
the oligonuclear building blocks in 1 a and 2 might be of some
importance for catalytic reactions.

Indeed, both compounds catalyze the oxidation of 3,5-di-
tert-butylcatechol (dtbc) with oxygen [Eq. (1)].[32] Figure 4
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shows the time-dependent difference spectra for the reaction
of a 10ÿ4m solution of 1 a with 50 equivalents of dtbc. The

Figure 4. Difference spectrophotometric analysis of the oxidation of dtcb
catalyzed by 1a.

kinetic investigations were carried out as described in the
literature.[32] With regard to the catalyst, a first-order reaction
was determined for each reaction; with regard to the
substrate, saturation kinetics was observed in both cases.
Interpretation of the data with the Michaelis ± Menten model
leads to rate constants kcat of 2.8(3) and 135(5) hÿ1 for 1 a and
2, respectively. Therefore, especially 2 is an efficient catalyst.

Experimental Section

General synthesis of bis[1,2-O-isopropylidene-5-deoxy-5-N-(3-acetylbut-3-
en-2-on-4-yl)aminoglucofuranosidatoaquadicopper(ii)-bis[1,2-O-isopropyl-
idene-5-deoxy-5-N-(3-acetylbut-3-en-2-on-4-yl)aminoglucofuranosidato-
methanolato]dicopper(ii) ´ 4 H2O (1a), bis[1,2-O-isopropylidene-5-deoxy-5-
N-(3-acetylbut-3-en-2-on-4-yl)aminoglucofuranosidato]dicopper(ii) ´
nC7H8 (1b), and bis[1,2,3-O-trimethyl-6-deoxy-6-N-(3-acetylbut-3-en-2-
on-4-yl)aminoglucosidato]bis(m-acetato)tricopper(ii) (2): 5-Amino-5-de-
oxy-1,2-O-isopropylidene-a-d-glucofuranoside[29] or 6-amino-6-deoxy-
1,2,3-O-trimethyl-a-d-glucopyranoside[29] (0.5 mmol) was dissolved in
methanol (1a, b : 15 mL; 2 : 10 mL). Triethylamine (202 mg, 2 mmol) and
3-ethoxymethylene-2,4-pentandione (78 mg, 0.5 mmol) were added drop-
wise. This leads to the ligands II and III. After the mixture was stirred for
1 h, copper acetate monohydrate (1a, b : 91 mg, 0.5 mmol; 2 : 136 mg,
0.75 mmol) was added. The reaction mixture was left to stand overnight,
and then the solvent was evaporated.

Isolation of 1 a, b: The residue was taken up in toluene. Upon slow
evaporation of the solvent, crystallization of 1b occurs. Recrystallization of
1b from water/methanol (1/1) leads to the precipitation of 1a.

Isolation of 2 : The residue was taken up in diethyl ether. Upon slow
evaporation of the solvent, blue crystals of 2 can be obtained.
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Simple Synthesis of a Chlorin ± Fullerene Dyad
with a Novel Ring-Closure Reaction**
Franz-Peter Montforts* and Olaf Kutzki

Amongst the covalent functionalizations of buckminster
fullerene C60,[1] the linkage to porphyrins has opened the
possibility of constructing artificial photosynthetic systems[2]

in which there is light-induced transfer of electrons or energy
from a porphyrin donor to a fullerene acceptor. Apart from
one example in which a derivative of naturally occurring
chlorophyll was attached to a fullerene by [2�3] cycloaddi-
tion,[3] all known fullerene-based photosynthetic models
contain completely unsaturated porphyrins and phthalocya-
nines as the donor unit;[4] they are usually linked to C60 by long
ether or ester bridges.[5] We report here on the total synthesis
of a dyad that contains fullerene C60 bound to a chlorin by two
methylene bridges and thus at a very small distance. The dyad,
which is synthesized in an unusual one-pot reaction with
concomitant formation of the chlorin macrocycle and linkage
to the fullerene, is the first of this type that contains a chlorin
moiety which is the chromophore in naturally occurring
photosynthetic systems.

The starting point for the synthesis was the tripyrrolenickel
complex rac-3 (Scheme 1); we have already employed this
complex in the synthesis of chlorins[6] and corrins.[7] After
hydrolysis of the ester group in rac-3, the pyrrole aldehyde 2
was linked to tricyclic rac-3 by decarboxylation and decom-
plexation. Subsequent recomplexation with zinc(ii) or nickel-
(ii) acetate gave the tetrapyrrolemetal complexes rac-5 a, b
and rac-6 a, b. The robust nickel complex rac-6 a, b was
produced in order to characterize the tetracyclic compound.
It was obtained as a separable binary mixture of diastereo-
mers on account of the chiral center at C-1 and because of the
helicity of the chromophore in the complex. The labile linear
tetrapyrrolezinc complex rac-5 a, b was cyclized upon heating
in the presence of C60 to give the chlorin ± fullerene dyad 7
along with the 15-cyano-substituted dyadic system 8 as a side
product. This one-pot reaction is a complex cascade of single
steps, the exact sequence of which has not yet been
determined; however, it involves 1) loss of cyanide and
formation of an enamine double bond at C-1, 2) cyclization
between C-19 and the enaminoid double bond under the
templating influence of the central zinc ion, 3) decarbobenz-
oxylation, 4) oxidation of the initially formed dihydrochlorin
with atmospheric oxygen, 5) extrusion of sulfur dioxide, and
finally 6) a Diels ± Alder reaction between the diene formed
and C60 as the dienophile to yield dyad 7. The 15-cyano-
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[30] Crystal data for 1a : C30H42Cu2N2O14 ´ 1.75 H2O ´ 0.5 CH3OH, Mr�
837.79, blue prisms, crystal size 0.28� 0.24� 0.20 mm3, monoclinic,
space group P21, a� 10.3923(3), b� 13.8859(5), c� 25.9903(8) �, b�
101.517(2)8, V� 3675.1(2) �3 , T�ÿ90 8C, Z� 4, 1calcd� 1.514 gcmÿ3,
m(MoKa)� 12.33 cmÿ1, F(000)� 1748; a total of 15 126 reflections up
to h(0/14), k(ÿ19/19), l(ÿ25/27) in the range 2.308�V� 30.528
(completeness of data Vmax� 78.2 %), of which 14812 were symmetry-
independent (Rint� 0.0410) and 11 657 observed with Fo> 4s(Fo), 933
parameters, 1 restraint, R1obs� 0.081, wR2

obs� 0.141, R1all� 0.1106,
wR2

all� 0.1533, GOF� 1.095, Flack parameter 0.35(1) (racemic twin),
max./min. residual electron density 0.646/ ÿ 0.695 e�ÿ3. Distances [�]
and angles [8]: Cu(A) ´´´ Cu(B) 2.977(1), Cu(A)/Cu(B)ÿO/N
1.893(5) ± 1.956(5), Cu(A)ÿO8(A) 2.382(5); O/N-Cu-O/N 76.1(2) ±
102.1(2) and 166.6(2) ± 173.8(2), Cu(C) ´´ ´ Cu(D) 3.020(1), Cu(C)/
Cu(D)ÿO/N 1.918(5), Cu(C)ÿO(4) 2.674(5), O/N-Cu-O/N 75.9(2) ±
107.6(2) and 166.7(2) ± 176.1(2).[31b]

[31] a) Crystal data for 2 : C34H52Cu3N2O18, Mr� 967.40, blue prisms, crystal
size 0.32� 0.30� 0.20 mm3, monoclinic, space group P21, a�
10.0735(3), b� 21.3865(7), c� 10.4135(2) �, b� 110.789(1)8, V�
2097.4(1) �3 , T�ÿ90 8C, Z� 2, 1calcd� 1.532 gcmÿ3, m(MoKa)�
15.82 cmÿ1, F(000)� 1002; a total of 6973 reflections up to h(ÿ12/
12), k(ÿ20/26), l(ÿ12/13) in the region 5.19�V� 26.378 (complete-
ness of data Vmax� 98.7 %), of which 6973 were symmetry-independ-
ent (Rint� 0.035) and 6127 observed with Fo> 4s(Fo); 514 parameters,
1 restraint, R1obs� 0.039, wR2

obs� 0.087, R1all� 0.050, wR2
all� 0.094,

GOF� 1.029, Flack parameter 0.01(1), max./min. residual electron
density 0.257/ÿ 0.355 e �ÿ3. Distances [�] and angles [8]: Cu(A) ´´´
Cu(B) 5.735(3), Cu(A) ´´´ Cu(C) 3.248(3), Cu(B) ´´ ´ Cu(C) 3.207(3),
CuÿO/N 1.940(4), Cu(A) ´´ ´ O6(B) (symmetry operation for equiv-
alent atoms: ÿx, 0.5� y, ÿz) 2.753(4), Cu(B) ´´ ´ O2(A) 2.898(4),
Cu(C)ÿO2(A) 2.586(4), Cu(C)ÿO2(B) 2.572(4); O1(A)-Cu(A)-
N1(A) 95.6(1), O/N-Cu-O/N 73.6(1) ± 106.9(1) and 152.0(1) ±
172.3(1). b) Crystallographic Data (excluding structure factors) for
the structures reported in this paper have been deposited with the
Cambridge Crystallographic Data Centre as supplementary publica-
tion no. CCDC-129253 (1 a) and -129254 (2). Copies of the data can be
obtained free of charge on application to CCDC, 12 Union Road,
Cambridge CB2 1EZ, UK (fax: (�44) 1223-336-033; e-mail : deposit@
ccdc.cam.ac.uk).

[32] General remarks on the kinetic investigations: The measurements
were carried out as described in J. Reim, B. Krebs, J. Chem. Soc.
Dalton Trans. 1997, 3793 ± 3804. For qualitative testing of the catalytic
activities, 10ÿ4m solutions of the copper complexes in methanol were
mixed with 50 equivalents of dtcb. The reaction with oxygen was
monitored by observing the absorption of the quinone at 400 nm
against a solution of the pure complex with the same concentration by
means of UV/Vis spectroscopy (VARIAN-Spectrophotometer
Cary 5). As reference for the catalytic reaction, a 10ÿ4m solution of
copper acetate monohydrate was used, which shows a significant
lower activity (k< 1.5 hÿ1). The given rate constants are mean values
of three measurements with a discrepancy value of the Lineweaver ±
Burk plot of r� 0.992.
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