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Within the one-electron redox chemistry of dioxygen
species, the superoxide anion links the chemistry of molecular
oxygen and peroxide. While peroxovanadium complexes are
well established, superoxovanadium complexes are quite rare
and have only been observed transiently by ESR spectro-
scopic methods as short-lived species in the reaction of
vanadyl(iv) ions with hydrogen peroxide or in the reaction of
metavanadate with mixtures of Ce4�/H2O2 or Fe2�/H2O2,
using rapid-mixing flow techniques in the cavity of the ESR

gel with CH2Cl2/n-hexane (1/5) as eluent yielded a yellow band of 1
(85.6 mg, 50%) and an orange band of 2 (20 mg, 11 %).

1: Elemental analysis calcd for C24H60Cu8O12P6Se13: C 12.75, H 2.67; found:
C 12.77, H 2.42; 31P{1H} NMR (CDCl3): d� 78.5 (1J(Se,P)� 674 Hz);
1H NMR (CDCl3, 25 8C): d� 1.34 (t, 3J(H,H)� 7 Hz, 36H; CH3), 4.13 (m,
24H; CH3); positive-ion FAB-MS (nitrobenzyl alcohol): m/z : 2261.4 [M�].

2 : Elemental analysis calcd for C32H80Cu12O16P10Se22: C 10.89, H 2.28;
found: C 10.99, H 2.35; 31P{1H} NMR (CDCl3, ÿ60 8C): d� 134.0
(1J(P,Se)� 173.0, 347.8 Hz), 65.7 (1J(Se,P)� 573, 660 Hz), 69.6 (1J(Se,P)�
660, 729 Hz), 82.8 (1J(Se,P)� 608, 677 Hz), 83.2 (1J(Se,P)� 624, 712 Hz);
1H NMR (CDCl3, 25 8C): d� 1.33 (t, 3J(H, H)� 7 Hz; CH3), 1.40 (t, 3J(H,
H)� 7 Hz; CH3), 4.09 (m; CH2), 4.20 (m; CH2).

Received: February 9, 2001 [Z 16583]

[1] a) R. Becker, W. Brockner, H. Schafer, Z. Naturforsch. A 1984, 39,
357 ± 361; b) W. Brockner, U. Paetzmann, Z. Naturforsch. A 1987, 42,
517 ± 518; c) W. Brockner, L. Ohse, U. Paetzmann, B. Eisenmann, H.
Schafer, Z. Naturforsch. A 1985, 40, 1248 ± 1252.

[2] a) M. Ruck, Z. Anorg. Allg. Chem. 1995, 621, 1344 ± 1350; b) J. A.
Aitken, S. Brown, K. Chondroudis, S. Jobic, R. Brec, M. G. Kanatzidis,
Inorg. Chem. 1999, 38, 4795 ± 4800.

[3] P. P. Toffoli, P. Khodadad, N. Rodier, Acta Crystallogr. Sect. B. 1978,
34, 1779 ± 1781.

[4] a) T. J. McCarthy, M. G. Kanatzidis, J. Chem. Soc. Chem. Commun.
1994, 1089 ± 1090; b) J. D. Breshears, M. G. Kanatzidis, J. Am. Chem.
Soc. 2000, 122, 7839 ± 7840; c) T. J. McCarthy, M. G. Kanatzidis, Inorg.
Chem. 1995, 34, 1257 ± 1267; d) K. Chondroudis, M. G. Kanatzidis, J.
Solid State Chem. 1998, 138, 321 ± 328; e) K. Chondroudis, T. J.
McCarthy, M. G. Kanatzidis, Inorg. Chem. 1996, 35, 3451 ± 3452;
f) K. Chondroudis, J. A. Hanko, M. G. Kanatzidis, Inorg. Chem. 1997,
36, 2623 ± 2632; g) T. J. McCarthy, T. Hogan, C. R. Kannewurf, M. G.
Kanatzidis, Chem. Mater. 1994, 6, 1072 ± 1079.

[5] a) J. H. Chen, P. K. Dorhout, Inorg. Chem. 1995, 34, 5705 ± 5706;
b) J. H. Chen, P. K. Dorhout, J. E. Ostenson, Inorg. Chem. 1996, 35,
5627 ± 5633.

[6] R. Pfeiff, R. Kniep, J. Alloys. Compd. 1992, 186, 111 ± 133.
[7] K. Chondroudis, M. G. Kanatzidis, Inorg. Chem. 1998, 37, 2848 ± 2849.
[8] G. W. Drake, J. W. Kolis, Coord. Chem. Rev. 1994, 137, 131 ± 178.
[9] a) [PPh4]2[SeW(PSe4)(PSe2)]: S. C. O�Neal, W. T. Pennington, J. W.

Kolis, Angew. Chem. 1990, 102, 1502 ± 1504; Angew. Chem. Int. Ed.
Engl. 1990, 29, 1486 ± 1488; b) [PPh4]2[Fe2(CO)4(PSe5)2]: J. Zhao, W. T.
Pennington, J. W. Kolis, J. Chem. Soc. Chem. Commun. 1992, 265 ±
266; c) A5Sn(PSe5)3, A6Sn2Se4(PSe5)2, (A�K, Rb): K. Chondroudis,
M. G. Kanatzidis, Chem. Commun. 1996, 1371 ± 1372;
d) Rb8[M4(Se2)2(PSe4)4] (M�Cd, Hg): K. Chondroudis, M. G. Kanat-
zidis, Chem. Commun. 1997, 401 ± 402; e) Rb9Ce(PSe4)4: K. Chon-
droudis, M. G. Kanatzidis, Inorg. Chem. Commun. 1998, 1, 55 ± 57;
f) Cs4Pd(PSe4)2, Cs10Pd(PSe4)4: K. Chondroudis, M. G. Kanatzidis, J.
Sayettat, S. Jobic, R. Brec, Inorg. Chem. 1997, 36, 5859 ± 5868.

[10] C. W. Liu, H.-C. Chen, J.-C. Wang, T.-C. Keng, Chem. Commun. 1998,
1831 ± 1832.

[11] a) K. Chondroudis, M. G. Kanatzidis, J. Solid State Chem. 1998, 136,
79 ± 86; b) W. Tremel, H. Kleinke, V. Derstroff, C. Reisner, J. Alloys
Compd. 1995, 219, 73 ± 82; c) K. Chondroudis, M. G. Kanatzidis,
Inorg. Chem. 1998, 37, 3792 ± 3797.

[12] Crystal data for 2 ´ 4CH2Cl2 (R�Et; C36H88Cl8Cu12O16P10Se22): T�
293 K, triclinic, space group P1Å, a� 13.1963(7), b� 14.2952(8), c�
15.1684(8) �, a� 63.016(1), b� 82.315(1), g� 86.789(1)8, V�
2527.0(2) �3, Z� 1, 1calcd� 2.543 gcmÿ3, m� 10.807 mmÿ1, 2qmax�
50.108, R1� 0.0672 and wR2� 0.1799 for 12163 data (8440 independ-
ent), 469 parameters, max./min. residual electron density 1.557/
ÿ 1.317 e�ÿ3. Crystal data for 3 ´ 2H2O (R� iPr;
C48H116Cu12O18P10Se22): T� 298 K, triclinic, space group P1Å, a�
14.5231(8), b� 14.5733(8), c� 14.5958(8) �, a� 84.055(1), b�
71.493(1), g� 78.208(1)8, V� 2865.1(3) �3, Z� 1, 1calcd�
2.197 gcmÿ3,m� 9.350 mmÿ1, 2qmax� 50.068, R1� 0.0522 and wR2�
0.1274 for 14084 data (9588 independent), 446 parameters and 8
restraints, max./min. residual electron density 1.197/ÿ 0.875 e �ÿ3.
Single crystals were obtained directly from the reaction products.
Data were collected on a Siemens SMRT diffractometer using

graphite-monochromated MoKa radiation (l� 0.71073 �) and were
corrected for Lorentzian, polarization, and Y-scan absorption effects.
The structures were solved by direct methods and refined against all
data using SHELXTL-Plus 5.03. Nine out of 36 carbon atoms were
disordered in the crystal of 3 (R� iPr). The bond distances were
constrained for disordered atoms and atoms connected to them during
the structural refinement (CÿC 1.550, OÿC 1.450 �). All but the
disordered atoms were refined anisotropically. Crystallographic data
(excluding structure factors) for the structures reported in this paper
have been deposited with the Cambridge Crystallographic Data
Centre as supplementary publication no. CCDC-157620 (2, R�Et),
and CCDC-157621 (3, R� iPr). 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).

[13] I. Haiduc, D. B. Snowerby, S.-F. Lu, Polyhedron 1995, 14, 3389 ± 3472.
[14] A. Bondi, J. Phys. Chem. 1964, 68, 441 ± 451.
[15] a) P. Pyykko, Chem. Rev. 1997, 97, 597 ± 636; b) P. Pyykko, F.

Mendizabal, Inorg. Chem. 1998, 37, 3018 ± 3025; c) C. M. Che, Z.
Mao, V. M. Miskowski, M. C. Tse, C. K. Chan, K. K. Cheung, D. L.
Phillips, K. H. Leung, Angew. Chem. 2000, 112, 4250 ± 4254; Angew.
Chem. Int. Ed. 2000, 39, 4084 ± 4088; d) K. Singh, J. R. Long, P.
Stavropoulos, J. Am. Chem. Soc. 1997, 119, 2942 ± 2943.

[16] a) F. A. Cotton, X. Feng, D. J. Timmons, Inorg. Chem. 1998, 37, 4066 ±
4069; b) R. Clerac, F. A. Cotton, L. M. Daniels, J. Gu, C. A. Murillo,
H. C. Zhou, Inorg. Chem. 2000, 39, 4488 ± 4493.

[17] a) J. R. Black, W. Levason, J. Chem. Soc. Dalton Trans. 1994, 3225 ±
3230; b) A. R. J. Genge, A. M. Gibson, N. K. Guymer, G. Reid, J.
Chem. Soc. Dalton Trans. 1996, 4099 ± 4107; c) J. R. Black, N. R.
Champness, W. Levason, G. Reid, Inorg. Chem. 1996, 35, 1820 ± 1824.

[18] J. Wachter, Angew. Chem. 1998, 110, 782 ± 800; Angew. Chem. Int. Ed.
1998, 37, 750 ± 768.

[19] K.-W. Kim, M. G. Kanatzidis, J. Am. Chem. Soc. 1995, 117, 5606 ± 5607.
[20] a) F. Weigend, S. Wirth, R. Ahlrichs, D. Fenske, Chem. Eur. J. 2000, 6,

545 ± 551; b) S. Wirth, D. Fenske, Z. Anorg. Allg. Chem. 1999, 625,
2064 ± 2070.

[*] Prof. Dr. H.-J. Krüger, Dr. H. Kelm
Institut für Anorganische und Analytische Chemie
der Johannes Gutenberg-Universität Mainz
Duesbergweg 10-14, 55099 Mainz (Germany)
Fax: (�49) 6131-3925492
E-mail : hkrueger@mail.uni-mainz.de

[**] This work was supported by the Deutsche Forschungsgemeinschaft.



COMMUNICATIONS

Angew. Chem. Int. Ed. 2001, 40, No. 12 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001 1433-7851/01/4012-2345 $ 17.50+.50/0 2345

spectrometer.[1] The possible involvement of an oxosuperoxo-
vanadium(v) intermediate has also been proposed, based
solely on kinetic evidence, for the reaction of vanadyl(iv) or
dioxovanadium(v) ions in hydrogen peroxide in the presence
of various oxidizing reagents.[2] But in all these studies, the
precise nature of the compounds involved in the reactions was
not resolved. Here we describe for the first time the controlled

preparation of an oxosuperoxovana-
dium(v) complex from a defined and
well-characterized precursor complex
by electrochemical means. Further,
we provide evidence that this oxosu-
peroxovanadium(v) complex repre-
sents an important link between the
dioxygen and peroxide chemistry of
vanadium.

The starting point of our investiga-
tion is the red oxoperoxovanadium(v)
complex [V(L-N4Me2)O(O2)]� (1),
which is obtained in 88 % yield from

the reaction of the dioxovanadium(v) complex [V(L-
N4Me2)O2]� (2)[3] with 30 % aqueous hydrogen peroxide in
acetonitrile (Scheme 1). X-ray structure analysis[4] reveals

[V(L-N4Me2)O(O2)]+
– e–

+ e–

E1/2 = + 1.63 V

[V(L-N4Me2)O(O2)]2+

[V(L-N4Me2)(MeCN)O]2+

O2

MeCN
3

4

1

[V(L-N4Me2)O2]+

+ H2O2

– H2O

2

[V(L-N4Me2)ClO]+

+ Ag+ 
– AgCl

MeCN

          O2

THF / MeCN

Scheme 1. Synthesis and reactions of 1.

that the overall coordination environment of the vanadium
ion in complex 1 (Figure 1) consists of the tetraazamacrocyclic
ligand L-N4Me2, a terminal oxo, and a side-on-bound peroxo
group. The OÿO bond axis and the NamineÿNamine axis are
nearly colinear. The OÿO bond length of 1.400 � is consistent
with the formulation of the O2 unit as peroxo group and is at
the lower range of the OÿO distances commonly found in
mononuclear oxoperoxovanadium(v) complexes (1.379 ±
1.451 �).[5±7] The coordination of the side-on-bound peroxo
group and of the macrocycle L-N4Me2 is confirmed by
1H NMR and IR spectroscopy. Thus, the 1H NMR spectrum
of the diamagnetic compound clearly demonstrates that, in
solutions of complex 1, the macrocyclic ligand remains
coordinated through all its nitrogen donor atoms. Further,
the presence of two AB and two AB2 splitting patterns for the

Figure 1. Perspective view of the complex cations [V(L-N4Me2)O(O2)]� (1,
top) and [V(L-N4Me2)(MeCN)O]2� (4, bottom) showing thermal ellipsoids
at 50 % probability and the atom-numbering schemes. Selected bond
lengths [�] and angles [8]: 1: V(1)-O(1) 1.613(2), V(1)-O(2) 1.851(3), V(1)-
O(3) 1.847(3), V(1)-N(1) 2.204(4), V(1)-N(2) 2.155(3), V(1)-N(3) 2.216(3),
V(1)-N(4) 2.159(3), O(2)-O(3) 1.400(5); O(2)-V(1)-O(3) 44.5(1), N(1)-
V(1)-N(3) 143.9(1), N(2)-V(1)-N(4) 74.0(1); 4 : V(1)-O(1) 1.602(2), V(1)-
N(1) 2.173(2), V(1)-N(2) 2.053(2), V(1)-N(3) 2.177(3), V(1)-N(4) 2.192(2),
V(1)-N(5) 2.099(2); N(1)-V(1)-N(3) 148.11(7), N(2)-V(1)-N(4) 78.30(8).

methylene and the pyridine ring protons in 1 are indicative of
a Cs symmetry for the complex cation. On the basis of 18O-
isotope substitution experiments, the features at 953, 942, 580
and 569 cmÿ1 in the IR spectrum of 1 in acetonitrile are
attributed to the V�O, OÿO, and the two VÿO2 stretching
vibrations, respectively. The visible region of the electronic
absorption spectrum of 1 distinguishes itself from that of 2
only in the appearance of an absorption band at 443 nm that is
responsible for the red color of the complex. The assignment
of this band as a peroxo-to-vanadium ligand-to-metal charge
transfer (LMCT) transition,[6, 8] as well as the previous assign-
ments of the stretching vibrations, were confirmed by
resonance Raman spectroscopy.

Probably the most intriguing chemical property of 1 is
revealed by its cyclic voltammogram. Thus, complex 1 is
oxidized by one electron at 1.63 V versus SCE (1.20 V vs. Fc/
Fc�). At room temperature, the oxidative response ap-
proaches electrochemical quasi-reversibility at higher scan
rates (DE� 97 mV, j ip,c/ip,a j 0.89 at 200 mV sÿ1). Lowering the

N

NMe

N

MeN

L–N4Me2
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scan rates results in a decrease of the current ratio j ip,c/ip,a j to
about 0.50 at 10 mVsÿ1. At ÿ40 8C the current ratio is
improved, although the separation of the peak potentials DE
is increased to 167 mV. Quantitative electrolysis of 1 at an
applied potential of 1.80 V at ÿ40 8C accounts for the transfer
of 1.05 eÿ per molecule. Upon immediate re-reduction,
approximately 79 % of the originally employed 1 is recovered.
None of the starting material 1 is regained if the oxidation and
the consecutive reduction are carried out at room temper-
ature.

By performing the electrolysis at ÿ30 8C in the cavity of an
ESR spectrometer, the immediate oxidation product can be
investigated. The solution ESR spectrum (Figure 2 a) consists

Figure 2. X-Band ESR spectra of a) a solution of [V(L-N4Me2)O(O2)]2�

ions (3) electrochemically generated in MeCN (containing 0.2m NBu4ClO4

as electrolyte) at ÿ30 8C in the ESR cavity and b) after raising the
temperature to room temperature. (giso values are indicated).

of a signal at giso� 2.0119 that is split into eight lines with a
hyperfine coupling constant AV

iso of 2.50� 10ÿ4 cmÿ1. The g
value larger than 2.0 and the very small hyperfine coupling
constant to the vanadium nucleus (I� 7/2) suggest the
presence of a ligand radical bound to a vanadium ion. This
result unambiguously proves that, during oxidation of 1, the
electron is removed from a molecular orbital on the peroxo
ligand, resulting in the formation of the oxosuperoxovana-
dium(v) species (3) (Scheme 1). Somewhat similar ESR
spectra were observed for the aforementioned short-lived
species, using rapid-mixing flow techniques in the cavity of the
ESR spectrometer.[1] However, in most of these investiga-
tions,[1a±c] a hydrogensuperoxide interacting with a vana-
dium(v) ion was proposed as the originator of the detected
ESR spectrum. Considering that the oxidation of 1 is carried

out in dry acetonitrile, the coordinated superoxide in 3 is
judged to be deprotonated.

No other ESR signal, except that attributed to complex 3, is
detected at ÿ30 8C. If a solution of 3 is exposed to temper-
atures higher than ÿ30 8C for a very short time, then an ESR
spectrum corresponding to the vanadyl(iv) complex [V(L-
N4Me2)(MeCN)O](ClO4)2 (4-(ClO4)2) can be observed. This
complex was independently prepared from the vanadyl(iv)
complex [V(L-N4Me2)ClO](ClO4) by treatment with Ag-
ClO4 ´ H2O. The simulation of the solution spectrum of 4
yields an isotropic g value giso of 1.977 and a hyperfine
coupling constant AV

iso of 92.8� 10ÿ4 cmÿ1 (Figure 2 b). The
ESR spectrum of the frozen solution (not shown) comprises
an axial signal with g values gk � 1.952 and g?� 1.986 and
anisotropic hyperfine coupling constants AVk � 161.3�
10ÿ4 cmÿ1 and AV? � 58.8� 10ÿ4 cmÿ1Ðall of which are typical
for a vanadyl(iv) species.[3] The vanadyl(iv) species 4 is the
direct decomposition product of the thermolabile superoxo
complex 3. The observation that the ESR spectrum of species
3 is not resumed upon cooling of the decomposition product,
together with the coulometric results, indicates that the ESR
spectrum of the vanadyl(iv) species does not correspond to a
valence tautomeric (dioxygen)oxovanadium(iv) complex, but
instead that a release of a dioxygen molecule occurs from the
oxo(superoxo)vanadium(v) complex through an internal
redox reaction yielding complex 4. A similar decomposition
reaction was proposed for the reaction of rather ill-defined
vanadyl(iv) ions with hydrogen peroxide where by ESR
spectroscopy an oxosuperoxovanadium(v) complex could be
detected as the reaction intermediate and an evolution of
molecular oxygen was observed.[1d] Further, it has been
suggested that an oxosuperoxovanadium(v) intermediate
reacts to give an uncoordinated dioxygen molecule and a
vanadyl(iv) complex, solely on the basis of a kinetic study of
the reaction of vanadyl(iv) or dioxovanadium(v) ions with
hydrogen peroxide in the presence of various oxidizing
reagents; also here there exists no spectroscopic character-
ization of the involved species.[2]

The question arises whether the oxygen release is rever-
sible. Therefore the vanadyl(iv) complex 4Ða perspective
view[4] of which is shown in Figure 1Ðwas exposed to high
pressures of molecular oxygen. No superoxo complex could
be detected by ESR spectroscopy, indicating that the rever-
sible equilibrium reaction (1) lies far on the side of the

[V(L-N4Me2)O(O2)]2+   +   MeCN

[V(L-N4Me2)(MeCN)O]2+   +   O2

3

4 (1)

vanadyl(iv) complex. Therefore efforts were undertaken to
trap the formed superoxovanadium(v) species by reducing it
immediately to the stable peroxo complex. However, with
conventional reducing reagents we were quite limited in
raising the concentration of the reducing agents sufficiently in
order to compete with the oxygen-release reaction; thus no
formation of the peroxo complex was detected. In contrast, by
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utilizing an anhydrous acetonitrile ± tetrahydrofuran mixture
(v:v� 1:1) as solvent, a quantitative conversion of the
vanadyl(iv) complex to the oxo(peroxo)vanadium(v) complex
could be observed with molecular oxygen (yields of isolated
product: 82 %). Using 18O2 results in the quantitative incor-
poration of 18O atoms into the peroxo group.[9] We propose
that the depicted equilibrium reaction (1) plays an essential
role in this process because the very few oxosuperoxovana-
dium(v) complexes formed in this equilibrium abstract hydro-
gen atoms from tetrahydrofuran molecules, yielding oxohy-
droperoxovanadium(v) complexes that are subsequently de-
protonated, thus rendering the oxoperoxovanadium(v)
product (Scheme 2). Due to the presence of a large excess

O

H

H O

H

[V(L-N4Me2)O(O2H)]2+[V(L-N4Me2)O(O2)]2+

oxidation products

[V(L-N4Me2)(MeCN)O]2+ [V(L-N4Me2)O(O2)]+

3

+ O2

4 1

– H+
   –  O2

+ MeCN

   +  O2

– MeCN

Scheme 2. Role of the equilibrium between 3 and 4 in the formation of the
oxoperoxovanadium(v) product 1.

of tetrahydrofuran, the hydrogen atom abstraction reaction
can compete with the oxygen release reaction. The tetrahy-
drofuryl radicals formed in this reaction react further with
molecular oxygen in a radical chain reaction yielding three
major oxidation products.[10] Recently, the first example of a
direct formation of a vanadium(v) peroxide complex in the
reaction of a vanadyl(iv) complex with molecular oxygen was
described.[7, 11] Our results represent the second example of
this rare type of reaction.

In summary, we demonstrate for the first time a link
between the dioxygen and the peroxide chemistry of vana-
dium through a superoxide complex for a well-defined system
of mononuclear vanadium complexes. On the one hand, the
vanadyl(iv) complex 4 can be converted by molecular oxygen
in the presence of tetrahydrofuran to the corresponding
oxoperoxovanadium(v) complex and, on the other hand, the
oxoperoxovanadium(v) complex 1 can react to the vanadyl(iv)
complex and molecular oxygen by a one-electron oxidation
(Scheme 1). In both reactions an intermediary formed super-
oxo complex appears to be essential. In addition, we have
shown that this relatively stable oxosuperoxovanadium(v)
complex can be prepared by controlled synthetic means, thus
allowing us the unique opportunity to investigate further the

structural and electronic properties of such generally very
unstable and therefore quite elusive species.[12]

Experimental Section

1-(BPh4): A solution of [V(L-N4Me2)O2](BPh4)[3] (150 mg, 0.224 mmol) in
acetonitrile (6 mL) was treated with 30% hydrogen peroxide solution
(2 mL). The initially yellow solution was stirred for 4 h at 65 8C. After the
addition of water (5 mL) to the resulting red solution at room temperature,
the volume of the solution was reduced until precipitation of a red solid
started to occur. A brief heating of the solution until the entire solid was
again redissolved and subsequent storage of the solution at 0 8C for 1 d
afforded analytically pure product (136 mg, 88%) as red crystalline
material. Elemental analysis (%) calcd for C40H40BN4O3V: C 69.98, H
5.87, N 8.16; found: C 69.97, H 6.03, N 8.16; UV/Vis (acetonitrile): lmax

(eM)� 257 (9610), 263 (10 500), 273 (sh, 3970), 443 nm (317); 1H NMR
(200 MHz, CD3CN): d� 3.69 (s, 6H; CH3), 4.37 (JA,B� 15.9 Hz, 2H; CH2),
4.68 (JA,B� 16.6 Hz, 2H; CH2), 4.86 (JA,B� 15.9 Hz, 2H; CH2), 5.23 (JA,B�
16.6 Hz, 2 H; CH2), 6.75 ± 7.1 (m, 14 H; Ph-H and 3,5-py-H), 7.15 ± 7.35 (m,
10H; Ph-H and 3,5-py-H), 7.56 (A-part, JA,B2� 7.88 Hz, 1 H; 4-py-H), 7.77
(A-part, JA,B2� 7.78 Hz, 1H; 4-py-H); IR (KBr): nÄ � 1609, 1581, 1479, 1457,
1445, 1427, 1382, 1029, 939, 881, 792, 735, 712, 704, 606, 566 cmÿ1 (strong
bands only).

1-(ClO4): A solution of [V(L-N4Me2)(MeCN)O](ClO4)2 (100 mg,
0.174 mmol) in absolute acetonitrile (5 mL) and absolute tetrahydrofuran
(5 mL) was rapidly stirred for 3 d under an atmosphere of pure oxygen. The
resulting red solution was evaporated to dryness and the residue was
dissolved in acetonitrile (3 mL). Diffusion of diethyl ether into the solution
afforded a red crystalline product (67 mg, 83%), which was filtered off,
washed with diethyl ether, and dried in vacuo.

4-(ClO4)2: A solution of [V(L-N4Me2)ClO](ClO4)[3] (107 mg, 0.228 mmol)
and AgClO4 ´ H2O (52 mg, 0.230 mmol) in absolute ethanol (120 mL) was
stirred for 3 d in the dark under an atmosphere of nitrogen. After the
precipitated silver chloride was removed by filtration through celite, the
residual solution was evaporated to dryness. The residue was dissolved in
absolute acetonitrile. Diffusion of absolute diethyl ether into the solution
rendered pure product as violet blocks, which were filtered off, washed with
diethyl ether, and dried in vacuo (102 mg, 78%). Elemental analysis (%)
calcd for C18H23Cl2N5O9V: C 37.58, H 4.03, N 12.17; found: C 37.27, H 4.21,
N 12.02; UV/Vis (acetonitrile): lmax (eM)� 261 (7930), 266 (9480), 279 (sh,
1770), 541 (27), 652 nm (30); IR (KBr): nÄ � 2316, 2288, 1612, 1582, 1483,
1454, 1382, 1169, 1094, 982, 880, 867, 809, 796, 624, 540 cmÿ1 (strong bands
only).
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The design, synthesis, and manipulation of supramolecular
structures having well-defined geometries are great challeng-
es. Such structures have possible applications in diverse fields
such as materials science, molecular electronics, and sensor
development.[1±3] The major source of inspiration for the
generation of supramolecular architectures is the biological
world.[4] On the other hand, new synthetic routes need to be
developed that allow the constriction of molecular systems in
such a way that the desired arrangements of components is
obtained on the nanometer scale.[5, 6] Phthalocyanines (Pcs)
constitute a widely investigated class of compounds which are

interesting building blocks for the construction of supra-
molecular architectures.[7±11] Phthalocyanines have been self-
assembled in solution and they can be deposited by using the
Langmuir ± Blodgett (LB) technique[9, 11] as well as by sub-
limation in ultra-high vacuum (UHV).[8, 12±14] The deposited
assemblies have been visualized using scanning force micros-
copy (SFM)[11, 12] and scanning tunneling microscopy
(STM).[13, 14]

Herein we report on the self-assembly and manipulation of
monomeric Pcs from gels into layers at surfaces, studied by
STM imaging. The Pcs (such as 1) are functionalized with four
benzocrown ether rings, which are each disubstituted with
enantiomerically pure (S)-3,7-dimethyloctyl chains. The

peculiar physicochemical properties of these chiral molecules
arise from the fact that 1) they have an extended p-conjugated
core which plays a key role in the charge-transfer properties of
stacked Pcs; 2) they contain crown ethers which can host
alkaline ions, and 3) they possess alkyl side chains which can
induce a liquid crystalline behavior. In organic solvents 1
forms a gel in which helical fibers are present. The helicity of
these fibers, which are composed of Pc stacks, can be tuned by
the addition of alkaline ions, namely K�.[15] The overall
diameter of the fibers is equal to the diameter of the Pc discs
with extended tails (6 nm), and the distance (d) between two
Pc discs is 0.335 nm.

Figure 1 shows sub-molecularly resolved STM images of
the monomeric 1 moieties self-assembled at the interface
between a gel and highly oriented pyrolitic graphite (HOPG).
The molecular arrangement comprises two ªface-onº phases
(1 and 2 in Figure 1 a), and one ªedge-onº lamellar phase (3
and 4 in Figure 1 a).

The ªedge-onº lamellae, which are made up of p ± p stacked
Pcs (Figures 1 b and 2) exhibit widths (w) of (4.7� 0.2) nm
(Figure 1) and lengths up to hundreds of nanometers (image

CCDC, 12 Union Road, Cambridge CB2 1EZ, UK (fax: (�44) 1223-
336-033; e-mail : deposit@ccdc.cam.ac.uk).

[5] A. Butler, M. J. Clague, G. E. Meister, Chem. Rev. 1994, 94, 625.
[6] G. J. Colpas, B. J. Hamstra, J. W. Kampf, V. L. Pecoraro, J. Am. Chem.

Soc. 1996, 118, 3469.
[7] M. Kosugi, S. Hikichi, M. Akita, Y. Moro-oka, J. Chem. Soc. Dalton

Trans. 1999, 1369.
[8] M. Sivak, P. Schwendt, Transition Met. Chem. (London) 1989, 14, 273.
[9] In addition, the terminal oxide is enriched by approximately 50 % with

18O, presumably by an acid-catalyzed exchange with 18O-enriched
water produced in the oxidation of tetrahydrofuran.

[10] Of the three major oxidation products, two have been identified as
2-methyl-1,3-dioxane and g-butyrolactone. The identity of the third
product and the reaction mechanism of the oxidation reaction are
under current investigation.

[11] Although not proposed, the reaction could proceed by a similar route
via a superoxovanadium(v) intermediate. Here, however, in contrast
to the reaction depicted in Scheme 2, the hydroxovanadyl(iv) species
itself acts as reducing reagent, therefore rendering bis(oxo)vana-
dium(v) and oxoperoxovanadium(v) complexes in equimolar amounts.

[12] Preliminary ESR studies with partially 17O-enriched superoxo com-
plex have shown that at ÿ30 8C the superoxide unit is either
symmetrically side-on-bound or that an end-on-bound superoxide
undergoes a rapid rearrangement reaction, interchanging the bound
and the unbound oxygen atoms faster than the ESR time scale.

[*] Prof. Dr. J. P. Rabe, Dr. P. Samorí
Department of Physics
Humboldt University Berlin
Invalidenstrasse 110, 10115 Berlin (Germany)
Fax: (�49) 30-30937632
E-mail : rabe@physik.hu-berlin.de

H. Engelkamp, P. de Witte, Dr. A. E. Rowan, Prof. Dr. R. J. M. Nolte
Department of Organic Chemistry
NSR Center, University of Nijmegen
Toernooiveld, 6525 ED Nijmegen (Netherlands)

[**] This work was supported by the EU-TMR project SISITOMAS
(project reference FMRX970099), the European Science Foundation
through SMARTON, and the Volkswagen-Stiftung.


