
An Axially Bridged Indium Phthalocyanine
Dimer with an In�In Bond**

Yu Chen, Markus Barthel, Michael Seiler,
L. R. Subramanian, Helmut Bertagnolli, and
Michael Hanack*

New nonlinear optical (NLO) materials are essential to the
development of optoelectronic technologies, such as optical
communications, high-speed electrooptical information proc-
essing, short optical-pulse generation, and all-optical switch-
ing.[1] For practical NLO devices, such as optical limiting
devices, only a few appropriate nonlinear materials are
currently available. This has been a primary barrier to the
development of these optical devices, which can control the
amplitude, phase, polarization, or direction of optical
beams.[2±4]

Among the large number of NLO absorbers that have been
identified, metallophthalocyanines and related compounds
have emerged as the most promising materials owing to their
large nonlinearities (originating from optical pumping of low-
lying electronic states), ultrafast response times, and easy
processability.[2,4] [tBu4PcInCl] (Pc¼ phthalocyanine) has
been used to prepare optical limiters,[4] which can reduce
optical damage to elements that are sensitive to sudden high-
intensity light, such as sensors or human eyes. The effect of
axial substitution on the optical properties of indium(iii)
phthalocyanines was studied systematically in our research
group, and by Shirk and co-workers.[3] The optical-limiting
properties of the axially substituted indium phthalocyanine
monomers were surprisingly robust to
structural changes in the axial posi-
tion.[3] Dimers, in comparison with
monomeric phthalocyanines (Pcs),
may show increased third-order non-
linearities as a result of intramolecular
p±p interactions of the Pc units. Addi-
tionally, the optical-limiting properties
of these compounds are influenced by
the dimeric structure. In this regard, we
report here for the first time an axially
linked indium phthalocyanine dimer
with a direct In�In bond.

Organometallic compounds containing metal±metal single
bonds between the metallic elements of Group 3A (Al, Ga,
In, and Tl) are quite unusual,[5a] but also of great interest in
materials science.[5] So far, only metallophthalocyanine dim-
ers with transition-metal±transition-metal bonds, for example,
Ru¼Ru,[6,7] Os¼Os,[8] Mo�Mo,[9] Rh�Rh,[10] Ir�Ir,[11] and Re�
Re[12] are known. Kobayashi et al claimed to have prepared
(PcSiX)2 with a direct Si�Si bonding interaction[13a] but this
has since been proved to be incorrect.[13b] Very recently,
however, the same research group have again reported to
have obtained Pc dimers linked by an Si�Si bond.[13c]

We attempted to prepare a dimeric indium phthalocyanine
complex with an In�In bond, by the reaction of soluble
[tBu4PcInCl] (1)[3a] with activated magnesium turnings in
freshly dried THF in the presence of a catalytic amount of
iodine, but all efforts were unsuccessful. Further investiga-
tions showed that the pure dimer [tBu4PcIn�InPctBu4], that is,
without an associated N donor ligand, is unstable in solution
under the classical Wurtz coupling conditions. These findings
are in agreement with the observations of Tuck and co-
workers,[14] who successfully prepared stable N,N,N’,N’-tetra-
methylethylenediamine (tmed) adducts of In2X4 (X¼Br, I),
which possess In�In bonds. The role of the neutral
tmed ligand in stabilizing In2X4 or In2XY3 molecules is
mainly to promote maximum coordinative saturation at the
indium center.[14] Accordingly, we successfully prepared
[{tBu4PcIn(tmed)}2] (2) by a Wurtz coupling reaction of 1 in
the presence of tmed (Scheme 1). To remove any inorganic
impurities, the crude product was dissolved in anhydrous
toluene, stirred, filtered (this procedure was repeated several

times), and dried at 80 8C in vacuo to afford a blackish-green
powder in 93% yield.

The formation of an indium±indium bond in 2 was
confirmed by Raman spectroscopy and by transmission
extended X-ray absorption fine structure (EXAFS) spectro-
scopy. The strong peak at 110 cm�1 in the Raman spectrum of
2 (Figure 1) is ascribed to an In�In bond vibration,[14b] but
suggests that the In�In interaction is rather weak. The band at
148 cm�1 is assigned to the isotopic peak of the n(In�In)
mode.

Despite several attempts, compound 2 could not be
obtained as a single crystal for an X-ray structural determi-
nation. EXAFS is considered to be a powerful technique for
determining the local atomic environment of a specific atom,

COMMUNICATIONS

Angew. Chem. Int. Ed. 2002, 41, No. 17 ¹ 2002 WILEY-VCH Verlag GmbH&Co. KGaA, Weinheim 0044-8249/02/4117-3239 $ 20.00+.50/0 3239

[*] Prof. Dr. Dr. h.c. M. Hanack, Prof. Dr. Y. Chen, Dr. M. Barthel,
Dr. L. R. Subramanian
Institut f¸r Organische Chemie
Universit‰t T¸bingen
Auf der Morgenstelle 18, 72076 T¸bingen (Germany)
Fax: (þ 49)07071-295268
E-mail: hanack@uni-tuebingen.de

Dr. M. Seiler, Prof. Dr. H. Bertagnolli
Institut f¸r Physikalische Chemie
Universit‰t Stuttgart
Pfaffenwaldring 55, 70569 Stuttgart (Germany)

[**] This research was supported by the Deutsche Forschungsgemeinschaft
(Projekt Ha 280165-1). We would like to express our thanks to Prof.
Weidlein of Stuttgart University for his assistance with Raman
spectroscopy analysis and helpful discussions. Y.C. thanks the
Alexander von Humboldt Foundation for a fellowship.

Scheme 1. Synthesis of 2.



regardless of the state of the sample. EXAFS analysis
provides information on the bond distance, the coordination
number, the Debye±Waller factor, and the nature of the
scattering atoms that surround the excited atom.[15] Thus,
EXAFS measurements were performed on 2 at the In-K edge
at 27940 eV and 20 8C with an Si(311) double-crystal mono-
chromator under ambient conditions (5.46 GeV, beam current
115 mA) and an inert atmosphere (beamline X1.1 at the
Hamburger Synchrotron-Strahlungslabor (HASYLAB) at
DESY, Hamburg). Data were collected in transmission mode
with ion chambers. Energy calibration was monitored using
20-mm thick indium metal foil, also at the In-K edge at
27940 eV.

The experimental data and the fitted functions of 2 are
shown in k space as well as by Fourier transformations in real
space in Figure 2. The structural parameters and the EXAFS-
determined molecular structure of 2 are given in Table 1 and
Figure 3, respectively. In agreement with the well-known

structure of phthalocyanine complexes, we found four equiv-
alent indium±nitrogen atomic separations of 2.12 and 3.05 ä,
and two equivalent indium±nitrogen atomic separations of
2.59 ä. An additional shell, consisting of eight equivalent
indium±carbon atomic separations at 2.90 ä gives good
agreement between the experimental and the calculated
parameters for 2. The fit is significantly improved using an
indium±indium separation of 3.24 ä (for comparison, report-
ed In�In bond lengths are, for example, 2.775,[16] 2.828,[17]

3.631,[18] and 3.952 ä[19]), and an additional indium±nitrogen
interaction at 3.40 ä. This is the shortest separation observed
between an indium atom and a nitrogen atom situated in the
neighboring phthalocyanine moiety within the dimer. The
structural data acquired by the fitting procedure of 2 are listed
in Table 1. Since an intermolecular In�In’ separation was
found, it can be deduced that two phthalocyanine molecules
are arranged as a dimer. The relative orientation of the
neighboring molecules can be calculated from the determined
separations and the length of the intramolecular In�N1

interaction. The molecular planes are tilted, with respect to
the axis connecting the center of the molecules, by an angle of
14.58. To check this result we calculated the shortest
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Figure 1. Resonance Raman spectrum (lexc¼ 647.10 nm) of
[{tBu4PcIn(tmed)}2] (2).

Figure 2. Experimental (dotted line) and calculated (solid line) k3c (k)
functions (a) (k range¼ 3.18±12.29ä�1, fit-index¼ 16.30, E0¼ 18.78 eV)
and their Fourier transforms (b) for [{tBu4PcIn(tmed)}2] (In-K edge, see
Table 1 for fit parameters).

Table 1. EXAFS-determined structural data of [{tBu4PcIn(tmed)}2] (2).
The letters in parentheses refer to 2 and indicate the molecule where the
back-scattering atom is located.

N[a] r [ä][b] s [ä][c]

In�(N1) 4 2.12� 0.02 0.067� 0.010
In�(N2) 2 2.59� 0.03 0.050� 0.005
In�(C2) 8 2.90� 0.03 0.102� 0.025
In�(N3) 4 3.05� 0.03 0.074� 0.011
In�(In’) 1 3.24� 0.03 0.092� 0.002
In�(N1’) 4 3.40� 0.03 0.122� 0.018
h [8][d] 14.5� 2.0
In(out) [ä][e] 0.78� 0.3

[a] N¼ coordination number. [b] r¼Absorber±backscatterer distance.
[c] s¼Debye±Waller factor with calculated standard deviations. [d] h¼
tilting angle. [e] Inout¼ the out-of-plane displacement of the In atom.

Figure 3. EXAFS-determined molecular structure of [{tBu4PcIn(tmed)}2].



intermolecular In�(N0
1) distance, which is 3.87 ä for a parallel

arrangement of the molecular planes perpendicularly orient-
ed to the axis connecting the molecular centers. This
separation, however, was not found in the spectra. If we
assume a rigid phthalocyanine molecule, which is not de-
formed by the metal atom, the shortest indium±nitrogen
distance amounts to 1.97� 0.02 ä;[20±22] our results indicate an
In�N1 separation of 2.12 ä. We therefore conclude that the
indium center is located 0.78 ä out of the plane described by
the four nitrogen atoms directly bonded to it (Inout).

The IR spectrum of 2 is similar to that of 1, and gives little
structural information. As expected, the weak absorption
band of the In�Cl stretching mode at 336 cm�1 is absent in the
IR spectrum of the dimer; a new pair of split, low-intensity
peaks are observed, centered at 368 and 399 cm�1. Some
characteristic absorption peaks, for example, at 1613, 1087,
1023, and 568 cm�1 appear to increase in intensity. A new
intense peak at 802 cm�1 was also observed, and may be
associated with the coordination of the tmed ligands to the
indium centers.

Field-desorption mass spectrometry (FDMS) of [{tBu4P-
cIn(tmed)}2] (2) (m/z calcd for C108H128N20In2: 1935) only
shows a single peak at m/z 978, whereas the m/z value of a
singly charged monomer, that is, [tBu4PcIn]þ , is 851. In
general, peaks containing 23Na are always detected because of
its ubiquitous nature. Hence, the peak at m/z 978 can be
logically assigned to [M2þþ23Na]. We also employed FDMS to
investigate the in situ hydrolyzed product of 2 in analytically
pure THF containing a trace of water, and found that the
original signal at m/z 978 disappears, followed by the
appearance of a new strong peak at m/z 1703, which
can be unambiguously attributed to [tBu4PcIn]2. This pure
Pc dimer, without tmed ligands, is extremely unstable in
solution and, thus, can not be obtained from the hydrolyzed
product of 2.

A series of highly soluble axially substituted or bridged
phthalocyanine compounds have been prepared under mild
conditions utilizing the chemical reactivity of M�Cl (M¼
Ga3þ, In3þ) and M¼O (M¼ for example, Ti4þ) bonds.[3,23]

The axial ligands did not affect the linear optical properties;
in fact the Q and B bands in the UV/Vis spectra are shifted
only by a few nanometers on exchanging the axial ligands.[3]

Similarly, the formation of the axial In�In bond in the
phthalocyanine dimer 2 displayed similar linear optical
properties as the starting material 1. The observed red-shifts
of the Q and B bands in the UV/Vis spectrum of 2 in
anhydrous THF are only of the order of 4±5 nm relative to
1.[3a] This observation can be explained by the fact that the
average mutual polarization effect is close to zero as a result
of near free rotation of the two Pc macrocycles around the In�
In single bond. Consequently, the spectrum of 2 is similar to
that of Pc monomer 1. In addition, we measured the UV/Vis
spectra of compounds 1 and 2 in anhydrous THF and
analytically pure THF containing a trace amount of water.
No matter what type of THF was used, the UV/Vis spectrum
of 1 was the same. However, the UV/Vis spectrum of 2 in
analytically pure THF is apparently shifted to short wave-
lengths relative to 1. This blue-shift is related to protonation
of the coordinated tmed.

The UV/Vis absorption bands of a thin film of 2 are
marginally broader, but the position of the Q band is only
slightly shifted (1±2 nm) towards longer wavelengths, com-
pared to a dilute solution in anhydrous THF. This result is
suggestive of only weak aggregation of 2. Dimer 2 is
susceptible to photochemical degradation in common organic
solvents, for example, THF, CH2Cl2, and CHCl3. After
exposure of the solution of 2 in THF to daylight for 48 h,
the B and Q bands of 2 decrease significantly in intensity, the
Q band is blue-shifted by approximately 7±8 nm, and a new,
weak absorption peak near 740 nm is observed. However, in
the absence of light, the solution of 2 in THF does not show a
significant or apparent decrease in absorbance for up to
72 hours.

The 1H NMR spectrum of 2 is more complicated than that
of 1 because of ring-current effects[24] caused by the two
macrocycles and the existence of possible rotational isomers.
The spectrum shows two broad groups of multiplet signals for
the aromatic protons and one intense singlet for the tBu pro-
tons, a slight downfield shift is observed for the aromatic
protons in the plane of the macrocycle relative to those of 1.[3a]

A slight deshielding effect is also observed in the 13C NMR
spectrum of 2 for the carbon atoms close to the indium atom.
The presence of coordinated ligands is apparent from the
NMR spectra of 2. In comparison with the 13C NMR spectrum
of free tmed, which displays resonances at 57.34 (CH2N) and
45.53 ppm (NCH3), the equivalent signals for coordinated
tmed in 2 are shifted upfield to d¼ 54.75 and 44.72 ppm,
respectively. 1H NMR signals for free tmed appear at d¼ 2.23
(CH2) and 2.09 ppm (CH3), whereas the corresponding proton
signals for the coordinated tmed ligands in 2 are located at d¼
2.91 and 2.50 ppm. The observed downfield shift would not
normally be expected; here it may be explained by the fact
that the coordinating molecules do not fit into the cone of the
ring-current.[24] In addition, the possible protonation of the
coordinated tmed during measurement also leads to a down-
field shift of its proton signals. To provide evidence for this, we
have measured the 1H NMR spectrum of protonated tmed,
and found that after treatment of free tmed with HCl, the
measured 1H NMR signals are shifted downfield, and appear
at d¼ 2.39 and 2.23 ppm, respectively.

Excitation of 1 and 2 in toluene with a nanosecond laser at
355 nm results in almost identical transient absorption spectra
being observed. The transient absorption bands appearing at
about 520 nm can be attributed to the transition from the
lowest triplet excited state to the upper triplet excited states
(T±T absorption).[25] , The triplet-state-maximum of each
sample occurs in the region of 400±610 nm, which is located
just inside the high-transmission region between the intense Q
and B bands in the UV/Vis absorption spectra (of all
samples). This region is of great interest for optical limiting
based on reverse saturable absorption [3b,4] since it ensures
that the excited-state absorption always exceeds the ground-
state absorption cross-section.[26]

The Z scans for all samples in toluene at 532 nm indicate
that 2 shows a much stronger positive NLO response at
relatively low powers than starting material 1. This NLO
response can be attributed to reverse saturable absorption.[3b]

The optical-limiting properties of 1 and 2, as well as the tmed
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The significant advances in the understanding of the
biological function of carbohydrates and glycoconjugates
achieved during the last two decades have stimulated the
development of glycomimetics as fundamental tools for
biological research and as potential agents for therapeutic
intervention.[1] C-Glycosides are of special relevance in this
context because of their resistance to hydrolysis and their
occurrence in a number of natural products with interesting
biological activities. Methods for their preparation using
anomeric anions, cations, radicals, and carbenes have been
extensively studied.[2] 1,2-Anhydro sugars, readily available
and well-known donors for the stereoselective preparation of
O-glycosides,[3] have also found application in the stereo-
selective synthesis of C-glycosides.[2] Because of their electro-
philic nature, in all examples described to date, 1,2-anhydro
sugars have reacted with metalated C-nucleophilic partners,
which are often unstable and not readily available with a wide
range of functionality. The regioselective and stereodefined
umpolung of 1,2-anhydro sugars into nucleophilic C-glycosyl
donors by reductive metalation could greatly extend the scope
of these useful donors, by allowing the introduction of an
expanded set of substituents at the anomeric position in a
stereoselective way.[4,5]

To test the feasibility of this approach, we performed
exploratory experiments with epoxide 2a, readily available
from the protected d-glucal 1a by oxidation with DMDO
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adduct of 1 [tBu4PcInCl(tmed)], have been studied in toluene
with laser pulses at 410 nm. These preliminary results show
that 2 exhibits good optical-limiting response at this laser
wavelength, whereas no response was found for compound 1
and its tmed adduct. Further studies on the NLO properties
(including optical-limiting properties) displayed by 2 are
currently in progress.
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