
Endofullerenes
DOI: 10.1002/anie.201100432

Covalently Linked Porphyrin–La@C82 Hybrids: Structural Elucidation
and Investigation of Intramolecular Interactions**
Lai Feng, Zdenek Slanina, Satoru Sato, Kenji Yoza, Takahiro Tsuchiya, Naomi Mizorogi,
Takeshi Akasaka,* Shigeru Nagase,* Nazario Mart�n, and Dirk M. Guldi

Dedicated to Professor Luis Echegoyen on the occasion of his 60th birthday

The study of covalent and non-covalent photoactive hybrids
continues to be of interest for developing photosynthetic and
optoelectronic applications.[1] To this end, C60 is recognized as
an important building block owing to its rich redox properties
and low reorganization energy in electron-transfer reactions.
Hybrids of C60 with various photoactive and electroactive
units have been studied comprehensively in the context of
light harvesting, unidirectional energy transfer, and electron
transfer.[2] Recently, the unique structures and properties of
endohedral metallofullerenes (EMFs), such as M3N@C80

(M = Sc, Lu) and M2@C80 (M = La, Ce), has led to their
integration into photoactive hybrids in which improved or
switchable inter- or intramolecular electron transfer events
were realized.[3,4]

Another widely studied EMF is La@C2v–C82, which
features a huge anionic p surface and an open-shell structure.
Importantly, in comparison to C60 and the above-mentioned

EMFs, La@C82 has more active redox properties, a broader
absorption spectrum, a smaller band gap, and lower-lying
excited state.[5, 6] In this regard, incorporating La@C82 into
multichromophoric systems is certainly worthy of consider-
ation. In fact, recent efforts have exemplified the construction
of supramolecular arrays of La@C82 and chromophores, such
as porphyrins.[7] However, covalently linked hybrids remain
unexplored. A likely rationale includes the presence of
multiple isomeric products that are formed in most reac-
tions.[8] Herein, we present three isomeric covalently linked
5,10,15,20-tetraphenylporphyrin (H2Por)–La@C82 hybrids,
including their synthesis, electrochemistry, and spectroscopic
and computational studies. Compared with non-covalent
hybrids,[7b] the presence of a flexible linker between the two
subunits is evidently crucial. It facilitates p–p attractions
between the two subunits and therefore enhances intra-
molecular electronic interactions even in the ground state.
Remarkable fluorescence quenching in all covalently linked
hybrids is evidence of the occurrence of photoinduced
intramolecular communication.

The synthesis started with a thermal reaction (Scheme 1)
involving La@C82 and a typical diazo precursor 1 that was
used to synthesize the [6,6]-phenyl-C61 butyric acid methyl
ester (PCBM).[10] Following a multistage separation using
HPLC, three isomeric monoadducts (M1, M2, and M3)

[11] were
ultimately isolated as major products. Substitution of 1 by
another precursor, 2, led to the synthesis of H2Por–La@C82

hybrids. In a similar way, three isomeric forms (M1Por, M2Por,
and M3Por) were isolated as major products with lower yields.

Scheme 1. Synthesis of M1–3 and M1–3Por. Ts = toluene-4-sulfonyl,
o-DCB = 1,2-dichlorobenzene.
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All compounds were characterized using HPLC, MALDI-
MS, EPR, and UV/Vis-NIR spectroscopy.[9] The HPLC
profiles of all the purified samples are shown in the Support-
ing Information, Figures S1, S2. The MS spectra (Supporting
Information, Figures S3, S4) display a dominant molecular
ion peak either at m/z 1314 for M1–3 or at m/z 1957 for
M1–3Por. Agreement between the observed and the calculated
isotopic distributions confirms their compositions. The
absence of other fragment peaks suggests their high stability
under the laser decomposition conditions. Unambiguous
structural determination was achieved by means of crystal-
lography. As shown in Figure 1, M3 is a [6,6]-open adduct.[12]

The C2�C3 bond is cleaved because of the [1+2]-addition,
and the La atom is close to the addition site, with 100%
occupancy. The addition pattern and the addition site are
identical to those proposed for La@C82Ad-II (Ad = adaman-
tylidene, minor isomer),[13] probably indicating their similar
formation pathway, that is, carbene addition.

The absorption spectra of M1–3 and M1–3Por are portrayed
in Figure 2 (see the Supporting Information, Figure S5 for
visible absorptions of M1–3). As for M3, the two NIR
absorptions at around 986 and 1525 nm are fully consistent
with those seen for La@C82Ad-II,[13] reflecting their isostruc-
tural nature. For M1 and M2, they both show absorptions at
1010 and 1456 nm; the form of these absorptions resemble
those of La@C82Ad-I (major isomer).[14] Considering that the
electronic spectra of La@C82 derivatives usually reflect the
fingerprints of their p-system topology, it is reasonable to
assume the isostructural nature of the respective adducts; that
is, the same addition pattern and the same addition site (C1
and C2). Consequently, M1 and M2 might be stereoisomers of
the 1,2-adduct that possesses two chiral centers (that is, C1
and the spiro carbon).

Each hybrid (M1–3Por) exhibits the same NIR absorption
features as their corresponding reference compounds, namely
M1–3. In the visible range, all of the hybrids reveal H2Por-
centered Soret and Q bands at 425 nm and 519, 553, 595,
653 nm, respectively. However, relative to H2Por (e418nm =

490 000 L mol�1 cm�1), the Soret bands of M1–3Por are broad-
ened, with reduced molar absorptivity (e425nm

� 287 500 L mol�1 cm�1), and are red-shifted by 7 nm. Like-
wise, the Q bands undergo red-shifts that range from 3 to
5 nm. All of these spectral changes suggest appreciable
electronic interactions between the two subunits of these
covalently linked hybrids in the ground state. As reference,
the absorption spectrum (Figure S6)[9] of an equimolar
mixture of H2Por and La@C82 appears as a simple super-
imposition of the two species, indicating the lack of inter-
action between the noncovalently linked H2Por and La@C82.

The EPR spectra of all of the compounds are shown in
Figure S7, and the corresponding features are summarized in
Table S1.[9] All of the three hybrids display distinct octet EPR
signals with characteristic hfcc and g-factor parameters,
reflecting their paramagnetic properties. Importantly, the
spectral resemblance between the hybrids and the references
constitutes additional evidence for their structural similarity.

Electrochemical studies with M1–3 and M1–3Por were
carried out in o-dichlorobenzene containing 0.05m Bu4NPF6

under an argon atmosphere. The corresponding differential
pulse voltammograms (DPVs) are depicted in Figures S8–
13,[9] and the potentials versus Fc/Fc+ are summarized in
Table 1. Using H2Por and M1–3 as references assisted in
determining the redox properties of M1–3Por. In the anodic
direction, M1–3Por have four one-electron oxidation steps. The
first and fourth steps, between �0.02 and �0.04 V and
between 1.06 and 1.13 V, were assigned to La@C82 centered
processes, while the second and third steps, between 0.57 and

Figure 1. ORTEP of M3 (ellipsoids set at 50% probability) and ortho-
gonal views of the addition site.

Figure 2. UV/Vis absorption spectra of M1–3Por hybrids (M1 black,
M2 dark gray, M3 light gray lines) at similar concentrations in toluene.
Inset: NIR absorption spectra of M1–3Por hybrids (upper, lines) and
M1–3 references (lower, dashed lines).
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0.61 V and at 0.89 V, relate to processes involving H2Por. In
the cathodic direction, M1–3Por reveal four reduction steps.
The first, second, and fourth steps, between �0.45 and
�0.48 V, between �1.36 and �1.41 V, and between �2.06
and �2.07 V, correlate to the one-electron reduction of
La@C82, La@C82, and H2Por, respectively. The third step
between�1.71 and�1.75 V, which is evidently a two-electron
reduction, is expected to involve La@C82 and H2Por. Notably,
the La@C82-centered redox processes, including the first
oxidation and first reduction, are cathodically shifted by 30–
60 mV and 20–60 mV, respectively, for M1–3Por as compared
with those noted for M1–3. In contrast, the H2Por-centered
redox process, that is, the second oxidation of M1–3Por, is
shifted anodically by 50–90 mV relative to that of H2Por. The
aforementioned observations lead us to conclude that size-
able interactions prevail between the two subunits in the
ground state.

To gain further insights into the molecular and electronic
structure of the hybrids, computational studies were per-
formed using density functional methods (DFT) at the M06-
2X/3-21G-LanL2DZ level for geometry optimizations and
higher levels (that is, M06/and M06-2X/6-31G*-LanL2DZ)[15]

for energy calculations with the Gaussian 09 program.[16] The
optimized structure of M3Por with a folded and a stretched
conformation is shown in Figure 3. Importantly, the former
conformer is 16.3 or 14.5 kcal mol�1 more stable than the
latter, suggesting sizable intramolecular attractions. In the
folded conformer, the neighboring distance between the two
subunits is 2.87 �, which is shorter than the sum of van der
Waals radii. As Figures 4 and S14 reveal,[9] the calculated
SOMO and LUMO are mainly localized on La@C82, while the

HOMO is centered on H2Por, in close agreement with the
results of electrochemical studies. On the other hand, a
delocalization of the SOMO on H2Por and of the b-HOMO
on La@C82 (< 2%) was observed only for the folded
conformer, indicating a distance-dependent interaction
between the two components.

Intramolecular interactions in the excited state were
probed by means of steady-state fluorescence spectra, which
were recorded in an argon-saturated toluene solution. Impor-
tantly, as Figures 5 and S15 show, the strong fluorescence of
H2Por with a quantum yield of 0.11[17] is subject to a
remarkable quenching in M1–3Por, with quantum yields of
approximately (2.2� 0.5) � 10�4. As a reference experiment,
an equimolar mixture of La@C82 and H2Por at a similar
concentration was tested in which fluorescence quenching
was almost negligible (Figure S16).[9] We therefore concluded

Table 1: Redox potentials of M1–3Por hybrids, M1–3 references, and
H2Por.[a]

Eox
4 Eox

3 Eox
2 Eox

1 Ered
1 Ered

2 Ered
3 Ered

4

H2Por 1.16 0.94 0.52 �1.75 �2.07
M1Por 1.13 0.89 0.58 �0.03 �0.48 �1.41 �1.74 �2.07
M2Por 1.06 0.89 0.57 �0.04 �0.48 �1.41 �1.75 �2.06
M3Por 1.08 0.89 0.61 �0.02 �0.45 �1.36 �1.71 �2.07
M1 0.02 �0.42 �1.37 �1.71
M2 1.18 0.02 �0.43 �1.38 �1.71
M3 0.01 �0.43 �1.38 �1.74

[a] Values given versus Fc+/Fc. DPV measurements in o-DCB solution
using 0.05m Bu4NPF6 as supporting electrolyte, ferrocene as an internal
standard, platinum wires as the working and counter electrodes, and
SCE as the reference electrode. Scan rate: 20 mVs�1.

Figure 3. Two optimized conformers of M3Por at the M06-2X/3-21G-
LanL2DZ level. The folded conformer (left) is 14.5 kcalmol�1 more
stable than stretched conformer (right) at this level.

Figure 4. MO diagram of the M3Por hybrid. Values are given in eV.

Figure 5. Steady-state fluorescence spectra of M3Por (black line) and
H2Por (dark gray line) in toluene solution, photoexcited at 413 nm
after normalization to the absorption intensity (0.34) at the excitation
wavelength. The fluorescence intensity of M3Por is also shown
amplified by a factor of 100 (gray dashed line).
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that the excited state deactivation might proceed by either an
intramolecular energy or electron transfer process. The
hypothesis of an energy transduction evolving from photo-
excited H2Por to La@C82 seems to be more reasonable. In
particular, the energy level of the first doublet excited state of
La@C82 is about 0.88 eV,[6] which is more than 1.0 eV below
the first singlet excited state of H2Por (1.90 eV) in toluene.[18]

Electron transfer, on the other hand, appears to be thermo-
dynamically less-favored, considering that the energy level of
the radical ion pair state, namely (La@C82)

�-(H2Por)C+, is
1.05 eV.[19]

In conclusion, we have presented the synthesis of three
isomeric covalently linked porphyrin–La@C82 hybrids (M1–

3Por) and their structural characterization. Combined spec-
troscopy, electrochemistry, and DFT calculations suggest
identifiable electronic interactions between the two subunits
in the ground state. In the excited state, nearly quantitative
quenching of the H2Por fluorescence suggests that the two
chromophores do communicate with each other in the form of
an energy/electron transfer event. These covalent hybrids
may be useful in future design and creation of EMF-based
materials for molecular electronic devices and photovoltaics.
More precise characterization of the photophysical properties
of these new hybrids will be undertaken in future research.

Experimental Section
Details of the syntheses are given in the Supporting Information. A
black single crystal of M3 was obtained by layering a CS2 solution with
hexane. X-ray data were collected with an AXS SMART APEX
machine (Bruker Analytik, Germany) at 120 K. CCDC 807837
contains the supplementary crystallographic data for this paper.
These data can be obtained free of charge from The Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/
cif.

Calculations were carried out using the hybrid density functional
theory (DFT) at the M06 and M06-2X levels with the relativistic
effective core potential as implemented in the Gaussian09 software
package.[16] The LANL2DZ basis set was employed for La and 3-21G
(geometry optimization) and 6-31G* (energy calculation) basis set for
C, H, O, and N.
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