
DOI: 10.1002/chem.200801748

(Pentamethylcyclopentadienyl)ruthenium p-Complexes of
Metalloporphyrins: Platforms with Novel Photo- and Electrochemical
Properties
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Porphyrins and metalloporphyrins provide an extremely
versatile synthetic base for a variety of materials applica-
tions.[1] In particular, porphyrin–metallocene conjugates
have a great potential in such areas as solar energy conver-
sion,[2] activation of small molecules,[3] porphyrin-assisted
electron transfer,[4] or development of molecular devices.[5]

While extensively studied in these various contexts, one po-
tential limitation of porphyrins and metalloporphyrins in
photoinduced electron-transfer reactions is that they gener-
ally act as electron donors rather than acceptors.[6] Although
there have been some studies involving electron-transfer-de-
rived reduction of metalloporphyrins,[7,8] in most cases the
site of electron capture is not the porphyrin ring but rather
a coordinated redox active metal center.[7,8] This limitation
can be overcome by using strong electron donors, such as
metallocenes, that may permit the porphyrin-ring-centered

reduction of metalloporphyrins by photoinduced electron
transfer. However, for this strategy to be effective a strong
electronic interaction between the metallocene and porphy-
rin units is required and this has rarely been observed. In
most cases, the metallocene is simply linked to the macrocy-
cle through different spacers at the porphyrin meso or b po-
sitions,[9] through direct linkages through C�C bonds at the
meso positions,[10] or by axial coordination of pyridylferro-
cene.[11] A more effective strategy might involve direct
fusion of a metallocene complex onto the porphyrin p-elec-
tron framework and while such compounds have been
known synthetically for a decade, little has been done to
expand this synthetic approach or investigate the electronic
communication between the metal centers.[12] Recently, the
fusion of a cyclopentadiene ring onto one of the pyrroles of
a porphyrin was studied in an effort to enhance such elec-
tronic communication, and yielded encouraging results.[13]

However, the photoinduced electron transfer of this or
other metallocene–porphyrin complexes has yet to be ex-
plored.[14] It thus remains an open question whether the
direct fusion strategy can be used to “convert” a porphyrin
ring from a photodonor into a photoacceptor.

Here we report the synthesis and characterization of
three new hybrid metalloporphyrin–ruthenocene com-
pounds, in which a metal–cyclopentadienyl fragment is
linked to a porphyrin core by direct coordination, and by
using a combination of cyclic voltammetry, UV/Vis spectro-ACHTUNGTRENNUNGelectrochemistry, ESR spectroscopy, and femtosecond and
nanosecond laser flash photolysis analyses, we show that
photoinduced electron transfer from the ruthenocene
moiety (acting as a donor) to the singlet excited state of
metalloporphyrins (acting as an acceptor) takes place effi-
ciently following photoexcitation.

Recently, we found that [Ru ACHTUNGTRENNUNG(CH3CN)3ACHTUNGTRENNUNG(Cp*)] ACHTUNGTRENNUNG[PF6] (Cp*=

pentamethylcyclopentadienyl) is an excellent precursor for
the formation of multi-metallocene species based on non-
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conjugated tetrapyrrolic ligands.[15] The reaction between
this semi-sandwich complex and the zinc(II), copper(II), or
nickel(II) metallooctaethylporphyrins provides the corre-
sponding mixed porphyrin–metallocene compounds in good
yields (see Scheme 1 and the Supporting Information for de-
tails).

The new bimetallic complexes were isolated as air-stable
dark green solids and characterized by elemental analysis,
mass spectrometry, and NMR or EPR spectroscopies; in ad-
dition, complexes 2 and 3 were characterized by means of
X-ray diffraction in the solid state (see Figure 1).[16] The
single-crystal X-ray analyses of 2 and 3 support the pro-
posed formation of sandwich-type structures, and further
reveal that the Cp* ligand and the porphyrin rings are

almost parallel. This latter finding stands in contrast with
the previous ruthenium–arene–porphyrin complexes report-
ed by Rauchfuss, systems in which the [Ni ACHTUNGTRENNUNG(OEP)] macrocy-
cle (OEP= octaethylporphyrin) was found to be severely
nonplanar upon coordination, whereas the [Zn ACHTUNGTRENNUNG(OEP)] mac-
rocycle was found to be closer to planarity.[12]

The UV/Vis spectra of these bimetallic compounds dis-
play bands that are broadened and redshifted relative to
those for the respective metalloporphyrins. Although a
number of factors could contribute to this, it is a potential
indication of effective electronic communication between
the organometallic moieties and the macrocyclic cores. Fur-
ther evidence of a possibly strong electronic perturbation
caused by p-complexation to the porphyrin core is the fact
that all the “mixed” ruthenocene–porphyrin molecules give
rise to only very weak fluorescence (see Figure S1 in the
Supporting Information). The presumption that this cou-
pling was indeed strong led us to propose that porphyrinic
cores in systems 1–3 would act as electron acceptors follow-
ing photoexcitation. As described below, this was estab-
lished through photophysical analyses.

As a prelude to the photophysical analyses, the electro-
chemical properties of system 1–3 were examined by cyclic
voltammetry (Figure 2). NiII compound 1 shows three well-
resolved oxidations located at E1/2 = 1.08, 1.23, and Ep =

1.51 V and two reductions located at E1/2 =�0.78 (Ep =

�0.83 V) and E1/2 =�1.34 V. A comparison of these data
with the electrochemical behavior of [NiII ACHTUNGTRENNUNG(OEP)] (Figure S2
in the Supporting Information) reveals that fusion of the or-

ganometallic fragment results in
a dramatic change in the elec-
tronic properties of the macro-
cycle, as judged by the increase
in the number of electrochemi-
cal events and the evident shifts
in the potentials.

The UV/Vis spectral changes
observed during the oxidation
or reduction of metalloporphyr-
ins have been often used to de-
terminate the site of electron
transfer. If the intensity of the
Soret band is strongly affected,
the process is generally ring-
centered; if the absorptivity of
the Soret band undergoes little
or no change, the electron-
transfer reactions can be as-
signed as metal-centered.[17]

Changes in the Soret band
upon oxidation and reduction
(Figures S3 and S4, respectively,
in the Supporting Information)
were monitored by spectroelec-
trochemistry. These analyses re-
vealed virtually no change and
thus provided support for the

Scheme 1. Synthesis of bimetallic complexes 1, 2, and 3.

Figure 1. Side and top views of a) 2 and b) 3, showing partial atom labeling schemes. Displacement ellipsoids
are scaled to the 30 % probability level. Hydrogen atoms and PF6 counterions have been removed for clarity.
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conclusion that the first two oxidations and the second re-
duction at 1 are metal-centered.[18] Accordingly, the third ox-
idation and the initial reduction must be localized on the
porphyrin p-system. The first metal-centered oxidation can
be assigned to the ruthenocene moiety; this assignment is
consistent with the ESR spectroscopy result described
below. It is also in good agreement with the results found by
Kadish, Smith, and co-workers for b,b’-fused ruthenocene-
porphyrins[13] and with the fact that ruthenocene itself un-
dergoes an initial one-electron oxidation.[19]

CuII complex 2 undergoes three well-resolved oxidations
located at E1/2 =1.10, 1.21, and Ep = 1.55 V. Three reductions
located at Ep =�0.83, E1/2 =�1.38, and �1.82 V are also ob-
served (see Figure 2). These data reveal a considerable dif-
ference between this compound and its precursor [CuII-ACHTUNGTRENNUNG(OEP)] (Figure S2 in the Supporting Information), which
gives evidence for the important effect caused by the incor-
poration of the [RuACHTUNGTRENNUNG(Cp*)]+ fragment in the system. Analy-
ses of the UV/Vis spectral changes during time-resolved
controlled potential oxidation and reduction (see Figures S5
and S6 in the Supporting Information) leads us to suggest
that the first oxidation is metal-centered; in analogy to com-
pound 1, they have been ascribed to the ruthenium center.

ZnII complex 3 also displays a rich electrochemistry,
namely, two oxidations and three reductions; unfortunately,
these processes lack electrochemical reversibility on the
time scale of cyclic voltammetry (see Figure 2).

Complex 2 and its one-oxidation product were further
characterized by ESR spectroscopy. The original spectrum
of 2 shows the typical pattern and g values of a CuII porphy-
rin,[20] whereas the ESR spectrum of the mono-oxidized spe-
cies with [Ru ACHTUNGTRENNUNG(bpy)3] ACHTUNGTRENNUNG[PF6]3 (Figure 3; bpy= 2,2’-bipyridine)
provides clear evidence for the presence of strong electronic
communication between the two electroactive fragments, as
judged by the large spin–spin coupling observed between
the CuII and RuIII centers. Because the zero-field splitting

constant (D= 530 G)[21] depends on the distance between
two electrons with parallel spins, the distance between the
two spins can be evaluated from the D value to be 3.74 �.[22]

This is in close agreement with the separation between the
CuII and RuIII centers as revealed by X-ray diffraction analy-
sis (i.e., 3.732(2) �).

Femtosecond laser excitation of 2 afforded the transient
absorption spectra with absorption bands at l=510, 650,
and 720 nm, as shown in Figure 4, whereas no transient ab-
sorption was observed for [Cu ACHTUNGTRENNUNG(OEP)] at 2.5 ns after the
laser excitation (see Figure S7 in the Supporting Informa-
tion). The transient absorption bands at l=650 and 720 nm
with bleaching at l=750 nm can clearly be assigned to the
[Cu ACHTUNGTRENNUNG(OEP)] radical anion after comparison with the spec-
trum of the one-electron reduced species of 2 (see Figure S5
in the Supporting Information). The transient absorption
band at l=510 nm is assigned to the one-electron oxidized
species of 2 in which the Ru center is oxidized (Figure S6 in
the Supporting Information).[23] Thus, photoinduced electron
transfer occurs to produce a charge-separated (CS) state.
The lifetime of this CS state was determined to be 63 ns by

Figure 2. Cyclic voltammograms of the investigated compounds in
CH2Cl2, with 0.1 m TBAPF6 (TBA= tetrabutylammonium) as the support-
ing electrolyte.

Figure 3. ESR spectrum of 2 produced by oxidation using [Ru ACHTUNGTRENNUNG(bpy)3]-ACHTUNGTRENNUNG[PF6]3 in frozen CH2Cl2 at �150 8C.

Figure 4. Transient absorption spectra of 2 in THF, taken 50 (c) and
2500 ps (c) after femtosecond laser pulse irradiation by a 410 nm laser
at 298 K.
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monitoring the single exponential decay of the transient ab-
sorption at l=510 nm produced as the result of nanosecond
laser flash photolysis (Figure 5).

Similar transient absorption spectra were observed after
femtosecond laser excitation of 1 and 3 ; once again, a CS
state that involved the porphyrin acting as a photoacceptor
was produced (see Figure S8 in the Supporting Informa-
tion).[24] The lifetime of the CS state of 1 was determined to
be 180 ps (Figure S9 in the Supporting Information). In the
case of 3, the CS state decays to the triplet excited state of
[Zn ACHTUNGTRENNUNG(OEP)], a species in which the characteristic features
were detected by nanosecond laser flash photolysis of 3
(Figure S10 in the Supporting Information).

In summary, a series of fused metalloporphyrin–rutheno-
cene compounds has been synthesized by direct coordina-
tion of a [Ru ACHTUNGTRENNUNG(Cp*)]+ fragment to the p-electron “face” of
several metallooctaethylporphyrins. The optical and electro-
chemical properties of this new family of compounds are
consistent with the presence of a strong electronic interac-
tion between the fused organometallic moiety and the por-
phyrin core. These strong interactions, in turn, allow for effi-
cient photoinduced electron transfer from the ruthenocene
unit to the singlet excited state of the metalloporphyrin
after laser flash photolysis. The result is a CS state in which
the porphyrin macrocycle acts as an electron acceptor and
the ruthenocene moiety acts as a donor. Because this ap-
proach allows for an effective “reversal” of the normal char-
acter of metalloporphyrins, we think it provides a promising
new approach to the creation of photovoltaic devices that
could prove useful in a number of areas.

Experimental Section

Detailed synthetic procedures and characterization of 1–3 are given in
the Supporting Information.

Cyclic voltammetry was carried out by using an EG&G Princeton Ap-
plied Research (PAR) 173 potentiostat/galvanostat. A homemade three-
electrode cell was used for cyclic voltammetric measurements and con-

sisted of a glassy carbon working electrode, a platinum counter-electrode,
and a homemade saturated calomel reference electrode (SCE). UV/Vis
spectroelectrochemical experiments were performed by using a home-
made thin-layer cell with a light-transparent platinum net working elec-
trode. Potentials were applied and monitored by using an EG&G PAR
Model 173 potentiostat.[25] Time-resolved UV/Vis spectra were recorded
by using a Hewlett-Packard Model 8453 diode array spectrophotometer.

Femtosecond laser flash photolysis was conducted by using a Clark-
MXR 2010 laser system and an optical detection system provided by Ul-
trafast Systems (Helios). Typically, 5000 excitation pulses were averaged
to obtain the transient spectrum at a set delay time. The kinetic traces at
appropriate wavelengths were assembled from the time-resolved spectral
data. Nanosecond time-resolved transient absorption measurements were
carried out b using the laser system provided by UNISOKU Co. The
photodynamics were monitored by continuous exposure to a xenon lamp
(150 W) as a probe light and a photomultiplier tube (Hamamatsu 2949)
as a detector. Transient spectra were recorded by using fresh solutions in
each laser excitation. The solution was deoxygenated by argon purging
for 15 min prior to measurements.

The ESR spectrum of oxidized 2 was recorded by using a JEOL JES-
RE1XE spectrometer. The singly oxidized products was produced by a
one-electron oxidation of the 2 with [Ru ACHTUNGTRENNUNG(bpy)3] ACHTUNGTRENNUNG(PF6)3. The g value and
zero-field splitting constant were calibrated by using Mn2+ markers.

The X-ray data were collected at 153 K on a Nonius Kappa CCD diffrac-
tometer using a graphite monochromator with MoKa radiation (l=

0.71073 �) and equipped with an Oxford Cryostream low temperature
device.
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