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[Me2C(h5-C5H4)2Ru2(CO)4]ÐAn
Organometallic Thermo-Optical Switch**
Peter Burger*

Potential applications of molecular devices and molecular
machines have generated an extended area of research within
the realm of supramolecular chemistry.[1, 2] Most of these
systems are either based on organic units or incorporate
inorganic coordination chemistry fragments.[1, 2] Besides a
report by Vollhardt and co-workers, to the best of our
knowledge, there are no further publications in which
organometallic complexes/transformations have been ap-
plied.[3] In the latter system, reversible CÿC, MÿM, and
MÿC bond-cleavage steps were observed leading to a photo-
chemical process, which can be thermally reversed. Recently,
we have entered this area and have described a diruthenium
system, in which a photochemical, albeit thermally irrever-
sible rearrangement by SiÿC bond cleavage was observed.[4]

Herein, we report on the CMe2 bridged dicyclopentadienyl
diruthenium complex [Me2C(h5-C5H4)2Ru2(CO)4] (1 a) which
is a fully reversible organometallic thermo-optical switch,
that is, a photochromic system (Figure 1). When toluene

Figure 1. X-ray crystal structures of complexes 1a, b (selected bond
lengths [�] are shown) and their photochemical and thermal interconver-
sion.

or benzene solutions of complex 1 a are irradiated with a
Hg medium-pressure lamp using a UV cutoff filter with
l> 400 nm, the quantitative and very efficient rearrangement
to complex 1 b shown in Figure 1 was observed.[5] Both
complexes 1 a and 1 b were fully characterized by one- and
two-dimensional NMR spectroscopic methods and their
structures unambiguously confirmed by single-crystal X-ray
diffraction.[6]

Based on known and estimated CÿH, RuÿH, RuÿC, and
RuÿRu bond dissociation enthalpies[3, 8±11] and the aforemen-
tioned results by Vollhardt and co-workers,[3] we were suspi-

cious that the photochemical transformation led to the
thermodynamically unfavorable product 1 b. Indeed, in a
quite slow reaction, clean and quantitative conversion into the
starting material 1 a was observed within 1 day when complex
1 b was heated to 140 8C in a [D8]toluene solution (Figure 1).
Interestingly, the thermal reaction also took place when neat
(solid) 1 b was heated to 160 8C (see below). This result clearly
indicated a higher free enthalpy of the rearranged photo-
chemical product 1 b and established a sizable barrier for the
reverse thermal reaction which enabled the isolation of 1 b.

Before we address the kinetic and thermodynamic aspects
of the forward and backward transformations, it should be
noted that the low-yield synthesis of compound 1 a was first
reported by Bitterwolf et al.[12] This group also studied the
photochemistry of 1 a and isolated and crystallographically
characterized the chloro substituted analogue of 1 b.[12] As a
result of the absence of a UV cutoff filter, however, these
reactions were not found to be clean and secondary photo-
chemical processes involving 1 b, initiated by UV light
exposure, were observed. The use of a UV cutoff filter in
the photolysis experiments is therefore crucial for a complete
and quantitative photochemical conversion. It allowed us to
preclude photochemical pathways for the reverse reaction,
which is readily apparent in that the rearranged product 1 b is
colorless (lmax� 290 nm) and displays no absorption band
above 400 nm.

Insights into the thermodynamics of the Ru system 1 a, b
stem from density functional theory (DFT) calculations[13] for
which the Becke ± Perdew 86 (BP-86)[14] and also the
B3LYP[15] functionals were used. The fully geometrically
optimized structures for 1 a, b were characterized as sta-
tionary points and displayed only slight deviations from the
X-ray crystal structures with either the B3LYP or the BP-86
optimized geometries. The calculated energy differences for
1 a and 1 b are 11.3 kcal molÿ1 for the B3LYP functional and
10.5 kcal molÿ1 with the BP-86 functional. In both cases and in
full agreement with experiment, the photochemically rear-
ranged product 1 b was calculated to be energetically less
favorable than 1 a.

The theoretical results were later confirmed experimentally
by differential scanning calorimetry (DSC) measurements for
compound 1 b. The transformation 1 b!1 a was found to be
irreversible and the 1H NMR spectrum of the product
obtained in these experiments displayed the signals corre-
sponding to the pure complex 1 a. In excellent agreement
with the DFT calculations, we obtained an exothermic
enthalpy change of ÿ11.2 kcal molÿ1 for this process. Note-
worthy is that the thermal conversion is preceded by an
endothermic melting process (m.p. 125 8C, DHmelt� 15.8 calgÿ1,
7.7 kcal molÿ1) of 1 b, which explains the aforementioned
transformation of 1 b in the solid state.

In an attempt to gain insights into the mechanism(s) of the
process presented in Figure 1, further information was sought.
The transformation 1 a!1 b is a dramatic rearrangement and
includes CÿH bond cleavage of the cyclopentadienyl CÿH
group ortho to the bridgehead carbon atom and rupture of the
MÿM bond, which is not maintained in the rearranged
product 1 b. At first glance two primary, equally likely
photochemical transients can be envisaged,[18] these are
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a) the homolytic metal ± metal bond cleavage product, that is,
the 17 electron ruthenium-centered diradical, [Me2C-
{(C5H4)Ru .(CO)2}2], for which there are ample precedents
through the MÿM bond homolysis in the unbridged com-
plexes [{CpM .(CO)n}2], where M(CO)n�Mo(CO)3, W(CO)3

and Fe(CO)2, Ru(CO)2;[19±24] b) irradiation may lead to loss of
a CO ligand to yield the unsaturated tricarbonyl intermediate
[Me2C(C5H4)2Ru2(CO)3], observed in a matrix-isolation study
by the groups of Bitterwolf and Rest.[25] However, the latter
study also clearly showed that a wavelength of <400 nm is
required to induce CO loss. This is also in accordance with a
wavelength selective study of the parent complex,
[{Cp(CO)2Ru}2], for which the 17eÿ configured radical,
[CpRu .(CO)2], was proposed as the primary photochemical
product if visible light was used.[26]

Although we do not have conclusive mechanistic informa-
tion for the photochemically initiated steps, we favor mech-
anism (a) in which the CÿH bond activation step is preceded
by the homolysis of the RuÿRu bond. This view is supported
by a bandpass restricted photolysis experiment of 1 a in the
range 320 ± 370 nm, which, along with decomposition prod-
ucts, gave negligible photochemical conversion into 1 b. Some
additional experimental evidence was provided through a
photolysis experiment of 1 a in toluene under one atmosphere
of 13C labeled CO. While the conversion from 1 a into 1 b was
found to proceed with an essentially unchanged rate. By 1H
and 13C NMR spectroscopy we could detect incorporation of
the 13C labeled CO group into both the starting material 1 a
and the product 1 b. The CO ligand exchange in 1 a is in
accordance with the well-documented small ligand-substitu-
tion barriers in 17eÿ transients including the unbridged
transient [CpRu .(CO)2].[27] On the other hand, fast incorpo-
ration of the isotopically labeled CO ligand in 1 a, may also be
assumed by trapping of the alternative transient [Me2C-
(C5H4)2Ru2(CO)3] with 13CO. Since the rearrangement rate
1 a!1 b is apparently not retarded in the presence of CO and
the thermal CO exchange process has been found to be
significantly slower for 1 a and 1 b, this provides some support
for the homolytic cleavage product [Me2C((C5H4)Ru .(CO)2)2]
as the reactive transient. However, this conclusion should be
treated with some care since the photochemical intermediate
of the exchange process may not lie on the reaction
coordinate for the transformation 1 a!1 b.

In general, photochemically generated metal-centered
radicals, [CpM .(CO)n], are extremely short-lived transients
and recombine with nearly diffusion controlled rates.[20±22, 27, 28]

Hence, only sufficiently fast atom-abstraction reactions from
suitable organic substrates (mostly organic halides) can
compete with the radical recombination process.[19, 22, 27]

Recently, however, Wayland et al. have shown that persistent
metal-centered porphyrin rhodium(ii) complexes are capable
of intermolecular homolytic CÿH bond cleavage even in
highly inert alkanes, such as methane.[29, 30] Since the CÿH
bond activation step in 1 a was intramolecular, it might
therefore compete with the recombination process of the
diradical.

To shed further light on the transformation, we have
investigated the reverse reaction (1 b!1 a) by 1H NMR
spectroscopy kinetic experiments. In the thermolysis study of

1 b in [D8]toluene at 137 8C, we observed a clean first-order
dependence for the disappearance of 1 b (R2� 0.997 up to
4 half lives) with a rather long half life t1/2� 3.5 h (kobs,410�
5.5(1)� 10ÿ5 sÿ1). Further support for an intramolecular
process was evidenced through the observation of identical
thermolysis rates when the concentration of complex 1 b was
doubled in these experiments. Noteworthy is that we observed
a rather significant 10-fold rate enhancement of the thermol-
ysis process in the more polar solvent acetonitrile.

Subsequently, the kinetic parameters were established from
an Eyring plot of the temperature-dependent rate constants,
determined in the extended temperature range 119 ± 164 8C,
which displayed an excellent linear correlation (R2� 0.994).
While the derived enthalpy of activation DH=�
36(1) kcal molÿ1 was within our expectations, we were sur-
prised by the positive entropy of activation DS=�
�10 cal Kÿ1 molÿ1. Together with the enthalpy of activation,
which is in the range of typical ruthenium ± carbonyl bond-
dissociation enthalpies, this hinted at CO ligand dissociation
as the rate-determining step. To address this point, we
determined the dependence of the rate constants on the CO
concentration. The essentially linear plot (R2� 0.990) for the
reciprocal observed rate constant, 1/kobs, versus [CO] seemed
to support this view. However, this was questioned by the
kinetic isotope effect, kH/kD� 2, which we observed in the
thermolysis experiment of the 95 % deuterium enriched
RuÿD compound 1 b[D1]. Since a maximum isotope effect
of four can be estimated for the RuÿH moiety based on its
stretching frequency (nÄ(RuÿH)� 2030 cmÿ1), in the infrared
(IR) spectrum, this also suggested a significant breaking of the
RuÿH bond in the rate-determining step and therefore
provided strong arguments against simple RuÿCO bond
dissociation as the rate-determining step. Furthermore, by
comparison with dissociative CO substitution mechanisms in
organometallic complexes, we anticipated a somewhat higher
entropy of activation, that is DS=�� 15 ± 20 cal Kÿ1 molÿ1, if
the rate-determining step were purely limited by CO disso-
ciation.[31] Nevertheless, it is certainly difficult to judge a
reaction mechanism based on its entropy of activation. At
present, we envisage several potential mechanistic alterna-
tives, without further experimental (in particular thermo-
gravimetry/mass spectrometry (TG/MS) and TG/IR measure-
ments for 1 b) and theoretical results, we prefer not to propose
a mechanism for the thermal transformation.

The overall photo-thermal equilibrium of 1 a/1 b is the first
example of a thermo-optical organometallic switch (photo-
chromic system), based on reversible CÿH bond breaking and
making. We observed analogous rearrangement processes for
the tricarbonyl molybdenum and tungsten systems
[Me2C{(C5H4)M(CO)3}2], 2 a-Mo and 2 a-W.[32] In contrast to
the ruthenium complex 1 b, however, the reversed thermal
reactions for 2 b-Mo and 2 b-W were significantly faster, which
is emphasized in that the photolysis of the molybdenum 2 a-
Mo complex had to be pursued at ÿ60 8C to slow down the
thermal reaction of 2 b-Mo, which displays a low free enthalpy
of activation, DG=

213� 16 kcal molÿ1 (DG=(2 b-W)�
27 kcal molÿ1 at 60 8C). Based on these results, it is anticipated
that the thermo-optical switch properties for this class of
systems can be adjusted by the proper choice of the metal and
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ligands. Currently, we are studying the mechanistic steps in
further detail by methods including time-resolved IR spec-
troscopy and are also investigating potential applications.
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