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Rigid alicyclic frameworks (often referred to as molracs, relating to the molecular rack nature of the frame)

have been used to vary the separation between organic electron-acceptor (quinone) moieties and chromophoric
polypyridylruthenium(ir) centres, and between metal centres in Ru—Ru and Ru-Os dinuclear complexes. Photo-
physical studies have allowed a preliminary insight into the effectiveness of such alicyclic structures in mediating
intramolecular photoinduced energy and electron transfer. In the chromophore-spacer—quinone dyads, solvent-
dependent quenching of the ruthenium(ir) MLCT emission was observed and attributed to electron transfer
processes. Distance and stereochemical dependencies of the quenching suggested that through-bond coupling was
a factor in these systems. In the heterodinuclear systems, the photo-excited ruthenium(ir) chromophore underwent
intramolecular energy transfer to the osmium(ir) component. A through-space Forster dipole—dipole mechanism
could adequately account for the rate of the energy transfer process observed.

Introduction

Recent studies® have elegantly demonstrated the role of rigid
spacer molecules in mediating both electron and energy transfer
between organic redox-active donor and acceptor entities. A
number of these donor and acceptor groups have also been
used to quench the photo-induced excited states of transition
metal complexes and porphyrinic systems.** Such intra-
molecular processes are of considerable interest as the chromo-
phoric characteristics of metal centres have led to their
incorporation into multi-component assemblies which attempt
to mimic aspects of the photosynthetic process.**

To achieve prolonged photo-promoted charge separation
within such arrays, an understanding of the communication
between the components and its dependence on their spatial
interrelationship is required. Significantly, we have reported on
the triplet excited-state lifetimes of the four geometric isomers
of a mononuclear ruthenium(ir) complex possessing quencher-
modified polypyridyl ligands.® In those studies, the quenchers
were tethered to the 4 position of one of the pyridyl rings of a
2,2'-bipyridine moiety via a short, flexible alkyl chain. However,
the system had a degree of conformational ambiguity because
of flexibility within the linkage to the substituents.

Aromatic spacers and alkyne rods have provided a means of
controlling the distances between the interacting centres of
dimetallic species, but they allow rotational mobility around the
axis of the link between the two components.” Rigid bridges are
known, the most common type employing an extended series of
fused aromatic rings,® which act as conduits between the com-
ponent metal centres. In this category, there are a number of
aromatic heterocyclic ligand bridges which maintain the metal
centres in close proximity to each other. In systems of this type
we have reported measurable differences between the physical
characteristics of the diastereoisomers present in dinuclear and
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trinuclear complexes involving the bridging ligands apy/mapy
{apy = 2,2'-azobis(pyridine); mapy = 2,2'-azobis(4-methyl-
pyridine)}® and HAT (1,4,5,8,9,12-hexaazatriphenylene)."
Rigid bridges incorporating non-conjugated alicyclic frame-
works have also been reported, utilising adamantane rings!
or polynorbornane units.'** In principle, intercomponent
communication in such structures may occur either via the
carbon ¢ framework or “through space”.

This final class of linkages provides a particular opportunity
to further the understanding of the factors which control
intramolecular electron and energy transfer. In the present
study we have extended the work done on rigid space-separated
organic systems by interposing a rigid saturated frame-
work between a metal-based chromophore and an quencher
unit on one hand, and between two metal-based chromophores
on the other. Several other conformationally rigid ligands
incorporating 1,10-phenanthroline, 4,5-diazafluorene and
3,6-di(2-pyridyl)pyridazine have also been reported.*'¢ How-
ever only limited photophysical data currently exist on the
luminescent transition metal complexes prepared from such
ligands.'"*!5!7 We now report the use of these systems to probe
the effectiveness of alicyclic structures in mediating electron
and energy transfer processes in inorganic systems, principally
those based on d® polypyridyl metal complexes.

Results and discussion

Syntheses

The mononuclear chromophore—-quencher dyads (5 and 6,
Fig. 1) were prepared via an alicyclic coupling of the appropri-
ate epoxycyclobutane complex precursors (11 or 12) with the

norbornene-functionalised naphthaquinone 10,'® shown in
Scheme 1. A single reaction product is generated in a stereo-
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selective cycloaddition which involves ring opening of the
epoxide to give a 1,3-dipolar intermediate. The newly formed
complex comprises a Ru™ and a quinone unit, spatially
separated by a rigid molrac (molecular rack) framework. The
heterodinuclear complex dyads (8 and 9, Fig. 2) were obtained
via an analogous coupling of the appropriate mononuclear
precursors.

The ligand present in complex S could also be prepared via
a coupling of the methanoanthraquinone 10 with the free
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Fig. 1
organic electron acceptor functionality {E = CO,Me}.

“Chromophore-spacer—quencher” complexes possessing

epoxycyclobutane, however this synthesis (with subsequent
attachment to the metal centre) proved to be a less efficient
pathway than the corresponding reactions using the metal
complex precursors. Preparation of rigid naphthaquinone-
functionalised 1,10-phenanthroline ligands in pre-assembled
form (without complexation) was only required for the shortest
dyads (3 and 4). Alternative non-coupling approaches (invol-
ving protection and deprotection of the quinone) were
generally unsuccessful.'” While the bridged diphenanthroline
ligands incorporated in the dinuclear complexes 8 and 9 could
also be synthesized prior to complexation, their extreme
insolubility made sequential co-ordination of two different
metal centres virtually impossible.'”® Access to the hetero-
dinuclear complexes was therefore only possible via coupling
of the metal complex precursors.

Electronic absorption spectra

Electronic spectra were recorded in three different solvents
(acetonitrile, dichloromethane and water), however no solvent
dependency was observed for any of the dyads investigated. The
UV/visible absorption spectra of the ruthenium(u) (2a) and
osmium(1r) (2b) model chromophores show intense absorptions
in the UV region due to n—n* transitions of the bipyridine- and
phenanthroline-type ligands, and in the visible region due to
metal-to-ligand charge-transfer (MLCT) transitions. The Ru®-
based dyads (3-6) possess similar profiles, with additional
features at 285 or 215 and 236 nm which are assigned to the
molrac-modified naphthaquinone and dimethoxynaphthalene
quenchers, respectively. These additional absorbances over-
lap substantially with the other ligand m—n* transitions. The
heterodinuclear complexes (8 and 9) exhibit spectra in which

2+
7 2+
E N,
E - Ru(bpy);
P N
O |
E
12 E
10+12 ——— 6
Scheme 1 Synthesis of dyads via Method B.

Fig. 2 Dinuclear species used in the energy transfer study.
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the absorption coefficients are approximately the sum of those
of the mononuclear model chromophores, and they display
broad absorptions tailing out to >670 nm due to the osmium(ir)
MLCT transition. The ability of osmium centres to undergo
spin—orbit coupling,®® together with overlap of the charac-
teristic long-wavelength absorption of the polypyridylosmium
moiety with the emission of the polypyridylruthenium centres,
makes these dyads good candidates for energy transfer studies.**

Electrochemistry

The model compounds 2 possessed well defined reversible redox
couples associated with the oxidation of the respective metal
centres. The mononuclear complex dyads 3-6 with organic
quencher-modified ligands displayed a second reversible couple
at either E;,=ca. —965 or +780 mV (CH,;CN) which are
assigned to the quinone reduction (Q”~'; 3, 5, and 6) or the
dimethoxynaphthalene oxidation (DMN*'; 4), respectively.
Further ligand-based reductions occurred at more cathodic
potentials, but upon re-oxidation sharp desorption peaks were
observed. The reductions arise from ligand-based processes,?
but the desorption peaks presumably arise from the presence
of ester O-methyl substituents on the bridge superstructure,
since the feature was not observed in complexes containing
ligands in which those substituents were absent. Electro-
chemical measurements in dichloromethane and water
(unbuffered and buffered at pH 9.2) showed minimal shifts (<85
mV) in the redox couple of naphthoquinone, with a comple-
mentary shift (30 mV) in the Ru"™" couple. The heterodinuclear
complexes 8 (E,, = 0.995, 0.552 V)® and 9 (E,;, = 1.000, 0.555
V)8 displayed two one-electron waves corresponding to succes-
sive Ru™™ and Os™™ oxidations. The redox couples associated
with these metal-based processes were not shifted relative to
the model chromophores, which implies that there is limited
electronic coupling across the alicyclic frameworks.

Crystal structure of model ligand and geometry optimisations

Attempts to obtain crystals of the dyads suitable for crystal
structure determination were unsuccessful. However, a struc-
ture was obtained for the molrac-modified phenanthroline
ligand 1 used in the model chromophore complexes 2, which
is shown in Fig. 3. Using the parameters obtained, inter-
component distances and interplanar angles were calculated
from geometry-optimised structures (Figs. 4(a) and 4(b)), using
a combination of the semi-empirical AM1 and PM3(tm) force
fields for the respective ligands and dyad complexes. Com-
parison of the crystallographic coordinates of 1 with the AM1-
calculated values shows excellent agreement (RMS differences
between bond lengths, bond angles and torsion angles between
the AMI calculated values for the “free” ligand and the crystal
structure values were 0.021 A, 1.9 and 3.6° respectively). The
PM3(tm)-determined coordinates for the same ligand within
the model ruthenium complex (2a) also compared well with
those of the free form (RMS differences between bond lengths,
bond angles and torsion angles between the PM3(tm) calcu-
lated values for the complex 2a and the crystal structure values
for the ligand were 0.018 A, 1.7 and 3.6°, respectively). Such
correlations are to be expected for these conformationally rigid
structures since the use of computational techniques for deter-
mining interatomic distances and angles in organic rigidly
bridged dyads is well established.?>** The two planes inscribed
by (¢) are the central aromatic ring of the phenanthroline and
the quinonoid ring at each end of the molrac structure for the
mononuclear complexes, and between the two central phen-
anthroline rings for the heterodinuclear complexes. The straight
line distance (d) is a through-space displacement between the
centre of the quinonoid ring and the metal centre for Fig. 4(a),
and between the two metal centres in Fig. 4(b).

The alicyclic frameworks that link the chromophore and
quencher components within a dyad are not planar. Geometry

Fig. 3 An ORTEP? diagram of the crystal structure of ligand 1.
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Fig. 4 Intercomponent displacement (A) and angles (°) within dyads
studied.

optimisations (AM1) show significant variations in the degree
of curvature between each of the rigid ditopic ligands used
in this study (Fig. 5). Judicious choice of the type of molrac
subunit allows synthetic control over the intramolecular
orientation and displacement of each component. As an
example, the inclusion of a bridge-linked sesquinorbornane
subunit in dyads 6 and 9'® produces a more planar frame-
work?* than is present in dyads 5 or 8, which comprise only
norbornane, cyclobutane and oxanorbornane units (Figs. 4 and
5). Accordingly, the through-space displacement between the
two components of each dyad studied is considerably less than
any through-bond value. Since these molrac structures contain
6 bonds in a predominantly trans configuration, any through-
bond interactions were analysed in terms of the number of
aliphatic C-C bonds separating the two redox-active ends of
the molecule.

Photophysical studies

A recent photophysical study ' reported electron transfer pro-
cesses in ruthenium complexes of dipyridoquinoxaline ligands
linked to benzoquinone or naphthoquinone functionalities via
a specific six-bond norbornyl-type moiety. Energy transfer was
also observed in a dinuclear (Ru-L-Os) complex involving a
bridge comprising two dipyridoquinoxaline ligating groups
joined by the same linkage.'” In the present study, variation of
the alicyclic linkage has allowed assessment of the effects of
orientation and relative displacement of the components in the
transfer processes, and also the effect of solvent variation has
been probed. It should also be noted that the ligand quencher
and ligand bridges do not involve N-heterocycle moieties in
the spacer: in earlier studies involving ligands such as dppz
{dipyrido[3,2:a-2',3":c]phenazine}, these have been shown to
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Fig. 5 Calculated structures (AM1) of some representative ligands
present in the mononuclear complexes used in this study. Hydrogen
atoms and methyl ester groups have been omitted for the sake of
clarity {DAF =4,5-diazafluorene; DAPC = 7,8-diazaphencyclone;
DMN = 1.4-dimethoxynaphthalene; Q = 1,4-naphthaquinone}.

affect the photophysical behaviour because of protonation
reactions.??’

Comparative model complexes were prepared that were
structurally similar to the metal-based norbornyl-modified
chromophoric units in each of the dyads investigated. The
luminescence of the ruthenium(ir) model compound 2a has a
maximum at 610 nm (Fig. 6) and a lifetime in the range 1-2 ps,
dependent on the solvent (Table 1). This was 40-50% longer
than the lifetimes®® of the classical polypyridylruthenium
chromophores [Ru(bpy);]** and [Ru(bpy),(phen)]**, and
implied that the presence of a molrac-modified ligand in these
types of complexes stabilises the resulting *MLCT excited state.
This may arise from an increased rigidity in the overall complex
leading to a decrease in the non-radiative (k,) component
associated with competing thermally activated processes.?® This
was supported by the observation that under conditions where
no luminescence quenching was observed the larger (more
rigid) complex dyads exhibited slightly longer lifetimes than the
smaller, structured model complex.

Comparison of the luminescence lifetime data for the
mononuclear complexes investigated (Table 1) points to some
interesting relationships between the degree of quenching,
solvent polarity and the intercomponent displacement within
these systems. The initial studies carried out in CH,;CN solution
at 293 K gave a luminescence lifetime of 1.36 £ 0.01 ps for the
model compound, 2a. Excitation of the shortest dyad system
(3) at 452 nm led to a large reduction in the luminescence inten-
sity relative to the model (Fig. 6) and a corresponding decrease
in the lifetime of this emission to 56 + 0.5 ns. This implies the
existence of a competing non-radiative process, which we
believe to be electron transfer (et) to the quinone quencher
located some 12.3 A from the metal-based chromophore. No
evidence was observed in this solvent for any quenching in the
dyads where the quinone was more remote from the metal
centre (dyads 5 and 6). When the measurements were repeated
in a less polar solvent (CH,Cl,) no appreciable quenching of
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Table 1 Luminescence decay lifetimes of dyads studied in various
solvents at 293 K. Also shown are the calculated rates of electron
transfer for the series of naphthaquinone dyads in water {k, =
(l/Tdyad) = (1/3,)}

7/ns

Complex CH,CN  CH,Cl, Water ke (water)/106s™!
2a 1360 970 1850
3 56 907 <5 >200
4 1440 1900
5 1530 190 4.72
6 1400 1550 0.105
7 1540
8 49
9 105

160
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Fig. 6 Emission spectra of dyads and model chromophore at 293 K in
CH;CN.
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Fig. 7 Comparative emission spectra of compound 3 in different
solvents at 293 K.

the triplet excited state was observed in any dyad (including the
shortest).

In water (the most polar solvent used) the lifetime of the
model 2a increased to 1.85 + 0.08 pus. However, for dyad 3 the
residual luminescence became almost undetectable (Fig. 7)
and the emissive lifetime shortened to <5 ns (the resolution
limit of the instrumentation). The lifetimes of dyads 5 and
6 also appeared to shorten relative to the model 2a following
excitation (in water), albeit less dramatically than 3. Con-
versely dyad 4, which has the same molrac structure as that
of 3 except that the quinone has been replaced with a
dimethoxynaphthalene (DMN) unit, displayed no evidence of
mediating electron transfer under any of the solvent regimes
and had a slightly longer lifetime relative to the model
chromophore.

The Weller equation® can be used to estimate the driving
force (AG) for electron transfer in these systems, Eqns. (1)



and (2), E (D) and E,.4(A) are the redox potentials of the donor
AG: on(D) - Ered(A) - EOO - X (l)
X =14.45¢,q,/¢R, 2)

and acceptor respectively, E, is the zero—zero excitation energy
and X is a modifying term to account for the finite donor—
acceptor separation (R,) between the ions with charges ¢, and ¢,
in a solvent of relative permittivity ¢. The absorption and emis-
sion maxima of these systems appear to be solvent independent
(see details given in the Experimental section), and the zero—
zero excitation energy (E,,) can be estimated from the emission
maxima of related complexes recorded in a low temperature
glass to be approximately 2.16 eV.!” Using the electrochemical
data, AG in acetonitrile for compound 3 is calculated to be
approximately —0.10 V indicating that photoinduced electron
transfer is thermodynamically favoured. The rates of electron
transfer calculated (Table 1) will be influenced by the electronic
coupling between the donor and acceptor (i.e. overlap of the
donor and acceptor wavefunctions either through space or
through the linking framework) and the Franck—Condon
factors (reaction free energy, reorganisation energy). The trend
of decreasing excited state lifetimes with increasing solvent
polarity in those systems undergoing some form of quenching
lends support to our contention that an electron transfer rather
than an energy transfer phenomenon is operative.*® It is of
interest to compare the quenching behaviour observed in the
molrac-modified polypyridylruthenium(ir) complexes with
similar bridged organic electron donor/acceptor dyads where
through-bond electron transfer has been observed (in CH;CN
and less polar solvents) over quite large distances."**' SMLCT
excited states in d® metal-based systems are very different to
both the singlet and/or triplet states of the various organic
donor/acceptor molecules studied previously, and hence any
comparison of the solvent reorganisation energy (1) and the
associated free energy change (AG) is not straightforward. In
the organic dyads an exponential relationship (k. oc exp(—pfn))
between the electron transfer rate constant, k.., and the number
of C-C o bonds, n, in the linking bridge has been postu-
lated.*'>* A value for the attenuation coefficient, f3, of approxi-
mately one has been observed experimentally in many organic
donor/acceptor systems. The calculated rates of electron trans-
fer in water (Table 1) in the present series of naphthaquinone
molecules (compounds 3, 5 and 6) as a function of the inter-
chromophore distances given in Fig. 4 provide confirmation
that the attenuation of the electron transfer rate with distance is
very close to unity (A™") in this series of inorganic donor/
organic acceptor compounds (Fig. 8). The observation that
electron transfer occurs over distances exceeding the direct
spatial orbital overlap of the donor and acceptor and the
similarity in attenuation coefficient suggest that electron
transfer is also mediated by a through-bond interaction in the
molecules studied here.

The lack of any luminescence quenching, or shortening
of the residual lifetime, of dyad 4 was expected, since no
quenching of the *MLCT emission was observed in previous
low temperature studies (77 K) of polypyridylruthenium(ir)
complexes incorporating norbornyl DMN-modified 4,5-diaza-
fluorene ligands (DAF; Fig. 5). In addition, for the case of
DAF the orthogonality of the ligating unit relative to the
quencher moiety (Fig. 5) may also reduce the through-bond
coupling between the redox couples. Previous work using
organic donor—acceptor polynorbornyl systems has unequivo-
cally established the importance of orientation and stereo-
chemistry within the alicyclic framework as a major influence
on bond-mediated electron transfer processes.'*'*** Paddon-
Row et al. have shown that through-bond coupling is maxi-
mised for an antiperiplanar arrangement of relaying ¢ bonds
(the so-called “all-trans rule”).?* The absence of luminescence
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Fig. 8 Semi-log plot of k, vs. donor-acceptor distance (A) for the
naphthaquinone series of compounds (3, 5 and 6) in water (@).
The solid line is an exponential fit with slope of unity. The point for
compound 3 in acetonitrile is also given (H).
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Fig.9 Emission spectrum (corrected) for dyad 8 at 293 K in CH;CN.

quenching in triad 7 is also interesting since the bridging
framework between each of the two metal-centred chromo-
phores and the central quinone is identical to that in 3.
Structurally, however, this quinone is quite different to the
terminal acceptors of the other systems studied and this is
reflected in the Q”~' redox couple, which is ~200 mV more
anodic relative to the mononuclear dyads.

The Ru™-based luminescence of the two large hetero-
dinuclear complexes (8 and 9) was quenched to an extent
greater than 95% relative to the model compound 2a following
excitation at 452 nm. The reduction in emission intensity at
610 nm (due to the Ru™based MLCT emission) was accom-
panied by a stronger emission at 727 nm (Fig. 9), which can be
assigned to an osmium(i1) MLCT excited state. This indicates
that energy is being transferred from the ruthenium chromo-
phore to the osmium chromophore in each molecule. There is a
significant overlap of the [Ru(bpy),(L)]** (donor) emission
spectrum with the [Os(bpy),(L)]** absorption profile (Fig. 10),
which is a requirement for Forster dipole—dipole energy trans-
fer.®® Although this mechanism is usually applied to singlet
excited states, the well known proclivity of d® metal complexes
to possess “mixed character” has permitted its extended
application to energy transfer processes within metal-based
supramolecular systems also.** Assuming such a mechanism to
be appropriate, the Forster critical transfer distance, R,, can be
calculated using eqn. (3). The spectral overlap term, J, was

R,® = 9000(In(10)%gp, J/1287%* N o) 3)

calculated using the emission and absorption spectra of the
model compounds (2a and 2b respectively) to be 6.03 X
107 M™' cm® which is in close agreement with the value
reported by Furue et al.*® for related compounds. The emission
quantum yield of the ruthenium model compound, ¢p,, was
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Fig. 10 Emission spectra of the ruthenium model compound 2a
(—), and dinuclear Ru-Os complexes 8 (----- yand 9 (- ) in
acetonitrile solution at 293 K.

taken to be 0.07. The actual value of the R, is influenced by the
orientation factor (x?) which can vary from 0 to 4 and the
appropriate value of this term for the current molecules has not
been determined. If x? is taken to be 2/3 (which is only correct
for a random ensemble), the R, is calculated to be 30.2 A. This
is somewhat larger than that reported recently by Balzani
et al.,*” for related molecules but is in close agreement with that
reported by Furue et al*® The efficiency of energy transfer,
E,, given by: E,, = R°/(R,® + r°), where r is the donor—acceptor
separation, can then be determined. The rate of energy transfer,
ke, can also be calculated using the relationship: k.rp ' =
(Ry/r)® where 1y, is the lifetime of the donor emission in the
absence of energy transfer. PM3(tm) calculations determined
the metal-metal displacements of the Ru—Os dyads investigated
to be 24.1 and 26.7 A, resulting in estimates for E,, of 79.6 and
67.9% respectively, assuming R, to be 30.2 A. These calculated
efficiencies can be compared with the luminescence quench-
ing observed experimentally (Fig. 10), which shows =94%
quenching of the ruthenium emission in the heterodinuclear
complex with the shorter bridge (8) and #91% for the complex
(9) with the longer bridge. Similarly, energy transfer rates of
2.85 % 10° and 1.54 x 10° s™! are estimated, which can be com-
pared to with the observed rates of 19.7 X 10® and 8.8 x 10°s™!
respectively. As mentioned above, the R, value, and hence
the calculated transfer efficiencies and energy transfer rates,
are influenced by the x* term and this may account for the
discrepancies between the calculated and observed values for
these parameters. For example, if #* is set to its maximum
possible value of 4, the calculated efficiencies and rates become
95.9 and 92.7% and 17.1 x 10 and 9.23 x 10° s™! respectively
which are in excellent agreement with those observed. These
results suggest that the Forster mechanism is largely responsible
for the energy transfer observed.

Unlike the mononuclear complexes discussed above, the
emission intensity and lifetimes of the dinuclear species were
largely independent of solvent. This supports our contention
that the quenching process in these very large space-separated
dimetallic molecules involves non-radiative energy transfer
rather than electron transfer phenomena.

Conclusion

The use of rigid alicyclic frameworks to link organic electron-
acceptor moieties to chromophoric polypyridylruthenium(ir)
centres has allowed a preliminary insight into the effectiveness
of molrac structures in mediating the charge-transfer process.
In chromophore—quencher dyads involving quinone electron
acceptors efficient quenching of the ruthenium(m) MLCT
excited state was observed. The solvent dependency of this
process, together with the steep distance dependence, suggests
that through-bond coupling is a factor in the systems studied.

2604 J. Chem. Soc., Dalton Trans., 2000, 2599-2606

We have also shown that alicyclic frameworks are effective in
bridging heterodinuclear species and that the ruthenium(ir)
chromophore within these molecules is quenched via an intra-
molecular energy transfer to the osmium(ir) component. The
results indicate that the Forster dipole—dipole process is the
major energy transfer mechanism.

Experimental
Physical measurements

Instrumentation and conditions used for spectral (UV/visible,
300 MHz '"H NMR) and electrochemical measurements {cyclic
voltammetry (CV) and differential pulse voltammetry (DPV)}
have been described previously.” Microwave reactions were
conducted in a modified 600W Sharp Carousel R-2V55 micro-
wave oven. High-resolution mass spectra were recorded on a
Micromass Autospec magnetic sector instrument with an
electrospray source: samples were run in acetonitrile solution
using polyethylene glycol intrinsic standards.

Uncorrected emission spectra were recorded using a
Hitachi 4010 spectrofluorimeter. A SPEX Fluorolog spectro-
fluorimeter was used to obtain corrected emission spectra
beyond 600 nm. Luminescence decay lifetimes were meas-
ured using a nitrogen laser (Laser Photonics LN300C)/digital
oscilloscope system (Tektronix TDS520). All samples were
degassed using repeated freeze-pump-thaw cycles prior to
excitation. The concentration of solutions used for the room
temperature emission experiments was typically (1-3) X 10°°
M.

The geometry of each dyad was determined via semi-
empirical {AM1 and PM3(tm)} geometry optimisations using
the SPARTAN program® on a SGI Power Challenge XL
computer.

Materials

2-Methoxyethanol (puriss; Fluka) and NaCl (AR, Ajax) were
used as supplied. Spectral grade dichloromethane (Univar) or
acetonitrile (Sigma) were used for all spectroscopic and electro-
chemical measurements. All other reagent grade solvents were
used without further purification.

Ligand syntheses

Ligand 1 (used in model complexes 2). A solution of 7.,8-
dihydrocyclobutene-1,2-diester *® (100 mg, 423 mmol) and 7,8-
diazaphencyclone '** (DAPC; 100 mg, 385 mmol) in chloroform
(5 cm®) was heated to 95°C for 18 h in a sealed tube. The
reaction solvent was removed under reduced pressure and
the resultant solid separated by column chromatography on
silica, eluting with methanol (1.5%)-chloroform. Combined
fractions of the product (R; 0.2) were evaporated to dryness to
give a crystalline powder. The solid was recrystallised from
dichloromethane—ethyl acetate to give the desired product as
colourless crystals. Yield 148 mg (76%); mp 284 °C (decomp.).
'H NMR (300 MHz, CDCl,): 6 9.32 (dd, J=44, 1.6, 2 H);
8.66 (dd, J=38.5, 1.6, 2 H); 7.75 (dd, J=8.5, 4.4, 2 H); 3.17
(s, 6 H); 2.57 (s, 2 H); 2.17 (s, 2 H); 2.07 (s, 6 H); 1.89 (d,
J=11.1, 1 H); 1.58 (m, 2 H); 1.28 (d, /=11.1 Hz, 1 H) and
1.14 (m, 2H). *C NMR (75 MHz, CDCl,): § 200.73, 168.93,
149.69, 146.21, 135.26, 132.12, 125.37, 122.57, 62.16, 59.56,
51.14, 4320, 37.73, 35.08, 28.22 and 9.49. Calc. for
C;0HsN,O5: C, 72.6; H, 5.68; N, 5.6. Found: C, 72.2; H,
5.67; N, 5.5%.

Synthesis of the space-separated ditopic ligands present in
complexes 3, 4 and 7 (Fig. 1) have been reported previously.'*
The 1,10-phenanthroline-functionalised norbornene'* and
epoxycyclobutanes 4 required as precursors in the syntheses
of complexes 5, 6, 8, and 9 (using Method B, below) have also
previously been reported.



Complex syntheses

The precursor complexes [Ru(bpy),(CF;S0;),]** and [Os(bpy),-
(CF,S0,),]"® were prepared using literature methods. The
complex dyads used in this study were prepared using one of
two different approaches.

Method A. Complexes 3, 4, and 7, as well as the model
chromophores 2, were synthesized from the appropriate ligand
and an excess of [M(bpy),(CF;S0;),]. In a typical reaction, the
1,4-dimethoxynaphthalene-functionalised phenanthroline ¢
(25 mg; 0.038 mmol) was dissolved in chloroform (2 cm?), the
ligand solution diluted 50% by the addition of 2-methoxy-
ethanol, and [Ru(bpy),(CF;S0O;),] (50 mg, 0.069 mmol) added.
The mixture was refluxed for 5 min in a microwave oven, during
which time it turned from burgundy to bright orange. After
evaporation of the solvent, the residue was purified by cation-
exchange chromatography {SP-Sephadex C-25; eluent acetone—
water 30:70 (0.25 M NaCl)}. The product was precipitated
as the PF,~ salt by addition of a saturated solution of KPF, to
the orange eluent solution. Complete precipitation was only
achieved after removal of the acetone via slow evaporation over
several days. The orange solid was collected, washed with
diethyl ether and air dried. Complex 2a: yield 39.6 mg (87%).
Accurate mass: observed m/z 1055.2063 (most abundant iso-
tope peak within cluster), [RuCs,H,4NOs(PF)]" requires
1055.2070. '"H NMR (300 MHz, CD;CN): § 8.81-8.75 (m; 2 H),
8.55-8.45 (m; 4 H), 8.12-7.94 (m; 6 H), 7.83-7.79 (m; 2 H),
7.73-7.63 (m; 2 H), 7.48-7.38 (m; 4 H), 7.26-7.17 (m; 2 H), 3.26
(s; 3H), 3.00 (s; 3 H), 2.52 (br s; 2 H), 2.22 (s; 2 H), 2.10 (d;
J=9.0; 1 H), 2.04 (s; 3 H), 2.02 (s; 3 H), 1.55 (d; J=7.5; 2 H),
1.25(d; J=11.4;1 H) and 1.14 (d; J=7.2 Hz; 2 H). UV/visible
spectrum {CH,CN; /.. /om (107 (M~' cm™)}: 251 (4.71),
276 (6.56), 286 (6.32), 435(sh) (1.46) and 451 (1.62). Electro-
chemistry (DPYV, platinum working electrode, reference Ag—
Agh): {CH,CN-0.1 M [(n-C,H,),NICIO,}, E,,=0.985 V;
{dichloromethane-0.1 M [(»n-C,H,),N]CIO,}, E,,=1.020,
—1.620 V; {water-0.1 M Na,SO,}, E;,, =0.990 V. Complex 2b:
yield 92%. Accurate mass: observed m/z 1145.2661 (most
abundant isotope peak within cluster), [OsCsoH,,NsOs(PF)]*
requires 1145.2634. '"H NMR (300 MHz, CD,CN): 6 8.59-8.43
(m; 6H), 8.03 (d; J=5.4; 1 H), 7.92-7.87 (m; 3 H), 7.83-7.70 (m;
4 H), 7.65-7.55 (m; 2 H), 7.36-7.29 (m; 4 H), 7.17-7.08 (m;
2 H), 3.27 (s; 3H), 3.00 (s; 3 H), 2.53 (br s; 2 H), 2.23 (s; 2 H),
2.08(d; J=9.2;1 H),2.05(s;3H),2.03(s; 3H), 1.55(d; J=17.5;
2 H), 1.25(d; J=11.1; 1 H) and 1.14 (d; J=7.0 Hz; 2H). UV/
visible spectrum {CH,CN; A,./nom (107%/(M™! ecm™)}: 251
(4.87), 279 (6.52), 290 (6.77), 434 (1.55) and 480 (1.60). Electro-
chemistry {DPV; CH;CN-0.1 M [(n-C,H,),N]CIO,; platinum
working electrode; reference Ag-Ag*}, E,;, = 0.560 V. Complex
3: yield 65%. Accurate mass: observed m/z 1183.2008 (most
abundant isotope peak within cluster), [RuCsgH,,N¢O,(PF¢)]*
requires 1183.1970. '"H NMR (300 MHz, CD,CN): § 8.79 (m;
2 H), 8.55-8.45 (m; 4 H), 8.15-7.95 (m; 8 H), 7.84-7.66 (m;
6 H), 7.49-7.40 (m; 4 H), 7.28-7.17 (m; 2 H), 3.90 (s; 2 H), 3.35
(s; 3H), 3.09 (s; 3H), 2.32(s; 2 H), 2.08 (d; /=9.8; 1 H), 2.05 (s;
3 H), 2.02 (s; 3 H) and 1.72 (d; J=10.2 Hz; 1H). UV/visible
spectrum {/,/nm (10~%/(M~! cm™")}: (CH,CN) 252 (6.22),
275 (6.97), 284(sh) (6.32), 435(sh) (1.36) and 451 (1.50);
(dichloromethane) 254 (5.66), 277 (6.54), 285(sh) (6.08), 437(sh)
(1.26) and 453 (1.41); (water): 253 (5.12), 276 (5.84), 285 (5.54),
437(sh) (1.19) and 452 (1.26). Electrochemistry (DPV, platinum
working electrode, reference Ag-Ag*): {CH,CN-0.1 M [(n-C,-
H,),N]CIO,}, E,, = 1.000, —0.970 V; {dichloromethane-0.1 M
[(n-C,H,),NICIO,}, E,,=1.020, —0.1010 V; {water-0.1 M
[(n-C,H;),NICI}, Ey;, = 0.990, —0.925 V. Complex 4: yield 88%.
Accurate mass: observed mi/z 1213.2432 (most abundant
isotope peak within cluster), [RuCgHs,NgO,(PF()]" requires
1213.2443. 'TH NMR (300 MHz, CD,CN): ¢ 8.81 (dd; J=9.0,
1.8;2 H), 8.56-8.45 (m; 4 H), 8.15-7.94 (m; 4 H), 7.84-7.79 (m;

2 H), 7.76-7.66 (m; 2 H), 7.57 (d; J=28.1; 2 H), 7.51-7.41 (m;
6 H), 7.29-7.24 (dd; J=6.3, 1.1; 2 H), 7.20-7.12 (m; 2 H), 4.14
(s; 2 H), 4.00 (s; 6 H), 3.36 (s; 3 H), 3.11 (s; 3 H), 2.34 (s; 2 H),
2.29 (d; J=8.9; 1 H), 2.05 (s; 3 H), 2.03 (s; 3 H) and 1.78 (d;
J=11.4 Hz; 1H). UV/visible spectrum {CH;CN; A,./nom
(107%/M " em™"}: 215 (5.31), 236 (6.39), 276 (5.16), 286 (5.10),
431(sh) (1.08) and 451 (1.21). Electrochemistry {DPYV;
CH,;CN-0.1 M [(n-C,H,),N]C1O,; platinum working electrode;
reference Ag-Ag*}, E;,=0.990, 0.780 V. Complex 7: yield
71%. Accurate mass: observed m/z 1079.1715 (most abund-
ant isotope peak within cluster), [Ru,C,o,HgoN;,O(PF),]**
requires 1079.1717. '"H NMR (300 MHz, CD,CN): J 8.78 (m;
4 H), 8.56-8.45 (m; 8 H), 8.15-7.94 (m; 12 H), 7.83-7.66 (m;
8 H), 7.49-7.41 (m; 8 H), 7.28-7.17 (m; 4 H), 3.74 (s; 4 H), 3.33
(s; 6 H), 3.08 (s; 6 H), 2.22 (s; 4 H), 2.08 (d; J=4.2; 2 H), 2.04 (s;
6 H), 2.02 (s; 6 H) and 1.62 (d; J=9.9 Hz; 2H). UV/visible
spectrum {CH,CN; /,../nm (107%/M~! cm™'}: 251 (8.79), 276
(11.56), 286 (11.45), 434 (sh) (2.57) and 451 (2.85). Electro-
chemistry {DPV; CH,CN-0.1 M [(n-C,H,),N]CIO,; platinum
working electrode; reference Ag-Ag*}, E;,, =0.990, —0.735 V.

The norbornene-Os™ and the epoxycyclobutane-Ru™ pre-
cursors (11 and 12) used in the coupling reactions described
below were also prepared via method A.

Method B. Compounds 8 and 9 were assembled using a
convergent approach as reported previously.*” Complexes 5
and 6 were prepared using the same coupling protocol in
which a methanoanthraquinone 10#“'® was coupled to a
mononuclear ruthenium(ir) precursor complex containing the
appropriate phenanthroline-functionalised epoxycyclobutane
ligand (Scheme 1)."® In a typical reaction the complex (25 mg;
PF, salt)'® and a small excess of the methanoanthraquinone *°
(8 mg) were heated for 16 h in a sealed tube (140 °C) in the
minimum volume of acetonitrile-dichloromethane (2:1). The
mixture was washed from the tube with acetone and added to
water, giving a suspension which was extracted with diethyl
ether to remove the unchanged quinone. The complex was puri-
fied by cation exchange chromatography as described above and
isolated as the PF4~ salt. Complex 5: yield 21.2 mg (73%). HR-
EIMS: m/z 1434.3 (16), [M — PF,]"; 644.7 (100), [M — 2PF.J**;
and 337.3 (63), [Ru(bpy),(DAPC)]*". Accurate mass: observed
miz 1433.2817 (most abundant isotope peak within cluster),
[RuC,;HssNeO,,(PF)]* requires 1433.2824. 'H NMR (300
MHz, CD,CN): 6 8.73 (m; 2H), 8.54-8.44 (m; 4 H), 8.11-7.96
(m; 8 H), 7.82-7.62 (m; 6 H), 7.47-7.35 (m; 4 H), 7.25-7.16 (m;
2H), 3.91(s; 3 H), 3.90 (s; 3H), 3.35(s; 2 H), 3.22 (s; 3 H), 2.94
(s; 3 H), 2.54 (d; J=9.3; 1 H), 2.46 (s; 2 H), 2.29 (s; 2 H), 2.08
(s;4H),2.03(d; J=10.8; 1 H), 2.00 (s; 3 H), 1.98 (s; 3 H), 1.53
(d; J=11.1; 1 H) and 1.32 (d; J= 9.3 Hz; 1 H). UV/visible
spectrum {CH,CN; 4. /nm (107%/M ™' cm™'}: 251 (5.85), 276
(7.00), 285 (6.61), 435(sh) (142) and 451 (1.57). Electro-
chemistry [(n-C,H,),N]ClO,; platinum working electrode; refer-
ence Ag-Ag*}, E;,=0.995, —0.975 V. Complex 6: yield 13.5
mg (47%). Accurate mass: observed mi/z 1613.3252 (most
abundant isotope peak within cluster), [RuCg HgxNO,4(PF)] "
requires 1613.3244. '"H NMR (300 MHz, CD;CN): 6 8.83-8.77
(m; 2 H), 8.54-8.44 (m; 4 H), 8.11-7.94 (m; 8 H), 7.83-7.63 (m;
6 H), 7.50-7.37 (m; 4 H), 7.25-7.16 (m; 2 H), 3.88 (s; 6 H), 3.61
(s; 6 H), 3.33 (s; 2 H), 3.25(s; 3 H), 3.00 (s; 3 H), 2.87 (m; 1 H),
2.79 (s; 2 H), 2.75 (m; 1 H), 2.71 (s; 2 H), 2.54 (d; J=9.9; 1 H),
2.36 (m; 2 H), 2.24 (s; 2 H), 2.11 (s; 2 H), 1.99 (s; 3 H), 1.97 (s;
3 H) and 1.31 (d; J=9.3 Hz; 1 H). UV/visible spectrum
{CH,CN; A, /nm (10 *e/M ' em™'}: 251 (5.66), 275 (6.79), 285
(6.39), 435(sh) (1.39) and 451 (1.54). Electrochemistry {DPV;
CH;CN-0.1 M [(n-C,H,),N]CIO,; platinum working electrode;
reference Ag-Ag*}, E;;, = 0.985, —0.980 V.

X-Ray crystallographic studies

Crystals of the ligand 1 suitable for structure determination
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Table 2 Crystallographic details for the structural determination of
the ligand 1

Chemical formula C;0HN,O5
Formula weight 496.56
Crystal system Triclinic
Space group P1

alA 9.885(2)
blA 11.1965(7)
clA 13.035(1)
al® 66.944(8)
pr 86.00(1)
y° 65.86(1)
VIA3 1204.3(3)
VA 2

w/mm™! 0.09

No. reflections collected 4219

No. observed reflections 2677

R 0.055

R 0.061

W

were grown via slow evaporation of a methanol-chloroform
solution. A unique room temperature diffractometer data set
(T~ 295 K; monochromatic Mo-Ka radiation, 4= 0.71073 A;
20-0 scan mode) was measured on an Enraf-Nonius CAD4
diffractometer, yielding 4219 independent reflections, 2677 with
I>3ag(I) being considered ‘observed’ and used in the large
block least squares refinements. Anisotropic thermal param-
eters were refined for all non-hydrogen atoms. Hydrogen atoms
were placed in calculated positions and not refined. Neutral
atom complex scattering factors were employed, and ring com-
putation was by the XTAL 3.4 program system, implemented
by S. R. Hall.® Crystallographic details are provided in Table 2.

CCDC reference number 186/2030.

See http://www.rsc.org/suppdata/dt/b0/b003174¢/ for crystal-
lographic files in .cif format.
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