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Abstract: A new donor-bridge-accept-
or (D-B-A) dyad consisting of ruthe-
nium(I) and iridium(IIT) species sepa-
rated by an homoconjugated bridge de-
rived from 7,7-diphenylnorbornane [Ir-
Nor-Ru]** has been synthesised. The
photophysical and electrochemical
properties of the heterodinuclear com-

the analogous
plexes

Introduction

The design of supramolecular multicomponent systems for
photoinduced energy/electron transfer is an important field
of research with applications in the development of electro-
luminescent displays, molecular-scale devices and solar-
energy conversion systems.!! In donor-bridge-acceptor (D-
B-A) dyads, not only the chromophores, but also the bridge
plays a fundamental role in mediating the energy-transfer
process and the search for bridges with molecular wire be-
haviour still remains a challenge.” The electronic coupling
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plex have been compared with those of
homodinuclear com-
[Ru-Nor-Ru]** and
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Ir]** . Transient absorption spectra on
the nanosecond and sub-picosecond
timescales show, for the first time, that
an homoconjugated bridge can mediate
efficiently in the photoinduced energy
transfer from the iridium(III) to the
ruthenium(II) centres according to a
Dexter-type mechanism.

[Ir-Nor-

between donor and acceptor, which is a main determining
factor for the (Dexter) energy/electron transfer processes,
can be provided by various types of electronic interactions
that are inherent to the intervening medium between donor
and acceptor. Whereas much attention is focused on m-con-
jugated bridges,*! 5-conjugation (through a o-bond interac-
tion)," cross-conjugated pathways, helical bridges (through
foldamer coupling),’® m-stacked systems!”! and hexaarylben-
zenes with toroidal delocalisation!® are also modes for elec-
tronic communication that can be very effective (compared
with through (vacuum) space separation). Next to o, m,
spiro,”’! toroidal and cross-conjugation (Scheme 1), an unex-
plored area for D-B-A systems is provided by aromatic ho-
moconjugation. Homoconjugation can be defined as the or-
bital overlap of two & systems separated by a non-conjugat-

Scheme 1. Examples of systems showing a) toroidal conjugation, b) spiro-
conjugation, c) cross-conjugation, d) homoconjugation and e) m stacking.
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ed group, such as CH,
(TUPAC)."™  Homoconjugative
interactions
and triple bonds have been ex-
tensively studied. Electron de-
localisation in homoconjugated
alkenes is well established in
the case of cationic homoaro-
matic compounds in which the
positive charge is the driving
force for delocalisation.!%f
However, the situation in neu-
tral homoconjugated molecules
remains controversial, even in
the case of homoaromatic com-
pounds.'* ™ Syrprisingly, ho-
moconjugative interactions be-
tween aromatic rings have re-
ceived less attention. In that re-
spect, it has been argued that in

diphenylmethane, the simplest i \/ |
candidate for aromatic homo- ']' N
conjugated compounds, the sa- F v
turated methylene group should 2 N
act as a barrier to conduc- o

tion.""! Diphenylmethane can . -

be described as a free rotator,
the most stable conformation of
which is the helical disposition,
thus avoiding homoconjugative
interactions between the aro-
matic rings.'! This situation can
be modified by forcing the aryl
rings to adopt a cofacial confor-

4: [Ir-Nor-Ir]?*

mation as we have found in the i
case of 7,7-diphenylnorbornane =
(DPN) (1) (Scheme 2).'%51 We z
have shown that in oligomers N

and polymers derived from 1,
aromatic homoconjugation con-
tributes to the electron delocali-
sation along the backbone
structure.® ! These results
show that the delocalisation
mediated by aromatic homo-
conjugation is more effective
than in homoconjugated acety-
lenes, in which no significant homoconjugative stabilisation
is observed.['""]

To gain further understanding of the role played by the
bridging unit, we report now the synthesis and photophysical
properties of the first example of a D-B-A dyad with aro-
matic homoconjugated bridge 5 as well as its homodinuclear
analogues 3 and 4 (Scheme 2).

5: [Ir-Nor-Ru]**
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Scheme 2. Structures of 1 and complexes 3, 4 and 5.

Results and Discussion

As chromophores for this study, we have chosen complexes
containing Ru""! and Ir"™"! species due to the effective mo-
lecular wire behaviour that has been observed in dinuclear
Ir'"YRu" complexes with conjugated p-phenylene bridges.!*)
Iridium complexes forming part of supramolecules for the
monitoring of energy- and electron-transfer processes have
been widely studied, and the literature presents several ex-
amples of interesting wire-like molecules based on bis-ter-
pyridine linear geometries.””! Additionally, iridium metal
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complexes are being extensively studied for the potential
and very promising application in electroluminescent devi-
ces thanks to their high photostability and emission tunabili-
ty."”! The synthesis of compounds 3, 4 and 5 (Scheme 2) has
been carried out by following the methodology described
previously for the preparation of 1 derivatives and Ir"™/Ru"
complexes (Scheme 3). Alkyl chain (CgH;;) is introduced in
the norbornane skeleton (2) to increase the solubility of the
derivatives during the synthetic route.

X Y 1: X=Y=R=H (DPN) ﬁu(
2 X=Y=H
7: X=Y=Br 0.50
8: X=Y=a |
9: X=Y=b B,
3: X=Y=c oo
R R:CaHﬂ 4. X=Y=d )V#
5. X=c; Y=d
6: X=b; Y=d 10
a
~ ] 2NN
Ns N N\ | /N\
(e} Ru
:B_ N~ | = N/ | \N/ |
o X S _N X
|
a b c
9 L,
a) b c
2 7D, g 9 ., © . 4
f) 6 9)

Scheme 3. a) Br, (88%); b)10/[Pd(dppf)Cl,] (dppf=1.1"-bis(diphenylphosphino)ferrocene)/KAcO/DMSO
(87 %); c) 11/[Pd(PPh;),]/Na,CO,/toluene/H,O (54 %); d) [Ru(bpy),CL,]/1,2-dimethoxyethane (DME)/ethylene
glycol (2:1)/ultrasound (85%); e) [{Ir(ppyFF),(u-Cl)},])/ethylene glycol/CHCIL; (3:1) (66 %); £) [{Ir(ppyFF),(u-
Cl)},]/ethylene glycol/CHCl; (3:1) (51%); g) [Ru(bpy),CL]/ethylene glycol/

CHCl; (3:1)/ultrasound (62 %).

Photophysical properties

Absorption and emission spectroscopy: The absorption spec-
tra of the homodinuclear complexes [Ir-Nor-Ir]** and [Ru-
Nor-Ru]**, and the heterodinuclear compound [Ir-Nor-
Rul** in diluted (optical density <0.1), air-equilibrated ace-
tonitrile at 293 K closely resemble the sum of the individual
spectra of the mononuclear units [Ir(ppyFF),(bpy)]*
(ppyFF =2-(2,4-difluorophenyl)pyridine,  bpy=2,2'-bipyri-
dine) and [Ru(bpy);]** (see Figure 1). The spectrum of [Ir-
Nor-Ru]** shows both absorption bands of the two homodi-
nuclear species. The intense peaks at 246 and 288 nm can be
assigned to spin-allowed ligand-centred ('LC) transitions in-
volving the ppyFF and the peripheral bpy groups,'®*! to-
gether with transitions associated with the preferred cofacial
disposition of the aryl ring in 1.
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Moreover, the broad band centred at around 326 nm can
be assigned to spin-allowed m—m* transitions localised on 1-
substituted bridging bipyridines,'® which includes the
weaker spin-allowed Ir-based metal-ligand charge-transfer
(MLCT) transitions, as also observed for [Ir-Nor-Ir]**.[1820]
Additionally, in the visible region (400-550 nm) we can find
the typical spin-allowed Ru-based MLCT absorption
band,"” which is half as intense as that observed for the
[Ru-Nor-Ru]** complex.

To quantify possible energy-
transfer processes after excita-

~ | tion of the energy-donor com-
NS ponent (see below), we have to
N7 consider that no selective exci-
X | tation on the iridium MLCT

band is possible, due to the full
overlap in the absorption bands
of the two ruthenium and iridi-
um  homodinuclear  species
(Figure 1). However, the dinu-
clear complexes spectra show
F an isoabsorptive point at about
332 nm, in which the Ir and Ru
moieties absorb the same frac-
tion of incident light. Figure 2a
shows the emission spectra of
[Ir-Nor-Ir]**, [Ir-Nor-Ru]**,
[Ru-Nor-Ru]**, and the refer-
ence compound [Ir(ppyFF),-
(bpy)]*, recorded upon excita-
tion at 332 nm at room temper-
ature from dilute solutions in
acetonitrile  (optical density
<0.1).
The luminescence spectrum
of the homodinuclear complex
[Ir-Nor-Ir]** exhibits an emis-

Br

e/mom’ x 10

200 ' 300 I 4(‘)0 I 500 I 600
Alnm
Figure 1. Absorption spectra of [Ru(bpy);]** (a), [Ir(ppyFF),(bpy)]* (b),

[Ru-Nor-Ru]** (c), [Ir-Nor-Ru]** (d) and [Ir-Nor-Ir]** (e) in dilute ace-
tonitrile solution at 298 K.
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Figure 2. Emission spectra of [Ir(ppyFF),(bpy)]* (-=+++), [Ir-Nor-Ir]**

(-----), [Ru-Nor-Ru]** (=+-+) and [Ir-Nor-Ru]** (—) in a) a dilute solu-
tion in acetonitrile at 298 K, and b) a butyronitrile rigid matrix at 77 K
(Aexe=332 nm).

sion centred at 526 nm, which originates from a state with
mixed *MLCT-’LC character, mostly located on the bipyri-
dine  ligand, as for the parent compound
[Ir(ppyFF),(bpy)]*.** Tt is noteworthy that [Ir-Nor-Ir]**
complex shows a 20 nm blueshifted emission, when com-
pared with similar homodinuclear iridium complexes with
fully extended m conjugation,!'® since the presence of an sp®
carbon, bearing 1, diminishes the conjugation in the bridge
between the two iridium centres, thus causing a rise in the
LUMO orbital energy.'*! The homodinuclear complex [Ru-
Nor-Ru]** displays an emission band centred at 625 nm,
slightly redshifted relative to [Ru(bpy);]**,"¥ due to the
larger conjugation on one of the bipyridines, that lowers its
LUMO level and consequently the energy of the *MLCT
transition.'® Keeping the excitation wavelength at 332 nm,
we have recorded the luminescence spectrum of the hetero-
dinuclear complex [Ir-Nor-Ru]**, which shows complete
quenching of the iridium-based emission, and a broad band
centred at 625 nm, as observed for [Ru-Nor-Ru]** complex.
No significant difference in the Ru-based emission intensi-
ties are observed for [Ir-Nor-Ru]** and [Ru-Nor-Ru]** after
excitation at 332 nm, which implies very efficient energy
transfer (see Table 1 and below).

Table 1. Photophysical data.

In Figure 2b the low-temperature emission spectra under
dilute conditions are shown, reflecting the same trend ob-
served at room temperature. Both [Ir-Nor-Ir]** and [Ru-
Nor-Ru]** exhibit structured emission profiles, with maxima
at 508 and 580 nm, respectively; the first emission band is
18 nm blueshifted when compared with the room tempera-
ture emission, while the Ru-based homodinuclear complex
shows a larger hypsochromic shift of 45 nm. This behaviour
matches the statement of a mixed *LC-*MLCT state for the
[Ir-Nor-Ir]** emission, which in a rigid matrix, due to the
strong destabilisation of the *MLCT state, is predominantly
a ligand-centred emission, whereas the [Ru-Nor-Ru]** emis-
sion retains its "MLCT character.?!! The emission spectrum
of the heterodinuclear [Ir-Nor-Ru]** complex is essentially
identical to that of [Ru-Nor-Ru]** compound, even at this
low temperature, showing again complete intramolecular
quenching of the iridium unit emission.

All the photophysical data related to the emission spectra
of the complexes are listed in Table 1, including the emission
quantum yields and the time-resolved measurements. The
lifetimes of the Ru-based emission in the heterodimetallic
complex at room temperature and in the frozen matrix are
very similar to those of [Ru(bpy);]** and [Ru-Nor-Ru]*+ 14
which shows analogous excited states. However, the marked
lifetime differences of the iridium-centred emission at 77 K
in the case of [Ir-Nor-Ir]** and the iridium parent compound
[Ir(ppyFF),(bpy)] ™, has been ascribed to a low-energy, long-
lived emission due to a *LC state localised on the homocon-
jugated bridge unit of iridium homodinuclear complexes,['®!
which at low temperature becomes the lowest excited state.
Electrochemical characterisations were performed by cyclic
voltammetry in 107°M solutions in acetonitrile, containing
0.1m Bu,NPF as the supporting electrolyte, the results of
which led to the observation of characteristic electrochemi-
cal features of iridium and ruthenium complexes (see the

Supporting Information).!'!

Transient absorption spectroscopy: The nanosecond transient
absorption spectra of [Ir(ppyFF),(bpy)]*, [Ir-Nor-Ir]** and
[Ir-Nor-Ru]** were recorded upon excitation at 330 nm at
room temperature in deaerated acetonitrile (Figure 3). The
transient absorption spectra of the dinuclear iridium com-
plex register a long-lived broad absorption, stretching from
400 to 820 nm (Figure 3a), which arises from several contri-
butions, such as the bpy radical
anion and the ligand-centred
triplet state. The absence of
such long-lived transient ab-

298 KI*! 77 KM
I Ru" I Ru" sorption bands in deaerated sol-
b T e T 10°x¢ A T o e T utions of [Ir(ppyFF),(bpy)]*
[nm]  [ns] [nm]  [ns] [nm] (k] [m]  SI”  (Figure 3b) indicates the forma-
2. . .

[Ir-Nor-Ir]** 526 150 - - 1.8 508 310 - - tion of the excited state of the
[Ru-Nor-Ru]**+ - - 625 197 74 - - 9359 enviene ] livand

[Ir-Nor-Ru]** - el 625 200 7.4 el - 59 58 py-oligophenylene— 1gan
[Ir(ppyFF)z(bpy)r 529 140 _ _ 22 484 4.4 _ _ for 4. In the case of the [II'-NOI'-
[Ru(bpy)s]** - - 619 156 6.2 - - 579 57 Ru]’* complex, the transient
[a] In aerated acetonitrile, A, =332 nm. [b] In a butyronitrile rigid matrix, A, =332 nm. [c] Too low in intensi-  SPECtra (Figure 3¢) exhibit two
ty to be detected accurately by [d]. [d] Time-correlated single-photon counting method. features in the region from
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Figure 3. Transient absorption spectra and decay kinetics of a) [Ir-Nor-
Ir]*, b) [Ir(ppyFF)2(bpy)]* and c) [Ir-Nor-Ru]’* in acetonitrile at 293 K
(Aexe=332 nm, <5 mJ pulse ™!, 2 ns half-width at half maximum, FWHM).
The insets show the decay at 600 nm for a) and c), and at 500 nm for b).

400-850 nm. The negative absorption at 460 nm is related to
the bleaching of the ruthenium-centred ground state, where-
as no bands attributed to the iridium component are ob-
served. The broad feature in the region from 500-850 nm is
assigned to the formation of the radical anion of the bpy-oli-
gophenylene-1 ligand. All bands decay monoexponentially
with lifetimes slightly longer than those registered by time-
resolved emission measurements, due to the existence of
possible underlying long-lived absorbing species that modi-
fies the evolution at the selected wavelengths.

Since it was not possible to monitor the energy-transfer
processes on the nanosecond timescale for the iridium—
ruthenium mixed metal complexes,[m"‘] sub-picosecond tran-
sient absorption spectroscopy was performed. Figure 4a
shows the femtosecond transient absorption data matrix ob-
tained for an solution of the [Ir-Nor-Ru]** complex in ace-
tonitrile after laser excitation at 370 nm;* several processes
can be observed. Positive transient absorptions are shown in
light grey shades, while negative bands are represented by
dark grey. After laser excitation, a broad band is formed be-
tween 500 and 800 nm, corresponding to the iridium-centred
excited state, which decays abruptly within the first 150 ps
of the measurement. Concomitantly with this decay, two
new bands appear: a positive absorption below 400 nm, as-

Chem. Eur. J. 2010, 16, 6033 —6040
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Figure 4. a) Sub-picosecond transient absorption data matrix of [Ir-Nor-
RuJ’* in acetonitrile (Ae.=370 nm, 130 fs FWHM). Dark grey is nega-
tive, light grey is positive b) Overlay of several sub-picosecond absorp-
tion spectra at different time delays. Kinetics profiles at ¢) 375 and d) at
600 nm.

cribed to the reduced bipyridine radical anion on the ruthe-
nium moiety and a negative transient absorption, located
between 400 and 500 nm, which originates from the bleach-
ing of the ruthenium-centred ground state. As the process
evolves, this state is depleted, while the *MLCT excited state
is formed, and the band becomes more negative over time.

By overlaying transient absorption spectra at different
time delays we obtain Figure 4b. For comparison, the sub-
picosecond transient absorption spectra of the two homodi-
nuclear complexes were also recorded (see the Supporting
Information), showing characteristic features for these types
of systems.™™*! The analysis of the kinetics of the energy-
transfer process in the [Ir-Nor-Ru]** system was obtained
from the band evolution at 375 nm, which shows that com-
plete quenching of the iridium-centred excited state takes
place within the first 150 ps of the measurement (Figure 4c).
A reasonable complementarity is observed in Figure 4d,
which shows a decay of the signal at 600 nm as time pro-
ceeds. We ascribe this fast component to energy transfer oc-
curring from the higher-lying iridium triplet state to the
lower-lying ruthenium triplet state. The energy-transfer rate

www.chemeurj.org — 6037
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has been calculated from kp,=1/t—1/t), in which 7, is the
iridium lifetime given by the time-resolved emission meas-
urements, and 7 is the quenched lifetime obtained from ki-
netic analysis (30.9 ps). A global fit procedure using TIMP
was applied to the data matrix,®! evaluating all ~300 kinet-
ic traces, resulting in an energy-transfer rate of kpy=3.24x
10"s™!. Taking into account an unquenched lifetime of
150 ns (see Table 1) and a quenched lifetime of 30.9 ps, an
energy-transfer efficiency of 99.98% has been calculated
(n=1-1y/tp).

Although there are several examples based on iridium/
ruthenium and ruthenium/osmium bimetallic complexes in-
terconnected by linear polyphenylene conjugated spac-
ers,>1% no examples of energy-transfer processes in organo-
metallic-based homoconjugated systems have been reported,
to the best of our knowledge. Thus, a reasonable comparison
between these fully extended m-conjugated complexes and
the homoconjugated [Ir-Nor-Ru]** compound, in terms of
the kgr dependence with the intermetallic distance, can be
made. Regarding the estimated Ir—Nor(C7)—Ru distance
and the energy-transfer rate between the metal units
(29.7 A, 324x10"s™"), an intermediate behaviour is ob-
served with respect to previously reported binuclear com-
plexes bearing a bridge consisting of four phenylene groups,
such as [Ir-ph,-Rul* (283 A, 3.6x10" 57", in which
energy transfer proceeds by a clear Dexter mechanism.?
Even though the observed energy-transfer process for the
[Ir-Nor-Ru]** compound is slower than in [Ir-ph,-Ru]**, due
to the higher energy of the triplet state localised on the ho-
moconjugated spacer, the rate of this process is fast in rela-
tion to other fully extended m-conjugated species.”” Within
a Dexter-type energy-transfer mechanism (double electron
transfer), several bridge-related aspects are of key impor-
tance. The mixing of donor and acceptor orbitals with the
bridge orbitals, which is governed by symmetry and the
energy gap, is essential,>>4 since electronic coupling is re-
quired. As such the donor-bridge coupling is rather combi-
nation specific and comparison with different donor chro-
mophores is less useful. It should be noted that electron de-
localisation in aromatic homoconjugated systems is less ef-
fective than in conjugated compounds,’® and therefore, the
energy band gap is higher for homoconjugated bridges.!"*!
This result indicates that the energy transfer takes place ac-
cording to a Dexter-type mechanism, which formally con-
sists of a double electron exchange between donor excited
state and acceptor.*")

Conclusion

The photophysical behaviour of [Ir-Nor-Ru]** demonstrates
that energy transfer between donor/acceptor components
through aromatic homoconjugation is an effective mecha-
nism, and could be used for vectorial energy and electron
transport over very long distances (e.g., 3 nm). This is the
first example reported to date of effective photoinduced
energy transfer mediated by aromatic homoconjugated

www.chemeurj.org
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bridges and provides a new tool to tune the properties of D-
B-A systems by changing the structural features of the
bridging unit. Work is currently in progress in our laborato-
ries to design novel D-B-A systems with aromatic homocon-
jugated bridges and to study the possibility of molecular
wire behaviour in these complexes.

Experimental Section

Spectroscopy and photophysics: UV/Vis absorption spectra were record-
ed on a Varian Cary 5000 double-beam UV/Vis-NIR spectrophotometer;
all spectra were measured from quartz cuvettes (1 cm, Hellma). Steady-
state emission spectra in the spectral range of 300-800 nm were recorded
on a HORIBA Jobin-Yvon IBH FL-322 Fluorolog3 spectrometer
equipped with a 450 W Xenon arc lamp, double grating excitation and
emission monochromators (2.1 nmmm~! dispersion; 1200 groovesmm ')
and a Hamamatsu R928 photomultiplier tube or a TBX-4-X single-
photon-counting detector. Emission and excitation spectra were correct-
ed for source intensity (lamp and grating) and emission spectral response
(detector and grating) by standard correction curves.

Time-resolved measurements up to ~5 ps were performed by using the
time-correlated single-photon counting (TCSPC) option on the Fluoro-
log 3 instrument. A NanoLED (402 nm; FWHM < 750 ps) with repetition
rates between 10 kHz and 1 MHz was used to excite the sample. The ex-
citation source was mounted directly on the sample chamber at 90° to a
double-grating emission monochromator (2.1 nmmm™ dispersion;
1200 groovesmm™') and collected by a TBX-4-X single-photon-counting
detector. Signals were collected by using an IBH DataStation Hub
photon counting module and data analysis was performed using the com-
mercially available DAS6 software (HORIBA Jobin Yvon IBH).

For excited-state lifetimes >10 us, a different experimental setup was
used, by equipping the Fluorolog3 with the FL-1040 phosphorescence
module with a 70 W xenon flash tube (FWHM =3 ms) with a variable
flash rate (0.05-25Hz). The signals were recorded on the TBX-4-X
single-photon-counting detector and collected with a multichannel scaling
(MCS) card in the IBH DataStation Hub photon-counting module and
data analysis was performed as described above.

Emission quantum yields were determined with a Hamamatsu Photonics
absolute PL quantum yield measurement system (C9920-02, equipped
with a L9799-01 CW Xenon light source (150 W), monochromator,
C7473 photonic multi-channel analyser, integrating sphere and employing
U6039-05 PLQY measurement software (Hamamatsu Photonics, Ltd.,
Shizuoka, Japan).

Nanosecond transient absorption spectra were obtained by irradiating
the samples (optical density =~0.5) with 2ns pulses (435nm line,
5mJpulse”!) of a tunable (420-710 nm) Coherent Infinity XPO laser.
Lifetimes were determined using 1) a Coherent Infinity XPO laser (2 ns
pulses FWHM) and a Hamamatsu C5680-21 streak camera equipped
with a Hamamatsu M5677 low-speed single-sweep unit, 2) a sub-nanosec-
ond single-photon counting setup with an excitation source that consists
of a frequency doubled (300-340 nm, 1 ps, 3.8 MHz) output of a cavity
dumped DCM dye laser (Coherent model 700) that was pumped by a
mode-locked Ar-ion laser (Coherent 486 AS Mode Locker, Coherent
Innova 200 laser).

Femtosecond transient absorption experiments were performed with a
Spectra-Physics Hurricane titanium:sapphire regenerative amplifier
system.”®) The full spectrum setup was based on an optical parametric
amplifier (Spectra-Physics OPA 800C) as the pump. The residual funda-
mental light, from the pump OPA, was used for white-light generation,
which was detected with a CCD spectrograph (Ocean Optics PC2000+
slave) for Vis detection. The polarisation of the pump light was con-
trolled by a Berek Polarization Compensator (New Focus). The Berek
Polarizer was always included in the setup to provide the magic-angle
conditions. The probe light was double-passed over a delay line (Physik
Instrumente, M-531DD) that provides an experimental time window of
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3.6 ns with a maximal resolution of 0.6 fsstep~'. The OPA was used to
generate excitation pulses at 370 nm. The laser output was typically 3.5—
5 Wpulse ' (130 fs FWHM) with a repetition rate of 1 kHz. The samples
were placed into cells of 2 mm path length (Hellma) and were stirred
with a downward projected PTFE shaft, using a direct drive spectro-stir
(SPECTRO-CELL). This stir system was also used for the white light
generation in a 2 mm water cell.

Electrochemistry: Electrochemistry was performed with an Autolab Po-
tentiostat in a three-electrode single-compartment cell. Ferrocene and
tetrabutylammoniumhexafluorophosphate (TBAPF,) were purchased
from Sigma Aldrich. Electrolyte: 0.1 M TBAPF; in anhydrous acetonitrile
(Sigma Aldrich), compound concentration was 10>m in the electrolyte.
The cell was equipped with a platinum working electrode, a stainless
steel counter electrode, and an Ag/AgCl pseudo-reference electrode.

See the Supporting Information for experimental details.

Compound 3: [Ru-Nor-Ru][PFg],: 953 mg (86%); 'H NMR (300 MHz,
CD;CN): 6=8.88 (s, 2H), 8.81 (d, /=83 Hz, 2H), 8.63 (dd, /=8.0,
3.7 Hz, 8H), 8.24-8.12 (m, 10H), 8.06 (d, /=83 Hz, 4H), 7.97-7.72 (m,
26H), 7.58-7.47 (m, 10H), 3.25-3.17 (m, 2H), 1.90-1.40 (m, 6H), 1.40—
120 (m, 14H), 0.95-0.85ppm (m, 4H); MS (ESI): m/z: 969.2 [M™
—2PF(], 597.8 [M*—3PF,]; HRMS (ESI): m/z calcd for CeHggN;,Ru,:
412.13354 [M*—4PF]; found: 412.13378.

Compound 4: [Ir-Nor-Ir][PFg],: 339 mg (42%); 'HNMR (300 MHz,
CD;CN): 6=8.79 (d, J=1.5Hz, 2H), 8.74 (d, /=82 Hz, 2H), 8.35 (m,
4H), 8.20 (td, J=7.9 and 1.4 Hz, 2H), 8.08-7.88 (m, 12H), 7.84-7.80 (m,
6H), 7.71-7.62 (m, 12H), 7.57 (t, J=6.6 Hz, 2H), 7.10 (dd, J=12.3,
6.1 Hz, 4H), 6.73 (t, J=11.1 Hz, 4H), 5.77 (dd, /=38.6 and 2.4 Hz), 3.27-
3.16 (m, 2H), 1.90-1.35 (m, 6H), 1.35-1.20 (m, 14H), 0.94-0.82 ppm (m,
4H); MS (ESI): m/z: 2111.5 [M*—PF,], 983.3 [M*—2PF,]; HRMS (ESI):
ml/z caled for C,;HgNgFglr,: 983.28183 [M*—2PF]; found: 983.28223.
Compound 5: [Ir-Nor-Ru][PF];: 74.2mg (62%); 'HNMR (300 MHz,
CD;CN): 6=8.80 (s, 1H), 8.78 (s, 1H), 8.75 (d, J=8.7 Hz, 1H), 8.71 (d,
J=8.1Hz, 1H), 8.53 (dd, /=8.0, 3.5 Hz, 4H), 8.36 (m, 2H), 8.21 (t, /=
7.9 Hz, 1H), 8.15-7.89 (m, 13H), 7.88-7.61 (m, 22H), 7.56 (t, /=6.5 Hz,
1H), 7.49-7.38 (m, 5H), 7.13 (dd, /=125, 6.4 Hz, 2H), 6.73 (t, J=
12.1 Hz, 2H), 5.78 (dd, J=8.6, 2.4 Hz, 2H), 3.25-3.16 (m, 2H), 1.90-1.40
(m, 6H), 1.40-1.20 (m, 14H), 0.95-0.85 ppm (m, 4H); MS (ESI): m/z:
976.2 [M*—2PF,], 602.5 [M*-3PF¢]; HRMS (ESI): m/z caled for
C,HgiNoF,Rulr [M*—3PF]: 602.51631; found: 602.51664.
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