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Heteroditopic Ligand Accommodating a Fused Phenanthroline and a Schiff
Base Cavity as Molecular Spacer in the Study of Electron and Energy

Transfer
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Abstract: The synthesis and characteri-
sation of the heteroditopic ligand N,N'-
bis(3,5-di-tert-butylsalicylidene)-5,6-
(1,10-phenanthroline)diamine
(DPSalH,) bearing a phenanthroline
and a bis(salicylidene)diimine cavity
are reported. This versatile ligand com-
bines two of the most widely used li-
gands in coordination chemistry. Se-
quential metallation of the phenanthro-
line end with Ru" and the salophenic
cavity with Cu" is described. Electro-

one-electron-reduced species and the
singly oxidised species of the binuclear
Ru"-Cu" complex confirmed the for-
mation of metalloradical complexes.
Density functional calculations on the
free ligand and the copper-only com-
plex indicate in both cases that the
HOMOs and LUMOs are developed
on the Schiff base cavity with minor
contributions on the bipyridine end.
These findings support a bichromo-
phoric character for our ruthenium

complexes in the ground state, a neces-
sary condition in the design of supra-
molecular systems for the study of elec-
tron transfer. Photophysical studies in-
dicate fast quenching of the triplet ex-
cited state in both complexes, which
suggests strong intercomponent excit-
ed-state interactions. Evidence is pre-
sented that this quenching is due to in-
tramolecular electron transfer, at least
in the case of [Ru(bpy),(DPSalH,)]**,
for which a charge-separated state with

chemical behaviour of the supramolec-
ular complexes [Ru(bpy),(DPSalH,)]**
and [Ru(bpy),(DPSalCu)]** are ana-
lysed in connection with UV/Vis and
EPR spectroscopy. The data for the
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Introduction

Research in the field of photoinduced energy and electron
transfer using supramolecular model compounds is fueled
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a remarkable lifetime of about 30 ps

was observed.
electron

design -

by the increasing interest of chemists in charge-separation
devices,"! light-harvesting species, optoelectronics® and
photocatalysts.! The basic architecture of such supramolec-
ular systems for the study of electron and energy transfer
comprises two covalently tethered components. Extensive
studies on photoinduced electron transfer have been real-
ised in Ru"™-Os™ dinuclear complexes. In these systems, the
Ru" polypyridine metal complex plays the role of photosen-
sitiser, whereby its lowest excited state is responsible for
driving the electron transfer process, while the Os™ complex
acts as an internal electron acceptor.”) Electron transfer is
mediated through a bridging ligand which thus plays an es-
sential role in the proper functioning of these systems. Pri-
marily, it sets the distance and spatial orientation of the two
fundamental constituents, that is, the donor and acceptor
parts. It controls the electronic communication between the
two chromophores and therefore the rate of electron trans-
fer.”! Hence, the inaugural step in this research area is the
design and construction of the molecular spacer that will
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hold the two partners, each with well-defined properties. A
plethora of bridging ligands containing identical anchoring
sites has been developed for this purpose.’!

More recently, the idea of using [Ru(bpy);]** as photo-
sensitiser to develop new photocatalysts emerged. An arche-
typal system is a [Ru(bpy);]** complex covalently linked to
a transition metal complex which can be reduced (or oxi-
dised) following a reductive (oxidative) quenching pathway
of the SMLCT state of the photosensitiser.’) Electron trans-
fer in these supramolecular systems is realised in a similar
fashion as in noncovalently attached bimolecular systems,
that is, by addition of exogenous electron donors or accept-
ors.”) As mentioned above, the nature and structure of the
bridging ligand is of primary importance in this field. More-
over, heteroditopic ligands, that is, bearing two different co-
ordinating sites, developed to accomodate both metal ions,
have a bipyridine moiety to bind to the photosensitiser and
a polydentate core for the transition metal ion. Along this
line, we recently reported on a rigid heteroditopic ligand
containing a dipyrridophenazine moiety and a salophenic
cavity.'%)

In our continuing effort to develop bridging ligands to
attach an Ru" polypyridine and a first-row transition ele-
ment, we report here the synthesis of the novel heteroditop-
ic ligand N,N'-bis(3,5-di-tert-butylsalicylidene)-5,6-(1,10-phe-
nanthroline)diamine (abbreviated DPSalH, as a shorthand
for dipyrrido-N,N'-bis(3,5-di-tert-butylsalicylidene)-1,2-phe-
nylenediamine) that can be regarded as a fusion of phenan-
throline and a tetradentate Schiff base cavity. In comparison
with our previous work, the phenazine moiety is missing,
and hence the distance and the electronic communication
between the metal ions are expected to be altered. In a step-
wise manner, attachment of the diimine end of DPSalH, to
ruthenium to give [Ru(bpy),(DPSalH,)]** was followed by
metallation of the salophenic cavity with copper(1) to give
[Ru(bpy),(DPSalCu)]**. The electronic influence of the Ru"
ion on the N,0O, cavity of DPSalH, and on the Cu" complex
in [Ru(bpy),(DPSalCu)]** and vice versa were evaluated by
comparing the physicochemical properties of SalH, and
SalCu (where SalH, is the proligand and stands for N,N'-
bis(3,5-di-tert-butylsalicylidene)-1,2-phenylenediamine).
Density functional calculations were performed on
DPSalH,, DPSalCu and [Ru(bpy),(DPSalH,)]** derivatives,
and our theoretical data corroborate our electrochemical
studies. Photophysical studies showed fast quenching of the
SMLCT state for both complexes, resulting in a long-lived
intramolecular charge-separated state in the case of [Ru-
(bpy),(DPSalH,)]**, but not in the case of [Ru(bpy),-
(DPSalCu)]**.

e P

SalH, SalCu
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Results and Discussion

Synthesis: Ligand DPSalH, was prepared in a straightfor-
ward manner by condensation of two equivalents of 3,5-di-
tert-butylsalicylaldehyde with 1,10-phenanthroline-5,6-dia-
mine in boiling ethanol in the presence of triethyl orthofor-
mate. In the absence of triethyl orthoformate, a mixture of
mono- and dicondensed products was isolated, probably due
to the less basic character of the amino groups on the phe-
nanthroline moiety. Thus, triethyl orthoformate must drive
the reaction to completion by eliminating water molecules
of condensation. The binding of the bipyridine cavity of
DPSalH, to [Ru(bpy),]*" was carried out in MeOH, fol-
lowed by insertion of copper(1) into the salophen coordinat-
ing site according to literature procedures!! (Scheme 1) and

b
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Scheme 1. Synthetic pathway. a) Reflux in EtOH/HC(OEt);; b) reflux
with [Ru(bpy),](NO;), in CH,Cl,/HC(OEt)s; c) stir with Cu(OAc), in
MeOH at RT.

the compounds were isolated as the perchlorate salts. Prior
to photophysical and spectroelectrochemical studies [Ru-
(bpy),(DPSalH,)]** and [Ru(bpy),(DPSalCu)]** were puri-
fied by chromatography on neutral alumina with dichloro-
methane/methanol (95/5 and 90/10, respectively) as eluent
and were recovered as the first fractions.

'"HNMR spectra: All the expected NMR features were
identified for DPSalH, and [Ru(bpy),(DPSalH,)]**.
Figure 1 shows the aromatic part of the 'NMR spectra of
the ligand and its ruthenium complex. All signals were as-
signed after 2D '"H NMR experiments. Of particular interest
is the observed shift of the iminic protons on metallation
with ruthenium(1).

IR spectroscopy: IR spectra were diagnostic of the metalla-
tion step of DPSalH,. Docking of the phenanthroline end of
DPSalH, to ruthenium was revealed by the CH vibrations
of the tert-butyl groups at around 2950 cm™' together with
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phenol

Y]

band at around 350 nm illustrat-
ing the presence of coordinated
DPSalH,. It is noteworthy that
no change in energy and inten-
f sity is noticed for the MLCT
(d,~* bpy) band when com-
pared to [Ru(bpy);]**, which

phenol 4

argues that no electronic
change is perceptible by the
ruthenium(1) ion and hence
supports a  bichromophoric
character for [Ru(bpy),-
(DPSalH,)]** (Figure 3).1)
However, subtle spectral
modifications are observed on
insertion of copper(i) into the
salophenic cavity. For compari-
son, the absorption spectrum of

5,5'b 3af
3e

--—— §/ppm

Figure 1. '"H NMR spectra of DPSalH, in CDCI; and [Ru(bpy),(DPSalH,)](ClO,), in [Dg]DMSO.

the intense symmetric and antisymmetric stretching of the
imine groups at 1615 and 1585 cm ™', respectively. No appa-
rent shift was observed for the imine absorption bands of
mononuclear complex [Ru(bpy),(DPSalH,)](ClO,),, but a
marked red shift of about 50 cm™" occurred when copper (i)
was present in the salophenic cavity. A shift of only 20 cm™
was observed for the same bands on going from the SalH,
ligand to the corresponding copper(u) complex.'” This dif-
ference can be tentatively attributed to a structural rear-
rangement of the N,O, cavity on insertion of Cu", whereby
the C=N bonds would feel the presence of both divalent
ions. A distortion of the tetracoordinating cavity due to the
iminic hydrogen atoms (d) and hydrogen atoms at the c-po-
sitions on the phenanthroline moiety may also account
partly for this low-energy shift of these vibrations.

Electrospray mass spectrometry: ESI-MS spectra of the
ruthenium complexes consolidate the different structures re-
ported herein. The mass spectrum of [Ru(bpy),(DPSalCu)]-
(Cl0,), shows a parent peak at 558.7 corresponding to the
dicationic species. The experimental and simulated spectra
are shown in Figure 2.

UV/Vis spectroscopy: Electronic absorption data are sum-
marised in Table 1; data for SalH, and SalCu are also includ-
ed. The free ligand DPSalH, is characterised by two intense
absorption bands corresponding to intraligand m—mt* transi-
tions at 280 and 350 nm. The electronic spectrum of [Ru-
(bpy),(DPSalH,)]** shows characteristic features of [Ru-
(bpy)s]*", that is, strong m—m* transitions for the bipyridine
moieties at 290 nm and a characteristic MLCT band in the
range 400-500 nm tailing up to 560 nm, together with a
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an equimolar mixture of [Ru-
(bpy);]*™ and SalCu is also pre-
sented (Figure 3). Clearly, the
electronic spectrum of [Ru-
(bpy),(DPSalCu)]** is not a
mere algebraic sum of those of
[Ru(bpy);]*" and SalCu. The
n—n* transitions of the bipyridine in the high-energy region
(290 nm) remain unchanged on insertion of Cu" into the tet-
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Figure 2. Experimental (a) and simulated (b) ESI-MS spectra of [Ru-
(bpy)»(DPSalCw)](CIO),.
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Table 1. UV/Vis data.

A [nm] (e [10~° Lmol 'cm™'])

DPSalH, ! 355 (1.62), 280 (4.78)
[Ru(bpy),(DPSalH,)[2** 452 (1.99), 425 (sh), 355 (sh), 285 (9.29)
[Ru(bpy),(DPSalCu) 2+l 480 (3.31), 455 (3.04), 378 (2.57), 325 (3.99),
285.3 (7.93)

340 (1.74), 281 (2.51)

446 (1.99), 405 (sh), 348 (sh), 331 (2.50), 315
(2.83), 302 (sh), 250 (3.55)

[a] In dichloromethane. [b] In acetonitrile.

SalH, "
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Figure 3. Absorption spectra in MeCN: a) [Ru(bpy),(DPSalH,)]*",
b) equimolar mixture of [Ru(bpy);]** and SalCu, and c) [Ru(bpy),-
(DPSalCu)]**.

racoordinating cavity. Two bands at 325 and 380 nm are at-
tributed to charge-transfer transitions within the DPSalCu"
component, as such transitions are observed for SalCu be-
tween 315 and 350 nm. The shift to lower energies of these
bands may be due to the more delocalised mt system of the
phenanthroline. However, the main feature is the broad un-
symmetrical band extending from 400 to 580 nm, which
probably contains contribution of charge-transfer transitions
from both components. The bathochromic shift and the in-
crease in intensity of this band compared to that of the equi-
molar mixture of [Ru(bpy);]*" and SalCu may indicate
some electronic communication between the covalently
linked partners.

EPR study of [Ru(bpy),(DPSalCu)]**: The EPR spectra of
[Ru(bpy),(DPSalCu)]** and SalCu, recorded at 100K in
ethanol/methanol (4/1), are shown in Figure 4. They exhibit
an axial powder pattern with superhyperfine structure in the
perpendicular region. These superhyperfine interactions
arise from the two coordinated nitrogen nuclei (/=1) and
the iminic protons (I=1/2).'Y Simulations were performed
to extract the g and hyperfine parameters for the copper ion
in both complexes (Table 2). The simulations also included
superhyperfine parameters for the four hydrogen and nitro-
gen nuclei to account for the structure observed in the spec-
tra. However, only an estimate of these parameters could be

Chem. Eur. J. 2005, 11, 3698-3710 www.chemeurj.org
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Figure 4. EPR spectra of a) [Ru(bpy),(DPSalCu)]** and b) SalCu at
100K in EtOH/MeOH (4/1). Experimental conditions: a) T=120 K,
Vow=9.38338 GHz, amplitude modulation 0.2 mT, microwave power
16 mW, modulation frequency 100 kHz, 4 scans; b) T=100K, v,,=
9.37698 GHz, amplitude modulation 0.1 mT, microwave power 0.5 mW,
modulation frequency 100 kHz, 4 scans.

Table 2. EPR parameters obtained from simulations of the spectra.

[Ru(bpy),(DPSalCu)]** SalCu
g 2213 2206
<. 2.046 2.046
10°A, [em™'] 1918 200.1
10°A, [em ] 211 252
g/A) [em] 115 110

obtained due to the difficulty in reproducing exactly the fea-
tures observed experimentally. ENDOR experiments are
underway to determine more accurately the superhyperfine
couplings. Preliminary ENDOR data for [Ru(bpy),-
(DPSalCu)]** show that the nitrogen hyperfine interaction
is mainly isotropic with a value of 38 MHz, which is in
agreement with values reported for similar complexes.['”!

Comparison between the parameters of the copper ions
for the two complexes shows an increase in g, and a de-
crease in A for the dinuclear complex compared to SalCu.
This is an indication of a distortion of the copper site for the
ruthenium-containing complex compared to square-planar
SalCu. This distortion introduces some mixing of the d_. or-
bital into the d,. . orbital occupied by the unpaired elec-
tron, which leads to less spin density on the copper ion and
therefore to a decrease in the hyperfine interaction. Howev-
er, this distortion is expected to be small, as reflected by the
close values of the empirical distortion parameter g;/A cal-
culated for the two complexes (Table 2).1"!

Electrochemical behaviour: Redox behaviour of covalently
linked multicomponent systems often reflects the electronic
coupling between the constituent units.'”! Three different
cases can be expected: 1) a strong interaction resulting in a
different redox behaviour of the assembled units, 2) a weak
interaction leading to slight modification of the electron-
transfer processes and 3) negligible coupling and hence jux-
taposition of redox properties for each subunit. Usually, to
rationalise the redox properties of these supramolecular spe-
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cies, it is important to take into account the electrochemical
behaviour of each subunit. Hence, for this study we also re-
corded the cyclic voltammograms (CV) of SalH, and the
corresponding copper complex SalCu under similar experi-
mental conditions. All redox data are collected in Table 3.

Table 3. Potentials E from cyclic voltammetry at 100 mVs™' for oxidations (i, ii) and reductions (I, II, IIT) for
DPSalH,, [Ru(bpy),(DPSalH,)]**, [Ru(bpy),(DPSalCu)]**, SalH, and SalCu.

the reduction pattern gives a clear indication of the energy
levels of the m* orbitals of the ligands in the coordination
sphere of Ru".'""® Three reduction waves are observed
while scanning down to —2 V versus SCE, the first of which
(ca. —1.17 V) is nonreversible in nature, whereas the second
and third waves (—1.40 and
—1.60 V) are reversible process-
es. The main difference be-

"E "E 'E 'E 'E tween the CVs of [Ru(bpy),-
DPSalH," +1.240 +151"  (DPSalH,)]** and [Ru(bpy)s]*"
[RU(bPY)z(DPSale)]Z:[Cj] *1593 *1-39E *1~17E]] +1~28E +1~37E is the irreversible character and
[Slzlli%’[lzl}’)z(DPSalCu)] ~1.61 ~1.39 ~0.81 1(1):38“’1 ii:gglbl the 'shift to more positive po-
SalCul 130 +0.941 +1.14¢ tential of the first reduction

[a] Measured in dichloromethane. [b] Irreversible step, anodic peak given. [c] Measured in acetonitrile.
[d] E\,=1/2(E,, + E,) in V versus SCE in presence of 0.1 TBACIO,. [e] Irreversible step, cathodic peak given.

SalH,, DPSalH, and [Ru(bpy),(DPSalH,)J’*: The CV of
DPSalH, in MeCN (Figure 5a) shows no reduction wave
within the scanned potential window (—2V versus SCE)
and two nonreversible oxidation waves at quite high poten-
tials which are assigned to the oxidation of the phenol
groups. Such a redox behaviour is closely related to that of
SalH,, which shows a similar CV under the same experimen-
tal conditions. The electrochemical behaviour of [Ru(bpy),-
(DPSalH,)]** conforms to that of a [Ru(bpy);]**-type com-
plex (Figure 5) and, as expected for a heteroleptic complex,

a)

: 5 pnA

[T T T[T T T [T I T[T T T T[T T T T[T T T [T T TTTTTT]|

2 -85 -1 05 0 05 1 15 2
E[V]/ECS —=

b)
10 pA

2 15 -1 05 0 05 1 L5 2
E[V]/ECS —=

Figure 5. Cyclic voltammograms in MeCN (10°wm solutions, room tem-
perature, sweep rate 100 mVs™, Ag/AgClO, electrode as reference, 0.1 M
TBACIO, as supporting electrolyte). a) [Ru(bpy),(DPSalH,)]** and
b) [Ru(bpy),(DPSalCu)]**.
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wave. This implies the presence
of DPSalH, in the coordination
sphere of ruthenium and that
the addition of the first electron
more likely occurs on the coordinated DPSalH, due to its
more electron accepting character than bpy because of the
two imino groups. The irreversible character of this wave
under our experimental conditions suggests that the addition
of one electron on the imine moiety is followed by a chemi-
cal reaction, probably a proton transfer from the nearby
phenolic OH group. On the anodic side of the CV, oxidative
peaks for the phenol group together with that of Ru"
appear almost at the same potential. A differential pulsed
cyclic voltammogram allowed us to separate the different
redox waves, and the first is assigned to the oxidation of
the phenol group, while the potential for the Ru"/Ru"
(+1.37V versus SCE) falls within the typical potential
range for [Ru(diimine);]** complexes.

SalCu and [Ru(bpy),(DPSalCu)]*": The CV of SalCu (see
Supporting Information) in dichloromethane shows one re-
versible reduction wave (—1.30 V versus SCE), ascribed to
the reduction of Cu'! to Cul, and two reversible oxidation
peaks (+0.94 and +1.14 V versus SCE, respectively) corre-
sponding to the sequential oxidation of the deprotonated
phenol groups. The locus of oxidation was assigned after
spectroelectrochemical studies and furthermore confirmed
by a recent paper of Pratt et al."”! Indeed, the UV/Vis/NIR
spectrum of the monooxidised species shows absorption
bands in the NIR (800-1500 nm) region that are characteris-
tic of a bound phenoxyl radical.?”

Upon reduction, [Ru(bpy),(DPSalCu)]** is characterised
by three reversible redox processes at —0.81, —1.39 and
—1.60 V versus SCE (Figure 5b). This sequence of steps can
be compared with that of [Ru(bpy),(DPSalH,)]**, where
the main difference is the positive shift of the first reduction
wave. The second and third reductions occur at almost the
same potentials in both cases and are in favour of sequential
addition of one electron to the two unmodified bipyridine li-
gands. However, the positive shift of 360 mV for the first re-
duction wave is quite remarkable. Two proposals can ac-
count for this wave: a ligand- or a metal-centred (Cu"/Cu")
reduction. In the case of a ligand-centred process, it implies
that the presence of the copper(i) ion in the salophenic

www.chemeurj.org  Chem. Eur. J. 2005, 11, 36983710
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cavity facilitates uptake of the first electron by the ditopic
ligand skeleton. On the other hand, if electron addition in-
volves the copper(i1) center, this would imply a positive shift
of about 500 mV (from SalCu to [Ru(bpy),(DPSalCu)]**)
based only on a Coulombic effect.*!! Spectroelectrochemical
studies on the addition of the first electron showed only
minor modification of optical properties. The EPR spectrum
of the electrolysed solution always shows the presence of
unreduced material caracterised by copper(i) signals, and
this prevents a more detailed spectroscopic analysis.

Two main features are observed on the anodic side of the
cyclic voltammogram of [Ru(bpy),(DPSalCu)]**, that is, a
reversible one-electron process at +0.90 V and a second
nonreversible wave which includes the oxidation of Ru" at
+1.37 V versus SCE. The UV/Vis/NIR signature of the spe-
cies following abstraction of the first electron was monitored
at room temperature in an optically transparent thin-layer
cell in the presence of 0.1m TBACIO, at +1.0 V (Figure 6).

1.0 b

0.5+ T, T

0.0 S e

T L | T T T 1
200 400 GO0 K00 PN 1200 1400
Alfnm —=

Figure 6. Electronic absorption spectra on electrolysis at controlled po-
tential in MeCN (10~*m solutions, room temperature, SCE as reference,
0.1m TBACIO, as supporting electrolyte). For [Ru(bpy),(DPSalCu)]**
on oxidation at +1.0 V/SCE. A =absorbance.

Chemical reversibility of this electron-transfer process was
evidenced by total recovery of the initial spectrum on reduc-
tion, and the presence of several isosbestic points clearly in-
dicates that only two species are in equilibrium in solution.
The main changes in the optical spectrum on abstraction of
the first electron can be closely related to the spectral modi-
fication on oxidation of SalCu to [SalCu]* (see Supporting
Information). Broad bands in the NIR region (800-
1500 nm) and alteration of the charge-transfer bands in the
visible region are generally observed for the generation of a
metalloradical species. It is noteworthy that the m—m* transi-
tion for the bpy moiety at 290 nm is almost unaltered, which
reaffirms that this process is decoupled from the bpy moiety.
However, attribution of spectral change in the region 450-
600 nm is precluded as it probably involves CT transitions
of both components. An important experimental observa-
tion is the negligible potential shift for the first oxidation
wave between [Ru(bpy),(DPSalCu)]** and SalCu. Further-
more, spectroscopic data for the singly oxidised species of

Chem. Eur. J. 2005, 11, 3698-3710 www.chemeurj.org
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[Ru(bpy),(DPSalCu)]** clearly indicates that the locus of
oxidation is unaltered in the dinuclear complex. Likewise,
the oxidation potential for the Ru™/Ru" couple seems unaf-
fected when Cu" is present in the N,O, cavity, that is, no
Coulombic effect is experienced. These observations support
the idea that the electronic properties of each component
are maintained in the covalently attached system, which
hence can be classified as a supramolecular assembly. If we
follow the same argument, then it is unlikely that such a
Coulombic effect is operative for the first electron on reduc-
tion. Hence, a ligand-centred reduction is favoured for the
first reduction process, whereby the presence of two divalent
ions should enhance the stability for electron uptake by the
organic skeleton holding the two metal centers.

Theoretical calculations: DFT calculations were employed
to assess the energy levels and the electronic maps of the
LUMO and HOMO of the free ligand and its corresponding
copper complex. The computed data are necessary to shed
light on the electrochemical properties and the absorption
spectra of the ruthenium complexes. The geometries of the
studied species were optimised at the B3LYP/LanlL.2DZ
level. To shorten these lengthy calculations we omitted the
tert-butyl groups on the phenol rings and retained C, sym-
metry for calculations on DPSalH, and DPSalCu. Test com-
putations on the free ligand with four rBu groups or with C,
symmetry showed that the nature and energy order of the
frontier orbitals are only slightly affected. Our computed
metric data are in good agreement with experimentally
available values, though, as usual, the calculated values are
somewhat higher than the observed ones.””! Steric conges-
tion between the protons of the phenanthroline end and the
iminic protons (c and d, respectively, see Figure 1) leads to a
departure from coplanarity of the phenanthroline skeleton
and the salophenic cavity. The main torsion occurs around
the C(phen)—N(imine) bond. For DPSalH,, N(imine)--H-
(phenol) hydrogen bonds stabilize several conformations (in
our gas-phase calculations) but no planar tetracoordinating
N,O, cavity mode was found. For DPSalCu, the computed
geometry of the copper ion is slightly distorted square-
planar, in agreement with the EPR data.

Figure 7 shows the frontier orbitals for DPSalH, with the
corresponding energy levels and symmetry labels in C, sym-
metry. As our interest is in the ditopic nature of the ligand,
similar calculations were performed on the phenanthroline
and SalH, building blocks with C,, and C, symmetry, respec-
tively (Figure 7). The frontier MOs of the free ligand can be
classified as being more predominantly developed on the
phenanthroline end (“phen-like”) or on the salophenic skel-
eton. The two lowest vacant molecular orbitals consist es-
sentially of the a and b combinations of the antibonding m*
orbitals of the imino (C=N) groups with small contributions
on the phenol groups and almost no contribution on the
phenanthroline extremity. In contrast, the LUMO+2 (b)
and LUMO+3 (a) are more phen-like. Interestingly, the en-
ergies and electronic distributions of these two orbitals are
similar to those of the LUMO+1 (b, ¢y) and LUMO (a, ¥)
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Figure 7. Frontier orbitals for phenanthroline, SalH, and DPSalH, (:Bu groups replaced by H for simpliflica-

tion).

of phenanthroline, respectively. As { and 7y invert their
order going from bpy to phen, the LUMO+2 of the ligand
is almost the LUMO of bpy. In contrast to the localised
character of the LUMOs, for the HOMO the electron densi-
ty distribution is located both on the bipyridine end and, to
a larger extent, on the ancillary Schiff base. The HOMO-1
and HOMO-2 (almost degenerate) are the combination of
phenol MOs and the b, (o-type) orbital of phen, respective-
ly.

Because of the paramagnetic nature of DPSalCu, spin-un-
restricted calculations were performed. Corresponding pairs
of o and f spin orbitals have, as expected, nearly the same
energy and spatial extent (constituting an MO) except for
the d. .-type copper-centred spin orbitals, occupied for a
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spin (unpaired electron) and
vacant for B spin. An orbital
scheme is shown in Figure 8.
The highest occupied and
lowest unoccupied orbitals both
extend essentially over the salo-
phenic  chromophore.  The
LUMO has a small contribution
on phen, but not on the nitro-
gen atoms susceptible to coor-
dinate to ruthenium. Its elec-
tronic distribution is reminis-
cent of the LUMO of the free
ligand but, as a consequence of
coordination to copper, the an-
tibonding m* character of the
imino groups is strongly de-
creased. The LUMO in DPSal-
Cu is hence stabilised as com-
pared to DPSalH,. The HOMO
of DPSalCu differs from the
HOMO of the free ligand as it
has a slight metallic character
and an important contribution
of the phenol groups, especially
the coordinating oxygen atoms.
The theoretical data obtained
for DPSalH, and DPSalCu
were used to substantiate the
electrochemical behaviour of
our complexes. However, data
calculated for the free ligand
and copper compound must be
H-1 considered with caution when
extrapolated to the properties
of the ruthenium complexes.
Considering first [Ru(bpy),-
(DPSalH,)J**, the fact that the
two lowest vacant MOs of the
free ligand are localised on the
salophenic skeleton with no
electronic contribution on the
phenanthroline, especially on
the nitrogen atoms, suggests that no orbital mixing will
occur with the d, orbitals of the ruthenium center. We can
tentatively assume that there is no drastic energy change for
these MOs on coordination with Ru". In contrast, the
LUMO +2 will mix approximately in the same way as the
LUMO of bpy. This can explain why no bathochromic shift
is observed for the MLCT d,—mbpy transition in the absorp-
tion spectrum of the ruthenium complex in comparison with
the [Ru(bpy),]>* chromophore, despite the lower energies
of the first two LUMOs of the ditopic ligand. Turning to
electrochemical properties and assuming that the calculated
LUMO must be the locus for uptake of the first electron,
the preceding remarks allow us to conclude that the first
electron must be localised on DPSalH, and more precisely

LUMC

salophen

} HOMO
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Figure 8. MO correlation between DPSalH, and DPSalCu.

on the strong m-electron acceptor imino groups. This agrees
with the conclusions from the electrochemical behaviour.

On metallation with Ru"l, orbital HOMO—2, which is re-
sponsible for the Ru-ligand ¢ bond, will be strongly lowered
in energy; one can also expect a small stabilisation of the
HOMO by & interaction of the bpy end of the ligand with
ruthenium. Preliminary calculations on [Ru(bpy),-
(DPSalH,)]** were performed in C, symmetry by using the
calculated structure of DPSalH, together with that of [Ru-
(bpy);]**. Both the distances of the metal-coordinating ni-
trogen atoms and the angles around Ru" were optimised.
As indicated in Figure 9, the computed HOMO for [Ru-
(bpy),(DPSalH,)]** is mainly distributed on the phenol
rings with a small contribution on the imino nitrogen atoms.
As can be visualised, this HOMO of b symmetry is similar
to HOMO-3 of the free ligand.

Chem. Eur. J. 2005, 11, 3698-3710 www.chemeurj.org
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Similarly, the electrochemical
behaviour of [Ru(bpy),-
(DPSalCu)]** can be analysed.
The calculated LUMO for
DPSalCu clearly indicates the
nonparticipation of the coordi-
nating nitrogen atoms of the bi-
pyridine, and hence it is most
probable that this MO is only
slightly altered both energeti-
cally and electronically in the
dinuclear complex. In fact, as
pointed out in the electrochem-
ical studies, the first reduction
process indeed implies the addi-
tion of one electron on the het-
eroditopic ligand and not on
the bpy or the copper ion. The
positive shift noticed for this
electron-transfer  process as
compared to the mononuclear
ruthenium complex can be in-
terpreted by stabilisation of the
ligand-centred LUMO in the
presence of copper. The first
oxidation process is also con-
firmed as being a removal of
one electron from a ligand-cen-
tered (essentially on phenol
groups) molecular orbital with
generation of a metalloradical.
Preliminary computed data for
the one-electron-deficient spe-
cies [DPSalCu]* are in favour
of an MO mostly localised on
the phenol rings.

unoccuppied
Cu orbital

Photophysical measurements:
Measurements of luminescence
lifetime, triplet transient ab-
sorption and electron transfer
were carried out to investigate the effect of the DPSalH,
ligand and of copper in the salophenic cavity on the fate of

'

Figure 9. HOMO of [Ru(bpy),(DPSalH,)]** (Bu groups replaced by H
for simpliflication).
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the excited state of the lumophore. In Ru polypyridine com-
plexes, intersystem crossing from the singlet excited state to
the triplet excited state occurs within few hundred femtosec-
onds™ and thus all photochemistry initiates from the lowest
triplet excited state.

From time-resolved picosecond luminescence measure-
ments, the emission lifetime of the complexes in ethanol was
determined. As shown in Figure 10, the emission yield is

Emission 610 nm

./ 200 ns

Time

Figure 10. Emission kinetics at 610 nm on excitation with a nanosecond
laser flash (532 nm). a) Ru(bpy);**, b) [Ru(bpy),(DPSalH,)](ClO,), and
c) [Ru(bpy),(DPSalCu)](ClO,), in argon-saturated EtOH. Sample con-
centrations were adjusted for equal absorption at the excitation wave-
length. Inset: emission kinetics at 610 nm on excitation with a picosecond
laser flash (532 nm) and traces normalised to equal maximum amplitude.

strongly reduced in both complexes as compared to the
parent lumophore. The Iuminescence of [Ru(bpy),-
(DPSalH,)]** and [Ru(bpy),(DPSalCu)]** in argon-saturat-
ed ethanol at 610 nm is characterised by a biexponential
decay consisting of a dominant fast phase which is not time-
resolved in these experiments and a slow component (7
~800 ns). The fast phase, the relative amplitude of which is
slightly larger for [Ru(bpy),(DPSalCu)]** than for [Ru-
(bpy),(DPSalH,)]**, is absent in [Ru(bpy);]**. Emission
measurements with higher time resolution on a faster time
scale (Figure 10, inset) confirmed that the fast decay is char-
acterised by a lifetime of 7 <100 ps. Comparison of the emis-
sion characteristics of [Ru(bpy);]*" and [Ru(bpy),-
(DPSalH,)]** suggests that the observed quenching of emis-
sion is related to the presence of the ligand and is likely to
be due to intramolecular electron transfer. The presence of
Cu" in the salophenic cavity of the ligand enhances the
quenching process, which could be due to faster intramolec-
ular electron transfer or fast energy quenching by the Cu"
ion followed by radiationless decay. The small decay phase
present in both complexes with low relative amplitude (a
few percent of the overall decay) exhibits kinetics very simi-
lar to those of [Ru(bpy);]**. As no trace of [Ru(bpy);]**
could be detected in [Ru(bpy),(DPSalH,)]** and [Ru(bpy),-
(DPSalCu)]** by mass spectroscopy, its origin in our com-
plexes is still unclear.

To characterise the reaction product formed after decay
of the excited state, flash-induced absorption difference

3706

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

spectra were recorded in the visible and near-infrared spec-
tral range. Figure 11 shows the transient absorption spectra
of our mono- and dinuclear complexes. Whereas [Ru(bpy),-

AA

" 2:107 a.u.

T T T T T T T
400 500 600 00 800 a00 1000
wavelength / nm

Figure 11. Spectra of flash-induced absorption changes on excitation with
a nanosecond laser flash (355 nm). [Ru(bpy);] (dotted line, triangles),
[Ru(bpy),(DPSalH,)](ClO,), (solid line, circles), [Ru(bpy),(DPSalCu)]-
(ClO,) (dashed line, squares) in argon-saturated EtOH. Sample concen-
trations were adjusted for equal absorption at the excitation wavelength
(OD;55=0.4). Amplitudes of absorbance changes were taken about 0.5 ps
after the flash and were corrected for the emission.

(DPSalH,)]** displays large absorption changes throughout
this spectral range, only very weak changes were detected in
the case of the Ru/Cu complex. Common features can be
distinguished in the spectra of [Ru(bpy);]** and [Ru(bpy),-
(DPSalH,)]**. Both exhibit bleaching of the ground-state
absorption centred around 450 nm and the appearance of a
very broad absorption band for wavelengths greater than
500 nm and extending into the near infrared. On the other
hand there are differences in relative amplitudes of absorp-
tion bands and the lifetime of the flash-induced absorption
changes. While for [Ru(bpy);]** the relative amplitude of
the bleaching at 450 nm is much larger than the amplitude
of the absorption increase in the red region, it is similar for
[Ru(bpy),(DPSalH,)]**. Concerning the kinetics, the decay
of the absorption changes in the latter (about 30 ps) is much
slower than in [Ru(bpy);]**, for which the absorption
change disappears with the same kinetics as the lumines-
cence (800 ns). This shows that the observed absorption
changes for [Ru(bpy),(DPSalH,)]** are not related to the
MLCT state, as is the case for [Ru(bpy);]*". In agreement
with earlier studies on similar Ru complexes,'” the broad
absorption band in the red region is attributed to an organic
radical species generated by intramolecular electron transfer
to form the state [Ru'(bpy),(DPSalH,) J*+.*¥ In the case
of [Ru(bpy);]** the absorption increase above 700 nm is in
good agreement with earlier reports in which a broad ab-
sorption band peaking around 900 nm was assigned to a T—
T transition of the MLCT excited-state species.’”! The ab-
sence of absorption changes with significant amplitude in
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the case of the Ru/Cu compound indicates the absence of
charge separation on the time scale of nanoseconds and
longer.

If [Ru(bpy),(DPSalH,)]** acts as a charge-separating
device with a lifetime on the order of 30 ps, it should be pos-
sible to efficiently reduce an external electron acceptor such
as methyl viologen (E(MV**/MV"")=—-0.45V versus NHE).

In Figure 12a, the kinetics of flash-induced absorption
changes at 600 nm, where the reduced MV"* absorbs, are
shown in the absence and the presence of 10 mm MV?*',
Indeed, very efficient and long-lived (> 100 ps) reduction of
MV?*t [Eq.(1)] is observed in the case of [Ru(bpy),-
(DPSalH,)]**, whereas MV** reduction was negligible for
the Ru/Cu complex (not shown).

[Ru™(bpy),(DPSalH,) J*" + MV*" —

[Ru" (bpy),(DPSalH,)]** + MV'* @

These findings confirm the interpretations given above
concerning the occurrence of a long-lived charge-separated

3x107 a.u.

20 us
T T T T T T T M T
0 2 4 6 8
time / ps
b)
20 us
g Ty
3
2x10% awu. MV
+MV
T T T T T
0 2 4 6 8
time / us

Figure 12. Time-resolved absorption changes at 600 nm (a) and 820 nm
(b) upon excitation with nanosecond laser flashes at 355 nm for [Ru-
(bpy),(DPSalH,)](ClO,), in the absence and presence of 10 mm MV>* in
argon-saturated EtOH/H,O (90/10). Insets: decay of the transient absorp-
tion in the absence of MV** on an extended time scale.
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state in the former complex and its absence in the latter. In
the case of [Ru(bpy),(DPSalH,)]**, the action of MV?* as
electron acceptor can also be followed by measuring the ab-
sorption of the reduced ligand [DPSalH,|"~ in the near-infra-
red region (Figure 12b). In the absence of methyl viologen
the flash-induced absorption increase at 820 nm disappears
with a half-life of about 30 us (see inset to Figure 12), most
probably following an intramolecular charge-recombination
pathway, as confirmed by the similar rate of regeneration of
Ru" observed at 450 nm (not shown). After addition of the
electron scavenger the decay at 820 nm is strongly accelerat-
ed and occurs with kinetics (7/2 ps) comparable to those of
reduction of MV observed under identical conditions (Fig-
ure 12a). In addition, the absorption change at 450 nm is
much faster than the decay of MV (Figure 13). These ob-
servations demonstrate that the photogenerated Ru™ oxi-
dant is reduced to Ru" by an electron donor other than
MV,

AA

0 2 4 6 8

time / ps ——»

Figure 13. Time-resolved absorption changes at 600 and 450 nm on exci-
tation with nanosecond laser flashes at 355 nm for [Ru(bpy),(DPSalH,)]-
(ClO,), in the presence of 10 mm MV*" in argon-saturated EtOH/H,O
(90110).

Based on the electrochemical studies, we propose that the
donor site responsible for the reduction of Ru™ is the
phenol group of the ligand [Eq. (2)].

[Ru™(bpy),(DPSalHArOH)]** —

[Ru"(bpy),(DPSalHATO)]*" + H* (2)

To confirm this hypothesis, a sample of [Ru"(bpy),-
(DPSalH,)]** in water/ethanol (1/1) was illuminated in the
presence of an excess of the irreversible electron acceptor
[Co™(NH;);Cl]** and was rapidly frozen. The EPR spec-
trum of this sample displayed a narrow signal with no re-
solved structure (see Figure 14). The observed g, value of
2.004 is characteristic of a phenoxyl radical.

The relevant photophysical events for [Ru(bpy),-
(DPSalH,)]** are schematically depicted in Figure 15.
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Figure 14. EPR spectra of [Ru(bpy),(DPSalHArO")]** obtained after il-
lumination of the sample in the presence of [Co"(NH;)sCl]**. Experi-

mental conditions: 7=100 K, v,,,=9.37818 GHz, amplitude modulation
0.4 mT, microwave power 16 pW, modulation frequency 100 kHz, 4 scans.
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Figure 15. Schematic energy-level diagram and photophysical processes
for [Ru(bpy),(DPSalH,)]**. Reaction times are as observed under the
conditions of the photophysical measurements. In the presence of 10 mm
methyl viologen, the long-lived charge-separated state Ru"™L~ (L=
DPSalH,) undergoes oxidative quenching by intermolecular electron
transfer to yield the intermediate state Ru™L+MV™*, which evolves by
intramolecular electron transfer to the state Ru"L*.

Conclusion

In this first chapter of the coordination chemistry of the di-
topic ligand DPSalH,, we have examined the electrochemi-
cal behaviour of the ruthenium and ruthenium/copper com-
plexes. From spectroelectrochemical studies, we have shown
that the coordinated ditopic ligand is the locus for the first
oxidation and reduction processes. This is the case whether
the coordinating N,O, cavity is metal-free or metallated.
DFT calculations were also consistent with these observa-
tions. The fact that no drastic modification is observed in
the redox potential of each constitutive component supports
a weakly coupled system. Also, a remarkably long lived
charge-separated state (>30 pus) is generated on excitation
in the MLCT band for the [Ru(bpy),(DPSalH,)]** complex.
A phenoxyl radical was characterised after illumination of
this complex in the presence of [Co™(NH;)sCl]**.
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Within the time resolution of our apparatus no electron
transfer was observed for [Ru(bpy),(DPSalCu)]**. To eluci-
date this issue, faster photophysical studies (femtosecond
time scale) will be necessary. With the aim of unravelling
the electronic modification of the Ru(bpy),>™ lumophore by
the copper ion, we are performing DFT calculations on both
ruthenium-containing complexes.

Experimental Section

Electrochemical measurements were made with an EGG PAR (model
273 A) electrochemical workstation. The solvents were distilled under ni-
trogen in the presence of dry calcium chloride, and the solutions
(1 mmolL™" for complexes and ligand and 0.1 molL ' of tetrabutylam-
monium perchlorate (TBACIO,)) introduced into an argon-purged heart-
shaped cell. Cyclic voltammetry was performed with a glassy carbon elec-
trode (3 mm in diameter) as working electrode, a platinum grid as coun-
terelectrode and an Ag/AgClO, (0.01m) electrode in acetonitrile as refer-
ence (E.;=0.3 V/SCE). Electrolyses were carried out at controlled po-
tentials in a three-electrode cell with a platinum gauze as working elec-
trode, a platinum grid as counterelectrode and an Ag/AgClO, (0.01m)
electrode in acetonitrile as reference. Low-temperature electrolyses were
run with 0.2m of TBACIO,. UV/Vis/NIR spectra were recorded with a
Varian Cary SE spectrophotometer (200-1500 nm) in 1 cm quartz cells.
Spectroelectrochemical data were obtained by using a three-electrode
thin cell (0.5 mm) mounted in a UV/Vis/NIR spectrophotometer. IR
spectra were recorded with a Perkin-Elmer spectrum 1000 spectrometer
on KBr-matrix pellets. NMR spectra in CDCl; or [Dg]DMSO were ob-
tained with Bruker AC 200 (200 MHz) and AC 250 (250 MHz) spectrom-
eters. EPR spectra were recorded on a X-band spectrometer Elexsys
ES00 (Bruker) at 15, 77 or 100 K. Elemental analyses were performed at
Services de Microanalyse, ICSN-CNRS, Gif-sur-Yvette. Mass spectra
were recorded on a Finnigan Mat, Mat95S in a BE configuration at low
resolution.

All theoretical calculations were carried out using Becke’s three-parame-
ter hybrid functional® with the LYP correlation functional of Lee, Yang
and Parr™! (B3LYP), as implemented in the Gaussian98 package.* For
the open-shell system DPSalCu, calculations were unrestricted
(UB3LYP). A LanL2DZ effective core potential basis set?” was em-
ployed for all atoms. Geometry optimisations were performed in C, sym-
metry (C,, for phenanthroline) with the phenanthroline and phenol rings
kept planar. All other internal coordinates were varied except the C-H
distances.

Flash absorption and emission transients were measured with setups of
local design. All measurements were done at 296 K. For absorption tran-
sients the measuring light was provided by a 150 W tungsten-halogen
lamp. The wavelength was selected with interference filters placed before
and a monochromator (Czerny-Turner) placed after the 10x10 mm
sealed cuvette containing the sample. The sample was excited at 90° to
the measuring beam by a flash from a frequency-tripled Nd:YAG laser
(355 nm, duration 5 ns, ca. 6 mJ cm2; Surelight, Continuum). Absorbance
changes were detected with a silicon photodiode and signals were ampli-
fied by a wideband preamplifier (model 5185, EG&G) before recording
by a digital oscilloscope (TDS 3034B, Tektronix). For emission transients
excitation was done by a flash from a frequency-doubled picosecond
Nd:YAG laser (532 nm, duration 25 ps, ca. 300 wWJcm~?; Continuum) or
from a frequency-doubled nanosecond Nd:YAG laser (532 nm, duration
7 ns, 2 mJcm ?; Quantel). The detection wavelength was selected by in-
terference filters and signals detected with a microchannel-plate photo-
multiplier tube (R2566U, Hamamatsu) and a 7 GHz digitising oscillo-
scope (IN7000, Intertechnique) or by a digital oscilloscope (TDS 744 A,
Tektronix).

Ruthenium trichloride was purchased from Aldrich Chemical Company.
2,2'-Bipyridine (bpy) and 1,10-phenanthroline (phen) were obtained from
Janssen Chemical Company. 1,10-phenanthroline-5,6-diamine (1),* 3,5-
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di-tert-butylsalicylaldehyde (2),*! [Ru(bpy),CL]*" and SalH,"!! were syn-
thesised as described in the literature.

Synthesis of DPSalH,: 1,10-Phenanthroline-5,6-diamine (1, 200 mg,
0.95 mmol) and 3,5-diterbutylsalicylaldehyde (2, 670 mg, 2.86 mmol) were
suspended in dry ethanol (30 mL) together with a few drops of triethyl
orthoformate. The mixture was heated to reflux for 2 h, and the yellow
precipitate collected by filtration, washed with diethyl ether and dried
under vacuum. Yield 81 %; elemental analysis calcd (%) for C,,HsN,O,
(642.87): C 78.47, H 7.84, N 8.72, O 4.98; found: C 76.21, H 7.95, N 7.83.
"H NMR (CDCly): 6=13.15 (s, 2H), 9.18 (dd, 2H), 8.71 (s, 2H), 8.42 (dd,
2H), 7.63 (dd, 2H), 7.45 (d, 2H), 7.11 (d, 2H), 1.45 (s, 18 H), 1.25 ppm (s,
18H); IR: 7= 3451.5 (OH), 2964.23, 2909.24, 2871.20 (CH), 1614.18 (C=
N phen), 1571.30 cm™" (C=N imine).

Synthesis of [Ru(bpy),(DPSalH,)](Cl0,),: cis-[Ru(bpy),CL]-2H,0
(30 mg, 0.057 mmol) and AgNO; (19.6 mg, 0.115 mmol) were suspended
in methanol (5 mL). The mixture was stirred magnetically for 1 h under
an argon atmosphere and the white precipitate of AgCl was filtered off.
DPSalH, (37 mg, 0.051 mmol) dissolved in dichloromethane was added
to the clear red solution followed by a few drops of triethyl orthoformate.
The reaction mixture was heated to reflux in the dark with stirring under
argon for 2 h. The reddish solution was then concentrated on a rotatory
evaporator. An orange solid precipitated on addition of a concentrated
aqueous solution of NaClO,. The precipitate was collected by filtration
and washed with water. Yield 84 %; elemental analysis calcd (%) for
CsoHgsCLLNgOgRu-0.5NaClO, (1316.43): C 56.57, H 5.05, N 8.51; found:
C 56.31, H 5.09, N 8.50. '"H NMR ([D¢]DMSO): 6 =12.89 (s, 2H), 9.06 (s,
2H), 8.87 (t, 4H), 8.65 (d, 2H), 8.15 (m, 6H), 7.85 (m, 4H), 7.63 (m,
4H), 7.4 (m, 6H), 1.34 (s, 18H), 1.22 ppm (s, 18H); IR: 7= 3423.68
(OH), 2954.42, 2867.38 (CH), 1615.76 (C=N phen), 1584.76 (C=N imine),
1087.69 cm™' (ClO,).

Synthesis of [Ru(bpy),(DPSalCu)](ClO,),: [Ru(bpy),(DPSalH,)](ClO,),
(50 mg, 0.04 mmol) was dissolved in methanol (20 mL) and Cu-
(acetate),"H,O (10 mg, 0.05 mmol) was added. The mixture was stirred at
room temperature overnight. The deep red solution was concentrated
under reduced pressure and a solid precipitated on addition of a concen-
trated aqueous solution of NaClO,. The red solid was filtered off, washed
with water and dried under vacuum. Yield 82%; ES-MS: m/z 558.7 [M**
]; IR: 7#=2951.55, 2901.96, 2868.34 (CH), 1616.78 (C=N phen), 1571.30
(C=N imine), 1087.68 cm ' (ClO,).

Synthesis of SalCu: SalH, (60 mg, 0.11 mmol) was dissolved in methanol
(20 mL) and Cu(acetate),H,O (25 mg, 0.125 mmol) was added. The mix-
ture was heated to reflux for 3 h. A red powder precipitated and was fil-
tered off, washed with methanol and water and dried under vacuum.
Yield 86%; ES-MS: m/z 602.3 [M™]; IR: #=2953.65, 2906.50, 2867.44
(CH), 1605.56 cm ™' (C=N).
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