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ABSTRACT: Two ruthenium complexes, [Ru(NN)(ttpy)]**
and [Ru(NN)(daatpy)]*", have been designed and prepared,
where NN is bis(amine) ligand 4’-tolyl-S,5”-bis(di-p-anisyla-
mino)-2,2":6’,2"-terpyridine, ttpy is 4’-tolyl-2,2":6’,2"-terpyr-
idine, and daatpy is 4'-di-p-anisylamino-2,2":6',2"-terpyridine.
Complex [Ru(NN)(daatpy)]** contains three redox-active
amine groups and has been characterized by single-crystal X-
ray analysis. These two complexes display much-enhanced
light absorption capabilities with respect to the prototype
compound [Ru(tpy),]** (tpy = 2,2':6’,2"-terpyridine), which
has been rationalized on the basis of time-dependent density

functional theory calculations. Electrochemical and optical studies showed that there was little electronic coupling between two
amine sites in complex [Ru(NN)(ttpy)]*". On the other hand, a ligand-to-ligand (N — N’**) charge-transfer band has been
observed at 1430 nm for singly and doubly oxidized forms of [Ru(NN)(daatpy)]**, and an electronic coupling parameter of 1000
cm™! was derived using the Hush formula. This band is interpreted as a charge transfer from the neutral amine of the daatpy

ligand to oxidized aminium units in the NN ligand.

B INTRODUCTION

Polypyridine transition-metal complexes have been the focus of
intensive research activities because of their attractive electronic
and optical properties.' Many of them feature chemically
reversible metal-associated redox processes and broad metal-to-
ligand charge-transfer (MLCT) transitions in the visible region.
They have been used in a wide range of applications including
organic light-emitting devices (OLEDs),> dye-sensitized solar
cells,®> mixed-valence chemistry,4 and electrochromic devices.®
On the other hand, triarylamines are one of the most popular
organic optoelectronic materials,® well-known for their good
electron-donating and hole-transporting abilities. They have
been widely used in many optoelectronic devices, such as
OLEDs’ and photovoltaic devices.®

Hybrid compounds consisting of polypyridine transition-
metal complexes and triarylamines are expected to yield
materials with appealing optoelectronic properties.” For
instance, the incorporation of triarylamine units into
transition-metal dyes has been reported to greatly enhance
light absorption and, hence, the photovoltaic efficiency of solar
cells.'® Ruthenium complexes containing peripheral diphenyla-
mino groups have been used to prepare metallopolymeric films
through oxidative electropolymerization.'" Recently, Lemaire
and co-workers documented the ferromagnetic coupling
between a triarylaminium radical cation and a Mn** center
supported by 2,2'-bipyridine."*
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We are particularly interested in using polypyridine metal
complexes as a backbone to mediate amine—amine electronic
coupling. A large number of mixed-valence systems with
triarylamines as charge-bearing sites have been reported to
investigate the amine—amine electronic coupling.13 However,
most systems are bridged with a purely organic component
except for a few examples.'* We recently reported on a
[Ru(tpy),]-bridged bis-amine compound [Ru(daatpy),]**
(Figure 1; tpy = 2,2":6/,2"-terpyridine and daatpy = 4'-di-p-
anisylamino-2,2":6’,2"-terpyridine) and observed the presence
of an intervalence charge-transfer (IVCT) band between two
amine sites after monooxidation."® In another report, the lateral
chelation of a metal component to 2,2'-bipyridine was found to
enhance the electronic couplin§ between two amines on the S
and 5’ positions of the ligand.'® These results encouraged us to
investigate the possible metal-mediated electronic communica-
tion between two amines on the 5 and 5” positions of a tpy
compound. A possible candidate for this purpose is represented
as [M(5,5"-N,N-tpy)] in Figure 1, which will require the
synthesis of 5,5”-dibromo-2,2":6",2"-terpyridine. We note that,
although an improved procedure has been disclosed for the
synthesis of this bromide,'” four-step reactions are necessary
from commercially available sources. Thus, we turned our
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Figure 1. Metal-containing bis-amines. Counteranions have been
omitted.

attention to a new compound (Scheme 1), 4'-tolyl-5,5"-
dibromo-2,2":6',2"-terpyridine (1), which can be prepared
through a one-step reaction from commercially available
sources using a known approach to 4'-aryl-2,2":6',2"-terpyr-
idine compounds.'® Compound 1 was later used to prepare bis-
amine ligand 2 and two ruthenium complexes, 3°* and 4%,
where complex 4’ contains three redox-active amine sites. In

this contribution, we present the electrochemical, optical, and
computational studies of these compounds.

B RESULTS AND DISCUSSION

Syntheses and Crystal Structures. As shown in Scheme
1, 4'-tolyl-S,5"-dibromo-2,2":6',2"-terpyridine (1) was prepared
by condensation reaction using p-tolualdehyde and 2-acetyl-5-
bromopyridine in the presence of aqueous ammonia and
potassium hydroxide (78% yield).'® A palladium-catalyzed C—
N coupling'® between 1 and 4,4'-dimethoxydiphenylamine
afforded the bis-amine ligand 2 in 36% yield. The reactions of 2
with [Ru(ttpy)Cl;] and [Ru(daatpy)ClL]" (ttpy = 4'-tolyl-
2,2":6',2"-terpyridine), followed by anion exchange with KPFy,
yielded complexes 3** and 4°* in acceptable yield, respectively.
The details of synthesis and characterization data are given in
the Experimental Section.

A single crystal of 4** suitable for X-ray analysis’® was
obtained by the slow diffusion of petroleum ether into a
solution of 4** in chloroform. A thermal ellipsoid plot of 4** is
shown in Figure 2. The ruthenium atom has a distorted
octahedral configuration. All triarylamine units have a
configuration like a three-bladed propeller with a planar central
nitrogen atom. The amine unit with the N3 atom in the daatpy
ligand is sandwiched between two methoxybenzene rings in the
NN ligand but slightly bent toward one of them. However, this
slight distortion is not preserved in solution. The '"H NMR
spectrum of 4** (provided in the Supporting Information, SI) is
in accordance with a C,-symmetric chemical structure. For
simplicity, the triarylamine on the daatpy ligand will be referred
to as central triarylamine and those on the NN ligand with N1
or N2 atoms as peripheral triarylamines.

Scheme 1. Synthesis of Compounds Studied
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Figure 2. Thermal ellipsoid plot of [4](PF4), with 50% probalility.
Solvents and counteranions are omitted for clarity. Atom color code:
hydrogen, white gray; carbon, gray; nitrogen, blue; oxygen, red;
ruthenium, magenta.

Electrochemical Studies. The electronic properties of bis-
amine 2 and complexes 3** and 4°' were examined by
electrochemical analysis (Figure 3 and Table 1). Two closely
spaced anodic couples at +0.80 and +0.85 V vs Ag/AgCl are
evident in the cyclic voltammogram (CV) of ligand 2, which is
also discernible on the Gaussian-fitted curves of its differential
pulse voltammogram (DPV; Figure 3a). These waves are
assigned to the chemically reversible N/N*®" processes of two
triarylamine units in ligand 2. It should be noted that the
oxidations assigned to the two amine groups in 2 occur at
slightly lower potentials than that of the daatlpy ligand (+0.97 V
under the same measurement conditions).”> The irreversible
peak at a more positive potential in Figure 3a is due to further
oxidation of the in situ produced N** group (N*/?* process).”!
In the anodic scan of complex 3**, only a two-electron N/N**
wave is observed at +1.03 V vs Ag/AgClL. The Ru™™ process at
+1.44 V overlaps with the irreversible N*/>* processes, which is
more evident in the DPV in Figure 3b. Two ligand-based
reduction waves at —1.24 and —1.57 V are observed in the
cathodic scan of 3*". The height of each reduction wave is
around half that of the anodic couple at +1.03 V, which
supports the assertion that the latter one is a two-electron
event. The oxidations of the amine units in complex 3** occur
at more positive potentials than those in ligand 2, reflecting the
electron-withdrawing nature of the metal component.

Figure 3c shows the CV and DPV of complex 4**. Two
cathodic couples at —1.37 and —1.67 V vs Ag/AgCl are
observed. The anodic peak around +1.0 V is somewhat broad
and roughly 3 times as high as each cathodic peak. Besides, two
Gaussian-fitted curves at +0.99 and +1.06 V with a 1:2 height
ratio can be deconvolved from the DPV band. This makes us
believe that the peak at +1.0 V is a three-electron event and is
associated with the oxidations of three amine units in 4.
Considering that the oxidation of the triarylamine in ligand 2 is
easier than that in daatpy, the first oxidation event of 4 is
likely associated with one of the peripheral amines of the NN
ligand. The irreversible peak at +1.37 V is assigned to the
further N*/>* process, followed by the Ru™ wave at +1.61 V.
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Figure 3. CVs and DPVs (blue lines) of (a) 2, (b) 3**, and (c) 4*" in
CH,CL,/CH,CN (1:1) at a scan rate of 100 mV s™' containing
ferrocene as an internal standard (except CVs in part b). Green lines
represent the Gaussian-fitted curves of some DPV bands.

Table 1. Electrochemical Data

E,," (anodic)

E;p®
compound amine Ru~/& (cathodic)

2, NN ligand +0.80, +0.85, +1.40°

3% [Ru(NN)(ttpy)]**  +1.03 (2e), +1.40° +1.44  —124, —1.57
4**, [Ru(NN) +0.99, +1.06 (2e), +1.61  —1.37, —1.67

(daatpy)]** +137°

daatpy® +0.97, +1.41°

[Ru(daatpy)(tpy) ] +0.98, +1.35° +1.44  —134, —1.58
[Ru(tpy),]**¢ +1.32 —122, —1.46

“The potential is reported as the E, /, value vs Ag/AgCl. Potentials vs
Fc”* can be derived by subtracting 0.45 V. bEp,anodid irreversible. “See
ref 13.

It should be noted that the Ru"™™ potentials for complexes 3%,
4%, and [Ru(daatpy)(tpy)]** are all more positive than that of
the pristine complex [Ru(tpy),]*,"* as a result of the presence
of the electron-withdrawing aminium cations.

Density Functional Theory (DFT) Calculations. DFT
calculations of complexes 3*" and 4** were performed on the
level of B3LYP/Lanl2DZ/6-31G*/conductor-like polarizable
continuum model (CPCM) with the inclusion of solvent
(CH,ClL,) to aid in the understanding of their electronic
structures (see details in the Experimental Section). Figures 4
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Figure 4. Isodensity plots of selected frontier orbitals for 3** along
with the energy diagram. All orbitals have been computed at the level
of B3LYP/Lanl2DZ/6-31G*/CPCM/CH,Cl, with an isovalue of 0.02
e bohr™.
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Figure 5. Isodensity plots of selected frontier orbitals for 4** along
with the energy diagram. All orbitals have been computed at the level
of B3LYP/Lanl2DZ/6-31G*/CPCM/CH,Cl, with an isovalue of 0.02
e bohr™.

orbitals are given in Figures S1 and S2 in the SI. The lowest
unoccupied molecular orbital (LUMO) and LUMO+1 of 3**
are associated with the ttpy ligand. A higher-lying LUMO+2 is
dominated by the NN ligand. This information is helpful for
the assignment of the cathodic electrochemical waves in Figure
3b, where reduction of the ttpy ligand in complex 3*" occurs
prior to the bis-amine ligand. The highest occupied molecular
orbital (HOMO) and HOMO-1 of 3** have similar
configurations, dominated by two triarylamine units. They are
well-separated from the lower-lying metal-associated occupied
orbitals, such as HOMO—-2, HOMO-3, and HOMO—4.

The configurations of the first few unoccupied frontier
orbitals of complex 4** are very similar to those of 3**. The

daatpy ligand contributes dominantly to the LUMO and
LUMO+1. The NN ligand is responsible for the LUMO+2
level (Figure S2 in the SI). Accordingly, the cathodic CV waves
at —1.37 and —1.67 V in Figure 3c are assigned to reduction of
the daatpy and NN ligands in complex 4°*, respectively. The
HOMO of 4** is associated with two peripheral triarylamines
but biased toward one of them. The HOMO-1 has
contributions from the central triarylamine and one of the
peripheral amines. All three amines contribute to the HOMO—
2 level. The calculated energy separations among these orbitals
are relatively small (AEgomo/momo-1 = 0.06 eV;
AEyomo-1/moMo—2 = 0.03 eV), which indeed correlates well
with the above electrochemical results of 4" that show the
oxidations of three triarylamines around similar potentials.
Lower-lying occupied orbitals of 4**, such as HOMO-3,
HOMO—4, and HOMO-S5, are mainly associated with the
metal component.

Spectroscopic Studies and Time-Dependent DFT
(TDDFT) Calculations. Absorption spectra of 3** and 4>
were recorded and paralleled by TDDFT calculations.
Experimental spectra are shown in Figure 6, together with

—— [Rutpy),I”
0.8 e
—— [Ru(NN)(ttpy)]

—— [Ru(NN)(daatpy)]*

&10°M 'em’’

300 400 500 600
Anm
Figure 6. (a) UV/vis absorption spectra of [Ru(NN)(ttpy)](PF),

(3"), [Ru(NN)(daatpy)](PFs), (4*), and [Ru(tpy),](PFs), in
CH,CL,

that of [Ru(tpy),]**. Predicted excitations are given in Table S1
and Figure S3 in the SI. Frontier orbitals involved in these
excitations are given in Figures S1 and S2 in the SI. Complexes
3?* and 4** absorb continuously from the ultraviolet (UV) to
the visible region. Clearly, light absorption of 3** and 4** is
much more enhanced than the prototype compound [Ru-
(tpy),](PFq),, in both terms of strength and width.

In the visible region for 3%, two shoulder bands around 430
and 500 nm can be discerned. According to TDDFT results,
the latter band is mainly associated with the S, excitation, which
is dominated by the HOMO — LUMO+2 intraligand charge-
transfer (ILCT) transitions. However, the former band should
be interpreted as a result of both ILCT and MLCT transitions,
mainly associated with So, S5, Si3, and S excitations. A very
shallow shoulder band around 530 nm can also be discerned for
complex 4**. TDDFT results predict that S,, S, S,, and Sg
excitations are responsible for this band and they are largely of
ILCT and ligand-to-ligand-charge-transfer (LLCT) origin from
three triarylamine units. In the region between 400 and 450
nm, TDDFT results imply the presence of a set of complex
excitations (from S;, to S;3) with mixed contributions from
MLCT, LLCT, and ILCT transitions. These excitations are
responsible for the absorption bands experimentally observed
between 340 and 480 nm for complex 4**
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Oxidative Titration and Near-Infrared (NIR) Transition
Analysis. In the studies of triarylamine mixed-valence systems,
a routine method is used to stepwisely oxidize individual amine
units, using a chemical (for instance, a solution of SbCly in
CH,Cl,)** or an electrochemical method, and to monitor the
NIR spectral changes to see if an IVCT band can be observed."
Because of the possible complexity caused by coordination of
the tpy ligand to SbCl;, an electrochemical method is preferred
for the bis-amine ligand 2. When a solution of 2 in CH,Cl, was
subjected to oxidative electrolysis on an indium—tin oxide
(ITO) glass electrode (the potential was gradually applied from
+0.4 to +1.2 V vs Ag/AgCl; see details in the Experimental
Section), the ILCT band at 377 nm gradually decreased, with
the concomitant appearance of two new bands at 490 and 780
nm (Figure 7). This indicates generation of a nitrogen radical
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Figure 7. Absorption spectral changes of the bis-amine ligand 2 in
CH,Cl, upon (a) a first one-electron and (b) a second one-electron
oxidation by stepwise oxidative electrolysis at an ITO glass.

cation group (N°*) in the solution. The appearance of two
similar bands for the N** group in this region has previously
been documented.'>** Upon a further increase in the potential
to +1.2 V, the peak at 780 nm increased continuously and no
more absorption bands were observable in the NIR region
during the oxidation process. Figure 8 shows the NIR spectral
changes of complex 3*" upon the gradual addition of up to 2
equiv of SbCls in CH,Cl,. Similarly, the absorption bands
around 400 nm were found to decrease, and two new bands at

0.6+

2 10°M'em”

600 900 1200 1500 1800
anm

Figure 8. Absorption spectral changes of 3** in CH,Cl, upon two-
electron oxidation by the gradual addition of SbCl.
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470 and 840 nm due to the N** group developed. The shallow
low-energy band between 1000 and 1800 nm is very likely due
to the charge-transfer transition from the metal center to the
generated N** group.' It is clear from Figures 7 and 8 that no
IVCT band is observable for 2 and 3** during the oxidation
process, which indicates that the electronic coupling between
two amines in these compounds is very weak. The emergence
of the N**-associated absorption around 800 nm of 3** upon
oxidation can also be observed through electrolysis at an ITO
glass electrode (Figure S4 in the SI, applying a potential from
+0.70 to +1.10 V vs Ag/AgCl). However, this band is much
weaker than that observed in Figure 8 upon chemical oxidation.
Upon a further increase in the potential, this band began to
decrease, indicating decomposition of the in situ generated N**
group. Thus, for studies of triarylamine-containing complexes
with a relatively high N”* potential, chemical oxidation is
preferred.

The spectral changes for complex 4** with three redox-active
amine sites upon oxidative titration are significantly different
from those for 2 and 3*". When a proper amount of SbClg
(around 2 equiv) was gradually added to a solution of 4**, a
new peak at 1430 nm with medium intensity increased along
with the emergence of a N**-associated absorption at 820 nm
(Figure 9a). Upon a further increase in the amount of SbCls,
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Figure 9. Absorption spectral changes of 4°* in CH,Cl, upon (a)
single and (b) double oxidation by the gradual addition of SbCl;.

the peak at 1430 nm decreased but the N®*-associated
absorption continued to increase. At the same time, the
appearance of another new peak at 1220 nm was observed
(Figure 9b). When an excess of the oxidant was added, no more
changes were evident.

Taking into account the above electrochemical and DFT
results and the oxidative titration measurements, we believe
that the peripheral triarylamines of the NN ligand of 4** were
first oxidized, followed by the oxidation of the central amine of
the daatpy ligand. In the singly and doubly oxidized forms (4°"
and 4%), the peak at 1430 nm is ascribed to the LLCT (N —
N’**) transitions from the neutral central amine to the oxidized
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peripheral aminium units. In the triply oxidized form, the peak
at 1220 nm is assigned to a MLCT (M — N**) band associated
with the oxidized central aminium unit in the daatpy ligand.
This assignment is reasonable considering the fact that an
intense Ru — N°®* MLCT band at 1360 nm has been
previously'® observed for the monooxidized form of [Ru-
(daatpy)(tpy)]**, while the singly oxidized 3** only displayed
very weak and shallow bands in the region with wavelength
longer than 1000 nm.

Assuming symmetric shapes, the NIR bands for the doubly
oxidized state of 4** with A > 1000 nm were deconvolved into
two Gaussian-fitted bands at 8400 and 7140 cm™' (pink and
blue lines, respectively, in Figure 10). The latter band is the N

0.10+

0.08+

0.06 4

#10°M 'em”

10000 8000 6000 4000
cm’

Figure 10. Gaussian-fitted curves of the NIR bands for the doubly
oxidized form of 4**. The red line shows the experimental data. The
blue and pink lines are Gaussian-fitted curves of the experimental data.
The black line stands for the sum of the blue and pink lines.

— N'*" LLCT transition, while the former band is very likely of
the Ru — N*" MLCT origin, as has been discussed above. The
LLCT band has €, of 11000 M~ cm™ and Av,), of 1600
cm ™", If the Hush formula® Hyy = 0.0206(€m0lmuAV1/2)"?/
rp is used and the average geometrical distance between the
central amine and each peripheral amine site is taken as the
electron-transfer distance, a Hyy value of 1000 cm™ can be
deduced. However, because these data were obtained from the
doubly oxidized form, the coupling parameter Hyy associated
with each amine site should be half of the calculated Hyy value.
In addition, this value should only be taken as a rough estimate
because the real electron-transfer distance is unknown.>® The
nature of the underlying electron-transfer process could be
complex. Considering the space proximity between the
peripheral and central amine units, the involvement of a
through-space process is possible.* However, a charge transfer
involving some hybrid oribtals containing the central ruthenium
site is also possible.

In many studies on mixed-valence systems, DFT and
TDDFT calculations were performed on the open-shell
substances to provide insight into the spin-density distribution
and the nature of IVCT bands.”” Using the same method
(B3LYP/Lanl2DZ/6-31G*/CPCM), we have carried out
similar calculations on the basis of the previously DFT-
optimized structure of 4°* after changing the charge to 3+ and
spin multiplicity to 2. The spin density is dominated by one
peripheral triarylamine in the NN ligand, which is consistent
with the above interpretations that one peripheral amine is
oxidized first and behaves as the acceptor for the N — N**
LLCT transitions (Figure 11). TDDFT calculations have also
been performed on the optimized structure of 4** in CH,Cl,.
Predicted excitations are summarized in Table S2 in the SI, and

Figure 11. DFT-calculated spin-density distribution of 4°* at the level
of B3LYP/Lanl2DZ/6-31G*/CPCM/CH,Cl,.

involved frontier spin orbitals are shown in Figure SS in the SL
However, the computed predictions do not fully agree with the
above spectroscopic assignment. For instance, N — N** LLCT
transitions are predicted to be at a very low-energy region
(around 3000 nm) associated with the 332B — 333B and 331B
— 333B excitations (S, and S,). The S; and S, excitations from
330B and 329B orbitals may correlate with the experimentally
observed Ru — N** MLCT transitions at 1220 nm. In addition,
the N**-group-associated absorption band at 850 nm in Figure
9b can be explained by the predicted Sg excitation with the
324B — 333B origin.

H CONCLUSION

Compounds with multiple redox sites can be treated as a special
class of mixed-valence systems,”® where a multichannel charge-
transfer pathway is possible. We present in this paper two new
bis-amine compounds, 2 and 3%, and one ruthenium complex,
4+ containing three redox-active amine sites. The amine—
amine electronic coupling through the 5 and 5” positions of
2,2":6',2"-terpyridine was proven to be insignificant, either in
the presence of a laterally chelated metal component or not.
However, an effective charge transfer occurred from the central
neutral amine of the daatpy ligand of 4** to an oxidized
aminium cation of another ligand of the same complex. These
findings demonstrated that the [Ru(tpy),] core could be used
to effectively mediate an electronic coupling between redox
sites attached on individual ligands. DFT and TDDEFT
calculations provided some useful information on the electronic
properties of compounds studied. The attachment of triaryl-
amine units to the [Ru(tpy),] core was proven to be efficient
for the enhancement of light absorption, as has been reported
in published works.”'>'® This feature will make these hybrid
materials useful in some optoelectronic applications.*'

B EXPERIMENTAL SECTION

Spectroscopic Measurement. All optical UV/vis absorption
spectra were obtained using a TU-1810DSPC spectrometer from
Beijing Purkinje General Instrument Co. Ltd. at room temperature in
the solvents noted, with a conventional 1.0 cm quartz cell. UV/vis/
NIR spectra were recorded using a PE Lambda 750 UV/vis/NIR
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spectrophotometer. Oxidative spectroelectrochemistry was performed
in a thin-layer cell (optical length 0.2 cm) in which an ITO glass
electrode was set in the indicated solvent containing the compound to
be studied (the concentration is around 1 X 10~* M) with 0.1 M
Bu,NCIlO, as the supporting electrolyte. A platinum wire and Ag/AgCl
in a saturated aqueous NaCl solution were used as counter and
reference electrodes, respectively. The cell was put into the
spectrophotometer to monitor spectral changes during electrolysis.

Electrochemical Measurement. All CV measurements were
taken using a CHI620D potentiostat with a one-compartment
electrochemical cell under an atmosphere of nitrogen. All measure-
ments were carried out in denoted solvents containing 0.1 M
"Bu,NClO, as the supporting electrolyte at a scan rate of 100 mV s™".
The working electrode was a glassy carbon with a diameter of 0.3 mm.
The electrode was polished prior to use with 0.05 ym alumina and
rinsed thoroughly with water and acetone. A large-area platinum wire
coil was used as the counter electrode. All potentials are referenced to
a Ag/AgCl electrode in saturated aqueous NaCl without regard for the
liquid junction potential.

X-ray Crystallography. A single crystal of [4](PF), was mounted
on a glass fiber and transferred into the cold nitrogen stream. The X-
ray diffraction data were collected using a Rigaku Saturn 724
diffractometer on a rotating anode (Mo Ka radiation, A = 0.71073
A). The structure was solved by direct methods using SHELXS-97 and
refined anisotropically on F* with SHELXL-97.>® All hydrogen atoms
were located in their idealized positions, with a methyl C—H bond
length of 0.98 A and an aromatic C—H bond length of 0.95 A, and
included in the refinement using a riding model approximation.

Computational Methods. DFT and TDDFT calculations are
carried out using the B3LYP exchange correlation functional®® and
implemented in the Gaussian 03 program package.’® The electronic
structures of complexes were determined using a general basis set with
the Los Alamos effective core potential LanL2DZ basis set for
ruthenium and 6-31G* for other atoms.>' Solvent effects (CH,Cl,) are
included in all calculations with the CPCM.*>

Synthesis of 5,5’-Dibromo-4'-tolyl-2,2":6',2"-terpyridine (1).
To 20 mL of dry ethanol were added potassium hydroxide (336 mg,
4.0 mmol), p-tolualdehyde (0.36 mL, 3.0 mmol), 2-acetyl-5-
bromopyridine (1.2 g, 6.0 mmol), and 9 mL of a 25% aqueous
ammonia solution. After stirring for 8 h at room temperature, the
resulting precipitate was collected after filtration, and the crude
product was purified through flash column chromatography on silica
gel (eluent: 15:1 petroleum ether/ethyl acetate) to afford 1.13 g of 1 as
a white solid in a yield of 78%. '"H NMR (400 MHz, CDCL,): § 2.44
(s, 3H),7.33 (d, ] = 7.9 Hz, 2H), 7.79 (d, ] = 7.9 Hz, 2H), 7.97 (d, ] =
8.5 Hz, 2H), 8.52 (d, ] = 8.5 Hz, 2H), 8.70 (s, 2H), 8.76 (s, 2H). 3C
NMR (100 MHz, CDCl,): § 21.3, 118.7, 121.2, 122.5, 127.0, 129.7,
135.1, 139.4, 150.1, 150.2, 154.6, 154.9. EL-MS: m/z 481 ([M]"). Anal.
Caled for C,,H,Br,N;: C, 54.91; H, 3.14; N, 8.73. Found: C, 55.11;
H, 3.29; N, 8.64.

Synthesis of 5,5’-Bis(di-p-anisylamino)-4’-tolyl-2,2":6",2"-
terpyridine (2). To a 100-mL oven-dried pressure vessel were
added 1 (0.5 mmol, 241 mg), 4,4’-dimethoxydiphenylamine (1.5
mmol, 344 mg), and 25 mL of dry toluene. The solution was bubbled
with nitrogen for 10 min, followed by the addition of [Pd,(dba)s]
(0.033 mmol, 30 mg), dppf (0.036 mmol, 20 mg), and NaOBu' (1.87
mmol, 180 mg). The vessel was sealed, and the mixture was stirred at
140 °C for 48 h. After cooling to room temperature, the solvent was
removed under reduced pressure. The residue was subjected to flash
column chromatography on silica gel (eluent: 4:1 petroleum ether/
acetone) to afford 140 mg of 2 as a yellow solid in a yield of 36%. 'H
NMR (400 MHz, CDCl,): § 2.40 (s, 3H), 3.81 (s, 12H), 6.87 (d, ] =
8.8 Hz, 8H), 7.11 (d, J = 8.8 Hz, 8H), 7.27 (d, ] = 8.4 Hz, 2H), 7.34
(dd, J = 8.8 and 2.6 Hz, 2H), 7.77 (d, ] = 7.9 Hz, 2H), 8.31 (d, ] = 2.0
Hz, 2H), 8.39 (d, ] = 8.8 Hz, 2H), 8.50 (s, 2H). MALDI-MS: m/z
778.5 ([M]*). Anal. Caled for CyoH,3N0,-0.5H,0: C, 76.32; H, 5.64;
N, 8.90. Found: C, 76.38; H, 5.67; N, 8.56.

Synthesis of Complex [3](PFg),. To 5 mL of ethylene glycol were
added ligand 2 (0.056 mmol, 44 mg) and [Ru(ttpy)Cl;] (0.056 mmol,
30 mg). The mixture was heated to reflux under microwave heating

(power = 375 W) for 30 min. After cooling to room temperature, 200
mg of KPF dissolved in S mL of water was added. The resulting
precipitate was collected by filtration and washing successively with
water and ether. The crude product was subjected to column
chromatography on silica gel (eluent: 20:1 CH,Cl,/CH,;CN) to afford
31 mg of [3](PFy), as a reddish-brown solid in a yield of 37%. 'H
NMR (400 MHz, CD,CN): § 2.50 (s, 3H), 2.57 (s, 3H), 3.55 (s,
12H), 6.43 (d, ] = 2.4 Hz, 2H), 6.77 (s, 16H), 7.05 (dd, J = 9.1 and 2.5
Hz, 2H), 7.28 (t,] = 6.5 Hz, 2H), 7.46 (d, ] = 8.2 Hz,2H), 7.52 (d, ] =
7.9 Hz, 2H), 7.59 (d, ] = 7.8 Hz, 2H), 7.95 (d, ] = 7.9 Hz, 2H), 8.02
(m, 4H), 8.17 (d, J = 9.2 Hz, 2H), 8.56 (s, 2H), 8.60 (d, J = 7.5 Hz,
2H), 8.61 (s, 2H). MALDLI-MS: m/z 1202.1 ([M — 2PF,]*). Anal.
Caled for Cp,HgF,NgO,P,Ru-H,0: C, 57.26; H, 4.14; N, 7.42.
Found: C, 57.00; H, 4.05; N, 7.18.

Synthesis of Complex [4](PFg),. To S mL of ethylene glycol were
added ligand 2 (0.048 mmol, 37 mg) and [Ru(daatpy)Cl,] (0.06
mmol, 39 mg). The mixture was heated to reflux under microwave
heating (power = 375 W) for 30 min. After cooling to room
temperature, 100 mg of KPF, dissolved in 5 mL of water was added.
The resulting precipitate was collected by filtration and washing
successively with water and ether. The crude product was subjected to
column chromatography on silica gel (eluent: 200:1:20 acetone/
saturated aqueous KNO;/water) to afford 52 mg of complex
[4](PF4), as a reddish-brown solid in a yield of 65%. 'H NMR
(400 MHz, CD,CN): 6 2.49 (s, 3H), 3.77 (s, 12H), 3.90 (s, 6H), 6.75
(d, J = 2.4 Hz, 2H), 6.84 (dd, ] = 8, 8 Hz, 16H), 7.03 (d, ] = 9.2 Hz,
2H), 7.14—7.16 (m, 10H), 7.20 (d, J = 8.4 Hz, 2H), 7.36 (d, ] = 5.2
Hz, 2H), 7.49 (s, 2H), 7.62 (t, ] = 8 Hz, 2H), 7.9 (d, J = 8.4 Hz, 2H),
8.08 (d, J = 8 Hz, 2H), 8.15 (d, J = 8.8 Hz, 2H), 8.52 (s, 2H). MALDI-
MS: m/z 1338.4 ([M — 2PF¢]*). Anal. Calcd for
CroHg F Ny OP,Ru-2H,0: C, 56.97; H, 4.30; N, 7.57. Found: C,
56.90; H, 4.19; N, 7.60.
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