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ABSTRACT: A redox-active diamine ligand, 4,4’-bis(di-p-
anisylamino)-2,2'-bipyridine (NNbpy), has been prepared.
Electrochemical and spectroscopic studies suggest that little

electronic coupling is present between two amine groups in 0—©—N o N

"’@@"’é

4
NNbpy. After chelation with Ru(bpy), (bpy is 2,2'-bipyridine), ’ 7\ \=> = S CQ\WN@
the resulting complex displays two N**/° processes at +1.02 and =N ) Y J LN 55("& o~
+1.16 V versus Ag/AgCl In the mixed-valent state, rich near- p N‘:Q\P"’N/

infrared absorptions have been observed, which are believed to Q SN

consist of multiple metal-to-ligand charge transfer and inter- q O)\/)

valence charge transfer transitions in the low-energy region.

These results suggest that the amine—amine electronic coupling has been enhanced by chelation with Ru(bpy),. In contrast, no
efficient electronic coupling can be realized by chelation with Ir(ppy), (ppy is 2’-phenylpyridine) or Re(CO),Cl. A ruthenium
ion-mediated electron transfer mechanism, instead of through-space coupling, has been proposed to explain this phenomenon.
For the purpose of comparison, a monoamine-substituted bpy ligand and corresponding Ru(bpy), complex have been
synthesized and studied. In addition, EPR, DFT, and TDDEFT studies have been performed to complement the experimental
results.

Bl INTRODUCTION

Electron transfer (ET) is ubiquitous in nature and electronic
devices. Since the invention of the Creutz-Taube ion,' mixed-
valence (MV) chemistry has become a powerful means to
examine the fundamental ET process among redox-active
components.2 Important ET parameters, such as reorganization
energy and electronic coupling parameter, can be derived by
intervalence charge-transfer (IVCT) analysis.”The studies of MV
compounds are not only relevant to the understanding of the ET
processes in nature, but also able to produce redox-active materi-
als for various optoelectronic applications such as electrochromic
devices,* molecular switches,” molecule electronics,6 and infor-
mation storage.7

The most common MV compound can be represented by
the general formula, [M,"—~BL—M,""'], where BL is an organic
bridging ligand and M, and M, are redox-active inorganic or
organometallic components, such as ferrocene® and ruthenium

multiple redox processes can be expected from these compounds,
which will make them appealing for applications in molecular
electronics.'®

We present herein the amine—amine electronic coupling
studies through the 4,4’-positions of 2,2’-bipyridine (bpy). We
are particularly interested to know whether the electronic cou-
pling in the bpy ligand 1 with two redox-active di-p-anisylamino
substituents (NNbpy, Scheme 1) could be enhanced by metal
chelation, e.g., with a Ru(bpy), component. The N**/° potential
for the chemically reversible oxidation of the di-p-anisylamino
group substituted on tris-bipyridine or bis-terpyridine ruthenium
complexes is known to be much less positive with respect to the
Ru"™" potential.'">'” The Ru(bpy); core can be considered as an
organometallic bridge to mediate the amine—amine coupling. If
the amine—amine coupling can indeed be enhanced by metal
chelation with Ru(bpy),, then another question arises. Does the
amine—amine electronic coupling take place via a through-bond

complexes.” In recent years, the use of purely organic species as
the redox sites in MV chemistry has also received increasin%
attention," including dihydrazines,11 triarylamines,12 quinones,1

and nitrobenzene derivatives,"* among others. In general, the BL
in these organic MV systems is also made of a conjugated organic
unit. However, a conceptually reverse system, consisting of organic
redox sites bridged by an organometallic bridge, has remained
rather unexplored.”® Such a system is useful in estimating the
strength of organometallic molecular wires® to mediate the elec-
tronic coupling between distal redox sites. In addition, consecutive
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or through-space mechanism? In other words, we are interested
to know if the metal ion species makes a difference to the elec-
tronic coupling. After metal chelation, the two di-p-anisylamino
groups on each bpy ligand are in close proximity, and a through-
space electronic coupling can be assumed. To address these
questions, ruthenium complex 2(PFy),, iridium complex 3(PFy),
and rhenium complex 4 with the NNbpy ligand and ruthenium
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Scheme 1. Synthesis of Compounds Studied in This Paper”
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“bpy = 2,2"-bipyridine; ppy = 2-phenylpyridine.

complex 6(PF;), with one amine substituent have been syn-
thesized (Scheme 1). These complexes have been studied by
combined experimental and computational techniques, including
electrochemical and near-infrared (NIR) spectral analysis, electron
paramagnetic resonance (EPR) analysis, and density functional
theory (DFT) and time-dependent DFT (TDDFT) calculations.

B RESULTS AND DISCUSSION

Synthesis and Characterization. As outlined in
Scheme 1, ligands 1 (NNbpy) and S (Nbpy) with two or
one di-p-anisylamino substituents were synthesized via the
palladium catalyzed C—N coupling between di-p- amsylamlne
with 4,4-dibromo-2,2'-bipyridine or 4-bromo-2,2"-bipyridine'®
in 59% and 80% yield, respectively. The reaction of 1 with cis-
[Ru(bpy),CL ], followed by anion exchange using KPF,, gave
complex 2(PFg), in 62% yield. The iridium complex 3(PF) and
rhenium complex 4 were synthesized from the reaction of 1
with [Ir(ppy),Cl], (ppy = 2-phenylpyridine) and Re(CO)Cl,
respectively. The ruthenium complex 6(PF), with one amine
substituent was obtained from the reaction of ligand 5 with cis-
[Ru(bpy),Cl,] in 77% yield.

The synthesis details are provided in the Experimental Section.
New compounds have been characterized by NMR, mass spec-
trum, and microanalysis. Signals consistent with the chemical
structures of above complexes, after losses of one or two PF4~
anions (except the neutral rhenium complex 4), are evidenced in
their MALDI-TOF mass spectra.

It should be mentioned that hybrid materials composed of
polypyridine metal complexes and redox-active amine motifs
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are known to possess intriguing electronic properties.'” These
complexes exhibit enhanced light absorption and are particularly
useful for solar cell applications. However, few studies focus on
the uses of these organometallic components as bridging units to
mediate electronic coupling.

Electrochemical Studies. The electronic coupling in
these complexes was first studied by electrochemical analysis
(Figures 1 and 2 and Table 1). The cyclic voltammogram (CV)
of the diamine ligand 1 shows one redox couple at +1.14 and an
irreversible oxidation wave at +1.45 V versus Ag/AgCl with the
conventional Bu,NCIO, electrolyte (Figure 1a). The differential
pulse voltammogram (DPV) confirms the same result. The first
redox couple, with a peak-to-peak potential separation (AE,)
of 94 mV, should be the result of the oxidations of two amine
substituents, namely two overlapping N**/® processes. This
suggests that, if the amine—amine electronic coupling is present
in the free ligand NNbpy (1), the degree of coupling would be
rather small. This is also supported by the following spectro-
electrochemical measurements. The large peak-to-peak potential
separation is partially caused by the relatively slow electron
transfer kinetics under the measurement conditions. Note that
the N**/° wave of the monoamine ligand $ has a similar AE
value (see below). The irreversible oxidation peak of 1 at +1.45V
is assigned to the further oxidation of the in situ generated N**
species (N*/** process), as has been observed in many
triarylamine derivatives.'>*° This irreversible oxidation peak is
also evident on the CVs and DPVs of other complexes studied
in this Article. Oxidative dimerization has been reported for
triarylamine compounds.”® However, the dimerization reaction
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Figure 1. CVs of (a, b) 1, (¢, d) 2(PFy),, (e, f) 3(PF¢), and (g, h) 4 with (3, ¢, e, g) Buy,NCIO, electrolyte or (b, d, f, h) Bu,NB(CF;), electrolyte in
CH,Cl, at 100 mV/s at a glassy carbon electrode. The red curves show the N**/° processes of each compound. The insets show the DPV curves in

magenta. Arrows indicate the initial direction of the potential scan.
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Figure 2. CVs of (a) 5 and (b) 6(PFy), in CH,Cl, at a glassy carbon

electrode.

often takes place on the para position of the amine atom. The
possibility of dimerization of 1 (also §) should be low because the
para position is substituted with the methoxy group. When
electrolyte Bu,NB(C4F;), with the weakly coordinating anion
was used in the electrochemical measurement, the N**/°
processes of 1 split into two waves with a potential separation
of 115 mV (Figure 1b). However, no IVCT has been observed
for 1 during the later spectroelectrochemical measurements
with this electrolyte. The potential splitting is likely caused by
Coulombic repulsion.

In stark contrast, when the NNbpy ligand was chelated to the
ruthenium ion to form complex 2(PF;),, it displays two well-
separated and chemically reversible N**/° processes at +1.02 and
+1.16 V with Bu,NCIO, electrolyte (Figure 1c), with a potential
splitting (AE) of 140 mV. This suggests that the amine—amine
electronic coupling is enhanced by ruthenium chelation. This
assertion will be further supported by the IVCT analysis dis-
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cussed below. The comproportionation constant K. for the
equilibrium [N—N] + [N**—N**] — 2[N—N**] is estimated to
be 240 for the MV state, 2°*. When Bu,NB(C¢Fs), electrolyte
was used, the potential splitting of two N**/* processes becomes
slightly bigger (155 mV, Figure 1d).

The redox couple at +1.48 V of 2(PFy), should be assigned to
the Ru™!! process, which is more positive with respect to that
of [Ru(bpy);](PFs), (+1.35 V, Figure SI in the Supporting
Information). This is reasonable because the oxidized aminium
cation motifs in the former complex behave as electron-deficient
substituents and make the ruthenium component more difficult
to be oxidized. In the cathodic scan of 2(PF),, three bpy-
associated reduction waves (bpy”") are observed. The number of
electrons for each N**/° process is proven by comparison with
each bpy”” process as an internal standard, which is a well-
established one-electron process.

The ruthenium complex 2(PFy), shows two well-separated
N**/% processes. However, the situation is different for the
iridium complex 3(PF;) and rhenium complex 4 (Figure le—h).
Complex 3(PFy) shows a two-electron N**/° wave at +1.17 V
(Figure le). Indeed, two close redox waves can be distinguished
with Bu,NB(C¢Fs), electrolyte at this potential (Figure 1f).
Again, the numbers of electron of the N*+/0 processes can be
proven by comparison with the bpy”” internal standard. For
complex 4, all anodic waves are severely irreversible, in the
presence of either Bu,NCIO, or Bu,NB(C4Fs), electrolyte
(Figure 1gh). The first oxidation peak at +1.20 V in Figure 1g
can be assigned to the N**/° process, and the second peak at
+1.36 V is assigned to the further irreversible oxidation of the
aminium radical cation. The redox couples at +1.51 V of 3(PF)
and +1.53 V of 4 are very likely associated with the I/ and
Re'! processes,”' respectively. However, because these processes
occur after and overlap more or less with the irreversible N**/**
peak, it makes little sense to give more accurate assignments.

The monoamine ligand, Nbpy (5), shows a N**/® redox couple
at +0.99 V and an irreversible N**/** peak at +1.40 V (Figure 2a).
The corresponding ruthenium complex 6(PFy), displays a N**/°
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Table 1. Electrochemical Data®

anodic E, ,* (AE,/mV)

amine-based
+1.14 (94, 2e), +1.45°
+1.02 (60), +1.16 (60), +1.35°
+1.17 (108, 2¢), +1.40°
+1.20 (2e), +1.36°

compd
1, NNbpy
2(PFe),, [Ru(NNbpy)(bpy),](PFe),

3(PF), [Ir(NNbpy) (ppy).](PFe)
4, [Re(NNbpy)(CO);Cl]

S, Nbpy +0.99 (94), +1.40°
6(PFy),, [Ru(Nbpy)(bpy),](PFy), +1.08 (70), +1.38°
(Ru (bPY)3] (PFs)z

metal-based cathodic E, /,* (AE,/mV) AEechem_gapb (eV)

+1.48 —1.35 (68), —1.57 (70), —1.83 (68) 237
+1.51 —1.57 (72) 2.74
+1.53 —1.60 (60) 2.80
+1.44 —1.34 (74), —1.53 (74), —1.77 (77) 242
+1.35 -1.32, -1.52, —-1.76 2.67

“Data with Bu,NCIlO, electrolyte. The electrochemical potential is reported as the E, /, value vs Ag/AgCl unless otherwise noted. Potential versus

ferrocene*/®

can be estimated by subtracting 0.45 V. AE, refers to the difference between the anodic and cathodic peak potential. bAE

echem,gap’

the electrochemical energy gap, is determined by the potential difference between the first anodic and cathodic redox wave. “Irreversible oxidation of

N.+, E

anodic*

and Ru™" redox couple at +1.08 and +1.44 V, respectively
(Figure 2b).

The electrochemical energy gap (AEcem,gsp), determined by
the potential difference between the first oxidation and first
reduction redox wave, is 2.37, 2.42, and 2.67 eV for 2(PFy),,
6(PFy),, and [Ru(bpy);](PF¢),, respectively. There is a clear
trend that the presence of more amine substituents decreases the
AE value in ruthenium complexes. In comparison, the

echem,gap Values of the iridium complex 3(PF) and the rhenium
complex 4 (2.74 and 2.80 eV, respectively) are larger relative to
those of the ruthenium complexes.

Spectroscopic Studies. The electronic absorption spectra
of the above complexes are displayed in Figure 3. The absorption

echem,gap

0.8 —2(PFy),
—3(PF,)
"c 0.6- 4
5 —6(PF,),
2 o4l —— [Ru(bpy),J(PF),
=
- \/k
0.0 . . . ;
300 400 500 600
A1 nm

Figure 3. UV—vis absorption spectra in CH,Cl,.

maxima and molar extinction data are summarized in Table 2. All
ruthenium complexes show intense absorption bands in the
visible region, which are largely assigned to the metal-to-ligand
charge-transfer (MLCT) transitions. However, for those
containing amine substituents, the involvement of intraligand
charge-transfer (ILCT) transitions and ligand-to-ligand charge-
transfer (LLCT) is possible. This will be discussed later with the
aid of the TDDFT results of 2>*.

The absorption maxima in the visible region of 2(PF), and
6(PFy), are 478 and 465 nm, respectively. Compared to that of
[Ru(bpy);](PFg); (Aupsmax = 455 nm), the visible absorption of
these amine-containing complexes exhibit a distinct red shift.
With increasing number of the amine substituents, a descending
order of the optical energy gap is present from [Ru(bpy),](PFs),
to 6(PF4), and 2(PF),. This result is in agreement with the
above electrochemical results. The iridium complex 3(PFy)
and rhenium complex 4 do not show a well-separated visible
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Table 2. Absorption Data in CH,CL,“

j'abs,max [nm] (8/105 M71 Cmil)
274(0.50), 312(0.27)

1> 815 (0.063)

2% 336(0.34), 382(0.16), 448(0.17), 478(0.18)
2% 459 (0.17), 845 (0.16), 1620 (0.12)

24 495 (0.17), 870 (0.51), 1164 (0.14)

3" 264(0.78), 329(0.34), 387(0.15)

3% 371 (0.24), 435 (0.14), 883 (0.42)

4 269(0.53), 325(0.28), 395(0.14)

4 462 (0.17), 893 (0.44)

5 230 (0.40)

6** 288(0.93), 329(0.24), 435(0.15), 465(0.18)
6> 414 (0.16), 846 (0.24), 1370 (0.10)
[Ru(bpy);](PFq), 354 (0.051), 420 (0.087), 455 (0.11)

“The original counter-anions are PF,~ as shown in Scheme 1, if
present. 12* was obtained by electrolysis, where counteranion ClO,~
was introduced from the electrolyte. Other higher oxidation forms
were obtained by chemical oxidation using SbCls, where counteranions
SbClg™ are included.

absorption band. Corresponding MLCT bands appear as
shoulder absorptions around 400 nm, as has been observed in
known bpy-containing iridium and rhenium complexes.”* Com-
pared to ruthenium complexes, the iridium and rhenium com-
plexes show consistent bigger optical and electrochemical energy
gaps.

In order to further examine the amine—amine electronic cou-
pling of above compounds, they were stepwisely oxidized by elec-
trolysis or chemical oxidation using SbCls in CH,Cl,. Figure 4
shows the absorption spectral changes of the diamine ligand 1
upon gradually applying a potential from +0.8 to +1.4 V versus
Ag/AgCl at an indium—tin—oxide (ITO) glass electrode, in the
presence of either Bu,NCIO, or Bu,NB(C(F;), electrolyte.
During this process, the ILCT absorption band at 312 nm
decreased a little, and a distinct band at 815 nm appeared. The
latter band is characteristic of the generation of aminium radical
cations from neutral triarylamines.''>*° In the NIR region,
no IVCT absorption appeared at all during this oxidation pro-
cess with both electrolytes (see the enlarged plot of the NIR
absorptions in the inset of Figure 4). This suggests that little
amine—amine electronic coupling is present in NNbpy 1,
consistent with the above electrochemical results. SbCl; is often
used as the chemical oxidant to oxidize neutral triarylamines in
MV studies.'>"> However, it should be inappropriate for the oxi-
dation of 1 due to the possible complexation of SbCl; to the free
coordinating sites of bpy. For the remaining metal complexes, the
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Figure 4. Absorption spectral changes of 1 (a) with Bu,NCIO,
electrolyte and (b) with Bu,NB(CFs), electrolyte in CH,Cl, upon
oxidative electrolysis from +0.8 to +1.4 V vs Ag/AgCl at an ITO glass
surface. The inset shows the enlarged spectral changes in the UV and
NIR region.

use of SbCl; as the chemical oxidant should be suitable. The
N**/% potential of complexes 3(PF) and 4 is quite high (around
+1.20 V vs Ag/AgCl), and it proved difficult to completely

oxidize the amine units of these two complexes by electrolysis. In
this sense, chemical oxidation provides an alternative to probe
the spectral changes upon stepwise oxidations.

When the ruthenium complex 2(PF;), with one NNbpy
ligand was subjected to the stepwise oxidation with SbCls in
CH,Cl,, two intense absorption bands at 845 and 1620 nm with a
low-energy tail appeared at the single oxidation step with 1 equiv
of SbCl; (Figure Sa). During the double oxidation step, the peak
at 845 nm continued to increase and shifted slightly to 870 nm
(Figure Sb). The NIR band at 1620 nm decreased significantly,
with the concomitant appearance of a new band at 1164 nm. The
intense peak at 845 nm of 2** (and 870 nm of 2*) is clearly
attributed to the N**-localized transition. The character of the
NIR band in the MV state will be discussed below. The new band
at 1164 nm of 2*" is assigned to the MLCT transition from the
ruthenium ion to the oxidized aminium unit, which will be
further discussed below. Similar absorption spectral changes
have been observed during the spectroelectrochemical measure-
ments (Figure Sc—f), in the presence of either Bu,NCIO, or
Bu,NB(C¢F;), electrolyte. However, in the double oxidation
step, the N**-localized transition and the MLCT transition are
much weaker with respect to those observed during chemical
oxidation. This difference could be caused by the different anions
used in these measurements or the slow oxidation kinetics due to
a diffusion issue in electrolysis. In addition, the presence of
electrolyte decreases the solubility of the oxidized species, which
may also suppress the complete oxidation of the amine com-
pounds. The spectral changes in Figure Sc,d are reversible when
the oxidized complex was reduced back to the original state.

Figure 6a,b,d shows the absorption spectral changes of the
Nbpy-containing ruthenium complex 6(PFs), and the NNbpy-
containing iridium complex 3(PF;) and rhenium complex 4
upon stepwise oxidation with SbCly, respectively. When 6(PFy),
was transformed into 6°%, the appearance of the N**-localized
transition at 846 nm and the ruthenium — aminium MLCT
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Figure S. Absorption spectral changes of 2(PF), in CH,Cl, upon (a, b) single and double oxidation using SbCl;, (c, d) single (from +0.8 to +1.1 V) and
double oxidation (from +1.1 to +1.35 V) by electrolysis in the presence of Bu,NClO, electrolyte, and (e, f) single (from +0.8 to +1.1 V) and double
oxidation (from +1.1 to +1.4 V) by electrolysis in the presence of Bu,NB(C¢F), electrolyte at an ITO glass surface. The applied potential was

referenced versus Ag/AgCl. *: artifacts.
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Figure 6. Absorption spectral changes of (a) 6(PFy),, (b, c) 3(PFy), and
(d) 4 in CH,Cl, upon stepwise oxidation using SbCl; (for a, b, d) or by
electrolysis in the presence of Bu,NB(C¢F), electrolyte (for c). The
insets in parts b, ¢, and d show the enlarged plots in the NIR region.

transition at 1370 nm were observed (Figure 6a). For complexes
3(PF;) and 4, only the appearance of the N*'-localized
transitions around 900 nm was observed (Figure 6b,d). No
possible IVCT band could be observed for these two complexes.
This is also proven by the spectroelectrochemical measurements
of 3(PFy) in the presence of the Bu,NB(C(F;), electrolyte
(Figure 6¢c). Very weak NIR absorptions can be observed for
complex 3(PFy) after oxidation, which are possibly a result of the
iridium — aminium MLCT transitions. This band is initially
invisible in the single oxidation of 3(PFy). It appears in the later
stage of the double oxidation. It is unreasonable to assign this
band to an IVCT transition. In the case of complex 4%, the
thenium — aminium MLCT band might be shifted to the
shoulder band around 650 nm. These results suggest that the
N—N electronic coupling in NNbpy after metal chelation with
Ir(ppy), and Re(CO;)Cl is negligible, consistent with previous
electrochemical results.

The above spectroscopic studies of 2(PF), show that the NIR
band at 1620 nm of 2°* significantly decreased upon further
oxidation; this band is possibly due to the IVCT transitions of the
MV state. However, the later TDDFT calculations of 2%* suggest
that the absorptions in this region are largely due to the
ruthenium — aminium MLCT transitions. The IVCT transition
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is predicted to locate at a lower-energy region with very weak
oscillator strength. The asymmetric NIR band of 2** obtained by
chemical oxidation is fitted to four Gaussian functions (Figure 7),

0.12- 2>

63+
0.104
0.08+

0.06

e/ 10°M'em™
*

0.044

0.024

0.00

6000 4000

vlem”

10000 8000

Figure 7. Gaussian-fitting of the NIR spectrum of 2** obtained by
chemical oxidation. Black curve is the experimental data. Red curve is the
sum of the deconvoluted subbands. The magenta curve is the possible
IVCT transition of 2**. The absorption spectrum of 6> (blue curve) was
included for comparison. *: artifacts.

where three subbands at 7730, 6560, and 5970 cm™ (green
curves) are responsible for the main absorptions and the weak
band at 4670 cm™" (magenta curve) is responsible for the low-
energy tail absorptions. In comparison, the low-energy
absorptions of 2°* are slightly red-shifted with respect to those
of 6°". In accordance with the TDDFT results shown below, the
weak subband at 4670 cm ™' is thus assigned to the potential
IVCT transition. The electronic coupling parameter H, of
2% is estimated to be 70 cm™' by the Hush formula,® H,, =
0.0206(&malmacAl1/2)"?/ (1), where the ET distance ry, is
estimated by the sum of two amine nitrogen—ruthenium
distances (12.62 A), the ¢, is 340 M"'cm™" after subtracting
the baseline, and the full width at the half height is 1100 cm™".
However, this H,, value is very likely underestimated due to
the error in estimating the ET distance and the spectral
deconvolution.

EPR Analysis of Aminium Radical Cations. The spin
nature of the aminium radical cation 2**, obtained by chemical
oxidation using SbCl, was probed by EPR analysis. Complex 2°*
shows a three-line EPR signal at ¢ = 2.0 at room temperature
in CH,Cl, (Figure 8). Similar signals have been reported for

EPR signal

3450 3500 3550 3600

Magnetic field / Gauss

3350 3400

Figure 8. EPR signal of 2** obtained by chemical oxidation using SbCls
in CH,Cl, at room temperature.

aminium radical cations, as a result of the unpaired electron to
a single "N nucleus.”” This result strongly suggests that the
unpaired electron is localized on the nitrogen atom, instead of the
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Figure 9. Selected frontier molecular orbitals of 2% 4,

ruthenium ion. Polypyridine ruthenium (II) complexes are well-
known to be EPR inactive at room temperature due to fast spin
relaxation by spin—orbital coupling.”*

DFT and TDDFT Calculations. DFT calculations have
been performed on 2%, 3%, and 4 on the Gaussian 09 package.”*
The hybrid B3LYP exchange correlation functional® with the
LANL2DZ basis set*® for Ry, Ir, and Re, and 6-31G* for other
atoms”” were used. The computations were carried out taking
into account solvation effects by means of the conductor pola-
rizable continuum model (CPCM)?® in CH,Cl, solution. It has
been found that the solvation has significant effects on the
electronic structure and optical extinction energies of transition-
metal complexes and MV compounds.”

Supporting Information Figure S2 shows the DFT-calculated
frontier molecular orbital energy orderings of the above com-
plexes. The predicted energy gaps between the highest occu-
pied molecular orbital (HOMO) and the lowest unoccupied
molecular orbital (LUMO) are 3.03, 3.35, and 3.49 eV for 2*%, 3%,
and 4, respectively. This trend is in agreement with the above
electrochemical and spectroscopic studies.

The orbital compositions of HOMOs and LUMOs and
other selected frontier orbitals of these complexes are shown in
Figure 9 and Supporting Information Figure S3. The HOMO
and HOMO — 1 orbitals of 2**, 3%, and 4 are dominated by the
triarylamine segment, with some involvement of the metal ion.
The orbital overlap between the 7 orbitals of the triarylamine
component and the dr orbital of the metal ions can be observed
for the HOMO and HOMO — 1 of all complexes. The HOMO —2
orbitals of these complexes are mainly associated with the metal
component, which are well-separated from the triarylamine
orbitals. The LUMO and LUMO + 1 of 2** are dominated by two
bpy ligands, and its LUMO + 2 orbital has major contribution
form the bpy unit of the NNbpy ligand. The LUMO orbitals of 3"
and 4 are also dominated by the bpy unit of the NNbpy ligand.
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To rationalize the absorption spectra of amine-containing
ruthenium complexes, TDDFT calculations have been performed
on 2*" (Figure S4 and Table S1, Supporting Information). The
low-energy absorption tails around 520—600 nm are mainly
associated with the S; and S, excitations, which can be interpreted
as the LLCT transitions. The main absorption band in the visible
region is associated with the S, S¢, S, Sg, and S, excitations, which
contains multiple MLCT and ILCT transitions from the amine
unit to the bpy unit.

On the basis of the optimized structure of 2**, DFT calcu-
lations have been performed on the singly oxidized forms, 2**,
using the same level of theory (UB3LYP/LANL2DZ/6-31G*/
CPCM). The calculated Mulliken spin density distribution is
shown in Figure 10. The free spin of 2** is predominantly localized

Figure 10. DFT-calculated spin-density distribution of 2*.

within triarylamine segment, consistent with the above spectro-
scopic and EPR studies.

Table 3 and Figure 11 show the TDDFT results of the open-
shell complex 2**. The IVCT transition, associated with the spin
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Table 3. TDDFT-Predicted Doublet (D) Excitations of 23* ¢

D, A/nm f dominant transitions (percent contribution)
1 2493.1 0.0006 B-HOSO — B-LUSO (97%)

2 14153 0.0436 B-HOSO — 1 — B-LUSO (90%)

3 1205.5 0.0351 S-HOSO — 3 — B-LUSO (89%)

4 1159.7 0.0980 S-HOSO — 2 — S-LUSO (88%)

s 841.9 0.0005 B-HOSO — 4 — B-LUSO (98%)

6 816.9 02721 B-HOSO — 5 — B-LUSO (99%)

“Calculation method: UB3LYP/LANL2DZ/6-31G*/CPCM. The
involved spin orbitals are displayed in Figure 11.

B-HOSO-3

Figure 11. Frontier spin orbitals of 2** involved in the TDDFT results
shown in Table 3.

transitions from the f-highest occupied spin orbital (HOSO) to
the f-lowest unoccupied spin orbital (LUSO) (the D, excitation
at 2493.1 nm), is predicted to locate in a low-energy region
with weak oscillator strength (f = 0.0006). The ruthenium —
aminium MLCT transitions have been well-reproduced by the
TDDFT results with moderate strength (the D,, D;, and D,
excitations). The N**-localized transition is predicted by the Dy
excitation. Supporting Information Table S2 and Figures S5 and
S6 show the TDDFT results of 3** and 4*. IVCT transitions have
been predicted for these two complexes at 2662.3 and 2278.7 nm,
respectively. This is, however, inconsistent with the previous
experimental findings, which reflect the limitation of TDDFT
results for open-shell compounds.

Discussion on Electronic Coupling. The electrochemical
and spectroscopic results consistently suggest that there is little
amine—amine electronic coupling in NNbpy ligand. However,
the coupling is enhanced by chelation with Ru(bpy),. It shows
two stepwise amine oxidations with a potential splitting of
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140 mV. The MV state of the resulting ruthenium complex
displays a possible IVCT transition in the NIR region.

As has been discussed in the Introduction section, the two
amine substituents on the chelated bpy ligand have close
proximity, and there is a possibility for a through-space electronic
coupling.*® However, this possibility is low because no evidence
has been observed to support the electronic coupling in the
model Ir and Re complexes, where the two amine substituents
have similar spatial orientations with those of the ruthenium
complexes. This suggests that the amine—amine electronic cou-
pling in 2** is more likely mediated by the ruthenium ion. DFT
calculations show that the HOMO and HOMO — 1 orbitals of
2%* are composed of the r orbitals of the triarylamine component
and the dz orbital of the ruthenium ion. This implies that the
amine—amine electronic coupling mainly takes place via a hole-
mediated superexchange mechanism, as has been proposed in
most bistriarylamine MV systems. Namely, the electron transfer
between [N**—Ru"—N°] and [N°~Ru"—N"**] is mediated by a
[N°—Ru''—N?] state.

The reason why the electronic coupling via the ruthenium
bridge is larger with respect to that via the iridium or rhenium
bridge is not clear at this stage. From a thermodynamic point of
view, the Ir(IV) and Re(1I) ions are equally accessible as Ru(III)
for providing the hole transfer mediation, because Ir(III), Re(I),
and Ru(Il) ions can be oxidized at very similar potentials.
One possible reason is that the Ru(II)—Ru(III) conversion can
be faster with respect to the Ir(IIl)—Ir(IV) and Re(I)—Re(II)
conversions. Supporting Information Figure S7 shows the
DFT-calculated bond length changes of [Ru(bpy);]*",
[Ir(ppy),(bpy)]*, and [Re(bpy)(CO);Cl] upon one-electron
oxidation, which clearly shows that there is very little structural
difference between [Ru(bpy);]** and [Ru(bpy),]**. This would
result in no significant reorganizational barrier to convert
between [N**—Ru'—-N°] and [N°—Ru™—N°] states and thus
fast electron transfer kinetics and strong electronic coupling.
However, much bigger structural changes are observed for
[Ir(ppy),(bpy)]* and [Re(bpy)(CO);Cl] upon one-electron
oxidation. The little structural difference between [Ru(bpy);]**
and [Ru(bpy);]** has previously been documented by com-
paring their single-crystal X-ray structures.”’ The big structural
changes of rhenium bipyridine complexes upon oxidation can
be seen from the time-resolved infrared spectroscopy upon
photoexcitation.*>

Another possibility to consider is that the Ru(bpy),
component has a charge of +2, while Ir(ppy), has a charge
of +1 and Re(CO),Cl is neutral. The extra charge of Ru(bpy),
makes the MV state more stable (thus a larger potential
splitting), allowing the IVCT to be observed. Although this
possibility cannot be ruled out, such Coulombic effect is believed
to be insignificant. This is supported by the facts that the
potential splitting of the ruthenium complex observed with the
weakly coordinating electrolyte Bu,NB(C¢Fs), only differs slightly
with respect to that with Bu,NCIO,, (155 versus 140 mV), and no
sign of IVCT transitions appeared for the iridium complex in the
presence of the Bu,NB(CFs), electrolyte.

It is interesting to note that the positions of the amine sub-
stituents on bpy have a significant effect on the electronic
coupling properties of the resulting ligand and metal complexes.
We previously reported that the same two amine substituents
display efficient electronic coupling through the 5,5"-positions of
free bpy,” and this coupling can be slightly enhanced by metal
chelation with Ru(bpy),, Ir(ppy), and Re(CO),CL In the
current study, we found there is no amine—amine coupling
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through the 4,4'-positions of free bpy, but the coupling can be
enhanced by selective metal chelation with Ru(bpy),. This
suggests that, in the previously reported 5,5'-NNbpy system, the
bpy unit behaves the main and direct ET bridge, whose energy
can be modulated by metal chelation. In the current 4,4'-NNbpy
system, the ET is mediated by the orbital overlap between the
pyridine ring and the ruthenium ion.

B CONCLUSION

In summary, we have demonstrated that the amine—amine
electronic coupling in the free 4,4'-NNbpy ligand has been
enhanced by metal chelation. Interestingly, the metal species
makes a big difference to this effect. Among three metal
components studied [Ru(bpy),, Ir(ppy),, and Re(CO),Cl], only
the chelation with Ru(bpy), leads to the enhancement of the
electronic coupling. This is supported by both the N**/° potential
splitting and IVCT analysis. It is very likely that the amine—
amine electron transfer in the ruthenium complex is mediated
by the chelated ruthenium ion, instead of a through-space
mechanism. This information is of high importance for the
design of new mixed-valence systems and is useful for making
molecular materials with switching functions.

B EXPERIMENTAL SECTION

Spectroscopic Measurements. Absorption spectra were recorded
on a PE Lambda 750 UV—vis—NIR spectrophotometer at room
temperature. Spectroelectrochemical measurements were performed in
a thin layer cell (optical length = 0.2 cm), in which an ITO glass
electrode (<10Q/square) working electrode was set in the indicated
solvent containing the compound to be studied (concentration around
$X 107 M) and 0.1 M Bu,NCIO, or Bu,NB(C4Fs), as the supporting
electrolyte. A platinum wire and Ag/AgCl in saturated aqueous NaCl
was used as the counter electrode and reference electrode, respectively.
The cell was put into the spectrometer to monitor the spectral change
during electrolysis.

Electrochemical Measurement. All electrochemical measurements
were taken using a CHI 660D potentiostat with one-compartment elec-
trochemical cell under an atmosphere of nitrogen. All measurements were
carried out in 0.1 M Bu,NCIO, or Bu,NB(CF;), in indicated solvents at a
scan rate of 100 mV/s. The working electrode was a glassy carbon with a
diameter of 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. The potential versus ferrocene™°
can be subtracted by 045 V.

Computational Methods. DFT calculations are carried out using
the B3LYP exchange correlation functional®® and implemented in the
Gaussian 09 package.”* The electronic structures were optimized using a
general basis set with the Los Alamos effective core potential LANL2DZ
basis set for Ru, Ir, and Re,*® and 6-31G* for other atoms.”” The
solvation effects are included for all calculations, and the conductor-like
polarizable continuum model (CPCM) and united-atom Kohn—Sham
(UAKS) radii were employed.”® No symmetry constraints were used in
the optimization (nosymm keyword was used). Frequency calculations
have been performed with the same level of theory to ensure the opti-
mized geometries to be local minima. All orbitals have been computed at
an isovalue of 0.02 e/bohr”.

Synthesis. NMR spectra were recorded in the designated solvent on
Bruker Avance 400 MHz spectrometer. Spectra are reported in ppm
values from residual protons of deuterated solvent. Mass data were
obtained with a Bruker Daltonics Inc. Apex II FT-ICR or Autoflex III
MALDI-TOF mass spectrometer. The matrix for MALDI-TOF
measurement is a-cyano-4-hydroxycinnamic acid. Microanalysis was
carried out using Flash EA 1112 or Carlo Erba 1106 analyzer at the
Institute of Chemistry, Chinese Academy of Sciences. 4,4’-Dibromo-
2,2'-bipyridine and 4-bromo-2,2’-bipyridine were prepared according to
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known procedures.'® Electrolyte Bu,NB(C4F;), was prepared accord-
ing to the Geiger’s method.**

Synthesis of 1, NNbpy.>®> A suspension of 4,4'-dibromo-2,2'-
bipyridine (100 mg, 0.32 mmol), bis(4-methoxyphenyl)amine (219 mg,
0.96 mmol), Pd,(dba); (29 mg, 0.032 mmol), dppf (18 mg, 0.032 mmol),
and NaO'Bu (92 mg, 0.96 mmol) in 10 mL toluene was heated at 140 °C
for 48 h under a N, atmosphere. The system was cooled to room tem-
perature. The solvent was removed under vacuum, and the crude product
was purified by silica gel chromatography (eluting with 75:50:1 ethyl
acetate/petroleum ether/NH;-H,O) to yield 114 mg of 1 as a pale white
solid in 59% yield. '"H NMR (400 MHz, CDCL,): & 3.81 (s, 12H),
6.52—6.57 (m, 2H), 6.88 (d, ] = 8.7 Hz, 8H), 7.13 (d, ] = 8.7 Hz, 8H), 7.65
(s, 2H), 8.15 (d, J = 5.8 Hz, 2H). 3C NMR (100 MHz, CDCL,): § 554,
108.8, 111.2, 115.0, 128.1, 1384, 149.3, 155.1, 157.2, 157.5. EL-HRMS:
caled. 609.2509 for C;H;,N,O, Found: 610.2571. Anal. Caled for
C3sHyN,O,: C, 74.73; H, 5.61; N, 9.17. Found: C, 74.74; H, 5.60; N, 9.15.

Synthesis of 2(PFg),, [Ru(NNbpy)(bpy),l(PFs),. To a mixed
solvent of 10 mL of ethanol and S mL of water were added 1 (36 mg,
0.060 mmol) and cis-Ru(bpy),CL-2H,0 (37 mg, 0.080 mmol). The
mixture was stirred and refluxed for 8 h under a N, atmosphere. After
cooling to room temperature, ethanol was removed under reduced
pressure, followed by the addition of an excess of aqueous KPFg. The
resulting precipitate was collected by filtering and washing with water
and Et,O. The obtained solid was subjected to flash column chro-
matography on silica gel (eluent: saturated aq KNO;/H,0/CH,CN,
1/20/500), followed by anion exchange using KPF, to give 49 mg of
2(PFg), as an orange solid in 62% yield. 'H NMR (400 MHz, CD,CN):
53.80 (s, 12H), 6.37 (d, J = 6.6 Hz, 2H), 6.94 (d, ] = 8.7 Hz, 8H), 6.95
(overlapping, 2H), 7.00 (d, ] = 6.6 Hz,2H), 7.16 (d, ] = 8.7 Hz, 8H), 7.28
(t, J = 6.6 Hz, 2H), 7.51 (t, ] = 6.6 Hz, 2H), 7.67 (d, ] = 5.5 Hz, 2H),
7.940—8.00 (m, overlapping, 4H), 8.06 (t, ] = 8.1 Hz, 2H), 8.41 (d, ] =
8.2 Hz, 2H), 8.46 (d, J = 8.1 Hz, 2H). *C NMR (100 MHz, CD,CN): §
55.9,108.7, 1129, 116.0, 124.6, 127.9, 128.0, 129.0, 136.7, 137.6, 137.7,
147.8, 150.7, 152.2, 152.3, 155.7, 157.0, 157.9, 158.1, 159.4. MALDI-
MS: 11694 for [M — PF(]*, 10234 for [M — 2PF4]*, 864.1 for
[M — 2PF; — bpy]*. Anal. Calcd for CssHF,N3O,P,Ru: C, 53.01; H,
3.84; N, 8.53. Found: C, 53.14; H, 3.85; N, 8.72.

Synthesis of 3(PFg), [Ir(NNbpy)(ppy).1(PFs). To a mixed solvent
of 10 mL of CH,Cl, and S mL of MeOH was added 1 (50 mg,
0.082 mmol) and [Ir(ppy),Cl], (44 mg, 0.041 mmol). The mixture was
stirred and refluxed for 6 h under a N, atmosphere. After cooling to
room temperature, an excess of aq KPF, was added. The suspension was
stirred for 30 min and then filtered to remove insoluble inorganic salts.
The filtrate was concentrated under reduced pressure to afford a crude
yellow solid. The obtained solid was dissolved in 20 mL of CH,Cl,,
followed by washing with H,O (20 mL X 3). The organic phase was
dried over anhydrous MgSO,. The solvent was removed under reduced
pressure, and the crude product was purified by silica gel chromato-
graphy (eluting with 100:1 CH,Cl,/MeOH) to give 86 mg 3(PF) as a
yellow solid in 83% yield. "H NMR (400 MHz, CDCL,): & 3.80 (s, 12H),
6.26 (d,]=7.6Hz,2H), 6.41 (d, ] = 6.4 Hz,2H), 6.79 (t, ] = 7.2 Hz, 2H),
6.87 (d, ] = 8.0 Hz, 8H), 6.90 (overlapping, 2H), 6.99 (s, 2H), 7.16 (d,
J = 7.6 Hz, 8H), 7.19 (s, 2H), 7.27 (d, overlapping, 2H), 7.58 (d, J =
8.0 Hz, 2H), 7.75 (t, ] = 7.8 Hz, 2H), 7.81 (m, 4H). *C NMR
(100 MHz, CDCL): § 56.2, 1092, 112.9, 116.0, 119.8, 122.5, 124.0,
125.1,129.2,131.0,132.5,136.5, 138.3, 144.5, 149.7, 149.9, 152.6, 156.0,
156.5,159.2, 168.6. MALDI-MS: 1111.1 for [M — PF,]*. Anal. Calcd for
CeoHeoFeNO,PIr-H,0: C, 56.55; H, 4.11; N, 6.60. Found: C, 56.44; H,
4.11; N, 6.49.

Synthesis of 4, [(NNbpy)Re(CO);Cll. To 10 mL of dry toluene
were added 1 (35 mg, 0.057 mmol) and [Re(CO);Cl] (25 mg,
0.069 mmol). The mixture was stirred and refluxed for 8 h under a N,
atmosphere. After cooling to room temperature, toluene was removed
under reduced pressure. The obtained solid was subjected to flash
column chromatography on silica gel (eluting with 40:1 CH,Cl,/ethyl
acetate) to give 27 mg of complex 4 as an orange solid in 52% yield.
"H NMR (400 MHz, CDCL,): § 3.84 (s, 12H), 6.55 (d, J = 6.4 Hz, 2H),
6.83 (s,2H), 6.88 (d, J = 8.0 Hz, 8H), 7.10 (d, ] = 8.0 Hz, 8H), 8.38 (s,
2H). 3C NMR (100 MHz, CDCL,): & 56.2, 108.6, 112.5, 116.0, 128.9,
136.6, 153.0, 155.9, 156.8, 159.2, 192.2, 198.7. MALDI-MS: 881.1 for
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[M — CIJ". Anal. Calcd for C,H;,CIN,O,Re-0.5H,0: C, 53.04; H,
4.13; N, 6.03. Found: C, 53.09; H, 3.74; N, 6.06.

Synthesis of 5, Nbpy. A suspension of 4-bromo-2,2’-bipyridine
(100 mg, 0.43 mmol), bis(4-methoxyphenyl)amine (146 mg, 0.64 mmol),
Pd,(dba), (20 mg, 0.020 mmol), dppf (12 mg, 0.020 mmol), and NaO'Bu
(49 mg, 0.51 mmol) in 10 mL dry toluene was heated at 140 °C for 48 h
under a N, atmosphere. The system was cooled to room temperature
before the solvent was removed under vacuum. The crude product was
purified by chromatography on silica gel (eluting with 25:15:1 petroleum
ether/ethyl acetate/NH;-H,0) to yield 131 mg of 5 as a yellow solid
(80%). "H NMR (400 MHz, CDCL): 5 3.82 (s, 6H), 6.62 (d, ] = 5.8 Hz,
1H), 691 (d, ] = 8.8 Hz, 4H), 7.17 (d, ] = 8.8 Hz, 4H), 723 (m, 1H), 7.75
(m, 2H), 827 (m, 2H), 8.56 (d, ] = 4.8 Hz, 1H). *C NMR (100 MHz,
CDCL): & 56.8, 109.8, 1127, 1164, 122.5, 124.7, 129.5, 138.0, 139.6,
150.3, 150.9, 156.6, 158.0, 158.1, 158.7. ELHRMS: calcd 383.1634 for
CyH, N;O,. Found: 383.1638.

Synthesis of 6(PFg),, [Ru(Nbpy)(bpy),l(PFg),. To a mixed solvent
of 10 mL of ethanol and S mL of water were added S (50 mg, 0.13 mmol)
and Ru(bpy),CL,-2H,0 (82 mg, 0.16 mmol). The mixture was stirred
and refluxed for 8 h under a N, atmosphere. After cooling to room
temperature, ethanol was removed under reduced pressure, followed by
the addition of an excess of aq KPF. The resulting precipitate was collected
by filtering and washing with water and Et,O. The obtained solid was
subjected to flash column chromatography on silica gel (eluent: saturated
aq KNO,/H,0/CH;CN, 1/20/400), followed by anion exchange using
KPFq, to give 110 mg of complex 6(PFy), as an orange solid in 77% yield.
'"H NMR (400 MHz, CD;CN): 6 3.81 (s, 6H), 645 (d, ] = 6.8 Hz, 1H),
7.02 (d, ] = 8.8 Hz, 4H), 7.05 (s, 1H), 7.26 (d, ] = 8.8 Hz, 4H), 7.33 (m,
3H), 742 (t,] = 6.6 Hz, 1H),7.48 (m, 2H), 7.67 (t, ] = 6.4 Hz,2H), 7.71 (d,
J=5.6Hz,1H),7.77 (d,] =52 Hz, 1H), 7.87 (t, ] = 8.0 Hz, 1H),7.91 (d,] =
5.6 Hz, 1H), 8.03 (m, SH), 8.46 (m, 4H). '*C NMR (100 MHz, acetone-
dg): 549.1,103.4,107.1,109.6 117.8, 1184, 121.5 121.7 121.8,122.7, 1304,
131.7,144.2, 145.7, 145.9, 149.5, 150.2, 151.3, 151.4, 151.6, 152.9. MALDI-
MS: 9422 for [M — PE,]", 797.2 for [M — 2PE,]*, 639.6 for [M — 2PF, —
bpy]*. Anal. Caled for CoHyF,N,O,P,Ru: C, 48.63; H, 343; N, 9.02.
Found: C, 4826; H, 3.56; N, 8.95.

B ASSOCIATED CONTENT
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CV of [Ru(bpy);](PF¢),, DFT and TDDFT results, and NMR
and mass spectra of new compounds. This material is available
free of charge via the Internet at http://pubs.acs.org.
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