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ABSTRACT: A series of homoleptic bis(tridentate) [Ru-
(L),]** (1, 3) and heteroleptic [Ru(L)(dqp)]** complexes (2,
4) [L = dqxp (1, 2) or dNinp (3, 4); dgxp = 2,6-di(quinoxalin-
S-yl)pyridine, dNinp = 2,6-di(IN-7-azaindol-1-yl)pyridine, dqp
= 2,6-di(quinolin-8-yl)pyridine] was prepared and in the case
of 2 and 4 structurally characterized. The presence of dqxp and
dNinp in 1—4 result in anodically shifted oxidation potentials
of the Ru*"/** couple compared to that of the archetypical
[Ru(dgp),]** (5), most pronounced for [Ru(dgxp),]** (1)
with a shift of +470 mV. These experimental findings are
corroborated by DFT calculations, which show contributions
to the complexess HOMOs by the polypyridine ligands,
thereby stabilizing the HOMOs and impeding electron
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extraction. Complex 3 exhibits an unusual electronic absorption spectrum with its lowest energy maximum at 382 nm. TD-
DFT calculations suggest that this high-energy transition is caused by a localization of the LUMO on the central pyridine
fragments of the dNinp ligands in 3, leaving the lateral azaindole units merely spectator fragments. The opposite is the case in 1,
where the LUMO experiences large stabilization by the lateral quinoxalines. Owing to the differences in LUMO energies, the
complexes’ reduction potentials differ by about 900 mV [E, ,(1**/'*) = —=1.17 V, E_,(3**/"*) = —2.06 V vs Fc*/°]. As complexes
1—4 exhibit similar excited state energies of around 1.80 V, the variations of the lateral heterocycles allow the tuning of the
complexes’ excited state oxidation strengths over a range of 900 mV. Complex 1 is the strongest excited state oxidant of the
series, exceeding even [Ru(bpy);]** by more than 200 mV. At room temperature, complex 3 is nonemissive, whereas complexes
1, 2, and 4 exhibit excited state lifetimes of 255, 120, and 1570 ns, respectively. The excited state lifetimes are thus somewhat
shortened compared to that of § (3000 ns) but still acceptable to qualify the complexes as photosensitizers in light-induced
charge-transfer schemes, especially for those that require high oxidative power.

B INTRODUCTION

Ruthenium(II) polypyridyl complexes feature outstanding
photophysical properties that make them desirable as photo-
sensitizers in a wide range of applications that rely on light-
driven electron transfer, e.g. artificial photosynthesis.l_5 The
tris(bidentate)ruthenium(1I) complex [Ru(bpy);]** (bpy =
2,2'-bipyridine) has been used extensively for these types of
applications due to its long excited state lifetime (7 = 850 ns at
room temperature) and high energy of the relaxed *MLCT
state. However, the preparation of supramolecular donor—
photosensitizer—acceptor (D—P—A) arrays based on tris-
(bidentate) ruthenium(II) where donor and acceptor units
are covalently bound to different bpy ligands is limited by the
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lack of stereospecificity in the most common synthetic
approaches that results in multiple geometrical isomers.® This
shortcoming can be avoided by the use of bis(tridentate)
ruthenium(IT) complexes, e.g, [Ru(tpy),]** (tpy = 2,2:6,2"-
terpyridine), which possess D,; symmetry that allows the
construction of linear dyads and triads via substitution at the 4'-
position of the tpy ligands. Unfortunately, practical use of the
structural advantages of [Ru(tpy),]*'-based complexes is
limited by short lifetimes of the *MLCT state at room
temperature (7 = 0.25 ns for [Ru(tpy),]**) that arise from
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Figure 1. Ruthenium(II) complexes investigated in this study.
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efficient thermal population of the *MC states and subsequent
rapid nonradiative decay to the ground state.”® Strategies to
prolong the lifetime of the emissive excited state of
bis(tridentate) ruthenium(II) complexes have traditionally
focused on lowering the energy of the *MLCT state to disfavor
the deactivation pathway via the *MC state. Such a stabilization
of the MLCT state can be achieved by introducing electron-
withdrawing groups (EWG) or substituents with coplanar
aromatic groups that expand the ligands’ z-systems. While the
excited state lifetimes can sometimes be prolonged considerably
with this strategy, lowering of the *MLCT state inevitably also
leads to a decrease of the excited state energy with decreased
driving forces for electron transfer in light-driven processes. A
second strategy to increase the energy gap between the *MLCT
and *MC state lies in the destabilization of the *MC level by
increasing the field strength of the ligand. This can be achieved
by substitution of the tpy with electron-donor groups (EDG)
or the use of anionic ligands with strong o-donating ability.”"°
Recently, a combination of these strategies in a bis(tridentate)-
ruthenium(II) complex composed of a NHC carbene-based
ligand and a 4-EWG-substituted tpy has resulted in an
extended excited state lifetime of ~8 ys at room temperature,
the longest ever reported for bis(tridentate)ruthenium(II)
complexes."’

An alternative approach to increase the ligand field splitting is
based on enhanced symmetry around the metal that favors a
more octahedral coordination sphere.*”'* This strategy led to
the design of tridentate ligands based on the 2,6-di(quinolin-8-
yl)pyridine (dqp) scaffold that give rise to six-membered
chelate rings that allow bite an%les close to 180° when
coordinated to transition metals."*">”'® The resulting bis-
(tridentate)ruthenium(II) complexes exhibit microsecond
excited state lifetimes at room temperature (z = 3 ps for
[Ru(dqp)2]2+).15 Since the introduction of this concept,
different bis(tridentate)ruthenium(II) complexes with six-
membered chelate rings have been reported in the
literature."® 2" It is clear, however, that extended bite angles
on the tridentate ligand alone do not necessarily ensure long
lifetimes of the emissive excited state,"®*"** illustrating also the
influence of strong electronic effects. Early quantum chemical
calculations of [Ru(dqp),]*" revealed similar energies of the
relaxed MLCT and *MC exited states.”® Multidimensional
excited state analysis confirms this finding and establishes that
[Ru(dqp),]** experiences an increased ligand field splitting in
the Franck—Condon region together with a change in energy
and position of the relaxed *MC state minima; this accounts for
the less accessible "MLCT—>MC crossing point in the excited
state potential energy surface, resulting in concomitant
extension of the excited state lifetime of the complex.”***

While previous work to alter the electronics of [Ru(dqp),]**-
based complexes focused on somewhat classical EWG and
EDG decorations at the central pyridine of dqp,26 the present
study explores the possibility to tune the electronic properties
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of the complexes by replacing the lateral quinolinyl subunits of
dqgp by related heterocyclic ring systems. The strategy has the
additional advantage that the 4'-position of the central pyridine
is not engaged and is thus available for subsequent chemistry
and the attachment of further functional units. 2,6-Di-
(quinoxalin-S-yl)pyridine (dqxp) and 2,6-di(N-7-azaindol-1-
yl)pyridine (dNinp) were identified as interesting ligands to
ruthenium due to their expected electronic dissimilarities to
dgp. Compared to dqgp, the quinoxaline moieties in dqxp are
expected to lead to an increased m-acceptor ability of the ligand,
while the azaindole derivative should have the opposite effect.
Supporting this notion, it has recently been shown in Pt"
complexes that replacement of a dqp ligand by a dNinp has led
to cathodically shifted oxidation potentials.”” Both ligands also
fulfill the structural requirement that two six-membered chelate
rings are formed when coordinated to ruthenium(II).
Homoleptic and heteroleptic ruthenium(II) complexes of the
ligands dqxp, dNinp, and dqp were thus prepared (Figure 1).

The synthesized complexes were studied by electrochemical
and photophysical techniques, and the findings are supported
by DFT calculations. It is shown that the redox properties of
the ground state and the excited state of 1—4 are greatly
influenced by the dqxp and dNinp ligands. The excited state of
[Ru(dgxp),]** (1) exhibits an unusually high oxidative power,
making this complex an excellent candidate for thermodynami-
cally challenging photodriven oxidative chemistry.

B RESULTS AND DISCUSSION

Synthesis of the Ligands. Different strategies for the
synthesis of the three ligands employed in this study are
illustrated in Scheme 1. The ligand dqp was prepared in high
yield using the Suzuki—Miyaura cross-coupling reaction of
quinoline-8-boronic acid and 2,6-dibromopyridine, as reported
earlier."”

An extension of this methodology (Scheme 1a) to afford
dgxp proved more challenging due to the pronounced
electrophilicity of the 2- and 3-positions of quinaxoline
derivatives. This reactivity precluded the use of organolithium
compounds to yield the corresponding boronic acid. Initial
attempts to yield dgxp were based on the in situ formation of
the S-substituted boronic acid ester by a Suzuki—Miyaura cross-
coupling using bis(pinacolato)diboron and KOAc as base.”” >’
In a subsequent step, the reaction mixture was loaded with 2,6-
dibromopyridine, renewed amounts of Pd catalyst/phosphine
ligand, and 2 M aqueous Na,CO;. This strategy afforded the
desired ligand, but with an unsatisfactory isolated yield.
Different attempts to optimize this procedure were unsuccess-
ful, and the homocoupling product of the first reaction step was
in all cases the major product of the reaction. An alternative
strategy that gave the desired cross-coupling reaction between
S-substituted quinoxaline and 2,6-disubstituted pyridine relied
on reversing the reactivity of the reactants. This was
successfully achieved using 2,6-di(trimethylstannyl)pyridine,*
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Scheme 1. Strategies for the Synthesis of the Ligands dqxp (a) and (b), dNinp (c), and dqp (d)

(@)

)

N i T s
j j‘o’s B‘ot @NJ Br">N“" Br
N7 : 2 [Pd(dba),], SPhos
Br e 9 29 2M aq Na,CO,, 130 °C | 3%
Y~
N
b -
(b) ’ﬂjﬁtl (::[N;] 59%
B “g = Br
cisn(Me); + Na» = N T Jl/:L —
R (Me)3Sn™=N""Sn(Me)s [pq(pph,),], toluene,
70% microwave, 160 °C
C = d S
( ) m h‘l 2 ( ) N
= I N
NN N
| S L | X BON)
\ o
Bro NP Br \H !N 96% z
i S ' Br" °N” "Br  (pg(dba),), SPhos,
ul, KaLOs N ) (dNinp) K3aPOy, toluene, 110 °C
NH, N
Dioxane, 110 °C ! o
2 equiv of S5-bromoquinoxaline, and tetrakis- the first dqp by dNinp leads to a sizable shielding of the

(triphenylphosphine)palladium(0) under microwave irradia-
tion. This Stille cross-coupling produced the desired ligand in
good yields (Scheme 1b). The ligand dNinp was obtained in
high yields by heteroaryl amination according to the })rocedure
established by Garner and co-workers (Scheme 1c). 2

Synthesis and Characterization of the Ruthenium(ll)
Complexes. Homoleptic complex 1 was synthesized by
reacting 2 equiv of dgxp and [RuCl,(DMSO),] in ethylene
glycol, albeit only in modest yield despite extensive efforts to
improve the reaction conditions. Heteroleptic comﬁplex 2 was
prepared by reacting [Ru(dgp)(CH;CN),](PF),”® and dqxp
in ethylene glycol under microwave heating. Temperatures
between 180 and 200 °C for 20 min gave the best yields, while
longer times and higher temperatures did not improve the
conversion and promote the formation of unwanted side
products that precipitate upon cooling of the reaction mixture.
Synthesis of homoleptic complex 3 required the use of
RuCl;-3H,0 as precursor in EtOH at 120 °C using a sealed
vial. In a stepwise procedure, [RuCly(dNinp)] was first
synthesized, followed by removal of the chlorides by the
addition of silver nitrate in the presence of a second equivalent
of dNinp to give complex 3. Coordination of a second dNinp
occurs only with modest yield. Heteroleptic complex 4 was
synthesized in a similar fashion to complex 2. Best yields were
obtained at temperatures between 200 and 210 °C over a
period of 80 min. Higher temperatures with shorter reaction
times led to formation of multiple undesired products.

A comparison between the 'H NMR spectra of complexes 2
and § reveals that the substitution of one dqp ligand by one
dgxp has a rather small effect on the chemical shifts of the
conserved second dqp. Similarly, substitution of the second dqp
by a second dqxp does not induce great changes to the 'H
NMR signals of the first dqxp ligand. The 'H NMR chemical
shifts of 1 are generally shifted downfield compared to those of
S (see Figure S8 in the Supporting Information for details).
The situation, however, looks more dramatic when comparing
the '"H NMR spectra of 3 and 4 with that of . Substitution of
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remaining dqp in 4. Similarly, introduction of the second dNinp
(as in 3) induces shielding effects on the '"H NMR signals of
the first dNinp ligand, and the "H NMR chemical shifts of 3 are
generally in a similar region as those of 5 (see Figure S9 in the
Supporting Information for details). The various shielding and
deshielding effects when comparing the NMR spectra of the
complexes can be explained by a number of factors. Electronic
effects of the newly introduced ligands through the ruthenium
center are operating at the same time as intramolecular 7-
stacking interactions occur. The latter have been investigated in
quite some depth for [Ru(dgp),]**-based complexes.'”"**
The rather different oxidation potentials among 1, 2, and §
(vide infra) point toward an electronic effect through the metal
center, while the rather similar oxidation potentials among 3, 4,
and § suggest z-stacking interactions to be responsible for the
large variations in 'H NMR chemical shifts. The exact origin
and cause of the NMR chemical shifts are however difficult to
assign.

Structures of Complexes 1—4, by X-ray Crystallo-
graphy and DFT Calculations. Single crystals of heteroleptic
complexes 2 and 4 suitable for X-ray diffraction could be grown
by slow diffusion of diethyl ether into acetonitrile solutions.
The solid-state structures of both complexes show almost
perfect octahedral coordination spheres of the six nitrogen
donor atoms around the ruthenium metal center due to the six-
membered chelate ring size promoted by dqp, dqxp and dNinp
(Figure 2ab). The crystal structures also disclose a helical
folding of the dqxp and dNinp ligands around the ruthenium-
(I1) metal ion (Figure 2¢,d) in analogy to the situation in 5.'7°
The dihedral angles between the central pyridines and the
quinoxalines in dqxp, and the central pyridines and the
azaindols in dNinp are 36.4(4)° and 39.7(6)°, respectively,
and thus very similar to the dihedral angle observed for dqp in
5.7 Strong intramolecular 7-stacking interactions are observed
in both heteroleptic compounds, with distances between the
quinoline and quinoxaline subunits of 3.50 A for 2 and 3.66 A
between the quinoline and azaindol subunits for 4.** Table 1
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Table 1. Selected Bond Lengths and Angles Taken from Single Crystal X-ray Diffraction for 2, 4 and 5, and Selected
Computational Results from Geometry Optimizations of 1, 3, and §°

Lt 2ep 3ale 4oy Sewp Sale
dgxp dqgp dgxp dNinp dqgp dNinp dqgp dqgp
N.—Ru (A) 2.061 2.033(4) 2.021(4) 2.104 2.029(3) 2.083(3) 2.025(17) 2.049
N.—Ru (4) 2.071 2.067(2) 2.050(3) 2.080 2.065(3) 2.064(3) 2.077(16) 2.084
dihedral angles (deg) 36.7 37.4(4) 36.4(4) 38.8 40.3(6) 39.7(6) 39 37.6
N —Ru—N, angle (deg) 179.9 197.4(1) 179.8(1) 179.8 178.78(13) 178.19(14) 177.6(7) 179.5

“Calculated bond lengths for the central pyridine to ruthenium (N.—Ru), and lateral heterocycles to ruthenium (N —Ru), as well as dihedral angles
and bite angles (N —Ru—Nj ). Values from geometry optimizations using PBE0/6-31G(d,p) in a polarizable continuum model (PCM) solvent

description of an acetonitrile environment.

!

(a)

(b) . oS

Figure 2. ORTEP views (50% probability ellipsoids) of 2 and 4. (a and b) The close to 180° bite angle of the ligands dqxp and dNinp in 2 and 4,
respectively. (c and d) The helical folding of the ligands dqxp and dNinp around the metal center, in 2 and 4, respectively, and the stacking
interaction of the lateral motifs thereof. Solvent molecules and anions are omitted for clarity. Key crystallographic data of the complexes are

summarized in Table S.

summarizes selected bond lengths and angles for the complexes
obtained from single crystal X-ray diffraction.

The molecular structures of the homoleptic complexes 1 and
3 were obtained by density functional theory (DFT)
calculations using the PBEO functional®* ¢ together with the
standard all-electron 6-31G(d,p) basis set for all light atoms and
the SDD ECP basis set for ruthenium.*” This level of theory is
similar to the ones previously used for complex $ and related
bis(tridentate)ruthenium(II) complexes, which have been
successfully investigated computationally in recent
years.'>'>?313% No symmetry was imposed in the optimiza-
tion of the structures, and frequency calculations were
employed to confirm that all optimized geometries are local
minima. Selected calculations have been carried out using a
polarizable continuum model (PCM) description of an
acetonitrile solvent environment. All calculations employed
the Gaussian09 program.39 The DFT calculations (Table 1)
indicate that complexes 1 and 3 are structurally very similar to
the heteroleptic analogues 2 and 4, as well as to S. The N —
Ru—N_ angles (N_ depicts the nitrogen at the lateral

heterocycles, i.e.,, quinoxaline-N in 1 and azaindole-N in 3)
are close to 180° also in the homoleptic complexes 1 and 3,
while their ligands exhibit very similar dihedral angles between
the central pyridine and the lateral moieties in dgxp and dNinp,
respectively. The angles between 35° and 40° are in the same
range as those obtained for 2 and 4 by X-ray crystallography.
Also, 7-stacking interactions between the lateral subunits of the
ligands in 1 and 3 are found. Calculated and crystallographic
structural studies show significantly longer distances between
the ruthenium(II) and the nitrogen in the central pyridine
(N_—Ru), as well as to the coordinating nitrogens in the lateral
heterocylces for complexes that feature the dNinp ligand. In
particular, the N.—Ru distance in 3 is considerably elongated
compared to the corresponding distance in 1 and .
Electrochemically and Theoretically Determined
Redox Properties of Complexes 1—4. All complexes in
this study were investigated by cyclic voltammetry (CV) and
differential pulse voltammetry (DPV), and the results are
summarized in Table 2 (Supporting Information, Figures S10—
S12). The CV of each complex displays a reversible oxidation
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Table 2. Electrochemically Determined Redox Properties of Complexes

E,,/V (AEp?/mV)

complex Ru*/%* L= L2
1 +1.18 (81) —1.17 (70) —1.37 (72)
2 +0.95 (72) —1.29 (68) —1.52 (78)
3 +0.79 (75) —2.06 ()¢
4 +0.74 (72) —1.73 (89) -1.92 (-)°
5° +0.71 (63) —1.73 (62) —1.90

“From CV in 0.1 M TBAPF,, CH,CN, v = 0.1 V/s, vs Fc*/°. YDifference between anodic and cathodic peak potentials.

calcd adiabatic ionization potential

L2/-3 L34 AE,, /eV
—1.66 (80) ~1.92 (90) 0.57
nd
0.22
-2.09 (-)° nd
0.00

“DPV peak potential.

9Calculated at the ASCF level of theory. E,, of complex § was set to 0.00 eV, and the E, of 1 and 3 are relative to that of 5. “Data from ref 12.

that is assigned to the Ru*>*/?* couple in analogy to previously
studied ruthenium(II) dqp-based complexes.'> Compared to $
(E\,=0.71Vvs Ec*’?), the exchange of one dqp for dqxp as in
2 results in a substantial anodic shift of the Ru*>*/** couple by
~240 mV (E, , = 0.95 V vs Fc*/?). The effect is additive as the
replacement of the second dqp by dqxp leads to an additional
shift of ~230 mV. The Ru**/?* couple of 1 is thus shifted by
almost 500 mV to more positive potential compared to that of
S, making oxidized complex 1 a significantly more powerful
oxidant than many other bis(tridendate)ruthenium(II) com-
plexes.*® This additive anodic shift of the Ru**/** couple in 1
and 2 relative to complex § is analogous to that observed in the
series of tris(bidentate)ruthenium(II) complexes [Ru-
(bpz),(bpy)s..)**, n = 1-3 (bpz = 2,2-bipyrazine, bpy =
2,2'-bipyridine), in which replacement of each bpy for a bpz
shifts the redox potential of the Ru**/?* couple by ca. 240 mV
(from 127 V in [Ru(bpy);]** to 1.98 V in [Ru(bpz);]*, vs
SCE).*® Replacing the dqp ligand with dNinp in the
homoleptic and heteroleptic complexes 3 and 4, respectively,
has a much smaller impact on the Ru**/** couple, which is
shifted anodically by 80 and 30 mV, respectively, compared to
that of 5. It is interesting to note, however, that the observed
anodic shift is opposite to what has been reported for the
introduction of dNinp in platinum(II) complexes, where the
replacement of a dqp in [Pt(dqp)Cl]* by dNinp resulted in a
cathodic shift of 50 mV.>> The cathodic shift of the metal-based
oxidation in the Pt system was rationalized by an increased 7-
donor ability of this ligand compared to that of dqp. It is thus
clear that additional effects must be operational in 3 that
compensate for the difference in n-donor ability between dqp
and dNinp.

From an inspection of the cathodic scans, it becomes evident
that the potentials for the dqxp-containing complexes are
generally anodically shifted compared to those that contain dqp
and dNinp. Complex 1 shows four reversible one-electron
reductions with the first one being anodically shifted by ~560
mV relative to that of 5. Complex 2 exhibits two reversible one-
electron reductions, the first one being anodically shifted by
~440 mV relative to that of 5. In comparison, complex 3 is
reduced at much harsher potential, consistent with the electron-
rich character of dNinp. This property may also explain the
irreversible nature of the reduction process, which leads to the
buildup of surface adsorbed material, the oxidation of which can
be observed in the reverse scan (Supporting Information,
Figure S11). The first reduction of complex 4 occurs at similar
potential as that of §, supporting the notion that this reduction
is mainly centered on the dqp ligand.

Adiabatic ionization potentials (IP,) have been calculated at
the ASCEF level for complexes 1, 3, and S using a polarizable
continuum model (PCM) description of an acetonitrile solvent
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environment. This molecular property provides computational
insight into the ease by which electrons can be extracted from
the Ru®" ground state and are thus relevant for understanding
the experimental Ru*"/?* redox potentials. The results from the
calculations, listed in Table 2 along with corresponding
experimental electrochemical data, illustrate that it is more
difficult to extract an electron both from complexes 1 and 3
relative to complex 5 by 0.57 and 0.22 eV, respectively.
Although somewhat overestimating, the calculated trend clearly
corroborates the experimentally found shifts toward more
positive oxidation potentials for complexes 1 and 3 compared
to that of complex S by 0.47 and 0.08 V, respectively. As shown
in the graphical frontier molecular orbital representations for
complexes 1 and 3 (Figure 3), the highest occupied molecular

Figure 3. Calculated frontier molecular orbitals of complexes 1 and 3.

orbital (HOMO) levels—from which an electron is removed
upon oxidation/ionization—contain large Ru 4d contributions
consistent with the metal-centered frontier levels of an
octahedral transition metal d* complex. In both cases, however,
a significant delocalization of the HOMO levels onto the
ligands can be observed. This behavior is in significant contrast
to that of S, where the oxidation is almost exclusively metal-
centered.'” Additional contributions from the ligands in 1 and 3
stabilize the complexes’s HOMOs and explain their exper-
imentally observed shift of the ground state oxidation potentials
to more positive values. It can be noted that the delocalization
of the HOMOs in 1 and 3 also differs from the situation in
[Pt(dgp)Cl]* and [Pt(dNinp)Cl]*, where the HOMO does not

dx.doi.org/10.1021/ic400009m | Inorg. Chem. 2013, 52, 5128-5137
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Figure 4. Steady-state absorption spectra at room temperature (CH;CN) and emission spectra at 77 K (n-BuCN) of complexes 1 (black), 2 (red), 3
(blue), and 4 (green). Inset: Experimental absorption spectrum and calculated electronic transitions of 3.

Table 3. Photophysical Properties of the Complexes 1—4

Ems/nm
complex Abs/nm (& X 107*/M™' cm™) 298 K 77 K 7/ns D, Ey_o/eV®
1 460 (1.8) 715 689 255 ~1x 1073 1.80
2 465 (1.5) 735 720 120 ~6 X 1074 1.72
3 382 (1.1) 709 1.75
4 493 (1.0) 713 677 1570 ~6 X 1073 1.83
5° 490 (1.4) 700 673 3000 0.02 1.84

“Emission determined in frozen glass matrix in n-BuCN. bEstimated from the emission maximum at 77 K as Ey_, = 1240 nm/A,,,, (eV). “Data from

ref 12.

involzx;e the polypyridine ligand but is localized on the Pt—Cl
unit.

Photophysical Properties of Complexes 1—4. UV/vis
absorption spectra of complexes 1—4 in CH;CN (Figure 4)
show strong transitions in the UV region between 200 and 250
nm and somewhat weaker ones around 260—360 nm. These
bands are also observed for the noncoordinated ligands and are
assigned to ligand-centered (LC) transitions. In the visible
range, complexes 1 and 2 display strong and broad 'MLCT
transitions at 460 nm [e,, = (1.5-1.8) x 10* M~ cm™!]
(Table 3). Interestingly, complex 3 displays a 'MLCT transition
with a strongly blue-shifted absorption maximum at 380 nm
(Ema = 1.1 X 10" M™' cm™), whereas 4 features a broad
'MLCT transition with a red-shifted absorption maximum at
around 490 nm (g, = 1.0 X 10* M~! cm™). In order to reveal
the reasons for the different absorption features, TD-DFT
calculations were performed on the two homoleptic complexes
1 and 3. Using TD-DFT calculations at the PBE0/6-31G(d,p)
level of theory, the experimentally observed large difference of
the lowest energy transitions in the UV/vis spectra could be
well reproduced (insert in Figure 4 and Supporting
Information). While the computational studies reveal multiple
transitions beyond 450 nm for complex 1, no transition at
energy lower than 405 nm could be found for 3. Although the
lowest transition energies are well-described by these
calculations, the higher energy transitions do not correspond
directly with experiment. A detailed analysis of the calculated
transitions can be found in the Supporting Information. A
simple change of basis set or solvation does not significantly
affect the calculated spectra (Supporting Information, Figure
S18).
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The lowest unoccupied molecular orbitals (LUMO) of
complexes 1 and 3 are mainly localized on the dqxp and dNinp
ligands, respectively (Figure 3). A closer inspection, however,
reveals a significant difference in the distribution of the LUMOs
over the two ligands. The major contribution to the LUMO in
1 consists of quinoxaline-based #* orbitals with high
delocalization over these subunits. This situation is very similar
to that in 5,"° and the orbital contributions to the different
electronic transitions can thus be assumed to be very similar in
both complexes. The situation, however, changes dramatically
in complex 3, for which the calculated LUMO shows only
minor contributions from the azaindolyl subunits, while major
contributions arise from the central pyridine z* orbitals on the
dNinp ligand. The decreased delocalization of the LUMO in 3
renders this molecular orbital 1.07 eV higher in energy
compared to that of complex 1, as calculated at the PBE0/6-
31G(d,p) level of theory in a PCM description of CH;CN. The
high-energy LUMO also rationalizes the experimentally
observed blue-shifted absorption maximum and the cathodi-
cally shifted reduction potential in complex 3. In general, the
optical 'MLCT energy gaps also correlate qualitatively with the
difference between electrochemically obtained oxidation and
reduction potentials (AE,,, = E;,”™ — E, /Zred), as frequently
encountered in other polypyridyl ruthenium(II) complexes.*"**

The distribution of the frontier orbitals in space has potential
influence on the electronic coupling of the ruthenium(II)
complexes to neighboring units in future linear D—P—A arrays.
Strong 7* contributions on the two axial pyridyl rings, as seen
in particular for the LUMO level of complex 3, suggest strong
electronic coupling to neighboring donor and acceptor units
that are covalently bound to the 4’-position. Such strong
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coupling may be beneficial in future diads and triads utilizing
this light-harvesting ruthenium(II) complex.

Emission spectra of the complexes were recorded at room
temperature in argon-purged CH;CN solutions. Complexes 1,
2, and 4 display broad emission bands with maxima at 724, 770,
and 713 nm, respectively. No emission at room temperature
was detected for complex 3, which may be due to a readily
accessible *MLCT—>MC crossing point in the excited state
potential energy surface, probably related to a highly distorted
excited state as suggested by the broad emission band disclosed
at 77 K (Figure 4). The room temperature excited state
lifetimes of 1, 2, and 4 in deaerated solutions are on the order
of hundreds of nanoseconds, which are very long for
bis(tridentate)ruthenium(II) complexes.****

The excited state energies of complexes 1—4 were estimated
from the emission maxima of the complexes measured at 77 K
in n-BuCN glass (Figure 4). The peak with the highest energy
in the vibrational progression has been shown to give a good
estimate for the exited state energy.” " The excited state
energies of 1—4 are about 1.80 eV and thus comparable to
those of similar dqp-based ruthenium complexes.”® Considering
these generally quite high excited state energies and the
strongly anodically shifted redox potentials, complex 1 appears
to be a particularly strong excited state oxidant. Using the first
reduction potential from the cyclic voltammetry data, the
oxidation potential of the excited state of 1 was calculated to be
+0.63 V (Table 4). Complex 1 is a stronger excited state

Table 4. Excited State Redox Properties of the Complexes

E(PS*/*)/v* E(PS*/7)/v*
1 —0.62 +0.63
2 —0.77 +0.43
3 —0.96 —0.31
4 —1.09 +0.10
st —1.13 +0.11
[Ru(bpy);]** € —1.25 +0.39

“Estimated as E°(PS*/*) ~ E°(PS*) — E,_o, E°(PS*/~) ~ E°(PS"")
+ By_o.* YCalculated from values taken from ref 12. “Calculated from
values taken from ref 16.

oxidant than § by more than 500 mV and also stronger than
[Ru(bpy);]** by more than 200 mV.'® Complex 1 is thus an
interesting candidate as photosensitizer in applications that
require hizgh oxidation power, as for example in water
oxidation.*® Noteworthy is also the fact that the excited state
oxidation potentials vary by more than 900 mV between
complexes 1 and 3.

B CONCLUSIONS

In summary, we have shown that modifications of the lateral
nitrogen heterocycles on [Ru(dgp),]** (5) such as in
[Ru(dgxp),]** (1) and [Ru(dNinp),]** (3) can be used to
alter the electronic properties of the complexes substantially. At
the same time, the 4'-positions at the central pyridine units are
kept untouched, allowing for the future construction of dyads
and linearly organized triads. The introduction of dNinp has a
profound effect on the LUMO of 3 which is localized to a large
extent on the central pyridine unit. As a result, complex 3 is
reduced at 330 mV more negative potential compared to S.
Furthermore, complex 3 exhibits an unusually high-energy
'MLCT optical transition, which could be reproduced and
explained by TD-DFT calculations. In contrast, the LUMO of
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complex 1 contains large contributions of the lateral quinoxa-
line units, which led to an anodic shift of the reduction
potential by 560 meV compared to that of 5. With comparable
excited state energies of around 1.8 eV, the excited state
oxidation potentials of complexes 1 and 3 differ by more than
900 mV. From an application perspective, complex 1 offers the
highest excited state oxidation power of the series, being 500
mV more oxidizing than § and 200 mV stronger than

[Ru(bpy),]*".

B EXPERIMENTAL SECTION

Physical Measurements. NMR spectra were recorded on a JEOL
400 MHz spectrometer at 293 K. Chemical shifts are given in ppm and
referenced internally to the residual solvent signal. Microwave heating
was performed in an Initiator single mode microwave cavity at 2450
MHz (Biotage). High-resolution ESI-MS were performed on a
superconducting 9.4 T FTICR mass spectrometer equipped with an
in-house developed emitter. HPLC—MS data were obtained on a
Dionex Ultimate 3000 system on a Phenomenex Gemini C18 column
(150 X 3.0 mm, S pum) coupled to Thermo LCQ Deca XP with
electrospray ionization (Supporting Information). Solvents used for
HPLC: 0.05% HCO,H in H,O and 0.05% HCO,H in CH,CN.
Electrochemical experiments were performed with a three-electrode
setup in a three-compartment cell connected to an Autolab
potentiostat with a GPES electrochemical interface (Eco Chemie).
The working electrode was a glassy carbon disk (diameter 3 mm,
freshly polished). Potentials were measured versus a nonaqueous Ag/
Ag" reference electrode (CH Instruments, 10 mM AgNO; in CH;CN)
with a potential of —0.080 V versus the ferrocenium/ferrocene (Fc*/°)
couple in CH;CN. UV—vis absorption spectra were measured on a
Varian Cary S0 instrument. Steady-state emission measurements were
performed on a Fluorolog 3-222 emission spectrometer from Jobin-
Yvon and corrected for different detector sensitivity at different
wavelengths. Oxygen was removed by purging with argon in the
cuvette before and during measurements. Emission spectra and yields
at 80 K were measured using a coldfinger setup in a liquid nitrogen
filled Dewar flask. Emission yields at room temperature were measured
with [Ru(dgp),]** in deoxygenated CH;CN (®,,, = 0.02) as standard.
Time-resolved emission measurements were made with a frequency
tripled Q-switched Nd:YAG laser (from Quantel) producing <10 ns
flashes. Excitation light at 500 nm was obtained in an OPO. The
emission was detected at a right angle with a monochromator and a
P928-type PMT. The PMT output was recorded on a Hewlett-Packard
digital oscilloscope (2 G samples/s) and analyzed with a nonlinear
least-squares algorithm with the Applied Photophysics LKS60
software. All emission measurements were performed in 1 X 1 cm
quartz cuvettes in CH;CN.

X-ray Crystal Structure Analysis. Crystallographic data sets were
collected from single crystal samples mounted on a loop fiber and
coated with N-paratone oil (Hampton Research). Collection was
performed using a Bruker SMART APEX diffractometer equipped
with an APEXII CCD detector, a graphite monochromator, and a
three-circles goniometer. The crystal-to-detector distance was 5.0 cm,
and the data collection was carried out in 512 X 512 pixel mode. The
initial unit cell parameters were determined by a least-squares fit of the
angular setting of strong reflections, collected by a 10.0° scan in 33
frames over three different parts of the reciprocal space (99 frames
total). Cell refinement and data reduction were performed with
SAINT V7.68A (Bruker AXS). Absorption correction was done by
multiscan methods using SADABS96 (Sheldrick). The structure was
solved by direct methods and refined using SHELXL97 (Sheldrick).
All non-H atoms were refined by full-matrix least-squares with
anisotropic displacement parameters while hydrogen atoms were
placed in idealized positions. Refinement of F* was performed against
all reflections. The weighted R-factor wR and goodness of fit S are
based on F’. Full details concerning the data sets and crystal
resolutions can be found in the respective CIF files for 2 and 4,
deposited at the Cambridge Crystallographic Data Centre under
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Table 5. Crystallographic Data for the Complexes 2 and 4

compound

formula

M,, (g/mol); F(000)
T (K); wavelength
(&)

crystal system

space group

a (A)

b (A)

¢ (4)

$ (deg)

vV (&); Z;
dee (g/cm®)

0 range (deg);

completeness

collected reflectns;

R,

2

[C44H28N xoRu]
(PFe),'(CH,CN),

1141.86; 2296
100; 0.71073

orthorhombic

Pben

16.7445(16)
13.7792(13)
19.4056(19)

90

4477.4(7); 4; 1.694

1.91-31.18; 0.969

86 187; 0.0388

4

[CyH,sNRu]
[K(NO;);(H,0)]-CH,CN

1029.99; 2096
100; 0.71073

monoclinic

P21/n

11.9736(11)
26.443(3)
14.2001(14)
112.189(1)
4163.0(7); 4; 1.643

1.54-30.51; 98.4

7879S; 0.0606

unique reflectns; R, 7026; 0.091 12 504; 0.063
u (mm™); abs corr  0.522; semiempirical 0.555; semiempirical from
from equivalents equivalents

R,(F); wR(F?) 0.0570; 0.1478 0.0667; 0.1826

(I > 26(1)]

R,(F); wR(F?) (all  0.0694; 0.1553 0.0913; 0.1925
data)

GOF(F?) 1.032 1.106

residual electron 2.843; —1.678 1.075; —2.402

density (e7/A%)

CCDC 849360 (2) and 848070 (4). These files can be obtained free
of charge from The Cambridge Crystallographic Data Centre via www.
ccde.cam.ac.uk/data_request/cif.

Materials. All commercially available reagents were used as
received unless noted otherwise. [RuCl,(DMSO0),],*° 2,6-di-
(trimethyltin)pyridine,®® S-bromoquinoxaline,” 2,6-di(quinolin-8-yl)-
pyridine (dgp),"* 2,6-di(N-7-azaindol-1-yl)pyridine (dNinp),** and
[Ru(dgqp)(CH;CN);](PF),'® were synthesized by literature methods.

Synthesis of 2,6-Di(trimethylstannyl)pyridine. This compound was
synthesized according to the literature procedure.’® 'H NMR (400
MHz, CDCl,): § 7.30 ppm (3H, m), 0.31 (18 H, s).

Synthesis of 5-Bromoquinoxaline. This compound was prepared
according to the published procedure.’’ 'H NMR (400 MHz, DMSO-
dg): 6 9.07 ppm (1H, d, ] = 1.7 Hz), 9.04 (1H, d, ] = 1.7 Hz), 8.2§
(1H, dd, J = 7.6, 1.1 Hz), 8.14 (1H, dd, J = 84, 1.1 Hz), 7.80 (1H,
apparent t but dd instead, ] = 8.0 Hz).

Synthesis of 2,6-Di(quinolin-8-yl)pyridine (dgp). This compound
was prepared according to the published procedure.'® 'H NMR (400
MHz, CDCL): § 9.00 ppm (2H, dd, J = 4.2, 1.9 Hz), 8.28 (2H, dd, ] =
73, 1.5 Hz), 824 (2H, dd, ] = 8.4, 1.8 Hz), 8.13 (2H, d, ] = 7.8 Hz),
7.96 (1H, t, ] = 7.7 Hz), 7.89 (2H, dd, ] = 8.3, 1.6 Hz), 7.67 (2H, dd, |
= 8.2, 7.3 Hz), 7.46 (2H, dd, ] = 8.3, 4.2 Hz). ESI-MS: calcd for
C,3HsN; 333.13 au, found [M + H]* = 334.0 m/z.

Synthesis of 2,6-Di(quinoxalin-5-yl)pyridine (dqxp). 2,6-Di-
(trimethylstannyl)pyridine (370.0 mg, 0.91 mmol), S-bromoquinoxa-
line (415.2 mg, 2.0 mmol), and [Pd(PPh,),] (52.2 mg, 0.044 mmol)
were suspended in 5.0 mL of dry toluene. The mixture was purged
with argon and heated at 160 °C for 2 h in a sealed microwave vial
using microwave irradiation. After cooling, an off-white solid
precipitated. The solid was filtrated, washed with cold toluene, and
recrystallized twice from hot EtOAc. Yield: 180.4 mg, 59%. 'H NMR
(400 MHz, CDCL,): 6 8.92 ppm (2H, d, J = 1.6 Hz), 8.89 (2H, d, ] =
1.6 Hz), 8.35 (2H, dd, ] = 7.2, 1.2 Hz), 8.35 (2H, dd, ] = 8.4, 1.6 Hz),
8.08 (2H, d, ] = 7.6 Hz), 7.96 (1H, dd, ] = 8.4, 7.2 Hz), 7.90 (2H, dd, J
= 8.4, 7.2 Hz) (Supporting Information, Figure S1). '*C NMR (100
MHz, CDCL,): § 155.7, 144.8, 144.7, 143.3, 143.3, 141.1, 139.5, 135.4,
131.9, 130.3, 130.2. ESI-MS: caled C,;H;N; 335.12 au, found [M +
H]* = 336 m/z. Anal. Calcd for C,H,;3N;-0.5(EtOAc): C, 72.81; H,
4.52; N, 18,46. Found: C, 72.82; H, 4.22; N, 19.62.
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Synthesis of 2,6-Di(N-7-azaindol-1-yl)pyridine (dNinp). This
compound was prepared according to the published procedure.”* 'H
NMR (400 MHz, CDCL,): & 8.81 ppm (2H, d, J = 8.1 Hz), 8.44 (2H,
d,J=3.9Hz), 842 (2H, dd, ] = 4.8, 1.6 Hz), 8.03 (1H, t, J = 8.1 Hz),
7.96 (2H, dd, J= 7.8, 1.6 Hz), 7.17 (2H, dd, ] = 7.8, 4.8 Hz), 6.66 (2H,
d, J = 3.9 Hz). ESI-MS: calcd for C;gH3N; 311.1 au, found [M + H]*
= 312.0 m/z.

Synthesis of [Ru(dqp)(CH;CN);](PFgs),. This compound was
prepared according to the published procedure.'® 'H NMR
(acetone-dg): 6 9.39 (2H, dd, J = 5.1, 1.5 Hz), 877 (2H, dd, J =
82, 1.5 Hz), 8.74 (2H, dd, ] = 7.5, 1.3 Hz), 8.40 (2H, dd, J = 8.2, 1.3
Hz), 8.31 (1H, dd, ] = 8.8, 7.2 Hz), 8.21 (2H, m), 8.01 (2H, dd, ] =
8.2,7.5Hz),7.77 (2H, dd, ] = 8.2, 5.1 Hz), 2.60 (3H, s), 2.18 (6H, s).
ESI-MS: calcd for C,oH,,F;,N¢P,Ru 848.0 au, found [M — 2CH;CN
— 2PF 1% = 238 m/z, [M — 2PF¢ %" = 279 m/z.

Synthesis of [Ru(dqxp),](PFs), (1). A microwave vial was charged
with dgxp (60.1 mg, 0.18 mmol), [RuCL(DMSO),] (39.4 mg, 0.08
mmol), and ethylene glycol (S mL); sealed; and heated at 200 °C for
20 min using microwave irradiation. After cooling, the reaction mixture
was directly subjected to a column chromatography on silica using
CH,;CN/H,0/KNOs(satd) (40:4:1) as eluent. The chromatographic
procedure was done twice, the main red band being collected in each
case. The solvents of the fractions containing the product were
evaporated in vacuo until dryness and the residue was washed with
CH;CN to remove excess KNO;. CH3;CN was evaporated in vacuo,
and the red solid was redissolved in the minimum amount of water for
counteranion exchange using a 10-fold excess of NH,PF, followed by
filtration and washing of the formed precipitate with water and Et,O.
The anion exchange was repeated once more using the minimum
amount of water/acetone (10:1) to redissolve the solid. The product
was dried under vacuum. Yield: 18.7 mg, 22%. '"H NMR (400 MHz,
CD;CN): § 842 ppm (4H, d, ] = 2.4 Hz), 8.30 (2H, t, ] = 8.2 Hz),
8.06 (4H, d, J = 2.8 Hz), 8.02 (4H, d, ] = 8.4 Hz), 7.92 (4H, dd, ] =
74,12 Hz), 7.87 (4H, dd, ] = 8.4, 1.2 Hz), 7.73 (4H, dd, ] = 8.4, 7.2
Hz) (Supporting Information, Figure S2). “C NMR (100 MHz,
CD;CN): § 155.4, 152.5, 145.3, 140.7, 140.2, 140.0, 133.5, 132.1,
131.3, 130.7, 129.2. ESI-MS: caled for C,HyF,NjoPoRu 1062.1 au,
found [M — 2PF¢ ]** 386.1 m/z. Anal. Calcd for
CHy6F N0 P,Ru-0.5(Et,0 + CH,CN): C, 4829; H 2.93; N,
13.14. Found: C, 48.77; H, 2.71; N, 13.59.

Synthesis of [Ru(dqp)(dgxp)l(PFg), (2). A microwave vial was
charged with dqxp (26.0 mg, 0.077 mmol), [Ru(dqp)(CH;CN);]-
(PF¢), (60.8 mg, 0.072 mmol), and ethylene glycol (6 mL); sealed;
and heated at 220 °C for 20 min using microwave irradiation. The
purification was done as described for [Ru(dqxp),](PF),. Yield 22.6
mg, 18%. 'H NMR (400 MHz, CD;CN): § 8.34 ppm (2H, d, ] = 2.8
Hz), 826 (1H, t, ] = 8.4 Hz), 8.21 (1H, t, ] = 8.2 Hz), 8.20 (2H, d, ] =
2.8 Hz), 8.15 (2H, dd, ] = 8.4, 1.2 Hz), 7.98 (2H, d, ] = 8.0 Hz), 7.93
(2H, d,J = 8.4 Hz), 7.93 (2H, dd, ] = 5.2, 1.2 Hz), 7.82 (6H, m), 7.33
(2H, dd, ] = 8.4, 1.2 Hz), 7.67 (2H, apparent t but dd instead, J = 8.0
Hz), 7.51 (2H, apparent t but dd instead, ] = 8.0 Hz), 7.11 (2H, dd, ]
= 8.0, 5.2 Hz) (Supporting Information, Figure S3 and 'H—'H COSY
in Figure S4). *C NMR (100 MHz, CD;CN): § 159.1, 156.3, 156.0,
152.1, 146.0, 144.7, 141.6, 139.9, 139.3, 139.0, 138.6, 133.7, 132.8,
131.7,131.7, 131.4, 131.2, 130.2, 128.7, 128.5, 127.3, 126.8, 122.4. ESI-
MS: caled for C,,H,gF,NgP,Ru 1060.07 au, found [M — 2PF,"]* =
385.0 m/z. Anal Calcd for CH,sF,NgP,Ru: C, 49.87; H, 2.66; N,
10.57. Found: C, 49.61; H, 2.88; N, 9.99. X-ray suitable crystals were
obtained from vapor diffusion of Et,O into a CH;CN solution.

Synthesis of [Ru(dNinp),](PFg); (3). A microwave vial was charged
with dNinp (76.7 mg, 0.246 mmol), RuCl;-(H,0); (31.7 mg, 0.121
mmol), and 5 mL of EtOH; sealed; and heated on an oil bath at 120
°C overnight during which a dark precipitate was obtained. AgNO;
(62.0 mg, 0.365 mmol) was added to this reaction mixture and heating
at 120 °C was continued for another 16 h. The purification was done
as described for [Ru(dqxp),](PFs), with collection of the last green
band in the chromatographic procedure. Yield: 21.9 mg, 16%. 'H
NMR (400 MHz, CD;CN): § 8.20 ppm (2H, t, ] = 8.3 Hz) 7.88 (4H,
dd, J=7.8,1,2 Hz), 7.67 (4H, d, ] = 4.1 Hz), 7.65 (4H, dd, ] = 5.6, 1.2
Hz),7.49 (4H, d, ] = 8.3 Hz), 6.97 (4H, dd, ] = 7.8, 5.6 Hz), 6.68 (4H,
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d, ] = 4.0 Hz) (Supporting Information, Figure S5). *C NMR (100
MHz, CD,CN): § 158.7 ppm, 157.9, 151.1, 150.2, 147.4, 142.5, 138.7,
134.6, 131.8, 129.9. ESI-MS: calcd for CygH,F;,N oP,Ru 1018.10 au,
found [M — 2PF¢** = 364.0 m/z.

Synthesis of [Ru(dgp)(dNinp)](PFg), (4). A microwave vial was
charged with dNinp (22.0 mg, 0.071 mmol), [Ru(dgp)(CH;CN);]-
(PF4), (50.0 mg, 0.060 mmol), and ethylene glycol (2 mL); sealed;
and heated at 210 °C for 80 min using microwave irradiation. The
purification was done as described for [Ru(dqxp),](PF),. Yield: 31.8
mg, 51%. '"H NMR (400 MHz, CD;CN): § 8.20 ppm (SH, m) 8.14
(1H,t,J = 8.0 Hz), 7.96 (2H, d, ] = 8.1 Hz), 7.94 (2H, dd, ] = 7.5, 1.2
Hz),7.83 (2H, dd, J = 8.2, 1.1 Hz), 7.73 (2H, dd, ] = 8.0, 1.2 Hz), 7.52
(2H, d,] = 8.0 Hz), 748 (2H, dd, ] = 5.2, 1.2 Hz), 7.46 (2H, d, ] = 4.0
Hz), 7.38 (2H, d, ] = 8.0 Hz), 7.03 (2H, dd, ] = 8.0, 5.2 Hz), 6.99 (2H,
dd, ] = 7.6, 5.6 Hz), 6.55 (2H, d, ] = 4.0 Hz) (Supporting Information,
Figure $6 and 'H—'H COSY in Figure S7). *C NMR (100 MHz,
CD;CN): 6 158.7 ppm, 157.9, 151.1, 150.2, 150.2, 147.4, 142.5, 139.1,
138.7, 134.6, 134.2, 131.8, 131.6, 129.9, 129.1, 128.41, 128.4, 122.8,
1224, 1219, 116.7, 1083. ESIMS: caled for C,,H,sF,NgP,Ru
1038.07 au, found [M — 2PF¢ ]** = 374.1 m/z. Anal. Calcd for
CyoHaeF NP Ru: C, 48.71; H, 2.72; N, 10.82. Found: C, 4821; H,
3.03; N, 10.91. X-ray suitable crystals were obtained from vapor
diffusion of Et,O into a CH;CN solution of the nitrate salt of the
complex.
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