W) Check for updates
Full Papers

Eur]JIC . ..
doi.org/10.1002/€jic.202100092

European Journal of Inorganic Chemistry

European Chemical
Societies Publishing

Electrochemical and Photophysical Study of Homoleptic
and Heteroleptic Methylated Ru(ll) Bis-terpyridine

Complexes

Mira T. Rupp,”™® Thomas Auvray,” Garry S. Hanan,* and Dirk G. Kurth*®

In this study, we investigate the impact of N-methylation on the
electronic and photophysical properties of both homoleptic
and heteroleptic Ru(ll) bis-terpyridine complexes based on the
recently reported ligand 4'-(4-bromophenyl)-4,4"":4",4""-dipyr-
idinyl-2,2":6’,2"-terpyridine (Bipytpy), with pyridine substituents
in the 4- and 4"-position. The first reduction of the methylated
complexes takes place at the pyridinium site and is observed as
multi-electron process. Following N-methylation, the complexes
exhibit higher luminescence quantum yields and longer
excited-state lifetimes. Interestingly, the photophysical proper-
ties of the heteroleptic and homoleptic complexes are rather

Introduction

Due to their high affinity to many transition metal ions,
terpyridines (2,2':6',2"-terpyridines) have been widely studied in
supramolecular chemistry and material sciences. They can be
used as building blocks in supramolecular assemblies such as
coordination polymers or metal organic frameworks.'*? With
group 8 metals, they form kinetically stable d® complexes with a
distorted octahedral geometry, which show reversible redox
behavior as well as a strong absorption in the visible region.”
The electrochemical and photophysical properties of these
complexes can be tuned by introducing electron-withdrawing
or electron-accepting substituents.”! Constable and coworkers
have previously published several studies regarding N-alkylation
of ruthenium, iron and osmium bis-terpyridine complexes and
their application as photosensitizers in water oxidation as well
as molecular switches.” For all investigated complexes, the N-
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similar. TD-DFT calculations support the experimental results.
Furthermore, the complexes are tested as photosensitizers for
photocatalytic hydrogen production, as the parent complex 1
[Ru(Bipytpy)(Tolyltpy)I(PFe), (Tolyltpy: 4'-tolyl-2,2":6',2"-terpyri-
dine) was recently shown to be active and highly stable under
photocatalytic conditions. However, the methylated complexes
reported herein are inactive as photosensitizers under the
chosen conditions, presumably due to loss of the methyl
groups, converting them to the non-methylated parent com-
plexes.

alkylation was introduced at a pyridine ring in the 4’-position of
the terpyridine. By introducing different N-substituents, they
could alter the solubility of the complexes depending on the
counter ion as well as the redox behavior and the photophysical
properties such as absorption and emission wavelengths and
excited-state lifetimes.

In this study, we investigate the effect of N-methylation on
pyridine substituents in the 4"'- and 4""-position of the ligand
4'-(4-bromophenyl)-4,4"": 4" 4""-dipyridinyl-2,2":6’,2"-terpyri-
dine (Bipytpy). This ligand was used to prepare complex 1
[Ru(Tolyltpy)(Bipytpy)I*™ (Tolyltpy: 4-tolyl-2,2':6',2"-terpyridine),
which has been recently reported by our group to be a capable
photosensitizer in photocatalytic hydrogen evolution.*” Based
on those observations, we were interested in the potential
positive impact of structural variation on the performance in
photocatalysis. We thus investigate here the effect of a
homoleptic vs. heteroleptic design. The structures of the
complexes 1 to 4 discussed in this study are shown in Figure 1.

Results and Discussion
Synthesis and structural analysis

The synthesis of the ligands as well as of complex 1 has been
described previously.*? The homoleptic complex 2 is synthe-
sized in a one-step procedure, reacting two equivalents of the
ligand Bipytpy with a Ru(lll) chloride salt using microwave
irradiation. Both the heteroleptic and the homoleptic complexes
1 and 2 are then methylated using iodomethane, followed by
addition of aqueous potassium hexafluorophosphate to isolate
the complexes 3 and 4 as PF; salts. Their identity is confirmed
by 'H and "C NMR analysis (Figures S.I. 1-6) and ESI-MS.
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Figure 1. Structures of the complexes 1 to 4 discussed in this paper.

Single crystals of complexes 2 and 3 are obtained either by
slow evaporation of an acetonitrile/water solution for complex
2 or slow diffusion of diethyl ether into a concentrated
acetonitrile solution of the complex 3. The crystals are analyzed
using X-ray diffraction. The structures are shown in Figure 2
with refinement parameters described in the SI. In both
complexes, the ruthenium cation has a distorted octahedral
coordination sphere, resulting from the restricted bite angle of
the two meridionally coordinated terpyridine ligands. The
crystal structure analysis confirms the expected structures of
the complexes.

Electrochemical properties

The electrochemical properties of complexes 1 to 4 are
investigated using cyclic voltammetry in deaerated acetonitrile.
The experimental setup is described in the SI. The cyclic
voltammograms of the anodic and cathodic scans are shown in
Figure 3. Cyclic voltammograms of both anodic and cathodic
scan conducted in one single experiment are shown in
Figure S.I. 7. The potentials are reported vs. ferrocene (Fc/Fc*)
as a reference. All complexes exhibit a reversible oxidation,
which takes place at the metal center.”*® The non-methylated
and methylated homoleptic complexes 2 and 4 are harder to
oxidize, i.e., the oxidation potential is shifted anodically by
+50-100 mV, with respect to the corresponding heteroleptic
complexes 1 and 3. This shift in oxidation potentials can be
explained by the absence of an electron-donating ligand in the
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Figure 2. Ellipsoid representation of complexes 2 and 3 at 50 % probability.
Hydrogen atoms, PF,~ counterions and co-crystallized solvent molecules are
omitted for clarity.
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Figure 3. Cyclic voltammograms of complexes 1 to 4 (0.5 mM) in dry
acetonitrile under inert gas atmosphere, with 0.1 M TBAPF; scan rate
100 mV/s; scans both in anodic and cathodic direction start at 0 V vs.
reference.

homoleptic complexes, i.e., the electron-donating tolyl substitu-
ent in the heteroleptic complexes destabilizes the metal-
centered HOMO and thus facilitates the oxidation of the Ru(ll)
center while the electron-accepting pyridine and N-methyl
pyridinium substituents slightly stabilize the HOMO.® The
homoleptic complex [Ru(Tolyltpy),]** exhibits an oxidation
potential of 0.84V vs. Fc/Fc* and is thus slightly easier to
oxidize than complex 1 with an oxidation potential of 0.89 V.”
This anodic shift is assumed to be due to the HOMO
destabilizing effect of the electron-donating Tolyltpy ligand,
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which is less pronounced in the heteroleptic complex 1. A
similar anodic shift in oxidation potentials can also be observed
comparing the non-methylated complexes 1 and 2 with their
methylated counterparts 3 and 4. The methylation of the
pyridine substituents makes the ligands electron poorer and
thus more electron-withdrawing, resulting in a stronger stabili-
zation of the metal-centered HOMO and therefore an anodic
shift of the oxidation potential. This observation matches well
with the results reported by Constable etal. on related N-
methylated and  N-alkylated ruthenium bis-terpyridine
complexes.”?®

The non-methylated complexes 1 and 2 exhibit three
reversible reduction processes in the investigated window,
which take place at the ligands. The methylated complexes 3
and 4 both show one reversible reduction process (or several
very close lying processes) taking place at —1.1V vs. Fc/Fc*. In
the case of complex 3, this first reduction is a two-electron
process, determined by square wave voltammetry (Figure S.I.
10), while in the case of complex 4, it is a four-electron process
(Figure S.I. 11). The first reduction of the methylated complexes
presumably takes place at the pyridinium ions, indicated both
by the multiple electron processes as well as the strongly
anodically shifted reduction potential.*® The strong anodic shift
of these redox processes again matches well with a study
conducted by Constable and Cargill Thompson. However, in a
homoleptic ruthenium bis-terpyridine complex with N-meth-
ylated pyridine substituents, they observed two separate
reductions of the pyridinium sites.*™ Their observation supports
the assumption that the processes observed around —1.1V for
complexes 3 and 4 are indeed multiple, overlapping one-
electron processes, which also explains the large peak separa-
tion (>100 mV). Complexes 3 and 4, furthermore, show three
and four reversible reduction processes in the investigated
window, respectively. We previously assigned the reductions
occurring in complex 1 by comparison with the homoleptic
[Ru(Tolyltpy),]*" complex, leading to the following assignment:
The first reduction process corresponds to a first reduction of
the pyridine substituted ligand; the second reduction process
corresponds to a first reduction of the Tolyltpy ligand; the third
reduction process corresponds to a second reduction process of
the pyridine substituted ligand.*? Following this assignment,
we assume that in complex 3, the reductions occurring at
—1.55V and —2.04 V vs. Fc/Fc* correspond to a first and second
reduction of the electron-withdrawing pyridinium substituted
ligand while the reduction process at —1.70V occurs at the
Tolyltpy ligand. In the homoleptic complex 2, four reduction
processes are observed in the investigated window. These

Table 1. Electrochemical half-wave redox potentials E;/, in V (AE,/mV) for
complexes 1 to 4 in inert-gas purged acetonitrile.”’

Oxidation Reduction E,, /V
Eip/V
1 0.89 (69) —1.51 —1.81 —2.02
(62) (75) (104)
2 0.94(69) —1.45 —1.64 —-1.92 —2.06 (98)
61) (61) (83)
3 0.94(71) -1.10 —1.55 -1.70 —2.04(139)
(102) (62) (71)
4 1.04 (73) —1.11 —1.58 —1.69 —1.82(84) —2.09
(114) (66) (70) (142)

[a] Redox potentials are reported vs. ferrocene (Fc/Fc™); the differences
between the cathodic and anodic peak potentials AE, are given in
parentheses in millivolts; measurements are carried out in deaerated
acetonitrile solutions containing 0.1 M tetrabutylammonium hexafluoro-

phosphate at a scan rate of 100 mVs™.

correspond to both ligands being reduced twice. Complex 4
exhibits four reduction processes below —1.5V, which corre-
spond to each ligand being reduced twice. The data are
summarized in Table 1.

Photophysical properties

The complexes are analyzed regarding their photophysical
properties in acetonitrile. The UV-vis absorption and emission
spectra are presented in Figure 4, the data are summarized in
Table 2. All complexes exhibit metal-to-ligand charge transfer
(MLCT) absorption bands around 500 nm, with absorption
maxima slightly red-shifted for the homoleptic complexes 2 and
4 compared to their heteroleptic counterparts. The methylated
complexes 3 and 4 exhibit a broader, red-shifted MLCT
absorption band, with lower absorptivity compared to the non-
methylated analogues. These broader absorption bands overlap
with other transitions at higher energy (around 400 nm), which
are presumably ligand-centered (LC) transitions. Additionally,
complex 3 exhibits a shoulder around 470 nm, which is
attributed to a MLCT transition, likely involving mainly the
Tolyltpy ligand, based on the higher energy of this transition.
Regarding the emission wavelength, the methylated com-
plexes 3 and 4 again exhibit a red-shifted (25-40 nm) emission
compared to the non-methylated complexes 1 and 2. Further-
more, the quantum yield of the methylated complexes as well
as their excited-state lifetime are increased by an order of
magnitude compared to complexes 1 and 2. Additionally, the
homoleptic complexes 2 and 4 also exhibit a blue-shifted

Table 2. UV-vis absorption and emission data of complexes 1 to 4; spectra measured in acetonitrile.”!

Xabs,max/NM (€/10° Lmol ™" em™) Aem, max/NM ®/10°° t/ns
1 233 (92) 302 (80) 332 (70) 497 (34) 658 74433 3.8+0.5
2 235 (100) 296 (63) 332 (70) 502 (30) 649 78+32 24+0.2
3 228 (95) 275 (77) 309 (65) 408 (15) 511 (21) 697 2954128 36+1
4 238 (77) 265 (80) 307 (44) 344 (46) 377 (19) 519 (22) 675 405+ 160 3941

[a] Maximum absorption wavelength A, . €xtinction coefficient &, maximum emission wavelength A, v luminescence quantum yield @, excited-state
lifetime 1; emission data is collected in inert-gas purged solutions at room temperature.
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Figure 4. UV-vis absorption spectra (solid lines) and normalized emission spectra (dashed lines) of complexes 1 to 4; spectra measured in acetonitrile.

emission compared to the heteroleptic complexes 1 and 3. We
assume this observation is due to the lack of the electron-
donating Tolyltpy ligand in the homoleptic complexes. The
electron-donating character of the Tolyltpy ligand leads to a
destabilization of the HOMO and thus to a smaller HOMO-
LUMO energy gap,“? i.e., a red-shifted emission wavelength.

A study by Constable and coworkers on N-alkylated 4'-
pyridyl substituted bis-terpyridine complexes yielded similar
quantum yields around 40%107*. However, the observed
excited-state lifetimes of these complexes were found to be
increased by a factor of 3-4 compared to the herein reported
complexes and the emission wavelengths to be red-shifted to
around 720 nm.®! A longer excited-state lifetime despite a lower
HOMO-LUMO energy gap, as indicated by the emission wave-
length, indicates that the non-radiative decay is not governed
by direct deactivation from the excited-state to the ground
state and can hence not be described by the energy gap law,
but rather involves the triplet metal-centered (MC) state.
Assuming that the energy of the *MC state is less affected than
the 3MLCT state by the more electron-withdrawing character of
the ligands due to methylation, a stronger red-shift of the
emission wavelength of the complexes reported by Constable
et al. indicates a larger *MLCT to *MC energy gap and hence a
less efficient deactivation of the excited state, resulting in
longer excited-state lifetimes.

Theoretical calculations

To further understand the observations in the photophysical
and electrochemical experiments and to support our conclu-
sions, we conducted theoretical calculations using density
functional theory (DFT) and time-dependent DFT (TD-DFT).
Figure 5 shows the calculated HOMO and LUMO energies of the
four complexes 1 to 4. The LUMO energies of the methylated
complexes 3 and 4 are significantly lower than those of the
non-methylated complexes 1 and 2. This shift in energy
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Figure 5. Energy diagram of the frontier orbitals of the Ru(ll) complexes 1 to
4 (degeneracy threshold of 15 meV).

matches well the observed anodically shifted reduction poten-
tials of complexes 3 and 4.

Furthermore, HOMOs of the homoleptic complexes 2 and 4
are stabilized compared to the heteroleptic complexes 1 and 3.
This effect is stronger for the methylated complexes, presum-
ably due to the more electron-withdrawing character of the
methylated ligand. The strong stabilization of the HOMO of
complex 4 leads to a larger calculated HOMO-LUMO gap in
comparison to complex 3. The larger energy gap agrees with
the observed higher energy emission wavelength (Table 2).

The impact of the homoleptic vs. the heteroleptic design of
the complexes can further be visualized when looking at the
calculated contributions to the molecular orbitals (MOs). Table 3

© 2021 The Authors. European Journal of Inorganic Chemistry published
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Table 3. Contributions to MOs for complexes 1 to 4.
HOMO

LUMO

Z

i

—6.53 eV
Ru: 66 %
Tolyltpy: 15 %; Bipytpy: 19%

2 —6.58 eV
Ru: 64 %
Bipytpy: 36 %
i
3 —6.73 eV
Ru: 52%
Tolyltpy: 32%; Me-Bipytpy: 16 %
L3
) -
& #
“ #
r&. J
4 —7.02 eV —7.02 eV —7.03 eV
Ru: 55% Ru: 56 % Ru: 65%
Me-Bipytpy: 45 % Me-Bipytpy: 44% Me-Bipytpy:

—3.00 eV
Ru: 7%
Tolyltpy: 1%; Bipytpy: 92%

—3.03 eV
Ru: 7%
Bipytpy: 93 %

—3.03 eV

Ru: 7%
Bipytpy: 93 %
o

—3.62eV
Ru: 4%
Tolyltpy: 39%; Me-Bipytpy: 93 %

P
%
V

oy

‘9“

¥ X o
£ &
¥ ¢
4 4

—3.74 eV
Ru: 4%
Me-Bipytpy: 96 %

—3.74 eV
Ru: 4%

35% Me-Bipytpy: 96 %

shows the calculated distribution of the electron density in the
HOMOs and LUMOs of complexes 1 to 4. The electron density
in the HOMO is localized mainly on the ruthenium center for all
four complexes. In the case of complex 4, the HOMO is
described by three degenerated states. As expected, the
electron density in the LUMO is centered on the terpyridine
moieties. In heteroleptic complexes 1 and 3, most of the
electron density is on the pyridine-substituted ligand, in agree-
ment with its more electron-withdrawing nature. This non-
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symmetrical electron density in the LUMO of complexes 1 and
3 is expected due to the heteroleptic design. In contrast, for the
homoleptic complexes 2 and 4, two degenerate states exist,
with the electron density delocalized equally over both ligands.
The methylation of the peripheral pyridine substituents in-
creases the contribution of these rings to the LUMO levels, in
agreement with the pyridinium centered reduction observed in
the electrochemical measurements.

© 2021 The Authors. European Journal of Inorganic Chemistry published
by Wiley-VCH GmbH


https://doi.org/10.1002/ejic.202100092

Chemistry
Europe

European Chemical
Societies Publishing

Full Papers

Eur]JIC . ..
doi.org/10.1002/€jic.202100092

European Journal of Inorganic Chemistry

TD-DFT calculations provide insight into the nature of the
excited state of the reported complexes. The singlet-triplet
transition corresponding to the excited state are presented in
Table S.I. 3. In all cases, they correspond to MLCT states mixed
with minor contributions of LC states. While the methylation in
complexes 3 and 4 extends the delocalization on the Bipytpy
ligand towards the pyridines in the 4- and 4""-position, the
pyridine rings have no or only a minor contribution in the
excited state with no contribution from the methyl groups,
similarly to what Constable and coworkers had observed for
their system.”®

Photocatalytic study for hydrogen evolution

We previously reported that complex 1 acts as photosensitizer
(PS) in hydrogen evolution experiments, exhibiting relatively
weak, yet very long lasting activity.”” The complexes discussed
in this paper are tested under similar catalytic conditions, using
the catalyst [Co(dmgH),(H,0),1(BF,),, prepared in-situ from [Co-
(H,0)61(BF,), (1 mM) and dmgH, (6 mM), or colloidal platinum,
prepared in-situ from K,PtCl,, as reported in other photo-
catalytic studies.*** The tests are conducted in DMF with 1 M
triethanolamine (TEOA) as sacrificial electron donor and 0.1 M
tetrafluoroboric acid (HBF,) as proton source. The instrumental
error of the reported values is found to be within 10%. Results
are reported in turn-over frequency (TOF) and turn-over
number (TON). Complex 2 is active as photosensitizer both with
the cobaloxime complex or the colloidal platinum used as
catalyst (Figure 6 and Figure S.I. 16). However, its activity as well
as stability are inferior to that of the previously reported
heteroleptic complex 1 (Figure 6). Complex 1 has been reported
to be active as PS for more than 12 days without reaching its
half-life time (TOF,,, = 56 mmol,,,mol,s ' min~").“¥ Complex 2

60+ B

[o)
{=]

~
[=]

{ i
Hs Min
(=]
o

2]
=}

40

(9]
o
Sdjow Howw / NOL

TOF / mmol,;, mol;

20

time/h

Figure 6. Hydrogen photoproduction with complexes 1, 2 and 3 as PS
(0.1 mM) under blue light irradiation (LED centered at 445 nm); with
[Co(H,0)l(BF,), as pre-catalyst (1 mM), with dmgH, (6 mM), TEOA as
sacrificial electron donor (1 M) and HBF, as proton source (0.1 M) in DMF;
TOF: solid lines; TON: dashed lines.
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on the other hand exhibits a half-life time of 5.2 h and a TOF,,,,
of 36 mmol,,mol,s™'min~' when using a cobaloxime catalyst
and a TOF,,,, of 35 mmol,,mol,s ' min~' with a half-life time of
8.0 h using colloidal platinum. Yet, the UV-vis absorption
spectra of the reaction mixtures recorded before and after blue
light irradiation only vary very slightly (see Figure S.I. 17), which
shows that complex 2 does not decompose during the hydro-
gen evolution reaction and that other components of the
system lead to the loss of hydrogen production activity over
time. Previously, we argued that the relatively low hydrogen
evolution activity of PS 1 is a result of the reductive quenching
being the rate limiting step.”? The fact, that the activity as PS of
complex 2 is very similar regardless of the catalyst used
indicates that here too, the rate limiting step does not involve
the catalyst. However, complex 2 is slightly easier to reduce,
which should make the reductive quenching more efficient and
hence increase the activity in hydrogen evolution experiments.
The fact that instead of an increased activity rather a lower
activity and decreased longevity of hydrogen production is
observed with complex 2 compared to complex 1, leads to the
conclusion that the heteroleptic design of complex 1, leading
to a non-symmetrical electron density distribution in the
excited state, is beneficial for the electron transfer processes.
However, more detailed studies are needed to further inves-
tigate this effect.

Despite its improved photophysical properties, only very
low activity is observed from complex 3 using a cobalt-based
catalyst (TOF,,.,=22 mmol,, mol,s'min~', see Figure 6). In
contrast, using colloidal Pt as catalyst, the methylated complex
3 shows an unusual activity profile where the hydrogen
production starts very slow and increases over time reaching a
TOF,,.x of 45 mmol,, mol,s™'min™' (Figure S.I.16). UV-vis absorp-
tion spectra recorded before and after the experiment (Fig-
ure S.I.8) suggest that the complex is not stable under the
catalytic conditions. The UV-vis absorption spectra after the
hydrogen evolution experiments show an absorption profile
very similar to that of complex 1, leading to the assumption
that complex 3 is demethylated. Interestingly, the absorption
profiles of the reaction mixtures after irradiation with light differ
slightly depending on which catalyst is used. While the reaction
mixture containing a cobaloxime catalyst leads to a spectrum
identical to that of complex 1, the reaction mixture with
colloidal platinum differs slightly, with a small bathochromic
shift of the MLCT absorption band. These small differences in
absorbance are also reflected in the hydrogen evolution
activity, i.e,, only with colloidal platinum, the decomposition
product leads to hydrogen evolution activity. It should,
however, be noted that different batches of freshly in-situ
prepared colloidal platinum can lead to slightly varying hydro-
gen evolution profiles, albeit exhibiting similar TOF, .. When a
cobaloxime catalyst is used, a maximum TOF,, of
22 mmol,,molss ' min~', with a half-life time of 2.9 h is found.
We assume that the cobaloxime catalyst is participating in the
demethylation reaction, rendering it inactive for the hydrogen
evolution reaction.

Complex 4 is found to be not active as PS, both with the
cobaloxime and the colloidal platinum catalyst. Again, UV-vis
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absorption spectra of the reaction mixtures recorded before
and after light irradiation show a change in the absorption
profile. This change could either stem from a decomposition,
such as demethylation, or reduction of the complex. We
propose that, due to the less negative reduction potentials of
the methylated complexes 3 and 4, they are easily reduced by
the sacrificial electron donor, but the reduced species lack
driving force to subsequently transfer the electron to the
catalyst. While the cyclic voltammograms show that the
reduction processes are reversible, the catalytic conditions (light
irradiation and presence of other reagents) apparently lead to a
decomposition of the methylated complexes 3 and 4, e.g., via
loss of the methyl groups.

Conclusion

In this study, we compare the previously reported heteroleptic
complex 1 with its homoleptic counterpart 2 and prepare the
corresponding methylated complexes 3 and 4. Comparing the
homoleptic and heteroleptic complexes, we find that the
homoleptic complexes 2 and 4 are harder to oxidize but easier
to reduce. As expected, the first reduction of the methylated
complexes 3 and 4 takes place at the pyridinium site and is
observed as multi-electron process. Furthermore, the photo-
physical properties are barely affected by changing from
heteroleptic 1 to homoleptic 2. Both methylated complexes
exhibited higher luminescence quantum yields and longer
excited-state lifetimes. Photocatalytic investigations show that
methylation of the complexes makes them unsuitable for the
application as PS in hydrogen evolution experiments. This
observation is assumed to be due to decomposition, e.g., via
loss of the methyl groups, under the catalytic conditions and a
lack of driving force for electron transfer from the reduced PS
to the catalyst. However, the anodically shifted oxidation
potentials of the methylated complexes could render these
complexes interesting candidates for photosensitizers in photo-
catalytic water oxidation. In catalytic systems for water
oxidation, the excited PS is usually oxidized by a sacrificial
electron acceptor, yielding a Ru(lll) species. Compounds similar
to the methylated complexes 3 and 4, i.e., N-alkylated 4'-pyridyl
substituted terpyridine ruthenium complexes, were previously
studied as photosensitizers in photocatalytic water oxidation.
These studies showed that the N-alkylated bis-terpyridine
complexes can lead to a comparable oxygen evolution activity
as the standard ruthenium tris-bipyridine PS."”

Experimental Section

Materials All reagents and solvents were obtained from commercial
sources (VWR, Fisher Scientific, Acros or Sigma Aldrich) and used as
received, unless stated otherwise. RuCl;-3H,0 was obtained from
Pressure Chemicals Inc. The synthesis of the ligands Tolyltpy® and
Bipytpy"“? were carried out according to published procedures. The
synthesis of the complex [Ru(Tolyltpy)(Bipytpy)l** 1 was carried out
as a two-step procedure as described previously.*? For experiments
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under microwave irradiation, a Biotage Initiator or a Discover SP
microwave synthesizer were used.

Synthesis [Ru(Bipytpy),J(PFs), 2 A suspension of Ru(lll) chloride
trihydrate (11.8 mg, 45.0 pmol, 1eq) and Bipytpy (50.0 mg,
92.2 umol, 2.05 eq) in 7.00 mL ethylene glycol was heated to 150°C
for 40 minutes using microwave irradiation. After cooling to room
temperature, water and aqueous KPF; solution were added to the
solution and the precipitate was filtered off over celite. After
washing with water, the solid was dissolved in acetonitrile, dried
over magnesium sulfate and the solvent was removed under
reduced pressure. The crude product was purified by washing with
dichloromethane to yield the product as a dark red solid (62.0 mg,
42.0 pmol, 93.4%).

'H-NMR (400 MHz, CD;CN): 6 =9.24 (s, 4H), 8.99 (s, 4H), 8.77 (d, *J=
5.7 Hz, 8H), 8.24 (d, °J=8.4 Hz, 4H), 8.01 (d, >J=8.3 Hz, 4H), 7.79 (d,
*)=5.6 Hz, 8H), 7.61 (d, *J=5.9 Hz, 4H) and 7.54 ppm (d, *J=5.7 Hz,
4H). *C{'"H}-NMR (125 MHz, CD,CN): 6=159.8, 156.5, 154.0, 151.8,
148.4, 1483, 143.6, 136.8, 133.7, 130.6, 125.9, 125.6, 123.4, 123.1
and 122.5ppm. ESI-MS: m/z [MP** calc. for Cg,HaoBroN;oRu:
592.04183; found: 592.04471; difference: 4.9 ppm.

[Ru(Tolyltpy)(di-methyl-Bipytpy)]l(PFs), 3 To a solution of [Ru-
(Bipytpy)(Tolyltpy)I(PFs), 1 (35.0 mg, 27.9 umol, 1eq) in 10.0 mL
acetonitrile, iodomethane (79.1 mg, 34.7 pL, 557 umol, 20 eq) was
added. The reaction mixture was stirred at room temperature for
2 h and subsequently heated to 40°C for two days. During the
cause of the reaction, additional iodomethane was added. The
product was isolated by removal of the solvent and excess
iodomethane under vacuum. To exchange the iodide counter ions,
the dark red solid was dissolved in acetonitrile and aqueous
potassium hexafluorophosphate solution and water were added.
The precipitate was filtered off and washed with water (33.3 mg,
21.1 umol, 75.8%).

'H-NMR (300 MHz, CD,CN): 6 =9.25 (s, 2H), 9.04 (m, 4H), 8.76 (d, *J=
6.4 Hz, 4H), 8.69 (d, >J=8.1 Hz, 2H), 8.34 (d, *J=6.4 Hz, 4H), 8.23 (d,
3)=8.4 Hz, 2H), 8.15 (d, >/=8.0 Hz, 2H), 7.98 (m, 4H), 7.74 (d, °J=
5.9 Hz, 4H), 7.61 (d, >J=7.4 Hz, 4H), 7.44 (d, *J=5.1 Hz, 2H), 7.21 (m,
2H), 4.35 (s, 6H) and 2.56 ppm (s, 3H). *C{'"H}-NMR (75 MHz, CD,CN):
0=160.4, 159.1, 156.4, 156.1, 154.4, 153.7, 152.0, 150.3, 148.2,
147.0, 143.7, 143.7, 142.2, 139.5, 136.8, 134.7, 133.8, 131.3, 130.6,
128.7, 128.5, 126.9, 126.5, 125.7, 125.6, 123.7, 123.4, 122.7, 49.2 and
21.4 ppm. ESI-MS: m/z [M]*" calc. for CgsH,3BrNgRu: 498.09133;
found: 498.0926; difference: 2.6 ppm.

[Ru(di-methyl-Bipytpy),](PF,); 4 To a solution of [Ru(Bipytpy),l(PFs), 2
(40.0 mg, 27.1 umol, 1eq) in 10.0 mL acetonitrile, iodomethane
(385mg, 167 pL, 2.71 mmol, 100 eq) was added. The reaction
mixture was heated to reflux for 4 h. The product was isolated by
removal of the solvent and excess iodomethane under vacuum. To
exchange the iodide counter ions, the dark red solid was dissolved
in acetonitrile and aqueous potassium hexafluorophosphate sol-
ution and water were added. The precipitate was filtered off and
washed with water (41.0 mg, 19.4 umol, 71.5%).

'H-NMR (500 MHz, CD;CN): 6 =9.29 (s, 4H), 9.06 (s, 4H), 8.76 (d, *J=
6.8 Hz, 8H), 8.33 (d, 3>J=6.8 Hz, 8H), 8.25 (d, >J=8.4 Hz, 4H), 8.02 (d,
3)=8.4Hz, 4H), 7.74 (d, 3J=6.0 Hz, 4H), 7.62 (dd, >J=6.0Hz, *J=
1.8 Hz, 4H) and 4.34 ppm (s, 12H). *C{'"H}-NMR (125 MHz, CD;CN):
0=1603, 156.2, 154.8, 151.9, 149.1, 147.0, 144.2, 136.7, 133.8,
130.6, 126.9, 126.6, 125.8, 123.9, 123.7 and 49.2 ppm. ESI-MS: m/z
[M+3HP" calc. for CgHs,Br,N;,Ru: 415.73350; found: 415.72972;
difference: 9.1 ppm.

Computational details The calculations were made with Gaus-
sian16 rev.B.01,"" using the PBEO hybrid functional” with
LanL2DZ" as basis set. The optimizations were conducted without

© 2021 The Authors. European Journal of Inorganic Chemistry published
by Wiley-VCH GmbH
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symmetry constraints, followed by frequency calculations to
confirm that energy minima had been reached in all cases. The
energy, oscillator strength, and related MO contributions for the
100 lowest singlet-singlet and 10 lowest singlet-triplet excitations
were obtained from the TD-DFT/singlets and the TD-DFT/triplets
output files, respectively, for the Sy-optimized geometry. Gauss-
View6, GaussSum3.3" and Chemissian4.53"" were used for data
analysis, visualization and surface plots. All calculations were
conducted for acetonitrile solvated complexes using a conductor
like polarized continuum (CPCM) solvation model."™!

Deposition Numbers 2034792 (for 2), and 2034795 (for 3) contain
the supplementary crystallographic data for this paper. These data
are provided free of charge by the joint Cambridge Crystallographic
Data Centre and Fachinformationszentrum Karlsruhe Access Struc-
tures service www.ccdc.cam.ac.uk/structures.
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