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The ethynyl-phenylene substituted 2,2":6°,2"-terpyridine (tpy) derivatives, 4-(phenyl-ethynyl)-2,2":6',2"-
terpyridine (L), 4-(methoxyphenyl-ethynyl)-2,2":6',2"-terpyridine (L), 4-(tolyl-ethynyl)-2,2":6",2"-terpyri-
dine (L%) and 4-(nitrophenyl-ethynyl)-2,2":6',2"-terpyridine (L*) have been used to synthesize four new
[RuCl(2,2"-bipyridine)(L")]PFg based complexes. Electronic absorption, resonance Raman, cyclic voltam-
metry and spectroelectrochemistry aided by DFT calculations were used to explore the influence of the
alkynyl substituents on the electronic structures, photochemical and redox properties of the complexes.
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Furthermore, it is shown that the addition of ethynyl phenyl moieties to the 4-position of the tpy ligand
does not have a detrimental effect on these complexes, or the analogous aqua complexes, with respect
to their ability to photocatalyse the oxidation of 4-methoxybenzyl alcohol to the corresponding

www.rsc.org/dalton benzaldehyde.

Introduction

With global energy demands rising at an alarming rate, and
concerns over the supply, security and environmental impact
of conventional energy resources, attention is being turned to
alternative, non-carbon based forms of energy. In this regard,
the use of solar power, either directly through photovoltaics or
as a source of energy to produce fuels through artificial photo-
synthetic pathways is widely regarded as the most viable long
term solution."™ Of the various solar fuel alternative to
fossil-derived hydrocarbons, hydrogen is especially attractive,
offering high energy density, yielding water as the only by-
product of combustion and being available in almost limit-
less amounts, provided the challenges of coupling proton
reduction to an efficient method of water oxidation can be
overcome (eqn (1) and (2))

4H" +4e” — 2H,

(1)
(2)

2H,0 — O, +4H" + 4e”
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The chemical challenges of water oxidation (eqn (2)),
requiring the extraction of four protons and electrons from
two water molecules and formation of an O-O bond, are the
most demanding, as well as posing some significant funda-
mental questions concerning proton-coupled electron transfer
reactions. Nature has overcome these various issues using an
exquisitely balanced chain of light harvesting complexes, elec-
tron transfer centres and a catalytically active polynuclear
{Mn,CaOs} cluster to achieve photosynthesis in green
plants.>® Inspired in part by this biological template, metal
complexes offering a range of stable oxidation states, photo-
chemical properties and, at least in principle, a modular
aspect to their construction, have been now widely explored as
water oxidation catalysts,” although recent rapid advances in
solid-state catalysts must also be recognised.'*"®

The seminal work of Meyer’s group on the ‘blue dimer’
[{(bpy)»(H,0)Ru},(p-0)]**, which turns over water in the pres-
ence of a sacrificial Ce(v) oxidant'’ focussed many studies
of molecular catalysts for water oxidation on complexes of
ruthenium.'® Refinement of the binuclear platform lead to
the development of the Tanaka catalyst [{(3,6-Bu,Q),(OH)-
Ru,(p-btpyan)** (3,6-'Bu,Q = 3,6-di-tert-butyl-1,2-quinone;
btpyan = 2,2":6',2"-terpyridyl)-anthracene) which displayed an
impressive TON of 33 500 over 40 h of operation as an electro-
catalyst immobilised on an ITO electrode,'® whilst later work
lead largely by Meyer,”® Thummel®"** and Sakai** demon-
strated the efficacy of mononuclear ruthenium complexes as
water oxidation catalysts.>*>® Allied studies with mononuclear
iridium complexes have demonstrated the broader scope of
single site catalysts.>” >’

This journal is © The Royal Society of Chemistry 2015
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Within the ruthenium series of mononuclear complexes,
a common design feature in the presence of five nitrogen
donor ligands, typically as a tridentate and a bidentate or
two monodentate ligands, and many catalysts featuring vari-
ations on this structural design are known.>?3°7* These
systems are typically driven by a sacrificial chemical oxidant,
such as Ce(wv), to regenerate the active form of the catalyst.
Whilst this approach generates immense amounts of vital
mechanistic information, complications can arise from the
chemical non-innocence of the sacrificial reagent and
counter ions,*>?° leading to interest in alternative strategies,
such as immobilisation of these electrocatalysts on electrode
surfaces.>”*°

One alternative to the Ce(v) based sacrificial oxidants, and
which drives the area closer to the ultimate goal of a solar
(light) driven process, utilises a photosensitizer such as
[Ru(bpy)s]** or related derivatives which have reduction potentials
in the excited state sufficiently low to oxidise many of the
common Ru-based water oxidation catalysts, in conjugation
with a chemically benign sacrificial oxidant such as
[Co(NH3)5CIT** ** or Na,$,05.*>** The next logical step in the
evolution of molecular water oxidation catalysts is the develop-
ment of dyad systems in which the photosensitizer and catalyst
complex are linked via a suitably positioned and constructed
bridge.678,44—49

The design of sensitizer-catalyst dyads for water oxidation is
an immense challenge, demanding a balance between the
photochemical properties of the dyad, forward and reverse
electron transfer rates, thermodynamic driving forces and
chemical kinetics of an intricate PCET bimolecular reaction
(eqn (2)), all within a synthetically achievable platform. As part
of the effort to explore the different aspects of this overall reac-
tion scheme, attention has been directed to models of the key
transformation [{Ru"}-OH,]** — [{Ru"}=0]"",>*">* in which a
[Ru(bpy);]** style photosensitizer is used to photooxidise the
catalyst centre, in conjunction with a mild sacrificial oxidant,
[Co™(NH;)5CI]** to recycle the sensitizer. The photogenerated
[{Ru™}=0]** complexes can be used to oxidize benzyl alco-
hols, as a model for water, in a process that can be con-
veniently followed by "H NMR spectroscopy, with concomitant
2-¢/2H" reduction of the catalyst back to the [{Ru"}-OH,]**
state. Both multi-component®® and linked
dyads®®~* have explored in this fashion.

Curiously, despite the well-developed ‘wire-like’ properties
of the alkynyl moiety, -C=C-, capable of promoting electron
transfer between remote sites, and synthetic compatibility with
polypyridyl-based ligand scaffolds,”*>® there have been no
reports to date of this fragment being used in the design of
photoactive water oxidation dyads. As an initial step towards
the design of alkyne-bridged photosensitizer-water oxidation
complex dyads we have been drawn to the elementary
[Ru(H,0)(bpy')(tpy)[** family of water oxidation catalysts.>® Substi-
tution of both the 2,2"-bipyridine (bpy) and 2,2":6’,2"-terpyri-
dine (tpy) ligands with a range of electron donating and
withdrawing groups has been achieved, with general con-
clusions being that 4'-substitution of the tpy ligand by donor
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Fig. 1 Substitution pattern of the ligands demonstrated by Yagi and
Berlinguette et al. where R; = H, EtO, MeO, Me, Cl or COOH and R, = H,
OMe, COOH, CL.

groups (OEt, OMe) gave enhanced catalytic activity, albeit with
lower catalyst stability (Fig. 1).**°7>®

Here we describe the preparation and characterisation of
4-arylethynyl-2,2":6',2"-terpyridine ligands L", and the com-
plexes [RuCl(bpy)(L")]PFs. The behaviour of [RuCl(bpy)(L")]PFs
and the analogous aqua complex [Ru(H,0)(bpy)(L")]** (pre-
pared in situ by chloride ion abstraction) as oxidation photoca-
talysts was assayed through the [Ru(bpy);]*" sensitized
photocatalytic oxidation of 4-methoxybenzyl alcohol.””'" The
comparable catalytic response of the alkynyl substituted
derivatives with the parent system [Ru(H,O)(bpy)(tpy)](OTf),
indicates that the introduction of the ethynyl moiety to the tpy
ligand scaffold is not detrimental to the catalytic process,
opening avenues for further development of covalently linked
sensitizer-catalyst dyads.

Experimental section

The compounds 4-ethynyl-nitrobenzene,”  Pd(PPh;),,%°
4'-(phenylethynyl)-2,2":6',2"-terpyridine (L')®" and 4'-[[(trifluor-
omethyl)sulfonylJoxy]-2,2":6",2"-terpyridine (tpyOTf)°* were syn-
thesised by literature procedures. The compounds 4-ethynyl
toluene, bpy, LiCl, N-ethyl morpholine and RuCl;-3H,0 were
purchased and used as received. All glassware was over dried
(120 °Q), nitrogen environments were created through a high
purity nitrogen line and dry solvents were reagent grade.

4'-(Methoxyphenylethynyl)-2,2':6',2"-terpyridine (L)

Triethylamine (7 mL) was added to a THF solution (20 mL) of
tpyOTf (250 mg, 0.65 mmol) and 4-ethynyl anisole (86 mg,
0.65 mmol). The mixture was degassed by three freeze-pump-
thaw cycles before Pd(PPh;), (75 mg, 0.065 mmol) was added.
The solution was heated at reflux overnight in the dark, after
which time the solvent was removed, the residue extracted in
dichloromethane, and the extracts filtered. The filtrate was
passed down a silica column initially with neat CH,Cl, then
CH,Cl, : acetonitrile (1:1) to elute the product. The fraction
containing the product was taken to dryness and washed with
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methanol and dried, giving a white solid. Yield: 191 mg (81%).
ES-MS: m/z 364 [M + H]". "H NMR(CDCl;): § 8.71 (ddd (J = 5, 2,
1 Hz), 2H), 8.61 (dt (J = 8, 1 Hz), 2H), 8.55 (s, 2H), 7.86 (td (J =
8, 2 Hz), 2H), 7.51 (d (J = 8 Hz), 2H), 7.34 (ddd (J = 8, 5, 1 Hz),
2H), 6.90 (d (J = 8 Hz), 2H), 2.16 (s, 3H) ppm. *C{'H} NMR
(CDCly): 6. 160.2, 155.9, 155.5, 149.2, 137.0, 133.9, 124.0,
122.7, 121.3, 114.6, 114.3, 94.2, 86.6, 55.3 ppm. Anal. Calc.
C,4H17N30-0.1CH,Cl,: C, 77.83; H, 4.66; N, 11.30%. Found:
C, 77.58; H, 4.35; N, 11.26%.

4'-(Tolylethynyl)-2,2":6',2"-terpyridine (L?)

The same procedure as for L* except 4-ethynyl toluene was
used in place of 4-ethynyl anisole. Crystals were grown by the
slow evaporation of a chloroform solution. Yield: 178 mg
(79%). ES-MS: m/z 348 [M + H]". "H NMR (CDCl,): 6 8.71 (ddd
(J =5, 2,1 Hz), 2H), 8.60 (dt (J = 8, 1 Hz), 2H) 8.56 (s, 1H) 7.84
(td (J=8, 2 Hz), 2H) 7.47 (d (J = 8 Hz), 2H), 7.33 (ddd (J = 8, 5,
1 Hz) 2H) 7.18 (d (J = 8 Hz), 2H) 2.38 (s, 3H) ppm. *C NMR
(CDCl;): 6 155.82, 155.56, 149.26, 139.43, 136.96, 133.74,
131.98, 129.36, 124.06, 122.87, 121.31, 119.52, 94.22, 87.11,
21.71 ppm. Anal. Calc. C,,H,,N5: C, 82.97; H, 4.93; N, 12.09%.
Found: C, 82.83; H, 4.95; N, 12.23%.

4'-(Nitrophenylethynyl)-2,2':6',2"-terpyridine (L")

The same procedure as for L> except 4-ethynyl nitrobenzene
was used in place of 4-ethynyl anisole. Yield: 159 mg (65%).
ESMS: m/z 379 [M + H]". "H NMR (CDCl;): § 8.72 (ddd (J = 5, 2,
1 Hz), 2H), 8.63 (dt (J = 8, 1 Hz), 2H) 8.60 (s, 2H) 8.25 (d (J =
8 Hz), 2H) 7.88 (td (J = 8, 2 Hz), 2H), 7.71 (d (J = 8 Hz), 2H)
7.37 (ddd (J = 8, 5, 1 Hz), 2H) ppm. *C NMR (CDCl,): § 155.6,
155.2, 149.1, 147.5, 137.1, 132.6, 129.1, 124.2, 123.7, 122.9,
121.3, 92.0, 91.1 ppm. Anal. Calc. for C,3H4,N,0,: C, 73.01;
H, 3.73; N, 14.81%. Found: C, 72.86; H, 3.77; N, 14.74%.

[RuCl(bpy)(L")JPF, ([1CI]PF,)

A solution of L' (200 mg, 0.60 mmol) and RuCl;-3H,0
(156 mg, 0.60 mmol) in ethanol (30 mL) was heated at reflux
for 3 h. and allowed to cool. The solution was filtered, and the
precipitate collected washed with water, ethanol, diethyl ether
and finally chloroform giving a brown powder, presumably
RuCl,(L"). A suspension of the brown powder, bpy (94 mg,
0.60 mmol), LiCl (25 mg, 0.60 mmol), N-ethylmorpholine
(0.3 mL) and methanol (20 mL) was heated at reflux for 3 h.
before being allowed to cool and filtered. The filtrate was dried
under vacuum, extracted into dichloromethane and filtered.
The solvent was removed from the filtrate, the resulting
residue redissoved in methanol and NH,PFs (196 mg,
1.20 mmol) was added to cause precipitation. The solvent was
removed to give a purple solid which was purified on a neutral
alumina column, eluting with acetonitrile : CH,Cl, (1:1). The
purple fraction was collected and the solvent removed to give
a purple solid. Crystals were grown by vapour diffusion of
diethyl ether into an acetonitrile solution. Yield: 226 mg
(49%). ES-MS: m/z 626 [M]". "H NMR (CD;CN): § 10.30 (dd (J =
6, 0.8 Hz), 1H), 8.62-8.60 (m, 3H), 8.31-8.28 (m, 4H), 8.01 (ddd
(J = 8, 6, 1 Hz), 1H), 7.72-7.64 (m, 7H), 7.53-7.49 (m, 3H),
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7.26-7.24 (m, 3H), 6.93 (ddd (J = 7, 6, 1 Hz), 1H) ppm. °C
NMR (CD;CN): § 158.48, 158.11, 157.89, 155.99, 152.30,
152.13, 151.90, 136.93, 136.76, 135.71, 131.90, 129.84, 128.94,
127.35, 126.94, 126.06, 123.98, 123.59, 123.48, 123.20, 121.64,
95.73, 86.73 ppm. Anal. Calc. for C33H,3CIF¢NsPRu: C, 51.40;
H, 3.01; N, 9.08%. Found: C, 51.37; H, 2.93; N, 8.97%.

[RuCI(bpy)(L*)]PF, ([2C1]PFq)

The same procedure as for 1Cl except L> was used in place of
L". Crystals were grown by vapour diffusion of diethyl ether into
an acetonitrile solution. Yield: 288 mg (60%). ES-MS: m/z 656
[M]". "H NMR (CD;CN): § 10.26 (dd (J = 6, 0.8 Hz), 1H), 8.61 (dt
(J = 8, 1 Hz), 1H), 8.59 (s, 1H), 8.34 (dt (J = 8, 0.8 Hz), 2H),
8.30-8.28 (m, 2H), 8.00 (ddd (J = 8, 6, 1 Hz), 2H), 7.82 (td (J = 8,
2 Hz), 2H), 7.69-7.67 (m, 4H), 7.62 (d (J = 8 Hz), 4H), 7.30-7.27
(m, 4H), 7.05 (d (J = 8 Hz), 2H), 6.95 (ddd (J = 7, 6, 1 Hz), 1H),
3.89 (s, 2H) ppm. "*C NMR (CD;CN): § 161.98, 159.49, 159.18,
158.81, 156.99, 153.14, 137.96, 137.66, 136.63, 134.61, 128.97,
128.31, 127.02, 124.70, 124.55, 124.41, 124.16, 115.58, 114.43,
97.21, 86.68, 56.25 ppm. Anal. Calc. for C;,;H,5CIFgNsOPRu:
C, 50.98; H, 3.15; N, 8.74%. Found: C, 50.93; H, 3.07; N, 8.74%.

[RuCI(bpy)(L*)]PF, ([3CI]PFq)

The same procedure as for 1Cl except L*> was used in place of
L'. Crystals were grown by vapour diffusion of diethyl ether
into an acetonitrile solution. Yield: 52 mg (55%). ES-MS: m/z
639 [M]". "H NMR (CD;CN): § 10.27 (dd (J = 6, 0.8 Hz), 1H),
8.59 (dt (J = 8, 1 Hz), 1H), 8.57 (s, 2H), 8.29 (m, 4H), 7.99 (ddd
(J =8, 6, 1 Hz), 1H), 7.74 (td (J = 8, 2 Hz), 2H), 7.67 (m, 3H)
7.54 (dt (J = 8, 2 Hz), 2H), 7.31 (d (J = 8 Hz), 2H), 7.25 (m, 3H),
6.92 (ddd (J = 7, 6, 1 Hz), 2H) ppm. >C NMR (CD;CN):
5 159.46, 159.12, 158.83, 156.97, 153.30, 153.11, 152.91,
141.52, 137.92, 137.69, 136.65, 132.83, 130.59, 128.63, 128.31,
127.90, 127.02, 124.85, 124.55, 124.43, 124.16 ppm. Anal. Calc.
for Cs;,H,sCIFgNsPRu: C, 52.02; H, 3.21; N, 8.92%. Found:
C, 51.92; H, 3.15; N, 8.82%.

[RuCI(bpy)(L*)|PF, ([4C1]PFq)

The same procedure as for 1Cl except L* was used in place of
L'. Crystals were grown by vapour diffusion of diethyl ether
into an acetonitrile solution. Yield: 43 mg (43%). ES-MS: m/z
671 [M]". "H NMR (CD;CN): § 10.23 (dd (J = 6, 0.8 Hz), 1H),
8.65 (s, 2H), 8.61 (dt (J = 8, 1 Hz), 1H), 8.38 (dt (J = 8, 0.8 Hz),
2H), 8.33 (d (J = 8 Hz), 2H) 8.30 (m, 2H), 7.99 (ddd (J = 8, 6,
1 Hz), 1H), 7.88 (m, 4H) 7.68 (m, 3H), 7.30 (m, 3H), 6.94 (ddd
(J =7, 6, 1 Hz), 1H) ppm. *C NMR (CD;CN): § 159.36,
159.16, 159.03, 156.82, 153.32, 153.15, 153.00, 138.13, 137.87,
136.82, 133.85, 129.27, 128.49, 127.96, 127.05, 125.08, 125.04,
124.65, 124.47, 124.22, 93.03, 90.77 ppm. Anal. Calc. for
C;33H,,FsRUNGP: C, 48.57; H, 2.72; N, 10.30%. Found: C, 48.63;
H, 2.60; N, 10.37%.

X-ray crystallography

The X-ray single crystal data for L?, [3CI]PF4CH;CN-C4H;,0
and [4Cl]PFs-2CH3CN have been collected at 120.0 K on a
Bruker SMART CCD 6000 diffractometer (graphite monochro-
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mator, IMoKa, 4 = 0.71073 A) equipped with a Cryostream
(Oxford Cryosystems) open-flow nitrogen cryostat. The struc-
tures were solved by direct method and refined by full-matrix
least squares on F for all data using Olex2%** and SHELXTL®*"
software. All non-disordered non-hydrogen atoms were refined
anisotropically, hydrogen atoms were refined freely in the
structures of L* and [4Cl1]PF¢-2CH;CN and were placed in cal-
culated positions in the structure [3Cl|PF4CH3;CN-C4H;,0.
Disordered PFy anion and solvent molecules were refined
with fixed site occupancy factor (SOF) in isotropic mode.
Crystallographic data (excluding structure factors) have been
deposited with the Cambridge Crystallographic Data Centre
(CCDC) as the following supplementary publications:
CCDC-1046731-1046733.

Instrumentation

Microanalyses were performed by Elemental Analysis Service,
London Metropolitan University, UK. NMR spectra were
recorded on a Bruker Avance ("H 400.13, '*C 100.61 MHz) Elec-
trospray ionization mass spectra were recorded using Thermo
Quest Finnigan Trace MS-Trace GC or Waters Micromass LCT
spectrometers. Listed peaks correspond to the most abundant
isotopomer; assignments were made by a comparison of
observed spectra and simulated ion patterns. Raman spectra
were collected on a Horiba Jobin Yvon LabRAM HR confocal
Raman microscope, equipped with a peltier-cooled CCD and
50x LWD objective lens, running with a frequency doubled Nd:
YAG at 532 nm. Laser power at the sample <1 mW. UV-Visible
absorbance spectra were recorded on an Agilent Technologies
Cary 5000 UV-vis-NIR spectrophotometer from solutions in
acetonitrile for the complexes [1-4CI]PF, at 10> M and
acetone :water (9:1) for complexes [1-4H,0]PF, at 10~°
M. Electrochemical analyses of the complexes [1-4Cl|PF, were
carried out using an EcoChemie Autolab PGSTAT-30 potentio-
stat, with platinum working, platinum counter and platinum
pseudo reference electrodes, from solutions in acetonitrile
containing 0.1 M supporting electrolyte (tetrabutylammonium
hexafluorophosphate, TBAPF,), scan rate = 100 mV s '. The
ferrocene/ferricenium couple was used as the internal refer-
ence. Spectroelectrochemical measurements of the complexes
[1-4Cl]PFs were made in an OTTLE cell of Hartl design from
acetonitrile solutions containing 0.1 M TBAPF, electrolyte. The
cell was fitted into the sample compartment of the Agilent
Technologies Cary 5000 UV-vis-NIR, and electrolysis in the cell
was performed with a PalmSens EmStat® potentiometer.
Photocatalytic measurements were performed in 5 mL of
degased H,O solution, at pH (0.10 M phosphate buffer) with
0.02 mM Rugy, 10 mM 4-methoxy benzyl alcohol, 0.4 mM
[Ru(bpy);](PFs), and 20 mM [Co(NH;)5Cl|Cl,, irradiated by a
xenon lamp (300 W) with UV filter for 24 hours. In order to
maintain solubility of the chloro-complexes ([1-4Cl]PF) it was
necessary to add 0.5 mL of acetone per 5 mL solution. Stock
solutions of [1-4H,O]PFs were prepared by refluxing a
measured quantity of [1-4Cl|PFs in an acetone:water (1:1)
with silver triflate. After removing the residual AgCl by fil-
tration, the filtrate concentration was then adjusted by the

This journal is © The Royal Society of Chemistry 2015

View Article Online

Paper

addition of water. To determine the ratio of product to sub-
strate solution was extracted three times with CH,Cl,, the
extracts collected, and taken to dryness. "H NMR was used to
measure the relative integrals of the methoxy proton signals of
4-methoxybenzyl alcohol (substrate) and 4-methoxybenzalde-
hyde (product).

Results and discussion
Synthesis

Three new 4-ethynyl substituted tpy based ligands (L%, L* and
L*) were synthesised by cross-coupling tpyOTf with the respect-
ive alkyne (4-ethynyl anisole, 4-ethynyl toluene and 4-ethynyl
nitrobenzene) under ‘copper free’ Sonogashira conditions
(Scheme 1). Ligand L' has been previously reported from a
similar synthetic method."*®* Isolated yields ranged from 65
to 81%, the yields being lower for more electron withdrawing
substituents.

The ligands L'-L* were reacted with ruthenium trichloride
to form their respective RuCl;L" complexes, which were not

PFg

Scheme 1 Synthesis schemes for the synthesis of the ligands L" and
ruthenium complexes ([1-4ClIPF¢). () Pd(PPhs)s, NEts, THF,
HC=CCg¢H4R-4 (R = H (L"), OMe (L?), Me (L?), NO, (L*); (ii) RuCl5-3H,0,
EtOH; (iii) bpy, LiCl, ethylmorpholine, MeOH; (iv) NH4PFs, MeOH.
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characterised but in turn reacted with bpy, LiCl and NH,PF,
catalysed with 4-ethylmorpholine to form the chloro-com-
plexes ([RuCl(bpy)L"|PFs, [1-4Cl]PF¢) (Scheme 1). Attempts
were also made to synthesise chloro-complexes from
4’-ethynyl- or 4'-trimethylsilylethynyl-2,2":6',2"-terpyridine,
however, intractable mixtures were formed during the course
of the reaction. The purification of the chloro-complexes
[1-4Cl|PFs was significantly improved by separating the
desired heteroleptic product from [Ru(bpy),;]** typically formed
as a by-product by extracting the crude reaction mixture into
dichloromethane and filtering prior to anion metathesis with
NH,PF; and column chromatography.

Molecular structures

The ligand L? crystallises in a space group P2,/c with one mole-
cule per unit cell (Fig. 2). The structure shows an ethynyl
toluene fragment attached to a tpy scaffold at the 4-position,
which is consistent with the chemical reaction scheme and
NMR and mass spectroscopy data collected from the com-
pound. The structure shows the nitrogen atoms of the tpy
ligand directed to maximise intramolecular hydrogen
bonding, as is common with tpy derivatives. The C18-C23 phe-
nylene ring lies out of the plane defined by the terpyridine
moiety (C7-C8-C18-C23 = 27.01(11)°) whilst the C8-(C16-C17
midpoint)-C18 angle is bent from linearity by only 4.5°. The
long-short-long bond length alternation along the C8-C16-
C17-C18 fragment (1.433(4), 1.203(5), 1.434(4) A) clearly
showing that the triple bond remains localised to C16-C17.
The complex [3Cl]PFy crystallises in space group P1 with
Z' = 2; selected bond lengths and angles are given in the ESLt
The two crystallographically distinct cations differ by the rela-
tive orientation of the tolyl moiety with respect to the approxi-
mate plane of the tpy ligand (the corresponding torsion angles
are 3.6° [3Cla]" and 27.1° [3Clb]"). The ruthenium atom of
cation has octahedral coordination, the chloride is located
trans to the axial N4 atom of the bpy ligand (Fig. 3). The Ru-N
bond lengths consist of Ru(1)-N(1) (2.073(3)), -N(2) (1.963(3)),
-N(3) (2.066(3)), -N(4) (2.035(3)) and -N(5) (2.082(3) A) with a
Ru(1)-Cl(1) bond length of 2.4093(10) A, within experimental
error similar to those in other reported [RuCl-(bpy)(tpy)]"

Fig. 2 Crystal structure of L3, hydrogen atoms removed for clarity.
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Fig. 3 The cation (a) in the crystal structure of [3Cl]JPFs-CH3CN-CsH;00.
Hydrogen atoms removed for clarity.

complexes.®®® The angles at the ruthenium centre are very
similar between the both cationic complexes in the unit cell.
The cations have identical ethynyl bond lengths C18-C17
(1.196(7) A in [3Cla]" and 1.197(7) A [3CIb]").

Unlike [3Cl|PF, Z' = 1 for [4Cl]|PF, (Fig. 4), and selected
bond lengths and angles are given in the ESI.{ The ethynyl
substituted tpy ligand in [4CI]" adopts a planar conformation
similar to that found in [3Cla]". Most of the bond lengths to
the ruthenium centre are very similar to those in [3Cl]" (See
ESIT). The coordination geometry at ruthenium, Ru-N (Ru(1)-
N(1) (2.071 (3)), -N(2) (1.950 (3)), -N(3) (2.060 (3)), -N(4)
(2.027 (3)), -N(5) (2.088 (3) A)) and Ru(1)-Cl(1) (2.3927 (8) A) bond
lengths are identical to those of [3Cl]", suggesting there is
little structure influence at the metal centre brought about by
the introduction of the nitro group.

Fig. 4 The cation in the crystal structure of [4Cl]PFg-2CHsCN. Hydro-
gen atoms removed for clarity.

This journal is © The Royal Society of Chemistry 2015
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All three structures contain extending planar aromatic
systems and not surprisingly in crystal these planar moieties
are arranged parallel to each other at the distances (3.6-3.9 A)
typical to m---m interaction. Interestingly the triple bonds and
nitro-group (in the structure [4Cl]|PF,) are also sandwiched
between aromatic rings and such arrangement is probably also
attractive and additionally stabilizes the crystals.

Computational

A brief investigation was performed using ab initio calculations
to study the electronic structure of [1-4Cl]" and the related
complexes [Ru(H,O)(bpy)L"]** [1-4H,0]**, which complement
earlier studies of the parent systems [RuCl(bpy)(tpy)]" and
[Ru(H,0)(bpy)(tpy)]**.”° Initial geometries for [1-4Cl]" cations
were based on the crystallographic structures of [3Cl]" and
[4CI]", while for the initial geometries of [1-4H,0]"" dications,
the H,O-Ru distances and angles were based on the crystallo-
graphic data available for [Ru(H,O)(bpy)(tpy)](PFs),.”" Full
optimisations were performed using density functional theory
(DFT) as part of the Gaussian09 package.”” Frequency and
time-dependent (TD) calculations were performed on opti-
mised ground-state structures, and results were displayed
using GaussView.”®> All calculations were carried out at the
B3LYP level employing an SDD basis set. The calculated fre-
quencies were scaled by 0.9617* to account for the anharmoni-
city of the vibrational modes. The assignments of the spectra
were made using each level and the MAD values determined
for all of the assigned peaks (see ESIf). An unambiguous
assignment of vibrational modes from visual comparison of
spectra was possible for most absorption features. TD-DFT cal-
culations were carried out in an acetonitrile solvent field using
the SCRF-PCM method which creates the solvent cavity via a
set of overlapping spheres.”” Geometry optimisations were not
carried out in a solvent field for reasons of computational
expense; however, correlation between the experimental results
and the TD DFT calculations which include the solvent and
gas-phase optimised geometries was found to be better than
for calculations where solvent contributions were completely
neglected.

A comparison of [1-4Cl]" cation HOMO energy levels shows
almost no change across the series, despite the significant
differences in the electron donating (OMe, Me) and withdraw-
ing (NO,) nature of the phenylene substituents (Table 1). This
is explained by the HOMO being 70% ruthenium in nature
with small contributions from the bpy and tpy ligands; only
for [4Cl]" is there a 13% contribution from the ethynyl bond
(see ESIT). Whilst there is similarly little change in the LUMO
energy level across the partial series [1-3Cl]" (Table 1), the
introduction of the NO, group in [4Cl]" causes a significant
lowering of the LUMO energy by ca. 0.8 eV. For [1-3Cl]" the
LUMO orbital is 7* in nature and 75% is localised on the ter-
pyridyl fragment with <10% contribution from the ethynyl
group and almost none from the phenylene ring. However, in
the case of [4Cl]" the nitrophenylene n* orbitals lie lower than
the tpy n* and from the LUMO (Fig. 5). The tpy n* orbital is
found 0.82 eV higher in energy and forms the LUMO+1.

This journal is © The Royal Society of Chemistry 2015

View Article Online

Paper

Table1 A comparison of HOMO and LUMO orbital energies for
[1-4Cl]* cations and [1-4H,0]?* dications

HOMO energy (eV) LUMO energy (eV)
Complex Cl H,O Cl H,O
1 -5.676 —6.103 -2.830 -3.207
2 —5.658 —6.038 —2.789 -3.166
3 -5.667 —6.134 -2.807 -3.225
4 -5.730 —6.205 -3.629 -3.785

(b)

Fig. 5 Plots of the LUMO for (a) [1ClI* and (b) [4Cl]*.

Broadly similar behaviour was observed for the aqua com-
plexes [1-4H,O]**. The substitution of the chloride ligand by
water, and the resulting increase in positive charge on the
complex results in an overall lowering of orbital energies
(Table 1). The HOMO levels of the aqua complexes span a
slightly larger range of energies than the chloride analogues,
but still differ by less than 0.17 eV. In the case of the unoccu-
pied orbitals, the lowering of the orbital energies associated
with the complex serves to limit the nitrophenyl based LUMO
and tpy ©* LUMO+1 energy gap, and the difference of the
LUMO energies between [1H,O]*" and [4H,0]*" is reduced to
0.578 eV.

Electronic spectroscopy

The electronic absorption spectra of the complexes [1-4Cl]"
feature = — n* transitions at wavelengths shorter than 400 nm
and MLCT bands between 600-450 nm which are most clearly
resolved for [1C1]" and [3Cl]" (Fig. 6, Table 2).

Based on time-dependent density functional theory
(TD-DFT) calculations of complexes [1-4Cl]" (see ESIf for
further details) the higher energy feature of the MLCT absorp-
tion envelope (ca. 500 nm) consists of a mixed transition
between the pseudo ‘t;,’ 3d orbitals of the ruthenium (HOMO,
HOMO-1 and HOMO-2), which are heavily metal centred and

Dalton Trans., 2015, 44, 11368-11379 | 11373
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700
Wavelength (nm)
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Fig. 6 Electronic absorbance spectra of: (a) complexes [1-4ClIPFg in acetonitrile, (b) complexes [1-4H,0](TfO), in an acetone:water (9:1)

solution.

Table 2 Amct complexes [1-4ClIPFg in acetonitrile and [1-4H,0]-
(OTf), in an acetone : water (9 : 1) solution

Imrer/nm (/L em™" mol™ x 10°)

Complex Cl H,0

1 541 (12.4), 499 (13.8) 506 (12.8) br
2 522 (13.5) br 490 (15.9) br
3 535 (10.4), 505 (13.2) 487 (15.1) br
4 541 (13.8) br 510 (11.8) br

only in the case of the HOMO-1 carry contribution (7-21%)
from the ethynyl-phenylene moiety, to low energy n* orbitals
(LUMO, LUMO+1, LUMO+2, as well as LUMO+3 in the case of

[4CI]"). These unoccupied orbitals are mainly localised on the
bpy and tpy moieties with moderate (12-14%) contributions
from the ethynyl-phenylene (-C=CC¢H,R) moiety to the
LUMO in the case of [1-3Cl]". However, in the case of [4CI]"
the nitro groups leads to significant orbital reordering and
mixing, with nitrophenylacetylide fragment comprising the
LUMO (90%) and contributing together with the tpy fragment
to the LUMO+1 (tpy 72%; C=CCsH,;NO, 19%). The lower
energy component of the band envelope is attributed by TD
DFT calculations to transitions between HOMO—-1 — LUMO
and HOMO — LUMO+2 (Fig. 7). Plots of these orbitals show
that whilst the HOMO — LUMO+2 transition is largely MLCT
in character and localised on the metal 3d and {Ru(bpy)(tpy)}
fragments, the HOMO—-1 — LUMO transition admixes a
degree of intra ligand n-n* character from the arylethynylter-

HOMO

LUMO+2

Fig. 7 Plots of the important orbital involved in the transitions responsible for the absorbance at 541 nm of [1Cl]*.
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pyridyl ligand, which becomes more extensively associated
with the nitrophenyl group in the case of [4Cl]".

The implications of low lying electronic transitions invol-
ving the ethynyl phenylene fragment in the chloride complexes
[1-4C1]" prompted consideration of the analogous aqua com-
plexes, which are the key active species in the oxidative chem-
istry described in the Introduction. Solutions containing the
aqua complexes [Ru(H,0)(bpy)L"]** ([1-4H,0](OTf),) were pre-
pared from [1-4Cl]PF¢ by treatment with AgOTf in refluxing
acetone : water (50 : 50) solution (5 h). Solutions were then fil-
tered to remove precipitated AgCl, solvents removed and the
residue re-dissolved in the desired solvent.

Once the chloride was removed to form the complexes
[1-4H,0](OTf), the solution changed from purple to orange
with the MLCT band envelope blue-shifted relative to the
chloride analogue (Fig. 6). However, the apparent band
maxima of these spectra remain significantly red-shifted com-
pared to that of the parent complex [Ru(H,O)(bpy)(tpy)]*
(Amax = 476 nm),”® likely due to the extended conjugation between
the terpyridyl and C=CCzH,R moieties. The lowest energy
visible absorption band envelope is rather broad, which could
either be attributed to a mixture of aqua and chloride species
present in the in the solution or multiple transitions within
the envelope. Based on TD-DFT calculations (see ESIt) the
aqua complexes each feature two relatively intense transitions
(i.e. of oscillator strength >0.1) between 530-450 nm. As with
the chloro analogues, these transitions are of essentially MLCT
character and are similarly comprised.

Vibrational spectroscopy

Resonance Raman (RR) spectroscopy allows selective enhance-
ment of modes within a chromophore when the excitation
wavelength (4, here 532 nm) is coincident with the chromo-
phore absorption. The Raman spectrum of each of the com-
plexes [1-4Cl]PF, was collected using 1 = 532 nm, a

View Article Online
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wavelength chosen to probe the lower energy component of
the MLCT absorption envelope and for which TD-DFT calcu-
lations indicated involved orbitals with the greatest contri-
bution from the ethynyl phenylene moiety (Fig. 8). Although
many of the vibrations observed in the RR spectra associated
with tpy and bpy based aromatic modes (622-1604 cm™")
remained unchanged despite the variation in phenylene sub-
stitution, the lowest energy vibrational modes associated with
the most delocalised parts of the ethynyl substituted terpyri-
dine ligand were found to be more sensitive to the nature of
the substituent (582-553 cm™).

RR spectra of the aqua complexes [1-4H,0](OTf), were gene-
rally very similar to those of the chloride complexes, although
the blue shifted Ay cr resulted in less resonant enhancement
by the 532 nm laser resulting in lower relative intensities of
many of the bands. Nevertheless, the key symmetric in plane
stretches of the aryleneethylene substituted terpyridine ligand
bands were clearly apparent near 1350 and 1600 cm™" in each
case (Fig. 8). No vibrational modes associated with a co-
ordinated triflate were observed which suggests the triflate
counter ion was not coordinating to the metal centre.

Electrochemistry and spectroelectrochemistry

Each of the chloro-complexes ([1-4Cl|PF,) display a single
almost fully electrochemically reversible oxidation wave at
0.44-0.46 V (vs. ferrocene) associated with the Ru(u)/(m)
couple, albeit with some evidence for border-line slow electron
transfer based on the behaviour of the peak-current ratios with
scan rate, and a single similarly near reversible reduction
wave associated with the reduction of one of the ligands
(Table 3). The oxidation potential is similar to that of [RuCl
(bpy)(tpy)]” (E1j20x = 0.45 V),”° suggesting that the addition of
-C=CCsH4R moiety has little effect on the ruthenium centre,
which is also supported by <0.02 V potential difference in oxi-
dation potential across the series.

~ Dl
[1CIPF, (a) 3 §§ é
- o o~
[2CIPF, - 5 888 (2H,0)(OT), &,
(3CIPF, 23 | [enon0m, g ¢ 2
8 ¢° & 5 5 o 2 $‘£§
8 ¥ s B g
2 8 3 g c ¢ ©
[4CIIPF, e g [4H,0)(OTf), g _ 38
§ De @ 00 ,\vg g'-g'_ ~ ~2 g 8'. 5‘0'-'-
g §zgemsat J\AX}\ iz g g7 §) 8
Py | ,.A " AWM AN, 7
400 600 800 1000 1200 1400 1600 400 600 800 1000 1200 1400 1600
. -1
Raman Shift (cm )

Fig. 8 RR using and excitation of 532 nm. (a) chloro-complexes [1-4Cl]PFg in acetonitrile and (b) aqua complexes [1-4H,0](OTf), in an acetone:

water (9 : 1) solution.
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Table 3 Electrochemical data for the chloro-complexes [1-4Cl]PFg
recorded in an acetonitrile 1.0 M TBAPF¢ solution

Eip AE,
Complex (V vs. Fe/Fc") (mV)
[1CI]PF, 0.45 75
-1.69 92
[2Cl1]PF, 0.44 93
-1.74 96
[3CI]PFs 0.46 77
-1.73 124
[4C1]PF, 0.46 72
-1.61 78
50 - -
Applied potential (V)
— | e [1CI]"
O 40+ —T[1CI*"
—
x
'E 30
(]
6 20 -
(S
-
N
w 104
0 T T T T = T 1
200 300 400 500 600 700 800

Wavelength (nm)

Fig. 9 UV-visible SEC spectra of [1ClIPFs, arrows indicate spectral
changes upon oxidation.

Given the well-behaved solution redox chemistry, spectro-
electrochemistry was employed to observe the oxidised species
[1CI]** as a representative example (Fig. 9).°*”” Upon oxidation
of [1Cl1]" the MLCT band envelope is quenched while the = —
n* transitions (<400 nm) are only slightly affected, confirming
that the electron is being removed from the metal centre, and
therefore the assignment of the oxidation to a formal Ru(u/im)
process. The original spectrum was fully recovered on back-
reduction, confirming both the assignment of the spectrum to
[1CI]** and the chemical stability of this complex under these
conditions.

Photocatalytic behaviour

As Rocha et al. and Kojima et al. have demonstrated, the oxi-
dation of benzyl alcohols is a convenient means of testing the
activity of mononuclear ruthenium oxidation catalysts
mediated by the photosensitized oxidation of the aqua
complex resting state to the active oxo-form, [{Ru”}-OH,]*" —
[{Ru™}=0]**.>""®7° Here, a comparison was made between
the chloro-complexes [1-4Cl]PFs and in situ generated
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[1-4H,0](OTf), complexes as catalysts for the oxidation of
4-methoxybenzyl alcohol. Reactions were conducted in 5 mL of
degassed H,O solution (also containing 0.5 mL acetone in the
case of [1-4Cl]PF for reasons of solubility), at pH = 6.8 (0.10
M phosphate buffer) with 0.02 mM Ruc,, 10 mM 4-methoxy
benzyl alcohol, 0.4 mM [Ru(bpy);](PFs), as photosensitizer and
20 mM [Co(NHj;)sCl]Cl, as a sacrificial oxidant to re-cycle the
sensitizer. Illumination was provided by a xenon lamp (300 W)
with UV filter for 24 h, after which time no further reaction
progress was detected. To determine the ratio of product to
substrate, after reaction the solution was extracted with
dichloromethane three times, the extracts collected and the
solvent removed. Integration of the methoxy proton signals
(*H NMR) of 4-methoxybenzyl alcohol (substrate) and 4-meth-
oxybenzaldehyde (product) was used to assess the extent of
reaction. The relatively high level of error associated with these
measurements prevented valid determination of the initial
rates; however, this technique proved sufficient for determin-
ing catalytic activity across the series with TONs 269(20)-396(8)
being determined (Table 4). Reactions conducted in the
absence of substrate, catalyst, oxidant or light, gave no detecti-
ble quantities of product. In the absence of [Ru(bpy);](PFs)s,
photo oxidation was detected, with catalytic TONs approxi-
mately half that of those run in the presence of the additional
sensitizer, although variation in results between runs
were increased. It is conceivable that photodecomposition
of the heteroleptic catalyst may result in the formation of
other catalytically active species such as RuO, nano-
particles;*>®! however, the exact determination of this is
beyond the scope of this report but remains a topic for future
investigation.

Under the same conditions, the TONs for the aqua-com-
plexes [1-4H,0](OTf), were determined to be 150-309.
Accounting for the error in the measurements this is similar to
[Ru(H,O)(bpy)(tpy)](OTf), (TON = 217 (30)) measured under
the same conditions.””®”® Although the unavoidably high
error in the measurements prevented any relationship being
drawn between the electron-withdrawing effects of the ethynyl-
phenyl substituents, this report clearly demonstrates these
compounds remain catalytically active with the ethnyl moiety
neither decreasing activity markedly nor leading to excessive
photodecomposition.

Table 4 TONs for the oxidation of 4-methoxybenzyl alcohol to
4-methoxybenzaldehyde

TON (esd)
Complex Cl H,0
[Ru(H,0)(bpy)(tpy)](OTf), 217 (30)
1 396 (8) 309 (20)
2 361 (30) 150 (27)
3 269 (20) 237 (5)
4 382 (21) 260 (22)

“ Prepared and isolated according to literature.®*
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Conclusion

Three new tpy ligands (L>-L*) and four new heteroleptic com-
plexes ([1-4Cl]PF¢) containing ethynyl phenylene substituted
moieties have been synthesised and characterised. The elec-
tronic absorption and RR spectra show that the ethynyl pheny-
lene moiety has some effect on the excited state of both the
chloro and aqua complexes by tuning the composition of the
LUMO, whilst the HOMO remains largely metal centred, which
is in agreement with electrochemical, spectroelectrochemical
and computational results. Finally, through the photocatalytic
measurements it has been possible to show that the catalytic
oxidation of 4-methoxybenzylalcohol to 4-methoxybenzalde-
hyde can be performed using either the chloro- or aqua-cata-
lysts and that the addition of ethynyl phenyl moieties to the
4-position of the tpy ligand does not have a detrimental effect
on the catalytic behaviour of these complexes, potentially
allowing a host of other functionalities to be added to these
complexes via an alkyne without the risk of adversely affecting
the catalysis.
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