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Surface-Active Mononuclear and Dinuclear Ru(II)
Complexes based on Thio-substituted Terpyridines
Bearing Cyclodextrin Recognition Units
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2School of Chemistry, University of Birmingham, Edgbaston B15 2TT, UK; ®Department of Chemistry, University of Warwick, Coventry CV4 7AL, UK
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Ruthenium(I) surface active complexes based on a
tpySH ligand have been prepared and characterised, (1)
[Ru(tpyada) (tpySH)1(PFe),, (2) [Ru(biptpy)(tpySH)1(PF),
and (3) [Ru(pm-B-CD(ttp)) (tpySH)1(PF¢),. The complexes
bear a surface active thiol group and a recognition unit
which is either a B-cyclodextrin or a hydrophobic tail
(adamantyl- or biphenyl) in order to utilise cyclodextrin
recognition for the formation of supramolecular wires
using bottom up approaches. Monolayers of
[Ru(tpyada)(tpySH)I(PFe), on ITO surfaces are studied
by electrochemical techniques. Detailed NMR analysis
of tpySH reveals the presence of two tautomers, an “NH”
and an “SH” form. The X-ray crystal structure of the
oxidised form of the ligand tpySStpy is reported. A new
ligand tpySCH,Stpy is prepared and its dinuclear Ru(II)
complexes are reported, (4) [(ttp)Ru(tpyS CH,
Stpy)Ru(ttp)1*2, (5) [(biptpy)Ru(tpySCH,Stpy)Ru
(bitpy)1*2, (6) [(pm-B-CD(ttp))Ru(tpySCH, Stpy)Ru(pm-
B-CD(ttp))]™2. The complexes show characteristic red
*MLCT luminescence which is much stronger than their
analogous mononuclear counterparts.

Keywords: Surface active metal complexes; Cyclodextrin; electro-
chemistry; Luminescence

INTRODUCTION

Attachment of polypyridyl metal complexes on
surfaces is attractive for the formation of molecular
wires based on the photochemical and electro-
chemical properties of the metal centres. Rutheniu-
m(IT) and osmium(II) tris(bipyridyl) complexes have
been modified with thiol groups and their mono-
layers have been studied by surface, electrochemical
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techniques [1-5] and more recently by luminescence
spectroscopy [5]. Moreover, a device based on
nanostructured TiO, films with a functionalised
Ru(Il) tris(bipyridyl) complex covalently attached to
a viologen unit has been used to demonstrate a write,
read and erase process when incorporated in a sealed
two-electrode cell [6].

To design linear arrays of metal complexes,
terpyridine ligands provide the advantage of
directionality control for building complexes from
the surface [7]. The formation of self-assembled
monolayers of Co, Cr and Os complexes on Au
electrodes and their electrochemical characterization
has been reported [8]. Co(Il) thiol terpyridine
complexes have also been considered as suitable
single-molecule transistors [9,10]. The use of a
pyridine surface anchoring group on terpyridines
has led to formation of mono and dinuclear Ru(II)
and Os(II) complexes [11].

We have been interested in the design of
supramolecular wires based on metalloguests and
metallocomplexes [12-15]. Metallocyclodextrins
provide functional building blocks for supra-
molecular systems with a photoinduced function
[16-19]. We have recently demonstrated that
unidirectional energy transfer can take place in a
solution assembled Ru(ll) cyclodextrin junction
[20,21]. In order to develop capability of forming
supramolecular wires on surfaces, we have prepared
thiol-active metalloguests and metallocomplexes. We
also developed a new bis-terpyridine ligand that led
to formation of interesting dinuclear ruthenium
complexes.
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RESULTS AND DISCUSSION

Synthesis and Characterisation of Thio-substituted
2,2":6/,2"-Terpyridines

We have chosen to synthesize a tpySH ligand due to
its versatility and one step synthesis (Scheme 1). The
tpySH compound was synthesised using a modified
method from the published procedure [9,22]. We
found that the reaction was very sensitive to
temperature, the quantity and quality (freshness) of
NaSCH,CHj; leading to formation of tpySCH,Stpy
(Scheme 2) which we now have independently
synthesized and characterized. We have introduced
an additional modification at the final step by
treating the compound with hydrazine [23] since we
found formation of the oxidized product tpySStpy
(Scheme 2).

The "H NMR of tpySH was recorded in dg-acetone
and the characteristic resonances of a 4’ substituted
terpyridine were present between 8.7-7.2ppm
(Supplementary Info). However, when the "H NMR
of this compound was recorded in CDCl; a small set
of peaks indicated the presence of a minor by-
product. The peaks of the minor by-product
increased in intensity with time (Supplementary
Info). To examine the nature of the by-product a few
drops of d¢-DMSO were added to a fresh solution of
the compound in CDCl; and the NMR spectrum was
recorded through the course of several days. It is well
known that DMSO can act as an oxidizing agent for
thiol groups producing the disulfide derivative
[24,25]. After leaving the solution standing for 4
days, the '"H NMR presented only one set of
terpyridine resonances at a new set of chemical
shifts, which showed a peak in ES-MS corresponding
to the disulfide derivative, tpySStpy.

In order to elucidate the identity of the minor by-
product present in a CDCl; solution, 1D GOESY
studies were performed. In this experiment specific
resonances of each one of the sets of terpyridine
resonances were selectively excited and the nOe
signals observed from the 1D GOESY experiment
were examined. This was aimed at elucidating the
possibility of the existence of two tautomeric forms
in solution, “SH” and “NH” (Scheme 3). The
selective excitation of the Hjs resonance of the
major product at 8.1ppm yielded positive nOe

tpySStpy tpySCH,Stpy

SCHEME 2

i) NaSC,Hs
N, DMF

ii) HC1

SCHEME 1

interactions with the resonances of H; and Hy of the
major product (blue labelling in Fig. 1). This
indicates that Hy and Hj are close in space and
therefore the terpyridine may be in a structural
arrangement where the outer pyridine rings are
orientated with the nitrogen atoms pointing towards
the terpyridine centre. In this experiment, a strong
negative nOe signal at the Hy (8.62 ppm) resonance
of the minor by-product (black labelling in Fig. 1)
was also observed. The origin of such signal can be
explained as saturation transfer from the selective
excitation of the major product resonance. Due to the
saturation of this resonance, a positive nOe signal is
observed from the interaction of this Hy with Hj of
the same minor by-product. The fact that saturation
transfer is observed under the conditions of the
experiment indicates that: the two products are in
slow interchange in relation to the NMR time scale
explained with the two different sets of resonances
observed for major and minor by-product; and there
is interchange between the two products that
happens faster than the experimental timescale so
that saturation of the equivalent resonance in the
minor terpyridine by-product is observed when
selectively exciting Hy of the major product. From
these observations we can tentatively assign the
identities of the two products present in a CDCls
solution of tpySH ligand as corresponding to the two
possible tautomeric forms of tpySH: “SH” and “NH”
form (Scheme 3). In terms of electron density of each
one of the tautomeric forms, and the effect over the
Hgy chemical shift, we could cautiously assign the
major product in the NMR spectrum to the SH
tautomer, and the NH tautomer to the minor by-
product. We would expect the structure of the NH
tautomer to have a larger deshielding effect over Hy
than the SH tautomer.

/N-.H_—N ~

SH tautomer NH tautomer

SCHEME 3
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FIGURE 1 The 500MHz 1D GOESY spectrum of tpySH in CDCl; with selective excitation of the Hy resonance at 8.11 ppm.

Similar deductions were made from the 1D
GOESY spectrum recorded under the same con-
ditions, but with selective excitation of the resonance
of Hy at 8.62ppm for the minor by-product
(Supplementary Info). In this case when exciting
Hjy there was also excitation of the Hg resonance
(black labelling) due to overlapping of the two
resonances. Positive nOe’s signals towards Hj and
Hs confirm the NH configuration, while the
saturation transfer to Hy and Hg of the blue labelled
terpyridine system confirms the fast exchange
between the two tautomeric forms of the major and
minor product.

In conclusion, the results provide evidence that the
compound tpySH in a CDCl; solution may exist in
the two tautomeric forms: SH and NH. From the
relative integration of the NMR resonances it was
determined that the two tautomeric forms existed in
solution in the ratio 3:2 of “SH” to “NH” forms.
To further support our deductions, the shift of
terpyridine protons were compared with the
resonances of a model compound of the thiol
tautomer, tpy-SCHj, that effectively locks the
molecular structure, thereby excluding any possi-
bility of tautomerism. The resonance of the Hy
proton for tpy-SCHj appeared at 8.22 ppm in CDCl;
[26]. This resonance is comparable to that observed
for the major product in the CDCl; spectrum at
8.15ppm that we tentatively assigned as belonging
to the SH tautomer. The two tautomers were also

present in d,-DMF, where the N—H proton of the
“N—H" form was observed at 12.5 ppm.

The presence of tautomeric forms is not unusual
for this type of system. A similar case is 4-
hydroxyterpyridine which exists in solution in two
tautomeric forms, one being the enol terpyridine and
the other the keto form [27]. It was found that the
ratio of the two tautomeric forms was dependent on
the polarity and the hydrogen-bonding nature of
the solvent used. Similar results were found for
pyridine-4-thiol; the compound exists in solution as
a mixture of the thiol (SH) and the thione (NH)
tautomeric forms [28].

Single crystals of the surface-active tpySH com-
pound were obtained in the oxidised form, tpySStpy,
from a chloroform solution. The structure determi-
nation data are presented in Table I. The asymmetric
unit contains half a molecule and the terpyridine
rings are in the trans, trans conformation in the
complete molecule (Fig. 2). Crystal packing is shown
in Fig. 3.

The sulfur-sulfur, S(1)-S(1'), bond length is
2.031(1) A and the C(1)-5(1) bond length is 1.778(2)
A; these values are in the same range as those
reported previously for disulfide and carbon-sulfur
bonds respectively [29]. The pyridine rings of the
terpyridine are almost coplanar as shown by the
interplanar angles (Table II). The values obtained,
indicate that the each terpyridine is almost planar.
The two terpyridine groups in the molecule are
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TABLE I Crystal structure data for tpySStpy

Formula CaoH20N6S2
Formula weight 528.64
Temperature/K 296(2)
Wavelength/A 1.54178
Crystal system Monoclinic
Space group P2/n

a/A 11.7585(8)
b/A 5.5378(4)
c/A 19.5665(13)
B/° . 90.528(4)
Volume/A? 1274.04(15)
Z 2
Deat/Mg/m® 1.378
Absorption coefficient/ mm 2.149
Crystal size/mm?® 0.24 X 0.04 x 0.02
Reflections collected 7775
Independent reflections 2305

R(int) 0.0401
Parameters 172
Goodness-of-fit on F? 1.039

R1 [I > 20(D)] 0.0403
wR2 0.0959

FIGURE 2 An ORTEP representation of the tpySStpy molecule.

almost perpendicular to each other and the torsion
angle C(1)-S(1)-S(1")-C(1’) is 91.273(3)".

The tpySCH,Stpy ligand was independently
synthesized and characterized. The (+) ES MS
spectra of tpySCH,Stpy presented peaks for
[M + H'] and [M + Na'] at m/z 543 and 565,
respectively. Peaks for fragments corresponding to
tpySCH, (m/z 278) and [tpyS + H'] (m/z 265) were
also observed. The "H NMR spectrum presented the
characteristic terpyridine resonances in the aromatic
region and at 4.84 ppm the resonance for the CH,
protons of the thiol ether group. The assignments of
the 'H NMR and "°C NMR spectra of tpySCH,Stpy
were confirmed by HSQC (Fig. 4). Cross-peaks were
observed between the aromatic protons and the CH
resonances in the ')C NMR allowing the confir-
mation of the assignment presented above. The
signal at 4.84ppm presented a cross peak with a
carbon resonance at 34ppm confirming that the
presence of a CH, group.

Synthesis of Mononuclear Surface-active
Transition Metal Complexes

The surface-active ligands synthesized were used to
generate transition metal complexes bearing one
terpyridine with surface attachment function and
one terpyridine with a cyclodextrin recognition site,
such as adamantyl or biphenyl. The metal complex
with an appended cyclodextrin was also prepared
for surface attachment (Scheme 4).

We have used established routes for ruthenium
terpyridine complexes to synthesize these surface-
active metalloguests [30,31]. The complexes were
characterised by (+) ES-MS, NMR and absorption
spectroscopy. All spectra showed m/z signals for the
loss of counter ions from the double charged species,
although due to electrospray conditions they were

FIGURE 3 A view of the crystal structure down the b-axis tpySStpy.
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TABLE II Interplanar angles (°) for planes a = N(1), C(1)-C(5),
b = N(2), C(6)-C(10) and ¢ = N(3), C(11)-C(15)

a' b c
A 78.8 8.18 8.66
B - 8.37

observed as monocharged peaks. The thiol group
loses a proton, leaving the sulfur atom as S™. This is
not completely unexpected as the sulfur—proton
bond is readily cleaved or exchanged [24]. The peaks
observed showed the typical isotope patterns for
mononuclear Ru(IT) complexes. The "H NMR spectra
have the characteristic resonances for 4’-substituted
terpyridine-based heteroleptic complexes. These

comprised of different resonant peaks for the protons
on positions 3' and 3, for both terpyridine units,
along with an upfield shift to upfield of the He and
Hpy.6 Tesonances in comparison with the uncom-
plexed ligand. A summary of the 'H NMR
resonances of the heteroleptic metalloguests, based
on tpySH, is presented in Table III.

The UV-visible absorption spectrum of (1) in
acetonitrile was recorded and showed the character-
istic profile of a Ru(ll) terpyridine complex. The high
energy part of the spectrum is dominated by the
ligand-based strong absorption bands due to w—*
transitions at 274nm and 308 nm. The asymmetric
broad absorption band encountered in the visible
region of the spectrum, centred at 490nm, is

=S

<

.

<

100

150

LANNLL INL I  IL I  L IL L  L) IL  B

gs50 800 750 700

6.50 6.00 5.50 5.00

FIGURE 4 The 400 MHz gradient HSQC spectrum for tpySCH,Stpy in CDCls.

(€)
SCHEME 4
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TABLE III 'H NMR chemical shifts of (1), (2) and (3) in CD;CN

(1) (2 ®3)

Hy /Hypya (5, 2H)  9.05 8.99 9.18
Hy/Hgyy (5, 2H) 893 8.74 9.09
Hs/Hpys (d,2H) 868 87Hz) 871 (82Hz) 870 (8.1Hz)
Hs/Hypys (d,2H) 858 (84Hz) 865 (7.5Hz) 867 (84Hz)
Hipy-a, Hy (m, 4H)  8.01-7.81 7.97-7.89 7.98-7.93
Hyye/He (d,2H) 735 (54Hz) 755 (65Hz) 749 (69Hz)
Heyo/He (d, 2H)  7.29 (42Hz) 744 (5.7Hz) 749 (6.9Hz)
Hepy-s, Hs (m, 4H)  7.21-7.14 7.21-7.16 7.29-7.19
H,/H, (d, 2H) - 819 (8.0Hz) 834 (8.4Hz)
H,/H, (d, 2H) - 7.90 (82Hz)  8.06 (8.1Hz)
H, (2H) - - 7.86 (7.2 Hz)
H,,, H, (m, 3H) - - 7.58

H, Hy (brs,9H) 230 - -

H, (br s, 6H) 1.97 -
HCD—] (br S, 7H) - 5.12 -
Hep-2.6) - 3.77-3.07 -

attributed to the spin allowed '"MLCT. The 'MLCT
is red-shifted by 10nm when compared with the
spectrum in the same solvent for the homoleptic
[Ru(tpyada),](PFe)2 (Amrct = 480 nm). This could be
explained by the electron-withdrawing properties of
the thiol group in the 4’ position of the terpyridine,
stabilising the 'MLCT excited state [30].

Synthesis of the Ru(II) Dinuclear Complexes

The Ru(ll) complexes were synthesised by reacting
two equivalents of [Ru(R-tpy)ICl; with the bis-
terpyridine ligand, tpySCH,Stpy (Scheme 5). ES-
MS spectra for the Ru(Il) dinuclear complexes were
recorded and showed the characteristic m/z signals
for the loss of counter ions. The complexes showed
m/z signals corresponding to the doubly and triply-
charged species. The NMR spectra of the complexes
revealed symmetry around the central sulfur bridge.
The 'H NMR spectrum of (4) showed resonances

e

SCHEME 5

characteristic for a heteroleptic metal complex based
on 4-substituted terpyridines. The expected 'H
NMR shifts of 4'-substituted terpyridines upon
complexation with Ru(ll) were present: He and
Hipy-6 peaks at 7.49 ppm and 7.44 ppm showed an
upfield shift upon metal complexation. The presence
of two resonant signals at 8.99 ppm and 8.90 ppm, for
the Hy and Hy,,.3 protons, indicated that the
terpyridines have different substituents. The same
effect was also observed for protons on positions 3
and 6, which presented different chemical shifts for
the two terpyridines. The resonance for Hz and Hy,y.3
appeared as two partially overlapped doublets at
8.67 ppm and 8.65 ppm. The singlet, assigned to the
CHj resonance at 2.53 ppm, and the S—CH,-S singlet
at 5.65 ppm, dominated the aliphatic region of the
spectrum. The relative integration of the resonances
in the aromatic region with the central CH, was 2:1,
indicating symmetry around the CH, group. The
CH; resonance was shifted downfield by 0.8 ppm
in comparison with uncomplexed tpySCH,Stpy
(4.84ppm). The introduction of a positive charge
with the metal centre induces the deshielding of
these protons by alteration of the electronic
environment around the sulfur atom. The assign-
ments were confirmed by HSQC spectroscopy,
particularly in assigning the CH, resonance for the
dinuclear complexes.

The 'H NMR resonances for the synthesized
dinuclear Ru(Il) complexes are summarised in
Table IV.

Photophysical Properties of the Ru(Il) Dinuclear
Complexes

The UV-visible absorption spectrum of (4) showed
the m—m* ligand centred absorption bands at 287 nm
and 307nm and the MLCT band at A =494nm.
Upon excitation of the '"MLCT, luminescence from

TABLE IV 'H NMR chemical shifts of the dinuclear Ru(Il)
complexes of tpySCH,Stpy in CD;CN

4) (5) (6)

Ha /Hypy.a (s, 4H)  9.00 8.99 9.29

Hy /Hipy-a (s, 4H) 892 8.90 9.09
Hz/Hypys (d, 4H) 866 (8.1Hz) 8.67 (8.4Hz) 8.99 (7.8Hz)
Hs/Hypys (d, 4H) - 8.65 (7.8Hz) 8.69 (8.1Hz)
Hepy-4, Hy (m, 8H)  7.97-7.93 7.97-7.89 7.97-7.89
Hipy-6/He (d, 4H)  7.50-7.43 7.49 (6.0Hz) 7.50 (6.9Hz)
Hipy-6/He (d, 4H) -~ 7.44 (5.6Hz) 7.45 (4.5Hz)
Hypy-s, Hs (m, 8H)  7.25-7.17 7.23-7.16 7.24-7.16
H./Hy (d, 4H) 8.20 (8.1Hz) 8.11 (84Hz) 8.33 (8.4Hz)
H./Hy (d, 4H) 7.74 (78Hz) 7.58 (8.0Hz) 8.06 (8.7Hz)
H, (4H) - - 7.86 (7.2Hz)
H,,, H, (t, 6H) - 7.58 (7.2Hz)
H., H, (brs, 18H) - -

H, (br s, 12H) - - -

Hcep (brs, 14H) 5.20 - -

Hep--6) 3.82-3.08 - -

S-CH,-S 473 5.65 6.06
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FIGURE 5 (a) UV-visible absorption and (b) emission spectra of (4) Aexc = 470nm. The emission spectrum is corrected for the PMT

response. Both spectra were recorded in acetonitrile solution.

the MLCT was observed at Aems = 638 nm (Fig. 5).
The luminescence relative quantum yield in aceto-
nitrile was determined to be 2.0 X 1074, which is
about six times larger than the value of 3.2 X 10>
reported [30] for [Ru(ttp),] ™.

The photophysical properties of (5) were investi-
gated. The UV region of the spectrum presented
strong absorbance bands arising from the w—m*
ligand based transitions centred at 287nm and
310nm. The visible region of the spectrum is
dominated by the charge transfer band (‘MLCT)
centred at 495nm, &=8.15 X 10*cm 'M™L. The
model mononuclear [Ru(biptpy)2]+2 complex has
been reported to have IMLCT centred at 494 nm [32]
with &€ =4.5 X 10*em "M~ !, which is approxi-
mately half the value for the dinuclear complex.

Upon excitation at Aexe =495nm, luminescence
was detected at 645 nm (Fig. 6). The maximum of the
emission is slightly shifted to the red in comparison
with that observed for (4). This is due to the increase
in the m-accepting nature of the biptpy tail in
comparison with the tolyl group of the previous
complex [30]. The luminescence relative quantum
yield for this complex in acetonitrile was measured
as 1.5 x 107%

Electrochemistry Studies for Ru(II) Thio-based
Surface-Active Metalloguest

Monolayer of the complex (1) were formed on
indium tin oxide (ITO) electrodes and studied by
cyclic voltammetry. ITO proved to be the optimal

(a) 0.16 (b)
0.14 |- ¢
0.12
2
7
° 0.1F g
g g
5]
£ 008 g
S ‘7
2 2
<
0.06 |- LIEJ
0.04 |-
0.02 -
1 1 1 1 1 1 1 1 1 1 1

250 300 350 400 450 500 550 600 650

A/nm

600 650 700 750 800
A/nm

FIGURE 6 (a) UV-visible absorption and (b) emission spectra of (5), Aexc =495 nm. The emission spectrum was corrected for PMT
response. Both spectra were obtained for acetonitrile solutions of the complex. The peak indicated by the arrow is due to scattering.
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LOOE-05 | 200 mv/s
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= 5.00E-06 - |===600 mV/s
—— 800 mV/s
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~1.00E-05 |
~1.50E-05
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FIGURE 7 CVs of a [Ru(tpyada)(tpySH)](PFs)> SAM on an ITO electrode in acetonitrile, 0.1 M TBAPF; as supporting electrolyte at

different scan rates.

surface for forming the monolayers, as evidenced by
the most clean voltammetric responses. An ITO
electrode with an area of 0.24 cm® was used to adsorb
the Ru(ll) sulfur based complex from solutions
containing 2mM of the complex in order to form
monolayer. Voltammetric measurements of the films
were carried out in anhydrous acetonitrile, and a
clear reversible process was evident (Fig. 7). A
well defined and reversible response was observed
for all scan rates up to 2 Vs~ '. The anodic peak for the
oxidation of the Ru(Il) complex occurred at ca. 1V

(vs Ag/Ag") whereas the reduction peak occurred
at ca. 0.95V: these values of the redox peaks are
similar to those reported for Ru(bpy)?r [33]. The
peak-peak separation (AE, = ElfD — Eg, where E;
and EJ are the peak potentials for the forward
and back scans) were found to be ca. 50mV at
v =>500mVs~ ' and increased with the scan rate. The
fact the peak separation is lower than 59mV is
indicative of a contribution from a surface- confined
species, indicating adsorption onto the surface [34].
The most striking evidence of a surface process is

2.50E-05

bare ITO
2.00E-05 [ e modified ITO 1 cycle

2cycle

3cycle
1.50E-05
— 4 cycle

——— 5cycle

1.00E-05

I/7A

5.00E-06

0.00E+00 T T
0.2 0.4

—5.00E-06 |
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FIGURE 8 CVS of a [Ru(tpyada)(tpySH)](PF¢), SAM (c =2mM) on a ITO electrode in acetonitrile, 0.1M TBAPF4 as supporting

electrolyte with continuous cycling at 1Vs™ .
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TABLE V Variation of the charge and surface coverage with
increase number of cycles

Cycle number Charge/1077 (C) /10" (molem™?)

1 9.36 4.04
2 8.83 3.81
3 8.43 3.64
4 8.12 3.51
5 7.96 3.44
6 7.45 3.22

that the peak current scales linearly with scan rate.
As experiments were carried out in a solution that
did not contain the complex, there is no contribution
to the current from diffusive process [34]. The
stability of the monolayer under these conditions
was investigated further, as reported below.

Consecutives cycles at the same scan rate were
performed and the change in the resulting CV was
monitored. This experiment was performed for 50,
600 and 1000mV's ™' scan rates. Similar observations
were made for the three sets of independent
experiments and, as an example, the results obtained
for the 1000mV s~ ! scan rate are considered (Fig. 8).
In this case, it is clear that the CV response is highly
reversible over time, but that there is a small decrease
in the peak current, with each scan. By integrating
i — V characteristics, the charge and surface cover-
age can be obtained (Table V).

The decrease observed in surface coverage with
increase number of cycles is indicative of some loss
of electroactive species adsorbed in the ITO
electrode. Nonetheless, the surface coverages for
these large complexes are reasonable and it is clear
that [Ru(tpyada)(tpySH)](PFe). electroactive SAMs
can be formed on an ITO electrode surface.

CONCLUSIONS

We have prepared Ru(ll) surface active complexes
with appended guest and host moieties for the
development of supramolecular wires on surfaces
and examined the electrochemical properties of a
Ru(Il) surface active guest. Monolayers of the complex
show promising electrochemical behaviour. The
tpySH ligand proved a versatile motif for surface
attachment and we have explored the tautomerism
properties that may affectits surface binding studies. A
ligand for dinuclear complexes was prepared and the
dinuclear Ru(ll) complexes were investigated. The
complexes show interesting photophysical properties
which may lead to further studies in solution assembly
of metallocyclodextrins-metalloguests.

Supplementary material includes NMR spectra.
Crystallographic data are deposited at the
Cambridge Crystallographic Data Centre CDC
611415.

EXPERIMENTAL

Materials and Instrumentation

All starting materials were purchased from Aldrich
unless otherwise indicated. Solvents used in syn-
thetic procedures were analytical grade with the
exception of HPLC grade solvents used in spectro-
scopic studies. Double deionised water was used
where necessary in the spectroscopic studies. All the
ligand synthetic procedures were carried out under
nitrogen atmosphere. Thin layer chromatography
(TLC) analyses were performed on either Merck
silica gel 60 aluminium plates or Merck alumina
Brockman I grade, as indicated. RuCl;-3H,O was
kindly supplied from Johnson & Matthey.

The synthesis of 4-(1-adamantyl)-2,2": 6 ,2"-terpyri-
dine (tpyada), 4-tolyl-2,2": 6',2"-terpyridine (ttp) and
4'-(4-biphenyl)-2,2": 6 ,2"-terpyridine (biptpy), pm-p-
CD(ttp) were prepared by published methods.REF

NMR spectra were recorded on Bruker AC 300, AV
300 and DRX 500. Electrospray mass spectra were
recorded on a Micromass LC-TOF machine. Elemen-
tal analyses were recorded on a Carlo Erba EA1110
simultaneous CHNS elemental analyser at the
University of Birmingham.

Single Crystal X-Ray diffraction data was
collected at 296K on a Briiker Smart 6000
diffractometer equipped with a CCD detector and
a copper tube source. Structures were solved and
refined using SHELXL [35]. Absorption spectra
were recorded on a Shimadzu UV-3101PC UV -Vis-
NIR scanning spectrometer. Emission spectra were
recorded on a Photon Technology International
QM-1 steady state spectrometer employed with a
dual grating 500/750 nm emission monochromator.
Quantum yields were determined using the
“optical dilute relative method” [36] using
[Ru(2,2-bipyridyl);]JCl, as a reference with
@ =0.028 in aerated H,O [37]. The GOESY or
one-dimensional gradient NOE spectroscopy spec-
trum was recorded at 27°C using a Bruker DRX 500
with 7 seconds relaxation delay and 5Hz of
selective excitation. Each spectrum was obtained
as accumulation of 512 scans.

Formation of Self-Assembled Monolayers (SAMs)

Spontaneously adsorbed monolayers were formed
upon immersion of the ITO electrode in solutions of
the complex in acetonitrile at the concentrations
between 1-5mM for 24 hours. Before electrochemi-
cal measurements were made, the electrodes were
rinsed with acetonitrile in order to remove any
unbound material. Subsequent measurements were
performed in blank electrolyte containing 0.1M
TBAPF, as supporting electrolyte.
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Electrochemistry

Cyclic voltammograms were recorded using an
electrochemical analyzer (CH Instruments, model
CHI730A). A typical three electrode configuration
was used, where the working electrode was an ITO
coated glass plate on which the SAM film was
deposited, a platinum coil was used as counter
electrode. Potentials are all referenced against a
nonaqueous Ag/Ag’ reference containing
5% 10°M Ag(NO3) The area of the working
electrode was kept constant (typically between 0.2
0.3 cm?) during all measurements.

The surface coverage calculated is based on the
measurement of Q, the charge passed to electrolyze
the electroactive sites. A definition of I" is given by
the equation:

0
F_nFA

where 7 is the number of electrons transferred; F is
the Faraday’s constant and A is the electrode area.

4'-(Mercapto)-2,2': 6,2"-Terpyridine (tpySH)

A solution of tpy-Cl (1.01 g; 3.78 mmol) and NaSCH,.
CH;, 90% pure (1.64g; 1.95mmol) in dry DMF
(20 mL) was heated to 150°C in a silicone oil bath for
6 hours. A mixture of a yellow solution with a white
solid was obtained. The reaction was filtered and
after evaporation of the filtrate a yellow solid was
obtained. The yellow solid was redissolved in
acetone that upon evaporation yielded an oil. Upon
addition of ether the precipitation of an off-white
solid was achieved and was collected by filtration
and washed with ether yielding 0.20g (20%). The
solid was treated with hydrazine monohydrate
(0.5mL) in a methanol/pyridine (1:1) solution to
produce the free thiol ligand.

-0

"H-NMR (300 MHz, (CD3),CO): § in ppm 8.63 (d,
2H, H,, | = 5.7Hz); 8.28 (d, 2H, H,, | = 8.1 Hz); 8.16
(s, 2H, Hy); 7.89 (td, 2H, Hy, | = 7.5Hz, | = 1.8 Hz);
7.32 (ddd, 2H, Hs, ] = 7.5Hz, | = 48 Hz, ] = 1.2 Hz).
13C NMR (75 MHz, CD;Cl): § in ppm 156, 155, 149.7,
146.7, 138, 126, 121, 117.

ES-MS (+) m/z: 288 [M + Na]*; 266 [M + H]".
Anal. Found: C, 67.94; H, 4.16; N, 15.82. Calcd for
(C15sH11N3S): C, 67.90; H, 4.18; N, 15.84. UV-Vis in
CH3O0H: Apayx in nm (e in M~ ' em ™) 280 (20190); 300
(17550); 312 (15160); 386 (8645).

bis(4'-(Mercapto)-2,2': 6,2"-terpyridyl)methane
(tpySCH,Stpy)

In a two neck flask tpy-ClI (0.55 g, 2.06 mmol) and an
excess of NaSCH,CHj; (0.87g; 10.3mmol) were
added. After the addition of 15mL of dry DMF a
yellow suspension was formed. The solution was
refluxed for 30 hours with the aid of a heating
mantel. The solution colour changed to dark orange.
The solvent volume was reduced to one third and
50mL of 0.1 N HCI were added precipitating an off
white solid. The solid was collected by suction
filtration and then redissolved in CHCl; and washed
with water (3 X 30mL). The combined organic
layers were dried over anhydrous NaSO, followed
by filtration. Evaporation of the solvent lead to 0.23 g
of the product tpySCH,Stpy (25%). 'H-NMR
(400MHz, CDsCl): 8 in ppm 8.63 (d, 4H, He,
] = 4.8Hz); 8.55 (d, 4H, Hs, | = 8.0Hz); 8.43 (s, 4H,
Hy); 7.80 (td, 4H, Hy, ] =7.6Hz, | = 1.6Hz); 7.30-
7.26 (m, 4H, Hs); 4.84 (s, 2H, S-CH,-S).

13C NMR (100 MHz, CDCls): § in ppm 155.6, 155.3,
149, 148.8, 136.7, 123.8, 121.3, 118.7, 33.6 ES-MS (+)
m/z: 543 [M + H]".

(1) [Ru(tpyada)(tpySH)](PFe),

A solution of Ru(tpyada)Cl; (0.081 g; 0.141 mmol) and
tpySH (0.041 g; 0.142 mmol) in 20 mL of methanol was
refluxed in the dark for 24 hours. After cooling down
to room temperature a solution of NH4PFs in
methanol was added to the reaction and a dark solid
precipitated out. The solid was collected by filtration
and washed with methanol and diethyl ether giving
0.093g of the product (67%). "H-NMR (300 MHz,
CD3CN): 8 in ppm 9.05 (s, 2H, Hy /¢py-3); 8.93 (s, 2H,
Ha /tpy-3);8.68 (d, 2H, H3 4py.3,] = 8.7 Hz);8.58 (d, 2H,
Has/tpy-3,] = 8.4Hz);8.01-7.81 (m, 4H, Hy, Hypy4);7.35
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(d, 2H, He/ipy-s, ] =54Hz); 7.29 (d, 2H, He/ipy-s,
] = 42Hz); 7.21-7.14 (m, 4H, Hs, Hy,y.5); 2.30 (br s,
9H, H,,H,);1.97 (brs, 6H, H,). ES-MS (+) 1/ z: 733 [M-
2PF¢]" UV-Visin CH3CN: Apaxinnm (e inM ™' em™1)
237; 276; 308; 492.

(2) [Ru(biptpy)(tpySH)I(PFy),

The complex was synthesised using the method
described previously for [Ru(tpyada)(tpySH)](PFe)2
starting with [Ru(biptpy)]Cl; (0.150g; 0.254 mmol)
and tpySH (0.199g; 0.70mmol). A methanolic
solution of NH,4PFs; was added to the reaction and
a solid precipitated. The solid was collected by
filtration and was purified by silica chromatography
(eluents: CH3CN followed by CH3;CN/H,O/KNO;
(sat) (70:0.5:1.5)). The counterion of the product was
changed with a methanolic solution of NH4PFg
obtaining 0.010 g (43%) of the desired compound as a
red solid.

TH-NMR (300 MHz, CD;CN): 3 in ppm 9.18 (s, 2H,
H3//tpy—3’); 9.09 (S, 2H, H3’/tpy—3’); 8.70 (dr 2H, H3/tpy-Sr
] = 8.1Hz); 8.67 (d, 2H, Ha tpys, | = 8.4 Hz); 8.34 (d,
2H, Hﬂ/b, ]: 8.4 HZ); 8.06 (d, ZH, Hg/b, ]: 8.1 HZ);
7.98-793 (m, 4H, Hy Hyya); 7.86 (d, 2H, H,,
] =72Hz); 7.58 (m, 3H, H,, H,); 749 (d, 4H, H,,
Hipys | = 6.9Hz); 7.29-7.19 (m, 4H, Hs, Hyy, 5). ES-
MS (+) m/2: 719 [M-2PF¢]*; 359.5 [M-2PF,] 2.

(3) [Ru (pm-B-CD(ttp))(tpySH)I(PF),

[Ru(pm-B-CD(ttp))]Cl; (0.046g; 0.024 mmol) was
dissolved in 5mL of methanol with tpySH (0.017 g;
0.059 mmol) in the presence of a few drops of N-
ethylmorpholine and refluxed for 24 hours. The
reaction was allowed to cool down to room
temperature and then filtered through celite. A

methanolic solution of NH4PFs was added to the
filtrate and the solvent was evaporated. The residue

was extracted with CH,Cl, and the insoluble solid
was filtered out and the filtrate was evaporated
yielding a red solid. The red residue was purified by
size exclusion chromatography (BioBeads SX3) using
DMF/THEF (0.5:1). This solid was then stirred in a 1:1
mixture of methanol and pyridine with 0.3mL of
hydrazine monohydrate giving 0.047 g (80%) of the
product as a red solid.

"H-NMR (300 MHz, CD5CN): 8 in ppm 8.99 (s, 2H,
H3’/tpy—3’); 8.74 (S, 2H, H3’/tpy—3’); 8.71 (d/ 2H, H3/tpy—3/
J =8.2Hz); 8.65 (d, 2H, H3/py-3, ] = 7.5;Hz); 8.19 (d,
2H, Ha/p, | = 8.0Hz); 7.97-7.89 (m, 4H, Hy, Hipya);
7.90 (d, 2H, H,/p, | = 82Hz); 7.55 (d, 2H, He py-6,
J=65Hz); 7.44 (d, 2H, He/tpy-s, ] = 5.7Hz); 7.21-
7.16 (m, 4H, Hs, Hypy5); 5.12 (br s, 7H, Hepa); 3.77-
3.07 (m, Hep-2, cp-3, cp-4, cp-5, cp-6r CDcr3) ES-MS
(+) m/z: 2102 [M — 2PFq]".

(4) [(ttp)Ru(tpySCH,Stpy)Ru(ttp)|(PFg),

A suspension of tpySCH,Stpy (0.029 g; 0.069 mmol)
and Ru(ttp)Cl; (0.069; 0.13mmol) in 10mL of
methanol was prepared. A few drops of N-
ethylmorpholine were added and the reaction was
refluxed for 30 minutes. After cooling down to room
temperature the solution was filtered through celite.
A methanolic solution of NH,PFs; was added to the
filtrate leading to precipitation of a dark red solid.
The solid was collected by filtration and washed
with methanol. The precipitate was purified by
column chromatography on silica (eluent: CHj
CN/H,O/KNOj; (sat) (70:5:15)). The excess of
KNO; was eliminated by adding NH4PFs to a
methanol solution of the fraction collected from the
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column yielding 0.08¢g of the desired compound.
Yield: 79%.

"H-NMR (400 MHz, CD5CN): 8 in ppm 8.9 (s, 4H,
H3’/tpy—3’); 8.90 (S/ 4H, HS//tpy—S’); 8.67 (d/ 4H, H3/tpy-3/
] =8.4Hz); 8.65 (d, 4H, H3,¢,y-3, ] = 8.0Hz); 8.11 (d,
4H, H,/p, ] = 8.4Hz); 7.97-7.89 (m, 8H, Hy, Hipy-a);
7.58 (d, 4H, H,/y, | = 8.0Hz); 7.49 (d, 4H, He/tpy-6,
J=6.0Hz); 7.44 (d, 4H, Hg,tpy-6, ] = 5.6 Hz); 7.23~
7.16 (m, 8H, Hs, Hypy5); 5.65 (s, 2H, S-CH,-S); 2.53
(s, 6H, CH,).

1*C NMR (100MHz, CD;CN): 8 in ppm 159.3,
158.8, 156.5, 156, 153.6, 153.5, 149.4, 148.3, 142, 139,
134.9, 131.3, 128.6, 128.5, 125.8, 125.5, 122.6, 122.4,
35.1, 21.3. ES-MS (+) m/z: 841 [M-2PF4]*?; 512 [M-
3PFg]™. UV-Vis in CH3CN: Amax in nm (¢ in
M~ 'em ™) 287 (144120); 307 (154560); 494 (64980).

125.4, 123, 122.4, 31.5. ES-MS (+) m/z: 903
[M — 2PF¢] % 553 [M — 3PF¢]"®. Anal. Found: C,
4881, H, 307, N, 7.76. Calcd for (C85H60N12RU252
(PFe)4): C, 48.72; H, 2.89; N, 8.02. UV-Vis in CH;CN:
Amax in nm (e in M 'em™!) 230(sh) (123450);
287 (158340); 309 (196870); 327(sh) (157390); 495
(81350).

[(pm-B-CD(ttp))Ru(tpySCH,Stpy)Ru(pm- -
CD(ttp))](PFg)4

A solution of [Ru(pm-B-CD(ttp))]Cl; (0.101g;
0.052mmol) was refluxed with tpySCH,Stpy
(0.014 g; 0.033mmol) in 10mL of methanol with a
few drops of N-ethylmorpholine for 24 hours. After
cooling down to room temperature the reaction was

(5) [(biptpy)Ru(tpySCH,Stpy)Ru(biptpy)1(PFs),

The complex [(biptpy)Ru(tpySCH,Stpy)
Ru(biptpy)](PFs)s was synthesised using the same
method described previously for [(ttpRu(tpySCH,.
Stpy)Ru(ttp)](PFe)4 starting ~ with 0.049¢
(0.084 mmol) of [Ru(biptpy)]Cl; and 0.022g
(0.053 mmol) of tpySCH,Stpy in 5mL of methanol
with a few drops of N-ethylmorpholine. The product
was obtained as 0.082¢g of a dark red solid with a
yield of 93%.

"H-NMR (300 MHz, CD3CN): 8 in ppm 9.29 (s, 4H,
H3’/tpy—3’); 9.09 (S/ 4H, H3’/tpy—3’); 8.99 (d, 4H, H3/tpy-31
] = 8Hz); 8.69 (d, 4H, Hspy.5, | = 8 Hz); 8.33 (d, 4H,
H,,», ] = 8.5Hz); 8.06 (d, 4H, H,,;,, ] = 8.5Hz); 7.99-
7.89 (m, 8H, Hy, Hipya); 7.86 (d, 4H, H,, ] = 7Hz);
7.58 (t, 6H, H,,, Hy,, ] =7Hz); 7.50 (d, 4H, He/tpy-6,
] =7Hz); 7.45 (d, 4H, He /1py-6, | = 4.5Hz); 7.24-7.16
(m, 8H, Hs, Hipy-5); 6.06 (s, 2H, S—-CH,-S). >*C NMR
(75MHz, CD5CN): 8 in ppm 159, 153.5, 153.3, 148.6,
144, 138.9, 136.6, 130.1, 129.2, 128.9, 128.4, 128, 126,

filtered through celite and a methanolic solution of
NH4PF¢ was added to the filtrate. The solvent was
evaporated and the residue was extracted with
CH,Cl,. The mixture was filtered and the filtrate was
evaporated yielding a red solid. The red residue was
purified by size exclusion chromatography BioBeads
5X3 using DMF/THEF (1:1) yielding 0.064 g (55%) of
the product.

'"H-NMR (300 MHz, CD5CN): 8 in ppm 9.00 (s, 4H,
Ha jtpy-3); 8.92 (s, 4H, Hz /py-3); 8.66 (d, 8H, Hj,
Hioys, J=8.1Hz); 820 (d, 4H, H,;, |J=8.1Hz);
7.97-7.93 (m, 8H, Hy, Hypya); 7.74 (d, 4H, H,y,
] =7.8Hz); 7.50~7.43 (m, 8H, He, Hypy); 7.25-7.17
(m, 8H, Hs, Hpy5); 5.28-5.12 (m, 14H, Hepa); 4.73
(S, 2H, S—CHZ—S),' 3.82-3.08 (m, HCD—Z, CD-3, CD-4,
cp-5, cp-6r CDcH3).

3C NMR (100MHz, CD;CN): 8 in ppm 159.2,
158.7, 156.6, 155.9, 153.5, 149, 142.5, 139, 136.9, 129.7,
128.8, 128.5, 125.8, 125.5, 122.5, 98.9, 83.2, 82.7, 80.1,
799, 73.3,725,71.9, 70.6, 61.5, 59.2, 58.8, 35.1, 32.1,
30.3. ES-MS (+) m/z: 1454 [M-3PF¢] *°.
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