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Monomeric peptide nucleic acid (PNA) derivatives incorpo-
rating [Ru(bpy),(Mebpy-PNA-OH)](PFg), (M1) and [Ru(bpy),-
(Mebpy-(CH,)4-PNA-OH)](PFg), (M2), where bpy = 2,2'-bi-
pyridine, Mebpy-PNA-OH = 2-[N-(2-{[(9H-fluoren-9-yl)-
methoxy]carbonylamino}ethyl)-4-methyl-2,2"-bipyridin-4'-yl-
carboxamido]acetic acid and Mebpy-(CH,),-PNA-OH = 2-
[(2-{[(9H-fluoren-9-yl)methoxy]|carbonylamino}ethyl){[5-(4-
methyl-2,2'-bipyridin-4’-ylcarboxamido)pentyl]carbonyl}-
amino]acetic acid, have been synthesised and characterised
by IR and 'H NMR spectroscopy, mass spectrometry and ele-
mental analysis. [Ru(bpy),(Mebpy-(CH,),-COOH)](PF¢), (4)
where Mebpy-(CH,),-COOH = (4-methyl-2,2'-bipyridin-4'-
yl)hexanoic acid, has been prepared as part of the multi-step
conversion of [Ru(bpy),(Mebpy-COOH)]|(PFg), (1) to M2, as
have tert-butyl ester precursors of M1 and M2, [Ru(bpy),-
(Mebpy-PNA-OC(CHa)3)](PFs); (2) and [Ru(bpy),(Mebpy-
(CH,)4-PNA-OC(CHs)3)](PFg), (5). 'H NMR spectroscopy
showed that M1 and M2 are present as rotamers in a 3:1 and

3:2 ratio, respectively. The UV/Vis spectra of 1, 2, 4, 5, M1
and M2 display a MLCT band at 452-454 nm. The emission
maximum of M1 in acetonitrile, detected on excitation at
450 nm, was slightly red-shifted compared to the emission of
M2 (622 nm), 1 (623 nm) and [Ru(bpy);]** (615 nm). The Ru'//
Ru' redox centers in 2, 4 and 5 have E° (reversible poten-
tials) of +857 mV, +884 mV and +901 mV, respectively, vs. the
Fc”*+ (Fc = ferrocene) couple as determined from voltam-
metric studies in CH3CN (0.1 M nBuyNPFg). Cleavage of the
tert-butyl groups in 2 and 5 forms M1 and M2 whose E°% val-
ues lie at +908 mV and +895 mV vs. Fc%* respectively, similar
to those reported for 1 (+914 mV vs. Fc*) and [Ru(bpy);]**
(+888 mV vs. Fc%*). A shift in the E° of -57 mV was observed
between 2 and M1, but little difference was detected 5 and
M2, presumably due to the presence of a linker group in this
latter case.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2009)

Introduction

Peptide nucleic acids (PNAs) are non-natural DNA
mimics, which hybridise with complementary DNA/RNA
strands by Watson—Crick base pairing.!'! Due to their neu-
tral peptide backbone, which avoids electrostatic repulsions
with negatively charged DNA/RNA strands, PNA-DNA/
PNA-RNA duplexes are more stable than the usual DNA-
DNA/RNA-RNA duplexes.”) Another important feature of
PNAs is their resistance to attack by proteases and nucle-
ases.’l Due to these favourable properties, the use of PNAs
has been investigated for antisensel**! and antigene therap-
ies.['-14] Furthermore, the high selectivity of PNAs to de-
tect even single RNA or DNA mismatches, has led their
use in the biosensing area.['>"!8 For this purpose, PNA-
metal conjugates are particularly useful as they can act as
electroactive and/or photoactive probes. Due to its well-
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established chemistry, availability, reversible electrochemis-
try and chemical stability,'>?% ferrocene has been coupled
to PNA monomers?'2?1 or sequences.?%3?1 Ferrocene,
however, exhibits only electrochemical and no excited-state
properties, in comparison to metal complexes, such as poly-
pyridyl-Ru'’ complexes, which feature both electrochemical
and photochemical properties that can be utilised in biosen-
sing. Metzler-Nolte et al. reported the synthesis of a Rul
complex attached to a PNA monomer,?3] bis(bipyridyl)(4-
methyl-4’-carboxylic acid bipyridyl)ruthenium(II) thymine-
PNA methyl ester [Ru-(T-PNA)-OMe]. The Ru!'-PNA
monomer exhibited a reversible oxidation process at
897 mV vs. Fc”* and overlapping MLCT bands from 430—
450 nm.[>’! Subsequently, the same group described the at-
tachment of a tris(bipyridine) Ru' complex to a PNA hep-
tamer where the metal centre had been inserted to the
amino end of the sequence by automated synthesis.’?l On
hybridisation of this Ru'-bearing PNA heptamer with a
complementary DNA strand, the CD (circular dichroism)
spectra showed a positive Cotton effect by a shift in the
maximum from 266 nm (PNA.DNA bioconjugate) to
280 nm (Ru-PNA-DNA bioconjugate).l*?l Metal-containing
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Figure 1. Monomeric PNA derivatives incorporating a Ru'' complex. Labels for proton assignments are included.

PNAs have also been synthesised by Achim et al. for pur-
poses that include investigation of the electron transfer
within PNADB3! and the increase in PNA-DNA stability
through metal binding.3%

In an effort to enhance the versatility of insertion of Ru'!
complexes into PNAs, our group has envisaged an alterna-
tive approach involving the preparation of robust Ru'’ com-
plexes attached to the PNA backbone, which could be then
inserted into a specific site within a PNA sequence. In con-
trast to the previous reports by Achim et al.,[’*3% who de-
scribed the synthesis and then incorporation of bipyridine-
and 8-hydroxyquinoline-containing PNA monomer into a
PNA sequence, our aim is to insert the metal complex di-
rectly into the PNA sequence. For similar reasons, our ap-
proach is also different to that recently described by Gasser,
Metzler-Nolte and co-workers who first inserted one or two
alkyne-containing PNA monomers into PNA oligomers
and then successfully applied “click chemistry” to attach
ferrocene to these sequences.*"]

In this paper, the synthesis of monomeric PNA deriva-
tives incorporating Ru'™ complexes, M1 and M2, (Figure 1)
is described in which the DNA nucleobase found in a typi-
cal PNA monomer has been replaced by a Ru' complex.
M1 from M2 differ in the presence of a linker between the
complex and the PNA backbone. '"H NMR, luminescence
and electrochemical characterisation are presented and
compared to the starting material, [Ru(bpy),(bpy-CO-
OH)](PFg)> (1) to provide an understanding of substituent
effects.

Results and Discussion

Synthesis and Characterisation

The synthetic routes toward M1 and M2 are described
in Scheme 1. The known compound, [Ru(bpy),(bpy-
COOH)I** (1),371 was chosen as the key synthon for the
synthesis of two Ru'-incorporated PNA monomers, M1
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and M2. The first step in the synthesis of M1 involved the
coupling of 1 to the PNA backbone, tert-butyl N-[2-(N-9-
fluorenylmethoxycarbonyl)aminoethyl]- N-[(thymin-1-yl)ace-
tyl]glycinatel®¥! to generate 2. The conditions were similar
to those reported by Metzler-Nolte et al.>*! for the coupling
of a Ru'" complex to a PNA monomer. The formation of 2
was confirmed by mass spectrometry but all our attempts
to purify the crude compound were unsuccessful despite in-
tensive investigation of preparative column chromatography
on silica gel with different eluents. The impurity present in
2 was confirmed to be the PNA backbone by both mass
spectrometry and '"H NMR spectroscopy. Peak integration
of the resonances attributed to the zert-butyl moiety of the
PNA backbone and 2 was used to establish that 33% of the
crude product consisted of the PNA backbone, viz., ratio
of PNA backbone/2 = 1:3. The low conversion of 1 to 2
may be explained by unfavourable steric interactions be-
tween the bulky Ru'' complex, terz-butyl ester and fluoren-
ylmethoxycarbonyl (Fmoc) protecting groups of the PNA
backbone. The Ru™-HBTU bulky adduct may also hinder
the amine of the PNA backbone from attacking the car-
bonyl group, giving rise to low coupling efficiencies between
1 and the PNA backbone (see Hyperchem models of en-
ergy-minimized structure of 2 and 5 in the Supporting In-
formation). The tert-butyl group protecting the carboxylic
group in 2 was removed using a 1:1 mixture of TFA/CH,Cl,
with triethylsilane as the carbocation scavengert®®3% to af-
ford M1 in 79% yield.

A similar series of reactions converted 1 to M2 in good
yield. Compound 1 was first converted into the Ru'l-suc-
cinimide derivative [Ru(bpy),(Mebpy-OSw)]** (3), where
Mebpy-OSu = 4’-methyl-2,2’-bipyridine-4-succinimide, as
described previously.*%! Peek et al.*% and Geiper et al.#1-43l
had attached unprotected amino acids to 3. Thus, 3 was
considered a suitable reactant for the attachment of an un-
protected linker unit, 6-aminocaproic acid, to 1 to give 4.
With modifications to reported methods,™ ¥ including
higher temperature (120 °C) and longer reaction times

Eur. J. Inorg. Chem. 2009, 2179-2186
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Scheme 1. Reagents and conditions: (a) tert-butyl N-[2-(N-9-fluorenylmethoxycarbonyl)aminoethyl]glycinate, HBTU, NEt;, dry CH5;CN,
24 h, 11%,; (b) TFA/CH,Cl,, 1:1, Et5SiH, 15 h, 79%. (c) HOSu, DCC, dry CH;CN, 6 h, 67% (d) 6-aminocaproic acid, dry CH;CN, 24 h,
68%. (e) HBTU, NEts;, dry CH3CN, 24 h, 42% (f) TFA/CH,Cl,, 1:1, Et;SiH, 24 h, 70%.

(24 h), 4 was obtained in 68% yield. The Ru"-PNA ester 5
was synthesised from 4 by the coupling method used to
prepare compound 2. As for 2, the purification of com-
pound 5 by preparative column chromatography on both
silica gel and alumina oxide using different eluents was un-
successful. The presence of the PNA backbone was con-
firmed with mass spectrometry and "H NMR spectroscopy,
which indicated that 23% of the crude product consisted of
the PNA backbone., viz., ratio of PNA backbone/5 = 2:9.
The yield of 5 was much higher than that found for 2. The
alkyl chain appears to reduce interactions between the
bulky Fmoc, tert-butyl moieties and the Ru'' complex (see
Supporting Information). Cleavage of the zert-butyl ester in
5, as for 2, resulted in the final compound M2 in 70%,
yield.

Microanalysis confirmed the formation of the target
complexes 4, M1 and M2 (see Exp. Section). ESI-mass
spectrometry of 2, 4, 5, M1 and M2 gave signals with m/z
values of 503.2, 370.6, 559.8, 475.1 and 531.2, respectively,
corresponding to M?*. The IR spectra of 4, M1 and M2 all
showed overlapping vibrations in the range 1635cm™! to
1655cm™! and 1715 cm™! to 1720 cm™! due to the carbonyl
stretching mode within the amide and ester groups.

'H-'H COSY NMR spectroscopy enabled the assign-
ment of each proton in the '"H NMR spectra of 2, 4, 5, M1
and M2. Reaction of the activated ester, 3, with the amine
group of the 6-aminocaproic acid produced 4 whose 'H
NMR spectrum exhibited low frequency resonances due to
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the methylene units on the alkyl chain. Formation of 2 and
5, from coupling between the PNA backbone and 1 and 4,
respectively, was confirmed by the presence of resonances
at 1.36-1.40 ppm, assigned to the terz-butyl groups of the
PNA backbone as mentioned previously.

Significant shifts in the resonances of some of the bi-
pyridyl protons, in 2, 4 and 5 were observed when compared
with 1.4 In particular, the resonance attributed to the pro-
ton next to the carboxylic acid group in 1, H3’, undergoes
significant changes upon attachment to the PNA backbone
and spacer group. A lower frequency shift of the H3' reso-
nance from 9.08 ppm into the region of 8.58-8.78 ppm is
observed in going from 1 to 2. Similar to 1,44 the H3’ reso-
nances of 4 and 5 are observed at 6 = 9.04 ppm and
9.07 ppm, respectively. In contrast to the conversion of 1
into 2, little change in the position of the H3’ resonance is
observed in going from 4 to 5, due to the presence of the
longer linker unit.

The presence of two rotamers in 2 was established by 'H
NMR spectroscopy, viz., two resonances for the bipyridyl
methyl group were observed at 6 = 2.46 ppm (minor) and
2.60 ppm (major). Peak integration of these resonances
indicated that the rotamers were present in a ratio of 3:1
(major/minor). As for 2, the spectrum of 5 exhibits two
methyl groups at 2.60 (major) and 2.59 (minor) ppm arising
from the presence of rotamers in a ratio of 3:2 (major/
minor). Cleavage of the terz-butyl groups of 2 and 5 was
confirmed by the absence of the zerz-butyl group resonance,
2181
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Table 1. UV/Vis spectroscopic data obtained for 10 um acetonitrile solutions of 1, 4, M1 and M2.

/‘{max [nm] €molar [lvrl Cmil] /L'mdx [nm] Emolar [lvrl Cmil] 7 ‘max [nm] Emolar [lvrl Cmil] /lmax [nm] Emolar [M] Cmil]
Complex (LO) (LC) (LC) (LC) (LO) (LC) (MLCT) (MLCT)
164 243 26800 254 23800 287 77600 453 14100
4 243 21800 254 21400 287 64700 453 13300
M1 243 26300 254 25900 287 71700 454 14600
M2 244 29800 254 35600 287 70200 454 14300
[Ru(bpy)s " 241 21000 - - 285 64700 451 11970

at around 1.35-1.40 ppm, in the '"H NMR spectra of M1
and M2 (see Supporting Information). The remaining pro-
tons for M1 and M2 appeared at similar chemical shifts to
those observed in the '"H NMR spectra of 2 and 5, respec-
tively, except for the CH, protons closest to the carboxylate
groups (CH,-COOH) on the PNA unit. A chemical shift of
+ 0.12 ppm is observed for these CH, protons upon cleav-
age of the tert-butyl group for M1, while a shift of
+0.29 ppm was observed for M2.

UVIVis Spectra

The UV/Vis spectra of 1, 4, M1 and M2, recorded in
acetonitrile at 293 K, are compared in Table 1. The spectra
of crude 2 and 5 were recorded under the same conditions
(see Exp. Sect.), but the molar extinction coefficients are
unreliable due to the presence of PNA monomer impurities.
Analogous to 1 and [Ru(bpy);]**,4 4, M1 and M2 exhibit
strong absorption bands in the UV and visible regions of
the electronic spectrum.

In the UV region, LC transitions (1 — n*) of 4, M1
and M2 were assigned on the basis of the positions of the
absorption maxima and the molar extinction coefficients
(see Table 1). In comparison to 1, the spectrum of 4 showed
slight decreases in the intensities of all LC bands, but no
changes in the positions of the absorption maxima. This
suggests a small effect of the alkyl spacer group on the en-
ergy levels of the bpy ligand. The position and intensity of
LC transitions for M1 and M2 were similar to those for 1
and 4, although M2 exhibited slightly more intense bands
than 4. Intense bands found at ca. 205 nm, in the spectra
of M1 and M2, respectively are most likely due to the LC
transition occurring within the PNA monomer backbone.

In the visible region, 2 and 5 displayed a high intensity
absorption centred at 454 nm which is assigned to the
MLCT, as in the case of [Ru(bpy);]** and 1,* and thy-
mine-bound Ru"-PNA monomer (453 nm).>3] Distinct
bands observed at 453 nm for 4 and 454 nm for M1 and M2
are also assigned to the MLCT. As expected, attachment of
the linker group followed by coupling of the PNA backbone
to the metal complex 1 does not produce significant change
in the positions of the MLCT bands and the absorption
intensities of 4, M1 and M2.

Emission Spectroscopy

The emission spectra of acetonitrile solutions of 1, 4, M1
and M2 were recorded at 293 K following excitation at
450 nm (Figure S8, Supporting Information, and Table 2).
Again, the spectra of 2 and 5 were affected by the presence
2182
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of the impurity and, as a result, only their emission wave-
lengths are reliable. Consistent with the UV/Vis studies,
1,442, 4, 5, M1 and M2 exhibit similar emission behaviour
(Figure 2) with maxima detected at 623, 631, 625, 633, 631,
and 622 nm, respectively. These maxima are at slightly
higher wavelengths (red-shifted) than observed for [Ru-
(bpy)s]** (615 nm) under the same conditions. This slight
red shift is due to the lowering of the energy of the ©* or-
bital of the bipyridyl ring caused by conversion of the car-
boxylic acid to an amide group. Slight changes in the emis-
sion maxima and their intensities were observed when com-
paring 1 and M1 and 4 and M2. The minor red shift in the
emission maximum of M1, cf. 1, suggests the lowering of
the LUMO energy levels on the functionalised bpy ligand
upon coupling to the PNA backbone. No corresponding
change was observed for M2, cf. 4, due to the presence of
the alkyl spacer group. Notably, a decrease in the intensity
of the emission is found on attachment of the PNA back-
bone to 1 and 4.

Table 2. Summary of data obtained from emission spectra of com-
plexes 1, 4, M1 and M2 (10 pum acetonitrile solutions) following
excitation at 450 nm.

Complex Amax [NM] I/ D

10441 623 0.99 0.060
4 625 1.22 0.060
M1 631 1.01 0.045
M2 622 1.03 0.047
[Ru(bpy);]>*#4 615 1.00 0.062

On the basis of the emission intensities obtained on exci-
tation at 450 nm and the molar extinction coefficients de-
rived from the absorption data, quantum yields (@g) of 1,
4, M1 and M2 were determined in CH;CN assuming that
®@,; of the reference compound [(Ru(bpy);]** is 0.062. The
quantum yields of the series of complexes are listed in
Table 2 and were calculated according to Equation (1) as
adopted from previous work.[4443]

@R = ¢ref (IsAreF/Irel'As) (1)

(I; and I..; in Equation (1) correspond to the emission
intensity calculated from the area under the emission spec-
trum of the sample and reference, respectively and 4, and
A,or refer to the absorbance of the sample and reference
from the UV/Vis spectra, respectively.) The quantum yields
of 1 and 4 are similar to that of [Ru(bpy);]** (Table 2).
However, M1 and M2 exhibit lower quantum yields than 1,
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4 and [Ru(bpy);]**, indicating that the insertion of the PNA
backbone, by an amide linkage, may be affecting the triplet
MLCT excited state from which energy transfer occurs.

Electrochemical Studies

Cyclic Voltammetry

Data obtained from cyclic voltammetric responses (Fig-
ure S9, Supporting Information) for oxidation of M1 and
M2 and their precursors, 2, 4 and 5 compounds M1 and
M2 at a stationary platinum (Pt) electrode in acetonitrile
(0.1 M nBuyNPF) are summarised in Table S1. Voltammog-
rams of the PNA backbone exhibited no oxidation pro-
cesses in the potential range of 0-1400 mV vs. F¢”* (Fc =
ferrocene). Thus, the electrochemistry of the impure 2 and
5 at positive potentials can be readily interpreted. All com-
pounds exhibit a single electrochemically (AE, close to
60 mV) and chemically (|7,°*/I,"| close to unity) reversible
Ru'/Ru™ one-electron oxidation process, analogous to the
oxidation of [Ru(bpy);]** to [Ru(bpy)s]**, as summarised in
Equation (2).[40]

[Ru'!(bpy);]*" = [Ru''(bpy)s]** + @

The average of the oxidation E,°* and reduction E,™¢
peak potentials, (E,°* + E,"9)/2, obtained from cyclic vol-
tammograms provides a measure of the formal potential,
E%, for the Ru"/Ru™ couple. E% values determined this
way for M1 and M2 were 907 mV and 895 mV vs. F¢/Fc*,
respectively, and similar to those for 1 (922 mV vs. Fc%*)
and [Ru(bpy);]** (888 mV vs. Fc”*) reported previously.[*4
EY% values determined for 2, 4 and 5 were 857 mV, 884 mV
and 901 mV vs. Fc”*, respectively.

E% for 2 is 31 mV and 85mV less positive than [Ru-
(bpy)s]** and 1, respectively. The difference can be attrib-
uted to the insertion of the PNA backbone. In contrast, 4
and 5 both exhibit similar E% values that lie within the
range of [Ru(bpy);]** and 1. Presumably, the linker unit,
which draws the PNA backbone away from the metal, mini-
mises any substituent effect.

The E% value for M1 lies nearer to those for 1 and
[Ru(bpy)s]**. The more positive value for M1 compared to
2 is attributed to the conversion of the zert-butyl ester to
the electron withdrawing carboxylic acid. M2 has a similar
potential (895 mV vs. Fc”*) to 1, [Ru(bpy)s]**, its precur-
sors 4 and 5 and its derivative M1, as expected if the linker
group minimises the effect of the PNA backbone on the
Ru'! center.

The oxidation-peak currents (/,) were found to be lin-
early dependent on the square root of the scan rate for all
complexes, as expected, because the reversible processes are
diffusion controlled. Use of the Randles—Sevcik relation-
ship*” gives diffusion-coefficient values of (1.1=0.1)X
102 em?s™!, (9.2+0.1)X10°cm?s' and (9.6+0.1)X
10°° cm?s~! for 4, M1 and M2, respectively, which are sim-
ilar to diffusion coefficients previously reported for 1 and
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[Ru(bpy);]** #4481 Ligand-based reduction processes were
detected at negative potentials but are not discussed in this
paper.

Rotated Disc Voltammetry

Platinum rotated-disc voltammetric experiments with M1
and M2, gave rise to a sigmoidal-shaped curve for the
Ru redox couple (Figure 2 displays the data for Ml).
The half-wave potential (E},) values (potential where the
current is half the value (/1/2) of the limiting current, ;)
for both monomers were found to be consistent with the
E% values derived from cyclic voltammetry, as expected for
a reversible process. A small shift in £}, was found at high
rotation rates indicating that there is uncompensated ohmic
IR drop at high current regimes.

100 + 3000 rpm
2500 rpm
< % 2000 rpm
g 1500 rpm
©
e 601 1000 rpm
x
40
20 -
0 : . ‘ : : : .
500 600 700 800 900 1000 1100 1200

E (mV) vs Fc*

Figure 2. Platinum rotated-disc electrode voltammograms obtained
for the oxidation of 0.64 mm M1 in MeCN (0.1 m nBuyNPFy); rota-
tion rates of 1000-3000 rpm and scan rate of 10 mVs™'.

A high level of reproducibility of the rotated-disc elec-
trode voltammograms was obtained only at rotation rates
above 1000 rpm and 2000 rpm for M1 and M2, respectively.
A plot of the limiting current, #;, vs. the square root of
the angular velocity, @' (over the range of 1000 or 2000—
3000 rpm) was linear for both compounds, as expected for
a mass transport controlled process. The slope of this plot
and use of the Levich equation™! gave a diffusion coeffi-
cient values for M1 and M2 of (1.0 =0.1) X 10> cm?s ! and
(9.8+0.1) X 10° cm?s ! and in good agreement with values
obtained from cyclic voltammetry. The origin of the pre-
wave (Figure 2) and lower reproducibility at slow rotation
rates may be associated with a small level of surface interac-
tion.

Conclusions

Syntheses of two new monomeric PNA derivatives incor-
porating redox and photoactive polypyridyl-ruthenium(II)
complexes have been developed. UV/Vis and emission spec-
tra measurements on these monomers M1 and M2 and
their respective intermediates, 1 2, 4 and 5 show similar be-
haviour to those that have been reported previously by our
group and by Metzler-Nolte and co-workers.!?332441 Elec-
trochemical measurements showed that all complexes give
rise to a reversible one-electron Ru'"/Ru™ process. The in-
2183
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sertion of a linker group between the metal center and the
PNA unit in M2 relative to M1 only has a small effect on
the luminescence and electrochemistry of the ruthenium
complex.

Experimental Section

Materials: Unless otherwise specified, reagents and chemicals were
purchased from the commercial sources and used without further
purification. In the synthetic work, solvents were used as received
or dried with 4-A molecular sieves or by a literature procedure in
the case of CH3CN.DY fert-Butyl N-[2-(N-9-fluorenylmethoxycar-
bonyl)aminoethyl]- N-[(thymin-1-yl)acetyl]glycinate was synthesised
by the procedure of Thomson et al.’® The analytical data were in
agreement with that reported previously.*! Prior to use in coupling
reactions, compound 1 was acidified to pH 1 using HPF¢ (60 %,
Aldrich) to obtain the fully protonated species. HPF4 was also used
to convert the nitrate salts of the zert-butyl Ru''-PNA adducts to
the corresponding hexafluorophosphates. Complexes were dis-
solved in HPLC-grade CH;CN (Aldrich) for spectroscopic and
electrochemical characterisation. High-purity nitrogen gas was
used directly from the reticulated system. De-ionised water was dis-
tilled prior to use. Tetrabutylammonium hexafluorophosphate
(nBuyNPFg, Fluka) was recrystallised®'! prior to use as the electro-
lyte in electrochemical studies.

Instrumentation and Methods: '"H NMR and 'H-'"H COSY spectra
were recorded in deuterated solvents using an Avance DRX400
Bruker spectrometer at 30 °C. The chemical shifts ¢ are reported in
ppm (parts per million). Tetramethylsilane (TMS) or the residual
solvent peaks have been used as an internal reference. The abbrevi-
ations for the peak multiplicities are as follows: s (singlet), d (doub-
let), dd (doublet of doublets), t (triplet), q (quartet), m (multiplet)
and br (broad). 2D experiments were conducted and analysed with
the aid of XWinNMR software. Infrared spectra were recorded
with a Perkin—Elmer 1600 series FTIR spectrophotometer at 4 cm !
resolution on samples doped in KBr pellets. UV/Vis spectra were
recorded with a Varian Cary 300 Biospectrometer. Emission spec-
tra were obtained following excitation at 450 nm with a Varian
Fluorescence spectrometer equipped with a 250-W xenon lamp as
the excitation source. Emission spectra are corrected for PMT re-
sponse. Both UV/Vis and emission spectra were measured in aceto-
nitrile solution at room temperature of (20 =2) °C in 1-cm quartz
cuvettes using 10 um concentrations of the complex. CHN analyses
were performed by the Campbell Microanalytical Services, Univer-
sity of Otago, Dunedin, NZ. Low-resolution electrospray mass
spectra were recorded with a Micromass Platform II Quadrupole
Mass Spectrometer fitted with an electrospray source. High-resolu-
tion accurate mass spectra were recorded with a Bruker BioApex
11 47¢ FT-ICR MS fitted with an Analytica Electrospray Source.
Samples were introduced by a syringe pump at a rate of 1 pL/min
and the capillary voltage was at 200 V. Thin-layer chromatography
(TLC) was performed using silica gel 60 F-254 (Merck) plates fol-
lowed by preparative column chromatography on silica gel.

Electrochemical Measurements: Cyclic voltammetric measurements
were performed in acetonitrile at scan rates in the 0.002-1 Vs!
range using a BAS 100B (Bioanalytical Systems) electrochemical
workstation. Rotating-disc voltammetry at rates from 500—
3000 rpm utilized a platinum disk working electrode (0.071 cm?)
and rotations were carried out with a Metrohm 628-10 system.
Oxygen was removed from the acetonitrile solutions before com-
mencing electrochemical experiments by purging the solutions with
high purity nitrogen for at least 10 min. A typical three electrode
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cell was employed which comprised a platinum working electrode
(area = 0.0079 cm? and 0.071 cm? for cyclic voltammetry and rotat-
ing disk voltammetry, respectively), a large surface area Pt counter
electrode and an Ag/Ag™ (0.1 M AgNO; in CH;CN) reference elec-
trode. The potential of the Ag/Ag™ reference electrode was cal-
ibrated frequently against that of ferrocene/ferrocinium (Fc/Fc*)
redox couple by monitoring the reversible potential for oxidation
of ferrocene (Fc) under the same conditions used for the voltamme-
try of the ruthenium(Il) complexes. All electrochemical experi-
ments were carried out at (20 = 2)°C inside a Faraday cage under
nitrogen and with 0.1 m nBuyNPFq as the supporting electrolyte.
The working electrodes were polished with an aqueous aluminium
oxide slurry (0.3 um), then rinsed with acetone and dried before
each voltammetric experiment.

Synthesis

[Ru(bpy)»(Mebpy-COOH)I(PF¢)> (1) and [Ru(bpy),(Mebpy-OSu)]-
(PF¢)2 (3): Compounds 1 and 3 were prepared according to litera-
ture methods.?7-321 The 'H NMR spectra, mass spectroscopy and
IR spectra were in agreement with the literature reports.7-3%

[Ru(bpy)(Mebpy-PNA-OC(CH;)3)I(PFs)> (2): [Ru(bpy),(Mebpy-
COOH)|(PFg), (1) (0.23 g, 1.10 mmol) was dissolved in dry
CH;CN  (3.0mL) wunder nitrogen. 2-(1-H-Benzotriazol-1-yl)-
1,1,3,3-tetramethyluronium hexafluorophosphate (HBTU) (0.43 g,
1.10 mmol) and triethylamine (0.15 mL, 1.10 mmol) was added to
this solution. The solution was stirred for 15 min at room tempera-
ture prior to the addition of tert-butyl-N-[2-(N-9-fluorenylme-
thoxycarbonyl)aminoethyl]glycine (0.59 g, 1.50 mmol). The re-
sulting solution was stirred overnight and a saturated brine solu-
tion (15 mL) was then added. The product was extracted with ni-
tromethane (25 mL X 2) and the organic layer was then successively
washed with 2 M HCl,q ) (15 mL X 2), a saturated aqueous solution
of NaHCOj; (20 mL X 2) and water (25 mL X 2). The solvent of the
organic layer was removed under vacuum to give a red solid. The
crude product was purified by column chromatography on silica
gel using either an increasing gradient from MeOH/CH,Cl,, 4:96
(v/lv) to MeOH/CH,Cl, 6:94 (v/v) or a CH3;CN/H,O/saturated
KNOs;, 80:20:1 solution (v/v/v) as the eluent. The first coloured
band was collected and removal of the solvent by rotary evapora-
tion gave the desired product together with a minor impurity.
Attempts to separate the desired product from the impurity by fur-
ther column chromatography with various eluents were unsuccess-
ful. The actual yield of 2 was determined by the ratio of the PNA
backbone to 2 in the crude product found from peak integration
of the tert-butyl group (3:9). Crude yield 0.21 g, 16%, actual yield
based on analysis of '"H NMR spectra, 0.14 g, 11%. Selected IR
bands (KBr): ¥ = 2924 (m), 1718 (m), 1638 (m), 1560 (w), 1522
(m), 1465 (m), 1447 (m), 1369 (m), 1236 (m), 1155 (m), 841 (m),
761 (m), 741 (w) cm™'. UV/Vis spectrum (CH3CN): Apax (Emaxs
M em™) = 207 (53700), 246 (30300), 255 (37400), 288 (52700), 422
(6100), 454 (10000) nm. '"H NMR spectrum ([DgJacetone): § = 1.41
(min) and 1.47 (maj) [rotamers, s, 9 H, O-C-(CH3);], 2.38 (maj) and
2.43 (min) (rotamers, s, 3 H, CH3;bpy-COOH), 3.15-3.30 (rotamers,
m, 2 H, NH-CH,-CH,), 3.45-3.70 (rotamers, m, 2 H, NH-CH,-
CH,), 3.87-4.02 (rotamers, m, 2 H, CH Fmoc-CH,0), 4.28 [rota-
mers, m, 2 H, N-CH,-COOC(CHs;);], 4.37 (rotamers, m, 1 H, CH
Fmoc), 6.41 (min) and 6.46 (maj) (rotamers, br. s, 1 H, CH,-NH-
COO0), 7.09-7.23 (m, 3 H, HS" and 2 X CH Fmoc aromatic), 7.26—
7.43 (m, 6 H, H11, 11’, 16, 16" and 2 X CH Fmoc aromatic), 7.46—
7.53 (m, 3 H, H6" and 2 X CH Fmoc aromatic), 7.64-7.67 (d, 3J =
5.8 Hz, 1 H, H6), 7.81-8.25 (m, 11 H, H5, 10, 10, 12, 12’, 15 15/,
17, 17" and 2 X CH Fmoc aromatic), 8.56-8.78 (m, 6 H, H3, 3', 9,
9’, 14 and 14’) ppm. ESI-MS: m/z (%) = 503.2 (100) [(M)**], 475.2
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(28) [M — C(CH;);]**. HR-ESI mass spectrum (MeOH): found
5031551, calcd. for [C55H52N805RU]/Z 503.1552.

[Ru(bpy)»(Mebpy-PNA-OH)|(PF4), (M1): Compound 2 (0.18 g,
0.14 mmol) was dissolved in dichloromethane (3.5 mL) and tri-
fluoroacetic acid (2.3 mL) and triethylsilane (0.6 mL) were added
to this solution. The resulting solution was stirred for 6 h at room
temperature. Removal of the trifluoroacetic acid and dichlorometh-
ane under vacuum resulted in a viscous dark red oil. This oil was
purified by column chromatography on silica using CH;CN/H,0O/
saturated KNOj3, 80:20:1 (v/v/v) as the eluent, followed by a grad-
ual change to 60:40:1 (v/v/v) to elute the last band. The solvent
was removed in vacuo and the residue suspended in a minimal
amount of acetonitrile. The insoluble KNOssalt was removed by
filtration and the filtrate was evaporated to dryness to give MI.
The residue was then sonicated in water (10 mL) for 5 min to dis-
solve the solid. A 60% aqueous solution of HPF4 was added until
a pH of 1 was attained. The precipitate was collected by filtration
and triturated with ether to afford the desired product. Yield 0.13 g,
79%. CssHgyF1,NgO3P,Ru: caled. C 48.1, H 4.7, N 8.2; found C
479, H 4.8, N 8.4. Selected IR bands (KBr): ¥ = 2926 (w), 1701
(w), 1636 (m), 1560 (w), 1508 (w), 1452 (m), 1384 (s), 1209 (m),
933 (w), 821 (w), 769 (w) cm™'. UV/Vis spectrum (CH3CN): /pax
(emax» M 'em™l) = 243 (26300), 254 (25900), 287 (71700), 422
(13800), 454 (14600) nm. 'H NMR spectrum ([Dglacetone): 6 =
2.41 (maj) and 2.47 (min) (rotamers, s, 3 H, CH3;bpy-COOH), 3.32—
3.34 (rotamers, m, 2 H, NH-CH,-CH,), 3.45-3.52 (rotamers, m, 2
H, NH-CH,-CH>), 3.94-4.05 (rotamers, m, 2 H, CH Fmoc-CH,0),
4.20 (s, 1 H, CH Fmoc), 4.32-4.36 (rotamers, m, 1 H, N-CH>-
COOH), 6.41 (min) and 6.64 (maj) (rotamers, br. s, 1 H, CH,-NH-
COO0), 7.23-7.39 (m, 2 H, 2 X CH Fmoc aromatic), 7.39 (d, 3J =
5.9 Hz, 1 H, H5"), 7.55-7.57 (m, 6 H, H11, 11, 16, 16" and 2 X CH
Fmoc aromatic), 7.78-7.93 (m, 3 H, H6’ and 2 X CH Fmoc aro-
matic), 7.95-8.01 (m, 5 H, H5,12,12',17,17"), 8.02 (d, 3J = 5.8 Hz
1 H, H6), 8.16-8.24 (m, 6 H, H10,10",15,15" and 2 X CH Fmoc
aromatic), 8.79-8.84 (m, 5 H, H3,9,9',14,14"), 9.09 (s, 1 H, H3’)
ppm. ESI-MS: m/z (%) = 475.2 (14) [M]**, 486.2 (100) [M — H +
NaJ**. HR-ESI mass spectrum (MeOH): found 475.0078; calcd. for
[CsiH4NgOsRu]/z 475.1224.

[Ru(bpy),(Mebpy-(CH,),~-COOH)|(PFy), (4): 6-Aminocaproic acid
(0.05 g, 0.41 mmol) was dissolved in dimethylformamide (3 mL).
[Ru(bpy)->(Mebpy-OSu)](PF¢),*% (3, 0.21 g, 0.21 mmol) was added
to this stirring suspension. This mixture was refluxed at 160 °C for
24 h. Most of the solvent was then removed in vacuo leaving a
wet dark orange residue, which was suspended in dichloromethane
(10 mL) and filtered. The filtrate was then extracted with a 10 mm
aqueous solution of NH4PF¢ (2 X 15 mL). The combined aqueous
phases were extracted with dichloromethane (1 X 20 mL). The or-
ganic phases were combined and dried with anhydrous MgSO, fol-
lowed by filtration to remove the drying agent. The filtrate was
concentrated under vacuum until precipitation was observed. The
mixture was left to stand overnight at 4 °C to allow further precipi-
tation of the product. The pure product was collected via filtration,
washed with diethyl ether (3 X 10 mL) and dried in air to give an
orange solid. Yield 0.16 g, 68%. C;3H37F[2N;O3;P,Ru: caled. C
44.3, H 3.6, N 9.5; found C 44.4, H 3.9, N 9.4. Selected IR bands
(KBr): ¥ = 2361 (m), 1654 (m), 1637 (w), 1560 (w), 1449 (m), 1099
(w br), 842 (s), 669 (w) cm~'. UV/Vis spectrum (CH3CN): Ay
(emaxs M 'em™!) = 243 (21800), 254 (21400), 287 (64700), 423
(12100), 453 (13300) nm. '"H NMR spectrum ([Dglacetone): § =
1.26-1.32 [m, 2 H, NH-CH,-CH,-CH, (linker)], 1.33-1.43 [m, 2 H,
NH-CH,-CH, (linker)], 1.54-1.62 [m, 4 H, NH-CH,-CH, (linker)
and HOOC-CH,-CH, (linker)], 2.25 (m, 2 H, HOOC-CH,-CH,),
2.58 (major) and 2.59 (minor) [rotamers, s, 3 H, (bpy-COOH)-
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CHs], 5.27 (minor) and 5.58 (major) (rotamers, br. s, Mebpy-CO-
NH), 7.27 (d, 3J = 59Hz, 1 H, H5), 7.41-7.56 (m, 4 H,
HI1,11',16,16"), 7.78-7.89 (m, 2 H, H6,6’), 7.88-8.00 (m, 4 H, 12,
12, 17 and 17'), 8.02 (d, 3J = 6.1 Hz, 1 H, H5’), 8.09-8.20 (m, 4
H, H10,10",15,15"), 8.72-8.81 (m, 5 H, H3',9,9’,14 and 14’), 9.04
(s, 1 H, H3) ppm. ESI-MS: m/z (%) = 370.6 (100) [M]**.

[Ru(bpy)>(Mebpy-(CH,)4-PNA-OC(CHj3)5)I(PFe), (5): Compound
5 was prepared in the same manner as 2, but using 4 as a precursor
(0.53 g, 0.51 mmol), HBTU (0.20 g, 0.52 mmol), zerz-butyl-N-[2-
(N-9-fluorenylmethoxycarbonyl)aminoethyl]glycine (0.30 g, 0.75
mmol) and triethylamine (0.07 mL, 0.55 mmol). The product was
obtained as a dark orange solid. Attempts to separate the desired
product from an impurity by a second level of column chromatog-
raphy and using various eluents were unsuccessful. The yield of 5
was determined by the ratio of the PNA backbone to 5 in the crude
product found from peak integration of the zerz-butyl group (2:9).
Crude yield 0.40 g, 54%, actual yield based on '"H NMR interpre-
tation, 0.31 g, 42%. Selected IR bands (KBr): ¥ = 2932 (w), 1717
(m), 1648 (m), 1542 (m), 1465 (w), 1384 (m), 1154 (m), 843 (s) cm™ 1.
UV/Vis spectrum (CH3CN): Adpax (Emaxs M 'em™!) = 207 (58500),
255 (20100), 288 (43400), 424 (6200), 454 (8800) nm. 'H NMR
spectrum ([DglJacetone): 6 = 1.18 [m, 2 H, NH-CH,-CH,-CH,
(linker)], 1.41 [m, 4 H, NH-CH,-CH, (linker) and NH-CH,-CH,
(linker)], 1.47 (min) and 1.49 (maj) [rotamers, s, 9 H, O-C-(CH3)s],
2.41-2.46 [rotamers, m, 2 H, HNOC-CH,-CH, (linker)], 2.59 (maj)
and 2.60 (min) (rotamers, s, 3 H, CHs;bpy-COOH), 3.18 and 3.20
[rotamers, m, 2 H, HNOC-CH,-CH, (linker)], 3.54-3.65 [m, 4 H,
NH-CH,-CH, (PNA backbone) and NH-CH,-CH, (PNA back-
bone)], 3.88 and 4.02 [rotamers, m, 2 H, CH Fmoc-CH,O (PNA
backbone)], 4.17-4.22 [m, 2 H, N-CH,-COOC(CH3); (PNA back-
bone)], 4.33 [m, 1 H, CH Fmoc (PNA backbone)], 5.29 (maj), 6.52
(min), 6.63 (min) and 7.08 (min) [rotamers, br. s, 1 H, CH,-NH-
COO (PNA backbone)], 7.32-7.41 (m, 7 H, H5', 11, 11, 16, 16',
2 X CH Fmoc aromatic), 7.52-7.63 (m, 5 H, H5,12,12',17,17"), 7.67
(d, 3J = 6.0 Hz, 1 H, H6), 7.81-7.89 (m, 4 H, 4 X CH Fmoc aro-
matic), 8.20 (m, 4 H, H10,10’,15,15), 8.79-8.86 (m, 5 H,
H3,9,9',14,14"), 9.07 (s, 1 H, H3) ppm. ESI-MS: m/z (%) = 559.8
(45) [M]**. HR-ESI mass spectrum (MeOH): found 559.6982;
calcd. for [Cg HesNgOgRu)/z 559.6973.

[Ru(bpy)>(Mebpy-(CH,),-PNA-OH)|(PF¢), 5H,O (M2): M2 was
obtained as a light orange solid in the same manner as M1, but
using 5 (0.37 g, 0.26 mmol) dissolved in dichloromethane (3.0 mL),
trifluoroacetic acid (2.0 mL) and triethylsilane (0.4 mL). Yield
0.35 g, 70%. Cs7HgsF12NgO1PoRu: caled. C 47.4, H 4.5, N 8.7;
found C 47.7, H 4.3, N 8.9. Selected IR bands (KBr): ¥ = 2934
(W), 1718 (m), 1654 (m), 1542 (m), 1466 (m), 1447 (m), 1239 (W),
842 (s) cm . UV/Vis spectrum (CH;CN): Amax (Emaxs M 'cm™!) =
205 (84200), 244 (29800), 254 (35600), 287 (70200), 424 (11000),
454 (14300) nm. '"H NMR spectrum ([DgJacetone): 6 = 1.38 [m, 2
H, NH-CH,-CH,-CH, (linker)], 1.60 [m, 4 H, NH-CH,-CH,
(linker) and NH-CH,-CH, (linker)], 2.25 and 2.41 [rotamers, m, 2
H, HNOC-CH,-CH, (linker)], 2.57 (min) and 2.59 (maj) (rotamers,
s, 3 H, CH3;bpy-COOH), 3.11 and 3.23 [rotamers, m, 2 H, HNOC-
CH,-CH, (linker)], 3.42-3.47 [m, 4 H, NH-CH,-CH, (PNA back-
bone) and NH-CH,-CH, (PNA backbone)], 3.66 and 4.04 [rota-
mers, m, 1| H, CH Fmoc (PNA backbone)], 4.17 and 4.29 [rotamers,
s, 2 H, N-CH,-COOH (PNA backbone)], 5.23 (maj), 6.46 (min),
6.66 (min) and 7.11 (min) [rotamers, br. s, 1 H, CH,-NH-COO
(PNA backbone)], 7.29 (m, 1 H, H5"), 7.36-7.41 (m, 2 H, 2XCH
Fmoc aromatic), 7.55-7.62 (m, 6 H, H11,11',16,16" and 2XCH
Fmoc aromatic), 7.83-7.87 (m, 3 H, H6' and 2 X CH Fmoc aro-
matic), 8.02-8.07 (m, 5 H, H5,12,12',17,17"), 8.09 (d, 3J = 6.0 Hz,
1 H, H6), 8.20 (m, 6 H, H10,10",15,15" and 2 X CH Fmoc aro-
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matic), 8.79 (m, 5 H, H3,9,9',14,14"), 9.09 (s, 1 H, H3) ppm. ESI-
MS: m/z (%) = (100) 561.1 [M?*]. HR-ESI mass spectrum (MeOH):
found 531.6660; calcd. for [Cs;HssNgOgRu)/z 531.6661.

Supporting Information (see also the footnote on the first page of
this article): Representative examples of '"H NMR spectra of 2, 4,
5, M1 and M2; hyperchem models of 2 and 5; luminescence spectra
of 1, 4, M1, M2; cyclic voltammograms of M1 and M2; and sum-
mary of electrochemical data obtained by cyclic voltammetry for
2. 4,5, M1 and M2.
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