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The Effective Electron-Transfer Distance in Dinuclear Ruthenium Complexes
Containing the Unsymmetrical Bridging Ligand 3,5-Bis(2-pyridyl)-1,2,4-
triazolate
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Electroabsorption (Stark effect) measurements on the inter-
valence charge-transfer (IVCT) transitions in the diastereo-
isomers of [{Ru(bpy)a)s(u-bpt?)]** [bpy = 2,2'-bipyridine, bpt~
= 3,5-bis(2-pyridyl)-1,2,4-triazolate| in n-butyronitrile glass
at 77K reveal effective charge-transfer distances of
5.92+0.03 A for the AA/AA form and 5.44+0.04 A for the AA/
AA form. These values correspond to approximately 95 and
88 %, respectively, of the geometrical metal-metal distance

of 6.185(10) A, obtained from the X-ray crystal structure of
the cation in the related complex (AA)-[{Ru(Me,bpy)s,}a(1t-
bpt7)](PFe)s. The results are consistent with a localized Class
IT classification for the mixed-valence systems [{Ru(pp)2}2(u-
bpt)]**, where pp = bpy, Me,bpy = 4,4’-dimethyl-2,2’-bipyri-
dine.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

Introduction

Dinuclear polypyridyl complexes of ruthenium and os-
mium based on di-bidentate polypyridyl bridging ligands
have been the subject of extensive research efforts over the
past two decades, as part of rapid advances in metallosup-
ramolecular chemistry. Bridging ligands provide the linkage
between the metal centers in polymetallic assemblies and
control the distances and relative orientations of the com-
ponents, as well as the inter-component electron- and en-
ergy-transfer processes.!'8

The anion of 3,5-bis(2-pyridyl)-1,2,4-triazole (shown in
Figure 1) is a particularly interesting bridging ligand, as it
carries a negative charge and exhibits a high c-donor and
low m-acceptor ability.[’! As a consequence, bpt~ constitutes
a member of a relatively small class of bridging ligands,
which mediate the electronic coupling between the metal
centers (denoted by M! and M? in Figure 1) by a hole-
transfer mechanism. Because these ligands possess electron-

[a] School of Pharmacy and Molecular Sciences, James Cook Uni-
versity,
Townsville, Queensland 4811, Australia
Fax: +61-7-4781-6078
E-mail: Richard.Keene@jcu.edu.au

[b] Department of Chemistry, Northwestern University,
211 Sheridan Road, Evanston, IL 60208-3113, USA

[c] School of Pharmacy and Molecular Sciences, James Cook Uni-
versity,
Townsville, Queensland 4811, Australia

[1] Present address: Department of Chemistry, Monash University,
Clayton, Victoria 3800, Australia

Supporting information for this article is available on the
WWW under http://www.eurjic.org or from the author.

- @ InterScience"

© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

rich high-lying ©* orbitals, the decisive factor in the metal—-
metal coupling is the energy gap between the highest-occu-
pied molecular orbitals (HOMOs) of the bridge and the
metal-based dr orbitals, as shown in Figure 2.0
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Figure 1. The 3,5-bis(2-pyridyl)-1,2,4-triazolate (bpt') bridging li-
gand. M' and M? denote the metal centers coordinated at the N!
and N? sites, respectively.
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Figure 2. Schematic energy level diagrams for superexchange-as-
sisted electronic coupling by a hole-transfer mechanism.[®l M! and
M? denote the metal centers and BL denotes the bridging ligand.

The coupling between M! and M? can involve direct con-
tributions from a “through-space” mechanism, and/or indi-
rect contributions from a “through-bond” superexchange
process where the bridging ligand mediates the donor-ac-
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ceptor coupling. In the latter case, the superexchange
theory!'%! provides a conceptual framework for bridging li-
gand effects in intramolecular electron transfer.[>% The pa-
rameters, which are effective to describe the through-bond
interaction are the overlap between the frontier orbitals of
the metals, dn(M') and dn(M?), and the bridging ligand
(mpr, and mpy *), and the electronic interactions between the
atoms of the bridge connecting the frontier units to one
another.

In dinuclear complexes incorporating bpt -, the coordina-
tion environments of the two metal centers are chemically
distinct due to the enhanced o-donor ability of the N! (=
N?) position of the triazolate ring relative to the N3 posi-
tion.'"l As a consequence, a “redox asymmetry” (denoted
by AE;) exists between the inequivalent coordination
sites.[12:13]

The classical theory developed by Hush!'*!3! provides a
conceptual framework for the contribution of redox asym-
metry effects to the electron-transfer barrier through the
analysis of the intervalence charge-transfer (IVCT) transi-
tions generated in the mixed-valence forms of dinuclear
complexes. In accordance with Equation (1), the energy
(Vmax) of an IVCT band, which is typically observed in the
near-infrared (NIR) region of the absorption spectrum of
the mixed-valence complex, is given in terms of the redox
asymmetry and the Franck-Condon reorganizational en-
ergy contributions. The latter are composed of an inner-
sphere component (4,) due to bond length and angle re-
arrangement, and also an outer-sphere component (/4,) due
to solvent and anion rearrangement in the secondary coor-
dination sphere.['+13]

Vmax = = ;“i + }'o + AE‘O (1)

In recent work from our laboratory, comparisons be-
tween the characteristics of the IVCT transitions, generated
by the mixed-valence forms of the diastereoisomers, (AA/
AA)- and (AA/AA)-[{Ru(bpy),}.(n-BL)I"" (BL = a range of
bis-bidentate polypyridyl bridging ligands) have revealed a
stereochemical dependence of the IVCT energies, intensities
and bandwidths. The origins of such dependencies have
been ascribed to redox asymmetry contributions to Equa-
tion 1) due to stereochemically-directed structural distor-
tions!'® and ion-pairing interactions,!'”! as well as the outer-
sphere reorganizational contributions due to spatially-di-
rected solvent interactions.'8! The present work broadens
our investigation into the use of stereoisomers as probes for
the factors that govern the electron-transfer barrier through
the characterization of the IVCT transitions in the AA/AA
and AA/AA diastereoisomers of [{Ru(pp),}»(p-bpt)]** (pp
= bpy, Me,bpy), shown in Figure 3. Electroabsorption
(Stark effect) measurements on the IVCT bands of the dia-
stereoisomers of [{Ru(bpy),},(u-bpt)]** provide a measure
of the effective charge-transfer distances, which may be
shortened relative to the geometric metal-metal distances
due to electronic delocalization, self-polarization and other
effects.['® 23] Whereas Browne and co-workersi?*! concluded
that the stereoisomeric identity of the AA, AA, AA and AA
forms of [{Ru(bpy),}»(pu-bpt)]** had no influence on the
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photophysical properties of the complexes either at 77 K or
room temperature, the influence of stereochemical effects
on the IVCT properties of the systems were not addressed.
Previous studies have, however, reported the redox and
spectroscopic characteristics,[>>!1-12-25-27] resonance Raman
spectral?® and photophysical behavior®-?%! of stereoisomeric
mixtures of the homo- and hetero-dinuclear complexes of
ruthenium, osmium, rhodium and iridium incorporating
bpt and its protonated analog, Hbpt.

AA AA

Figure 3. Schematic representations of (AA)- and (AA)-[{Ru(bpy)-}»-
(u-bpt)]**; hydrogen atoms are omitted for clarity.

It must be noted that due to the inequivalence of the
metal coordination sites, the AA/AA form comprises a pair
of geometric isomers. No attempt was made to separate the
geometric forms in the present report.

The understanding of the fundamental stereochemical ef-
fects on the IVCT transitions in dinuclear complexes has
important implications for the elucidation of spatial influ-
ences on electron migration in natural processes such as
photosynthesis. Because the unsymmetrical component in
bpt™ may be exploited to facilitate vectorial electron- and
energy-transfer processes in polynuclear complexes, which
form the basis of novel molecular-scale de-
vices,?11:12:24.25.27-40] gtereochemical effects may also offer a
novel means of “fine-tuning” the metal-metal interactions.

Results and Discussion

Diastereoisomer Synthesis, Separation and Structural
Characterization: The complex [{Ru(bpy),}.(u-bpt )]** has
been synthesized previously by the reaction of [Ru(bpy).-
Cl,]-2H,0 with bpt in ethanol/water (2:1) under reflux.!'!-33]
In the present case, an alternative microwave-assisted meth-
odology was employed!'®*-44 which produced equivalent
or increased reaction yields of the dinuclear species com-
pared with the thermal method; however, there was a sig-
nificant reduction in the reaction times.

The chromatographic separation of the diastereoisomers
of [{Ru(bpy),}»(u-bpt)** by a semi-preparative HPLC
technique has been reported previously;?* in the present
report, the separation was achieved using a cation-exchange
chromatographic procedure with SP Sephadex C-25 as the
support and aqueous solutions of sodium toluene-4-sulfo-
nate as the eluent. The band 1 and 2 eluates were deter-
mined to be the AA/AA and AA/AA diastereoisomers,
respectively. Interestingly, the two forms exhibited different
colors on the column, with the AA/AA form displaying a
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red, and the AA/AA form displaying an orange coloration.
During the procedure, a small amount of smearing was ob-
served as the complex passed down the column. This was
attributed to the presence of an uncoordinated nitrogen
atom on the triazole ring of the bpt™ bridging ligand. Mea-
surements on the pH dependence of the absorption spec-
trum of [{Ru(bpy),}-(u-bpt)** by Hage et al.l'!l revealed
a pK, of -0.6+0.3 for the complex in aqueous solution.
This suggests that the protonation of the free nitrogen atom
under the conditions employed in the chromatographic sep-
aration is unlikely.

Because poor microanalysis figures were obtained, the
characterization and purity assessment of the diastereoiso-
mers were based on the NMR spectra and electrochemical
data. Incomplete combustion may in part account for these
unsatisfactory figures;[*’! however, the occlusion of variable
numbers of solvent molecules and counter-anions may also
be a factor. Such difficulties have previously been noted for
dinuclear complexes of ruthenium(ir).[*!

The 'H numbering schemes for the ligands in [{Ru-
(bpy), ! »(u-bpt)]** are shown in Figure S1 (Supporting In-
formation; see footnote on the first page of this article) and
the assignments of the spectra were performed with the as-
sistance of 'H COSY spectra.*”] The coordinated bpy li-
gands exhibited the expected coupling constant values*®!
(J34=8,J35=1.5,J45=8,Js6=15Hz and Jsc = 5 Hz)
and coupling patterns based on the symmetry requirements
of the complexes.

The assignment of the 'H resonances associated with in-
dividual terminal ligands was based on the differential an-
isotropic effects of the two ligands above (and below) the
plane of the bridging ligand. Because an analysis of the 'H
NMR spectra of the diastereoisomers of [{Ru(bpy),}-(u-
bpt)]** have been reported previously,!!] the assignments
for the diastereoisomers of [{Ru(pp),}-(u-bpt)]** in the
present investigation are listed in the Experimental Section
only.

Structural Considerations: X-Ray Crystallography

A limited number of crystal structures have been re-
ported of dinuclear ruthenium complexes incorporating
polypyridyl ligands. Of the three examples of dinuclear spe-
cies containing unsymmetrical bridging ligands,['>#*! two
have contained the bpt~ bridging ligand. In both cases, the
crystals were obtained in the AA/AA form during an at-
tempt to separate the diasterecoisomers of the complexes
through fractional crystallization. Accordingly, the single
crystals of (AA/AA)-[{Ru(Me,bpy),}-(u-bpt)](PFs); ob-
tained in the present investigation represent the first exam-
ple of the selective isolation of one of the components con-
taining an unsymmetrical bridging ligand prior to crystal
growth.

Figure 4 shows the X-ray crystal structure for the cation
in (AA/AA)-[{Ru(Me,bpy),}-(p-bpt )](PFe);. The complex
crystallises in the triclinic space group P1 with two dinu-
clear cations in the unit cell. A summary of the crystal data
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and refinement are provided in Table S1 (Supporting Infor-
mation). The ruthenium-nitrogen distances of 2.026(10)-
2.109(10) A correlate with those published for previous
structures.['2-59-52 The Ru(2)-N(1) distance of 2.004(9) A is
significantly shorter than the Ru(1)-N(3) distance of
2.109(10) A, which is consistent with the enhanced c-donor
ability of the N(1) site of the triazolate ring compared with
the N(3) site.[>!!-1227:331 The bond lengths and angles of
the terminal Me,bpy ligands are in the normal range for
complexes incorporating [Ru(Me,bpy),]** and [Ru(bpy),]**
moieties.['230-32] The “bite-angles” of the terminal chelating
ligands vary between 78.1(5)° and 79.4(5)°, which is typical
for bipyridine-like ligands.!'?-30-52]

(a)

(b)

Figure 4. (a) Partial atom labelling, and (b) designation of the
planes for the cation in (AA/AA)-[{Ru(Me,bpy),}-(1-bpt)](PFe)s.

As shown in Figure 4 (b), the dihedral angles between
the least-squares plane of the triazolate ring (plane 2) and
the planes of the two pyridine rings (planes 1 and 3) are
10.8(5)° and 8.63(5)°, respectively, indicating a considerable
deviation from planarity of the bpt™ ligand after the coordi-
nation of two [Ru(Me,bpy),]>* moieties. This distortion ap-
pears to arise from steric crowding between the methyl
groups oriented perpendicular to the “long axis” of the
bridge. The methyl groups located “above” the plane of the
bridging ligand induce a curvature in the bridge, which re-
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sults in the pyridyl groups bending downwards away from
the normal bridging plane. In the representation of the AA/
AA diastereoisomer shown in Figure 3, one might antici-
pate less structural distortion relative to the AA/AA form,
as the potentially unfavorable interactions between the
methyl groups are avoided due to the parallel orientation of
the terminal ligands above (and below) the bridging plane.
The Ru(1)--Ru(2) separation is 6.185(10) A.

Electrochemical and UV/Vis/NIR Spectral Characterization

The redox potentials for the E,; ([5+/4+]; i.e. Ru'"-Ru'/
Ru'™Ru") and E,, ([6+/5+]; i.e. Ru-Ru"/Ru™-Ru')
couples for (AA/AA)- and (AA/AA)-[{Ru(pp),}»(u-bpt)]**
(pp = bpy, Me,bpy) were investigated by cyclic and differen-
tial pulse voltammetry in acetonitrile containing 0.1 M [(n-
C4Ho)4N]PFg, and are reported in Table 1. AE,, defines the
potential difference between the [6+/5+] and [5+/4+] cou-
ples. The full electrochemical characteristics of the dia-
stereoisomers [{Ru(bpy),}-(u-bpt)]** in 0.1 M [(n-C4Hg)4N]-

Table 1. Electrochemical data (in mV relative to the Fc*/Fc® cou-
ple) and comproportionation constants (K. for [{Ru(pp),}.(p-
bpti)]3+ in 0.1 M [(H-C4H9)4N]PF6/CH3CN

Complex K AE-  E.o Eoq
(x107%) o™

(AAAA){Ru(bpy)l-(u-bpt)] 1.8 32 992 680
3+

(AAMAA){Ru(bpy)}>(u-bpt)] 1.6 308 992 684
3+

(AA/AA)[{Ru(Mesbpy)s ) o(ii- 5.58 340 927 587
bpt)]**

(AAAA)[{Ru(Mesbpy)s} (k- 3.78 330 902 572
bpt )"

[a] K. values are given by K. = exp (AE.F/RT) where F/RT =
38.92 V! at 298 K. [b] AEy = Ey» — Eoy . Potentials are quoted

PF¢ and 0.02 M [(n-C4Ho)4N]{B(CcF5s)4} electrolytes have
been reported previously.>!

The dinuclear systems are each characterized by two re-
versible one-electron redox processes corresponding to suc-
cessive oxidation of the metal centers, in addition to mul-
tiple reversible ligand-based reductions in the cathodic re-
gion. The effect of terminal ligand variation on the redox
couples is consistent with the trends observed for the mono-
nuclear complexes [Ru(pp)s]** (pp = bpy, Me,bpy);P4 the
stronger c-donor ability of Me,bpy relative to bpy results
in a less anodic potential for the first oxidation in the dia-
stereoisomers of [{Ru(Me,bpy),}.(u-bpt)**.

The separation between the two metal-centered oxi-
dations is larger for the diastereoisomers incorporating the
Me,bpy terminal ligands relative to those incorporating bpy
ligands, and small differences are observed between the dia-
stereoisomeric forms of the same complex. As an increase
in delocalization leads to a decrease in the magnitude of
AE,, for electron-rich bridging ligands such as bpt-,?! the
results suggest that delocalization is enhanced for the bpy-
based diastereoisomers. It should be noted, however, that
these differences cannot be solely ascribed to variations in
the extent of electronic delocalization, as the magnitude of
AE,, also reflects contributions from ion-pairing interac-
tions,[31 solvation energies and statistical factors.[*>]

Electronic Spectroscopy and Spectroelectrochemistry

The UV/Vis/NIR spectroscopic data for the un-oxidized
(+3), mixed-valence (+4) and fully-oxidized (+5) forms of
(AA/AA)- and (AA/AA)-[{Ru(pp),}-(u-bpt)]** for the
range 3050-30000 cm ™' are characterized by a combination
of overlapping dn(Ru") — n*(pp, bpt") singlet metal-to-
ligand ('MLCT) transitions. The lowest energy-absorption
band is assigned as a dn(Ru'") — n*(pp) transition.
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Figure 5. UV/Vis/NIR spectra of the reduced absorption spectra, (&/v) vs. v, of (AA/AA)-[{Ru(bpy),}->(u-bpt)]"*; n = 3 (------ ), 4 (—), 5
(———) in 0.1 M [(n-C4Hg)4N]PF¢/CH;CN at 35 °C. The inset shows the bands obtained by Gaussian deconvolution of the NIR spectra
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Table 2. UV/Vis/NIR spectroscopic data of the reduced absorption spectra (¢/v vs. v) for the mono- and dinuclear complexes in 0.1 M [(n-
C4Ho)4N]PF¢/CH;CN at -35 °C.[81 The NIR spectroscopic data are indicated in bold type.[?!

Complex n Vmax [Cmil] {(S/V)max [Mil]}[a]
bpy Me2bpy
(AAIAA)-[{Ru(pp)s}(p-bptO)]™+ 3 21810 (1.063) 21720 (1.015)
sh 23090 (0.9332) sh 22880 (0.9136)
4 4930 (0.6094) 4730 (0.5517)
13210 (0.2340) 13720 (0.1890)
22930 (0.6034) 22820 (0.6364)
sh 24000 (0.5620) sh 23750 (0.6048)
5 14190 (0.1428) 14710 (0.1218)
24650 (0.1634) 22610 (0.2124)
(AAAA)-[{Ru(pp)s}2(p-bptO)]™+ 3 21880 (1.044) 21780 (1.031)
sh 23930 (0.9332) sh 22980 (0.9220)
29200 (0.7611) 29410 (0.7204)
4 5030 (0.5043) 4920 (0.5542)
13450 (0.2170) 13790 (0.1848)
22920 (0.5750) 22780 (0.6232)
5 14340 (0.1563) 14890 (0.1302)
22710 (0.2218) 22710 (0.2320)
[Ru(bpy)»(bpt ]+ 1 21830 (0.5022)
23240 (0.4758)
sh 25720 (0.3517)
2 12930 (0.1449)

21490 (0.1408)

[a] Vmax £10/cm™ and (&/v)max £0.001/M°!; sh = shoulder band.

The UV/Vis/NIR spectra for (AA/AA)-[{Ru(pp),}(p-
bpt)]** (n = 3, 4, 5) at -35 °C are shown in Figure 5, and
the full details of the spectroscopic data for the series of
complexes are reported in Table 2. Spectroelectrochemical
generation of the +4 and +5 forms of the diastereoisomers
revealed stable isosbestic points in the spectral progressions
accompanying both oxidation processes. The 'MLCT ab-
sorption bands decreased in intensity on one-electron oxi-
dation and collapsed on further oxidation to the +5 species.
The formation of the mixed-valence complex was also char-
acterized by the appearance of two new bands in the regions
5000-5500 cm ! and 13000-14500 cm !, The former was as-
signed as an IVCT band and disappeared on further oxi-
dation to the +5 state. The band at 13000-14500 cm™! expe-
rienced a slight blue-shift on oxidation to the +5 state, and
was assigned as a m(bpy) — drn(Ru') ligand-to-metal
charge-transfer (LMCT) transition, consistent with the
LMCT transition at 12930 cm™! in [Ru(bpy).(bpt)]** (see
Table 2 and Figure S2 in the Supporting Information). As
shown in the inset in Figure 5, the LMCT transition is com-
posed of three underlying Gaussian-shaped transitions,
which may arise due to the non-equivalence of the Ru cen-
ters bound to the N' and N? coordination sites in bpt~ (Fig-
ure 1).

Intervalence Charge Transfer

An overlay of the NIR spectra of the diastereoisomers of
the mixed-valence systems [{Ru(pp),}.(n-bpt?)]** is shown
in Figure 6, and the results of the IVCT band maxima vy,
molar absorption coefficients (&/v)y.x and bandwidths Av,,,
derived from the deconvolution procedure are summarized
in Table 3.
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Figure 6. Overlay of the IVCT bands for the diastereoisomers of
[{Ru(bpy)s}»(p-bpt )I** (AA/AA and AA/AA) and [{Ru(Me;bpy),}»-
(u-bpt)]** (AA/AA and AA/AA) in 0.1 M [(n-C4Ho)4N]PF¢/CH;CN
at -35°C.

Whereas the IVCT properties for [{Ru(bpy),}»(u-bpt)]**
(as a diastereoisomeric mixture) have been discussed pre-
viously,['12:38:56] the influence of the inherent stereochemi-
cal identity of the systems on their intramolecular electron-
transfer properties had not been addressed. In the present
investigation, the diastereoisomers of [{Ru(pp),}.(u-BL)]**
(pp = bpy, Me,bpy) are seen to exhibit Gaussian-shaped
IVCT bands. Because the lower energy side of the bands
was obscured by the detector limit, the electronic coupling
parameters (H,,) were determined from Equation (2).57-381
For simplicity (and due to a lack of detailed information)
the issue of multiple overlapping intervalence bands was ig-
nored in estimating H,, The zeroth-order moments (M)
of the IVCT bands [see Equation (i) below and Exp. Sect.]
were obtained by doubling the band area on the high-en-
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Table 3. Characteristics of the IVCT bands for the dinuclear mixed-valence complexes in 0.1 M [(n-C4Hy)4N]PF¢/CH;CN at 35 °C.
Parameters for overall envelope are shown in bold type: details of deconvoluted bands are in normal type.[#l

Complex Vmax (S/V)max A4 V12 A4 V1/2° M() |/,t 1 2| Hab

[em™'] ] [em™'] [em '] M ] [eA] [em ']
(AA/AA)-{Ru(bpy), }(p-bpt )]+ 4930 0.6094 3780 2754 2473 1.024 817

4930 0.6094 3770 2350

7315 0.0623 1808 120

8617 0.0177 1920 36.2

12486 0.1508 1450 233

13728 0.1835 1760 344

15164 0.0912 1770 165

16528 0.0376 1500 29.1
(ANAA)-{Ru(bpy)s }(p-bpt )]+ 5030 0.5043 3660 2786 1985 09178 746

5030 0.0504 3450 1870

7630 0.0437 2266 105

12658 0.1523 1617 262

14010 0.1584 1710 288

15434 0.0808 1566 127

16490 0.0354 1104 21.2
(AA/AA)-[{Ru(Me,bpy), o (u-bpt )J** 4730 0.5517 3776 2686 2275 09826 750

4730 0.5517 3640 2010

6517 0.0672 1772 127

7550 0.0601 2345 149.9

12945 0.1381 1582 232

14269 0.1477 1678 264

15590 0.0649 1468 101

16688 0.0271 1492 43.0
(AMAA)-[{Ru(Me,bpy), 1 (1-bpt )+ 4920 0.5542 3553 2750 2140 09530 758

4920 0.5542 3320 1970

6883 0.0276 1320 38.8

7935 0.0378 2080 83.6

12957 0.1399 1633 243

14260 0.1393 1670 248

15690 0.0834 1802 160

17070 0.0270 1405 40.3

[a] The errors in the observed parameters are 10 cm™ for vy, M! and Avyj, £0.001 M~ for (&/V)max +5 M for My and +0.001 e-A for

|ee1o].

ergy half of the bands, and the transition moments, |1,

were subsequently determined from Equation (ii) (see Exp.

Sect.). For all complexes, r,, was initially equated with the

through-space geometrical distance between the metal cen-

ters,[ which was estimated as 6.185(10) A from the X-ray

crystal structure of (AA/AA)-[{Ru(Me,bpy),}-(u-bpt)]*+.
e

ab = Vinax 2
€Fap

The IVCT manifolds were fitted by a Gaussian-shaped
band, which reproduced the maximum energy and intensity,
as shown by the deconvolution for (AA/AA)-[{Ru(bpy),}--
(u-bpt)]** in the inset in Figure 5. Additional minor
Gaussian-shaped bands were required to reproduce the
bandwidth on the high-energy side. From a classical two-
state analysisi® of the IVCT transitions, the predicted
bandwidth is given by Equation (3), where 16R7TIn2 =
1836 cm™! at 238 K. AE, represents the energy difference
induced by the unsymmetrical coordination environment,
and has been estimated as 800 cm™! from electrochemical
measurements on the two isomers of [Ru(bpy),(pyridyltri-
azole)]2+ 12131

Avi,° = [16 RTIn2(A — AE,)]? )
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On the basis of the broad bandwidths compared with the
theoretical bandwidths in Table 3, the complexes may be
classified as localized Class II systems within the Robin and
Day classification scheme.[®!]

As electronic coupling decreases the effective electron-
transfer distance relative to the geometrical metal-metal
separation, the H,, values presented in Table 3 represent
lower limits for the electronic coupling parameter. The ef-
fective electron transfer distance was determined from Stark
effect spectroscopy on the IVCT transitions.['”]

The Effective Electron-Transfer Distance: Stark Absorption
Spectroscopy

Stark absorption spectra were obtained for the diastereo-
isomers of [{Ru(bpy),}»(u-bpt)]** in n-butyronitrile glass
at 77 K and a field strength F., of 4.0 MV-cm™!. The quan-
titative Liptay analysisi® of the Stark responsel®3-6°]
yielded the dipole moment change (|Au;,|), the angle be-
tween the transition moment and the dipole moment
change (&), the difference polarisability (Aa), and the mag-
nitude of the trace of the difference polarisability Tr(Aa).
The results for the absorption 4(v) vs. v and Stark absorp-
tion AA(v) vs. v spectra for the diastereoisomers are pre-
777
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sented in Table 4. The spectra for (AA/AA)-[{Ru(bpy),}-(u-
bpt)]** are shown in Figure 7, where panel (a) shows the
unperturbed absorption spectrum, and panels (b) and (c)
show the first- and second-derivatives of the absorption
spectrum, respectively. The Stark spectrum and the best fit
to the spectrum are shown in panel (d). The corresponding
spectra for (AA/AA)-[{Ru(bpy),}-(u-bpt)]** are shown in
Figure S3 (Supporting Information).

The most notable features of the Stark signals in the
range 3050-15000 cm ! are the presence of strong second-
derivative components for the IVCT transition [Figure 7 (i)]
and the two lowest-energy components of the LMCT mani-
fold [Figure 7 (ii)]. As shown in Table 4, the energies of the
absorption bands at 77 K are blue-shifted relative to those
reported in Table 2 at 238 K (-35 °C). Whereas the IVCT
band retains a Gaussian-shaped appearance at both tem-
peratures, the bandwidth is relatively narrower in n-bu-
tyronitrile glass. On the basis of the classical analysis,>! the
IVCT band characteristics at 77 K are consistent with the
localized (Class II) classification for the mixed-valence spe-
cies, consistent with the findings from the UV/Vis/NIR
spectroelectrochemical studies at 238 K.

The results for the parameters obtained from the Liptay
analysis of the IVCT and LMCT bands [Equations (iii) and
(iv), Exp. Sect.] are reported in Table 4. The IVCT bands
in the AA/AA and AA/AA diastereoisomers exhibit dipole
moment changes of 5.92+0.03 e'A and 5.44%0.04 c-A,
respectively. From Equations (4) and (5), diabatic distances
(rap) of 6.26+0.03 A and 5.74+0.04 A were obtained for
the AA/AA and AA/AA forms, respectively, using the |u;,]
values reported in Table 3.8

rab = [(r2)* + (12)"2 “)
where r, = |Aupolle Q)

Notably, the adiabatic charge-transfer distances for both
diastereoisomers and the diabatic charge-transfer distance
for the AA/AA form are shorter than the geometrical me-
tal-metal separation (re,), Wwhich is estimated as
6.185(10) A from the crystal structure of the (AA/AA)-
[{Ru(Me,bpy),}»(u-bpt)]** cation. The diabatic distance
for (AA/AA)-[{Ru(bpy),}-(u-bpt)]** is approximately iden-
tical to the geometrical separation. From Equation (6), Ag
represents the actual amount of charge transferred in the
IVCT process, and is necessarily less than e (unit electronic

charge). The quantity (1 — Ag)/2 can be identified with the
amount of charge, which has been transferred prior to inter-
valence excitation. The adiabatic description reveals partial
delocalization as a reduction in ry, (the effective charge-
transfer distance) relative to r,;, (the true distance), whereas
the diabatic description reveals delocalization as a re-
duction in the amount of charge (Ag) actually transferred.
In the present case, Ag is estimated as ca. 95% for both
diastereoisomeric forms.

eriy = (AQryp (6)

Accordingly, the H,;, parameters for the AA/AA and AA/
AA forms are re-evaluated as 773 and 707 cm™!, respec-
tively, from Equation (2) using the r,;, values derived from
the Stark analysis. These values are in close agreement to
the estimates of 817 and 746 cm™' (respectively) obtained
from the application of Hush theory to the IVCT absorp-
tion bands, when the geometric metal-metal separation was
employed rather than r,,[%% The results confirm the local-
ized assignment for the systems.

Interestingly, the two dominant underlying transitions of
the LMCT manifold in the region 12000-15000 cm™! are
well resolved at 77 K. As shown in Table 4, the LMCT tran-
sitions are characterized by dipole moment changes, which
are significantly smaller than those for the IVCT transi-
tions. It should be noted that the parameters obtained from
spectral deconvolution of the LMCT manifold were some-
what arbitrary as the bands were assumed to be Gaussian-
shaped. Accordingly, the apparent large differences in the
Liptay parameters obtained for the first and second LMCT
components should be interpreted cautiously.

As the uncertainties in the Stark-derived parameters re-
ported in Table 4 reflect the errors obtained from the fitting
procedure, the absolute error is likely to be considerably
higher. The actual magnitudes will incorporate the uncer-
tainties in the deconvolution and concentration, as well as
the assumption of a value of 1.3 for the local field correc-
tion factor (f). The actual value of the latter depends on
effects arising from the solvent, chromophore and counter-
ion concentrations, which may also differ between the dia-
stereoisomers. The shortcomings of the experimental and
theoretical analysis of electroabsorption data have been dis-
cussed in detail previously by Boxer and co-workers.[0¢-¢°]

Table 4. Absorption and electroabsorption properties of the IVCT bands for the diastereoisomers of [{Ru(bpy),}-(u-bpt)]** in n-butyro-

nitrile glass at 77 K and a field strength of 4.0 MVem .1

Diastereoisomer Vi, Avip [Age 15| |Agt 15| Fb] Tr(Aa) Aa
[em™'] [em™'] [e-A] [D] [°] [A%] [A%]

(AA/AA) 5660 2980 5.92(3) 28.2(2) 0 8103(100) 6787(70)
12546 1180 1.30(2) 6.19(2) 0 ~139(20) ~516(50)
13742 1354 2.44(1) 11.6(1) 0 632(30) 1135(50)

(AAIAA) 5530 2815 5.44(4) 25.9(2) 0 3755(50) 3579(30)
12470 1210 1.202) 5.72(3) 0 740(10) 761(150)
13760 1640 2.38(3) 11.302) 0 606(50) 1755(200)

[a] The errors in the observed and calculated parameters (not tabulated) are 10 cm ™! for v, and Av;», +2° for & and £10 A3 for Tr(Aa)
and Aa. [b] The zero values for ¢ indicate that the direction of charge displacement in the excited state is aligned with the transition

moment.
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Figure 7. Liptay analysis of the Stark absorption spectra (4 vs. v)
of the (i) IVCT and (ii) LMCT transitions for (AA/AA)-[{Ru-
(bpy),}»(p-bpt)]** in n-butyronitrile glass at 77 K, with a field
strength of 4.0 MV-cm!. (a) Unperturbed absorption spectrum
with the bands obtained by Gaussian deconvolution and energy
weighted first (b) and second (c) derivatives of the absorption spec-
trum. (d) Measured (- — —) and fitted (——) Stark signals (A4 vs.
v) at 45°. The deconvoluted components are (———+), (------ ) and
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The Mechanism of Electronic Coupling

The intra-metal coupling in complexes incorporating an-
ionic bridging ligands such as bpt™ is facilitated by a hole-
transfer superexchange mechanism, utilising the high-lying
n(bpt") HOMOs of the ligand.!'!:12-38:5¢] The situation is de-
picted schematically in Figure 8, where the ground state of
the mixed-valence system is depicted in part (a), and the
hole-transfer virtual state in (b).

A dn}jl —.H\— dm,

> dTEz —H— deg

(1) g dn = A dn
Ru(1) ] Ru(2)

" bpt
A

dm—H‘— —H— dms

2 dm, -Hv— dm,

® F g 4o
Ru) T Ru®

T bpt

Figure 8. Schematic energy level diagram for the hole-transfer
superexchange mechanism. Ground state (a) and (b) hole-transfer
virtual state of the mixed-valence system [{Ru(bpy),}.(u-bpt)]**
showing the composition of the three Ru(dn) orbitals and the bpt
HOMO. The dotted oval represents the position of the hole on the
bridging ligand.

While the o-donor ability of N' site is greater than that
of the N7 site, the Ru center coordinated to N!, denoted by
Ru(1), is relatively more stabilized and undergoes oxidation
prior to the Ru center coordinated to the N? site, denoted
by Ru(2). As a consequence, the IVCT transition corre-
sponds to the vectorial charge-transfer transition Ru(2) —
Ru(1).

The similarity in the parameters of the IVCT transitions
for the complexes incorporating the bpy and Me,bpy ter-
minal ligands demonstrates that terminal ligand variation
has a minor influence on the extent of metal-metal interac-
tion.

Stereochemical Consequences on Electron Transfer

In addition to differences between the complexes incor-
porating the bpy and Me,bpy terminal ligands, measurable
differences are observed in the IVCT parameters between
the diastereoisomeric forms of the same complex. Whereas
the origins of the stereochemical dependence of the IVCT
properties is uncertain, previous studies have revealed the
presence of differential solvent and anion interactions with
the diastereoisomers,['%131 in addition to differential stereo-
chemically-induced structural distortions in the bridging li-
gands.['®!7] In the present case, the crystal structure of the
cation in (AA/AA)-[{Ru(Me,bpy),}-(n-bpt)** reveals a
slight curvature of the bridging ligand due to steric crowd-
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ing between the methyl groups on the terminal ligands.
However, this minor distortion is expected to be similar for
the corresponding AA/AA form, and should be negligible
for both diastereoisomers of the complex incorporating the
terminal bpy ligands, as described above. The stereochemi-
cal dependence of the IVCT parameters is therefore likely
to arise from differential solvent and anion interactions
with the two forms. Indeed, a recent report has demon-
strated that differential anion interactions with the dia-
stereoisomers of [{Ru(bpy),}»(u-bpt)]** lead to differences
in the electrochemical potentials of the metal-based redox
processes in the presence of the strongly ion-pairing electro-
lyte [(n-C4Hy)4]PFs (employed in the present study) and the
weakly ion-pairing electrolyte [(n-C4Hg)s]{B(Cg¢Fs),}.0370

Conclusions

The synthesis and chromatographic separation of the di-
astereoisomeric forms of the complexes [{Ru(pp),}.(u-
bpt)** (pp = bpy, Me,bpy) has permitted an investigation
of the dependence of the IVCT properties of their mixed-
valence forms on the stereochemical relationship of the me-
tal centers. The effective metal-metal charge-transfer dis-
tances in the complexes incorporating the bpy terminal li-
gands were determined as 5.92+0.03 A for the AA/AA
form, and 5.44+0.04 A for the AA/AA form, from Stark
effect spectroscopy. These distances correspond to approxi-
mately 95 and 88 %, respectively, of the geometrical metal—-
metal distance of 6.185(10) A, obtained from the X-ray
crystal structure of the cation in (AA/AA)-[{Ru(Me,bpy),}»-
(u-bpt)](PF)s. A classical analysis of the results from the
IVCT absorption and electroabsorption spectra are consis-
tent with a localized Class II classification for the mixed-
valence systems.

Experimental Section

Materials: Potassium hexafluorophosphate (KPFg; Aldrich, 98%),
ammonium hexafluorophosphate (NH4PF¢; Aldrich, 99.99%), ni-
trosonium hexafluorophosphate (NOPF, stored under Ar; Alfa
Aesar, 96%), ethylene glycol (Ajax, 95%), sodium toluene-4-sulfo-
nate (Aldrich, 98%), DOWEX® 1x8, 50-100 mesh (Aldrich)
anion-exchange resin and laboratory reagent solvents were used as
received. Tetra-n-butylammonium hexafluorophosphate ([(n-C4Ho)4-
N]PFg; Fluka, 99+%) was dried in vacuo at 60 °C prior to use and
ferrocene (Fc; BDH) was purified by sublimation prior to use. SP
Sephadex C-25 (Amersham Pharmacia Biotech), and silica gel
(200-400 mesh, 60 A, Aldrich) were employed for the chromato-
graphic separation and purification of ruthenium complexes. Ace-
tonitrile (CH;CN; Aldrich, 99.9+%) was distilled from over CaH,
prior to use and n-butyronitrile (Aldrich, 99+%) was used as re-
ceived.

General: 1D and 2D '"H NMR spectra were collected with a Varian
Mercury 300 MHz spectrometer. 'H NMR chemical shifts for all
complexes are reported relative to 99.9% [Ds]acetonitrile [CD3;CN,
Cambridge Isotope Laboratories (CIL)] at = 1.93 ppm. 'H NMR
assignments were performed with the assistance of COSY experi-
ments to identify each pyridine ring system.
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Electrochemistry: Electrochemical measurements were performed
under argon using a Bioanalytical Systems (BAS) 100A Electro-
chemical Analyser. Cyclic (CV) and differential pulse (DPV) vol-
tammograms were recorded in a standard three-electrode cell using
a glassy carbon or platinum button working electrode, a platinum
wire auxiliary electrode and an Ag/AgCl reference electrode (0.1 m
[(n-C4Hg)4N]PF¢ in CH3CN). Ferrocene was added as an internal
standard on completion of each experiment; the ferrocene/ferrocen-
ium couple (Fc*/Fc°) occurred at +550 mV vs. Ag/AgCl. Solutions
contained 0.1 M [(n-C4Hg)4N]PFj as electrolyte. Cyclic voltammetry
was performed with a sweep rate of 100 mVs™!; differential pulse
voltammetry was conducted with a sweep rate of 4mVs ! and a
pulse amplitude, width and period of 50 mV, 60 ms and 1 s, respec-
tively. All potentials are reported +3 mV.

UVIVisINIR Spectroelectrochemistry: UV/Vis/NIR spectroelectro-
chemistry was performed using a CARY 5E spectrophotometer
interfaced to Varian WinUV software. The absorption spectra of
the electrogenerated mixed-valence species were obtained in situ
by the use of a cryostatted Optically Semi-Transparent Thin-Layer
Electrosynthetic (OSTLE) cell.”'l An account of the procedure em-
ployed in the spectroelectrochemical measurements has been de-
tailed previously.[’?! Solutions for the spectroelectrochemial experi-
ments contained 0.1 M [(n-C4Hg)4N]PF, supporting electrolyte in
CH;CN and the complex (ca. 1:1073 m).

The analysis and spectral deconvolution of the data were per-
formed as described in a previous report.!” The IVCT spectra were
scaled as [&(v)/v-dvl'*73 and deconvolution of the NIR transitions
was performed using the curve-fitting subroutine implemented
within the GRAMS32 commercial software package.””! On the ba-
sis of the reproducibility of the parameters obtained from the de-
convolutions, the uncertainties in the energies vy, intensities
(&/")max and bandwidths Av;, were estimated as +10cm!,
10.001 m! and £10 cm™!, respectively. The transition moment ||
in e-A is defined by Equation (ii) where the zeroth-moment, M,
represents the area under the band of the reduced absorption spec-
trum.

M, = f FW)dv @)

12| = 0.0206 A x M2 (ii)

Stark Absorption Spectroscopy: Detailed accounts of the instru-
mentation, sample preparation and analysis have been reported
previously.l®>%4 In a typical experiment, the un-oxidized complex
(ca. 5mg) was dissolved in n-butyronitrile (1 mL) and the mixed-
valence species was generated by chemical oxidation with NOPF¢
(saturated solution in n-butyronitrile, 1 mL).

Stark absorption measurements were performed in a dual liquid-
nitrogen immersion cryostat (Janis Research Corporation) at
77 K .74 The electroabsorption cell consisted of two indium-tin ox-
ide (ITO) coated quartz slides (Delta Technologies) separated by
100 pm Kapton spacers (DuPont). Electroabsorption measure-
ments were performed at 77 K and a field strength of 4.0 MV-cm™!
using a CARY-14 spectrophotometer featuring OLIS control soft-
ware. Dry nitrogen gas was blown over the dewar windows to pre-
vent fogging. Electroabsorption measurements over the range
3850-12500 cm ™! were recorded with a photovoltaic HgCdTe detec-
tor that was thermoelectrically cooled to —40 °C (Judson Technol-
ogies), and a DE110 Silicon photodiode for measurements over the
range 9090-20000 cm ™.
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The analysis of the data was performed according to the method
of Liptay,” as described in detail elsewhere.[63-51 Each Stark spec-
trum, obtained from duplicate experiments at two angles (90° and
45°), was fitted to a linear combination of the zeroth-, first- and
second-derivatives of the absorption spectrum (at 77 K) to yield
values for the coefficients, 4,, B, and C, in Equation (iii).

By dAm)Iv]
15h¢ dv

F > (i)

int

30h%¢° 2

AAW) :{A,A(V)-O- Cv d'[A(v)/v]}
V dv-

Here, y is the experimental angle between F.,, and the polarization
of the incident light, / is Planck’s constant, and c is the speed of
light in a vacuum. F;, represents the internal electric field experi-
enced by the chromophore, and is given by /X F.,, where f is the
local-field correction factor (typically assumed to be 1.3 for organic
solvents!!”)). The coefficients 4,, B, and C, provide information
on changes in the transition dipole moment, and the excited state/
ground-state polarisability and dipole moment differences, respec-
tively, according to Equation (iv).

al)‘l
4, = Q +35(3eos” y = DI3(A,) - 2(a, )]
B, =3Tr(da)+(Bceos’  ~1)[58- Ao g — L Tr(Aar)]

C, = u, [ [5+@cos® £ 1) 3cos” y —1)] (iv)

In these Equations, {(a,,) and (f,,) are the scalar functions of the
transition-moment polarisability and hyperpolarisability tensors,
Tr(Aa) is the trace of the polarisability change between the ground
and excited electronic states, g-Aa-g is the polarisability change
along the transition moment (g is the unit vector), |uv| is the vector
change in dipole moment (its sign is not determined), and ¢ is the
angle between the transition dipole moment and change in dipole
moment vectors.?!l Measurement of Stark spectra at two or more
values of y (incident angle of polarized light in relation to the elec-
tric field) are fitted to a sum of the zeroth-, first- and second-deriv-
atives of the absorption spectrum to yield values for the molecular
parameters according to Equation (iv).

While the Liptay treatment interprets first-derivative (i.e. B,) con-
tributions in Equations (iii) and (iv) in terms of polarisability
changes, for the special case of symmetrical mixed-valence systems
significant non-Liptay contributions due to field-induced changes
in degenerate ground-state populations can be expected. For sim-
plicity, we report B, only in terms of apparent polarisability
changes.[”]

Synthetic Procedures

3,5-Bis(2-pyridyl)-1,2.,4-triazole (Hbpt)!'':7®1 and cis-[Ru(pp),CL]:
2H,0 (pp = bpy, Me,bpy)"” were prepared according to the litera-
ture methods.

[{Ru(bpy),}2(n-bpt)](PF¢);: A suspension of Hbpt (21 mg,
0.094 mmol) in ethylene glycol (10 mL) was heated in a modified
microwave oven (Model R-2V55; 600 W, 2450 MHz) on medium-
high power!l for 20 s to complete dissolution. cis-[Ru(bpy),Cl,]*
2H,0 (100 mg, 0.207 mmol) was added and the mixture heated at
reflux for a further 8 min during which time the solution attained
a red-orange coloration. The mixture was diluted with water (ca.
50 mL) and the dinuclear product was separated from the crude
mixture by a gradient elution procedure on SP Sephadex C-25 sup-
port using aqueous 0.1-0.5 M NaCl. A band of mononuclear mate-
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rial eluted first (0.2 M NaCl), followed by the desired orange prod-
uct (0.4 M NaCl), which was precipitated as the PFs salt by ad-
dition of a saturated aqueous solution of KPF4. The solid was iso-
lated by vacuum filtration and washed with diethyl ether (3-10 mL).
Yield: 93 mg (66%). The separation of the diastereoisomers was
achieved by cation-exchange chromatography on SP Sephadex C-
25 support (dimensions 96 cm length, 1.6 cm diameter). The com-
plex (ca. 100 mg) was loaded onto the column in aqueous solution
(as the CI” form, obtained by stirring an aqueous suspension of the
complex with DOWEX® 1x8 anion exchange resin) and eluted
with 0.15 M sodium toluene-4-sulfonate solution.*!] The diastereo-
isomers separated after passing through an effective column length
of 1.5m. The two bands were collected, and the products were
precipitated by the addition of a saturated aqueous KPF solution.
The solids were isolated by vacuum filtration and washed with di-
ethyl ether (3x10 mL).

Rigorous purification methods were employed prior to characteri-
zation because of the potentially strong associations between the
complex cations and the anions present in the eluents employed for
the chromatographic separations.[*!4¢! Each product was dissolved
in a minimum volume of acetone and loaded onto a short column
of silica gel (dimensions: 2 cm diameter, 4 cm length), washed with
acetone, water and acetone and then eluted with acetone contain-
ing 5% NH4PF4. Addition of water and removal of the acetone
under reduced pressure afforded a product of suitable purity for
the physical measurements. Band 1 and band 2 exhibited different
NMR spectra, with the former identified as the AA/AA and the
latter as the AA/AA diastereoisomers. 'H NMR (CD;CN): 6 (Band
1; AAIAA) = 6.40 (dd, J = 8, 1.5Hz, 1 H, H3 bpt"), 6.82 (dd, J =
8, 1.5Hz, 1 H, H3' bpt), 6.92 (t, J = 8, 5Hz, 1 H, H5 bpt), 7.00
(dd, J =8, 8 Hz, | H, H4 bpt"), 7.04 (dd, J = 8, 8 Hz, 1 H, H4’
bpt), 7.12 (t, J = 8, 5Hz, 1 H, HS bpy), 7.23 (t, J = 8, 5Hz, 3 H,
HS bpy), 7.27 (t, J = 8, 5Hz, 1 H, HS bpy), 7.33 (t, J = 8, 5 Hz,
2 H, H5 bpy), 7.53 (dd, J = 5, 1.5Hz, 1 H, H6 bpt"), 7.56 (t, J =
8, SHz, 1 H, HS bpy), 7.63 (dd, J = 5, 1.5 Hz, 1 H, H6 bpy), 7.66
(dd, J =5, 1.5Hz, 1 H, H6 bpy), 7.74 (dd, J = 5, 1.5Hz, | H, H6
bpy), 7.76 (dd, J = 5, 1.5 Hz, 1 H, H6 bpy), 7.79 (t, J = 8, 5Hz, 1
H, H5' bpt), 7.81 (dd, J = 5, 1.5Hz, 1 H, H6 bpy), 7.85 (dd, J =
8, 8 Hz, 2 H, H4 bpy), 7.88 (dd, J = 5, 1.5 Hz, 1 H, H6 bpy), 7.89
(dd, J = 8, 8 Hz, 3 H, H4 bpy), 7.94 (dd, J = 8, 8 Hz, 2 H, H4
bpy), 7.98 (dd, J = 5, 1.5 Hz, 2 H, H6 bpy), 8.01 (dd, J = 8, 8 Hz,
1 H, H4 bpy), 8.33 (dd, J = 8, 1.5Hz, 1 H, H3 bpy), 8.36 (dd, J =
8, 1.5Hz, 1 H, H3 bpy), 8.43 (dd, J = 8, 1.5Hz, 1 H, H3 bpy),
8.44 (dd, J = 5, 1.5Hz, 1 H, H6' bpt"), 8.45 (dd, J =8, 1.5Hz, 1
H, H3 bpy), 8.48 (dd, J = 8, 1.5Hz, 2 H, H3 bpy), 8.52 (dd, J =
8, 1.5Hz, 2 H, H3 bpy); o (Band 2; AA/AA) = 6.54 (dd, J = 8,
1.5Hz, 1 H, H3 bpt"), 6.98 (dd, J =8, 1.5 Hz, 1 H, H3' bpt"), 6.86
(t,J=8,5Hz, 1 H, H5 bpt"), 7.06 (dd, J = 8, 8 Hz, 1 H, H4 bpt"),
7.42 (dd, J=8,8Hz, 1 H, H4' bpt"), 7.44 (dd, J = 5, .5Hz, | H,
H6 bpt), 7.89 (t, J = 8, 5Hz, 1 H, H5' bpt), 8.38 (dd, J = 5,
1.5Hz, 1 H, H6' bpt), 7.31 (dd, J = 5, 1.5 Hz, 1 H, H6 bpy), 7.38
(dd, J =5, 1.5Hz, 1 H, H6 bpy), 6.90-7.20 (5 H, HS bpy), 7.89
(dd, J = 8, 8Hz, 1 H, H4 bpy), 7.92 (dd, J = 8, 8 Hz, | H, H4
bpy), 7.70-8.00 (5 H, H4 bpy), 7.70-8.00 (5 H, H6 bpy), 7.98 (dd,
J=5,1.5Hz, 1 H, H6 bpy), 8.13 (dd, J = 5, 1.5 Hz, 1 H, H6 bpy),
8.54 (dd, J = 8, 1.5Hz, 1 H, H3 bpy), 8.60 (dd, J = 8, 1.5Hz, 1
H, H3 bpy), 8.30-8.60 (/ = 8, 1.5 Hz, 5 H, H3 bpy) ppm.

[{Ru(Me,bpy),}(p-bpt)](PFe);: This compound was prepared from
Hbpt (19 mg, 0.084 mmol) and [Ru(Me,bpy),Cl,]-2H,O (100 mg,
0.18 mmol) by a procedure analogous to that detailed above for
[{Ru(bpy),}(p-bpt )](PFy)s. Yield: 107 mg (67%). The separation
of the diastereoisomers was achieved by cation-exchange
chromatography on SP Sephadex C-25 support using 0.15M so-
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dium toluene-4-sulfonate solution as the eluent. Band 1 and band
2 exhibited different NMR spectra, with the former identified as
the AA/AA and the latter as the AA/AA diastereoisomers. '"H NMR
(CD5CN): 0 (Band 1; AAIAA) = 2.45 (s, 6 H, CH3), 2.48 (s, 6 H,
CHs3), 2.51 (s, 6 H, CH3), 2.57 (s, 6 H, CH3), 6.38 (dd, J = 8,
1.5Hz, 1 H, H3 bpt), 6.81 (dd, J =8, 1.5 Hz, 1 H, H3' bpt), 6.90
(t,J=8,5Hz, 1 H, H5 bpt"), 7.02 (dd, J = 8, 8 Hz, 1 H, H4 bpt),
7.06 (dd, J = 8, 8 Hz, 1 H, H4' bpt), 7.05 (d, J/ = 6 Hz, 1 H, H5
Me,bpy), 7.23 (d, J = 6 Hz, 3 H, H5 Me,bpy), 7.23 (d, J = 6 Hz,
1 H, H5 Me,bpy), 7.29 (d, J = 6 Hz, 2 H, H5 Me,bpy), 7.51 (dd,
J=5,15Hz 1H, H6 bpt), 7.52 (d, / = 6 Hz, | H, H5 Me,bpy),
7.59 (d, J = 6 Hz, 1 H, H6 Me,bpy), 7.63 (d, J/ = 6 Hz, 1 H, H6
Me,bpy), 7.70 (d, J = 6 Hz, 1 H, H6 Me,bpy), 7.71 (d, J = 6 Hz,
1 H, H6 Me,bpy), 7.76 (t, J = 8, 5Hz, | H, H5' bpt"), 7.77 (d, J
= 6 Hz, 1 H, H6 Me,bpy), 7.83 (d, / = 6 Hz, 1 H, H6 Me,bpy),
7.95 (d, J = 6 Hz, 2 H, H6 Me,bpy), 8.27 (s, 1 H, H3 Me,bpy),
8.33 (s, 1 H, H3 Me,bpy), 8.40 (s, 1 H, H3 Me,bpy), 8.41 (dd, J =
5, 1.5Hz, 1 H, H6’ bpt)), 8.37 (s, | H, H3 Me,bpy), 8.46 (s, 2 H,
H3 Me-bpy), 8.49 (s, 2 H, H3 Me,bpy); 6 (Band 2; AAIAA) = 2.47
(s, 12 H, CH3), 2.50 (s, 6 H, CH3), 2.53 (s, 6 H, CHj), 6.51 (dd, J
=8,1.5Hz, 1 H, H3 bpt"), 6.95(dd, J =8, 1.5 Hz, 1 H, H3’ bpt),
6.81 (t, J=8,5Hz, 1 H, HS bpt), 7.39 (dd, J = 8, 8 Hz,1 H, H4’
bpt), 7.42 (dd, J = 5, 1.5Hz, 1 H, H6 bpt), 7.85 (t, J = 8, S Hz,
1 H, H5 bpt), 8.32 (dd, J = 5, 1.5Hz, 1 H, H6' bpt), 7.26 (d, J
= 6 Hz, 1 H, H6 Me,bpy), 7.35 (d, J = 6 Hz, 1 H, H6 Me,bpy),
6.80-7.15 (5 H, H5 Me,bpy), 7.63-7.95 (5 H, H6 Me,bpy), 7.94 (d,
J=6Hz, 1 H, H6 Me,bpy), 8.07 (d, / = 6 Hz, 1 H, H6 Me,bpy),
8.51 (s, 1 H, H3 Me,bpy), 8.57 (s, | H, H3 Me,bpy), 8.22-8.55 (5
H, H3 Me,bpy) ppm.

X-ray Crystallography: Single crystals of (AA/AA)-[{Ru-
(Mesbpy),}-(u-bpt )](PFe); were obtained by dissolution of ca.
1 mmol of the complex in acetone/water (1:1, 2 mL). Slow evapora-
tion of the solution at room temperature yielded dark red rod-
shaped crystals suitable for X-ray determination. The collection
and refinement of X-ray data was performed in the Advanced Ana-
Iytical Centre at James Cook University. Hemispheres of data were
collected (capillary sealed specimens) at room temperature with a
Bruker SMART CCD diffractometer using the omega scan mode.
A summary of the data collection and refinement details is pro-
vided in Table S1 of the Supporting Information. Data sets were
corrected for absorption using the program SADABS.[”®] The solu-
tion and refinement for all structures was carried out using
SHELXL-9771 utilising the graphical interface X-Seed.[®” Crystal-
lographic data (excluding structure factors) for the structure re-
ported in this paper have been deposited with the Cambridge Crys-
tallographic Data Centre as supplementary publication no. CCDC-
286553 contains the supplementary crystallographic data for this
paper. These data can be obtained free of charge from The Cam-
bridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.

Supporting Information (for details see the footnote on the first
page of this article): Proton numbering schemes for NMR charac-
terization (Figure S1), spectroelectrochemical progression for
[Ru(bpy),(bpt)]*?* (Figure S2) and Stark absorption spectra for
(AAAN)-[{Ru(bpy)s}»(1-bpt )’ (Figure S3).
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