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We report the synthesis of the hetero- and homoleptic ruthenium(II) complexes Ru(bpy)2L2+, Ru(bpy)L22+ (bpy
is 2,2′-bipyridine), and RuL32+ of six new bidentates L, the substituted pyrazolylpyridines1-6 (1-substituted-
3-(2-pyridinyl)-4,5,6,7-tetrahydroindazoles with substituents R) H, CH3, Ph, or C6H4-4′′-COOX where X) H,
CH3, or C2H5). These were fully characterized by1H- and13C-NMR spectroscopy and elemental analysis. The
UV-visible spectra and redox properties of the complexes, some in the ruthenium(III) and reduced bipyridine
oxidation states, are also discussed. The substituents R played a role in determining the stereochemistry of the
Ru(bpy)L22+ and RuL32+ products. The reaction of Ru(DMSO)4Cl2 with 3 equiv of L bearing aromatic substituents
gave only meridional RuL32+ isomers. The one-step reaction of Ru(bpy)Cl3‚H2O with 2 equiv of L provided a
mixture of the three possible Ru(bpy)L22+ isomers, from which one symmetric isomer (labeledâ) was isolated
pure. A trans arrangement of the pyrazole groups was deduced by1H-NMR and confirmed by X-ray
crystallography for one such stereomer (â-[Ru(bpy)(5)2](PF6)2, R) C6H4-4′′-COOC2H5). In contrast, Ru(DMSO)4-
Cl2 reacted with 2 equiv of L and then 1 equiv of bpy to selectively form the other symmetric isomer (labeledR)
where the pyridine groups of L aretrans. Crystal data forâ-[Ru(bpy)(5)2](PF6)2 (C52H50N8O4F12P2Ru) with Mo
KR (λ ) 0.710 73 Å) radiation at 295 K:a ) 28.442(13) Å,b ) 18.469(15) Å,c ) 23.785(9) Å,â ) 116.76-
(0)°, monoclinic, space groupC2/c, Z ) 8. Fully anisotropic (except for H and disordered F atoms), full-matrix,
weighted least-squares refinement onF2 gave a weightedR on F2 of 0.2573 corresponding toR on F of 0.1031
for data whereF > 4σ(F ).

Introduction

The photophysical and redox properties of Ru(bpy)3
2+ (bpy

is 2,2′-bipyridine) have attracted intense interest due to its
potential use as a photosensitizer, for instance in the photoin-
duced decomposition of water.1 In attempts to tune the
photophysical and redox properties, many analogues have been
synthesized where the bipyridine ligands are replaced by other
N,N ′-chelating ligands. These have included substituted bipy-
ridines,2 benzobipyridines,3 phenanthrolines,4 and polyazabi-
pyridines5 or have featured imidazole,6-8 thiazole,8,9 pyrazole,10-13

and triazole12,14 rings. With unsymmetrical ligands L, the
RuL32+ and Ru(bpy)L22+ species exist as mixtures of geometric
isomers.10,11,13

Prior to this work, severalC-linked pyrazolylpyridine ligands
were known,15 but only two11 have been used as ligands for
RuII. We recently reported several new examples,16 which
incorporate an aliphatic ring in order to increase the lipophilicity
of the complexes. In most cases, the bulkiness of the substit-
uents was expected to favor the selective formation of the least
congested isomer in octahedral complexes. Further, one of our
new ligands bears an ionizable carboxy substituent which allows
us to access electroneutral or anionic complexes under pH
control. With some precedent in other systems,17we anticipated
that counteracting the repulsion between positive RuII complexes
and viologens in this way would permit a faster photoinduced
electron transfer while reducing the need for a long excited-
state lifetime. This paper presents the synthesis of homo- and
heteroleptic RuII complexes of these ligands and the character-
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ization of the isolated geometric isomers as well as a discussion
of the electronic and redox properties of the complexes in a
range of oxidation states including ruthenium(III), for which
spectroscopic data are comparatively rare.

Results and Discussion

Synthesis. As indicated in Scheme 1, Ru(bpy)2L2+ com-
plexes were obtained as the PF6

- salts by the reactions ofcis-
Ru(bpy)2Cl2‚2H2O18with 1 equiv of ligands1-6. Ru(DMSO)4-
Cl219 was similarly treated with 3 equiv of ligand to give the
homoleptic RuL32+ series, also isolated as the PF6

- salts.
Because the ligands are unsymmetrical, these homoleptic
complexes can exist asmerandfac isomers. TheN-unsubsti-
tuted1 gave both isomers, but themer isomer crystallized from
MeOH-Et2O, while the fac isomer remained in the mother
liquor. With the other ligands2-5, the asymmetric1H- and
13C-NMR spectra of the complexes indicated that onlymer
isomers had formed. We surmise that, unlike with the known
N-linked pyridylpyrazole ligands,13 theseC-linked varieties
bearing bulky substituents can induce significant steric crowding
and destabilize thefac isomers.
The Ru(bpy)L22+ series were prepared in two steps: an initial

reaction of Ru(DMSO)4Cl2 with 2 equiv of4-6, which was
complete within 4 h according to TLC, followed by a slower
(1 d) reaction with 1 equiv of bpy (Scheme 1). The H2O-
insoluble PF6- salts of the crude products were purified by
chromatography to furnish the desired Ru(bpy)L2

2+ complexes
as the major products, but this was accompanied by small
amounts of themer-RuL32+ and Ru(bpy)2L2+ species previously
prepared. The1H- and13C-NMR spectra of the Ru(bpy)L22+

products showed that they consisted of only one of three possible
isomers, assigned by NMR (Vide infra) and here labeled asR
isomers (Figure 1). We speculate that the minor RuL3

2+ and
Ru(bpy)2L2+ products arose from a small amount of ligand
scrambling during the first reaction step. In an attempt to
prepare Ru(bpy)(5)22+ free of other products, a one-step reaction

of Ru(bpy)Cl3‚H2O20 with 2 equiv of5was carried out, but the
result was unexpected. Not only were the undesired Ru(5)32+

and Ru(bpy)2(5)2+ contaminants again present, but Ru(bpy)-
(5)22+ now consisted of all three possible isomers, labeledR,
â, andγ. Their structures were assigned by NMR (Vide infra).
Some pureâ-[Ru(bpy)(5)2](PF6)2 crystallized from 1:9 MeOH-
CHCl3. Preparative TLC was used to isolate the remainder,
and this also provided an inseparableca. 1:1 mixture of theR
andγ isomers. The diastereoselection afforded in the prepara-
tion of [Ru(bpy)(5)2](PF6)2 from Ru(DMSO)4Cl2 is probably
determined early, since the last incoming ligand is symmetrical
bpy, whereas it is unsymmetrical5 in the preparation from Ru-
(bpy)Cl3.
The same geometric isomers of [Ru(bpy)(6)2](PF6)2 could be

similarly prepared directly from6, but purification by column
chromatography or TLC was not possible. Instead, hydrolysis
of the isolatedR- and â-[Ru(bpy)(5)2](PF6)2 furnished the
corresponding pure isomers of [Ru(bpy)(6)2](PF6)2.

1H-NMR. Table 1 lists selected1H chemical shifts of the
complexes that allowed isomer assignments. The other chemical
shifts can be found in the Experimental Section. In most cases,
there was much overlap of the aromatic signals and the signal
assigments were only made possible by COSY spectroscopy.
Generally, the pyridine1H signals of the pyrazolylpyridine

ligands lay upfield of the signals from the corresponding nuclei
in bpy ligands. When the spectra of the complexes were
compared with the spectra of the free ligands,16 the effect of
complexation to RuII was to shift the pyridine H-3′, H-4′, and
H-5′ signals downfield (for instance by 0.02-0.22 ppm for [Ru-
(bpy)22](PF6)2), as expected, while the H-6′ signal was shifted
far upfield (for instance, by 1.06 ppm for [Ru(bpy)22](PF6)2)
presumably because of through-space shielding by the aromatic
moieties of neighboring ligands. These observations were
consistent with literature reports.10-13 Through-space shielding
also caused upfield shifts elsewhere. For example, [Ru(2)3]-
(PF6)2 showed migrations for the CH3 peaks to positions 0.77-
0.88 ppm upfield of the free ligand position. There was also
an effect on the aliphatic region, as the tetrahydroindazole
resonances occurred in a 2:1:1:4 integration ratio, compared to
the 4:4 ratio seen with the free ligands. The upfield group is
assigned to the more aliphaticâ-CH2 groups at positions 5 and
6 of the tetrahydroindazole moiety. Earlier work had shown(18) Sullivan, B. P.; Salmon, D. J.; Meyer, T. J.Inorg. Chem.1978, 17,

3334. Birchall, J. D.; O’Donoghue, T. D.; Wood, J. R.Inorg. Chim.
Acta1979, 37, L461.
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Scheme 1

Figure 1. Geometric isomers of Ru(bpy)L22+ complexes. Pyridine and
pyrazole rings are represented by py and pz, respectively.
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that complexation to Na+, Zn2+, or H+ causes a differentiation
between theR-CH2 groups at positions 4 and 7.16,21 In the RuII

complexes, the more downfield resonance (near 3.0 ppm) was
readily assigned by NOE difference spectroscopy to the non-
equivalent CH2-4 nuclei, as only irradiation there produced an
enhancement of the neighboring pyridine H-3′ signal. Through-
space shielding appeared to therefore cause a further differentia-
tion of the individual1H signals from those at position 7, which
lay more upfield.
Phenyl resonances were also affected by complexation. There

was a strong differentiation of the diastereotopic 2′′ and 6′′ (or
ortho) nuclei and, to a lesser degree, of themeta(3′′ and 5′′)
nuclei. For instance, [Ru(bpy)25](PF6)2 exhibited oneortho
signal lying 1.88 ppm upfield of the free ligand position, while
the other had migrated by 0.71 ppm. Similarly, the homoleptic
but asymmetric complexmer-[Ru(5)3](PF6)2 gave rise to very

complicated spectra, but three relatively high field signals (at
6.05, 6.43, and 6.55 ppm) were readily discerned and assigned
to the most shielded1H of eachortho pair. Thus, one edge of
each phenyl ring, twisted out of the pyrazolylpyridine plane,
appears to lie closer to the shielding source.

13C-NMR. Because of their greater spread, the13C-NMR
assignments were straightforward except for overlaps between
some bpy signals that were resolved by two-dimensional13C-
1H shift-correlation spectroscopy in some cases. The chemical
shifts of the aromatic signals and their assignments appear in
the Supporting Information. In all cases, the chemical shifts
were downfield of the free ligand positions. In contrast to1H-
NMR spectra, there was little evidence of through-space
shielding effects in operation.
Structures of the Ru(bpy)L22+ Isomers. As related earlier,

two isomers (R and â) of [Ru(bpy)(5)2](PF6)2 were obtained
pure while the third (γ) was obtained in a mixture with theR
form. The 1H-NMR spectra of theR and â isomers were
symmetrical but quite different. That of theγ form, obtained
by spectroscopic subtraction, was asymmetric, and theγ form
was therefore assigned the only possible asymmetric structure
(Figure 1). The structures of theR andâ isomers were deduced
from three differences in their1H spectra: (i) the pyridine signals
from ligand 5 in the R isomer lay somewhat upfield of the
corresponding signals in theâ isomer; (ii) oneorthosignal and
onemetasignal from theâ form were shifted further upfield
by through-space shielding than with theR isomer, while the
other ortho and the othermeta signals were at comparable
positions; and (iii) the bpy H-3 signal from theâ isomer was
further upfield than the corresponding signal from theR form,
while the other bpy signals were at comparable positions.
According to our general observations (Vide supra), these
differences implied that theâ isomer enabled a stronger ligation
of 5 through weaker interligand steric interactions and stronger
mutual, through-space shielding interactions between5 and bpy.
Both are available with the structure drawn for theâ form in
Figure 1.
This assignment was confirmed by X-ray crystallography of

â-[Ru(bpy)(5)2](PF6)2 (Figure 2). This showed a distorted
octahedron, presumably because of the interaction between the
bipyridine and phenyl rings. Indeed, the phenyl rings are twisted
out of the pyrazolylpyridine planes with angles of 76.8 and
88.2°, respectively, placing them nearly parallel above and below
the bpy plane. In confirmation of our NMR spectral analysis,
suchπ-stacking would be expected to give the observed mutual
shielding interactions. By implication and by spectral similari-
ties toR-[Ru(bpy)(5)2](PF6)2, the structures ofR-[Ru(bpy)(4)2]-
(PF6)2 andR-[Ru(bpy)(6)2](PF6)2 were ascertained.
Electrochemistry. (See Table 2 and, Figure S-1 (Supporting

Information).) The cyclic voltammetric (CV) behavior of the
RuL32+ complexes was very similar to that of Ru(bpy)3

2+. At
low temperature, RuL32+ species in THF showed three revers-
ible, one-electron reduction processes corresponding with suc-
cessive reductions of each L. However, at room temperature
(in most cases), only the first reduction was reversible, while
no reversible reduction process was observed for theN-H
complex [Ru(1)3](PF6)2. The RuL32+ complexes were about
0.5 V more difficult to reduce than Ru(bpy)3

2+, suggesting
relatively higher-lying ligandπ* orbitals. The spacings between
the reduction steps were larger (230 and 350 mV) than the
corresponding spacings with Ru(bpy)3

2+ (180 and 230 mV),
suggesting stronger interligand repulsions. RuL3

2+ in CH3CN
showed one reversible oxidation wave assigned to the Ru3+/2+

couple22 and observed about 100-200 mV more negative than
with Ru(bpy)32+. The lower oxidation potential with [Ru(1)3]-(21) Van der Valk, P.; Potvin, P. G. P.J. Org. Chem.1994, 59, 1766.

Table 1. 1H-NMR Chemical Shifts of Pyridine Signals

pyrazolylpyridine bpy

complex H-3′ H-4′ H-5′ H-6′ H-3 H-4 H-5 H-6

Ru(bpy)2(1)(PF6)2 8.01 7.93 7.21 7.57 8.43 8.01 7.36 7.68
8.43 8.03 7.44 7.72
8.44 8.00 7.34 7.74
8.47 8.01 7.41 7.77

Ru(bpy)2(2)(PF6)2 8.02 7.93 7.17 7.47 8.44 8.01 7.34 7.58
8.45 8.41 7.45 7.87
8.46 7.98 7.33 7.79
8.49 8.06 7.43 7.71

Ru(bpy)2(3)(PF6)2 8.09 7.62 6.89 7.15 8.17 8.03 7.26 7.53
8.36 7.96 7.32 7.52
8.39 8.16 7.55 7.86
8.44 8.09 7.60 8.09

Ru(bpy)2(4)(PF6)2 8.03 7.56 6.78 7.09 8.16 7.99 7.20 7.51
8.34 7.94 7.25 7.44
8.39 8.12 7.47 7.80
8.39 8.05 7.57 8.05

Ru(bpy)2(5)(PF6)2 8.03 7.55 6.78 7.08 8.16 7.99 7.21 7.50
8.34 7.93 7.26 7.43
8.39 8.12 7.47 7.80
8.39 8.05 7.57 8.05

Ru(bpy)2(6)(PF6)2 8.04 7.59 6.80 7.10 8.17 7.99 7.21 7.51
8.34 7.94 7.25 7.44
8.40 8.11 7.47 7.81
8.40 8.05 7.57 8.05

R-Ru(bpy)(4)2(PF6)2 7.48 7.48 6.80 7.03 8.31 7.99 7.41 7.96
R-Ru(bpy)(5)2(PF6)2 7.48 7.48 6.81 7.03 8.30 7.98 7.41 7.94
â-Ru(bpy)(5)2(PF6)2 7.70 7.61 7.00 7.39 8.11 8.02 7.40 7.97
γ-Ru(bpy)(5)2(PF6)2 8.00 7.88 7.10 7.21 8.14 8.03 7.37 7.64

7.78 7.55 7.11 7.66 8.13 8.09 7.30 7.68
R-Ru(bpy)(6)2(PF6)2 7.51 7.51 6.81 7.04 8.31 8.00 7.42 7.96
â-Ru(bpy)(6)2(PF6)2 7.74 7.65 7.02 7.40 8.10 8.01 7.40 7.98
mer-Ru(1)3(PF6)2 7.95 7.88 7.21 7.60

7.95 7.89 7.23 7.51
7.97 7.90 7.17 7.64

fac-Ru(1)3(PF6)2 7.95 7.88 7.16 7.51
mer-Ru(2)3(PF6)2 7.96 7.91 7.22 7.51

7.97 7.88 7.22 7.73
8.01 7.90 7.20 7.59

mer-Ru(3)3(PF6)2 7.35 7.61 6.93 7.27
7.67 7.55 7.06 7.37
7.97 7.90 7.26 7.78

mer-Ru(4)3(PF6)2 7.32 7.61 6.99 7.31
7.68 7.54 7.11 7.33
8.00 7.93 7.27 7.82

mer-Ru(5)3(PF6)2 7.32 7.60 6.99 7.31
7.69 7.54 7.12 7.33
7.99 7.92 7.27 7.80

mer-Ru(6)3(PF6)2a 7.31 7.68 7.16 7.31
7.75 7.61 7.24 7.36
8.09 8.02 7.40 7.40

a In DMSO-d6.
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(PF6)2 could be ascribed to a deprotonated species, as this is
not unusual for complexes bearing ionizableN-H.7,12
The CV plots of most Ru(bpy)2L2+ species showed two

reversible reduction couples at room temperature. The less well
defined third reduction process was also observed. Only one
reversible reduction was observed with [Ru(bpy)22](PF6)2.
From a comparison with RuL32+ species and with Ru(bpy)32+,
the first two reductions of Ru(bpy)2L2+ could be attributed to
reduction processes at the bpy ligands. The third wave probably
involves reduction of L since further reduction of bpy•- ligands
would be expected to occur at much more negative potentials
(about 1 V more negative than the first wave).23 Extended

Hückel calculations, with charge iteration24-26 were consistent
with this supposition. All Ru(bpy)2L2+ species showed one
reversible, well-defined RuIII/II couple at about 1.2 V. Sample
CV plots are given in the Supporting Information.
Ligand electrochemical parameters,27 EL(L), were extracted

from the data in Table 2. All the data are consistent withEL-
(L) ) 0.21 V for 1-3 andEL(L) ) 0.22 V for 4-6. These
data, not surprisingly, are more consistent with these ligands
behaving like substituted pyridines rather than like bipyridine
analogues;i.e., they are somewhat poorer acceptors than
bipyridine.
Electronic Spectra. (See Table 3, Figures 3-6, and Figure

S-2 (Supporting Information)). The assignment of the electronic
spectra was approached by consideration of the previous
literature on the spectra of species of this type but also by
oscillator strength calculations28 based upon the Extended
Hückel calculations,24-26 referred to here conveniently as EHT-f
calculations.
Considering the initial Ru(II) species (Figure 3), the higher-

energy bands (240-290 nm) were assigned toπ f π*
transitions since the free ligands also showed transitions in
that region. The bands around 410 nm can be assigned to the
dπ f π*(L) transition and the bands at 450 nm to the dπ f
π*(bpy) transition by comparison with those of theN-linked
pyrazolylpyridine RuII analogues10-13 and Ru(bpy)32+ and
by consistency with the EHT-f calculations. The mixed-ligand
complexes gave rise to two such bands. For Ru(bpy)L2

2+, the
relatively higher intensity of the bands at 410 nm is attribu-
ted to the higher population of the corresponding dπ f
π*(L) components. According to the electrochemical data, the
π* levels of L are at higher energies and the lower energy
band could therefore be assigned to a dπ f π*(bpy) transi-
tion. In general, the 30-40 nm difference between this and
the dπ f π*(L) transition is entirely in line with the 300-400
mV difference predicted by the electrochemical data. Aro-
matic substituents apparently had negligible effects on the
positions of the MLCT andπ f π* transitions, indicating no
significant overlap between the phenyl group and theπ system
of the pyrazolylpyridine moiety, as had been suggested by
NMR.
Spectroelectrochemistry.No detailed study of the electronic

spectra of these species in their oxidized or reduced forms was
carried out, but several representative examples were studied.
Their UV-visible absorption bands and molecular extinction
coefficients are listed in Table 3 for [Ru(bpy)25](PF6)2 and [Ru-
(2)3](PF6)2. The disappearance of the MLCT band at 400-
460 nm, the appearance of LMCT bands in the region 480-
700 nm, and the shifting of theπ f π* bands to the red are
characteristic of the formation of a RuIII species.29 Ruthenium-

(22) Tokel-Takvoryan, N. E.; Hemingway, R. E.; Bard, A. J.J. Am. Chem.
Soc., 1973, 95, 6582.

(23) Ohsawa, Y.; Hanck, K. W.; DeArmond, M. K.J. Electroanal. Chem.
Interfacial Electrochem.1984, 175, 229.

(24) Hoffmann, R..J. Chem. Phys. 1963, 37, 1397. Hoffmann, R.;
Lipscomb, W. N.J. Chem. Phys.1962, 36, 2179, 3489;1962, 37,
2872.

(25) Viste, A.; Gray, H. B.Inorg. Chem. 1964, 3, 1113.
(26) SpartanV.3.1.2, Wavefunction Inc.: 18401 Von Karman, Suite 370,

Irvine CA 92715.
(27) (a) Lever, A. B. P.Inorg. Chem.1990, 29, 1271. Lever, A. B. P.

Inorg. Chem. 1991, 30, 1980. (b) Lever, A. B. P. InProceedings of
the NATO AdVanced WorkshopsMolecular Electrochemistry of
Inorganic, Bioinorganic and Organometallic Compounds, Sintra
Portugal; Pombeiro, A. J. L., McCleverty, J. A., Eds.; Kluwer
Publishing: March 1992; p 41. (c) Masui, H.; Lever, A. B. P.Inorg.
Chem. 1993, 32, 2199.

(28) Fielder, S. S.; Lever, A. B. P. ; Pietro, W. J. Paper in preparation.
(29) (a) Bryant, G. M.; Fergusson, J. E.Aust. J. Chem. 1971, 24, 275.1.

Benedix, R.; Hennig, H.Z. Chem.1990, 30, 220. (b) Crutchley, R. J.;
Mccaw, K.; Lee, F. L.; Gabe, E. J.Inorg. Chem.1990, 29, 2576. (c)
Ludi, A. Inorg. Chem. 1975, 14, 1902.

Figure 2. ORTEP plot of the X-ray crystal structure ofâ-Ru(bpy)-
(5)2(PF6)2. For clarity, H and PF6 atoms are not shown, and 25%
probability thermal ellipsoids are presented. The numbering sequence
for both units of5 is the same. Selected bond lengths (Å): Ru-N1,
2.078(13); Ru-N2, 2.077(12); Ru-N1a, 2.072(14); Ru-N2a, 2.039-
(12); Ru-N4, 2.031(14); Ru-N5, 2.061(13). Seleted bond angles (in
deg): N1-Ru-N2, 77.3(6); N1a-Ru-N2a, 76.8(6); N4-Ru-N5,
78.4(6); N2-Ru-N2a, 166.7(6); N1-Ru-N5, 177.3(5); N1a-Ru-
N4, 176.3(6); N1-Ru-N1a, 84.2(5); N1-Ru-N2a, 92.0(5); N1-Ru-
N4, 99.2(6); N2-Ru-N1a, 94.1(5); N2-Ru-N4, 85.5(5); N2-Ru-
N5, 103.8(6); N1a-Ru-N5, 98.2(6); N2a-Ru-N4, 104.2(5); N2a-
Ru-N5, 87.3(5).

Table 2. Half-Wave Potentialsa

complex E3+/2+ E2+/1+ E1+/0 E0/1-

mer-Ru(1)3(PF6)2 0.93
mer-Ru(2)3(PF6)2 1.03 -1.78 -2.02
mer-Ru(2)3(PF6)2b -1.80 -2.03 -2.38
mer-Ru(3)3(PF6)2 1.03 -1.73
mer-Ru(3)3(PF6)2c -1.74 -2.04 -2.34
mer-Ru(4)3(PF6)2 1.12 -1.67
mer-Ru(5)3(PF6)2 1.12 -1.66
R-Ru(bpy)(5)2(PF6)2 1.11 -1.34
â-Ru(bpy)(5)2(PF6)2 1.18 -1.45
Ru(bpy)21(PF6)2 1.15 -1.49 -1.74
Ru(bpy)22(PF6)2 1.19 -1.32
Ru(bpy)23(PF6)2 1.20 -1.34 -1.61
Ru(bpy)24(PF6)2 1.23 -1.34 -1.58 -2.06
Ru(bpy)25(PF6)2 1.23 -1.33 -1.57 -2.04
Ru(bpy)26(PF6)2 1.23 -1.35 -1.65 -2.18
Ru(bpy)32+ d 1.24 -1.34 -1.52 -1.75
a Potentials are given in V vs SCE, and all waves are reversible;

CH3CN containing 0.1 M (TBA)PF6 as the supporting electolyte;T )
20( 1 °C. b In THF at-23( 1 °C. c In THF at-85( 1 °C. d At
23 ( 1 °C. From: Amira-Soriaga, L.; Sprouse, S. D.; Watts, R. J.;
Kaska, W. C.Inorg. Chim. Acta1984, 84, 135.
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(III) diimine species are usually unstable so that the observa-
tion of their electronic spectra is not well documented in the
literature.
In the spectrum (Figure 5) of Ru(2)33+ there appear to be

bands near 610 and 467 nm which are identified withπ f dπ*
transitions to the “hole” in the RuIII t2g (in octahedral stereo-
chemistry) presumably from different ligandπ levels. Indeed,
EHT-f calculations predict six suchπ(L) f d transitions
clustered together with a total oscillator strength of about 0.06;
these presumably lie underneath the experimental band envelope
which evidently contains at least three transitions (see inset to
Figure 5; experimental oscillator strengths are approximately
0.08 and 0.04 for the lower and higher energy bands, respec-
tively).
The spectrum (Figure 4) of the RuIII complex Ru(bpy)253+

has similar features, a shift to the red of theπ f π* band, a
loss of the MLCT transition, and a new low-energy absorption
associated with LMCT transitions. Reference to the inset to

Figure 4 suggests there are probably at least two LMCT
transitions. EHT-f calculations predict a low lyingπ(L) f d
transition followed by a cluster of mixedπ(L) andπ(bpy)f d
transitions, four in all, of overall calculated oscillator strength
ca. 0.04. The experimental value is ca. 0.07.
Mixing between the Ru dπ levels and the ligandπ levels is

significant, with EHT calculations revealing that the half-empty
dπ orbital is only 66% centered on Ru in the Ru(L)3

3+ species
and 71% in the Ru(bpy)2L3+ species. The ability of some
ligands to form strongπ bonds with the t2g set of RuIII was
recently explored,30,31and the aspect of Ru d orbital involvement
with diimine ligandπ andπ* orbitals is under active analysis.32

Table 3. UV-Visible Absorption Maximaa,b

π f π* MLCTcomplex

mer-Ru(1)3(PF6)2 240 (4.59) 286 (4.64) 412 (4.20)
mer-Ru(2)3(PF6)2 245 (4.56) 290 (4.67) 408 (4.17)
mer-Ru(3)3(PF6)2 246 (4.57) 291 (4.70) 409 (4.16)
mer-Ru(4)3(PF6)2 247 (4.63) 292 (4.66) 410 (4.08)
mer-Ru(5)3(PF6)2 247 (4.72) 291 (4.76) 411 (4.19)
R-Ru(bpy)(5)2(PF6)2 248 (4.61) 288 (4.77) 398 (4.01) 450 (3.87)
â-Ru(bpy)(5)2(PF6)2 242 (4.63) 290 (4.75) 372 (3.86) 408 (4.03) 450 (3.83)
Ru(bpy)21(PF6)2 242 (4.45) 288 (4.77) 382 (3.85) 416 (3.94) 454 (3.97)
Ru(bpy)22(PF6)2 243 (4.48) 287 (4.87) 381 (3.82) 412 (4.00) 449 (4.05)
Ru(bpy)23(PF6)2 243 (4.50) 287 (4.84) 383 (3.79) 418 (3.99) 449 (4.00)
Ru(bpy)24(PF6)2 242 (4.51) 287 (4.81) 381 (3.76) 414 (3.97) 453 (3.97)
Ru(bpy)25(PF6)2 243 (4.61) 286 (4.89) 380 (3.75) 420 (4.14) 450 (4.15)
Ru(bpy)26(PF6)2 242 (4.54) 287 (4.83) 384 (3.82) 418 (4.00) 449 (4.00)
Ru(bpy)32+ c 238 (4.48) 250 (4.40) 323 (3.81) 345 (3.81) 451 (4.15)

285 (4.94)
Ru(2)33+ 251 (4.50) 305 (4.58) 467 (3.62)d 614 (3.65)d,e

Ru(bpy)253+ 248 (4.66) 306 (4.67) 316 (4.65)d,f 574 (3.67)d

Ru(bpy)251+ 244 (4.62) 294 (4.77) 362 (4.40)g 488 (4.16)h

Ru(bpy)250 248 (4.58) 296 (4.67) 358 (4.57)g 502 (4.29)h

aCH3CN as solvent.bWavelength in nm and logε indicated in parentheses.c From: Crutchley, R. J.; Lever, A. B. P.Inorg. Chem.1982, 21,
2276.d LMCT transition.eBroad. f Shoulder.gAssignment unknown; probablyπ f π* bpy-. hComposite band; MLCT etc.ssee text for assignment.

Figure 3. UV-visible spectra of (i) Ru(bpy)25(PF6)2, (ii) â-Ru(bpy)-
(5)2(PF6)2, and (iii) Ru(5)3(PF6)2 in acetonitrile.

Figure 4. Spectroscopic changes during the oxidation of Ru-
(bpy)25(PF6)2 in CH3CN containing 0.2 M (TBA)PF6: (a) initial
spectrum without applying potential; (b) first scan after polarizing the
potential at 1.5 V vs AgCl/Ag for 1 min; and (c) final spectrum at 1.5
V. Inset: Expanded low-energy spectrum of spectrum c. The little dip
near 650 nm in Figures 4-6 is an instrumental artifact.
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Attempts to obtain the spectrum of the reduced form of Ru-
(2)32+ were not successful due to decomposition of the complex.
However, the first and second reduced forms of Ru(bpy)252+

are stable. Both species can be electrochemically oxidized back
quantitatively to Ru(bpy)252+ during the time scale of the
spectroelectrochemical measurement. The spectra of reduced

Ru and other metal diimine complexes have been reported
extensively33-35 and are usually interpreted in terms of a
localized picture where, with the first reduced species, for
example, the complex has two unreduced ligands and one
reduced ligand bound to RuII. As reduction proceeds, theπ f
π* band of the diimine ligand diminishes and a newπ f π*
band associated with the reduced ligand arises just to the red
of the former band (Figure S2 (Supporting Information) and
Figure 6, spectrum a). The MLCT band generally splits into
at least two bands to the red of the initial MLCT band in the
RuII species; one of these two bands, usually the higher energy
one, is assigned to the dπ f π*(diimine) transition of the
diimine which is not reduced, while the lower energy component-
(s) is (are) assigned to a low-lying dπ f π* transition of the
reduced ligand; the latter band increases in intensity as the
complex is sequentially reduced, while the former band
diminishes in intensity.34,35 The red shift of the MLCT band is
associated with the increase in electron density on the ruthenium
center due to binding to the reduced ligand.
These characteristics are well reproduced in the spectra of

the first and second reduced forms of Ru(bpy)252+ (Figure 6,
Figure S-2 (Supporting Information)) and are consistent in this
case with reduction at the bipyridine rather than at the
pyrazolylpyridine ligand as anticipated from the relative reduc-
tion potentials. EHT calculation confirm reduction at the
bipyridine ligand. No oscillator strength calculations were
carried out on the singly reduced species, since there is no
geometry optimization in the EHT model to localize the odd
electron on one bpy ligand as experimentally anticipated. For
the doubly reduced species, however, EHT places an electron
on each bpy and predicts a cluster of dπ f π*(L) and dπ f
π*(bpy) transitions with the lowest intense MLCT band being
mainly localized as dπ f π* (bpy-) as anticipated. The inset
in Figure 6 confirms the composite nature of this lowest energy
MLCT transition. The experimental total oscillator strength of
this band is about 0.47 compared with a predicted theoretical
value of 0.26. Given the crudity of the wave functions generated
by the EHT model, this order of magnitude agreement is
acceptable.

Summary and Conclusion

The substituted pyrazolylpyridines described herein formed
complexes of the type Ru(bpy)2L2+, Ru(bpy)L22+, and RuL32+

with no particular difficulty. With large substituents, only single
isomers of the last two types formed (R andmer, respectively).
Compared to those of Ru(bpy)3

2+, the new ligands rendered
the complexes a little easier to oxidize and somewhat more
difficult to reduce, while their MLCT bands were blue-shifted
by 30-40 nm with little influence from aromatic substituents.
Spectroelectrochemical methods revealed the spectra of two

ruthenium(III)-containing oxidation products and a singly and
doubly reduced species. The LMCT bands in the former and
MLCT bands in the latter and in the parent species are composite

(30) Zhang, L. T.; Ondrechen, M. J.Inorg. Chim. Acta1995, 226, 43.
(31) LaChance-Galang, K. J.; Doan, P. E.; Clarke, M. J.; Rao, U.; Yamano,

A.; Hoffman, B. M. J. Am. Chem. Soc. 1995, 117, 3529.
(32) Vlček , A. A.; Pietro, W. J.; Fielder, S. S.; Lever, A. B. P. Paper in

preparation.
(33) Berger, R. M.; McMillin, D. R.Inorg. Chem. 1988, 27, 4245. Krejčı́k,

M.; Vlček, A. A. Inorg. Chem. 1992, 31, 2390. Elliott, C. M.;
Hershenhart, E.J. Am. Chem. Soc. 1982, 104, 7519. Záliš, S.; Krejčı́k,,
M.; Drchal, V.; Vlček, A. A. Inorg. Chem.1995, 34, 6008.

(34) Donohoe, R. J.; Tait, C. D.; DeArmond, M. K.; Wertz, D. W.
Spectrochim. Acta, Part A1986, 42A, 233. Donohoe, R. J.; Tait, C.
D.; DeArmond, M. K.; Wertz, D. W.J. Phys. Chem.1986, 90, 3923.

(35) Braterman, P. S.; Song, J. I.; Peacock, R. D.Inorg. Chem. 1992, 31,
555. Braterman, P. S.; Song, J. I.; Peacock, R. D.Spectrochim. Acta
1992, 48, 899.

Figure 5. The spectroscopic changes during the oxidation of complex
Ru(2)3(PF6)2 in CH3CN containing 0.2 M (TBA)PF6: (a) initial
spectrum without applying potential; (b) first scan after polarizing the
potential at 1.6 V vs AgCl/Ag; (c) spectrum taken 3 min after (b); (d)
final spectrum at 1.6 V. Inset: Expansion of the low-energy range of
the fully oxidized species.

Figure 6. Spectroscopic changes during the reduction of [Ru(bpy)25]+

in CH3CN containing 0.2 M (TBA)PF6: (a) at-1.8 V; (b) at-1.85
V; (c) at-1.9 V; (d) at-1.95 V; (e) at-2.0 V vs AgCl/Ag. Note that
the initial spectrum (a) corresponds to that of the monocation [Ru-
(bpy)25]+ and the final spectrum (e) to that of [Ru(bpy)25]. Inset:
Expanded low-energy region of spectrum (e).
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in nature and can be understood in terms of the electronic
structures of the complexes and utilizing extended Hu¨ckel theory
expanded to predict oscillator strengths.
According to the crystal structure ofâ-[Ru(bpy)(5)2](PF6),

the complexâ-[Ru(bpy)(6)2](PF6) will be well suited, in ionized
form, to a close supramolecular association with viologens
because the distance between the two carboxyl carbons (9.54
Å in â-[Ru(bpy)(5)2](PF6)) can comfortably accommodate a
viologen, in which the distance between the two pyridinium
nitrogens atoms is about 7.8 Å. The electrochemical and
spectral results suggest that the bipyridine ring ofâ-[Ru(bpy)-
(6)2](PF6) should be best able to relay an electron from RuII to
a viologen. According to the structure ofâ-[Ru(bpy)(5)2](PF6)2,
the bpy will be in close proximity to the supramolecularly bound
viologen, as it lies between the two parallel carboxyphenyl
groups at a 34° angle from the carboxy-to-carboxy axis. Work
is currently underway to demonstrate and exploit this supramo-
lecular association.

Experimental Section

General Procedures. The precursorscis-Ru(bpy)2Cl2‚2H2O,18

Ru(DMSO)4Cl219 and Ru(bpy)Cl3‚H2O20 were prepared according to
literature procedures. The new ligands were prepared as previously
reported.16 n-Bu4NPF6 (Aldrich) was recrystallized from absolute EtOH
and dried in a vacuum oven at 120oC for 1 d. CH3CN was fractionally
distilled from P2O5. THF was distilled over Na and benzophenone.
Column chromatography used neutral Al2O3, while TLC was carried
out on E. Merck DC-Plastikfolien aluminium oxide 60 F254 plates.

1H- and 13C-NMR spectra were recorded on a Bruker AMX-400
spectrometer in CD3CN. In this section and in Tables 1 and S-6
(Supporting Information), the assignments use the indazole numbering
(see Scheme 1) with primed positions referring to the 3-linked pyridine
group and doubly primed positions referring to phenyl substituents.
The values reported in this section are those not appearing in the tables.
Cyclic voltammetry (CV) was performed using a Pine Instruments
RDE-3 potentiostat. A conventional three-electrode cell was used in
all experiments. The working electrode was a Pt disk (0.196 mm2),
and the quasi-reference electrode was Ag or Ag/AgCl wire. A Pt wire
was used as a counter electrode. Ferrocene was added at the end of
each experiment to serve as the internal reference. Its potential was
taken to be+0.425 V vs SCE. UV-visible spectra were recorded
with Varian-2400 or HP-Model 8452A diode array spectrophotometers.
The spectroelectrochemical cell was based on the design of Krejcik et
al.36 and was modified as described in ref.37 Extended Hu¨ckel calcu-
lations24with charge iteration25were performed using an in-house modi-
fied program in conjunction with the Spartan v.3.1.2 builder.26 The
molecular structures of the species investigated were minimized using
the Spartan MM2 molecular mechanics routine with Ru-N distances
constrained according to the crystal structure ofâ-[Ru(bpy)(5)2](PF6)2.
X-ray Structure Determination. Single-crystals ofâ-[Ru(bpy)-

(5)2](PF6)2 were grown from MeOH at room temperature. X-ray
diffraction was carried out on a Siemens R3m/V diffractometer with
Mo KR radiation (λ ) 0.710 73 Å) at room temperature, using the
ω/2θ scan mode. The data were corrected for Lorentz and polarization
effects. No absorption correction was performed. Because of the
inherent systematic absences, only 2920 observed reflections were
collected. Except for H, at calculated positions according to a riding
model, and except for the disordered F (see below), a fully anisotropic
refinement of all atoms was performed by a full-matrix, weighted least-
squares method onF2 using SHELXL-93.38 Details of the data
collection and refinement, atomic coordinates, thermal parameters, and
bond lengths and angles are available in the Supporting Information.
The -COOEt groups showed substantial uncertainty (Figure 2), but
treating them as disordered was not necessary for our purposes. Both
PF6- groups were found to be substantially disordered. One group
was modeled as a P atom on a fully occupied site and two sets of F

atoms with fitted occupancies of 52% and 48%. The other was treated
as a P atom on its octahedral center, two axial F on fully occupied
sites, and two sets of equatorial F atoms, with fitted occupancies of
59% and 41%. All four PF6- sets were imposed octahedral geometries
with P-F distances of 1.53 Å and were treated as rigid groups. The
final weightedR(F2) value was 0.2573, corresponding to anR(F) value
of 0.1031 for data whereF > 4σ(F ).
[Ru(bpy)2L](PF6)2 Complexes. (a) [Ru(bpy)21](PF6)2. cis-Ru(bpy)2-

Cl2‚2H2O (1.04 g, 2.0 mmol) and 2H-3-(pyridin-2-yl)-4,5,6,7-tetrahy-
droindazole1 (0.42 g, 2.1 mmol) were heated under reflux in MeOH
or MeOH-H2O (4:1) overnight. The solvent was removed under
reduced pressure, the residue taken up in H2O, and the solution filtered
free of any unreacted ligand. The filtrate was treated with NH4PF6
(0.68 g, 4.2 mmol) to give a yellow-orange precipitate. Recrystalli-
zation from MeOH gave 1.2 g (66%) of orange crystals. Anal. Calcd
for C32H29F12N7P2Ru‚H2O: C, 41.75; H, 3.39; N, 10.65. Found: C,
41.31; H, 3.38; N, 10.48.1H-NMR: δ 1.78-1.89 (m, 4H), 2.57 (m,
1H), 2.67 (m, 1H), 2.91 (m, 2H), 11.27 (b s, 1H) ppm.13C-NMR: δ
21.70, 21.83, 22.32, 23.13 ppm.
(b) [Ru(bpy)22](PF6)2. By use of the same procedure as for1, the

crude product fromcis-Ru(bpy)2Cl2‚2H2O (0.24 g, 0.46 mmol) and
1-methyl-3-(pyridin-2-yl)-4,5,6,7-tetrahydroindazole2 (0.11 g, 0.50
mmol) was purified by column chromatography, using 5% MeOH in
CHCl3 as eluent, yielding 0.28 g (66%). Anal. Calcd for C33H31F12N7P2-
Ru: C, 43.24; H, 3.41; N, 10.70. Found: C, 43.20; H, 3.33; N, 10.79.
1H-NMR: δ 1.76-1.89 (m, 4H), 2.54 (m, 1H), 2.66 (m, 1H), 2.87 (s,
3H), 2.91 (m, 2H) ppm.13C-NMR δ 22.08, 22.36, 22.62, 22.92, 35.54
ppm.
(c) [Ru(bpy)23](PF6)2. Using the same procedure as for1, cis-Ru-

(bpy)2Cl2‚2H2O (0.26 g, 0.50 mmol) and 1-phenyl-3-(pyridin-2-yl)-
4,5,6,7-tetrahydroindazole (3) (0.14 g, 0.51 mmol) provided 0.35 g
(72%). Anal. Calcd for C38H33F12N7P2Ru‚H2O: C, 45.79; H, 3.54;
N, 9.84. Found: C, 46.17; H, 3.36; N, 9.82.1H-NMR: δ 1.77-1.90
(m, 4H), 2.20 (m, 1H), 2.38 (m, 1H), 3.03 (m, 2H), 6.09 (d, 1H, Ph),
6.85 (b, 1H, Ph), 7.11 (b, 2H, Ph), 7.30 (b, 1H, Ph) ppm.13C-NMR:
δ 22.11, 22.28, 22.86, 22.90, 128.84 (C-4′′), 130.6 (C-3′′, C-5′′), 131.96
(C-2′′), 136.88 (C-1′′), 137.57 (C-6′′) ppm.
(d) [Ru(bpy)24](PF6)2. As for 1, cis-Ru(bpy)2Cl2‚2H2O (0.26 g,

0.50 mmol) and 1-(4-(methoxycarbonyl)phenyl)-3-(pyridin-2-yl)-4,5,6,7-
tetrahydroindazole (4) (0.17 g, 0.51 mmol) produced 0.35 g (68%) after
recrystallization from MeOH. Anal. Calcd for C40H35F12N7O2P2Ru‚
H2O: C, 45.55; H, 3.54; N, 9.30. Found: C, 45.57; H, 3.37; N, 9.17.
1H-NMR δ 1.82-1.89 (m, 4H), 2.30 (m, 1H), 2.45 (m, 1H), 3.07 (m,
2H), 3.92 (s, 3H), 6.27 (b d, 1H, Ph), 7.42 (b, 2H, Ph), 7.68 (b, 1H,
Ph) ppm. 13C-NMR: δ 22.29, 22.40, 23.00 (2C), 53.33, 131.68
(C-3′′, C-5′′), 133.64 (C-2′′), 137.54 (C-6′′), 140.66 (C-1′′), 166.29
(CdO) ppm.
(e) [Ru(bpy)25](PF6)2. As for 1, cis-Ru(bpy)2Cl2‚2H2O (0.26 g, 0.50

mmol) and 1-(4-(ethoxycarbonyl)phenyl)-3-(pyridin-2-yl)-4,5,6,7-tet-
rahydroindazole5 (0.17 g, 0.49 mmol) produced 0.30 g (58%) with
recrystallization from MeOH. Anal. Calcd for C41H37F12N7O2P2Ru‚
2H2O: C, 45.31; H, 3.80; N, 9.02. Found: C, 45.52; H, 3.49; N, 9.01.
1H-NMR: δ 1.38 (t, 3H), 1.79-1.86 (m, 4H), 2.27 (m, 1H), 2.42 (m,
1H), 3.04 (m, 2H), 4.34 (q, 2H), 6.23 (b d, 1H, Ph), 7.4 (b, 2H, Ph),
7.69 (b d, 1H, Ph) ppm.13C-NMR: δ 14.60, 22.11, 22.25, 22.83, 22.85,
62.49, 128.11 (C-4′′), 131.42, 131.53, 133.65 (C-2′′), 137.30 (C-6′′),
140.43 (C-1′′), 165.61 (CdO) ppm.
(f) [Ru(bpy)26](PF6)2. As for 1, cis-Ru(bpy)2Cl2‚2H2O (0.26 g, 0.50

mmol) and 1-(4-carboxyphenyl)-3-(pyridin-2-yl)-4,5,6,7-tetrahydroin-
dazole (6) (0.19 g, 0.59 mmol) provided 0.40 g (78%). Anal. Calcd
for C39H33F12N7O2P2Ru‚H2O: C, 45.01; H, 3.39; N, 9.42. Found: C,
44.96; H, 3.43; N, 9.31.1H-NMR: δ 1.78-1.87 (m, 4H), 2.24 (m,
1H), 2.43 (m, 1H), 3.03 (m, 2H), 6.24 (b, 1H Ph), 7.43 (b, 2H, Ph),
7.70 (b, 1H, Ph) ppm.13C-NMR: δ 22.32, 22.43, 23.04, 132.00,
137.58, 140.51 ppm.
[Ru(bpy)L 2](PF6)2 Complexes. (a)r-[Ru(bpy)(4)2](PF6)2. Ru-

(DMSO)4Cl2 (0.12 g, 0.25 mmol) was treated with 0.17 g (0.51 mmol)

(36) Krejcik, M.; Danek, M.; Hartl, F.J. Electroanal. Chem. Interfacial
Electrochem.1991, 317, 179.

(37) Tse, Y. H. Ph.D. Thesis, York University, Toronto, Canada, 1994.

(38) Sheldrick, G. M.J. Appl. Crystallogr.in preparation. Sheldrick, G.
M. In Crystallographic Computing 6; Flack, H. D., Pa´rkányi, L. &
Simon, K., Eds.; Oxford University Press: Oxford, U.K.; 1993; pp
111-122.
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of 1-(4-(methoxycarbonyl)phenyl)-3-(pyridin-2-yl)-4,5,6,7-tetrahydroin-
dazole (4) in refluxing MeOH overnight. Then, 0.039 g (0.25 mmol)
of 2,2′-bipyridine was added, and the solution was again heated at reflux
overnight. MeOH was removed under reduced pressure, and water
was added to dissolve the residue. After filtration, 0.10 g (0.60 mmol)
of NH4PF6 was added to precipitate 0.29 g of crude orange solid. An
aliquot (70.6 mg) of this solid was chromatographed on a column, using
first 5% MeOH in EtOAc and then 5% MeOH in CHCl3 as eluents.
The first fraction amounted to 12.0 mg ofmer-[Ru(4)3](PF6)2. The
second provided 35.5 mg (48% yield) of the desiredR-[Ru(bpy)(4)2]-
(PF6)2, and the third gave 20.3 mg of [Ru(bpy)24](PF6)2. Anal. Calcd
for C50H46F12N8O4P2Ru‚2H2O: C, 48.04; H, 4.03; N, 8.96. Found: C,
48.31; H, 3.95; N, 8.68.1H-NMR: δ 1.79-1.88 (m, 4H), 2.26 (m,
1H), 2.42 (m, 1H), 2.90 (m, 2H), 3.90 (s, 3H), 6.78 (d, 1H), 7.19 (d,
1H), 7.47 (d, 1H), 7.65 (d, 1H) ppm.13C-NMR: δ 22.20, 22.45, 23.02,
53.34, 128.26, 129.42, 130.66, 131.13, 133.37, 140.22, 166.23 ppm.
(b) r-[Ru(bpy)(5)2](PF6)2 from Ru(DMSO)4Cl2. Using the same

procedure as for4, 1-(4-(ethoxycarbonyl)phenyl)-3-(pyridin-2-yl)-
4,5,6,7-tetrahydroindazole5 (0.17 g, 0.49 mol) provided 0.28 g of
crude products. Analogous chromatography of 75 mg of material
provided 14 mg ofmer-[Ru(5)3](PF6)2, 40 mg (48% yield) ofR-[Ru-
(bpy)(5)2](PF6)2, and 17 mg of [Ru(bpy)25](PF6)2. Anal. Calcd for
C52H50F12N8O4P2Ru‚H2O: C, 49.57; H, 4.16; N, 8.89. Found: C, 49.18;
H, 4.14; N, 8.73. 1H-NMR: δ 1.40 (t, 3H), 1.84-2.00 (m, 4H), 2.42
(m, 1H), 2.52 (m, 1H), 2.89 (m, 2H), 4.36 (q, 2H), 6.76 (d, 1H), 7.19
(d, 1H), 7.46 (d, 1H), 7.65 (d, 1H) ppm.13C-NMR: δ 14.64, 22.15,
22.41, 22.97, 62.53, 128.21, 129.34, 130.56, 130.99, 133.58, 140.10,
165.70 (CdO) ppm.
(c) â-[Ru(bpy)(5)2](PF6)2 from Ru(bpy)Cl 3‚H2O. A mixture of

Ru(bpy)Cl3‚H2O (0.38 g, 1.0 mmol) and 1-(4-(ethoxycarbonyl)phenyl)-
3-(pyridin-2-yl)-4,5,6,7-tetrahydroindazole5 (0.69 g, 2.0 mmol) was
heated at reflux in MeOH-H2O (4:1) overnight. This was freed of
solvents under reduced pressure, the residue taken up in H2O, and
the solution filtered to remove any unreacted ligand. NH4PF6 (0.50 g,
3.0 mmol) was added to precipitate 1.23 g of orange solid. After
dissolution in 1:9 MeOH-CHCl3 and cooling in a refrigator, 0.46 g
(37%) of pureâ-[Ru(bpy)(5)2](PF6)2 was obtained. Anal. Calcd for
C52H50F12N8O4P2Ru: C, 50.29; H, 4.06; N, 9.02. Found: C, 50.04;
H, 4.06; N, 9.00. 1H-NMR: δ 1.38 (t, 3H), 1.7-1.85 (m, 4H), 2.16-
2.29 (m, 2H), 2.95 (t, 2H), 4.34 (q, 2H), 6.04 (d, 1H), 7.21 (b d, 1H),
7.44 (b, 1H), 7.51 (b d, 1H) ppm.13C-NMR: δ 14.60, 21.97, 22.11,
22.72, 62.47, 127.91, 131.13, 131.35, 133.56, 139.76, 165.52 ppm. A
mixture (1:1) ofR- andγ-[Ru(bpy)(5)2](PF6)2, some [Ru(bpy)25](PF6)2,
and some [Ru(5)3](PF6)2 were also isolated from the crude product by
TLC and identified by1H-NMR.
(d) r-[Ru(bpy)(6)2](PF6)2. As for 4, 7 (0.16 g, 0.5 mmol) yielded

0.25 g of crude products in 78% yield (see text) containingR-[Ru-
(bpy)(6)2](PF6)2 (estimated yield 66%).1H-NMR: δ 6.75 (d, 1H), 7.18
(d, 1H), 7.49 (d, 1H), 7.66 (d, 1H) ppm.
(e)â-[Ru(bpy)(6)2](PF6)2. A solution ofâ-[Ru(bpy)(5)2](PF6)2 (0.25

g, 0.20 mmol) in 8 mL of 0.1 M NaOH and 25 mL of water was heated
under reflux overnight. After the water was evaporated under reduced
pressure, the residue was extracted with acetonitrile and the solution
filtered free of any insoluble material. The filtrate was evaporated to
remove CH3CN, and the residue was then taken up in H2O. Acidifica-
tion with 0.1 M HCl provided 0.21 g (89%) of pureâ-[Ru(bpy)(6)2]-
(PF6)2. Anal. Calcd for C48H42F12N8O4P2Ru‚H2O: C, 47.89; H, 3.68;
N, 9.31. Found: C, 47.74; H, 3.62; N, 9.24.1H-NMR: δ 1.74-1.85
(m, 4H), 2.17-2.27 (m, 2H), 2.95 (t, 2H), 6.04 (d, 1H), 7.19 (b d,
1H), 7.45 (b, 1H), 7.51 (b d, 1H) ppm.13C-NMR δ 21.99, 22.12, 22.73,
22.78, 125.29, 127.80, 131.45, 131.65, 133.45, 139.82, 166.15 ppm.
[RuL 3](PF6)2 Complexes. (a)mer- and fac-[Ru(1)3](PF6)2. A

mixture of Ru(DMSO)4Cl2 (0.14 g, 0.29 mmol) and1 (0.18 g, 0.90
mmol) was heated at reflux in MeOH-H2O (4:1) overnight. The
MeOH was evaporated at reduced pressure, and the residue was filtered
to remove any unreacted ligand. The filtrate was then treated with
NH4PF6 (0.11 g, 0.67 mmol) to give 0.27 g of a yellow solid. After
dissolution in MeOH (10 mL), trituration with ether and cooling in a
refrigerator resulted in the precipitation of puremer-[Ru(1)3](PF6)2 (0.17
g, 59%). Anal. Calcd for C36H39F12N9P2Ru‚CH3OH‚H2O: C, 42.78;
H, 4.37; N, 12.13. Found: C, 42.73; H, 4.52; N, 11.86.1H-NMR: δ
1.73-1.93 (m, 12H), 2.63-2.72 (m, 6H), 2.90 (m, 6H), 11.20 (s, 1H),

11.24 (s, 2H) ppm.13C-NMR: δ 21.63, 21.80, 22.31, 23.08 ppm. The
mother liquor was evaporated to provide purefac-[Ru(1)3](PF6)2 (0.10
g, 35%). An analytical sample was obtained by recrystallization from
MeOH. Anal. Calcd for C36H39F12N9P2Ru‚3CH3OH: C, 43.18; H,
4.74; N, 11.62. Found: C, 43.05; H, 4.35; N, 11.26.1H-NMR: δ
1.76-1.89 (m, 4H), 2.58 (m, 1H), 2.68 (m, 1H), 2.88 (m, 2H), 12.34
(b s, 1H) ppm. 13C-NMR: δ 21.68, 22.02, 22.46, 23.24 ppm.
(b) mer-[Ru(2)3](PF6)2. As for 1, Ru(DMSO)4Cl2 (0.17 g, 0.35

mmol) and2 (0.25 g, 1.2 mmol) provided 0.25 g (69%) of puremer
product. Anal. Calcd for C39H45F12N9P2Ru: C, 45.44; H, 4.40; N,
12.23. Found: C, 45.82; H, 4.30; N, 12.55.1H-NMR: δ 1.76-1.92
(m, 12H), 2.57 (m, 3H), 2.71 (m, 3H), 2.82-2.94 (m, 6H), 2.83 (s,
3H), 2.92 (s, 3H), 2.94 (s, 3H) ppm.13C-NMR: δ 21.96, 22.02, 22.34,
22.41, 22.57, 22.67, 22.88, 22.93, 35.10, 35.27, 35.51 ppm.
(c) mer-[Ru(3)3](PF6)2. As for 1, Ru(DMSO)4Cl2 (0.16 g, 0.33

mmol) and3 (0.31 g, 1.1 mmol) produced 0.23 g (57%) of themer
complex. Anal. Calcd for C54H51F12N9P2Ru: C, 53.29; H, 4.22; N,
10.36. Found: C, 52.83; H, 4.29; N, 10.31.1H-NMR: δ 1.63-2.96
(CH2), 5.97 (d, 1H, Ph), 6.23 (d, 1H, Ph), 6.38 (d, 1H, H-2′′), 6.97 (d,
1H, H-3′′), 7.07 (t, 1H, H-4′′), 6.85 (d, 1H, H-5′′), 7.02 (d, 1H, H-6′′),
7.19 (b, 1H, Ph), 7.42 (b, 1H, Ph) ppm.13C-NMR: δ 21.89, 21.97,
22.22, 22.37, 22.63, 22.79, 22.85, 22.97, 23.00, 128.00, 128.57, 129.06,
129.42, 129.63, 129.89, 130.04, 130,17, 131.52, 131.55, 131.84, 136.08,
136.23, 136.69 ppm.
(d) mer-[Ru(4)3](PF6)2. As for 1, Ru(DMSO)4Cl2 (0.049 g, 0.10

mmol) and4 (0.11 g, 0.33 mmol) gave 0.070 g (50%) ofmerproduct.
Anal. Calcd for C60H57F12N9O6P2Ru: C, 51.80; H, 4.13; N, 9.06.
Found: C, 52.28; H, 4.19; N, 8.88.1H-NMR: δ 1.67-2.95 (CH2),
3.86, 3.91, 3.94, 6.04 (b d, 1H, Ph), 6.44 (b, 1H, Ph), 6.57 (dd, 1H,
H-2′′), 6.93 (b, 1H), 7.05 (dd, 1H, H-3′′), 7.36 (d, 1H, H-5′′), 7.41 (b,
1H), 7.61 (d, 1H, H-6′′), 7.73 (b, 1H), 8.03 (b, 1H) ppm.13C-NMR:
δ 21.80, 21.96, 22.16, 22.26, 22.53, 22.57, 22.71, 22.83, 22.99, 128.15,
128.92, 129.66, 130.20, 130.43, 130.77, 130.86, 130.96, 132.98, 133.11,
133.31, 137.42, 166.13, 166.18, 166.39 (CdO) ppm.
(e) mer-[Ru(5)3](PF6)2. As for 1, Ru(DMSO)4Cl2 (0.16 g, 0.33

mmol) and5 (0.38 g, 1.1 mmol) provided 0.36 g (76%) of thismer
complex. Anal. Calcd for C63H63F12N9O6P2Ru: C, 52.80; H, 4.43;
N, 8.80. Found: C, 52.50; H, 4.35; N, 8.87.1H-NMR: δ 1.33 (t,
3H), 1.41 (t, 3H), 1.43 (t, 3H), 1.68-2.98 (CH2), 4.32 (q, 2H), 4.37
(q, 2H), 4.39 (q, 2H), 6.05 (d, 1H), 6.43 (b, 1H), 6.56 (dd, 1H, H-2′′),
6.96 (b, 1H), 7.04 (dd, 1H, H-3′′), 7.36 (d, 1H, H-5′′), 7.40 (b, 1H),
7.60 (d, 1H, H-6′′), 7.65 (b, 1H), 7.73 (b, 1H), 7.77 (b, 1H), 8.04 (b,
1H) ppm. 13C-NMR: δ 14.48, 14.63, 14.63, 21.76, 21.95, 22.03, 22.15,
22.27, 22.51, 22.60, 22.71, 22.81, 22.97, 62.53, 62.59, 62.72, 128.19,
128.86, 128.95, 129.61, 130.31, 130.68, 130.79, 130.93, 133.31, 133.39,
133.60, 137.36, 165.62, 165.66, 165.91 (CdO) ppm.
(f) mer-[Ru(6)3](PF6)2. As for 1, Ru(DMSO)4Cl2 (0.19 g, 0.39

mmol) and6 (0.38 g, 1.2 mmol) produced 0.29 g (55%) ofmerproduct.
Anal. Calcd for C57H51F12N9O6P2Ru: C, 50.75; H, 3.81; N, 9.34.
Found: C, 50.51; H, 4.11; N, 9.26.1H-NMR (DMSO-d6): δ 1.73-
1.91 (m), 2.22-2.32 (m), 2.89-3.05 (m), 6.02 (d, 1H), 6.69 (b, 1H),
6.80 (d, 1H), 7.02 (b, 1H), 7.13 (d, 1H), 7.25 (d, 1H), 7.48 (b, 1H),
7.54 (d, 1H), 7.93 (b, 1H), 7.96 (b, 1H) ppm.13C-NMR (DMSO-d6):
δ 20.46, 20.55, 20.63, 20.80, 20.97, 21.16, 21.28, 21.39, 21.56, 21.65,
116.35, 116.57, 116.78, 127.00, 127.40, 127.85, 128.18, 128.51, 129.00,
129.50, 136.24, 166.06, 166.10, 166.32 ppm.
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