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Abstract

The mixed-ligand ruthenium(III) complexes with
the following compositions were synthesized and
isolated chromatographically:  [Ru(acac),(tfpb)],
[Ru(acac)(tfpb),], [Ru(acac),(hfac)] and [Ru-
(dpm),(hfac)] (acac™, 2,4-pentanedionate ion; tfpb~,
4 4 A-trifluoro-1-phenyl-1,3-butanedionate ion; hfac™,
1,1,1,5,5,5-hexafluoro-2 4-pentanedionate ion; dpm™,
2,2,6,6-tetramethyl-3,5-heptanedionate  ion).  At-
tempts to isolate [Ru(acac)(hfac),] failed; but a
mixture of K[Ru(acac)(hfac),] and K[Ru(hfac)s]
was obtained. The structure of one of the three
geometrical isomers of [Ru(acac)(tfpb),] was de-
termined by means of single-crystal X-ray structure
analysis. The 'H NMR and UV—Vis spectral data of
the isolated complexes are presented. Each of these
complexes gave a Nernstian one-electron reduction
step and a Nernstian or quasi-Nernstian one-electron
oxidation step in 0.1 mol dm™® (CyHs)sNCIO4—
acetonitrile solution at 25 °C. The linear dependence
of their reversible half-wave potentials on the ligand
composition is discussed in detail.

Introduction

A few octahedral metal complexes with two kinds
of B-diketonates have been studied [3—8]. Recently,
stereoisomerism and electrochemical behavior of
cobalt(IlI) complexes with two different S-diket-
onates, one of which is an unsymmetrical ligand,
have been investigated in detail by Saar et al. [9].
The electrochemistry of mixed-ligand f$-diketonato
complexes of ruthenium has only been reported in
one paper [10] to the authors’ knowledge. The sys-
tem studied there, however, was a mixture of [Ru-
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(acac),(hfac)] and [Ru(acac)(hfac),], where acac™
is the anion of 2.4-pentanedione and hfac™ is the
anion of 1,1,1,5,5,5-hexafluoro-2,4-pentanedione.

A number of tris(8-diketonato)ruthenium(IIT)
complexes have been prepared [11-21], and their
electrochemistry has often been investigated since
the work of Patterson and Holm [10]. The linear
dependence of the reversible half-wave potential
of the oxidation steps [15, 18] and the reduction
steps [16, 18] on the Hammett constants of the
B- and ~y-substituents of the ligands have been re-
ported recently. The reversible half-wave potentials
of the one-electron reduction steps of several tris(S-
diketonato)ruthenium complexes were also linearly
correlated with the first ionization energies of these
molecules in the gas phase [19].

This paper describes the synthesis and character-
ization of some mixed-ligand §-diketonatoruthenium
complexes. Their electrochemical behavior was
studied in an acetonitrile system, and relationships
between the ligand composition and the reversible
half-wave potential of their oxidation and reduction
are discussed in detail. The complexes studied here
are [Ru(dpm),(hfac)] and the members of two
complete series of compounds [Ru(acac),(hfac); — ]
and [Ru(acac),(tfpb)s_,] (n = 0, 1, 2 and 3), where
tfpb™ is the anion of 4,4 4-trifluoro-1-phenyl-1,3-
butanedione and dpm™ is the anion of 2,2,6,6-tetra-
methyl-3,5-heptanedione. Among them, [Ru(tfpb);]
has two geometrical isomers and [Ru(acac)(tfpb),]
has three as shown in Fig. 1. The preparation of these
complexes is described in the following subsections,
but the preparative method of K[Ru(tfpb);] is given
elsewhere [20] where the ligand is abbreviated as
‘bhfa’.

Experimental

Preparation of the Complexes

[Rufacac).(tfpb); _,] series
A mixture containing all the members of this
series was obtained by means of the ‘ruthenium blue’
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Fig. 1. Configurations of the geometrical isomers of [Ru(tfpb)s] and [Ru(acac)(tfpb),;]. The capital letters correspond to the

products in Fig. 2.

solution method [20,21]. Hydrated ruthenium
trichloride (1 g, 4.4 mmol as Ru) was dissolved in
a mixture of water (50 cm?) and ethanol (100 cm?).
The solution was refluxed on a steam bath for 4-5 h,
when the color of the solution turned green—blue,
Then Hacac (0.48 g, 4.8 mmol) and Htfpb (2.09 g,
9.68 mmol) were added to the solution at one time.
The total amount-of-substance ratio of the ligands
to Ru was 3.3. The mixture was refluxed until its
color turned purple (for ¢. 30 min). A portion of
potassium hydrogencarbonate was added after the
mixture was cooled, and the mixture was refluxed
again for 1 h; this procedure was repeated. The
amount-of-substance ratio of KHCOj; to the ligands
was 1.0. The color of the mixture gradually turned
purple--red. Then the solution was concentrated
to ¢. 40 cm? in a rotary evaporator. The crude
crystals deposited were collected and dried under a
vacuum. Complete separation of these complexes
was achieved by means of preparative thin-layer
chromatography on silica gel and column chroma-
tography according to the scheme shown in Fig. 2.
These complexes will be numbered as follows:
la, mer- and 1b, fac-[Ru(tfpb);]; 2a, ab-acetylace-
tonato-fc,de-bis(4,4,4-trifluoro-1-phenyl-1,3-butane-
dionato)ruthenium(I1T) or trans(CF;)-cis(C¢Hs)-[Ru-
(acac)(tfpb),]; 2b, ab-acetylacetonato-fc,de-bis-
(4,4,4-trifluoro-1-phenyl-1,3-butanedionato)ruth-

enium(Ill) or cis(CF3)-cis(C¢Hs)-[Rufacac)(tfpb),];
2c, ab-acetylacetonato-cf-ed-bis(4,4,4-trifluoro-1-
phenyl-1,3-butanedionato)ruthenium(IIl) or ¢is(CF ;)-
trans(Ce¢Hs)-[Ru(acac)tfpb),]; 3, [Ru(acac),(tfpb)];
4, [Ru(acac);].

[Rufacac),(hfac)] (5)

A ‘ruthenium blue’ solution containing 4.4 mmol
Ru was prepared under argon gas (anaerobic condi-
tions improved the vyield). First, 7.26 mmol of
Hacac was added to the solution, and the mixture
was refluxed for ¢. 30 min. After the mixture was
cooled to room temperature, 0.51 g (5.1 mmol)
of KHCO; was added, and the mixture was refluxed
again for 30 min. Then 7.26 mmol of Hhfac was
introduced, and refluxing was continued for ¢. 30
min. After another portion (9 mmol) of KHCO,
was added, the mixture was refluxed again for 40
min. The color of the mixture gradually turned dark
purple—red. The solution was concentrated to c.
30 ecm®. The precipitate was collected by filtration
and dried under a vdacuum. It was then extracted
with benzene. The extract was concentrated to c.
10 cm’® in a rotary evaporator. The dark purple—red
concentrate was passed through a column of silica
gel 60 (Merck) and the column was washed with
benzene. The dark purple—red eluate was evaporated
to dryness, and the solid was dissolved in a mixture



43

extraction with benzene

column chromatography l: 20 cm length, 2 cm diameter,
Merck Aluminiumoxid 90 (aktivitdtsstufe II-IXII)/benzene

eluent of the 1st band{broad,brown) eluent of the 2nd band(red)

evaporation

column chromatography 2: 45 cm length, 2 cm diameter,
Merck silica gel 60/hexane(l12)~benzene(7)

lst band 2nd band 3rd band 4th band

5th band

evaporation to dryness

a)

evaporation to dryness

extraction with EtOH

_ | |
1

recrystallization from MeOH

preparative thin layer chromatography:
0.5 mm thickness, 20x20 cm plate, Merck
silica gel 60/hexane(12)—benzene(7)

79 times development

upper band lower band

extraction with benzene

filtration (Celite column)

recrystallization from MeOH

2]

=

Fig. 2. Scheme for the isolation of [Ru(acac),,(tfpb)3_,] series. A, mer-[Ru(tfpb)s] (1a); B, fac-[Ru(tfpb)3] (1b); C, trans(CT 3)-
cis(CeHs)-[Ru(acac)(tfpb)2| (2a); D, cis(CF3)-cis(CgHs)-[Rufacac)(tfpb)a] (2b); E, cis(CF 3)-trans(CgHs)-[Ru(acac)(tfpb),|
(2¢); F, [Ru(acac),(tfpb)] (3); G, [Ru(acac);] (4). 2The red-~brown band (5th band) was taken out of the column and extracted

with ethanol.

of benzene and hexane (7:12 by volume). The
solution was poured onto another column of Merck
silica gel 60, and the column was washed with the
same solvent. The compound obtained by evaporat-
ing the eluate to dryness was recrystallized from
methanol. The dark purple—red crystals were dried
under a vacuum (yield 6.6% on the basis of ru-
thenium trichloride).

K[ Rufacac)fhfac),] (6)

A number of attempts at complete isolation of
this complex failed, and only a relatively pure sample
contaminated by K[Ru(hfac);] was obtained by the
following procedure. A ‘ruthenium blue’ solution
was prepared from 1.5 mmol Ru under argon. The
solution was cooled to 0°C and Hacac (0.28 g, 2.8
mmol) and Hhfac (0.50 g, 2.4 mmol) were added
at one time together with KHCO; (0.48 g, 4.8 mmol),
and the mixture was warmed up to ¢. 30°C at a
heating rate of 0.75 °C min~!. The color of the solu-
tion gradually turned purple—brown. Then the
mixture was cooled again to ¢. 0 °C. The precipitate
which appeared at this stage was filtered off, and the

filtrate was poured onto a column of Sephadex
LH-20 (3.5 cm internal diameter, 46 cm long). The
column was eluted with ethanol. The second-band
eluate (brown-—red) was collected and concentrated
to c¢. 10 cm® quickly in a rotary evaporator, when
some precipitate was formed. The precipitate was
filtered off. The filtrate, which contained K[Ru-
(acac)(hfac),]. was subjected to flush column
chromatography on silica gel 60 (3.5 c¢cm internal
diameter, 40 cm long). 2-Methyl-2-propanol was
used as the developing agent to minimize decom-
position. Fractions of the purple—red eluate were
collected. Some part of the complex in these frac-
tions was in the ruthenium(IIl) state. It was reduced
back to the ruthenium(Il) state by the addition
of a slight excess of K[Ru(tfpb);] (this reductant
was chosen because it was soluble in propanol and
its oxidation form was readily extracted into ben-
zene). The mixture was evaporated to dryness and
the solid was treated with benzene in order to extract
the ruthenium(III) species. The residue was collected
by filtration and dried under a vacuum. It still con-
tained an appreciable amount of K[Ru(hfac);].
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[Ru({dpm),(hfac)] (7)

A procedure similar to that for [Ru(acac),(hfac)]
was used. The amount-of-substance ratio of Hdpm
to Ru was 2.3, and that of Hhfac to Ru was 1.7.
The crude crystals were dissolved in benzene and the
insoluble residue was filtered off. The purple—red
solution was evaporated to dryness. The solid was
dissolved in a small volume of benzene—hexane
mixture (1:3 by volume) and the solution was sub-
jected to column chromatography (silica gel 60,
2 cm diameter, 36 cm long). Development with the
benzene—hexane mixture gave rise to two zones.
The eluate of the second zone, which was dark
purple—red, was concentrated to ¢. 2 cm®. The
solution was poured onto a column of silica gel
(2 cm diameter, 37 c¢m long) and washed with a
mixture of benzene—hexane (volume ratio, 1:5).
The dark purple—red eluate was evaporated to
dryness. The solid was recrystallized from methanol—
water and the crystals were dried under a vacuum.
The yield was 1.4%.

Other Chemicals

Tetraethylammonium perchlorate (TEAP) of
special polarographic grade and hydrated ruthenium
trichloride were obtained from Nakarai Chemical
Ltd. High purity acetonitrile for spectrometry (Dotite
Spectrosol) was used for the measurement of UV—
Vis spectra, but acetonitrile for electrochemical
experiments was purified as described previously
[18]. Chromatographic grade benzene and hexane
were used throughout. The f-diketones were pur-
chased from Dojindo Laboratories. Deuterated
chloroform was purchased from C.E.A., France.

Single Crystal X-ray Structure Analysis of trans(CF 5 }-
cis(CeHSs )-{ Rufacac)(tfpb),] (2a)

About 30 mg of product C (Fig. 2) was dissolved
in ethanol (¢. 80 cm?), and the solution was concen-
trated to ¢. S cm® on a steam bath. The nearly
saturated solution, after being cooled to room tem-
perature, was allowed to stand still in a closed vessel
containing water. After a week, deep brown-—red,
plate crystals were obtained. Several suitable crystals
were selected for the X-ray structure analysis.

The Laue symmetry and approximate cell dimen-
sions were determined from Weissenberg photographs
taken with Cu Ka radiation. The cell dimensions
were refined by the least-squares analysis of the @
values of 25 reflections measured on a Rigaku
AFC-6A automated four-circle diffractometer with
Mo Ko radiation. Crystal data: orthorhombic, with
space group Pbca, a = 17.970(6), b = 18.296(3),
c=15762(3) A, (A = 1071 m), V = 5182(2) A°,
u(Mo Ka) = 6.58 cm™, M, = 630.5, Z = 8, Dy
(flotation)=1.59 g em™3, D, = 1.62 g cm ™3,

Intensity data were collected by using the dif-
fractometer operating in the w—26 scan mode with

graphite-monochromated Mo Ka radiation (0.7107
A). A crystal specimen of 0.18 X 0.40 X 0.08 mm
was used. Structure refinement was carried out by
using 2314 independent reflections with |F,| >
30()F,1). The intensities were corrected for Lorentz
and polarization factors, but no correction was made
for the absorption. All calculations were carried out
on HITAC M-200H and HITAC M-680H computers
at the Computer Center of the University of Tokyo
by using a local version of UNICS [22]. The atomic
scattering factors were taken from the published
tables [23].

The position of the Ru atom was obtained from
a three-dimensional Patterson function, while the
positions of all the non-hydrogen atoms were succes-
sively located by the Fourier syntheses. The hydrogen
atoms (except for the CHj3 group) were placed into
the calculated positions with a fixed value of C—H
1.08 A. The positional, isotropic and then anisotrop-
ic parameters of the non-hydrogen atoms (except for
CF, groups) were refined by a repeated block-
diagonal least-squares method. The weighting scheme
was w = 1/[{o(iF,[)}* + (0.025 X |F,])*]. The final
Rvalue (R = {Z||F,| - IF I}/ Z|F,1) was 0.098.

Measurements

The 'H NMR spectra of the complexes in CDCl,
at room temperature were obtained on JEOL JNM
FX-200 and GX-270 instruments. A Hitachi Model
200-20 spectrophotometer was used for recording
U'V--Vis spectra.

Voltammograms of the complexes in acetonitrile
containing 0.1 mol dm™3 TEAP at (25 + 0.1) °C
were recorded with a stationary platinum disk elec-
trode (SPtDE, ¢ = 1.99 mm) as described previously
[18]. All the potentials were measured against a
silver—silver ion reference electrode, Ag/0.1 mol
dm™? AgClO,—acetonitrile.

Results and Discussion

Syntheses and Ligand Exchange Reactions

The elemental analyses of [Ru(acac),(tfpb)s .. ,]
(n =0, 1 and 2), [Ru(acac),(hfac)] and [Ru(dpm)s,-
(hfac)] are presented in Table 1. The total yield of
[Ru(acac)(tfpb),] and [Ru(acac),(tfpb)] was 20.1%
based on hydrated ruthenium trichloride. The yield
was 6.6% for [Ru(acac),(hfac)] and 1.4% for [Ru-
(dpm),(hfac)]. The yields of the mixed-ligand com-
plexes tended to decrease when the reversible half-
wave potentials for the Ru™/Ru!’ process of the
end members were widely separated.

An alternative preparative method for mixed-
ligand f-diketonatoruthenium complexes, which is
based on the substitution of bis(acetonitrile)bis-
(acetylacetonato)ruthenium(II), has been published
recently [24]. This method is suitable when mixed-
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Complex Ru (%) C (%) H (%)

mer-[Ru(tfpb)z] (la) 13.1(13.5) 48.25(48.27) 2.29(2.43)
fac-[Ru(tfpb) 3] (1b) (13.5) 48.52(48.27) 2.59(2.43)
trans-(CF 3)-cis(C¢Hs)-[Ru(acac)(tfpb),] (2a) 16.0(16.0) 47.34(47.63) 2.97(3.04)
cis-(CF3)<is(CgHs)-[Ru(acac)(tfpb),] (2b) (16.0) 47.66(47.63) 3.04(3.04)
cis-(CF 3)-trans(C¢Hs)-[ Ru(acac)(tfpb),] (2¢) (16.0) 47.57(47.63) 3.05(3.04)
[Ru(acac),(tfpb)] (3) 19.9(19.6) 46.42(46.70) 3.86(3.92)
[Ru(acac),(hfac)] (5) 20.0(20.0) 35.30(35.58) 2.89(2.99)
[Ru(dpm),(hfac)] (7) (15.0) 47.87(48.07) 5.70(5.83)

4Calculated values are given in parentheses.

ligand complexes of the type [Ru(acac),L] are to
be prepared. The present method, on the other hand,
is more useful for the syntheses of a series of mixed-
ligand complexes at one step.

Labile equilibria, however, presented difficulty.
When a ‘ruthenium blue’ solution was treated with
Hacac and Hhfac, [Ru'(acac)(hfac),]” was formed
at an early stage. But it underwent substitution
reactions with the ligands still present in excess
(Scheme 1), and it no longer remained when the
reaction was completed. Even by careful adjustment
of the reaction conditions as described before, only
a mixture of K[Ru'(acac)(hfac),] and K[Ru'.
(hfac);] was obtained. Attempts to isolate the former
by means of chromatography were so far unsuccess-
ful.

11 -
[Ru**(acac)(hfac),] +thac—>[Ru”(hfaC)3]_

Scheme 1.

The following observation indicates the presence
of such ligand exchange reactions. When Hhfac was
added to an ethanolic solution of the mixture of
K[Ru(acac)(hfac),] and K[Ru'!(hfac);] at room
temperature, the visible absorption spectrum began
to change slowly. The absorption band at 370 nm
intensified at the expense of the absorption bands
at 490 and 528 nm, and the shoulder at 570 nm
disappeared after 4 h. There was an isosbestic point
at 442 nm. The spectrum finally became the same as
that of K[Ru'*(hfac),].

The failure to isolate K[Ru(dpm)(hfac),] can
be attributed to similar ligand-exchange reactions.

Identification of Geometrical Isomers

Product A, B and D in Fig. 1 were identified on
the basis of the 'H NMR data. Product A showed
three signals from the methine protons of the tfpb™
ligands, whereas product B showed only one signal.
Accordingly, product A is mer-[Ru(tfpb);], which
has no symmetry, and product B is fac-[Ru(tfpb)s],
which has C3; symmetry. Product D gave rise to
eleven signals. and product C and E six each (Table

+ Hacac—[Ru(acac),(hfac)]™

2). Therefore, product D is identified as cis(CF3)-
cis(C¢Hs)-[Ru(acacXtfpb),], which has no sym-
metry.

Discrimination between trans(CF 3)-cis(C¢Hs )-[Ru-
(acac)(tfpb);] and cis(CF3)-trans(C¢Hs-[Ru(acac)-
(tfpb).] is not possible from the NMR spectra, since
both have C, symmetry. The X-ray analysis of
product C revealed that this was trans(CF 3)-cis-
(C¢Hs)-[Ru(acacXtfpb),] (Fig. 3; details are pre-
sented in a later section). Then product E must
be cis(CF 3)-trans(C¢Hs)-[Ru(acacXtfpb).].

'H NMR Spectroscopy

Table 2 presents the 'H NMR data of the com-
plexes in CDCl; at ambient temperature together
with the assignment of the signals. The NMR spectra
exhibit paramagnetic shifts. The assighment of the
methine, methyl and t-butyl signals in the mixed-
ligand complexes with C, symmetry (trans(CFs)-
cis(C¢Hs)-[Ru(acacXtfpb),y],  c¢is(CF3)-trans(Cg¢Hs)-
[Ru(acac)(tfpb),], [Ru(acac)y(hfac)] and [Ru-
(dpm),(hfac)]) was based on the integral ratios and
on the comparison with the spectra of [Ru(acac);]
and [Ru(dpm);] [20, 25, 26]. Complete assignment
of the methine signals in the complexes with no
symmetry (mer-[Ru(tfpb)s], cis(CF3)-cis(C¢Hs)-[Ru-
(acac)(ifpb).] and [Ru(acac),(tfpb)]) was not pos-
sible owing to the lack of information about the
unpaired-electron spin densities of the individual
chelate rings in these complexes. The phenyl protons
were assigned on the basis of both the integral ratios
and the paramagnetic shift pattern of the m ring sys-
tem in the phenyl group: the o-H and the p-H shift
to the same direction, whereas the m-H shifts to the
opposite field [27-29].

The paramagnetic shifts in tris(3-diketonato)-
ruthenium(I11) complexes can arise from both the
contact interaction and the pseudo-contact inter-
action [25]. All the methine proton signals are
shifted upfield from the corresponding signals of the
diamagnetic tris(3-diketonato)metal complexes [3,
30,31], and their half-peak widths are large, c.
100—-200 Hz. It is noted that the methine proton
signal of the acac™ ring of frans(CF4)<is(C¢Hs)-
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Fig. 3. Perspective drawing of product C (frans(CF3)-cis-
(CeHs)-[Ru(acac)(tfpb)z]) with the numbering scheme of

the atoms.
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[Ru(acac)(tfpb),] is more upfield than the methine
protons signals of the tfpb™ ring, and the reverse
is true for cis-(CF;)-trans(C¢Hs)-[Ru(acac)(tfpb),].
This fact indicates that the paramagnetic shift of the
methine protons is predominantly caused by the
contact interaction, because the methine proton
signals of both the acac™ ring and the tfpb™ ring
would be shifted to the same direction and to the
same extent if the pseudo-contact interaction were
predominant.

X-ray Structure of trans{CF3)-cis{C¢Hs }-
{Rufacac)(1fpb),]

The molecular structure is shown in Fig. 3 with
the numbering scheme of the atoms. Selected inter-
atomic distances and angles are given in Table 3. The
average Ru—O bond length in the acac™ chelate ring
agrees well with the reported values (2.00 A) [32,
33]. There are two kinds of Ru—O bond lengths in
the tfpb™ rings, i.e. the Ru—O bonds nearest to

TABLE 3. Selected bond lengths and angles of trans(CF3)~is(CgHs)-[Ru(acac)(tfpb),] with standard deviations

Bond lengths (&)
Ru--0O(11)
Ru-0(12)
o(11)-C(11)
0(12)-C(13)
C(11)-C(12)
C(12)-C(13)
C(11)-C(14)
C(13)-C(41)
C(14)-F(11)
C(149)-F(Q12)
C(14)-F(13)

Bond angles (°)
O(11)-Ru-0(12)
Ru-0O(11)-C(11)
Ru—-0(12)-C(13)
0(11)-C(11)-C(12)
0(12)-C(13)-C12)
C(11)-C(12)-C(13)
oan-can-cas)
C(12)-C(11)-Cc(14)
0(12)-C(13)-C41)
C(12)-C(13)-C(41)

0(31)~-Ru-0(32)

Ru-0(31)-C(31)

Ru-0(32)-C(33)

0(31)-C(31)-C(32)
0(32)-C(33)-C(32)
0(31)-C(32)-C(33)
0(31)-C(31)-C(61)
C(32)-C(31)-C(61)
0(32)—C(33)-C(62)
C(32)-C(33)~C(62)

1.98(1)
2.01(1)
1.23(2)
1.26(2)
1.41(2)
1.42(3)
1.53(3)
1.52Q2)
1.22(3)
1.33(3)
1.18(4)

94.7(4)
122(1)
123(1)
130(2)
126(2)
124(1)
111(2)
119(2)
116(1)
118(1)

91.1(4)
122.6(9)
124Q1)
125(2)
124(2)
129(2)
116(2)
119(1)
112(2)
125(2)

Ru-0(21) 1.98(1) Ru-0(31) 2.01Q1)
Ru-0(22) 1.99(1) Ru—0(32) 1.99(1)
0(21)-C(21) 1.32Q2) 0(31)-C(31) 1.25(2)
0(22)-C(23) 1.24(2) 0(32)-C(33) 1.29(2)
C@21)-CQ22) 1.41(3) C(31)-C(32) 1.37(2)
C(22)-C(23) 1.41(3) C(32)-C(33) 1.34(2)
C@21)-C(51) 1.46(2) C(31)-C(61) 1.55(3)
C(23)-C(24) 1.52(3) C(33)-C(62) 152(3)
CQ4)-F21) 1.28(3)

C(24)-F(22) 1.32(3)

C(24)-F(23) 1.17(3)

0(1)-Ru—0(22) 92.1(4)

Ru—0(21)-C(21) 125(1)

Ru-0(22)-C(23) 124(1)

0(21)~C(21)-C(22) 122(2)

0(22)-C(23)-C(22) 128(2)

CQN-CQ2)-C23)  126(2)

0(21)-CQ1H-CG1) 117Q2)

C(22)-CQ1)-C(51) 122(2)

0(22)-C23)-C24)  112Q2)

C(22)-C(23)-C(24) 120(2)
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—CF; and the Ru—O bonds nearest to C¢Hs. One pair
of Ru—0 bonds (Ru—O(21) and Ru-0(22)) is
almost the same, but the other pair (Ru—0Q(11)
and Ru- O(12)) is not very similar as has been found
in other metal chelates with the tfpb™ ligand [34,
35].

The phenyl groups were placed at 6—7° to the
chelate plane, and the bond lengths, C(13)—C(41)
and C(21)-C(51), were slightly longer than the
C(sp*)—C(sp?) bond length.

UV—Vis Spectra

The UV-—-Vis spectral data of the complexes in
acetonitrile are presented in Table 4. The UV—Vis
spectra of some tris(8-diketonato)ruthenium(IIl)
complexes have been assigned recently [26, 36].
According to Kobayashi et al. [26], the three ab-
sorption bands of [Ru(acac);] observed in the range
of (18—40) X 10® cm™! are ascribed to the excited

TABLE 4. Absorption spectral data in acetonitrile

states which are the configuration—interaction ad-
mixtures of the ligand-to-metal charge-transfer
excited states and the ligand (m, 7*) excited triplets
and singlets. The electronic spectra of mixed-ligand
B-diketonatoruthenium(IIl) complexes are more
difficult to assign than those of the tris complexes.
The bands at ¢. 300 nm of [Ru(acac),(tfpb); ]
(n = 0, 1 and 2), however, can be attributed to the
(n, w*) transition of the phenyl group, because no
corresponding band was present in the other com-
plexes and the intensity increased with the number
of the tfpb™~ ligand.

Electrochemistry
The voltammetric characteristics of the mixed-
ligand and tris complexes are presented in Table 5.
Each mixed-ligand complex, except K[Ru(acac)-
(hfac),], showed an oxidation step and a reduction
step in 0.1 mol dm™® TEAP—acetonitrile on a Pt

Complex

Amax (nm) (log ¢ (mol"tdm3 cm™1)

mer-{Ru(tfpb);] (1a)

fac-[Ru(tfpb)] (1b)
trans(CI"3)cis(CgHs)-[Ru(acac)(tfpb),] {2a)
¢is(CF 3)<is(CgHs)-[Ru(acac)(tfpb),] (2b)
cis(CI7 3)-trans(CgHs)-[ Ru(acac)(tfpb),| (2¢)
[Rufacac),(tfpb)y} (3)

[Ru(acac)3|? (4)

[Ru(acac),(hfac)] (5)

[Ru(dpm)y(hfac)] (7)

K [Ru(hfac)3]2 (9)

550(sh), 396(4.28), 305(4.64), 266(sh)
549(sh), 395(4.14), 304(4.60), 265(sh)
536(sh), 381(4.03), 303(4.50), 260(4.30)
540(sh), 387(3.96), 303(4.46), 261(4.25)
550(sh), 400(4.06), 306(4.49), 262(4.27)
490(3.47), 380(sh), 294(4.30), 268(4 26)
506(3.19), 349(3.94), 272(4.24)
505(3.31), 370(sh), 332(3.78), 283(4.13)
526(3.45), 338(3.82), 287(4.22)
529¢4.22), 494(sh), 288(4.31), 234(3.98)

2From ref. 20.

TABLE 5. The reversible half-wave potentials (£,5) in 0.1 mol dm™3 TEAP-acetonitrile at 25 °C?

Complex RulV/Rull! Rulll/RyuIl

EY, Slope AEp EY. Slope AE,

V)P (mV)° mv)d (V)P mv)e  (mv)d
mer-{Ru(tfpb)s] (1a) 1.280 € 110 ~-0.337 -258 67
trans(CI- 3)¢is(CgHs)-[Ru(acac)(tfpb),] (2a) 1.058 25.5 71 ~-0.577 —-25.8 65
cis(CT 3)¢is(CgHs)-[ Ru(acac)(tfpb)z| (2b) 1.055 25.8 78 ~0.586 ~26.0 70
cis(CF 3)-trans(C gH s)-| Ru(acac)(tfpb),] (2¢) 1.054 258 90 —0.586 -26.0 64
[Ru(acac),(tfpb)] (3) 0.838 271 61 -0.847 -269 65
[Ru(acac)s] (4) 0.633 258 61 -1.138 -29.6 68
[Ru(acac),(hfac)] (S5) 1.047 251 70 —0.605 -26.0 66
K[Ru(acac)(hfac),] (6) —~0.14f 79
[Ru(dpm)z(hfac)] (7) 09108 e 125 ~0.7638 e 89
[Ru(dpm)s] 0.457 260 59 —1.4408 € 80
K[Ru(hfac)s] (9) (1.845)h 0.358 -217 68

aThe values for 1, 3, 4, 5, 8 and 9 previously published [18] are refined or corrected. bAgainst Agl0.1 mol dm™3 AgClO4—

acetonitrile.  “Reciprocal slope of natural logarithmic plot.

dCyclic voltammetric peak separation at 0.1 V s™L  eQuasi-

Nernstian.  fEstimated from the peak potential of the differential pulse voltammogram of a mixture of K|Ru(acac)(hfac),)

and K[Ru(hfac)s].  BThe average of the cathodic and anodic peak potentials of the cyclic voltammograms.

Fig. 4.

histimated from



electrode at 25°C. The cyclic voltammogram of
K[Ru(acac)(hfac);] showed only a one-electron
oxidation step. Its half-wave potential was estimated
from the peak potential of the differential pulse
voltammogram. No reduction step of this complex
was observed within the potential window of the
medium.

The analysis of the normal pulse voltammograms
and the corresponding cyclic voltammograms in-
dicated that the oxidation and the reduction steps
of [Ru(acac)s;], [Ru(acac),(hfac)], [Ru(acac),-
(tfpb)] and the three isomers of [Ru(acac)tfpb),]
were Nernstian. The reduction step of mer-[Ru-
(tfpb)s] and the oxidation step of K[Ru(acac)-
(hfac),] were Nernstian, too. However, the oxida-
tion step of mer-[Ru(tfpb);] and [Ru(dpm),(hfac)]
and the reduction step of [Ru(dpm),(hfac)] were
quasi-Nernstian as indicated by the dependence of
the voltammetric anodic and the cathodic peak
potentials on the sweep rate and the separation
between them.

The controlled potential coulometry of [Ru-
(acac),(tfpb)] and [Ru(acac),(hfac)] in the aceto-
nitrile medium confirmed that their reduction steps
were of the one-electron process to the corresponding
ruthenium(Il) species and that the ruthenium(Il)
complexes were stable and electrolytically reoxid-
izable to the original ruthenium(IlI) species quan-
titatively. The oxidation process, on the other hand,
was accompanied by slow subsequent reactions.
When [Ru'M(acac),(tfpb)] was electrolyzed at
+1.10 V, the diffusion controlled reduction step of
[Ru'V(acac),(tfpb)]* appeared, but its diffusion
current deacreased slowly when the electrolysis was
suspended. In the case of the oxidation of [Ru!!.
(acac),(hfac)], no reduction step of [Ru'V(acac),-
(hfac)]* was observed, indicating the presence of
relatively fast reaction(s) through which the ruth-
enium(IV) species was converted to some electro-
inactive species.

The reversible half-wave potential for the reduc-
tion of rrans(CF3)-cis(C¢Hs)-[Ru(acac)tfpb),] is
more positive than those of cis(CF;)<is(CeHs)-
[Ru(acac)(tfpb),] and cis(CF3)-trans(C¢Hs)-[Ru-
(acac)(tfpb),], the difference being beyond the
experimental uncertainty of ¢. +3 mV. The cause of
this potential shift of trans(CF 3)<is(CsHs)-[Ru-
(acac)(tfpb),] is not yet clear. To our knowledge,
this is the first instance where such geometrical
isomers (i.e. isomers with the same ligating atoms
but with different positions of substituents on
the ligands) show an observable difference in rever-
sible half-wave potential.

As is shown in Fig. 4, good linear relationships
exist between the ligand composition and the rever-
sible half-wave potentials (F},,) of the oxidation
and the reduction steps. In both the oxidation and
reduction processes of tris(3-diketonato)ruthenium
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Ag| Agclo, ) /v
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(31/2 vs.

-0 ] 2 3
n

Fig. 4. Relationships between the ligand composition and the
reversible half-wave potentials of g-diketonato ruthenium
complexes: {Ru(acac)n(hfac)z—,] (0-0); [Ru(acac)p(tt-
pb)s_n] (@-2); [Ru(dpm),(hfac)s—,] (@—®); estimated
value (0). Reference electrode, Ag/0.1 mol dm™3 AgClO,—
acetonitrile; 25 °C.

complexes, the electron is added to or subtracted
from the dm molecular orbital which originates from
the t,, orbital of ruthenium [15, 19, 40]. This holds
in the mixed-ligand f-diketonato complexes, too,
as indicated by the fact that the two lines of each
series are almost parallel. The E¥,,(Ru'V/Ru''l)
value for K[Ru(hfac)s] can be estimated on the basis
of this linear relationship. The estimated value
(1.845 V) agrees with the extrapolated value from
the linear relationship established between E7,
and the sum of the Hammett constants of the sub-
stituents on the ligands [15, 18].

According to the above linear relationships, the re-
versible half-wave potential of the reduction step of
a mixed-ligand complex [Ru™L;L} _,] is given by

Enyn(LnLs - n)=

(n/3)Eny(Ls) + (1 — n/3)Erm(L3) (1)
Here Eyppjn(L3) is the reversible half-wave potential
of the reduction step of [Ru'L}], and Eyry)ri(L3)
is that of [Ru™Lj]. The right-hand side of eqn.
(1) can be rewritten in terms of the relative half-
wave potentials of the tris complexes measured
against the half-wave potential of a third tris complex
[Ru*1;] chosen as the reference, i.e.

Emm(Lals-n)=
nAEy L") + (3 — MAE (L) + Enpn(Ls) (2)
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with

AEy(L") = (1/3){E (L) — Ernn(La)}
and

AFr(L) = (1/3){Enyu(L'y) — Ernyn(Ls)}.

Similarly, for the reversible half-wave potential of
the oxidation step we have

Erv(LnLs -n) =
nAErymm(L")+ (3 - m)AEw 111(LY) + Erv (L)
3
with
AEry (L") = (13 {Ewm(L"3) — Ervarr(La)}
and
AEry (L) = (1/3){Ewm(L3) — Ervyin(La)}-

Here, we chose [Ru''(acac);] as the reference
complex, ie. EIV/III(LS) = +0.633 V and EIII/II(L3)
= _1.138 V (versus Ag/0.1 mol dm™® AgClO4—
acetonitrile) (see Table 5). The values of AFyy (L)
and AEyy (L") for several kinds of L' are presented
in Table 6. The E},, values of some mixed-ligand
complexes are then calculated by means of eqgns.
(2) and (3) and given in Table 7 together with the
observed values. These values agree with each other
within 35 mV except in the case of the Ru'"/Ru!
couple for [Ru(dpm),(hfac)].

Recently, Haga ez al. [38] presented a set of ligand
parameters, Py, of some bidentate ligands on the basis
of similar linear relationships observed in the cases
of the oxidation of [Ru'(bpy)s_,L,] (L = poly-
pyridine or B-diketonate). It should be noted that
their ligand parameters apply to the Ru!!/Ru'!
couples and a different set of parameters must be
used for the Ru'V/Ru! couples, as is readily shown
by the difference between AEy,11(L') and AEy 11-
(L") values (Table 6).

TABLE 6. Potential shift per one ligand referred to [Ru-
(acac)s] in 0.1 mol dm™3 TEAP-acetonitrile at 25 °C?

L AEpy (L) (V) AEL’) (V)
hfac™ 0.404¢ 0.499

tfpb™ 0.216 0.269

tfac™ P 0.224 0.229

bzac™ P 0.008 0.041

dpm™ -0.059 -0.101
mClma™® 0.057 0.107

mIma~ P 0.032 0.100
aReference value, EIV/IH(BCHC:;) = 0.633 V and EIII/II'
(acacz) = —1.138 V. bifac™ = 1,1,1-trifluoro-2 4-
pentanedionate ion; bzac™ = 1-phenyl-1,3-butanedionate
ion; mClma = 3-chloro-24-pentanedionate ion; mlma =

3-iodo-2,4-pentanedionate ion. The values for these ligands
were calculated from Endo’s data [37].  ©Estimated from
Fig. 4.

Supplementary Material

Lists of final atomic coordinates, thermal param-
eters and structure factors may be obtained from the
authors (correspondence should be made to G.P.S.).
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TABLE 7. Comparison between calculated and observed half-wave potentials? of mixed-ligand g-diketonatoruthenium com-

plexes
Complex T 2 (RulV/Rullh EY(Rulll/Rull
Calc. Obs. Calc. Obs.
1.058 ~-0.577
[Ru(acac)(tfpb);] (2) 1.065 1.055 —-0.600 -0.586
1.054 -0.586
[Ru(acac),(tfpb)] (3) 0.849 0.838 -0.869 —0.847
[Ru(acac)a(hfac)] (5) 1.037 1.047 -0.639 —0.605
K[Ru(acac)(hfac),] (6) 1.441 -0.140 -0.14
[Ru(dpm),(hfac)] (7) 0919 0910 ~0.841 ~0.763
{Ru(acac),(mClma)) 0.690 0.680" -~1.031 —~1.03b
[Ru(acac)(dpm);] 0.515 0.519¢ ~1.340 -1.320¢
[Ru(dpm)y(mIma)] 0.547 0.580¢ -1.240 —1.206¢

3Against Agi0.1 mol dm™3 AgClO4—acetonitrile 25 °C.

bFrom refs. 18 and 37.

CFrom ref. 39.
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