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Abstract—Three geometric isomers of [RuCLL,J(ClO,) (L = N-phenyl-2-pyridine car-
boxaldimine) have been isolated by stereoretentive oxidation of the corresponding isomeric
ruthenium(II) complexes using Cl,(g) as an oxidant, followed by the addition of aqueous
sodium perchlorate. These complexes are paramagnetic (low-spin 4°, S = 1/2) and display
rhombic EPR spectra at 77 K. The electronic transition energies have been computed, using
the observed g values, which agree well with the experimentally observed transitions in the
IR region of the optical spectra. In addition to the ligand field transitions, all the complexes
also show multiple charge-transfer transitions in the visible region. Each of the complexes
display a reversible reductive response due to an Ru™/Ru'’ couple in the range 0.3-0.5 V
versus SCE at a platinum electrode. Chemical reductions of these trivalent complexes by
hydrazine revert almost quantitatively to the parent bivalent ruthenium complexes. In

acetonitrile, RuCLL,* complexes act as mild oxidants.

Structure and reactivity studies on ruthenium com-
plexes containing N-phenyl-2-pyridine carbox-
aldimine (L, 1) have received recent attention.'
The ligand L has low lying n* orbital and can enter®
in dn—pr interactions effectively in the complexes
of electron-rich metal ions. This effect is generally
reflected in charge-transfer spectra and redox
potential data of the complexes of L.

Recently, we reported our work * on complexes
of ruthenium(I1) with L, where three geometric iso-
mers of RuCl,L, were isolated and characterized.
The redox stabilities of all RuCLL, isomers are
evidenced by the moderate positive formal poten-

1 Author to whom correspondence should be addressed.

tials of the ruthenium(IiI)-ruthenium(II) couples.
This report describes chemical oxidation of the
above complexes, isolation and characterization of
the trivalent congeners. The reversibility and rela-
tively easy accessible potentials for the ruthenium-
(IIT)—ruthenium(Il) couples in isomeric RuCLL,
led us to explore the possibility of synthesizing the
corresponding trivalent compounds in the pure
state. It may be noted in the present context that the
examples of isolable isomeric trivalent ruthenium
complexes’™ are scarce. In this oxidation state
metal-ligand n-interactions become insignificant
and the geometry preference of these complexes are
totally controlled by steric interactions. Here we
also explore the possibilities of using the above
trivalent compounds as mild oxidants, especially in
non-aqueous solvents.
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RESULTS AND DISCUSSION

Synthesis and geometry

We have reported” that in the direct reaction of
ruthenium(III) chloride with L in solution the metal
ion undergoes reduction with concomitant partial
chloride substitution to yield bivalent ruthenium
complexes, RuCLL,. In order to obtain an access to
the trivalent complexes, preformed Ru"CLL, was,
therefore, chosen for chemical oxidation. Accord-
ingly, an acetonitrile solution of RuCl,L, was
exposed to Cl,(g) followed by addition of aqueous
NaClQ, led to the synthesis of [RuCl,L,](ClO,).
The role of aqueous NaClO, was to bring about
precipitation of the product as a perchlorate salt.

The starting complex, RuCl,L,, thus far has been
obtained*’ in three isomeric forms: green trans—
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trans—trans (ttt, 2), bluish-green cis—cis—trans (cct,
3) and blue cis—trans—cis (ctc, 4). On oxidation,
each afforded a characteristic [RuCLL,}(C10O,) salt.
Interestingly, chemical as well as electrochemical
reductions of each of the trivalent complexes (5-
7) quantitatively regenerates the parent RuCLL,.
Thus, the redox reaction involved in the above
interconversion

(Ru"CLL, ==Ru"'Cl,L,")
+e~

is reversible and stereoretentive. Stereoretention of
the above reaction allows isolation of isomeric
RuCLL," in the three geometries. The examples of
such isomeric trivalent ruthenium complexes are
scanty in the literature.”* We note here that isomer
preference in the trivalent state is primarily steri-
cally controlled. As a result, in many cases, oxi-
dations of isomeric bivalent complexes lead to
isomerization'® to yield only the trans isomer of
least steric hindrance.
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Characterization

Yellowish-brown salts of [RuCLL,](CIO,) were
obtained in almost quantitative yields. These are all
microcrystalline products, highly soluble in redox
inert polar organic solvent such as acetonitrile, but
insoluble in non-polar solvents. These were for-
mulated by elemental (C, H, N) analyses and these
behave as 1: 1 electrolytes in acetonitrile (Table 1).

IR spectral data of the complexes were collected
as KBr discs in the range 4000-250 ¢cm~'. Only a
few characteristic frequencies are considered here.
All complexes showed bands near 1100 and 620
cm™! assignable to vy, ve_n were observed'' in
the range 1620-1590 cm™'. Interestingly, the ¢t
isomer (5) showed a strong absorption at 325 cm ™
due to v, . In contrast, each of the other two cis
isomers (6 and 7) displayed a doublet absorption
between the 330-300 cm ™' frequency range. The
singlet nature of vg, ., in 5 does confirm® a linear
grouping of the RuCl, moiety, whereas a doublet
Vru ¢ i characteristic for a cis-RuCl, unit. Fur-
thermore, we note here that vy, ¢, frequencies in the
trivalent complexes (5-7) are systematically higher
than those in bivalent complexes (2-4). This is
surely due to stronger Ru—Cl bonds in
[RuCLL,]ClO, salts. Solution electronic spectra of
5-7 were recorded in the range 2000-300 nm. The
spectral pattern for all three complexes is similar
except for slight variation in the absorption ener-
gies. The spectral data are collected in Table 2 and
a representatives spectrum of the r¢¢ isomer is dis-
played in Fig. 1. The spectrum of 5-7 each consists
of multiple intense absorptions in the visible region
due to the allowed transitions’ involving metal and
ligand orbitals and a low energy weak absorption
in the range 1625-1450 nm. This low energy tran-
sition is due to d-d transitions originating from
splitting of the 7, orbitals due to the low symmetry
and spin-orbit coupling. Interestingly, the energy
of the ligand field band is in good agreement with
the calculated transition energies using the observed
g-values from the respective EPR spectrum (see
below).

The magnetic moments (Table 3) of the com-
plexes correspond to low-spin ¢° configurations
(idealized 1,,," S = 1/2). None of the isomers pos-
sess rotational symmetry greater than two-fold.
Their EPR spectra in frozen acetonitrile—toluene
(77 K) are accordingly rhombic (Fig. 2). The theory
of EPR spectra of distorted octahedral low-spin &°
complexes is well documented '*'* in the literature.
Only the essential features of relevance to this work
are stated here. The molecular symmetry of the
complexes is reflected in their rhombic EPR spectra.
The extent of distortions from idealized O, sym-
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Table 1. Analytical, conductivity and IR data
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Elemental analysis (%)" IR (cm™")
I - A" -
Compound C H N Q' cm®mol ") Ve VRa <
5 449 3.0 8.9 135 1602 320
(45.3) 3.1 (8.8)
6 45.2 3.2 9.0 140 1605 325,310
(45.3) (3.1 (8.8)
7 45.1 3.1 8.9 140 1605 320, 300
(45.3) 3.1 (8.8)
“Calculated values are in parentheses.
"In MeCN at 298 K with a solute concentration of ca 10* M.

metry has been ascertained in terms of axial (A)
and rhombic (V) components. Under the combined
influence of this low symmetry and spin-orbit coup-
ling, the three £,(Ru) levels become well separated
and hence two electronic transitions (transition
energies AE,, and AE,; AE, > AE)) are possible
within these three levels. These transition energies
have been computed using the observed g values.
The AE, transition in each of the complexes has
indeed been observed in the range 6800-6155 cm ™"
(Table 2), while AE, transitions could not be
observed due to solvent cut off.

Redox properties

The electron-transfer properties of the isomeric
salt [RuCLL,J(ClO,) were studied cyclic vol-
tammetrically in acetonitrile at a platinum electrode
using tetrabutyl ammonium bromide as supporting

electrolyte. Potential data are collected in Table 3
and segmented voltammograms are displayed in
Fig. 3. All potentials are referenced to saturated
calomel electrode (SCE). The complexes showed
ligand-based multiple reductive responses, which
are identical to the responses occurring'” in the
corresponding bivalent complexes. We do not con-
sider these any further. Each isomer of [RuCl,L,]*
displays a reversible, reductive, one-electron cyclic
voltammogram in the potential range 0.3-0.7 V.
Under identical conditions, this voltammogram
(initial scan cathodic) is superimposable on that of
the corresponding isomer of RuClL,L, (initial scan
anodic). This clearly indicates that the redox pro-
cess under consideration is reversible and stereo-
retentive. Exhaustive constant potential electrolyses
of isomeric 5-7 were performed at 0.0 V. The
coulomb count in each case corresponds to one-
electron and the absorption spectrum of solution

Table 2. Electrochemical and electronic spectral data

Electronic spectra“

Ru"'-Ru" couple’

Compound A, (nm)(e, M " em™ ") Se(V)  AE, (mV) n
5 1460(43), 500, 470(2665) 0.31 70 0.98
6 1500(40), 500, 457(2760), 390, 340(8170) 0.33 65 1.01
7 0.47 70 1.01

“In MeCN at 298 K.

1625(45), 4909 450(2880), 325(8500)

?Conditions : solvent, MeCN ; supporting electrolyte, [NBu',][C1O,] (10~'M) ; working electrode,
platinum ; reference electrode, SCE; solute concentration, ca 107*M. Cyclic voltammetric data:
Sox = 0.5(E,, + E,), where E,, and E, are anodic and cathodic peak potentials, respectively;

AE, = E,,~E -

o> Scan rate, 50 mV s

“n = Q’/Q; where Q is the calculated coulomb count for the transfer of one electron and Q" is the
observed coulomb count after exhaustive electrolysis ; oxidation in each case was performed at 0.10

V versus SCE in CH,CN (0.1 M [NBu* J[CIO,].
“Shoulder.
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Fig. 1. Electronic spectrum of rzt-[RuCl,L,]CIO, in acetonitrile.

of electrogenerated bivalent complex matches
quantitatively with the corresponding isomer of
RuCl,L,. The formal potentials of the ruthenium-
(I1T)/ruthenium(II) couple follow the order:
ttr < cct < cte. Thus, the trivalent complex in ctc
geometry (7) is the strongest oxidizing agent in this
series. This may be rationalized® in terms of the
strongest dn—pmn interactions in the corresponding
bivalent complex (4).

The stabilities of the trivalent complexes,
RuCLL,", together with the reduction potentials
suggest that they might act as moderate one-elec-
tron oxidants. Accordingly, two redox reactions
were performed which indeed showed that the tri-
valent complexes successfully participate in the
redox reactions.

Addition of a few drops of hydrazine hydrate to
the brown solution of isomeric 5-7 in acetonitrile
causes an instantaneous colour change to the cor-
responding colour of 2—4. This reaction was fol-
lowed spectrophotometrically, which showed almost
quantitative reduction of the trivalent complex.
No attempt has, however, been made to detect the
oxidation product of hydrazine. In another
experiment equimolar solutions of Fe'"(CsHs),
and Ru™CLL," in acetonitrile were mixed together
and the resultant solution was examined cyclic vol-
tammetrically. Immediately there was a colour
change. In addition to the reversible oxidative wave
of Ru"CLL,, a reductive response at 0.18 V con-
firmed the generation of Fe"'(C;H,)," evidently due
to electron transfer in solution.

Table 3. Magnetic moments, EPR ¢ values and derived energy parameters

g values” Derived energy parameters (cm~')
Compound Ui (B.M.) g gs 91 AE, AF,
5 1.82 2.8018 2.2491 1.7309 2783 6332
6 1.89 2.8009 2.2350 1.7436 2813 6690
7 1.85 2.8120 2.2632 1.7220 2776 6138

“In the solid state at 298 K.
*In acetonitrile-toluene (1-1) glass at 77 K.
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Fig. 2. X-Band EPR spectra in an acetonitrile-toluene
(1-1) glass (77 K) of (a) trt- (b) cct- and (c) cte-
[RuCLL,]ClO,.
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Fig. 3. Segmented cyclic voltammograms of: (i) -
(—). () cct- (---) and (i) cre-[RuClLL;]CIO,
{—-— —)at 50 mV s~ ' scan rate.

EXPERIMENTAL

Materials

The three isomers of [RuCl,L,](L = N-phenyl-2-
pyridine carboxaldimine) were prepared using
reported™® methods. Purification of solvents and
preparation of tetrabutylammonium perchlorate for
electrochemical work were carried out as before.’
Dinitrogen gas was purified by successively bubbling
it through an alkaline aqueous solution of sodium
dithionite and concentrated sulphuric acid. All other
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chemicals and solvents were reagent-grade com-
mercial materials.

Physical measurements

Microanalyses (C, H, N) were performed using a
Perkin-Elmer 240C elemental analyser. IR spectra
were obtained on a Perkin—Elmer IR-983 spec-
trophotometer with samples prepared as KBr pellets.
Solution electronic spectra were recorded on a Hit-
achi 330 spectrophotometer. Magnetic  sus-
ceptibilities were measured using a PAR 155
vibrating sample magnetometer. X-band EPR spec-
tra were recorded on a Varian E-109C spectrometer
fitted with a quartz Dewar for measurements at 77
K (Liquid nitrogen) and the spectra were calibrated
with DPPH (g = 2.0037). Solution electrical con-
ductivity was measured using a Elico CM 82T con-
ductivity bridge with a solute concentration of ca
10~ M. Electrochemical measurements were made
using a PAR model 370-4 electrochemistry system
as before."" A saturated calomel reference electrode
(SCE) was used as a reference electrode. All elec-
trochemical data were collected at 298 K and uncor-
rected for junction potentials.

Preparation of the complexes

The three isomers of [RuClLL,](ClO,) were syn-
thesised using a general procedure. Yields varied in
the range 80-90%. Details for the preparation of
one of the isomers are given below.

trans-trans-trans-Dichlorobis(2-(phenylpyridine)
carboxaldiminelruthenivm(I11)  perchlorate,  ttt-
[RuCLL,J(ClQ,). To a green solution of freshly
prepared t7+-RuCLL, (100 mg of powdered
sample in 25 cm’ of CH,;CN) was bubbled Cl,
(g) until the solution colour changed to light
yellow. The solution was then filtered to remove
any insoluble material. A saturated aqueous
solution of sodium perchlorate (2 cm®) was then
added and the mixture was left in the refrigerator for
ca 30 min. A crystalline yellowish-brown precipitate
thus formed and was filtered and washed with ice-
cold water, and dried in vacuo over P,0O,,. Yield
80%.
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