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Abstract—A group of five mixed ligand ruthenium(Il) complexes of general formula [Ru(bpy)(sal-R).]
(bby = 2,2’-bipyridine, sal-R = salicylaldiminate anion) has been synthesized and characterized. The com-
plexes are diamagnetic (low spin 4°, S = 0) and show intense MLCT transitions in the visible region in solution.
In acetonitrile solution they all show a reversible ruthenium(ll)-ruthenium(lil) oxidation in the range —0.3
to 0.04 V versus SCE, followed by another reversible ruthenium(III)-ruthenium(IV) oxidation in the range
1.1 to 1.3 V versus SCE. The potential of these two oxidations is sensitive to the nature of the substituent R in
the sal-R ligand. A reversible bpy reduction is also observed near — 1.9 V versus SCE. The five [Ru"'(bpy)(sal-
R).]' complexes have been synthesized by chemical oxidation of their respective ruthenium(1I) precursors by
iodine, and isolated as perchlorate salts. These oxidized complexes are paramagnetic (low spin d°, S = [/2)
and show rhombic ESR spectra at 77 K. They show intense LMCT transitions in the visible region in
acetonitrile solution, together with weak ligand-field transitions at lower energies. Chemical reduction of these
ruthenium(IIl) complexes by hydrazine gives back the parent ruthenium(ll) complexes. : 1997 Elsevier
Science Ltd. All rights reserved.
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The present work has originated from our interest in
the chemistry of ruthenium in different coordination
environments in general [1}, and the chemistry of
ruthenium phenolates in particular [2]. In the present
study we have used salicylaldimine, abbreviated in
general as Hsal-R (1; where H stands for the dis-
sociable phenolic proton). as the principal ligand.
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The two donor atoms of this ligand are of opposite
natures. The phenolate oxygen is a hard donor and
is known to stabilize the higher oxidation states of
ruthenium [3]. whereas the imine nitrogen is relatively
much softer and is a recognized stabilizer of the lower
oxidation states of this metal [4]. It is interesting to
note that the chemistry of ruthenium sal-
icylaldiminates has not been much explored [2¢-¢,5].
However, in all known ruthenium salicylaldiminate
complexes, the effect of phenolate oxygen coor-
dination is seen to win over that of imine nitrogen
coordination. For example, in the tris-sal-
icylaldiminate complexes, the trivalent state of
ruthenium is highly stabilized, which is reflected in the
low ruthenium(IIl)-ruthenium(Il) reduction poten-
tial {5a]. This also indicates that chelation by sali-
cylaldiminate alone can not stabilize the + 2 state of
ruthenium, and in order to have a stable salicyl-
aldiminate complex of ruthenium(ll) at least one
of the three salicylaldiminate ligands of [Ru({sal-R});]
needs to be replaced by a strong n-acid ligand. In this
context we wish to report here the chemistry of some
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bis-salicylaldiminate complexes of ruthenium. To
satisfy the remaining two coordination sites of the
Ru(sal-R), moiety, 2,2"-bipyridine (bpy), which is a
familiar stabilizer of ruthenium(II), has been used
as the coligand. The synthesis, characterization and
redox properties of a group of [Ru(bpy)(sal-R),] com-
plexes are described in this paper.

EXPERIMENTAL
Materials

Commercial ruthenium trichloride, purchased from
Arora Matthey, Calcutta, India, was converted to
RuCl;-3H,0 by repeated evaporation to dryness with
concentrated hydrochloric acid. 2,2’-Bipyridine was
purchased from Loba, Bombay, India. [Ru(bpy)Cl;]
was synthesized following a reported procedure {6].
The salicylaldimine ligands were prepared by reacting
equimolar amounts of salicylaldehyde and the respec-
tive amine in hot ethanol. Purification of acetonitrile
and preparation of tetraethylammonium perchlorate
(TEAP) for electrochemical work were performed as
reported in the literature [7]. All other chemicals and
solvents were reagent grade commercial materials and
were used as received.

Preparation of complexes

The [Ru"(bpy)(sal-R),] and [Ru"(bpy)(sal-R),]
ClO, complexes were synthesized following two
general methods. Details are given for two rep-
resentative cases only.

[Ru'(bpy)(sal-H),]. [Ru(bpy)Cl;] (100 mg, 0.28
mmol) was suspended in ethanol (40 cm®) and Hsal-
H (135 mg, 0.69 mmol) was added to it, followed by
an ethanolic solution of NaOH (28 mg, 0.70 mmol).
The mixture was refluxed for 3 h under nitrogen. The
solvent was then evaporated and the solid mass thus
obtained was washed thoroughly with water followed
by hexane, and dried in vacuo over PO, Recrys-
tallization from a 1:1 dichloromethane/hexane solu-
tion gave [Ru(bpy)(sal-H),] as a dark brown
crystalline solid. Yield: 140 mg, 72%.

CAUTION ! Perchlorate salts of metal complexes
are potentially explosive. Care should be taken in
handling such samples.

[Ru"'(bpy)(sal-H),}ClO,. [Ru(bpy)(sal-H),] (100
mg, 0.154 mmol) was dissolved in acetonitrile (30 cm*)
and to it was added a solution of iodine (40 mg,
0.16 mmol) in acetonitrile. The resulting solution was
stirred for 15 min. The initial dark brown colour
turned to deep green within 5 min. A saturated aque-
ous solution of NaClO, (10 cm?®) was then added and
the solution was kept in the refrigerator for 24 h.
[Ru(bpy)(sal-H),]CIO, precipitated as a deep green
microcrystalline solid which was collected by
filtration, washed with cold water and dried in vacuo
over P,O,,. Yield 80 mg, 69%.
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Physical measurements

Microanalyses (C,H,N) were performed using a
Perkin—Elmer 240C elemental analyser. IR spectra
were obtained on a Perkin—Elmer 783 spectrometer
with samples prepared as KBr pellets. Electronic spec-
tra were recorded on a Hitachi U-3400 spec-
trophotometer. Magnetic  susceptibilities  were
measured using a PAR 155 vibrating sample mag-
netometer. '"H NMR spectra were obtained on a Hit-
achi R-60 FT-NMR spectrometer using TMS as the
internal standard. X-band ESR spectra were recorded
on a Varian E-109C spectrometer fitted with a quartz
Dewar for measurement at 77 K (liquid nitrogen) and
the spectra were calibrated with DPPH (g = 2.0037).
Solution electrical conductivities were measured using
a Philips PR9500 bridge with a solute concentration
of 10~* M. Electrochemical measurements were made
using the PAR model 370-4 electrochemistry system
incorporating the following components: 174A
polarographic analyser, 175 universal programmer,
RE0074 X-Y recorder, 173 potentiostat, 179 digital
coulometer, 377 cell system. All electrochemical
experiments were performed under dinitrogen. A
planar Beckman 39273 platinum inlay working elec-
trode, a platinum wire auxiliary electrode and an
aqueous saturated calomel reference electrode (SCE)
were used in a three-electrode configuration. A plati-
num wire gauge working electrode was used in the
coulometric experiments. All electrochemical data
were collected at 298 K and are uncorrected for junc-
tion potentials.

RESULTS AND DISCUSSION
Synthesis and characterization

The reaction of [Ru(bpy)Cl;] with the sal-
icylaldimines proceeds smoothly in refluxing ethanol
in the presence of NaOH to afford the [Ru(bpy)(sal-
R),] complexes in good yields [Eq. (1)]. It may be
noted here that during the course of this synthetic
reaction, ruthenium undergoes a one-electron
reduction.

HL,NaOH
[Ru(bpy)Cl}—.—— [Ru(bpy) (sal-R).] (1)

The solvent may serve as the reductant. Using five
different Hsal-R ligands, five such complexes have
been synthesized. The compositions of these com-
plexes have been confirmed by their elemental
(C,H,N) analytical data (Table 1). Magnetic sus-
ceptibility measurements show that all these com-
plexes are diamagnetic, as expected for complexes of
ruthenium(II) (low spin d°, S = 0).

As the salicylaldiminate ion is an unsymmetrical
bidentate ligand, [Ru(bpy)(sal-R),] complexes may
exist in three different geometrical isomeric forms, 2,
3 and 4. Both 2 and 3 have a C, axis, which indicates
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Table 1. Microanalytical, electronic spectral and cyclic voltammetric data

Analytical data“

(%)
Compound C H N
[Ru(bpy)(sal-OMe),] 64.0 4.4 8.1
(64.3) (4.5) (7.9}
[Ru(bpy)(sal-Me),] 67.6 49 8.0
(67.3) (4.7) (8.3)
[Ru(bpy)(sal-H),] 66.3 4.0 8.4
(66.6) (4.3) (8.6)
[Ru(bpy)(sal-Cl, 60.5 38 7.5
(60.2) (3.6) (7.8)
[Ru(bpy}sal-NO,),] 58.3 3.7 11.2
(58.5) (3.5)

(11.4)

“Calculated values are in parentheses.
" 1n acetonitrile solution.

705 (2800) ; 567 (4200) : 4407

Electronic spectral data” Cyclic voltammetric data’

Aaxs NN E%e. VIAE, mV)
Ligand
(e&,M7Pcm " Ru™ ™ Ru'""™  reduction

11T(90) —0.26(90)— 1 91 (90)
(4900 ; 352 (12,300)

700 (2500) ; 570 (3600) : 440
(4900) : 352 (12,200)

565 (6800) ; 440 (11.700) :
340 (12.300)

550/(6300) ; 442 (6900) :

350 (9600)

580 (4900) 460 (5300) :

350 (13.300)

113 (80) —0.21(90)—1.90(80)
1.16(80) —0.17(90)— 1.88 (70)
1.20(70) —0.10 (70}~ 1.86 (80)
1.29(85)  0.04(70)— 1.84(75)

“Conditions : solvent, acetonitrile ; supporting electrolyte, TEAP (0.1 M) ; working electrode, platinum ; reference electode.

SCE: solute concentration, ~ 10 * M: Efg, = 0.5 (E,,+
AE, = E,—E, :scanrate 50 mVs '
“Shoulder.

N

i 4—/

N—l—/N
4

N N = bpy

)

0 =sal-R

that the two sal-R ligands and the two pyridine rings
of bpy are equivalent. In the case of 4, there is no (,
axis and hence all the hydrogens present in the com-
plex may give rise to separate '"H NMR signals (pro-

EF‘

). where £ and E, are anodic and cathodic peak potentials.

vided no overlap of signals occur). The 'H NMR
spectrum of [Ru(bpy)(sal-OMe),], recorded in CDCl;
solution, shows two methyl signals of equal intensity
at 4 3.58 and 3.74. This clearly shows that this complex
has structure 4. Similarly, two equally intense methyl
signals are observed at é 1.83 and 2.08 in the '"H NMR
spectrum of [Ru(bpy)(sal-Me).], indicating the same
stereochemistry, 4, for this complex. Therefore we
assume structure 4 for all five [Ru(bpy)(sal-R)-]
complexes.

The [Ru(bpy)(sal-R),] complexes are soluble in ace-
tonitrile, dichloromethane, chloroform. efc.. pro-
ducing intense brown solutions. Conductivity
measurements show that these complexes are non-
electrolytes in solution, as expected. The electronic
spectra have been recorded in acetonitrile solution
and spectral data are given in Table I and selected
spectrum is shown in Fig. 1. All five complexes show
several intense absorptions in the visible region. which
are due to allowed metal-to-ligand charge-transfer
transitions. Multiple charge-transfer transitions in
these complexes may result from lower symmetry
splitting of the metal level, the presence of different
acceptor orbitals and the mixing of singlet and triplet
configurations in the excited state through spin--orbit
coupling [8]. Such spectral behaviour has been
observed before in similar mixed ligand complexes
[1d].

Cyelic voltammetric studies

The electron transfer properties of the [Ru(b-
py)(sal-R),] complexes have been studied in
acetonitrile solution by cyclic voltammetry. Vol-
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tammetric data are presented in Table 1 and a rep-
resentative voltammogram is shown in Fig. 2. All
these complexes show three voltammetric responses,
two metal-centred oxidations and one ligand (bpy)-
based reduction. We shall first consider the ligand-
based reduction. A one-electron reduction near— 1.9
V (all potentials are referenced to SCE) is displayed
by all these complexes which is assigned to the
reduction of the coordinated bpy [Eq. (2)].

[Ru"(bpy)(sal-R).] +e~ = [Ru" (bpy)(sal-R),]~  (2)

The one-electron nature of this couple has been estab-

| 0
1400 1800

A
"1000
A(nm)

Fig. 1. Electronic spectra of [Ru" (bpy)(sal-H),] (——-) and [Ru™(bpy)(sal-H),]JClO, (

) in acetonitrile solution.

lished by comparing its current heights with those of
the  ruthenium(Il)-ruthenium(Ill) couple dis-
played by all these complexes near —0.1 V (see
below). It is well known [9] that each bpy can suc-
cessively accept two electrons in its lowest un-
occupied molecular orbital. Hence, in these [Ru
(bpy)(sal-R),] complexes two successive one-electron
reductions are expected of which only the first
reduction is actually observed. The second reduction,
which is expected to occur at much more negative
potentials, is not observed owing to solvent cut-off.
The metal-centred oxidations will now be

IZO,LIA

| | | 1

-0.8

0 0.8 1.6

E(V vs SCE)

Fig. 2. Cyclic voltammogram of [Ru'(bpy)(sal-H),] in acetonitrile solution (0.1 M TEAP) at a scan rate of 50 mV s™'. The
solute concentration was 1 x 107> M.
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considered. All these complexes show a reversible one-
electron oxidation in the range —0.26 t0 0.04 V, which
1s assigned to the ruthenium(Il)—ruthenium(IIl) oxi-
dation [Eq. (3)].

[Ru" (bpy)(sal-R),] = [Ru"(bpy)(sal-R),] " +e
3)

Therefore the replacement of only one sal-R ligand of
[Ru(sal-R);] by bpy has indeed caused a significant
increase in the stability of the + 2 state of ruthenium.
For example, the ruthenium(1l)—ruthenium(I1I) cou-
ple is observed at —0.83 V in [Ru(sal-H);] [Sa]. while
the same couple appears at —0.17 V in [Ru(bpy)(sal-
H).]. The positive shift of 660 mV reflects the ability
of bpy to stabilize the bivalent state of ruthenium. It
is interesting to note here that a gradual decrease
in the potential of the ruthenium(Il)-ruthenium(III)
couple is observed in the series: [Ru(bpy);]**, 1.30 V
[10}: [Ru(bpy).(sal-H)]*, 0.63 V [2d] ; [Ru(bpy)(sal-
H).|. --0.17 V: [Ru(sal-H);}. —0.83V [Sa]. The plot
of these EY,, values versus the number of bpy ligands
in these [Ru(bpy),(sal-H);_,] (n=0,1,2,3) com-
plexes is linear (Fig. 3). A similar linear plot is
obtained in any other [Ru(bpy).(sal-R),_,] series.
This correlation shows the relative ability of the sal-
R and bpy ligands to stabilize the +3 and + 2 states
of ruthenium.

The potential of the ruthenium(lI)-ruthenium(I11)
couple in the [Ru(bpy)(sal-R),] complexes is found to
be sensitive to the nature of the substituent R in the
salicylaldiminate ligand. The formal potential (E¥y)
increases  with increasing electron withdrawing
character of R. The plot of E3,, versus 2¢ [¢ = Ham-
mett  constant of R [I1]; OMe = —0.27.
Me = —0.17. H = 0.0, C1 = 0.23 and NO, = 0.78] is

1.6
[Ru(bpy)3]2+
~ 0.8
o [Ru(bpy), (sal-H)T%
[¥%2]
. b
>
>
= OF
oN [Ru(bpy)(sal-H),]
-0.8— [Ru (sal- H);] |
0 1 2 3
No. of bpy

Fig. 3. Variation of ruthenium(II)}-ruthenium(1II) potential
in [Ru(bpy),(sal-H);_,].
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Fig. 4. Least-squares plot of EYy, values of (a) Ru''Ru"
couple rersus 20 and (b) Ru/Ru'" couple rersus 2a.

linear (Fig. 4) with p = 0.14 V (p = reaction constant
of this couple [12]). It is clear from this plot that a
single substituent on the sal-R ligand. which is six
bonds away from the electroactive metal centre. can
influence the metal oxidation potential in a predictable
manner.

All the [Ru(bpy)(sal-R),] complexes show a second.
reversible one-electron oxidation in the range 1.1-1.3
V  which is assigned to the ruthenium(IIl)
ruthenium(1V) oxidation [Eq. (4)].

[Ru''(bpy)(sal-R).] - = [Ru'¥ (bpy)(sal-R).]" " +e
4)

The potential of this oxidation is ¢« 500 mV more
positive than that in the respective [Ru(sal-R);] com-
plexes [Sa], which is owing to the strong m-acidity of
the bpy ligand, as discussed above. The potential of
this oxidation also correlates linearly with the Ham-
mett constant (o) of R (Fig. 4). The slope in this case is
p = 0.09 V, which indicates that this ruthenium(I1I)
ruthenium(lV) oxidation potential is relatively less
sensitive to the nature of R than the ruthenium(il)-
ruthenium(II1) oxidation potential.

[Ru"(bpy)(sal-R).] ' complexes

The reversibility of the ruthenium(Il)-ruthenium-
(I11) couple in the [Ru(bpy)(sal-R),] complexes, and
its relatively low potential, point to the possibility
of the oxidized complex, [Ru'(bpy)(sal-R),] *, being
stable on a much longer time-scale. To investigate
this, the [Ru(bpy)(sal-R),] complexes have been oxi-
dized in acetonitrile solution (0.1 M TEAP) by con-
stant-potential conlometry near 0.3 V. The oxidations
have been smooth and quantitative [# (number of
electron-transfer) =0.97] affording deep green solu-
tions of [Ru(bpy)(sal-R),] ' which show similar cyc-
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lic voltammograms to their respective precursors,
except that the ruthenium(Il)-ruthenium(I1I) couple
now appears as a reductive response. Upon coulo-
metric reduction of the green solutions near —0.5 V,
deep brown solutions of [Ru(bpy)(sal-R),] are
obtained. The [Ru"(bpy)(sal-R),]* complexes have
also been synthesized by chemical oxidation of
[Ru'(bpy)(sal-R),] in acetonitrile solution by iodine
and the complex cations have been isolated as per-
chlorate salts in the solid state. Microanalytical data
(Table 2) agree well with the compositions of these
complexes. Conductivity measurements in acetonitrile
solution show that these complexes behave as 1:1
electrolytes (Table 2), as expected. Electronic spectra
recorded in acetonitrile solution show intense absorp-
tions in the visible region together with a weak absorp-
tion at lower energies (Table 2, Fig. 1). The intense
absorptions in the visible region are probably owing to
ligand-to-metal charge-transfer transitions. The low
intensity absorptions in the near-IR region are dis-
cussed below. Addition of hydrazine hydrate to the
deep green solution of [Ru(bpy)(sal-R),]ClO, in ace-
tonitrile brings about an instantaneous reduction
affording a deep brown solution of [Ru(bpy)(sal-R),].

The [Ru(bpy)(sal-R),]ClO, complexes are one-elec-
tron paramagnetic (Table 2), which corresponds to
the +3 oxidation state of ruthenium (low spin &°,
S= %) in these complexes. ESR spectra of these com-
plexes have been recorded in 1:1 dichlo-
romethane/toluene solution at 77 K. All five
complexes show rhombic ESR spectra with three dis-

N. C. Pramanik and S. Bhattcharya

tinct g-values (Fig. 5, Table 3). The rhombic nature of
the spectra indicates the asymmetry of the electronic
environment around ruthenium in these complexes.
This asymmetry is understandable in terms of the
stereochemistry of these complexes (4, vide supra)
which has no C, axis. The observed spectra may be
considered as pseudo-axial, consisting of a rather iso-
lated signal near 1.90 (g, in the axial case) and two
relatively close signals near 2.25 and 2.10 (rhombic

1 ] I
3000

|
2600 3400 3800

H(G)
Fig. 5. ESR spectrum in 1: 1 dichloromethane/toluene solu-
tion at 77 K and t, splittings of [Ru"!(bpy)(sal-H),]CIO,.

Table 2. Microanalytical, molar conductivity, magnetic susceptibility and electronic spectral data

Molar
Analytical data“ conductivity
(%) data® Electronic spectral data‘
Am Herr Armaxs DM
Compound C H N Q@ 'em®M™) (BM) (s, M 'em™))
[Ru(bpy)(sal-OMe),]CIO, 56.7 42 7.1 155 190 15507(80) ; 700%(2600)
575 (4400) ; 350 (21,000)
(564)  (4.0) (6.9
[Ru(bpy)(sal-Me),]CIO, 58.5 43 7.4 151 188 1550(68) ; 670%(1800) ;
570 (2600) ; 355 (25,300)
(83) @) (1.2
[Ru(bpy)(sal-H),]CIO, 57.5 3.5 7.2 144 182 1520(80); 675 (3500);
566 (4300) ; 355 (12,800)
577 37 (159
fRu(bpy)(sal-Cl),]CIO, 53.1 3.5 6.4 148 1.85 1500 (60): 6504(3200) ;
570 (4500); 360 (17,900)
(52.8) (3.2) (6.8)
[Ru(bpy)(sal-NO,),|CIO, 51.8 33 9.8 138 181 1450 (85); 600 (4800);
360 (15,700)
GLS) 31 (10.0)

“Calculated values are in parentheses.
*In acetonitrile solution.

“In acetonitrile solution

“Shoulder
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Compound g, g>

Table 3. ESR g-values* and derived energy parameters”

[Ru{bpy)(sal-OMe).]CIO, 2.264 2.092
[Ru(bpy}sal-Me).]CIO, 2.259 2.091
[Ru(bpy}{sal-H),]ClO, 2.257 2.092
[Ru(bpy)(sal-CD),]ClO, 2.226 2.099

2.232 2.119

[Rutbpy)(sal-NO,),]CIO,

“In I :1 dichloromethane/toluene solution at 77 K.

*Spin-orbit coupling constant (1) for complexed ruthenium(III) is ca 1000 ¢cm

component of ¢, ). Accordingly, the axial distortion
(A) that splits the t, level into a and e components is
expected to be larger than the rhombic distortion (V).
which splits e (Fig. 5). Spin—orbit coupling causes
further changes in the energy gaps. Thus, two elec-
tronic transitions (transition energies AE, and AE,;
AE, < AE,) are possible within these three levels. All
these energy parameters have been computed (Table
3) using the observed g-values, the g-tensor theory of
low spin d* complexes [13] and a reported method
[14]. The axial distortion is indeed larger than the
rhombic one. The AE, transition has been observed
in the spectra of all [Ru(bpy)(sal-R),]* complexes
near the predicted energies (Table 2). However, the
AE, transition could not be detected because the sol-
vent (acetonitrile) itself is not transparent in this
region.
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