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A series of mono and binuclear cyanodithioformate (cdf) complexes with [Ru"CpLs] [L=PPhs, AsPhs, SbPhs,
(dppe)y2, (dppm)yz2], exploiting its different coordination modes have been synthesized. Various physical and

electrochemical methods have been used to characterize them.
low laying energy state in the compounds that facilitates Ru—cdf (dn—n*) MLCT transition.

cdf by virtue of its vacant n* orbital introduces a
MLCT band, upon

dimerizaion shows red shift, whose magnitude depends upon site of attachment of second ruthenium moiety [Av,

3750 cm~! for w(n'-S; n'-S’) and 1010 cm™! for u(n!-S; n!-N) cdf complexes].

All complexes exhibit anodic

oxidation peaks except binuclear u(n'-S; n1-S’) cdf complex which exhibits reversible oxidation wave Ey2, —0.20 V

vs. SCE in acetonitrite.
cdf and ruthenium moieties.

Although the synthetic and structural chemistry of
cyclopentadienylruthenium(II) complexes is well docu-
mented,!=3 information regarding their redox parame-
ters is considerably sparse.4=® Still more sparse is
information about their electronic spectral data.”8

Electronic spectral studies particularly MLCT transi-
tion provide a direct measure of highest occupied metal
d orbital energies in a complex in relative terms, and
hence also tell about their redox potentials. Several
such studies on [Ru"(bpy)z] system have already been
carried out?12 but their counterpart in cyclopentadi-
enylruthenium chemistry are rare.

As we are interested in the synthesis and study of
electronic effects, of sulfur donor ligands on [Ru'-
Cp(PPhs)2] moiety, we have already reported mono-
and binuclear cyclopentadienylruthenium(Il) complexes
with maleonitrile dithiolate, N-cyanodithiocarbimate
and their dithioether analogues.1¥14 In continuation
to those earlier works we report here mono- and dinu-
clear ruthenium complexes of cyanodithioformate with
[Ru"CpLz] (L=PPhs, AsPhs, SbPns, (dppe)i 2, (dppm)yz).

Experimental

All of the chemicals and solvents were of either AR or GR
grade and were used without further purification. The syn-
thetic manipulations were carried out under nitrogen atmo-
sphere for which commercially available nitrogen was used
after deoxygenation. Analyses, physical and electrochemical
measurements were carried out as described elsewhere.13)

The compounds NaS;CCN - 3dmf,1» RuCp(PPhs).Cl,# its
triphenylarsine,'? stibine,!®) bis-1,2-(diphenylphosphino)ethane
(dppe),!? and bis(diphenylphosphino)methane (dppm)® ana-
logues; were synthesized by literature methods.

Preparation of [CpL;Ru{SC(S)CN}] (L=PPh;, AsPhs,
SbPh;, (dppe)ij2, (dppm)i2). A 0.6—0.8 g (ca. 1 mmol)
sample of [CpLz RuCl] and 4.0 g (ca. 10 mmol) of NaS,-
CCN -3dmf29 were combined in 100 mL of methanol. The
mixture was stirred under Nz for 1 h, after which a red colored
precipitate was formed. The precipitate was collected by

t Current address: School of Studies in Chemistry, Vikram
University, Ujjain, (M.P.) 456010, India.

Their spectral and electrochemical behavior are correlated with the o, n characterstics of

vacuum filtration, washed repeatedly with methanol followed
by diethylether and dried in air. The solid thus obtained was
dissolved in CH2Cly, filtered and to the filtrate added excess of
petroleum ether to induce precipitation. Solid was collected
by filtration washed with petroleum ether and dried at reduced
pressure over CaCly. Yield: 0.48—0.8 g (ca. 80%).

Preparation of [Cp(EPh;)Ru(SC(S)CN] (E=P, As, Sb). A
0.4—0.5 g (ca. 0.5 mmol) sample of [Cp(EPhs):Ru{SC(S)CN}]
in 60 mL of benzene was refluxed for | h and solvent was
removed by evaporation. The residue was then dissolved in
CH:Cl; and added excess of petroleum ether to precipitate the
golden yellow product. It was filtered, washed with petro-
leum ether and dried at reduced pressure over CaClz.  Yield
(0.2—0.25 g) (ca. 75%).

Reaction of [Cp(EPh;);Ru{SC(S)CN}] with [Cp(EPh3),-
RuCl] (E=P, As, Sb). A 0.3 mmol sample of [Cp(EPhs).-
Ru{SC(S)CN}] was stirred with one equivalent of [Cp-
(EPh3)2RuCl] at room temperature in 30 mL methanol for 2—
5 h upon which a blue purple solution resulted. From this the
complex was precipitated by adding excess of solid NH4PFe.
Compound thus obtained was a mixture of two compounds.

Separation of the compounds was achieved by passing
through 2X60 cm column containing activated neutral alu-
mina using | :5 acetonitrile-benzene mixture as eluent. The
two fractions of the major band; first purple and second blue
are collected seperately. Compounds were obtained from
their respective fraction by removing the solvent at low pres-
sure and reprecipitating the residue from CH2Cly/pet. ether.
Yield purple complex, [Cp(EPhs):Ru{SC(S)CN}Ru(EPhs).-
Cp](PFée), ca. 30—50%; blue complex [ Cp(EPhs)2Ru{SC(CN)-
S}Ru(EPhs)2Cp](PFe) ca. 5—20%.

Reaction of [CP(L-L)Ru{SC(S)CN}] with [Cp(L-L)RuCl]
(L-L=dppe, dppm). A 0.2 g (ca. 0.3 mmol) sample of [Cp(L-
L)Ru{SC(S)CN}] and 1.8 g (ca. 0 3 mmol) [Cp(L-L)RuCl] in
40 mL of methanol was refluxed for 1 h under No. From the
resulting blue pruple solution compound is precipitated by
adding excess of solid NH4PFs. The solid thus obtained is a
mixture of two/three compounds which were separated by
passing through neutral alumina column with 1 : 3 acetonitrile
benzene mixture as eluent. Solid compounds were obtained
by removing the solvent at low pressure and recrystallizing
residues from CH2Clg/ pet. ether.

In case of dppe complex band one contained two fractions
the first fraction, purple compound [Cp(dppe)Ru{SC(S)-
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CN}Ru(dppe)Cp] (PFs) (Yield: ca. 20%) and the second frac-
tion of blue compound [Cp(dppe)Ru{SC(CN)S}Ru(dppe)-
Cp](PFé) (Yield: ca. 20%); whereas the second band consisted
of only single green compound [{Cp(dppe)Ru}o(S2CCN)]-
(PFe)z (Yield: ca. 10%).

In case of dppm complex two bands were obtained the first
major blue band [Cp(dppm)Ru{SC(CN)S}Ru(dppm)Cp](PFs)
(Yield: ca. 30%); and second small green band [{Cp(dppm)-
Ru}2(S2CCN)J(PFe)z (Yield: ca. 10%).

Preparation of (Cp(EPh3)Ru{SC(S)CN}Ru(EPh3)Cp](PFs):
(E=P, As, Sb). A 0.21—0.25 g (0.4 mmol) sample of [Cp-

(EPh3)Ru{SC(S)CN}] and 0.29—0.36 g (0.4 mmol, | equiv) of
[Cp(EPh3)2RuCl] in 50 mL of methanol was refluxed for 1.5 h.
To the resulting orange solution added excess of solid NH4PFg
to precipitate out the cation. It was reprecipitated from
CH:2Clz/ pet. ether and purified by passing through activated
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neutral alumina column as described above. Yield: 0.4—0.5

g (75%).

Results and Discussion

Cyanodithioformate (cdf) complexes of ruthenium
prepared are characterized by (1) the method of prepa-
ration and their further reactions, (2) physical data
(color, mp, and conductance) and satisfactory elemental
analyses (Table 1), (3) IR, and 'HNMR spectra of
representative complexes (Table 2), (4) visible spectra
and cyclic voltammetric parameters of representative
complexes (Table 3), (5) ESR spectra. Following five
types of cdf (S2CCN) coordination modes have been
observed.

All of the synthetic manipulations were carried out in

Table 1. Physical and Microanalytical Data
Mp Analyses [Found (Calculated)]/ % Av®
Complex
% C H N S O~ 'cm2mol!

I [RuCp(PPhs){SC(S)CN}] 152 65.2(65.2) 45(44) 1.8(1.8) 8.1 (8.1) 4
2 [RuCp(AsPhs)x{SC(S)CN}] 150 58.6(58.6) 3.8(4.0) 1.5(.6) 7.3 (7.3) 6
3 [RuCp(SbPhs){SC(S)CN}] 149 53.2(53.0) 3.8(3.6) 15(1.4) 6.4 (6.6) 2
4  [RuCp(dppe){SC(S)CN}] 175 59.3(59.5) 4.4(4.4) 20@2.1) 9.5 (9.6) 3
5 [RuCp(dppm){SC(S)CN}] 173 59.0(58.9) 4.2(4.1) 2.1(2.2) 9.7 (9.8) 2
6  Cp(PPh3)Ru(SC(S)CN) 175 56.5(56.6) 3.7(3.8) 2.6(2.6) 12.2(12.1) 4
7  Cp(AsPh3)Ru(SC(S)CN) 175 52.1(52.3) 3.6(3.5 25(24) 11.3(11.2) 5
8  Cp(SbPh3)Ru(SC(S)CN) 175 48.3(48.3) 3.2(3.2) 2.1(2.3) 10.3(10.3) 3
9  [Cp(PPhs3):Ru{SC(S)CN}Ru(PPhs)Cp](PFs) 132 61.8(62.0) 4.3(4.3) 08(0.9 3.7 (3.9 160
10 [Cp(PPhs):Ru{SC(S)CN}Ru(AsPhs3)2Cp](PFg¢) 132 58.8(58.8) 4.2(4.1) 0.8(0.8) 35 (3.7 160
11 [Cp(PPhs3):Ru{SC(S)CN}Ru(SbPhs)2Cp](PFs) 133 55.7(55.7) 39(3.9) 08(0.8) 3.7 (3.5 158
12 [Cp(AsPhs):Ru{SC(S)CN}Ru(PPh;3)2Cp](PFs) 132 589(58.8) 43(4.1) 09(0.8) 3.6 (3.7 159
13 [Cp(AsPh3):Ru{SC(S)CN}Ru(AsPhs);Cp](PFs) 135 55.9(55.9) 4.0(3.9) 0.7(0.8) 3.6 (3.6) 162
14 [Cp(AsPh3)2Ru{SC(S)CN}Ru(SbPh3);Cp](PFs) 133 53.3(53.2) 3.5@3.7) 0.7(0.7) 33 (34) 159
15 [Cp(SbPhs):Ru{SC(S)CN}Ru(PPhs):Cp](PFs) 133 55.7(55.7) 3.8(3.9) 0.8(0.8) 34 (3.5 158
16  [Cp(SbPhs)2Ru{SC(S)CN}Ru(AsPhs)2:Cp](PFs) 135 53.1(53.2) 3.6(3.7) 0.7(0.7) 3.3 (3.4 160
17 [Cp(SbPh3)2:Ru{SC(S)CN}Ru(SbPhs):Cp](PFs) 134 50.7(50.7) 3.4(3.5) 0.7(0.7) 3.1 (3.2) 163
18  [Cp(dppe)Ru{SC(S)CN}Ru(dppe)Cp](PFs) 155 559(559) 4.24.2) 1.1(1.0) 4.6 (4.7 157
19  [Cp(PPhs):Ru{SC(CN)S}Ru(PPhs)Cp](PFs) 132 61.5(62.0) 43(4.3) 08(0.9 39 (39 142
20  [Cp(PPh3):Ru{SC(CN)S}Ru(AsPhs)2Cp](PFs) 132 58.6(58.8) 4.0(4.1) 0.8(0.8) 3.8 (3.7 144
21 [Cp(PPhs):Ru{SC(CN)S}Ru(SbPhs3)2Cp](PFs) 133 55.5(55.7) 3.8(3.9) 0.7(0.8) 3.5 (3.5 140
22 [Cp(AsPh3):Ru{SC(CN)S}Ru(AsPhs).Cp](PFs) 134 55.7(55.9) 3.7(3.9) 0.7(0.8) 3.5 (3.6) 143
23 [Cp(dppe)Ru{SC(CN)S}Ru(dppe)Cp](PFs) 155 55.6(559) 4.1(4.2) 1.0(1.0) 48 4.7 133
24  [Cp(dppm)Ruf{SC(CN)S}Ru(dppm)Cp](PFs) 158 552(55.2) 39(4.0) 1.0(1.0) 49 (4.8) 148
25 [Cp(PPh3)Ruf{SC(S)CN}Ru(PPhs):Cp](PFs) 186 58.1(58.0) 4.1(4.0) 1.1(1.0) 49 4.7) 139
26  [Cp(PPh3)Ru{SC(S)CN}Ru(AsPhsz)2Cp](PFs) 186 54.4(54.5) 3.6(3.8) 1.0(1.0) 4.5 (44 142
27  [Cp(PPh3)Ru{SC(S)CN}Ru(SbPhs;):Cp](PFs) 186 51.2(51.2) 3.5(3.6) 09(0.9) 43 4.1) 140
28  [Cp(AsPh3z)Ru{SC(S)CN}Ru(PPhs):Cp](PFs) 186 56.2(56.2) 3939 1.0(1.00 4.7 4.5 140
29  [Cp(AsPh3)Ru{SC(S)CN}Ru(AsPhs):Cp](PFs) 187 53.0(529) 3.7(3.7) 1.0(0.9) 4.1 4.3) 140
30 [Cp(AsPh3)Ru{SC(S)CN}Ru(SbPhs):Cp](PFs) 187 49.8(49.8) 3.2(3.5) 0909 4.1 (4.0) 142
31  [Cp(SbPh3)Ru{SC(S)CN}Ru(PPhs):Cp](PFs) 186 54.6(544) 3.7(3.8) 09(1.0) 45 (44 139
32 [Cp(SbPhs)Ru{SC(S)CN}Ru(AsPhs):Cp](PFs) 187 51.5(51.3) 3.7(3.6) 0909 4.1 4.2) 138
33 [Cp(SbPh3)Ru{SC(S)CN}Ru(SbPhs)2Cp](PFs) 188 48.6(48.4) 3.4(34) 09(0.9 40 (3.9 139
34  [Cp(dppe)Ru{SC(CN)S}Ru(dppe)Cpl(PFs)2 196  50.3(50.5) 3.8(3.8) 0909 4.1 4.2) 260
35 [Cp(dppm)Ru{SC(CN)S}Ru(dppm)Cp](PFée)2 196 50.0(49.9) 39(3.6) 0909 4.1 (4.3) 272

a) Measured for 1X10~* M acetone solution at room temperature (1

M=1 moldm=3). Color: 1—5, Red; 6—8

Golden Yellow; 9—18 Purple; 19—24 Blue; 25—33 Orange-Red; 34, 35 Green.
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Table 2. IR and NMR Spectral Data of Some Selected Complexes
IR7/cm™ ‘HNMR §é/ppm (area)
Complex S
CN c-c Cp-H Ar-H
S

[RuCp(PPhs){SC(S)CN}] 2203 s 1055 s(sh), 1000 s 4.85(5H) 6.7—7.7(30H)
[RuCp(dppe){SC(S)CN}] 2200 s 1065 vs, 1010 s 4.90(5H) 6.7—7.8(20H)

2.0—3.0; broad; 4H; CH2
[Cp(PPhs)Ru{SC(S)CN}] 2200 s 1000 s 4.92(5H) 6.7—7.7(15H)
[Cp(PPhs)2Ru{SC(S)CN}Ru(PPhs):Cp](PFs) 2200 w 1050 vw, 1000 s 4.86(5H-SRu)  6.7—7.7(60H)

4.32(SH-NRu)
[Cp(PPhs)2Ru{SC(CN)S}Ru(PPhs):Cp](PFs) 2080 vw 1000 vs 4.50(10H) 6.7—7.7(60H)
[Cp(dppe)Ru{SC(S)CN}Ru(dppe)Cp](PFs) 2200 1065 s(sh), 1000 s 4.86(5H) 6.8—8.0(40H)

4.66(5H)

2.0—3.0; broad; 4H; CH
[Cp(dppe)Ru{SC(CN)S}Ru(dppe)Cpl(PFs) 2200 1000 s 4.50(10H) 6.8—8.0(40H)

2.0—3.0; 4H; CH:
[Cp(dppe)Ru{SC(CN)S}Ru(dppe)Cpl(PFée)2 2100 1380 vs, 1000 s 5.00(10H) 6.8—8.0(40H)

2.0—3.0; broad; 4H; CH:
[Cp(PPhs)2Ru{SC(S)CN}Ru(PPhs):Cp](PFs) 2185 1003 s 4.81(5H,SRu)  6.7—7.7(45H)

4.41(5H,NRu)
[Cp(dppm)Ru{SC(S)CN}] 2190 1055 vs, 1000 s 4.95(5H) 6.7—7.8(20H)

2.0—3.0; broad; 2H; CH2
[Cp(dppm)Ru{SC(CN)S}Ru(dppm)Cp](PFs) 2200 1000 vs 4.45(10H) 6.7—7.8(40H)

2.0—3.0; broad; 2H; CH2
[Cp(dppm)Ru{SC(CN)S}Ru(dppm)Cp](PFs)2 2100 1385 vs, 1000 vs 5.25(10H) 6.7—7.8(40H)

2.0—3.0; broad, 2H; CH:

Table 3. Visible Spectral and Cyclic-Voltammetry Data of Some Selected Complexes
Complex Amax/ DM (€max/ M~1cm—1)? YA

[RuCp(PPhs)2{SC(S)CN}] 503(10000)  364(3700) 0.30(rev)
[Cp(PPh3)Ru{SC(S)CN}] 470(1450) 360(sh) 0.78(q.r.)
[Cp(PPhs3):Ru{SC(S)CN}Ru(PPhs):Cp](PFs) 530(9700) 376(7600) 0.57(q.1.)
[Cp(PPhs)2:Ru{SC(CN)S}Ru(PPhs).Cp](PFs) 620(12000)  380(4400) —0.20(rev) 0.31(q.r.)
[Cp(PPhs)2Ru{SC(S)CN}Ru(PPhs).Cp](PFs) 510(3600) 378(6900) —
[Cp(dppe)Ru{SC(S)CN}Ru(dppe)Cpl(PFe) 530(9700) 378(7600) —
[Cp(dppe)Ru{SC(CN)S}Ru(dppe)Cpl(PFs) 620(12000)  382(4500) —0.22(rev) 0.31(q.r.)
[Cp(dppe)Ru{SC(CN)S}Ru(dppe)Cp](PFée)2 862(7200) 668(12000) 340(11600)  0.31(i.r.)

a) In acetonitrile.
electrode.
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methanol at either room temperature, elevated tempera-
ture or under refluxing conditions. The conversion of
[Cp(EPh3):Ru{SC(S)CN}] into [Cp(EPhs)Ru{SC(S)-
CN}] (E=P, As, Sb) was achieved by refluxing the
former in benzene. In the reactions of sodium cyanodi-
thioformate (NaSeCCN) with [CpL2RuCl] yielded only
the n!-S coordinated products. Effect seems rather
kinetic as because of the low solubility and consequent
precipitation of the products from reaction medium
(methanol), cdf was prevented to become bidentate che-
late; otherwise bidentacy is common with other dithio-
acid ligands.21=23 In more solubilizing solvents or
under drastic conditions NCCSz~ ion has been found to
become bidentate chelate.

Benzene

(EPhs) Ru-SC(S)CN ——— Ru-SC(S)CN+EPhs (1)

reflux

[Cp(EPhs):Ru{SC(S)CN}] undergoes above reaction
only in benzene but not in methanol even after pro-
longed refluxion, probably because the former serves as
better solvating agent for reactant-product complexes
and the departing ligand, all three.

The dimerizations were achieved by reacting the
mono cyanodithioformate precursor complexes with
one molar equivalent of corresponding chloro or sol-
vated precursors. Mononuclear bidentate chelate cdf,
(Type II) complexes gave smooth reactions leading to
desired dinuclear complexes. The reactions of Type I
cdf complexes lead to two/three products as a conse-
quence of availablity of two nucleophilic coordination
sites viz. S and N atoms and also due to partial oxida-
tion of the products leading to mixed valence species.

Table 4. Percentage Yield of Formation for Type III and
Type IV Dinuclear Complexes [(RuCpLz)z (S2CCN)J+

Ligand Type 111 Type IV
PPhs 35 18
AsPh; 45 10
SbPhs 50 5
(dppe)2” 20 20
(dppm)y2” — 30

a) Product contained one more green compound with
yield ca. 10%.
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In all these metallation reactions Ru'' ion being a soft
acid prefers the nucleophilic attack through soft base S
than N; but the steric factor has opposit effect. As the
cone angle of the tertiaryaryl group-five-donor ligands
increases on descending the periodic table from P to As
and to Sb, the effect is distinctly manifested in the
formation ratio (Table 4) of the two complexes with
Type III and Type IV linkages in the reaction (2) below,

[RuCpLa{SC(S)CN}]+[RuCpL,Cl] —>
[CpL2Ru{SC(S)CN}RuL,Cp]* + [CpL:Ru{SC(CN)S}RuL,Cp]*

purple (Type 111) blue (Type 1V) (2)

With L=PPhs the amount of blue complex formed,
which results due to the attack by the second S atom of
mono-cdf complex, Type I on the second ruthenium
moiety, was nearly half of that of purple complex, which
results due to the nucleophilic attack by the N atom, on
the second ruthenium moiety. But with L=SbPhs the
purple dinuclear complex is formed almost exclusively;
(amount of blue complex formed was even less than 10%
of that of pruple complex). Furthermore on going to
shorter cone angles (less crowding) in Ly=dppe, than in
PPhs complex the formation of blue dinuclear complex
predominates and with still shorter cone angle in
Lo=dppm only blue dinuclear complex is formed
exclusively.

In case of dppe, dppm ligands, reaction (2) upon
refluxing in methanol yielded one more green com-
pounds besides the red and blue ones. Based on their
physico-chemical (IR, "H NMR, ESR spectra, and cy-
clic voltammetry) and microanalytical data we propose
it to be mixed valence analogue of blue complexes;
[CpL2Ruf{SC(CN)S}Rul,Cp]2*. 17 electron Iron(III)
organometallic compounds possessing crowded coordi-
nation sphere2?4 are already known.

The n'-S coordinated complexes undergo transfor-
mation into 12S,S’ coordinated bidentate chelate com-
plexes according to Scheme 1.

IR Spectra. The infrared data for representative
complexes are listed in Table 2. Literature reported
medium/strong intensity bands of Na cdf-3dmf are
2185, 1115, 1105, 1043, and 1021 cm~1.25)  As certain of
these bands are obscured by other spectator ligand
bands in these complexes; bands listed are only those

in Benzene
-

1h refl.

[CpLzRu-SC(S)CN]

+HRuCpL:Cl]
in Methanol
stir2—5h

[CpLzRu-SC(S)CN-RuL,Cp]*

+

in Methanol

—_—

[CpL2Ru-SC(CN)S-RuL.Cp]t

|
CpLRu-SC(S)CN]

+HRuCpL:Cl]
in Methanol
refl. 1—2h

in Methanol
refl. 1.5h

1
[CPLRu-SC(S)CN-RuL:Cp]*

refl. 3h

Scheme 1.
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distinct bands other than that present in precursor com-
plexes [CpLzRuCl].

IR bands observed in the region between 2000—2200
cm™! are assigned to »(CN) and those observed between
1000—1400 cm™! in conformity with spectral assign-
ments for xanthates, dithiocarbamates and dithioacids

S
are assigned C—é\ group vibrations.2326-30)  Type I cdf
S
complexes possess two v(C-S) bands because binding
with metal ion renders two carbon sulfur bonds
unequal. However in the (n2-S,S’)cdf, Type II com-
plexes possess only one band due to v.(CSy2).

All of the cdf bands shift upon coordination depend-
ing upon (a) the extent of contribution from resonance
structure VI or VII and (b) the extent of Ru—cdf © back
bonding.

_S\ _S\
/F—CEN /C:C:N"'
S -S
Vi VII

In the n'-S coordinated complexes of the Type I the
»(CN) band is shifted to 20 cm~! towards higher wave-
number side. But this is still lower when compared to
the »(CN) band in corresponding methylcyanodithiofor-
mate (2220 cm™1).25 This could be understood if we
consider that ruthenium(ll) moiety having m basic
capacity places electron density in the n* orbital of cdf
consequently reducing the »(CN) stretching frequency;
which is not possible with CHscdf. Upon attachment
of second ruthenium(II) moiety to N end of cdf in the
complexes of the Type III »(CN) does not show any
significant shift because the force field strengthening
(consequent upon N coordination) is balanced by syner-
gistic weakening due to Ru(II)-NC n back bonding.
Similarly 72-S,S” bidentate chelation in the complexes
of Type 11 and its dinuclear derivatives u(n2-S,S’; n1-N),
Type V do not cause any significant shift in the »(CN)
frequency compared to that in n!-S cdf complex.

In pu(n2-S; n'-S’) cdf binuclear Type IV complexes
v(CN) band appeared at considerably lower frequency.
It seems that the binding of the two ruthenium moieties
through sulfurs require increased contribution from
resonance structure VII. This requirement in one elec-
tron oxidized u(n'-S; n!'-S) cdf complexes it is still
greater and hence there is significant lowering of »(CN)
(ca. 100 cm™!) and appearance of a new band at ca. 1385
cm! due to C==CSz bond acquiring partial double
bond character.

NMR Spectra. 'HNMR spectra have been much
helpful in the characterization of these complexes.
These spectra can be considered in two parts. One the
complex pattern of singnals in the range §=6.3—10.0
arising due to aromatic protons of phenyl and/ or bipyri-
dine rings, and the second the cyclopentadienyl proton
signals which appear between 6=4—5. These Cp
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proton signals have marked variation in their position
depending upon coordination of the ligand with CpRu
through its S or N sites. Relevant data are listed in
Table 2. The S coordinated CpRu proton signals are
much downfield shifted compared to the N coordinated
one. The relative ordering of shifts for Cp proton
signals could be given by following series (6 values).

- 1
CpRu25-SCS-Ru25Cp>CpRu-SCS > CpRu-SC(S) >
CpRu-SCS-RuCp > CpRu-NC-

Which reflects the increase in the electron density on
CpRu in reverse order.

Visible Spectra. Visible spectral data of some
selected complexes is listed in Table 3. The complex
[RuCp(PPhs)2{SC(S)CN}] shows two absorption max-
ima at 503 (&max 10000) and 374 nm (&max 3700). From
comparison of intensity and position of the band at 374
nm with that in ruthenocene3!) it is assigned to
n(Cp)—dn(Ru) ligand to metal charge transfer transi-
tion. The intense lowest energy band at 503 nm under-
goes bathochromic shift upon dimerization, whereupon
a second [Ru""Cp(PPhs)z] moiety is binded through N or
the second S of the (n'-S) cdf mononuclear complex.
It is a normal trend for such MLCT transitions that
involve vacant orbitals of bridging ligand101432) and thus
the band is tentatively assigned to dm(Ru)—m*(cdf)
MLCT transition. Magnitude of red shift depends
upon the site of coordination of second Ru'" moiety in
(n*-S) cdf complex (Fig. 1), is nearly four times greater
in [Cp(PPhs):Ru{SC(CN)S}Ru(PPhs):Cp](PFs) 3750
cm™! than in [{Cp(PPhs):Ru{SC(S)CN}Ru(PPhs).Cp]-
(PFg) 1010 cm™. This could be rationalized from the
fact that sulfur p orbitals participating in the ligand n
system are more diffuse and thus are more favorable for

Absorbance

| |
300 500 700 900
A(nm)

Fig. 1. Electronic spectra for (A) [Cp(dppe)Ru-
SC(S)CN-Ru(dppe)Cp](PFs), (B) [Cp(dppe)Ru-
SC(CN)S-Ru(dppe)Cp](PFs), and (C) [Cp(dppe)Ru-
SC(CN)S-Ru(dppe)Cp]l(PFs)2 in dimethylformamide.
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interaction with ruthenium dm orbitals than the nitrogen
prn orbitals. The weak d-d and n—n* (ligand centered)
transitions are seemingly obscured by the strong charges
transfer bands.

The MLCT band upon cdf becoming bidentate che-
late in [Cp(PPhs)Ru{SC(S)CN}], shifts towards higher
energy (Amax 470 nm) with a markedly reduced intensity
(emax 1450). Two possible reasons could be given for
this shift (a) in (92-S,S’) cdf coordination there is
increased contribution from gem dithiloate resonance
form t*N=C=CSz2- (VII) and thus the energy of acceptor
orbital is raised and (b) ruthenium dm orbital getting
stablilized because of stronger m back bonding interac-
tion of the cdf involving its vacant n* MO. The M-
PR; = interaction being weaker than metal-dithiolate
interation,3® the latter view (b) seems more plausible.
This is further vindicated from the fact that upon bind-
ing of second [Cp(PPhg)zRu”] moiety at nitrile nitrogen

of [Cp(PPhg)Ru{SC(S)CN}] in Type V binuclear cdf
complex greater perturbation (Av=1670 cm™!) of
MLCT transition energy is introduced compared to that
of [Cp(PPhs):Ru{SC(S)CN}] in Type III dinuclear cdf
complex (Ay=1010 cm™?).

One electron oxidized bimetallic cyanodithioformate
complex [Cp(dppe)Ru-SC(CN)S-Ru(dppe)Cp]2* shows
three intense absorptions at Amax 862 (&max 7200), 668
(12000), and 340 nm (11600) (Fig. 1). Since neither of
these intense bands are present in ligand (cdf) or in
[Cp(dppe)Ru'"] moiety they could tentatively be
assigned to intervalance charge transfer (IT) dn(Ru")
—dn(Ru™), LMCT pn(S)—»dn(Ru"™"") and MLCT
dn(Ru"™™—n* (-CSS-) respectively.

Cyclic Voltammetry. Oxidative cyclic voltammetry
of some selected compounds was investigated in acetoni-
trile and the results obtained are recorded in Table 3.
Most of the oxidation processes appear to be of irrevers-

A)

Cyanodithioformate Complexes of Cyclopentadienylruthenium(II)

3403

ible type some typical CV scans are shown in Fig. 2.
(7'-S) cdf complex [RuCp(PPhs)2{ SC(S)CN}] exhib-
its an anodic oxidation peak at 0.30 V vs. SCE which
shifts significantly towards more positive potential side,
(difficult to oxidize) at 0.78 V upon displacement of one PPhs

by the second S of the cdf in [Cp(PPhs)Ru(SC(S)CN)].
Considering the MO associated with the electron
transfer process having more metal dn character, i.e.
Ru(Il)/ Ru(IIl) process, this reflects marked stabiliza-
tion of the HOMO, which is in agreement with the
electronic spectral data, (vide supra). The ease of oxi-
dation is considerably reduced upon its dimerization in
w(n'-S; 7*-N) cdf complex [Cp(PPhs)2:Ru-SC(S)CN-
Ru(PPhs).Cp]t, Type III which possesses correspond-
ing oxidation anodic peak at 0.57 V vs. SCE. Since
association of second [Cp(PPhs):Ru'"] moiety at the N
end of the ligand in Type I monomer should have a
destabilizing effect on the dn(Ru) (HOMO) of the latter;
hence the shift of the anodic peak towards more positive
potential side in this complex seems to be due to the
positive charge on the whole species and also due to the
second sphere solvation effect.

The wu(n'-S; n'-S’) cdf binuclear complex, [Cp-
(PPh3)2Ru-SC(CN)S-Ru(PPhs);Cp]*, Type IV exhibits
two oxidations, first reversible Ei2 —0.20 V and second
anodic peak at 0.31 V vs. SCE. Compared to corre-
sponding Type I mononuclear and Type 11l dinuclear
complexes the first oxidation peak position is signifi-
cantly lower. There are two mutually opposing factors
that decide the position of the oxidation peaks, (a)
increased positive charge on the species, (b) competition
between the two Ru'' dr orbitals for the same ligand =
MO for 7 back bonding and their consequent destabili-
zation. It seems that due to the predominance of factor
(b) the peak position results as given above. Also there
is an additional possibility of this new low potential

)]

l |
16 14 12 1.0 0.8 0.6 0.4

Ew vs. SCE/V

| | I | |
0.2 0.0 -0.2 -0.4 1.0 0.8 .6 0.4 0.2 0.0 -0.2 -0.4
Ew vs. SCE/V

Fig. 2. Oxidative cyclic voltammogram for (A) [Cp(PPhs)RuSC(S)CN], and (B) [Cp(PPhs):Ru-SC(CN)S-

Ru(PPhs):Cp](PFs).

Condition; 0.1 M TEAP in CH3CN vs. SCE at Pt electrode.
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Fig. 3. ESR Spectra for (A) [Cp(dppe)Ru-SC(CN)S-
Ru(dppe)Cp](PFs), and (B) [CP(dppe)Ru-SC(CN)S-
Ru(dppe)Cp](PFs)2 in solid state at room tem-
perature.

oxidizable center arising from Ru-Ru axis as the two
ruthenium centers lie at a close distance.

The green dinuclear complex [Cp(dppe)Ru-SC-
(CN)S-Ru(dppe)Cp]2* shows only one peak at 0.31 V
vs. SCE which supports that it is one electron oxidized
analogue of the blue complex.

ESR Spectra. One electron oxidized dinuclear u(n!-
S; 71-S") cdf complex [Cp(dppe)Ru-SC(CN)S-Ru(dp-
pe)Cpl2t gives ESR signal (g=2.0649) at room tempera-
ture (Fig. 3). The corresponding dinuclear blue com-
plex [Cp(dppe)Ru-SC(CN)S-Ru(dppe)Cp]* although
in the mixture does not give any ESR signal but after
passing through alumina column has given a strong
triplet singal (g=2.0489) possibly due to the formation
of dithioformate radical.3¥

Eluent

[Cp(dppe)Ru-SC(CN)S-Ru(dppe)Cpl* genspors
2[Cp(dppe)Ru(NCCH3)]* + NCCS;,

Contamination with NCCS;- radical broadens Cp
proton NMR resonance signal which otherwise was
sharp in the mixture.

One of the authors (R. P.) thanks Council of Scien-
tific and Industrial Research (New Delhi, India) for the
grant of financial assistance.
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