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Reaction of Na[S,CNEt.J with [Ru(PPh,),CI,] afforded cis-[RuL,(PPh,),] (L = S,CNEt,), which upon 
oxidation by cerium(1v) furnished trans-[RuL(PPh,),] +, isolated as its PF,- salt. Both complexes are 
obtained in nearly quantitative yields. The trivalent complex displays one-electron paramagnetism and 
a rhombic frozen-solution EPR spectrum which has been analysed affording axial and rhombic 
distortion parameters of x8000 and = 1700 cm-l respectively. A ligand-field transition within the 
Kramers doublets is observed at 6450 cm-l, the predicted value being x7000 cm-l. Variable- 
temperature (253-303 K) voltammetric studies have revealed that electrode reactions proceed in a 
stereoretentive fashion [€,(cis), 0.23 and €,(trans), -0.09 V vs. saturated calomel electrode (SCE)] but 
the species cis- [ RuL( PPh,),] + and trans- [RuL( PPh,),] are unstable and spontaneously isomerise 
affording the stable trans-trivalent and cis-bivalent complexes respectively, the equilibrium 
concentration of the unstable isomers being very small. The rates and activation parameters of these 
isomerisation reactions presumably proceeding by the twist mechanism (AS* highly negative) have 
been determined. The factors controlling geometrical preference of oxidation states viz., metal- 
phosphorus back-bonding and PPh, - - * PPh, steric repulsion are considered in relation to the osmium 
analogues reported previously. 

This work stems from our interest in the isomer preference of 
different oxidation states of the same metal ion held in a mixed- 
donor environment. '-' Dithiocarbamate-phosphine complexes 
of bivalent ruthenium belonging to type 1 have cis g e ~ r n e t r y . ~ . ~  
Nothing is, however, known about their redox behaviour and 
the effect thereof on co-ordination geometry. This issue is 
scrutinised in the present work for the case R = Et, R' = Ph. 

Results and Discussion 
Synthesis and Characterisation. -The species concerning us 

here are bivalent-cis, 2, trivalent-cis, 2+, bivalent-trans, 3 and 
trivalent-trans, 3'; of these only 2 and 3' have been isolated, 
the latter for the first time, the geometrically unstable species 2' 
and 3 could be observed in solution only in voltammetric 
experiments (see below). 

The complex 2 was prepared in nearly quantitative yield from 
the reaction of equation (1) carried out in boiling ethanol. In 

[Ru(PPh3),C12] + 2Na[S2CNEt2] - 
2 + PPh, +2 NaCl (1) 

earlier preparations hydridophosphine complexes of ruthenium 
were used as starting materials with much poorer  yield^.^*^ 

Oxidation of a solution of 2 in dichloromethane-aceto- 
nitrile (1 : 10) solution by aqueous cerium(rv) affords 
[equation (2)] the blue-green complex 3' isolated as the PF6- 

salt in excellent yield. Single crystals could not be prepared for 
X-ray work but all properties of the complex (see below) are 
consistent with the trans geometry. 

Characterisation data for the complexes are set out in Tables 
1 and 2. The trivalent complex behaves as a 1 : 1 electrolyte in 

t Non-SI unit employed: pB x 9.27 x J T'. 

1 
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MeCN (A = 134 i2-l cm2 mol-') and it is paramagnetic 
corresponding to a t2' (S = i) configuration (Table 2). Its 
rhombic EPR spectrum is shown in Fig. 1. Since the symmetry 
of the co-ordination sphere of 3' can at best be CZh, the 
spectrum is indeed expected to be rhombic. 

The spectrum was analysed with the help of g-tensor 
theory8*9 of low-spin d5 complexes affording axial (A) and 
rhombic ( V) parameters as defined in Fig. 1 and listed in Table 2 
(some further details are given in the Experimental section). 
Setting the value of the spin-orbit coupling constant (A) of 
ruthenium(I1I)" as lo00 cm-', we obtain A x 8000 and 
V 1700 cm-' . The analysis predicts (Table 2) that a pair of 
ligand-field transitions among the three Kramers doublets 
should occur near 7000 cm-' (vl) and 9O00 m-' (vz). The 
electronic spectrum of the complex shown in Fig. 1 indeed 
reveals the presence of a relatively weak band at 1550 nm (6450 
cm-') assignable to vl. The tail of the relatively strong charge 
transfer (c.t.) band at 720 nm is believed to obscure the expected 
v2 band. 

It is instructive to compare the spectral features of the two 
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Table 1 Analytical " and electronic spectral data 

Analysis (%) 
UV/VIS and NIR 

Compound C H N h,,,/nm (&/dm3 mol-' cm-') 
ci~-[RuL,(PPh,),l 59.85 5.65 2.95 340 (10 OOO), 255' (55  260) 

(59.90) (5.60) (3.00) 
tr~ns-[RuL,(PPh,),]PF,j 51 .SO 4.70 2.65 1550 (25), 720 (2920), 430'(1410), 

(51.70) (4.70) (2.60) 350'(10 420), 310 (19 710) 

Calculated values are in parentheses. ' In dichloromethane at 298 K. Shoulder. 

Table 2 
parameters, and NIR transitions of [RuL,(PPh,),]PF, 

Magnetic moments," assignments of EPR g values,' distortion 

Peff 1.87 
gx 2.387 
gY 2.31 1 

A l l  8.344 
1.697 
7.473 

v,/h 9.406 
vl/hobsd 6.452 

" In the solid state at 298 K. 'Measurements were made in 
dichloromethane-toluene (1 : 1) glass at 77 K. ' Symbols have the same 
meaning as in the text. dObserved frequency converted to v l / h  by 
setting h = 1000 cm-'. 

gz 1.944 

VIA 
V l l h  

complexes with those of structurally characterised l 1  cis- 
[OsL,(PPh,),] and trans-[OsL,(PPh,),]PF, (L = S,CNEt,). 
In optical spectra there is a remarkable one-to-one 
correspondence of bands, both in terms of number and shape; 
the corresponding energies and intensities being of similar 
magnitudes. In EPR spectra, the A and V parameters (7500 and 
1900 cm-l respectively) of the trans osmium complex lie close to 
those (see above) of [RuL,(PPh,),]+. It is clear that the 
geometrical assignments (cis for bivalent and trans for trivalent) 
to the two isolated ruthenium complexes are sound. 

Variable-temperature Voltammetry.-Cyclic voltammetry of 
2 and 3 have been examined in dichloromethane solution at 
platinum electrodes over the temperature range 253-303 K. 
Representative voltammograms are displayed in Fig. 2. The 
case of 2 will be considered first. Near 300 K one anodic peak 
A, and one cathodic peak C,, separated from A, by x 500 mV, 
are observed, As the temperature is lowered more features 
become discernible. At 253 K the cathodic peak C, 
corresponding to anodic A, becomes clearly observable and the 
anodic peak A, corresponding to cathodic C, can be seen in the 
second and subsequent cycles (Fig. 2). 

For 3' the voltammogram at 253 K consists of a single 
quasireversible response with the peaks C, and A,. As the 
temperature is increased peak A, appears and becomes 
progressively more defined at the expense of A,. Near 300 K the 
voltammograms of 2 (initial scan anodic) and 3' (initial scan 
cathodic) are closely alike (Fig. 2). 

The above-noted anodic and cathodic peaks can be assigned 
to the couples of equations (3) and (4). The corresponding E+ 

A,, C,: 2+ + e c 2, E4(cis) (3) 

A,, C,: 3' + e C 3, E+(trans) (4) 

values are listed in Table 3. In both the couples the 
stereochemistry is preserved. 

However the species 2' and 3 are unstable and tend to 
transform spontaneously to 3+ and 2 respectively. These 
transformations become faster as the temperature rises and 
near 300 K only the anodic response of 2 and the cathodic 
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Fig. 1 (a) X-band EPR spectrum and t, splittings of truns- 
[RuL,(PPh,),]PF, in dichloromethane-toluene (1 : 1) glass (77 K); 
A = 8350cm-', V = 1700 cm-'. (b) Electronic spectrum of trans-[RuL,- 
(PPh,),]PF6 in dichloromethane at 298 K 

response of 3 + remain observable. The voltammetric 
observations (Fig. 2) are thus consistent with the processes 
shown in Scheme 1 which is constituted in the couples of 
equations (3) and (4), and the relevant rate processes (see 
below). 

When 2 is coulometrically oxidised at 0.5 V at room 
temperature, one electron is quantitatively transferred (Table 3) 
and the solution is found to contain only 3+ .  Similarly room- 
temperature coulometric reduction of 3+ at -0.5 V proceeds 
with the transfer of one electron (Table 3) producing 2 as the 
only product. The same results are obtained even at low 
temperature because on the coulometric time-scale the 
transformations 2+ __+ 3+ and 3 __+ 2 are complete even 
under these conditions. 

3+ The rates of isomerisation steps 3 - 2 and 2' 
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Fig. 2 Variable-temperature cyclic voltammograms (scan rate 50 mV 
s-l) of mol dm-, solutions of (a) cis-[RuL,(PPh,),] [first cycle 
(-), second cycle (- - -)] and (b) trans-[RuL,(PPh,),]PF, in 
dichloromethane 

have been determined by voltammetry at different temper- 
atures.12 First-order rate constants (k,,, knr, Scheme 1) and 
activation parameters are listed in Table 4. The large entropies 
of activation are suggestive of the operation of a twist 
mechanism. 

In none of the experiments performed by us we have been 
able to observe the species 2' and 3 in equilibrated solutions. 
Their equilibrium concentrations are therefore very small, 
meaning that the rate constants of the backward reactions (kll-' 
and kll;' in Scheme 1) are small and the equilibrium constants 
K,, = k,?/klI-' and KIIl = k l l l / ~ l ~ ~ l  are large (>  lo2). The 
equilibrium constant K,,, equation (5), of the cross-reaction of 
equation (6) is calculated to be =lo6 (Table 3). This is 
consistent with K,,, K,,, > 10' since K,, = K,,K,,,. 

Table 3 Electrochemical' and equilibrium data at 253 K 

E,(cis)lv E+( trans)/V nox nredC K,, 
0.23 - 0.09 1.03 0.96 2.7 

a Conditions: solvent, dichloromethane; supporting electrolyte, 
NEt,CIO, (0.1 mol dm-j); working electrode, platinum; reference 
electrode, saturated calomel electrode (SCE); solute concentra- 
tion, z mol drn-j, Et = 0.5 (Epa + E,,), where Epa and Epc are 
anodic and cathodic peak potentials, respectively; scan rate, 50 mV 

. nox = Q / Q  where Q is the calculated coulomb count for transfer 
of one electron and Q is the coulomb count found after exhaustive 
coulometric oxidation of cis-[RuL,(PPh,),] in dichloromethane 
(0.1 mol dm-j NEt,CIO,). 'nred = Q / Q  for exhaustive coulometric 
reduction of trans-[RuL,(PPh ,),]PF,. 

s-l b 

2+ + 3 e 2  + 3+ (6) 

Comparison with Osmium Analogues.-The stable species are 
thus 2 and 3+ and these alone are observable in equilibrated 
solutions. The species with valence-geometry mismatch, 2+ and 
3, have been seen only in low-temperature cyclic voltammetric 
experiments as products of stereoretentive electrode reactions. 
As in the osmium species," the factors controlling the 
geometrical preference of oxidation states are ( i )  M-P ndK-3dK 
back bonding M" (d6) % M"' (d5) and cis > trans, and (ii) 
PPh, PPh, steric repulsion cis > trans. The back-bonding 
advantage in 2 more than offsets the steric disadvantage. In 3' 
the geometry is sterically controlled since back bonding is weak 
or absent.14 The trend E+(cis) > E+(trans) falls in place: the 
electron ionised belongs to the 4d(t2) shell which is more stable 
(back bonding) in the cis form. The larger value of K,, 
[equation (5)] is another expression of this. 

As expected (4d uersus 5d) the Et values for the ruthenium 
complexes lie at more positive potentials (by x 150 mV) than 
those of the osmium analogues'' and also the rates of 
isomerisation are much faster (by more than an order of 
magnitude) in the ruthenium case. One consequence of the 
latter trend is that the osmium analogue of 3 could be isolated at 
low temperature and structurally characterised. The back- 
bonding order 0s" > Ru" has a significant effect on K,, which 
is k 10' for Ru" but in the 0s" case'' its value is =6  (303 K). In 
effect the trans-osmium(1r) complex has better stability than the 
trans-ruthenium(1r) analogue. 

Conclusion 
For [RuL, (PPh3)2]Z the stable valence-geometry combinations 
are cis-bivalent ( z  = 0) and trans-trivalent ( z  = +). The latter, 
isolated as a PF6- salt, shows a rhombic EPR spectrum. The 
species with mismatched z-geometry combinations viz., 
bivalent-trans and trivalent-cis have been observed in cyclic 
voltammetry but once formed these isomerise fairly rapidly to 
the corresponding stable geometries, the equilibrium concentra- 
tions of the mismatched species being unobservably small. The 
observed isomer preference arises from the interplay of back 
bonding and steric repulsion within the Ru(PPh,), fragment. 
The present results are qualitatively similar with those of 
osmium analogues but there are logical quantitative differences 
in rate and equilibrium constants. 

Experimental 
Materials.-Commercial ruthenium trichloride was received 

from Arora Mathey, Calcutta, India and purified by repeated 
evaporation to dryness with concentrated hydrochloric acid.' 
The compound [Ru(PPh,),Cl,] was prepared according to the 
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Table 4 Rate constants and activation parameters in dichloromethane for [RuL,(PPh,),] 

trans-[RuL,(PPh,),] - cis-[RuL,(PPh,),] 

T / K  lo2 k,,/s-' AHt/kJ mol-' AS$/J K-' mol-I T/K 10 k1,&l AH'/kJ mol-' AS'IJ K-' mol-' 

278 4.7 263 6.3 
283 6.5 268 8.9 

cis- [ RuL, (PPh 3)2] + - trans-[RuL, (PPh 3)2] + 

273 2.8 52.3 k 2 -83.4 f 5 258 3.7 48.5 f 2 -65.2 f 5 

reported procedure. l 6  Sodium diethyldithiocarbamate was 
purchased from Aldrich. The preparation of tetraethylammo- 
nium perchlorate and the purification of solvents for 
electrochemical and spectroscopic work were done as 

All other chemicals and solvents were of reagent 
grade and used without further purification. 

Physical Measurements.-UV/VIS/NIR spectra were re- 
corded on a Hitachi 330 spectrophotometer. The magnetic 
susceptibility was measured on a PAR 155 vibrating-sample 
magnetometer fitted with a Walker Scientific magnet. The 
X-band EPR spectrum was recorded on a Varian E-109C 
spectrometer fitted with a quartz Dewar flask for measurements 
at 77 K (liquid nitrogen) and calibrated with respect to 
diphenylpicrylhydrazyl (dpph) (g = 2.0037). Electrochemical 
measurements were done by using a PAR model 370-4 
electrochemistry system as described elsewhere. Compensa- 
tion for IR drop was applied in each case. All experiments were 
performed under a dinitrogen atmosphere and reported 
potentials are uncorrected for the junction contribution. Haake 
model F3K and model D8G digital cryostats and circulators 
connected to appropriate jacketed cells were used for low- 
temperature measurements. Solution electrical conductivity 
was measured using a Philips PR 9500 bridge. 

Microanalytical data (C, H, N) were obtained with the use of 
a Perkin-Elmer model 240C elemental analyser. 

Preparation of Complexes. +is- Bis( diethy ldith io carbama to) - 
bis(triphenylphosphine)ruthenium(Ir), cis-[RuL,(PPh,),]. To a 
warm solution of [Ru(PPh,),Cl,] (100 mg, 0.10 mmol) in 
ethanol (30 cm3) was added NaL (40 mg, 0.23 mmol). The 
mixture was refluxed for 1 h. Upon cooling a bright orange-red 
microcrystalline solid separated which was collected by 
filtration, washed thoroughly with water and ethanol, and dried 
in vacuo over P,O,,. Yield 96%. 

trans-Bis(diethyldithiocarbamato)bis(triphenylphosphine)- 
rutheniurn(n1) hexafluorophosphate, trans-[RuL,(PPh,),]- 
PF,. To a solution of pure cis-[RuL,(PPh,),] (100 mg, 0.11 
mmol) in dichloromethane-acetonitrile (1 : 10, 30 cm3) was 
added ammonium cerium(1v) sulfate (100 mg, 0.16 mmol) 
dissolved in water (5 cm3). The mixture was stirred magnetically 
for 15 min during which the solution became deep green-blue. 
The reaction mixture was then filtered, the filtrate concentrated 
to 10 cm3 under reduced pressure, and a saturated aqueous 
solution of NH,PF, (10 cm3) added. The deep green crystalline 
solid thus obtained was collected by filtration, washed with 
water and dried in vacuo over P4010, yield 95%. 

Treatment of EPR Data.-The procedure used by us for 
analysing EPR spectra has been detailed el~ewhere.~. '~ A very 
brief outline is given here. The net distortion in the 
ruthenium(Ir1) trans complex, 3+,  can be expressed as the sum of 
tetragonal (A) and rhombic (V) components. Tetragonal 
distortion (tetragonal axis z) places d,,(b) above d,,,dy,(e) [Fig. 
l(a); here A is positive) and rhombic distortion splits the e 
orbital into non-degenerate components (energy order 
d,, > d,, where Vis positive). Under the combined influence of 
A, V and spin-orbit coupling h three Kramers doublets are 
formed representing split components of the octahedral 2T2 
term (low-spin t;). Given the signs and magnitudes of g,, g, 

and g, the values of A, Vand energies (vl and v2) of two ligand- 
field transitions from ground-to-upper Kramers doublets can 
be computed. In practice however EPR results provide neither 
the sign of the three principal g values nor their correspondence 
to g,, g ,  and gz. In fact there are eight possible solutions (each 
representing a cluster of six equivalent solutions). Not all of 
these are physically meaningful and in most cases one is left to 
choose one from two alternatives. The correct solution can be 
chosen confidently when one or both of v1 and v2 are 
experimentally observable (as in the present case). The signs of 
g,, g,, g,, A and Vin the solution of Table 2 are - , - , + , + , - . 
In the second solution (not shown in Table 2), the signs are - , 

0.0287 respectively). The calculated values of v,/h and v,/h in 
the latter solution are 1.459 and 1.551 respectively, both of 
which are too small compared to the observed value (6.452) 
which agrees satisfactorily with the calculated v,/h value, 7.473, 
of the first solution (Table 2). 

- _  , , + , - (here the magnitudes of A and V are 0.1404 and 

Kinetic Measurements.-The rates of conversions 3 4 2 
and 2+ 4 3' were computed from cyclic voltammetric 
current heights using, the method described by Nicholson and 
Shain" for the case of irreversible transformation of 
electrogenerated species following reversible charge transfer. 
To apply the method, the couples of the present work are 
assumed to be reversible although they are only approximately 
so in practice. In the measurements the variables are 
temperature (Table 4), scan rate, initial potential and switching 
potential. The scan rate was varied in the domains 3&50 and 
200-400 mV s-' for 3 - 2 and 2' + 3' respectively. In 
the case of 3 - 2 the initial potential was set at +0.60 V 
and the switching potential was varied in the range -0.30 to 
-0.40 V. For 2+ - 3+ the corresponding values are -0.50 
and +0.50 to +0.80 V. The parameters i,,/i,, and z were 
determined from the experimental cyclic voltammograms' (ipa 
and i,, are respectively the anodic and cathodic peak heights 
and 7 is the time in s from Et to the switching potential). The 
rate constant (k) was determined in each case from the working 
curve' 2a of i,,/i,, as a function of kz. The activation parameters 
AH * and AS were obtained from the Eyring plot of variable- 
temperature rate constants. 
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