
BLUE RUTHENIUM CHLORIDE COMPLEXES 

where 4 is the primary quantum yield for reaction 1 
and I, is the absorbed light intensity. If it is assumed 
that all the incident light is absorbed, which is a good 
approximation for the first 10-2070 reaction where 
the product quantum yields were generally measured, 
i t  is seen that the rates and thus CP (product quantum 
yield) are independent of initial concentration of Mo- 
(CN)83- and that the expression leads to zero-order 
kinetics, in agreement with the experimental results. 
Furthermore, consideration of the expressions indicates 
CP must also be independent of light intensity, also in 
agreement with the results. The rate expressions in- 
dicate the product quantum yield in acidic solution 
must lie between 1 and 2 and in basic solution between 4 
and 5, depending on the values of k4 and k3, again in 
agreement with the results. Finally, if the mechanism 
is valid, the primary quantum yield, 4, using the 
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observed values for CI, of 1.5 and 4.3 and assuming k4 
>> k S ,  must have a minimum value of 0.75 in acidic 
solution and 0.86 in basic solution. Using the observed 
product distribution (Table 11) a ratio of k3/k4 can 
be calculated, which leads to a calculated value of 4 
of 1.1 & 0.4, suggesting a primary quantum yield 
of unity. 
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Three blue ruthenium chloride complexes havebeen identified asdimeric ruthenium(I1,III) species of the type Ru2C13+n(2-n)f, 
where n = 0, 1, 2. Chemical and controlled-potential oxidations produce corresponding dimeric ruthenium(II1) complexes. 
The oxidation state of the metal was verified by redox titration and magnetic measurements. Ionic charges were measured 
by ion-exchange membrane equilibrations The electrochemical behavior of these complexes is also reported. 

The blue ruthenium chloride complexes were first ob- 
served by who noted that when ruthenium tri- 
chloride was heated with strong reducing agents, intense 
blue solutions were obtained. Other investigators pos- 
tulated on rather limited data that these blue solutions 
contained ruthenium (11) chloride complexes. The 
most recent reports on these complexes have been made 
by Adamson3 and TVilkin~on.~ Although Adamson was 
able to elute a discrete band from an anion column with 
4.0 M HC1, no attempt was made to characterize this 
species. The magnetic moment of this solution was 
determined in 10-11 M HC1 and found to be on the 
order of 2.12-2.35 BM, which is inconsistent with both 
high-spin and low-spin ruthenium (11) complexes. He 
suggested an equilibrium between high- and low-spin 
complexes could account for the observed magnetic mo- 
ment. Wilkinson4 prepared blue ruthenium chloride 
solutions and was able to precipitate a dinegative 
ruthenium-containing ion, which he identified as 
Ru&11Z2-. He noted that these compounds were 
weakly paramagnetic and showed a single resonance in 
the esr spectrum. 

Experimental Section 
Analysis .-Ruthenium was determined spectrophotometrically 

(1) Work carried out by P. E. Dumas in partial fulfillment of the Ph.D. 

(2) C. Claus, Juslus Liebig 's  A m .  Chem., 69, 283 (1846). 
(3) M. G. Adamson, Ausl. J .  Chem., 20, 2517 (1967). 
(4) D. Rose and G. Wilkinson, J .  Chem. Soc. A ,  1791 (1970). 

degree, University of South Carolina, 1971. 

as Ru02 or Ru0d2-,6 depending on whether the analysis was 
conducted in the presence or absence of free chloride. 

Chloride coordinated to ruthenium was determined gravi- 
metrically using a modification of the method reported by Connick 
and Fine.? Excess silver nitrate was added to an aliquot of the 
sample, and the ruthenium present was oxidized to ruthenium 
tetraoxide with ceric perchlorate. The RuOd was removed by 
heating. The solution was then filtered and the AgCl was 
thoroughly washed with 0.01 M H N 0 8 .  This precipitate was 
dissolved in concentrated ammonia and reprecipitated by adjust- 
ing the pH to below 7 with nitric acid. This solution was 
filtered into preweighed crucibles and dried a t  110'. 

Lanthanum solutions were prepared by dissolving lantha- 
num oxide (American Potash and Chemical Corp.) in the ap- 
propriate acid. Lanthanum was determined gravimetrically by 
ignition of the oxalate. 

Reagents.-Ruthenium chloride (.u38% Ru)  was obtained 
from Engelhard Industries. This was converted into K2RuClj- 
(HzO) as previously reported.s This compound was used as 
the starting material in the preparation of all the blue complexes. 

Ion-exchange resins used were Dowex 50-X8, 200-400 mesh 
(H+ form), and Dowex 1-X8, 100-200 mesh (Cl- form). The 
cation resin was always washed with 6 M HC1 to remove iron im- 
purities. The cation-exchange membranes were obtained from 
American Machine and Foundry Co. (Serial No. C 103 FE). 

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

Equipment.-All ultraviolet-visible spectra were recorded on a 
Cary Model 14 spectrophotometer using quartz cells. A Beck- 
man Research pH meter was used for pH measurements and for 

( 5 )  F P Gortsema, P h  D Thesis, Purdue University, Lafayette, I n d ,  

(6) J L Woodhead and J M Fletcher, J .  Chem SOL , 5039 (1961) 
(7) R. E Connick and D A Fine, J Ameu Chem Soc , 82, 4187 (1960) 
(8) E E. Mercer and K R Buckley, Inol g Chem , 4 ,  1692 (1965) 

1960. 
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all potentiometric titrations. Accurate pH measurements were 
made on small volumes (-0.5 ml) employing a Corning com- 
bination electrode (Model 476051), which has an operating range 
from pH 0 to  14. 

Electrochemical oxidations and reductions were carried out on 
a controlled-potential coulometer designed by Propst Electro- 
chemical reductions were performed a t  mercury, platinum, or 
gold electrodes. Platinum or gold electrodes were used for oxi- 
dations. All potentials were referenced to an sce connected to 
the solution by a silicic acid bridge. 

Polarograms were recorded on either a Sargent Model XV 
recording polarograph or a multipurpose instrument designed by 
Propst,Io using a dme when possible. In  the more positive re- 
gion the rotating carbon-paste electrode'' was employed, 

Magnetic moments were measured at room temperature using 
the Gouy method. The equipment consisted of a Varian Model 
V-2301.k 4-in. electromagnet and a Model H-16 Mettler balance. 
Standard solutions of nickel chloride and copper sulfate were 
used as  references. 

Electron spin resonance spectra were recorded using an Alpha 
Scientific Laboratories esr spectrometer. 

Ion-exchange membrane equilibrations were performed in 
Teflon cells similar to those used by 

Preparation and Isolation of the Dimeric Complexes.--A 
nearly saturated solution of KzRuClj(H20) in 0.01 Af acid (ap- 
proximately M in Ru)  was prepared. Potassium ions were 
replaced with hydrogen ions using a cation-exchange column in 
the hydrogen ion form. Twenty milliliters of the resulting solu- 
tion was reduced at a controlled potential of -0.50 1; ss. sce. 
Deoxygenated nitrogen was bubbled through the solutions 
throughout the electrolysis. The reduction was continued a t  
room temperature until ruthenium metal was visible on the walls 
of the glass electrolysis cell. At  this point, the  solution was an 
intense blue. All the blue complexes Tyhich were characterized 
are present in this solution. Addition of hydrochloric acid prior 
to  reduction was sometimes used to  increase the fraction of the 
higher chloride complexes. 

The stock solution which contained the blue complexes was 
loaded on a cation-exchange column (25 X 1 cm) in the hydrogen 
ion form. The column was thermostated at 0' and the solution 
was protected from the air with nitrogen. After loading, the 
column was washed with 0.01 lli acid until the  effluent was no 
longer blue. This deep blue solution contains anionic and neu- 
tral complexes of ruthenium. Three bands on the column are 
visible at this point: a red band a t  the top of the column, which 
is Ku2+,* a dark blue band immediately beloiv, and a diffuse blue 
band on the remainder of the column. Elution with 0.1-0.2 M 
acid removes from the resin the broad blue band, which contains 
the Ru2Cl4+ ion. The other blue complex, Ru2C13*+, may be 
washed from the column with 0.5 hf acid. These elutions have 
been performed using p-toluenesulfonic acid, sulfuric acid, tetra- 
fluoroboric acid, and perchloric acid. When perchlorate solu- 
tions were needed, it was necessary to  remove the resin loaded 
with Ru2+ prior to elution. The perchlorate ion oxidizes Ru2+ 
to a species which could not be completely separated from the 
blue complexes. 

A third blue complex could be isolated using an anion-exchange 
column. The blue solution, removed from the cation column 
with 0.01 AT acid, was loaded on an anion column (25 X 1 cm). 
After washing with distilled water, elution with 0.02 X acid re- 
moved a blue complex from the column, later identified as  Ruz- 
Clj. The blue anionic complexes which remained on the column 
were so tightly retained that  they could not be eluted without 
decomposition. 

This procedure w-as modified when only one of the complexes 
was to  be isolated. The more tightly retained cation, R u z C ~ ~ ~ - ,  
could be isolated using a cation column as short as 5 cm. The 
stock blue solution may be loaded directly on the anion-exchange 
column in the isolation of the RuZClj discussed above. 

Each of the blue complexes, which were separated, could be 
oxidized to a yellow solution at a potential of $0.70 V us.  sce 
using a platinum electrode. Ion-exchange elutions, the elec- 
tronic spectrum, and electrochemical behavior showed that  a 
single yellow complex was present in each of these oxidized solu- 

(9) R .  C. Propst, AEC Report DP-798, Savannah River Laboratory, 

(10) R.  C. Propst, AEC Report, DP-903, Savannah River Laboratory, 

(11) C. Olson and R. pi. Adams, Axa l .  Chim.  Acta,  22, 682 (1960) 
(12) R .  &I. Wallace, J .  Phys. C h e n i . ,  68, 2418 (1964). 

Aiken, S. C., 1963. 

Aiken, S.  C. ,  1964. 

tions. I n  each case the oxidation product was more tightly re- 
tained by a cation-exchange column than the corresponding blue 
complex from which i t  was prepared. After these oxidations, 
no free chloride could be detected in solution indicating that  the 
C1: Ku ratio in the pairs of yellow and blue complexes is the same. 

Charge Determinations .-The charges on the complexes were 
determined using the membrane equilibration method reported 
by lVallace.12 In this method solutions containing different 
anion concentrations are placed on either side of a cation-exchange 
membrane. Cations are transported through the membrane 
until an equilibrium distribution is reached. In  our experi- 
mental application hydrogen ion and a single ruthenmm-con- 
taining ion were the only cations present in solution. The ex- 
change equilibrium may be represented by the equation 

~ H L +  + Run"+ ~ H R +  + RuL"+ (1) 

where L and R represent the left and right chamber, respectively. 
The thermodynamic equilibrium constant for eq 1 is unity. Fol- 
lowing the approximations for activity coeficients in perchloric 
acid solutions less than 0.20 M ,  which were made by %rallace,12 
the charge on the ruthenium ion is calculated by the expression 

where n is the charge on the ruthenium-containing ion, [RUR] and 
[RuL] are molar concentrations of the ruthenium-containing spe- 
cies in the right and left chamber, respectively, and [HE] and 
[HI,] are the hydrogen ion concentrations in each chamber. 
Since only the ratio of the concentrations of the ruthenium- 
containing complex is used in the calculation of the ionic charge, 
the concentration of ruthenium (gram-atoms per liter) may be 
used without altering the results of the charge determination. 
The charge calculated will be that  of the complex actually present 
in solution, whether i t  is polymeric or monomeric. 

The equilibration times in these experiments were greatly re- 
duced by presaturation of the membrane with the ruthenium 
complex. At  room temperature the blue complexes decomposed 
before equilibrium was reached so i t  was necessary to  perform 
the experiments at 0". Equilibrium was reached in 8-60 hr 
depending on the  complex. I n  general, the higher the charge 
the more rapidly equilibrium was attained. After equilibrium 
was reached, the spectra of the solutions mere recorded to  check 
for decomposition and the solutions mere analyzed for ruthenium 
and hydrogen ion. 

The charge per atom on R U % C I ~ ~ +  was determined by a charge 
balance on an ion-exchange column.'3 The ion was quantita- 
tively displaced by acidic lanthanum solutions. The charge per 
atom is given by 

Results 
The electronic spectra of the three blue complexes 

and their corresponding oxidation products are shown 
in Figures 1-3. The peaks observed in the 300-400-nm 
region for the blue complexes had extinction coefficients 
which did not change upon repeated purification by ion- 
exchange separation and therefore are probably not due 
to contamination by the oxidation product. As the 
number of coordinated chlorides increases, the maxi- 
mum of the main band of the blue complexes shifts to 
longer wavelength and increases in intensity : RuL!132f, 
e,,, 2370 (605 nm) ,  Ru2Cl4+, emax 2520 (620 nm); 
RuzC16, e,,, 2740 (640 nm). 

In  Table I the results of the chloride analyses are pre- 

TABLE I 
_-___ Blue-.-------. 7------yello~-----~ 
Com- No. of Corn- No. of 
plex determins C1:Ru plex determins C1: Ru 

RU2C132- 3 1 . 4 9  I 0.01 Ku2Cl33' 2 1 . 6 0  & 0.01 
RuzClni 2 2 00 3 0 .01  RusCla2- 1 2 . 0 4  

RuiCls+ 3 2 . 5 0  zt 0 . 0 4  

(13) H. H. Cady and R. E. Connick, J .  A m e v .  Chein. Soc., 80, 2646 (1958). 

RuCh  1 2 .46  
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Figure 2.-The spectra of Ru2C14+ and RuzC14z+. 
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Figure 3.-The spectra of RuzCls and RuZC16+. 

sented. The fractional atom ratios clearly show these 
complexes contain an even number of ruthenium atoms. 

The charge per ruthenium atom determination was 
obtained on the yellow Ru2C1aa+ complex. In duplicate 
determinations the charge per ruthenium atom was 
1.50 f 0.05. Charge per atom determinations of the 
complexes of lower charge were not successful. These 
complexes were eluted by the lanthanum solution, so 
that the concentration of hydrogen ion in the column 
effluent was much greater than that of ruthenium, pro- 
hibiting an accurate charge determination (see eq 3) .  

When conditions were such that this elution did not oc- 
cur’, the hydrogen ion concentration in solution was too 
low and the complexes decomposed. 

The results of the ion-exchange membrane experi- 
ments are given in Table 11. For all of these ions equi- 

TABLE I1 
CHARGE PER ION DETERMIXATION BY 

MEMBRANE EQUILIBRATION 
-Equilibrium concns, M---- 
-Right-- ---Left--- Charge/ 
[H+] lOa[Ru] [H+] 1O8[Ru1 n’“ ion 

Blue Complexes 
RuaCIa*+ 0 2000 4 17 0 1360 1 77 2 23 2 12 

0 2130 2 48 0 1050 0 50 2 26 2 15 
0 2130 2 02 0 1030 0 41 2 19 2 08 

RuzClr+ 0 0516 1 95 0 0836 3 06 0 93 0 93 
0 0334 0 52 0 1008 1 49 0 95 0 95 
0 0460 3 53 0 0926 7 53 1 08 1 08 

Yellow Complexes 
RuzClas+ 0 1875 7 79 0 1236 1 89 3 38 3 05 

0 2610 1 27 0 2010 0 54 3 26 2 93 
0 1590 1 97 0 1017 0 51 3 04 2 71 

RuzCh*+ 0 0965 0 22 0 1930 0 91 2 05 1 94 
0 1465 0 32 0 1840 0 51 2 04 1 93 
0 0931 0 21 0 1485 0 53 1 98 1 87 

Ru2Cls+ 0 1438 1 66 0 1030 1 21 0 94 0 94 
0 1739 2 18 0 1019 1 23 1 06 1 06 
0 0988 2 86 0 0508 1 40 1 07 1 07 
0 1600 1 96 0 0986 1 23 0 96 0 96 

a n‘ is the apparent charge assuming concentrations are equal to 
activities (see Experimental Section and ref 11) 

librium was approached from both sides in the separate 
experiments. Since the charges of the ions are re- 
stricted to whole numbers, these determinations are 
sufficiently accurate to prove these complexes are all di- 
meric. In all cases where the charge found is 0 1 or 
greater from a whole number, the deviation is in the di- 
rection expected if some decomposition had occurred. 

Unless other anions are present in these complexes, 
the results given above require that the blue complexes 
contain both ruthenium(I1) and ruthenium(III), To 
verify this’, potentiometric titrations using cerium(1V) 
perchlorate as the oxidant were performed. A tvpical 
titration 
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curve is shown in Figire 4. The init:ai in- 

. 2  6 1 0  1 .1  1 8  2 . 2  2 6  3 0  3 . 8  

m1 Of W l Y )  

Figure 4.-The potentiometric titration of RuzClaa+ with 
A 10.00-ml sample of a solution with 

The Ce(1V) solution used was 
cerium(1V) perchlorate. 
[Ru] = 5.06 X 10-3 M was used. 
3.64 x M .  

crease in potential was due to a small amount of reduc- 
ing impurity, probably Ru2+. This break, however, 
always accounted for less than 4% of the total ruthe- 
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nium present. After oxidation of the impurity, the 
number of equivalents of cerium(1V) required to reach 
the next break in the curve corresponds to one electron 
per two ruthenium atoms. The spectrum of the solu- 
tion a t  this break was identical with that of the yellow 
oxidation product for all of the complexes. Continued 
addition of the titrant produced further oxidation. In 
this region the potential was somewhat unstable, but a 
rather poorly defined break occurred with the addition 
of 1 additional equiv of cerium per gram-atom of ruthe- 
nium. The spectrum of the solution a t  the final break 
shown corresponds to that of uncomplexed ruthenium- 

The reversibility of the blue to yellow conversion was 
demonstrated by titration of R u ~ C & ~ +  with tin(I1). 
Ion-exchange elution and the absorption spectrum 
showed that the only ruthenium-containing product of 
this reduction was R u z C ~ ~ ~ + .  The results of the oxida- 
tion state determinations on all three complexes are 
summarized in Table 111. These experiments confirm 

(IV) .14 

TABLE I11 
No of ---Equiv of titrant----- 

Complex Ti t ran t  determins 1st end point 2nd end point 

Ru~C13~+ Ce(1V) 3 0 54a 1 5 5 b  
RugCl, + Ce(1V) 3 0 51" 1 556 
RepCls Ce(1V) 3 0 50" 1 49b 
R ~ z C l a ~  + Sn(I1) 0 
a Blue -f yellow Blue -P Ru(I\') Yellow -f blue 

that  the average oxidation state of ruthenium in the 
blue complexes is 2.5+ and is 3+ in the yellow corn- 
plexes. 

The magnetic moment of Ru~C13~+ and R u & I ~ ~ +  
offers confirmatory evidence that the formulation of 
these complexes is correct. The susceptibility per gram- 
atom of ruthenium was (900 & 90) X 10+ esu for the 
blue This value is consistent with one un- 
paired electron per two ruthenium atoms. The dia- 
magnetism of the yellow complex, R~2C13~+, requires an 
even number of electrons and is consistent with our for- 
mulation of this complex as a dimeric ruthenium(II1) 
complex. Solutions of the blue complexes exhibited a 
broad esr absorption a t  room temperature identical 
with those reported by Rose and Wilkinson 

The electrochemical behavior of the three blue corn- 
plexes was studied polarographically and by coulom- 
etry. These complexes all showed a reversible oxida- 
tion wave and a reduction wave The half-wave poten- 
tials for these waves are given in Table IV The com- 

TABLE IV 
POLAROGRAPHIC WAVES OF THE 

BLUE COMPLEXES IX 0 10 M ACID 
-----E ,,#,a v----- 

Complex Oxidation Reduction 

RuiClaC +o 45 -0 48 
RUzC16 $0 42 -0 52 

R~tC13~' $0 55 -0 44 

Half-mave potentials are referred to the sce and the usual 
polarographic sign convention IS used 

plete reversibility of the oxidation waves was demon- 
strated by recording polarograms of partially oxidized 
samples of the blue complexes. The oxidation and re- 
duction portions of the polarograms appeared as a single 
wave with no change in the half-wave potential. 

(14) P Wehner and J C Hindman, J Arne? Chem Soc ,73, 3911 (1950) 

The nature of the reduction wave which appears in 
the polarograms of the blue complexes is not entirely 
clear. They are only partially resolved from the hydro- 
gen discharge wave a t  the dme. Prolonged electrolysis 
of mixtures of the blue complexes a t  -0.50 V caused no 
diminishing in the height of this wave or any change in 
the absorption spectrum of the solution. The product 
of the electrochemical reduction probably is reoxidized 
chemically to its initial form. No accumulation of the 
Ru(I1,II) dimer could be detected. 

Coulometric determinations were made on several 
electrolytic oxidations and reductions. Particularly 
pertinent are the following. When the solutions of 
KzRuC15(H20) are reduced, approximately one electron 
per ruthenium atom is needed to reach the limiting cur- 
rent. There is always evidence of ruthenium metal in 
the resulting blue solutions. Visual observations of 
dilute solutions of this compound a t  low temperature 
suggest that  during the electrolysis all the metal is first 
reduced to ruthenium(II), and then the blue complexes 
form from this. The presence of metal would suggest 
that this occurs by a disproportionation. When the 
blue solutions are oxidized and then rereduced, both 
steps involve the transfer of one electron for each two 
ruthenium atoms. 

Discussion 
The results show that the blue ruthenium complexes 

which have previously been assumed to contain only 
ruthenium(I1) are, in fact, another example of mixed 
oxidation state complexes. Several other examples of 
this have been observed in ruthenium compounds. 
Moderately stable RU(II I , I \~)  complexes have been ob- 
served in the reduction of K4R~2Cll~015 and ruthenium- 
(117) perchlorate solutions. Complexes containing 
ruthenium(I1,III) are also known. W i l k i n ~ o n ~ ~  pre- 
pared compounds with the formula Ruz (RC02)4C1 with 
several carboxylates. Cottonl8 determined the struc- 
ture of the n-butyrato complex of this series. He found 
that the four carboxylate groups were each coordinated 
to both ruthenium atoms. Since the two metal atoms 
were crystallographically equivalent, he described the 
oxidation state of the ruthenium as 2 . 5 + .  

Another ruthenium(2.5+) complex has been prepared 
by Nich~lson.~g The structure of this complex RuzC15- 
(PR3)4, where R = n-butyl, has been determined.20 
Three of the chloride atoms serve as bridges between 
the two crystallographically equivalent ruthenium 
atoms. The coordination of the metal atoms was that 
of a distorted octahedron. The magnetic susceptibility 
of this complex is similar to the blue chloride com- 
plexes. 

Considering our experimental data and the other 
known ruthenium (2.5 +) complexes, the most reason- 
able structure for the blue ruthenium complexes would 
be a tri-p-chloro bridge with water molecules completing 
octahedral coordination about each metal. No direct 
experimental proof of this could be obtained. How- 

(15) pi. K. Pshenitsyn and S .  I. Ginzburg, Russ. J .  I n o v g .  Chem. ,  2,  172 
(1957). 

(16) R .  M. Wallace and R. C.  Propst, J .  Amev.  Chem. SOC., 91,  3779 
(1969). 

(17) T. A. Stephenson and G. Wilkinson, J .  Inovg. Nucl. Chein., 28, 2285 
(1966). 

(18) M. J. Bennett, K. G. Caulton, and F. A,  Cotton, I n o r g .  Chem., 8, 1 
(1969). 

(19) J. K. Nicholson, .4?1gew. Chenz., Inl .  E d .  Ewgl., 6, 264 (1967). 
(20) G. Chioccola and J. J. Daly, J .  Chem. Soc. A ,  1981 (1968). 
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ever, the absence of complexes containing less than three 
chlorides may mean that this number is necessary to 
form the bridges in the dimeric structure. Whether 
these complexes should be viewed as containing ruthe- 
nium(I1) and -(III) or two equivalent metal atoms is 
moot. However, the other similar ruthenium com- 
plexes on which structural data are available would 
favor the latter interpretation. Supporting this is the 
very broad, intense absorption in the visible spectrum 
and the diamagnetism of the corresponding ruthenium- 
(111) dimers. In the absence of hyperfine splitting by 
the nuclei, the single resonance observed in the esr spec- 
trum is consistent with both interpretations of the ox+- 
dation state. However, i t  should be pointed out that 
this resonance was assumed to arise from ruthenium- 
(111) chloride complexes by Garif'yanov. 21 We have 
shown that neither the monomeric nor dimeric ruthe- 
nium(II1) chloride complexes have an absorption a t  
room temperature in aqueous solution. 

(21) N. S. Garif'yanov and S. A. Luchkina, Rcss. J. Inorg. Chem., 14, 1107 
(1969). 

The relation between our blue complexes and the ion 
identified by Wilkin~on,~ et al., as Ru&lla2- is not clear, 
He assigned the oxidation state as 2f on the basis of 
chemical and electrochemical reduction of ruthenium- 
(111) chlorides. Our coulometric experiments show 
that this criterion may be insufficient to assign the oxi- 
dation state in the final blue complexes. Furthermore, 
as Wilkinson pointed out, the weak paramagnetism and 
esr signal which he observed is not consistent with a 
complex containing only ruthenium(I1). 
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Triruthenium dodecacarbonyl reacts with CO and HZ under convenient pressure to give Ru(C0)a and H4Ruc(CO)lz. -4ppro- 
priate conditions are indicated for a quantitative synthesis of H ~ R U ~ ( C O ) I ~ .  By reaction of H ~ R U ~ ( C O ) ~ Z  with P(C4H8)3 and 
P ( C ~ H S ) ~  the corresponding mono-, di-, tri-, and tetraphosphine-substituted ruthenium carbonyl hydrides were synthesized. 
The properties of H4Rua(CO)In are compared with those reported in the literature and discussed. 

Several ruthenium carbonyl hydrides have been de- 
besides the mononuclear cis-H~Ru- scribed up to now : 

(CO)g,l the tri- and tetranuclear hydrides H ~ R U ~ ( C O ) ~ O ,  

H ~ R U ~ ( C O ) ~ Z , ~ ~ ~  P - H ~ R u ~ ( C O ) ~ ~ , ~  and HzRu,j(CO)1s6 have 
been reported. Very little however is known on their 
reactivity and stability. 

As a result of some investigations on the catalytic 
activity of Ru~(C0)12 (I) we became interested in the 
stability and reactivity of ruthenium carbonyl hydrides. 
We had in fact found that I was an effective catalyst in 
the carbonylation of  olefin^^-^ and acetylenelO,ll and in 

a-HzRud(C0)13, P-H2Ru,(CO) 13, * H ~ R u ~ ( C O ) ~ ~ , ~  (Y- 

* Address correspondence t o  this author a t  the University of Pisa. 
(1) J. D. Cotton, 1LI. I. Bruce, and F. G.  A. Stone, J .  Chem. SOC. A ,  2162 

(1968). 
(2 )  H. Pichler, H. Meier zu Kocker, W. Gabler, R .  Gartner, and D.  Kious- 

sis, Bvenst. Chem., 48, 266 (1967). 
(3) B. F. G. Johnson, J. Lewis, and I. G. Williams, J .  Chem. SOC. A ,  901 

(1970). 
(4 )  B. F. G. Johnson, R. D. Johnston, J. Lewis, B. H. Robinson, and G. 

Wilkinson, ib id . ,  A ,  2856 (1968). 
( 5 )  J. W. S. Jamieson, J. V. Kingston, and G. Wilkinson, Chem. Commun., 

569 (1966). 
(6) X I .  R. Churchill, J. Wormald, J. Knight, and M. J. Mays, i b i d . ,  458 

(1970). 
(7) P. Pino, F. Piacenti, M. Bianchi, and R. Lazearoni, Chim. I c d .  

(Mi lan) ,  SO, 106 (1968). 
(8) F. Piacenti, M. Bianchi, and R. Lazzaroni, i b i d . ,  60, 318 (1968). 
(9) G. Braca, G. Sbrana, F. Piacenti, and P. Pino, i b i d . ,  62, 1091 (1970). 
(10) P. Pino, G. Braca, F. Piacenti, G. Sbrana, M. Bianchi, and E. Bene- 

the hydrogenation of olefins and aldehydes.$ By 
analogy with what was already suggested to rationalize 
the course of the hydroformylation of olefins in the 
presence of C O , ( C O ) ~ ~ ~  and RhCl [P(CsHe)3]313 we have 
tentatively attributed this catalytic activity to the 
presence of one or more catalytically active ruthenium 
carbonyl hydrides. 

In order to give experimental support to this hypothe- 
sis we started investigating the behavior of I in the 
presence of carbon monoxide and hydrogen a t  various 
temperatures and pressures. 

Our aim was to detect, recover, and identify the 
ruthenium carbonyl hydrides eventually formed under 
hydroformylation conditions. l4  

Infrared spectroscopy was the technique chosen to 
detect the presence of the carbonyl derivatives in the 
reaction medium. By the use of a cell capable of with- 
standing high pressures and temperatures the deter- 
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