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The behaviour of the [Ru,(CO),(CH,COO),]Jtributylphosphine/acetic acid 
system has been investigated as a function of reaction conditions and molar ratios of 
reactants. Tricyclohexylphosphine and triethylphosphite were also used as ligands 
and investigation was extended to the related oxalic, malonic, succinic, glutaric and 
adipic acid derivatives. These derivatives were isolated and characterized in view of 
their possible role as catalysts in the homogeneous hydrogenation of carboxylic acids 
in the presence of phosphine- or phosp~~-substitute ~the~um carbonyl deriva- 
tives. 

A phospbine-substituted ruthenium carbonyl carboxylate has recently been iso- 
lated from the crude of the homogeneous hydrogenation of acetic acid in the 
presence of H,Ru,(CO),(PBu,), [l] (PBu, = tri-n-butylphosphine). The detection 
of this product in such a mixture suggests that catalytically active species for this 
reaction may reasonably be found among products of this type, and several 
ruthenium carbonyl carboxylates have been recently detected in the residues from 
such reactions [l]. 

In order to understand the role played by these complexes, if any, in catalysing 
this reaction we undertook the synthesis of phosphine-substituted ruthenium carbonyl 
carboxylates with different [P]/(Ru] ratios which are likely to be formed under the 
catalysed reaction conditions. (We intend later to investigate their catalytic activity.) 
We thus investigated the behaviour of the system formed by [Ru,(CO),- 
(CH,COO),],, (I), PR, and acetic acid as a function of reaction conditions and of 
the molar ratios of the reactants. 

This investigation was extended to the corresponding derivatives of bicarboxylic 
acids in view of theirpossible role in the hydrogenation of bicarboxylic acids in the 
presence of ~~Ru~(CO)~(PBu~)~ fl]. 

0022-328X/83/$03.00 5 1983 Elsevier Sequoia S.A. 



In an earlier paper [2] we indicated that when I is treated with PBu, ([P]/[Ru] = l), 
Ru,(CO),(CH,COO),(PBu,), (IIa) is formed (Scheme l), as stated by Johnson et 

+ P ([P]/[Ru] = 2) 
Ru(CO)JCH~COO)~P~ + Other products 

Ru~KO&KH,COO)~P~ 

(II) 

+co 
Ru,lCO$tCH$OO~P, 

-_ 
- Ru~(CO),$CH,COO)~P 

(III) (V) 

II 15o'c 

[RuZKO~(CH3COO)~] 
” 

+ RI+(CO$(CH~COO)~P~ 

(I) (II) 

SCHEME 1. Solvent: benzene; IIa, IIIa, IVa, Va: P = PBu,; IIb, IIIb: P = P(OEt,); 11~: P = PCy,. 

al. [3]. We also showed that Ru,(CO),(CH,COO),(PBu,), (IIIa) is formed by 
treating I with IIa, and that IIIa may also be directly obtained by treating I with 
PBu,([P]/[Ru] = 0.5) in benzene at 150°C [2]. We have now found that IIa reacts 

with an excess of PBu, in benzene at 150°C to give Ru(CO),(CH,COO),(PBu,), 
(IVa) in 30% yield; the low yield is due to deficiency of the acetato groups in the 
system; and if an excess of acetic acid is present the yield is raised to 70%. Complex 
IVa is also obtained from Ru3(CO),, by reaction with PBu, to give Ru(CO),(PBu,), 
[4], followed by treatment of this compound with acetic acid, as suggested for the 
synthesis of Ru(CO),(CH,COO),(PPh,), [5,6,7]. Complex IIIa is converted into 
Ru,(CO),(CH,COO),(PBu,) (Va) by addition of carbon monoxide even under 
very low carbon monoxide pressures. This reaction is readily reversed by heating Va 
at 50°C. 

Triethylphosphite [P(OEt),] reacts with I to give only IIb and IIIb (Scheme 1). 
The lower reactivity and stability of this ligand [8] prevents the formation of 
products of further substitution. Reaction of I with tricyclohexylphosphine [PCy,] 
gives only 11~. 

Ru,(CO),, 
HOOC(CH2)JOOH 

m { RU~(C~& [00ctc Hi’, cOOJ}n 

SCHEME 2. m = O-4. 



209 

Bicarboxyhc acids (Scheme 2) react with Ru,(CO),, to give the polymeric 
derivative {Ru,(CO),[OOC(CH,),,,COO]},. This polymer reacts with PBu, to give 
Ru,(CO),[OOC(CH,),,,COO]~(PB~~)~. So far only derivatives of succinic and 
adipic acids have been obtained in pure form; the glutaric acid derivative has been 
previously described [2]. 

IR and NMR data of these new compounds are reported in Table 1. 

Discmion 

The reaction of I with phosphine is a d~ol~e~~on reaction, no evolution of 
carbon monoxide is observed. Whatever the [P]/[Ru] ratio, this reaction initially 
gives a binuclear repeating unit which includes two phosphine molecules, one for 
each ruthenium atom (Scheme 3). 

[Ru,(CO),(CH,C00),] n + 2 PBu, + 

Ru 2 (CO).@%COO)z(PBu, )z + [ Ru 2 (CO),(CH,COO),] n - , 
SCHEME 3 (114 

Even in the presence of an excess of phosphine at temperatures below 150°C no 
more phosphine can be introduced into the molecule. At higher temperatures 
(> 15O“C) the intermetallic bond in IIa is broken with a change in the oxidation 
number of the metal. From the residue we have been able to isolate a mononuclear 
derivative of ruthenium containing two phosphine molecules (IVa), and no other 
species was identified containing ruthenium in the zero oxidation state. 

The IR spectrum of IVa in the CO and COO stretching frequency region shows 
absorptions similar to those reported in the literature [6] for Ru(CO),(CH,COO),- 

(PPh,), (P,,,,,~ 1622 cm-‘, vsY,,, 1322 cm-‘, Av 300 cm-‘) characteristic for a 
monodentate carboxylate [9]. 

The JR spectra of derivatives of the type Ru,(CO),(RCOO)~L~ (II) and of the 
corresponding polymeric precursor I show absorption bands in the region of the 
stretching frequencies of the COO group between 1585 and 1550 cm-’ and between 
1440 and 1415 cm-‘, with Av in the range of 155-130 cm-’ indicative of the 
presence of a chelate carboxylic group bridging two ruthenium atoms [9]. 

Johnson and coworkers suggested for products such as [Ru~(CO)~(CH~COO)~]~ 
a structure involving a metal-metal bond between atoms linked by bridging 
carboxylate groups [3]. Such a structure was confirmed by Schumann and Opitz by 
X-ray diffraction studies on Ru,(CO),(CH,CH,CH,COO)~{~C(CH~)~]~) [lO,ll]. 
The IR spectra of the succinic and adipic analogues of II show such close analogies 
with that of the glutaric derivative that the same structure must also be attributed to 
them. 

Experimental 

IR spectra were recorded with a Perkin-Elmer model 580 instrument; NMR 
spectra were recorded with a Perk&Elmer R32 sp~trome~r; molecular weight 
dete~nati~s based on the isopiestic method were performed using a Wescam 
model 233 instrument. 

(Contimed m p. 212) 
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Materials 

Ru,(W,, WI, [Ru,WMCH,C00M, [31, Ru,(CO),(CH,COO),(PBu,), 131, 
Ru,(CO),(CH,COO),(PBu,), [2] were prepared by known procedures. 

Acetic, oxalic, malonic, succinic and adipic acids, tri-n-butyl phosphine, triethyl- 
phosphite and tricyclohexylphosphine were commercial products. Solvents were 

purified by standard procedures and were oxygen free. 
IR and NMR data are reported in Table 1. Elemental analyses and the results of 

molecular weight determinations are reported in Table 2. 

Preparation of complexes 
Ru,(CO),(CH,COO),[P(OBt),], (IIb). A suspension of I (0.358 g, I.66 mg- 

atoms Ru) in benzene (10 ml) containing P(OEt), (0.297 g, 1.79 mmol) was refluxed 
under nitrogen to complete dissolution of the solid. The solution was then evaporated 
to dryness under vacuum and the residue crystallized from n-hexane (3 ml) at 
-20°C. After two crystallizations Ru,(CO),(CH,COO),[P(OEt),], (0.420 g, 66.2% 
yield) was isolated as yellow-grey crystals. 

Ru~(CO)~(CH~COO)~(PC~J~~ C,H,CH, (UC). A suspension of I (0.305 g, 1.41 
mg-atoms Ru) in toluene (10 ml) and PCy, (0.391 g, 1.40 mmol) was refluxed for 8 h 

TABLE 2 

ELEMENTAL ANALYSES AND MOLECULAR WEIGHT DETERMINATIONS OF SOME 

RUTHENIUM CARBONYL CARBOXYLATES 

Elemental analyses MoLwt. 

(Found (calcd.) (a)) 

C H (Found Concen- 

(caRw) tration 0 

(g/I) 

tRu,(co~,(~ccWl, 

lRu,(CO),(~‘=,COO)l~ 

[Ru,(CO),(OOCCH,CH,C~~)I, 

[Ru,(CO),(OOCCH,CH,CH,CH,COO)],, 

Ru@),(CH,COO),(PBu,)z 

Ru,(CO),(CH,COO),(PBu,) 

Ru,(CO),(CH,COO),[P(OEt),l, 

Ru,(CO),(CH,COO),[P(OEt),l2 

Ru,(CO),(CH,COO),(P)z~C,H,CH, 

Ru,(CO),(OOCCH,CH,COO),(PBu3), 

Ru,(CO),(OOCCH,CH,CH,CH,COO)2(PBu,), 

18.10 0.00 

(17.92) (0.W 
20.49 0.50 

(20.20) (0.48) 

22.91 1.10 

(22.33) (0.94) 
26.50 1.90 

(26.21) (1.76) 

52.81 9.04 

(53.00) (8.90) 
38.42 5.13 

(38.07) (5.02) 

27.93 3.56 
(28.10) (3.54) 
31.20 4.67 

(31.42) (4.75) 
56.69 7.42 

(56.44) (7.43) 

46.18 6.99 

(46.04) (7.01) 
48.04 7.33 

(47.32) (7.24) 

_ 

_ 

_ 

_ 

685 

(679.82) 

n.d. 
(662.61) 
1221 

(1196.87) 
769 

(764.60) 
1075 

(1085.29) 
1680 

(1669.81) 
1664 

(1725.92) 

4.ooo 

7.991 

3.784 

1.169 

10.820 

3.695 

u Toluene as solvent. 
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under nitrogen. The yellow material formed was separated from the cooled reaction 
mixture and crystallized from toluene, yielding IIc (0.612 g, 80% yield). 

Ru,(CO),(CH,COO),[P(OEt),], (IIIb). A mixture of I (0.392 g, 1.81 mg-atoms 
Ru), P(OEt), (0.152 g, 0.91 mmol) in benzene (6 ml) was sealed under nitrogen, in a 
Pyrex tube, which was then placed in a rocking autoclave and heated at 1OO’C for 72 
h. A yellow solution was then recovered together with unreacted I. The product 
recovered from a small portion of this solution by distillation of the solvent was 
dissolved in C,D, for NMR analysis. The NMR spectrum showed two singlets at 
S(TMS) 1.77 and 2.05, due to the acetyl groups of IIb and IIIb respectively, in the 
ratio 0.68/l. The solvent was evaporated under vacuum from the crude solution and 
the residue was dissolved in the minimum volume of boiling n-hexane; the solution 
was kept at -20°C to give crystals of IIIb (0.275 g, 50.8% yield). 

Ru(CO),(CH,COO),(PBu,), (IVa). (a) A suspension of I (0.292 g, I.35 mg-atoms 
Ru) in benzene (5 ml) after addition of PBu, (0.59 g, 2.92 mmol) was heated under 
nitrogen, in a rocking stainless steel autoclave at 150°C for 88 h. The pale yellow 
solution formed was evaporated to dryness. The residue was crystallized from 
n-pentane ( - 78’C) to give IVa as white crystals (0.275 g, 30% yield). 

(b) A suspension of I (0.485 g, 2.24 mg-atoms Ru) in acetic acid (5 ml) after 
addition of PBu, (0.92 g, 4.55 mmol) was refluxed for 8 h. The solution thus formed 
was worked up as described above to give IVa (0.99 g, 65% yield). 

(c) A solution of Ru,(CO),, (0.196 g, 0.92 mg-atoms Ru) and PBu, (0.726 g, 3.59 
mmol) in 4-methylpentan-2-one (18 ml) was refluxed for 8 h under nitrogen to yield 
Ru(CO),(PBu,), [4]. Acetic acid (1.2 ml) was added, and the mixture was refluxed 
for 6 h. After work-up IVa was recovered in 73.5% yield. 

Ru,(CO),(CH,COO),(PBu,) (Va). A solution of Ru,(CO)s(CHJOO),(PBu,), 
(IIIa) (0.100 g, 0.079 mmol) in n-he&n, (10 ml) was stirred under carbon monoxide 
at atmospheric pressure for 8 h. The pale yellow solution formed was kept at - 78°C 
to give yellow crystals (0.084 g, 80% yield) of Ru,(CO),(CH,COO),(PBu,). 

A solution of Va (0.100 g) in n-hexane (5 ml) was heated at 50°C for 5 h, then 
kept at - 78°C to give yellow orange crystals, which had an IR spectrum identical to 
that of IVa. 

[Ru,(CO),(OOCCOO)],,. Ru,(CO),, (1.0 g, 4.69 mg-atoms Ru) and oxalic acid 
(1.0 g, 11.1 mmol) in toluene (15 ml) and dioxane (10 ml) were refluxed under 
nitrogen for 24 h. A deep red solution was rapidly formed from which a yellow-orange 
solid slowly separated. The formation of the solid was accelerated by flushing the 
apparatus with nitrogen to remove the evolved carbon monoxide. The solid was 
filtered off from the hot suspension and washed with ethyl alcohol and diethyl ether, 
then dried under vacuum (0.40 g, 42.3% yield). 

[Ru2(CO),(OOCCH~OO)/,,. A mixture of Ru,(CO),, (1.0 g, 4.69 mg-atoms 
Ru) and malonic acid (1.0 g, 9.61 mmol) in benzene (15 ml) and dioxane (10 ml) was 
refluxed under a slow flow of nitrogen for 24 h. A deep red solution was rapidly 
formed, from which a yellow solid separated. The solid separated from the hot 
suspension by filtration was washed with dioxane and diethyl ether and then dried 
under vacuum (0.90 g, 99.4% yield). 

[Ru,(CO),(OOCCH,CH,COO)] n. A mixture of Ru,(CO),, (1.0 g, 4.69 mg- 
atoms Ru) and succinic acid (1.0 g, 8.47 mmol) in toluene (50 ml)/dioxane (20 ml) 
was reflwted for 24 h under nitrogen. A deep red solution was rapidly formed, from 
which a yellow orange solid slowly separated. The formation of the solid was 
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accelerated by flushing the apparatus with nitrogen to remove the evolved carbon 
monoxide. The solid was separated from the hot suspension by filtration, washed 
with acetone and diethyl ether, then dried under vacuum (1.0 g, 99% yield). 

Ru,(C0),(00CCH,CH2C00),(PBu,),. PBu, (OS g, 2.47 mmol) was added to a 
suspension of [Ru,(CO),(OOCCH,CH,COO)],, (0.5 g, 2.32 mg-atoms Ru) in ben- 
zene (25 ml) and the mixture was then refluxed for 24 h under nitrogen. The 
resulting yellow solution was evaporated to dryness under vacuum and the residue 
dissolved in hot n-heptane (15 ml). Yellow crystals of Ru,(CO),(OOCCH,CH,- 

COO),(PBu,), were obtained by cooling (0.684 g, 70% yield after three crystalliza- 
tions). 

[Ru,(CO),(OOCCH,CH~H2CH2COO)],,. A mixture of Ru,(CO),, (1.0 g, 4.69 
mg-atoms Ru) and adipic acid (1.0 g, 6.85 mmol) in toluene (25 ml) was heated to 
reflux for 24 h. A deep red solution was rapidly formed from which a yellow orange 
solid slowly separated. The formation of the solid was accelerated by flushing the 
apparatus with nitrogen to remove the evolved carbon monoxide. The solid was 
separated from the hot solution, then washed with methanol and diethyl ether and 
dried under vacuum (1.0 g, 93% yield). 

Ru,(CO),(OOCCH~H2CH_,CH2COO),(PBu,),. PBu, (0.46 g, 2.27 mmol) was 
added to a suspension of [Ru~(CO)~(OOCCH~CH~CH,CH,COO)]. (0.5 g, 2.18 
mg-atoms Ru) in benzene (25 ml) and the mixture was refluxed for 24 h under 
nitrogen. The resulting yellow solution was evaporated to dryness under vacuum and 
the residue dissolved in hot n-heptane (5 ml). Yellow crystals of 

Ru,(CO),(OOCCH,CH,CH,CH,COO),(PBu,), were obtained by cooling (0.6 g, 
64% yield after two crystallizations). 

Acknowledgements 

This research was partially supported by C.N.R. Rome. 

References 

1 M. Bianchi, G. Men&i, F. Francalanci, F. Piacenti, U. Matteoli, P. Fred&i and C. Botteghi, J. 
Organomet. Chem., 188 (1980) 109. 

2 M. Bianchi, U. Matte& P. Frediani, F. Piacenti, M. NardeIIi and G. F’elizi, Chim. Ind. (Milan), 63 
(1981) 475. 

3 G.R. Crooks, B.F.G. Johnson, J. Lewis, LG. Williams and G. GamIen, J. Chem. Sot. A, (1969) 2761. 
4 F. Piacenti, M. Bianchi, E. Benedetti and G. Sbrana, J. Inorg. NucI. Chem., 29 (1967) 1389. 

5 SD. Robinson and M.F. Uttley, J. Chem. Sot. Dalton Trans., (1973) 1912. 
6 B.F.G. Johnson, R.D. Johnston, J. Lewis and LG. Williams, J. Chem. Sot. A, (1971) 689. 
7 A. Dobson, SD. Robinson and M.F. Uttley, Inorg. Synth., 17 (1977) 124. 
8 T.H. Johnson, L.A. Siegle and V.J.K. Chaffin, J. Mol. Catal., 9 (1980) 307. 
9 G.B. Deacon and R.J. Phillips, Coordination Chem. Rev., 33 (1980) 227. 

10 H. Schumann, J. Opitz and J. Pickardt, J. Organormzt. Chem., 128 (1977) 253. 
11 H. Schumann and J. Opitz, Chem. Ber., 113 (1980) 989. 
12 G. Braca, G. Sbrana and P. Pino, Chim. Ind. (Milan), 50 (1968) 121. 


