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Summary 

At 220-25O”C, in the presence of [PtH(PEt,),]+ in aqueous solution, a-hydroxy- 
propanoic acid (lactic acid) is converted into propanoic, propenoic, fi-hydroxypro- 
panoic, pyruvic and acetic acids. The reactions catalysed by [PtH(PEt,),]+ appear to 
be double bond hydration and hydrogenation, alcohol dehydration, transfer hydro- 
genation, decarbonylation and the water-gas shift reaction. Propenoic acid under 
similar conditions gives similar products. Attempts to catalyse the dehydrocarboxy- 
lation of lactic acid using PdCl,, [PtCl,(PPh3),], [IrH(CO)(PPh,),] and 
[Ni(CO),(PPh,),] were partially successful, although competing disproportionation 
gave a wide range of products. 

Introduction 

The decarboxylation of unactivated carboxylic acids is of prime importance in 
biomass liquefaction schemes. In general, decarboxylation reactions have been 
carried out oxidatively (e.g. the Kolbe reaction), but these are not catalytic processes. 
Although loss of carbon dioxide is thermodynamically favourable for both activated 
and unactivated carboxylic acids, the high transition state energies involved present 
considerable practical difficulties. Several catalytic decarboxylation cycles encom- 
passing organometallic intermediates can be envisaged. However, the few catalytic 
examples of decarboxylation reactions that have been reported [l] have all been 
heterogeneous, e.g. over Ni/Al,O, and Pd/SiO, catalysts, although a related 
homogeneously catalysed reaction is the decarboxylation of acid anhydrides by 
nickel catalysts [2]. 

* To whom correspondence should be addressed. 

0022-328X/85/$03.30 0 1985 Elsevier Sequoia S.A. 
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The decarboxylation of formic acid, however, is a facile process and has recently 
been reported [3] by using the catalysts [Pt(PR,),] where R = Et or i-Pr. Our own 
observations [4-71 of catalysis in aqueous solution using similar catalysts prompted 
us to investigate the activity of [Pt(PEt,),] with the unactivated acid, ar-hydroxypro- 
panoic acid (lactic acid). 

We report the results of these studies which reveal the catalysis in water of a 
number of disproportionation reactions. 

Results and discussion 

1. Disproportionation of lactic acid in sealed ampoule experiments 
Heating aqueous solutions of lactic acid in water (pH 2) containing [Pt(PEt,),] 

which is present as the protonated product [8], [PtH(PEt,),]+, at 220-250°C for 2 h 
leads to the conversion of lactic acid to the products shown in Table 1. The expected 
product of decarboxylation, ethanol, was not observed. The principal product is 
propanoic acid in yields of 2-50%. This is accompanied by other products, including 
P-hydroxypropanoic, acetic, propenoic and pyruvic acids. Similar products are 
obtained at pH 7, although in lower yields, only ca. 40-60% conversion of lactic acid 
being observed after 2 h at 180-220°C. The reaction was homogeneous in the lower 
temperature range (< 2OO’C) but insoluble brown material was observed at higher 
temperatures. This may have resulted from catalyst decomposition or decomposition 
of pyruvic acid (charring occurs when aqueous pyruvic acid is heated to 220°C in the 
absence of catalyst). However, we have carried out the reaction using Pt/Al,O, as a 
heterogeneous catalyst and similar results are obtained (Table 1). In the absence of a 
catalyst, lactic acid is recovered unchanged under these conditions. 

The formation of propenoic acid suggests that dehydration of lactic acid is 
occurring. This proposed dehydration appears to be unprecedented in organome- 
tallic catalysis. On thermodynamic grounds, the dehydration of alcohols is unlikely, 
and indeed, the reverse reaction occurs for propenoic acid (Table 1). Most of the 
propenoic acid arising from lactic acid dehydration is removed by subsequent 
hydrogenation and rehydration reactions. Certain reactions are likely to be pH 
dependent, for example, hydration and dehydration. Changes in the position of the 
hydration/dehydration equilibrium with pH would account for the observed lower 
conversions at pH 7 than at pH 2. 

The appearance of the principal product, propanoic acid, can be explained in 
terms of a catalytic hydrogen transfer step from lactic acid to propenoic acid giving 
propanoic and pyruvic acids. Pyruvic acid may also be formed by direct dehydro- 
genation of lactic acid and, indeed, this step is implied in the transfer hydrogenation 
mechanism [9]. 

The formation of /3-hydroxypropanoic acid can be attributed to rehydration of 
propenoic acid, giving lactic acid or /3-hydroxypropanoic acid (See Scheme 1). In the 
hydration of cyanoethene catalysed [lo] by [PtH(PEt,),]+, the main product is 
2-hydroxypropionitrile, in which the hydroxo group has added to the carbon atom of 
the double bond which is /3 to the electron-withdrawing cyano group. This product 
is expected to be thermodynamically favoured and our observations suggest that 
P-hydroxypropanoic acid is similarly favoured over lactic acid as the major hydra- 
tion product of propenoic acid under the conditions employed here (Table 1). Care 
must be taken in interpreting these results, however, since it is possible that the small 
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- HZ0 Hz0 
CH3CH(OH)CC$H -r CH2=CnC0,H ____I_ CH2(0H)CH2C02W 
-~ - * --HO 2 

Poiymermitron products e---- CH&(O)CO,H CH3CH2C0,H HC(0)CH2C02H 

\ /’ I 
dH,CWO + CO, 

I 

CH3C02H + CO 

CH3CH 
/OH 
‘OH 

CO + CH_, W 1 
I Hz0 H, f co2 

i 

CH,CO,H + HZ CO, + H2 

SCHEME 1. Proposed reactions of lactic acid in aqueous solution. All reactions are catalysed by 
[PtH(PEt,),]+ with the possible exception of pyruvic acid decarboxylation and polymerisation; detected 
products are underlined. 

amounts of lactic acid produced from propenoic acid may reflect a greater ease of 
d~hydrogenation to pyruvic acid (in the transfer hydrogenation reaction) compared 
with dehydrogenation of ~-~ydroxypropanoic acid. 

Possible sources of the minor product, acetic acid are: (a) the decarbonylation of 
malonic semialdehyde, the /3-keto-acid formed from transfer hydrogenation by the 
j%hydroxypropanoic acid; and (b) the dehydrogenation of acetaldehyde hydrate (see 
Scheme 1). 

The yields of propanoic acid are generally higher than expected on the basis of 
Scheme 1, even after allowance for the decomposition of pyruvic acid under these 
conditions to give charred species and polymeric materials. To explain these high 
yields of propanoic acid it is necessary to propose that hydrogenation of propenoic 
acid by a hydrogen source other than Q: or fl-hydroxypropanoic acid occurs. This 
hydrogen source is likely to be molecular hydrogen *, formed from CO and water 
(i.e. the water gas shift reaction, which is known [12] to be catalysed by 
[PtH(PEt,),]+). The carbon monoxide could be produced from catalytic decarbony- 
lation of acetaldehyde (in turn, formed from the decarboxylation of pyruvic acid or 
more likely, malonic semialdehyd~). Alternatively hydrogen could be derived from 
the dehydrogenation of acetaldehyde hydrate (see Scheme I). 

The probable mechanism of the dehydration reaction (reverse of the hydration 
step) is shown in Scheme 2. This involves coordination by an alcoholic function 
followed by y-hydrogen transfer [14] to give a metal-carbon u-bond. Loss of OH- 
then occurs, either by protonation or by direct transfer to the metal. The former is 
more likely since the reverse reaction probably occurs by nucleophilic attack by 

* Related complexes of platinum are known (131 to be active for hydrogenation of alkenes under 
molecular hydrogen. 
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- PEt3 CH,CH(OH)CO,H + 

[PtH(PEt&]+ _ 
PEt, 

’ [PtH(PEt&]+ _ 
‘: 

. EQP-Pt--Et3 

II /H OH 
H2= \_/ 

CH,=CHCO2H + H++ OH- ----j 1 

H 

+/ H+02H 

I 
Et3P- Pt’lPEt, 

:_: 
CH 

H02&YOH 
H 

SCHEME 2. Proposed mechanism of dehydration of lactic acid. 

water or OH- on the coordinated alkene (cf. the Wacker process [15] and the 
hydration of alkynes [16]). 

2. Reverse Reppe, dehydrocarboxylation reaction 
The metal catalysed reaction for the conversion of alkenes to saturated carboxylic 

acids [17], hydrocarboxylation (eq. l), can be reversed provided that the volatile 
products and water are continuously swept from the solution [18]. 

RCH=CH, + CO + H,O + RCH,CH,COOH (1) 

CH,CH(OH)COOH -+ CH,CHO + CO + H,O (2) 

When lactic acid is used (reaction 2), the expected products are acetaldehyde, CO 
and water. We have, therefore, carried out the reaction of lactic acid with a number 
of different catalysts, the volatile products being driven off in a Dean-Stark 
apparatus. 

The products shown in Table 2, in particular the large amount of acetaldehyde 
formed, suggest that some success in driving the reverse Reppe reaction is achieved 
with PdCl,/PPh,, [PdCl,(PPh,),] and [IrH(CO)(PPh,),]. However, since most of 
the products can also be rationalised in terms of the reactions of Scheme 1, the exact 
mechanism of their formation is uncertain. 

It is evident that although the desired direct decarboxylation of lactic acid by 
organometallic complexes could not be achieved, various other interesting catalytic 
reactions take place in aqueous solution. 

Experimental 

[Pt(PEt,),] was prepared by a standard method [19]. The complexes [PdCl,], 
[PdCl,(PPh,),], [IrH(CO)(PPh,),] and [Ni(CO),(PPh,),] were obtained from Strem 
Chemical Company. d,Z-Lactic acid (technical grade 80%, from Aldrich Chemical 
Company) was used without further purification. 

Lactic acid disproportionation products were analysed by high pressure liquid 
chromatography (HPLC) using a Bio-rad HX87 ‘organic acid’ type ion exclusion 
column operated at 10°C. Eluant was 0.0125 N H,SO,, flow rate 0.6 cm3/min-’ 
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and the products were detected by an Altex refractive index detector. Gaseous 
samples were analysed by gas chromatography (GC) using an 8 ft. stainless steel 
column packed with Poropak R. The carrier gas was helium at 20 cm3 min-’ and the 
column temperature was programmed from 30” to 180” at 20°C min-‘. 

GC/mass spectral results were obtained using a Finnegan 4000 and INCOS data 
system and Porapak QS 6 ft, 2 mm ID column. The carrier gas was helium at 25 cm3 
min-’ and the column temperature programmed from 140 to 180” at 10°C mini. 

Catalytic reactions 

(a) Lactic acid disproportionation. Solutions containing lactic acid (0.5 g, 5.6 X 

lo-3 mol) and [PtH(PEt,),]OH (0.02 g, 3.5 X 10m5 mol) in water (1 cm3) were 
sealed into glass Carius tubes under vacuum. They were heated to the required 
temperature (Table 1) in a thermostatted oil bath. After 2 h they were removed, 
cooled to ca. - 30°C and opened for analysis. The solutions were always homoge- 
neous at the start of the reaction, but at the higher temperatures (> 220°C) some 
precipitation of a brown-grey material occurred. From the yellow supernatant 
solutions, the remaining platinum complex could be recovered by precipitation with 
NaBPh, (0.048 g, 1.4 X lop4 mol) to give [PtH(PEt,),](BPh,); v(Pt-H) 2100-2200 
cm -I, ‘H NMR showed S(Pt-H) 15 ppm, doublet of triplets, (yield 8.2 mg, 27%). 

For reactions at pH 7, the pH was adjusted with KOH (0.1 M) before heating. 
Reactions involving propenoic acid (1.05 g, 0.0145 mol) and [PtH(PEt,),]OH 

(0.02 g 3.5 X 10M5 mol) were carried out as described for lactic acid. 
Pt/Al,O, (5% PtAl,O,, 10 mg) was added to a solution of lactic acid (0.5 g, 

5.6 X lop3 mol) in water (1 cm3) and the suspension heated in a sealed tube as 
described above. 

(b) Dehydrocarboxylation reactions. The catalyst (0.57 mmol) was suspended in 
water (30 cm3) containing lactic acid (18 g, 0.2 mol) and NaCl (0.4 g, 6.9 X 10e3 
mol) and the mixture heated to the temperature shown in Table 2 for 2 h in a 
Dean-Stark apparatus. The gaseous effluent, the residue and the material collected 
in the Dean-Stark trap were all analysed by GC and HPLC techniques. 
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