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The carbonylace ta te  of Pd(D, [Pd(CO)(OAc)]4 (I), mldergoes  oxidat ion-reduct ion decomposi t ion in the 
p r e s e n c e  of nucteophil ic reagents  such as the alkal i  me ta l  ace ta tes  [1] 

[Pd(CO)(OAo)]a~Pd(O ) -]- 2C0 + 2CQ -k 2A%0. (1) 

Acetic anhydride and CO a are  a lso  f o r m e d  in the reduction of Pd(II) ace ta te  by ca rbon  monoxide in the 
p r e s e n c e  of the alkal i  meta l  ace ta tes  [2] 

Pd(OAc)2 + CO = Pd (0) + CO 2 4- A%0 (2) 

We have a t t empted  to bring out the roIe  played by compound (I) as an in te rmedia te  in the oxidation of CO 
by Pd(II) ace ta te  by studying reac t ions  (1) and (2) in acet ic  acid solut ions containing AoONa. 

EXPERIMENTAL 

The Pd(OAc) 2 (ID used here had been prepared by oxidizing Pal-black (itself obtained from PdCI 2 and 
NaBH 4) with a concentrated solution of HNO 3 in glacial AcOH, following the procedure of [3]. The CO was pre- 
pared by dehydrating HCOOH with concentrated H2SO4, the product so obtained being purified by passage through 
a trap cooled to -70~ The AcOH was a cp product which had been purified by- the method of [4]. 

Mass balance experiments were carried out in a thermostatted reactor equipped with a magnetic stirrer 
which was loaded with the NaOAe and AcOH told heated to 60~ compound (1) being added once the NaOAc had 
passed into solution. The evolution of CO and CO 2 was followed by measuring volumes in a gas buret, using 
benzene as the sealing fluid. The gaseous mixtures were analyzed by IX] chromatographic methods (LKh!VI-8MD 
chromatograph, 2-m column, Polysorb-l, He carrier gas, katharometer), samples being withdrawn from the re- 
actor through a rubber membrane. The liquid reaction products were also m~alyzed chromatographically (LKhM- 
8MD chromatograph, 3-m column, Carbowax 20M on Chromaton, He carrier gas, katharoraeter). 

The kinetics of the reaction of eompound (D with CO in the presence of NaOAc, and the Mnetics of the 
decomposition of (]), were studied at 60~ working in a system consisting of a thermostatted reactor equipped 
with a magnetic stirrer, a liquid sampler equipped with a short filter, and a gas buret. Solutions of compound (D 
and NaOAc in AcOH were prepared gravimetrically immediately before use. The alteration in the concentration 
of compound (I) with the passage of time was followed ~r measuring the optical density at 330 nm, the adsorption 
maximum in the spectrum of acetic acid solutions of the compound. The electronic spectra were obtained with 
a Specord UV-VIS spectrometer. 

DISCUSSION OF RESULTS 

Carbon monoxide is slowly absorbed by AcOH solutions of Pd(II) acetate containing the Pd3(OAc) ~ trimer 
[5]. According to [6], depolymerization of the trimer with formation of the acetecomplex takes place in AcOH 
solutions containing NaOAc at 0.i-i.0 M concentration, almost all of the Pd(II) existing as Pd2(OAc) ~- when 
[Pd]E = 0.01-0.1 M. 

The presence of NaOAc markedly increases the rate of CO absorption in these solutions. Experiment shows 
that 0.025-0.1 M solution of Pd(II) acetate containing NaOAc at 1 M concentration will take up I mole of CO for 
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each 1 g - a t o m  of Pd in the course  of 5-10 rain. The fact  that  ne i the r  CO 2 n o r m e t a l l i c  Pd a re  fo rmed  he re  sug-  
ges t s  that react ion  p roceeds  according to the following scheme 

[ AcO 0Ac /OAcl~- AcO 0Ac CO 
/ \ \ / \ / 

[ Pd Pd ] -f-2CO~ Pd Pd ~-2AcO- 
AcO / \OAc/ \OAc 0C// \OAc/ \OAc 

(3) 

Carbon dioxide begins to appear  in the gaseous  phase  as soon as the absorpt ion  of CO is comple ted  but 
no meta l l ic  Pd is  fo rmed.  The c h a r a c t e r i s t i c  Pd(ID m a x i m u m  at 360 nm does not appea r  in the e lec t ron ic  s p e c -  
t r u m  of the t r anspa ren t  solution at this s tage  of the reac t ion .  A m a x i m u m  at 330 ran does appear ,  however ,  
as soon as the evoIution of CO 2 begins,  its intensi ty inc reas ing  for  40-50 min,  and then diminishing (Fig. 1), 
The  posit ion of the m a x i m u m  in this s p e c t r u m  is the s a m e  as that  of the m a x i m u m  in the e lec t ronic  sp ec t ru m 
of compound (I) in AcOH solut iom Metal l ic  Pd begins to fo rm,  and the reac t ion  m a s s  darkens ,  20-30 rain a R e r  
the absorpt ion  of CO ceases .  

These facts  sugges t  that  fo rmat ion  of the CO-Pd(II)  aceta te  complex through reac t ion  (3) leads to the r e -  
duction of Pd(ID to Pd(I) and the fo rma t ion  of compound (I), the l a t t e r  eventual ly  breaking  down to meta l l ic  Pd. 
This would be consis tent  with the fac t  that  the s a m e  produc t  is f o r m e d  in the breakdown of compound (I) under 
the action of NaOAc as is f o rm ed  in the reduct ion of Pd(OAe) 2 by carbon monoxide in the p r e sence  of NaOAc 
[react ions (1) and (2)]. 

Study of the kinetics of the reduct ional  decomposi t ion  of compound (I) under  the action of NaOAc according 
to reac t ion  (1) gave informat ion  concerning the m e c h a n i s m  of the reduct ion of the Pd(I) carboxyla te  complex by 
carbon monoxide. This  work  showed that  at 60~ the breakdown of (I) a cco rd tng to  Eq. (1) is a s e c o n d - o r d e r  p roces s  
with r e spec t  to the compound i tse l f  (Fig. 2) 

W = - - d  [ ( I ) ] /d t  = k~ [(I)] ~ (4) 

The obse rved  s e c o n d - o r d e r  ra te  constant ,  1{2, i n c r e a s e s  l inear ly  with an inc rease  in the NaOAc concen t ra -  
t ion but becomes  essent ia l ly  constant at [NaOAc] >_ 0.4 M. The re la t ion  in ques t ion  he re  can be l inear ized  by 
plotting in k[  i/2 - 1/[NaOAc] coordinates  (Fig. 3). The ra te  of breakdown of compound (I) sa t i s f i es  a kinetic 

equation of the f o r m  

[NaOAc] ~ 
W = k c f [ I I  2 (t -k K INa0Ac]) 2 (5) 

with kef = 78.4 mole3/(liter 3 �9 see) and K = 13.2 liter/mole. 

It could have been expected that the cluster containing four metal atoms would undergo intramolecular 

breakdown after attackby a OAc- ion. However, the fact that the rate of breakdown of compound (1) was propor- 
tional to the concentration suggested that breakdown proceeds through breakdown of the carbonyl, or acetate, 
bridges in a process involving either two of the cluster molecules or the products resulting from cluster inter- 

action with the OAc- ions. Scheme A shows penetration of the terminal group of one cluster along a Pd-O bond 
of another cluster with formationofaneight-memberedcomplexasthelimiting step inthedecomposition. Here 

the express ion  for  the reac t ion  r a t e  takes  the f o r m  

[NaOAc] 2 
W = k 2 K i  2 [Ilx "2 (t + KI [Na0Ac]) 2 (6) 

in which k 2 is the rate constant for the limiting step of reaction (2) and K I is the equilibrium constant for step (I) 

in Scheme A. 

Scheme B, a second variant of the decomposition process shews the reaction rate as limited by the inter- 
action of two clusters with the production of Ac20 and CO 2 and formation of an eight-membercd complex, just 

as in Scheme A. Here the mass balance equation takes the form 

[(I)lz = [(I)l + [(I).OAcl + [(I)-OAc*] (7) 

It was reasonable  to a s s um e  that the values  of 

[(I)- OAel K [(I). OAc*I 
Ki = [(I)l [OAo-I' i i =  [~.O---A~ 

the equi l ibr ium constants  fo r  the f i r s t  and second stage of the reac t ion ,  would be such that  KII << K I, the equilib- 
r i u m  concentrat ion [(I) �9 OAc* ] being negligibly low in c o m p a r i s o n  with the equi l ibr ium concentra t ions  of the 
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Fig. i. Time variation of optical density at 330 nm resulting from the absorption of com- 
pound (I) during reaction of Pd(ll) acetate ([Pd(OAc) 2] = 10 .4 M) with CO in AcOH solution 
containing NaOAc at 1 M concentration, at 60~ and a CO pressure of 0.I MPa. 

Fig. 2. Time variation of the reciprocal of optical density at 330 nm during reductional 
decomposition of compound (I) by NaOAe in AcOH. [I] 0 = 10 .4 M, [NaOAc] = I M, 60~ 

F i g .  3. S e c o n d - o r d e r  b r e a k d o w n  of c o m p o u n d  (t) b y  N a O A c  in AcOH vs .  N a O A e  conce r t -  

t r a t t o n  in t he  c o o r d i n a t e s  of  Eq.  5. 

other two forms appearing in the mass balance equation. On this basis, the concentrations [(1) �9 and [(I) ~ 
OAc*] could be expressed as 

[(I). OAcl = K~ [(I)lz [OA~-I 1 + KI [OAc.-] ; [(I).OAe*] - -  K~I[(I)-OAcl 

with the rate equation taking the form 

[NaOAc] 2 
W --~ k2KI2IQ [(I)]z 2 (t -+- KI [NaOAc]) 2 (8) 

The kinetic equations (6) and (8), of the respective variant schemes are formally identical with (5), the 

experimentally developed relation. For Scheme A, kef = k2K i, while for Scheme B kef = k2K[KII. 

The difference between Scheme A and Scheme B is determined by the type of bridging, the carbonyl or the 
acetate, broken down in OAe- attack on the Pd(1) carbonylacetate. In turn, CO penetration along the Pd-OAc 
bond can proceed intermolecularly, in the limiting state of the reaction, or intramoleeularly, in the rapid re- 
versible step proceeding the limiting stage. 

It seems unlikely that subsequent steps in the reduction to Pd(O) would lead to the degradation of the poly- 
nuclear system. It is more reasonable to assume that the oxidation state of the Pd atoms would decrease grad- 
ually, while the metallic skeleton of the complex was being extended through repeated cycling of the type: i) 
penetration of CO along the bond between the Pd atom and the terminal OAc group; 2) elimination of CO 2 with 
the formation of a Pd-CO-CH 3 fragment; 3) formation of Ac20 with establishment of a Pd-Pd bond. So con- 
sidered, this is a reduetional condensation of the palladium clusters. It is likely that a similar sequence of 
reactions of type 1-3 is involved in the reduction of Pd(ID to Pd(0) by carbon monoxide. The polynuclear palladi- 
um complexes formed in these systems seem to be promising catalysts [7-9]. 

Scheme A ? 
t) 

P d ~ P d  V Pd ~Pd---OAe-~f-- 
Pd ~ P d  d--CO 

(PdCls) (PdCls �9 

~The asterisk designates a bridging acetate group, the angle sign a bridging carbonyl group. 
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3) (PdCls. 0Ac) @ (PdCIS �9 0Ac" ) ----~ ~ P d  Pd 
-~- 2A%0 + 2C0~ + 20Ae- 

CONCLUSIONS 

i. The carbonylacetate of Pd(1) is an intermediate product in the reduction of pd(II) acetate by carbon 
monoxide in acetic acid solutions containing sodium acetate. 

2. The kinetic data indicate that reductional decomposition of Pd(D clusters is a reductional condensation 
process, in which a decrease in the oxidation state of the atomic palladium and stepwise growth of the metallic 
cluster skeleton proceed simultaneously. 
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