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The formation of palladium(II)-o!efin complexes in acetic acid is an essen- 
tial step in the oxidative acetylation of olefins in the presence of palladium(II) 
salts [Z--3] (1). 

C&=CI& + CH&OO- + Pd” = CH2=CHOCOCHs -I- Pd” f H+ 
f further acetylated species (I) 

There is very little direct evidence as to the nature [4,5,1 and stability of the 
olefin complexes formed in such solution and it therefore seemed desirable 
to investigate this and in particular to look at the influence of chain length on 
the stability of the complexes. 

NaePdQ was used as the source of p~ladium(II) because it is readily avail- 
able commercially and is fairly soluble in acetic acid. The simple1 \ . _-rnative 
to NaaPdCll is Li2PdCla which has several drawbacks. Thus I,iC!i : :P~rk-\s in 
acetic acid [S] whereas NaCl does not; as a consequence of $.hi: mil*.;+* ..m&ier 
amounts of sodium chloride can be used to adjust the chloride eoncmtc~tions. 
This has the advantage-that the activity coefficients do not vary so much as 
when larger amounts of lithium chloride are used. It is virtually impossible to 
compensate for this by controlling the activity coefficients in acetic acid bj 
the inert background electrolyte method 17) since the few electrolytes that 
dissolve in acetic acid tend to precipitate [PdC1412- and [Pd2C1s]‘-. A further 
dtidvantage of LiaPdCll is that it forms a more comulex range of species in 
acetic acid solution [ 8 J than Na2PdC14 does. Accordingly the first stage of the 
present work involved an investigation of the nature and stability of the species 
formed when Na2PdCld is dissolved in glacial acetic acid. 

NATURE OF “Na2PdC14” SOLUTIONS 

The first stage of the investigation of “NasPdC14” solutions im/olved a quali’a- 
tive study to determine the species present so that in the subsequent quantita- 
tive work it would be possible to present the computer with a reasonably precise 

* No reprints availabie. 
** Author to whom rorrespondence should be addressed. 
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Fig. 1. UT-spectra of chloropalladium species in acetic acid. Total paIladium(I1) contentra- 
tion = 1.51 X IO++ 
c, 3.38 x 1o-3 

M; chioride concentrations: A, 5.90 X lo-” M; B, l-98 X 1@-4 Af; 
M: D, 6.17 x 1O-3 M; E, 8.96 x 1O-3 M, F, 1.31 X 1O-2 M. 

model of the system. This approach to complex equilibrium con&u-& problems 
seems highly desirable because the more precisely one can describe the species 
present, the more accurately a computer can determine the equilibrium con- 
stants that interrelate those species. The qualitative results may be summarised 
as follows: 

(i) When the UV spectra of a series of solutions all containing the same total 
palladium concentration and varying amounts of chloride were recorded, all 
the spectra of solutions containing [C!- ] : ]Pdn ] > 20: 1 passed through two 
sharp isosbestic points (Fig. 1). Although this is not absolute proof that under 
these conditions only 2 absorbing species are present [9], it is strongly sug- 
gestive of it. At least one more species is present at low chloride concentra- 
tions since curve A in Fig. 1 misses both isosbostic points. 

(ii) The rank of the matrix of the absorbance data [IO, X] for a series of 
solutions containing “Na#dCl*” and NaCl indicated that for solutions containing 
[Cl-] : [Pd” ] > 20: 1 only two absorbing species were present. 

(iii) Use of Coleman, Mastin and Varga’s graphical method [ 12 ] to determine 
the number of species present suggested that there were two absorbing species 
present at all except the lowest chloride concentrations, since the 2-species test 
gave a straight hne plot except at the lowest chloride concentrations (Fig. 2a), 
whereas other n-species tests gave randomly scattered points (e.g., the 3-species 
test in Fig. 2b). 
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Fig. 2. Plots obtained using Coieman, Varga and Mastin’s graphical method (ref. 10). 
(a) Zspecies test (b) 3-species test. Aii = absorbance of solution j at wavelength i. 

Reference to the known chemistry of chlorop~l~djum(II) species in organic 
solvents (1.3--151 suggests that the two main absorbing species are Naz?dCla 
and NazPd2CI, and that the third species is probably a solvo-species which 
may be Na[Pd2C1,(C!HsCOOH)] or Na[PdCI,(CHsCOOH) J . .Accordingly, a 
model involving all 4 of these species was used to analyse the abscrbance data 
obtained at 10 wavelengths for 59 solutions whose ~hioride:p~ladium(II) 
concentrations varied between Z-7:1 and 87:X. Reasonable estimates of both 
the eauilibrium constants and the molar absorptivities of each of the species 
present were requried by the program, which then used these to calculate the 
absorbance. This calculated absorbance was compared to the observed absorb- 
ance and the equilibrium constants and moiar absorptivities were successively 
refined until the best fit between the cbsnrved and caicui~~d absorbances was 
obtained. The resultant equilibrium constants are shown in eqns. 2-4. 
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K1 = 0.56 f 0.02 AI 
2 NazPdCIJ \ . NasPdrCls + 2 NaCl 

KP =(2.9 f 0.6)X 
NasPd&ls \ 

10-5,tf 
’ Na[Pd2ClsfCHsCOOH) ] + NaCI 

h'3 =(3.5'.3.7) x 10 -* fir Na,PdCl, 
\ ' Na[PdCIs(CH3COOH) J -i NaCl 

(2) 

(3j 

(4) 

It is apparent that the standard deviation of Ks is rather high. This is because 
this species is never present to an extent greater than 3.35% (see Fig. 3). 

In addition to determining the equilibrium constants the molar absorptivi- 
ties of each of the species present were also calculated and these could then 
be compared with the estimated spectra. For Na2Pd2C16 and Na2PdC14 the 
firs were within 1% and 5% respectively, and moreover the predicted isosbestic 
points agreed closely with those observed experimentally. This high degree of 
agreement between the estimated and computer calculated spectra gives a 
considerable degree af confidence in the chosen model. When a rather complex 
system, Luch as the present one, is being studied by presenting a series of 
reasonable models to the computer and analysing the data in terms of each, 
then absorbance data is more.useful than potentiometric data. This is because, 
although potentiometric measurements sre generally more precise than UV- 
visible absorbance measurements, they lack an intensive parameter correspond- 
ing to tile molar absorptivity by which each species can :,lake its own unique 
contribution to the observable. Furthermore, in UV-visible spectroscopy the 
relative contributions of each of the species to the observable (absorbance) 
can be altered by altering the wavelength at which the system is studied since 

Cchlondel -- 
[p~ll~dlUm] 

. Pig. 3. Percentage of palladi*Jm( II) present in each form as a function of the ratio of the 
concentratiom~of chioride and pxHadium( II). 
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the molar absorptivities are wavelength dependent for very complicated 
systems UV--Msible spectrosc will often give a reliable indication of 
the species ~~~s~~t because it o gives rise to mokir abs~~t~~t~~s which can 

checked 4x3 see if they are ~e~o~ab~~ (e ) they must sways be zero or 
sithe in v&w and give rise &I fairly srn~ h curves ~~b~~ joined up tu form 

a spectrum). However, once the correct model has been chosen patentiometric 
data will give rise to more precise equilibrium constants than absarbmce dab 
because cJf the overlap of the broad ban resent in IDP-visible s~~~~~, which 

~o~r~~at~~~ be~~~~~ the calcu1 
t~~t~~~~ ~~~a~~~~ the i 

~~~t~orne~~c.da~~* 

NATURE AND STABILITY OF PALLADIW(II[~LEFW COMPLEXES 

the number of species present aIf. the safuti 
ride, thus minimising the formation of 
ifative investigations of i&es 

czxried out f6j using preparative techn 
e ~~~-v~sib~~ ~~~~t~ 
the ~~~~~ rank and 

with sod~~rn 
(see Fig, 3). Again 
fin soWians were 

tions suggeskd that eqns- 5 and 6 represent the of&n complex equilibria. 

Quantitative absorbance data was then obtaiked for a series af terminal 
g a number of solutions (about 12) each containing the same 

but varying concentra- 

f about 3.10 ab- 
sorbance values per ofef d at two differ- 

a model b~zxzd on 
the spectra of the ab- 

that an kosbestic point shaded be o&xv& near to 295 nm, SR cluse agree- 
ment with our earlier observation f53 of sur;h a potit at 293 MI at Iow olefin 
concentrations and 297 nm at high 01eIk ccrlcentrations. We tied a number 
of o+her but none 
ton R-factor, 
3TEStitant E+quf 



TABLE 1 0) 
P 

Eauilibrium constant data for palladium(II)-olefin complexes at 25’C. 

Olefin Experiment [Pd IT 
series x 104” 

Number Number I& ’ 
of cxpcri- of solu* 
ments tions 

K5 
d R-factor’ 

lapentene {i 5.72 26.0 0.62-62.0 
3.71 32.3 0.96-9640 

12 
13 

9 
8 

5,2 (4.0) 4.4 (13) 0.0207 
5.6 (2.1) 4.1(0.7) 0.0117 

0.0109 
0.0097 

5.72 26.0 0.50-30.0 11 9 14.8 (6.4) 
3‘71 32.3 1.66-82.8 12 8 6.3 (2.8) 

3.3 (0.5) 
3.5 (0.4) 

9 
10 

12.2 (6.3) 1.9 (0.2) 0.0164 
6.9 (1.7) 2.1 (0.3) 0.0098 l-heptene {t 

6.09 19.1 0.52-5290 12 
2.93 30.5 1.07-107,o 12 

4.9 (3.2) 2.6 (0.5) 0.0146 
6.2 fQ.7) 2.7 (0.1) 0.0044 l.octene {i 

6.12 19.0 0.40-48.4 12 
2.93 30.6 O&4-84‘0 13 

9 
9 

. inonene {g 6.10 19.1 0.37-44.6 
3.06 29.2 0.73-73.0 

7.4 (2.7) 2.4 (0.2) 0.0087 
12.7 (5.0) 2.4 (0.2) 0.0131 

11 
13 

9 
13 

a [Pd J T = total palladium(I1) concentration. 
’ [ Ci] T /[PdjT = ratio of totai chloride to total pnliadium(I1) concentration. 
’ foilT jfPdlT 1 ratio of total oiefin to total palladium(B) concentration. 
’ Standard deviations arc given in parentheses. 
’ R = [ {~;=“l”(A;a’C -A~bS)2)/{C;txlm(A~bs)2}]‘~ where n = number of wavelengths studied, m 4 number of solutions used and A = ab, 

sorbance. 
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was calculated from eqn. 7 

where ApbS = observed absorbance and Ei the residual in ith equation calcula- 
ted from pessimistic estimates of the errors in all the experimental quantities 
(absorbance c 2%, total chloride concentration + 1.5%, total olefin concentra- 
tion + 1.5%) using the usual rules for the propagation of errors. Since in all 
cases R < RIimit, the results in TabIe 1 are a statisticalIy acceptable interpreta- 
tion of the data 1163. 

For most of the work the value of K1 as well as the molar absorptivities of 
NazPdC14 and NazPdzC1, were fixed at those found in the absence of olefin. 
However, for one set of data these were allowed to vary (Table 2) and it was 
gratifying to find that the calculated equilibrium constants changed very little 
when this was done although, of course, the standard deviations went up sig- 
nificantly. Normally the condition for a minimum was that all the corrections 
to the parameters were less than 1%; however in the last result in Table 2 r’z- 
finement was continued until all the corrections were less than 0.5%. It is 
apparent that this causes a marked decrease in the standard deviations but 
little change in the actual numerical values of the equilibrium constants. Since 
this last calculation took four times as much computer time we did not ana- 
lyse all our results to this degree of precision. 

The final equilibrium constants (Table 3) confirm our earlier suggestion 
[ 51 that only 2 palladium(II)-olefin species are formed in significant amount 
and that they are both chloride-bridged palladium(I1) complexes. Th? :eason 
for the absence of mmomeric Na[PdC&(olefin)] is not clear, although its 
absence is entirely consistent with the qualitative observations of many workers. 
The results indicate that the chain length over the range C&--C9 has little in- 

TABLE 2 

Equilibrium constants obtained for the l-octene (b) data when parameters in addition to 
K,, KS and the molar absorptivities of Na[PdzC!l&-o&me)] and [Pdz&fl-octene)z ] 
were varied a- 

Extra parameters varied b Kl K4 K5 

None 0.56 

KI 0.54 (0.03) 

ITI, ENa~Pd2Ct6 0.55 (1.10) 

Kl * ENa PrlpCb s ENa2PiiC& 0.55 (4-63) 

KI, eNazPd,R* ENaZPdt2.q 0.66 (0.46) = 

a Standard deviations are given i> parentheses. 
’ E = molar absorptivity. 

6.2 (0.7) 2.7 (0.1) 
6.2 (0.9) 2.6 (0.2) 
5.4 (0.9) 2.6 (0.9) 
5.4 (8.8) 2.6 (2.2) 
5.1 (3.0) c 2.6 (2.1) = 

c The condition for a minimum in this case was that all the corrections to the parameters 
were Iess than 0.5% as opposed to 1% used in all other results. 
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TABLE 3 

Weighted mean equilibrium constants at 25OC. 

Olefin K4 
0 

& 0 

1-pentene 5.5 (1.9) 4.2 (0.6) 
1 -hexene 9.7 (2.5) 3.4 (0.3) 
1-heptene ?.3 (1.6) 2.9 (0.2) 
f-octene 6.1 (0.7) 2.7 (0.1) 
l-nonene 9.7 (2.4) 2.4 (0.2) 

D The weighted mean of two equilibrium constants Ka and R” is given by fri”/oz + K”/u:}- 
{c$o~}/(u~ + u,“} where u = standard deviation. The standard deviation, given in paren- 
theses, is given by ((u~u~)/(u: + o:)]” (ref. 17). 

fluence on the stability of ~~ladi~m~II~-ol~f~n complexes in acetic acid, a 
result that should be of interest to anyone wishing to use longer chain olefins 
as starting materials for chemical reactions. 
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