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The stoichiometric isomerization of 1-pentene coordinated to palladium(H) 
chloride has been investigated in aprotic solvents_ The action of basic cocatalysts 

has been discovered_ The observed selective formation of cis-2-pentene in the 
stoichiometric process may explain some aspects of the stereoselectivity ob- 
served in the first stages of catalytic isomerization. 

Introduction 

Olefin catalysis by palladium(I1) salts has been thoroughly investigated in 
the last ten years after its succesful industrial application to the oxidation of 
ethylene to acetaldehyde [l] . A few review articles have been published on 
homogeneous palladium(II) catalysis [2,3] _ 

Special emphasis has been laid on the reactions involving simple subst.rates 
such as ethylene, propylene and butadiene, particularly in the field of oxidative 
carbonylation [4] , dimerisation and codimerisation [ 5,6] and, finally, the syn- 
thesis of vinyl derivatives [7,8] _ However, much work has also been devoted to 
higher cY-olefins [9,10] _ In the latter case, double bond migration takes place as 
a secondary reaction, which decreases the selectivity with which the required 
reaction products are obtained_ The degree of isomerization depends on the 
nature of the solvent and olefin and on the reaction conditions. 

Many investigations have been carried out by different authors such as 

* Part of this work has been presented at the A.C.S. Symposium on Palladium Homogeneous Catalysis 
(Minneapolis, 13 - 18 April 1969). 



108 

Epirrke [ll] 
others ] 163 

Harrold and Chalk [12], Davies 1133, Cramer 1141, Bond 1153 and 

_ - bn the molecular mechanism of olefin isomerization by palladium 
salts. Four different mechanisms [l - 41 have been proposed to explain the 
hydrogen migration in non protic solvents [ 131. 
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However, no convincing evidence concerning the actual nature of the transition 
state has been reported so far. 

The olefin isomerization in aqueous solution was carefully investigated by 
Moiseev and coworkers (173 who proposed a Pdn-Pd” redox process. All the 
above reported studies were carried out under catalytic conditions corresponding 
to the presence of excess olefim compared to the palladium(R) salts or complexes 
used as catalysts_ 

The syntheses and characterisation of complexes of palladium chloride with 
1-pentene, cis- and trans-2-pentene have been recently reported by some of us 
[18] _ Now, we can determine directly the isomerization rates of the olefin co- 
ordinated to the palladium atom. This approach allows us to avoid the complex- 
ity of the system due the exchange equilibria between free and coordinated 
olefins. 

Results 

Stoichiomefric isomerization studies* 
A chloroform solution of the dimeric palladium( II) complex of 1-pentene, 

in the absence of excess olefin, was chosen for the investigation of the stoichio- 
metric isomerization of cx-olefins. When this compound is dissolved in pure dry 
chloroform or benzene at 25” the coordinated olefin isomerizes very slowly 
(nearly 10% after one hour); by raising the temperature or by addition of small 
amounts of cocatalytic substances such as ethanol, the isomerization takes place 
smoothly and can be followed by IR and NMR spectroscopy. Figure 1 shows 
the region of carbon-carbon double bond stretching in pure chloroform (41” ) 

* We call “stoichiometric” the isomerization of an olefin bound to a palladium complex. 



Fig. 1. IR spectra in the 1575 - 1475 cm-* region of [PdClz(l-C5 HI 011~ (isomer III) 1181 run in pure 
CHClj at 41° at different times (minutes in parenthesis); a (0). b (60). c (90). 

at different times. The initial spectrum (a) shows a broad band at 1525 cm-’ which 
can be attributed to a mixture of two isomeric complexes of l-pentene [IS]. 
After 60 min (spectrum b) two absorption bands at 1532 and 1518 cm-’ appear, 
which have been assigned to well-defined isomers of trans- and cis-2-pentene 
complexes respectively_ The isomerization of coordinated I-pentene has occurred 
to a considerable extent by 90 ruin (spectrum c) and the final ratio trans- to cis- 
olefin is about 1.2. Figure 2 shows that the isomerization at 32” of a 0.5 molar 
solution of the I-pentene-palladium complex in deuterochloroform stabilised 
with alcohol, can be considered complete after 45 mm with a final ratio trans- 
to cis-2-pentene of 1.2. 

We have followed the stoichiometric isomerization of coordinated l-pen- 
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fig. 2. NMR spectra in CDC13 of CPdCl3 (l-CsHlO)l3 (isomer III) at 32O: on dissolution (a) and after 45 

mfn <b)- 
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tene by GLC analysis of the olefin mixture obtained by displacement from the 
palladium coordination sphere with 1,Scyclooctadiene. This displacement re- 
action is complete and takes place without alteration of the isomeric composition 
of the coordinated olefin [la]. The isomerization of the coordinated 1-pentene 
in “reagent grade” chloroform at 25” is illustrated in Fig. 3a. The reaction can 
be considered complete after one hour and gives tram- and cis-2-pentene com- 
plexes in the same ratio as shown from the above reported spectroscopic inves- 
tigations. 

Having established that the same results could be obtained with different 
analytical techniques, we investigated the effect of the cocatalyst, which as far 
as we know has not been clearly reported until now. Ethanol was chosen as co- 
catalyst and a kinetic investigation was carried out using a range of ethanol- 
palladium chloride ratios between l/l and l/1.4. In this range the kinetics are 
first order both in the complex (Fig. 3b) and in the alcohol concentration (Fig. 
3c) until the isomerization is nearly 40% complete. Although linearity seems to 
be quite satisfactory in this concentration range, first order kinetic constants do 
not satisfy the Arrenhius law in the temperature range O-35”. Therefore, the 
isomerization mechanism is complex and the observed rate constants do not 
correspond to true kinetic constants of the rate-determining step. 

The complexity of the mechanism is confirmed by the lower order in the 
alcohol when the moIar ratio of ethanol to palladium chloride is below one, SO 

that simple kinetic equations in this range of alcohol concentration cannot be 
proposed. On the other hand, by increasing the ethanol concentration above the 
ratio 1.4, a considerable increase in the isomerization rate is observed but palla- 
dium reduction takes place simultaneously, with separation of metal. To a first 
approximation, in the range l-l.4 ethanol to palladium molar ratio, the overall 
rate of olefin isomerization could be written as follows: 

r=h,*[C] +kz-[Cl-[B] =kobs-[C] 

where ICI represents the [PdCMl-Cs HI0 )] z concentration, [B] the ethanol 
concentration and k,, = k, + k2 l [Bl . The first term k, corresponds to a slow 
double bond migration in the absence of a “cocatalyst”. Under these conditions, 
the relatively negligible isomerization may be due to the cocatalytic action of 

TABLE 1 

STOICHIOMETRIC ISOMERIZATION OF [PdClz (I-CsH, 0)) 2 (ISOMER III) Cl81 IN THE PRESENCE 
OF DIFFERENT COCATALYSTS = 

CocatalYst Moles iromerized 

Mole cocatalvst 

NtXle ==0 
C6HsOH ==0 
(CH~~ICOH Traces 
2-Hexene 0.07 
C6HsC&oH 0.12 
(CH3)2CHOH 0.13 
CH~CHZOH 0.25 
CsHsN 0.51 

a CPdCkz(1-CsH~o)lz concentration. 0.035 &ti cocatalyst concentration. 0.05 GYM; reaction time. 30 tin.; 
temperature, 25 * O-lo. 
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some free olefin formed by dissociation of the palladium complex_ This hypo- 
thesis is supported by the cocatalytic role played by the addition of free olefin, 
as will be shown later. 

The second term k2 - [B] (the only one which we have tried to interpret) 
could be explained by the breaking of a chloride bridge and the formation of a 
species that is active in the isomerization. Therefore the role of the alco- 
hol could be interpreted just as that of a base that splits the halogen bridges; 
indeed a similar cocatalytic action was obtained with different bases (see Table 1) 
and the catalytic activity increases with the basicity of the donor atom (eqn. 5). 

1-G H,o Cl 
\PdiCILPd/ 

1-Cs Hi0 Cl 
K 

+B F= 
-b,‘“,d~ 

/ L/ 2 ’ hi y 

(5) 

Cl 1-G H,o Cl 1-G H, o 

However, the displacement of a terminal chloride ligand cannot be excluded al- 
though it is known that terminal chlorides are less reactive than bridging chlori- 
des [19] _ 

In conclusion, the kinetic results can be interpreted on the basis of a fast 
pre-equilibrium to form activated palladium species, followed by the disappearan- 
ce of these species by two isomerization paths to cis- and trarzs-2-olefin com- 
plexes_ Owing to its lability 1191, the monobridge complex could also be the pre- 
cursor of monomeric species, which may be the true reaction intermediates. 

An alternative interpretation of the mechanism can be based on a simple 
displacement of the coordinated oIefin by the base, followed by the cocatalytic 
effect of the free olefin just formed (see Table 1). In any case, in a narrow range 
of ethanol to palladium molar ratio (l-1.4) the rate of olefin isomerization can 
be written to first approximation as follows: 

r= (k __f &J- C U-2 Cl, @Ml-C, H,o )I 1 

= K- (ktins + “&I- IBI * 1 WC12 U-G J&o )I 2 I 

-As would be expected from the kinetic law for two parallel first-order reactions 
a straight line has been obtained by plotting the [PdCl* (tmns-2-C, Hi0 )] 2 con- 
centration against [PdCl, (&s-2-C, H,, )] 2 concentration (see Fig. 4). From the 
slope of this line the ratio k_ /kci, = 1.60 + 0.10 has been obtained. 

This kinetic investigation cannot support a well-defined molecular mecha- 
nism of the isomerization process of an olefin bound to a palladium ion, but 
sheds some new light on this controversial topic. Homogeneous isomerization 
of olefins by transition metal complexes seems to proceed in a large number of 
cases via a transition metal hydride followed by an olefin insertion into the 
metal-hydrogen bond to form an intermediate o metal-lkyl 1161. However, 
we could not obtain evidence for such a hydridic mechanism under the condi- 
tions investigated in this work. To establish a possible hydridic mechanism in 
which the alcohol was the source of the hydride, we have used tetradeutero- 
methanol as the cocatalyst in a concentration range in which the methanol to 
palladium chloride molar ratio was about 1. No deuterium was found in the 
olefin displaced from tne palladium complexes after isomerization. Moreover, 
hydrogen chloride did not act as a cocatalyst, although in other cases it acts as 
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Fig. 4. Plot (arbitrary units) of [Pd(31~<frons-2-CgH~~)l~ against [PdC12(cis-2-CsHlo)lz during the stoi- 

chiometic isomerizdion of [P~C~~(I-C~H~OII~ (isomer III) in reagent grade chloroform at 25”_ 

a well known source of metal hydrides by oxidative addition to a metal ion and 
consequently as a cocatalyst r14]. 

The large increase in the isomerization rate when the ratio ethanol to 
palladium is more than 1.4 (corresponding to a third term in the overall rate) also 
cannot be explained by a hydridic mechanism. The precipitation of palladium 
could indicate the presence of intermediate Pd-H bonds formed during the 
reduction by alcohols. We therefore used tetradeuteromethanol as cocatalyst, 
but no deuterium was found in the isomerized olefin, so that the hydridic route 
cannot be invoked in these conditions either. The increase in the isomerization 
rate is probably due to an increase in the free olefin concentration due to the 
decomposition of the palladium complex. These are not unexpected results: 
for instance in a recent investigation [20] into the cis- to trans-isomerization of 
C, H, Dz , PdCl? (benzonitrile), was the only catalyst that did not give results 
in agreement with the formation of an intermediate a-alkylpalladium derivative_ 

Finally it is interesting to point out that, in contrast to the rather fast iso- 
merization of the coordinated l-pentene, the rate of isomerization at 25” of 
[PdCl, (cis-2-CS HI0 )] Z and [PdClz (trans-2-CS HI0 )] Z is very slow (nearly two 
and 10% in one hour respectively). Also, in this system an induction period of 
ten minutes has been observed. 

Catalytic I-pentene isomerization 
Many authors 13,161 have already reported that, in the early stage of the 

catalytic isomerization of cr-olefins by palladium( II) complexes, the thermo- 
dynamically less stabIe c&isomer of internal olefins is formed preferentially. 
This kind of stereoselectivity was explained by assuming different energies for 
some conformational geometries in the transition states. The high stability of the 
complexes of cis olefins (e.g. with silver) has been invoked Cl.51 to explain the 
selective formation of cis isomer. However, as has already been pointed out, the 
real nature of the transition state and its geometry are not known in detail. 
Using previous data on the isomerization of coordinated olefins in the absence of 
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TABLE 2 

PSEUDO-FIRST ORDER. Irobs AND SPECIFIC RATE CONSTANT. k at 25O IN CHC13 a 

CPdC12(l-CSHIo)l2 
2 

10 x IZ,bs 
(IV 1 onin> 

k 

CM-’ min-’ ) 

0.04 1.25 3.1 

0.06 1.74 2.9 

0.07 2.21 3.1 

a 1-Pentene concentration. 3.5 11% 

free olefin, we can contribute to the understanding of the catalytic isomerization. 
We have therefore studied the isomerization of l-pentene in pure chloroform in 
the presence of [PdCl, (l-C5 H,,)] 2 (isomer III) [lS] as catalyst. 

The isomerization rate is first order in the palladium dimeric complex in 
the concentration range 0.04-0.07 mole/l (Table 2). The reaction also appears 
to be first order in the olefin concentration after a large induction period (Fig. 5). 
An activation energy of 19.7 I 0.7 Kcal/mole has been calculated between 25 and 
50” (Table 3). These results agree fully with those previously reported by Davies 
et al [Zl] for the isomerization of 4-phenyl-1-butene catalysed by (PhCN), PdCl, _ 

The induction period is of some interest. Bond and Hellier [15] reported 
that the isomerization of cis-Zpentene to trans-2-pentene in benzene in the pre- 

Fig. 5. First order plot of 1-pentene isomerization at different temperatures catalyzed by [PdClZ- 

(l-CsHIo)lz (isomer III): l-pentene concentration. 3.5 M: [PdCl2(1-CSHI 0112 concentration. 0.04 M. 

Dotted lines. induction time. 
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TABLE3 

RATECONSTANTS. k,,,.,- ATVARIOUSTEMPERATURES= 

T <K) 10' X k ohs (m&l 

298 1.25 
303 2.17 

308 4.08 

313 6.80 
323 16.2 

a [PdC12(l-C5H1O)]z concentration. 0_04M:l-pentene concentration, 3.5 M. 

sence of (PhCN)* PdC12 took place after an induction period, which varied in- 
versely with catalyst concentration. This induction period was eliminated if 
catalytic amounts of l-pentene were present, while no induction period was ob- 
served in the isomerization of l-pentene at 70”. However an induction period 
was found by Davies et al. [Zl] (at lower temperatures) in the isomerization of 
4-phenyl-l-butene. We have now observed that the induction period depends on 
the reaction temperature, as shown in Fig. 5. Isomerization takes place after an 
induction period of 75 min at 25” but only of 4 min at 50”. This would explain 
why the induction period was undetectable at the temperature of Bond’s ex- 
periments [ 153 _ 

Stereoselectivity in the I-pentene isomerization 
In the course of the isomerization reaction we analysed the composition of 

both free olefin and olefin coordinated to palladium. The composition of the co- 
ordinated olefins during the catalytic isomerization of 1-pentene is reported in 
Fig_ 6a. It is possible to define three different steps: 

(i) less than 30 min: a very slow isomerization takes place with evident 
formation of only the cis-Zpentene complex; 

(ii) between 30-50 min: a fast isomerization takes place with predominant 
formation of the ck-2-pentene complex; 

(iii) after 50 min: the isomerization of 1-pentene is pratically complete and 
the ratio cis- to trans-2-pentene is that corresponding to the equilibrium [lS] : 

[PdCl? ( trans-2-C5 H,,, )] 2 + 2 cis-2-C5 HI0 2 [PdQ (cis-2-G HI0 )] 2 + 

f 2-trans-2-C, H10 

The composition of the free olefin is shown in Fig. 6b. Also in this case three 
different steps may be defined: 

(i) less than 30 mm: an induction period exists during which cis- and 
trans-2-pentene are formed in a ratio which is nearly twice the thermodynamic 
one; 

(ii) between 30-80 min: a fast isomerization takes place which obeys 
first order kinetics in both the olefin and the palladium complex; 

(iii) after 80 min: the 1-pentene conversion is more than 90% and the 
trans to cis ratio approaches the thermodynamic value*. 

* Therealthermodynamievaluemaybeattainedonlywhenalargee.ucessof freeolefin (compared 
tothepalladiumcomplex)isused. 
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Pig- 6. Catalytic homerization of I-pentene in the presence of LPdC12<1-C5H10)12 (iiomer III) at 25”: 
1-pentene concentration. 3.5 M. [PdC12(1-C~Hl~)Z 12.0.15 _%J_ Dependence of the free olefin composi- 
tion (a) and of the coordinated olefin composition @) on time. Dotted lines indicate fsomerizationin 
the presence of ethanol (0.1 df). 

The induction period can be reduced and the kinetic constant increased nearly 
twofold when ethanol is used as a cocatalyst in a ratio ethanol/palladium = l/l 
(dashed line). An interesting point can be deduced from the above data: 
The three olefin palladium complexes are present, after 300 min, at concentra- 
tions corresponding to the exchange equilibrium constants already reported [X3]. 
In fact the equihbrium constants, which can be calculated using the catalytic 
isomerization data (Fig. 6a and 6b), are in a good agreement with those obtained 
from exchange studies between free and coordinated olefins [lS] _ It follows 

1.0’ r 
I 

h 
loo 80 

6:-C5H,oi% 
zo 0 

Fig. 7. Dependence of trans- to cis-2-pentene concentration on 
catalyzed isomerization (for conditions see legend to Fig_ 6). 

1-pentem? conveniotl during the palladium 
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that the catalytic isomerization can be explained by assuming an isomerization 
of the 1-olefin coordinated to the metal followed by a rapid exchange of the 
isomerized olefins with the excess 1-pentene. 

If the direct tmns- to cis-2-pentene isomerization is considered to be a slow 
process (and, as previously mentioned, it is so in comparison with the 1-olefin 
isomerization), in the first stage of the reaction, the truns- to c&ratio must be 
related to the kinetic ratio (h,, /k,, = 1.6) obtained from stoichiometric studies. 
In order to prove this hypothesis we have calculated the total amount of trans- 
and cis-2-pentene in the catalytic lsomerization (considering the sum o? both co- 
ordinated and free olefins). The ratio tram- to cis-2-C, Ii,, is reported as a 
function of the l-pentene per cent composition (Fig. 7). The above ratio is 
1.5-1.6 until 1-pentene conversion has reached about 60%, then the ratio in- 
creases only in the last stage of the reaction to 3.1, which corresponds to the 
thermodynamic value at 25”. 

t 

We can therefore conclude that internal olefins are kinetically produced in 
a ratio of trans- to cis- of 1.5-1.6 also under catalytic conditions; this value is 
very little affected by the nature of the cocatalyst. Only later, when the l-pen- 
tene concentration in the free olefin is too low to have a substantial concentra- 
tion of the palladium 1-pentene complex, does the direct isomerization of 
cis- to trans-2-pentene take place and the free olefin composition approach 
the thermodynamic equilibrium. 

,i 

Conclusion 

We may now draw the following conclusions about the complex mechanism 
of the catalytic isomerization reaction in aprotic solvents. 

(1). The palladium catalysis requires the presence of a basic cocatalyst, 
which may be the olefin itself. 

(2). This base does not act directly as a source of a palladium hydride, but 
principally as an electron pair donor. Therefore its action may be related to the 
formation of monomeric or bridge-split species. The base (with probably the ex- 
ception of the olefin itself) may not directly participate in the internal olefin 
isomerization process. 

(3). Thus the true catalytic complex could be either a monobridge dimeric 
T complex or the monomer PdCl, (olefin)(base) or PdC12 (olefin), . A mono- 
meric complex of the first type in which the base is N,N!-dimethylformamide 
has been characterised with certainty [22], and the existence of the bis(olefin) 
monomeric complex in the presence of excess free olefin has already been sug- 
gested by some infrared evidence [lS] . The presence of two olefins bound to 
the same palladium atom has been invoked by Ketley and co-workers [ 51 to 
explain the palladium-catalysed dimerisation of ethylene_ However the order of 
1 with respect to the dimeric palladium complex is not in agreement with the 
formation of such monomeric species. In fact, we could not observe in our range 
of palladium concentrations a kinetic term corresponding to an order of l/i in the 
palladium dimer (which becomes important at low palladium concentrations) as 
observed by Henry in the palladium-catalysed isomerization of vinylic halides 
123,241. We cannot exclude a priori the appearance in our rate equation of a 
term which is half order in the palladium dimer concentration at low total palla- 
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dium concentrations. Unfortunately this range of concentrations cannot be ex- 
plored using our experimental approach. 

(4). In agreement with the now accepted hypothesis that catalytic olefin 
isomerization takes place in the palladium coordination sphere followed by fast 
displacement by the excess of free olefin, the htmnsto IEds ratio (= 1.6) observed 
under both stoichiometric and catalytic conditions can explain the stereoselective- 
course of the reaction in the early stages of the reaction. It is noteworthy that 
the stereoselective formation of the &-isomer (compared to the thermodynamic 
amount) follows the highest known stability of metal complexes with cis olefins 
when compared to those with trans. This could imply a certain resemblance of 
the transition state geometry with that of the final olefin complex_ The previous- 
ly reported isomerization of 4-methyl-1-pentene [ll] and 4-phenyl-1-butene [21] 
(which apparently does not proceed step by step) may be also explained by 
means of the already observed high stability of complexes of cis internal olefins 
[IS], which are not therefore totally displaced from the palladium coordination 
sphere even by an excess of 1-olefin. The double bond shift in the palladium co 
ordinated c&internal olefins may occur before displacement 1211 avoiding in 
this way the observation of a step by step formation of all the isomeric internal 
olefins in the free olefin mixture. 

(5). The formation of rr-complexes without the direct intervention of any 
other external reagent to cause olefin isomerization is therefore well established. 
Very recent investigations by Henry [23,24] have reached the same conclusions 
even in a protic solvent such as acetic acid. The exact mechanism or mechanisms 
whereby the isomerization occurs is uncertain; r-allylic or palladium(I1) hydride 
mechanisms [ 31 were recently eliminated by non-kinetic experiments [ 23,241 
in the case of enol propionates [23] and vinylic halides [24] _ We have no evi- 
dence to exclude a n-ally1 mechanism_ However, the observed deuterium scramb- 
ling between 1-octene and tritium labelled octene [25] together with the obser- 
vation of Davies et al. [13] of a deuterium shift from C-3 to C-2 would support 
a rather complex mobility of the hydrogen atoms that we cannot at the moment 
rationalise with a unique mechanism. 

Experimental 

Chromatographic analyses were carried out in the Analytical Laboratory of 
Montecatini Edison, Research Centre of Bollate (Milan). Nuclear magnetic reso- 
nance spectra were recorded with a Varian 100 spectrometer, and infrared spec- 
tra with a Perkin-Elmer 225 spectrophotometer. PdCIZ was a C. Erba product; 
1-pentene (purity 95%) and cis-&pentene (purity 95%) were produced by. 
Shuchardt and tmns-2-pentene (purity 99%) by Fluka. All olefins were distilled 
under nitrogen and purified from peroxides by percolation through an alumina 
column prior to use. Pure chloroform and deuterochloroform were purified 
from ethanol before use_ CD30D was a Merck product. [PdCl, (olefin)], 
(olefin: l-, tram-2- and cis-2-pentene) was prepared according to the procedures 
already described [ IS]_ 

Stoichiometric isomerization of [FdCI, (I-C, HIO)] z 

(a) Infrared analyses. [PdCl, (l-C5 HI0 ) J z (III) isomer (68 mg) [18] was 
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dissolved in pure chloroform (1 ml) and a series of spectra were recorded, at 41", 
in the v(C=C) stretching region. The molar ratios [PdCl, (cis-2-Cs H,, )] Z to 
[PdCl% (truns-2-Cs H,, )] 2 were calculated from the absorption coefficients of 
the bands at 1532 and 1518 cm-’ [18] _ 

(b) Kinetic experiments. The kinetic experiments were carried out in a 50 
ml thermostatted cylindrical reactor equipped with a magnetic stirrer and a short 
sidearm closed with a serum cap. The solution was obtained by rapid mising 
together, under nitrogen atmosphere, of 5 ml of a 0.04 molar pure chloroform 
solution of [PdCl* (l-C5 H,, )J 2 (III isomer) [18] with 5 ml of chloroform con- 
taining the cocatalyst (ethanol or other basic compounds). Small samples (0.5 
ml) were extracted through the serum cap using a hypodermic syringe at suitable 
intervals, treated with 0.1 g of 1,5-cyclooctadiene in a 5 ml test tube and imme- 
diately cooled to -78” ; the liquid samples were analyzed by gas chromatography. 

Catalytic isomerization of I-pentene 
The kinetic experiments were carried out using the same apparatus as that 

used for stoichiometric isomerizations. 1-Pentene (5 ml) was rapidly added to a 
clear solution obtained by dissolving [PdCl* (l-C5 HI0 )] 2 (III isomer) [lS] 
(0.3-l g) in pure chloroform (7.5 ml). Small samples (0.2 ml) were extracted 
through the serum cap at suitable intervals using a hypodermic syringe, treated 
with 1,5-cyclooctadiene (0.1 g) in a 5 ml test tube and immediately cooled to 
-78”. The liquid samples, free from the palladium complexes, were directly 
analysed by gas chromatography_ Since in all the kinetic experiments the molar 
ratio 1-pentene to palladium was more than 22, the olefin displaced by 1,5- 
cyclooctadiene could be neglected in comparison with free olefin. When the 
composition of both free and coordinated olefins was to be determined, two 
series of samples were extracted at suitable intervals. The first was treated with 
1,5-cyclooctadiene and the total olefin displaced was analysed by GLC. The 
second was cooled to -78” and treated with n-pentane (ten volumes of n-pen- 
tane per volume of solution). The solid that separated at that temperature 
was washed with n-pentane, dried under vacuum, and the coordinated olefin 
was recovered by exchange reaction with 1,5-cyclooctadiene. 

References 

J. Smidt, W. Hafner. R. Jira. J. Sedbneier. R. Sieber. R_ Riittinger and 8. Kojer. Angerv. Chem.. 71 (1959) 
176. 
E.W. Stern. Catal. Rev.. 1 (1967) 73. 

P.hl. hlaitlis. “The Organic Chemistry of Palladium”. Academic Press. New York and London. 1971. 

Vol. I and II. 
D.M. Fenton, Chem. Eng. News. Sept. 22.1969. P- 72. 

A-D. Retley. L.P. Fischer. A.G. Berlin. CR. Morgan. E.H. German and T.R. Steadman. Inorg. Chem.. 

6 (1967) 657. 
M.G. Barlow. M.J. Briant. R.N. Haszeldine and A.G. Mackie. J. Organometal. Chem.. 21 (1970) 215. 

(a) 1.1. Moiseev. M.N. Vargaftik and Y.K. Sirkin. Doll. Akad. Nauk SSSR (Engl. Tram&), 133 (1960) 

801: (b) E.W. Stem and M.L. Spector. Proc. Chem. Sot. (London). (1961) 370. 
(a) Y- Odaira. T. Oisbi. T. Yukawa and S. Tsutsumi. J. Amer. Chem. Sot.. 88 (1966) 4105: (b) H.A. 
Tayim. Chem. Ind. (London), (1970) 1468. 

(a) W.H. Clement and CM. Selwitz. J. Org. Chem.. 29 (1964) 241; (b) G.F. Pregaglia, M. Donati and 

F. Conti (Montecatini Edison), Ger. Pat. 1.281.436 (1965); (c) R.G. Schultz and D.E. Gross. Advan. 
Chem. Ser.. 70 (2968) 97; (d) C.W. Bird, “Transition Metal Intermediates in Organic Chemistry”, Logos 
Press-Academic Press. 1968. p. 88. 

10 G.F. Pregaglia. M. Donati and F. Conti. Chim. Ind. (Milan). 49 (19671) 1271. 
11 hl.B. Sparke. L. Turner and A.J. Venbam. J. Catal.. 4 (1965) 332. 



120 

12 J.F. Harold and A.J. Chalk. J. Amer. C&m. Sot.. 86 <1964) 1776. 
13 N.R. Davies. Rev. Pure APPL Chem.. 17 (1967) 83. 
14 R. Cramer and R.V. Lindsey. Jr.. J. Amer. Chem. Sot., 88 (1966) 3524. 
15 G.C. Bond and M. Hellier. J. Catal.. 4 (1965) 1. 
16 A.J. Hubert and H. ReimIinger. Synthesis. (1970) 405. 
17 1.1. Moiseev and A.A. Gr&%or’ev. DoIk. Akad. Nauk SSSR <Em& Tranrl.). 178 (1968) 132. 
18 G.F. Prega&a, F. Conti. B. Minasso and R. Ugo. J. OrganometaI. Cbem.. 47 <1973) 165. 
19 F. Basolo and R.G. Pearson. “Mechanism of Inorganic Reactions”. Wiley, New York, 1967. 
20 B. Hudson. D.E. Webster-d P-B. Wells. J. Chem. Sot.. Dalton Trans.. (1972) 1287. 
21 N.R. Davies, A.D. DiMicbkl and V-A. Pickles. Au&. J. Chem.. Zl(1968) 385. 
22 F. Conti. M. Donati and G.F. PreswIia. J. OrganometaL Chem.. 30 (1971) 421. 
23 P.M. Henry. J. Amer. Chem. Sot.. 94 (1972) 7316. 
24 P.M. Henry. J. Org. Chem.. 38 (1973) 1140. 
25 F. A+inger. B. FeII and P. Krings. Tetrahedron L&t.. (1966) 633. 


