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Summary

A study of the oxidative hydrolysis of olefins in the presence of
[Pd(dien)H.0]%* and [Pd(en)(,0),]?* (dien = diethylenefriamine, en = ethyl-
enediamine) has indicated that where possible nucleophilic attack on the olefin
by hydroxide ion involves prior coordination of the hydroxide to palladium(II).
However where no coordination site cis to the olefin is available, as in [Pd(dien}-
(olefin)}** in neutral solution, direct attack on the olefin by hydroxide ion
occurs without prior coordination. Such attack is very slow compared to that
involving prior cis-coordination. Some unsuccessful experiments to establish the
stereochemistry of methoxide ion attack on preformed platinum(II)—olefin
complexes are reported and reasons for their failure discussed.

Introduction

Nucleophilic attack on clefins coordinated to metal ions, particularly pal-
ladium(II), has been widely investigated and developed into commercial pro-
cesses such as the Wacker process [1]. Recently there has been considerable
interest in the stereochemistry of nucleophilic attack [2—20] since the nucleo-
phile can attack the olefin either on the same side as the metal (cis-attack,
Scheme 1) or on the side remote from the metal (frans-attack, Scheme 1).
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(Nu) to the metal. Two approaches have been used to investigate this stereo-
~chemistry. , ' : - \ :

In the first [4—10], investigations have been carried out using a preformed
olefin complex. However most of these preformed complexes have involved
olefins that are part of a chelating ligand containing either a second olefinic
group or a different type of group such as a tertiary phosphine. It has become
apparent that the sterochemistry of nucleophilic attack on chelating olefins is
not necessarily the same as that observed for unidentate olefins, and some ten-
tative explanations have been advanced to account for this [2,3]. A successful
demonstration that amines attack unidentate olefin ligands, such as 1-butene in
cis-[PtCl,(S-1-butene) {Ph(CH;)CHNH,} ], trans with respect to the platinum [4]
led .us to attempt a similar approach with methoxide attack, Scheme 2.

The second approach that has been used to investigate the stereochemistry
of nucleophilic attack has involved studying catalytic reactions in which the
olefin complex is only formed temporarily in solution [11—20]. Using this ap-
proach it has been shown that phenyl [11] and methoxycarbonyl [11] attack
cis, chloride attacks mainly in a cis-manner [12,13], and acetate attacks tranrs
[14—18]. Although the hydroxide ion is one of the more interesting and cer-
tainly commercially more useful nucleophiles, the stereochemistry of its attack
has not been investigated in depth. Henry [19] has deduced from the kinetics
of the oxidative hydrolysis of ethylene in the presence of [PdC1,]1% that the rate
was too fast for hydroxide ion to attack the palladium(II)—olefin complex from
the opposite side to the palladium (i.e. trans-attack), but that it was consistent
with prior coordination of the hydroxide ion to the palladium, giving rise to
cis-attack (Scheme 1). In the present paper we report results using [Pd(dien)H,O]?**
and [Pd(en)(H,0),]** (dien = diethylenetriamine; en = ethylenediamine) which -
suggest that whilst cis-attack is the preferred mode of reaction, when this is
prevented hydroxide ions will attack olefins coordinated to palladium(II) on
the side of the clefin remote from the metal.

Results

(i) [Pd(dien)H,0] **—olefin reactions in aqueous solution

A solution of [Pd(dien)H,01(ClO,), in water was found from its UV spec- .
trum to react within the time of mixing with allyl alcohol and 4-penten-1-ol,
the band initially at 316 nm being replaced by a rather more intense band at
312 nm. On allowing these solutions to stand at room temperature slow decom-
position occurred with visible formation of palladium metal after about 16 h.
1-Octene was found to react similarly although in this case the solvent used was
50% aqueous methanol which was necessary in order to dissolve the 1-octene;
no palladium deposition was observed.

A comparison of the rates of formation of palladium metal when solutions
of Na,PdCl,, [Pd(en)(H;0),](ClO,), and [Pd(dien)H,0]}(Cl0,), were treated
with allyl aleohol, 4-penten-1-0l (both using aqueous solutions), and i-octene
(using 50% aqueous methanolic solution), showed that in all cases Na,PdCl,
reacted instantaneously, [Pd(en)(H,0),](Cl0O,;), deposited palladium in 15
sec with 4-penten-1-ol but took about 5 min with both allyl alcohol and
1-octene. [Pd(dien)H,0](ClO,). took overnight to yield a visible precipitate
with both 4-penten-1-ol and allyl alcohol and did not yield palladium metal with .
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-1-octene over a period of 20 days. The much slower reaction of the two cationic
aquo-complexes relative te the anionic [PdCl;]1* is perhaps surprising as the
former should be more susceptible to nucleophilic attack. GLC analysis of the
solutions after palladium had been deposited showed that the same products
were formed in the presence of all three palladium(II) complexes. For allyl alco-
hol the oxidation product was acrolein; for 4-penten-1-ol all three palladium(II}
complexes yielded the same complex mixture of products (at least 4) in approx-
imately the same relative yields. The individual products were not identified,
although a complex mixture was expected in view of previous results obtained
with higher alcohols {21]. An attempt to oxidise propene by bubbling it direct-
ly into a well-shaken flask containing a agueous solution of [Pd(dien)H,0](Cl0,),
vielded acetone.

Since both water and hydroxide ions can act as nucleophiles it was of in-
terest to compare the influence of pH on the rate of oxidation of olefins in the
presence of Na,PdCl,, [Pd(en)(H,0),](ClO,); and [Pd(dien)H,O}(ClO,).. Itis -
well-known that the rate of oxidation of olefins in the presence of Na,PdCl, is
inversely proportional to the H* concentration [19], indicating that hydroxide
ions are the attacking nucleophile. In the present work the initial rate of change
of absorbance of the palladium(II)—allyl alcohol solution was measured as a
function of acid concentration. Preliminary experiments indicated that both
perchloric and sulphuric acids oxidised allyl alcohol to acrolein in the absence
of palladium(II) salts and consequently could not be used as a source of protons.
Accordingly phosphoric acid was used. When solutions of [Pd(en)(H.,0),1(C10,),
were treated with allyl alcohol in the presence of phosphoric acid, an immediate
change in the absorbance occurred on addition of the allyl alcohol, followed by
a subsequent much slower change. An investigation of the initial rate of this sub-
sequent change of absorbance, showed that it decreased steadily with increasing
acid concentration in the same way as observed previously for Na,PdCl, (see
Table 1). However the acid dependence of the rate of change of absorbance in
the presence of [Pd(dien)H,0](Cl10,), was more complex. There was the ex-
pected initial decrease in rate with increasing acid concentration up to an H"
concentration of about 0.3 M. However on increasing the acid concentration
still further the rate of change of absorbance increased steadily. (See Table 1.)

(ii) Methoxide attack on preformed platinum(Ilj—olefin complexes
An attempt was made to determine the stereochemistry of methoxide

TABLE 1

INITIAL RATE OF CHANGE OF ABSORBANCE (AA/At) OF PALLADIUM(II) SOLUTIONS ON
ADDING ALLYL ALCOHOL IN THE PRESENCE OF PHOSPHORIC ACID

[Pd(en) (H20)21%* [Pd(dien)H,01%*

[(H*1 () AA/At at 310 nm (H 1410 AA/At at 300 nm
(abs. units/min) (abs. units/min)

o 26.2 X 10:: 0 39.5 X107%

0.1 4.68 X 10 0.1 2.92 X 10

0.2 4.05 X 1072 0.3 2.42 X 107

1.0 2.95 X 10°> 1.0 2.45 X 10

2.0 2.52 X 102 1.2 372 x 10°%
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attack on platmum(II)—-olefm complexes via Scheme 2. In this scheme cis-
[PtCl,(trans-2-butene) (PMePrPh)] (1) is prepared using optically pure PMePrPh.
The two diastereoisomers of I are separated and the absolute configuration of
one of these is determined by X-ray diffraction. This is then treated with meth- _
oxide ion to yield initially a platinum(II}—alkyl derivative II which on subse-
quent treatment with hydrogen chloride should yield an optically pure ether

ITI whose absolute configuration depends on the stereochemistry of the meth-
oxide attack. , _

This approach failed because in addition to nucleophilic attack, methoxide
ion reacts with complexes such as I to give both substitution of the olefin by
methoxide ion and displacement of the olefin followed by dimerisation to give
[(PR;3)PtCl; ], [22]. Both these reactions lead to the presence of free olefin in
solution which may react with the [(PR;)PtCl,], that is formed to give
[(PR;)PtCl;(olefin)]. However, an approximately 1/1 mixture of the two possi-
ble diastereoisomers (PR is an optically active tertiary phosphine) will be
formed so that a mixture d- and l-ethers IIT will result. In addition we were un-
able to find conditions under which the intermediate alkyl II could be formed
and was stable. In all cases where IT was formed it underwent a rapid 8-hydrogen
elimination to yield a vinyl ether. This is perhaps not surprising in view of a
recent report [ 28] that even alkyls such as IV, which are stabilized by internal
zwitterion formation, are only stable when the amine is a secondary amine (not
primary or tertiary), highly basic and relatively free from steric hindrance.

NHR;

o
CH,— Pt —NHE,
a

- (IV)

- A second appreach for investigating the stereochemistry of nucleophilic
attack on preformed platinum(II)—olefin complexes is illustrated in Scheme 8.’
When a trans-1-deuteropropeneplatmum(II) complex is treated with a nucleo-
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phile such as methoxide the initial product formed will be cis-1-deutero-2-
methoxypropene if the nucleophilic attack occurs trans with respect to the plat-
inurm atom, but trans-1-deutero-2-methoxypropene if the attack is cis. In de-
ducing these products we have made the reasonable assumption that the g-hy-

"drogen elimination process takes place in a concerted reaction involving inter-
mediate coordination to platinum, so that step 3 involves rotation about C,—C;
to enable this hydrogen to lie close to the platinum. When Zeise’s dimer was
treated with a solution of sodium carbonate in methanoil no vinylie product
could be detected. The only reactions that could be detected were displacement
of the olefin and decomposition to give platinum metal, together with the for-
mation of formaldehyde, the latter being formed by -hydrogen elimination
from an intermediate methoxy—platinum(II) complex. Since cis-[ (PPhEt,)PtCl,-
(C,H,)] was known to react with methoxide ion to give about 30% yield of
methyl vinyl ether, the propene analogue was similarly treated with methoxide
ion. However the only detectable product was propene. It appears that the weaker
platinum(II}—olefin bond in the propene complex has made the displacement
reaction more facile than nucleophilic attack.

Discussion

In [Pd(dien)X] complexes three of the coordination sites around the pal-
ladium are blocked by the diethylenetriamine ligand. This leaves only one free
site so that when X is an olefin it is impossible for nucleophilic attack on the
olefin to take place in a cis-manner by prior coordination of the nucleophile to
palladium(I). By contrast, of course, [Pd(en) (olefin)X]?* complexes have a
vacant site suitable for the nucleophile to coordinate to. Furthermore, as a con-
sequence of the bidentate nature of the ethylenediamine, this site is necessarily
cis to the olefin. Accordingly, the observation that olefins are oxidised much
more rapidly in the presence of [Pd(en)(H,0),]1** than {Pd(dien)H,01?*, both
of which carry the same charge, can be readily understood. The fact that olefins
are oxidised, albeit slowly, in the presence of [Pd{dien)H,0]?" strongly suggests
that if the favoured cis-attack is prevented then hydroxide ion attack on the
olefin will occur on the side remote from palladium. The apparently anomalous
proton concentration dependence of the rate of oxidation of olefins in the pres-
ence of [Pd(dien)H,01?* provides further support for this. Thus at acid concen-
trations of less than 0.3 M slow trans-attack of the double-bond occurs. When
the acid concentration is increased above 9.3 M then, as has been shown previ-
ously [24]}, the protons begin to attack the diethylemetriamine ligand, inifially
displacing one of the nitrogen atoms to yield [Pd(NH,CH,CH.NHCH,CH,NH;)-
(olefin) (H,0)]*" in which diethylenetriamine is bidentate and a water ligand is
coordirrated cis to the olefin. cis-Attack can now take place on the olefin and con-
sequently the rate of oxidation rises.

In conclusion it would appear that hydroxide ions can react with olefins
cooordinated to palladium(Il) by either a cis- or a trans-mechanism (Scheme 1).
The cis-mechanism, which involves prior coordination of the hydroxide to the
palladium, has a significantly lower activation energy than trans-attack so that
the latter will only be observed when cis-attack has been prevented by the nature
of the complex. Somewhat similar results have been observed for chloride attack
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on coordmated olefins where cis-attack is the preferred Ioute but some trans-
attack does also occur [12,13]. -

Our failure to find routes by which preformed metal—olefm complexes
could be used to determine the stereochemistry of nucleophilic attack is disap-

pointing as the results of such work ought to be more clear-cut than the results

of reactions in which the actual metal—olefin complex is never 1soiated from
sclution and consequently never fully characterised.

Experimental

Preparation of complexes

[Pd(dien)I]I. PACl, (5 g, 27.5 mmole) was suspended in water (25 ml) and
diethylenetriamine (5 ml; 50 mmole) added. After vigorously swirling on a
boiling water-bath for 5 min, the greenish-yellow solution was treated with ani-
mal charcoal and filtered to give a clear yellow fil{rate. The pH of the solution
was reduced to 6 by dropwise addition of 6 N hydrochloric acid. After cooling,
excess sodium iodide (10 g) was added and a yellow precipitate was formed.
This was filtered off, washed with ice-cold water, ethanol and ether and recrys-
tallised from water. Yield 6.0 g, 46%. (Found: C, 10.45; H, 2.73; N, 3.04.
C,H,5I,N;3Pd caled.: C, 10.37; H, 2.83; N, 9.07%.) Previous workers have noted
difficulties in recording the UV-visibie spectrum of this compound. One group
[25] reported a peak at 370 nm with an extinction coefficient of 500 1 mole™
cm™!; a second group [26] reported a peak at 370 nm with an extinction coef-
ficient that was dependent on concentration reaching a maximum value of
680 1 mole ! cm™!. The present sample exhibited a maximum absorbance at
372 nm and had an extinction coefficient that was independent of concentra-
tion (€ 605 at 2.74 1073 moles/l and € 604 at 2.74 10~ % moles/1).

[Pd(dien)H, O] (ClO,),. A suspension of [Pd(dien)I]I (2.18 g; 4.7 mmole)
in water (10 ml) was treated with silver perchlorate (1.95 g; 9.4 mmole). A rapid
precipitation of silver iodide occurred. The solution was heated for 15 min on a
boiling water-bath to ensure complete reaction before filtering off the silver
iodide precipitate. After washing the precipitate with hot water the combined
filtrates were evaporated to 5 ml on a boiling water-bath before placing the solu-
tion in a desiccator over phosphorus pentoxide. Yellow crystals deposited which
were filtered off and dried over phosphorus pentoxide in vacuo. Yield 1.17 g,
i.e. 58%. (Found: C, 10.82; H, 3.25; N, 9.67. C,H,Cl,N;O,Pd caled.: C, 11.27;
H, 3.55; N, 9.85%.) The UV-visible spectrum (700—220 nm) showed only a
single peak at 316 nm (¢ 6651 mole ! cm™).

[Pd(en)Cl,]. This was prepared by the literature method [27]. (Found: C,
10.23; H, 3.28; N, 11.61. C,HgCl;N,Pd calcd.: C, 10.12; H, 3.40; N, 11.80%.)

[Pd(en)(H,0),](ClO,),. This was prepared in solution by treating
[Pd(en)Cl,] with two equivalents of silver perchiorate. After warming to coag-
ulate the precipitate the solution was filtered through a Whatman 42 fine grade
filter paper.

Platinum complexes

Zeise’s dimer was prepared as described previously [28] from Zeise’s salt
[291]. cis-[(PR3)PtCl; (olefin)] was prepared from [(PR;)PtCl; ], [30] using the
standard procedure [31].
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" Kinetic studies- - - . ‘ ‘
The kinetics of the ox1datlon of allyl alcohol to acrolem in the presence of

- [Pd(dien)H,0](ClO,), were studied as follows: 2 ml of a solution of -

- [Pd{dien)H,0]1(C10,). (0.0387 g in 10 ml of water i.e. 9. 05 10732 M) was pipetted
- irito a'10 ml flask. The appropriate volume of a 5 M solution of phosphoric acid
was added and the volume made up to about 8 ml. 1 ml of twice redistilled allyl
alcohol (b.p. 97.5—97.75°) was added, the volume made up to 10 ml as rapidly
as possible and the absorbance recorded against time. It took about 90 sec from
the time the allyl alcchol was added until the first absorbance reading was ob-
tained. In the case of [Pd(dien)H,0](Cl0,), the reaction was relatively slow,
and so four solutions were placed in the spectrophotometer at once and their
absorbances recorded every two minutes using the programme controller and
digital printer. For [Pd(en) (H,0).](Cl0O,); the reaction was faster and so the ab-
sorbance of each solution at 310 nm was plotted on a chart recorder. Since pal-
ladium metal was deposited on the cell windows after some time it was impos-
sible to carry out a traditional kinetic analysis [32] since the absorbance at
infinite time could not be measured, nor, because of the nature of the products
formed, could it be calculated with any accuracy. Accordingly plots of absor-
bance against time were prepared and their initial slopes measured by drawing a
suitable tangent.

GLC analysis
- GLC analyses were performed on a Perkin—Elmer model 452 gas chromato-

graph fitted with a flame ionisation detector. The oven was maintained at 150°
and a 2-metre column, packed with diatomite coated with polypropyleneglycol-
adipate (15% w/w), was used. The products were identified by comparison of
their retention times with those of authentic samples. During the course of con-
firming that one of the products was acetone we made the interesting observa-
tion that although very dilute agueous solutions of acetone in water gave rise to
a single broad GLC peak, more concentrated solutions gave rise to a second
sharper peak with a lower retention time (see Fig. 1). This result, which was in-
dependent of the source of the acetone [8 sources of analytical grade (CHj3),CO
and 1 of (CD;3),CO were used] was explained by suggesting that the first sharp
peak was due to acetone alone (this was confirmed by its coincidence with the

(a) {b) <)

" Retention time —= Retent:on time —= Retention time ——e

Fig 1. GLC traces for (a) very dl.lute aqueous acetone (sensitivity 1), (b) more concentmted solution of
acetone in water (sens;tnuty 1/6) and (c) neat acetone (sensitivity 1/400).
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position of the peak obtained from neat acetone) and the second broader peak
was due to aquated acetone. The observation of the free acetone peak only in
the more concentrated samples is consistent with this explanation.

UV-visible spectra

A Unicam SP1700A spectrophotometer, provided with an SP1805 pro-
gramme controller, SP1803 wavelength selector and DR10 printer was used.
The cell compartment was thermostatted at 25° using a Tecam Tempunit.

Microanalyses
Microanalyses were carried out in the Chemistry Department at University

College, London.
Acknowledgements

We thank Johnson, Matthey and Co. Ltd., for their generous loan of the
platinum and palladium salts used in this work, the S.R.C. for a grant towards
the purchase of the spectrophotometer, for a postdoctoral research assistantship

(to C.B.) and for a studentship (to G.W.S.).

References

1 F.R. Hartley, Chem. Rev., 69 (1969) 799 and references therein.
2 B.L. Shaw, Chem. Commun., (1968) 464.
3 F.R. Hartley, Nature, 223 (1969) 615.
4 A. Panunzi, A. De Renzi and G. Paiaxo, J. Amer. Chem. Soc.. 92 (1970) 3488.
5 J.K. Stille, R.A. Morgan, D.D. Whitehurst and J.R. Doyle, J. Amer. Chem. Soc., 87 (1965) 3282.
6 J.K. Stille and R.A. Morgan, J. Amer. Chem. Soc., 88 (1966) 5135.
7 M. Green and R.I. Hancock, J. Chem. Soc. A, (1967) 2054.
8 C.B. Anderson and B.J. Burreson, J. Organometal. Chem., 7 (1967) 181,
9 C.B. Anderson and S. Winstein, J. Org. Chem., 28 (1963) 605.
10 A. Segnitz, P.M. Bailey and P.M. Maitlis, J. Chem. Soc. Chem. Commun., (1973) 698.
11 R.F. Heck, J. Amer. Chem. Soc., 91 (1969) 6707,
12 P.M. Henry, J. Org. Chem., 37 (1972) 2443,
13 P.M. Henry, J. Org. Chem., 38 (1973) 1140,
14 P.M. Henry, J. Amer. Chem. Soc., 94 (1972) 15627,
15 P.M. Henry, J. Amer. Chem. Soc., 94 (1972) 7311.
16 P.M. Henry and G-A. Ward, J. Amer. Chem. Soc., 93 (1971) 1494.
17 P.M. Henry and G.A. Ward, J. Amer. Chem. Soc., 94 (1972) 673.
18 P.M. Henry, J. Amer. Chem. Soc., 94 (1972) 7305.
19 P.M. Henry, J. Amer. Chem. Soc., 86 (1964) 3246.
20 P.M. Henry, Accounts Chem. Res., 6 (1973) 16.
21 R. Jira and W. Freiesleben, Organometal. Chem. Reactions, 3 (1972) 1.
22 F.R. Hartley and G.W. Searle, J. Organometal. Chem., 63(1974) 315.
23 D. Hollings, M. Green and D.V. Claridge, J. Organometal Chem., 54 (1973) 399.
24 A.J. Poé and D.H. Vaughan, Inorg. Chim. Acta, 1 (1967) 255.
25 W.H. Baddley, F. Basolo, H.B. Gray, C. Nolting and A.J. Poé, Inorg. Chem., 2 (1963) 921,
26 D.J. Hewkin and A.J. Poé, J. Chem. Soc. A, (1967) 1884.
27 B.J. McCormick, E.N. Jaynes and R.I. Kaplan, Inorg. Syr., 13 (1973) 216.
28 J. Chatt and M.L. Searle, Inorg. Syn., 5 (1957) 210.
29 P.B. Chock, J. Halpern and F_E. Paulik, Inorg. Syn., 14 (1973) 90.
30 A.C. Smithies, P. Schmidt and M. Orchin, Inorg. Syn., 12 (1970) 240.
31 J. Chatt, N.P. Johnson and B.L. Shaw, J. Chem. Soc., (1964) 1662.
32 A.A. Frost and R.G. Pearson, Kinetics and Mechanism, 2nd ed., John Wiley, New York, 1961, Ch. 3.

Note added in proof

Since the completion of the methoxide section of tl:us work J.K. Stille, D.E. James and L.F. Hines
(J. Amer. Chem. Soc., 95 (1973) 5062) have used a catalytic system to show that methoxide ion attack on
2-butene coordinated to palladium(I1) oceurs trans with respeet to the metal.



