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SUMMARY 

The stereochemistry of hydroxypalladation, the first step in the Wacker 

oxidation of ethylene to acetaldehyde , was determined using cis-1,2-dideu- 

terio ethylene by intercepting the intermediate B-hydroxyethylpalladium 

complex with carbon monoxide. The formation of trans-2,3-dideuterio-B- 

propgolactone from cis-1,2-dideuterioethylene under the Wacker reaction 

conditions demonstrated that the hydroxypalladation step proceeded stereo- 

specifically trans. 

The reaction of propene under the same conditions resulted in the 

formation of &methyl-oxetanone and acetone, demonstrating that the Wacker 

oxidation and carbonyl insertion were competitive. Other olefins such as 

butene, and pentene afforded only the ketone oxidation products. 

INTRODUCTION 

The mechanism of the'n'ackeroxidation of ethylene to acetaldehyde 

catalyzed by palladium(I1) in aqueous media has been the subject of contro- 

versy, particularly with regard to the mechanism of the hydroxypalladation 

step. Although it is reasonably clear that an unstable B-hydroxyethyl- 

palladium complex 

and the immediate 

is an intermediate, the stereochemistry of its formation 

source of the hydroxyl group, from a position in the 
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complex cis to coordinated ethylene, or external to the complex, is open 

to question. 

The kinetics of the reaction are consistent both with a syn- 2'3 and 

an anti-hydroxypalladation step. It is generally recognized now, however, 

that nucleophiles or ligands that are coordinated to palladium, and trans- 

fer the group directly from palladium to an olefinic carbon (olefin inser- 

tion) proceed by palladium-ligand syn-addition. When this mode of addition 

takes place, the position of the ligand in the complex relative to the 

olefin is probabl; cis. 
4 

Those nucleophiles that are solvated, but not 

coordinated to palladium, and form a bond to the olefinic carbon by external 

nucleophilic attack, undergo reactions by palladium-nucleophile anti- 

addition. 

Anti-addition of hydroxyl and palladium has been shown5 to take place 

when the olefin is 1,5-cyclooctadiene, for example,to give the trans pal- 

ladium complex (2. This stereochemistry of this addition has been con- 

sidered to be atypical, 
6-11 

since such a chelating diolefin presents some 

steric hindrance to syn-addition. More importantly it could not undergo 

easily the 90° rotation from a position perpendicular to the square plane 

of the complex into a position in which one of the olefin pair is coplanar 

with the square plane of the complex, and thus adjacent to a hydroxyl or 

water ligand, a position necessary for syn-attack. 

OH 

RESULTS AND DISCUSSION 

In order to establish the stereochemistry of-the Wacker oxidation of 

ethylene, the hydroxypalladation of cis-12,-dideuterioethylene was under- 

taken under conditions similar to the Wacker reaction. The trapping of 

the intermediate unstable $-hydroxyethylpalladium complex was effected 

with carbon monoxide. 
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The reaction of bis-benzonitrile palladium(II) chloride with ethylene 

results in the foktion of the ethylene palladium chloride complex (2). 

When this complex reacted with carbon monoxide in aqueous acetonitrile con- 

taining sodium acetate as a buffer.at -20 to -25", e-propiolactone ($1 was 

formed in 64% conversion. 

Cn,", 

[(C,H,)PdCi,], + 2 H,O + 2cO - 21 I + 2 PC? + 4AcOH * 4ci- 

2 +4 AcO- 

The direct catalytic conversion of ethylene to 2 could be effected 

from a 2-l ethylene-carbon monoxide charge (total 3 atm) in aqueous aceto- 

nitrile using catalytic amounts of palladium(I1) chloride. equivalent a- 

mounts of copper(I1) chloride as a reoxidant, and sodium acetate as a 

buffer at -20 to -25" (Table I). No acetaldehyde by-product could be de- 

tected in the reaction product mixture. Since copper(I) can be reoxidized 

to copper(X) by air, this represents a unique catalytic synthesis of 6- 

lactones from olefin, carbon monoxide, and air. 

2 CIJCI, + CH,=cH, + H,O + CO 
Pd cl* + 2Cuc1 + 2 I-ICI 

3 

TABLE I 

Catalytic Carbonylation of Ethylene to S-Propiolactone 
a 

Catalyst Temp'V Conversion to z(%) 

PdC12,(PhCN)2PdC12, 25“ 0 

or [C,H,PdCl,l, 

[C2H4PdC12 1 2 -20 to -25O 390 

Pdcl 
2 

-20 to -250 3?% 

aThe carbon monoxide ethylene charge was I:2 (total 3 atm). 



242 

The stereochemistry of the hydroxypalladation step was determined by 

using the ethylene palladium(I1) chloride complex ($) obtained from cis- 

1,2_dideuterioethylene. 
13 

The reaction of 2 with carbon monoxide in agueous 

acetonitrile usinq sodium acetate as buffer afforded trans'2.3-dideuterio- 

propiolactorie (2). 

4 

+ Pd” + H+ 

5 

The stereochemistry for the lactone (2) was assigned trans on the basis 

of the proton coupling constants. The calculated coupling constants for the 

two protons Ha and Hb using the Karplus equation 
4 

are 7_2Hz for the cis 

isomer and 3.7Hz for the trans isomer- The coupling constants reported 

for 2,3-diphenylpropiolactone 
15 

are 7_0Hz for the cis isomer and 4.5Hz 

for the trans isomer: the coupling constant observed for 1actoneXwas 

4.OHz. 

Since the insertion of carbon monoxide into a carbon-palladium 

sigma-bond occurs with retention of configuration at carbon, 
13 

the hydroxy- 

palladation step in this reaction, and presumedly in the Wacker reaction, 

must proceed with anti-stereochemistry. This implies that the hydroxy- 

lation takes place from outside the coordination sphere of palladium; the 

cis arrangement of olefin and hydroxyl or water in the complex is not 

necessary_ These results for the stereochemistry of hydroxypalladation are 

consistent with those reported 
16 

for the reaction of trans-1,2-dideuterio- 

ethylene under the conditions of the Wacker reaction_ The formation of 

threo-1,2-dideuterio-2-chloroethanol also requires anti hydroxypalladation. 

The direct catalytic conversion of prcpylene to 4-methyloxetanone 

(3-methyl-B-propiolactone) (2) in 17-18s conversion could be effected from 

a 2:l propylene/carbon monoxide charge using catalytic amounts of palladium(II)' 

and equivalent amounts of copper(I1) chloride. 



CH3%H=CH2 + CO + H,O Pd*+/ Cu*+, 

Acd 

6 

As in the case of ethylene, the reaction.took place readily only at lower 

temperatures. A 30% conversion of propylene to & was effected using 

stoichiometric amounts of palladiumfI1) chloride. The propylene(I1) pal- 

ladium chloride complex could not be isolated, but a significant amount 

of the Wacker oxidation product, acetone, was formed in these reactions 

(Table II). Thus, the oxidation and the carbonylation of the intermediate 

TABLE II 

Catalytic Carbonylation of Propylene to 4-t?ethyloxetanone= 

Mrnole Nmole 
CuCl* NaOAc 

LHlllole 
H*O 

% 
Conversion 
to Lactone to Acetone 
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50 50 50 18 59 

100 100 50 17 53 

50 50 100 18 62 

%arbon monoxide:propylene charge was 1:2. 

i3-hydropalladium complex are competitive even at low temperatures. The 

carbonylation of terminal olefins other than ethylene and propylene in 

aqueous acetonitrile at -20 to -2S" resulted only in the formation of the 

ketoneoxidation products. In the case of 1-butene and other higher term- 

inal olefins, the rate of decomposition to oxidation products, is com- 

petitive, since palladium hydride elimination is fastest when the hydride 

is on a 3O carbon, l7 particularly one bearing a hydroxyl function (k2>>kl)_ 

OH ?H 
OH 

R-&H-CH, 4 
k, 

Lo 

R-CH-FH, 
k2 F R-&H=CH, 

-id- 

-yd- H-id- 

R = H, k,> k, 

CH,, kr== k, 

C,H,, ki< k, 
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PdCl,2- + C,H, _ [(C2H,)PdC13]- + CI- 

H,O + [(C2H..,)PdC13]- _ HoJ.!y--:: + a- 
2 

2 

Cl 
\ 

Pd-CH,-CH,OH 

I 
/ 

“20 

s< fa 

Scheme I 

1 

[ H2J$FCH20Hj+ H.$ 4 

Cl 
\ 
/I’d-C&-CH,OH 

I 
a a- 5 

H20 

CHOH 

HJA?~ 
6 

- _ J 
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Although the kinetics of the oxidation of ethylene are complex, 
2,18 

the anti-hydroxypalladation mechanism, in which the hydroxyl or water comes 

from outside the coordination sphere, must also be consistent with the rate 

data_ In particular, a mechanism which is first order in ethylene and 

PdCL42-, inverse order in hydrogen ion concentration, and at least inverse 

second order in chloride ion,is required. The mechanisms shown are consis- 

tent with these data, and also the stereochemistry (Scheme I). Either the 

rate determining step is the dissociation of chloride (eq. 5) which has 

been preceeded by attack of water on the olefin complex (eq. 31, or the 

rate determining step is the attack of hydroxide on the olefin complex 

(eq_ 3a)_ 

EXPERIMENTAL 

Carbonvlation of ethylene palladium(I1) chloride (21- Formation of 

B-propiolactone (3) _ 

A solution of 2.20 g (5-36 mmol) of ethylene palladium(II1 chloride 

(21 
12 . 

m 50,ml of acetonitrile was treated with 4.00 g (48.8 mm011 of 

anhydrous sodium acetate and 0.90 g 150.0 mm011 of water. The mixture was 

cooled with stirring to -20 to -25OC (Dry-Ice/carbon tetrachloride bath). 

The reaction mixture was pressurized with 3 atm of carbon monoxide for 

9 hr at the end of which time the solution turned black and no more carbon 

monoxide uptake was noticed. The acetonitrile was distilled using a Vig- 

reux column. 

Vpc analysis of the oily liquid showed the presence of one product 

in 64% conversion identified as B-propiolactone (JJ by comparison with an 

authentic sample. 
19 

Ir (neat) 1820 cm -1 (lactone carbonyl). 
1 
H nmr 

(CDC131 8 3.9 (m, 2H, C-3 methylene), 3.2 (m, 2H, C-2 methylene). 
13 

C nmr (neat) 

6 165.59 (carbonyl), 57.63 (C-3, methylene), 38.40 (C-2 methylene). Mass 

+ 
spectrum (70 eV) m/e (relative intensity) 72 (I.1 , 33). 4.4 (CO 

+ 

2 
, 281, 

42 WI+-CH20, 541, 30 
•t- 

(M -C2H20, 901, 28 (M+-CO2,lOO). Anal. Calcd for 

C3H402: C, 50.00; H, 5.60. Found: C, 49.71, H, 5.74. 
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catalytic carbonylation of ethylene, Formation of 2 

A suspension of 13.44 g (100.0 mmol) of copper chloride and 8.00 g 

(97.6 mm011 of anhydrous sodium acetate in 75 ml of dry acetonitrile was 

treated with 0.90 g (50.0 mmol) of water and 0.50 g (2.80 mm011 of‘pal- 

ladium(I1) chloride. The mixture was cooled to -20 to -25O, and the system 

was then subjected to 1 atm of ethylene, and the pressure was increased to 

3 atm with carbon monoxide. As the pressure of the system decreased, more 

carbon monoxide was introduced into the system. After 48 hr, no more 

uptake was observed. 

The reaction mixture was cooled in an ice bath and the contents of the 

vessel were carefully transferred to a fractional distillation apparatus. 

The acetonitrile was distilled and collected in seven 8.ml fractions. Each 

of these fractions was treated with a solution of O-2 9 of 2,4-dinitrophenyl 

hydrazine in 4 ml of methanol. No precipitation was observed in any of th 

fractions indicating the absence of acetaldehyde in the reaction mixture. 

The residual mixture was worked up as before; vpc analysis showed the 

formation of (21 in 39% conversion. 

Pre;?aration of cis-1,2-dideuterioethylenepalladium(I1) chlorides, ($1 

Cis-1,2_dideuterioethylene was prepared as described. 
10 

The mass 

spectrum indicated that contamination by undeuterated or monodeuterated 

ethylene was less than 5%. The cis-1,2_dideuterioethylene was condensed 

into a liquid nitrogen trap, and then the trap was removed in order to 

allow the gas to bubble slowly into a solution of lO_OOg (26-04 mmol) of 

bis-benzonitrile palladium(X) chloride in 120 ml of benzene. The cis- 

1,2-dideuterioethylene was bubbled until the precipitation of the ethylene 

complex was complete. The yellow solid was filtered. and washed with 

petroleum ether to yield 5.02 g (93%) o f the dideuterioethylenepalladium(I1) 

chloride ($1. 

Carbonylation of (2). Formation of trans-2,3-dideuteriopropiolactone (2) 

A solution of 4.72 g (11.4 mmol) of ,4 in 50 ml of acetonitrile was 

treated with 4.00 g (48.8 mm011 of anhydrous sodium acetate and 0.90 g 
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(50.0 mmol) of water. The mixture was cooled to -20 to -2S0 and subjected 

to 3 atm of carbon monoxide. After 10 hr, no more carbon monoxide uptake 

was observed. The acetonitrile was distilled using a Vigreux column. 

Analysis of the residual liquid on vpc indicated the formation of trans- 

2,3-dideuteriopropiolactone (2). The product was identified by the lH 

nmr coupling constants 
14 

and by comparison with the coupling constants 

reported for other substituted B-propiolactones. 
15 -1 

Ir 1820 cm (lac- 

tone carbonyl). 1H nmr (CDC13) 4.2 ( 7-H. d, J=4 Hz), 3.2 (lH, d, 5=4 Hz). 

Catalytic Carbonylation of Propylene. Formation of 4-Methyloxetanone 

(3-methyl-propiolactone) (8) 

A solution of 13.44 g (lOO..O mmol) of cupric chloride in 75 ml of 

acetonitrile was treated with 8-00 g (97.6 mmol) of sodium acetate, 0.90 g 

(50.0 mm011 of water and 0.50 g (2.8 nunol) of palladium(I1) chloride. 

The mixture was cooled with stirring to -20 to 25" and subjected to 1 atm 

of propylene. The total Pressure was increased to 3 atm with carbon mono- 

xide. AS the pressure of the system decreased, more carbon monoxide was 

introduced into the reaction vessel. After 38 hr, no further uptake was 

observed. 

The reaction mixture was Slowly 

sis of the FFAP column indicated the 

and &in varying yields (Table II). 

by 
1 
H nmr analysis and conversion to 

allowed to warm to O°C. Vpc analy- 

formation of two products, acetone, 

The identity of acetone was proved 

the 2,4-dinitro phenyl hydrazone; 

m. p. 158" (Lit. 20= 158-1590). 

The other product was determined to be a four-membered lactone, iden- 

tified as 6 (17%) by spectral analysis 
21 

and by an independent synthesis 

22 
from crotonic acid. If (neat 1830 cm 

-1 
(lactone carbonyl). 

1 
H nmr 

(COC13) 6 4.5-5-E (1H. methyne), 3.5-3.6 flH, methylene, H trans to methylene 

H), 2.8-2.9 (lH, methylene H, cis to methyne H). 1.6 (d, 3H, methyl). 

13 
C nmr 168.73 (carbonyl), 53.25 (C-21, 43.50 (C-31, 20.00 (CH3)_ Mass 

spectrum (70 ev m/e (relative intensity) 86 (MC, 121, 73 fM+ -cfi 3, 100). 

44 &l+ -C2H20. 341, 42 @l+ 
* 

-CH3CHC or CO2, 85), 15 (CH 
3 

, 10). Anal. 

Calcd for C H 0 : 
452 

C, 55.80; H, 7.03; Found: C, 55.31: El, 6.98. 
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