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ABSTRACT 

Linear, fat ty- type,  carboxylic acid esters are 
prepared by regioselective 1-alkene carbonylat ion 
c a t a l y z e d  b y  dispersions of ligand-stabilized 
p a l l a d i u m ( I I )  chlorides in quaternary Group 
VB s a l t s  o f  t r ichlorostannate(II ) .  The sen- 
s i t i v i t y  o f  t h e s e  s y n t h e s e s  to  c a t a l y s t  
composit ion and alkene structure is described, 
together with techniques for multiple cycling 
and regeneration of the preferred palladium formula- 
t i o n ,  PdC12[P(C6Hs)312-10[(C2Hs)4N ] [ S n C 1 3 ] .  

INTRODUCTION 

Short chain fat ty acids (SFAs) of the C5-C10 carbon 
range have in recent years gained new commercial impor- 
tance in the formulat ion of synthetic turbine (3) and auto- 
motive engine oils (4) in plastics and chemical specialties 
(5). Presently, most SFAs are derived from natural sources, 
i.e., through the splitting and fractionation of coconut oils. 
An alternative petrochemical  route would utilize available 
olefin stocks. In an extension of earlier studies (e.g., 6-9), 
particularly those employing homogeneous platinum (1) 
and palladium (2,10) bimetallic catalysts, we report here the 
use of dispersions of ligand-stabilized palladium chloride 
complexes in quaternary Group VB salts of trichloro- 
stannate (II) as catalysts for the synthesis of linear fat ty 
acid derivatives via regioselective olefin carbonylat ion (Eq. 
D (11). 

RCH = CH 2 + CO + R ' O H  

.~ R C H 2 " C H 2 - C O O R '  

R ~ H - C O O R '  I 
CH 3 

(I)  

Intrinsic advantages of this class of catalyst over their sol- 
vent-solubilized counterparts (1,2) would be in (a) the ease 
of product  ester separation from the catalyst residuum, (b) 
improved stability during recycle operations, and (c) po- 
tentially higher concentrations of active palladium within 
the reaction mix. Furthermore,  the use of related platinum 
halide solutions in te t raalkylammonium salts of SnC13- has 
already been successfully demonstrated for a variety of 
selective hydrogenation (12,13) and hydroformylat ion 
(11,12) reactions~ 

EXPERIMENTAL SECTION 

Materials 

Carbon monoxide was CP grade. Reagents and solvents 
were commercial grade; olefins were generally of high 
purity,  and were freed of peroxide prior to use by passage 
through a column of neutral alumina. Bis(triphenylphos- 
phine)palladium(II)  chloride, PdCI 2 [P(p-CH3" C 6H4)3 ] 2, 
a n d  PtC12[As(C6Hs)3] 2 were prepared by published 
m e t h o d s  (1 4,15). Tetraethylammonium trichlorostan- 
nate(II)  was prepared by the method of Jones (16). Related 
quaternary Group VB salts of tr ichlorostannate(II) ,  includ- 

1 For parts 1 and 2 in this series, see References  1 and 2. 
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i n g  [ ( C H 3 ) 4 N ] [ S n C 1 3 ] ,  [ ( n - C 4 H 9 ) 4 N ] [ S n C 1 3 ] ,  
[ ( C 7 H 1  5 ) 4 N ]  [ S n C 1 3 ] ,  [ ( C H 3 ) 3 C 6 H s N ]  [SnC13] , 
[C1CH2(C6Hs)3P ][SnC13] , and [ (C6Hs)4As][SnC13]-  
nH 2 O were prepared by modifications of this technique. 

General Procedures 

O1efin carbonylations were conducted in a 300 ml 
Autoclave Engineers' glass-lined reactor equipped with 
Magnadrive stirrer, temperature and pressure controls, and a 
sampling valve. 

The extent  of carbonylat ion and distribution of prod- 
ucts were estimated by gas liquid chromatography (GLC) 
with the aid of 4-10 ft columns of 10-20% polyphenyl  ether 
(five rings, Analabs Inc. GP77) on 60/80 mesh Chromosorb 
G. The esters were isolated by distillation in vacuo and 
identified by GLC, IR, nuclear magnetic resonance, and 
elemental analyses techniques. 

Synthesis of Ethyl Nonanoate 
To a degassed sample of 1-octene (44.9 g, 400 mmole) 

and ethanol (18.4 g, 400 mmole) contained in a glass liner 
is added under a nitrogen purge, te t raethylammonium tri- 
chlorostannate(II)  (14.2 g, 40 mmole) and bis(triphenyl- 
phosphine)palladium(II)  chloride (2.81 g, 4.0 mmole). The 
solid-liquid mixture is transferred, in the glass liner, to the 
300 ml autoclave pressure reactor, the reactor sealed, de- 
oxygenated with a purge of nitrogen, and pressure tested 
with carbon monoxide. The mixture is heated to 80 C 
under 100 atm of CO with rapid sitrring to give a clear, 
yellowish-red solution with no suspended solids. After 3 to 
6 hr CO uptake is complete,  the reaction is terminated by 
rapid cooling, and the reactor vented. The crude liquid 
product  (83 ml) is separated from the solid, reprecipiated 
catalyst by filtration, distilled under reduced pressure (2-10 
cm Hg) to remove unreacted alkene and excess ethanol, and 
fractionally distilled at 1-3 mm Hg. The fraction (61 g) 
distilling at 58-62 C is identified as ethyl nonanoate esters 
(purity >99%, linearity 89%). Calcd. for C8H 17 COOC2 H s: 
C, 70.9%; H, 11.9%. Found:  C, 70.9%; H, 12.1%; Pd, ~5  
ppm; P, <1 ppm. Ethyl nonanoate esters yield 82 mole %. 

Recycle and Regeneration of Palladium Catalyst 
The residual solid palladium catalyst, recovered during 

the filtration and distillation steps of a typical fat ty acid 
esters synthesis (see above), is recharged to the glass-lined 
pressure reactor along with fresh, degassed samples of 1- 
alkene and alkanol (400 mmole each). The mixture is car- 
bonylated as already described, and on cooling the liquid 
product  is recovered by filtration or decantation and ethyl 
nonanoates are isolated by fractional distillation in vacuo. 

After multiple cycling, the recovered palladium catalyst 
(10-40 g) is treated with a degassed sample of carbon tetra- 
chloride (100 ml), and the mixture is heated to reflux for 
1-12 hr in a stream of chlorine (flow rate 10-200 cc/min). 
Excess liquid is removed from the catalyst-carbon tetrachlo- 
ride mixture by distillation under reduced pressure (5 cm 
Hg), and the solid is dried in vacuo. Triphenylphosphine 
(4-16 mmole) is added to the reddish-brown solid catalyst 
in the proport ion of 2 mole phosphine per g atom Pd, prior 
to further cycling with fresh alkene/alkanol.  

RESULTS AND DISCUSSION 
During initial screening experiments,  a variety of transi- 
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TABLE I 

Ethyl  Nonanoate  Synthesis--Catalyst  Composi t ion Studies a 
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Expt.  

Ethyl C9-acid esters b 

Octene Linearity Yield Liquid 
Composition conv. (%) (%)c (mole %)d yield (%)e 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
lS 
16 

PdC12 [ P(C6H 5)3 ] 2" 5 [ (CH 3)4N1 [SnCl 3 l 
PdCl2 [ P(C6H 5) 3 ] 2-10 [ (C2H s)4 N 1 I SnCI31 
PdCl2 [ P(C6Hs)a  ] 2-10 [ (n-C4H9)4N ] [ SnC13 ] 
PdCI2 [ P(C6Hs)3 ] 2-S [ (n-C7n I 5)4 N ] [ SnCl3 ] 
PdC12 [ P(C6Hs)3 ] 2" 10[ (CH3)3C6 Hs N ] [ SnCl3 ] 
PdC12 [P(C6Hs)312-SICICH2(C6Hs)3PI [SnC13 ] 
PdCl2 [ P(C6H5)3 ] 2-51 (C6Hs)4As]  [SnCl3 ] 
PdCl2 [ P(p'CH3" C6H4)3 ] 2" 10[ (C2H $)4N ] [ SnC13 ] 
PdCl2 [As(C6H5)312-10[(C2Hs)4N 1 [SnCl31 
PaCl2 [ P(C6H S)312-2 S [ (C2Hs)4N 1 I SnCl3 ] 
PdC12 [ P(C6Hs) 3 ] 2-10[ (C2Hs)4N] [SnCI3 ]-2P(C6Hs)3 
PdC12 [ P(C6H5)3 ] 2-10[ (C2Hs)4N ] [ SnCI 31-33LiClg 
PdC12-10[ (C2Hs)4N ] [SnCl 3 ] 
PtC12 [ P(C6H5)3 ] 2" 10[ (C2H S)4 N ] [ SnC131 
PtCI 2 [ As(C6Hs) 3 ] 2-10[ (C2Hs)4N ] [SnCI 3 ] 
K 2 PtC14-10 [ (C 2 H S )4 N ] [ SnCI3 ] 

<5 89.0 3.6 91 
>90 83.3 86 90 

66 78.8 63 88 
22 58 19 67 
73 89.5 65 89 
70 87.3 67 70 
55 69.8 35 79 

>90 85.6 87 85 
<2 92.5 1.6 70 

25 91.5 23 82 
<10 88.0 7.8 94 

32 90.5 31 88 
<2 ND f <1 95 

2.7 92 <1 85 
<2 88 1.1 82 
<2 ND f <1 94 

aRun conditions as per exper imental  section; [ 1-CsH 16 ] / [C2H5OH] / [Pd ]  = 100:100:1 ; 100 atm; 80 
bA mixture  of  ethyl nonanoate  with some ethyl  2-methyloctanoate  and ethyl 2-ethylheptanoate .  
eEster linearity calculated basis; ethyl nonanoate] to ta l  linear plus branched C9-acid ester. 
dTotal  linear plus branched C9-acid ester yield, calculated basis 1-octene charged and Equat ion I. 
eTotal liquid yield recovered after carbonylat ion,  calculated basis total liquid charged. 
fND = not  determined.  
glnitial [ 1-C8H16 ] / [Pd]  = 60:1. 

C; 8 hr. 

t ion-metal-containing salts and complexes dispersed in 
quaternary Group VB salts of tr ichlorostannate(II)  were 
examined for olefin carbonylat ion activity. Ethyl non- 
anoate from 1-octene was the model  synthesis. Active palla- 
dium and platinum combinations are illustrated in Table I. 
Basis these, and related results (11), the most promising 
formulations for typical SFA syntheses were found to be 
bis( t r iphenylphosphine)pal ladium(II)  chloride, or its para- 
tolyl  analogue PdC12 [P(p-CH3.C6H4)3] 2, dispersed in 
te t raethylammonium trichlorostannate(II) .  Nonanoate ester 
yields consistently exceed 80 mole % for both systems un- 
der the specified conditions (expt. 2 and 8), product  
l inearity is 83% or better,  and isomerized olefins (primarily 
cis and trans 2-octene) are the only major by-products.  
Both Pd-catalyst combinations exist under carbonylat ion 
conditions as clear, homogenous liquid phases with the 
1-octene, ethanol coreactants. However, the common 
quaternary salt, [(C2H5)4] [SnC13], melts at 78 C (16), so 
following carbonylation,  the reaction mixtures are cooled 
to reprecipitate the catalyst components,  thereby ensuring 
ease of separation of the crude liquid product  ester from 
the now solid Pd-catalyst (for details see Experimental  Sec- 
tion). 

Combinations of  PdC12 [P(C6H5) 3 ] 2 with other quater- 
nary salts, including tetra-n-butylammonium trichlorostan- 
nate(II), t r imethylphenylammonium trichlorostannate(II) ,  
and  (chloromethyl) t r iphenylphosphonium trichlorostan- 
nate(II)  (expt. 3,5, and 6), also provide > 6 0  mole % yields 
of acid ester per pass. Some activity is in fact detected with 
each of  the ligand-stabitized palladium salts tested when 
dispersed in one or more ammonium, phophonium, and 
arsonium salts of tr ichlorostannate(II)  or trichloroger- 
manate(II)  (11). Among the palladium-containing catalysts, 
only the palladium-tin system alone, in the absence of terti- 
ary donor ligands, proved unstable to carbonylat ion (17,18) 
and close to inactive (expt. 13). Platinum analogues (20) 
generally are at least an oder of magnitude less active than 
the preferred palladium formulations (cf. expt. 2 and 14) 
under our moderate screening conditions. Salts and com- 
plexes of other Group VI, VII, and VIII metals, including 
those of iron, ruthenium, cobalt,  nickel, and molybdenum, 
exhibited no activity (11 ). 

While typical SFA syntheses have been demonstrated 
over a wide range of experimental  condit ions for the pre- 
ferred catalyst formulat ion of expt. 2 (11), performance is 
particularly sensitive to even modest  changes in catalyst 
structure. Two more notable examples, drawn from the 
data in Table I, include (a) the 3.6 to 86% variation in ester 
yield as n varies from I to 7 in the alkyt quaternary salt 
s e r i e s  [ (CnH2n+I)4N ] [SnC13]-PdC12[P(C6Hs)3] 2 (see 
expt. 1-4) and (b) the >50% loss in activity upon the addi- 
tion of either excess phosphine or chloride ion (expt.  
1 1 , 1 2 ) .  E v e n i n t h e c a s e o f  
PdC12 [P(C6Hs)3] 2-[(C2Hs)4N] [SnC13] , optimum yields 
of fat ty  acid ester are realized only at t in-to-palladium 
ratios of ca. 5-10. Consistent with our earlier studies (2), 
higher ratios lead to slower reaction rates in this application 
(expt. 10), ratios of three or less, while closer to the stoich- 
iometry of known Pd-SnC13 complexes (17-19), proved 
unsatisfactory due to the lower thermal stabili ty of  the 
formulation and difficulties encountered during catalyst re- 
generation (vide infra). 

Although some, at least, of these differences in catalyst 
performance (Table I) can be traced to changes in the 
character and ease  of formation of the active Pd-catalyst 
(2,10) others may be due to unique physical factors associ- 
ated with the use of these quaternary salts both  as cocata- 
lysts and dispersent media. These factors include the higher 
mp of certain of the salts (e.g., [(CH3)4N] [SnC13] and 
[C1CH2(C6Hs)aP] [SnC13] , mp >120  C) above the temper- 
ature of carbonylation,  the limited solubility of certain pal- 
ladium salts (e.g., PdCI 2) in particular reactant  combina- 
t i o n s ,  a n d  t h e  t e n d e n c y  o f  s a l t s  l i k e  
[(C17H35)2(CH3)2N][SnC13] to form a separate liquid 
phase from the 1-octene, alkanol mixtures. 

Other Acid Ester Syntheses 
The synthesis of a variety of other acid derivatives is 

illustrated in Table II. Typical monosubst i tuted 1-alkenes, 
alkynes, and polysubst i tuted (internal and cyclic) alkenes in 
combination with variously substi tuted alkanols and pheno- 
lic coreactants provide evidence for the scope of  this techni- 
q u e  u s i n g  t h e  p r e f e r r e d  p a l l a d i u m  c a t a l y s t  
10[(C2H s )4N] [ SnC13 ]-PdC12 [P(C6Hs)3 ] 2. While reaction 
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TABLE II 

Alkene /Alkyne  Carbonylat ion Catalyzed by PdCI 2 [ P(C6H5) 3 ] 2" 10 [ (C 2 H5)4N ] [ SnCI 3 ] a 

VOL. 55 

Expt.  
Conv. 

Alkene/a lkyne  Alkanol  (mole %) 

Major product  ester 

Ident i ty  
Selectivity 

(%)b 
Yield 

(mole %) 

17 
18 
19 
20 
21 
22 

23 

24 

25 
26 
27 
28 

1-Hexene Ethanol  51 
1-Octene Ethanol  84 
1-Tetradecene Ethanol  86 
3,3-Dimethyl- l -butene Ethanol  40 
2,4,4-Trimethyl- 1-pentene Ethanol  28 
4-Methylcyclohexene Ethanol  80 

cis -2-Heptene  c Ethanol  72 

1-Heptyne c Ethanol  96 

1-Octene 2-Chloroethanol 51 
1-Octene 2-Propanol 58 
1-Octene n-Hexanol 85 
1-Octene Phenol 72 

Ethyl  heptanoate  
Ethyl  nonanoate  
Ethyl  pentadecanoate  
Ethyl  4 ,4-dimethylpentanoate  
Ethyl  3 ,5 ,5- t r imethylhexanoate  
Ethyl  4-methylcyclohexane carboxylate  d 

l 
Ethyl  2-methylhept  anoate 
Ethyl  octanoate  
Ethyl  1-heptene-2-carboxylate 
Ethyl  2-octenoate 
2-Chloroethyl nonanoate  
Isopropyl nonanoate  
n-Hexyl nonanoate  
Phenyl nonanoate  

79.2 
86.3 
90.9 
99.5 
96.1 
80.0 
57.2 
24.2 
62.3 
37.7 
80.7 
91.1 
85.8 
83.2 

51 
62 
64 
36 
23 
42 

41 

39 

21 
46 
57 
14 

aFor run condit ions see experimental  section; [ alkene ] : [ e thanol]  : [Pd ] 
bSelectivity calculated basis total  acid ester product.  
CInitial [alkene or a lkyne]  : [ P d ] =  50:1; 1-heptyne reaction t ime 4 hr. 

dMinor product:  e thyl  3-methylcyclohexane carboxylate.  

= 100:200:1;  100 atm; 85 C; 8 hr. 

TABLE III 

Ethyl  Nonanoate  Synthesis, PdCI2[P(C6Hs)3]2-10[ (C2Hs)4N]  [SnCI 3 ] Recycle Study a,b 

Catalyst Octene Liquid Ethyl  C9-acid ester Isolated ester 
cycle conversion (%) yield (%) Linearity (%) Yield (mole %) puri ty (%) 

I 80 78 71.0 84 99 
II 90 100 75.9 88 99 

III 70 100 89.7 69 99 
IV 53 96 90.0 52 99 
V 32 100 91.2 31 99 

IV 14 100 92.0 14 99 

aRun condi t ions as per exper imental  section; [ I - C 8 H 1 6 ] : [ C 2 H s O H ] : [ P d ]  = 63:63:1.  For defini t ion of  
terms see Table I. 

bSee Reference 11. 

rates are generally highest for the linear ~-olefin substrates 
(expt. 17-19), selectivity to linear acid ester improves with 
increasing carbon number, reaching 90.9% for ethyl penta- 

decanoate synthesis. Maximum selectivity for terminal CO 
addit ion is once again (1,2) achieved with certain sterically 
crowded ff-olefins such as 3,3-dimethyM-butene (expt. 20). 

Overall performance is, in fact, reminiscent of that  reported 
previously for the solvent-solubilized Pd-SnC13 complexes 
(2,10)o The catalytically active species may well be the 
same or similar in the two systems. 

In this work, the careful pairing of reagents has, in many 
cases, been found to significantly enhance catalyst perform- 
anceo During nonanoate ester syntheses, for example, the 
switch from coreactant methanol  to a higher alkanol (e.go, 
ethanol) has the intrinsic advantages of bringing all reac- 

tants together  in a single phase throughout  the carbonyla- 
t ion and of reducing the degree of  Pd precipitation. The 
latter effect is believed linked to the ease of nucleophilic 
at tack by alkoxide ion (21). 

Finally, since closely related homogeneous catalysts, 
e.g., [(C6Hs)3P] 2PdC12-SnC12, selectively hydrogenate 
soybean methyl  esters (15) and other model  polyunsatu- 
rates (22), there is the possibility of extending this cata- 
lysis, in salt or solvent media, to the development of dual- 

function palladium species which catalyze both the selec- 
tive monocarbonyla t ion and subsequent hydrogenation of 
polyene substances. Work along these lines has been de- 
scribed (23)~ 

Catalyst Recycle and Regeneration 
Following each SFA ester synthesis, the products may 

be isolated by one of at least two general methods,  viz., a 
solvent extraction technique using, for example, ether as 
the extracting medium (24), or through fractional distilla- 
tion of the crude liquid product .  Distillation generally en- 
sures a higher puri ty  product  (24) and involves the follow- 
ing minimum steps: 

1. filtration of the crude liquid product  from the residual 
catalyst, 

2. flash distillation of the crude liquid to remove unreacted 
alkene and alkanol, 

3. fractional distillation of the liquid residuum in vacuo to 
recover the fat ty acid ester product  as a distillate frac- 
tion. 

Typical data for a multicycle experiment using a single 
sample of [ (C2 H5)4 N] [ SnCI 3 ] -PdCI 2 [ P(C6 H5 )3 ] 2 to car- 
bonylate six fractions of 1-octene are summarized in Table 
III. Here 213 moles of ethyl nonanoate esters were pre- 
pared and isolated per mole of PdC12[PPh3]2 complex 
initially charged. Overall catalyst recovery was 84 wt %. 
Performance reproducibil i ty,  basis ethyl C9-acid ester yield 
and linearity data, is generally within 15% for different 
catalyst samples (24). 

Selectivity to linear nonanoate ester (column four, Table 
III) normally improves steadily upon successive cycling. 
Correspondingly there is a slower rate of 1-octene isomeri- 
zation with used catalyst samples. Total olefin conversion 
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levels and nonanoa te  ester yields remain essentially equiva- 
lent  over the first three cycles (see co lumn five), particu- 
larly when al lowance is made  for the small quan t i ty  of  
catalyst  lost in handl ing the 0.42 g of  Pd initially charged. 
However,  some catalyst  deact ivat ion is clearly evident  dur- 
ing the four th  and subsequent  cycles. Puri ty of  the isolated 
ethyl  nonanoa tes  remains essentially cons tant  at 99% or 
bet ter .  

Catalyst  deact ivat ion could be the result  of  any of  a 
number  of  factors,  including palladium reduc t ion  by CO or 
a lkoxide ion  (22), irreversible comp lexa t i on  with  an acid 
ester or by-produc t  fract ion,  and /o r  selective loss of  one or  
more  of  the catalyst  componen t s  during handling, carbon- 
ylat ion,  distillation, etc.  The active catalyst  probably  con- 
tains pal ladium coord ina ted  to bo th  t r iphenylphosphine  
and t r ichloros tannate(I I )  (22). Conf i rmat ion  of  some selec- 
tive loss of  palladium and phosphorus  in this work  comes  
f rom elementa l  analyses data for typical  recovered catalyst  
samples after four  to six carbonyla t ion  cycles. Losses range 
~ 1 0 %  on phosphorus  and up to 12% on palladium. Fur ther-  
more,  spectra of  recovered samples show bands character-  
istic o f  t r iphenylphosphine  oxide (1180,  1118, 750, 725, 
and 688 cm -1 )~ 

Evidence for at least partial  r educ t ion  of  the pal ladium 
complex  comes  f rom changes in the color  of  the dispersions 
(reddish ye l low ~ black) upon  successive cycling. In some 
cases, discrete metal  carbonyl  species (2010-2030 cm -l , see 
ref. 17,19) are in evidence.  This is part icularly t rue upon  
far ther  cycling and for the less effect ive p la t inum catalysts, 
e . g . ,  P t C 1 2 [ A s ( C 6 H s ) 3 ] 2 - 1 0 [ ( C 2 H s ) 4  N][SnC13] , af ter  
only a single carbonyla t ion  cycle (Oco 2020 cm -1). 

Various techniques  for regenerat ing spent  pal ladium 
catalyst  samples have been considered.  Particular emphasis 
has been given to reoxidiz ing inactive pal ladium(O) species; 
techniques  which proved ei ther comple te ly  or at least par- 
tially successful include the fol lowing:  

1. t r ea tment  wi th  mineral  acid, e.g., HC1-HNO3 mixtures  
(24);  

2. in situ addi t ion of  hydrogen  peroxide  or certain organic 
peroxides  (25); 

3. oxych lor ina t ion  techniques  involving the use of HC1 
with  oxygen  or air (26); 
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FIG. 1. Ethyl nonanoate synthesis from 1-octene, palladium 
catalyst recycle, and regeneration studies. 

4. gaseous chlorine in the presence/absence o f  a suitable 
chlor inated solvent (27). 

Chlorinat ion,  while providing some long term changes in 
catalyst  composi t ion ,  does al low mult iple ,  30-40, cycling of  
the pal ladium catalyst  wi th  l i t t le overall loss in specif ic  ac- 
t ivi ty (activity basis Pd remaining,  fo l lowing mechanica l  
losses, etc .)  2 The  major i ty  of  catalyst  life studies have in 
fact used this method .  To ensure comple t e  regenerat ion of  
the deact ivated pal ladium catalyst  and good contac t  be- 
tween the solid suspension and the gaseous chlorine,  regen- 
erat ion is most  successfully accomplished in the presence of  
highly chlor inated solvents. Suitable solvents include car- 
bon tetrachloride,  tetra- and penta-chloroethanes .  Gen- 
erally, the spent  Pd-containing material  is slurried with  t h e  
chlor inated solvent,  chlorine is passed through the mix tu re  
under  solvent reflux,  and excess liquid removed by 
stripping, Tr iphenylphosphine  (2 mole  per g a tom Pd) is 
added prior to recycle,  o therwise  the t reated catalyst  re- 
mains inactive (25), and pal ladium metal  is rapidly reprecip- 
iated during subsequent  carbonylat ions .  

2 
No correct ion for physical  losses of  palladium suffered during 

catalyst  handling, carbonylat ion,  regeneration,  etc. 

TABLE IV 

Ethyl Nonanoate Synthesis, Palladium Catalyst Recycle  and Regeneration Studies a 

Ethyl  C9-acid esters 

Cycle Octene conv. (%) Linearity (%) Yield (mole  %) Purity (%) Liquid yield (%) 

I 88 69.6 84 99 88 
II 90 88.9 87 99 95 

III 22 91.0 21 99 99 
IV b <10 90.0 7.6 99 102 
V 78 77.0 67 99 78 

VI 76 80.0 81 99 80 
VII 68 84.1 65 99 91 

VIII <20 89.4 18 99 92 
IX b <5 92.7 2,0 99 92 
X 24 82.5 25 73 96 

XI 85 83.4 82 98 91 
XlI 79 81.8 77 99 93 

XIII b <5 92.5 <5 99 97 
XIV 7.4 79.6 14 68 88 
XV 71 84.0 72 99 91 

XVI 35 85.7 42 99 91 
XVII b 5.2 86.4 3.2 99 94 

XVIII 53 81.3 60 88 82 
XIX <5 81.9 7.6 88 90 
XX < 5 80.9 3.8 84 82 

aRun conditions as per experimental section; initial [1-C8H16 ] :[C2HsOH] :[Pd] = 63:63:1; [Sn]:[Pd] = 
10:1 ; 100 arm; 85 C; 8 hr. For definit ion of  terms see Table I. 

bAfter  this cycle  the recovered Pd catalyst is regenerated by treatment  wi th  C12 in the presence of  CC! 4 or 
C2HCI 5. For details see the experimental  section.  
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Results of  a typical  20-cycle exper iment  are summarized 
in Table IV. Fol lowing the procedures  out l ined in the  Ex- 
p e r i m e n t a l  S e c t i o n ,  p a l l a d i u m  is a d d e d  as 
PdC12[P(C6H5)3]2 only  at the  start of  the first cycle. 
Compar ing  then  the per formances  of  the fresh catalyst  
(cycles I -+ IV) with  that  af ter  regenera t ion  using C12/CC14 
reagent  (cycles V ~ VIII) ,  i t  may  be no ted  that  while initial 
rates of  ca rbonyla t ion  may  be slower for the regenerated 
catalyst,  the  to ta l  yield of  e thyl  nonanoa tes  over  four  
cycles is actually higher for  the regenerated material  (146 
mole  ester per g a tom Pd 2 for cycles V -+ VII I  versus 126 
mole  for fresh catalyst,  cycles I -+ IV, see also Fig. 1). 
Fur thermore ,  mean selectivity to desired linear e thyl  
nonanoa te  over each four  cycle exper imenta l  series (Fig. 1) 
remains comparable  for the fresh and regenerated catalysts 
(81.2 vs. 81.0%, respectively.) .  Tota l  ester yields are lower  
fol lowing the second and subsequent  regenerat ions  (Fig. 1), 
but  l ineari ty of  the C9-acid ester generally remains above 
80 mol  %. In fact ,  the only dist inct  t rend evident  in the 
ester l ineari ty data is the s teady improvemen t  upon  succes- 
sive cycling b e t w e e n  regenerat ions (Table IV, Column 3). 
Likewise, olef in convers ion levels and ester yields per cycle 
(co lumns  two  and four  of  Table IV) also appear to peak 
two-to- three  cycles after each regenerat ion.  Puri ty of  the 
isolated nonanoa te  ester is 99% or be t t e r  for the major i ty  
of  the  runs. 

F u r t h e r  s i g n i f i c a n t  i m p r o v e m e n t s  i n  
PdC12 [P(C6 Hs)3 ] 2"[ C2 Hs)4 N] [ SnC13 ] per formance ,  and 
those  of  related dispersions, should be possible by operat ing 
on a larger scale and by in t e rmi t t en t  washing of  the  re- 
generated catalyst  samples wi th  polar  organic solvents, e.g., 
me thano l  (27). 

ACKNOWLEDGMENTS 

The author thanks Texaco Inc. for permission to publish this 
paper and T.S. Strothers and L.J. Muller for experimental assistance. 

REFERENCES 

1. Knifton, J.F., J. Org. Chem. 41:793 (1976). 
2. Knifton, J.F., Ibid. 41:2885 (1976). 
3. Chem. Week., Jan. 14, 1970, p. 57. 
4. Prescott, J.H., Chem. Eng. (NY) 84:121 (1977). 
5. Betz, R.T., and W.E. Utz, "Markets for Short Chain Monobasic 

Acids C 5 through C14," Northeastern AOCS Meeting, April 
1974. 

6. Fenton, D.M., J. Org. Chem. 38:3192 (1973). 
7. F ranke l ,  E.N.,  F.L. Thomas,  and W.R. Rohwedder, 

"Homogeneous Catalysis-II," Edited by D. Foster and J.F. 
Roth, Am. Chem. Sot., Washington, DC, 1974, p. 145. 

8. Tsuji, J., Ace. Chem. Res. 2:144 (1969). 
9. Bittler, K., N.V. Kutepow, D. Neubauer, and H. Reis, Angew. 

Chem. Int. Ed. Engl. 7:329 (1968). 
10. Knifton, J.F~ J. Mol. Catal. 2:293 (1977). 
11. Knifton, J.F., U.S. Patent 3,968,133 (1976). 
12. Parshall, G.W., J. Am. Chem. Soc. 92:8716 (1972). 
13. Nowatari, H., K. Hirabahashi and I. Yasumori, J. Chem. Soe. 

Faraday Trans. I. 72:2785 (1976). 
14. Jensen, K.A.,  Z. Anorg. Allg. Chem. 229:225 (1936). 
15. Itatani, H., and J.C. Bailar, JAOCS 44:147 (1967). 
16. Jones, F.N., J. Org. Chem. 32:1667 (1967). 
17. Kingston, J.V., and G.R. Scollary, J. Chem. Soc. (A). 3765 

(1971). 
18. Young, J~ Adv. Inorg. Chem. Radiochem. 11:91 (1968). 
19. Crociani, B., T. Boschi and M. Nicolini, Inorg. Chim. Acta 

4:577 (1970). 
20. Parshall, G.W., U.S. Patent 3,657,368 (1972). 
21. Hartley, F.R., and G. Searle, J. Organometal. Chem. 69:315 

(1974). 
22. Itatani, H., and J.C. Bailar, Ind. Eng. Chem. Prod. Res. Dev. 

11:146 (1972). 
23. Knifton, J.F., U.S. Patent 3,932,484 (1976). 
24. Knifton, J.F., U.S. Patent 4,013,583 (1977). 
25. Knifton, J.F., U.S. Patent 4,038,208 (1977). 
26. Knifton, J.F., U.S. Patent 4,042,530 (1977). 
27. Knifton, J.F., U.S. Patent 4,013,584 (1977). 

[ Received November  23, 1977] 


