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Palladlum complexes L,PdX2 containing various group Va li- 
gands and weakly coordinating anions are active catalysts for 
the carbonylation of olefin substrates. These catalybc systems, 
though gaining significance in industry for the synthesis of 
polyketones, are normally characterised by a low chemoselec- 
tivity. This derives from the numerous possibilities for initi- 
ation and termination reactions which lead to differ- ving the above palladium complexes into consideration. 

ent catalytic cycles and from facile multiple alternating inser- 
tion reactions of olefins and carbon monoxide. Based on exper- 
iments carried out under conditions of low selectivity and on 
previously published data, the factors involved in the control 
of the regio-, chemo- and stereoselectivity for those reactions 
are discussed, taking current ideas and model studies invol- 

Introduction 

Carbonylation reactions of olefins are the basis of many 
synthetic transformations, which are highly significant for 
industrial and laboratory processes[‘]. In this context, pal- 
ladium catalysis is of particular significance, and is widely 
used in the laboratory, whereas important commercial ap- 
plications seem to bc rare[2][3]. Hydro-alkoxycarbonylation, 
catalysed by palladium complexes of the type L2PdX2 (X = 

halide) has been known for a long timer4], but the reaction 
conditions have usually been rather severe[’]. Therefore. 
with few exceptions, good control of the regiochcmistry and 
stereochemistry of the reaction has not been a~hieved[~1[~1. 

The catalytic precursor properties of complexes of the 
above type, where X is an anionic ligand that can be dis- 
placed easily in a second coordination sphere, have not been 
investigated to the same extent[*]. However, in the last decade 
there has been growing interest in these types of systems, 
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probably due to their recent industrial application for the 
synthesis of Carilon, an alternating olefin- carbon monoxide 
terpolymer based mostly on otheneL91. Moreover, due to the 
fact that copolymers of 1-olefins are chiralr'"], interest in en- 
antioselective copolymerisation has grown["][' 21[111[141[1 51[161. 
It is peculiar that the most successful application in the field 
of palladium-catalysed olefin carbonylation is concerned 
with a reaction in which chemoselectivity is a secondary fac- 
tor. In fact, for a copolymerisation process initiation and ter- 
mination are less important, since they are related to minor 
events (see However, the benefit of these cationic 
palladium complexes for olefin carbonylation has been 
shown re~ently~'*l[ '~~. In fact, we have achieved a highly en- 
antioselective synthesis of succinates['"I and of oxo-gluta- 

through multiple carboiiylation of olefins and a 
selective synthesis of ketones["]. The fact that very similar 
reaction conditions are applied for those syntheses prompted 
us to look for non-chemoselective reaction conditions for 
olefin carbonylation reactions which could help clarify the 
crucial matter of the actual catalytic palladium intermediates 
involved. This could lead to a better understanding of as- 
pects related to inononier insertion. Such experiments should 
allow the compilation of a list of compounds which, al- 
though formed under the same conditions, display different 
chemo-, regio-, and stereoselectivite effects. Figure 1 sum- 
marises carbonylation products other than the styrene co- 
polymer which have been identified during carbonylation re- 
actions of styrene (R = C6H5). 

Figure 1. Various carbonylation products from 1 -olefinda] 
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La] a: R = Cc,H5; b: R = CHI. 

The factors responsible for chemo-, regio-, and enanti- 
oselectivity during carbonylation reactions catalysed by cat- 
ionic palladium complexes are analysed in this paper along 
with their dependence on the reaction conditions used. 
Some of the problems that still need to be solved are also 
outlined. The discussion is mostly based on the use of styr- 
ene as a substrate although some comparison with aliphatic 
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olefins, in particular propene, is also made. As the starting 
point for our discussion we will use an account by 
Mil~te in[~~] ,  which addressed the question of whether the 
species responsible for hydro-alkoxycarbonylation are metal 
hydrides (M-H) or metalcarbalkoxy species (M-COOR) 
or 

Hydridopalladium vs. (Alkoxycarbony1)palladium 
Intermediates 

Schemes 1 and 2 show the two alternative mechanistic 
descriptions of olefin hydro-alkoxycarbonylation in which 
cationic palladium complexes containing chelate ligands act 
as the initiating species. 
Scheme 1. Hydride route for hydro-alkoxycarbonylation 

+ (L^L)Pd'-H 
* >== (1) 

(LAL)Pd -H 
>=< 

h== * Hf-fPd+(L"L) (2) 
(L"L)Pd -H 

H-Pd+&"L) + CO * H H P d + ( C O ) ( L " L )  (3) 

Scheme 2. Carbalkoxy route for hydro-alkoxycarbonylation 

>=<+ (LAL)Pd+-COOR - >=- (7) 
(LAL)Pd -COOR 

t ROOC-Pd*(L"L) (8) 

Both mechanistic routes appear possible, and at present 
there is no clear-cut experimental evidence which allows the 
true pathway to be identified[24]. That both initiating spe- 
cies, (L*L)Pd+ - H and (LAL)Pd+ -COOR. are simul- 
taneously possible is demonstrated by the analysis of the 
copolymerisation products of ethene with carbon monox- 
ide. Indeed, chains containing two carbalkoxy, two alkyl or 
one alkyl and one alkoxy termination have been shown to 
be present['71[251[26]~27]. The question is a very important one 
since it involves a consideration of the regiochemistry of the 
insertion of the olefin substrate into two different species 
(eqs. 2 and 8 and Scheme 3) and, therefore, with different 
steric and electronic requirements. Furthermore, olefin in- 
sertion in a Pd-H species is quite often reversible and, for 
the present systems in particular, the reaction has been 
claimed to be highly re~ersible"~]. Regio- and stereoselectiv- 
ity of the carbonylation process is therefore not determined 
before the insertion of carbon monoxide. It has been argued 
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recently that this may be a reason for rather low enantiose- 
lectivities during asymmetric hydro-alkoxycarbonylation[281. 
On the other hand, proof of the reversibility of olefin inser- 
tion in palladium-acyl or in palladium-carbomethoxy 
species are very 

Scheme 3. Possible intermediates due to the insertion of a 1-olefin 
into an (L^L)Pd+ -X bond 

(L"L)Pd+ 

R 

R 

(L"L)Pd+-X + R- 

Let us first consider enantioface discrimination of the in- 
sertion in either palladium species. On the basis of a simple 
model for insertion, based on a coordinated olefin leading 
to a four-centre intermediateL3O1, one might intuitively ex- 
pect that discrimination caused by the presence of elements 
of chirality would be more effective when the groups at 
which the double bond is inserted are large (Scheme 4). This 
is supported by the identification of the factors determining 
stereoselectivity for olefin insertion in the related Ziegler- 
Natta catalysis["]. In this case, an effective enantioface dis- 
crimination of the substrate is possible only with a mini- 
mum size of the growing chain. Therefore, a hydro-alkoxy- 
carbonylation catalysis running exclusively via a 
(LAL)Pd+ -COOR intermediate might be envisaged as a 
possible solution to the problem of low enantioface dis- 
crimination during olefin insertion in the synthesis of sub- 
stituted propanoates. 

Scheme 4. Model for olefin insertion during carbonylation (X = 
H, COOR or CO-; L = or +L') 

One way to switch the mechanism of the hydro-alkoxy- 
carbonylation is to add an oxidant. The latter is believed to 
transform the palladium hydride species (LAL)Pd+ -H into 
the corresponding palladium -carbalkoxy species 
(L^L)Pd+--COOR according to eq. 10 and eq. 6rz61. Indeed, 
it has been shown that in the copolymerisation reaction of 
ethene the amount of carbalkoxy termination increases 
when the concentration of an oxidant is increased without 
influencing the molecular weight[171. Jn contrast, when sty- 
rene is the substrate, with a catalytic system containing 1,lO- 

phenanthroline as the ligand, the presence of excess oxi- 
dants was found to cause not only a shift towards ester end- 
groups, but also a decrease in the molecular weight of the 
products formed[191[321[33]~34]. In particular, when the cata- 
lyst precursors contained diphosphine ligands, only low 
molecular weight products were formed (Figure 1). 

(L"L)Pd+-H t ROH + "Ox" -+ (L"L)Pd+-OR + "Ox"H2 (10) 

The various carbonylation products summarised in Fig- 
ure 1 are divided into two groups. The formation of the 
products on the left-hand side of the figure does not require 
the presence of an oxidant and therefore does not necessar- 
ily imply initial olefin insertion in a (LAL)Pdf -COOR spec- 
ies. In particular, only hydride cycles should be involved in 
the formation of the ketones 5a, 5'a and 5"a (eqs. 1-4 and 
Scheme 5). 

Scheme 5. Pathways for the formation of ketones 

H%COPd+(L"L.L) + >=( - 

Table 1 reports the results of experiments aimed at the 
carbonylation of styrene using [ { (S)-MeO- 
Biphep}Pd(H20)2](OTf)2 [MeO-Biphep is (6,6'-dimethoxy 
biphenyl-2,2'-diyl)bis(diphenylphosphine)] as the catalyst 
precursor and carried out using different amounts of oxi- 
dant (usually 1,4-benzoquinone) and of catalyst. The pres- 
ence of increased amounts of 1,4-benzoquinone has two ef- 
fects; we observed an increased conversion of styrene and 
an increased selectivity towards products, the formation of 
which implies a cycle starting with a (L*L)Pd+-COOR 
species. The selectivity for products for which the catalytic 
cycle undoubtedly starts with (L^L)Pd+-H, namely the ke- 
tones 5, decreases. It is most interesting that the other two 
products for which a decreased selectivity is observed are 
the monoesters 1 and the ketoester 8. 

These observations suggest that, as expected, the oxidant 
is able to transform (LAIJ)Pd+-H into a (L*L)Pd+-COOR 
species (eqs. 10 and 6 )  and that the insertion of the olefin 
into the latter species is more productive in terms of car- 
bonylation products. Moreover, it seems that the hydro-al- 
koxycarbonylation of olefins is a process which is probably 
not accessible when starting with a (LAL)Pd+ - COOR species 
but usually needs to start with a (L^L)Pd+-H species. In fact, 
the formation of the saturated ketone 5"a (eq. 14) shows that 
protonation is possible after olefin insertion but is a minor 
event with respect to P-hydrogen elimination (consider the 
5'a:5"a molar ratios and the formation of 2a)[351. 
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Table 1. Influence of the concentration of the oxidant (1.4-benzoquinone) and of the catalyst on the enantioselective carbonylation of 

styrene (data in'%) using [ {(S)-MeO-B1phep)Pd(H~0)~](0Tf), as thc catalyst precursor ''1 

[catalyst] [styrene] conv. C 1 l a  ee c5 5aee 8a 2a 3a 4a 7a 9a 6a 
lmmol i[oxidant] [l'a:la] [Sa:5a:S'a] [8a eel [3a eel 
0.140 1 71 2 [50:50] 28(S) 4 [76:14:10] 38 1 [33] 12 56[91 (S)] 1 12 12 -- 
0.140 lo 20 16 [42:58] 39(S) 21 [79:17:4] 30 10 [42] 6 36 [91 (S)] -- 5 6 -- 
0.035 8 12 - - - - - 6 48 [92(S)] 1 3 3 37 [91] 
0.035 2 40 - - - - - 2 68 [93 (S)] 8 1 2 19[92] 
0.070 2 64 1 [43:57] 29(S) 2 [77:14:9] 48 1 [42] 4 48 [92(S)] 3 3 8 30 [92] 
0.140 2 60 4 [44:56] 33 (S) 7 [80:15:5] 54 3 [41] 11 51 [93 (S)] 1 11 12 - 

La] Reaction conditions: 35 mmol styrene: 20 ml CH,OH; T = 50°C; reaction time = 20h; 350 bar CO. 

Table 2. Influence of the nature of the anion on the enantioselective carbonylation of styrene (data in%) using [{(S')-MeO- 
Biplicp)Pd(H20)2](X)2 as the catalyst precursor La] 

anion X conv. E l  l a  ee c5 5aee 8a 2a 3a 4a 7a 9a 6a 
{complex} [l'a:la] [5'a:Sa:5"a] [8a eel [3a eel [6a eel 

CF3S03- 60 4[44:56] 3 3 ( 9  7 [80:15:5] 54 3 [41] 11 51 [93(S)] 1 11 12 - 

p-CH3C6H4S03- 53 4[41:59] 30(S) 10 [85:9:6] 39 4[41] 10 51 [92(S)] 2 8 11 - 

- BF4- 63 3 [50:50] 30(S) 3 [78:14:8] 61 1 [39] 12 53 [91 (S)] - 14 14 

- - 12 66 [92(S')] 6 4 7 5 [92] - - - CF3CO2- 48 

La] Reaction conditions: 35 mmol styrene; 20 ml CH30H; [styrene]/[catalyst] = 250; [styrene]/[l,4-benzoquinone] = 2; T = 50°C; reaction 
time = 20h: 350 bar CO. 

Table 2 shows the influence of the nature of the anion on 
chemoselectivity. The results demonstrate the influence of 
the anion on the relative concentration (andlor activity) of 
the two initiating species. With the trifluoroacetate anion, 
which is the most strongly coordinating anion[35], suppres- 
sion of the hydride cycles takes place. 

Most important with the catalytic system used, and as 
far as we know with all systems containing phosphine li- 
gands, the yield of products containing more than two ole- 
fin units is essentially zer01~~1. 

Nature of the Catalytic Species: Mono- vs. Binuclear 

Model investigations of palladium complexes similar to 
those involved in the present study seem to infer that the 
catalytic species are of the type [(L*L)Pd+- 
R(SO~V)]+X-['~]. Ilowever. compounds of the type 
[ {LAL} Pd(H20)2](X)2 are usually used as the catalyst precur- 
sor[371[3X]. At the very beginning it was observed that these 
compounds transform rather easily into binuclear species 
with possible concurrent reduction[3'l[401. The possibility of 
the involvement of species of higher nuclearity during the 
catalytic cycles is usually revealed by the influence of the 
catalyst concentration on the normalised activity and on 
the selectivity of the reactions. 

The last three entries in Table 1 show that, in this case, a 
decrease in the catalyst concentration is not accompanied 
by the expected loss in catalytic activity. In contrast, the 
turnover number with respect to converted styrene in- 
creases, while the concentration of the palladium precursor 
decreases. Furthermore, the chemoselectivity shifts towards 
the formation of products not involving initiating hydride 
species. It is remarkable that, even when the concentration 

of the catalyst precursor was low, decreasing the amount of 
oxidant, to the disadvantage of the (LAL)Pd+ -COOR cycle, 
did not lead to the formation of olefin carbonylation prod- 
ucts as a result of initiating (L*L)Pd+-H species (Table 1, 
entry 3). 

Recent investigations of the catalyst precursor used for the 
experiments in Table 1 shovved that these complexes transform 
in methanol and under carbon monoxide pressure into the 
binuclear species [{LAL}Pd(p-€-I)(p-CO)Pd{LAL}](X) 
[411[421[81. Such species are considered to be a palladium (11) 
hydnde stabilised by palladium (0) species[41]. No transforma- 
tion was observed for these compounds in the presence of 
styrene (LAL is dppp or bdpp)L4'I. Despite this, when L*L was 
dippp they were found to exchange the bridging hydrogen 
with olefin~[~'], thus suggesting that olefin insertion into the 
metal - hydride bond is indeed possible but rapidly reversible, 
possibly due to the low stability of the insertion product. Fur- 
thermore, previous investigations using labelled styrene sug- 
gest reversible insertion of the olefin into a metal hydride spec- 
ies both for ester 1 and for ketone 5 f~rrnation"~]. The influ- 
ence of the concentration of the catalyst precursor on the 
chemoselectivity of the olefin carbonylation reaction (Table 1) 
suggests that binuclear species may be involved in the catalysis 
through hydride cycles but not in the alternative carboalkoxy 
cycles. Whether these stable binuclear palladium specie~r~'1[~~] 
represent actual catalmc intermediates or serve, as mentioned 
below, as a reservoir for the highly reactive and unstable 
mononuclear palladium hydride species requires further inves- 
tigation. It is noteworthy, however, that an increase in pro- 
ductivity was observed in the copolymerisation of ethene with 
carbon monoxide by decreasing the catalyst concen- 
trati~n[ '~[~'] .  

1560 c'hem. Bei:lReciteil 1997, 130, 1557-1565 



Olefin Carbonylation Catalysis MICROREVIEW 
Olefin Insertion 

Styrene as the Substrate 

The results discussed above infer that, depending on the 
reaction involved, insertion of the olefin into a pal- 
ladium- hydride, (L*L)Pd+ -H, intermediate or into a pal- 
ladium-alkoxycarbonyl, (L*L)Pd+-COOR, intermediate 
occurs and that the former type of insertion is probably 
involved as the first step in hydro-alkoxycarbonylation 
(Scheme 1). Consider the relationship of the regio- and 
stereochemistry of the two types of insertion to the nature 
of the possible products when styrene is used as the sub- 
strate (Scheme 3). The data in Table 1 show that productive 
styrene insertion into (L"L)Pd+- H is much less regioselec- 
tive than into (L*L)Pd+-COOR (or more generally into a 
(L"L)Pd+-CO-X species), at least on the basis of the com- 
position of the isomeric products, the formation of which 
infers without doubt the nature of the initiating species. 
Only secondary insertion (Scheme 3) into 
(L^LjPd+-CO-X species, i.e., in the formation of 2a, 5a. 
S'a, and S"a, and 7a, is observed. Due to the absence of 
regioisomers of 4a. 6a, 8a, and 9a, it is concluded that only 
one type of regioselectivity of the insertion is involved. 
Considering the similarity of both series of products, the 
most probable type of insertion for the latter series is also 
secondary . In the absence of isomers of 4a, 6a and 2a, we 
assume that a secondary insertion is also involved in the 
formation of 3a (see below). 

Insertion into (L^L)P~+-H to give the esters 1 does not 
shown any particular regioselectivity, the isomer ratio being 
close to unity. In contrast, regioselectivity in the formation 
of ketones Sa, S'a, and 5"a is largely in favour of a primary 
insertion. The reasons for this difference in regioselectivity 
are not clear. However, if we assume that the same catalytic 
species are involved in the formation of the esters and the 
ketones, then we conclude that the selectivity must be 
driven by the step following carbon monoxide insertion. 
The formation of acyl species should therefore be reversible 
(Curtin-Hammett conditions)[44]. 

It is remarkable that, depending on the type of ligand 
used, the regioselectivity or the first olefin insertion in the 
formation of the ketones Sa, S'a, and 5"a (insertion into a 
(L^L)Pd+-Pd-H species) can be controlled to a large ex- 
tent[221[4']. In contrast, we observed practically no effect of 
the ligand on the regioselectivity of the insertion of the se- 
cond olefin unit. The regioselective synthesis of syiidiotactic 
poly[ 1 -oxo-2-phenylpropane-1,3-diyl] was found to be a 
consequence of exclusive secondary insertions of the sub- 
~ t r a t e l ~ ~ l .  No system is known in which regioirregular styr- 
ene-carbon monoxide copolymers are obtained, even if 
primary insertion seems possible when P N ligands are 
used, as dcmonstratcd by the existence of terminations aris- 
ing from P-hydrogen elim~nation[~~J.  

Let us return to the problem of the enantioface discrimi- 
nation of insertion into both species. The model describcd 
in Scheme 4 suggests that, in the most simple case (L=L'), 
there is competition among four different transition-states 
and the control of regio- and enantioselectivity is related[47]. 

Chem. Ber.lRecueill997, 130, 1557- 1565 

With the atropisomeric ligand used, we observed (Table 1) 
a good enantioface discrimination in the formation of 3a 
and 6a (ca. 96:4) but a much less effective discrimination 
for the formation of la ,  Sa, and 8a. Accordingly, for this 
ligand, there is a larger and more efficient enantioface dis- 
crimination when the insertion takes place between the 
groups which are largest in size (i.e., for (L*L)Pd+-COOR 
vs. (L*L)Pd+ - H). We have already identified ligands for 
which the opposite is true; however, in this case, only a fair 
asymmetric induction was achieved[4X]. The factors de- 
termining the final enantioselectivity may be very different 
for the two pathways. Theoretical calculations made on the 
evolution of hydridic species for the ethene-carbon nion- 
oxide alternating copolymerisation suggest that hydrido- 
olefin-n-complexes (L^L)Pd+ -H(Olefin) do not represent 
true intermediates (Scheme 1, eq. l), whereas acyl-olefin-n- 
complexes (L*L)Pd+ -(CO-)(Olefin) d ~ ~ ~ ' ] ~ ~ " ] .  On the other 
hand, the reversibility of the olefin insertion into the pal- 
ladium- hydride species causes enantioselectivity to be de- 
termined by the next irreversible step, probably not the car- 
bon monoxide insertion (see below). 

Another important aspect is related to the influence of 
the reaction variables on the enantioface discrimination. In 
addition to the results in Tdblcs 1 and 2, Table 3 describes 
the influence of carbon monoxide partial pressure on the 
enantioselective carbonylation. The enantioface discrimi- 
nation remains high and substantially invariant in the for- 
mation or 3a and 6a (ca. 964) but does show some depend- 
ence on the reaction conditions for la,  Sa, and 8a. Unfortu- 
nately, only the absolute configurations of l a  and 3a are 
known; moreover. we did not succeed in identifying the en- 
antiomeric excess of 4a, 7a, and 9a. However, it was pos- 
sible to evaluate the diastereoselectivity in the formatlon of 
the dimeric species 9a which remained substantially con- 
stant at around 80 to 85%. We assume that the dominant 
diastereomer of the codimer 9a is the I-diastereomer, since 
the opposite diastereomcr is formed using the I ,  10-phenan- 
troline ligands under conditions in which the syndiotactic 
poly(l-oxo-2-phenyl-l,3-propanediyl) is yimultaneously 
produced["]. 

Aliphatic Olefins 

The most important differences observed in the car- 
bonylation of aliphatic olefins (such as propene) with the 
same [ {(S)-MeO-BiphcpfPd(H20)2](0TQ2 catalyst precur- 
sor under reaction conditions similar to those used for styr- 
ene are the formation of oligomcric and polymeric materials 
corresponding to alternating insertions of the aliphatic ole- 
fin and carbon monoxide. The poor regioselectivity control 
of the insertion of the olefin into (LAL)Pd+-CO-X bonds 
is also of As far as the regioselectivity of the 
olefin insertion into the (L*L)Pd'-COOR species is con- 
cerned, the formation of both isomcric glutarates 6b and 
6'b is always observedL2']. Consistent with the interplay be- 
tween regio- and enantioselectivity discussed above, the 
asymmetric induction in the formation of the succinatcs 3b 
is lower than that observed for at least one of the two pos- 
sible glutarates. Furthermore, not only the codimer 9b, but 
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Table 3. Influence of the carbon monoxide pressure on the enantioselective carbonylation of styrene (data in%) using [{(S)-MeO- 
Biphep}Pd(H20)2](OTf)2 as the catalyst precursor 

pressure conv. C 1 l a  ee CS Sa ee 6a t a  3a 4a 7a 9a 6a 
/bar [l'a:la] [S'a:5a:S"a] [6a eel [3a eel [6a eel 

125 44 3 [40:60] 2 8 0  7 [8l:lO:IO] 31 21171 26 47[91(s)] 1 10 4 
42 36[91 (S)j 1 6 1 - 50 40 2 [36:64] 23 (S) 11 [82:7:11] 37 1 P I  

350 60 4 [56:44] 33 Q 7 [80:15:5] 54 3[41] 11 51 [93(S)] 1 11 12 - 

- 
250 50 4 [49:51] 32(S) 8 [72:11:17] 52 3 [34] 15 48[91 (S)j 1 12 10 - 

'dl Reaction conditions: 35 mmol styrene; 20 ml CH30H; [Styrene]/[catalyst] = 250; [Styrene]/[l,4-benzoquinone] = 2; T = 50°C; reaction 
time = 20h. 

also the other two possible regioisomers have been ident- 
ified[451. The preferred regioselectivity of the insertion of 
propene into the (L*L)Pd+-CO- species is primary; how- 
ever, in the formation of the low molecular weight com- 
pounds a regiospecific insertion has never been observed, 
irrespective of the ligand used. The use of more basic di- 
phosphine hgands (i.e., diphosphine ligands having alkyl 
substituents at the phosphorus centre) causes a further shift 
in the regioselectivity towards primary insertion; however, 
a completely regiospecific, most probably primary, insertion 
is observed only for the copolymerisation reaction["]. A 
similar effect is observed for enantioface discrimination. In 
the formation of the codimers (9b and regioisomers) as well 
as the two 2-0x0-glutarates (6b and 6'b) a lower level of 
enantioselectivily with respect to the formation of the co- 
polymers is observed 151]. A regiospecific primary insertion 
of propene into a palladium-acetyl bond was observed at 
low temperature for a complex containing a phos- 
phine-phosphite chelate ligand (LAL')Pd+-COCH3]['4]. 
This system also catalyses the highly enantioselective and 
completely regioselective formation of poly[ l-methyl-2-0~- 
opropane-l,3-diyl]. However, preliminary investigations[52] 
show that the system is not regioselective under conditions 
leading to the 2-0x0-glutarates (6b and 6'b)['ll and to the 
codimers (9b and regioisomers thereof)[45]. 

Carbon Monoxide Insertion 

For the processes discussed in this paper, the step corre- 
sponding to the insertion of carbon monoxide (e.g., Scheme 
1, eq. 4) should provide thc initial control for the regio- and 
enantioselectivity of the olefin insertion. However, experi- 
m e n t ~ [ ~ ~ ]  and theoretical c a l c u l a t i ~ n s [ ~ ~ ] [ ~ ~ ]  suggest that the 
insertion of carbon monoxide into a Pd-C(sp3) bond is 
rapidly reversible. Therefore, the possible influence of the 
concentration of carbon monoxide on those selectivities is 
of mechanistic significancc. As already stated, the carbon 
monoxide partial pressure does not influence the enantiose- 
lectivity during the formation of 3a and 6a (ca. 964) but 
does for la, 5a and 8a. Moreover, there is also no change in 
the diastereoselectivity during the formation of the dimeric 
species 9a. 

The lack of influence of the carbon monoxide concen- 
tration on the enantioselectivity of the formation of the succi- 
nate 3a (and also of the glutarate 6a) can be easily understood 
on the basis of Scheme 6. If we assume the existence of a 
single catalytic species and that step 8 (Scheme 2) is irrevers- 

Scheme 6. Route Tor bis-alkoxycarbonylation of olefins to succinates 

R O O C H P d + ( L " L )  + CO __r ROOC-Pd+(CO)(L"L) (15) 

KOOC-Pd+(CO)(L"L) - ROOCf-fCOPd+(L"L) (16) 

ROOC++COOR (17) 
- (L"L)Pdi-Ht 

R O O C H C O P d + ( L " L )  + ROH 

Scheme 7. Alternative route for bis-alkoxycarbonylation of olefins 
to succinates 

ROOCffPd+(CO)(L"L) + ROH % R O O C ~ P d ( C O O R ) ( L " L )  (18) 

ible, then a change in the concentration of carbon monoxide 
should not influence the diastereomeric ratio of the species 
shown in Scheme 6 with respect to that formed in step 8. 
Model reactions suggest possible alternatives for the forma- 
tion of the succinates (Schcrne 7)us4]. A possible competition 
between the two pathways (eqs. 16 and 17 vs. eqs 18 and 19) 
cannot be inferred easily from the present data. 

Remarkably we observe the same enantioselectivity in the 
formation of both 3a and 6a; this strongly suggests that 
both compounds probably derive from the same reaction 
intermediate. Furthermorc, when the carbon monoxide 
pressure was increased, we observed an increased yield of 
6a at the expense of 3a. Formation of the 2-oxoglutarate 
6a could arise from steps corresponding to two successive 
insertions of carbon monoxide after olefin insertion. Based 
on model compound studies[551[56][57] and theoretical calcu- 
l a t i ~ n s [ ~ ~ ~ [ ~ " ] [ ~ ~ ~  this is considered to be unfavourable. 
Therefore, the formation of the glutarates 6 is described ac- 
cording to Scheme 8[*l], starting with the intermediate 
formed in eq. 16 that is also responsible for the formation 
of the succinate. It is noteworthy that species similar to that 
formed in eq. 20 (Scheme 8) correspond to the catalyst 
resting-state during the copolymerisation of olefins with 
carbon monoxide['4]. Interestingly, the diastereoselectivity 
during the formation of 9a is lower than that expected if 
the enantioface discrimination were the same for both ole- 
fin units and as high as in the formation of succinates and 
glutarates. Even though we cannot exclude kinetic resolu- 
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Scheme 8. Triple carbonylation of oletins to 2-oxoglutarates 

KOOC-COPd*(L"L) + CO- R O O C H C O P d + ( C O ) ( L " L )  (20) 

R O O C ~ C O P d ' ( C O ) ( L A L )  + ROH R O O C ~ C O P d ( C O O R ) ( L ' T , )  (21) 

R O O C H C O P d ( C O O R ) ( L " L )  - ROOC$--@OCOOR (22) 

tion effects leading to either 7a or 9a, this decreased stereo- 
selectivity might result from some bias of the first inserted 
styrene unit toward ul-enchainment, as happens in the syn- 
thesis of syndiotactic poly[l-oxo-2-phenylpropane-1,3- 
diyl][s91. 

The influence of carbon monoxide pressure on the regio- 
and enantioselectivity of the formation of the esters l ' a  and 
l a  has precedents in the field of carbonylati~n[~I. The re- 
sults were interpreted assuming either the existence of dif- 
ferent catalytic species having a different carbon monoxide 
to chiral-ligand molar ratio or to relatively slow reversibility 
of the olefin insertion (Scheme I,  eq. 2) with respect to the 
rate of carbon monoxide insertion (Scheme 1, eq. 4) (ab- 
sence of Curtin- Hammett Similar exphations 
might be proposed for the formation of the ketones 5a and 
5'a (and P a ) .  With our catalytic systems, an excess of li- 
gands was not observed to have an effect on the stereo- 
chemical outcome of the reaction. We cannot, however, de- 
termine whether or not our conditions correspond to the 
Curtin-Hammett regime. As far as hydro-alkoxycarbonyl- 
ation is concerned, a possible alternative might be the com- 
petition of another mechanism not involving an acylation 
step (Scheme 9). 

Scheme 9. Hydride route (eqs. 1-3) for hydro-alkoxycarbonylation 
not involving acyl formation 

H-Pd+(CO)(L"I.) + ROH H-Pd(COOR)(L"L) (23) 

Much more puzzling is the influence of the reaction vari- 
ables on the enantioselectivity of the formation of 8a. Based 
on the regioselectivity of the internal olefin unit and on the 
fact that when this compound is not formed 1 and 5 are 
also not formed, we believe that this product derives from 
the intermediate formed in eq. 12, followed by the reactions 
shown in Scheme 6 or 7. The much lower enantioselectivity 
for the insertion of styrene into a (LAL)Pd+-CO- 
CH2CH2Ph than into a (LAL)Pd+ -COOR species was 
somewhat surprising; furthermore, no influence of the car- 
bon monoxide pressure on the enantioselectivity was ex- 
pected due to the very probable nonreversibility of the ole- 
fin insertion. Therefore, we assume that kinetic resolution 
effects, which imply competition between the formation of 
8a vs. 5'a after the second styrene insertion, are operative. 

Completion of the Catalytic Cycles 

The following termination reactions must be considered 
for the palladium catalysis of the carbonylation of olefins. 
When methanol is present, termination reactions can take 
place which lead either to carbomethoxy (e.g. eq. 5) or to 
hydrocarbyl end-groups (e.g. eq. 4). Otherwise P-hydrogen 
elimination, leading to unsaturated end-groups, is the ter- 
mination event if the unsaturated ligand thus formed is re- 
leased (e.g. eq. 13)[461[s11. The role of possible reductive 
elimination (e.g. eq. 24) remains to be estab- 
lished. Considering the products shown in Figure 1 and 
taking into account that the catalytic systems involved are 
known to copolymerise olefins with carbon monoxide, the 
control of chemoselectivity is strongly related to the pos- 
sibility of influencing the relative reaction rates of monomer 
insertions with respect to termination events. In this con- 
text, it is noteworthy that, in all cases, we observed the com- 
plete alternation of olefin and carbon monoxide insertion. 
The factors responsible for this alternation have been inves- 
tigated both experimentally and theoreti~ally[~~][~"][~~] LS8]. In 
fact, the production of the 2-oxoglutarates 6 does not seem 
to imply consecutive carbon monoxide insertions[21]. 

The potentially unsaturated nature of the catalytic com- 
plexes makes P-hydrogen elimination facile. With styrene as 
the substrate, diphoqphine ligands cause somewhat slower 
olefin insertion than termination with respect to dinitrogen 
ligands such as 2.2'-bipyridine or 1 ,lO-phenanthr~line[~~l. 
This therefore allows a fairly chemoselective synthesis of the 
succinatel"] or the Under appropriate reaction 
conditions (low temperature in aprotic solvents), the latter 
catalytic systems were even found to exhibit the character- 
istics of living polymerisation for the copolymerisation of 
4-tevt-butyl~tyrene[~']. Carbon monoxide insertion between 
palladium and a benzylic secondary carbon atom is appar- 
ently not difficult L321. Competitive p-hydrogen elimination is 
relatively slow but always seems to cause breaking of chain 
growth[46]. In contrast, carbon monoxide insertion seems to 
be rather difficult when the secondary carbon atom is 
bound to an alkyl substituent. This causes low molecular 
weights for cyclic[62] and internal olefins[l61 and gives rise 
to preferential 1,3-enchainment. This type of enchainment 
has also been observed for propene when the ligands of the 
catalytic system used do not cause regioselective primary 
insertion[63], These results, however, show that P-hydrogen 
elimination does not always cause dissociation of the un- 
saturated ligands thus formed. 

Final Remarks 

An important aspect of the results discussed is that we 
now have the potential for synthesis of different products 
in an enantioselective way. It is evident that we have realized 
the first enantioselective synthesis of succinates, ketones 
and polyketones, 4-0x0-pimelates and 2-oxoglutarates 
through very simple carbonylation reactions with rather 
good enantioselectivities. A major task in the near future 
will be modelling of the catalysts and improvement of the 
reaction conditions in order to realise the goal of a good 
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chemoselectivity for the multiple carbonylation 
discussed here. 

The results reported suggest that a hydride route is re- 
sponsible for the formation of mono-esters. Alkoxycarbonyl 
intermediates, even if their formation is possible and can be 
forced by the presence of the oxidant under the conditions 
used, do not guarantee the necessary regiodectivity of the 
insertion for styrene in order to produce a chiral ester. For 
aliphatic olefins regioselectivity would be appropriate for 
attaining this goal, but the necessary chemoselectivity ap- 
pears dificult to achieve. 

Finally, the problems aring from the observation that e.g. 
the propene-carbon monoxide alternating copolymer 
forms exclusively as a polyiro-2,5-( 3 -met hyltetrahydro- 
f~ ran ) ]L~~J  and that this structure is less stable than the iso- 
meric poly[ 1 -methyl-2-oxopropane-1,3-diyl] deserves to be 
tackled tl61[661 t6711681. 
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