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On the Mechanism of the Hydroxycarbonylation of Styrene with Palladium
Systems
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We present a review concerning the mechanism involved in
the hydroxycarbonylation of styrene. We discuss the interme-
diates proposed in the literature, the effect of the acidic me-
dium, the reactivity and kinetics, as well as the results of
theoretical calculations on hydroxycarbonylation and related
reactions. We have performed an in situ high-pressure NMR

study to obtain more insight into the mechanisms that control
the regioselectivity and have assessed how this is affected by
the phosphorus ligand and the catalyst precursor. We ob-
served palladium hydride and palladium acyl species and we
suggest a catalytic cycle involving palladium hydride, palla-
dium alkyl, and palladium acyl intermediates.

Introduction

Transition-metal-catalysed transformations of alkenes
play a major role in synthesizing products of industrial im-
portance. The catalytic routes are a safer and more selective
alternative to conventional methods involving stoichi-
ometric organic syntheses that lead to considerable
amounts of by-products.[!]

Particularly useful are reaction sequences in which an al-
kene is inserted into a metal hydride and then CO is in-
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serted to form new C—C bonds. Some of the most success-
ful reactions, such as hydroformylation, alkoxycarbonyl-
ation, and hydroxycarbonylation, belong to this class of re-
action (Scheme 1). In general, carbonylations are important
processes since they lead to the production of oxygenated
products from petrochemical hydrocarbons.
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Scheme 1. General scheme for catalysed carbonylation reactions

Among the carbonylation reactions, hydroformylation
using Co' or Rh! is now the largest industrial application
of homogeneous catalysis by transition metal complexes for
producing aldehydes and alcohols.>3 In hydroformylation
chemistry, much progress has been made in recent years in

carbonylation reactions.

in asymmetric catalysis.

available tools and techniques.
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controlling the regioselectivity and understanding the
mechanism of the process.*]

Palladium systems have been used as catalysts in many
carbonylation reactions, and their use in hydroxycarbonyl-
ation and alkoxycarbonylation reactions has been widely
studied.P! They have also been used as catalysts in many
other carbonyl-based processes of industrial interest. The
hydroxycarbonylation of butadiene, the dicarboxylation of
alkenes, the carbonylation of alkenes, the carbonylation of
benzyl and aryl halides, and oxidative carbonylations have
recently been reviewed. [

In the palladium-catalysed reactions, products such as al-
cohols, aldehydes, ketones, and oligoketones can be pre-
pared by modifying the palladium complexes with different
phosphorus ligands. The selective formation of ketones by
the carbonylation of higher alkenes using Pd" complexes
has been reported.l’-!

A major breakthrough regarding the activity of this type
of catalyst was the discovery that palladium complexes
modified with cis-diphosphanes can be used in the alternat-
ing copolymerization of ethene or propene with carbon
monoxide. This is another Pd"-catalysed process that has
attracted the interest of industry in the last two decades.]

In hydroxycarbonylation, alkoxycarbonylation, and the
amidocarbonylation of alkenes, the use of a palladium car-
bonylation catalyst to synthesize propionic and other acids
has been widely studied. The catalysts were mainly designed
for the carbonylation of alkenes in the presence of alcohols
in order to prepare carboxylic esters, but were also found
to work well in the synthesis of carboxylic acids and anhyd-
rides.[1]

It seems appropriate to distinguish between aliphatic al-
kenes and functionalized vinylic substrates, including vinyl
aromatics. The carbonylation of vinyl aromatics is import-
ant for the synthesis of 2-phenylpropionic acids/esters, a
class of non-steroidal anti-inflammatory drugs.'! Also, the
linear products, i.e. 3-phenylpropionic acid and its esters,
have found application as speciality chemicals. In view of
the synthetic importance of the preparation of phenylpropi-
onic acids, styrene was selected as a model substrate for use
in carbonylation studies.

The palladium-catalysed hydroxycarbonylation of al-
kenes has attracted considerable interest in recent years as
a means of obtaining carboxylic acids. In general, in acidic
media, palladium salts in the presence of mono- or bident-
ate phosphanes afford mixtures of linear and branched ac-
ids (Scheme 2).[]

P {bd], B P> COOH COOH
Ph7 N 1,0, CO "‘<
2-PP 3-PP

Scheme 2. Hydroxycarbonylation of styrene with palladium salts
in acidic medium

This reaction has a number of associated problems, the
most important of which is that metallic Pd® forms if the
palladium species is not sufficiently well stabilized. Sec-
ondly, it is difficult to perform the reaction in an enantiose-
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lective fashion since the use of cis-chelate ligands provides
linear acids. Also, because of the absence of a suitable nuc-
lear spin on palladium, the characterization of its phos-
phane complexes in situ is more difficult than that of the
corresponding rhodium or platinum complexes.

Although reports on the hydroxycarbonylation reaction
with palladium systems have been published and several as-
pects of the mechanism have been discussed in the last few
years, a review summarising the results and findings con-
cerning the mechanism of this reaction is still lacking.

The related alkoxycarbonylation reaction has been
studied in much greater detail'>~!%l and two mechanisms
have been suggested (Scheme 3).['7 7211 One starts the cycle
with a hydrido-metal complex.l'”) In this cycle, an alkene
inserts into a Pd—H bond, and then migratory insertion
of CO into an alkyl—metal bond produces an acyl—metal
complex. Alcoholysis of the acyl—metal species regenerates
the palladium hydride and yields the ester. In the second
mechanism, the crucial intermediate is an
alkoxycarbonyl—metal complex.?! Here, the insertion of
the alkene into a Pd—carbon bond of the alkoxycarbonyl-
metal species is followed by alcoholysis to produce the ester
and the alkoxymetal complex. The insertion of CO into the
alkoxymetal species regenerates the alkoxycarbonylmetal
complex.

/\\C%R/ HPdLn(X \S
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Scheme 3. Mechanisms proposed for the alkoxycarbonylation of al-
kenes

Most researchers currently agree that the hydrido mech-
anism is more common than the alkoxycarbonyl path in
the alkoxycarbonylation of alkenes with palladium systems.
However, alkoxycarbonyl complexes may be plausible inter-
mediates in carbonylation reactions of alcohols or in the
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formation of succinates and polyketone diesters with metals
such as Co, Rh, or Pd.”l The unifying mechanistic theme
of these diverse reactions may be the generation of an al-
koxycarbonylmetal intermediate, M—COOR.2Y Moreover,
palladium alkoxycarbonyl complexes can produce the palla-
dium hydride species in situ after insertion of the alkene
and B-elimination of the unsaturated ester (Scheme 4), as

was shown by Otsuka.l??!
+
7 |
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AN OR
| OR |
+ Q

Scheme 4. Formation of Pd-hydride species from Pd-methoxycar-
bonyl species

The regioselectivity in the hydroxycarbonylation of styr-
ene with palladium precursor systems under appropriate re-
action conditions was controlled by modifying the auxiliary
phosphorus ligand.>>) When monophosphanes are used as
ligands, the major product is 2-phenylpropanoic acid with
practically total regioselectivity. In contrast, the use of di-
phosphanes as auxiliary ligands switches the regioselectivity
in favour of the linear product. Moreover, the activity and
regioselectivity in the hydroxycarbonylation of styrene are
both sensitive to the nature of the counteranion of the acid.
The regioselectivities obtained for mono- and diphosphanes
are generally strongly dependent on the nature of the an-
ion.”¥ In spite of several studies of the regioselectivity of
the reaction, a satisfactory explanation for the regioselectiv-
ity is not yet available.

The aim of this Microreview is to provide a systematic
overview of the mechanistic aspects and kinetic studies that
have been published, as well as to provide some insight into
the regioselectivity by means of a mechanistic study. We
have performed in situ high-pressure NMR studies to ob-
tain information about the resting state of the catalyst de-
pending on the reaction conditions, the catalyst precursor,
and the phosphorus ligands. Finally, we have compared the
results of these studies with those of the catalytic experi-
ments in order to arrive at a proposal for a catalytic cycle.

Reactivity and Characterization of the Palladium
Species Involved in the Hydroxycarbonylation
Reaction

The reactivity of Pd—H species towards the coordination
and insertion of the substrate, as well as the subsequent
coordination and insertion of carbon monoxide to form the
palladium acyl species, have been studied for stoichiometric
as well as catalytic alkoxycarbonylation reactions. Not all
of these experiments, however, have been performed under
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the same conditions as the hydroxycarbonylation reaction;
they are nevertheless useful for discussing the hydroxycar-
bonylation mechanism. Similarly, studies of the reactivity
of Pd® species towards CO or phosphanes or acids are of
interest to us. We will start the discussion with Pd® com-
plexes.

Pd® carbonyl phosphane complexes are believed to be in-
termediates in the palladium-catalysed hydroxycarbonyl-
ation of alkenes, although they do not necessarily particip-
ate in the catalytic cycle (vide infra). [Pd(CO)(PPhs);] was
isolated from the reaction mixture that arose from the hy-
droxycarbonylation of cyclohexene with [PdCl,(PPhs),] as
the precursor. This complex was also prepared by the direct
reaction of [Pd(PPhs),] with CO in benzene. For the
[Pd(CO)(PPh3);] complex, 3'P and '3C NMR spectra sug-
gest a rapid dissociation of PPhs at room temperature and
a tetrahedral structure in solution at —70 °C.[>
[Pd(CO)(PPh3);] proved to be inactive in the hydroxycar-
bonylation of alkenes, like [Pd(PPhs),4]. However, the addi-
tion of traces of hydrochloric acid promoted the formation,
under carbon monoxide pressure, of a catalytically active
system.[?¢]

The Pd® complexes can be produced from mixtures of
Pd" complexes with phosphanes. Thus, stable Pd® com-
plexes were generated in situ from the cationic Pd™ complex
[Pd(PPhs),](BF,), when water and triphenylphosphane
were present in solution. Triphenylphosphane was able to
reduce the Pd! metal centre to Pd®, and was itself oxidized
to triphenylphosphane oxide. This reduction was performed
on a Pd" complex in which the palladium ion was most
likely ligated by a hydroxy group.?”!

The reduction of Pd' to Pd® has also been investigated
in the presence of both monodentate PPh; and bidentate
dppp [1,3-bis(diphenylphosphanyl)propane]. 3'P NMR
measurements showed that triphenylphosphane can reduce
Pd(OAc), to Pd° in toluene. Bidentate dppp is mainly re-
sponsible for the reduction in DMF, which results in dppp
hemioxide and dppp dioxide. Both mono- and bidentate co-
ordination of dppp in intermediate species were proposed
on the basis of in situ NMR studies.*®

The key intermediates, namely palladium hydride, palla-
dium alkyl, and palladium acyl, were detected and charac-
terized by 'H, '3C, and 3'P NMR spectroscopy for the
homogeneous water-gas shift reaction and for the carbonyl-
ation of ethene to diethyl ketone catalysed by the Pd(OAc),/
PPh3/CF;COOH/H-0 system. The key palladium interme-
diate in both catalytic reactions was the hydride complex
[PA(H)(PPh3)s]*. This cationic palladium hydride complex
[PA(H)(PPh3);]" was formed by the oxidative addition of
H™" when the Pd® phosphane complex [Pd(PPhs),] was dis-
solved in an aqueous CF;COOH solution. When the ex-
periments were carried out starting with a Pd' complex,
it was shown that this complex was first reduced by CO
(Scheme 5), giving CO, in the rate-determining step of the
water-gas shift reaction.[®! Treating a solution of the hydride
complex with CO at 25 °C resulted in a rapid rearrange-
ment of a PAH" (a Pd™ species) and a Pd° species into
the cationic dinuclear complex [Pd,(PPhs),(u-H)(u-CO)|*.
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When a solution of the hydride complex was treated with
ethene at —25 °C, a palladium alkyl complex formulated
as [Pd(Et)(PPhs),]* was formed. Similarly, exposure of a
solution of the hydride complex to a CO/C,H, (3:1) gas
mixture at 25 °C led to a rapid, quantitative formation of
the palladium propionyl complex trans-
[Pd{C(O)Et}(PPhs),]".[81 The cationic hydride, ethyl, and
propionyl palladium complexes are relatively stable as a re-
sult of the polar solvent and the non-coordinating anion.

CO,, -HX

slow

PdL,X, +CO + H,0 — PdL (H)X

PdL, (H)X == LPd® + HX

fast

Scheme 5. Formation of palladium hydride species in the presence
of CO and water

A similar involvement of palladium hydride, palladium
alkyl, and palladium acyl complexes as intermediates in the
catalytic cycle of the palladium-catalysed hydroxycarbonyl-
ation of alkenes was demonstrated for the analogous reac-
tion in the aqueous phase. When a solution of Pd(OAc),
and tppts (tppts = trisulfonated triphenylphosphane) in
aqueous trifluoroacetic acid was placed under a CO atmo-
sphere, the cationic hydride [Pd(H)(tppts);] " was formed by
reduction of the Pd" complex with CO and H,O to
[Pd(tppts)s] and subsequent protonation in the acidic me-
dium. The reaction of the hydride complex with ethene pro-
duced an equilibrium mixture of two new compounds,
[Pd(Et)(tppts)s]™ and [Pd(Et)(tppts),]*. The fourth coor-
dination site in the latter is presumably occupied by a solv-
ent molecule. The mixture of the palladium alkyl complexes
reacted readily with CO to afford trans-
[Pd{C(O)Et}(tppts),]" (Scheme 6).21 Once again, the
stability of the cationic intermediates may be attributed to
the ionic medium and the non-coordinating nature of the
anion, which is even enhanced by the aqueous solvent. The
authors showed that in the stoichiometric reaction the hy-
drolysis of the acyl species giving propionic acid is the slow-
est step in the sequence.

L. Ef*
[L,pd\L] .
L. ..H|" CH
[L:Pd\L] H, co [L\Pdfl-Et} Y L
T L
L. .-Ef
[E:Pd\L] + L
L = P(C,H,-m-SO,Na),

Scheme 6. The stepwise aqueous-phase hydroxycarbonylation of
ethene

The intermediates involved in the palladium-catalysed
methoxycarbonylation of ethene have also been character-
ized. The complex [Pd(L—L)(dba)] [L-L = 1,2-
(CH,PBu,),CsHy] reacts with HBF; or CF;SOs;H in
MeOH to produce a new compound that can be formulated
as either the neutral complex [Pd(L—L)HX] or the solvated
cation [Pd(L—L)H(MeOH)]X. This hydride complex reacts
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immediately with ethene at room temperature to form the
cationic species [Pd(L—L)Et(MeOH)]X. On adding one
equivalent of CO to the alkyl complex, the species
[PA(L—L){C(O)Et}(MeOH)]X is formed. Subsequent addi-
tion of a trace of MeOH to the solution leads to an immedi-
ate reaction regenerating the palladium hydride complex
and forming EtCOOMe. It should be noted that the palla-
dium hydride complex is stable even in the presence of oxid-
ants (benzoquinone or oxygen) under these conditions.
There was no evidence for the formation of any methoxy-
carbonyl complex.?% For other systems, the formation of
methoxycarbonyl palladium species is a well-documented
process.[31-321 Tt should be noted, however, that the forma-
tion of methoxycarbonyl complexes under these conditions
requires anhydrous conditions; in the presence of traces of
water a hydroxycarbonyl-palladium species form, which
rapidly loses carbon dioxide to give palladium hydride.(**
Thus, in the presence of water, hydride species will invari-
ably be formed, which will initiate the catalytic cycle. This
side reaction was efficiently suppressed by the addition of
trimethyl orthoformate, which, under acidic conditions,
transforms water into methanol.3%

In the case of styrene, the mechanism of the methoxycar-
bonylation using [Pd(OTs),(PPhs),] formed in situ from
Pd(OAc),, PPhs, and TsOH in methanol has been investig-
ated by isolating and characterising the intermediates. From
the reaction mixtures, palladium hydridocarbonyl and pal-
ladium acyl complexes were isolated, and, accordingly, a
palladium hydride mechanism has been proposed. Follow-
ing exposure of the catalyst precursor system Pd(OAc)./
4PPh5/10HOTs to CO at 75 °C for 30 min., the complex
[PA(H)CO(PPh;),](OTs) was characterized. When the me-
thoxycarbonylation was performed with PdCl, as the cata-
lyst precursor, the acyl complex trans-
[PACI(COCH,CH,Ph)(PPh;),] was isolated.[*] The obser-
vation and isolation of the hydride, alkyl, and acetyl palla-
dium species is, of course, strongly suggestive that they form
part of the productive catalytic cycle; nonetheless, kinetic
measurements are desirable to obtain further proof.

Palladium Hydride Complexes

Palladium hydrides are of special interest due to their ex-
ceptional relevance to catalysis. Indeed, several hydrido
complexes of palladium have been proposed as key interme-
diates in a number of palladium-catalysed reactions.l3¢~ 38l
Also, the study of palladium hydride species has been the
subject of some interesting reports and reviews.’>4% How-
ever, the reactivity of palladium hydrido complexes has still
not been adequately explored. Despite the exceptionally
high affinity of palladium metal for hydrogen,™!! soluble
molecular hydrides of palladium are rather unstable and in
many cases they cannot be isolated but only generated and
characterized in solution at low temperature. The stability
of analogous hydrides increases dramatically on going from
palladium to platinum; for instance, [Pt(H)CI(PPhs),] is
stable to air and moisture and has been fully character-
ized.[2!

Eur. J. Inorg. Chem. 2001, 2719—2738
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Over the last few years, the chemistry of palladium hy-
drides has developed significantly and a number of neutral
and cationic hydrido complexes of palladium have been pre-
pared and characterized by a variety of techniques. In fact,
all known general methods for synthesising transition metal
hydrides can be used to prepare palladium hydride com-
plexes.[40]

Neutral palladium hydride complexes of the type
[PAHCI(PPh3),] can be synthesized by oxidative addition of
strong acids, as in the oxidative addition of HCI to Pd°
complexes such as [Pd(CO)(PPhs);] or [Pd(PPhs),].*3 Re-
lated hydride complexes have been synthesized using other
monophosphanes such as PEt;,#4+#41 PCy,,[*1 and PBu,.[*6]
The nature of the phosphane is important, since the more
basic phosphanes stabilize the product of the oxidative ad-
dition, i.e. the hydride complex.

The cationic hydrido complexes of palladium can be pre-
pared by several methods, for example by replacing an an-
ionic ligand in neutral palladium hydrides with a neutral
ligand,™”! or by the protonation of zero-valent palladium
complexes.*>*8] There have been reports of the formation
of palladium cationic hydrides with H,O, CH;CN, or other
coordinated solvents.[49 311

With diphosphane ligands, the hydride complexes of pal-
ladium cis-[PdHCI(P—P)] are apparently highly unstable
and numerous attempts to synthesize such species have
failed; instead, cationic dinuclear complexes of palladium
[(P—P),Pd,(n-H)(u-CO)]* are readily formed during car-
bonylation reactions (vide supra and Scheme 7). These di-
nuclear complexes have been isolated and characterized,
and their reactivity towards alkenes under CO atmosphere
has been studied. Apparently, it is important to stabilize the
systems with CO and to create a bridging instead of a ter-
minal hydride trans to the phosphane.[5>~34

P H P /H\ ~P.
2 {CP)P(CIJ Lo, [CP/Pd\?Pd\P) Cl+ HCl
5

Scheme 7. Formation of the dinuclear [(P—P),Pd,(u-H)(u-CO)*
in the reaction of [(P—P)PdHCI] under a CO atmosphere

The fact that palladium hydride species are stabilized un-
der CO pressure can favour the catalysis through the inter-
mediacy of a palladium hydride species. Moreover, it is in-
teresting that in the alkoxycarbonylation of alkenes cata-
lysed by a [PdCl,(PPhs),]/PPh; system, the catalytic activity
is higher in the presence of molecular hydrogen. This is
most likely attributable to the formation of a Pd—H inter-
mediate through the heterolytic splitting of H,. This repres-
ents an alternative pathway for the formation of the initial
hydride species. This route does not require the reduction
of Pd™ prior to oxidative addition of H*. The occurrence
of heterolytic splitting of hydrogen rather than oxidative ad-
dition is further substantiated by the fact that no aldehyde
has been detected in the reaction products.®33~571 The lat-
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ter reaction would require oxidative addition of dihydrogen
to a palladium(II) acyl species.

Palladium Alkyl Complexes

Palladium alkyl derivatives have also been synthesized
and characterized, especially the benzyl derivatives, which
are stabilized as n*-benzylic species. Since one of the most
interesting palladium—styrene intermediates is the palla-
dium n3-benzylic species, it is useful to discuss species of
this type.

The benzyl palladium complexes trans-
[Pd(CH,Ph)CI(PPh;),] have been synthesized by the oxidat-
ive addition of benzyl chloride to Pd® complexes such as
[Pd(PPhs),].58 However, these complexes proved to be un-
stable and the dinuclear complex [Pd,(CH,Ph),(PPhs),(u-
Cl),] was formed.’%! Other palladium alkyl derivatives have
been obtained by adding halogenated hydrocarbons to a
suspension of [Pd(PPhs),].[6%-61]

The structures of the arylpalladium complexes of the
type trans-[Pd(Ph)X(PPhs),] (X = F, Cl, Br, I) were studied
by single-crystal X-ray diffraction analysis and the relative
affinities of the halide anions for the metal centre were
studied using 3'P NMR spectroscopy.l6?

Palladium n3-benzyl complexes have also been prepared
by the insertion of styrene into the Pd—Me bond of the
solvated cation [PdMe(L—L)S]. This n3-coordination of the
benzyl ligand has been elucidated by X-ray structure deter-
mination and NMR spectroscopy. NMR studies showed
that the palladium n3-benzyl complexes undergo two dy-
namic processes in solution, namely n3-n! coordination of
the benzyl group, and ligand exchange of coordination
sites.[®3] Kinetic and isotopic labelling experiments have
been employed to determine the mechanism of this benzyl
exchange reaction (Scheme 8). These complexes are
highly prone to B-hydride elimination.*!

+ +

LPd_, LPd 4 H
H\’J H' - R
H
H
. ” N
LPd_, — |LPd H
' A H R
H
o

Scheme 8. An n3-n'-n? rearrangement mechanism that accounts
for the observed exchange of the ortho hydrogens in
[(phen)Pd {n*-CH(CH,CH;)Ph}]*

Palladium Acyl Complexes

Since the 1970s, a key question has been the involvement
of either acylpalladium or alkoxycarbonylpalladium species
in the reaction cycle. In the 1970s, supporting evidence for
both mechanisms was put forward.['®2% A comparative
study of the reactivity and catalytic activity in the alkoxy-
carbonylation of alkenes using the isolated palladium acyl
complex [PdCI(COR)(PPh;),] (R = Et, n-Hex) (a key inter-
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mediate in the palladium hydride mechanism) and the pal-
ladium methoxycarbonyl complex [PACI(COOMe)(PPhs),]
(an active species in the alkoxycarbonyl mechanism) was
carried out by Cavinato and Toniolo.['”) With regard to the
reactivity, the palladium acyl complex was found to react
with an alkanol R’OH in the presence of added PPh; to
yield the ester RCOOR' and a mixture of [PdCl,(PPhj)]
and [Pd(PPh;);4]. This was considered to be the slowest
step of the hydride mechanism. When the isolated methoxy-
carbonyl complex [PdCI(COOMe)(PPhs),] was treated with
1-hexene in methanol, under nitrogen and in the absence of
carbon monoxide, the ester was not formed and the starting
complex was recovered almost quantitatively, thus con-
firming that the step presumed to be the slowest in this
cycle was indeed very slow. As regards the catalytic activity
of these complexes, use of the acyl palladium complex as
the catalyst precursor in the alkoxycarbonylation of ethene
yielded almost stoichiometric amounts of the ester. When
[PACI(COOMe)(PPhs),] was used as the catalyst precursor
in the alkoxycarbonylation of 1-hexene in methanol, in the
absence of added PPh; and in the presence of NEt; or carb-
oxylate anions (to favour the formation of the methoxycar-
bonyl complex), no catalytic activity was seen and the pre-
cursor was recovered in the form of Pd°-carbonylphos-
phane complexes. Only after prolonged reaction times was
some of the methoxycarbonyl complex observed.['”]

Other acyl species of palladium have been synthesized
and  characterized. = White  crystals of  trans-
[PA(COnPr)CI(PPhj3),] were isolated in 70% yield after al-
lowing the solution obtained following the alkoxycarbonyl-
ation of propene to stand for several hours at room temper-
ature. This complex was found to be active in the alkoxycar-
bonylation of propene.l®! In situ IR spectroscopic studies
were performed during the hydroxycarbonylation of ethene
with [PdCl,(PPhs),], by which the intermediate species
[Pd(COEt)CI(PPh;),] was observed. A mechanism involving
Pd—H active species has been proposed.[®l

In favour of the participation of alkoxycarbonyl-
palladium species, the following two observations
may be mentioned. The cationic complexes
[(P—P)PdC(O)OCH;(PPhs)]* (P—P = dppe, dppp. dppb)
undergo slow insertion of reactive alkenes such as norbor-
nadiene.l*3 The formation of diester®”%8] and diester end-
group polyketones indicates that, under anhydrous condi-
tions, cationic species may allow the insertion of alkenes
into alkoxycarbonylpalladium species.[®]

As regards diphosphanes, the insertion of CO was
studied for both neutral palladium chlorides and ionic trifl-
ate complexes containing the bidentate phosphanes dppe,
dppp, dppb, and dppf.’” Half-life times for the neutral
complexes were between 18 and 36 min at 235 K and 25 bar
of CO and the rates decreased in the order dppb > dppp
> dppf >> dppe (170 min at 305 K). The ionic complexes
were found to react with rates one or two orders of magni-
tude higher, even though acetonitrile was used as the solv-
ent. Thus, carbon monoxide insertion should indeed be a
fast step in the hydroxycarbonylation cycle.
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High-pressure NMR spectroscopy was also used to fol-
low the synthesis of the chiral ionic square-planar [Pd(Me)-
CO(BDPP)|BF4 compound [BDPP = (2545S5)-2,4-bis(di-
phenylphosphanyl)pentane], an intermediate in CO inser-
tion into the Pd—Me bond. This compound was formed in
situ by the reaction of the solvated [Pd(Me)S(BDPP)|BF,
with '3CO and in a high-pressure NMR tube. Concomitant
with the decomposition of [Pd(Me)CO(BDPP)|BF,, the
complex [Pd(COMe)CO(BDPP)]BF, was formed and CO
insertion was followed by the coordination of another CO
ligand. This reaction was found to be completely reversible
at room temperature. Several experiments were carried out
to investigate whether the methyl(carbonyl) complex was
also an intermediate in the formation of the methoxycar-
bonyl compound [Pd(Me)(COOMe)(BDPP)], but this com-
pound could not be obtained in this way (Scheme 9).[!1
[Pd(Me)(COOMe)(BDPP)] has been reported previously as
the product of insertion of CO into [Pd(Me)(OMe)(BDPP)]
at low temperatures.’”) Low temperatures are imperative as
otherwise B-hydride elimination would take place. Interest-
ingly, insertion takes place in the Pd—O bond rather than
the Pd—C bond, as has been reported previously for plat-
inum.[”3 There are no indications that this reaction is relev-
ant to alkoxycarbonylation since in cationic alkyl palladium
species the insertion of CO into the palladium alkyl bond
is very fast.[%

P .Me +CO, -90°C P _Me
Pd BE, —t= Pd BF
[CP/ \s} * .C0,-90°C [CP/ ~co| *
20°C |[-90°C
P COM €0,-90°C | P
( >Pd: e]31’«‘4 _— C >Pd—COMe BF,
P Co +C0,90°C | P

Scheme 9. Formation of palladium acyl complexes with diphos-
phane ligands under CO

Phosphorus-nitrogen ligands have been used for the study
of the insertion of carbon monoxide into both ionic and
neutral complexes.’¥ In such complexes, the preferred
structures have the methyl and acetyl groups cis to the pho-
sphane ligand, as one would expect according to the trans
influence. As a result, the insertion reaction for such P—N
ligands is slower than those for either P—P or N—N li-
gands, because, in the first instance, migration leads to a
less-stable isomer with the acetyl group trans to phos-
phorus. The details of such migration reactions in dissym-
metric P—P* ligand complexes have been reported previ-
ously.l>176]

A similar study has been performed concerning the react-
ivity of a cationic complex [(P,N)Pd(Me)(CO)]" towards
CO and norbornene. Luinstra showed that in the presence
of both an alkene and CO, the trans effect could be advant-
ageously used to give faster reactions in some instances.[’”]
The same effect was reported by Mul et al.l’8! This effect of
ligand equilibria seems most relevant to polyketone syn-
thesis, but similar effects can be envisaged for hydroxycar-
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bonylation, casting some doubts on the rate measurements
of stepwise stoichiometric reactions.

Benzylpalladium and (phenylacetyl)palladium complexes
with two PMe; or PPh; ligands or a dppe ligand have been
prepared as models for studying the mechanisms of car-
bonylation reactions by which benzyl halides are converted
into singly and doubly carbonylated products.[*®! The mon-
odentate ligands give rise to trans-benzylPdX(L), structures
containing m'-benzyl fragments. When non-coordinating
anions are used, n’-benzyl species are formed. Insertion of
CO is a fast and reversible process. Examination of the re-
actions of the (phenylacetyl)palladium complexes with sec-
ondary amines and alcohols provided evidence for the op-
eration of different types of mechanisms leading to amides
and esters. Amide formation proceeds more rapidly when
more basic amines are used. The amines coordinate first to
the palladium, and then attack the acyl moiety, which is
assisted by another molecule of base. Ester formation pro-
ceeds more rapidly when more acidic alcohols are used. It
was suggested that after coordination to palladium the al-
cohols are deprotonated by the base, and then the oxygen
attacks the acyl carbon atom. In cationic diphosphane acyl-
palladium complexes, in the absence of base, the order of
reactivity is H,O > MeOH > EtOH > 2-PrOH, showing
that the more acidic species react more rapidly.l”’]

Effect of the Acidic Medium on
Hydroxycarbonylation

The effect of the counteranion involved in the catalytic
system has been studied, although its role is not yet fully
understood. In the carbonylation of aliphatic and func-
tionalized alkenes by cationic palladium complexes in the
presence of hydrogen to give alcohols, aldehydes, ketones,
or oligoketones, a selectivity control by the neutral ligand
and anion was found. Non-coordinating anions primarily
produce oligoketones, and increasing anion coordination
strength shifts the selectivity towards aldehydes and alco-
hols.[”! For the latter, the heterolytic cleavage of hydrogen
assisted by the more basic anions was proposed.

The regioselectivity of the alkoxycarbonylation of 1-aryl-
ethanols catalysed by Pd/acid systems is highly sensitive to
the nature of the counteranion of the acid. Chloride anions
favour branched products while weakly coordinating tetra-
fluoroborate and sulfonate anions favour linear products;
the latter also enhance product yields.[3"

In the regioselective synthesis of ibuprofen by the PdCl,/
PPhs/HCl-catalysed hydroxycarbonylation of 1-(4-isobutyl-
phenyl)ethanol, the rate and selectivity of the reaction
proved to be dependent on the concentration and nature of
the halide ion used. It has been reported that hydrochloric
acid plays a dual role in this reaction, firstly providing a
proton, which promotes the dehydration of the alcohol, and
secondly providing a chloride ion, which promotes the car-
bonylation step.[®!]

In the asymmetric alkoxycarbonylation of alkenes cata-
lysed by chiral palladium bis(dibenzophosphole) complexes,
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halide salts, such as LiCl or bis(triphenylphosphane)imin-
ium chloride, and hydrogen at low pressure, were found to
dramatically increase the extent of conversion without sig-
nificantly decreasing the optical yield. Palladium species co-
ordinated by halide are thought to prevent the aggregation
of reduced palladium species.®?! In the asymmetric alkoxy-
carbonylation of styrene with palladium catalysts, both the
degree of conversion and the asymmetric induction were
found to be very low when acids such as MeCOOH,
HCOOH, HCI, HBr, etc. were used instead of
CF;COOH.B®3

Finally, studies on the effect of the counteranion on the
hydroxycarbonylation reaction have been performed. The
effect of mineral acids as additives in the hydroxycarbonyl-
ation of 4-methylstyrene with PdCl,/CuCl,/PPh; has been
studied. Efficient hydroxycarbonylation was only achieved
after a halogen compound had been added; the addition of
HCI improved the reaction rate significantly. This improve-
ment was due to the effect of chloride ions rather than pro-
tons, as was proved by adding either other acids or other
chloride salts.®* Some reports have shown that the hydro-
xycarbonylation reaction also takes place if water is used
instead of acid.[>8¢]

In the course of a study on the use of palladium systems
in the hydroxycarbonylation of styrene, we also explored
how the counteranion of the acid affects this reaction when
the Pd bears monophosphane and diphosphane ligands. To
prevent the palladium precursor from introducing coun-
teranions, we chose to perform a series of experiments using
the catalyst precursor [Pd,(dba);] in the presence of acids.
We showed that activity and regioselectivity in the hydroxy-
carbonylation of styrene are sensitive to the nature of the
counteranion of the acid. The regioselectivities obtained for
monophosphanes and diphosphanes (branched and linear,
respectively) can be changed by judicious choice of the
counteranion. When a monophosphane such as PPh; was
used as the ligand, coordinating anions such as halides were
found to favour the formation of branched acids. However,
weakly coordinating anions such as sulfonic acids were
found to favour the formation of linear acids. On the other
hand, the regioselectivity for the systems formed with the
diphosphane dppb in the presence of Br~ and I~ was found
not to favour the linear acid as other diphosphanes do.**!
It has been suggested that the diphosphane could be mono-
coordinated depending on the nature of the counteranion,
but it might also suggest that dinuclear species with the di-
phosphane bridging between two different palladium
centres are formed (Scheme 10).7%74 A similar behaviour
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Scheme 10. Dimeric and oligomeric palladium complexes with di-
phosphane ligands
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has recently been reported in Pd-diphosphane systems used
in carbonylation processes, where differences in catalytic ac-
tivity and selectivity can be rationalized in terms of mono-
dentate coordination of the diphosphane.[®7-88]

Regioselectivity in the Palladium-Catalysed
Carbonylation Reactions

In spite of the reported studies, which have compared
systems showing opposite regioselectivities in the palla-
dium-catalysed alkoxycarbonylation and hydroxycarbonyl-
ation reactions, the issue of regioselectivity is still far from
understood.

Since the 1970s, regioselectivity in the alkoxycarbonyl-
ation of alkenes has been shown to depend on the nature
of the phosphorus ligand. Pd/monophosphane catalytic sys-
tems produce mainly the branched ester, whereas Pd/dipho-
sphane systems produce mainly the linear one.[3-%01

In 1976, Sugi and Bando reported an interesting study of
the ethoxycarbonylation of styrene with carbon monoxide
and ethanol in the presence of diphosphane palladium com-
plexes [PdCl,{Ph,P(CH,),PPh,}] (n = 1—6, 10).°] When
diphosphanes with n = 3, 4, 5 were used, ethyl 3-phenylpro-
pionate was obtained in significant amounts. With dppe,
n = 2, however, no conversion was found. Phosphanes with
n =1, 6, 10 gave ethyl 2-phenylpropionate as the predomin-
ant isomer, in the same way as monodentate phosphanes
do. The conversion increased with n, but proved to be high-
est for monodentate phosphanes. These results were ration-
alized in terms of the stability of the chelate ring under the
reaction conditions, assuming the formation of monophos-
phane complexes for ligands with high #, similar to those
with the monophosphane ligands. The current explanation
is based on cis complexes for bidentate ligands of lower n,
and trans complexes for ligands having higher » and mon-
odentate ligands, at least for the resting states of the cata-
lysts. The highest selectivity in favour of the branched ester
(99.5%) was obtained using PBus.[*!l

In several studies, monophosphanes and diphosphanes
have been used together. In the asymmetric alkoxycarbonyl-
ation of a-methylstyrene using the Pd/DIOP system, the ad-
dition of PPh; was found to increase the amount of the
branched ester.[®?l In the hydroxycarbonylation of alkenes,
PPh; was added to the Pd(OAc),/dppb system; this im-
proved the yield without significantly affecting the product
distribution.!

In some cases, a co-catalyst was added to the Pd/phos-
phane system, as in the hydroxycarbonylation of 1-heptene
with  [HPdCI(PPh;),)/SnCL,P*Y  and  [PdCl,(PPhs),)/
Co5(CO)g,P3 the hydroxycarbonylation of styrene with the
[PACI,(PPh;),]/Co,(CO)g system,® and alkoxycarbonyl-
ation with the [PdC1,L,])/SnCl, or GeCl, systems (L = mon-
ophosphane).[*8-3] In general, the co-catalyst increased the
regioselectivity in favour of the linear product and de-
creased the rate of the reaction. In the asymmetric alkoxy-
carbonylation of styrene with the precursor PdCl, and
chiral diphosphanes, the addition of CuCl, as a co-catalyst
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favoured the formation of the branched ester in good yield
and with high enantiomeric excess.””! In this case, however,
the rigid structure of the iditol-derived ligand might have
led to a non-chelating coordination, this being responsible
for the high chiral induction. Monodentate coordination
would be consistent with the high regioselectivity obtained
in favour of the branched product.”®! A role of the MCl,
salts that is frequently overlooked is that they may act as
“chloride acceptors”, thus assisting in the formation of
weakly coordinating anions.

Interestingly, regioselectivity is seen to depend on the na-
ture of the substrate. With aliphatic alkenes, the differences
in isomeric composition are not as great as they are with
vinyl arenes.!®®! This can be explained in terms of n-benzylic
stabilization of styrene in the styrylpalladium fragment ob-
tained after insertion.’>>3 The steric bulk of the substrate
is also important, as illustrated by the hydroxycarbonyl-
ation of simple and functionalized alkenes with Pd(OAc),/
dppb/HCOOH. Control of the regioselectivity of the reac-
tion depends in part on the effective bulk of the substituent
group on the alkene; more hindered alkenes produce higher
yields of the linear acid.””’ No pronounced influence of the
electronic effects of the substrate on regioselectivity has
been found in the alkoxycarbonylation and hydroxycarbon-
ylation of 3,3,3-trifluoropropene and pentafluorostyrene
catalysed by phosphane-palladium systems. When mono-
phosphanes were used as ligands, the major product was
the branched one, whereas when diphosphanes were used it
was the linear one.l'%1 Thus, the fluoroalkenes follow the
normal trend, although a higher preference for branched
ones might have been expected.

Regioselectivity is often explained in terms of the follow-
ing two mechanisms: (1) when styrene inserts into a
metal—acyl bond, branched products are formed, and
(2) when it inserts into a metal hydride, linear products are
formed.[>3I1%1 The regioselectivity of styrene insertion has
been studied for the palladium-catalysed oligomerization of
styrene and carbon monoxide. With diphosphanes, the in-
sertion of the first styrene into the palladium hydride com-
plex leads to the formation of a linear palladium alkyl spe-
cies. This can be attributed to steric hindrance between the
phenyl group of the styrene and the phosphane coordinated
to the palladium centre. Insertion of styrene into the acyl
palladium intermediate gives a branched insertion prod-
uct.[100]

According to this interpretation, the different regioselect-
ivities have a steric origin. In the first step, the hydride at-
tacks the a-carbon of styrene, but the acyl species formed
after insertion of CO attacks the styrene molecule at the -
carbon atom, as in our reaction (Scheme 11).1331 While this
has proved to be correct for cationic complexes that act as
polymerization or oligomerization catalysts, for hydroxycar-
bonylation this has yet to be confirmed (vide infra).

We have previously reported a systematic study into how
palladium precursor systems and the phosphorus ligand af-
fect the hydroxycarbonylation of styrene. Monophosphanes
and diphosphanes behave differently when used as ligands
in this reaction. Using monophosphanes, only Pd™ pre-
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Scheme 11. Effect of steric hindrance on the stereochemistry of
insertion of an alkene into a Pd—H bond and a Pd—C(O)CH;
bond

cursors containing chloride give reasonable activity. When
diphosphanes are used as auxiliary ligands, the results ob-
tained with Pd® and Pd" precursors are similar. As far as
regioselectivity is concerned, the branched acid is the major
product with monophosphanes, while the linear acid is the
major product with diphosphanes. Also, monophosphanes
afford much faster catalysts. It has been suggested that dif-
ferent intermediates are involved in the catalytic cycle for
monophosphanes and diphosphanes; the association/disso-
ciation of counteranions and phosphanes may account for
the differences between the two systems.[>’]

Studies of the Mechanism of Palladium-
Catalysed Carbonylations

The understanding of a catalytic process requires a com-
bination of several techniques, such as kinetic studies, deu-
teration experiments, determination of the intermediates,
and theoretical studies. Here, we review significant studies
of hydroxycarbonylation or related reactions that have con-
tributed to the understanding of the palladium hydroxycar-
bonylation mechanism.

In several instances in the literature, no experimental sup-
port is presented for proposed catalytic cycles, and it should
be borne in mind that these proposals are often speculative
and include at best circumstantial evidence. In general, in
catalytic alkene carbonylation reactions involving palla-
dium species, a palladium hydride is proposed as the species
that starts the cycle. Subsequently, coordination and inser-
tion of the substrate occurs, which is followed by the coor-
dination and insertion of carbon monoxide, which leads to
the proposed palladium intermediates (Scheme 3).[1021

A mechanism has also been proposed for the Pd™" acetate/
oxalic acid systems used in the presence of a chelating phos-
phorus ligand in the hydroxycarbonylation of alkenes. The
system consisting of oxalic acid in 1,2-dimethoxyethane
(DME) allows relatively mild conditions and gives high re-
gioselectivity in favour of the linear acid when 1,4-bis(di-
phenylphosphanyl)butane, dppb, is used.’”l A catalytic
cycle was proposed for the hydroxycarbonylation reaction
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starting with a [Pd(OAc),(dppb)(CO)] complex that reacts
with two equivalents of oxalic acid to afford an ionic com-
plex [Pd(H)CO(dppb)]*. For subsequent steps, palladium
alkyl and palladium acyl intermediates are proposed. Fi-
nally, the linear acid is formed by decarbonylation
(Scheme 12).1103]

PA(OAc), + dppb + CO

o~ CO0H
dppb
Ac0),Pd
AN—CO [( ) )2 \CO ]
0O 0
/\)L /U\ 2<|300H -2 AcOH
R 07 "H COOH | -2€0,
co [C /Pd (HO c-cop)
COOH
COOH
)'\/\R P
Spal
[CP/Pd\OC ] (HCO;) P z co (HCO 9)
[CP/PCI\CO (HCO )

Scheme 12. Catalytic cycle proposed for the hydroxycarbonylation
of alkenes with the Pd(OAc),/dppb/H,C,0, system

Kinetic Studies

A number of studies on the kinetics of the hydroxycar-
bonylation reaction with palladium systems have been
reported.['%4~196] These generally focus on how the carbon
monoxide pressure, the concentration of styrene, the palla-
dium precursor, the phosphane ligands, and water affect the
activity and regioselectivity of the reaction.

The kinetics and mechanism of styrene hydroxycarbonyl-
ation catalysed by the complex [PdCI,(PPhs),] have been
reported. When water was added to the catalytic system up
to [H,O] = 2 M, the rate of formation of the linear acid
increased. Higher CO pressures were found to favour the
formation of the branched acid. This can be attributed to
the formation of species containing coordinated CO as a
result of displacement of the bulkier PPhs ligand.['%3] The
rates of linear and branched acid formation both show a
linear dependence on the concentration of the catalyst. Tri-
phenylphosphane decreases the rate of formation of the
branched acid more than that of the linear one; the inhibit-
ing effect of PPhjs is enhanced by increasing [H,O]. As the
styrene content increases, the rate of formation of the linear
acid remains virtually constant, while the rate of formation
of the branched acid increases markedly.l'>] These relation-
ships are consistent with the hydride mechanism, which in-
volves four routes for the formation of phenylpropionic ac-
ids and three types of catalyst precursors
[PA(H)CI(CO),(PPh3), —,] (n = 0—2) in equilibrium, de-
pending on the CO pressure and the concentration of the
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Scheme 13. Proposed mechanism for the hydroxycarbonylation of styrene with the [PdCly(PPhs),]/PPh; system, involving
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ligand. The regioselectivity of the intermediates with respect
to 3-phenylpropionic acid drops from 100 to 0% as » in-
creases from 0 to 2 (Scheme 13).[10%)

More recently, a kinetic study of how the addition of
SnCl, to the [PACl,(PPhs),]/PPh; system affects the hydro-
xycarbonylation of styrene has been reported.'°?! Adding
an equimolar amount of SnCl, to [PdCl,(PPh;),] increases
the selectivity in favour of the linear acid from 30 to 70%,
which stems from an increase in the rate of formation of
this product. Kinetic and spectroscopic data were used to
explain the effect of SnCl,. It was proposed that it involves
the displacement of CO ligands from Pd"-containing inter-
mediates by the m-acceptor SnCl;~, and leads to a higher
concentration of phosphane hydride complexes that select-
ively afford the linear acid (Scheme 13).[197]

A kinetic study of the hydroxycarbonylation of 1-heptene
catalysed by [PdCI,(PPhs),]/PPh; complexes has also been
reported. The rates of formation of the acids increased as
the carbon monoxide pressure was increased and as the
water concentration was increased up to [H,O] = 2 m. The
same mechanism as that for styrene was suggested
(Scheme 13).1107

The kinetics of the alkoxycarbonylation of styrene have
been studied using the Pd(OAc),/PPhs;/TsOH catalyst sys-
tem. The reaction was found to be first order with respect
to the catalyst concentration and zero order with respect to
styrene up to 3.8 mol-dm™3. At high concentrations of styr-
ene (3.8—6.7 mol-dm3), the rate increased significantly.
Water was found to promote the alkoxycarbonylation of
styrene, although beyond 9.2:1072 mol-dm ™3 this effect was
negligible. The rate increased when P-o was below 3.4
MPa, but was not affected by higher partial pressures. A
rate equation was proposed and the kinetic parameters were
evaluated. A reaction mechanism involving palladium hy-
dride, palladium alkyl, and palladium acyl species as inter-
mediates has been proposed.['%®]
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In the Pd(OAc),/tppts-catalysed aqueous-phase hydroxy-
carbonylation of ethene, kinetic studies have shown that the
conversion of a palladium acyl to a palladium hydride com-
plex is a rate-determining, pseudo first-order reaction.?’]

Deuterium Labelling Experiments

Deuterium labelling has provided important information
about the pathways that are operative in several catalytic
reactions. A detailed investigation of the alkoxycarbonyl-
ation of styrene has been performed at various temperatures
and conversions with the [PdCI,(PPhs),]/SnCl, system using
labelled species, the content and distribution of deuterium
in which was determined by mass spectral analysis and
NMR ('H, 2H, 3C) techniques. The large number of la-
belled species observed supports the assumption that the
hydrido (Pd—H) route is the mechanism followed by this
system. Significant deuteration of the unconverted styrene
and the ester isomers formed was found in the alkoxycar-
bonylation of styrene with EtOD at low temperature (60
°C). Under more severe conditions, oligodeuterated species
were formed in a less selective manner. The presence of deu-
terium in the unconverted alkene confirms the reversibility
of the reaction (alkyl—metal intermediates readily undergo
B-hydride elimination) and suggests that dissociation of the
palladium alkyl intermediate occurred. Reversible alkene
insertion/B-hydride elimination prior to carbonylation was
deemed responsible for the incorporation of multiple deu-
terium atoms.[!%]

A comparative study of the regioselectivity in styrene and
a-methylstyrene alkoxycarbonylation in the presence of
[PACly(PPh3),] and [PdCl,(PPh;),]/SnCl, catalyst pre-
cursors has been reported. When styrene was transformed
with [PdCl,(PPh;),]/SnCl, as the precursor, the linear ethyl
3-phenylpropanoate was the major product. The formation
of both the linear and branched palladium alkyls was re-
versible, so that deuterium labelling occurred at all carbon
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Scheme 14. Pathways for deuteration of a-methylstyrene and the derived deuterated isomeric esters

atoms of the side chains of the substrate and esters. In the
absence of SnCl,, the branched ethyl 2-phenylpropanoate
was formed regioselectively and no deuterium was found
adjacent to the phenyl rings. These results show that the
routes leading to the linear metal-alkyls must be blocked.

When o-methylstyrene was used as the starting material,
ethyl 3-phenylbutanoate (A) was predominantly obtained
with both catalytic systems and there was no significant dif-
ference in the deuterium distributions obtained with the
[PACL,(PPhs3),] and  [PdCI,(PPh;),]/SnCl,  systems
(Scheme 14). For the first time, this provides evidence for
the formation of tertiary palladium alkyl species (B) with
a-methylstyrene. These tertiary palladium alkyl species (B),
although favoured over their primary counterparts (C),
overwhelmingly underwent f-hydride elimination and,
probably due to steric hindrance, the branched ester was
not formed. Therefore, these intermediates undergo a slow
migration of CO versus B-elimination. These results show
that the different behaviour of primary, secondary, and ter-
tiary palladium alkyl intermediates under alkoxycarbonyl-
ation conditions may account for the different regioselectiv-
ities.[110]

In the hydroxycarbonylation of styrene, the addition of
SnCl, to the [PACl,(PPhjs),] system also increases the select-
ivity in favour of the linear acid from 30 to 70%. Kinetic
and spectroscopic data seem to indicate that this occurs
through the displacement of a CO ligand from PdM-con-
taining intermediates by the m-acceptor SnCl;~, as discus-
sed above (Scheme 15).1104

Scheme 15 shows that in systems containing chloride,
when X = Cl~, deuterium exchange occurs only at the [3-
position of the vinyl group; i.e. the rate of decomposition
of species B (4) is higher than the rate of its carbonylation
(6). The decomposition of species A (3) did not occur under
the experimental conditions. Therefore, styrene insertion
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Scheme 15. Study of the regioselectivity in the hydroxycarbonyl-
ation of styrene with deuterium labels

into a Pd—H bond was considered to be an equilibrium
step in route (2) and an irreversible step in route (1). In the
presence of SnCl,, extensive deuterium exchange occurs at
both the a and B positions; i.e. the rates of steps (3) and (4)
become similar. This is consistent with the data on the abil-
ity of the SnCl;~ moiety to assist the B-elimination of hy-
drogen from hydrocarbon groups in transition metal com-
plexes!!! 11121 and allowed the authors to suggest that the
formation of an intermediate of type A according to route
(1) with X = SnCl;~ 1is an equilibrium step
(Scheme 15).1106]

These studies prove that f-elimination takes place in the
carbonylation reaction with the palladium catalyst. This
was previously demonstrated for hydroformylation with a
rhodium catalyst by means of deuterium labelling experi-
ments.!!13114 However, the occurrence of B-elimination had
already been deduced for other systems. In the hydroxycar-
bonylation of 1-octene with Pd/monophosphane systems at
temperatures above 150 °C, dehydratocarbonylation was
observed, this being the inverse reaction of hydroxycarbon-
ylation. The acids formed reverted to the alkene, carbon
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monoxide, and water. Both the forward and reverse reac-
tions proceeded with appreciable rates.[]

Recently, deuterium labelling experiments have been used
in the hydroxycarbonylation of acenaphthylene with the
[PACI,(MeCN),] system in the presence of monophos-
phanes with different electronic properties. Deuteriocarbox-
ylation of this substrate is, owing to the structure of the
product, useful for determining the diastereoselectivity of
the cis-addition of Pd—D to the alkene.['!”]

Theoretical Studies

In an attempt to ascertain whether palladium hydride
species or palladium alkoxycarbonyl species are the key in-
termediates in the Pd"-catalysed alkoxycarbonylation of
ethene, ab initio calculations were carried out to provide
information on the transition state barriers of the element-
ary steps. The palladium hydride species was shown to be
preferable to the palladium alkoxycarbonyl species as the
key intermediate.'”) However, comparison of different
routes remains a difficult task in view of the present state
of the art. It can merely be concluded that the calculations
are consistent with the experiments in that there is no pro-
hibitive barrier for either route.[*!]

In situ High-Pressure NMR Experiments

We have performed in situ high-pressure NMR studies of
the hydroxycarbonylation of styrene using several palla-
dium systems in order to obtain insight into the mechan-
isms that control the regioselectivity and the effects of the
phosphorus ligand and the catalyst precursor. Similar in
situ HPNMR studies have been performed for the rhodium
hydroformylation!!'¢1171 and palladium copolymerization
reactions.!'!® In particular, in the case of rhodium hydrofor-
mylation, this approach proved very useful for determining
the intermediate species involved in the catalytic cycle.

In this study, the HPNMR spectroscopic investigations
were carried out using Pd(OAc), and [PdCL,(PhCN),] as
palladium precursors, which were modified with PPh; as a
monophosphane or dppb as a diphosphane [dppb = 1,4-
bis(diphenylphosphanyl)butane]. H,C,O, was used as the
acid under CO atmosphere with [Dg]THF as the solvent.
The system was stirred under pressure to favour the dif-
fusion of the gas. The experimental conditions were chosen
according to previous hydroxycarbonylation catalytic ex-
periments.[23-24]

The System Pd(OAc),/PPhy/H,C,0,

HPNMR experiments were carried out at 30 bar CO and
molar ratios of P/Pd = 4 and H*/Pd = 25 with the
Pd(OAc),/PPh3/H,C>0, system. The system was heated to
100 °C to allow the catalytic species to form. The 3'P{'H}
NMR spectrum of the solution showed a sharp singlet at
O = 14.4. The resonance of the oxidized phosphane was
observed at 6 = 32. At room temperature, the same solution
exhibited a broad signal at 6 = 15.0, together with the sig-
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nal of the oxidized phosphane. When the temperature was
lowered to —60 °C, the signal shifted downfield to 6 = 23.6;
a second signal of low intensity simultaneously appeared at
6 = —5.0, which was assigned to the free PPh; ligand. Des-
pite the acidic medium, no hydride signal was observed in
the "TH NMR spectra (Figure 1; Table 1).

a)
. 100°C
b)
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c)
A -60°C
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Figure 1. 3'P{'H} NMR spectra for the reaction of Pd(OAc), with
PPh; under hydroxycarbonylation conditions at different temper-
atures: (a) 100 °C, (b) room temp., (c) —60 °C

In agreement with previously reported NMR spectro-
scopic data,>! this behaviour may be rationalized in terms
of ligand dissociation and a rapid ligand exchange accord-
ing to an equilibrium between [PdCO(PPhs);] and
[PACO(PPh3),] + PPh;. At low temperatures,
[PACO(PPh;);] and free PPhs are observed.[?”-28]

The HPNMR tube was then depressurized at room tem-
perature and styrene (0.05 mL) was added under nitrogen
(substrate/Pd = 4). The 3'P{'H} NMR spectrum seen at 30
bar CO and room temperature remained unchanged. The
temperature was then increased to 100 °C so as to reach
carbonylation conditions. The formation of the acids was
observed in the 'TH NMR spectrum, indicating the occur-
rence of hydroxycarbonylation. The major acid was the
branched one, as reported previously for palladium systems
with monophosphane ligands.>?! Simultaneously, the spe-
cies observed in the 3'P{'H} NMR spectra were those that
had previously been observed when no substrate was added
at these temperatures (Figure 1). When the system was co-
oled to —60 °C, decoalescence occurred in the same way as
when there was no substrate. No hydride species were ob-
served in the '"H NMR spectra in the course of the experi-
ment.

The System [PdCl,(PhCN),]/PPhy/H,C,0,

Similar HPNMR experiments were performed for
[PACI,(PhCN),]/PPh3/H,C,0,4 at 30 and 10 bar CO, P/Pd =
4, and H*/Pd = 25. The 3'P{'H} NMR spectrum of the
solution at 30 bar CO and 100 °C showed four broad sig-
nals: the signal of the oxidized monophosphane at & = 33,
two minor signals at 6 = 24.5 and 22.9, and a major singlet
at 8 = 6.7. A broad hydride signal was observed in the
'H NMR spectrum at § = —13. At room temperature, the
3SIP{'H} NMR spectrum showed four sharp singlets at § =
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Table 1. NMR spectroscopic data for the [Pd])/PPhs/H,C,0, systems under hydroxycarbonylation conditions

Complex 3 P{'H} (ppm) 8'H (ppm) Ref.

PPh;[ -5 - -

oxidized PPh;® 32 - -

[PACO(PPhs)s] 236 - 2s]
(=70 °C)

[PA(PPh;);] 24.9 - _

cis/trans-[PdCly(PPhj),]i! 23.0, 22.8 - -

[Pd(H)CI(PPh;),] 23.0 —13 (H) [43—46]
(=70 °C)

[PACI(PPhs),(COCH,CH,Ph)] 20.6 1.4; 2.2 (CH,) 351

[PACI(PPhs),{COCH(CH;)Ph}] 19.8 0.8 (CHa); B3]

2.8 (CH)

[al NMR spectroscopic data from experimental results.

32.2, 24.9, 23.0, and 22.8 and a broad signal at & = 6.8.
When the system was cooled to —70 °C, the broad signal
was shifted downfield to 8 = 23 and a new signal appeared
at & = —0; this was assigned to free PPh;. No hydride signal
was observed in the '"H NMR spectrum either at room tem-
perature or at —70 °C (Figure 2; Table 1).

b)
R
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-10 -13 ppm
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)
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Figure 2. 3'P{'H} and 'H NMR spectra for the reaction of
[PACl,(PhCN),] with PPh; under hydroxycarbonylation conditions
at different temperatures: (a) 3'P{'H} NMR spectrum at 100 °C;
(b) 'TH NMR spectrum at 100 °C; (c) 3'P{'H} NMR spectrum at
room temp.; (d) 3'P{'H} NMR spectrum at —70 °C

As previously shown for the Pd(OAc),/PPh; system, a
fast ligand exchange occurs at room temperature as well as
at higher temperatures. However, the integrals of the phos-
phorus signals were different from those with the Pd(OAc),/
PPh; system (Figure 1). These integrals may be indicative
of the presence of a palladium complex with two monopho-
sphanes coordinated as the [Pd(H)CI(PPhs),] species.[*3 461
These coordinated monophosphanes were responsible for
the signal at § = 23 in the 3'P{'H} NMR spectrum and the
corresponding hydride signal was observed at 6 = —13 in
the '"H NMR spectrum. This hydride species is only ob-
served at temperatures at or above 100 °C and under CO
pressure.

The minor sharp singlets observed at room temperature
at 0 = 24.9 were attributed to the formation of [Pd(PPhj);]
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and those at 8 = 23.0 and 22.8 to cis/trans-[PdCIl,(PPhs),].
These complexes have previously been prepared in our
laboratory for NMR assignment.

After cooling and depressurizing the HPNMR tube, styr-
ene was added under nitrogen (substrate/Pd = 4). The solu-
tion was then pressurized with 30 bar CO and in the room
temperature 3'P{'H} NMR spectrum six sharp signals were
observed at & = 32.2 (oxidized monophosphane), 25.0,
23.1, 22.8, 20.6, and 19.8, together with a broad signal at
& = 0 (Figure 3, a). The singlets at 6 = 25.0, 23.1, and 22.8
were assigned to the species previously observed in the ab-
sence of styrene, namely [Pd(PPhs);] and [PdCl,(PPhs),].
Two new singlets appeared at & = 20.6 and 19.8 after the
substrate was added, which were attributed to the palla-
dium acyl complexes [PdCI(PPh;),(COCH,CH,Ph)] and
[PACI(PPh3),{COCH(CH3)Ph}] (Table 1).*31 In the 'H
NMR spectrum, these palladium acyl complexes give rise
to signals at 8 = 1.4 and 2.2 due to the CH, of the linear
isomer and at & = 0.8 and 2.8 due to the CH; and CH of
the branched acyl species, respectively. The major species
was the linear palladium acyl species.

The broad signal observed at § = 0 in the *'P{'H} NMR
spectrum may be attributed to the species [Pd(H)CI(PPhs),]
that was previously observed in the absence of styrene at
& = 6.8 (Figure 2, ¢), despite there being no hydride signal
in the '"H NMR spectrum (Figure 3, a).

When the temperature was increased to 50 °C and 100
°C, hydroxycarbonylation was observed and in the 3'P{'H}
NMR spectrum the palladium acyl signals became broader
(Figure 3, b,c). An exchange of PPh; between the palladium
hydride and the palladium acyl species was observed.

The 3'P{'H} NMR spectrum recorded after 24 hours was
unchanged (Figure 3,d) and the 'H NMR spectrum
showed only 60% conversion to the acids with 64% regiose-
lectivity in favour of the branched acid. When the temper-
ature was increased to 120 °C (Figure 3, ¢), the rate of the
reaction increased considerably and there was a faster phos-
phorus exchange between the palladium hydride and the
palladium acyl species. After a few minutes, conversion re-
ached 92% and the regioselectivity decreased to just 51% in
favour of the branched acid. A dependence of the regiose-
lectivity on the temperature was observed.
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Figure 3. 3'P{'H} and 'H NMR spectra for the reaction of
[PACIy(PhCN),] with PPh; in the h?/droxycarbonylation of styrene
at different temperatures: (a)>'P{'H} NMR spectrum at room
temp.; (b)3'P{'"H} NMR spectrum at 50 °C; (c¢)*'P{'H} NMR
spectrum at 100 °C; (d) 3'P{'H} NMR spectrum after 1 day at
100 °C; (e) 3'P{"H} NMR spectrum at 120 °C; () 3'P{'H} NMR
spectrum after 30 min at 120 °C; (g) '"H NMR spectrum after
30 min at 120 °C; (h) 3'P{'"H} NMR spectrum at —60 °C

After 30 min, the hydroxycarbonylation was seen to be
complete since the styrene and the palladium acyl com-
plexes were no longer observed. A new hydride signal ap-
peared at & = —13 (Figure 3, g). This signal was not ob-
served in the course of the hydroxycarbonylation, possibly
because it was below the detection level. The 3'P{'H} NMR
spectrum (Figure 3, f) was similar to that in the absence of
styrene (Figure 2, a). Oxidized PPhs, giving a signal at & =
32, and minor species such as [Pd(PPhs)s] (6 = 25) and
[PdCl,(PPhj3),] (6 = 24) were observed.

The solution was then cooled to —60 °C and, as previ-
ously observed in the absence of styrene (Figure 2,d), a
broad signal appeared in the *'P{'H} NMR spectrum at
& = 24 due to the complex [Pd(H)CI(PPhs),], along with a
signal due to the free phosphane at 6 = —4 (Figure 3, h).

To confirm the presence of the acyl species, we performed
an experiment with the same [PdCl,(PPhs),]/PPhs/H,C,04
system at 11 bar using a mixture of CO and '*CO (10:1).
Before the styrene was added, the species present were the
same as those seen at 30 bar CO (Figure 2). After the addi-
tion of styrene at room temperature, the carbonyl signals of
the palladium acyl complexes were observed in the 3C
NMR spectrum at & = 234 and 232. The temperature was
then increased to 100 °C so as to reach hydroxycarbonyl-
ation conditions. This pressure favoured the formation of
the linear acid and the '"H NMR spectrum showed the pres-
ence of the hydride (6 = —13) and the palladium acyl spe-
cies.
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During the hydroxycarbonylation, the temperature was
lowered to —90 °C in an attempt to freeze out the interme-
diates of the reaction. The 3'P{'H} spectrum was the same
as that recorded without styrene (Figure 2, d; Figure 3, h),
featuring signals due to the acyl complexes at 6 = 19 and
20. The temperature was then increased to 120 °C and at
the end of the reaction the major product was the linear
acid.

In conclusion, in the Pd/monophosphane systems, the
palladium hydride species was only observed at high tem-
peratures in the presence of carbon monoxide. Chloride
ions favour the formation of this species. No hydrides were
observed with the Pd(OAc),/PPh; system. With the
[PACl,(PhCN),]/PPh; system at 30 bar CO, palladium acyl
complexes were observed during the hydroxycarbonylation.
At lower CO pressures, palladium hydride and palladium
acyl species were observed. Similarly, the regioselectivity of
the system was found to be dependent on the temperature
and pressure; high temperatures and low pressures favoured
the linear acid.

The System Pd(OAc),/dppb/H,C,04

Similar HPNMR experiments were performed with the
Pd(OAc),/dppb/H,C,0, system at 60 and 20 bar CO, P/
Pd = 4, and H*/Pd = 25. At 60 bar CO, the system was
heated to 120 °C to form the active species. The 3'P{'H}
NMR spectrum of the solution showed two broad signals
at & = 16 and —6. Two resonances, corresponding to the
oxidized diphosphane, were present at 6 = 37. A sharp hy-
dride signal was seen in the 'H NMR spectrum at § = —35.6.
The 3'P{'H} NMR spectrum of the same solution at room
temperature showed a minor signal at 8 = 27 and a broad
signal at 6 = 14, along with two signals due to the oxidized
phosphane. On cooling to —70 °C, three broad signals were
observed at 6 = 27, 16, and —14, the last of which was
assigned to free dppb (Figure 4; Table 2).

<)

N RT

d)

-70°C

20 ppm

0 4 ERE] 10 o 0

Figure 4. 3'P{'H} and 'H NMR spectra for the reaction of
Pd(OAc), with dppb under hydroxycarbonylation conditions at dif-
ferent temperatures: (a) >*'P{'H} NMR spectrum at 120 °C; (b) 'H
NMR spectrum at 120 °C; (c) *'P{'H} NMR spectrum at room
temp.; (d) 3'P{'"H} NMR spectrum at —70 °C
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Table 2. NMR spectroscopic data for the [Pd]/dppb/H,C,04 sys-
tems under hydroxycarbonylation conditions

Complex 8'P{'H} (ppm) &'H (ppm) Ref.
dppb —14 - -
oxidized dppb!® 37 _ _
[Pd(dppb),] 27 (=70 °C) - [119]
[Pd(OAc)dppb] 16 (=70 °C) - 28]
[(dppb),Pd,(p-H)(u-CO)]OAc 23 —6.4 (u-H) 5253
[PACl,dppb]t 28 - _

[al NMR spectroscopic data from experimental results.

These spectra may be explained in terms of ligand disso-
ciation and a rapid ligand exchange at high temperatures.
The signal at 6 = 27 may be attributed to the complex
[Pd(dppb),],l''1 and that at & = 16 to the species
[Pd(OAc),dppb].[?8] These species can undergo exchange of
free dppb at high temperatures, thereby accounting for the
broad signal at 6 = 16. There may also be a dinuclear spe-
cies with two bridging chelate diphosphanes coordinated to
two palladium centres, with a hydride and carbon monoxide
or acetate in a frans arrangement (Scheme 10, a). One of
the two signals at & = 37 can be attributed to monooxidized
monocoordinated diphosphane. The species
[PA(P—P)(P—P=0)] or [Pd(OAc),(P—P=0)] may be
formed, as has previously been suggested for the reduction
of Pd™ species to Pd® as a means of initiating the catalytic
cycle.”® The sharp signal in the '"H NMR spectrum at high
temperatures did not show the expected large coupling con-
stant for a hydride and a trans phosphorus atom (about
180 Hz). Therefore, the palladium hydride species did not
have a hydride and the phosphane in a mutual trans ar-
rangement. This species may correspond to the previously
proposed dinuclear species.

The HPNMR tube was then depressurized at room tem-
perature and styrene was added under nitrogen (substrate/
Pd = 4). The 3'P{'H} NMR spectrum at 60 bar CO and
room temperature remained unchanged. The temperature
was then increased to 120 °C so as to reach carbonylation
conditions, and the formation of acids was observed in the
'H NMR spectrum during the hydroxycarbonylation. As
was previously reported for palladium systems with diphos-
phane ligands, the major product was the linear acid.??!
The species observed in the 3'P{'H} NMR spectrum of the
same solution were those that had previously been observed
when no substrate was added at these temperatures (Fig-
ure 4). Furthermore, when the system was cooled to —70
°C, the behaviour was the same as that when no substrate
was added. The hydride species was observed in the 'H
NMR spectrum only at high temperatures under carbon
monoxide pressure. No palladium acyl species were ob-
served.

An experiment was performed with the same system
Pd(OAc),/dppb/H,C50, at 20 bar CO with 1 bar of '3CO.
Prior to the addition of styrene, the species seen in the
3IP{'H} NMR were the same as those seen at 60 bar CO
(Figure 4) at the different temperatures, with only a minor
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singlet appearing at § = 23. In the '"H NMR spectrum, the
sharp hydride signal was also present at 8 = —5.6 and an-
other minor broad signal was present at & = —6.4. This
palladium hydride signal and the 3'P{'H} singlet at § = 23
may be attributed to the dinuclear palladium species
[(dppb),Pds(u-H)(u-CO)]OAC.>3

When styrene was added and the system was heated to
120 °C, the 3'P{'H} and '"H NMR spectra were unchanged.
In the 3C NMR spectrum, however, a broad carbonyl sig-
nal due to a palladium acyl complex appeared at 5 = 234.
During the hydroxycarbonylation, formation of the linear
acid was seen to be preferred. The system was cooled to
—70 °C and the 3'P{'"H} NMR spectrum recorded at this
temperature was the same as that when no styrene was ad-
ded (Figure 4, d). The temperature was then increased to
120 °C once more and the reaction went to completion giv-
ing mainly the linear acid.

The System [PdCl,(PhCN),]/dppb/H,C,04

Similar HPNMR experiments were performed with the
[PACIy(PhCN),]/dppb/H,C50,4 system at 60 bar CO, P/
Pd = 4, and H"/Pd = 25. The *'P{'"H} NMR spectrum of
the solution at 120 °C showed only free and oxidized dppb
and a small signal due to the sparingly soluble [PdCl,dppb]
complex at 6 = 28. When styrene was added to the system,
no activity was observed. After one week, a small broad
signal had appeared at 6 = 16 in the room temperature
3IP{'H} NMR spectrum. This signal was similar to that for
the Pd(OAc), system (Figure 4, ¢), where a small amount
of the linear acid was observed. This may explain the fact
that the [PdCl,(PhCN),])/dppb system requires high pres-
sures and temperatures in the catalytic experiments.

In conclusion, for the Pd(OAc),/dppb system palladium
hydride species have been observed at high temperatures in
the presence of carbon monoxide. On the other hand, mono-
phosphane systems need chloride ions to stabilize the hy-
dride species. At 20 bar CO, an acyl complex and the hy-
dride species were observed by '3C NMR spectroscopy. In
the presence of palladium species, the occurrence of
monooxidized, monocoordinated diphosphanes cannot be
discarded, but the regioselectivity has invariably been found
to favour the linear acid. The fact that some enantiomeric
excess was seen with chiral diphosphanes means that some
diphosphane remained coordinated as a chelate.[*!

Discussion of the Catalytic Cycle

The key questions to be answered concerning the cata-
lytic cycle, focussing on the hydroxycarbonylation of styr-
ene, are:

— Is the starting point a palladium hydride or a palla-
dium alkoxycarbonyl species?

— How does the regioselectivity relate to the ligand, an-
ion, and solvents?

Of the two proposed mechanisms, most researchers agree
that the hydride mechanism is more common than the al-
koxycarbonyl path in the alkoxycarbonylation of alkenes
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with palladium systems. However, the involvement of al-
koxycarbonyl species cannot be discarded as they are stable
intermediates.””) We must distinguish between hydroxycar-
bonylation and alkoxycarbonylation, as these reactions may
have different characteristics. The prevailing mechanism for
methoxycarbonylation is the hydride mechanism, but firm
evidence has been presented for the occurrence of the me-
thoxycarbonyl species as well. As examples, we mention
double methoxycarbonylation leading to succinates,¢”-6%]
the formation of methyl methacrylate from propyne,!!?"]
and the formation of diesters during polyketone forma-
tion.[®! In two of these cases there is no choice, and the
methoxycarbonyl species is the putative starting point. On
the other hand, as pointed out by Sperrle and Consiglio, >
it is difficult to present direct experimental evidence for
either mechanism for the reactions producing monoesters
or acids. For the very fast methoxycarbonylation of propene
in methanol wusing alkyl diphosphanes, it was sug-
gested!'?2123] that palladium hydrido species were the start-
ing points of the catalytic cycle as they were observed be-
sides alkyl and alkanoyl species in separate NMR spectro-
scopy studies. Similar results have been reported® for the
hydroxycarbonylation of propene in water using palladium
complexes of tppts. However convincing it might seem
though, it should be borne in mind that, strictly speaking,
this remains circumstantial evidence. As we will discuss be-
low, even kinetic measurements may not necessarily lead to
clear-cut experimental evidence.

In the present study, like previous authors, we have ob-
served palladium hydride intermediates and palladium acyl
intermediates in the HPNMR experiments. The presence of
hydroxycarbonyl species (or alkoxycarbonyl speciest!??123])
below the detection limit responsible for the activity of the
system 1is less likely because previous reactivity studies have
shown that the alkoxycarbonyl species is less reactive than
the hydride species.['®871 This brings us to an important dif-
ference between alkoxycarbonylation and hydroxycarbonyl-
ation. The latter involves the PACOOH fragment, which is
highly unstable and rapidly degrades to palladium hydride
and carbon dioxide. In the presence of oxidizing agents, di-
valent palladium dominates during the methoxycarbonyl-
ation, which leads to methoxycarbonyl species as the initiat-
ing group, provided that the system is anhydrous.[33:!2]
Tooze et al. reported an exception to this, a hydride being
central to the catalytic cycle in the presence of an oxidizing
agent, but it was not explicitly mentioned that this system
was anhydrous. In the presence of water, the hydroxycar-
bonyl palladium species forms and hence palladium hydride
will start the sequence.['6:122:123]

There are many other ways by which the palladium hy-
dride species can be formed: (a) by B-elimination from the
[PACH(Ph)CH,COOH] intermediate,*!! (b) by the forma-
tion of diacids, i.e. double carbonylation (the absence of
minute amounts of these by-products in our experiments,
as previously reported in catalytic experiments,!>*! is incom-
patible with the presence of metal—carboxylic acid interme-
diates), (c) by reduction of phosphanes, (d) by addition of
H,, and (e) by B-elimination from [PdAOCH,R] species.[-12!]
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The deuterium exchange between the alkene and ROD
found during the alkoxy- and hydroxycarbonyl-
ationl'96-19%-1101 can only occur through reversible alkene in-
sertion into a Pd—D bond, which strongly supports a reac-
tion mechanism involving this step as well. The reversibility
has implications for the regio- or enantioselectivity, as we
will see below.

The regioselectivity and stereoselectivity have previously
been discussed by Consiglio.['°1:121] From the regioselectiv-
ity, it was concluded that the insertion of styrene into a
metal—acyl bond leads to branched products, while its in-
sertion into a metal hydride leads to linear prod-
ucts.P+10L12T Tt s tempting to apply this finding to hydro-
carboxylation as well. For the present systems, this is not
the case as both the monodentate ligand systems, leading
to mainly branched acid, and the bidentate ligand based
systems, leading to mainly linear acid, imply insertions of
styrene into a palladium hydride fragment. It has been ar-
gued!'?!] that insertion into a palladium hydride causes less
steric constraints than insertion into a palladium alkoxycar-
bonyl species, and thus a lower stereospecificity can be ob-
tained for the former. Indeed, high enantioselectivities were
obtained in the formation of succinate.[®”? This would make
stereoselective hydroxycarbonylation difficult to accom-
plish. On the other hand, insertion of styrene into a palla-
dium hydride bond may bring the aryl substituent in close
proximity to a cis ligand, if this were a bulky and/or chiral
ligand. We have previously reasoned that this steric interac-
tion would stimulate the formation of linear products,
which indeed seems to be the case for cis bidentate phos-
phane catalysts. A second problem arises from the reversib-
ility of the insertion reactions. Alkene insertion is reversible,
but so may be the insertion of carbon monoxide. If this
were so, and the nucleophilic attack of water on the acyl
group were to play a role in determining the overall rate,
the selectivities under Curtin—Hammett conditions would
be determined by all the rates and concentrations. In other
words, the selectivities are determined by the differences in
the overall final barriers. This may explain the low enanti-
oselectivities obtained in many instances. It also complic-
ates the discussion of the regioselectivity, as one pathway
may involve complete equilibration while another may not.

Insertion reactions of alkenes and carbon monoxide us-
ing cationic palladium catalysts in alcohols and water may
give rates of tens of thousands of turnovers per hour at 100
°C or even below.[*>#71 The oxalic acid based systems are
several orders of magnitude slower, for which there may be
a number of reasons. Firstly, sites may be blocked by coord-
inating anions or by excess phosphanes. Secondly, low con-
centrations of alkenes may be found, especially in biphasic
reactions.l?”) Thirdly, palladium may be present in a state
other than the required PdH™ species, for example as Pd®
species or as inactive dimers. Populating resting states of
the latter two types diminishes the reactivity of the system,
as we reported above. Stable palladium hydrides are ob-
tained when two phosphanes occupy cis positions with re-
spect to the hydride. We found that monophosphanes do
indeed provide the fastest catalysts and the diphosphanes
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provide much slower catalysts in the oxalic acid system.[>!
In line with this, bidentate phosphanes having wide bite
angles, which can also form trans complexes, give the most
effective catalysts amongst the group of bidentate li-
gands.[>31 Alkylphosphanes should give more stable hydride
species as well, but in this system they show no activity and
other side reactions must be followed, such as phosphon-
ium salt formation perhaps.

Strong acids and polar media shift the equilibrium
(Scheme 5) between Pd® and PdH™ to the right. Indeed,
high activities can be obtained?®1%? in water when soluble
alkenes such as ethene and propene are used, but naturally
this is not the case for styrene. Non-coordinating anions
(i.e. the conjugate bases of strong acids) are also preferred
in order to enhance coordination of alkenes and CO. Never-
theless, chloride has often been found to give the best re-
sults,® which may perhaps be ascribed to the higher
stability of palladium hydrides when chloride anions are
present. Acidic systems have an intrinsic drawback. If the
nucleophilic attack on the acyl-palladium species is indeed
rate determining, the strongest nucleophile present is water
itself rather than the more nucleophilic hydroxide. This may
be compared the very fast reaction of acyl palladium spe-
cies and methoxy anions observed by Toth.[!¢]

In an attempt to bring together the previously discussed
reports and our in situ HPNMR study, we have summar-
ized the catalytic cycle for the hydroxycarbonylation of styr-
ene in Scheme 16.

A pre-equilibrium between different Pd° species bearing
phosphane and carbon monoxide ligands is proposed; the
stabilities of these species depend on the nature of the acidic
medium and the phosphorus ligands, as demonstrated in
the HPNMR spectra of the Pd(OAc),/PPh3/H,C,0, system

+L

(Figure 1). This Pd® species can be formed by the methods
discussed above, by oxidation of the phosphane,?”?% or in
the presence of CO and H,O.[821 Because the acid used
(AcOH) is not very strong, little hydride will be formed.

The insertion of styrene into the palladium hydride bond
leads to two alkyl isomers, which can interconvert through
B-elimination. Previous catalytic experiments,®> kinetic
studies,['%! and deuterium labelling methods!!?%-11% have
demonstrated the occurrence of this B-elimination reaction.

For the branched palladium alkyl intermediate, stabiliza-
tion through the formation of n-benzylic species>3¢3 must
also be taken into account. Thus, the regioselectivity may
not yet be determined at this stage. The alkyl-alkanoyl equi-
librium may reside on the side of the alkyl species, particu-
larly for those m-benzylic species for which the insertion
may be relatively slow, as has also been found for allyl palla-
dium species.'>* The palladium acyl intermediates are
formed by the insertion of carbon monoxide into the
palladium—alkyl bond. The equilibrium between the palla-
dium hydride species and palladium acyl species proposed
in this catalytic cycle is in agreement with the reversibility
of the CO insertion in the palladium alkyl bond, which was
also verified by catalytic experiments.[’!’”] Equilibration
may even extend all the way between Pd® species and palla-
dium acyl intermediates during hydroxycarbonylation
(Scheme 17). Depending on the conditions, it seems likely
that linear alkyl formation is irreversible whereas branched
alkyl formation is reversible, even further down to alkanoyl
formation. At least the trend will be in this direction.

Indeed, in the hydroxycarbonylation of styrene, kinetic
and deuterium labelling studies have demonstrated that for
the branched alkyl intermediate B-elimination is faster than

[PA(COXL),] [PA(COXL),]
- 14 +
Ph
L L, d/%/ H,0 H,0 [La P dﬁ\/\P% .
+L " ‘ +L
[L,Pd-H]*
Ph e, €L = Ph]+
+ COOH
. P Ph | Ph pp”~~COOH [szd\cﬁo }
SN L S S a1+
L,Pd_
ZPh

+L || -L

H

4]

&4 + %O
-L |tL3Pd

Scheme 16. Proposed catalytic cycle for the hydroxycarbonylation of styrene
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Scheme 17. Different proposals for the final step in the palladium
carbonylation reactions

CO insertion, but that for the linear alkyl intermediate car-
bonylation is faster than B-elimination.[196:109:110]

In the HPNMR experiments using 3'P as the probe, we
could not establish whether or not equilibration was operat-
ive all the way from the hydride to the alkanoyl, because
exchange of the phosphane ligand probe between the free
and complexed species proved to be the fastest reaction,
thus prohibiting the observation of exchange of CO or styr-
ene. Phosphane exchange occurs on the NMR time scale
and if reversible insertions were to have rates of only a few
percent of that of this exchange, they would still be faster
than the overall catalytic process.

We consider next the regioselectivity. The HPNMR ex-
periments and the previously described kinetic stud-
ies!0+105.108] have shown that regioselectivity is dependent
on the pressure and temperature. High temperatures and
low CO pressures favour formation of the linear acid as
these conditions favour B-elimination from the stabilized -
benzylic species to give the linear palladium alkyl species.

Previously, we have offered a tentative explanation for the
different regioselectivities of monophosphanes and diphos-
phanes. The reason for the high degree of linearity achieved
with diphosphane catalysts is not the higher temperatures
used. Catalytic experiments performed under identical con-
ditions (20 bar CO, 150 °C, and P/Pd ratio = 4) with PPh;
as the monophosphane led to a branched/linear ratio of
73:27, while the ratio was 28:72 for the diphosphane
dppb.[>31 We surmise that cis-coordinated diphosphanes ver-
sus zrans-coordinated monophosphanes could be the key to
regioselectivity control. In a cis-diphosphane complex, a
strong interaction between the moieties on the phosphane
and the aryl group of styrene leads to the formation of lin-
ear alkyl-palladium species. Reversibility plays an import-
ant role and we still have insufficient knowledge about this.
Branched alkanoyl species are probably slightly more stable
than linear ones, but nucleophilic attack on the latter may
be faster and thus the regioselectivity under
Curtin—Hammett conditions is hard to predict.

Complexes containing fewer phosphanes coordinated to
the palladium form more of the branched acid.['%+193] Sim-

2736

ilarly, more hindered alkenes afford the linear acid.®®! In
conclusion, the regioselectivity remains an extremely delic-
ate issue. It is still difficult to predict given the complex
kinetics involved, with rates depending on the pressure,
temperature, counteranion, and phosphorus ligand.

Finally, the mechanism of the last step is not so clear and
is often neglected. For the palladium carbonylation reac-
tions, nucleophilic attack of R’"O~ would generally lead to
Pd° and H*, with oxidative addition occurring as the next
step. Alternatively, the oxidative addition of R’OH to Pd™,
in other words a sort of a-bond metathesis, may be consid-
ered (Scheme 17).

All evidence for the recently published, fast catalyst
points to the fact that the hydrolysis step is rate determin-
ing. For the many systems mentioned above, the rates vary
by many orders of magnitude. On the one hand, this may
be due to the intrinsic effects of the ligands, anions, and
solvents on the rate, but on the other hand it may also be
due to the effects these factors have on the resting states,
including those outside of the catalytic cycle. Monodentate
ligands give the fastest reactions.

Polyketone catalysis employing a variety of cis-chelating
bidentate ligands shows that insertion reactions are fast
(several thousands of insertions per hour), while termina-
tion at 80—100 °C occurs only several times per hour. The
latter depends on the time that the growing chain end exists
as an alkyl or an acyl species, but at high CO pressures
appreciable amounts of acyl palladium chain ends are pre-
sent.[”8 Thus, an acyl species trans to a phosphane ligand
reacts relatively slowly””! with water or an alcohol as the
nucleophile, whereas insertion reactions are fast. In mono-
phosphane systems, the group ¢rans to acyl is a solvent mo-
lecule and in this case insertion reactions are slower and the
acyl group is more susceptible to nucleophilic attack due to
the smaller frans influence.

Conclusion

The reports that we have reviewed herein have shown that
the hydroxycarbonylation reaction involves a palladium hy-
dride mechanism and that palladium hydride, palladium al-
kyl, and palladium acyl are the intermediates of this reac-
tion.

Previous kinetic and deuterium labelling studies proved
the involvement of a B-elimination reaction. We have now
performed in situ HPNMR experiments on different sys-
tems. Pd®, palladium hydride, and palladium acyl species
were observed during the hydroxycarbonylation reaction.
We propose an equilibrium between the Pd® and the palla-
dium acyl species in a catalytic cycle.

Control of the regioselectivity of the hydroxycarbonyl-
ation has proved to be dependent on the phosphorus ligand,
the counteranion, the pressure, and the temperature. The
regioselectivity remains a complicated issue and equilibra-
tion between several intermediates seems likely to play a
major role, except in the case of diphosphane systems,
where steric hindrance leads to predominantly irreversible,
linear alkyl formation.
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