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Abstract
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1. Introduction

Over the past 15 years since Falbe’s ‘New Syntheses with Carbon Monoxide’ [1], many monographs on the
partial aspects of syngas chemistry but no comprehensive presentation of the progress and development trends in
hydroformylation and carbonylation have been published {2-8]. Therefore this paper will provide a survey of the
focal points of both types of syntheses and their industrial relevant developments since approx. 1980.

In 1980, hydroformylation, which celebrated its 50" anniversary [6] in 1988, was a ripe technology with
worldwide capacities of 5.2 10° tons per year [1] (1965: 0.8 X 10° t [9], 1995: over 6.6 X 10° t, cf. Section
2.4.1.). Surprisingly, the product range of technical hydroformylation (oxo synthesis, Roelen reaction) has remained
nearly unchanged for the past 15 years, although between 1965 and 1980 a remarkable diversification of products,
refinement of methods and further development of the Co-based processes took place as did the initial penetration
and substitution of these processes by Rh-based catalysts [10]. As compared to less than 10% in 1980, in 1995
nearly 80% of all oxo products will be produced using Rh catalysts (over 90% in the case of propylene hydrofor-
mylation, [11], cf. Section 2.4.).

This surprising change in the process basis of a technology, which already took place in 1980, can be compared
only with the groundbreaking conversions of the carbonylation reaction to acetic acid, either by substituting the
metal base of methanol carbonylation from cobalt to rhodium or changing the feedstock from ethylene (via

* Corresponding author.
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acetaldehyde) to methanol. It may be assumed that the hydroformylation and carbonylation processes will undergo
other similar fundamental changes as far as reaction engineering is concerned. In addition, the carbonylation business
may be affected by considerable extensions of the product range. Some of these developments are already discernible
and will determine the R&D work of 0xo and carbonylation laboratories in industry as well as at universities (cf.
Section 4.).

As far as the hydroformylation and carbonylation processes are concerned, the past 15 years were marked by
several (partly in parallel) developments of great economic significance:

1. The substitution of the catalyst’s central atom cobalt by rhodium may have been obvious or even overdue since
Schiller’s and Esso’s patent applications [ 12]. Nevertheless, a hydroformylation catalyst metal as Rh did not become
important, economically or technically viable until the success of UCC [13] in 1976 and prior efforts of the former
Celanese Corp. [14]. As regards the carbonylation and the manufacture of acetic acid, the move from cobalt to
rhodium (Monsanto versus BASF process) took place in the early seventies and the switch from ethylene (via
acetaldehyde) to methanol as feedstock is currently under way. Other processes lost their importance or diminished
in significance, e.g. the homogeneously and with Ni(CO), catalyzed Reppe-carbonylation of acetylene to acrylic
acid versus the heterogeneously catalyzed vapour phase oxidation of propylene.

While oxo syntheses are determined only by Co and Rh catalysts, the range of the carbonylation products -
formerly based on Co, Ni, Pd and Rh catalysts — has now been extended by Se, Cu, Fe, Ru, Ir, Pt, Ag or Mn and
others as central atoms of appropriate complex catalysts.

2. While the industrially relevant product range of hydroformylation has remained more or less unchanged over
the past 15 years, the research work on carbonylation reactions has continued to diversify. Isocyanates by carbon-
ylation of nitro compounds or amines, anthraquinone from benzene, vinyl acetate from methyl acetate or different
carboxylic acids (adipic acid from butadiene, terephthalic acid from toluene, trimellith acid from m-xylene) are
based on processes which in some cases will be introduced into technical operation [ 15]. Besides these industrially
relevant processes, R&D work on carbonylation chemistry has provided a wide range of techniques for specialties
such as ethylene/CO copolymers, succinic acid esters, acrylic acids and profenes, sarcosinates, and others. Other
important and technically viable syntheses may be expected.

3. The variations of the central atoms are accompanied by modifications of the ligands. The complex catalysts
for hydroformylation and carbonylation reactions profited considerably from advanced knowledge of the correlations
between central atoms and ligands on the one hand and their activity and selectivity relationships on the other hand.
Today’s customary ‘tuning’ of catalysts would not be possible without the deep insights into ligands of complex
catalysts or the experiences acquired in industrial productions such as the Monsanto (to acetic acid), Union Carbide
or Ruhrchemie/Rhodne-Poulenc (0xo) processes. The development of a generation of more active and more effective
ligands is underway in various industry and university laboratories. This is especially true of stereoselective catalysts.

4. As far as technical procedures and modifications are concerned the last 12 years demonstrated the breakthrough
of biphasic processes [16], which were prophesied by Manassen back in 1972 [17] and have proved their
significance and efficacy in producing higher olefins (Shell’s SHOP process [ 18]), stereoselectively hydrogenated
substrates (L-Dopa, Monsanto, [19]), phenyl acetic acids (Montedison, [20]) or oxo aldehydes (Ruhrchemie/
Rhéne-Poulenc, [21]). Thus, the problem of a ‘heterogenization’ of homogeneous catalysts, important scientifically
as well as economically, has been solved in principle. Other methods which involved a variation of the application
phase and thus a heterogenization or ‘immobilization’ by precipitation of the catalytical active species on supports
(‘anchoring’) remained unsuccessful.

Special and more economically inclined developments with hydroformylation or carbonylation reactions can only
be mentioned briefly, such as the discussions about toxicities of different oxo plasticizer alcohols ( which is controlled
by competitive interests), the expansion of the products derived from the methanol carbonylation of acetic acid to
acetic anhydride and thus the economically important change in licensing rights from Monsanto to BP etc.
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2. Hydroformylation
2.1. Catalysts

Hydroformylation catalysts typically consist of a transition metal atom (M) which enables the formation of
metal-carbonyl hydride species. Optionally, these complexes are modified by additional ligands (L). A general
composition is represented by the structure

HM,(CO).L,
1

The active hydroformylation species may be formed by precursors of different composition. Even transition metal
chlorides have been shown to be active as they are converted under syngas pressure and high temperature to species
defined by the above mentioned formula.

The application of two or more metals, homo- or bimetallic, will be discussed in Section 2.1.1.2. Improvements
of the catalyst’s performance have mainly been achieved by variation of the modifying ligands which will be
discussed in Section 2.1.2. Since the last in-depth review in 1980 [22] more than 150 papers and patents on
hydroformylation have appeared annually. In 1994 alone, the CAS reviewed 234 publications in this area [23]. The
following sections will therefore discuss the recent developments using carefully selected examples.

2.1.1. Variation of the central atom

2.1.1.1. Monometallic catalysts

Modern hydroformylation research focuses almost exclusively on the metals cobalt, rhodium, and platinum
although considerable effort also went into ruthenium catalysts [24]. The generally accepted order of hydrofor-
mylation activity with regard to the central metal atom clarifies this picture [25]:

Rh>> Co>>Ir, Ru> Os >Pt>Pd > Fe > Ni

Commercial hydroformylation plants are run exclusively with catalysts based on Rh or Co, namely HCo(CO),,
HCo(CO);PBu; and HRh(CO) (PR;)5 [26] (cf. Section 2.4.).

Up to now, platinum and ruthenium catalysts are mainly of academic interest. Tin(II) chloride modified platinum
catalysts have significantly gained importance in the field of asymmetric hydroformylation. Many other carbonyl
forming transition metals have been claimed to be active in the oxo reaction, for instance Mo [27,29](c), Cr [27],
Mn [28], Tc [32], Ir [311], Fe [29] or Os [30]. However, activities and lifetimes of these catalysts are inferior to
those achieved with Rh, Co, Pt or Ru. A comparison of phosphine modified and unmodified Co, Rh, Ru, Os and Ir
carbonyls in the hydroformylation of propene can be found in [22]. A more recent work compares group 8 and
group 9 transition metals in the hydroformylation of 1-hexene and confirms the above-stated order of reactivity
[33].

Today the main activities of hydroformylation research are in the fields of ligand syntheses and modified catalysts.
However, unmodified complexes like HCo(CO), [34], Co,(CO)g, Rhy(CO),, or Ruz(CO),, [24] are still the
object of detailed studies. This is partly due to their easy availability, their well-known properties and their rather
unproblematic handling. Additionally, they serve as much simpler models than modified catalysts. But the main
reason for their persistent topicality is the fact that the mechanism of hydroformylation is far from being well
understood. Despite its long history, HCo(CO), for instance has been known and applied in the oxo reaction since
the early days of Roelen’s discovery in 1938 [6,35] yet some points related to the mechanism have still not been
clarified in detail [36]. Since Heck and Breslow formulated their generally accepted hydroformylation cycle {37],
several questions arose which were the subject of intense discussions during the eighties.

For instance, the reaction of acyl cobalt complexes with hydrogen equivalents and the successive reductive
elimination of the aldehyde were debated [38]. For this very last step of the hydroformylation cycle several pathways
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are possible, including radical species [39]. The two most plausible pathways for the hydrogenation of an acyl
cobalt carbonyl are shown in Eq. 1.

HCo(CO), ]
> Co0y(CO); + R—C—H

n—ﬁ:—cmcm4

o}
H, Il
HCo(CO), + R—C—H .

Mirbach stated the reaction of the acylcobalt complex with HCo(CO), to be the minor pathway, whereas the
reaction with H, dominates the catalytic cycle in the hydroformylation of 1-octene and cyclohexene. Markd, however,
found that the hydridocobalt complex reacts twelve times faster with the acylcobalt complex than with hydrogen.
Correctly, he stated [38](a):‘“...in the long-lasting discussion about the role of H, and HCo(CO), in the hydro-
genolysis of acylcobalt carbonyls...both views may be correct. ...obviously their relative importance will depend
on the structure of the acyl complex.”’

This was proven by later work of the same author [38] (e) and undoubtedly — under industrially applied reaction
conditions — the hydrogenolysis of the acylcobalt complex is effected exclusively by hydrogen. The remaining
hydrido cobalt species is still in question. Besides HCo(CQO); the cobalt cluster HCo;(CO), is discussed [40].
Some work related to the electronic structure of the catalyst [41] contributed to this discussion, for instance light-
induced hydroformylation [42], but significant progress in this area is still lacking.

2.1.1.2. “Poly’metallic catalysts

Hydroformylation catalysts consisting of more than one metal atom have been thoroughly studied. Especially
cluster chemistry contributed a tremendous amount of work in this area before the decline of this sector in homo-
geneous catalysis became obvious. Numerous publications [43] have shown that clusters used as starting materials
are degraded to at least bimetallic species which performs the hydroformylation reaction. The species studied [44]
in the past cover homo- and heterometallic, phosphido-bridged and ligand-modified mono and mixed metal clusters.
The most recent work by Garland [45] clearly indicates that compounds like Rh,(CQ) ,,, Rhg(CO) 16, Rh,(CO) Cl,,
CoRh(CO); and Co,Rh,(CO),, are degraded to the active transient species HRh(CO); under hydroformylation
conditions. The often-mentioned synergistic effect [46] in cluster catalysis is in this case due to the rapid formation
of the active catalyst species. The induction period is 2-3 orders of magnitude shorter compared to conventional
catalyst precursors. The reaction is exclusively performed by the monomeric Rh species. However, it cannot be
excluded that under certain reaction conditions, especially at low temperatures and pressures, the cluster species are
more active than their monometallic counterparts [47]. A recent comprehensive review on clusters and hydrofor-
mylation can be found in [48].

The situation with ligand modified bimetallic catalysts is completely different. The slogan *‘two metals are better
than one’’ found its way into the literature. Work of Stanley and Kalck in this area suggests that bimetallic catalysts
show cooperative effects in the catalytic cycle.

High activities and selectivities in the hydroformylation of 1-hexene (n/iso=96/4) were reported during the
use of the phosphine ligand CH, [ P(Ph) CH,CH,PE, ], [49]. The proposed active species 2 indicates a cooperative
effect of both rhodium centers (structures 2 and 3). The postulated bimetallic reaction mechanism [50,51] is based
on well-established steps, for instance the hydride transfer reaction between two metal centers. Additionally, similar
tetra dentate phosphines that prevent a metal-metal interaction by steric reasons show lower or no activity at all.
The high rates achieved with 2 at moderate reaction conditions are dramatically decreased if electronically equivalent
mono phosphines were used instead of CH,[P(Ph) CH,CH,PEt, ] ,. The low rates expected for electron-rich ligands
were observed in these cases. Altogether, there is strong evidence for a real cooperative effect of the two metal
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centers as the results obtained with the bimetallic system are completely different from those achieved with their
monometallic counterparts.

(o] R
Se” co
’ __,.\\\Hl,,,,_ ||Rh
Et,P—Rh ‘Rh—PEt
N
P
I\/l
Ph Ph
2
R3Pu., wSu,  wCO

Rh
oc” s “em,

3

Kalck [52] reported the thiolato bridged complexes Rh, (u-SR),(CO),L, (3) (R="Bu, Ph and L=P(OMe),,
P(OPh),, PPh, [ = TPP]) to exclusively form aldehydes in oxo-synthesis. No formation of alcohols or condensation
products (heavy ends) was observed. Compared to their monometallic derivatives these complexes show high
activities in the hydroformylation of 1-hexene. A bimetallic reaction mechanism has been formulated. However,
the results are similar to conventional Rh/TPP complexes, so that the true nature of the catalysts might be mono-
metallic. This is supported by work of Southern, which indicates that hydroformylation of 1-hexene shows a half-
order dependence on the catalyst concentration [53].

Although both leading research groups in this area argue the true nature of their catalysts, the results are
encouraging and seem to replace the cluster parties in this particular field of bi- and polymetallic catalysis. Similar
to Kalck’s systems, fluorothiolato- [54] and aminothiolato- [55] bridged dinuclear rhodium complexes [Rh(u-
SR)(L)(L")], (L=L'=COD or L=CO, L’ =PR’;) have been described as active precursors for the hydrofor-
mylation of alkenes under mild conditions (5 atm, 80°C). Recently, the dithiolato-bridged rhodium complexes
Rh,(u-S(CH,),S) (COD), (n=2, 3 or 4, COD = 1.5 cyclooctadiene) were reported to catalyze the hydroformy-
lation of 1-hexene with and without additional phosphine or phosphite ligands [56]. Bimetallic and bipurpose as
well as asymmetric variants of this basic type of catalysts have also been described [57,521].

2.1.2.Variation of the ligand

2.1.2.1. Basic principles

As mentioned above, the most active research areas in hydroformylation are ligand synthesis and their coordination
chemistry. Considering the developments in the last fifteen years, the lack of a consistent structure—activity rela-
tionship is obvious. Very often the catalytic results of sometimes costly synthesized ligands are disappointing.
Surprisingly, efforts by the scientific community to overcome this problem has been limited. The intellectually
appealing, creative synthesis of sophisticated ligands promises more glory than systematic work on the basics of
structure and performance in the oxo reaction. Nevertheless, it is recognized that a general theory is unlikely to be
formulated in the near future and if one is, it will be limited to closely related classes of ligands and metal atoms.

Among the classes of compounds which are able to coordinate to a transition metal and form a complex, phosphines
are the most widely used and accepted ligands [58]. Nitrogen containing ligands like amines, amides or isonitriles
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showed exclusively lower reaction rates in the oxo reaction due to their stronger coordination to the metal center.
Accordingly, water-soluble amine ligands have been used to recover rhodium metal from organic waste streams
[59]. The most extensive work on the influence of amine ligands on the hydroformylation of propene with Rh(CO)—
(PPh;),Cl can be found in [60]. Schumann and others described mono- and dirhodium complexes with pyrazolato
moieties to be active in the hydroformylation of 1-alkenes [61]. Yet selectivities and activities were poor. A
comparative study of Ph,E (E=element of Main Group V) in the hydroformylation of 1-dodecene showed the
following order of reactivity: PhyP>> Ph;N > Ph;As. Ph,Sb> Ph;Bi proving again the superiority of phosphine
ligands [62].

A major breakthrough in the replacement of phosphines was recently achieved by Herrmann et al. [63]. Carbenes
obtained from imidazolium salts are surprisingly stable and were isolated in their free form [64]. More than twenty
metal complexes have been synthesized, among them the rhodium complexes 4 and 5. These complexes catalyze
the hydroformylation of 1-hexene: It remains to be seen what this new class of ligands will contribute to the
hydroformylation reaction in particular and to catalysis in general.

tBlu
N
[ >ﬁRh(CO)(cod)
N
o
Bu
4
'Bu
\N \
o />
By N /CI "/'l\N
N\ Rh Rh \
&/N\
'Bu
5

Due to their extensive use in catalysis, phosphines and their coordination chemistry have been studied in the most
detail [58]. Since Tolman’s basic work on the cone angles and electronic parameters of phosphines [65] only a
few papers appeared dealing with the structure and influence of phosphines on the catalytic results [66]. Bonding
and energetics of phosphorus (III) ligands in transition metal complexes have been reviewed [67]. Casey developed
the ‘natural bite angle’ as an additional characteristic of diphosphines based on molecular mechanics calculations
[68]. Selectivities for linear versus branched products can now be estimated from the ligand’s structure in some
cases. The concept of the natural bite angle is generally accepted and used by several other authors [69].

Researchers now have an almost rational understanding of the regioselectivities to be expected, since classifica-
tions of ligands in terms of their steric demands are available. Nevertheless, the overall activity of phosphine-
modified catalysts remains completely unpredictable. Creative design of basic structures and their subsequent
stepwise modifications is still the old-fashioned but successful way to the further development of hydroformylation
catalysts. Only a few publications have appeared on the electronic properties of phosphines and their influence on
catalytic results [70]. In detailed studies Hughes and Unruh investigated the dependence of the hydroformylation
results on the basicity of diphosphine ligands [71]. From a Hammet sigma-rho plot they drew the conclusion that
less basic ligands afford higher activities and n/iso ratios.

In this particular area computer assisted design is far from providing any significant insight into the direction
ligand synthesis is heading. The rational design of ligands by mathematical methods was described only recently
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[72]. Phosphines were claimed as ligands based on their electronic and steric properties for the synthesis of
hydroxyaldehydes, 2-methyl-1,6-hexane dicarboxylic acid and other compounds [73].

2.1.2.2. Phosphites

. In the past few years major progress has been made by using phosphites of the general formula (RO);P as ligands
in rhodium-catalyzed oxo synthesis. Bulky mono and biphosphites like 6 and 7 have enabled the hydroformylation
of long-chained olefins with considerably high activities [74,75].

P O‘@-Cﬂa

3
6
OCH; OCH,
0 (o}
—~
P ~
P
0/ \o o/ \o
OCH; OCH; CHiy  CgHyy
7

Less reactive olefins like 1-octene, 2,3- and 2,5-dihydrofuran but also 1-butene and 2-butene are hydroformylated
at much higher rates compared to those achieved with phosphine-modified catalysts. Due to their steric bulkiness,
even in the hydroformylation of 2-butene n/iso ratios of 96/4 were observed. A detailed kinetic study of a rhodium/
6 catalyst in the hydroformylation of 1-octene, cyclohexene and styrene was published recently [76]. Under
moderate reaction conditions high rates were obtained for 1-octene. The rate determining step is in the reaction of
H, with the acylrhodium complex. Rates with cyclohexene and styrene were much lower. Solution structures of
hydrido Rh diphosphite complexes were investigated in detail by NMR spectroscopy [77]. BASF reported the
hydroformylation of methyl-3-pentene carboxylate with Rh(CO),(acac) and 7 as a ligand. Methyl-5-formyl valerate
was formed with 72% selectivity [78].

With respect to the increasing importance of low-volatile plasticizers — the first step in their synthesis being
hydroformylation of a long-chained olefin — rhodium phosphite catalysts possess useful properties and will become
significant. Their impact on asymmetric hydroformylation will be discussed in Section 2.2.2.

2.1.2.3. Phosphines

The contributions of phosphines to progress in hydroformylation have been rather limited. However, some results
are worth discussing. Neibecker, Reau and others introduced phospholes (8, 9) and phosphanorbornadiene (10) to
oxo synthesis [79-81]. In the case of phospholes, activity and selectivity are independent of the phosphine/Rh
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ratio. The phosphanorbornadienes are sterically demanding ligands comparable to triphenylphosphine ( TPP) (Tol-
man’s cone angle Q: 147° vs. 145° for TPP). Therefore the regioselectivities in the hydroformylation of 1-hexene
and styrene are similar to those obtained with TPP, but activities are five times higher [79]. Recently the phos-
phanorbornadiene 10 was sulfonated and successfully applied in the two-phase hydroformylation of propene and
1-hexene [82].

Ph

Ph Ph

pat

Ph|l3Ph

Ph
9
Me
Me pp
ANY
Ph
Ph
10

In recent years Eastman Kodak has become a major player in the development of new phosphine ligands for oxo
synthesis. Based on the principle of NAPHOS (11) [83] the derivatives BISBI (12) and PHENAP (13) were
developed [84]. These ligands show considerable activity and extremely high regioselectivity in the hydroformy-
lation of 1-hexene (Table 1) at moderate syngas pressures. Normal to branched ratios of 96/4 were observed at
very low phosphine/Rh ratios. These results were the starting point in the development of the water-soluble ligands
BISBIS and BINAS based on these diphosphines for the Ruhrchemie/Rhone-Poulenc process.

L
O‘ PP,

ih!
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O PPh,
O PPh,

12

OO PPh,
O PPh,

13

Recently even higher regioselectivities were claimed by Eastman Kodak. By combining the basic biaryl structure
of BISBI with dibenzophosphole moieties, ligands 14 (2,2'-bis(dibenzophospholylmethyl)-1,1’-biphenyl) and 15
(2,2'-bis(dibenzophospholylmethyl)-5,5'-di-fer-butyl-1,1'-biphenyl) were made accessible independently by
Hoechst and Eastman Kodak [85]. In the rhodium catalyzed hydroformylation of propene with 15, n/iso ratios of
99.6/0.4 (!) were observed. This means exclusive formation of the n-butyraldehyde. The rates were considerably
high (1.2 kg aldehyde/g Rh-h~"). With ligand 14 1-octene was transformed to nonanal at a n/iso ratio of 98/2.
However, product distributions were not reported [85](a) and preliminary results show fast deactivation of the
applied rhodium catalysts [85](c).

Table 1

Comparison of the hydroformylation of 1-hexene * with TPP, BISBI and NAPHOS
Phosphine P/Rh ratio Activity Selectivity

TPP 124:1 427 70:30

BISBI 4.8:1 2.63 96:4

NAPHOS 5:1 2.66 95.5

2 T=125°C, 260 psi CO/H,.
® Activity = [kg (heptanal)/g (Rh) -h].
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14

15

Polydentate phosphines were reviewed extensively in 1992 and 1994 {86] with respect to their synthesis,
coordination chemistry and application in catalysis. Yet their use in oxo synthesis is limited as they show much
lower activities than their monodentate derivatives. Additionally, the regioselectivities are not as high as expected
for these bulky ligands. Horvath showed that under syngas pressure and room temperature the tripod ligand
CH,C[CH,PPh,],, undergoes an ‘arm-off” dissociation to generate a free coordination site for an incoming CO
molecule [87]. This clearly demonstrates the kinetic lability versus the thermodynamic stability of metal-phospho-
rus bonds in chelating polyphosphine complexes. Aside from similar basic investigations, polydentate phosphines
with the exception of Stanley’s system (see above) and have not contributed much to progress in the hydrofor-
mylation area.

Triphenylphosphine oxide, long considered as being inactive in oxo synthesis, has been described by several
authors to be an efficient ligand despite its weak coordination to metal centers. In 1987 Mitsubishi Kasei launched
a 30,000 t/year plant for the production of isononyl alcohol by hydroformylation of octenes [88]. The basic catalyst
is a rhodium—triphenylphosphine oxide (TPPO) complex which is stabilized after the oxo reaction by addition of
triphenylphosphine (TPP) to permit product distillation without decomposition (cf. Section 2.4.3.).

Amer reported the beneficial effect of phosphine oxides in P-N bidentate ligands on the Rh-catalyzed hydrofor-
mylation of styrene [89] (a), which has been confirmed by Bottheghi [89] (b). The ligand Ph,PCH,NMe, showed
59% conversion at 94/6 i/n ratio, whereas with the corresponding oxide Ph,P(O)CH,NMe, conversions of 100%
(80% after 1 h) and selectivities of 91/9 were observed under identical conditions. Those effects are not yet well
understood, but it remains to be seen whether mixed bidentate ligands (P-N, P-O or P-S), with or without an
oxidized phosphorus atom, generate a basic understanding of these results in the future. So far these ligands have
not been intensively dealt with in the oxo literature [90].
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Fig. 1. Different approaches to the variation of the application phase of oxo catalysts (FBS = fluorous biphase system; PEG =poly ethylene

glycol).

Some interesting results with diphenyl phosphinous acid Ph,P(O)H as a ligand in the Pt and Rh catalyzed
hydroformylation were reported by van Leeuwen and others [91,92]. No SnCl, modifier or promoter has to be
added in order to form an active Pt based oxocatalyst. With catalysts of type 16, heptenes were hydroformylated to
give octanals with 90% linearity. However, hydrogenation was considerable and Cy alcohols and heptane were also
formed. By using ethylene, compounds 16a (Y = C,H;) and 16b (Y = C(O)C,Hs) were isolated and characterized.
Without addition of phosphine, ethylene produced mainly 3-pentanone under hydroformylation conditions.

Ph,
H‘,,O—P\Pt _PPhy
So—p” Dy
Ph,

16a,b

2.1.2.4. Water-soluble phosphines

Synthesis of water-soluble phosphines today is one of the most active areas in hydroformylation research. Oxo
synthesis in a two-phase system with water-soluble catalysts, the Ruhrchemie/Rhone-Poulenc process, will be
discussed in detail in Sections 2.1.3.2. and 2.4.2.2. Since the last exhaustive reviews in 1992/93 on water-soluble
complexes [93], some progress has been made in this area, which will be discussed here.

Herrmann et al. developed a new and efficient technique to sulfonate phosphines without oxidation of the
phosphorus atom [94]. By addition of boric acid to concentrated sulfuric acid and oleum, a super acidic medium is
generated which forms the sulfonating agent H,SO, . The phosphorus atom is protected against oxidation by
protonation, and sulfonation temperatures higher than 60°C are applicable. Therefore, the reaction is more selective
towards higher sulfonation degrees. For instance the eight-fold sulfonated NAPHOS, BINAS-8 (17), has been
obtained in 91% yield. Shorter reaction times at higher temperatures made the two-fold sulfonated triphenylphos-
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Fig. 2. Water-soluble ligands for oxo homogeneous catalysts [ 117-123].
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phine, TPPDS (18), accessible. TPPMS and TPPTS were not formed. Also trisulfonated tri-o-tolylphosphine (19)
or tris-o-methoxyphosphine (20) were synthesized accordingly (structures 17-20).
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SOgNa

18:S=H R=H
19: S=S0;Na, R=CHj;
20: S = SO3Na, R=0CH,

Hanson synthesized surface-active phosphines 21 and 22 and metal complexes thereof [95] to study the influence
of self-association of water-soluble ligands on catalysis. 22 forms aggregates in aqueous salt solutions, whereas
TPPTS shows no evidence of aggregation to a uniform size. The structures change their sizes depending on the salt
concentration. The species which aggregate form more active Rh catalysts in the hydroformylation of 1-octene than
TPPTS. Furthermore, addition of salt to catalysts derived from surface-active phosphines improves the reaction rate
while the rate drops significantly when salt is added to the TPPTS catalyst [95](d). Differences in catalytic activities
(‘salt-effect’) discovered by Basset [ 96] might be a result of these self-association effects of water-soluble catalysts.

503Na

21
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2.1.2.5. Deactivation mechanism of rhodium—phosphine catalysts

One important field in industrial hydroformylation research is the deactivation of rhodium—phosphine catalysts
used commercially. As is generally accepted now, the loss of activity with time is due to degradation reactions of

the ligand. This issue will therefore be discussed briefly here.
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The deactivation mechanism is initiated by the oxidative insertion of the Rh metal into the P~C bond of the TPP
ligand (Egs. 2 and 3). It has been clearly shown by different authors [97] that the equally discussed process of
ortho-metallation plays no role. Most of the phosphorus containing by-products formed under continuous operation
modes are explainable by subsequent reactions of the aryl-rhodium species 23 (UCC process). For instance
C;H,PPh, and phosphinous acid have been identified.

Confirmation of this mechanism was provided by the Ruhrchemie/Rhéne-Poulenc process, where the position
of the sulfonato group is an outstanding test for oxidative addition versus ortho-metallation [93] (a). The formation
of the Na salt of meta-formy! benzene sulfonic acid, m-OHCC,H,SO;Na, indicates that the Rh atom is temporarily
attached to the carbon atom, where the phosphorus atom was bonded before. CO insertion and reductive elimination
generates the formylated benzene sulfonic acid from 24.

/.

Lx(CO)Rh"'—PPh2<7/— L(CO)Rh'—PPh, ——= L (CO)Rh""—PPh,

23
(2)
SO,Na SO;Na
SOgNa
L(CO)RN'—PAr, —> L(CORN"—PAr, — —» :
CHO
24

(3)

This is an interesting example in which the answer to an old question came from industrial researchers. Driven
by the need to explain the small deactivation observed in their well-known processes, it was clearly shown by them
that ortho-metallation is negligible and P-C bond cleavage by oxidative addition of the metal center and aryl
migration is responsible for the ligand degradation.

2.1.3. Variation of the application phase

2.1.3.1. General

Besides influencing the electronic and steric properties of the organometal complex catalysts by means of suited
central atoms or ligands the variation of the application phase has been the subject of intense work in oxo research
since the very beginning. Having originally not recognized the nature of catalysis, the early oxo researchers started
the hydroformylation reaction in a heterogeneous mode using fixed beds of Fischer-Tropsch catalysts [35] — the
other way to vary the application phase. Accordingly, appropriate techniques (‘diaden’ or ‘two-tower’ process
[98]) have been used for longer periods since they enable an apparently elegant separation of catalyst and product.

Together with the necessity of a low-cost separation of catalyst and product, this shortcoming of homogeneous
catalysis has provided the impetus to try the homogeneous mode with ‘heterogenized’, ‘tmmobilized’, or ‘anchored’
catalysts. Fig. I demonstrates the different approaches schematically.

Fundamental distinction must be made between ‘anchored’ catalysts (left part of Fig. 1) and the intrinsic phase
variation. The anchored catalysts on fixed supports are dealt with in Section 2.1.3.3.2. The more modern and
obviously more successful method of phase variation are the ‘multiphase catalysts’ ( a modification of which — “tri-
phase catalysis’ (TPC, [99,100]) — is a genetic link between heterogeneous and phase-transfer catalysis) as well
as ‘two-phase catalysts’, i.e. homogeneous catalysts on ‘mobile’ supports. On the other hand these catalysts are
divided into ‘aqueous biphase systems’ (cf. Section 2.1.3.2.) and ‘non-aqueous biphase systems’ (2.1.3.3.1). The
liquid/liquid biphasic variants, which have already found industrial application as aqueous biphase systems are
important. Intense research work is being conducted on liquid/liquid modifications of non-aqueous systems, includ-
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ing membrane separations [ 101-103]. Solid/liquid and solid/ gaseous variations of non-aqueous catalysts are like
‘solid supported catalysts’ connections between homogeneous and heterogeneous catalysis. Examples of these
variations include oxychlorination of methane, vinyl chlorination of ethane, manufacture of monosilane, hydrofor-
mylation of ethylene — all in molten salt media [104,105] - catalyst separation as metal [ 106] or ‘precipitation’ of
the catalyst metal from homogeneous polymerizations by grafting of the polymer on the catalyst site or the ‘fouling’
of the apparatus [107].

The transitions of ‘supported liquid phase catalysts’ (SPLC) and ‘supported aqueous phase catalysts’ (SAPC)
are dealt with in Section 2.1.3.3.2. Special forms ~ and in certain aspects a link to phase variation methods — are
gaseous phase hydroformylations (e.g. [108]) or shape-selective catalysts for a differential conversion of various
alkenes [109]. J6o described a specially tailored version of precursors of SAP catalysts [110].

2.1.3.2. Aqueous catalysts

One of the most important development of the last 15 years in hydroformylation chemistry was the introduction
of biphasic homogeneous catalysis. This technique uses a homogeneous catalyst, dissolved in water, as a ‘mobile’
phase (‘mobile support’). By simple phase separation (decantation) the catalyst and reactants/reaction products
are separated just after reaction and approximately at the same temperature. In relation to the reaction products the
catalyst is thus ‘immobilized’ as well as ‘heterogenized’. The many advantages of homogeneous catalysis are thus
supported by the argument that catalyst and reaction products may be separated immediately after reaction [15].
This advantageous variation of the application phase normally requires a preceding influence on the organometallic
complex by ligand variation.

A series of reviews describe biphasic processes in general [ 16,17,93,111-115]. Following the recommendations
of Manassen [17] the history of biphasic hydroformylations began with preparatory work on various water-soluble
ligands (c.f. Fig. 2)

The solubility in water is usually achieved by introduction of highly polar substituents such as ~SO;H, -COOH,
—OH, or -NH, (or their salts) into the phosphine molecules [17,93,119,125,138]. By varying the kind and the
number of suited substituents and by choosing the nature of the aqueous phase nearly any desired ratio of hydrophilic
and hydrophobic properties may be adjusted, thus achieving a ‘tailor-made’ set of attributes for complex forming
ligands.

After preparatory work on different aspects [ 124], Kuntz [125] expressed the basic idea of a new generation of
water-soluble oxo catalysts with triphenylphosphine trisulfonate (TPPTS, as Na salt, as compared to TPPMS and
TPPDS, mono- and disulfonate) as ligands for an Rh-based hydroformylation process. So far TPPTS is the most
ideal ligand modifier for the oxo-active HRh(CO),. Without any expensive preformation steps, three of the four
CO ligands can be substituted by the readily soluble (1200 g/1 [126]), non-toxic (LDsg, oral: > 5000 mg/kg)
TPPTS, which yields the hydrophilic oxo catalyst HRh(CO) [ P(m-sulfophenyl-Na);]; (cf. Fig. 3)

Together with TPPTS, TPPMS and TPPDS maintain their significance in other applications. With their different
grades of sulfonation they allow a fine-tuning of the hydrophilic/hydrophobic ratio of the catalyst during biphasic
operation when necessary (e.g. [127,128,522]).

Ruhrchemie AG adapted the idea and applied it to an industrially viable and highly sophisticated process. Thus
TPPTS is the basis of the Ruhrchemie/Rhone-Poulenc (RCH/RP) oxo process for the hydroformylation of
propylene, which was developed by Ruhrchemie in only two years. The first plant started operation in 1984 (Eq. 4,
[129-132]). Approximately 3 million tons of n-butanal have been produced within more than 10 years of experience
and prove the importance of the aqueous phase oxo concept. The process was recently licensed {133].

CHO
cat. CHO
/\ + COH, ——* + /l\
RWTPPTS
propylene normal- iso~

butyraldehyde

4



M. Beller et al. / Journal of Molecular Catalysis A: 104 (1995) 17-85 33

Fig. 3. The oxo-active catalyst HRh(CO) [P(m-sulfophenyl-Na);]5.

The flow diagram of the RCH/RP process as the most typical example for a biphasic process with organometal,
ligand-modified catalyst is shown in Section 2.4.2.2. As a consequence of the solubility of the Rh complex in water
and its insolubility in the oxo products the oxo unit is essentially reduced to a continuous batch reactor, followed
by a phase separator (decanter) and a strip column (description in {21]). The oxo reaction is smooth and highly
efficient as far as activity and selectivity are concerned: the n/iso ratio is up to 97/3. The catalyst is indeed
‘immobilized’ and Rh losses are low and in the ppb range. The Rh content of the crude aldehyde, which corresponds
to losses of less than 10~ g/kg n-butanal [21] is also low. This means that the disadvantages of all earlier attempts
to ‘anchor’ the homogeneous oxo catalyst on fixed supports (leaching, inactive catalyst species) have been overcome
by the biphasic operation with ‘mobile’ supports.

The development of ligands for oxo processes has not come to an end (cf. Section 2.1.2.4.). The work of
Herrmann [82](b) may be quoted as one example among others: he introduced different water-soluble ligands
such as 17-20. Using these ligands a further improvement in activity and selectivity can be obtained [116,134]. A
lot of other contributions to ligand research in oxo chemistry are known, e.g. [15,72,59,93,126,135-145] in respect
to other central atoms or other starting olefins including bio-organometallic applications (e.g. [95](a)[146—
148,158] ). The substitution of Na in TPPTS derived or other processes by Li, K or other cations is claimed to be
advantageous (e.g. [149,150]). According to some observations the kinetics of hydroformylations in the aqueous
phase may be different to those in non-aqueous media as suspected by Divekar et al. [151].

- A relatively poor effect (except for biphase hydrogenations) has been observed using solely solvents or co-
solvents such as EtOH or BuOH as solubilizers for the hydroformulation of higher olefins [159-161] (not to
mention side-reactions such as e.g. acetal formation during hydroformylation). For example, TPPTS as a standard
water-soluble ligand proves especially efficient only in combination with amphiphilic and micelle-forming surfac-
tants together with co-solvents [ 162]. Years after the pertinent patents had been applied [ 163] Hanson scientifically
reviewed other means such as salt effects, ionic strengths etc. being important for biphase hydroformylation reactions
[95,96,164-166]. Ultrasound treatment is a well suited measure for persistent reactants [ 167]. According to a
proposal of Chaudhari and Delmas et al. even TPP, dissolved in the organic phase, acts as a co-solvent and as a co-
ligand (‘promotor ligand’) and as reaction rate-increasing additive. The role of mixed complexes like
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HRh(CO) (TPPTS);_,(TPP),, is uncertain [168]. The influence of the substrates themselves on the rates of
biphasic reactions was discussed by Mortreux et al. [169].

Special aspects, mainly the behavior, control, and organization of the phases of aqueous biphasic processes, are
dealt with in separate papers [ 152-155,522].

In future biphasic processes will play their role in carbonylation chemistry as well (cf. Section 3.1.3.3.
[100,156,157].

2.1.3.3. Other biphasic catalysts

2.1.3.3.1. Non-aqueous systems

Systematically and as shown in Fig. 1 non-aqueous liquid/ liquid systems of homogeneous catalysis may be used
in addition to agueous biphasic processes and demonstrate the same advantages in principle. These benefits are to
be distinguished from the discussion whether the ‘catalyst support’ water is environmentally sound, activates the
reactants and/or the homogeneous catalysts, or hydrolyzes the metal-ligand bond [136,170-174]. In a classical
application Shell’s SHOP process [ 18,152](a) [ 175] uses the immiscibility of two organic phases for the separation
of catalyst and product: the organometallic complex catalyst, dissolved in butanediol-1,4, is decanted from the
reaction product, i.e. higher olefins after ethylene oligomerization. For hydroformylations the use of butanediol has
been described e.g. by Kuraray (cf. Section 2.2.1) and Chaudhari/Deshpande et al. [174]. As far as anchored
catalysts are concerned cf. Section. 2.1.3.3.2.

Horvith’s proposal of a ‘fluorous biphase (multi-phase) system’ is quite new and based on the miscibility gap
of partially or fully fluorinated compounds with non-fluorinated chemicals | 136,176,177]. Because of reduced
solubilities between both liquid phases (which are dependant on temperature) the reaction (e.g. hydroformylation)
takes place at appropriate temperatures in one phase. Upon completion of the reaction, the reaction mixture is cooled
to room temperature and separates into rwo phases. Thus the application is similar to the Ruhrchemie/Rhone-
Poulenc process: after completed hydroformylation the work-up of the reaction mixture consists only of a simple
decantation. This easy operation and the unlimited solubility of the starting olefin in the FBS at higher temperatures
were highly acknowledged by the R&D community [16,112]. Because of the special nature of FBS — mostly
mixtures of perfluorinated hydrocarbons, ethers and tertiary amines — the catalytically active organometallic com-
plexes ought to be specially ‘catalyst tailored’. The Rh complex with ‘ponytailed ligands’ such as
P[CH,CH,(CF,)sCF;]5 [178,179] is an example of these special hydroformylation catalysts.

Obviously, the basic idea of the FBS was described earlier [180], therefore the Exxon patent has to prove its
worth. Also the FBS technique has to confirm its suitability during harsh industrial operation. This includes questions
of activities, selectivities, life-time and costs of the catalyst system. The consequences of an extraction of the
perfluorinated phase by the oxo reaction products (and the resulting problems during subsequent hydrogenation of
the oxo aldehydes to plasticizer alcohols) and environmental problems with the handling of FBS (ozone depletion
potential [ODP] and greenhouse warming potential [GHWP] of the fluorine-containing compounds) have to be
investigated.

The miscibility gap is important for the use of polyalkylene glycols as only partially miscible liquids and as the
second phase in non-aqueous systems. Similar to FBS a reaction system with the ‘immobilized’ catalyst, dissolved
in alkylene or polyalkylene glycols, can be realized [ 181]. Taking hydroformylation as an example, the immobilized
catalyst remains in the reactor using the partial immiscibility of the oxo reaction products and the glycols. This
system requires special ligands for the oxo catalysts as well, e.g. HRh(CO)[Ph,P(CH,),SiR;] or
HRh(CO) {Ph,P(CH,),P " Ph,(CH,P) BPh, ],. In addition, catalysts with diol or polydiol ligands have been
described [ 137,182]. Those ligands make possible a combination of the aqueous biphase with non-aqueous reactions
[183].

Another approach is the use of the ‘cloud points’ of P-bonded polyalkylene glycol ethers which serve as ligands
for oxo active complex catalysts (structure 25, [137,184]). Above their cloud point these compounds lose their
hydrate shell, thus becoming water-insoluble and ensuring a hydroformylation in the organic phase of water-
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Fig. 4. Basic principles of anchored catalysts. Polymer-supported catalyst, L =ligand, M = metal, P = polymer support.

immiscible olefins. On reducing the temperature the hydrate shell is reversibly restored and the complex returns to
the water phase [ 184].

R
> oecncnorn)

Finally Bergbreiter et al. described similar ‘smart ligands’ [ 185], cationic Rh complexes with polyalkylene oxide
substituted bis-( 2-diphenylphosphinoethyl ) amides, dissolved in polyalkylene oxides. These complexes have inverse
temperature-dependent solubilities with water. The reaction rate for hydrogenations are high at lower temperatures,
while on heating the reaction stops and the phases separate. An SAPC analogue with water-soluble Ru complexes
dissolved in ethylene glycol and supported on controlled pore glass has been reported for enantiomeric hydrogen-
ations by Wan and Davies [ 186] (cf. Section2.2.2.). For a conversion of this biphase technique to hydroformylation
or carbonylation reactions cf. Section 2.2.1.

Application of this combination of SLPC and SAPC techniques on an industrial scale is rather questionable and
hymns of praise [ 187] seem to be premature. A review of other non-aqueous systems and technical solutions of the
catalyst cycle of biphasic liquid/liquid systems is given in [ 152,188].

2.1.3.3.2. Anchored catalysts

Anchored catalysts [ 189] are well-defined metal complexes which are bound to a solid support. Examples are
polymer-bound metal complexes and SLPC (supported liquid phase catalysts), where the catalyst is immobilized
in a thin adsorbed film of a solvent on a solid support. If the solvent is water and a water-soluble complex is used,
these catalysts are referred to as SAPC (supported aqueous phase catalysts). This discussion does not include
heterogeneous catalysts with precipitated metal salts or metal conglomerates as active species, for instance made
by impregnation of a carrier with a metal complex solution and successive reduction to form metal particles. The
basic principles can be seen in Fig. 4 and Fig. 5. The interaction between the support and the metal complex is either
coordination by an immobilized coordinating ligand or the immobilization in a liquid phase which is adsorbed on
the carrier.

2.1.3.3.2.1. Polymer-supported catalysts. The immobilization of an expensive catalyst applied in a homogeneous
reaction is desirable. Separation of products from the catalyst is easy to achieve and thus decomposition induced by
distillation or other methods of recovery is avoided. Organic polymers have been used to graft metal complexes on
an insoluble support. It was shown in the seventies [ 190] that such catalytic systems perform the hydroformylation
reaction with improved selectivity for the linear product. However, these catalysts suffer from metal losses through
leaching, especially when coordinating solvents are used in the catalytic reaction. Additionally, most polymers used
as supports are sensitive to high reaction temperatures. The synthesis, properties and the use of polymer supported
metal complexes have been described in two reviews by Pittman [191] and Gates [192].

solvent layer/catalyst

Fig. 5. Basic principles of anchored catalysts. SLPC.,
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From the basic understanding of the hydroformylation mechanism, it is obvious that the loss of a phosphine
ligand is necessary to make a coordination site accessible to reactants for performing the reaction. During the
catalytic cycle the metal complex undergoes several changes in structure and coordination number. By fixing the
metal center to a support, the possible variations are restricted compared to the ‘free’ catalyst. Additionally, the
metal is more susceptible towards leaching as the fixation is weakened by change of the geometrical structure and
number of coordinated ligands. Kalck recently found, that the complex Rh,(u-S*Bu),(CO),(TPP), does not lose
a phosphine ligand during the catalytic cycle [52,193]. Consistently this complex was immobilized on a styrene/
divinylbenzene polymer functionalized with diphenylphosphino groups to form Rh,(#-$Bu),(CO),(Res—PPh,),
(Res =resin). The hydroformylation of oct-1-ene showed 90% conversion yielding 84% aldehydes, 4% internal
octenes and no hydrogenation. The catalyst was recycled once and performed the reaction with slightly lower rates
(1.67 vs. 1.73 min~ ') and lower selectivity (89 vs. 91%). A balance of rhodium metal was not reported.

The immobilization of Rh complexes on a styrene—divinylbenzene copolymer which contains
—CH,P(C¢H,SO;H),— groups was described by Ro [ 194]. In the hydroformylation of propene the activation barrier
for these catalysts was 12.1 kcal/mol. With increasing number of sulfonato groups in the polymer the observed
activity also increased.

Van Leeuwen was able to attach phosphites to a copolymer chain of styrene/p-hydroxystyrene (structure 26).
After fixing rhodium onto the polymer, this anchored Rh—phosphinite catalyst was tested in the hydroformylation
of olefins. The activities were comparable to the low molecular weight mononuclear species. However, an equilib-
rium between the active complex and an inactive species which is not bound to a phosphinite ligand, prohibits the
use of the polymer in a continuous flow reactor [195].

i i

Copolymer

26

Basically, heterogenization of hydroformylation catalysts by bonding to polymer supports is still in its infancy
[196]. It is hard to believe from the actual results that they will become a real competitor to homogeneous catalysts.
Additionally, the immobilization of metal complexes has been solved by using water-soluble derivatives as liquid
supports (cf. Section 2.1.3.2.). However, the recently developed metal-carbene complexes by Herrmann [63]
could open a new area of intense research.

2.1.3.3.2.2. Supported liquid phase catalysts (SLPC). Supported liquid phase catalysts (SLPC) for the hydro-
formylation reaction were extensively studied in the early eighties by Scholten [197] and Hjortkjaer [198]. As
shown in Fig. 4 and Fig. 5, the rhodium catalyst, mainly HRh(CO) (TPP);, is dissolved in a thin film of a high
boiling, low volatile solvent which is adsorbed to a solid support. Examples of such solvents are biphenyl, glycerol
tributyrate (GTB), tetraethylene glycol (TEG), polyethylene glycol (PEG), triphenyl phosphate (Ph;PO,) and
especially TPP, which is molten under reaction conditions (> 100°C) and solubilizes the catalyst efficiently. TPP
acts as multi-purpose medium in providing effective dispersion of the Rh complex, in achieving high regioselectiv-
ities (high phosphine/Rh ratios) and in stabilizing the catalyst against deactivation. The most satisfactory catalysts
were those containing at least 0.6 g TPP per gram of SiO,.

However, the use of this type of catalyst is limited to oxo synthesis in the gas phase. Substrates which are liquids
under reaction conditions, for instance long chain olefins, solubilize the solvent layer and fast deactivation by
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leaching is observed. These problems have been overcome partly by SAPC, where the solvent is water, which is
immiscible with the substrate and product phase. Additionally, the loss of solvent under operating conditions leads
to deactiviation of the catalyst as the metal particles tend to agglomerate. In order to avoid this disadvantage the
reaction gases have to be saturated with the adsorbed liquid. This problem was recently solved by application of a
turbulent fluidized reactor bed [208].

The application of SLPC to the hydroformylation of propene [208] and allyl alcohol has been described. But in
recent years, developments in this research area have waned. In 1987 it was announced that a general pre-design of
a large-scale SLPC plant for the hydroformylation of propene had been completed [199]. Yet, to the best of our
knowledge, this type of catalyst has not been commercialized up to now.

2.1.3.3.2.3. Supported aqueous phase catalysts (SAPC). Supported aqueous phase catalysts have been reviewed
recently [93,200]. Developed in 1989 by Davis and Hanson [201], these catalysts have been used for hydrofor-
mylation [202], hydrogenation [203] and Wacker oxidation of alkenes [204]. As a subspecies of SLPC, the SAPC
were designed to convert liquid substrates that are completely insoluble in water, for instance long chain olefins,
with water-soluble catalysts. Despite promising results, these catalysts will hardly be used in industrial applications.
The activity of SAPC is strongly dependent on the water content of the solid particle. The optimum range is between
3 and 7 wt-%. Decreased activity is observed at higher or lower water-loadings and not due to metal loss through
leaching. Crucial measurement and control of the water content are impossible during continuous operation modes.
Additionally, the water-soluble ligands used, like TPPTS, are to some extent degraded under reaction conditions.
This loss can not be compensated for by simply adding ligand. Last but not least, recovery of the expensive thodium
meta] after the reaction is problematic and unsolved.

However, for expensive products, for instance in the pharmaceutical sector, the costs of a catalyst sometimes play
no major role. SAPC made a valuable contribution to this field just recently. Davis showed that with the water-
soluble Ru complex [Ru(BINAP-4SO;Na) (C¢Hg)C1]Cl immobilized in a thin film of ethylene glycol adsorbed
on a controlled-pore glass support, 2-(6’-methoxy-2’-naphthyl)acrylic acid is asymmetrically hydrogenated to the
anti-inflammatory agent naproxen [ (Eq. 5]) with an ee 0of 96% [ 186,187]. Keys to this success were the application
of ethylene glycol as a solvent and the synthesis of the sulfonated BINAP ligand [205]. Using water as a solvent,
almost no chiral induction and only limited stability of the catalyst was observed. It remains to be seen what impact
this result will have on hydroformylation with SAPC catalysts. Currently, they are being intensely studied in China
[206] and recent developments of analytical methods provide more information on structure and mobility of the
metal complex within the liquid film [207].

CO,H COzH
Ru-Cat MeO

2.2. Special applications of hydroformylation

MeO’

(5)

2.2.1. Special olefins

As compared to the conversion of propylene (world capacity approx. 4.5 million tons annually) the hydrofor-
mylation of higher olefins (annual output 1.5 million tons) is less important [11]. According to a recent survey
conducted by Roeper most of the processes used for the conversion of higher molecular olefins are cobalt based
processes with proven but costly techniques for Co separation and Co recycling [ 152] (b). On the other hand there
are only a few developments based on Rhodium catalysts and olefins other than propylene (Mitsubishi [209,210],
Ruhrchemie [211,212]). According to Fig. 6 biphasic processes for the hydroformylation of higher olefins ( approx.
> Cs) or functionally substituted olefins offer various advantages such as the simplification of reaction sequences
and reduced expenditure on the catalyst cycle. So far the work on these biphasic processes for the processing of
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Fig. 6. Oxo-catalyst recycling steps: A =biphasic, B=membrane technique, C = thermal separation, D = chemical separation and recycle.

higher olefins has not been successfully realized on an industrial scale except for Kuraray’s developments.
Already together with early work on biphasic oxo processes with ligand-modified Rh catalysts high-molecular

olefins played a role (Wilkinson et al. [119] using triphenylphosphine monosulfonate, TPPMS; Kuntz at Rhone-

Poulenc using the corresponding TPPTS [213]). Using these reactions among others as examples the early

researchers found in comparison to the conversion of lower olefins very minor reaction rates apart from emulsifying

surface-active properties of the ligands. The decreasing miscibility of the aqueous catalyst solutions with increasing

C number of the higher olefins ought to be responsible for lowering the conversion rate. The following proposals

should improve the solubilities and thus the conversion of biphasic processes:

1. Variation of the water-soluble ligands by means of surfactant or solubilizing properties

2. Addition of solvents and/or co-solvents

3. Other means to improve the miscibility and thus the solubility.

Often the ligand variation of biphasic processes performs a number of functions simultaneously: it enhances the
solubility of the aqueous phase and influences electron donor properties; it increases the selectivity and improves
the steric or electronic environment of the homogeneous catalyst (e.g. [59,121,137,214,215,243]). A link to
solubility improving ingredients added externally are those water-dissolved ligands (like TPPTS), the hydrophilic
substituents of which have been modified by quaternization [216-218]. According to an early work of Dror and
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Manassen [219] proposals for compounds to increase the reciprocal solubility include cationic or non-ionic tensides
(amphiphilic detergents) [220,221], covering other central atoms as well [222]. Complex catalysts with inherent
surface-active attributes (surface-active phosphines) ought to act particularly elegant, i.e. compounds combining a
suited electronic and steric environment as well as detergent properties {95,223,224]. According to Fell {223] the
effect of thesc ligands is a consequence of a solubilization of the water-immiscible high molecular olefins, thus
increasing the mass transport. The possibilities of detergents to aggregate and to form micelles ( ‘micelle solubili-
zation’) might be helpful.

A relatively poor effect has been observed using solely solvents or co-solvents such as EtOH or BuOH as
solubilizers [ 159-162]. This was discussed in Section 2.1.3.2. [162,163,225].

Intense research work has been conducted by Russel/Johnson Matthey to develop a biphasic oxo process for
dodecene-1 as an example of higher olefins [220,226]. Favorable results could only be obtained when high
concentrations of amphiphilic additives (additive: Rh ratios of 20:1) were used and therefore did not yield a good
basis for a commercial (i.e. economical) process. Another approach to the use of P-bonded polyalkylene glycol
ethers and their reverse ‘cloud points’ is described in Section 2.1.3.3.1.

There are only few proposals for the application of new techniques and processes for the conversion of higher
molecular olefins or their functional substitutes. Exxon described an ‘aldolizing oxo synthesis’, a variant of the
former Aldox process [227], including the conversion of higher olefins C,, to aldehydes C,,, , , in a one-step process
consisting of hydroformylation and subsequent aldolization, followed by hydrogenation. Thus the valuable ‘dimeric’
plasticizer alcohols can be obtained using a biphasic procedure with diethylene glycol as second phase and with
special ligands [228]. Union Carbide claimed an ‘oxidative hydroformylation’ for the direct conversion of olefins
C, to carboxylic acids C,,, by using oxygen containing syngases [229]. Special ligands such as tri(n-
octyl) phosphine oxide (TOPO) are essential, for example in the manufacture of propionic acid and its anhydride
from ethylene.

Two biphase developments of Kuraray Corp. are used industrially [cf. Egs. 6 and 7}:

H
AN+ oyt H0 Pd, TPPMS_ ANNN"0H T?’ ANNTN0H (6)
o C, Cs Ce n-octanol
J CuCrO,
NN
S ° )
CO/H; | [Rh(acac)(CO),]/
TPPMS
HO SN S NS Nl <2 0NN NN g
Co Ni Co

Using Kuraray know-how Arco produces butanediol-1,4 from allyl alcohol (which is manufactured via isomer-
ization of propylene oxide) by a two-step process: the hydroformylation of allyl alcohol in the presence of Rh/
phosphine catalysts and of sulfolane yields 4-hydroxybutanal, which in turn is hydrogenated to butanediol [230—
232]. Alternatively n-octanol or nonanediol-1,9 may be produced by the telomerization ( ‘hydrodimerization’
according to earlier work done by Kuntz [233]) of butadiene and water. The reaction product of the first step is
octa-2,7-diene-1-ol [234]. This conversion takes place in water/sulfolane mixtures and needs Pd complexes with
water-soluble ligands (preferably TPPMS) and co-catalysts. The dienol may be hydrogenated to n-octanol, which
is a valuable plasticizer alcohol. Similar developments (but without technical realizations) have been described by
BASF [235], Mitsubishi [236], and Shell [237].
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Fig. 7. Enantiomeric excesses in the hydroformylation of styrene and substituted styrene derivatives with Rh and Pt based catalysts (incl. ligand
27).

The dienol may be converted selectively via isomerizing reduction to the enal octa-7-en-1-al, which in turn is
hydroformylated to nonanedial-1,9 and hydrogenated to nonandiol-1,9 [238]. Biphasic processes combined with
extractions are used for this reaction sequence [93].

As to other oxo reactions of functional derivatives of olefins (acrylic acid or acrylic esters, poly-isobutenes, oleic
alcohol, high molecular fatty acids etc.) cf. [152] (b)[161,188,239-241].

According to a proposal of Horvith the problems arising from the limited reciprocal solubilities of water-phase
and higher olefins should be overcome by application of the SAPC technique [242]. For other biphasic — but non-
aqueous — processes cf. Section 2.1.3.3.1.

2.2.2. Asymmetric hydroformylation

The asymmetric hydroformylation reaction represents a versatile tool to produce a wide variety of chiral molecules.
Those compounds are valuable precursors for pharmaceuticals and agro chemicals. The potential market for synthetic
chiral products in bulk form at the beginning of the next century is estimated to be worth more than $2 billion
[244]. The basic problem in this particular reaction is to combine high regioselectivity with high enantioselectivity.
In contrast to the goal of high linear-to-branched ratios in conventional hydroformylation, the desired product here
is the branched compound with an asymmetric carbon atom as carrier of chirality [Eq. 8].

COM, R o
/\ P —— a)\ + /\/
RS chiral Cat. R
branched linear

chiral achiral
(8)
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Table 2
Production capacities for aldehydes by hydroformylation *

Region Capacity (1000 t/year) 2-EH°

C, G GCCjy >C, X

Europe 25 1,600 535 85 2,245 870
( western)

Europe 785 785 450
(eastern)

North America 75 970 450 270 1,765 300
Latin America 120 55 175 150
Far East 1,040 140 30 1,210 650
(including

Australia)

Total 100 4,515 1,180 385 6,180° 2420
% 2 73 19 6 100

* Estimate, 1993.
® Including i-butanal.
¢ 2-EH: 2-ethylhexanol.

The status of asymmetric hydroformylation was recently summarized in a review by Botteghi [245](a). The
asymmetric variant of oxo synthesis was first applied in 1972 by researchers in Italy, Japan and at BASF in Germany
[246]. Since those early days considerable progress has been made. As can be seen from Fig. 7, platinum—
diphosphine catalysts modified by SnCl, performed the enantioselective hydroformylation of styrene and derivatives
with high ee’s at an early stage. However, those catalysts suffer from their low regio- and chemoselectivity. The
moderately branched/linear ratios together with a high hydrogenation activity under hydroformylation conditions
were detrimental to the commercialization of these catalysts.

Nowadays research in the area of asymmetric hydroformylation is heading towards rhodium catalysts, after
Takaya [247] and Union Carbide [248] announced major breakthroughs with phosphine—phosphinite and diphos-
phite ligands, respectively. This ligand 27 gave ee’s up to 95% in the hydroformylation of substituted styrene
derivatives. The i/n ratios were higher than 86/14. Conversions are > 99% at substrate/ catalyst ratios of 300-2000
to 1. This outstanding catalyst has been patented widely [249].

Similar results were reported by Union Carbide with their diphosphinite ligand 28. Under very moderate reaction
conditions, room temperature and 35 atm syngas pressure, styrene was hydroformylated in toluene as a solvent with

Co-based

ol o ey e
1880 1984 1988 1992 1996
Year

Fig. 8. Development of C, production capacities (estimate) [11].
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up to 90% ee. An iso/n ratio of 50:1 was obtained at a ligand/rhodium ratio of 4:1. Yet the reaction rates are rather
low (0.11 gmol/1-h~ 1),

Both developments opened up a new area of asymmetric hydroformylation. The results are very promising and
research is focused on the basic ligand structures. Nevertheless, other ligands like the P-N ligand 29 also show very
high selectivities (Scheme 13). Recently Faraone reported in the hydroformylation of vinyl naphthalene the
exclusive formation of the branched aldehyde while using a rhodium/29 catalyst (conversion of 100%) [250].
The ee obtained was 78% for the (R)-enantiomer. With methylacrylates, ee’s of 92% were observed.

28

29

This brief discussion shows that research in asymmetric hydroformylation just recently received new impetus
after many years of stagnation. Basic discoveries made in 1993 and 1994 were groundbreaking and now point the
way towards future developments.

2.3. Special variants of hydroformylation

2.3.1. Aminomethylation

Condensation of aldehydes with primary or secondary amines yield imines and enamines respectively. Alkene
hydroformylation and the condensation reaction can be performed in one step. This so-called aminomethylation (or
hydroformamination) reaction originally discovered by Reppe in 1949 [251] is described by Eq. 9. The reaction
proceeds via a three-step mechanism: hydroformylation, condensation and hydrogenation.

R/\ +2H, + CO + HNRR" ——» R/\/\NR'R" +H,0
)

Originally catalyzed by iron pentacarbonyl, the reaction was limited to ethylene and propene and needed harsh
conditions (7> 150°C, p = 150 atm). The other catalysts that were investigated comprise HRh(CO) (TPP), [252],
Rhs(CO),¢ and Rus(CO),, [253]. Active catalyst precursors for the hydroformylation step catalyze the whole
reaction most efficiently, indicating that the transformation of the alkene to the aldehyde is the crucial step. In 1984,
catalytic amounts (20 mol-% cobalt) of Co,(CO)4(Ph,PCH,~CH,PPh,) were successfully applied to the amino-
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methylation of propylene with morpholine or piperidine as amines [254]. The n/iso distribution was similar to the
hydroformylation of propene with Co-catalysts (66% linear isomer). Other by-products were formamides, butyr-
aldehydes (branched and linear) and butyl alcohols.

Aminomethylation has been extended to produce tertiary polyamines as well. The polymers are synthesized by
condensation of alkenes with secondary polyamines or by reaction of polyalkenes with primary or secondary amines.
Recently, it was reported by Russian scientists that 2-vinylfuran is converted to compounds 30 and 31 by using
HRh{(CO) (TPP); in up to 85% yield (Eq. 10) and structures 30 and 31) [255].

[\ Jarcol y - Harco [
R,N o R,NH o /# | RNH, o >yr (10)

30 31

Kalck demonstrated in 1992, that aminomethylation of 1-octene with diethylamine to yield N,N-diethylnonylam-
ine is performed by Rh,(u-S-'Bu),(CO),(TPP), in THF [256]. Conversion of the olefin is >98% and amines
are formed in 80% yield with a selectivity of 98% to the linear product. The reaction was performed at moderate
conditions and was very sensitive to the solvent used. For instance in dichloroethane, extensive polymerization was
observed. Other amines like morpholine, diisopropylamine or ‘butylamine gave lower rates and selectivities. How-
ever, the overall results are promising and it remains to be seen whether the commercialization of this reaction will
be possible in the coming decades.

2.3.2. Homologation of carboxylic acids

In the late seventies and early eighties the homologation of carboxylic acids by syngas according to Eq. 11 was
investigated in some detail. The majority of C,—C, carboxylic acids are generated by methanol carbonylation, butane
or acetaldehyde oxidation, hydroformylation/oxidation and fat splitting/fractionation. Additionally, Eq. 11 would
give access to completely syngas-based higher acids, as methanol is made from syngas and converted to acetic acid
by carbonylation.

H,/CO
CHCOOH —2""  C.H, ,,COOH

(11)

Knifton published the carbonylation (homologation) of acetic acid with syngas by homogeneous Ru or Rh
catalysts [257]. With iodide promoters like methyl iodide or caesium iodide Ru catalysts (RuO,, Ru(acac),,
RuCl,(TPP),) gave acetic acid conversions up to 70%. The ratios of propionic:butyric:valeric acid were roughly
30:8:1. Rh catalysts like Rh(acac);, Rh,0; or RhCl; were more selective in the formation of propionic acid (ratios
70:20:1) but showed lower conversion rates ( <354%). However, the overall efficiency of this reaction is to small
to be competitive with the aforementioned well-established processes.

The reaction of carbon monoxide with HI to yield acetic acid has been reported by Kaplan [258]. The amount
of product is very small. However, it was observed that the acetic acid reacts further with CO to generate propionic
acid, a homologation reaction similar to Knifton’s work. The homologation of methyl and C, formates [259] and
methyl esters of propionic, butyric, valeric, isobutyric and pivalic acids was reported by Jenner [260]. Mixtures of
Co acetate, Ru acetylacetonate and iodide promoters were used to perform the reaction at 200°C and 290 atm of
syngas pressure. Methane, CO,, acetaldehyde, methanol and ethanol were formed very unselectively apart from the
free acids and ethy] esters thereof. A cooperative effect of Co and Ru has been observed, the optimum Co/Ru ratio

being 0.4. The results clearly indicate the selectivity problems in homologation reaction, which are still unsolved
[261].



44 M. Beller et al. / Journal of Molecular Catalysis A: 104 (1995) 17-85

2.3.3. Miscellaneous reactions

Quite a number of catalytic reactions related to hydroformylation have been reported. Hydrogenation of carbon
monoxide [262], homologation of alcohols [263], silylformylation of alkynes and propargyl alcohols [264] have
been studied extensively and are not considered further here. Specific carbonylation reactions like alkoxycarbony-
lation, hydroxycarbonylation and related reaction will be discussed in Section 3.

2.4. Technical developments in hydroformylation

2.4.1. General remarks

Over the past 15 years steady and continuous growth in the production capacity of aldehydes by the hydrofor-
mylation reaction has taken place. Table 2 shows the estimated capacities for aldehydes generated by hydrofor-
mylation of ethylene, propylene and higher olefins, along with their regional distribution [11].

Accounting for a share of about 73% of total production capacity, C, products have firmly established their
leading position in this field. Ethylene hydroformylation to propanal amounts to 2-3% of the hydroformylation
capacity for C, products and is only of minor importance. The hydroformylation of olefins of medium chain length,
predominantly in the Cg/C, range (di-isobutylene, propylene trimer), makes up around 20% of the total production
capacity. Only about 6% of the total production capacity is used to hydroformylate higher olefins. The individual
shares of the three main product groups and the regional distribution are given in Table 2.

Table 2 further outlines the estimated capacities for 2-ethylhexanol (2-EH) production. In total, about 60% of
C, capacity (or about 70% of the n-butanal capacity) is required to produce 2-EH. However, regional deviations
between C,/2-EH capacities are obvious, indicating that n-butanal is to be considered a commodity with worldwide
availability. Bearing in mind that both 2-EH and the Cy/C , alcohols are nearly quantitatively absorbed in plasticizer
production, the enormous significance of hydroformylation for the polymer industry, especially for PVC, is under-
lined. In contrast to repeatedly published predictions, a decrease in the application of 2-EH as plasticizer alcohol
has not been observed to date.

Rhodium-based processes dominate in the hydroformylation of propylene. On the other hand, the production
capacity of cobalt-based processes has remained at a virtually constant level in the C, field over the past years (see
Fig. 8).

Several reasons may be taken into account for what only has been a small decrease in importance: an existing
high-pressure infrastructure which is also used for the hydroformylation of olefins higher than propene, where
cobalt-based processes are advantageous; a combined cobalt recovery and recycling system for the hydroformylation
of different olefins, and the use of tail gases from low pressure hydroformylation units.

A completely reverse situation in encountered in the field of hydroformylation of olefins other than propylene
(Table 3): cobalt dominates rhodium by far, the 9:1 ratio being in favour of cobalt. One reason is the low reactivity
of rhodium in case of branched olefins with partially internal carbon double bonds, the high boiling points of the
product aldehydes is the second, as too much thermal strain is imposed onto the catalyst during product separation
by distillation.

Looking at the hydroformylation of propylene, the technology of the cobalt catalyzed processes has remained
basically unchanged over the years, whereas the introduction of rhodium as catalyst has founded a new generation
of hydroformylation processes, as can be seen from Table 4.

The rapid ascent of rhodium-based low-pressure oxo processes (LPO processes) was favoured by a number of
frequently cited advantages: mild reaction conditions, simpler and therefore cheaper equipment, high efficiency,
high yield of normal products and easy recovery of the catalyst.

However, an even more decisive development was the rise in the propylene prices which started with the first oil
supply crisis in 1973 and led to a remarkable shift in the cost structure of butyraldehyde manufacturing in years that
followed. The increase in the price of the raw material was paralleled by an increase in the cost of energy. With
respect to raw material utilization and energy conservation, the LPO processes were more advantageous than the
cobalt technology (depending on the credit for iso products), thus leading to their rapid growth.
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Table 3
Capacities for oxo products by processes (without C, products, 2-EH)

Process 1,000 t/year %
Exxon (Co) 500 30
Shell (Co) 400 24
CdF Chimie (Co) 350 20
Nissan (Co) 130 8
BASF (Co) 100 6
UcCcC (Rh) 100 6
Hoechst Celanese (Rh) 40 2
Mitsubishi Kasei (Rh) 30 2
BASF (Rh) 30 2
Sub total 1,680 100
Unknown 0

Total 1,680

Besides their high specific activity, the pronounced thermal stability of rhodium-phosphine complexes, even in
the absence of carbon monoxide, influenced the technology of the first generation of LPO processes. The basic idea
was to retain the catalyst in the synthesis reactor and to separate catalyst and butyraldehydes by distillation under
reaction conditions. Two requirements had to be fulfilled: a high boiling solvent for the catalyst and the excess of
ligand had to be found, and a sufficient amount of gas had to be passed through the reactor to entrain the butyrai-
dehydes. Condensation products of butyraldehydes, i.e. the heavy ends formed anyway in the process, turned out
to be an appropriate, cheap and readily available solvent [265], thus covering one requirement. The solution to the
other one proved unsatisfactory: a huge gas recycle was necessary to remove the butyraldehydes from the reaction
zone (gas recycle process) to keep the level of liquid inside the reactor constant, which is energy-consuming and
markedly complicates the overall process.

Nevertheless, in comparison to the cobalt technology even the first generation of LPO processes proved successful
and was promoted by a number of companies (e.g. Celanese, Union Carbide, BASF, Mitsubishi) mostly in parallel.
One of the first plants for butyraldehyde production belonged to Celanese [ 14] (b) (now Hoechst Celanese ), tightly
followed by Union Carbide/Davy Powergas/Johnson Matthey and other companies.

Later on, the efficiency of the gas recycle process was improved by a switch-over to the liquid recycle process,
to which most plants have been converted in the meantime. Catalyst solution and aldehyde products leave the reactor

Table 4
Comparison of cobalt and rhodium based processes

Cobalt Rhodium (ligand
(classical) modified)
Catalyst HCo(CO), HRh(CO)L,
Temperature [°C] 130-190 85-130
Pressure [bar] 200-300 12-50
Metal concentration [ % 0.1-0.5 0.01-0.05
b.w.]
LHSV [h'] 0.5-1.5 0.1-0.3
n/i ratio 80/20 >90/10
Formation of by high low
products
Catalyst recovery and  complicated simple

recycle
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as liquid and are separated outside in several stages of thermal operation, which finally lead to raw aldehyde, catalyst
solution and a combined stream of gas, the latter two being recycled to the reactor. Despite the improvement with
respect to the former gas recycle, the liquid recycle also demands a relatively complicated separation of products
from catalyst.

A far more elegant solution was the one offered by the Ruhrchemie/Rhdne-Poulenc (RCH/RP) process, which
was established in 1984 on an industrial scale: three-fold in mefa-position sulfonated triphenylphosphine ( TPPTS,
as sodium salt) as the ligand yields the water-soluble catalyst HRh(CO) (TPPTS);. Because of the mutual insolu-
bility, the separation of the aqueous catalyst phase and the butyraldehydes was extremely simplified, circumventing
all the common difficulties and leading to very efficient operation (cf. Section 2.1.3.2.).

2.4.2. Today’s oxo processes

2.4.2.1. UCC process

In 1971 a joint development program was started by Union Carbide Corp. (UCC), Johnson Matthey and Co and
the former Davy Powergas Ltd. (today Davy McKee) to develop and commercialize a process using a Rh-containing
homogeneous catalyst to carry out hydroformylation [266]. Research work on Rh catalysts had been underway in
US since the mid-1960’s, but about 10 years of research and process development were needed before until the first
butyraldehyde plant came on stream in 1976 at Ponce, Puerto Rico [267]. The engineering was performed by Davy
Powergas and the catalyst was supplied by Johnson Matthey and Co. At about the same time as UCC, Wilkinson at
the Imperial College in London developed a similar catalyst system. Patents in this area were assigned to Johnson
Matthey and Co [268].

In commercial applications of propylene hydroformylation the process underwent several modifications predom-
inantly aimed at improvements in the product/catalyst separation. The very first process version, which was later
on named the gas recycle process, effected the removal of the product aldehydes [269-271] from the catalyst
solution by applying a large gas recycle in order to evaporate the aldehydes. The catalyst solution consisted of high-
boiling aldehyde condensation products (dimers, trimers and various other aldehyde consecutive products), in
which an excess of TPP and the Rh complex itself was dissolved [272,273]. In order to keep the volume of this
reaction mixture constant, the conditions (temperature [95°C], partial pressures, total pressure [15-18 bar] and
gas flux) had to be maintained in a manner which allowed continuous evaporation of the aldehyde products generated
by the hydroformylation reaction [274]. These requirements led to a fairly complex plant equipment design (Fig. 9).

Propylene and make-up synthesis gas are carefully purified (1, 2) and, together with recycle gas, are introduced
into the stainless steel reactor (3) via a sparger. The stirred reactor is equipped with an external heating jacket (for
start-up) and internal cooling coils. Vaporous product effluent passes demisting pads (4) to prevent carry-over of
catalyst and liquid products. Part of the gaseous aldehyde is condensed in a cooler (5) and collected in a separator
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Table 5
LPO process: typical data [280]

Composition of product streams

Product Liquid Reactor Raw
aldehyde [% b.w.]

in [mol-%] out [mol-%]

iso-Butyraldehyde 35¢® 0.3 1.0 7.14

n-Butyraldehyde 1.8 8.8 82.56

Carbon dioxide 1.2 1.2 0.39

Propane 14.3 14.6 4.40

Propylene 20.5 14.9 4.82

Carbon monoxide 9.9 4.7 0.06

Methane 3.7 3.9 0.08

Hydrogen 48.3 50.9 0.01

Rh (ppm) 275

TPP (% b.w.) 7.5

Trimer aldehydes 50

(% b.w.)

Higher condensates 7.5

(% b.w.)

“ iso-Butyraldehyde and n-butyraldehyde together.

(6), from which the recycle gas leaves via demister (7) to the recycle compressor (8). A slip stream is taken to
the vent. Part of the condensed aldehyde from separator (6) is recycled to the reactor to keep the level of liquid
constant. The main stream of crude oxo products is sent to the upgrading section [275].

The liquid catalyst solution contains about 35% b.w. of aldehydes (Table 5). In order to keep the volume of
liquid in the reactor constant it is necessary to carefully control several variables: reaction and condensation
temperature, amount and composition of recycle gas, input of propylene and synthesis gas. For stable operation a
high volume of recycle gas has to be supplied: about 4.5 N m® per kg of aldehydes generated, an energy consuming
procedure. The productivity is 2-4 mol aldehyde/catalyst volume - h, the selectivity towards aldehydes 93%.

In order to avoid these drawbacks and following RCH/RP’s excellent experiences with liquid recycles, the gas
recycle was replaced by the liguid recycle variant (Fig. 10) which is in use in most modern LPO plants. Combi-
nations of gas and liquid recycle have also been described, claiming increased propylene conversion [276,277].

D

Vent

Syngas
Propylene

25°C 130°C Crude Aldehyd
e
1-2 bar 0,15 bar ’

Fig. 10. UCC process: Liquid recycle.
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Table 6
Liquid recycle: Typical data [277]

Temperature [°C] 85-90
Pressure [bar]: 18

Rh concentration [ppm]: 240-270
TPP [% b.w.]: 11-12
H2/CO ratio: 1.07
Conversion propylene [%]: 85-89
Productivity [mol/1-h]: 1.5-2.0

The synthesis section was simplified: A stainless steel reactor (1) is provided with a sparger through which
synthesis gas and propylene are introduced via a feed line together with recycle gas. The reactor is further equipped
with an impeller for mixing and an internal or external cooler to control the reaction temperature. The catalyst is
dissolved in high-boiling aldehyde condensation products. A liquid effluent stream is taken from the reactor at a
rate sufficient to keep a constant level of liquid in the reactor. Besides dissolved gases this liquid stream contains
aldehydes, the rhodium—phosphine complex catalyst, free phosphine ligand and higher boiling aldehyde conden-
sation products. The splitting of this complex mixture requires several steps.

The liquid stream passes a separator (2), a let-down valve (3) for pressure release, and enters a flash evaporator
(4) where the major part of inerts and unconverted reactants is taken overhead. The flashed-off gases are compressed
and returned to the reactor, whereas the liquid is heated and fed to a first distillation column (5), from which
vaporized aldehydes are taken as head stream. As the bottoms still contain aldehydes, a second distillation column
(6) with sub-atmospheric pressure is required to concentrate the catalyst solution. The vaporous aldehydes from
both units are condensed and sent to the upgrading section, the separated gases (7) are recycled (after compression)
or vented. In order to limit a build-up of inert substances in the recycled gas streams and to reduce losses by venting,
a separate treatment may be applied, e.g. an extraction of propylene by aldehyde products in the first and a stripping
by synthesis gas in the second step [278,279]. Although raw material utilisation is improved by such a procedure,
it contributes to the complexity of the catalyst and product separation section, which is the crucial part of both UCC
processes. The performances of the UCC variants are given in Table 5 and Table 6.

2.4.2.2. Ruhrchemie/Rhone-Poulenc (RCH/RP) process

The idea of E. Kuntz (Rhone-Poulenc) to apply water-soluble rhodium complexes as catalysts for the hydrofor-
mylation reaction [125] was taken up and commercialized by Ruhrchemie AG for the hydroformylation of pro-
pylene. After only two years of development on the laboratory scale the first plant was erected in 1984 followed by
rapid further increases in capacity to more than 300,000 t/year today [133].

The RCH/RP unit [21](b) is essentially a continuous stirred tank reactor, followed by a phase separator and a
strip column (Fig. 11). Reactor (1), which contains the aqueous catalyst, is fed with propylene and syngas. The
crude aldehyde product passes into decanter (2), where it is degassed and separated into the aqueous catalyst
solution and the organic aldehyde phase. The catalyst solution moves to heat exchanger (3) and produces process
steam. Water lost in the aqueous phase can be replaced at (3), after which it returns to reactor (1).

The organic phase, containing the raw aldehyde, then passes the stripping column (4). Here the mixture is treated
with fresh syngas, which acts as the counter-current stripping agent to move unreacted olefin back to reactor (1).
Because there is no catalyst in the stripping column, no side reactions occur to decrease the selectivity or yield of
the aldehyde. After this, the raw aldehyde is fractionally distilled into n- and iso-butanal in a conventional aldehyde
distillation unit (5). The reboiler of this n/iso-column is a falling film evaporator incorporated in reactor (1). The
heat of the oxo reaction is thus recovered as the reboiler heat source for the n-/iso-column. This is an advantage
over the classical oxo processes, which simply discard the oxo reaction heat. The RCH/RP process is a net steam
exporter. The catalyst in fact remains ‘immobilized’ in the reaction system with rhodium losses < 10~° gRh/kg n-
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Fig. 11. RCH/RP’s oxo process [21].

butyraldehyde. The use of water as solvent for the catalyst adds an further advantage to the process with respect to
ecotoxical considerations (Table 7).

The RCH/RP catalyst is not sensitive to sulfur or other oxo poisons that may enter with the feeds. The withdrawal
of organic and other by-products with the organic phase and in the vent stream from decanter 2 prevents the
accumulation of activity-decreasing poisons in the catalyst solution.

2.4.2.3. BASF process

Developed nearly in parallel to UCC’s LPO process, the BASF process (Table 8) also makes use of a gas recycle
to separate aldehydes and catalyst solution [281]. The latter also consists of aldehyde condensation products [282]
with TPP and the corresponding Rh complex dissolved therein. With about 3-5% b.w. the concentration of TPP is

Table 7

RCH/RP Process: typical data [21](b)

Range Typical
Reaction conditions
Temperature [°] 110-130 120
Pressure [bar] 40-60 50
CO/H, ratio 0.98-103 1.01
Aqueous/Organic phase 4-9 6
Propylene conversion [%] 85-99 95
Propylene quality [%] 85-99.9 95
Product composition
iso-Butyraldehyde [% b.w.] 4-8 45
n-Butyraldehyde [% b.w.] 95-91 94.5
iso-Butanal [% b.w.] <0.1 <0.1
iso-Butanol { % b.w.] 0.5 0.5
Butylformates [% b.w.] traces traces
Heavy ends [% b.w.] 0.2-0.8 04
n/i ratio 93/7-97/3 95/5
Selectivity to C, products [% b.w.] >99 >99.5
Selectivity to C, aldehydes [% b.w.] 99 99




50 M. Beller et al. / Journal of Molecular Catalysis A: 104 (1995) 17-85

Table 8
BASF-process: typical data [284]

Reactor volume 135 m®

Liquid volume ca. 2/3 of reactor volume
Propylene in 4,000-4,400 kg/h
Butyraldehydes out 5,700-6,500 kg/h

Propylene conversion 84-86%

n/iratio 84/16

Rhodium concentration 160-190 ppm

Gas recycle 18,000-26,000 N m*/h
Productivity 0.063-0,072 kg/1-h

TPP concentration 3,5-4,5% b.w.

TPP/Rh ca. 100/1 mol/gAt.
Temperature ca. 110°C

Pressure ca. 16 bar

Propane formation ca. 2% of propylene converted
High boiling products ca. 0.5% of propylene converted
Partial pressures

propylene 4.8 bar

carbon monoxide 0.6 bar

hydrogen 8.0 bar

rather low, thus limiting the rhodium concentration to a level below 200 ppm in order to establish a P/Rh ratio of
about 100/1 (mol/g at.). Accordingly, the n/i ratio is somewhere in the range of 84/16. With a temperature of
about 110°C the pressure is limited to 15-17 bar to avoid too large a recycle.

The process scheme corresponds to the gas recycle process already described. Propylene and synthesis gas (H,/
CO=55/45) are fed to a stainless steel tank reactor with intense mixing. Aldehydes are withdrawn by a recycle
gas stream, condensed by partial cooling and freed from dissolved gases in a stabilizer column [283]. The combined
gaseous streams from these operations are recompressed and sent to the reactor. A vent stream is used to control
the level of propane in the gas loop. Due to the application of the recycle, the syngas actually entering the reactor
is extremely rich in H, (Table 8).

2.4.2.4. Exxon process

Designed and applied for the hydroformylation of olefins in the C4—C,, range, the Exxon process is representative
of a cobalt catalyst recycle without change of the oxidation or coordination state of the catalyst metal. This is in
contrast to the processes in which the removal of the catalyst after hydroformylation is achieved by oxidation with
e.g. air/acetic acid (older BASF process) or by thermal degradation of the cobalt carbonyl (older Ruhrchemie
process; cf. Fig. 6). In the Exxon process the so-called Kuhlmann (Produits Chimiques Ugine Kuhlmann, acquired
by Exxon) catalyst cycle technology is applied, involving two main process steps: the recovery of sodium cobalt
carbonylate and its regenerative conversion into cobalt carbonyl hydride. Obviously the older Kuhlmann technology
has been refined and extended in some points, especially to increase the yields of valuable products and to reduce
cobalt losses in the catalyst recycle.

Cobalt enters the process via a carbonyl generator and is fed into the oxo reactor together with the olefin stream,
which already carries the recycled HCo(CO), from an extractor. Together with purified syngas hydroformylation
takes place under the usual conditions (160-190°C; 250-300 bar; 0.1-0.5% Co) in a reactor equipped with an
external loop. After passing a separator, the crude product is treated with dilute aqueous caustic (e.g. 9-15% b.w.
of reaction product as 3-5% b.w. NaOH) still under temperature and pressure to extract NaCo(CO), as aqueous
solution. A cobalt-free organic phase results after scrubbing with water. By addition of H,SO, in the presence of
syngas, HCo(CO), is generated, extracted by an olefin stream and sent to the hydroformylation zone. Instead of
the olefin as extractant other suitable compounds may be applied (e.g. hexanol).
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Table 9
Exxon process: typical data [288,289]

Temperature [°C] 175

Pressure [bar] 290-300

H,CO ratio 1.16/1

Feed Propylene trimer
LHSV [h'] 0.7
Co-concentration [ % b.w. of feed] 0.3

Product composition [ % b.w.]

Light products 11-13
C,p-aldehydes 72-74

Heavy ends 13-17

The reclaim of cobalt as described is not complete as some formation of Co*™* by oxidation cannot be avoided,
leading to deterioration of the waste-water stream. For cobalt recovery from this stream, the usual techniques of
precipitation may be applied, leading to carbonate or hydroxide. The overall losses are compensated by fresh cobalt,
introduced by the carbonyl generator. In order to convert Co formate into HCo(CO),, the presence of palladium
on carrier as catalyst is recommended.

The engineering of the Exxon process is beneficial because the catalyst does not undergo decomposition and is
introduced in its most active and effective form. However, all the stages of catalyst separation and recycle have to
be carried out under CO pressure, a requirement which may be considered as disadvantageous.

The product slate (Table 9) corresponds to the usual picture for cobalt hydroformylation. A number of proposals
have been put forward to make use of the high boiling moiety of the raw oxo product.

2.4.2.5. Other processes

Despite a considerable number of publications and patent applications dealing with hydroformylation technology,
comparatively few processes have successfully been commercialized besides those which have already been men-
tioned in the foregoing part. Two processes have gained commercial importance.

Back in 1974 Celanese (Hoechst—Celanese today) started the production of butyraldehydes by a process [285]
which closely resembles the LPO process subsequently (1976) introduced by UCC. It is an open question which
of the two companies was the really first to introduce low-pressure hydroformylation, as UCC claims to have run
an ethylene hydroformylation unit at Ponce before the start-up of the propylene unit at the same site [ 14] (b) [286].
If any, there are only minor differences between the Celanese and the UCC process.

Vent Vent

l Vent

1 2 K

"F

Oxo crude

Propylene

H2/CO

Fig. 12. Mitsubishi process.
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Mitsubishi also operates a LPP for propylene hydroformylation [67] (a) [287] which comprises several features
of common technology. As outlined in Fig. 12, the liquid mixture of aldehydes and high-boiling condensation
products from reactor (1) passes a heater/cooler (2) and enters the top of the strip column (3). The gas recycle
together with fresh propylene and synthesis gas is used to remove dissolved gases from the liquid effluent, which
enters the gas-liquid separator (4) and then a distillation column (5) to separate aldehydes and the catalyst solution,
Catalyst and strip gases return to the reactor entrance. The process can be considered a combination of gas and
liquid recycle with a strip column. The following reaction conditions are stated to be typical: Temperature ca. 100°C,
pressure 15-18 bar; Rh conc. 300-350 ppm, TPP concentration 20-22% and H,/CO ratio approx. 1.015/1.

2.4.3. Special developments

Several attempts have been published to solve the problem of the separation of catalyst and products by immo-
bilizing the catalytically active species on fixed supports ( see Section 2.1.3.3.2.). So far, none of these developments
has achieved technical realization, mainly because of insufficient long-term stability. For the liquid phase application,
the fixation of rhodium to ion exchange resins, polymers with incorporated ligands or simply to oxidic carriers
proved to be insufficient, and losses by leaching could not be conveniently suppressed. In gas phase operation,
where rhodium was either dissolved in an excess of the molten phosphine ligand or in an aqueous solution of the
ligand, the immobilizing phase was swept out by the time on-stream, carried by the gas flow as in chromatography,
supported by the exothermicity of the hydroformylation reaction. In spite of the obvious advantages of fixed-bed
operation, no acceptable solution has yet been presented.

Mitsubishi uses a modification of the Rh-catalyzed high-pressure hydroformylation of long-chain olefins like
octenes or nonenes [88]. Hydroformylation is carried out in the presence of the weakly complexing triphenylphos-
phine oxide (TPPO) as ligand at pressures up to 200 bar. It is claimed that the activity of rhodium is diminished
Iess by TPPO than by TPP, thus reducing the rhodium inventory in comparison to TPP as ligand. Before distillation
of the nonanals or decanals, TPP is added to stabilize thodium, the TPP being oxidized to TPPO before re-use of
the catalyst solution by a non-disclosed oxidation procedure. Part of the catalyst solution is purged for external
upgrading (cf. Section 2.1.2.3.).

2.4.4. Future aspects

The hydroformylation processes applied industrially have reached a high degree of maturity. Designed for the
production of commodity chemicals, they have undergone subsequent improvement and have been in use for at
least a decade and often much longer (cobalt-based processes). Accordingly, their production cost structure is
mainly governed by raw material and capital costs and little room is left for improvements by process modifications.
This fact is reflected by recent patent literature: no really significant alteration of the common hydroformylation
technology has been published since the appearance of the RCH/RP process at the beginning of the eighties [ 129].

However, the question arises as to whether the principle of biphasic homogeneous catalysis with its obvious
advantages in some fields has already arrived at its final state of development or if expansion is still possible and
technically and economically justified. The driving force of further work in this area is the result of a general fault
of established LPO processes: increasing difficulties arise with increasing chain length of the olefin which prevent
their application for olefins with carbon numbers above Cs~C,. These difficulties are either related to the increasing
boiling point of the product, leading to problems in separation of the catalyst solution in the case of monophasic
systems, or to low solubility of the olefins in the aqueous catalyst phase, the reason for the limitation in productivity
with biphasic systems. The separation of catalyst and products by distillation can only be applied successfully within
the limits of the thermal stability of the Rh catalyst complex, whereas the phase-separation technique has no
restrictions in this respect. These facts lead to the conclusion that an extension of the two-phase principle offers per
se the better chances for a general application in hydroformylation.

Some promising steps have already been undertaken and are discussed in Sections 2.2. and 2.3.
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3. Carbeonylation
3.1. New developments

Carbon—carbon bond-forming reactions are the underlying fundamental principle of synthetic organic chemistry.
Despite an explosion of new methods and reagents in all areas derivatives of carbonyl compounds are among the
most versatile groups for further transformations. Today the functionalization of organic molecules with carbon
monoxide to carbonyl compounds, in addition to hydroformylation, is an area that is rapidly growing mainly for
laboratory-scale synthesis. On the other hand new applications of carbon monoxide in the synthesis of fine chemicals
were very rare until the 80’s. Because of the development of new reagents and deeper mechanistic understanding,
fine chemical synthesis based on carbon monoxide is expected to grow in future.

Substrates for carbonylation reactions may be olefins, alkynes, and reactive aryl, vinyl or alkyl species. A number
of reviews and monographs in this area have appeared since 1980 [290]. In the following section new applications
of transition metal-catalyzed reactions will be discussed. Emphasis has been given especially to the development of
new synthetic methods and to new commercial processes.

3.1.1. Carbonylation of olefins

3.1.1.1. Hydrocarboxylations and related reactions

Catalytic hydrocarboxylation and hydroesterification of alkenes have attracted considerable interest during the
last 15 years. Co, Pd, Pt, Ni, Rh, and Ru have been used as catalyst metals. Main synthetic interest focuses on the
development of superior regioselective methods. For reasons of working at milder reaction conditions (20-80°C,
1-10 bar CO) Pd and Rh catalysts were applied most frequently [291]. A recent example employed Pd acetate
immobilized on montmorillonite in the presence of TPP and an acid promoter for the hydroesterification of aryl
olefins. The reaction is totally regiospecific for the branched isomer of aromatic olefins, while aliphatic olefins
afforded branched chain esters only regioselectively with n/i=1/3 [292]. On the other hand selective hydrocar-
boxylations to give linear acid derivatives have been described with Pd acetate and 1,4-
bis (diphenylphosphino)butane (dppb) in the presence of formic acid [293] (Eq. 12), or Pd on carbon in the
presence of dppb and formic or oxalic acid [294].

COH
P(OAC),, dppb
+ HCOH ————
DME, 150°C
7 bar CO
84%

(12)

Moreover, the regioselectivity of the hydroesterification of alkyl acrylates catalyzed by [PdCLL,] complexes
(L = phosphine ligand) could be largely controlled by variation of the ligands. TPP promotes preferential carbox-
ylation to the branched isomer, whereas with bidentate phosphines the linear product is overwhelmingly produced
[295]. For carboxylations in the presence of formate ester similar regiocontrol by simply changing the ligand was
reported by Lin and Alper [296]. An electrochemical hydroesterification reaction using Pd salts as catalyst was
used for the carbonylation of non-functionalized olefins. Although anodic regeneration of Pd(II) enables us to
dispense with ligands and co-catalysts, the reaction lacks practical applications because of the very low turnover
frequency (TOF) of 0.2-0.4 [297].

The effect of different iodide promoters on the hydrocarboxylation of olefins in the presence of Ru catalysts was
studied exhaustively [298]. Remarkably, the use of ionic iodide as promotor increased the relative rate of the
hydroesterification of ethylene by more than 1200 times. Ru-catalyzed hydroesterifications of mono-olefins with
primary alcohols were also described. For instance, the reaction of propene and methanol at temperatures between
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230-250°C and pressures above 150 bar produced butanoic acid in yields exceeding 65% [299]. Mechanistic studies
confirm that the primary alcohol acts as CO/H, source.

BASF has developed a three-stage process for the synthesis of adipic acid from butadiene containing C, cut
[290] (g). The first stage [Eq. 13] uses a fairly high concentration of HCo(CO), and pyridine as catalyst system
to ensure rapid carbonylation of butadiene to give methyl pent-3-enoate, thus avoiding typical side reactions like
dimerization and oligomerization. In the second step (Eq. 14), the concentration of pyridine as ligand must be low
because it has an inhibitory effect on the hydroalkoxycarbonylation. In situ isomerization to the 4-pentenoic acid
ester is a prerequisite for the subsequent carbonylation which yields dimethyl adipate. After hydrolysis of the ester,
adipic acid is obtained with an overall selectivity of about 70% [290] (g). The commercial status of this process is
unknown.

HCo(COY),, py
A Z 400+ CHOH ———— A~ "~go.cH
120-140°C LA
300-1000 bar
90-95%
(13)
CO,CH, HCo(CO),, py
+ CO + CHOH ——m CO.CH
= ® 160-170°C Cg;i/\ s
150-200 bar 2LH,
80%
(14)

Depending on the reaction conditions, the carbonylation of dienes could lead to unsaturated and/or saturated
mono and/or diacids or diesters, with dimerization and carbonylation reactions occurring in some cases. Examples
include the formation of esters of 3,8-monodienoic acid by Pd-acetate-catalyzed carbonylation of butadiene in
alcohol [300] and the oxidative carbonylation of butadiene in methanol catalyzed by PdCl, to give dimethyl-2-
butene-1,4-dicarboxylate [301]. The Pd-catalyzed hydrocarboxylation of substituted 1,3-dienes yields unsaturated
mono acids in the presence of phosphine ligands and formic acid [302].

In combination with the incremental advances in reaction conditions, especially towards low-pressure carbony-
lations, this chemistry was increasingly used to synthesize advanced building blocks. In this respect hydrocarbox-
ylation reactions of functionalized olefins have been used for the synthesis of fluorinated acids [303], silylated
esters [304], and B-amino acids [305]. Important representatives of higher value acids are the commercially
significant 2-arylpropionic acids. Despite research efforts which led to achievements [ 306] a catalyst system which
fulfills technical needs has yet to be developed. Best optical yields so far were reported by Alper et al. who claims
enantioselectivities of 84% with TON of 7-8 for the synthesis of ibuprofen with PdCl,/CuCl, as catalysts and 1,1'-
binaphthyl-2,2'-diyl hydrogen phosphate as the ligand in mixtures of HCI and tetrahydrofuran [307]. The same
reaction conditions have been applied to the asymmetric cyclocarbonylation of but-2-en-1-ol to yield 1-methylbu-
tyrolactone [308]. Best enantioselectivities up to 61% (49% yield) afforded poly-L-leucine as ligand.

Following the trend to prepare polyfunctional intermediates as building blocks via tandem reactions Marko et al.
developed an efficient one pot hydroesterification-Michael addition [309] (Eq. 15). Thus, hydroalkoxycarbony-
lation of acrylonitrile with alcohols proceeds in the presence of catalytic amounts of Co,(CO)s and pyridine bases
to yield 2,4-dicyano-2-methylbutanoic acid esters. The yield of the desired products (up to 90%) strongly depends
on the pyridine/cobalt ratio.

Co,(CO)y, Py CN CN
P
2 Z2°CN +ROH — COR

110°C, 100 bar CO
(15)
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3.1.1.2. Oligomerizations and polymerizations with CO
Several Pd(II) catalyst systems have been reported, which effect perfectly the alternating copolymerization of
olefins, particularly ethylene with CO to yield low-cost polyketones (Eq. 16) [310]. Apart from Pd, Rh catalysts
have also been used for copolymerization [311].
Pd cat., HX
nH,C=CH, + n CO + CH,0H ———— H(CH,CH,CO),0CH,
15°c (16)

The catalyst systems used for copolymerization have typically employed Pd(II) salts in alcoholic solvents in
combination with acids, mono- or bidentate phosphines, or bidentate nitrogen ligands and frequently oxidants such
as benzoquinone. Drent et al. developed a highly efficient homogeneous Pd catalyst system for terpolymerization
of ethylene, propylene and CO. The essential features of the catalyst system are the equimolar combination of a 1,3-
bis(diphenylphosphino ) propane as ligand with a Pd(II) species in which the counter ions are weakly coordinating
[312]. High rates with TON of more than one million per Pd center were obtained in methanol as solvent. The
reaction is suggested to proceed via alternating sequence of CO and alkene insertion in Pd-C bonds [312]. An
alternative mechanism involving Pd carbene intermediates was recently proposed [313]. It has been reported that
the alternating copolymerization of CO and 4-tert-butylstyrene represents an example of living alternating copoly-
merization, which is very rare [314].

The inherent structural features ( B-dicarbonyl unit) of olefin/CO copolymers suggested initial concern about
long-term stability of these materials. Very recently Shell Chemicals found an economic solution to this problem.
Polyketones on ethylene/CO basis with randomly incorporated propylene will be produced with a total capacity of
20,000 t/year as from 1996 [315].

3.1.1.3. Oxidative carbonylations

Palladium chemistry dominates this area and the main problems are related to the efficient reoxidization of Pd(0).
For this purpose the use of nitrites has been studied for oxidative carbonylation of ethylene and propylene [316].
It appears that PA(IV)NO ™, which is in equilibrium with Pd(II)NO ¥, plays an important role in the course of the
reaction.

Considerable interest has been paid by industry to the oxidative carbonylation of styrene as a promising method
of producing cinnamic acid derivatives. The catalyst systems used ordinarily contain Pd and Cu salts as well as
other metals as co-catalysts. A detailed study of the most active catalyst system consisting of PdCl,, CuCl,,
Cu(OAc), and, Mn(OAc), showed that the introduction of Mn(OAc), as additive substantially increased the
activity [317].

Bisalkoxycarbonylation of olefins to succinate derivatives has been described with a number of catalysts, among
them PdCl, and butyl nitrite [316], Pd(OAc),, O, and benzoquinone [318], as well as Pd(acac), and di-tert-
butylperoxide [319]. The first stereoselective version of this reaction was developed by Consiglio et al. [ 320] (Eq.
17). The bisalkoxycarbonylation of styrene using chiral PdL,X, complexes and benzoquinone proceeds with
enantioselectivities of up to 93% in the presence of chiral biphenylphosphines, albeit that the chemoselectivity of
the reaction was lower.

PLX, CO,CH,
N benzoquinone
+ CO + CHOH ———»
50°C CO,CH;,
50-350 bar

(17)

Processes that are reminiscent of succinate formation include intramolecular dialkoxycarbonylations [321], e.g.
of 3-butenols [322], and 4-pentenols [323], as well as oxidative carbonylation of unsaturated ketones to give
spiroacetals [324].
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3.1.2. Carbonylation of alkynes

3.1.2.1. Hydrocarboxylations and related reactions

In principle, the same catalyst metals may be used for the carbonylation of alkynes as for the carbonylation of
alkenes, but the reaction conditions are usually milder. The carbonylation of alkynes has been dominated industrially
by the BASF process for acrylic acid (100,000 t/year) using NiBr,/Cul as catalyst. Because of the feedstock change
from acetylene to propylene the importance of this process is now diminishing. Most of the synthetic work in the
area of alkyne carbonylation has been devoted to controlling regio- and stereoselectivity by using new catalyst
systems, although practical applications will rely mainly on cheap starting materials, which will only be accessible
in very rare cases. By using terminal alkynes instead of acetylene hydrocarboxylation reactions yield either 2- and/
or 3-substituted acrylic acid derivatives (Eq. 18).
R

/
=z M cat. R
Z o ROH ——— 7 + Rz~ o
tor COR
2

(18)

The selective formation of 2-substituted acrylate esters using nickel cyanide under phase transfer conditions
[325] or with Pd phosphine catalysts has been described [ 326]. Furthermore, hydroaminocarbonylation of terminal
alkynes also proceeds regioselectively in the presence of Pd complexes and iodide promoters in diethylamine under
considerably mild conditions [ 327]. This chemistry has been used for the synthesis of pharmacologically interesting
amino acids [328]. In the past, catalysts based on Ni and hydrogen halides were considered to be far superior to all
other catalysts for the carbonylation of alkynes [290](g). Thus, it is remarkable that Drent et al. disclosed for the
first time a highly efficient catalyst system based on Pd(Il) species, 2-pyridyl diphenylphosphine, and an acid
containing weakly coordinating anions. High TON of more than 40,000 mol/gAt. Pd-h and selectivities of up to
99.95%, especially for the carbonylation of propyne to methyl methacrylate were obtained [329]. Surprisingly, by
simply changing the ligand from TPP to 2-pyridyl diphenylphosphine the catalyst activities were increased by more
than three orders of magnitude.

Treatment of alkynes with carbon monoxide in the presence of a bimetallic catalyst system consisting of CoCl,,
KCN, and NiCN, directly yielded saturated carboxylic acids with good selectivity for the branched-chain isomer
[330].

Biscarboxylations of alkynes to yield maleic and fumaric acid derivatives in the presence of Pd catalysts and of
an oxidant have been reported [331]. Recently developed electrochemical reoxidation of paliadium [332] or using
Pdl, with iodide promoters as catalyst [333] avoided the use of stoichiometric quantities of reoxidant, e.g. CuCl,.

3.1.2.2. Others

In organic synthesis much of the work over the last 15 years has been devoted to the development of new tandem
procedures, which effectively create a number of bonds in a consecutive manner. The various possibilities of
cycloaddition reactions of alkynes and alkenes with CO have been reviewed [334]. Transition metal-catalyzed
examples for this chemistry are the synthesis of cyclopentenones ( Pauson-Khand reaction) [335], cyclopentadi-
enones [336], and furanones [337]. Among these methods the cocyclization of alkynes with CO and alkenes by
cobalt complexes leading to cyclopentenones has been used extensively on a stoichiometric basis. Despite the
intensive research efforts and numerous synthetic applications [335] only two reports on catalytic Pauson—Khand
reactions by Rautenstrauch et al. [338] and by Jeong et al. [ 339] have appeared so far.

Rh-catalyzed synthesis of 2(5H)-furanones from alkynes under water—gas shift reaction conditions was studied
[337]. Both internal and terminal alkynes could be applied as substrates. The furanone framework is combined by
the reaction of the alkyne with one molecule of hydrogen and two molecules of CO. Related 5-ethyl-2(5H)-
furanones were prepared by Rh,(CO),,-catalyzed carbonylation of an alkyne and ethylene in the presence of
alcohols as hydrogen source (Eq. 19) [340].
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R0,(CO)p PPhy RN\ O
R—=R +CO+CH, d

i-PrOH, 220°C

CH,

(19)

Interestingly, chemoselectivity switched to 1-penten-3-one when hydrogen is used only [341]. Furanones are

also formed when propargylic alcohols were carbonylated with bis(dibenzylidene acetone)-Pd and 14-

bis(diphenylphosphino)butane [342]. The reaction of CO with propargylic derivatives has been the subject of

many investigations [343]. Depending on the catalyst (Ni, Pd) it is possible to synthesize either dienoic acids (Eq.
20), allenic acids, or unsaturated diacids [342].

. PA(PCy,),(H)(H,0)8F, CO,CH,
= S
o \ou* GO + CH,OH
dppb, p-TsOH, THF

100°C, 20 bar CO,CH,

55% (20)

Despite multiple functionalization possibilities none of these reactions is used commercially. An unusual example

of carbonylation of 1,6-diynes was recently reported by Murai et al. [344]. 1,6-Heptadiyne reacts with carbon

monoxide and tert-butyldimethylsilane in the presence of Ru;(CO),, and tricyclohexylphosphine to give a 5,6-

dihydroxyindan derivative (Eq. 21). It is suggested that a ruthenium carbonyl complex rearranges during the
catalytic cycle to form an oxacarbyne complex.

— Ruy(CO),, OH
<; +CO + RSH —— s

Pers OSiR,
(21)

Another example of potentially useful cyclocarbonylation leads to indenones, which are valuable intermediates,
e.g. for metallocene ligands. Under water—gas shift reaction conditions aryltrimethylsilylacetylenes undergo rho-
dium-catalyzed desilylative carbonylation to give 2,3-dihydro-1H-inden-1-ones (Eq. 22) [345].

SRy
= [Ru(COD)CI, R 0
+CO +HO —»
R 20PPh,, NEE,

67-90% (22)

3.1.3. Carbonylation of CX compounds

3.1.3.1. Reactions of aryl- and vinyl-X

From an industrial point of view organic halides are generally a less attractive feedstock for the synthesis of
benzoic Qcid derivatives compared to toluenes which can lead to benzoic acids via air oxidation. Thus, their use is
technically restricted to the synthesis of higher value fine chemicals and complex synthetic intermediates.

Based on the pioneering work of Heck and coworkers during the mid-seventies aryl- and vinyl-X carbonylations
(Heck carbonylation) [346] have been used extensively in organic syntheses [347]. Much effort has been under-
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taken in the extension of this form of chemistry by the use of new starting materials and by combining the
carbonylation step with new modes of trapping reactions of the intermediate acyl-metal complex. The combination
of metal-catalyzed C-C coupling reactions with carbonylation chemistry to develop regio- and stereoselective atom
economic cascade reactions has been a major subject of interest. This resulted in a number of new inter- and
intramolecular methods for complex organic intermediates, mainly heterocycles. Despite its potential, none of the
methods described so far has been used for commercial production. This is partly due to the low catalyst activities.
TOF remain usually below 20 h™. To be of practical value, more research is clearly needed in future, which takes
technical questions like catalyst activity (TON, TOF), catalyst lifetime, and recycling into consideration.

Most of the work reported during the last 15 years used corresponding aryl halides, especially bromides and
iodides as starting materials and metal catalysts capable of oxidative addition to a C-X bond, such as Pd or Co and
very seldom Ni complexes [ 348]. Moreover, diazonium compounds [349], triflates { 350], alkyl- or arylsulfonates
[351], fluorosulfonates [ 352], oriodoxyarenes [ 353] although technically not very important, were used as starting
materials because of the ease of activation. Depending on the reaction media it is possible to synthesize either acids
[354], esters [355,356] amides [357], and acid fluorides [358] (Eq. 23).

(o]

X Pd, Co, Ni cat
©/+CO+NUH ——————p Nu + HX
20-200°C, > 1 bar
teq base
Nu = OH, OR, NR,, F, CI

X=1,Br, Cl,NX, OSOR, 10, (23)

Moreover, aryloxazoles [359], arylthiazoles [ 360], anhydrides [361 ], and imides [362] are accessible via Heck
type carbonylations (Eq. 24).

X NH,  PdCl(PPh,), ~
e QL Tt O
YH  DMAc, 120°C
R DBU R
B Y= 7491%
X=8r,;Y=8,0 (24)

In case of the carbonylation of iodo or bromo compounds it has been shown that the rate-determining step of the
reaction is the nucleophilic attack on an acyl metal intermediate. Thus, amidation proceeds more rapidly than
esterification under similar conditions. Stereospecifity in carbonylations of cis or trans vinylic halides is also higher
for amidations ( 100% retention) compared to esterifications (90-95% retention).

The mechanism of the alkoxycarbonylation has been investigated in detail by cylindrical internal reflectance—
Fourier transform infrared spectroscopy (CIR-FTIR). Infrared spectra of the active reaction at high alcohol con-
centration show that the dominant Pd complex does not contain a carbonyl group, consistent with a rate-limiting
step involving oxidative addition. At low MeOH concentrations the Pd—acyl complex predominates and the rate
strongly depends on the basicity of the base [363].

Because of the relatively high cost of Pd it is significant that cobalt—carbonyl complexes catalyze carbonylation
of aryl and vinyl halides to acids at low CO pressure under conditions of photostimulation [364]. Photolysis to a
coordinatively unsaturated 16-electron cobalt species seems to be the key reaction step. Foa et al. discovered a more
practical solution because photochemical regeneration of the catalyst could be avoided if an alkylating agent, e.g.
chloroacetate is added [365]. The resulting alkyl Co complex CH;0,CCH,Co(CO) promotes carbonylation of
aryl and vinyl halides under mild conditions (1 bar CO, 60°C) in good yields (Eq. 25).
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Br CO,R
@ H,C,0,CCH,Co(CO), @
+ CO + ROH —>
) 25-35°C, 1 bar /
R MeOH R
R’ = H, Cl, CH,0, GH, 12-86%

(25)

Carbonylation of aromatic halides with Pd catalysts and phase transfer systems, e.g. polyethylene glycol [366]
or water-soluble catalysts [366] give satisfactory yields of benzoic acids. A study on the application of solid
catalysts for carbonylation of aryl halides showed that Pd supported on charcoal was the most active system [367].
The carbonylation activity increased with the addition of a small amount of water to the reaction solvent methanol,
but mixtures of benzoic acid and methyl benzoate were formed.

As regards alkoxycarbonylations, solid-liquid phase transfer conditions have been described to lead to improved
yields of butylbenzoic acid ester [368] compared to the reaction conditions originally described by Heck et al.
Beside natural product synthesis, Pd-catalyzed alkoxycarbonylations have been applied to syntheses of heat resistant
aromatic polyesters and polyamides [369]. For the synthesis of model compounds for polyesters a study of the
effect of added base for Pd-catalyzed aryloxycarbonylation has been performed [370]. Interestingly, conventional
bases like Na acetate and tertiary amines lead only in low yield to the desired product, while cyclic amidines
drastically increase the rate of reaction and the yield.

Besides the combination of an alcohol and base alcoholate complexes of various elements like B, Al {371], Sn
[372] and Ti [355] can act as alkoxide sources in metal catalyzed alkoxy carbonylations. A promising approach
to otherwise unaccessible fluorinated amino acids has been designed by Uneyama et al. [373] (Eq. 26). Palladium
catalyzed carbonylation of an imidoyl iodide in the presence of benzyl alcohol yielded the corresponding imino
ester, with further transformation giving quaternary amino acids.

OMe
CE OMe Pd,(dba), CF,
T e T B
N K,CO, N
1 bar OR

{
(26)

A breakthrough has been achieved in substitutive carbonylation of aryl chlorides, which is of industrial interest.
Oxidative addition of an unsaturated metal complex to aryl chlorides is thought to be the rate limiting step in the
reaction. Different strategies have been successfully pursued to overcome the lack of reactivity for oxidative addition.
Milstein et al. [374] described very active palladium complexes based on the electron rich and bulky chelating
diphosphine 1,3-bis(diisopropylphosphino)propane (Eq. 27).

G PN

Pd(OAc), +2 )\ /K COR

—>

+ CO + ROH

150°C, 5 bar CO
R’ R’
R’ = H, CH,, CH,0, CH,0CO 72-89%
(27)

Likewise, Osborn et al. [375] and Alper and Grushin [376] suggested Pd complexes with phosphines which
possess both high basicity (pK,>6.5) and defined steric hindrance. Best results for the carbonylation of chloro-
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benzene under 30 bar of CO showed palladium complexes with triisopropylphosphine or tricyclohexylphosphine.
Other methods of functionalizing chloro aromatics are photochemical activation [377], stoichiometric utilization
of tricarbonyl(chloroarene)chromium complex [378] or using heterogeneous Pd catalysts under more drastic
reaction conditions [379]. It is important to notice that certain N-heteroaromatic chlorides are much more readily
carbonylated, due to the reduction of electron density in the aromatic ring and stronger polarization of the C-Cl
bond [380].

Depending on the catalyst system and the reaction conditions, especially at elevated CO pressures, it is possible
to achieve double carbonylation reactions to 1-keto carboxylic acid derivatives [381]. Mechanistic investigations
have recently shown that double CO insertion into the Pd—carbon bond does not occur directly, instead the terminal
step of double carbonylation is generally a coupling reaction between metal-bonded acyl or alkoxycarbonyl or
amidocarbonyl groups and CO [382].

Besides typical benzoic and vinylic acid derivates aldehydes {376,383}, ketones [384], aroyl cyanides [385],
aroyl acetylenes [386], and their derivatives [387] are accessible via nucleophilic attack of the intermediate acyl
metal complex by the corresponding hydrogen or carbon nucleophiles (Eq. 28).

(o]
X Pd cat Nu
+ CO + NUM ——mm———» + MX
20-130°C, > 1 bar
1eq base
X =Br, 1,050,R M= Na, K, BR,, SIRF,, SRy, AIR,, HgR

Nu = H, CN, alkyl, aryl, viny, =R (28)

Even anionic metal complexes like [Co(CO)4] ™ can act as nucleophile and lead to aroylcobalt complexes as
products [388].

Instead of intermolecular reactions of the acyl palladium complex a number of intramolecular trapping reactions
have been developed and used in organic synthesis in recent years. Some typical examples [389] include the
carbonylation of 2-halophenols or 2-haloanilines to O- or N-heterocycles, intramolecular enolate or enamine trapping
to isocoumarins or quinolinones. For carbonylative cyclization to indanones and tetralones a study on the feasibility
of different late transition-metal complexes has appeared. Apart from palladium, copper and nickel derivatives are
also able to catalyze the reaction (Eq. 29) [390].

CO_Et cat M
—_— CO,Et
(II\C(OzEt * OO eon 1e Co:Et
NEt,, THF 0
cat M = Pd, Ni, Cu 85-92% (29)
The combination of double carbonylation with intramolecular trapping reactions has been used for the synthesis
of isatin from 2-iodoaniline [391], ketolactone from 2-bromophenylbutadiene [392] and other heterocycles [393].
Related tandem reactions with three components (aromatics, alkynes and CO) were used for the synthesis of
derivatives of flavone [394], aurone [395], indoxyl [396], as well as furanones [397]. The broad variety of
synthetic possibilities of this chemistry even by minor changes of the reactants is nicely demonstrated by the reaction
of 2-haloanilines with CO and alkynes. In case of a one pot reaction indoxyl derivatives are produced (Eq. 30)
[396]. The reaction is initiated by oxidative addition of a palladium(0) complex to the aryl halide. Interestingly,
the resulting arylpalladium(II) complex reacts chemoselectively with CO and not with the alkyne. As shown in Eq.
31 and contrary to the last example, the consecutive reaction with an alkyne as the first step and CO and another
aryl halide as the second step leads to 3-acylindoles [398].
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I Pd(PPh,), o
@ + CO + Ph—H —_—
NHR KOAc N X ePh
80°C i
R
76%
(30)
_ R 0
= Pd(PPhy), Ar
+CO+ A+l ——* |
NH MeCN, 45°C N
!
COCF, K,C0, b
(31)

It deserves mention that related palladium-catalyzed C—C coupling cascades have been combined with a carbon-
ylation terminating step [399]. In such cases vinyl- or alkyl-palladium(II) intermediates generated in situ were
trapped by carbonylation reactions, mainly carboxylations.

Not only aryl- and vinyl-X compounds with X as an electron withdrawing group can be carbonylated, organo-
elemental derivatives can also serve as starting materials [400]. The technical importance of this type of reaction
seems to be low.

3.1.3.2. Reactions of alkyl-X

The carbonylation of alcohols to give carboxylic acids is one of the most important applications of carbonylation
chemistry. Especially the direct synthesis of acetic acid from methanol and carbon monoxide is of major commercial
significance. Today the Monsanto process using rhodium catalysts is the dominant technology in this field having
superseded the classical BASF process. The kinetics of the Rh-catalyzed carbonylation of methanol have been
investigated in detail. On a molecular level, this process is well understood [401] to involve the rate-determining
nucleophilic attack on alkyl iodide by the anion Rh1,(CO); (Egs. 32-36).

CH,OH + HI — CH,I + H,0 (32)
[Rh(CO),L,]~ +CH,I— [CH,Rh(CO),L,] ~ (33)
[CH;Rh(CO),1;,]~ +CO - [CH;CORh(CO),L, ]~ (34)
[CH,;CORN(CO),1,]~ — CH,COI + [Rh(CO),L,]~ (35)
CH,COI +H,0 — CH,CO,H +HI (36)

There has been considerable industrial interest in the extension of this reaction, using the same type of catalyst,
to the production of acetic anhydride by carbonylation of either dimethyl ether or methyl acetate [402]. Thus,
Eastman Chem. Co. have succeeded in the development of a new process for acetic anhydride based on the
carbonylation of methyl acetate (Eq. 37) [403]. Since 1983 approximately 240,000 tons of acetic anhydride per
year have been produced via this route [404].

Rh cat.

CH,CO,CH;+CO — (CH;C0),0 (37)

H>2

A similar process for the production of acetic acid and acetic anhydride in any desired ratio has been developed
by Hoechst AG [402]. Mechanistic studies [405] show that the active catalyst appears to be cis-Rh(CO),l; . High-
pressure infrared cell measurements suggest that molecular hydrogen (2-7%) converts trans-Rh(CO).I5 into the
active intermediate [406].
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The rates of the rhodium-catalyzed carbonylation of primary alcohols have been measured [407]. It has been
shown in more detail that the rate decreased in the order MeOH > EtOH > n-PrOH with relative rates of 21:1:0.47
at 170°C. In all cases, the reaction rate is of first order in both Rh and added HI and independent of CO pressure.

In general, palladium complexes are much less active than Rh-based catalysts. In the past it was also claimed that
they are not suitable as catalysts for carbonylation of higher alkyl derivatives owing to the strong tendency of alkyl-
palladium complexes to undergo S-hydride elimination. Interestingly it was reported that tetraalkylureas as solvents
prevent elimination side reactions for Co- and Pd-catalyzed carbonylation of various organic halides [408]. Dibro-
momethane has been carbonylated with Co, Pd and Rh to dimethyl malonate at 100°C and 30 bar of CO [409].

An interesting development in the area of perfluorinated olefins has been described (Eq. 38). Perfluoroalkyl
iodides react with terminal olefins or acetylenes and stoichiometric amounts of base in alcohols under CO pressure
with PdCL,( TPP), as catalyst to give B-perfluoroalkyl-substituted alkanoates or alkenoates selectively [410].

Pd cat. 3
Rfl + R—= ——» Rf X COR
CO,R'CH
KCO,
Rf=C4F,7, C;F 5. C.F, 40-67%

(38)

Besides alkyl halides, alkyl sulfonates also react with CO and alcohol in the presence of catalytic amounts of Co
catalysts to yield the corresponding esters. Addition of sodium iodide increased the yields from 32 to 72% [411].
As a special type of carbonylation, the ring expansions of strained hetero rings like aziridines [412], azetidines
[413], epoxides [414], and thiiranes [415] deserve mention. In industry considerable efforts were directed to the
carbonylation of ethylene oxide to B-hydroxypropionic acid derivatives [416]. In the case of aziridines, the focus
has been on enantioselective reactions to B-lactams (Eq. 39) [417].
R’

1 R H

N Rh cat.
/ \ + CO —»
R

(39)

3.1.3.3. Reactions of benzyl- and allyl-X

The transition metal-catalyzed carbonylation of allylic and benzylic derivatives offers a valuable tool for the
synthesis of 3,4-unsaturated carboxylic acid derivatives and aryl acetic acid derivatives, respectively. Catalysts used
for this type of transformation are Ni [418], Co [419], Rh [420], Pt [421], Fe [422], but mainly Pd catalysts
[423] for activity and selectivity reasons.

Unlike aryl halides, benzylic and allylic derivatives are susceptible to nucleophilic attack and elimination reactions.
Thus, over the past 15 years of carbonylation of allylic compounds, considerable effort has been directed to the
development of milder and more selective reaction conditions, e.g. atmospheric pressure carbonylations [424] and
expanding synthetic methods, e.g. via tandem reactions. In the case of catalytic carbonylation of allylic and benzylic
halides two-phase systems with phase transfer conditions [425] have been introduced and extensively used. Usually
the reactions were performed with an excess of base in a biphasic system with a metal catalyst in the organic phase.
Surfactants are used as phase transfer catalysts. They appear to have an important transport function in moving the
cobalt carbony] salt from the aqueous phase to the organic droplets.

Interestingly, Alper and Amer showed that certain lanthanide salts can effectively promote nickel cyanide
catalyzed carbonylations. The Lewis acid character of the lanthanide compound probably accelerates the carbonyl
insertion process of the benzyl metal complex [418](a). This type of co-catalysis should be applicable to other
types of Lewis acids, too. While studying the structure of the phase transfer co-catalyst it was observed that
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benzyltrialkylammonium salts were easily carbonylated. In some cases the yields of arylacetic acids are higher
compared to the carbonylation of the corresponding benzyl halides [426].

It has been reported that the carbonylation of benzyl chloride to phenylacetic acid is used industrially by
Montedison (Eq. 40, [20]). The carbonylation is conducted in a two-phase medium of an non-polar solvent and
40% aqueous NaOH solution with a cobalt carbonyl complex and a benzyltrialkylammonium surfactant [427].

0

HCo(CO), Il
—————> Co0,(CO); + R—C—H

R~ ﬁ —Co(CO),

o H, [
‘——=— HCo(CO); + R—C—H

(40)

A major drawback for most carbonylations of benzylic and allylic halides is the large amount of catalyst (1-20
mol-%) and phase transfer reagent (5-10 mol-%) needed for high conversion and yields. In order to expand
industrial use, improvements have to be made in the future. Recently, a new approach [156,428] using water-
soluble Pd catalysts with TPPTS as ligand offer efficient product separation along with more active catalyst systems
reaching TON of more than 1500 (Eq. 41) [156].

cl COH
PdCl,, TPPTS
+ O —
H,0, NaOH
toluene R

TPPTS = sodium trissulfonatophenyiphosphine ( 41 )

An alternative concept providing easy product separation is claimed to support [Co(CO),]~ on an anion-
exchange resin [355]. But only a total TON of about 145 was obtained and no long-term study on the leaching of
the metal was done, which usually takes place in case of heterogenized systems.

The synthesis of phenylacetic acid esters is not possible by common phase transfer procedures, but could be
realized by direct carbonylation with Pd or Rh catalysts in the presence of Ti, Zr or Al alkoxides {371], borate
esters [429], ethers [430], or formates [431]. In addition, supported base on basic alumina in the presence of
cobalt carbonyl complexes leads to moderate yields [432]. Fuchikami et al. {433] reported the carbonylation of
benzyl bromide catalyzed by Pd complexes under base free conditions in the presence of different types of molecular
steves (85% yield in THF).

Owing to the absence of salt by-products, the carbonylation of allylic and benzylic alcohol derivatives such as
acetates [434], carbonates [435], ethers [436], phosphates [434](a) [437] and alcohols [438] is more important
today. According to Murahashi et al. [434] (b) the reactivity of the leaving group of allylic substrates decreases in
the order Br > OP(O)(OEt), > Cl > OCOCF; > OCO,Et > OCOPh > OCOMe. No reactivity was found for
OPh, NEt, and OH. For allylic acetates, carbonylation has been a problem for some time. It has been shown that
for the intermediate allylpalladium acetate complex the back reaction to form allyl acetates proceeds faster than the
insertion of CO into the complex [439]. Introduction of bromide ions as co-catalyst leads to a fast ligand exchange
of the acetate with bromide. Therefore the resulting bromide complexes could be carbonylated in moderate to good
yields (57-90%) [434](b). A similar co-catalysis of chloride ions was observed in the carbonylation of 4-
hydroxybenzyl alcohol to 4-hydroxyphenylacetic acid with palladium-hydrogen chloride systems [438](c¢).

Special interest has been paid to the synthesis of profenes [440] like ibuprofen, naproxen, ketoprofen and others
from I-arylethanol derivatives (cf. Section 2.1.3.3.2.3.). Catalysts used for this transformation are Pd phosphine
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complexes in concentrated HCI, to a lesser extent Ni phosphine complexes in the presence of alkyl iodides or Rh
salts. Based on the Pd catalyzed carbonylation of 1-(4-isobutylphenyl)ethanol, which is produced via salt-free
acylation of isobutylbenzene to 4-isobutylacetophenone and subsequent hydrogenation, the Hoechst Celanese
Corporation [441] developed an ecologically superior process (Eq. 42) to produce ibuprofen. Production com-
menced in 1992 and totals 3,500 t/year [404].

o OH COH
Pd cat Pd cat
—_— —_—
H H,0, HCI
2
CcO

(42)

Very limited work on profene synthesis via carbonylation has been reported from university groups. One exception
is the stereoselective carbonylation of racemic benzylic bromides. The asymmetric reaction towards enantiomerically
pure profenes could proceed a priori either by a kinetic resolution or by true asymmetric induction via the inter-
mediacy of a trigonal substrate. Results obtained by Arzoumanian et al. [ 442] strongly suggest that the carbonylation
of 1-methylbenzyl bromide with oxazaphospholene—Pd complexes is a kinetic resolution process with a discrimi-
natively slow oxidative addition step. Best ee is about 64% at 9% chemical yield. Another possibility of synthesizing
enantiomerically pure profenes is to start from optically pure benzyl derivatives. Baird et al. investigated the
carboxylation of optically active benzyl carbonates with Pd catalysts. Enantiomeric excess was only modest [443].
Thus, the development of an efficient catalytic asymmetric carbonylation is still an existing challenge.

Pelargonic (n-nonanoic) acid, an industrially interesting synthetic fatty acid, has been prepared by butadiene
telomerisation in the presence of methanol and subsequent carbonylation of allylic ethers and hydrogenation (Eq.
43) [436].

/( Pd cat )/I/ Pd cat
MeOH OMe 4 bar co & CO,Me

100°C
20% 80%

(43)

Comparative studies with respect to the catalysts showed that [ (methyl-2-allyl)PdCl1], was superior to conven-
tional Pd catalysts in the carbonylation step. Selectivities and catalyst activities still have to be improved to make
the overall process commercially viable. Besides the carbonylation of benzylic and allylic alcohol derivatives, the
reaction of benzylic thiols with CO in the presence of dicobalt octacarbonyl to yield phenylacetic acid esters has
also been described [444].

So far catalytic carbonylations in the presence of oxygen nucleophiles to give unsaturated acids and their esters
have been dealt with. Azacarbonylations to form amides from allylic derivatives are limited to high-pressure
carbonylations of allylamines [445] and to decarboxylation-carbonylation of diethylcarbamic acid allylic esters
[446]. Moreover, the carbonylation of allyl phosphates proceeds very efficiently under mild conditions to give the
corresponding unsaturated amides in up to 86% yield in the presence of Rh carbonyl clusters e.g. Rhs(CO) ¢ as
catalyst and phase-transfer co-catalyst. In contrast, Pd catalysts cause mostly allyl amines [437].

Carbonylation of benzylic chloride or allyl chloride with syngas in the presence of cobalt or palladium catalysts
forming phenylacetaldehyde in 78% yield and 3,4-unsaturated aldehydes, respectively have been described [447].
Tandem CC coupling reactions of benzylic and allylic halides with CO and organoaluminum [448], organotin
[449] or organoborane [450] compounds to ketones have been reported. This reaction has also been used as a key
step in natural product synthesis for maolide [451]. For the reaction of 1-alkylbenzyl bromide with tetramethy] tin
and CO interestingly PdCl,(AsPh;), was a better catalyst than PdCL,(TPP), [452]. Related three component
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coupling reactions of allyl benzoates, CO and zincioesters to prepare unsymmetrically substituted ketones were
described by Tamuru et al. [453].

Allylic halogenides containing an additional functional groups in a suitable position, e.g. an alkene moiety or an
hydroxy group produce the corresponding cyclopentenone derivatives or lactones, respectively via Pd catalyzed
carbonylation [454]. Related cyclocarbonylation of cinnamyl halides or acetates to form polycyclic aromatics such
as naphthol derivatives have been reported (Eq. 44). Moreover, the synthetic utility of the method was demonstrated
by the synthesis of acetoxybenzofurans, acetoxyindoles, and acetoxycarbazoles [455].

X X PACL,(PPh.), ‘ O CH,

+ CO —— >

CH, 160"C, 60 bar
CgHg, Ac,O OAc

- 76%
X = OAc, Br (44)

Another type of elegant tandem reaction is the metallo-ene cyclization—carbonylation sequence which has been
investigated in detail by Oppolzer et al. [456]. In the presence of Ni or Pd phosphine complexes intramolecular
alkene allylation coupled with methoxycarbonylation provide various carbo- and heterocycles in one step. Interest-
ingly these reactions are stereoselective. The ring junction is cis with nickel, while a similar reaction with palladium
catalyst gives a trans product. The utility of Ni complexes for intramolecular metallo-ene reactions depends strongly
on the metal ligand. For example in the case of the 2,7-octadienyl iodide carbonylation with dppb as ligand is faster
than SB-elimination [457].

Besides alkene allylation, the process of alkyne allylation coupled with carbonylation has also been developed
[458]. Double functionalization of allyl chloride to 3,4-dichlorobutanoyl chloride in moderate yield has been
reported by Tkatenchenko etal. [459]. This chlorocarbonylation is catalyzed by Pd salts in the presence of anhydrous
HCL

So far, only examples of carbon monoxide insertion in allylic precursors have been mentioned. Beside this typical
reaction path addition processes are known, e.g. allylic amines react with CO in the presence of Rh catalysts to give
butyrolactams [460]. Similar reactions of allylic alcohols to lactones using PdCl, under acidic conditions and in
the presence of oxygen and cupric chloride [461] or with Pd phosphine catalysts under neutral conditions have
been described [462]. Further processes are discussed in Section 3.1.1.

3.1.4. Carbonylation of aldehydes

The carbonylation of aldehydes has met with interest in the synthesis of glyoxylic acid and more importantly as
an alternative ethylene glycol process. In the early eighties, hydrocarbonylation of formaldehyde to glycolaldehyde
followed by hydrogenation was viewed as a potentially more viable route than the direct synthesis of glycol from
carbon monoxide and hydrogen because of the severe and harsh reaction conditions for the latter process. But the
decrease in oil prices in the mid-eighties made ethylene glycol synthesis from ethylene via ethylene oxide much
more economical [463]. Hydrocarbonylation of formaldehyde [464] to glycolaldehyde has been carried out in the
homogeneous phase using Co, Ru or most successfully Rh catalysts (Eq. 45).

Rh cat.

CH,0+CO+H, — HOCH,CHO (45)

Best results are obtained in amidic solvents with Rh catalysts and acid promoters. Up to 300 mol formaldehyde
are converted per mol Rh per hour. The catalyst consists of Rh(acac)(CO), with aromatic phosphines such as
tris(4-chloropheny!) phosphine as ligands.

Basic phosphine ligands tend to give rise to methanol. Thus, it has been concluded that a cationic Rh hydride is
the key intermediate of the reaction. If it is sufficiently acidic, it will activate formaldehyde by protonation to form
an Rh-CH,-OH species, whereas if it is too hydridic, it will give rise to Ri~OCH, and to methanol as observed for
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basic phosphines [465]. Besides hydrocarbonylation, direct carboxylation to glyoxylic acid is of commercial
interest, but has not been investigated much. Acid catalyzed carbonylations, e.g. with H,SO,, zeolites or sulfonated
resins were described [466] under severe reaction conditions. Other aldehydes besides formaldehyde are much
more difficult to carbonylate. An exception is the recently published carbonylation of electron-rich aromatic
aldehydes to phenylacetic acid derivatives by palladium—phosphine systems in the presence of HCI [467].

3.1.5. Amidocarbonylation

A remarkable and special case of the carbonylation of aldehydes is the amidocarbonylation [468] reaction
originally discovered by Wakamatsu et al. [469]. In the presence of amides and catalytic amounts of Co complexes,
aldehydes can be carbonylated directly to N-acyl amino acids. Although amidocarbonylation procedures cannot
compete commercially against cheap natural sources or fermentation, for non-natural amino acids this salt-free
process must be considered a viable alternative to the conventional Strecker reaction. Because of the interest in N-
acyl amino acids as chelating agents, detergents and products for enhanced oil recovery this method has high
potential for future industrial realization.

The effect of ligands on the synthesis of N-acetylglycine and on catalyst recovery after the reaction was studied
[470]. The best yield (78%) was observed with succinonitrile as ligand. Moreover, catalyst recovery increased
from 50% to 85% on the basis of cobalt used. Besides using linear amides as starting materials, amido-carbonylation
of butyrolactam, and caprolactam to prepare the corresponding amino acids has been demonstrated [470].

Applications of amidocarbonylation to the synthesis of heterocyclic compounds were developed [471]. A
mechanistic proposal for amidocarbonylation has been published [472]. It is assumed that an N-acylenamine is the
most active species for the reaction with HCo(CO) , as catalyst. While butanal reacts with acetamide and syngas in
the presence of Co,(CO)g in 72% to N-acetylnorvaline, secondary amides gave only poor yields [472]. By contrast,
recent optimization studies of the amidocarbonylation reaction for sarcosinate synthesis have shown that the reaction
of secondary amides could be performed under very mild conditions (50°C and 10-20 bar CO) with extremely
high conversion ( >99%) and selectivity ( >95%) [473].

By combining known catalytic transformations to aldehydes with the amidocarbonylation reaction, new domino
reaction sequences were developed. Whereas the amidocarbonylation of aldehydes is catalyzed only by Co carbonyl
complexes for tandem reactions homogeneous bimetallic catalysts have been used more successfully [474]. In this
respect, Ojima et al. reported the synthesis of phenylalanine, the key intermediate for Aspartame sweetener, directly
from styrene oxide with Co carbonyl complexes and Ti isopropoxide (Eq. 46) [475]. The mild Lewis acid promotes
the in situ rearrangement of the oxirane to the aldehyde.

o]

Co,(CO),, Ti(OIPY), COH
+ CH,CONH, ——m*
3 2 COM,=4 NHCOCH,

110°C, 100 bar

The addition of an isomerization catalyst such as RhH(CO) (TPP); allows the direct amidocarbonylation of allyl
alcohols [476]. Another important synthetic development is the olefin hydroformylation—amidocarbonylation
sequence [477], which was used for a variety of simple unfunctionalized olefins as well as certain diolefins. Alkenes
containing various functionalities lead to a number of commercially valuable amino acid derivatives. Examples
include the amidocarbonylation of ethyl acrylate to N-acetylglutamic acid ester [470], a precursor of monosodium
glutamate and of vinyl phosphonate to a herbicide precursor (Eq. 47) [478].

o}
Q + CO + H, Co,(CO% P coH
— _— /

80%
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Recently, a new type of amidocarbonylation reaction was discovered by Ojima et al. [479]. They described the
first example of Rh catalyzed sequential double carbonylation of allylamides to 2-formylpyrrolidone derivatives
(Eq. 48). By careful catalyst design it was possible to get the desired product in 87% yield with selectivities of
>99%.

0
0
/U\ [Rh{dppb)(NBD)CIO, Jj\ CHO
ph N —_— Y
THF, CO, H,
100°C

dppb = 1,4-bis(diphenylphosphino)butane
NBD = norbornadiene

3.1.6. Carbonylation of nitrogen derivatives

The search for environmentally benign processes to replace phosgene has focused attention on homogeneous
catalytic carbonylation {480]. Particularly the synthesis of carbamates and isocyanates either by reduction of
aromatic nitro compounds or less often by oxidative carbonylation of amines has been studied. Isocyanates, which
are important industrial intermediates in the synthesis of polyurethanes and pesticides, were synthesized from nitro
aromatics typically in the presence of Pd [481], Rh [482], and Ru catalysts [483]. Despite promising results for
model reactions, so far the reductive carbonylation of nitro aromatics has not been realized commercially due to
insufficient selectivities, e.g. for TDI and high catalyst costs [484]. When conducted in alcohols, the reaction
proceeds with improved rates and better selectivities to urethanes. Recently, modifications of catalyst and co-catalyst
systems and the role of reaction conditions have been studied for this reaction [483]. The tolerance of various
functional groups for nitro reduction with CO has been examined [485]. An impressive example is the chemo-
selective reduction of m-nitrostyrene to m-aminostyrene in 91% yield in the presence of a catalyst system of
Rhg(CO) ;¢ and tetramethyl-1,3-propanediamine.

Pd salts or complexes in the presence of acids and/or co-catalysts have been used in the oxidative carbonylation
of amines for the synthesis of N,N’-disubstituted ureas and carbamates [486]. Asahi Chemical Industry has
developed a catalyst system based on palladium black and iodide as an promoter [487]. At 160—170°C and 90 bar
pressure (7% O,) aniline is converted to ethyl phenylcarbamate with 96% selectivity. A study on the reactivity of
palladium(II) methoxycarbonyl complexes in stoichiometric reactions with amines in the presence of acids and Cu
co-catalysts showed that the Pd compound does not react directly with amines under mild condition {488]. For
reoxidation of the carbonylation catalyst, oxygen in the presence of Cu salts, organic peroxides or electrochemical
reoxidation were described [489].

Somewhat sophisticated catalysts like Co porphyrins [490] or Co(1I) salen complexes [491] also afforded the
N-carbonylation of amines with mixtures of CO and O,, albeit with very low TON. The related K[Ru(saloph)Cl,]
or K[Ru(EDTA-H)(CO)] "~ complexes (saloph= bis(salicylaldehyde)-o-phenylenediimine; EDTA = N,N-ethy-
lendiamine tetraacetate) catalyze the oxidative carbonylation of primary and secondary amines as well as NH; in
aqueous media (580 bar; 50-100°C) primarily to urethanes [492]. For example the reaction of cyclohexylamine
in ethanol to cyclohexylurethane proceeds with a TON of 30 per hour [493].

Unusual carbonylations have been described for the synthesis of carbamoy] chlorides starting from N-chloroam-
ines [494], arylsulfonyl isocyanates from arylsulfonyl halides [495], and piperidones from pyrrolidines (Eq. 49)
[496].
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3.1.7. Other carbonylations

Examples of new processes in the area of oxidative carbonylations are syntheses of dimethyl carbonate, and
dialkyl oxalates. Dimethyl carbonate is a safe and environmentally friendly substitute for highly toxic phosgene.
Production based on the oxidative carbonylation of methanol was begun by Enichem in 1984 [497] on a 5,500-ton
scale. In 1988 production was expanded to 8,800 tons per year [498].

For production of dimethy! carbonate a slurry of CuCl in methanol is treated with a mixture of syngas and oxygen
(Eq. 50). At moderate methanol conversions (30-35%), the dimethyl carbonate yield is 100% based on methanol
and 90-95% based on CO [499]. Another process for dimethyl carbonate via carbonylation of ethylene oxide and
subsequent transesterification with methanol was developed by Bayer [ 500]. Reports indicate that this process was
commercialized in 1984 [498].

o]

Cuel g
CHOH + COM, + 0, ——> 1 cO” ~OCH, * H,0
120°C, 25 bar
(50)
Oxidative carbonylation is of considerable commercial interest in the synthesis of dialkyl oxalates from alcohols
and CO. The reaction occurs in the presence of Pd catalysts, along with suitable promoters. In the catalytic cycle,
Pd can be reoxidized with the assistance of copper halides. An indirect process for oxalic acid based on this reaction
has been commercialized by Ube Industries Ltd. on a scale of about 6,000 t/year. The process involves the reaction
of alkyl nitrite and CO to dialkyl oxalate, which is hydrolyzed to oxalic acid. Alkyl nitrite is produced from the
alcohol and nitrous oxide in the presence of oxygen. A heterogeneous gaseous phase process [501] as well as a
liquid phase process (Egs. 51, 52) [502] have been described for the oxidative carbonylation. In the liquid phase
reaction n-butyl nitrite reacts with Pd° on active carbon at 90°C and 60 bar CO. Selectivity to di-n-butyl oxalate is
94.6%. A by-product is di-n-butyl carbonate.

Pd cat.

2CO+2RONO - (COOR),+2NO (51)
90°C, 60 bar
Pd cat.
2NO+2ROH +0.50, - 2RONO+ H,0 (52)

Because of the excellent selectivity, this process has been studied jointly by Ube Industries and Union Carbide
for the synthesis of ethylene glycol. The feasibility of this process was demonstrated by Union Carbide in an
integrated pilot plant [503]. With respect to the mild conditions and the excellent overall yield the process is the
most attractive alternative to the current ethylene oxide route and is clearly preferred over direct CO hydrogenation.

The introduction of CO into unactivated hydrocarbons by means of transition metal-mediated processes has been
investigated quite intensively [ 504]. In this context studies on photochemical C-H activation have appeared [ 505].
For example phenylacetaldehyde can be synthesized photochemically from toluene and CO in the presence of Rh
complexes [506]. Nevertheless, most procedures described are still far from being industrially viable because of
inefficient catalysts. An exception is the catalytic regioselective acylation of pyridine with CO and olefins [507] in
the presence of rhodium carbonyl cluster (Eq. 53). It is believed that the cluster framework remains intact during
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the course of the acylation reaction. TOF of 160/h and 65% yield have been observed for the reaction with 1-
hexene.

z Ruy(CO),, z Z
Yo w22 O O
N 150°C N N R
O R o)

131
(53)

To improve catalyst efficiency for simple alkane activation the effect of metal additives on the reaction of
cyclohexane with CO in the presence of a palladium(II) acetate—potassium persulfate—triffuoroacetic acid system
has been investigated. Best results (TON 20 based on Pd; yield 4.3% based on cyclohexane) were obtained with
Cu(II) acetate as co-catalyst [508].

A new lactone synthesis starting from saturated alcohols via remote radical carbonylation was realized recently
(Eq. 54) [509]. In the presence of stoichiometric amounts of lead tetraacetate an oxygen-centered radical was
generated from primary or secondary alcohols. After 1,5-hydrogen transfer reaction the carbon centered radical is
trapped by CO. Finally oxidation and cyclization yield the lactones.

o)

R H oon PB(OAC),
+CO ——» R 0
40-60°C
32:71%

(54)

Other radical carbonylations [510] e.g. towards macrolides, cyclopentanones, and functionalized cyclopentanes
were reported.

3.2. Technical developments

The last 15 years have shown that homogeneous catalysis is a promising tool for the refinement of chemicals.
Synthetic methods which have reached successful application include the production of acetic anhydride (Eastman
Chem., 240,000t/ year, 1983), polymerization of ethylene and CO (Shell AG, 20,000 t/ year, starting in mid-1996),
carbonylation of butadiene (BASF, pilot plant ), synthesis of phenyl acetic acid (Montedison ), synthesis of ibuprofen
(Hoechst Celanese Corp., 3,500 t/year, 1992), and oxidative carbonylation to give dimethyl carbonate (Enichem,
8,800 t/year, 1988), and oxalic acid (Ube Industries, 6,000 t/year).

Apart from the transition metal-catalyzed methods already mentioned, other new industrial processes involving
CO chemistry have been developed. Some examples of salt-free aromatic acylation chemistry using HF, BF; as
reaction media have been realized in Japan [511]. Since 1985 Mitsubishi Gas Chemical [512] have been using
direct carbonylation of m-xylene or pseudocumene to yield the corresponding aldehydes.

Further oxidation by air leads to trimellithic anhydride or pyromellithic dianhydride. It has been reported that
15,000 tons per year of trimellithic anhydride were produced by this process. Based on the same technology the
acylation of 2-methylnaphthalene with CO and propene (1,000 tons per year) started in 1990 [513]. Air oxidation
yields 2,6-naphthalene dicarboxylic acid which is of interest as an additive for PET bottle resins. Apart from these
carbonylation reactions which have been already successfully implemented in industry, there are a number of
carbonylation methods with good prospects of being realized in the near future. It is assumed that especially in the
area of fine chemicals, new methods like amidocarbonylation, reductive carbonylation of nitro aromatics, and
carbonylation of aryl-X will be commercialized for the first time. Moreover, methods already established will be
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used for new substrates. Thus, CO chemistry will continue to fascinate both academic and industrial research and
will be of economic benefit to society.

4. Outlook

Hydroformylation and carbonylation reactions will remain important processes for the manufacture of commod-
ities and specialties. Parts of their molecules will be supplied by relatively inexpensive carbon monoxide or syngas.
Therefore both processes will be competitive insofar as no alternative routes are available. While such competing
processes are not within reach for relatively high-molecular oxo products, some reaction products of alternative
low-molecular carbonylations may be available in the near future. Acetic acid, the most important carbonylation
product, may be an example, which can be produced alternatively to the carbonylation routes from sludges [514]
or from ethane by vapor-phase oxidation [515]. Since large capacities are involved (e.g. Hoechst Celanese Corp.
with approx. 550,000 tons per year at one location) the economic consequences of such substitutions would be
considerable, if the favourable economic predictions prove to be true.

The picture is more complex as regards hydroformylation processes. Taking four different possible trends as
examples, which may be also apply to carbonylations, some developments may be in the offing:

On the one hand the world’s demand for ‘classical’ oxo products (solvents, plasticizer and detergent alcohols)
will be covered more and more by oxo plants in less developed countries by suitable resources (manpower and
energy) [516]. Among other things this is the consequence of an uncritical licensing policy for years, which was
supported by the high degree of automation. This automation reduced the demand for skilled personnel and make
it possible for third-world countries — contrary to Biblical prophecy — to harvest the fruits of development from
fields they did not themselves sow. In an interdependent global economy we have to live with the consequences of
this fact: the loss of jobs.

Secondly (and following the general trend of chemical industry) the lost productions and jobs will be replaced
by highly specialized manufacturing processes, which relate to the same chemical basis but involve more sophisti-
cated process variants. So far the focal point of oxo research was the regioselective reaction control (‘n/iso
problem’). This will be replaced by a stereoselective control, which according to Takaya’s breakthrough [247]
will successfully be followed by the promising development of enantiomeric catalysts. Thus, highly sophisticated
structures for pharmaceuticals and/ or pesticides by asymmetric hydroformylation will be available, which otherwise
would require costly multistep syntheses. There may be doubts as to use of the n/iso ratio of propylene hydrofor-
mylation as a measure of the excellence of oxo processes: the demand for isobutanal (for neopentyl glycol, methyl
methacrylates, isobutyric acid etc) is now on the rise although the normal isomer has been in particular demand for
decades. As far as carbonylations are concerned the enantiomeric syntheses will play the same role.

Thirdly the further development of complex catalysts will be a focal point of oxo and carbonylation research in
future. As long as activity and selectivity controlling factors within the combination of central atoms and ligands
have not fully been developed (or interpreted retrospectively) new experimental results may lead to new process
variants. UCC’s phosphites [75] (¢c,d), bimetallic catalysts [517], or binuclear complexes in biphasic processes
[93] are classical evidence of the chemistry as an experimental science.

Finally, process developments in both hydroformylation and carbonylation have not come to an end. The priority-
claiming trend of the biphasic operation in oxo and carbonylation is remarkable, as demonstrated by the licensing
of Ruhrchemie/Rhéne-Poulenc’s oxo process [ 133]. Aqueous systems as well as other biphasic or phase transfer
systems follow the trend towards elegant, low-cost catalyst separation and thus the full exploitation of the advantages
of homogeneous catalysis. On the other hand, process variants combining heterogeneous and homogeneous catalysis
by ‘heterogenization’ of the homogeneous catalyst or catalyst precursors on supports (e.g. SLPC or SAPC tech-
niques) were less successful and offer no promising chances: It is questionable whether the bonds between the
central atoms of a hydroformylation or carbonylation catalyst and the bonding atoms of a support resist the manifold
strains resulting from the multiple passage of the catalyst cycle. Strong bonds hamper the activity of the catalyst,
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weak bonds cause ‘leaching’ of the catalyst metal. Additionally SAPC have to be adjusted within narrow water
content limits, which is difficult to achieve [207].

Process variants include new proposals of simultaneous hydroformylation, aldolization, and hydrogenation of
butenes [228], quite similar to Exxon’s earlier Aldox process [227] (and in contrast to hydroformylation of butene
and controlled aldolization of the Cs aldehydes to C,, intermediates [518]). As far as carbonylation is concerned
Hoechst’s one-step process to acetic acid and acetic anhydride would be the most advanced method, had too little
economic courage on the part of management not prevented this progress and unique chance [102,519,520].

Carbonylation reactions will especially be a focal point of future work on the diversity of possible substrates and
reaction products. As the immanent restriction for hydroformylations (feedstocks with double bonds) is not valid
for carbonylation reactions, an abundance of starting materials will lead to many different products: conversions to
profenes and their asymmetric variants, living ethylene/carbon monoxide copolymers, transfer of reductive or
oxidative carbonylations to the industrial scale, tandem carbonylations, carbonylating couplings, the industrially
significant amidocarbonylation, etc.

As in the case of hydroformylation and in addition to product-oriented work, fundamental research on carbony-
lation catalysts will be determinant in future: acceleration of Koch reaction systems by metallic co-catalysts, ligand-
accelerated catalysis with phosphines, the arrangement of biphasic or phase-transfer catalyzed carbonylations, or
the effect of different catalysts on the C-H activation of alkanes, aldehydes or other starting materials to a variety
of products etc. As with hydroformylations the result of this work will provide a more comprehensive insight into
carbonylation reactions.
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