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Abstract

Hydroformylation is one of the most important homogeneously catalyzed reactions on an industrial scale. The manufacture
of bulk chemicals clearly dominates. Large cobalt- and rhodium-based processes are mature technologies that have been
developed over the past 80 years. Meanwhile, the potential of hydroformylation for the production of fine chemicals (per-
fumes, pharmaceuticals) has also been recognized. This review gives insight into the state-of-the-art of the reaction and its
development. It commences with some remarks on the accidental discovery by the German chemist Otto Roelen within the
historical and personal framework of the Fischer—Tropsch process, followed by the mechanistic basics of the catalytic cycle,
metals used for the catalyst as well as their organic ligands. In addition, the stability of ligands and catalysts is addressed.
The huge potential of this transformation is demonstrated using a variety of substrates. Finally, the use of some surrogates

for syngas is discussed.
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Introduction

Hydroformylation is the addition of synthesis gas (“syn-
gas”), a mixture of CO and H,, to olefins in the presence of
a catalyst to form aldehydes. Hydrogen (“hydro”) and a for-
myl group (H-C=O0) are added to the double bond (Fig. 1).
The reaction proceeds in an atom-economical manner, i.e.,
no other products are theoretically formed. The reaction only
proceeds in the presence of a catalyst. In general, elevated
temperatures and syngas pressures are applied.

The reaction leads, unless ethylene or cycloalkenes are
used as a substrate, to a mixture of isomeric products, n-alde-
hydes (linear) and iso-aldehydes (branched). Since double
bond isomerization of longer chain olefins may occur prior
to the hydroformylation, different branched aldehydes can
be formed even when a single terminal olefin is subjected to
the reaction. In addition to the rate of the reaction, the ratio
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of the isomers (regioselectivity) is therefore an important
parameter of each hydroformylation. Independent of the cat-
alyst used, hydroformylation proceeds in a cis-manner, i.e.,
H and CHO are added from the same side to the C=C-bond.
If R is not H or CH; (Fig. 1), the iso-aldehydes become
chiral, thus the possibility for a stereoselective transforma-
tion arises. The same happens when a,a-disubstituted olefins
with different substituents are employed as substrates.

History

Hydroformylation was discovered accidently by Otto Roelen
(1897-1993), a fascinating person and scientist (Fig. 2) [1,
2].

After returning as a soldier from the First World War he
started to work as a chemist at the Kaiser-Wilhelm-Institut
for coal research in Miilheim (Germany). The discovery of
the hydroformylation happened in the scientific and personal
framework of the Fischer—Tropsch process. In 1925, this
process, where a mixture of carbon monoxide, hydrogen
or water gas is converted into liquid hydrocarbons (Fig. 3)
was developed by the German chemists Franz Fischer and
Hans Tropsch. Not only saturated hydrocarbons are formed
in the Fischer—Tropsch process but also short and long chain
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Fig. 1 Principle of hydroformylation
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Fig.2 Otto Roelen at the main entrance of the administration build-
ing of Ruhrchemie AG with his legendary briefcase (Photo © LVR
Industriemuseum)
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Fig. 3 Principle of Fischer—Tropsch process

olefins. Several metallic catalysts can be used. Among them
cobalt is of special importance.

After the First World War the unrestricted access to syn-
thetic lubrication oil and synthetic fuel became of strategic
importance for Germany. As a result of not owning overseas
colonies, only limited resources of natural oil and gas were
available. Therefore, the German Reich endorsed a secret
program of military self-sufficiency of fuels in the 1920s.
This problem was addressed and finally solved by the Fis-
cher—Tropsch protocol.

One of the main sources of carbon monoxide for the Fis-
cher—Tropsch process is derived from the reaction of water
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H,0 + C — H, + CO

Fig.4 Generation of synthesis gas (“syngas”)

with carbon at high temperature. The resulting mixture is
called synthesis gas (“syngas”) (Fig. 4).

Owing to the large excess of coking gas (a mixture of
hydrogen, methane, nitrogen, and carbon monoxide) which
was a consequence of the modernization of coking plants
in this historical period new applications were sought. This
situation also led to an increase of academic interest in the
utilization of syngas.

In this historical setting Otto Roelen started his investiga-
tions as an associate in the department of Dr. Hans Tropsch.
At that time Professor Franz Fischer was the director of the
institute. In the beginning, most of Roelen’s work was purely
academic, but he hoped for some practical relevance. His
preliminary interest was in the decomposition of formalde-
hyde at elevated temperatures, which resulted in 1924 in the
successful defense of his dissertation. The decomposition
reaction of formaldehyde leads to CO and H, and received
only recently (70 years later!) again some importance as
a surrogate for syngas in hydroformylation [3]. Strangely
enough the thesis of this extraordinary scientist was graded
by the academic supervisor only with the mark “good”.

In 1934, Roelen moved from Kaiser-Wilhelm-Institut to
Kohlenchemie AG, a German company collectively founded
by a consortium of mining companies, which was renamed
Ruhrchemie in 1928. During an attempt to lead ethylene
produced by the Fischer—Tropsch synthesis back into the
reaction, Roelen surprisingly found in the presence of
ammonia the corresponding imine of propionaldehyde as a
white solid product when a catalyst containing a mixture of
cobalt, thorium, and magnesium oxide commonly used at
this time was applied [2]. Soon he also discovered that other
cobalt salts could mediate the reaction. Roelen concluded
that the formation of the aldehyde could not merely be a side
reaction of the Fischer—Tropsch process, and he started to
investigate the scope and limitations of this new reaction in
detail. Immediately the huge chemical and economic poten-
tial of his discovery was recognized. Roelen added a patent
application for the so-called oxo synthesis at the end of 1938
[4]. The names “oxo synthesis” or “oxo process” were later
replaced by “hydroformylation”, but they are still used in
industry [5]. The first pilot unit began to operate only a few
years later at IG Farben Leuna/Merseburg. Later, Roelen
also included Fischer—Tropsch olefins with chain lengths of
11-17 carbon atoms in his investigations. In 1940, Ruhrche-
mie started the construction of a plant with an output of
10,000 tons of fatty acids per year. However, as a result of
the Second World War, the plant could not go onstream.
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Otto Roelen never intended to start an academic career,
although some of his advisors and colleagues recognized his
great intellectual potential. In fact, he mostly neglected to
publish his exciting results. He was always more interested
in the solution of specific technical challenges. Directly
after the war his hesitancy to publish became a personal
advantage for Roelen, because the Soviet occupier did not
realize his scientific importance and let him leave the zone
they occupied. In this way one of the greatest discoveries
in homogeneous catalysis was not really appreciated by the
scientific community, although Roelen’s findings were at the
same level compared to those of other outstanding chemists
of this period who were awarded with the Nobel Prize.

Current industrial importance
of hydroformylation

Today, the transformation represents one of the largest
homogeneously catalyzed reactions in industry (Fig. 5).
Nearly 10 million metric tons of oxo chemicals are produced
every year. Almost the entire volume is manufactured world-
wide in plants with an output of several hundred thousand
metric tons each.

The aldehydes formed are valuable final products
and intermediates in the synthesis of bulk chemicals
like alcohols, esters, and amines (Fig. 6). Moreover, a

reduction-elimination sequence gives access to isomeri-
cally pure olefins prolonged by an additional C,-unit.

Hydroformylation is also of value in academic labora-
tories and for the manufacture of fine chemicals. However,
this great potential only recently came into focus. This
odd situation is probably attributed to having to work with
extremely toxic CO under pressure. Moreover, develop-
ment costs are too high for specific, small applications.
But there is no doubt that hydroformylation will see an
increasing importance in the future, especially in the
production of perfumes and scents [6]. This is because
aldehydes belong to odor-conferring functional groups.
Famous perfumes, like Chanel N°5, get their olfactorial
impression mainly from the high concentration of several
aldehydes. Asymmetric variants of hydroformylation have
become useful only very recently and general-purpose
ligands, which have seen application in other enantiose-
lective reactions, are still missing. Another reason for
the rare application of hydroformylation in fine chemical
production may be that synthetic chemists working at the
interface between academic and industrial research often
have only limited knowledge about the potential of mod-
ern hydroformylation methodologies. A detailed analysis
showed that the industrial research is carried out by only a
few companies. Meanwhile some books and reviews have
been published in the field of hydroformylation that may
change this situation in the future [7-9].

Fig.5 Oxo plant of Evonik Industries in Marl (Germany) (Photo © Evonik Industries). Courtesy of R. Franke
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Fig.6 Products derived from aldehydes manufactured by hydroformylation

Mechanism of the hydroformylation reaction
and types of catalysts

There have been many investigations concerning the evalu-
ation of different metals in hydroformylation and the effect
of reaction conditions (choice of ligands, temperature,
syngas pressure, ratio of H,/CO, solvent, etc.) [10]. To
date, homogeneous cobalt and rhodium catalysts are used
exclusively in industry. In some cases, heterogeneous ver-
sions were also tested, but they did not achieve industrial
relevance. One can differentiate between processes with
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Fig. 7 Simplified catalytic cycle for hydroformylation
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unmodified catalysts and those based on ligand-mod-
ified catalysts. In contrast to “naked” catalysts, the use
of organic ligands as cocatalysts allows one to tune the
activity of the catalyst, as well as the rate of the reaction
and selectivity in the product.

Mechanism

Some general conclusions can be made about a successful
setup of the reaction independent of the type of the metal
used: only hydrido metal carbonyl complexes mediate the
reaction independent of the type of metal used (Fig. 7).
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Usually, these complexes are added to the reaction as the
more stable precatalyst, which is converted under hydro-
formylation conditions (H,/CO) into the active catalyst. In
accordance with the broadly accepted Heck and Breslow
mechanism [11], crucial steps follow in the presence of
olefin, such as the formation of a metal-alkyl complex by
hydride migration (a), subsequent insertion of CO into the
M-alkyl bond by migration of a ligated CO ligand (b), and
the final hydrogenolysis of the M—acyl bond to liberate the
desired aldehyde and to reconstruct the catalyst (¢). The type
of transient M—alkyl complex is responsible for the forma-
tion of isomeric aldehydes, here distinguished as Cycle I and
I [12]. Besides the reaction conditions, the choice of metal
and its coordinated ligands are pivotal for a successful pas-
sage of these catalytic events.

Adequate hydroformylation activity of hydrido carbonyl
complexes is attributed to the polarity of the M—H bond. It
is assumed that high acidity facilitates the addition to an
olefin and the hydrogenolysis of the transient metal-acyl
complex in a later stage of the catalytic cycle. In this respect,
HCo(CO), is a much stronger acid than, e.g., H,Ru(CO),,
H,Fe(CO),, H,0s(CO),, or HMn(CO)5 [13]. The stabil-
ity of the catalysts depends on the syngas pressure and the
H,/CO ratio. Thus, HCo(CO), undergoes fast reaction into
Co,(CO), owing to the fast intermolecular elimination of H,
at reduced CO partial pressure.

The number of CO moieties ligated to the same metal may
affect the catalytic properties (Fig. 8) [14]. With cobalt (but
also with rhodium), both the tetra- and tricarbonyl complexes
are considered as catalysts. It is thought that the coordina-
tively unsaturated complex HCo(CO); is more active than
HCo(CO),. As a result of different steric congestion around
the metal center, it is assumed that the two complexes have
different regiodiscriminating propensities for the formation of
transient alkyl complexes and, consequently, for the formation
of isomeric aldehydes. Moreover, at a low CO partial pressure,
the beta-hydride elimination of the metal-alkyl complex is
favored, leading to both terminal and isomeric olefins. Density
functional theory (DFT) studies revealed that terminal olefins
form M-alkyl complexes preferred both thermodynamically

+H,
o] +H,
C0,(CO)g + HCo(CO), HCo3(CO)g 3 HCo(CO);
Hydroformylation Isomerization

+
Hydroformylation

Fig.8 Competition between isomerization and hydroformylation in
relation to CO pressure

and kinetically over those with branched alkenes [15]. There-
fore, different CO partial pressures usually result in various
regioselectivities. If the CO partial pressure is extremely
low, the formation of HCo;(CO)q in a solution containing
HCo(CO), and its precursor Co,(CO)g under hydrogen should
be taken into account. HCo;(CO), reacts with hydrogen to
form HCo(CO);. The latter is more active in isomerization
and, consequently, forms more isomeric aldehydes as final
products.

In comparison to HCo(CO),, the rhodium congener has a
greater tendency to liberate one CO ligand. In other words, the
equilibrium in Fig. 9 is less markedly displaced to the left-hand
side in comparison to the cobalt-based system.

Bearing in mind the greater atomic radius of Rh, it is thus
apparent why an unmodified rhodium catalyst generates a
greater amount of branched aldehydes in comparison to the
cobalt congener.

Organic ligands used in hydroformylation

Some basic considerations about structure
and effects

The properties of the catalytically active metal can be modi-
fied by organic ligands. Independent of the metal used, only
trivalent phosphorus compounds are employed as ancillary
ligands in industrial applications. Other potentially ligating
compounds based on elements of the 5th row of the periodic
table have not played a role to date, although trivalent com-
pounds of As, Sb, and Bi are occasionally claimed in patents
[16].

Phosphine ligands (also called phosphanes) are usually
characterized by three carbon atoms surrounding the central
phosphorus atom (Fig. 10). Replacement of one C-substitu-
ent in phosphines by an oxy group produces esters of phos-
phinous acid (phosphinites). Further transesterification with
alcohol gives esters of phosphonous acid (phosphonites), and
esters of phosphorus acid (phosphites). Another possibility of
modification is the stepwise incorporation of N-substituents,
which produces aminophosphines, diaminophosphines, or
triaminophosphines. Further variations can be produced by
combining different heteroatoms. A frequently used ligand
motif used in asymmetric hydroformylation is the structure of
phosphoramidite. The organic backbone can be acyclic, but the
incorporation of the phosphorus in aromatic or non-aromatic
heterocycles of different ring sizes is also possible [17].

M =Rh

HM(CO), HM(CO); + CO

M =Co

Fig. 9 Equilibrium of catalytically active hydrido carbonyl complexes
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Fig. 10 Types of phosphorus ligands used in hydroformylation
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Fig. 11 Commonly used models for steric characterization of phos-
phorus ligands

To optimize known processes and develop new catalytic
systems, knowledge of some crucial ligand parameters can
be of value. There are numerous methods to test the steric
and electronic properties of phosphorus ligands. These
experimental data are nowadays supported by computational
methods. It should be noted, however, that simple correla-
tions between a set of limited analytical data and catalytic
results or stabilities rarely exist.

3P NMR spectroscopy is the method of choice for
characterization of phosphorus ligands and corresponding
metal complexes. Numerous data for the characterization
of P-ligands have been accumulated after incorporation
into the corresponding metal carbonyl complexes. A fre-
quently used model compound is the rapidly formed com-
plex of the type [Ni(CO);(phosphine)]. The Tolman cone
angle, 0, characterizes the size of the organic ligand in this
complex (Fig. 11a) [18]. o-Donor and m-acceptor proper-
ties of ligands can be assessed by recording the IR spectra
of corresponding metal-CO complexes, since they show
very specific and intensive CO stretching bands usually in
the range from 1900 to 2100 cm™'. The Tolman electronic
parameter (TOP) can be extracted using this procedure. In
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the meantime, Tolman ligand maps have become a guiding
principle for the evaluation of ligand effects. In addition, the
concept of the natural bite angle, a, of bidentate ligands has
been developed for hydroformylation in order to get some
insights into the relationship between activity and regiose-
lectivity of homogeneous rhodium catalysts (Fig. 11b) [19].
The parameter, which is derived from molecular mechanics
calculations, has been designed for bidentate ligands and
describes the preferred angle created by two phosphorus
atoms and a “dummy” metal atom. In general, one can dif-
ferentiate between a steric and an electronic bite angle effect.

Ligands designed for industrial applications

The price and the long-term stability of the phosphorus
ligand are pivotal issues for calculating the overall costs
of an industrial process. In academic labs, literally thou-
sands of ligands have been prepared mainly to explain struc-
ture—activity/selectivity relationships. Only very few of them
have any chance of finding broader application. Short and
high yield synthetic routes based on cheap starting materi-
als are ideal. The modular preparation of related structures
can be a further advantage for final optimization in terms
of activity, selectivity, and stability. As is usual in such sys-
tems, small changes in the ligand structure may cause large
effects.

Historically, in the first ligand-modified hydroformylation
process with Co, and subsequently with Rh, PPh; was usu-
ally used as an accessible, inexpensive, and quite air-stable
ligand. The use of rather volatile trialkyl phosphines (PEt,,
PBu,) has also been reported in the literature [20]. Owing
to their higher 6-donor properties, trialkylphosphines coor-
dinate stronger to the metal in comparison to triarylphos-
phines, a property which is particularly useful for the sta-
bility of relevant cobalt complexes under hydroformylation
conditions [21]. Stanley reported only recently on the use of
monoaryl phosphines [22]; however, the nature of the active
catalysts and the benefit for hydroformylation have yet to be
verified. Rhodium alkylphosphine catalysts frequently dis-
play a high hydrogenation activity which may increase the
concentration of alkanes or alcohols in the product.

Shell was the first company to utilize trialkylphosphines
for optimization of Co catalysts. Regioisomeric phosphabi-
cyclononanes (“phobanes”) are applied as monophosphines
(Fig. 12) [23]. Sasol claimed similar bicyclic monophos-
phines (LIM-ligands) [24].

Surprisingly, phosphine oxides can also dramatically
improve the preactivation of classic cobalt precatalysts, as
reported recently by Gusevskaya and Beller [25].

Organophosphites are less sensitive towards oxidation
than phosphines are. As a result of the P—O bonds, organo-
phosphites are weak c-donors, but strong n-acceptors. This
property facilitates the dissociation of CO from the metal
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Fig. 12 Examples of monophos-
phines used as ligands in cobalt-
catalyzed hydroformylation

P—C20Ha

Eicosyl phobane

center. The replacement of phosphines by phosphites there-
fore contributes to a substantial increase in the reaction rate
in Rh-catalyzed hydroformylation. The n-regiodirecting
properties of the catalyst can be enhanced by incorporation
of sterically demanding substituents in the organic back-
bone. Bulky alkyl groups near the P—O bond fulfill this
requirement and also contribute to the hydrolysis stability
of the ligand. These properties were combined for the first
time by van Leeuwen in the structure of phosphite Alkanox
bearing a fert-butyl group in the ortho-position of the three
aromatic rings (Fig. 13) [26].

Typically, such phosphites are produced by condensation
of PCl; with substituted phenols in the presence of a base.
Some of these phenols and phosphites are available in a wide
variety and on a large scale as they are used as antioxidants
for the stabilization of polymers. The first series of phos-
phites as ligands for hydroformylation were claimed by Shell
[27] and Union Carbide Chemicals & Plastics (since 2001
Dow Chemical) [28] and are still used industrially and in
academia.

Sterically hindered, chelating P ligands predominantly
induce the formation of n-aldehydes. Owing to their
short and easy synthesis, diphosphites have been the first
choice when the aim is n-regioselective hydroformyla-
tion of large quantities of olefins. Out of several chelating

OMe

tBu
tBu
tBu tBu O
o.__0O
D
tBu tBu

Alkanox

Biphephos

H21C10/,,P H37C18/,.P

LIM-18

LIM-10

and non-chelating polyphosphites, diphenylphosphites
of the Biphephos type became the prototype of all subse-
quently developed phosphite ligands [29]. Hybrid phosphite
acylphosphite ligands were developed by Borner’s group in
cooperation with Evonik in order to create a nonsymmetric
electronic and steric environment for the reaction [30]. In
general, these phosphorous acid triesters can be prepared in
one or two steps starting from substituted biphenols.

The BASF group of Roper and Paciello correlated product
linearity in the hydroformylation of 1-octene with structural
data of closely related diphosphite ligands (Fig. 14) [31]. A
key finding was that ligands which stabilize a P-Rh—P angle
of 120° lead to superior n-regioselectivity as realized per-
fectly with ligand a. Linearity is predominantly determined
by steric interactions in such closely related catalysts.

Replacement of phenol substituents by pyrrole units pro-
duces corresponding phosphoramidites or triaminophos-
phines. Trzeciak and Zidtkowski showed that phospho-
ramidites are stronger n-acceptor ligands in comparison to
phosphites [32]. The order of n-acceptor and o-donor prop-
erties is shown in Fig. 15.

In general, phosphoramidites/triaminophosphines can be
easily prepared by a simple reaction of PCl, in the presence
of amine bases. In contrast the formation of P—C bonds is
frequently based on multistep sequences and requires the

OMe OMe

I I tBu
Vo

u tBu

o
o
O

o

)

Phosphite acylphosphite

Fig. 13 Phosphite ligands frequently used in rhodium-catalyzed hydroformylation
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Fig. 14 A selection of slightly
varied diphosphites
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Fig. 15 n-Acceptor and o-donor properties of P ligands with different P-X (X=C, O, N) bonds
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SiMe (Sixantphos)
o S (Thixantphos)
CH,), (DBFphos)
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2 NMe (Nixantphos)

R =H, Me, {Bu

PAr2

generic structure

Fig. 16 Xantphos and related diphosphines with different bite angles

use of metal organic reagents as well as the application of
low temperature. Therefore, safety issues and high costs
may hamper the production of these ligands on a large scale.
Exceptions can be justified either by extremely high activi-
ties of the corresponding catalysts or their use for the manu-
facture of expensive aldehydes.

Xantphos is the generic name of a class of diphosphine
ligands consisting of numerous individuals developed by
van Leeuwen and Kamer (Fig. 16) [33]. These ligands are
of particular value for the exploration of structure—activity/
selectivity relationships and for the manufacture of expen-
sive aldehydes. Several of them are commercially available
even on a larger scale. By varying the heterocycle, different
P-Rh-P bite angles can be adjusted in the final Rh catalyst.

@ Springer

A crucial point in the workup of a hydroformylation reac-
tion is the separation of product and catalyst. In best case
scenarios, the latter can be recycled and used for subsequent
runs. A breakthrough was the use of the sulfonated phos-
phine ligand TPPTS [trisodium salt of 3,3',3"-phosphinidy
netris(benzenesulfonic acid)] [34] (Fig. 17) in the Ruhrche-
mie/Rhone-Poulenc (now OXEA) process for the hydrofor-
mylation of propene, which is the only aqueous two-phase
hydroformylation used in industry to date. TPPTS exhibits
excellent solubility in water (about 1.1 kg/l) and is in general
insoluble in most organic solvents used for two-phase cata-
lytic reactions. Bidentate sulfonated diphosphine ligand like
BISBIS and BINAS were developed by Herrmann together
with the former Hoechst company, but their industrial use
is still not clear [35].

Several chiral ligands were also prepared and investi-
gated for use in the asymmetric version of the hydrofor-
mylation (Fig. 18). However, elaborate multistep syntheses
frequently prevent application on industrial scale. One of
the first ligands, (R,S)-BINAPHOS, with some potential for
the manufacture of chiral fine chemicals was developed by
Takaya and Nozaki almost 30 years ago [36].

The stereopreference of the asymmetric hydroformyla-
tion with BINAPHOS is governed mainly by the abso-
lute configuration of the binaphthyl moiety bearing the
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Fig. 17 Selection of sulfonated aryl phosphines used for aqueous two-phase hydroformylation
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N
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(S,S,S)-Bisdiazaphos

tBu Pl.l

(SaxS,S)-bobphos

Fig. 18 Representative examples of chiral ligands developed for asymmetric hydroformylation reactions

diphenylphosphine group [37]. Moreover, the relative con-
figuration of the phosphite unit plays a crucial role in the
degree of enantioselectivity. Usually (R,R)-BINAPHOS
induces inferior ee values. (S,S,5)-Bisdiazophos, developed
by researchers of the Dow Chemical Company, is one of the
most frequently tested chiral ligands in asymmetric hydro-
formylation [38]. Kelliphite with a biphenol backbone was
used to produce some fine chemicals on a multi-ton scale
[39]. A ligand called (S,,.S,S)-bobphos (“the best of both
phosphorus ligands™) gives particularly promising results in

the asymmetric hydroformylation of alkyl alkenes in favor
of the formation of branched aldehydes (e.g., 1-hexene:
b:1=3:1,93% ee) [40].

Classification of mature industrial processes
Cornils differentiated industrial hydroformylation processes

by the technology that was used [41]. The first-generation
processes followed the original procedure of Roelen or used
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similar conditions with cobalt-based catalysts. They oper-
ated under quite smooth conditions, but production did not
exceed 10 kt/year.

The second generation benefitted from an unmodified
Co catalyst under much more severe conditions. Differ-
ences originated from varying methods of cobalt recovery
from the product (“decobalting”) [42], which were imple-
mented either by redox processes or by transformation of
[HCo(CO),] into water-soluble salts, followed by extraction.
The feedstock basis changed from higher olefins in the first
plants to mainly propene. On the basis of these processes,
large units manufactured aldehydes up to 300 kt/year. This
allowed world-wide production of dialkyl phthalates, the
most important outlet for aldehydes, to increase to several
hundreds of kt/year. A crucial problem of unmodified Co
catalysts is the relatively low I/b-butyraldehyde ratio, which
led to a fast change to rhodium catalysts for propylene hydro-
formylation when they became available. This disadvantage
could be overcome in some cases through modification with
monodentate phosphine ligands [43]. However, as a result
of the coordination of organic phosphorus ligands, a lower
level of reactivity and the formation of alcohols and alkanes
became a critical issue, which could be accepted when alco-
hols specifically are needed. The new processes could be
conducted under much less syngas pressure and are still used
today. The reactions are usually carried out in a temperature
range of 120-190 °C and a syngas pressure of 40-300 bar in
large industrial companies, such as BASF, Exxon, Sasol, and
Shell. The production of high boiling aldehydes or alcohols
from long-chain and branched olefins still remains a domain
of cobalt catalysis.

The third generation started in the 1970s and involves
processes operating with P-ligand-modified Rh catalysts at
low syngas pressure (18—60 bar) and medium temperatures
(85-130 °C). These “low-pressure oxo processes” (LPO) are
still state of the art and are carried out at, e.g., Dow Chemi-
cal, BASF, and Mitsubishi. Preferentially, short unfunction-
alized olefins are used as substrates. About 70% of the total
hydroformylation capacity, i.e., the transformation of ethyl-
ene, propene, and butenes, is based on LPOs. In general, a
high excess of P ligand is required to stabilize the Rh com-
plex and to prevent formation of the less-desired branched
aldehydes. In some recent approaches, monodentate phos-
phines have been replaced by bidentate diphosphites.

One of the main differences between cobalt- and rho-
dium-catalyzed hydroformylations is the technology used
to separate the product and the catalyst with the aim of metal
reuse. Because of cobalt’s relatively low price compared to
rhodium, less efficient recycling methods can be used. How-
ever, deposition products of Co clusters and metallic cobalt
cause fouling on reactor surfaces and serious blockage of
valves that can result in a shutdown of the plant. Moreover,
the formation of Co carbides (Co,C, x=2, 3), which are
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responsible for the formation of methane from syngas in dry
spots of the reactor, must be prevented.

Wiese estimated an annual financial loss of several mil-
lion euros when just 1 ppm Rh/kg product is lost in a 400-kt
plant [44]. Efficient catalyst recycling is, therefore, indis-
pensable. It may be achieved by stripping off the low-boil-
ing product with an excess of syngas (“gas recycling”). The
technology is limited to the hydroformylation of alkenes up
to pentene. An alternative separation process is based on the
distillative removal of the products (“liquid recycling”). The
catalyst remains in the residue, consisting of high boiling
condensation products, and is used for the next run. This
technology can also be used in the workup procedure in the
hydroformylation of alkenes with chain lengths greater than
C,. The lifetime of a catalyst charge may exceed 1 year if
sufficient purity of the feed and careful process control are
guaranteed.

An example of aqueous two-phase hydroformylation went
onstream at Ruhrchemie AG in 1984 (fourth generation)
with an annual capacity of 100 kt/year. The current capacity
is 500 kt/year. The Rh catalyst is immobilized in the aqueous
phase. A sulfonated phosphine ligand (TPPTS) induces the
high catalyst solubility in water. The catalyst is removed into
the aqueous phase before distillation of the product, which
avoids thermal stress. The rhodium losses are in the range
of parts per billion.

The catalytic reaction
Preparation of precatalysts

Catalysts for hydroformylation may contain ancillary organic
ligands or not. In all cases, a corresponding more stable pre-
catalyst is added to the reaction, which is converted under
syngas into the catalytically active species. Modification
of the metal with organic ligands can be accomplished in
a separate vessel before the hydroformylation or in situ.
Unmodified Co catalysts can be generated from Co,(CO)s,
an air-sensitive solid. The compound is a strong irritant and
harmful to eyes, skin, and mucous membranes. Alterna-
tively, cobalt octanoate is used as well. As precursors for
rhodium catalysts RhCl;-(H,0),, Rh(OAc);, Rh(II) carbox-
ylates, Rh(acac)(CO), (acac =acetylacetonate), Rh(acac)
(COD) (COD =1,5-cyclooctadiene), and Rh,(CO),, are
used.

Modification of Co catalysts with phosphorus ligands
can be realized by mixing Co,(CO); with an excess of the
ligand to produce a salt, which is rapidly converted at higher
temperatures into the dimeric species Co,(CO)4P, (Fig. 19).
The corresponding precatalyst is formed in the presence of
H, or syngas.
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Cox(COJg + 2P —- >~ [Co(CO)3P,ITCo(CO),4I*

H
—5~ CoaCOXP; —2> 2 [HCo(CO)3P]
Fig. 19 Preparation of a modified cobalt precatalyst

In addition, the commercially available hydrido com-
plex HRh(CO)(PPh,); can be used directly as a precata-
lyst; however, addition of a bidentate ligand is occasion-
ally needed for stabilization. Today, Rh(acac)(CO),, which
is reacted with the P ligand under syngas, is mainly used
for synthetic purposes (Fig. 20). The precatalysts formed,
such as [HRh(CO);P] (P =bulky monophosphite), usually
cannot be isolated easily and are only observable by spec-
troscopic methods, as exemplarily shown by Kubis and
Selent [45]. The progress of the formation of the P-ligand-
modified precatalyst can be investigated by means of
UV-vis spectroscopy or in the case of chiral ligands with
UV-vis CD spectroscopy [46]. Different high pressure
NMR techniques coupled with IR provide valuable struc-
tural information about the precatalyst formed.

It is highly recommended that hydroformylation batches
should be set up under an inert atmosphere. Otherwise,
precursors may introduce oxygen and moisture in an unde-
sired way. In the literature, a startup routine can occa-
sionally be found where the precatalyst, ligand, and even
olefin are mixed under air. The mixture is transferred into
the autoclave and then flushed with syngas. This straight-
forward approach will lead to contamination with olefin
hydroperoxides. Furthermore, the transformation of the
precursor to the catalyst takes place in parallel to hydrofor-
mylation, and thus few reliable results on catalyst activity
and selectivity are obtained.

General reaction conditions

The conversion of olefin, the chemoselectivity, and the
regioselectivity towards the formation of the desired alde-
hyde are strongly dependent on the reaction conditions.
In the literature numerous and varying setups have been
described. Only some typical tendencies are, therefore,
discussed here. In general, the n-selectivity decreases
with increasing pressure. A high syngas pressure favors
the hydroformylation over the isomerization of the start-
ing olefin. The ratio of the partial pressures of CO/H, also
affects the result of hydroformylation. Hydroformylation

Fig. 20 General method for the
preparation of a P-modified Rh
precatalyst

[Rh(acac)(CO),] + Py

occurs with equal partial pressures of CO and H,. A
slightly higher H, pressure assists in the formation of the
active precursors RhH(CO),P,, thereby improving the rate
of the reaction. Best results were obtained with a CO/H,
ratio of 1:2. It should be noted, however, that an excess
of hydrogen may lead to the hydrogenation of olefin and
product aldehyde as undesired side reactions.

As shown by Breit, hydroformylation on a laboratory
scale can be even performed in a Schlenk tube equipped
with a cross-type magnetic stirring bar at room temperature
and 1 bar syngas pressure (RTAP =room temperature/ambi-
ent pressure), provided a particularly active catalyst is used
(Fig. 21) [47].

Hydroformylation can be accelerated by the effect of
microwaves [48]. At low syngas pressure (ca. 3.7 bar) and
a temperature of 110 °C, the reaction with a Rh-Xantphos
catalyst was finished within a few minutes. Several terminal
olefins were successfully converted under these conditions.

Decomposition of ligands and catalysts
and measures to combat this

Catalysts may lose their catalytic properties because of deg-
radation over the reaction time. This applies to batch reac-
tions and is even more pronounced in continuous processes.
As a result, a group of more or less active and selective
catalytic species is responsible for the overall result. Moreo-
ver, the properties of the product change over time. Only in
recent years has this feature, which is a crucial point in tech-
nical hydroformylation, been recognized to some extent in
academia; before this, it was exclusively a domain of indus-
trial research [49].

Fig.21 RTAP (room temperature/ambient pressure) hydroformyla-
tion apparatus

H,/CO
———— > [HRh(CO)3P] + [HRh(CO),P,] + ...
- Hacac
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Degradation of ligands

Information about the degree of degradation of ligand and
catalyst is essential for maintaining the quality and quan-
tity of the product aldehydes over the whole reaction time
[50]. This holds especially for continuous processes. Deg-
radation products containing phosphorus can be analyzed
by means of 3'P NMR spectroscopy. Unfortunately, their
concentrations in technical hydroformylation solutions are
very small and may be below the detection limit. Moreover,
NMR measurements are rather time-consuming and may be
affected by problems of mass transfer of reactive gases from
the head space of the NMR tube into the solution, although
a technical arrangement which avoids these problems is now
commercially available [51]. The method of choice is in situ
FTIR spectroscopy with different techniques (Fig. 22) [52].

SynGas
(CO/H=1:1)
Flow Automated
Substrate
Meter X ASD | sampling
Device
Const.
Press. Micro-Gear-Pump
Contr.
’> FT-IR

ection Port

Reactor (200 ml)
(with Gas Entrainment Impeller)
Thermostat

Fig.22 Scheme of the experimental setup showing the reactor sys-
tem connected to an automated sampling device (ASD) and an FTIR
spectrometer

P

[RhH(CO)ﬂ%“ [RhH(CO)3P]

co '

H,, CO .

This spectroscopic technique can be directly linked to the
reactor and immediately provides continuous information
about nearly all components of the reaction mixture, which
may be present in very low concentrations. The actual status
of the catalytically active metal can be investigated on the
basis of characteristic CO bands. For an accurate analysis of
single IR bands of a single component in mixtures of com-
pounds, programs for spectra deconvolution are required.
High quality algorithms for this purpose were developed by
the groups of Garland (BTEM, band-target entropy minimi-
zation) [53] and Neymeyr (PCD, pure component spectral
recovery) [54].

Basically, every ligand must compete with CO for coor-
dination sites on the metal center. As a result, metal species
are formed which differ in the number of coordinated CO
and P ligands. The shift of the equilibria depends on CO
pressure, temperature, excess and coordination properties of
the P ligand. The last of these are determined by electronic
and steric properties. The situation is shown in Fig. 23 with
the example of a typical Rh catalyst. It should be borne in
mind that only [RhH(CO);P] (I, P=monodentate ligand)
and [RhH(CO),P,] (II, P, =bidentate ligand) represent the
desired precatalysts, whereas increasing displacement of the
organic ligand by CO produces unmodified rhodium with its
typically poor hydroformylation performance (low activity
and regioselectivity). Moreover, displacing the P ligand and
lowering the CO pressure leads to the formation of catalyti-
cally less active Rh clusters (“dead ends”). With an increas-
ing ratio of Rh/CO, the metal might eventually “plate out”.
If bidentate P,P ligands are used, an increasing CO pressure
and higher temperatures favor the monodentate coordination
mode, which reduces the regioselectivity.

An optimal P/Rh ratio results in relation to these features
for the catalytic properties of each catalytic system. In gen-
eral, an excess of P ligand in relation to the metal (usually
2:1-200:1) is used. With an increase in the P/Rh ratio the
rate of the reaction is affected because of the formation of
RhHP, complexes, which also causes a “dead end” in the

P P

%—‘[RhH(CO)ZPz]% [RhH(CO)P3]

co
Rh -%—A [Rh,(CO),]

cO
"dead end"

Cco I co o
Y, P
\p
active P-ligand
modified catalyst [RhHP,]
"dead end”

Fig. 23 Formation of different P-Rh complexes according to the concentration of CO and P ligand
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reaction. In addition, the P/Rh ratio may influence the regi-
oselectivity [55].

It is clear that the subtle equilibria described above are
dramatically affected by the degradation of P ligand. In gen-
eral, the main enemies of the catalyst are oxygen, carbon
dioxide, water, enones, alkynes, and butadienes in the feed.
Chemical and technology-based measures have been devel-
oped to remove these poisons prior to or during the reaction.
In addition, product aldehydes, alcohols, and acidic degrada-
tion products of phosphorus ligands may interfere with the
original ligand.

The situation becomes even more complicated since
the catalytic metal itself is able to stabilize the ligand or to
accelerate its deterioration. The mechanism and products
of the degradation are dependent on the structure of the tri-
valent phosphorus compound and can therefore vary even
within one class of ligands. Degradation products of ligands
do not necessarily lose their catalytic properties. However,
the catalytic performance is altered in comparison to the
original system.

The most prominent degradation reaction of phosphines
is their reaction with oxygen or alkylhydroperoxides. The
major products are the corresponding phosphine oxides.
Phosphinate esters, phosphonates, and phosphates are
formed in lesser amounts. Phosphine oxides are not entirely
inactive as ligands. For instance, triphenylphosphine oxide
(TPPO) has a slightly coordinating property and may there-
fore also contribute to the thodium-catalyzed hydroformyla-
tion [56].

Phosphorus ligands with P-O bonds are less prone to
oxidation but react easily with water to produce the corre-
sponding pentavalent species. Water is continuously formed
in the continuous reactor by aldol reaction of product alde-
hydes under hydroformylation conditions. After hydrolysis
of the P-O bond and formation of the pentavalent phospho-
rus compound, the ligating properties are not completely
lost. Secondary phosphine oxides (SPOs) or heteroatom-
substituted secondary phosphine oxides (HASPOs) form an

Fig.24 SPOs and HASPOs as
preligands for the formation of
Rh complexes

R,P—OR'

R = Alkyl, Aryl: SPO
R = OAlkyl, OAryl: HASPO

Rz

equilibrium consisting of a pentavalent and a trivalent spe-
cies (Fig. 24). The latter is capable of binding metals. As a
result of hydrolysis and subsequent equilibrium, new ligands
are formed in the catalytic system. SPOs and HASPOs can
therefore be considered as “preligands” [57] and show typi-
cal properties in rhodium-catalyzed hydroformylation [58].
Consequently, the results expected with the original ligand
are adulterated.

Degradation of rhodium complexes

Apart from the degradation of the non-coordinated ligand,
its ligation to the metal may lead to additional deterioration.
For example, in the continuous hydroformylation of pro-
pene with PPh,, in addition to benzene and benzaldehyde,
a considerable amount of n-propyldiphenylphosphine has
been detected as a ligand, which arises from a Rh-mediated
replacement of one P-aryl by an alkyl group [59]. The con-
version is dependent on the partial pressure of propene. A
similar decomposition process was observed with TPPTS
[60]. Since the alkyldiarylphosphine formed has a higher
basicity, it binds more strongly to the metal and, therefore,
the catalytic property of the original catalyst is modified
(hydrogenation!).

Measures against degradation

Different measures to counteract deterioration of ligands
are suggested, mainly in the patent literature. Observations
made with phosphites in the stabilization of polymeric mate-
rials, which are widely used as antioxidants, provide addi-
tional information. Two general methodologies of increas-
ing the long-term stability of ligands and catalysts can be
differentiated:

1. Appropriate steric and electronic design
2. External stabilization in the presence of additives

0 [Rh]
I [Rh] |
P—H R,P—OH R,P—OH
1
R™ "H
OH
R)\ﬁ,RZ
o)
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Phosphines with an alkyl group are more prone to oxi-
dation than their aryl counterparts, which should be taken
into consideration in the ligand design. The rate of hydroly-
sis of tri-n-alkyl phosphites is dependent on the length and
branching of the alkyl chain. In polymer chemistry, where
phosphites are used as flame retardants and antioxidants, a
typical “rule of thumb” is that the cost of high-performance
phosphites is directly proportional to their hydrolytic stabil-
ity. In other words, efforts for their synthesis can be corre-
lated with their resistance towards water and, ultimately, a
compromise has to be found for commercial uses.

Several patents claim enhancement of the hydrolytic sta-
bility of phosphites by inorganic bases or amines. It should
be noted that many amines also catalyze the aldol conden-
sation of product aldehydes, which leads to the formation
of high-boiling by-products. Therefore, organic phospho-
nites and phosphites containing sterically hindered amines
(hindered amine light stabilizers, HALS) were developed
[61]. In the reaction with water, the amine unit neutralizes
the formed acid to form a betaine (Fig. 25). This struc-
ture is extremely stable against hydrolysis. Neither H;PO,
nor water at 70 °C for 90 h causes hydrolysis, which was
ascribed to a decrease in the enhanced electron density at
the phosphorus atom.

tBu O—P\ -
(0]
4’\)} - tBu
N tB
H u OH
I 9
H—?—OH H—?—
(0] (0]

HN

T‘EQ

Fig. 25 Stabilization effect of HALS on the hydrolysis of phosphites

Substrates and reactions
General remarks

Non-functionalized olefins of different chain lengths are
mainly employed in bulk chemical processes, but function-
alized substrates are also interesting targets. Principally
terminal C=C bonds react faster than internal olefins. The
rate of the hydroformylation falls with increasing steric hin-
drance of the substrate [62]. The reactivity order in Fig. 26
was found independent of the metal (Rh, Co) used by the
Botteghi group [63].

The reaction of branched olefins requires more severe
reaction conditions or alternatively a more active catalyst.
Principally, the hydroformylation of trifold substituted sp*-
configured C atoms is unfavorable (Keulemans’ rule) [64].
Meanwhile, there are exceptions to this rule, but they are
mostly restricted to olefins with neighboring activating
groups, e.g., hydroxyl or ester groups which allow the chela-
tion of the substrate to the metal center (“substrate-directed
hydroformylation™) [65]. Moreover, functional groups may
alter the “normal” regioselectivity of the hydroformylation
of the parent olefin. A typical example is styrene, where the
branched aldehyde is usually formed.

O
i

H-P-Q

|
H,O
_—

NH

O@

/\/\>/\/\>/\/§>/\)\>)<7k

Fig. 26 Rate of the hydroformylation according to the steric hindrance
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Prior isomerization of the double bond may change the
structure of the original substrate. In the presence of a
small amount of a Rh diphosphite catalyst under syngas
1-octene is already immediately converted into cis- and
trans-2-octene before hydroformylation begins [66]. The
isomerization is a reversible reaction and dependent on
the temperature.

In most industrial bulk processes, single olefins are not
available at an economically attractive price. Therefore, mix-
tures of isomers are used as feedstock. In mixtures of acyclic
olefins, internal and branched compounds are also present in
addition to terminal compounds. Since the production of ter-
minal aldehydes is desired in many cases, hydroformylation
with prior isomerization is targeted. In the optimal case, this
tandem reaction is achieved by a single Rh catalyst based
on sterically demanding bidentate ligands. High branched
selectivity is predominantly achieved using an internal olefin
together with a catalyst of low isomerization activity.

Important unfunctionalized acyclic alkenes used in indus-
try are, in particular, ethylene (C,) and propene (Cj), iso-
meric butenes (C,), octenes (Cg), and olefins up to a chain
length of C,g. In general, a distinction is made between
short-chain (C;—C,), medium-chain (Cs—C,,), and long-
chain (C,;—C,4) oxo products. Some linear a-olefins (LAOs),
such as 1-butene, 1-hexene, 1-octene, or 1-decene, can be
extracted selectively from Fischer—Tropsch processes. As
exemplarily conducted in Sasol’s SYNTHOL® process, a
range of olefins with a broad distribution of odd and even
carbon numbers can be obtained. Using low-cost ethyl-
ene, dimerization may lead to 1-butene. Trimerization or

_~_COOH nBuOH

ol T

tetramerization affords 1-hexene or and 1-octene. Further
oligomerization yields higher even numbered a-olefins.

From a quantitative point of view, the most important
oxo chemical represents n-butyraldehyde with a worldwide
annual consumption of more than 50% of all aldehydes by
weight, based on the total weight of all oxo aldehydes con-
sumed. In comparison, the world production of iso-butyral-
dehyde is just 15%. Main producers are, for example, BASF,
Dow Chemical, Celanese, and Eastman.

Hydroformylation of selected olefins

n-Butyraldehyde is used for the manufacture of n-butanol
and n-butyric acid (Fig. 27). The main part is subjected to
aldol condensation to produce the corresponding unsaturated
C;-aldehyde. The latter is hydrogenated on a heterogeneous
catalyst to produce 2-ethylhexanol (2-EH), which is used to
manufacture bis(2-ethylhexyl)phthalate (DEHP), the stand-
ard plasticizer used in today’s polyvinyl chloride (PVC)
industry. Alternatively, esterification with adipic acid pro-
duces bis(2-ethylhexyl)adipate (DEHA), another plasticizer
ester, which has also been used as a hydraulic fluid and as a
component of aircraft lubricants.

Butenes are usually derived from Crack-C4 from naph-
tha steam cracking [67]. After the removal of butadiene
and isobutene from the crude stream, the so-called Raffi-
nate II contains 1-butene, cis/trans-2-butene, and the iso-
meric butanes. The non-selective hydroformylation of linear
butenes produces n- and iso-valeraldehyde; the former is
predominantly required for further transformations (Fig. 28).

COM, ; Ease
/\ oat /\/CHO 2.Hp /\/\(\
OH
2-Ethylhexanol (2-EH)
0 Et
J—nBu
o) o]
Et Et HOZC/HZCOzH 5 o Et
nBu ° © nBu O\)\
4 nBu
O O 3

Bis(2-ethylhexyl)
adipate (DEHA)

Bis(2-ethylhexyl)
phthalate (DEHP)

Fig. 27 n-Regioselective hydroformylation of propene and important subsequent transformations
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Fig. 28 n-Regioselective hydro- \/\ CO/H,, 1. Base
formylation of isomeric butenes cat. 2. H2
and a typical subsequent trans- + —_— > 2 \/\/CH 0]

formation \/’lq% - HQO

n-Valeraldehyde

Oxeno (now Evonik Industries) patented a process for
the n-regioselective hydroformylation of Raffinate II, which
can be operated continuously [68]. Figure 29 shows the gen-
eral process. The products are isolated by condensation and
distillation. The reactor is linked to a filter where insolu-
ble decomposition products of the phosphorus ligand are
removed at a lower pressure and temperature.

The main application for n-valeraldehyde is the transfor-
mation into 2-propylheptanol (2-PH) by aldol condensation
and subsequent hydrogenation of the product. Like 2-EH,
2-PH is also an important plasticizer alcohol.

1-Heptene is used as a substrate in the first step of Sasol’s
process (using likely Dow/UCC technology) for its homolo-
gation to 1-octene [69]. The hydroformylation is presumably
carried out either with a rhodium catalyst based on PPh,
or with a diphosphite as a ligand, which would eventually
produce n-regioselectivities of 85-92%. 1-Octene is formed
by hydrogenation of the aldehyde followed by thermally
induced elimination of water.

The hydroformylation of mixtures of Cg-olefins is a
task with large economic importance. A typical exam-
ple is “di-n-butene”, consisting of isomeric n-octenes,

Fig.29 Process for the n-regi-
oselective hydroformylation of
isomeric butenes

o

I

»

2-Propyl-heptanol (2-PH)

methylheptenes, and dimethylhexenes. This mixture is
produced from Raffinate II, where isomeric butenes are
dimerized (e.g., by the IFP Dimersol® or Octol® process).
Hydroformylation of di-n-butene produces linear and
alkyl-branched Cy-aldehydes, which are hydrogenated and
converted to diisononyl phthalate (DINP), another additive
for flexible PVC with industrial relevance. For this appli-
cation, the use of less branched aldehydes is preferred.

Hydroformylation of 1-decene for the production of
I-undecanal is an important process in perfume manufac-
turing (Fig. 30).

1-Undecanal can be converted by aldol condensation
with formaldehyde and subsequent hydrogenation into
2-methylundecanal (methylnonyl acetaldehyde, MNA)
[70]. MNA is a natural product found in kumquat peel
oil. It is a sought-after principal ingredient in perfumery
because of its strong fragrance of oranges and incense.
Its current market to produce flavors and fragrances is
estimated to be 500-600 t/year. Important producers or/
and suppliers are Symrise, Givaudan, Firmenich, and
Kao Corporation. Alternatively, after hydrogenation and
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CO/H,,
NN - - cHo =2, HH2 1-Undecene
LY

1-Decene

1-Undecanal

1. Formaldehyde,
sec. amine
2. Hy

/\/\/\/\)\CHO

2-Methyl-undecanal
(2-Methylnonyl acetaldehyde = MNA)

Fig. 30 Hydroformylation of 1-decene and a subsequent transformation

elimination, 1-undecene can be derived from 1-decene via
hydroformylation (homologation).

Because of serious decomposition problems with Rh
catalysts during the separation of high-boiling products,
most commercial plants for long chain aldehydes (> C,,)
operate with Co catalysts. These approaches are based
on unmodified catalysts under rather severe conditions
(300 bar, 200 °C). Besides alcohols, alkanes are also
formed because of the high hydrogenation activity of Co
complexes. Through modification of the Co catalyst with
phosphines the pressure can be lowered (< 100 bar) and
selectivity towards the formation of the linear alcohols is
enhanced as a result. A suitable feedstock of higher ole-
fins (up to C,) can be derived from Fischer-Tropsch feed
(Sasol) or is produced by SHOP (Shell Higher Olefin Pro-
cess). Products are commonly used for the production of
surfactant alcohols.

CO/H,,
cat.

OHC |
\/\/\CHO

Hydroformylation of conjugated dienes is much slower
compared to that of mono-olefins. There are only a few
reports relating to the conversion of butadiene to adipal-
dehyde [71], although this compound is a high-value inter-
mediate for producing e-caprolactam and adipic acid/hex-
amethylene-1,6-diamine (HMDA) (Fig. 31). Both are key
monomers in nylon-6.6 and nylon-6 manufacture. Alterna-
tively, hexane-1,6-diol can be derived by hydrogenation,
which is a valuable monomer in the synthesis of polyesters.

The reaction with conjugated dienes does not necessar-
ily produce the desired dialdehydes. Thus, the rhodium-
mediated reaction with 1,3-butadiene may produce mainly
n-valeraldehyde with high regioselectivity (Fig. 32). The
reason for this preference is the intermediate formation of
the corresponding a,f-unsaturated aldehyde [72].

Hydroformylation of an endo/exo-mixture of dicyclopen-
tadiene, which is an important component of the Cs-fraction

— HOOC
~"">COO0H
Adipic acid

|

NH, —— Nylon 6.6
H2N/\/\/\/ 2 y
HMDA

O

e-Caprolactam

> Nylon 6

AN -OH
— Ho

Fig.31 Hydroformylation of 1,3-butadiene and possibilities of subsequent transformations
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Fig. 32 Product distribution H2/ CO,
in the hydroformylation of cat.
1,3-butadiene N

of the steam cracker, produces more than 90% tricyclode-
canedialdehyde (TCD-dialdehyde) within a few hours with
unmodified Rh at high pressure [73]. The product is used
as a starting material for the manufacture of TCD-diol and
TCD-diamine (Fig. 33). The former is widely used as a diol
component for the production of glass fiber reinforced plas-
tic and solvent-free fast-drying lacquers [74].

Meanwhile considerable progress has also been docu-
mented in the hydroformylation of alkynes [75] and allenes
[76].

Hydroformylation of functionalized olefins provides
access to aldehydes with one or more additional functional
groups. Such functionalized aldehydes can be sold as final
products or used as intermediates in the synthesis of fine
chemicals, pharmaceuticals, and fragrances.

The transformation may be significantly influenced by the
functional group/heteroatom (‘“substrate-directed hydrofor-
mylation”) [77] and show distinct differences compared to the
reaction with unfunctionalized alkenes. These differences are
ascribed to the intermediate formation of stable metallacycles
affecting the rate and the regioselectivity of the reaction. In
order to cleave the metallacycle, the use of high pressure or
a reaction in aqueous biphasic systems is frequently required.
Under these reaction conditions vinyl groups conjugated with a
carbonyl moiety can be hydrogenated. Meanwhile also remote

Diels-Alder- ?/

reaction
2.5h

~NcHo

supramolecular control was advocated as a tool for achieving
high regioselecitivity [78].

A group at Chirotech Technology showed that when croton-
aldehyde is protected prior to the hydroformylation as cyclic
acetal, it can be converted with a Rh-Biphephos catalyst into
glutaraldehyde monoethylene acetal with I/b-selectivity of
approx. 15:1 (Fig. 34) [79]. The reaction was used for the
large-scale synthesis of allysine ethylene acetal, which is a key
intermediate in the manufacture of angiotensin-I-converting
enzyme (ACE) and neutral endopeptic (NEP) inhibitors, such
as ilepatril and omapatrilat.

Besides 1-octene, styrene is the most frequently used stand-
ard substrate for testing new ligands, catalysts, and additives
and is widely used for mechanistic studies. Usually, vinyl aro-
matics and vinyl heteroaromatics direct the hydroformylation
towards the formation of the branched aldehydes. This result
has been rationalized by the formation of a stabilizing n>-allyl
intermediate [80]. p-Substituents on the phenyl ring can alter
the a-selectivity, which increases in the following order [81]:

MeO < Me<tert-Bu<H < Cl < F

Amgen claimed an approach for the total synthesis of
cinacalcet (Sensipar®, Mimpara®) prescribed as a calcimi-
metic (Fig. 35) [82]. The synthesis commences with the

CO/H, (220 bar),
[Rh], 110 °C,

8 !

exo

OHC—(}Q
\CHO

TCD-dialdehyde

SN

/—mOH /_mNHz
HO HoN

Fig. 33 Production of TCD-dialdehydes by hydroformylation and subsequent transformations
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Fig. 34 Chirotech Technology’s
hydroformylation access to
peptidic drugs

O
ACS\-/U\HN

SN

CO/H, (3 bar),
[Rh-Biphephos]

PN

[Rh-Xantphos],
CO/H, (40 bar),
125°C,8h

_—

NH, O
/Ej\/\/H
Fs;C
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Fig.35 Amgen’s route to cinacalcet
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HN
O COOCH
O COOH SH
llepatril Omapatrilat

hydroformylation of m-trifluormethyl styrene. The formed
aldehyde is converted by reductive amination into the phar-
maceutically active compound. Hydroformylation and
reductive amination can even be carried out advantageously
in a single step without isolation of intermediate aldehyde
and imine.

The hydroformylation of isomeric butenyl-diacetates with
unmodified Rh catalysts is a main step in the manufacture of
vitamin A acetate, originally developed by BASF (Fig. 36)
[83]. Hoffmann-La Roche suggested a similar procedure but
based on the hydroformylation of the isomeric 1,4-diace-
toxybut-2-ene [84]. Several thousand tons of vitamin A are
consumed annually [85].

Fig.36 BASF’s approach to Ac,0,
produce vitamin A acetate ___ CHy,0 _ [CuOAc]

- Ho—/ " \—on CO/M,, [Rh]

. N OAc —2——»
0, [Ag] //i‘coc';’ OAc
N —_— C2
(6]
GHo . )\A . NNNN"N04c
OAc -HOAc OHC OAc
OAc

Vitamin A-acetate
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Fig. 37 Hydroformylation pathway to functionalized lactams
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Fig. 38 Starting materials and an important hydroformylation product
for perfume production

Functionalized allyl amides were hydroformylated with
a Rh complex containing monophosphite Alkanox or the
diphosphine Xantphos as a ligand (Fig. 37) [86].

The reaction proceeds with excellent n-regioselectivity
and provides intermediates for the manufacture of p-lactams
frequently prescribed as antibiotics. Subsequent incorpora-
tion of an enamido moiety produces compounds with poten-
tial anticancer activity.

The highly iso-regioselective hydroformylation of allyl
arenes is of considerable interest [87], since the reactions
with the monoterpenes eugenol, safrole, estragol, and their
double bond isomers produce aldehydes such as Helional®
with many applications in the flavor, perfume, and pharma-
ceutical industries (Fig. 38).

The use of unsaturated fatty compounds is an interesting
alternative for a non-petroleum-based feedstock. Their hydro-
formylation was first investigated in the late 1960s and early
1970s. Thereafter, both university and industrial research
became more interested in olefins derived from petrochemi-
cal sources. However, a real renaissance of the hydrofor-
mylation of these substrates has been observed for the last
decade mainly driven by the group of Behr [88]. The global
market for fats and oils from renewable resources amounts
to approx. 130 million tons, with soybean, palm, rapeseed,

@ Springer

peanut, linseed, and sunflower oil being the most important
[89]. These unsaturated compounds provide an interesting
and environmentally friendly alternative to the use of alkenes
derived from mineral oil. However, while the petrochemical
alkenes are mainly short and sometimes branched hydrocar-
bons without substituents, unsaturated fatty acid compounds
are linear and predominantly have a chain length of C 4 or
longer. They contain a carboxylic or ester group (esters of glyc-
erol or methanol) and often more than one double bond (e.g.,
o’- and w®-fatty acids). Ricinolic acid also contains a hydroxyl
function. These functional groups may interact with transition
metal catalysts, causing their deactivation. Moreover, multiple
double bonds are frequently hydrogenated and/or isomeriza-
tion takes place prior to the reaction with syngas. Therefore,
the experimental knowledge accumulated in the hydrofor-
mylation of unfunctionalized petrochemicals cannot simply
be transferred to the transformation of fatty compounds.

The aldehydes produced can be incorporated, for instance,
after hydrogenation of ester and/or formyl groups as an alcohol
component in plasticizers for PVC or in novel polyurethanes.
The properties of the polyurethanes are dependent on the
metal used for the hydroformylation [90]. At high conversion
rates with a thodium catalyst a rigid polyurethane is formed,
whereas under the conditions of Co catalysis and low conver-
sion a hard rubber with lower mechanical strength is produced.

In the past, methyl oleate has frequently been used as a
model substrate, but in some cases linoleates and linolenates
have also been added to the reaction. Technical feedstock usu-
ally contains a mixture of unsaturated and saturated fatty acids
as shown in Fig. 39.

The use of a homogeneous rhodium catalyst with a bulky
monophosphite allows the conversion of methyl oleate in
a yield of 85-90% at a syngas pressure of 20-80 bar and
80-100 °C [91]. Mainly 9- and 10-formyl octadecanoic acid
methyl esters were produced. The use of a technical feed-
stock decreased conversion and yield. Detailed investigations
showed that cis-double bonds isomerize rapidly to trans-con-
figurated olefins; the latter undergo hydroformylation only
slowly.

A particular challenge with rthodium is the isomerizing
hydroformylation of fatty acid esters to form w-formyl esters.
Behr reacted methyl oleate with syngas in the presence of
a Rh-Biphephos catalyst at relatively low syngas pressure
(Fig. 40) [92]. The desired 18-formyl stearic acid methyl ester
was produced with a yield of 26%. Some higher yields were
observed with the methyl ester of linoleic acid.
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Fig.40 Isomerizing hydroformylation of methyl oleate

Stereoselective hydroformylations
General remarks

iso-Regioselective hydroformylation of olefins, with the
exception of ethylene and propene, produces chiral alde-
hydes. When the reaction is carried out with stereoface
control, products with considerable potential for the pro-
duction of chiral fine chemicals are formed. Stereoface
differentiation can be achieved by stereodirecting chiral
groups in the substrate or by using a chiral catalyst. In
order to enhance the stereoselectivity, catalysts with chiral
ligands are sometimes applied to chiral substrates in order
to achieve a matched pair effect [93].

Syngas pressure as well as the ratio of the individual
partial gas pressures may not only influence the rate and
regioselectivity but also the stereoselectivity. The effects
are strongly dependent on the particular catalytic system
and general conclusions are hard to draw. An appropriate
chiral ligand has to provide not only for high iso-selec-
tivity but also for high enantioselectivity. In early stud-
ies chiral trivalent phosphorus ligands, which have been
successfully applied in other asymmetric transformation,
were tested. But in most cases, they did not meet the high
expectations. Therefore, new structures were designed,
frequently mimicking motifs of well-established ligands
for non-asymmetric hydroformylation. Their preparation is

Linoleic acid

a-Linolenic acid
OH

W\)\/W\/COOH

Ricinoleic acid

CHO
R/\ CO/H2, cat. R/\/CHO + R/‘k\
R #H, CH; n-aldehyde chiral

iso-aldehyde

Fig. 41 iso-Regioselective hydroformylation as a precondition for
asymmetric hydroformylation

always based on multistep syntheses, which explains their
high prices on the market.

Usually, asymmetric hydroformylation (AHF) is associ-
ated with the iso-regioselective reaction of olefins. With the
exception of ethylene and propene, chiral aldehydes are pro-
duced in this reaction (Fig. 41).

One would expect that this type of regioselectivity is
supported by sterically less hindered ligands. However, an
effective steric interaction between the substrate and catalyst
is necessary to achieve high enantioselectivity, which also
accounts for bulky ligands. It seems that high iso-regioselec-
tivity may preclude high enantioselectivity and vice versa.
This probably explains the minor progress in enantioselec-
tive hydroformylation as compared to other metal-catalyzed
asymmetric reactions, such as hydrogenation. Only a small
number of highly selective catalytic systems are known, and
the range of substrates has been extended only over the last
few years. The problem of high iso-regioselectivity is less
pronounced in functionalized prochiral substrates, like vinyl
arenes or vinyl ethers, which direct the reaction in favor of
the branched product.

Currently, most efforts have focused on the asymmetric
hydroformylation of vinyl arenes to get access to enanti-
omerically pure 2-aryl propionic acids (Fig. 42). Some of
these compounds constitute a class of non-steroidal inflam-
matory drugs, such as (S)-naproxen, (S)-ibuprofen, (R)-flur-
biprofen, and (S)-ketoprofen [94].

For this reason, asymmetric hydroformylation of styrene
and related vinyl arenes derivatives has been addressed
frequently in the literature. Styrene usually induces high
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Fig.42 Asymmetric hydroformylation of vinyl arenes and chiral products with relevance to pharmacology

iso-selectivity and is therefore particularly convenient for
testing the stereoface-discriminating abilities of new chiral
ligands. In spite of these more academic efforts, enantiose-
lective synthesis of pharmaceutical aryl propionic acids by
hydroformylation remains a challenge on an industrial scale.
The high manufacturing costs of the vinyl substrates and the
hitherto achieved low catalytic activities in the hydrofor-
mylation have to compete with other methods of preparation
(mainly resolution of racemates).

Researchers from Dowpharma were able to convert allyl
cyanide with (R,R)-Kelliphite with a ratio of b// of 20:1 and
80% ee (Fig. 43) [95]. After optimization of the reaction
conditions the hydroformylation was carried out on a 0.93-
mmol scale of substrate in a 300-ml vessel.

Hydrogenation of the functional groups has been car-
ried out in two steps by using two different heterogeneous
catalysts. The chiral methyl-substituted 1,4-aminoalcohol is

CO/H, (10.3 bar),

[SFEhJéR,SRz]-KeIIiphite], CHO
/\/CN : > )\/CN
iso/n =20
80 %ee
H
N
(T ¢
NV
HN
(0]
Ny /

Merck

useful for the synthesis of Merck’s nonpeptide gonadotro-
pin-releasing hormone antagonist or a novel tachykinin NK;
receptor antagonist developed by Ono Pharmaceuticals.

Alternatives to syngas

Syngas can be manufactured by partial oxidation technology
or by steam reforming. In general, it can be derived from
almost every carbon source as a side product of the water gas
shift reaction [96]. In addition to low-boiling hydrocarbons,
heavier oils, and by-products from various processes, includ-
ing hydroformylation, have also been employed. Sometimes,
other solid materials like biomass and waste plastics are
used in addition to coal. Most large companies engaging
in hydroformylation run their own facilities for the produc-
tion of syngas. For small-scale hydroformylation, in-house

80 %ee

CF3

CF3

Ono Pharmaceuticals

Fig.43 Asymmetric hydroformylation of allyl cyanide and subsequent steps to pharmaceutically interesting compounds
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Fig. 45 Hydroformylation using CO from RWGS

production is not efficient. The price of CO or syngas can
vary considerably on the market. Special safety conditions
for the transportation of the highly toxic gases may also
contribute to the current high price and can be decisive as
regards the economic efficiency of a process.

For several years there has been increased interest in
easier-to-handle alternatives for syngas [3]. Back in 1994,
Alper successfully used formic acid as a hydrogen source
together with CO gas for the hydroformylation of 1-decene
in the presence of a heterogeneous Rh catalyst [97]. The
use of an aqueous solution of formaldehyde (formalin) or
paraformaldehyde seems even more promising. Principally
the reaction could be run in an open vessel. However, addi-
tional hydrogen gas can be advantageous in increasing the
reaction rate [98].

Morimoto showed that the use of two different Rh cata-
lysts (Rh-BINAP, Rh-Xantphos) can be beneficial, one for
the decomposition of formaldehyde and the second for the
hydroformylation of olefins (Fig. 44) [99]. With this system,
aldehydes were produced with a yield of 95% and excellent
n-regioselectivity without using CO under pressure.

Alternatively, CO can be derived in situ from the reversed
water—gas shift reaction (RWGS) (Fig. 45) [100]. For the
generation of CO preferentially ruthenium catalysts are
appropriate. As a result of the high hydrogenation activ-
ity, intermediate aldehydes are finally converted to alcohols
[101].

Quite recently, Ding and Zhou advocated the use of for-
mic acid as an alternative for syngas for the hydroformyla-
tion of alkynes [102].

There is no doubt that these and other syngas-free sys-
tems will be of particular value for the manufacture of fine

chemicals, provided their efficiency can be improved in
the near future. An intrinsic problem of the CO generation
in situ which must be overcome is the low partial concen-
tration of CO. As a consequence, this leads to low reaction
rates of hydroformylation.

Conclusions and outlook

Hydroformylation is one of the most important homoge-
neously catalyzed reactions on an industrial scale. A clear
dominance in the manufacture of bulk chemicals can be
observed. Large cobalt- and rhodium-based processes are
mature technologies that have been developed over the past
60 years. Currently, the search for more stable ligands and
more active and regioselective catalytic systems is the focus
of research. Interestingly, the potential of hydroformylation
for the production of fine chemicals, especially for the man-
ufacture of optically pure compounds, has not been fully
explored to date. The reasons for this disparate behavior
are the enormous price of the chiral ligands and the aver-
age activities and selectivities of corresponding catalysts.
Moreover, safety issues in working with the toxic CO, rela-
tively high investment costs, and the current high price of
carbon monoxide hamper the broad use of this innovative
technology for the production of fine chemicals. There is no
doubt that mainly economic reasons will reopen the discus-
sion about alternative syngas sources and the best metals in
industrial hydroformylation in the near future.
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