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Preface

The development of environmentally benign and clean synthetic methodolo-
gies is still one of the most important goals of current research in chemistry.
In this regard, catalysis and organometallic chemistry are key technologies
to achieve these objectives and to contribute to a “greener” chemistry in the
future. From its start, Topics in Organometallic Chemistry has been devoted to
a significant extent to publishing volumes that go in this direction. The present
issue also follows this track. More specifically it tries to give an overview of the
current status and future trends of catalytic carbonylation reactions.

One could ask, why especially carbonylation reactions? A straightforward
answer is provided by the fact that although carbonylation processes consti-
tute industrial core technologies for converting bulk chemicals to a variety
of useful products for our daily lives, they are still relatively seldom used in
advanced organic chemistry. Up until now, most basic organic textbooks pay
hardly any attention to carbonylation chemistry. Thus, this volume tries to
bridge the well-established organometallic chemistry of carbon monoxide and
synthesis gas (mixture of carbon monoxide and hydrogen) with novel organic
applications. Hence, it is not surprising that several chapters in this volume,
such as the carbonylation of aldehydes and epoxides, as well as Pauson-Khand
carbonylations stress this point. By comparing the different carbonylation
reactions it is apparent that especially the transformations allowing for the
conversion of olefins—the basic raw materials for the chemical industry—
into more valuable products, such as aldehydes, alcohols, and carbonyl com-
pounds, are of general importance (see, for example, the chapters by Gabriele,
Kalck, and Toniolo). Thus, a significant part of the book is devoted to recent
inventions and gradual improvements in hydroformylation and alkoxycar-
bonylation reactions. In addition, it is nicely demonstrated in the chapters of
Wiese and Haynes how industrial applications in this area are actively pur-
sued.

When the potential content of this issue was initially discussed with the
authors from industry and academia it was immediately clear that the various
chapters should give a general overview, but should focus on developments of
the last decade. After having finished the project we can state that this goal has
been achieved. Thus, the reader will find a balanced view of basic knowledge
and current progress.



x Preface

Finally as editor I would like to thank all contributors for their participation
in this project and for their patience when it took longer than expected. I also
acknowledge the continuous support by Jérn Mohr from Springer, who did not
push but challenged. I hope that readers will enjoy this volume and discover
aspects that stimulate further discoveries in this timely and exciting area of
scientific research.

Rostock, July 2006 Matthias Beller
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Abstract Discovered in 1938, hydroformylation is the most important example of the in-
dustrial application of homogeneous catalysis. Production is now well beyond 10 million
metric tons annually. Propene-based products still account for two-thirds of this volume.
Highly selective processes using ligand-modified rhodium catalysts have been developed
and are state of the art. Technology and markets for the products have matured, so
there is little room for improvement. With the industry placing more emphasis on spe-
ciality chemicals, researchers are interested in applying this versatile reaction to more
sophisticated chemistry and are focusing on modifying rhodium with ligands to tune the
properties. Over the last 20 years, a myriad of ligands have been developed. In-situ NMR
and IR under reaction conditions and molecular modeling are modern tools for gaining
insight into the intricate mechanism, but the reaction is still far from being understood.
From the viewpoint of engineers, the crucial problem of homogeneous catalysis, recycling
the generally expensive catalysts, has not been satisfactorily solved. As a consequence, old
but robust high pressure processes are witnessing a revival. After 60 years, hydroformyla-
tion is just beginning to be a general tool for chemists, and new frontiers and challenges
have to be met.

Keywords Hydroformylation - Rhodium - Cobalt - Ligands - Processes - Mechanism
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1
Introduction

The reaction between alkenes and synthesis gas (syngas), an equimolar mix-
ture of carbon monoxide and hydrogen, to form aldehydes was discovered in
1938 by Otto Roelen [1,2]. Originally called “oxo-reaction”, “hydroformyla-
tion” is the term used today. This reflects the formal addition of formaldehyde
to the olefinic double bond. Commercially, homogeneous metal complexes
based on cobalt and rhodium are used as catalysts. With more than 10 mil-
lion metric tons of oxo products per year, this reaction represents the most
important use of homogeneous catalysis in the chemical industry.

A typical feature of hydroformylation is the fact that both sides of the
double bond are in principle reactive, so only ethene yields propanal as
a single product. From propene, two isomers are formed: linear or normal
butanal and 2-methylpropanal (branched or iso product). With longer chain
1-alkenes, the isomerization of the double bond to the thermodynamically
more favored internal positions is possible, yielding the respective branched
aldehydes (Fig. 1). Frequently, terminal hydroformylation is targeted because
of the better biodegradability of the products. Thus, not only stability, activ-
ity, and chemoselectivity of the catalysts are important. A key parameter is
also the regioselectivity, expressed by the n/i ratio or the linearity n/(n+i).

Aldehydes themselves are of little commercial interest, but they open
a way to alcohols via hydrogenation, to carboxylic acids via oxidation, and
to amines via reductive amination. Aldolization is the starting point for
branched alcohols, carboxylic acids, and amines with a double carbon num-
ber. As an example of co-aldolization, the route to polyols is shown. All

«(CHy)y + /20, — nCO + nH,

partial oxidation synthesis gas (syngas)
of hydrocarbons CO/H2 ~ 1/1 mol/mol

syngas

/__ +CO +H,
S —

K Co or Rh
1...30 MPa
80 ...180 °C

+ syngas

NN
\ \/\)\éo
\/\(\

%

N

L

S

N==m N=m

Fig.1 Basic reactions
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reactions shown in Fig. 2 are commercially employed, starting from propene

(R =H).

In the beginning, research in hydroformylation was performed mainly by
the industry. Remarkably, the number of scientific papers in the past 20 years

R -
hydrogenation

YCHon

R
N Nehom

—_——
hydrogenation

COOH R
\l/ ~oxidation oxidation \/\COOH
reductive
" » R
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has exploded (Fig. 3) to an output of more than 200 annually, compared to
some 80 patents per year.

This brief review can provide only a snapshot of the state of art. The older
literature up to 1980 is covered by the still important review by Falbe [3].
A concise overview up to 2002 can be found in Cornils and Herrmann [4]. Hy-
droformylation with rhodium catalysts is covered by the book of van Leeuwen
and Claver [5]. Ungvary reviews new developments in hydroformylation,
mainly in scientific papers, every year [6-9].

2
Catalysts

2.1
Active Metals

All metals in the neighborhood of rhodium on the periodic table are known
to be active in hydroformylation. Rhodium is by far the most active metal
being used in concentrations of 10-100 mg/kg, usually at temperatures be-
low 140 °C. Typical concentrations of cobalt-based catalysts are in the range
of 1-10 g/kg at temperatures up to 190 °C to get sufficient space-time yield.
Apart from some specialized applications, other metals are only of scientific
interest because of their low activity. A proper comparison of metal activity
is difficult because of the different requirements on the reaction conditions.
A generally accepted rough order of activity is given in Table 1.

The mentioning of exotic hydroformylation catalysts in patents does not
reflect their real importance, because it is frequently done for complete-
ness (“metals of Group VIII”). Sometimes cooperative or synergistic effects
are claimed when bimetallic catalysts are used. A recent example for man-
ganese/rhodium is found in [10, 11].

Initially, hydroformylation was performed with heterogeneous cobalt
catalysts of the Fischer Tropsch type. But very soon it was recognized
that the real active species is the homogeneous complex hydridocobalt-
carbonyl; H-Co(CO)4, a yellow liquid and strong acid, which above the
melting point (- 26 °C) is stable only under CO/H; pressure. Decomposition
yields Co,(CO)s, an air-sensitive orange-red solid that in turn decomposes
above the melting point (51 °C). Both species are extremely toxic, similar
to Ni(CO)4. The higher carbonyl clusters are insoluble solids, representing

Table 1 Activity of metals in hydroformylation

active metal Rh Co Ir Ru Os Tc Mn Fe Re
log(relative activity) 3 0 -1 -2 -3 -3 -4 -6 <-6
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metal precursor

active catalyst by deactivation by
higher CO pressure lower CO pressure
lower temperature higher temperature
M,(CO)s
-Hy _
TR
oc,, +CO
oc” | 4(CO)12
Cco -CO
* CO,//- co + Cg\\\
T M= CO, Rh Ms(CO)16
OC*I\\/I*CO \
co active catalyst metal losses

Fig.4 Formation and deactivation of active species

one pathway of cobalt deposits in hydroformylation plants. The equilibria for
the formation and the deactivation of the active species are shown in Fig. 4.
Recent reinvestigations have confirmed the picture [12-14].

A similar pattern has always been discussed for rhodium, with hydri-
dotetracarbonylrhodium H-Rh(CO)4 as a real catalyst species. The equilibria
between Rh4(CO);; and the extremely unstable Rh,(CO)g were measured by
high pressure IR and compared to the respective equilibria of cobalt [15, 16].
But it was only recently that the “missing link” in rhodium-catalyzed hy-
droformylation, the formation of the mononuclear hydridocomplex under
high pressure conditions, has been proven. Even the equilibria with the pre-
cursor cluster Rh;(CO)g could be determined quantitatively by special tech-
niques [17]. Recent reviews on active cobalt and rhodium complexes, also
ligand-modified, and on methods for the necessary spectroscopic in situ
methods are given in [18, 19].

2.2
Reaction Mechanism with an Unmodified Catalyst

The first catalyst used in hydroformylation was cobalt. Under hydroformy-
lation conditions at high pressure of carbon monoxide and hydrogen,
a hydrido-cobalt-tetracarbonyl complex (HCo(CO),) is formed from precur-
sors like cobalt acetate (Fig. 4). This complex is commonly accepted as the
catalytic active species in the cobalt-catalyzed hydroformylation entering the
reaction cycle according to Heck and Breslow (1960) (Fig. 5) [20-23].

The hydrido-cobalt-tetracarbonyl complex (I) undergoes a CO-dissocia-
tion reaction to form the 16-electron species HCo(CO)3 (II). This structure
forms a w-complex (IIT) with the substrate and is a possible explanation for
the formation of further (C = C)-double bond isomers of the substrate. In the
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R-{CH,),-C-H
He HCo(CO), co
)
o]
[
R{CH,),-c-Co(co), (VII) (1) Hco(co),
RHG=CH,
co r
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[ (1) RHC=CH
R-{CH,),-C-Co(CO), (V) ‘ 2

HCo(CO),

\ V)
\~ R+{(CH,),-Co(CO), (V) ‘/

R-(CH,),-Co(CO),

Cco

Fig.5 Cobalt-catalyzed hydroformylation reaction cycle

next equilibrium reaction step, the m-complex is converted into the corres-
ponding o-complex (IV), which has the opportunity to add carbon monoxide
to form the 18 electron species (V).

In the next step of the reaction cycle, the carbon monoxide is inserted into
the carbon-cobalt bond. At this time, the subsequent aldehyde can be consid-
ered as preformed. This step leads to the 16 electron species (VI). Once again,
carbon monoxide is associated to end up in the 18 electron species (VII). In
the last step of the reaction cycle, hydrogen is added to release the catalyti-
cally active hydrido-cobalt-tetracarbonyl complex (I). Likewise, the aldehyde
is formed by a final reductive elimination step.

The reaction cycle discussed is generally accepted for unmodified cobalt
and unmodified rhodium catalysts. But it has to be stressed here that to date
no one has been able to prove the single steps conclusively; it is still a subject
of research, with modern techniques like in situ spectroscopic methods and
molecular modeling in conjunction with kinetic investigations.

23
Impact of Ligands on the Reaction Cycle

A fundamental topic in hydroformylation research is the control of regio-
selectivity and the suppression of side-reactions like the hydrogenation reac-
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tion. The possibilities offered by optimization of reaction variables such as
temperature and pressure are limited. However, a powerful tool for tuning the
catalyst properties is modification with ligands of the type PR3 (phosphines,
phosphites), especially for rhodium.

In the late 1960s, Wilkinson postulated the reaction cycle of the ligand-
modified rhodium catalyzed hydroformylation (Fig. 6).

It is also called dissociative because one of the rate-determining steps is
the dissociation of carbon monoxide. The cycle is started by the dissocia-
tion of a ligand, which results in the release of the planar 16 electron species
(I). In analogy to the cobalt mechanism (see Wiese KD and Obst D, 2006,
in this volume), the next step is the addition of an olefin molecule to form
the m-complex (II). This complex undergoes a rearrangement reaction to
the corresponding o -complex (III). These two reaction steps decide whether
a branched or a linear aldehyde is the product of the hydroformylation experi-
ment. The next step is the addition of a carbon monoxide molecule to the 18
electron species (IV). Now, the insertion of carbon monoxide takes place and

e i
/Tf1
L ¢o
L, M 0]
'|? WH L, T R
L/lh\(\/R Rh<—|r
co L/|
(V1) () co
(V)
H, R ]| R
OYL\/ (In ,';L\
A v 4
co \ L I/\R co
\ "'.‘Rh_co %
R4 co
co

Fig.6 Ligand-modified rhodium-catalyzed hydroformylation reaction cycle
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H H
P""'rlah co oc., |
— "Rh—CO
<p/ | 7|
” O
120 ° 90 °

Fig.7 Two configurations of a bidentate phosphorous ligand with rhodium

the 16 electron species (V) is formed. This insertion step determines the final
structure of the aldehyde. The hydrogenation to the structure (VI) and the re-
ductive elimination of the aldehyde represent the last two steps of the reaction
cycle and are analogous to Heck and Breslow’s cobalt mechanism.

For monodentate ligands, e.g., triphenylphosphane, Tolman’s cone-angle 6
and the electronic parameter y have a significant influence on the activity
and the selectivity of the resulting catalyst system [24, 25]. As regards biden-
tate ligands, which provide two coordination centers for the transition metal,
the so-called bite angle 8 determines the selectivity of the formed aldehydes.
B is the angle that is formed by the two coordination centers and the transi-
tion metal (Fig. 7).

Van Leeuwen came to the conclusion that the equatorial/equatorial configu-
ration in particular imposes a high linearity on the formed aldehydes [26-29].
Thus, the best selectivities to the linear aldehyde species should be obtained
when the bite angle has a value of about 120°. The configuration of the lig-
and in equatorial/axial positions (bite angle 90°) leads to lower linearity of the
formed aldehydes.

24
Types of Ligands

The main classes are phosphanes PR3 and phosphites P(OR); (R = alkyl,
aryl). Phosphinites and phosphonates are rarely used but represent a transi-
tion between the two classes. In principle, a part of the carbon monoxide is
replaced by the ligands according to H-M(CO)p (P*)y (M = Co, Rh; m + n =
3-4). To what an extent a ligand replaces carbon monoxide depends primarily
on the equilibrium constant of the ligand and the excess of ligand used. Be-
sides the electronic properties of the substituents, steric properties too, the
bulkiness of the ligand, play a decisive role. On the other hand, the carbon
monoxide pressure has a strong influence, with higher pressure shifting the
equilibrium to the carbon monoxide-rich complexes. Bidentate ligands with
appropriate distance of the two P atoms can work like pincers and induce
a strong binding effect to the metal. While all these modifications generally
apply to classical homogeneous catalysts soluble in the organic phase, the in-
troduction of sulfonic groups gives rise to water-soluble catalysts, which are
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applied in “two-phase” systems. The catalyst is then solved in water, whereas
the olefin is present in a second organic phase. This short but incomplete
overview shows the versatility of ligand-modified catalysis, and an immense
number of different ligands were developed. But only a few are of industrial
importance.

The hydroformylation of olefins with cobalt, modified by phosphines and
phosphites, has been described in a patent from ESSO 1964 [30], but SHELL
was the first to apply a ligand-modified cobalt catalyst industrially in 1970.
The literature frequently mentions tributylphosphane (Fig. 8, la). In fact,
a phosphabicyclononane [31] like 1b is presumably used on account of the
stability of the complex at high temperatures. In contrast to unmodified
cobalt catalysts, the separation of the products by distillation is possible. The
main feature is the relatively high regioselectivity of 75-85% linear products,
even from internal olefins. The main disadvantage is the extensive build up
of high boilers and the low activity in comparison to unmodified cobalt. The
catalyst system is still used today by SHELL for the production of surfac-
tant alcohols from internal linear olefins. Recent patents suggest a renewed
interest in this type of ligands [32].

The discovery of triphenylphosphane (2a) as ligand by Wilkinson 1965 [33]
and the subsequent development of an industrial process in the 1970s rep-
resented a break-through for rhodium catalysis. If this ligand is applied in
high molar excess to rhodium in the range 100-200, the hydroformylation
of terminal olefins becomes highly regioselective. Starting from propene, the
formation of the unwanted branched byproduct is suppressed to less than
10%. This ligand has become a standard and is being widely used for hy-
droformylation, despite new developments. Through sulfonation, complete
solubility in water is achieved, and with the ligand, rhodium is transferred
to water. This is the basis of the two-phase process developed by Ruhrchemie
(today CELANESE), which is discussed later in detail. The ligand has also
found widespread interest as regards other homogeneously catalyzed pro-
cesses (details see [34]).

Phosphite ligands (Fig. 9) are known to be better w-acceptors than phos-
phane ligands. The stronger electron-withdrawing ligand increases the re-
action rate because CO from the metal center is dissociated faster than
with phosphane ligands. For different mono-phosphites, the selectivity to the

+Na- 038 SO3 Na*
s~ P
1a) 1b) 2a)
Tributyl- 9-eicosyl-9-phospha-  Triphenyl- Triphenyl- phosphane
phosphane bicyclo[3.3.1]Jnonane  phosphane +Na-0,5 trisulfonate TPPTS

Fig.8 Commercially used phosphane ligands
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linear aldehyde increases with increasing electron-withdrawing properties.
Mono-phosphites with a t-butyl group in o-position (3 in Fig. 9) have re-
ceived special attention. It has been shown [35] that these ligands are not
capable of replacing more than one single carbon monoxide to the complex
due to their bulky nature. But with a sufficient molar excess to the metal, they
convert at low pressures (e.g., 20-50 bar) inactive rhodium clusters into the
highly active complex H-Rh(ligand)(CO)s. The fast isomerization of double
bonds is another feature of this type of catalyst. The disadvantage is the low
regioselectivity. Starting from terminal olefins, the hydroformylation takes
place along the chain at the usual applied temperatures (100-130 °C). On the
other hand, internal and branched olefins, which are usually very resistant
to hydroformylation, are converted at an acceptable reaction rate. Thus, this
type is used industrially in difficult cases if regioselectivity plays no role. Ex-
amples are the hydroformylation of branched internal olefin mixtures like
“tributene” (trimerized butene-2) [36] and of di- and tricyclopentadiene [37]
to dialdehydes as intermediates for diols, dicarboxylic acids, and diamines.
Another example is the hydroformylation of methacrylic acid alkyl esters,
where only one product is possible, as an intermediate for 3-methylsuccinic
acid [38].

Bisphosphites from type 4 (Fig. 9) had been reported in 1956 [39]. In 1987
they were introduced by Bryant [40, 41] as ligands for hydroformylation. Be-
cause of their chelating nature, only a low excess of ligand to metal has to
be used to obtain highly active chemo- and regioselective catalysts. Selectivi-
ties exceeding 95% are obtained starting from «-olefins at lower temperatures
and pressures (e.g., 100 °C, 20 bar). This is surprising because they are also
strong isomerization catalysts. In 2005 Behr and coworkers published an art-
icle on the isomerizing hydroformylation of trans-4-octene to linear nonanal
in propylene carbonate as a solvent. A linearity of 96% was observed using
a catalyst system consisting of Rh(acac)(CO), and the BIPHEPHOS ligand
(Fig. 9, ligand 4a, R = O — Me) [42]. Rhodium catalysts of type 4 are now the
benchmark for hydroformylation of short chain olefins.
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Numerous ligands have been developed, and new ones are being reported.
Only some arbitrarily selected examples can be given. Chelating bisphos-
phanes (Fig. 10) give rise to highly regioselective rhodium catalysts. Particu-
larly the sulfonated analogs are a subject of interest for hydroformylation in
water. The star is BINAS (6b in Fig. 10), with more than 98% linear aldehyde
from propene; the activity is one order of magnitude higher in comparison
to the well-known TPPTS (2b in Fig. 8) [43]. With sulfonated XANTPHOS in
ionic liquids, a similar regioselectivity is found [44].

Another field of ligand design is the development of isomerizing cata-
lysts for the predominantly terminal hydroformylation of internal olefins
(Fig. 11). Introducing electron-withdrawing substituents in NAPHOS (lig-
and 6a [45, 46]) is an interesting approach. Replacing one biphenol moiety
in bisphosphites with salicylic acid and their derivatives yields catalysts with
medium regioselectivity but high activity (ligand 9 [47-49]). Structural elem-
ents from bisphosphites, with the XANTPHOS backbone, are also a recent
development.

2 - L0

B PEeR % &°

5a) BISBI 6a) NAPHOS 7a) XANTPHOS

5b) BISBIS-Na 6b) BINAS-Na 7b) sulfonated XANTPHOS
a)R=H
b) R = SO3Na*

Fig. 10 Some examples of bisphosphines
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8) IPHOS 9) Acylphosphites 10) Diphosphonites with
xanthene backbone

Fig. 11 Some recent developments for isomerizing hydroformylation of internal olefins
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A very different line of development (Fig. 12) started from substituted
phosphabenzenes as w-acceptor ligands (ligand 11), which yield highly ac-
tive catalysts for highly resistant branched internal olefins, but with minor
regioselectivity [52-55]. Until recently, phosphabarrelenes with very unusual
properties were introduced. According to [56, 57] they yield highly active cat-
alysts for the hydroformylation of internal olefins, without isomerizing the
double bond.

3
Methods for Mechanistic Investigations

The reaction cycles discussed in Sects. 2.2 and 2.3 are generally accepted,
but the validity has not been proven until now; only some intermediates
have been characterized. An in-depth understanding of the mechanism is
not only important for theoretical considerations, it could be the basis for
a more rational design of catalyst systems. A fascinating possibility for gain-
ing an insight is offered by in situ spectroscopic methods (IR, NMR, Raman,
XRD, UV). Especially for IR and NMR, methods and techniques have been
developed for applying these methods directly in the reaction at realistic
pressures and temperatures. Much progress in computational chemistry, sup-
ported by the rapidly growing power of computers, offers new possibilities as
regards in situ methods. Reaction kinetics are also a tool for gaining an in-
sight into the reaction because it should reflect all the rate-determining steps
involved in the reaction.

3.1
In Situ Infra-red (IR) Spectroscopy

A method for observing intermediates directly in the reaction cycle is in situ
IR spectroscopy under reaction conditions. As early as 1975, Penninger pub-
lished a contribution concerning in situ IR spectroscopic studies of cobalt car-
bonyl modified by tri-n-butylphosphine as a hydroformylation catalyst [58]
at relatively low catalyst concentrations of 2 mmoll~'. The observed carbonyl
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species were found to be controlled by the following equilibria:

H; + Co,2(CO)g = 2 HCo(CO)4

C0,(CO)s + PBus = Co,(CO)7(PBus) + CO
C0,(CO)7(PBus) + H, = HCo(CO)4 + HCo(CO)3(PBus)
HCO(CO)4 + PBuz = HCO(CO)3(PBH3) + CO

Twenty-five years later, the observation of the respective olefin rhodium inter-
mediate (III) in Fig. 6 was successful using in situ IR-techniques [59]. In 2003,
George investigated the hydroformylation of 1-octene, 1-butene, propene, and
ethene using in situ IR in combination with a polyethylene matrix [60]. Using
Rh(acac)(CO), as a metal precursor and triphenylphosphine as the ligand, he
observed the acyl intermediates of rhodium tricarbonyl triphenylphosphine.
The IR spectra suggested a trigonal bipyramidal structure, with the acyl lig-
and and the PPh; occupying the axial positions (Fig. 13). The investigations
showed that one carbon monoxide can easily be replaced by ethene.

In 2004 Caporali investigated the hydroformylation of 1-hexene and cy-
clohexene using HRh(CO)(PPhs)3 [61]. The collected data indicated that the
rate-determining step in the hydroformylation cycle depends upon the struc-
ture of the olefin. With an alpha-olefin like 1-hexene, the slowest step seems
to be the hydrogenolysis of the acyl rhodium complex. In the presence of cy-
clohexene as a model for an internal olefin, the rate-determining step is the
reaction of the olefin with the rhodium hydride complex (intermediate II in
Fig. 6).

3.2
In Situ Nuclear Magnetic Resonance (NMR)

Further information on the reaction intermediates is achieved by in situ NMR
experiments. Because the signals in NMR spectra depend upon the con-
centration of the investigated species, a quantitative treatment is possible.
Bianchini and coworkers investigated the hydroformylation of 1-hexene [62],
using high-pressure NMR spectroscopy to evaluate the influence of synthe-
sis gas on the equilibria of rhodium triphenylphosphine species. They were
able to establish at least four resting states of rhodium (catalyst species that do
not participate directly in the reaction). When synthesis gas interacted with



14 K.-D. Wiese - D. Obst

the reaction mixture, several new NMR signals appeared. The group was able
to point out that the [HRh(CO)(PPh3)3] complex was transformed into the
five-coordinated [HRh(PPh3);(CO);] complex. A signal corresponding to the
[Rh(acyl)(CO), (PPhs),] was also present in the reaction mixture. Another in-
teresting contribution was published by Kent as early as 1987 [63]. He was
able to show that the [HRh(PPh3);(CO),] complex performs a fast change
in configuration. The ligands can coordinate in two different ways: equato-
rial/equatorial (ee) or equatorial/axial (ea).

3.3
Theoretical Methods

Since a detailed characterization of the reaction cycle was not successful until
now solely by experimental means, many researchers have turned to compu-
tational chemistry as a complementary source of information. The ultimate
goal of these theoretical studies is to provide unbiased and easily quantifi-
able parameters for the description of ligand properties that correlate with
the performance of the catalytic system.

Probably the most studied single theoretical parameter in Rh-catalyzed
hydroformylation is the so-called “natural bite angle” introduced by Casey
and Whiteker in 1990 [64]. Conceptually, this quantity represents the pre-
ferred chelation angle determined with reference only to the ligand backbone
and not to metal valence angles. It is determined by molecular mechan-
ics calculations in which a “dummy” atom is used for the metal atom and
a typical metal-P bond length is chosen from the X-ray structures of simi-
lar complexes. The force constant of the P-metal-P angle is set to zero, which
means that the structure is determined only by the organic part of the lig-
and. The results depend on the metal-P distance employed and the force field
used. Casey and Whiteker furthermore introduced the quantity “flexibility
range”, the interval of angles showing energy values differing by less than
3 kcalmol™! from those of the natural bite angle. Dierks and van Leeuwen
have shown that the bite angles of a large number of different complexes
determined by X-ray structures show values within the calculated flexibility
range [65]. However, one must bear in mind that different force fields may
produce significantly different values of natural bite angles; in some cases,
significant deviations from crystal structure values are therefore to be ex-
pected. In the majority of investigations, a wider bite angle correlates with
a higher regioselectivity for the linear aldehyde (see e.g., [66]). Catalysts
that do not fit in this correlation are reported independently by Casey and
Whiteker [67] and Yamamoto et al. [68], who found low selectivities for the
2,5-dppm-nor ligand with a calculated bite angle of 126°. This seems to be
related to the inability of this ligand to form stable chelates. For a review of
natural bite angle effects, we refer to [69]. Despite the successful application
of structure activity relations based on the natural bite angle, a rationaliza-
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tion of the quantity has proven difficult. The question of why a wide bite angle
favors normal aldehydes has not yet been answered. Further heuristic ap-
proaches are reported by Roper et al. [70] and by Franke et al. [71], but are
highly specialized.

One of the most useful features of modern quantum chemical calcula-
tions is the localization and characterization of stationary points on those
parts of a potential energy surface that are associated with a chemical re-
action. The first ab initio calculation of the whole catalytic cycle for ethene
in the presence of PHs-ligated Rh was presented by Morukuma et al. [72].
Rocha and Almeida studied the insertion of propene into the Rh —H bond
for the HRh(CO)(PH3); catalyst on the MP4(SDQ) level (geometries: DFT-
BP86) [73]. The ratio of normal to branched aldehydes was determined (the-
ory: 96 : 4; experiment: 95 : 5) based on the relative energies of the metal-alkyl
compounds formed after the insertion step. Decker and Cundari presented
a thorough reinvestigation of this model catalyst employing DFT with B3LYP
for the geometry optimization and CCSD(T) single-point calculations for
the energy profile [74]. The CO insertion step was predicted to be the rate-
determining step with the activation barrier calculated to be 20.4 kcal mol .
Herrmann et al. investigated a variety of catalysts of more practical impor-
tance using a loosely coupled QM/MM approach [75]. The calculated relative
energies of transition states were in accordance with the different regioselec-
tivities of the BISBI and DiPHOS catalyst.

For the family of XANTPHOS ligands, both detailed experimental stud-
ies and theoretical mechanistic investigations have been published. These
show that the natural bite angles of diphosphines derived from xanthene
and related compounds range from 102 to 121° [76]. Bo et al. reported on
QM/MM calculations with the IMOMM method for benzoxantphos and ho-
moxantphos [77]. Eight possible reaction paths were characterized through
the respective transition states of the pentacoordinated equatorial-equatorial
HRh(CO)(alkene)(diphosphine) intermediate. The predicted regioselectivity
corresponds to the experimentally observed trends. By artificially suppress-
ing the steric effects of phenyl substituents, different contributions to the
regioselectivity can be calculated, leading to the conclusion that the nonbond-
ing interaction between diphenylphosphino substituents and the substrate is
responsible for this selectivity. To date, by far the most extensive and thor-
ough quantum chemical study concerning the Rh-catalyzed hydroformylation
of propene is that performed by Landis and Uddin, who investigated the com-
plete catalytic cycle for the XANTPHOS ligand [78]. Using the two-layered
ONIUM method (DFT-B3LYP : HF), they located 56 stationary points along
the reaction pathway, of which more than 20 represent transition states rele-
vant to the catalyst mechanism. As discovered in experimental studies, they
predicted that the resting state of the catalyst is a mixture of diequatorial and
axial-equatorial isomers. Their computed ratio of normal- and iso-propyl
Rh-alkyl also agrees well with comparable experimental values. However, the
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activation free energies, in particular those for insertion of propene into
Rh — H bonds, are computed far too high. Consequently, any insights into the
kinetics of hydroformylation are precluded. Landis and Uddin speculate that
the reasons may lie either in a wrongly computed mechanism or in deficien-
cies of the DFT method. By comparing the results from the high level ab initio
calculations of Decker and Cundari [74], they come to the conclusion that the
latter is more likely.

The desired accuracy of the thermodynamic and kinetic activation param-
eters in systems of commercial interest has not yet been achieved in quantum
chemical studies of the hydroformylation. Nevertheless, theoretical investi-
gations have cast considerable light on this still little understood catalytic
reaction.

34
Kinetic Investigations

The investigation of the kinetic aspects of hydroformylation is still an un-
derdeveloped field. The reason is the complexity of the reaction, especially
with ligand-modified catalysts. The reaction rate r will certainly depend on
temperature T and on the following concentrations:

C° (catalyst metal), Cg (substrate olefin), Cco (carbon monoxide),
Cu2 (hydrogen), Cy, (ligand)

Because hydroformylation is a gas-liquid two-phase reaction, the active con-
centrations of CO and H; in the liquid reaction medium are dependent on
the respective partial pressures in the gas phase. If we assume the validity of
the simple Henry equation, and if we further assume that mass transfer from
the gas to the liquid phase can be neglected, the gas concentrations can be
substituted by the partial pressure p;

Cco =(Kco)*pco and  Ciz = (Ku2)*pr2

the constants K; being modified inverse Henry constants. The gas solubili-
ties are dependent on solvent and temperature, so in any case the solvent
has a systematic influence apart from other solvent effects. According to the
mechanism, the catalytic cycle is initiated by a carbon monoxide-deficient
hydridocarbonyl forming a 7-complex with the starting olefin. A simplified
scheme of the possible equilibria is shown in Fig. 14, with the active catalyst
species entering the reaction cycle in row 1. For the simple case of unmodified
catalysis, only the equilibria in column A are relevant. The total concentration
of the catalyst metal C° is given by the sum of all species in equilibrium, active
or not. If we assume sufficient pressure, the concentration of inactive clusters
can be neglected, the metal concentration can be approximated by

C° = (CA1 +Cpp + I/ZCA3 + ---)(CAI + CAz) . (1)
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Fig. 14 Preequilibria in hydroformylation

Caz is given by the equilibrium A2/A1, with the equilibrium constant Kxza; =
Ca2/(Ca1"Cco). Substituting the carbon monoxide concentration by the par-
tial pressure and applying Eq. 1 yields

C°® = Ca1 + Ka2a1"Ca1 *Kco *pco = Ca1 *(1 + Kaza1 *Kco *pco) - (2)

Solving for the very low concentration of the active species Al entering the
reaction cycle, we get

Ca1 =C°/(1 + Kaza1 *Kco *pco) - ©)

In almost all kinetic investigations it is found that hydroformylation is first
order in substrate and hydrogen concentration. This suggests slow steps in
the reaction cycle involving olefin and hydrogen, and the reaction rate ra
becomes

ra =ka *Kua *C° *Cs *pr2/(1 + Kaza1 *Kco *pco) - (4)

At high pressure, the inhibition term is Ka2a1 *Kco *pco > 1, and the equa-
tion is simplified to the well-known and accepted Natta equation for hydro-
formylation with unmodified catalysts (all constants combined in k)

TZkA*CO *CS *sz/pco . (5)

Lowering the carbon monoxide pressure should result in higher concentra-
tions of the active species Al and hence higher reaction rate according to
Eq. 5. But by destabilization of the intermediate species A2, the equilibria are
also shifted to the carbon monoxide-deficient clusters. Higher clusters like A4
and Mg(CO);6 cannot be neglected in Eq. 1, and even become the predomi-
nant species. This lowers the concentration of A2/A1 and hence the reaction
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rate, but is also the starting point for extensive metal losses, because higher
clusters are insoluble and are withdrawn from the equilibrium.

The introduction of ligands changes the picture because stable complexes
are formed with the metal as depicted in Fig. 14, Row 2. Of course the equi-
libria can also be defined between, e.g., A1-B2 or A1-Bl and so on, but this
yields the same results, all equilibria being interconnected. The first lesson is
the fact that even at lower pressures, the pressure independent concentration
of the ligand will diminish the cluster concentration, yielding complexes in
the range of column B and C.

The exact action on the reaction rate depends on the characteristics of the
ligand. If a ligand has a strong tendency for complexation, even a slight molar
excess in relation to the metal will drive the equilibrium to the species B2-B1
(Fig. 14). If a big excess is chosen, the equilibria will be forced completely
to the right yielding stable complexes. This is well known for the most used
ligand triphenylphosphane, tpp. The hydridocomplexes H-Rh(CO)(tpp)s and
H-Rh(tpp)s are commercially used precatalysts because of their stability. In
respect to hydroformylation, they are a “dead end”, if the ligand is used in
a very high excess to force the equilibrium completely to the right (columns
D, E). If a very strong ligand is used, even a small excess can kill the hydro-
formylation activity. Assuming a ligand excess driving the equilibrium to B2
as the main species in equilibrium with A2 and C2, the reaction rate will be
determined mainly by rg = kg *Cg; *[kinetic term]. Using the equilibria be-
tween the main species as shown in Egs. 1-5 yields the following expression
for the reaction rate (Henry constants already included in the equilibrium
constants):

rp = kp *C° *[kinetic term]/[1 + Kazp1 *(pco)?/
Cr + Kg281 *pco + Kczp1 *Ci] . (6)

At very low ligand concentrations, Ka2p1 *(pco)2 /CL > 1 becomes the pre-
dominant expression in the inhibition term and Eq.6 can eventually be
simplified to (ki modified constant including the equilibrium constants)

rp = ki *C° *[kinetic term] *Cr/(pco)? . (6a)

Even if the simplification is not applicable, 1/C;, in Eq. 6 will have the acceler-
ating effect of raising the ligand concentration in the reaction rate. Care has
to be taken, because in this case appreciable amounts of unmodified catalyst
can already be present, so the unmodified reaction ry can also play a role,
but usually the predominant effect is driving inactive clusters from column
A in Fig. 14 to the active species in column B. On the other hand, at very high
concentrations of ligand, Kazp; *(pco)2 /CL becomes small, and Kc;p; *CL in
Eq. 6 becomes predominant. This means that high ligand concentrations will
shift the reaction from B to C and maybe to the dead end: the reaction rate
slows down. If we now assume further that complexes with ligand/metal ra-
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tios greater than 1 favor the formation of linear products, the model describes
the well-known behavior of rhodium modified by triphenylphosphane in the
hydroformylation of propene. At low triphenylphosphane concentrations the
rate of reaction is accelerated and reaches a maximum at a molar ratio of
tpp/Rh approx. 8-10. In the same range the portion of linear butanal rises
significantly. Further rise in the tpp/Rh ratio of up to 50/1 slows the reac-
tion rate to about 1/4 of the initial rate, and the maximum regioselectivity is
reached.

A special case are bulky monophosphite ligands from the type shown in
Fig. 15, which were intensively studied by the group of van Leeuwen [5]. Be-
cause of their bulkiness, only one ligand can coordinate to the metal, even if
binding is very strong or a high excess is used. This means that at high ligand
concentrations, the complete metal is transferred from the cluster region A to
B. Because no further ligand can block the reaction, Eq. 6 is simplified to

rg = kg *C° *[kinetic term]/[1 + Ka2B1 *(pco)z/CL + Kp2B1 *PCO] . (6b)

With the phosphite shown in Fig. 15, the reaction rate is accelerated by a fac-
tor of 20 compared to the unmodified rhodium catalyst at the same reaction
conditions (e.g., 120°C, 40 w— ppm Rh, molar ratio ligand/Rh up to 50,
50 bar synthesis gas; own unpublished results). But regioselectivity is low, not
much better than with unmodified rhodium.

Another special case are bidentate ligands. With an appropriate distance
of the two phosphorus atoms, they bind the metal like pincers (chelate struc-
ture), shifting the equilibria in Fig. 14 directly to column C. Those ligand
systems are known to be appreciably slower than the corresponding bulky
monophosphites, but highly regioselective (e.g., ligand 4 in Fig. 9).

It has already been mentioned that usually a first order kinetics with re-
spect to substrate concentration is found. This would be consistent with the

t-Bu t-Bu
\@ t-Bu

t-Bu t-Bu

t-Bu

Tris- (2,4-di-tert-butyl-phenyl) phosphite
Fig. 15 Bulky phosphite



20 K.-D. Wiese - D. Obst

first step, the insertion of the olefin, as a rate-determining step. The frequently
reported first order in hydrogen is also surprising, because according to the
accepted reaction mechanism, hydrogen is involved in a very late step. Empir-
ically, it is appropriate in most cases to set [kinetic term] = Cg *Py;, but it is
an example waiting for clarification, e.g., by in situ methods.

It should be noted that the discussion is valid only for simple reactions
like the hydroformylation of cyclohexene and cyclooctene, where only one
product can be formed irrespective of the possibility that, in parallel to hy-
droformylation, isomerization of the olefinic double bond can take place. The
extension to propene hydroformylation is still feasible assuming a parallel
formation of the two isomers. For higher olefins, a whole set of reactions has
to be solved including isomerization reactions. It has also to be stressed that
the discussion was very simplified with regard to the main features. To solve
such complex networks of reactions, huge data sets of kinetic measurements
are needed over a broad range of all relevant parameters. This is one rea-
son a comprehensive investigation of the kinetics of hydroformylation is still
lacking.

A review about kinetic investigations in hydroformylation is given in [4].
Detailed information about solving complex reaction networks with many
examples on hydroformylation is found in the excellent book by Helf-
ferich [80].

4
Industrial Application of Hydroformylation

4.1
Basic Process Principles

In Fig. 16 a general representation of the reaction section of a hydroformy-
lation process is given. The first step A is a thorough mixing of the reaction
partners, olefin, synthesis gas and catalyst solution. Spargers for synthesis
gas, static mixers, or nozzle mixers are used. The design of the reaction
section B depends mainly on the kinetics of the process. If the reaction is
relatively slow (space-time yield in the magnitude of 0.1 mt m= h™!), stirred
tanks are normally used. For faster reactions, tube reactors are more suited
like bubble columns, often equipped with internals like perforated plates to
maintain an efficient mixing of liquid and synthesis gas. Because of the enor-
mous heat of reaction, internal heat exchangers are usually used. Industrially,
hydroformylation is always conducted under pressure (dependent on catalyst
system 15-300 bar). The pressure has to be released (C) to a gas-separation
step. Now the liquid reactor effluent is separated from the catalyst (D) and is
further processed. The options for recycling unconverted synthesis gas and
unconverted olefins are shown for completeness. All steps are more or less
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Fig. 16 General scheme of an OXO process

conventional engineering problems, with exception of step D, the separation
of the solved catalyst from the liquid products for recycle. The solution of
this problem is characteristic for all processes applied in industry and will be
discussed in more detail in Sect. 4.3.

4.2
Enemies of the Catalyst

Before discussing the existing technical solutions to the problem of the cata-
lyst recycle, an unscientific topic should be addressed: The problem of catalyst
losses. This is obvious, especially in rhodium-catalyzed processes, because of
its high price (Fig. 17). Assuming a loss of only 1 ppm (1 mg/kg of product),
this would correspond to a loss of 400 kg/Rh, or about € 16 million per year
on the current price basis of rhodium for a world scale 400 kt plant. If ligand
modified catalysts are used, this has also to be considered. Assuming typical
data, e.g., molecular weight of ligand 1000 g/mol, a ratio of ligand/Rh ap-
prox. 10/1 mol/mol and a price of about € 500 per kg for exclusive synthesis
of a not too sophisticated bidentate ligand, the corresponding loss of ligand
would be 40 metric tons a year or € 20 million. This simple beer mat calcu-
lation shows the problem: Losses have to be minimized far below the ppm
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level. From available data, the average consumption of all rhodium-based oxo
processes can be estimated with 50-100 mg/mt of products.

Going around the reaction system in Fig. 16, the first problem are poi-
sons for rhodium such as traces of sulfur compounds in the raw materials.
3 valent P-compounds as ligands are highly prone to oxidation according to
PR3 + [0O] — O=PRs. In a continuous process, even traces of peroxides in the
starting olefin and traces of oxygen in the synthesis gas accumulate over the
time, so meticulous purification steps are a must if ligand-modified rhodium
catalysts are used.

At higher temperatures and lower pressures, deactivation by cluster for-
mation and plating out of metal in the reactor can occur, which can be
partly met by applying high concentrations of ligand if possible. On the other
hand, reactive deactivation of the ligand itself is an issue in the reaction
section. Saponification of the ligand in the case of phosphites by traces of wa-
ter, generated by aldol condensation of aldehydes, yields free acid. Because
saponification is catalyzed by acids, an autocatalytic process is initiated.

After depressurizing and separating the off gas, the stabilizing carbon
monoxide is missing, and cluster formation becomes the major way for losses
as shown in Figs. 4 and 14. The most dangerous part is the separation step for
the catalyst, especially if vacuum distillation has to be used in case of higher
boiling products. Not only cluster formation of rhodium has to be considered,
thermal stress also destroys the ligand.

Before catalyst recycling, a small purge stream is inevitable to avoid an ac-
cumulation of high boilers like aldolization products and an accumulation of
deactivation products of the ligands. With the purge stream, the catalyst may
also be lost.
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In principle, with cobalt catalysts similar pathways for deactivation exist.
Because of the low price of cobalt compared to rhodium, this is less import-
ant in unmodified cobalt catalysis, but the deposition of cobalt clusters and
metallic cobalt can cause nozzles and valves to plug up, resulting in the shut-
down of the plant. In case of a ligand-modified cobalt catalysis, the same
problems of ligand deterioration e.g., by oxygen and peroxides, arise, neces-
sitating a meticulous purification of the starting materials.

4.3
Hydroformylation of Lower Alpha-Olefins

Butanal by hydroformylation of propene is the most important oxo product in
terms of volume. Six million metric tons per year of butanals were consumed
in 2003, vis-a-vis a capacity of 7.6 million metric tons. Highly chemo- and
regioselective processes based on ligand-modified rhodium catalysts have
been developed and replaced the original cobalt high pressure technology.
The first application of a rhodium-ligand system was realized in the LPO-
process (low pressure oxo Fig. 18). Huge stirred tank reactors are used,
equipped with internal heat exchangers to control the heat of reaction. The
solution of the catalyst recycle is simple but efficient. The catalyst remains in
the reactor, products and unconverted propene are stripped by a huge excess
of synthesis gas. Because of strong foaming, only a part of the reaction vol-
ume is used. After the gas has left the reactor, the products are removed by
condensing, the big part of synthesis gas is separated from the liquid products
and recycled via compressors. The liquid effluent of the gas-liquid separator

Products stripped by
huge gas recycle

b
T 90...100°C
P 15... 18 bar

Sel ~98%
linear 90 ... 93 %

Rh 250 wppm
ligand 7,5 %
STY 0,15¢m?h

400 kt/a butanal

400 m*® reactor volume
Crude 50kg Rhodium
Catalyst staysin place | product 15t ligand

A &
syngas

Fig. 18 Low pressure oxo process with gas recycle
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still contains propene and some synthesis gas, which are removed in a column
for recycle.

As ligand triphenylphosphane tpp is used in large molar excess to
rhodium, up to 250/1 to shift the equilibrium of the complexes far away from
the clusters to H-Rh(CO)(tpp)s. This is necessary to stabilize the complex and
to minimize the side reaction to the unwanted branched 2-methylpropanal
(isobutyraldehyde) to less than 10%. But the reaction rate is lowered by the
huge excess of ligand. The space-time yield is approximately 0.15 mt m— h!
(liquid volume), 0.10 mt m™ h™! with regard to the complete reactor volume.
This process, developed by UCC, has been licensed all over the world and
is still in use today. The very simple and hence elegant process is applicable
only to hydroformylation of propene because of the low boiling point of bu-
tanal (75.7 °C). For higher aldehydes with higher boiling points, the huge gas
recycle required to strip the products is uneconomical.

The latest version of the LPO process is the distillative separation of the
products (Fig. 19). The catalyst remains solved in a high boiling solvent, usu-
ally the high boiling byproducts of the reaction itself. Because the reaction
section is not changed, a revamp of older LPO plants with gas recycle is pos-
sible. With the small gas recycle left, foaming in the reactor no longer is
a problem, and the whole reactor volume can be used pushing up the produc-
tivity. The real break through for this process was the introduction of the new
class of bisphosphite ligands with unrivaled chemo- and regioselectivities.

This process is also applicable to hydroformylation of 1-butene to pro-
duce pentanal with high linearity of approx. 98%, if bisphosphite ligands
are used. In contrast to phosphanes monophosphite/rhodium catalysts often

Products distilled from Mal) OMe
liquid recycle | Q_Q
/ t-Bu o9 -Bu

T 85..90°C
P 15 ... 18 bar
Sel 98..99%
linear 95 ... 98 %

i
ek

E 1 Rh 80 w-ppm
I ligand 2 %

syngas STY 0,20 Ym?h

| Catalyst solved in high boilers

crude
product 400 kt/a Butyraldehyde
300 m? reactor volume
15 kg Rhodium
4t ligand

catalyst recycle

Fig. 19 Low pressure oxo process with liquid recycle
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exhibit a strong isomerization tendency for double bonds at temperatures
greater than 100 °C. Normally, this is a disadvantage, giving high yields of
branched products by hydroformylation of internal double bonds. Bisphos-
phite/rhodium complexes are also very active in isomerization, but extremely
slow in the hydroformylation of internal double bonds. Through this feature,
hydroformylation of 2-butene yields high selectivities of greater than 90% for
the linear pentanal, though with lower activity. Technical C4-cuts like raffi-
nate II (typically in the range 40% 1-butene, 30% 2-butene, 30% saturated
C4) can be used to produce pentanal with approx. 95% regioselectivity. Aldol
condensation with subsequent hydrogenation is a way to 2-propylheptanol,
a plasticizer alcohol (Sect. 4.4).

A completely new design (Fig. 20) for the catalyst recycle was introduced
in the 1980s by Ruhrchemie (now Celanese) on the basis of an older patent
of Kuntz from Rhone Poulenc. By careful sulfonation of the original ligand
triphenylphosphane at low temperature complete water solubility is achieved,
and with the ligand, rhodium is also transferred to the water phase by com-
plexation. The products being sparingly soluble in the aqueous catalyst phase,
separation from the products is achieved by simple settlers. The separation
step is simplified enormously in comparison to distillation techniques. The
reaction section is more sophisticated: Synthesis gas, liquid propene, and
liquid aqueous catalyst phase have to be contacted very efficiently, so multi-
stage stirrers are used. Because of the low solubility of propene in the catalyst
phase, higher pressure and higher temperature have to be applied and also
higher catalyst concentrations. Additionally, an excess of catalyst phase is ne-
cessary, the ratio of aqueous product phase being in the range 5-10. The

NaO3S, Q’SO;:,Na

NaO;S

T ~ 120°C
P ~ 50 bar
Sel 98..99%
linear 93 ...97 %

—)p Off gas

products separated
simply by gravi

crude product

Rh 400 ... 800 w-ppm
ligand 30 w-% (H,0O)
STY 0,15tm?*h?

400 kt/a butyraldehyde
400 m*® reactor volume
150 kg Rhodium
100t ligand

catalyst dissolved in water

Fig.20 Two-phase process of Ruhrchemie/Rhone Poulenc
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space-time yield is similar to the other processes, again huge reactors of
approx. 100 m? for 100 kt y~! of butanal are in use. The chemoselectivity is ex-
cellent. The somewhat lower regioselectivity of approx. 95% is not a problem,
if the byproduct isobutyraldehyde is used, e.g., for production of neopentyl-
glycol, which has a growing market. The process has been reviewed many
times, a very recent one is found in [81].

Because the thermal separation of products has been substituted by
a liquid-liquid separation, the two phase technology should be best suited
for hydroformylation of longer chain olefins. But with rising chain length
of the olefins the solubility in the aqueous catalyst phase drops dramati-
cally and as a consequence the reaction rate. Only the hydroformylation of
1-butene proceeds with bearable space-time yield. This is applied on a small
scale for production of valeraldehyde starting from raffinate II. Because the
sulfonated triphenylphosphane/rhodium catalyst exhibits only slow isomer-
ization and virtually no hydroformylation of internal double bonds, only
1-butene is converted. The remaining raffinate III, with some unconverted
1-butene and the unconverted 2-butene, is used in a subsequent hydroformy-
lation/hydrogenation for production of technical amylalcohol, a mixture of
linear and branched C5-alcohols.

Efforts to develop more active water-soluble sulfonated ligand systems
have been successful (BISBIS, BINAS; see Fig. 10 and [81]). They were never
used industrially, presumably because of too high production costs of the
ligands. Another approach is the application of surfactants to produce mi-
croemulsions with high mass transfer area. The use of unusual polar non-
aqueous solvents is a more recent field of intense research. The application
of poly(ethylene glycol) instead of water to achieve higher solubility of the
olefins is well known, but catalyst losses and lower regioselectivity are a draw-
back. Another approach is the use of fluorinated solvents for biphasic catal-
ysis, and special ligands (e.g., fluorinated) are developed. The use of ionic
liquids is a top subject. These and other alternative concepts are reviewed
in [81]. To date, no major breakthrough to technical realization is visible.

A different engineering approach to the two-phase process (Fig. 20) was
the application of a tube reactor, equipped with high surface internals, e.g.,
static mixers like Sulzer SMV (Fig. 21, see [82-84]). Very high linear veloci-
ties of the aqueous catalyst phase are applied up to 0.5 ms™!, corresponding
to a residence time (time for reaction) of only 2 s m™!, and the catalyst phase
is applied in up to 100-fold excess to the olefin phase. Without changing
the other process parameters (temperature, pressure, catalyst concentration),
a very high reaction rate results. This cannot be explained solely by the high
mass transfer area and the shear stress generated by the internals and the
high load. It is assumed that the process has been shifted from the diffusion
controlled regime near to the kinetic regime, to a quasi homogeneous reac-
tion. Modeling of the kinetic including mass transfer resulted in a complete
description of all data obtained in the pilot plant.



Hydroformylation 27

synthesis gas 1 ... 3 Nm¥h _’4 off ga;
_— - conditions
propene 1.3 kg/lh P 20 ... 50 bar

T110..130°C
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Fig.21 Two phase hydroformylation with static mixer

By adding up to 36% ethylene glycol to the aqueous catalyst phase, the
space-time yield could be boosted up to approx. 3 mt m~ h™! for propene hy-
droformylation, a factor of 20 in comparison to the conventional two-phase
process without changing the reaction conditions. Because of this surpris-
ing speed-up, higher alpha-olefins up to 1-octene are converted with high to
acceptable space-time yield (Fig. 22). Up to date this process is not commer-
cialized, but has been tested in a continuous pilot plant.

Two phase hydroformylation of alpha-olefins

Lo 1u B T T T T
= a ———
WE i in water [| Water + 36 w-%| |
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- ~— ] —]
2 - TS | /
> 0.1 =
g ~ = ! —
~ e —
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o ~
8 0.01==conventional >
g — st‘irred tapk —~ < ~
"’ — i i
0.001
2 3 4 5 6 7 8 9 10 1

chain length of alpha olefin

Fig.22 Static mixer reactor for two-phase process: Comparison with conventional stirred
tank
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44
The Challenge: Higher Internal and Branched Olefins

Plasticizer alcohols in the range C8-C13 are the biggest market for oxo-
products accounting for > 4000 kty~!. Within this group 2-ethylhexanol is
still the working horse with 3000kt y™! in 2004, but the importance of other
higher alcohols is growing. The main routes are depicted in Fig.23. The
traditional raw material is propene. Aldol condensation of butanal from
hydroformylation of propene yields 2-ethylhexenal, which is hydrogenated
to 2-ethylhexanol. Oligomerization of propene on acid catalysts like zeo-
lites to “tripropene” as the main product, a mixture of branched nonenes
with mainly internal double bonds, is also performed on an industrial scale.
Branched dodecenes (“tetrapropene”) are the major byproduct. Hydroformy-
lation with subsequent hydrogenation yields the corresponding C10- and
Cl13-alcohols isodecanol IDA and isotridecanol ITDA.

A more recent raw material for plasticizer alcohols is crack-C4 as a byprod-
uct of steamcrackers in ethene/propene production. After extraction of bu-
tadiene for use and etherification of isobutene with methanol to methyl-
tertiary-butylether MTBE as an octane enhancer, a stream is left containing
1-butene, 2-butene, and butanes, so-called raffinate II. Oligomerization of the
butenes yields C8 olefin mixtures (“dibutene”) as the main product and the
corresponding C12 olefins as the main byproduct (tributene). They are the

hydroformylation aldol condensation hydrogenation
_A_CH=0 0 OH
/ C8 2-ethylhexanol 2EH
R
\ C9 tripropene —_— C10 isodecanol IDA
oligomerization 1) hydroformylation 2) hydrogenation
C12 tetrapropene — 3 C13 isotridecanol ITDA
oligomerization C8 dibutene — C9 isononanol INA
M P 1) hydroformylation 2) hydrogenation
/v C12 tributene _— C13 isotridecanol ITDA
A \ C10 2-propylheptanol 2PH
\r SN0 X CH=0 oH
hydroformylation aldolcondensation hydrogenation

Fig.23 Plasticizer alcohols starting from propene and C4-cuts
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starting materials for the production of the C9- and C13-alcohols isononanol
and isotridecanol (Fig. 23).

Propene- and butene-oligomers are complex mixtures. A typical isomer
distribution is shown in Fig. 24. According to the thermodynamical stabil-
ity the double bonds are distributed along the chain, terminal double bonds
are present only in traces. To get predominant terminal products, a catalyst
must provide extremely fast terminal hydroformylation activity for the traces
of terminal olefins, a high isomerization activity to supply the terminal dou-
ble bonds as fast as they are consumed, and low hydroformylation activity for
internal double bonds.

Starting from longer-chain olefins means high boiling points of the prod-
ucts, and hence distillation at higher temperatures and vacuum. These de-
manding conditions cannot be met by the modern rhodium-catalyzed pro-
cesses.

The main disadvantage of the old hydridocobaltcarbonyl was the isomer-
izing activity yielding appreciable amounts of internal products from termi-
nal olefins. This turns out to be an advantage for the problems discussed
above: Even from internal double bonds, predominantly terminal aldehydes
are formed. For the second problem, the recycling of the catalyst, various
solutions are known, the most elegant being oxidative decobalting. After
hydroformylation, the poisonous and volatile hydridocobalt-carbonyl is oxi-
dized by air in the presence of aqueous formic or acetic acid to the respective
Co?*-salt, which is extracted to the water phase. After recycling to the reac-
tion zone, the active catalyst is regenerated in situ under reaction conditions.
The active catalyst is stabilized only by complexing with carbon monoxide,
so high pressure is applied at high temperatures (150-180 °C, 200-300 bar,
0.5-1% cobalt, LHSV approx. 1/h). Under these harsh reaction conditions,
side reactions occur like aldol condensation to high boilers, hydrogenation
of alcohol giving rise to acetals, and olefin loss by hydrogenation to paraf-
fins. The formerly bad chemoselectivities have been improved up to 88% by
recent process modifications [85], but 90% seems to be a natural limit. The

Linear 3-methyl- 3,4-dimethyl-
octenes heptenes hexenes
15 % 60 % 25%
= = =
<1% 1 % 0.1 %

1% 2%/32% 4%/74%
36% 1 \N27T% {1 \22%
22 % 13 %
24 %
0.4 %

—> terminal positions

Fig.24 Dibutene: structure and double bond distribution
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regioselectivity for linear internal octenes (Fig. 24) as an example to terminal
products is approx. 50%.

Growing demand for higher plasticizer alcohols has initiated a revival of
the old cobalt technology. New patents about process modifications [86, 87]
and the construction of new plants underline this. Alone the production of
isononanol on the basis of dibutene has been a success story, doubling the
production to well beyond 1 million mty~! within a few years.

Modification of cobalt with phosphane ligands yields hydrido-complexes
H-Co(CO)(L)3. Often mentioned in the literature is tributylphosphane; in
practice phosphabicyclononane derivatives are used because of their high boil-
ing point (ligand 1b in Fig. 9). This catalyst system survives even the harsh
conditions of a thermal separation and can be recycled directly solved in the
high boilers of the reaction. The main advantage is the high linearity of the
products being approx. 80% for linear internal olefins. The main products are
alcohols because of the hydrogenation activity of the catalyst, and a hydrogen-
rich synthesis gas (H,/CO approx. 2/1) has to be used. But also starting olefins
are partly hydrogenated. Some data from batch experiments at 0.5% Co, Lig-
and/Co approx. 2 mol/mol, 180-190 °C, 80-100 bar, 1.5 h: chemoselectivity
approx. 90%, regioselectivity with linear internal C12-C16 olefins 75-85%,
conversion 95%. The process has been used solely by SHELL for more than 50
years; combined name plate capacity (UK, US) is 575 kt/y [88]. Products are
plasticizers and surfactant alcohols from technical linear internal olefins.

The highest chemoselectivities greater than 95% for dibutene, tripropene,
and the like are possible with unmodified rhodium, and even highly branched
olefins up to C20 give satisfactory results and negligible hydrogenation of the
starting olefins. Typical conditions are 120 °C, 200-300 bar. But the recycling
by thermal separation is accompanied by high rhodium losses because of the
extreme instability of hydridorhodiumcarbonyl and precipitation of insolu-
ble rhodium clusters. Another drawback is the low regioselectivity of only
10-20% linear products from internal linear olefins. Nevertheless, the start
up of a 115kt y~! plant in 2002 has been announced for higher branched and
internal olefins using the unmodified rhodium high-pressure process [89].
According to a new patent, rhodium in the reactor effluent is adsorbed on
a basic ion exchanger, which after exhaustion is incinerated. Rhodium is re-
covered from the ash by conventional methods [90].

5
Conclusion

Hydroformylation as a very versatile method for functionalization of readily
available olefins is to date applied mainly for bulk chemicals. The great po-
tential for speciality and fine chemicals is only sparsely exploited and is still
an open field. Research in development of new ligands is not the problem,
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organometallic chemists being highly innovative. Solving the problems of cat-
alyst stability and new more general applicable solutions of the recycle will be
an important key for further progress.

A better understanding of the theoretical background is another key for
progress. A basic requirement for a more rational design of catalyst systems
is to get more insight into the complex mechanism. The tools are in situ spec-
troscopic methods under reaction conditions.

In fact after more than 60 years, hydroformylation is at the beginning
of a new epoch leaving bulk chemistry and entering speciality and fine
chemistry. Further networking of different professionals such as organo-
metallic chemists, theoretical chemists, and engineers will be a prerequisite
for success.
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Abstract This chapter presents the latest achievements reported in the asymmetric hy-
droformylation of olefins. It focuses on rhodium systems containing diphosphites and
phosphine-phosphite ligands, because of their significance in the subject. Particular at-
tention is paid to the mechanistic aspects and the characterization of intermediates in
the hydroformylation of vinyl arenes because these are the most important breakthroughs
in the area. The chapter also presents the application of this catalytic reaction to vinyl
acetate, dihydrofurans and unsaturated nitriles because of its industrial relevance.



36 C. Claver et al.
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Abbreviations

b Branched
| Linear
ee Enantiomeric excess

BINAP 2,2'-bis(diphenylphosphino)-1,-1’-binaphthyl

BINAPHOS (R)-2-(diphenylphosphino)-1,1’-binaphthalene-2’-yl (S)-1,1’-binaphthalene-
2,2/-diyl phosphite)

BDPP (25,4S)-bis(diphenylphosphino)pentane

COD 1,5-cyclooctadiene

ESPHOS  {(1R,1'R,3aS,3’aS)-1,1'-(1,2-phenylene)bis[hexahydro-2-phenyl-1H-pyrrolo
[1,2-¢][1,3,2]diazaphosphole] }

HPNMR High-pressure nuclear magnetic resonance

HPIR High-pressure infrared
TBP Trigonal bipyramid

1

Introduction

1.1

Asymmetric Hydroformylation. State of the Art

The hydroformylation reaction that converts olefins into aldehydes is the larg-
est volume homogeneous transition-metal catalyzed reaction used today. This
reaction has been extensively studied and nowadays a number of efficient cat-
alysts make it possible to control the regioselectivity of the reaction to give
terminal or internal aldehydes (Scheme 1).

Although early catalysts were based on cobalt, nowadays, rhodium cat-
alysts are preferred because they require lower pressure and afford higher
chemo- and regioselectivity [1,2]. In recent years, extensive research into
the production of only linear aldehydes has provided impressive results.
The application of phosphines with a wide bite angle in the rhodium cat-
alyzed hydroformylation of terminal alkenes enable the regioselectivity to
be almost totally controlled [3]. Branched selective hydroformylation, al-

CHO

Pl

MIL]

CHO
R PN R SN
CO/H,

Scheme 1 Asymmetric hydroformylation
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though less studied, is a useful tool for organic synthesis [4,5]. Further-
more, the asymmetric version of the hydroformylation of olefins is one of
the most straightforward synthetic strategies for preparing optically active
aldehydes, which are versatile intermediates for the synthesis of biologi-
cally active compounds as well as for other synthetic transformations [6,
7]. Nonetheless, despite these advantages, hydroformylation has not been
used much in fine chemicals synthesis with the exception of the applica-
tions in vitamins and in flavors and fragrances [2,8]. This may be due to
the difficulty in simultaneously controlling chemo, regio- and enantioselec-
tivity throughout the reaction. To date, much of the effort in this field has
concentrated on the hydroformylation of vinylarenes as a route to obtain
enantiomerically enriched 2-aryl propionic acids, the profen class of non-
steroidal drugs. Interestingly, asymmetric hydroformylation has been suc-
cessfully carried out in the conversion of vinylarenes. The application of
asymmetric hydroformylation to other substrates has hardly been studied
despite their potential use in the production of fine chemicals [8,9]. In re-
cent years, however, researchers’ interest in asymmetric hydroformylation
has increased significantly, mainly in connection with the hydroformylation
of vinyl acetate, unsaturated nitriles, or heterocyclic substrates since these
processes can be an easy access to enantiopure diols, and other molecules
of biological interest.

1.2
Rhodium Versus Platinum-Catalyzed Asymmetric Hydroformylation

Highly enantioselective hydroformylation catalyzed by chiral metal com-
plexes has been obtained with only a few catalytic systems. Many chiral
phosphorus ligands have been used in Pt(II) and Rh(I) systems in the
asymmetric hydroformylation of styrene. The first highly enantioselective
examples of the asymmetric hydroformylation of styrene were reported by
Consiglio et al. in 1991 and used Pt — Sn systems. Ligand 1 achieved an ee of
86% (Fig. 1) [10-12].

However, platinum catalysts have several disadvantages: they have low re-
action rates, they hydrogenate the substrate and their regioselectivity to the
branched aldehyde is low. The selectivity of Pt-diphosphite/SnCl, systems is
also low. When the appropriate diphosphite is used, ee’s can be as high as
90% [13]. In the early 90s, several reports were published which described
the state of the art in hydroformylation with both rhodium and platinum
systems [14-16].

After the discovery of the high ee provided by rhodium/diphosphite and
rhodium/phosphine-phosphite complexes, with total conversion in aldehydes
and high regioselectivities, rhodium systems became the catalysts of choice
for asymmetric hydroformylation. Important breakthroughs in this area have
been the use of rhodium systems with chiral diphosphites derived from
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Fig.1 Phosphorus ligands 1-5 providing high enantioselectivity in asymmetric hydro-
formylation. Ligand 1 for Pt systems. Ligands 2-5 for rhodium catalytic systems

homochiral (2R,4R)-pentane-2,4-diol 2 [17, 18], and the efficient phosphine-
phosphite ligand BINAPHOS (3) [19, 20] (Fig. 1).

Many other rhodium systems have been explored using differently modi-
fied ligands, although high ee have been reported only in a few cases. Carbo-
hydrate derived diphosphites 4 have proven to be very efficient at achieving
ee up to 93% with high regioselectivity in the asymmetric hydroformylation
of vinylarenes (Fig. 1) [21-23]. Recent studies show that the chiral phosphite
Kelliphite (5) provide high enantioselectivity and excellent branched selec-
tivity in vinyl acetate and allyl cyanide hydroformylation [24, 25]. In asym-
metric hydroformylation rhodium systems containing chiral diphosphines do
not achieve ee’s as high as the rhodium systems with diphosphites or BI-
NAPHOS (3). For example, in the rhodium-catalyzed hydroformylation of
styrene, the rhodium system containing ferrocenylethyldiphosphine deriva-
tives 6 (Fig. 2) showed the highest values of ee (60-76%) ever found for the
hydroformylation of styrene with rhodium/diphosphine catalysts, although
the conversions were very low [26].
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Fig.2 Ferrocenylethyldiphosphine derivatives 6 providing high ee in rhodium catalyzed
asymmetric hydroformylation

13
Catalytic Cycle and Mechanistic Highlights

The catalytic cycle for the rhodium catalyzed hydroformylation has been ex-
tensively studied mainly for RhH(CO)(PPhs)s. A general proposal [2, 27] that
includes the steps of the reaction is shown in Scheme 2.

For PPh; as the ligand a common starting complex is RhH(CO)(PPhs)s,
complex 9, which under 1bar of carbon monoxide forms complexes 8a
and 8b, which contain two phosphine ligands in equatorial positions or one
in an apical position and the other in an equatorial position. Dissociating
either equatorial L or equatorial CO from 9 or 8 leads to the square-planar in-

o)
11
L. O CO\\L He L Hh o L,_;h o L"FTh .
‘Rh—Rh - -
\d ¥ — 4 \ - v
L I\Iq/ CO oC L &o L &
o L
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3 - - - — CgH4
o CH2 OC-Rh-L| |L-Rh-L
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1ot L y L,,;ﬂh%
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11ae H 11ee
CHg CHs CHg CHg ) _
[oN CHZO CH2 O. CH2 o CH2 ,CHz ,CH3
oc co \C C CHz CH,
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15 15b 14c 14t 12 12t
: v o Joo
CH H
L eh 2Co L/'F?h y
oc”'| |~ hih-co
L co
13a 13b

Scheme 2 General mechanism for rhodium-catalyzed hydroformylation of ethene
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termediates 10c and 10t, (which have never been observed) with phosphines
in the cis or trans configurations, respectively. Complex 10 associate with
ethene to give complexes 11, again in two isomeric forms axial-equatorial and
equatorial-equatorial with a hydride in an apical position and ethene coordi-
nating in the equatorial plane. Complex 11 undergoes a migratory insertion
to give square-planar alkyl complexes 12c and 12t, which are respectively cis
or trans. Complex 12 can undergo S-hydride elimination, thus leading to iso-
merization when higher alkenes are used, or it can react with CO to form
trigonal bipyramidal complexes 13. Thus, under low pressure of CO more iso-
merization may be expected. At low temperatures (< 70 °C) and a sufficiently
high pressure of CO (> 10 bar) the insertion reaction is usually irreversible.
Therefore at this point the regioselectivity of hydroformylation of 1-alkenes
is also determined. Complexes 13 undergo the second migratory insertion
in this scheme to form acyl complexes 14. Complexes 14 can react either
with CO to give the saturated rhodium-acyl intermediates 15, which have
been observed spectroscopically, or with H, to give the aldehyde product
and the unsaturated intermediates 10. At low hydrogen pressure and high
rhodium concentrations, formation of dirhodium species such as 7 becomes
significant [16]. The nature of the phosphorus ligand as well as the condi-
tions of the reaction have a profound effect on each of the individual steps
of the catalytic cycle: they determine the activity and selectivity of the reac-
tion. Careful choice of the ligand enables the desired aldehyde to form with
high regioselectivity. It has also been reported that the kinetics of the hydro-
formylation reaction depend on the nature of the catalyst [2]. Kinetic studies
on the unmodified system show that hydrogenolysis is the rate-determining
step in that system for styrene hydroformylation. In situ IR spectroscopy
has revealed that an acyl rhodium complex was the resting state of the cata-
lyst [28, 29]. On the other hand it has been reported that the hydroformylation
of styrene catalyzed by rhodium/1,2,5-triphenyl-1-H-phosphole is first order
in both the styrene concentration and and hydrogen pressure [30]. When the
rhodium complex of a monodentate bulky phosphite is used, the rate- de-
termining step depends on the substrate: hydrogenolysis for 1-octene and
olefin coordination for cyclohexene [31]. The styrene coordination step is
the rate-determining step when the hydroformylation is carried out at high
pressure with the bidentate ligand BDPP, although several steps may con-
tribute to the reaction rate at lower pressures [32] as it has also been pro-
posed for the reaction rate in the 1-octene hydroformylation catalyzed by
a rhodium monodentate phosphorus diamide system [33]. Thus even with
the same catalytic system, the rate-determining step can vary depending on
the substrate or the reaction conditions [31,32]. The HPNMR and in situ
HPIR characterization of intermediates in asymmetric hydroformylation cat-
alyzed by rhodium phosphine-phosphite [23,34-36], diphosphites [21, 37]
and diphosphines [38,39] made it possible to elucidate mechanistic aspects
of the reaction, and in particular the steps determining the reaction rate and
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the formation of the intermediates of the reaction. Theoretical approaches
to rhodium catalyzed hydroformylation have also been reported in recent
years [40,41].

14
Focus and Scope

This chapter mainly focuses on the latest achievements and recent devel-
opments in asymmetric hydroformylation. Since several reviews have been
made in the last decade [9, 14-16], the chapter discusses the contributions re-
ported between 2000-2005 in particular, although the main diphoshites and
phosphine-phosphite rhodium catalytic systems discovered since 1995 are
also considered because of their significance in the subject. Particular atten-
tion is paid to mechanistic aspects and characterization of intermediates in
the case of the hydroformylation of vinyl arenes because this is one of the
most important breakthroughs in the area. The application of this catalytic
reaction to different type of substrates, in particular dihydrofurans and un-
saturated nitriles is the other main subject of this chapter because of their
interest in organic synthesis and their industrial relevance.

2
Rhodium-Catalyzed Asymmetric Hydroformylation of Vinyl Arenes

Since the early 1970s, rhodium-diphosphine complexes have been used as
catalysts in the asymmetric hydroformylation of vinyl arenes (Scheme 3).
However, the enantiomeric excesses obtained using these catalysts have
generally been moderate (below 60%) [9,42]. As has been above shown,
only when the rhodium catalyst contained (S)-1-[(1S)-2-(Dicyclohexyl-
phosphino)ferrocenyl]ethyldi-phenylphosphine, was the enantioselectivity as
high as 76% although the conversion rate was very low [26]. Over the last
decades, two new types of ligands, diphosphite [17, 18,21-23,43,44] and
phosphine-phosphite [19, 20, 34, 45] have emerged as suitable ligands for the
rhodium asymmetric hydroformylation of vinyl arenes. Their activity and
selectivity are better than those of the phosphine-based catalytic systems.
In this section we will discuss the results obtained using diphosphite and
phosphine-phosphite ligands in the most emerging period in which this area

— H,/CO
% | 2 _ @/*LCHO . @A/ CHO
A [M]/L* 3 >

R R R

Scheme 3 Model rhodium-catalyzed asymmetric hydroformylation asymmetric of vinyl
arenes
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of research was emerging (1996 to 2004). We also discuss any reported mech-
anistic aspects concerning the hydroformylation results.

2.1
Diphosphite Ligands

The first report to use diphosphite ligands in the asymmetric hydroformy-
lation of vinyl arenes revealed no asymmetric induction [46]. An important
breakthrough came in 1992 when Babin and Whiteker at Union Carbide
patented the asymmetric hydroformylation of various alkenes with ee’s up
to 90%, using bulky diphosphites 2a-c derived from homochiral (2R, 4R)-
pentane-2,4-diol (Scheme 4) [17]. Their early results showed that (a) bulky
substituents are required at the ortho positions of the biphenyl moieties
for good regio- and enantio-selectivity and (b) methoxy substituents in the
para positions of the biphenyl moieties always produced better enantio-
selectivities than those observed for the corresponding tert-butyl-substituted
analogues.

Inspired by the excellent early results obtained with the Union Carbide-
type ligands 2a-c, other research groups have recently studied several mod-
ifications in these types of ligand (Fig. 3, ligands 2, 16-18) [18,37,47]. In
particular, they have studied the influence of the bridge length, the phosphite
moieties and the possibility of a cooperative effect between chiral centers
on the performance of the catalysts. The influence of the bridge length was
studied by comparing ligands 2, 16-17. In general, ligands 2, which have
three carbon atoms in the bridge, provided higher enantioselectivities than
ligands 16 and 17, which have two and four carbon atoms in the bridge [18].

The effect of different phosphite moieties was studied with ligands 2d-o.
In general, sterically hindered phosphite moieties are necessary if enantio-

H,/CO /i
Ph”« CHO +
Ph [Rh(acac)(CO),] / 1 CHO Ph
2-PP 3-PP
_P P L T/C % 2-PP (% ee)
oy e
0 0 2a 70 95 (44)
Q R R O 2 70 93 (61)
R R 2c 70 82 (14)
2b 25 98 (90)

2a R=tBu; R'=1tBu
2b R=tBu; R'=0Me
2c R=H;R'=H

Scheme 4 Rh-catalyzed asymmetric hydroformylation of styrene using ligands 2a-c
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Fig.3 Diphosphite ligands 2 and 16-18

selectivities are to be high [37,47]. Also, the results of using ligands 2d-i
indicated that varying the ortho substituents on the biphenyl and binaphthyl
phosphite moieties has a considerable effect on asymmetric induction. The
optimal steric bulk in the ortho positions therefore seems to be obtained with
trimethylsilyl substituents (i.e., ligand 2d provided ee’s up to 87% at 20 bar of
syn gas and 25 °C). This result is similar to the previously reported best result
obtained with 2b.

A possible cooperative effect between the chiral ligand bridge and the
axially chiral binaphthyl phosphite moieties was studied by van Leuween
and coworkers with ligands 2, 2m, 18] and 18m. The hydroformylation re-
sults clearly indicate a cooperative effect that leads to a matched combina-
tion for ligand 1m with (Sax, 2R, 4R, Sax) configurations (ee’s up to 86%)
(Table 1) [40,41]. Later, Bakos and coworkers found a similar cooperative ef-
fect with ligands 2n, 20, 18n and 180 between the chiral ligand bridge and the
chiral phosphite moiety [47].

Interestingly, the hydroformylation results obtained with ligands 2b
and 2d, which have conformationally flexible axially chiral biphenyl moieties,
are similar to those obtained with ligand 2m, which have conformationally
rigid binaphthyl moieties. This indicates that diphosphite ligands that contain
the conformationally flexible axially chiral biphenyl moieties predominantly
exist as single atropoisomer in the [RhH(CO),(diphosphite)] complexes
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Table 1 Rh-catalyzed asymmetric hydroformylation of styrene using diphosphites 21, 2m,
181 and 18m?

Entry Ligand TOE® % 2-PP ¢ % ee
1 21 28 95 38 (S)
2 2m 17 88 69 (S)
3 181 4 91 23 (S)
4 18m 45 94 40 (5)
5¢ 2m 11 92 86 (S)

2 [Rh(acac)(CO);] = 0.02 mmol; ligand/Rh = 2.2; substrate/Rh = 1000; Toluene = 20 mL;
PHZ/CO =10 bar; T=25°C

b TOF in mol styrene x mol Rh™! x h™! determined after 1-h reaction time

¢ Regioselectivity for 2-phenylpropanal

4 Enantiomeric excess

¢ T=15°C

when the right bulky substituents in the ortho positions are present (vide in-
fra) [37]. It is therefore not necessary to use expensive conformationally rigid
binaphthyl moieties to reduce the degrees of freedom of the system.

To investigate whether a relationship exists between the solution structures
of the hydridorhodium diphosphite species [RhH(CO),(diphosphite)] [48]
and catalytic performance, van Leeuwen and co-workers extensively studied
the rhodium-diphosphite complexes formed under hydroformylation con-
ditions by high-pressure NMR (HPNMR) techniques. It is well known that
these complexes have a trigonal bipyramidal (TBP) structure. Two isomeric
structures of these complexes, one containing the diphosphite coordinated
in a bis-equatorial (ee) fashion and one containing the diphosphite in an
equatorial-axial (ea) fashion, are possible (Fig. 4).

Van Leeuwen’s studies using diphosphite ligands 2 and 18 indicated that
the stability and catalytic performance of the [RhH(CO),(diphosphite)]
species depends strongly on the configuration of the 2,4-pentanediol lig-
and backbone and the chiral biaryl phosphite moieties. Thus, for example,
ligands 2b, 2d and 2m, which form well defined stable bis-equatorial (ee)

H H
P\ | OC\ |
(P\ .RT—CO o .RT—CO
co \_p
ee ea

Fig.4 Bis-equatorial (ee) and equatorial-axial (ea) coordination modes of diphosphite
ligands in the [RhH(CO);(diphosphite)] complexes
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complexes, lead to high enantiomeric excess, whereas ligands 21 and 18m,

which form unidentified mixtures of complexes and ligand decomposition

lead to low enantioselectivity [37, 49].

Another successful family of ligands is the sugar-based furanoside lig-
ands 4, 19-23 (Fig. 5) [21-23,43,50]. The modular construction of these
ligands allows to fine tune (a) the different configurations of the carbohy-
drate backbone and (b) the steric and electronic properties of the diphosphite
substituents. They show excellent enantioselectivity on both the S and R
enantiomer of the product (up to 93%) and excellent regioselectivity (up to
98.8%) under mild conditions (Table 2).

The results of using the biphenyl-based ligands 4a-d, 19a-d, 23a-d
(Table 2, entries 1-12) showed that:

(a) a methyl substituent must be in C-5 if enantioselectivities are to be high
and it has a positive effect on rate (entries 3-12 vs. 1 and 2);

(b) the level of enantioselectivity is influenced by a cooperative effect between
stereocenters C-3 and C-5. Accordingly, ligands 24 and 22 provide better
enantioselectivities than ligands 21 and 23 (Table 2, entries 6 and 8 vs 4
and 10);

(c) the absolute configuration of the product is governed by the configura-
tion at the stereogenic center C-3. Accordingly, ligands 19, 4 and 23, with
S configuration at C-3, gave (S)-2-phenylpropanal (Table 2, entries 1, 5, 6,
9, 10, 12) while ligands 20, 21 and 22, with R configuration at C-3, gave
(R)-2-phenylpropanal (Table 2, entries 2-4, 7, 8, 11);

(d) as observed with the previously mentioned ligands 19a-d, there is an
influence on the substituents in the biaryl phosphite moieties. Thus, lig-
ands 4b,d and 22b,d, with either methoxy substituents or trimethylsilyl
groups, always produced the best enantioselectivity.

(A b (A

—Peg o PO —r
<—o? ?O? o )
( = a-d, j-m
o o of 0

_<
63
_<

19

\b o o™
o o] o\P«O—O?
o of o of (4 4
ToocT T T

4 21 22 23

Fig.5 Furanoside diphosphite ligands 4 and 19-23
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Table2 Rh-catalyzed asymmetric hydroformylation of styrene using diphosphites 4, 19-
232

Entry Ligand TOF? % 2-PP € % ee
1 19b 5 97 60 (S)
2 20b 5 97 61 (R)
3 21a 14 97.1 46 (R)
4 21b 13 97.2 58 (R)
5 4a 19 98.4 74 (S)
6 4b 18 98.6 90 (S)
7 22a 16 98.7 76 (R)
8 22b 17 98.3 89 (R)
9 23a 15 97.4 52 (S)

10 23b 12 97.6 64 (S)

11 21d 10 98.1 62 (R)

12 4d 11 98.8 93 (S)

13 19 126 80 44 (R)

14 19k 85 83 37 (S)

15 20§ 178 86 20 (R)

16 20k 158 84 5(S)

17 21j 165 85 60 (R)

18 21k 153 85 25 (S)

19 21lm 149 84 68 (S)

? [Rh(acac)(CO),] = 0.0135 mmol; ligand/Rh = 1.1; substrate/Rh = 1000; Toluene =
15 mL; Py, /co =10 bar; T =20°C; PCO/PH2 =0.5

b TOF in mol styrene x mol Rh™! x h™! determined after 1-h reaction time

¢ Regioselectivity for 2-phenylpropanal

Furthermore, the results of using the binaphthyl-based ligands 4, 19-
23j-m (Table 2, entries 13-19) suggested that the absolute configuration of
the product outcome is controlled by the configuration of the biaryl moi-
eties. This suggests that the configuration of fluxional biphenyl moieties in
ligands 4, 19-23a-d is controlled by the configuration of the stereogenic cen-
ter C-3. The results also indicate a cooperative effect between the chiral sugar
backbone stereocenters (C-3 and C-5) and the axial chiral binaphthyl phos-
phite moieties. This cooperative effect, together with the previously observed
cooperative effect between the backbone stereocenters C-3 and C-5, controls
enantioselectivity.

The characterization of the rhodium complexes formed under hydro-
formylation conditions by NMR techniques and in situ IR spectroscopy
showed that there is a relationship between the structure of the [RhH(CO),
(P-P)] (P—P = 4, 19-23) species and their enantiodiscriminating per-
formance. In general, enantioselectivity was highest with ligands that have
a strong bis-equatorial (ee) coordination preference, while an equilibrium of
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species with bis-equatorial (ee) and equatorial-axial (ea) coordination modes
considerably reduced the ee’s [21-23].

Over the years, several authors have developed new diphosphite ligands
with binaphthyl, spiro, pyranoside, and macrocyclic backbones for asymmet-
ric hydroformylation of vinyl arenes with low-to moderate success (ee’s from
36% to 76%) [48-58)].

2.2
Phosphine-Phosphite Ligands

Takaya and co-workers in 1993 were the first to report on asymmetric hy-
droformylation using phosphite-phosphine ligands [59]. In an attempt to
combine the effectiveness of the BINOL chemistry for asymmetric catalysis
and the effectiveness of the phosphite moiety for asymmetric hydroformyla-
tion, they developed the (R,S)-BINAPHOS ligand 3, which turned out to be
very efficient (Fig. 6).

In the last few years, a wide range of structural variations has been re-
ported. In this context, in 1997, Nozaki and coworkers used ligands 30, 24-26

9@ . 9@ . 9@ .
o. o. 0.
R P P
\ ™ [ ™~
OO o° O O‘ o° O OO 00 O

(R.S)-BINAPHOS 3 (S.R-BINAPHOS 24 (RR)-BINAPHOS 25
(94% (R) (95% (S)) (25% (R)
cl l cl l
PPhy PPh,
0. 0.
TN 0%

(S, R)-26a (R, R)-26b
(94% (9)) (16% (R))

Fig.6 Rhodium-catalyzed asymmetric hydroformylation of styrene using ligands 3 and
23-26. Enantioselectivities obtained at 100 bars of syngas and 60 °C are shown in brackets
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and found that the sense of enantioselectivity is governed by the configu-
ration of the binaphthyl bridge, whereas the enantiomeric excess depends
strongly on the configuration of both binaphthyl moieties (Fig. 6) [20]. Enan-
tioselectivity is therefore higher when the configurations of the two binaph-
thyl moieties are opposite (i.e., diastereoisomers R,S or S,R). Similar trends
were observed with ligands 26a and 26b, which have a chiral biphenyl bridge.

To further understand how the chirality at the bridge and the axial chi-
rality at the phosphite moiety affect the transfer of the chiral information to
the product outcome, ligands 27 and 28 were studied (Fig. 7) [20]. Ligand 27,
which has an (R)-binaphthyl in the bridge, provides an ee of 83% (R). This
value is close to the (R,S)-BINAPHOS value (94% (R) ee) which suggests that,
in the formation of the Rh-complex, the binaphthyl bridge controls the con-
formation of the biphenyl phosphite moiety. Likewise, ligand 28 provides an
ee of 69% (S), which suggests that the binaphthyl phosphite moiety also con-
trols the conformation of the biphenyl bridge when it coordinates to rhodium.
However, the control by the binaphthyl bridge is more efficient than that of
the binaphthyl phosphite moiety.

The effect of several substituents on the phosphine moiety has been ex-
tensively studied by Nozaki’s group (Fig. 8). Their results indicate that both
regio- and enantio-selectivity can be increased by suitable choice of the aryl

27 (R) 28 (R) O

Fig.7 Rh-catalyzed asymmetric hydroformylation of styrene using ligands 27 and 28
Ligand R %2-PP %ee
OO 3 CeHs 90.6 95.2 (R)
PR, 29a 3-MeO-CgHy 95.0 97.5 (R)

(

(
OO O\F\’\o 20b 39PrO-CgH, 94.0 98.3 (R)
0 O 29¢ 3-CeF1sCHaCHp-CeHs 927 90.6 (R)

(

(

(

O ‘ 29d 3-Me-CgHa 93.4 94.1 (R)
3,20 ‘ 29e  3,5-(MeO)2-CeHa 87.5 922
29f 4-MeO-CgHy 88.8 91.7 (R)

Fig.8 Rh-catalyzed asymmetric hydroformylation of styrene using ligands 3 and 29
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phosphine group. The best combinations of regio- and enantio-selectivity
were therefore obtained with ligands 29a and 29b [60].

The characterization of the rhodium complexes formed under hydro-
formylation conditions by NMR techniques and in situ IR spectroscopy
showed that there is a relationship between the structure of the [HRh(CO),
(BINAPHOS)] species and their enantiodiscriminating performance. Thus,
(R,S)- and (S,R)-BINAPHOS ligands show high equatorial-axial (ea) coordi-
nation preference with the phosphite moiety in the axial position. Meanwhile,
the characterization of the (R,R)- and (S,S)-BINAPHOS ligands suggests that
there is either a structural deviation of the monohydride complexes from an
ideal TBP structure or an equilibrium between isomers [20, 34].

Highly crosslinked polymer-supported-BINAPHOS ligands were effective
for the hydroformylation of styrene and other functionalized olefins (ee’s up
to 89%). The catalyst could be recovered and reused at low stirring condi-
tions [61, 62].

Perfluoroalkyl-substituted BINAPHOS ligand 29¢ was also developed for
the asymmetric hydroformylation of vinyl arenes in scCO,. With this ligand
regio-and enantio-selectivity (ee’s up to 93.6%) were high without the need
for hazardous organic solvents [63, 64].

Inspired by the excellent results using the BINAPHOS ligands, new
phosphine-phosphite ligands with different backbones have been developed
in recent years. Unfortunately, their Rh-catalyzed hydroformylation provided
low-to-moderate enantioselectivity (ee’s from 20 to 62%) [35, 36, 65].

2.3
Characterization of Intermediates:
Structures of [RhH(CO),(L - L)] in Solution

As has been shown in the previous part of this chapter on the asymmetric
hydroformylation of vinylarenes, in situ IR and high-pressure NMR studies
in hydroformylation reaction conditions of pressure and temperature have
been carried out for several rhodium systems with different phosphorous
ligands. These studies have made it possible to characterize the pentaccor-
dinate TBP hydrido carbonyl rhodium species determined as the resting
state [9]. Figure 4 shows both modes of coordination: bis-equatorial (ee) and
equatorial-axial (ea). The values of the NMR coupling constants 2J(P-P) and
2J(H,P) indicate the coordination mode in the TBP. In the case of diphoshites,
as described above, short-bridged diphosphites forming seven-membered
rings coordinate in an equatorial-apical fashion, while larger bidentate lig-
ands forming eight- or nine-membered chelate rings show preferentially bis-
equatorial coordination. Variable temperature NMR experiments provided
evidence for a rapid exchange process between both phosphorus atoms. The
fluxional behavior of these pentacoordinate [RhH(CO),(P —P)] species on
the NMR time scale has also been studied [9].
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An interesting relationship between the structure of the [RhH(CO),(P — P)]
species and their enantio-discriminating performance has been found for
several series of diphosphite ligands. In general, enantioselectivities were
highest for ligands with a strong bis-equatorial (ee) coordination preference,
and they were considerable reduced by equilibrium of species with bis-
equatorial (ee) and equatorial-axial (ea) coordination modes (Scheme 5a) [22,
37,49].

For the systems containing phosphine-phosphite ligands, the intermedi-
ates depend on the nature of the ligand. In the particular case of the (R,S)
BINAPHOS, a single species hydrido carbonyl intermediate has been ob-
served to contain the phosphine-phosphite ligand coordinated in an apical-
equatorial position, with the phosphite trans to the hydride ligand. No apical-
equatorial interchange was observed at any temperature. The unique dissym-
metric environment in a single species created by the phosphine-phosphite
seems to be an important factor for the high enantioselectivity obtained [20].
When other phosphine-phosphite ligands 30-32 (Fig. 9) were used the ob-
tained ee was 40% and the characterization of the solution structures for the
intermediate hydride rhodium dicarbonyl phosphine-phosphite species show
two diastereoisomers in fast exchange (Scheme 5b) [35, 36].

H
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Scheme5 Equilibrium between intermediate species characterized for: a diphosphites
b phosphine-phosphite and ¢ diphosphines
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Fig.9 Phosphine-phosphite ligands 30-32

This equatorial axial phosphorus exchange shows that in the most stable
diastereoisomer, the phosphine is in the axial position while the phosphite,
the best w-acceptor is located in the equatorial position. This behavior con-
trasts with the coordination mode found for the BINAPHOS in which the
phosphine occupies the equatorial position and the phosphite the axial pos-
ition.

For diphosphines such as BDPP (33) or furanoside diphosphines derived
from D-(+)-xylose (34) and D-(+)-glucose (35) (Fig. 10) the highest ee are of
60% [38, 42, 66].

In the case of BDPP with a bite angle of 90°, the high-pressure NMR
and high-pressure IR studies showed the structures of the hydrido dicar-
bonyl diphosphine resting state as an axial-equatorial BPT. Similar behavior
was observed for the furanoside diphosphines. Dinuclear rhodium species
in equilibrium with the mononuclear pentacoordinate rhodium hydride car-
bonyl diphosphines have been found for these ligands. The position of this
equilibrium depends on the hydrogen concentration and the ligands. The rate

“, Ph2P PPh2 Pth PPhg
' 0

PhyP PPh, 091/ 091/
33 BDPP 34 35
Fig. 10 Diphosphine ligands BDPP (33) and furanoside diphosphines (34, 35)



52 C. Claver et al.

of this monomer-dimer equilibrium may be in the same order of magnitude
as the hydroformylation reaction. Hence, both the position of the equilibrium
and the rate of the process should be considered in hydroformylation studies
using diphosphines [38, 66].

When high-pressure NMR studies were carried out to characterize the in-
termediates for systems with P—S and P —N ligands, (phosphite-thiother
ligands for instance) it was clearly observed that in these conditions the
ligand acted as a monodentate, coordinated only through the phosphorous
atom. This would account for the low or practically null ee obtained in these
and other thioether systems [67, 68].

3
Rhodium-Catalyzed Asymmetric Hydroformylation of Vinyl Acetate

The asymmetric hydroformylation of functionalized aliphatic alkenes is
generally more difficult than the hydroformylation of vinyl arenes. The
rhodium-catalyzed hydroformylation of vinyl acetate (36) yields 2- and
3-acetoxypropanals, 37 and 38, with high chemoselectivity. Ethyl acetate and
acetic acid can also be found as by-products. One of the potential applications
of vinyl acetate hydroformylation is the production of enantiopure propane
1,2-diol (Scheme 6).

For the vinyl acetate hydroformylation, it has been proposed that the inser-
tion of the alkene into the Rh — H at the branched carbon atom is stabilized by
a five-membered ring intermediate, which has been observed by NMR spec-
troscopy [69].

0 CHO 0
)J\O/\ + )]\O/\/CHO
i [Rh]/L 37 38
0" “co/m, 0
%6 o —OH —0-

)J\O/-\ + Ho/\
39 40

Scheme 6 Hydroformylation of vinyl acetate

3.1
Diphosphite and Phosphine-Phosphite Ligands

In 1992, Takaya et al. published the results of the asymmetric hydro-
formylation of vinyl acetate with chiral diphosphites, in which they have
achieved an ee up to 52% [70]. At that time this result was the high-
est value reported for the asymmetric hydroformylation of vinyl acetate.
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Later, in 1994, the (R,S-BINAPHOS) ligand 3 (Fig.1) was found to de-
liver high regioselectivity in branched aldehyde, excellent yields and up to
92% ee [71]. Until to date this is the highest ee reported for a rhodium-
phosphorus ligand catalyst in vinyl acetate asymmetric hydroformylation.
Polymer-immobilized chiral phosphine-phosphite-Rh(I) complexes were pre-
pared from vinyl-BINAPHOS, which was copolymerized with divinylbenzene
(55% content) in toluene initiated by 2,2’-azobis(2,4-dimethylpentanenitrile).
These polymer-supported ligands were treated with [Rh(acac)(CO);] to give
polymer-supported [Rh(acac)BINAPHOS]. An alternative route for prepar-
ing polymer-supported BINAPHOS-rhodium catalytic systems was to treat
previously the monomers of vinyl-BINAPHOS with [Rh(acac)(CO);] and
then copolymerize them with divinylbenzene to give polymer-supported
[Rh(acac)BINAPHOS] complexes. The polymer-supported catalysts were
successfully applied in the asymmetric hydroformylation of vinyl acetate
(i/n-ratio = 85/15-90/10; ee = 89-93 with S configuration) [61,62]. The
C,-symmetry aryl diphosphite derived from chiral binaphthol 41 has also
been prepared to be used as a catalyst for the asymmetric hydroformylation
of olefins (Fig. 11). Enantioselectivity of up to 38% ee was achieved for the
hydroformylation of vinyl acetate and catalytic activity and regioselectivity
were good [72].

The influences of the ligand-to-metal ratio, reaction temperature and syn-
gas pressure on the enantioselectivity and regioselectivity were also studied.
A multi-substrate screening approach has recently been used by Dow Chem-
ical Company to identify the best catalyst for the hydroformylation of vinyl
acetate. Here, the chiral phosphite Kelliphite, 5 (Fig. 1) gave enantioselectiv-
ity up 88% ee and excellent regioselectivity for the branched isomer [24, 25].

a1 42 ESPHOS

Fig. 11 Ligands 41 and 42 for Rh-catalyzed hydroformylation of vinyl acetate
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3.2
Diphosphine and Bis(diazaphospholidine) Ligands

The atropoisomeric ligand BINAP has proved to be outstandingly efficient
for asymmetric isomerization and hydrogenation reactions. It was previ-
ously used for the rhodium-catalyzed hydroformylation of vinyl acetate
with moderate results. Enantiomeric excesses did not exceed 47% and the
yields were very low (6%) [70]. Later, the same Rh/BINAP system but with
different rhodium precursors was optimized and the reaction conditions
were modified. This improved the results and lead to enantiomeric excess
of 60%. Regioselectivity was high (95-99%) although the yields were still
moderate (20-40%) for the [Rh(acac)(CO),] precursor. Using the [Rh(p-
OMe)(cod)], precursor, however, yields to 2-acetoxylpropanal were signifi-
cantly higher [73]. In addition, in situ-generated rhodium complexes of
mono- and bisphosphorylated BINAP ligands 43-45 have been used for the
asymmetric hydroformylation of vinyl acetate (Fig. 12).

In comparison to BINAP, the enantioselectivity increased by 6-9%. This
enhanced selectivity may be due to the interaction between the polar phos-
phonate group and the polar substrate vinyl acetate which can favor one of the
diasteromeric transition states. When the same catalytic systems were used
in the aqueous biphasic system H,O/EtOH = 2/1, the enantioselectivity de-
creased (25-39%), and the enantioselectivity of the catalytic systems based
on the precursor [Rh(j.-OMe)(cod)], were best [74]. Like the asymmetric hy-
droformylation of styrene diphosphines generally provide lower ee than the
related phosphite containing ligands. In the case of the rhodium-catalyzed
asymmetric hydroformylation of vinyl acetate, however, an interesting ligand
is bis-(diazaphospholidine) ESPHOS (42) which provided ee up to 89% and
high regioselectivity in branched aldehyde (92-97%) (Fig. 11) [75, 76]. Fur-
thermore, when the conditions of the reaction are modified increasing the
pressure and the reaction time, hydrogenation of the aldehydes takes place
providing 59% of alcohols with an enantioselectivity of 84%. The hydro-

i i P on
P(OEt), P(OEt), Z

‘O PPh, . PPh ‘ PPh,
l ! PPh, l ! PPh, l ] PPh,

P(OEY), PO,
(0] 0

43 44 45
Fig. 12 Mono- and bisphosphorylated enantiopure BINAP ligands 43-45
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genation activity of this catalyst has been attributed to the electron donating
nature of the phosphino-amino ligands [75]. Two related ligands based on fer-
rocene and biphenylether backbones gave worse results in hydroformylation
in comparison with ESPHOS by itself [76]. The vinyl acetate hydroformyla-
tion results obtained with these ligands have been attributed to monodentate
coordination.

4
Rhodium-Catalyzed Asymmetric Hydroformylation of Dihydrofurans

Although aldehydes obtained through the hydroformylation of dihydrofurans
are interesting building blocks for organic synthesis, few studies have been
reported on the subject. In 1998, previous work on the control of the regio-
selectivity in the hydroformylation of dihydrofurans has been reported with
rhodium systems modified with different ligands [77, 78]. In the hydroformy-
lation of 2,5-dihydrofuran 46 the expected product is the tetrahydrofuran
3-carbaldehyde 49 (Scheme 7).

However, considerable amounts of 2,3-dihydrofuran 50 and tetrahydro-
furan-2-carbaldehyde 53 were present because of an isomerization process.
The isomerization takes place simultaneously with the hydroformylation
reaction. When the 2,5-dihydrofuran 46 reacts with the rhodium hydride
complex, the 3-alkyl intermediate 48 is formed. This can evolve to the
2,3-dihydrofuran 50 via B-hydride elimination reaction. This new substrate
can also give both 2- and 3-alkyl intermediates 52 and 48, respectively. Al-
though the formation of the 3-alkyl intermediate 48 is thermodynamically
favored, the acylation occurs faster in the 2-alkyl intermediates 52. Regio-
selectivity is therefore dominated by the rate of formation of the acyl com-
plexes. The modification of the phosphorus ligand and the conditions of the
reaction make it possible to control the regioselectivity and prepare the 2- or
3-substituted aldehyde as the major product [78]. As far as we know, only two

@ [Rh]-H (TJ . Q co

[Rh] 49 CHO

a6 [Rh]-H 3-alkyl
47 / 48
o}

0} N 0} 0} [Rh]
O ™ O e 00
51

50 2-alkyl 53
52

Scheme 7 Mechanism for the hydroformylation-isomerization process of dihydrofurans 46
and 50
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reports have been published on the asymmetric hydroformylation of dihydro-
furans using phosphine-phosphite [79] and diphosphite ligands [80].

4.1
Phosphine-Phosphite Ligands

The phosphine-phosphite BINAPHOS ligand was first used in the Rh-
catalyzed asymmetric hydroformylation of heterocyclic olefins such as 2,5-di-
hydrofuran, 3-pyrroline derivatives, and 4,7-dihydro-1,3-dioxepin deriva-
tives. It provided the optically active aldehydes as single products with
enantioselectivity between 64-76% ee. In the hydroformylation of 2,5-di-

Table3 Rh-catalyzed asymmetric hydroformylation of 2,5-dihydrofuran 46 with ligands
30, 4, 16-19°

Entry Ligand % Aldeh (49/53) % 50 % ee of 49
1 192 88 (100,/0) 12 53 (S)

2 19b 98 (95/5) 2 37 (S)

3 42 99 (99/1) 1 74 (S)

4 162 100 (72/28) 0 <5

5 172 99 (95/5) 1 23 (R)

6 182 100 (64/36) 0 <5

7 3¢ 100 (100,/0) 0 64 (R)

? Pressure 18 bar; [Rh(acac)(CO);] = 0.012 mmol; Ligand/Rh = 2/1; Molar ratio 46/Rh =
400/1; Solvent = toluene; Temperature = 45 °C; Time = 24 h; Conversion 100%

b Time = 48 h

¢ Pressure 20 bar; Ligand/Rh = 4/1; Solvent = benzene; Molar ratio 46/Rh = 400/1; Tem-
perature = 40 °C; Time = 24 h; Conversion 100%

Table 4 Rh-catalyzed asymmetric hydroformylation of 2,5-dihydrofuran 50 with ligands 3,
4,17 and 192

Entry Ligand % Aldeh (49/53) % ee of 49
1 192b 88 (78/22) 48 (R)
2 42 100 (76/24) 75 (R)
3 172 100 (68/32) 43 (S)
4 3¢ 100 (50/50) 38 (S)

2 Pressure 18 bar; [Rh(acac)(CO);] = 0.012 mmol; Ligand/Rh = 2/1; Molar ratio 50/Rh =
400/1; Solvent = toluene; Temperature = 45 °C; Time = 24 h; Conversion 100%

b Conversion 88%

¢ Pressure 20 bar; Ligand/Rh = 4/1; Solvent = benzene; Molar ratio 50/Rh = 400/1; Tem-
perature = 40 °C; Time = 24 h; Conversion 100%
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hydrofuran, the rhodium-BINAPHOS system gave ee up to 64% with total
regioselectivity in tetrahydrofuran-3-carbaldehyde (Table 3, entry 7). Inter-
estingly, the hydroformylation of 2,3-dihydrofuran led to a mixture of 49
and 53 (50/50), with an ee of 38% in 49 (Table 4, entry 4). The configuration of
aldehyde 49 obtained from the hydroformylation of 2,5-dihydrofuran is oppo-
site to that which is obtained from the hydroformylation of 2,3-dihydrofuran
with the same catalyst [79].

4,2
Diphosphite Ligands

Recently, diphosphite ligands 2, 16, 17, 4 and 19 (Figs. 1, 3, 5) represen-
tative of the most successfully applied families in the hydroformylation of
vinylarenes were used for the first time in the rhodium-catalyzed hydro-
formylation of 2,3- and 2,5-dihydrofurans [80]. The results are presented
in Table 3. For ligand 19, long reaction times increased conversions into
aldehydes (entry 2 versus entry 1); however the regio- and enantioselec-
tivity in the desired product 49 decreased. The hydroformylation of the
2,3-dihydrofuran 50 formed should account for this loss of selectivity, as
shown by the results obtained in the hydroformylation of 2,3-dihydrofuran
(Table 4). After 48 h the hydroformylation of 50 afforded a 78 :22 mixture
of (R)-49 (48%) and 53 in 88% conversion (Table 4, entry 1). Therefore
the loss in regioselectivity at the longer reaction time is due to the hydro-
formylation of the 2,3-dihydrofuran 50 formed under reaction conditions,
as it had been previously found [78]. The enantioselectivity decreased be-
cause the absolute configuration of the predominant enantiomer of 49, ob-
tained from 2,3-dihydrofuran 50 is R, which is opposite to that obtained
from 2,5-dihydrofuran, as was previously demonstrated in the rhodium BI-
NAPHOS catalyzed hydroformylation of these substrates. The use of ligand 4
(Table 3, entry 3), which differs from ligand 19 in the methyl substituent at
C-5, showed conversion into aldehydes of 99% with no isomerization, prac-
tically total regioselectivity in 49 with an ee of 74% (S). It is noteworthy that
this ligand also provided high ee in the asymmetric hydroformylation of viny-
larenes (up to 93%) [21-23].

5
Rhodium-Catalyzed Asymmetric Hydroformylation of Unsaturated Nitriles

The hydroformylation of unsaturated nitriles such as crotonitrile and allyl
cyanide is a potential route towards chiral amino alcohols, which are building
blocks in the synthesis of pharmaceuticals. The hydroformylation of acryloni-
trile was studied in the early years [5], but lately the hydroformylation of allyl
cyanide and crotonitrile have also been investigated [25, 81].
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5.1
Rhodium-Catalyzed Asymmetric Hydroformylation of Allylcyanide

The asymmetric hydroformylation of allyl cyanide has recently focused the
interest of researchers because the iso-aldehyde derivative can be easily trans-
formed into 2-methyl-4-aminobutanol, a useful building block, for instance
for the asymmetric synthesis of tachikinin (58), a novel NK1 receptor ago-
nist developed by Takeda [82]. It should be noticed that this aldehyde is not
accessible via the hydroformylation of crotononitrile.

J.G. de Vries et al. [81] found that in the rhodium-catalyzed hydroformy-
lation of allyl cyanide the use of phosphites and phosphoramidites as ligands
afforded preferentially the iso-aldehyde, while phosphines such as xantphos
mainly gave the n-aldehyde. The regioselectivity of the process was favored
by the use of bulky phosphite ligands and low temperatures. They also found
that the use of BINAPHOS as ligand provided a 66% ee, with an iso/n-ratio
of 2.57 when the reaction was conducted at a pressure of 30 bar, temperature
of 50 °C, 0.2 mol % of Rh pre-catalyst and metal/ligand ratio of 1 : 4 (Table 5,
entry 1). Later, Cobley et al. [24] carried out a high-throughput screening
of a wide variety of mono- and diphosphites ligands, which were prepared
following parallel techniques (Fig. 13).

These ligands were prepared from the commercially available (S)-5,5-6,6'-
tetramethyl-3,3’-di-tert-butyl-1,1"-biphenyl-1,1’-diol [(S)-BIPHEN-H2] and

Table5 Rh-catalyzed asymmetric hydroformylation of allyl cyanide with ligands 2, 5,
59-62

Entry Ligand Conv. (%) iso/n ratio % ee
1 24 734 2.57 66 (S)
2 2bie 47.8 2.7 75.6 (S)
3 3b 21.9 7.3 15.3 (R)
4 5b 84.8 15.5 78.1 (S)
5 59b 100 12.4 12.1 (S)
6 60° 8.7 7.1 9.2 (R)
7 61° 73.3 8.5 0.7 (S)
8 62a® 11.3 6.3 43.7 (R)
9 62b" 65 5.2 39.7 (R)
10 62c® 30.5 5.0 14.1 (R)

2 Pressure 390 Psi; Ligand/Rh = 4/1; Solvent = toluene; Molar ratio allyl cyanide/Rh =
200/1; Temperature = 50 °C; Time = 3 h

b pressure 150 Psi; Ligand/Rh = 1.2/1 for bidentate and 2.2/1 for monodentate phos-
phites; Solvent = toluene; Molar ratio allyl cyanide/Rh = 300/1; Temperature = 35°C;
Time =3h

¢ Run performed in acetone
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Fig. 13 Monophosphites 62 and diphosphites ligands 5, 59-61

phenols. The biphosphite 5 (Kelliphite) was found to be the best ligand for
the asymmetric hydroformylation of allyl cyanide giving an ee higher than
78% and iso/n ratios > 15 when the reaction was driven at 10 bar of pres-
sure, at 35 °C, and the substrate to catalyst molar ratio was 300 : 1 (Table 5,
entry 4) [24]. These authors also found that the enantioselectivity obtained
with BINAPHOS could be increased to 75.6% when the reaction was con-
ducted in acetone, although the regioselectivity still had a low iso/n-ratio of
2.7 (Table 5, entry 2). The diphosphite 3 gave very low ee in similar conditions
(Table 5, entry 3).

Other bisphosphite ligands 59-61, related to Kelliphite (5) were prepared
by replacing the 2,2'-biphenol unit with other biphenol moieties. The Rh/59
catalytic system was the most active, and also afforded a high regioselect-
ivity. The ee, however was very low (entry 5, Table 5). The Rh/60,61 cata-
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lytic systems also provided very low ee (entries 6, 7, Table 5). Curiously, the
monophosphite ligands 62a-c afforded ee’s of 43.7, 39.7, and 14.1, respec-
tively, in the rhodium catalyzed hydroformylation allyl cyanide (entries 8-10,
Table 5).

6
Catalytic Experiments. IR In Situ and High-Pressure NMR Experiments

Rhodium catalysts for asymmetric hydroformylation are generally prepared
in situ by adding the P —P chiral ligand to a solution of [Rh(acac)(CO),] or
similar starting materials such as [Rh(j.-OMe)(COD)],. It is recommended
that there be no chloride ligand in the rhodium precursor. When isolated
complexes were tested for comparison, the results were generally the same
as for the Rh/ligand systems prepared in situ. In some catalytic systems,
however, an incubation period is required for the formation of the cata-
lytic species [RhH(CO),(P —P)] [9]. These species can be prepared in situ
under hydroformylation reaction conditions by adding one equivalent of
P — P ligand to the catalyst precursor [Rh(acac)(CO),]. Initially, displacement
of two carbon monoxide molecules by the ligand caused the formation of
the [Rh(acac)(P — P)] complexes, which after a short time under hydroformy-
lation conditions evolved to the intermediate species [Rh(acac)(CO)P —P].
Reaction times depend on the type of ligand and may take several hours to
complete the formation of the desired species (Scheme 9).

In a typical experiment the autoclave was purged three times with CO,
then filled with a solution of [Rh(acac)(CO);] in toluene or other appropriate
solvent. The chiral ligand was added to the solution, and the P — P/Rh ratio
depends on the nature of the ligand. After pressurizing to the desired pres-
sure (20-100 bar depending on the nature of the catalyst and substrate) with
syn-gas and heating the autoclave to the reaction temperature (40-100 °C),
the reaction mixture was stirred. After the desired reaction time, the auto-
clave is cooled to room temperature and depressurized. The reaction mixture
was analyzed by gas chromatography or NMR depending on the substrates.
HP NMR and in situ IR are experimental techniques for characterizing cat-
alysts. NMR spectroscopy of 'H, 3P, 13C is useful for the characterization of

[Rh(acac)(CO),] + P-P =——=—= [Rh(acac)(P-P)] + 2CO

E
CO/H»

[HRh(CO),(P-P)] [Rh(acac)(CO)(P-P)]

Scheme 9 In situ preparation of the active catalyst species
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organometallic species. IR spectroscopy is useful mainly for identifying car-
bonylated species. Both IR and NMR spectroscopy are used at high pressure
in appropriate tubes or cells. The advantages and disadvantages are: (a) For
NMR, concentration must be high, and the species observed might not be rel-
evant to the catalytic process. One of the disadvantages of high-pressure NMR
tubes is that reactive systems involving gas consumption cannot be studied
truly in situ. Its advantages, however, are that high pressure is allowed and the
technique provide an accurate analysis of the structures. (b) IR spectroscopy
on the other hand allows low concentrations, high pressure and in situ meas-
urements although it provides less structural information.

The HP NMR are recorded in a sapphire tube (4 = 10 mm) with a titanium
head and pressure valve. The tube is filled under argon with a solution of
[Rh(acac)(CO),] and ligand (the appropriate P/Rh molar ratio) in toluene-d8
or other solvents. The HP NMR tube is purged twice with CO and pressur-
ized to the appropriate pressure of CO/H,. After the sample has been shaken
and the desired temperature reached, the solution is analyzed through NMR.
The in situ IR experiments require a special autoclave that contains the IR
windows directly in the cell. Although different autoclaves have been used,
a cell using transmission IR spectroscopy with a very short time delay in the
transport of liquid from the autoclave to the cell by a centrifugal pump and
efficient mixing has proved to give efficient results [83, 84].

7
Conclusions and Remarks

Although hydroformylation is the largest volume industrial process that uses
homogeneous catalysis, its application in the production of fine chemicals
is still limited. In recent years however new ligands have appeared which
in combination with rhodium precursors make it possible to control of the
chemo-, regio- and enantio-selectivity for the production of aldehydes. The
ligands 2-5 depicted in Fig. 1 have proved to be efficient enough to obtain
the branched aldehyde with high enantioselectivity. The vinyl arenes, which
are the most commonly studied substrates because of their interest as inter-
mediates in the synthesis of arylpropionic acids can be hydroformylated with
ee between 90-95%. Apart from the structurally unique BINAPHOS which
hydroformylates a wide range of chiral olefins, diphosphites constitute the
most efficient ligands for catalytic asymmetric hydroformylation. Although
in some cases the rhodium catalyst formed with the diphosphite ligands are
not very active, the mild conditions required and the control of the regiose-
lectivity in combination with a high enantioselectivity can provide excellent
results. Interestingly, the diphospite ligands related to 2, 4 and 5 are easy to
prepare and particularly modular. All this, together with the high-throughput
screening generated to identify new ligands makes it possible to optimize
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the process and identify new efficient ligands. The characterization of the
structures of the intermediate species in solution for several systems, by HP
NMR in the reaction conditions and in situ HP IR, has provided better un-
derstanding of the catalytic reaction and is a useful tool for determining the
best modifications to obtain efficient ligands. Finally, the hydroformylation
of substrates such as vinyl acetate, heteroatom functionalized olefins and un-
saturated nitriles open up new routes to synthesize building blocks for the
synthesis of a wide variety of products of biological interest. Nowadays if the
asymmetric hydroformylation reaction is not used to synthesize enantiopure
aldehydes it may be because of technical difficulties. If the ligand is appropri-
ate, rhodium-catalyzed hydroformylation should provide results that justify
its application.
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Abstract Aldehydes obtained from olefins under hydroformylation conditions can be
converted to more complex reaction products in one-pot reaction sequences. These in-
volve heterofunctionalization of aldehydes to form acetals, aminals, imines and enamines,
including reduction products of the latter in an overall hydroaminomethylation. Further-
more, numerous conversions of oxo aldehydes with additional C,C-bond formation are
conceivable such as aldol reactions, allylations, carbonyl olefinations, ene reactions and
electrophilic aromatic substitutions, including Fischer indole syntheses.

Keywords Aldol reactions - Fischer indole synthesis -
Homogeneously catalyzed tandem reactions - Hydroaminomethylation -
Hydroformylation
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1
Introduction

The hydroformylation reaction (“oxo reaction”) of alkenes with hydrogen
and carbon monoxide is established as an important industrial tool for
the production of aldehydes (“oxo aldehydes”) and products derived there
from [1-6]. This method also leads to synthetically useful aldehydes and
more recently is widely applied in the synthesis of more complex tar-
get molecules [7-15,17], including stereoselective and asymmetric synthe-
ses [18-22].

Due to the versatile chemistry of the aldehyde group [23, 24], the products
of hydroformylation are easily converted via reduction, oxidation, nucleo-
philic attack at the carbonyl group or electrophilic attack in the acidic
o-position to give alcohols, amines, carboxylic acid derivatives, aldol conden-
sation products and many others. Therefore, following the growing interest
in the development of new and efficient non-catalyzed or homogeneously
catalyzed one-pot reaction sequences [25], defined as “domino reactions”,
“reaction cascades” or “tandem reactions” [26], hydroformylation is a pow-
erful synthetic method to be integrated in multi-step reaction sequences [27-
29]. Tandem reactions, combining two or more different transformations in
one synthetical procedure without change of reaction conditions and with-
out addition of further reagents or catalysts require only one single setup of
starting materials, reagents, and solvents and no isolation of intermediates
is necessary. Therefore they save time and materials and furthermore they
avoid waste of chemicals and solvents. At present, considerable effort is con-
centrated on the development of new procedures, even in total synthesis of
more complex target molecules [30, 31].

Tandem procedures under hydroformylation conditions cannot only make
use of the intrinsic reactivity of the aldehyde carbonyl group and its acidic
a-position but they also include conversions of the metal alkyl and metal acyl
systems which are intermediates in the catalytic cycle of hydroformylation.
Metal alkyls can undergo B-elimination leading to olefin isomerization, or
couplings, respectively, insertion of unsaturated units enlarging the carbon
skeleton. Similarly, metal acyls can be trapped by addition of nucleophiles or
undergo insertion of unsaturated units to form synthetically useful ketones
(Scheme 1).

In this survey, selected synthetic applications of tandem hydroformyla-
tion sequences are described and complementing the more comprehensive
reviews covering the literature up to 1998/99 [27], and up to 2003 [28, 29].
The material is ordered according to the type of the additional transform-
ation involving heterofunctionalization of the aldehyde group to form acetals,
aminals, imines and enamines, as well as reduction of the latter in an overall
hydroaminomethylation. Furthermore, numerous conversions of oxo aldehy-
des with additional C,C-bond formation at the carbonyl group or at the acidic
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Scheme 1 Different stages of the hydroformylation and options for consecutive reactions

o-position are presented, such as aldol reactions, allylations, carbonyl ole-
finations, ene reactions and electrophilic aromatic substitutions, including
Fischer indole syntheses. Not included here are the comprehensively de-
scribed tandem reactions with isomerization of the double bond or reduction
of aldehydes to alcohols and their further transformations as well as reac-
tions involving conversions of the metals alkyl and metal acyl intermediates
mentioned above.

2
Heterofunctionalization of Aldehydes Obtained via Hydroformylation

Hydroformylation in the presence of nucleophiles such as alcohols or amines
leads to O,0- or N,O-acetals, aminals, imines or enamines (Scheme 2).
Imines and enamines under hydroformylation conditions can also be re-
duced to give saturated amines. With or without additional reduction, these
conversions can be used in synthesis of various types of heterocycles.
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R

R R
_CO/Hy, [cat]
R™XY, +HNu, -H0 R)\(k or )\) or R)\H

R

HNu = HOR, HNR»

Scheme 2 Principle of hydroformylation in the presence of nucleophiles

2.1
Hydroformylation/Acetal Formation

2.1.1
0,0-Acetal Formation

Acetalization of oxo aldehydes is used to protect sensitive aldehyde products,
especially in asymmetric hydroformylation preventing racemization of an «-
chiral aldehyde product [18-22, 27]. Acetal formation can also be applied to
the synthesis of monocyclic or spirocyclic pyranes as potential precursors
and building blocks for natural products such as pheromones or antibiotics.
A representative example is the synthesis of the pyranone subunit of the
Prelog-Djerassi lactone. For this purpose, various 1,2-disubstituted homoal-
lylic alcohols were used (Scheme 3) [32].

R COM, (1:1), 25bar_ "
RA(OAC);/PPhg
MOHEtOAc 6h, 100°C R “o~ “OH

80-86%

Scheme 3 Formation of O,0-acetals under hydroformylation conditions

Di- or tetrahydropyrans with vinyl side chains obtainable by diastereo-
selective ring closing metathesis or by addition of vinylmagnesium chloride
to appropriately functionalized tetrahydropyranones are converted to spiro-
cyclic hemiacetals under hydroformylation conditions (Scheme 4) [33]. Oxi-
dation yields the corresponding lactones.

CO/H, (1:1), 20bar
Z "Rh(acac)(CO),
OH BIPHEPHOS, dloxane
R = Me, Ph

52-81% (2 steps)

Scheme 4 Synthesis of spirocyclic y-lactones
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Similarly, 8-lactols and §-lactones are obtainable from the corresponding
homo allylic alcohols. With dehydration, the corresponding dihydropyrans
are prepared. Spirocyclic y-butyrolactones of this type and the correspond-
ing S-lactones are widespread in nature and play a key role as synthetic
intermediates.

General Procedure for the Hydroformylation/0,0-acetal Formation. Synthesis of Spiro-
d-Lactones. A solution of the allylic alcohol (1 eq), Rh(acac)(CO), (1.0 mol %), and BI-
PHEPHOS (4.0 mol %) in anhydrous dioxane was heated at 60 °C for 20h under an
atmosphere of carbon monoxide (10bar) and hydrogen (10bar) in an autoclave. The
reaction mixture was filtered through basic alumina, and all organics were eluted with
MTBE and then ethanol. The solvent was evaporated, and the crude hemiacetals were
dissolved in DCM. Powdered molecular sieve (4 A) and N -methyl morpholine-N-oxide
(1.5eq) were added, followed by TPAP (5mol%). The mixture was stirred at ambient
temperature until the starting material was completely converted as indicated by TLC
(3:1 (v/v) hexane/EtOAc). The solvent was evaporated to one-third of the original vol-
ume, and the residue was filtered through a pad of silica. The products were eluted with
MTBE and purified by flash chromatography, if necessary.

Similarly, furofuranes and benzofurofuranes known as substructure of afla-
toxins are obtainable via hydroformylation of unsaturated diols. A represen-
tative example is given in Scheme 5 [34].

OH

O H

CO/H, (3:1), 60bar ~0
| [Rh(cod)Cl]o/PPhs3 =
OH 120°C, 20h H

69% (R1=Rp=H)

Ry
R> R,

Scheme 5 Synthesis of aflatoxin analogous

2.1.2
N,0-Acetal Formation

Hydroformylation of unsaturated amines offer a convenient synthetic ac-
cess to cyclic N,O-hemiacetals. If performed in the presence of alcohols or
orthoesters N,O-acetals are formed. With additional N-nucleophiles N,N-
acetals are obtained. These compounds are synthetically attractive build-
ing blocks and were therefore used as a key step in the synthesis of vari-
ous natural products [27,35]. Thus the synthesis of (+)-prosopinine start-
ing from enantiopure (R)-serine leads to a cyclic N,O-acetal functional-
ity with the required functionality for the attachment of the side chain
(Scheme 6) [36].

In addition, deoxoprosphylline [36], pipecolic acids, izidines [37], and
the bicyclic alkaloids (&)-isoretronecanol, (=£)-trachelanthamidine [38]
and 6-epi-poranthellidine [39] were synthesized via tandem hydroformyla-
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COOH .OTBS
A~ ~OTBS  CO/H;, (1/1), 4 bar
HoN . Rh(acac)(CO), (1 mol%) EtO N OoTBS
o Boc\N OTBS "BIPHEPHOS (2 mol%), |

. H 65°C, EtOH Boc
(R)-serine 92%

(+)-prosopinine

Scheme 6 Synthesis of (+)-prosopinine

tion/cyclization. More recently, highly efficient syntheses of azabi-cyclo[4.4.0]
alkane amino acids were achieved by Rh-catalyzed cyclohydrocarbonylation
of dipeptides bearing a terminal olefin moiety and a heteroatom nucle-
ophile [40]. Here the amine function as well as a second O-, S-, or N-Boc
function are present in the acyclic starting material to form the bicyclic sys-
tem with N,0-, N,N- or N,S-subunits in one step (Scheme 7).

H
OH N COM O
> (1/1), 4bar
“ Rh(acac)(CO), N
BocHN BIPHEPHOS BocHN
O CO,Me 20h, 65°C, toluene O CO.Me

93%

Scheme 7 Formation of N,O-acetals under hydroformylation conditions

Very recently the tandem hydroformylation/acetalization has been used for
the synthesis of new synthetically valuable chiral auxiliary derived from cam-
phor. Stereoselective allylation of camphor and subsequent terminal hydro-
formylation of the resulting homoallylic alcohol affords the §-lactol auxiliary
(camTHP*OH) in multigram scale (Scheme 8) [41].

If this hydroformylation is conducted in the presence N-nucleophile such
as glycine dimethylamide the linkage of the substrate can be incorporated in
the synthesis of the auxiliary. Subsequent Cbz protection affords a camTHP*-
desymmetrized glycinamide building block that undergoes efficient and dia-
stereoselective metal enolate alkylation. Acid mediated deprotection gives the
N-Cbz protected o-amino amide products which may be converted directly
to -amino ketones on treatment with Grignard or organolithium reagents
without loss of stereochemical integrity (Scheme 9) [41]
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 Mgsr [Rh(OAC)2lo, XANTPHOS,
- OH DIPEA, neat, OO
EtzO 10°Ctort __ CO/M; (50bar), 120°C

94% 89%

Scheme 8 Synthesis of camTHP*OH - a new chiral auxiliary

o)
HoN
OH NMe, o_N_J
[Rh(OAG),], XANTPHOS, NMe,
- COR2 (500an, 120G |

Cbz-Cl, N32003 (aq)|
Et;,0, 0°C to rt

Cbz O
Cbz Q i) LIHMDS, THF, -78°C 0N

O N NMe, i) RX,78°C to rt NMez

63% (2steps)

Scheme 9 Synthesis of desymmetrized glycinamide

General Procedure for the Hydroformylation/N,O-acetal Formation. Synthesis of
camTHP*-desymmetrized Glycinamide. A stirred solution of the homoallylic alco-
hol (1eq),[Rh(OAc)2]> (0.1 mol% Rh), XANTPHOS (1 mol%), and glycinedimethyl
amide (1.2 eq) under CO/H; (1:1, 50 bar) in a stainless-steel pressure vessel was heated
to 120 °C for 16 h before being cooled to room temperature and depressurized to yield
a yellow oil. The crude reaction mixture was diluted with Et,O and saturated aqueous
Na,COs3, cooled to 0°C and stirred vigorously while benzyl chloroformate (1.5 eq) was
added. The reaction was allowed to warm to ambient temperature and stirred under
argon for 3 h before the addition of glycine (0.5 eq, to scavenge the excess benzylchloro-
formate) and the mixture stirred for a further 16 h. The biphasic mixture was diluted with
water and extracted with EtOAc (3x). The combined organics were washed with brine,
dried over MgSQOy, filtered through a pad of silica eluting with EtOAc and concentrated
in vacuo to give a pale yellow oil. The crude product was purified by column chromatog-
raphy (silica, petroleum ether (40-60 °C) : Et,0, 9 : 1 gradient to neat Et,0) to yield the
title compound as a colorless oil (63%).
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2.1.3
N,N-Acetal (Aminal-)Formation

N,N-Acetal formation used to prepare diazabicycloalkanes containing med-
ium and large rings from N-alkenylpropane-1,3-diamines in excellent yields
without the need for high dilution. Selective ring opening of these compounds
leads to large heterocyclic rings (Scheme 10) [42-44].

NH COM, (1:1) s\l@ ilﬁH?
Ho (1:1), 28 bar ]
&H [Rh(OAC);],/BIPHEPHOS &N tolens &
. .

"R benzene, 20h, 40-80°C R

n=4,6,9 R=H,Bn 28-95% 61% (n=9, R=H)

Scheme 10 Formation of N,N-acetals under hydroformylation conditions

General Procedure for the Hydroformylation/N,N-acetal Formation. Synthesis of Biaza-
cycloalkanes. The unsaturated diamine (1 eq), [Rh(OAc)2], (0.5mol % Rh atoms) and
BIPHEPHOS (2 mol %) were placed in an autoclave under N, followed by deoxygenated
benzene The vessel was flushed and evacuated three times with CO/H, (1:1, 13 bar) and
then pressurized to 28 bar. The reaction was kept at 40-80 °C for 20 h. The autoclave was
cooled and the gases were released followed by selective extraction of the total product
with light petroleum. Concentration of the solvent gave in most cases NMR pure material
of the title compounds.

The same methodology can be applied to the synthesis of pharmaceuti-
cally relevant quinazolines and quinazolinones containing a fused alicyclic
ring [45, 46].

2.2
Hydroformylation/Imine/Enamine Formation

Similar to the formation of N,N-acetals under hydroformylation conditions
attack of the carbonyl carbon by primary or secondary amines can lead to
imines and enamines, respectively (Scheme 11).

In this manner, a hydroformylation/condensation sequence of o-vinyl-
anilines give indoles directly. The starting o-vinylanilines are obtained by
Heck reaction of the corresponding o-haloanilines. Hydroformylation of
these styrene-type olefins proceeds preferably at the benzyl carbon. In-
tramolecular condensation gives pharmacologically interesting tryptophols
and tryptamines in mediocre to good yields (Scheme 12, Table 1) [47].

General Procedure for the Hydroformylation/Enamine Formation. Synthesis of Indole
Derivatives. A 300 ml autoclave equipped with a magnetic stirrer was charged with the
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Scheme 11  Basic principle for imine and enamine formation under hydroformylation
conditions
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Scheme 12 Synthesis of indole derivatives from styrene-type anilines

Heck adduct (1 eq), HRh(CO)(PPhs)3 (10 mol %), PPhs (50 mol %) and toluene. The au-
toclave was pressurized to 20 bar with 1:1 CO/H;, and was heated at 70°C for 72h
while stirring. The autoclave was cooled, cautiously vented, and the volatiles evaporated
in vacuo. The resulting residue was chromatographed on silica gel eluting with hex-
ane:EtOAc (4: 1) to furnish the indole derivatives (for examples see Table 1).

A similar formation of indoles has been achieved starting from o-nitro-
styrenes. Under hydroformylation conditions, the nitro group is reduced
to the amino group, which condenses with the in situ generated alde-
hyde [48].This approach is comparable with the indole syntheses of Reis-
sert [49], Batcho and Leimgruber [50], and Sugasawa [51].

Cyclic o-amino acids with an enamine pattern can be obtained upon
enantioselective hydrogenation followed by a hydroformylation/cyclization
sequence in a single-pot version Rh(I)-DuPHOS acts as a catalyst for both
steps, the enantioselective hydrogenation of prochiral dienamides and the hy-
droformylation of the resulting homoallylic amines (Scheme 13) [52, 53].

Very recently Jackson reported the use of supercritical carbon dioxide
(scCO3y) in this tandem reaction, lowering the required total pressures of car-
bon monoxide and hydrogen [54].
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Table 1 Examples for the synthesis of indole derivatives via hydroformylation of styrene-
type anilines

X X v Y
@ Heck reaction W Hydroformylation A\
NH NH, N
2 H

| N(Boc),
@ WN(Boc)Z 73% b 69%
NH, NH, N
N(Boc),
ﬁ& \@(\”ch)z 50% 3 60%
NH, NH, N
Br N 56% @C\C Mook 32%
N(Boc), o ()
MeO/CENHg Meom MeO N
Br N(Boc),
X N(Boc), A\
NH, NHs 50% N 60%
Br Br Br
OH
| N
@E WOH 56% ) 73%
NH, NH, N

Hg’ 2-6 bar
\ Rh-(S,S)-Et-DUPHOS
| 2-3h, r.t., benzene

88-99%, ee>95%
AcHN™ “COOMe AcHN™ "COOMe

i) hydrogenation .
i) hy droformylm )/hydroformylatwn
R ~CHO R

AcHN™ "COOMeAcHN™ “COOMe
i) Hp, 2-6 bar, 2-3h, r.t.

-~

if) CO/H, (1:1), 6-55 bar, cyclization CO/H; (1:1), 5-28 bar
20-72h, 80-150°C Rh-BIPHEPHOS
Rh-(S,S)-Et-DuPHOS benzene
benzene R R 20-72h, 80-100°C
35-91%, ee>95% m . h 37-81%

N~ ~COOMe N~ TCOOMe

Ac Ac

Scheme 13 Enantioselective Hydrogenation/hydroformylation/enamine formation

General Procedure for the Enantioselective Hydrogenation/Hydroformylation/Enamine
Formation. Synthesis of Cyclic Enamine Amino Acids. Prochiral dieneamide (1 eq) and
[(COD)Rh(I)-(S,S)-Et-DuPHOS] OTf (5 mol %) were dissolved in benzene and transferred
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into an autoclave. The autoclave was charged with hydrogen (5 bar). After 3 h the hydro-
gen was vented and the autoclave was pressurized with CO/H, (1:1, 15 bar) and heated
to 80 °C for 72 h. The autoclave was then cooled to ambient temperature and the solvent
was removed under reduced pressure to give a yellow oil which is purified by column
chromatography (silica, EtOAc: petroleum ether; 3 : 1).

23
Hydroformylation/Reductive Amination

Secondary and tertiary amines can be obtained if the hydroformylation of
olefins is conducted in the presence of primary and secondary amines under
elevated hydrogen partial pressures. Here the rhodium catalyst is involved in
both steps, the hydroformylation of an olefin as well as the hydrogenation of
the imine or enamine resulting from a condensation of the oxo-aldehyde with
the amine (Scheme 14). This combination of hydroformylation and reductive
amination is also known as hydroaminomethylation and has been applied to
the synthesis of various substrates of pharmaceutical interest [55-57] as well
as to the synthesis of macrocycles [60-63] and dendrimers [64, 65].

R [cat], COH, R

A THNRTRE S ymiRe

Scheme 14 Basic principle of the hydroformylation/reductive amination

For example, tolterodine, an important urological drug, has been pre-
pared with good yields starting from 1-[2-hydroxy-5-methyl)phenyl]-1-
phenylethylene via stepwise hydroformylation and reductive amination [58].
This synthesis can also be performed in a Rh/PBujs catalyzed one-pot
tandem procedure starting from the diaryl ethene precursor giving 3,3-
diarylpropylamine drugs in good yields [59]. If allylated phenothiazines are
subjected to the hydroaminomethylation the antihistaminica alimemazine
and etymemazine are obtained in good yields. Very recently the hy-
droaminomethylation has been used in the synthesis of dopamine-4-
antagonists.

General Procedure for the Hydroformylation/Reductive Amination. Synthesis of 3,3-
Diarylpropylamines. A mixture of the olefin (1 eq, 7.2 mmol), the corresponding primary
or secondary amine (1eq, 7.2 mmol) [Rh(cod)Cl]; (1 mol% Rh) and a defined amount
of PBus in anhydrous dioxane was heated for 3d at 120 °C in a magnetically stirred
autoclave under CO/H, atmosphere (9:2, 110 bar). The residue was dissolved in Et,O
and filtered through neutral alumina. Product mixtures were separated by column chro-
matography on neutral alumina using a mixture of MTBE/PE as eluent or by bulb-to-bulb
distillation.
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Table 2 Hydroaminomethylation in the synthesis of pharmaceuticals

Rs Rs Rs

R
Rz% . HN5 [Rn], COM, RZYVN\R4
‘Re

R4 R

Amine Product Yield

N h
T/

Olefin
g )
72%
g 'S g
N N
I | SaB .
HN

N N
F F
NTNF N\ \©\%7 49%
N N
H H

Macrocycles can be synthesized conveniently using rhodium-catalyzed hy-
droaminomethylation of o,w-diolefins in the presence of primary amines or
secondary o,w-diamines [60-63]. In comparison to common strategies this
methodology is a very efficient synthetic route to substituted macrocyclic
polyamines with high variability. 12- to 36-membered macrocycles can be ob-
tained from (hetero)diallylic systems in up to 78% yield. In addition, such
macrocyclic systems can be debenzylated and the resulting macrocyclic di-
amines undergo a second ring-closing bis(hydroamino-methylation) to give
cryptand systems (Scheme 15) [60, 61].

More recently macrocycles with rigid and flexible aromatic and chiral
binaphthyl systems with interesting fluorescence properties have been syn-
thesized via hydroaminomethylation (Scheme 16) [62, 63].

85%

I

ZT
o

(e}



Synthetic Applications of Tandem Reaction Sequences Involving Hydroformylation 77
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Scheme 15 Hydroaminomethylation in the synthesis of macrocyclic cryptands
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Scheme 16 Hydroaminomethylation in the synthesis of macrocycles

Hydroaminomethylation is also be used for the construction of den-
drimers [64]. Here divergent and convergent strategies with wide variabilities
can be used. A selected example is shown in Scheme 17.

Sequential hydroformylation/reductive amination of dendritic perallylated
polyglycerols with various amines in a one-pot procedure to give den-
dritic polyamines in high yields (73-99%). Furthermore, the use of pro-
tected amines provides reactive core-shell-type architectures after depro-
tection. These soluble but membrane filterable multifunctional dendritic
polyamines are of high interest as reagents in synthesis or as supports
in homogeneous catalysis as well as nonviral vectors for DNA-transfection
(Scheme 18) [65].

General Procedure for the Stepwise Hydroformylation/Reductive Amination on Allylated
Hyperbranched Polyglycerols (PG). Synthesis of Hydroaminomethylated Hyperbranched
PG-dendrimers. PG-Allyl, Rh(acac)(CO), and XANTPHOS were dissolved in dry toluene
and placed in an autoclave. The autoclave was pressurized with CO/H; (1:1, 30bar),
heated at 70 °C for 5d. After cooling, the amine was added to the crude PG-aldehyde
(IH NMR was used to confirm full conversion) and stirred for 1-2h. After stirring,
Rh(acac)(CO), was added and the autoclave was pressurized with CO/H; (1:6, 70 bar)
and heated at 85°C for 2-5 days. After cooling, the solvent was removed in vacuo and
the crude mixture was purified by dialysis (benzoylated cellulose tubing) to give the re-
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Scheme 17 Hydroaminomethylation in the synthesis of dendrimers
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COMH,, 75°C, 5d d %
d o i)HNR;R,, 1h .M ‘\_L
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Scheme 18 Amination of allylated hyperbranched polyglycerols via hydroaminomethyla-
tion

/_(o N\ i) Rh(acac)(CO),, XANTPHOS (1:4) /_( O/_\_\NR1R2

spective dendritic polyamine. Dialysis performed in 2-L beaker charged with CHCl3 and
stored over 24 h, and after this time solvent was exchanged.

In a similar manner, polymers with unsaturated chains or side chains can be
converted to polyamines [66-69]. Conjugated diolefins usually undergo hy-
droformylation with low selectivities [70]. Mostly hydrogenation of at least
one double bond occurs and mixtures of various saturated and unsatur-
ated amines and diamines are obtained [71]. Similar to alkenes also alkynes
may serve as unsaturated compounds in hydroaminomethylation reaction se-
quences. Although synthetically attractive, only a few investigations towards
hydroformylation and hydroaminomethylation of alkynes in the presence of
N-nucleophiles are known. Usually a preferred transformation to furanonic
derivatives is observed under hydroformylation conditions [27].

3
Additional C,C-Bond Formation of Aldehydes
Obtained via Hydroformylation

Among all tandem hydroformylation sequences the ones involving additional
C,C-bond formations are the most synthetically valuable tandem hydro-
formylation sequences. These C,C-bonds can be formed by adding nucleo-
philes, which attack the carbonyl carbon, or by adding electrophiles, which
attack the o-position. Furthermore, tandem reactions in which the aldehyde
or an aldehyde derivative is involved in sigmatropic rearrangement are de-
scribed.

3.1
Using Carbonyl Reactivity

3.1.1
Hydroformylation/Allylation

Allylsilanes and allylboranes are allyl anion equivalents, which are stable
enough to be included in subsequent allylation reactions of aldehydes under
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R [cat], COH,, m
R/& M R OH

Scheme 19 Basic principle for the hydroformylation/allylation

hydroformylation conditions (Scheme 19). The aldehyde obtained from a hy-
droformylation of bisallylsilanes for example undergoes intramolecular Saku-
rai reaction to an intermediate homoallylic alcohol. Double bond migration
to an enol results in the final ketone product (Scheme 20) [72] (Bérfacker L,
Eilbracht P, personal communication).

R

HO-Si

b ) \h
)/ L e )/) -0
L 50%(32) R

_-cHo HO;‘,S‘M—\

Scheme 20 Hydroformylation/intramolecular Sakurai reaction

In this context, the silylformylation is an interesting alternative to the
hydroformylation. Here, hydrogen is replaced with silanes, allowing the for-
mation of an additional carbon-silicon bond and a control of stoichiom-
etry. Silylformylation of a homoallylic bisallylic siloxane gives for example
a p-silyl-aldehyde, which undergoes intramolecular Sakurai reaction. The
sequence stops at this stage since no further formylation of olefin moi-
eties is possible, due to a lack hydrogen equivalent. Instead, subsequent
oxidative work-up and hydrolysis gives valuable polyol fragments for polyke-
tide/macrolide synthesis (Scheme 21) [73, 74].

This tandem intramolecular silylformylation/Sakurai reaction has success-
fully been applied in a formal total synthesis of mycoticin A [75]. The scope
and utility of these reactions was expanded to (Z)- and (E)-crotyl groups
leading to the stereospecific incorporation of both anti and syn propionate
units into the growing polyol chain (Scheme 21) [76].

General Procedure for the Silylformaltion/Sakurai Allylation. Synthesis of Polyol Frag-
ments for Polyketide and Macrolide Synthesis. In a magnetically stirred stainless-steel
Parr bomb the substrate (1 eq) is dissolved in benzene. The solution is cooled to - 78 °C
until frozen. Rh(acac)(CO), (3 mol %) is then added and the Parr bomb is assembled and
pressurized with CO (60 bar) and vented. This purge is repeated twice and the Parr bomb
is pressurized with CO (60 bar) at — 78 °C. The apparatus is then immersed in an oil bath
and heated at 60 °C for 22-24 h. After cooling to 0 °C, the bomb is vented. The solution
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Scheme 21 Synthesis of polyol fragments via silylformylation/Sakurai reaction

is concentrated and the residue is used without further purification in the Tamao oxida-
tion reaction. The product from the silylformylation/allylation is dissolved in THF/MeOH
(1:1). To this solution is added NaHCO3 (1.5 eq), followed by H,0, (30 wt % in H,O,
15 eq). The flask is then fitted with a reflux condenser and the solution is heated for re-
flux for 30-60 min. The solution is cooled to room temperature and NaS,03 (solution
in H,0) is added. The biphasic solution is filtered through a cotton plug in a separa-
tory funnel and extracted with EtOAc five times. The combined organic layers are dried
over MgSOy, filtered, and concentrated. The residue is purified by flash chromatography
(silica, EtOAc/hexane).

The power of this methodology is demonstrated with the synthesis of
polyketide-like structures by repetitive application of the same procedure
(Scheme 22) [76].

Me_ Me
OH X
5 steps O O OH OH OH
Me N R M
e o 31% e - - N
e Ve Me Me Me Me

Scheme 22 Application of the silylformylation/Sakurai reaction in the synthesis of poly-
ketides

In a similar fashion, allylboronates can be used as allylation reagents under
hydroformylation conditions. Thus condensed 1,5-oxazadecalin systems are
achieved via tandem hydroformylation/allylboration/hydroformylation se-
quences starting from an N-allyl-y-amidoallylboronate (Scheme 23) [77, 78].
The aldehyde obtained from a regioselective hydroformylation undergoes
diastereoselective intramolecular allylboration to give an intermediate al-
lylic alcohol derivative. The reaction does not stop at this stage, since this
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Scheme 23 Hydroformylation/allylboration in the synthesis of hydroindolizines

alkene moiety undergoes a second n-selective hydroformylation to give an
equilibrium mixture of lactols and an open-chain §-hydroxy aldehyde. Re-
ductive removal of the Cbz group allows the formation of indolizidine in
a further domino-type process consisting of deprotection and reductive
amination.

General Procedure for the Hydroformylation/Allylboration/Hydroformylation. Syn-
thesis of y-hydroxy Aldehydes. BIPHEPHOS (2 mol%) was added to a solution of
Rh(acac)(CO); (1 mol%) in THE. After stirring for 10 min, a solution of the substrate
(1 eq) in THF was added. This mixture was transferred to an autoclave, adding THF in
the transfer. The autoclave was heated to 60 °C for 4 days under CO/H, (1: 1, 5 bar). The
contents were diluted with MTBE and the mixture was extracted with NaHCO3 (saturated
in H,0). The aqueous phase was extracted with MTBE three times. The combined organic
phases were dried over Na,SO4 and concentrated. Flash chromatography (silica, cyclohex-
ane/MTBE 3:1) furnished a 1:1 anomeric mixture of open chain y-hydroxy aldehyde
and the corresponding lactols as a colorless oil.

In almost the same manner trans-disubstituted hydrooxepans can be ob-
tained from a tandem hydroformylation/allyl boration of (E)-alkoxyallyl-
boronates as a mixture of anomers (Scheme 24) [79].

H
CO/H, O,
O/\/\B _Rh(acac)(CO),
“BIPHEPHOS OH

Dess-Martin oxid.

H
\ono
(0NN
H

Scheme 24 Hydroformylation/allylboration in the synthesis of oxepans
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3.1.2
Hydroformylation/Aromatic Substitution

Aldehydes and imines derived from them can undergo electrophilic at-
tack of activated aromatic systems under harsh hydroformylation conditions
(Scheme 25).

R

RMAr

without HNu

[cat], CO/H,
ArH

with HNu

R
R&
R Nu
R)\/kAr

Scheme 25 Basic principle of the hydroformylation/aromatic substitution

Thus B-carbolines can be obtained in a tandem hydroformylation/Pictet-
Spengler-type intramolecular electrophilic aromatic substitution of polymer
bound olefins (Scheme 26) [80].

| |
CO/Hy (1:1), 100 bar NH N NH
Ph Ph@ Rh4(CO)12 H cleavage H
o toluene, 100°C

Ph_ Ph©Q 9
oy
i Qo &
H 76%
Scheme 26 Hydroformylation/Pictet-Spengler reaction on solid phase - Access to f-
carbolins

In a similar fashion, hydroformylation of N-allyl-pyrrols leads to 5,6-
dihydroindolizines via a one-pot hydroformylation/cyclization/dehydration
process (Scheme 27) [81, 82]. The cyclization step represents an intramolecu-
lar electrophilic aromatic substitution in «-position of the pyrrole ring. This
procedure was expanded to various substrates bearing substituents in the al-
lyl and in the pyrrole unit.

General Procedure for the Hydroformylation/Electrophilic Substitution. Synthesis of
5,6-dihydroindolizines. A solution of 1-allylpyrroles (1 eq) and Rh4(CO);2 (1 mol %) in
toluene was introduced by suction into an evacuated stainless-steel reaction vessel. CO
(60 bar) was introduced, the autoclave was then rocked, heated to the desired tempera-
ture and H, (60 bar) was introduced rapidly. When the gas absorption reached the value
corresponding to the fixed conversion, the reaction mixture was siphoned out. The degree
of conversion and the product distributions were determined by GC and GC-MS, by using
acetophenone as an internal standard.
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Scheme 27 Synthesis of dihydroindolizines via hydroformylation/aromatic substitution

3.2
Using «-CH-Acidity

3.2.1
Hydroformylation/Aldol Reaction

The aldol reaction is probably one of the most important reactions in organic
synthesis. In many industrially important hydroformylation processes self-
condensation of aldehydes is observed. Sometimes this consecutive reaction
is favored as in the production of 2-ethyl hexanol. But synthetic applications
of tandem hydroformylation/aldol reactions seem to be limited due regiose-
lectivity problems of a mixed aldol reaction (Scheme 28). However, various
tandem hydroformylation/intramolecular mixed aldol reactions have been

described.
R1 (6] OH (0]
[cat], CO/Hp, [H*]
R1&T’ R2 or RZ" Y7
RS RS
JH R OR! R'OR!

R2
RS

Scheme 28 Basic principle of the hydroformylation/aldol reaction

For example, rhodium catalyzed hydroformylation of 2-formyl-N-allyl-
pyrrol gives an approx. 1:1 mixture of iso- and n-aldehydes. The latter
cyclizes immediately in an aldol reaction followed by dehydration giving
7-formyl-5,6-indolizine in up to 46% (Scheme 29) [83]. Since here only one
of the aldehyde groups can act as the enolate nucleophile this cyclization pro-
ceed with high regioselectivity (Scheme 29).
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Scheme 29 Synthesis of dihydroindolizines via hydroformylation/aldol reaction

In almost the same manner, tandem hydroformylation/aldol condensa-
tion aldol condensation of ketoolefins, such as 8,y -unsaturated ketones, gives
a single cyclization product under acid catalysis. Similar to the stepwise re-
action, the in situ generated aldehyde preferentially acts as the electrophilic
carbonyl component, while the ketone acts as the nucleophilic enol to form
the five-membered ring product. Subsequent dehydration and hydrogenation
of the resulting enone readily occurs under the reductive reaction conditions
used (Scheme 30) [84].

[Rh(cod)Cl]
‘CO/Hp (1:1), 80bar _ Eg'Hf‘Wz ©
/ 100°C, 20h, 77% 21%
F%O
[Rh(cod)Cl],
CO/H, (1:1), 80bar
100°C

+10mol% PTSA, 20h 58% 7%
+10mol% PTSA, 42h - 97%
(+BIPHEPHOS)

Scheme 30 Hydroformylation/aldol reaction

Although the saturated ketone can be obtained in nearly quantitative
yields, the loss of synthetically valuable functionality is unfavorable and
can be overcome by a modification of the tandem sequence. The use of
the corresponding unsaturated silyl enol ethers in a tandem hydroformyla-
tion/Mukaiyama aldol reaction gives the desired aldol adduct with complete
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Scheme 31 Hydroformylation/Mukaiyama aldol reaction

transfer of the silyl group to aldol hydroxyl group (Scheme 31) [84, 85]. Obvi-
ously the less substituted double bond is hydroformylated selectively resulting
in a regioselective tandem reaction.

This method can also be applied to silyl enol ethers of homologous unsat-
urated ketones as well as of unsaturated aldehydes or esters [85-87]. While
unmodified unsaturated esters give only the corresponding aldehydes with-
out cyclization under tandem hydroformylation/aldol reaction conditions,
the corresponding silylated ester enolates smoothly cyclize in a tandem hy-
droformylation/ Mukaiyama aldol reaction (Scheme 32) [85-87].

O
CO/Hy (1:1) R
_LDA, TMSCI 80 bar, 90 °C,20h
Rh(acac)(CO),, DCM OTMS
OTMS up to 50 %,
up to dr=3:1

R=H, Alkyl, OAlkyl

Scheme 32 Unsaturated aldehydes, ketones and esters in the hydroformylation/Mukayama
aldol reaction

These examples clearly demonstrate that unsaturated carbonyl compounds
can act as precursors for dicarbonyl systems. While the preexisting and less
reactive carbonyl or carboxyl unit can conveniently be activated to serve
as the enolate unit in aldol reactions the following hydroformylation step
generates a second more reactive (aldehyde) carbonyl group in situ. Thus
incorporation of the hydroformylation in the aldol reaction can be used to
differentiate between carbonyl groups of different reactivity and to activate
selectively the less reactive one as enolate allowing to perform an effective
chemo-, regio-, and stereocontrol of the aldol cyclization immediately follow-
ing the hydroformylation step [86, 87].

Similarly, tandem hydroformylation/aldol sequences can be applied to
the formation of bicyclic and spirocyclic compounds. Thus silyl enol
ethers of 3-vinyl and 3-allyl cycloalkanones give ring anellated products
(Scheme 33) [86, 87].

Applying the same methods to 2-allylcycloalkanones can in principle lead
to three different aldol products (Scheme 34). While the spiro compound is
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CO/H (1:1) 0 omms
80 bar, 80 °C, 1d
[Rh(cod)Cl],, DCM

51%, dr=1:1 (R=H)

R O
=

R R \
CO/Hz (1:1)

80 bar, 100 °C, 2 d
[Rh(cod)Cl],, DCM

OTMS

91% (R=CHg)

Scheme 33 Bicyclic aldols and enones via hydroformylation/aldol reaction

0
R
RiH . OH
- CHO_ /
OHC
O (7 COoM, 0 HO
B M | R? Ro
R1 R1 R1
n n n
HO
R R

Scheme 34 Hydroformylation/aldol reaction

usually preferred, as already demonstrated [85], the use of various methods,
such as regiodirecting and/or reversibly blocking ester groups or the above-
described use of enolate equivalents are available to achieve high regioselect-
ivity [86, 87].

Very recently, a tandem sequence consisting of enolboration/hydroform-
ylation/aldol reaction has been described [88]. Here configuration of the enol
boronate is transferred to the aldol product, allowing good to excellent di-
astereoselectivities in the hydroformylation/aldol reaction. With this method,
5-7-membered rings are obtained in excellent yields (Scheme 35).

General Procedure for Sequential Enolboration/Hydroformylation/Aldoladdition. Syn-
thesis of Cyclic Aldol Products. NEt; (1.05 eq to carbonyl compound) was precomplexed
under an argon atmosphere with (cy-hex);BCl (1.05 eq) in dry CH,Cl, at 0 °C for 15 min.
The unsaturated carbonyl compound was then added slowly via syringe and the enolbo-
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Ry Ry I °

Ry
| enolisation | | hydroformylation | aldol reaction
h O ————> h OY ——————————— o o

R> R R> R n n
2 Rz 2 R2 R, Ro R, Ro

e

Scheme 35 Enolboration/hydroformylation/aldol reaction - Diastereoselective access to
cyclic aldols

Table 3
Ro OR3
| Enolboration / Ro
Hydrofromylation /
O ‘Aidol Reaction 0O
R1 R1 n
R1 Ry
Olefin Product Yield dr
COOMe
MeOOC 0
COOMe COOMe 51% —
S OH
O o |\_/|e
%(COOMG ~COOEt 51% 25:1
X OH
(0}
COOMe 2 Me
~COOMe 51% 6:1
| OH
OH
| 51% 20:1
(¢} ¢}

ration was allowed to stir for an additional 30 min. The mixture was simply transferred
into the autoclave containing Rh(acac)(CO); (0.9 mol %) and solvent. The autoclave was
then pressurized with CO/H; (1: 1, 60 bar) and heated overnight to 80 °C. Upon cooling
the autoclave to rt, the reaction mixture was removed and concentrated under reduced
pressure. Enough MeOH was added to dissolve the solid residue along with a small
amount of conc. pH 7 phosphate buffer and H,0; (30 wt % in H,0), and the reaction was
allowed to stir overnight before being extracted with Et,0, washed with NaHCO3 (satu-
rated in H;0), dried and concentrated prior to further purification when necessary via
flash chromatography or Kugelrohr distillation.
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3.3
Involving Sigmatropic Rearrangements

Hydroformylations can also be combined with sigmatropic rearrangements.
Here the carbonyls or derivatives derived from them are incorporated in
a pseudo aromatic cyclic transition state.

3.3.1
Hydroformylation/Carbonyl Ene Reaction

A tandem hydroformylation/carbonyl ene reaction can be observed in cases,
in which substrates with at least two isolated olefinic bonds are hydro-
formylated at only one double bond selectively. Thus hydroformylation of
limonene with PtCl, (PPh3),/SnCl, /PPhj or PtCl,(diphosphine)/SnCl, /PPh;
gives a mixture of two diastereomeric alcohols upon carbonyl ene reaction
of the intermediate aldehyde, (Scheme 36). Best results are achieved with
a PtCly(dppb) complex. The mechanism of the final intramolecular cycli-
zation step resembles an acid catalyzed carbonyl ene reaction [89].

COM, (2/1)

PtClo(dppb)
SnCly+2 H,0, PPhy _
90 bar, 50 h, 130 °C “OH

benzene quant.

Scheme 36 Hydroformylation/carbonyl ene reaction

In some cases, the resulting olefin is not inert and undergoes consecu-
tive hydroformylation. If aliphatic 1,5-dienes are subjected to a hydro-

X CO/H;  [Rh]
one-pot procedure

| 5 ?
21-40 % P
1. hydro- dehydration
formylation
. 2. hydro- hemiacetal
ene reaction formylation formation
CHO
| OH OH (0]
N CHO o

Scheme 37 Synthesis of chromanes via hydroformylation/carbonyl ene reaction
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formylation the less substituted double bond is hydroformylated prefer-
ably. Subsequent carbonyl ene reaction gives an homoallylic alcohol which
is further hydroformylated. Acetalization and dehydration gives the chro-
mane derivative in an overall tandem hydroformylation/carbonyl ene reac-
tion/hydroformylation/acetalization/dehydration, (Scheme 37) [90].

General Procedure for the Hydroformylation/Carbonyl ene Reaction/0,0-acetal Forma-
tion/Dehydration. Synthesis of Chromane Derivatives. A solution of the substrate (1 eq)
RhCI(PPh3)3 (1 mol %) and PPhs (3 mol %) in dry dioxane was heated for 70 h to 120°C
und an atmosphere of CO/H; (1: 1, 100 bar). The crude product was filtered through ba-
sic alumina (eluated with MTBE). After evaporation of the solvent further purification by
column chromatography (silica, PE/MTBE) furnished the title compounds.

3.3.2
Hydroformylation/Fischer Indole Synthesis

If the hydroformylation of olefins is conducted in the presence of aromatic hy-
drazines and Breonsted or Lewis acids indoles can be obtained directly in one
pot [91-93, 95]. Hydroformylation of the olefin gives an intermediate alde-
hyde, which is trapped immediately by the present aromatic hydrazine as an
aromatic hydrazones similar to the formation of imines under hydroformy-
lation conditions. Under acid mediation these aromatic hydrazones undergo
a Fischer indolization, consisting of a [3,3]-sigmatropic rearrangement fol-
lowed by a cyclization and elimination of ammonia (Scheme 38).

CO/Hy/[Rh]/[H*]

R i
R phenyl hydrazine N\
-HxO /- NH3

CO/M,/[Rh] (HY]

R R__R
R
< phenyl hydrazine _~ |
R |
d H,0 N

Scheme 38 Hydroformylation/Fischer indole synthesis

With this tandem hydroformylation/hydrazone formation/Fischer in-
dolization 3-substituted indoles such as valuable intermediates for the syn-
thesis of pharmaceuticals as well as pharmaceuticals can be obtained in a very
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convenient fashion [94]. In many cases this tandem reaction can be con-
ducted in aqueous sulfuric acid be using water soluble hydroformylation
catalysts such as rhodium/TPPTS or rhodium/SulfoXANTPHOS [95]. Chiral
information within the starting olefin is conserved and the relative configura-
tion of newly formed stereocenters can be controlled by the use of a catalyst
directing auxiliary as Breit has used for diastereoselective tandem hydro-
formylation [96] (Schmidt AM, Eilbracht P (2005) personal communication).

General Procedure for the Hydroformylation/Fischer Indole Synthesis. Synthesis of
Tryptamine Derivatives in Water. Aminoolefin (1eq), aromatic hydrazine (1 eq),
Rh(acac)(CO); (0.3 mol %) and TPPTS (1.5mol %) are dissolved in H,SO4 (4 wt% in
H,0, 2.5wt % olefin), filled in an autoclave and pressurized with 10 bar H, and 50 bar
CO. After stirring for 3 days at 100 °C ammonia (30 wt % in water) is added and the mix-
ture is extracted with EtOAc. The solvent is evaporated to give the product which purified
by column chromatography (silica, CH,Cly, IprOH, NEts) if necessary.

Even 2,3-disubstituted indoles can be achieved if internal olefins are used.
Regioselective hydroformylation of a styrene-type olefin and subsequent hy-
drazone formation and Fischer indolization gives an intermediate indole with
a quaternary center in 3-position. The regained aromaticity is the driving
force for the rearrangement of one substituent into the 2-position of the in-

dole core (Scheme 39).
()

AN
N\
|/ Ph

N
H
NQ

Ph/\/\N hydroformylazion/
Fischer indolization

Hydroformylation
Rearrangement

o%p”\K/\N il

/
N

Cyclization{ O
N
N—h > [3,3]-sigmatropic Ph

rearrangement

Hydrazone formation

O |
NHp

Scheme 39 Rearrangement involved in hydroformylation/Fischer indole synthesis — Access
to 2-aryl tryptamines.
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Table 4 Pharmacologically relevant indole derivatives via hydroformylation/Fischer indole
synthesis

Rs
+ 3 Tandem hydroformylation /
R1// N’NH2 /\Rg Fischer indole synthesis | A A\
|
R RSN
i H
Hydrazine Olefin Product Yield
/N/
A\
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H /\/N\ H
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H Ph H
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4
Conclusions

In conclusion, the applicability of the transition metal catalyzed hydroformy-
lation of easily accessible functionalized or non-functionalized unsaturated
compounds is expanded by its implementation in reaction sequences, tandem
reactions or domino reactions. The hydroformylation can be combined with
simple functional group transformations, such as reduction or isomerization,
or with C,0-, C,N- and, most importantly, C,C-bond forming reactions. It
can be expected that more interesting examples and applications will be pre-
sented in the future.

References

1. Bohnen HW, Cornils B (2002) Adv Catal 47:1
2. Cornils B (1999) ] Mol Catal A-Chem 143:1
3. Beller M, Cornils B, Frohning CD, Kohlpaintner CW (1995) ] Mol Catal A-Chem
104:17
4. Cornils B, Herrmann WA, Kohlpaintner CW (1994) Angew Chem Int Ed Engl
33:2144
5. Cornils B, Herrmann WA (1996) Applied Homogeneous Catalysis with Organo-
metallic Compounds. Wiley-VCH, Weinheim
6. van Leeuwen PWNM, Claver C (2000) Rhodium-Catalyzed Hydroformylation.
Kluwer, Dordrecht
7. Burke SD, Cobb JE, Takeuchi K (1990) J Org Chem 55:2138
8. Breit B, Zahn SK (1998) Tetrahedron Lett 39:1901
9. Hornberger KR, Hamblett CL, Leighton JL (2000) ] Am Chem Soc 122:12894
10. Breit B (2000) Chem Eur J 6:1519
11. Dreher SD, Leighton JL (2001) ] Am Chem Soc 123:341
12. Liu P, Jacobsen EN (2001) ] Am Chem Soc 123:10772
13. Breit B, Zahn SK (2001) ] Org Chem 66:4870
14. Sun P, Sun C, Weinreb SM (2001) Org Lett 3:3507
15. Sun P, Sun CX, Weinreb SM (2002) J Org Chem 67:4337
16. Seepersaud M, Kettunen M, Abu-Surrah AS, Repo T, Voelter W, Al-Abed Y (2002)
Tetrahedron Lett 43:1793
17. Weinreb SM (2003) Acc Chem Res 36:590
18. Gladiali S, Bayon JC, Claver C (1995) Tetrahedron: Asymmetry 6:1453
19. Eilbracht P (1995) In: Helmchen G, Hoffmann RW, Mulzer J (eds) Methoden der
Organischen Chemie (Houben-Weyl), vol E 21c. Thieme, Stuttgart, p 2488
20. Agbossou F, Carpentier JE, Mortreux A (1995) Chem Rev 95:2485
21. Breit B, Seiche W (2001) Synthesis, p 1
22. Breit B (2003) Acc Chem Res 36:264
23. Patai S (1970) The Chemistry of the Carbonyl Group. Wiley, New York
24. Falbe J (1983) Methoden der Organischen Chemie (Houben-Weyl), vol E3. Thieme,
Stuttgart
25. Tietze LF (1996) Chem Rev 96:115
26. Fogg DE, dos Santos EN (2003) Coord Chem Rev 284:2365



94

27.

28.

29.

30.
31.
32.
33.

34.
35.
36.
37.
38.
39.
40.
41.
42.
43.
44.

45.
46.
47.
48.
49.
50.
51.
52.
53.
54.
55.
56.
57.
58.

59.
60.
61.
62.
63.

64.
65.
66.

P. Eilbracht - A.M. Schmidt

Eilbracht P, Barfacker L, Buss C, Hollmann C, Kitsos-Rzychon B, Kranemann CL,
Rische T, Roggenbuck R, Schmidt A (1999) Chem Rev 99:3329

Schmidt AM, Eilbracht P (2004) New Synthetic Applications of Tandem Reactions
under Hydroformylation Conditions. In: Beller M, Bolm C (eds) Transition Metals
for Organic Synthesis: Building Blocks and Fine Chemicals. Wiley, Weinheim, p 57
Schmidt AM, Eilbracht P (2004) Multiple Carbon-Carbon Bond Formations under
Hydroformylation Conditions. In: Beller M, Bolm C (eds) Transition Metals for Or-
ganic Synthesis: Building Blocks and Fine Chemicals. Wiley, Weinheim, p 87
Parsons PJ, Penkett CS, Shell AJ (1996) Chem Rev 96:195

Nicolaou KC, Montagnon T, Snyder SA (2003) Chem Commun, p 551

Wuts PGM, Obrzut ML, Thompson PA (1984) Tetrahedron Lett 25:4051

Schmidt B, Costisella B, Roggenbuck R, Westhus M, Wildemann H, Eilbracht P
(2001) J Org Chem 66:7658

Roggenbuck R, Schmidt A, Eilbracht P (2002) Org Lett 4:289

Ojima I, Moralee AC, Vassar VC (2002) Top Catal 19:89

Ojima I, Vidal ES (1998) J Org Chem 63:7999

Ojima I, Tzamarioudaki M, Eguchi M (1995) J Org Chem 60:7078

Eguchi M, Zeng Q, Korda A, Ojima I (1993) Tetrahedron Lett 34:915

Ojima I, Iula DM (1998) In: Pelletier SW (ed) The Alkaloids. Pergamon, London, p 371
Mizutani N, Chiou WH, Ojima I (2002) Org Lett 4:4575

Dixon DJ, Horan RAJ, Monck NJT (2004) Org Lett 6:4423

Bergmann DJ, Campi EM, Jackson WR, Patti AF (1999) Chem Commun, p 1279
Bergmann DJ, Campi EM, Jackson WR, Patti AF (1999) Aust ] Chem 52:1131
Bergmann DJ, Campi EM, Jackson WR, Patti AE, Saylik D (1999) Tetrahedron Lett
40:5597

Campi EN, Jackson WR, McCubbin QJ, Trnacek AE (1994) Aust ] Chem 47:1061
Campi EN, Jackson WR, Trnacek AE (1997) Aust ] Chem 50:1031

Dong Y, Busacca CA (1997) J Org Chem 62:6464

Ucciani E, Bonfand AJ (1981) Chem Soc Chem Commun, p 82

Cannon JG (1981) ] Med Chem 24:238

Siu J, Baxendale IR, Ley SV (2004) Org Biomol Chem 2:160

Douglas AW (1994) Tetrahedron Lett 35:6807

Teoh E, Campi EM, Jackson WR (2002) Chem Commun, p 978

Teoh E, Campi EM, Jackson WRN, Robinson AJ (2003) New J Chem 27:387

Teoh E, Jackson WR, Robinson AJ (2005) Aust ] Chem 58:63

Botteghi C, Cazzolato L, Marchetti M, Paganelli S (1995) J Org Chem 60:6612
Rische T, Eilbracht P (1999) Tetrahedron 55:1915

Rische T, Miiller KS, Eilbracht P (1999) Tetrahedron 55:9801

Botteghi C, Corrias T, Marchetti M, Paganelli S, Piccolo O (2002) Org Proc Res
Develop 6:379

Donsbach M, Eilbracht P, Buss C, Mersch C (2000) DE 10033016 Al

Kranemann CL, Costisella B, Eilbracht P (1999) Tetrahedron Lett 40:7773
Kranemann CL, Eilbracht P (2000) Eur J Org Chem 2367

Angelovski G, Eilbracht P (2003) Tetrahedron 41:8265

Angelovski G, Costisella B, Kolaric B, Engelhard M, Eilbracht P (2004) ] Org Chem
69:5290

Kog K, Eilbracht P (2004) Tetrahedron 60:8465

Koc F, Wyszogrodzka M, Eilbracht P, Haag R (2005) J Org Chem 70:2021
Jachimowicz F, Hansson A (1985) In: Augustine RL (ed) Catalysis of Organic Reac-
tions. Dekker, New York, p 381



Synthetic Applications of Tandem Reaction Sequences Involving Hydroformylation 95

67. Jachimowicz F, Hansson A (1988) Can Patent 1231199

68. Jachimowicz F (1981) GE 3106139

69. Sunder A, Turk H, Haag R, Frey H (2000) Macromolecules 33:7682

70. Cornils B (1980) In: Falbe ] (ed) New Syntheses with Carbon Monoxide. Springer,
Berlin Heidelberg New York, p 1

71. Kranemann CL, Eilbracht P (1998) Synthesis, p 71

72. Birfacker L (1999) Thesis, Dortmund University

73. Zacuto MJ, Leighton JL (2000) ] Am Chem Soc 122:8587

74. O’Malley §]J, Leighton JL (2001) Angew Chem Int Ed 40:2915

75. Dreher SD, Leighton JL (2001) ] Am Chem Soc 123:341

76. Zacuto MJ, O’Malley S]J, Leighton JL (2002) ] Am Chem Soc 124:7890

77. Hoffmann RW, Briickner D, Gerusz V] (2000) Heterocycles 52:121

78. Hoffmann RW, Briickner D (2001) New ] Chem 25:369

79. Hoffmann RW, Kruiiger ], Briickner D (2001) New ] Chem 25:102

80. Dessole G, Marchetti M, Taddei MJ (2003) Comb Chem 5:198

81. Settambolo R, Savi S, Caiazzo A, Lazzaroni RJ (2000) Organomet Chem 601:320

82. Settambolo R, Caiazzo A, Lazzaroni R (2001) Tetrahedron Lett 42:4045

83. Settambolo R, Savi S, Caiazzo A, Lazzaroni R] (2001) Organomet Chem 619:241

84. Hollmann C, Eilbracht P (1999) Tetrahedron Lett 40:4313

85. Hollmann C, Eilbracht P (2000) Tetrahedron 56:1685

86. Hollmann C (2000) Thesis, Dortmund University

87. Kerdnen MD, Hollmann C, Kot K, Eilbracht P (2004) Org Biomol Chem 2:3379

88. Kerdnen MD, Eilbracht P (2004) Org Biomol Chem 2:1688

89. Diaz AO, Augusti R, dos Santos EN, Gusevskaya EV (1997) Tetrahedron Lett 38:41

90. Roggenbuck R, Eilbracht P (1999) Tetrahedron Lett 40:7455

91. Kohling P, Schmidt AM, Eilbracht P (2003) Org Lett 5:3213

92. Ahmed M, Jackstell R, Seayad AM, Klein H, Beller M (2004) Tetrahedron Lett 45:869

93. Schmidt AM, Eilbracht P (2005) Org Biomol Chem 3:233

94. Kohling P, Schmidt AM, Eilbracht P (2006) Org Biomol Chem 4:302

95. Schmidt AM, Eilbracht P (2005) J Org Chem 70:5528

96. Schmidt AM (2005) Thesis, Dortmund University



Top Organomet Chem (2006) 18: 97-123
DOI 10.1007/3418_018

© Springer-Verlag Berlin Heidelberg 2006
Published online: 25 May 2006

Hydroxy- and Alkoxycarbonylations
of Alkenes and Alkynes

Philippe Kalck (£0) - Martine Urrutigoity - Odile Dechy-Cabaret

Laboratoire de Catalyse Chimie Fine et Polymeres,

Ecole Nationale Supérieure d’Ingénieurs en Arts Chimiques Et Technologiques
(ENSIACET), 118 Route de Narbonne, 31077 Toulouse cedex, France
philippe.kalck@ensiacet.fr

1 Introduction . . . ... ... .. ... e 97
2 Hydroxycarbonylation Reactions . . . . ... ................ 98
2.1 Hydroxycarbonylation of Alkenes . . .. ................... 98
2.2 Hydroxycarbonylation of Alkynes . . .. ................... 101
3 Alkoxycarbonylation Reactions . . . ... .. .. .............. 103
3.1  Alkoxycarbonylation of Alkenes . . ... ................... 104
3.1.1 Intermolecular Alkoxycarbonylation of Alkenes . ... ........... 104
3.1.2 Intramolecular Alkoxycarbonylation of Alkenes . ... ........... 107
3.1.3 Asymmetric Alkoxycarbonylation . . ... ........ .. .. .. .. .. 111
3.2 Alkoxycarbonylation of Alkynes . . . .. ... ... ... ... ... ..., 112
3.2.1 Intermolecular Alkoxycarbonylation of Alkynes . ... ........... 112
3.2.2 Intramolecular Alkoxycarbonylation of Alkynes . ... ........ ... 117
4 Conclusion . . . ... ... ... ... ... e e 119
References . . .. .. ... ... ... .. ... e 120

Abstract The use of Co building block in presence of water or an alcohol to functionalise
alkenes by hydroxycarbonylation or alkoxycarbonylation reactions is reviewed in this
chapter. The hydroxyl groups can be present in the substrate itself so cascade reactions
can occur. Palladium precursors are largely involved in these reactions and this analysis
of the literature focuses on the mechanisms involving Pd(0), Pd(H)(X)L,, PdX; and an
oxidant like CuCl systems. Introduction of chiral L or L, ligands or even the presence of
chiral carbon atoms in the substrate lead to asymmetric carbonylation reactions.

Keywords Alkenes - Alkynes - CO building block - Lactonization - Palladium iodide

1
Introduction

Functionalization of various substrates to produce oxygenated compounds
with high selectivity is a permanent challenge in metal-catalyzed organic syn-
thesis. Most of these products present interesting biological properties. For
instance polyether antibiotics contain often a furan or a pyran ring [1]. Simi-
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larly, many lactones possess a biological activity [2]. Carbon monoxide, which
is a cheap and abundant material from either fossil or renewable sources, ap-
pears as an attractive building block provided appropriate and selective tools
have been elaborated [3]. Carbonylation reactions have been known since the
early work of Reppe in the 1930s who used cobalt or nickel under drastic con-
ditions [4-7]. Progress in coordination chemistry allowed us to reduce the
operating conditions and to design the metal and its ligands so that selec-
tivity has been gradually improved. In this regard the use of palladium by
Chiusoli [8], Pino [9], and Knifton [10] was a real breakthrough. Today so-
phisticated late transition metal complexes are efficient precursors to catalyze
the hydroxy- or alkoxycarbonylation reactions. The present work is devoted
to the carbonylation of alkenes and alkynes.

2
Hydroxycarbonylation Reactions

The reactions are related to the incorporation of CO and H,O into alkenes
or alkynes leading to the corresponding saturated or unsaturated carboxylic
acids. The general equation is shown below. Equation 1b is related to the syn-
thesis of acrylic acid discovered by Reppe [11].

R-CH=CH, + CO + H,0 —  RCH,CH,COOH + RCH-CH, (2)
COOH
HC=CH + CO +H,0 —» CH,=CH-COOH )
Equation 1

It is worth mentioning that sometimes this reaction is called hydrocar-
boxylation, which relates normally to the use of the H,/CO; couple.

2.1
Hydroxycarbonylation of Alkenes

In 1969, von Kutepov and co-workers patented for BASF the hydroxycar-
bonylation of a terminal alkene using phosphine-containing palladium com-
plexes [12]. Further studies by Fenton [13] showed that PdCl,/nPPhs was
a good precursor and the reaction parameters were optimized to combine
high conversion rates and a good selectivity in the linear ester. At pressures
ranging from 7 to 55 bar, temperatures near to 150 °C, with an excess of PPhs,
linear to branched ratios as high as 3.5 can be reached. As the conversion
is largely improved when a hydrogen partial pressure is introduced, the ac-
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tive catalytic species is presumably [Pd(H)CI(PPhs),] and the catalytic cycle
is shown in Scheme 1, in which “Pd” represents [PdCI(PPhj),].

Alper and co-workers discovered that the selectivity of the carbonylation
reaction can be turned towards the branched acid by adding copper(II) chlo-
ride and hydrochloric acid to the palladium catalyst [14]. The working condi-
tions become very mild since the reaction is performed at room temperature
and at 1 bar of CO. Interestingly, also enantioselective carbonylations can be
carried out from a prochiral terminal alkene. By addition of the (R)- or (S)-
1,1'-binapthyl-2,2'-diylhydrogenophosphate (BNPPA) chiral ligand (Fig. 1),
it was possible to reach an enantiomeric excess (ee) as high as 91% [15].
It is thus possible to transform p-isobutylstyrene into (S)-ibuprofen and
2-vinyl-6-methoxynaphtalene into (S)-naproxen, which both possess non-
steroidal anti-inflammatory properties; the two (R)-isomers present a lower
activity [16].

(6]
e~ Ao
Pd—H
H,0 //—R
Pd\H/\/R
(6]
H
CcO Pd/
P
Pd/\/R (
R

Scheme 1 Catalytic cycle of the Pd - H catalyzed hydroxycarbonylation of alkenes

O

@O N
N

oenlk

BNPPA (S)-ibuprofen (S)-naproxen

Fig.1 Structures of BNPPA ligand, (S)-ibuprofen and (S)-naproxen
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Similarly, high selectivity for the branched isomer has been achieved at
50 bar of CO using a palladium(II) tosylate complex containing a chelating
anionic ligand such as 2-carboxylatopyridine that confers to the complex
some solubility in water [17]. In the presence of LiCl or Lil as the promoter,
styrene can be converted into 2-phenylpropanoic acid with an enantiose-
lectivity of 99% and a turnover frequency (TOF) of 2600 h™!. At 30 bar, in
water 2-aminophenylthiolato ligands coordinated to PdCl, moieties allow
van Koten et al. to obtain almost 100% of the branched acid, starting from
styrene [18].

In order to keep the mild conditions, hydroxycarbonylation has been per-
formed in biphasic media, maintaining the catalyst in the aqueous phase
thanks to water-soluble mono- or diphosphine ligands. In the presence of
the sodium salt of trisulfonated triphenylphosphine (TPPTS), palladium
was shown to carbonylate efficiently acrylic ester [19], propene and light
alkenes [20,21] in acidic media. For heavy alkenes the reduced activity due
to the mass transfer problems between the aqueous and organic phases can
be overcome by introducing an inverse phase transfer agent, and particularly
dimethyl-B-cyclodextrin [22, 23]. Moreover, a dicationic palladium center co-
ordinated by the bidentate diphosphine ligand 2,7-bis(sulfonato)xantphos
(Fig. 2) catalyzes, in the presence of tolylsulfonic acid for stability reasons,
the hydroxycarbonylation of ethylene, propene and styrene and provides a ca.
0.34 : 0.66 molar ratio for the two linear and branched acids [24].

Bidentate chiral water-soluble ligands such as (S,S)-2,4-bis(diphenyl-
sulfonatophosphino)butane BDPPTS (Fig.2) or (R,R)-1,2-bis(diphenylsul-
fonatophosphinomethyl)cyclobutane have been prepared [25]. Their palla-
dium complexes catalyze the synthesis of chiral acids from various viny-
larenes and an ee of 43% has been reached for p-methoxystyrene with the
BDPPTS ligand. Furthermore, recycling of the aqueous phase has shown
that the regio- and enantioselectivity are maintained and that no palladium
leaches.

In an opposite way, it is possible to reach high selectivity in linear acid by
using a mixture of palladium acetate Pd(OAc),, 1,4-bis(diphenylphosphino)

NaOs$ SOsNa H3Cm S
@ © P P
PPh, PPhy
SO3;Na
O3Na>2 : >2
2,7-bis(sulfonato)-xantphos (S,S)-2,4-bis(diphenylsulfonatophosphinopentane) BDPPTS

Fig.2 Structures of sulfonated bidentate phosphines
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butane (dppb), and formic or oxalic acid. At roughly 7 bar of CO and
150 °C, high conversions and high linearities can be obtained: for instance
o-methylstyrene gives 82 and 100%, or 2,4,6-trimethylstyrene gives 98 and
100%, respectively [26]. Labeling experiments have shown that the CO group
incorporated in the acidic function is provided by carbon monoxide and not
by formic or oxalic acid [27].

2.2
Hydroxycarbonylation of Alkynes

It is important to mention the pioneering work of Reppe and co-workers who
discovered as early as 1938 the industrial preparation of acrylic acid by car-
bonylation of acetylene [28]. The reaction was conducted at 200-230 °C and
100 bar of CO and catalyzed by Ni(CO), in the presence of a copper halide. Se-
lectivity of 90 and 85% were reached in acrylic acid with regard to acetylene
and carbon monoxide, respectively [29].

Later, Alper and his group reported that hydroxycarbonylation of alkynes
can be performed under mild conditions (90°C, 1bar of CO), provided
a phase transfer agent is added to the biphasic medium. Thus, starting from
Ni(CN),, in the presence of cetyltrimethylammonium bromide, various sub-
stituted alkynes or diynes are converted into the corresponding unsaturated
carboxylic acids [30]. When using the bimetallic system CoCl; and Ni(CN),
with KCN, saturated carboxylic acids are obtained with a good selectivity ob-
served for the branched isomer [31]. Presumably, the introduction of cobalt in
the catalytic system allows for the reduction of the intermediate unsaturated
acids through the water-gas-shift reaction.

Similarly, allenes [32] and alkynols [33] were used as starting materi-
als and their carbonylation provides f,y-unsaturated acids and unsaturated
diacids, respectively. The specific reactivity of alkynols is explained by three
formal steps during nickel catalysis: (i) carbonylation of the triple bond lead-
ing to an acid containing an allylic alcohol moiety; (ii) second carbonylation
of the double bond to provide a hydroxydiacid; and (iii) a dehydration step
giving the corresponding unsaturated diacid (Scheme 2).

The authors show that the phase transfer agent exerts a strong influence
on the stereochemistry observed in the final product since E-unsaturated
diacids are the major products in the presence of polyethylene glycol (PEG-
400), whereas Z-isomers are obtained when quaternary ammonium salts are

added [34].

R R
. .. COOH .. R COOH
R ‘ = o R ‘ V4 @ R‘+< U >:(>
(‘)H O‘H COOH COOH R COOH

OH

Scheme 2 Formation of a f,y-unsaturated diacid from an alkynol
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In the same research group the cationic hydridopalladium complex
[PA(H)(H,0)(PCys)2][BF4] has been shown to catalyze the hydroxycarbony-
lation of triple bonds. As a representative example the dehydration occurring
to give the dienoic acid is displayed in Scheme 3 [35]. The same cationic
complex is able to activate a carbon oxygen bond in «-allenic alcohols to
provide dienoic acids but with the COOH group in the branched position
(Scheme 3) [36].

It is worth mentioning that some precursors easily catalyze the reduc-
tive carbonylation of alkynes from the CO/H,0 couple. Here, the main role
of water is to furnish hydrogen through the water-gas-shift reaction, as ev-
idenced by the co-production of CO;. In the presence of PdI;/KI terminal
alkynes have been selectively converted into furan-2-(5H)-ones or anhydrides
when a high concentration in CO; is maintained. Two CO building blocks
are incorporated and the cascade reactions that occur on palladium result in
a cyclization together with the formation of an oxygen-carbon bond [37, 38].
Two examples are shown in Scheme 4.

Previous studies on various aliphatic and aromatic alkynes have evidenced
that this type of furan-2-ones could also be produced in the presence of
the rhodium carbonyl cluster [Rh4(CO)i2] [39-41]. Labeling experiments
using D,0 allowed the authors to assign the origin of the hydrogen atoms
(Scheme 6). Noteworthy, dicobalt octacarbonyl follows a different catalytic

OH [Pd(H)(H,0)L,]* [ O@ ] <:>§\
co = Ncoon \\COOH

AN

<:>: o [PAEHONLT" (z
co COOH

Scheme 3 Hydroxycarbonylation followed by a dehydration step (L refers to the PCys lig-
and)

CO /H,0

R—— + 2C0 ——»
- 02

o (0)

CO/H,0

R—= + 2CO —_— >

CO,

O o) (6]

Scheme 4 Incorporation of two CO building-blocks into alkynes under water-gas-shift
conditions
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Scheme 5 Rh- or Co- catalyzed hydroxycarbonylation of diphenylacetylene

o
CO /MeOH CO /MeOH
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o
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Scheme 6 The two-step methoxycarbonylation of butadiene

pathway providing indan-1-one by incorporation of only one CO moiety
(Scheme 5) [42].

Carbonylation reactions under water-gas-shift conditions have been
largely explored, alkynols giving saturated lactones and alkynyl amines giv-
ing saturated lactams [43]. Intramolecular alkoxycarbonylations of alkynols
producing unsaturated lactones will be further described in the following
paragraph.

3
Alkoxycarbonylation Reactions

This reaction involves the two reactants carbon monoxide and alcohol and
produces esters, or lactones. The starting material, which will be considered
here, is an alkene or an alkyne but it is also possible to start from activated
halides (aryl- or allyl- iodides and bromides) to produce the same kind of
organic products.

For this reaction, the early investigations of Reppe pointed out the need
for catalyst precursors to operate at high pressure [2]. It is necessary to
work at 150-300 bar of CO in order to stabilize the two catalytic species
[Co(H)(CO)4] or [Ni(H)(X)(CO),] that adopt a mechanism analogous to the
cobalt-catalyzed hydroformylation [44, 45]. Many industrial applications have
been reported [28, 46, 47] for the synthesis of plasticizers and detergents. Sim-
ilarly, the two-step methoxycarbonylation of 1,3-butadiene has been explored
by BASF and other companies to produce dimethyl 1,6-hexanedioate (adi-
pate) directly from the C4 cut [28,48]. The first step operates at 130 °C and
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600 bar of CO to give methyl-3-pentenoate, whereas the second step requires
only 170 °C and 150 bar of CO. The catalyst is [Co(H)(CO)4] in the presence
of pyridine (Scheme 6).

Recent investigations on octene have shown that the operating conditions
can be decreased to 140 bar of CO provided a few amounts of water are
added [49].

New generations of noble metal-based catalysts have been developed al-
lowing the researchers to work under milder conditions and to improve yields
and selectivity. Asymmetric versions can be envisioned by introduction of
chiral ligands and/or substrates and thanks to the mild temperatures and
pressures used.

3.1
Alkoxycarbonylation of Alkenes

3.1.1
Intermolecular Alkoxycarbonylation of Alkenes

Following the first observations by Heck that Pd(OAc); can substitute a hy-
drogen atom in ethylene by a carbomethoxy group [50], Stille and James have
discovered that the [Pd — Cu] couple catalyzes the incorporation of a COOMe
group arising from carbon monoxide and methanol [51]. Most of the reac-
tions with an alkene end up with a diester or a methoxyester, copper being
used in stoichiometric quantities. Cyclic alkenes give preferentially diesters
(Scheme 7).

Inomata and co-workers later reported that the same [Pd— Cu] system
could also, in the presence of oxygen, drive the reaction towards the forma-
tion of the monoester with Cu(II) or diester with Cu(I) [52,53]. Other Pd
catalyst/oxidant systems have been used for the bisalkoxycarbonylation of
alkenes; however the formation of by-products in the Pd-reoxidation process
decreases ester yields dramatically [54].

In the absence of an oxidation agent, the reaction is derived to monoalkoxy-
carbonylation provided the Pd metal center is stabilized by surrounding
ligands. This strategy, first illustrated in 1976 by Knifton with the complex
[PACl,(PPhs);], has been extensively developed since then [55, 56]. Various
terminal aliphatic alkenes are converted into the corresponding monoesters

M
Pd/Cu COOMe
3 98% yield
CO / MeOH
COOMe

Scheme7 An example of the methoxycarbonylation of a cyclic alkene leading to a diester
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at 135 bar of CO and 70 °C and the selectivity of the carbonylation into the
linear ester can be improved by introducing SnCl, as a co-catalyst. We have
later shown that better selectivity with good yields can be achieved under
milder conditions (100 °C, 40 bar of CO) provided an appropriate Pd/P/Sn
ratio is respected [57]. This procedure has been successfully applied to the
alkoxycarbonylation of monoterpenes, such as limonene [58], B-pinene, and
camphene [59], leading to ester derivatives of abundant natural products
that present potential application in perfumery, flavor and pharmaceutical
industries. Noteworthy is the influence of reactive functionalities present in
the substrate: whereas limonene gives the expected ester (Scheme 8), iso-
limonene leads to cyclopentanone because, even in the presence of methanol,
coordination of the endocyclic C = C double bond occurs immediately after
CO insertion [60, 61].

The selectivity in the linear ester can also be greatly improved by using
bulky chelating diphosphines such as bis(di-tert-butylphosphinomethyl)
benzene [62, 63] and bis(phosphaadamantyl)diphosphines [64]: high select-
ivity (> 95%) is achieved for both terminal and internal Cg¢ — C;; alkenes;
more modest selectivity, around 80%, is obtained in the case of heavier
Ciz — Cy4 alkenes. Another example is given with palladium(II) complexes
bearing the 1,1’-bis(diphenylphosphino)osmocene ligand which exhibits re-
markable selectivity in the methoxycarbonylation of ethylene to methyl
propanoate due to the formation of a dative Os — Pd bond as displayed by the
X-ray crystal structure and NMR studies (Fig. 3) [65].

Concerning the mechanism of the reaction, two pathways have been con-
sidered [13,54,66-70] and are still proposed in the literature. The first
involves an alkoxycarbonyl-palladium intermediate [Pd — COOR] on which

MeOH
—>
/\ COOMe
limonene
even with
[ ] MeOH
—>
/\ /-\"/
isolimonene

Scheme 8 Methoxycarbonylation of limonene and isolimonene
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Os——Pd——O0Ts

Fig.3 Structure of a palladium(II) complex bearing the 1,1’-bis(diphenylphosphino)
osmocene ligand
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Scheme 9 Proposed hydridopalladium route for alcoxycarbonylation reaction

the alkene coordinates and a cis-migration step produces a palladium-alkyl
moiety containing the ester group at its end. The second mechanism pro-
ceeds through a palladium-hydride active species [Pd — H] that gives, after
coordination of the alkene, a palladium alkyl intermediate on which a mi-
gratory CO insertion occurs. The last step in each case concerns the direct
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reaction of the alcohol to eliminate the ester and restore the active species.
Recent studies have reported the characterization, and in some cases isola-
tion, of hydrido-palladium complexes. Investigations include high-pressure
NMR observations in the conditions of catalysis [71-74], or indirect evi-
dences [75, 76].

Moreover, it has been evidenced that SnCl, acts as a ligand and that the
active species is in fact [Pd(H)(SnCl3)(PR3)2] [71]. The catalytic cycle dis-
played in Scheme 9 shows the main steps that are admitted starting from
[PdCIZ Lz]/SHClz.

3.1.2
Intramolecular Alkoxycarbonylation of Alkenes

Following the results obtained in the intermolecular carbonylation of alkenes
in the presence of alcohols, it seemed conceivable that an alkene-bearing alco-
hol functionality would react in an intramolecular way giving a cyclic ester as
the main product. Thus, the carbonylation (also referred to as cyclocarbony-
lation as a cyclization occurs simultaneously) of alkenols (or hydroxyalkenes)
was investigated for the selective preparation of lactones.

The first attempts applying mild conditions were reported by Semmelhack
and co-workers in 1984 [77]. Reactions were carried out in methanol, under
1 bar of CO, in the presence of catalytic PdCl, with CuCl; as a stoichiometric
oxidant. No lactones were formed under these conditions; instead tetrahydro-
furan or tetrahydropyran rings bearing a methoxyester moiety were select-
ively formed from various hydroxyalkenes as depicted in Scheme 10. Results
are rationalized based on steric interactions within the appropriate reac-
tant conformations. In fact, PdCl, coordinates the C = C double bond so
that the cyclization occurs first by a nucleophilic attack of the OH group.
Steric effects prevail during this step (Scheme 10). Further reaction occurs
through CO migratory insertion and attack of methanol to liberate the ester
and produce a Pd — H moiety. The active PdCl, species is restored because
CuCl, is charged in excess with regard to the substrate, and retransforms
Pd(H)ClL.

Further studies demonstrated the influence of the double-bond sub-
stitution on both the reactivity and the stereoselectivity of the reac-
tion [78-81]. Tamaru and co-workers reported then that using the same
PdCl;/CuCl,/MeOH system on butenol derivatives, with the double bond in
either the terminal or an internal position, furnished selectively y-butyrol-
actones. This dicarbonylation process most probably includes (i) a lactoniza-
tion step and (ii) a methoxycarbonylation step, as displayed in Scheme 11 in
which we clarify some intermediate steps on a representative example [82,
83]. The use of propylene oxide as an additive promotes this Pd-catalyzed
dicarbonylation by playing the role of an HCl quencher to maintain neutral
conditions.
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Scheme 10 Formation of tetrahydropyran or tetrahydrofuran rings in the alkoxycarbony-
lation of alkenols

In the early stages, Alper et al. described that «-alkyl-substituted y-bu-
tylrolactones could be produced by carbonylation of 3-butenols and allylic
alcohols in moderate yields, when treated by PACl/CuCl,/CO in the presence
of oxygen under acidic conditions, without methanol in the medium [84, 85].
Later, different palladium-based catalytic systems were used by the same
group for cyclocarbonylation of allylic alcohols under neutral conditions and
in the absence of an oxidant: thus, the simple combination of Pd(OAc), or
palladium dibenzilydeneacetone (Pd(dba);) and dppb allowed for the pre-
paration of lactones from secondary and tertiary allylic alcohols in 45 to
92% isolated yields [86]. With this catalytic system, B,y-substituted allylic
alcohols were converted into «,B-substituted-y-butyrolactones in a stereo-
selective way, trans-disubstituted lactones being obtained from (E)-allylic
alcohols [87]. By the same method, carbonylation of 2-allylphenols was re-
ported to provide easy access to five-, six- or seven-membered lactones [88].
The Pd(OAc),/dppb catalytic system is also efficient for the preparation
of both mono- and bis-lactones and has been extended to cyclocarbonyla-
tion of various substituted allylphenol and allylaniline derivatives [89-91].
As shown by Jutand and Amatore, Pd(OAc), and phosphine ligands gener-
ate palladium(0) complexes [92]. Thus, the oxidative addition of the O —H
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Scheme 11 Proposal of a mechanism for the intramolecular alkoxycarbonylation of a 3-
butenol derivative

bond should be easy on a palladium(0) species and begin the catalytic cyclo-
carbonylation reaction.

The use of heterogeneous catalysts in this reaction has also been achieved:
palladium-montmorillonite clays [93] or palladium/activated carbon [94] in
the presence of dppb transformed 2-allylphenols into lactones, the regiose-
lectivity of the reaction being largely dependant on the nature of the sup-
port. Very recently, palladium complexes immobilized onto silica-supported
(polyaminoamido)dendrimers were used as catalysts in the presence of dppb
for the cyclocarbonylation of 2-allylphenols, 2-allylanilines, 2-vinylphenols,
and 2-vinylanilines affording five-, six-, or seven-membered lactones and lac-
tams. Good conversions are realized and the catalyst can be recycled 3-5
times [95].

In order to obtain lactones from natural alkenols, we investigated the
cyclocarbonylation of monoterpenic alcohols. The catalytic precursor is
[PACL;L;] in the presence of a slight excess of tin chloride and phosphine lig-
ands. Dihydromyrcenol, a representative acyclic terpene containing a termi-
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nal C = Cbond and a tertiary alcohol is functionalized into a nine-membered
lactone with chemo- and regioselectivity of 100% and 98%, respectively [96,
97]. As the catalyst precursor provides in situ the [Pd(H)(SnCl3)L,] active
species liberating HCl in the medium the dehydration of the tertiary alcoholic
function can be favored. We have shown that simple addition of molecular
sieves to remove HCl and water co-produced, leads selectively to the lac-
tone. Otherwise the carbonylation reaction provides the terminal unsaturated
Ci1 acid from the dehydrated substrate and H,O produced in the medium
(Scheme 12).

| [PA(H)(SnCh)(PPhs)y]

molecular sieves
OH

Scheme 12 Cyclocarbonylation of dihydromyrcenol
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Scheme 13 Formation of a six-membered lactone in the cyclocarbonylation of geraniol
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Scheme 14 Cyclocarbonylation of perillyl alcohol
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Geraniol is an interesting substrate that presents a hindered terminal
C = C bond and an allylic function. The carbonylation reaction gives, beside
the acid, the six-membered lactone and not the butyrolactone; that means
that initially an isomerization step occurred as depicted in Scheme 13. The
most adapted ligand to obtain good selectivity in this lactone is dppb [98].
In the case of perillyl alcohol such an isomerization does not occur and the
Cs-lactone is produced (Scheme 14) [99].

3.1.3
Asymmetric Alkoxycarbonylation

As the regio- and chemoselectivity of alkoxycarbonylations has been con-
tinuously improved and milder reaction conditions were applicable, it was
attractive to develop an asymmetric version of this carbonylation reaction.
Using PdCl;/CuCl; in HCI/O, at room temperature and 1 bar of CO, Alper
and Hamel introduced poly-L-leucine as a chiral ligand. Producing «-methyl-
y-butyrolactone by carbonylation of but-2-en-1-ol, moderate asymmetric in-
duction with a 61% ee was observed [100]. Other chiral ligands were then
introduced by several research groups and all the examples reported concern
palladium-based catalysts. For example, various atropisomeric diphosphine
ligands were tested by Consiglio et al. in the bismethoxycarbonylation of
styrene [101] and aliphatic olefins [102]. Enantioselectivity up to 93% was
achieved in the case of styrene whereas aliphatic olefins were converted
with deceiving ee’s. Another approach with palladium supported on clays in
the presence of various chiral mono- or diphosphines gave poor enantios-
electivity in the monomethoxycarbonylation of styrene [103]. Interestingly,
norbornene was enantioselectively carbonylated to the exo (1S, 2S, 4R) es-
ter with up to 92% ee in the presence of a carbohydrate-based diphosphine
ligand [104].

The best enantioselectivity achieved so far was in intramolecular alkoxy-
carbonylation reactions. For example, using Pd(OAc), with a chiral diphos-
phine ligand on S-substituted allylic alcohols containing dialkyl substituents
at the a-position gave good enantioselectivity [105,106]. More recent stud-
ies show that it is possible to carbonylate enantioselectively B,y -substituted
allylic alcohols [107]. Thus, following the observations achieved with non-
chiral Pd(0)(dppb) complexes that trans-disubstituted lactones can be selec-
tively produced from (E)- B,y -substituted allylic alcohols [87], hindered chiral
disphosphine ligands were introduced and led to high ee’s for the resulting
lactones. For instance, using the Pd/BICP [2R,2R’-bis-(diphenylphosphino)-
1R,1R -dicyclopentane] catalyst, a chiral y-butyrolactone was formed in
98% ee from the allylic alcohol shown in Scheme 15 [108].

An alternative strategy to control the stereoselectivity is to introduce a chi-
ral information on the substrate itself [109]. As far as alkoxycarbonylation is
concerned, isopulegol is a representative example whose functionalization is
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Scheme 15 Asymmetric cyclocarbonylation of an alkenol in the presence of the BICP
chiral ligand
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Scheme 16 Cyclocarbonylation of isopulegol

influenced by the presence of two pre-existing stereogenic centers (C; and
C; in Scheme 16). Indeed, using [Pd(H)(SnCl3)L;] as the catalyst, (+)DIOP
or (-)DIOP L; ligands lead to the same stereoselectivity on Cs (de of 62% in
both cases), indicating that the chirality of the DIOP ligand does not play any
role in the course of this reaction. In fact, the ligands intervene exclusively
through their chelating effect and presumably their steric hindrance [110].

3.2
Alkoxycarbonylation of Alkynes

3.2.1
Intermolecular Alkoxycarbonylation of Alkynes

The first observations, done by Tsuji et al. in 1980 on substituted acetylenes,
were reinvestigated by Brandsma in 1994 and concern the alkoxycarbonyla-
tion of these substrates, not to give an acrylate moiety, but instead acetylenic
esters [111,112]. The catalytic system involves PdCl,/CuCl,/NaOAc. Cop-
per chloride introduced in stoichiometric amounts is responsible for the
CH activation, maintaining the triple bond. Such an activation recalls that
observed on allenyl- and propynylhalides that classically gives the allenyl-
esters [113].

Later, using the same PdCl,/CuCl, system without added base or acid
and in less polar solvents, such as benzene, Jiang and his group de-
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Scheme 17 Preparation of (Z)-chloroacrylate esters from terminal alkynes

veloped a method for the highly regio- and stereospecific synthesis of (Z)-3-
chloroacrylate esters from terminal alkynes (Scheme 17). They explained that
cis-addition of acetylenes on PdCl, produced a cis-chloropalladated interme-
diate. Then acylation and alcoholysis steps in the catalytic cycle afforded the
corresponding chloroacrylate esters [114].

Under similar reaction conditions, y-acetoxy-p-methoxyalkenoates are
produced when propargylic acetates are carbonylated. The presence of the
acetoxy moiety is indispensable; it plays the role of an ancillary ligand during
the coordination of the triple bond to the palladium(II) species [115].

Conversion of alkynes into acrylate derivatives has been described by
Drent et al. using a palladium(II) complex containing a 2-pyridylphosphine
ligand in the presence of an acid whose conjugated base is a weakly coordi-
nating ligand [116, 117]. Propyne was transformed into methyl methacrylate
with 99.95% selectivity and TOF up to 50000 h~!. According to the authors,
the catalytic cycle starts with a palladium(II)-methoxy species in which the
2-pyridylphosphine ligand plays either the role of a chelating P — N ligand or
that of a mono-coordinating P ligand functioning as a “proton messenger” to
the active palladium center as depicted in Scheme 18.

An alternative mechanism involving a palladium-hydride as the active
species was proposed by Scrivanti et al. following their labeling experiments
with CH30D and detection of a deuterated o-vinylpalladium intermediate
(Scheme 19) [118].

F N /P/\N P P/\G)
/Pd\ R \Pd/
N X CH;0H x© ned \OCH3

Scheme 18 Formation of the palladium(II) methoxy-species

| _ | H
—l|3d—D + HC———H —» —l|3d

Scheme 19 Structure of the deuterated o-vinylpalladium intermediate detected in labeling
experiments
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Another catalytic system based on Pd(OAc),/dppb transforms various
alkynes into unsaturated esters in the presence of different alcohols such as
tert-butanol and iso-propanol. High regioselectivity in branched esters was
achieved but in moderate yields [119]. Later, addition of a catalytic amount
of p-toluenesulfonic acid was found to enhance the reaction rate. Both termi-
nal and internal alkynes are converted in good yields under milder conditions
(1 bar of CO, 100°C) [120]. An alternative approach is to simultaneously
add p-toluenesulfonic acid and a hemilabile bidentate ligand such as pyri-
dine carboxylic acid to improve catalytic activity [121]. Palladium-hydride
was again privileged as the active species. Such a metal hydride pathway is
also supported by studies on [Pt(H)(Cl)(PPh3z),] showing that this complex
and analogous platinum-hydride complexes are efficient precursors for the
methoxycarbonylation of various terminal alkynes [122]. This study also un-
derlines that SnCl, improves the catalytic activity or even is necessary to the
reaction when starting from [PtCl,(PR3),].

Incorporation of two CO building blocks can be obtained associating an
oxidant to the palladium catalyst leading to a diester, or a reductant pro-
viding a lactone. PdCl, and more preferably Pdl,, stabilized by an excess
of KI, transforms a terminal alkyne into the corresponding maleic esters in
the presence of O, and a robust ligand like thiourea (Scheme 20) [123-125].
A rhodium-catalyzed double carbonylation of alkynes has been reported on
aromatic internal alkynes leading to alkoxycarbonylindanones, provided the
high pressure of CO (100 bar) and the high temperature (100 °C) are main-
tained (Scheme 20) [126].

Similarly, a double functionalization can be reached when an activating
group is present in close vicinity to the triple bond. Tsuji et al. have dis-
covered that with a diphosphine palladium(0) complex, a carbonate function
in the a-position of the alkyne provides by decarboxylation a palladium
methoxy species on which the alkyne moiety can be isomerized into an al-
lenyl o-bonded group. CO insertion in the Pd — C bond, reductive elimination
with the methoxy group and further cyclization with incorporation of a sec-
ond CO molecule give rise to the corresponding cyclopentenone as shown in
Scheme 21 [127].

Pdl, / KI R
R—— H 0O,, thiourea >
CO, R'OH
’ R'O,C CO5R'
CO,R'
7\ — Rhs(CO)16
———R >
_ CO, R'OH R
\
O

Scheme 20 Incorporation of two CO building-blocks into alkynes
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R, = R 2 R, co - PdL,
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CO,Me COMe CO,Me
R PdL, Ry ’
1 2 . R3 R, CO
. ng - \ IE— ‘ H >
R Pd
Ry~ H o 7 Pk R, PdL,
H
CO,Me Rs CO,Me R3
R; - PdLZ Ry H
\ S
PdL,
Ry Ry o
0

Scheme 21 Carbonylation of enynes bearing a carbonate function in the o-position of the
triple bond

In an analogous approach explored by Dixneuf et al, a conjugated
enynyl carbonate is converted into an oxolenone or a bicyclic lactone in
significant yields via double carbonylation in the presence of methanol
(Scheme 22) [128]. When a neighboring carbonyl group is present in
the substrate, it can also participate in palladium-catalyzed cyclization-
carbonylation. Indeed, 4-yn-1-ones lead to cyclic ketals that can be eas-
ily converted into 2-cyclopentenone carboxylates in an acidic medium
(Scheme 22) [129].

o)
\
_Pd(OAD), b
ROH,CO + _~_O
0 \gg © I

oxolenone

(0]
Pd(CH;CN),Cl, Rs
benzoqulnone Ry
—MeoH,CO >~ Ri COMe — =
R, MeO~ O

Scheme 22 Alkoxyarbonylation of alkynes bearing an activating group

COzMe
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In an alternative strategy functionalized phenols, such as iodophenol, were
involved in palladium-catalyzed carbonylation of alkynes or allenes, produc-
ing coumarin or chromone derivatives (Scheme 23) [130-133]. After oxida-
tive addition of the iodoarene to the Pd(0) catalyst the order of insertion of
either CO or the unsaturated substrate mainly depends on the nature of the
substrate. In fact, Alper et al. reported that CO insertion occurs prior to allene
insertion leading to methylene- or vinyl-benzopyranone derivatives [130]. On
the contrary, insertion of alkynes precedes insertion of CO, affording couma-
rine derivatives, as reported by Larock et al. According to the authors, this
unusual selectivity can be explained by the inability of the acyl palladium
species to further react with the alkyne, hence the decarbonylation step oc-
curs preferentially [131-133].

?ELH

: PdL,I
R—=—R © Cco
R 0
R
PdL,I
PdL,I
OH OH

co l r‘\_:('”

R;
R
R 0 R,
(0] I,/\ R3
OH  pdl,lI o | RIPdLZ
R O R, (0] Ry
o o 0~ R 0 R§3

Scheme 23 Pd-catalyzed carbonylation of iodophenol with alkynes and allenes
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3.2.2
Intramolecular Alkoxycarbonylation of Alkynes

Intramolecular alkoxycarbonylation of alkynols is parallel to what has
been described for alkenols except that functionalization of the triple-
bond produces a double bond. No lactone formation is observed in the
Pd(II)-catalyzed oxidative cyclization-carbonylation of alkynes. Instead
[(methoxycarbonyl)methylene]tetrahydrofurans are selectively formed [134,
135]. Moreover, starting from an enynol, furan-2-acetic ester is obtained re-
sulting from a final aromatization step [136].

Dialkoxycarbonylation has been reported using a Pd-catalyst/oxidant
system on propynols or butynols furnishing respectively g- or y-lactone
derivatives with «-(alkoxycarbonyl)ethylene chains (Scheme 24) [83,137,
138]. This reaction occurs in a stereospecific way leading exclusively to cis-
dicarbonylated products in fair to excellent yields (25-97%). Noteworthy,
a butynol bearing an alkyl or an aryl substituent instead of a TMS one
undergoes a different course of reaction under the same conditions: here
trans-alkoxycarbonylation takes place selectively (Scheme 25).

Unsaturated lactones can be obtained from alkynols and according to the
substrate and/or the catalyst as well as to the reaction conditions, the double
bond can be endo- or exocyclic. Thus, we will distinguish the two modes of
synthesis.

Methylene lactones deserve special interest due to their presence in many
biologically active natural products [139]. Norton et al. have developed an

OQMC
& (81%)

\\

£\

OH
__CO,Me
% A(L
—_— (80%)
OH
MeO
e
( — 0 (94%)
OH 0

Scheme 24 Double carbonylation of various butynols or propynols
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(0] O
(0] (0] SPh
= [Pt(PPh3),]
HO~_ 7 . pisH il +
30 bar of CO
none 39 % 0%
0.1 eq. 67 % 7 %
1 eq. 0% 73 %

Scheme 25 Cyclocarbonylation of an alkynol in the presence of thiols

efficient tool to carbonylate alkynols into «-methylene lactones under mild
conditions [140, 141]. Different palladium precursors can be used for this
reaction such as PdI,/PBus3/CH3CN or PdCl,/PPhs/SnCl,/CH3CN. In the
absence of comparative experiments with either Pd—H or Pd - COOR ac-
tive species, the mechanism remains under debate. The alkoxycarbonyl-
palladium species which is privileged by the authors requires the cleavage
of the O — H bond of the terminal alcohol [142]. However, this oxidative re-
action on a palladium(II) metal center seems to us less evident than on
a Pd(0) species. Recent studies on the use of ionic liquids to separate eas-
ily the organic phase from the catalytic phase started from Pd(OAc), and
pyridyldiphenylphosphine [143]. «-Methylene lactones are efficiently pro-
duced in isolated yields up to 80%; however, we know that such a catalytic
system evolves rapidly towards Pd(0)L, complexes. Moreover, [Pt(PPh3)4]
has also been shown to catalyze the lactonization of 5-hydroxy-1-pentyne
with yields improved by the presence of thiols (Scheme 25) [144]. In the ab-
sence of thiol, the production of the methylene lactone should also result
from the oxidative addition of the substrate O — H bond. Addition of a few
amounts of PhSH improves significantly the yields together with the forma-
tion of w-phenylthiomethyl-5-lactone. Indeed, the oxidative addition of the
S — H bond on platinum is easier than that of the O — H bond, and can trigger
the catalytic cycle more efficiently. The «-phenylthiomethyl-§ lactone which
may result from a Michael addition of ArSH on the methylene lactone, is ex-
clusively formed when 1 equivalent of thiol is engaged.

Applying more drastic conditions (100 bar of CO; 175 °C), [Rhg(CO);6]
also catalyzes cyclocarbonylation of 2-alkynylphenols. The mechanism in-
volves here also an O — H oxidative addition initial step. The «-methylene
lactone is further reduced since rhodium catalyzes the water-gas-shift reac-
tion and water is present in the medium [145].

Additionally, when Pd-catalyzed cyclocarbonylation of alkynols is car-
ried out in the presence of a large excess of CuCl, (5 equivalents), (Z)-a-
chloroalkylidene-p-lactones are obtained as depicted in Scheme 26 [146, 147].
As previously mentioned concerning the intermolecular alkoxycarbonyla-
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OH R,

_ PACl, / CuCh
RlTéRz —~¢co ~ o= Ry

R;

Scheme 26 Preparation of (Z)-a-chloroalkylidene-S-lactones from alkynol derivatives

tion, the introduction of the halide substituent is supposed to occur through
a cis-chlorometalation on the triple bond coordinated on PdCl,. (Z)-«-
bromoalkylidene- §-lactones can be similarly obtained when using Pd(OAc);
and CuBr,.

For unsaturated lactones containing an endocyclic double bond also the
two previously described mechanisms are presumably involved and the regio-
selectivity of the cyclocarbonylation is governed by the presence of bulky sub-
stituents on the substrate. Inoue and his group have observed that the catalyst
precursor needs to be the cationic complex [Pd(PhCN),(dppb)]* and not
a neutral Pd(0) or Pd(II) complex [148, 149]. It is suggested that the mechan-
ism involves a cationic palladium-hydride that coordinates to the triple bond;
then a hydride transfer occurs through a cis-addition. Alper et al. have shown
that addition of dihydrogen to the palladium(0) precursor Pd;(dba);/dppb
affords an “active” system, in our opinion a palladium-hydride species, that
coordinates the alkyne [150].

To summarize this part, various palladium complexes efficiently catalyze
the lactonization of alkynols. Many mechanistic studies remain to be carried
out to have a clear understanding of the mechanism in order to anticipate
the reactivity of such substrates. Nevertheless, the implication of palladium-
hydride intermediates should take a large place in this catalysis.

4
Conclusion

Carbonylation of unsaturated substrates has been known for decades but
the reaction selectivity has been progressively improved by tuning the coor-
dination sphere of late transition metal-based catalysts. Palladium assumes
a privileged place in this chemistry and its versatility allows the use of mild
conditions for the selective incorporation of CO into acyclic and cyclic com-
pounds. Further improvements open a path to more sophisticated reactions,
particularly cascade reactions. Similarly, asymmetric versions of most of
these carbonylations can be envisioned. Atom economy and the green char-
acter of the process will probably be the key criteria for evaluating any new
catalytic system.
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Abstract This review article describes the advances on the carbonylation of ethene in
methanol since the discovery of highly active cationic cis-chelating diphosphine-Pd(II)
catalysts for the production of perfectly alternating high molecular weight polyketones,
which led to the recent development of efficient catalysts for the synthesis of monocar-
bonylated products. After dealing with the activation of the catalyst precursor and with
mechanistic aspects of the catalytic cycles, the influence of the operating conditions, the
nature of the counter anion, the acidity of the reaction medium and the nature of the lig-
and on both the rate and the selectivity is delineated. In particular, it is shown that the
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catalytic activity can be finely tuned by varying the electronic, bite angle and steric bulk
properties of the ligand and that, within a series of related ligands, the selectivity mainly
depends on the steric bulk.

Keywords Carbonylation - Ethene - Methanol - Monocarbonylation - Palladium -
Phosphines - Polyketones

Abbreviations

dppp  1,3-bis(Diphenylphosphino)propane

dppe  1,2-bis(Diphenylphosphino)ethane

dppb  1,4-bis(Diphenylphosphino)butane

dapp  1,3-bis[bis(2-Methoxyphenyl)phosphino]propane,1,3 bis(dianysilphosphino)
propane

dppm  1,1-bis(Diisobutylphosphino)methane

dibpp  1,3-bis(Diisobutylphosphino)propane

dippe  1,2-bis(Diisopropylphosphino)ethane

dtbpe  1,2-bis(Di-¢-butylphosphino)ethane

dtbpp  1,3-bis(Di-¢-butylphosphino)propane

dtbpx  1,2-bis[(Di-tert-butyl)phosphinomethyl]benzene

dppf 1,1’-bis(Diphenylphosphino)ferrocene

dppo  1,1'-bis(Diphenylphosphino)osmocene

dppomf 1,1’-bis(Diphenylphosphino)octamethylferrocene

dba Trans,trans-dibenzylidenacetone
HOMs Methanesulfonic acid

TFA Trifluoroacetic acid

TFA~ Trifluoroacetate anion

HOTf Trifluoromethanesulfonic acid
HOTs  4-Toluenesulfonic acid

DEK  Diethylketone

MP Methylpropanoate

BQ Benzoquinone

NQ Naphtoquinone

(0)/¢ Oxidant

1
Introduction

The discovery in the early 1980s that cationic palladium-phosphine com-
plexes catalyse the copolymerisation of carbon monoxide with ethene or
a higher «-olefin to yield perfectly alternating polyketones has since attracted
continuous increasing interest [1,2]. This is because the monomers are pro-
duced in large amounts at a low cost and because polyketones represent a new
class of thermoplastics of physical-mechanical and chemical properties that
have wide applications [3-6]. In addition, easy functionalisation can open
the way to a large number of new materials [7]. The copolymerisation has
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been extended to other olefins, such as cyclic alkenes, dienes, styrenes, and
functionalised «-olefins and also to terpolymerisation. The introduction of
a second olefin in the CO-ethene backbone lowers the melting point and
makes the terpolymer more easily processable. The development of highly
active palladium-diphosphine catalysts has opened the way to the commer-
cialisation of the CO-ethene-propene terpolymer [2, 8-10].

Early disclosing of the results in some articles and reviews is still a basic
guideline [1,6,11-16]. Perfectly alternating polyketones form because con-
secutive insertion of two molecules of CO is not allowed for thermodynamic
reasons and two consecutive insertions of ethene do not occur for kinetic rea-
sons [11-13]. Cationic palladium-diphosphine catalysts (typically dppp) are
far superior, as far as both rate of copolymerisation and molecular weight
of the polyketone, to catalysts having the metal coordinated by a mono-
phosphine, such as PPhs. This striking difference was explained as the result
that the diphosphine is always cis-chelate, so that the other two coordination
sites of the d®-square planar palladium centre, one occupied by the grow-
ing polymer chain and the other by the monomer, are also always cis to each
other, which is ideal in favouring the chain growth through migratory inser-
tions of the monomers. Differently, Pd(II) coordinated by a monophosphine
can assume both cis and trans geometry, so that chain growth is relatively
slow compared to chain termination [14-16]. Since then many articles have
been published. Research efforts have been focused towards the deeper un-
derstanding of the key factors that rule the catalysis. The subject has been
extensively and excellently reviewed up to very recently [17-21]. The last re-
view deals in particular the structure and physicochemical and mechanical
properties of copolymers of less common olefins, such as higher olefins and
styrenes, dienes, cyclic dienes and functionalised olefins. In addition the
stereochemical copolymerisation has also been reviewed [22,23], as well as
theoretically investigated [24].

Several types of bidentate ligands, different from diphosphines, for ex-
ample bipyridines and phenantrolines, have been proven to give active cata-
lysts, particularly in the CO-styrene copolymerisation [25], but, particularly
with ethene, diphosphines give higher performances.

The carbonylation of ethene has a wider interest as it can lead to the pro-
duction not only of polyketones, but also to many other products ranging
from low molecular weight cooligoesters, down to methyl propanoate (MP)
and also cooligodiesters, cooligodiketones down to diethyl ketone (DEK). The
insertion of the monomers into MeOH is schematized by Eq. 1, n ranging
from 1 to even more that 10000:

nCO + nCH,=CH, + CH;0H ——» H-( CHZCH2C0>— OCH; (1)
n

Mixtures of low molecular weight products and DEK can find large uses as
low volatility “green” solvents [18, 26].
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MP is a potential intermediate to methyl methacrylates, an important
monomer produced annually on a multimillion tonne scale worldwide [27-
29].

Highly active, selective and stable catalysts for the production of MP [30-
33] and DEK [33] with sterically demanding basic diphosphine ligands have
also been developed. In addition, these type of catalysts selectively convert in-
ternal olefins to linear esters for the production of detergents, plasticizers and
nylon intermediates [32, 34].

The alkoxycarbonylation of olefins has also been reviewed recently [35].

Hereafter, the factors ruling the activity and selectivity of Pd(II)-phosphine
catalysts for the carbonylation of ethene in MeOH are presented. In order to
make the exposition clearer some of the concepts already discussed in other
reviews will be shortly resumed. It will deal first with copolymerisation be-
cause it includes more general aspects, several of which are involved also in
the catalysis to monocarbonylated non-polymeric products. The literature
search covers all up to 2004.

2
Mechanistic Aspects of the C0-C;H4 Copolymerisation

2.1
General Aspects

The most active and selective catalysts for both the copolymerisation process
and for the apparently simpler ethene carbonylation to monocarbonylated
products MP or DEK are cationic square planar Pd(II) complexes in which
the metal centre is cis-coordinated by a bidentate P — P ligand, by a ligand
involved in the initial step of the catalysis or in the process of forming the
product and with the fourth “vacant” site coordinated by CO or ethene or
a keto group of the growing chain or MeOH (or H,O, always present in the
solvent even when not added on purpose) or even by a weakly coordinating
anion.

In general, when using an active Pd-diphosphine catalyst, the end groups
of the perfectly alternating CO — C;H4 polymer chains are couples of EtCO-
(keto, K) and -COOMe (ester, E) or K—K or E—E groups [14]. When using
a monodentate ligand, such as PPhs, only K—E cooligomers form, together
with MP. In this case it has been proposed that the hydride mechanism only
is operative (Eq. 3) [11]. Polymers with K—E end groups form through ini-
tial insertion of CO into a Pd — OCH3 bond, followed by sequential insertions
of the monomers and ends by protonolysis by MeOH of a Pd-alkyl bond
with reformation of the initiating species; it can also form starting from
a Pd— H" species and end by methanolysis of a Pd-acyl bond, with regenera-
tion of the starting species. The polymer E —E forms from Pd — OCH3* and
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ends through methanolysis of a Pd-acyl bond, with formation of a Pd—H™
species, different from the starting one. In turn Pd — H" can start the process
that leads to the polymer K —K, if the termination occurs via protonolysis
of a Pd-alkyl bond with formation of Pd - OCH3*, different from the species
that initiates this cycle (in Eqgs. 2-5 and in the following ones, Pd — OCH3",
Pd - H*, Pd?*, etc., are also coordinated by a P — P ligand or two monophos-
phines). The last two cycles can be interconnected and, when they occur at
comparable rates, the E — E and K — K chains should balance and the expected
K/E ratio should be 1/1 [14].

_ CH,;OH
pd-0CH;" S0 CH=Cta b4 cH,CH,COMVA COOCH,Y ———» K-E + Pd-OCH;*
(2)
Pd-H* _CHy=CH, CO_ Pd-COCH,CH," "\~ COCH,CH;* _CH;0H_ E-K + Pd-H*
(3)
— CH;OH
pd-OCH3+w> Pd-COCH,CHp " COOCH;*  ———— E-E + Pd-H*
(4)
papt CH=CH €O py CH,CH,COnnnCOCH,CH;* ~SH3OH g k4 pa-oCH,*

©)

However, this is not always the case. Excess of K — K has been found to occur
during the initial stage of the copolymerisation when the cooligomer chain
bound to the metal is still soluble and catalysis occurs in the homogeneous
phase [36]. This may also occur when protonolysis involves H,O in place of
MeOH, with formation of a Pd — OH™ species, which regenerates Pd — H* by
insertion of CO to Pd — COOH™" followed by CO; evolution. Thus in each cata-
lytic cycle one molecule of CO is not incorporated into the polymer chain, but
is consumed as CO;:

papt  CH=CH2 €O by o, CH,COnnnn COCH,CHy — 20 o K K + Pd-OH*
(6)
Pd-OH*+CO ——> Pd-COOH* — Pd-H"+CO, (7)

Excess of polymer E—E has also been found and in some cases only E—E
forms, for instance during the initial stage of catalysis by Pd(dapp)** in
the presence of an oxidant, usually benzoquinone or naphtoquinone (BQ,
NQ) [37]. The oxidant favours the formation of Pd — OCH3" at the expense of
Pd - H" [15] and in the copolymerisation process one molecule of oxidant is
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consumed in each catalytic cycle:

Pd-H*+ CH;30H + OX ——» Pd-OCH;3* + OXH, (8)

2CH;OH + (1+1)CO + nCHy + OX  —>  CH;0CO{ CH,CH,CO}- OCH; + OXH, )
n

The catalyst is not introduced into the reaction medium as the Pd — OCH3™*
or Pd—H" species. These form in situ by reactions of a relatively stable
“cationic” catalyst precursor with MeOH or a hydride source. In turn, the pre-
cursor can be prepared by adding to a Pd(AcO), solution a solution of the
P —P ligand (1/1) and then a solution of a strong acid HX, whose conjugate
base may be a weakly or a non-coordinating anion, like CF3S03~, BF4~, TsO™,
CF3COO7, or from preformed [PACl,(P —P)] by metathetical exchange with
AgX or salts of metals that have a stronger affinity for Cl~ than palladium [38];
it can also be preformed [PdX;(P —P)] or [PdX; ,L,(P-P)]X, (n=1o0r2,L
= easily displaceable ligand such as H,O or CH3CN). Alumoxanes have also
been used to abstract the acetate or chloride ligands [39].

The species that initiate the catalysis form in situ according to the reac-
tions:

Pd** + CH;0H —> Pd-OCH;* + H* (10)
Pd-OCH;* ——— Pd-H* + HCHO (11)
Pd** + H,0 + CO i» Pd-COOH* —> Pd-H"+CO, (12)
Pd?* + CH;0H + C,H, ——» Pd-H"+ CH,=CHOCH; + H* (13)
Pd** +H,0 + CoH; — »  Pd-H* + CH;CHO + H* (14)
pa-0CH,* % CHOH - by + (CHy0),00 (15)
Pd%* + HCOOH —H s Pd-0,CH* —» Pd-H*+CO, (16)

Equation 11 occurs via § — H abstraction by Pd(II) [33,40-42]; Eq. 12 is re-
lated to the water-gas shift reaction (WGSR) [43-45]; Eq. 13 and Eq. 14 are
related to the oxidation of C;Hy to acetaldehyde by Pd(II) in the presence
of H,O in the Wacker process [46]. Equation 15 has been shown to occur
with octamethylferrocene-phosphine complexes [47]. Formic acid can also be
a source of hydride species [48].

Pd - Me™", Pd — COR* complexes, Pd — Ar™" related to the Pd — H* catalytic
cycle, and Pd — COOCH3* complexes, related to the other cycle, can be also
used to start the catalysis [11, 39, 49-60].
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In MeOH, Pd — H* species are unstable and have the tendency to deproto-
nate with reduction to less active dimeric Pd(I) and Pd(0) complexes, which
may lead to degeneration of the catalyst with formation of inactive palla-
dium metal and free ligands, which in turn may give less active bis-chelate
complexes [Pd(P —P),]?* [55,61]. Possible deactivation paths have been de-
lineated in [17]. In order to maintain or improve the catalytic activity, the
precursor is used together with an oxidant and an excess of acid (usually
BQ/Pd = 100 - 200 and acid/Pd = 10 - 20) [15, 47].

Furthermore, even the ligand, necessary to stabilize the catalyst, can re-
duce Pd(II) to Pd(0) complexes and formation of phosphine oxides [62-64].
In the preparation of [Pd(AcO),(dppp)], from Pd(AcO), and dppp in MeOH,
phosphine oxides have been found to form together with methyl acetate and
palladium metal [65]. The reaction can be schematized as follows:

Pd(AcO), + HyO + P-P — Pdye + 2AcOH + P-P=0 (17)

Equations 12, 14 and 17 require the presence of H,O. Thus H,O plays an
important role in promoting the catalytic activity, but can also cause deactiva-
tion. Catalysis will be more efficient when all the reactions directly involved in
the catalytic cycle are faster than the side reactions subtracting active species.
Deactivation is related to the requirement of the palladium centre to have
a “vacant” coordination site to ensure high catalytic activity. However, pal-
ladium tends to achieve the usual coordination number four, for example
through dimerisation. Dimerisation/deactivation can be prevented by coor-
dination of labile ligands, like H,O, which acts also as an efficient hydride
source. Also deprotonation leads to dimerisation/deactivation; an acid can
prevent it.

Thus, it has been found that HyO and TsOH have a beneficial effect on
the catalytic system Pd(AcO),/dppp/TsOH, first reported by Drent, as the
copolymerisation rate significantly increases (with respect to the use of “an-
hydrous” MeOH) about five times and passes through a maximum in the
presence of ca. 1000 ppm of H,O and when Pd/TsOH = 1/8 (ca. 12000 g poly-
mer(g Pd-h)™! at 90 °C, 60 bar, CO/ethene = 1/1) [66].

2.2
Alternating Chain Propagation

The process of chain growing involves alternating reversible CO insertions
and irreversible ethene insertions [13,15,67]. As already mentioned, con-
secutive insertion of two molecules of CO does not occur for thermodynamic
reasons and consecutive insertion of two molecules of ethene does not occur
because the insertion of CO is much faster than that of ethene [11-13, 67].
It was subsequently proposed that coordination through the oxygen atom of
a carbonyl group of the growing chain with formation of 8- and y-chelates
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Fig.1 Proposed alternating chain growing process, with observed intermediates, 1 and 2,
and proposed ones, a-f. Adapted from [51]

(Fig. 1) contributes to the perfect alternation. Because of its higher binding
affinity, CO inserts into a five-membered B-chelate to give a six-membered
y-chelate. Since a five-membered ring is more stable that a six-membered
one, further propagation occurs with the insertion of ethene and formation
of the next five-membered ring [15].

By the use of polarization modulation reflection absorption infrared spec-
troscopy (PM-RAIRS), Drent and colleagues monitored in the microcrys-
talline state the single insertion steps catalysed by [Pd(CH3)(OTf)(dppp)] and
the presence of 8- and y-chelates 1 and 2. It was proposed that substitution
of the chelating cheto group by ethene is CO-assisted and occurs in two steps,
associative substitution of the chelating keto group by CO (2 — ¢ — d) fol-
lowed by associative substitution of CO by ethene (d — e — f), and that the
substitution of the chelating keto group by CO is more facile than by ethene
for steric reasons. It was also found that the total abundance of 1 and 2 and
their ratio remain constant, so that both are resting states of the catalyst [51].

Such chelates have been detected also by variable temperature multinu-
clear NMR spectroscopy, which showed that basically the above mechanism
is also operating in solution [47, 55, 58].

For a series of model alkyl complexes of the type [Pd(R)(CO)(P -P)]*
(R = Me, Et) it has been found that the CO Eqgs. 18 and 19 are reversible
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and that the energy barriers, in the range of 14-18kcal/mol, decrease
with increasing P—Pd—P angles and steric bulk of the ligands [52,54-
56, 68]. However, a rate-enhancing effect was observed with ligands 1,n-
bis(diphenyl)phosphinoalkanes in the ordern =4 >n=3 >n =2 [69].

For a series of model acyl of the type [Pd(COMe)(C,H4)(P —P)]* it has
been found that the insertion of ethene into the Pd-acyl bond with forma-
tion of a B-chelate (Eq. 20) is irreversible and that the energy barrier is
ca. 12 kcal/mol [52, 55, 56]. From thermodynamic and kinetic data, Schultz
et al. calculated that the insertion of ethene into a Pd-alkyl bond (double
ethene insertion) could occur every ca. 10° CO insertions into the same
bond [52], which accounts for the strict alternating chain growing.

In addition, it has been established that the energy barriers of the §-chelate
opening by CO (Eq. 21) decrease by increasing the length of the chain bridg-
ing the two P atoms and hence with increasing P —Pd — P bite angles, and
that there is correlation between the intrinsic catalytic activity and the en-
ergy barrier Eq. 21 [55, 56]. It is noteworthy to report that ethene insertion
into a B-chelate has never been observed, in spite of the fact that these model
reactions have been studied in the absence of free CO, so that, at least in
principle, ethene could insert, since double ethene insertion is known to
occur in the absence of CO. Moreover, under actual catalytic conditions,
imperfect alternating copolymers with ethene content > 50%, risen from mul-
tiple ethene insertions, have been obtained by increasing the ethene/CO ratio
using o-alkoxy derivatives of diphenylphosphinobenzene sulfonic acid acting
as P -0 ligands [70].

On the basis of these studies both in solid and in solution, even under ac-
tual catalytic conditions, the importance of the chelates in controlling both
the strict alternating chain growing and the chain propagation rate is well as-
certained [19, 47, 51, 58].

Mel” —l

C::\Pd — Pd _Co_ (de)k—l (18)

-

+ O +
Et| 7
I o a9)
CcO CO

—|+
CP )J\ - < PQ\ (20)
N U e N o
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2.3
Chain Transfer (Termination-Initiation)

Ideally, the Pd — OCH3" or Pd—H" species that initiate the catalytic cycle
regenerate at the termination step of the chain propagation process. Chain
transfer occurs via protonolysis or methanolysis.

2.3.1
Protonolysis

Protonolysis involves the reaction of a B-chelate moiety with methanol and
produces a polymer with keto end group and a Pd— OCH;* species. The
mechanism proposed to explain deuterium enrichment in the 2-position with
respect to 1-position involves a pre-equilibrium of the S-chelate with its eno-
late isomer by a 8-H elimination/hydride migration and protonation to the
more nucleophilic oxygen atom to give an enol, which rearranges to the
ketone [49,71]. This mechanism is operative also in the hydroacylation of
ethene to DEK [72]. When protonolysis occurs by H,O, the binuclear complex
[Pd(uu-OH)(P - P)]%*, which may form if excess acid is not used, reacts with
CO with regeneration of a Pd — H* species after CO; evolution (Eq. 7) [73]. In
turn the hydride may undergo deprotonation with formation of a less active
dimer as shown in Fig. 2 [47, 55, 56]. Efficient catalytic activity is achieved by
using the precursor in combination with a quinone and an acid [47].

A lowering of the molecular weight upon increasing acid concentration
could be expected, but this is not the case [74]. For several ligands enolate for-
mation was found to be much slower than protonation. It was concluded that
enolate formation is the rate-determining step [49].

The effect of bite angle of P—P ligands on the rate of protonolysis of
B-chelates has been investigated with model complexes [Pd(CH,CH,COCH3)
(P—P)]*. The rate slightly increases with increasing bite angles [75]. How-
ever, under actual copolymerisation conditions it was found that the rate of
the B-chelate with dppf ligand is slower than the one of the S-chelate with
dppe or dppp, which have a smaller bite angle than dppf [55, 56, 76, 77].

1 P 1 A

P “pd’ Me

(P,Pd p-H (P,Pd\/ . P MeOH P, SMe, W®
N s — (P,Pd y (P,

o ®

- polyme) H,O
+

H

H + P\ ’

2+ HIT co+( Pd H *
0 "y (&

12 (Ppg’ par” T) _co (T P (Ppgpr T)
9 -CO, H c

Fig.2 Termination by protonolysis, with formation of dimeric species
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23.2
Methanolysis

Methanolysis can occur via inter- or intramolecular nucleophilic attacks by
MeOH at the carbon atom of a Pd-acyl moiety and produces an ester end
group and a Pd — H* species. Again, the hydride may deprotonate with forma-
tion of less active Pd(0) and dimeric species (Fig. 3) [47, 57].

The rate of methanolysis is expected to be dependent on the nature of
the alcohol. Indeed, the relative rate of termination versus the rate of chain
growing catalysed by a cationic Pd(II) — PPhj system reported by Sen et al. is
in the order of methanol > ethanol > i-propanol > t-butyl alcohol, which is
the order of increasing steric bulk [12]. The same order has been observed
for the rate of alcoholysis of the Pd-acyl bond of model complexes of the
type [Pd(COMe)(P —P)]* to alkyl acetate [57]. Studies on the methanolysis
of complexes of this type, in which the ligand is trans or cis coordinated,
led to the conclusions that (1) ester elimination is prevented when the lig-
and adopts trans geometry, (2) complexes that have a trans structure but can
adopt also a cis structure or complexes that have only a cis geometry do react
with methanol to form methyl acetate, (3) methanolysis requires a “vacant”
coordination site to coordinate MeOH cis to the acyl ligand and occurs via
a migratory elimination or a 1,2-shift of the alkoxy group from palladium to
the acyl carbon atom, and (4) the rate of methanolysis increases with increas-
ing steric bulk [57].

That coordination of MeOH to palladium is an essential prerequisite to
methanolysis and has been evidenced also by studying the effect of solvent,
counter-anion and occupancy of the fourth site on [Pd(dibpp)(COCH3)L]™*
(n =0 or 1; L = counter-anion or CH3CN, CO) [78].

However, the complex [Pd(dppomf)(COCH3)]* undergoes immediate
methanolysis at room temperature and even though (1) the dppomf acts as
a tridentate 1°-P, P, Fe ligand, with trans P atoms, and (2) ethene does not in-
sert, which is indicative that a coordination site is not easily available. Thus,
in this case, methanolysis either occurs via a five-coordinate transition state
or it can occur also intermolecularly [47]. This might be also the case for the
methoxycarbonylation of ethene catalysed by the osmocene analogue of dppf
(Sect. 3.3.2) [79].

0
.
P. | P HI" Meo
(P/Pdw (P,Pd e Y\/®

/" H (]

Me 7\ co
P. / P 7N /P T

( “Pd N /Pd\PD

Fig.3 Termination by methanolysis with formation of Pd(0) and dimeric complexes
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233
Shift From the Hydride Mechanism to the Carbomethoxy Mechanism
and Vice Versa

As already mentioned, Pd — H* generated at the methanolysis step may trans-
form into Pd— OCH3* by the action of a quinone. Vice versa, Pd — OCH3™"
generated in the protonolysis step may undergo  — H elimination with for-
mation of Pd — H", as it occurs for the hydroacylation of ethene to DEK [33].
Direct shift from the hydride mechanism to the carbomethoxy mechanism
has been demonstrated by Iggo et al. [58] (Sect. 3.3.2).

24
Kinetic Studies

Of the reports that have appeared [37,72,80-90], only a few deal with
more quantitative studies. In [86,89] the copolymerisation kinetics have
been studied using the precursor [Pd(TsO)(H,0)(dppp)](TsO) in MeOH over
a temperature range of 70-90 °C and total pressure up to 70 bar. The rate
increases linearly by increasing catalyst loading, the orders with respect to
dissolved CO and ethene are 0.63 and 0.72, respectively; the apparent activa-
tion energy is 11.7 kcal/mol.

Table 1 reports different rate equations fitting the data, as functions of the
activities of the monomers because their behaviour significantly differs from
ideality. They are based on one- or two-“vacant” sites models (Fig. 4). In the
one-site model the palladium centre is coordinated by the bidentate ligand,
the growing chain, and has the fourth coordination site occupied by one of
the monomers (like species b, d or f of Fig. 1). It can be also four-coordinated
B- or y-chelate like 1 or 2, having the fifth site available for the coordination
of the monomers, like species a, c or g. In the two-sites model palladium is
coordinated by the bidentate ligand, the growing chain, and has the fourth
and fifth sites available for coordination of the monomers, like species e.
MeOH or the counter-anion can occupy the “vacant” site also, but this has
not been taken into account, because their concentration has been considered
constant. It is interesting to note that the rate equations are of the type that
can be derived from the Hougen-Watson model for solid catalysts. Indeed
the copolymerisation process occurs with the palladium centre attached to
the polymer, which becomes insoluble after the chain has grown of ca. 13-25
(CH,CH,CO) units [37].

The one-site model fits the rate data better than the other.

In the work of Belov et al. the kinetic model that has been developed quan-
titatively describes the initial rate of copolymerisation, the kinetic curves
of the consumption of the two monomers and the molecular weight char-
acteristics of the resulting copolymers and their composition as mixture of
ketoesters, diesters, diketones as function of the total pressure up to 40 bar,
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Table 1 Proposed rate equations and mechanism

Kinetic equations Proposed mechanism

I krKcoKetAB

Tool = The two sites on Pd atom are
pol (1+KcoA) (1+KeiB)

non-equivalent; one can coordinate

to only CO and the other

to only ethene. The rate-determining
step is the insertion of one monomer
from an intermediate having both
monomers simultaneously coordinated

krKcoKAB

I 1= The two sites on Pd atoms are equivalent

2
(14KcoA+Kat) and can be occupied by any of the monomers.
The rate-limiting step is the insertion
of one monomer from an intermediate
in which both sites are occupied
krKcoK(AB

, The two sites on Pd atom are non-equivalent
(1+KcoA+KetB) (14+K(o A+K,B)

but can be occupied by any of the monomers.
The rate-determining step is again

the insertion of one monomer from

an intermediate in which both sites

are occupied by monomers

I rpo =

kykyK{ AB[Pd . . .
IV 7pol = g, thskia +,£2 k} B CO rapidly occupies the free sites

on the Pd atom, and the rate-limiting
step is reaction 2. Reactions 3 and 5
are very fast, making steps 2 and 4
practically irreversible

_ K3K4KgAB[Pd] . .
\% Tpol = K, A+K4KeAB+KsKeB Intermediate 1 coordinates
CO only, intermediate 2 can
coordinate CO or ethene.
The rate-determining step is reaction 3
_ kskgk4 AB[Pd] . .
VI 1pol = ke B+keksAB+ksksA As in equation V, but here,
the rate-determining step is reaction 5
— k3kykeAB[Pd] s .
VII  1po = Ky AtkskoAB+ ks ks B+kgk; A2 As in equation V, but here,

CO can occupy both sites

VIIL 7po1 = KopsA «ph Empirical power law model

A = liquid phase activity of CO, kmol/m>

B = liquid phase activity of ethane, kmol/m>

kr = reaction rate constants used in kinetic equations, kmol/(m>s)

Kco = equilibrium constant for CO coordination on Pd atom, m*/kmol
Ket = equilibrium constant for ethene coordination on Pd atom, m?/kmol
K; = equilibrium constant for the ith reaction

ki = pseudorate constant for the ith reaction

[Pd] = catalyst concentration, kmol/ m3
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CO/ethene = 1/1, using the catalyst system Pd(AcO),/dppp/TFA in the ratio
1/1/2 at 90 °C [90].

3
Control of Chain Growth

3.1
General Aspects

The products of the carbonylation of ethene in MeOH range from high mo-
lecular weight polyketones, to cooligomers down to low molecular weight
oxygenates like dimethyl succinate, diethyl ketone and MP, which can be
considered the lowest member of the copolymerisation process. Their abun-
dance in the product mixture depends on the relative rate of the process
of chain growing and of chain termination. For any given catalytic system,
these are influenced mainly by temperature, pressure, monomers ratio, sol-
vent; the molecular weight of the polyketone depends also on the batch time
(Sect. 3.3.1).

The overall energy barrier for chain growing is lower than that for chain
termination, thus, if a lower molecular weight product is desired, the copoly-
merisation should be carried out at higher temperature. In the copolymeri-
sation process, the insertion of ethene is the slow step [13-15], thus upon
increasing the pressure of the olefin, as well as the total pressure, it is rea-
sonable to expect an increase in the molecular weight. The nature of the
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solvent also influences the chain growing process. An alcohol is a chain trans-
fer agent, the lower the steric bulk or the nucleophilicity of the alcohol, the
faster the chain termination. Thus in #-BuOH or in CF3CH;OH a copolymer
of higher molecular weight can be obtained than when using MeOH. Also the
use of an aprotic solvent may be a better choice when a product of higher
molecular weight is desired [1, 11, 55, 56].

The Pd—-PPh; system is particularly instructive. In CHCl; the cata-
lyst prepared in situ from [Pd(CH3CN)4](BF4); and PPh; gives a high
molecular weight polyketone. It was proposed that catalysis starts from
a Pd - H" species formed from adventitious H,0 and CO. The high molecu-
lar weight did not allow the identification of the end groups [11]. Under
similar conditions, (rt, 45 bar, CO/ethene = 1/1), but using the complex cis-
[Pd(H,0),2(PPh3);](Ts0),2H, 0, a copolymer having average n = 27 with only
keto end groups forms together with concomitant evolution of CO, [59].
These findings support the suggestion that catalysis initiates via a Pd—H™
species; termination occurs via protonolysis by H,O, with formation of
a Pd— OH™ species which re-enters the catalytic cycle by insertion of CO fol-
lowed by CO, evolution (see Sect.2.3.1 and Eqs. 6 and 7). The use of the
aquo complex introduces enough water to lower significantly the molecular
weight. The same system in MeOH, at 70 °C, 70 bar, CO/ethene = 1/1, yields
low molecular weight products according to Eq. 1, with n = 1-5, together with
a minor amount of higher polyketo esters with n > 6. In t-BuOH only polyketo
esters with n > 5 are obtained. By lowering the pressure, chain propagation
is slower and the only product is the propanoate ester. At higher temperature
(100-110 °C) the “cationic” complex [Pd(TsO),(PPhj3),], in the presence of
PPh3 and TsOH (Pd/P/TsOH = 1/6/8), is an efficient catalyst for the produc-
tion of MP in MeOH [35, 91]. The chloride analogue is expected to give also
MP, because the coordinating anion competes for chain propagation. Rather
surprisingly, we have found that under similar conditions the main product
is a polyketone. Only at a higher temperature and in the presence of rela-
tively large amounts of PPh3 (115 °C, Pd/P/HCI = 1/30/20), the main product
is MP [14].

It is noteworthy to report also the results obtained using the Pd(AcO),
precursor in combination with an excess of PPh; or with the monosul-
fonated derivative PPh,PhSO3H, in acetic acid and in the presence of TsOH
(Pd/P/TsOH = 1/8/80-800, 90 °C, 1-50bar). The reaction switches from
monocarbonylation with formation of propionic acid to oligocarbonylation
products and to polyketones as the pressure and concentration of TsOH
increase. The yield in polyketones also increases upon increasing the acid-
ity [82,87]. A similar acid effect has been found with the dtbpe-based catalyst
in MeOH for the production of DEK in the presence of excess acid, as the se-
lectivity lowers from 99% DEK to ca. 33%, ca. 60% being cooligomers (see
Sect. 3.2 and Sect. 4.2).

The effect of the anion and of the ligand deserves a separate consideration.
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3.2
Influence of the Counter-Anion

As already mentioned the anion has to be weakly coordinating in order to
favour the coordination of the monomers and chain growing. The coordinat-
ing capacity depends not only on the nature of the anion, but also on that of
the solvent. Polar solvents help the dissociation of the anion from the cationic
active catalyst, thus favouring the polymerisation process. This is well illus-
trated by comparing the activity of the catalysts [PdX,(dppp)] (X = TfO, TsO,
TFA~, AcO, Cl). In MeOH the activity is comparable when X is weakly co-
ordinating like TfO, TsO, TFA~ (ca. 7000-6000 g polymer(gPd-h)! at 90°,
45 bar, CO/ethene =1/1). When X = AcO or Cl the catalyst is ineffective [14],
but becomes very active when used in H,O — AcOH, ca. 40-50% molar ratio
(27000 g polymer(g Pd-h)~!, under the conditions just reported), in spite of
the lower solubility of the monomers in this medium [92, 93]. In H,0 — AcOH
the copolymerisation process occurs with concomitant evolution of CO; and
the polyketone presents keto end groups only, suggesting that Pd — H* ini-
tiates the catalysis and that termination occurs via protonolysis by H,O or
H;0™" with formation of Pd — OH™ or Pd — OH,2*, which regenerate the start-
ing Pd — H" species upon interaction with CO followed by evolution of CO,
(see Egs. 6 and 7). Thus in H,O — AcOH the AcO™ or Cl~ do not prevent co-
ordination of the monomers and chain growing, probably because they are
dissociated from the metal centre. The high activity may be due to the possi-
bility that the acid and H,O prevent deprotonation/dimerisation of the active
hydride with formation of dimeric species of the type shown in Figs. 2 and 3,
thus ensuring a relatively high concentration of the most active species. More-
over, the acid might destabilize the 8- or y-chelates through protonation of
the oxygen atom of the coordinating keto group, thus favouring the insertions
of the monomers.

It has also been reported that the precursor Pd(AcO),/dppp in combina-
tion with HCOOH, though having relatively high pKa = 3.75, becomes an
efficient catalytic system provided the acid is used in relatively large excess
(ca. 7500 g polymer/g Pd/h, HCOOH/Pd = 3000/1, under the conditions re-
ported above) [48].

The activity of water-soluble catalysts based on the hydrophilic biden-
tate phosphines is also significantly influenced by the nature of the an-
ion [94-100]. Thus for example, using the catalyst formed in situ from
[Pd(Ts0),(NCMe),] and the metha-sulphonated analogue of dppp under
conditions close to the ones reported above, but in water as solvent
and with an excess of acid (acid/Pd = 500/1), the productivity is ca.
3900, 3600 or 2250 g polymer(gPd-h)~!, when the acid is TsOH, TFA or
AcOH, respectively, under usual conditions [96]. If one considers that the
monomers are a little soluble in H,O, very high productivity and molecu-
lar weight are obtained using [Pd(CH3)(NCCH3)(dapp-s)](OTf) (dapp-s =
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metha-sulphonated analogue of dapp): 32.2 kg - (gPd - h)™!, molecular weight
125 kg/mol, at 90 °C, 60 bar, C;H4/CO =1/1 at very low catalyst concentra-
tion, [Pd] ca. 10~ mol/I [99].

For catalysts which promote the formation of low molecular weight prod-
ucts, the anion might make the difference, as in the case of the catalyst
with C,-bridged diphosphine ligand 23 (Fig. 5), which gives a low molecu-
lar weight polymer or MP when the counter-anion is MsO~ or propanoate,
respectively [101].

However, there is a limit to operating conditions such as temperature,
pressure and also the choice of solvent is rather restricted, particularly for
commercial exploitations, and also batch time cannot be more that 6-8 hours,
because generally the productivity lowers with time, and also the choice of the
anion is not limitless. It is the ligand that can make the difference.

3.3
Influence of the Ligand

3.3.1
High Molecular Weight Polyketones

The influence of the nature of the ligand on the catalytic activity was first
studied by Drent et al. using Ph,P(CH;),PPh; ligands (n =1 - 6) [15]. The
highest productivity, molecular weight and selectivity is obtained when n = 3;
when 7 =4 the catalyst is moderately active; when n =2 the productivity is
around one order of magnitude lower; when n =1 the catalyst is ineffective.
Considering the requirement of cis-coordination for fast chain growing in
both ground and transition states, it was suggested that the activation energy
is lower when the bite angle is close to 90°, which is better satisfied when
n =3 [15]. The ortho-methoxy substituted analogue with n = 3, dapp, used
in the commercial production of the CO/ethene/propene terpolymer, gives
a particularly high performance for both productivity and molecular weight
(see below).

Noteworthy is the activity of the catalyst with the zwitter-ionic ligand 4, in
which the P atoms are also separated by 3 atoms [102].

Even though these results might be rationalised in terms of bite angle
effects [103], further studies evidenced that other factors have to be con-
sidered, like steric hindrance induced by stereochemical rigidity of the lig-
and [55, 56, 60,76,77,104]. Ligands 2, 3, 5-7, shown in Fig. 5, which have
methyl substituents at the chain backbone, give catalysts that are more active
than the unsubstituted ones, particularly that with methyl groups at 1- and
3-carbon atoms of the bridging chain in meso-position in ligand 2. It was
suggested, also on the basis conformational consideration and of kinetic and
thermodynamic studies, that a higher rigidity of the ligand backbone in the
meso-ligand forces the phenyl substituents on the phosphorous atom to adapt
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a conformation of higher steric hindrance which causes a higher destabiliza-
tion of the B-chelate ring thus favouring the propagation step [55, 56, 60, 76,
77]. The meso-effect related to steric rigidity is more general as it has been
found also in the bridge substituted dapp ligand (see below). The same has
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been found with the ligand “cyclo-tetraphos” 8, which gives a catalyst more
efficient than the one with dppe by one order of magnitude [60].

A correlation between catalytic activity and backbone rigidity has been
also established for the diphosphine ligands 9-11. The rigid ligand 9 gives
a more active catalyst than ligand 10; ligand 11 gives poor results [104].

That steric bulk plays a role of paramount importance is suggested by the
fact that the ineffective dppm-based catalyst becomes highly active in CH,Cl,
when the phenyl rings are ortho-substituted with bulky alkyl groups (ligands
13). Polymerisation rate, catalyst stability and polymer molecular weight all
increase with increasing steric bulk of the aryl ortho substituent [105, 106].
The catalyst can be prepared in situ from Pd(AcO); and the ligand by acti-
vation through the borane method with B(CsFs)3 which forms a Pd — C¢Hs™*
species that initiates the catalysis [107], which is bulkier than Pd — COCH3™"
and Pd — H, which usually initiate the catalysis. Rather than acting as a cis-
coordinating bidentate, the dppm ligand (12) prefers bridging two palladium
atoms with mutually trans P atoms on each metal [108], which may ex-
plain the poor performance for the production of polyketones. Bulky ortho-
substituted ligand 13 may inhibit dimerisation giving rise to a catalyst in
which the ligand acts preferentially as a cis-coordinating bidentate on one
metal centre. Another possible explanation is that dppm, when acting as a cis-
coordinating bidentate ligand, leaves too much extra space at the “vacant” site
on the metal centre, so that the insertion of the monomers into the species
that initiate the catalysis and the subsequent insertions of the chain growing
process are not favoured. Upon increasing the steric bulk of the ligand the
monomers are “pushed” to give insertions in such a way that fast chain grow-
ing can occur. It is note worthy to observe that in MeOH, under the usual
conditions, the catalyst is poorly active.

Steric bulk has a similar effect also for the methylamino-bridged diphos-
phines ligands 14 in CH,Cl,, which give catalysts even of superior perfor-
mances [105, 109, 110], again with poor activity in MeOH.

Recently, some important aspects on the development of more efficient
catalysts have been disclosed [37]. These studies are hereafter summarized,
taking as a base of comparison the dppp-based catalyst.

Electron-donating substituents at the phenyl ring enhance the activity,
whereas there is no clear correlation for the molecular weight, which in
any case is affected. The productivity and the molecular weight are the
highest with the 0-MeO-substituent (at 90 °C, 50 bar CO/C,H,4 = 1/1, dapp
15: 12.7kg - (gPd -h)~!, LVN = 1.58 dL/g; dppp 1: 7.1kg- (gPd-h)™!, LVN =
1.05dL/g).

Even though the distinction between the electronic and the steric ef-
fects cannot be made so sharp, the close performance with o- and p-MeO-
substituent suggests that the main effect is of electronic nature. However,
X-ray structure shows that the oxygen atom of the 0-MeO groups interact
with palladium. In addition, NMR studies reveal an electrostatic interaction
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of the o-aryl protons with the filled dz2-orbital of the metal. It has been
suggested that the higher productivity might be due to the lowering of the
intramolecular interaction of the S-chelate moiety with palladium.

Variation of the length of the bridging chain -(CH;),- shows that both the
productivity and molecular weight decrease in theordern=3>n=2>n=1,
as found for the unsubstituted analogues.

Alkyl substitution in the bridging chain enhances the catalytic activity.
The highest productivity is obtained with two ethyl-substituents at the central
carbon atom, though the molecular weight is higher with the unsubstituted
dapp ligand (at 90 °C, 50 bar, CO/C,Hy4 = 1/1, ligand 16: 42.7 kg - (gPd -h)!,
LVN ca. 1.20dL/g, compared to 12.7kg- (gPd-h)!, LVN = 1.58dL/g for
ligand 15). A similar effect of substitution is observed with dppp, though
the increase of productivity is smaller (at 90 °C, 50 bar, CO/C,Hy = 1/1, ca.
12.4kg- (gPd-h)~!, LVN = 0.72 dL/g for meso-dppp (ligand 2) compared to
7.1kg- (gPd-h)~!, LVN = 0.72 dL/g for 1).

In addition, the catalyst undergoes a sharp lowering in activity during
the first minutes (from about 25 to a constant rate of 8-10kg - (gPd - h)™.
The deactivation is not due to the formation of less active dimeric species of
the type [(dapp)Pd(u-H)(1t-CO)Pd(dapp)]*, [(dapp)Pd(u-CO), Pd(dapp)]**,
[Pd(dapp)]3* or [(dapp)Pd(1.-OH),Pd(dapp)]**, nor to the formation of bis-
chelate [Pd(dapp),]**, as it occurs for the dppp system [17]. Initially the
growing chain is soluble in MeOH, so that the attached catalyst works in
“homogeneous phase”, whereas, as the chains grow to 13-25 (CH,CH,CO)
units, the catalyst precipitates. Moreover, the polymer presents a bimodal
molecular weight distribution, one of Flory-Schultz (ES) type, typical for
a homogeneous polymerisation, and a Wesslau (W) type distribution, typical
for a heterogeneous polymerisation. In addition, it was found that the mo-
lecular weight and particle size increase with time and that larger particles
contain a larger fraction of chain with W distribution. It was suggested that
the heterogeneous catalyst is present in two different environments, in part
absorbed on the surface of the particles, producing the copolymer with FS
distribution, and in part inside the micropores of the particles, producing the
copolymer with W distribution [37].

The kinetics were also studied. The productivity increases regularly with
the pressure of C;Hy, whereas it passes through a maximum at pco = ca.
15 bar. This trend suggests that CO and C;H4 compete for coordination to
palladium and that CO impedes coordination of C;Hy [37].

3.3.2
From Cooligomers to Low Molecular Weight Products

The general rule earlier proposed by Drent et al., that Pd(II)-diphoshine
complexes, better with a bite angle near 90°, capable of maintaining cis-
coordination throughout the copolymerisation process, give high molecular
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weight polyketones with high productivity, whereas monophosphine ligands
are more suitable to give MP [14-16], has been found, by the same proposers,
to have important exceptions. For ligands 21 of the type RR'P(CH;)3PRR’
(R,R" = n-Bu, n-Bu or n-Bu, cyclohexyl or cyclohexyl, cyclohexyl or ¢-Bu,
t-Bu) in which the alkylsubstituents differ only slightly in electron-donating
properties, but differ significantly for the steric bulk: R,R" = n-Bu, n-Bu
< n-Bu, cyclohexyl < cyclohexyl, cyclohexyl < ¢-Bu, ¢-Bu, it was found that
productivity and molecular weight decrease when steric bulk increases to
the point that with the last ligand the main product is MP (97.4% se-
lectivity, TOF = 25000 h~! at 120 °C, 40 bar, CO/ethene = 2/1) [30,33]. An
even higher performance was obtained by Tooze et al. with ligand 22 dtbpx
(99.98% selectivity, TOF = 50 000 h~! under milder conditions, 80 °C, 10 bar,
CO/ethene = 1/1, see Sect. 4.1.2) [31,111]. At first, it was suggested that this
diphosphine does not maintain cis-chelation, but opens one coordination
arm thus acting as a monophosphine [111].

The same was previously suggested also by Doherty et al., which found
that the Pd(II)-diphosphine of type 24 [112] and type 26 [113] produce low
molecular weight oligomers of average length 13-20 monomer units and MP
and that intermediate products having a low number of monomer units were
not present. It was proposed that two different catalytic species are operat-
ing, one having the expected identity coordination producing the oligomers,
the other with one arm of the diphosphine dissociated and effectively act-
ing as a monodentate ligand producing MP. The catalyst with ligand 28 gives
only oligomers. The bite angles of ligands 24 and 28 are similar (102°), how-
ever, close examination of the structures of the palladium complexes shows
that the ligand backbones are oriented in different ways and that the phenyl
rings in 24 provide a higher steric bulk [112]. This may be a key factor in
determining the chemoselectivity.

As a matter of fact, it was proven, by variable temperature multinuclear
NMR studies, that in the dtbpx-based catalyst, which is the most efficient
in producing MP, the ligand maintains cis-coordination in all the identified
intermediates well above room temperature [42, 114, 115] (see below).

In general, catalysts that promote the cooligomerisation to low molecu-
lar weight products promote also the formation of MP. However, apparently
slight changes in the bridging chain or in the substituents the P atoms may
cause quite different chemoselectivity, as already reported above. Another
interesting case is that of dppf- and dppomf-based systems (ligands 30 and
31) [47, 116]. The first presents a cis-k>-P,P coordination mode and promotes
the formation of several low molecular weight products, from MP to alternat-
ing cooligomers, the other exclusively MP. The methyl substituents in dppomf
induce significant changes in the coordination mode which changes to «>-P,P,
Fe and in the secondary structure of the complexes (P — Pd — P bond angles
(96° in [Pd(H,0),(dpff)]**, 102° in the other), dihedral angles between the
(P, Fe, P) and (P, Pd, P) planes, deviations of the phosphorous atoms from
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the planes of the Cp rings). The selective production of MP might be due
to the higher steric hindrance of dppomf and consequent greater propensity
of dppomf versus dppf to give a Fe — Pd bond, thus forcing the P atoms to
adopt a trans geometry, and yielding Pd-acyl species that do not react with
ethene in MeOH to form B-chelates, which could continue the cooligomerisa-
tion process [47].

Quite interestingly the osmocene analogue of dppf (ligand 32) cataly-
ses the methoxycarbonylation of ethene selectively (TOF = 400 h™! at 85 °C,
45 bar, CO/ethene = 1/1, Pd/TsOH = 1/40). Multinuclear NMR spectroscopy
of complexes [PdX(dppo)](TsO) (X = TsO, Me, COMe) is consistent with the
presence of Os—Pd bonds, which has been confirmed by NMR and X-ray
studies on [Pd(CH3CN)(dppo)](TsO),. The coordination geometry around
palladium is that of a slightly distorted square planar with trans P atoms,
a P—Pd - P angle 0of 164.9(1)° and a strong bonding Os — Pd interaction dis-
tance (2.840(1) A°) [79].

If the ligands dppomf and dppo maintain trans-coordination throughout
the catalytic cycle, it will be interesting to establish how the insertions of CO
and ethene and methanolysis to MP occur.

An example of how selectivity can subtly depend on the different steric
bulk introduced upon varying the length of the backbone, or even when
using different diastereoisomers, is the one found for the methoxycarbony-
lation of ethene or of higher olefins catalysed by in situ generated Pd(II)
complexes of meso/rac adamantyl diphosphines (ligands 34-37). Normally
Cs-bridged diphosphines-based catalysts promote the copolymerisation, but
the catalyst derived from Cs-bridged meso/rac-1, because of the steric hin-
drance adamantly moiety, catalyses the methoxycarbonylation of ethene
(TOF = 10*h™1, selectivity > 99% at 90 °C, ethene = 20bar, CO = 30 bar,
Pd(AcO),/P - P/TfOH = 1/1.5/2.5), whereas the C,-bridged meso/rac-2-
based system, inducing less steric hindrance, promotes the formation of
polyketones of relatively low molecular weight [32, 117].

Liu et al. delineated the initiation, propagation and termination steps of
the carbomethoxy of the hydride cycles for the catalyst [Pd(CH3CN),(dibpp)]
(TfO)3, which promotes both the formation of cooligomers and MP [58].
To generate a Pd— OCH3* species of the carbomethoxy cycle, a base was
added, but normally catalytic carbonylation is carried out in the presence
of an excess of acid. However, protonolysis, by MeOH in the presence of
CO, of a Pd-alkyl intermediate of the hydride cycle, provided an entry to
the carbomethoxy cycle (through the shift from the hydride cycle to the car-
bomethoxy one), without the necessity of using a base. The methyl complex
1" was used to start the hydride cycle, because the hydride could not be
prepared separately [58]. All the species indicated were detected, including
B- and y-chelates. The cycles are closely related to the one shown to occur in
the solid state [51].
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Fig.6 The carbomethoxy cycle (a), the hydride cycle (b) and the shift of the hydride
mechanism to the other (c) (S = CH3CN). Adapted from [58]

It is interesting to point out that with this catalyst formation of MP occurs
also through the carbomethoxy cycle, whereas it will be shown that most cat-
alysts that are highly selective to MP operate through the hydride mechanism
(see Fig. 6).

4
Selective Synthesis of Monocarbonylated Products

4.1
Synthesis of Methyl Propanoate

From what is reported above, it is evident that the CO-ethene copolymerisa-
tion and the methoxycarbonylation of ethene are closely related. In principle
the mechanisms discussed for the copolymerisation process are valid also for
the case when termination occurs after the insertion of just one molecule
of each monomer into the species that initiate the catalysis, Pd— OCH3;™ or
Pd — H™. These species can form as schematized by Eqs. 10-16. The copoly-
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merisation occurs via both the so-called hydride and carbomethoxy mechan-
isms, as unambiguously proven by the end group analysis when both are ester
end groups or keto end groups.

In the alkoxycarbonylation, the hydride mechanism initiates through the
olefin insertion into a Pd — H bond, followed by the insertion of CO into the
resulting Pd-alkyl bond with formation of an acyl intermediate, which un-
dergoes nucleophilic attack of the alkanol to give the ester and the Pd—H™
species, which initiates the next catalytic cycle [35, 40, 57, 118]. Alternatively,
it has been proposed that a ketene intermediate forms from the acyl complex
via B-hydride elimination, followed by rapid addition of the alcohol [119]. In
principle the alkyl intermediate may form also by protonation of the olefin
coordinated to a Pd(0) complex [120, 121].

In the other mechanism, the catalytic cycle initiates through the insertion
of CO into a Pd-alkoxy bond, with formation of a Pd-carboalkoxy intermedi-
ate, which inserts the olefin with formation of an alkylcarboalkoxy B-chelate,
which undergoes protonolysis by the alkanol through the intermediacy of its
enolate isomer (see Sect. 2.3.1), yielding the ester and the Pd-alkoxy species,
which then initiates a new catalytic cycle [122-125].

4.1.1
Monophosphine Catalysts

The hydride mechanism is the most likely to be operative. In favour of this
mechanism there is the fact that after running the alkoxycarbonylation of
an olefin catalysed by the precursor trans-[PdCl,(PPhs);], the acyl com-
plex trans-[Pd(COR)CI(PPhj3),] is isolated [126, 127]. The acyl complex reacts
with an alcohol to give the expected ester in an almost stoichiometric amount
and catalyses the alkoxycarbonylation of a different olefin to give the expected
ester and a stoichiometric amount of the ester derived from the acyl ligand.
This proves that the acyl complex is sufficiently stable to be isolated while
being reactive enough to enter the catalytic cycle. Together with the acyl com-
plex, a carboalkoxy complex also forms. However, the latter complex fails to
give an ester in reaction with an olefin in the alkanol.

Moreover, catalysis is enhanced when carried out in the presence of HCI,
which does not favour the formation of the carboalkoxy complex because of
Eq. 22. In addition, no catalysis is observed when carried out in the pres-
ence of a base such as NEt3, which favours the formation of the carboalkoxy
complex; in this case there is formation of inactive Pd(0) complexes [127].

Pd** + ROH + CO Pd-COOR* + H* (22)

In a subsequent study, it was found that a hydride source like H,O, an acid
(TsOH) or molecular hydrogen have an enhancing effect on the catalytic ac-
tivity of the “cationic” precursor [Pd(TsO),(PPhs);]. Water, in combination
with CO, generates the hydride [91] and reforms it if Pd — H" consuming side
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reactions occur during the course of catalysis (see below). The acid can re-
oxidise the inactive Pd(0), which otherwise inevitably forms; palladium can
activate molecular hydrogen via heterolytic splitting [33, 72]. Moreover, in the
presence of hydrogen, there is concomitant formation of ethane, which can
form only via a Pd — H" species. It was also found that catalysis is inhibited
when carried out in the presence of BQ, which transforms a hydride species
into a Pd — OCH3™ species (Eq. 8) and that decomposition to Pd(0) complexes
and even to palladium metal occur in the presence of a base such as NEt3 [91].

Using the “cationic” precursor just reported, the carbomethoxy and the
acyl complexes trans-[Pd(COEt)(TsO)(PPhs);] and trans-[Pd(COOMe)(H,0)
(PPh3)2](TsO) have been also isolated after methoxycarbonylation experi-
ments [128,129]. Similarly to what has been suggested for the corresponding
neutral chlorides, only the acyl complex is the one most likely directly in-
volved in the catalytic cycle. It reacts with MeOH giving MP in an almost
stoichiometric amount and it catalyses the alkoxycarbonylation of a differ-
ent olefin with almost quantitative formation of MP. In contrast, the car-
bomethoxy complex dissolved in MeOH, saturated with C,Hy, at rt, does not
yield the ester, even in the presence of TsOH, which has a promoting effect
when the acyl complex is used as a catalyst. Catalysis occurs only upon heat-
ing at the usual temperature in order to observe significant catalytic activity
(70-80 °C), in which case there is evolution of CO; in an amount equivalent
to the carbomethoxy complex. After catalysis, in place of the starting com-
plex, the acyl complex is recovered. It has been proposed that H,O displaces
MeOH from the carbomethoxy complex, with formation of a Pd— COOH*
species, which upon evolution of CO, gives the hydride that starts the cata-
lytic cycle which undergoes through an acyl type intermediate. This might
explain the promoting effect of H,0, which would bring the less active
Pd - COOMe™" species, which might form during the catalysis, back to the
catalytic cycle (see Fig. 7).

In addition, it has been observed that, even when starting from the acyl
complex, CO, forms during the catalysis. In principle, this should not occur
because at any catalytic cycle, the regenerated hydride should continue the
catalysis. Thus some Pd —H* consuming side reactions occur before the hy-
dride is trapped by C,H4. As a matter of fact, when the acyl complex is
used as precursor in the presence of an excess of acid, it is recovered as
[PA(TsO),(PPhs)]. This is brought back to the catalytic cycle through a re-
action related to the WGSR. This is another way through which HO might
contribute to enhance the catalytic activity. The acid partially consumes
the phosphine (see below), but it may prevent the formation of [Pd(u-
OH)(PPh3)4]** or may stabilize the hydride preventing its deprotonation to
[(PPh3),Pd(. — H) (. — CO)Pd(PPh3),]* [130] or to inactive Pd(0) complexes,
and, when these form, they can be reactivated by the acid. In addition the
acid, through protonation at the O atom of the acetyl ligand, may enhance its
electrophilicity and hence the methanolysis step [57].
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Fig.7 The hydride (A) and the carbomethoxy (B) cycles, with shift from the latter to the
first through the action of H,0

The isolation of acyl and carboalkoxy complexes proves that the insertion
of CO into both a Pd-alkyl and into a Pd — OR species occurs easily. Quite in-
terestingly, it has been found that CO inserts only into the Pd — OCH3 bond of
the complex [Pd(CH3)(OCH3)(P — P)] and that after insertion methyl acetate
eliminates with the formation of [Pd(CO),(P — P)] [131].

Although the isolation and reactivity of acyl complexes strongly support
the hydride mechanism, the other mechanism cannot be excluded. For ex-
ample H,O, the acid or molecular hydrogen, which can act as a hydride
source, can promote the Pd — C splitting of the Pd-alkylcarboalkoxy interme-
diate in the alkoxy cycle as well. More convincing for the hydride route is the
fact that the acid, which does not promote the formation of a Pd— OCH3"
species, has a promoting effect on the catalysis and can activate a Pd(0) com-
plex, otherwise inactive, whilst a base, which not only promotes the formation
of this species, but also deprotonates a Pd — H" species to Pd(0), suppresses
the catalysis.

Phosphine degradation side reactions with formation of phosphonium
cations such as MePPh;*, EtPPhs* and EtCOCH,CH,PPhs™, isolated as TsO™
salts, provide further evidences for the hydride path. The last two have been
shown to form by metal mediated pathways and are products of the hy-
dride route. It has been proposed that the 3-oxopentyltriphenylphosphonium
cation forms via interruption of the palladium catalysed chain growth of CO-
ethene oligomers arising from further insertion of ethene into the Pd-acyl
intermediate [132].

It is worthy to note that these monophophine systems must be used in
the presence of a free ligand, with a Pd/P ratio even up to 1/20, because the
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acid partially consumes the phosphine and drives its dissociation from Pd(II),
eventually with the degradation to Pd metal.

4.1.2
Diphosphine Catalysts

As already mentioned, for a long time it was generally accepted that
monophosphine catalysts were more suitable to promote the formation of
MP selectively. Luckly, it has been found that some diphosphines give cat-
alysts that are highly active and selective to MP. The case of dtbpx deserve
further presentation, because it gives the most active, selective and stable cat-
alyst reported up to now (Sect. 3.3.2) and because it has been studied more in
detail.

Catalysis undergoes via the hydride pathway [111,114,115,2,115]. The
active Pd(II)-hydride catalyst [PdH(MeOH)(dtbpx)](TfO) can be easily pre-
pared by mixing [Pd(dtbpx)(dba)] with 2-5 equivalents of TfOH, in MeOH
and in the presence of an oxidant, BQ or O,. The formation of the hy-
dride occurs through a multistep process. Protonation of the starting com-
plex gives [Pd(dtbpx) (dbaH)](TfO), which is readily oxidised by BQ or
O, to give [Pd(dtbpx)((nz-TfO)](TfO), from which the coordinated anion
is displaced by the solvent. In the last step hydride formation occurs via
irreversible §-hydride elimination from coordinated MeOH (or another pri-
mary or secondary alcohol). The hydride can also be obtained by dissolving
[Pd(dtbpx)(TfO),] in a primary or secondary alcohol.

The hydride is stable in MeOH, deprotonation does not occur, probably
because the basicity of the ligand makes the palladium centre more nucleo-
philic, nor partial deprotonation to (u-H) dimeric species occurs, probably
because of the high steric bulk of the ligand. Though the hydride is very re-
active, its formation is quantitative and selective, so that its concentration
is the highest possible, which is ideal for catalysis. The Pd(II)/PPh3/TsOH
catalytic precursor in MeOH is only partially transformed into an active
Pd(II)-hydride, as several other species are present in solution, such as [Pd(u-
OH)(PPh;3),]3* and [Pdy(1-H)(14-CO)(PPh3)s]* [130].

The hydride reacts immediately with ethene to give the expected ethyl
complex selectively and quantitatively, which again is ideal for the catalytic
activity. The hydride is very unstable when CO is bubbled into MeOH solu-
tion, even at low temperature [115]; at room temperature it reacts immedi-
ately with ethene giving a cationic ethyl complex. In the presence of both CO
and ethene, like under catalytic conditions, decomposition does not occur be-
cause the hydride reacts much faster with ethene than with CO. Once the ethyl
intermediate is formed, fast insertion of CO occurs with formation of an acyl
intermediate, which in turn reacts with MeOH yielding MP with quantitative
regeneration of the starting hydride to continue the catalytic cycle [114, 115].
The formation of the ethyl and of the acyl intermediates involves facile equi-
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libria shifted toward them, whereas the methanolysis of the acyl complex is
irreversible and is probably the rate-determining step (see Fig. 8) [115].

A detailed VT multinuclear NMR study has allowed the solution struc-
ture and dynamic properties of all the intermediates to be established. The
hydride [PdH(MeOH)(dtbpx)]* is static, the two P atoms remain coordi-
nated and do not become equivalent through solvent exchange until well
above room temperature. The ethyl complex presents a strong S-agostic
C—H interaction, which is remarkably stable and it is not displaced even
in strongly coordinating solvents such as EtCN. C, and Cg of the ethyl
group become equivalent via a stereospecific interchange involving [PdH (17*-
C,H4)(dtbpx)]* without making the two P atoms equivalent; at higher tem-
perature (ca. 80 °C) the two P atoms become equivalent, maintaining cis-
coordination, probably via a T-shaped intermediate [115].

The B-agostic ethyl complex is similar to a transition state intermediate
in the step of the ethene insertion into the Pd — H bond. This might be also
relevant to the high catalytic activity of this catalyst.

For the acyl complex [Pd (COEt)(dtbpx)(solvent)]* (solvent = THF, EtCN)
there is no B-agostic C — H interaction and the two P atoms become equiva-
lent even below room temperature via movement of the intact acyl group.
The MeOH analogue is too unstable to be characterised, it gives MP and the
starting hydride quantitatively. The product forming step is too fast to fol-
low by NMR, even at low temperature, thus it is not possible under catalytic
conditions (80 °C, 10 bar, CO/C;H4 = 1/1) to distinguish between alterna-
tive pathways such as whether it proceeds by reductive elimination from
the [Pd(dtbpx)(COEt)(MeOH)]* complex to give MP and Pd(0) species with
release of a proton, which subsequently adds to Pd(0) to give the starting
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Fig.8 Proposed mechanisms for scrambling the two carbons of the ethyl ligand (a); for
making equivalent the two P atoms (b). Adapted from [115]
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hydride, or whether reductive elimination and protonation proceed concert-
edly [115].

Another peculiarity of the acyl complex is that it prefers solvent coordi-
nation, even when the solvent has weakly coordinating ability such as THE,
rather than CO coordination, even in the presence of free CO. This also
can contribute to the high activity observed for these systems, as MeOH
has not to compete with CO for coordination before the product-forming
step. It is noteworthy that the carbonylation of the closely related complex
[Pd(Me)(Et,O)(dippe)]* in Et,O or [PA(OTf)(CHs)(dibpp)] results in the
complex [Pd(COMe)(CO)(dippe)]* containing coordinated CO instead of sol-
vent [133].

Further evidence for the hydride mechanism that exclude the other path
have been provided by carrying out the catalysis in CH30D under con-
ditions of chemical control of the rate of reaction or of CO g/l mass-
transfer control [134]. In the first case a mixture of monodeuterated products
CH,;DCH,CO;Me and CH3CHDCO;Me in approximately 1/1 ratio formed,
together with low levels of undeuterated MP and of CH,DCHDCO;Me, with
no H incorporated into the CH30D. This can be explained if a hydride mech-
anism operates with rapid reversible migration of the hydride to coordinated
ethene and coordination of CO occurring at a much higher rate than ex-
change of Pd — H with MeOD. It also suggests that coordination of ethene is
essentially irreversible since otherwise significant amounts of undeuterated
MP would be formed from loss of C;H3D from intermediate 1 in Fig. 9, fol-
lowed by coordination-insertion of ethene into the Pd — H bond. Under con-
ditions of CO starvation multiple labeled products would arise from Pd - H
exchange with MeOD in intermediate 1.

The formation of monodeuterated MP can be explained also by a car-
bomethoxy mechanism if, after migratory insertion of ethene into the
Pd — COOMe bond, B-H abstraction occurs in intermediate 2 to give 3 (see
Fig. 10). Deuteration of 2 and 4 by MeOD would then lead to the two prod-
ucts observed. Again, the termination, relative to Pd — H/CH30D exchange,
has to be rapid, otherwise multiple deuterated products would form. Under
conditions of CO starvation these products would arise from the reversible
exchange between intermediates 2, 3, and 4, through exchange of Pd — H with
MeOD in 3. However, this mechanism cannot explain the formation of large
amounts of undeuterated MP, which form in the early stages of the reaction
since the termination step must always transfer a D atom from the CH3;0D
to end up on one of the ethyl carbon atoms of MP. It was concluded that the
methoxycarbonylation of ethene occurs by a hydride mechanism in which
the rate-determining step comes after the insertion of ethene into the Pd — H
bond and that the carbomethoxy path is not operating.

That the carbomethoxy is unlikely to be operative is suggested also by the
fact that in an attempt to synthesize a carboalkoxy derivative, [PdCl,(dtbpx)]
was allowed to react with EtOH in the presence of NEt3, or with Na(OCH3), in
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both cases in the presence of CO. In place of the anticipated carboalkoxy com-
plex [Pd(COOR)CI(dtbpx)] [135,136], the Pd(0) complex [Pd(CO)(dtbpx)]
was obtained [136]. Attempts to convert the carbonyl complex to the hydride
[PdH(dtbpx)(MeOH)]* by treatment with CF3SO3H failed [137], probably be-
cause of the instability of the hydride in the presence of CO [115].

In MeOH the hydride reacts with higher «-olefins, propene, 1-hexene and
1-hexadecene with formation of only the linear insertion product, probably
for steric reasons. In all the insertion products, the alkyl ligand presents the
B-agostic interaction. At room temperature, the insertion of ethene is quanti-
tative whereas with propene an appreciable amount of the hydride is present,
with 1-hexene the hydride prevails, with 1-hexadecene only the hydride is
present. The fact that the position of the insertion equilibrium strongly de-
pends on the chain length of the alkyl substituent is probably connected with
the high steric hindrance of the ligand [115].

[PAH (dtbpx)(MeOH)]* = [Pd(CH,CH,R)(dtbpx) (MeOH)]*  (23)

R=H,(CH;),CHs (n=3o0r13).

It is noteworthy that the ethyl complex does not react even with the least
hindered olefin to give higher alkyl complexes or ethene oligomerisation
products; nor the acyl intermediate inserts another molecule of ethene to
give intermediates that could lead to a cooligomerisation process, but it re-
acts immediately with MeOH to give the MP and the hydride back to the
next catalytic cycle. It is worthwhile to note that the i-Pr, Cy or Ph analogues
yield MP with only 20-30% selectivity and that the main product is a mixture
of oligomers [111]. Not only, aryl substitution with electron-donating (MeO)
and electron-withdrawing (NO;) groups at the aryl ring of dtbpx have little
effect on the rate and selectivity of the methoxycarbonylation of ethene [111].
Thus this unique chemistry of the dtbpx-based catalyst is most likely due
to the highly restrictive steric demand of the ligand, which controls the in-
sertion of only one molecule of monomer and then allows the methanolysis
step. The relatively large bite angle of the ligand found by X-ray analysis of
[PA(COEt)Cl(dtbpx)] (103.08(3)°) [115] enhances the steric bulk.

In spite of this, the hydride catalyses the isomerisation of higher «-olefins
to an equilibrium mixture of all the possible internal isomers and catalyses
also the methoxycarbonylation of a-olefins and of internal olefins to the lin-
ear esters with 99% regioselectivity.

Preliminary mechanistic studies on the methoxycarbonylation of 1-octene
showed that two pathways to methyl nonanoate occur, one involving the
direct carbonylation of 1-octene to the linear ester, the other the alkene iso-
merisation in competition with the first one. Subsequently, the linear product
forms by tandem isomerisation of the internal alkenes, with the terminal
alkyl intermediate being trapped by migration to CO at a higher rate than any
branched alkyl species. This has been confirmed by the analysis of products
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obtained from reactions carried out in CH30D, which can be explained by
a hydride mechanism [34, 138].

Recently, it has been reported that Pd(IT) complexes with ferrocenyldiphos-
phines 33, are also efficient catalysts for the selective methoxycarbonylation
of ethene with activity comparable to that of the dtbpx-based system (initial
TOF = 30000 h™!, TON = 60000, at 100 °C, 10 bar) [139, 140].

4.2
Selective Synthesis of Diethyl Ketone

Because of its nature, DEK must form via a hydride mechanism. Up to the
formation of a Pd-acyl intermediate, the paths leading to MP or DEK are
similar. DEK forms if the insertion of a second molecule of ethene into the
Pd-acyl bond is followed by protonolysis of the Pd — C bond of the resulting
Pd-alkylacyl intermediate.

The first effective catalyst for this reaction has been reported by Zudin
et al. [141]. The catalytic system was made in situ from Pd(AcO),, PPhs
and aqueous CF3COOH. In the absence of ethene, this catalyst promotes the
formation of the WGSR. In the presence of ethene, the evolution of H; is in-
hibited and the reaction takes a different path, as DEK forms together with
an equimolecular amount of CO;. The source of hydrogen is H,O [141]. The
reaction can be depicted as follows:

2C,H, + 2CO + H,0 — DEK + CO, (24)

A significant increase of the catalytic activity occurs when the reaction is car-
ried out in the presence of molecular hydrogen (TOF = 35h7! at 70 °C, 1 bar,
C,H4/CO/H; =2/1/1, Pd/P = 1/10). In this case CO, forms only in trace
amounts [72]. The same active hydride [PdHL3]X is operative in both cases.
In the absence of H; the hydride forms via a reaction closely related to the
WGSR, in the other case it forms via heterolytic activation of H, by Pd(II).
Deuterium studies using H,/D* and D,/D* systems elucidated the nature of
the product forming steps, which occurs via keto-enol isomerisation of the
alkylacyl B-chelate intermediate, followed by protonolysis [72], as shown to
occur also for the analogous termination steps of the CO-ethene copolymeri-
sation process.

More recently, Pugh and Drent found that Pd(AcO,)/dtbpe/TfOH (Pd/
P-P/TfOH = 1/1.2/2.5) is very active to catalyse the formation of DEK
in MeOH and in the absence of H,O (TOF = 4500h~! at 120°C, 40 bar,
COlethene = 1/1, 90% selectivity, 7.3% CH3;CH,COCH;CH;COOMe, 1.5%
MP), at variance with an analogous system based on the C3-bridged analogue
dtbpp (97.4% to MP, 2.6% to DEK, TOF = 25000 h™') [33]. The source of hy-
drogen is MeOH [33]:

2C,H, + CO + MeOH ——» DEK + HCHO (25)
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When the reaction is carried out in the presence of hydrogen and excess acid
(20 bar of Hy, Pd/TfOH = 1/50) the selectivity and TOF jump up to 98% and
90000 h™!. The mechanism proposed is shown in Fig. 11. After formation of
the acyl intermediate 3, the insertion of a second molecule of ethene is faster
than methanolysis. Protonolysis by MeOH of the S-chelate gives the product
and a Pd— OCHj3" species, which undergoes g-H elimination with regener-
ation of the active Pd —H* species 1. Direct hydrogenolysis of 4 or of the
Pd — OCH3 bond may explain the promoting effect of Hj.

Differently from the dtbpp or the dtbpx systems, in the case of the dtbpe
after the formation of intermediate 3, insertion of a second molecule of
ethene wins over termination by methanolysis to MP as, possibly, a conse-
quence of the larger space at the “vacant” side because of the smaller bite
angle of the C,-bridged diphosphine.

Quite interestingly, excess acid changes the selectivity, as a significant
amount of copolymer is produced (DEK 33%, oligomers/copolymers ca.
60%). Protonation at the oxygen atom of the §-chelate may open the five-
membered (and the subsequent six-membered ring of a y-chelate) and makes
easier the insertion reactions to copolymers. A similar acid effect has been
found using the monosulfonatedmonophosphine PPh,PhSOsH for the car-
bonylation to ethene in H,O (Sect. 3.1) [82, 87].
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Fig. 11 Proposed mechanism for the formation of DEK. Adapted from [33]
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5
Conclusions and Outlook

The most active Pd(II) catalysts for the carbonylation of ethene to high mo-
lecular weight polyketones, cooligomers or monocarbonylated products are
cationic complexes of bidentate phosphines. Cis-coordination is ideal for pro-
moting the insertion reactions and also methanolysis. Copolymerisation can
occur through both the hydride and the carbomethoxy mechanism, whereas
the formation of MP is likely to occur via the first mechanism only. The oper-
ating conditions, the nature of the counter-anion, the acidity and the nature
of the solvent can influence both the rate of reaction and selectivity. But it is
the ligand that can make the most significant difference.

After the promising results obtained with the Cs-bridged dppp ligand,
which has a bite angle of 90°, believed to be optimal to make lower the ac-
tivation energy of the copolymerisation process, systematic investigations on
steric and electronic influence of modified dppp ligands led to the develop-
ment of the dapp-type ligands, suitable for commercial exploitation, and also
to the discovery of the dtbpp-based catalysts, highly active and selective for
the production of MP.

The sharp change in selectivity from high molecular weight polyketones to
MP occurring when the phenyl groups in dppp are replaced by bulkier ¢-Bu
groups cannot be explained only on the basis of bridging chain length and
bite angles. Nor can bite angle considerations alone explain the different se-
lectivity between the C4-bridged dtbpx and dppb-based catalyst, though their
bite angles are significantly different, 104° and 98°, respectively.

Steric bulk considerations may provide a sound basis to explain the dif-
ferent activity. In the dtbpx catalyst ethene insertion into the Pd —H bond
is fast as is the subsequent CO insertion into the Pd-acyl intermediate, be-
cause both the hydride and the CO ligands are small. Steric bulk impedes
one more insertion of ethene, CO insertion does not occur because of ther-
modynamic reasons, thus propagation cannot occur. The acyl complex can
react only with cis-coordinated MeOH, giving MP and the hydride back to
the catalytic cycle. The larger the steric bulk, the faster methanolysis. The
relatively large bite angle of dtbpx magnifies the steric bulk of #-Bu group,
this may account for the exceptionally high selectivity to MP (99.98%) and
also for the high reaction rate (TOF = 50000 h~! at 80 °C, 10 bar, CO/ethene
= 1/1). The dtbpp ligand also gives a highly selective catalyst to MP, though
slightly less efficient, probably because of the slightly lower steric bulk due to
the shorter bridging chain. With less sterically hindering dppp type ligands,
fast ethene insertion to B-chelates and fast multiple alternating insertions of
CO and ethene occur before the relatively slow termination, which produces
a high molecular weight polyketone.

By replacing the t-Bu groups with the smaller s-Bu in the Cs-bridged
diphosphine, the selectivity changes from MP to DEK. Keeping the same sub-
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stituents at the P atoms, the steric bulk can be varied by varying the length
of the bridging chain. From dtbpp to less bulk dtbpe the selectivity changes
from MP to DEK. After formation of the Pd — COEt intermediate, the less
sterically hindering s-Bu-substituted diphosphine and the C,-bridged dtbpe
ligand allow the insertion of a second molecule of ethene with formation of
an alkylacyl B-chelate intermediate, which undergoes protonolysis by MeOH
to monocarbonylated DEK. When the catalysts are used in combination of
an excess of acid, there is significant formation of oligomers/copolymers. It
might be possible that protonation of the oxygen atom of the chelate desta-
bilizes it and/or increases the electrophilicity of the chelate moiety, thus
favouring further insertions.

Though mainly of electronic nature, the higher steric bulk of the dapp
ligand, compared to dppp, may also contribute to enhance the perform-
ance of dapp. Also the increase of the steric constrains introduced by alkyl
substitution in the bridging chain of both ligands may be involved in the
increased productivity. The higher steric bulk and constraints may destabi-
lize the B-chelates thus favouring the insertion of ethene, the low step of the
copolymerisation process.

Steric bulk may play a role of paramount importance in making the cata-
lysts based on the dppm type ligands 13 and 14 with bulky substituents at the
ortho-position of the phenyl rings highly active for the copolymerisation to
high molecular polyketones, whereas dppm itself is ineffective. The different
selectivities observed using ligands 30 and 31 and 34-37 may also be related
to steric bulk.

Ligands with intermediate steric bulk give cooligomers together with lower
molecular weight products down to DEK and MP. Monophosphine catalysts
also give these products. The P —Pd — P angle in cis-[Pd(H,0),(PPhs), ]** is
97°, close to the bite angle of dppb, but two PPhs have a higher steric bulk,
which may explain the different selectivity shown by the two systems. In add-
ition, the lower activity of the PPhs-based catalyst system may be related to
the fact that it undergoes cis-trans isomerisation and that it can undergo
insertion and termination reactions only when in the cis geometry.

Though important results have already been obtained in the carbonylation
of olefins, the field still remains open. Development of more active, efficient
and stable catalysts based also on less expensive metals will make the car-
bonylation processes more attractive. Carbonylation of less common olefins,
including functionalised ones, has to be explored in more depth. Other im-
portant targets are the efficient living copolymerisation, the multiple olefin
insertion producing non-alternating copolymers and the selective synthesis
of unsaturated products like acrylates and methacrylates.
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Abstract The transition metal mediated conversion of alkynes, alkenes, and carbon
monoxide in a formal [2 + 2 + 1] cycloaddition process, commonly known as the Pauson-
Khand reaction (PKR), is an elegant method for the construction of cyclopentenone
scaffolds. During the last decade, significant improvements have been achieved in this
area. For instance, catalytic PKR variants are nowadays possible with different metal
sources. In addition, new asymmetric approaches were established and the reaction has
been applied as a key step in various total syntheses. Recent work has also focused on the
development of CO-free conditions, incorporating transfer carbonylation reactions. This
review attempts to cover the most important developments in this area.

Keywords Pauson-Khand reaction - Homogeneous catalysis - Cycloaddition -
Transfer carbonylation - Cyclopentenones

Abbreviations

acac Acetylacetonate

BINAP 2,2'-Bis(diphenylphosphino)-1,1’-binaphthyl
BSA Bis(trimethylsilyl)acetamide
Bu Butyl

'Bu tert-Butyl

cod Cyclooctadiene

Cp Cyclopentadienyl

dba Dibenzylideneacetone
DMAc N,N-Dimethylacetamide
DME 1,2-Dimethoxyethane

DMSO Dimethyl sulfoxide
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dppb 1,4-Bis(diphenylphosphino)butane

dppp 1,3-Bis(diphenylphosphino)propane

EBTHI Ethylene-1,2-bis( 7 -4,5,6,7-tetrahydro-1-indenyl)
ee Enantiomeric excess

Me Methyl

Ph Phenyl

PKR Pauson-Khand reaction

Py Pyridine

SDS Sodium dodecyl sulfate

Tf Trifluoromethanesulfonyl

TMANO  Trimethylamine N-oxide
tolBINAP  2,2'-Bis(di-4-tolylphosphino)-1,1’-binaphthyl
TPPTS Triphenylphosphine trisulfonate

1
Introduction

An important procedure for the synthesis of cyclopentenones is the so-called
Pauson-Khand reaction, which constitutes a formal [2 + 2 + 1] cycloaddition
of an alkene, an alkyne, and carbon monoxide. Due to the increase in struc-
tural diversity of the available starting materials, the reaction has become
an attractive target for scientific investigations [1-8]. The first successful ex-
ample was reported by Pauson, Khand et al [9] in 1973 for the conversion of
norbornene with the phenylacetylene-hexacarbonyldicobalt complex to give
the corresponding cyclopentenone in 45% yield (Eq. 1).

A proposed mechanism of this reaction was reported by Magnus and Prin-
ciple [10], which is nowadays widely accepted (Scheme 1). Recently, negative-
ion electrospray collision experiments have confirmed this mechanism in
detail [11]. Starting with the formation of the alkyne-Co,(CO)¢ complex 2,
olefin 3 coordination and subsequent insertion takes place at the less hin-
dered end of the alkyne. The in situ formed metallacycle 4 reacts rapidly
under insertion of a CO ligand 5 and reductive elimination of 6 proceeds
to liberate the desired cyclopentenone 7. It is important to note that all the
bond-forming steps occur on only one cobalt atom. The other cobalt atom of
the complex is presumed to act as an anchor which has additional electronic
influences on the bond-forming metal atom via the existing metal-metal

bond [12].

H

Coy(CO)s DME E
Ph—=lz + _— = Ph

60-70 °C, 4h :

Equation 1
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R1_—

2CO COZ(CO)g —
-2CO

Co,(CO)g (CO)3Co——Co(CO);

5%

12
R1 RZ R [RZ
-CO R3

7 R
oG co
(CO)3Co— Co\f—R
é_\ /(L)o R}A; QR3
(H3C8)3Cc|>\ R2
6 R

3
R L = solvent, CO (C°)3c°>\<‘é(f°;3
R
4

c|_ o} R®

(CO)3Co\—Co /

1
R5R3

Scheme 1 Mechanistic proposal for the Pauson-Khand reaction

After its discovery the method was affected by various problems. For in-
stance, a stoichiometric amount of catalyst and the use of strained olefins
were necessary to obtain useful yields. Furthermore, if unsymmetrical
alkynes and alkenes were used, the reactions typically gave a mixture of re-
gioisomers. In addition, many early examples reported the need for long
reaction times and high temperatures to obtain full conversion.

An important advance was reported by Schore and Croudace [13], who
showed for the first time that carbon-tethered enyne precursors undergo
an intramolecular Pauson-Khand reaction (PKR) in good yields with com-
plete control of regioselectivity. In this connection, it was not essential to use
strained olefins as starting materials.

In addition to Co,(CO)s, subsequently other metal complexes such as
molybdenum hexacarbonyl [14], iron pentacarbonyl [15, 16], tungsten pen-
tacarbonyl [17], and zirconium [18] or heterobimetallic cobalt/tungsten com-
plexes [19] were reported to facilitate the PKR. Although various metals
furnish the stoichiometric PKR, Co,(CO)s has become the catalyst of choice
due to its several advantages, e.g., the complex tolerates a broad range of func-
tional groups, reveals activity toward both terminal and internal alkynes, and
is relatively cheap. With regard to problems like high temperatures and CO
pressures, as well as long reaction times, significant progress was reported
independently by the groups of Jeong [20] and Schreiber [21], who reported
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the application of N-methylmorpholine N-oxide and trimethylamine N-oxide
as PKR accelerating agents. Using N-oxides, cyclopentenones were obtained
in good yields even at room temperature. It is likely that the promoting ef-
fect of N-oxides is based on the oxidative liberation of the CO ligands of the
metal complex. Therefore, the following oxidative alkene addition, known as
the rate-determining step in the PKR, can now proceed very fast.

Other reagents such as silica gel [22, 23], molecular sieves [24, 25], alkyl
methyl sulfides [26], or primary amines [27] were also reported to facilitate
the reaction, but seem not to work as generally as N-oxides.

2
The Catalytic Pauson—-Khand Reaction

PKR with stoichiometric amounts of Co,(CO)s are still often used as the key
step in various total syntheses. However, with regard to environmental friend-
liness, catalytic procedures are desirable. This chapter will deal with recent
approaches in the development of the catalytic PKR.

The first catalytic PKR was reported by Rautenstrauch et al. [28], who de-
scribed the conversion of heptyne using a mixture of 40 bar ethylene and
100 bar CO to form the resulting cycloaddition adduct in a yield of 48%.
A more practicable procedure was later reported by Jeong et al. [29], who re-
alized the PKR in good yields at 3 atm of CO and 110 °C by stabilization of the
cobalt catalyst with triphenylphosphite as ligand. Apart from Co,(CO)s, other
Co sources were also successfully applied within the reaction. For example,
Sugihara and Yamaguchi [30] described the employment of methylidyne-
tricobalt nonacarbonyl clusters Coz(CO)o( p3 — CH), which are advantageous
due to the catalyst productivity (1-2 mol %). Furthermore, the system cat-
alyzes both the intra- and intermolecular PKR with remarkably good yields
(78-91%). Lee and Chung [31] examined the use of Co(acac),/NaBH, as cy-
cloaddition catalyst. In this case, yields were observed in a range of 33-85%.
Successful conversions needed high CO pressures (40 atm) and long reac-
tion times (up to several days). The first example of a catalytic conversion
under atmospheric pressure of carbon monoxide was reported by Rajesh and
Periasamy [32]. Here, a combination of 0.4 eq. CoBr; and 0.43 eq. Zn was cho-
sen to facilitate the intermolecular PKR. Isolated yields were obtained in the
range of 30-88% at 110 °C. Supplementary to reactions in organic solvents,
procedures applying supercritical fluids have become more and more attrac-
tive in industry and academic research. So it is not surprising that Jeong’s
group reported the use of supercritical CO; as alternative solvent [33]. Using
Co,(CO)g as catalyst, 112 atm of CO, and 15-30 atm of CO were required at
37 °C to obtain cyclopentenones in yields up to 91%.

In addition to the accelerating effect of sulfides and amines in the stoichio-
metric Coz(CO)sg-mediated procedure, Hashimoto et al. showed that phos-
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phane sulfides are able to promote the Co,(CO)g-catalyzed reaction [34].
Even at atmospheric CO pressure and moderate temperature of 70 °C, the
desired products were isolated in almost quantitative yields (ca. 90%).

Due to the easier recycling of heterogeneous catalysts, Chung et al. de-
veloped an easy system that is based on the immobilization of 12 wt % metal-
lic cobalt on commercially available charcoal [35]. The resulting yields were
obtained in the range of 61-98%. After simple filtration the catalyst was
reused up to ten times without significant loss of activity.

Although Co carbonyl complexes have been used most often in catalytic
PKR, a variety of other transition metal complexes are able to catalyze this
reaction. For instance, Cp,Ti(PMes), [36] and Ni(0) catalysts [37] have been
reported to afford iminocyclopentenes by the use ‘BuMe,SiNC instead of CO.
Subsequent hydrolysis provides the desired cyclopentenones. Unfavorably,
the isolated product yield decreases significantly when applying this reaction
sequence.

Buchwald et al. have shown that 5-20 mol % Cp,Ti(CO), facilitates the
PKR at 18 psi CO and 90 °C, giving yields in between 58 and 95% [38]. More-
over, Mitsudo et al. [39] and Murai et al. [40] reported independently on
the employment of Ru3(CO);, as active catalyst. Cyclopentenones were iso-
lated in moderate to excellent yields (41-95%). In addition, rhodium catalysts
were successfully examined for use in the PKR. Narasaka et al. [41] carried
out reactions at atmospheric CO pressure using the dimeric [RhCI(CO), ],
complex. Also, in the presence of other rhodium complexes like Wilkinson
catalyst RhCI(PPh3)3 and [RhCl(CO)(dppp)]2 [42] in combination with silver
salts, cyclopentenones were obtained in yields in the range of 20-99%. Some
representative examples of the catalytic PKR are shown in Eq. 2.

In contrast to the development of general procedures for intramolecular
PKR, the realization of comparable intermolecular procedures was afflicted

EtOOC EtOOC a:90% e: 78%
)ﬁ - o o) b:91% f: 91%
EtOOC _ EOOC c:98% g: 96%

d: 58%
conditions:

a: 3 mol% Co,(CO)g P(OPh); DME, 3 atm, [29]

b: 3 mol% Coy(CO)g, 11 atm CO, at 36°C, 30 atm CO, 94°C, 24h [33]

c: 12 wt%Co supported on charcoal, 20 atm CO, THF, 18 h, [35]

d: 10 mol% Cp,Ti(PMes),, ‘BuMe SIiNC, additional hydrolysis, [36]

e: 5 mol% Ruz(CO)42, DMAc, 15 atm CO, 140°C, 20 h, [39]

f: 1 mol% [RhCI(CO),],, 1 atm CO, Bu,0, 130 °C, 18 h, [41]

g: 2.5 mol% trans-[RhCI(CO)(dppp)l2, 1 atm CO, 110 °C, 24 h, toluene, [42]

Equation 2
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with various problems. With exception of ethylene and strained alkenes, re-
actions employing simple olefins gave only poor yields because of their low
reactivity. Furthermore, the observed regioselectivities were also disappoint-
ing. The pioneering work of Krafft et al. [43-45] revealed that the intro-
duction of coordinating heteroatoms, such as nitrogen or sulfur, attached to
the alkene leads to a strong enhancement of reactivity and regioselectivity.
Hence, further work was dedicated to developing an easily removable direct-
ing group, which would open the way to increasing the synthetic potential of
the intermolecular PKR. In this connection, Itami et al. [46, 47] developed an
interesting system, which included a 2-pyridyldimethylsilyl group tethered to
the alkene part (Eq. 3). As a major advantage, this directing group enabled the
regioselective synthesis of cyclopentenones at the 4- and 5-position, respec-
tively. The pyridylsilyl group is removed after product formation caused by
residual water. Looking at different catalysts, Ru3(CO);, gave the best results
even under a remarkably low pressure of 1 atm CO. Here, yields were obtained
in the range of 40-91%.

N 5 mol% Ru3(CO)y Ph
| o o 1atm CO, 100 °C Ph
AN + — _—
/\S' toluene (0]
M62

88%
Equation 3

3
Synthetic Applications

In addition to the use of the simple enyne precursors, several groups ex-
amined the PKR of related systems, which would broaden the scope of
the method. Pursuing this strategy, Wender et al. elaborated dienyl-type
PKR [48]. Conversion proceeded smoothly even at room temperature under
an atmospheric pressure of CO by applying [RhCI(CO)(PPhs);] as catalyst.
Yields ranging from 43 to 96% were obtained. Interestingly, the chosen system
tolerates a variety of substitution patterns on the alkyne dienyl moiety (Eq. 4).

Recently, Shibata et al. reported on the successful conversion of al-
lenynes [49]. By employing [IrCI(CO)(PPhs);] as active catalyst (Eq.5),
reactions were carried out under a very low pressure of carbon monoxide
affording yields up to 91%.

Without doubt, multicomponent reactions have become an attractive tool
for the synthesis of biologically active molecules. In this regard, Jeong
et al. reported an interesting domino synthesis of bicyclopentenones [50].
They employed a bimetallic system consisting of [Pd,(dba);(CHCl3)] and
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E — 1 mol%
[RhCI(CO)(PPh3), E

E —_— O
\ 1 mol% AgSbFg E 1 P
1 atm CO, RT, 24 h

96%
Equation 4

5 mol% CeH,Cl

/—=— CgHCl IFCI(CO)(PPhs),
O _— O (6]

A xylene, 120 °C
\ 0.2 atm CO \

>/ 91%

Equation 5

[{RhCICO(dppp)}2] for the sequential construction of an enyne precursor,
starting from a malonic acid derivative and allylic acetate, which was con-
verted in situ to the cycloaddition product with excellent yields. Obviously,
the Pd complex catalyzes the allylic substitution reaction, while the rhodium
catalyst is responsible for the PKR (Eq. 6).

[Pdy(dba)3(CHCI3)]

=—Ph [{RhCICO(dppp)},]
EtOOC s ANOA T EtOOC o
COOEt 1 atm CO, BSA, dppb, EtOOC

110 °C, 25 h, toluene
Ph

92%

Equation 6

Because of the remarkable increase of molecular complexity, the PKR
serves as a useful methodology for various natural product syntheses. Nu-
merous examples of synthetic applications have been reported during the
last two decades. For instance, the PKR was successfully employed in the
total syntheses of B-cupraenone [51], loganin [52], hirsutene [53], and (+)-
epoxydictymene [54]. Just to comment on recently published examples, No-
mura and Mukai [55] reported on the total synthesis of (£)-8ca-hydroxy-
streptazolone (Eq. 7). This target molecule achieved attention due its anti-
biotic and antifungal activity. In this case, the PKR was used to build up
the required tricyclic framework. The successful conversion was facilitated
by the employment of an equimolar amount of Co;(CO)s and TMANO
as promoting reagent. The resulting cyclopentenone derivative was isolated
in 51% yield.
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OTBDPS TBDPSQ OH
e 1. Cox(CO)g, EL,O, 1t
OH 2 TMZANO,atquzene, -10°C H... o e
N/§ N —
=9 J°

(0]

/

51% 8a-Hydroxy-
streptazolone

Equation 7

More recently, the total synthesis of isocarbacyclin, a therapeutically use-
ful agent against numerous vascular diseases, was reported by Saito et al. [56].
Again, the crucial cycloaddition step was carried out using a stoichiometric
amount of Co,(CO)s. The reaction was completed within 3 h and gave 78%
yield of the desired cyclopentenone (Eq. 8).

%O %O / COOH
~ C0,(CO)s, MeCN,
0°C-rt

O C- O,

—_—
—_—
\\ \ H H H
T™S ' 7
T™MS H A
0 OH OoH
78% Isocarbacyclin
Equation 8

With regard to the known activity of cyclopentenone-containing prosta-
glandins, which serve, for instance, as anti-inflammatory and antineoplastic
ingredients [57], Brummond et al. elaborated the total synthesis of 15-deoxy-
A'?_prostaglandin J, by applying an allenic PKR [58]. As a special feature,
screening for a suitable catalyst system gave the best results when employ-
ing Mo(CO)s. The reaction was accomplished in a moderate yield of 38%,
producing a mixture of E/Z isomers in a ratio of 1:2 with respect to the
unwanted Z isomer. Additional reisomerization of the undesired isomer, by
photolysis or treatment with boron trifluoride/propanedithiol, increased the
yield of the target isomer (Eq. 9).

o

H
1t (o]
g e ST SN
—_— —_—
PhZSi\j Ph,Si ./~ \_~~_COOH
38%
EiZ=1:2 15-Deoxy-A"2"4-prostaglandin J,

Equation 9
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4
Stereoselective Pauson-Khand Reactions

The virtue of performing the PKR in an enantioselective manner has been
extensively elaborated during the last decade. As a result, different powerful
procedures were developed, spanning both auxiliary-based approaches and
catalytic asymmetric reactions. For instance, the use of chiral N-oxides was
reported by Kerr et al., who examined the effect of the chiral brucine N-oxide
in the intermolecular PKR of propargylic alcohols and norbornadiene [59].
Under optimized conditions, ee values up to 78% at — 60 °C have been ob-
tained (Eq. 10). Chiral sparteine N-oxides are also able to induce chirality, but
the observed enantioselectivity was comparatively lower [60].

The application of chiral auxiliaries is an alternative route to obtain
enantiomerically pure compounds. This approach has been frequently used
in the total syntheses of natural products like hirsutene [53] and (+)-15-
norpentalene [61].

Although this procedure often provides excellent diastereoselectivities,
a major drawback is the expensive synthesis of the PKR precursor. Hence, the
application of chiral transition metal catalysts is a more convenient method
for the synthesis of enantiomerically pure cyclopentenones. The first suc-
cessful results were reported by Buchwald and Hicks, who showed that the
chiral titanocene complex (S,S) -(EBTHI)Ti(CO); is a useful system for that
purpose [62,63]. Various enynes were converted under 14 psig CO pressure
and 90 °C reaction temperature. Yields were often good (72-96%), and the
obtained enantioselectivities were also good to excellent (70-94%). In add-
ition, RhCI(CO), in combination with AgOTf and (S)-BINAP was reported
to facilitate enantioselective PKR [64]. Values of ee were observed in be-
tween 22 and 99% and isolated yields were in the range of 22-96%. Moreover,
it was shown that chiral iridium diphosphine complexes catalyze such cy-
cloaddition reactions [65]. Using a comparatively large amount of 10 mol %

Q H

HO ?02((;0)6 @ brucine N-oxide HO 8
7—: + —

- 60 °C, acetone, 5d B

H

63%
78% ee

brucine N-oxide

Equation 10
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BOOG EtOOG a: 82%, 94% ee
EtOOC& E—— 0 b: 75%, 75% ee
= ph EtOOC C: 74%, 84% ee
Ph
conditions:

a: 7.5 mol% (S,S)(EBTHI)Ti(CO),, 14 psig CO, toluene, 12h, 90 °C, [62, 63]
b: 6 mol% Co,(CO)g, 10 mol% ligand, toluene, 1 atm CO, 24 h, 95 °C, [67]
¢: 5 mol% [Ir(cod)Cl], + 10 mol% (S)-tolBINAP, 1 atm CO, refluxing xylene, 72h, [65]

Equation 11

[Ir(cod)Cl],, reactions afforded enantiomerically enriched cyclopentenones
when (S)-tolBINAP was employed as ligand. The corresponding cyclopen-
tenones were obtained in yields up to 85% and ee values ranging from 82 to
98%. Interestingly, Co,(CO)s in combination with a chiral bisphosphite also
gives access to chiral Pauson-Khand products [66]. Here, yields were observed
up to 97%; however, in most cases the ee was rather low (< 20%). Equation 11
summarizes some representative examples of enantioselective PKR.

5
Pauson—Khand Transfer Carbonylation Reactions

During the last few years, the PKR has been developed as a straightforward
and practicable method for the synthesis of highly substituted cyclopen-
tenones. But for many synthetic chemists, the employment of poisonous CO
still represents a disadvantage. Hence, different strategies focused on the re-
placement of carbon monoxide within the reaction sequence. Recent success-
ful examples are based on results from the early 1960s, which dealt with the
transition metal catalyzed decarbonylation of organic oxo compounds [67].

In Scheme 2 the general mechanism of this transformation is shown.
Clearly, the in situ formation of CO by a decarbonylation process takes ad-
vantage of the formation of metal carbonyls, which are known to be the key
intermediates in the PKR.

Morimoto, Kakiuchi, and co-workers were the first to show that aldehy-
des are a useful source of CO in the catalytic PKR [68]. Based on 1*C-labeling
experiments, it was proposed that after decarbonylation of the aldehyde, an
active metal catalyst is formed. This was proven by the absence of free car-
bon monoxide. As a consequence CO, which is directly generated by previous
aldehyde decarbonylation, is incorporated in situ into the carbonylative coup-
ling. The best results were obtained using CsFsCHO and cinnamaldehyde as
CO source in combination with [RhCl(cod)],/dppp as the catalyst system. In
the presence of an excess of aldehyde the corresponding products were iso-
lated in the range of 52-97%.
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o

RH

R 'H

Scheme 2 Proposed catalytic mechanism for PK transfer carbonylations

Later, Shibata et al. reported PK-type transfer carbonylation reactions in
the absence of solvent and employing a large excess of aldehyde [69]. Also
in this case, the reactions went smoothly yielding cyclopentenones in the
range of 56-96%. Interestingly, it was also demonstrated that this method-
ology provides access to chiral products. By applying the chiral catalyst sys-
tem [RhCl(cod)],/tolBINAP, ee values of 45-90% were observed. Another
convincing approach to carrying out PK-type transfer carbonylation reac-
tions was again reported by Kakiuchi et al. [70]. Herein, formaldehyde was
employed as decarbonylating agent in the presence of a micelle-containing
aqueous system. It was proposed that the decarbonylation and carbony-
lation reactions take place in different phases. More precisely, the water-

a: 98%
Tssy ™= - > Ts—N o b: 95%
\%ph c: 96%

Ph

conditions:

a: 5 mol% Rh(dppp)2Cl, 20 eq. cinnamaldehyde, 2h, 120 °C, [69]

b: 5 mol% [RhCl(cod)],, 11 mol%. dppp, 2 eq. CgF5CHO, xylene, 4h, 130 °C [68]

c: 5 mol% [RhCl(cod)],, 10 mol% dppp, 10 mol% TPPTS, 2 eq. SDS, 10 eq. HCHO,
2h, refluxing water [70]

Equation 12
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soluble formaldehyde is decarbonylated in the aqueous phase, enabled by
the [RhCl(cod)],/TPPTS system, while carbonylation takes place in a micelle
formed by the surfactant SDS. Also, in this case the yields obtained were
good to quantitative (67-96%). Recently, the same group reported on the first
asymmetric version of this procedure [71]. By applying the catalyst system
[RhCl(cod)],/(S)-tolBINAP, the reactions resulted in ee values of 74-95% and
yields up to 83%. Selected examples of PK-type transfer carbonylation reac-
tions are shown in Eq. 12.

6
Conclusions and Outlook

Recent developments have impressively enlarged the scope of Pauson-Khand
reactions. Besides the elaboration of strategies for the enantioselective syn-
thesis of cyclopentenones, it is often possible to perform PKR efficiently with
a catalytic amount of a late transition metal complex. In general, different
transition metal sources, e.g., Co, Rh, Ir, and Ti, can be applied in these reac-
tions. Actual achievements demonstrate the possibility of replacing “external”
carbon monoxide by transfer carbonylations. This procedure will surely en-
courage synthetic chemists to use the potential of the PKR more often in
organic synthesis. However, apart from academic research, industrial appli-
cations of this methodology are still awaited.
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Abstract Acetic acid synthesis via the carbonylation of methanol is one of the most
important industrial applications of catalysis using organometallic compounds. All the
group 9 metals are active, with processes based on cobalt, rhodium and iridium having
been developed since the 1960s. This paper surveys some of the more recent approaches
employed for improving the performance of the rhodium- and iridium-based catalytic
systems. Particular emphasis is placed on how understanding the fundamental organo-
metallic chemistry is crucial for process development. A number of strategies for en-
hancing the stability and activity of rhodium-based catalysts are discussed, including (i)
promotion by iodide salts, (ii) promotion by group 15 and 16 donor ligands and (iii) het-
erogenisation by ionic attachment of the catalyst to a polymeric support. Both iodide salts
and heterogenisation can improve process performance and economics by maintaining
catalyst stability at reduced water concentration. The most significant recent development
is the commercialisation by BP Chemicals of the iridium-based Cativa™ process. En-
hanced stability of iridium catalysts also allows operation at lower water concentration.
Mechanistic studies of iridium-catalysed carbonylation are described, and the crucial role
of iodide-accepting promoters in enhancing activity is discussed.
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Abbreviations

Ac Acetyl

Ar Aryl

bpy 2,2'-Bipyridyl

dppe Bis(diphenylphosphino)ethane

dppeo  Bis(diphenylphosphino)ethane oxide
dppm  Bis(diphenylphosphino)methane
dppmo Bis(diphenylphosphino)methane oxide
dppms Bis(diphenylphosphino)methane sulfide
dppp  Bis(diphenylphosphino)propane

Et Ethyl
HPIR  High pressure infrared
Me Methyl

Mes Mesityl

NHC  N-Heterocyclic carbene
Ph Phenyl

i-Pr Isopropyl

WGS  Water gas shift

1
Introduction

It is now nearly 40 years since the introduction by Monsanto of a rhodium-
catalysed process for the production of acetic acid by carbonylation of
methanol [1]. The so-called Monsanto process became the dominant method
for manufacture of acetic acid and is one of the most successful exam-
ples of the commercial application of homogeneous catalysis. The rhodium-
catalysed process was preceded by a cobalt-based system developed by
BASF [2, 3], which suffered from significantly lower selectivity and the neces-
sity for much harsher conditions of temperature and pressure. Although the
rhodium-catalysed system has much better activity and selectivity, the search
has continued in recent years for new catalysts which improve efficiency even
further. The strategies employed have involved either modifications to the
rhodium-based system or the replacement of rhodium by another metal, in
particular iridium. This chapter will describe some of the important recent
advances in both rhodium- and iridium-catalysed methanol carbonylation.
Particular emphasis will be placed on the fundamental organometallic chem-
istry and mechanistic understanding of these processes.

Acetic acid is an important bulk commodity chemical, with world annual
production capacity of ca. 7 million tonnes. The principal use (ca. 40%) of
acetic acid is in the manufacture of vinyl acetate, a monomer of great im-
portance in the polymer industry. A variety of other acetate esters are also
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significant derivatives, and acetic acid also finds a major use as a solvent for
the oxidation of xylene to terephthalic acid. Other derivatives include cellu-
lose acetate (from acetic anhydride) and monochloroacetic acid (important in
pesticides).

Methanol carbonylation has been the subject of several reviews, including
Denis Forster’s seminal studies at Monsanto [4-10]. This chapter will not seek
to repeat all the information included in those reviews but will focus on the
role of organometallic chemistry in recent process development.

1.1
Process Considerations

The carbonylation reaction (Eq.1) involves formal insertion of carbon
monoxide into the C - O bond of methanol:

MeOH + CO — MeCO,H . (1)

In a working catalytic system, however, the principal solvent component is
acetic acid, so esterification (Eq. 2) leads to substantial conversion of the sub-
strate into methyl acetate. Methyl acetate is activated by reaction with the
iodide co-catalyst (Eq. 3):

MeOH + AcOH — MeOAc + H,0 (2)
MeOAc + HI — Mel + AcOH . (3)

Transition metal catalysed carbonylation of methyl iodide then gives acetyl
iodide (Eq. 4), which is rapidly hydrolysed to the product acetic acid (Eq. 5).
The net result of the reactions described in Egs. 2-5 is the carbonylation of
methanol (Eq. 1):

Mel + CO — MeCOI (4)
MeCOI + H,O — AcOH + HI. (5)

As well as playing a role in some of the organic transformations outlined
above, excess water is also present as a significant component of the solvent
mixture, which helps to maintain catalyst stability (as discussed later).

A typical configuration for a methanol carbonylation plant is shown in
Fig. 1. The feedstocks (MeOH and CO) are fed to the reactor vessel on a con-
tinuous basis. In the initial product separation step, the reaction mixture is
passed from the reactor into a “flash-tank™ where the pressure is reduced to
induce vapourisation of most of the volatiles. The catalyst remains dissolved
in the liquid phase and is recycled back to the reactor vessel. The vapour
from the flash-tank is directed into a distillation train which removes methyl
iodide, water and heavier by-products (e.g. propionic acid) from the acetic
acid product.
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Exposure of the reaction mixture to reduced carbon monoxide pressure
in the flash-tank has implications for catalyst stability. Since the metal cat-
alyst exists principally as iodocarbonyl complexes (e.g. [Rh(CO),I;]” and
[Rh(CO),14]~ for the Rh system), loss of CO ligands and precipitation of in-
soluble metal species (e.g. RhI3) can be problematic. It is found that catalyst
solubility is enhanced at high water concentrations but this results in a more
costly separation process to dry the product. The presence of water also re-
sults in occurrence of the water gas shift (WGS) reaction (Eq. 6), which can
be catalysed by Rh and Ir iodocarbonyls, in competition with the desired car-
bonylation process, resulting in a lower utilisation of CO:

H,O0+CO — CO; +H,. (6)

From a commercial viewpoint potential benefits can accrue from operating
the methanol carbonylation process at low water concentration, provided that
catalyst stability can be maintained. Strategies to achieve this include (i) add-
ition of iodide salts to stabilise the Rh catalyst, (ii) heterogenisation of the
Rh catalyst on a polymer support to restrict the catalyst to the reactor and
(iii) replacement of Rh by a more robust Ir catalyst. These strategies, along
with others for improving catalyst activity, will be discussed in the following
sections.
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2
Rhodium-Catalysed Carbonylation

2.1
Catalytic Mechanism

The Monsanto catalyst system has been the subject of numerous studies (for
leading references see [4-10]). The kinetics of the overall carbonylation pro-
cess are zero-order in both reactants (MeOH and CO) but first order in
rhodium catalyst and methyl iodide co-catalyst. This behaviour is interpreted
on the basis of the well-established catalytic cycle shown in Scheme 1, com-
prising a sequence of reactions of anionic rhodium complexes. The active cat-
alyst (identified by in situ high-pressure infrared (HPIR) spectroscopy [11])
is the square-planar Rh(I) complex, cis-[Rh(CO),I,]". Oxidative addition of
methyl iodide to this complex is the rate-determining step of the cycle, con-
sistent with the observed kinetics. Rate measurements on the stoichiometric
reaction of [Rh(CO),I,]~ with Mel have confirmed this to be second-order,
with activation parameters comparable to those for the overall carbonylation
process [12]. The octahedral Rh(III) methyl complex resulting from oxida-
tive addition is short-lived and undergoes rapid methyl migration to give
an acetyl complex. The reactive methyl complex, [Rh(CO),I3Me]~ was not
observed in the original studies by Forster. However, Haynes et al. found
that this key intermediate could be detected spectroscopically by using very
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Me\C//O Me 1_
I 1 _CO .| _CO
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Me //O.l_
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Scheme 1 Catalytic cycle for Rh-catalysed methanol carbonylation
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high [MelI] to increase its steady state concentration during the stoichiomet-
ric reaction of [Rh(CO),I,]~ with Mel [13, 14]. This enabled the rate of the
subsequent methyl migration reaction to be quantified.

The acetyl complex, [Rh(CO)I3(COMe)]", exists as an iodide bridged
dimer [{Rh(CO)I,(i—I1)(COMe)},]* in the solid state [15] (and in non-
coordinating solvents) but is easily cleaved to monomeric species ([Rh(CO)
(sol)I3(COMe)]~ or [Rh(CO)(sol),I,(COMe)]) in coordinating solvents [16,
17]. Coordination of CO to [Rh(CO)I3(COMe)]™ is rapid, giving the trans-
dicarbonyl acetyl species, [Rh(CO),I5(COMe)]~, which can eliminate acetyl
iodide to regenerate the active Rh(I) species. The cis-dicarbonyl isomer of
[Rh(CO),13(COMe)]~ can also be formed by oxidative addition of acetyl
iodide to [Rh(CO);,1,]", subsequent geometrical isomerisation leading to the
thermodynamically preferred trans isomer [18]. The observation that acetyl
iodide readily adds to [Rh(CO);I,]” shows that, for the overall catalytic reac-
tion to be driven forward, the acetyl iodide must be scavenged by hydrolysis.
An alternative to sequential reductive elimination and hydrolysis of acetyl
iodide is direct reaction of water with a Rh acetyl complex to give acetic acid.
The relative importance of these two alternative pathways has not yet been
fully determined, although the catalytic mechanism is normally depicted as
proceeding via reductive elimination of acetyl iodide from the rhodium cen-
tre. In addition to the experimental studies of the catalytic mechanism, some
theoretical studies have also appeared in the recent literature [19-24].

It has already been noted in the Introduction that the WGS reaction occurs
in competition with methanol carbonylation. The mechanism of the WGS re-
action involves oxidation of Rh(I) to Rh(III) by reaction with HI, as shown in
Scheme 2 [25].

2HI + CO, -

Ny O

< HI

1”7 ~co

H,0 + CO

S Ho 1
I.1_COo I.1_CO
/Rh\ - ~
I”I"co I”1"co
H, HI

Scheme 2 Cycle for the rhodium-catalysed WGS reaction
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Reaction of [Rh(CO),I,]” with HI initially gives the hydride, [Rh(CO),
I3H]™ [26] but this reacts readily with a second equivalent of HI to re-
lease H; and form the tetraiodide complex, [Rh(CO);14]". As in the case of
the acetyl complex, [Rh(CO);I3(COMe)]~, both the hydride and the tetra-
iodide are more stable as the trans-dicarbonyl isomers. Addition of I, to
cis-[Rh(CO);,1,]" initially gives cis-[Rh(CO),14]~ and a kinetic study of the
cis-trans isomerisation suggested a mechanism involving loss of a CO lig-
and [27]. In situ HPIR measurements revealed the presence of [Rh(CO);14]~
alongside [Rh(CO),I,]” under conditions of low water concentration [28]
and during the anhydrous carbonylation of methyl acetate to acetic anhy-
dride [29]. The tetraiodide is regarded as an inactive form of the cata-
lyst and it is desirable to tune conditions to minimise its concentration.
Loss of CO from [Rh(CO),14]7, in regions of reduced CO pressure, is also
thought to lead to [Rh(CO)(sol)I4]~, a precursor to precipitation of insol-
uble rhodium species. Increasing the water concentration results in accel-
eration of the reduction of [Rh(CO),I4]” back to the active Rh(I) cata-
lyst, completing the WGS reaction cycle, as depicted on the left hand side
of Scheme 2. Thus, high water concentration helps both to keep the Rh
catalyst in its active form and to prevent catalyst precipitation. Related
to this, the rate of rhodium-catalysed carbonylation shows a dependence
on water concentration which increases and then reaches a plateau above
ca. 10 wt % H,O.

2.2
The Use of lodide Salts

One approach which enables lower water concentrations to be used for
rhodium-catalysed methanol carbonylation is the addition of iodide salts,
especially lithium iodide, as exemplified by the Hoechst-Celanese Acid Op-
timisation (AO) technology [30]. Iodide salt promoters allow carbonylation
rates to be achieved at low (< 4 M) [H,O] that are comparable with those in
the conventional Monsanto process (where [H,O] > 10 M) while maintain-
ing catalyst stability. In the absence of an iodide salt promoter, lowering the
water concentration would result in a decrease in the proportion of Rh ex-
isting as [Rh(CO),I,]”. However, in the iodide-promoted process, a higher
concentration of methyl acetate is also employed, which reacts with the other
components as shown in Egs. 3,7 and 8:

MeOAc + Lil — Mel + LiOAc (7)
LiOAc + HI — Lil + AcOH . (8)

Raising the methyl acetate concentration results in a lowering of the HI con-
centration via these equilibria, which slows down the reaction of HI with
[Rh(CO),1,]™ in the WGS cycle. This inhibits conversion of [Rh(CO),I,] into
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[Rh(CO),14]7, which is beneficial for catalytic activity and also suppresses the
WGS reaction significantly.

Evidence has been presented that iodide salts can promote the oxida-
tive addition of Mel to [Rh(CO),I,]", the rate-determining step in the Rh
cycle [12]. The precise mechanism of this promotion remains unclear; for-
mation of a highly nucleophilic dianion, [Rh(CO),I3]>", has been suggested,
although there is no direct spectroscopic evidence for its detection. Possible
participation of this dianion has been considered in a theoretical study [23].
An alternative nucleophilic dianion, [Rh(CO),I,(0Ac)]?", has also been pro-
posed [31, 32] on the basis that acetate salts (either added or generated in situ
via Eq. 7) can promote carbonylation. Iodide salts have also been found to
be effective promoters for the anhydrous carbonylation of methyl acetate to
acetic anhydride [33]. In the absence of water, the catalyst cannot be main-
tained in its active form ([Rh(CO);I,]~) by addition of Lil alone, and some H;
is added to the gas feed to reduce the inactive [Rh(CO),14]".

23
Promotion by Phosphine Ligands and Derivatives

On the basis that the rate-determining step for rhodium/iodide-catalysed
methanol carbonylation is the oxidative addition of Mel to Rh(I), numer-
ous attempts have been made to improve catalytic activity by introduc-
tion of strongly donating ligands that increase the nucleophilicity of the Rh
centre. These studies have typically employed phosphine ligands and their
derivatives. For example, Rankin et al. demonstrated that the very basic
triethylphosphine ligand, combined with a rhodium/iodide catalyst system,
resulted in initial catalytic carbonylation activity almost double that found in
the absence of phosphine [34]. The reaction was first order in Mel and zero
order in CO, consistent with rate-determining oxidative addition of Mel to
Rh(I). Kinetic studies showed that the increased electron density on the metal
centre imparted by the PEt; ligands results in much higher nucleophilic-
ity, with oxidative addition of Mel to trans-[Rh(CO)(PEt3),I] occurring 57
times faster than to [Rh(CO),I;]™ at 25°C. The Rh(III) methyl product,
[Rh(CO)(PEt3),I,Me], has sufficient stability to be isolated and crystallo-
graphically characterised, in contrast to the very reactive [Rh(CO),;I3Me]".
Carbonylation of [Rh(CO)(PEt3);I,Me] to give [Rh(CO)(PEt3),I,(COMe)] is
38 times slower than methyl migration in [Rh(CO);I3Me]~, which can be as-
cribed to the effect of increased back-donation from Rh to CO, combined with
a stronger Rh — Me bond. Despite the high initial activity, catalyst degrada-
tion occurs via loss of phosphine ligand (to give EtsPI*, Et;PH*, Et;PMe* and
Et3PO), the rhodium catalyst reverting to [Rh(CO),1,]".

The problem of phosphine ligand dissociation and degradation is a com-
mon in attempts to modify the rhodium carbonylation catalyst. This arises
from the relatively harsh conditions employed (i.e. aqueous acetic acid, HI,
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150-200 °C, high pressure CO), which necessitate extremely robust com-
plexes for prolonged use as catalysts.

Several studies have taken advantage of the chelate effect in attempts
to stabilise the ligand-metal interactions. Wegman and coworkers found
that the bidentate phosphine oxide ligand, Ph,PCH;CH,P(O)Ph, (dppeo),
gave a rhodium catalyst that had good activity for methanol carbonylation
under relatively mild conditions [35]. Mechanistic studies indicated that the
dppeo ligand exhibited hemi-labile behaviour, with the oxygen donor be-
ing quite easily displaced from Rh(I) by CO as shown in Scheme 3. The
resulting cis-dicarbonyl with a monodentate dppeo ligand was the only Rh
species observed by in situ HPIR spectroscopy under catalytic conditions
with no evidence for [Rh(CO),I,]". Reaction of [Rh(CO)z(Kl-dppeo)Cl] with
Mel was found to lead rapidly to acetyl iodide. When dppeo (which forms
a six-membered chelate ring) was replaced by the shorter chain analogue
Ph,PCH,P(0)Ph; (dppmo), the corresponding chelate complex was found to
be less easily disrupted, with only traces of [Rh(CO),(x!-dppmo)Cl] being
detectable when [Rh(CO)(KZ-dppmo)Cl] was placed under 3 atm CO.

Despite the promising catalytic activity exhibited by the dppeo ligand under
mild conditions, it gave only a marginal rate improvement compared with
[Rh(CO),1,]” when tested by Baker et al. under conditions closer to those used
commercially [36]. Likewise, neither dppmo nor Ph,PN(Ph)P(S)Ph, proved
particularly effective at 185 °C. By contrast, substantial acceleration of cataly-
sis was obtained when using the diphosphine sulfide ligand, Ph,PCH,P(S)Ph;
(dppms), which gave rates up to 8.5 times faster than the non-ligand promoted
rhodium catalyst. The highest activity was found for a ligand:Rh ratio of 1 : 1
and in situ HPIR spectroscopy identified [Rh(CO)(dppms)I] as the only de-
tectable species under catalytic conditions. An X-ray crystallographic study of
the chloride analogue revealed a square planar geometry with the CO trans
to the sulfur donor atom of the bidentate dppms ligand. Initial mechanistic
studies showed that [Rh(CO)(dppms)I] reacts readily with Mel to give the
acetyl complex [Rh(dppms)I, (COMe)] but the presumed intermediate Rh(III)
methyl species was not detected by NMR spectroscopy. Addition of CO to
[Rh(dppms)I, (COMe)] gives two isomers of [Rh(CO)(dppms)I; (COMe)] that
can reductively eliminate acetyl iodide to complete the catalytic cycle shown
in Scheme 4. In contrast to the dppeo system, no evidence for hemi-labile
behaviour was found for the dppms ligand. Analogous catalytic cycles were
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Scheme 3 Hemi-labile behaviour of [Rh(CO)(dppeo)Cl]
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proposed for reactions employing the P,S chelating phosphino-thiother lig-
ands, PhyPCH;CH;SMe and Ph,PC¢H4-2-SMe, which also displayed enhanced
catalytic activity relative to [Rh(CO),I,]™ [37].

Further detailed studies of the dppms system were undertaken by Gon-
salvi et al. [38,39]. As expected, kinetic measurements showed that oxida-
tive addition of Mel to [Rh(CO)(dppms)I] is substantially (ca. 40 times)
faster than to [Rh(CO),I,]~ at 25°C. The rate enhancement arises from
the good electron donor properties of the dppms ligand, and is similar to
that found in the same study for [Rh(CO)(dppe)I] and by Rankin et al. for
[Rh(CO)(PEt3),1] [34]. Using the same strategy as that employed previously
to detect [Rh(CO),I3Me]", it was shown that the reactive Rh(III) methyl inter-
mediate [Rh(CO)(dppms)I; Me] could be detected during the stoichiometric
reaction of [Rh(CO)(dppms)I] with high concentrations of Mel. The observa-
tion of this intermediate allowed its rate constant for methyl migration to be
estimated. Surprisingly, the rate of methyl migration is an order of magnitude
larger for [Rh(CO)(dppms)I;Me] than for [Rh(CO),I3sMe]". This contrasts
with the normal retardation of methyl migration by phosphine ligands, as ex-
emplified by [Rh(CO)(dppe)I; Me] which reacts an order of magnitude slower
than [Rh(CO),I3Me]~ [34]. One explanation for the unexpectedly fast migra-
tory CO insertion in [Rh(CO)(dppms)I; Me] was suggested by examination of
X-ray crystal structures of dppms complexes (Fig. 2).
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(a)

(b)

Fig.2 X-ray structures of a [Rh(dppms)I,(COMe)] and b [Ir(CO)(dppms)I;Me]

Of particular interest in these structures was the conformation of the
phenyl substituents on the phosphorus atoms. In the distorted square pyra-
midal [Rh(dppms)I,(COMe)] two phenyls are stacked almost parallel, flank-
ing the vacant coordination site trans to the acetyl ligand. Similar confor-
mations of the dppms ligand are found in square planar complexes (e.g.
[Rh(dppms)(CO)Cl] [36]) in which two phenyl groups tend to align so
that approach to one face of the complex is hindered. In the octahedral
[Ir(CO)(dppms)I;Me] (a stable analogue of the reactive Rh species), there
are no vacant coordination sites, and the two axial phenyls create a crowded
pocket enclosing the methyl ligand. The presence of the methyl ligand causes
the two axial phenyls to deviate from their preferred near-parallel arrange-
ment. In the analogous Ir(III) ethyl complex, the ethyl ligand causes an
even more substantial change in the conformation of the dppms ligand sub-
stituents. On the basis of these structural features, it was suggested that
inter-ligand steric interactions destabilise [Rh(CO)(dppms)I;Me]| and pro-
vide a driving force for methyl migration to give the acetyl product. A reac-
tion scheme depicting the proposed changes in ligand conformation during
oxidative addition and migratory CO insertion steps is shown in Scheme 5.

Two separate computational investigations of the Rh/dppms catalyst and
related systems have appeared in the literature. One study [40] concluded
that steric effects were important in promoting migratory CO insertion in
[Rh(CO)(dppms)I, Me], while the other [41] proposed that an electronic effect,
arising from the sulfur donor atom of dppms, was responsible. It is likely that
a combination of steric and electronic effects result in the observed reactivity.

Dutta and coworkers used a functionalised triarylphosphine ligand,
PPh,(C¢H4-2-CO,Me), which contains an ortho-ester substituent on one of
the phenyl groups, with the potential for chelate formation [42]. Rhodium(I)
complexes were synthesised containing one or two coordinated phosphines,
as illustrated in Scheme 6. In the mono(phosphine) complex, chelation via
the ester carbonyl group occurs to form a six-membered ring reminiscent
of the structure formed by dppeo (Scheme 3) [35]. A crystal structure of
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the bis(phosphine) complex indicates the presence of secondary Rh— O in-
teractions with the ester groups of the phosphines. The v(CO) frequencies
reflect high electron density at the metal centre in both complexes, which
were found to react readily with Mel to give Rh(III) acetyl products, via un-
stable Rh(III) methyl intermediates. When tested as catalysts for methanol
carbonylation (at 135 °C), both complexes were more active than the PPhs
analogue and the non-phosphine promoted [Rh(CO);,1,]™ system. The chelate
mono(phosphine) complex had the highest activity, but it is unclear whether
the chelate structure is maintained throughout the catalytic reaction.
Diphosphine ligands (e.g. dppe, dppp) were originally found, by Wegman
and coworkers [43], to be effective ligands in the rhodium-catalysed reductive
carbonylation of methanol to give acetaldehyde (Eq. 9) or ethanol (Eq. 10):

MeOH + CO + H, — MeCHO + H,0 9)
MeOH + CO + 2H, — EtOH + H,0. (10)
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The mechanism of these reactions is closely related to that for conventional
methanol carbonylation, but with a rhodium acetyl intermediate being in-
tercepted by H, to give acetaldehyde (which can subsequently be hydro-
genated to ethanol). Pringle and coworkers tested a series of unsymmetrical
fluorinated diphosphine ligands, Ph,PCH,CH,PArF, for rhodium-catalysed
methanol carbonylation (Scheme 7) [44]. These ligands were designed to
mimic the unsymmetrical coordination characteristics of heterofunctional
bidentate ligands such as dppeo and dppms discussed above. The unsym-
metrical ligands gave catalysts with high selectivity to acetic acid and higher
activity than a catalyst based on the symmetrical dppe ligand. However, all
the catalysts tested were less active than the [Rh(CO);I;]” system. In situ
HPIR spectroscopy showed the absence of bands due to [Rh(CO);I,]™ and it
was inferred that the diphosphine ligand remains coordinated to Rh during
catalysis. In support of this, a Rh(III) complex [Rh(CO)(diphosphine)I3] was
isolated at the end of the catalytic experiment and characterised crystallo-
graphically for the diphosphine ligand with Arf = 3-F-C¢H,.

Trans-chelating ligands have been developed by Siiss-Fink et al. using
condensation reactions of 2-diphenyl-phosphinobenzoic acid with appro-
priate diols or amino alcohols [9,45]. The ligands were found to coordi-
nate to square planar Rh(I) in a trans-chelating manner in [Rh(CO)(x2-
diphosphine)Cl] or as a bridging ligands in a dinuclear complex, [{Rh(CO)
(k! ! diphosphine)Cl}, ] (when the diphosphine has a longer linker group)
as shown in Scheme 8. When tested in rhodium-catalysed methanol car-
bonylation, the ligands all gave enhanced activity relative to [Rh(CO),I,]".
For one of the ligands, two isomers of a dinuclear Rh(III) acetyl complex
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Scheme 7 Unsymmetrical fluorinated diphosphine ligands
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were isolated from the catalytic reaction solution, or from the reaction of
[Rh(CO)(diphosphine)Cl] with Mel. The cisoid isomer is shown in Scheme 8
and is bridged by a single diphosphine ligand and two iodides. Octahedral
coordination about each Rh centre is completed by interaction with carbonyl
oxygens on the diphosphine ligand backbone.

24
Model Studies of Reaction Steps with Non-phosphine Ligands

The influence of steric effects on the rates of oxidative addition to Rh(I) and
migratory CO insertion on Rh(III) was probed in a study of the reactivity of
a series of [Rh(CO)(«-diimine)I] complexes with Mel (Scheme 9) [46]. For
a-diimine ligands of low steric bulk (e.g. bpy, L!, L%, L) fast oxidative add-
ition of Mel was observed (10°-10* times faster than [Rh(CO),I,]") and sta-
ble Rh(III) methyl complexes resulted. For more bulky a-diimine ligands (e.g.
L%, L3, LS) containing ortho-alkyl groups on the N-aryl substituents, oxida-
tive addition is inhibited but methyl migration is promoted, leading to Rh(III)
acetyl products. The results obtained from this model system demonstrate
that steric effects can be used to tune the relative rates of two key steps in the
carbonylation cycle.

Steric effects were also found to be important for determining the re-
activity of rhodium complexes containing N-heterocyclic carbene (NHC)
ligands [47] (Scheme 10), which have been the subject of intense in-
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terest in recent years. Methyl iodide reacts 3.5 times more slowly with
trans-[Rh(CO)(LM€),1] (1(CO) 1943 cm™') than with trans-[Rh(CO)(PEts),]]
(v(CO) 1961 cm™') despite the stronger electron donor power of the NHC lig-
and (as indicated by the IR frequencies). The nucleophilicity of the Rh centre
is moderated by the N-methyl substituents on the NHC ligands, which tend to
block the axial sites of the square planar reactant complex. As for the bulky
bidentate diimine systems discussed above, steric effects of the LM¢ ligands
destabilise the Rh(III) methyl intermediate encouraging migratory CO inser-
tion to give a Rh(III) acetyl product. For the very bulky LM ligand, reaction
of trans-[Rh(CO)(LMes),1] with Mel was completely blocked.
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Although the bonds formed between transition metals and NHC ligands
are regarded as being very strong, it was found that trans-[Rh(CO)(LMe),1]
degraded under quite mild conditions. When tested for catalytic methanol
carbonylation activity at 120 °C, HPIR spectroscopy showed that the com-
plex lost its NHC ligands sequentially to give first [Rh(CO),(LM¢),I] and
eventually [Rh(CO);I;]". The NHC ligands are presumably protonated (or
methylated) at the carbene carbon to give imidazolium cations.

25
Polymer-Supported Catalysts

An important requirement for all homogeneous catalytic processes is that
the dissolved catalyst must be separated from the liquid product and recy-
cled to the reactor without significant catalyst loss. One approach to aid this
separation process is to immobilise (or “heterogenise”) the homogeneous cat-
alyst on a solid support in order to confine the catalyst to the reactor and
overcome the need for a separate catalyst recycling step. A number of types
of solid support have been employed to heterogenise rhodium catalysts for
methanol carbonylation. These were reviewed by Howard et al. (1993) [6] and
include activated carbon, inorganic oxides, zeolites and a range of polymeric
materials. One frequent approach to catalyst immobilisation is covalent at-
tachment, in which the support (e.g. carbon or polystyrene) is modified to
contain a pendant group (usually a phosphine) capable of acting as a ligand
for the metal complex. However, the susceptibility of covalently bound sys-
tems to metal-ligand bond cleavage (as discussed above for homogeneous
rhodium complexes) makes irreversible leaching of the catalyst from the solid
support a serious problem. This is particularly the case for methanol car-
bonylation, as pendant phosphines are prone to degradation by the aqueous
acidic medium and quaternisation by methyl iodide.

An alternative strategy for catalyst immobilisation uses ion-pair interac-
tions between ionic catalyst complexes and polymeric ion exchange resins.
Since all the rhodium complexes in the catalytic methanol carbonylation cycle
are anionic, this is an attractive candidate for ionic attachment. In 1981,
Drago et al. described the effective immobilisation of the rhodium catalyst
on polymeric supports based on methylated polyvinylpyridines [48]. The ac-
tivity was reported to be equal to the homogeneous system at 120 °C with
minimal leaching of the supported catalyst. The ionically bound complex
[Rh(CO),I,]™ was identified by infrared spectroscopic analysis of the impreg-
nated resin.

The ionic attachment strategy for catalytic methanol carbonylation has re-
cently seen a resurgence of interest from both industry [49-53] and academic
groups [54-57]. Most significantly, in 1998 Chiyoda and UOP announced
their Acetica™ process, which uses a polyvinylpyridine resin tolerant of
elevated temperatures and pressures [8,58]. The process attains increased
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catalyst loading in the reactor (due to removal of solubility constraints of
the homogeneous system) and reduced by-product formation as a conse-
quence of lower water concentration (3-7 wt%). Catalytic carbonylation
rates comparable to the homogeneous high water system can be achieved.
The ionic attachment is extremely effective with a very low Rh concentration
(< 0.5wt—ppm) in the effluent from the reactor.

A mechanistic study by Haynes et al. demonstrated that the same basic re-
action cycle operates for rhodium-catalysed methanol carbonylation in both
homogeneous and supported systems [59]. The catalytically active complex
[Rh(CO),1;]” was supported on an ion exchange resin based on poly(4-
vinylpyridine-co-styrene-co-divinylbenzene) in which the pendant pyridyl
groups had been quaternised by reaction with Mel. Heterogenisation of the
Rh(I) complex was achieved by reaction of the quaternised polymer with the
dimer, [Rh(CO);I]; (Scheme 11). Infrared spectroscopy revealed v(CO) bands
for the supported [Rh(CO);I;]” anions at frequencies very similar to those
observed in solution spectra. The structure of the supported complex was
confirmed by EXAFS measurements, which revealed a square planar geom-
etry comparable to that found in solution and the solid state. The first X-ray
crystal structures of salts of [Rh(CO),I,]™ were also reported in this study.

The use of thin polymer films allowed the reaction of supported [Rh(CO),
I,]~ with Mel to be monitored directly, by in situ IR spectroscopy. The reac-
tivity was very similar to that found in solution, with oxidative addition of
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h,l/,lg' oC.__I_.CO l\,ﬁ;' I>Rh/~co—|
X :Rh/ :Rhi X ! co
| oc” 17 "co |
= =
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. come| +  COMe |
Zle—locxl/' E;' |\|/|_|
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Scheme 11 Formation and reactions of polymer-supported [Rh(CO),1,]"
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Mel followed by rapid migratory CO insertion to give [Rh(CO)(COMe)I3],""
(which could be monomeric or dimeric). Kinetic measurements showed the
reaction to be first order in both [Rh(CO);,I;]” and Mel and the observed
pseudo-first order rate constants at a given Mel concentration were compa-
rable with those in homogeneous solution. The close similarity in kinetic
behaviour for homogeneous and heterogeneous reactions suggests that the
permeability of the macroporous polymer to Mel is high, and that the re-
action rate is not mass-transfer limited. Exposure of a polymer film con-
taining supported [Rh(CO)(COMe)I3],"" to CH,Cl, saturated with CO re-
sulted in rapid formation of IR bands due to the trans-dicarbonyl complex
[Rh(CO);(COMe)I3]~. Over several hours, the dicarbonyl acetyl species de-
composed slowly to give [Rh(CO),1,]7, presumably via reductive elimination
of acetyl iodide. Thus the same organometallic steps of the homogeneous
catalytic carbonylation cycle illustrated in Scheme 1 can be demonstrated
under mild conditions in the supported system.

3
Iridium-Catalysed Carbonylation

It was discovered by Monsanto that methanol carbonylation could be pro-
moted by an iridium/iodide catalyst [1]. However, Monsanto chose to com-
mercialise the rhodium-based process due to its higher activity under the
conditions used. Nevertheless, considerable mechanistic studies were con-
ducted into the iridium-catalysed process, revealing a catalytic mechanism
with similar key features but some important differences to the rhodium sys-
tem [60].

In 1996, BP Chemicals announced a new methanol carbonylation process,
Cativa™, based upon a promoted iridium/iodide catalyst which now oper-
ates on a number of plants worldwide [61-69]. Promoters, which enhance
the catalytic activity, are key to the success of the iridium-based process. The
mechanistic aspects of iridium-catalysed carbonylation and the role of pro-
moters are discussed in the following sections.

A great advantage of iridium, compared to rhodium is that a broad range
of conditions are accessible for the Ir catalyst without precipitation of Irl3
occurring. The greater stability of the iridium catalyst can be ascribed to
stronger metal-ligand bonding for the third-row metal, which inhibits CO
loss from the Ir centre. Stronger back-donation from iridium to CO is evident
from the lower v(CO) values of iridium iodocarbonyl complexes compared
to the rhodium analogues. The rate of iridium-catalysed carbonylation dis-
plays a rather complicated dependence on a range of process variables such
as pCO, [Mel], [MeOAc] and [H;O]. The catalytic rate displays a strong
positive dependence on [MeOAc] but is is zero order in [Mel] above a lim-
iting threshold and independent of CO partial pressure above ca. 10 bar.
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A particularly interesting aspect is the dependence of rate on [H,0] which
attains a maximum at ca. 5wt % H;0. The ability to operate at relatively
low [H,0] results in a less costly product purification than the high-water
rhodium system.

3.1
Catalytic Mechanism

Mechanistic studies of iridium/iodide-catalysed methanol carbonylation have
been reported by Forster [60] and others [70-75]. The catalytic cycle involves
the same fundamental steps as the rhodium system: oxidative addition of
Mel to Ir(I), followed by migratory CO insertion to form an Ir(III) acetyl
complex. On the basis of spectroscopic and kinetic observations, Forster
proposed that two different (but linked) cycles exist, one involving neutral
iridium complexes, and the other predominantly involving anionic species
(Scheme 12). Similar cycles were also proposed for the competing WGS reac-
tion. At low concentrations of water and iodide, the “neutral cycle” operates,
with [Ir(CO)3I] as the resting state and rate-determining oxidative addition
of Mel to [Ir(CO),I]. At higher iodide concentrations the “anionic cycle” pre-
dominates. Model kinetic studies [76,77] have shown that addition of Mel to
[Ir(CO),12]™ is ca. 100 times faster than to [Rh(CO),I,]7, and gives a stable
Ir(IIT) methyl complex, fac,cis-[Ir(CO),I3Me]~ which is the resting state of the

><+ ce >—<
[Ir(CO)sl3] [HIr(CO),l,] [HIr(CO),l3] [Ir(CO)al4]

H,0 + CO
CO, + 2 HI
CO, + 2 HI
[Ir(CO);1] [Ir(CO)2loT
ﬂ) % MeCOI \( \( Mel

[Ir(CO),I] [(MeCO)Ir(CO)3l;] [(MeCO)Ir(CO)2I3] [Melr(CO)als]"
1@\ AL
Cyele | [(MeCO)Ir(CO),l,] Cycle
[Melr(CO),l,] [Melr(CO)zlz]
¥\—' [Melr(CO)sl;]
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Scheme 12 Catalytic cycles for iridium-catalysed methanol carbonylation
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catalyst in the anionic cycle. Under these conditions, the rate of catalysis is
inhibited by ionic iodide and it was proposed that the rate-determining step
involves dissociative substitution of I~ by CO in [Ir(CO),I3Me]", followed by
migratory CO insertion in the tricarbonyl, [Ir(CO)s;I;Me].

The neutral tricarbonyl was not observed by Forster, but was eventually
characterised spectroscopically under CO pressure by Ghaffar et al. [73, 78].
HPIR and HPNMR experiments showed that [Ir(CO)3;I;Me] is formed by the
reaction of the dimer, [Ir(CO),I,Me], with CO. The product has a fac ar-
rangement of carbonyl ligands and is much more reactive toward migratory
CO insertion than the anion, [Ir(CO),IsMe]~ (ca. 700 times faster at 85 °C).
The increased reactivity can be ascribed to increased competition for back-
bonding in the tricarbonyl, which increases the electrophilicity of the CO
ligands, encouraging intramolecular nucleophilic attack by the methyl ligand.
A lower activation barrier for migratory CO insertion in [Ir(CO)s;I;Me] is
supported by theoretical calculations [20, 23, 73].

3.2
Effect of Promoters

3.21
Promotion of the Catalytic Reaction

A range of compounds can enhance the activity of an iridium catalyst [61-
64,67-69,73]. The promoters fall into two categories: (i) carbonyl or halo-
carbonyl complexes of W, Re, Ru and Os; and (ii) simple iodides of Zn, Cd,
Hg, Ga and In. None of the promoters show any detectable catalytic activity
in the absence of iridium catalyst (although ruthenium has been reported to
catalyse methanol carbonylation under harsh conditions and with relatively
low selectivity [79-84]). Addition of a promoter tends to increase the catalytic
rate towards a plateau which is reached for a promoter:Ir mole ratio between
5:1and 10: 1. For example, the carbonylation rate is enhanced by factors of
2.6 and 1.8, respectively, for [Ru(CO)4I;] and Inls, with a promoter:Ir mole
ratio of 5: 1. By contrast, ionic iodides such as Lil and BuyNI are both strong
catalyst poisons, reducing activity by factors of ca. 2 and 3 respectively, when
added in a 1: 1 molar ratio with Ir. A ruthenium promoter is effective over
a range of water concentrations, the maximum rate again being attained at ca.
5wt % H,O0.

In situ HPIR spectroscopy showed that the dominant Ir species under
catalytic conditions are [Ir(CO);I3sMe]™ and [Ir(CO),14]", both in the ab-
sence or presence of a promoter. A ruthenium promoter exists mainly as
[Ru(CO)313]7, in equilibrium with smaller amounts of [Ru(CO)3I,(sol)] and
[Ru(CO)z1z(sol)z].
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3.2.2
Promotion of the Stoichiometric Carbonylation of [Ir(C0)>13Me]

Kinetic studies of the stoichiometric carbonylation of [Ir(CO);I3sMe]~ were
conducted to model the rate-determining step of the catalytic cycle [73, 85].
The reaction can form both fac,cis and merntrans isomers of [Ir(CO),I3
(COMe)]~ (Scheme 13), the product ratio varying with the solvent and tem-
perature used. An X-ray crystal structure was obtained for the fac,cis isomer.
Carbonylation of [Ir(CO);I3Me]” is rather slow and requires temperatures
>80 °C in chlorinated solvents (e.g. PhCl). However, the presence of protic
solvents (e.g. methanol) has a dramatic accelerating effect. This is interpreted
in terms of the protic solvent aiding iodide dissociation by solvation.

The effect of metal promoter species on the rate of carbonylation of
[Ir(CO)213Me]~ was tested. Neutral ruthenium iodocarbonyl complexes such
as [Ru(CO)s1; ]2, [Ru(CO)4Iz] or [Ru(CO),1,], were found to give substantial
rate enhancements (by factors of 15-20 for a Ru:Ir ratio of 1:13 at 93 °C,
PhCI). Indium and gallium triiodides and zinc diiodide had comparable
promotional effects. By contrast, addition of anionic ruthenium(II) species
[Ru(CO)3I3]~ or [Ru(CO),14]* did not lead to any appreciable promotion or
inhibition. This behaviour indicates that the ability to accept an iodide ligand
is a key property of the promoter. Indeed, it has been demonstrated that an
iodide ligand can be transferred from [Ir(CO);I3Me]~ to neutral ruthenium
or indium species [73, 74].
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Scheme 13 Mechanism for formation of isomers of [Ir(CO);I3(COMe)]~ by carbonylation
of [Ir(CO),IsMe]~
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Scheme 14 Mechanism for promotion of carbonylation of [Ir(CO),I3Me]~ by iodide ab-
stractors

A mechanism for the promotion of carbonylation of [Ir(CO),IsMe]~
is shown in Scheme 14. An iodide ligand is initially transferred from
[Ir(CO),13Me]~ to the promoter, allowing coordination of CO to Ir to give
[Ir(CO)3I,Me], which undergoes migratory insertion to form [Ir(CO),I,
(COMe)]. Iodide transfer from the promoter back to Ir at this point is un-
likely, given that Inls is able to abstract iodide from [Ir(CO),I3(COMe)]". In-
stead, iodide transfer between iridium centres can give [Ir(CO);I3(COMe)]~
and generate another molecule of [Ir(CO),I,Me]. In this scenario, the initial
iodide abstraction is an initiation step, as indicated by the dashed arrow in
Scheme 13. This introduces an iodide “hole” which propagates the promo-
tion, the anion [Inl4]™ or [Ru(CO)3I3]~ then acting as a spectator. In support
of this, the effect of [Ru(CO)31,] or Inl3 can be mimicked by addition of the
neutral iridium complex [Ir(CO),I,Me],, which also promotes carbonylation
of the anion [Ir(CO);I3Me]". Thus, the key role of the promoter is to perturb
the ratio of anionic and neutral iridium complexes. A more direct interaction
between the promoter and the iridium centre does not appear to involved.

3.23
Role of Promoters in the Catalytic Process

A mechanism for the catalytic process is shown in Scheme 15, which com-
prises three sets of iridium complexes, namely Ir(I) species, Ir(III)-methyls
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Scheme 15 Mechanism for promoted iridium-catalysed methanol carbonylation

and Ir(III)-acetyls. The three complexes within each set are linked by equi-
libria involving I~ and CO and the dominant route for catalytic turnover is
indicated by the bold arrows. The interconversions of Ir species are essentially
equivalent to Forster’s mechanism (Scheme 11), but here the catalytic process
is viewed as one cycle, rather than two. Varying the conditions results in build
up of either [Ir(CO)3I] (at low [I7]) or [Ir(CO);I3Me]~ (at higher [I7]) as the
catalyst resting state, corresponding to Forster’s neutral and anionic cycles,
respectively.

The iodide (HI(aq)) concentration is also influenced by the water and
methyl acetate concentrations (according to Eq. 11):

MeOAc + H30" + I" = Mel + H,0 + AcOH . (11)

Each turnover of the iridium cycle generates one molar equivalent of HI,
which has to be recycled by reaction with methyl acetate to give methyl
iodide, as shown in Eq. 11. The steady state concentration of iodide will
therefore depend on the rate of this conversion. The iodide concentration is
also crucial in governing the rate-determining step in the Ir cycle, which re-
quires displacement of iodide in [Ir(CO);I3Me]|~ by CO. It is thought that
a key role of the promoter is to moderate the iodide concentration, which it
achieves in two ways: firstly it acts as an iodide acceptor, for example to give
[Ru(CO)313]", as demonstrated in the model studies; secondly, the presence
of a high concentration of species such as [Ru(CO)3I3] H30" increases the
Bronsted acidity and accelerates the reaction of methyl acetate with HI by acid
catalysis (Scheme 16). This has been demonstrated in separate experiments
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Scheme 16 Acid catalysis of conversion of methyl acetate into methyl iodide

in which [Ru(CO)313] H30" accelerates the exchange of isotopically labelled
methyl groups between Mel and MeOAc.

4
Conclusions

The research and process development described in this paper illustrate how
understanding fundamental patterns of organometallic reactivity is crucial
for the design and improvement of industrial catalysts. The Monsanto acetic
acid process stands as one of the major success stories of homogeneous tran-
sition catalysis, and for over 30 years rhodium-catalysed carbonylation was
dominant due to its excellent activity and selectivity. It has been demon-
strated, however, that careful choice of additives (e.g. iodide salts) and reac-
tion conditions can significantly benefit the rhodium process by improving
catalyst stability. Many attempts have been made to modify the rhodium cat-
alyst by incorporation of other ligands (particularly phosphines). Although
some interesting catalytic behaviour is observed, the long-term stability of
metal-ligand interactions is a major issue. Nevertheless, the search continues
for ligands with the appropriate electronic and steric characteristics to im-
part high activity, selectivity and stability. An alternative strategy, involving
rhodium catalyst heterogenisation on polymer supports has also shown good
potential.

The commercialisation of an iridium-based process is the most signifi-
cant new development in methanol carbonylation catalysis in recent years.
Originally discovered by Monsanto, iridium catalysts were considered un-
competitive relative to rhodium on the basis of lower activity, as often
found for third row transition metals. The key breakthrough for achieving
high catalytic rates for an iridium catalyst was the identification of effect-
ive promoters. Recent mechanistic studies have provided detailed insight into
how the promoters influence the subtle balance between neutral and an-
ionic iridium complexes in the catalytic cycle, thereby enhancing catalytic
turnover.
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Considerable challenges still remain in the development of new carbony-
lation processes for acetic acid manufacture. For example, all of the current
processes use iodide compounds, leading to corrosive HI and the need for ex-
pensive materials for plant construction. An iodide-free system could poten-
tially impart considerable benefit. Other long term goals include the selective
direct conversion of syn-gas or oxidative carbonylation of methane to acetic
acid. Organometallic chemists are certain to play a crucial role if these targets
are to be achieved.
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Abstract Synthetically useful examples of carbonylations of aldehydes that enable the
synthesis of structurally diverse carbonyl compounds such as a-amino acids, a-hydroxy
carbonyl compounds, furanones, and lactones will be highlighted in this chapter.

Keywords Carbonylations - Aldehydes - Catalysis

1
Introduction

Carbonylations of aldehydes incorporate an inexpensive source of carbon,
carbon monoxide, and can convert ubiquitously available aldehydes into var-
ious synthetically useful functionalities. This chapter deals with the most
prominent applications of carbonylation methodology to aldehydes and is re-
stricted to reactions where a direct bond is formed between the carbonyl
moiety of the aldehyde (C or O) and carbon monoxide. Carbonylations of
aldehydes mostly involve severe structural reorganizations of both reacting
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carbonyl moieties. The neutral charge of the nucleophile CO requires the
presence of another nucleophile/anion to trap the intermediate adduct as
a stable species or subsequent bond reorganization. On the other hand, the
direct carbonylation of aldehydes with CO is not known to proceed with
significant levels of efficiency; carbonylations involving radical species have
been reported in some cases. However, indirect carbonylations of aldehydes
have very well been achieved upon in situ activation/transformation of the
aldehyde moiety, often in the presence of metals. Such activated/masked alde-
hyde surrogates have been demonstrated to exhibit a higher propensity to
undergo carbonylation by the rather poor nucleophile CO.

2
Amidocarbonylations

The amidocarbonylation of aldehydes provides highly efficient access to
N-acyl a-amino acid derivatives by the reaction of the ubiquitous and cheap
starting materials aldehyde, amide, and carbon monoxide under transition
metal-catalysis [1,2]. Wakamatsu serendipitously discovered this reaction
when observing the formation of amino acid derivatives as by-products in the
cobalt-catalyzed oxo reaction of acrylonitrile [3-5]. The reaction was further
elaborated to an efficient cobalt- or palladium-catalyzed one-step synthesis
of racemic N-acyl «-amino acids [6-8] (Scheme 1). Besides the range of dir-
ect applications, such as pharmaceuticals and detergents, racemic N-acetyl
«-amino acids are important intermediates in the synthesis of enantiomeri-
cally pure ¢-amino acids via enzymatic hydrolysis [9].

2.1
Cobalt Catalysis

The active catalyst in the cobalt-catalyzed amidocarbonylation is [Co(CO)4]7,
which is generated in situ from Co,(CO)g (1-5mol %) in the presence of
CO/H; [10]. The reaction is carried out at 70-160 °C and syngas pressures of
50-200 bar (CO/H; = 1/1 to 4/1). Scheme 2 illustrates the proposed mechan-

a) b)
i e H,N CO,H Cy1Has
R °N° o (¢}
H Coy(CO)g NH HN MeN
CO/H, an<
o HO,C
)L Co,Me HO,C SH 2
R TH
Aspartame Acetylcysteine Acylsarcosines
(sweetener) (pharmaceutical) (tensides)

Scheme 1 a Amidocarbonylation of aldehydes; b Applications of N-acylamino acids
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ism, which is believed to commence with the formation of alkyl complex II.
Cobalt-centered carbonylation affords acyl complex III which can release the
desired N-acyl ¢-amino acid via hydrolysis. The reaction proceeds with 100%
atom utilization.

Numerous aldehydes have been used successfully for the synthesis of natu-
ral and unnatural amino acid derivatives, though the cobalt-catalyzed process
is limited to «-hydrogen bearing aldehydes and formaldehyde. Diamidocar-
bonylation with a primary amide and two equivalents of formaldehyde af-
fords N-acylamino diacetic acids, which are of potential use as glufosinate
intermediates [11]. Cyclic and secondary amides, such as 2-pyrrolidinone,
can only be amidocarbonylated with formaldehyde [12]. Lin reported on the
catalytic performance of various cobalt/ligand systems in the synthesis of
N-acetylglycine. Basic phosphines, such as PBus, were shown to allow low-
pressure conditions (55 bar). The addition of Ph;SO or succinonitrile resulted
in improved selectivity and facilitated the catalyst recovery [13-15]. The add-
ition of acid cocatalysts (pK, < 3, e.g., TFA) allowed for low-temperature
conditions and absence of hydrogen [16] (Scheme 3).

A broad range of olefins, acetals, epoxides, alcohols, and chlorides were
demonstrated effective alternative starting materials. Cobalt and rhodium car-
bonyls and bimetallic complexes were shown to catalyze the domino hydro-

HOH
" o0
H = )‘\ /k |
R' °N” "R?
H
co
1 --H
[Co(CO)T RY/O .
H/NYCO(CO)3
RZ
R' H
O-H
H.
N So
co RzJﬁ(Co(CO)Z
0] m

Scheme 2 Proposed mechanism for the cobalt-catalyzed amidocarbonylation
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o 0.6 mol% TFA (0]
0.3 mol% [Cox(CO)s]
M+ cro )LN/\WOH sz
NH, THF,75°C, 0.5 h H
60 bar CO

Scheme 3 Acid cocatalyst obviates the need for H;

formylation-amidocarbonylation of olefins [17-22]. Addition of 0.1 mol %
Rhg(CO);6 to the cobalt catalyst gave branched N-acetyltrifluorovaline which
indicated that the hydroformylation step governs the regioselectivity of the
domino process (Scheme 4) [22].

Interesting cyano, polyoxyethylene, and O-acetyl functionalized N-acyl-
amino acid derivatives can be obtained from functionalized olefins (Table 1).
Diamidocarbonylation products may also be synthesized in moderate yields
from terminal diolefins [13-15].

COOH
5 mol% COz(CO)g
o) ———— > F4C NHAc
] 83% (sel. 96%)
FBC/\ + HQNK CO/H, COOH
_
5mol% Cox(COk k. HAc
0.1 mol% Rhg(CO)1g 87% (sel. 94%)
Scheme 4 Regioselectivity issues
Table 1 Amidocarbonylation of functionalized olefins
Olefin N-Acylamino acid Yield [%] Application
COH
HOLC NHA n.d. glutaminic acid [21]
// /A C
NCT
T .
T Q\COZH 69 proline [21]
H
CO,H
~ 85 lutamate [22
F10:C EtO,C NHAc & 22}
COH
AcO AcO 85 polyamide ester [13-15]

3 NHAc
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The in situ generation of the aldehyde can be achieved by a preceding re-
arrangement of epoxides and allyl alcohols. Ojima demonstrated the use of
styrene oxide and propene oxide in the presence of [Ti(OiPr)4] or [Al(OiPr)3]
as cocatalysts [19]. The transition metal-mediated isomerization of allylic al-
cohols (HRh(CO)(PPh3)3, Fez(CO)g, RuClz(PPh3)3, PdClz(PPh3)2) was also
shown compatible with amidocarbonylation conditions (Scheme 5) [23].

Amidocarbonylation methodology can also be applied to the synthesis of
N-acetyl-(D,L)-phenylalanine, a key intermediate for aspartame (l-aspartyl-1-
phenylalanine methylester), from styrene oxide (via isomerization to phenac-
etaldehyde) [24] or benzyl chloride [25] in good yields.

A two-step process for the reaction of paraformaldehyde with N-methyl
fatty acid amides on a > 250 kg scale was developed at Hoechst AG [26, 27].
The N-methyl a-hydroxymethyl amide is generated in the presence of acid
at 80 °C and subsequently carbonylated (50-70 °C, 10-50 bar CO) to afford
the glycine derivative in high yields (> 98%) under very mild conditions. The
key to this reaction lies in the higher activation energy for the methylol for-
mation and the higher stability and selectivity of the cobalt catalyst at lower
temperatures (Scheme 6). Glufosinate (phosphinotricine), a natural phos-
phinyl amino acid, exhibits herbicide and antibiotic activity (BASTA®) and
can be manufactured by domino hydroformylation-amidocarbonylation of
methylvinylphosphinate (Scheme 7) [28, 29].

_ OH 1.7 mol% Co,(CO)g
NN 0.17 mol% HRh(CO)(PPhs)s COOH
+
o 100 bar CO / H, NHCOCH;3
100 °C, 18 h
HoN

Scheme 5 Domino isomerization-amidocarbonylation of allylic alcohols

(0]
CoH NH DME (e} 50 bar CO 0
171735 | 2 mol% H2804 0.5 mol% COZ(CO)g
+ CHy ——— C17H35)kN/\OH C17H35ANWOH
80 °C, 10 min ! DME, 70 °C, 2 h ‘
(CH,0), CHj3 CH; O
95 %
Scheme 6 Hoechst process for the manufacture of sarcosinates
Me
1 mol% Co,(CO)g CO,H CO,H
MEO~L\ 200 bar COM, (1:1) oo o H'/H0 po_'M°
I
o + dioxane, 100 °C, 2 h I NHAC '\:\) NH2
AcNH, © ©
85 % glufosinate

Scheme 7 Synthesis of BASTA®
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To the best of our knowledge none of the cobalt-catalyzed amidocarbony-
lation procedures is applied on an industrial scale at present, largely due to
the unsatisfactory catalytic activity (TON < 100) and relatively harsh condi-
tions (T > 100 °C; p > 100 bar).

2.2
Palladium Catalysis

In 1987, researchers at Hoechst found that palladium complexes are capa-
ble catalysts for the amidocarbonylation of aldehydes [30]. The reaction was
typically run at 80-120 °C and 30-60 bar CO. Under optimized conditions,
the desired N-acyl o-amino acids could be afforded with TON’s of up to
60000 (Scheme 8) [31-33]. The palladium-catalyzed reaction is not limited
to aldehydes containing no a-hydrogens. The presence of halide ions is es-
sential under palladium catalysis in order to facilitate the oxidative addition
to palladium(0). However, the palladium catalysts are more tolerant to var-
ious functional groups. Recently, Beller et al. reported on an optimized set
of conditions. While phosphine-free catalyst systems gave best yields at low
CO pressure, phosphine-ligated palladium catalysts led to better yields at
higher CO pressure. At low palladium loadings (< 0.1 mol %), unwanted con-
densation reactions of propionaldehyde were competitive [34, 35]. In recent
mechanistic investigations, Kozlowski identified N-acyl imine and enam-
ine species as key intermediates in the palladium-catalyzed amidocarbonyl-
ation [36].

The ureidocarbonylation reaction provides access to hydantoins contain-
ing diverse substituents in the 1-, 3-, and 5-positions with good selectivities
(Table 2) [37]. With monosubstituted ureas, 3-substituted hydantoins are ob-
tained.

The one-pot amidocarbonylation of commercially more attractive nitriles
can be performed via preceding nitrile hydrolysis in cc. H,SO4 [38] or
HCI/HCO,H [39, 40] and was shown to afford the desired N-acylamino acids
in good vyields [41]. Systematic studies have shown that amidocarbonyla-
tion of benzaldehydes in the presence of palladium catalysts allows for the
synthesis of functionalized, racemic N-acetyl-a-arylglycines (Table 3) [42].
Generally, electron-rich benzaldehydes react faster than those with electron
withdrawing substituents, though useful yields could be achieved in all cases.
N-alkyl and N-aryl N-acylamino acids can be prepared from secondary

o o 60 bar CO 0 COOH
Pt M 0.25 mol% PdBrp /2PPhy ]|
* N
NH; H 35 mol% LiBr, 1 mol% HoSO, N
NMP, 120 °C, 12h 99 %

Scheme 8 Palladium-catalyzed amidocarbonylation of isovaleraldehyde
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Table 2 Palladium-catalyzed ureidocarbonylation

60 bar CO R! fo)
JOL . 2/“ H\ ) 0.25 mol% (PPhg),PdBr, ’\?—(N
R "H R 1)( 35 mol% LiBr, 1 mol% HpSO4 R? “R?
NMP, 12 h o
R! R? R? T [°C] Yield [%] TON
1 Ph Me H 80 75 300
2 i-Bu Me Me 120 61 244
3 H Ph Ph 130 93 372
4 m-ClCeHy Me Me 100 79 316

Table 3 Palladium-catalyzed amidocarbonylation of benzaldehydes

o o 60 bar CO H o
)J\ /u\ PdBI’z, PPh3 H-C [{j
+
HaC” "NH, ~ Ar” "H i, H,S0,, NMP N OH
o Ar
Ar T [°C] t [h] Yield [%] TON

1 /©/ 100 15 75 300
MeO
2 ©\/ 100 15 56 224
Cl

3 /©/ 120 12 89 356
MeO,C
4 <_/</ \ 125 60 2 168

amides in moderate yields with Pd/C catalysts. The reaction of paraceta-
mol® with paraformaldehyde gave N-acetyl-N-(4-hydroxyphenyl)glycine in
70% yield [43].
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Table 4 Enzymatic hydrolysis of N-acylamino acids

/c[)l\ J?\ [Pdl g2 H\)OJ\ acylase \)cj)\ HoQ
Pd g2 N acylase N R2 N\‘)J\
R"SH "R NH, co. I ¥ OH 2T NoH Yy OH
o R R o R
Amidocarbonylation Enzymatic hydrolysis
R,S-Acylamino acid Yield TON enzyme (S)-Amino acid (R)-Amino acid
R! R? [%] Yield [%] ee Yield [%] ee
p-ClBn Me 75 300 AA 40 >99 46 94
MeSCyHy Me 75 300 PKA 32 >99 40 86

AA: Aspergillus spp. acylase; PKA: pig liver acylase

The relevance of the palladium-catalyzed amidocarbonylation for nat-
ural product synthesis has been demonstrated with the multi gram-scale
preparation of the central amino acid of chloropeptin I ((S)-3,5-dichloro-
4-hydroxyphenylglycine) as well as methionine and p-chlorophenyl ala-
nine via the combination of amidocarbonylation and enzymatic hydrolysis
(Table 4) [44].

3
Hydro- and Silylformylations

3.1
Hydroformylation of Formaldehyde

Hydroformylation of hetero olefins such as carbonyl compounds is not known
to proceed with significant levels of efficiency, whereas the hydroformylation
of olefins has been developed to a sophisticated stage. Generally, aldehy-
des resultant from the latter process exhibit a low propensity to undergo
further hydroformylation, with the exception of some activated aldehydes.
The rhodium-catalyzed hydroformylation of formaldehyde is the key step
in the synthesis of ethyleneglycol from synthesis gas. Chan et al. found

CO + Hy — CH30OH —>[CH20 — HOCHgCHO)—> HOCH,CH,0OH

|

0.25 mol% RhCI(CO)(PPh3),, y-picoline, 90 bar CO/M, (1/2), 70°C, 6 h: 95 %

Scheme 9 Hydroformylation of formaldehyde
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rhodium/phosphine catalysts and the presence of catalytic amounts of an
amine to enhance the catalyst activity most effectively [45]. The nature of
the employed ligand (e.g., PPhs, (p-CF3C¢Hy)3P) and base (e.g., NEt3, py)
must be carefully balanced in order to facilitate deprotonation of the hydri-
dorhodium species and prevent base-promoted aldol condensation of glycol-
aldehyde. Pyridines as solvents greatly enhanced the activity and selectivity
of the catalyst; and with pyridines immiscible with water (4-pentylpyridine),
99% of the desired glycolaldehyde could be extracted into the aqueous phase
(Scheme 9) [46].

3.2
Silylformylations

Unlike CC double bonds, the insertion of CO double bonds into a M - H
species is generally disfavored. With MH(SiR3) species however, the high
Si— O affinity enforces the formation of a metal-carbon bond which is con-
sequently subject to CO insertion. Murai and coworkers reported the direct
silylformylation of aliphatic aldehydes (3-fold excess) with diethylmethylsi-
lane and carbon monoxide in the presence of catalytic Co,(CO)s/PPhs to
afford o-siloxyaldehydes in moderate yields (100 °C, benzene) [47]. Wright
demonstrated the superior selectivity of a rhodium-catalyzed variant [48].
With 0.5 mol % [(cod)RhCI], and Me,PhSiH, the silylformylation of aliphatic
and aromatic aldehydes affords high yields of the a-siloxyaldehydes. The
mild reaction conditions (17 bar CO, rt) permit discrimination of the start-
ing aldehyde from the newly formed and bulkier siloxyaldehyde (Scheme 10).
In related studies, Ojima found that aldehydes containing an acetylene moiety
were exclusively silylformylated on the alkyne functionality [49].

0SiMe,Ph
R” >CHO

Si*H Yield [%]

H H
HR ! *_RF
RhL, S'*_Rhl-z
Si*0 a o] o]
o]

R_
e e |
Si* = SiPhMey
O
(0]

75

90

oY
co L~ ATRAL,
STOR &

Scheme 10 Rhodium-catalyzed silylformylation of aldehydes
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4
Hetero Pauson-Khand Reactions

Hetero Pauson-Khand reactions with an aldehyde or ketone component have
been shown to afford synthetically versatile y-butyrolactones. Buchwald [50]
and Crowe [51] independently showed that aliphatic enones and enals react
with CO under Cp,Ti(PMes), mediation (Scheme 11). CO insertion and ther-
mal (or oxidative) decomposition gave diastereomerically pure bicyclic y-
butyrolactones and stable Cp,Ti(CO);. Imines did not react under the reac-
tion conditions.

o0-Allyl acetophenones have been found capable of displacing CO on
Cp2Ti(CO), via electron transfer processes and thus allowing catalytic reac-
tions [52]. While the strong Ti— O bond renders a catalytic reaction difficult
in most cases, the use of a late transition metal facilitates the realization of
catalytic protocols. Murai reported on the cyclocarbonylation of ynals with
CO to give bicyclic lactones in the presence of 2 mol % Ruz(CO);;. Two al-
ternative mechanisms have been discussed, one commencing with oxidative
addition of the aldehyde-CH bond to Ru, while the other involves the in-
termediacy of a metallacycle [53]. Kang developed a related reaction with
allenyl aldehydes with CO to afford a-methyl-y-butyrolactones in good yields
(Scheme 12) [54].

o o R o R o R
Cp,Ti(PMe: CO i~ A
Fonn o o84 0wy o0
O

R =H, Akyl, Aryl i
X =CR,, NPh, O + Cp,Ti(CO),

Scheme 11 Titanium-mediated hetero Pauson-Khand reaction

R
H
X/\%R 2 mol% [Ru3(CO)4] X%O R = Ph, SiMes, Styryl
M:%O 10 bar CO, 160 °C ~~0 X =NTs, O, C(CO,Et),
62 -93%
= H
X/\/ 1 mol% [Ru3(CO)14l « o R=H.CH,
Mﬂ\o 20 bar CO, 120 °C o X =NTs, O, C(COzEt),
n
R R
48 -75%

Scheme 12 Ruthenium-catalyzed hetero Pauson-Khand reactions with alkynes and al-
lenes
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5
Reactions with Acylanions

While various carbon-monoxide-free Umpolung approaches utilize the in-
termediacy of masked acylanion equivalents, alkyllithium species have been
shown to undergo selective carbonylation at low temperatures (< - 110 °C)
to form acylanions. Such in situ prepared acyllithium species have been
demonstrated versatile reagents for the direct nucleophilic acylation of alde-
hydes [55,56]. The resultant acyloins were obtained in good yields from
reactions of s- and ¢-BuLi with aliphatic and aromatic aldehydes (< 95%,
Scheme 13). However, simple alkylation of the aldehyde was observed with
the sterically less hindered n-BulLi, except in the case of the highly hindered
pivaldehyde which gave the desired «-hydroxy ketone in 62% yield. Generally,
side reactions such as RLi addition to the carbonyl function and enolization
are minimized at an equimolar ratio of alkyllithium/aldehyde. The method-
ology is limited by the commercial availability of organolithium substrates
and the operational requirements of low temperatures and strict exclusion of
moisture.

Murai and coworkers reported on operationally simple aldol reactions
with lithium enolates generated from carbonylation of silylmethyl lithium
species [57]. Upon 1,2-silicon shift, «-silyl acyllithium species can be stereo-
selectively converted to (E) lithium enolates that undergo addition to aldehy-
des to give B-hydroxy acylsilanes (Scheme 14).

Stable acylzirconocene chloride has been utilized by Hanzawa and co-
workers [58] for the synthesis of «-hydroxy ketones. Consecutive hydrozir-
conation of terminal alkenes or alkynes with Schwartz’ reagent and in situ
carbonylation with gaseous CO at room temperature affords acylzirconocene

0 .
- I L .
RLi + CO ; R 17-95%
THF,-130°c  [R* R
OH
R = n-,st-Bu; R = Alkyl, Aryl
Scheme 13 Acyllithium addition to aldehydes
Li co 42~ \/?\'—i 1. PhCHO, -78 °C L
e N .
\TrMs Et,0, 15°C %u T™MS | 2. H,0 SiMe,
T™MS
55 % yield
(erythrolthreo 93/7)

Scheme 14 1,2-Silicon shift toward lithium enolates
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(0] , (0] OH
. 1.[Cp,ZrHCI] - RCHO I R N R
/\\ _— R/\)J\[Zr] R/\)\( + R/\\
(0]

R
2.CO, rt -20°C OH
R = Alkyl, Aryl Alkene R'= | Yield [%)] 1
R'= Alkyl, Aryl, Alkenyl n-CeH13/\ Ph 79 .
n-C6H13/\ PhCH=CH - 59
BnO” "X MeCH=CH 22 53

Scheme 15 Acylzirconocene addition to aldehydes

chloride. The yields of addition reactions to aldehydes were strongly de-
pendent on the presence of a Lewis acid. Interestingly, the isomeric a-ketol
was obtained in some reactions with alkenes when BFs-OEt, was used
(Scheme 15).

6
Miscellaneous

6.1
Benzofuranones

The three-component synthesis of benzo and naphthofuran-2(3H)-ones
from the corresponding aromatic alcohol (phenols or naphthols) with
aldehydes and CO (5bar) can be performed under palladium catalysis
(Scheme 16) [59, 60]. The mechanism involves consecutive Friedel-Crafts-
type aromatic alkylation and carbonylation of an intermediate benzylpalla-
dium species. The presence of acidic cocatalysts such as TFA and electron-
donating substituents in ortho-position (no reaction with benzyl alcohol!)
proved beneficial for both reaction steps.

o)
OH 2.5 mol% Pd(PPh,), OH OH o)
2.5 mol% TFA R
N XR — B
X 5 equ. RCHO, 120 °C X X
T eq : _ P
R = Alkyl, Aryl; X =H, -C,H,-, OR, Alkyl, Cl 58-91%

Scheme 16 Cyclocarbonylation to furanones
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6.2
Reactions with Carbonium lons

The metal-free carbonylation of carbocationic intermediates with carbon
monoxide under strongly acidic conditions (Koch-Haaf reaction) is used
industrially to convert i-butene to pivalic acid [61]. Woo showed that o,B-
unsaturated aldehydes can be carbonylated in conc. H,SOy4 to give 3,4-dialkyl-
2(5H)-furanones (70 bar CO, 50 °C) [62]. Although carbonylation occurs in
conjugate fashion, secondary intramolecular carbonylation of the aldehyde-
oxygen results in the formation of the furanone ring. Simple aldehydes can
be converted to «,8-unsaturated aldehydes by rapid aldol condensation under
the acidic reaction conditions and give only slightly lower yields (Scheme 17).

Under analogous conditions, carbonylation of chloral affords cis or trans
2,5-bis(trichloromethyl)-1,3-dioxolan-4-ones. The stereochemical outcome of
the reactions can be controlled by the concentration of the employed sul-
furic acid (90-99%) and the reaction time. The cis isomer is predomin-
antly formed under more acidic conditions after 10 min (cis/trans 95/5; 48%
yield), whereas complete isomerization to the trans isomer (cis/trans 0/100;
65% vyield) takes place at lower acidity (90%) and prolonged reaction time
(7h) [63].

6.3
Other Reactions

Toniolo reported the carbonylation of aromatic aldehydes containing electron-
donating substituents with a Pd/PPhj catalyst system in the presence of HCI
to give phenylacetic acid derivatives [64]. No activity was observed in the ab-
sence of PPhs or HCI, and high yields could be achieved with alkanols as
solvent (e.g., EtOH). It is believed that the mechanism involves HCI addition
to the aldehyde, with the resultant chlorohydrin being subject to oxidative
addition to Pd, CO insertion, and alcoholysis. Upon Cl <> OR substitution
with the formed mandelic acid derivative, a second carbonylation takes place,

R | B IR,
2RCH,CHO —=  , H == - NCH
o]

OH

aldehyde Yield [%]
R =Et 44
R'=H, R2=Me 55
R' RZ=Me 52

Scheme 17 Acid-mediated conjugate carbonylation
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which after decarboxylation of the resultant phenylmalonate gives the desired
phenylacetic acid derivative in 70-75% yield.

Unsymmetrical vicinal diols can be prepared from a three-component re-
action of aldehydes, CO, and aminotroponiminate-ligated titanium dialkyl
complexes. Solutions of Me,TiL, (L = N,N’-dimethylaminotroponiminate)
react rapidly with CO at room temperature. Double methyl migration to CO
produces an n?-acetone complex which inserts the aldehyde to afford a titana-
dioxolane and releases the unsymmetrical diol upon hydrolysis [65].

An indirect carbonylation of aldehydes via photolysis of chromium alkoxy-
carbenes with aldehydes in the presence of Lewis acids was reported by
Hegedus [66]. The formation of S-lactones was especially efficient when the
aldehyde was incorporated into either chain of the carbene ligand resulting in
an intramolecular process.
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Abstract Development in the field of transition metal-catalyzed carbonylation of epoxides
is reviewed. The reaction is an efficient method to synthesize a wide range of B-hydroxy
carbonyl compounds such as small synthetic synthons and polymeric materials. The
reaction modes featured in this chapter are ring-expansion carbonylation, alternating
copolymerization, formylation, alkoxycarbonylation, and aminocarbonylation.

1
Introduction

Carbonylation of epoxides provides direct access to a large variety of hydroxy
carbonyl compounds, such as S-lactones, useful synthons in organic synthe-
sis, and poly(3-hydroxyalkanoate), important biodegradable polyesters. Thus,
the development of efficient catalysts for such carbonylations has been widely
studied.

The carbonylation of epoxides to afford B-hydroxyesters or S-hydroxy-
aldehydes has been known since 1950s using Co,(CO)s as a catalyst [1-6].
The original catalyst systems, however, required harsh reaction conditions. In
order to improve the reaction efficiency, significant research efforts have been
devoted, resulting in the recent rapid development of catalysts. In particular,
cobalt catalysts have been found to show high catalytic activity. The key reac-
tion in the cobalt-catalyzed carbonylations is the ring-opening of epoxides by
the nucleophilic attack of the tetracarbonylcobaltate anion to one of the epox-
ide carbons (Scheme 1) [3,7,8]. This characterizes the regioselectivity and
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\RZ(_\@ R1 R2 R1 R2
sz Co(CO)L, LA. O>'\/Co(00)nl_m LA. O>'»/Co(00)n_1|_m
R®H R®H

- : : nucleophilic attack on the less hindered epoxide carbon
(LA = Lewis acid) with inversion of the configuration

Scheme 1

stereospecificity in these carbonylations: in general the tetracarbonylcobaltate
anion attacks on the less hindered epoxide carbon with inversion of the con-
figuration. Here, in this chapter, we focused on the recent development in the
metal-catalyzed carbonylation of epoxides. Although carbonylation reactions
of other cyclic compounds with a heteroatom such as aziridines [9-11], oxe-
tanes [12] and thietanes [13] have been reported, those reactions are omitted
in this chapter.

2
Ring-expansion Carbonylation

The ring-expansion carbonylation of epoxides is the most widely studied
field in the epoxide carbonylation chemistry since the product lactones
are highly attractive targets: particularly, B-lactones are useful compounds
due to their versatility in organic synthesis [14, 15] as well as their utiliza-
tion as monomers to produce poly(3-hydroxyalkanoate)s, naturally occurring
biodegradable polyesters [16-19].

The first successful example of a catalytic ring-expansion carbonylation
was reported by Aumann et al. in 1970s [20,21]. Here, isoprene oxide was
allowed to react with CO in the presence of [Rh(cod)Cl]; to give an B,y-
unsaturated lactone (Scheme 2). Soon after their report, the carbonylation
of styrene oxide to yield the corresponding p-lactone was demonstrated by
using RhCI(CO)(PPhs), [22]. The scope of this method is, however, quite

o]
[Rh(cod)Clyl (0.5 mol%)

B(\ + CO 75%
o CCly, 70°C, 50 h =

(15 MPa)

Ph
Ph RhCI(CO)(PPh3); (2.1 mol%)

> + Co O 67%
o MeOH, 110 °C, 14 h g

(2.7 MPa)

Scheme 2
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limited; the reaction of stilbene oxide and aliphatic epoxides resulted in very
low yields of the desired B-lactones.

Improved methods for the ring-expansion carbonylation were investi-
gated in the last decade [23]. For example Alper et al. reported the re-
gioselective carbonylation of epoxides by using [PPN]Co(CO)s [PPN =
bis(triphenylphosphine)iminium] in conjugation with a Lewis acid such as
BF; - OEt, or SnCly in DME (Scheme 3) [24]. The CO insertion occurred
regioselectively at the unsubstituted C — O bond when monosubstituted epox-
ides were used as substrates, giving S-substituted S-lactones in good yields.
Various functional groups such as alkenyl, haloalkyl, hydroxyalkyl, and
ether groups tolerated the reaction condition, affording the corresponding
B-lactones. The ring-expansion carbonylation of 1,2-disubstituted epoxides
also proceeded by using B(C¢Fs)3 in place of BF3 - OEt; as a Lewis acid while
the yields were much lowered. Stereochemistry of the products was com-
pletely retained: hence, the reaction of trans- and cis-2,3-epoxybutane yielded
trans- and cis-disubstituted B-lactone, respectively (Scheme 4). This configu-
rational retentin is unusual in the cobalt-catalyzed carbonylation of epoxides
where nucleophilic attack of tetracarbonylcobaltate anion usually results in
the configurational inversion.

More recently, Coates et al. reported well-defined cobalt complexes with
high catalytic activity and regioselectivity [25-27]. The key concept for the

[PPN][Co(CO),] (2-4 mol%) R

[>/R . o BF 5+ OEt, (2-4 mol%) substrate time (h) yield (%)
% DME, 80 °C o R= Bu 24 66
(6.2 MPa) o]
/(/\)4\/ 48 87
[PPN] = [Ph3P=N=PPh3]® CH.CI 48 83
CH,OH 24 57
CH,OPr 48 86
Scheme 3

H [PPN][Co(CO),4] (4 mol%)
R B(CgF 4 mol% “
[>/ + CO (CeFs)s ( o) o:(
(0) DME, 110 °C, 48 h

(6.2 MPa) o
20% vyield
[PPN][Co(CO),] (4 mol%)
!y . co B(CgFs)s (4 mol%) \oi
0 DME, 110 °C, 48 h
(6.2 MPa) o
24% yield

Scheme 4
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design of the catalyst is a combination of [Lewis acid]® and [Co(CO)4]",
which was based on the proposed reaction mechanism (Scheme 5): the
cationic Lewis acid coordinates and activates the epoxide for the nucleophilic
attack of the cobaltate anion [steps (i) and (ii)]. After insertion of CO into the
metal-alkyl bond and recoordination of CO to the cobalt center [step (iii)], the
metal alkoxide attacks the acyl carbon intramolecularly to form a g-lactone
and regenerates the original catalyst [Lewis acid]*[Co(CO)4]™ [step (iv)]. The
complexes [(salph)Al(thf),][Co(CO)4] (1), [Cp2Ti(thf),][Co(CO)4] (2), and
[(TPP)Cr(thf);][Co(CO)4] (3) were found to catalyze the ring-expansion car-
bonylation of a wide range of epoxides under the condition of relatively low
CO pressure, low reaction temperature, and low catalyst loading. In general
complex 3 was superior to the other two complexes with respect to the cata-
lytic activity and the wide scope of the applicable substrates (Table 1). Car-
bonylation of monosubstituted epoxides proceeded regioselectively to afford
the corresponding f-substituted S-lactones (runs 1-8). In the same way as
the catalyst system of [PPN][Co(CO)4] described above, carbonylation with 1,
2, and 3 tolerated various functional groups (Table 1, runs 4-8). In addition,
optically active epoxide, (R)-propylene oxide gave the (R)-B-butyrolactone
with retention of the configuration (Table I, run 3). These catalyst sys-
tems were also effective for the carbonylation of 1,2-disubstituted epoxides
(Table 1, runs 9-16). In contrast to the case of using[PPN][Co(CO)4], trans-
and cis-2,3-epoxybutanes yielded cis- and trans-disubstituted B-lactones, re-
spectively (Table 1, runs 9-14). This stereochemistry is reasonably explained
by back-side attack of the cobaltate anion described in the proposed mechan-
ism (Scheme 5). Carbonylation of bicyclic epoxides such as cyclooctene oxide
and cyclododecene oxide also proceeded to give the corresponding bicyclic
B-lactones with inversion of the configuration at the «-carbon of the carbonyl
(Table 1, runs 15, 16). Using cyclododecene oxide composed of 66% cis isomer

Q)

LA N ¥> - 6cO(CO)4

U Co(CO), o)
®la

(iii) (i)

co LA. O/VVCO(CO)4

® S)
[LA] [Co(CO)4]

Scheme 5
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Table 1
1 5 . R2 R3 .
@,R3 co cat. Co Rb.p 1R
? +
o~ "R o
(@)
run substrate Co(substrate : Co)

1 1(100: 1)
2 >

o) 2(100: 1)
3 (|)>/ 1(100: 1)
P>y/%9\;5’ 1(250:1)
5 o) 2 3(250: 1)
6 Ob/\c' 1(100: 1)
>-"ofBu 1(200:1)
8 0 3(200:1)
9 1(75:1)
10 !>/ 2(50: 1)
11 O 3(75:1)
12 1(75: 1
13 !> \\\\\ 2(50: 1
14 0 3(75:1)
4
15 3(250: 1)
O
8
16 3(450: 1)
(@)

condition  time (h)

A 1
B

A 1
C 6
C 6
A 9.5
C 6
C 6
C 6
B 10
C 6
C 6
B 10
C 6
C 6
C 6

227

yield (%)

95
95

95

40
>99

73

>99
>99

20
75

56

74
99

>99

>99

66

conditions A: CO (6.1 MPa), 50 °C, neat. B: CO (6.2 MPa), 60 °C, DME. C: CO (6.2 MPa),

60 °C, neat.
<//7|_7\\> ®
N_| N= o
51 do//x‘l\obgu (Co(CO)]
L gy
(

Bu
L = THF)

[(salph)Al(thf)o][Co(CO)4] (1)
@

L
\( [Co(com6

QE& L

[CpTi(thf),][Co(CO)4] (2)

(L =THF)

Ph

Ph ®

Ph
[(TPP)Cr(thf)2][Co(CO)4] (3)

Ph [CO(CO)4]e

(L=THF)
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as substrate, the cis isomer was found to be carbonylated much more readily
than the trans isomer, resulting in the production of the -lactone composed
of 97% trans isomer in 66% yield (Table 1, run 16).

Carbonylative kinetic resolution of a racemic mixture of trams-2,3-
epoxybutane was also investigated by using the enantiomerically pure cobalt
complex {[(R,R)-salcy]Al(thf), }[Co(CO)4] (4) [28]. The carbonylation of the
substrate at 30 °C for 4h (49% conversion) gave the corresponding cis-B-
lactone in 44% enantiomeric excess, and the relative ratio (k;¢) of the rate
constants for the consumption of the two enantiomers was estimated to be
3.8, whereas at 0 °C, k¢ = 4.1 (Scheme 6). This successful kinetic resolution
reaction supports the proposed mechanism where cationic chiral Lewis acid
coordinates and activates an epoxide.

Two molecules of carbon monoxide were successively incorporated into an
epoxide in the presence of a cobalt catalyst and a phase transfer agent [29].
When styrene oxide was treated with carbon monoxide (0.1 MPa), excess
methyl iodide, NaOH (0.50 M), and catalytic amounts of Co,(CO)s and
hexadecyltrimethylammonium bromide in benzene, 3-hydroxy-4-phenyl-
2(5H)-furanone was produced in 65% yield (Scheme 7). A possible reaction
mechanism was proposed as shown in Scheme 8: Addition of an in situ

o N

o) {[(R,R)-(salcy)]Al(thf),}[Co(CO),4] (1 mol%) (0]
+ CO +
neat
¥>.‘\\\ (5.5 MPa)
5 pug
racemic %

enantiomerically-enriched

T

/L ® oo 1 0
— T (°C) time (h) conv. (%) kK
=N_| N= o
By o Plxl\ostu [Co(CO)4] 30 4 49 3.8
By L By 0 10 17 4.1
(L = THF) } )
Absolute configuration of the
{l(R,R)-(salcy)]Al(thf),}[Co(CO),4] (4) major isomer was not determined.
Scheme 6
C0,(CO)g (2 mol%) Ph
Ph C16H33NMG3BI’ (2 mol%) \
>+ co 0P~y 65%
0 Mel (excess), NaOH (0.5 M)
(0.10 MPa)  benzene, rt o)

Scheme 7
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©
Co(CO)4 + Mel + CO

Ph \
O/?\OH - Ph

o) o) o o o
Ph Ph
AQ ‘ ). ACO(CO)‘; SN Aoﬂ/
(OC)4Co N Co(CO)4
OH 5
o}
8 > //\ co
co ¢ o
Ph Ph
A"T I A"l
(OC)4,Co” ~OH (0C)Co” S0
7 6
Scheme 8
HO C0y(CO)s (10 mol%) Hooc—< OH
Lph (MeOCH,CH,0CH,CH,)3N * \
+ CO O 429
0 Mel, NaOH (1.0 M) Ph o
(0.10 MPa)  benzene, rt (0]
< The carbon atoms with asterisks>
are derived from CO.
Scheme 9

generated acyl cobalt complex to the epoxide gives a benzylcobalt complex
5, followed by CO insertion into the cobalt-carbon bond and recoordi-
nation of CO. Enolization of the resulting acylcobalt complex 6 to 7 is
the key step in the double carbonylation, and the insertion of the second
CO molecule gives complex 8. Then, intramolecular cyclization results in
the production of 2(5H)-furanone and the regeneration of the acylcobalt
complex. Furthermore, triple carbonylation proceeded by employing 2-aryl-
3-(hydroxymethyl)oxiranes as substrates and tris(3,6-dioxaheptyl)amine as
a phase transfer catalyst (Scheme 9) [30].

3
Alternating Copolymerization

Poly(3-hydroxyalkanoate)s have potential for application to engineering plas-
tics endowed with biodegradable nature. One of the synthetic approaches to
the polyesters is the ring-opening polymerization of S-substituted S-lactones
which can be effectively produced by ring-expansion carbonylation of epox-
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ides described above. Meanwhile, the alternating copolymerization of epox-
ides with CO, which was first reported by Furukawa et al. in 1965 [31], should
be a more efficient and direct route to produce them.

Recently, Rieger et al. [32-34] and Osakada et al. [35] independently
studied the alternating copolymerization of epoxides with CO by using
Co,(CO)g/3-hydroxypyridine catalyst system, which was originally discov-
ered by Drent et al. [23]. The copolymerization of propylene oxide with
CO proceeded with high regioselectivity to give poly(3-hydroxybutyrate).
Racemic propylene oxide gave atactic polyester, while enaniomerically pure
(S)-propylene oxide afforded isotactic polyester with retension of configura-
tion (Scheme 10), indicating the ring-opening at the less hindered epoxide
carbon through the back-side attack by the tetracarbonyl cobaltate. This is
the same process as that in the carbonylation of epoxide (vide supra). On the
contrary, the generated alkoxide form an ester group not intramolecularly
but intermolecularly. The chain-elongation mechanism has not yet fully re-
vealed [32-35]. Generally, molecular weight of the obtained copolymer was
low (M,, <4000 g/mol) due to several termination reactions. One possible ter-
mination reaction is suggested to be the hydrolysis of an acyl-cobalt complex,
a growing chain-end, induced by a trace amount of water which contaminated
in the reaction system or was produced by dehydration from the polymer
chain-end (Scheme 11).

Although the dehydration is an unfavorable side reaction for the produc-
tion of high molecular weight polyester, the copolymer containing a poly-
merizable olefinic terminal group should serve as a possible macromonomer.
Nozaki et al. demonstrated the successful example of the selective synthe-
sis of oligoesters bearing a crotonate terminal group through the alternating
copolymerization of propylene oxide with CO by using NaCo(CO)4 in the
presence of an organic base (Scheme 12) [36].

A relatively high molecular weight copolymer can be synthesized by using
an acyl-cobalt complex as an initiator: such a catalyst system is not accom-
panied by dehydration theoretically because the terminal group of a growing
species is not a free alcohol but protected by an acyl group (Scheme 13).

Co,(CO)g (1 mol%)

é>/ 3-hydroxypyridine (2 mol%) 73%
+ CO : M, = 3800 (g/mol), M,,/M, = 2.0
e diglyme, 75 °C, 18 h 0O O atactic
n

6.0 MPa
o ( )

racemic

C0,(CO)g (1 mol%)

V 3-hydroxypyridine (2 mol%) m 57%
+ CO , ; M, = 4200 (g/mol), M,/M, = 1.3
° 6.0 MPa) diglyme, 75 °C, 18 h o} Oﬁ) isotactic

enantiopure ( n

Scheme 10
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NaCo(CO), (1 mol%)

yr|d|ne (1 mol"/
é>/+ co o)
THF, 75 °C

(6.0 MPa)

| ] v
57% (molar ratio, I : 1N :IV:V=9:81:6:3:1)
My, =950 (g/mol), M,/M, = 1.3
Mcaicq = 900 (g/mol)

Scheme 12
2 0 8
(0C),Co” R (OC)4CO/W/OTR (OC)4Co O%R
o)
Scheme 13

Co,(CO)g/BnBr/9
>Ry co ans) R = Me Co,(CO)g: 0.35 mol%, 20 h
0 benzene, 80 °C 55% yield
(6.2 MPa) M, = 19400 (g/mol), My,/M,, = 1.6

R=Et Coy(CO)g: 0.45 mol%, 48 h
61% yield
M, = 16700 (g/mol), My/M, = 1.3

Scheme 14
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An equimolar mixture of Co,(CO)s, benzyl bromide (BnBr), and dihydro-
1,10-phenanthroline 9, which generated BnCOCo(CO)4 under the reaction
conditions, copolymerized propylene oxide or 1,2-epoxybutane with CO to
give the corresponding atactic polyesters with high regioregularities, per-
fectly alternating structures, and high molecular weights (Scheme 14) [37].
Isolated acyl cobalt complex MeCOCo(CO)s3[P(o-tolyl);] was also demon-
strated to produce high molecular weight polyesters [38].

4
Formylation: Hydroformylation and Silylformylation

Hydroformylation of epoxides provides an elegant and inexpensive pathway
to B-hydroxyaldehydes, which are formal cross-aldol products between two
aliphatic aldehydes, and potentially useful intermediates in organic synthesis.
In industry, hydroformylation of ethylene oxide is attractive because hydro-
genation of the product 3-hydroxypropanal gives 1,3-propane diol which is an
intermediate in the production of polyester fibers and films. To achieve this re-
action, cobalt, rhodium, or iridium catalysts have been employed [5, 39-43].
However, during the development of the hydroformylation catalyst, the re-
action has been found to often accompany some side reactions such as
isomerization, hydrogenation of the resulting formyl group, and dimerization
of the product B-hydroxyaldehyde. Thus, in order to establish the synthetic
utility of hydroformylation of epoxides, a more sophisticated reaction system
(catalyst, ligand, additive) is needed to suppress such side reactions.

One possible solution to suppress the side reactions is the in situ pro-
tection of the reactive functional groups (formyl and/or hydroxy group).
A successful example of protection of the resulting formyl group is the
cobalt-catalyzed hydroformylation of epoxides in the presence of trimethyl
orthoformate reported by Nozaki et al.: the product B-hydroxyaldehydes
were converted into its dimethyl acetal forms [44]. As shown in Table 2,
hydroformylation-acetalization of various epoxides proceeded by using
Co,(CO)s/iminophosphine 10 catalyst system in trimethyl orthoformate. Bi-
cyclic cis-epoxides were efficiently converted into trans-S-hydroxyaldehyde
dimethylacetals (Table 2, runs 1, 2), while the reaction of trans-4-octene oxide
resulted in a low conversion (Table 2, run 3). When mono-substituted epox-
ides were employed, the terminal carbon was selectively carbonylated to give
acetals of linear aldehydes as the major products (Table 2, runs 4-7). For
example, the reaction with 1,2-epoxyoctane produced a mixture of linear
and branched isomer (linear/branched = 4.5) in 69% isolated yield (Table 2,
run 4). Functionalized terminal epoxides also gave the corresponding acetals
(Table 2, runs 5-7). A single enantiomer of a protected oxyranylmethanol was
converted into the corresponding linear product with complete retention of
the configuration (Table 2, run 7).
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Table 2

R C0,(CO)4 (2.5 mol%) R

: ~N  Ph
R 2 10 (5 mol% MeOH 2

[\//R + CO/MH, ( ! ° MGOWR

o HC(OMe); 90 °C,21h  reflux OMe OH PPhy

(4.1/4.1 MPa)

10
run epoxide product yield (%)
1 O Meo\(O 70

© OMe OH
2 O MeO\KQ 74
o MeO 6H
Pr Pr
3 Pr MeOY\\\\Pr 13
© OMe OH
Hex MeO Hex Hex
4 ob/ Y HOX 69
OMe OH MeO™ “OMe (/b = 4.5)
linear branched

OMe OH
MeO
6 C’}/\osn © OBn 57
OMe OH
MeO \
7 (’)> 0Bn ~0Bn 52
OMe OH

These results indicate that a nucleophilic attack of a tertacarbonylcobalt
anion is taking place at an epoxide that is activated by a proton as illustrated
in Scheme 15. Preferred formation of linear products from mono-substituted
epoxides indicates the susceptibility of cobaltate nucleophile to steric hin-
drance in this catalytic reaction. This view is consistent with low reactivity of
1,2-disubsutituted epoxides such as trans-4-octene oxide. The high reactivity
of bicyclic epoxides, in spite of their 1,2-disubstituted structure, is probably
due to their ring-strain that overcomes the steric hindrance. Stereochemistry
of the products supports that the nucleophilic ring-opening is likely proceed-
ing through an Sy2 mechanism rather than Sy1 mechanism.
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COz(CO)g
R1 R1

H V\KRZ H, E&/Rz
N (o)
O OH o K
(0C)Co™ ™ [ g2
HCo(CO), ¥» (6‘&‘
®
0

i

0w
(OC)3Cow)vR2
i :
O OH .
\>\ R1 R1 /
Ha (OC)3C0Y\/R2

O OH OH

Scheme 15

Silylformylation is another successful catalytic formylation of epox-
ides involving the in situ protection of functional group. As a hydrosi-
lane is deemed to behave much like a molecular hydrogen, formylation
of epoxides can be carried out using a hydrosilane in place of hydrogen
to give B-siloxyaldehydes [45-48]. Murai et al. reported silylformylation
of epoxides by using rhodium catalysts [47]. Under the optimized con-
ditions ([RhCI(CO);]2: 2 mol %, 1-methylpyrazole: 40 mol %, CO: 5.1 MPa,
HSiMe,Ph: 1.2 equiv, CH,Cl,, 50°C, 20h), a wide range of epoxides were
formylated in good yields (Table 3). The trend of regioselectivity and stereo-
specificity is similar to the hydroformylation described above. The authors
proposed that the key catalytic species is PhMe,;Si— Rh — H generated from
oxidative addition of the silane to the rhodium complex (Scheme 16).
The silylrhodium species interacts with the epoxide to generate a silylox-
onium species and a rhodium anion which nucleophilically attacks the
activated epoxide carbon. Carbonylation of the resulting carbon-rhodium
bond and the subsequent reductive elimination of the aldehyde generate
the product.

R1
H R2
R O OSiMe;Ph HSiMe,Ph
LRh R2 N SiMezPh
O  OSiMeyPh
% R!
COX 1 1 L _R?
R R
2 O\ 2 o
LRh)\:/R H-RhL (é/R
i OSiMe,Ph o o
2

Scheme 16
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Table 3

R [RhCI,(CO),], (2 mol%) R

: 2 1-Me-pyrazole (40 mol%) 2

([3>/R + GO+ HSiMePh CH,Cl,, 50 °C, 20 h one )
, 50 °C, .

(5.1 MPa) (1.2 equiv) 22 OSiMe,Ph
run epoxide product yield (%)
1 0 .

OHC” ™

© OSiMe,Ph
2 O OHC’<> 72

o R

OSiMe,Ph

Pr
3 !> " Z 55
OH Cﬁ“‘Pr

OSiMe,Ph

Et Et , Et
4 > oHe Y PhMe,Si0” 60
OSiMe,Ph CHO (/b = 3.3)
linear branched

5
Alkoxycarbonylation and Aminocarbonylation

Carbonylation of epoxides in the presence of an alcohol gives S-hydroxyesters.
This alkoxycarbonylation of epoxides with Co,(CO)g catalyst has been
known for a long time [2,49-51]. However, the known catalyst systems
required harsh reaction conditions, resulting undesired side reactions. In
1999, Jacobsen et al. demonstrated that methoxycarbonylation of epoxides
proceeds effectively under relatively mild conditions by using Co,(CO)s/
3-hydroxypyridine catalyst system in the presence of methanol (Scheme 17)
[52]. In most cases, carbonylation occurred selectively at the less substi-
tuted epoxide carbon to afford S-hydroxyesters. Thus, enantiomerically pure
mono-substituted epoxides, which are easily prepared by kinetic resolution
via hydration of racemic epoxides reported by Jacobsen [53, 54], were trans-
formed to the corresponding esters without any loss of enantiopurity. How-
ever, monosubstituted epoxides bearing an aryl or vinyl group (e.g., styrene
oxide and vinyloxirane) underwent methoxycarbonylation in low yields.
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Co,(CO)g (5 mol%)
3-hydroxypyridine (10 mol%)

>R 4 co + MeoH MGOY\(R
o THF, 9h

(>99% ee) (4.1 MPa) (excess) O OH

substrate T (°C) vield (%) ee (%)

R= Me 65 92 >99
W 60 95 >99
CH,CI 55 96 >99
COOMe* 60 91 >99

*CO pressure: 4.6 MPa

Scheme 17
oY
1) Coy(CO)g (2.5 mol%) K/NT(\*(R
3-hydroxypyridine (10 mol%) O OH
« R AR AcOEt
> + CO + MesSi—N O +
0 \—/  2)3NHC R
(>99% ee) (0.10 MPa) (1.3 equiv) ﬁNA(
O OH
substrate T(°C) time(h) amide:amine vyield (%) ee (%)
R= Me 25 12 87 :13 67 >99
X\)z\/ 25 24 88:12 80 >99
CH,CI 25 12 80:20 75 >99
CH,COOPr 50 12 80:20 56 >99
Scheme 18

Aminocarbonylation can also be carried out by use of CO and a silyl
amide. Watanabe et al. reported the cobalt-catalyzed aminocarbonylation of
epoxides [55]. Some silyl amides such as PhCH,NHSiMe; and Et,NSiMes
were applicable to the reaction to give the B-siloxyamide in good yields,
whereas high reaction temperature was required. The use of 4-(trimethylsilyl)
morpholine was found to be crucial for a milder and more efficient carboami-
nation: here, the reaction proceeded at ambient temperature under 0.1 MPa of
CO. However, N-(2-hydroxyalkyl)morpholines, a product without carbonyla-
tion, were yielded as by-products (Scheme 18) [56].
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6
Concluding Remarks

The carbonylation of epoxides has been significantly improved in the last
decade. The resulting products are of interest since B-hydroxycarbonyl com-
pounds have potential application as useful building blocks for fine chemicals
and polymer materials. Particularly, a combination of the regioselective and
stereospecific carbonylation reactions and the recently developed method-
ology to prepare enantiopure epoxides should contribute to stereoselective
organic synthesis. Meanwhile, asymmetric carbonylation of racemic or meso
epoxides is still waiting to be explored as an alternative route toward enan-
tiopure B-hydroxycarbonyl compounds. Thus, advance in stereoselectivity
(kinetic resolution of racemic epoxides and desymmetrization of meso epox-
ides) as well as substrate scope and reaction efficiency constitute significant
challenges for the future.
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Abstract The basic principles of the oxidative carbonylation reaction together with its
synthetic applications are reviewed. In the first section, an overview of oxidative carbony-
lation is presented, and the general mechanisms followed by different substrates (alkenes,
dienes, allenes, alkynes, ketones, ketenes, aromatic hydrocarbons, aliphatic hydrocarbons,
alcohols, phenols, amines) leading to a variety of carbonyl compounds are discussed. The
second section is focused on processes catalyzed by PdI,-based systems, and on their
ability to promote different kind of oxidative carbonylations under mild conditions to af-
ford important carbonyl derivatives with high selectivity and efficiency. In particular, the
recent developments towards the one-step synthesis of new heterocyclic derivatives are
described.

Keywords Carbon monoxide - Carbonyl compounds - Heterocycles -
Homogeneous catalysis - Palladium iodide

1
General Overview

Oxidative carbonylations have acquired a growing importance during the last
few years, owing to the development of new and selective catalytic systems,
mainly based on palladium, which are able to promote ordered sequences of
transformations under mild conditions with formation of highly function-
alized carbonyl compounds in one step starting from very simple building
blocks.

By definition, an oxidative carbonylation is a process in which carbon
monoxide is inserted into an organic substrate under the action of a metal
undergoing a reduction of its oxidation state [the reduction Pd(II) — Pd(0)
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reduced oxidant X M (X) X substrate + CO
oxidant M (X-2) carbonyl derivative

is the most common case]. In order to achieve a catalytic reaction, some
way must be provided to reconvert the metal in its original oxidation state
(Scheme 1). In other words, an external oxidant is needed to allow a stoichio-
metric process (Eq. 1) to become a catalytic one (Eq. 2).

Scheme 1

SH,; + CO + M(X) — S(CO) + M(X-2) +2H™ (1)
SH, + CO + [0X] X% $(CO) + [OXH,] )

The metal reoxidation process has always been a major problem in oxida-
tive carbonylation, in relation to which a large number of patents have been
issued. Either organic or inorganic oxidants, such as benzoquinone (BQ) or
copper chloride, have been used as reoxidizing agents (Egs. 3, 4). In the case
of CuCly, the resulting cuprous chloride in some cases has in its turn been re-
oxidized by means of oxygen (Eq. 5) or other oxidants such as alkyl nitrites.
Direct reoxidation with O, is also possible (Eq. 6), and has proven partic-
ularly effective in the case of Pd(0) — PdI42" reconversion (Eq. 7; see next
Section).

M(X-2) + 2H* + BQ - M(X) + H,BQ (3)
M(X =2) + 2CuCl; — M(X) + 2CuCl + 2CI~ (4)
2CuCl + 2HCI + (1/2)0, — 2CuCl, + H,0 (5)
M(X -2) +2H* + (1/2)0, — M(X) + H,0 (6)
Pd(0) + 2HI + 2I" + (1/2)0; — PdI,*" + H,0 (7)

Another major problem in oxidative carbonylation is the presence in the reac-
tion medium of water, which, as we have seen, is even formed as a co-product
when oxygen is used as reoxidant for Cu(I) or for M(X-2). In fact, in the
presence of water, competitive M-promoted oxidation processes, such as ox-
idation of CO to CO,, may take place, which reduce the activity of the catalyst
towards the desired carbonylation reaction. The oxidation of CO to CO, may
be promoted by Ir(IV), Pt(IV, II), Rh(III), and especially by Pd(II), and can
be stoichiometric (Eq. 8) or catalytic (working in the presence of an oxidant
such as Oy, Cu(II) or quinone, Eq. 9). In the case of particularly water-sensible
oxidative carbonylation processes, a dehydrating agent has proven necessary
to achieve acceptable catalytic efficiencies and/or product yields. Several sys-
tems have been envisaged to eliminate water, such as acetals, enol ethers,
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orthoformates, etc.

MX, + CO + H,O — M + CO; + 2HX (8)
CO + H,0 + [0X] — CO; + [OXH;] 9)

A wide range of organic substrates can undergo an oxidative carbonylation
reaction. Depending on reaction conditions, alkenes have been converted
into B-chloroalkanoyl chlorides (oxidative chloro-chlorocarbonylation) [1, 2],
succinic diesters (oxidative dialkoxycarbonylation) [3-20], «,8-unsaturated
esters [21,22] (oxidative monoalkoxycarbonylation), or p-alkoxyalkanoic
esters [11] (oxidative alkoxy-alkoxycarbonylation), according to Eqs. 10-13.

0
Pd(ll)cat R
RCH=CH, +2 CO + 2 ROH + [OX] (11)
-[OXHal RO, COR
Pd(ll)cat
RCH=CH, + CO + R'OH + [0X] RCH=CHCO,R' (12)
- [OXH,]
Pd(ll)cat R
RCH=CH, + CO + 2 R'OH + [OX] (13)
- [OXHy] RO  CO.R'

All these reactions are promoted by Pd(II) species, and can be stoichiomet-
ric (Eq. 10) or catalytic (Eqs. 11-13, in the presence of Cu(II) salts or other
oxidizing agents). 3-Chloropropionyl chloride from ethylene is conceivably
formed through PdCl, addition to the double bond followed by CO insertion
and reductive elimination (Scheme 2).

Succinic diesters and acrylic esters are formed through insertion of
the olefin into the Pd—C bond of an alkoxycarbonylpalladium species
X —Pd - COzR (ensuing from the reaction between PdX;, CO and an alcohol
R'OH used as an external nucleophile, Scheme 3). Further carbon monox-
ide insertion, followed by nucleophilic displacement by R'OH, then leads to
the succinic diester (Scheme 3, path a). B-H elimination may also take place
to give the o,B-unsaturated ester (Scheme 3, path b). This latter pathway is
followed at low carbon monoxide partial pressures.

On the other hand, g-alkoxyalkanoic esters are formed through a com-
pletely different mechanism, involving anti nucleophilic attack by R'OH on
the coordinated double bond followed by alkoxycarbonylation (Scheme 4).

Cco - Pd(0)
— + PdCl, —>C|/\/PdC| — ¢l P4dCl Cl/\)J\CI

Scheme 2
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PdCl, + CO + ROH —— CI-Pd-CO,R' + HCI

R
RCH=CH, + CI-Pd-CO,R R)—\ €0
= + - _ ' — —_—
’ ’ cPd  CO,R patha  CIPd COR
o
path b | - [Pd(0)+HCI] R'OH
- [Pd(0)+HCl)
R

RCH=CHCO,R'

RO,C  CO.R
Pd(0) + 2 HCI + [OX] —  PdCl, + [OXH,]

Scheme 3

Attack by other nucleophiles YH (such as amines, acids, carbanions) fol-
lowed by alkoxycarbonylation has also been observed [23-28]. When the nu-
cleophile is an organic anhydride, the final product is a B-acyloxyanhydride
(Eq. 14) [29].

PdCl, R

RCH=CH, + CO + Ac,0 + (1/2) O, (14)

AcO CO5AC

Ring closure with formation of heterocyclic derivatives may occur when
a nucleophilic function is present in the starting alkene and it is suitably
placed for cyclization [30-43]. Both kind of the mechanistic pathways shown
in path a of Scheme 3 and in Scheme 4 may operate, as exemplified by
Schemes 5-6 (Y = O, NR). Clearly, only in the first case carbon monoxide is
incorporated into the heterocyclic ring (cyclocarbonylation).

With alkenes bearing two suitably placed nucleophilic groups, the two
mechanisms may even occur in sequence, leading to a double cyclization
product, as depicted in Scheme 7 [44-48].

w-Allyl palladium complexes, formed from the reaction between alkenes
bearing an a-hydrogen and PdCl,, can undergo alkoxycarbonylation to give
B,y-unsaturated esters (Scheme 8) [49,50]. The overall reaction from the
alkenes to the B,y-unsaturated ester corresponds to a stoichiometric oxida-
tive monoalkoxycarbonylation process.

PdCl, Q
\ -HCI R PdCl co R PdCI R'OH R
R'OH + RCH=CH, —— — —
R'O R'O -[Pd(O)+HCI] RO  COR

Pd(0) + 2 HCI + [OX] —— PdCl, + [OXH,]

Scheme 4
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1 R1 R2 R1 R2
:(R PdCl, \ R? CO, ROH COR
( R? +CO — - PdCl —~ PdCl 2
vH v— o -[PAO)HCT \, AN

Y
(Y =0, NR) 0

Pd(0) + 2 HCI + [0OX] — PdCl, + [OXH,]

Scheme 5
/PdCI2
— -HCI O/\PdCI CO, ROH O/\COZR
YH Y - [Pd(0)+HCI] Y
Pd(0) + 2 HCI + [OX] — PdCl, + [OXH,]
Scheme 6
OH OH
o) (0]
<<>/Pdclz _Hel (g_/PdCI co (q
YH Y - [Pd(0)y+HCI] v
Pd(0) + 2 HCI + [0X] — PdCl, + [OXH,]
Scheme 7

B-Aminoacylpalladium complexes, obtained from the reaction between
an olefin, PdCl;, CO and a secondary amine, have also been reported to
undergo carbonylation in the presence of piperidine to afford keto amides
(Scheme 9) [51].

Conjugated dienes can also undergo Pd-catalyzed oxidative carbonyla-
tions. Thus, 1,3-butadiene has been converted into a mixture of 1,4-addition
products, according to Eq. 15 [12].

PdCI
NF —————2 . CICH,CH=CHCH,CO,Me + (15)
CO, MeOH, CuCl,

MeO,CCH,CH=CHCH,CO,Me + MeOCH,CH=CHCH,CO,Me

R2
R? 1 1 R?
PdCl, R A R CO, ROH
R1\)\/R1 \')l\/ R~ R'
- HCl b - [P(0)+HCI]
c- } CO,R

Scheme 8
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PdCl,, CO, R';NH \ N ci
RCH=CH Pd
? - HCI L« “NHR', \E« "NHRY,

CO, R",NH
- [Pd(0)+HCI]

% R O
NR". n
R.ZNW 2, R'zN)\)SfNR 2
R O le)

Scheme 9

PdCl, + CO + MeOH ——  CI-Pd-CO,Me + HCI

NF + CIPACOMe —> - CO,Me
PdCI

th CO, MeOH
- [Pd path b\ - [Pd(0)+HClI]
CICH,CH=CHCH,CO,Me MeO,CCH,CH=CHCH,CO,Me

Scheme 10

The chloroester and the diester are formed through Cl — Pd — CO,Me addition
to the double bond followed by reductive elimination (Scheme 10, path a) or
further methoxycarbonylation (Scheme 10, path b).

On the other hand, the methoxyester results from MeOH attack on co-
ordinated double bond, followed by methoxycarbonylation (Scheme 11). In
both cases, the formation of w-allylpalladium complexes directs the regio-
chemistry of the process. By optimizing the reaction conditions, it has been
possible to obtain the unsaturated diester selectively. The latter compound is
particularly important, since it can be easily transformed after hydrolysis and
hydrogenation into adipic acid [52-54]. Selective alkoxy-alkoxycarbonylation
of 1,3-dienes has also been achieved [55].

Penta-2,4-dienamides have been obtained by stoichiometric Ni(II)-pro-
moted oxidative aminocarbonylation of 1,3-butadiene (Eq. 16) [56].

N 4+ CO+RNH +NiXy, — N\[rNR2 + Ni(@)+2HX  (16)

PdCl,

_HCI - CO, MeOH
MeOH + AF MeO/\»/"\ MeOCH,CH=CHCH,CO,Me
baci - PAO)+HCI]

Scheme 11
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Allene has been reported to undergo Pd-promoted oxidative dialkoxycar-
bonylation with a stoichiometric amount of PdCl, [57] (Eq. 17) and oxidative
alkoxy-alkoxycarbonylation under catalytic conditions using CuCl,/0O; as the
oxidizing agent [58, 59] (Eq. 18).

CO,R
—e=— +2CO+2ROH +PdX, —= + Pd(0) + 2 HX (17)
CO,R
Pd cat COR
—e=— + CO +2ROH + [0OX] (18)
- [OXH,] OR

On the other hand, unsaturated S-aminoamides have been obtained by
Ni(II)-promoted stoichiometric oxidative amino-aminocarbonylation of sub-
stituted allenes [60] (Eq. 19).

o)
R R YNNRY (19)
J=e= + CO+2RNH+NiX, — )= +Ni(0) + 2HX
R R R’

Pd(II)-catalyzed intramolecular nucleophilic attack by an oxygen [61-63] or
a nitrogen [64-68] atom followed by alkoxycarbonylation has also been re-
ported, and has allowed an easy entry to useful heterocyclic compounds
(Scheme 12).

Depending on the metal promoter and reaction conditions, alkynes may
undergo several different oxidative carbonylation reactions, most of which
are promoted by Pd(II) species and are usually carried out in the presence of
an oxidizing agent (such as CuCl, or O,).

PdCl,-promoted stoichiometric dichlorocarbonylation of acetylene (Eq. 20)
is the first example of oxidative carbonylation of an alkyne that appeared in
the literature [69, 70], and presumably occurs through the mechanism shown
in Scheme 13, involving addition of PdCl, to the triple bond followed by CO
insertion, reductive elimination, oxidative addition to the C — Cl bond, fur-
ther CO insertion and reductive elimination (Scheme 13, path a).

cl N
— o]

- Pd(0 20
E+CO+PdCI2¥> 02(_5:0+ H +O)\/\/Yo (20)
Cl Cli 0

o cl

PdCl,
—e— - HCI N CO, ROH N
YH Y  Pdcl - [Pd(0)+HCI] Y  CO,R

Pd(0) + 2 HCI + [OX] — PdCl, + [OXH,]

Scheme 12
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Pdcl, R co path b

RC=CH —— 2 )= — -
¢’ Pdc C|>_>;»Pd0| ROH c’  Co,R
- [PA(0)+HCI]

(0]

i path a

R
C|>=>*CI + Pd(0)
0]

R R
cl Cl =——— CIPd cl
) o]

00 -Pd
Scheme 13

It is conceivable that PdCl, addition occurs in a syn fashion, followed by
partial isomerization. Insertion of a second molecule of acetylene before the
first CO insertion is also possible and accounts for the formation of mu-
conyl chloride. On the other hand, working in the presence of an alcohol
under appropriate conditions, the B-chloroacryloylpalladium intermediate
may undergo nucleophilic displacement with selective formation of (Z)-8-
chloroacryloyl esters (Scheme 13, path b). In this latter case, the reaction of
1-alkynes has been made catalytic using CuCl, as oxidant [71]. The reaction
has also been reported to occur with PdBr; as catalyst and CuBr, as oxidant
to afford (Z)-B-bromoacrylates (Eq. 21) [72].

PdX, R
RC=CH + CO + R'OH —
CuXa X  COR

(21)

(X = Cl, Br)

Pd(II)-catalyzed dialkoxy- or dihydroxycarbonylation of alkynes (Eq. 22, R’ =
alkyl or H, respectively) with formation of maleic and fumaric esters or acids
(and, in the case of acetylene, of muconic esters too), has been reported to
occur in the presence of CuCl, and/or O, as oxidant [73-79]; electrochemical
reoxidation of Pd(0) has also been described [80].

Pd(Il) cat R R COKR
RC=CH + 2CO +2ROH +[OX] ——— = + — (22)
-[OXHal RO, CO,R ROC

The mechanistic pathway, shown in Scheme 14, is similar to that already
seen for olefin dialkoxycarbonylation (Scheme 3, path a). Oxydicarbonylative
cyclization with formation of maleic anhydrides (Eq. 23, formally corres-
ponding to dihydroxycarbonylation and cyclization with loss of H,0) has
been reported to occur working in the presence of water under appropriate
conditions [81-86]. As can be seen in the next section, PdI,-based catalysts
have been found to be much more active with respect to other Pd(II) species,
not only for alkyne dialkoxycarbonylation, but also for dihydroxycarbonyla-
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PdX;+CO+ROH ——  X-Pd-CO,R'+ HX

X-Pd-CO,R' R co R R'OH R
RC=CH ———>—>  y— —— _ Y=
RO,C  PdX R'O,C pax -[Pd(0)*HCIl RO,C  COR
o]

Pd(0) + 2 HX + [OX] —— PdX, + [OXH,]

Scheme 14

tion and oxydicarbonylative cyclization.

R

Pd(Il) cat 2\1 (23)
RC=CH + 2CO +H,0 +[0X] ————™
- [OXH,] 0Ny =0

Alkyne diaminocarbonylation is also possible, and has been reported for
internal alkynes using a secondary amine as the nucleophile and a stoichio-
metric amount of Ni(II) (Eq. 24) [87].

R

- [Ni(0)y+2H"] ﬂ (24)
RC=CH + 2CO+2R,NH+Nill) —— = R,N NR'

[O}Ne)

In contrast with olefins, alkoxy-alkoxycarbonylation of alkynes to give
B-alkoxyacrylic esters is not a common reaction, and has occasionally been
observed as a side reaction of the main reaction pathway leading to maleates
and fumarates [77, 80]. However, with suitably functionalized alkynes bearing
a coordinating group (such as o,x-disubstituted propargylic acetates) it may
become the major reaction course (Scheme 15) [88].

On the contrary, monoalkoxycarbonylation of 1-alkynes to give 2-ynonate
esters is a general reaction, which may occur either under basic condi-
tions, favoring the formation of an alkynylpalladium species as intermediate
(Scheme 16) [89-96] or under conditions allowing -H elimination from an
alkoxycarbonylvinylpalladium species (Scheme 17) [83].

Monoaminocarbonylation of 1-alkynes has also been reported, in the pres-
ence of a stoichiometric amount of a Ni(II) complex (Eq. 25) [97, 98] or of

2
R'R MeO MeQ

7— MeOH >8j % pacl  MeOH R2>2:5.
“Pdcl, PdCcl — f ) CO,Me
f o~ - OAC -[PAO)+HC R™ 5ac

Pd(0) + 2 CuCly, —= PdCl, + 2 CuCl

Scheme 15
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RC=CH + CuCl, + AcONa ——> R—==—CuCl +AcOH + NaCl
- CuCl, CO, ROH

R—==—CuCl + PdCl, R—=——PdCl R—=—CO,R'
- [Pd(0)+HCI]

Pd(0) + 2 CuCl, —— PdCl,+ 2 CuCl

Scheme 16

Pd(OAc), + CO + MeOH —  (AcO)PdCO,Me + AcOH

AcO)PdCO,Me R _H
Ro=cH (ACOIPACOMe = —— R—==—CO,Me + Pd(0) + AcOH

(AcO)Pd  CO,Me

Pd(0) + 2 AcOH + (1/2) 0, — Pd(OAc); + H,0

Scheme 17

catalytic amounts of PdI, — KI (see next Section) [99].

o)
- [Ni(0)+2H"] (25)
RC=CH + CO + R',NH + Ni(ll) = NR;

R

Alkynes bearing a nucleophilic group in suitable position for cyclization
are excellent substrates for different kinds of oxidative carbonylation reac-
tions leading to functionalized heterocyclic derivatives. Both oxidative cy-
clocarbonylation (with incorporation of CO into the cycle) and oxidative
cyclization-carbonylation (without incorporation of CO ino the cycle) are
possible. All these reactions are catalyzed by Pd(II) species. For example,
alkynols and alkynamines have been successfully converted into B- and
y-lactones or lactams (cyclocarbonylation products) through the general
pathways shown in Scheme 18 (X = Cl, I; Y = O or NR, NuH = external nucleo-
phile, such as an alcohol or an amine) [39, 100-103]. Thus, insertion of the
triple bond into the Pd — C bond of an X — Pd — CONu intermediate (formed
from the reaction between PdX,, CO and NuH) followed by CO insertion
and intramolecular nucleophilic attack by YH on the acylpalladium com-
plex may occur (Scheme 18, path a). Another possibility is the formation of
an — YPdX intermediate (stabilized by triple bond coordination, Scheme 18,
path b), which in its turn may undergo either CO insertion followed by triple
bond insertion, further carbonylation and nucleophilic displacement by NuH
(Scheme 18, path c) or external attack by NuH (with formation of a palladacy-
cle complex) followed by CO insertion and reductive elimination (Scheme 18,
path d).

Products deriving from cyclization-alkoxycarbonylation are instead form-
ed through the general mechanism shown in Scheme 19, involving exo
(path a) or endo (path b) intramolecular nuclophilic attack by YH to the
triple bond coordinated to Pd(II) followed by CO insertion and nucleophilic
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1
PdX; + CO+NuH — X—Pd—C—Nu + HX
(ER
YH

XPdCONu PdX,
path a - HX
Nu
— R
CONu = R NuH, -HX
/PaX path d ,Pd
Y Y

path b

COJ Conathc CO
R — R
CONu ( = R
PdX
Y\\(
o} _<
j-[Pd(0)+HX] j l Pd(0)
R Nu
CONu PdX R
CO, NuH
o) o)
- [Pd(0)+HX] V. v

Pd(0) + 2 HX+ [OX] —>= PdX, + [OXH,]
Scheme 18

displacement by NuH [104-121]. The exo mode has been observed more fre-
quently with respect to the endo one.

Ketones can be oxidatively carbonylated at the «-carbon via enol in-
termediates using PdCl, as the catalyst and CuCl, as oxidant [122]. The
initially formed carbonylation products correspond to «-chlorination and
o-alkoxycarbonylation. Under the reaction conditions, these compounds un-
dergo further transformations involving C — C cleavage eventually leading to
a mixture of esters and an alkyl chloride or (in the case of cyclic ketones) to
a diester and a chloroester (Schemes 20-21).

The oxidative carbonylation reaction of enolizable ketones follows the gen-
eral routes already illustrated for simple alkenes. Thus, «-methoxycarbonyl-
ation may occur either by addition of a Cl — Pd — CO,Me species to the enolic
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PdX; PdX
(:—R - HX O—<de <§7
— — or R
YH Y R Vi
0 1 path a co l path b
(0]
PdX
Y R
- [Pd(0)+HX] J NuH NuH - [PA(0)+HX]
O,

e
Y R

Pd(0) + 2 HX+[OX] —= PdX, + [OXH,]

Scheme 19
Q  Pdcl,, cucl,

R + R — RCH,CO,Me + RCH,CI + CH;CO,Me
AN oo o "CO, MeOH T)K TA 22 2 s
CO,Me

Scheme 20

(0] O
R PdC|2 CuCl, Cl CO,Me M602C(CH2)(H+2)CHRC02MG
. +
] "CO, MeOH ) R MeO,C(CHa)(ns2,CHRCI
(n=1-3; R=H or Me)

Scheme 21

double bond followed by [Pd(0) + HCI] elimination from the H— O — C— PdCl
unit (Scheme 22, path a) or by MeOH attack on the enolic double bond fol-
lowed by CO insertion, MeOH elimination and nucleophilic displacement by
MeOH (Scheme 22, path b).

Some trimethylsilyl enol ethers, not able to undergo -H elimination, have
been stoichiometrically converted into «-alkoxycarbonyl ketones via the in-
termediate formation of oxa-m-allyl complexes (Scheme 23) [123, 124].
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PdCl, + CO + MeOH —— CI-Pd-CO,Me + HCI

OH  CIPdCO,Me R OH -[PdO}HC] g
RCH

PdCl,
path b

o MeOH
OH R OH R
RCH:< MeOH co - [Pd(0)+HCI]
/

“HCI - MeOH
PdCl, CIPd ~ OMe -V€ 07 “Pdcl

path a MeO,C  PdCl CO,Me

Pd(0) + 2 CuCl, — PdCl, + 2 CuCl

Scheme 22
0
Me,Sio Q
3 \_chR? PdCl, 1 )k\\/PdCZI CO, ROH R1)J\/002R
R -MesSiCl R CHR® - [Pd(0)+HCI] g2
Scheme 23

Ketene can also be oxidatively carbonylated, using PdCl, as the catalyst
and alkyl nitrites as the oxidant, to give dialkyl malonates (Eq. 26) [125]. Ke-
todiesters have been obtained from diketene (Eq. 27) [126].

dCl,
—e—0 + CO + 2 RONO RO,CCH,CO,R (26)
-2NO
PdCl, 0
5 +2C0+2RONO  ——— ro,c._J_cor (27)
uCly
© -2NO

Oxidative carbonylation can also be achieved by metal-assisted C—H ac-
tivation. The Pd(II)-promoted oxidative carbonylation of arenes to give aro-
matic acids has been reported to occur under stoichiometric [127,128] as
well as catalytic [129-138] conditions (Egs. 28-30). In the case of alkylben-
zenes, the Pd-catalyzed reaction shows only a moderate selectivity towards
the para position. Better p-selectivities have however been attained by em-
ploying Rh(III) or Ir(III) catalysts [139-146].

ArH + CO + H,0 + Pd(ll) —  ArCO,H + Pd(0) + 2 H" (28)
cat
ArH+CO + (1/2) 0 —— ArCO,H (29)

ArH + CO + H,0 + [OX] ArCO,H (30)

- [OXHy]
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The reaction is believed to begin with the metalation of the substrate
via aromatic electrophilic substitution (SgAr) followed by CO insertion and
nucleophilic displacement by water or another protic nucleophile such as tri-
fluoroacetic acid (TFFA) to give, respectively, the aromatic carboxylic acid
or its mixed anhydride derivative, from which the acid is freed by hydrolysis
(Scheme 24).

In a similar way, carboxylic esters have been obtained stoichiometrically
by ortho palladation of aromatic amides (Scheme 25) [147] and of phenyl-
substituted isoxazoles or oxazoles [148] followed by alkoxycarbonylation.

Even aliphatic hydrocarbons are susceptible to oxidative carbonylation.
From an industrial point of view, the most important process concerns
the direct conversion of methane into acetic acid. This transformation has
been achieved with Rh(III)-based catalysts using oxygen as the oxidizing
agent [149-153], and it is still object of investigations aimed at developing
more efficient catalytic systems working under mild conditions.

Oxidative carbonylation is not necessarily associated with C — C bond for-
mation. Indeed, heteroatom carbonylation may occur exclusively, as in the
oxidative carbonylation of alcohols or phenols to carbonates, of alcohols and
amines to carbamates, of aminoalcohols to cyclic carbamates, and of amines
to ureas. All these reactions are of particular significance, in view of the possi-
bility to prepare these very important classes of carbonyl compounds through
a phosgene-free approach. These carbonylations are usually carried out in the
presence of an appropriate oxidant under catalytic conditions (Eqgs. 31-33),
and in some cases can be promoted not only by transition metals but also by

(0]
MM H* co H,O
ArH Ar—MM-D* . )J\ (n-1)+ ArCO,H
SgAr Ar M _ [M(n_2)++H+]
TFFA
- M2

H,0
ArCO,H 2 L

Trra AT 07 CFy

MTP*+ 2 H" +[OX] ——  M™ + [OXHy]

Scheme 24

H
2 2 :
R D/NYR Pd(OAc), j@[ Y CO, EtOH R j@iNHCOR
R’ O - AcOH -[Pd(0)+AcOH] R’ CO,Et
OAc

Scheme 25
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main-group elements such as chalcogens.

O
cat
31
- [OXH,] RO)J\OR' ( )

ROH + R'OH + CO + [OX]

0
cat
RIRNH + ROH +CO +[0X] ————— oy M (32)
OX Toxmy~  RRINTOR
0
cat
R'R™NH + R3R*NH + CO + [0X] ——— M (33)

S[OXH;  RPR'NTONRR?
The metal-promoted processes follow a general mechanistic route, involv-
ing the intermediate formation of an alkoxycarbonyl- or a carbamoyl-metal
species from the reaction between MX,, CO and NuH (NuH = alcohol, phenol
or amine), followed by nucleophilic attack by Nu'H (Nu'H = alcohol, phenol
or amine) (Scheme 26).

In the case of carbonylation of primary amines, the carbamoylmetal com-
plex may undergo SB-H elimination from the M—C(O)—-NHR unit, with
intermediate formation of an isocyanate, from which the final product is orig-
inated by nucleophilic attack by Nu'H (Scheme 27).

An isocyanate intermediate may also be involved in the selenium-catalyzed
process, which starts with the formation of carbonyl selenide from the re-
action between selenium and CO, followed by nucleophilic attack by NuH
(Scheme 28). When NuH = primary amine, the resulting RNH(CO)SeH inter-
mediate may eliminate HjSe to give the isocyanate, which then reacts with
Nu'H to give the final product (Scheme 28, path a). Alternatively, oxidation
of Nu(CO)SeH by O, may lead to a bis(carbamoyl)diselenide species, which
is attacked by NuH (Scheme 28, path b).

1]
MX, +CO+NuH —= X-M-C—Nu + HX
o}

il
~M-C—Nu + NuH — + M +HX
X=M~-C—Nu u Nu,)J\Nu

M+2HX+[OX] — MX, +[OXH,]
Scheme 26

(0] o}
-HX I - [M+HX] Nu'H
_ —M—-C—| R—N=—e=0
MX, + CO + RNH, X—M-C—NHR RHNJJ\NU,
M+2HX +[OX] —>=  MXy+ [OXHs]

Scheme 27
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NuH j)\ path a
Se+CO ——> Se=—e=0 R—N=—=e=0
Nu™ "SeH  NuH=RNH,
- ste Nu'H
path b - Se
02, -Hzo O
0 0 NuH 0 o) RHNJ\NU'
u
Nu Se—Se)J\Nu Nu)J\Nu * Nu)J\Se—SeH

H,Se + (1/2) 0, — Se + H,0

Scheme 28

The oxidative carbonylation of alcohols and phenols to carbonates can
be catalyzed by palladium or copper species [154-213]. This reaction is of
particular practical importance, since it can be developed into an indus-
trial process for the phosgene-free synthesis of dimethyl carbonate (DMC)
and diphenyl carbonate (DPC), which are important industrial intermedi-
ates for the production of polycarbonates. Moreover, DMC can be used as
an eco-friendly methylation and carbonylation agent [214,215]. The indus-
trial production of DMC by oxidative carbonylation of methanol has been
achieved by Enichem [216] and Ube [217].

The direct conversion of alcohols and amines into carbamate esters by ox-
idative carbonylation is also an attractive process from an industrial point
of view, since carbamates are useful intermediates for the production of
polyurethanes. Many efforts have, therefore, been devoted to the develop-
ment of efficient catalysts able to operate under relatively mild conditions.
The reaction, when applied to amino alcohols, allows a convenient synthesis
of cyclic urethanes. Several transition metal complexes, based on Pd [218-
239], Cu [240-242], Au [243,244], Os [245], Rh [237, 238, 246, 247], Co [248],
Mn [249], Ru [224,250-252], Pt [238] are able to promote the process. The
formation of ureas, oxamates, or oxamides as byproducts can in some cases
lower the selectivity towards carbamates.

The oxidative carbonylation of amines to give ureas is at present one of
the most attractive ways for synthesizing this very important class of carbonyl
compounds via a phosgene-free approach. Ureas find extensive application as
agrochemicals, dyes, antioxidants, resin precursors, synthetic intermediates
(also for the production of carbamates and isocyanates), and HIV-inhibitors.
Many transition metals (incuding Au [244], Co [248,253-255], Cu [242],
Mn [249, 256-258], Ni [259], Rh [246, 247, 260-262], Ru [224, 260, 263] and
especially Pd [219, 225,226, 264-276], and, more recently, W [277-283]) as
well as main-group elements (such as sulfur [284-286] and selenium [287-
292]) have been reported to promote the oxidative carbonylation of amines,
usually under catalytic conditions. In some cases, carbamates and/or oxam-
ides are formed as byproducts, thus lowering the selectivity of the process.
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Optimal conditions for the synthesis of symmetrically disubstituted or tetra-
substituted ureas as well as of unsymmetrically disubstituted or trisubstituted
ureas have, however, been developed (see also next Section).

Under appropriate conditions, alcohols and amines can undergo an oxida-
tive double carbonylation process, with formation of oxalate esters (Eq. 34),
oxamate esters (Eq. 35) or oxamides (Eq. 36). These reactions are usually cat-
alyzed by Pd(II) species and take place trough the intermediate formation
of bis(alkoxycarbonyl)palladium, (alkoxycarbonyl)(carbamoyl)palladium or
bis(carbamoyl)palladium complexes, as shown in Scheme 29 (NuH, Nu'H =
alcohol or amine) [227, 231, 267, 293-300].

o)
Pd(Il) cat )H(OR (34)
2 ROH +2 CO + [OX
* HOX xR, RO

Pd(Il) cat 152
2 R'R2NH + 2 CO + [0X] NR'R (36)

) cat
ROH + R'R2NH + 2 CO + [OX] )S(NFURZ (35)
OXHﬂ

- [OXH,]

? x i
- HX I CO, Nu'H - Pd(0) '
PdX, + CO + NuH ——= XPd—C—Nu Nu” Pd _NU' —— > N Nu

- HX hig 3

o)

Scheme 29

2
Pdl,-catalyzed Oxidative Carbonylations

In our laboratories, we have found that PdI,, in conjunction with an excess
of iodide anions, constitutes an exceptionally efficient, selective and versatile
catalyst for promoting a variety of oxidative carbonylation processes, leading
to important acyclic as well as heterocylic carbonyl compounds.

Particularly significant results have been obtained in the oxidative car-
bonylation of simple and functionalized alkynes. Thus, the PdI, /KI-catalyzed
oxidative carbonylation of simple alkyl- or arylacetylenes, as well as of propy-
nyl alcohol and propynyl acetate, carried out in alcoholic solvents under mild
conditions (15-25 atm of CO, 4-9 atm of air, 25-80 °C), led to the formation
of maleic derivatives (together with small amounts of fumaric derivatives)
and 5,5-dialkoxyfuran-2(5H)-ones, in high yields and with unprecedented
catalytic efficiencies for this kind of reaction (up to ca. 4000 mol of product
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per mol of Pd) (Eq. 37) [76,77]. The furanone derivatives were easily con-
verted into maleic esters by acid-promoted alcoholysis. The process could
also be applied to the synthesis of maleic acids or maleic anhydrides [86]
working in DME-H;0 or water-containg dioxane, respectively, under appro-
priate conditions.

R

Pdl; cat R —
RC=CH +2CO+2R'OH+ (1/2) 0, ———— >—\ + OR' (37)

-H0 RO,C  COR O0=>o” SoR
(46-89%) (0-45%)

Scheme 30 shows the proposed reaction mechanism, which involves the for-
mation of an acylpalladium species as the key intermediate, in tautomeric
equilibrium with a cyclic 7-allyl complex (in this and in the following
Schemes, unreactive ligands are omitted for clarity). The main reason for the
high activity of the PdI;?-based catalyst in this process lies in the very effi-
cient mechanism of reoxidation of Pd(0), which involves oxidation of HI by
0, to I, followed by oxidative addition of the latter to Pd(0). It is worth noth-
ing that under these conditions Pd(0) reoxidation occurs readily without need
for Cu(II) or organic oxidants.

The application of this methodology to suitably functionalized alkynes
has allowed a direct and easy synthesis of important heterocyclic com-
pounds starting from readily available substrates. New B-lactone [100, 101]
and B-lactam [102] derivatives were synthesized in good yields from «,c-
disubstituted propynyl alcohols and amines, respectively (Eq. 38), through
the mechanistic route shown in Scheme 18, path a. The substitution « to the
triple bond was a necessary requisite for cyclization to occur, owing to the re-
active rotamer effect [301].

2

2 R 3
R! R 3 Pdlycat R’ 7/ ~COR 38
= +2c0+R%H+ (112) 0, ) (38)
H

HY -H0 o
(Y=0,NR) (40-80%)
Pdl,+CO+ROH —=  I—Pd—CO,R' + HI
R R h. R Pd R
: — R'OH _ (R'=H) _
Ro=cH —T9OR, =\ L0, oﬂpm—— Iﬁ\ — n
RO,C  Pdl OR O ROH 07 g7 TOR' - [Pd(0)+H]] 07>y O
R'OH |- [Pd(0)+HI] (R,::fy'?) - [PA(O)+HI]

R
2HI+(1/2) Oy —= 5+ H,0 R; now
Pd(0) + 1, — Pdl R'O,C CO,R' o)

o~ OR'
Scheme 30
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On the other hand, y-lactone [101] and dihydroindol-2-one [103] deriva-
tives were obtained in fair to excellent yields from 3-yn-1-ols and 2-ethynyl-
anilines, respectively (Egs. 39-40), through the path b of Scheme 18 (double
bond isomerization occurred in the latter case).

2R3 2R’ j~COMe
— Pdl, cat (39)
R' +2CO+MeOH + (1/2) Oy ——> 1
-H,0 R (0]

OH O
(73-98%)

MeO,C

R2 // R2 /

Pdl, cat
+2CO +MeOH +(1/2) 0y ——— 0 (40)

R’ NHR -HO0 R N

(42-58%)

Although less efficient than PdI,/KI, a catalytic system consisting of
Pd/C —KI could also be used in these reactions. In this case, the catalytically
active species PdI42~ was clearly formed in situ by Pd(0) oxidation under the
reaction conditions.

All these reactions are examples of oxidative cyclocarbonylation-alkoxy-
carbonylation. However, the PdI,/KI catalytic system turned out to be a very
efficient catalyst also for promoting cyclization-alkoxycarbonylation pro-
cesses. In fact, optimal conditions were found for selectively converting
4-yn-1-ols into tetrahydrofuran derivatives (Eq. 41) [107] through 5-exo-dig
cyclization followed by alkoxycarbonylation (Scheme 19, path a). This kind
of process was not possible for the propynyl, 3-yn-1-ol, and 2-ethynylaniline
substrates, seen before, for stereoelectronic reasons [302]. With the latter sub-
strates, the endo cyclization mode (Scheme 19, path b), although in principle
stereoelectronically allowed, was not observed.

. Pdl, cat 2
E1>(_\ +CO+MeOH + (120, —2—» R >O§/C02Me (41)

OH -H0 R0
(60-70%)

Of particular interest was the carbonylation of (Z)-2-en-4-yn-1-ols and (Z)-
(2-en-4-ynyl)amines, which afforded furan-2-acetic [104, 105] and pyrrole-
2-acetic [116] esters, respectively, in good yields, through spontaneous or
acid-promoted aromatization of the initially formed (E)-2-(alkoxycarbonyl)-
methylene-2,5-dihydro-furans or -pyrroles (Scheme 31).

In the case of carbonylation (Z)-(2-en-4-ynyl)amines, a peculiar promot-
ing effect by CO, has been found. In fact, CO, “buffers” the basicity of the
substrate, with formation of a carbamate anion, thus “freeing” the HI neces-
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R? R® R? R® R? R®
— Pdl, cat —
R142_< COZMG _— / \ COZMG
vt \ €O, 0, MeOH R1/Z:S§{ RNy
\ 4 R* R?
R (45-75%)
(Y =0, NR)
Scheme 31

sary for Pd(0) reoxidation. The nitrogen of the carbamate, while less basic
than in the starting amine, may still act as nucleophile since CO; can be
eliminated during the cyclization step leading to the five-membered product
(Scheme 32).

On the other hand, when the oxidative carbonylation of «,x-disubstituted
propynylamines was carried out in the presence of an excess of CO,, the
intermediate carbamate species could undergo cyclization with incorpora-
tion of CO, into the five-membered cycle, either by direct nucleophilic
attack of the carbamate oxygen to the triple bond coordinated to Pd(II)
(Scheme 33, path a) or through the intermediate formation of a palla-
dium carbamate complex followed by triple bond insertion (Scheme 33,
path b). Carbon monoxide insertion into the Pd — C bond of the resulting
stereoisomeric vinylpalladium intermediates then led to the final oxazolidi-
none derivatives.

The overall sequence (Eq. 42) represents the first example reported in the
literature of catalytic incorporation of both CO and CO, into an organic sub-

—( MeOH
; - )—Pdl ; - COMe — / \\ CO,Me
RNy -[Pd(0)+H] R N

4
R R R
Pd(0) + 2 HI + (1/2) 0, —= Pdl,+ HyO

Scheme 32
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R1

2
RHNJKR
AN R R, R R,
Cozl W path a*o (:’NJRR pal, - JS\/ CO, MeOH JS\/CO "
P - —» oVie
R R A\ oo - [PA(0)+HI] 07k

;N J<¥ Pdl,
~0,C
\\ R? R R1R2
:( CO MeOH N
path b \\ 05/\ -[Pd(0)+HI] 04(0 =

CO,Me

Pd(0) + 2 HI + (1/2) O, — Pdl, + H,0

Scheme 33

strate [114, 115].

]! R R R R,
RHN—C R, CO, + CO +MeOH + (1/2) O P, cal \ JS\/co Me %JS\\
+CO, + + MeOH + 2 2 +
\ o 07
COzMe
(21-30%) (59-62%)
(42)

In contrast with the reaction of 4-yn-1-ols, both 6-endo-dig and 5-exo-dig
cyclization modes were observed in the PdI,/KI-catalyzed oxidative car-
bonylation of 2-(1-alkynylbenzyl)alcohols (Eq. 43) [120]. The preferential for-
mation of the 1H-isochromene or the 1,3-dihydroisobenzofuran derivative
turned out to be dependent on the substitution pattern of the substrate. In
particular, 1H-isochromenes were obtained as the main reaction products
when the triple bond was substituted with an alkyl group and with a pri-
mary alcoholic group, while the isobenzofurans were preferentially formed
with a tertiary alcoholic group and when the triple bond was terminal or
conjugated with a phenyl group.

.
P R’ CO,Me Meo?c/ R’ R/ CO,Me
1
7 Pdl, cat R
+CO +MeOH + (1/2) 0, + o + 0
OH “h,0 o - -
R? R3 R? R3 R2 RZ
(0-36%) (7-70%) (0-44%)

(43)

A suitably placed carbonyl oxygen can also act as intramolecular nucle-
ophile in PdI,/KI-catalyzed oxidative cyclization-alkoxycarbonylation re-
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actions. The nucleophilicity of simple aldehydic or ketonic groups is not
sufficient to give a direct attack to a coordinated triple bond; however,
in the presence of an alcohol as external nucleophile, the formation of
a tetrahedral intermediate takes place, in which the oxygen atom becomes
nucleophilic. Therefore, a cyclization-alkoxycarbonylation sequence can
be triggered by an initial external attack by an alcohol to an aldehydic
or ketonic carbonyl group. This possibility has been verified by reacting
2-(1-alkynyl)benzaldehydes or 2-(1-alkynyl)phenylketones in ROH — CH3CN
mixtures under oxidative conditions (Scheme 34) [120]. As in the case
of 2-(1-alkynylbenzyl)alcohols, formation of both six-membered and five-
membered rings took place and, as expected, formation of isochromenes
was favored starting from aldehydes, while ketones mainly afforded dihydro-

isobenzofurans.
R1
RSO R2 RSO R2 R3O0 R?
co, R°0H
- [Pd(0)+HI]
<302R3 R 0205 E/CozR
R3O R2
Pd(0) + 2 HI + (1/2) O, — Pdl, + H,0 (0-48%) (2-50%) (0-53%)
Scheme 34

In the case of acetylenic amides, the carbonyl oxygen atom turned out to
be nucleoplilic enough to directly attack the coordinated triple bond, owing
to the conjugation with the amide moiety. Thus, a,«-dialkyl substituted
2-ynylamides smoothly underwent oxidative cyclization-alkoxycarbonylation
to afford new oxazoline derivatives in good yields (Eq. 44) [102, 113].

H R2R3
1 g +CO + MeOH + (1/2) O Pl ca! 100 Me (44)
e 2
i ¢} \\ ° H,0 R1/<

(50-77%)

In a similar way, N-(2-ethynylphenyl)benzamides, formed in situ by depro-
tection of the triple bond of N-(2-trimethylsilylethynyl)benzamides, were
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easily converted into benzoxazine derivatives according to Eq. 45 [121].

SiMe MeO,C CO,Me
|
R = 3 R \ R’ \
o) Pdl; cat o) (o)
Jl +KF+CO+MeOH+(112)0; : g 1
NTR - Mﬁ%'F N R? N” OR?
-2
(3-31%) (23-78%)
(45)

N-(1,1-Dialkylprop-2-ynyl)ureas, bearing a bidentate ureic function, af-
forded oxazoline and cyclic ureas derivatives simultaneously, depending on
whether the cyclization was initiated by the oxygen or the nitrogen atom
(Eq. 46) [106]. The nature of the nitrogen substituent strongly influenced the
product distribution.

2 2
H R.3 R 3
N—LR Pdl, cat R

N N
. CO,Me
R'HN +CO + MeOH + (1/2) O, ] ;' \_ CO;
ﬁ\<o \\ -H,0 R HN/<O

2 2 (0-70%)
\ KRS H\N Rr (46)
+ R! /LCO Me +
,N/Qo i Oé/\N =
MeO,C & COMe
(0-33%)
(7-53%)

In a similar way, 3-(2-ethynylphenyl)ureas, formed in situ by deprotection of
the triple bond of 3-(2-trimethylsilylethynylphenyl)ureas, afforded benzox-
azine or quinazoline derivatives, as exemplified by Eqs. 47 and 48 [121].

M
SiMe, CO.Me
Z Pdl |
cat
i +KF + CO + MeOH + (1/2) O, — /O (47)
N NHBn - MfﬁgF N” “NHBn
-2
(68%)
MeO,C
__Sives €22 ‘
= .
NHPh Pdl, cat N Ph (48)
+KF + CO + MeOH + (1/2) O, A
N/&O - MeSiF N0
N -H,0 H
(74%)

An interesting reaction course was followed in the case of dipropargyl amides
and dipropargyl sulfide. With these diynes, in fact, triple bond insertion into
the Pd — C bond of an alkoxycarbonylpalladium complex was followed by in-
sertion of the second triple bond and alkoxycarbonylation (Scheme 35) [303,
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Pdl,+ CO+ROH ——>  |—Pd—CO,R + HI
RO,C IPd
0l ROG | 2 RO,C Pdl RO,C COR
LJ IPACO,R \[Pd]// \ 7/ isomerization H CO, ROH W
Y v v Y~ - [Pd(0)+HI] y
(Y =S, NCOPh)

Pd(0) + 2 HI +(1/2) O, — PdI, + H,0

Scheme 35

304]. The resulting tetrahydropyrroles and tetrahydrothiophenes could be
easily aromatized under basic conditions (Scheme 36), thus allowing a conve-
nient access to a new class of pyrrole and thiophene derivatives, which have
found application in the preparation of new organic materials [304-308].

[t RO,C COR RO,C COR
L J Pdl; cat Hﬁ base H
CO, O,, ROH
Y 2 Y Y
(Y =S, NCOPh) (30-90%)

Scheme 36

The PdI, — KI system is an excellent catalyst also for promoting the ox-
idative monoaminocarbonylation of terminal alkynes, carried out in the
presence of a nucleophilic secondary amine in 1,4-dioxane as the solvent
(Eq. 49) [309].

(o)

Pdl, cat (49)
RC=CH + CO + R',NH + (1/2) O, = "NR;
- H2O R
(36-73%)

The shift towards the monoaminocarbonylation, obtained under these con-
ditions, as compared with the dialkoxycarbonylation observed in alcoholic
solvents, is due to the basicity of the amine, which favors the formation of
an alkynylpalladium complex (Scheme 37). This species then inserts carbon
monoxide with formation of an alkynoylpalladium intermediate, which un-
dergoes nucleophilic displacement by R,NH to give the final 2-ynamide.

This kind of reactivity turned out to be particularly attractive when ap-
plied to suitably functionalized terminal alkynes. Oxidative monoaminocar-
bonylation of 4-yn-1-ols led to the formation of tetrahydrofuran deriva-
tives through intramolecular conjugate addition of —OH group to the
triple bond of the initially formed 6-hydroxy-2-ynamide intermediates
(Scheme 38) [310].

Even more interesting was the reaction of «-substituted propynyl alcohols
and amines. In this case, in fact, the initially formed 4-hydroxy-2-ynamides



Oxidative Carbonylations 263

N
RC=CH +Pdl, + R;NH ——> R—=—=—Pdl + R)NH, I~
l co N

0 0 RNH + HI

/J\ RoNH /L
Z "W oy 2

Pd(0) + 2 HI + (1/2) 0, — Pdl, + H,0

R

Scheme 37
3 4
R? R, R> R RS RS RY ;
2 R Pdl R? R™ 0o
R » cat ) \\ R2
R - =SS
R ol A CO, 0,, RyNH OH o R N0 NR;
RN (64-79%)
Scheme 38

or 4-amino-2-ynamides, respectively, could not undergo intramolecular
conjugate addition for stereoelectronic reasons. These intermediates, how-
ever, underwent external conjugate addition of R,NH, with formation of
(E)-3-dialkylamino-4-hydroxy-2-enamides or (E)-3-dialkylamino-4-amino-
2-enamides, which could easily eliminate R;NH to afford 4-dialylamino-
5H-furan-2-ones [311] or 4-dialkylamino-1,5-dihydropyrrol-2-ones [312],
respectively (Scheme 39). These heterocyclic derivatives could be easily trans-
formed into tetronic acids and tetramic acids, respectively, by acid-promoted
hydrolysis (Eq. 50).

RN o)
+
S, 5 sl “‘”
R1 % (6] R1 Y (@]
(Y =0, NR)
1 p2 R1 R2 R2N
R'R Pdl, cat RNNH RA_/—
+CO +RyNH + (1/2) O, YN R, o NR,
Y NN -H0 2 R™YH o
o)
(Y =0, NR)) l RoNH
R,N
RA/
R Ny7O

Scheme 39
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The versatility of the PdI,/KI catalytic system is further demonstrated by its
ability to catalyze the oxidative carbonylation of primary amines to symmet-
rically substituted ureas (Eq. 51), still under mild conditions (100 °C, 16 atm
of CO, 4 atm of air in DME as the solvent) and with unprecedented cata-
lytic efficiencies for this kind of reaction (up to ca. 2500 mol of product
per mol of Pd) [274,275]. In some cases, working in the presence of an ex-
cess of CO;, (40 atm) had a beneficial effect on the reaction rate and product
selectivity.

0
Pdl, cat
2 RNH, + CO + (1/2) O, J (51)
“H,0 RHN” “NHR
(79-98%)

The methodology did not work for secondary amines, thus suggesting the
formation of an isocyanate as intermediate (Scheme 27, MX; = PdI,, [OX]
= (1/2) Oz]. However, by reacting a primary amine in the presence of a sec-
ondary nucleophilic amine, a general and selective synthesis of trisubstituted
ureas has been achieved, through trapping of the isocyanate intermediate by
the secondary amine (Eq. 52) [274, 275].

o]
Pdl, cat 52)
2 R'NH, + R°R®NH + CO + (1/2) O, o R1HN)J\NR2R3 (
(63-95%)

Intramolecular trapping was also possible, as exemplified by the synthesis
of cyclic ureas (Eq. 53) [275] and oxazolidin-2-ones [232,234] (Egs. 54 and
55).

N\ Pdl, cat N
H,N  NH, +CO +(1/2) O, HN_ _NH (53)
- H0 Y
o}
(91-99%)
R'" R?
R" R? Pdl, cat (54)
>—< +CO +(1/2) O, NH
HO  NH, -H0 \[f
o}
(81-96%)

NH; Pdl, cat N
ca
@[ +CO+(1/2) O, 2 @[ =0 (55)
oH -H,0 o

(89%)
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