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Preface

Rhodium coordination complexes or systems formed with rhodium in the presence
of ligands, in particular phosphorus derivatives, have been extensively and suc-
cessfully used as catalytic precursors in homogeneous catalysis for many years. The
particular properties of both oxidation states of Rh(I) and Rh(IIl) allow for the
successive oxidative addition, insertion, reductive elimination steps, and facilitate
the activity and efficiency of the rhodium catalysts. The selectivity can be con-
trolled and modified due to the versatility and modification possibilities of the
ligands coordinated to the rhodium center. After the breakthrough of the application
of RhCI(PPh3); as a hydrogenation catalyst, rhodium catalysis blossomed enor-
mously and cationic rthodium(I) phosphorus systems were also applied in hydroge-
nation reactions, being particularly attractive due to the use of chiral ligands
allowing for the enantioselective hydrogenation reaction of prochiral substrates.
The main characteristic of catalytic rhodium systems is the high selectivity and
enantioselectivity achieved in most of the homogeneous catalytic processes. A
relevant example is the hydroformylation reaction which involves a one-carbon
chain elongation by the addition of carbon monoxide and hydrogen across a C=C
double bond. It is well known that this is one of the main industrial processes
carried out by homogeneous catalysis concerning the formation of aldehydes from
alkenes. The use of the appropriate ligands allows the control of the regioselectivity
and more recently the control of the enantioselectivity.

Many relevant books and reviews have been published about rhodium-catalyzed
processes. This new volume “Rhodium catalysis” in the series “Topics in Organ-
ometallic Chemistry” intends to be an update of relevant, well-known reactions, as
well as a summary of the lesser known applications of rhodium catalysis in organic
transformations, together with topics related with sustainability. All the chapters are
authored by research experts in each one of the topics presented.

It is shown in this volume how for hydrogenation reactions the monodentate
ligands provide opportunities that would have been impossible to imagine with the
bidentate ligands, owing to the possibility of producing complexes based on two
different ligands. Rhodium-catalyzed C-H and C-X borylation is extensively
reviewed in this volume. This area has received growing interest based on the
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strong influence of rhodium to activate H-B and B—B bonds, the power of the
ligands that modify the rhodium center to induce high levels of chemo-, regio-, and
enantioselectivity, and the unrestricted mechanisms that can be deduced with the
aid of density functional theory (DFT) calculations.

The impressive advances observed in recent years in the field of asymmetric
hydroformylation are examined in this volume and conclude that the key to
achieving high enantioselectivities is not the type of phosphorus function involved
in the coordination to the metal, but rather the particular spatial arrangement of the
coordinated ligand. Supramolecular strategies which have been very successful in
asymmetric hydroformylation are also considered, indicating that the control of the
second coordination sphere could be the key to achieving selectivity for the more
challenging substrates.

Tandem reactions demonstrate how the efficiency of the reaction is improved
when operating in the absence of isolating the intermediates, leading to the forma-
tion of more complex molecules in an economic manner. It is shown in this work
how the rhodium-catalyzed tandem carbonylation reactions, involving the
hydroformylation of an alkene followed by the transformation of the aldehyde
product with a second reagent, can yield important chemicals for organic synthesis.

Other reactions are included in this volume, for example the rhodium-catalyzed
decarbonylation developed over the last 50 years which has resulted in a wide range
of reported catalyst systems and reaction protocols. The applications of these
rhodium-catalyzed decarbonylation reactions are surveyed and discussed, including
cross-coupling reactions, tandem reactions, and alternative methodologies for pro-
cess intensification. The advances in rhodium-catalyzed cyclocarbonylation reac-
tions are also discussed, including a variety of methods for the synthesis of carbo-
and heterocyclic rings of different sizes, diastereoselective and asymmetric
approaches, and the application of these reactions in the total synthesis of the
important natural products (+)-asteriscanolide and (—)-ingenol. Rhodium catalysis
for C-S bond formation is also considered. The recent developments in the reac-
tions of cross-coupling, C—H activation, metathesis, thiolation, carbothiolation, and
hydrothiolation for the C-S bond formation catalyzed by rhodium complexes,
particularly highlighting the synthetic and mechanistic aspects, are summarized.

This volume also includes a chapter discussing the role of rhodium-based
catalysts in homogenous and heterogeneous catalyzed CO, reductions, with well-
described mechanisms.

This work presents the advances, new perspectives, and applications in a variety
of representative rhodium-catalyzed reactions and will therefore be useful for
researchers, graduate students, and synthetic chemists at all levels in academia
and industry.

Tarragona, Spain Carmen Claver
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Rhodium-Catalyzed C-B Bond Formation

Ana B. Cuenca and Elena Fernandez

Abstract This chapter focuses on Rh-activation of boron-based reagents and its
assistance in efficient catalytic borylation reactions. The introduction is a critical
reflection of the importance that hydroborane reagents have had in reactions such as
Rh-catalyzed hydroboration for the last 30 years. The next section shows a brief
history of the Rh—B bond formation from Rh complexes and diboron reagents.
The most relevant advances in Rh-catalyzed diboration are summarized in the
following section. In the fourth section, examples of Rh-catalyzed p-boration of
a,pB-unsaturated substrates are collected, completing the fifth section with a descrip-
tion and comments about the new trends on Rh-catalyzed C—H and C—X borylation.
At the end of this chapter, the authors compile a summary and their perspective for
the related field from a mechanistic point of view.

Keywords Borylation ¢ Catalysis « C—B bond ¢ Rhodium e Stereoselectivity
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1 Introduction: 30 Years on Rh-Catalyzed Hydroboration

The first isolation of a o-rhodium—boron complex was carried by Kono et al. [1]
(Scheme 1) despite the fact that several previous attempts were conducted to react
rhodium complexes with series of carboranes and polyboranes [2—6]. The
hydroborane reagents selected by H. Kono and co-workers were the cyclic second-
ary boronate esters catecholborane (HBcat) and neopentylborane (HBneop). The
complex [RhX(PPhj);] (X =CI, Br) was able to activate the B-H bond of HBcat
and HBneop via oxidative addition. That early key experiment led to the eventual
development of rhodium-complex-catalyzed hydroboration of alkenes. The first
examples of this type of catalysis (Scheme 2) corroborated the potential power of
the original experiment [7, 8]. In particular the use of catecholborane, by Mannig
and Noth [7], was the model on which most further experimentation has been based
(Scheme 2b). Burgess and Ohlmeyer were the first to demonstrate catalytic

Phop=RN—B7 <~ pnp-RPpR)  ———— PhP-

H H_B/O _ 0 H
| .0 0 "% Php_d .0
- ,
PhyP_ X-Rnh—PPhg 3 Rh—-B\o]@
| |
1 1 (X=CI,Bry 1a

Scheme 1 First isolated o-rhodium—boron complex

Scheme 2 First Rh-catalyzed hydroboration
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asymmetric hydroboration of alkenes [9], and since then the field has been exten-
sively covered and much attention has been focused for the synthesis of target
organoboronates with catecholborane (HBcat) and pinacolborane (HBpin)
(An early review on Rh-catalyzed hydroboration: [10]), [11-26], (The more recent
review on catalyzed hydroboration: [27]).

After 30 years from the discovery of the Rh-catalyzed hydroboration of unsat-
urated bonds [8], this section aims to gather the current trends dealing with B-H
bond activation by means of this metal. One of the interesting directions is focussed
on dearomatizing unactivated pyridines to gain access to 1,2-dihydropyridines via
rhodium-catalyzed hydroboration with pinacolborane (HBpin) [28]. Interestingly,
pyridine can undergo addition of pinacolborane at 50°C in the presence of [Rh(j>-
CI)(cod)], as catalyst precursor, giving N-boryl-1,2-dihydropyridine in a high yield
(Scheme 3). The selective 1,2-hydroboration also takes place in the reactions of
substituted pyridines.

Interestingly, alkenyl pinacolboronates can be obtained as by-products from the
hydroboration process of activated aryl- or alkoxyethenes with pinacolborane in the
presence of Rh(I) complexes. However, in a recent work, also simple aliphatic
terminal alkenes can easily react with pinacolborane at ambient temperature to afford
dehydrogenative borylation compounds as the major product when iPr-Foxap is used
as ligand with the cationic rhodium(I) complex [Rh(cod),]BF,, in the presence of
norbornene, which acts as the sacrificial hydrogen acceptor [29]. Since terminal
alkenes are more easily accessible and often more desirable starting materials than
terminal alkynes, the reaction represents an interesting alternative to alkyne
hydroboration. Contemporarily, it has been developed the first example of catalytic
B-H activation of azaborines by [Rh(pz—Cl)(nbd)]z leading to a new family of stilbene
related derivatives through dehydrogenative borylation (Scheme 4) [30]. Remarkably,
it has been possible to isolate only the frans-BN stilbene isomer 5 among all the
possible reaction products obtained under the optimized conditions.

The Rh(I) neutral catalyst precursor [Rh(pz-Cl)(cod)]z and its analogue [Rh(pz-
CI)(C,Hy),]5, have recently shown to be able to catalyze the asymmetric B-H
insertion of o-diazo carbonyl compounds with easily available amine—borane
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adducts using a newly developed C;-symmetric chiral diene as ligand (Scheme 5)
[31]. Rh(I)-carbene directed B—H insertion example represents an attractive and
promising approach for synthesis of highly enantioenriched organoboron com-
pounds, allowing for the efficient construction of a-boryl esters and ketones with
excellent enantioselectivities (up to 99% ee) under exceptionally mild conditions.

The application of a B-H reagent as a tridentate PBP ligand to Rh has also been
disclosed. The PBP ligand seems to be a strong c-donor ligand for the metal
complex which can be easily achieved by hydroboration of the diaminoborane to
[Rh(pz—Cl)(cod)h. Considering the very strong trans-influence of the boryl ligand,
a low-coordinated species having a vacant site in the position trans to the boryl
ligand may be stabilized (Scheme 6) [32].

Current interest is also devoted to the directed Rh-catalyzed hydroboration
reaction to gain more insights about selective C—B formation via a two-point binding
mechanism, depending on the polifunctionality of the alkene [33—35]. The main
characteristics of the two-point binding mechanism imply that the substrate has two
coordinating groups, the alkene and another functional group that can chelate the
substrate to the Rh(I) catalyst leading to favored intermediates that end up with a
selective hydroborated product (Scheme 7). But also the same substrate directed
hydroboration can be performed in an enantioselective way towards the synthesis of
chiral a-amino tertiary boronic esters by rhodium-catalyzed hydroboration of
a-arylenamides using the diboron reagent bis(pinacolato)diboron, (B,pin,), as the
boron source (Scheme 8) [36]. Interestingly, the transformation seems to proceed
through hydroboration over diboration of acyl imine pathway, despite the use of a
diboron reagent.

During the last three decades, the use of pinacolborane (HBpin) has replaced
catecholborane (HBcat) as the borane reagent due to the more enhanced stability of
the resulted organoboronate compounds (First report on the use of HBpin: [37]),
[38]. But now the use of diboron reagents, such as bis(pinacolato)diboron (B,pin,)
[39], is becoming even more convenient and therefore the following sections are
focussed on the activation of the diboron reagents by Rh complexes [40] and their
application to other reactions such as diboration, p-boration, and C-X or C-H
borylations.
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Scheme 7 Model two-point binding mechanism for Rh-catalyzed reaction
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Scheme 8 Remarkable Markovnikov selectivity and enantioselectivity to form chiral tertiary
boronic esters by Rh-catalyzed hydroboration

2 Activation of Diboron Reagents by Rhodium Complexes

Rh-promoted borylation reactions with diboron reagents are a powerful tool for
facile synthesis of various types of organodiboronate compounds. From a mecha-
nistic point of view, the activation of diboron reagents by Rh complexes can be
divided mainly into two categories. One comprises a redox process of the Rh
(D) center via oxidative addition of the B-B bonds to form bisborylrhodium
complexes (activation A, Scheme 9) and the other approach implies generation of
borylrhodium species by c-bond metathesis pathway between the Rh—X bond and
the B-B bond (activation B, Scheme 9). In this case the oxidation state of the
rhodium center does not change during the catalytic cycle.

2.1 Rh-Activation of Diboron Reagents by Oxidative
Addition

Marder, Westcott, and Baker described in 1995, for the first time, a [RhCI(PPhs);]-
catalyzed diboration of 4-methoxy styrene using B,cat,. Since this exceptional
discovery, many examples of the extraordinary ability that this metal has to activate
diboron reagents have been nicely illustrated [41]. The corresponding diborated
compound 9 was formed in modest yield because of the simultaneous significant
generation of alkenylboronate 10 (via dehydrogenative borylation process) and the
hydroborated product 11. The proposed catalytic cycle (Scheme 10) involved
generation of bisborylthodium complex via oxidative addition, which should
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diborated
roduct
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B-B |

o-bond metathesis

Scheme 9 Activation modes of diboron reagents by Rh complexes and subsequent reactivity with
alkenes

undergo then to alkene insertion, followed by reductive elimination to create the
new C-B bond. Competitive fast f-hydride elimination will account for the obser-
vation of 10 and HBcat, which can participate in the Rh-catalyzed hydroborative
generation of monoborylalkane 11. The rhodium-catalyzed diboration of olefins
became more efficient than the double hydroboration protocol of the same sub-
strates [42] and therefore opened a nonexisting platform to generate a
chemoselective route towards the diborated product as well as made possible to
run the reaction in an enantioselective manner by selection of the appropriate chiral
phosphine in the Rh(I) complex [43, 44].

Although, as pointed out, oxidative addition of the B-B bond in B,cat, was
proposed as a key step, former evidence for this process came as well from the
groups of Marder and Norman [45]. A number of different tetra(alkoxy)diboron
reagents were activated via initial dissociation of a phosphine ligand in the metal
complex and subsequent oxidative addition by either [RhC1(PPh3);] or [Rh(pz-Cl)
(PPh3),],. A series of Rh(III) complexes were nicely evidenced by multinuclear
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Scheme 10 [RhCI(PPhj);]-catalyzed diboration of vinylarenes and side formation of
alkenylboronate and hydroborated products

NMR spectroscopy after oxidative addition of B,cat, and its diborane analogous
(4-Bu")-B,cat, and (3,5-Bu")-B,cat, (Scheme 11). The authors realized that
catechol-based diboron reagents, which have shorter B-B bonds than B,pin,, are
nonetheless easier to oxidatively add to Rh(I). It has to be noted that the bis(bory1)
complex [RhCl(Bcat),(PPhs),] (12) was previously detected by the slow reactivity
of [Rh(pz-Cl)(PPh3)2]2 with an excess of HBcat, through the intermediate [RhCl
(H) (Bcat)(PPhs),] [46].

Likewise, addition of B,cat, to the electron-rich complex [RhMe(PMe3)4] was
thought to proceed via initial dissociation of a trimethyl-phosphine ligand followed
by oxidative addition of the B-B bond. A subsequent reductive elimination step
generated MeBcat along with the boryl complex [Rh(Bcat)(PMes),] (15), which
has trapped the previously dissociated PMe; ligand (Scheme 12). Addition of a
second equivalent of B,cat, proceeded smoothly to give the tris(boryl)rhodium(III)
complex fac-[Rh(Bcat);(PMes);] (16) (Scheme 12). The fac-arrangement of the
three boryl groups was justified to minimize the strong frans-influence of B(cat)
ligands thanks to their significant o-donor ability [47]. DFT calculations suggest
that the boryl ligands prefer to occupy sites that those orbital accommodating metal
d electron have minimal metal-boryl c*-antibonding character [48].

Photochemically induced oxidative addition of B-B sigma bonds has also been
observed in Rh-alkene complexes. For example, [Rh(n5 -CsHs)(PMe3)(C,Hy)], [Rh
(n’-CsHs)(PPh3)(CoHy)l, and  [Rh(n-CsHyCF3)(PMes)(CoHy)] led to B-B
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Scheme 11 [RhCI(PPh;);] activates Bcat, and the (4-Bu')-B,cat, and (3,5-Bu')-Bjcat,
diborane analogous
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Scheme 12 [RhMe(PMes),] activates Bjcat,

oxidative addition of B,pin, by photolysis in hexane at —10°C to form [Rh(n’-
CsH4CF;)(PR3)(Bpin),] (17) (Scheme 13). The formulation of 17 was clearly
established by NMR spectroscopy [49]. Interestingly, competition experiments
using HBpin and B,pin, were performed with these rhodium complexes and results
suggested a slight preference for B-B oxidative addition over B-H sigma bond
activation.

More recently, Fernandez and Bo demonstrated that Rh(III) complexes modified
with NHC ligands could activate diboron reagents and promote the diboration of
cyclic systems. The reaction mechanism was explored by means of DFT
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Fig. 1 Energy profile for the formation of cationic bisboryl Rh(III)-NHC complex. Electronic
energy as kcal/mol. Distances between B atoms are given in A

calculations (Fig. 1), and the oxidative addition of B,pin, or bis(neopentyl
glycolato)diboron (B,neop,) to the Rh(III) system was postulated as the initial
key step [50].
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2.2 Rh-Activation of Diboron Reagents by c-Bond
Metathesis

Nishiyama has suggested that B,pin, and the Rh(III) complex [Rh(OAc),(OH)
(Phebox)] react through a o-bond metathesis step to form the Rh(III)-boryl species
19 (Scheme 14) [51, 52]. The presence of a base (such as NaO'Bu) accelerated
significantly the reaction. The beneficial influence of the basic additive is related to
pre-activation of the complex [Rh(OAc),(H,O)(Phebox)] towards the o-bond
metathesis step. The formation of a boryl acetate species 19 was confirmed by
means of ''"B NMR spectroscopy at 60°C.

Interestingly, unsymmetrical diboron derivatives such as BpinBdan (dan = 1,8-
(NH),C;¢Hg)[53] and other BpinB(NR;), have recently gained considerable atten-
tion as reagents in transition metal as well as Lewis base catalyzed diboration
reactions [54]. The group of Kleeberg explored the activation of this type of species
by means of rhodium-phosphine complexes [55]. In particular, they addressed the
influence of the X ligand on the selective B—B bond activation of the unsymmetrical
diboron pinB-B((NMe),C¢H,4 (pinB-Bdmab) with [RhX(PMes),] (X =Me, OrBu).
Hence, when [Rh(Me)(PMes),] was involved, almost exclusive formation of the
Rh-Bpin complex 20 was observed and only traces of the corresponding
diaminoboryl Rh-complex 21 were detected. In contrast, predominant generation
of 21 was generated when [Rh(OfBu)(PMes);] reacted with pinB-Bdmab
(Scheme 15). Complex 20 adopts a trigonal-bipyramidal structure with an equato-
rial boryl ligand. This coordination mode is unprecedented amongst related Rh
boryl complexes [47]. Remarkably, the small values for angles PI-Rh1-B1 and
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Scheme 14 Activation of B,pin, with [Rh(OAc),(H,0)(Phebox)] complex by 6-bond metathesis
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Scheme 15 Activation of pinB-Bdmab with [RhX(MesP),] (X =Me, OrBu) complex by o-bond
metathesis
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Scheme 16 Activation of (I)Ph
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P3-Rh1-B1 might indicate the significant steric encumbrance of this complex.
Similar Rh-complex 22 has been observed by Braun et al. when complexes [RhX
(PEt3)4] (X =ClI, F) react with diboron reagents (Scheme 16) [56].

3 Rh-Catalyzed Diboration Reaction

Bis(boronate)compounds are chemical entities that possess two boronate moieties
in a single molecule. These species become highly useful synthetic tools for
straightforward access to complex structures, through C-B bond formation
followed by homo- and heteroatom functionalization. Among the available
methods to prepare them, diboration of unsaturated C—X (X=C, O or N,) bonds,
by means of transition metal-promoted reactions, demonstrated to be a particularly
powerful tool. In this section we describe the most remarkable developments
achieved utilizing rhodium complexes in diboration reactions.

3.1 Rh-Catalyzed Diboration Reaction of C-C Multiple
Bonds

From the key discovery of the Rh-diboration of olefins by Baker et al. [41], the
diboration process has been focussed to improve the chemoselective issues related
to the dehydrogenative borylation. Therefore, the same authors reported that use of
4 mol% of the zwitterionic n°-(arene)rhodium complex [Rh(n°-catB-cat)(dppm)]
23 allowed a more efficient addition of B,cat, to a wide range of vinylarenes,
norbornene, and unstrained internal alkenes cis and trans-stilbene and
trans-p-methylstyrene, at room temp (Scheme 17) [57]. Syn addition of the two
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Scheme 17 [Rh(qf’—catB—cat)(dppm)]—catalyzed diboration of alkenes with B,cat,

Bcat moieties was unambiguously determined by means of the X-ray analysis of the
solid trans-stilbene diborated product.

It was not until 2003 that the group of Morken developed the first example of an
enantioselective diboration of alkenes catalyzed by Rh(I) complex modified with a
chiral P,N-bidentate ligand [43]. The combination of (S)-quinap with [Rh(acac)(nbd)]
was found to be highly effective for the catalytic diboration of a wide series of internal
alkenes. After subsequent oxidative work-up, the corresponding 1,2-diols were
isolated in good yield and enantioselectivity. While with this particular catalysts
disubstituted trans alkenes reacted in a highly selective fashion, cis-disubstituted
reacted in variable enantioselection. Vinylarenes and 1,1-disubstituted alkenes
underwent diboration with relatively poorer enantiocontrol (Scheme 18) [58].

Subsequent studies by the group of Fernandez explored the effect of the ligand,
Rh source, and electronic nature of the substrates on the diboration outcome of
reluctant monosubstituted vinylarenes. The selectivity of the diboration seemed to
be highly sensitive to the nature of the catalysts and the electronics of the substrate
[42]. A parallel investigation about the substrate scope and different conditions for
this reaction was as well undertook by the group of Morken which established a
stereoinduction model that can predict the sense and levels of enantioselectivities
for the reaction of a wide range of alkenes [44]. In the latter work, unhindered
monosubstituted aliphatic olefins still reacted in only moderate enantioselection,
however, monosubstituted alkenes featuring a highly branched a-carbon reacted in
significant levels of enantiocontrol (Scheme 19).
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Scheme 18 [Rh(acac)(nbd)]/(S)-Quinap-catalyzed enantioselective diboration of alkenes with
B,cat,

More recently Fernandez and Bo demonstrated that Rh(IIT) complexes modified
with NHC ligands could catalyze the diboration of cyclic systems with B,pin,
[50]. Although it has been well established that rhodium-phosphine complexes
favored the dehydrogenative borylation process in the borylation of cyclic olefins,
the authors found that Rh(III)-cationic complexes modified by NHC ligands pro-
moted efficient and selective diboration of these challenging systems. The reaction
takes place with a series of cyclic alkenes of different size (Scheme 20a) and the use
of non-polar solvents such as pentane, hexane, or cyclohexane seems to be crucial
to ensure the diboration efficacy. DFT calculations have demonstrated that, in this
case, reductive elimination step results a more energetically favored step. This
selective diboration of cyclic systems seems to be in contrast with the observed
trend reported by other groups where the addition of B,pin, to zrans-[RhC1(CO)
(PPh3)] or [Rh(pz—Cl)(cod)]z promoted the exclusive formation of the
dehydrogenative borylated product (Scheme 20b, c) [59, 60]. Rh complexes can



14 A.B. Cuenca and E. Fernandez
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Scheme 19 Steric influence on the [Rh(acac)(nbd)]/(S)-Quinap-catalyzed enantioselective
diboration of alkenes with B,cat,

catalyze the double dehydrogenative borylation that could be considered as a
“formal” diboration reaction. Marder et al. observed that when the diboration of
4-vinylanisole is carried out with an excess of 2 equiv of B,pin, in the presence of
5 mol% of [RhCI(CO)(PPhs;),] in acetonitrile at 80°C for 4 days, the corresponding
1,1-diborylalkene is formed in almost quantitative yield (Scheme 21) [61]. -
Rhodium-catalyzed diborations of (E)-styrylboronate esters have also been
reported; however, this reaction provides a mixture of isomeric (tris)boronate
compounds depending on the catalyst used [62].

Nishiyama and co-workers have suggested that, in the presence of a base, B,pin,
and [Rh(OAc),(OH)(Phebox)] complex react through a o-bond metathesis step to
form the Rh(III)-boryl species able to promote asymmetric diboration of terminal
alkenes with high enantio- and chemoselectivities [52]. The reaction works effi-
ciently with a wide series of aryl substituted terminal alkynes, as well as with
aliphatic monosubstituted olefins (Scheme 22). As a limitation of the method,
1,2-disubstituted alkenes such as p-methylstyrene, 1,2-dihydronaphthalene, or
trans-stilbene could not be diborated under these conditions. A hypothetical
transition-state model structure was also proposed to explain the stereochemical
outcome of the diboration. Similar protocol can be, as well, applied to the asym-
metric synthesis of optically active 3-amino-1,2-diols prepared from N-acyl-
protected allylamines [63].
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Scheme 20 Rh-NHC mediated 1,2-diboration reaction of cyclic alkenes with B,pin, and com-
parison with Rh complexes that favored the dehydrogenative borylation of cyclic alkenes
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Scheme 21 Rh-catalyzed double dehydrogenative borylation of vinylarenes

Rh complexes also accomplish the diboration of alkynes. Therefore,
2-alkynylaryl isocyanates react with B,pin, in the presence of the cationic rho-
dium(I) catalyst [Rh(cod),]SbFg to produce the borylated 3-alkylideneoxindoles 24
in a stereoselective way (Scheme 23) [64]. The carbon—boron linkage formed can
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Scheme 22 [Rh(Phebox-ip)]-catalyzed asymmetric diboration/oxidation of olefins with B,pin,

be further transformed via reactions such as a cross-coupling and a halogenation
reaction [65]. Interestingly, the authors of this important achievement have
suggested two plausible mechanisms, the catalytic cycle A where the substrate
binds the rhodium(I) to generate the chelate complex, which then forms the
oxa-rhodacycle by oxidative cyclization. A subsequent reaction with B,pin, pro-
duces the borylrhodium(II) species via transmetallation. Finally, reductive elimi-
nation affords the diboronate intermediate along with the starting cationic rhodium
(D) species to complete the catalytic cycle A (Scheme 24). Protonolysis occurs
during aqueous workup to end up with the desired product. Another mechanism, B,
has also been conceivable that involves oxidative addition of the B-B bond onto the
cationic rhodium(I) complex furnishing a diboryl-rhodium(IIl) intermediate,
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Scheme 25 [RhCI(PPh;);]-catalyzed diboration of (1R)-(—)-thiocamphor with B,pin,

followed by a sequential addition onto the alkyne moiety and the isocyanate moiety,
finishing with the reductive elimination (Scheme 24).

3.2 Rh-Catalyzed Diboration Reaction of C-X Multiple
Bonds

The Rh-catalyzed diboration of C=S bond with B,cat, was performed with the
Wilkinson’s catalyst [RhCI(PPh;)] and illustrated in (1R)-(—)-thiocamphor as
substrate (Scheme 25) [66]. Nowadays it has been reported that the preformed
system [Rh(Bpin)(PEt3);] can react with CO,, PANCO, and CS, via the cleavage of
C=X bonds (X=0, N, S). The concomitant formation of thermodynamically
stable B—X bonds represents a driving force of these reactions [67—69].

4 Rh-Catalyzed f-Boration of o,-Unsaturated Carbonyl
Compounds

The conjugate borylative addition to o,p-unsaturated carbonyl compounds has
become a real challenge since its discovery in early twenty-first century [70-74]
to promote the p-borated carbonyl compound in a regio- and stereoselective way
[75]. Kabalka et al. were pioneers in the rhodium-catalyzed 1,4-diboration of
a,pB-unsaturated carbonyl compounds and related electron deficient alkenes includ-
ing esters and nitriles with B,pin, and bis(neopentyl glycolato)diboron
(Scheme 26) [76].

The asymmetric conjugate borylative addition to a,f-unsaturated carbonyl com-
pounds with Rh complexes has been developed by Nishiyama et al. [51, 77] to
obtain the B-borated compounds using the chiral rhodium-bisoxazolinylphenyl
catalysts, Rh(Phebox) (Scheme 27). The catalytic boration was found to proceed
at 80°C within 12 h to give the desired p-borated products with high yield and
enantioselectivity. The addition of a catalytic amount of NaO7Bu (5 mol%) signif-
icantly accelerated the B-boration. However, in contrast to the Cu and Ni protocols
reported by Yun’s [78—81] and Oshima’s [82], respectively, the thodium complexes
Rh(Phebox) and [RhCI(PPh;);] did not require addition of protic additives. Authors
relate the presence of such additives to undesirable conjugate reduction of the
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Scheme 26 [RhCI(PPh;);]-catalyzed B-boration of o,f-unsaturated ketones, aldehydes, esters,
and nitriles with B,pin, and B,neop,

substrate. In this work, it’s assumed that the borylation takes place via initial 6-bond
metathesis of the diboron on rhodium(IIl) species and B,pin, to activate the
diboron, and subsequent insertion of the C=C into Rh—B bond.
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Scheme 27 [Rh(Phebox)]-catalyzed asymmetric f-boration/oxidation of olefins with B,pin,

5 Rh-Catalyzed C-H and C-X (X =F, CN, OMe)
Borylation with Diboron Reagents

The direct borylation of C—H bonds is usually achieved in the presence of specific
organometallic complexes. Since the pioneer work by Hartwig and co-workers on
the stoichiometric borylation by irradiation of [Fe(CO),(Cp)(Bcat)], in benzene,
which resulted in the formation of PhBcat (2-phenyl-1,3,2-benzodioxaborole) [83],
the development of alternative active thermal C—H borylations, mainly described
by the groups of Hartwig [84, 85] and Smith [86, 87] using [Rh(n4-C6Me6))Cp*)]
(Cp*=1,2,3,4,5 pentamethylcyclopentadiene) and [Ir(p2-X)(cod)]2 (X=Cl or
OMe) in combination with substituted bipyridine or phenanthroline ligands, has
become an important progress in this area [88]. Marder et al. demonstrated that
[RhCI(PiPr;),N,] was able to catalyze the borylation of benzene with HBPin [89].

The real conceptual breakthrough about the potential of the unoccupied p-orbital
of a covalent boryl ligand, coordinated to Rh, in order to activate C—H bonds was
postulated by Hartwig demonstrating that rthodium complexes generated in situ
from [Rh(Cp*)(n4-C6Me6)], [Rh(Cp*)(C,Hy),], or [RhCl(Cp*)], and either
HBpin or B,pin, catalyzed the uniquely regioselective conversion of alkanes into
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Scheme 29 [Rh((pz-OMe)(cod)]z-catalyzed C(sp3)—H borylation of amides, ureas, and
2-aminopyridine derivatives at the a position to the N atom with B,pin,

terminal alkylboronate esters (Scheme 28) [90]. In addition, Rh catalysts exhibited
concomitant benzylic borylation activity towards alkylarenes, which is predomi-
nant in some cases [89, 91, 92].

Metal-catalyzed ortho-selective borylations have also been developed in the
recent literature. The Rh-catalyzed C—H borylations using ortho directing groups
such as nitrogen heterocycles have been reported by the group of Sawamura.
The authors describe that immobilized phosphine-Rh system, prepared from
silica-supported bridgehead monophosphines and [Rh(p*-OH)(cod)],, has enabled
ortho-selective C—H borylation for a wide range of arenes containing different
nitrogen-based directing groups. Furthermore, the reaction showed significant
tolerance towards steric hindrance around the reacting C—H bond [93]. The same
group has developed the direct C(sp”)-H borylation of amides, ureas, and
2-aminopyridine derivatives at o position respect to the N atom, which gives the
corresponding a-aminoalkylboronates 27, with a heterogeneous catalyst system
consisting of [Rh((p*-OMe)(cod)], and a silica-supported triarylphosphine ligand
(Silica-TRIP) that features an immobilized triptycene-type cage structure with a
bridgehead P atom (Scheme 29). The reaction occurs not only at terminal C-H
bonds but also at internal secondary C—H bonds under mild reaction conditions (25—
100°C, 0.1-0.5 mol% Rh) [94, 95].

Braun and co-workers have also investigated the reactivity of [Rh(Bpin)(PEt;);]
towards a number of ketimines and aldimines. Some of the resulting insertion (into
the Rh—B bond) products underwent C—H activation to generate the corresponding
rhodium aryl species. Such complexes were subsequently treated with B,pin, to
give unique diborated products through a possible mechanism involving B-B
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oxidative addition and reductive elimination (Scheme 30) [96]. B,pin, has also
been activated by [Rh(Bpin)(PEt;)s] in the presence of SCF3-functionalized arenes
to accomplish their selective borylation [97].

Beller et al. have developed a straightforward and convenient photocatalytic
protocol for the borylation of a range of aromatic and heteroaromatic compounds
under mild conditions with the Rh complex trans-[RhC1(CO)(PMe3),] and HBPin
as the boron reagent (Scheme 31) [98]. Under the optimized conditions, the catalyst
loading can be reduced to 0.1 mol% of trans-[RhCI(CO)(PMes),] leading to a
turnover number of 700. It represents the highest productivity for any rhodium
complex under photocatalytic conditions. The catalytic system has some limitations
since heterocycles such as pyridine and 2,6-lutidine did not lead to borylated
products with HBPin and B,pin, as the boron source in the presence of trans-
[RhCI(CO)(PMes),], and neither N-boryldihydropyridine derivatives were
observed. The photochemical reactions of [RhTp'(PMe3)H,] (Tp'=tris
(3,5-dimethylpyrazolyl)borate) with HBpin are under current development [99].

Borylations of aryl halides with boron reagents play also a fundamental role in
C-B bond formation [100]. The replacement of a C—F bond by a boryl group as a
viable entity is particularly beneficial for further conversions. The first borylation of
a C-F bond was reported by Marder and Perutz et al. [101] The reaction of
pentafluoropyridine at [Rh(SiPh3)(PMes;);] gave the C-F activation products: [Rh
(2-CsNF,4)(PMes);] and [Rh(4-CsNF4)(PMes);]. Subsequent treatment with B,cat,
resulted in the formation of pyridyl boronic ester derivatives. A catalytic C—F
borylation using the highly reactive rthodium boryl complex [Rh(Bpin)(PEt3)3] as
catalyst has also been reported [102]. In that case the Rh complex activates
selectively the C-F bond at the 2-position of pentafluoropyridine to yield [Rh
(2-CsNF,)(PEt3);]. Further reactivity with B,pin, gave access to the 2,3,4,5-
tetrafluoropyridyl boronic ester. DFT calculations showed that the C-F bond
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Scheme 32 [Rh(Bpin)(PEt;3);]-catalyzed C—H and C-F borylation with B,pin,

cleavage step proceeds via a four centered boryl-assisted transition state in which
C-F bond cleavage occurs over the Rh-B bond. On treatment of
pentafluoropyridine with B,pin,, in the presence of [Rh(Bpin)(PEt;)3] or [Rh(H)
(PEt3);] as catalyst, 2-Bpin-CsNF, can be synthesized by C-F borylation at the
2-position. Using 2,3,5,6-tetrafluoropyridine, B,pin,, and catalytic amounts of [Rh
(H)(PEt3)3] led to a C—H borylation reaction at the 4-position (Scheme 32) [103].

An ortho-selective C—-F bond borylation between N-heterocycle-substituted
polyfluoroarenes and B,pin, with simple and commercially available [Rh(cod),]
BF, as a catalyst has recently been reported. The reaction proceeds under mild
reaction conditions with high efficiency and broad substrate scope, even towards
monofluoroarene, thus providing a facile access to a wide range of borylated
fluoroarenes that are useful for photoelectronic materials. Preliminary mechanistic
studies reveal that an Rh(IIT)/(V) catalytic cycle via a key intermediate rhodium(III)
hydride complex [Rh(H)Ln(Bpin)] may be involved in the reaction
(Scheme 33) [104].

The reaction of aryl cyanides with diboron reagents in the presence of a rhodium/
Xantphos catalyst and DABCO affords arylboronic esters via carbon—cyano bond
cleavage (Scheme 34). The reaction involves an unprecedented C—CN bond acti-
vation that is promoted by a borylrhodium complex. In addition, the reaction offers
a new strategy for the synthesis of complex boronic acid derivatives wherein a
cyano group can now be utilized as a boron equivalent [105]. A proposed mecha-
nism for this rhodium-catalyzed nitrile borylation is outlined in Scheme 35. The
reaction of the rhodium precatalyst [Rh(pz—Cl)(cod)]z with diboron B,neop, ini-
tially generates a borylrhodium species. The formation of B(neop)-Cl
(neop = neopentylglycolate) was confirmed by ''B NMR. The addition of Rh-B
(neop) to the nitrile then forms an iminylrhodium species which is followed by E/Z
isomerization. f-Aryl elimination generates an arylrhodium and the boryl cyanide,
and eventually a new transmetallation affords the borylated product and regenerates
the Rh-B(neop). The ortho-directing ability of the cyano group also allows a
reactivity pattern that cannot be achieved using other borylation methodologies.

To clarify the dominant mechanism of this reaction, a density functional
theory study on borylation of PhCN and BnCN catalyzed by [Rh(XantPhos)(B
(nep))] (nep =neopentylglycolate, XantPhos = 4,5-Bis-(diphenylphosphino)-9,9-
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Bpin—[RhV(H)(Bpin),L,]JBF,
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Scheme 33 Proposed mechanism for the [Rh(cod),]|BF-catalyzed ortho-C—F bond borylation
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Scheme 34 [Rh(pz—Cl)(cod)]z—catalyzed C—CN bond borylation with B,neop,

dimethylxanthene) has been conducted by Fu et al. [106]. The computational results
indicated that the deinsertion mechanism (2,1-insertion of the Rh—B bond into the
triple C—N bond occurs first followed by the insertion of the metal center into C—-CN
bond) is favored over oxidative addition, f-carbon elimination, and the initial C—H
bond activation mechanism within all the investigated reactions. The activation of
the C—CN bond is a facile step in the deinsertion mechanism, and the oxidative
addition of the diboron reagent is the rate determining step. On this basis, the
mechanism of borylation of PhCN catalyzed by a similar Ir-B complex ([Ir
(Xantphos)(B(nep))]) was also examined. The deinsertion mechanism was found
to be the most favorable. The overall energy barrier of the Ir—B complex-catalyzed
borylation of benzonitriles was slightly higher than that of the same Rh—B complex-
catalyzed reaction (by 1.1 kcal/mol), indicating that [Ir(Xantphos)(B(nep))] could
act as an alternative catalyst for borylation of nitriles. An alternative study based on
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Scheme 35 Proposed mechanism for the [Rh((pz—Cl)(cod)]2—catalyzed C—CN bond borylation
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Scheme 36 [Rh(pz—Cl)(cod)]z—catalyzed C-OR bond borylation with B,pin,

the stoichiometric reaction between complex [RhCIl(Xantphos),] and B,pin, in
benzene, resulted in the formation of the rhodium(IIl) derivative [RhHCI(Bpin)
(xantphos),] and the corresponding PhBpin. This experiment helps to understand
the proposed species in the mechanism of the rhodium-mediated decyanative
borylation indicating the plausible occurrence of the oxidative addition of B,pin,
to the Rh complex in this borylative reaction [107].

Similarly, Chatani et al. [108] have also reported the rhodium-catalyzed reaction
of aryl 2-pyridyl ethers with a diboron reagent resulting in the formation of
arylboronic ester derivatives via activation of the C(aryl)-O bonds (Scheme 36).
The straightforward synthesis of 1,2-disubstituted arenes was enabled through
catalytic ortho-C—H bond functionalization directed by the 2-pyridyloxy group
followed by substitution of this group with a boryl group. Several control experi-
ments revealed that the presence of an sp> nitrogen atom at the 2-position of the
substrate and the use of a boron-based reagent were crucial for the activation of the
relatively inert C(aryl)-O bond of aryl 2-pyridyl ethers (Scheme 37).
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a) via N-B interaction
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O - O O
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[Rh']—Bpin @ O

\
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b) via N-Rh interaction

Ne
O i

Bpin

Scheme 37 [Rh(pz—Cl)(cod)]z—catalyzed C-OR bond borylation with B,pin,: plausible mecha-
nisms for the C—OPy bond cleavage

6 Summary and Outlook

After 30 years from the discovery of the Rh-catalyzed C-B bond formation from
unsaturated bonds [8], the development of the field has intensively been growing.
Three are the essential pillars which uphold the current and future directions: (a) the
strong influence of the metal itself to activate H-B and B-B bonds, both from
oxidative addition and 6-bond metathesis, (b) the power of the ligands that modify
the Rh center to induce high levels of chemo-, regio-, and enantioselectivity, and
(c) the unrestricted mechanisms that can be interpreted to answer the real evidences,
such as the complementary ways to understand the syn addition approaches as well
as the non-conventional trans-borylations [109-114], by the aid of density func-
tional theory (DFT) calculations.
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Rhodium Catalysts for C—S Bond Formation

Andrea Di Giuseppe, Ricardo Castarlenas, and Luis A. Oro

Abstract Sulfur-containing molecules are commonly found in chemical biology,
organic synthesis, and materials chemistry. The preparation of these compounds
through traditional methods usually required harsh reaction conditions. The use of
transition-metal-based catalysts has allowed the development of more efficient and
sustainable synthetic processes. Rhodium-catalyzed C—S bond formation through
the reaction between sulfur sources such as Sg, thiols, or disulfides with organic
substrates such as alkynes, allenes, and aryl/alkyl halides is one of the most
important methods in the synthesis of thioethers. Here, we summarize recent efforts
in the reactions of cross coupling, C—H activation, metathesis, thiolation,
carbothiolation, and hydrothiolation for the C—S bond formation catalyzed by
rhodium complexes, particularly highlighting the synthetic and mechanistic
aspects.

Keywords Alkynes ¢ Allenes ¢ Carbothiolation « C-H activation * Cross
coupling ¢ Halides ¢ Hydrothiolation * Thioethers ¢ Thiolation
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(S)- (R,R)-1,2-Bis[(R)-4,5-dihydro-3H-binaphtho(1,2-c:2',1’-¢)

BIPHANE  phosphepino]benzene

AMLA Ambiphilic metal ligand activation

Arf 3,5-(CF3),CeHs

Bz Benzyl

CMD Concerted metalation deprotonation

Cod Cyclooctadiene
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e.e. Enantiomeric excess

IPr 1,3-Bis-(2,6-diisopropylphenyl)imidazol-2-carbene

Nbd 2,5-Norbornadiene

OAc Acetate

O'Bu tert-Butoxide

OTf Triflate

r.t. Room temperature

'AmOH 2-Methyl-2-butanol

THF Tetrahydrofuran

Tp Hydrotris(1-pyrazolyl)borate

Tp* Hydrotris(3,5-dimethylpyrazol-1-yl)borate
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1 Introduction

Sulfur is contained in many synthetic reagents, functional materials, or agrochem-
icals and represents an essential element for all type of life as it is present in amino
acids, vitamins, and cofactors [1]. Several bioactive drugs including p-lactam and
sulfonamide antibiotics, nonsteroidal anti-inflammatory agents/analgesics,
diuretics, antidiabetics, antiulcer, and antipsychotics contain this oligoelement [1—
9]. An increasing demand of these molecules has entailed the development of new
efficient and selective synthetic methods via C—S bond formation. From this point
of view, catalysis is one of the fundamental pillars of sustainable chemistry, and the
design and application of new catalysts and catalytic systems are simultaneously
achieving the dual goals of environmental protection and economic benefit [10, 11].

Among all branches of catalysis, transition-metal-based catalysts had always
been a mainstay of industrial chemistry, and nowadays a number of outstanding
catalytic systems have been developed. In particular, the last 3 decades have
witnessed a huge increase in catalytic systems for C-heteroatom bond formation
[12-30]. In contrast, the development of catalytic systems able to mediate C—S
coupling is relatively scarce. One of the reasons for this underdevelopment is the
consideration of sulfurated compounds as potent poisons for organometallic cata-
lysts [31]. The overcome of this established belief has changed this trend, and only
recently an amount of transition-metal catalytic systems for C—S bond formation
has impressively emerged [32—44]. Among these catalysts, rhodium complexes
represent one of the most interesting systems principally due to its tunability that
allows the thiofunctionalization of a broad range of substrates using a wide variety
of sulfur sources. Particularly, rhodium catalysts are the perfect examples where a
high degree of control of the chemo-, stereo-, and regioselectivity can be achieved
due to an in-depth understanding of the mechanistic issues that allow for a rational
design of the organometallic catalysts.

This review outlines the recent advances in the catalytic C—S bond formation
mediated by rhodium complexes with a special attention on the mechanism of the
reaction. Transformations which are the topics of other chapter of this volume are
not included in this review.

1.1 Rhodium-Catalyzed C-S Bond Formation Reactions

As introduced above, rthodium compounds are really flexible catalysts for C—S
bond-forming transformations. A regrouping in two big families of reactions can
be formally established: (1) substitution and (2) addition reactions. The former
includes all type of transformations in which a C—X bond is transformed into a C—S
functionality through the formal substitution of the X (a halogen or a hydrogen) by a
thio-substituent arising from the appropriate sulfur source S—Y with concomitant
formation of X—Y as a by-product (Fig. 1a). Transformations included in this family
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a) Substitution reactions

Coupling Metathesis
1) RC—X + R'S—Y T RC—SR’ 2) RC—SR'+ R"S—Y ——» RC—SR"+ R'S—Y

XY

b) Addition reactions
Thiolation Carbothiolation

RS SR - RC ... SR
1) v+ RS—SR—» Ny 2) wT=m+ RC—SR—» =g

Fig.1 C-S bond formation catalyzed by Rh: substitution reactions (a) and addition reactions (b)

are the cross-coupling reactions and the metathesis of thioethers. Substrates
involved include alkynes, aromatic compounds bearing a directing group, mole-
cules with an activated C(spz)—H or C(sp3)—H (including heterocycles), haloge-
nated compounds, and thioethers, while the sulfur sources are thiols, disulfides, and
a-thioketones.

In the second family of reactions, an appropriate sulfur source S—Y is added into
an unsaturation of the substrate. In contrast to the substitution reactions, the
hybridization of the carbon where the addition occurs changes from sp™ to sp”l,
and more importantly, a 100% atom efficiency is obtained with no by-product
formation, leading to substantial practical advantages in terms of green chemistry.
Typical substrates used for these transformations are alkynes and allenes, while the
sulfur sources include disulfides, thioethers, and thiols. Depending on the type of
thio-substrate added, the reactions are, respectively, named thiolation,
carbothiolation, and hydrothiolation (Fig. 1b).

2 Substitution Reactions

The substitution reactions are a widely recognized approach for the coupling of two
organic substrates by the construction of new C—C and C—X bonds and the elimi-
nation of a small molecule. Depending on the substrates, the following classifica-
tion can be established for C—S bond formation reactions promoted by rhodium:
(1) cross coupling between organic halides with thiols, disulfides (or oligosulfide),
or elemental sulfur, (2) coupling via C—H activation between no pre-functionalized
organic compounds containing relative acidic C-H bond or bearing directing
groups and disulfides or o-thio-substituted ketones as the sulfur source, and
(3) metathesis between two sulfurated substrates.
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Fig. 2 General reaction . [Rh]
mechanism of cross- ’
coupling Rh-catalyzed C-S ¢
bond formation

RC-SR'
~[Rh]-SR’ /’ RC~=[Rh]-X

RC-X d Y-SR’

RC-[Rh]-SR’

2.1 Cross-Coupling Reactions

The transition-metal-catalyzed cross coupling is a very powerful tool for the
creation of C—C and C-heteroatom bonds [45-52]. A general mechanistic frame-
work is described in Fig. 2. In the first step of the cycle, the Rh! precursor activates
the C—X bond leading to a RC-Rh™-X species (step a). The transmetalation by the
sulfur-containing substrate Y-SR’ provides RC-Rh"'-SR’ simultaneously to the
elimination of YX (step b). In some cases an additive (bases, phosphine, silane) is
required for trapping of the Y and X fragments. In the last step, a C—S reductive
elimination gives the coupling product and regenerates the starting Rh' species.
Alternatively, the sulfur-containing compound can add first (c) and subsequent
reaction with the halogenated substrate yields RC-Rh"'-SR’ (d) that evolves by
the same pathway.

The formation of C—S bonds by metal-catalyzed cross-coupling reactions was
studied for the first time by Migita in 1978 for the Pd-catalyzed coupling of aryl
halides with thiols [53]. Starting from this pioneering work, a lot of new catalytic
system has been developed using several metals such as Pd, Cu, Ni, Fe, Mn, Co, In,
Ag, Bi, or La [54-70]. The development of rhodium-based catalysts for the
formation of C—S bonds via cross coupling is relatively recent. The first work was
published by Tanaka and coworkers in 2005 [71]. In this report the coupling of
thiols and polychloroalkanes in the presence of trimethylamine using RhCl(PPh;);
was reported. This reaction serves as a convenient new method to produce formal-
dehyde dithioacetals and ethylenedithioethers. It was interestingly found that the
reaction of thiols and tri- or tetra-chlorinated alkanes such as CHCl; and CCl, gives
thioformate and a dithiocarbonic ester, respectively, presumably through hydrolysis
of corresponding polythiomethanes by silica gel (Fig. 3a). The reaction of benzyl
mercaptan with (R)-(1-chloroethyl)benzene was investigated to gain mechanistic
insights, revealing a complete inversion of configuration in the formed sulfide
(Fig. 3b). The mechanism proposed in Fig. 3c justifies this observation. The first
step is the oxidative addition of the thiol to afford a hydride—thiolate—rhodium(III)
species. Elimination of HCI by treatment with Et;N furnishes rhodium(I)-thiolate
intermediates, which reacted with alkyl halides in an Sy2 fashion, thereby furnish-
ing sulfides and regenerating the rhodium(I) active species.
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The heterogeneous version of this reaction was developed by Cai and coworkers
by supporting of the Wilkinson’s catalyst on MCM 41 derivatized with diphosphine
ligand [72]. This system achieves the coupling of thiols with polychloroalkanes or
alkyl halides at 30°C or 80°C in the presence of triethylamine, yielding a variety of
formaldehyde dithioacetals, ethylenedithioethers, and unsymmetric thioethers in
good to excellent yields. The catalyst was easily recycled by simple filtration of the
reaction solution and reused for ten consecutive trials without significant loss of
activity.

Tanaka and coworkers expanded their methodology to the catalytic
enantioselective synthesis of planar-chiral dithiaparacyclophanes [73, 74]. A cata-
Iytic system based on the cationic [Rh(cod),]BF, complex and the chiral
diphosphine (S)-BINAPHANE was efficient for the catalytic coupling of dithiols
and 1,4-bis(bromomethyl)benzenes, yielding dithiaparacyclophanes with enantio-
meric excess (e.e.) up to 49% (Fig. 4) [73]. This method represents the first example
of asymmetric synthesis of planar-chiral cyclophanes through catalytic
enantioselective construction of the ansa chains.

An enhancement of this reaction was disclosed by the same research group. A
reductive coupling of disulfides with alkyl halides mediated by Wilkinson’s catalyst
in presence of triethylamine was developed. Molecular hydrogen was used as a
reducing agent. This reaction serves as a convenient method to produce unsym-
metrical sulfides from disulfides instead of odoriferous thiols (Fig. 5a) [75]. The in
situ formation of thiols was demonstrated by the reaction of didodecyl disulfide
with molecular hydrogen in the presence of 3% RhCI(PPh;); at 100°C (Fig. 5b).
Noteworthy, in spite of RhCI(PPh;);/H, being a powerful hydrogenating system,
the presence of olefins seems to be tolerated. The reaction of (p-TolS), with
cinnamyl bromide provides the desired cinnamyl sulfide in 76% yield, and almost
no hydrogenated phenylpropyl sulfide was generated (Fig. 5c).
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Fig. 5 Reductive coupling of disulfides with alkyl halides mediated by Wilkinson’s catalyst in the
presence of triethylamine and H, [75]

The examples showed above are all referred to C(sp>)—X coupling with a thio-
compound. It should be pointed out that nucleophilic substitution on the C(sp°)
atoms occurs readily and usually does not require a catalyst. However, the forma-
tion of C(sp”)—S bonds is more challenging and a metallic catalyst is often required.
In this context, Yamaguchi and coworkers reported that a catalytic system com-
posed of RhH(PPh;);, dppbz, and an excess of triphenylphosphine is efficient for
the reaction between aryl fluorides and aliphatic and aromatic disulfides (Fig. 6a)
[76]. The reaction proceeds in high yield when electron-withdrawing groups are
present in the aryl fluoride, while fluorobenzene is inert. The use of
polyfluorobenzenes leads to the production of polyarylthiolation products, with a
marked preference for the formation of p-difluoride derivatives (Fig. 6b). Interest-
ingly, the reaction of 1-bromo-4-chloro-3-fluorobenzene with di(p-tolyl) disulfide
provides selectively the fluorine-substituted product indicating that, in this reaction
conditions, the reactivity of aryl fluoride is higher than bromide and chloride
counterparts. Triphenylphosphine is fundamental for the reaction acting as a trap
of fluoride. In fact, extremely unstable sulfenium fluoride R—SF is formally formed
in the reaction. The presence of PPh; is crucial to make the reaction thermodynam-
ically favorable converting this compound into more stable products such as
triphenylphosphine difluoride and disulfide [40].

A slight modification of the reaction conditions, as the change of dppBz for dppe
and THF instead of C¢HsCl as solvent, allowed for the coupling of aromatic and
aliphatic acid fluorides with disulfides providing the corresponding thioesters
(Fig. 7) [77]. Also in this case, fluoride seems to be more reactive than chloride
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Fig. 7 Reaction between acid fluorides and disulfides catalyzed by RhH(PPhs); and dppe in the
presence of an excess of triphenylphosphine [77]

as demonstrated in the reaction of benzoyl fluoride/chloride with di( p-tolyl)disul-
fide in which the former gave the respective thioester in higher yield than the last.

Thiols and disulfides are not the only sulfur source available. In this context,
elemental sulfur is attractive because it is cheap, readily available, and easy to
handle. Yamaguchi reported the coupling of pentafluorobenzenes with Sg to give
bis(4-substituted 2,3,5,6-tetrafluorophenyl) sulfides in the presence of a catalytic
system composed of RhH(PPhj3),/dppBz and a stoichiometric amount of
tributylsilane as fluoride scavenger (Fig. 8a) [78]. An organic trisulfide and a
tetrasulfide were also examined, which exhibited notable substrate specificity. Di-
tert-butyl tetrasulfide reacted only with very poor aryl monofluorides (containing
two electron-withdrawing groups) and 2-fluorobenzothiazole, while di-tert-butyl
trisulfide reacted with aryl monofluorides (Fig. 8b). The authors ascribe this differ-
ence of reactivity to the variation in S—S bond energy. In fact, elemental sulfur with
lower S-S bond energy reacts with the most reactive aryl fluoride
(pentafluorobenzenes),  while  increasing the S-S  bond  energy
(trisulfide > tetrasulfide) results in reactivity with less activated aryl fluorides. A
similar correlation will be discussed below for other thiolation reactions.

Aryl fluorides are not the exclusivity for these transformations; also the other aryl
halides (chloride, bromide, iodide) are suitable substrates for this reaction
[79, 80]. Lee and coworkers have shown that the dimeric complex [RhCl(cod)],
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Fig. 8 Reaction between aryl fluoride and Sg or oligosulfide mediated by RhH(PPh3)4/dppBz in
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(with 1 equiv. of PPhj) is able to catalyze the cross coupling of aryl iodide with both
aromatic and aliphatic thiols in the presence of a strong base such as NaO'Bu leading
to asymmetric diaryl and aryl alkyl thioethers in good to excellent yields (73-99%)
[79]. In similar conditions, Ozerov and coworkers extended the precedent work to
the use of aryl chlorides and bromides using the pincer complex (POCOP)Rh(H)C1
as a catalyst (Fig. 9) [80]. In this brilliant paper, the mechanism of the process was
unveiled due to an in-depth study of each elementary step and the isolation of some
intermediates involved in the reaction (Fig. 9b). In the first step, the active Rh'
species (POCOP)Rh (b) (unobserved) is generated by dehydrochlorination of a with
NaO'Bu. The oxidative addition of the aryl halide to this unsaturated fragment
generates (POCOP)Rh(Ar)(X) (¢). The transmetalation of ¢ with the in situ produced
NaSR provides the aryl-thiolate—Rh™ species d. Then, C—S reductive elimination
gives rise to the Rh' sulfur adduct (POCOP)Rh(ArSR) (e) that after the final
thioether, dissociation regenerates the initial active fragment b.

2.2 C-S Coupling via C-H Activation

As showed above cross coupling of halogenated substrate with sulfur source, such
as thiol disulfides or elemental sulfur, is a powerful tool for the synthesis of
thioethers under a variety of conditions (vide supra). However, these methodologies
present an important drawback, the prefunctionalization of the substrates. This
inconvenience can be overcome by using catalytic systems able to directly
functionalize the C—H bonds. Transition-metal-mediated C—H activation is nowa-
days one of the most important methodologies for the formation of carbon—carbon
and carbon—heteroatom bonds with application both in academic and industrial
chemistry [81-92]. During the past decade, this approach has been applied to the
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direct thiolation of unfunctionalized substrates using different transition metals
such as Pd, Cu, Ru, etc. [93-99].

In the field of the C—H activation, rhodium catalysts have a prominent place, and
several systems able to mediate the direct thiolation of C—H bonds have been
developed. Two main families can be encountered: (1) the Yamaguchi systems
based on the Rh! complex RhH(PPh3), and (2) the systems based on the Rh'!
complex [RhCp*Cl,], for the thiolation of aromatic substrates bearing a directing
group. The general mechanism of these two catalysts is showed in Fig. 10. In the
case of the systems based on RhH(PPhj;),, the C—H bond oxidatively adds to the Rh'
precursor (step a) or, alternatively, it is the Y-S bond (a’), leading to the activated
Rh™ species C-Rh—H or Y-Rh-S, respectively (Fig. 10a). These species further
react with a Y=S or C—H bond (step b or b) to provide thiolate—Rh™—alkyl/alkynyl
intermediates with the simultaneous elimination of Y—H. This fundamental step can
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take place either by the formation of oxidized [RhV(RC)(R’ S)(Y)(H)] intermediate
followed by the reductive elimination of Y-H or by a non-oxidative process via
electrophilic substitution, base-mediated (AMLA or CMD) or o-bond metathesis
[100-102]. The final reductive coupling of the C—S bond (c) gives rise to the wanted
thiolated substrate RC-SR’ and regenerates the starting Rh' species. In the case of
the [RhCp*Cl,],-based systems, the mechanism is quite different (Fig. 10b). After
an activation step in which the chlorido ligands are substituted by more labile
anions (Z) (typically triflate), the Rh™ species undergo the activation of the C—H
bond to form a C—Rh™ derivative with concomitant elimination of HZ (step a). This
fundamental step can occur by several mechanisms that depend on the substrate and
the reaction conditions [100—102]. The reaction of C—=Rh™ with disulfides via a Rh¥
intermediate or by nucleophilic substitution-like reaction affords the coupled prod-
uct RC-SR’ (step b). Then, Rh™thiolate intermediate can activate another mole-
cule of substrate leading to a C—Rh"'-S (step c), which after reductive elimination
step affords another molecule of thioether RC—SR’ (step d). The catalytic cycle is
closed by the regeneration of the initial Rh'™™ active species through the oxidation of
the final Rh' complex obtained in step d.
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Fig. 11 Alkylthiolation reaction of 1-alkynes with disulfides catalyzed by RhH(PPh;),/dppf in
acetone [103]

Rhodium(I) Catalytic Systems for C-S Coupling via C-H Activation

The first paper on the direct thiolation of organic substrates via C—H activation
mediated by rhodium was presented in 2005 by Yamaguchi and coworkers, who
disclosed the thiolation of 1-alkynes with disulfides [103]. Aryl, alkyl, and silyl
1-alkynes were reacted with dialkyl/diaryl disulfides under the catalyst system RhH
(PPh3)s/dppf in acetone. 1-alkyl/arylthio-1-alkynes were obtained in high yield
with the simultaneous elimination of thiol (Fig. 11a). Remarkably, this catalytic
system is highly chemoselective. In fact, rhodium(I) complexes are efficient cata-
lysts for the addition of disulfides or thiols to alkynes (see Sect. 3). However, in this
case the competition between C-H substitution and addition is completely
displaced for the former, and only traces of hydrothiolation products were found,
as demonstrated with the reaction of trimethylsilylacetylene and bis[2-("
butoxycarbonylamino)]ethyl disulfide (Fig. 11b).

A slight modification of the above catalytic system allowed the a-thiolation of
different substrates containing relative acidic C—-H bonds (pKa 16-18), such as
nitroalkanes (and cyclo-nitroalkanes), diethyl malonate, and 1,2-diphenyl-1-
ethanone with different disulfides (Fig. 12) [104]. In this report, the dppf is replaced
with dppe and the DMA is used as solvent instead of acetone. Noteworthy, this
reaction achieves good conversion only when is performed under air atmosphere. In
fact, in these conditions thiols are oxidized to disulfide converting the reaction
exergonic, then thermodynamically favored.

These reactions, as well as the other thiolation, developed by Yamaguchi with
RhH(PPh;),, turned out to be in equilibrium that suggest the easy reversibility of
the C-S bond cleavage/formation. For this reason, depending on the reaction
conditions, it is possible to control the transfer of a thio-group from an
organosulfurated compound to another organic substrate. Following this approach,
Yamaguchi and coworkers developed many transfer reactions for the thiolation of
different types of substrates using in each case an appropriate sulfur source. The
methylthiolation of a-phenyl ketones and a-phenylthio ketones was obtained using
p-cyano-a-methylthioacetophenone as sulfur source in the presence of a catalytic
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Fig. 13 Methylthiolation of oa-phenyl ketones and a-phenylthio ketones with p-
cyano-a-methylthioacetophenone catalyzed by RhH(PPhs)4/dppe in THF [105, 106]

amount of RhH(PPhs), and dppe (Fig. 13) [105, 106]. Interestingly, the reaction of
diastereomeric 4-(tert-butyl)-2-phenylthiocyclohexanones gave selectively an axial
2-methylthiolated product (Fig. 13).

The same catalytic system can be used for the o-methylation reaction of
unactivated ketone giving a-methylthio ketones (Fig. 14a) [107]. In this case the
use of p-cyano-a-methylthioacetophenone as SMe source is not effective, while
good results have been obtained with 1,2-diphenyl-2-methylthio-1-ethanone. Inter-
estingly, the methylthiolation in unsymmetric ketones takes place initially into the
more substituted a-carbon, and then a rearrangement to the products thiolated at the
less substituted carbons takes place (Fig. 14b). This probably indicates that the
former to be the kinetic product and the latter the thermodynamic. Other substrates
such as aldehydes, phenylacetate, and phenylacetonitrile have been
a-methylthiolated in the same reaction conditions (Fig. 14c).

The usefulness of this catalytic system was also demonstrated in the
thioderivatization of heteroarenes such as 1,3-benzothiazoles, 1,3-benzoxazoles,
and benzothiophene that give 2-phenylthio derivatives, and the monocyclic
heteroaromatics, 1-methyl-1,2,3,4-tetrazole and 2-cyanothiophene, were converted
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thiolation mediated by RhH(PPh3),

into the S5-phenylthio compounds (Fig. 15) [108]. In this case the author found that
the best sulfur source was a-(phenylthio)isobutyrophenone.

As it has been demonstrated with the above examples, the use of an appropriate
phenylthio transfer reagent is crucial for the efficient catalyzed conversion of
heteroaromatic C—H bonds into C—S bonds. An interesting correlation between
the acidity of the C—H of the substrates and the strength of the S—X bond of the thio-
source was found. Therefore, relatively acidic compounds such as nitroalkanes or
malonate (pKa 16-18) reacted with diaryl disulfides in the presence of O,, while
1-alkynes with a moderate acidic proton (pKa 21) reacted with disulfides, and less
acidic ketones and heteroarenes (pKa 27) interact with different types of thioethers.
These observations suggest an inverse correlation between the strength of the S—X
bond and the acidity of the C—H proton (Fig. 16). Authors suggest that the favorable
combination of substrates and sulfurating reagents is ascribable to kinetic reasons
[104]. In fact, when a rhodium complex activates C-H and S-S bonds at compa-
rable rates, thiolation reactions should proceed smoothly. Instead, if the C—H bond
activation is much slower than S-S bond activation, the catalyst preferentially
interacts with the S-S bond, which retards the total reaction deactivating the
catalyst (Fig. 16). For this reason, the wise choice of an appropriate combination
of substrate and sulfur source results fundamental to enhance the reaction rate and
to drive the reaction to completion before catalyst deactivation.
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Fig. 17 Direct sulfenylation of arene via C—H activation mediated by [Cp*RhCl,],/AgOTt/Cu
(OAc), in ‘AmOH [112]

Rhodium(III) Catalytic Systems for C-S Coupling via C-H Activation

Aromatic compounds represent one of the most abundant starting materials avail-
able for organic synthesis. However, the high stability of the aromatic C(sp?)—H
bonds makes their functionalization really challenging. In the last years, Rh-based
systems have been broadly exploited and used for its excellent catalytic proprieties
in C-H bond activation and subsequent C—C or C—X formation [83, 109—111]. In
particular, complexes containing the [Cp*Rh™] have been extensively used in the
selective C—H activation of aromatic compound bearing directing groups such as
pyridine, oxime, and hydrazine, among others.

Catalytic systems based on these species have been just recently applied in the
field of the C-S bond formation. In 2014 Li and coworkers reported the first
example of Rh™-catalyzed direct C—H thiolation using aryl and alkyl disulfides
as sulfur source (Scheme 17) [112]. In this work, the catalytic system [Cp*RhCl,],/
AgOT{/Cu(OAc), in ’"AmOH at 60°C is efficient in the mono-thiolation of several
arenes containing pyridines, benzo[h]quinolone, bicyclic quinolone, pyrimidine,
pyrazole, and ketoximes. In addition, modification of the reaction conditions allows
for a double C—H activation/thioesterification process that affords dithioethers in
moderate to good yields (Fig. 17). The broad substrate scope and high efficiency of
the direct C—S coupling provide a straightforward way for selective preparation of
sulfur-containing heterocycles not easily accessible by conventional cross-coupling
reactions.

A mechanism coherent to that explained above was proposed by the authors
(Fig. 18). In the first step of the reaction, the chlorido ligands of [Cp*RhCl,], (a) are
eliminated using AgOTf providing a more active cationic species containing the
fragment [Cp*Rh]OTf, (b). The pyridine framework coordinates to this Rh'!
precursor directing the activation of the C—H bond of the arene leading to the



Rhodium Catalysts for C—S Bond Formation 47

[Cp*RhCL); a
AgOTH

H
AgCl I Ny
o~
2 CuoAg [CP*RHJOTS,
2 AcOH b
H-OTf
2Cu(OAc),

+
2 H=0OTf cp*
|

Tvo—th
[Cp'Rh) o pay Ny
1 R'S=SR | e

I
R'S=—Rh N
| = | [Cp*RhSPh)OTY
N
| = = d
S
e

H=OTf N

Fig. 18 Catalytic cycle for the direct sulfenylation of phenylpyridine mediated by [Cp*RhCl,],/
AgOT{/Cu(OAc), [112]

rhodacycle ¢. This derivative can be synthesized independently and prove to
catalyze efficiently the thiolation of phenylpyridine with (PhS),, “bold” demon-
strating that effectively is an intermediate of this transformation. Compound
c reacts with disulfide to afford the phenylthiolated phenylpyridine and the PhS—Rh
" species d, via a nucleophilic-addition-type reaction (path a) or, alternatively, via
an oxidative pathway with the Rh" intermediate ¢’ (path b). Complex d reacts with
another molecule of substrate leading to the five-membered rhodacycle e, which
then undergoes reductive elimination to afford another molecule of organic product
together with a rhodium(I) species f. Oxidation of f to b by the reduction of Cu' to
Cu' completes the catalytic cycle.

Following the same catalytic approach, the direct thiolation of other type of
substrates has been studied. Zhu and coworkers report in 2015 a convenient and
efficient method for sulfuration and olefination of aromatic ketazines via rhodium-
catalyzed oxidative C—H bond activation [113]. The catalytic system is composed
of [Cp*RhCl,], as precatalyst, AgOTf for the activation of the Rh complex, and Cu
(OAc), as final oxidant. The selective phenylthio-etherification of a range of
substituted ketazines using phenyl disulfides takes place in DCE at 60°C
(Fig. 19). The proposed mechanism according to experimental results of kinetic
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Fig. 19 Selective mono-phenyl thiosulfenylation of ketazines catalyzed by [Cp*RhCl,],/AgOTf/
Cu(OAc), in DCE [113]

isotopic effect is similar to that described for the previous Cp*Rh™ system
(Fig. 18). Notably, H/D exchange experiments revealed that all the four ortho-
positions on aryl are deuterated, which demonstrated that the catalytic system,
thanks to the key role of the directing group, is able to activate each of these C—-H
bonds (Fig. 19). However, the authors have been able to find adequate reaction
conditions for the selective mono-thiolation to occur.

The usefulness of this catalytic system was also demonstrated in the selective
C7-thiolation of indoles with disulfides [114]. Indole and indoline scaffolds are
ubiquitous structural motifs found in a multitude of pharmaceutical compounds,
particularly 7-substituted indoles and indolines. Wang and coworkers elegantly
showed that the catalytic C7-thiolation of indolines is achievable by using a readily
available and easily removable pyrimidyl group as a directing group. In the optimal
conditions, the catalytic system, composed of [Cp*RhCl,],, AgOTf, and AgCO;
(as oxidant) in toluene at 130°C, is able to mediate the thioetherification of a broad
type of 1-(pyrimidin-2-yl)indoline derivatives with diphenyl disulfides (Fig. 20a).
Notably, the choice of the N-protecting group was found to be crucial for this
reaction. In fact, it was demonstrated that acetyl or N,N-dimethylcarbamoyl
directing group did not deliver the corresponding product under the standard
conditions of the pyrimidyl derivatives. Finally, the utility of this C7-thiolation
reaction was further highlighted by its successful conversion of indolines into
indoles. Oxidation with DDQ and removing of the pyrimidyl group with NaOEt
afford 7-(phenylthio)-1H-indole in 97% yield (Fig. 20b). Also in this case, the
proposed catalytic cycle perfectly fits with that showed in Fig. 18.

Alkyl and aromatic disulfides are not the only sulfur source suitable for the C—S
formation by rhodium-catalyzed oxidative C—H bond activation. Li and coworkers
have recently reported the selective catalytic trifluoromethylthiolation of indoles
using N-(trifluoromethylthio)saccharin as a source of trifluoromethylthio group
(—SCF;3) (Fig. 21) [115]. The catalytic system developed for this reaction contains
[Cp*RhCl,],, AgSbFs, and Zn(OTf),. In the opinion of the authors, this last
reactive acts as Lewis base for the activation of the N-(trifluoromethylthio)saccha-
rin. In fact, when Zn(OTY), is replaced by Cu(OTf),, the product yield decreased
sharply, which may indicate that the oxidizing power is not relevant in this reaction
system. The selective C-2 trifluoromethylthiolation of indoles N-derivatizated by
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Fig. 20 (a) Selective C7-thiolation of indolines with PhSSPh catalyzed by [Cp*RhCl,],/AgOTf/
AgCOgs in toluene; (b) conversion of N-protected indolines into indoles [114]

a) R\
= o]
| N [P |\ N
2N S; [Cp*RhCly]; (4 mol%) P SCF,4
N—SCE —_—
N ¥ SCF5 AgSbFg (16 mol%) N yield: 9179 %
7y Y Zn(OTf), (50 mol%) 7y
— DCE, 100 °C —
5 SCF,
N 9 .0 »
N s’ [Cp*RhCly], (4 mol%) N
5 —_——
+ N—SCF; AgSbFg (16 mol%) yield: 91%
Zn(OTf), (50 mol%)
o DCE, 100 °C

Fig. 21 Selective C2-trifluoromethylthiolation of indolines with N-(trifluoromethylthio)saccharin
catalyzed by [Cp*RhCl,],/AgSbFe/Zn(OTf), [115]

2-pyridyl group that acts both as N-protecting and directing groups is operative in
DCE at 100°C (Fig. 21a). Arene functionality is not limited to indoles.
Trifluoromethylthiolation of 2-phenylpyridine and 2-(1H-pyrrol-1-yl)pyridine
also occurred in moderate to high yield (Fig. 21a). Remarkably, when 1-phenyl-
1H-indole was used as a substrate under the standard conditions, the
functionalization occurred exclusively at the 3-position (Fig. 21b). This is a dem-
onstration that the selectivity is correlated to the N-substituent. In fact, in the
presence of an N-directing group, the reaction occurred via a C—H activation
pathway, while, as demonstrated previously by the same research group, in the
absence of such a group, the reaction is Lewis acid catalyzed [116].

2.3 Metathesis of Thioethers and Disulfides

The works discussed above account for the reaction of RC—X (X = halogen) or RC—
H bonds with an adequate sulfur source (Y-SR’) for the formation of thioethers of
type RC-SR’. Another approach for synthesis of new thioethers consists in the
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Fig. 22 Alkylthio exchange reaction of thioesters and disulfides [117]

interchange of their thio-groups of two previously sulfurated products (see Fig. 1).
This type of transformation is really interesting for the study of fundamental
processes in the catalytic C—S bond formation and also extends the available
synthetic methods for the synthesis of thio-compounds.

Catalysts able to mediate this type of reaction should have the capacity to
establish an equilibrium between the thiolated reagents and the thio-interchanged
products, through the activation of their C—S bonds. As showed in Sect. 2.2.1,
Yamaguchi and coworkers have demonstrated that RhH(PPhs), is able to activate
C-S bonds establishing equilibriums between different types of thio-compounds;
thus it was a promising candidate for the metathesis of different sulfur-containing
compounds.

Alkoxy exchange between esters is a fundamental reaction catalyzed by acid or
base. In contrast, the exchange reaction of the sulfur analogs in similar conditions
does not proceed. However, Yamaguchi and coworkers reported the alkylthio
metathesis of thioesters and disulfides mediated by Rh' complexes [117]. The
treatment of a thioester and a dialkyl disulfide (4 eq) in refluxing diethyl ketone
in the presence of RhCI(PPh3); (or RhH(PPh3)4) (2.5 mol%) for 1.5 h gave an
alkylthio-exchanged thioester (and mixed disulfides) in good to excellent yields
(Fig. 22a). The species involved in this reaction are in equilibrium; thus an excess of
reactives must be added to shift the equilibrium to the wanted products. However,
the use of S-methyl thioester shifts the equilibrium to the exchanged thioester using
one equivalent of disulfide, since dimethyl disulfide formed can be removed by
evaporation (Fig. 22b). This method was effectively applied in a molecule of
remarkable biological interests as the glutathione disulfide that was thioesterified
with S-methyl butanethioate in good yield (Fig. 22c¢).

A similar catalytic system composed of RhH(PPhs), and dppe is able to mediate
the metathesis of a-organothioketones with disulfides [118]. Similar to previously
described for C—H activation reactions, the metathesis process is affected by the
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Fig. 23 Organothio exchange reaction of a-organothioketones with disulfides catalyzed by RhH
(PPh;)4/dppe THF at reflux [118]

structure of the substrate: a-phenylthio and a-alkylthio aryl ketones react effec-
tively with diaryl and dialkyl disulfides, while a-phenylthio dialkyl ketones react
only with diaryl disulfides (Fig. 23).

In the two examples of metathesis showed above, a thioether (C-S) reacts with a
disulfide (S'-S’) to afford the exchange products C-S’ and S—S’. In contrast, the
metathesis of two sulfurated organic products CS/C’S’ can undergo two modes of
reactivity to yield CS'/C’'S and CC'/SS’ derivatives. The control of the reaction
mode using a single metal complex is an interesting challenge. Yamaguchi reported
that an appropriate choice of the ligands can totally change the reactivity of a
catalytic system shifting from CS’/C’S to CC’/SS’ metathesis products [119]. In the
presence of a catalytic amount of RhH(PPh;), and the chelating bisphosphine dppf,
two 1-alkylthioalkynes exchange alkylthio groups to give equilibrium mixtures of
four 1-alkylthioalkynes (CS’/C’S). In contrast, when a monodentate phosphine such
as (p-OMePh);P or MePh,P is used, 1,3-butadiynes and disulfides are obtained
(CC'/SS’) (Fig. 24a). A feasible explanation for this interesting ligand effect
consists in the proposal of a reaction mechanism involving a Rh(V) intermediate
(Fig. 24b). Two thioalkynes undergo oxidative addition within a rhodium(I) inter-
mediate (a) to give an octahedral rhodium(V) species (b and ¢) bearing two alkynyl
and two alkylthio ligands. In the opinion of the authors, the trans-effect of the
different ligands together with the geometrical constrain of the dppf ligand leads to
complex b in which the alkynyl groups are disposed in trans-configuration and the
thiolated ligand in cis. This configuration does not allow the reductive elimination
of the two alkynyl groups to form butadiyne, and only alkylthio exchange proceeds.
In the case of monophosphine complex, the two phosphines take the trans-config-
uration, allowing the reductive elimination to form butadiyne or alkylthio-
exchanged products.

3 Catalytic Addition of S-X on Unsaturated Substrates

The addition of sulfur—hydrogen, sulfur—carbon, or sulfur—sulfur (S—Y) bond to an
acetylenic hydrocarbon represents a powerful tool for the synthesis of vinyl
thioethers. This 100% atom-economical methodology meets the demands for the



52 A. Di Giuseppe et al.

a) \l/ \I/
>—5i =—5(n-C4Hy) >*5i =—>5(n-CgHy3) 40%

RhH(PPhy); (1 mol%)
)\ dppf (2 mol%) /I\
T — e
&
acetone, reflux
‘Q%s;:. CeHys) S(n-C4Hy) 41%
R (pMeOCHILD (3 molte) R ?
R-§i—==—sp LMOCHIP B Mol o & — — &R+ Rs-sr
& acetone, reflux i &
yield: 74-71 %
b)
R——:5R' SR™ R———S5R
+ m | P: +
[RhY) _— |R—=—Rh—a—R| ———= [’
+ '3’ | +
R —SR"™ | P R — SR’
r R* P
P R—== R
| // +
zF R—=—Rh™SR" ESo——
rRs” |
P R™S=SR

Fig. 24 (a) Rhodium mediates CS/C’S’ metathesis reaction: formation of CS'/C'S or CC'/SS’
bonds; (b) putative reaction mechanism using bidentate phosphine or monodentate phosphine
[119]

Fig. 25 Addition of thio-compound to alkynes

continuing development of green chemistry. However, an examination of the
addition reactions raises other important problems relative to the stereo-/
regioselectivity of the transformation (Fig. 25).

The solution to this problem has been found with the development of catalytic
systems based on transition metals that are able to mediate the stereo-/
regioselective addition of S—Y on a triple bond. From the pioneering work of
Newton in 1976 which was described the first catalytic addition of thiols to
dimethyl acetylenedicarboxylate using molybdenum complexes [120], several
other transition-metal-based catalytic systems have been developed [18, 32, 34,
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35, 38, 39, 42, 43]. Also in this transformation, rhodium complexes have a prom-
inent role, providing catalytic systems with very high activity and selectivity in
hydrothiolation, thiolation, and carbothiolation of alkynes and allenes. In the case
of rhodium, both of these transformations are stereoselective and proceed via a syn-
addition. However, the regioselectivity of the reaction may change and depends on
the metal complex, in particular on the stereoelectronic properties of the ligands
that can totally change the final composition of the reaction products. The origin of
the selectivity and the role of the ligand in this transformation are more extensively
explained in the following sections.

3.1 Addition of S-S and S-C

As shown in Fig. 11, when disulfides were used as substrates in the Rh'-catalyzed
reaction with terminal alkynes, 1-alkyl/arylthio-1-alkynes were obtained.
Yamaguchi and coworkers have reported a slight modification of this catalytic
system leads to a total change of the chemoselectivity. In fact, they showed that
the system composed of RhH(PPh;)4/phosphine with the addition of a small amount
of triflic acid leads to 1,2-disubstituted alkenes of Z configuration (Fig. 26a)
[121]. It should be emphasized that while E-bis(thio)-substituted alkenes can be
easily obtained under nucleophilic conditions, selective formation of Z-isomers has
been a challenge for a long time. The catalytic system developed is highly active for
both alkylic and aromatic disulfides (including cystine) as well as a wide range of
different terminal alkynes with different functional groups (hydroxyl, tert-
butyldimethylsilyloxy, ester, or nitrile). In all cases the products were obtained
with good to excellent yield, with outstanding Z-stereoselectivity (no trace of other
isomers was detected). The reaction mechanism can explain the impressive
stereoselectivity obtained (Fig. 26b). In the first step, the oxidative addition of the
S-S bond to the Rh' takes place leading to the S—Rh"™'—S complex a. Coordination
(b) and insertion of alkyne into the M-S bond (c¢) and, finally, reductive elimination
of the product furnish the final Z-1,2-dithiolated alkenes and regenerate the initial
Rh' species. The addition of the disulfides in this mechanism is strictly syn; then Z-
1,2-disubstituted alkene is the only isomer that can be formed.

Noteworthy, when allenes were treated with disulfides in the same catalytic
conditions, a 1:1 mixture of (E)-2-alkylthio-1,3-dienes and (E)-2-alkylthio-2-
alkane was found (Fig. 27a) [122]. The reaction can be applied to various combi-
nations of monosubstituted allenes and aliphatic disulfides. The proposed catalytic
cycle that explains the formation of these two products in 1:1 ratio is showed in
Fig. 27b. The oxidative addition of the disulfide to the initial Rh' complex (a) gives
the dithiolate—Rh™" complex b. Allene insertion into the Rh—S bond yields the 7-
allyl complex c¢. Subsequent p-hydride elimination leads to the diene product and
the hydride—Rh"'-thiolate complex d. The formation of the diene instead of the
1,2-dithiolated product z is an evidence that in this step of the catalytic cycle, the
B-hydride elimination is faster than the reductive elimination with the other thiolate
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group. Complex d then reacts with another molecule of allene (the mechanism of
hydrothiolation is described in the next section) giving the (E)-2-alkylthio-2-alkane
and regenerating the initial Rh' species.

The addition of seleno- and thio-groups on alkynes can be obtained in similar
conditions. RhH(PPh;), and dppf catalyze the regio- and stereoselective additions
of diaryl disulfides and diaryl diselenides to 1-alkynes giving (Z)-1-arylseleno-2-
arylthio-1-alkenes in moderate to good yields (Fig. 28) [123]. The authors have
found that the nature of phosphine and, in particular, the appropriate carbon chain
length are fundamental for activity and selectivity of the reaction. In fact, when
dppp or dppb was used instead of dppf, the reaction took place in lower yield and
selectivity. Dppe and dpppe did not catalyze the reaction.

Another important reaction catalyzed by Rh complexes is the carbothiolation of
alkynes. Yamaguchi reported that the catalytic system, RhH(PPh;),/Me,PhP, is
able to mediate the carbothiolation reaction of 1-alkylthio-1-alkynes into symmet-
ric diynes (Fig. 29) [124]. The reactions proceed via syn-addition to the triple bond.
Regioselective ethynilation at the carbon 2 and thiolation into carbon 1 were
observed. Terminal alkynes such as 1-decyne and (t-butylthio)acetylene also
underwent the carbothiolation but in lower yield than diynes. In this case, the C—
C bond formation occurs at C-1 (and C-S at C-2), confirming that for all type of
substrates studied, the ethynilation is directed to the less hindered atom of the
unsaturated moiety of the substrate.

Another interesting example of Rh-catalyzed carbothiolation was reported by
Willis and coworkers [125]. In this work, the efficient addition of aryl methyl
sulfides (bearing a carbonyl group in ortho-position) to terminal alkynes catalyzed
by [Rh(DPEphos)(ligand)][BArF4] (ligand=nbd or o-xylene) was showed
(Fig. 30a). The process proved to be broad in scope, tolerating a variety of steric
and electronic changes to both reaction partners. Importantly, the alkenyl sulfide
products were generated as single geometric isomers, suggesting a stereoselective
syn-addition process. Similar to the reaction mentioned above (Fig. 29a), the
reaction proceeds with high regioselectivity leading to the selective arylation of
the terminal position of the alkyne (C-1) together with the thiolation of the C-2. The
identification of the intermediates through stoichiometric and catalytic experiments
allowed the authors to suggest a mechanism of reaction (Fig. 30b). In the first step,
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Fig. 30 (a) Rhodium-catalyzed reaction of aryl methyl sulfides and terminal alkynes. (b) Reac-
tion mechanism [125]

the exchange between the o-xylene and the aryl-thiolate substrate takes place in
furnishing complex b. The oxidative addition of the Ar—S bond to this complex
leads to the Rh™ complex ¢ that was identified as the resting state of the reaction.
The addition of alkyne results in productive turnover by insertion of Rh—S bond (d).
Subsequent reductive elimination of the thiovinyl and aryl groups results in the
overall carbothiolation of the alkyne.

3.2 Hpydrothiolation of Unsaturated Substrates

Hydrothiolation constitutes one of the simplest and atom-economical approaches
for the introduction of sulfurated functionalities into organic frameworks. Particu-
larly for alkyne hydrothiolation, the control of chemo-, regio-, and stereoselectivity
still constitutes a motivating challenge. In this context, rhodium complexes have
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Fig. 31 Regioselectivity in rhodium-catalyzed alkyne hydrothiolation

been revealed as chameleonic species able to direct the regioselectivity upon subtle
tuning of the ligands [126—146]. The established mechanisms for this transforma-
tion can be mainly divided into oxidative and non-oxidative processes (Fig. 31).
The more common route starts by oxidative addition of the S—H bond of the thiol to
the metallic precursor. Then, the alkyne can insert into Rh—H or Rh—S bonds with
two orientations generating four catalytic pathways. Finally, the C-S reductive
elimination step affords a- or P-E-vinyl sulfides. Alternatively, a non-oxidative
mechanism entails the deprotonation of the thiol to generate a Rh—thiolate species.
Then, alkyne insertion and protonolysis by an external thiol afford the
corresponding vinyl sulfides. As clearly arising from Fig. 31, the complexity of
the process needs for a rational design of the catalysts in order to obtain the desired
regioselectivity. In general, the insertion of alkynes into metal-hydride bonds is
favored compared to that into metal—thiolates, and 1,2-insertion is preferred over
2,1-insertion, but the metal environment can play an essential role in reversing this
trend. Indeed, in some circumstances reductive elimination could be rate limiting;
thus the mode of insertion plays a minor role.

The first use of rhodium catalysts for alkyne hydrothiolation was reported by the
Ogawa’s group [126]. The Wilkinson catalyst RhCI(PPh3); led predominantly to
the formation of B-E vinyl sulfide. The mechanism was studied by stoichiometric
NMR experiments (Fig. 32). The first step consists in the oxidative addition of
thiophenol to form trans-HRhCI(SPh)(PPhsz),. Subsequent 1,2-insertion of
1-dodecyne into rhodium-hydride bond yields a stable p-E-metal-alkenyl that
undergoes reductive elimination with the thiolate ligand to generate a lineal vinyl



58 A. Di Giuseppe et al.

Fig. 32 Catalytic cycle for PhSH PPh,
the formation of B-E vinyl RhCI(PPhs), N C'\J‘h
sulfides proposed for - PPhy b R—==
Wilkinson’s catalyst r PPha
=/
Tpn,
cl
\ ‘Tn
R/_/Pph.

sulfide. Furthermore, Love et al. have also demonstrated that alkyne insertion takes
place into the metal-hydride bond, thereby ruling out a possible competing
vinylidene-based pathway [127]. Wilkinson’s catalyst is also effective in the
oligomerization and polymerization of dithiols with dialkynes [128, 129]. Supported
variants based on RhCI(PR3); have also been described [130, 131].

Messerle and coworkers disclosed in 2003 that neutral and cationic thodium
complexes bearing P,N and N,N ligands may act as efficient catalysts for alkyne
hydrothiolation (Fig. 33) [132]. The best results were obtained for cationic com-
plexes having P,N bidentate ligands which showed complete selectivity for the E/Z
anti-Markovnikov vinyl sulfide products. Mechanistic studies point to a catalytic
cycle initiated by oxidative addition of the thiol to generate hydride—thiolate
species followed by alkyne insertion into the hydride ligand. The formation of
Z-B-vinyl sulfide would require an isomerization of metal-alkenyl intermediates
prior to reductive elimination step.

The Love’s group contributes to field with an important landmark in 2005
[133]. In contrast to the previous assessment that group 9 transition-metal-based
catalysts induce anti-Markovnikov selectivity, these authors elegantly showed that
a reverse selectivity could be obtained by hydrotris(3,5-dimethylpyrazolyl)borate
(Tp*) rhodium precursors. Furthermore, Tp*Rh(PPh;), complexes are very active,
particularly with the previously unreactive aliphatic thiols, and display broad scope,
tolerating a wide range of functional groups such as amines, ethers, nitriles, or
silanes. The nature of the Tp moiety was found to be essential for the catalytic
activity. Thus, the bis(pyrazolyl)borate precursor found to be less effective than the
tris(pyrazolyl)borate analogs, indicating that a k>-coordination of the ligand should
play an important role. Although the full mechanism has not completely been
determined, the authors suggest a 1,2-insertion of the alkyne into Rh—S bonds as
a key step for selectivity (Fig. 34) [134]. A year after the seminal report of Love’s
group, Mizobe and coworkers showed that the related precursor Tp*Rh(coe)
(NCMe) promotes the hydrothiolation of benzyl and phenylacetylene with
thiophenol [138]. In this case, a slightly different mechanism was proposed. A
double addition of thiol with concomitant release of molecular hydrogen generates
a dithiolate—rhodium complex as the active species. The insertion of the alkyne into
a Rh-S bond is therefore the only possibility, thus generating branched vinyl
sulfides by subsequent protonolysis. Reactivity studies and the X-ray structural
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Fig. 34 Proposed catalytic cycles for Tp*Rh precursors leading to Markovnikov-vinyl sulfides

characterization of a rhodium-alkenyl-thioether intermediate strongly support the
mechanistic proposal.

Markovnikov selectivity in the formation of vinyl sulfides by alkyne
hydrothiolation is also obtained with dinuclear rhodium-phosphino-carbonyl cata-
lysts (Fig. 35) [139]. The reaction can be performed in a mixture of THF/water due
to the presence of water-soluble phosphines and is possible to recycle. These results
are in stark contrast with those obtained for related monomeric catalysts described
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by Messerle (see above). Kinetic measurements indicate that the dinuclear species
maintain its entity and the bridges are not cleaved during the catalytic process.
Deuterated experiments demonstrate a syn-addition of the thiol over the alkynes.
The authors propose a 1,2-insertion of the alkyne into the rhodium thiolate bond
generated by oxidative addition as responsible for the branched selectivity.
Allenes can also participate in rhodium-mediated hydrothiolation reactions. The
approach furnishes a-chiral sulfides and sulfones which are valuable building
blocks in organic synthesis [140, 141]. The catalytic system composed of [RhCl
(cod)], and a chiral phosphine showed higher enantioselectivity for the addition of
the sulfur atom to the more substituted carbon of the allene (Fig. 36). Subsequent
oxidation affords the chiral sulfones in high yield. Based on deuterium-labeled
experiments, the authors propose an initial oxidative addition of the thiol and
subsequent hydrometalation of the more substituted double bond of the allene.

Ligand-Controlled Selectivity in Rh—-NHC Catalysts

Our group has recently disclosed that rhodium(I)-N-heterocyclic carbene (NHC)
catalysts efficiently perform alkyne hydrothiolation under mild conditions
[143]. Substitution of a phosphine by a N-heterocyclic ligand in Wilkinson’s catalyst
resulted in the stabilization of the active species although with slight reduction of
initial rate for thiophenol addition to phenylacetylene at room temperature (Fig. 37).
Conversion with RhCI(PPhs); reaches 80% with a TOF 2 of 300 s~ !, whereas 99%
of conversion was observed for RhCI(IPr)(PPhs), but displaying 55 s~ ! of TOF .
Selectivity outcome also changed. The amount of a-vinyl sulfide was increased by
the introduction of the carbene moiety. Other Rh—NHC complexes were tested as
catalyst for this transformation. The free-phosphine dinuclear catalyst [Rh(p-Cl)
(IPr)(nz—ethylene)]z surpassed the activity of Wilkinson’s catalyst maintaining the
stabilizing effect of carbene. Full conversion was obtained after 1 h with anti-
Markovnikov vinyl sulfide preference. The introduction of mononuclear pyridine
complex RhCl(IPr)(nz—coe)(py), obtained by bridge cleavage with the nitrogenated
ligand in the dinuclear precursor, remarkably increased the selectivity toward the
Markovnikov-type adducts up to 91%, although with a decrease of activity. Indeed,
both selectivity increment and activity decrease were magnified by addition of ten
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Fig. 37 Introduction of a NHC ligand into rhodium catalysts

equivalents of pyridine to the catalytic precursor. The catalyst was totally inactive in
neat pyridine. The use of other nitrogenated bases does not result in an increase of
selectivity, indicating that the role of pyridine is played in coordination with the
metallic center. Antiradical additives do not affect catalytic outcome thus excluding
radical processes as responsible for catalytic activity.

In order to shed light into the pyridine effect over selectivity in Rh—NHC-based
catalysts, stoichiometric experiments and theoretical DFT calculations were
performed. The first step consists in the oxidative addition of the thiol to form a
hydride—thiolate—rhodium species. This type of intermediate was not possible to
detect in the absence of pyridine. Then, rate-determining 1,2-alkyne insertion into
R-S bond takes place to finally afford the Markovnikov thioether after reductive
elimination. A likely explanation for the “pyridine effect” is as follows: the
sterically hindered and strongly electron-donating NHC ligand directs the coordi-
nation of the pyridine trans to it, consequently blocking coordination of the alkyne
in this position. Simultaneously, the trans influence of the hydride paves the way to
a cis thiolate-alkyne disposition, which subsequently gives rise to the branched
vinyl sulfide regioisomer. The absence of pyridine allows the alkyne to coordinate
in the preferred site trans to IPr position, and therefore subsequent unselective
migratory insertion into hydride or thiolate can occur (Fig. 38).

As previously discussed, the dinuclear precursors of type [Rh(p-ClI)(NHC)(n*-
olefin)], favor the formation of linear thioethers, whereas the selectivity is switched
toward branched gem-vinyl sulfides by the mononuclear catalyst RhCI(NHC)(pyr-
idine)(n-olefin). An equilibrium between both types of precursors is established
rendering the concentration of pyridine essential for the control of regioselectivity.
We hypothesized that the equilibrium shift to the mononuclear species by using a
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chelate ligand would increase Markovnikov selectivity. Thus, we design a next
generation of catalyst bearing a quinolinolate ligand (Fig. 39) [144]. The catalytic
activity is lower, as observed in the aforementioned systems by the addition of
pyridine. Selectivity to a-vinyl sulfides of the quinolinolate-based catalysts is high
(74-80%), but, unfortunately, lower than expected. Notably, the addition of pyri-
dine results in an increase of the selectivity up to 97%.

Theoretical DFT and experimental results revealed that a different mechanism is
operative for the quinolinolate-based catalysts with regard to pyridine systems. The
first step is similar for both, the oxidative addition of the acidic thiol. Then, each
catalyst takes different routes but reaching the same goal, the branched vinyl sulfide
(Fig. 40). Pyridine catalysts undergo 1,2-thiolate insertion with migratory insertion
as rate limiting, whereas quinolinolate species evolve by hydride insertion with
reductive elimination as rate limiting. These facts exemplify how subtle changes in
catalytic structure may result in complete change in the operative mechanism
although arriving to the same final result.

The fact that the presence of pyridine as additive is essential in quinolinolate
catalysts to reach high selectivity is intriguing. In contrast to RhCl(IPr)(nz—oleﬁn)
(py) precursors, alkenyl intermediates resulting from alkyne insertion into hydride
bond can be detected for quinolinolate-based catalysts (Fig. 41). However, we
observed that pyridine coordinates to linear alkenyl but not to the bulkier branched
one, thus disfavoring the reductive elimination of anti-Markovnikov thioether and
therefore increasing Markovnikov selectivity.
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Another approach for enhancement of Markovnikov selectivity is the
non-oxidative strategy depicted in Fig. 31. A deprotonation of the thiol eliminates
the hydride moiety; therefore only the insertion over R-S bond is operative. We
have designed dinuclear Rh—NHC precursors bearing hydroxo bridges as internal
base able to achieve this task (Fig. 42) [145]. As anticipated, these catalysts display
a high selectivity (up to 94%), but a decrease of activity is observed.
Low-temperature experiments allow for detection of the square-planar Rh'-thiolate
intermediate. Nevertheless, as a consequence of the tendency of pyridine to coor-
dinate frans to IPr [146], both thiolate and alkyne are mutually trans disposed;
therefore insertion step is limited, making this intermediate inactive. However,
these species undergo a subsequent thiol addition to generate hydride—dithiol-Rh™
species that can evolve in similar pathways that pyridine catalysts do, thus
displaying high Markovnikov selectivity.

In view that the non-oxidative mechanism is not operative for Rh-pyridine
precursors because of oxidation to Rh™ by the free thiol used as a substrate, we
envisage that the introduction of a m-acceptor carbonyl group would reduce this
step. Indeed, a pyridine moiety gives stability and flexibility to the catalytic system.
With these prerequisites established, we chose a 2-hydroxymethylpyridine-Rh-CO
catalyst as suitable candidate for improving selectivity (Fig. 43). This precursor
displayed the higher selectivity within the family of Rh—NHC catalysts [144]. The
catalytic activity is reduced at room temperature, but 98% of conversion was
attained at 50°C. The effect of the carbonyl ligand, in addition to reduce Rh™
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oxidation by the thiol, favors a thiolate to alkyne cis disposition; therefore the
migratory insertion, as the w-acceptor ligand, prefers to coordinate cis to carbene in
contrast to pyridine that prefer trans coordination.

As showed above, the introduction of a NHC ligand into rhodium precursors has
provided a fruitful family of alkyne hydrothiolation catalysts. The particular
estereoelectronic properties confer stability to active species that result in an
enhancement of catalytic activity. The different pathways available for this trans-
formation render the rational design of the ligands essential for controlling selec-
tivity. An in-depth knowledge of the precise mechanism has allowed this task to be
achieved successfully. Further work is necessary in order to apply the insights
gained for this model system to other hydrofunctionalization reactions.
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Tandem Rhodium Carbonylation Reactions

Philippe Kalck and Martine Urrutigoity

Abstract This review presents the recent advances in the rhodium-catalyzed tan-
dem carbonylation reactions involving in the main step the hydroformylation. Such
reactions open huge opportunities in synthetic chemistry, since they offer a general
efficient strategy to synthesize building blocks for fine chemistry, starting from
abundant and low price substrates and avoiding the formation of substantial amounts
of by-products. This atom-efficient tandem reaction approach shows that rthodium
has a privileged place in the CO chemistry, not only to perform the hydroformylation
reaction but also to functionalize the aldehyde function in a one-pot process.

Keywords CO chemistry ¢ Rhodium ¢ Tandem reactions involving
hydroformylation
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1 Introduction

Carbon monoxide has been shown to be a powerful building block to functionalize
organic products, and the two main organic products obtained by carbonylation are
acetic acid (11 million tons per year, 11 MT/y) from methanol [1] and aldehydes by
hydroformylation of alkenes (12 MT/y) [2, 3]. The initial hard conditions of
catalysis, especially the high pressures required by the cobalt carbonyl complexes,
have been replaced by milder conditions due to the development of rhodium
complexes whose the coordination sphere is sufficiently sophisticated to reach
high reaction rate, chemoselectivity, and regioselectivity. Moreover, the modern
recycling processes are efficient enough to avoid the loss of this precious metal and
to have industrial units with capacities as high as 500 kT/y.

As the major problems in chemical synthesis are the handling of wastes, the
search for efficient procedures, and the preservation of resources, many efforts have
been devoted to improve the efficiency of the reaction, operating in one sequence, in
the absence of isolating the intermediates [4]. This strategy of cascade reactions
[5, 6] has been expanded until the synthesis of a given product mimics the principles
of biosynthesis, including asymmetric reactions to perform natural product synthesis
[7] for advancing the drug discovery and development process [8]. Using tandem
(or domino) reactions, two or more bonds are produced, under identical conditions,
leading to the formation of more complex molecules in an economic approach,
especially since unstable intermediates are immediately transformed [9].

Due to their high reactivity, aldehydes have been also largely used in organic
synthesis since they can be easily transformed into alcohols, amines, carboxylic
acid derivatives, acetals, etc. The tandem reaction sequences under the
hydroformylation reaction conditions have been largely explored in the 1990s,
and the Eilbracht’s reviews give an interesting view of the performances of the
first catalytic systems able to combine hydroformylation reaction and in a second
sequence C-H, C-O, C—C bond formations [10, 11].

This chapter is devoted to the rhodium-catalyzed tandem carbonylation reac-
tions, involving in the first step the hydroformylation of an alkene. Then, the
produced aldehydes are generally transformed in a tandem reaction to yield impor-
tant chemicals for organic synthesis. A second reagent or a second catalytic cycle
operates, starting from the aldehyde as shown in Scheme 1.

1.1 Rhodium-Catalyzed Hydroformylation: Generalities

The hydroformylation reaction of an alkene mainly involves the [Rh(H)(CO),L,]
precursor in which L is a phosphorus-containing ligand and more interestingly L, a
bidentate ligand. Under the reaction conditions, this resting state produces the [Rh
(H)(CO)L,] square-planar active species, which coordinates the alkene substrate
(RCH=CH,). Transfer of the hydride ligand to one carbon atom of the C=C double
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Scheme 1 General feature of the tandem hydroformylation/second functionalization reaction
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Scheme 2 Main steps for the hydroformylation of an alkene into the corresponding linear and

branched aldehydes (the Rh(CO)(PE) framework has been reduced to [Rh] for the branched
isomer cycle)

bond, coordination of one CO ligand followed by the migratory CO insertion in the
alkyl chain, and then oxidative addition of dihydrogen give rise to the last inter-
mediate of the catalytic cycle [Rh(H),(COCH,CH,R)(CO)L,]. Release of the
aldehyde by reductive elimination of one hydride and the acyl group regenerates
the active [Rh(H)(CO)L,] species.

Scheme 2 shows the main steps of the hydroformylation reaction, in which a
diphosphine ligand is coordinated to the rhodium metal center. In chapter Rhodium
catalyzed hydroformylation (Carmen Claver), this reaction is detailed, particularly
the parameters which govern the chemo-, the regio- and even the stereoselectivity
of the reaction. The two catalytic cycles giving rise to the linear and the branched
aldehydes are represented in two parallel ways. The discrimination between the two
isomers arises in the step where the nucleophilic attack of the hydride ligand to the
C, or C, carbon atoms of the coordinated C=C double bond occurs, from the &~
hydride charge induced by the two phosphorus atoms bonded to the rhodium metal
center.
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2 Isomerization-Hydroformylation

Instead of using terminal alkenes to produce aldehydes, preferably the linear ones in
bulk chemistry, it is tempting from an economical point of view to start from
internal alkenes or most of the time a mixture of terminal and internal alkenes
such as found in Raffinate II (1-butene 64%, (Z)-2-butene 9%, (E)-2-butene 16%,
traces of isobutene) after extraction of butadiene and isobutene from the C4 cut
[12]. The tandem isomerization-hydroformylation reaction avoids to perform the
separated isomerization reaction, since the thermodynamic mixture contains only
around 5% of the terminal alkene. With an appropriate rthodium catalyst, which
presents a high activity and selectivity for the hydroformylation of a terminal
alkene, the tandem reaction is an elegant way to end up with terminal aldehydes
[13, 14]. As previously stated [15], (1) the hydroformylation of the terminal C=C
bond has to be fast compared with that of the internal one, (2) the isomerization rate
must be fast compared to all hydroformylation reaction rates, and (3) the n/i ratio
must be very high. Scheme 3 shows the two catalytic cycles in which the crucial
connection line between the two catalytic cycles is the f-H elimination from the
branched alkyl rhodium species to generate the terminal alkene coordinated to the
metal center and the rapid formation of the terminal alkyl ligand through the
hydride transfer onto the C; carbon atom. A diphosphine ligand has been
represented on Scheme 3 since monophosphine ligands provide less attractive
results in terms of selectivity for the terminal aldehyde starting from an internal
alkene [16].

( P H ‘\(
RH
¥ o p —Rh—L R CHO

OHC

>

X

Scheme 3 Tandem isomerization of an internal alkene and hydroformylation into a terminal
aldehyde
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2,7-di-n-hexyl-9,9-dimethyl-4,5-
bis(10-dimethyl-phenoxa-
phosphino)xanthene (123.1°)

Dibenzophosphole- Dibenzophosphole-
Thixantphenoxaphos (111.8°) Nixantphenoxaphos (128.9°)

Scheme 4 Three crowded diphosphine ligands leading to a 96% selectivity in linear nonanal
starting from (E)-oct-2-ene (from Refs. [18, 19])
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Scheme 5 Naphos, Iphos, and its difluoro- or trifluorophenyl analog ligands

The introduction of bulky chelating diphosphine ligands, with natural bite angles
of around 112 and 129° [17], such as the two ligands drawn in Scheme 4, leads to
performances comparable to those obtained early at an industrial scale [13]. At a
low CO/H, pressure of 3.6 and even 2 bar and 120°C to enhance the rate of
isomerization, it is possible to reach a highly selectivity in the isomerization-
hydroformylation of (E)-oct-2-ene into nonanal, although a modest turnover fre-
quency is observed [18].

Using the 2,7-di-n-hexyl-9,9-dimethyl-4,5-bis(10-dimethyl-phenoxaphosphino)
xanthene ligand largely more soluble (118 mmol L"), kinetic studies reveal that
for pent-2-ene, the reaction order is 0.6 in its concentration, consistent with a fast
and reversible alkene coordination, and a —0.5 order in the CO pressure, indicative
of a slow migratory CO insertion step justifying the use of low CO pressures (2—
8 bar) [19]. Hydroformylation of pent-2-ene catalyzed by the [Rh(acac)(CO),]/
Naphos system at 120°C and 10 bar provides a n/iso ratio of 89:11, although with
modest reaction rates (TOF =138 hfl) [20]. The Iphos ligand (Scheme 5)
containing electron-withdrawing substituents leads to significantly a more active
and a selective catalyst, since but-2-ene and pent-2-ene give a 91:9 n/iso ratio with
66—68% yields, under the same conditions [20]. The performances are, respec-
tively, 86:14 and 51% for oct-2-ene.

Using the 2,2'-bis(dipyrolylphosphinooxy)1,1’-binaphthyl bulky phosphinite
chelating ligand (Scheme 6) combined to the [Rh(acac)(CO),] complex, but-2-
ene is transformed into n-pentanal at 120°C, 25 bar, with conversion of 90.5% in 6 h
and regioselectivity n/iso =95:5 obtained [21].
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Scheme 6 2,7-di-n-hexyl-9,9-dimethyl-4,5-bis(10-dimethyl-phenoxaphosphino)xanthene from
Ref. [21] and Biphephos from Ref. [13]

Sulfonated Naphos, which is a mixture a sodium salts of different regioisomers
with a 6-8 sulfonation degree of the phenyl groups between 6 and 8, so-called Binas
[22, 23], allows to perform the reaction in a biphasic water system [24]. It is
necessary to adjust the pH of the water phase to 7-8 with phosphate buffer in
order to obtain a 72-73% yield Cg4 aldehydes starting from pent-2-ene and a n/iso
regioselectivity of 99:1. The same performances are reached by addition of amines
in water such as triethanolamine or triisooctylamine, showing that the increase in
the reactivity is due to the adjustment of the pH and not to the transfer of the catalyst
in the organic phase [24].

Performing the isomerization-hydroformylation of oct-4-ene to obtain n-nonanal
in propylene carbonate instead of toluene, in the presence of [Rh(acac)(CO),] and
five equivalents of the Biphephos diphosphite ligand (2,2'-bis[(2,2'bisphenoxy)
phosphino]-oxy-3,3’,5,5 -tetra-tert-butyl-1,1’-biphenyl) (Scheme 6) at 125°C and
20 bar, provides 95% selectivity in n-nonanal [25]. Five runs can be performed,
leading to the same catalytic performances. This reaction can be operated in a
temperature-dependent multicomponent system (TMS) to suppress the catalyst
leaching. For instance, with a cyclic carbonate/N-octyl-pyrrolidone/n-dodecane
system, which gives only one phase at 125°C but two phases at room temperature,
the conversion of (E)-oct-4-ene is 99%, with a 80% regioselectivity in n-nonanal,
the leaching in rhodium is <0.1% and in phosphorus of 0.6% [26]. This tandem
reaction applied to methyl oleate, with an original diphosphite ligand leading to the
eq,eq-[Rh(H)(CO),L,] precursor, allows to isomerize the C=C double bond in
9-position to give 75% of linear aldehyde selectivity [27].

The difluorophenyl analog of Iphos (Scheme 5) gives 94:6 n/iso ratio and 59%
yield for pent-2-ene, and the trifluorophenyl analog (Scheme 5) gives 94:6-95:5
and 61-74% for both but-2-ene and pent-2-ene and even 70:30 and 41% after 31 h
for oct-2-ene [20]. The unsymmetrical ligand of Scheme 7a is able to give rise to
69% of n-nonanal starting from a mixture containing 94% internal alkenes with
high reactivity since the TOF is 4,448 h~!at 130°C and 20 bar [28].

The tetraphos ligand (R=H of Scheme 7b) added to [Rh(acac)(CO),] in a ligand/
metal =3:1 ratio appears as particularly efficient, presumably because of its
enhanced chelating ability with regard to diphosphine ligands [29]. Indeed, at
100°C and 10 bar of a CO/H, gas mixture for 1 h, nfiso =98:2 ratio is obtained
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Scheme 7 Unsymmetrical diphosphite ligand (from Ref. [28]) and tetraphos ligands (from Refs.
[29-31])

with a 1,500 turnover number (TON) for oct-2-ene and for hex-2-ene 98.8:1.2 and
TON=1,700. Introduction of CI, Me, Et, Ph, tolyl, and pFPh substituents in the
3,3',5,5 positions (R£H) still increases the efficiency of this isomerization for these
two substrates [30]. Similarly the tetraphosphine ligand based on a biphenyl
backbone (Scheme 7c) gives regioselectivities close to 99:1 at 120°C, 5 bar, for a
L/Rh=4 ratio, particularly when the Ar group is the electron-withdrawing
3,5-F,CgH; substituent [31]. Analog bidentate phosphite ligands containing two
bisphosphoramidite entities bound to a spiroketal backbone provide the
isomerization-hydroformylation of but-2-ene and oct-2-ene with regioselectivities
close to 95-97% and TONSs as high as 27,000. The X-ray crystal structure of
the [Rh(acac)L,] complex, as well as infrared and 4, 3'P NMR analyses of the
[Rh(H)(CO),L,] in situ prepared show that the P-Rh-P bite angle is 94.7°, and the
phosphorus atoms occupy two equatorial positions of the trigonal bipyramid [32],
as already shown for the 1,1’-biphenyl-2,2'-diyl-bis(dipyrolylphosphoramidite)
ligand [33]. Similar high-pressure NMR spectroscopic data on rhodium-crowded
bidentate diphosphites are consistent with an energetically preferred bis-equatorial
mode of coordination in the trigonal-bipyramidal [Rh(H)(CO),L,] resting state and
being efficient in this tandem reaction [34, 35].

3 Hydroformylation-Hydrogenation

Alcohols, particularly linear alcohols, have broad applications as solvents and raw
materials for plasticizers and detergents. Thus, the tandem hydroformylation-
hydrogenation reaction allows to directly synthesize the alcohol from an alkene,
provided a specific catalytic system leads to a high selectivity at a reasonable
reaction rate. In the early stages of the “oxo” reaction, the formation of alcohols
has been observed. The Shell process involving the [Co(H)(CO);(PBus)] catalyst
allows to produce directly butanol from propene at high temperature and pressure
[36]. Working under the mild conditions of Rh-oxo synthesis, patents claim that
(B-diketone)Rh [37] or [(n°-CsHs)Rh(CO)(PBus)] precursors [38] catalyze the
formation of alcohols. Starting from the [Rh(H)(PEt;);] precursor hex-1-ene is
fully transformed into heptanol at 120°C and 40 bar CO/H, = 1:1 in ethanol, or
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an alcoholic solvent, with an initial TOF of 2,300 h™! and the n/iso ratio ca 2.8:1
[39, 40]. Using D,-CO labeling studies, '"H and *'P NMR analyses allow to identify
the [Rh(H)(CO)(PEt3),] active species. They are consistent with the protonation of
the acyl intermediate by ethanol to generate an hydroxycarbene-rhodium species
which reacts with H, to provide after reductive elimination the final alcohol
(Scheme 8) [40].

The introduction in the coordination sphere of rhodium of Xantphos-type ligands
immobilized on silica (Scheme 9) transforms oct-1-ene into n-nonanol with 90%
selectivity in the linear alcohol [41]. The reaction is carried out in toluene, since it
simultaneously involves the two species [Rh(polySil-Xantphos)(CO)]" and [Rh(H)
(CO),(polySil-Xantphos)]. In n-propanol solvent, the hydrogenation activity is
suppressed and 93-95% of linear aldehyde are obtained, presumably by
deactivating the acidic silanols on the silica surface. By comparison the complex
[Rh(H)(CO),(Xantphos)] is active for the hydroformylation reaction with around
25% of hydrogenation of oct-1-ene into octane, whereas the cationic [Rh(CO)
(Xantphos)]"[CF;COO0)]~ complex is active for the hydrogenation of nonanal.

The large bite angle Me-Bisbi ligand (Scheme 9) is interesting since, added to
[Rh(acac)(CO),], the resulting catalytic system in ethanol gives 97% of the Cy;
alcohols from dec-1-ene with a n/iso = 80:20 ratio at high temperature of 170°C
[42]. The simultaneous use of PEt; and the wide bite angle diphosphines such as
Xantphos or Diop with [Rh(acac)(CO),] leads to a mixed complex very efficient to
do this tandem reaction and to obtain heptanol from hex-1-ene in 90% yield with
n/iso = 99:1 ratio. Similar performances are observed with oct-1-ene and dec-1-ene,
as well as allyl alcohol providing butanediol [43].

This strategy of the cooperative ligand system is adopted to define the best
catalytic tool able to perform the two distinct hydroformylation and hydrogenation
reactions with high selectivity. Indeed, the simultaneous addition of 6-di(p-
fluorophenyl)phosphanylpyridone and  acylguanidyl-pyrrolyldi( p-methoxy)
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Scheme 11 The two key steps in the decarboxylative hydroformylation-hydrogenation reaction of
o,fB-unsaturated carboxylic acids using two supramolecular bifunctional ligands (from Ref. [45])

phenylphosphine (1:1) (Scheme 10) to [Rh(acac)(CO),] leads to an efficient cata-
lytic system to gain alcohols with 95% conversion and n/iso = 96:4 regioselectivity
[44]. A wide range of substrates were evaluated and selectively transformed under
the same operating conditions (20 bar, 80°C, toluene, 24 h). The acylguanidyl
ligand is responsible for the hydrogenation step, and it is suggested that two NH
bonds interact with the aldehyde to favor the Rh-H transfer to reduce the carbonyl
group into the alcohol (Scheme 10).

Taking advantage of the recognition of functional groups by the acyl
guanidinium functionality, association of the two ligands of Scheme 11 is respon-
sible for the novel tandem decarboxylative hydroformylation-hydrogenation of
a,pB-unsaturated carboxylic acids [45]. In the key step, the C=C bond coordinates
to the rhodium metal center, whereas the guanidine group interacts with the two
oxygen atoms of the acidic function, to remove CO,; in the second key step, the
aldehydic function interacts with the guanidine group to assist the hydride transfer.

The tandem hydroformylation-hydrogenation reaction has been applied to the
isoprene substrate. Addition of a large excess (15:1) of the bis(diphenylphosphino)
ethane ligand (dppe) to [Rh(acac)(CO),] induces the classical 1,4-hydroformylation
of isoprene [46], but the next step is the hydrogenation of the C=C double bond to
synthesize 3-methylpentanal [47]. The reaction, performed in cumene at 100°C,
50 bar, and during 24 h, leads to 85% yield in the saturated aldehyde, and no alcohol
is detected [47]. The dppe role is also to induce the oxidative addition of dihydrogen
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to the 2,3-unsaturated acyl-rhodium intermediate leading to the conjugated unsat-
urated aldehyde, which is further rapidly hydrogenated.

4 Hydroformylation-Acetalization

As rthodium complexes, such as [RhCl,(MeCN){MeC(CH,Ph,);}][CF3S03], are
able to catalyze the acetalization of aldehydes or ketones under mild conditions
[48], the direct synthesis of acetals from an alkene by the tandem hydroformylation-
acetalization reaction is shown to be effective in the presence of [Rhy(-
p-OMe),(COD),]/10 PPh; at 60—90°C under 50 bar of a CO/H, = 1:1 gas mixture
[49]. A weak acid as pyridinium p-toluenesulfonate or camphorsulfonate is required
as well as 2,2-dimethoxypropane or triethylorthoformate to introduce the two alkoxy
functions. Thus 2,5-dihydrofuran, styrene, 5-methyl-hex-5-ene-2-one, or
vinylacetate are almost fully converted into the corresponding acetals (95-97%) [49].

The synthesis of the dirhodium complex bridged by a diphosphinite ligand
(Scheme 12) leads to a good catalyst for the tandem reaction of hex-1-ene in
methanol, operating at 30 bar, 80°C, for 8 h. It gives 99% selectivity in aldehyde
for 100% conversion, although the n/iso ratio is only 46:54 [50]. This reaction has
been extended with the same efficiency to styrene and its substituted analogs with
donating or withdrawing substituents and cyclopentene or cyclohexene.

Using the crowded diphosphite ligand drawn on Scheme 12 with [Rh(acac)
(CO),] results in 85% yield in acetals at 20 bar, 110°C, for 6 h, starting from
various allylbenzene substrates [51].

Introducing four equivalents of P(OPh); to the two dirhodium [Rh;{p-SCR,CH
(NH;3)*(COOH) },(CO)4][CF5S03], catalytic precursors (with R=H cysteine bridg-
ing ligand and R=Me, penicillamine) allows to obtain high yields of the acetals
starting from (1R4R)-isolimonene and (—)-f-pinene with triethylorthoformate
(Scheme 13) [52]. Glucal derivatives are similarly transformed into acetals using
the [Rh,(p-OMe),(COD),]/10 P(O-0-Bu'Ph); catalytic system (Scheme 13) [53].

The [Rh,{p-SCH,CH,(NHMe,) },(CO),(PPh3),][CF3S03], complex anchored
to a sulfonic exchange resin catalyzes this tandem reaction in methanol with a
small leaching of rhodium. Styrene is fully converted into dimethyl acetal, with ca
85% selectivity into the branched product [54]. Direct use of the RhCl3,3H,O/2 P
(OPh)j; catalytic system leads to high yields in the acetals corresponding to styrene

t-Bu
1 Cl
<,—Rh ™ /% f ? O f %
_P 0 ~pC \
Ph b

ph Ph

[bis(2,4-di-tert-butyl)penta

1,4-bis(diphenylphosphi benz
is(diphenylphosphinoxy)benzene erythritol]diphosphite

Scheme 12 Dirhodium precursor with a bridging diphosphinite ligand (from Ref. [50]) and [bis
(2,4-di-tert-butyl)pentaerythritolJdiphosphite (from Ref. [51])
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Scheme 13 Tandem hydroformylation-acetalization of isolimonene and p-pinene (from Ref.
[52]) and 3,4,6-tri-O-acetyl-p-glucal and related glucal derivatives (from Ref. [53])

and oct-1-ene, in methanol [55] but not in triethylorthoformate, which gives
exclusively aldehydes [56]. The Rh"™ precursor (RhCl3,3H,0) can be anchored
on mesoporous silica MCM-41 support, eventually in the presence of the
H3PW 1,040 heteropoly acid, that increases the yield of acetals to 92%, even if
the leaching of rhodium remains too high [57]. The cis-[Rh(CO),(amine),][PFg]
complexes, with amine being pyridine, picoline, or lutidine, transform hex-1-ene,
still in methanol, under 0.9 bar of only CO at 100°C, in similar quantities of the
methyl ester (by methoxycarbonylation) and the 1,1-dimethoxyheptane acetal,
dihydrogen being produced by the water-gas shift reaction [58]; the reaction can
be also performed with the cationic complex immobilized on poly
(4-vinylpyridine) [59].

Another immobilization method involves triphenylphosphine functionalized on
one phenyl in 4-position with a glycine group. The zwitterionic NH;*-CH,-COO~
group, allows to prepare a Bronsted acid-rhodium bifunctional catalyst to keep it in
an ionic liquid [60]. No significant loss of rhodium is observed during at least
12 recycling experiments for the hydroformylation-acetalization of oct-1-ene.

The [Rh,(p-OMe),(COD),]/P(0-0-Bu'Ph); catalytic system (P/Rh=20-50) is
largely more active than with the PPh; phosphorus ligand and allows to convert in
ethanol at 80°C and 80 bar (CO/H, = 1:1) a-terpinene, y-terpinene, terpinolene, and
limonene into the corresponding diethylacetals (Scheme 14) [61].

This procedure has been extended to the synthesis of other fragrance compounds
from acyclic monoterpenes such as linalool and f-citronellene [62]. Excellent
selectivity in the formation of the cyclic acetals from linalool is obtained. Two
cis- and trans-stereoisomers are formed, the cis- being the major isomer
(Scheme 15). For B-citronellene the reaction is less efficient since a mixture of
aldehydes and acetals is obtained whatever the experimental conditions explored.
This reaction is performed in ethanol with the bulky phosphite ligand in the absence
of additional acid cocatalyst under mild conditions.

As hydroformylation of unsaturated alcohols results in cyclic hemiacetals
[10, 62, 63], this tandem reaction has been explored on alkenediols, especially
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Scheme 14 Main acetal isomers obtained by hydroformylation of o-terpinene, y-terpinene,
terpinolene, and limonene with the [Rh,(u-OMe),(COD),]/P(O-0-Bu'Ph); catalyst in ethanol
(from Ref. [61])
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Scheme 15 The two cyclic acetals produced in ethanol by hydroformylation-acetalization of
linalool (from Ref. [62])

since active pharmacodynamic compounds such as aflatoxins possess a furo[2,3b]
skeleton [64]. Thus, operating with [Rh,(p-OMe),(COD),]/PPh; (P/Rh=6), at
120°C for 20 h under 60 bar of a CO/H, =3:1 mixture, pent-2-ene-1,5-diol as
well as hex-2-ene-1,6-diol, and some of their substituted analogs provides the
corresponding perhydrofuro[2,3b]furans or perhydrofuro[2,3b]pyrans through a
double acetalization-cyclization process (Scheme 16).

Concerning the mechanism of the acetal formation in methanol, especially in the
absence of acid added, several studies have shown that the [Rh(COD),][BF,] or
[Rh,(p-Cl),(COD),] precursors, in the presence of a diphosphine [65] or PPhs
ligand [66], as well as molecular hydrogen, are required to obtain a good acetal
selectivity. There is a cooperative effect between the rhodium complex and the in
situ formed acid HBF,4 or HCI. The hydroformylation is fast, for instance, the TOF
is 1,000 h™' with [Rh(COD),][BF,]/Xantphos at 30 bar and 110°C, and the
acetalization is the limiting step with a TOF =120 h™! [65].



Tandem Rhodium Carbonylation Reactions 81

Rl R2 Rl R2 H
W o R/ - R!
—_—
OH OH [Rh] R? \><R2

perhydrofuro[2,3b]furan
yields: R'=H, R?>=H 72%, R>=Me 55%
R!=R*-Me 48%

OH 0 Y
WOH CO/M, R! R?
R [Rh] R?

perhydrofuro[2,3b]pyran
yields: R'=H, R>=H 92%, R*=Ph 40%
R'=R>=Me 96%; R!-R*=~(CH,)s- 74%

Scheme 16 Tandem hydroformylation-acetalization of a,w-alkenediols into the corresponding
bicyclic acetals (from Ref. [64])
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Scheme 17 Stereoselective formation of a trisubstituted C=C bond by tandem hydroformylation-
Wittig reaction (from Ref. [68])

5 Hydroformylation-Wittig Olefination

The classical Wittig olefination results from the reaction of an aldehyde or a ketone with
a phosphonium ylide to synthesize an alkene, coproducing a phosphine oxide [67]. This
tandem reaction has been developed since the first demonstration reported that a
methallyl protected alcohol could react with PhP=CMeCOOEt or Ph;P=CMeCOMe
and be transformed into an o,p-unsaturated carbonyl derivative with 75-78% yields.
Moreover the attachment of the ortho-diphenylphosphanylbenzene (o-DPPB) group to
the alcohol function transforms the corresponding trisubstituted alkene with a high syn/
anti = 96:4 diastereoselectivity (Scheme 17) [68]. Due to the second stereogenic center
formed, the diastereoselectivity is controlled by the o-DPPB directing group in the
course of the hydroformylation reaction. The E-selectivity of the double bond is due to
the high E-preference of phosphorus ylides.

The success of this tandem reaction requires working with stabilized phosphorus
ylides.



82 P. Kalck and M. Urrutigoity

Ph,P=CHCOMe

o
i w
i RN“‘“
<MH
Hy

Hydroformylation Wittig olefination hydrogenation

Scheme 18 Tandem reaction involving hydroformylation-Wittig olefination and hydrogenation
of the unsaturated carbonyl compound
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Scheme 19 Two efficient dibenzophosphole and bisdiazaphospholane ligands used in the
hydroformylation-Wittig olefination tandem reaction (from Refs. [71, 72])

Saturated ketones (Scheme 18), still containing the o-DPPB group, are produced
with 70% yield and syn/anti =92:8 diastereoselectivity when the non-disubstituted
Ph;P=CHCOMe ylide is introduced in the one-pot reactor [68]. The third step is the
hydrogenation of the C=C double bond, catalyzed by the rhodium complex, as
shown by independent tests involving [Rh(H)(CO)(PPhs);] under H, [69]. In this
case the tandem hydroformylation-Wittig olefination-hydrogenation process is
realized.

The same catalytic system involving the Xantphos or Biphephos ligands allows
to obtain full conversions of N-protected allylamine into ca 85% o,p-unsaturated
carbonyl compounds using Ph;P=CHCOX (X=Me, OMe, N(OMe)Me) and to
reduce the amounts of the saturated ester to ca 15% [70]. Moreover, the reaction
with Biphephos can be carried out at 50°C and under atmospheric pressure of a
CO/H, = 1:1 gas mixture, allowing to obtain selectivity up to 98% in unsaturated
carbonyl compounds. Deprotection of the nitrogen atom by elimination of the
formyl or Boc group, followed by an intramolecular aza-Michael addition, gives
trans-2,5-disubstituted pyrrolidines with a 94-97% enantiomeric excess. The scope
of the reaction is done with a variety of allylamine derivatives. Various homoallylic
alcohols can be transformed in 7-hydroxyenoates at 3 bar of CO/H, = 1:1, 80°C, for
16 h with [Rh(acac)(CO),]/dibenzophosphol derivative (shown in Scheme 19),
which gives the most satisfactory chemo- and regioselectivity. The enoates can
be further cyclized through an oxa-Michael addition reaction to produce the
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Scheme 20 Hydroformylation-Wittig olefination sequences with the [Rh(acac)(CO),]/(S,S,S)-
bisdiazaphospholane catalytic system and the allyl-substituted (nBu);P=CMe(COOCH=CH,)
ylide (from Ref. [72])
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Scheme 21 Tandem hydroformylation-Wittig olefination of 9-acetoxy-Z-(2R)-8-nonene-2-ol into
patulolide acetate, transformed into (+)-patulolide C with Pseudomonas fluorescens lipase (from
Ref. [73])

corresponding cis-pyrans in 87-91% yields and excellent
diastereoselectivities [71].

An efficient enantioselective one-pot hydroformylation-Wittig olefination has
been designed to produce y-chiral a,p-unsaturated carbonyl compounds. The chiral
bis(diazaphospholane) ligand (Scheme 19) coordinated to rhodium transforms
vinylacetate into the branched aldehyde in the first step with an excellent
enantioselectivity (up to 99%) followed by the Wittig olefination with stabilized
ylides [72].

Multiple iterative hydroformylation-Wittig olefination sequences can be
performed with successive depressurization and repressurization steps to provide
an aldehyde from the diene intermediate obtained. Concerning the tandem reaction,
the aldehyde resulting from the sequential reactions with the vinylbenzoate sub-
strate and the (nBu);P=CMe(COOCH=CH,) ylide, leads to the 4-hydroxyvalerate
trimer with three unique stereocenters in a 17% isolated yield (Scheme 20) [72].

The patulolide C acetate macrolactone is synthesized by the same procedure
(Scheme 21) [73]. The 9-acetoxy-Z-(2R)-8-nonene-2-ol substrate, obtained by
acetoxylation of (2R)-8-nonyn-2-ol, is transformed at 14 bar of syn gas, at 50°C,
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for 24 h and then in the presence of the Ph;P=C=C=0 ylide into the corresponding
12-membered lactone, with complete E-selectivity. Deacetylation with a lipase
proceeds in quantitative yield to give (+)-patulolide C with a 97%
diastereoselectivity.

6 Hydroaminomethylation

As rhodium complexes are able to catalyze both the Hydrogenation [74] and
hydrogenation reactions [75] (cf. also part Hydroformylation-Hydrogenation of
this chapter), the hydroaminomethylation reaction (HAM), shown in Scheme 22,
has been significantly investigated and some reviews have recently appeared
[76, 77]. HAM represents an attractive atom economy reaction providing amines
from alkenes in a one-pot way. Moreover, the reactants are generally abundant and
cheap building blocks. This tandem reaction is composed of three successive steps.
Aldehydes produced by the first catalytic hydroformylation reaction react with
ammonia, or primary or secondary amines present in the medium, to afford the
corresponding imines or enamines. The linear aldehyde is largely more reactive
than the branched one in this condensation reaction. Most of the time, isomerization
between imine and enamine occurs, and hydrogenation of these two intermediates
in the second catalytic cycle results in the formation of the expected amines.

It is necessary to carefully control the design of the catalytic system in order to
have not only high chemoselectivity but also regioselectivity depending of the
branched or linear expected final amine. Indeed the hydrogenation reaction is the
rate determining step in HAM. Recently, it has been demonstrated that an equilib-
rium between the neutral [Rh(H)(CO),L,] and the cationic [Rh(CO)(X)L,]" species
exists to perform the two catalytic cycles [78]. Presumably, the neutral rhodium-
hydride species catalyzes the hydroformylation reaction, whereas the cationic
species performs the hydrogenation reaction. Instead of using simultaneously a
cationic and a neutral rhodium precursor in order to increase both catalytic activity
and amine selectivity [79], it is preferable to have an appropriate thodium system

/\/k H, (from H,/CO)
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H
R
: TN
'
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Scheme 22 The two catalytic cycles involved in the tandem hydroaminomethylation reaction
(only the linear products are represented)
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Scheme 23 Equilibrium between the neutral rhodium-hydride complex and the cationic square-
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Scheme 24 Catalytic cycle for the hydrogenation of an enamine (the active species is just
represented as [Rh]* for more clarity)

able to generate in situ the two catalytic active species which remain in equilibrium
(Scheme 23).

Scheme 24 is devoted to the R-CH=CH-NR R, enamine hydrogenation, show-
ing the main catalytic steps. Classically, the cationic active species, represented as
[Rh], reacts with dihydrogen by an oxidative addition reaction to give a dihydride
which coordinates the enamine. The hydride transfer, and then the reductive
elimination leads to the final amine, restoring the [Rh]™ active species.

To reach good yields in amines, this tandem reaction is generally performed in
the 90-130°C temperature and 30-60 bar of CO/H, range. These operating condi-
tions are somewhat more severe than those for the hydroformylation reaction
consistent with a rate determining step for the hydrogenation reaction of imines/
enamines. The CO/H, composition generally varies from 1:1 to 1:5 depending on
the experimental procedures.

In the following part, we analyze the various performances of the catalysts
according to the nature of the alkene and in some cases that of the amine, giving
the most attractive performances.
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6.1 Hydroaminomethylation of Terminal and Internal
Alkenes

With an efficient catalytic system, the hydroformylation reaction quickly proceeds,
especially for the terminal alkenes, so no isomerization of the C=C double bond
occurs. Thus the two linear and iso- (on the C2 carbon atom) aldehydes are formed,
and after hydrogenation of the enamines/imines, the n- and iso-amines are pro-
duced. However, for most amines the two isomers possess similar physical prop-
erties, making their separation difficult for obtaining pure products. Many efforts
have been made to adjust the coordination sphere of the catalyst in order to reach
regioselectivities as high as 98:2 to obtain directly the linear isomer. This goal has
been achieved by using diphosphine ligands. Indeed, whereas triphenylphosphine
generates the [Rh(H)(CO)(PPhj;);] resting state and gives rise to a 86:14 n/iso ratio,
the use of the Xantphos ligand (Scheme 9) and [Rh(COD),]BF, precursor combines
not only the quantitative conversion of different terminal alkenes but also the fast
hydrogenation of the enamine/imine (ca 97%) and a high 98:2 n/iso ratio [80]. The
conditions are CO/H, = 7:33 bar, 125°C, and 5 hin a 1:1 toluene/methanol mixture.
Using these two solvents allows to suppress the formation of N-formylpiperidine
which is produced in pure methanol up to 15%. Introducing the [Rhy(-
p-Cl),(COD),] or [Rh(acac)(CO),] precursors with four equivalents of Xantphos
ligand gives a lower selectivity in amines (94 and 90%, respectively). In addition
the two dppe 1,2-bis(diphenylphosphino)ethane and Iphos diphosphines (Scheme 5)
give rise to less interesting performances even if Iphos leads to n/iso ratio of 99:1.
This latter ligand combined with [Rh(acac)(CO),] proves to be a powerful catalyst
to the one-pot synthesis of hydrazones from terminal alkenes and hydrazines since
at 65°C under 10 bar CO/H, (1:1), the alkenes are converted in 16 h into the
expected hydrazones with selectivities ranging from 85 to 99% and n/iso ratios of
99:1 except for functionalized alkenes (88:12-98:2) [81]. Moreover, it is possible,
after catalysis, to add four equivalents of ZnCl, to the crude reaction mixture for
obtaining by heating for several hours the corresponding indoles. Starting from
pent-1-ene or allyl phenyl ether and N-phenylhydrazine, excellent yields of 80—
85% and n/iso =99:1 regioselectivity are obtained [81].

The [Rh(COD),]BF,/Xantphos catalytic system was explored for various
alkenes under the following conditions: 60 bar (CO/H, =10:50) and 95°C for
12 h. The HAM reaction starting from pent-1-ene and piperidine, morpholine,
thiomorpholine, N-benzylpiperazine, dimethylamine, and aniline produces the
corresponding amines with the hexyl fragment. The same reaction from pent-1-
ene and the primary hexylamine generates dihexylamine and, with this latter amine,
the trihexylamine. For all these substrates, the conversions and chemoselectivity as
well as the regioselectivity (98:2-99:1) are very attractive. The piperidine reactant
has also been used with hex-1-ene, oct-1-ene, and various substituted alkenes. In all
these experiments, the performances are high for the three selectivity
parameters [80].
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Scheme 25 Hydroaminomethylation of N-methylallyloxazolidinone (adapted from ref [82])

Due to the presence of their N-O functional groups, chiral amino alcohols are
useful vectors to assist catalysis by chiral recognition and combinatorial approach.
They can be obtained by hydrolysis of oxazolidinone moieties in which the amino
alcohol is protected. Following this strategy, N-olefinic oxazolidinones (R = Ph,
CH,Ph, i-Pr) have been used to perform HAM with various amines.

As shown in Scheme 25, the reaction with morpholine, piperazine, and urea
gives the corresponding amines with high yields (79-95%) and total
regioselectivity. However no chiral induction is observed during the
hydroformylation step or the reduction of the imines/enamines [82]. The catalytic
[Rhy(p-Cl1)2(COD),] precursor operates at 120°C and 60 bar (CO/H,=1:1) in
dioxane for 48—72 h. This reaction can be extended to tris(aminoethyl)amine, N
(CH,CH,NH,;);, providing after 120 h the formation of the corresponding dendritic
polyamines containing 6 oxazolidinone (no s) moieties. The same reaction involv-
ing N-allyloxazolidinone requires the use of the [Rh(acac)(CO),]/Biphephos
(cf. Scheme 6) catalytic system to obtain the linear aldehyde in n/iso=87:13
regioselectivity in dioxane at 50°C under 20 bar (CO/H, = 1:1) for 48 h. In a second
step, the reductive amination of the aldehydes is performed after adding piperazine
or 1-(3,5-bis(piperazin-1-yl)methylbenzyl)piperazine and repressurizing under
60 bar (CO/H, = 1:5) to obtain the two dendritic polyamines. Their hydrolysis
leads to the two corresponding aminoalcohols. These chiral aminoalcohols are
used as ligands for [RuCl,(p-cymene)], catalytic precursor in the asymmetric
hydrogen transfer reaction [82].

The [Rh(acac)(CO),]/Biphephos system also catalyzes the reaction of 2-methyl-
3(prop-2-en-1-yl)quinazolin-4(3H )-one with arylhydrazines at 120°C and 80 bar
(CO/H, =70:10) for 5 days, resulting in the formation of the linear amines with
yields as high as 96% and regioselectivity of around 90:10 (Scheme 26) [83].

Similarly, starting from 2-methyl-3(prop-2-en-1-yl)quinazolin-4(3H )-one and
morpholine, morpholine-4-amine, tryptamine, and 4-aminoacetophenone, [Rh
(acac)(CO),]/P(OPh); produces the four linear amines represented on Scheme 27.
The yields after purification by column chromatography are 89, 93, 78, and 67%,
respectively [83]. This high yield method for synthesizing 3-substituted quinazolin-
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Scheme 26 HAM reaction of 2-methyl-3(prop-2-en-1-yl)quinazolin-4(3H)-one  with
arylhydrazine (adapted from ref [83])
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Scheme 27 Hydroaminomethylation reaction involving 2-methyl-3(prop-2-en-1-yl) quinazolin-4
(3H)-one with four amines (adapted from ref [83])
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Scheme 28 Hydroaminomethylation of bis(methallyl)silanes, bis(methallyl)amines, and bis
(methallyl)ether (adapted from ref [86])

4(3H)-ones is of great interest since these compounds have a biological activity,
particularly for the central nervous system [84, 85].

Di- or triamines can be synthesized by the reaction of alkene moieties of diallyl-
ethers, diallyl-silanes, or diallyl-amines. The reaction is carried out with [Rh,(-
p-Cl),(COD),] catalyst at 120°C and 100 bar CO/H, (1:1) [86]. The non-substituted
allyl systems afford mixtures of n/n, n/iso, and iso/iso products with morpholine.
The n/iso ratio values range from 66:34 to 28:72 depending on the heteroatom
present. On the contrary, the bis(methallyl) compounds only give the n/n products,
the yields being 93%, 59%, 55%, and 66% with —Si(CH3),, -O—, “O(CH,),0—, —
NAc groups, respectively (Scheme 28). The di- or triamines characterized by linear
carbon chain between the two nitrogen atoms possess a potential biological
activity [86].
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Scheme 29 Hydroaminomethylation reaction of the 1,4-bis(2-methyl-allyloxy)-benzene with N,
N'-dibenzyl-butane (n = 3)- or hexane-(n = 5)-1,4-diamine (adapted from ref [88])

Oxa-and azamacroheterocyclic systems are of interest for various applications
due to their selective binding properties toward ions and neutral molecules and as
valuable building blocks for the synthesis of natural products.
Azamacroheterocyclic compounds are synthesized starting from ready available
dialkenes and diamines via ring-closing bis(hydroaminomethylation) reaction
[87]. This method allows for wide variations in ring size, heteroatoms, and substi-
tution patterns to obtain various macroheterocycles. Moreover, starting from N-
benzyl-substituted systems, the synthesis of cryptands can be accomplished by
subsequent  hydrogenolysis of the benzyl group and successive
hydroaminomethylation with a,w-dialkenes. The application of this procedure in
the synthesis of azamacroheterocycles containing hydroquinone, 1,1’-biphenyl, or
(S)-1,1'-binaphtol units is successfully conducted since relatively high yields (59—
78%) are obtained [88]. The reaction involves bis-methylallylphenyl ethers and N-
benzyl-diamine units (Scheme 29).

Due to the generation of two new stereogenic centers, the final products are
obtained as a mixture of enantiomers and diastereomers difficult to separate
[88]. These azamacrocycles can be considered as ligands for asymmetric catalysis
starting from tartaric acid as the chiral unit functionalized by two methylallyl
moieties, which are directly involved in the HAM reaction using diamines
[89]. But this procedure is less efficient than the stepwise hydroformylation-
reductive amination sequence as only 32% of the 1:1 mixture of the azamacrocycle
diastereoisomers are obtained in comparison with 86% in the second process.

Intramolecular HAM also provides a direct access to synthesize azaheterocycles.
A novel air stable phosphine-free ionic rhodium catalyst designed by addition of the
N,N,N',N'-tetramethylethylenediamine (TMEDA) ligand affords the cationic [Rh
(CO)>(TMEDA)]" species associated to the anionic [RhCl,(CO),]™ moiety under
CO atmosphere. The 2-isopropenylaniline is transformed into 1,2,3,4-
tetrahydroquinoline with total chemoselectivity and 98% selectivity after optimi-
zation of the conditions (68 bar of CO/H, 1:1, 100°C for 48 h). This catalytic
system is extended to other 2-isopropenylanilines substituted at the nitrogen atom
and in the aromatic ring. The corresponding 1,2,3,4-tetrahydroquinolines are
obtained in the range of 70-98% isolated yields [90]. Similarly, these ionic diamine
rhodium complexes can give 2,3,4,5-tetrahydro-1H-2-benzazepines starting from
2-allylaniline derivatives. In this case a more sterically demanding diamine com-
plex obtained by the combined system of [Rh,(p-Cl),(COD),] with N,N,N',N'-tetra
(isopropyl)ethylene  diamine (TIPEDA) or N,N,N',N'-tetra(o-methylbenzyl)
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Scheme 30 Representation of three sulfonated phosphine ligands

ethylene diamine (MTBEDA) is needed to improve the selectivity of the reaction.
The isolated yield of each product does not exceed up to 50%, depending of the
nature of the 2-allylaniline [91].

Dendritic amines with neutral core structure and amine functionalities only on
the periphery of the dendrimer can present interesting potential biomedical appli-
cations, especially for DNA delivery. Starting from a dendritic polyallylether
obtained by allylation of hyperbranched polyglycerol [92, 93] and the
morpholine-modified polyglycerol, the dendritic polyamine is obtained with a
93:7 n/iso regioselectivity, isolated in pure form after simple dialysis with an
excellent 99% yield [94]. However, to obtain this high n/iso ratio, it is necessary
to operate in a sequential manner: first the hydroformylation reaction at 30 bar of
CO/H, (1:1) in toluene with the [Rh(acac)(CO),]/Xantphos catalytic system at
70°C for 5 days and then the hydrogenation reaction after addition of morpholine
at 70 bar of CO/H, (1:6), at 85°C for 5 days. In fact, the one-pot HAM reaction only
leads to a 50:50 n/iso ratio, presumably due to the coordination of morpholine to the
rhodium catalyst, which affects the regioselectivity during the
hydroformylation step.

Performing the HAM reaction in an aqueous two-phase system is an elegant
approach to separate the catalyst from the organic products. Experiments performed
with the TPPTS monophosphine (tris-sulfonated triphenylphosphine) or BINAS
diphosphine ligands (Scheme 30) lead to attractive results, with high P/Rh ratio
(425 and 140, respectively) kept to maintain the [Rh(H)(CO)L,] species in the
aqueous phase. However, the hydrogenation rate is significantly reduced [95]. This
methodology can be extended to longer chain alkenes with dimethylamine, pro-
vided the CTAB (cetyltrimethylammonium bromide) cationic surfactant is intro-
duced to increase the interfacial area between the two phases [96]. Indeed, in
absence of CTAB, [RhCI(CO)(TPPTS),] with an excess of TPPTS (TPPTS/
Rh=32:1) converts 67% of dodec-1-ene into 17.4% C13 amines (n/iso = 86:14)
with large quantities of dodecane, internal dodecenes, and aldehydes as by-products
at 130°C and 30 bar (CO/H,=1:1) for 6 h. Introduction of CTAB (CTAB/
Rh=5.5:1) leads to 80% conversion and 51% in C13 amines (n/iso=88:12).
Addition of the BISBIS ligand (Scheme 30) to the [RhCI(CO)(TPPTS),] complex
(7.5:1 molar ratio) increases both conversion to 97% and amine chemoselectivity to
82% with high 99:1 regioselectivity. Presumably, the [RhH(CO)(BISBIS)] active
species is formed to catalyze the reaction. Under the same catalytic conditions for a



Tandem Rhodium Carbonylation Reactions 91

BISBIS/[RhCI(CO)(TPPTS),] 5:1 ratio, hex-l-ene, oct-l-ene, dec-l-ene or
tetradec-1-ene give similar high conversion rates (99.7-96.5%), high
chemoselectivity (84.4-70.8%), and regioselectivity as well (97:3-99:1). Under
similar conditions, dodec-1-ene reacts with diethylamine, dipropylamine,
morpholine, and piperidine [97].

Addition of an acid has a positive effect on the rhodium [Rh,(p-Cl),(COD),]/
TPPTS system, presumably due to the formation of a cationic [H-RhLn]" species
suitable for the highly selective hydrogenation of imines and enamines [98]. The
catalytic activity is not directly function of the pKa value but rather the size of the
associated anion. It is exemplified by good performances in the reaction of oct-1-
ene with morpholine, either for the conversion (99%), the selectivity in amine (85—
98%)  provided sulfate, acetate, trifluoroacetate, = methanesulfonate,
p-toluenesulfonate, sulfosuccinate or even citrate anions are present. The reaction
conditions [Rh,(p-Cl),(COD),]J/TPPTS (1/64), 60 bar (CO/H, =1:3), and 130°C
for 4 h have been extended to the reaction of oct-1-ene with piperidine, di-n-
butylamine, and n-propylamine with similar good results and more modest perfor-
mances with diisopropylamine, ethanolamine, and isopropylamine [98].

Internal alkenes are less reactive than the corresponding terminal alkenes, giving
a mixture of branched amines and aldol condensation by-products due to the basic
conditions. In the literature all the efforts have been devoted to combine both
isomerization and hydroformylation toward the linear aldehyde (see Part 2:
Isomerization-Hydroformylation) in order to selectively produce the linear amine.
This goal can be achieved by using crowded diphosphine ligands such as deriva-
tives of Naphos (Scheme 5) [99]. Thus, starting from piperidine and but-2-ene,
pent-2-ene, hex-2-ene, and oct-2-ene, excellent yields and selectivities to the
corresponding linear amines are reached at 120°C, under 60 bar pressure
(CO/H; = 1:5) in toluene/THF mixture, after 16 h, in presence of the [Rh(COD),]
BF,/Naphos system. Selectivity in amines ranges from 91 to 98% and linear amines
from 78:22 to 94:6 n/iso ratios. The results from hex-3-ene are a little bit lower with
values reaching 96% and 71:29. These performances can be improved by using the
t-Bu-Xantphenoxaphos ligand since, under slightly different conditions
(pco =5 bar, pyp = 33 bar, 125°C, in methanol/toluene, 16 h), 99% and 96:4 values
are obtained [100]. Functionalized internal alkenes have been also examined. The
presence of the CN electron-withdrawing group reduces the conversion (60%), the
yield in amine (45%), and the regioselectivity in linear amine to 75:25. Conversely,
the OMe electron-donating substituent leads to satisfactory results such as 95%,
84%, and 93:7, respectively [100].

Another strategy to convert cyclopentene relies on the synthesis of rhodium
diphosphinite complexes anchored on polyethylene glycol (PEG). High amine
selectivities with morpholine and other amines are obtained at 120°C and 28 bar
CO/H, (1:2). After addition of hexane at room temperature, the lower PEG phase
containing the rhodium catalyst can be separated from the (toluene/hexane/amine)
phase. Five recycling steps show that the catalytic activity is maintained [101]. The
efficient rhodium diphosphinite complex described above (Scheme 12) [102] cat-
alyzes the reaction of cyclopentene, cyclohexene, and norbornene with high activity
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and selectivity close to 99%. This catalytic system also gives good performances
with linear terminal alkenes and primary or secondary amines [102].

6.2 Hydroaminomethylation of Arylalkenes

Arylethylamines represent an attracting goal because they are known to exhibit a
pharmacological activity. Styrene and its derivatives offer an easy access to this
class of compounds. The presence of the aromatic ring provides a trend to favor the
branched isomer. High temperatures and pressures bring mainly this isomer as
observed at 110°C and 110 bar with phosphine-free ligand [Rh,(p-Cl),(COD),]
(6:94 nfiso ratio) [103]. 2-Vinylnaphtalene is also transformed into the
corresponding secondary or tertiary amines with the same performances
[104]. Interestingly, milder conditions, 80°C and 14 bar, are required to
transform styrene and various para-substituted styrenes into the branched
isopropylamine-derived products in the ratio up to 8:92 with the zwitterionic
complex [Rh*(COD)(n6-PhBPh3)*] [105]. The reaction can be applied to both
primary and secondary amines keeping good ratios in branched amines provided
the CO/H, pressure is increased up to 68 bar.

The presence of phosphine ligands allows operation under mild conditions
(60°C, 30 bar CO/H, = 1:5) as illustrated with the cationic active species generated
from [Rh(COD),]BF,/Xantphos or 1,1’-bis(diphenylphosphino)ferrocene, provid-
ing 15:85 or 12:88 n/iso regioselectivity, respectively [106]. The addition of HBF,
is crucial to gain high yields in amines. Similar results are obtained in presence of
the (o-diphenylphosphino-[N-(2-hydroxyethyl)-N-methyl]aniline) P,N bidentate
ligand although it is necessary to operate at 80°C and 100 bar [107]. Another
interesting study to reach high regioselectivity in the branched amine is related to
the use of a sol-gel immobilized rhodium catalyst for the functionalization of some
vinylarenes with aniline or nitrobenzene derivatives in an aqueous microemulsion
[108]. A slight influence of the electronic nature of the substrates on the
regioselectivity is observed. For example, the HAM of 4-chlorostyrene with aniline
affords a ratio of n/fiso =2:98 instead of 6:94 with 4-methylstyrene. Ortho-
substituted substrates can affect the regioselectivity due to their steric hindrance.
Indeed, 2-chlorostyrene gives only a 9:91 ratio compared to 4-chlorostyrene with
2:98. This latter result can also be reached with nitrobenzene in a one-pot procedure
over the course of the reaction. However, either electron-donating or electron-
withdrawing substituents in para-position of aniline, or nitrobenzene, decrease
the performance in terms of the yields (79-82% instead of 91%) and the
regioselectivity in the branched isomer (n/iso = 13:87 instead of 2:98).

In a reverse strategy to reach highly linear-selective HAM of styrene, the very
crowded tetraphosphine ligands (Scheme 7) are used. Starting from styrene and
piperidine, the corresponding amine is obtained in a 94:6 n/iso ratio at 125°C and
40 bar (CO/H,=3:1) in the polar tert-amyl alcohol solvent. To obtain such
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performances, the partial CO pressure needs to be high in the CO/H, gas
mixture [109].

As expected from the Keulemans rule for the hydroformylation step [110], the
condensation of piperidine to 1,1-diphenylethene (or 1-phenyl-styrene) exclusively
gives the linear 3,3-diphenylamines, which constitute the basic backbone in many
biological compounds like fenpiprane, diisoproamine, and prozapine. Using the
[RhCI(COD)(Imes)] catalytic system (Imes being the 1,3-dimesitylimidazol-2-
ylidene ligand), 99% selectivity is obtained at 125°C and 60 bar (CO/H, = 1:5) in
toluene [111]. The same catalyst transforms under similar conditions
a-methylstyrene into the corresponding linear piperidine-amine with >99:1
regioselectivity, whereas styrene gives rise to lower 21:79 regioselectivity
[112]. Extension of the reaction to allylbenzenes provides good activity and n/iso
selectivity of 88:12 [113] and 90:10 [114].

6.3 Hydroaminomethylation of Monoterpenes and F atty
Acids

This HAM reaction is a powerful method to functionalize renewable substrates.
Limonene is one of the major constituents of the essential oil extracted from citric
plants [115]. It can be transformed with secondary amines like diethylamine and
morpholine in 81-93% yields and gives exclusively the linear product, owing to the
steric hindrance of the isopropenyl group [116]. The catalytic conditions are 80 bar
of CO/H, (1:1), 80°C, and 20 h in presence of the dimer [Rh,(p-Cl),(COD),]
catalyst. The reaction gives an easy access to growth regulators for tobacco plants.

Seven other (R)-(+)-limonene-derived amines have been synthesized in good
isolated yields [117]. Alkylated amines (n-propylamine, isopropylamine,
benzylamine), cyclic amines (piperidine, piperazine, morpholine), and an aromatic
one (aniline) have been used. In order to decrease the long reaction time for
completion (sometimes 48 h), it is possible to improve the HAM protocol in
splitting the process into two steps: hydroformylation (under a CO/H, mixture)
and hydrogenation (only H,). Depending on the amine used as substrate, the total
reaction time is between 10 and 24 h. Higher selectivity is reached for the products
of the reactions with secondary amines (79-89% isolated yield). The products were
tested against Leishmania (V) braziliensis and some of them (the resulting amines
from n-propylamine and aniline) demonstrated higher in vitro activity than the
standard drug pentamidine. Two promising new anti-Trypanosoma cruzi limonene
derivatives have also been identified (the resulting amines from aniline and piper-
azine) [118]. With the goal to transform natural products that can be extracted from
renewable crops in large amounts into useful or potentially useful new chemicals,
the HAM of limonene, camphene, a-pinene [119], and eugenol [120] has been
carried out in presence of di-n-butylamine, morpholine, and n-butylamine to obtain
the corresponding homologous amines. Moderate to good yields (73-94%) are
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limonene

\_ [Rh(cod)(u-OMe)J/L

( HNRR', CO/H,

camphene NRR'

B-pinene J

Scheme 31 Hydroaminomethylation of limonene, camphene, and a-pinene (from Ref. [119])

_~ [Ry(u-OMe),(COD), )/ NBu,
/@/\/ phosphole ligands /@/\/\/ /@/\(
- +
MeO' 40 bar CO/H2 (4:1) MeO MeO NBu,
80°C, 24h

Scheme 32 HAM reaction of estragole (from Ref. [122])

reached using [Rh,(p-OMe),(COD),] as catalytic precursor in the presence or not
of phosphines as ancillary ligands in toluene at 80°C under 60 bar of CO/H,
pressure. The regioselectivity of the reaction is strongly induced by the substrate
itself and the amine group is almost exclusively present in the a-carbon position
(Scheme 31).

The rhodium catalyst in absence of ligands is very efficient for the HAM
transformation of terpenes, notably camphene in which double bond isomerization
is not a competitive reaction. The addition of the triphenylphosphine ligand can
prevent isomerization but decreases the enamine/imine hydrogenation rate. Bulkier
tribenzylphosphine at appropriate concentration gives better results due probably to
its greater steric hindrance which disfavors the formation of the bis-ligand-metal
species [Rh(H)(CO),L,] less active in the reaction [119]. All the products formed,
except the final amine obtained from limonene and morpholine, are new, and the
products derived from limonene have potential bioactivity.

The HAM of estragole, a bio-renewable starting material available from basil oil
(90% of estragole), is reported using di-n-butylamine as the amine counterpart. The
corresponding phenylalkylamines which can present fungicidal activities [121] are
obtained in good yields (80—87%) (Scheme 32). The monophospholes are good
candidates as ancillaries for the HAM, and they are a promising option because they
have been more efficient in promoting the reductive amination than the classic PPh;
ligand and resulted in less side products than the systems with phosphites [122].



Tandem Rhodium Carbonylation Reactions 95

Ry

+

NN TN, 4

Scheme 33 Double HAM involving ethyl oleate and hexylamine (from Refs. [123] and [124])

Hydrolysis of fats and oils gives rise to even-numbered aliphatic carboxylic
acids and coproduces glycerol. The C18 oleic acid is widely produced from many
crops.

The HAM of ethyl oleate has been recently explored with hexylamine,
benzylamine, aspartic acid diethyl ester, valinol, and morpholine [123]. The reac-
tion proceeds in toluene or 1,4-dioxane at 140°C for 20 h under a 100 bar CO/H,
pressure in the presence of [Rh,(p-Cl),(COD),] precatalyst. High yields can be
obtained, such as 99% with morpholine. However, diisopropylamine gives mainly
the aldehyde and only 5% of the amine, since the hydrogenation step converts the
two aldehyde regioisomers into the corresponding alcohols. Interestingly, two
equivalents of oleic ester with the primary hexylamine results in the formation of
the tertiary amine after a double hydroaminoamination reaction (Scheme 33)
[123, 124].

An extension of this reaction using S(—) or R(+)-pyrrolidine-2-carboxylic acid
or proline in methanol allows to combine the HAM reaction with an esterification
giving rise to a diester, an interesting biopolymer precursor. Thermomorphic
solvent systems involving linear alkanes as the second solvent result in yields as
high as 95% in the two expected regioisomers and the separation of the catalyst with
a leaching reduced to several ppm [125, 126]. Similarly, oleyl alcohol is
transformed with diethylamine and the resulting amino alcohol separated in a
thermomorphic process [127].

7 Conclusion

This chapter presents the recent advances in the tandem rhodium carbonylation
reactions involving in the main step the hydroformylation. Such reactions open
huge opportunities in synthetic chemistry. Indeed, they offer a general efficient
strategy to synthesize building blocks for fine chemistry, starting from abundant
and low price substrates and avoiding the formation of substantial amounts of
by-products. This atom-efficient tandem reaction approach shows that rhodium
has a privileged place in the CO chemistry, not only to perform the
hydroformylation reaction but also to combine it with other functionalization
processes.



96

P. Kalck and M. Urrutigoity

References

—_

—_

11.
12.
13.

14.

15.
16.
17.
18.
19.

20.
21.
22.

23.

24.
25.
26.
27.
28.

29.
30.
31.
32.
33.
34.
35.

36.
37.

38.

39.

[SE-N- N - NV R NI )

. Haynes A (2013) In: Reedijk J, Poeppelmeier K (eds) Comprehensive inorganic chemistry II:

from elements to applications, vol 6, p 1
Wu X-F, Fang X, Wu L, Jackstell R, Neumann H, Beller M (2014) Acc Chem Res 47:1041

. Hibbel J, Wiebus E, Cornils B (2013) Chemie Ingenieur Technik 85:1853

. Tietze LF (1996) Chem Rev 96:115

. Nicolaou KC, Edmonds DJ, Bulger PG (2006) Angew Chem Int Ed 45:7134
. Nicolaou KC, Chen JS (2009) Chem Soc Rev 38:2993

Grondal C, Jeanty M, Enders D (2010) Nat Chem 2:167

. Nicolaou KC (2014) Angew Chem Int Ed 53:9128
. Tietze LF (2014) Domino reactions, concepts for efficient organic synthesis. Wiley-VCH
. Eilbracht P, Birfacker L, Buss C, Hollmann C, Kitsos-Rzychon BE, Kranemann CL,

Rische T, Roggenbuck R, Schmidt A (1999) Chem Rev 99:3329

Eilbracht P, Schmidt AM (2006) Top Organomet Chem 18:65

Weissermel K, Arpe H-J (1997) Industrial organic chemistry, 3rd edn. VCH, Weinheim
Billig E, Abatjoglou AG, Bryant DR, Murray RE, Maher JM (1988) US patent 4.717.775, Jan
5, 1988, to Union Carbide Corp

Burke PM, Garner JM, Tam W, Kreutzer KA, Teunissen AJJM, Snijder CS, Hansen CB
(1999) US patent 5874641, Feb 23, 1999, to DSM/Du Pont, 1999

Beller M, Zimmermann B, Geissler H (1999) Chem Eur J 5:1301

Vilches-Herrera M, Domke L, Borner A (2014) ACS Catal 4:1706

Casey CP, Whiteker GT (1990) Isr J] Chem 30:299

Bronger RP, Kamer PCJ, van Leeuwen PWNM (2003) Organometallics 22:5358

Bronger RP, Bermon JP, Herwig J, Kamer PCJ, van Leeuwen PWNM (2004) Adv Synth
Catal 346:789

Klein H, Jackstell R, Wiese K-D, Borgmann C, Beller M (2001) Angew Chem Int Ed 40:3408
Mo M, Yi T, Zheng CY, Yuan M-L, Fu H-Y, Li R-X, Chen H (2012) Catal Lett 142:238
Bahrmann H, Bergrath K, Kleiner H-J, Lappe P, Naumann C, Peters D, Regnat D (1996) J
Organometal Chem 520:97

Bahrmann H, Bach H, Frohning CD, Kleiner H-J, Lappe P, Peters D, Regnat D, Herrmann
WA (1997) J Mol Catal A Chem 116:49

Klein H, Jackstell R, Beller M (2005) Chem Commun 2283

Behr A, Obst D, Schulte C, Schosser T (2003) J Mol Catal A Chem 206:179

Behr A, Henze G, Obst D, Turkowski B (2005) Green Chem 7:645

Pandey S, Chikkali SH (2015) ChemCatChem 7:3468

Selent D, Hess D, Wiese K-D, Rottger D, Kunze C, Borner A (2001) Angew Chem Int Ed
40:1696

Yan Y, Zhang X, Zhang X (2006) ] Am Chem Soc 128:16058

Yu S, Chie Y-M, Guan Z-H, Zhang X (2008) Org Lett 10:3469

Cai C, Yu S, Liu G, Zhang X, Zhang X (2011) Adv Synth Catal 353:2665

Jia X, Wang Z, Xia C, Ding K (2012) Chem Eur J 18:15288

van der Slot SC, Duran J, Luten J, Kamer PCJ, van Leeuwen PWNM (2002) Organometallics
21:3873

Piras I, Jennerjahn R, Jackstell R, Baumann W, Spannenberg A, Franke R, Wiese K-D, Beller
M (2010) J Organometal Chem 695:479

Selent D, Franke R, Kubis C, Spannenberg A, Baumann W, Kreidler B, Borner A (2011)
Organometallics 30:4509

Cornils B (1980) In: Falbe J (ed) New syntheses with carbon monoxide. Springer, p 1
Lawrenson MJ, Foster G (1968) GB patent 1.243.189, filed Dec 5, 1967, to British Petroleum
Co Lim

Lawrenson MJ (1971) GB patent 1.254.222, priority June 24, 1969, to British Petroleum Co
Lim

MacDougall JK, Cole-Hamilton DJ (1990) J Chem Soc Chem Commun 165



Tandem Rhodium Carbonylation Reactions 97

40.

41
42

47.

48

49.
50.
51.

52.

53.
54.
55.
56.
. El Ali B, Tijani J, Fettouhi M (2006) Appl Catal A Gen 303:213
58.

57

59.

60.
. Vieira CG, Da Silva JG, Penna CAA, dos Santos EN, Gusevskaya EV (2010) Appl Catal A

61

62.
63.

64.
65.
66.
67.
68.
69.
70.
71.
72.
73.
74.

75.

76.
71.
78.

79.
80.
81.

MacDougall JK, Simpson MC, Green MJ, Cole-Hamilton DJ (1996) J Chem Soc Dalton
Trans 1161

. Sandee AJ, Reek JNH, Kamer PCJ, van Leeuwen PWNM (2001) J Am Chem Soc 123:8468
. Ichihara T, Nakano K, Katayama M, Nozaki K (2008) Chem Asian J 3:1722

43,
44,
45.
46.

Boogaerts IIF, White DFS, Cole-Hamilton DJ (2010) Chem Commun 46:2194

Fuchs D, Rousseau G, Diab L, Gellrich U, Breit B (2012) Angew Chem Int Ed 51:2178
Diab L, Gellrich U, Breit B (2013) Chem Commun 49:9737

Barros HJV, dos Santos EN, Guimaraes CC, Gusevskaya EV (2007) Organometallics
26:2211

Behr A, Reyer S, Tenhumberg N (2011) Dalton Trans 40:11742

. Ott J, Ramos Tombo GM, Schmid B, Venanzi LM, Wang G, Ward TR (1989) Tetrahedron

Lett 30:6151

Fernandez E, Castillon S (1994) Tetrahedron Lett 35:2361

Khan SR, Bhanage BM (2013) Tetrahedron Lett 54:5998

Alhaffar M, Suleiman R, Shakil Hussain SM, El Ali B (2011) React Kinet Mech Catal
104:323

Soulantica K, Sirol S, Koinis S, Pneumatikakis G, Kalck P (1995) J Organometal Chem 498:
C10

Fernandez E, Polo A, Ruiz A, Claver C, Castillon S (1998) Chem Commun 1803

Balué J, Bayon JC (1999) J Mol Catal A Chem 137:193

El Ali B, Tijani J, Fettouhi M (2005) J Mol Catal A Chem 230:9

El Ali B (2003) Catal Commun 4:621

Pardey AlJ, Uzcategui GC, Hung-Low F, Rivas AB, Yanez JE, Ortega MC, Longo C,
Aguirre P, Moya SA (2005) J Mol Catal A Chem 239:205

Hung-Low F, Uzcategui GC, Alvarez J, Ortega MC, Pardey AJ, Longo C (2006) React Kinet
Catal Lett 88:143

Jin X, Zhao K, Cui F, Kong F, Liu Q (2013) Green Chem 15:3236

Gen 380:125

Vieira CG, dos Santos EN, Gusevskaya EV (2013) Appl Catal A Gen 466:208

Castillon S, Fernandez E (2000) Hydroformylation in organic synthesis. In: van Leeuwen
PWNM, Claver C (eds) Rhodium catalyzed hydroformylation. Kluwer Academic Publisher,
p 145

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

Diebolt O, Cruzeuil C, Miiller C, Vogt D (2012) Adv Synth Catal 354:670

Jin X, Zhao K, Kong F, Cui F, Liu Q, Zhang Y (2014) Catal Lett 144:192

Maryanoff BE, Reitz AB (1989) Chem Rev §9:863

Breit B, Zahn SK (1999) Angew Chem Int Ed 38:969

Breit B, Zahn SK (2005) Tetrahedron 61:6171

Farwick A, Helmchen G (2010) Adv Synth Catal 352:1023

Ruan Q, Zhou L, Breit B (2014) Catal Commun 53:87

Wong GW, Landis CR (2013) Angew Chem Int Ed 52:1564

Risi RM, Burke SD (2012) Org Lett 14:1180

van Leeuwen PWNM (2000) In: Claver C (ed) Rhodium catalyzed hydroformylation. Kluwer
Academic Publisher

Oro LA, Carmona D (2007) In: de Vries JG, Elsevier CJ (eds) The handbook of homogeneous
hydrogenation, vol 1. Wiley-VCH, Weinheim, p 3

Crozet D, Urrutigoity M, Kalck P (2011) ChemCatChem 3:1102

Raoufmoghaddam S (2014) Org Biomol Chem 12:7179

Crozet D, Gual A, McKay D, Dinoi C, Godard C, Urrutigoity M, Daran J-C, Maron L,
Claver C, Kalck P (2012) Chem Eur J 18:7128

Hamers B, Kosciusko-Morizet E, Miiller C, Vogt D (2009) ChemCatChem 1:103

Ahmed M, Seayad A, Jackstell R, Beller M (2003) J Am Chem Soc 125:10311

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



98

82.
83.
84.
. Jatav V, Mishra P, Kashaw S, Stables JP (2008) Eur J Med Chem 43:1945
. Eilbracht P, Kranneman CL, Bérfacker L (1999) Eur J Org Chem 1907
87.
88.
89.
90.
91.
. Haag R, Sunder A, Stumbé J-F (2000) J Am Chem Soc 122:2954
93.
94,
95.
96.
97.
. Behr A, Becker M, Reyer S (2010) Tetrahedron Lett 2438

. Seayad A, Ahmed M, Klein H, Jackstell R, Gross T, Beller M (2002) Science 297:1676
100.

85

92

98

101.
102.
. Rische T, Eilbracht P (1997) Synthesis 1331
104.
105.
106.
107.
108.
. Li S, Huang K, Zhang J, Wu W, Zhang X (2013) Org Lett 15:3078
110.
111.

103

109

112.
113.
. Giilak S, Wu L, Liu Q, Franke R, Jackstell R, Beller M (2014) Angew Chem Int Ed 53:7320
115.

114

116.
117.
118.

119.
120.
121.
122.

123

125.
126.

127

P. Kalck and M. Urrutigoity

Subhani MA, Miiller K-S, Eilbracht P (2009) Adv Synth Catal 351:2113
El-Badry YA, El-Farargy AF, Eilbracht P (2013) Helvetica Chim Acta 96:1782
Jatav V, Mishra P, Kashaw S, Stables JP (2008) Eur J Med Chem 43:135

Kranemann CL, Eilbracht P (2000) Eur J Org Chem 2367

Angelovski G, Eilbracht P (2003) Tetrahedron 59:8265

Angelovski G, Kerdanen MD, Eilbracht P (2005) Tetrahedron: Asymmetry 16:1919
Vieira TO, Alper H (2007) Chem Commun 2710

Okuro K, Alper H (2010) Tetrahedron Lett 51:4959

Garcia-Bernabé A, Krimer M, Olah B, Haag R (2004) Chem Eur J 10:2822
Kog F, Wyszogrodzka M, Eilbracht P, Haag R (2005) J Org Chem 70:2021
Zimmermann B, Herwig J, Beller M (1999) Angew Chem Int Ed 38:2372
Wang YY, Luo MM, Chen H, Li XJ, Li YZ (2004) Appl Catal A Gen 272:151
Wang YY, Chen J, Luo MM, Chen H, Li X (2006) J Catal Commun 7:979

Ahmed M, Bronger RPJ, Jackstell R, Kamer PCJ, van Leeuwen PWNM, Beller M (2006)
Chem Eur J 12:8979

Khan SR, Khedkar MV, Qureshi ZS, Bagal DB, Bhanage BM (2011) Catal Commun 15:141
Khan SR, Bhanage BM (2013) Appl Organomet Chem 27:711

Rische T, Eilbracht P (1999) Tetrahedron 55:7841

Lin Y-S, El Ali B, Alper H (2001) Tetrahedron Lett 42:2423

Routaboul L, Buch C, Klein H, Jackstell R, Beller M (2005) Tetrahedron Lett 46:7401
Kostas ID (1999) J Chem Res (S) 630

Nairoukh Z, Blum J (2014) J Org Chem 79:2397

Keulemans AIM, Kwantes A, van Bavel T (1948) Rec Trav Chim Pays-Bas Belg 67:298
Ahmed M, Buch C, Routaboul L, Jackstell R, Klein H, Spannenberg A, Beller M (2007)
Chem Eur J 13:1594

Seayad AM, Selvakumar K, Ahmed M, Beller M (2003) Tetrahedron Lett 44:1679

Wu L, Fleischer I, Jackstell R, Beller M (2013) J Am Chem Soc 135:3989

Breitmaier E (2006) Terpenes, flavors, fragrances, pharmaca, pheromones. Wiley-VCH,
Weinheim

Kranemann CL, Eilbracht P (1998) Synthesis 71

Graebin CS, Eifler-Lima VL, da Rosa RG (2008) Catal Commun 9:1066

Graebin CS, Madeira MF, Yokoyama-Yasunaka JKU, Miguel DC, Uliana SRB, Benitez D,
Cerecetto H, Gonzalez M, da Rosa RG, Eifler-Lima VL (2010) Eur J] Med Chem 45:1524
Melo DS, Pereira-Jr SS, dos Santos E (2012) Appl Catal 411:70

Oliveira KCB, Santos AG, dos Santos E (2012) Appl Catal 445:204

Himmele W, Pommer EH (1980) Angew Chem Int Ed 19:184

Oliveira KCB, Carvalho SN, Duarte MF, Gusevskaya EV, dos Santos EN, El Karroumi J,
Gouygou M, Urrutigoity M (2015) Appl Catal A Gen 497:10

. Behr A, Fiene M, Buss C, Eilbracht P (2000) Eur J Lipid Sci Technol 102:467
124.

Behr A, Vorholt AJ (2012) Hydroformylation and related reactions of renewable resources.
In: Meier MAR, Weckhuysen BM, Bruijninex PCA (eds) Top. Organometal. Chem., vol 39.
Springer, p 103

Behr A, Seidensticker T, Vorholt A (2014) J Eur J Lipid Sci Technol 116:477

Behr A, Vorholt AJ, Ostrowski KA, Seidensticker T (2014) Green Chem 16:982

. Vorholt AJ, Neubert P, Behr A (2013) Chem Ing Tech 85:1540



Top Organomet Chem (2018) 61: 99-144
DOI: 10.1007/3418_2017_176

© Springer International Publishing AG 2017
Published online: 13 July 2017

Asymmetric Hydroformylation Using
Rhodium

Anton Cunillera, Cyril Godard, and Aurora Ruiz

Abstract Asymmetric hydroformylation is a powerful catalytic reaction that pro-
duces chiral aldehydes from inexpensive feedstock (alkenes, syngas) in a single
step. The elucidation of the different steps of the catalytic cycle and the character-
ization of the resting state, together with the discovery of several types of ligands,
have made possible that nowadays a variety of chiral products incorporating a
formyl unit can be enantioselectively prepared by Rh-catalyzed asymmetric
hydroformylation, and that this process is now considered as a useful tool in organic
synthesis.

Keywords Aldehydes  Asymmetric ¢ Chiral ligands ¢ Enantioselectivity ¢
Hydroformylation ¢« Phosphorus ¢ Regioselectivity « Rhodium
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1 Introduction

The hydroformylation of alkenes, which was originally discovered by Otto Roelen
in 1938 [1-3], is nowadays one of the most important industrial applications of ho-
mogeneous catalysis (Scheme 1) [4-14]. Today, over 9 million tons of so-called
oxo-products are produced per year, a number which is still rising. The majority of
these oxo-products are obtained from the hydroformylation of propene 1, which is a
fraction of the steam-cracking process. The resulting products iso-butyraldehyde 2
and n-butanal 3 are important intermediates for the production of esters, acrylates,
and 2-ethylhexanol [4, 5].

From a synthetic point of view, the reaction is a one-carbon chain elongation caused
by the addition of carbon monoxide and hydrogen across the z system of a C=C dou-
ble bond [15, 16]. As a pure addition reaction, the hydroformylation reaction meets all
requirements of an atom-economic process [17]. Furthermore, the synthetically valu-
able aldehyde function is introduced, which allows subsequent skeleton expansion that
may even be achieved in one-pot sequential transformations [18, 19].

In 1968, Wilkinson discovered that phosphine-modified rhodium complexes dis-
play a significantly higher activity and selectivity compared to the first generation
of cobalt catalysts [20—22]. Since that time, ligand modification of the rhodium cat-
alyst has been the method of choice in order to influence the catalyst activity and
selectivity [23].

In the asymmetric hydroformylation of alkenes, the first examples of high level
of enantioselectivity (ee’s up to 90%) were achieved by Stille and Consiglio using
chiral Pt-diphosphine systems [24, 25]. However, these catalysts suffered several
disadvantages such as low reaction rates, tendency to hydrogenate the substrates,
and low regioselectivity to the branched products. Later, these issues were mainly
overcome by the use of Rh-based catalysts [26, 27].

In the low-pressure hydroformylation of internal alkenes, the chemoselectivity
(and simultaneously regioselectivity) is one of the remaining problems to be solved
in industry. This issue originates from the exponential drop of alkene reactivity when

Scheme 1 catalyst CHO
Hydroformylation of CO/H, . CHO
propene e e N

1 2 3
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increasing the number of alkene substituents. The known hydroformylation catalysts
for internal alkene hydroformylation operating under low-pressure conditions rely on
the use of strong z-acceptor ligands, such as bulky phosphites and phosphobenzene
systems [28-30]. However, the high activity of the corresponding rhodium catalysts
is usually associated with a high tendency towards alkene isomerization, which ren-
ders a position-selective hydroformylation of an internal alkene extremely challeng-
ing, although over the last years, some examples started to appear in the literature.

The regioselectivity of the hydroformylation of alkenes is function of many
factors and quantum chemical calculations have been frequently used to gain useful
insights into its origin [31-50]. These include inherent substrate preferences, direct-
ing effects exerted by functional groups as part of the substrate, as well as catalyst
effects. In order to appreciate substrate inherent regioselectivity trends, alkenes have
to be classified according to the number and nature of their substituents (Scheme 2)
[15, 16].

The regioselectivity issue usually only arises for terminal and 1,2-disubstituted
alkenes 7. For alkyl-substituted terminal alkenes 4 there is a slight preference for
the linear product 6. For terminal alkenes 4 containing an electron-withdrawing
substituent, the formation of the branched product 5 is favored and is sometimes
exclusive. This tendency is more or less unaffected by the catalyst structure. Both
1,1-disubstituted 10 and trisubstituted 13 alkenes generally provide only one regio-
isomer (11 and 14, respectively) based on Keuleman’s rule, which states that the
formyl group is usually added in order to avoid the formation of a quaternary carbon
center [51].

Asymmetric hydroformylation is a very promising catalytic reaction that produces
chiral aldehydes from inexpensive feedstock (alkenes, syngas) in a single step under
essentially neutral reaction conditions. Even though asymmetric hydroformylation of-
fers great potential for the fine chemical industry, this reaction has not yet been utilized
on an industrial scale due to several technical challenges [4, 5]. Among the most

Scheme 2 Regioselective

catalyst
trends on hydroformylation CO/I¥| CHO
. 2 e CHO
of different alkenes R —_— R + RN
4 5 6
catalyst CHO
. COM ;CHO
R O R/\Rf v ROR
7 8 9
R’ catalyst R’ R’
CO/M * OHC.
R& 2, R/‘\/CHO + Rj\
10 11 12
R’ R
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significant issues are (a) the low reaction rates at low temperature where good sel-
ectivities are usually observed, (b) the difficulty to control simultaneously the regio-
and the enantioselectivity, and (c) the limited substrate scope for any single ligand.

2 Rh-Catalyzed Hydroformylation Mechanism

In Scheme 3, the well-known mechanism of the Rh-catalyzed hydroformylation mech-
anism proposed by Heck is described for bidentate ligands [52]. It corresponds to
Wilkinson’s so-called dissociative mechanism [20-22]. The associative mechanism
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Scheme 3 Mechanism of the Rh-catalyzed asymmetric hydroformylation in the presence of bi-
dentate ligand (L-L)
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involving 20-electron intermediates for ligand/substrate exchange will not be con-
sidered. In this process, a great understanding of the mechanism has been possible
due to the observation and structural characterization of the resting state of the cat-
alyst by in situ spectroscopic techniques (HP-IR, HP-NMR) [23, 53]. For bidentate
ligands (L-L), the common starting complex is the [RhH(L-L)(CO),] species 16,
containing the ligand coordinated in equatorial positions (denoted eq—eq throughout
the scheme) or in an apical-equatorial positions (complexes denoted eq—ax).

Dissociation of equatorial CO from 16 leads to the square-planar intermediate
17, which associates with alkene to give complexes 18, where the ligand can again
be coordinated in two isomeric forms eq—ax and eq—eq, having a hydride in an apical
position and alkene coordinated in the equatorial plane. On the basis of experimental
results and theoretical calculations, it has been proposed that the regioselectivity is
determined by the coordination of the alkene to the square-planar intermediate 17 to
give the pentacoordinate intermediates 18 [35]. This step is also crucial in determin-
ing the enantioselectivity since the enantioface discrimination occurs between 17 and
19, and particularly from 17 to 18. The CO dissociation from 16 was shown to be
much faster than the overall hydroformylation process, indicating that the rate of the
reaction is dominated by the reaction of 17 with either CO or the alkene to form 16 or
18 [39]. It has not been established experimentally whether alkene complexation is
reversible or not; although in the Scheme 3, all steps are described as reversible ex-
cept the final hydrogenolysis. Experiments using deuterated substrates suggest that
alkene coordination and insertion into the Rh—H bond can be reversible, certainly
when the pressures are low. Complexes 18 undergo migratory insertion to give the
square-planar alkyl complex 19. This species can undergo f-hydride elimination, thus
leading to isomerization or can react with CO to form the trigonal bipyramidal (TBP)
complexes 20. Thus, under low pressure of CO more isomerization may be expected.
At low temperatures (<70°C) and a sufficiently high pressure of CO (>10 bar) the
insertion reaction is usually irreversible and thus the regioselectivity and the enan-
tioselectivity in the hydroformylation of alkenes is determined at this point. Com-
plexes 20 undergo the second migratory insertion (see Scheme 3) to form the acyl
complex 21, which can react with CO to give the saturated acyl intermediates 22 or
with H, to give the aldehyde product and the unsaturated intermediate 17. The re-
action with H, involves presumably oxidative addition and reductive elimination, but
for rthodium no trivalent intermediates have been observed [54]. At low hydrogen
pressures and high rhodium concentrations, the formation of dirhodium dormant spe-
cies such as 23 becomes significant [55].

Recently, the full catalytic cycle for mono- and bis-ligated monophosphine Rh
complexes has been investigated using DFT calculations [56].

As mentioned above, the catalytic hydroformylation of alkenes is one of the larg-
est applications of homogeneous transition metal catalysis today. Due to the robust-
ness of the process and the wide availability of alkene substrates, enantioselective
hydroformylation provides high possibilities to obtain a great variety of enantio-
merically pure aldehydes. The first Rh-based systems that were reported in the asym-
metric hydroformylation contained diphosphine ligands provided low to moderate
enantioselectivities [26, 27]. With this type of ligand, the highest ee value was re-
ported using styrene as substrate and bdpp (bis-diphenylphosphino pentane) as ligand
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(ee’s up to 64%) [57]. Later, higher enantioselectivities were achieved using more
sophisticated diphosphite and phosphine—phosphite ligands [6—16, 23]. The most suc-
cessful ligands developed for this reaction were recently reviewed [58].

In the following sections, the most relevant results reported in the asymmetric
Rh-catalyzed hydroformylation of alkenes are described. The reactions are classi-
fied by degree of substitution of the substrates in order to highlight the issue of the
substrate/ligand compatibility in this process. For each family of substrates, the most
successful ligands are described.

3 Rh-Catalyzed Asymmetric Hydroformylation
of Monosubstituted Alkenes

The hydroformylation of monosubstituted alkenes (Scheme 4) was extensively stud-
ied due to the interest in the synthesis of linear aldehydes (non-chiral) or the enan-
tioselective synthesis of 2-substituted branched aldehydes using chiral hydroformylation
catalysts [4—16].

For example, the hydroformylation of vinylarenes (R=aryl) is used as a model
for the synthesis of 2-aryl propionaldehydes, which are intermediates in the syn-
thesis of 2-aryl propionic acids, the profen class of non-stereoidal drugs. Nowadays,
the application of the Rh-catalyzed asymmetric hydroformylation to obtain enan-
tiomerically pure chiral aldehydes is growing. The Rh-catalyzed asymmetric hyd-
roformylation of several other monosubstituted alkenes was successfully carried
out, such as allyl cyanide and vinyl acetate [6—16]. In general, 1,3-diphosphite and
phosphine—phosphite ligands provided the best results in these processes [23].
However, the use of bisphosphacyclic ligands has recently emerged as an efficient
alternative [6—16].

3.1 1,3-Diphosphite Ligands

The use of disphosphite ligands was intensively studied in this process as they pro-
vide high levels of selectivity with these substrates [59]. The initial success in the
rhodium-catalyzed asymmetric hydroformylation of vinylarenes came from Union
Carbide with the discovery of the diphosphite ligand (2R, 4R)-pentane-2,4-diol 24
(Scheme 5) [60, 61].

Scheme 4 Asymmetric catalyst CHO

hydroformylation of CO/H, * H

monosubstituted alkenes RXx R * R/\/C ©
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Rh/L CHO
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Alkene Rh/L Product Regio (%) ee (%)
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4b R= CH,CN 24a 5b R= CH,CN 87 13
4c R= OAc 24a 5¢ R= OAc 99 58
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a Ry=tBu; R,= OMe e (R/S)ax; R = Si(alkyl); h (2R, 4R)
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cRi=R,=H g (S)ax ; R = Si(alkyl)z

d R;= Si(alkyl)s; Rp= H

Scheme 5 Rh-catalyzed asymmetric hydroformylation of monosubstituted alkenes 4a—c using
ligands 24-28

Good chemo-, regio-, and enantioselectivities (ee up to 90%) were obtained with
(2R, 4R)-pentane-2,4-diol diphosphite derivatives (24a,d) but only when the reac-
tion was performed around room temperature. Other research groups synthesized
the series of diphosphite ligands 25-28 in order to study the effect of structural
modifications on the Rh-catalyzed asymmetric hydroformylation of vinylarenes
(Scheme 5) [62-66].

The influence of the bite angle of these ligands was studied with diphosphite li-
gands (2R, 4R)-pentane-2,4-diol 24, (2R, 3R)-butane-2,4-diol 25, and (2R, 5R)-hex-
ane-2,4-diol 26 [63]. In general, the ligand 24, which contains a three carbon atoms
bridge, provided higher enantioselectivities than ligands 25 and 26, which have a two
and four carbon atoms bridge, respectively.

The effect of different phosphite moieties was studied with ligands 24a—g [62—
64]. In general, sterically hindered phosphite moieties are necessary to achieve high
enantioselectivities. The results indicated that varying the ortho and para substi-
tuents on the biphenyl and binaphthyl moieties has also a great effect on
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the asymmetric induction. The highest enantioselectivity (ee up to 90% at 20 bar of
syngas and 25°C) in the Rh-catalyzed asymmetric hydroformylation of styrene was
obtained by using ligands 24a and 24d.

The influence of the backbone was studied comparing the results obtained with
the ligands 24 and 27 [62—-64]. Surprisingly, the ligand 27, which contains a more
sterically hindered phenyl group, provided lower enantioselectivity than ligand 24.

A cooperative effect between the different chiral centers of the phosphite ligands
24f—i and 28f-i was demonstrated. Initially, van Leeuwen and co-workers studied
the cooperative effect between the chiral ligand bridge and the axially chiral bina-
phthyl phosphite moieties by comparing ligands 24f,g and 28f,g. The hydroform-
ylation results indicated a suitable combination for ligand 24g (ee’s up to 86%) [62—
64]. Later, Bakos and co-workers found a similar matched—mismatched effect bet-
ween the chiral ligand bridge and the chiral phosphite moiety of the ligands 24h,i
and 28h,i [65]. Interestingly, the hydroformylation results obtained with ligands
24a and 24d, that are conformationally flexible and contain axially chiral biphenyl
moieties, are similar to those obtained with ligand 24g. This indicated that diphos-
phite ligands containing these biphenyl moieties predominantly exist as a single
atropisomer in the hydridorhodium complexes [RhH(CO),(diphosphite)] when bul-
ky substituents are present in ortho positions [62—64]. It is therefore not necessary
to use expensive conformationally rigid binaphthyl moieties.

To investigate whether a relationship exists between the solution structures of
the [RhH(CO),(diphosphite)] species and catalytic performance, van Leeuwen and
co-workers extensively studied the [RhH(CO),(diphosphite)] (diphosphite = 24,
28) species formed under hydroformylation conditions by high pressure NMR tech-
niques (HP-NMR) [16, 23]. From these trigonal bipyramidal (TBP) complexes, two
isomeric structures are possible: one containing the diphosphite coordinated in a
bis-equatorial (eq—eq) fashion and one containing the diphosphite in an equatorial-
axial (eq—ax) fashion (Scheme 3). The results indicated that the stability and cat-
alytic performance of the [RhH(CO),(diphosphite)] (diphosphite = 24, 28) species
strongly depend on the configuration of the pentane-2,4-diol ligand backbone and
on the chiral biaryl phosphite moieties. Thus, ligands 24a, 24d, and 24g, which form
well-defined stable bis-equatorial (eq—eq) complexes, lead to good enantiomeric ex-
cesses. In contrast, the ligands 24i and 28g, which form mixtures of complexes, lead
to low enantioselectivities [62—-64, 67]. The ligand 24a was also evaluated in the
Rh-catalyzed asymmetric hydroformylation of allyl cyanide 4b and vinyl acetate 4¢
but low to moderate enantioselectivities (13 and 58%, respectively) were obtained
with these substrates [6].

1,3-Diphosphite ligands derived from 1,2-O-isopropyliden-a-p-xylofuranose (29,
32) and 6-deoxy-1,2-O-isopropyliden-a-p-glucofuranose (30, 31, 33, 34) were suc-
cessfully applied in the Rh-catalyzed asymmetric hydroformylation of vinylarenes
(Scheme 6) [68-71].

The use of diphosphite ligands 30a,d and 34a,d in the Rh-catalyzed asymmetric
hydroformylation of styrene provided the S- and R-enantiomers of the product with
high enantioselectivies (ee up to 93%) and excellent regioselectivity (Scheme 6)
[70, 71]. The ligand 30a was also tested in the hydroformylation of vinyl acetate
obtaining excellent regioselectivity (99%) with an enantioselectivity of 73% [72].



Asymmetric Hydroformylation Using Rhodium

Rh/L CHO
CO/H, *
RN ~ R
4a.c 5a,c
Alkene Rh/L Product Regio (%) ee (%)
4a R=Ph 30a,d 5aR=Ph 99 93
4c R=0OAc 30a 5¢c R= OAc 99 73

0 o
GEO@ G#O OEQ O—P-%_SIS-O
® ® 3
29 Ay 30 hg 31 A

ggo OCF‘D @o OE.D 219
742? 5 g(;o OPB

-0
OR OC1gHa3 OO
35 R= C4Hg 38
36 R=CysHyo 39 Ry=R; = H; R3= CH,CH,CH;
37 R= Cyghas 40 Ry=R; = CHz; Rs=H
41 R1=R2 = CH3, R3= CH2CH2CH3
R R
_ P -
(2 _R1R2 Cg “R OO
L0
R, U
biphenyl binaphthyl
a Rq=tBu; R,= OMe e (R/S)ax; R = Si(alkyl),
b Ry=R, = Bu f (R)ax ; R = Si(alkyl);
cRi=R,=H d (S)ax ; R = Si(alkyl),

d Rq= Si(alkyl)s; Ry= H

107

Scheme 6 Rh-catalyzed asymmetric hydroformylation of monosubstituted alkenes using ligands

29-41



108 A. Cunillera et al.

Recently, related C1-symmetry diphosphite ligands conformationally more flexible
(35-38) or incorporating an increase in steric hindrance at the C-6 position (39-41)
were synthesized (Scheme 6) [72, 73]. These ligands were probed in the hydroform-
ylation of styrene 4a and vinyl acetate 4¢ with good regio- and enantioselectivity (up
to 81% and 68%, respectively), but these selectivities resulted to be lower than with
the ligand 30. Therefore, the bicycle structure and the methyl substituent at C-5 position
seem required to achieve high enantioselectivity in the hydroformylation of styrene and
vinyl acetate when using 1,3-diphosphites derived from carbohydrates.

In summary, the results obtained in the Rh-catalyzed asymmetric hydroformy-
lation of monosubstituted alkenes indicate that: (a) the absolute configuration of the
product is governed by the configuration at the stereogenic center C-3; (b) the level
of enantioselectivity is influenced by the presence of stereocenters at C-3 and C-5
positions, where the phosphorus atoms are attached; (c) bulky substituents in ortho
positions of the biaryl phosphite moieties are necessary to achieve high levels of
enantioselectivity; (d) pseudo-enantiomer ligands such as 30 and 34 afford the same
level of enantioselectivity for both product enantiomers.

Interestingly, the ligands 30 and 34, for which only [RhH(CO),(L)] species with
eq—eq coordination were observed by HP-NMR techniques, provided higher enan-
tioselectivity (ee up to 93%) than the related ligands 31 and 33 (ee up to 64%), for
which an equilibrium between the isomeric eq—eq and eq—ax [RhH(CO),(L)] species
was observed by HP-NMR and HP-IR techniques. Therefore, the presence of a single
coordination isomer, in this case with ligand coordinated in an equatorial-equatorial
(eq—eq) mode, was observed to produce high levels of enantioselectivity in the
Rh-catalyzed asymmetric hydroformylation of styrene, as previously mentioned
[70-73].

In contrast with the diphosphites previously mentioned, the KELLIPHITE ligand
(42), which was developed by Dow Chemical Company, incorporates the chirality in
the bisphenol unit, while the backbone is achiral (Scheme 7). The catalytic system
containing this ligand afforded very good enantioselectivity in the rhodium-catalyzed
hydroformylation of vinyl acetate and allyl cyanide, although low selectivities were
obtained in the hydroformylation of styrene [74, 75].

Recently, Vidal-Ferran and co-workers reported the use of polyether binders as
regulation agents (RAs) to enhance the enantioselectivity of rhodium-catalyzed trans-
formations (Scheme 8) [76, 77]. Using rhodium complexes bearing a,w-bisphosphite-
polyether ligands, the enantiomeric excess was increased by up to 82% in the asym-
metric hydroformylation of vinyl benzoate (96% ee), This ligand design enabled the
regulation of enantioselectivity by generation of an array of catalysts that simultane-
ously preserve the advantages of a privileged structure and offer geometrically close
catalytic sites.

3.2 Phosphine-Phosphite Ligands

The discovery of the (R,S)-BINAPHOS (44) and (S,R)-BINAPHOS (45) ligands in 1993
by Takaya and Nozaki produced a real breakthrough in the Rh-catalyzed asymmetric
hydroformylation reaction (Scheme 9) [78].
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Scheme 7 Rh-catalyzed Rh/42 CHO
asymmetric CO/H, /ﬂ*\
hydroformylation of R —— = R
monosubstituted alkenes da-c Sa-c
using ligand KELLIPHITE
(42) Product Regio (%) ee (%)

5a R=Ph 98 16

5b R=CH,CN 94 78

5¢ R= OAc 99 88
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S

KELLIPHITE (42)

These ligands allowed for the first time an increase in the scope of this process
since they provided high enantioselectivity in the Rh-catalyzed asymmetric hydro-
formylation of several classes of monosubstituted alkenes such as vinyl arenes,
1-heteroatom-functionalized alkenes, and disubstituted 1,3-dienes (Scheme 9), and
is still currently a reference in this area [79-90 ]. Excellent regio- and enantio-
selectivity were achieved with most of these substrates, although the formation of
the branched product (21%) was disfavored when but-1-ene was the substrate. In
2003, De Vries and co-workers reported the first Rh-catalyzed asymmetric hydro-
formylation of allylcyanide and although moderate regioselectivity was obtained
(72%), the highest enantioselectivity (66%) by far was achieved using the ligand 44
[91]. As a general rule, the presence of electron-withdrawing substituents such as
phenyl or heteroatoms in the alkene substrate leads to control the regioselectivity in
favor of the branched product, independently of the ligand used [6].

It is noteworthy that (R,S)-BINAPHOS (44) or the (S,R)-BINAPHOS (45) ligands
yield the two enantiomers of the product with high enantioselectivity; [92, 93] how-
ever, the (R,R)- and (S,S)-BINAPHOS, diastereoisomers of ligands 44 and 45, yield-
ed much lower enantioselectivity in this process, thus demonstrating the importance of
the combination of opposite configurations at the phosphine and phosphite moieties.

In contrast with the previously mentioned diphosphite ligands which coordinate
to the Rh center in an eq—eq fashion, the BINAPHOS ligand was found to coordi-
nate to Rh in an eq—ax mode as a single isomer in the resting state [RhH(CO),(L-L)]
of the process [92, 93]. Recently, DFT calculations on this system demonstrated
that the coordination of the ligand with the phosphite moiety in apical position is
crucial for the stereoselectivity of this reaction and that the presence of a second
chiral center plays a role in determining the R or S configuration of the aldehyde
product [94]. They also showed that for styrene, in the stereoselectivity determining
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Scheme 8 Rh/43

Supramolecularly regulated CO/H, C*HO

bisphosphite ligands with a R —MmM R

distal regulation site da-e 5a-e

reported by Vidal and

co-workers Product Regio % ee %
5a R = OAc >99 99
5b R = EtCO; >99 99
5¢ R =PhCO; >99 96
5d R = Ph 80 5
5e R = CH,0SiMe; 18 25

43 RA = RbBArF

transition state, the key substrate—ligand interactions occur between the styrene and
the phosphite moiety and that these interactions are repulsive in nature.

The second generation of BINAPHOS-type ligands (Scheme 10) was developed
by the introduction of 3-methoxy substituents on the aryl phosphine units 46 [80,
81], and by replacement of the phosphite group by a phosphoramidite function, yield-
ing the YANPHOS ligand (47) (Scheme 10) [95]. The Rh/46 increased the regio- and
enantioselectivity in the asymmetric hydroformylation of styrene, vinylfurans and thi-
ophenes (Scheme 10). Recently, the use of (S,R)-Bn-YANPHOS was reported in the
asymmetric hydroformylation of vinyl-heteroarenes such as pyrroles and provided
excellent regio- and enantioselectivities (up to 96%) [96].

YANPHOS (47) (Scheme 10) provided higher enantioselectivity than the BINA-
PHOS ligand 44 without altering the regioselectivity in the Rh-catalyzed asymmet-
ric hydroformylation of styrene and vinyl acetate (ee up to 99 and 98%, respectively).
Additionally, the ligand 47 provided higher enantioselectivity than KELLIPHITE
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Rh/L

CO/H ¢HO
2 *
4a-h 5a-h

Product 5a 5b 5c 5d 5e 5f 5g 5h
R Ph  CH2CN OAc CeFs CF3 Et Phth S(4-tolyl)

Regio (%) 90 72 86 96 95 21 89 96

ee (%) 94 66 92 98 93 83 85 74

(R,S)-BINAPHOS (44)
(S,R)-BINAPHOS (45)

Scheme 9 Rh-catalyzed asymmetric hydroformylation of monosubstituted alkenes using (R,S)-
and (S,R)-BINAPHOS (44) and (45)

(42) (Scheme 7), although a slight decrease in regioselectivity (80 vs 94%) was
observed in the hydroformylation of allyl cyanide (ee up to 96 vs 78%) [97].

Recently, the efficiency of YANPHOS ligand 47 was again demonstrated in the
Rh-catalyzed asymmetric hydroformylation of monosubstituted alkenes with N-
allylamides, N-allylphthalamides, and N-allylsulfonamides substituents with excel-
lent ee’s (up to 96%), good regioselectivies (up to 84%), and a turnover number
(TON) up to 9,700 [98].

DFT calculations on a series of chiral Rh catalysts proposed an explanation for
the high enantioinduction observed for Rh—CHIRAPHITE, —BINAPINE, —diaza-
phospholane, and YANPHOS systems [99]. For BINAPINE and YANPHOS li-
gands, the main contribution to the selectivity was assigned to the naphthyl groups,
while for CHIRAPHITE and diazaphospholane ligands, the ‘Bu and chiral amine
groups were highlighted as the key enantioinducting moieties. Importantly, in all
cases, the effective placement of these groups to interact with the substrate is ach-
ieved through the coordination of phosphane moieties in the apical site of the complex.

Inspired by the excellent results obtained using 44 and 45, several new phos-
phine—phosphite ligands with different backbones were developed over the last
years but the catalytic results using these ligands provided lower enantioselectivity
(from 20 to 85%) than those previously achieved with the original BINAPHOS
ligand [100-105]. Some of these ligands help to elucidate the correlation between the
ee and the electronic withdrawing properties of the substituent on the alkene [106].
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46 Ar = 3-MeOCg-H, 5l R= 3-vinylthiophene 91

Rh/47
Regio(%) ee(%)

5a R=Ph 89 99
5b R= CH,CN 80 96
5¢ R= OAc 93 98
5m R= CH,NHBOC 66 94
5n R= CH,NBz 78 95
50 R= CH,;NHPhthaloyl 84 96

(R,S)-YANPHOS (47)

5p R= CH2NHSO2(p-MeOPh) 71 96

Scheme 10 Rh-catalyzed asymmetric hydroformylation of monosubstituted alkenes using the
ligands 46 and 47

A new family of phosphine—phosphite and phosphine—phosphoramidite ligands
was constituted using a Taddol-based backbone in the phosphite or phosphorami-
dite moiety, respectively (ligands 48 and 49, Scheme 11) [107, 108]. These ligands
were applied in the Rh-catalyzed asymmetric hydroformylation of styrene, allyl
cyanide, and vinyl acetate with excellent regioselectivities (up to 98%) and good
ee’s (up to 85%). Recently, the group of Vidal-Ferran reported the use of two fa-
milies of small bite angle phosphine—phosphite ligands 50a and 50b in the hy-
droformylation of styrene and vinyl acetate, obtaining excellent regioselectivity but
with moderate ee’s (up to 74%) [109, 110]. Interestingly, the introduction of P-
stereogenic center in ligands 50b slightly increased the ee when styrene was the
substrate but resulted in a lower enantioinduction in the case of vinyl acetate. The
use of the large bite angle ligands 51 containing a diphenylether backbone only pro-
vided moderate ee’s (up to 35%) in the Rh-catalyzed hydroformylation of styrene
[111]. The synthesis of phosphine—phosphite ligands built on an a-cyclodextin scaffold
was also reported recently and provided moderate regioselectivity (ca. 75%) and ee
(50%) in the Rh-catalyzed hydroformylation of styrene [112].

Reek and co-workers reported the use of supramolecular phosphine—phosphoramidite
hybrid ligands in the Rh-catalyzed hydroformylation of styrene derivatives (Scheme 12)
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Scheme 11 Rh-catalyzed asymmetric hydroformylation of monosubstituted alkenes using Taddol-
based ligands (48 and 49) and phosphine—phosphite ligands (50) and (51)

[113]. They observed that the electronic and steric properties of the M(IT) (M = Zn, Ru)
templates had a significant influence on the activity and selectivity of the catalytic re-
action. Using styrene as substrate, ee’s up to 59% were obtained using ligand 54.

The production of chiral aldehyde from simple terminal alkyl olefins of formula
RCH,CH=CH, with high regio- and enantioselectivity has been aimed for many
years and a large set of ligands was probed in this reaction. However, poor regio-
selectivity was usually obtained, the linear aldehyde is preferably formed in most
cases, although interesting ee’s were achieved, for instance, using the BINAPHOS
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Rh/L Regio (%) ee(%)
52 94 52
53 99 51
54 92 59

Scheme 12 Asymmetric hydroformylation of styrene using supramolecular phosphine—
phosphoramidite ligands

ligand [87]. However, the phosphine—phosphite ligand BOBPHOS (Scheme 13) was
recently reported to be efficient in the production of branched aldehydes from alkyl
alkenes with high regioselectivity and ee’s (Scheme 13) [114].

3.3 Bisphosphacyclic Ligands

Several bisphospholane chiral ligands known as efficient ligands for asymmetric
hydrogenation were recently evaluated in asymmetric hydroformylation (Scheme
14) [115].

Two ligands, namely (S)-BINAPINE (56) and (S,S,R,R)-TANGPHOS(57), were
found to give excellent enantioselectivities in the asymmetric hydroformylation of
styrene, allyl cyanide, and vinyl acetate (Scheme 14) [98]. It is noteworthy that the
enantioselectivities achieved for product Sb with these ligands are the highest ever
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Scheme 13 Rh-catalyzed Rh/55

asymmetric CO/H, C*HO

hydroformylation of Roxy ———

terminal alkyl alkenes using

the BOBPHOS ligand 55 6a-f 7a-f

Rh/55 regio (%)  ee (%)

7a R=Ph 80 90
7b R= CgFs 86 91
7c R=4-t-BuCgHy4 75 92
7d R=Bn 70 75
7e R=Pr 75 93
7f R=CN 89 71
79 R= CONPh(Me) 82 92

(S.,S.S)-BOBPHOS (55)

reported for the allyl cyanide substrate. Recently, the ligand BIBOP 58 was re-
ported to provide excellent results in the asymmetric hydroformylation of vinyl
acetate and allylic substrates [116].

The discovery of the biphospholane scaffold as a new privileged structure for
asymmetric alkene hydroformylation has triggered new research efforts for novel
and improved bisphospholane-type ligands. In this context, the (R,R)-Ph-BPE li-
gand (59) (Scheme 14), derivative of DuPhos, was identified as an outstanding li-
gand for asymmetric hydroformylation since excellent regio- and enantioselectivities
were achieved for styrene, allyl cyanide, and vinyl acetate as substrates with this
ligand [117]. Several spacers between the two phosphorus donor atoms were evalu-
ated and the two carbon bridge of 59 provided the highest selectivity for all three
substrates [118]. Recently, both enantiomers of ligand were also utilized in the Rh-
catalyzed asymmetric hydroformylation of vinylarenes using formaldehyde as a sub-
stitute of syngas providing excellent regioselectivity and enantioselectivity (up to 95%)
[119]. This ligand also provided excellent results in the branched selective asymmetric
hydroformylation of a wide range of 1-alkenes, including 1-dodecene, with regiosel-
ectivity up to 93% and enantioselectivity up to 96% [120].

A series of bis-2,5-diazaphospholane ligands was also probed in this process and
the ESPHOS (60) proved to be optimal, with the best results being obtained in the
hydroformylation of vinyl acetate (ee up to 89%) (Scheme 14) [121]. The bis-3,4-
diazaphospholane ligand 61a also provided excellent regio- and enantioselectivity
(ee up to 96%) in this reaction (Scheme 14) [122]. Immobilization of ligand 61a
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Scheme 14 Rh-catalyzed asymmetric hydroformylation of monosubstituted alkenes using the
diphosphine ligands 5661

onto resins and silica supports was also recently reported and provided similar per-
formances to those of the homogenous systems with high regio- and enantiosel-
ectivity for the Rh-catalyzed hydroformylation of styrene and vinyl acetate [123].
Using these systems, excellent recyclability with only trace levels of Rh leaching
was observed in batch and flow reactor conditions. It is noteworthy that silica sup-
ported systems provided poorer enantioselectivities that resin-supported catalysts.
Recently, a detailed spectroscopic characterization of catalytic Rh intermediates
bearing ligand 61a was reported for the hydroformylation of octene, vinyl acetate,
allyl cyanide, and 1-phenyl-1,3-butadiene [124].

This catalytic system was recently used for the continuous flow asymmetric
hydroformylation of 2-vinyl-6-methoxynaphthalene during 8h of reaction using a
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reactor consisting of 20 vertical bubble pipe-in-series connected by small tubing
jumpers [125, 126].

Two derivatives of the ligand 61a were also used in the synthesis of the Prelog—
Djerassi Lactone via an asymmetric hydroformylation/crotylation tandem sequence
in which the hydroformylation step provided 93% ee (Scheme 15).

The sequential asymmetric hydroformylation/aerobic aldehyde oxidation was
recently reported using the same ligand, providing an access to a-chiral carboxylic
acids without racemization [127].

3.4 Bis-Phosphonite Ligands

The bis-phosphonite ligand 62 provided moderate selectivities in the hydrofomy-
lation of styrene and allyl cyanide (Scheme 16). However, this ligand provided an
excellent 91% ee in the hydroformylation of vinyl acetate [128]. The related di-
phosphinite ligand derived from ferrocene 63 was also reported by Ding and co-
workers and its application in the Rh-catalyzed asymmetric hydroformylation of
styrene and vinyl acetate provided good conversion but lower enantioselectivities in
the hydroformylation of styrene and vinyl acetate (up to 55% and 83%, respective-
ly) [129] More recently, a family of TADDOL-derived bis-phosphonite ligands was
reported, among which the ligands 64 and 65 provided excellent enantioselectivity
in the asymmetric hydroformylation of styrene and derivatives [130].

3.5 Bis-Phosphinite Ligands

The diastereogenic bis-phosphinite ligands 66 and 67 were recently reported by Leitner
and co-workers (Scheme 17) [131]. The Rh-catalysts bearing these binol-based ligands
containing chiral phospholane units provided good regioselectivity for the branched
products but only low to moderate selectivities in the hydrofomylation of styrene and
vinyl acetate. It is noteworthy that the diastereoisomer 67 provided higher ee than 66
while the opposite trend was observed in the asymmetric hydrogenation of dimethyl
itaconate.

o Me
SRR ] i oy Y s
Me Rh/61a O/H)
Me

100 conv.
93% ee

Scheme 15 Synthesis of the Prelog—Djerassi Lactone via asymmetric hydroformylation/crotylation
tandem sequence in the presence of derivatives of ligand 61a
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Product 5a 5b 5c
Rh/L R=Ph R= CH,CN R= OAc
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63 95 55 94 83
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Scheme 16 Rh-catalyzed asymmetric hydroformylation of monosubstituted alkenes with ligands
62-65

3.6 Monodentate Phosphorus-Based Ligands

Nowadays, despite the successful use of monodentate ligands in many transition metal-
catalyzed processes, there are only a few reports concerning their use in asymmetric
hydroformylation and achieving high enantioselectivities in this process using those
ligands remains a challenge.

Recently, an Rh complex bearing the monodentate phosphoramidite ligand en-
capsulated in a self-assembled molecular cage 68 (Scheme 18) provided the highest
enantioselectivity (74%) in the asymmetric hydroformylation of styrenes using mo-
noligated catalyst [132]. The presence of the cage was shown to enhance the enantioin-
duction of the catalyst and can therefore be considered as a second coordination sphere
that is reminiscent of enzymatic active sites.

The monophosphite ligand 69 was tested in the Rh-catalyzed asymmetric hydro-
formylation of styrene and allyl cyanide and provided moderate enantioselectivities
(Scheme 19). When vinyl acetate was the substrate, very poor ee’s were obtained



Asymmetric Hydroformylation Using Rhodium 119
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(Scheme 19) [74, 75]. However, in 2004, Ojima and co-workers reported the use of
the phosphoramidite ligand 70 (Scheme 19), related to monophosphite 69, in the
Rh-catalyzed asymmetric hydroformylation of allyl cyanide and achieved excellent
regioselectivities together with the highest enantiomeric excess (80%) ever report-
ed for this reaction with a monodentate ligand [133].

These results, although still far from those obtained with bidentate ligands, clearly
indicated that achieving high ee’s using mondentate ligands is possible. Later, Alexakis,
Pamies, Dieguez, and co-workers reported the testing of monodentate phosphoramidite
and aminophosphine libraries in the asymmetric hydroformylation of styrene deriv-
atives [134]. However, only ee’s up to 50% could be achieved.

In 2005, Breit reports an alternative approach to the classical synthesis of bidentate
ligands for hydroformylation by using the self-assembly of bidentate ligands based on
an A-T base-pair model [135]. This method presents the advantage of allowing the
rapid screening of various pairs of available monodentate ligands to obtain the most
suitable combination for each substrate, overcoming the typical synthetic limitations
for new bidentate ligands. Later, van Leeuwen and Reek reported the template-induced
formation of chelating heterobidentate ligands by the self-assembly of two distinct
monodentate ligands on a rigid bis-zinc(Il)-salphen template with two identical bind-
ing sites (Scheme 20) [136, 137]. The templated heterobidentate ligand 71 induced
much higher enantioselectivities (ee up to 74%) than any of the corresponding ho-
mobidentate ligands or non-templated mixed ligand combinations (ee up to 13%) in
the Rh-catalyzed asymmetric hydroformylation of styrene.
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Scheme 18 Rh-catalyzed asymmetric hydroformylation of styrene using Rh/monodentate phos-
phoramidite catalyst encapsulated in a self-assembled molecular cage

4 Other Monosubstituted Alkene Substrates

In this section, recent reports on the Rh-catalyzed asymmetric hydroformylation of
“non-common” monosubstituted alkene substrates using chiral phosphorus donor li-
gands are presented.

The substrate scope for the hydroformylation of dialkylacrylamides 4d;—d4 has
so far been limited to methacrylamide, acrylamide, or N-benzylacrylamide, with low
enantioinduction (20-50% ee’s) [138, 139].

However, the use of a bis-diazaphospholane ligand (61a) in the Rh-catalyzed
asymmetric hydroformylation of N,N-dialkylacrylamides was recently described
achieving nearly total regioselectivity and ee’s up to 82% (Scheme 21) [140].

The use of the bis-3,4-diazaphospholane type ligands has also been reported in
the rhodium-catalyzed hydroformylation of several 1,3-diene substrates (1,3-dienes,
N-vinyl carboxamides, allyl carbamates, and allyl ethers) with excellent regio- and
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Scheme 19 Rh-catalyzed
asymmetric
hydroformylation of
monosubstituted alkenes
using ligands 69 and 70
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enantioselectivities by Landis et al. [141, 142]. Total conversions with good re-
gioselectivities (>88%) and excellent enantioselectivities (91-97%) were achieved

(Scheme 22).

The ligand 61a was also successfully employed in the Rh-catalyzed asymmetric
hydroformylation of other alkene substrates containing amine (4f) and ether (4g)
substituents, with ee’s up to 99% and 97%, respectively [142] (Scheme 23).

Recently, Leitner, Francio, and co-workers reported the highly regio- and enan-
tioselective hydroformylation of vinyl esters using the bidentate phosphine, P-chiral
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Scheme 21 Rh-catalyzed asymmetric hydroformylation of N,N-dialkylacrylamides
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Scheme 22 Rh-catalyzed asymmetric hydroformylation of 1,3-dienes with ligands 61a and 72

phosphoramidate ligands [143]. The BettiPhos ligand 73 was particularly efficient
and provided total regioselectivity and ee’s up to 97% for a number of these sub-
strates (Scheme 24).
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Scheme 23 Rh-catalyzed asymmetric hydroformylation of monosubstituted enamides and other
allylic substrates with the ligand 61a

5 Rh-Catalyzed Asymmetric Hydroformylation
of Disubstituted Alkenes

The Rh-catalyzed asymmetric hydroformylation of disubstituted alkenes has received
much less attention than their monosubstituted counterparts. To the best of our know-
ledge, only a few examples of asymmetric Rh-catalyzed hydroformylation of 1,2-
disubstituted and 1,1-disubstituted alkenes have been reported so far (Scheme 2)
[26, 143-180].

5.1 Linear 1,2-Disubstituted Alkenes

The 1,3-diphosphite ligand 29 was used in the Rh-catalyzed asymmetric hydro-
formylation of #rans-anethole 8a and estragole 8b (Scheme 25) but moderate to low
enantioselectivities were achieved (ee up to 15%) [145].

Nozaki and co-workers reported the asymmetric Rh-catalyzed hydroformylation
of trans-anethole 8a into 9a using the BINAPHOS ligand 44 with excellent
regioselectivity (98%) and a remarkable 80% ee [146, 147].

In the Rh-catalyzed asymmetric hydroformylation of 1,2-alkyl-disubstituted al-
kenes (Scheme 26) as substrates, the BINAPHOS ligand 44 provided high ee values
[146, 147]. Interestingly, it was reported that the E-isomers 11b and 11d yielded
lower enantioselectivity than their Z-counterparts 11a and 11c.

More recently, a monodentate phosphoramidite template ligand was used in the
asymmetric Rh-catalyzed hydroformylation of trans-2-octene (Scheme 27). This
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Scheme 24 Rh-catalyzed asymmetric hydroformylation of vinyl esters using the BettiPhos ligand
73

ligand (74) exhibits a supramolecular control over the Rh center, due to the pre-
sence of two pyridine functions in the bis(naphthol) skeleton that are bounded to
zinc(IT) porphyrins. With this ligand, useful conversions (up to 56%) with moderate
ee’s (up to 45%) were achieved. When the BINAPHOS ligand 44 was used in the
same reaction, similar conversion (55%) was obtained although without significant
enantioinduction [148]. More recently, a new supramolecular ligand 75 (Scheme
27) containing two phosphoramidite moieties was reported, providing remarkable
enantioselectivities in the asymmetric hydroformylation of internal alkenes [149].

Very recently, Landis and co-workers showed that the diazaphospholane ligand
61a could provide high enantioselectivity in the hydroformylation of Z-enamides
and enol esters, providing excellent enantioselectivities for a broad range of these
substrates (Scheme 28) [150].



Asymmetric Hydroformylation Using Rhodium 125

Scheme 25 Isomerization M/L
processes and asymmetric trans-anethole CO/H, CHO Ar *
hydroformylation of trans- A = A * ¢Ho
anethole and estragole 8a .- p-MeOPh 9a 10a
M/L
CO/H v
N AT s "o
r CHO
8b 10a 9b
Estragole
Scheme 26 Rh-catalyzed Rh/44
asymmetric R1_ H CO/H, OHC Ry
hydroformylation of > < > R
disubstituted alkenes R Rg Rs 2
11a-d 12a-d
Product ee (%)
12a R;= H, R,=R;= Me 85
12b Ry= Me, Ry=H, R;=Me 48
12¢ Ry= H, R,=R,= Et 79
12d Ry= Et, Ry= H, Ry= Et 69

Using the same ligand 61a, Burke and Risi reported the total synthesis of (+)-
patulolide C, which exhibits both antifungal and antibacterial activities [151, 152],
through a methodology based upon Rh-catalyzed asymmetric hydroformylation
(Scheme 29) [153]. This synthetic method included an Rh-catalyzed hydroformylation/
intramolecular Wittig olefination to set the C4-hydroxyl stereochemistry and E-olefin
geometry and form the macrolactone, which afforded a very short, high-yielding syn-
thesis of this compound, which usually required over 14 steps. The hydroformylation
substrate is therefore an E-1,2-disubstituted alkene bearing an acetate and an alkyl
substituent.

More recently, the same authors also employed this ligand in the synthesis of
other biologically relevant molecule using asymmetric hydroformylation as the key
step [55, 154].

5.2 Scaffolding [156] Ligands

The term “catalyst-directing groups” was defined for organocatalysts that are able
to form simultaneously covalent bonds with a substrate and dative bonds with a
metal catalyst, which allow them to direct metal-catalyzed transformations [157].
In general, these “scaffolding ligands” were named by analogy with scaffolding pro-
teins, which promote biological processes [158].
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Scheme 27 Rh-catalyzed asymmetric hydroformylation of internal alkenes with the ligands 44,
74, and 75

Using such methodology, the groups of Tan and Breit reported the highly
regioselective Rh-catalyzed hydroformylation of homoallylic alcohols [157, 159].
Tan et al. designed the alkoxy benzoazaphophole ligand 76 derived from N-meth-
ylaniline that undergo facile exchange with other alcohols or secondary amines
(Scheme 30) [141, 142].

The asymmetric hydroformylation of several alkene substrates was performed
by Tan and co-workers using scaffolding ligands containing a tetrahydroisoquinoline
group on the alkoxy benzoazaphosphole yielding the scaffolding ligand 78
(Scheme 31).

More recently, the group of Tan reported the use of ligands containing an oxa-
zoline moiety able to bind alcohols (Scheme 32) [160]. They applied these ligands
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Scheme 28 Rh-catalyzed 0
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in the diaseteroselective hydroformylation of homoallylic alcohols to afford -
lactams with excellent regio- and diastereoselectivities.

The Breit research group demonstrated that Ph,POMe was a suitable catalytic
directing group for hydroformylation [157]. Notably, the functionalization of 1,2-
disubstituted olefins and other substrates containing stereocenters proceeded with
excellent regio- and stereoselectivity. Additionally, the chemoselective hydroform-
ylation of homoallylic alcohols over unactivated alkenes was observed.

5.3 Monocyclic 1,2-Disubstituted Alkenes

Among monocyclic 1,2-disubstituted alkene substrates, 5-membered ring hetero-
cycles such as dihydrofurans and dihydropyrroles have been the most studied. With
these substrates, the simultaneous control of the chemo-, regio-, and enantiosel-
ectivity is a key issue since the presence of a heteroatom in the cycle favors in some
cases an isomerization process in the presence of a metal-hydride species. Previous
studies using achiral ligands demonstrated that the reaction conditions highly af-
fected the chemo- and regioselectivity of this reaction [161, 162]. Indeed, allyl
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Scheme 29 Synthesis of (+)-patulolide C via Rh-catalyzed asymmetric hydroformylation/macro-
cyclization cascade using ligand 61a

ethers were shown to rapidly isomerize into its vinyl analogue under hydroform-
ylation conditions (Scheme 33). This isomerization process is of critical importance
since it has a direct influence not only on the regioselectivity of the reaction, but
also on the enantioselectivity since the opposite enantiomers of tetahydro-3-carbal-
dehyde are formed from the allylic 17a and vinylic 17b isomers of the substrate
[163]. It is therefore required to limit the isomerization in order to obtain high
selectivities.

In the Rh-catalyzed asymmetric hydroformylation of 2,5-dihydrofuran 17a, Nozaki
and co-workers reported the first successful results using the BINAPHOS ligand 44
which yielded total regioselectivity to the tetahydro-3-carbaldehyde 18a with 68% ee
(R) (Scheme 34) [146, 147, 164]. However, when the 2,3-dihydrofuran 17b was tested
with the same catalyst, no regioselectivity was observed and the ee obtained for the
aldehyde 18b decreased to 38% with S configuration. This catalytic system was thus
suitable to avoid isomerization of 17a into 17b but not selective for the hydroform-
ylation of 17b. In the same study, the amine analogues 17¢c,d and 17e were also tested
as substrates using the same catalytic system (Scheme 34) and similar results were
obtained.

Recently, the previously mentioned 1,3-diphosphites 30, 40 (Scheme 6) derived
from carbohydrates were successfully applied in the Rh-catalyzed hydroformyla-
tion of these substrates [72, 165, 166]. The results indicated that ligands 30, 38—40,
which have a glucose configuration, are the most appropriate to obtain high enan-
tioselective induction in the hydroformylation of these substrates. In the case of
the 2,5-dihydrofuran 17a, the highest enantioselectivity in the aldehyde 18a was
obtained using ligand 38b (88% S). Using this ligand, no isomerization was
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Scheme 32 Rh-catalyzed diaseteroselective hydroformylation of homoallylic alcohols using the
scaffolding ligand 80

observed under hydroformylation conditions. Interestingly, the presence of bulky
substituents at C-5 such as in ligands 39b—40b was shown to increase the degree of
isomerization. When the 2,3-dihydrofuran (17b) was used as substrate, ee’s up to
84% (R) in aldehyde 18b were achieved using ligands 39b—40b, together with a
regioselectivity of 80%. The 2,5-dihydropyrrole 17d was also tested with the Rh/30b
system, achieving comparable results to those previously reported using ligand 44
(71 and 66%, respectively) (Scheme 9).
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Scheme 33 Isomerization processes observed during the Rh-asymmetric hydroformylation of
five-membered heterocyclic alkenes

Reek and co-workers described the synthesis and application of the ligand 81,
containing a skeleton related to the Xantphos diphosphine ligand, in the Rh-catalyzed
asymmetric hydroformylation of the dihydrofurans 17a and 17b (Scheme 34). This
system provided regioselectivities of 99 and 80%, respectively, and very high enan-
tioselectivities (up to 91%) for these substrates [167, 168]. Recently, Zhang and co-
workers reported the Rh-asymmetric hydroformylation of five-membered heterocyclic
alkenes using a derivative of the diazaphospholane ligand 82 developed by Landis
(Scheme 34) [169]. This system provided excellent regio- and enantioselectivities
(up to 92%) for several of these substrates. Vidal-Ferran and co-workers also reported
the use of the small bite angle phosphine phosphite ligand 50a (Scheme 11) in the
same reaction [109]. When the dihydrofuran 17a was the substrate, they obtained total
regioselectivity and ee’s up to 72%, while moderate regioselectivity and ee’s up to
76% were obtained when 17b was tested.

More recently, the same authors reported the use of conformationally transform-
able a,w-bisphosphite ligands combined with an alkali metal BArF salt as a regul-
ation agent (RA) [77]. These ligands provide enantioselectivities up to 82% in the
asymmetric hydroformylation of 2,5-dihydrofuran 17a and 2,3-dihydrofuran 17b.

The asymmetric Rh-catalyzed hydroformylation of dioxapines 20a,b was re-
ported using the BINAPHOS ligand 44 and 1,3-diphosphite ligands derived from
carbohydrates 83 (Scheme 35) [146—-166]. Using the ligand 44, total regioselect-
ivity to 21a,b was achieved, together with ee’s up to 76%. Among the carbohydrate
derived ligands that were tested, the ligand 83 provided the best results (Scheme
35), affording total regioselectivity to 21a,b and up to 68% ee and thus indicating
that no isomerization of 20a,b had occurred. More recently, Vidal-Ferran and co-
workers reported the highest ee in the asymmetric hydroformylation of the diox-
apines 20a by using an Rh-complex bearing the disphosphite 84 (Scheme 35) [77].
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In 2012, the application of the asymmetric hydroformylation of cyclic disubsti-
tuted olefins was employed to provide useful chiral molecules like the Garner’s al-
dehyde, a popular building block [170, 171]. Both enantiomers of this molecule were
prepared through this reaction using catalytic systems bearing the diastereoisomeric
bis-diazaphospholane ligands 61a and 61b (Scheme 36) [172]. The S enantiomer can
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Asymmetric Hydroformylation Using Rhodium 133

Rh/L oHO
H
n )n In
253, 263, 27ab

Product L Regio (%) ee(%)

26a n=1 85 92 88
44 92 83

26b n=2 85 96 97
44

OO PPh,

SONLS
O

L5

(R,S)-BINAPHOS (44) (S,R)-BIPHEMPHOS (85)

Scheme 37 Rh-catalyzed asymmetric hydroformylation of bicyclic alkenes using the ligands (R,
S)-BINAPHOS (44) and BIPHEMPHOS (85)

be produced in 97% ee in the presence of (S,S,5)-61a while the R product is formed
with a slightly lower ee’s (94%), using the ligand (R ,R,S)-61b. The reactions were run
on a ca. 5 mmol scale at 55°C under 10 bar of syngas (1:1) using 2 mol% Rh catalyst.

5.4 Bicyclic 1,2-Disubstituted Alkenes

The Rh-catalyzed asymmetric hydroformylation of substrates 25a and 25b was re-
ported by Nozaki and co-workers using the ligands 44 and 85 (Scheme 37) [146,
147]. The results are really remarkable, in particular with substrate 25b, for which
compound 26b was obtained with practically total regio- and enantioselectivity
(Scheme 37). The corresponding products 26a and 26b are of interest since the
aldehyde 26a can be converted in a single step into the corresponding amine which
exhibits hypotensive activity and the product 26b is a synthetic intermediate to
produce a vasoconstrictor tetrahydrozoline [173].

Another bicyclic alkene substrate of interest for carbonylation reactions is the nor-
bornene 28 and its derivatives. The first reports on the asymmetric Rh-hydroformylation
of norbornene afforded low enantiomeric induction with ee’s below 25% [174, 175]. In
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Fig. 1 Hemispherical diphosphite ligands 86 with a conical calixarene skeleton

2005, Bunel and co-workers reported the first highly enantioselective Rh-catalyzed
hydroformylation of norbornene into the exo aldehyde using diphospholane ligands,
reaching ee’s up to 92% with the TANGPHOS ligand 50 [176]. Using the same
ligand, they also reported the hydroformylation of several derivatives of this substrate
with similar enantioselectivities (Scheme 38).

Recently, the hemispherical diphosphite ligands 86 (Fig. 1) with a conical calix-
arene skeleton was used in the asymmetric Rh-hydroformylation of norbornene, achiev-
ing enantioselectivities up to 61% with the exo aldehyde being the major product [177].

More recently, the KELLIPHITE ligand (42) was employed in the Rh-catalyzed
asymmetric hydroformylation of bicyclic lactam azababicyclo-[2.2.1]hept-5-en-3-
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ones with very good results. The reaction was completely exo-selective, yielding
total conversions and excellent regioselectivities (up to 90%) [178] (Scheme 39).

5.5 1,1'-Disubstituted Alkenes

The asymmetric hydroformylation of 1,1’-disubstituted alkenes differs from the class-
ical asymmetric hydroformylation of monosubstituted terminal alkenes since the de-
sired product is the linear aldehyde (Scheme 2) [179].

Indeed, the Rh-catalyzed asymmetric hydroformylation of 1,1-methylstyrene (38a)
using diphosphite ligand 87 (Scheme 40) to form the linear product (40a) was recently
patented. The enantioselectivity was, however, moderate (ee up to 46%) [180].

Interestingly, when dehydro amino acid derivatives 38b and dimethyl itaconate
38c were used as substrates (Scheme 40) in the presence of [RhH(CO)(PPhs)3] and
1-6 equivalents of the (R,R)-DIOP ligand 88, the formation of the branched pro-
ducts was largely favored with moderate enantioselectivity (ee’s up to 59%). In this
process highly functionalized quaternary carbons are easily obtained from common
products. This interesting reaction deserves more attention by researchers in the field.
It should be noted that when the a,p-unsaturated carboxylic compounds such as 38c
are hydroformylated in the presence of the [PtCl(SnCl;)], the only hydroformylation
product obtained was the linear aldehyde with ee’s up to 82% [26].
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Scheme 40 Rh-catalyzed asymmetric hydroformylation of 1,1’-disubstituted alkenes

Recently, Buchwald et al. reported the Rh-catalyzed asymmetric hydroformylation
of 1,1-disubstituted alkenes (a-alkylacrylates) using the 1,3-diphosphine ligand BenzP
(89). With this ligand, good regio- (up to 91%) and enantioselectivities (up to 94%)
were achieved (Scheme 41) [181]. The fine-tuning of the partial pressures of CO/H,
minimizes the problem of the side reactions; in fact, the mild reaction conditions make
it safe for general laboratory use (10 bar 1:5 CO/H,, 100°C).

More recently, the same authors reported the asymmetric hydroformylation of 3,3,3-
trifluoroprop-1-en-2-yl acetate 39h using the P-stereogenic ligands QuinoxP (90) and
DuanPhos (91) with 92% ee [182]. After oxidation of the resulting aldehyde and
hydrolysis, crystallization provided enantiomerically pure 2-trifluoromethylallylic acid.
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Scheme 41 Rh-catalyzed asymmetric hydroformylation of a-alkylacrylates

6 Conclusions

Rhodium is currently the metal of choice to achieve high enantioselectivities in the
hydroformylation of a relatively large variety of alkene substrates. The elucidation
of the different steps of the catalytic cycle and the characterization of the resting
state, together with the discovery of several types of ligands that are able to provide
high enantioselectivities, have made the rhodium-catalyzed hydroformylation a
synthetically useful tool.

In the catalytic cycle, the complex 16 has been identified as the resting state of
the process. An important feature for bidentate ligands is their possible coordination
to the rhodium center in eq—eq or eq—ax fashions. Indeed, although the enantioface
discrimination occurs at the alkene coordination step from the square-planar species
17, experimental observations showed that high enantioselectivity in asymmetric
hydroformylation of alkenes is obtained using ligands that lead to the formation of
only one isomer of the resting state 16. This fact could be attributed to the similitude
in the structures of the Rh hydride species 16 and 18. The co-existence of the two
possible isomers in solution was shown to always provide lower enantioselectivity.
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Commonly, the synthesis of a chiral compound by asymmetric hydroformylation
involves the introduction of a formyl group in a substituted olefinic carbon. This
process has been widely studied mainly for monosubstituted alkenes. However, since
the favored process is usually the introduction of this group in the less substituted car-
bon, this transformation is only useful for substrates containing electron-withdrawing
group(s) (R = Ph, heteroatom) which direct the introduction of the formyl group in the
most substituted carbon. Consequently, a regioselectivity problem must be first con-
sidered. The presence of a functional group at the allylic position, which contributes to
stabilize the double bond, always supposes an additional issue, since isomerization
takes place easily. This isomerization can be controlled by the appropriate choice of
ligand and reaction conditions. For instance, increasing the CO pressure and/or de-
creasing the reaction temperature reduce the degree of isomerization.

Furthermore, low temperatures (<70°C) are usually required to achieve high enan-
tioselectivities although under these conditions, the reaction rate is usually low. A way
to partially circumvent this problem is increasing the H, pressure thus shifting the
equilibrium from the inactive complex 23 towards the active species 16.

1,2-Disubstituted substrates are particularly challenging when similar substituents
such as alkyl substituents are present in both positions. However, higher regio- and
enantioselectivity can be achieved when one of the substituents direct the regiosel-
ectivity, as is the case of 2,3-dihydrofuran, dihydropyrrol, indene, or 1,2-dihydronaph-
thalene. In the case of symmetrically substituted alkenes such as 2,5-dihydrofuran
and norbornene, no regiocontrol is required and high activities and enantioselect-
ivities have been achieved in asymmetric hydroformylation.

1,1-Disubstituted or 1,1,2-trisubstituted are more challenging substrates. The
general trend is the introduction of the formyl group onto the less substituted carbon,
thus creating the chiral center at the more substituted carbon atom. This trend is
respected in the hydroformylation of such substrates using Pt catalysts, achieving high
regio- and enantioselectivities. Interestingly, it is also possible to introduce the formyl
group at the more substituted carbon using Rh catalysts, thus creating a highly func-
tionalized chiral quaternary center.

For years, ligands containing phosphite moieties such as diphosphites and
phosphine—phosphites were considered as the most successful ligands to achieve
high enantioselectivies. For instance, diphosphite ligands 24, 30, and 42 are highly
effective in the asymmetric Rh-catalyzed hydroformylation of several alkene sub-
strates and the phosphite—phosphine BINAPHOS (44) or its derivatives 46 and 47
have been very successful ligands in terms of selectivity and scope. Recently, how-
ever, diphosphines in which the P atoms are incorporated in a ring (56-59) have also
shown to induce high levels of enantioselectivity in this process. Furthermore, di-
azaphospholane ligands 61a, 61b, and 72 are currently the most efficient ligand in the
asymmetric hydroformylation of alkenes, with exceptional results in terms of regio-
and enantioselectivity. These ligands have also been successfully immobilized onto
solid support in order to recycle and reuse the corresponding catalysts and employ
them under continuous conditions. Over the last years, these ligands were also applied
in the enantioselective hydroformylation of specific substrates for the synthesis of
various organic molecules of biological and/ or synthetic interest.
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It can consequently be concluded that the key to achieve high enantioselect-
ivities is not the type of phosphorus function involved in the coordination to the
metal, but the particular spatial arrangement of the coordinated ligand. Further-
more, recently, supramolecular strategies have also been very successful in asymmet-
ric hydroformylation, clearly indicating that the control of the second coordination
sphere could be key to reach selectivity for challenging substrates.

Nowadays, a variety of chiral products incorporating a formyl unit can be enan-
tioselectively prepared by Rh-catalyzed asymmetric hydroformylation and this pro-
cess can therefore be considered as a powerful and useful tool in organic synthesis.

Recently, an Rh catalyst was reported to convert alkenes to aldehydes without
the need of gases through transfer hydroformylation [183, 184]. In this promising
process, the catalyst transfers the equivalent of H, and CO between a sacrificial
aldehyde and an alkene under mild conditions without evolving gases. Although
this reaction is still at a very early stage, the development of efficient catalysts for
the control of the selectivity could provide a general method for the formation of
chiral aldehydes without the need of syngas.
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Rhodium Catalyzed Decarbonylation

Eduardo J. Garcia-Suarez, Klara Kahr, and Anders Riisager

Abstract Rhodium catalyzed decarbonylation has developed significantly over the
last 50 years and resulted in a wide range of reported catalyst systems and reaction
protocols. Besides experimental data, literature also includes mechanistic studies
incorporating Hammett methods, analysis of kinetic isotope effects as well as
computational studies of model systems, which give an indication of the scope of
the process. In this chapter, fundamental applications of Rh-catalyzed decarbonylation
reactions are surveyed and discussed, including cross-coupling reactions, tandem

reactions, and alternative methodologies for process intensification.

Keywords Aldehydes * Aryl-aryl coupling ¢« Continuous-flow systems ¢ Cross-
coupling » Decarbonylation « Heck coupling ¢ Ionic liquids *« Oppenauer oxidation ¢

Pauson—Khand ¢ Rhodium ¢ Sugars ¢« Tandem reaction
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1 Introduction

Carbon monoxide (CO) is a versatile and inexpensive gas, which is industrially
produced in large scale by steam reforming of natural gas, incomplete combustion
of other carbon containing materials or by gasification of coal [1]. In bulk chemical
manufacturing CO is widely used as C1 building block [2], but its colorless and
odorless properties combined with a high toxicity makes handling and storage
potentially dangerous [3]. For this reason, there is a great interest — in especially
smaller scale applications — to supply the CO equivalents through “in situ” gener-
ation instead of via external CO supply. This makes the overall processing less
dangerous, thus contributing to generate a safer manufacture and working environ-
ment. An approach whereby CO can be generated “in situ” is to apply molecules
containing carbonyl groups as source of CO via a decarbonylation reaction. Such
reactions can be facilitated both thermally and catalytically, and especially the
catalytic approach is attractive for aldehydes which liberate CO much easier than
other functionalities, e.g., ketones [4]. In general terms, decarbonylation reactions
are the reverse of CO insertion reactions, i.e., carbonylation reactions. Even though
carbonylation reactions are significantly more widely applied in industrial applica-
tions, the decarbonylation reaction is a key methodology in organic synthetic
chemistry, mainly in the preparation of biaryl motifs in natural products, advanced
materials, and pharmaceuticals [4].

The current chapter surveys the use of rhodium metal complexes in catalytic
decarbonylation. The first section describes early work on the topic and mechanistic
aspects on the Rh-catalyzed decarbonylation reaction. The following sections
describe potential applications of decarbonylation processes in cross-coupling
reactions and tandem reaction protocols, e.g., the Oppenauer oxidation, enantio-
selective, and Pauson—Khand cascade decarbonylation reactions. Focus is also on
the use of biomass derived compounds (sugars) as CO source, the use of ionic
liquids (ILs) as alternative solvents for the decarbonylation reaction, catalyst
recycling as well as process intensification by use of fixed-bed reactor technology
for continuous-flow systems.
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2 Early Work

The first decarbonylation reaction for aldehydes and the associated mechanism was
described in 1965-1966 by Tsuji and Ohno with a stoichiometric amount of the
Wilkinson’s catalyst RhCI(PPh3); (PPh; = triphenylphosphine) [5] (Scheme 1). In
a first reaction step, the catalyst is in presence of the aldehyde converted to RhCl
(CO)(PPhj3), (a), which is the true catalyst in the carbonylation reaction. Complex
(a) is a stable, four-coordinated complex that easily can be expanded to form a
six-coordinated complex as intermediate in the reaction.

In 1982 Pignolet et al. proposed a mechanism for the decarbonylation of
aldehydes using cationic catalyst complexes with chelating diphosphines as
ligands, such as [Rh(dppp),]Cl (dppp = diphenylpropanephosphine) [6]. The ratio-
nale for using chelating diphosphine ligands instead of monodentate phosphines
(e.g., PPh3) was that dissociation of coordinated CO to regenerate the active
catalyst was a key step during the reaction. In this regard, it was showed that
cationic complexes with chelating diphosphine ligands bind CO less strongly to the
metal center than RhCI(CO)(PPhs), complex due to a decrease in the Rh-CO =
back-bonding and consequently, CO release is facilitated [6].

In 1999 Crabtree and co-workers suggested a mechanism for the decarbonylation
of aldehydes by wusing the cationic Rh-triphos catalyst (triphos = bis
(diphenylphosphinoethyl)phenylphosphine), [Rh(CO)(triphos)][SbF¢] [7]. The pro-
posed mechanism consists of four steps as depicted in Scheme 2. The first step is the
oxidative addition of the aldehyde C—H bond to complex 1 generating a metal acyl
complex similar to 2. Then complex 2 undergoes retro-migratory insertion of the R
group to generate an alkyl/aryl hydride complex 3. The reductive elimination of
complex 3 yields the alkane or arene and complex 4 that is supposed to be in
equilibrium with complex 1, which close the catalytic cycle. The possibility that
the reaction involved a radical mechanism was excluded by using an aldehyde
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(citronellal) that served as radical trap, since cyclic species such as menthone or
isomenthone would be expected to form which was not the case.

In 2008 Madsen et al. presented a combined experimental and theoretical study
of the mechanism for the Rh-catalyzed decarbonylation of para-substituted benz-
aldehydes. In line with earlier work from the group, the experimental part incor-
porated Hammett studies and kinetic isotope effects in order to characterize the
selective-determining step. In addition, the data was used to differentiate between
several mechanistic proposals and used as starting point for the computational
studies [8].

In the studies by Pignolet et al. the proposed mechanism was related to systems
with chelating diphosphines ligands like dppp. However, the DFT calculations
performed by Madsen et al. using a model ligand (dppp where Ph = H) revealed
that the coordination of benzaldehyde to Rh(dppp)," was unfavorable. The calcu-
lations were confirmed by measuring the energy minimization of different distances
between the benzaldehyde oxygen atom and the Rh(I) center. Based on the previous
studies by Pignolet, Rh(dppp)(CO),* was suggested as the optimal catalyst, which
indicates an exchange of CO for benzaldehyde as the first step in the catalytic cycle
[8]. The Hammett studies of benzaldehyde and phenyl acetaldehyde derivatives
revealed a buildup of negative charge in the selectivity-determining step. In con-
trast, the kinetic isotope effects of the two substrates were comparable, indicating
that the two mechanisms had to be identical. Furthermore, the computational
studies of the catalytic cycle revealed that the oxidative addition into the formyl
bond was followed by a rate-determining extrusion of CO and a reductive elimi-
nation. The proposed theoretical kinetic isotope effects were in compliance with the
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Scheme 3 The mechanism for decarbonylation of aldehydes proposed by Kappe and co-workers
using the Wilkinson’s catalyst [9]

experimental values for both substrates, but only when the rate-determining step
was selected as the migratory extrusion of CO.

In 2014 Kappe and co-workers proposed a plausible mechanism for Rh-
catalyzed decarbonylation of aldehydes using Wilkinson’s catalyst [9]. The cata-
Iytic cycle shown in Scheme 3 took into account results obtained from earlier
experimental and computational mechanistic studies. The catalytic cycle includes
a pre-step in which the square-planer Wilkinson’s catalyst 1 is converted to an
unsaturated d® complex 2. The coordinately unsaturated complex 2 coordinates
with the aldehyde 7 via the oxygen atom to form 3, which reacts by a reversible
oxidative addition into the formyl group of the aldehyde to form an acyl Rh(III)
hydride complex 4. The cycle continues by a rate-limiting migratory extrusion of
CO, in which the vacant coordination site of the complex is occupied to give the 18e
~ alkyl or aryl Rh(III) hydride 5. The migratory extrusion is then followed by an
irreversible reductive elimination, which produces the 16e~ carbonyl complex
trans-[RhCI(CO)(PPh3),] 6 and the decarbonylated product 8. Finally the unsatu-
rated d® complex 2 regenerates after dissociation of the extruded CO (9).

3 Cross-Couplings

Grignard reagents have traditionally been used as stoichiometric reagents in cou-
pling reactions with electrophilic carbon atoms, e.g., esters, ketones, hetero-atoms
halides. However, transition metal catalyzed cross-couplings now play an essential
role in both carbon—carbon and carbon—hetero bond formation, and the nature of the
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ligand coordinating to the transition metal is important in determining the selectiv-
ity and the rate of the reaction.

3.1 Cross-Coupling of Arenes with Olefins

Within the last decade, transition metal catalyzed cross-couplings have been devel-
oped in which unreactive arene C—H bonds are coupled with olefins to generate
arylated olefins. Fujiwara and Moritani were the first to demonstrate that arenes
could be applied as coupling partners with olefins by using a Pd-catalyst [10], but
since then more active and selective catalytic systems have been developed. Hence,
recent studies have demonstrated that certain directing groups facilitate regio-
selective C—H ortho-olefination [11]. Carboxylic acids and derivatives have also
been recognized as effective coupling partners in decarbonylative cross-coupling
reactions [12, 13]. Further research has been performed by applying vinyl carbox-
ylic acids and their derivatives as olefins. With this approach, it has been possible to
accomplish decarbonylation of vinyl carboxylates with direct functionalization of
C-H bonds for improving the catalytic efficiency [14].

Yu and co-workers have investigated the direct olefination of arene C—H bonds
by applying an Rh complex catalyst and a proper base. The direct olefination of
cinnamoyl chlorides and cinnamic anhydrides tolerate a variety of functional
groups (Scheme 4) and the pre-studied vinyl carboxylic acid has revealed to act
as an effective reagent [15—17]. Further research of the decarbonylation reaction by
arenes has been performed by Li and co-workers. A protocol for the decarbo-
nylative direct olefination of arylpyridines with different vinyl carboxylic acids
under mild conditions has been developed in presence of an Rh(I) catalyst in
absence of an oxidant. The method provides a general and convenient procedure
for Rh-catalyzed cross-coupling reactions (Scheme 5) [14].

Scheme 5 Direct olefination of arylpyridines by Li and co-workers [14]
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The catalytic activity of different rhodium complexes for direct olefination has
been studied in a model system using 2-(meta-tolyl)pyridine and cinnamic acid
with the additive pivalic anhydride ((-BuCO),0) in toluene (Scheme 6) [14]. The
catalyst [Rh(COD),]OTf (COD = 1,5-cyclooctadiene) showed the highest catalytic
activity affording (E)-2-(5-methyl-2-styrylphenyl)pyridine. Almost similar activity
was observed by applying [Rh(NBD),]|BF,; (NBD = norbornadiene) and [Rh
(CO),(Cl],, while other used Rh complexes showed no reactivity and negligible
yield. Using other solvents, e.g., chlorobenzene, para-xylene, anisole, N,N-
dimethylformamide, and dimethyl sulfoxide resulted in a reduced yield. Other
tested additives were all inferior to the (+~-BuCO),0.

A wide range of substrates with substituents on the benzene ring revealed to be
effectively transformed to the E stereochemistry. Substrates with meta- or ortho-
substituted aryl rings were also efficiently coupled to form the ortho-alkenylated
products.

The mechanism for the decarbonylative direct olefination of aryl pyridines has
been suggested by Li and co-workers (Scheme 7) [14]. In the first step, the aryl
pyridine 3 reacts with the Rh(I) complex to form the aryl coordinated Rh complex
A through C-H activation. The anhydrides B and C and the additive (+~-BuCO),O
react with complex A forming the acyl intermediates D and E, which decarbonylates
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Scheme 6 Direct olefination of 2-(meta-tolyl)pyridine with cinnamic acid [14]
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to form the allyl complexes F and G. Addition of trifluoromethanesulfonic acid
(HOTY) generates complexes H and I in which the carboxylic acids are released.
Product 3 is finally produced as the reductive elimination of H and I occurs and the
rhodium(I) complex is regenerated to start another catalytic cycle [14].

3.2 Heck Coupling

The Heck cross-coupling reaction was first reported by Mizoroki and Heck [18, 19],
and is a fundamental method in organic synthesis for the direct arylation of terminal
alkenes. The Heck reaction does not involve Grignard reagents, and accordingly
carboxylic acids and their derivatives, such as acyl chloride, anhydrides, and esters,
can be used in decarbonylative arylation of terminal alkenes [20]. Arylsulfonyl
hydrazides and aroyl hydrazides can also be applied as aryl electrophiles in the
reaction [21, 22].

In 2009 Li and co-workers presented a route for Rh/Ni co-catalyzed
decarbonylative Heck-type coupling of aromatic aldehydes and conjugate alkenes
using dioxygen as oxidant (Scheme 8). The reaction was accompanied by the
formation of conjugate addition products [23]. In 2015 Yang and co-workers
developed a general Rh-catalyzed oxidative decarbonylative Heck-type coupling
of aromatic aldehydes by the use of terminal alkenes and acyl chlorides as additives
(Scheme 9) [20].

Mechanistic experiments to understand the role of the acyl chloride has been
performed in the studies by Miura and co-workers [24, 25]. The reaction mixture
consisting of [(COD)RICI], catalyst and benzoyl chloride showed formation of
styrene 2 to stilbene 3a (Scheme 10a), while absence of the acyl chloride resulted in
low yield. The Rh-catalyst precursor was activated in the catalytic cycle as stilbene
was generated. This was supported by a reaction (Scheme 10b) in which the
Rh-catalyst reacted with benzoyl chloride in the absence of styrene, which under
high vacuum evaporated to afford Rh residual, which didn’t catalyze the oxidative
decarbonylative Heck-type coupling of aldehydes. However, generally when cata-
lyst loading was increased a higher product yield was obtained, and the trans
isomers was by H! NMR found to be the dominant reaction product [20]. In control

o
2, v Apom <o
Ar H Rh/Ni Ar” 0"Bu

o]

Scheme 8 Rh/Ni co-catalyzed oxidative decarbonylative arylation of conjugate alkene [20]

Rh/additive r

Scheme 9 Rh-catalyzed oxidative decarbonylative arylation of terminal alkene [20]
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experiments the benzoyl chloride was replaced with benzoic acid in presence of,
e.g., lithium chloride (LiCl) and phosphoric acid (H3;PO,4) and no reaction product
was formed (Scheme 10c¢).

Aryl aldehydes with electron withdrawing or donating substitutes have been
found to afford a moderate yield of the products in the decarbonylation Heck-type
coupling with no significant influence of steric effects by ortho-, meta-, and para-
position substituents. In contrast, aliphatic aldehydes did not result in coupling
products and aliphatic carboxylic acid was observed as product [20].

Based on literature reports Yang and co-workers proposed a mechanism for the
oxidative decarbonylative coupling of aldehydes with alkenes which is illustrated in
Scheme 11 [20]. An initial step in the mechanism is the oxidative addition of the
aldehyde C—H bond to the activated Rh(I)-catalyst A to afford the acyl hydride Rh
(IIT) complex B. Next, this complex is converted by tributyl phosphate (TBP) (upon
liberation of Bu'OH) to Rh(III) complex C and further to the aryl Rh(III) complex
D by CO migration. Then styrene is coordinated to yield the m-bonded Rh(III)
complex E, which after C = C insertion to the alkyl Rh(IIT) complex F, forms the
oxidative decarbonylative Heck-type coupling product 3 and Rh(III) hydride com-
plex G after successive P-hydride elimination. The active Rh(I) catalyst A is
regenerated by reductive elimination of Bu'OH to form Rh(I) complex H from
which CO is dissociated.
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Scheme 11 Proposed mechanism for the oxidative decarbonylative coupling of aldehydes with
alkenes [20]

The Rh-catalyzed oxidative decarbonylative Heck-type coupling of aromatic
aldehydes with terminal alkenes has been presented as an efficient procedure. Acyl
chlorides have revealed to be a poor additive for the reaction to proceed and activate
the Rh-catalyst precursor by coupling with styrene [26].

3.3 Aryl-Aryl Cross-Coupling

Protocols to form aryl-aryl bonds have been one of the core interests in organic
chemistry for over a century due to the importance of biaryl motifs in natural
products as well as pharmaceutical industry [27]. The most common procedure for
constructing the aryl-aryl union is by far the homo- and cross-coupling of (pseudo)
aryl halides and aryl metalloids via C—H bond activation. Recently, more challeng-
ing oxidative cross-coupling of simple arenes have been achieved and developed,
affording biaryl products with high atom economy [28]. Based on previous studies
of cross-dehydrogenative-coupling (CDC) reactions [29, 30] and decarbonylative
coupling of different aldehydes and terminal alkynes [31, 32], Li and co-workers
have suggested that aromatic aldehydes can be applied in CDC reactions with
arenes in the presence of an oxidant (Scheme 12) [26]. The acyl metal complex
4 is generated by oxidative addition of the aldehyde to the transition metal. CO
insertion to form complex 5 is then followed by reductive elimination to form a
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Scheme 13 Mechanism for the oxidative arylation of 2-phenylpyridine with aryl aldehydes [33]

simple arene (Ar-H). The aryl metal hydride complex 5 is also capable of reacting
with an alkene, alkyne, or arene [33-35] to obtain the decarbonylative coupling
product. Furthermore, the arylmetal hydride forms the diaryl-metal complex 6 and
the acyl-aryl-metal complex 6’, which results in the C—C bond formation of biaryl
and biarylketones after the reductive elimination.

The optimal conditions for the decarbonylative homocoupling reaction include
the catalyst Rh(acac)(CO), (acac = acetylacetonate), the oxidant TBP when using
PhCI as solvent [33]. Electron-rich aromatic aldehydes with methoxy-substitution
in para- or meta-position were found to give a good yield of biaryls. However, even
higher yield was obtained with 2-arylpyridine derivatives [33].

Li and co-workers proposed a mechanism for the homo-coupling of aryl alde-
hydes with 2-phenylpyridines (Scheme 13) [33]. Initially, oxidative addition of the
aldehyde 2 to the Rh(I) center 4 generates Rh(III) acyl hydride complex 5, which
undergoes insertion of CO at elevated temperature to give Rh(III) hydride complex
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6. Next, 6 reacts with the pyridine compound 1a through C-H bond activation,
which is followed by dehydrogenation promoted by TBP to give Rh(III) complex 7.
Finally, reductive elimination of intermediate 7 affords the target biaryl product 3a
and regenerates the Rh(I) catalyst 4.

Another method for oxidative decarbonylative homocoupling of aromatic alde-
hydes with phosphine ligands has also been developed to produce biaryl and
diarylketones (Scheme 14). Different ligands have been tested in the method and
[RhCI(CO),], in presence of PPh; showed the highest yield with the ratio of biaryl:
diarylketones being 72:28. Changing the phosphine ligand with dppp showed no
formation of biaryl. Aldehydes with weak electron-withdrawing substituents such
as fluoro and chloro also showed a high yield of the biaryl product [26].

The proposed mechanism for the Rh-catalyzed oxidative decarbonylative
homocoupling with phosphines is depicted in Scheme 15. First, the oxidative
addition of the Rh(I) complex forms the acyl Rh(III) hydride complex 7. This
complex is then converted by TBP to Rh(III) complex 8, which is decarbonylated to
aryl Rh(IIT) complex 9. By using the ligand PPh;, the transmetalation between two
aryl Rh(II) 9 complexes forms the diaryl Rh(III) complex 10, which releases the
biaryl product 2 after the reductive elimination to the initial Rh(I) complex. Similar,
by using the dppp ligand the transmetalation between acyl Rh(III) complex 8 and
aryl Rh(Ill) complex 9 forms the Rh(II) complex 11, which releases the
diarylketones 3 after the reductive elimination. The dissociation rate for the
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Scheme 14 Phosphine ligand triggered oxidative decarbonylative homocoupling of aldehydes [26]
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Rh-complex 8 decreases when dppp is applied instead of PPh; and as a result the
decarbonylation of 8 is more difficult for obtaining the aryl complex [26].

4 Tandem Reactions

Tandem reactions consist of at least two sequential steps in which the second step
occurs in virtue of the functionality from the previous reaction [36]. Tandem
reactions can reduce the number of steps required to form a complex molecule,
increase the atom economy as well as reduce generation of waste from the reactions
[37, 38]. Recently, main focus has been on the development of asymmetric cata-
lyzed tandem reactions by applying chiral transition metal complexes [37, 39—41].

4.1 Oppenauer Oxidation

In tandem reaction protocols Oppenauer oxidation of primary alcohols to aldehydes
followed by decarbonylation can be combined within the same reaction mixture.
The reaction protocol allows the removal of hydroxymethyl group in one step, as
illustrated in Scheme 16 for the tandem Oppenauer oxidation and decarbonylation
of 2-naphthaldehyde reported by Madsen and co-workers using aluminum tri(terz-
butoxide) as the Oppenauer catalyst under optimized conditions [42]. Importantly,
long-chain aliphatic alcohol also showed generation of the desired product, how-
ever, along with olefin byproducts.

The optimal conditions for the tandem Oppenauer oxidation and decarbonylation
reaction were found after exploration of different phosphine ligands (Fig. 1) for the
decarbonylation in various solvents [42]. Use of monodentate ligands (i.e., PPhs,
PCy3(Cy = tricyclohexyl), P(o-furyl)s, and PCy,(2-biphenyl)) resulted in low con-
version and the tridentate ligands 1 and 2 gave almost no conversion. The bidentate
ligand dppp was more reactive than dppe (1,2-bis(diphenylphosphino)ethane) and
dppb (1,4-bis(diphenylphosphino)butane). The diphosphines 3 and 4, having a more
rigid backbone and a smaller bite angle compared to the other tested biphosphines,
yielded only minor products amounts, while the reactivity increased for bisphophines
with bite angles of 104-107°, such as the Xantphos [43]. The P,N ligand Davephos
[44] gave also only a minor amount of the product, while dppf (1,1’-ferrocenediyl-bis
(diphenylphosphine)) and Binap (2,2-bis(diphenylphosphino)-1,1’-binaphthyl) gave
high and similar activity for the decarbonylation, albeit the stability of the former

4% RhCI; X H,0
R OH 8% dppp, benzophenone

R-H
~ 170°C

Scheme 16 Rhodium-catalyzed decarbonylation of 2-naphthaldehyde using different solvents [42]
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catalyst system was quite low (resulted in black coloration of the reaction mixture). In
contrast, the quite similar ligand SolPhos (7,7'-bis(diarylphosphino)-3,3’4,4-
'-tetrahydro-4,4'-dimethyl-8,8'-bis-2H-1,4-benzoxazine) resulted only in traces of
the product and the Walphos II and Taniaphos I ligands revealed a reactivity
comparable to dppp. Hence, the best ligands — dppp, dppf, Binap, and Taniaphos I
— were observed to have bite angles between 91 and 96° and a more flexible
backbone, while both smaller bite angle (i.e., ligand 3 and 4) and larger bite angle
(e.g., Xantphos and dppb) showed almost no conversion or a very slow reaction [43].

The synthetic utility of decarbonylation in tandem reactions involving a Diels—
Alder reaction has also been demonstrated by Madsen et al. (Scheme 17) [45]. Here
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aldehyde 6 was prepared in a Diels—Alder reaction between diene S and acrolein
and decarbonylated to the unsaturated decalin compound 7 in good yield using the
Rh-dppp complex catalyst system. Notably, this two-step protocol yielded product
7, which was not possible to obtain by the direct one-step cycloaddition of ethylene
and diene 5 due to a large HOMO-LUMO gap between the reagents [42].

4.2 Enantioselective Decarbonylation

The demand for optically active building blocks is important for especially asym-
metric synthesis in the drug-discovery industry [46]. Earlier study has demonstrated
that optically active diarylalkanes can be formed by different procedures, including
asymmetric alkylations of lithiated diarylmethanes and metal-catalyzed cross-cou-
pling of benzylsilanes with aryl triflates [47]. The cross-coupling requires an
optically active precursor, which led to investigations on enantioselective alkene
reductions [48].

Carreira and co-workers have developed an one-pot protocol for the preparation
of optically active 1,1-diarylethanes from 2,2-diarylpropanealdehydes involving
enantioselective tandem 1,4-addition decarbonylation (Scheme 18) [47]. Hence, the
protocol is a new procedure for asymmetric synthesis where the aldehyde is a
removable steering group [49]. A range of functional groups such as ethers, halides,
esters, and nitro groups were found to be compatible for the reaction and furans,
thiophenes, and indoles provided the decarbonylated products. It was suggested that
compound 3 is formed as a result of f-hydride elimination of the intermediate
4 during the reaction, despite the presence of 3 could lead to erosion of the optical
purity of product 2 (Scheme 19).

The one-pot protocol using [Rh(C,H,4),Cl,] and olefin ligands allowed also
conversion of cinnamaldehyde derivatives without isolating the intermediate alde-
hyde [50]. Despite very low yields, it is so far the first example of aldehyde
decarbonylation with Rh-diene complexes in absence of phosphine ligands [47].

The conditions for the decarbonylation investigated by Carreira and co-workers
have shown to be difficult for small-scale reactions or with volatile aldehydes, and
the opportunity for coupling the decarbonylation to a process that consumes CO has
been examined [47]. Two cyclization procedures have been developed utilizing
aldehydes as a source of CO; the first involves a cascade Pauson—Khand reaction

Scheme 18 1,1- 89-94% e.e.
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Scheme 20 Chemical traps for CO lead to catalytic decarbonylation [47]

of alkyne and alkene to form substituted cyclopentenones [51] and the other involves
a cascade lactonization of benzylic alcohols to form benzofuranone (Scheme 20) [52].

4.3 Pauson-Khand Cycloaddition

Gedye [53] and Giguere [54] reported in 1986 microwave-accelerated organic
synthesis (MAOS) which has been applied in Pauson—Khand decarbonylation reac-
tions [55, 56]. The first microwave-assisted Rh-catalyzed cascade decarbonylation
Pauson—Khand reaction (PKR) was reported by Kwong and co-workers in 2008 using
aromatic aldehydes and [Rh(COD)CIl],/dppp as superior bisphosphine ligand system
[57] (Scheme 21). Various enynes were successfully converted except ortho-
substituted aromatic enynes which provided low yield due to steric hindrance.
Remarkably, the use of CO surrogates (aldehydes) revealed better results than
gaseous CO under the same reaction conditions. On the other hand, the use of
oil-bath heating instead of microwave yielded only trace amount of product.
Besides the achiral cascade PKR, the possibility of achieving the first
enantioselective microwave-assisted cascade transformation was examined with
various substrates including O-, N-, and C-tethered enynes. Chiral diphosphine
ligands were examined in place of dppp and (S)-SYNPHOS (BisbenzodioxanPhos)
provided the best results in terms of product yield and enantioselectivity [57].
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2 X * OO
X N R
TN\, Ridoppiaidehyce o~ e,
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(S) SYNPHOS

Scheme 21 (a) Microwave-assisted Rh-catalyzed cascade PKR; (b) (S) SYNPHOS [57]

5 Alternative Processes

Rh-based decarbonylation catalyst systems have proved tolerant towards a wide
range of functional groups when employed in total synthesis, thus making selective
decarbonylation a potential strategy for upgrading carbohydrates (aldoses) and
furfurals into biofuels and chemical building blocks in bio-refineries [58]. Alterna-
tive processes have also been developed with the aim of optimizing the recovery
and recycling of the catalyst. The interest in new recyclable approaches has resulted
in examination of ionic liquids as reaction media. Further process intensification
has also been achieved by applying continuous-flow systems.

5.1 Aldoses

Procedures for altering the carbon chain length in unprotected aldoses has been a
main focus area in carbohydrate chemistry the last century, but only few methods
for shortening the carbon chain are actually developed [59]. In 1898 Ruff published
a method for shortening the carbon chain, known as the Ruff degradation, which
converts salts of aldonic acids into aldoses with one less carbon atom [60]. Another
procedure for shortening the carbon chain is by oxidative degradation of aldoses
into salts of aldonic acids with loss of one carbon atom [61, 62]. Notably, both
reactions require stoichiometric amount of inorganic salts.

Aldoses are aldehydes that can undergo a C—H insertion reaction with a metal
followed by decarbonylation. This transformation converts C,, aldoses into C,_;
alditols [63]. The conversion of aldoses to alditols was investigated by Andrew and
co-workers using stoichiometric amounts of the Wilkinson’s catalyst. Alditols were
isolated in yields from 37 to 87% using N-methyl-2-pyrrolidinone (NMP) as solvent
at 130°C [64].

In 2007 Madsen and co-workers developed a catalytic procedure with Rh-dppp
for decarbonylation of unprotected aldoses, which resulted in new opportunities for
using aldoses as chiral starting compound in synthetic chemistry [63]. Screening of
different additives and solvents revealed that the optimal conditions were achieved
by using pyridine as additive and a mixture of diglyme and DMA as solvent
(Scheme 22). The applied catalyst Rh(dppp)Cl, — prepared in two steps from
RhCl3-3H,0 — was found to show the best catalytic performance. In contrast, the
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R OH
o 8% [Rh(dppp).ICI OH
o S
HO OH 6% pyridine OH *+ CO
diglyme, DMA OH
R

HO OH

Scheme 22 Decarbonylation of aldoses into alditols [63]
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Cl Cl Cl OAc OAc
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Fig. 2 1ILs tested in the studied decarbonylation reaction [68]

o [Rh(dppp),ICI
R” H ionic liquid

RH + CO
Scheme 23 Decarbonylation reaction with IL catalyst system [68]

analogous in situ prepared catalyst mainly resulted in decomposition of the carbo-
hydrate due to Rh(IIT) to Rh(I) reduction by the ligand followed by further reduc-
tion to Rh(0) by the carbohydrate (glucose) [42].

5.2 Ionic Liquids

Catalyst recovery and recycling are persisting challenges in homogeneous catalysis
[65], but ionic liquids (ILs) have demonstrated potential to efficiently immobilize
catalysts and separate the product phase in reactions such as Rh-catalyzed alkene
hydroformylation [66] and methoxycarbonylation [67]. Furthermore, ILs can pro-
vide greener processes compared to traditional organic solvent systems due to their
negligible vapor pressure, thermal stability, and coordination properties [66].

In 2014 Riisager et al. examined the use of different ILs (Fig. 2) as reaction
media in Rh-phosphine catalyzed decarbonylation of aromatic and aliphatic alde-
hydes to produce benzene derivatives and alkanes (Scheme 23) [68]. The
pre-catalyst [Rh(dppp),]Cl was chosen in the study as it earlier had been reported
to facilitate decarbonylation of aldehydes with different solvents and various
temperatures.

The IL [BMIM]ClI (BMIM: I-butyl-3-methylimidazolium) showed the best
catalytic activity, while change of the IL cation to [EMIM]" (EMIm: 1-ethyl-3-
methylimidazolium) decreased the yield. Similar results were observed by chang-
ing the chloride anion to acetate. The better performance of the chloride-based IL
could be associated with the higher thermal stability and complex dissolution.
Steric and electronic influence of the tested substrates revealed that o- and m-
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substituted aldehydes provided a higher yield of the product due to the induced
steric hindrance, as it improved the migratory extrusion step and the reductive
elimination step in the catalytic cycle [68]. Furthermore, it was demonstrated that
the use of ILs as reaction media resulted in a biphasic system where the IL-catalyst
phase could be easily recovered and reused in three catalytic cycles [68].

5.3 Continuous-Flow Systems

Continuous-flow systems are often preferred in industrial settings as catalyst-
product separation is generally easy compared to homogeneous batch catalyzed
reactions. In decarbonylation of aldehydes, CO is released and vaporized from the
liquid phase into the gas phase and stripped from the reaction mixture carried by an
inert gas. This feature may also prevent catalyst poisoning.

Kappe and co-workers have investigated biphasic gas-liquid continuous-flow
decarbonylation of aldehydes in the presence of Rh-dppp catalyst (Scheme 24). It
was found that benzaldehydes without electron-withdrawing groups reacted slower
than cyanobenzaldehyde, and the efficiency of the annular flow regime was
highlighted by synthesis of chromenes which are a significant category of natural
products, e.g., cannabinoids, anthocyanides, and flavors [9]. Different chromene
derivatives were also synthesized in a flow protocol by Brise and co-workers utilizing
Michael addition/aldol condensation followed by Rh-catalyzed decarbonylation
[69]. The decarbonylation reaction was performed by a procedure developed by
Madsen and co-workers [42].

Riisager et al. have reported the use of a solid, silica-supported [Rh(dppp),]Cl
catalyst for gas-liquid continuous-flow decarbonylation of aromatic and aliphatic
aldehydes [70]. Aromatic aldehydes with electron-withdrawing groups were poorly
soluble in the applied solvents, which gave rise to low product yields. Higher yields
and catalyst activity were obtained with electronically activated o- and p-
substituted aldehydes, which — in the former case — were related to an induced
steric hindrance [8]. Preservation of intact metal-ligand centers played a pivotal
role for the catalytic performance, since ligand dissociation led to catalyst deacti-
vation and formation of less active metal nanoparticles.

o Rhz(OAc)s, dppp
R”H toluene, 200°C

R-H

Scheme 24 Decarbonylation of aldehydes under continuous-flow conditions [9]
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6 Summary

Compiled in the present chapter are a variety of Rh-catalyzed decarbonylation
reactions that have been developed over the last 50 years using different ligands
and substrates. The reported experimental studies incorporate Hammett studies,
kinetic isotope effects as well as different computational analysis, which are also
very important for improvement and development of catalytic reactions through
understanding of reaction mechanisms. Approaches for in situ generation of CO
have found use in a wide range of tandem reactions, whereby the use of hazardous
CO as an external reagent is avoided. Furthermore, it has been possible to carry out
aldehyde decarbonylation under mild reaction conditions. The development of
Rh-catalyzed decarbonylation has also resulted in new, alternative reaction
approaches using ILs and continuous-flow aiming towards process intensification
and eased catalyst recovery and recycling. Such progress may be of importance for
possible future industrial implementation.
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Recent Developments in Rhodium-Catalyzed
Cyclocarbonylation Reactions

Andrew J. Burnie and P. Andrew Evans

Abstract Rhodium-catalyzed cyclocarbonylation reactions, which include the
Pauson—Khand-type or [2+2+1] reactions, represent a powerful strategy for the
synthesis of cyclic ketones through the combination of relatively simple unsatu-
rated groups; namely, alkenes, alkynes, allenes, dienes, heterocumulenes, nitriles,
and strained rings with carbon monoxide derived from either CO gas or through
the decarbonylation of aldehydes. This chapter examines a variety of methods
for the synthesis of carbo- and heterocyclic rings of different sizes, including
diastereoselective and enantioselective approaches, and will also present the appli-
cation of these reactions in the total synthesis of important natural products, as
exemplified by (+)-asteriscanolide and (—)-ingenol.

Keywords Asymmetric catalysis * Carbocyclizations ¢ Carbon monoxide e
Natural products ¢ Pauson—Khand-type reaction « Rhodium catalysis ¢ Tandem/
sequential reactions
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1 Introduction to Transition Metal-Catalyzed
Carbocyclization Reactions

The atom-economical construction of multiple carbon—carbon bonds with predict-
able chemo-, regio-, and stereoselectivity in a single synthetic operation remains a
key objective for modern synthetic organic chemistry. While classical thermal or
photochemical cycloaddition reactions demonstrate more than ample capability for
the preparation of new (poly)cyclic compounds, much of the utility of these
processes relies on the inherent polarization of the starting materials to promote
the reaction and thereby achieve the desired product [1].

Recent decades have witnessed a significant shift in focus toward the use of
various transition metal species to catalyze new cycloaddition reactions between
unactivated alkenes, alkynes, and other unsaturated molecules, using the “tunabil-
ity” of the metal complex to influence the selectivity in the reaction [2-5]. The
key distinction between these carbocyclization reactions and the more classical
approaches is that there is at least one carbometalation step. Among the most
important features of these reactions is the high atom economy, as multiple carbon—
carbon or carbon-heteroatom bonds can be formed in a single operation, making
carbocyclization strategies a highly attractive approach for the reduction of chem-
ical waste in synthetic applications. In addition, the ability to readily assemble
structurally intriguing cyclic molecules, which contain a variety of ring sizes,
degrees of unsaturation, and substitution patterns, from acyclic substrates under
relatively mild conditions is also appealing for target-directed synthesis, because
these intermediates would be difficult to prepare via classical pericyclic reactions.

While offering numerous advantages, the optimization of new carbocycli-
zation reactions is not without its challenges. Most notably, the chemo- and
regioselectivity of a fully intermolecular reaction can be very difficult to control
in the absence of significant electronic or steric bias present in the substrates and/or
the catalyst [6]. Tethering some (or all) of the components, thereby controlling the
proximity of the reactive functionalities and reducing the likelihood of the
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formation of undesired regioisomers, is by far the most popular approach for
addressing this issue. Although this requirement often leads to an increase in the
synthetic complexity of the substrates, it readily permits the selective synthesis of
polycyclic products. Hence, this approach represents a convenient method for
preparing the core structure of many natural products, which contain fused carbo-
and heterocyclic rings of various sizes and degrees of unsaturation. While numer-
ous 2C-components are widely available and readily undergo reactions of this type,
the scope of 1C-components is primarily dominated by carbon monoxide (CO).
Though highly toxic, CO is quite easy to handle and can be applied to various
reaction manifolds with different transition metals, since it readily undergoes
migratory insertion to install a carbonyl group in the final product, a process
exemplified by the well-known Pauson—Khand reaction (PKR).

2 The Rhodium-Catalyzed Pauson—Khand Reaction

Since its initial discovery in 1973 by Pauson and Khand at the University of
Strathclyde, the formal [2+2+1] cycloaddition of an alkene with an alkyne using
CO derived from stoichiometric Co,(CO)g to afford cyclopentenones is among the
most extensively studied of all transition metal-mediated reactions [7]. The histor-
ical development of the PKR will not be discussed in detail in this chapter, since
there are already several excellent reviews available on the subject [8—12]. Rather,
we wish to highlight the advent of rhodium catalysis in the field of carbonylative
carbocyclizations, given the ability of rhodium to readily coordinate a wide variety
of ligands and substrates, which has demonstrably broadened the scope of carbo-
cyclization chemistry in the last 20 years and provides new strategies for the
synthesis of (poly)cyclic compounds.

While the majority of the work using rhodium has focused on the [2+2+1]
process in various guises, interchangeably referred to in the literature as the
rhodium-catalyzed PKR or the PK-type reaction, the relative ease with which
rhodium complexes can be applied to various reaction manifolds has facilitated
the development of new two-, three-, and even four-component cyclocarbonylation
methods, some of which in fact predate the rhodium-catalyzed PKR by several
years, which afford five- to eight-membered rings with varying degrees of structural
complexity and unsaturation.

3 Rhodium-Catalyzed [n+1] Carbocyclization Reactions

3.1 [4+1] Carbocyclizations

The first rhodium-catalyzed carbonylative [4+1] carbocyclization was reported by
Heldeweg and Hogeveen in 1976 [13, 14]. The highly strained diene 1a and enone
1b can be transformed into the corresponding aromatic products 2a and 2b using
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two equivalents of [Rh(CO),Cl], under mild conditions. Interestingly, in the course
of these studies, they also discovered that treatment of the substrates with catalytic
[Rh(CO),Cl], at high CO pressure (ca. 40 atm.) for several days also affords the
desired products in excellent yields (Eq. 1). The reaction is proposed to involve the
in situ formation of the reactive ortho-xylylene or ortho-benzoquinone methide
intermediates 3a and 3b, by thermal rearrangement of la and 1b, respectively,
which serve as the 4z-components in this reaction.

Me Me Me
Me [Rh(CO,)Cl], (5 mol%) Me Me
e 0
CO (40 atm.) X Me X Me (1 )
x Me Me benzene, temp. Me Me
1a X = CH,, 20 °C 2a 90% 3a X =CH,
1b X =0, 40 °C 2b 88% 3bX=0

Murakami et al. later reported a [4+1] reaction of vinylallenes that contain di-
and trisubstituted allenes [15]. The development of the reaction was driven by the
initial discovery that substrate 4 provides a mixture of the endo-5 and exo-5 n’*-
coordinated rhodium complexes when treated with stoichiometric Rh(PPh;3);Cl
(Scheme 1). Interestingly, the two complexes are proposed to interconvert via the
intermediate 6, a pathway supported by the isolation and X-ray crystallographic
analysis of a related complex of this type (R' = R* = Me, R? = Ph, R* = H), wherein
the rhodacyclopentene ring was shown to be almost perfectly planar [16]. This
intermediate can subsequently undergo migratory insertion with an equivalent of
CO to provide mixtures of the cyclopentenone isomers 7 and 8.

In a follow-up study, the same group also described an asymmetric variant of the
[4+1] carbocyclization using the (R,R)-Me-DuPHOS ligand, wherein the CO pres-
sure has a profound effect on the selectivity of the reaction [17, 18]. For instance,
high CO pressure is optimal (5 vs. 1 atm.) to suppress competing S-hydride elimi-
nation from the rhodacycle intermediate, whereas at lower pressure (1 atm.), a
conjugated triene is formed in an almost 1:1 ratio with the intended cyclopentenone

R3 . R3
— R
/ cat. Rh(l) -/ A\ — -//_Q\_W
- R‘ i — R! - —_— R‘% ‘
R2 B2 [Rh] R2 Ah
PhsP”  Cl PhgP”  Cl
4 endo-5 6 exo-5
‘CO
R3 R3
1 1
R2 e} R2
7 8

Scheme 1 Coordination of rhodium to vinylallenes and trapping with CO
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Table 1 Synthesis of enantioenriched cyclopentenols via [4+1] carbocyclization

COR  [Rn(cod);IPFs (5 mol%) COR COR

%.mph (R,R)-Me-DuPHOS (6 mol%) Me\fé o NaBH,, CeCly Me@ o
Me _— . -

Me CO (5atm) Me MeOH Me oy
9 DME, 10°C 10 1
Entry Product 11 R Yield from 9 (%) ee (%)*

1 a Et 93 92
2 b ‘Bu 96 92
3 c Bn 94 95

“Determined by chiral HPLC analysis

product. Interestingly, the incorporation of an ester at the internal vinylic position of
the alkene 9 leads to markedly improved stereoselectivity. The subsequent Luche
reduction of the cyclopentenones 10 affords the cis-cyclopentenols 11 in almost
quantitative yield and with excellent enantiomeric excess (Table 1).

Furthermore, there are remarkable differences in the reactivity of the vinylallene
species in the presence of other transition metals. For instance, a chiral platinum
catalyst with (R,R)-Me-DuPHOS provides the cyclopentenones with the opposite
absolute configuration at the a-position [19-21], whereas the corresponding palla-
dium catalyst furnishes the corresponding [4+4+1] products at lower temperature,
albeit extended conjugation is necessary for this reaction [22].

Recently, Zhang demonstrated the utility of cyclopropanes and epoxides in a
rhodium-catalyzed [4+1] carbocyclization (Eq. 2). Treatment of 1-(1-alkynyl)
cyclopropyl ketones 12a (X = CH,) with catalytic rhodium under 1 atm. of CO in
DCE at 70°C provides the bicyclic furanones 13a bearing a variety of substitution
patterns [23]. In a similar process, the analogous 1-(1-alkynyl)oxiranyl ketones 12b
(X=0) afford the corresponding oxacyclic derivatives 13b in good to excellent
yield [24]. In contrast to the cyclopropane substrates, the oxiranes require the
addition of a biaryl phosphine ligand as they are otherwise inert.

R3 cat. Rh(l) (5 mol%) R3
[ligand (5 mol%)] o
R CO (1 atm.) AN (2)
o DCE, 70 °C RN TR
12a X = CH, 13a 50-94%
12bX=0 13b 58-99%

Malacria and coworkers reported the [4+1] carbocyclization of 3-acyloxy-1,4-
enynes 14 containing internal alkynes using high CO pressure (Eq. 3) [25]. The
reaction proceeds via an intramolecular 1,3-acyloxy migration (R3 =Piv, Bz, Ac),
in which a variety of alkyl groups (R', R?, R*) and alkene substitution patterns are
tolerated, although the endocyclic olefin is prone to isomerization in all cases. In a
concurrent study, Tang and coworkers reported an almost identical process under
considerably milder conditions, requiring only 1 atm. of CO. In this case, the a,f3-
unsaturated isomer 16 was formed as the exclusive product in moderate to good
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yield and with analogous geometrical selectivity via the treatment of the crude
reaction mixture with two equivalents of triethylamine prior to purification [26].

j/\ cat. Rh ; q
CO (60 atm.)

CH,Cl,, 80 °C (3)

38-84%

ZIE up to 219:1 ZIE up to >19:1
15:16 up to 93:7 uplo= uplo=

Yu and Pu also described the rhodium-catalyzed [4+1] reaction of acyloxy-
substituted 1,3-enynes 17 with CO in refluxing DCE (Eq. 4) [27]. Although a
variety of propargylic aryl substituents are tolerated, the exocyclic olefin product
18 is generally formed with modest geometric control.

OAc o

“ [Rh(CO),Cl], (10 mol%) \
| N
2 f CO (1 atm.) 7 aco 4)
e DCE, reflux Me
17 18
61-96% E/Zup to 10:1

3.2 [5+1] Carbocyclizations

Cho and Liebeskind reported the first rhodium-catalyzed [5+1] reaction of
cyclopropenyl esters and ketones 19a (X =0) using low CO pressure to afford
a-pyrone derivatives 20, in which the product distribution is largely substrate
dependent (Scheme 2) [28]. For example, cyclopropenyl esters (R*= OEt) derived
from monosubstituted (R'=H, R*=alkyl) and symmetrical alkynes (R'=

=Et) afford the 4,6-disubstituted a-pyrones exclusively, whereas cyclopropenyl
ketones (R®>=alkyl, aryl, vinyl, alkynyl) have a tendency to form furans as a
result of premature reductive elimination. Additionally, treatment of symmetrical

Scheme 2 [5+1] 10n o
Carbocyclizations RY/R2 o
affording o-pyrones 25-89% RRZ NF “R3
20 and phenols 21 . 20
j X [Rh(CO),Cll; (2 mol%)
R2 RS CO (1 atm.)
benzene, 80 °C
19aX=0 oH
19b X = CHR4 19b R Re
_—
31-82%

R2 RS
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vinylcyclopropenes 19b (R! =R?*=Et, R*=Ph, ‘Pr, X = CHR*, R* =H, Ph, "Pr)
under the optimized reaction conditions affords the corresponding phenols 21 with
varying efficiency because of the formation of cyclopentadiene by-products.

Kurahashi and de Meijere described the [5+1] reaction of
(cyclopropylmethylene)cyclopropanes 22 with CO to afford substituted
cyclohexenones 23 (Eq. 5) [29]. Interestingly, this transformation proceeds with
moderate to excellent yield with either Co,(CO)g or [Rh(CO),Cl], as a catalyst in
tetrahydrofuran (THF) at 60°C, albeit the latter provides higher yields in all cases.
The reaction tolerates double bond and cyclopropane substitution (R'=Me,
Ph, 1-cyclopropyl, R = Me), which results in the incorporation of these substitu-
ents in the olefin in 23. Nevertheless, the phenyl-substituted derivative (R' = Ph) is
significantly less reactive, even after additional optimization of the solvent and
temperature, which affords the requisite cyclohexenone 23 in poor yield (33%).
Additionally, none of the desired products are formed from substrates without the
cyclopropylmethylene functionality.

Rh(CO),Cll (2.5 mol%) o)
R2.|> CO (1 atm.)
R THF, 60 °C or R (5)
dioxane, 100 °C R?
22 23

33-95%

In an effort to develop a new strategy for the synthesis of functionalized resor-
cinols 25, Malacria and coworkers described a carbonylative [5+1] reaction using
3-acyloxy-1,4-enynes 24 (R4:Piv, Ac) as the SC-component (Eq. 6) [30]. The
optimal conditions utilize high CO pressure in conjunction with dichloromethane,
which afford the aromatic products 25 in 37-76% yield. Two mechanistic proposals
were outlined, both of which invoke a 1,2-acyloxy migration, that is either followed
by ring closure to a rhodacyclohexadiene i and carbonylation, or the formation of a
ketene ii that can undergo a 6z-electrocyclization. Interestingly, the attempted trap-
ping of the ketene ii with excess methanol affords almost equal amounts of the
resulting acyclic methyl ester (not shown) and the resorcinol 25, which presumably
indicates that both of the proposed mechanisms may be operative. In related studies,
Tang and coworkers reported that the use of a more electron-rich ester (R* = 4-
Me,NCeH,) facilitates the synthesis of 25 under significantly milder conditions,
namely, at room temperature under 1 atm. of CO, albeit the substrate scope is
quite limited [31].

R3 R2 R3

R® ocors
jo& [Rh(CO),Cll, (2.5-5 mol %)  R& OCOR* [ o _L_ocors R2__\__OCOR?
X _— vs.
/- | |
. CO (50-80 atm.) R A RN RO 7 (6)
CH,Cl,, 80 °C OH o

24 25 i ii
37-76%

Cyclopropyl propargyl esters 26 are also suitable substrates for the rhodium-
catalyzed [5+1] reaction, which provides access to substituted cyclohexenone
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RS
_ OCOR? %J\o RPOCO )
J I 3 X" R3
R A m . ﬁ o
26 i 27
RZOCO R R
®o’&o M=Au V):':/ M=Rh  ROCQ )
A Ro ] e
v ‘ & tom
i

R R
R' v ii i
J J M= Au
o 0 reocO  R®
V)ka " éﬁ
R R3 Rt
28 29
R' = alkyl R = aryl, vinyl

Scheme 3 Mechanism of the reactions of substituted cyclopropyl propargyl esters

derivatives in high yield [32]. The mechanism outlined in Scheme 3 accounts for
the observed products, which depending on the metal catalyst employed results in a
number of reaction pathways from the allenyl ester intermediate ii, which is derived
from 26 by a 1,3-acyloxy migration (intermediate i). For instance, in the presence of
arhodium catalyst, oxidative ring opening of the cyclopropane affords the metalla-
cycle iii, which under a CO atmosphere can undergo migratory insertion and
reductive elimination to afford 27, whereas a gold catalyst leads to the formation
of 28 R!= alkyl) or 29 (R'=aryl, vinyl) [33-35]. Interestingly, the stereo-
chemistry in the cyclopropane 26a, which is a 1:1 mixture of diastereoisomers
at the propargylic position, is inconsequential since the cyclohexadienone 27a is
obtained with 10:1 E/Z selectivity (Eq. 7). The stereocontrol in this example is
ascribed to the ability of the diastereomeric allene intermediates ii (Scheme 3) to
interconvert to minimize steric interactions between the substituents and the coordi-
nated rhodium catalyst [36].

OPiv OPiv Bu
= =
Me By [Rh(CO),Cl], (5 mol%)
Me o
Me—/ CO (1 atm,) Me._ (7)
Me toluene, 80 °C Me
26a 27a

74%
dr=1:1 E/IZ=10:1



Recent Developments in Rhodium-Catalyzed Cyclocarbonylation Reactions 175

Tang et al. also reported an adaptation of the rhodium-catalyzed [5+1]
carbocyclization of 3-hydroxy-1,4-enynes 30 to prepare substituted carbazole deriv-
atives 31 (R* = NHBoc), by using a substrate that is able to participate in both an
annulation and a cyclocarbonylation reaction (Scheme 4) [37]. A variety of sub-
stituents on the aryl ring (R', R?) and at the terminal position of the olefin (R®) are
well tolerated, albeit substitution of the internal position of the alkene (R4 =Me) is
problematic. In addition, the overall efficiency for an internal alkyne (R®=Me)
can be dramatically improved using a fluorinated phosphite ligand and chang-
ing the solvent to THF. Furthermore, replacing the carbamate with a free phenol
(R*=0H) and changing the solvent to dioxane permits the formation of the
dibenzofuran 32.

Yu and coworkers described the ring opening of VCPs 33 in the presence of a
cationic rhodium catalyst to furnish cyclohexenone derivatives (Scheme 5), which
is similar in concept to the process described by Kurahashi and de Meijere (cf.
Eq. 5) [38]. Interestingly, the ,y-unsaturated products 34 are formed as the major
products, albeit the a,f-unsaturated products 35 can be formed exclusively
upon treatment of the reaction mixture with DBU to mediate the conjugation
of the olefin. Nevertheless, some of the unsymmetrical 1,2-disubstituted (e.g., R!
=R?=R’=H, R* = trans-CH,OH) and polysubstituted cyclopropane derivatives
have a propensity to form regioisomeric mixtures.

R1
R4 HO R
e O ps _[RNCOLCI, (Gmol%) RS [Rh(CO),Cll, (5 mol%)
-
N @
O CO (1 atm.), DCE, 60 °C “\gs CO (1 atm.), dioxane, 60 °C o oH
’goc OH Re R?
RG
31

(R3 = NHBoc) (R3 = OH)

30 32
36-81% 67%

Scheme 4 [5+1] Carbocyclization reactions affording carbazoles and dibenzofurans

°) o}
[Rh(dppp)]OTf (10 mol%) R4 R4
+
4 AMS, DCE, 85°C R1 R3 R1 RS
R? R2
41-80% ) )
5 34 (major) 35 (minor)
1 R R4 N,/CO
: - 33:34 up to 8:1
B3 (4:1,1 atm.)
33 1. [Rh(dppp)]SbF (10 mol%) o
or [Rh(dppp)]OTf (10 mol%) R4
4 AMS, DCE, 85 °C R R3
2. DBU (1 equiv), RT R2

25-85%

Scheme 5 [5+1] Carbocyclizations of VCPs affording substituted cyclohexenones
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3.3 [6+1] Carbocyclizations

In contrast to the [5+1] reaction, only one example of a rhodium-catalyzed [6+1]
carbocyclization has been reported, namely, the reaction of protected 1-
allenylcyclobutanols 36 (Eq. 8) [39]. Although increasing the CO pressure to
2 atm. and reducing the reaction temperature from 110°C to 80°C provides com-
plete selectivity for the cycloheptenone product 37 over the cyclohexene derivative
38, which is formed by premature reductive elimination, these conditions are not
general and require subtle modifications for each substrate. Interestingly, this
substrate is effectively unreactive with the same iridium catalyst utilized for the
[5+1] reaction of allenylcyclopropanes [40].

Me o Me Me
/‘)\Me [Rh(CO),Cll, (10 mol%) Me Me
DEOTBS toluene, CO
oTBS OTBS (8)

36 37 38
1 atm. CO, 110°C 45% 40%
2 atm. CO, 110 °C 73% 15%
2 atm. CO, 80 °C 93% -

3.4 [7+1] Carbocyclizations

Yu and coworkers described the first rhodium-catalyzed carbonylative [7+1]
carbocyclization reaction of the buta-1,3-dienylcyclopropanes 39, which extended
the conjugated z-system of the substrate used in the previous studies on the [5+1]
carbocyclization reaction (cf. Scheme 5), to provide a mild method for the construc-
tion of eight-membered rings 40 (Eq. 9) [41]. This particular transformation appears to
be unique to rhodium, since nickel [42] and palladium [43] catalysts promote a [1,3]-
shift to afford 3-vinylcyclopentene derivatives. While the reaction is seemingly
indiscriminate of the diene geometry, thereby allowing mixtures of isomers to be
employed, the Z-isomer is generally more reactive. Furthermore, the fully conjugated
cyclooctadienone product 40 is thermodynamically favored via the isomerization of
the nonconjugated isomer 41 under the reaction conditions. Nevertheless, cyclo-
propane substitution is not tolerated; for example, 1,1-disubstituted examples undergo
self-reaction to give cyclohexenone derivatives via an alternate pathway, whereas
other substituted cyclopropane derivatives are unreactive under the conditions.

o) 0
Lm [Rh(CO),Cl], (10 mol%)
.
R2 CO (1 atm.) R R (9)

dioxane, 85-95 °C R2 R2

39 40 41
12-85%

40:41 up to 19:1
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Yu et al. also reported the ability of the cyclopropyl-benzocyclobutenes 42 to act
as 7C-components in the [7+1] carbocyclization reaction with CO (Eq. 10) [44]. A
useful feature with this process is that the products 43 contain a fused benzo-
cyclooctene ring system, which is present in the natural products parvifoline (44)
and gomisin G (45). In contrast to the previously reported [7+1] reaction, cyclo-
propane rings with additional functionalization, including fusion to another
cycloalkane, are nicely tolerated under the optimum conditions. However, in the
absence of the silyl protecting group, an alternate C—C bond cleavage pathway
predominates.

) [Rh(CO),Cl], sio .. R
B10 - R (255 moi%)
RL ] R
S CO (1 atm.)
p-xylene, 140 °C
42 43 Parvifoline (44) Gomisin G (45)

50-84%

4 Rhodium-Catalyzed [m+n+1] Carbocyclization
Reactions

4.1 [24+2+1] Carbocyclizations

The majority of the work on rhodium-catalyzed carbonylative carbocyclization
reactions has focused on variations of the [(2+2)+1] process, wherein a variety of
tethered combinations of 2C-components have proven suitable substrates for this
transformation. Hence, a number of different cyclic carbon skeletons have been
prepared in a highly efficient fashion, through the careful design of substrates that
incorporate suitably positioned z-components, which afford cyclopentenones that
are fused to five-, six-, seven-, or even eight-membered rings with well-defined
stereochemistry.

4.1.1 1,n-Enynes
Discovery and Initial Developments

Narasaka [45] and Jeong [46] independently reported the rhodium-catalyzed
PK-type reaction of 1,6-enynes with CO and have also made significant contribu-
tions to the development of this reaction in the context of the scope and limitations.
For instance, Narasaka and coworkers described the first rhodium-catalyzed [(2+2)
+1] carbocyclization in 1998, which laid the groundwork for nearly two decades of
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innovation in the development of this particular class of reactions [47]. In the
absence of ancillary phosphine ligands, low loadings of [Rh(CO),Cl], in dibutyl
ether efficiently catalyze the carbonylation reaction of 1,6-enynes 46 containing
different tethering atoms and various substitution patterns, albeit terminal and
triorganosilyl-substituted alkynes (R' =H, SiMe;) are considerably less efficient
(Eq. 11, Method A). An additional report in 2001 outlined a fairly extensive study
on the generality of the reaction, which resulted in the following observations:

« 1,2-Disubstituted alkenes react stereospecifically.

» Fused bicyclo[4.3.0] ring systems can be accessed by increasing the tether length
or replacing the alkene with an allene.

¢ Electron-deficient alkynes, which had not been extensively employed in related
PK-type reactions, are tolerated.

e The fully intermolecular rthodium-catalyzed PK-type reaction of alkenes and
alkynes is possible but requires a reactive alkene such as norbornene.

e The CO pressure can be lowered to 0.1 atm. with minimal loss in efficiency,
although high temperature and/or concentration is required.

* A key intermediate in Magnus’ synthesis of d/-coriolin [48] can be prepared on
gram-scale with high selectivity (dr =9:1).

A: [Rh(CO),Cll, (1-5 mol%), R
X/%R CO (1 atm.), BuyO, 90-160 °C f
X (0]
\7:‘2\ B: [Rh(CO)(dppp)Cl], (2.5 mol%), R ( 1 1)
CO (1 atm.), toluene, 110 °C rac-47

Method A: 35-97%
Method B: 55-99%

Jeong and coworkers concurrently reported the first rhodium-catalyzed PK-type
reaction in 1998 using a phosphine-containing rhodium complex (Eq. 11, Method
B) [49]. Interestingly, the optimum rhodium pre-catalyst that contains a bidentate
ligand does not require the addition of a silver salt for activity, whereas
pre-catalysts containing monodentate phosphine ligands require AgOTf in order
to facilitate any type of conversion.

Sequential [(2+2)+1] Carbocyclization Reactions

Jeong and coworkers also described a one-pot synthesis of bicyclopentenones from
propargyl pro-nucleophiles 48 and allylic acetates 49 via a palladium-catalyzed
allylation in conjunction with a rhodium-catalyzed intramolecular PK-type reaction
(Table 2) [50]. Interestingly, the two catalytic processes are independent of each
other, i.e., palladium does not facilitate the PK reaction and rhodium does not
facilitate either the allylation or an infermolecular PK reaction. The yields are
generally excellent for the carbon and nitrogen tethers (entries 1, 2 and 4-6),
whereas the process does not afford any of the oxygen-tethered PK products rac-
50 (entries 7 and 8).
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Table 2 Sequential palladium-catalyzed allylation/rhodium-catalyzed PK-type reactions

BSA (1.2 equiv)
a =R Pdy(dba)s CHCI5 (1.5 mol%)
4 [Rh(CO)(dppp)Cll, (7 mol%) R
ACO\/\ dppb (3 mol%), CO (1 atm.) Xi:@:o
49 toluene, 110 °C rac-50
Entry Substrate 48 X R Yield (%)?
a C(CO,Et), Ph 92
2 b ” Me 73
3 c ” H 0°
4 d NTs Ph 90
5 e ” Me 91
6 f ” H 92
7 g 0 Ph o°
8 h ” Me 0°

“solated yields
A complex mixture was obtained

Based on their previous work in the area of rhodium-catalyzed allylic substitution
reactions, Evans and Robinson devised a remarkable one-pot sequential allylic
alkylation/PK-type reaction process, which requires a single rhodium catalyst
(Table 3) [51]. The reaction required optimization of the pre-catalyst and solvent to
achieve the optimal combination of branched/linear selectivity in the alkylation and
diastereoselectivity in the annulation. An interesting dichotomy in selectivity was
observed with the different tethers, namely, carbon- and nitrogen-tethered substrates
(entries 1-6) provide excellent regioselectivity in the alkylation reaction compared
to the oxygen-tethered derivatives (entries 7-9) but afford inferior diastereocontrol
in the subsequent annulation.

Martin and coworkers later described a similar process also utilizing a single
rhodium catalyst to mediate a sequential allylic alkylation/PK-type sequence
[52, 53]. Interestingly, this process required a trifluoroacetate leaving group for
optimal efficiency in the allylic substitution reaction.

In 2008, Zhang et al. reported an intriguing two-step PK-type reaction followed
by a formal [3+3] cycloaddition, which provided the fused polycycles 58 (Eq. 12)
[54]. Following an initial assessment of the reactivity of enediynes 56 in the [(2+2)
+1] cyclocarbonylation, a number of substrates were then successfully transformed
into the tricyclic products 58 by initial PK-type reaction, removal of the THF, then
dissolving the crude cycloaddition products in DMF and adding two equivalents of
a f-keto species 57 and substoichiometric potassium carbonate. Overall, the atom-
economical sequence creates five new C—C bonds, three rings, and one quaternary
stereocenter in moderate to good yields.
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Table 3 Sequential rhodium-catalyzed allylic alkylation/PK-type reactions

[Rh(CO)(dppp)Cl]> (5-6 mol%)

0CO,Me CO (1 atm.) X X/\;/R
_— +
Me R—==—CH,XM (1.2 equiv) MJA\ e
51 MeCN, 30 °C 52 s
80 °C
R R
me H Me H
54 55
Entry Substrate 52 X M R 52:53* 54:55° Yield (%)¢
1 a C(CO,Me), Na H 27:1 5:1 82
2 b ” ” Me 19:1 6:1 80
3 c ” ” Ph 11:1 9:1 78
4 d NTs Li H 20:1 3:1 79
5 e ” ” Me 32:1 6:1 84
6 f ” ” Ph 57:1 7:1 81
7 g (6] Li H 5:1 >19:1 63
8 h ” ” Me 7:1 >19:1 73
9 i ” ” Ph 8:1 >19:1 81

“Ratios of regioisomers were determined by HPLC and capillary GLC
PRatios of diastereomers were determined by 400 MHz 'H NMR
“Isolated yields

i) [Rh(CO),Cl], (5 mol%)
CO (1 atm.), THF, reflux

1
/\// R ii) remove THF in vacuo
N
N iii) K,CO3 (20 mol%),
DMF, RT
56 o O
R2 EWG

57

40-71%

(12)

Chatani and coworkers combined the rhodium-catalyzed PK-type reaction with
a Claisen rearrangement to convert the 1,6-enynes 59 to ortho-substituted phenols
60 (Scheme 6) [55]. Interestingly, the formation of the cyclopentadienone metal
complex i is proposed to be critical for promoting the pericyclic reaction to afford
ii at a significantly lower temperature than is generally the case for a thermal
Claisen rearrangement with an aryl ring.

Pu and coworkers have described several examples of domino rhodium-
catalyzed PK-type reactions/intramolecular Diels—Alder cycloadditions of opti-
cally active 1,6-enyne derivatives, which lead to fused polycyclic compounds
with high enantiopurity [56, 57]. The domino reactions of trienynes 61 are sensitive



Recent Developments in Rhodium-Catalyzed Cyclocarbonylation Reactions 181

= pp Ph
gw [Rh(cod)Cl] (5 mol%) o

o] B Rt
7\ CO (1atm.) HO ~ |
e, TCE, 120-130 °C S

59 0-67% 60

; /;( [Rh]
\({ R [3,3]

R2
o/\?\ RS [Rh(CO).Cll, (10 mol%) | 96-75%
\b
\\ Me CO (1 atm.)

DCE, reflux
61 R2, R3 = H

82-90% ee

R' R?

R'=H

26-67%

63
up to 93% ee

Scheme 7 Domino PK-type reaction/Diels—Alder cycloadditions of trienynes

to the substitution of the allylic ether olefin @, in which terminal olefins (R2 =R’= H)
readily participate in the PK-type reaction phase of the sequence to afford the
tetracycles 62, whereas 1,2-disubstituted (RZ:H, R? =Me, Ph) and trisubstituted
olefins (R%/R* £ H) are too sterically hindered and furnish the alternative tetracyclic
adduct 63 via initial PK-type reaction between the alkyne and the less sterically
encumbered terminal olefin b (Scheme 7).

Furthermore, in a related process the structure of the fused tetracycles 65 is
rationalized to be formed via a PK-type carbocyclization with the 1,6-diyne moiety
of the dienediynes 64 and CO (Eq. 13) [57]. The resulting cyclopentadienone
intermediate can then undergo a [442] cycloaddition with the pendent
1,3-butadiene to furnish the products in moderate yield. Although the diastereo-
selectivity of this transformation is excellent, some slight erosion of the enantio-
meric excess was observed for two examples (R'=TMS, R*=Ph or (CH,),Ph)
while values for the other substrates examined were not reported.
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[Rh(CO),Cl], (10 mol%)

CO (1 atm.)
DCE, reflux

(13)

64
42-64%
86-92% ee up to 88% ee

Origin of Diastereoselectivity in the [(2+2)+1] Reaction

More recently, Baik and Evans have reported several new insights into the mech-
anism of the diastereoselective rhodium-catalyzed PK-type reaction of 1,6-enynes
in a collaborative approach that combines theoretical prediction with experimental
verification. To this end, density functional theory (DFT) calculations predict a
striking difference in the level of the diastereoselectivity in the oxidative addition of
the four-coordinate species ii (Scheme 8§, cycle A) versus the five-coordinate
complex iv (cycle B), wherein the latter should provide the bicyclopentenone
products with significantly improved diastereocontrol. [58]. Hence, they envisioned
that this hypothesis could be tested experimentally by controlling the equilibrium
between i and iv using CO concentration, since i is expected to be more prevalent at
low CO concentration and iv should predominate at higher CO concentration.

Interestingly, variation in the CO concentration led to a significant divergence in
stereocontrol, in which higher CO concentration is indeed able to enforce a five-
coordinate metal center and thereby garner the highest level of diastereocontrol
(Table 4, entry 1 vs. 2 and 3). The prediction was further corroborated using a
bidentate phosphine ligand, which enforces the five-coordinate geometry in the
transition state (TS) to thereby attain similar levels of diastereocontrol for the
formation of 55h irrespective of CO pressure, albeit at the cost of efficiency at
lower CO pressures due to competing side reactions (entry 4 vs. 5 and 6).

/qu

[Rh(CO)CI] " >/\ [Rh(CO),CI]
© 52h
Me Me

co P
2 RH. M _co 80 /\/ ,CO = Rh co
0 ca A O>/\/ >/\Rh o B ¢
o) X NS
iv c

54h

Me H i Me
)
\\ O/):ifﬂh,’m mRh co/(
ele}
Cco me H ii
Low CO Pressure High CO Pressure

Scheme 8 Predicted catalytic cycles for the diastereoselective rhodium-catalyzed PK-type reac-
tion under low and high CO pressures
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Table 4 Controlling diastereoselectivity in the PK-type reaction

M
~="¢ _ 3mol% AN
0 O + O
>/\
Me CO/Ar, xylenes

110°C
52h
Entry Rhodium complex Pressure (atm.) Yield (%)* 54h:55h"
CO Ar

1 [Rh(CO),Cl], 1.00 0.00 81 22:1
2 ” 0.10 0.90 64 10:1
3 ” 0.05 0.95 57 6:1
4 [Rh(CO)(dppp)Cl], 1.00 0.00 88 >99:1
5 ” 0.10 0.90 51 58:1
6 ” 0.05 0.95 44 57:1
“solated yields

PRatios of diastercomers were determined by capillary GLC analysis on the crude reaction
mixtures

-0.10 0.1
~= flco /\3\7 e %\¢ cl — Clco

o p'xRh ~>o)/3i\\Rh co O)}‘%RthO*"O)/,\)#Bh
" ¢o co 2" ¢o
H Meé /H /H Me H
0.34 —0 34
52g-TS1 52g-TS2

Fig. 1 Computed partial charges for the oxidative addition transition states in the rhodium-
catalyzed PK-type reaction of 1,6-enynes

Further computational analysis of the diastereoselectivity obtained in this pro-
cess led Baik and Evans to propose that pre-polarization of the 1,6-enyne would
resemble the charge polarization of the desired transition state 52g-TS1, which
should lower the barrier for the rate-determining step and thereby permit the
reactions to be conducted at lower temperature and thus improve the level of
stereocontrol (Fig. 1) [59]. As indicated by the theoretical partial charges, both
transition states 52g-TS1 and 52g-TS2 are highly charge-polarized but in opposite
directions at the distal carbon atoms (C3, C3’) in the metallacycles.

In accord with this hypothesis, chlorination of the alkyne terminus permits the
cyclization of C2-substituted 1,6-chloroenynes 66 to proceed spontaneously at
25°C and dramatically improves diastereoselectivity for this process (Eq. 14). For
example, the reactions afford excellent yields of the chlorinated bicyclopentenone
derivatives 67 at room temperature with almost perfect diastereoselectivities,
including those for substrates with sulfonamide tethers (X =NTs), which is in con-
trast to previous studies (cf. Tables 3 and 6).
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Cl Cl

X/\ﬁ/ cl [Rh(CO),Cl], (5 mol %)
Y — > X 0 vs. X o)
HE CO (1 atm.) " h 2 H (14)
R R
p-xylene, 25 °C
66 67 68
73-87% 67:68 up to =99:1

Pu and coworkers reported a variation of the rhodium-catalyzed PK-type reaction,
wherein the omission of a chelating phosphine ligand leads to a reversal in
diastereoselectivity [60]. For example, carbonylation of the enediyne 69 affords
the bicyclopentenone 70 with a preference for the trans-stereoisomer (Eq. 15). To
account for the observed selectivity, they proposed that the acetate substituent acts
as a chelating group, thus directing the catalyst to the pseudoaxial face of the
substrate as depicted in 69-TS (cf. Table 6).

Me
= o O
[Rh(CO),Cl], (10 mol%) o .l
AcO ﬁi 15
ACO — R CO (1 atm.) C W 7H :,:\ ( )
THF, reflux R
69 (R = CH,CH,Ph) 70 R 69-TS
55% cis:trans 1:8

Enantioselective [(2+2)+1] Carbocyclizations

Jeong and coworkers described the first asymmetric intramolecular rhodium-
catalyzed PK-type reaction, utilizing (S)-BINAP as the optimum chiral ligand
(Table 5) [61]. In this case, the addition of AgOTTf is necessary in order to initiate
the process, by providing a cationic rhodium species with an open coordination site.

Table 5 The first asymmetric rhodium-catalyzed PK-type reaction

[Rh(CO)Cll2 (3 mol%) R
/~=R (S)-BINAP (6 mol%)
X _— = o
g
AgOTF (12 mol%) )
71a X = (COzEt), R = Ph CO (pressure) (S)-50
71b X=0,R=Me THF, temperature

71c X =NTs, R=Ph

Entry Substrate 71 CO (atm.) Temp (°C) Time (h) Yield (%)* ee (%)b
1 a 3 130 20 96 22

2 ” 1 90 6 67 61

3 b 2 130 20 85 86

4 ” 1 90 5 40 96

5 c 3 130 20 96 46

6 ” 1 90 3 93 74
“Isolated yields

"Determined by chiral HPLC analysis



Recent Developments in Rhodium-Catalyzed Cyclocarbonylation Reactions 185

Notably, tetrahydrofuran is crucial for obtaining the highest levels of stereocontrol,
whereas the reaction is more efficient in toluene. The enantioselectivity can be
further improved at lower temperature and under reduced CO pressure, albeit at the
expense of the yield for most of the examples examined (entries 1, 3, and 5 vs. 2, 4,
and 6). Jeong [62—64] and others [65, 66] have also reported alternative chiral
ligands for the asymmetric rhodium-catalyzed [(2+2)+1] reaction of 1,6-enynes
with CO, the impact of different solvents [67], the role of intramolecular chelation
[68], desymmetrization reactions [69, 70], and kinetic resolutions [71].

Chung and coworkers described the asymmetric inframolecular rhodium-
catalyzed PK-type reaction using water as a cosolvent [72]. Treatment of the
1,6-enyne 71b with [Rh(cod)Cl], and (S)-BINAP in a 1:1 mixture of dioxane/H,O
furnished the bicyclopentenone (S)-50b in 88% yield and with 86% enantiomeric
excess (Eq. 16). Interestingly, the addition of 6 mol% of the anionic surfactant SDS
reduces the reaction time to 1.5 hours with minimal loss in enantioselectivity, albeit
the yield is slightly reduced. Despite the moderate to excellent enantioselectivities
(68-96% ee), the overall efficiency of this process is highly substrate dependent.

[Rh(cod)Cl]; (3 mol%) Ph
PN (S)-BINAP (6 mol%), CO (1 atm.)
o o o
N dioxane/H,0 (1:1) ) (16)
71b 90°C, time (9)-50b

without SDS: 12 h, 88%, 86% ee
with SDS (6 mol%): 1.5 h, 70%, 85% ee

Schmid and Consiglio described the first asymmetric rhodium-catalyzed [(2+2)+1]
cyclocarbonylation at room temperature in 2004, wherein slow release of CO into
the reaction mixture from impregnated molecular sieves provides moderate yields
and excellent enantioselectivities [73]. In 2008, Jeong and coworkers also reported
an enantioselective room temperature [(2+2)+1] reaction, utilizing a chiral BINAP
derivative in conjunction with a low partial pressure of CO to obtain the bicyclo-
pentenones with generally high yields and enantioselectivities [74]. A striking
feature with this process, is that under similar conditions, the sulfonamide-tethered
prochiral dienyne 72a provides the trans-diastereoisomer 74a with moderate dia-
stereo- and enantioselectivities (Table 6, entries 1-3) whereas the oxygen-tethered
derivative 72b favours the opposite diastereoisomer 73b with analogous enantio-
control (entries 4—6). The level of diastereocontrol for the oxygen tether is consis-
tent with Evans’ observations in the sequential diastereoselective rhodium-
catalyzed allylic alkylation/PK-type reaction (cf. Table 3).

1,4-Enynes

In 2013, Shi and coworkers reported the PK-type reaction of 1,4-enynes, wherein
the alkene and alkyne are tethered via a cyclopropyl ring (Scheme 9) [75]. For
instance, treatment of the enynes 77 with 5 mol% [Rh(CO),Cl], under 1 atm. of CO
at elevated temperature affords the bicyclic indenones 78, arising from the incor-
poration of two equivalents of CO, in moderate yield. The reaction is proposed to
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Table 6 Asymmetric desymmetrization of dienynes by enantioselective PK-type reaction

R

— OO X1

X = condmons PAr, PPh,

)/\ PAL £ o PPh,
FXO g

72a X =NTs, R=Me

72b X = O, R=Ph 75a Ar = 4-MeCgH, 76
75b Ar = 3,5-Me,CgH,

Entry | Substrate | Conditions® | Ligand | Ligand loading (mol%) |z (h) |73:74 | ee 73/74 (%)
1 72a A 75a 9 0.5 |1:5.5 |52/80

2 ” B 75b 20 1 1:3.4 |56/71

3 ” ” 76 20 ” 1:4.2 | 42/86

4 72b A 75a 9 2.5 | =19:1 | 86/—

5 ? ” 75b 9 2 ” 84/

6 ? C 76 10 ? ” 95/-

“Conditions: A [Rh(CO),Cl], (3 mol%), ligand (9 mol%), AgOTf (12 mol%), CO (1 atm.), THF,
90 °C. B [Rh(CO),Cl], (10 mol%), ligand (20 mol%), AgOTf (24 mol%), Ar:CO (10:1, 1 atm.),
THF, 10 °C. C [Rh(CO),Cl], (5 mol%), ligand (10 mol%), AgOTf (12 mol%), Ar:CO (10:1,
1 atm.), THF, 18-20 °C

Scheme 9 Cyclopropyl-
tethered [4+1]
carbocyclization of
1,4-enynes
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commence with a formal [(2+2)+1] reaction to form a spiropentane intermediate i,
which is followed by oxidative addition with rhodium to form one of two possible
metallacycles iii or iii’ that f-carbon eliminate to afford intermediate iv. A second
migratory insertion of CO and subsequent reductive elimination gives the
cyclohexadienone vi, which then tautomerizes to the phenol 78.

4.1.2 The Allenic Pauson—Khand-Type Reaction
Allenynes

As previously discussed in Sect. 4.1.1, Narasaka reported the first rhodium-
catalyzed allenic PK-type reaction with remarkable chemoselectivity, albeit
with only a single example (Eq. 17) [45]. The carbocyclization of the allenyne
79 proceeds efficiently at room temperature with complete selectivity for bicyclo-
pentenone 80 because of the selective reaction of rhodium with the distal bond of

the allene, as opposed to the alternative reaction with the proximal bond to afford
81.

Ph

= 0 Ph
EtOzCK Ph  [Rh(CO),Cll, (5 mol%) EtoEté)gc E0,C
—_— Vs. lo)
EtO,C X 2 o
2 X CO (1 atm) Et0,C (17)
79 THF, RT 80 81
not observed

61%

In an effort to prepare the key cyclopentenone present in prostaglandins,
Brummond and coworkers developed a silicon-tethered carbocyclization of
allenynes, in which the tether can either be cleaved or functionalized following
the cycloaddition [76]. Treatment of the silyl-tethered allenynes 82 with stoichio-
metric Mo(CO)g or catalytic [Rh(CO),Cl], under 1 atm. of CO led to some inter-
esting differences in reactivity (Scheme 10). For instance, molybdenum
preferentially reacts at the proximal bond of the allene whereas rhodium reacts at
the distal bond, to afford the structural isomers 83 and 84, respectively
[77]. Although the rhodium-catalyzed reactions proceed in moderate to good
yield for both terminal and internal alkynes, the molybdenum-mediated process is
completely intolerant of internal alkynes 82b.

Further exploration of the substrate scope indicated that simple methylene
tethers and a variety of allene substituents can be employed in the reaction,

R? /IF(1 R1
/ Mo(CO)s (1.2 equiv) Z [Rh(CO),Cl], (5 mol%) X
o (\/ o
gi DMSO, toluene, 90 °C si/t\Rg CO (1 atm.), toluene, 90 °C Si
Ph

hy e , Ph, Re
83a 64% 82aR'=Me, R2=H 84a 64%
83b 0% 82b R = Me, R2 = "Bu 84b 75%

Scheme 10 Mo-mediated and Rh-catalyzed reactions of allenynes
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including a 1,1,3-trisubstituted derivative to form a spirocycle and a 1,3,3-
trisubstituted allene bearing a free carboxylic acid (67%) [78]. Additionally,
increasing the length of the tether affords fused bicyclo[5.3.0] derivatives in good
yield.

Manku and Curran reported an adaptation of this process as the key ring-
forming strategy in the preparation of a small library of highly functionalized
bicyclopentenones via fluorous mixture synthesis [79]. Mixtures of allenynes
bearing fluorous tags of different fluorine content were subjected to the cyclo-
carbonylation reaction to provide the corresponding crude bicyclopentenones,
which were then separated by fluorous HPLC according to the retention properties
afforded by the different tags. Cleavage of the fluorous tags provided the desired
bicyclopentenone derivatives in moderate to excellent yields and with high purity.

In 2002, Mukai et al. described the rhodium-catalyzed allenic PK-type reactions
for the carbocyclization of 1,1-disubstituted phenylsulfonylallenes 85 and 87
(Scheme 11) [80, 81]. These substrates were chosen because of their relative ease
of preparation from propargyl alcohol derivatives and the ability to readily trans-
form the sulfone into other groups. Two different rhodium pre-catalysts were
examined in the reaction, both of which afford the bicyclo[5.3.0] ring systems 86
and 88 exclusively. Conversely, a simple 1,8-enyne does not participate in the [(2
+2)+1] reaction, highlighting the increased reactivity of allenes over alkenes.

Additional functionalization of the distal double bond of the allene relative to the
sulfone in 89 proved more challenging, as higher CO pressures were required to
favor the formation of the PK products 90 over crossed trienes 91 that result from f-
hydride elimination (Table 7, entries 1 vs. 5 and 3 vs. 6). In contrast, utilizing
internal alkynes provides a dramatic increase in yield (entry 1 vs. 2) [82, 83]. More-
over, larger groups (R') in conjunction with higher CO pressure completely sup-
press the formation of the triene product (entries 3 and 4).

In an adaptation of this approach, eight-membered ring containing bicyclo[6.3.0]
derivatives 93 were accessed via the allenic PK-type reaction of 92 (Scheme 12A)
[84]. In this case, a 1,2-disubstituted aromatic ring is required as the tether for

Scheme 11 Synthesis of A A [RH(CO)Cll, (5 mol) so.pn
. : mol%),
bicyclo[5.3.0] compounds PhO2S Z 2
. A CO (1 atm), toluene N
via [(2+2)+1] X N\ X fo)
carbocyclization M B: [Rh(CO)(dppp)Cl], (5 mol%),
—R CO (1 atm), toluene, reflux R
85 86
70-84%
B.
PhO,S A: [Rh(CO),Cl; (5 mol%), SO,Ph
CO (1 atm), toluene N
2 .
X A\ o
[ B: [Rh(CO)(dppp)Cll, (5 mol%), X
TR CO (1 atm), toluene, reflux R

40-69%
X = G(CO,Me),
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Table 7 Rhodium-catalyzed [(2+2)+1] carbocyclizations of trisubstituted allenynes

SO,Ph PhO,S R
PhOS, e al [Rh(CO),Cl], (2.5 mol%) ) il |
o o *+
{-);FP CO, toluene, 120 °C B
R2 R2
89 90 91
Entry | Substrate 89 |R' R? CO (atm.) |Time (h) | Product (% yield)
1 a H H 10 3 90a (17) 91a (2)
2 b H TMS ” 13 90b (79) 91b (8)
3 c "Pr TMS 10* ” 90c (67) —
4 d OBn T™MS ” 6 90d (91) —
5 a H H 1° 3 90a (4) 91a (77)
6 c "Pr TMS 1€ 5 90c (24) 91c (70)°
#10 mol% of [Rh(CO),Cl], was used
Refluxed in toluene
°A mixture of (E)- and (Z)-isomers was obtained in a ratio of 4:1
Scheme 12 Synthesis of A.
. . . SO,Ph SO,Ph
eight-membered rings via [Rh(CO)(dppp)Cll, (5 mol%)

toluene, 80 °C

)
the allenic PK-type reaction S
P @ cO (1atm) °
93

90 %

B.
PhO,S SO,Ph
cat. Rh(l) O o
= ]
=
CO (1 atm.) ‘ R
toluene, reflux
94aR=H 95a 39%
94b R = Ph 95b 44%
94c R=TMS 95¢ 28%

optimal efficiency, as both methylene and malonate tethers provide poor yields of
the desired products. Although the isomeric 6,8,5-fused tricycles 95 can also be
prepared using the isomeric substrate 94, the reactions are considerably less effi-
cient (Scheme 12B).

1,3-Disubstituted phenylsulfonylallenynes 96 have also been utilized as sub-
strates in the [(2+2)+1] reaction for the synthesis of bicyclo[4.3.0] derivatives 97
(Eq. 18) [85]. In comparison to previously reported reactions of 1,1-disubstituted
allenes, the sulfonyl moiety is incorporated at the a-carbon of the cyclopentenone
ring in the products. Although silylated internal alkynes are reasonably well toler-
ated under the optimum conditions, the aryl-substituted or terminal alkynes are
less efficient (vide infra).
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S0,Ph

~..__SO,Ph [Rh(CO),Cll, (2.5 mol%) @i?:
o (o]
=R CO (1 atm.)

xylene, reflux R ( 1 8)
96a R =TMS 97a 73%
96b R =H 97b 23%
96¢c R = Ph 97¢ 30%

Brummond and Chen described the rhodium-catalyzed PK-type reaction of
allenynones 98 to furnish bicyclic dienediones 99 (Scheme 13A) [86]. Interestingly,
the allene substitution determines the success of the cyclocarbonylation reaction,
namely, a monosubstituted allene 98a (n =1, R%?= H) is necessary for the formation
of cyclohexenone 99a, while a disubstituted allene 98b (n =2, R?>= Me) is required
for the synthesis of the seven-membered ring product 99b. The carbonyl group
plays a critical role in forming the seven-membered ring, since substrate 100, which
provides competition between two alkynes, affords 101 exclusively, albeit in
modest yield (Scheme 13B).

Grillet and Brummond later reported the stereospecific construction of
5,7-bicyclic ring systems via the rhodium-catalyzed reaction of enantioenriched
allenynes with CO in toluene at 90°C, using a relatively high catalyst loading to
suppress the formation of the crossed triene side product observed by Mukai
[87]. Nevertheless, the enantiomerically enriched 1,3-disubstituted allenes 102
undergo varying degrees of stereochemical leakage, which is proposed to be the
result of a bond rotation within cyclic intermediates ii-iv formed by initial intra-
molecular attack of the ethereal group in i and subsequent isomerization
(Scheme 14A). Upon re-isomerization and reductive elimination, the opposite
enantiomer ent-102 can be formed and participate in the [(2+2)+1] process, thus
eroding the enantiomeric excess. In contrast, the trisubstituted allene in 104 is too
sterically congested to permit attack, thereby affording exclusive distal coordi-
nation and thus the ensuing cycloaddition occurs with significantly improved chirality
transfer (Scheme 14B).

A O (0] R1
= Rt [Rh(CO),Cll, (5 mol%)
N co ) ¢ °
LAY (1 atm. "
N—R? toluene, 90 °C R?
98an=1,R2=H 99a 51-61%
98b n=2, R = Me 99b 61-69%
B.
O, _ (o] nBu
="Bu [Rh(CO),Cll, (5 mol%) ~ Me™=
o
Vi — CO (1 atm.)
Me Me toluene, 90 °C Me
100 101

42%

Scheme 13 [(2+2)+1] Carbocyclization reactions of allenynones with CO



Recent Developments in Rhodium-Catalyzed Cyclocarbonylation Reactions 191

A
H RhL, LnRh,, Me
—=" Ao Shinity .
J Me _\ o /_j Me =—— o)
¢} o:
N=Me = Me \
102 i ii Me
Me. H
Me L,,Hhy H LR,/ Me
/_/: ™~y ® N
e N °
o)
N =Me Rh(l) \ \
ent-102 iv Me i Me
B.
R! H R ge
/_):-:;RZ [Rh(CO),Cl], (10 mol%) N
o
o)
— Ve CO (1 atm.) 1)
- toluene, 90 °C Me
102 R = H, R2 = Me (> 99% ee) 103 40%, 45% ee
104 R' = "Bu, R2 = Ph (> 79% ee) 105 46%, 78% ee

Scheme 14 Mechanistic rationale for erosion of enantiomeric excess and reactions of di- and
trisubstituted allenynes

Ardisson and coworkers recently reported an intriguing contribution to this parti-
cular substrate class by employing 1,1-disubstituted alkoxyallenynes 106 as substrates,
which permits entry into the guaiane skeleton 107 containing the requisite oxygenation
at C10 that is present in a number of guaiane natural products (Eq. 19) [88]. Interest-
ingly, the carbon-tethered substrates (X =CR,, R*=H) generally provide higher
yields than their nitrogen- (X = NTs, R? = H) and oxygen-tethered (X = O, R = Me)
counterparts, in which for each series of tethers the efficiency decreases in accord with
the nature of the protecting group (R1 = CON(Pr), > Bn >PMB). Moreover, the
triorganosilyl-substituted alkynes (R* = TMS) are less efficient than the terminal and
alkyl-substituted counterparts (R3 =H, Me, Et, CH,OBn) and in some cases fail to
provide any of the corresponding products 107.

OR! [Rh(cod)Cl], (10 mol%) RO rgs
. 0oTBS dppp (50 mol%) /‘° )
_ R
R2 o o
RE—=_ X R? CO (1 atm.) x R (19)
toluene, 110 °C RS
106 107
21-100%

Allenenes

In 2004, Makino and Itoh outlined the striking difference in the reactivity of
tethered allenenes in a rhodium-catalyzed cyclocarbonylation, which was
based on the substitution of the olefin (Scheme 15) [89]. For instance, with the
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A Me

MeO,C ><j: Me
MeO,C B

108

[Rh(CO),Cl], (2.5 mol%)
MeO,C.

CO (1 atm.)
dioxane, 110 °C

80%

A.J. Burnie and P.A. Evans

Me

Q\%MG

MeO,C

109

Me Me Me Me o
H
[Rh(CO),Cl], (2.5 mol%) 2y HJ
MeO,C. =7 Me MeO,C, /~ o + MeOC ~ o
MeO,C ~_TMS CO, dioxane, 110 °C MeO,C MeO,C
H Tms H
110 11 112
1atm. CO 34% 32%
3 atm. CO 58% 29%

Scheme 15 Effect of a vinyl triorganosilane on cyclization reactions of allenenes

terminal olefin 108, the cycloheptene product 109 is obtained in excellent yield
(Scheme 15A), whereas the vinyl triorganosilane derivative 110 affords a mixture
of the [(2+2)+1] carbocyclization product 111 and its desilylated derivative 112
with the formation of a trans-fused ring junction in both cases (Scheme 15B).
Although the yield of the a-silyl bicyclopentenone 111 can be significantly
improved at higher CO pressure, the formation of 112 remains problematic. The
dichotomy in reactivity between 108 and 110 is attributed to increased stabil-
ization of the silicon substituted rhodacycle intermediate, which thus favors CO
insertion.

Inagaki and Mukai also reported an intramolecular rthodium-catalyzed PK-type
[(2+2)+1] carbocyclization reaction of allenenes with CO [90]. As with their
previous studies with allenynes, 1,1-disubstituted phenylsulfonylallenes were
employed, and depending on the tether length, either bicyclo[4.3.0] or bicyclo
[5.3.0] compounds can be accessed. Nevertheless, the ratios of cis- and trans-
isomers of the bicyclo[4.3.0] products are generally difficult to control (Table 8,
entries 1, 3, and 6), albeit with the exception of reactions with 1,1-disubstituted
alkenes 113 (R! #H), which stereoselectively afford the trans-bicyclo[4.3.0]
adducts 115 with an angular substituent (entries 2, 4 and 5). For the larger
bicyclo[5.3.0] ring systems, increasing the catalyst loading and CO pressure
increases the preference for the formation of the cis-isomer, albeit complete stereo-
control is only observed in a single example. In general, 1,1-disubstituted alkenes
are not suitable substrates for the preparation of the bicyclo[5.3.0] derivatives. For
instance, the carbon-tethered substrate 117a provides the bicyclopentenone 118 in
49% yield, whereas the the 1,1-disubstituted derivative 117b participates in a
thermal [(2+2)] cycloaddition to afford 119 in 68% yield (Eq. 20).
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Table 8 Representative substrate scope for the cyclocarbonylation of allenenes 113

PhO,S PhOS  pe PhOS  ge PhOS e
(&.\/RQ [Rh(CO),Cll; (5 mol%) :
= ——— o* K\I&:o MeO,C (0]
X\//1\ CO (5 atm.) X X 2
R toluene, 120 °C R' R! MeO,C H
113 114 115 116

Entry Substrate 113 X R! R? Yield (%) 114:115
1 a NTs H H 89 71:29
2 b NTs Me ” 58 0:100
3 c O H ” 63 82:18
4 d C(CO,Me), Me ” 85 0:100
5 e ” (CH,),OMe ” 69 0:100
6 f ” H Me 51% 33:67

“Compound 116 was also obtained in 36 % yield

PhO,S SO,Ph SO,Ph

Kg_ [Rh(CO),Cl], (2.5-5 mol%) \
X vs.
X X (o] X
T~ CO (5 atm.) Me (20)
R toluene, 120 °C H Me
117aR=H 118 (49% from 117a) 119 (68% from 117b)
117b R = Me X = C(CO,Me), cis:trans = 15:85

Mukai and coworkers further examined the inframolecular rhodium-catalyzed
[(2+2)+1] carbocyclization of 1,1-disubstituted allenes with 1,1-disubstituted
alkenes [91]. A very low partial pressure of CO and the addition of AgBF, is
required for the optimal synthesis of the bicyclic products. A striking difference
was observed with the cyclopentene containing derivative 120, which under the
optimum conditions affords exclusively the non-carbonylated spirocyclic adduct
122 in 87% yield (Eq. 21). Interestingly, the omission of the silver salt and
switching to a higher CO pressure (1 atm.) was required to obtain the desired
angular tricycle 121 in 73% yield, albeit significant quantities of the spirocycle
122 (24%) are formed.

PhO,S A: [Rh(CO)(dppp)Cl], (5 mol%), AgBF, (12 mol%) SO,Ph SO,Ph
e Ar/CO (19:1, 1 atm.), toluene, reflux N Me
X X O + X
\@ B: [Rh(CO)(dppp)Cl> (5 mol%), \/ (2 1 )
CO (1 atm.), toluene, reflux
120 121 122
X = C(COzMe), Method A: 0% Method A: 87%

Method B: 73% Method B: 24%

Shi and Li reported the rhodium-catalyzed [(2+2)+1] carbocyclization of
ene-vinylidenecyclopropanes (ene-VDCPs) with CO, to afford products that con-
tain an a-spiro-cyclopropane [92]. Treatment of the ene-VDCPs 123 with 2 mol%
[Rh(cod)Cl], under 1 atm. CO in 1,1,2,2-tetrachloroethane (TCE) at 80°C promotes
the formation of the carbonylated cycloadducts 124 in excellent yield, for a variety
of allene substituents (Table 9). Nevertheless, the reaction with a homologated
tether does not provide the analogous cycloadduct, limiting the application of this
methodology to the synthesis of smaller rings.
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Table 9 Representative substrate scope of the [(2+2)+1] reaction of ene-VDCPs™”

R A Rh(cod)Cl], (2 mol%)
R [ (CO) J2 (2 mol
X\/\ CO (1 atm)

123 TCE, 80 °C
Me “Hex
A ° \
TsN TsN
124a 99% 124b 94% 124¢ 97%
X
Bn Bn
h O h o O
BsN e}
124d 95% 124e 91% 124f 90%

“Reactions were carried out at 80 °C within 1 h
®Isolated yields

4.1.3 The Dienyl Pauson-Khand-Type Reaction

In 2003, Wender and coworkers described the first rhodium-catalyzed PK-type
reaction using a diene as a 2C-component [93, 94]. The optimization of the reaction
probed the impact of solvent, temperature, CO pressure, and catalyst loading, in
which the modification of the catalyst with AgSbF¢ was required to suppress the
formation of the undesired inframolecular [(4+2)] and [(4+2)+1] pathways
(Eq. 22). Interestingly, the formation of the bicyclohexadienone 128 via the latter
process is unique and to the best of our knowledge has not been further investigated.
A variety of diene-ynes participate in the desired [(24+2)+1] carbocyclization,
although terminal alkynes are poor substrates and afford low yields.

Me Me
MeO,C ><:©\ MeO,C, o
MeO,C Pr MeO,C T I
[RN(CO)(PPhy);Cl] (5 mol%) Pr
MeO,C,_/~=—Me AgSbFe (5 mol%) ""[‘(54(425))]/" ‘;27 (22)5 ;])
Me0,C” N\ * * i (22)
iPr CO (1 atm.) Me

. 0
125 THF, 40°C MeO,C
MeO,C

Pr
128 18%
[(4+2)+1]

Alkenes tethered to dienes can also participate in a cyclocarbonylation
reaction. Interestingly, the neutral complex [Rh(CO),Cl], provides the optimal
catalyst for this process [95], which contrasts the alternate cationic pre-catalyst
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[Rh(cod)(naph)]SbFj that leads to the exclusive formation of the corresponding [(4
+2)] product. Furthermore, simple 1,6-dienes do not react via the [(2+2)+1] path-
way, even with substrates that contain coordinating heteroatoms and extended
conjugation in the form of a phenyl group. Alkyl substitution at the 2-position of
the diene is critical to obtain the desired products in high yield, for example, the
ene-diene 129a (R =‘Pr) affords the all-cis-bicyclopentanone 130a in 84% yield,
whereas the unsubstituted derivative 129b (R = H) leads to the exclusive formation
of the isomeric product 131b (Eq. 23). A particularly impressive feature with this
strategy is the ability to facilitate the fully infermolecular reaction between a
strained cyclic alkene and a substituted 1,3-butadiene, albeit over an extended
reaction time [95].

MeO,C = [Rh(CO),Cl], (5 mol%) ~ MeO2C, MeO,C, o
MeO,C N\ MeO,C S MeO,C \

R CO (1 atm.) R (23)
DCE, 80 °C Me
129a R = Pr 130a 84% 131a 0%
120bR=H 130b 0% 131b 71%

The PK-type reaction of ene-dienes was also examined using DFT studies to
understand the precise role of the diene in the reaction mechanism and thus identify
why these substrates are more reactive than simple 1,6-dienes [96]. The calcu-
lations suggest that following coordination of the active rhodium catalyst to the
internal olefin of the diene and the pendent allyl group, the diene is able to undergo
rearrangement from an 7°-complex to the corresponding #*-coordination mode with
concomitant thermoneutral expulsion of one of the CO ligands. The overall effect
of these two events is that the rhodium center is more electron rich and therefore
oxidative addition becomes much more facile, with a reasonable energy barrier of
21.7 kcal/mol. In contrast, the barrier for oxidative addition for the simple 1,6-diene
is significantly higher (36.7 kcal/mol) since the rhodium center in this scenario is
already relatively electron deficient, which means that the loss of a CO ligand prior
to oxidative addition and the lack of an available inframolecular z-ligand to occupy
the vacant coordination site make this process much less favorable.

Armed with the knowledge that dienes are more reactive than alkenes in the
rhodium-catalyzed [(2+2)+1] process and that a fully infermolecular reaction
between a strained alkene and a diene proceeds in high yield, Wender and
coworkers expanded the scope of the rhodium-catalyzed dienyl PK-type reaction
to the intermolecular reaction between diene 133a with both symmetrical and
unsymmetrical alkynes 132 (Table 10) [97]. Interestingly, some unsymmetrical
alkynes afford a single regioisomer of the product 134, whereas others bearing alkyl
chains afford mixtures and terminal alkynes are unreactive. Nevertheless, the
TMS-protected counterparts are able to participate in this process, which permits
deprotection and access to the product derived from the terminal alkyne. Addition-
ally, the dibenzyl analog 133b provides the corresponding cycloadducts 135 in high
yields. Remarkably, only 1.2 equivalents of 133b are sufficient to provide 135¢ in
82% yield, which is presumably because of the significantly reduced volatility of
133b relative to the dimethyl derivative 133a.
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Table 10 Representative substrate scope of the fully intermolecular rhodium-catalyzed [2+2+1]
carbocyclization of alkynes, 1,3-butadienes and CO

R? (o]
I . jR [Rh(CO),Cll, (5 mol%) At R R
B2 R co(1 atr?.) Ré
132 133aR=Me (10 equiv) DCE.60°C 134 R = Me
133b R = Bn (10 equiv) 135 R=Bn
o 0] (0]
Me Me Me Me Me Me
T™MS n-pent
MeO
MeO MeO MeO
134a 98% 134b 93% 134c¢ 55%?2
(0] (0] (0] (0]
Me Me Me Me Me Me Me Me
T™MS T™MS Et
Cl
Cl EtO,C o o
Me Me
134d 38%P 134e 95%P 134f 39%° 1349 63%°
(0] (0] O
Bn Bn Bn Bn Bn Bn
T™MS ™S
MeO
MeO MeO EtO,C
135a 81% 135b 98% 135¢ 99%Pd

“The regioisomer from opposite alkyne insertion was also isolated in 35% yield
®1:1 DCE:TCE employed as solvent

“TCE employed as solvent instead of DCE

IWith 1.2 equivalents of the diene: 82% yield

Allenes have also been tethered to dienes in the intramolecular rhodium-
catalyzed [(2+2)+1] reaction to circumvent the limitations with the analogous
reaction with ene-allenes developed by Brummond [98] and Itoh [89], which gener-
ally favor non-carbonylative cycloaddition reactions. Notably, there is a remarkable
solvent effect on the reaction efficiency with diene-allenes 136 (Table 11) [99]. For
instance, trifluoroethanol (TFE) provides the optimal medium to afford the cyclo-
adduct 137 in 92% yield after ca. 15 minutes (entry 7), which is in sharp contrast to
the other solvents even after extended reaction times. This substantial effect on the
reaction rate was ascribed to the increased acidity of this solvent, since similar
efficiency can be achieved by the simple addition of an acid additive. Notably, the
analogous process in neat acetic acid affords the bicyclopentenone product 137 in
93% yield after ca. 2 hours.

4.1.4 Bis(allene)s

The rhodium-catalyzed [(2+2)+1] carbocyclization reaction with bis(allene) sub-
strates is relatively limited, in that the majority of the research in this area focuses
almost exclusively on tether lengths, and, consequently, substituent effects have not
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Table 11 Optimization of the rhodium-catalyzed [(2+2)+1] carbocyclization of allene-dienes
with CO

Me

Me N Me
L A Me [Rh(CO),Cl], (x mol%) . .
NN CO (1 atm.) )
Me solvent, temperature Me
136 137
Entry Solvent Temp (°C) Time (h) Rh loading (mol%) Yield (%)
1 DCE 80 1 5 43
2 ” RT 7 5 99
3 Toluene ” 24.5 10 38
4 Dioxane ” 21.5 ” 64
5 MeCN ” 45 ” 77
6 MeOH ” 12 » %6
7 TFE ” 0.25 ” 92
8 TFE RT 8 0.1 97

been extensively investigated [100—103]. Nevertheless, these substrates provide
efficient access to medium-sized rings under relatively mild conditions; notably, the
efficient construction of eight-membered rings, which had previously only been
accessible in low yield via the rhodium-catalyzed PK-type reaction (see
Scheme 12B).

Mukai et al. utilized this approach for the construction of bicyclo[4.3.0],
[5.3.0] and [6.3.0] systems, in which substitution of both allenes with a sulfone
is required for optimal formation of the carbonylated products (Scheme 16)
[100, 101]. Bis(allene)s with only one sulfone are also tolerated, albeit the reactions
generally lead to mixtures of products arising from olefin isomerization.
(Scheme 16) [100, 101]. A single example of a PK-type reaction to afford a nine-
membered ring 149 has also been described utilizing the homologated tether 147
(Scheme 16D).

In general, the presence of two sulfones dramatically improves the efficiency,
which is presumably the result of their ability to suppress the undesired cyclo-
metalation of the internal olefins. The overall efficiency for the synthesis of bicyclo
[5.3.0] derivatives appears to be somewhat catalyst dependent, since there
is significant variation in the optimal pre-catalyst (Scheme 16B). In the case
of the bis(allene) 140, an unavoidable [(2+2)] side reaction that furnishes the
bicyclobutadiene 142 competes with the intended cyclocarbonylation.

In the synthesis of bicyclo[6.3.0] derivatives 144 (Scheme 16C), the sulfon-
amide (143a) and oxygen (143b) tethers provide exclusively one product in high
yield, whereas the carbon-tethered substrate 143c¢ does not provide the analogous
product 144c¢ but instead affords an inseparable mixture of regioisomers arising
from [1,3]- and [1,5]-hydrogen shifts, namely, 145 and 146, respectively. Never-
theless, embedding a functionalized cyclohexene ring in the tether and replacing
one of the sulfonyl groups with a phosphonate permits the extension of this strategy
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A P08  [RN(CO)(dppP)CII; (5 moi%) S0-Ph
Et,_0O - CO (1 atm.) E1><0 o
Et" o = toluene, 80 °C Et" o
PhO,S SO,Ph
138 quant. 139
4:1d.r.
B.
PhO-S _ cat. Rh(l) (5 mol%) S02Ph S0Ph
MeO,C. CO (1 atm.) MeO,C MeO,C
MeO,C . toluene, 80 °C MeO,C MeO,C
PhO,S SOQPh SOzPh
140
with [Rh(CO)(dppp)Cll, 20% 70%
with [Rh(CO),Cl], 83% 16%
c.
SO,Ph SO,Ph SO,Ph sogph
. [Rh(CO)dppp)Cll; (5 mol%)  x
T €O (1 atm.) V4
SO,Ph toluene, 80 °C SO,Ph SOZPh SO2Ph
143a X = NTs 144a 87%
143b X=0 144b 86% X = C(COzMe),
5 146 - 1-
143¢ X = C(CO,Me), 144c 0% 75%,145:146 = 1:6
D.
PhO,S SO,Ph SO,Ph
MeO,C [Rh(CO)(dppp)Cl], (10 mol%) MeO,C MeO,C
+ (o]
MeO,C _ CO (1 atm) MeO,C MeO,C
PhO,S SO,Ph SO,Ph
147 148 149

69%
17%

5%
33%

toluene, reflux, 3 h:
xylene, reflux, 1 h:

Scheme 16 Rhodium-catalyzed PK-type reactions of bis(allenes)

to the synthesis of 6,8,5-fused tricyclic scaffolds present in a number of natural
products, as exemplified by the conversion of 150 to the tricycle 151 (Eq. 24) [102].
Furthermore, trisubstituted bis(allene)s permit the introduction of functionalization
at the a-position(s) in the cyclopentenone ring, albeit with poor levels of
stereocontrol [103].

SO,Ph SO.Ph
o [Rh(CO)(dppp)Cll; (20 mol%) 10)

— 24)

Ar:CO (19:1, 1 atm. (
P(O)(OE), ( ) P(O)(OEY),
toluene, reflux
Me” e Me' Me
150 151

65%

4.1.5 The Rhodium-Catalyzed Hetero-Pauson—-Khand-Type Reaction

Heterocycles are ubiquitous in natural products, pharmaceuticals, agrochemicals,
and other high-value chemicals, which provide the impetus to develop new
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strategies for their de novo construction from acyclic starting materials in an
efficient and atom-economical manner. The first thodium-catalyzed PK-type reac-
tion, where one of the reacting components contained a heteroatom, was reported in
2007. Saito and coworkers described the intramolecular reaction of aryl-tethered
carbodiimides 152a with internal alkynes under low CO pressure for the construc-
tion of fused bicyclic and tricyclic lactams 153a in moderate to good yields (Eq. 25)
[104]. Although aryl and linear alkyl substituents (Rz) are tolerated, cyclohexyl
substitution provides significantly lower yields. Furthermore, the ethylene-tethered
derivatives 152b appear limited to aryl-substituted carbodiimides (R* = Ar), since
an example of a carbodiimide with alkyl groups (R'=Me, R*="Pr) failed to
provide any of the corresponding cyclocarbonylated product 153b.

R [Rh(cod)Cl], (5 mol%) R?

. K dppp (11 mol%) Y o)
PR PN
i _NR2 [ 2
LNy CO (1 atm.) i ] p-NR (25)

< N -
toluene, 120 °C <N
152a (aryl tether) 153a 20-85%

152b (aliphatic tether) 153b 43-47%

Zhang et al. recently reported an alternative strategy to access heterocycles
153a using “self-relay” rhodium catalysis [105]. Treatment of aryl azides 154
with isonitriles 155 in the presence of the complex derived from [Rh(cod)Cl],
and dppp at 110°C under CO atmosphere in o-xylene facilitates the initial formation
of carbodiimides 152a in situ, which are then subjected to a [(2+2)+1] cyclo-
carbonylation to afford the PK adducts 153a in modest yield (Scheme 17). The
process is compatible with a variety of aryl and heteroaryl substituents (R', R?),
with higher yields obtained for more electron-rich substituents at both positions. In
contrast, a single example of an alkyl substituent (R' = (CH,);Cl) provided only a
trace of the desired product. Moreover, only limited isonitrile scope is explored,
which encompasses two examples (R* = ‘Bu, “Hex). Nevertheless, the process can
be modified to incorporate a second, different isonitrile in place of CO to provide
the analogous pyrrolo[2,3-b]indol-2(1H )-imines.

Interestingly, the hetero-PK reaction with carbodiimide 156, which has a homo-
logated tether, facilitates rapid entry into the pyrrolo[2,3-b]quinolone skeleton 157
in good yield, albeit with increased catalyst loading (Eq. 26) [106]. A range of

Scheme 17 “Self-relay” R [Rh(cod)Cl], (2.5 mol%) R! o
rhodium catalysis in the [(2 N =7 o dppp (5 mol%) i
+2)+1] carbocyclization \ * ogzNR | NR?
/. CO (1 at %
reaction e Mo (1.am) LZN
o-xylene, 110 °C R3
154 155 153a
34-65%
H1
=
X
| ~NR?
Y a N
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substituted alkynes (R1 =alkyl, Ph, TBS) are tolerated, in which the carbodiimide
component (R2:Pr, Bn, “Hex, Ph) and benzylic position (R3 = Me) also permit
various substituents that increase the scope of this process. An interesting feature
with this reaction is that the bidentate phosphine ligand is only required in some
cases, in which a rationale for its inclusion or omission in reactions with relatively
similar substrates is unclear.

- [Rh(CO),Cll, (7 mol%) R i
— with/without dppp (15 mol%) dﬂ
o
NerNF? CO (1 atm.) N” TN (26)
xylene, reflux R?
156 157

8-85%

Saito and coworkers also explored the utility of isothiocyanates in the rhodium-
catalyzed [(2+2)+1] carbocyclization reaction, which relies on the 1,2-disubstituted
aromatic template 158 to afford the fused heterocycles 159 in moderate yield
(Eq. 27) [107]. Primary and secondary alkyl substituents on the alkyne are well
tolerated, including an example of a benzyl group, which leads to the formation of
the exocyclic olefins 159 as the major products over the endocyclic thiophenones
160, with the exception of a tert-butyl substituted derivative (R="Bu) that exclu-
sively provides 160, albeit in only 5% yield.

r  [Rh(cod)Cll, (5 mol%) r

R

FZ dppp (11 Mol%) \ o y o]

+

_S

N//" CO (1 atm.) M-8 S (27)
toluene, 115 °C H N

158 159 (major) 160 (minor)
45-52%

Nitriles have proven particularly challenging z-components for rhodium-cata-
lyzed cyclocarbonylation reactions, which is presumably because of their ability to
competively coordinate the metal center and suppress catalysis. Nevertheless,
Mukai and coworkers recently reported the first example of this type of process,
wherein ortho-allenyl phenylacetonitrile derivatives 161 are converted to the
benzol[f]oxindoles 162 in moderate to good yield (Scheme 18) [108]. Although
both electron-donating and electron-withdrawing substituents on the aryl ring
(R2 orR®= OMe, Cl, NO,) are generally well tolerated, a monosubstituted allene
(R' =H) furnished the corresponding product in very low yield (15%). Further-
more, aliphatic nitrile derivatives are also competent substrates provided a suit-
able electron-withdrawing substituent is adjacent to the nitrile. The reaction is
proposed to be initiated via the isomerization of the nitrile 161 to a ketenimine
i (route a), which is supported by control experiments using substrates that either
cannot isomerize or react via direct oxidative addition of the nitrile group (route
b). The ketenimine i may then either undergo oxidative addition with rhodium to
afford intermediate iii or it may first undergo a 6z-electrocyclization reaction to
give the bicyclic intermediate ii before coordination of the metal. From iii,
migratory insertion of CO and reductive elimination furnishes the products 162.
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Scheme 18 Mechanistic R1 R R

rationale for the [(24+2)+1] = =

carbocyclization of ortho- OO =~ o
NH *=NH =N

allenyl phenylacetonitriles H2 R2 R2
161

routea [ [Rh] OO N [Rh] | route b
H
R2
162

CO
oo
N

4.2 [(3+2)+1] Carbocyclizations

The rhodium-catalyzed [3+2+1] carbonylative carbocyclization, which is often
referred to as the homologous PK-type reaction, has been the subject of significant
attention since it provides an attractive method for the synthesis of cyclohexenone
derivatives. Koga and Narasaka demonstrated the first example in 1999 with con-
version of alkynyl-tethered cyclopropanes 163 to the corresponding bicyclo-
hexenones 164 in modest yield due to the formation of several by-products
(Eq. 28) [109]. In contrast to the related [2+2+1] reactions, the scope of three-
carbon components is almost entirely restricted to cyclopropane derivatives.

B2 [Rh(CO),Cll, (10 mol%) R R
Et02C><:R1 CO (1-4 atm.) EtO,C o
EtO,C 1,2-dichlorobenzene EtO,C (28)
R 160°C Re
163 164

<33-60%

Following this initial report, the rhodium-catalyzed [(3+2)+1] reaction was
not further developed until Chung and coworkers described an unusual variation
using ene-dienes 165, wherein the dienes provide novel three-carbon components
(Scheme 19A) [110]. The reaction is tolerant of a number of different tethering
groups (X =0, NTs, C(CO,Et),) as well as terminal and internal dienes (R®*=H,
Me), albeit 1,1- (R' =Me) and 1,2-disubstituted (R*=Me) olefins provide lower
yields of the products 166. In addition, the isomerized derivatives 167 are also
isolated as minor products in most cases. Interestingly, the a,f-unsaturated enone
product 166a isomerizes irreversibly to the f,y-unsaturated isomer 167a when
heated at 130°C in toluene for 6 hours (Scheme 19B).

Yu and coworkers recently described a homologous PK-type reaction, wherein
alkyne- and alkene-tethered VCPs 168 and 170 undergo a facile cycloaddition
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X/\/\/\Rs Rh4(CO 12 (3 mol %)
R P2 (:K:L
R CO (1 atm.) : l: ;
toluene, 130 °C
167

41-88% (for 166)

ﬁ el

toluene
166a 130°C,6h 167a

Scheme 19 Rhodium-catalyzed [(3+2)+1] carbocyclization of ene-dienes and product
isomerization

A.

o R

X9 =R [Rh(CO),Cl], (5 mol%) (0]
N
—  N,/CO (4:1,1 atm.)/CO (1 atm.)
toluene, 70-80 °C
168 169
n=1,2 68-92%

B.

H

/—/ [Rh(CO),Cl], (5 mol%) o
X X
\{ No/CO (4:1, 1 atm.) N
dioxane, 80 °C

170 17
50-70%

Scheme 20 Synthesis of bicyclohexenones and bicyclohexanones with angular vinyl substituents

under low CO pressure to afford bicyclohexenones 169 and bicyclohexanones 171
in good to excellent yields (Scheme 20) [111]. Notably, the vinyl unit is crucial for
the reaction to proceed under such mild conditions, as none of the [(3+2)+1]
cycloadduct was generated in the absence of this moiety. Terminal (R =H) and
internal (R = Me, Ph) alkynes 168 are well tolerated in the reaction, albeit some of
the methyl-substituted analogs (n=1) require higher CO pressure (1 atm.
vs. 0.2 atm.), and the homologation of the tether (n =2) permits the synthesis of
6,6-fused bicyclic products (Scheme 20A). In contrast, only two examples of
ene-VCPs 170 were studied, and homologation of the tether led to a complex
mixture (Scheme 20B).

Additional studies identified a remarkable difference in the reactivity for
yne-VCPs 168a (n=1) that contain alkyl-substituted internal alkynes (R # H,
Ph), which permits an unprecedented carbocyclization to furnish fused angular
tricycles 172 [112] (Scheme 21). The reaction is described as a formal [(5+1)]/
[(2+2)+1] cascade; however, control experiments do not support this pathway.
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X o
interrupted [(3+2)+1] ,—R
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172 168a

)/ [Rn(CO)C] \K
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Rh-CO [Rh(CO),Cll X ML

vi Cl Cl
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Scheme 21 Proposed catalytic cycle for the interrupted [(3+2)+1] carbocyclization

Moreover, DFT calculations reveal that for smaller alkyne substituents (R =H,
Me), the activation energies for the formation of 169a and intermediate iv are
almost equal, which leads to the formation of mixtures of products. In contrast,
larger groups (R =TMS, Pr, '‘Bu, “Hex) reduce the barrier for insertion of the
pendent olefin, which permits a second migratory insertion of CO (intermediate
v — vi) and subsequent reductive elimination to afford 172. As such, the reaction
would be better described as an interrupted [(3+2)+1] carbocyclization. Although
the yields of 172 are generally good to excellent, the pathway affording the
bicyclohexenones 169a is difficult to suppress, especially for the nitrogen-tethered
substrates (X = NTs).

Wang and coworkers recently reported two new variations of the rhodium-
catalyzed [(3+2)+1] carbocyclization of ene- and yne-cyclopropenes 173 and 175
with CO, which afford the corresponding bicyclohexenones 174 and bicyclic
phenols 176, respectively (Scheme 22) [113]. Remarkably, the bicyclohexenone
products 174 have trans-fused ring junctions (Scheme 22A), while substitution of
the alkyne terminus of 175 (R%) allows for the formation of hexasubstituted
aromatic rings in moderate to excellent yield (Scheme 22B). Nevertheless, many
of the examples for both reactions utilize symmetrical cyclopropene derivatives to
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. R3 R4F§:6 RS
XJ\]/\Re [Rh(CO),Cl], (5 mol %) o
R4 X
CO (1 atm.) q R?
R?

R2 DCE, 80°C

36-89%

B.
[RN(CO)Cll (5 mol %)
R X
CO (1 atm.) R!
R DCE, 80 °C R!
175 176

55-90%

Scheme 22 [(3+2)+1] Carbocyclizations of ene- and yne-cyclopropenes

RO R 0 i) [Rh(cod)Cll, (5 mol%) R0 4
\ /" X [Rh(cod)Cll, (5 mol%) =" CO (1 atm.) B2
RZ
CO (1 atm) Ry DCE, 60 °C HO X
o Re DCE, 60 °C b ii) m-CPBA (1.5 equiv), RT Re
178 80-96% 177 54-79% 179

Scheme 23 [(3+2)+1] Carbocyclization reactions affording furan and phenol derivatives

circumvent the formation of constitutional isomers. Interestingly, substitution of
the cyclopropene moiety with alkyl groups (R', R? ="Bu) greatly accelerates the
reaction rate relative to the diphenyl analogs, which may be due to the increased
reactivity of these species as a result of the loss of conjugation.

Zhao and Zhang reported a sequential rhodium-catalyzed heterocyclization/
[(3+2)+1] cyclocarbonylation of enediynes 177, to afford tricyclohexenone deriv-
atives 178 containing a tetrasubstituted furan ring system in excellent yield
(Scheme 23) [114]. Interestingly, the addition of a slight excess of a peracid at
room temperature after completion of the carbocyclization reaction furnished the
phenols 179 as the major products via oxidative ring opening of the furan and
tautomerization of the cyclohexenone. The scope of alkyne substituents is relatively
broad (R*> =H, "Bu, TMS, Ar), albeit most of the examples employ phenyl ketone
(R' =Ph) and styrene (R =Ph) derivatives.

Shi et al. demonstrated that vinylidenecyclopropanes (VDCPs) 180 serve as
3C-components in the regio- and stereoselective [(3+2)+1] carbocyclization reac-
tion, which affords the bicyclic hexadienones 181 in 45-76% yield with exocyclic
alkenes at the a- and p-positions (Eq. 29) [115]. Although the reaction favors the
formation of the cis-fused bicyclic products, the selectivity is quite variable. In
addition, while cyclic and acyclic substituents (R') at the terminus of the allene are
tolerated, substitution of the pendent alkene (R?) with groups other than a proton or
methyl group leads to complex mixtures of products.
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Me Me_ Me

Me R1
o %/\ [Rh(cod)Cl]; (5 mol %) H
F X Rl X
1
R /sz/ CO (1 atm.) o - (29)
DCE, 80 °C R
180 181

45-76 %
cis:trans = 6.9:1 to >20:1

Evans and coworkers concurrently disclosed the stereoselective rhodium(I)-
catalyzed [(3+2)+1] carbocyclization of alkenylidenecyclopropanes 182 with CO,
which affords cis-fused bicyclohexenones 183 with high efficiency (Eq. 30)
[116]. Experimental work was initiated following theoretical studies that provided
a number of important insights into the mechanism of the reaction and most notably
suggested that a cationic rhodium species would provide optimal catalytic effi-
ciency. These studies also predicted that the reaction likely proceeds via a
six-coordinate 18-electron rhodium(III)-trimethylenemethane complex, which
was proposed to be the resting state for the catalytic cycle.

M RA(PPh3)sCl (10 mol %) iMe iMe iMe
AgCO,CF; (15 mol %)

U X + X + X

Y CO (1 atm) By o ) < So (30)

3 R2: R2:
R p-xylene, 120 °C R3 R3 R3
182 183 184 185
59-99% 183:184:185 up to =19:1:1

Remarkably, the experimental findings are in very good agreement with the
mechanistic hypothesis delineated by the theoretical studies, which permits
broad substrate scope with excellent diastereoselectivities, in addition to bridgehead
quaternary carbon stereogenic centers (when R' and R?% H). Additionally, the
asymmetric reaction of 182a with a chiral bidentate P,N-ligand 186 provides (R,R)-
183a in 75% yield and with 89% enantiomeric excess, which represents the first
highly enantioselective reaction involving an ACP (Eq. 31).

[Rh(cod),]OTF (10 mol %) Me o
/\% 186 (11 mol %), CO (1 atm.) H \\) »
TN TN N
s S Fe
AN TMEDA (11 mol %) f o @PAfz (3 1)
p-xylene, 100 °C H
182a (R,R)-183a 186
75 % 89 % ee Ar = 3,5-Me,CgHz

Bower and coworkers have recently demonstrated that aminocyclopropanes
are also amenable to carbonylative [(3+2)+1] carbocyclization reactions, provided
the nitrogen atom is protected with a directing group. Preliminary studies demon-
strated that a neutral rhodium pre-catalyst in the presence of a z-acidic ligand
promotes the [(3+2)+1] carbocyclization reaction of aminocyclopropanes with a
pendant internal alkyne, to afford bicyclic enones in modest yield and good stereo-
specificity [117]. Nevertheless, the reaction requires very long reaction times, albeit
it was subsequently shown that a cationic pre-catalyst both accelerates the rate of
reaction and significantly improves the efficiency [118]. The process is limited to
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internal alkynes, since the terminal derivatives afford only trace amounts of
the desired products. However, the reaction does tolerate substitution at both the
homopropargylic position and on the cyclopropane ring, in which the latter is
exemplified by the transformation of the n-butyl-substituted aminocyclopropane
187 into the N-heterobicyclic enone 188 with high diastereofidelity (Eq. 32).

i Me [Rh(cod)Cl], (3.75 mol %) Me o Me o
P(3,5-(CF3)2CgH3)3 (15 mol %) (r:/r (\/@f
/\ +
NT “mBu N N "Bu
CO (1 atm.), Na,SO, (20 mol %
)\ ( ), Na 40( o) 04\ H ngy o H (32>
0~ “NMe, PhCN, 140 °C NMe, NMe,
187 % 188 189
dr>20:1 dr>20:1 dr=1:1

ratio of 188:189 = 5:1

Additional studies demonstrated that the corresponding bicyclohexanone deriv-
atives are accessible with moderate to high diastereoselectivies by simply replacing
the alkyne with an alkene and using a carbamate directing group with suitable
additives to promote the reaction [119]. Remarkably, the benzyl-protected N-
cyclopropyl acrylamides 190 (R =Bn) are readily transformed into azocanes 191
at slightly higher temperatures (Scheme 24) [120]. Although all of these examples
are formally [(3+2)+1] processes, the reactivity of the aminocyclopropane sub-
strates is unique in that the migratory insertion of CO (intermediate i) is proposed to
occur prior to the carbometalation of the respective 2z-components (intermediate
ii); hence, a more accurate description of these reactions would be [3+1+2]
carbocyclizations.

Chung and Evans independently reported the rhodium-catalyzed [(3+2)+1]
carbocyclization reaction of alkynylidenecyclopropanes 192, which afford poly-
substituted phenols 193 (Eq. 33) [121, 122]. Interestingly, despite the fact that the
processes are similar, there are distinct differences in the optimum reaction condi-
tions. For instance, Chung et al. employ conditions that are almost identical to those
previously reported for the synthesis of bicyclohexenones 183 (Eq. 33, Method A
vs. Eq. 30), whereas Evans and coworkers demonstrated that Rh(CO)(PPh;),Cl at a
higher dilution provides optimal efficiency (Eq. 33, Method B). To this end, the
utility of the products was illustrated with some useful synthetic transformations
and it was also shown that substitution of the ACP ring (R1 = Me) affords homo-
logated derivatives. In contrast, Chung described some of the limitations of the
reaction, namely, that increasing the tether length is detrimental to the reaction
efficiency, while the presence of a gem-dimethyl group at the propargylic position
completely suppresses carbonylation.

0 o)
tfo cat. Rh(l) \\\(/O\
! N IR =N s R-y
AV CO R U o) N\ o
i i

190 191

Scheme 24 General reaction for the synthesis of azocane derivatives
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R A: Rh(PPhg)sCl (10 mol%), AgCO,CFs (15 mol%), R
CO (1 atm.), xylenes (0.055 M), 120 °C
X
X\/\\ B: Rh(CO)(PPh3),Cl (10 mol%), AGCO,CFs (15 mol%), OH (33)
R2 CO (1 atm.), p-xylene (0.025 M), 120 °C R2
192 193

Method A: 19-91%
Method B: 49-85%

4.3 [(3+3)+1] Carbocyclizations

To the best of our knowledge, there is only a single example of the rhodium-
catalyzed [(3+3)+1] carbonylative carbocyclization, which was reported by Chung
and coworkers in 2008 [123]. This process is somewhat unusual since it involves
the rhodium-catalyzed rearrangement and carbonylation of 1- and
7-cyclopropylbicyclo[4.1.0]hept-2-enes 195 and 198, which were prepared from
the 1,6-enynes 194 and 197 via platinum-catalyzed cycloaddition reactions, to
afford the 6,7-fused bicycloheptenones 196 and 199 in moderate to high yield
(Scheme 25). Interestingly, the substrates have different catalyst requirements,
namely, the 1-cyclopropyl-substituted derivative 195 prefers a neutral catalyst
(Scheme 25A), whereas a cationic system with an electron-deficient phosphine is
optimal for the 7-cyclopropyl isomer 198 (Scheme 25B). However, in the latter
case, the monocyclic trienes 200 are also isolated as minor products.

This work was later expanded to a sequential rhodium-catalyzed cyclo-
isomerization/[(3+3)+1] process with the 1,6-enyne 197a using a relatively high
catalyst loading under 1 atm. of CO, to furnish the bicycloheptenone product 199a
in 37% yield, along with the corresponding [(5+2)] product 201 and the monocyclic
triene 200a (Scheme 26) [124]. The tricycle 198a is proposed to be an intermediate
in this process, albeit there is no direct evidence for its involvement.

—=—<]  Ptci, (5 mol) = [Rh(cod)Cll, (10 mol%) X
X R - = X -_ > Rl
\_Q\_Rz toluene, 80 °C R R CO (1 atm.) R2
194 195 toluene, 100 °C 196 o

46-98%
[Rh(CO),Cll, (5 mol%)
—=—RS8 o —\ _R3 o — R3O
X PtClp (5 mol%) X P(4-FCqHy); (20 mol%) X + XC\E:R/S*
\ toluene, 80 °C AgSbFg (12 mol%) -/
CO (1 atm.)
acetone/DCE (1:2), 80 °C

197 198 199 200
78-95% (199 + 200)

Scheme 25 Rhodium-catalyzed [(3+3)+1] carbocyclizations
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—=——Me —
ToN Rh(CO)(PPhs),Cl (20 mol%) ToN Me
\—\\—<] AgSbFg (24 mol%), CO (1 atm.)

197a DCE, 80 °C 198a

— MeQ
TsN + TN N Me
TsN _ /=

201 18% 199a 37% 200a 15%

Scheme 26 Sequential rhodium-catalyzed cycloisomerization/[(3+3)+1] carbocyclization

4.4 [5+2+1] Carbocyclizations

The ability to efficiently prepare cyclooctanoid derivatives remains an important
and challenging area of research, which can be primarily ascribed to the plethora of
important bioactive natural products that contain an eight-membered ring in their
molecular framework. Nevertheless, much of the work in the area of carbonylative
rhodium-catalyzed carbocyclizations designed to access this particular ring size has
centered on the use of vinylcyclopropanes as 5C-components, in combination with
various 2C-components and CO in [5+2+1] reactions [125].

Wender and coworkers reported the first example of the rhodium-catalyzed [5+2
+1] reaction in 2002, through the combination of protected vinylcyclopropanols
202a, electron-deficient alkynes 203, and CO in a fully infermolecular manner
(Eq. 34) [126]. Interestingly, the cyclooctanoids 205 were not isolated, but the
structurally isomeric bicyclo[3.3.0]octenones 204, which arise from a transannular
aldol reaction upon acidic work-up, were instead obtained as the major products.
The reaction is markedly more efficient with activated alkynes, in which ketones,
amides, aldehydes, and esters (EWGQG) are all tolerated to furnish a single regio-
isomer in each case, albeit with the exception of one substrate.

1. [Rh(CO),Cll 25 mol%), o

— G H R20. EWG/R?
g OMe CO (1-2 atm.), dioxane, 60 °C
\ + EWG RY/EWG (3 4)
+
Ri 2.H0 OH 1 o
202a 203 48-97% 204 205 R2 = (CH,),OMe

(not isolated)

In a subsequent study, Wender illustrated that the allene 206 is also a suitable
2C-component in the [5+2+1] reaction with the VCP 202a and CO (Eq. 35)
[127]. Although a mixture of the eight-membered cyclic diketone 207 and the
transannular aldol product 208 is formed in 62% overall yield using 1 atm. of
CO, increasing the CO pressure improves the yield at the detriment of the product
ratio. Notably, under both sets of conditions, the E-isomeric products are obtained
exclusively and allene activation is not required.
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MeTMe 1. [Rh(CO),Cll (2 mol%) . Me / =—TMS ™S
\ . N o
o OMe . ‘ CO (x atm.), dioxane, 60 °C o . //
@T\ ‘\ 2. HyO* (35)
™S Y HO | Me
1 atm. CO: 62% (1:2.2) Me
202a 206 207 208

2 atm. CO: 88% (1:1.3)

Yu and Wender also reported a semi-intermolecular reaction of ene-VCPs with
CO (Table 12) [128]. Treatment of the ene-VCPs 209 (n = 1) with 5 mol% of [Rh
(CO),C1], under low CO pressure (0.2 atm.) in dioxane at elevated temperatures
provides the 5,8-fused bicyclooctenones 210 with good to excellent yield and with
excellent diastereoselectivity. A variety of tethers and substitution patterns includ-
ing the installation of angular methyl groups at either bridgehead position (R', R*
=Me) can be employed, including one example with a homologated tether (211;
X =NTs, R' =R? = H, R? = Ph) that, interestingly, favors the rrans-fused product
212a (trans/cis =5:1). In order to provide the necessary insight for the [(5+2)+1]
reaction over the analogous [(5+2)] pathway, DFT calculations were utilized to
demonstrate that the barrier for CO insertion into the intermediate rhodacycle is
lower than that for direct reductive elimination [129].

Yu and coworkers extended this strategy to the construction of the 5,8,5-fused
tricyclic ring systems 214 by fusing a cyclopentane ring to the VCP (Eq. 36)
[130]. To this end, DFT calculations indicate that cleavage of the desired C—C
bond of the cyclopropane in 213 (Scheme 27, bond a) is preferred (free energy of
activation =9.3 kcal/mol) to the intermediate derived from the cleavage of the
internal bond (bond b) to afford the 6,8-fused ring structure 215 present in taxol,

Table 12 Representative substrate scope for the [(5+2)+1] carbocyclization of ene-VCPs

R1 R? 0
\Z [Rh(CO),Cl], (5 mol%) S
Xw\\y X
R2 B3 N?/CO (4:1,1 atr:.) 2 \
209 n=1 dioxane, 80-90 °C 210 n= 1R
211n=2 212n=2
(e} e} O (o}
H H H Me
MeO,C MeO,C,
TsN [0}
MeO,C MeO,C
H H H H
210a 70% 210b 81% 210c 90%2 210d 29%
e} o} e}
Me H H
(o} TsN (o}
H H Me
Ph Ph Ph
210e 78% 210f 92% 210g 83%" 212a 90%°¢

4GC yield,; isolated yield is 44% owing to the volatility of the product
A [(5+2)] product was obtained in 11% yield
“Combined yield of diastereomers (trans/cis =5:1)
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Scheme 27 Proposed
pathways for a [(542)+1] path a
carbocyclization reaction X \

D26
RZ

cat. Rh(l) 214 (5,8,5-fused)

R?

X il 2wV
] co

R!

o]
IV
L v >
X
path b ”

R2
215 (5,8,6-fused)

which is presumably because the disfavored intermediate rhodacycle contains a
bridgehead olefin. The calculations also predicted that substituents at positions II
and IIT in the VCPs 213 would have a cis-relationship in the products and the
stereochemistry of the tethered 5,8-fused ring junction in 214 would be controlled
by the presence of a substituent at position I'V. Gratifyingly, these predictions were
confirmed experimentally, albeit the reaction efficiency is relatively modest.

R! Rl P
P
I~ [Rh(CO),Cl], (10 mol%)
X X H
" No/CO (4:1, 1 atm.) H (36)
R dioxane, 80 °C R2
213 214

37-79%

S Rhodium-Catalyzed [m+n+o+1] Reactions

Four-component coupling reactions are relatively rare in comparison to two- and
three-component reactions. This is primarily due to the challenges in controlling
chemoselective carbometalation steps without premature reductive elimination at
any stage prior to CO incorporation, in addition to dealing with the higher entropy
in the case of fully intermolecular processes. Nevertheless, there are a few notable
examples of this class of reaction, in which these difficulties have been successfully
addressed.

5.1 [(24242)+1] Carbocyclizations

Ojima and coworkers serendipitously discovered the first rhodium-catalyzed [(2+2
+2)+1] carbocyclization reaction, which involves the reaction of the enediynes with
CO to afford tricycloheptadienones [131-133]. Prior to this work, the same group
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described a hydrosilane-initiated carbonylative cycloaddition reaction of enediynes
containing one internal and one terminal alkyne [134]. Interestingly, while explor-
ing the scope and limitations of this process, they discovered that substrates
containing two internal alkynes participate in a [(2+2+2)+1] cyclocarbonylation
reaction when the hydrosilane is omitted. This process is exemplified by the
reaction of the carbon-tethered enediyne 216, which upon treatment with 5 mol%
of [Rh(cod)Cl], under 1 atm. CO in DCE at 50°C, furnished the tricyclic product
217 in 88% yield with the corresponding [(2+2+2] product 218 also formed as a
minor by-product (Eq. 37).

X/\ﬁ/MeHl [Rh(cod)Cl], (5 mol%)
N
\/\\/X CO (1 atm.) (37)
DCE, 50 °C

216 C(COED, 217 88 / 218 <4%

Additional studies demonstrated that the scope of the reaction could be further
extended to the synthesis of tetracycles by simply using a cyclic alkene, albeit with
slightly modified reaction conditions [135]. Furthermore, these reaction conditions
tolerate silylated alkynes 219, which provide the [(2+2+2)+1] products 220 and 221
in excellent yield as ca. 1:1 mixtures of diene regioisomers (Eq. 38).

[si]

[Si] [Rh(CO).Cl], (5 mol%) (o]
M CcO (2 atm.)
O DCE/TFE (10:1), 60 °C

77-92%
[Si] = SiMe,Ph, SiMe;

[Si]

O
:@3 -
221

220

5.2 [242+1+1] Carbocyclizations

Huang and Hua further exemplified the relative scarcity of [m+n+o0+1] reactions
with the first rhodium-catalyzed [2+2+1+1] cyclocarbonylation reaction, which
involves the combination of two equivalents of the internal alkyne 222 with two
equivalents of CO to afford tetrasubstituted para-benzoquinones 223 and 224
(Eq. 39) [136]. A critical element to the success of this process was the discovery
that slowly bubbling a 1:1 mixture of CO/N, through the reaction medium provides
the optimum conditions, as higher CO pressures lead to significantly lower efficiency.
The reaction is able to incorporate a range of dialkyl and aryl-alkyl alkynes, including
a broad variety of aryl substituents, albeit unsymmetrical alkynes (R' % R?) provide
poor regiocontrol.
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R?

o [e]

m [Rh(CO),Cll, (2.5 mol%) R! R2 R! Rt

+

R2 CO/N; (1:1, 1.5-2.0 ml/min) R2 R? R2 R2 (39)
TCE, reflux o (o]

222 223 224
26-96% (223 + 224) 223:224 up to 84:16

5.3 [5+1+2+1] Carbocyclizations

Wender and coworkers also described a unique four-component, fully inter-
molecular [5+1+2+1] carbocyclization reaction, which involves the combination
of VCPs 202 with terminal alkynes 225 and two equivalents of CO to form
hydroxyindanones 226 (Scheme 28A) [137]. The initial product of the reaction is
proposed to be the nine-membered diketone i, which tautomerizes to the trienone ii
to permit a subsequent 6z-electrocyclization reaction and elimination to afford the
observed products. Although the reaction suffers from product inhibition, this is
nicely circumvented by the addition of decane as a cosolvent to precipitate the
products from the reaction mixture. A key and striking feature with this work is the
use of 1,3-bis-ethynylbenzene 227 as the alkyne component, which allows a
bidirectional seven-component [5+1+2+1] reaction and thus creates ten new C-C
bonds in a single operation (Scheme 28B).

R! o
| | i. [Rh(CO),Cl], (2.5-10 mol%)
j A
MeO’ (1 atm.), toluene/decane, 60 °C
ii. HyO* R®  OH
202

42-92%

R2 R2
o] [0}
J/ f /@\ 1. [RR(CO),Cll, (5 mol%) . O .
(1 atm.), toluene, 60 °C O O
2. H;0* OHHO
202a (2 equiv) 228

56%

Scheme 28 Four-component and bi-directional seven-component [5+142+1] carbocyclization
reactions (PG = (CH,),OMe)
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6 Alternatives to Carbon Monoxide in Rhodium-Catalyzed
Cyclocarbonylation Reactions

Although the synthetic utility of the rhodium-catalyzed PK-type reaction and its
many variations cannot be overstated, the most obvious limitation of any and all of
the processes described thus far is the requirement for toxic CO gas. Despite being
an essential component of the reaction manifold, its use requires adherence to strict
safety guidelines, which makes these reactions less appealing particularly for
industrial applications. In order to circumvent this issue, several groups have
developed methods that provide in situ sources of CO in the presence of a thodium
catalyst, thereby eliminating the need for CO gas.

Morimoto and Shibata independently described the first examples of rhodium-
catalyzed cyclocarbonylation using aldehydes as a latent source of CO in 2002.
Morimoto et al. elected to employ two equivalents of pentafluorobenzaldehyde in a
solution-phase reaction, which is tolerant of various tethers and substitution pat-
terns, and thus permits the diastereoselective reaction of the 1,6-enyne 229 to afford
the cis-product 230 (Eq. 40) [138].

"Bu Rh(cod)Cl], (5 mol% "Bu
_ [Rh(cod)Cl; (5 mol%) o
dppp (11 mol%) C
X CeFsCHO (2 equiv) O’ H (4())
OTBS xylene, 130 °C OTBS
229 230

88% dr=11:1

In contrast, Shibata and coworkers discovered that a solvent-free process using a
large excess of cinnamaldehyde as the CO