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Abstract: In the present work, the rich chemistry of rhodium/phosphine complexes, which are
applied as homogeneous catalysts to promote a wide range of chemical transformations, has been
used to showcase how the in situ generation of precatalysts, the conversion of precatalysts into the
actually active species, as well as the reaction of the catalyst itself with other components in the
reaction medium (substrates, solvents, additives) can lead to a number of deactivation phenomena
and thus impact the efficiency of a catalytic process. Such phenomena may go unnoticed or may be
overlooked, thus preventing the full understanding of the catalytic process which is a prerequisite for
its optimization. Based on recent findings both from others and the authors’ laboratory concerning
the chemistry of rhodium/diphosphine complexes, some guidelines are provided for the optimal
generation of the catalytic active species from a suitable rhodium precursor and the diphosphine of
interest; for the choice of the best solvent to prevent aggregation of coordinatively unsaturated metal
fragments and sequestration of the active metal through too strong metal-solvent interactions; for
preventing catalyst poisoning due to irreversible reaction with the product of the catalytic process or
impurities present in the substrate.

Keywords: Rh; homogeneous catalysis; catalyst deactivation

1. Introduction

The term “catalysis” was first introduced by the Swedish chemist Jons Jacob Berzelius in a report
published in 1835 by the Swedish Academy of Sciences [1]. The report was a reflection on earlier
findings by European scientists on chemical changes both in homogeneous and heterogeneous systems.
Although far from being understood, the recorded phenomena were unified, according to Berzelius,
by the fact that “several simple or compound bodies, soluble and insoluble, have the property of exercising
on other bodies an action very different from chemical affinity. By means of this action they produce, in these
bodies, decompositions of their elements and different recombinations of these same elements to which they
remain indifferent.” [2] Berzelius designated this unifying property as “catalytic force” and coined the
term “catalysis” to describe the decomposition of bodies by this force. Catalysis is the macroscopic
manifestation of the reduction of the activation energy of an exergonic reaction. It is as such a purely
kinetic phenomenon; Berzelius however did not know the concept of reaction rate yet and therefore he
could only describe known findings phenomenologically.
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It was not until 1894 that Wilhelm Ostwald succeeded in giving an exact description of catalysis [3].
Later, in his Nobel Lecture of 1909, he said about catalysis that “ ... the essence of which is not to be
sought in the promotion of a reaction, but in its acceleration, ... ” [4] Further introduction into the
history of catalysis can be found in references [5-8].

An updated definition to be found in the IUPAC Compendium of Chemical Terminology, though,
suggests a clear distinction between a catalyst, that is a substance that increases the rate of a reaction,
and an inhibitor, which instead reduces it [9].

Catalysis is widely applied both in industry [10-13] and academia [14,15]: the switch from a
stoichiometric process to a catalytic one represents a way to greatly improve efficiency, as less energy
input and less feedstock are usually required, less waste is generated, and a greater product selectivity
is in general achieved.

Although heterogeneous catalysts were the first to be applied at the industrial level, where they
dominated the scene for several decades, homogenous catalysts started to raise increasing attention
in the early 1960s when they were considered for the large scale production of bulk chemicals. One
major contribution came in those years from Slaugh and coworkers at Shell Research (USA) [16]
later on supported by further developments in Wilkinson’s laboratory [17], of Co- and Rh-phosphine
catalysts which were applied in the rapid, selective liquid-phase hydroformylation and hydrogenation
of alkenes under mild conditions. The possibility to tailor the catalyst properties by proper selection of
additional ligands triggered further research which led in the following decades to the development of
important industrial processes based on the use of homogeneous catalysts such as the SHOP process
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for the oligomerization of ethylene or the production of enantioenriched herbicide Metholachlor and
the aroma ingredient citronellal [11].

The discovery of a novel catalyst for a certain process may be serendipitous or the result of
extensive screening. Yet improvement of the catalyst productivity and efficiency, both in terms of
activity and selectivity in the desired product, requires knowledge of the chemical transformations the
catalyst undergoes during the course of the reaction. The nature and distribution of the resulting species
may vary over time due to the interaction with the substrate, the product, the solvent, and additives.
Some of these species may be catalytically inactive and hence negatively affect the outcome of the
catalytic process. Although the exact nature of these species depends on the specific catalytic process
and the experimental conditions under which it is carried out, inactivation of an homogeneous catalyst
can be in general ascribed to the following: metal deposition due to reducing reaction conditions
or ligand loss; ligand decomposition; reaction of the metal-ligand bond, such as metal-carbon or
metal-hydride bond, with polar species such as water, acids, and alcohols; blocking of the catalyst
active site by polar impurities, by metal fragments aggregation, and by ligand metalation. However, if
studies are carried out that allow identification of the conditions which favor catalyst inactivation,
then countermeasures can be adopted. As it was recently written “ ... Since such studies are currently
underrepresented in the catalysis literature, our science will advance, and our community will benefit from
increased emphasis on the productivity (activity and selectivity) metric” [18].

The topic of catalyst activation, deactivation, and stability for several metals, for homogeneous
and heterogeneous catalysts, has been dealt with in excellent review publications [19-22]. Here we
would like to report on recent findings in the chemistry of rhodium/diphosphine complexes, both
from others and our laboratory [23], which have allowed understanding of the activity profile of
these complexes when used as precatalysts. In several cases the acquired knowledge has allowed
improvement of the catalyst performance considerably.

2. In Situ Generation of Precatalysts

Neutral dinuclear rhodium complexes of the type [Rh(diphosphine)(u-X)], (X = Cl~, OMe™, OH™
... ) are very often applied as catalyst precursors in homogeneous catalysis [24-37]. These coordination
compounds are usually not commercially available and must therefore be synthesized. This is mostly
done in situ by addition of a diphosphine to a suitable precursor complex; previous work from our
group has shown that, contrary to common belief, this procedure is far from being fast and selective in
the formation of the desired neutral dinuclear rhodium species [Rh(diphosphine)(u,-Cl)], [23,38—40].
In many cases, depending on the rhodium precursor, the diphosphine ligand, the solvent, the reaction
temperature, and reaction time, other unexpected coordination species are formed, either cationic
and/or trinuclear, either exclusively or in admixture with other complexes [38—40] (Scheme 1) which can
negatively affect the catalytic activity. The range of species displayed in Scheme 1 might be extended
as a result of further investigations.

In light of these findings, mechanistic investigations have been carried out on the
rhodium-catalyzed propargylic CH activation which relied on the in situ generation of the catalytically
active species. This reaction proceeds with good yields (up to 89%) and excellent selectivities (up to 95%
ee) and offers great potential as a novel method for the construction of C-C and C-X bonds [41-47]. A
broad range of substrates can be employed and, more interestingly, the reaction shows ligand-specific
chemoselectivity (Scheme 2).

In the case of the PN ligand DPPMP (a complete list of abbreviations, including ligand names,
used in this article can be found in Table A2) it could be shown that its reaction with the COD precursor
[Rh(COD)(u2-Cl)] does not produce the desired dinuclear neutral complex [Rh(DPPMP)(u2-Cl)]», but
an ionic species [Rh(DPPMP),][Rh(COD)Cl;] in which both the anion and the cation are rhodium
coordination compounds (Figure 1, left) [48].
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Scheme 1. In situ generation of rhodium/diphosphine complexes—known range of species which can
be formed during the in situ reaction of rhodium diolefin precursors with diphosphine ligands.
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Scheme 2. Schematic representation of the rhodium-catalyzed propargylic CH activation with the
ligands DPEPhos, above, and DPPMP, below [41-43].
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Figure 1. Molecular structure of [Rh(DPPMP),][Rh(COD)Cl,], left, molecular structure of
[Rh(DPPMP);][H(benzoate),] and [Rh(COD)(uy-benzoate)],, right. Hydrogen atoms (except
H(benzoate);) are omitted for clarity [49].
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In addition, it was demonstrated that the chloride ligands in the COD precursor [Rh(COD)(p2-Cl)]»
have a deactivating effect on the catalytic reaction, which is why the chloride-free rhodium precursor
[Rh(COD)(acac)] has been used instead. The reaction of [Rh(COD)(acac)] with DPPMP in the presence
of the substrate benzoic acid leads to a mixture of two complexes [Rh(DPPMP),][H(benzoate),] and
[Rh(COD)(up-benzoate)],, which synergistically behave as the active “catalyst” (Figure 1, right) [48].

This example clearly shows that the classical in situ synthesis of rhodium(I) precatalysts can deliver
unexpected compounds with poor or no catalytic activity. Only through an in depth investigation of
the in situ process can the experimental factors which favor the formation of such species be clarified.
Based on this knowledge, conditions can be rationally controlled to achieve better efficiency, activity,
and selectivity (Scheme 3). In the following section, the factors which affect the in situ synthesis of
rhodium(I) precatalysts will be introduced and their influence will be discussed.

new
[Rh(COD)(acac)] = Me
O OH DPPMP 5
THF, 110°C, 4h | O o)

69% yield
+ /CSH']'] —>0|d

[Rh(COD)(u-Cl)],
DPPMP
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24h
decomposition

Br

Scheme 3. Optimized reaction conditions for the rhodium catalyzed reaction of 4-bromo-benzoic acid
and 1-octyne [48].

2.1. Influence of Reaction Conditions on Outcome of In Situ Synthesis

Rhodium(I) precatalysts of the type [Rh(diphosphine)(u»-Cl)], are usually formed in situ at room
temperature by the reaction of a diphosphine ligand with a stable olefin or diolefin-containing rhodium
precursor. At first sight it is plausible to assume that a twofold ligand exchange takes place which
affords a precatalyst the general structure of which [Rh(diphosphine)(u;-Cl)]; is the same, regardless of
the ligand used (Scheme 4). From such a precatalyst the catalytically active species should eventually
be formed.

_Cl, N
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/ \cr \/> < < hiCl \P />>

Scheme 4. Sequence of the competing consecutive reactions leading to [Rh(disphosphine)(u,-Cl)]»
from [Rh(diolefin)(uz-Cl)],.

Systematic investigations have instead shown that the outcome of the in situ procedure is by no
means as straightforward as shown in Scheme 4 and some illustrative cases are discussed below.

When [Rh(NBD)(u;-Cl)], is reacted with either SEGPhos, DIPAMP, or DPEPhos the product
of ligand exchange depends on the diphosphine used. With SEGPhos, when the reaction is
carried out in THF at room temperature using a 1:2 metal to ligand ratio, then the desired neutral,
dinuclear complex [Rh(SEGPhos)(u2-Cl)], is obtained at 80% yield. However a small amount of the
tp-chloro-bridged intermediate [(NBD)Rh(u,-Cl);Rh(SEGPhos)], (Figure 2a) is also formed [38]. When
[Rh(NBD),(u2-Cl)]5 is reacted with DIPAMP under the same conditions, a cationic complex results
almost quantitatively, in which the rhodium center is coordinated by two DIPAMP molecules and
the chloride acts as a counterion (Figure 2b) [38]. With DPEPhos a species is formed in which the
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diphosphine, the diolefin, and a chloride ligand bind to rhodium to give a penta-coordinated complex
(Figure 2c¢) [50]. Similar coordination compounds of the form [Rh(disphosphine)(diolefin)Cl] have
been reported as well and discussed in detail [38,39].
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Figure 2. 31p NMR spectra of the reaction solution for the in situ ligand exchange at room temperature
in THF-dg between [Rh(NBD)(u;-Cl)]; and (a) SEGPhos, (b) DIPAMP, (c) DPEPhos.

The solvent also plays a key role in the outcome of the in situ procedure. Although the course of a
catalytic reaction is often solvent-specific, rarely has this correlation been attributed to the formation
of different catalytic species [51-53]. For example, when [Rh(COD)(u-Cl)], reacts with SEGPhos
in a 1:2 ratio at room temperature in THF the desired species, [Rh(SEGPhos)(u»-Cl)], is produced
quantitatively, Figure 3a [38,54]. In DCM an additional monomeric cationic species is formed, in which
the rhodium center is coordinated by two SEGPhos molecules and the chloride as possible counterion,
Figure 3b [38]. In MeOH the prevailing species is a monomeric cationic complex in which the rhodium
center is coordinated by a SEGPhos molecule and COD, Figure 3c [38].

In the literature the used rhodium species is often not discussed and is generalized with the
abbreviation “[Rh]” [55-57]. But, as the following example will clearly show, the choice of the rhodium
precursor is also decisive for the outcome of the in situ synthesis. When the diphosphine ligand DPPB
is reacted with [Rh(COE)(u-Cl)], at room temperature in THF, the desired dinuclear rhodium complex
[Rh(DPPB)(u2-Cl)]; is formed quantitatively (Figure 4a) [38]. If [Rh(NBD)(u2-Cl)]; is used instead, the
reaction affords exclusively a pentacoordinated rhodium species containing chloride and the chelating
ligands DPPB and NBD (Figure 4b) [38,39]. With [Rh(COD)(u;-Cl)], the reaction is unselective and
affords several species, as evident from the large number of signals in the corresponding 3'P NMR
spectrum (Figure 4c) [38].
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Figure 3. 31p NMR spectrum of the solution resulting from the in situ reaction of [Rh(COD)(u,-Cl)],
and SEGPhos in the ratio 1:2 at room temperature: (a) in THF-dg, (b) DCM-d,, (c) MeOH-d,.
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Figure 4. 3'P NMR spectrum of the solution resulting from the in situ reaction of DPPB in THF-dg with
(@) [Rh(COE)(12-Cl)]2, (b) [Rh(NBD)(uu2-Cl)l2, (¢) [Rh(COD)(pi2-Ch)].
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The reaction temperature at which the ligand exchange between diolefin and diphosphine takes
place may also affect the selectivity of the in situ procedure. Experiments with the chiral ligand DIOP
have shown that a mixture of different complexes is formed when the reaction is carried out at 25 °C
(Figure 5a). However, if the ligand exchange occurs at —10 °C, then the desired dinuclear precatalyst
[Rh(DIOP)(u2-Cl)], is obtained quantitatively (Figure 5b) [38]. With DPPE the in situ procedure
does not work at room temperature, instead at 125 °C in toluene it affords the target compound
[Rh(DPPE)(u,-Cl)], quantitatively [58].
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0 =33.5 ppm
Jrnp = 190.7 Hz
b) -10°C U
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6=335ppm T w0
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Figure 5. 31p NMR spectrum of the solution resulting from the in situ reaction of [Rh(COD)(u,-Cl)],
and DIOP in THF-dg at (a) 25 °C and (b) —10 °C.

2.2. Mechanistic Investigations into the in situ Generation of Precatalysts

The examples reported above serve to illustrate how experimental conditions affect the
outcome/selectivity of the in situ synthesis of rhodium/diphosphine precatalysts. However,
with the ligands BINAP, SEGPhos, DM-SEGPhos, and Difluorphos, the target complex
[Rh(disphosphine)(u;-Cl)], is formed quasi quantitatively in THE. Less is known about the rate
of formation of such species and the kinetics of the underlying two-stage ligand exchange process
(Scheme 4). Quantitative studies of classical ligand exchange reactions can be accomplished using
UV-Vis spectroscopy (diode array in combination with a stopped-flow unit) because during the reaction
a color change takes place [54,59].

From a kinetic point of view, each stage of the ligand exchange process is a second order
reaction, and the two reactions compete with each other. The solid state structure of the intermediate
[(COD)Rh(u;,-Cl),Rh(diphosphine)] has been determined for various disphosphines [38,60,61]. Only
recently has it been shown that indeed an equilibrium exists between the starting and the product
complexes on the one hand and the intermediate on the other (Scheme 5) which of course complicates
kinetic investigations [54].

P
Comiom ) (ueend )2 O
|’ ks 7 el Y

Scheme 5. Equilibrium between the starting [Rh(diolefin)(u,-Cl)], and target complex
[Rh(diphosphine)(u-Cl)], and the intermediate [(diolefin)Rh(u,-Cl),Rh(diphosphine)].

Figure 6 shows the 3P NMR spectrum recorded shortly after crystals of
[(COD)Rh(u-Cl);Rh(DPEPhos)] have been dissolved in benzene-ds; beside the signals of
[(COD)Rh(up-Cl);Rh(DPEPhos)], black, broad signals due to [Rh(DPEPhos)(u,-Cl)],, red, can
be observed.
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Figure 6. 3P NMR spectrum of the solution obtained by dissolving crystals of

[(COD)Rh(u,-Cl);Rh(DPEPhos)], black, in benzene-dg; following the establishment of an equilibrium,
[Rh(DPEPhos)(uy-Cl)]; is formed, red.

The rate constants of the reaction steps described in Schemes 4 and 5 for the ligands BINAP,
SEGPhos, DM-SEGPhos, and Difluorphos are collected in Table 1.

Table 1. Rate constants of the ligand exchange reactions described in Schemes 4 and 5 for BINAP,
SEGPhos, DM-SEGPhos, and Difluorphos [54].

. kl k2 k3 k4 £98% conv.
Ligand (L-mol—1.s-1) (L-mol~1.s71) (L-mol~1-s71) (L-mol-1-s71) (min)
BINAP 1790 18 39.3 1.10 22

SEGPhos 10,617 121 16.7 1.43 3
DM-SEGPhos 13,466 14 0.3 0.60 28
Difluorphos 8080 220 - - 2

These data show that, for all the ligands investigated, the exchange of the first COD ligand to give
the intermediate [(COD)Rh(u;-Cl);Rh(diphosphine)] is much faster than the exchange of the second
one (k1 >> kp). The latter is therefore the rate-determining step of the overall reaction. The rapid color
change, occasionally described in the literature, is due to the formation of the intermediate and thus
cannot be used, in the in situ generation of the precatalyst, as an indication of the formation of the
target complex. The experimentally determined rate constants, Table 1, allow then the calculation
of the time required for the complete formation of the desired dinuclear precatalysts under normal
conditions [62]: 22 min are necessary with BINAP, up to 28 with DM-SEGPhos [54], far more than
usually expected.

With the ligands DPEPhos and DIOP the mechanism leading to the formation of the corresponding
precatalysts [Rh(disphosphine)(u;-Cl)],, which have been applied in propargylic CH activation, is
more complex [41,42,63-66]. Indeed, beside the intermediate [(COD)Rh(u,-Cl),Rh(diphosphine)],
a previously unknown diphosphine-bridged species [Rhy(u;-diphosphine)(COD),(Cl);] could be
isolated and characterized [61]. When the reaction of [Rh(COD)(u;,-Cl)], and DPEPhos in benzene
is monitored by 3'P NMR, 10 min after mixing of the reagents the signals relative to such species
(Figure 7, yellow) could be observed, beside those of [Rh(DPEPhos)(u,-Cl)], (Figure 7, red) and
[(COD)Rh(up-Cl),Rh(DPEPhos)] (Figure 7, black).

Therefore the known twofold ligand exchange sequence described in Scheme 4 must be corrected
as shown in Scheme 6, at least for these diphosphines [38,61], to accommodate the newly observed
intermediate [Rhy(u;-diphosphine)(COD),(Cl),].
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Figure 7. Slp NMR spectrum of the solution obtained from reaction of [Rh(COD)(up-Cl)]»
and DPEPhos, in a 1:2 mixture, 10 min after mixing of the reagents: X-ray structures of the
species detected in solution [(COD)Rh(u;-Cl),Rh(DPEPhos)], black, [Rh(DPEPhos)(up-Cl)]», red,
and [Rhy(up-DPEPhos)(COD), (Cl);], yellow.

N
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A=Y _> Rh_, )+COD N\~ \CrR N -PP
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\ @RI Y

Scheme 6. Schematic representation of the modified ligand exchange mechanism for the formation of
the rhodium precatalyst [Rh(diphosphine)(u-Cl)]5.

In the first step, the precursor [Rh(COD)(up-Cl)], is cleaved and the first reacting
diphosphine acts as a bridging ligand between the two homoleptic rhodium fragments to
afford [Rhy(u-diphosphine)(COD),(Cl),].  Then, following the loss of one COD ligand and
diphosphine rearrangement to become bidentate at one of the two rhodium centers, an
equilibrium is established between [Rh;(u;-diphosphine)(COD),(Cl);] and the newly formed
[(COD)Rh(u;-Cl);Rh(diphosphine)]. Such equilibrium can be shifted by altering reaction conditions
(COD concentration, solvent, temperature). Exchange of COD for a second molecule of the
diphosphine in [(COD)Rh(u;-Cl);Rh(diphosphine)] eventually affords the desired precatalyst
[Rh(disphosphine)(u-Cl)],. While in the case of DPEPhos quantitative formation of the precatalyst
requires 30 min, for DIOP the equilibria lie far to the side of the intermediates. This is equivalent to a
partial catalyst deactivation.

The examples discussed above clearly show that the in situ synthesis of rhodium precatalysts may
not be selective thus affording a complex mixture of species. Even more complex, as shown in Scheme 7,
is the network of equilibria which have been documented for the ligand DPPP [39,60,61,67-69]. To the
best of our knowledge, the species [Rh(DPPP)(diolefin)]Cl, which is also possible in principle, is not
known. It has been described for other diphosphine ligands [70-76]. The nature of the species that
are actually present under stationary conditions cannot be predicted a priori and which one, among
these, is responsible for the catalytic activity may be difficult to establish. It should also be noted that
even the starting diolefin precursor can be catalytically active [77-85]. Because selectivity is mostly
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determined by the type of ligand coordinated to the metal, if the diolefin precursor is not completely
converted, selectivity will be negatively affected.

Ph\ Ph
/N _c_ P
2 ((RH._RA }
/7 cl \p\
PH Ph
Ph_Ph Ph Ph
P. cl P
N N
(omeond )
R CI R
7\ /N
Ph' ph Ph Ph
Ph h Ph_Ph Ph Ph
+DPPP g +DPPP PQ e P
\Rh Rh Rh_ Rh
-coo p; -con p7 el g
ot P P bh  PH Ph
+2 DPPP - DPPP |+ DPPP -2 DPPP||+ 2 DPPP
-CcoD
Ph Ph Ph ph
Ph Ph Ph pp |© Ph Ph Ph phn |© o
n (00
S Cl—Rh
2(ConC Yoo (o) @ o
PH bh pH Ph PH bh pH Ph PH bn  PH *Ph

Scheme 7. In situ synthesis of the rhodium catalyst precursor [Rh(disphosphine)(i,-Cl)], with the
ligand DPPP and known by-products arising from side-reactions.

3. Catalyst Activation—Induction Periods

Catalytic processes, either homogeneous or heterogeneous, are often characterized by an initial
slow stage after which the reaction accelerates. During the so-called induction period [86], the species
which has been added to the reaction medium to function as the catalyst undergoes a series of chemical
transformations before it can actually enter the catalytic cycle and promote the catalytic reaction.

For homogeneous catalysts, ligand (reactant) addition and ligand substitution and/or exchange at
the catalyst precursor and/or oxidation-reduction of the metal with reactants/co-substrates, ligands,
solvents, and other components of the system gradually convert the catalyst precursor into the
catalytically active species. The concentration of the latter increases with time in the initial phase of
the reaction, hence the induction period [87]. Catalytically active species are characterized by high
reactivity/sensitivity, which makes them short-lived and difficult to characterize, hence the need to
generate them from suitable catalyst precursors which are more stable, possess a longer shelf life, and
are therefore easier to handle.

A classic example is provided by the Wilkinson catalyst [RhCI(PPh3)3] which, in the solid state,
is indefinitely stable in air. It is a suitable precursor both for hydroformylation and hydrogenation
of olefins. In solution it dissociates to release one PPh; and generate a coordinatively unsaturated
species [RhCI(PPhj3),] [17,88,89]. Under hydroformylation conditions, several equilibria are established
which are sensitive functions of experimental conditions: [RhCl(PPhs);] reacts with CO to form
trans-[RhC1(CO)(PPh3);]. This species in turn oxidatively adds molecular hydrogen to afford
[RhH(CO)(PPhs),], and HCL. Hence an induction period is observed, unless an organic base such as
triethylamine is used to favor the latter reaction. The dicarbonyl species [RhH(CO),(PPhs),] has also
been postulated to be present and active during hydroformylation. Under hydrogenation conditions,
[RhCl(PPh3);] can oxidatively add Hj to generate [RhCIH;(PPh3),], an extremely efficient catalyst for
the hydrogenation of non-conjugated olefins and acetylenes at ambient temperature and hydrogen
pressures of 1 atm or below. In both cases a rhodium hydride species makes the catalytic cycle turn.
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An example from the most recent literature is provided by the following: A rhodium
complex [Rh(k2-PP-DPEphos){n?*n?-H,B(NMej3)(CH,),t-Bu}]BArt, is a competent precatalyst for
the dehydropolymerization of H3B-NMeH, to form N-methylpolyaminoborane (HyBNMeH), [90].
Before faster turnover is established, an induction period is observed which becomes longer
with increasing total initial catalyst loading. An in-depth kinetic and mechanistic investigation
has shown that the induction period is due to the formation, inter alia, of a dimeric rhodium
species from which the monomeric catalytically active species is slowly generated. This process
can be accelerated by the addition of NMe,H which breaks down the dimer to form a rhodium
amine complex [Rh(KZ-PP—DPEphOS)HZ(NMeHz)z]BAI‘F4. The latter is a far better precatalyst than
[Rh(k2-PP-DPEphos){n?n?-Hy;B(NMej3)(CH,),t-Bu}|BArf 4. Its isolation, while possible, is tedious but
its in situ generation from [Rh(k?-PP-DPEphos){n?n?-H,B(NMej3)(CH;),t-Bu}|BArF, in the presence of
added NMe;H is equally effective in suppressing the induction period. The structure of the active
species though remains unknown.

3.1. Quantification of Induction Periods

The asymmetric hydrogenation of prochiral olefins is promoted by rhodium complexes of suitable
chiral diphosphines. Such complexes are often commercialized as stable cationic diolefin precatalysts
having the general formula [Rh(diphosphine)(diolefin)]* (dioelfin = COD, NBD); alternatively they
can be generated in situ from the corresponding cationic diolefin rhodium complex and the chiral
diphosphine. In either case, generation of the active species from the precatalyst requires hydrogenation
of the diolefin. In this way, a free coordination site is made available at the metal for the binding of
the substrate.

Figure 8, left, shows the difference in hydrogen uptake as a function of time between
the asymmetric hydrogenation of mac in MeOH as promoted by the active catalyst
[Rh((R,R)-Et-ButiPhane)(MeOH),]|BF,, green curve, and the same reaction as promoted by the
commercially available precatalyst [Rh((R,R)-Et-ButiPhane)(COD)]BF,, blue curve [91]. An induction
period is present for the latter, i.e., the hydrogenation accelerates—the moles of hydrogen consumed
per unit time as a function of time increase in the initial stages of the reaction (Figure 8, right, blue)
as more of the catalytically active species [Rh((R,R)-Et-ButiPhane)(MeOH);]BF, is generated in the
“activation” phase through hydrogenation of COD.
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Figure 8. Left: Hydrogen uptake (ml) as a function of time (min) in the hydrogenation of mac with

[Rh((R,R)-Et-ButiPhane)(COD)]BF, (99.0% ee, blue) and with [Rh((R,R)-Et-ButiPhane)(MeOH),]BF,

(99.0% ee, green) under standard conditions [92]. Right: moles of hydrogen consumed per unit time

(dn/dt) as a function of time (min) in the hydrogenation of mac with [Rh((R,R)-Et-ButiPhane)(COD)]BF,

(blue) and [Rh((R,R)-Et-ButiPhane)(MeOH), |BF, (green).
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Induction periods, which have been recognized, at least qualitatively, for a long time [93,94] cause
a maximum in the rate profile (Figure 8, right). It should be noted that enantioselectivity is not affected
by the different methods used for catalyst preparation (Figure 8, left) [91].

Several factors affect the induction period: the diolefin (stability of the corresponding diolefin
rhodium complex), the prochiral olefin (its concentration and the stability of the corresponding rhodium
substrate complex), the ligand, the solvent, and the temperature.

An in-depth discussion of the issues concerning diolefin hydrogenation (COD vs. NBD)
can be found in references [22,95]. In Table Al a list of related (pseudo) rate constants for
ca. 80 rhodium/diphosphine complexes of the type [Rh(diphosphine)(diolefin)]* can be found.
Rate constants for rhodium complexes of monophosphines, [Rh(MonoPhos),(NBD)]BF; [96],
[Rh(MonoPhos),(COD)]BF4 [97], and [Rh(PPh3),(COD)]BFE, [98], have also been measured.

Several methods have been reported in the literature which allow, under isobaric conditions, to
measure the pseudo 1st order rate constant (k'gjolefin) for the diolefin hydrogenation en route to the
solvent complexes, according to the following Scheme 8.

[Rh(diphosphine)(solvent),]* + diolefin === [Rh(diphosphine)(diolefin)]* + 2 solvent

K 2diolefin [H
[Rh(diphosphine)(diolefin)]+M [Rh(diphosphine)(solvent),]* + alkane
Scheme 8. Generation of the catalytically active species [Rh(diphosphine)(solvent),]* through
hydrogenation of the diolefin in [Rh(diphosphine)(diolefin)]* and related equilibrium.

For most diphosphine ligands, the equilibrium (Michaelis-Menten kinetics) between the solvent
complex and the free diolefin lies to the side of the diolefin complex due to the high stability of the latter.
Under isobaric conditions, the hydrogen concentration is constant and therefore the stoichiometric
reaction is pseudo 1st order in the diolefin concentration. In the presence of a large excess of the
diolefin (“catalytic conditions”), the hydrogenation reaction becomes zero order (Michaelis-Menten
kinetics in the saturation range).

In principle, it is possible to track either the stoichiometric hydrogenation (by measuring the
hydrogen uptake [99] using 3!P NMR [100] or UV-Vis spectroscopy [101]) or the catalytic hydrogenation
with an automatic recording device [102,103] in the presence of an excess of the diolefin [104] under
several pressure regimes [105]. Itis likewise possible by means of 'H NMR spectroscopy to assess the H
concentration in solution during diolefin hydrogenation under isochoric conditions [106,107]. Through
on-line recording of hydrogen consumption and subsequent parameter optimization using a suitable
kinetic model, the pseudo rate constant for the diolefin hydrogenation can also be determined [108].

3.2. Influence of the Diolefin

Experimental evidence shows that, regardless of the diphosphine ligand, the hydrogenation
of COD is always slower than that of NBD, meaning a longer induction period. The reason for
such difference is not clear. A perusal of the solid state structures of several rhodium complexes of
the general formula [Rh(diphosphine)(diolefin)]* with diphosphines forming 5-membered chelated
rings shows deviations from the expected square-planar structure, that is the centroids of the double
bonds, the phosphorus atoms of the diphosphine, and the rhodium central atom are not in the same
plane [109]. The rotation of the diolefin away from the ideal square planar coordination serves to partly
accommodate the steric demands of the diphosphine ligand while keeping a profitable overlap of the
orbitals involved in the binding of the diene to the rhodium atom. Because NBD is smaller than COD,
the tetrahedral distortion it brings about is inferior. Therefore it has been suggested that the greater
tetrahedral distortion induced by COD might hamper the oxidative addition of dihydrogen from the
axial position as the required orbital overlap is not easily achieved.
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The very small pseudo rate constants observed for the hydrogenation of COD in
[Rh(diphosphine)(COD)]* in MeOH with DPPE and DIPAMP as diphosphine (Table A1) imply that at
room temperature and normal pressure 24 and 30 h are necessary, respectively, for the complete removal
of the COD in the two catalyst precursors. This confirms previous findings concerning the challenging
quantitative hydrogenation of COD [110,111]: failure to recognize these rather long induction periods
may lead to underestimation of the real efficiency of the corresponding rhodium/diphosphine catalyst
in the hydrogenation of specific substrates, especially in relation to the application of high throughput
methods in catalyst testing [112]. The pseudo rate constants are not affected by the counteranion in the
catalyst precursor as shown for the ligand BINAP [113].

Despite their low reactivity, COD containing catalyst precursors are readily available and therefore
often preferred in industrial applications. It has been shown for the Rh—DuPhos family that this can
still be a sensible choice because the difference between the use of COD and NBD precatalysts becomes
increasingly insignificant as the substrate to catalyst ratios increase up to values generally implemented
in industry (>10,000) [114].

An elegant experiment which is very sensitive and allows appreciation of the difference in
precatalyst activation rates, that is the difference in COD versus NBD hydrogenation, has been
devised. The method requires that equimolar amounts of COD and NBD rhodium precursors
[Rh(diphosphine)(COD)]" and [Rh(diphosphine)(NBD)]", having the same diphosphine ligand but of
opposite chirality, are used in the same hydrogenation reaction [114]. Since the precatalysts generate
“enantiomeric” catalytic active species, then the closer the overall productivity given by the NBD and
COD precatalysts, the closer the product will be to racemic. For example, in the hydrogenation of
dimethyl itaconate with Rh/Me-DuPhos under these circumstances (10,000:1 as substrate/catalyst ratio,
5 bar hydrogen pressure), an almost racemic product was obtained indicating that the active catalyst is
formed at almost the same rate from both the COD and NBD precatalysts. However, it must be said
that, although very low, the recorded enantiomeric excess (ee < 3%) is not negligible when referred to
the absolute product amount (911 mg over 30 g in the example reported above).

During exploratory experiments the substrate/catalyst ratio employed is usually 100. Under
these conditions, when using the catalyst precursors [Rh((S,S)-Me-DuPhos)(COD)]BF; and
[Rh((R,R)-Me-DuPhos)(NBD)]BF, in a 1:1 ratio (0.005 mmol each) in 15 mL. MeOH and 1 bar total
pressure, the recorded ee is 95.1%. Such value is only slightly lower than the one, 97.4-98% ee, obtained
for hydrogenation with only the NBD complex [114]. This can be explained by the fact that the NBD
complex is hydrogenated about 320 times faster than the one with COD (Table A1) therefore, when
using the equimolar mixture of the two catalyst precursors of opposite chirality, hydrogenation and
thus selectivity are determined almost exclusively by the NBD complex.

3.3. Generation of Solvent Complexes

In order to avoid undesirable induction periods and benefit from the full activity expected
for the amount of “catalyst” added to the reaction vessel, it is advisable to use solvent complexes
having the general formula [Rh(diphosphine)(solvent),]*. They are prepared through hydrogenation
of the corresponding diolefin complexes in the absence of the prochiral olefin. Solvent complexes
are also better suited for kinetic investigations. By measuring the rate constant of the precatalyst
activation/hydrogenation, it is possible to define the required experimental conditions under which
formation of the active species is quantitative before the substrate is added.

While several solvent complexes with different diphosphine ligands have been characterized by
3P NMR spectroscopy, the first X-ray structures of such reactive species have been published only
recently [115-117]. In Figure 9 the molecular structures of complex anions [Rh(DPEPhos)(acetone), ] *
and [Rh(BINAP)(THF),]* are presented.



Catalysts 2019, 9, 582 15 of 45

Q ’
* » ‘o °0 Q 5 8
%o T
o ° ® o°

Figure 9. Molecular structure of the cations of the solvent complexes [Rh(DPEPhos)(acetone),]* and
[Rh(BINAP)(THF),]*. Hydrogen atoms are omitted for clarity.

Besides prochiral olefin hydrogenation, another case in which the use of solvent complexes proved
beneficial is the rhodium-promoted asymmetric ring-opening of benzo-7-oxabicyclo-[2.2.1]-heptadiene
with nucleophiles. This is an important process for the formation of C-C and C-X bonds which
gives access to pharmaceutically relevant hydronaphatelenes. The efficiency and enantioselectivity
of the process as originally developed [118] could be improved by using the preformed
solvent complex [Rh((R,S)-PPF-P(t-Bu),)(THF),]" instead of the in situ generated dimeric species
[Rh(((R,5)-PPF-P(t-Bu)z)(u2-Ch2 [119].

Data presented in Table Al allow to calculate for how long the precatalyst
[Rh(diphosphine)(diolefin)]* has to be hydrogenated in order to quantitatively generate the
corresponding solvent complex [Rh(diphosphine)(solvent),]* (t1/; = In2/k’, seven half lives correspond
t0 99.2% (practically complete) conversion of the diolefin in [Rh(diphosphine)(diolefin)]*).

If hydrogenation lasts longer, then formation of dinuclear or trinuclear hydride complexes may
occur (Figure 10) [120-122].
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Figure 10. Molecular structure of the hydride complexes {[Rh(DCPE)H],(up-H)z}*, left, and
{[Rh(Tangphos)H]3(up-H)s (u3-H)}?*, right. Hydrogen atoms are omitted for clarity.

In some cases the formation of such species starts even before [Rh(diphosphine)(diolefin)]* is
fully hydrogenated. This is the case for the Me-BPE/COD-MeOH system and 3'P NMR spectroscopy
allows detection of the various species which coexist in solution (Figure 11) [123]. This means that
the procedure for the synthesis of the solvent complex is not selective under these conditions. The
problem can be solved using the precatalyst [Rh(Me-BPE)(NBD)]* as hydrogenation of NBD is faster
than COD and faster than the formation of polynuclear rhodium hydride.

An alternative entry to the solvent complexes, which circumvents the prehydrogenation step
required for diolefin-containing precatalysts and the possible related problems, is represented by
ammonia complexes of the general formula [Rh(diphosphine)(NHj3),]* which are very stable species
and therefore easy to handle [95]. The solvent complex can be generated in situ by the addition of
stoichiometric amounts of acid such as HBF4 which displace NHj3 as the corresponding ammonium salt
(using HBF,, BF4~ remains the sole counteranion for any cationic rhodium species in solution). The
ammonia precatalyst is in turn easily prepared from [Rh(diphosphine)(diolefin),]* by reaction with a



Catalysts 2019, 9, 582 16 of 45

saturated solution of ammonia. Figure 12 shows the solid state structure of the rhodium ammonia
catalyst precursor [Rh((Sc,Rp)-Duanphos)(NHj3),]*.

[Rh(Me-BPE)(COD)|BF,
6=76.9 ppm
J=146.1Hz
{[Rh(Me-BPE)H]3(u,-H)3(u5-H)}(BF ),
6=117.1ppm (Jpor,=119.7Hz)
6=955ppm  (Jpry=106.1Hz)
= A 0 -
—— T | T ) T T T |
115 110 105 100 95 90 85 80 75 ppm

Figure 11. 3'P NMR spectrum of the solution obtained following hydrogenation of [Rh(Me-BPE)(COD)]*
in MeOH-dy at 25 °C under 1 bar total pressure [123].
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Figure 12. Molecular structure of the rhodium ammonia catalyst precursor

°

[Rh((Sc,Rp)-Duanphos)(NHj3),]*. Hydrogen atoms are omitted for clarity.

This and [Rh((S,S)-Et-Ferrotane)(NHj3),]* proved to be competent catalysts for the [2+2+2]
cycloaddition of selected triynes, providing equal and, in some cases, better selectivity than the
corresponding independently generated solvent complexes (Scheme 9) [95].

0]

R [Rh(Duanphos)(NH3),]* R
2 HBF,
H H H + 4 95.2 %ee
MeOH/THF 25°C R
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Scheme 9. [2+2+2] Cycloaddition of a triyne catalyzed by the rhodium ammonia catalyst precursor
[Rh((Sc,Rp)-Duanphos)(NHz),]*.

As shown above, hydrogenation of [Rh(diphosphine)(diolefin)]* in a coordinating solvent such
as MeOH or THF generates [Rh(diphosphine)(solvent),]*. When the diphosphine is electron-rich,
that is the substituents at phosphorus are alkyl rather than aryl groups, it contributes to stabilizing
the solvent dihydride species [Rh(diphosphine)(H),(solvent);]*, now a Rh(IIl) instead of a Rh(I)
species, the product of hydrogen oxidative addition to rhodium. [Rh(diphosphine)(H),(solvent),]*
can therefore be detected, although in the majority of cases only at sufficiently low temperatures.
[Rh(diphosphine)(H),(solvent),]* is in equilibrium with the parent solvent complex. Examples of such
diphosphines are Tangphos, Me-BPE, and ¢t-Bu-BisP* [122-124].
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As already mentioned, if the solvent complex is left under a hydrogen atmosphere long
enough and its diphosphine ligand lacks aryl substituents which would otherwise trigger the
formation of stable arene-bridged dimeric species (vide infra), it evolves into a trinuclear polyhydride
species {[Rh(diphosphine)H]3(u2-H)3(u3-H)}?* which instead is stable at room temperature [120-122].
The formation of {[Rh(diphosphine)H]g,(yz-H)_o,(;13,—H)}2Jr from the solvent complex is reversible
and must proceed through the rhodium dihydride [Rh(diphosphine)(H),(solvent),]* mentioned
above [125]. In the context of asymmetric olefin hydrogenation, it has been shown that
{[Rh(diphosphine)H]g(;12-H)3([,Lg—H)}2+ transfers its hydrogen to the substrate mac quite slowly, over
days, as it very likely must first be converted into a species of lower nuclearity to become catalytically
active. The formation of these species then withdraws part of the total initial rhodium concentration,
negatively affecting activity [126].

4. Catalysis in the Presence of Strongly Coordinating Ligands

Characteristic of each catalytic reaction, either homogeneous, heterogeneous, or enzymatic, is the
formation of a catalyst-substrate complex. Through the key steps of the catalytic cycle and the reaction
with further reagents, the catalyst-substrate complex evolves into the catalyst-product complex which
eventually releases the desired free product molecule. If other species are present in solution which
can also coordinate to the catalyst, then such species—inhibitors—compete with the substrate and
reduce the amount of catalyst available for the catalytic process of interest. At a macroscopic level, a
reduction of activity is therefore observed.

Also in nature, i.e., in the cells of living organisms, biochemical reactions are accelerated by
catalysts, the enzymes. Here, too, catalyst deactivation (inhibition) plays an important role, e.g., in the
regulation of the enzyme activity. As shown in Scheme 10, different types of inhibition are possible,
depending on whether the free enzyme (ki/k ;) or the enzyme—substrate complex (ki/k;-) form an
adduct with the inhibiting molecule [127].

k
enzyme + substrate enzyme-substrate complex —Z 5 product + enzyme
-1
- inhibitor || + inhibitor - inhibitor || + inhibitor
k»i ki kfi‘ ki‘
enzyme-inhibitor enzyme-substrate-inhibitor
complex complex

Scheme 10. Competitive, blue, uncompetitive, red, and mixed, blue and red, inhibition in
enzyme catalysis.

4.1. Formation of Non-Reactive, Monomeric Species

Well-known inhibitors for cationic Rh-complexes are carbon monoxide CO and diolefins such
as COD and NBD, because the corresponding complexes possess very high stability constants. For
example, it has been shown that when the hydrogenation of olefins is carried out in primary alcohols
with a catalyst prepared in situ from [Rh(NBD)Cl], and monophosphines such as PPh;Et catalyst
deactivation takes place due to the formation of [Rh(CO)(PPh;Et),Cl]. Under the reaction conditions, 50
°C and 1 bar Hj, the catalyst is also able to promote the reduction of the olefin by transfer of hydrogen
from the solvent alcohol. The resulting aldehyde can be decarbonylated by the catalyst with the
ensuing formation of [Rh(CO)(PPh;,Et),Cl]. This species is catalytically inactive. Catalyst deactivation
is enhanced at higher temperature and does not take place in the absence of the olefin which acts as
hydrogen acceptor, thus promoting the otherwise unfavorable alcohol dehydrogenation [128].

Less known is the fact that molecules which contain aromatic moieties can also act as inhibitors as
they form stable n°-arene rthodium complexes. These are coordinatively saturated 18-electron species
which cannot coordinate incoming substrates or undergo oxidative addition and are consequently
catalytically inactive. The formation of such species is however reversible; the extent of inactivation is
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determined by the concentration of the competing complexing agents present in solution which might
displace the coordinated arene and the ratio of the stability constants of the corresponding rhodium
complexes. Two representative structures of n°-arene rhodium complexes are shown in Figure 13.
Aromatic amines provide an interesting case: coordination of aniline derivatives to rhodium, for
example, takes place through the arene, not through the nitrogen lone pair (Figure 13, right).
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Figure 13. Molecular structure of the cation [Rh(S,S,R,R)—Tangphos)(né—benzene)]+, left, and of the
cation [Rh(DPPF)(2,6—dimethy1—r]6—aniline)]+, right. Hydrogen atoms are omitted for clarity.

The sensitivity of the 1 Rh chemical shift to the local organic substituents makes 1> Rh NMR
spectroscopy a valuable probe to unambiguously assign n°-arene rhodium complexes [129,130].
Compared to those of the corresponding solvent complexes, the signals of 7°-arene rhodium complexes
are shifted to higher fields. '©Rh chemical shifts are also influenced by the size of the chelate ring
formed by the coordinated diphosphine [131,132]. The 'H and '*C NMR chemical shifts of the arene
provide further evidence of its n°-coordination to the metal.

The stability of the n°-arene rhodium complexes as expressed by their stability constants (Scheme 11)
can be easily assessed, for example by UV-Vis spectroscopy.

®
7N\
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/Rh\ R K.
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Scheme 11. Equilibrium between solvent complex, free arene, and n°-arene rhodium complex.

The classical method entails the titration of the solvent complex with the aromatics of
interest [133-136]. Alternatively it is possible to monitor and quantify the established equilibrium
between the solvent complex and the arene-containing molecule as a function of time; this is done using
stopped flow techniques under anaerobic conditions which rely on the use of a diode array [59]. It
makes no difference from which side the establishment of the equilibrium is examined: both the solvent
complex and the isolated n°-arene rhodium species can be used as starting material. In either case, the
method provides the rate constant for the forward and back reaction, the ratio of which corresponds to
the stability constant. The data evaluation is carried out either by graphical [137-140] or numerical
methods [141-146]. For the né-arene complexes shown in Figure 11, the following values were
determined: [Rh(S,S,R,R)-Tangphos)(MeOH),]BF,/[Rh(S,S,R,R)-Tangphos)(®-benzene)|BF,: 70 L/mol;
and [Rh(DPPF)(MeOH),]|BF4/[Rh(DPPF)(2,6-dimethyl-n®-aniline)|BF,: 1500 L/mol [136]. Further
values, also for the temperature dependence, can be found in reference [136].

The source of aromatics which can act as inhibitors can be diverse and detailed examples
can be found in reference [23]. Aromatic solvents like benzene and toluene are often used in
catalytic reactions such as hydrogenations. Many benchmark substrates contain phenyl rings that
can lead to coordinatively saturated 18 electron n°-arene complexes. This is the case, for example, of
a-acetamidocinnamic acid: for this substrate, the chelate coordination through the double bond and
the oxygen of the amido group is by far preferred over coordination of the phenyl ring. However, once
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the double bond is reduced, the hydrogenated product coordinates to rhodium through its phenyl
substituent and can therefore negatively affect the catalytic activity, especially towards the end of the
reaction when its concentration is higher (Figure 14).
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Figure 14. S1p(1H}-108Rh HMQC spectrum of the rhodium-a-acetamidocinnamic acid (H);
adduct [Rh(Et—DuPhos)(r]6—oc—acetamidocinnamic acid (H);)]*, in MeOH-dy, its signals are clearly
distinguishable from those of the solvent complex [Rh(Et-DuPhos)(solvent),]".

A similar catalyst—product complex has been observed also in the course of the asymmetric
hydrogenation of mac in methanol with the rhodium catalyst precursor [Rh(t-Bu-BisP*)(NBD)]BF,
containing the purely aliphatic ligand ¢-Bu-BisP* (Scheme 12) [147,148].
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Scheme 12. Equilibrium showing the formation of the rhodium-product complex
[Rh(t-Bu—BisP*)(n6-maC(H)z)]BF4 following the hydrogenation of mac with [Rh(t-Bu-BisP*)(NBD)|BF,.

The concentration of thodium in the form of the arene complex [Rh](srene) as compared to the total
or initial rhodium concentration [Rh]g) can be calculated according to Equation (1) [136].

[Rh],

[Rh] (arene) — (M) +1 ;

Karenelarene]

Examples of calculated values are reported in reference [23]. The equation clearly shows that
deactivation is not only a function of the stability constants of both the substrate- and the rn°-arene
complex but also depends on the ratio of substrate- to arene-containing species concentrations.
Therefore the extent of deactivation is in principle a dynamic variable which can be controlled. In
fact the substrate is consumed during catalysis, which of course alters the ratio of concentrations
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of substrate- to arene-containing species depending on the degree of conversion. In addition, the
effective kinetics, usually of Michaelis-Menten type, influences the macroscopic manifestation of the
deactivation process as the following two examples show.

When the stability constant of the catalyst-substrate complex is very low, the reaction rate is 1st
order in the substrate concentration. Anexampleis provided by the hydrogenation of dimethylitaconate
with [Rh(Ph-g-glup-OH)(MeOH),]BF,; in methanol at room temperature and normal pressure. If a
“poisoning” arene is present, then only the latter, but not the substrate, can effectively compete with the
solvent, that is largely in excess, for the metal (Scheme 10, blue). The methyl ester of aminocrotonic acid,
on the other hand, forms a very stable adduct with the catalyst precursor [Rh(DIPAMP)(MeOH),|BF,
which implies that the reaction is zero order in the substrate concentration. When its hydrogenation is
carried out in methanol at room temperature and normal pressure, then the substrate can effectively
compete with the inhibiting arene for the metal (Scheme 10, red) [149]. In the first case, despite the
presence of inhibitors, the reaction, while slower, remains 1st order in the substrate concentration and no
apparent change takes place. In the second case, inhibition manifests itself with a continuous decrease
in reaction rate instead, because the concentration of the inhibitor remains constant during the reaction
while that of the prochiral olefin diminishes with increasing conversion. Therefore an important (tacit)
assumption of the formal kinetic treatment of catalysis, that the active catalyst concentration remains
constant over the course of the reaction, no longer applies.

Aromatic moieties are also present in polystyrene, commonly used to provide an insoluble support
to homogeneous Rh catalysts in order to facilitate their separation from the reaction medium and
subsequent reuse. In the case of cationic rhodium complexes, the weakly coordinating counteranion
can be replaced by a “polymerizable” one. In this way, the unmodified homogeneous catalyst is
attached to the polymer by ionic interactions [150,151]. Alternatively, the diphosphine ligand can be
properly derivatized to be covalently attached to a polystyrene support [152-158].

Using soluble, low molecular weight polystyrenic resins, the formation of aromatic complexes
with the phenyl rings of the “carrier” could be demonstrated by means of 1> Rh NMR spectroscopy.
It was also possible to determine the corresponding stability constants which, although not very
high, are “compensated” for by the high “concentration” of the phenyl rings. For the complex
[Rh(Et-DuPhos)(176—P830000)]BF4 the measured equilibrium constant in acetone is 17 L/mol—PS30000
is a polystyrene soluble in THF which contains 288 monomer units. Such a stability constant is
comparable with that of the related complex [Rh(DPPE)(né-benzene]BE;, 18 L/mol [58,133]. If part of
the Rh is bound to the resin as the 1°-coordinated aromatic complex, this is at least the case if Rh is
bound to the support by ionic interaction, then the latter is in equilibrium with the solvent complex
(Scheme 13) and can be washed out from the resin if the resin is rinsed with the solvent after catalyst
loading and recycling [159]. Quantitative estimations of metal leaching can be found in reference [159].
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Scheme 13. Equilibrium between the n°-arene coordinated Rh complex and the solvent complex and
the polystyrene polymer matrix.

This gives rise to the well-known problem of “Rh leaching”. Each time the resin is rinsed with
fresh solvent, a new equilibrium is established that can lead to a further loss of the metal bound to the
polystyrene support. This effect is essentially unavoidable.
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The hydrogenation of prochiral organic substrates like itaconic acid and dimethyl itaconate can
be carried out in aqueous solution in the presence of surfactants like sodium dodecyl sulfate, SDS or,
4-(1,1,3,3-Tetramethylbutyl)phenyl-polyethylene glycol, Triton X-100. The resulting micelles can be
recycled by membrane ultrafiltration [160]. For the rhodium-BPPM/dimethyl itaconate system, the
TOF decreases as the Triton X-100 concentration is increased. Selectivity, 60% ee in MeOH, is unaffected.
A singlet in the ' Rh NMR spectrum at —1006 ppm suggests the formation of a new n°-arene complex.
Furthermore, in the 'H NMR spectrum the signals for the aromatic hydrogens are shifted to higher
fields than expected for the free arene: 7.17, 6.98, 6.37, and 6.05 ppm [160]. The observed catalyst
deactivation could then be confidently ascribed to the formation of n°-arene complexes between
rhodium and the phenyl substituents in the additive Triton X-100.

4.2. Formation of Non-Reactive, Multinuclear Species

Dinuclear Species

In 1977 the dimerization of the solvent complex [Rh(DPPE)(MeOH),]* leading to [Rh(DPPE)],%*
was described for the first time [133]. In the dimer, each DPPE acts as a bridging ligand between the
two rhodium centers; it is chelated to one metal through the phosphorus donors and it is coordinated
to the second one through one of the phenyl substituents on the phosphorus. Other dimeric rhodium
complexes, featuring a similar coordination pattern, which of course is available only when the
ligand contains aryl substituents, have been reported, for both bidentate [161-167] and monodentate
phosphines [96,168-172]. For the ligands BINAP, Synphos, and DIPAMP the structures of such dimeric
species have been thoroughly characterized by means of NMR and X-ray crystallography [116,117,173].
The crystal structure of [Rh(BINAP)],2* is presented in Figure 15.
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Figure 15. Molecular structure of [Rh((R)—Binap)]22+. Hydrogen atoms are omitted for clarity.

Such dimers have found application as catalyst precursors, for example in
hydroacylation [163,174,175]. They are usually generated in situ in a nonpolar solvent, either
DCM or dichloroethane, by hydrogenation of a cationic bis-diolefin rhodium complex, for example,
[Rh(COD),]OT{, in the presence of a diphosphine like BINAP. ([2+2+2]cycloadditions: [176-184],
hydrogen-mediated reductive C-C coupling: [185-187], enantioselective reductive cyclization: [188,189],
intermolecular cyclotrimerization: [190-193]) It should be noted that the formation of these species
and their role in catalysis is often overlooked.

These dimers are saturated 18 electron species which must dissociate into monomers in order
to generate a catalytically active species. Such dissociation is hampered by their high stability—the
stability constant of [Rh(DIPAMP)],%* for example is 52 L/mol [173]—a feature which might negatively
affect the catalytic activity. An illustrative example is provided by the rhodium/BINAP promoted
reductive cyclization of 1,6 diynes in DCM under a hydrogen atmosphere [194]. Kinetic investigations
show that the reaction rate is independent of both the diyne and hydrogen concentration (zero partial
order to each): it does not change when, at constant catalyst concentration, the catalyst/enzyme ratio is
varied from 1:33 to 1:650 (Figure 16, left) and the hydrogen pressure increases from 1 up to 11 bars
(Figure 16, right). More importantly, catalyst productivity increases at lower catalyst loadings [194].
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Figure 16. Rh/BINAP promoted cyclization of 1,6-diyne in DCM under a hydrogen atmosphere:
hydrogen consumption (ml) as a function of time (h), left (0.01 mmol catalyst ([Rh(BINAP)],2*), 0.33 or
3.30 mmol diyne, 25 °C in 10 mL DCM at normal hydrogen pressure). 1,6-diyne conversion in % as
a function of time, at different hydrogen pressures, right (0.01 mmol catalyst ([Rh(BINAP)],2%), 0.33
mmol diyne, 25 °C in 20 mL DCM at different hydrogen pressures).

These experimental findings can be easily accounted for if generation of the catalytically active

species from the dimeric precursor [Rh(BINAP)],%* is the rate-determining step (Scheme 14). Because
the steps which make up the catalytic cycle occur after the rate-determining step, disclosure of the
actual reaction mechanism is difficult.

P\ /P_@ rate determining step LRh'—l® "
Rh - n X Rh™L,
0.5 l /Rh\ R
(>—P P> R & H R
\\/ X RhllILn Y
H H 2
X
H
R

R

Scheme 14. Mechanism of rhodium/BINAP promoted reductive cyclization of 1,6-diyne in DCM under
a hydrogen atmosphere. [195]

Based on this knowledge, the formation of such dimeric species could be prevented by carrying

out the reaction in a coordinating solvent, thus preventing the formation of the arene bridged complex
in favor of the solvent complex. As shown in Figure 17, by using THF or MeOH, activity could be

improved by a factor of ca. 20.
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Figure 17. Hydrogen uptake (ml) as a function of time (min) in the reductive cyclization of 1,6 diyne as
promoted by [Rh(BINAP)(THF),]BF, in THF, blue curve, [Rh(BINAP)(MeOH),]|BE; in MeOH, green
curve, and [Rh(BINAP)],(BF,), in DCM, red curve. In all cases reactions were run using 0.01 mmol
catalyst ([Rh(BINAP)],2*), 0.33 mmol diyne, at 25 °C in 10 mL solvent under normal hydrogen pressure.

Arene complexes can also play an important role in Rh-catalyzed cross-coupling reactions.
Cross-coupling reactions are traditionally promoted by palladium catalysts, yet cationic diphosphine
rhodium complexes have been shown to be also competent catalysts for this important
transformation [196]. The oxidative addition of haloarenes to rhodium complexes supported
by monophosphine [197-200], diphosphine [201], pincer [202-208] and multidentate nitrogen
ligands [209,210] has been studied in depth and is assumed to be the first important elementary
step in the catalytic cycle of the Suzuki-Miyaura coupling reaction between haloarenes and arylboronic
acids. Transmetallation by the nucleophilic partner and subsequent reductive elimination to generate
the new C—C bond complete the cycle. When the rhodium catalyst is generated in situ using ligands
such as DIPAMP and DPPE, the yields of the biaryl product are strongly affected by the type of
aryl halide: it is excellent in the case of iodobenzene (>97%), decreases with bromobenzene (>71%),
and is poor with chlorobenzene (4-8%), a trend reflecting previous findings [196]. The stability of
the n°-arene complex [Rh(DIPAMP)(°-biphenyl)|BF, with the product biphenyl was determined at
room temperature by UV-Vis spectroscopy and is 200 L mol™'. In contrast, the stability constant of
the 176-arene complex [Rh(DIPAMP)(176—C6H5C1)]BF4, the formation of which precedes the oxidative
addition of the substrate chlorobenzene to rhodium, is only 0.6 L mol~! (Scheme 15). Therefore, in the
case under investigation, the poor yield is not only due to the unfavorable activation of the strong
C-Cl bond in the substrate, but also to product inhibition. Indeed the active catalyst is completely
deactivated after only a few catalytic cycles [196].
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Scheme 15. Proposed catalytic cycle for the rhodium/DIPAMP promoted cross-coupling of

ClI—B(OH),

chlorobenzene with phenylboronic acid.

4.3. Trinuclear Complexes

Addition of a base to the solvent complex [Rh(diphosphine)(solvent),]* leads to the formation
of trinuclear rhodium complexes of the general formula [Rhz(diphosphine);(u3z-X),]* (X = OMe™,
OH™ ... ). The first example was reported with the ligand DPPE in MeOH [133]. Similar complexes
with ligands like t-Bu-BisP*, Synphos, BINAP, Me-DuPhos, DIPAMP, and DPPP were published
later [40,117,211,212]. In this complex type, an example of which is shown in Figure 18, the three
rhodium atoms lie at the vertexes of a regular triangle, each coordinated to a bidentate diphosphine
located perpendicular to the Rh3 plane. Above and below the plane are the two p3-bridging anions.

Scheme 16 introduces the general reaction sequence, initially considered as irreversible [211],
whereby the trinuclear complexes are formed starting from the solvent complex. In-depth investigations
have shown that each step of such sequence is, in principle, reversible [213].

The base is necessary in order to generate the bridging anions either from the solvent (MeO~)
or from adventitious water present in solution (OH™). '*Rh NMR allows distinguishing among the
different species that may be formed with the ligand Me-DuPhos: [Rh3(Me-DuPhos)s(u3-OMe),]BF,,
[Rh3(Me-DuPhos);(u3-OMe)(u3-OH)]BFs and Rhsz(Me-DuPhos);(u3-OH);]BFs as illustrated in
Figure 19.
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Figure 18. Molecular structure of the cation [Rhs(Me-DuPhos);(i3-OMe),]*. Hydrogen atoms are
omitted for clarity.

2 [Rh(diphosphine)(solvent),]anion EXl

[Rhy(diphosphine),(uo-anion),]

[Rh(diphosphine)(solvent),]anion
[Rhy(diphosphine),(up-anion),] =————= [Rhs(diphosphine)s(u3-anion),lanion

Scheme 16. General, reversible reaction sequence for the generation of uz-anion bridged
trinuclear complexes.
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Figure 19. 31p(1H}-103Rh HMQC spectrum in MeOH-dy of the trinuclear species arising from treatment
of [Rh(Me-DuPhos)(MeOH), |BF, with NEt3/H,O (1:1) [195].

In the course of Rh promoted catalytic hydrogenation, the formation of such species,
which is manifested through a change in the color of the solution from orange to red-brown,
leads to a reduction in catalytic activity [212]. Substrates which are sufficiently basic can
also trigger the formation of such species, in the absence of any added base! The negative
effect on activity though might be difficult to recognize. =~ An example is provided by
[2-(3-methoxy-phenyl)-cyclohex-1-enylmethyl]-dimethylamine [214]. When [Rh(DIPAMP)(MeOH),]*
is added to a solution of this olefin at room temperature in a ratio 1:20, then NMR spectroscopy shows
that up to 75% of the total rhodium content is present as [Rh3(DIPAMP)3(u3-OMe),]* and, to a minor
extent, as [Rh3(DIPAMP);(u3-OMe)(OH)]* (Figure 20) [40].
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Figure 20. 3Ip_103Rh correlation spectrum of a mixture of the solvent complex

[Rh(DIPAMP)(MeOH);]BF, (0.02 mmol) and 100 pL [2-(3-methoxyphenyl)-cyclohex-1-enylmethyl]-
dimethylamine (0.4 mmol). The signals highlighted in red and blue correspond to the (u3-OMe), and
(u3-OMe)(u3-OH) bridged trinuclear complexes (75%), the signals highlighted in green and orange are
due to diastereomeric arene complexes (25%). The substrate (purity of >99%) contains traces of water
which lead to the formation of the mixed trinuclear complex [40].

Other examples, including the substrate (E)-1-(2-methyl-3-phenylallyl)piperidine, are described
in reference [212].

Halides have also been recognized as possible sources of deactivation in reactions catalyzed by
rhodium complexes. In the asymmetric hydrogenation of 2-methylenesuccinamic acid promoted
by [Rh((S,S)-Et-DuPHOS)(COD)]BF, [215] activity could be increased by a factor of 26 when the
substrate was thoroughly purified from chloride contaminants, leftovers from its synthesis [216].
The reduced activity in the presence of halides may be ascribed to the formation of very stable
trinuclear rhodium complexes where halides act as p3-bridging anions [40]. The molecular structures
of [Rh3((R,R)t-Bu-BisP*)3(u3-Cl),]* and [Rh3((R,R)-Me-DuPhos);(u3-Br),]* are presented in Figure 21.
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Figure 21. Molecular structures of the cations of [Rh3((R,R)-t-Bu-BisP*)3(u3-Cl)o]*, left, and
[Rh3((S,5)-Me-DuPhos);(u3-Br), 1", right. Hydrogen atoms are omitted for clarity.

Such complexes are catalytically inactive; this was proven experimentally in the asymmetric
hydrogenation of mac and dimethyl itaconate with the solvent complex [Rh(DIPAMP)(MeOH),]" in
the presence of added sodium halides (Cl, Br, I) (Figure 22) [40].

Indeed, when [Rh(DIPAMP)(MeOH);]BF, and the prochiral olefin ((Z)-3-[1-(dimethylamino)-2-
methylpent-2-en-3-yl]phenol) [217] are dissolved in MeOH-d, in a 1:10 ratio, the 3'P NMR spectrum of
the resulting solution shows that almost 34% of the total signal intensity corresponds to the catalytically
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inactive trinuclear p3-chloro-bridged complex [Rh3(DIPAMP);(u3-Cl);]BF,, resulting from traces of
chloride left in the substrate after its synthesis (Figure 23) [40]. Similar to the competitive inhibition in
enzymatic catalysis (Scheme 10) halides compete with the substrate for the solvent complex: the amount
of trinuclear complex and the extent of deactivation it causes depend on the relative concentrations of
halides and the substrate and on the stability constants of the complexes they form with the metal. To
prevent deactivation, special attention should therefore be paid to substrate purification, especially on
the industrial scale where, due to economical reasons, very high substrate to catalyst ratios are used.

COOMe [Rh(DIPAMP)(MeOH)]BF,, COOMe
%( " ):
COOMe NaX COOMe

( reference

[ml]

o

50 100 150 200 250
[min]

Figure 22. Hydrogen consumption (ml) for the hydrogenation of 1.0 mmol dimethyl itaconate with 0.01
mmol [Rh(DIPAMP)(MeOH),]BF, under addition of different sodium halides NaX: red: no additive
(88% ee); green: 0.1 mmol NaCl, (82% ee); blue: 0.1 mmol NaBr, (80% ee); conditions: each 15 mL
MeOH at 20 °C and 1 bar total pressure.
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Figure 23. SIp{lH} NMR spectrum of a solution of [Rh(DIPAMP)(MeOH-d4),]BF,; and
(3-[(2R,3S)-1-(dimethylamino)-2-methylpentan-3-yl]phenol (rhodium: substrate = 1:10). About
34% of the signal intensity (red arrows) is due to the doublet of the trinuclear complex
[Rh3(DIPAMP);3(3-Cl)2]BE4. The signal set highlighted with blue arrows (2% of signal intensity) is
due to the dinuclear complex [Rhy (DIPAMP), (15-Cl),]). Highlighted in green is the substrate complex
[Rh(DIPAMP)(substrate)]|BF,.
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5. Catalyst Deactivation due to Irreversible Reactions of the Active Catalyst

Already in 1979 it was reported that the rate of itaconic acid hydrogenation with the
rhodium-DIPAMP catalyst in methanol decreases with increasing substrate concentration [218].
Systematic investigations have shown that the substrate can react irreversibly with the catalyst to
generate a Rh(IIl) alkyl complex. This represents a dead-end of the catalytic cycle because oxidative
addition of molecular hydrogen is formally not possible on a Rh(III) complex. The inactive species
has been thoroughly characterized and its molecular structure was unambiguously assigned by X-ray
analysis [219,220]. Its rate of formation is influenced by substrate concentration, temperature, hydrogen
pressure, and the presence of additives, either acidic or basic. The likely mechanism through which it
is formed includes deprotonation of the f-carboxylic group of the coordinated substrate which leads to
the formation of a rhodium—carboxylate bond, thus generating a neutral catalyst-substrate complex
(Scheme 17). This step is obviously promoted by basic additives such as NEt;. Next the OH of the
a-carboxylic group oxidatively adds to rhodium generating a Rh(Ill) hydride species. Finally the
double bond inserts into the Rh—H bond generating the Rh(III) alkyl complex.

O
N
/Rh\
P 6}
0]
orange colorless
diastereomeric alkyl complex
substrate
complexes

Scheme 17. Likely mechanism through which catalytically inactive Rh(III) alkyl complexes are formed
during the hydrogenation of itaconic acid with cationic rhodium-diphosphine complexes.

This might be regarded as a general deactivation path which, regardless of the diphosphine ligand,
could be open to other unsaturated substrates carrying carboxylic groups, as was shown for example
for 2-acetamidoacrylic acid [221]. The catalytically inactive species resulting from the reaction of the
latter with [Rh(DPPE)(MeOH);]BF,4 could be isolated and the presence of a Rh—C bond was confirmed
by X-ray analysis: the Rh(III) alkyl complex, which is present in solution as a monomeric species
as suggested by NMR investigations, crystallizes as a dimer with one carboxylate group acting as
bridging ligand between the two rhodium centers. Interestingly this example demonstrates that one
carboxylate group suffices to promote the formation of the inactive Rh(IIl) alkyl species (Figure 24).
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Figure 24. Solid state structure of the dimeric Rh(IlI)-alkyl complex arising from the reaction of
2-acetamidoacrylic acid with [Rh(DPPE)(MeOH),|BF;, left. Hydrogen atoms are omitted for clarity.

Further investigations are needed to assess to what extent this deactivation path is open to other
unsaturated substrates containing a carboxylic group. As to itaconic acid, it has been shown that the
formation of inactive Rh(III) alkyl species represents a severe limitation [221] to the application of
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cloud point extraction as a methodology to extract the catalyst active form from micellar solutions in
order to recycle it [222].

Not only the substrate but also other reaction components can irreversibly react with the
catalytically active species. This is the case for halogenated solvents as Rh(I) complexes can activate C-X
bonds (X = halogen) and hence undergo oxidative addition [223]. DCM is a solvent frequently applied in
catalysis but a perusal of the literature shows how this might not always be a sensible choice. Examples
of DCM oxidative addition to dimeric rhodium complexes of the type [Rhy(diphosphine),(u,-Cl);] are
scarce, and for a long time only one example was known for the ligand DPPE [224], but more have
been reported for neutral monomeric rhodium complexes such as Rh(I)-g-diketonate/diphosphine
derivatives with the ligands DPPM, DPPE, and DPPP [225] and for [Rh(DMPE),Cl] [226]. Very
electron-rich centers are required to promote breaking of the strong C—Cl bond. The activation of
halobenzenes has been documented for cationic monomeric rhodium complexes with both di-[209,210]
and monophosphines [197-200]. Several species can be formed following the oxidative addition of
DCM to rhodium [227,228]: such species can be mononuclear and contain a terminal CH,Cl group.
They can be dinuclear and each rhodium center can have a terminal CH,ClI group; they can be dinuclear
and contain a bridging up-CHj which results from the activation of both C-Cl bonds of CH,Cl,. The
X-ray structures of two examples are reported in Figure 25 [229]
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Figure 25. Molecular  structure of [Rhy(DPPB)y(u2-Cl)a(u2-CHp)Cly],  left, and

[Rhy((15,15’,2R,2R’)-TangPhos), (12-Cl)2 (u2-CH;)Clp],  right. Hydrogen atoms are omitted
for clarity.

The dinuclear species may also arise from further reaction of mononuclear rhodium complexes
which have undergone DCM oxidative addition. The exact mechanism for the activation of DCM by
neutral dimeric rhodium complexes stabilized by diphosphine ligands is not known but plausible
pathways are shown in Scheme 18.

An issue, the consequences of which are often overlooked, is the establishment of the exact
nature of the catalytically active species generated from the catalyst precursor. In the case of
[Rhy(diphosphine), (1,-Cl),], it is generally assumed that the dimeric precatalyst generates a highly
reactive 14 electron monomeric species which initiates the catalytic cycle. This monomerization has
been calculated for example for the ligand DPEPhos [64]. Simple metathesis experiments (Scheme 19)
provided experimental evidence of the monomerization process [60,229].

On the other side in principle, a reversible equilibrium also exists between the classical cationic
mononuclear Rh complexes [Rh(diphosphine)(solvent),;]* and the dimeric neutral Rh complexes
[Rhy(diphosphine), (u2-Cl),], as described by the upper part of Scheme 16 [230]. With ammonia
this reaction is irreversible (Scheme 20) [213]. This implies that, when discussing the mechanism
of a catalytic cycle promoted by the dinuclear neutral species [Rhy(diphosphine);(p;-Cl);], then the
possibility of a mononuclear cationic species contributing to the observed activity should be taken
into consideration.
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Scheme 18. DPossible pathways for the oxidative addition of DCM to preformed neutral,
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Scheme 19. Dimer-monomer equilibrium for complexes of the type [Rhy(diphosphine),(u,-Cl),] for
the ligands DPPP and DPEPhos. Experimental evidence based on 31p NMR showing the formation of a

dinuclear mixed species [(DPPP)Rh((u,-Cl), Rh(DPPE)] from the mononuclear fragments [(DPPP)RhCI]
and [Rh(DPPE)CI].
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Scheme 20. Reaction scheme for the observed conversion of a dinuclear p,-chloro bridged
complex into a monomeric cationic one, left, and the molecular structure of the resulting complex
[Rh(BINAP)(NH3)]C], right.

6. Conclusions

In the present work, the rich chemistry of rhodium/phosphine complexes, which are applied
as homogeneous catalysts to promote a wide range of chemical transformations, has been used to
showcase how the in situ generation of precatalysts, the conversion of precatalysts into the actually
active species, as well as the reaction of the catalyst itself with other components in the reaction
medium (substrates, solvents, additives) can lead to a number of deactivation phenomena. Such
phenomena may go unnoticed or may be overlooked, thus preventing the full understanding of the
catalytic process which is a prerequisite for its optimization.

As a summary of the discussion reported above, a few guidelines are presented here which may
help the practitioner in the early stages of his/her investigation into a catalytic process promoted by
rhodium-diphosphine catalysts.

The in situ preparation of a catalyst precursor from a suitable metal source and the desired ligand is
very convenient in the screening of ligand libraries and reaction conditions. Yet fine-tuning of a catalytic
process should include a detailed knowledge of the actual species generated during the in situ procedure.
In the case of rhodium, the in situ generation of the catalyst precursor [Rh(diphosphine)(p2-X)]» (X = Cl—,
OMe—, OH- ... ) from [Rh(diolefin)(u;-X)], and the corresponding diphosphine can in fact be far
from selective and it is strongly dependent of the type of diphosphine, diolefin and reaction conditions.
As a practical guide for the choice of proper reaction conditions, relevant information for the most
common diphosphines can be found in reference [9a] and the relative supporting information.

The hydrogenation of prochiral olefins is promoted by catalyst precursors of the general
formula [Rh(diphosphine)(diolefin)]* (dioelfin = COD, NBD). Generation of the active species
[Rh(diphosphine)(solvent),]*, in a proper solvent, requires hydrogenation of the diolefin.
NBD-containing precursors are to be preferred as NBD is hydrogenated faster than COD. Prior to the
addition of the substrate, the pre-hydrogenation time is then dictated by the used diphosphine. Data
collected in Table A1 allow calculation of pre-hydrogenation time using the equation tyre-hydrogenation =
7 X t1p with t1p = In2/k’, seven half lives, in fact, correspond to 99.2% (practically complete) conversion
of the diolefin in [Rh(diphosphine)(diolefin)]*.

Knowledge of the correct pre-hydrogenation time is likewise important to prevent formation of
polyhydride species, should hydrogenation of the catalyst precursor to generate the active species, in
the absence of the substrate, last too long.

The choice of the solvent is also important in preventing deactivation phenomena: while a too
strongly coordinating solvent may hamper substrate coordination, a moderately coordinating solvent
such as MeOH can be easily displaced but at the same time prevent the aggregation of coordinatively
unsaturated metal fragments to polynuclear inactive species. Aromatic solvents should be also avoided
as they can sequester part of the active catalyst in the form of n°-coordinated arene-Rh(I) complexes.
Halogenated solvents like dichloromethane might not be a sensible choice either as rhodium can
activate the rhodium-halide bond and generate rhodium (IlI)-halide species.
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The use of purified substrates is also recommended as halides, which are common contaminants,
may react with the rhodium catalyst generating polynuclear rhodium halide species.

Catalysis has been defined “a foundational pillar of green chemistry”, and a sensible use of the
catalyst to fully exploit its potential makes it even greener [231].

Funding: DFG (Deutsche Forschungsgemeinschaft) HE 2890/7-1 and HE 2890/7-2

Acknowledgments: We would like to sincerely thank PD Torsten Beweries and Detlef Selent for their helpful
discussions and advice. In addition, we would like to thank PD Wolfgang Baumann for his support with analytical
problems, especially those concerning NMR spectroscopy.

Conflicts of Interest: The authors declare no conflict of interest.

Appendix A

Table Al. Pseudo rate constants relative to diolefin hydrogenation for the hydrogenation of COD and
NBD for different [Rh(diphosphine)(diolefin)]* complexes (25.0 °C; 1.0 bar total pressure). The values
were obtained with MeOH as the solvent and with BF;~ as the anion unless stated otherwise.

1st Order Hydrogenation Rate Constant

Diphosphine Solvent (1/min) Reference
COD NBD
BINAP 231071 26.8 [101]
THF 281071 20.5 [101]
Propylene Carbonate 1.41071 16.6 [101]
BPPM 2.2.1071 1.2 [101]
CatASium®D(R) ca. 1.7-1073 nd. [108]
CatASium®M(R) 5.0-1072 25 [101]
THF 1.5.1071 12 [100]
Propylene Carbonate 8.5-1072 9.4 [100]
Chiraphos 1.3.1073 3.0 [105]
Cyc-JaPhos 1.1 at least 700 [105]
DaniPhos ca. 0.03 3.6 [100]
THF n.d. 48 [100]
DCPE 751072 48.8 [105]
Difluorphos 1.6:107! 28.6 [95]
DIOP 2.3-1071 1.29 [104]
DIPAMP ca. 2.9-1073 ca. 9 [173]
EtOH n.d. 13 [173]
i-PrOH n.d. 5.9 [173]
THF n.d. 5.0 [173]
Trifluoroethanol n.d. 3.9 [173]
Propylene Carbonate n.d. 4.8 [173]
DPOE 251071 16.6 [105]
DPPB 1.6-107! 1.25 [104]
DPPE ca. 2.0-1073 17.3 [105]
DPPP 241072 1.55 [105]
DTBM-SEGPhos 6.3-1072 12.0 [95]
Duanphos 6.81071 53.7 [95]
Et-Butiphane 291072 nd. [91]
Et-DuPhos 1.2.1071 52.2 [101,105]
Et-Ferrotane 2.0-1071 19.3 [95]
Hg-BINAP 851071 57.5 [95]
i-Pr-Butiphane 1.0-1072 n.d. [91]
JaPhos 7.15 230 [105]

Josiphos 2.3-1072 ca. 34 [100]
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Table Al. Cont.

1st Order Hydrogenation Rate Constant

Diphosphine Solvent (1/min) Reference
CoD NBD
Me-Butiphane 1.0-1071 n.d. [91]
Me-DuPhos 1.1-107! 35.2 [101]
THF 1.6:1072 39 [101]
Propylene Carbonate 1.4-1072 18 [101]
Me-a-glup 3.7-1071 13.4 [104]
Ph-g-glup-OH 201071 9.5 [104]
Prophos ca. 3.0-1073 9.2 [105]
Propraphosderivates

R=2-pentyl 3.77 21.9 [104]
R=3-pentyl 4.09 21.4 [104]
R=cyclohexyl 5.44 20.2 [104]
R=cyclopentyl 2.94 18.4 [104]
R=methyl 531071 8.2 [104]
SEGPhos 471071 29.9 [95]
Synphos 8.0-1071 67 [117]
Tangphos 3.7.1071 194.4 [120]
t-Bu-BisP* 2.1-107! 90 [120]
t-Bu-Ferrotane 5.7.1071 ca. 50 [95]
3-Pen-SMS-Phos n.d. 3.8 [23]

Table A2. Abbreviations including diphosphine ligands.

Abbreviations
acac acetylacetonateanion
COE cyclooctene
COD cis,cis-1,5-cyclooctadiene
DCM dichloromethane
IUPAC International Union of Pure and Applied Chemistry
mac methyl-(Z)-« -acetamidocinnamate
NBD bicyclo[2.2.1]hepta-2,5-diene
SHOP Shell Higher Olefin Process
THF tetrahydrofuran
Diphosphines
BINAP 2,2'-bis(diphenylphosphino)-1,1’-binaphthyl
BPPM 2,3-bis(diphenylphosphino)-N-phenylmaleimide
CatASium® D(R) N-Benzyl-(3R,4R)-bis(diphenylphosphino)pyrrolidine
CatASium® M(R) 3,4-Bis[(2R,5R)-2,5-dimethyl-1-phospholanyl]furan-2,5-dione
Chiraphos 2,3-bis(diphenylphosphino)butan
Cyc-JaPhos 1-(2-dicyclohexylphosphinophenyl)pyrol-2-dicyclohexylphosphine
DaniPhos dicyclohexyl(1-(2-(diphenylphosphanyl)phenyl)ethyl)phosphane-(tricarbonyl)chrom
DCPB 1,4-bis(dicyclohexylphosphino)butane
DCPE 1,2-bis(dicyclohexylphosphino)ethane
Difluorphos 5,5"-bis(diphenylphosphino)-2,2,2’,2’-tetrafluoro-4,4’-bi-1,3-benzodioxole
DIOP 2,3-O-isopropylidene-2,3-dihydroxy-1,4-bis(diphenylphosphino)butane)
DIPAMP 1,2-bis[(2-methoxyphenyl)phenylphosphino]ethan
DM-SEGPhos 5,5’ —bis[di(3,5-xylyl)phosphino]-4,4’-bi-1,3-benzodioxole
DPEPhos bis[(2-diphenylphosphino)phenyl]ether
DPOE 1,2-bis(diphenylphosphinoxy)ethan
DPPB 1,4-bis(diphenylphosphino)butane
DPPE 1,2-bis(diphenylphosphino)ethan
DPPF 1,1’-bis(diphenylphosphino)ferrocene
DPPMP 2-[(diphenylphosphino)methyl]pyridine
DPPP 1,3-bis(diphenylphosphino)propane

DTBM-SEGPhos

5,5"-bis[di(3,5-di-t-butyl-4-methoxyphenyl)phosphino]-4,4’-bi-1,3-benzodioxole
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Diphosphines
Duanphos (1,17,2,2)-2,2"-di-t-butyl-2,3,2",3’-tetrahydro-1H,1’ H(1,1")biisophos-phindolyl
Et-ButiPhane 2,3-bis(2,5-diethylphospholanyl)benzo[b]thiophene
Et-DuPhos 1,2-bis-2,5-(diethylphospholano)benzene
Et-Ferrotane 1,1’-bis-(2,4-diethylphosphonato)ferrocene
Hg-BINAP 2,2’-bis(diphenylphospino)-5,5,6,6’,7,7’,8,8’ -octahydro-1,1’-binaphthyl
i-Pr-Butiphane 2,3-bis(2,5-diisopropylphospholanyl)benzo[b]thiophene
JaPhos 1-(2-dicyclohexylphosphino)butane
Josiphos [2-(diphenylphosphino)ferrocenyl]-ethyldicyclohexylphosphine
Me-BPE 1,2-bis[(2,5)-2,5-dimethylphospholano]ethane
Me-Butiphane 2,3-bis(2,5-dimethylphospholanyl)benzo[b]thiophene
Me-DuPhos 1,2-bis-(2,5-dimethylphospholano)benzene
Me-a-glup methyl-4,6-O-benzylidene-2,3-0-bis(diphenylphosphino)-a-D-glucopyranoside
MonoPhos 3,5-dioxa-4-phosphacyclohepta[2,1-4;3,4-a" |dinaphthalen-4-yl)-dimethylamine
Ph-g-glup-OH Phenyl-2,3-O-bis(diphenylphosphino)-g-D-glucopyranoside
PPE-P(t-Bu); 1-[2-(diphenylphosphino)ferrocenyl]ethyl-di-t-butylphosphine
Prophos 1,2-bis(diphenylphosphino)propane
SEGPhos 5,5"-bis(diphenylphosphino)-4,4’-bi-1,3-benzodioxole
Synphos [(5,6),(5',6")-bis(ethylenedioxy)biphenyl-2,2’-diyl]bis(diphenylphosphine)
Tangphos 1,1’-di-t-butyl-(2,2")-diphospholane
t-Bu-BisP* 1,2-bis(t-butylmethylphosphanyl)ethane

t-Bu-Ferrotane
3-Pen-SMS-Phos

1,1’-Bis-(2,4-diethylphosphonato)ferrocene
1,2-bis[(0-3-pentyl-O-phenyl)(phenyl)phosphino]ethane
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