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Baumanna and Detlef Hellera* 

The present work provides an overview of possible activation and deactivation phenomena in 

homogeneous catalytic processes promoted by different types of rhodium complexes containing 

diphosphine ligands. While awaiting for more efficient 1
st

 row metal based catalysts, a more economic 

and greener approach to the use of expensive catalysts based on precious metals requires an in-depth 

knowledge of both the reaction mechanism and the activation and deactivation phenomena which may 

reduce the temporary solution concentration of the metal effectively available for catalysis. The present 

work provides in particular a quantitative description of activation and deactivation phenomena such as 

generation of active species from suitable precatalysts (induction periods); catalyst deactivation due to 

formation of non-reactive, monomeric species with either the solvent, the substrate, the product or 

additives; catalyst aggregation to usually non-reactive multinuclear complexes. Some critical remarks 

concerning the often applied ‘in situ’ procedure for ‘catalyst’ generation are also included. 

1. Introduction 

The term sustainability in chemistry is generally applied in 

reference to the atom-economic, efficient and environmentally 

friendly use of raw materials.1 In other words, sustainable 

chemistry for which catalysis is a key technology, has been 

almost exclusively referred to the judicious choice of reagents 

and solvents, while neglecting the equally important sensible 

use of, often expensive, catalysts. 

 A catalyzed process is by definition ‘greener’ than the 

uncatalyzed one because, by binding of the catalytic active 

complex to the substrate, a new reaction pathway opens up 

which unfolds under milder reaction conditions. Quite often, 

the catalyzed reaction is also more atom-economic and less 

polluting, avoiding the formation of stoichiometric amounts of 

by-products. In the last years further steps towards the 

implementation of more economically and environmentally 

friendly processes have been taken in the design of catalysts by 

replacing precious metals with more abundant and often less 

toxic ones.2 However, catalysts based on first-row and main 

group elements have so far failed to provide the high efficiency 

required for immediate application. Therefore, while awaiting 

for improvements, a sensible and greener approach to the use of 

expensive catalysts would require an in-depth knowledge of the 

activation and deactivation phenomena which may reduce the 

temporary solution concentration of the metal effectively 

available for catalysis. 

 
Figure 1 Structures of the diphosphine ligands which are discussed in this work. 

 Several events may affect the catalyst activity. The catalyst 

may undergo a modification which completely suppresses its 

activity: the irreversible thermal denaturation of enzymes is an 

example. The concentration of the catalytic active species, 

while being generated from a suitable catalyst precursor, can 
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vary over time being reflected in a macroscopic increase of 

catalyst activity. The reversible coordination of a catalyst 

poison to an active organometallic complex is likewise 

responsible for an altered catalyst concentration in solution. 

Inhibition of catalyst turn over may be determined by too 

strongly coordinating substrates, products, anions and solvents, 

either polar or aromatic. Deactivation phenomena are especially 

relevant for industrial applications: trace impurities in the 

substrate can have huge effects on activity at the very high 

substrate to catalyst ratio required for the convenient use of 

very expensive catalysts. 

 Generation of the catalytically active species generally 

requires the release of a weakly coordinating ligand to allow 

coordination of the incoming substrate. The ensuing temporary 

coordination unsaturation may lead to aggregation phenomena 

and formation of polynuclear species which are usually 

catalytically inactive. In most cases these processes are 

reversible: to which extent they will influence the overall 

kinetics of the catalyzed process depends on the magnitude of 

their equilibrium constants. 

 Nature itself relies on activation and deactivation 

phenomena to adjust enzyme biocatalytic activity. In the course 

of evolution, two possibilities were established to this purpose. 

On the one hand, the concentration of the enzyme can be 

altered, which is determined by the rates of formation and 

decomposition within the cell. Alternatively, the enzyme itself 

can be altered in order to control its activity. This is mainly 

achieved by cooperative (in enzymes with multiple binding 

sites, the binding of the first substrate molecule influences the 

ability of the following substrate molecule to bind) and 

allosteric (regulation of the active site through the binding of a 

ligand to a second regulatory site, other than the active site) 

interactions.3 The feedback inhibition of aspartate 

transcarbamoylase is an archetypal example of allosteric 

modulation for the fine control of metabolic enzyme reactions. 

 Control over the activity of functional enzymes may be 

achieved by reversible inhibition which results in a temporary 

reduction of enzyme activity. Inhibitors differ in the mechanism 

by which they decrease enzyme activity, either competitive, 

uncompetitive or mixed. For the simple Michaelis-Menten 

kinetics the principle of reversible inhibition is shown in 

Scheme 1. 

 
Scheme 1 Competitive (blue), uncompetitive (green) and mixed (blue and green) 

inhibition in enzyme catalysis. 

In case of competitive inhibition, the inhibitor binds at the 

catalytic active site of the free enzyme thus preventing the 

substrate to coordinate. An uncompetitive inhibitor does not 

bind to the enzyme but to the enzyme substrate complex. 

Sequestration of the enzyme substrate complex by the inhibitor 

will reduce the macroscopic activity. A special case of 

uncompetitive inhibition is the inhibition by the substrate itself. 

Known is also a mixed inhibition. 

 By kinetic analysis using different inhibitor concentrations 

it is possible to discriminate among the three cases.3 

 Two excellent books have dealt with the topic of 

homogeneous catalyst activation, deactivation and stability.4 

The present work is intended to provide an up-dated overview 

of possible activation and deactivation phenomena in 

homogeneous catalytic processes promoted by different types 

of rhodium complexes containing diphosphine ligands, 

including more recent results which are not included in the 

above mentioned references. 

2. Induction periods (catalyst ‘activation’) 

The ‘active species’ mediating a catalytic process are 

characterized by their high reactivity, which render them 

fleeting and difficult to characterize. They are generated from 

suitable catalyst precursors which are more stable, possess a 

longer shelf life and are therefore easier to handle. The catalyst 

precursor usually contains labile ligands which can be easily 

displaced to afford free coordination sites available for 

incoming substrates. The classical example is the Wilkinson 

catalyst [RhCl(PPh3)3]: the catalytic active species is a 14-

electron complex which arises from the 16-electron complex 

through dissociation of one triphenylphosphine PPh3.
5 Typical, 

so-called ‘spectator ligands’6 such as cyclic diolefins, like cod 

(1,5-cyclooctadiene) or nbd (2,5-norbornadiene), ethylene and 

CO can also stabilize the active catalysts leading to precatalysts 

(precursors). 

 Thus, in many cases the actual catalyst, whose true nature 

often remains undisclosed, is generated from the precatalyst 

through a preactivation (preformation, incubation) process. In 

some instances, this requires the presence of a cocatalyst which 

is itself inactive. The Ziegler-Natta polymerization promoted by 

Ti- or V-based catalysts with MAO (methylaluminoxan) as 

cocatalyst is a typical example on industrial scale.4a,7 

 The application of precatalysts or their formation by the in 

situ technique is another very common approach to perform 

catalytic reactions. Neutral rhodium complexes of the type 

[Rh(diphosphine)(µ2-Cl)]2, which are used as precatalysts for a 

plethora of diverse catalytic processes (see section 6), are often 

generated in situ from the corresponding diolefin complexes 

and the desired diphosphine. The resulting solution is used 

directly for catalysis. The fact that the free diolefin is still 

present and can therefore act as a competing coordinating 

ligand to the metal, thus affecting the catalyst activity, at least 

in the early stages of the reaction, is often overlooked. 

 Figure 2 shows the differences in hydrogen up-take as a 

function of time in the asymmetric hydrogenation of a β-

dehydroamino acid derivative promoted by the rhodium-Et-

DuPHOS catalyst (Et-DuPHOS = 1,2-bis(2,5-
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diethylphospholano)benzene) in methanol when using the 

active catalyst, (red curve), the commercial available 

precatalyst (green) and the catalyst generated in situ by reaction 

of the cationic cod precursor and the chiral ligand (blue curve).8 

 
Figure 2 Hydrogen up-take as a function of time in the hydrogenation of (Z)-

methyl 3-acetamido butenoate (1.0 mmol) with the rhodium-Et-DuPHOS catalyst 

in 15.0 mL methanol, at normal pressure and 25°C using different catalyst 

sources: 0.01 mmol [Rh(cod)2]BF4 + 0.01 mmol Et-DuPHOS (in situ, blue curve), 

0.01 mmol [Rh(Et-DuPHOS)(cod)]BF4 (green curve) and 0.01 mmol [Rh(Et-

DuPHOS)(MeOH)2]BF4 (red). 

 Distinct induction periods are evident for both the case of 

[Rh(Et-DuPHOS)(cod)]BF4 and the in situ generated catalyst, 

i.e. the hydrogenation accelerates in the initial stages of the 

reaction, as more of the catalytic active species [Rh(Et-

DuPHOS)(MeOH)2]BF4 is being generated in the ‘activation’ 

phase as shown in Scheme 2. 

 
Scheme 2 Generation of the catalytically active species [Rh(Et-

DuPHOS)(MeOH)2]BF4 from the commercially available precatalyst [Rh(Et-

DuPHOS)(cod)]BF4 and the catalyst generated in situ by reaction of the cationic 

cod precursor [Rh(cod)2]BF4 and the chiral ligand Et-DuPHOS. 

 These induction periods, which have been recognized, at 

least qualitatively, for a long time9 cause a maximum in the rate 

profile (a detailed kinetic treatment of the in situ case reported 

in Figure 2 is to be found in reference [4b]). It should be noted 

that enantioselectivity is not affected by the different methods 

used for catalyst preparation. 

 Systematic NMR investigations into the asymmetric 

hydrogenation of methyl (Z)-N-acetylamino cinnamic acid 

(mac) with the system rhodium-Et-DuPHOS (1,2-bis(2,5-

dimethyl-phospholanyl)benzene) and (Z)-methyl-N-

benzoylaminocinnamate with rhodium-DIPAMP (1,2-bis-(o-

methoxy-phenyl-phenyl-phosphino)-ethane) under stationary 

conditions (‘in operandi’)10 have shown that, during the 

reaction under normal hydrogen pressure at about room 

temperature, hydrogenation of the substrate is faster than that of 

cod in the catalyst precursor [Rh(diphosphine)(cod)]BF4, a not 

negligible part of which, in both cases circa 50%, is still 

unconverted when substrate hydrogenation is complete.11 

Therefore the use of the cod catalyst precursors is not 

economical. 

 Removal of cod in the catalyst precursor by means of 

hydrogenation frees the coordination sites required for binding 

of the substrate. Hydrogenation of cod is slower than that of the 

substrate but the two proceed parallel. The amount of active 

catalyst available for catalysis increases over time. This is 

macroscopically manifested in the increase of reaction rate in 

the early stages of the reaction and thus in the presence of an 

induction period. 

 Several factors affect the induction period: the diolefin (its 

concentration (Figure 2) and the stability of the corresponding 

diolefin rhodium complex), the prochiral olefin (its 

concentration and the stability of the corresponding rhodium 

substrate complex), the solvent and the temperature. 

Hydrogenation of cod is slower than that of nbd so longer 

inductions period are expected for cod containing catalyst 

precursors (Table 1). Yet, when the concentration of the 

substrate is very high and the catalyst loading very low (i.e. 

substrate / catalyst = 10 000), as required by industrial 

applications, induction periods become more and more 

negligible compared to the overall time required for complete 

substrate conversion and differences between the two catalyst 

precursors become difficult to appreciate. This could be proved 

in the hydrogenation of dimethyl itaconate with the rhodium-

Me-DuPHOS catalyst.12 Competition experiments in which the 

hydrogenation of the prochiral olefin was carried out at very 

high substrate to catalyst ratios using equimolar amounts of cod 

and nbd rhodium precursors having ligands of opposite 

chirality, afforded an almost racemic product (ee < 3 %), 

indicating that the amount of substrate converted during the 

induction period, when the two catalysts precursors afford 

different amounts of enantiomeric catalytically active species, 

is relatively small, although the very low amount of the excess 

enantiomeric product, 3 %, is not negligible based on the 

absolute product amount (911 mg over 30 g in the example 

reported above). 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)2]anion: they are prepared by pre-

hydrogenation of the corresponding diolefin complexes in the 

absence of the prochiral olefin. Solvent complexes are also 

better suited for kinetic investigations. 

 While several solvent complexes with different diphosphine 

ligands have been characterized by 31P NMR spectroscopy, 

only recently have the first X-ray structures of such reactive 

species been published.13 In Figure 3, the molecular structures 

of complexes [Rh(BINAP)(MeOH)2]BF4 (BINAP = (2,2'-

bis(diphenylphosphino)-1,1'-binaphthyl) and [Rh(Synphos)-

(acetone)2]BF4 (Synphos = 6,6'-bis(diphenyl-phosphino)-

2,2',3,3'-tetrahydro-5,5'-bi-1,4-benzodioxin) are presented. 
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Figure 3 Molecular structures of the cations of [Rh(BINAP)(MeOH)2]BF4 (left) and 

[Rh(Synphos)(acetone)2]BF4 (right). Hydrogen atoms (except these on the 

methanol) are omitted for clarity. 

 Several methods have been reported in the literature which 

allow, under isobaric conditions, to measure the pseudo 1rst 

order rate constant (k2diolefin) for the diolefin hydrogenation en 

route to the solvent complexes. 

 In principle it is possible to track either the stoichiometric 

 

 hydrogenation (by measuring the hydrogen uptake14a with 31P 

NMR14b or UV-Vis spectroscopy14c or the catalytic reaction in 

the presence of an excess of the diolefin14d under several 

pressure regimes.11a It is likewise possible by means of 1H 

NMR to assess the H2 concentration in solution during diolefin 

hydrogenation under isochoric conditions.15 Through on-line 

automatic recording of hydrogen consumption and subsequent 

parameter optimization using a suitable kinetic model, it is 

likewise possible to determine the pseudo rate constant for 

diolefin hydrogenation.16 

 An overview of the issues concerning diolefin 

hydrogenation (cod and nbd) and a list of related rate constants 

for 24 rhodium-diphosphine complexes are to be found in 

reference [4b]. Additional values which have been published so 

far are collected in Table 1. 

 Similar data have been published for monodentate 

phosphines ([Rh(MonoPhos)2(nbd)]BF4,
17a 

[Rh(MonoPhos)2(cod)]BF4,
17b ([Rh(PPh3)2(cod)]BF4.

17c 

Table 1 Pseudo rate constants (k2diolefin)
18

 for the hydrogenation of cod and nbd for different [Rh(diphosphine)(diolefin)]anion complexes (25.0 °C; 1.013 bar total pressure) The 

values were obtained in methanol as solvent and with BF4
–
 as anion unless stated otherwise, see special conditions. 

Ligand special condition k2 COD (1/min) k2 NBD (1/min) k2 NBD / k2 COD reference 

DPPE  3.3·10–3 1.7 · 101 5300 11a,14c 

DIPAMP MeOH 

EtOH 

i-PrOH 

THF 

trifluoroethanol 

propylene carbonate 

MeOH a 

ca. 2.9·10–3 

- 

- 

- 

- 

- 

3.4·10–3 

ca. 9.0·100 

1.3·101 

5.9·100 

5.0·100 

3.9·100 

4.8·100 

ca. 3100 

 

19 

 

 

 

 

 

15 

3-Pen-SMS-Phos   3.8·100  20 

Me-DuPHOS MeOH 

THF 

propylene carbonate 

1.2·10–2 

1.6·10–2 

1.4·10–2 

3.5·101 

3.9·101 

1.8·101 

ca. 300 

ca. 250 

ca. 130 

14c 
 

Et-DuPHOS MeOH 

acetone 

MeOH a 

2.8·10–2 b 

3.2·10–2 

2.3·10–2 

5.2·101 

- 

ca. 2000 

- 

14c 

21 

15 

CatASium® MeOH 

THF 

propylene carbonate 

5.0·10–2 

1.5·10–1 

8.5·10–2 

2.5·101 

1.2·101 

9.4·100 

ca. 500 

ca. 80 

ca. 110 

14c 

R-ButiPhane  

R = Me 

R = Et 

R = 2-propyl 

stoichiometric / catalytic hydrogenations 

1.5·10–1 / 1.0·10–1 

3.1·10–2 / 2.9·10–2 

9.0·10–3 / 1.0·10–2 

  22 

Tangphos  3.8·10–1 1.9·102 ca. 500 23 

tBu-BisP*  2.1·10–1 9.0·101 ca. 450 23 

BINAP 

 

MeOH 

  

  

THF 

propylene carbonate 

 

BF4
– 

TfO– 

BArF– 

BF4
– 

BF4
– 

TfO– 

BArF- 

2.3·10–1 

2.3·10–1 

2.2·10–1 

2.8·10–1 

1.4·10–1 

1.4·10–1 

1.5·10–1 

2.7·101 

2.7·101 

- 

2.0·101 

1.7·101 

ca. 1.5·101 

- 

ca. 120 

ca. 120 

- 

ca. 73 

ca. 120 

ca. 110 

- 

14c 

24 

 

14c 

 

24 

Synphos  8.0·10–1 6.7·101 ca. 80 13a 

a isochoric conditions. b newly measured. 
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 The results show that, regardless of the diphosphine ligand, 

the hydrogenation of cod is always slower than that of nbd, 

meaning a longer induction period. Therefore the very small 

pseudo rate constants observed for the ligands DPPE (1,2-

bis(diphenylphosphino)ethane) and DIPAMP imply that for the 

complete hydrogenation of cod in methanol at room 

temperature and normal pressure 24 and 30 hours are necessary 

respectively with the two ligands! This confirms previous 

findings concerning the challenging quantitative hydrogenation 

of cod25: 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.26 

The pseudo rate constants are not affected by the counteranion 

in the catalyst precursor (Refer to Table 1, BINAP). 

 According to the data reported so far, the hydrogenation of 

the diolefin is clearly slower than that of the prochiral olefin. 

This is not always the case. Hydrogenation of mac with the 

rhodium-BINAP catalyst is slower than that of cod.24 In this 

case nearly no induction period is observed. 

 The positive influence on activity arising from the use of the 

solvent complex as compared with the diolefin complex has 

been described also in the case of reductive amination.27 

Selectivity changes as well in this case, often an indication that 

other phenomena come into play, see section 4.2. 

 

 To summarize, depending on the experimental conditions, 

the conversion of frequently applied precatalysts into active 

species may be associated with the observation of an induction 

period. This is due to the parallel hydrogenation of both the 

diolefin in the rhodium precatalyst (slow) and the prochiral 

substrate olefin (fast), whereby an apparent ‘activation’ of the 

catalyst is to be observed. In reality this reflects the increasing 

availability of the active species as more of it is being formed 

through conversion of the applied rhodium-diolefin complex. 

3. Catalyst deactivation due to formation of non-

reactive, monomeric species 

The product of a homogeneously catalyzed reaction is formed 

as a result of chemical events taking place within the 

coordination sphere of the metal: substitution of the product 

molecule in the catalyst product complex in the final step of the 

catalytic cycle is, in most cases, possible and this ensures that a 

new molecule of the substrate may displace it and coordinate to 

the catalyst to start a new catalyst turn over. If the reaction 

solution contains species which are able to coordinate to the 

metal, such species – inhibitors - compete with the substrate 

and may hamper access of the latter to the catalyst, as 

exemplified by the blue equilibrium presented in Scheme 1. 

The net result is a reduction of the amount of catalyst available 

for the process of interest, which manifests itself in a 

macroscopic reduction of activity. 

 For example, aromatics are typical inhibitors for the 

catalytically active solvent complexes 

[Rh(diphosphine)(solvent)2]anion. They form stable complexes, 

a phenomenon which has long been known.28 Such complexes 

can be unambiguously identified by means of 103Rh NMR 

spectroscopy.29 Compared to those of the corresponding solvent 

complexes their signals are shifted to higher field: the chemical 

shifts additionally show the dependence from the size of the 

chelated ring formed by the coordinated diphosphine.30 1H and 
13C NMR data provide further evidence of the presence of a π-

arene complex. In the case of [Rh(Et-DuPHOS)(η6-

benzene)]BF4, the signals of the coordinated benzene are 

shifted to higher field by 0.75 ppm in the 1H and 27.8 ppm in 

the 13C spectrum. The coupling constants are 1J(13C,103Rh) = 2 

Hz and 1J(13C,1H) = 174 Hz, the latter being typical of an π-

arene complex.31 

 In Figure 4 the X-ray structures of complexes [Rh((R,R)-Et-

DuPHOS)(η6-benzene)]BF4 and [Rh((S,S)-Me-DuPHOS)(η6-

toluene)]BF4 are shown.32 

 
Figure 4 Molecular structure of the cations [Rh((R,R)-Et-DuPHOS)(η

6
-

benzene)]BF4 (left) and [Rh((S,S)-Me-DuPHOS)(η
6
-toluene)]BF4 (right). Hydrogen 

atoms are omitted for clarity. 

 Surprisingly heteroarenes do not bind through the 

heteroatom but rather adopt π-arene coordination. Examples of 

such coordination are shown in Figure 5 where the X-ray 

structures of [Rh((R,R)-Me-DuPHOS)(η6-aniline]BF4 and 

[Rh(DPPF)(N-methyl-η6-aniline)]BF4 (DPPF = 1,1’-

Bis(diphenylphosphino)ferrocene) are presented.33 

 
Figure 5 Molecular structure of the cation [Rh((R,R)-Me-DuPHOS)(η

6
-aniline)]BF4 

(left) and [Rh(DPPF)(N-methyl-η
6
-aniline)]BF4 (right). Hydrogen atoms (except 

these on the amino and amino methyl group) are omitted for clarity. 
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3. 1. Deactivation by the solvent 

Typical solvents for homogeneous hydrogenations are simple 

alcohols, tetrahydrofurane, and aromatics such as toluene or 

benzene. Mixtures of an alcohol and an arene have also been 

used as solvent for asymmetric hydrogenations.34 

 Aromatics can coordinate to rhodium-diphosphine 

complexes giving rise to species having general formula 

[Rh(diphosphine)(η6-arene)]anion. The resulting 18-electron 

species are coordinatively saturated and relatively stable, to the 

point that aromatics may represent potential inhibitors, a fact 

quite often overlooked. Arenes can adopt also an η4-

coordination mode: the resulting electronically unsaturated 

metal arene π-complexes may therefore still be able to bind the 

incoming substrate.35 

Articles reporting on the inhibiting effect of an aromatic solvent 

in asymmetric hydrogenation are therefore scarce. The 

asymmetric hydrogenation of ethyl 2-(benzoyloxy)crotonate 

catalyzed by a cationic rhodium-Et-DuPHOS complex proceeds 

with very good activity and selectivity in non-aromatic solvents 

but does not occur in benzene.36 The formation of the stable 

benzene complex [Rh((R,R)Et-DuPHOS)(η6-benzene)]+, Figure 

4 left, has been put forward as the cause of inactivity. 

 When hydrogenation of (Z)-methyl-3-acetamido butenoate 

with the rhodium-Me-DuPHOS system is carried out in toluene 

at ambient temperature under 20 bar hydrogen pressure using 

the in situ prepared catalyst, complete conversion requires 24 h 

and affords an ee-value of 63.7 %.37 The hydrogenation of the 

same substrate in methanol using the active catalyst [Rh(Me-

DuPHOS)(MeOH)2]BF4 is complete within 4 min under normal 

pressure and room temperature with an ee-value of 87.8 %.38 

The different behavior is simply caused by the deactivating 

effect of the aromatic solvent in the first case as a large amount 

of the metal is sequestered as stable and inactive π-arene 

complex, Figure 4, right. Instead, in methanol the total amount 

of rhodium introduced as solvent complex [Rh(Me-

DuPHOS)(MeOH)2]BF4 is catalytically active in the 

asymmetric hydrogenation. 

 In the presence of aromatics - the latter are often an 

impurity in solvents like methanol - how much of the total 

rhodium concentration [Rh0] is in the form of the arene 

complex [Rharene] can be calculated by solving the following 

equation 1:33a 

��ℎ������ = �
���
����������

������ ∙�����������
������� ���

                                          (1) 

���������� = � !" #$%#&	()*+,&-�
� ),.%#&	()*+,&-� ∙ � !" #$%#&� 

������ = �%$&/&	()*+,&-�
� ),.%#&	()*+,&-� ∙ �%$&/&�							 

 It is evident that the extent of inhibition depends not only on 

the stability of the arene complex as quantified by Karene but 

also on the stability of the catalyst substrate complex (Ksubstrate) 

and the free concentrations of the substrate and arene. 

 The stability constants for the formation of 

[Rh(DPPE)(mac)]+ and [Rh(DPPE)(η6-toluene)]+ from the 

solvate complex [Rh(DPPE)(MeOH)2]
+are K’mac = 5300 

L/mol39 and K’toluene = 97 L/mol40 respectively. By introducing 

these values in Eq. 1 it is possible to calculate the relative 

amounts of the two species in solution. Assuming a total 

rhodium concentration of c0 = 0.0125 M (0.01 mmol) and a 

1:10 catalyst-substrate ratio in a solvent mixture consisting of 

0.6 mL methanol and 0.2 mL toluene, 26 % of the rhodium 

present in solution is blocked as inactive arene complex 

[Rh(DPPE)(η6-toluene)]+, which is in good agreement with the 

integration data extracted from the  31P NMR spectrum (29 %) 

of the solution, Figure 6. In pure toluene (0.8 mL), under 

otherwise identical conditions, the relative concentration of 

[Rh(DPPE)(η6-toluene)]+ would rise to 58 % despite the fact 

that its stability constant is 50 times lower than that of 

[Rh(DPPE)(mac)]+. 

 
Figure 6 

31
P NMR spectrum of the solution prepared by dissolving [Rh(Me-

DuPHOS)(MeOH)2]BF4 (0.01 mmol), mac and toluene (1 : 10 : 200) in 0.6 mL 

methanol. 

 Upon addition of methyl 2-acetoamidoacrylate, a 

benchmark substrate in asymmetric hydrogenation, to a solution 

of [Rh(Et-DuPHOS)(η6-benzene)]+ in a non-coordinating 

solvent like dichloromethane, the catalyst substrate complex is 

built up together with free benzene. This proves that the 

formation of the arene complex is reversible36 and therefore 

asymmetric hydrogenation is indeed possible in aromatic 

solvents but a decrease in activity should be taken into 

account.37,41 

 Unfortunately there are less data available concerning the 

stability constants of cationic rhodium arene complexes40,42,43 

than for catalyst substrate complexes39,40,42a and therefore this 

kind of calculation is not always possible. 

 Even the kinetics of (prochiral) substrate hydrogenation is 

influenced by the formation of the arene complex. When the 

stability constant of the catalyst substrate complex is very low 

(reaction 1rst order in substrate concentration, like for example 

in the case of the system [Rh(Ph-ß-glup-OH)(MeOH)2]BF4 / 

dimethyl itaconate (Ph-ß-glup-OH = 2,3-bis(O-

diphenylphosphanyl-ß-D-glucopyranoside) in methanol at room 

temperature and normal pressure), only the poisoning arene can 

compete with the largely in excess solvent for the metal. If, on 

the other hand, the catalyst-substrate complex is very stable 

(reaction 0th order in substrate concentration, like for example 

in the case of the system [Rh(DIPAMP)(MeOH)2]BF4 / (Z)-β-

4550556065707580859095 ppm
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(N-Acetyl)-aminocrotonic acid methyl ester in methanol at 

room temperature and normal pressure) then the substrate can 

effectively compete with the inhibiting arene for the metal.[32] 

In the first case, the reaction remains 1st order in the substrate 

concentration even in the presence of inhibitors (the reaction 

will only be slower), the presence of which is therefore quite 

difficult to recognize. In the second case a continuous decrease 

in activity is observed instead because the concentration of the 

inhibitor remains constant during the reaction while that of the 

prochiral olefin diminishes with increasing conversion. Hence 

an important (tacit) assumption of the formal kinetic treatment 

of catalysis, that the active catalyst concentration is constant, is 

no longer valid. 

3. 2. Deactivation by the substrate / product 

Even substrates / products having phenyl rings in their 

structure, a feature common to plenty of unsaturated molecules 

tested in (asymmetric) hydrogenation, are able to form stable 

rhodium arene complexes. 

 By systematic investigation into the asymmetric 

hydrogenation of mac promoted by the precatalyst [Rh(tBu-

BisP*)(nbd)]BF4 (tBu-BisP* = 1,2-bis(tert-

butylmethylphosphino)ethane) it was possible to detect 

diastereomeric dinuclear complexes in which the substrate acts 

as a bridging ligand between two rhodium centres: to one it is 

coordinated through the double bond and the oxygen of the 

amido group, as expected for this kind of substrates, to the 

other one in a η6 fashion through its phenyl ring, Figure 7 left 

shows the resulting species which is stable even at room 

temperature. This is likely the result of the reaction between the 

catalyst substrate complex and the solvent complex in the 

presence of a relative low amount of the substrate.43 The 

displacement of solvent molecules from the solvent complex 

through coordination of the phenyl ring in the substrate bound 

to another rhodium centre obviously affords a 

thermodynamically more stable system. 

The complex [Rh(tBu-BisP*)(η6-macH2)]BF4, in which the 

hydrogenation product of mac coordinates to the metal through 

its phenyl ring, could be detected by NMR spectroscopy.43 

Likewise the η6-arene complexes of the hydrogenated 

phenylenamide and p-chlorophenylenamide, Figure 7 right, 

could be spectroscopically identified at –100 °C.44 

 
Figure 7 Stable η

6
-arene complexes arising from the reaction of substrate mac 

(left) and hydrogenation product (right) with the catalytically active solvent 

complex [Rh(
t
Bu-BisP*)(MeOH)2]

+
. 

 Arene complexes of hydrogenation products were detected 

during the hydrogenation of styrene derivatives promoted by 

rhodium catalysts containing the ligands DPPB and Josiphos.45 

Although such product complexes had been known for a long 

time in relation to triphenylphosphine iridium complexes, also 

with regard to their deactivating effects,46 the detection of the 

rhodium η6-product complexes, present in very low 

concentration, was only possible by taking advantage of the 

large signal enhancement offered by PHIP (para hydrogen 

induced polarisation) NMR spectroscopy. 

 Very recently the X-ray structures of both substrate and 

hydrogenation product complexes [Rh((S,S)-Et-

DuPHOS)(vinyl-η6-benzene)]BF4 and [Rh((S,S)-Et-

DuPHOS}(ethyl-η6-benzene)]BF4 were published, Figure 8.21 

 
Figure 8 Molecular structures of the cations of [Rh((S,S)-Et-DuPHOS)(vinyl-η

6
-

benzene)]BF4 (left) and [Rh((S,S)-Et-DuPHOS)(ethyl-η
6
-benzene)]BF4 (right). 

Hydrogen atoms (except these on the vinyl and ethyl group) are omitted for 

clarity. 

 In the following chapter it will be shown that such 

complexes can play a pivotal role in the deactivating of Rh 

complex catalyzed reactions. 

3. 3. Deactivation by polystyrene resins as matrix for 

catalyst heterogenisation 

The anchoring of molecularly well-defined rhodium complexes 

on solid support allows to combine the advantages of 

homogeneous catalysis (high activity and selectivity) with the 

benefit of catalyst recycling offered by heterogeneous catalysis. 

However one main drawback of this approach to the 

economical use of precious and expensive catalysts is the 

possibility of metal leaching from the solid support into the 

solution. 

 Heterogenization of cationic rhodium complexes of general 

formula [Rh(diphosphine)(solvent)2]anion can be achieved 

through proper modification of either the diphosphine ligand or 

the counteranion so that it can be attached to a polystyrene resin 

and thus allow anchoring of the catalyst complex onto the solid 

support. However, during this process, part of the metal can be 

‘scavenged’ by the resin through formation of η6-arene 

complexes, which will affect the activity and/or selectivity of 

the desired process. In order to prove this possibility, soluble 

polystyrene standards like PS4000 (38 monomers) or PS30000 

(288 monomers) were added to a solution of [Rh(Et-
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DuPhos)(THF-d8)2]BF4, in deuterated tetrahydrofuran: the 

formation of η6-arene complexes with the soluble polysterene 

was corroborated by the dramatic change in the 103Rh chemical 

shift of the resulting complex in solution to –1071 ppm, 

compared to –38 ppm in the solvent complex.21 Additional 

NMR data and the stability constants of η6 (poly)-styrene 

complexes are collected in Table 2. 

 The equilibrium constants for the rhodium-η6-arene 

complexes in acetone were determined by UV-vis 

spectrometric titration of the free and coordinated 

(poly)styrene, Table 2.47 The stability of the complexes 

decreases in going from styrene to polystyrene and with 

increasing molecular weight of the latter, because of the greater 

steric hindrance caused by the longer polymer chain. Yet the 

stability constants of the η6-arene complex with a polymer 

consisting of 288 monomeric units is of the same order of 

magnitude of the η6-benzene rhodium-DPPE complex.40 

Table 2 
31

P and 
103

Rh NMR chemical shifts, coupling constants J(
31

P,
103

Rh) and stability 

constants for selected rhodium-η
6
-(poly)styrene complexes as compared to the 

corresponding solvent complexes [Rh(Et-DuPhos)(Lx)]BF4 (MeOH, THF x = 2; 

(poly)styrene x = 1). 

L 31P 

ppm 

J(31P,103Rh) 

Hz 

103Rh 

ppm 

solvent stability 

constant 

L / mol 

in aceton 

MeOH 94.9 206 –151 MeOH-d4  

THF 96.1 207 –38 THF-d8  

styrene 92.2 202 –1011 MeOH-d4 107 

PS4000 

38 

monomers 

93.2 ≈ 203 –1073 acetone-d6 42 

PS30000 

288 

monomers 

93.4 ≈ 203 –1047 to 

–1063 

acetone-d6 17 

92.9 ≈ 200 –1071 THF-d8 

 

 If, during the preparation of the heterogeneous catalyst, part 

of the rhodium is not bound to the resin in the desired form 

(neither covalent nor ionic) but as η6-coordinated arene 

complex, then the latter is in equilibrium with the solvent 

complex (Scheme 3) and can be washed out from the resin 

when the resin is rinsed with the solvent after catalyst loading 

and recycling. 

 
Scheme 3 Equilibrium reaction between the η

6
-polymer coordinated rhodium-

diphosphine complex and the solvent diphosphine rhodium complex. 

3. 4. Deactivation by additives 

Additives having aromatic structural features can likewise 

cause a decrease in the activity of the rhodium catalyst by 

formation of η6-arene complexes. 

 The hydrogenation of prochiral organic substrates like 

itaconic acid and dimethyl itaconate, becomes possible in 

aqueous solution in the presence of surfactants like SDS or 

Triton X-100, Figure 9: under suitable conditions, the surfactant 

monomers aggregate to form micelles that are soluble in water 

while having an hydrophobic core within which the catalytic 

reaction takes place. The precious catalyst, which is confined 

into the micelles, can be recycled by membrane ultrafiltration.48 

 
Figure 9 Stucture of the non-ionic surfactant Triton X-100. 

 For the rhodium-BPPM / dimethyl itaconate system  

(BPPM = 1-tert-butoxycarbonyl-4-diphenylphosphino-2-

(diphenylphosphinomethyl)-pyrrolidine) it was possible to 

show that the TOF decreases when the Triton X-100 

concentration is increased. Selectivity is unaffected and an 

enantiomeric excess of 60 % as in methanol is achieved. A 

broad doublet is observed at 97.3 ppm in the 31P NMR 

spectrum with a Rh-P coupling constant of 204 Hz (Figure 10): 

this signal correlates with a singlet in the 103Rh NMR spectrum 

at -1006 ppm indicating the formation of a new η6-arene 

complex. Further unambiguous characterization comes from 1H 

NMR (the signals for the hydrogens of the coordinated arene 

are shifted to higher field than expected for the free arene: 7.17, 

6.98, 6.37, and 6.05 ppm). 

 
Figure 10 

31
P,

103
Rh{

1
H} HMQC NMR spectrum for [Rh((S,S)-Me-DuPhos)(Triton X-

100)]BF4 in methanol-d4, taken at 317 K. The chemical shift δ of the 
103

Rh NMR 

signal (–1006 ppm) is within the range of known Rh-arene complexes. 

 The examples reported so far show that, because of the 

possibility of the formation of η6-arene complexes and because 

of their non-negligible stability, care should be taken when 

evaluating the activity of rhodium diphosphine catalysts in 

ppm
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processes which may involve ‘arene sources’ like solvent, 

substrate / product, additives, polystyrene solid supports or 

impurities. The possible resulting η6-arene complexes 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 

determined by the concentration of competing complexing 

agents present in solution which might displace the coordinated 

arene and by the ratio of the stability constants of the 

corresponding rhodium complexes. 

4. Catalyst deactivation due to formation of 

multinuclear complexes 

4.1. Dinuclear complexes 

The dimerization of the solvate complex 

[Rh(DPPE)(MeOH)2]BF4 to yield [Rh(DPPE)]2
+ was described 

for the first time in 1977.40 In the dimer each DPPE acts as a 

bridging ligand between the two rhodium centres: it is chelated 

to one metal through the phosphorus donors, it is coordinated to 

the second one though one of the phenyl substituents on the 

phosphorus. Such dimers have found application as catalyst 

precursors, for example in hydroacylation,49 the intramolecular 

cyclization of 4-pentenals to cyclopentanones. Other dimeric 

rhodium diphosphine complexes, featuring a similar 

coordination pattern which of course, is available only when the 

diphosphine ligand contains phenyl rings, have been 

described,50 also for monodentate phosphine ligands.Error! 

Bookmark not defined.a,51 

 These species are usually generated in situ by 

hydrogenation of a cationic bisdiolefin rhodium complex like, 

for example, [Rh(cod)2]OTf and a diphosphine like BINAP, in 

an unpolar solvent, either dichloromethane or dichloroethane, 

and used as such for catalysis.52 

 So far, the only ligands for which the X-ray structures of the 

corresponding dimer rhodium complexes have been reported 

are DPPE, DIPAMP, BINAP and Synphos. In Figure 11 the 

molecular structures of the cations of [Rh((S,S)-

DIPAMP)]2(BF4)2 and [Rh((S)-Synphos)]2(BF4)2 are shown. 

 
Figure 11 X-ray structures of the cations of [Rh((S,S)-DIPAMP)]2(BF4)2 (left) and 

[Rh((S)-Synphos)]2(BF4)2 (right). Hydrogen atoms are omitted for clarity. 

 Upon coordination to the metal through one of its aryl 

substituents, one phosphorus atom on each of the two Synphos 

ligands becomes a stereocentre, whose absolute configuration 

depends on which of the two diastereotopic phenyl substituents 

is involved in coordination. The same applies to other aryl 

substituted diphosphines which act as bridging ligands in the 

same fashion and in principle different diastereomeric dimers 

may exist. In the case of DIPAMP, whose phosphorus donors 

are stereogenic, dimers are built up with the involvement of two 

phenyl substituents or one phenyl and one o-anisyl.19 

 An estimation of the average stability constant of these 

dimeric species by NMR spectroscopy in methanol has 

provided a value of ca. 50 L/mol.19 The dimers are therefore 

much more stable than previously assumed.53 In methanol 

[Rh(DIPAMP)]2(BF4)2 coexists in equilibrium with the solvent 

complex [Rh(DIPAMP)(MeOH)2]BF4. For BINAP, the 

equilibrium between solvent complex and dimer is entirely on 

the side of the solvate complex [Rh(BINAP)(MeOH)2]BF4.
13b,19 

The different stability of the two dimers is clearly due to the 

different dimensions of the chelate ring formed by the two 

ligands upon coordination, 5-membered vs 7-membered. 

 The unexpected stability of the aryl-bridged dimers, which 

in non-polar solvents like dichloromethane is clearly much 

greater than in polar ones (in non-polar non-coordinating 

solvents, mononuclear solvent complexes cannot be stabilized) 

can explain catalyst deactivation and the ensuing reduced 

activity. The dimers are coordinatively saturated 18-electron 

species which, in order to coordinate the incoming substrate 

and start the catalytic cycle, should first dissociate into 

monomers. 

 Kinetic investigations into the reductive cyclization of 1,6 

diynes promoted by rhodium-BINAP complex54 in 

dichloromethane have defined a partial 0 order reaction, both in 

the substrate and hydrogen concentration.55 This result can be 

explained assuming that dissociation of the dimer [Rh-

(BINAP)]2(BF4)2, built up after diolefin hydrogenation in the 

catalyst precursor, is the rate-determing step of the catalytic 

process. 

4.2. Trinuclear complexes 

Addition of a base like triethylamine to the solvate complex 

[Rh(DPPE)(MeOH)2]BF4 leads to the formation of a trinuclear 

rhodium complex [Rh3(DPPE)3(µ3-OMe)2]BF4, first reported in 

1977.40 A structural related complex with the ligand BINAP 

was published later.56 

 In the complex, 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 µ3-bridging anions. Other trinuclear 

rhodium complexes have been synthesized sharing this 

structural motif.57 They are quite stable. X-ray structures have 

been published for complexes with µ3-bridging methoxy and/or 

hydroxy anions and the ligands Me-DuPHOS, DIPAMP, DPPE, 

t-Bu-BisP*, DPPP, BINAP and Synphos,13a,40,56,57,58 Figure 12 

shows two representative examples. 

 Scheme 3 introduces the general reaction sequence whereby 

the trinuclear complexes are formed starting from the solvent 

complex.59 The base is necessary in order to generate the 

bridging anions either from the solvent (MeO–) or from 

adventitiuos water present in solution (OH–). 
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Scheme 3 General reaction sequence for the generation of μ3-anion bridged trinuclear complexes. 

 The formation of such trinuclear rhodium complexes can 

reduce the concentration of rhodium in solution available in the 

form of catalytically active species and therefore they can be 

considered a cause for catalyst deactivation, as shown in some 

cases during asymmetric hydrogenation.57 

 
Figure 12 X-ray structures of the cations of [Rh3(DPPP)3(µ3-OMe)2]BF4 (left) and 

[Rh3((R,R)
t
Bu-BisP*)3(µ3-OH)2]BF4 (right). Hydrogen atoms are omitted for clarity. 

 Interesting, also from a practical point of view, is the fact 

that the formation of such deactivating trinuclear rhodium 

complexes can be triggered by substrates which are sufficiently 

basic, without the need for any added base. The negative effect 

on activity though might be difficult to recognize. Examples of 

this type of substrate which have been asymmetrically 

hydrogenated are (E)-1-(2-methyl-3-phenylallyl)piperidine and 

[2-(3-methoxy-phenyl)-cyclohex-1-enylmethyl]-

dimethylamine.60 When [Rh(DIPAMP)(MeOH)2]BF4 is added 

to a solution of the former prochiral olefin in a ratio of 1 : 10 at 

room temperature, 40 % of the total rhodium content is trapped 

as catalytically inactive [Rh3(DIPAMP)3(µ3-OMe)2]BF4. When 

the same catalyst is added to a solution of the second olefin in a 

ratio 1 : 20, under otherwise identical conditions, then NMR 

spectroscopy shows that up to 75 % of the total rhodium 

content is present as [Rh3(DIPAMP)3(µ3-OMe)2]BF4 and, to a 

minor extent, as [Rh3(DIPAMP)3(µ3-OMe)(OH)]BF4.
57 

 Halides have also been recognized as possible source of 

deactivation in reactions catalyzed by rhodium complexes. An 

example is provided by the asymmetric hydrogenation of 2-

methylenesuccinamic acid. The hydrogenation product is a key 

intermediate in the synthesis of 4-amino-2-(R)-methylbutan-1-

ol en route towards the receptor antagonist TAK-637. It could 

be shown that with the catalyst of choice [((S,S)-Et-

DuPHOS)Rh(cod)]BF4 activity could be increased by a factor 

of 26 when the substrate was thoroughly purified from chloride 

containing contaminants.61 Substrates, which are also relevant 

for industrial applications, often contain halides as impurities 

due to incomplete removal during their synthesis. The reduced 

activity observed in the presence of halides may be ascribed to 

the formation of recently reported very stable trinuclear 

rhodium complexes where halides act as µ3-bridging anions.58 

The molecular structures of [Rh3((R,R)tBu-BisP*)3(µ3-Cl)2]BF4 

and [Rh3((R,R)-Me-DuPHOS)3(µ3-Br)2]BF4 are presented in 

Figure 13. 

 
Figure 13 X-ray structures of the cations of [Rh3((R,R)-

t
Bu-BisP*)3(µ3-Cl)2]BF4 (left) 

and [Rh3((S,S)-Me-DuPHOS)3(µ3-Br)2]BF4 (right). Hydrogen atoms are omitted for 

clarity. 

Such complexes are catalytically inactive as experimentally 

proved in the asymmetric hydrogenation of mac and dimethyl 

itaconate with the solvate complex 

[Rh(DIPAMP)(MeOH)2]BF4 in the presence of added sodium 

halides (Cl, Br, I).58 

 When the hydrogenation catalyst [Rh(DIPAMP)(MeOH-

d4)2]BF4 and the prochiral olefin ((Z)-3-[1-(dimethylamino)-2-

methylpent-2-en-3-yl]phenol),62 are dissolved in methanol-d4 in 

a 1 : 10 ratio, the 31P NMR spectrum shows that almost 34 % of 

the total signal intensity corresponds to the catalytically 

inactive trinuclear µ3-chloro-bridged complex 

[Rh3(DIPAMP)3(µ3-Cl)2]BF4, resulting from traces of chloride 

left in the substrate after its synthesis, Figure 14. 

 
Figure 14 

31
P{

1
H}-NMR spectrum of a solution of [Rh(DIPAMP)(MeOH-d4)2]BF4 

and (3-[(2R,3S)-1-(dimethylamino)-2-methylpentan-3-yl]phenol in a 1 : 10 molar 

404550556065707580859095 ppm
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[Rh3(DIPAMP)3(µ3-Cl)2]
+ [Rh(DIPAMP)((Z)-3-[1-(dimethylamino)-2-
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[Rh(DIPAMP)(µ2-Cl)]2
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ratio. 34 % of the signal intensity correspond to the doublet of the trinuclear 

complex [Rh3(DIPAMP)3(µ3-Cl)2]BF4. 

 Like in the competitive inhibition in enzymatic catalysis, 

halides compete with the substrate for the solvent complex: the 

amount of trinuclear complex and thus the decrease in activity 

they cause depends on the relative concentrations of halides and 

substrate and on the stability constants of the complexes they 

form with the metal. To prevent deactivation, special care 

should be paid to substrate purification, especially on industrial 

scale where very high substrate to catalyst ratios are used. 

 

 To summarize, from cationic rhodium complexes, often 

employed as catalyst, di- and trinuclear complexes may be 

formed: the nature of these species is affected by the 

diphosphine ligand (whether it contains aromatic moieties or 

not), the solvent (whether coordinating or not) the presence of 

additives (pH of the solution). These polynuclear species are 

not active in catalysis and need to be converted, when possible, 

into active species. 

5. Catalyst deactivation due to irreversible 

reactions of the active catalyst 

The rate of itaconic acid hydrogenation with the rhodium-

DIPAMP catalyst in methanol decreases with increasing 

substrate concentration.63 Inhibition by the substrate had 

already been described in 1979.64 The X-ray structure of single 

crystals isolated from a solution of 

[Rh(DIPAMP)(MeOH)2]BF4 and itaconic acid revealed an 

unexpected tridentate coordination65 of the ‘hydrogenated’ 

product to the catalyst involving the two carboxylate oxygens 

and oxidative addition of the C(2)-H bond to the Rh(I) centre 

Figure 15 left. This is in contrast to the most frequently 

observed substrate coordination mode which involves chelation 

to the metal through the C-C double bond and one carboxylate 

oxygen.66 

 The isolated Rh(III)-alkyl complex represents a dead-end in 

hydrogenation because oxidative addition of molecular 

hydrogen is formally impossible on a Rh(III) complex. By 

systematic investigation into the influence of different 

parameters on the formation of this complex, namely substrate 

concentration, reaction time, temperature, acidic and basic 

additives, it could be shown that its formation indeed explains 

the inhibiting effect of increasing substrate concentration. 

 

Figure 15 X-ray structures of [Rh((S,S)-DIPAMP)(2-methyl succinate)] (left) and 

[Rh((S,S)-DIPAMP)(α-monomethyl itaconate)] (right). Hydrogen atoms on the 

ligand DIPAMP are omitted for clarity. 

 Figure 16 illustrates the proposed mechanism for the 

formation of the Rh(III) alkyl complex. In the first step, the β-

carboxylic group in the diastereomeric substrate complexes is 

deprotonated and coordinates to the metal as carboxylate. 

Figure 15 right shows the X-ray structure of the α-monomethyl 

ester analogue. 

 The α-carboxylic group then oxidatively adds to rhodium 

generating a Rh(III) hydride species. The double bond then 

quickly inserts into the Rh-H bond at room temperature 

generating the Rh(III)-alkyl complex. The rate of 

hydrogenation, that is the turnover frequency of the 

hydrogenation cycle, can be increased by raising the hydrogen 

pressure. The parallel and irreversible formation of the inactive 

Rh(III)-alkyl complex is favoured by a higher concentration of 

the substrate, that is of the substrate rhodium complex. At lower 

substrate concentrations, however, the overall reaction time is 

shorter, and deactivation is less obvious. 

 
Figure 16 Catalytic cycle for itaconic acid hydrogenation (hydrogenation 

pathway) and catalyst deactivation pathway leading to inactive Rh(III)-alkyl 

complexes. 

 

6. ‘in situ’ generation of precatalysts 

Neutral µ2-bridged dinuclear rhodium complexes of the type 

[Rh(diphosphine)(µ2-X)]2 (X = Cl or, more rarely OH), (Figure 

17, left, shows the X-ray structure of [Rh(Xantphos)(µ2-Cl)]2) 

are applied as catalysts in several processes e.g. hydrogenation 

of prochiral olefins,67 ketones,68 CO2
69 and polynuclear 

heteroaromatic compounds,70 ring opening of oxa- and 

azabicyclic alkenes,71 hydrogen mediated C-C bond 

formation,72 addition of carboxylic acids to alkynes,73 CO gas 

free hydroformylation and74 carbonylations,75 Pauson-Khand-

type reactions,76 olefin isomerisation,77 cycloadditions,78 

coupling of aldehydes and allenes,79 1,4 addition of 

organoboronic acids.80 

 They are usually prepared in situ by addition of diphosphine 

ligands to rhodium alkene complexes like [Rh(diolefin)(µ2-X)]2 

or [Rh(monoolefin)2(µ2-Cl)]2 (monoolefins = cyclooctene, coe, 
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or ethylene, C2H4), and ligand exchange according to Scheme 

4. 

 

 
Scheme 4 Synthesis of [Rh(diphosphine)(µ2-X)]2 (X = Cl or OH) from 

[Rh(diolefin)(µ2-X)]2. 

 Systematic investigations have shown however that the in 

situ procedure affords not only the desired species but, 

depending  on the diphosphine ligand, the rhodium precursor, 

the solvent and the temperature, other species are formed such 

as [(diolefin)Rh(µ2-Cl)2Rh(diphosphine)], 

Rh(diphosphine)(diolefin)]+, [Rh(diphosphine)2]
+ and 

[Rh(diphosphine)(diolefin)(Cl)], in other words the in situ 

procedure can be far less selective than Scheme 4 implies. In 

some cases, the target compound is not formed at all.81 Figure 

17, right, shows the X-ray structure of the penta coordinated 

rhodium complex [Rh(Xantphos)(nbd)(Cl)] (Xantphos = 4,5-

Bis(diphenylphosphino)-9,9-dimethylxanthene), as the main 

reaction product (70 %) arising from the attempted in situ 

synthesis of [Rh(Xantphos)(µ2-Cl)]2 according to Scheme 4: as 

a matter of fact, the desired dimer is not formed at all. 

 
Figure 17 X-ray structures of [Rh(Xantphos)(µ2-Cl)]2 (left) and 

[Rh(Xantphos)(nbd)(Cl)] (right). Hydrogen atoms are omitted for clarity.
82

 

 The in situ formation of the dinuclear rhodium complex 

[Rh(BINAP)(µ2-Cl)]2 from the cod precursor [Rh(cod)(µ2-Cl)]2 

and two equivalents of BINAP in either tetrahydrofuran or 

toluene is practically quantitative.80,83 If the nbd-precursor is 

used instead only 80 % of the target compound is obtained in 

tetrahydrofuran, as the top 31P spectrum in Figure 18, shows, 

the rest being [Rh(BINAP)(nbd)(Cl)]. In dichloromethane, 

selectivity drops to 22 % and most of the rhodium is engaged in 

the pentacoordinated species [Rh(BINAP)(nbd)(Cl)] (Figure 

18, middle spectrum). In methanol, the cationic complex 

[Rh(BINAP)(nbd)]+ is the only detectable species, Figure 18, 

bottom spectrum (the chloride obviously acts as counteranion 

and is not covalently bound to the metal).81 

 A further example of the dramatic effect of the nature of the 

olefin rhodium precursor on the outcome of the in situ 

procedure is provided by the case of the ligand DIOP       

(DIOP = 4,5-bis(diphenylphosphinomethyl)-2,2-dimethyl-1,3-

dioxolane). When the cod precursor is used, only 36 % of the 

applied rhodium ends up in the desired [Rh(DIOP)(µ2-Cl)]2, the 

rest is distributed among several species so far unidentified 

(Figure 19, top 31P spectrum). 

 
Figure 18 

31
P-NMR spectra of the reaction solution of the in situ ligand exchange 

between [Rh(nbd)(µ2-Cl)]2 and BINAP (1 : 2) at room temperature in top a) 

tetrahydrofurane, middle b) dichloromethane and bottom c) methanol. 

With the nbd precursor just 0.5 % is in the form of 

[Rh(DIOP)(µ2-Cl)]2, the main species is actually unknown 

(Figure 19, middle spectrum). The best precursor is then 

[Rh(coe)(µ2-Cl)]2 from which 74 % of [Rh(DIOP)(µ2-Cl)]2 can 

be obtained. (Figure 19, bottom spectrum)81 This can be 

purified only by crystallization. 

 
Figure 19 

31
P-NMR spectra of the reaction solution of the in situ ligand exchange 

of a) [Rh(cod)(µ2-Cl)]2, b) [Rh(nbd)(µ2-Cl)]2 and c) [Rh(coe)2(µ2-Cl)]2 with DIOP 

(1 : 2) in tetrahydrofuran at room temperature. 
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 The above examples concerning BINAP and DIOP clearly 

show that also the kind of diphosphine may steer the course of 

the in situ synthesis. Another critical factor is temperature. The 

in situ formation of [Rh(DPPE)(µ2-Cl)]2 from [Rh(cod)(µ2-

Cl)]2 requires elevated temperatures and was achieved at 

120 °C in toluene.49c If the reaction is carried out in 

tetrahydrofuran at room temperature – as usual for the in situ 

procedure - a precipitate is formed (95 % yield) which could be 

identified as the known complex [Rh(DPPE)2][Rh(cod)(Cl)2].
84 

 With Me-DuPHOS [Rh(Me-DuPHOS)(µ2-Cl)]2 was 

obtained in quantitative yield at –78 °C. At room temperature in 

tetrahydrofuran the in situ procedure resulted in the formation 

of 60 % [Rh(Me-DuPHOS)(µ2-Cl)]2, 8 % of the intermediate 

[(Me-DuPHOS)Rh(µ2-Cl)2Rh(cod)] and 32 % of the cationic 

complex [Rh(Me-DuPHOS)2]
+.81 

 These examples have shown that the frequently applied in 

situ procedure for the practical generation of the catalyst 

precursor [Rh(diphosphine)(µ2-X)]2 may fail to provide the 

desired species in quantitative yield. Unless a systematic 

investigation is carried out, wrong assumptions may be drawn 

concerning the real nature of the catalyst. In some cases, 

species other than the target precatalyst are prevalent in 

solution whose catalytic behavior in terms of activity may be 

deleterious, giving rise to inactivation effects and to 

uneconomical use of the precious metal. 

7. Conclusions 

Examples have been provided of the several factors which may 

affect the activity of rhodium diphosphine catalysts. They come 

into play already in the very early stages of the process when 

the catalytically active species is generated from a stable 

catalyst precursor, before it can interact with substrate and 

reagents. The ensuing coordinatively unsaturated intermediates 

may undergo aggregation phenomena to less reactive 

polynuclear species. The step of catalyst generation is often 

overlooked, when for the sake of simplicity, an in situ 

procedure is applied, despite the fact that it may be quite 

unselective and afford species with diminished activity, if any. 

We hope that this review, although focused on rhodium 

diphosphine complexes, may serve as a more general guide 

towards catalyst activity optimization having highlighted the 

possible sources of catalyst inhibition: competitive binding of 

strongly coordinating solvents, additives, substrates and 

products. Here, kinetics, supported by the characterization of 

possible reaction intermediates by NMR spectroscopy and X-

ray analysis, is especially useful as the formation of inactive 

species and their influence on activity is regulated by the 

relative concentrations of the inhibitors and the stability 

constants of the complexes they form with the metal. 
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monoclinic space group C2/m, a = 29.9133(15), b = 18.7802(9), c = 
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