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Pentamethylcyclopentadienyl iridium(III) metallacycles applied to 

homogeneous catalysis for fine chemicals synthesis 

Christophe Michon,*[a,b] Kirsty MacIntyre,[a,b] Yann Corre,[a,b] Francine Agbossou-Niedercorn,*[a,b] 

 

Abstract: While pentamethylcyclopentadienyl cyclometallated 

complexes have been used to catalyse a variety of organic 

transformations over the last decades, the huge potential of 

pentamethylcyclopentadienyl iridacycles has recently been truly 

recognised. In the past years, an upsurge of reports on such new 

half-sandwich iridium(III) metallacycles could be observed. Their 

application in various homogeneous catalysed organic reactions has 

led to the development of environmentally and economically 

beneficial routes to important and highly functionalised fine 

chemicals. Studied reactions include hydrogenation, amine 

alkylation, dehydrogenation, oxidation and hydrofunctionalization 

reactions as well as dynamic kinetic resolutions (DKR). This 

minireview focusses specifically on the recent applications of half-

sandwich iridium(III) metallacycles in such processes. 

1. Introduction 

 The cyclometallation reaction, discovered in early 1960’s, 

has become a unique synthetic tool in organometallic 

chemistry.[1,2] Indeed, cyclometallation provides access to 

original organometallic compounds bearing a metal-carbon  

bond. Such complexes are synthesised via C-H (or C-C) bond 

activation of a ligand which is assisted intramolecularly by 

coordination of a directing donor atom (N, P, O, C…). Thus, the 

resulting metallacycle consists of a metal bound to a chelate 

carboligand which not only provides increased stability to the 

complex, but also exclusive reactivity.[1,2] Most significantly, 

transition-metal-catalysed C−H activation has allowed various 

ortho-selective C−C and C−X bond-forming reactions through in-

situ generation of metallacycle intermediates.[3] Compared to 

their ruthenium and rhodium counterparts, iridacycles have been 

far less studied[4] but have attracted a rising interest these past 

years. More specifically, half-sandwich (i.e. 

pentamethylcyclopentadienyl) iridium(III) metallacycles have 

demonstrated a great potential in homogeneous catalysis 

displaying significant activities for a range of organic reactions. 

Meanwhile, iridacycles have also attracted a great interest in 

photochemistry due to their photophysical properties.[5] Further 

applications of iridium(III) metallacycles have been reported in 

biology as antibacterial and anticancer agents[6] as well as in 

other reactivity studies.[7,8] Indeed, half-sandwich iridium(III) 

metallacycles have been recently applied in energy and 

environmental science to catalyse reactions such as: 

dehydrogenation and oxidation of formic acid, hydrogenation of 

carbonates, productions of hydrogen or hydrogen peroxide.[8] 

 

All these complementary properties and applications of 

iridacycles will not be detailed herein. This minireview 

summarises recently developed homogeneous catalysed 

organic chemical reactions employing half-sandwich iridium(III) 

cyclometallated complexes as catalysts in hydrogenation, amine 

alkylation, dehydrogenation, oxidation and hydrofunctionalization 

reactions as well as dynamic kinetic resolutions (DKR). 
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2. Hydrogenation, transfer hydrogenation, 
reductive amination 

2.1. Hydrogenation 

 In 2013, a series of half-sandwich iridium(III) 

metallacycles was investigated by Xiao et al. to catalyse the 

hydrogenation of C=N containing substrates (Scheme 1).[9] 

After a thorough screening of C-N chelate ligands, the 

optimized catalyst was applied in the hydrogenation of a large 
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scope of imines and N-heterocyclic substrates. The use of 2,2,2-

trifluoroethanol (TFE) meant effective chloride dissociation 

without the use of a halide abstraction agent allowing H2 

coordination to proceed. The catalyst developed was effective in 

the chemoselective reduction of various cyclic and acyclic 

imines as well as N-heteroaromatic substrates like quinoxalines 

and unprotected indoles. 

 

 

 

 

 

 

 

 

 

 

 

Scheme 1. Hydrogenation of C=N bonds.[9] 

 

More recently, the modification of such iridacycles was reported 

to facilitate the hydrogenation of imines at low catalyst loadings 

(Scheme 2).[10] They observed substrates with electron donating 

groups were hydrogenated more efficiently than those bearing 

electron withdrawing substituents. 

 

 
Scheme 2. Hydrogenation of imines.[10] 

 

The reaction of a ketimine was scaled up to 2 g using 0.01 mol% 

of 2, at 85 °C in 2 h and afforded the related amine in 93 % yield. 

2.2. Transfer hydrogenation 

 Transfer hydrogenation has been applied by Xiao et al. in 

the presence of half-sandwich iridium(III) metallacycles for the 

reduction of imines with formic acid.[11] The mechanistic aspects 

of the reaction were studied in detail through kinetic experiments 

and DFT calculations. Two key steps of the mechanism have 

been particularly scrutinized i.e. formation of the metal hydride 

(rate determining) and hydride transfer to the substrate (Figure 

1). Beside the 3 possible pathways for the synthesis of the Ir-H 

species, 5 routes were investigated for the hydride transfer step. 

If the hydride formation may proceed by an ion-pair mechanism, 

the transfer of the hydride to the iminium shall occur directly 

through an outer sphere mechanism. Though this route is limited 

by the hydride formation and facilitated by electrostatic 

interactions, this pathway is the most favourable to lead to the 

amine product. Calculations were also performed considering a 

methanol molecule for both steps. A significant energy drop of 

the ion pair transition state was shown due to its stabilisation via 

hydrogen bonding. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 1. Mechanism of imine hydrogenation with formic acid.[11] 

 Half-sandwich iridium(III) metallacycles have also been 

applied by Xiao et al. to catalyse the transfer hydrogenation of a 

range of carbonyl compounds for the preparation of relevant 

functionalised secondary alcohols (Scheme 3).[12] 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Scheme 3. Transfer hydrogenation of various carbonyl compounds.[12] 

The attractiveness of this protocol relies on low catalyst loadings, 

the use of formate as the hydrogen source and of a water 

medium. Following a ligand screening, two catalysts emerged as 

the most efficient for the hydrogenation of a wide range of 
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substrates such as -keto ethers, -substituted ketones,  and 

-keto-esters, and -unsaturated aldehydes, presenting a 

great application potential for the synthesis of high added value 

compounds (Scheme 3). 

 Imino based half-sandwich iridacycle 5 was also versatile 

when applied under identical catalytic conditions to the transfer 

hydrogenation of various N-heterocycles in water (Scheme 4).[13] 

The reaction is applicable to a large scope of N-heterocycles, 

even on a 35 g scale, and demonstrated excellent functional 

group compatibility. The mechanism of the reaction was studied 

through deuterium labelling experiments. Competitive 1,2- and 

1,4-hydride addition pathways were observed with 

stereoelectronic attributes of the substrate and the catalyst 

affecting their rate. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Scheme 4. Transfer hydrogenation of N-heterocycles.[13] 

 Asymmetric transfer hydrogenation of ketones and 

ketimines has been reported by Pfeffer, De Vries et al. using 

half-sandwich iridacycle 7 as catalyst (Scheme 5).[14a] Alcohols 

and amines were obtained in low to high yields with rather high 

enantioselectivities. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Scheme 5. Asymmetric transfer hydrogenation of alkyl and aryl ketones.[14] 

Later, Mata et al. reported chiral at metal half-sandwich 

iridium(III) metallacycles 8 and 9 bearing an N-heterocyclic 

carbene ligand and a chelated primary (S)-[1-(1-

naphthyl)ethyl]amine (Scheme 5).[14b] These complexes 

catalysed the asymmetric transfer hydrogenation of ketones in 

low to high yields with low to average enantioselectivities 

depending on the bulkiness of the N-heterocyclic carbene ligand. 

DFT calculations suggested a concerted one-step mechanism 

based on a direct hydrogen transfer via a highly ordered 

transition state centered at the iridium amido group. 

2.3. Reductive amination 

 The potential of half-sandwich iridium(III) metallacycles 

has also been examined to catalyse reductive amination 

reactions. Under the hydrogen transfer conditions previously 

described, the first example of production of pyrrolidinones from 

levulinic acid derivatives was reported by Xiao et al. (Scheme 

6).[15] Electron donating methoxy groups on the aryl residues of 

the ligand promoted reactivity of catalyst 10. The 

transformations could also be carried out in methanol with 

HCOOH/Et3N azeotrope as a hydrogen source. 6-membered N-

heterocycles could also be obtained by applying this 

methodology to 5-oxohexanoic acid. 

 

 

 

 

 

 

 

 

 

 

 

 

 
Scheme 6. Synthesis of pyrrolidinones from levulinic acid.[15] 

 Reductive amination of simple ketones and aldehydes in 

water or methanol has also been described under transfer 

hydrogenation conditions (Scheme 7).[16]  

 

 

 

 

 

 

 

 

 

 

 
Scheme 7. Reductive amination of carbonyl compounds in water.[16] 

Half-sandwich iridium(III) metallacycle 5 was the most 

appropriate catalyst for these reactions. Best activities and 

chemoselectivities were achieved in water when the pH was set 

to 4.8. It is worth noting all examples given above are also pH 

dependent with narrow acidic windows for transfer 

hydrogenation performed in water. The reaction was found to 

proceed 6 times faster under aqueous conditions than in 

MeOH.[16] Interestingly, the reduction of β-keto esters was also 

explored, providing access to the corresponding amino acids. An 

increased activity was observed with aldehydes by comparison 

with ketone substrates. By applying catalyst 5 to the reductive 

amination of benzaldehyde with p-anisidine on a 250 mmol scale, 
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a 95 % yield was obtained in 48 hours achieving a very high 

Substrate/Catalyst ratio of 1x105.[16] 

 The direct synthesis of primary amines via reductive 

amination of ketones and aldehydes was also reported using 

ammonium formate.[16b,17] The latter acted as a source of both 

ammonia and proton to lead to an iminium intermediate which 

was then hydrogenated (Scheme 8).[17] Catalyst 5 was used with 

a large scope of carbonyl compounds to produce various 

primary amines. It is worth to note the reaction of an α,β-

unsaturated ketone furnished a saturated amine. The authors 

suggested a 1,4-reduction pathway occurred first as it has 

frequently been observed in transfer hydrogenation. The 

catalytic system was also investigated for use in the synthesis of 

non-natural α-amino acids from α-keto acids.  

 

 

 

 

 

 

 

 

 
Scheme 8. Direct reductive amination of carbonyl compounds for the 

production of primary amines.[17] 

3. Dehydrogenation 

The ability of half-sandwich iridium(III) metallacycles to catalyse 

hydrogenation and transfer hydrogenation reactions led 

researchers to examine their potential in dehydrogenation 

reactions. 

3.1. Alcohols and formic acid dehydrogenation 

 Following preliminary investigations, Yamaguchi et al. 

developed iridium(III) metallacycles based on cooperating 2-

hydroxy C-N chelate ligands. Complex 11 was shown to 

catalyse efficiently the oxidant free dehydrogenative oxidation of 

both primary and secondary alcohols (Scheme 9).[18a,b] An 

hydrido iridium complex was found to be involved in the catalytic 

reaction. Subsequently, Albrecht et al. prepared the bimetallic 

iridacycle 12 based on a bridging triazolylidene ligand to perform 

such selective reactions using stronger conditions.[18c] 

 A seminal work from Fukuzumi et al. reported the 

application of a pyrazol based iridium(III) metallacycle as a 

functional mimic of alcohol dehydrogenase (ADH) to catalyse in 

water the combined dehydrogenation of alcohols and 

hydrogenation of oxidized -nicotinamide adenine dinucleotide 

(NAD+) (Scheme 10).[19] In a basic aqueous solution, aquo 

complex 13 was initially shown to be equilibrated with complex 

14 and hydroxo complex 15.[19a] Interestingly, complex 15 

catalysed the dehydrogenation of alcohols and led to iridium 

hydrido species 16 which could subsequently reduce NAD+ 

molecules with a turnover frequency (TOF) up to 18 h-1 and 

regenerate complex 15.[19b]  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 9. Dehydrogenation of primary and secondary alcohols.[18] 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Scheme 10. Dehydrogenation of primary alcohols and hydrogenation of 

oxidized -nicotinamide adenine dinucleotide (NAD+).[19] 

3.2. N-heterocycles dehydrogenation 

 In 2013, Xiao et al. used half-sandwich iridium(III) 

metallacycles to catalyse the acceptorless dehydrogenation of a 

variety of benzofused N-heterocycles in 2,2,2-trifluoroethanol 

(TFE) (Scheme 11).[20a] Tetrahydroisoquinolines and tetrahydro-

β-carbolines which do not easily undergo dehydrogenation due 

to formation of stable imine intermediates were also tolerated. 

The catalytic dehydrogenation of a primary alcohol containing 

substrate (R1 = 2-CH2OH) showed the chemoselective nature of 

this catalyst. Subsequently, Xiao et al. highlighted the potential 

of this catalytic system by demonstrating the dehydrogenation 
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process in the synthesis of Harmine, a major -carboline 

alkaloid.[20a] Following these results, regioselective acceptorless 

dehydrogenative couplings of 2-Me N-heterocycles were further 

developed to afford functionalised quinolines, phenanthrolines, 

and indoles. These reactions generated in-situ nucleophilic 

enamines which could react with various electrophiles. A further 

cascade process was developed by combining these 

dehydrogenative couplings with Friedel-Crafts additions.[20b]  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 11. Acceptorless dehydrogenation of N-heterocycles.[20a] 

3.3. Amine alkylation 

 Based on results related to imine reduction and 

dehydrogenation (see above), Xiao et al. reported the 

application of half-sandwich iridium(III) metallacycles to catalyse 

the amine alkylation with alcohols or amines under rather mild 

conditions (Scheme 12).[21]  

 

 

 

 

 

 

 

 

 

 

 

 

 
Scheme 12. Alkylation of amines with either alcohols or amines.[21] 

2,2,2-trifluoroethanol (TFE) was found to be crucial for the 

reaction to proceed, as no reaction was observed with any other 

solvent. Alkylation of anilines and cyclic amines could be 

performed with various alcohols including methanol. The use of 

diols allowed the synthesis of several morpholine, piperidine, 

and pyrrole based heterocycles. Furthermore, under the same 

reaction conditions, the cross-coupling of amines led to 

secondary amines in good yields using diisopropylamine and 

various anilines (Scheme 12). 

4. Oxydation, racemization, resolution 

Before the successful application of half-sandwich iridium(III) 

metallacycles bearing C-N chelate ligands to hydrogenation and 

dehydrogenation processes, such catalysts had been 

successfully applied to alcohol oxidation reactions. 

4.1. Aerobic alcohol oxidation 

 Ikariya et al. used amido based half-sandwich iridium(III) 

metallacycles to catalyse the dehydrogenative oxidation of 

alcohols with molecular oxygen as the hydrogen acceptor.[22] 

They observed an amine-hydrido iridacycle was dehydrogenated 

by O2 from air to lead to the corresponding amido iridacycle and 

water. This reactivity allowed them to apply, for the first time, 

chiral bifunctional half-sandwich iridium(III) metallacycles to 

catalyse the kinetic resolution of racemic alcohols through 

aerobic oxidation of alcohols (Scheme 13). Catalyst screening 

showed the crucial role played by the NH moiety in the initiation 

of O2 activation. The reaction appeared to be sensitive to 

altering substrates (redox properties), chiral catalyst structure, 

and small changes in reaction conditions such as solvent and 

dilution. 

 

 

 

 

 

 

 

 

Scheme 13. Oxidative kinetic resolution of secondary alcohols.[22] 

This was the first time aerobic kinetic resolution of racemic 

secondary alcohols had been performed efficiently using 

molecular oxygen as the hydrogen acceptor and with defined 

chiral bifunctional amido half-sandwich iridium(III) metallacycles 

as catalysts. However, the most selective catalyst was not a 

metallacycle but an iridium(III) complex based on N-mesyl 

diphenylethylenediamine ligand (46% recovery, >99% ee), 

 Ikariya et al. proceeded to expand the applications of half-

sandwich iridacycles bearing achiral C-N chelate ligands, 

derived from benzylic amines, to the aerobic oxidation of primary 

and secondary alcohols (Scheme 14 and 15).[23] Again, the 

bifunctionality of the catalytic metal-NH unit was shown to 

enable the dehydrogenation of secondary alcohols to ketones 

using oxygen as hydrogen acceptor (Scheme 14). Under similar 

conditions, amine based catalyst 19 allowed oxidation of primary 

alcohols into esters through an oxidative dimerization pathway 

(Scheme 15).  
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Scheme 14. Aerobic oxidation of secondary alcohols.[23]  

 

 

 

 

 

 

 

 

Scheme 15. Aerobic oxidation of primary alcohols.[23] 

4.2. Racemisation of alcohols and amines 

Feringa, De Vries et al. applied selected half-sandwich 

iridacycles to the racemisation of chiral alcohols and amines.[24] 

Activation of iridium(III) pre-catalyst 21 with a base led to the 

racemisation of alcohols and some amounts of ketones 

(Scheme 16), while the non-activated complex 22 was selective 

for the effective racemisation of amines (Scheme 17).  

 

 

 

 

 

 

 

 

 
Scheme 16. Racemisation of alcohols.[24] 

 

 

 

 

 

 

 

 
Scheme 17. Racemisation of amines.[24]  

4.3. Dynamic Kinetic Resolution of racemic secondary 

alcohols 

 In 2008, Feringa, de Vries et al. reported the first direct 

stereoselective transformation of racemic β-haloalcohols into 

enantiomerically enriched epoxides via a DKR process in the 

presence of a half-sandwich iridium(III) metallacycle as the 

catalyst (Scheme 18).[25] The latter was used in conjunction with 

a haloalcohol dehalogenase (Hhec) variant possessing two 

mutations in order to increase enzyme stability towards oxidation 

(Cys153Ser) and enantioselectivity for aromatic substrates 

(Trp249Phe). A biphasic medium was required in order to trap 

the Brønsted acid released during ring closure to the epoxide. 

Although the bromoalcohol substrates often resulted in higher 

yields of products, increased enantioselectivities were obtained 

with the chloride derivatives, as the rate of the uncatalysed ring 

closure of chloroalcohols was lower than that for bromoalcohols. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Scheme 18. Chiral epoxides via DKR of β-haloalcohols.[25] 

 In 2012, Ikariya et al. explored further the potential of their 

bifunctional amido-iridium catalysts in a chemo-enzymatic 

system. The dynamic kinetic resolution (DKR) of racemic 

alcohols combining 20 with Candida antarctica lipase B (CALB) 

provided a range of chiral acetates (Scheme 19).[26]  

 

 

 

 

 

 

 

 

 

 

 

 

 
Scheme 19. Optically pure acetates through DKR of alcohols.[26] 

Interestingly, such a catalytic system combined a metal-

catalysed racemisation with an enantioselective enzymatic 

transesterification at room temperature, in the absence of a base 

and with an equimolar amount of acyl donor. All 8 substrates 

were converted to acetates with 99 % ee and 7 resulted in yields 

over 80%. These significant achievements present an interesting 

route for the synthesis of optically pure acetates from racemic 

secondary alcohols and highlight the compatibility of such 

bifunctional iridium catalysts with chemo-enzymatic conditions. 
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5. Hydrofunctionalizations 

5.1. Hydrosilylation 

A study on the hydrosilylation of imines employing half-

sandwich iridium(III) metallacycles was reported by Michon et al 

(Scheme 20).[27] 

 

 

 

 

 

 

 

 

 

 

 

 

 
Scheme 20. Hydrosilylation of imines.[27] 

Activation of half-sandwich iridium(III) metallacycle 23 via 

displacement of the chloride ligand was required and sodium 

tetrakis[(3,5-trifluoromethyl)phenyl]borate (NaBArF24) proved to 

be the most effective in displacing the halide and affording an 

active catalyst. The authors demonstrated the less coordinating 

the anion was, the higher the yields were. The catalytic activity 

of the tricarbonyl chromium bound half-sandwich iridium(III) 

metallacycle was also monitored in the hydrosilylation of imines, 

but afforded lower yields. The catalyst appeared to be very 

active at mild temperatures affording for example 90 % yield of 

the amine issued from the hydrosilylation of N-

phenylethylideneaniline with 0.01 mol % cat. in 24 hours. A 

broad range of aldimines and ketimines were reduced under 

mild conditions with low catalyst loading (Scheme 20). Further 

analysis of the active species showed the in-situ generated 

iridacycles to be more active than the isolated cationic 

complexes. In-situ NMR experiments showed several mono- and 

dihydride iridium species without any coordinated molecular 

hydrogen. 

5.2. Tandem hydroamination-hydrosilylation 

In 2012, Djukic et al. reported a seminal application of half-

sandwich iridium(III) metallacycles to catalyse a tandem 

hydroamination-hydrosilylation reaction (Scheme 21).[28] 

Following a study on the stoechiometric insertion of 

phenylacetylene into C-Ir bonds of some iridacycles, the authors 

reported the transformation of terminal aromatic alkynes to 

racemic N-phenyl, 1-arylethylamines in a ‘one-pot’ reaction 

using an iridacycle bound by an electron withdrawing 

tricarbonylchromium. Such half-sandwich iridacycles were 

shown to catalyse the hydroamination of terminal alkynes into N-

phenylimines and the hydrosilylation of the latter into 

benzylamines, both as two separate reactions and in a tandem 

‘one-pot’ fashion. The efficiency of the catalyst in the 

hydrosilylation process was attributed to the involvement of an 

Ir-mono-hydride intermediate.[19,29] 

 

 

 

 

 

 

 

 

 

 

 
Scheme 21. Tandem hydroamination-hydrosilylation.[28] 

6. Conclusion 

The application of pentamethylcyclopentadienyl iridium(III) 

metallacycles in homogeneous catalysis is a rapidly expanding 

area of research. Through the development of novel catalysts 

tailored to facilitate a wide range of organic transformations, the 

potential of such complexes continues to be exposed. Hence, 

well defined half-sandwich iridacycles have been reported in the 

production of several related chemical reactions, e.g. mainly 

hydro- and dehydrofunctionalizations, with broad substrate 

scopes. These half-sandwich iridacycle catalysts have shown 

high activities under mild conditions and at low catalyst loadings. 

In most cases, they offer environmentally and economically 

beneficial routes towards fine chemicals, since novel and 

alternative protocols for existing processes have been reported.  

While half-sandwich iridium(III) metallacycles are by now 

clearly well-established homogeneous catalysts, fundamental 

developments in this area of research are appearing more 

frequently, and many recent reports predict further promising 

advancements in the near future. Key studies and modifications 

of the C-N chelate ligands are needed. They may rationalize and 

improve catalyst activity, allow metal ligand cooperation and 

enable the application of recycling methods and processes. 
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