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Hydrogenation of imino bonds with half-sandwich metal catalysts
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Imines can be reduced to afford synthetically important amines via a number of means, of which

half-sandwich metal complex-effected reduction has gained particular prominence in the past one

decade or so. This Feature Article aims to summarise the progress made with such metal

catalysts, placing emphasis on our own work. The article covers transfer hydrogenation and

hydrogenation, and finishes with a brief account of catalyst immobilisation and mechanistic

understanding.

1. Introduction

Amines, in particular a-chiral amines, are highly valuable

products and intermediates of great importance in chemical

synthesis. They exist in a vast number of bioactive compounds,

displaying activities of relevance to agrochemical and phar-

maceutical industries,1 and are widely used as chiral ligands,2

auxiliaries3 or catalysts4 in asymmetric reactions (Fig. 1). For

instance, (S)-Metolachlor is a herbicide, which is produced

industrially by iridium catalysed asymmetric hydrogenation

(AH) of imines,5 and Tamsulosin, the active ingredient in the

blockbuster drug Flomax, improves symptoms in patients with

chronic prostatitis.6 Examples are also seen in chiral cyclic

amines, which frequently appear in natural products and

biologically important molecules, such as Tubulosine which

exhibits high antitumor activity.7

Amines can be directly produced by reduction of an imino

bond, and a number of methods have been developed for

doing this (Scheme 1). Producing no waste, hydrogenation

with H2 is the most desired reduction, both economically and

environmentally. It is most effectively catalysed by complexes

of Ru, Rh and Ir.1b,8 However, there are significantly fewer

catalysts that are effective for imines than for olefins and

ketones. Imines can also be reduced with other hydrogen

donors. In transfer hydrogenation (TH), isopropanol and

formic acid are most frequently used. Requiring no pressure

vessels and with ready availability of hydrogen sources, TH is

simple, versatile and less hazardous, supplementing hydro-

genation. Similar but often not the same Ru, Rh and Ir

complexes are usually the catalysts of choice.9 Hydroboration

with borohydrides provides another means, so does hydro-

silylation with silanes. While many borohydrides such as

NaBH3(CN) and NaBH(OAc)3 require no catalyst for reduction
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to proceed,10 silanes generally do, and a variety of catalysts are

known to promote the reduction.11 NADH analogues, such as

the Hantzsch ester, can also deliver hydrogen by virtue of

Brønsted acid catalysis.12

Among the various lines of development, homogeneous

transition metal-catalysed reduction dominates the scene,

and several reviews have been published recently, summarising

the progress made thus far.13 In this Feature Article, we focus

on a unique class of metal catalysts, half-sandwich complexes,

highlighting their success in imino reduction via hydro-

genation by drawing various examples, with emphasis on

our own work.

Sandwich metal complexes have played a significant role in

the history of organometallic chemistry. The elucidation of the

sandwich structure of ferrocene by Wilkinson, Woodward,

and Fisher led to the 1973 Noble Prize in chemistry and the

blossom of organometallic chemistry (Fig. 2). However, it is

the half-sandwich complexes that have found most applica-

tions as active species in catalysis, where vacant sites are

normally required.14 The arene ligands, particularly the

cyclopentadienyl variants, can bind to a metal centre strongly,

usually acting as spectator ligands. The electronic, steric, as

well as physical properties of the metal complexes may be

finely tuned by these ligands, resulting in unique reactivity

patterns.

A common problem faced in catalytic imine reduction is

deactivation of catalysts by substrates or products. Apart from

easy isomerisation, the relatively high LUMO energy of the

CQN double bond also renders its reduction more difficult

than a CQO bond. However, many half-sandwich complexes

have proven to be good catalysts for imine reduction, as

attested by examples to follow. Their success may be traced

to the strongly-binding arene ligands, which can inhibit

catalyst deactivation by simultaneously occupying three

vacant sites, and to the hydrogenation pathway they take,

which generally appears to be ionic in nature (vide infra).

Under ionic hydrogenation, the imine is protonated, becoming

activated and non-coordinative. The robustness of half-

sandwich metal complexes also allows the generation of metal

hydrides which can tolerate various acidic conditions, accommo-

dating imines of diverse pKb’s. These features will be seen in

the examples to be described. We will first present those arising

from TH; this is followed by hydrogenation with H2. A brief

account of catalyst immobilization and mechanistic under-

standing is given towards the end of the Article.

2. TH of imino bonds with half-sandwich

complexes

The first TH of imine appears to be reported by Grigg and

co-workers. The Wilkinson catalyst, [RhCl(PPh3)3], was used

to catalyse the reduction of aldimines by isopropanol in

the presence of sodium carbonate.15 A number of catalytic

systems, including chiral variants, have since been developed.

Among them, the most studied and most successful ones are

those employing half-sandwich complexes as catalysts.

Fig. 1 Examples of chiral amines used in agrochemical and pharma-

ceutical industries.

Scheme 1 Reduction of imino bond with various hydrogen sources.

Fig. 2 Examples of sandwich and half-sandwich metal complexes.
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2.1 Achiral TH of imines

Casey and co-workers reported in 2001 the stoichiometric

transfer of hydride generated from the Shvo’s catalyst 1 to

imine substrates.16 Catalytic reduction of imines with 1 was

subsequently realised by Bäckvall and co-workers, using

isopropanol as hydrogen source. In solution, the dimeric

Shvo’s catalyst dissociates into interchangeable species 2 and

3; 2 effects the hydrogenation, turning into 3 which dehydro-

genates isopropanol to regenerate 2 (Scheme 2). The catalytic

system works for a range of N-aryl imines, with TOFs up to

700 h�1.17

The simpler, more easily accessible [Cp*RhCl2]2 is shown by

Kitamura and co-workers to be effective for the amination of

ketones with ammonium formate as both the amine source

and hydrogen source (Scheme 3). In this reductive amination

reaction, the imino bond is in situ formed from the condensation

of ketone and ammonia. The catalyst is also effective for

a-keto acids, affording amino acids.18

In 2004, Ogo and co-workers reported a water-soluble

iridium catalyst 4, which enables reductive amination of

a-keto acids to produce amino acids in aqueous solution

(Scheme 4).19 The solution pH is crucial for obtaining high

selectivity as well as high activity, with pH 5 being the optimal.

An electron-rich variant of this catalyst, 5, has been used to

modify proteins via reductive alkylation of the amino groups

on proteins with aldehydes (Scheme 4). Proteins possessing

various polar functional groups were alkylated with aldehydes

of diverse properties.20 4 led to lower yields, however.

The iridium carbene complex 6 was reported to catalyse the

reduction of imine by isopropanol at room temperature

(Scheme 5).21 It works under base free conditions, even for

aldehydes and ketones; however a silver salt was necessary.

Substrate to catalyst ratio (S/C) of 1000 can be used for the

imine tested. However, only one example of imine reduction

was described.

In continuing study into asymmetric reduction with

half-sandwich complexes,22 we recently disclosed a class of

cyclometalated iridium complexes that are excellent catalysts

for both imine reduction and reductive amination using formic

acid as hydrogen source.23 This finding resulted from an

attempt to develop a catalytic system for reductive amination

via TH. We initially examined reaction conditions for the TH

of a model imine prepared from acetophenone and p-anisidine.

Using a pre-prepared Ir-TsDPEN [TsDPEN = (1R,2R)-N-

(p-toluenesulfonyl)-1,2-diphenylethylenediamine] catalyst

(0.5 mol%),24 [Cp*IrCl(TsDEPN-H)], a 30% conversion to

the corresponding amine in 13% ee was observed by using the

azeotropic mixture of formic acid/triethylamine in MeOH at

40 1C in 3 h. Surprisingly, when the catalyst was in situ

prepared by reacting [Cp*IrCl2]2 with TsDPEN, the conver-

sion rose to 95% but the resulting amine was racemic. Still

interestingly, using [Cp*IrCl2]2 (0.25 mol%) without any

added ligand, the reaction proceeded to afford the same result

as that obtained with the in situ catalyst. These results suggest

that the chiral ligand is not involved in the reduction. Indeed,

we quickly learned that the ketimine substrate reacts with the

iridium, resulting in the formation of a cyclometalated imino

iridium complex via C–H activation (Scheme 6).25 Delight-

fully, the cyclometalated iridium complexes were shown to

catalyse fast reduction of various imines, affording TOF as

high as 1.9 � 104 h�1, the highest value ever reported for TH

of imino bonds. In contrast, amine and phosphine ligands

were much less efficient.Scheme 2 Reduction of imines with Shvo’s catalyst.

Scheme 3 Reductive amination with HCOONH4 catalysed by a Rh

complex.

Scheme 4 Reductive amination catalysed by iridium bipyridine

complexes.

Scheme 5 Imine reduction catalysed by an iridium carbene catalyst.
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The cyclometalated iridium complexes also enable efficient

reductive amination using the formic acid/triethylamine

azeotrope in MeOH. In particular, complex 7 catalyses the

amination of a wide range of carbonyl compounds with various

amines, such as aliphatic and aromatic ketones and primary and

secondary amines (Scheme 7). Even glucose and amino acids can

be used as substrates without any protection. Moreover, ammo-

nia or ammonium formate can be used as the amine source,

allowing for the production of unprotected amines directly.

Although achiral, this is probably the first catalytic system that

rivals boron hydrides in chemoselectivity, activity and substrate

scope in reductive amination. Further advantages include the

modular nature of ligands and easy preparation of catalysts.

2.2 Asymmetric transfer hydrogenation of imines

The first asymmetric transfer hydrogenation (ATH) of imines

was reported by Noyori and co-workers in 1996, using the

half-sandwich Ru-TsDPEN complex 8 as catalyst.26 As shown

in Scheme 8, various imines can be reduced with high yield and

enantioselectivity in the formic acid/triethylamine azeotrope.

Under the acidic conditions used, CQN bond is preferentially

reduced over CQO bond, which would otherwise be expected

to be more reactive under relatively neutral conditions.

However, acyclic imines led to lower enantioselectivity.

This seminal discovery has since brought about a great deal of

excitement in developing methods for asymmetric imino reduc-

tion. Soon after its discovery, the Noyori catalytic system was

applied to the synthesis of substituted isoquinolines by Vedejs.27

Wills and co-workers reported a one-pot reductive amination

(Scheme 9).28 Whilst good enantioselectivity was obtained, the

catalyst only worked for intramolecular reductive amination.

Another interesting application of the Noyori system is seen

in the dynamic kinetic resolution (DKR) of a-branched
ketimines.29 Excellent diastereoselectivities and good to

excellent enantioselectivities were obtained for a range of

substrates with the Ru-TsDPEN catalyst or an analogous

Scheme 6 Reduction of imine by an in situ generated cyclometalated

iridium complex.

Scheme 7 Cyclometalated iridium catalysed reductive amination. A: S/C = 1000; B: S/C = 200.
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iridium catalyst. One-pot reductive amination of a-branched
ketones via DKR could also be achieved, albeit requiring a

long reaction time (Scheme 10)

The isoelectronic Rh-TsDPEN catalyst 9 appears to be

more active in imine reduction.30 However, the enantio-

selectivities obtained are lower than those observed with

Ru-TsDPEN and acyclic imines afford almost racemic

products. The rhodium catalyst 9 has recently been applied

to the reduction of cyclic sulfamidates31 and N-sulfonyl

ketimines (Scheme 11).32 Interestingly, in the case of sulfamidates,

DKR of disubstituted cyclic imines took place, affording up to

99% yield, 4 20 : 1 dr and 99% ee.31b

Wills and co-workers introduced elegant modifications to

the M-TsDPEN catalysts. In particular, installing a tether

group between the diamine and the Cp* ligand gives rise to a

very active and selective Rh(III) catalyst for the reduction of

ketones and to some degree imines.33 N-Alkylated Ts-DPEN

ligands were also used for Ru catalysed reduction of imines,

offering insight into the mechanism of the reaction.34

Our group had previously shown that without any modifi-

cation, the water-insoluble M-TsDPEN (M = Ru, Rh, Ir)

catalysts allow for highly efficient reduction of ketones in neat

water using sodium formate as hydrogen source, providing

fast reduction rate and high enantioselectivity.22 An important

observation was that the solution pH plays a vital role in

obtaining high activity and ee, with neutral pH being optimal.

Prompted by the ‘‘green’’ feature of this aqueous reduction, we

investigated the ATH of quinolines using (S,S)-9 as catalyst in

water. Tetrahydroquinolines, product of quinoline reduction,

are commonly present in alkaloids and are required in

pharmaceutical and agrochemical synthesis; but quinolines

are relatively more difficult to reduce than normal imines,

due to the destruction of aromaticity. We set out to examine

the reduction of a model substrate 2-methylquinoline with

HCOONa in water. Disappointingly, a conversion of only

17% was obtained at 40 1C and a S/C ratio of 100 in 12 h. The

enantioselectivity was excellent, however, at 96% ee. Bearing

in mind the finding from ketone reduction, we studied the

effect of solution pH on the ATH rate. As shown in

Scheme 12, the reduction was indeed strongly affected by the

solution pH, with the maximum conversion observed at pH 5;

the enantioselectivity did not vary though. This volcano curve

is consistent with quinoline being reduced in its protonated

rather neutral form. The pKa of protonated 2-methylquinoline

is 5.4. At high pH (45.4), the concentration of protonated

quinoline becomes low, whilst at low pH (o3.6) the concen-

tration of reductant, formate, diminishes (pKa of HCOOH is 3.6).

Thus, a high concentration of protonated 2-methylquinoline

and formate is expected in between pH 3.6–5.4. This would

benefit the catalysis if the turnover is limited by the step of

hydrogen transfer.

However, when conducted at the best pH 5, the reduction,

though fast initially, could not complete even after a

prolonged reaction time. Accompanied with this change in

reaction rate was the solution pH, which quickly rose to 8

and hardly changed thereafter. This observation led us to

speculate if the rise in solution pH was responsible for the

Scheme 8 ATH of imines with the Noyori–Ikariya catalyst 8.

Scheme 9 Asymmetric intramolecular reductive amination via TH.

Scheme 10 DKR via transfer hydrogenative reductive amination.

Scheme 11 Rh-TsDPEN catalysed imino bond reduction.

Pu
bl

is
he

d 
on

 3
1 

M
ay

 2
01

1.
 D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
L

iv
er

po
ol

 o
n 

7/
27

/2
02

0 
10

:4
8:

31
 P

M
. 

View Article Online

https://doi.org/10.1039/c1cc12326b


9778 Chem. Commun., 2011, 47, 9773–9785 This journal is c The Royal Society of Chemistry 2011

slowing down in the reduction rate with time. Indeed, we found

that the reduction was no longer stagnant when the pH was

controlled. Thus, when a 2 M HOAc/NaOAc buffer solution

was used instead of neat water, the ATH led to a 95%

conversion in 3 h, with the enantioselectivity being identical

to that observed in the aqueous formate.

With complex 10 as the catalyst, a broad range of quinoline sub-

strates were then reduced under the buffered conditions, affording

excellent yields and enantioselectivities (Scheme 13). This is the first

organometallic ATH system for heterocyclic compounds, and it

provides the widest substrate scope for quinolines.35

3. Hydrogenation of imino bonds with

half-sandwich complexes

AH of imino bonds with H2 and half-sandwich metal

complexes was reported by Norton and co-workers in 2001.36

Using a CpRu-diphosphine complex 11 as catalyst, they were

able to reduce N,N-dialkyl iminium cations, obtaining up to

60% ee (Scheme 14). This is the first study, which shows that

CQN double bonds can be hydrogenated in an ionic mecha-

nism (vide infra). Involving no imine coordination to the metal

complex, this mechanism is characterised with hydride transfer

to a protonated imine, thereby resulting in the reduction of the

imino bond.37

Highly enantioselective hydrogenation has recently been

demonstrated with the M-TsDPEN type catalysts. Fan and

co-workers reported the hydrogenation of quinolines using 12,

an analogue of 8, in the ionic liquid [BMIM][PF6] [BMIM =

1-n-butyl-3-methylimidazolium] (Scheme 15).38 The catalyst

12 was previously shown by Noyori and co-workers to be

viable for asymmetric ketone hydrogenation.39 Although the

catalyst performed well in methanol,40 ionic liquid led to a

higher ee and dramatically enhanced catalyst stability. A

further advantage is that the ionic liquid permits recycle of

catalyst without sacrificing reactivity or enantioselectivity.

Interestingly, their more recent study has revealed that the

reaction proceeds efficiently even under solvent-free condi-

tions, at a lower catalyst loading of 0.02%, but crucially in the

presence of 0.1% TfOH.41 Excellent yields and enantio-

selectivities of up to 97% were obtained for a range of

2,6-substituted quinolines.

The Fan group also reported AH of cyclic N-sulfonylimines.42

A Ru-MsDPEN [MsDPEN = N-(methanesulfonyl)-1,2-

diphenylethylenediamine] catalyst afforded the best results,

with enantioselectivity up to 93% ee (Fig. 3). However, the

substrate scope appears limited, and the iridium and rhodium

analogues showed lower enantioselectivities under the same

conditions.

Very recently, the group extended the application of

Ru-MsDPEN. Catalyst 13 was used for the AH of

N-alkylketimines in dichloroethane or under solvent-free condi-

tions, furnishing excellent enantioselectivities (Scheme 16).43

The presence of (Boc)2O proves to be essential for the perfor-

mance of the catalyst. If the imine decomposes, the resulting

benzylamine may inhibit the catalysis by coordination to the

Ru(II). (Boc)2O prevents this inhibition by protection of the

benzylamine.

Our interest in AH of imino bonds arises from a study of

carbonyl reduction, where we showed that a tosylated

Ir-TsEN (EN = ethylene diamine) catalyst is capable of fast

TH as well as hydrogenation of ketones and aldehydes in

water.22b,44 While that research was underway, Noyori and

co-workers published the hydrogenation of ketones with

catalysts of the type 12.39,45 We therefore attempted the

hydrogenation of imines with the iridium catalyst, initially

focusing on 3,4-dihydroisoquinolines; however, the Ir-TsEN

Scheme 12 Effect of solution pH on quinoline reduction in water.

Scheme 13 pH-regulated ATH of quinolines. Scheme 14 AH of iminium salts by a ruthenium hydride.
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catalyst was inefficient. On screening a variety of potential

catalysts with focus on non-coordinating counterions to

encourage H2 coordination, the rhodium complex 14, gener-

ated in situ from the corresponding chloride complex, emerged

to be very effective, catalysing the hydrogenation of a series of

dihydroisoquinolines and dihydro-b-carbolines with excellent

yields and enantioselectivities at 20 atm H2 and 20 1C

(Scheme 17).46

The key to the success of 14 lies in its bulky counteranion,

SbF6
�. Scheme 18 compares the effect of anions on the

hydrogenation of 1-methyl-3,4-dihydroisoquinoline. Clearly,

the smaller and coordinating anions exert a dramatically

inhibiting effect on the catalysis. Whilst the low activity of

the chloride and triflate complexes is likely to be a result of

unfavoured anion dissociation from the Rh(III) which retards

H2 coordination, the inability of the PF6
� salt is less clear,

though it may be due to dimerisation of active rhodium

species.47 The effect of counterions has also been studied by

Ikariya and co-workers in the AH of acyclic imines with

catalyst 15 (Scheme 19).48 The addition of silver salt enhances

both activity and enantioselectivity, with more coordinating

counterions leading to lower enantioselectivities. The Ag+ ion

is Lewis acidic and may bind to the imine, activating it towards

hydride addition. This is supported by NMR experiments,

where a downfield shift in the imine carbon is observed in the

presence of the silver salt.

Further work in our group exploited the effect of metal-

counteranion cooperative catalysis. Having succeeded in AH

of isoquinoline derivatives, we tested the rhodium catalyst 14

for the more challenging acyclic imines, disappointingly

observing almost racemic product. Better enantioselectivities

were obtained with an analogous Ir(III) catalyst, however.

Inspired by studies in organocatalytic imino reduction with

Hantzsch esters,49 we envisioned that replacing the achiral

counteranion with a chiral phosphate might improve the

Scheme 15 Ru-catalysed AH of quinolines.

Fig. 3 Examples of sultams synthesised by AH.

Scheme 16 AH of N-alkyl ketimine by Ru-MsDPEN.
Scheme 17 AH of isoquinolines and dihydro-b-carbolines with a

cationic Rh-diamine complex.

Scheme 18 Effect of counterion on the rate of hydrogenation of

1-methyl-3,4-dihydroisoquinoline.

Scheme 19 Ir-TsCYDN catalysed AH of an acyclic imine.
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enantioselectivity, since the phosphate could be expected to

ion-pair with the iminium cation resulting from deprotonation

of the Ir–H2 intermediate and thereby affect the facial

selectivity of the Ir–H hydride (Scheme 20).50 Delightfully,

this mere change in anion boosted the enantioselectivity from

22% to 97% ee for the reaction shown in Scheme 21. This

synergistic effect necessitates a match in chirality between the

metal cation and its counteranion, however. Thus, changing

the configuration in the diamine ligand from S,S to R,R leads

to a change in the product ee from 97% (S) to 38% (R)

(entry 1 vs 2, Scheme 21). The substituents on the 3 and 30

position of the phosphoric acid also exert a remarkable effect on

the enantioselectivity. Without substitution or with a simple

phenyl ring at the 3 and 30 positions, the enantiodifferentiation

is poor. Surprisingly, increasing the bulkiness of the substituent

affords a product of not only higher ee but also opposite

configuration (entries 3 and 4 vs 1, 5 and 6, Scheme 21). These

results suggest that the metal cation and its counteranion are

both involved in the enantio-determining step.

The phosphate catalyst 16 [R = 2,4,6-(2-C3H7)3C6H2] was

applied to a wide range of imines, affording excellent yields

(88–96%) and up to 98% ee (Scheme 22). A variety of

functional groups were tolerated either on the ketone or the

aniline ring, and the catalyst was selective to CQN bond over

other reducible groups, such as alkenyl, nitrile and cyclopropyl.

Furthermore, it also allows the reduction of dialkyl N-aryl imines.

One-pot reductive amination is a more eco-friendly way for

accessing chiral amines, as tedious isolation of often unstable

imines is not required. The Ir(III)-phosphate cooperative

catalyst is shown to be viable for this transformation, under

mild conditions, i.e. a low pressure of 5 atm H2 and 35 1C.50b,c

Once again, a wide substrate scope is demonstrated (Fig. 4). In

particular, a number of aliphatic ketones were aminated with

excellent enantioselectivities. Historically, these substrates

have proven to be problematic, giving poor yields and

enantioselectivities.13b As Fig. 4 attests, this cooperative

catalysis is triple-selective, reducing imine over ketone and

imine over other reducible groups, and being enantioselective.

The asymmetric cooperative catalysis can also be brought

about by combining a chiral counteranion with an achiral

metal partner or vice versa, making the catalysis more

economic.51 We demonstrated that replacing the chiral

diamine in 16 with the TsEN type achiral ligands still afforded

asymmetric hydrogenation of the imine (Scheme 21), giving up

to 70% ee.51a More recently, Rueping and co-workers have

shown that the chiral N-trifylphosphoramide 19 can induce

chirality in the metal complex 17, although a low enantio-

selectivity was observed for the hydrogenation of quinolines

(Scheme 23).51b More successful was the combination of the

chiral complex 18 with 19. And interestingly, 19 recognises 18,

with 19-(R,R)-18 being more active and selective.

4. Immobilised and water-soluble half-sandwich

catalysts

As with most other organometallic catalysts, the half-

sandwich catalysts described above are not easy to separate

from products and be reused. Both economically and

environmentally, they should be. Effort has been made to

immobilise these catalysts on solid surface or in water.12c,52

Deng, Tu and co-workers reported the immobilisation of the

Scheme 20 Schematic illustration of imine hydrogenation via

cooperative catalysis.

Scheme 21 Match/mismatch effect on the cooperative catalysis.

Scheme 22 Examples of amines accessed by imine hydrogenation via

cooperative catalysis.
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TsDPEN ligand on silica.53 The immobilised ligand 20

(Scheme 24), when ligated to [RuCl2(p-cymene)]2, is effective

for both ketone and imine reduction using HCOOH/Et3N

azeotrope as both the solvent and hydrogen source. The

catalyst can be recycled up to 7 times for the reduction of

cyclic imines. A similar system was reported by Ying and

co-workers.54 More recently, Li and co-workers immobilised

the Noyori–Ikariya catalyst onto mesoporous magnetic silica.55

The catalyst prepared from the ligand 21 and [RuCl2(p-cymene)]2
afforded comparable enantioselectivity to the homogeneous

catalyst 8 in dichloromethane. Being easily separated from the

reaction mixture with an external magnet, the catalyst can be

reused for up to 9 times without notable decrease of ee.

Polymer supported TsDPEN type ligand 22 was also

prepared.56 When combined with ruthenium, it afforded

improved enantioselectivity for some acyclic imines in organic

solvent using the HCOOH/Et3N azeotrope as hydrogen

source; and for cyclic imines, the reaction can be performed

in water using sodium formate as hydrogen source.

Although it may appear counter-intuitive given imines are

generally water-sensitive, attempts have been made to reduce

imines with water-soluble catalysts in water. Deng and

co-workers were the first to develop water soluble Noyori–

Ikariya catalyst using ligand 23 and applied the catalyst for

aqueous reduction of imines.57 Using sodium formate as

hydrogen source in the presence of a surfactant, a series of

cyclic imines were reduced in high yields and enantio-

selectivities. It is worth noting that alkylated iminium salts

of cyclic imines were reduced equally well, indicating a

mechanism different from the metal ligand bifunctional

mechanism for ketone reduction.58 However, acyclic imines

were not viable, being probably decomposed under the

aqueous conditions. When combined with [Cp*RhCl2]2,

ligand 24 also catalyses the reduction of cyclic imines in water,

with sodium formate as hydrogen source.59 Suss-Fink and

co-workers reported a series of cationic aqua ruthenium

complexes, which are water soluble.60 These complexes

catalyse the reduction of both acyclic and cyclic imines by

sodium formate in water. Impressively, with the catalyst 25

acyclic imines can be reduced in up to 91% ee in aqueous

conditions (Scheme 25).

5. Mechanistic insight

As it is clear now, imines can be reduced by either hydrogena-

tion with H2 or TH, using similar half-sandwich catalysts.

Mechanistic understanding of the reduction has been less

developed, however, compared with the case of carbonyl

groups.16,61 There are two critical steps in both hydrogenation

and TH, i.e. hydride formation and hydride transfer, either of

which may control the turnover rate. These are illustrated in

Fig. 4 Examples of chiral amines accessed via asymmetric reductive

amination using catalyst 16.

Scheme 23 Effect of the metal part on the AH of quinoline in

cooperative catalysis.

Scheme 24 Immobilised and water-soluble ligands/catalysts.
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the ‘‘hydrogenation/transfer hydrogenation network’’39

shown in Scheme 26, where B represents a Brønsted basic

group, which may or may not link to the metal and could be

an amine or imine in the reaction system. As can be seen, it is

the hydride formation step that differentiates hydrogenation

with H2 from TH with other hydrogen sources.

In probably all the half-sandwich complexes described

above, the hydride is generated from a 16e� intermediate,

i.e. the M-B species in Scheme 26. Scheme 27 illustrates how

the hydride is formed from the three widely used hydrogen

sources, isopropanol, formic acid and hydrogen.

Whilst dehydrogenation of isopropanol to give the M–H

hydride via the pericyclic six-membered transition state is well

understood,16,61 hydride formation from formic acid or

formate is less clear. Ikariya and co-workers showed that the

16e� Ru(II) complex generated from 8 is readily protonated by

HCOOH at the amide nitrogen, forming an ion pair, which

then collapses to give the formate complex (Scheme 28).

Decarboxylation took place at �15 1C, affording the

hydride.62 Interestingly, the reverse reaction, CO2 insertion

to reform the formate species, proceeded rapidly even at �78 1C.
The NH moiety is critical for CO2 insertion, hydrogen-

bonding to the carbonyl oxygen, and it must also be the case

for the decarboxylation according to the principle of

microscopic reversibility. The activation parameters obtained

are in line with an organised transition state.

The presence of the NH moiety is not always necessary for

hydride formation, however. For instance, our recently

developed cyclometalated iridium catalyst 7 has shown fast

decarboxylation rate to form the hydride. The complex

[(Z6-C6Me6)Ru(bpy)(H2O)]2+ reacts with formate in water,

affording structurally characterised formate and hydride

complexes.63 Notable is that the formation of these species is

solution-pH dependent.

Hydrogenation of neutral half-sandwich 16e� complexes

with H2 to generate the hydride is sluggish under neutral or

basic conditions, as shown by the work of Noyori, Ikariya and

Rauchfuss.61a,64 Presumably this stems from bonding of the

lone pair on B (Scheme 27) with the metal. In fact, complexes

of the type 18 do not react with PPh3 or MeCN. However,

formation of the hydride takes place readily in acidic condi-

tions, under which the basic group B is protonated. The

resulting metal cation reacts readily with H2 to give the

hydride, probably via a dihydrogen intermediate, which is

deprotonated by a base (Scheme 27). The enhanced Lewis

acidity, which would encourage H2 coordination and the

subsequent deprotonation, is most likely to be respon-

sible for the much higher activity of the metal complex

towards H2.

Turning attention to the hydride transfer step, various lines

of evidence appear to favour an ionic mechanism,37,65 where

the M–H hydride transfers to a protonated and hence

activated imine, involving no coordination of the imine to

the metal centre during the transfer. This is in contrast to the

well-established metal–ligand bifunctional pathway for ketone

reductions.61a,c,d A clear illustration of the ionic mechanism

is seen in Norton’s work on the AH of N,N-dialkyl

iminium cations with the CpRu-diphosphine complex 11

(Scheme 14).36,66 Kinetic studies reveal that the hydrogenation

proceeds via the mechanism shown in Scheme 29, consisting of

coordination of the H2 molecule to the cationic metal centre,

followed by heterolytic cleavage of H2 into H+ and H�;

hydride transfer to the iminium cation completes the catalytic

cycle, with the turnover limited by the hydride transfer step.

Deprotonation of the coordinated dihydrogen, the pKa of

which is ca. 7, may be by the action of the product or even

the substrate.

Stoichiometric reduction also supports the ionic pathway.

Thus, the isolated Ru–H derived from 8 does not reduce free

imines; however, the reaction takes place quite rapidly in the

presence of acid additives (Scheme 30).67 Similarly, Fan

reported no reduction of 2-methylquinoline even in the

Scheme 25 ATH of an acyclic imine in water.

Scheme 26 The hydrogenation/TH network for imine reduction.

Scheme 27 Formation of hydrides from bifunctional metal-base pair.

Scheme 28 Hydride formation via decarboxylation of HCOOH.

Pu
bl

is
he

d 
on

 3
1 

M
ay

 2
01

1.
 D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
L

iv
er

po
ol

 o
n 

7/
27

/2
02

0 
10

:4
8:

31
 P

M
. 

View Article Online

https://doi.org/10.1039/c1cc12326b


This journal is c The Royal Society of Chemistry 2011 Chem. Commun., 2011, 47, 9773–9785 9783

presence of excess of the hydride; but the protonated species

reacts smoothly to give the tetrahydroquinoline product

(Scheme 30).38 These observations are inconsistent with a

neutral imine being the species undergoing reduction, but

are in line with the ionic mechanism.68 Still interesting is that

the hydrogenation rate in Scheme 29 agrees with that

measured in stoichiometric reduction using isolated Ru–H

hydride, lending support to the ionic hydrogenation

pathway.36,66 Further evidence for the ionic pathway is

found in the TH of quinolines, where acidic conditions are

required.35 The cyclometalated iridium catalysts developed by

our group are also likely to proceed via the ionic mechanism,

where no free NH is available for metal–ligand bifunctional

action.23

The ionic mechanism also appears to be applicable to the

reduction catalysed by Shvo’s catalyst. In the so called outer-

sphere mechanism proposed by Casey and co-workers,16,69 the

hydride and the proton from the hydroxyl group of the Cp

ligand transfer simultaneously to an imino bond (Scheme 31).

Cp ring slippage does not take place, which would otherwise

allow imine coordination. Interestingly, DFT calculations

revealed that the proton and hydride transfer is asynchronous,

with the former being more transferred than the latter at the

transition state, thus resembling protonation of the substrate

and hence the ionic mechanism.70

Bäckvall and co-workers has suggested an inner-sphere

mechanism, the key step of which involves ring slippage of

the Cp ring (Scheme 31).71 Imine coordination is then followed

by hydride transfer. Whilst calculations showed a reasonable

energy barrier of 15 kcal mol�1 for the ring slippage and imine

coordination step, with the rest of the steps displaying similar

but lower energies,71 further studies have shown that the

outer-sphere, asynchronous hydrogen transfer is favoured by

more than 10 kcal mol�1.70

6. Concluding remarks

Half-sandwich metal complexes have shown to be excellent

catalysts for both TH and hydrogenation. A variety of imines,

either pre- or in situ-formed, can be reduced, affording

excellent chemo- and enantio-selectivities in a number of

cases. Most likely, the reduction reactions proceed via an

ionic mechanism, in which the catalyst delivers a hydride

to an imine protonated by a dihydrogen complex or a

proton. Scheme 32 illustrates the essential aspect of this

mechanism.

This ionic mode of reduction is particularly suited for the

half-sandwich catalysts, since incorporating a bidentate ligand

will leave only one open site for H2 coordination and hydride

formation. Unless ring slippage takes place with a low energy

barrier, imine will not be able to coordinate. However, for

arene rings substituted with non-conjugating groups, which is

the case for most of the catalysts described in this Article, this

slippage may not be easy.72 and as recent theoretical studies

have shown, hydrogen bonding of the Cp hydroxyl with the

imine can substantially lower the hydride transfer barrier

(Scheme 31).71 Protonated imines are expected and have been

shown to be much more reactive than imines, supporting the

ionic pathway.

The ionic reduction mimics what nature does in enzymatic

catalysis, where the NADH or NADPH cofactors serve as the

hydride donor. The man-made version could be more advan-

tageous, however, given the diversity of the hydrogen sources

and the tunability of the catalysts. More enabling catalysts are

expected to emerge, with which we will be able to tackle

more challenging substrates with more desirable selectivity,

productivity and eco-compatibility.

Scheme 29 Imine hydrogenation through an ionic mechanism.

Scheme 30 Stoichiometric reduction with isolated Ru–H hydride.

Scheme 31 Outer-sphere vs inner-sphere mechanism for imine reduc-

tion with Shvo’s catalyst.

Pu
bl

is
he

d 
on

 3
1 

M
ay

 2
01

1.
 D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
L

iv
er

po
ol

 o
n 

7/
27

/2
02

0 
10

:4
8:

31
 P

M
. 

View Article Online

https://doi.org/10.1039/c1cc12326b


9784 Chem. Commun., 2011, 47, 9773–9785 This journal is c The Royal Society of Chemistry 2011

Acknowledgements

We are indebted to Drs Chaoqun Li, Xiaofeng Wu, Alan

Pettman, Mark Purdie, Keith Mulholland and Philip Hogan

for their many contributions to our work on imino bond

reduction. We also thank Pfizer and AstraZeneca for PhD

studentships (C. Wang and B. Villa-Marcos).

References

1 (a) M. Breuer, K. Ditrich, T. Habicher, B. Hauer, M. Kesseler,
R. Sturmer and T. Zelinski, Angew. Chem., Int. Ed., 2004, 43,
788–824; (b) F. Spindler and H. U. Blaser, in Handbook of
Homogeneous Hydrogenation, ed. J. G. de Vries and
C. J. Elsevier, Wiley-VCH, Winhiem, 2007, p. 1193.

2 (a) F. Fache, E. Schulz, M. L. Tommasino and M. Lemaire, Chem.
Rev., 2000, 100, 2159–2231; (b) Y. M. He and Q. H. Fan, Org.
Biomol. Chem., 2010, 8, 2497–2504.

3 Y. Gnas and F. Glorius, Synthesis, 2006, 1899–1930.
4 J. B. Brazier and N. C. O. Tomkinson, Top. Curr. Chem., 2010,
291, 281–347.

5 H. U. Blaser and F. Spindler, Chimia, 1997, 51, 297–299.
6 Z. Q. Ye, R. Z. Lan, W. M. Yang, L. F. Yao and X. Yu, J. Int.
Med. Res., 2008, 36, 244–252.

7 W. W. Ma, J. E. Anderson, A. T. Mckenzie, S. R. Byrn,
J. L. Mclaughlin and M. S. Hudson, J. Nat. Prod., 1990, 53,
1009–1014.

8 C. Claver and E. Fernández, in Modern Reduction Methods,
ed. P. G. Andersson and I. M. Munslow, Wiley-VCH, Winheim,
2008, p. 235-269.

9 M. Wills, in Modern Reduction Methods, ed. P. G. Andersson and
I. M. Munslow, Wiley-VCH, Weinheim, 2008, p. 271–296.

10 (a) E. R. Burkhardt and K. Matos, Chem. Rev., 2006, 106,
2617–2650; (b) A. F. Abdel-Magid and S. J. Mehrman, Org.
Process Res. Dev., 2006, 10, 971–1031.

11 O. Riant, in Modern Reduction Methods, ed. P. G. Andersson and
I. M. Munslow, Wiley-VCH, Weinheim, 2008, p. 321.

12 (a) S. G. Ouellet, A. M.Walji and D. W. C. Macmillan, Acc. Chem.
Res., 2007, 40, 1327–1339; (b) S. L. You, Chem.–Asian J., 2007, 2,
820–827; (c) C. Wang, X. F. Wu and J. L. Xiao, Chem.–Asian J.,
2008, 3, 1750–1770.

13 (a) N. Fleury-Bregeot, V. de la Fuente, S. Castillon and C. Claver,
ChemCatChem, 2010, 2, 1346–1371; (b) T. C. Nugent and
M. El-Shazly, Adv. Synth. Catal., 2010, 352, 753–819; (c) J. H.
Xie, S. F. Zhu and Q. L. Zhou, Chem. Rev., 2011, 111, 1713–1760.

14 (a) G. Consiglio and F. Morandini, Chem. Rev., 1987, 87, 761–778;
(b) M. O. Albers, D. J. Robinson and E. Singleton, Coord. Chem.
Rev., 1987, 79, 1–96; (c) N. J. Coville, K. E. Duplooy and W. Pickl,
Coord. Chem. Rev., 1992, 116, 1–267; (d) C. Ganter, Chem. Soc.
Rev., 2003, 32, 130–138; (e) V. N. Sapunov, R. Schmid,
K. Kirchner and H. Nagashima, Coord. Chem. Rev., 2003, 238,
363–382; (f) V. Cadierno, M. P. Gamasa and J. Gimeno, Coord.

Chem. Rev., 2004, 248, 1627–1657; (g) H. Werner,Organometallics,
2005, 24, 1036–1049; (h) K. Severin, Chem. Commun., 2006,
3859–3867; (i) J. K. Liu, X. F. Wu, J. A. Iggo and J. L. Xiao,
Coord. Chem. Rev., 2008, 252, 782–809.

15 R. Grigg, T. R. B. Mitchell and N. Tongpenyai, Synthesis, 1981,
442–444.

16 C. P. Casey, S. W. Singer, D. R. Powell, R. K. Hayashi and
M. Kavana, J. Am. Chem. Soc., 2001, 123, 1090–1100.

17 J. S. M. Samec and J. E. Bäckvall, Chem.–Eur. J., 2002, 8,
2955–2961.

18 M. Kitamura, D. Lee, S. Hayashi, S. Tanaka and M. Yoshimura,
J. Org. Chem., 2002, 67, 8685–8687.

19 S. Ogo, K. Uehara, T. Abura and S. Fukuzumi, J. Am. Chem. Soc.,
2004, 126, 3020–3021.

20 J. M. McFarland and M. B. Francis, J. Am. Chem. Soc., 2005, 127,
13490–13491.

21 R. Corberan and E. Peris, Organometallics, 2008, 27, 1954–1958.
22 (a) X. F. Wu, X. G. Li, F. King and J. L. Xiao, Angew. Chem., Int.

Ed., 2005, 44, 3407–3411; (b) X. F. Wu, J. K. Liu, X. H. Li,
A. Zanotti-Gerosa, F. Hancock, D. Vinci, J. W. Ruan and
J. L. Xiao, Angew. Chem., Int. Ed., 2006, 45, 6718–6722;
(c) X. F. Wu, J. K. Liu, D. Di Tommaso, J. A. Iggo, C. R. A.
Catlow, J. Bacsa and J. L. Xiao, Chem.–Eur. J., 2008, 14,
7699–7715; (d) X. F. Wu, X. H. Li, A. Zanotti-Gerosa,
A. Pettman, J. K. Liu, A. J. Mills and J. L. Xiao, Chem.–Eur. J.,
2008, 14, 2209–2222.

23 C. Wang, A. Pettman, J. Bacsa and J. L. Xiao, Angew. Chem., Int.
Ed., 2010, 49, 7548–7552.

24 K. Mashima, T. Abe and K. Tani, Chem. Lett., 1998, 1199–1200.
25 (a) D. L. Davies, O. Al-Duaij, J. Fawcett, M. Giardiello,

S. T. Hilton and D. R. Russell, Dalton Trans., 2003, 4132–4138;
(b) W. D. Jones, L. Li and W. W. Brennessel, Organometallics,
2009, 28, 3492–3500.

26 N. Uematsu, A. Fujii, S. Hashiguchi, T. Ikariya and R. Noyori,
J. Am. Chem. Soc., 1996, 118, 4916–4917.

27 E. Vedejs, P. Trapencieris and E. Suna, J. Org. Chem., 1999, 64,
6724–6729.

28 G. D. Williams, R. A. Pike, C. E. Wade and M. Wills, Org. Lett.,
2003, 5, 4227–4230.

29 A. Ros, A. Magriz, H. Dietrich, M. Ford, R. Fernández and
J. M. Lassaletta, Adv. Synth. Catal., 2005, 347, 1917–1920.

30 J. M. Mao and D. C. Baker, Org. Lett., 1999, 1, 841–843.
31 (a) S. Kang, J. Han, E. S. Lee, E. B. Choi and H. K. Lee, Org.

Lett., 2010, 12, 4184–4187; (b) J. Han, S. Kang and H. K. Lee,
Chem. Commun., 2011, 111–112.

32 S. H. Kwak, S. A. Lee and K. I. Lee, Tetrahedron: Asymmetry,
2010, 21, 800–804.

33 D. S. Matharu, J. E. D. Martins and M. Wills, Chem.–Asian J.,
2008, 3, 1374–1383.

34 J. E. D. Martins, G. J. Clarkson and M. Wills, Org. Lett., 2009, 11,
847–850.

35 C. Wang, C. Q. Li, X. F. Wu, A. Pettman and J. L. Xiao, Angew.
Chem., Int. Ed., 2009, 48, 6524–6528.

36 M. P. Magee and J. R. Norton, J. Am. Chem. Soc., 2001, 123,
1778–1779.

37 S. E. Clapham, A. Hadzovic and R. H. Morris, Coord. Chem. Rev.,
2004, 248, 2201–2237.

38 H. F. Zhou, Z. W. Li, Z. J. Wang, T. L. Wang, L. J. Xu, Y. He,
Q. H. Fan, J. Pan, L. Q. Gu and A. S. C. Chan, Angew. Chem., Int.
Ed., 2008, 47, 8464–8467.

39 T. Ohkuma, N. Utsumi, K. Tsutsumi, K. Murata, C. Sandoval and
R. Noyori, J. Am. Chem. Soc., 2006, 128, 8724–8725.

40 Z. W. Li, T. L. Wang, Y. M. He, Z. J. Wang, Q. H. Fan, J. Pan and
L. J. Xu, Org. Lett., 2008, 10, 5265–5268.

41 Z. J. Wang, H. F. Zhou, T. L. Wang, Y. M. He and Q. H. Fan,
Green Chem., 2009, 11, 767–769.

42 F. Chen, Z. W. Li, Y. M. He and Q. H. Fan, Chin. J. Chem., 2010,
28, 1529–1532.

43 F. Chen, T. L. Wang, Y. M. He, Z. Y. Ding, Z. W. Li, L. J. Xu and
Q. H. Fan, Chem.–Eur. J., 2011, 17, 1109–1113.

44 X. F. Wu, C. Corcoran, S. J. Yang and J. L. Xiao, ChemSusChem,
2008, 1, 71–74.

45 (a) T. Ohkuma, K. Tsutsumi, N. Utsumi, N. Arai, R. Noyori and
K. Murata, Org. Lett., 2006, 9, 255–257; (b) T. Ohkuma,
N. Utsumi, M. Watanabe, K. Tsutsumi, N. Arai and K. Murata,

Scheme 32 General representation of the ionic mechanism for imino

bond reduction.

Pu
bl

is
he

d 
on

 3
1 

M
ay

 2
01

1.
 D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
L

iv
er

po
ol

 o
n 

7/
27

/2
02

0 
10

:4
8:

31
 P

M
. 

View Article Online

https://doi.org/10.1039/c1cc12326b


This journal is c The Royal Society of Chemistry 2011 Chem. Commun., 2011, 47, 9773–9785 9785

Org. Lett., 2007, 9, 2565–2567; (c) C. A. Sandoval, T. Ohkuma,
N. Utsumi, K. Tsutsumi, K. Murata and R. Noyori, Chem.–Asian
J., 2006, 1, 102–110.

46 C. Q. Li and J. L. Xiao, J. Am. Chem. Soc., 2008, 130,
13208–13209.

47 (a) A. Lightfoot, P. Schnider and A. Pfaltz, Angew. Chem., Int. Ed.,
1998, 37, 2897–2899; (b) A. Macchioni, Chem. Rev., 2005, 105,
2039–2073.

48 S. Shirai, H. Nara, Y. Kayaki and T. Ikariya, Organometallics,
2009, 28, 802–809.

49 (a) S. Hoffmann, A. M. Seayad and B. List, Angew.Chem., Int. Ed.,
2005, 44, 7424–7427; (b) M. Rueping, E. Sugiono, C. Azap,
T. Theissmann and M. Bolte, Org. Lett., 2005, 7, 3781–3783;
(c) S. Hoffmann, M. Nicoletti and B. List, J. Am. Chem. Soc.,
2006, 128, 13074–13075.

50 (a) C. Q. Li, C. Wang, B. Villa-Marcos and J. L. Xiao, J. Am.
Chem. Soc., 2008, 130, 14450–14451; (b) C. Q. Li, B. Villa-Marcos
and J. L. Xiao, J. Am. Chem. Soc., 2009, 131, 6967–6968;
(c) B. Villa-Marcos, C. Q. Li, K. R. Mulholland, P. J. Hogan
and J. L. Xiao, Molecules, 2010, 15, 2453–2472.

51 (a) C. Q. Li, Highly Enantioselective Synthesis of Amines by
Asymmetric Hydrogenation, Thesis (Ph.D.), University of
Liverpool, 2009; (b) M. Rueping and R.M. Koenigs, Chem. Commun.,
2011, 47, 304–306.

52 X. F. Wu and J. L. Xiao, Chem. Commun., 2007, 2449–2466.
53 P. N. Liu, P. M. Gu, J. G. Deng, Y. Q. Tu and Y. P. Ma, Eur. J.

Org. Chem., 2005, 3221–3227.
54 X. H. Huang and J. Y. Ying, Chem. Commun., 2007, 1825–1827.
55 J. Li, Y. M. Zhang, D. F. Han, Q. Gao and C. Li, J. Mol. Catal. A:

Chem., 2009, 298, 31–35.
56 N. Haraguchi, K. Tsuru, Y. Arakawa and S. Itsuno, Org. Biomol.

Chem., 2009, 7, 69–75.
57 J. S. Wu, F. Wang, Y. P. Ma, X. C. Cui, L. F. Cun, J. Zhu,

J. G. Deng and B. L. Yu, Chem. Commun., 2006, 1766–1768.
58 T. Ikariya, K. Murata and R. Noyori,Org. Biomol. Chem., 2006, 4,

393–406.
59 L. Li, J. S. Wu, F. Wang, J. Liao, H. Zhang, C. X. Lian, J. Zhu and

J. G. Deng, Green Chem., 2007, 9, 23–25.

60 J. Canivet and G. Suss-Fink, Green Chem., 2007, 9, 391–397.
61 (a) K. J. Haack, S. Hashiguchi, A. Fujii, T. Ikariya and R. Noyori,

Angew. Chem., Int. Ed. Engl., 1997, 36, 285–288; (b) C. P. Casey
and J. B. Johnson, J. Org. Chem., 2003, 68, 1998–2001;
(c) D. A. Alonso, P. Brandt, S. J. M. Nordin and
P. G. Andersson, J. Am. Chem. Soc., 1999, 121, 9580–9588;
(d) M. Yamakawa, H. Ito and R. Noyori, J. Am. Chem. Soc.,
2000, 122, 1466–1478; (e) K. Abdur-Rashid, S. E. Clapham,
A. Hadzovic, J. N. Harvey, A. J. Lough and R. H. Morris,
J. Am. Chem. Soc., 2002, 124, 15104–15118; (f) S. D. Phillips,
J. A. Fuentes and M. L. Clarke, Chem. Eur. J., 2010, 16,
8002–8005; (g) R. Soni, F. K. Cheung, G. C. Clarkson, J. E. D.
Martins, M. A. Graham and M. Wills, Org. Biomol. Chem., 2011,
9, 3290–3294.

62 T. Koike and T. Ikariya, Adv. Synth. Catal., 2004, 346, 37–41.
63 S. Ogo, T. Abura and Y. Watanabe, Organometallics, 2002, 21,

2964–2969.
64 Z. M. Heiden and T. B. Rauchfuss, J. Am. Chem. Soc., 2006, 128,

13048–13049.
65 R. M. Bullock, Chem.–Eur. J., 2004, 10, 2366–2374.
66 H. R. Guan, M. Iimura, M. P. Magee, J. R. Norton and G. Zhu,

J. Am. Chem. Soc., 2005, 127, 7805–7814.
67 J. B. Aberg, J. S. M. Samec and J. E. Bäckvall, Chem. Commun.,
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