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� Springer International Publishing Switzerland 2016

‘‘The two most common elements in the universe are Hydrogen and stupidity’’

Harlan Ellison (Science Fiction writer) [1].

This book is concerned with one of the most common elements in the universe:

Hydrogen. The organic chemistry of the hydrogen transfer process dates back to the

mid-nineteenth and the early twentieth centuries, and it arises from the investigations

of core organic scientists, such as Cannizzaro (1853), Tishchenko (1908), Guerbet

(1909), Meerwein (1925), Ponndorf (1926), Verley (1925), and Oppenauer (1937),

amongst others. Due to its long history, it could be assumed that no further

development can be done in this field. However, the hydrogen transfer process is a very

active research field, open currently to new discoveries, and constantly growing. The

processes, being sustainable and both environmentally benign and non-hazardous,

compared to other alternative processes, foreshadow a promising future. The authors

of the different chapters are active researchers in the field, allowing the reader to be

introduced easily and quickly into a specific area. Similarly, their experience teaches

us about mature areas as well as those areas that are in their early development or in

aspects that have not yet been resolved, and unapproachable issues.

In this volume, we aim to give insights for different aspects of the hydrogen

transfer processes. Each chapter provides a short overview of the context and

subsequent developments of their respective transformations.

This article is part of the Topical Collection ‘‘Hydrogen Transfer Reactions’’; edited by Gabriela

Guillena, Diego J.Ramón.
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Prof. Požgan and Štefane describe the metal-catalyzed transfer hydrogenation of

ketones, introducing the classic, while also assessing the newest ones, capable of

performing this enantioselective reduction with high efficiency. Meanwhile, Prof.

Wills did the corresponding transfer of hydrogen to imines, pointing up the industrial

synthesis of several drugs. Prof. Herrera ends this initial series devoted to different

aspects of the Meerwein-Ponndorf-Verley reaction, with a chapter dedicated to

organocatalytic versions of this process. Although this last approach has not yet

achieved the versatility and wide scope reached by metal-catalyzed versions, they are

complementary and in some cases, at the industrial level, can become competitive.

Prof. Knowles et al. describe the unconventional redox process in which both

proton and electron are exchanged, usually in a concerted elementary step. The

proton-coupled electron transfer is presented not as central biological catalytic

processes but as the organic transformation possibilities. The hydrogen transfer

processes are not only used in functional redox processes. Prof. Xiao et al. present

the [1,n]-hydrogen transfer/cyclization as a powerful tool in the construction of five-

and six-membered hetereo- and carbocycles, in which the formation of a carbon–

carbon bond is fundamental. The role of the heteroatom, as well as the minimum

requirements for the success of the processes is highlighted throughout.

The last chapters of this book deals with the hydrogen autotransfer processes, also

called borrowing hydrogen or a self-supplying system for active hydrogen. In these

reactions, the catalystmust transform one startingmaterial, usually an alcohol or amine,

into the real electrophilic reagent by abstraction of hydrogen (mono-activation). Prof.

Obora describes the utilization of this strategy for the alkylation of carbon-nucleophiles,

such as ketones, esters, amides, nitriles, alcohols, and heterocycles.Meanwhile, ProfXu

et al. present a similar process involving nitrogen-nucleophiles, such as ammonia,

amines, and amides. Lastly, Prof. Krische et al. assess a new version of the hydrogen

autotransfer inwhich not only the abstraction of hydrogen takes place but also the in situ

formed hydride catalyst must react with another starting material to form the real

nucleophilic reagent (di-activation), paying special attention to ruthenium catalysts.

Just taking a quick look at the different chapters, one can realize which areas of

each field are mature and which can evolve immediately. Although it is very

difficult to venture a general trend for the whole area, we could emphasize that there

is not a truly enantioselective version for the mono-activated hydrogen autotransfer

reaction. The use of first-row transition metals is almost an unexplored ‘‘Blue

Ocean’’, in all aspects. Furthermore, the possible impact of green neoteric solvents,

including deep eutectic mixtures, supercritical fluids, and bio-based solvents, on the

hydrogen transfer process is definitely unknown.

Finally, as editors, we would like to thank all the contributors, as well as the

reviewers, for their participation in this project and for their patience throughout the

entire process.

April, 2016

Top Curr Chem (Z)  (2016) 374:37 
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Bogdan Štefane1 • Franc Požgan1

Received: 2 December 2015 / Accepted: 17 February 2016 / Published online: 29 March 2016

� Springer International Publishing Switzerland 2016

Abstract We highlight recent developments of catalytic transfer hydrogenation of

ketones promoted by transition metals, while placing it within its historical context.

Since optically active secondary alcohols are important building blocks in fine

chemicals synthesis, the focus of this review is devoted to chiral catalyst types

which are capable of inducing high stereoselectivities. Ruthenium complexes still

represent the largest part of the catalysts, but other metals (e.g. Fe) are rapidly

penetrating this field. While homogeneous transfer hydrogenation catalysts in some

cases approach enzymatic performance, the interest in heterogeneous catalysts is

constantly growing because of their reusability. Despite excellent activity, selec-

tivity and compatibility of metal complexes with a variety of functional groups, no

universal catalysts exist. Development of future catalyst systems is directed towards

reaching as high as possible activity with low catalyst loadings, using ‘‘greener’’

conditions, and being able to operate under mild conditions and in a highly selective

manner for a broad range of substrates.

Keywords Ketones � Asymmetric transfer hydrogenation � Chiral metal catalysts �
Recyclable catalysts � Transfer hydrogenation in water

This article is part of the Topical Collection ‘‘Hydrogen Transfer Reactions’’; edited by Gabriela

Guillena, Diego J. Ramón.
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1 Introduction

Metal-catalysed hydrogenations without doubt represent a powerful and practical

method for the reduction of ketones to produce the corresponding secondary alcohols,

which are valuable building blocks in the pharmaceutical, perfume and agrochemical

industries [1–5]. While H2-hydrogenation is a clean reaction and proceeds with

complete atom efficiency, transfer hydrogenation (TH) has become more popular,

since it avoids the use of hazardous molecular hydrogen and the need for high-

pressure equipment [6–9]. In a typical transfer hydrogenation process, the metal

catalyst is able to abstract a hydride and a proton from the hydrogen donor and deliver

them to the carbonyl moiety of the ketone. Moreover, a number of cheap chemicals

can be used as hydrogen donors, propan-2-ol [10] and formic acid/triethylamine

mixture (FA-TEA) [11] being the most representative. Propan-2-ol is a particularly

appropriate choice from an environmental point of view and many metal catalysts

survive long enough even in refluxing 2-propanol. However, it should be used

together with a strong base (typically alkoxide or hydroxide) which is needed for the

transformation of a metal complex to an active catalyst, but, disadvantageously, the

base can sometimes also cause undesired reactions. A major drawback of using i-

PrOH is the reaction reversibility, and therefore it is used either in a large excess also

acting as a solvent or acetone is distilled off throughout the reaction to shift the

equilibrium towards the secondary alcohol formation. In contrast, formic acid does

not suffer from equilibrium problems as it is oxidised to carbon dioxide, but it can be

used in combination with a narrow range of complexes which do not undergo rapid

decomposition under these conditions. Alternative alcoholic media that have recently

been explored as hydrogen donors are ethanol [12], glycerol [13] and 1,4-butanediol

[14], the latter necessarily not being used in a large excess as it irreversibly forms

butyrolactone after two consecutive hydrogen transfers. Particularly interesting is the

use of glycerol due to its renewable origin (by-product of biodiesel production) and

interesting physicochemical properties such as high polarity, low toxicity and low

flammability. In comparison to alcohols, dimethylamine–borane adduct acts

irreversibly as a hydrogen donor [15]. Sodium hypophosphite has also been used as

an efficient reducing agent in the TH of aliphatic and aromatic ketones in the presence

of the [RuCl2(p-cymene)]2 complex [16].

Transfer hydrogenation of ketones has its origin in Meerwein–Pondorf–Verley

reduction which appeared in the mid-1920s, where the use of stoichometric

aluminium isopropoxide allowed for hydrogen transfer from propan-2-ol to a ketone

[17–19], and was later introduced in its asymmetric version by Doering and Young

Fig. 1 Meerwein–Pondorf–Verley reduction of ketones
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[20] (Fig. 1). At that time, the degree of enantioselection was very low, but the

results strongly suggested that hydrogen transfer proceeded via a six-membered

transition state, TS, as depicted in Fig. 1.

There are several metals capable of mediating the hydride transfer from the donor

to the substrate. While main-group metals, like aluminium, were previously used in

stoichiometric reaction, today’s powerful catalysts are based on transition metals.

Catalytic reactions have a clear advantage over stoichiometric ones from both

economic and environmental points of view. Among the first examples of transition-

metal-catalysed TH of ketones was the employment of an iridium-containing

catalyst for the reduction of cyclohexanones in aqueous propan-2-ol [21, 22]. Later,

Sasson and Blum [23] observed the formation of an alcohol product from saturated

ketone and 1-phenylethanol in the presence of RuCl2(PPh3)3 as catalyst, while

Chowdhury and Bäckvall [24] reported that the addition of a small amount of NaOH

base dramatically enhanced the TH rate of ketones in the presence of RuCl2(PPh3)3
with propan-2-ol. In 1986, Shvo et al. [25] reported on the synthesis of ruthenium

complex 1 which was originally very efficient in hydrogenation reaction, and,

subsequently, many applications in hydrogen transfer reactions have been reported

[26] (Fig. 2). This so-called Shvo’s complex was the first reported example of

ligand–metal bifunctional catalysts, the nomenclature later introduced by Noyori for

powerful chiral ruthenium hydrogenation catalysts. The dinuclear complex 1
dissociates on heating into 18-electron complex 10, which is an active reducing

agent, and highly reactive 16-electron species 100, which upon dehydrogenation of

Fig. 2 Transfer of hydrogen mediated by Shvo’s catalyst
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propan-2-ol regenerates an active TH catalyst. In the hydrogenation of ketones,

simultaneous transfer of hydride from the ruthenium centre and proton from the

hydroxycyclopentadienyl ligand occurs.

Ru-indenyl systems have also been extensively studied in hydrogen transfer

reactions, and the complex 2 [27] surpassed the catalytic activity of Shvo’s catalyst

1 in the reduction of benzophenone with a i-PrOH/KHMDS system (TOF 190 vs.

54 h-1). A simple bipyridyl dicationic complex 3 also displayed a very high activity
in the reduction of acetophenones, acetonaphtone, and benzophenone (TOF for

acetophenone 150,000 h-1) in the presence of t-BuOK in i-PrOH [28]. Interestingly,

the triazole-based scorpionate ligand 4 has been reported to be an effective catalyst

for TH of acetophenone under base-free conditions suggesting that de-coordinated

triazole is involved as base [29]. Tridentate dipyrazolyl-pyridine NNN ligands

associated with the Ru–phosphane complex formed highly efficient catalyst

precursors for the TH of 40-substituted acetophenones [30]. It was observed that

steric hindrance at the 5-position of the pyrazole rings in 5b led to a pronounced

increase in catalytic activity. For example, a total conversion for reduction of

acetophenone with i-PrOH/KOH was obtained in 10 min at 0.5 mol% loading of the

catalyst 5b, while the catalyst 5a delivered the same outcome in 80 min.

Zhao et al. [31] reported that TH (i-PrOH/i-PrOK) of ortho-, meta- and para-

substituted acetophenones using 0.2 mol% of the Ru(II) complex 6 proceeded at

room temperature in air reaching TOFs up to 59,400 h-1. For instance, acetophe-

none was reduced within 1 min at room temperature, while lowering the catalyst

loading down to 0.05 mol% necessitated refluxing propan-2-ol for the completion of

the reaction within only 0.5 min. The same research group reported the use of

another unsymmetrical complex, 7, with an imino coordinating arm in TH of

acetophenones in refluxing propan-2-ol, but it did not surpass the catalytic activity

of the complex 6 [32]. The presence of a second pyrazole ring with an N–H

functionality in the complex 8, on the other hand, led to an exceptionally high

catalytic activity in the TH of aromatic (acetophenones, 2-acetylnaphthalene,

benzophenone, 3-pyridyl phenyl ketone) and aliphatic (cyclopentanone, cyclohex-

anone, octan-2-one) ketones reaching TOF of 720,000 h-1 in the best case [33]. In

contrast, the symmetrical nature of the dipyrazolyl-pyridine ligand without an N–H

structural element in the complex 9 led to a diminished catalytic activity with TOFs

of up to 5940 h-1 [34]. Interestingly, slightly different attachments of pyrazole rings

through the carbon atoms onto the pyridine ring in the pincer-type complex 10 led to
increased TOF values by a magnitude of approximately 9 for the most reactive

ketone substrates if compared to the catalyst 9 [35]. An NNC ligand constitutes yet

another type of unsymmetrical Ru(II) complex 11 which was applied for the TH of a

variety of ketone substrates, such as substituted acetophenones, and aliphatic cyclic

and acyclic ketones [36]. In most cases, the conversions reached more than 98 %

within 1 min (TOFs up to 178,200 h-1) at 0.1 mol% catalyst loading in propan-2-ol

at reflux in the presence of i-PrOK. Not only the above-mentioned complexes with

NNN-type ligands but also ruthenium pincer complex 12 with the ONO ligand

exhibited excellent catalytic activity in TH reactions [37]. The reduction reactions

were carried out in propan-2-ol in the presence of a weak base, Cs2CO3. With

1 mol% of 12, an excellent yield was obtained for acetophenone reduction after
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18 h, and reducing the loading to 0.0001 mol% still resulted in an acceptable 59 %

yield demonstrating a high 590,000 TON value.

2 Transfer Hydrogenation Catalysed by Platinum Group Metals

Although the above-mentioned complexes (Fig. 3) act as remarkably active

catalysts in TH of ketones, they deliver racemic secondary alcohols as products.

However, the focus of this review is rather on asymmetric versions of the TH using

chiral metal catalysts. In-depth mechanistic discussions have been intentionally

omitted as they are reviewed elsewhere [38, 39].

Since many biologically interesting compounds are constituted of optically active

secondary alcohols (or their derivatives), asymmetric transfer hydrogenation (ATH)

of prochiral ketones is a practical and powerful method for their production. There are

in principle two approaches to achieve a certain degree of stereoselectivity: either (1)

well-definedmolecular chiral organometallic complexes (isolated or generated in situ)

are used as catalysts—homogenous catalysis, or (2) solid-supported metal catalysts

modified with chiral ligands are employed—heterogeneous catalysis.

Although THs using homogenous catalysts suffer from catalyst separation,

molecular catalysts offer an extraordinary variability in the structure, which is

virtually endless. Their reactivity, stereoselectivity and chemoselectivity can be

finely tuned by changing the bulkiness, chirality and electronic properties of the

auxiliaries on the metal centre of the catalyst.

Fig. 3 Selected powerful transfer hydrogenation catalysts
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2.1 Homogenous Asymmetric Catalysis

2.1.1 Ruthenium Catalysts

Ruthenium complexes bearing chiral ligands are predominant catalysts for ATH

enjoying an excellent performance and a cost advantage relative to other

hydrogenation metals such as rhodium. Following the discovery of efficient

ruthenium catalysts for asymmetric H2-hydrogenation, in 1995, Noyori and co-

workers introduced a prototype of chiral (arene)Ru(II) catalysts of type 13 bearing

N-sulfonylated 1,2-diamines (e.g. TsDPEN = N-(p-toluenesulfonyl)-1,2-

diphenylethylenediamine (14) as privilege ligand) as chiral ligands for the highly

enantioselective ATH of (hetero)aromatic ketones in i-PrOH/base [40], or in FA-

TEA as reductant systems (Fig. 4) [11]. These newly developed bifunctional

catalysts acted with the cooperation of the metal and N–H moiety to deliver

hydrogen atoms from the hydrogen donor molecule to a ketone. In addition to N-

sulfonylated 1,2-diamines, b-amino alcohol ligands such as 15 [41] and 16 [42]

were also found to exhibit an excellent metal–ligand cooperating effect while

operating in basic propan-2-ol.

Detailed experimental and theoretical investigations [43–49] revealed that

chloro-ruthenium precursor A generates an amidoruthenium complex B which

readily dehydrogenates propan-2-ol to produce hydrido complex C. Then, this

hydride C transfers two hydrogen atoms to a ketone substrate through the cyclic,

six-membered, transition state TS. In this so-called outer-sphere mechanism, H?

and H- equivalents are transferred in a concerted manner without direct

coordination of ketone to metal (Fig. 5). This unique concept of bifunctional

catalysis explained high rates and excellent stereoselectivities of TH reactions,

because they proceed through a tight-fitting assembly of catalyst and ketone

substrate (TS in Fig. 5). However, very recently, a revised version of the catalytic

cycle of the ATH catalysed by RuH[(R,R)-XCH(Ph)NH2](g
6-arene) (X = NTs, O)

with i-PrOH as the hydrogen donor was proposed on the basis of quantum

chemical calculations by including solvation effects that change the mechanism

from a three-bond, slightly asynchronous, concerted reaction in the gas phase to a

two-step (enantio-determining hydride transfer and proton transfer) process in

solution [50].

Fig. 4 Bifunctional (arene)Ru(II) catalyst systems
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The concerted transfer of hydrogen atoms suggests the importance of the N–H

bond in Ru-TsDPEN complexes. Indeed, it has been reported that N-methylated and

N,N0-dimethylated TsDPEN derivatives constitute poor catalysts for the ATH

reactions in the case of ruthenium bearing a mesitylene group [11]. However, when

an g6-benzene ring was incorporated as an arene group, N-monoalkylated TsDPEN-

containing complexes gave good results [51]. A recent study revealed that the

presence of the N–H functionality is essential for the transfer of hydrogen to ketones

in the reduction step, since, when using catalyst 17 featuring no N–H bond (Fig. 4),

acetophenone was reduced in only 1.7 % conversion after 6 days [52].

The enantioselectivity in the TH of prochiral aryl ketones catalysed by

(arene)Ru(II) complexes depends not only on the chiral nature of the amine ligand

but also on the edge-face C–H/p interaction which stabilises the electron-rich

(usually aromatic) ring of a substrate in a specific orientation as presented with TS1
(Fig. 5) [43]. This interaction may explain why aryl ketones usually give better ee

values than simple unfunctionalised alkyl–alkyl ketones.

After the milestone discovery of bifunctional catalysts reported by Noyori and

co-workers, a large number of related or novel ligands and catalysts for the ATH of

prochiral ketones have been developed that display a broad substrate scope and

provide optically active alcohols in a high enantiomeric purity [9, 53, 54].

Fig. 5 Simplified mechanism of the ATH catalysed by the (arene)Ru(II) complex
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Considering the fact, that chiral vicinal diamines (for example, 1,2-

diphenylethylenediamine (DPEN) derivatives) are privilege ligands in ruthenium-

catalysed ATH inducing excellent stereoselectivities, their synthesis is highly

desired from inexpensive naturally occurring molecules. In this regard, (R)-(?)-

limonene served as a chiral backbone for the synthesis of a series of N-tosylated

diamines, and their catalytic utility was evaluated in the ATH of ring-substituted

acetophenones [55, 56]. As can be concluded from the results for the ATH of

acetophenone, the stereochemistry of the limonene-derived diamine incorporated in

Ru complexes 18–23 plays a crucial role in asymmetric induction (table in Fig. 6).

There is a continuing search for stable catalysts that will not degrade easily during

the hydrogenation process, thus making it possible to execute as many catalytic cycles

as possible.Wills and co-workers prepared ‘‘tethered’’ Ru(II) catalysts 24 in which the
1,2-diamine ligand is covalently linked to the g6-arene ring thus benefiting from

increased stability due to the ‘‘three-point’’ attachment of the ligand to the metal

(Fig. 7) [57]. The complex 24awith three carbon tethers has been successfully used in
the reduction of a,a-disubstituted ketones containing an aromatic ring or alkene

moiety, the interaction of which with g6-arene appears to be responsible for attaining
high ee values of the corresponding alcohols. It has also been demonstrated that the

tether length and the g6-arene substitution pattern have a significant effect on the

activity of tethered catalysts, the four-carbon-tethered complex 25 with a 0.5-mol%

loading being the most active in the ATH of acetophenone, achieving full reduction

within 75 min while operating in the FA-TEA system [58].

The tethered catalyst 24a proved to be superior over its untethered version 26 in

the reduction of functionalised acetylenic ketones 27 with FA-TEA as hydrogen

donor (Fig. 8) [59]. High enantioselectivity and substituent tolerance of these

ketones indicate that the alkyne group has a dominating stereo-controlling effect

through C–H/p interaction. Additionally, an efficient dynamic kinetic resolution

was observed with substrates 27 favouring the syn products. The table in Fig. 8

shows selected examples of the reduction of acetylenic b-keto esters.

Fig. 6 Limonene-derived ligands in ruthenium ATH catalysis
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Ikariya and co-workers reported on the synthesis of the oxo-tethered Ru(II)

complexes 28 that exhibited an excellent catalytic performance in the ATH of

structurally different ketones 30–32 under neutral conditions, without any co-

catalysts (Fig. 9) [60]. For example, by using 28a in an S/C ratio of 40,000,

acetophenone was hydrogenated in a 75 % yield after 72 h in FA-TEA, while the

Wills-type four-carbon-tethered complex 29 provided only a 15 % yield under

Fig. 7 Alcohols formed by the reduction of a,a-disubstituted ketones using tethered Ru complexes

Fig. 8 Tethered Ru complex in the reduction of acetylenic ketones

Fig. 9 Versatile tethered Ru(II) complexes
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otherwise identical conditions. The origin of the improved catalytic performance of

the oxo-tethered catalysts 28 might be ascribed, on the one hand, to the delicate

electronic tuning of the cooperating ligands (arene moiety with CH2O unit), and, on

the other hand, to the enhanced electron density of the secondary amino unit in the

TsDPEN-derived ligand.

A potential limitation of the untethered complexes such as 26 is also the

inversion of the configuration at the ruthenium centre during the catalytic cycle,

which could result in the diminished stereoselectivity of the ATH process. Thus, the

hydride (from hydrogen donor) can be added from either face to a 16-electron amido

intermediate B (see Fig. 5) in the catalytic cycle. Linking the ligand to the arene

ring allows the ligand to be ‘‘held over’’ to one side thus preventing the catalyst

diastereomer interchange, yet the linkage being sufficiently long so that the

16-electron amido species 33 could be formed. Such a restriction of the chiral space

could also render the catalysts more sensitive to ketones with groups of different

sizes, e.g. alkyl alkyl ketones. Although ‘‘ether-linked’’ catalysts 34–36 prepared by

Wills’ group were able to promote the ATH of acetophenone and cyclohexyl methyl

ketone, the corresponding alcohols were obtained in low ee values, but nevertheless

opened up possibilities for finding new, effective and selective catalysts (Fig. 10)

[61].

Another type of ansa-Ru(II) complex 37, in which a DPEN-SO2N(Me)-

(CH2)2(g
6-p-Tol) ligand possessing an N,C-(N-ethylene-N-methyl-sulfamoyl) link-

age is introduced, was generated in situ as reported by Kišić et al. [62]. This

complex exhibited excellent catalytic efficiency in the reduction of 1-naphthyl

ketones (in open air), since, by employing S/C ratios of 1000 enantioselectivities, up

to[99 % coupled with 100 % conversions were attained. The same research group

prepared a series of (S,S)-DPEN-SO2N(Me)(CH2)n(g
6-aryl)-based ansa-Ru(II)

complexes in which the carbon ansa-bridge and the anchored g6-aryl para-end

substituent were systematically varied [63]. Among them, the complexes 38 and 39
demonstrated the highest catalytic species longevity in the ATH of a broad spectrum

of aryl ketones in FA-TEA medium at temperatures 40 or 60 �C. Thus, these

complexes displayed excellent efficiency against several alkyl aryl ketones, such as

ring-substituted acetophenones, 10- and 20-acetonaphthones, benzofused cyclic

ketones, and a-substituted acetophenones, furnishing the corresponding alcohols in

full conversions and in average ees of 95 % ([99.9 % ee for a-tetralone and

1-acetylnaphthalene) in 1–20 h (Fig. 11). The exception was the flat 1-acenaph-

thenone which was reduced in the presence of 38 and 39 with lower, 86 and 72 %,

Fig. 10 Ether-linked Ru(II) complexes
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ee, respectively. Furthermore, the complex 38 exhibited exceptional stereoselec-

tivity in the reduction of 1,3-diketones. The investigated 1,2-diketones were also

successfully reduced in the presence of 38 though with decreased diastereoselec-

tivity in comparison to 1,3-diketones. However, di(a-naphthyl)ethandione was

totally inert under the applied reaction conditions, which could be ascribed to the

non-co-planarity of the carbonyl groups with the naphthyl rings.

The importance of the N–H bond in the diamine ligand involved in the ketone

reduction transition state has also been demonstrated by using tethered complexes

40 and 41 (Fig. 12) [52]. These complexes are lacking an unsubstituted N–H group

and, consequently, low conversions and ee values were observed in the ATH of

acetophenone. For comparison, the non-N-methylated analogue of 40, i.e. the

complex 24a, gave 1-phenylethanol with 96 % ee and a 100 % conversion in\3 h

[64].

Simple chiral N-tosylated 1,3-diamines 42–45 were used in Ru(II)-catalysed TH

of acetophenone and other aryl ketones [65]. The highest ee obtained was 56 % with

the ligand 42 bearing one chiral centre, while two chiral-centre ligands 44 and 45
were even less effective. A lower optical induction of 1,3-diamines when compared

to 1,2-diamines could stem from better flexibility of the chelating ring of the Ru

centre with 1,3-diamines, thus consequently enhancing the number of possible

diastereomeric transition states with ketones.

Following Noyori’s success in using chiral b-amino alcohols as ligands with

arene-ruthenium(II) precursors [66], (S)-lactic acid and mandelic acid-based b-
amino alcohol ligands 46 and 47 were employed in the Ru-catalysed ATH of

various ketones (4-substituted acetophenones, 2-acetyl-6-methoxynaphthalene,

Fig. 11 Ansa-Ru(II) complexes in reduction of diketones
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3-acetylpyridine) giving satisfactory conversions and moderate enantioselectivities

(40–87 % ee) [67]. The highest ee (87 %) for the reduction of acetophenone with i-

PrOH/KOH was obtained by using a (p-cymene)Ru–47 catalyst system, indicating

that the chiral centre attached to the –OH group is more important in deciding

stereoselectivity than an additional chiral centre attached to –N as in the ligands 46.
Interestingly, the use of the amino alcohol ligand 48 with an amino group

incorporated in the cyclic structure and containing a bulky phenyl group at C-1 of

tetrahydroisoquinoline together with the Ru(II) precursor gave rise to a catalyst that

induced good enantioselectivity of 94 % in the ATH of acetophenone [68]. The

screening of 4-substituted acetophenones as well as 1-indanone using the same

catalyst system rendered alcohols with lower ees. It was also observed that the

stereochemistry at C-1 has an important role in catalyst stereoselctivity since, with

the opposite C-1 isomer of 48, a racemic mixture of alcohol product was obtained in

the ATH of acetophenone.

A small family of chiral amino alcohol ligands 49 and 50 was prepared from

inexpensive (S)-a-phenylethylamine and employed in the Ru-catalysed ATH of

various aromatic alkyl ketones (o- and p-substituted acetophenones, propiophenone,

butyrophenone, isobutyrophenone) [69]. In comparison with commonly used b-
amino alcohol-based ligands, these new ligands possess a 1,4-amino alcohol

structural motif. Ligand-screening in the ATH of acetophenone revealed that the

less sterically demanding ligand 49 tended to give higher enantioselectivities than

ligands 50 (92 % ee with 49 vs. 54–69 % ee with 50).
Isosorbide, a renewable and commercially available carbohydrate derived from

D-sorbitol served as a chiral substituent in the b-amino alcohol ligands 51 and 52
which were evaluated for the metal-catalysed enantioselective reduction of aromatic

ketones [70]. The best result for [Ru(p-cymene)Cl2]2-catalysed reduction of

acetophenone with i-PrOH/t-BuOK was obtained in the presence of the ligand 51
(94 % conversion and 91 % ee for (R)-1-phenylethanol), while a slightly different

position of a chiral centre on the hydroxyethylamino moiety as in the ligand 52 led

to a drastic drop of activity and enantioselectivity (28 % conversion, and 47 % ee

Fig. 12 (N,N-disubstituted-N0-Ts-DPEN)–Ru(II) complexes and 1,3-diamines as poor ATH catalyst
systems
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for (S)-1-phenylethanol). The importance of an isosorbide scaffold in these novel

ligands was demonstrated by applying an unsubstituted chiral amino alcohol 53
which gave very poor enantiomeric excess in the ATH of acetophenone under

otherwise identical conditions.

A family of stereodefined amino alcohol ligands 54, in which the alkoxy and

amino substituents were varied, was derived from enantiomerically pure phenyl-

glycidol and evaluated in Ru-catalysed ATH of aryl alkyl ketones with propan-2-ol

as the hydrogen source [71]. Although satisfactory conversions were obtained in the

ATH of acetophenone, the ee values were rather low (23–72 %) (Fig. 13).

An interesting example of a chiral biopolymer-derived ligand was demonstrated

by employment of pivaloyl functionalised chitosan together with a ruthenium

complex for the TH reaction [72]. Although only moderate ees (around 60 %) were

observed in hydrogenation with i-PrOH/i-PrONa in methanol, the use of natural

molecules as chiral supports can be of interest in the development of sustainable

technologies for the synthesis of fine chemicals.

In the search for new ATH catalysts, the tridentate diamino ligands 55–56
containing a 1,2,3-triazole donor group were evaluated in conjunction with the

Ru3(CO)12 complex in the ATH of ring-substituted acetophenones (Fig. 14) [73]. N-

tosylated ligands 55c and 56b gave the best enantioselectivities together with high

conversions. Employment of either 57 or 58 in the ATH of acetophenone resulted in

\5 % conversion, which again indicates that an N–H group is essential for the

formation of an active catalyst. On the other hand, the importance of an active role of a

triazole ring inRu-catalysed THwas demonstrated by using the ligands 59 and 60with
which only a trace reduction of acetophenone was observed. Of note, hydrogenations

in the presence of these triazole ligands proceededwithout the need for a base, which is

promising for the reduction of base-sensitive substrates. Moreover, sterically more

hindered ortho-substituted acetophenones can be reduced in the presence of the Ru–

56b system with excellent conversions reaching ees up to 85 %.

On the basis of the above-mentioned results, and by analogy with the well-

established bifunctional (arene)Ru(II)-TsDPEN ATH catalysts, the mechanism of

catalysis by the Ru3(CO)12–56b system was proposed, as depicted in Fig. 15. Thus,

the ligand 56b may form an active catalyst species via the fragmentation of the

Fig. 13 Selected amino alcohol-derived ATH ligands
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Ru3(CO)12 complex to give a bidentate complex 61. Then, by the insertion of Ru

into the N–H(Ts) bond, the Ru-hydride 62 is formed, which is capable of

transferring two hydrogen atoms to a ketone substrate to give the species 63. This

Fig. 14 1,2,3-Triazole-containing 1,2-diamino ligands

Fig. 15 Hydrogen transfer with the triazole-Ru catalyst
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species then reacts with i-PrOH as the hydrogen donor to complete a catalytic cycle

by regenerating 62.
The promising ATH results of the use of the triazole ring incorporated in the

TsDPEN-derived ligands inspired the same research group to consider pyridine as

an alternative donor. Thus, the ligands 64–65 were successfully (conversions and

ees in average 90 %) employed together with Ru3(CO)12 in the ATH of ring-

substituted acetophenones and aromatic bicyclic ketones in i-PrOH at 80 �C for

48 h [74]. On the other hand, acetylcyclohexane was reduced at a lower rate

compared to aryl ketones, and additionally the enantiomeric excess was signifi-

cantly lower with either ligand 64 or 65. Here again, tosylated ligands 64 and 65
generally gave better results in the ATH of acetophenone than the Boc-protected

ligand 66. These pyridine-containing ruthenium catalyst systems turned out to be in

general less productive than the above-mentioned triazole ones (see Fig. 14), since,

with 2 mol% of catalyst Ru–(64 or 65), a 97 % conversion of acetophenone was

attained after 48 h, while 1 mol% of Ru–56 gave the same result in 24 h (Fig. 16).

Taking into account that triazoles can be easily installed in a controlled manner

on virtually every organic molecule, this offers great opportunities for new ligand

designs. In this regard, enantiomerically pure pyrrolidine-triazole ligands were

derived from L-proline and L-trans-4-hydroxyproline as readily accessible chiral

backbones [75]. Ligands 67 and 68 in conjunction with [RuCl2(p-cymene)]2
constitute active though low-stereoinducing catalysts for TH of acetophenone with

the i-PrOH/KOH system; ligand 68 displayed enhanced efficiency in comparison

with 67, most probably due to a free triazole N–H group (Fig. 17). Interestingly,

improved catalytic behaviour was achieved by installing a second chiral centre into

the pyrrolidine ring. The presence of a free hydroxyl group in ligand 69a, although
being far from the catalytic metal centre already caused a 23 % increase in the ee

value compared to the ligand 68. Introduction of the bulkier tert-butyldiphenylsilyl

group (TBDPS) resulted in a strong increase of activity and enantioselectivity of the

catalyst derived from the ligand 69c. The methoxy group in the ligand 69b was also

shown to be beneficial, although a longer reaction time was required for the same

outcome. The ATH of acetophenones with different substitution patterns on the

phenyl ring in the presence of the [Ru(II)–69c] complex furnished good conversions

Fig. 16 Pyridine-containing 1,2-diamine ligands
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and moderate to good ees (around 70 %), while for 1-tetralone and 1-chromanone,

high ees (94 and 99 %) were observed.

Simple acylthiourea ligands 70–72 were prepared from (S)- or (R)-1-phenylethy-

lamine and used as another type of non-tosylated chiral ligands in well-defined (p-

cymene)Ru(II) complexes for the ATH of selected aryl ketones (Fig. 18) [76].

Generally, high conversions and excellent enantioselectivities were achieved with

0.5 mol% of Ru(II) complexes with ligands 70–72 in the i-PrOH/KOH hydrogena-

tion system after 24 h. In the solid state, these complexes have bound ligands 70–72
monodentately via the sulfur atom to the Ru(II) centre, and most probably act as

bifunctional Noyori’s catalysts through a six-membered transition state, TS, as
depicted in Fig. 18.

It was first discovered by Noyori that an N–H functionality has a remarkable

enhancing effect on the catalyst activity (the ‘‘NH effect’’) by facilitating the

formation of a coordinatively unsaturated 16-electron Ru(II) intermediate B under

basic conditions from the catalyst precursor, which is then transformed into the

catalytically active Ru–hydride species [45] (see Fig. 5). Indeed, the Ru(II) complex

73 containing a chiral 1H-pyrazolyl-pyridyl-oxazoline NNN ligand exhibited higher

Fig. 17 L-proline-derived triazole ligands

Fig. 18 Thiourea-Ru(II)-catalysed ATH
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catalytic activity than complex 74 featuring no N–H group (Fig. 19) [77]. Thus, the

complex 73 (0.3 mol%) reached a 96 % conversion and 93 % ee in the reduction of

acetophenone within 8 min at 40 �C, whereas the complex 74 delivered the

corresponding alcohol in 98 % yield with 36 % ee within 60 min.

The unique phenomenon of an enhancement of the enantioselectivity was

recently demonstrated by using the chiral bulky alcohol (S)-1-(9-anthra-

cenyl)ethanol (75) as an additive in the ATH of 40-phenylacetophenone with the

phosphorous-free organoruthenium catalyst 76 [78]. The chiral BINOL-derived

ligand 77 in combination with [RuCl2(p-cymene)]2 complex constitutes a ruthenium

catalyst system solely composed of a phosphorous donor for the efficient ATH (i-

PrOH/t-BuOK) of a variety of alkyl–aryl (93–99 % ee) and alkyl–alkyl (76–99 %

ee) ketones, although the ee values were lower for the latter [79]. Interestingly, both

76 and Ru(II)–77 catalyst systems work well and deliver excellent enantio-

selectivities of the chiral secondary alcohols despite the lack of ligands containing

an N–H moiety (Fig. 19).

Another type of ligand lacking a basic NH group, for example 78, is based on a

combination of N-Boc-protected a-amino acids and b-amino alcohols. These

pseudo-dipeptide ligands have shown a high enantioselectivity (typically[99 ee) in

the Ru-catalysed ATH of aryl ketones (ring-substituted acetophenones, 4-chro-

manone, propiophenone, isobutyrophenone) [80]. It was found that the addition of

LiCl in a i-PrOH/THF mixture led to significant rate enhancement and improved

selectivity of the hydrogen transfer. On the basis of kinetic observations, the authors

suggested a non-classical bimetallic hydrogen-transfer mechanism, in which the

bifunctional catalyst mediates the transfer of a hydride and the lithium ion (instead

of a proton as in generally accepted outer-sphere mechanism; see Fig. 5) between

the hydrogen donor and the substrate through a tight transition state TS (Fig. 20). It

Fig. 19 NH-containing versus no NH-containing catalyst systems
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was subsequently reported that such a catalyst system also works well using ethanol

as the hydrogen donor [81].

Similarly, the Adolfsson’s and Diéguez’s groups designed another class of

pseudo-dipeptide ligands 79–81 containing a carbohydrate amino alcohol unit and

various N-Boc-protected a-amino acids (Fig. 21) [82]. They were evaluated

together with 0.25 mol% [RuCl2(p-cymene)]2 to catalyse the reduction of selected

aryl alkyl ketones with (THF:i-PrOH = 1:1)/i-PrONa in the presence of LiCl.

Interestingly, all the ligands 79 regardless the amino acid substituent R, and ligands

80 with the opposite configuration at C-3 of the furanoside moiety, exhibited[99 %

ees in the reduction of acetophenone. Since, with the use of ligands 79 and 80 where
R=H, the obtained ee values were also excellent, it is suggested that the

enantioselectivity is exclusively controlled by the sugar moiety which enables the

use of inexpensive achiral or racemic a-amino acids. In contrast, changing the

configuration of the a-amino acid moiety in the ligand 81 almost completely

inhibited the catalytic activity. Although the catalyst systems Ru-(79–81) displayed
an excellent catalytic behaviour to give exclusive access to the (S)-secondary

alcohols, they were ineffective in the reduction of industrially important

Fig. 20 Li?-enhanced ATH catalysed with Ru–(a-amino acid (hydroxyalkyl)amide)

Fig. 21 Pseudo-dipeptide furanoside ligands
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heteroaromatic ketones, acetylpyridines and acetylthiophenes (conversions below

1 %).

The discovery of new classes of TH catalysts that deviate from the Noyori-type

13 may represent a good opportunity to reduce virtually every type of ketone

substrate with high productivity and selectivity. Baratta et al. [83] reported on the

preparation of catalysts 82–86 from the ruthenium precursor [RuCl2(PPh3)3], chiral

diphosphane (Josiphos) and chiral 1-substituted-1-(pyridin-2-yl)methanamines

(RPyme) 87 (Fig. 22). These complexes catalysed the TH (i-PrOH/i-PrONa) of

methyl aryl ketones with very high TOF (up to 70,000 h-1) and displayed a high

level of asymmetric induction (ees in the range of 95–99 %). Even though the

racemic mixtures of the RPyme ligands 87 were employed, single-diastereomer

complexes 82–86 were obtained, thus avoiding the necessity of using both ligands in
enantiopure form. The X-ray analysis of the complexes 82 and 83 revealed that only

the appropriate enantiomer of the RPyme ligand incorporates into the complexes

82–86.
The same research group further explored the utility of pyridine ligands in

combination with phosphino-ferrocenyl ligands, and designed chiral pincer ligands

of the CNN type [84]. They were used in Ru-catalysed asymmetric reduction, either

in situ or in preformed complexes. Among tested ligands, the 2-naphthyl-containing

ligand in the complex 88 gave the best result in terms of activity and

enantioselectivity (average ee[95 %) for acetophenones, acetylnaphtahlenes, and

acetylpyridines (Fig. 22). For example, acetophenone was reduced using only

0.005 mol% of complex 88 in basic propan-2-ol to (R)-1-phenylethanol with 92 %

ee and TOF = 1.2 9 105 h-1. The high productivity of these complexes most

probably arises from the presence of the r Ru–carbon bond, which prevents ligand

dissociation and consequently catalyst deactivation.

A series of chiral ferrocenyl-based ligands 89–92 containing an oxazoline ring

were prepared and incorporated into [RuCl2(PPh3)(P-oxazoline)] complexes, which

were screened in asymmetric TH (Fig. 23) [85]. The reactions were accomplished

with S/C/i-PrONa ratio 200:1:4 in propan-2-ol at room temperature. With the model

substrate acetophenone, the best result was achieved with the use of the complex

Fig. 22 Highly active Ru(II)–ferrocenyl catalysts
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[RuCl2(PPh3)((R,ROx,RFC)-89))] giving an (S)-alcohol in high 98 % ee and

quantitative conversion within only 10 min. Removal of one stereogenic centre as

in the ligands (R,RFC)-91 and (R,SFC)-92 resulted in slightly lower ee values (95 and

93 %). On the other hand, the use of the diastereomeric complex [RuCl2(PPh3)

((R,SOx,SFC)-89))] led to a dramatic reduction in the product ee (41 %). Although

investigated phosphino-ferrocenyl oxazoline ligands in general exhibited high

activity and stereoselectivity (95 % ee on average) in the Ru-catalysed ATH for a

wide range of prochiral ketones (2- and 4-substituted acetophenones, ethyl phenyl

ketone, benzyl phenyl ketone, 1-tetralone, acetylferrocene, tert-butyl methyl

ketone), the product’s enantiomeric excess was significantly dependent on the

reaction time due to product racemisation.

While ferrocenyl-phosphine ligands work well in metal-catalysed ATH, the

analogous phosphinites can provide different chemical, electronic and structural

properties due to an often stronger metal-phosphorous bond if compared to related

phosphines. In this regard, the phosphinite ligands based on the ferrocenyl moiety

containing a stereogenic centre have been screened in Ru(II)-catalysed ATH of

aromatic ketones with propan-2-ol as the hydrogen source [86]. While the reduction

of acetophenone in the presence of the complex [Ru(II)–93] and applying S/C/

NaOH 100:1:5 was sluggish at room temperature, it was enormously accelerated in

refluxing propan-2-ol, thus reaching nearly quantitative conversion and a 95 % ee in

20 min. Although, in general, phosphinite-ferrocene-based ligands did not overpass

the efficiency of the above-mentioned phosphine-ferrocene ligands in the ruthenium

ATH catalysis, they offer a great opportunity for further investigation due to their

outstanding air stability and ease of preparation.

2.1.2 Iridium Catalysts

The catalysts based on ruthenium undoubtedly have priority in the TH reactions of

ketones due to their excellent, sometimes approaching enzyme-like, efficiencies,

selectivities, and their rich chemistry which allows the introduction of diverse types

of chiral ligands. However, the possibility of using other platinum-group metal

catalysts have been demonstrated as a valid alternative to ruthenium systems. Since

the first reports of Ir-based ATH of ketones, for example by Graziani and co-

workers in 1982 [87], interest in iridium catalysts, which have often been

successfully used in TH of olefins, has been growing [88].

Fig. 23 Ferrocene-based phosphorous ligands
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Recently, an interesting bidentate ligand with a chiral sulfinyl group used for

iridium(I) catalysis was reported. A wide range of structurally different ketone

substrates were reduced in the presence of [IrCl(COE)2]2-94 in propan-2-ol at room

temperature [89]. Of note, without any cooperation of other chiral centres,

encouraging ees and conversions were achieved. Surprisingly, with ligand 95
possessing a phosphino moiety, disappointing results were obtained, suggesting that

a pyridine donor in this particular case provides a more suitable coordination mode

than a phosphorous one.

A tridentate phosphine-diamine ligand 96 together with [IrCl(COD)]2 constituted

an efficient catalyst system for TH of cycloalkyl and saturated heterocyclic ketones

with propan-2-ol at room temperature [90]. For instance, cyclohexyl phenyl ketone

was reduced using 0.1 mol% of the in situ-formed iridium catalyst reaching a 94 %

conversion in 30 min and giving the corresponding alcohol in 95 % ee.

C2-symmetric chiral multidentate ligands 97 derived from commercially

available (1R,2R)-diaminocyclohexane were employed in iridium-catalysed ATH

in basic propan-2-ol (Fig. 24) [91]. Despite more coordination sites in these

aminophosphine ligands in comparison with simple NNP-ligands like 96, only

moderate ees but still good conversions were observed in the ATH of aromatic

ketones, the best ee value of 80 % being for propiophenone with 97a ligand. N-Boc-
protected ligand 97b on the other hand exhibited low activity, producing (R)-1-

phenylpropan-1-ol with only12 % yield and 63 % ee. The latter result indicated that

a free amino group in the ligand 97a is responsible for the good activity as well as

enantioselectivity possibly by stabilising a catalytic transition state.

Xie and co-workers developed chiral spiro iridium catalysts (S)-98 containing a

tridentate spiro pyridyl-aminophosphine ligand and investigated its use in ATH

(Fig. 25) [92]. These catalysts operated very efficiently in ethanol as a hydrogen

donor, and afforded high yields and ee values in the reduction of acetophenone

(93–98 % ee). Furthermore, a variety of alkyl aryl ketones were hydrogenated with

catalyst (S)-98a with excellent enantioselectivities (90–98 % ee). However, the

catalyst (S)-98a was less efficient in the hydrogenation of cyclohexyl methyl ketone

and tert-butyl methyl ketone, providing the corresponding aliphatic alcohols with

moderate enantioselectivities of 83 and 80 % ee, respectively.

Fig. 24 Multidentate nitrogen-phosphorous ligands for iridium ATH
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2.1.3 Rhodium Catalyts

Since simple ketones typically coordinate more weakly to metals than olefins, many

Rh-phosphane complexes may show poor activity for the hydrogenation of simple

ketones. However, the catalytic properties of cyclometalated half-sandwich Rh(III)

complexes 99–101, isolated or prepared in situ from metal precursors and optically

pure secondary amines, were evaluated, among which the complex 100 showed the

highest productivity in the reduction of acetophenone with a i-PrOH/t-BuOK

reductant system (Fig. 26) [93]. The complex 99 afforded good yield of alcohol

products from acetophenone, but the enantioselectivity was low, while the

cyclometalated imine 101 was almost inactive. The rhodacycle 100, which was

formed in situ, efficiently catalysed the reduction of substrates 102 (92 % ee), 103
(93 % ee) and 104 (91 % ee), with substrate 103 showing total chemoselectivity.

For substrates 105, 106 and 107, however, lower ee values were observed (B85 %).

Adolfsson’s and Diéguez’s groups synthesised a library of furanoside pseudo-

dipeptide ligands 108 and 109 and the thioamide ligands 110 and 111 from

inexpensive natural chiral feedstocks, D-xylose or D-glucose and a-amino acids, and

Fig. 25 ATH with Ir catalysts containing spiro ligands

Fig. 26 Cyclometalated Rh(III) catalysts
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evaluated them in rhodium-catalysed (and ruthenium) ATH in i-PrOH/THF under

basic conditions (Fig. 27) [94]. While with the pseudo-dipeptide ligands 108 and

109 conversions and enantio-selectivities in the reduction of acetophenone were low
(up to 14 % conversion; up to 18 % ee), the use of the thioamide ligands 110 and

111 provided high enantio-selectivities for a broad range of aryl alkyl ketones (ee

values up to 99 %). The differences in the catalytic performances using these

pseudo-dipeptide ligands may be explained by the formation of less-favoured, six-

membered chelate B from 108 and 109 (Fig. 27), which would consequently result

in a more rapid catalyst decomposition in comparison with the more stable, five-

membered chelate intermediate A formed, for example, from 79 (see Fig. 21). On

the other hand, due to the bidentate coordination of the thioamide ligands 110 and

111 (the hydroxyl group is benzylated to prevent its coordination to the metal

centre), a more stable, five-membered, intermediate C would not degrade easily,

thus enabling an increased activity and a high enantioselectivity (Fig. 27).

Similarly, related pyranoside-based a-amino acid thioamide ligands 114–116
were prepared and tested in ATH (in i-PrOH/THF) in the presence of Ru or Rh

catalyst precursor [95]. Both activity and enantioselectivity were best when

thioamide ligands and Rh catalyst precursor [RhCl2Cp*]2 were used, and surpassed

the efficiency of that previously reported [96], yet another type of furanoside

thioamide ligands 112 and 113. Investigation of the effect of the ligand parameters

revealed that catalytic performance is mainly affected by the substituents/config-

urations at the thioamide moiety and the position of the thioamide group. The

highest enantioselectivities were obtained with the thioamide ligands 114 and 115
with bulky isopropyl groups, while higher steric congestion exerted by using the

ligand 116 led to lower catalytic activity in the reduction of acetophenone.

Moreover, both enantiomers of the alcohol product were achieved in excellent

enantioselectivity by simply changing the configuration of the thioamide group. The

catalyst system Rh–114 proved to be very compatible with aryl fluoroalkyl ketones

which are hard to reduce in high enantioselectivities using TH. Interestingly,

heteroaromatic ketones which are a more challenging class of substrates were

Fig. 27 Furanoside ligands for Rh catalysts
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smoothly reduced using the ligands 114–116 and excellent ee values were obtained

(Fig. 28).

To further explore the existence of modular ligand building blocks, the amino

acid thioamides functionalised with 1,2,3-triazoles were used as ligands to in situ

form reduction catalysts from the complex [RhCl2Cp*]2 in the presence of sodium

isopropoxide and lithium chloride (Fig. 29) [97]. The catalytic activity of such

catalyst systems was evaluated in the ATH of ortho-, meta- and para-substituted

acetophenones, 2-acetylnaphthalene and propiophenone. Among tested ligands,

varying the substituents at the a-carbon and triazole N-1, the ligands 117–119
exerted the best ee values. While the conversions reached nearly 90 % after 2 h at

ambient temperature, the enantioselectivities of the products were only moderate to

good, and clearly inferior in comparison to reactions catalysed by Rh complexes

combined with the above-mentioned furanoside-thioamide ligands 110 or 111. It is
worth mentioning that enantioselectivity of the alcohol products in most reactions

decreased with prolonged reaction time, indicating that equilibrium between starting

materials and products was reached, while conversions normally increased.

While there are usually chiral phosphane and chiral amine ligands incorporated

in the metal complexes used in asymmetric TH, chiral N-heterocyclic carbenes

(NHC) have attracted increasing attention as they have been proven as efficient

Fig. 28 Pyranoside ligands for Rh catalysts
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ligands in homogenous catalysis. Because of the strong metal–NHC bond and high

r-donating ability of NHC ligands, in many cases they show higher thermal

stability and activity than their phosphane counterparts. Thiazolium, 1,2,4-

triazolium and imidazolium salts 120–122 derived from (S)-pyroglutamic acid

deprotonated in basic propan-2-ol to form NHCs for ligation to Rh to in situ form

the ATH catalysts [98]. Among them, only imidazolium salt 122, having a methyl

group, as carbene precursor gave satisfactory results in the reduction of substituted

acetophenones (see table in Fig. 30 for the reduction of acetophenone as an

example). Although the yields and ees were quite modest with respect to what can

be achieved with well-developed ATH catalysts, the chiral NHCs offer a great

opportunity for ligand design and the discovery of new efficient catalyst systems.

As already mentioned, Ru-tethered complexes (like 24) usually exhibited higher

efficiency in ATH than the original Noyori’s Ru(II)-TsDPEN catalysts (like 26).
Rhodium versions of tethered complexes were also prepared and extensively studied

in TH of ketones by Wills and co-workers. They reported the use of the first tethered

amino alcohol-Rh(III) catalyst 123 in ATH which, however, did not remain

stable under reduction conditions (basic i-PrOH) [99]. Replacing the amino alcohol

with TsDPEN linked to an arene ring resulted in complex 124 which proved to be a

very effective catalyst in ATH and demonstrated improved activity over its

untethered version [100]. It is noteworthy that, using the catalyst 124, a-tetralone
was reduced with 99.9 % ee which was the highest enantioselectivity reported for

this substrate. Even though Ru(II) catalysts are more economical and more versatile

Fig. 29 Triazole-thioamide ligands for Rh-catalysed ATH

Fig. 30 N-heterocyclic carbenes as ATH ligands

123

Top Curr Chem (Z) (2016) 374:18

Reprinted from the journal 25



than the isoelectronic Rh(III) catalysts, Rh-catalysts can be superior in some cases.

For example, the reduction of a-chloroacetophenone in the presence of Ru complex

26 furnished the corresponding alcohol in 36 % yield and 91 % ee after 24 h (FA-

TEA system) [101], while, using the complex 124 in the same reductant system, a

100 % conversion was achieved after only 2 h associated with 99.6 % ee of the

corresponding alcohol. Activity of Rh-tethered catalysts was further improved by

simply changing the monotosylated diamine. Thus, the complex 125 with (1R,2R)-

N-p-tosyl-1,2-cyclohexanediamine proved to be an excellent catalyst for the

reduction of a wide range of ketones in FA-TEA medium [102]. The reductions can

be completed within times as short as 30 min and, in the majority of cases, the ees

values of the alcohol products were over 90 %. Importantly, in many cases, the ees

were higher than those observed with complex 124. Not only a-substituted ketones

are highly compatible with catalyst 125 but heterocyclic ketones also proved to be

excellent substrates. Interestingly, the alcohol product (R)-127 was obtained in the

very high ee of 98 % with only 100 ppm of catalyst 125 in formate-water as

hydrogen donor, though the complete conversion was reached after 7 days.

The Rh complex 126, as an analogue of 124, bearing a methoxy group on the

tethering phenyl ring was used in the ATH of a series of ketones in the FE-TEA

system [103]. Of note, by using catalyst 126, the 1,4-diol (R,R)-128 was prepared

with an excellent dl/meso ratio and ee value. The ATH of a-amido b-keto ester

associated to a dynamic kinetic resolution process delivered the corresponding 1,2-

amino alcohol (R,R)-129 with good diastereoselectivity and high enantiomeric

excess (Fig. 31).

2.2 Heterogeneous Asymmetric Catalysis

While transition metal complexes (mostly of Ru, Rh and Ir) have been widely

studied in homogenous TH of ketones, much less attention has been devoted to the

hydrogen transfer reduction of carbonyl compounds under heterogeneous condi-

tions. Generally, homogeneous catalysts are far more active and selective than

Fig. 31 Powerful tethered rhodium catalysts
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heterogeneous ones, but they also have some disadvantages which limit their

possible implementation at the production level:

1. difficult separation of the catalyst from the product,

2. difficult recycling of the catalyst,

3. limited stability under certain reaction conditions,

4. most of the hydrogenations do not proceed without the use of expensive ligands

(especially in ATH).

For these reasons, heterogeneously catalysed TH has recently been brought to the

attention of many scientists as a comparative or complementary methodology to the

homogeneous version.

Since optically active secondary alcohols represent valuable organic compounds,

here again, selected examples of heterogeneous catalyst systems employed in the

asymmetric TH of prochiral ketones will be presented. In principle, there are two

general types of chiral heterogeneous catalysts: immobilised molecular metal

catalysts on a variety of organic and inorganic materials on the one hand, and

chirally modified supported metals on the other hand. While chirally modified

metals (mostly Pt) have often been employed in the hydrogenation of ketones with

molecular hydrogen [104], their use in TH is rather scarce. As an example found in

the literature, Raney nickel modified with (R,R0)-tartaric acid afforded secondary

alcohols with low optical yield in the presence of propan-2-ol as the hydrogen

source [105].

In many examples of TH reactions performed under heterogeneous conditions,

which are mentioned below, water was used as solvent, not only contributing to

greener processes but, more importantly, the ketone reduction rates and selectivities

can also be improved in water medium.

2.2.1 Immobilisation of Catalysts

The immobilisation of homogeneous chiral catalysts onto solid supports is

especially of interest from an industrial point of view, and can be achieved by

employing strategies based on the ion–pair interaction or covalent binding of

catalysts onto organic support, inorganic matrices, dendrimers, ionic liquids, and

hybrid organic–inorganic composites. Such heterogenised homogeneous chiral

catalysts have been designed as alternative systems for more effective and

sustainable processes. Thus, attaching of metal complexes on a solid support

provides an improvement of their stability under catalytic conditions, and also

unique activity arising from their coordination on the surface of a chosen support.

Normally, the materials used for immobilising molecular catalysts are mesoporous

silica, magnetic materials, organic polymers, zeolites, or high surface area carbon.

In obtaining a heterogeneous chiral metal catalyst, either supported chiral ligand is

first formed and then coordinated with metal, or preformed optically active

ruthenium complex is directly attached onto a solid support. Besides easy recovery

of the expensive transition metal species and their reusability, immobilisation
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should also allow to mitigate or supress contamination of hydrogenation products

with toxic metals (like Ru).

2.2.1.1 Inorganic Supports Considering high activity and selectivity of the

Noyori–Ikariya type homogeneous hydrogenation catalysts (for example, 26), a
very important effort has been devoted to the development of their immobilised

versions. In this regard, mesoporous silica materials with regular pore arrangement

and suitable pore diameter allow the assembley of well-defined active species within

the inorganic material. In general, immobilisation of chiral metal complexes within

mesoporous silica material can be achieved through a postgrafting (a postsynthesis

method), a postmodification (an in situ coordination method), or a co-condensation

strategy (a direct synthesis method).

The immobilisation of N-(p-toluensulfonyl)-1,2-diaminocyclohexane onto meso-

porous MCM-41 silica was performed in two steps to obtain a chiral polyligand 130
which was subsequently treated with the [RuCl2(p-cymene)]2 complex (Fig. 32)

[106]. Thus, prepared heterogeneous Noyori–Ikariya type Ru catalyst (1 mol% of

Ru complex and 1.7 mol% of chiral ligand) catalysed the ATH of acetophenone in

the presence of HCO2Na in pure water to give the corresponding alcohol in an 85 %

yield and 86 % ee in 15 h. The ATH was then extended to other aromatic ketones,

and the best result was obtained for a-tetralone (94 % ee). This catalyst could be

recycled and used four times in the ATH of acetophenone without significant loss of

stereoselectivity (86 % ee for the 1st cycle, 78 % ee for the 4th cycle).

Three-dimensional flower-like mesoporous silica has some advantages over

traditional ones (like MCM-41) as it possesses a short nanochanel of nanopore and a

special cavum in the form of a flower, which offers easy diffusion of substrates, thus

accelerating the reaction rate. The cooperative assembly between tetraethoxysilane

and optically active 4-((trimethoxysilyl)ethyl)phenylsulfonyl-1,2-diphenylethylene-

diamine using cetyltriethylammonium bromide (CTAB) as a structure-directing

template afforded TsDPEN-functionalised chrysanthemum-like mesoporous silica

(CMS) [107]. Complexation with [RuCl2(C6Me6)]2 gave a chiral Ru-TsDPEN-CMS

catalyst, which displayed enhanced catalytic activity and enantioselectivity relative

to the homogeneous counterpart in the ATH of selected ring-substituted acetophe-

nones in water with HCO2Na (Fig. 33). Almost quantitative conversions and ee

values in the range 94–99 % were obtained in the reduction of ethyl phenyl ketone,

benzyl phenyl ketone, benzyl, 1-indanone, 1-tetralone, ethyl benzoylacetate and

2-acetylfuran. Importantly, this novel heterogeneous catalyst can be easily

recovered and reused at least ten times without affecting its catalytic efficiency.

The remarkably high stability and reusability of the catalyst can be ascribed to

Fig. 32 Generation of polyligand at mesoporous silica
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immobilisation of active catalytic centres via strong covalent bonding within the

silicate network.

The catalytic efficiency of solid catalysts may be improved by tuning the

microenvironment of self-assembled nanocapsules, thus changing the diffusion rates

of the reactants during the catalytic process. Li and Yang reported that the catalytic

activity of the Ru complex 26 encapsulated in the nanocage of mesoporous silica

SBA-16 in water depended on the employment of silylation agents with different

hydrophobic/hydrophilic properties for adjusting the nanocage microenvironment

(Fig. 34) [108]. They observed that the catalytic performance of Ru-TsDPEN@SBA

with a hydrophilic tributylpropylammonium groups-modified nanocage is about ten

times higher than in the case of nanocages modified by hydrophobic propyl groups.

During the past few years, molecular imprinting of supported metal complexes

has been applied for the preparation of selective heterogeneous catalysts by

providing a shape-selective reaction space, also contributing to the stabilisation of

an active metal species by surface matrix overlayers [109]. In this regard, a

molecularly imprinted Ru catalyst on a SiO2 surface stacked with organic polymer

was prepared by (R)-1-(o-fluorophenyl)ethanol (132) as a template and tested in the

ATH of o-fluoroacetophenone in water (Fig. 35) [110]. It was observed that ATH on

the molecularly imprinted Ru catalyst with the polymer overlayers of 2 nm obtained

by photopolymerisation of acrylate oligomer and 2-hydroxyethyl methacrylate gave

better enantioselectivity than the homogeneous version 131 (81 % ee vs. 91 % ee).

Fig. 33 Three-dimensional silica-supported Ru catalyst

Fig. 34 Silica nanocages in ruthenium ATH
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A chiral Cp*Rh-TsDPEN complex was assembled within the core of core–shell-

structured mesoporous silica spheres (CSSMSS) and showed excellent catalytic

performance and high recyclability in the ATH of aromatic ketones in water [111].

Functionalised CSSMSS was prepared via co-condensation of Si(OEt)4 and

functionalised organosilane 133 in the presence of cetyltriethylammonium chloride

(CTAC) acting as structure-directed template and potential phase transfer catalyst

(Fig. 36). In these CSSMSS as a novel type of silica-based materials, the core

assembles chiral Rh functionalities while the shell prevents the leaching of metal

complexes thus assuring high recyclability. In general, excellent conversions and

high enantioselctivities were obtained in the ATH of all the tested ketones (m- and

p-substituted acetophenones, 2-acetylnaphthalene). For instance, acetophenone was

reduced with more than 99 % conversion to give (S)-1-phenyl-1-ethanol with 97 %

ee value. The high catalytic activity of this heterogeneous catalyst can be attributed

to the phase transfer function of CTAC in a biphasic reaction system, and highly

dispersive active Rh centres. This catalyst showed high recyclability—it could be

simply recovered via centrifugation and reused in hydrogenation of acetophenone in

12 consecutive runs without obvious decrease of conversions and ee values.

Similarly, chiral Cp*Rh-TsDPEN was incorporated within flower-like meso-

porous silica through the assembling of chiral 4-((trimethoxysilyl)ethyl)phenylsul-

fonyl-1,2-diphenylethylenediamine (133) and Si(OEt)4 under a cooperative dual-

template approach followed by complexation with the Rh complex in the presence

of surfactant cetyltrimethylammonium bromide [112]. The obtained bifunction-

alised solid catalyst showed excellent catalytic efficiency in the ATH of aromatic

ketones in aqueous medium. The residual surfactant within the silicate network

acted as a phase transfer catalyst thus enhancing the catalytic activity, while well-

Fig. 35 Molecularly imprinted Ru ATH catalyst
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defined single-site chiral Rh functionalities could maintain high enantioselectivity.

Additionally, this catalyst can be recovered and reused repeatedly ten times without

serious deterioration of catalytic performance.

Xu et al. [113] have developed heterogeneous cationic chiral Rh catalysts by

utilising ion–pair interactions as an immobilising strategy. The homogeneous

cationic complex 134 was entrapped within mesoporous silica Me-SBA-15 or Me-

SBA-16 and used in ultra-sound-promoted ATH of various aromatic ketones (ring-

substituted acetophenones and acetylnaphthalenes) in water with HCO2Na

(Fig. 37). In comparison to the neutral Cp*Rh-TSDPEN version (as depicted in

Fig. 36), the cationic version showed higher initial activity while ultra-sound

irradiation could significantly enhance the reaction rate. They also showed that the

catalyst with the chiral Rh functionality entrapped within Me-SBA-16 could be

reused nine times without significantly affecting the enantioselectivity.

A series of chiral heterogeneous Rh catalysts 136–139 have been prepared via

immobilisation of TsDPEN-based Rh complexes within mesoporous silicate

networks by applying postgrafting, postmodification, and co-condensation strate-

gies, and then tested in the ATH of aromatic ketones in water (Fig. 38) [114]. It was

found that different immobilisation strategies led to different catalytic behaviour

and recyclability of the prepared catalysts. Notably, the direct anchoring of Cp*Rh-

TsDPEN functionalities on the surface of SBA-15 (catalysts 136 and 137) kept the
original chiral microenvironment and consequently resulted in as high a catalytic

Fig. 36 Core–shell-structured mesoporous silica-supported Rh catalyst

Fig. 37 Ion–pair interactions as a catalyst-immobilising strategy
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Fig. 38 Different immobilisation strategies for the preparation of silica-supported Rh catalysts
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efficiency as their homogeneous counterpart. The catalyst 139 prepared by a co-

condensation strategy (immobilisation of Cp*RhTsDPEN functionalities within the

silicate network forming uniformly distributed active species) presented a slightly

higher catalytic efficiency than catalyst 138 derived from a postmodification method

(the log-jam of Cp*RhTsDPEN functionalities near the nanopore mouth results in a

disorderly distribution of active species) suggesting that the distribution of active

centres plays an important role in enantioselective performance. The catalyst 139
also has the highest recyclability compared to 136–138.

Very recently, a unique example of heterogeneous chiral Rh catalyst has

emerged, in which the Rh complex 140 was immobilised at the surface of glass

plates as solid support, and used in the ATH of aromatic ketones in aqueous medium

[115]. Although conversions and ee values reached around 90 %, the recyclability

of this catalyst was poor, since the conversion for the reduction of acetophenone

decreased rapidly from 99 to 25 % in the 2nd cycle (Fig. 39).

Regarding a long history of cinchona alkaloids in asymmetric synthesis, Shen

et al. [116] attached 9-amino epi-cinchonine 141 on the surface of mesoporous silica

SBA-15. The hydrogenation catalyst 142 was then prepared in situ by mixing the

cinchonine-modified silica and [Ir(COD)Cl]2, and used for the reduction of

substituted acetophenones in i-PrOH as hydrogen donor. Although the enantiose-

lectivity was moderate (but still higher for acetophenone than with homogeneous

analogue), the catalyst can be easily regenerated by solvent washing, while Ir

leaching during four runs of the catalyst was \0.1 %. Similarly, 9-amino epi-

cinchonine was anchored onto the external surface-passivated SBA-15 [117]. After

complexing with [Ir(COD)Cl]2, the in situ-obtained heterogeneous catalyst 143
delivered higher ee values in the ATH in i-PrOH for all tested ketones compared

with the catalysts based on calcinated SBA-15 and its homogeneous counterpart

(Fig. 40).

2.2.1.2 Hybrid Inorganic–Organic Supports In order to ensure optimal diffusion

of reactants and products in THs catalysed by solid catalysts in a HCO2Na–H2O

reductant system, the surface properties of the catalysts are of great importance. For

shortening the diffusion rates and preventing the leaching of catalytic species, the

catalysts based on core–shell organic polymer–inorganic hybrid nanospheres were

Fig. 39 Glass-supported Rh catalyst
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designed. A chiral ligand, based on TsDPEN-polystyrene nanoparticles as the core

and poly(methyl acrylate) (PMA) incorporated into the mesoporous silica network

as the shell, was prepared in the presence of surfactant CTAB, then coordinated to

Ru and used in situ as the catalyst in the ATH of acetophenone and simple aromatic

ketones [118].

Yang and co-workers reported the immobilisation of Rh-TsDPEN by forming a

polymer@silica composite catalyst [119]. A chiral monomer (1R,2R)-N-(4-vinyl-

benzenesulfonyl)-1,2-diphenylethane-1,2-diamine was in situ-polymerised with

divinylbenzene in the nanocages of mesoporous silica (FDU-12), and coordinated

with a metal precursor. This chiral catalyst could efficiently catalyse the aqueous

ATH of ketones to afford higher TOFs than homogeneous Rh-TsDPEN (585 vs.

340 h-1 for the reduction of acetophenone). Thus, the solid composite with

hydrophilic outer (arising from silica) and hydrophobic inner surfaces (arising from

the organic polymer) provides a suitable microenvironment for hydrophilic and

hydrophobic reactants, and facilitates the mass transfer of ketone substrates in

water.

Unlike inorganosilicate materials, periodic mesoporous organosilicas (PMO)

possess a highly hydrophobic inner surface, which may facilitate reactions in a two-

phase catalytic system, thus promoting organic transformations in water. In this

regard, organosilica-bridged PMOs were prepared by the immobilisation of Cp*Rh-

TSDPEN within their silicate network to afford chiral heterogeneous catalysts for

aqueous ATH of aromatic ketones (Fig. 41) [120]. The ethylene-bridged PMO

catalyst exhibited excellent catalytic activity and high enantioselectivity, which can

Fig. 40 Cinchonine-derived silica-supported ligands for Ir(I) ATH catalysts
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be attributed to its hydrophobicity, and to the confined nature of the chiral

organorhodium catalytic sites. This catalyst also showed a high reusability as it

retained its catalytic activity after 12 cycles; for acetophenone, the ee value dropped

from 95 to 92.2 % over 12 runs, while conversion remained unchanged (99.9 %).

In heterogeneous catalysts, the tailored and pillared cavity is an essential property

as it enables the movement of reactants to inner catalytic sites. The mass transfer of

reactants and products inside the pores is mainly influenced by the interaction of the

internal walls of the channel with organic molecules, and can consequently be

controlled by the difference in polarities. To ensure such properties, anchored

ruthenium hybrid zirconium phosphate–phosphonates coated with hydrophobic

linear double-stranded polystyrene over the inner surface of the Zr layers were

prepared by the ‘‘first complexation of Ru and then molding of inorganic backbone’’

method, and used as the catalyst in the ATH of o-, m- and p-substituted

acetophenones (Fig. 42) [121]. This catalyst showed good catalytic activity and

enantioselectivity (73.6–95.6 % ees) in the aqueous reduction with FA-TEA as the

hydrogen donor, and could retain its catalytic properties after five runs in the case of

acetophenone.

2.2.1.3 Organic Supports From the viewpoint of green chemistry, it is worthwhile

to develop water-soluble catalysts that can simplify purification and be reused

without significant loss of activity. The poly(ethylene gylycol)-supported chiral

ruthenium catalyst Ru-PTsDPEN 144 was found to be highly productive in the ATH
of various ketones (acetophenones, acetonaphthones, 2-acetylfuran, 1-indanone,

1-tetralone) (Fig. 43) [122]. With this catalyst, the reactions were notably faster in

aqueous NaHCOO than in FA-TEA azeotrope. This catalyst system is also very

efficient in terms of recyclability, as it can be simply separated by precipitation and

reused more than ten times with no loss in enantioselectivity, demonstrating its high

stability in water.

Fig. 41 Organosilicas-supported-Rh ATH catalysts
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TsDPEN was attached to the poly(ethylene glycol) via its amino nitrogen to

obtain the chiral-supported ligand 145 for Ru-catalysed ATH in aqueous NaHCOO

(Fig. 43) [123]. More than 99 % conversions were obtained in the reduction of

acetophenone and ring-substituted analogues, as well as for 2-acetylfuran and

propiophenone. More than 90 % ees were observed for the majority of products,

while hydrogenation of 1-indanone and 1-tetralone delivered excellent ee values of

99 %. Similarly, poly(ethylene glycol)-supported chiral monosulfonamide 146 was

synthesised from (R,R)-1,2-diaminocyclohexane and acted as a good ligand to

in situ-form water-soluble Ru catalyst for TH in water using HCO2Na as a reductant

(Fig. 43) [124].

TsDPEN ligand was also immobilised onto soluble polymer supports obtained by

copolymerisation of methyl methacrylate and 2-hydroxyethyl methacrylate, using

click chemistry between the azide present on the polymer and the terminal alkyne as

a part of a TsDPEN derivative (Fig. 43) [125]. The triazole-containing polyligand

Fig. 42 Zirconium–polystyrene support for Ru catalyst

Fig. 43 Selected organic polymer-supported ligands and complexes
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147 and the Ru(II) complex constitute a good catalyst for ketone hydrogenation with

FA-TEA azeotrope. For instance, the acetophenone reduction proceeded with 98 %

conversion and furnished the alcohol product with 94 % ee. Unfortunately, the

activity of the already utilised catalyst recycled from the aqueous solution by

precipitation was very poor (20 % conversion after 48 h).

The performance of heterogeneous catalysts is usually lower than that of

homogeneous chiral catalysts, because of their lower interaction or poorer

wettability of catalytically active sites with reactant molecules. To increase the

wettability, phase transfer catalysts are sometimes introduced into the H2O–oil–

solid system. Xiao’s group reported on an elegant solution to circumvent this

disadvantage of heterogeneous catalysts by demonstrating a superhydrophobic and

mesoporous Ru chiral catalyst 148 synthesised by co-polymerisation of N-p-

styrenesulfonyl-1,2-diphenylethylenediamine with divinylbenzene, followed by

coordination of Ru species (Fig. 43) [126]. The catalytic performance of this

superhydrophobic catalyst was evaluated in the hydrogenation of acetophenone with

aqueous HCO2Na, and turned out to be higher (full conversion, 94 % ee in 1.5 h at

40 �C) than that of the homogeneous analogue (81 % conversion, 95.1 % ee in

1.5 h at 40 �C), and even of Ru-TsDPEN in nanocages ([99 % conversion, 92 % ee

in 2.5 h at 40 �C) [108], one of the best heterogeneous catalysts in the aqueous ATH
reactions. Superior catalytic performance of porous copolymer Ru-TsDPEN catalyst

is related to good enrichment of the reactants in the catalyst and easy transfer of the

product from the catalyst into the water phase due to its superhydrophobicity.

Another organic polymer-supported version of the Noyori–Ikariya catalyst has

been developed by attaching enantiomerically pure C2-symmetrical 1,2-diamines on

chlorosulfonylated polystyrene under conditions preferentially leading to monosul-

fonylation (Fig. 44) [127]. The obtained chiral functional resins were converted to

the Ru(II) catalyst 149 and used in the TH of alkyl aryl ketones with FA-TEA

azeotrope. Due to a high functionalisation level of catalytic resin, excellent

activities and enantioselectivities were obtained with an S/C ratio as high as 150; the

mean ee value of the resulting alcohols was 95 %, while conversions mostly reached

99 %.

Dimroth et al. [128] succeeded in immobilising a tethered Rh(III)-TsDPEN

catalyst on hyperbranched polyglycerol (hPG), which is a suitable support due to its

solubility in various solvents, high chemical stability, and weak coordination to

Fig. 44 Polystyrene-supported Ru ATH catalyst
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metals. A modified TsDPEN ligand was attached via amide coupling to hPG

containing amino residues, and complexation with RhCl3 furnished soluble hPG-

supported Rh(III) complex 150 (Fig. 45). This supported catalyst showed the best

performance for acetophenones, 2-acetonaphthone and propiophenone resulting in

quantitative conversions and over 95 % ee values after 6–18 h in the aqueous

hydrogen donor system (HCO2Na/water). Despite its excellent catalytic activity and

enantioselectivity, soluble-supported Rh catalyst could be recycled only two times.

To improve the reusability, a tethered Rh complex was anchored onto polymeric

chips (polypropylene- and polyethylene-based) to give a solid polymer-supported

catalyst. With this catalyst, a successful recycling was achieved in a water/HCO2Na/

HCO2H system keeping the enantioselectivity constantly high at 98 % ee for at least

seven runs in the ATH of acetophenone.

The use of micellar systems is a convenient method to facilitate the reactions of

usually hydrophobic organic molecules in water, but catalyst leaching can diminish

their usage. To avoid metal leaching by stabilising micellar catalysts, a chiral 1,2-

diaminocyclohexane ligandwas covalently attached to the block copolymer, followed

by complexation with a Rh(III) precursor to obtain an amphiphilic block polypeptide-

based heterogeneous catalyst [129]. The obtained Rh-containing copolymer 151
forms micelles in water, and catalyses TH of acetophenone with HCO2Na at room

temperature and low loading (1 mol%), and also provides high recyclability.

2.2.1.4 Dendritic Catalyst Systems Dendritic catalysts have received special

attention since they combine the advantages of both homogeneous and heteroge-

neous catalysts, but normally cannot outperform other types of immobilised

catalysts, such as on silica or organic polymer supports with respect to reusability

and catalytic activity. However, Wang’s group reported on a highly efficient

fluorinated dendritic chiral Ru-TsDPEN complex for the ATH in aqueous medium

[130]. This catalyst was prepared in situ from the chiral ligand 152 and Ru(II)

precursor, and could be easily separated via the solvent precipitation method and

reused more than 26 times without significant deterioration of enantioselectivity as

well as activity. This unprecedented recyclability can be ascribed to the presence of

fluorine atoms which contribute to scaffold rigidity and chemical resistance

(Fig. 46).

Fig. 45 Organic polymer-supported Rh catalysts
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Even though self-assemblies of chirally-functionalised silanes have dominated

the preparation of heterogeneous catalysts, their uncontrollable hydrolysis and

sometimes complicated compatibility of functionalities result in random anchor-

ing of chiral functionalities within frameworks. Octavinylsilsesquioxane 153 with

site-directing vinyl groups was used to construct polyhedral oligomeric

silsesquioxane (POSS) frameworks bearing (R,R)-TsDPEN as chiral functionality

[131]. Complexation with [Cp*RhCl2]2 afforded the heterogeneous catalyst 154
which displayed excellent catalytic activity in aqueous ATH of aromatic ketones

with almost quantitative conversions and high (over 90 %) ee values. For

example, acetophenone was reduced with obviously higher conversion when

compared to homogeneous Cp*Rh-TsDPEN ([99 % vs. 88 %), while enantios-

electivity remained unchanged. It is worth noting that this heterogeneous catalyst

could be recovered easily via nanofiltration and reused in 12 consecutive

hydrogenations of acetophenone without obviously affecting enantioselectivity

(Fig. 47).

2.2.1.5 Magnetic Nanoparticle Catalysts The anchoring of homogeneous chiral

catalysts on magnetic nanoparticles has attracted much attention due to the easy

recovery of formed catalysts via an external magnetic field. Despite this advantage,

the magnetic aggregation and magnetic loss still hinder a real practical application.

In early studies, chiral amino alcohol ligands immobilised on cobalt nanoparticles

induced comparable conversions and enantioselectivities to amino alcohols in

Fig. 46 Dendritic fluorinated ATH ligand

123

Top Curr Chem (Z) (2016) 374:18

Reprinted from the journal 39



monomeric form in Ru-catalysed ATH of acetophenone, yet benefiting from easy

magnetic separation [132].

Phenylene-coated Rh-functionalised magnetic nanoparticles 155 were developed

to catalyse TH of ketones in water [133]. First, a phenylene layer was coated onto

Fe3O4 by co-condensation of (S,S)-4-(trimethoxysilyl)ethyl)phenylsulfonyl-1,2-

diphenylethylenediamine and 1,4-bis(triethoxysilyl)benzene by using CTAB as a

template, then [Cp*RhCl2]2 was coordinated. This catalyst exhibited high reaction

rates and delivered on average 95 % ee of the resulting chiral alcohols in TH of

selected ketone substrates in a H2O/HCO2Na system. The catalyst can be recovered

by using a small magnet and can be reused in ten consecutive reductions without

loss of its catalytic activity (Fig. 48).

In another approach, Fe3O4 magnetic nanoparticles were first coated with SiO2,

onto which TsDPEN-derived chiral ligand was grafted [134]. The catalyst was then

obtained via direct complexing with [Cp*RhCl2]2. In general, high conversions and

enantioselectivities were obtained in aqueous ATH of the tested ketones. For

Fig. 47 Polyhedral oligomeric silsesquioxane Rh catalyst
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instance, acetophenone was reduced in a 97.2 % conversion, delivering the

corresponding alcohol in 97.7 % ee within only 1 h reaction time. The high activity

of this catalyst could be due to the high dispersion of rhodium centres on the outer

surface of the nanoparticles, while the high enantioselectivity may arise from the

preserved homogeneous microenvironment after immobilising of the chiral ligand.

This magnetic catalyst also exhibited high reusability.

Another magnetically recoverable catalytic silica microreactors 156 were

prepared and tested in the ATH of ketones in aqueous medium [135]. Magnetite

nanoparticles were coated with shells synthesised via co-polymerisation of Si(OEt)4
and the Ru-TsDPEN complex 157 functionalised with a trimethoxysilane group.

The transport of the hydrophobic reactants from the water medium to an entrapped

catalyst in a sol–gel matrix was ensured by the surfactant CTAC. Under these

conditions, ring-substituted acetophenones were almost quantitatively reduced with

HCO2Na giving the corresponding alcohols in over 90 % ees within 24 h (Fig. 49).

3 Transfer Hydrogenation Catalysed by Other Metals

An impressive success in replacing the rare elements such as ruthenium, rhodium,

and iridium in TH catalysis with Earth-abundant metals was made in the last decade.

Among them, iron substitutes appeared as an important alternative. There are

precedents of using iron catalysts in TH of ketones. Bianchini and Graziani reported

in 1993 that the dihydrogen isostructural complexes of type cis-[MH(H2){P(CH2-

CH2PPh2)3}]BPh4 (M = Fe, Ru, Os) catalyse the transfer of hydrogen from

cyclopentanol to benzylideneacetone to produce allylic alcohol with excellent

chemoselectivity [136]. Beller and co-workers [137] used a catalyst precursor

generated in situ-reacting Fe3(CO)12 with different porphyrin compounds for the TH

of ketones. The reduction was performed in isopropanol at the temperature of

100 �C. The aryl ketones (MeCOC6H4-2-OMe, MeCOC6H4-4-Cl, and EtCOPh)

were reduced with conversions of over 90 %. Structurally defined and more active

Fig. 48 Silicon-organic layer-coated magnetite Rh nanoparticle catalyst

123

Top Curr Chem (Z) (2016) 374:18

Reprinted from the journal 41



iron-based TH catalysts, trans-[Fe(CO)(MeCN)(PNNP)]2? were designed by

Morris et al. [138–141] (Fig. 50). The precatalysts were prepared by reacting the

trans-[Fe(MeCN)2(PNNP)]
2? complex with carbon monoxide in acetone.

When the carbonyl complexes 158–160 are activated by t-BuOK in i-PrOH, they

are surprisingly active catalysts for TH of ketones at room temperature. For

example, complexes 158 and 159 (6,5,6-PNNP type of complexes) display

comparable TOF (900 h-1) in reducing of acetophenone while 160 (5,5,5-PNNP

complex) is about 4 times more reactive. Concerning the enantioselectivity of the

complexes, it increases in the order 158\ 159\ 160, with 160 providing excellent

results for a wide range of ketone substrates. In a series of phenyl alkyl ketones

(PhCOR), the rate of reduction decreases in the order Me[Et[ i-Pr[ -tBu, while

the ee increases in the opposite order. The substitution pattern evidently suggests

that increasing the electrophilicity of the carbon of the ketone facilitates the limiting

step of the catalytic cycle. The catalyst 160 also shows the highest chemoselectivity

towards the reduction of the carbonyl group in cases of reducing the a,b-unsaturated

Fig. 49 Magnetite-silica microreactors containing Ru catalytic sites

Fig. 50 First (158 and 159) and second (160) generation iron(II) ATH catalysts
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ketones. It was also proposed that higher ee values produced by catalysts 159 and

160 are due to the conformation characteristics of their ring system backbone,

relative to that of 158, the latter having the flat, equatorial and stereochemically less

favourable cyclohexane moiety. Subsequently, detailed investigations of the 6,5,6-

PNNP systems (complexes 158 and 159; Fig. 50) revealed that the active catalytic

species were iron(0) nanoparticles [142].

The second generation the 5,5,5-PNNP complex 160 was further modified and

the derivatives examined in the ATH reactions of ketones. The catalytic activity of

the complex 161b (Fig. 51) versus 160 was determined to be virtually the same

within the experimental error, indicating that there is no significant effect of the

ligand in the trans position (acetonitrile vs. bromide ligand) relative to the carbonyl.

The incorporation of different amines into the backbone of the ligand of complexes

161a–d influences both the steric and electronic properties of the complexes.

However, precatalysts 161a–d show similar high activity in the ATH reaction of

acetophenone (TOF ranging from 2.1 9 103 to 2.0 9 104 h-1) and ees 60 % for

161a and 81 % for 161b and 161c using very low catalyst loadings (0.016 mol%

relative to the substrate) [143]. In order to study the electronic and steric effects of

the trans-CO/Br PNNP type of iron(II) complexes the orto- and para-substituted

phenyl groups were introduced into the phosphorus donors (examples 162b–166b)
while the (S,S)-1,2-diphenylethylenediamine moiety was retained. Among them,

only 162b and 164b were active catalysts in the ATH experiments reducing

acetophenone to the corresponding alcohol; 164b had too much steric crowding

around the iron centre, while 165b and 166b were too electron-poor and were

inactive in ATH. The precatalyst 162b showed increased activity and comparable

enantioselectivity to the precatalyst 160, while 164b produced more enanto-

enriched (R)-1-phenylethanol with an ee of 90 % [144]. The complexes having alkyl

substituents (i-Pr and Cy) on a phosphorus donor (168b and 169b) were completely

inactive in the ATH of acetophenone as a model substrate [145]; however, complex

167b (Et substituent on phosphorus) reduced acetophenone with TOF of 2300 h-1.

It should be pointed out that the iron(II) carbonyl complexes are not active for ATH

by themselves; a strong base, such as t-BuOK, is required to generate an active

catalyst species [138, 139, 141, 145]. This is in general quite typical for ATH

Fig. 51 Second generation iron(II) ATH catalysts
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reactions and there are a plethora of similar reports in the literature [9]. The third

generation iron(II) carbonyl 5,5,5-PNNP amine-imine diphosphine complexes 170–
172 (Fig. 52) were designed based on detailed mechanistic investigations and

investigations into the nature of the base activation of iron(II) carbonyl complexes

of the second generation [146, 147], affording even more reactive catalytic species

[148–150].

The ATH of (hetero)aryl ketones applying complexes 170–172 gave moderate to

high enantioselectivities (24–98 % ee) with TOF as high as 242 s-1. The precatalyst

171, with para-tolyl substituent on a phosphorus donor, gave the highest TOF of

152 s-1 in reducing acetophenone, while the complex 172 displayed the best

enantioselectivity (90 % ee; Fig. 52). A particularly interesting substrate is 3,5-

bis(trifluoromethyl)acetophenone, which was reduced with TOF of 200 s-1 and ee

of 98 % using the precatalyst 172 yielding the corresponding (R)-alcohol, which is

an intermediate for the synthesis of Aprepitant, a neurokinin antagonist [151]. This

highly active precatalysts exceeded the TOF demonstrated by ruthenium-based and

osmium-based (R,S)-Josiphos catalysts, as well as a ruthenium PNHNHP complex,

which possessed TOF of 89 and 92 s-1, respectively, at a temperature of 60 �C [84,

152].

It was proposed that the use of a more sterically hindered phosphine, such as a

dicyclohexylphosphino group on the ligand, may improve the enantioselectivity of

the third generation of iron(II) complexes. The unsymmetrically substituted PNHNP

complex 173 (Fig. 53) was synthesised by applying the templated ligand synthesis

approach [153]. Precatalyst 173 was tested in the ATH of C=O bonds and gave TON

up to 4300 and an enantiomeric excess up to 99 %. Comparing the activity of

precatalyst 173 with the diphenylphosphino analogue 170 (Fig. 52) in the ATH of

ketones, it was found that the enantioselectivity using this system was increased at

the expense of the catalytic activity.

The catalytic mechanism of the ATH of ketones using Fe(II)-complex 170 was

clarified by the spectroscopic detection of Fe(II)-amide and Fe(II)-hydride

intermediates (Fig. 54). The reaction of complex 170 with two equivalents of t-

BuOK generates a mixture of amido-enamido isomers 170a which are highly active

species for ATH. The amine-enamido-hydride complex 170b is formed upon the

Fig. 52 Third generation iron(II) ATH catalysts
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reaction of 170a with propan-2-ol enabling hydride transfer to the ketone hydrogen-

bonded to the N–H with the larger group of the ketone (R is aryl) oriented to the less

bulky diamine ligand moiety of the catalyst [148].

Recently, iron(II) complexes with chiral N2P2 and N2P4 macrocyclic ligands

were introduced by Mazzetti and Gao for applications in ATH catalysis. In 2004,

Gao and co-workers reported the ATH of ketones with the catalysts in situ generated

from iron(II) complexes and chiral PNNP ligands [154], ligands that were later

incorporated into the well-defined Fe-PNNP complexes by Morris et al., vide supra.

The 22-membered macrocycles 174 and 175 (Fig. 55) synthesised by Gao et al.

were used to in situ generate precatalysts from different iron sources (e.g.

Fig. 53 An unsymmetrical N(NH)P2 Fe(II) catalyst for the ATH of ketones

Fig. 54 Proposed mechanism of Fe(II)-catalysed ATH of ketones
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Fe3(CO)12, [Et3NH][HFe3(CO)11], and [PPN][HFe3(CO)11]). The combination of

175 and Fe3(CO)12 turned out to be the most successful in the ATH of aromatic

ketones yielding the corresponding chiral alcohols in excellent yields and ees up to

99 % [155]. The resulting catalytic system was, in the asymmetric hydrogenation of

ketones, later found to be heterogeneous [156]. The well-defined isonitrile iron(II)

complexes 176a–f were successfully prepared from diacetonitrile analogues of

which tert-butyl isocyanide derivative 176a was found to be the most active and

selective one. The precatalyst 176a enabled the ATH of a variety of aryl alkyl ke-

tones (e.g. acetophenone: 93 %, 84 % ee; 4-methylacetophenone: 85 %, 79 % ee;

3-methylacetophenone: 91 %, 86 % ee; 2-methoxyacetophenone: 95 %, 82 % ee;

3-chloroacetophenone: 98 %, 78 % ee; 1-acetonaphthone: 86 %, 91 % ee;

ethylphenylketone: 74 %, 85 % ee, and indanone: 69 %, 44 % ee) in i-PrOH/t-

BuONa at 75 �C. As in the examples of Morris’s second generation iron(II) 5,5,5-

PNNP precatalysts, vide supra, in the case of the complex 176a both imine

functionalities are also reduced during catalysis to amino functionalities. Therefore,

the corresponding derivatives 177a–c bearing diamino macrocyclic ligands

(Fig. 55) were explored. The complexes 177a–c are highly active and enantiose-

lective precatalysts in the ATH of a broad scope of ketones in basic i-PrOH [157].

The significant influence of the isonitrile substituents on the enantioselectivity

was noticed. The precatalyst 177a gave (S)-1-phenyletan-1-ol with 96 % ee and

80 % yield in 1 h. Catalysts 177b and 177c were found to be superior over 177a
producing the same alcohol in a better yield and ee. Periodical sampling of the crude

reaction mixture revealed that ee erosion was negligible while conversion is

approaching equilibrium. Ketones with larger aryl groups (1- and 2-acetonaphthone)

were reduced by 177c in high yields and ees. The catalyst 177b gave the

trifluoromethyl-substituted alcohols, which are important synthons for fungicides

[158, 159] and NK1 antagonists [151], in quantitative yields and ees of 96 and

98 %, respectively (Fig. 56). Although pyridyl or thiophenyl substituted ketones

tend to coordinate to the metal centre causing poisoning, catalyst 177b
hydrogenated acyl pyridines rapidly and with high ees.

Chiral bis(isonitrile) ligands and their iron(II) complexes (Fig. 57) were

introduced by Reiser et al. [160] and were tested as precatalysts for the ATH of

Fig. 55 P2N2 and (NH)2P2-type macrocyclic Fe(II) ATH catalysts

123

Top Curr Chem (Z) (2016) 374:18

Reprinted from the journal46



ketones. The complex 178b was found to be the most active in the ATH of

substituted phenyl alkyl ketones producing the corresponding alcohols in 50–99 %

conversions and ees up to 67 %. The same catalyst was also used to reduce

Fig. 56 Selected examples of highly enantioselective TH of ketones with 177b and 177c

Fig. 57 Iron(II) isonitrile, cyclone, and carbene complexes for the TH catalysis
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heteroaromatic ketones in good yields and generally moderate ees. Iron(II)

complexes with cyclone ligands 179a and 179d were proved to be of low activity;

however, complexes 179b, 179c and 179e, 179f (Fig. 57), enantiomerically pure

diastereoisomers, were found to be more effective ATH precatalysts in HCO2H/

Et3N 5:2 mixture as a hydrogen donor, giving almost complete transformation of

acetophenone in 48–96 h at 40 �C to the corresponding (R) alcohol with low ees

[161]. Preliminary studies of the catalytic activity of achiral novel N-heterocyclic

carbene ligated iron(II) complexes 180a–c were carried out to explore their potential
in the reduction of organic molecules. The catalytic (1 mol% loading) TH of

ketones (acetophenone, cyclohexanone, and benzophenone) was carried out in

propan-2-ol. All complexes catalysed the TH at 80 �C converting the tested ketones

to the corresponding alcohols in good (80–100 %) yields [162].

Catalytic transfer hydrogenation (CTH) of substituted aldehydes and ketones was

studied, using Fe(II)-phthalocyanine (Fe-Pc) homogeneous and heterogeneous (Fe-

Pc/Al2O3) catalysts and i-PrOH as the hydrogen source [163]. The homogeneous

catalytic system (Fe-Pc) produced moderate to excellent conversions for the various

simple aldehydes and ketones (acetophenone 96 %, 4-Me-acetophenone 86 %,

4-MeO-acetophenone 63 %, and 3,5-di-MeO-acetophenone 42 %). The hetero-

genised version (Fe-Pc/Al2O3) provided similar conversions as under homogeneous

conditions, allowing easy separation of the catalyst and its reusability.

Regarding osmium, catalytic TH of ketones have been reported for

[Os(CO)HX(PR3)n] (X = Cl, H; n = 2, 3) and related complexes [164, 165], as

well as for [OsCl(amino acids)(arene)]-type complexes [166]. A highly enantios-

elective example of ATH of several ketones (up to 92 % ee) was reported with the

system generated in situ from [Os(cymene)Cl2]2 and (1R,2S)-(?)-cis-1-amino-2-

indanol [167]. With the catalyst generated in situ from [OsCl2(PPh3)3], (R,S)-

Josiphos and 1-(pyridine-2-yl)methanamine ligands, efficient ATH of methyl aryl

ketones (up to 96 % ee) and good rates of reduction have been observed [168].

In recent years, several structurally different osmium(II) ATH precatalysts have

been developed, including those containing L-a-amino carboxylates, pybox ligands,

monophosphinite-inositol complexes [169], and pincer complexes. Many of those

reduce ketones with high enantioselectivities at very low loadings.

Synthetically readily accessible, robust, organo-osmium ATH catalysts were

most recently developed by Wills and co-workers [170]. The complexes 181
(Fig. 58) are osmium analogues of Noyori-type catalysts synthesised by a

Fig. 58 Osmium(II) catalyst for ATH of ketones
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microwave method, combining the dimer [OsCl2(g
6-p-cymene)]2 with chiral

diamines, (1R,2R)-(H)TsDPEN or (1S,2S)-(H)TsDPEN. When tested for the ATH

of acetophenone-derived substrates, a (R,R)-configuration of the precatalyst

established the reduction on the Re-face of ketone functionality, while a (S,S)-

analogue was selective for the Si-face, producing the corresponding alcohols in high

yields and ees up to 98 %. Among the L-a-amino carboxylates complexes 182
(Fig. 58), the proline derivative and its cationic trimer were found to be the most

active providing the chiral alcohols in moderate ees [171]. Concerning the pybox

complexes, the i-Pr-pybox osmium derivatives 183 and 185 displayed higher

efficiency than the corresponding Ph-pybox precatalysts 184 and 186 [172]. This is

in sharp contrast to the results obtained by analogous ruthenium–pybox complexes

for which the Ph–pybox complexes are the most active precatalysts [173]. A pincer-

type osmium system 188 [84] enabled the ATH of simple alkyl aryl ketones and

acetylpyridines with TOF between 0.51–9.0 9 105 h-1 with good yields (up to

99 %) and ees ranging from 91 to 99 %, producing the corresponding (R)-alcohols.

Although there have been some successful examples of iron complexes as

catalysts for TH and ATH of ketones, other first-row transition metals, such as Ni

and Co complexes, are still rare. Nickel has been used for TH either under

homogeneous [174, 175] or heterogeneous conditions [176–178], mostly for

aromatic carbonyl substrates. A heterogeneous Ni/CeO2 catalytic system for TH of

ketones was recently introduced by Shimisu et al. [179], enabling the TH of a

variety of aliphatic and (hetero)aromatic ketones in excellent yields. Gao et al.

developed an asymmetric version of a nickel precatalyst with (S,S)-PNNP ligands

for the ATH of ketones. This catalyst enabled good conversions of simple aryl alkyl

ketones to the corresponding chiral alcohols with moderate enantioselectivity [180].

A cobalt complex of structure [(PNHPCy)Co(CH2SiMe3)]BAr4 was shown to be an

active precatalyst for TH of a variety of ketones [181]. The cobalt complex was a

viable precatalyst for the TH of aromatic ketones bearing electron-donating or

electron-withdrawing substituents. Aliphatic ketones were efficiently reduced using

a similar procedure, with 2-hexanol being obtained in 95 % yield at 80 �C. For
conjugated substrates, such as trans-4-phenyl-3-buten-2-on or cinnamaldehyde, TH

with i-PrOH resulted in the complete reduction of both functionalities, C=C and

C=O bonds. There is a recent example of a CpMo(PMe3)3H complex capable of

effecting TH of carbonyl compounds, namely RCHO (R = Me, i-Pr), RC(O)Me

(R = Me, i-Pr, t-Bu, Ph), and Ph2CO, using formic acid as the reducing reagent

[182]. These investigations demonstrate that molybdenum hydride compounds may

have potential regarding TH reactions using formic acid.

4 Green Approach to Transfer Hydrogenation

4.1 Catalysis in Water

The interest in green chemistry tools has become increasingly significant because of

many potential advantages. The rise of green chemistry has also drawn attention to

synthetic procedures that promote atom economy and the use of nontoxic reagents
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and solvents. In this regard, ATH has developed to the stage where green solvents

such as water or, e.g., glycerol become solvents of choice. In the last decade,

numbers of Ru, Rh, and Ir homogeneous and heterogeneous catalysts for ATH in

water have been developed. The first transition-metal-catalysed TH in water was

described by Bényei and Joó using water-soluble monosulfonated triphenylphos-

phine ligand to achieve the reduction of aldehydes [183]. Wu and Xiao developed

efficient and selective catalytic systems for TH and ATH of carbonyl compounds in

water [184, 185]. During the application of a poly(ethylene glycol) (PEG)-supported

Ru(II) complex, it was noted that catalyst recycling via solvent extraction of the

chiral alcohol product was very efficient when water was present as the co-solvent

[122, 186]. This observation encouraged researchers to examine the behaviour of

sulfonamide ligands in acetophenone reduction by HCO2Na in water. The reduction

was significantly faster than in an organic solvent and provided excellent

enantioselectivities [187]. The catalysts were in general generated from the ligands

and the metal precursor ([RuCl2(p-cymene)]2) in water without adding base. These

precatalysts showed varying solubilities in water and in general they showed higher

solubility in ketones and alcohols. Monosulfonated diamines 189–192 (Fig. 59) all

performed the ATH of ketones in water efficiently, with high conversions and ees up

to 99 %, which were reached in short reaction times [188–190]. The ligands 189 and
192 were found to be superior under the given reaction conditions concerning

enantioselectivity. In comparison with ATH in the azeotropic mixture of HCO2H/

NEt3 with or without water, ATH in aqueous HCO2Na is much faster [187, 188]. It

was clearly shown that the pH of the solution plays an important role and is critical

to the reaction rate and enantioselectivity. Thus, efficient ATH can be achieved with

HCO2H/NEt3 in water, provided that the ratio of HCO2H to NEt3 is controlled in

such a way that the pH is close to neutral [188]. b-Amino alcohol ligands were

believed to be unsuitable for ATH in the presence of formic acid [191]; however,

simple b-amino alcohol ligands 193–195 (Fig. 59) catalyse the ATH of acetophe-

nones by HCO2Na or HCO2H/NEt3 in water [192], albeit with slow rates and lower

enantioselectivities than those obtained by diamine ligands.

An accurate computational study of the role of water in the TH of formaldehyde

with a Ru(II)-based catalyst using a water-specific model suggests that the reaction

Fig. 59 Ligands used in Ru(II)-catalysed ATH in water

123

Top Curr Chem (Z) (2016) 374:18

Reprinted from the journal50



mechanism in aqueous solution is considerably different from that in the gas phase

or in methanol solution [193]. In aqueous solution, a concerted transition state is

observed, though only the hydride is transferred at this point, whereas the proton

transfer happens later by a water molecule instead of involving the catalyst.

Carreira et al. introduced a series of aqua Ir(III) moisture and air stable complexes

with outstanding performance in the ATH of prochiral ketones in water (Fig. 60).

The complexes 196–201 were readily synthesised from the Ir(III) trihydrate

precursor [Cp*Ir(H2O)3]SO4 in water/methanol medium at room temperature. The

ligands 198 [194] and 199 [195] were found to be highly reactive in the ATH of a-
substituted ketones, leading to excellent enantioselectivities (up to 99 % ee) of the

corresponding alcohol products. Additionally, pH-independent ATH of b-keto
esters in water with formic acid was achieved by applying the catalyst 197, which
was found to be superior to its fluorinated N-sulfonyl counterparts 198 and 199
[196]. The reaction tolerates substrates with both electron-donating and

-withdrawing substituents in the para- and meta-positions; however, the orto-

substituents significantly reduced enantioselectivity [e.g. ethyl (R)-3-hydroxy-3-(4-

nitrophenyl)propanoate was obtained in 99 % yield and 87 % ee].

Recently, it has been shown by Xiao et al. that cyclometalated iridium(III)

complexes can be ‘‘switched on’’ by controlling the solution pH to function as

catalysts for the TH of carbonyl compounds in water using formate as the hydrogen

source. Substituted benzophenones as well as alkyl aryl and dialkyl ketones were

reduced in high yields (79–99 %) using 0.05 mol% of catalyst 202 (Fig. 61) [197].

Catalysts 203 and 204 were examined in the chemoselective TH of various a-
substituted ketones, keto esters, and a,b-unsaturated aldehydes in water [198]. It

was clearly shown that the pH of the reaction solution plays the crucial role, and pH

Fig. 60 Ir(III) moisture- and air-stable aqua complexes for ATH of ketones
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4.5 was found to be optimal. A wide range of b-keto esters and ethyl

2-oxopropanoate, ethyl 2-oxopropanoate, and ethyl 2-oxo-2-phenylacetate were

chemoselectively reduced in high yields (91–96 %) to the corresponding a- and b-
hydroxyesters applying 0.1 mol% of the catalyst 3. With the cyclometalated

complex 203, which is slightly more active than 204 (Fig. 61), a-substituted
acetophenones were reduced in high yields to the corresponding benzyl alcohols.

The Ir(III) catalyst 3 was still capable (0.01 mol% loading) of reducing all types of

b-aryl ketone aryl ethers; however, neither electron-withdrawing substituents nor

electron-donating groups on the aryl ring of either ketones and ethers significantly

affected the productivity and selectivity of the catalyst.

To unreveal some limitations concerning the solubility, catalytic activity and/or

selectivity on going from an organic solvent to water as a reaction media, several

water-soluble ligands/catalysts have been explored in recent years. Simple chiral N-

tosylated diaminoligands were synthesised and used in Ru(II)-, Rh(III)-, and Ir(III)-

catalysed TH of ketones. Ligands 205 and 206 (Fig. 62) exhibited excellent

catalytic activity in the case of enantioselective reduction of ketones and imines;

however, both ligands failed to be efficiently reused [199]. The cationic

diguanidinium ligand 206 was explored in combination with Rh(III), Ir(III), and

Ru(II) metal complexes to form precatalysts in water. The Rh(III) in situ-formed

precatalyst exhibited the best reactivity and enantioselectivitiy in an aqueous

solution of sodium formate at 28 �C [200]. A range of aromatic ketones, particularly

Fig. 61 Ir(III) metalacyclic complexes as TH catalysts
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a-bromomethylaromatic ketones, were efficiently converted to the corresponding

alcohols employing disulfonated water-soluble ligands of type 207 and NaHCO2 as

the hydrogen source [201, 202]. Considerable enhancement of activity was noticed

in the presence of the cationic surfactants, cetyltrimethylamonium bromide (CTAB)

and cetylpyridine bromide (CPB). When CPB was used as a surfactant, the water-

soluble ligands 207 could be recycled 21 times without loss of high conversion and

enantioselectivity. The imidazolium ion-tethered TsDPEN ligands 208–213
(Fig. 62) were used in Rh(III)- and Ru(II)-catalysed ATH of ketones in water.

Ligand 211 was found to form an efficient ATH precatalyst in combination with

[Cp*RhCl2]2 and NaHCO2 as a hydride donor in water. Acetophenones with

electron-donating groups at the C-3 and C-4 positions gave the highest ee values of

97–98 % with relatively low reaction rates; on the other hand, electron-withdrawing

substituents at C-4 and C-3, C-5-disubstituted analogues gave the corresponding

chiral alcohols in slightly lower ees with high reaction rates and conversions. C-2

substituted acetophenones resulted in low ee values (67–73 %) [203]. Analogous

water-soluble ligands 212 and 213 formed active water-soluble precatalysts when

combined with [RuCl2(p-cymene)]2 in water. The catalytic system showed high

catalytic activity and excellent enantioselectivities (85–98 % ee) for 4-substituted

acetophenones [204]. Wills et al. prepared triazole-functionalised TsDPEN

derivatives on a soluble polymer support [125]. The best catalyst of the series

reduced acetophenone in 24 h at 40 �C with 94 % ee. Tetraarylphosphonium (TAP)

salts have been reported as solubility-control groups for reagents, ligands, and

catalysts. This technology has also been applied for the ATH of prochiral ketones.

Adolfsson reported on a lipophilic Rh catalyst which reduced aryl alkyl ketones

with high enantioselectivity (up to 97 %) in water in the presence of sodium

dodecylsulfonate [205]. A Noyori–Ikariya TAP-supported recyclable catalyst was

Fig. 62 Water-soluble ligands in ATH of ketones
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explored by Charette et al. for ATH applications in water [206]. The ligand 214
(Fig. 62) was readily synthesised via a three-step synthetic procedure starting from

4-bromobenzaldehyde. A precatalyst was formed in situ before catalysis with 0.6

equiv. [RuCl2(p-cymene)]2 in water at 40 �C and a mixture of HCO2H and Et3N in

the ratio 1.2:1, as optimum, was used as the hydrogen source. The catalytic system

enabled the reduction of acetophenone in 3 h with complete conversion and ee of

95.7 %. Interestingly, 10-indanone, acethyltiophene and tetralone provided the best

enantioselectivities with 96.8, 95.5 and 98.1 %, respectively. However, the catalyst

was found to have limited recyclability.

Only a few examples of surface-active catalysts that can promote aqueous TH by

improving both the catalytic reaction and the mass transfer between the reagents

have been described. An amphiphilic-polymer-based iridium catalytic system that

can assemble at the interface of emulsion droplets showed a significant acceleration

rate in the ATH of aldehydes in water [207]. Recently, Deng et al. described

TsDPEN-based chiral surfactant-type ligands 215 (Fig. 63) in micellar rhodium

catalysis, with higher ee values in ATH of the plethora of aryl, alkyl, and dialkyl

ketones compared to nonmicellar analogues [208]. Additionally, two types of

2-aminoethyl(p-tosyl)amide ligands with Et3N, OctMe2N, and Bu3N substituents

were investigated [209, 210]. The precatalyst were generated in situ by reacting

ligands 216–218 with [RuCl2(p-cymene)]2 or [(Cp*)IrCl2]2 in neat water at 80 �C
for 1 h. Various aldehydes, including electron-deficient and electron-rich, were

Fig. 63 Surfactant-type ligands in ATH of ketones
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reduced with high conversions and chemoselectivity using HCO2Na in water. The

ligand 219 containing the trialkyl ammonium group (Fig. 63) was used to synthesise

Ru(II) and Rh(III) water-soluble catalysts for the water-phase TH of acetophenone

as a model substrate. The Ru(II) and Rh(III) complexes with 219 ligand form

micelles and are densely adsorbed at the water–substrate interface, where they

strongly enhance the rate of TH of ketones with formate in water compared to

analogues with shorter alkyl chains [211].

Several well-defined achiral water-soluble Ru, Rh, and Ir complexes were

prepared and their potential in the TH reaction of carbonyls in water was explored.

Dipyridylamine ruthenium complexes 220–223 (Fig. 64) were found to successfully

reduce acetophenone in a water solution of HCO2H and NaHCO2 at 65 �C. The best
results were obtained at pH 3.8 for equimolar ratio HCO2H/NaHCO2 (5 equiv.

excess to the substrate). The reactivity of chloro complexes 220–223 depends on the

nature of the ancillary arene ligand among which the catalyst 222 was found to be

the most reactive, enabling the reduction of aryl ketones with good to excellent

conversions [212]. Iridium and ruthenium N-heterocyclic carbene complexes have

been tested in the TH of several carbonyl substrates using glycerol as solvent and

hydrogen donor. The Ir(III) complexes 224 and 225 were the most efficient due to

their solubility in the reaction media [213]. The half-sandwich Ru, Rh, and Ir

complexes 227 and 228 (Fig. 64) were also found to be successful catalysts for TH

in water/glycerol reaction medium. The complexes are water soluble due to the

presence of a carboxylic functional group, and they efficiently catalyse pH-

independent TH of standard aromatic ketones to the corresponding alcohols [214].

4.2 Catalysis in Ionic Liquids

Ionic liquids (ILs) have attracted considerable attention as environmentally benign

reaction media. By the proper variation of their anionic and cationic parts, their

physical properties, such as vapour pressure, thermal stability, and solvation

strength, can easily be fine-tuned [215]. Although, the ILs are widely used as

environmentally benign solvents in high-pressure catalysis, there are only a few

examples of their application in TH reactions of carbonyls. Berthold et al. [216] first

reported the application of ILs as reaction media for TH of ketones and their a,b-
unsaturated derivatives. Hermecz et al. reported the reduction of chalchone and a,b-
unsaturated carbonyl derivatives by using [ClRh(PPh3)3] and [Rh(cod)Cl]2

Fig. 64 Well-defined achiral water soluble Ru, Rh, and Ir complexes
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complexes in imidazolium, ammonium, and phosphonium containing ILs. Out-

standing chemoselectivities depending on the nature of the anions of ILs provided

the corresponding ketones with excellent yields and TOF of 2.5–20 h-1 at 90 �C
[217]. Recyclable ruthenium catalysts prepared from ionic chiral aminosulfonamide

ligands 212 and 213 (Fig. 62), which were used in the ATH of prochiral ketones in

water, were also tested in [bmim][PF6] ionic liquid. The catalytic system provided

excellent conversions and high enantioselectivities of simple acetophenones. The

presence of the IL enables the catalyst to be readily removed from the product by

extraction into a low polarity solvent and reused several times [218]. Recently,

several different c-valerolactone-based IL were investigated as alternative reaction

media for TH of ketones, facilitating good conversions of substituted acetophenones

(60–99 %) and simple aliphatic ketones (96–99 %) to the corresponding alcohols

[219].

Another approach in the application of ILs in TH reactions is to incorporate an

ionic liquid structural framework into the ligand structure aiming for better catalyst

selectivity and especially for efficient catalyst recovery. (Arene)Ru(II) complexes

based on IL phosphinite ligands 229a–d (Fig. 65) were prepared and tested in TH of

various ketones in propan-2-ol [220]. The catalyst enabled good conversions of

substituted acetophenones (95–99 %) and simple aliphatic ketones (e.g. cyclohex-

anone, cyclopentanone, 4-methylpentan-2-one, and dielhylketone) in i-PrOH at

80 �C. Sulfonated chiral diamine ligand anion-based functionalised IL has recently

been reported for ATH of acetophenones in a HCO2H/Et3N azeotrope mixture at

40 �C providing the corresponding chiral alcohols in 86–96 % ees [221]. The

catalyst could be recycled five times without major loss of activity and

enantioselectivity. Hydrophilic coordinating chiral IL with an amino alcohol

substructure 230–232 (Fig. 65) offers an attractive alternative to conventional

ligands in ATH. When employed as a source of chirality in ATH of prochiral

Fig. 65 Ionic liquid type of ligands for the ATH of ketones
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ketones, the chiral IL 230–232 provided reasonable yields and ees (e.g. acetophe-

none 97 and 75 % ee, propiophenone 30 and 65 % ee, 1-indanone 71 and 85 % ee,

1-acetonaphtone 85 and 71 % ee) [222]. A (S,S)-DPEN chiral ligand was connected

to quaternary ammonium functional groups in order to improve the interaction of

the Ru(II) precatalyst in IL as the medium for ATH of ketones. Among a variety of

TsDPEN derivatives 233a–g (Fig. 65) with attached different ionic moieties, 233a,
having an imidazolium group, showed the best results in using HCO2H/Et3N as the

hydrogen source and [bmim][PF6] IL as the reaction medium [223].

5 Practical Applications of Asymmetric Transfer Hydrogenations

Catalytic TH of ketones, in particular asymmetric versions, has been at the forefront

of research due to the importance of optically active alcohols as intermediates for

pharmaceuticals and agrochemicals. In this context, the seminal research of Noyori

on ATH mediated by N-sulfonated diamine-g6-arene ruthenium catalysts represents

a breakthrough, changing ATH into a viable, efficient, and cost-effective

technology. Among the most outstanding advances, in terms of molar substrate to

catalyst ratio (S/C), are the tethered catalysts of type 234 (Fig. 66) introduced by

Wills and Ikariya. Another advance in the field of TH includes the development of

ruthenium catalysts containing monoanionic meridional NNC-ligands (e.g. complex

235; Fig. 66), characterised by TOF over 105 h-1 and S/C 20,000.

However, industrially, the most widely applied ATH catalysts are Noyori-type

catalysts such as 26. An asymmetric and cost-effective route to (?)-erythro

Mefloquine�HCl, the single enantiomer of the commercially available racemate used

for the treatment of malaria, was developed by Bryant et al., starting from pyridyl

quinolinyl ketone using catalyst (S,S)-26 (Fig. 66) [224]. The corresponding

alcohol, which was later determined to be (S)-(?)-237 [225, 226], was obtained in

91 % yield and 98 % ee (Fig. 67, reaction 1). Okano et al. developed ATH of

3-trifluoromethylacetophenone applying (S,S)-26 as an ATH precatalyst to produce

(S)-1-(3-trifluoromethylphenyl)ethanol 238 (Fig. 67, reaction 2) (99 %, 93 % ee) as

a key intermediate for the synthesis of a wide-spectrum agricultural fungicide, (S)-

MA20565 [159]. The robust nature of this particular process was demonstrated by

pilot plant validation on a 100-kg scale (91 % ee, 98 % yield). Merck used a Ru-

(1S,2R)-1-amino-2-indanol-catalysed ATH to obtain the (R)-alcohol intermediate

Fig. 66 Industrially most applicable ATH catalysts
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for Aprepitant (an NK-1 receptor antagonist) in 92 % yield and 91 % ee (Fig. 67,

reaction 3) [151, 227]. In comparison, asymmetric reduction of the 1-(3,5-

bis(trifluoromethyl)phenyl)ethan-1-one with oxazaborolidine-catalysed borane

reduction [(S)-Me-CBS/BH3�PhNEt2] gave the product in 97 % yield and 95 %

ee [151]. Avecia also has an ATH process for the same compound using

Cp*RhCl(TSDPEN) as catalyst and Et3N/HCO2H as hydrogen donor for 100-kg-

scale production of 238, an intermediate for Vestipitant, another NK1-receptor

antagonist [228].

An intermediate for the synthesis of the Alzheimer’s drug, Ladostigil (TV3326),

was produced by applying (S,S)-TsDPEN or (S,S,S)-Cs-DPEN RuCl(p-cymene)

precatalysts and the HCO2Na/H2O system as the hydrogen donor (Fig. 68,

reaction 1). The corresponding (S)-derivative of 2,3-dihydro-1H-inden-1-ol 240
was obtained under optimised reaction conditions in 82 % yield and 98 % ee [229].

Two more industrial examples of ATH processes deserve attention. The first is the

rhodium-catalysed synthesis of (R)-tetralol (241) (Fig. 68, reaction 2) [228]. To

achieve the best yield and enantioselectivity, the researchers investigated ways to

remove acetone, the by-product that causes the reverse reaction. By running the

reaction under reduced pressure (1–1.5 kPa) and maintaining the concentration of

Fig. 67 Industrial applications of the ATH for the synthesis of enantio-enriched alcohol intermediates
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the reaction mixture constant, the researchers were able to produce (R)-tetralol in 95

and 97 % ee. The second example is the multi-hundred-kilogram-scale production

of styrene oxide (242) [228]. In this case, the catalyst 26 was investigated, and high

enantioselectivity was observed (95 % ee), but the catalytic activity was not high

enough (S/C = 100, 60 % conversion after 16 h) to be economically feasible.

Alternatively, Rh and Ir catalysts were proven to be more effective. The iridium

precatalyst Cp*IrCl[(S,S,S)-Cs-DPEN] enabled the full conversion of the starting

material with a substrate to catalyst ratio of 1000 and with [99 % ee (Fig. 68,

reaction 3).

An additional example of ATH of ketones in industrial processes is the total

synthesis of the drug, Dorzolamide�HCl, indicated for the treatment of high

intraocular pressure. A Ru(II)-catalysed ATH process has been developed by ZaCh

System-Zambon Chemicals [230]. The complex (S,S)-26 (Fig. 66) efficiently

controls the stereoselectivity affording the (S,S)-hydroxy sulfone with high

selectivity (98 % de and 99.9 % ee after isolation) (Fig. 69).

Recently, ATH methodology was applied for the asymmetric reduction of achiral

purine derivatives to attain chiral acyclonucleosides, important intermediates for the

synthesis of Tenofovir and its analogues. Purine derivatives were reduced using an

in situ-generated catalytic system form, [RuCl2(C6H6)]2 complex, and chiral

prolinol derivative 244 as a ligand. Intermediate (R)-1-(6-amino-9H-purin-9-

yl)propan-2-ol (245) was obtained in good yield and 93 % ee (Fig. 70) [231].

High-throughput, multi-dimensional substrate–catalyst screening was described

by Adolfsson et al. for the ATH of heteroaryl alkyl ketones. The evaluated

ruthenium and rhodium precatalysts were derived from a library of modular amino

acid-based ligands. The results of screening were used as a key step in the formal

synthesis of the antidepressant drugs, (R)-Fluoxetine and (S)-Duloxetine. The ATH

Fig. 68 Industrial applications of the ATH for the synthesis of enantio-enriched alcohol intermediates
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with the optimised precatalysts (ruthenium and rhodium) resulted in excellent

enantioselectivities ([99 % ee) of 1,3-amino alcohol intermediates (Fig. 71) [232].

Most recently, Komiyama et al. [233] applied an oxo-tethered ruthenium(II)

complex for an efficient and scalable enantioselective synthesis of the intermediate

for a b2-adrenergic receptor antagonist. The intermediate, (R)-2-amino-1-oxyethyl-

1,2-dihydroquinolin-2-one derivative, was obtained with 71 % yield and 98.6 % ee

on large-scale production.

Asymmetric TH of ketones is often applied as a key synthetic step in the

synthesis of chiral natural products or valuable small-molecule inhibitors of

enzymes. Recent selected examples of natural products and small-molecule

Fig. 69 Application of the ATH in the synthesis of Dorzolamide�HCl

Fig. 70 Application of the ATH in the synthesis of Tenofovir and its analogues

Fig. 71 ATH approach to (R)-Fluoxetine and (S)-Duloxetine intermediates
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inhibitors are shown in Fig. 72, in which ATH of ketones was successfully applied,

enabling the synthesis of the corresponding enantio-enriched alcohols. (R)-

Tembamide and (R)-Aegeline, natural products isolated from Fagara hyemalis

and Aegele marmelos, respectively, were obtained in ee[ 99 % using (S,S)-236
ruthenium complex [234]. The ruthenium precatalyst (S,S,S)-Cs-DPEN was used by

Li et al. to synthesise (R)-2-chloro-1-(2-chlorophenyl)ethanol (93 % yield and 99.7

ee) and (S)-2-bromo-1-(4-nitrophenyl)ethanol (88 % yield and 93 % ee) as

intermediates for the synthesis of (R)-Clorprenaline and (S)-Sotalol [235]. The

Noyori–Ikariya precatalysts, Ru-TsDPEN (S,S)-26 or (R,R)-26 in combination with

HCO2H/Hünig’s base were used for the ATH of N-substituted a-ketopantolactam.

N-Propyl pantolactam was successfully prepared at a 2-kg scale with excellent

chemical yield and chiral purity (95 % ee) (Fig. 72) [236]. (50S)- and (50R)-C-
Methyladenosines, which are precursors for the important structural probes in

molecular biology and enzymology, were synthesised by ATH from corresponding

methyl ketones. The corresponding products (50S)-C-MAd and (50R)-C-MAd

(Fig. 72) were obtained in high diastereomeric ratio [(50S)/(50R) = 95:5 from

(S,S)-26 and (50R)/(50S) = 8:92 from (R,R)-26] replacing the HCO2H/Et3N system

with aqueous HCO2Na as a stoichiometric reductant [237]. Total synthesis of

diospongins A and B and their enantiomers was achieved by applying an

asymmetric hetero-Diels–Alder reaction followed by ATH of the corresponding

ketones [238]. Recently, it was demonstrated that ATH using (S,S)-234 or (S,S)-26
ruthenium precatalysts could be successfully applied for the asymmetric reduction

of diynones to approach enantio-enriched diynols in high conversions and ees up to

97 %. The methodology was demonstrated by the total synthesis of (S)-panaxjapyne

A, which was obtained in 96 % ee [239].

Fig. 72 Selected examples of chiral natural products or valuable small-molecule inhibitors in which the
ATH was a key synthetic step
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6 Conclusions

We have discussed the transition-metal-catalysed TH of ketones, with emphasis on

asymmetric versions which provide optically active secondary alcohols. Because of

a plethora of TH metal catalyst systems, only prominent and interesting examples

which have been found in the literature over the past decade are given. Among the

most active and selective, yet numerous, catalysts are still those based on ruthenium,

approaching the enzymatic performance in some cases, and delivering the chiral

secondary alcohols in near-quantitative ees. In this regard, Nojoyri and Ikariya were

the pioneers who introduced their powerful bifunctional (arene)(diamine)ruthenium

catalysts. However, there are two negative aspects of using ruthenium, its high price

and toxicity, which reduce its attractiveness for future use, and at the same time

demand the development of new catalysts to replace the precious metals. Here, iron

stands out, since it is a cheap and ubiquitous metal, and its traces in final chemical

products are not as serious a problem as traces of ruthenium. To date, the only iron

catalysts that can challenge platinum metal ATH catalysts on both activity and

selectivity were developed by Morris and Mezzetti. On the other hand, nickel and

cobalt complexes, being capable of performing efficient TH of ketones, are still rare,

and therefore the research interest in developing catalyst systems based on other

metals is highly desirable. As a consequence of increasing interest for ‘‘greener’’

processes, the development of catalytic systems that can operate in water has been

of great importance. While there is limited solubility of catalysts and organic

substrates in water, the enhancement of hydrogenation rates and selectivities can be

observed in selected examples by using micellar systems. Ionic liquids as solvents

for THs also contribute to user-friendly applications because of their non-volatility,

non-flammabiltiy and low toxicity. Since asymmetric TH catalysts use optically

pure ligands to efficiently induce stereochemistry of the secondary alcohol products,

the high price can be the limiting factor of their mass use. Here, naturally occurring

compounds, for example sugars and amino acids, can serve as cheap and structurally

different chiral backbones for more economical ligand production. While homo-

geneous TH is still prevalent exhibiting excellent activity and stereoselectivity, the

interest in heterogeneous catalysis is constantly growing. Heterogeneous catalysts

offer much better reusability; however, they can usually not compete with ees

obtained by homogeneous analogues, and, additionally, the substrate scope is still

narrow. Although there are a great many catalytic systems based on platinum metals

that are very active and can produce secondary alcohols in high stereoselectivity,

when looking towards industrial applications and specific substrate characteristics

there is always the need to develop novel catalyst systems or fine-tune existing ones.
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65. Facchetti G, Gandolfi R, Fusé M, Zerla D, Cesarotti E, Pellizzoni M, Rimoldi I (2015) New J Chem

39:3792

66. Takehara J, Hashiguchi S, Fujii A, Inoue S, Ikariya T, Noyori R (1996) Chem Commun 233

67. Deshpande SH, Kelkar AA, Gonnade RG, Shingote SK, Chaudhari RV (2010) Catal Lett 138:231

68. Chakka SK, Andersson PG, Maguire GEM, Kruger HG, Govender T (2010) Eur J Org Chem 972

69. Han ML, Hu XP, Huang JD, Chen LG, Zheng Z (2011) Tetrahedron Asymmetry 22:222

70. Huynh KD, Ibrahim H, Kolodziej E, Toffano M, Vo-Thanh G (2011) New J Chem 35:2622
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Abstract This review contains a summary of recent developments in the transfer

hydrogenation of C=N bonds, with a particularly focus on reports from within the last

10 years and asymmetric transformations. However, earlier work in the area is also

discussed in order to provide context for the more recent results described. I focus

strongly on the Ru/TsDPEN class of asymmetric transfer hydrogenation reactions

originally reported by Noyori et al., together with examples of their applications,

particularly to medically valuable target molecules. The recent developments in the

area of highly active imine-reduction catalysts, notably those based on iridium, are

also described in some detail. I discuss diastereoselective reductionmethods as a route

to the synthesis of chiral amines using transfer hydrogenation. The recent development

of a methodology for positioning reduction complexes within chiral proteins, per-

mitting the generation of asymmetric reduction products through a directed modifi-

cation of the protein environment in a controlled manner, is also discussed.

Keywords Transfer � Hydrogenation � Imine � Amine � Reduction � Asymmetric

1 Introduction

In recent years, a significant amount of research has been carried out on the transfer

hydrogenation of C=N bonds using complexes based on a range of metals, but most

frequently on the use of ruthenium, iridium and rhodium. Many of the advances have

This article is part of the Topical Collection ‘‘Hydrogen Transfer Reactions’’; edited by Gabriela

Guillena, Diego J. Ramón.

& Martin Wills

m.wills@warwick.ac.uk

1 The Department of Chemistry, Warwick University, Coventry CV4 7AL, UK

123

Top Curr Chem (Z) (2016) 374:14

DOI 10.1007/s41061-016-0013-7

Reprinted from the journal 69

mailto:m.wills@warwick.ac.uk


been in the use of asymmetric catalysts for this process, and several of these are closely

related to similar catalysts for asymmetric hydrogenation using hydrogen gas as a

reagent. In addition, the combination of organometallic reagents with organocatalysts

has been developed, as has the use of purely organocatalytic processes. A large number

of synthetic applications, notably to pharmaceutical targets, have been reported.

The objective of this review is not to recount the early history of the transfer

hydrogenation of C=N bonds, including asymmetric versions, because this has been

reported adequately in a range of other reviews [1–14]. In addition, the mechanisms

of the reactions have been discussed in detail. Hence, whilst some recap is valuable

in order to set the newer results into appropriate context, this review will focus

primarily, although not exclusively, on newer developments in this area, reported in

the last 10 years, i.e. since and including 2005. I will also focus on the applications

of C=N reduction which have been reported and the development of asymmetric

methods and catalysts for this process. These will be distinguished by abbreviations

for transfer hydrogenation (TH) and asymmetric transfer hydrogenation (ATH). The

reducing agents (hydrogen sources) in the great majority of cases are either an

alcohol (normally isopropanol—IPA—which is also used as the solvent), a

combination of formic acid and trimethylamine (FA/TEA—usually used as a 5:2

azeotrope) or an aqueous solution of sodium formate (SF). The review will not

cover hydrosilylation reactions, although some excellent reports have appeared in

this area [15–17]. Organocatalysis, not involving a metal catalyst, is covered

elsewhere in the volume and therefore not featured here, although some reviews that

have been published on this are highlighted for context [18, 19].

2 Organometallic Catalysts for the Transfer Hydrogenation of Imines

2.1 TsDPEN/Ru and Related Organometallic Catalysts

Chemical methods for the TH of C=N bonds, and notably the reduction of imines to

amines, have been known for many decades, early examples being the use of

ruthenium complex Ru3(CO)12 [20] and [RuCl2(PPh3)] [21]. In both cases, IPA was

used as the reducing agent and a base was used to activate the catalyst. Relevant to

the latter example, it was later demonstrated that [RuH2(PPh3)] was an active TH

catalyst which did not require added base [22, 23].

One of the most significant developments in imine ATH was reported in the mid-

1990s, when Noyori et al. reported their results on the use of the now very well-

established ruthenium complexes 1 of monotosylated 1,2-diamines in the asymmetric

reduction of imines (Fig. 1) [24]. This important paper contained the first report of the

application of this highly practical asymmetric catalyst for imine ATH. Of the series

of catalysts tested, trans-1,2-diphenylethane-1,2-diamine (DPEN) formed the basis of

the ligands, which could be created by converting just one of the amine groups to a

sulfonamide, with a range of sulfonamides proving to be compatible. Of these, the

monotosylated derivative (TsDPEN) is now probably the most widely used in the

field. There is also some scope for variation of the g6-arene ring, and its selection can

significantly influence the activity and selectivity of the reductions.
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Although a range of C=N bond-containing substrates were described, Noyori

et al.’s study revealed cyclic imines such as dihydroisoquinolines (DHIQs) and

dihydro-b-carbolines (DHBs) to be excellent substrates. The reducing agent in this

case was FA/TEA, and an organic co-solvent was required. Their paper contained

an account of the application of the methodology to the synthesis of precursors of

the Merck drug MK-0417. The reduction of acyclic substrates reported at this time,

however, proceeded in lower enantioselectivity (Fig. 1; note that the general

reaction outcome using the (R,R)-configuration catalyst is illustrated; examples

were given of the use of both catalyst enantiomers).

Fig. 1 Asymmetric transfer hydrogenation of imines using Ru/TsDPEN complexes
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This initial result generated a great deal of future work in this area; many

examples of applications of related reductions of substrates containing C=N bonds

have since been reported and will be described later.

Closely related catalysts containing TsDPEN and related ligands with alternative

metals—most significantly rhodium (III) and iridium (III)—have also been

developed. In these examples, an g5-pentamethylcyclopentadienyl(Cp0) replaces

the g6-arene in order to maintain an isoelectronic structure. Although Rh(III)

complexes of TsDPEN were first used in the ATH of ketones, Baker reported in

1999 the use of complex 2 in imine reduction. In the majority of cases, the

selectivities were high, although some differences to the Ru(II) catalysts were also

observed; for example, the reduction of aromatic-substituted (as opposed to alkyl-

substituted) and acyclic imines gave products of very low e.e. (Fig. 2) [25]. The

commercialization of the Rh(III) derivatives was undertaken by a team at Avecia,

who developed optimized approaches to a range of reductions of phosphinoyl-

substituted imines, described in a later section [26].

Progress has been made towards an understanding of the mechanism of reduction

of imines using Ru(II) complexes of TsDPEN, and a number of kinetic studies have

been carried out [27, 28]. Bäckwall et al. [29] demonstrated that the protonated

imine was required for reduction by using the stoichiometric hydride reagent for the

reduction; whilst the iminium salt of a cyclic imine was reduced by this hydride, the

unprotonated imine was not.

N-Alkylated derivatives of the catalysts, i.e. 3a–3f, also work well in the

reductions of imines, provided that benzene is used as the g6-ring on the Ru(II) [30].

In these studies, the imine substrates were reduced within hours, whilst the ketones

required one or more days. Interestingly, the N-methylated complex 3a was slightly

more active than the ‘parent’ complex 1 (Fig. 3) [31], whereas the more hindered

complexes were less active. In all cases, the same product enantiomer was formed

Fig. 2 Asymmetric transfer hydrogenation of imines using Rh/TsDPEN complexes
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from each ketone and imine substrate, irrespective of the catalyst used, suggesting a

common mechanism among all the complexes. However, it is worth noting that the

hydride is delivered to a different relative substrate face for the ketone ((R,R)-

catalysts give R-configuration alcohol) compared to the imine ((R,R)-catalysts give

(S)-configuration alcohol). The requirement for a stabilizing H-bond between the

NH of the ligand and the O atom of the ketone C=O group during the reduction of

ketones is now well-established (Fig. 4). It would appear that a single alkyl group

on the N atom of the ligand within the catalyst does not hinder this interaction [32].

Wills et al. subsequently demonstrated that catalyst 4, derived from a modified

TsDPEN containing a dimethylated amine, was effective in the reduction of imines

but not of ketones. The same was the case with the N-methylated ‘tethered’ complex

5 [33]. This result provided evidence that the frequently cited cyclic N–H hydrogen

Fig. 3 Ketone and imine reduction using N-Alkyl Ru/TsDPEN complexes

Fig. 4 Contrasting transition states for ketone Vs imine reduction
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bond to the ketone, which is essential for its reduction [34], is not essential in the

case of imine reduction (Fig. 4). On the basis of these results, it was proposed that

imine reduction by Ru(II)/TsDPEN complexes proceeds through an ‘open’ (i.e. non-

cyclic) transition state (Fig. 4), which would account for the major product

enantiomer observed whilst permitting the established edge/face stabilizing

interaction to operate between the H atoms on the g6-arene ring of the catalyst

and the aromatic ring of the substrate [3, 4]. This would be analogous to

observations previously reported on certain hydrogenation reactions of imines,

where an ionic hydrogen transfer is proposed [35–37].

A series of reductions of imines to tetrahydroisoquinoline and tetrahydro-b-
carboline alkaloids in aqueous media was reported by Pihko et al. [38]. In this work,

the addition of lanthanide salts resulted in improved selectivity and activity in the

reductions, and the authors also proposed an ‘open’ transition state for the hydrogen

transfer—in this case aided by the lanthanide as a co-catalyst (Fig. 5).

Subsequent molecular modelling studies by Václavik, Šot, Kuzma et al. also

provided support for an ionic pathway for the reduction of protonated imines, but

with an additional stabilizing interaction in the form of a hydrogen bond from the

N–H bond from the substrate to the SO2 group—serving to improve the direction

and control of the reaction (Fig. 6) [39, 40].

A detailed study by the same group, using nuclear magnetic resonance (NMR),

Fourier transform ion cyclotron resonance (FTICR) and vibrational circular

dichroism spectroscopic techniques, demonstrated that the use of different bases

in place of the commonly used triethylamine significantly influenced the activity

and selectivity of imine reductions. A key finding was that the protonated base

appeared to interact with the hydride form of the catalyst during the reduction,

Fig. 5 La-Promoted reduction
of imines

Fig. 6 Intramolecular
stabilization of the transition
states for imine reduction
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probably via a hydrogen bond to the SO2 unit—in addition to the other predicted

interactions of the protonated substrate [12, 41]. Hence, the selection of base can

have a significant moderating effect. Further computational studies on a related

catalyst for ketone and imine reduction demonstrated that the iminium cation

reacted more quickly than the imine. A good catalyst for transfer hydrogenation was

thus described as one which ‘combines an electrophilic metal centre and a

nucleophilic NH group’ [42, 43].

2.2 Synthetic Applications of Ru/TsDPEN and Related Catalysts

ATH of dihydroisoquinolines was reported initially by Noyori, and an early

observation was that the reaction was less enantioselective for substrates containing

a 1-aryl group. Vedejs et al. reported several improvements to the reduction of these

substrates (Fig. 7) [44]. Significantly, among a series of substrates tested in this

application, the authors found that the ortho-bromophenyl substrate gave the best

result (up to 98.7 % e.e.). A valuable example of an application was the asymmetric

synthesis of (S)-(-)-cryptosyline 6, which was formed in 83 % e.e. upon ATH. The

e.e. was able to be raised to[99 %, however, through subsequent recrystallization

[45]. This was a key step of the total synthesis of the neuromuscular blocking agent

GW0430.

In a more recent example of Ru(II)/TsDPEN-catalysed ATH of 1-aryl-substituted

dihydroisoquinolines, a wide range of substrates were reduced using FA/TEA and

iPrOH as solvent, with 1 % catalyst. This series included challenging substrates

with ortho-substituted aromatic rings [46]. In another report, 1-aryl substituted

dihydrosoquinolines were demonstrated to be reduced in improved selectivity using

a catalyst based on a borneolsulfonyl derivative of DPEN, compared to the more

widely used TsDPEN [47].

A much larger number of reports have been published on the use of

dihydroisoquinoline reduction where the 1-substituent is either an alkyl or a benzyl

group, for which the enantioselectivity is generally high (Fig. 8). Reductions of this

class of substrate have led to many valuable breakthroughs. In many cases, the

reducing agent is FA/TEA (5:2 azeotrope); one of the earliest was the report by

Sheldon et al., yielding products (intermediates in the synthesis of a series of

Fig. 7 Asymmetric transfer hydrogenation of 1-aryl dihydroisoquinolines
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alkaloids) in up to 99 % e.e. [48]. Likewise, Boros et al. used an ATH with FA/TEA

as reductant catalysed by a Ru(II)/TsDPEN catalyst for the synthesis of intermediate

7, which is itself a component of a more complex product containing two

tetrahydroisoquinoline rings [49]. Another example is the synthesis of emetines by

Tietze et al. (intermediate 8) [50] and by Itoh et al. of the synthesis of 9 [51]. Many

functional groups can tolerate the use of FA/TEA in the ATH reactions, including

esters [52] and phthalimides [53].

In an excellent example of the industrial application of this methodology, a

useful comparison was made between asymmetric hydrogenation (i.e. with

hydrogen gas; AH) and ATH approaches to almorexant (ACT-078573A), a dual

orexin receptor antagonist variant using a Ru/TsDPEN catalyst scaled up to 100 s of

kilograms of substrate. This specific targeted application worked very well under

carefully optimized conditions, particularly when the methanesulfonate salt of the

substrate was used. The use of a 1:1 ratio of FA:TEA gave a more rapid reaction

compared to the more widely used 5:2 ratio, and the formation of a small amount of

the formylated side product was observed, but this was minimized during the

process optimization (Fig. 9) [54]. Following a recrystallization, 87 % of product

was isolated in 99.7 % e.e. on an 18-kg scale, which required 17 g of catalyst.

In another excellent example of an application, the enantioselective total

synthesis of (-)-(S)-stepholidine, a candidate drug for treatment of schizophrenia,

was achieved through a C=N reduction, in[99 % e.e. and 42 % yield (Fig. 10)

[55].

Reductions of imines can also be carried out under aqueous conditions. The

aqueous process appears to be readily applicable to dihydroisoquinoline reduction

and also for dihydro-b-carbolines (discussed in more detail later), but can be

significantly enhanced by the addition of a silver salt and Ln(OTf)3 or a closely

related salt (Sc, Y, Ce, Yb, Bi salts were tested), and thus applied to more

challenging substrates than would otherwise be possible (Fig. 11) [38]. The use of a

combined methanol/water solvent also provides some advantages in the most

difficult cases. The acceleration of the reduction through an ‘open-TS’ hydride

Fig. 8 Synthetic targets prepared by asymmetric transfer hydrogenation of cyclic imines
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transfer mechanism using a lanthanide cation as a Lewis acid was described above

(Fig. 5).

In a comparative study, two optimized approaches to mivacurium chloride (and

other skeletal muscle relaxants) were reported. (R)-50-Methoxylaudanosine was

prepared by ATH of a dihydroisoquinoline, and the process was compared to a

resolution strategy [56].

Several studies on the various parameters influencing the ATH of DHIQs have

been reported [57, 58], and reductions have been monitored by NMR spectroscopy,

generating valuable kinetic data [59, 60]. A study of five substrates revealed that

rate and e.e. were substrate-dependent [61], whilst the effect of the g6-aromatic ring

Fig. 9 A synthetic approach to almorexant

Fig. 10 A synthetic approach to stepholidine
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revealed that the hexamethylbenzene series was very slow; two DHIQ substrates

were investigated [62]. The ATH of imines (and ketones) using tethered Rh(III)

catalysts has also been reported [63].

Cyclic dihydro-b-carbolines, originally exemplified by Noyori [24], are another

class of substrate popular for ATH reactions, since their reduction products are

represented in biologically active targets. Examples of targets which can be

prepared through reduction in the popular FA/TEA system (often together with a co-

solvent) are illustrated in Fig. 12 [52, 64].

Iminium salts are likewise an excellent substrate for ATH reactions. Czarnocki

et al. completed a short synthesis of (R)-(?)-crispine A 10 through the reduction of

Fig. 11 Asymmetric transfer hydrogenation of imines in aqueous solution

Fig. 12 Asymmetric transfer hydrogenation products from ß-carbolines
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the iminium salt 11 [65, 66], and this was extended to further iminium substrates

(Fig. 13), which have been successfully reduced [67]. The compounds were purified

to enantiomeric purity using a recrystalization after the reduction.

The use of a Ru(II) catalyst containing a proline-derived tetrazole ligand has been

reported in a synthetic application: the reduction of an iminium cation en route to

(S)-(-)-lennoxamine (Fig. 14). The study provided an interesting contrast between

the use of the ATH and AH reduction methods, with selection dependent on the

metal used [68].

In addition, good results were reported for the synthesis of new mono-N-

tosylated diamine ligands based on (R)-(?)-limonene and their application to ATH

of cyclic imines and iminium salts, with up to 98 % e.e. in some cases [69].

Reductions of iminium salts have been described with the use of 1.2 mol% of a

Ru(II) catalyst, using sodium formate with cetyltrimethylammonium bromide

(CTAB) in aqueous solution, with the addition of silver hexamethylantimonate [38].

ATH can be used to form sultams (Fig. 15) in a very efficient and selective

reduction using Ru complexes [70]; indeed, this was one of the first reported

applications of the Ru(II)/arene/TsDPEN complexes. Analogous Rh(III) complexes

can also be used [25].

Dendrimer- and polymer-supported catalysts can be employed in the ATH of

sultam precursors [71, 72], including examples where the supporting material has

sulfonyl groups and therefore assists reactions in water [73]. The synthesis of an

amphiphilic polystyrene-type immobilized TsDPEN ligand and its application in

ATH of cyclic sulfonimines has been reported (Fig. 16) [74].

Acyclic N-sulfonylated imines can also be reduced by ATH, although

selectivities are lower [72].

Other polymer-supported systems for C=N ATH feature polymer microspheres

functionalized with a chiral ligand by precipitation polymerization [75] and the use

of recyclable organoruthenium-functionalized mesoporous silica; reduction of

quinolines in up to 99 % e.e. has been reported [76]. The efficient ATH of N-

Fig. 13 Asymmetric transfer hydrogenation of iminium salts: reagents and products
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sulfonyl imines on water using a Rh-imido complex proceeded with higher

reactivity and enantioselectivity than the homogeneous reaction. Interestingly, the

reactivity appears to depend on the stirring speed of the reaction as well as other

experimental factors [77]. The ATH of imines and ketones under aqueous

conditions has been reviewed in detail [78, 79].

In addition to the more established TsDPEN ligand derivatives, proline-derived

water-soluble arene Ru(II) catalysts containing sulfonylated ligands have been used

for ATH of a-aryl ketones and imines in aqueous solution [80]. The ligands in

Fig. 17 were prepared and incorporated into Ru(II) aqua complexes (i.e. cationic);

Fig. 14 A tetrazole-containing catalyst for asymmetric transfer hydrogenation of imines

Fig. 15 Asymmetric transfer hydrogenation to prepare sultams

Fig. 16 Asymmetric transfer hydrogenation using a supported catalyst
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the effect of the pH in aqueous reductions was also studied and was optimal at about

8–9 with these catalysts.

Another example was reported of the reduction of ketones and imines with a

novel water-soluble chiral diamine 12 as the ligand in neat water (Fig. 18) [81].

Cyclic imines were reduced in high e.e.

The combination of methanol and water gives improved results in some cases

[38]. The use of Rh/TsDPEN catalysts on cyclic imine in a mixture of MeOH and

water gives the highest rates, e.g. reduction in 20 min for 98 % conversion, whereas

water or MeOH alone takes at least 300 min for a similar conversion [82]. A

detailed paper on the use of cross-linked polystyrene demonstrated that the polymer-

supported reagents could reduce benzyl amines in FA/TEA/DCM in up to 93 %

yield; Ru(II) catalysts gave the best e.e. An amphiphilic version containing some

sulfonic acid groups in water with sodium formate also reduced cyclic imine with

good efficiency [83].

Further examples of supported catalysts used for ATH of imines include those

based on recyclable silica [84], functionalized MCM-41 [85], siliceous mesocellular

foam [86] and magnetic mesoporous silica. In the latter case, the reusable

immobilized catalyst exhibited high activity and enantioselectivities in the ATH of

imines in FA/TEA. It was able to be separated mechanically using an external

magnet to facilitate ready recycling [87].

The enantioselective synthesis of a-trifluoromethyl arylmethylamines by Ru(II)/

aminoindanol ATH is very efficient, giving products in high yield and e.e. (Fig. 19).

Several ligands have been used and tested, and a good number of examples have

been reported, including an application for the synthesis of an analogue of a plant

disease control agent [88].

Ru(II)-catalysed ATH of a-trifluoromethylimines was also achieved using

TsDPEN-based catalysts under aqueous conditions (Fig. 20) [89].

Several reports have recently appeared describing the ATH reduction of cyclic

sulfamidates and sulfamides, following the report of this in 2010 [90]. The synthetic

Fig. 17 Asymmetric ligands used in aqueous asymmetric transfer hydrogenation catalysts

Fig. 18 An amine-functionalised diamine ligand

123

Top Curr Chem (Z) (2016) 374:14

Reprinted from the journal 81



routes to key substrates and their reductions by Rh(III) catalysts are shown in

Fig. 21. The e.e. of the reductions in all cases was excellent, and the reduction forms

the basis of an efficient synthesis of enantiomerically enriched 1,2-aminoalcohols

and diamines [91].

Fig. 19 Asymmetric transfer hydrogenation of trifluoromethyl imines

Fig. 20 Asymmetric transfer hydrogenation of trifluoromethyl imines in an aqueous system

Fig. 21 Asymmetric transfer hydrogenation of cyclic substrates
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The reduction of this class of substrate can be extended to a dynamic kinetic

resolution (DKR) process with C=N reduction coupled to racemization of the

adjacent stereocentre. Of the Ru, Rh and Ir catalysts tested, the Rh catalyst gave the

best results (Fig. 22). The resulting compounds were able to be converted into other

products through the SN2 ring-opening using phosphorus and nitrogen nucleophiles.

The reductions typically exhibited a selectivity of [20:1 in favour of the cis-

product, and e.e. was typically 94–97 %, but up to 99 % e.e. in a number of cases.

An exception was for more hindered ortho-substituted substrates, e.g. R1=R2=ortho-

ClC6H4, in which the e.e. was only 22 % [92].

The stereoselective synthesis of 4-substituted cyclic sulfamidate-5-carboxylases

can be achieved using this process of coupled ATH/DKR (Fig. 23), and this method

has been applied to the synthesis of (-)-epi-cytoxazone and the taxotere side chain.

The cis-isomer was formed in high selectivity, typically[25:1. A wide range of

examples were reported with 3- and 4-substituted aromatic groups, with e.e. up to

99 % in many cases and generally[95 % e.e. An example with cyclohexyl was less

selective (Fig. 23) [93].

The application was efficiently extended to 5-phosphonate-containing substrates.

In some cases, both the de and e.e. were[99 % (Fig. 24) [94].

Related work on the sequential reduction of two C=N bonds has been reported. In

this case, the Ru(II) catalyst was used first and gave good results. Preferential

reduction of one C=N was observed, but the other was stereoselectively reduced

using lithium borohydride; the products were transformed into chiral diamines

(Fig. 25) [95].

Asymmetric aziridines can be prepared by ATH of an azirine; this was one of the

earliest reported applications using Ru(II) complexes, achieved using a bicyclic

amino alcohol ligand (Scheme 26) [96].

The application of Rh(III) systems to the reduction of N-phosphinoyl imines was

described in depth by researchers from Avecia, who were able to obtain some very

valuable insights into the mechanism of the reaction and requirement for removal of

carbon dioxide during the reaction [26]. In recent related work, Guijarro et al.

described the use of chiral beta-amino alcohols as ligands for the Ru(II)-catalyzed

ATH of phosphinyl ketamines. The study demonstrated that the reaction was

possible using cis-amino indanol (CAI) as ligand for the catalyst (Fig. 26). A

number of amino alcohols were tested, but CAI was the best of the series (Fig. 27).

Most of the studies were conducted on acetophenone-derived imine, but in examples

where Ar=Ph, R=Et gave a product of 82 % e.e. and Ar=pClC6H4, R=Me gave one

of 80 % e.e. [97].

Fig. 22 Diastereoselective
asymmetric transfer
hydrogenation of cyclic
substrates with dynamic kinetic
resolution
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Fig. 23 Diastereoselective
asymmetric transfer
hydrogenation of cyclic
substrates containing ester
substituents

Fig. 24 Diastereoselective asymmetric transfer hydrogenation of cyclic substrates containing
phosphonate substituents

Fig. 25 Asymmetric transfer hydrogenation of a cyclic imine followed by diastereoselective reduction

Fig. 26 Asymmetric transfer hydrogenation of azirines

Fig. 27 Asymmetric transfer hydrogenation of N-Phosphinoyl imines
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In early work, Lassaletta et al. described a DKR reaction coupled to the

formation of primary amines [98]. In a related process, an efficient ATH reaction

was reported for the synthesis of an advanced intermediate to a drug for the

treatment of human papillomavirus infections (Fig. 28). This involves an interesting

exo—C=N reduction in an in situ process. The formation of an imine followed by a

reduction using a Ru(II)/BINAP complex was also investigated, as was a

diastereoselective method using alpha-methylbenzylamine as a directing group [99].

A similar reduction towards a primary amine intermediate was reported by

scientists at Merck (Fig. 29). The target in this case was the HCV NS5a inhibitor

MK-8742, and a key step was a highly enantioselective ATH of a C=N bond.

Among the catalysts investigated, the best one proved to be the tethered catalyst

reported by Wills et al. The synthesis of the complex target requires simple starting

materials and just nine linear steps for completion [100].

Also in earlier work, Wills et al. described the formation of C–N bonds in a one-

pot ATH starting from Boc-protected amines [101, 102]. This type of process was

applied in an impressive intramolecular ATH reaction in a key step to the dual

orexin inhibitor molecule suvorexant (MK-4305; Fig. 30) [103]. This excellent

detailed paper on reductive amination employed Ru(II)/TsDPEN catalyst in the

reductions, and the best results were obtained using a derivative containing a very

hindered aromatic group on the sulfonamide unit. The operation of the ‘open’

transition state for hydride transfer to the imine is described. The paper contains

details of extensive investigations into the effect of excess carbon dioxide on the

reaction; purging this from the reaction gives better rates. The significance of the

formation of two diastereoisomers of the hydride form of the catalyst, which has

been previously observed for this type of catalyst, was also discussed in some depth.

Heteroaromatic substrates have been productive targets for both TH and ATH

reactions. Quinoline and isoquinolium salts can be reduced by Ru(II) and Rh(III)

catalysts by ATH [104, 105]. Chemoselective reductions of quinolines were

achieved by TH using IPA with an iridium catalyst (Fig. 31) [106].

The importance of Ph-regulation for the TH of quinoxalines with a Cp*Ir/TsEN

catalyst in water was demonstrated, with the reduction using HCO2Na at ca pH 5.5

(regulated with a buffer) yielding the highest rates [107]. In another report, a

dramatic effect of added iodide was shown to influence TH of a number of

Fig. 28 Asymmetric transfer hydrogenation to form an exocyclic primary amine
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N-heterocycles (quinolines, isoquinolines and quinoxalines) when a Cp*Ir catalysts

was employed for their reduction in FA/TEA [108].

However, some important asymmetric examples have also been reported. Again,

pH regulation was crucial to the successful ATH of quinolines in water with sodium

formate as the reducing agent; the rate peaks at around pH 5.0, and formic acid with

a formate buffer is used to regulate this. The best of a series of catalysts was a

Cp*Rh complex of a p-(t-butyl)benzenesulfonyl DPEN, although other ligands were

also viable. Reductions were complete typically within 6–24 h at 40 �C using

1 mol% of catalyst (Fig. 32) [109].

A similar process was reported using tethered Ru(II) catalysts (Fig. 33) [110].

Fig. 29 Asymmetric synthesis of MK-8742

Fig. 30 An intramolecular reductive amination approach to a cyclic amine

Fig. 31 Transfer hydrogenation
of quinolines
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A mesoporous silica-supported TsDPEN/Ru(II) catalyst was also productively

applied to this transformation [76].

2.3 Shvo-type catalysts and other classes of organometallic catalysts

The Shvo diruthenium catalyst 13 (Fig. 34) has been used in non-asymmetric ketone

and imine reduction, and the mechanism has been studied and reported in some

detail [5, 111–115]. Catalyst 13 is also able to racemize amines [116], which allows

it to be combined in a DKR process with an enzyme to create enantiomerically

enriched amides.

Iron cyclopentadienone complexes have recently emerged as alternatives to

Ru(II) catalysts, although their main focus is on ketone reduction rather than imine

reduction [117].

Bifunctional rhenium complexes related to the Shvo catalyst have been used in

TH reactions, including tests on three non-prochiral imines, with TOFs up to 79 h-1

obtained for imines. In common with the Shvo catalysts, DFT calculations have

indicated the operation of an outer-sphere mechanism for the reaction [118].

Cyclometallated complexes of Ru, Rh and Ir have been used as ATH catalysts;

some examples of this catalyst class were prepared and reported previously;

however, their application has now been extended to a broader range of target

imines, both cyclic and acyclic (Fig. 35) [119].

Ru–Pybox complexes have been used to achieve imine ATH in IPA; these

complexes gave excellent results for imine derivatives of acetophenone, with

products of up to 99 % e.e. in some cases, using 1 mol% of catalyst (Fig. 36). There

was some mechanistic discussion and a number of examples were reported. In

general, these complexes have been used much more widely for ketone ATH [120].

A very interesting report of a nickel-catalyzed ATH of hydrazones and related

substrates has been published. Using a complex formed from a combination of (S)-

Fig. 32 Asymmetric transfer hydrogenation of quinolines

Fig. 33 Asymmetric transfer hydrogenation of quinolines using a tethered catalyst
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Fig. 34 The shvo complex

Fig. 35 Cyclometallated catalysts for asymmetric transfer hydrogenation

Fig. 36 PyBox-Type complexes for asymmetric transfer hydrogenation
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binapine and a Ni(II) source, with FA/TEA as the reducing agent, products of up to

97 % e.e. were formed in the reduction (Fig. 37). The reaction also works with

sultams, giving products in 98–99 % e.e. Deuterium labelling studies were also

carried out in D–FA and during the reduction, resulting in deuteration of the Me

group, and indicating that exchange could be taking place through an enamine

[121].

A bio-inspired catalyst comprising a combined organic hydride donor with metal

centre has been reported for TH of imines. A previously used catalyst relied on a

Hantzsch ester, but the newer derivative benefits from easier preparation and greater

accessibility. Yields are high for the Rh complex containing all the components, and

more than for the Ir complex or the complex containing the phenanthroline ligand

alone (Fig. 38) [122, 123].

Several iron complexes for imine ATH have been developed by Morris et al.,

with IPA used in the reduction. Early examples of the PNNP-complexes (containing

imine ligands) of iron gave 100 % reduction of PhCH=NPh but only 5 % of

PhCMe=NPh [124]. Beller reported the use of an in situ-generated catalyst for ATH

of imines with high yield and enantioselectivity (Fig. 39) [125].

However, Morris et al. later discovered that iron complexes containing a

combination of one amine donor and one imine donor (e.g. 14) were superior

catalysts for ketone and imine ATH (Fig. 40). The researchers followed on from

results indicating that the proposed reduction of one C=N bond of the original

ligands was important to the mechanism. They prepared an amine/imine ‘P–NH–N–

Fig. 37 A nickel-based catalyst for asymmetric transfer hydrogenation of C=N bonds
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P’ ligand first by adding one C–NH bond in a reductive amination process, and then

forming the second C=N bond and finally the ‘third-generation’ complex 14
(Fig. 40). This new class of catalyst was effective in the rapid reduction of N-

diphenylphosphinoyl-activated imines containing phosphinoyl groups in[99 % e.e.

(Fig. 41) [126, 127].

Fully documented details of synthesis and use, including pictures of the reaction

setup, have been published [128].

Very few examples of osmium-catalysed ATH reactions of imines have been

reported [129]. However, one example is provided by arene iminopyridine halido

complexes which additionally exhibit properties as antitumor agents. Four

complexes were prepared and tested, giving reductions in FA/TEA of ca.

22–23 % e.e. in each case (Fig. 42) [130].

2.4 Incorporation of TH catalysts into proteins

A significant development within the decade leading up to this review has been the

contributions made to the development of organometallic reagents contained within

protein structures, relying on the asymmetric environment of the protein to generate

Fig. 38 Intramolecular hydride delivery in a rhodium complex

Fig. 39 An asymmetric iron-based complex for imine reduction
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asymmetry in the reductions when a simple (i.e. non-chiral) complex is added to it.

Many contributions have been made by Prof T. Ward et al., and principally through

the attachment of an organometallic complex of a non-chiral Ts-diamine ligand to

biotin, thus allowing it to be coordinated within the chiral environment of a

Fig. 40 An iron complex
containing a combined imine/
amine-ligand

Fig. 41 Asymmetric transfer hydrogenation of a phosphinoyl imine using iron complex 14

Fig. 42 Asymmetric transfer hydrogenation using an osmium complex

Fig. 43 Mode of hydride
transfer within a streptavidin
complex
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streptavidin molecule, and hence an asymmetric induction generated. Important to

this process is the ability to modify the streptavidin structure in a selective manner

in order to optimize the reactions towards these substrates. This section shall

examine the principal developments in this area, which is a part of a larger

programme on many applications of metal/protein complexes.

Following extensive work on optimizing the catalysts towards the reduction of

ketones, studies were extended to imine reductions. Figure 43 illustrates how a

component of the protein (i.e. a lysine side chain) can stabilize the iminium

substrate during the reduction by an iridium catalyst which is chiral at the metal and

within the chiral environment created by the protein. In common with other models

previously described for imine ATH, the ‘open’ transition state for the reduction is

proposed. This is based on observed results and X-ray crystallographic evidence; the

S112A variant containing the Ir/TsEN (EN = ethane-1,2-diamine) complex

attached to biotin was isolated, and the X-ray crystallographic structure was

obtained [131, 132].

The streptavidin variant is generated as a part of a screen of modifications. In this

work, no asymmetric induction was obtained without protein, and the wild-type

streptavidin (Sav) gave a reduction product of up to 57 % e.e. (R). However, the

S112A mutant of Sav gave an amine in up to 96 % e.e. (R), and in other cases (e.g.

S112K mutant) the enantioselectivity could even be reversed. In addition, up to

4000 turnovers of the synthetic enzyme were able to be achieved [133–137].

Computational and molecular modelling has been applied to this process to aid

optimization [138].

In parallel work, the synthetic enzyme has been gradually refined through further

optimization. In a later paper [139], human carbonic anhydrase II was combined

with a sulfonamide derived from pyridine/IrCp* to create a catalyst for the ATH of

imines. The X-ray structure of a derivative was used to improve the catalytic

performance, ultimately achieving 68 % e.e. A ribonuclease has also been used as

the basis of an artificial amine reductase. In this case, the incorporation of a Cp*Ir

complex gave an efficient and selective artificial enzyme for imine reduction [140].

With the most advanced streptavidin variants, the strategy in which a racemic

catalyst is converted to a chiral-at-metal complex and then further assisted by

residues in the chiral protein has led to the development of both R- and S-selective

synthetic enzymes for imine reduction. Extensive kinetic data has been obtained for

these new synthetic enzymes, and computer modelling of the complex structures

(which contain four interacting subunits) serves to support and understand the

results. An ‘induced lock and key’ where the host protein structure determines the

catalyst structure and the reduction selectivity is proposed (Fig. 44) [141].

Optimization of a synthetic enzyme derived from human carbonic anhydrase II

has been achieved in a similar manner, resulting in conversion of a wild-type

selectivity of 70 % e.e. with a TON of 9 to a modified variant with several residue

changes, giving a product in 96 % e.e. and a TON of 59. Again, X-ray

crystallographic evidence demonstrated that the piano stool complex was embedded

within the protein, which served to influence its configuration and assist in the

asymmetric control of hydrogen transfer [142]. An ingenious method for amine

deracemization can be achieved within a cascade of reactions which combines a
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biocatalyst with the synthetic enzymes created in this work [143]. Related work has

been reported on ketones rather than imine, and several informative reviews of

Ward et al.’s work have been published [144–148]. A related example describing

the influence of an external-directing group—in this case a homochiral phosphonic

acid—on the transfer of hydride from a Cp*/Ir/TsEN complex to an imine has been

reported [149]. Although hydrogen gas is used as the reducing agent, a similar

process of chirality induction takes place at the Ir complex.

2.5 Hydrogen Borrowing and Organocatalysis

Although technically a ‘hydrogen borrowing’ reaction rather than a reduction, a

C=N reduction has been involved at a key stage to good effect in some specific

applications where an alcohol is converted to a chiral amine. Cooperative catalysis

by iridium complex and a chiral phosphonic acid can lead to asymmetric amines

starting from racemic alcohols [150]. Likewise, the use of a chiral phosphonic acid

with an Ir/TsDPEN complex gave a very interesting DKR and amination of alcohols

in one process; from a mixture of four isomers, one product enantiomer is

predominantly formed [151].

In recent years, several papers have been published on the combination of an

organometallic catalyst with a chiral phosphonic acid in order to achieve

enantioselective reduction of an imine. This obviates the requirement for a

Hantzsch base by replacing it with the combination of an organometallic complex

and hydrogen gas. However, since these involve the use of hydrogen gas, they are

technically outside the scope of this review, although a recent overview is

highlighted [152] and one example is illustrated (Fig. 45) [153].

The direct reductive amination of aromatic aldehydes has been achieved with

excellent yields using a gold(I) catalyst along with a Hantzsch ester as the hydrogen

source under mild reaction conditions [154]. In another example, B(C6F5)3– is shown to

act as a catalyst for the transfer of hydrogen from a Hantzsch ester to an imine [155].

3 Meerwein–Ponndorf–Verley (MPV) Reductions

The development of asymmetric MPV reactions has also been described [156];

notably, a very selective system based on Al(III)/BINOL complexes was reported

(Fig. 46) [157]. In this example, the e.e. was determined for all products, although

Fig. 44 Asymmetric reduction to either product enantiomer using an iridium complex within a protein
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only the configuration of the 1-phenylethylamine derivative was established.

However, the absolute configurations of the other products can inferred (but are not

shown) based on the steric size difference between the substituents flanking the

imine in the substrate.

In a recent example, a-silylamines were prepared by MPV-type reduction of a-
silylimines This does produce the amines in up to 99:1 er, although it is a

stoichiometric rather than catalytic process, using a chiral amine as the donor of

hydride (Fig. 47) [158].

4 Reductive Amination Reactions

Studies have reported that the Leuckart–Wallach reaction is effective for the

synthesis of chiral amines, with some very important contributions by Kadyrov and

Riermeier, who employed a Ru(II)/BINAP derivative to excellent effect, yielding

Fig. 45 Asymmetric imine reduction promoted by a chiral phosphoric acid

Fig. 46 Asymmetric transfer hydrogenation using an aluminium-based catalyst
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products from acetophenone derivatives in up to 95 % e.e. [159]. The simple

complex [Cp*Rh(III)Cl2]2 can be used to give racemic products [160]. In a

recent related example, albeit a hydrogenation rather than a transfer hydrogenation,

a BINAP/Pd complex was used to form products of up to 99 % e.e. in reductive

amination of acetophenones using anilines (Fig. 48) [161].

5 Diastereoselective Asymmetric Reductions

A series of highly selective reactions have been reported by Guijarro et al., where a

chiral sulfinyl group directs the ATH of an imine, using either an asymmetric

catalyst or a racemic one (Fig. 49). Using cis-aminoindanol, very selective

syntheses of amines are possible [162–164], and imine formation can be accelerated

with microwave irradiation.

However, in later work it was found that a non-chiral ligand could also be used—

the enantioselectivity being created by the sulfinyl group (Fig. 50) [165–167].

Microwave radiation can be used to accelerate the reaction [168].

The work has been applied to the synthesis of a series of heterocycles using

halide-substituted substrates, and then completing the ring synthesis using a base-

promoted process, followed by removal of the sulfinyl group (Fig. 51) [169].

6 Carbene Ligand-Based Catalysts

A wide range of complexes containing N-heterocyclic carbenes have been used in

the TH of imines, and some examples are given in Fig. 52, along with an indication

of the typical TONs for some of the reductions. In many cases, the turnover numbers

Fig. 47 Stoichiometric hydride transfer from a chiral amine

Fig. 48 A reductive amination catalysed by a palladium complex
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are impressive [170–174], and this area has been reviewed in some depth [175–

178].

A carbene derived from triazole was used in IPA with K2CO3 as base, for direct

reductive amination of aldehydes with primary amines to form secondary amine

products [179]. Other recent examples include (1) a base-free catalyzed reduction of

a series of C=O bonds and of the C=N bond of benzylideneaniline ([99 %

conversion was achieved in 48 h, with 0.1 mol% catalyst) [180]; (2) heteroditopic

dicarbene Rh(I) and Ir(I) complexes containing 1,2,3-triazolylidene–imidazolyli-

dene ligands, mostly tested on acetophenone but with one imine example [181]; (3)

Ir complexes of N-benzyl-substituted N-heterocyclic carbenes where 0.5 mol%

catalyst is used with 5 % KOH in IPA in reductions to give products in[99 %

Fig. 49 Diastereoselective C=N bond reduction using a ruthenium catalyst containing a homochiral
ligand

Fig. 50 Diastereoselective C=N bond reduction using a ruthenium catalyst combined with a non chiral
ligand

Fig. 51 Diastereoselective C=N bond reduction followed by an intramolecular cyclisation
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yields [182]; and (4) Ir(III) and Ru(II) complexes with 4-acetylbenzyl-N-hetero-

cyclic carbenes which are active in the reduction of C=O, C=N and hydrogen

borrowing [183]. Half-sandwich Ru(II) picolyl-NHC complexes used to reduce

C=O and C=N with just 0.1 mol% catalyst have also been reported; the catalyst has

a bidentate donor containing an NHC and a pyridine donor, and works well in

reductions [184]. Similar complexes with hemilabile OMe or pyridine ligands [185]

and Ru(II) picolyl–NHC complexes have also been reported [186].

7 Other Non-Chiral Catalysts

Several examples of TH of imines have been reported using a range of complexes,

most commonly based on precious metals including Ru, Ir and Rh [187, 188]

Reduction aminations of ketones using ammonium formate with certain Cp*/Ir

complexes have also been reported; these are pH-dependent with respect to rate

[189]. A Ru phenylindenyl complex has been used in catalysis, primarily as applied

to C=O reduction, although examples of imine reduction have also been reported

[190]. A novel iminophosphorane-based [P2N2] rhodium complex representing a

very innovative catalyst system was prepared and was used to reduce C=O and C=N

bonds [191].

Some cobalt examples have recently been published; cobalt on a heterogeneous

support was used in TH of C=O, C=N and C=C bonds using IPA as the reducing

agent [192]. A cobalt catalyst containing a ‘PNP’ donor structure was used in ATH

of a number of imines, although the focus was on ketones and aldehydes [193].

Nickel nanoparticles have also been used in imino TH [194]. Studies have been

carried out on the activation and deactivation processes of a wide range of Cp*/Rh

catalysts which have been developed as valuable supported reagents for C=N

reductions in flow systems [195, 196]. Efficient and selective TH of pyridines to

Fig. 52 Carbene complexes for the transfer hydrogenation of imines
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tetrahydropyridines and piperidines has been achieved using Cp*Rh diiodide

complexes, the method being general and wide in scope [197]. In some cases, an

amine/borane complex has been used as the hydrogen source for the reduction

[198], although there are also examples where a catalyst is not required [199].

Imine reductions with Ir catalysts have produced some very important

breakthroughs in recent years. Xiao et al. reported a new class of cyclometallated

Ir-based catalyst—e.g. 15—or imine TH which is active at very low loadings, and

which has been used extensively in reductive amination of ketones including

carbohydrates FA/TEA [200]. Studies found that the control of the pH (best ca. 4.8)

is critical for high chemoselectivity and activity, allowing the S/C to be as high as

10,000, and higher than in organic solvents, representing an environmentally

friendly catalyst system with broad application (Fig. 53) [201]. One specific

application of the catalyst has been in the transformation of levulinic acid into

pyrrolidinones, which was achieved in high efficiency [202].

Fig. 53 Iridium-based catalysts for the transfer hydrogenation of imines
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The new catalyst 15 and its derivatives are applicable to the synthesis of primary

amines by TH of ketones using sodium formate as well as FA/TEA in the reductions

(Fig. 53). FA/TEA improves the results by increasing the acidity relative to

ammonium formate alone, which gives products in lower conversions. A large

number of examples are given, including substituted aryl and alkyl. Amino acids

can be prepared directly from the a-keto acids. Chalcone is reduced to the saturated

amine. a-keto ethers work well, and this has been used in the synthesis of an

antiarrhythmic agent, as illustrated in Fig. 53 [203]. There are few other examples

of the synthesis of amino acids through a reductive amination of this type [204]. A

phenoxide-chelated Ir complex—16 in Fig. 54—has also been prepared and

demonstrated to be capable of C=N bond reduction by both hydrogenation and

transfer hydrogenation via reductive amination [205].

The iridicycle catalysts also catalyse the TH of N-heterocycles (including

quinolines, isoquinolines, indoles and pyridinium salts) in water under mild

conditions; a solution of formic acid and sodium formate is employed in the

reaction. TONs of up to 7500 and catalyst loadings as low as 0.01 mol% were used

[206].

Another potentially very important development in TH reactions is the reduction

of NAD? to NADH by half-sandwich complexes of precious metals, which has also

been shown to take place within living cells [207–211]. The activity of Ru/TsEN

complexes against human ovarian cancer cells has been demonstrated to increase as

much as 50-fold when non-toxic doses of formate are added [211].

8 Conclusion

In conclusion, a very wide range of new chemistry has been developed for the

transfer hydrogenation of C=N bonds. Several new classes of catalyst have been

reported, including several asymmetric catalysts, and applications to a large number

of target molecules, notably including pharmaceutical intermediates, have been

reported. This area looks set for significant continued growth in future years.

Fig. 54 Iridium-based catalysts for the transfer hydrogenation of imines in aqueous solution
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24. Uematsu N, Fujii A, Hashiguchi S, Ikariya T, Noyori R (1996) J Am Chem Soc 118:4916

25. Mao J, Baker DC (1999) Org Lett 1:841

26. Blacker J, Martin J (2004) Scale up studies in asymmetric transfer hydrogenation. In: Blaser HU,

Schmidt E (eds) Asymmetric catalysis on an industrial scale: challenges. Approaches and solutions.

Wiley, New York, p 201

27. Blackmond D, Ropic M, Stefinovic M (2006) Org Proc Res Dev 10:457

28. Richards S, Ropic M, Blackmond D, Walmsley A (2004) Anal Chim Acta 519:1
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31:6496
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Abstract The reduction of different carbon–carbon or carbon–heteroatom double

bonds is a powerful tool that generates in many cases new stereogenic centers. In the

last decade, the organocatalytic version of these transformations has attracted more

attention, and remarkable progress has been made in this way. Organocatalysts such

as chiral Brønsted acids, thioureas, chiral secondary amines or Lewis bases have

been successfully used for this purpose. In this context, this chapter will cover

pioneering and seminal examples using Hantzsch dihydropyridines 1 and

trichlorosilane 2 as reducing agents. More recent examples will be also cited in

order to cover as much as possible the complete research in this field.

Keywords Transfer hydrogenation � Organocatalysis � Hantzsch ester �
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1 Introduction

The reduction of different carbon–carbon or carbon–heteroatom double bonds is an

important transformation that generates in many cases new stereogenic centers.

Particularly, the asymmetric reduction of prochiral ketimines represents one of the

most important methods and straightforward procedures for preparing chiral amines.

This approach is one of the key reactions and powerful tools in synthetic organic
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chemistry, which provides precious building blocks for natural products, pharma-

ceutical, and other fine chemical industries [1]. Until the last decade, available

chemical catalysts for the enantioselective reduction of these substrates were mostly

limited to chiral transition metal complexes, which often required elevated pressures

and/or the use of additional additives to afford high yields and ee values (for

reviews, see [2–10]). However, with the increasing interest during the last years in

the development of the organocatalysis field [11–13], the organocatalytic version of

these transformations has attracted more attention, and remarkable progress has

been made in this way (For selected reviews on organocatalytic transfer

hydrogenations, see [14–20]). The organocatalytic transfer hydrogenation is carried

out by four fundamentally different approaches (Fig. 1): (1) reduction with

Hantzsch dihydropyridines 1, mainly catalyzed by chiral Brønsted acids, which

activate the electrophilic substrates (for reviews, see: [21–26]); (2) hydrosilylation

with trichlorosilane 2, catalyzed through chiral Lewis-bases, which, in contrast,

activate the nucleophilic hydride source [27–30]; and more recently, (3) transfer

hydrogenation using benzothiazolines 3 as the reducing agent (Benzothiazoline 3
was firstly introduced by Akiyama’s group for asymmetric transfer hydrogenation

reactions: [31, 32]; [33]) and (4) hydrogen activation by frustrated Lewis pair 4 [34].
Interestingly, 1a–c and 2 are commercially available, while 1d–e must be

synthesized. Trichlorosilane 2 is cheaper than the other reagents and 1a is the most

expensive one. Trichlorosilane 2 has shown a great spectrum of reactivity, as the

reader will find in the second part of this chapter.

Although this field has been extensively reported, only pioneering and seminal

examples using Hantzsch dihydropyridines 1 and trichlorosilane 2, as reducing

agents, will be disclosed in this chapter. More recent examples will be also cited in

order to cover as much as possible the complete research in this field.

2 Hantzsch Esters as Hydride Source

Inspired by Nature, and trying to reproduce the enzymatic reductions using

NAD(P)H as cofactor in living organisms, many research groups have focused part

of their investigation on the development of new environmentally friendly and

successful reducing agents trying to simulate its reactivity. That is the case of

Fig. 1 Model reducing agents
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Hantzsch esters 1 as a hydride source [35, 36], which were initially synthesized

following a multicomponent approach as an interesting synthetic example of 1,4-

dihydropyridines. Although, it was only in the last decade when Hantzsch esters 1
became a key piece in the reduction processes using organocatalysts, the first

reported example of transfer hydrogenation using this hydride source without metals

is dated from 1989 ([37], for earlier examples on the transfer hydrogenation of

imines with Hantzsch esters 1: [38–40]). In the next pages, the pioneering

enantioselective examples using Hantzsch dihydropyridines 1 in organocatalysis,

and the most recent advances in this subarea of research will be briefly covered.

2.1 Chiral Phosphoric Acid Catalyzed Transfer Hydrogenation

The reduction of imines is potentially useful for the synthesis of enantiomerically

pure amines, since chiral amines appear in numerous interesting compounds in

nature, and they have also a remarkable use as ligands in metal catalysis or as chiral

organocatalysts. However, until 2001, this approach had been mainly explored using

metal catalysts [2–10].

The first enantioselective Brønsted acid-catalyzed transfer hydrogenation of

ketimines using Hantzsch ester 1b was reported by Rueping’s [41] (Scheme 1) and,

independently, by List’s groups (Scheme 2) [42] affording excellent results in terms

of enantioselectivity and reactivity and, in both cases, using chiral phosphoric acid

derivatives 6 and 9. Interestingly, in the latter case, the authors significantly

improved the results employing 20-fold reduction in the catalyst loading.

Based on previous studies where the imines were reduced with Hantzsch

dihydropyridines in the presence of achiral Lewis [43] or Brønsted acid catalysts,

[44] joined to the capacity of phosphoric acids to activate imines (for reviews about

chiral phosphoric acid catalysis, see: [45–58]), the authors proposed a reasonable

catalytic cycle to explain the course of the reaction (Scheme 3) [41]. A first

protonation of the ketimine with the chiral Brønsted acid catalyst would initiate the

cycle. The resulting chiral iminium ion pair A would react with the Hantzsch ester

1b giving an enantiomerically enriched amine product and the protonated pyridine

salt B (Scheme 3). The catalyst is finally recovered and the byproduct 11 is obtained
in the last step. Later, other research groups also supported this mechanism (for

mechanistic studies of this reaction, see: [59–61]).

Scheme 1 Reduction of imines using phosphoric acid 6 as catalyst
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Since these seminal organocatalytic reports, other groups have used the same

strategy for the reduction of different interesting imine derivatives such as

MacMillan [62] [It is important to remark that as declared by the authors, the

complete details of MacMillan’s group concerning reductive amination were first

Scheme 2 Reduction of imines using Brønsted acid 9 as catalyst

Scheme 3 Proposed catalytic cycle for the reduction of ketimines
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published via oral presentation in August 2005 in presentations in Germany, Wales,

Japan, and the USA prior to submission of their manuscript on this field (October

23rd, 2005) (see Ref. [21], You [63, 64], and Antilla [65]).

Because of the importance of chiral nitrogen on heterocycles constituting the

structural core of many natural alkaloids and synthetic drugs, a great extension of this

protocol has been performed during the last decade mainly by Rueping’s group,

affording different and valuable chiral heterocyclic products. In the next pages some

pivotal examples reported by this research group will be disclosed and commented on.

Thus, Rueping and co-workers used their abovementioned methodology for the

interesting activation of quinolines 12 by catalytic protonation and subsequent

transfer hydrogenation, which involved a 1,4-hydride addition, isomerization, and

final 1,2-hydride addition to generate the desired 1,2,3,4-tetrahydroquinolines 14 in

a cascade process (Scheme 4) [66]. These compounds have proven to be interesting

synthetic scaffolds in the preparation of pharmaceuticals and agrochemicals [67]. In

this context, and having developed a general and enantioselective protocol, the

authors demonstrated the applicability of this new methodology to the synthesis of

biologically active tetrahydroquinoline alkaloids: galipinine 15a [68, 69], cus-

pareine 15b, [69, 70], and angustureine 15c [69] (Scheme 4) (for a report on the

achiral transfer hydrogenation of differently substituted quinolines, see also [71])

(for similar methodologies as an extension of this approach, see: [72–78]; for

transfer hydrogenation of 1,2-dihydroquinolines, see: [79]).

Biologically active tetrahydroquinoline alkaloids 15 were prepared by simple N-

methylation of intermediates 14 to lead the desired natural products in good overall

yields and high enantioselectivities (for examples of dual catalysis, see: [80, 81], for

more recent examples, see: [82–84]).

To explain the obtained products, the authors hypothesized that the first step

should be the protonation of the quinoline 12 through the phosphoric acid catalyst

13 to generate the iminium ion A (Scheme 5). Transfer of a first hydride from the

Scheme 4 Syntheses of biologically active tetrahydroquinoline alkaloids 15
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dihydropyridine 1b would generate the enamine intermediate 16 and pyridinium salt

B, which would regenerate the acid catalyst 13 and release pyridine 11. The

enamine 16 would interact with another molecule of Brønsted acid 13 to produce

iminium C, which would receive the attack of a second molecule of hydride giving

rise to the desired tetrahydroquinoline 14. Subsequent proton transfer would recycle

again the Brønsted catalyst 13 and would generate a second equivalent of pyridine

11 (Scheme 5).

The reduction of quinolines was applied to the asymmetric preparation of the

anti-bacterial agent (R)-flumequine 18 [85, 86], starting from quinoline 12a and

generating the key tetrahydroquinoline intermediate 14a for the total synthesis and

using 17 as catalyst (Scheme 6) [87].

Scheme 5 Mechanism for the cascade transfer hydrogenation of quinolines 12
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Gong and co-workers developed the first step-economical synthesis of the

previously described process. The approach involves a Friedländer condensation

[88, 89] followed by a transfer hydrogenation catalyzed by a combination of an

achiral Lewis acid and a chiral Brønsted acid. This affords the direct conversion of

2-aminobenzaldehyde derivatives 19 and ketones 23 into highly optically active

1,2,3,4-tetrahydroquinoline derivatives 22 and 24, with enolizable dicarbonyl

compounds 20 (Scheme 7) [90].

The Lewis acid (LA) is believed to only participate in the catalyzed Friedländer

condensation, while the chiral phosphoric acid (B*-H) could participate in the first

condensation to give 25 and in the asymmetric transfer hydrogenation of

A (Scheme 8). The success of this approach relies in the compatibility and synergic

effect of both catalysts, the Lewis acid, and the chiral Brønsted acid.

Rueping’s group pioneered the first example of a catalyzed enantioselective

reduction of pyridines giving rise to direct access to enantiomerically pure

piperidines 26 (Fig. 2) [91].

The applicability of this new method was demonstrated in the formal synthesis of

diepi-pumiliotoxin C 31 from the pumiliotoxin family (Scheme 9) [91]. Hence, the

reduction of pyridine 29a, which can be readily prepared according to Bohlmann

and Rahtz’s procedure starting from 27 and 28 [92, 93], gives the corresponding (S)-
2-propylhexahydroquinolinone 30a as a key intermediate for the subsequent

transformation (Scheme 9) [94].

A plausible mechanism of the reduction was also proposed to explain the final

products. Thus, in the first step, the pyridines 29 would be activated through

catalytic protonation by the phosphoric acid catalyst 21, resulting in the formation

of a chiral ion pair A (Scheme 10). A subsequent hydride transfer from the Hantzsch

Scheme 6 Synthesis of (R)-flumequine 18
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ester 1b would afford adduct B, which would be transformed into the iminium ion

C through an isomerization. A second hydride transfer would render the desired

product 26 or 30, and 21 would be regenerated (Scheme 10).

Scheme 7 Step-economical syntheses of tetrahydroquinolines 22 and 24

Scheme 8 Proposed mechanism
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The same research group developed a similar protocol for the reduction of

benzoxazines 32, benzothiazines 33, and benzoxazinones 34 as key examples of

heterocyclic compounds (Fig. 3) [95].

With the increasing interest experienced by enantioselective domino reactions as

powerful tools for the direct construction of enantioenriched complex targets

starting from simple and readily available precursors, many investigations have

been developed in this area of research, where the organocatalysis has gained an

important position [96–98].

In this context, Rueping’s group envisioned the asymmetric organocatalytic

multiple-reaction cascade version of the abovementioned process in which a six-

step sequence was catalyzed by the chiral Brønsted acid catalyst 21 providing direct

access to a broad scope of valuable tetrahydropyridines 26 and azadecalinones 35
with high enantioselectivities (Scheme 11) [99].

Fig. 2 Scope of reduction of pyridines

Scheme 9 Formal synthesis of diepi-pumiliotoxin C 31
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An interesting mechanism was suggested by the authors to explain the final

products obtained through this methodology, where the chiral Brønsted acid catalyst

21 would participate in the six reaction steps proposed (Scheme 12).

Other interesting examples of catalytic transfer hydrogenation have been also

described for the transformation of quinoxaline and quinoxalinones into the

corresponding 2-tetrahydroquinoxalines 36 (Fig. 4) and 3-dihydroquinoxalinones

37 (Fig. 5) [100], with a structural core which exhibits remarkable biological

properties [101–104].

Interestingly, Shi, Tu, and co-workers developed the tandem version of the

abovementioned protocol comprising a cyclization/transfer hydrogenation strategy

leading to enantioenriched tetrahydroquinoxalines 36 and dihydroquinoxalinones 37
from readily accessible materials with excellent results in terms of reactivity and

enantioselectivity (Scheme 13) [105].

In order to explain the stereochemical outcome observed in this process, the

authors proposed a plausible reaction pathway and transition state on the basis of

Scheme 10 Proposed mechanism giving rise to piperidines 26 and 30

Fig. 3 Model heteroaromatic compounds reduced
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their experimental results and previously reported calculations on transfer hydro-

genation of imines [59–61] (Scheme 14). In this mechanism, the phosphoric acid

catalyst 21 would act in a bifunctional mode, and the attack of the hydride in the TS

justifies the absolute (R)-configuration observed in final products 36 and 37.
Rueping and co-workers have recently developed a highly enantioselective

synthesis of differently substituted tetrahydroquinolines 40 via a first photocyclization
of substituted 2-aminochalcones 38 and subsequent Brønsted acid catalyzed

asymmetric reduction of the in situ generated quinoline 39, to give final products in

moderate to high yields andwith excellent enantioselectivities (Scheme 15) [106, 107].

The same research group applied the above methodology for the synthesis of

valuable 4H-chromenes 43 in good yields and with excellent enantioselectivities.

The approach consists of a dual light and Brønsted acid mediated isomerization–

cyclization reaction starting from enones 41 to yield 2H-chromen-2-ol intermediates

A. The subsequent Brønsted acid catalyzed elimination of water leads to an

Scheme 11 Synthesis of tetrahydropyridines 26 and azadecalinones 35
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unprecedented intermediary chiral ion pair between a benzopyrylium ion and a

chiral phosphate anion B. The following transfer hydrogenation exclusively occurs

in the 4-position, providing the desired enantioenriched 4H-chromenes 43
(Scheme 16) [108].

Recently, a pioneering organocatalytic asymmetric reduction strategy for the

synthesis of chiral 1,1-diarylethanes 46 with high efficiency and enantioselectivity

was reported by Zhu, Lin, Sun, and co-workers (Scheme 17) [109].

A plausible reaction mechanism is hypothesized by the authors. The electron-rich

styrene substrate 44 would be protonated by phosphoric acid catalysts 45 to generate
the tertiary carbocation intermediate A. The neutral resonance structure B, activated
by B*-H would receive the subsequent hydride addition giving the observed

products 46 and regenerating the chiral acid catalyst 45 (Scheme 18).

To support the reaction mechanism and to better understand the role of each

species, the authors performed B3LYP-D3 density functional theory (DFT)

calculations. Interestingly, the method was applied to a broad spectrum of

substrates, and a lead compound with impressive inhibitory activity against a

number of cancer cell lines was also identified.

2.2 Aminocatalysis Promoted Transfer Hydrogenation

Another great area of research in organocatalysis that has experienced an incredible

growth has been aminocatalysis. Proof of this progress is the huge number of works

Scheme 12 Proposed mechanism for the cascade reaction
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Fig. 4 Scope of the reaction for the generation of 2-tetrahydroquinoxalines 36

Fig. 5 Scope of the reaction for the generation of 3-dihydroquinoxalinones 37

123

Top Curr Chem (Z) (2016) 374:29

Reprinted from the journal 117



focused on this field (for selected reviews concerning the aminocatalysis field, see:

[110–129]). Among all of them, pivotal contributions related to transfer hydro-

genations have been also developed in this area. Although less explored than the

phosphoric acid catalyzed examples, these pivotal works will be recovered in the

next examples.

In 2004, List and co-workers [130] pioneered only one chiral example of a novel

iminium catalytic conjugate reduction of a,b-unsaturated aldehyde 47a (Sche-

me 19a). In 2005, and independently, List’s (Scheme 19b) [131] and MacMillan’s

groups (Scheme 19c) (as reported by the authors in Ref. [21], the complete details of

their studies into transfer hydrogenation were first published via oral presentation on

Scheme 13 Tandem approach for the preparation of 36 and 37

Scheme 14 Plausible reaction pathway and transition state
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March 1st, 2003, at the Eli Lilly Young Award symposium, Indianapolis. Their work

was further communicated in[15 presentations in Europe, USA, Australia, and Asia

prior to submission of their manuscript (October 10th, 2004) [132]) reported twomore

extensive protocols for the enantioselective conjugate reduction of a,b-unsaturated
aldehydes 47 and 51 using chiral imidazolinone catalysts 50 and 52.

List’s group proposed a reasonable mechanism to explain the observed absolute

configuration in their final products 49. The process would firstly proceed by

formation of iminium ion 54, which could isomerize quickly via dienamine 55
(Scheme 20). The authors assume that the rate determining step would be the

hydride transfer from 1a to iminium (E)-54 via the transition state A, which would

occur faster than (Z)-54 [k(E)[ k(Z)] and, as a result, the enantiomer R would be

predominantly formed (Scheme 20) [131].

Later, the first enantioselective organocatalytic transfer hydrogenation involving

cyclic enones was reported by MacMillan and co-workers following an opera-

tionally simple and rapid protocol that allowed access to chiral b-substituted

Scheme 15 Photocyclization-asymmetric reduction of 38

Scheme 16 First asymmetric Brønsted acid catalyzed hydrogenation of benzopyrylium ion B
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cycloalkenones 58 with very good yields and high enantioselectivities (Scheme 21)

[133] (for an application of this methodology by the same research group, see:

[134]).

In order to explain the sense of the asymmetric induction observed in final

products 58, the authors proposed a plausible attack of the hydride based on the

selective engagement of the Hantzsch ester reductant 1c over the Si face of the cis-
iminium isomer A (Scheme 22).

Interestingly, in this work the authors compared the efficiency of esters 1b, 1c
and 1d, in order to observe a possible structural effect of them over the

Scheme 17 Enantioselective synthesis of 1,1-diarylethanes 46

Scheme 18 Plausible reaction mechanism
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enantioselectivity and the reactivity of this process. In fact, a significant impact on both

aspects was foundwith a plausible correlation on the size of the ester functionality at the

3,5-dihydropyridine site (1b: Et, 96 % conversion, 74 % ee; 1d: i-Pr, 78 % conversion,

78 % ee and 1c: t-Bu, 86 % conversion, 91 % ee). The enantiocontrol results were

explained in terms of electronic factors between the hydrogen substituents at the

4-position and the nitrogen lone-pair. The boat conformation found for 1c would

facilitate the overlap between oneH (4-position) in an axial orientationwith the nitrogen

lone-pair in the ground state. In contrast, the 1b ring is found in a planarized form

wherein poor p-orbital overlap between the analogous C–H bond and nitrogen renders a

less reactive hydride reagent. This hypothesis is consistent with not only an increase in

enantiocontrol when using the more bulky tert-butyl Hantzsch ester 1c but also

improved reaction rate and efficiency [21, 133].

Bringing together the concept of aminocatalysis and the activation mode of chiral

phosphoric acids, List and co-workers introduced the concept of asymmetric counter

anion directed catalysis (ACDC) and they applied this idea to the asymmetric

reduction of enals 47 (Scheme 23) [135]. The catalytic species is formed by an achiral

ammonium ion 60 and a chiral phosphate anion 59 derived from 3,30-bis(2,4,6-
triisopropylphenyl)-1,10-binaphthyl-2,20-diyl hydrogen phosphate 9 (TRIP).

Scheme 19 Pioneering examples of conjugated reduction of a,b-unsaturated aldehydes
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All reduced b,b-disubstituted enals 49 were obtained in good yields (up to 90 %)

and excellent enantioselectivities (up to 99 % ee). Moreover, the methodology was

applied to the interesting reduction of citral 61 into the (R)-citronellal 62 and to the

asymmetric reduction of farnesal 63, in all cases with excellent enantioselectivies

and high yields (Scheme 24).

Remarkably, the same final enantiomer was obtained in the products even

starting from Z enals, which is in agreement with a stereoconvergent catalytic

system and a rapid E–Z equilibration, as detected by NMR spectroscopic studies.

The mechanism is believed to occur via an iminium ion intermediate since salts of

tertiary amines seem to be ineffective.

An extension of this work was reported by the same research group for the

asymmetric conjugate reduction of a,b-unsaturated ketones 65, affording final

reduced products 67 with high yields and good to excellent enantioselectivities

(Scheme 25) [136].

More recently, Lear and co-workers applied this new concept as a key synthetic

step in the high yielding route leading to the (-)-platensimycin core ([137], for

further studies in this field, see also: [138–140]).

2.3 Thiourea-Catalyzed Transfer Hydrogenation

Another big family of organocatalysts that has been successfully used in hydrogen

transfer, although less explored, is the chiral thiourea organocatalysts (for pivotal

reviews concerning chiral thioureas, see: [141–154] and for the pioneering use of

Scheme 20 Mechanistic hypothesis of the organocatalytic asymmetric transfer hydrogenation
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non-chiral thioureas in a transfer-hydrogenation reaction, see: [155]). In this

context, List and co-workers reported the first example of conjugate reduction of

nitroolefins 68 mediated by thiourea organocatalyst 69 (Scheme 26) ([156], for the

non-enantioselective version of this reaction, see: [157]).

As disclosed, the process was suitable for a broad substrate scope, leading to final

products 70 with high yields and enantioselectivities for diverse b-alkylsubstituted
nitrostyrenes 68.

Scheme 21 Scope of the organocatalytic enone hydrogenation
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The reaction could proceed via a hydrogen-bonding interaction between the NH

of the thiourea moiety and the nitro group and further enantioselective attack of the

hydride from the Hantzsch ester 1c.
An extension of this work was reported by the same research group using b-

nitroacrylates 71 and the same thiourea organocatalyst 69 with the main aim of

Scheme 22 Enantioselective hydride addition mechanism

Scheme 23 ACDC approach applied to the reduction of enals 47
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preparing the corresponding saturated b-nitroesters 72 in high yields and

enantioselectivities, which can be easily converted into b2-amino acids via

hydrogenation (Scheme 27) ([158], for other developed methods of asymmetric

transfer hydrogenation of nitroolefins using thioureas, see: [159, 160]).

The same approach was used by Benaglia’s group for the enantioselective

organocatalytic reduction of b-trifluoromethyl nitroalkenes 73, with the aim of

achieving chiral b-trifluoromethyl amines 75 (Scheme 28) [161]. The authors also

performed the organocatalyzed reduction of a-substituted-b-trifluoromethyl

nitroalkenes, although with poorer results. The stereochemical result of the reaction

and the behavior of thiourea catalyst 74 were discussed based on computational

studies and DFT transition-state analysis.

Simultaneously, although independently, Bernardi, Fochi and co-workers devel-

oped an extraordinary additional example of highly enantioselective transfer

hydrogenation using b-trifluoromethyl nitroalkenes to give easy access to optically

active b-trifluoromethyl amines with excellent results [162].

Scheme 24 Catalytic asymmetric transfer hydrogenation of citral 61 and farnesal 63

Scheme 25 Asymmetric reduction of ketones 65
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3 Trichlorosilane-Mediated Stereoselective Reduction of C=X Bonds

In the last decade, great progress has been made in the development of highly

enantioselective Lewis basic organocatalysts for the reactions of trichlorosilyl

derivatives as the reducing agents. The 2 is activated by the base moiety of the

catalyst to generate an hexacoordinate hydridosilicate (for the activation of

trichlorosilyl reagents by Lewis bases, see also: [163, 164]). Here is reported the

successful application on the enantioselective reduction of prochiral ketimines,

ketones and C=C bond using trichlorosilane 2 as an effective hydride source.

3.1 Reduction of Ketimines

3.1.1 N-Formylpyrrolidine Derivatives

In a pioneering work, Matsumura and co-workers presented a new finding where

trichlorosilane 2 activated with N-formylpyrrolidine derivatives 77 was an effective

catalyst for the reduction of imines 76. Reducing agent 2 showed much higher

selectivity towards the imino group rather than the carbonyl group, because the

carbonyl moiety in the catalysts was not reactive against the reduction (Scheme 29)

[165]. Later, Tsogoeva’s group demonstrated the use of pyrrolidine 78 as a

Scheme 26 Thiourea promoted asymmetric transfer hydrogenation
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suitable catalyst for ketimines reduction, although only for one example and using

HMPAas additive [166].More recently, Lewis base 79was successfully employed for

the hydrosilylation of a-imino esters as direct precursors of a-amino acids ([167], for

the use of additional picolinoyl catalyst derivatives, see also: [168–172]).

The role of the carbonyl groups in the catalysts seemed to be responsible for the

silicium activation (for other pyrrolidine derivatives, see: [173–175]). In order to

explain the sense of the stereoselectivity in final products, Matsumura’s group

suggested that the reduction predominantly proceeded through a transition state

A rather than the most hindered transition state B, justifying the major enantiomer

observed (Fig. 6). This mechanistic proposal was an early hypothesis, which was later

modified by other authors on the basis of more experimental results (see below).

Scheme 27 Asymmetric reduction of b-nitroacrylates

Scheme 28 Organocatalyzed reduction of fluorinated nitroolefins 73
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3.1.2 L-Valine-Derived N-methyl Formamides

Malkov, Kočovský, and co-workers have developed different L-valine-based Lewis

basic catalysts such as 81 [176, 177], for the efficient asymmetric reduction of

ketimines 76 with trichlorosilane 2, or catalyst 82 [178] with a fluorous tag, which

allows an easy isolation of the product and can be used in the next cycles, while

preserving high enantioselectivity in the process. Sigamide catalyst 83 [179, 180]

and Lewis base 84 [181] were employed in a low amount (5 mol%) affording final

chiral amines 80 with high enantioselectivity (Scheme 30) [182]. Interestingly, 83
was used for the enantioselective preparation of vicinal a-chloroamines and the

subsequent synthesis of chiral 1,2-diaryl aziridines. In these developed approaches

the same absolute enantiomer was observed in the processes.

From these studies, the authors suggested different important conclusions: (1) the

structure–reactivity studies showed that the product configuration seems to be

controlled by the nature of the side chain of the catalyst scaffold, and the electronic

properties of the substituents in the phenyl ring on the Lewis base. Interestingly,

catalysts of the same absolute configuration may induce the formation of the

opposite enantiomers of the product; (2) hydrogen bonding and arene–arene

interactions between the catalyst and the imine appear to be crucial for the success

of determining the enantiofacial selectivity; (3) the activation of trichlorosilane

seems to be in agreement with a bidentate coordination with both carbonyl groups of

the amide moiety in the catalyst, as previously invoked (Fig. 7) [176]. It is

remarkable that the mode of activation in this case differs from that proposed

previously by Matsumura’s group in Fig. 6 [165].

3.1.3 L-Pipecolinic Acid Derived N-Formamides

Sun and co-workers developed a novel Lewis basic organocatalyst 86 (Scheme 31),

easily synthesized from commercially available L-pipecolinic acid. The catalyst 86
promoted the reduction of N-aryl ketimines 85 with HSiCl3 2 in high yield and

Scheme 29 Reduction of imines with N-formylpyrrolidine-based catalysts
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excellent ee values under mild conditions with an unprecedented spectrum of

substrates [183]. The same group also found that the L-pipecolinic acid derived N-

formamide 87 was a highly effective Lewis basic organocatalyst for the same

reaction [184].

On the basis of the experimental results, the methoxy group on C20 has proven to

be critical for the high efficiency of catalyst 87 in the reduction of the imines. A

hexacoordinate silicon transition structure was proposed to justify the experimental

observations. In a more extended mechanistic study N-funtionalized pipecoli-

namides 88 were proposed as an example of efficient catalyst after several variations

in the C2 and the N-protected group ([185], for more recent L-pipecolinic basic

organocatalysts for hydrosilylation of imines, see: [186, 187]).

3.1.4 Piperazine Lewis base Organocatalyst

Sun and co-workers envisioned that the piperidinyl ring on the abovementioned

catalysts could be replaced by a piperazinyl backbone, considering that the

Fig. 6 Mechanism of hydrosilylation of imines

Scheme 30 Pioneering examples of L-valine-based Lewis basic catalysts
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additional secondary amino group on the 4-position (N4) should provide a

suitable site to introduce structural variations and thus accurately to modify the

catalytic properties. In this context, a new catalyst 91 was designed (Scheme 32)

[188, 189], which promoted the unprecedented reduction of the relatively bulky

ketimines 90, becoming a complementary structure to the existing catalytic systems.

The reductions of both N-aryl acyclic methyl ketimines and non-methyl ketimines

90 were catalyzed for a broad spectrum of substrates affording the desired chiral

amines 92 in high yields and with high ee values.

Unfortunately, other N-substituted phenyl ketimines 93a–e afforded lower ee

values compared with 90. The N-benzyl ketimine 93e was also proven to be an

unsuitable substrate using 91 as catalyst. The authors found that the arene sulfonyl

group on N4 and the 2-carboxamide groups were crucial for the high enantiose-

lectivity of the process and the efficiency of the catalytic system.

3.1.5 S-Chiral Sulfinamide Derivatives

Although stereogenic sulfur centers had been used as the source of chiral auxiliaries

and ligands [190–195], organocatalysts incorporating chirality solely through the

sulfur atom had been almost overlooked in the literature before the development of

Fig. 7 Mechanism of
hydrosilylation of imines

Scheme 31 Model L-pipecolinic acid derived N-formamide catalysts 86–88
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this subarea of research. In this context, Sun’s group developed the first highly

effective example of sulfinamide organocatalyst 95 to promote the asymmetric

hydrosilylation of ketimines with 2 in high yield and enantioselectivity (Scheme 33)

[196]. Having in mind the idea that two molecules of monosulfinamide catalyst

could participate in the mechanism of the reaction (Fig. 8), the same authors

designed bissulfinamide 96 [197] incorporating two sulfinamide units, which

efficiently promoted the asymmetric reduction of N-aryl ketimines in high yields

and improved enantioselectivities (Scheme 33). Compound 96 resulted to be a

better catalyst than the former monosulfinamide 95.
The same group developed a new Lewis base organocatalyst 97, which included

stereogenic atoms represented by a sulfinamide group and a a-amino acid

framework bearing Lewis basic carboxamide functionality, both for the activation

of HSiCl3 2. Excellent enantioselectivities and high yields for a wide range of

aromatic N-alkyl ketimines were achieved (Scheme 33) ([198], for more recent

examples belonging to the same research group, see also: [199, 200]).

3.1.6 Supported Lewis Base Organocatalysts

With the increasing interest in developing catalysts able to be easily separated from

the final product, many efforts have been devoted to the preparation of immobilized

structures (for reviews on polymer-supported organocatalysts, see: [201–204], for a

more recent example, see also: [205]). In this field, Kočovský’s group has also

reported interesting Lewis base supported catalysts for the efficient asymmetric

hydrosilylation of ketimines with silane 2. The first reported example was an N-

methylvaline-derived Lewis basic formamide anchored to a polymeric support with

Scheme 32 Reduction of imines using piperazine Lewis base derivative 91
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a varying spacer 100. This protocol represented a considerable simplified procedure

to isolate the catalyst from the crude of the reaction, which is not a trivial task, for

instance on a large scale protocol (Scheme 34). The polymer-supported catalyst was

reused at least five times without any loss of activity [206].

The same research group designed a soluble catalyst 102 with the main aim of

avoiding the problems associated with the heterogeneous systems, and related to the

common supported catalysts [207]. The main advantage of this system is the

inverted solubility pattern that this catalyst exhibits, since it is soluble in non-polar

solvents and insoluble in polar media (Fig. 9). This feature simplified the recovery

(up to 99 %) and re-use of the catalyst at least five times without loss of activity,

improving the results obtained with catalyst 100 (for the preparation of other

immobilized catalysts easily recoverable, see: [208]).

In order to enable the isolation procedure of the organocatalysts, Kočovský’s

group also reported an alternative approach using a dendron-anchored organocat-

alyst 103 to efficiently reduce the imines with trichlorosilane 2 [209]. The isolation

procedure of the catalyst from the crude was substantially simplified, since most of

the catalyst (C90 %) could be recovered by precipitation and centrifugation

(Fig. 10).

3.2 Reduction of Ketones

Although the reduction of imines has been widely explored, as described above, the

reduction of carbonyl groups has been less studied until now. Specifically, the

reduction of ketones is more limited due to the low reactivity shown by these

compounds. In this field, the pioneering works using trichlorosilane as reducing

agent and a chiral Lewis base were reported by Matsumura and co-workers in 1999,

Scheme 33 Example of efficient sulfinamide organocatalysts 95–97
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affording low to moderate enantioselectivities (for the seminal enantioselective

work using Lewis base to reduce carbonyl groups, see: [210], for pioneering works

using chiral lithium salts, see: [211–213]). More recently and independently,

Malkov, Kočovský, and co-workers [214] and Matsumura’s group [215], reported

isoquinolinyloxazoline 105 and N-formylpyrrolidine 106, respectively, as new

catalysts to significantly improve the enantioselectivity of the process in comparison

with the pioneering work (Scheme 35).

In these examples the carbonyl compounds were limited to aromatic ketones.

Based on the experimental results, the authors proposed the following TS to explain

the enantioinduction observed in their work (Fig. 11) [214].

Fig. 8 Mode of action of
monosulfinamide
organocatalysts

Scheme 34 Application of polymer-supported organocatalyst 100
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The 2 would be chelated by the catalyst forming an activated hydrosilylating

species, while a second molecule of HSiCl3 would likely activate the ketone by

coordination to the oxygen atom. The attack of the hydride would take place from

the less hindered Si face. Additionally, the p–p interaction between the heteroaro-

matic ring of the catalyst and the aromatic ring in the ketone would stabilize the

system.

Later, Sun’s group also used their pipecolinic acid derivative 87 for the first

efficient reduction of aliphatic and aromatic ketones with silane 2 in moderate to

high enantioselectivity [184]. A plausible transition state was proposed in order to

explain the results observed, where the catalyst 87 would act as a tridentate activator
and would promote the hydrosilylation of ketones through the heptacoordinate

silicon structure depicted in Fig. 12.

It is remarkable that the hydrosilylation procedure has been successfully used for

the synthesis of important targets. Matsumara and co-workers demonstrated the

applicability of their developed method in the preparation of optically active lactone

109 from keto ester 108 in 93 % yield with 97 % ee (Scheme 36) [215]. Lactone

109 is an important building block for the synthesis of a variety of biologically

active substances [216–218].

3.3 Reduction of b-Enamino Esters

In the last decade, increasing efforts have been devoted to the asymmetric

preparation of structurally diverse b-amino acids (for selected reviews, see: [219–

222]), due to their involvement in the synthesis of peptidomimetics and as valuable

building blocks.

In this field of research, enantiomerically enriched b-amino acids could be also

obtained through transfer hydrogenation using b-enamino esters ([223], for

pioneering works using metals, see: [224, 225]). This approach was initiated by

Matsumura and co-workers [173] reporting a single example using catalyst 111

Fig. 9 Soluble supported catalyst 102
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Fig. 10 Dendron-anchored organocatalyst 103

Scheme 35 Enantioselective reduction of ketones 104
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(Scheme 37). Later, the methodology was improved by Zhang’s group with Lewis

base catalyst 112 [226] and 113 [227], and also Benaglia and co-workers with

catalysts 114 (Scheme 37) [228]. Remarkably, Sun’s group reported an interesting

methodology using water as additive and the Lewis base catalyst 115 [229]. The

addition of 1 equiv. of water resulted to be crucial for the success of both reactivity

and enantioselectivity of the process (Scheme 37). All these approaches were

potentially useful for the preparation of enantiomerically enriched b-amino acid

derivatives, which in all cases was achieved with good yield and good enantios-

electivies [230].

Interestingly, in order to extend the applicability of the reduction of b-enamino

esters, the protocol developed by Zhang and co-workers using catalyst 113 was

Fig. 11 Activation proposal

Fig. 12 Role of pipecolinic
acid derivative 87

Scheme 36 Synthesis of optically active lactone 109
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successfully applied in the synthesis of the taxol C13 side chain 117 and

oxazolidinone 118, which is a potent hypocholesterolemic agent (Schemes 38, 39)

[227].

Malkov, Kočovský, and coworkers also reported the interesting synthesis of b2,3-
amino acids, in which synthesis is still a challenge, using organocatalyst 83
(Scheme 40) [236]. This approach is based on the fast equilibration between the

Scheme 37 Reduction of b-enamino esters 110 (for other examples of reduction of enamines, see: [231–
233])
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enamine and imine forms. A subsequent reduction of the equilibrated mixture with

HSiCl3, afforded the corresponding amino esters and amino nitriles with good

results.

AcOH was used in order to maintain the concentration of H? constant. Although

the presence of H? also catalyzed the competing nonselective reduction, under the

optimized reaction conditions, the use of one equivalent of AcOH provided a good

compromise between reactivity and selectivity.

4 Conclusions

A great number of organocatalytic examples of reduction of different C=N, C=O

and C=C double bonds affording new stereogenic centers has been illustrated. The

organocatalytic transfer hydrogenation has been mainly focused on the pioneering

examples using Hantzsch dihydropyridines 1 and trichlorosilane 2 as hydride

Scheme 38 Enantioselective synthesis of the taxol C13 side chain 117 [234]

Scheme 39 Enantioselective synthesis of oxazolidinone 118 [235]

123

Top Curr Chem (Z) (2016) 374:29

Reprinted from the journal138



sources, although other reducing agents have being explored in the last few years.

Organocatalysts such as chiral Brønsted acids, thioureas, and chiral secondary

amines or Lewis bases have been successfully used in all the reported examples. As

reflected in the numerous examples, this field is the focus of great interest. This is

proof of the importance that the asymmetric transfer hydrogenation arouses, and the

power of this approach to achieve the final target. Certainly, in the near future new

hydride sources and novel organocatalysts will be designed to achieve this goal in a

greener and more environmentally friendly manner.
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84. Aillerie A, de Talancé VL, Moncomble A, Bousquet T, Pélinski L (2014) Org Lett 16:2982–2985

85. Hayakawa I, Atarashi S, Yokohama S, Imamura M, Sakano K-I, Furukawa M (1986) Antimicrob

Agents Chemother 29:163–164

86. Seiyaku D (1992) Drugs Future 17:559–563

87. Rueping M, Stoeckel M, Sugiono E, Theissmann T (2010) Tetrahedron 66:6565–6568

88. Friedländer P (1882) Ber Dtsch Chem Ges 15:2572–2575
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Abstract Proton-coupled electron transfers (PCETs) are unconventional redox pro-

cesses in which both protons and electrons are exchanged, often in a concerted ele-

mentary step.While PCET is now recognized to play a central a role in biological redox

catalysis and inorganic energy conversion technologies, its applications in organic

synthesis are only beginning to be explored. In this chapter, we aim to highlight the

origins, development, and evolutionof thePCETprocessesmost relevant to applications

inorganic synthesis. Particular emphasis is given to the ability ofPCET to serve as anon-

classical mechanism for homolytic bond activation that is complimentary to more tra-

ditional hydrogen atom transfer processes, enabling the direct generation of valuable

organic radical intermediates directly from their native functional group precursors

under comparatively mild catalytic conditions. The synthetically advantageous features

of PCET reactivity are described in detail, along with examples from the literature

describing the PCET activation of common organic functional groups.

Keywords Proton-coupled electron transfer � Hydrogen atom transfer � Free
radicals � Organic synthesis

1 Introduction

‘Proton-coupled electron transfer’ (PCET) describes any elementary step (or series

of elementary steps) in which both a proton and an electron are exchanged [1–9].

Within this broad definition, further distinctions may be drawn: if the proton and
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electron move simultaneously, the elementary step is referred to as a concerted

PCET. Alternatively, if electron transfer precedes a rapid proton-transfer event (or

vice versa), the series of elementary steps is said to be stepwise. The proton and

electron in a PCET process need not originate from the same bond, or even the same

molecule: when the proton and electron are delivered to two separate acceptors or

arrive from two distinct donors, the PCET event is said to be multisite.

In recent years, PCET has been shown to play a central role in important biological

redox processes, such as photosynthetic water oxidation [10], ribonucleotide

reduction in DNA biosynthesis [11, 12], oxygen reduction by cytochrome C oxidase

[13], enzymatic C–H bond oxidation [14, 15], natural product biosynthesis [16], DNA

photolyase activity [17], and numerous synthetic inorganic technologies for small

molecule activation [18, 19]. Concurrently, extensive physical and theoretical studies

have provided a number of important insights into PCET reaction mechanisms [20,

21]. However, the applications of PCET as a mechanism of substrate activation in

organic synthesis have only recently begun to be explored. The focus of this review is

to highlight both the basic reactivity trends and beneficial attributes of concerted

PCET reactions for synthetic applications, and to discuss the chemistry of common

organic functional groups known to engage in concerted PCET reactivity. This review

is not meant to serve as a comprehensive overview of documented PCET processes in

biology or an exhaustive overview of their physical origins. Rather, it is meant as a

primer for organic chemists who may wish to design or utilize PCET reactions in their

own work, or to become acquainted with the synthetically relevant literature in this

large and diverse area of research. The structure of this review starts with an

introductory discussion of the energetics of PCET reactions, followed by mechanistic

discussion as organized by functional groups. Where applicable, synthetic examples

are included to demonstrate the capacity of PCET to furnish desirable radical synthons

and explore their often-unique selectivities.

2 Energetic Characteristics of PCET Activation

From a synthetic perspective, multisite PCET is similar to traditional hydrogen atom

transfer (HAT) reactions in that both involve the addition or removal of the elements of

H• to furnish a neutral free radical product. However, PCET has the potential to enable

the direct homolytic activation of many common organic functional groups that are

energetically inaccessible using conventional H-atom transfer platforms. In HAT

reactions, the thermodynamic driving force is taken to be proportional to the difference

in bond strengths of the bonds being broken and formed in the exchange. As such,

cleaving a strong bond to hydrogen in the donor requires formation of a similarly

strong or even stronger bond to hydrogen in the acceptor. Similar constraints apply in

the reactions of H-atom donors, wherein the new bond to hydrogen formed upon HAT

to an acceptormust be of similar strength (or stronger than) the bond to hydrogen in the

donor. These energetic constraints present a significant challenge to developing

effective catalysts for the homolytic activation of many common organic functional

groups (Fig. 1). With respect to oxidative HAT activation, the bonds to hydrogen in

many of the most common protic organic functional groups (including alcohols,

123

Top Curr Chem (Z) (2016) 374:30

Reprinted from the journal146



amides, ammonium ions, and carboxylic acids) feature bonds strengths well in excess

of 100 kcal mol-1 (Fig. 1a). As such, even the most powerful molecular HAT

reagents, such as the ferryl groups inmetalloproteins such as cytochrome P450, do not

possess a sufficient driving force to activate many polar N–H and O–H bonds [22].

Moreover, these polar functional groups are often embedded in hydrocarbon

frameworks containingmuchweaker aliphatic C–H bonds that are often preferentially

activated by strong H-atom acceptors.

Similarly, for the reductive HAT activation of p-systems, the new bond to

hydrogen is dramatically destabilized by virtue of being vicinal to an unpaired

electron (Fig. 1b). As such, few if any HAT donors have been shown to be

competent to activate ketones, imines, arenes, or certain classes of olefins [23–26]

via HAT. In fact, the weakest, well-characterized metal hydride is Norton’s

H-V(CO)4(dppb), which features a V-H BDFE of 50 kcal mol-1 [27]. While

exceptionally weak, this bond it is still far too strong to serve as an effective H-atom

donor to many common organic p-systems such as those depicted in Fig. 1b.

In light of these limitations, it is interesting to consider how one might rationally

design new HAT catalysts to target specific organic functional groups. Classically,

the homolytic strengths of covalent bonds are analyzed using a simple thermody-

namic cycle popularized by Bordwell [28]. In this scheme, the bond dissociation

free energy (BDFE) is defined as the energy required to heterolytically break the

(a)

(b)

Fig. 1 a Examples of strong bonds of common organic functional groups. b Examples of weak bonds
vicinal to radical centers derived from common organic functional groups
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bond (represented as a pKa value) summed together with the energies required to

oxidize the resulting anion to a neutral radical and reduce the remaining proton to

H•. As such, this formalism would suggest that to create a molecular H-atom donor

with a weaker R–H bond, one must either increase the Brønsted acidity of the donor,

make its conjugate base more reducing, or some combination thereof. Unfortu-

nately, within any single molecule these two key physical properties—the pKa and

the oxidation potential of the conjugate base—are interdependent and inversely

correlated. The energetic benefits of making a donor more acidic will be largely

compensated for by a concomitant loss in the reducing ability. Analogous

difficulties arise in the design of new oxidative HAT reagents, wherein any

increase in basicity of an H-atom acceptor will be compensated in part by a

correlated decrease in oxidizing power. This leveling effect suggests that rational

design of more powerful molecular H-atom donors and acceptors through variation

of these parameters is likely to be challenging (Fig. 2).

However, Mayer has pointed out that this method for conceptualizing covalent

bond strengths suggests a thermodynamic equivalency between direct HAT, in

which the transferring proton and electron originate in the same chemical bond, and

a multisite PCET mechanism wherein the proton and electron traveling to the

acceptor originate from site-separated and independent donors—a Brønsted acid

and a one-electron reductant (Fig. 3) [29]. While no bond is formally homolyzed in

such a process, summing the pKa and redox potential values in a similar fashion

provides an ‘effective’ bond strength, which quantitatively reflects the capacity of

any given acid/reductant combination to function jointly as a hydrogen atom donor.

Significantly, in this PCET manifold the pKa of the proton donor and the potential of

the reductant may be varied independently. This in turn allows the effective BDFE

of any given acid/reductant (or oxidant/base) pair to be varied over an arbitrarily

wide range of energies. While not all bases are compatible with all oxidants [30],

the use of excited-state redox partners as PCET components tends to allow for

Fig. 2 A square scheme for the determination of BDFEs as popularized by Bordwell [28]
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greater flexibility with respect to which bases may be used [31]. The same principle

applies for combinations of acids and reductants. This formalism provides a

straightforward means to identify acid/reductant combinations with effective bond

strengths far weaker (\20 kcal/mol) than those found for any known molecular H•
donor catalysts. Similarly, thermochemical arguments can be constructed for

combinations of bases and oxidants that act in unison as thermodynamically potent

hydrogen atom abstractors, with effective BDFEs in excess of 110 kcal/mol. In

principle, this remarkable energetic range can enable the rational identification of

catalyst systems that are thermodynamically competent to effect homolytic

activation of many common organic functional groups that are currently inacces-

sible using traditional HAT technologies. Even if PCET to a substrate is endergonic,

several synthetic examples highlight that even highly endergonic PCET events can

be coupled with secondary chemical reactions in catalysis [31, 32].

In addition to enabling access to more powerful HAT reagents, the preferences

for site selectivity in multisite PCET reactions are expected to be orthogonal to

those of many traditional HAT catalysts. Selectivity in HAT processes is generally a

function of bond strength differential, with the weakest bonds in the substrate being

oxidized most rapidly [33]. In fact, such relationships are often presented as

Fig. 3 A square scheme for ‘effective’ BDFEs as popularized by Mayer [29] along with example bond
strengths available by the joint action of select bases/oxidants and acids/reductants, respectively. Asterisks
denote ET from an excited state except for Cp*, which refers to pentamethylcyclopentadiene. bpy 2,20-
bipyridine, bpz 2,20-bipyrazine, ppy 2-phenylpyridinato-C2, dF(CF3)ppy 2-(2,4-difluorophenyl)-5-
(trifluoromethyl)pyridinato-C2, DMAP 4-dimethylamino pyridine, PTSA p-toluenesulfonic acid
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evidence for radical-based mechanisms of bond cleavage. In contrast, the site-

selectivity of multisite PCET mechanisms is dictated by specific hydrogen bonding

interactions [6]. In physical descriptions of PCET reactivity, significant emphasis is

placed on the length scales of the transfer reactions. While electrons tunnel readily

over large distances ([10 Å), heavier protons can only travel over relatively small

distances (1–2 Å). Consequently, pre-association by hydrogen bonding is a

characteristic feature of concerted multisite PCET activation as it defines the proton

transfer reaction coordinate and confines it to an appropriate length scale. As typical

C–H bonds are poor hydrogen bond donors, separated base/oxidant catalyst systems

should, in principle, be able to activate stronger O–H and N–H bonds of polar

H-bond donors selectively. Similarly, concerted PCET activation of ketones and

other polar p bonds should be possible in preference to the activation of olefins,

despite a large thermodynamic bias for the latter pathway.

Lastly, in addition to the these thermodynamic advantages, concerted PCET

processes often exhibit rates that are significantly faster than the constituent electron

transfer (ET) or proton transfer (PT) steps in isolation (Fig. 4). This observation

follows from the fact that PCET kinetics, like those of ET and HAT, are functions of

the reaction’s thermodynamic driving force [34–36]. The products formed directly

in the concerted pathway are necessarily lower in energy than the intermediates

formed in the competing stepwise pathways. This thermodynamic bias is manifested

kinetically, enabling facile charge transfer to occur with catalyst potentials that are

far less energetic than the thermodynamic potentials of their substrates. These

kinetic advantages are well precedented in a large number of molecular systems and

are thought to underlie the pervasive use of concerted PCET mechanisms in

biological redox catalysis.

In light of these advantages, PCET has significant potential to expand the scope

of homolytic bond activation catalysis in organic synthesis, and enable the direct

generation of valuable radical intermediates directly from their native functional

group precursors [37]. In support of this hypothesis, the remaining sections of this

Fig. 4 A sample reaction coordinate demonstrating the diminished barriers for concerted PCET relative
to stepwise ET/PT or PT/ET
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chapter are devoted to mechanistic studies and relevant synthetic examples of PCET

segmented by functional groups.

3 Metal-Oxo Complexes for C–H Bond Oxidation

Among the most synthetically important PCET reactions are the oxidations of C–H

bonds by metal-oxo complexes. However, prior to a full discussion of metal-oxo

PCET reactions, it is important to comment in more detail on the distinctions

between HAT and PCET. Meyer has proposed a definition for HAT that is limited to

reactions in which ‘‘the transferring electron and proton come from the same bond’’

[5, 38, 39]. Mayer has noted a number of problems associated with this definition

that are especially pertinent in the reactions of metal-oxo complexes [29].

Specifically, Mayer cites compound I in cytochrome P450 enzymes where the

metal oxo (Fe = O) group accepts a proton at oxygen while the electron is

transferred into a ligand-centered orbital of the porphyrin radical cation [40]. He

further elaborates that a forward abstraction step could be accurately defined as a

HAT step, as the proton and electron come from the C–H bond, but not its

microscopic reverse, where the proton comes from the O–H bond and the electron

comes from a ligand-centered orbital. Accordingly, he suggests HAT to be more

broadly defined as ‘‘concerted transfer of [a proton] and [an electron] from a single

donor to a single acceptor.’’ While this definition suggests that classical HAT is a

specific subset of concerted PCET reactions, subtleties between the two elementary

steps preclude these terms from being truly interchangeable (or, in many cases, from

being readily distinguished) [39, 41, 42]. In light of these problems in both

terminology and identification, we present examples pertinent to PCET-type

Fig. 5 A sample Pourbaix
diagram of magnesium in water;
the dashed blue lines represent
the potentials at which water is
oxidized (top line) and reduced
(bottom line). Reprinted with
permission from [43]. Copyright
2012 American Chemical
Society
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mechanisms and have adopted the nomenclature presented by the original authors.

We defer judgment regarding the aptness and accuracy of these classifications to the

reader.

In his doctoral thesis in 1945, Pourbaix established the use of ‘‘potential-pH

diagrams’’—now referred to as Pourbaix diagrams—to predict the equilibrium state

of a given element and its ions in aqueous solution (Fig. 5) [43, 44]. Since that time,

Pourbaix diagrams for many elements have been developed for their utility in

assessing the thermodynamic viability of certain processes, especially corrosion

[45]. Crossing a line on the diagram represents changes in the dominant species

in situ; such boundaries are dependent on both the pH and the potential and (if the

potential is reversible) can be outlined using the following form of the Nernst

equation [29]:

E ¼ E0 � RT

nF
ln

HmA
n�mð Þ�� �

A½ � � RT

F

m

n
pH

In the above equations, m represents the number of protons transferred, n refers to

the number of electrons transferred, R is the ideal gas constant, F is Faraday’s

constant, and T is the temperature. At a constant, standard temperature of 298 K, the

value (RT/F) is 59 mV and is constant. As the pH changes, the slope DE/DpH
reflects the ratio of protons to electrons (m/n) transferred in a single step: a hori-

zontal line (m = 0) indicates no proton transfer occurs, vertical lines (n * 0) imply

no involvement of electron transfer, and diagonal lines indicate both protons and

electrons transfer for a net loss of protons and electrons in some ratio m/n. For

example, the net loss of a hydrogen atom (i.e., one proton and one electron) pro-

ceeds with m/n = 1. An important note, however, is that a Pourbaix diagram only

provides thermochemical information for a PCET event and does not distinguish

between stepwise or concerted processes: further mechanistic analysis is required to

distinguish the operative mechanisms. In addition, for aqueous solutions such dia-

grams are limited to potential/pH regimes in which water is stable. Nevertheless,

boundaries of thermochemical viability are valuable to the synthetic chemist

seeking to choose reagents to affect a particular PCET process.

The idea that both the pH and applied voltage affects the stability of metal oxo,

hydroxo, and aquo species has proven influential over time. Based on these

diagrams, the community has come to understand the influence of both the substrate

pKa and the potential associated with its (de)protonated form on the overall bond

strength of a species and how these may be leveraged to tune said bond strengths.

For a metal oxo, the O–H bond strength inherent to a metal oxo is determined by

both its basicity and its oxidizing power. As further examples will demonstrate, the

basicity is oftentimes the dominant contributor to the bond strength of this species.

The importance of oxo basicity was highlighted by Green and Gray in their seminal

studies of chloroperoxidase, which identified that chloroperoxidase compound II

(CPO-II) must have a minimum aqueous pKa of *8.2 [22]. The basicity implies

this species is protonated at physiological pH; these authors credit remarkable

unusually high basicity to the binding of an axial thiolate ligand. In a later study,

Green concluded that the ferryl forms of P540BM3 and P450cam were protonated at
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physiological pH using a combination of Mössbauer spectroscopy and density

functional calculations [46]. Where iron-heme complexes such as Horseradish

peroxidase C (and its associated Compounds I and II) are poorly oxidizing

(approximately 1.08 V at pH = 6.5) [47], these enzymes are among a small set of

enzymes capable of cleaving strong C–H bonds [48]. The bond strengths of these

species are thought to be a direct function of the oxo basicity; where the thiolate

decreases the oxidation potential of the iron center, it concomitantly increases the

basicity of the oxo such that the O–H bond strength is strong despite a lack of

oxidative driving force. Moreover, the axial ligation of the metal oxo in iron heme

proteins has been demonstrated to have a profound effect on the pKa of the Fe
IV oxo

form of the enzyme [49] as well as the Fe–O bond strength observed in model

systems [50].

More broadly, discrete metal-oxo complexes have garnered intense interest

because of their stability, tunability, and utility as model systems for the study of

metalloproteins. In 1978, Meyer disclosed the ruthenium-oxo species 1, and

demonstrated its acid-dependent redox transformations to form 2 and 3 (Fig. 6)

[51]. Where 3 has a pKa of 10.8 in aqueous 0.33 M NaSO4, a sharp decrease in pKa

to 0.85 in 1 M HClO4/LiClO4 solution is observed upon one-electron oxidation to

[RuIIIOH2]
3?. Above pH = 2, the corresponding potentials between RuIV/RuIII and

RuIII/RuII are observed to change by 59 mV per pH unit, indicative of a one-proton

one-electron process. Based on thermochemical values furnished by Meyer, Mayer

estimated that the bond strengths for the O–H bonds in 3 and 2 are approximately 82

and 85 kcal mol-1 respectively [29, 52, 53]. Accordingly, concerted PCET between

1 and 3 to form two equivalents of 2 has been documented [54]. Comproportion-

ation of these species is demonstrated to be first order in both 1 and 3, and the

associated barriers associated with initial proton or electron transfer are demon-

strated to be too high to correspond to the experimentally measured activation

barrier, consistent with a concerted process. In addition, the redox step is

demonstrated to have a solvent KIE of 16.1, a clear indicator that O–H bond

cleavage of water is involved in the rate-determining step. While also documented

to participate in stoichiometric oxygen-atom transfer to triphenyl phosphine [55]

and dimethyl sulfide [56], 1 and 2 have been demonstrated to oxidize hydroquinone

through both concerted and stepwise PCET mechanisms depending on the nature of

the aqueous environment [39]. Evidence for proton movement concomitant to the

redox step is supported by H2O/D2O KIEs for these reactions, which are 28.7 and

Fig. 6 Ruthenium species reported by Meyer [51]
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9.3 for abstraction by 1 and 2, respectively, with the difference in magnitude

attributed to differences in both the hybridization of oxygen and the hydrogen bond

distances [5]. These complexes may also cleave the O–H bonds of hydrogen

peroxide by PCET [57, 58] (reclassified from HAT [5]) with similarly large solvent

KIEs. In one example, in which aniline is proposed to be oxidized to phenyl nitrene

or its associated nitrenium ion, complex 1 is demonstrated to accept one proton and

two electrons in a single elementary step [59]. Under the disclosed conditions this

intermediate is captured either by water to form the corresponding hydroxylamine

or by another equivalent of aniline to form the corresponding hydrazine, both of

which undergo further (non-PCET) oxidations. Evidence for nitrene (or nitrenium)

involvement is provided by a significant ArNH2/ArND2 KIE of 15.5 for aniline and

10.2 for p-toluidine, no direct oxo transfer of the metal oxo as determined by 18O

isotopic labeling, sensitivity of the product distribution between hydroxylamine and

hydrazine products (but not the rate law) on the concentration of water, initial

formation of 3 rather than 2 in these oxidations, and a negative correlation on the

rate of aniline oxidation against the Hammett parameter r?.

Manganese-oxo complexes have also been designed for PCET and HAT

reactions, and have been studied extensively in the context of the special role of

manganese oxo clusters in the oxygen-evolving complex of photosystem II [60–63].

Borovik has disclosed a compound with the backbone structure 4, which features an

unusual non-bridging terminal hydroxo ligand, and has measured its pKa and redox

properties (Fig. 7) [64–66]. In a preliminary study of 4 and its isomers, the MnIV

oxo was observed to abstract the hydrogen atom from TEMPO–H, cyclohexadiene,

dihydroanthracene, 1,2-diphenyl hydrazine, and 2,4,6-tri-tert-butyl phenol. How-

ever, the oxo was incapable of abstracting a hydrogen atom from triphenylmethane,

diphenyl methane, ethyl benzene, or 2,3-dimethyl-2-butene. Further study indicated

the BDFE to be 89 kcal mol-1 [67], which is in agreement to the O–H BDFE of

non-heme manganese terminal oxo complex prepared by Stack [68, 69]. The bond

strength in the MnIV oxo form is driven by the high basicity of the oxygen, which is

akin to that of methoxide (methanol pKa * 29.0 in DMSO [70]). Investigation of

C–H abstraction from dihydroanthracene (DHA) using the MnIII and MnIV oxo

forms of the complex revealed two competing mechanisms based on the oxidation

state of the metal [67]. Citing a large entropic barrier (DS� = -49 kcal mol-1) and

Fig. 7 Borovik’s manganese complexes for HAT reactions. All potentials are measured in DMSO and
referenced to the Fc/Fc? couple [64–66]
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a primary KIE of 6.8, the MnIV oxo is suspected to abstract the C–H bond by a

PCET event. Initial proton or electron transfer is indicated to be highly unfavorable.

On the other hand, the MnIII oxo boasts a much smaller entropic barrier

(DS� = -15 kcal mol-1) and primary KIE (2.6). The cited pKa of 28 matches

well with that of DHA (30 in DMSO [71]), suggesting a stepwise PT-ET mechanism

for HAT. Together, these divergent mechanisms demonstrate the sensitivity of

PCET on the thermodynamics of the oxo species in question. Recent work by

Borovik on analogous complexes has demonstrated that oxidation of the [MnIII

hydroxo]– species to the neutral MnIV hydroxo further increases the BDFE to

95 kcal mol-1 [72]. In the presence of an external reductant such as diphenyl

hydrazine or hydrazine, Borovik has reported the catalytic reduction of oxygen to

water using a slightly modified version of 4 [73]. Study of 4 highlights key

thermodynamic contributors to overall bond strength and the sensitivity of the

mechanism of net HAT on such parameters and is exemplary of metal oxos of this

class.

Binuclear manganese complexes featuring bridging oxo ligands are also capable

of engaging in PCET/HAT reactivity (Fig. 8). Complex 5 has been extensively

studied by Pecoraro, who has reported a pKa of 13.4 (MeCN), the protonated redox

potential of 0.42 V v. NHE, and a BDFE of 77 kcal mol-1 for the D(O–H) bond of

the corresponding hydroxo-bridged species [74, 75]. PCET in this case is

accompanied by conversion of one bridging oxo to a hydroxo and reduction of

one of the Mn centers to MnIII. The value provided is consistent with the

observation that 2,4,6-tri-tert-butyl phenol (OH BDFE = 82 kcal mol-1) undergoes

PCET with this complex, but not phenol (O–H BDFE = 88 kcal mol-1). The pKa

of the oxo bridges in 5 are sensitive to the oxidation state of the manganese sites and

have been predicted to drop approximately 10.5 pKa units upon oxidation of a Mn

center [76]. When a modified salpn ligand, which creates a bridging oxo species by

virtue of a tethered alkoxide, is used to form binuclear manganese complex 6, the

Fig. 8 Complexes with bridging oxo ligands known to engage in HAT reactivity [74, 75]

123

Top Curr Chem (Z) (2016) 374:30

Reprinted from the journal 155



molecule is known to reversibly bind water and engage in HAT reactivity [77]. The

strength of the O–H bond in 6-H2O is measured to be 85 kcal mol-1; upon initial

oxidation (0.54 V in 16 M H2O/MeCN vs. NHE), the bond strength is increased to

89 kcal mol-1. These bond strengths are noticeably stronger than those of bridging

hydroxo ligands, demonstrating the sensitivity of the O–H bond strength on both the

binding mode of water (i.e., bridging or terminal) as well as the ligand framework

on the metal center.

Mayer identified that species 7 was capable of oxidizing toluene by an initial

hydride abstraction, with concomitant proton transfer to the oxo and two electron

transfers to the manganese centers (Fig. 9) [78]. Based on the thermochemistry of

interconversion between isomers, it is evident that 7 lacks the oxidizing power

(0.95 V in MeCN v. Fc/Fc?) to oxidize toluene (2.08 V in MeCN v. Fc/Fc?) and

initial electron transfer is too endergonic to proceed, eliminating mechanisms,

which rely on an initial ET event. Upon two-electron reduction of 7 to the MnIII

dimer, the pKa of the bridging oxo is *15 in MeCN, which also suggests 7 is not

nearly basic enough to deprotonate toluene. The authors observe that nitrotoluene is

unreactive with 7 under their conditions and notice that diphenymethane reacts 100

times faster than toluene; taken together, they cite these data as strong evidence for

a highly electron deficient transition state and accordingly argue against an initial

HAT event. The measured hydride affinity of the complex is provided to be

122 kcal mol-1 by the authors. The mechanism of activation by these complexes is

highly substrate-dependent and may proceed by initial HAT, electron transfer, or

hydride transfer [79]. On the other hand, prior reduction of this species to the MnIV-

MnIII allows for HAT reactivity: (phen)2Mn(l-O)2Mn(phen)2]
3? may undergo two

HAT events to form the bridged hydroxo species (phen)2Mn(l-OH)2Mn(phen)2]
3?.

Based on thermochemical data, addition of the first hydrogen atom to the bis-oxo

species has an O–H BDFE of 79 kcal mol-1, where addition of the second hydrogen

atom to form the bis-hydroxo species has an O–H BDFE of 75 kcal mol-1 [80].

While these complexes are thought to engage substrates such as dihydroanthracene

by HAT, a Pourbaix diagram of the (bpy) variant 8 demonstrates a pH-dependent

potential corresponding to a one-proton, one-electron transfer event [81]. Under the

proper circumstances, it is possible 8 may be able to react by a PCET mechanism.

Moving to further-bridged species, Dismukes has reported the synthesis and

kinetics of PCET for ‘‘cubane’’ type species 9 and 10 (Fig. 10) [82]. 9 is thought to

feature two MnIII and two MnIV sites, and 10 to have one MnIII and three MnIV sites.

Movement between these oxidation states comes with reactive consequence: 9 is

thought to undergo PCET with pzH 11 to form the pz radical, where 10 is observed

to undergo hydride transfer with 11 (net one proton two electron PCET) to form the

pz cation [83]. The original assessment of the hydroxo species was based on the

capacity for 9 to engage para-cyanophenol in PCET, giving a lower limit of the O–

H BDFE as *94 kcal mol-1; inclusion of the potential necessary to move from 9 to
10 furnishes an approximate hydride affinity of *127 kcal mol-1 [84]. Important

to note is that 9 does not engage the anion pz- in redox activity, strongly implying

that electron transfer between these complexes must be accompanied by proton

transfer. In addition, the pKa of protonated 9 (pKa\ 3) is not basic enough to
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deprotonate pzH (pKa = 22) [85]. The bond strength of 9 is among the strongest

reported for a bridging oxo species.

Iron-oxo species are also documented to undergo HAT and PCET reactions

(Fig. 11). In particular, complex 12, reported by Que, Nam, and Münck in 2004, has

garnered a great deal of attention for its reactivity, as it is capable of abstracting the

C–H bond from cyclohexane (BDE = 99 kcal mol-1) at room temperature [86].

While no mechanism is posed in the initial disclosure, the authors note a large KIE

for abstraction from ethyl benzene (kH/kD = 30) at ambient temperature that

parallels those observed for other systems known to engage in hydrogen atom

abstraction [87, 88]. Moreover, a correlation between the hydrocarbon BDE and the

rate of the reaction strongly indicates an initial C–H abstraction event [89, 90].

Fukuzumi and Nam further studied this complex for its capacity to undergo both

HAT as well as acid-assisted PCET [91]. The rate constant for oxidation of

hexamethylbenzene was found to be three orders of magnitude higher in the

presence of HClO4 (57 M-1 s-1) than without (5.1 9 10-2 M-1 s-1); the authors

posit a change in mechanism from HAT to a stepwise PCET event in which the

protonated iron-oxo first oxidizes hexamethylbenzene followed by deprotonation.

Protonation of the oxo is found to shift the potential of 12 by 0.92 V [92]. Complex

13, prepared from a two-electron oxidation of the Fe(III) analogue and reported in

Fig. 9 Bridging manganese oxo species with phen and bpy ligands

Fig. 10 Cubane complexes 9 and 10 introduced by Dismukes, as well as phenothiazine (pzH) 11. Note
that each face is thought to bind one molecule of phosphate: these are omitted for structural clarity
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2009 by Que and Münck, has also demonstrated a remarkable affinity for hydrogen

atoms [93]. The first oxidation potential of this complex is provided as 1.50 V v. Fc/

Fc? in MeCN and is thereby strongly oxidizing. In comparison to 12, which has a

potential of 0.9 v. Fc/Fc? in MeCN [94], 13 abstracts the hydrogen atom from

cyclohexane 102–103 times more rapidly.

The authors noticed no C–H/C–D isotope effect for the reaction of 13 with

methanol and tert-butanol, but saw a KIE (kH/kD = 1.4) for the O–H/O–D bond,

suggesting that the stronger O–H bond is activated preferentially over the weaker

C–H bonds (Fig. 12). In addition, the authors observed the formation of acetone

upon the oxidation of tert-butanol. Upon comparison of rate constants (which have

been normalized to account for the amount of hydrogens available for abstraction),

tert-butanol reacts 50 times faster than cyclohexane. The authors propose a proton-

coupled electron transfer event is responsible for the observed selectivity; this

complex represents a rare case in which O–H bonds may be homolyzed

preferentially to C–H bonds. In further study, 13 was shown to oxidize water to

the hydroxyl radical by PCET [95]. Under pseudo-first-order conditions, conversion

of 13 to its one-electron reduced state was found to have a second-order dependence

on the concentration of water, in stark contrast to the first-order dependence

observed for aliphatic hydrocarbons and alcohols. Based on the thermoneutral

oxidation of water (2.13 V v. NHE in MeCN under neutral conditions [96]) by 13
(2.14 V v. NHE in MeCN under neutral conditions) and the rate dependence, the

authors propose a proton-coupled electron transfer event in which water serves as a

base. While the mechanism for O–H bond cleavage of alcohols and water is not well

understood in these instances, the capacity to cleave a stronger O–H bond in the

presence of much weaker C–H bonds is a tremendous advance in metal-oxo

chemistry and represents an exciting avenue for chemoselective substrate activation.

Heme mimics have also been a fruitful area of research for metal-oxo reactivity

(Fig. 13). Goldberg has reported the synthesis of metal complexes featuring the

corrolazine framework, which serves as a porphyrin-like donor ligand for the study

of high valent transition metals [97, 98]. The manganese (14) and chromium (15)
variants of these complexes can be synthesized and even isolated by benchtop

Fig. 11 Various non-heme iron oxo complexes for C–H abstraction
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chromatography [99]. Based on the capacity of 14 to abstract the oxygen-bound H

atom from 2,4,6-tri–tert-butyl phenol but not the methyl-bound H atom from

hexamethylbenzene, the MnIVO–H bond in 16 is estimated to be between 80 and

83 kcal mol-1; likewise, the capacity of 15 to abstract from TEMPO–H but not

from xanthene places the O–H bond in 17 between 67 and 73 kcal mol-1. In the

presence of dimethyl ferrocene (E1/2 = –0.24 V v. Fc/Fc? in MeCN) and acetic

acid (pKa = 23.5 in MeCN), which together have an effective BDFE of 82 (cf.

Fig. 3, [29]), 14 may be converted to 16 in a multisite PCET process. In the absence

of either reductant or acid, no 16 is observed, demonstrating the necessity of both

components to forge the O–H bond and the accuracy of the bracketed BDFE. The

pKa of 16 is estimated to be approximately 22, which is thought to contribute most

of the energy to the effective O–H BDFE of 16 given the low potential of the MnIV/

MnV couple (–0.05 V v. SCE) [100, 101]. Moreover, the basicity of 14 is largely

credited for the discrepancy between the O–H bond strengths of 16 and 17 given the

small difference in MV/MIV potential of Mn and Cr (DE = –100 mV, where

chromium features a more positive potential; ca. 2.3 kcal mol-1 difference).

The HAT and PCET capabilities of 14 have been extensively studied. Work by

Fukuzumi and Goldberg has demonstrated that 14 will engage acridinium species in

hydride transfer and two-electron reduction by ferrocene derivatives in the presence

of proton donors [102]. The strength of the added proton donor correlated to the rate

of reduction, suggesting a proton-coupled mechanism for the formal reduction of

14. Hydride transfer is not thought to be concerted, instead proceeding first by an

initial PCET event to transfer an H-atom followed by electron transfer. The addition

of anionic ligands to bind the unoccupied axial site of 14 was found to have a

profound impact on the rate of HAT [103]. Compared to the rate of HAT from 9,10-

dihydroanthracene to 14 in the absence of external anion donors, addition of F– and

CN– were found to increase the reaction rate by factors of 2100 and 16,000

respectively. DFT calculations of the bond strengths of these complexes suggest that

Me

OH

Me
Me

13

Me

O

Me

No C-H/C-D KIE
O-H/O-D KIE = 1.4

Fig. 12 Products and C–H/D and O–H/D KIEs for oxidation of tert-butanol by 13 [93]

Fig. 13 Porphyrinoids 14 and 15 and their reduced counterparts 16 and 17 [97, 98]
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the basicity of the oxo species is principally responsible for the large increase in the

O–H BDFE. In the presence of light, oxygen, and acid, hexamethylbenzene may be

oxidized to the corresponding alcohol (18 turnovers) and aldehyde (9 turnovers)

respectively, demonstrating the potential for catalytic HAT using these scaffolds

[104].

Non-heme porphyrin complexes such as 18–21 have also been synthesized by

Groves (Fig. 14) [105]. Unique about these systems is the existence of a proton-

coupled hydrogen atom transfer equilibrium, which may be thought of as a formal

two-proton, one-electron transfer step. Because HAT in this instance is proton-

coupled, the authors define a metric for the bond dissociation energy, D(OH2) which

accounts for both hydrogen-atom abstraction as well as protonation of the oxo-

species that can be described using the following, modified Bordwell equation

[106]:

D OH2ð Þ ¼ 23:06E0
por þ 1:37 2 pKobs

A

� �� �� 1:37pHþ 57

For 19, the pKobs
a

is found to be 5.5, and the potential E0 = 1.06 v. NHE,

furnishing a final D(OH2) of 90–93 kcal mol-1. When HAT is not coupled with

proton transfer, the conventional O–H BDFE is calculated to be 87 kcal mol-1

using the canonical Bordwell equation; this species accordingly has a pKa * 7.

Where prior examples cite the basicity of the oxo as a direct contributor to the O–H

BDFE, complexes 18–21 present a unique situation in which a second, concomitant

protonation increases the driving force for hydrogen atom abstraction from a given

substrate. Accordingly, C–H abstraction from xanthene demonstrates KIEs not only

for the C–H/D bonds in xanthene (kH/D = 1.80), but also for the solvent D2O/H2O

(kH/D = 2.2), demonstrating the reliance on HAT and proton-transfer in the rate-

determining step. While unconventional (or underappreciated) for metal-oxo

species, two-proton one-electron transfer events have been previously documented

in optical excitation of hydrogen bonded dyes by Meyer [107] and are predicted to

play a role in proton transport by Chen and Liu [108]. In addition, many analogous

manganese oxo porphyrins have recently been documented by Groves to catalyze

aliphatic C–H fluorination [109], azidation [110], and chlorination [111], as well as

pH-dependent conversion of chlorite to chlorine dioxide [112, 113].

Fig. 14 Iron-porphyrin complexes synthesized by Groves [105]
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Metal oxos are among the most dynamic, well-studied examples of PCET and

continue to attract the attention of the community at large. The oxo basicity and

oxidative power of the metal contribute significantly to the BDFEs involved in

PCET processes, which is further influenced by the coordination geometry of the

oxo as well as the ancillary ligation on the metal center. The development of

catalytic protocols utilizing such species bears much promise for synthetic chemists

for mild substrate modification.

4 Phenols

Phenols are perhaps the organic functional group whose PCET reactivity has been

explored most extensively. The redox activity of the phenolic amino acid tyrosine is

known to play an important role in many biological redox processes. As noted by

Svistunenko [114], some of the earliest examples of tyrosyl radicals documented in

proteins include the bacteriophage T4-induced ribonucleotide reductase by Sjöberg

in 1982 [115], Photosystem II by Babcock and Barry in 1988 [116], and

prostaglandin endoperoxide synthase-2 by Hoganson and Babcock in 1994 [117].

Since these seminal discoveries, the role of tyrosyl radicals in proteins has been

subject to intense study, both in clarifying their role in catalysis as well as

documenting further examples.

The first evidence for concerted PCET activation of phenols in non-enzymatic

systems was provided by Linschitz, studying the quenching kinetics of C60 and

tetracene fluorescence by hydroquinone in the presence of variously substituted

pyridines [118]. The authors identified strong correlations between the rate of

quenching and the pKa of the corresponding pyridinium species, with higher pKa’s

trending with an increased rate of reaction. In addition, voltammetric studies of

solutions containing both phenol and pyridine exhibited a new and irreversible

anodic wave occurring at more positive potentials than for the phenol alone,

consistent with a PCET process. In further studies, the relevant intermediates (i.e.,

the C60 radical anion, the phenoxyl radical, and the pyridinium salt) of the PCET

step in benzonitrile (PhCN) were observed by flash photolysis with 4-hydrox-

yanisole in the presence of 7,8-benzoquinoline [119] and 1-naphthol in the presence

of collidine [120].

These observations have sparked significant mechanistic interest in the under-

pinnings of PCET in phenol O–H homolysis, with particular emphasis placed on the

role of hydrogen-bonding. Several model systems containing intramolecular

hydrogen bonds have been developed (Fig. 15). Matsumura and colleagues

synthesized compounds 22–25, of which 22 demonstrates a reversible oxidation

potential (E1/2 = 757 mV v. Ag/AgCl reference) and a UV–Vis spectra character-

istic of phenoxyl radicals [121]. Compounds 23 and 24 show partially reversible CV

traces and have similar potentials, whereas 25 demonstrates an irreversible redox

couple. The persistence of the phenoxyl derived from 22 is attributed to stabilization

of the radical by an intramolecular hydrogen bond. Savéant has attributed partial

reversibility of the CV traces of closely related compounds to instability at low scan

rates, as the current response for voltammograms with scan rates of 5 V/s were
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found to be completely reversible [122]. In certain circumstances, phenoxyl radicals

are preferentially stabilized by hydrogen bonding relative to the parent phenol,

resulting in decreased O–H BDFEs and longer radical lifetimes [123]. In these

instances, the phenoxyl radical may serve to increase the acidity of additional O–H

or N–H bonds present in the molecule or serve as direct hydrogen-bond acceptors.

Along with measures of stability, Mayer has examined correlations between the

rates of phenol PCET and various intramolecular hydrogen bonding parameters with

pyridyl and imidazoyl bases of type 26–29 [124, 125]. In pyridyl-substituted

compounds such as 26 and 27, the rate constant for PCET is found to vary linearly

with the thermodynamic driving force (DGPCET). Important to note, however, is that

the rate of oxidation of various analogues of 26 can be impacted by changing the

driving force as a function of pyridyl substitution or the identity of the oxidant,

which implies a constant intrinsic reaction barrier k. In addition, variation of the

pyridyl substitution has a minimal impact on the rate of PCET. However, when the

pyridine base is conjugated with the phenol (as in 27) both DGPCET and k vary as a

function of pyridyl substitution, with electron-withdrawing R-groups demonstrating

slower rates relative to electron-donating groups. It is worth noting the pKa’s of the

corresponding pyridinums associated with scaffolds 26 and 27 show a positive

correlation with the –OH 1H NMR resonance and a negative correlation with the

both the O–N bond distance and the potential of the substrate. For the oxidations of

imidazole-type systems 28 and 29, a similar rate dependence on DGPCET was also

Fig. 15 Phenol model systems capable of intramolecular hydrogen boding synthesized by Matsumura
(22–25) and Mayer (26–29) as model systems for the study of PCET in biological contexts. Variation of
the amine donor allows for deep interrogation of hydrogen bonding on PCET processes
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observed. Moving from electron-rich to electron-poor substituents on the aryl or –X

groups was found to have a monotonic effect on the driving force and

consequentially little impact on the overall rate of PCET. As the identity of the

base is changed—from imidazoles, pyridines, aliphatic amine bases, or other

motifs—the rate of PCET is dependent on not only the driving force, but also k as

well as the associated probabilities for tunneling [126, 127].

Hydrogen bonding to phenols may also serve as template for long-range proton

transfer (Fig. 16), providing a mechanism for proton transport across relatively

large distances. Savéant has prepared polyol 30, which upon electrochemical

oxidation converts to 31 in a single elementary step with a reversible potential

[128]. The stability of 31 is such, in fact, that upon bulk electrolysis the authors can

observe it by UV–Vis spectroscopy and cite a change in the pyridine bands of the IR

spectra of 30 as evidence for proton transfer from the phenol to the pyridyl species.

Alternatively, for the substrate lacking the pyridine terminus (32) voltammetric

experiments demonstrated that the oxidation is irreversible. These experiments

elucidate not only the role for hydrogen bonding in proton transfer, but also

corroborate work by Thomas demonstrating increased stability of hydrogen-bound

phenoxyl radicals [129]. Proton movement in PCET processes is limited to short

(i.e., hydrogen-bonding contact) distances [130]; however, hydrogen-bonding

networks are frequently used as ‘‘proton wires’’ [131] to accomplish long-range

proton transfer and are well documented in GFP [132], ferredoxin I of Azotobacter

vinelandii [133], cytochrome c oxidase [134], and numerous other proteins [135]. In

a notable example, a hydrogen-bonding network between Tyr122 and Cys439 in

ribonucleotide reductase (RNR) allows for a net proton transfer over[30 Å [136].

Over longer distances this process may be stepwise, but in carbonic anhydrase PT is

calculated to be concerted over a distance as long as 8 Å [137]. Hammarström

demonstrated that the presence of an internal hydrogen accelerates concerted PCET

relative to reactions with the same driving force without an internal hydrogen bond

[138]; it has also been suggested that hydrogen bonding intrinsically lowers the

reorganization energy by virtue of weakening the O–H force constant [139, 140].

Along with the distances associated with proton transfer, the distance-dependence

of electron transfer on PCET reactions of phenols has also been of considerable

interest. To study the effect of distance on the rates of phenol oxidation, Wenger and

coworkers synthesized a series of heteroleptic ruthenium polypyridine complexes

where the distance from the metal to the distal phenol was varied as a function of the

Fig. 16 A mechanistic example of a hydrogen-bond relay, capable of transferring a proton to the pyridyl
nitrogen while simultaneously removing a proton from the phenoxyl oxygen

123

Top Curr Chem (Z) (2016) 374:30

Reprinted from the journal 163



number of xylene spacers incorporated into the bpy ligand (Fig. 17) [141]. While the

electron transfer rates decrease with increasing distance, long range electron transfer

with an exogenous pyridine base still proceedswith rate constants greater than 106 s-1

when the donor–acceptor difference is * 20 Å. Long-range electron transfers from

phenols involved in enzymatic PCET processes have been documented for photo-

system II (ca. *10 Å) [10], the R1 subunit of RNR (*7 Å) [11], and prostaglandin-H

synthase-2 (*7 Å) [142] among others [143].

In biological settings, spatial separation between redox-active sites may be a

consequence of mitigating back electron transfer when excited states are involved.

In a particularly dramatic example from Photosystem II, electron transfer between a

TyrZ/His190 pair (Yz) and P680? proceeds with a forward rate constant *107 s-1,

with back-electron transfer between P680? and QA
•- proceeding at *103 s-1 [144].

In the forward reaction, Meyer has noted that the necessity of His190 in water

oxidation [145–147] provides strong evidence for the necessity of proton movement

in oxidation of Yz [144]. Sluggish back electron transfer can be attributed to the

both long distance involved (17–18 Å) as well as the high driving force (-1.4 eV);

the thermodynamic favorability causes back electron transfer to occur in the

Marcus-inverted region and the distance of electron transfer further slows this

charge recombination process.

Similar ruthenium complexes have also been modified in numerous ways to study

phenol oxidation via PCET with respect to factors other than distance (Fig. 18)

[148]. Upon irradiation with visible light, these complexes become stronger

oxidants and reductants, concomitant with a MLCT event, wherein a metal-centered

electron is transferred into a ligand-based antibonding orbital [149], further

increasing the driving force (and thereby the rate) of PCET. Reductive quenching of

the excited states of [Ru(bpy)2(bpz)]
2? 34 [150] and [Ru(bpz)3]

2? 35 [151] by

phenols has been identified by Meyer and Wenger, with the unbound nitrogen on the

bpz ligand serving as the basic site for the reaction. Using 35 as the oxidant, the

effect of electron rich and electron poor substituents on the phenol component was

thoroughly examined: Wenger calculated the ligand-phenol association constant

(KA) for a number of para-substituted phenols ranging from 1478 M-1 (R = OMe)

to 5 M-1 (R = CN). While the rate constants for PCET of the protiated phenols do

not appreciably differ (R = OMe 1.87 9 106 s-1 and R = CN 1.73 * 106 s-1) as a

function of substituent, virtually no KIE was observed for R = OMe (kH/kD = 1.03)

while a significant KIE was observed for R = CN (kH/kD = 10.18). In addition, the

Fig. 17 Wenger’s model polypyridyl system with spacers, Ru–O distances, and corresponding rates of
concerted PCET [141]
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driving force of each PCET event differs by merely 0.07 eV. On the basis of KIEs

the authors suggest an ET-PT event for R = OMe and a concerted PCET event for

R = CN, demonstrating how subtle differences in substrate-complex association

may have a dramatic effect on the mechanism of charge transfer. In another related

example, the rhenium-complex 36 synthesized by Nocera, featuring a tyrosine-like

ligand directly appended to the metal center, is documented to form the phenoxyl

radical in the presence of exogenous pyridine or imidazole with rate constants of 4.1

9 105 s-1 and 4.8 9 106 s-1 for pyridine and imidazole, respectively [152]. The

equilibrium constant for hydrogen bonding was measured as 16 and 157 M-1 for

pyridine and imidazole respectively, suggesting that hydrogen bonding is still

crucial for the proton-transfer event in these systems. The role of hydrogen bonding

on the rate of PCET, as exemplified by these two case studies, is complicated and

highly variable pending choice of hydrogen bond partner.

Fig. 18 Various Ruthenium complexes used to induce oxidative PCET, as well as a Rhenium complex
featuring an unconjugated phenol ligand, which readily forms the phenoxyl in the presence of base [148]

Fig. 19 A Pourbaix diagram for phenol oxidation in water with concentration regimes for favored
concerted proton-coupled electron transfer (CPET), proton-first stepwise PCET (PET), or electron-first
stepwise PCET (EPT). Figure reprinted with permission from Proc Nat Acad Sci [153]

123

Top Curr Chem (Z) (2016) 374:30

Reprinted from the journal 165



In addition to kinetic and spectroscopic methods, electrochemical methods have

also proven useful in examination of phenol PCET given the precise control over pH

and applied potential. Such techniques can provide not only kinetic data, but also

useful thermodynamic data as demonstrated by the Pourbaix diagram for phenol

generated by Savéant (Fig. 19) [153]. The slope of the Pourbaix diagram

demonstrates the PCET event to form the phenoxyl radical in the concerted PCET

regime is a one-proton one-electron event; where Pourbaix diagrams alone do not

shed light on the concerted nature of the oxidation process, the authors were able to

fit the experimental data to detailed kinetic models and demonstrate the concerted

PCET is the most rapid and thereby predominant mechanism of phenol oxidation.

The authors also needed to employ low concentrations of phenols and high scan

rates to mitigate deleterious phenoxyl dimerization. Unbuffered water proved

necessary to observe dominant concerted PCET: in the presence of phosphate

buffer, i.e., HPO4
2-, the reaction is driven to a predominant stepwise, proton-first

PCET event. Otherwise, water serves as a proton acceptor in a concerted PCET

process. Direct rate constants (uncorrected from double layer effects) for concerted

PCET were derived as 25 ± 5 and 10 ± 2 cm s-1 for protiated and deuterated

phenol respectively, demonstrating a significant KIE of *2.5.

Electrochemical techniques can provide exquisite information with relatively

simple experiments, even for more complex systems. A recent report by Tommos

has demonstrated the applicability of such electrochemical analyses to assess the

role of PCET (concerted or otherwise) in the model protein a3Y using a Pourbaix

diagram (Fig. 20) [154, 155]. In this system, the tyrosine residue is positioned inside

a protein matrix in a desolvated and well-structured environment. Voltammetric

study of its oxidation displays a reversible square-wave and differential pulse

voltammogram under basic conditions. The tyrosine residue in question exhibits a

potential of 0.910 and 1.070 against NHE at pH 8.5 and 5.5, respectively [156].

Based on expected rate constants for side reactions associated with square-wave

voltammetry [157, 158], the authors initially suspected the radical species in

question must have a lifetime of at least 30 ms: in collaboration with Hammarström,

transient absorption spectroscopy has placed the half-life somewhere between 2 and

Fig. 20 A Pourbaix diagram for
reversible oxidation of a tyrosine
residue in the a3Y protein; the
gray line is a nonlinear
regression featuring a slope of
59 ± 5 mV. Reprinted with
permission from figure reprinted
with permission from Proc Nat
Acad Sci [154]
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10 s [159]. Decay of this signal was observed to follow second-order kinetics by

intramolecular coupling, suggesting dimerization of the protein. Observation of an

emission spectrum consistent with dityrosine and the long lifetime are cited as

further evidence of this process. Such a model system provides a thermochemical

estimate for the properties of tyrosine residues otherwise buried in hydrophobic

pockets, with a model system that allows for excellent characterization of this

species.

Phenol PCET, more than any other substrate class for these reactions, provides

insight into the role of hydrogen bonding. The judicious design of model systems

affords examination of thermodynamic, kinetics, and exploration of Marcus-related

reorganization energies. The lessons learned from studies of phenols serve an

excellent primer on important design motifs for the future design of PCET reactions;

in addition, the work provided has provided some evidence to the machinery of life

required during enzymatic redox catalysis.

5 Indoles

Indoles, ubiquitous in redox-active proteins, also serve as important biological

charge carriers. In many instances, PCET is necessary to facilitate otherwise

endergonic ET steps for charge transfer in biological contexts. Of note, however, are

the thermodynamics of such processes: indole is 0.25 V easier to oxidize than

phenol and features an N–H bond that is *3 kcal mol-1 stronger than the phenol

O–H bond. Accordingly, Mayer has noted that phenols are far more likely to

undergo concerted PCET, whereas indole activation typically proceeds through the

radical cation in a stepwise fashion [29]. Documented evidence of concerted PCET

activations of the indole N–H bond is relatively scarce. In 2011, Hammarström

studied the viability PCET of tryptophan with water as a proton acceptor, tethered to

a ruthenium photocatalyst (Fig. 21) [160]. Both 37 and 39 undergo stepwise ETPT

below pH = 10; only above pH = 10 do these reactions occur by concerted PCET.

Compounds 38 and 40, however, show a constant pH dependence. These studies

have been repeated in bimolecular fashion with free indole and an unbound

Ru(bpy)3
2? or Ru(dmb)3

2? oxidant [161]. Even without a molecular tether, which

causes the oxidant and indole to travel as a single molecular entity, these reactions

are kinetically competent to engage in concerted PCET as well as ET/PT

mechanisms. With the weaker oxidant Ru(dmb)3
2?, the ethyl ester of tryptophan is

demonstrated to undergo concerted PCET regardless of pH: use of the stronger

oxidant Ru(bpy)3
2? only results in concerted PCET at pH values greater than 6.

Concurrently, Meyer reported that N-acetyl-tryptophan could undergo concerted

PCET with hydroxide as a base with Os(bpy)3
3? as the oxidant in water [162].

Hydroxide is uniquely effective in this respect, as the use of other bases (2-amino-2-

(hydroxymethyl)propane-1,3-diol, monobasic phosphate, or dibasic phosphate) did

not result in concerted PCET. The sensitivity of concerted PCET and ET/PT

mechanisms in aqueous conditions—to the oxidant employed, the role of hydroxide,

and other contributors—demonstrates the subtle interplay between facile oxidation

of the indole moiety and the importance of N–H activation by proton acceptors.

123

Top Curr Chem (Z) (2016) 374:30

Reprinted from the journal 167



One recently proposed example of concerted PCET in a biological context is the

unusual intramolecular aryl–aryl coupling of chromopyrrolic acid 41 (CPA) in route
to staurosporine catalyzed by cytochrome P450 StaP (Fig. 22). In an extensive

computational study, Shaik and colleagues predicted that an initial PCET event

through a hydrogen-bonding triad involving two water molecules and a histidine

residue could serve as a proton shuttle from the substrate to the iron-oxo moiety

[16]. The necessity of the water-histidine-water triad was analyzed using two

changes: using a modified version of 41 where the hydrogen at the 7-position is

chlorinated as well as modifying the protein such that the His250 residue was

mutated into phenylalanine or alanine. In the prior case, substitution of chlorine was

Fig. 21 Ruthenium complexes synthesized by Hammarström for studies of indole PCET [160]

Fig. 22 Oxidation of CPA (41) by StaP P450 Cpd1 into a precursor (42) to staurosporine with a
schematic for the PCET activation step proposed by Shaik [16]
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found to expel water from the active site for steric considerations and resulted in

significantly decreased activity for the aryl–aryl coupling. In the absence of

histidine, enzyme function decreases to 25 % for alanine and 72 % for phenylala-

nine. A computational analysis attributed this reactivity to a water diad serving as a

hydrogen-bonding chain from the indole to the iron-oxo. The substrate is thought to

react as the dianion, which is anchored into the active site by a number of short

hydrogen bonds to the carboxylate moieties [163]. His250 is conserved across P450

StaP as well as relatives RebP and AtmP, suggesting the importance of PCET in the

construction of indolocarbazole cores by these enzymes [164, 165].

The majority of PCET reactions to indoles in biology proceed in a stepwise

fashion through the indole radical cation. However, even if a proton cannot transfer

(i.e., move from one atom to another) in the same step, movement in the relative

position of a proton within a hydrogen-bonding interface is documented to influence

the rate of electron transfer in PCET [167–171]. Provided an appropriate hydrogen-

bond acceptor is present, the potentials of indoles can be attenuated. Nordlund and

Eklund have identified a triad of residues in ribonucleotide reductase (RNR), Trp48,

Asp237, and His118 which are highly conserved across various species (Fig. 23)

[143, 172, 173]. It is thought this network modulates the potential of the indole

moiety, presumably by stabilizing the radical cation through hydrogen bonding

[174]. Moreover, His118 in this triad is directly coordinated to the Fe1 center. When

a water molecule binds to Fe1, it enables Tyr122 to engage in HAT and abstract a

hydrogen atom from said water; Siegbahn has presented computational evidence

that suggests this process proceeds in a single step to ultimately form the Trp48

radical cation [136, 175]. The Trp48, Asp237, and His118 catalytic triad may also

enable this reactivity. While Trp48 in this instance serves as a hydrogen-bond

donor, study of tryptophan-centered radicals in RNR by EPR and ENDOR

spectroscopies by Lendzian and Lassmann indicates two neutral tryptophan

moieties, one of which (Trp111 [176]) is a hydrogen bond acceptor and posit

hydrogen bond donation by nearby E204 [177]. Given the prominence of tryptophan

residues thought to engage in electron transfer in RNR and the documentation of

Fig. 23 A highly conserved
hydrogen bonding triad Trp48,
Asp237, and His118 [166] in
Ribonucleotide Reductase
(RNR). Adapted with
permission from [136].
Copyright 1998 American
Chemical Society
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long-range PCET in these complexes [11], redox-modulation through the agency of

hydrogen bonds provides a plausible mechanism for charge transfer.

Further examples of tryptophan residues involved in charge transfer in proteins

come from DNA photolyase and azurin (Fig. 24). In the former, Brettel has

demonstrated that FAD initiates oxidation of Trp382, which engages in a hole-

hopping oxidation of Trp359 and finally Trp306, which deprotonates to yield the

neutral tryptophan radical [1, 178, 179]. For the oxidation of the terminal Trp306

found in E. coli photolyase, Schelvis and coworkers have demonstrated the electron

transfer proceeds by concerted PCET below pH = 6.5, but otherwise undergoes

stepwise PCET via an initial electron transfer [180]. Moreover, charge recombi-

nation between FADH• and Trp306 is pH-dependent, slowing down at increased pH

[181, 182], presumably in accord with this mechanistic switch. In azurin, tryptophan

residues have been demonstrated by Gray and coworkers to greatly accelerate

electron transfer by enabling electron ‘‘hopping’’ between amino acid residues

[183]. Where tunneling over 19 Å is slow, tryptophan-mediated transfer is more

rapid by approximately two orders of magnitude. In tyrosine-depleted mutants of

azurin (AzC), two tryptophan-centered radicals have been observed by ultrahigh

field EPR [184] attributed to neutral tryptophan radicals Trp108 and Trp48. Based

on 2H ENDOR experiments, Stoll and Britt determine that Trp108 is hydrogen

bound and Trp48 exists as an unbound radical species. Trp48 is nestled in a

hydrophobic pocket of the protein and thought to be important in long-range charge

transfer in azurin [185]. In further studies, Trp48 has proven necessary for redox

activity in azurin mutants [186] and shows significant fluorescence quenching in the

presence of copper [187], further demonstrating the profound effect of protonation

state on tryptophan-mediated charge transfer. The properties of indoles and their

capacity to engage in both concerted and stepwise PCET afford these species great

Fig. 24 A model of the PCET pathway from DNA photolyase. Reproduced with permission from [1].
Copyright 2014 American Chemical Society. This article may be accessed online at the following URL:
http://pubs.acs.org/doi/pdf/10.1021/cr4006654
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flexibility as electron-shuttle residues in redox-active proteins; model systems allow

for close examination of the subtleties pertinent to both concerted and stepwise

PCET pathways and their consequences.

6 Thiols

Thiols are classical HAT agents in free radical chemistry, and recently their ability

to participate in multisite PCET chemistry has also been explored. Meyer has

studied the potential for PCET to the cysteine (or N-acetyl cysteine) S–H bond using

[Os(bpy)3]
3? as a stoichiometric oxidant and various buffer conditions (Fig. 25)

[188]. Through kinetic modeling, the authors conclude that (along with other

pathways) cysteine can be activated by multisite, concerted PCET in the presence of

the appropriate buffers, which include AcO- and H2PO4
- . When tested with buffer

conditions relevant to biological reactions, the authors conclude this pathway is

likely dominant given the relative acidity of the S–H proton as well as the high

concentration of buffer. The influence of buffer effects on the oxidation of

glutathione by [IrCl6]
2- had been previously documented by Alvarez, who found

that the observed rate constant for oxidation trended with an increase in the pKa of

various buffers (including citrate and phosphate) when pH = pKa [189]. Moreover,

the rate of the reaction is also accelerated as a function of the concentration of

phosphate buffer at constant pH’s of 5.0 or 7.0, suggesting some dependence on the

buffer ion itself.

In analogy to phenol oxidations (see discussion above), Wenger has demon-

strated that thiophenol may also undergo oxidative PCET upon treatment with

photoexcited [Ru(bpz)3]
2? (Fig. 26) [190]. In this case, the substituents on the

thiophenol were found to have a profound effect on the mechanism of S–H bond

activation. For thiol 43, no KIE is observed upon luminescence decay of the

photocatalyst excited state, suggesting the quenching event is not accompanied by a

Fig. 25 MS-EPT of cysteine by
base and [Os(bpy)3]

3? [188]

Fig. 26 PCET of thiophenol by [Ru(bpz)3]
2? [190]
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significant degree of proton motion. In contrast, 44 and 45 show KIEs of 1.6 and 1.5

respectively, indicating that proton motion is likely involved in excited-state

quenching. This trend is consistent with the PhSH/PhSH•? potentials for 43–45:
compared to the RuII/RuI potential (0.92 V against Fc/Fc? [151]), 43 has a potential

close enough to undergo straight electron transfer (0.95 V against Fc/Fc?), whereas

44 (1.7 V against Fc/Fc?) and 45 ([2.0 V against Fc/Fc?) would require a much

stronger oxidant to proceed by stepwise ET/PT. Based on the aqueous pKa data, the

pKa of protonated [Ru(bpz)3]
2? (2.3) is much lower than that of 44 (4.8) and

marginally lower than that of 45; the authors acknowledge these trends may not hold

for acetonitrile solution (where the relevant acidities have not been determined) and

ultimately conclude the marginal pKa difference between the catalyst and thiols is

not enough to clearly distinguish between PT/ET and concerted PCET.

In synthetic contexts, thiyl radicals are known to engage in a number of useful

reactions [191–198], including C–H bond abstraction [197, 199–203]. Recently,

MacMillan has demonstrated the capacity of catalytically generated thiyl radicals to

cleave the C–H bond of benzylic ethers for radical coupling reactions (Fig. 27) to

form diaryl methanols (a) [204] or b-amino ethers (b) [205]. The light source is

either a Blue LED or a Compact fluorescent lamp (CFL), as designated above. In

both reactions, a wide variety of arene components and ether substitutions are

tolerated to furnish a diverse set of products and only a catalytic amount of methyl

thioglycolate is necessary to affect the desired C–H HAT event. In the formation of

diaryl ethers (Fig. 27a), phosphate serves as the base, whereas the b-amino ether

(a)

(b)

Fig. 27 Recent benzylic C–H activations reported by MacMillan [204, 205]
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protocol (Fig. 27b) employs acetate. In the latter case, Stern–Volmer quenching

studies were employed to elucidate the nature of thiyl generation. The excited state

of the photocatalyst was found to be incapable of oxidizing the catalyst thiol in the

absence of base, but inclusion of acetate resulted in quenching of the excited state.

While sequential ET/PT may be ruled out based on these results, the similarity in

pKa’s between methyl thioglycolate (13 in DMSO [206]) and acetate (acetic acid

pKa * 12.6 in DMSO [207]) do not permit further classification of this activation

into concerted PCET or stepwise PT/ET activation. Nevertheless, the use of PCET

to generate a synthetically versatile radical under mild catalytic conditions presents

an exciting new avenue for C–H bond functionalization chemistry.

7 Amides

Recently our group has developed concerted PCET-based methods for the activation

of amide N–H bonds to form neutral amidyl radicals. Long recognized as valuable

synthons for C–N bond formation [203, 208–213], these intermediates have not

enjoyed widespread application in synthesis because of the inability to access these

intermediates directly from native amide N–H bond precursors. The most common

methods of amidyl generation typically require N-functionalized amides or the use

of strong stoichiometric oxidants to effectively furnish the radical species. Few

methods for catalytic amidyl generation have been reported [214]. We suspected

that PCET could provide an amenable solution to producing neutral amidyls under

mild catalytic conditions directly by activation of the amide N–H bond.

Our initial efforts focused on developing a PCET-based protocol for olefin

carboamidation (Fig. 28) [31]. In this process, PCET activation of N-aryl amide N–

H bonds using an Ir-based visible-light photoredox catalyst as the oxidant and a

weak Brønsted base would furnish reactive amidyls that could undergo intramolec-

ular addition to a proximal olefin. Following C–N bond formation, the nascent

carbon-centered radical could react with an acrylate species to form an a-carbonyl
radical. Turnover of the catalysts could be achieved by one-electron reduction of

this electrophilic radical to its corresponding enolate by the reduced form of the

photocatalyst, followed by subsequent protonation by the conjugate acid of the

catalytic base. Using Mayer’s effective BDFE formalism [29], we identified a

number of combinations of photocatalysts and bases which could furnish the desired

carboamidation product. However, the highest-yielding combination was found to

be the tetrabutylammonium salt of dibutyl phosphate Bu4N
? (BuO)2PO2

- and

[Ir{dF(CF3)ppy}2(bpy)]PF6. The reaction is demonstrated to have a broad substrate

scope, tolerating electron-rich and electron-deficient arenes, as well as a number of

arene substitution patterns. Various olefin substitutions are tolerated, including

tetrasubstituted olefins and, as are substrates which lead to fused rings and

spirocyclic products. Lastly, various electron-deficient olefins other than acrylates

may be employed as trapping reagents, including vinyl pyridine, acrylonitrile,

acrolein, and a,b-unsaturated ketones.

In an effort to address the role of PCET in the initial N–H activation step, we

turned to luminescence quenching experiments using acetanilide as a model

123

Top Curr Chem (Z) (2016) 374:30

Reprinted from the journal 173



substrate in acetonitrile solvent (Fig. 29). In the absence of base, the photocatalyst

luminescence is not affected by the presence of the amide: this is consistent with the

observation that the excited-state potential of the catalyst (*E1/2 = 1.0 V vs. Fc/Fc?

in MeCN) is not competent to oxidize acetanilide (*E1/2 = 1.2 V vs. Fc/Fc? in

MeCN). With the inclusion of a constant quantity of phosphate base, however,

variation of the amide concentration leads to efficient and linear quenching of the Ir

excited state. An analogous experiment with a constant concentration of acetanilide

and varied phosphate demonstrates first-order concentration dependence on the

phosphate as well. Given the difference in pKa between the phosphate and the

substrate (DpKa * 20) and the short excited-state lifetime of the catalyst (2.3 ls in
MeCN at RT [216]), it is unlikely activation proceeds through stepwise PT/ET.

Lastly, independent quenching experiments with N-protiated and N-deuterated

acetanilide demonstrated a KIE of 1.15; such small KIEs have been demonstrated to

be consistent with proton-involvement in multisite PCET processes [46, 217–221].

Taken together, our mechanistic data are most consistent with amide activation

proceeding through concerted PCET.

Looking to expand on these results and develop further olefin amidofunction-

alization reactions, we questioned if we could identify a suitable hydrogen-atom

Fig. 28 The proposed catalytic cycle [215] for our disclosed carboamidation protocol. Reprinted with
permission from [31]. Copyright 2015 American Chemical Society
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donor reagent capable of furnishing a hydroamidation product, as illustrated in

Fig. 30 [222]. Based on this catalytic cycle, we anticipated such a donor would

ideally enable facile HAT to the cyclized radical alkyl species, as well as a R•/R-

redox couple suitable to oxidize the reduced state of the photocatalyst, resulting in

the formation of an anion basic enough to deprotonate the phosphoric acid generated

during the initial PCET event. Electing to retain our successful combination of

photocatalyst and oxidant, we screened a number of potential hydrogen-atom donors
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Fig. 29 Luminescence quenching data evidence for amide N–H activation by PCET. a Analysis of
photocatalyst excited-state quenching as a function of the concentration of protiated acetanilide in the
presence and absence of base, as well as quenching as a function of concentration of deuterated
acetanilide in the presence of base. b Quenching as a function of base concentration in the presence and
absence of acetanilide. Reprinted with permission from [31]. Copyright 2015 American Chemical Society
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and ultimately identified thiophenol as a competent HAT catalyst capable of

furnishing the desired hydroamidation product in high yield. Compared to our

carboamidation conditions, the hydroamidation protocol demonstrated an even

broader substrate scope, capable of addition to terminal olefins and competent to

form more exotic ring-fused species.

With respect to the proposed mechanism, the success of thiophenol as a catalytic

hydrogen atom donor was surprising; not only are thiophenols observed to undergo

multisite PCET reactivity as outlined in the previous section, but the large

difference in bond strengths between thiophenol and the N-aryl amide

(DBDFE * 20 kcal mol-1) would suggest preferential activation of the weaker

S–H bond. To elucidate the underlying kinetic selection between N–H and S–H

activation, we undertook another set of luminescence quenching studies with

acetanilide and thiophenol as our model substrates using DCM as solvent (Fig. 31).

Consistent with the observations in our carboamidation protocol, photocatalyst

emission in DCM was unaffected by amide alone and demonstrated first-order

dependence in the presence of a catalytically relevant concentration of the

phosphate base with KSV = 2860 M-1 (Fig. 31a, b). Analogously, concentration-

dependent quenching with thiophenol was only observed in the presence of base

(Fig. 31c, d), albeit with a smaller KSV (480 M-1). In a final set of experiments,

increasing the concentration of acetanilide in the presence of constant concentra-

tions of base and thiophenol was found to quench the excited state of the

Fig. 30 Proposed catalytic cycle for PCET-enabled hydroamidation [222]
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photocatalyst in a concentration-dependent manner (Fig. 31e), albeit with a

diminished KSV (1250 M-1) relative to quenching in the absence of thiophenol.

When this experiment is inverted such that the concentration of thiophenol is varied

in the presence of constant concentrations of base and amide (Fig. 31f), the

(a) (b)

(d)(c)

(e) (f)

Fig. 31 Luminescence quenching data for mechanistic studies to elucidate the selectivity for amide
activation in the presence of thiophenol (vide infra). Figures reprinted with permission from [222].
Copyright 2015 American Chemical Society. This article may be accessed online at the following URL:
http://pubs.acs.org/doi/pdf/10.1021/jacs.5b09671
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luminescence intensity was found not to vary as a function of increasing thiophenol

concentration.

The rate constants from Stern–Volmer analysis of excited-state quenching in the

presence of base for acetamide (2860 M-1) and thiophenol (480 M-1) lie within an

order of magnitude, suggesting that the observed kinetic bias for amide N–H

activation does not correspond simply to difference in the quenching rate constant as

demonstrated by Fig. 31f. In PCET reactivity, pre-equilibrium hydrogen bonding is

required to associate the proton donor and acceptor in solution prior to the electron

transfer step. Accordingly, we hypothesized that the observed selectivity might be

the result of a stronger affinity for phosphate hydrogen bonding to the N–H bond

relative to the S–H bond. This hypothesis is consistent with all of the data presented

in Fig. 31 and corroborated by DFT calculations, which suggest the phosphate-

amide hydrogen bond is stronger than the phosphate-thiophenol hydrogen bond by

5.2 kcal mol-1. Such selectivity further highlights the importance of hydrogen

bonding in concerted PCET and may serve as a design principle for future synthetic

reactions invoking PCET activation of stronger bonds in the presence of weaker

bonds.

The concept of coupled proton and electron movement can be used not only to

cleave strong amide N–H bonds by the joint action of a base and oxidant, but can

also serve to weaken the amide N–H bond such that it can be activated by a weak

H-atom abstractor. Exploiting the concept of bond-weakening upon coordination to

redox-active metals [223–232], our lab demonstrated that a redox-active titanium

catalyst Cp*2Ti
IIICl and a weak hydrogen atom acceptor TEMPO enable

intramolecular additions of amides to Michael acceptors (Fig. 32) [223]. The

substrate scope allows for N–H activation of amides, carbamates, thiolcarbamates,

and ureas bearing phenyl or electron-rich arenes in uniformly high yield. Upon

coordination to the titanium catalyst, the strength of the amide N–H bond is

predicted to decrease from *99 to *66 kcal mol-1 based on DFT calculations.

Related N-aryl carbamates were predicted to experience enhanced bond-weakening

(a)

(b)

Fig. 32 Amide activation via bond-weakening PCET to nitroxyl species. Adapted with permission from
[233]. Copyright 2015 American Chemical Society
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of up to 39 kcal mol-1. Formal HAT to TEMPO is thought to proceed as a

concerted PCET event, where the proton originates from the N–H bond and the

titanium(III) species provides the necessary electron, resulting in the formation of a

closed-shell aza-enolate species in the absence of an identifiable base. As a

testament to the mildness of these base-free conditions, an acrylate featuring a base-

labile FMOC group was maintained in this reaction; repeating this reaction under

standard basic conditions resulted in quantitative deprotection of the ester.

It is known that Cp2Ti
IIICl and TEMPO form a bond of approximately

25 kcal mol-1; in light of this, we were unable to observe any conjugate amination

at elevated temperatures using these two catalysts or the known complex Cp2Ti
IVCl-

OTEMP [234–236]. Our DFT calculations estimate the strength of the Cp*2Ti
IVCl-

OTEMP bond to be 23 kcal mol-1 weaker than that of the Cp2Ti
IVCl-OTEMP

complex, putting an approximate value of this BDFE at 2 kcal mol-1. This finding

is consistent with the observed room temperature EPR spectra of a 1:1 mixture of

Cp*2Ti
IIICl and TEMPO (Fig. 33), which demonstrates a signal consistent with both

titanium- and oxyl-centered radical species present together in solution. Simulations

of the individual EPR spectra for each component overlay with the experimentally

observed mixed spectra, indicating weak (if any) bonding between these species in

solution. Destabilization of the Ti–O bond is credited to the increased steric bulk of

the cyclopentadienyl ligand, which would encounter significant steric repulsion with

TEMPO upon binding. In this way, this system can be thought of as an intriguing

Fig. 33 EPR spectra and simulations for Cp*2Ti
IIICl, TEMPO, and a 1:1 mixture in MeCN. Adapted

with permission from [233]. Copyright 2015 American Chemical Society
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one-electron parallel to traditional frustrated Lewis pair chemistry in which the

steric bulk of both the Lewis acid and the Lewis base prevent undesired association

between the two, yet allow for joint substrate activation. Together, these three

synthetic examples demonstrate the power of PCET in two different synthetic

contexts to activate strong amide N–H bonds and generate synthetically useful

amidyl and aza-enolate intermediates.

8 Quinones

The ability of Brønsted acids to modulate the redox properties of quinones has long

been recognized and has been the subject of extensive study [237–241]. Selected

examples relevant to synthetic applications are discussed below. A seminal report in

1989 from Fukuzumi and coworkers demonstrated the ability of Brønsted acids to

catalyze electron–transfer between various ferrocene derivatives and simple

quinones [242]. Ferrocene is known to undergo oxidation by strong organic

oxidants such as 2,3–dicholoro–5,6–dicyano–p–benzoquione, and 7,7,8,8–tetra-

cyano–p–quinodimethane; no reaction occurs with weaker oxidants such as p–

benzoquinone. However, the addition of HClO4 was shown to catalyze efficient

electron transfer between 1,10–dimethylferrocene and p–benzoquinone to afford

dihydroquinone and 1,10–dimethylferrocenium. By plotting the concentration of

1,10–dimethylferrocenium ion vs. the ratio of benzoquinone to 1,10–dimethylfer-

rocene, the stoichiometry for the reduction was experimentally determined to be 2:1

with respect to ferrocene to benzoquinone (Fig. 34). Moreover, kinetic experiments

showed the rate of reduction increases as HClO4 concentration increases. Analogous

experiments employing cis–[Et2Co(bpy)2]
? as the one–electron reductant exhibited

the same rate dependence on [HClO4], consistent with a PCET process.

Later Fukuzumi studied the mechanism of p–benzoquinone reductions by NADH

analogues [243, 244]. Kinetic experiments again revealed an increase in the rate of

reduction of p–benzoquinone (Q) and analogues as a function of increasing HClO4

concentration. Additionally, independent kinetic runs using protiated and deuterated

10–methylacridine (AcrH2 or ArcD2) revealed primary KIEs for a variety of p–

benzoquinone derivatives (Fig. 35). These kinetic observations are consistent with

three possible mechanisms: rate-limiting, acid-catalyzed hydride transfer from

AcrH2, proton transfer from AcrH2
•? to semiquinone radical, or hydrogen atom

transfer from AcrH2
*? to semiquinone radical. An observed correlation between

Eo(QH
•/QH2) vs. kH/kD led the authors to conclude that reversible electron transfer

followed by rate limiting hydrogen–atom transfer between AcrH2
•? and the neutral

semiquinone radical (QH•) is the most likely reaction pathway (Fig. 36).

Fukuzumi reported a detailed mechanistic study of quinone reduction catalyzed

by protonated amino acids [245]. Kinetic experiments, EPR spectroscopy and cyclic

voltammetry were employed to illustrate the role protonated histidine plays in

mediating electron transfer between NADH analog 9,10–dihydro–10–methy-

lacridine (AcrH2) and 1–(p–tolylsulfinyl)–2,5– benzoquinone (TolSQ). Cyclic

voltammetry experiments demonstrate a 0.55-V positive shift in the one–electron

reduction potential of TolSQ in the presence of 5.0 9 10-2 M of protonated
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histidine. This change in the reduction potential was attributed to the stabilizing

effect of hydrogen bonding interactions between protonated histidine and TolSQ

radical anion, which was observed by EPR spectroscopy (Fig. 37).

Fig. 34 Perchloric acid-promoted quinone reduction by ferrocene derivatives. Reproduced from [242]
with permission of the Royal Society of Chemistry

Fig. 35 KIEs for various benzoquinone reductions by 10-methylacridine [243]
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The ability of Brønsted acids to increase the oxidizing power of benzoquinone

derivatives was further investigated by Rathore in the context of the Scholl reaction

[246]. Arene substrates with oxidation potentials as high as ?1.7 V vs. SCE were

readily oxidized by dichlorodicyano–p–benzoquinone (Ered = ?0.60 V vs. SCE) in

the presence of methane sulfonic acid (Fig. 38). However, no reaction was observed

in the absence of acid.

Recently, Jacobsen and Nocera investigated the ability of various hydrogen–bond

donors to affect the rates and thermodynamics of quinone reductions [247].

Energetically favorable associations between hydrogen bond donors and quinone

radical anions provide the additional thermodynamic driving force necessary to

enable otherwise endergonic electron transfers, as quantified by the following

expression:

DGnet ¼ DGET þ DGassociation

This study is particularly notable in being the first to study these effects in electron-

deficient quinones. Prior work has focused on comparatively electron-rich quinones,

which are more Lewis basic and thereby provide a higher association energy,

resulting in a larger DE1/2. In this work, the authors sought to quantify the activation

of more electron deficient quinones that have oxidation potentials closer to those of

synthetically relevant functional groups. In particular, a variety of hydrogen bond

donors were prepared to evaluate their ability to promote the reduction of ortho–

Fig. 36 Plot of the primary kinetic isotope effects for the acid-catalyzed rate constant k’H/k’D vs. Eo

(QH•/QH2) in the reduction of p-benzoquinone derivatives by AcrH2 and AcrD2 in H2O-EtOH (5:1 v/v)
at 298 K. Reproduced from [244] with permission of the Royal Society of Chemistry
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chloranil (Fig. 39). To evaluate the ability of the H-bond donors to promote quinone

reduction, the authors experimentally determined the association constants for

binding between the hydrogen bond donors and both the oxidized and reduced

forms of ortho–chloranil, KQ and KQ�– respectively, using cyclic voltammetry

experiments and the following equation derived from the Nernst relation:

DE1=2 ¼ 0:059V log
1þ KQ�� HBD½ �
1þ KQ HBD½ �

Fitting the current response for each individual H-bond donor revealed the stoi-

chiometry of binding to be 2:1 for the monocationic and neutral catalysts, and 1:1

for the bisamidinium catalyst. To further support this proposed mechanism, addi-

tional kinetic studies revealed a second-order dependence on the rate of quinone

reduction with monocationic catalysts, and a first-order dependence on the rate of

reduction using the biscationic amidinium salt.

After studying the mechanism by which hydrogen bond donors catalyze electron

transfer, the authors developed a novel oxidative lactonization reaction to

demonstrate the synthetic utility of hydrogen–bond coupled electron transfer

(Fig. 40). Importantly, this work extends the current understanding of how

hydrogen bonding can promote electron transfer events in synthetic contexts, even

in the absence of a formal proton transfer event.

Fig. 37 EPR spectra of semiquinone radical—protonated histidine interactions. Adapted with permission
from [245]. Copyright 2008 American Chemical Society

Fig. 38 MsOH-promoted arene oxidation [246]
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9 Ketones and Carbonyl Derivatives

In pioneering work in the mid-1980’s, Fukuzumi and coworkers identified that

strong Brønsted acids can catalyze electron transfer reactions between outer-sphere

reductants and acetophenone derivatives [242]. Specifically, they demonstrated that

while the excited state of [Ru(bpy)3]
2? cannot donate an electron to acetophenone

derivatives directly in acetonitrile [248], addition of 0.1 M HClO4 led to efficient

charge transfer. Through the use of luminescence quenching assays, the authors

were able to quantify a positive shift in the one-electron reduction potential of

ketones in the presence of HClO4 and the corresponding rates of acid-catalyzed ET.

Fig. 39 Quinone reduction promoted by hydrogen-bond donors [247]

Fig. 40 Hydrogen bond-coupled electron transfer promoted oxidative lactonization [247]
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Acetophenone derivatives containing electron-donating groups possess E1/2
red

values significantly more negative than the excited state of [Ru(bpy)2]
?3. As a

consequence, electron transfer does not occur in the absence of HClO4. However,

upon inclusion of 0.1 M HClO4 electron transfer proceeds rapidly (Fig. 41). The

authors speculate that protonation of the ketyl radical anion is stabilizing, thereby

providing additional thermodynamic driving force which is observed as an increase

in kET. For acetophenone derivatives bearing electron-withdrawing substituents

(meta or para nitro) no increase in kET was observed upon inclusion of HClO4. The

authors postulate that electron-withdrawing groups decrease the basicity of the ketyl

radical anion to such a degree that protonation by HClO4 is not favorable.

To study the mechanism by which HClO4 catalyzes electron transfer, the kinetic

order in acid was measured by performing a series of Stern–Volmer luminescence

quenching experiments at various concentrations of HClO4. These experiments

revealed a linear relationship between ket and [HClO4] (Fig. 42) showing electron

transfer from [Ru*(bpy)3]
2? is first order in acid. In this work, the authors proposed a

stepwise ET/PT mechanism in which protonation of the ketyl radical anion provides

additional thermodynamic driving force which causes an increase in kET. This work

predated the wide-spread acceptance of concerted proton–coupled electron transfer as

an elementary step, however these seminal observations provided the conceptual

framework for PCET to be applied further in contemporary synthetic chemistry.

The Fukuzumi group later investigated the mechanism of reduction of a–
haloketones using NADH model compounds [249, 250]. This non–enzymatic model

system was developed to investigate the role of Brønsted acids in enzymatic ketone

Fig. 41 Perchloric acid catalyzed ET from photoexcited Ru(bpy)3
2? to acetophenone derivatives. DEred

corresponds to the positive shift in the one-electron reduction potential observed in the presence of
perchloric acid relative to the one-electron reduction potential observed in the absence of perchloric acid
[242]
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reductions. The use of an acid-stable NADH analogue enabled the authors to study the

reaction both in the presence and absence of HClO4. By comparing these results to

kinetic experiments employing classical outer–sphere reductants, the authors were

able to demonstrate that ketone reduction by NADH model compounds proceeds

through an initial Brønsted acid-promoted electron transfer step. To investigate the

mechanism of ketone reduction, kinetic data was obtained for a series of a–haloketone
reductions by an acid-stable NADH analog 10–methylacridan (AcrH2) with HClO4 in

acetonitrile (Fig. 43). Additionally, the rate of electron transfer from classical one–

electron reductants such as Fe(MeC5H4)2 and [Ru*(bpy)3]
2? was measured for the

same series of ketones. Comparing the two sets of rate data allowed the authors to draw

conclusions about the mechanism of acid catalyzed ketone reduction by NADH

analogues.While no reductionwas observed in the absence of acidwith any reductant,

a linear correlation between the rate of electron transfer ket was observed with

increasing HClO4 concentration with Fe(MeC5H4)2 as well as [Ru*(bpy)3]
2?.

Additionally, a linear correlation was observed between the rate constant (log kobs)

for the reduction ofa–haloketone byAcrH2, and the rate constants (log ket) for electron

transfers from Fe(MeC5H4)2 and [Ru*(bpy)3]
2?. On the basis of these findings, the

authors suggest that the first step in acid-catalyzed ketone reductions byNADHmodel

compounds involves initial electron transfer to an activated ketone substrate.

Despite this correlation, different product distributions were observed when the

reduction is run with AcrH2 vs. Fe(MeC5H4)2 (Fig. 43). This observation can be

rationalized by considering the subsequent steps of the reduction mechanism

(Fig. 44). The 1,2 reduction product forms as a result of hydrogen–atom transfer

from the AcrH2 radical cation to yield the a–halohydrin product. Since this pathway

is unavailable for the outersphere one–electron reductants, only the dehalogenated

acetophenones are observed.

Unactivated aldehydes and ketones do not undergo reduction by NADH

analogues readily, however in the presence of HClO4 and acetonitrile compounds

Fig. 42 kET v. [HClO4] for
electron transfer between
Ru(bpy)3

2? and acetophenone.
Reproduced from [242] with
permission of the Royal Society
of Chemistry
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are rapidly reduced to the corresponding alcohols (Fig. 45) [251]. First the authors

measured the rate of reduction (kobs) of acetaldehyde and related compounds by

AcrH2 in the presence of HClO4. Next, the rate of electron transfer (ket) from

[Ru*(bpy)3]
2? to the same series of carbonyl compounds was measured by Stern–

Volmer luminescence quenching experiments. A plot of log kobs vs. log ket again

revealed a linear relationship, suggesting that acid catalyzed electron transfer may

play an important role in the reductions of aldehydes and ketones by NADH analogs

Fig. 43 a-haloketone reduction with NADH model compound vs. dimethyl ferrocene [249, 250]

Fig. 44 Mechanistic rationale for product distribution employing different reductants
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such AcrH2 as well (Fig. 45). In these papers, the authors propose a stepwise

mechanism in which electron transfer first occurs to generate a radical anion, which

is rapidly protonated by acid. However, in light of more recent advances,

mechanisms involving stepwise PT–ET, or concerted proton–coupled electron

transfer should also be considered. In particular. given the pKa of HClO4 (-0.7 in

MeCN) relative to a typical ketone (pKa = -0.1 for acetophenone in MeCN) the

possibility of electron transfer to a protio–oxocarbenium ion cannot be easily

discounted.

In an analogous set of experiments, this model system was again used by the

Fukuzumi group to investigate the mechanism of flavin reduction [252]. NADH and

flavins are coenzymes which play an essential role in many biological redox

processes, including the reduction of dioxygen in respiration. In this work, the

authors investigate the acid catalyzed reduction of flavin analogues by both NADH

model 10–methyl–9,10–dihydroacridine (AcrH2), and cis–dialkylcobalt(III) com-

plexes. Kinetics experiments were performed to study the mechanism by which

flavin reduction occurs. These experiments revealed an increase in kobs associated

with an increase in [HClO4] for both AcrH2 as well as the outer sphere reductants

cis–[Me2Co(bpy)2]
? and cis–[Et2Co(bpy)2]

?. From the obtained rate data, the

authors calculated a positive shift in the one–electron reduction potential as a

function of increasing [HClO4], further demonstrating the ability of acid to catalyze

electron transfers.

Building upon these early observations that Brønsted acids can play a significant

role in catalyzing electron transfers, Yoon and coworkers reported an acid-catalyzed

Fig. 45 Non-enzymatic acetaldehyde reduction. Adapted from [251] with permission of The Royal
Society of Chemistry
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reductive cyclization of enones in the context of visible light photoredox catalysis

(Fig. 46) [253]. The Yoon lab had previously demonstrated the ability of Lewis acid

salts to activate similar systems [254, 255], however different products were formed

based on the method of enone activation. Specifically, it was proposed that Lewis

acid activation affords a radical anion intermediate, whereas Brønsted acid

activation results in a neutral radical. These distinct radical intermediates are

known to have different reaction chemistries, and this difference was proposed to be

the origin of the differing product distributions.

The authors propose the Brønsted acid-catalyzed mechanism (Fig. 47), which

begins by reductive quenching of [Ru*(bpy)3]
2? by a sacrificial reductant, such as

iPr2NEt to afford the more reducing [Ru(bpy)3]
?. Next, electron transfer occurs

from [Ru(bpy)3]
? to a proto–oxocarbenium ion to afford a neutral radical

intermediate. Carbon–carbon bond formation occurs through a 5–exo–trig cycliza-

tion to afford an a–carbonyl radical. It was proposed the cyclized radical could be

reduced either through HAT from the radical cation of iPr2NEt or sequential

electron transfer from the photoredox catalyst, followed by protonation of the

enolate. However, considering the large difference in pKa between formic acid

(pKa * 23 in MeCN) and typical ketones (–0.1 acetophenone in MeCN) protio–

oxocarbenium formation may be less favorable than activation through hydrogen

bonding. The authors demonstrated the utility of this protocol in 24 examples with

yields ranging from 60–95 % and including both aryl and alkyl enones, and

demonstrated the use of stoichiometric Brønsted acids to facilitate electron transfer

to substrates with reduction potentials previously inaccessible using common

photoredox catalysts.

In 2013, our lab demonstrated the feasibility of concerted proton–coupled

electron transfer as a mechanism of substrate activation in the development of a

catalytic ketyl–olefin coupling protocol [32]. The thermodynamics associated with

ketone reduction make them particularly well suited for activation by concerted

Fig. 46 Brønsted acid-promoted reductive cyclization
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PCET. The strongly negative reduction potentials (E1/2
red = -2.48 V vs. Fc for

acetophenone) and poor basicity (pKa in MeCN = -0.1 for acetophenone) of

typical ketones require extremely reducing or acidic conditions for activation by

either sequential transfer pathway. However, we anticipated that through a

concerted PCET mechanism, ketyl formation could be viable using suitable com-

binations of Brønsted acids and one-electron reductants with values far removed

from those required for either sequential transfer pathway. Furthermore, we

postulated a concerted PCET mechanism would benefit from decreased kinetic

barriers relative to mechanisms involving stepwise transfer associated with the

generation of high-energy charged species along the reaction coordinate.

Notably, the ability for a given pair of Brønsted acid and one–electron reductant

to jointly activate ketones through concerted PCET could be predicted using the

effective BDFE formalism outlined by Mayer [29]. As outlined in the introduction,

the equation in Fig. 48 enables an energy value thermodynamically equivalent to a

BDFE to be calculated for a given acid–reductant combination. This effective

BDFE value formally represents the strength of the X–H bond that may be formed

from a given acid–reductant combination in a thermoneutral process. We expected

combinations of acids and reductants with effective BDFEs significantly higher than

the ketyl radical O–H bond (BDFE = 26 kcal/mol) would not possess sufficient

thermodynamic driving force to enable ketyl formation via PCET (Fig. 48, entries

1–4). However, when the combination of acid and reductant furnish an effective

BDFE at or below the threshold required for ketyl formation, PCET activation will

be favorable and substrate 41 will rapidly cyclize to give products 42 and 43
(Fig. 48, entries 5–10).

After establishing conditions required for ketyl formation, we proposed the

following mechanism for the catalytic ketyl–olefin coupling (Fig. 49). The

intermediate ketyl radicals would undergo 5–exo–trig cyclization with pendant

Fig. 47 Plausible mechanism for reductive enone coupling. Adapted from [253] with permission of The
Royal Society of Chemistry
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olefins to form a new carbon–carbon bond and afford an a-carbonyl radical. These
radicals can be subsequently reduced by hydrogen–atom transfer from Hantzsch

ester to afford the cyclized products. Electron transfer from the oxidized HEH to the

excited state of [Ru(bpy)3]
2?, followed by proton transfer to phosphate will

regenerate both Brønsted acid and photoredox catalyst and close the catalytic cycle.

To determine whether substrate activation occurs through concerted PCET or a

sequential transfer pathway, luminescence quenching studies were conducted using

acetophenone as a model substrate together with diphenyl phosphoric acid and an

excited-state reductant, Ir*(ppy)3. Notably, no quenching of the Ir excited state was

observed in solutions of acetophenone or diphenyl phosphoric acid individually.

However admixtures of these two reagents led to efficient quenching that exhibited a

first-order kinetic dependence on the concentration of each component. Additionally a

deuterium kinetic isotope effect (kH/kD) of 1.22 ± 0.02 was observed when these

luminescence quenching experiments were run using either the protiated or deuterated

form of diphenyl phosphoric acid. Taken together, these experiments are inconsistent

with rate-limiting ET activation. Similarly, rate-limiting proton transfer was ruled out

on energetic grounds, as the difference in pKa between diphenyl phosphoric acid

(pKa = 13, MeCN) and acetophenone (pKa = –0.1, MeCN) corresponds to a free

energy difference of 18 kcal/mol. Taking this unfavorable free energy change as the

minimum kinetic barrier for proton transfer, rate of proton transfer cannot exceed 2.6

x 10-3 M-1 s-1. This process is thus much too slow to be competitive with

luminescent decay of the catalyst excited state, which has a lifetime of 1.9 ls. As both

Fig. 48 Evaluation of acid/reductant pairs for PCET. Reprinted with permission from [32]. Copyright
2013 American Chemical Society
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stepwise pathways can be ruled out, these results are most consistent with a concerted

PCET mechanism of ketone activation (Fig. 50).

Building on these results, we next questioned whether a chiral Brønsted acid

could be used to serve as a handle for asymmetric induction in photoredox catalysis

[256]. A key challenge would be to identify conditions in which a hydrogen–

bonding interaction between a neutral ketyl intermediate and the conjugate base of

achiral Brønsted acid catalyst are maintained throughout subsequent bond forming

events. We demonstrated the feasibility of this proposal in the successful

development of a catalytic asymmetric aza–pinacol coupling promoted by reductive

proton–coupled electron transfer. Chiral phosphoric acid catalysts were employed

with Ir-based visible light photoredox catalysts to jointly activate ketones to form

neutral ketyl radicals. These free radical intermediates remain associated with the

chiral phosphate through a stabilizing hydrogen–bonding interaction throughout

carbon–carbon bond formation to afford vicinal amino–alcohols in high yield and

enantioselectivities.

We propose the reaction may proceed by the following mechanism (Fig. 51).

First, reductive quenching of the IrIII(ppy)2(dtbpy) excited state by Hantzsch ester

will afford the more reducing IrII(ppy)2(dtbpy). PCET would then occur to a

hydrogen bond complex between substrate and chiral phosphoric acid to afford the

neutral ketyl radical. This neutral ketyl radical would remain associated with the

chiral phosphate throughout the subsequent carbon–carbon bond formation to afford

Fig. 49 Plausible mechanism for ketyl-olefin cyclization. Reprinted with permission from [32].
Copyright 2013 American Chemical Society
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a cyclized hydrazyl radical. HAT from Hantzsch ester would afford the closed–shell

product. Electron transfer followed by proton transfer will again regenerate both

catalysts and close the catalytic cycle.

Catalyst and reaction parameter optimization led to the identification of 2 mol %

[Ir(ppy)2(dtbpy)](PF6), 10 mol % (R–R)–2,20–TPS–binol phosphoric acid and

Hantzsch ester as the stoichiometric reductant in dioxane solvent as the optimal

conditions. The reaction afforded a variety of cyclized vicinal amino–alcohols in

high yields and enantioselectivities. Density functional calculations demonstrate

neutral ketyl radicals are excellent hydrogen bond donors and can engage in highly

stabilizing hydrogen bonding interactions with phosphate anions (Fig. 52). Consis-

tent with this view, we observed that high enantioselectivity was maintained even in

polar solvents with relatively high dielectric constants (81 % ee in MeCN, 88 % ee

in DME). This reaction first demonstrated the ability of hydrogen bonding in a

PCET event to serve as a platform for asymmetric induction in photoredox-

catalyzed free radical transformations.

In 2015 Rueping and coworkers described the reductive homodimerization of

carbonyls catalyzed by Brønsted acids [257]. The authors employ iridium and

ruthenium-based visible light photoredox catalysts and NBu3 as a stoichiometric

reductant to form ketyl radical intermediates which rapidly dimerize to form

symmetrical pinacol products. The authors note that electron transfer between the

excited state of [Ir(dF(CF3)(ppy)]2(dtbpy)PF6 (E1/2
red = –1.69 V vs. Fc) and ace-

tophenone (E1/2
red = –2.48 V vs. Fc) is significantly endergonic. As such, they

propose the reduction is catalyzed by trace Brønsted acid formed from the oxidation

of NBu3. To probe this hypothesis the authors investigated the effect of acidic and

basic additives on the homodimerization of acetophenone (Fig. 53). The observa-

tion that basic additives inhibit the reaction and additional acids promote the

reaction is consistent with PCET as the mechanism of substrate activation in these

reductive homodimerizations. The reaction was shown to be efficient for the

reductive homocoupling of a variety of diverse benzaldehyde and acetophenone

derivatives providing pinacol products in high yield. Additionally the methodology

Fig. 50 Summary of mechanistic data supporting PCET reactivity
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Fig. 51 Proposed mechanism for asymmetric aza-pinacol coupling. Reprinted with permission from
[256]. Copyright 2013 American Chemical Society

Fig. 52 Computational estimate of ketyl-phosphate hydrogen bond strength. Reprinted with permission
from [256]. Copyright 2013 American Chemical Society
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was successfully applied to imines to afford vicinal diamines in good to excellent

yields.

With respect to PCET coupling of imine derivatives, Sigman has reported the

synthesis of piperazines by the reductive coupling of bisimines with a combination

of Brønsted acids and elemental manganese as a one–electron reductant (Fig. 54)

[258]. The authors found that the success of the reaction correlated with the acidity

of the Brønsted acid additive, consistent with a PCET process. The high

diastereoselectivity of this transformation was a noteworthy compared to other

previously reported imine dimerizations. A radical–radical coupling mechanism was

proposed to account for the observed diastereocontrol. While it is possible that the

reaction proceeds through radical addition to a second equivalent of imine followed

by subsequent reduction, we defer to the mechanism put forward by the authors.

Related to the ketones examples shown above, in 2014 DiRocco and coworkers

reported the late stage functionalization of biologically active small molecules using

Brønsted acids and photoredox catalysts to activate peresters (Fig. 55) [259]. The

presence of trifluoroacetic acid enables one–electron reduction of tert–butyl

peracetate and biscyclopropanecarbonyl peroxide by visible light photoredox

catalysts. This proton-coupled reduction event initiates a series of bond fragmen-

tations, which afford methyl or cyclopropyl radicals. These radical species then

undergo efficient Minisci-type additions to heteroaromatic compounds to enable late

stage diversification of drugs and drug candidates (Fig. 56). As peresters have

reduction potentials *1 V endergonic relative to the redox catalyst employed, the

authors suggest that Brønsted acid additives catalyze the reduction via concerted

PCET.

Fig. 53 Reductive homocoupling of ketones promoted by Brønsted acids [257]

123

Top Curr Chem (Z) (2016) 374:30

Reprinted from the journal 195



Fig. 54 Reductive coupling of bisimines [258]

Fig. 55 Late-stage diversification enabled by PCET
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10 Concluding Remarks

We believe that the examples and discussion above highlight the potential of PCET

processes for applications for organic synthesis. Together with the large body of

biological, organic, and inorganic mechanistic studies and limited synthetic

examples, we are optimistic that PCET will continue to develop as a general mode

of organic substrate activation and provide solutions to longstanding challenges in

homolytic bond activation catalysis and the associated reaction chemistry of the

resulting radicals.
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Abstract The cascade [1,n]-hydrogen transfer/cyclization, recognized as the tert-

amino effect one century ago, has received considerable interest in recent decades,

and great achievements have been made. With the aid of this strategy, the inert

C(sp3)–H bonds can be directly functionalized into C–C, C–N, C–O bonds under

catalysis of Lewis acids, Brønsted acids, as well as organocatalysts, and even

merely under thermal conditions. Hydrogen can be transferred intramolecularly

from hydrogen donor to acceptor in the form of hydride, or proton, followed by

cyclization to furnish the cyclic products in processes featuring high atom economy.

Methylene/methine adjacent to heteroatoms, e.g., nitrogen, oxygen, sulfur, can be

exploited as hydride donor as well as methylene/methine without heteroatom

assistance. Miscellaneous electrophilic subunits or intermediates, e.g., alkylidene

malonate, carbophilic metal activated alkyne or allene, a,b-unsaturated aldehydes/

ketone, saturated aldehydes/iminium, ketenimine/carbodiimide, metal carbenoid,

electron-withdrawing groups activated allene/alkyne, in situ generated carbocation,

can serve as hydride acceptors. This methodology has shown preeminent power to

construct 5-, 6-, or 7-membered heterocyclic as well as carbon rings. In this chapter,

various hydrogen donors and acceptors are adequately discussed.

Keywords Hydrogen transfer � Hydrogen donors � Hydrogen acceptors � C(sp3)–H
functionalization � Heterocycles
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Abbreviations
Cbz Benzyloxycarbonyl

Cod 1,5-Cyclooctadiene

CSA Camphorsulfonic acid

DCE 1,1-Dichloroethane

DFT Density functional theory

DMF N,N-dimethylformamide

DNBS 2,4-Dinitrobenzensulfonic acid

DPP Diphenyl phosphate

ERC Electrocyclic ring closure

Fmoc 9-Fluorenylmethoxycarbonyl

HT Hydrogen transfer

IBX O-iodoxybenzoic acid

m-CPBA meta-Chloroperbenzoic acid

MW Microwave

MS Molecular sieves

Pg Protecting group

PTSA p-Toluenesulfonic acid

RT Room temperature

TCE 1,1,2-Trichloroethane

TFA Trifluoroacetic acid

TMS Trimethylsilyl

1 Introduction

When talking about hydride donors, undoubtedly miscellaneous metal hydrides

serving as reducing agents should be mentioned first, e.g., NaBH4, LiAlH4, Red-Al,

selectride, etc. In addition, organic molecules can also play the role of hydride

donors, which could be retrospected to 1853 when Cannizzaro reported base-

mediated disproportionation of benzaldehyde into benzyl alcohol and benzoic acid

via intermolecular hydride transfer from a deprotonated hemiacetal intermediate

onto an aldehyde [1–3]. The Tishchenko reaction may be considered as the seminal

example of a reaction proceeding by an intramolecular hydride shift. Evans et al.

further developed this reaction to diastereoselectively construct b-hydroxy ketones,

which is known as the Evans–Tishchenko reaction [4]. Similarly, by changing the

redox state of the reactants in the Tishchenko reaction, the alcohol can be readily

oxidized to aldehyde via the Meerwein–Pondorf–Verley (MPV) reduction [5–7],

and aldehyde can be reduced to alcohol via the reverse Oppenauer oxidation, which

operate by means of an identical Al3?-preorganized intramolecular 1,5-hydride shift

[8–10].

Over the past decades, tremendous progress has been made in functionalization

of inert C–H with the demand of green and sustainable chemistry [11–14]. The fast

development of this vigorous research field arises from the recognition by the

chemical community that such methodologies are able to streamline synthetic routes
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and facilitate the direct formation of C–C bonds and C–Z bonds (Z=O, N, B, Si,

etc.) without prefunctionalization of inert C–H bonds to C–X bonds (X = halogens,

OTf, etc.). In this context, a large number of innovative and efficient synthetic

methodologies have been developed, thus offering chemists powerful tools for the

rapid buildup of molecules with complex architectures. Among these methodolo-

gies, the transition metal-catalyzed C(sp2)–H bond activation has dominated this

area and the direct functionalization of inert C(sp3)–H bonds still remains a great

challenge owing to the high bond dissociation energy of C(sp3)–H bonds. Only

recently, some promising catalytic processes for the selective functionalization of

C(sp3)–H have been reported with noble metal salts, e.g., Pd, Rh as catalysts.

Despite numerous challenges posed by direct C(sp3)–H bond activation, the cascade

[1,n]-hydrogen transfer/cyclization process opens new avenues, which provides

organic chemists unusual solutions to address their synthetic challenges [15–20].

This fascinating chemistry was discovered in 1895, which was initially termed as

‘tert-amino effect’ by Meth-Cohn and Suschitzky in 1972 [21]. This name refers to

the tendency of substituted N,N-dialkylanilines to undergo unusually facile ring-

closing reactions involving various groups at the ortho position. However, the

tertiary amine group is neither necessary nor sufficient to guarantee a successful

reaction for a particular substrate.

The substrate requires a hydride acceptor proximal to a C–H bond serving as

hydride donor, and the reaction is initiated by a hydride shift (or related H-atom-

transfer step), which formally oxidizes the carbon donor and reduces the hydride

acceptor. The new C–X bond will be formed at the hydride-donor atom, after the

hydride shift takes place. The defining characteristic for these reactions is the

functionalization of a C–H bond concurrent with a hydride shift. The names

proposed by Sames (‘‘HT-cyclization’’) and Akiyama (‘‘Internal Redox Cascade’’)

would seem more appropriate if focusing more on the unique hydride-shift

mechanism that draws together a diverse group of substrates, at least for

intramolecular examples.

This cascade process has been recognized as an efficient and powerful method

for selective activation and direct functionalization of inactive C(sp3)–H bonds.

It represents an intriguing sequential C(sp3)–H activation/C–C, C–N or C–O

bonds formation process and proves to be a versatile protocol to construct 5-, 6-,

or 7–membered hetero/carbon spiro or fused cycles, such as tetrahydroquinolines

[22], chromans [23–25], spiroethers [26–30], and tetrahydropyrans [31–36],

which are common moieties in biologically important natural products and

pharmaceuticals.

A series of significant review papers have been published on this chemistry

[15–18] and we aim to cover the progress in this field since 2006. Some

reputable groups such as Sames, Seidel, Akiyama, Vidal, Liu, and Gagosz

showed preeminent applications of this methodology to build various hetero/car-

bon spirocycles and fused rings. In the following, these elegant findings will be

categorized according to the types of hydride donors (i.e., tert-amino effect,

C(sp3)–H bonds a to ethereal oxygen and sulfur, benzylic C(sp3)–H bond, non-

benzylic C(sp3)–H bond) and the types of hydrogen acceptors (benzylidene

malonate, transition metal activated alkyne or allene, enal or enone, aldehyde or
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imine, ketenimine/carbodiimide). This review will provide elementary insight

into these cascade reactions concerning the mechanism, the reactivity of

hydrogen donor and acceptor, migration modes of hydrogen, etc.

2 Mechanistic Insight into [1,5]-Hydrogen Transfer

[1,5]-Hydrogen transfer is selected as a model reaction for discussing the

mechanism as it is the most common mode of hydrogen migration.

2.1 Possible Reaction Pathways

The exact nature of the hydrogen transfer is still a matter of debate in the scientific

community. Some argue that hydrogen is transferred via a sigmatropic shift,

whereas others believe that the migration of hydrogen to the acceptor occurs in the

form of a hydride anion [37–42]. A plausible mechanism of this transformation is

depicted in Scheme 1. Initially, 1 and zwitterion B form a resonance hybrid.

Subsequently B undergoes [1,5]-hydrogen transfer in the form of a sigmatropic

hydrogen, resulting in zwitterion A. A consecutive intramolecular nucleophilic

attack affords the final cyclic product 2 [43–45].

This cascade process can also be rationalized in an alternative way (Scheme 2).

The zwitterion A is generated from 1 via [1,5]-hydrogen transfer from the carbon a
to heteroatom X to the electrophilic acceptor in the form of hydride anion, followed

by an intramolecular 6-endo-trig cyclization (or intramolecular nucleophilic attack),

giving rise to the heterocycle 2 [46–48]. DFT calculations show that [1,5]-hydride

(or hydrogen) transfer is the rate-determining step and the energy barrier of the

subsequent cyclization step is very low [49–52]. Generally speaking, the second

theoretical explanation is more reasonable because the aromatic ring is dispensable

and the cascade HT-cyclization can proceed smoothly within many aliphatic

substrates.

The final cyclization can also proceed in the manner of a 6p-electrocyclic ring

closure (6p-ERC) (Scheme 3). After a [1,5]-hydride transfer, the conjugated 1,3,5-

hexatriene intermediate I can be produced, which undergoes subsequent 6p-ERC to

give the cyclized product 4. Thus, the formation of unstable zwitterionic interme-

diate A (Schemes 1, 2) with charge separation is avoided [52–56].

Scheme 1 The sigmatropic transfer of hydrogen
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2.2 Reactivity of Different Hydrogen Donors

Heteroatoms, e.g., nitrogen, oxygen, and sulfur, adjacent to hydrogen donors

(methylene or methine) can facilitate the hydride migration, so do aryl groups and

alkyl groups. Theoretically, the heteroatoms play three roles. Firstly, heteroatoms

with high electronegativities will polarize the C–X bond, causing the weakening of

the C–H bond. Secondly, the hyperconjugation effect of r*C–H orbital with a

neighboring atom lone pair or p-orbital promotes the hydride shift (Fig. 1) [57–59].

This effect not only weakens the C(sp3)–H bond but also increases the negative

charge density of the hydrogen atom.

Thirdly, the carbocationic intermediate generated upon hydride migration, with

which iminium, oxocarbenium, and thiocarbenium can form resonance hybrids,

would be stabilized by adjacent heteroatoms via p–p conjugation. Consequently, the

rate of C(sp3)–H bond cleavage is closely associated with the stability of cationic

intermediate, thus any factor that can stabilize this intermediate will dramatically

promote this process, while the groups destabilizing it will retard the proximal

C(sp3)–H bond cleavage. In contrast to iminium cation, which has considerable

stability, oxocarbenium- and thiocarbenium ions are less stable and more difficult to

generate, not to mention benzylic and tert-alkyl carbocation (Fig. 2). DFT

calculations and experimental results show that the thiocarbenium ion exhibits a

little bit higher stability than the oxocarbenium species [60]. The cationic

Scheme 2 The transfer of
hydride anion through space

Scheme 3 Cascade [1,5]-hydride transfer/6p-electrocyclic ring closure

Fig. 1 The electronic
assistance from heteroatom and
aryl group
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intermediate can also be stabilized by the aromatic or alkyl substituents on the

hydrogen donors via p–p conjugation or r–p hyperconjugation, respectively.

Primary C–H bond is rarely exploited as hydrogen donor except in Zhang’s and

Chatani’s reports [40, 61, 62]. In addition to the above-mentioned hydride donors,

acetalic and dithioacetalic C–H bonds can also work as the hydride donors [52, 57–

59].

2.3 Activation Mode of Hydride Acceptors

Almost all the electrophilic groups or electrophilic intermediates can be employed

as the hydride acceptors, e.g., alkylidene malonates, carbophilic transition metals

activated alkynes or allenes, enal/enones, aldehyde/ketones, imines, ketenimine/car-

bodiimides, metal carbenoids, alkynes carrying electron-withdrawing groups, as

well as in situ-generated carbocations (Fig. 3).

The feasibility of hydrogen transfer strongly depends on the natures of hydrogen

acceptors and donors. It can be imagined that there is competition between the

transient cationic subunits and the electrophilic hydride acceptors for the hydride

after cleavage of the inert C(sp3)–H bond (Fig. 3). If the hydride acceptor is

Fig. 2 Stability comparison of different cations

Fig. 3 Different types of hydride acceptors and activation modes
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electrophilic enough, it can ‘‘snatch’’ hydride to give the zwitterion A, followed by

an intramolecular nucleophilic attack to give the cyclized product 2 (Scheme 2);

whereas if not, the cationic subunit will ‘‘retrieve’’ hydride and no reaction will

occur. Therefore, two strategies are applicable to facilitate the cascade process, i.e.,

increasing the electrophilicity of the hydride acceptor or increasing the stability of

the cationic subunit generated in situ upon hydride migration. Remarkably,

hydrogen can be transferred not only in the form of hydride anion but also in the

form of protons and hydrogen atoms [63]. If the hydrogen acceptor is a relatively

strong nucleophile, hydrogen will be abstracted by the acceptor in the form of a

proton [53, 62, 64–68], and if the hydrogen acceptor is a free radical, the C–H of

hydrogen donator will be homolyzed to give the hydrogen atom, which is then

transferred to the hydrogen acceptor [63]. The hydrogen can be transferred not only

in [1,5]-manner but also in the manners of [1,4]-[69, 70] [1,6]-[39, 66, 71–77], and

[1,9]-manner [78]. If the hydride donor and acceptor are active enough, the hydride

migration may occur through space, giving rise to a zwitterionic intermediate. Only

if the nucleophile and electrophile in the zwitterionic intermediate are located in

proper geometric positions, the subsequent intramolecular nucleophilic attack will

occur, resulting in the formation of 5- [72, 73], 6-, or 7- [41, 79, 80] membered

products. If no nucleophile is available or cyclization was blocked by steric

hindrance, hydride will merely serve as reductant [81–84] or unwanted side

products will be produced [74].

3 C(sp3)–H Bond Adjacent to Tert-Amino Moieties as Hydride Donor
(tert-Amino Effect)

The term ‘‘tert-amino effect’’ is used to describe ring-closure of N, N-dialkyl-

substituted anilines with an unsaturated electrophilic ortho substituent to afford

fused tetrahydroquinolines [22] or other N-heterocycles [15, 19, 20, 46, 85–87]. The

tert-amino effect has been widely utilized in the synthesis of pyridine, pyrimidine,

and pyridazine derivatives, which has been well reviewed by Mátyus et al. [15].

3.1 Electrophilic Benzylidene Malonates as the Hydride Acceptors

Hurd et al. elegantly elaborated this methodology in the key step of total synthesis

of PNU-286607 (Scheme 4) [88]. The benzylidene intermediate 5 was prepared

in situ and [1,5]-hydride migration readily proceeded under thermal conditions to

give zwitterionic intermediate 6. Via trans–cis isomerization of methyl group, the

zwitterion 6 was converted to thermodynamically more favorable zwitterion 7, and
a subsequent intramolecular equatorial attack of the enolate on the iminium subunit

furnished cis (-)-PNU-286607 in 74 % yield and[99:1 er.

For a long time, harsh thermal conditions were always needed to overcome the

high energy barrier of [1,5]-hydride transfer, which severely limited the application

of this strategy. Seidel et al. employed Ga(OTf)3 to catalyze the cascade process of

8, via which tetrahydroquinolines 9 could be furnished in 90 % yield within 15 min

at room temperature (Scheme 5) [89]. Meanwhile, the chiral bisoxazoline
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magnesium complex 10 was employed to catalyze the asymmetric version of this

reaction, furnishing the enantio-enriched product 9 in 74 % yield and 30 % ee,

which presented the first report of enantioselective cascade [1,5]-HT/cyclization.

Akiyama et al. disclosed a chiral phosphoric acid 13-catalyzed asymmetric

cascade [1,5]-HT/cyclization of 11, which afforded tetrahydroquinolines 12 with

good to excellent enantioselectivity (Scheme 6) [90]. The benzylidene malonate

subunit forms hydrogen bonds with the proton of phosphoric acid 13, which not

only increased the electrophilicity of hydride acceptor but also governed the

asymmetric step. Presumably, the stereoselectivity is mostly controlled at the

hydride shift step and the enantiotopic hydrogen is selectively activated by chiral

phosphoric acid 13.
One more asymmetric version of cascade [1,5]-hydride transfer/cyclization was

reported by Feng et al. using his well-known chiral N, N0-dioxide-Co(II) complex 14
as catalyst. The optically active tetrahydroquinolines 15 were obtained in excellent

yields and high enantioselectivities (Scheme 7) [91]. Theoretically, the oxygen

atoms of N, N0-dioxide, amide, and the benzylidene malonate are coordinated to

cobalt(II) in a hexadentate manner, hence the carbanion prefers to attack the Re face

rather than the Si face of the iminium because the latter is strongly shielded by the

nearby anthracenyl ring, furnishing the (S)-configured products.

Scheme 5 Lewis acid-catalyzed formation of tetrahydroquinolines

Scheme 4 Elegant elaboration of the cascade 1,5-HT/cyclization in the total synthesis of (-)-PNU-
286607
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Luo et al. exploited a binary catalytic system, which involved Mg(BF4)2 and

chiral phosphoric acid 18 to facilitate the cascade reaction of 16, furnishing the

enantio-enriched products 17 in high yields and enantioselectivities (Scheme 8) [49,

50]. Both Ha and Hb on the isoquinoline methylene carbon atom may participate in

[1,5]-hydride transfer, requiring two different helical conformations I and II. Due to
the suprafacial constraint, however, I is more favorable than II owing to its space

tolerance. Therefore, the selective activation in complex I initiates enantiotopic

[1,5]-Hb transfer, leading to the chiral helical zwitterionic intermediate. Finally, the

C–C bond can be formed spontaneously with preserved stereochemistry after a

small conformational change.

Matyus et al. described a cascade Knovenagel/1,5-hydride transfer/cyclization

reactions of 4-aryl-2-phenyl-1,4-benzoxazepine derivatives 19, which furnished

fused O,N-heterocycles 20 containing tetrahydro-1,4-benzoxazepine and tetrahy-

droquinoline moieties with high yields and diastereoselectivity (Scheme 9) [92].

Basically, under thermal conditions, the benzylidene intermediate I generated in situ

Scheme 6 Chiral phosphoric acid-catalyzed asymmetric synthesis of tetrahydroquinoline

Scheme 7 Chiral complex of
N,N0-dioxide and cobalt(II)-
catalyzed synthesis of
tetrahydroquinolines
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Scheme 8 Catalytic
enantioselective tert-amino
cyclization by asymmetric
binary acid catalysis

Scheme 9 Synthesis of 1,4-
benzoxazepines by domino
Knoevenagel–[1,5]-hydride shift
cyclization reaction

Scheme 10 Synthesis of 1,2-dihydroquinolinyl carbene complexes via [1,5]-HT/cyclizations

123

Top Curr Chem (Z) (2016) 374:17

Reprinted from the journal214



underwent sequential 1,5-hydride shift and intramolecular 6-endo cyclization

readily to furnished 20.

3.2 Electrophilic Activated Alkyne as the Hydride Acceptor

Electron-deficient alkyne can also serve as an ideal hydride acceptor. Barluenga

et al. described a [1,5]-hydride transfer/cyclization process of alkynyl Fischer

carbene complexes 21, which afforded 1,2-dihydroquinolynyl carbene complexes

22 (Scheme 10) [51]. The alkyne moiety in 21 activated by electrophilic Fischer

carbene was a good hydride acceptor. Theoretically, migration of hydride from the

benzylic methylene to the highly electrophilic b carbon of the triple bond generates

zwitterionic intermediate I and a subsequent cyclization leads to the new carbene

complex 22, which can be further elaborated [51, 93]. The presence of strong

electron-withdrawing chromium pentacarbonyl moiety is crucial to trigger the

energy-demanding [1,5]-hydride transfer. When alkynyl carbene complex 23 was

heated with four equivalents of 1-hexyne 24, 5,6-dihydrophenantridine derivative

25 could be afforded.

The alkynes activated by alkynophilic metals, e.g., platinum and ruthenium, are

considerably electrophilic, which can be employed as good hydride acceptors for

the cascade [1,5]-HT/cyclization process. Chatani et al. reported a cycloisomeriza-

tion of 9-carbazolyl substituted 1-alkyl-2-ethynylbenzene 26 catalyzed by

alkynophilic metal salts PtCl2 and [RuCl2(CO)3]2 under mild conditions, which

produced substituted indene 27 (Scheme 11) [40]. Basically, the metal-vinylidene

complex I is formed initially via p-activation of alkyne moiety, then benzylic

hydride is delivered in [1,5]-manner to the most electrophilic a-carbon of metal

vinylidene, resulting in zwitterionic intermediate II. Afterwards, the metal

carbenoid intermediate III generated via resonance of intermediate II undergoes

6p-electrocyclization to give intermediate IV and a final reductive elimination gives

rise to the cyclized product 27.
A methylene group adjacent to a protected secondary amine, e.g., carbamate,

could also be exploited as hydride donor. Remarkably, as the lone pair of nitrogen

was partially transferred to carbonyl group via p–p conjugation, the electron-

donating ability of nitrogen was significantly decreased and the negative charge

Scheme 11 Platinum and
ruthenium-catalyzed cyclo-
isomerization of 1-alkyl-2-
ethynylbenzenes
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density of the hydrogen atom could only be partially increased by nitrogen via

hyper-conjugative interaction compared with tert-amine. Therefore, high valent

metal salts owning stronger activation ability should be employed to facilitate the

cascade process. Additionally, because of the electron-withdrawing nature of

carbamates, electron density on the nitrogen atom was decreased, resulting in

comparative difficulty in forming alkoxycarbonyl-iminium intermediate, which is

less stable than that generated from tert-amine. Sames et al. reported a PtI4-

catalyzed a-alkenylation of protected cyclic secondary amines 28, which afforded

annulation products 29 (Scheme 12) [39]. Spirocyclization products 29 could also

be furnished in good yield via the cascade protocol if the terminal alkyne was

substituted at C(2) of cyclic amine 30. Theoretically, the platinum vinylidene I is
formed via p-activation of the alkyne moiety, followed by [1,6]-hydride transfer

through space to afford intermediate II, in which the nucleophilic vinyl-platinum

attacks the electrophilic alkoxycarbonyl-iminium fragment to give the intermediate

III. A final platinum salt elimination gives rise to the fused products 29 or 31.
Liang et al. described a palladium-catalyzed cascade [1,5]-HT/cyclization of

propargylic esters 32 to construct substituted naphthylamines 33 (Scheme 13) [53].

Notably, propargylic esters substituted with electron-rich aryl groups, which led to

electron-rich allenyl-palladium complex at the propargylic position, always gave

better yields than the ones with electron-withdrawing substituents, and the electron-

withdrawing acyl or sulfonyl group on the nitrogen was crucial to the reaction.

These clues indicated the hydrogen was abstracted by nucleophilic allenyl-

palladium in the form of proton. Mechanistically, the nucleophilic allenyl-palladium

intermediate II is generated from the propargylic compound 32 under the catalysis

of Pd(0), then [1,5]-proton transfer follows to afford the intermediate III, the direct
6p-electrocyclic ring closure (ERC) of which leads to the intermediate IV.
Afterwards, IV undergoes [1,3]-hydrogen shift and elimination to afford the final

product 33 (path A). Alternatively, the intermediate VI may also be formed via a

[1,3]-palladium shift of the intermediate III. The following insertion of the C-Pd

bond and hydrogen elimination afford the product 33 (path B).

Scheme 12 Platinum-catalyzed
N-alkenylation via [1,6]-
HT/cyclization
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The same group also reported a PtCl2-catalyzed hydro-functionalization reaction

of allenes formed in situ from propargylic esters 34, which furnished multi-

functionalized tetrahydroquinolines 35 (Scheme 14) [42]. If R3 is an electron-

withdrawing group, the formation of products 35 is favored. Mechanistically,

hydride is delivered initially to C(1)-carbon of platinum activated allene interme-

diate I formed via platinum-catalyzed [1,3]-OAc migration. The resulting vinyl-

platinum species II then attacks the iminium to furnish the fused tetrahydroquino-

line 35. A completely different transformation occurred in the case of propargylic

ester 36 bearing a strong electron-donating 4–MeOC6H5 group in R3, furnishing an

a, b-unsaturated ketone 37, which suggested that electron-donating 4–OMeC6H5

group in R3 decreased the electrophilicity of C(1), and the hydration of allene would

be more favored than [1,5]-hydride shift.

Zhang et al. reported an efficient synthesis of piperidin-4-ones based on gold-

catalyzed cascade process (Scheme 15) [61, 68]. One-pot sequential m-CPBA

oxidation and gold-catalysis with Ph3PAuNTf2 led to an excellent yield of piperidin-

4-one 39. This chemistry allowed facile preparation of 5-, 6-, and 7-membered ring-

fused or spiro-piperidin-4-ones. Initially, Zhang et al. speculated that tertiary

Scheme 13 Palladium-catalyzed [1,5]-proton migration of propargylic esters toward substituted
naphthylamines

Scheme 14 Platinum-catalyzed synthesis of ring-fused tetrahydroquinolines
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aliphatic amine N-oxide I generated via m-CPBA oxidation of tertiary amine 38
might undergo gold-catalyzed intramolecular alkyne oxidation [94] to furnish a-oxo
gold carbene II, in which a-hydride would migrate to the electrophilic gold carbene,

leading to the formation of zwitterion III containing an electrophilic iminium and a

nucleophilic gold-enolate. A subsequent intramolecular cyclization furnished

piperidin-4-one 39. Notably, the less-substituted methyl in amine 40 was

preferentially involved in the ring formation with serviceable regioselectivities

(5:1). In all the substrates whose tert-amine moieties are unsymmetrical, the

chemistry behavior of hydrogen donors was rather unusual, i.e., the poor hydride

donors were more active than good hydride donors, e.g., methyl[methylene and

benzylic methylene, methylene[methine, electron-rich benzylic

methylene & electron-deficient benzylic methylene. Although the proposed mech-

anism could account for the formation of product 41 and 410, it failed to explain the

regioselectivity. Thus, the initially proposed mechanism of [1,5]-hydride trans-

fer/cyclization is quite questionable.

Based on DFT calculation and a variety of control experiments, Zhang and Houk

et al. argued that the mechanism involving the sequential ring opening and [1,5]-

proton shift was energetically more favorable (Scheme 16) [62]. Presumably, the

first step is a syn addition of gold-coordinated N-oxide 42 to alkyne, resulting in the

formation of intermediate 43, which undergoes a hetero-retro-ene ([1,5]-proton

shift) to furnish intermediate 44, thus the formation of gold-carbenoid intermediate

III is avoided. The final step is a cyclization of 44 to yield piperidin-4-one

derivatives 45 and regenerate the catalyst, which was calculated to be the rate-

determining step. In 43, phosphine ligand makes the adjacent carbon more

Scheme 15 Formal [4 ? 2] approach toward piperidin-4-ones via Au catalysis

Scheme 16 Mechanism of Au(I)-catalyzed rearrangements of acetylenic amine-N-oxides

123

Top Curr Chem (Z) (2016) 374:17

Reprinted from the journal218



nucleophilic, thus the proton is abstracted from the least sterically hindered amine-

substituent.

3.3 Electrophilic a,b-Unsaturated Aldehyde and Acyl Oxazolidinone
as the Hydride Acceptors

Sames et al. reported a PtCl4-catalyzed a-alkylation of protected pyrrolidine 46, via
which the fused cycles 47 was furnished in good yield and high diastereoselectivity

(dr[ 15:1) (Scheme 17) [95]. Notably, the conformational rigidity of the substrate

46 could be increased significantly by the malonate moiety, which led to a more

reactive hydride acceptor [96]. Because the iminium subunit in intermediate II
could be significantly destabilized by carbamate, which rendered secondary C–H

bond in intermediate I serving as hydride donor less reactive, high catalyst loading

(30 mol%) of highly active PtCl4 was indispensable to get decent yield (77 %).

Seidel et al. exploited the complex of Mg(OTf)2 and chiral bisoxazoline 50 to

catalyze the cascade reaction of substrates 48 carrying a, b-unsaturated acyl

oxazolidinone, which produced chiral tetrahydroquinolines 49 in good yields and

high enantioselectivities (Scheme 18) [97]. The employment of nickel perchlorate

in combination with ligand 50 also furnished 49 in good diastereo- and

enantioselectivity.

Chiral secondary amine could be employed to catalyze this cascade process. Kim

et al. utilized Jørgensen catalyst 53 successfully to catalyze the cascade [1,5]-HT/

ring closure sequences of o-N-pyrrolidinyl-substituted cinnamaldehydes 51 via

sequential iminium and enamine activation, affording chiral tetrahydroquinolines 52
in high enantioselectivities (Scheme 19, a) [98]. Products incorporated with 7- to

Scheme 17 PtCl4-catalyzed
hydroalkylation of a, b-
unsaturated aldehydes

Scheme 18 Chiral Mg-
bisoxazolidine complex-
catalyzed intramolecular redox
reactions via [1,5]-
HT/cyclization
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9-membered azacycles could also be formed with excellent enantioselectivities. The

enal could also be furnished in situ via aerobic oxidation of allylic alcohol. The

same group described a one-pot transformation of 3-arylprop-2-en-1-ol derivatives

54 into tetrahydroquinolines 55 via a sequence of Ru(VII)-catalyzed aerobic

oxidation/1,5-hydride transfer/cyclization (Scheme 19, b) [99], in which an in situ

generated enal served as hydride acceptor. TMS substituted prolinol ether 56 was

exploited as chiral catalyst, achieving high levels of enantioselectivity. Addition-

ally, the saturated aldehyde 57 could be employed as the precursor of hydride

acceptor, which was transformed in situ to a,b-unsaturated iminium II via Pd(II)-

catalyzed aerobic oxidation (Scheme 19, c). Via a cascade Saegusa-type oxidative

enamine catalysis/1,5-HT/cyclization sequences, which was catalyzed by Pd(II) and

prolinol ether 56 in a relay style [100], tetrahydroquinolines 55 was prepared in

Scheme 19 Organocatalyzed enantioselective C–H bond functionalization via cascade [1,5]-HT/ring
closure
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moderate yields and high levels of enantioselectivity. Furthermore, the electrophilic

a,b-unsaturated iminium II could also be generated under metal-free oxidation

condition (Scheme 19, d) [101]. The same group reported a Jørgensen catalyst 56-
catalyzed enantioselective three-step cascade reaction of substrate 57 involving

oxidation/[1,5]-hydride transfer/ring closure, [102] in which IBX was exploited as

oxidative agent to transform enamine to hydride acceptor II, furnishing tetrahy-

droquinolines 58 in moderate yields, moderate-to-high diastereoselectivities and

excellent enantioselectivities.

A similar reaction could also be implemented with enone 58 as hydride acceptor.

This time, Kim et al. employed chiral primary amine 59 as chiral catalyst to prompt

the cascade process [103], affording tetrahydroquinine derivatives 60 in moderate

yields and with high enantioselectivities (up to 97 % ee) (Scheme 20).

Yuan et al. reported a FeCl3-catalyzed stereoselective cascade [1,5]-HT/ring

closure of 61, furnishing structurally diverse spirocyclic oxindolyl tetrahydroquino-

lines 62 bearing contiguous quaternary or tertiary stereogenic carbon centers in high

yields and with good diastereoselectivities (Scheme 21) [104]. The asymmetric

reaction could be catalyzed by chiral phosphoric acid 63 (20 mol%), affording the

enantio-enriched tetrahydroquinoline in 95 % yield, 94:6 dr and 54 % ee

(R1 = CO2Et, R2, R3 = butylene, R4 = H). The same reaction was further

Scheme 20 Chiral primary amine-catalyzed asymmetric synthesis of tetrahydroquinolines via 1,5-
HT/cyclization

Scheme 21 FeCl3-catalyzed synthesis of spirooxindole tetrahydroquinolines
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investigated by Feng et al. with his well-known chiral N, N0-dioxide-scandium
complex 14 [105], resulting in the optically active spirooxindolyl tetrahydroquino-

lines 62 in good yields (up to 97 %) with excellent diastereoselectivities ([20:1)

and enantioselectivities (up to 94 % ee). Strong chiral memory effect was found

using a chiral substrate.

If two or more hydride donators and acceptors are available in the substrate,

multiple cascade processes will occur to furnish complex cyclic products. Akiyama

et al. reported a fascinating Yb(OTf)3-catalyzed double C(sp3)–H bond function-

alizations of benzylamine derivative 64 through a sequential dual hydride

shift/cyclization process, which carries two potential hydrogen donors, i.e.,

methylene a and methylene b (Scheme 22) [106]. The key feature was the initial

hydride shift ([1,4]- or [1,6]-hydride shift), which was completely controlled by the

bulkiness of a substituent of trifluoromethyl ketone. Through variation of the R

group of ketone, the sequence of functionalization of two potential hydrogen donors

could be totally reversed. A bicyclo[3.2.2]nonane skeleton 65 afforded from the

substrate 64a with trans-a,b-unsaturated trifluoroacetyl group (R1=H) by a

sequential [1,6]-and [1,5]-hydride shift process (equation A). On the other hand, a

[1,4]- and [1,5]-hydride shift occurred successively in the substrate 64b with a

benzyl group a to a trifluoroacetyl group, resulting in the formation of bicyclic

product 66 (equation B). The regioselectivity of initial C(sp3)–H activation was

elegantly rationalized by Akiyama via DFT calculation and theoretical studies

revealed that the resonance stabilization in the benzylidene carbonyl moiety and the

steric repulsion of the a-substituent (R) were the key to change the reaction course.

The enone could be prepared in situ via Knoevenagel condensation. Wang et al.

reported a ZnCl2-catalyzed tandem Knoevenagel condensation/1,5-hydride shift/cy-

clization of o-aminiobenzaldehyde 67 with substrate 68 carrying reactive methylene

Scheme 22 Double C(sp3)–H bond functionalization mediated by sequential hydride shift/cyclization
process for construction of polyheterocycles
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(Scheme 23) [107], which produced spiropyrazolo-terahydroquinoline derivatives

69 in good to high yields with good to excellent diastereoselectivities (up to 95 %

yield,[95:5 dr). The strong Lewis acid, i.e., ZnCl2, could not only facilitate the

formation of enone I and enolate II but also increase the electrophilicity of enone by
chelation of the carbonyl of enone to promote 1,5-hydride shift.

3.4 Saturated Aldehydes and Imines as the Hydride Acceptors

The C–H bond can be functionalized not only into C–C bond but also into C–O

bond and C–N bond via similar cascade processes. Mátyus et al. reported a

microwave-assisted synthesis of tricyclic angularly annulated aminal 71 from ortho-

dialkylaminobenzaldehdyde 70 with H2O as solvent (Scheme 24) [108, 109]. Even

though the reaction was conducted under harsh conditions, i.e., at 210 �C for 50 min

and employment of stoichiometric K2CO3, aminal 71 could only be obtained in low

yield. According to the report by Maulide et al., Lewis acidic condition should be

beneficial to the transformation [110], which was not investigated in Mátyus’ report

The annulated aminal can be employed as unstable intermediate for further C–H

functionalization of tertiary amines. Maulide et al. described a Sc(OTf)3-catalyzed

one-pot C–H functionalization of cyclic tertiary amines 72, in which the sacrificial

reduction of a neighboring carboxaldehyde group directed addition of Grignard

reagents and lithium alkynyl trifluoroborates to the a-position of amine moiety,

resulting in the corresponding a-functionalized products 74 and 740 bearing a wide

range of appendages in good to excellent yields. (Scheme 25) [110]. Basically, the

formation of 73/730 from 72 is under thermodynamic control and 73 is the

Scheme 23 ZnCl2-catalyzed
construction of spiropyrazolo-
tetrahydroquinolines via cascade
[1,5]-HT cyclization sequence

Scheme 24 Microwave-assisted synthesis of tetrahydroquinoline applying the tert-amino effect

123

Top Curr Chem (Z) (2016) 374:17

Reprinted from the journal 223



thermodynamically favored product. The aminals 73 and 730 can be reversed to

intermediate I and II, thus an equilibrium for interconversion exists between 73 and

730. The more favorable iminium intermediate I (stabilized by more substituents)

and less favorable iminium intermediate II can be trapped by more nucleophilic

reagents, leading to the final stable products 74 and 740, respectively.
Sames et al. reported a highly active TiF4-catalyzed intramolecular hydro-O-

alkylation of aldehyde substrate 75 (Scheme 26), via which the N-protected

pyrrolidine substrate 75 was transformed into a cis-fused bicyclic aminal 76 as a

single diastereomer [37]. Because of the electron-withdrawing nature of carbamate

and less activity of secondary C–H bond, the employment of highly active and

oxophilic TiF4 with high catalyst loading (1.3 eq) was crucial for successful

transformation, which resulted in the fused aminal in 68 % yield and good

diastereoselectivity (C50:1).

The in situ-generated iminium could also be exploited as hydride acceptor, via

which inert C(sp3)–H bond could be functionalized to C–N bond efficiently. Seidel

et al. reported a trifluoroacetic acid-catalyzed cascade [1,6]-hydride transfer/cy-

clization of 77 to synthesize 7,8,9-trisubstituted dihydropurine derivatives 78
(Scheme 27) [73]. TFA plays two roles in this process: (1) promotion of imine

formation and (2) protonation of imine for acceleration of the hydride shift process.

Meth-Cohn and Volochnyuk et al. reported similar reactions in 1967 [71] and 2007,

respectively [72].

The same group also described a TfOH-catalyzed one-pot synthesis of aminals 81
from o-aminobenzaldehydes 79 and primary aromatic or aliphatic amines 80
(Scheme 28) [111]. The protonated imine I worked as hydride acceptor. Almost at

Scheme 25 Sc(OTf)3-catalyzed intramolecular redox-triggered C–H functionalization

Scheme 26 TiF4-catalyzed
hydro-O-alkylation of aldehydes
via cascade [1,5]-HT/cyclization
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the same time, Akiyama et al. reported a similar catalytic approach to synthesize

quinazolines and TsOH�H2O was identified as the optimal catalyst [112].

Ketoesters could be exploited to generate iminium intermediate employed as

hydride acceptor. Gong et al. reported a chiral Brønsted acid 85-catalyzed
asymmetric cascade [1,5]-hydride transfer/cyclization of 2-pyrrolidinyl phenyl

ketoesters 82 with anilines 83, which produced the enantio-enriched cyclic aminals

84 (Scheme 29) [113]. The iminium subunit in intermediate I served as hydride

acceptor, which was generated in situ through the condensation of o-aminoben-

zoketone 82 with aniline 83 in the presence of 85.
Seidel et al. also reported a metal-free one-pot a-amination of cyclic secondary

amines 78 with 2-aminobenzaldehyde 77, which efficiently furnished ring-fused

Scheme 27 Synthesis of 7,8,9-
trisubstituted dihydropurine
derivatives via tert-amino effect
cyclization

Scheme 28 Synthesis of cyclic
aminals via cascade 1,5-hydride
transfer/cyclization

Scheme 29 Asymmetric sp3 C–
H functionalization via a chiral
Brønsted acid-catalyzed redox
reaction
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aminals 79 in good yields (Scheme 30) [64–66]. Both the electronic structure and

the geometry of the amines have profound effects on reactivities and yields. Via an

extensive exploration of possible pathways using DFT calculations based on the

original experimental results, Seidel and Houk proposed an unusual mechanism

involving cascade [1,5]-proton transfer/cyclization [66]. Initially amino-benzalde-

hyde 77 reacts with secondary amine 78 to furnish hemi-aminal I, which undergoes

subsequent dehydration to give quinoidal intermediates II. The nucleophilic imine

subunit then abstracts a proton from the methylene adjacent to tert-amine moiety

([1,6]-proton shift), resulting in azomethine ylide III, which is rapidly protonated by

ethanol. Subsequently, IV is furnished via internal proton transfer and finally ring-

fused aminal 79 is formed by intramolecular nucleophilic attack. Dang and Bai et al.

also reported a similar cascade process for preparation of tetrahydro-pyrimido[4,5-

d]pyrimidine [114].

The electrophilic iminium could also be prepared in situ from alkyne via gold

catalysis. Gong et al. disclosed a catalytic domino hydroamination/redox reaction,

which could directly assemble the tertiary amine substituted 3-en-1-yne derivatives

80 and various amines 81 into cyclic aminals 82 in excellent yields and moderate to

high diastereoselectivities by using the combination of gold(I) complex and TfOH

(Scheme 31) [115]. Theoretically, terminal alkyne 80 undergoes gold(I)-catalyzed

intermolecular hydroamination with aniline 81 to give imine intermediate II, which
is protonated by Brønsted acid to give electrophilic iminium species III; this

intermediate then undergoes a subsequent [1,5]-hydride transfer to generate a

transient intermediate IV, which ultimately suffers an intramolecular nucleophilic

attack to afford 82. The asymmetric version could be facilitated by over-

stoichiometric chiral phosphoric acid and 5 mol% Ph3PAuNTf2, giving rise to

enantio-enriched 82 in high yield and excellent enantioselectivity.

3.5 Electrophilic Metal Carbenoids as the Hydride Acceptors

As an electrophilic species, metal carbenoid can also serve as an ideal hydride

acceptor. Saa et al. elegantly demonstrated a [Cp*Ru(cod)Cl]-catalyzed cyclization

of protected alkynyl pyrrolidine 83, which furnished 1-Azaspiro[4,4]-nonane 84
carrying versatile TMS moiety as a single diastereomer in good yield (Scheme 32)

[76]. Mechanistically, the ruthenium carbenoid I is afforded from N2CHTMS and

[Cp*Ru(cod)Cl], which undergoes cycloaddition with 83 to give

Scheme 30 Synthesis of ring-fused aminals via cascade [1,6]-proton transfer/cyclization
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metallacyclobutene II. A subsequent ring opening of II leads to the electrophilic

Ru-vinyl carbenoid III, which suffers [1,5]-hydride shift to furnish intermediate IV.
Ultimately, an intramolecular nucleophilic attack gives rise to the spiro product 84.

C3-linked piperidine 85 was also readily cyclized under the optimal condition

with less reactive secondary C–H bonds a to protected secondary amine as the

hydride donor, furnishing the fused bicyclic piperidine 86 in good yields

(Scheme 33).

Scheme 31 Catalytic enantioselective tert-aminocyclization by asymmetric binary acid catalysis

Scheme 32 Intramolecular a-alkylation of C(2)-linked pyrrolidine by catalytic ruthenium carbene
insertion

Scheme 33 Intramolecular a-alkylation of C(3)-linked pyrrolidine by catalytic ruthenium carbene
insertion
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3.6 Other Electrophiles as the Hydride Acceptors

The in situ-generated carbocation can be exploited as a good hydride acceptor.

Zhang et al. reported an enantioselective catalytic intramolecular redox reaction of

yne-enones 87 in the presence of Au(I) catalyst and chiral ligand 89, affording
7-membered tetrahydroazepines 88 in high yield and with high to excellent

enantioselectivity (Scheme 34) [41, 79]. Compared with relatively inactive C–H

bond a to tert-amine, oxygen of carbonyl is more nucleophilic and ready to attack

the electrophilic alkyne activated by Au(I) catalyst. Basically, alkynophilic

Au(I) catalyst triggers a heterocyclization (first cyclization) by activation of the

alkyne to generate the furanyl carbocationic subunit in intermediate II, which is

exploited as the hydride acceptor.

Nitroalkene is a versatile electron-deficient olefin, which might be exploited as

the hydride acceptor as well. The cascade process was investigated by Jordis et al.

with (E)-1-(2-(2-nitrovinyl)phenyl)pyrrolidine 90 as the substrate (Scheme 35)

[116]. This transformation could be accomplished under thermal conditions

(118 �C) in 80 h, leading to the cyclized product 91 and 910 in 39 % yield (syn/

anti = 12: 1).

Nitroalkene could also be activated by Lewis acids, e.g., Sc(OTf)3, Yb(OTf)3,

and Zn(OTf)2 to increase its electrophilicity. According to the unpublished result in

Pfaltz group, the cascade process could be facilitated by Yb(OTf)3, which furnished

the cyclized product 91 in 60 % yield at 80 �C within 12 h (Scheme 36). The

transformation was diastereospecific and only anti diastereomer was observed. The

diastereoselectivity can be explained through Zimmer–Traxler transition state II in
which the orientation of substituents would be pseudoequatorial, leading to the anti-

product via intramolecular nucleophilic attack.

The electrophilic vinylogous iminium could also be exploited as hydride

acceptor. Seidel et al. reported a diphenyl phosphate (DPP)-catalyzed cascade [1,5]-

hydride shift/cyclization with doubly nucleophilic indole 93 and o-aminobenzalde-

hydes 92 as substrates, which gave rise to 7-membered rings 94 in good to excellent

yields (Scheme 37) [80]. Mechanistically, the acid-catalyzed reaction of aldehyde

92 with indole 93 initially furnishes the electrophilic vinylogous iminium I via

Scheme 34 Enantioselective
Au-catalyzed selective
formation of ring-fused
tetrahydroazepines
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sequential Friedel–Crafts reaction and dehydration. A subsequent intramolecular

[1,5]-hydride transfer leads to electrophilic iminium II, which traps nucleophilic C2

of indole to afford 7-membered product 94.
Sun and Xu et al. reported a Brønsted acid-catalyzed cascade dehydration/1,5-

hydride shift/cyclization of 2-arylpyrroles 95 and 2-(pyrrolidin-1-yl)-, 2-(piperidin-

Scheme 35 Synthesis of nitro-substituted tetrahydroquinoline via [1,5]-HT/cyclization under thermal
conditions

Scheme 36 Lewis acid-
catalyzed synthesis of nitro-
substituted tetrahydroquinoline
via [1,5]-HT/cyclization

Scheme 37 Brønsted acid-
catalyzed redox-neutral indole
annulation cascades

Scheme 38 Brønsted acid-
catalyzed synthesis of 1,2-
pyrrole-annulated benzazepines
through a redox-neutral domino
reaction
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1-yl), or 2-morpholinobenzaldehydes 96 (Scheme 38) [117], which produced

structurally diverse 7-membered 1,2-pyrrole-annulated benzazepines 97 in yields of

25–65 %. Both the initial Friedel–Crafts reaction and subsequent dehydration were

promoted by PTSA, resulting in the carbocationic intermediate II, which served as

hydride acceptor.

The same group also reported a PTSA-catalyzed synthesis of spiroindolenines

100 from 2-substituted (Me, Et) indoles 98 and 2-(pyrrolidin-1-yl)benzaldehydes 99
via a [1,5]-hydride shift/cyclization sequence with good to excellent yields and

moderate diastereoselectivity (dr 3.5:1)(Scheme 39) [118]. The major diastereoiso-

mer product could be readily obtained with up to[20/1 d.r. by simple washing with

isopropyl ether after flash chromatography. Similar to Seidel’s report, the in situ-

generated vinylogous iminium intermediate I served as the hydride acceptor, which

underwent subsequent [1,5]-hydride transfer and cyclization to furnish spiroin-

dolenines 100. As C2 of indole moiety was substituted by an alkyl group, the more

nucleophilic C3 will attack the iminium moiety instead, resulting in the

dearomatization of indole subunit.

Gong et al. discovered a MsOH-catalyzed cascade oxidation/C(sp3)–H function-

alization of unactivated terminal alkynes 101 with 102 as the oxidant, which yielded

2,3-dihydroquinolin-4(1H)-ones 103 (Scheme 40) [119]. Mechanistically, the

nucleophilic nitrogen atom initially captures a proton that is delivered to alkynes

subsequently. Intermediate I is formed by dearomatization of styrene cation.

Afterwards, two possible pathways might operate to afford the final products. In

path A, the nucleophilic attack of pyridine-N-oxide onto intermediate I generates

enolate II, which undergoes sequential delocalization and [1,5]-hydride transfer/

ring-closure to furnish a final intermediate III. The interaction between methane-

sulfonic anion and pyridine cation in III facilitates C–H and N–O bonds cleavage to

afford 103. In path B, the hydride of intermediate I migrates preferentially, which is

followed by cyclization and nucleophilic attack of pyridine-N-oxide onto benzylic

cation IV, resulting in the intermediate III.

Scheme 39 Brønsted acid-catalyzed synthesis of spiroindolenines via [1,5]-hydride shift/cyclization
sequence
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Harmata et al. developed an intramolecular redox C–H activation process of

alkenyl sulfoximines to synthesize 4- and 6-membered heterocycles 106 and 105
(Scheme 41) [120]. Terminal alkene activated by sulfoximines worked as hydride

acceptor and allylic C–H bond served as hydride donor. Notably, the reaction time

strongly influenced the formation of final products. When 104 was refluxed in

toluene for 3.5 h, the 4-membered cyclic species 106 could be obtained in 41 %

yield as the major product; whereas if the reaction was refluxed for around 24 h,

6-membered thiazines 105 were isolated as a mixture of diastereomers in 40 %

yield. Mechanistically, an intramolecular [1,5]-hydride migration operates initially,

leading to zwitterionic intermediate I. Subsequent ring closure can be formulated as

the intramolecular collapse of the zwitterionic intermediate I or II. The formation of

4-membered product 106 might be kinetically favorable and reversible. Although

intermediate II might be less stable than intermediate I for the reason that the allylic

Scheme 40 Metal-free
oxidation/C(sp3)–H
functionalization of unactivated
alkynes

Scheme 41 C–H activation in S-alkenyl sulfoximines
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positive charge in intermediate I can be dispersed by more substituents, the

conversion of 4-membered 106 to 105 is thermodynamically favorable and the

driving force might be the release of cyclic strain of 106.
Nitrones have been widely exploited in various cycloaddition reactions.

Intriguingly, these electrophilic species can also serve as the hydride acceptors.

Sun and Xu et al. reported an expeditious access to structurally diverse

oxadiazepines 108 via 1,5-hydride shift/cyclization of pyrrolidine- or tetrahydroiso-

quinoline-containing nitrones 107 with nitrones as hydride acceptors and AlCl3 was

exploited as Lewis to promote the cascade process (Scheme 42) [121]. Furthermore,

the nitrone 107 could be furnished in situ, which underwent subsequent 1,5-hydride

shift, and ring cyclization through a one-pot process to afford 108 in good yields.

4 C(sp3)–H Bond Adjacent to Ethereal Oxygen as The Hydride Donors

In addition to the C–H bond adjacent to tert-amino moieties, methylene (or methine)

adjacent to ethereal oxygen could also be employed as hydride donor. As discussed

in the section of mechanistic insight, the C–H bond adjacent to ethereal oxygen is

less reactive than that adjacent to tert-amine, thus more reactive hydride acceptors

are required.

4.1 Electrophilic Benzylidene Malonates and Their Derivatives
as the Hydride Acceptors

Sames et al. reported a Sc(OTf)3-catalyzed intramolecular hydroalkylation of

isolated electron-deficient olefins (Scheme 43) [95]. Tetrahydropyrans or tetrahy-

drofurans carrying C(2)-linked a, b-unsaturated malonate side chain 109 and 111
were employed as substrate to furnish the spiroether product 110 and 112 in

excellent yields. Notably, germinal substitution along the olefin tether was not

required for efficient annulation for the reason that benzylidene malonate activated

by Sc(OTf)3 were reactive enough, thus higher conformational rigidity to increase

the reactivity of hydride acceptor was not indispensable [96].

Scheme 42 Construction of
oxadiazepines via Lewis acid-
catalyzed tandem 1,5-
HT/cyclization
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The same group also reported a Sc(OTf)3-catalyzed [1,5]-hydride transfer/cy-

clization of ortho-vinylaryl alkyl ethers 113, via which highly substituted

dihydrobenzopyran 114 could be prepared in excellent yields (Scheme 44) [122].

SnCl4 could also be employed as Lewis acid to efficiently catalyze the cascade

process for synthesis of a benzopyran skeleton 116 from benzyloxy benzylidene

malonate 115 (Scheme 45) [123]. Notably, the methyl ortho to the alkoxy group or

the benzylidene moiety could enhance the reactivity drastically compared with non-

substituted substrate. This remarkable enhancement of the reactivity could be well

rationalized by following two factors: (1) the conformational behavior of the

benzyloxy group and (2) the ‘‘buttressing effect’’. In the case of 115 having an o-

methyl group, the conformational equilibrium largely shifted to the left conformer

115a because of the severe steric repulsion. As a consequence, the ‘‘buttressing

effect’’ between the methyl group and the benzyloxy group made the hydrogens on

the benzyl group much closer to benzylidene electrophilic carbon. As a result of the

synergetic effect of these two factors, hydride can be delivered more readily to the

acceptor, thus both catalyst loading and reaction time could be dramatically

reduced.

4.2 Electrophilic Activated Alkyne and Allene as the Hydride Acceptors

Yamamoto et al. reported a PtBr2-catalyzed cyclization of 1-ethynyl-2-(1-alkoxy-

but-3-enyl)-benzenes 117, which furnished functionalized indenes 118 in good to

allowable yields (Scheme 46) [124]. Notably, the allyl group substituted at benzylic

position was indispensable for the success of this cyclization, without which the

reaction did not work at all. This observation suggests that the coordination of olefin

to platinum at a right position/geometry might be essential for the indene formation.

Chatani et al. employed other alkynophilic metals such as PtCl2, PtCl4, and

[RuCl2(CO)3]2 to catalyze the cyclization of non-allyl substituted 1-ethynyl-2-(1-

Scheme 43 Sc(OTf)3-catalyzed
C–H functionalization of cyclic
ether via [1,5]-HT/cyclization

Scheme 44 Sc(OTf)3-catalyzed
hyrdroalkylation via [1,5]-
HT/cyclization
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alkoxyalkyl) benzenes 119 and 121 under mild condition, via which the desired

indenes 120 and 122 were furnished in high yields (Scheme 47) [40]. In contrast to

Yamamoto’s results [124], the substrates without allyl group still worked well.

The same group also investigated catalytic cyclization of 2-alkyl-1-ethynylben-

zene derivatives carrying silyl ether groups as in 123 and 125 (Scheme 48) [40]. In

contrast to Liu’s result [44], when silyl ether-substituted 2-methy-1-ethynylbenzene

was subjected to the reaction, only silyl ether-substituted indenes 124 and 126 were

afforded in good to excellent yields.

Liu et al. also reported a TpRuPPh3(CH3CN)2�SbF6-catalyzed cyclization of

2-alkyl-1-ethynylbenzenes 127 bearing a siloxy group, which produced syntheti-

cally valuable 1-indanones 128 or 1H-1-indenols 129 in reasonable yields and in

short periods (Scheme 49) [44]. Basically, terminal alkyne subunit is transformed to

ruthenium-vinylidene I initially, which undergoes a [1,5]-hydride shift to give

ruthenium-containing 1,3,5-hexatriene II. A subsequent 6p-electrocyclization of

intermediate II furnishes ruthenium-containing cyclohexadiene III, which suffers

reductive elimination to produce 1-substituted-1H-indene 128. Afterwards, the

cationic ruthenium catalyst attacks C(2) carbon of indene to form benzyl cation IV,

Scheme 45 Remarkable
enhancement of reactivity by an
ortho substituent

Scheme 46 PtBr2-catalyzed
cyclization of allyl(o-
ethynylaryl) carbinol derivatives

Scheme 47 Alkynophilic
metal-catalyzed cyclization of
non-allyl substituted 1-ethynyl-
2-(1-alkoxyalkyl)-benzenes
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followed by [1,2]-hydride shift to afford ruthenium cyclopentylidene V. Ultimately,

1-indanone 129 is produced via a second hydride shift and hydrolysis.

Liang et al. reported a PtCl2-catalyzed transformation of 3-(2-alkyl)phenyl-

propynyl acetate 130 to prepare naphthalenyl acetate 131 (Scheme 50) [45]. The

electrophilic Pt–allene complexes formed in situ worked as hydride acceptors.

Mechanistically, the Pt(II)-promoted [1,3]-OAc shift leads to the formation of

platinum-activated allenyl ester I, which undergoes a [1,5]-hydride shift to form

1,3,5-hexatriene II. A subsequent 6p-electrocyclic ring closure affords intermediate

Scheme 48 Catalytic
cyclization of 2-alkyl-1-
ethynylbenzene derivatives
carrying silyl ether groups to
indenes

Scheme 49 Ruthenium-catalyzed cyclization of 2-alkyl-1-ethynylbenzene carrying a silyl ether group

Scheme 50 Synthesis of naphthalenyl acetate from propargylic esters via Pt-catalyzed [1,5]-
HT/cyclization
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III, which further eliminates the methoxy group, resulting in rearomatization to

afford 131.
Liu et al. reported a PPh3AuCl/AgSbF6-catalyzed cycloisomerization of allenene

acetal functionality 132, via which bicyclo[3.2.1]oct-6-en-2-ones 133 were prepared
in high yields, high chemoselectivities, and high stereoselectivities (Scheme 51)

[125]. In most cases, only one single stereoisomer of the resulting cyclic products

was formed despite their molecular complexities. Mechanistically, substrate 132
initially undergoes Au(I)-catalyzed allene cyclization to give electrophilic Au(I)-

alkenyl carbenoid I, which abstracts acetalic hydride through [1,5]-hydride transfer,

leading to the formation of Au(I)-g1-allyl species II containing a dimethoxymethyl

cation. A subsequent SE2
0 addition of Au(I)-g1-allyl functionality at this oxocar-

beniums opposite the neighboring methyl group affords tricyclic species III with its

methyl group on the same side as the adjacent hydrogen and ethyl group. A final

acid-catalyzed deprotection leads to 133.
Urabe et al. described a Rh2(TFA)4-catalyzed cyclization of alkynyl ethers 134,

which afforded dihydropyrans 135 in good yield (Scheme 52) [126]. Ring closure

proceeded in a highly regioselective manner, and no isomeric five-membered

product 136 was detected. Notably, the sulfonyl moiety was critical for the success

of this reaction. Mechanistically, initial coordination of Rh(II) to alkyne subunit

generates a cationic carbon b to sulfonyl group, which abstracts a hydride from

methylene a to ethereal oxygen, generating a zwitterionic intermediate III. A final

intramolecular nucleophilic attack furnishes the product 135.
Sames et al. developed an a-alkenylation of cyclic ethers to synthesize both

annulation and spirocyclization products (Scheme 53) [39]. Four types of electron-

ically diverse hydride donors were investigated and remarkably the selection of

suitable catalysts was crucial to the success of cascade processes. As to substrate

137, in which relatively unreactive secondary C–H bond was exploited as hydride

donor, no aromatic group was available to stabilize the oxocarbenium generated via

[1,5]-HT. Hypervalent platinum catalyst PtI4 was the optimal catalyst, which

affected complete conversion of 137 to furnish the product 138 in 86 % yield,

whereas PtI4 only led to complete decomposition of 141 despite higher reactivity of

Scheme 51 Gold-catalyzed stereoselective synthesis of bicyclo[3.2.1]oct-6-en-2-ones
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its tertiary C–H bond. Less active platinum catalyst K2PtCl4 was the optimal

catalyst to produce spirocycles 142 in 70 % isolated yield. With K2PtCl4 as catalyst,

substrate 143 could also be transformed into fused product 144 in 62 % yield.

Although hydride donor in 143 was a less active secondary C–H bond, the

Scheme 52 Rhodium-catalyzed
intramolecular redox reaction of
alkynyl ethers

Scheme 53 Platinum-catalyzed a-alkenylation of cyclic ethers based on cascade [1,5]-HT/cyclization

Scheme 54 Gold(I)-catalyzed a-alkylation of C(2)-linked terminal alkynyl ethers
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oxocarbenium generated upon [1,5]-HT could be stabilized by adjacent phenyl

group, thus less active K2PtCl4 could facilitate the conversion. The brominated

derivative 139 gave a lower yield of compound 140 (33 %) even though highly

active PtI4 was employed, showing a considerable sensitivity of this reaction to

electron-withdrawing substituents, particularly in para- and ortho-position due to

their destabilization of oxocarbenium intermediates. Theoretically, the platinum

vinylidene I is formed initially, followed by through-space [1,6]-hydride transfer to

produce zwitterionic intermediate II, which affords the final product via a sequential
C–C bond formation and platinum salt elimination.

Gagosz et al. reported Au(I) catalyst 147-catalyzed alkylation of alkynyl ethers

which produced cyclohexane 146 as major product (Scheme 54) [127]. Theoret-

ically, the electrophilic activation of the alkyne 145 by Au(I) initiates a [1,5]-

hydride shift to furnish oxocarbenium ion I, interaction of which with the pendant

nucleophilic vinyl-gold moiety affords cyclopropenium intermediate II. Carboca-
tion IV, which would finally collapse into cyclohexene 146 after elimination of the

gold(I) catalyst might be generated via a [1,2]-alkyl shift on Au-carbene

intermediate III.
In contrast to C(2)-linked terminal alkynes 145, gold-catalyzed alkylation of

C(3)-linked tetrahydrofurans bearing terminal alkyne functions 148 mainly led to

the formation of major product exo-methylene cyclopentanes 149 and minor

products 150 (Scheme 55). This reversed selectivity might be explained by the

relative stability of intermediates III and V. Steric constrains should be weaker for

the fused bicyclic intermediate V (in Scheme 55) than intermediate III (in

Scheme 54), thus allowing a rapid [1,2]-hydride shift, which leads to VI rather than
a [1,2]-alkyl shift, which leads to III.

Gold-activated allene can also be employed as hydride acceptor. Gagosz et al.

demonstrated that a phosphite gold complex 154-catalyzed intramolecular

hydroalkylation of allenes 151, which afforded the spiro compound 152 and

undesired fused bicyclic compound 153 in 30 and 61 % yields, respectively

(Scheme 56) [128]. The selectivity could be reversed if HNTf2 was exploited.

Scheme 55 Gold(I)-catalyzed a-alkylation of C(3)-linked terminal alkynyl ethers
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Under Brønsted acidic condition, the transformation was slower but furnished

exclusively the desired spiro compound 152 in an excellent yield. The two reactions

under Au(I) or Brønsted acid catalysis proceeded under very mild conditions in a

stereoselective manner and two new contiguous asymmetric centers were formed.

A similar complete divergence in product selectivity was observed when the

substrates 155 possessing a benzyl ether moiety were treated with either gold

complex 154 or HNTf2 (Scheme 57) [128]. Under gold catalysis, tetrahydropyran

157 was obtained in 94 % yield, while tetrahydropyran 156 was produced in 84 %

yield with HNTf2 as the catalyst. The stereoselective formation of compound 156
can be explained by the highly ordered chair-like transition state IV, which leads to

carbocation V from oxocarbenium I. The relative trans relationship between the

phenyl and isopropenyl substituents in product 156 results from the pseudoequa-

torial orientation of the phenyl and isopropylidene group in transition state IV. An
analogous disposition explained the cis relationship between the phenyl group and

the alkyl substituent at C(6).

4.3 Electrophilic a, b-Unsaturated Aldehydes and Ketones as the Hydride
Acceptors

The electrophilicity of alkene subunit of a, b-unsaturated aldehydes can be

dramatically increased if activated by BF3�Et2O, which serves as an ideal hydride

Scheme 56 Gold and Brønsted acid-catalyzed hydride shift onto allenes

Scheme 57 Gold and Brønsted acid-catalyzed a-alkylation of benzyl ether
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acceptor. Sames et al. described a BF3�Et2O-catalyzed intramolecular hydroalky-

lation reaction of a, b- unsaturated aldehydes 158, via which spirocycles 159 could

be furnished in good yields at ambient temperature as a mixture of diastereomers

(Scheme 58) [95].

In addition to tertiary C–H bonds, secondary C–H bonds could also be directly

functionalized (Scheme 59) [95]. Compared with tertiary C–H bond, secondary C–

H bond was less reactive, therefore more active Lewis acid, i.e., PtCl4 (10 mol%)

was employed to facilitate hydroalkylation of enal 160, giving rising to the fused

annulation product 161 in 40 % yield and good diastereoselectivity (dr[15: 1).

In addition to the more active a, b-enal, hydroalkylation of less active enones 162
also proceeded smoothly (Scheme 60) [95]. Under the catalysis of 30 mol% of

BF3�Et2O and with comparatively active tertiary C–H as hydride donor, the

substrate 162a or 162b carrying a, b-unsaturated methyl and phenyl ketone units

were efficiently transformed into spirocycles 163a and 163b, respectively, in

excellent yields and moderate diastereoselectivities.

The 2,3-disubstituted tetrahydropyran 165 could be obtained in high diastere-

oselectivity via treatment of acyclic ether 164 with a substoichiometric amount of

BF3�Et2O at elevated temperature (Scheme 61) [95]. The less active secondary C–H

bond acted as hydride donor and less active methyl ketone was employed as hydride

acceptor. Because the oxocarbenium could be stabilized by adjacent phenyl group,

relatively mild Lewis acid BF3�Et2O (75 mol%) was active enough to promote the

cascade process efficiently, resulting in the formation of desired product 165 in high

yield (90 %) and good diastereoselectivity (dr[15: 1).

A simple and economical intramolecular hydroalkylation of olefins was elegantly

demonstrated by Sames et al. based on the generation of highly reactive alkenyl-

oxocarbenium intermediates I in situ from acetals (Scheme 62) [38]. Under the

catalysis of BF3�Et2O, the cyclic product 167 could be obtained in good yield and

diastereoselectivity from acetal 166 within 1 h. Direct comparison of 166 to the

corresponding unprotected aldehyde showed a drastic increase in both reactivity and

chemical yield, as well as an improvement in diastereoselectivity. Theoretically,

BF3�Et2O opens cyclic acetal 166 to generate oxocarbenium intermediate I, which
activates conjugated alkene moiety for subsequent hydride abstraction. After

hydride transfer, the resulting oxocarbenium-enol ether intermediate II undergoes

rapid C–C bond formation and the acetal can be reformed from the new

oxocarbenium species III, producing 167. The observed high stereoselectivity can

Scheme 58 BF3�Et2O-
catalyzed intramolecular
hydroalkylation of isolated a,b-
enals
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be explained by the favorable transition state II in which all the substituents are in

equatorial positions.

The intramolecular hydroalkylation of enones could be readily implemented as

well via this strategy (Scheme 63) [38]. The addition of ethylene glycol had a

dramatic effect on the reaction rate as demonstrated in the cyclization of enones

168; the reaction could be completed within 12 h, furnishing the cyclized products

Scheme 59 PtCl4-catalyzed
intramolecular hydroalkylation
of isolated a, b-enals

Scheme 60 BF3�Et2O-
catalyzed intramolecular
hydroalkylation of isolated a,b-
unsaturated ketones

Scheme 61 BF3�Et2O-
catalyzed intramolecular
hydroalkylation of a,b-
unsaturated ketones

Scheme 62 BF3�Et2O-
catalyzed alkylation through
highly activated alkenyl-
oxocarbenium intermediates

Scheme 63 BF3�Et2O-
catalyzed C–H bond
functionalization with enone as
hydride acceptors
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169 in good yields but with low diastereoselectivities. This strategy could not only

drastically increase the reaction rate but also improve the isolated yields and

stereoselectivities.

Tu et al. reported a Macmillan’s catalyst 172-catalyzed asymmetric a-alkylation
of tetrahydrofuran 170 containing an a,b-unsaturated aldehyde, via which chiral

spiroether 171 could be prepared (Scheme 64) [129]. The sequential [1,5]-hydride

transfer/cyclization was facilitated via cascade iminium/enamine activation. The

presence of strong acid was indispensable to ensure sufficient electrophilicity of the

iminium intermediate. Theoretically, substrate 170 reacts with 172 to give iminium

intermediate I. Owing to the steric interaction of the bulky tert-butyl group, the

E enamine II is formed preferentially upon [1,5]-HT, which exists in two possible

conformers III and IV. Because of dipole repulsion between the cyclic-oxocarbe-

nium and enamine moieties in conformer III, IV is the more favored conformer,

which undergoes intramolecular C–C bond formation to afford the final product

171.

4.4 Saturated Aldehyde and Ketone as the Hydride Acceptors

Sames et al. described a BF3�Et2O-catalyzed intramolecular hydro-O-alkylation of

aldehyde substrates 173, which led to spiroketal products 174 (Scheme 65) [37].

Because oxocarbenium generated upon hydride migration is also a highly electron-

deficient species, which would compete for hydride with aldehyde, thus how to

deliver hydride to acceptor is challenging. Sames’ protocol to address this problem

was to employ BF3�Et2O (30 mol%) for activation of carbonyl of 161, rendering
hydride acceptor more electrophilic to ‘‘snatch’’ hydride. Tetrahydropyran substrate

173 could be converted to spiroketal 174 in high isolated yield at ambient

temperature. Remarkably, the final cyclization step was a reversible process, which

was under thermodynamic control, thus the cascade process was highly

Scheme 64 Organocatalyzed asymmetric direct C(sp3)–H functionalization of cyclic ethers
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diastereoselective. Both 6, 6-scaffolds and 5, 6 spiroketals could be obtained in

excellent yields.

The cis-fused bicyclic acetal 176 could also be afforded as a single diastereomer

via this strategy with 175 as the substrate (Scheme 66) [37]. Mild Lewis acid, e.g.,

BF3�Et2O, was inactive and only the stronger oxophilic Lewis acid TiF4 (20 mol%)

could facilitate the transformation for the reason that secondary C–H was less

reactive than the tertiary C–H bond in 173.
In addition to aldehyde substrates, less electrophilic ketone 177 could also be

converted into spiroketal 178 in 30 % yield and excellent diastereoselectivity under

the mediation of stoichiometric TiF4 (Scheme 67) [37]. BF3�Et2O was not active

enough to promote this hydro-O-alkylation, which might be ascribed to the poor

reactivity of methyl ketone.

4.5 Electrophilic Metal Carbenoid as the Hydride Acceptors

Saa et al. discovered a ruthenium-catalyzed diastereoselective cyclization of linear

alkynyl ether 179 involving cyclic and acyclic ethers, which produced spirocycles

180 in fairly good yields (Scheme 68) [76]. The ring size of the cyclic ether had a

dramatic effect on the reaction time and yields.

Similarly, acetalic C–H bond could be exploited as hydride donor as well, and via

ruthenium-catalyzed cyclization of linear alkynyl acetals 181, spirobicycles 182
could be furnished in fairly good yield (Scheme 69) [76], along with the formation

of linear hydroxyester 183, which was generated by hydrolysis of intermediate

I. Notably, rigid cyclic acetal afforded a higher yield of spiro compound in

comparison to the linear acetals [96].

Scheme 65 BF3�Et2O-
catalyzed intramolecular hydro-
O-alkylation of C(2)-linked
aldehydes

Scheme 66 TiF4-catalyzed
intramolecular hydro-O-
alkylation of C(3)-linked
aldehydes
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[1,6]-hydride shift/cyclization process could occur when specially designed

dioxolane substrate 184 was subjected to the reaction, affording 5,6-spirocyclic

product 185 in excellent yield (Scheme 70) [76]. The examples showed again the

hydride could be delivered through space and the distance between hydride donor

and acceptor was not an issue. A comparison of the cyclizations of dioxolanes 181
and 184 shows the more rapid formation of the 1,4-dioxaspiro[4,5]decane 185
versus 1,4-dioxaspiro[4,4] nonane 182, which clearly indicated that the conforma-

tion of metallic intermediate played a definitive role during the course of the

reaction.

Fukuyama et al. exploited highly reactive rhodium carbenoids as hydride

acceptors to construct tetrahydrofuran moieties in his total syntheses for many

times. The mechanism should be the cascade [1,5]-Hydride migration/cyclization,

whereas Fukuyama et al. argued that their reactions proceed via metal carbene C–H

insertion reactions [130–135].

Scheme 67 TiF4-catalyzed
intramolecular hydro-O-
alkylation of C(2)-linked methyl
ketone

Scheme 68 Intramolecular a-alkylation of C(2)-cyclic ether

Scheme 69 Intramolecular alkylation of dioxolane by catalytic ruthenium carbene insertion

Scheme 70 Intramolecular alkylation of dioxolane via cascade [1,6]-HT/cyclization
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4.6 Ketenimines and Carbodiimides as Hydride Acceptors

Alajarin and Vidal et al. discovered dihydroquinolines and spirocyclic dioxolano-

quinazolines 187 could be readily accessed via cascade [1,5]-hydride transfer/6p-
ERC under thermal conditions (Scheme 71, a) [58]. Basically, with active

ketenimine or carbodiimide as hydride acceptor whose central carbon atom is

highly electrophilic, the cascade process is facilitated by the hydricity of the acetalic

C–H bonds in 186. After hydride migration, the 1,3,5-conjugated hexatriene I can
be generated, which had a long conjugate system and can be stabilized to a large

extent. The ketenimines 188 bearing ether moiety could also be transformed

exclusively into dihydroquinolines 189 (Scheme 71, b) [56].

The same group described a Sc(OTf)3-catalyzed three-step cascade reaction of

190 involving hydride shift/cyclization/hydrolysis as well, which produced

indanones 191 (Scheme 72) [70]. Hydride was delivered to acceptor in an

uncommon [1,4]-manner and Lewis acid activation was indispensable. Sc(OTf)3
was the preferable Lewis acid that could catalyze the cascade process. Because of

the oxophilicity of Sc(OTf)3, it not only catalyzed the cascade process but also

promoted the hydrolysis of acetalic function.

4.7 Electron-Withdrawing Group Activated Allene as Hydride Acceptor

Allene could be activated not only by carbophilic transition metals but also by

electron-withdrawing groups at the terminal carbon atom. Alajarin, Sanchez-

Andrada, and Vidal et al. disclosed that 2-(1,3-dioxolan-2-yl)phenylallenes 192
containing a range of electron-withdrawing substituents such as phosphinyl,

alkoxycarbonyl, sulfonyl at the cumulenic C3 position could be converted into 1-(2-

hydroxy)-ethoxy-2-substituted naphthalenes 193 under thermal conditions

(Scheme 73) [52]. Mechanistically, an initial [1,5]-hydride shift of the acetalic H

atom onto the central cumulene carbon atom affords the conjugated 1,3,5-hexatriene

I, which undergoes a subsequent 6p-electrocyclic ring-closure of I to furnish

spirocycle intermediate II. A final aromatization step with concomitant ring opening

of 1,3-dioxolane fragment produces the substituted naphthalenes 193.

Scheme 71 Hydricity-promoted [1,5]-HT/cyclization in acetalic/ethereal ketenimines and carbodiimides
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5 C(sp3)–H Bond Adjacent to Sulfur as the Hydride Donor

The methylene (or methine) adjacent to sulfur atom can also work as hydride donor.

With reactive electrophilic moieties as hydride acceptors, the cascade [1,5]-hydride

transfer/cyclization can occur to give thio-heterocycles. Alajarin and Vidal et al.

contributed much to this chemistry.

5.1 1,3-Dithiolane as the Hydride Donor and Benzylidene Malonate
as the Hydride Acceptors

Alajarin and Vidal et al. described a Sc(OTf)3-catalyzed cascade [1,4]-hydride

shift/cyclization of substrate 194 carrying 1,3-dithiolane, which produced spiro-

cyclic products 195 in moderate to good yields (Scheme 74) [70]. Tertiary C–H

bond in 1,3-dithiolane worked as hydride donor. Because Sc(OTf)3 is not thiophilic

but oxophilic, the dithiolane moiety could remain intact after the cascade [1,4]-

Scheme 72 Sc(OTf)3-catalyzed
cascade [1,4]-HT/cyclization/
hydrolysis

Scheme 73 Hydricity-
promoted intramolecular
hydroalkylation of electron-
deficient allene

Scheme 74 Cascade [1,4]-HT/cyclization with dithioacetalic C–H as hydride donor
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hydride shift/cyclization. Compared with substrate 190 carrying 1,3-dioxolane, the

disturbing hydrolysis of the acetalic function was thoroughly suppressed.

5.2 Ketenimine and Carbodiimide as the Hydride Acceptors

Alajarin and Vidal et al. discovered that under thermal conditions (refluxed in

toluene), the single thioether 196 carrying ketenimine moiety could be transformed

into 4-ethylthio-3,4-dihydroquinoline 197 in good yield via cascade [1,5]-hydride

transfer/6p-ERC (Scheme 75) [56].

6 Benzylic C(sp3)–H Bond as the Hydride Donors

Although a range of cascade reactions of heteroatom-containing substrates

(X = NR, O, or S) have been described, their corresponding carbon analogues

(X = CH2 or CHR) have been rarely investigated, which might be ascribed to

difficulties posed by the rate-determining step of [1,5]-hydride transfer without the

assistance of adjacent heteroatom. Sames et al. disclosed that the secondary and

tertiary benzylic C–H bond without an adjacent heteroatom could also be exploited

as hydride donor. After [1,5]-hydride transfer, the carbocation that develops on

benzylic carbon can be stabilized by adjacent electron-rich aromatic groups and

alkyl groups via p–p conjugation and hyperconjugation, respectively.

6.1 Electrophilic Benzylidene Malonates and Their Derivatives
as the Hydride Acceptors

Sames et al. elegantly demonstrated a PtCl4-catalyzed cascade process involving

benzylic methines that lacked the stabilization of a-heteroatom (Scheme 76) [95].

The aryl substrate 198 and thiophene substrate 200 were consumed up within 24 h

at 50 �C. Although the electrophilic alkene was activated by two electron-

withdrawing carboxylate groups and the cation generated upon [1,5]-hydride

transfer could be stabilized by adjacent aromatic group, high-valent PtCl4 was still

indispensable for successful transformation, under the catalysis of which hexa-

substituted cyclohexanes 199 and 201 could be obtained in moderate to good yield.

Fillion et al. reported a one-pot construction of tetrahydrobenzo-[b]fluoren-11-

ones 204 under the catalysis of Sc(OTf)3 (Scheme 77) [136]. The substrates 202
carrying highly electrophilic benzylidene Meldrum’s acids and benzylic methylene

or methine functions could undergo a cascade [1,5]-hydride shift/cyclization to

Scheme 75 Cascade [1,5]-HT/6p-ERC to synthesize 3,4-dihydroquinoline
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afford spirocycles 203, which suffered subsequent intramolecular Friedel–Crafts

acylation to generate tetracycles 204.
Akiyama et al. reported a Sc(OTf)3-catalyzed construction of 3-aryltetralin

skeleton 206 from simple phenethyl derivatives 205 (Scheme 78) [59]. The

electronic and steric properties of the aromatic ring adjacent to C–H bond serving as

hydride donor significantly influenced the reactivity of this transformation.

Yu and Luo et al. reported a catalytic enantioselective benzylic C(sp3)–H

functionalization of 207 via a [1,5]-hydride transfer/cyclization sequence with the

chiral complex of copper(II) and side-armed bisoxazoline 209 as catalyst, which

provided tetrahydronaphthalene derivatives 208 in moderate to high yield with up to

69 % ee (Scheme 79).

6.2 Activated Alkynes as the Hydride Acceptors

Liu et al. reported a TpRuPPh3 (CH3CN)2�PF6-catalyzed cycloisomerization of cis-

3-en-1-ynes I or their precursor alcohols 210, which afforded cyclopentadiene 211
(Scheme 80) [43]. Mechanistically, 210 undergoes ruthenium-catalyzed dehydra-

tion to afford the real substrates cis-3-en-1-ynes I, which is converted into

ruthenium-vinylidene intermediate II via [1,2]-shift of alkynyl hydrogen. A [1,5]-

Scheme 76 PtCl4-catalyzed
direct C(sp3)–H
functionalization of benzylic
methines

Scheme 77 Sc(OTf)3-catalyzed synthesis of tetrahydro-benzo[b]fluoren-11-ones

Scheme 78 Synthesis of
3-aryltetralin skeleton via
cascade [1,5]-HT/cyclization
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Hydride shift ensues to generate ruthenium haxa-1,3,5-triene III, which undergoes

6p-electrocyclic ring closure and reductive elimination to furnish cyclopentadiene

IV. Ultimately, the most stable regioisomer 211 is yielded via a [1,5]-hydrogen

shift.

Liu et al. reported a TpRuPPh3(CH3CN)2
. SbF6 (10 mol%)-catalyzed cyclization

of 2-alkyl-1-ethynylbenzene derivatives 212, which yielded 1-substituted-1H-

indene products 213 in moderate to good yields (Scheme 81) [44]. The counterions

were critical to the success of the reaction.

He et al. described a PtCl2-catalyzed intramolecular cyclization of o-isopropyl or

o-benzyl arylalkynes 214, which yielded functionalized indenes 215 (Scheme 82)

[69]. In contrast to a previous report [44], the terminal carbon of alkyne in this

reaction was substituted with aryl substituent. Notably, CuBr (2.0 equiv.) was

indispensable to achieve high yield. Theoretically, platinum(II)-activated elec-

trophilic alkyne initially abstracts a hydride from benzylic C–H in [1,4]-manner to

generate a benzylic carbocation I, which subsequently intercepts nucleophilic

alkenyl-platinum(II) to afford the 5-membered ring.

Chatani et al. reported a cycloisomerization of 1-alkyl-2-ethynylbenzenes

catalyzed by PtCl2, PtCl4, and [RuCl2(CO)3]2 for preparing substituted indenes

Scheme 79 Catalytic enantioselective C(sp3)–H functionalization via [1,5]-HT/cyclization

Scheme 80 Ruthenium-
catalyzed cycloisomerization of
cis-3-en-1-ynes to
cyclopentadienes

Scheme 81 Ruthenium-
catalyzed cyclization of 2-alkyl-
1-ethynyl-benzenes
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[40]. Remarkably, the benzylic primary C–H bond could participate in this cascade

process to afford indene in 44 % yield. In contrast to Zhang’s report [61], it is the

hydride that transfers in [1,5]-manner this time.

Liu et al. described a [IPrAuCl]/AgNTf2-catalyzed oxidative cyclizations of cis-

3-en-1-ynes 216 with 8-methylisoquinoline oxide 218 as oxidant, which gave rise to

cyclopentenone skeletons 217 (Scheme 83) [67]. Basically, the initially formed

gold-containing enol ether I has a high energy barrier to overcome to form

hypothetical carbenoid III. Instead, I undergoes a rapid [1,5]-hydrogen shift to

generate intermediate II. Remarkably, hydrogen is transferred in the form of proton

because hydrogen is captured by electron-rich gold-alkenyl subunit and the

electron-withdrawing substituent in the benzylic position is beneficial to the cascade

process. Afterwards, a subsequent cyclization of II leads to 217. This proposed

mechanism explains the observation that an acidic C–H bond can accelerate this

oxidative cyclization. Similar mechanisms of transferring proton in [1,5]-manner

have also been described by Zhang et al. [62, 64–66].

6.3 Electrophilic Imine, Hydrazone, Oxime Ester as the Hydride Acceptors

In the total synthesis of D-Homosteroid, Tietze et al. reported a BF3�OEt2-catalyzed
cascade [1,5]-hydride transfer/cyclization of 219, which produced an unusually

bridged steroid alkaloid 220 in 85 % yield at room temperature (Scheme 84) [137–

139]. Although benzylic methine and imine in 219 are comparatively inactive

hydride donor and acceptor, with the assistance of electron-donating methoxy group

Scheme 82 PtCl2-catalyzed intramolecular cyclization of ortho-substituted aryl alkynes via [1,4]-
HT/cyclization

Scheme 83 Gold-catalyzed
oxidative cyclizations of cis-3-
en-1-ynes
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at para-position and activation by BF3�OEt2, hydride could migrate to imine moiety

readily. A subsequent nucleophilic attack of amino group on carbocation on II led to
the formation of bridged steroidal azacycles 220. In addition to phenyl substituted

imine, hydrazones and oxime ethers could also work as hydride acceptor in the

presence of Lewis acid. Frank et al. described a similar BF3�Et2O-catalyzed
intramolecular hydro-N-alkylation of hydrazones and oxime ethers [140].

Akiyama et al. described a Sc(OTf)3-catalyzed reaction to access isoquinoline

skeleton 222 (Scheme 85) [141]. The tosyl imine formed in situ and benzylic

methylene worked as hydride acceptor and donor, respectively. Sc(OTf)3 played

dual roles, one of which was to promote the condensation of benzaldehyde 221 and

tosylamide. Because the hydride donor in the reaction was inactive benzylic

methylene, electron-withdrawing tosyl group was indispensable to increase the

electrophilicity of C=N bond, additionally Sc(OTf)3 could further activate the

imine. The methodology was elegantly elaborated in the formal synthesis of (±)-

tetrahydropalmatine 225.
Sames et al. reported a highly stereoselective intramolecular amination of

benzylic C(sp3)–H bonds via cascade [1,5]-HT/cyclization of N-tosylimine 227
generated in situ from aliphatic aldehyde 226, which constructed 2-arylpiperidines

228 and 3-aryl-1,2,3,4-tetrahydroisoquinolines (Scheme 86) [96]. Remarkably, the

conformational freedom of substrates had a profound influence on the chemical

behaviors of hydride acceptors: the substrates with high conformational rigidity had

Scheme 84 BF3�Et2O-
catalyzed intramolecular hydro-
N-alkylation of phenyl imine

Scheme 85 Sc(OTf)3-catalyzed hydro-N-alkylation of tosyl imines to form 3-arylisoquinolines
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higher reactivities than those with high conformational freedom. The cascade [1,5]-

HT/cyclization was highly stereoselective, which could be rationalized by the

reversible cyclization step. The high stereoselectivity resulted from thermodynamic

control and the aryl ring preferred to adopt an axial orientation in diastereomer II to
avoid the steric interaction (pseudo-allylic strain) with the sulfonamide group in

diastereomer I.
Akiyama et al. reported a Brønsted acid-catalyzed synthesis of 3-aryl-1-

trifluoromethyltetrahydroisoquinolines 230 and 2300 by a benzylic [1,5]-hydride

shift-mediated C–H bond functionalization (Scheme 87) [142], which features the

diastereo-divergent synthesis of 3-aryl-1-trifluoromethyltetrahydroisoquinolines 230
and 2300 by tuning the substituents on nitrogen atom. The trifluoromethylketimine

derived from para-anisidine and activated by Tf2NH served as hydride acceptor and

the substituents on ketimines had dramatic impacts on the diastereoselectivities: cis-

product 230 could be furnished as major product when R was PMP group, whereas

the diastereoselectivity was reversed with R as hydrogen.

6.4 Ketenimine and Carbodiimide as Hydride Acceptors

Alajarin et al. described a concise protocol for synthesis of 3,4-dihydroquinolines

232 and 3,4-dihydroquinazolines 234 (Scheme 88) [55]. Triphenyl substituted

methines and electrophilic ketenimine/carbodiimide worked as hydride donors and

acceptors, respectively. Because of the high electrophilicity of ketenimine and

Scheme 86 BF3�Et2O-catalyzed stereoselective intramolecular amination of benzylic C(sp3)–H bonds

Scheme 87 Brønsted acid-catalyzed C(sp3)–H bond functionalization for synthesis of 3-aryl-1-
trifluoromethyltetrahydroisoquinolines
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carbodiimide, and highly stabilizing effect of adjacent three aromatic groups,

thermal conditions alone could efficiently facilitate the cascade process, under

which 231 and 233 could be transformed into 232 and 234, respectively, in

moderate to good yield. Mechanistically, the C–H bond of the triarylmethane

fragment is cleaved via a [1,5]-hydride shift to give conjugated 1,3,5-hexatriene I or
II, which suffers subsequent 6p-electrocyclic ring closure to produce the sterically

congested 232 and 234.
Thibaudeau and Evano et al. reported a TfOH or Tf2NH-catalyzed keteniminium-

initiated cationic polycyclization of ynamides 235 (Scheme 89) [143], which

provided a straightforward access to polycyclic nitrogen heterocycles 236 possess-

ing up to three contiguous stereocenters and seven fused cycles. Basically, the

reaction is initiated by protonation of electron-rich alkyne of ynamide XX, yielding
a highly reactive N-tosyl- or N-acyl-keteniminium ion I, which served as hydrogen

acceptor. A [1,5]-sigmatropic hydrogen shift would then ensue to generate

conjugated iminium II (in resonance with the bis-allylic carbocationic form III).
The first cycle would be formed by a 4p conrotatory electrocyclization, producing

IV in the manner of Nazarov reaction. Finally, a second cyclization between the

benzylic carbocation IV and the arene/alkene subunit leads to the formation of

polycycle 236.

Scheme 88 Direct C(sp3)–H
functionalization of
tri(di)arylmethane

Scheme 89 Keteniminium ion-initiated cascade cationic polycyclization
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7 Non-benzylic C(sp3)–H Bonds as the Hydride Donors

The cascade [1,5]-hydride transfer/cyclization summarized above have entailed the

electronic assistance of adjacent heteroatoms or aromatic groups for stabilizing the

carbocation formed upon hydride shift. However, hydride abstraction from an

aliphatic, non-benzylic position is still a challenging task, and its realization would

improve the usefulness of the cascade strategy in synthetic organic chemistry.

Because of the lack of electronic assistance from adjacent heteroatom or aromatic

group, the dissociation energy of C–H bond in aliphatic non-benzylic position is

quite high. It was not until 2011 that Akiyama et al. managed to employ non-

benzylic methylene as the hydride donor.

7.1 Electrophilic Benzylidene Malonates and Their Derivatives
as the Hydride Acceptors

Akiyama et al. first reported an unprecedented cascade [1,5]-hydride transfer/cy-

clization with non-benzylic methine as hydride donor (Scheme 90) [74]. Treatment

of benzylidene barbituric acid 237 with 3 mol% Sc(OTf)3 in refluxing ClCH2CH2Cl

for 24 h could furnish the desired tetraline 238 in excellent yield. Notably, the

substrate with a linear side chain 239 did not give the desired product 240, even with
a catalyst loading of 30 mol%. This result suggested that the substitution degree at

the hydride-releasing carbon atom was crucial for the success of the cascade

process.

7.2 Gold-Activated Alkynes as the Hydride Acceptors

Barluenga et al. elegantly demonstrated an intriguing manifold reactivity of

alkynylcyclopropanes 241 bearing a spirane core (Scheme 91) [144]. Remarkably,

comparatively inactive non-benzylic secondary C–H bond could work as hydride

donor. The cyclopropane moiety was crucial for the success of the cascade process,

which rendered inactive methylene group closer to electrophilic alkyne moiety.

Thus, the proximate hydride could be readily abstracted by electrophilic alkyne

activated by gold catalyst. The diverse fate of the resulting cationic gold species

could be efficiently controlled by simple option of appropriate catalyst (either

Scheme 90 Sc(OTf)3-catalyzed
direct functionalization of
aliphatic tertiary C(sp3)–H bond
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[(JohnPhos)Au(MeCN)]-[SbF6] or [(IPr)Au-(NTf2)]) and reaction temperature. A

range of cyclic structures, e.g., pentalene derivatives 242 and 244, and bicycles 243
could be accessed with complete selectivity. Mechanistically, the gold-alkyne

coordination triggers a [1,5]-hydride transfer with concomitant ring opening of

cyclopropane. The generated 1,4-enallenyl gold intermediate I might then undergo a

cyclization via intermediate II to afford tricycle 242. The subjection of 242 to

harsher reaction conditions leads to the formation of 243 and 244, and III might be

their common intermediate, which is formed by regioselective gold-catalyzed C–C

bond cleavage. The formation of 243 can be rationalized by a [1,2]-alkyl migration

of III and metal elimination of IV. Alternatively, deprotonation of III and a

subsequent protodemetallation of V would provide pentalene 244.

7.3 Electrophilic Imine as the Hydride Acceptor

One more example of using aliphatic non-benzylic methine as hydride donor was

also reported by Akiyama et al. in which the tosyl imine I generated in situ from 245
was employed as hydride acceptor (Scheme 92) [141]. Three-step cascade

transformations involving imine formation/[1,5]-hydride shift/cyclization occurred

to afford isoquinoline with Sc(OTf)3 as catalyst. In order to get decent yield,

30 mol% catalyst loading was employed, whereas the tetraline 246 was obtained

only in 32 % yield even with a prolonged reaction time (72 h).

Scheme 91 Gold-catalyzed
direct functionalization of
secondary non-benzylic C(sp3)–
H bonds

Scheme 92 Sc(OTf)3-catalyzed hydro-N-alkylation with aliphatic tertiary C(sp3)–H bond as hydride
donor
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8 Conclusions and Perspectives

In this review, we have introduced the recent advances of cascade [1,n]-hydrogen

transfer/cyclization as a versatile protocol to directly functionalize inactive C(sp3)–

H bond into C–C, C–N, and C–O bonds in an atom-economic manner. A variety of

hydrogen donors and acceptors as well as different activation modes of hydrogen

acceptors have been well organized and discussed. This methodology has proven to

be powerful in delivering molecular complexity, especially in the synthesis of a

variety of useful and pharmaceutically important heterocycles, e.g., 5-, 6-,

7-membered fused or spiro-hetero, or full carbon cycles. The facile construction

of C–C, C–N, and C–O bonds and ring skeletons renders this strategy attractive to

access value-added molecules from readily available starting materials. In addition

to the benefit of atom-economy, the reaction conditions are mild, and expensive

transition metal catalysts are not required in many cases.

Despite the significant developments in recent years, there is still much left to do

in this chemistry, for instance, the types of hydride donors and acceptors are still

rather limited. More C(sp3)–H a to heteroatoms, which have lone pairs, e.g.,

phosphorus, bromine, chlorine, etc., are likely to be exploited as hydrogen donors

and more diverse electron-deficient species can be employed as hydrogen acceptors.

Another hot research topic in this area is the asymmetric catalytic version of this

reaction, and more efficient and selective catalytic systems needs to be developed.

Although this methodology has shown an appealing application to construct

complex moieties, it has been rarely exploited in total syntheses and the synthetic

potential of this methodology in natural product synthesis has to be further

exploited.

Finally, the mechanistic pathway behind this reaction should be studied in depth

and some problems need to be addressed such as the influencing factors of the

hydride transfer and the essence of the hydrogen transferred. On the basis of the

above clarifications and deeper understanding of these transformations, discovery of

new highly active and selective catalysts for this methodology and development of

novel reactions are expected in the future.

References

1. Deno NC, Peterson HJ, Saines GS (1960) Chem Rev 60:7

2. Russell AE, Miller SP, Morken JP (2000) J Org Chem 65:8381

3. Yoshizawa K, Toyota S, Toda F (2001) Tetrahedron Lett 42:7983

4. Evans DA, Hoveyda AH (1990) J Am Chem Soc 112:6447

5. Evans DA, Nelson SG, Gagne MR, Muci AR (1993) J Am Chem Soc 115:9800

6. Node M, Nishide K, Shigeta Y, Shiraki H, Obata K (2000) J Am Chem Soc 122:1927

7. Ooi T, Ichikawa H, Maruoka K (2001) Angew Chem Int Ed 40:3610

8. Ishihara K, Kurihara H, Yamamoto H (1997) J Org Chem 62:5664

9. Ooi T, Otsuka H, Miura T, Ichikawa H, Maruoka K (2002) Org Lett 4:2669

10. Suzuki T, Morita K, Tsuchida M, Hiroi K (2003) J Org Chem 68:1601

11. Godula K, Sames D (2006) Science 312:67

12. Chen X, Engle KM, Wang DH, Yu JQ (2009) Angew Chem Int Ed 48(28):5094

123

Top Curr Chem (Z) (2016) 374:17

Reprinted from the journal256



13. Giri R, Shi BF, Engle KM, Maugel N, Yu JQ (2009) Chem Soc Rev 38(11):3242

14. Gunay A, Theopold KH (2010) Chem Rev 110:1060
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Abstract The development of practical, efficient, and atom-economical methods

for the formation of carbon–carbon bonds remains a topic of considerable interest in

current synthetic organic chemistry. In this review, we have summarized selected

topics from the recent literature with particular emphasis on C-alkylation processes

involving hydrogen transfer using alcohols as alkylation reagents. This review

includes selected highlights concerning recent progress towards the modification of

catalytic systems for the a-alkylation of ketones, nitriles, and esters. Furthermore,

we have devoted a significant portion of this review to the methylation of ketones,

alcohols, and indoles using methanol. Lastly, we have also documented recent

advances in b-alkylation methods involving the dimerization of alcohols (Guerbet

reaction), as well as new developments in C-alkylation methods based on sp3 C–H

activation.

Keywords Hydrogen transfer � Alkylation � Alcohol � Metal halide � Methanol �
Guerbet reaction

1 Introduction

The construction of carbon–carbon bonds is one of the most important transfor-

mations in organic synthesis, and considerable research efforts have been directed

towards the development of new methods in this area. Importantly, transformations

of this type provide access to a wide variety of organic compounds that can be used

as synthetic building blocks in the fine chemical and pharmaceutical industries, as

well as key intermediates in the preparation of drugs and functional materials.
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The classical methodology for the formation of carbon–carbon bonds involves

cation–anion-based nucleophilic substitution reactions between organometallic

reagents and organohalides. However, there are several disadvantages associated

with methods of this type, including the handling of reactive reagents (such as air-

and moisture-sensitive organometallic agents) and the production of stoichiometric

amounts of salt-based waste products during the course of the reaction [1–7].

Recent progress in this area has culminated in the development of transition-

metal-catalyzed cross-coupling reactions, which have provided several useful C-

alkylation methods for introducing various aryl, vinyl, and alkyl groups [8].

Furthermore, significant research efforts have recently been focused on the

development of ‘‘direct coupling’’ methods involving the oxidative activation of

C–H bonds. Notably, these reactions do not require organometallic and/or

organohalide substrates, and are therefore much more atom-economical and

environmentally friendly than their predecessors [9–19].

As a promising alternative to the C-alkylation methods described above,

hydrogen transfer using alcohols represents a useful and environmentally benign

process, which uses alcohols as alkylation agents with water being generated as the

only major by-product. Considerable research interest has recently been focused on

the development of highly atom-efficient processes capable of minimizing the

amount of waste generated in the form of by-products during organic transforma-

tions. In this regard, C-alkylation reactions involving a transfer hydrogenation step

(or hydrogen borrowing/hydrogen autotransfer methodologies) represent one of the

ultimate goals of modern synthetic chemistry for the formation of C–C bonds [20–

22].

This field presents many opportunities; therefore, there has been a significant

increase in the number of research groups working towards the development of new

C-alkylation processes involving transfer hydrogenation. Consequently, many

interesting review articles have been reported to date regarding all aspects of this

emerging methodology [23–45].

Some of the most commonly reported C-alkylation methods involving the

transition-metal-catalyzed transfer hydrogenation of alcohols can be described as

follows: (1) the a-alkylation of ketones and carbonyl compounds; (2) alcohol–

alcohol coupling reactions to afford ketones; and (3) b-alkylation by alcohol

dimerization, which is also referred to as a Guerbet reaction.

The first of these reactions, the a-alkylation of ketones and carbonyl compounds,

involves the following process (as shown in Schemes 1, 2) [46–57]: (1) the initial

oxidation of the alcohol substrate, through a hydrogen transfer process to give the

corresponding aldehyde and metal-hydride intermediate; (2) the aldol condensation

of the enol (generated by the tautomerization of the ketone substrate) with the

R1

O
+ R2 OH R1 R2

Ocat. [Metal]

Base

Scheme 1 Metal-catalyzed a-alkylation of ketones
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aldehyde generated in the previous step to give the corresponding a,b-unsaturated
ketone; and (3) the hydrogenation of the a,b-unsaturated ketone with the metal

hydride generated in step (1) of this process to give the a-alkylated ketone product.

The second of the three reactions described above (i.e., alcohol–alcohol coupling

reactions to afford ketones) provides another route for the construction of C-

alkylated ketones via the formation of two distinct aldehydes from the different

alcohols [58–68].

The alcohol–alcohol coupling reaction involves the following steps (Schemes 3,

4): (1) the initial simultaneous transition-metal-catalyzed dehydrogenation of the

two different alcohols to afford the corresponding carbonyl compounds and metal

halide; and (2) the aldol condensation of the carbonyl compounds and the

subsequent hydrogenation of the resulting unsaturated carbonyl compounds in a

similar manner to that described above for the ketone a-alkylation reaction

(Schemes 3, 4) to give the C-alkylated ketone product.

The third of the reactions described above (i.e., the Guerbet reaction of primary

alcohols) allows for the self-condensation/dimerization of alcohols to give the

R2 OH

R2 O
 aldol condensation

Base
H2O

[Metal]

[Metal-H2]

R1

O

R1 R2

O

R1 R2

O

H

[Metal] / Base

Scheme 2 Representative reaction pathway for the a-alkylation of ketones

R1

OH
+ R2 OH R1 R2

Ocat. [Metal]

Base

Scheme 3 Metal-catalyzed C-alkylation of ketones from primary and secondary alcohols
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corresponding b-alkylation products (Schemes 5, 6) [69–90]. This process involves

the following steps: (1) the initial metal-catalyzed dehydrogenation of the primary

alcohol substrate to afford two molecules of the corresponding aldehyde and a

metal-hydride intermediate; (2) the aldol condensation of these aldehydes to afford

the corresponding a,b-unsaturated aldehyde; and (3) the hydrogenation of this

system to afford the desired b-alkylated product (Scheme 6).

In this review, we have focused primarily on developments towards C-alkylation

methods involving the use of alcohols as alkylating agents through hydrogen

transfer during the last 3 years.

R2 OH

R2 O
 aldol condensation

Base
H2O

[Metal]

[Metal-H]

R1

O

R1 R2

O

R1 R2

O

H

[Metal] / Base

R1

OH

+

-H2

or

[Metal-H2]

Scheme 4 Representative reaction pathway for the C-alkylation of primary and secondary alcohol to
afford ketones

cat. [Metal]

Base
R

OH
R

OH
R

2

Scheme 5 Metal-catalyzed b-alkylation by alcohol dimerization (Guerbet reaction)
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2 C-Alkylation Based on Ligand Modifications to the Transition-Metal
Catalyst

2.1 C-Alkylation Based on Ligand Modifications Involving an Ir Catalyst

Research towards increasing the catalytic activity of transition-metal catalysts (e.g.,

iridium and ruthenium) with the aim of transferring hydrogenation through the

modification of the ligands involved in their metal–ligand complexes has been a

topic of recent interest [91–106]. To date, several research groups have reported the

development of effective C-alkylation catalysts by the ligand modification of the

transition-metal complex.

With regard to most interesting examples reported during the last 3 years, Ding

and co-workers reported an Ir complex bearing a benzoxazolyl ligand, which

exhibited high catalytic activity towards the C-alkylation of numerous ketones and

 aldol condensation

Base
H2O

2 [Metal]

2 [Metal-H2]

[Metal] / Base
R

OH2

R
O2

H

R
OH

R

R
O

R

H

Scheme 6 Representative reaction pathway for the b-alkylation of alcohols

O N

Ir
PBun

3

Cl

2
Benzoxa-Ir

Scheme 7 Benzoxazolyl–
iridium complex
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alcohols with alcohol through a transfer hydrogen reaction. For example, the

reaction of acetophenone (1.0 mmol) with benzyl alcohol (1.1 mmol) in the

presence of a benzoxazolyl iridium(III) complex (as shown in Scheme 7) (2 mol%,

0.02 mmol) combined with AgNTf (0.02 mmol) and cesium carbonate (1.0 mmol)

in toluene at 120 �C gave the corresponding a-alkylation product 1,3-diphenyl-1-

propanone in 95 % yield (Scheme 8, route A).

Furthermore, the same catalytic system was successfully applied to the alkylation

reaction of secondary and primary alcohols. For example, the reaction of

1-phenylethanol (1.0 mmol) with benzyl alcohol (1.1 mmol) under the conditions

described above gave 1,3-diphenyl-1-propanone in 93 % yield (Scheme 8, route B).

This catalytic system also performed effectively under solvent-free conditions,

where it afforded the desired C-alkylated products in high yields. Moreover, the

same authors reported that the analogous benzothienyl–iridium complexes afforded

high levels of catalytic activity in the C-alkylation reactions of primary and

secondary alcohols, as well as the reaction of ketones and primary alcohols through

transfer hydrogen processes [107–109].

The ligand modification of Cp*Ir complexes has also been investigated as a

strategy for the development of active C-alkylation catalysts. In a recent example of

this approach, Li and co-workers reported the development of a Cp*Ir complex

bearing a bipyridonate ligand (as shown in Scheme 9), which performed as an

effective catalyst for the a-alkylation of ketones [110]. In a typical example, the

reaction of acetophenone (1.0 mmol) with benzyl alcohol (1.1 mmol) was carried

out in the presence of a catalytic amount of the Cp*Ir-bipyridonate complex (see

Scheme 9; 1.0 mol%) and Cs2CO3 (0.1 mol) in t-amyl alcohol at 110 �C under air

to give 1,3-diphenyl-1-propanone in 92 % yield. Notably, several other conven-

tional Ir complexes such as [Cp*IrCl2]2 and [Ir(cod)Cl]2 exhibited low catalytic

activity towards this reaction under the same conditions.

It has been proposed that the carbonyl group of the bipyridonate ligand could

activate the alcohol substrate (as a reactant) by accepting a proton from this species,

which would serve as an important step in the transfer hydrogenation reaction. The

Cp*Ir-bipyridonate complex described above also showed high catalytic activity

towards the a-methylation of ketones with methanol. The details of this reaction

will be described in greater detail later in this article.

O

+ OH

OH

+ OH

cat. Benzoxa-Ir/
AgNTf/Cs2CO3

Toluene, 120 °C

O
Route A

Route B
95% (Route A)
93% (Route B)

Scheme 8 Benzoxazolyl–iridium complex-catalyzed C-alkylation reactions
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2.2 Ruthenium-Catalyzed C-Alkylation Reactions

Several ruthenium-based catalysts have also been developed as effective C-

alkylation catalysts. In a recent example of work in this area, Taddei and co-workers

reported that [Ru(cod)Cl2]n/PTA (PTA = 1,3,5-triaza-7-phosphaadamantane:

shown in Scheme 10) showed high catalytic activity in the coupling of secondary

and primary alcohols to afford the corresponding ketone products [111].

In a representative example of this work, the reaction of 1-phenylethanol

(1.0 mmol) with benzyl alcohol (1.1 mmol) in the presence of [Ru(cod)Cl2]n
(2.5 mol%) combined with PTA (5 mol%) and t-BuOK (1.0 mmol) in toluene led to

the formation of 1,3-diphenyl-1-propanone in 76 % yield, together with negligible

amounts of the homo-coupled products. Using this [Ru(cod)Cl2]n/PTA catalyst

system, the C-alkylation reactions of the secondary and primary alcohols proceeded

smoothly at the relatively low temperature of 55 �C.
Zhang and co-workers reported the use of this Ru-catalyzed a-alkylation

methodology to synthesize a series a-pyridyl methylated ketones using pyridyl

methanol derivatives (Scheme 11) [112].

In a typical example of this process, acetophenone (1.2 mmol) was reacted with

3-(hydroxymethylpyridine) (1.0 mmol) in the presence of [RuCl2(p-cymene)]2
(1 mol%) combined with xantphos (1 mol%; the structure is shown in Scheme 12)

and t-BuOK (0.4 mmol) in t-amyl alcohol at 120 �C to give 3-(3-pyridinyl)-1-

phenylpropan-1-one in 92 % yield.

It was considered that the reaction initiated by dehydrogenation of pyridyl

methanol through base-assisted deprotonation of the OH group/Ru-catalyzed b-
hydride elimination led to the corresponding aldehyde. Aldol condensation of the

N
Ir

N
O O

Cp*
OH2

Bipyridonate-Ir

Scheme 9 Bipyridonate
iridium Cp* complex

OH

+ OH

O

76%

cat [RuCl(cod)2]n/PTA

tBuOK, toluene 80°C

N
N

N

P
PTA

Scheme 10 Ru/PTA (PTA = 1,3,5-triaza-7-phosphaadamantane)-catalyzed a-alkylation reaction
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resulting aldehyde with ketone led the enone followed by hydrogenation to give the

a-alkylation product.

2.3 Osmium-Catalyzed a-Alkylation Reactions

In addition to recent advances in iridium- and ruthenium-based catalysts for the C-

alkylation reactions, osmium has also been identified as an efficient catalyst for this

process.

In a recent example of the use of osmium in this regard, Esteruelas and co-

workers reported the development of an osmium catalyst bearing an N-heterocyclic

carbene complex (NHC) (Scheme 13), which exhibited efficient catalytic activity

towards the a-alkylation of methyl ketones as well as arylacetonitriles [113].

In a representative example of the a-alkylation of methyl ketones using this

system, acetophenone (3.0 mmol) was reacted with benzyl alcohol in the presence

of an Os–NHC complex (as shown in Scheme 13) (1 mol%) combined with KOH

(20 mol%) in toluene (0.3 M) at 110 �C for 1.5 h to give 1,3-diphenyl-1-propanone

in 99 % yield. This reaction proceeded at a fast rate and the turnover frequency at

50 % conversion was calculated to be 194 h-1.

This osmium catalyst system was also found to be effective for the a-alkylation
of aryl acetonitrile, where it exhibited a high turnover frequency of up to 675 h-1.

O

+

N

OH

N

O

92%

cat [RuCl(p-cymene)]2
      Xantphos

tBuOK, tAmyl alcohol

Scheme 11 Ru/xantphos-catalyzed a-alkylation of 3-pyridinyl alcohol

O
PPh2 PPh2Scheme 12 Xantphos ligand

Me iPr

Os
OHL

L =

OTf

NN

iPr

Pr

Pr

Pr

i

i i

Scheme 13 Osmium–NHC complex used as a catalyst for a-alkylation reactions
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3 C-Alkylation of Methanol in Hydrogen Transfer Reactions

3.1 Methylation Reactions Using Methanol Involving Hydrogen Transfer
Reaction

Because methylation plays a vital role in the functionalization of biologically active

compounds, the development of synthetic methods for the methylation of various

substrates continues to attract considerable interest [114, 115].

The methylation of ketones is traditionally achieved using diazomethane or

iodomethane, which are both highly toxic materials that pose significant handling

issues. Furthermore, the former of these two agents is highly explosive. For this

reason, the application of diazomethane and iodomethane on an industrial scale has

been limited and there is an urgent need for safer alternatives [116, 117].

The use of a hydrogen transfer method involving methanol provides an efficient

alternative to iodomethane or diazomethane that can be applied to the methylation

of various substrates through the activation of methanol. Methanol is the simplest of

all of the alcohols and represents an abundant bio-based resource and fundamental

renewable C1 source [118, 119].

Methanol has been utilized as a practical C1 source in bulk-scale methanol-to-

gasoline and methanol-to-olefin processes [120–123], as well as processes for the

production of acetic acid, such as the Monsanto and Cativa processes [124–128].

However, the use of methanol in methylation processes is considered to be

inefficient because of the high level of dehydrogenation energy required by these

transformation compared with those of higher alcohols [129, 130].

Several methanol dehydrogenation processes have recently been developed using

transition-metal catalysts to afford formaldehyde, hydrogen, and carbon dioxide

[131–137].

As part of their pioneering work towards the development of novel methanol-

based C–C coupling methodologies, Krische and co-workers reported the C–C

coupling of methanol with allenes using an o-cyclometalated iridium complex,

which provided access to the corresponding homoallylic alcohol products [138]. Li

et al. [139, 140] subsequently reported an iridium-catalyzed method for the

preparation of 3,30-bisindolylmethanes using methanol and indoles. Several other

interesting reactions have also been reported involving the use of methanol,

including the N-formylation and methylation reactions of amines, as well as the

formation of dialkyl ketones via the C–H bond activation of N-methylamine [141–

143].

cat. [Rh] or [Ir]
+ MeOH

R1 R2
O

R1 R2
O

Donohoe, Obora, Andersson

Scheme 14 Transition-metal-catalyzed a-methylation of ketones using methanol
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With regard to the a-methylation of ketones using methanol as an alkylating

agent through a hydrogen transfer process, several iridium and rhodium catalysts

have recently been developed to achieve this transformation (Scheme 14).

Donohoe and co-workers reported the development of a rhodium-catalyzed

reaction for the methylation of ketones (Scheme 15). In a typical example of this

reaction, phenyl butyl ketone (0.3 mmol) was reacted with methanol (1.5 mL) in the

presence of [Cp*RhCl2]2 (5 mol%) combined with Cs2CO3 (5 equiv) to give the

corresponding methylated product in 98 % yield (Scheme 15) [144].

Obora and co-workers reported the development of an iridium-catalyzed process

for the methylation of ketones using methanol. In a representative example of this

method, acetophenone (1.0 mmol) was reacted with methanol (1.5 mL) in the

presence of a catalytic amount of [Cp*IrCl2]2 (5 mol%) combined with KOH

(50 mol%) at 120 �C to give the corresponding a,a-dimethylated product in 83 %

yield with high selectivity (Scheme 16) [145].

In the methylation reaction, the choice of the base efficiently controlled the

mono- and dimethylation selectivity. Thus, the [Cp*IrCl2]2-catalyzed reaction of

benzyl ethyl ketone (1.0 mmol) with methanol (1.5 mL) carried out under these

conditions by using a strong base like KOH gave the dimethylated product, while

the use of Na2CO3 gave monoalkylation product exclusively (Scheme 17).

In another example of the Ir-catalyzed a-methylation of ketones, Donohoe and

co-workers reported the a-methylation of an arylalkylketone with methanol using

[Ir(cod)Cl2]2 (1 mol%) as a catalyst with PPh3 (4 mol%) and KOH (2 equiv) under

an oxygen atmosphere, which gave the a-methylated product in 94 % yield.

Notably, the choice of ligand and base was discovered to be critical to controlling

the selectivity of this reaction (Scheme 18) [146].

The reaction is considered to proceed by an Ir-catalyzed hydrogen transfer (or

hydrogen borrowing) process by using ketone and methanol. Furthermore, the use of

methanol in transfer hydrogenation is difficult. Here, the use of dioxygen (O2) is

effective to enhance the reactivity of methylation and methylenation. In addition,

the choice of hindered phosphine in the presence of oxygen is also effective to

interrupt the enone hydrogenation step.

With regard to the methylation of ketones using methanol as a methyl source,

Andersson and co-workers reported the use of an Ir-NHC complex as an efficient

catalyst for these reactions [147]. In a typical example of this process, phenylpropyl

ketone (0.1 mmol) was reacted with methanol (0.5 mL) in the presence of a

catalytic amount of the Ir-NHC catalyst (as shown in Scheme 19) (1.0 mol%)

cat [Cp*RhCl2]2

under Ar or O2, 65 °C

+
Cs2CO3

MeOHnPr
O

nPr
O

 upto 98%

Scheme 15 Donohoe’s Rh-catalyzed a-methylation of ketones using methanol
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combined with Cs2CO3 (5 equiv) at 65 �C to give the corresponding a-methylated

product in 97 % yield (Scheme 19).

3.2 Methylation of Alcohols Using Methanol as an Alkylating Agent

With regard to using methanol as a methyl source in methylation reactions, Beller

and co-workers reported a ruthenium-catalyzed reaction for the methylation of

2-arylethanols with methanol [148]. In a typical example of this transformation,

2-phenylethanol (2.5 mmol) was reacted with methanol (2 mL) in the presence of a

mixture of Ru-MACHO (0.1 %), Shvo’s Ru complex (0.05 %) and NaOMe (10 %)

at 140 �C to give the methylated product in 87 % yield (Scheme 20). In this

cat. [Cp*IrCl2]2

 120 °C

+
KOH

MeOH

O O

83%

Scheme 16 Obora’s Ir-catalyzed a-methylation of ketones using methanol

[Cp*IrCl2]2

MeOH

O
O O

78%  74%

KOH

[Cp*IrCl2]2

Na2CO3
MeOH

Scheme 17 Mono- and dimethylation reactions of ketones

cat. [Ir(cod)Cl2]2

65 °C

+

Base

MeOHAr

O

Ar

O

Ar = methoxyphenyl

Ligand

Ph

Ph + Ar

O

Ph

OMe

+ Ar

O

Ph Ph

Ar

O

conditions (Ligand/ Base)

PPh3/KOH 94 - -

(adamantyl)2PBu/KOH
none/Cs2CO3

4 75 -

- 14 83

Scheme 18 Selectivity of the Ir-catalyzed a-methylation of ketones with methanol reported by Donohoe
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reaction, the use of a combination of two different ruthenium complexes (i.e., Ru-

MACHO and Shvo’s Ru complex) and the release of any pressure formed in the

reactor during the reaction were essential to achieve a high yield of the desired

product.

cat Ir-NHC complex

+
Cs2CO3, 65 °C

MeOHEt
O

Et
O

97%

N

N Ir
PPh2

COD+
BArF-

(Ir-NHC complex)

Ph

Scheme 19 Andersson’s Ir-catalyzed a-methylation of ketones using methanol

cat.Ru-MACHO
cat. Shvo's Ru

+
NaOH,  140 °C

MeOH
OH OH

87%

RuH(Cl)(CO)

PPh2

PPh2

HN

Ru-MACHO

O O
H

Ph

Ph
Ph

PhPh

Ph

Ph

Ph

Ru Ru
H

OC CO COCO

Shvo Ru-catalyst

Scheme 20 Beller’s Ir-catalyzed methylation of alcohols using methanol

N
H

+ CH3OH
cat. [Cp*IrCl2]2

KOtBu
140°C, air

N
H

90%

Scheme 21 Cai’s Ir-catalyzed methylation of indole using methanol
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3.3 Methylation of Indoles and Pyrroles Using Methanol as an Alkylating
Agent

Cai and co-workers reported the Ir-catalyzed methylation of indoles using methanol.

According to this report, the reaction of indole (0.3 mmol) with methanol in the

presence of [Cp*IrCl2]2 (1 mol%) combined with t-BuOK (1 equiv) at 140 �C
under an air atmosphere gave the corresponding methylated product in 90 % yield

(Scheme 21) [149].

Notably, this reaction can also be applied to the methylation of pyrroles under the

same conditions, with the use of 3,5-dimethylpyrrole as a substrate leading to the

formation of a mixture of 2,3,5-tri- and 2,3,4,5-tetramethylpyrrole in high yield

(Scheme 22).

4 a-Alkylation of Nitriles, Acetonitrile, Acetoamide, and Esters

4.1 a-Alkylation of Nitriles

Following on from the pioneering works of Grigg, Watanabe, and Tsuji, there has

been an intense period of research focused on the a-methylation of arylnitriles using

methanol with a transfer hydrogenation method [150–162].

In contrast to the previously reported a-alkylation reactions of arylnitriles using

alcohols in the presence of a Ru, Pd, Ir, or Os complex catalyst (which gave the

corresponding a-alkylated arylacetonitriles), Li and co-workers reported the

reaction of arylacetonitriles with primary alcohols to give the corresponding a-
alkylated arylacetamides using a Rh complex catalyst. In this reaction, the resulting

a-alkylated arylacetonitriles were hydration by H2O, which was generated as a by-

product during the reaction, to achieve ‘‘complete atom economy’’. In a typical

example of this reaction, phenylacetonitrile (1.0 mmol) was reacted with benzyl

alcohol (1.1 mmol) in the presence of a catalytic amount of [Rh(cod)Cl2]2 (1 mol%)

combined with PPh3 (10 mol%) and KOH (0.4 mmol) in t-amyl alcohol at 130 �C
to give 2,3-diphenylpropanamide in 95 % yield. The selectivity towards the a-
alkylated arylacetonitrile and a-alkylated arylacetamide products could be con-

trolled by varying the nature of the phosphine ligand and base used in the reaction;

conducting the reaction in the presence of PCy3/KOH (ligand/base) or PPh3/K3PO4

mainly led to the selective formation of the a-alkylated arylacetonitrile products

(Scheme 23).

+ CH3OH
cat. [Cp*IrCl2]2

KOtBu
140°C, air

42%

N
H

conv. 100%

N
H

+

56%

N
H

Scheme 22 Ir-catalyzed methylation of 3,5-dimethylpyrrole using methanol
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4.2 a-Alkylation Reactions of Acetonitrile and Acetamides

Acetonitrile is produced as a by-product of the industrial Sohio process during the

synthesis of acrylonitrile [163]. The C-alkylation of acetonitrile by transfer

hydrogenation using methanol as an alkylating agent therefore represents an

efficient route for the synthesis of functionalized nitrile compounds.

Several recently reported examples of the a-alkylation of acetonitrile include (1)

Cossy and co-workers’ study, which reported that the reaction of acetonitrile with

benzyl alcohol in the presence of [IrCl(cod)]2 as a catalyst combined with Cs2CO3

at 180 �C afforded the corresponding a-alkylated nitriles; (2) Obora and co-

worker’s study, which reported that the reaction of acetonitrile with n-hexanol in the

presence of [Ir(OH)(cod)]2 as a catalyst combined with PPh3 and t-BuOK at 130 �C
gave the corresponding a-alkylation products; and (3) Ryu and co-workers’ study,

which reported that the use of a mixture of [RuHCl(CO)(PPh3)3] and K3PO4 as a

catalyst for the reaction of acetonitrile with benzyl alcohol afforded the alkylated

product in good yield (Scheme 24) [164–166].

a-Alkylation of poorly activated acetamides represents another challenging target

for this area of research. In a recent example of research in this area, Huang and co-

workers reported the use of an Ir-pincer complex as an effective catalyst for the a-
alkylation of acetamides (Scheme 25). In a typical example of this process, benzyl

alcohol was reacted with 2 equivalents of N,N-dimethylacetamide using 2 mol% of

an Ir-pincer-type complex combined with 2 equivalents of t-BuOK at 120 �C to

give the corresponding alkylated product in 81 % yield (Scheme 25) [167].

In another study pertaining to the a-alkylation of acetamide reported by Ryu and

co-workers, the reaction of N,N-dimethylacetamide with benzyl alcohol was carried

CN + OH

130 °C

CN OH2N

+cat. [Rh]/Ligand

Base, tAmyl alcohol

Conditions (Ligand/Base) :  PPh3/KOH          5%                                            95%
                                          :  PCy3/KOH   85%                                           15%
                                           :  PPh3/K3PO4 90%                                            0%

Scheme 23 Rh-catalyzed formation of arylacetamide by the reaction of arylacetonitriles with primary
alcohols

CH3CN+R OH R
CN

cat. [Ir], [Ru]

Cossy, Obora, Ryu

Conditions: [Ir(cod)Cl]2 (catalyst), Cs2CO3 (base), 180 °C (Cossy)
                   [Ir(OH)(cod)]2 (catalyst), PPh3 (Ligand), tBuOK (base), 130 °C (Obora)
                   [RuHCl(CO)(PPh3)] (catalyst), K3PO4 (base), 110 °C (Ryu)

Scheme 24 a-Alkylation reactions of acetonitriles
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out in the presence of 3 mol% [RuHCl(CO)(PPh3)3] combined with N,N,N-

tridentate ligand A (as shown in Scheme 25) and t-BuOK to give the desired

alkylation product in 76 % yield (Scheme 25) [168].

4.3 a-Alkylation of Esters

The a-alkylation of esters is an important process in organic chemistry and the

transition-metal-catalyzed a-alkylation of esters with alcohols using a transfer

hydrogenation method represents an attractive alternative to conventional processes

involving the reaction of metal-based enols with alkylhalides [169–171].

Ishii and co-workers reported the a-alkylation of t-butyl esters using an iridium

catalyst [172]. In a typical example of this process, t-butyl acetate (10 mmol) was

reacted with n-butanol (1.0 mmol) in the presence of a catalytic amount of

[IrCl(cod)]2 (5.0 mol) combined with PPh3 (15 mol%) and t-BuOK (2 equiv) in t-

BuOH at 100 �C to give the desired a-alkylated product in 74 % yield (Scheme 26).

Huang and co-workers subsequently reported the use of an Ir-pincer complex as

an effective catalyst for the a-alkylation of esters (Scheme 27) [173]. For the

reaction of t-butyl acetate, the optimized reaction conditions were reported to be as

follows: mix 10 equivalents of t-butyl acetate with benzyl alcohol in the presence of

Ph OH+N

O

Ph N

O

81%

cat. [Ir],[Ru]

76%

Conditions: Ir-pincer (catalyst), KOtBu (base), 120°C (Huang)

RuHCl(CO)(PPh3)2 (catalyst), A(Ligand) KOtBu (base), 140°C (Ryu)

Huang, Ryu

N NHHN

PtBu2IrBu2P (Ir-pincer)

coe

N

N N

N
NH

Ligand A
t

Cl

(coe =cyclooctene)

Scheme 25 a-Alkylation of acetamide

nBuOH + O

O
cat. [IrCl(cod)]2

PPh3
tBuOK, tBuOH
100 °C

Bu
O

O
Bu nBu

74%

t t

Scheme 26 a-Alkylation of t-butyl acetate
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2 mol% of Ir-pincer complex B (as shown in Scheme 27) combined with

2 equivalents of t-BuOK in toluene at 110 �C to give the corresponding a-alkylated
ester in 99 % yield (Scheme 27). Notably, the reaction of t-butyl acetate with benzyl

alcohol was successfully conducted with a molar ratio of 1.2:1 using a smaller

amount of the Ir-pincer catalyst (0.5 mol%) and a lower reaction temperature

(60 �C). Under these conditions, the desired alkylated product was formed in high

yield (89 %) (Scheme 27).

This ester alkylation system was also successfully applied to the synthesis of

valproic acid. According to the reported procedure, a mixture of methyl valerianate

(10 mmol) was reacted with n-propanol (8 mL) under the Ir-catalyzed conditions

described above to give the corresponding valproic ester, which was hydrolyzed to

give valproic acid in 70 % overall yield (Scheme 28).

5 a-Alkylation of Methyl-N-Heteroaromatic Compounds

Transition-metal-catalyzed C-alkylation methods have been successfully applied to

the alkylation of several methyl-N-heteroaromatic compounds, including methyl

pyrimidines and methyl quinolones.

nBuOH + O

O cat. Ir-pincer (B)

tBuOK, toluene
T °C

Bu
O

O
Bu nBu

Conditions: Cat (2 mol %), alcohol:ester = 1:10, T =110°C;   99%

Cat (0.5 mol %), alcohol:ester = 1:1.2, T = 60°C;  89%

N
O

Bu2P Ir

H Cl

Ir-pincer B

tt

t

Scheme 27 Huang’s a-alkylation of t-butyl acetate

OMe

O

+ OH
1) Ir-cat, α-alkylation

2) hydrolysis
OH

O

70%

Scheme 28 Synthesis of valproic acid via the a-alkylation of an ester
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The C-alkylation of methyl piperidine was achieved by Kempe and co-workers

using an Ir complex containing a pyridyl-bearing phosphine ligand. In a typical

example of this procedure, N-benzylated 4-methylpyrimidin-2-ylamine (1.0 mmol)

was reacted with benzyl alcohol (1.1 mmol) in the presence of [IrCl(cod)]2
(1 mol%) combined with (iPr)2PNPy2 (Pr = propyl, Py = pyridinyl) (2 mol%) (as

a ligand) and t-BuOK (1.1 mmol) in diglyme at 110 �C to give the C-alkylated

product in 98 % yield (Scheme 29) [174].

With regard to the alkylation of methyl quinolones, Obora and co-workers

reported that the reaction of 2-methylquinoline (3.0 mmol) with benzyl alcohol

(1.0 mmol) in the presence of [Ir(OH)(cod)]2 (5 mol%) combined with PPh3
(20 mol%) and t-BuOK (50 mol%) in 1,4-dioxane at 130 �C gave the desired C-

alkylated product in 92 % isolated yield (Scheme 30) [175].

Furthermore, Shimizu and co-workers achieved the additive-free C-alkylation of

methylquinoline using an alcohol as the alkylating agent with a heterogeneous Pt/c-
Al2O3 catalyst [176].

6 Ruthenium-Catalyzed Synthesis of 1,2,3,4-Tetrahydronaphthyridines
via the Transfer Hydrogenation of a Pyridyl Ring with Alcohol

The hydrogen transfer method has been successfully applied to the synthesis of

several heterocyclic compounds using a transition-metal-catalyzed annulation

reaction [177].

Zhang and co-workers recently reported the ruthenium-catalyzed synthesis of

1,2,3,4-tetrahydronaphthyridines from (2-amino-pyridin-3-yl)methanol and a suit-

able alcohol. In a typical example of this reaction, (2-aminopyridin-3-yl)methanol

(0.5 mmol) was reacted with 1-(p-tolyl)ethanol (0.5 mmol) in the presence of

Ru3(CO)12 (1 mol%) combined with xantphos (3 mol%) and t-BuOK (50 mol%) in

t-amyl alcohol at 130 �C to give 7-(p-tolyl)-1,2,3,4-tetrahydro-1,8-naphthyridine in

90 % yield with high selectivity (Schemes 31, 32) [178].

N N

HN
Bn

+
OH

cat. [IrCl(cod)]2
(iPr)2PNPy2

N N
P(iPr)2

(iPr)2PNPy2 Ligand

N N

HN
Bn

98%

Scheme 29 C-Alkylation of methyl pyrimidine
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7 b-Alkylation of Alcohols Using Hydrogen Autotransfer Reactions

Alcohol–alcohol coupling reactions leading to the formation of b-alkylated products
are known as the Guerbet reaction, and numerous examples of this reaction have

been reported in the literature [179–182]. The Guerbet reaction has been used

extensively to afford long-chain higher alcohols from readily accessible short-chain

alcohols.

In the recent literature, Ramón and co-workers reported the successful Guerbet

cross-alkylation reaction of two different alcohols using an iridium/magnetite

catalyst [183]. In a typical example of this reaction, a mixture of 2-phenylethanol

(1.0 mmol) and benzyl alcohol (2.0 mmol) was reacted with a catalytic amount of

iridium/magnetite nanoparticles of IrO2–Fe3O4 (0.14 mol%) combined with KOH

N
+ OH

cat. [Ir(OH)(cod)]2

KOtBu, 1,4-dioxane
130 °C

N

92%

Scheme 30 C-Alkylation of methylquinoline

N

OH

NH2

+

OH cat. Ru3(CO)12
xantphos

tBuOK
tAmyl alcohol
130 °C

N
H

N

90%

Scheme 31 Ru-catalyzed synthesis of tetrahydronaphthyridines
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+

OH
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H

N

N
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+

O
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-2H2O N N

[Ru]

[RuH2]

hydrogenation

Scheme 32 A possible reaction pathway
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in toluene at 110 �C to give the corresponding Guerbet reaction product in 96 %

yield (Scheme 33). Notably, the iridium/magnetite (IrO2–Fe3O4) catalyst used in

this case was reused more than 10 times without any discernible decrease in its

catalytic activity by simply washing the catalyst with toluene.

Furthermore, Jia and co-worker recently reported the Ru-catalyzed Guerbet-type

b-alkylation of primary and secondary alcohols [184]. In a representative example

of this reaction, 1-phenyl ethanol (1.0 mmol) was reacted with benzyl alcohol

(2.0 mmol) in the presence of RuCl2(PPh3)2(2-NH2CH2Py) (2-NH2CH2Py = 2-

aminomethyl pyridine) (1 mol%) combined with t-BuOK in toluene at 105 �C to

give the corresponding b-alkylated product in quantitative yield (Scheme 34).

Considerable research interest has recently been directed towards the use of

ethanol as a bioresource substrate to provide access to n-butanol and higher alcohols

using the Guerbet process.

For example, Wass and co-workers recently reported that trans-[RuCl2(DPPM)2]

(DPPM = bis(diphenylphosphino)methane) showed good catalytic activity for the

selective conversion of ethanol to n-butanol and that the selectivity towards butanol

was 94.1 % at conversions greater than 20 % [185].

Tian and co-workers reported the hydrothermal synthesis of n-butanol from

ethanol [186]. This process used commercially available cobalt powder as a catalyst

combined with NaHCO3 (0.01 mol) as a base under hydrothermal conditions using

0.15 mol of ethanol and water (11.24 mL) at 200 �C for 3 days to give n-butanol

with 69 % selectivity.

8 Iridium-Catalyzed Guerbet/Decarbonylation Reaction
of Arylalkanols

In an extension of the Guerbet reaction, Obora and co-workers reported the

development of an Ir-catalyzed reaction for the conversion of arylalkanols to a,x-
diarylalkanes [187], which have been widely used as chromophores and functional

fluorescent materials [188–191].

In a typical example of this transformation, 2-phenylethanol (2.0 mmol) was

treated with t-BuOK (40 mol%) in p-xylene in the presence of [Cp*IrCl2]2
(1 mol%) at 120 �C to give 1,3-diphenylpropane in 81 % yield with a small amount

of toluene (5 %) as a by-product (Scheme 35). This reaction proceeded via the

formation of the dimerized b-alkylation alcohol (Guerbet reaction product) as an

intermediate. The resulting alcohol was subsequently dehydrogenated by the iridium

complex to afford an aldehyde, followed by sequential decarbonylation and

OH
+ OH

cat. IrO2-Fe3O4

KOH, 110 °C

OH

96%

Scheme 33 Ir-catalyzed Guerbet reaction involving the cross-alkylation of two alcohols
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hydrogenation reactions to give the a,x-diarylalkane product. Notably, the use of

2-arylethanol as a substrate in this reaction led to the ‘‘direct’’ formation of a,x-
diarylalkane, as shown in Scheme 35.

In contrast, the use of arylalkanols with longer alkyl chains as substrates, such as

3-phenylpropanol, required the use of a two-step reaction to attain the desired a,x-
diarylalkane products. This process is shown in Scheme 36. Briefly, the reaction of

3-phenylpropanol (2.0 mmol) with [Cp*IrCl2]2 (1 mol%) and t-BuOK (40 mol%) in

1,4-dioxane at 120 �C in a pressure tube led to the formation of b-(phenyl-
methyl)benzenepentanol as the Guerbet reaction product in 89 % yield. The

subsequent reaction of this product with [Cp*IrCl2]2 (2 mol%), [IrCl(cod)]2

(4 mol%), dppe (dppe = 1,2-bid(diphenylphosphino)ethane) (8 mol%), and K2CO3

(20 mol%) in mesitylene at 160 �C gave 1,5-diphenylpentane in 96 % yield

(Scheme 36).

OH
OH

+
cat. RuCl2(PPh3)2(2-NH2CH2Py)

OH

KOtBu, toluene, 105 °C
>99%

Scheme 34 Ru-catalyzed Guerbet reaction involving the cross-alkylation of two alcohols

OH cat [Cp*IrCl2]2

tBuOK, 120 °C
-H2O, -CO

+

81% 5%

Scheme 35 Ir-catalyzed formation of 1,3-diphenylpropane from 2-phenylethanol

cat [Cp*IrCl2]2

tBuOK, 120 °C

89%

OH

1,4-dioxane
OH

cat. [Cp*IrCl2]2
cat. [IrCl(cod)]2
        dppe

K2CO3
mesitylene, 160 °C

OH
96%

Ir-catalyst

-CO

Scheme 36 Ir-catalyzed formation of 1,5-diphenylpentane by the two-step reaction of 3-phenylpropanol
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9 Dehydrogenative Cross-Coupling by Transfer Hydrogenation

9.1 Dehydrogenative Cross-Coupling of Alcohols Involving Transfer
Hydrogenation

Madsen and co-worker reported that a ruthenium–NHC complex (shown in

Scheme 37) showed good catalytic activity towards the dehydrogenative Guerbet

reaction of secondary alcohols to give the corresponding dimeric ketones with the

concomitant release of hydrogen and water as by-products. In this reaction, the

alcohol substrate underwent a b-alkylation/self-coupling reaction in a similar

manner to the Guerbet reaction to afford the b-alkylated alcohol through an aldol

reaction. The subsequent dehydrogenation took place under this catalyst system

(Scheme 38) [192].

In a typical example of this process, 2-hydroxyhexane (5.0 mmol) was reacted

with a catalytic amount of [RuCl2(IiPr)(p-cymene)] (2 mol%) in the presence of

PCy3�HBF4 (20 mol%) and KOH (5 mmol) in toluene at 110 �C to give the

corresponding dehydrogenative self-coupling product in 95 % yield (Scheme 38).

9.2 Dehydrogenative Alcohol–Alcohol Cross-Coupling Reactions

The dehydrogenative cross-coupling of primary alcohols in the presence of an

amine has been further extended to the synthesis of a,b-unsaturated aldehydes via

the formation of imine intermediates.

For example, Porcheddu and co-workers recently reported the synthesis of a

series of a,b-unsaturated aldehydes by the dehydrogenative cross-coupling of

primary alcohols, which reacted with an amine to form the corresponding imine,

followed by a Mannich-type condensation reaction (Scheme 39) [193].

In a typical example of this process, benzyl alcohol (3.0 mmol) was reacted with

heptanol (1.0 mmol) in the presence of RuH2(CO)(PPh3)3 (4 mol%) combined with

xantphos (4 mol%), silica-immobilized amine (0.9 mmol), and crotononitrile

(5.0 mmol) as a hydrogen acceptor at 120 �C under microwave irradiation for 3 h

to give the corresponding cross-coupled a,b-unsaturated aldehydes in 75 % yield

(Scheme 39). In this reaction, the silica-immobilized amine was recycled (by simple

filtration) at least five times without considerable loss in its catalytic activity.

N N iPrPr

RuCl2

i
Scheme 37 Ruthenium–NHC
complex
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10 Heterogeneous Catalysts for C-Alkylation Reactions

Heterogeneous catalysts can efficiently catalyze hydrogen transfer reactions and

show good recyclability characteristics, as well as achieving high turnover numbers

(TONs). To date, various heterogeneous metal/metal nanoparticle catalysts immo-

bilized on metal oxide supports (e.g., TIO2, MgO, mesoporous silica) have been

used as catalysts for transfer hydrogenation reactions involving alcohols [194–223].

In a recent example of this type of reaction, Seayad and co-workers reported the

use of an effective silica-supported palladium catalyst, which showed high catalytic

activity towards the a-alkylation of ketones. In a representative example of this

transformation, acetophenone (2.0 mmol) was reacted with benzyl alcohol

(6.0 mmol) in the presence of the silica-supported heterogenized palladium catalyst

(as shown in Scheme 40) combined with LiOH (20 mol%) at 140 �C to give the

corresponding a-alkylated product, 1,3-diphenylpropan-1-one, in 83 % yield. Using

this heterogenized Pd catalyst system, it is possible to recycle the catalyst by a

OH

nBu

cat. Ru-NHC complex
PCy3 HBF4

KOH, toluene
110 °C

O

nBu nBu

95%-H2O

-H2

[Ru]OH

nBu nBu

Scheme 38 Ruthenium–NHC complex-catalyzed dehydrogenative Guerbet reaction

OH + OHnC5H11

cat. [RuH2(CO)(PPh3)3

Xantphos

silica-immobilized amine
([Si]-NH2)
crotoninitrile, 120 °C

N
[Si]

CHO

nC5H11

Scheme 39 Ruthenium–NHC complex-catalyzed dehydrogenative Guerbet reaction

SiO2

O
O
O

Si N
O

PPh2

P
Ph2

Pd(OAc)2

Scheme 40 Silica-supported
heterogenized palladium catalyst
for the a-alkylation of ketones
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simple filtration step and still achieve a high turnover number (up to 4000) for the a-
alkylation (Scheme 40) [224].

11 Activation of sp3 C–H bonds Involving Hydrogen Transfer Reactions

The functionalization of sp3 C–H bonds by the arylation of the a-carbon of a ketone

through a direct oxidative coupling has recently been developed as a viable strategy

for the formation of C–C bonds [225–233].

Alternatively, Dixneuf and co-workers reported the Ru-catalyzed alkylation of

the sp3 C–H bonds of alcohols using an alkene via the dehydrogenation of the

alcohol substrate (Scheme 41) [234]. In a representative example of this transfor-

mation, benzyl 2-pyridyl alcohol (0.25 mmol) was reacted with methyl acrylate

(1.0 mmol) in the presence of [RuCl2(p-cymene)]2 (5 mol%) combined with

Cu(OAc)�H2O (0.8 equiv) in dichloroethane to give the corresponding a-alkylated
product in 80 % yield (Scheme 41).

Achard and co-workers reported the development of an Ir-catalyzed reaction for

the formation of julolidines via a cyclization step involving a hydrogen transfer

reaction with 1,3-propanediol and tetrahydroquinoline. In a representative example,

1,3-propanol (1 equiv) was reacted with 1,2,3,4-tetrahydroquinoline (2 equiv) in the

presence of [Cp*IrCl2]2 (1 mol%) combined with diphenylphosphinobenzoic acid

(DPPBA) (2 mol%) in toluene at 130 �C to give julolidine in 91 % yield

(Scheme 42) [235]. This reaction proceeded via the formation of an enaminoi-

minium intermediate.

12 Transition-Metal-Free C-Alkylation

In 2010, Crabtree and co-workers reported b-alkylation reaction of 1-phenylethanol

(2 mmol) with benzyl alcohol was achieved by using simple alkali base KOH

(2 mmol) under transition-metal free aerobic conditions, giving the corresponding

ketones and alcohols in 78 and 21 %, respectively (Scheme 43) [236]. The reaction

proceeded by an Oppenauer oxidation of these alcohols to give the ketone and

aldehyde. Subsequently, base-assisted aldol reaction followed by Meerwein–

Ponndorf–Verley (MPV) reduction and isomerization gave the b-alkylated products.

N

OH

+ CO2Me
N

O

CO2Me

cat [RuCl2(p-cymene)]2

Cu(OAc) H2O
dichloroethane
120 °C

80%

Scheme 41 Ru-catalyzed alkylation of the sp3 C–H bond of an alcohol
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In addition, transition-metal-free dehydrogenative a-alkylation of ketones with

primary alcohols involving the Meerwein–Ponndorf–Verley–Oppenauer redox

cycle has recently been developed by using LiOtBu or NaOH as base [237, 238].

13 Conclusion and Future Outlook

This review has focused on recent advances in C-alkylation methods involving

transfer hydrogenation with an alcohol as the alkylating agent. This area of research

has continued to grow and provide environmentally benign and practical organic

synthetic methodologies.

Although transition-metal-free C-alkylation reactions have only recently been

developed [236–238], existing transition-metal-catalyzed C-alkylation methods

involving the transfer hydrogenation of an alcohol have been enhanced considerably

though ligand modification, reaction rate acceleration, and the development of

reactions that run under base-free conditions. Furthermore, thesemethodsmay be used

for the activation of unactivated compounds, such as methanol, acetonitrile,

acetamide, and esters, which are all important chemical feedstock in organic synthesis.

C-Alkylation methods involving the transfer hydrogenation of alcohols represent

atom-economical and green chemical transformations.With this inmind, we hope that

this review will act as an informative reference and provide support to researchers

interested in the utilization of hydrogen transfer as a C-alkylation method. We also

hope that this review will inspire researchers to develop new innovative transforma-

tions in the field of C-alkylation involving transfer hydrogenation.

HO OH +
N
H

cat [Cp*IrCl2]2
DPPBA

N

OH

N

91% (99% conversion)

PPh2

CO2H
DPPBA

toluene, 130 °C

Scheme 42 Ir-catalyzed synthesis of julolidine by transfer hydrogenation

OH
OH

+

OH

open air
110 °C 78%

KOH
(1 equiv)

+

O

21%

Scheme 43 Transition-metal-free b-alkylation with alcohols

123

Top Curr Chem (Z) (2016) 374:11

Reprinted from the journal284



References

1. Cain D (2000) In: Fleming I, Trost BM (eds) Comprehensive organic synthesis. Pergamon, Oxford,

pp 1–63

2. Reetz MT (1982) Angew Chem Int Ed 21:96–108

3. Casiraghi G, Battistini L, Curti C, Rassu G, Zanardi F (2011) Chem Rev 111:3076–3091

4. Palomo C, Oiarbide M, Garcia JM (2004) Chem Soc Rev 33:65–75

5. Arya P, Qin H (2000) Tetrahedron 56:917–928

6. Miynarski J, Gut B (2012) Chem Soc Rev 41:587–596

7. Cheong PHY, Legault CY, Um JM, Celebi-Olcum N, Houk KN (2011) Chem Rev 111:5042–5137

8. Shi Z, Yu D (2013) In: Keedij KJ, Poeppelmeier K (eds) Comprehensive inorganic chemistry II, 6th

edn. Elsevier, Amsterdam, pp 47–77

9. Chen X, Engle KM, Wang DH, Yu JQ (2009) Angew Chem Int Ed 48:5094–5115

10. Guo X, Gu D, Wu Z, Zhang W (2015) Chem Rev 115:1622–1651

11. Wendel-Delord J, Glorius F (2013) Nat Chem 5:369–375

12. Kozhushkov SI, Ackermann L (2013) Chem Sci 4:886–896

13. Arockiam PB, Bruneau C, Dixneuf PH (2012) Chem Rev 112:5879–5918

14. Yamaguchi J, Yamaguchi AD, Itami K (2012) Angew Chem Int Ed 51:8960–9009

15. Neufeldt SR, Sanford MS (2012) Acc Chem Res 45:936–946

16. Song G, Wang F, Li X (2012) Chem Soc Rev 41:3651–3678

17. Campell AN, Stahl SS (2012) Acc Chem Res 45:851–863

18. Wencel-Deload J, Droege T, Liu F, Glorius F (2011) Chem Soc Rev 40:4740–4761

19. Lyons TW, Sanford MS (2010) Chem Rev 110:1147–1169

20. Trost BM (1991) Science 254:1471–1477

21. Trost BM (2002) Acc Chem Res 35:695–705

22. Li C, Trost BM (2008) Proc Natl Acad Sci USA 105:13197–13202

23. Guillena G, Ramon DJ, Yus M (2007) Angew Chem Int Ed 46:2358–2364

24. Hamid MHSA, Slatford PA, Williams JMJ (2007) Adv Synth Catal 349:1555–1575

25. Nixon TD, Whittlesey MK, Williams JMJ (2009) Dalton Trans 753–765

26. Dobereiner GE, Crabtree RH (2010) Chem Rev 110:681–703

27. Bahn S, Imm S, Neubert L, Zhang M, Neumann H, Beller M (2011) ChemCatChem 3:1853–1864

28. Marr AC (2012) Catal Sci Technol 2:279–287

29. Pan S, Shibata T (2013) ACS Catal 3:704–712

30. Mata JA, Hahn FE, Peris E (2014) Chem Sci 5:1723–1732

31. Hollman D (2014) ChemSusChem 7:2411–2413

32. Guillena G, Ramón D, Yus M (2010) Chem Rev 110:1611–1641

33. Watson AJA, Williams JMJ (2010) Science 329:635–636

34. Alonso F, Riente P, Yus M (2011) Acc Chem Res 44:379–391

35. Fujita K, Yamaguchi R (2005) Synlett 4:560–571

36. Yamaguchi R, Fujita K, Zhu M (2010) Heterocycles 81:1093–1140

37. Obora Y, Ishii Y (2011) Synlett 1:30–51

38. Gunanathan C, Milstein D (2013) Science 341:1229712

39. Gunanathan C, Milstein D (2011) Acc Chem Res 44:588–602

40. Pera-Titus M, Shi F (2014) ChemSusChem 7:2411–2413

41. Obora Y, Nakamura K, Hatanaka S (2012) Chem Commun 48:6720–6722

42. Obora Y, Hatanaka S, Ishii Y (2009) Org Lett 11:3510–3513

43. Hatanaka S, Obora Y, Ishii Y (2010) Chem Eur J 16:1883–1888

44. Obora Y, Sawaguchi T, Tsubakimoto K, Yoshida H, Ogawa S, Hatanaka S (2013) Synthesis

45:2115–2119

45. Muzart J (2015) Eur J Org Chem 2015:5693–5707
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Abstract Owing to the importance of amine/amide derivatives in all fields of

chemistry, and also the green and environmentally benign features of using alcohols

as alkylating reagents, the relatively high atom economic dehydrative N-alkylation

reactions of amines/amides with alcohols through hydrogen autotransfer processes

have received much attention and have developed rapidly in recent decades. Various

efficient homogeneous and heterogeneous transition metal catalysts, nano materials,

electrochemical methods, biomimetic methods, asymmetric N-alkylation reactions,

aerobic oxidative methods, and even certain transition metal-free, catalyst-free, or

autocatalyzed methods, have also been developed in recent years. With a brief

introduction to the background and developments in this area of research, this

chapter focuses mainly on recent progress and technical and conceptual advances

contributing to the development of this research in the last decade. In addition to

mainstream research on homogeneous and heterogeneous transition metal-catalyzed

reactions, possible mechanistic routes for hydrogen transfer and alcohol activation,

which are key processes in N-alkylation reactions but seldom discussed in the past,

the recent reports on computational mechanistic studies of the N-alkylation reac-

tions, and the newly emerged N-alkylation methods based on novel alcohol acti-

vation protocols such as air-promoted reactions and transition metal-free methods,
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are also reviewed in this chapter. Problems and bottlenecks that remained to be

solved in the field, and promising new research that deserves greater future attention

and effort, are also reviewed and discussed.

Keywords Alcohols � Alcohol activation � Alcohol oxidation � Amines � Amine

oxidation � Amides � N-Alkylation � Asymmetric N-alkylation � Reductive
N-alkylation � Dehydration � Hydrogen autotransfer � Borrowing hydrogen � Relay
race � Transfer hydrogenation � Anaerobic dehydrogenation � Aerobic oxidative

dehydrogenation � Homogeneous catalysis � Heterogeneous catalysis � Transition
metal catalysts � Transition metal-free � Catalyst-free � Autocatalysis

1 Introduction and Background

Nitrogen is one of the most important essential elements for life. It has been chosen

by nature to build essential molecules such as amino acids and nucleotides in the

construction of life. Consequently nitrogen-containing compounds play important

roles in all fields of chemistry, and in all aspects of life in living organisms. For

example, nitrogen functionalities and organonitrogen blocks are abundant in

numerous natural products, biologically active molecules, agrochemicals, synthet-

ically and pharmaceutically significant compounds. Commonly used pharmaceuti-

cals usually contain at least one nitrogen atom.

Amines and amine derivatives are the most fundamental and significant

organonitrogen compounds because they can be used as starting materials for the

preparation of other organonitrogen blocks. The reaction of ammonia/amines

with organohalides to produce alkylated amines [1], namely the Hofmann N-

alkylation reaction discovered by A. W. Hofmann in 1850 [2], is included in all

text books as a basic method of amine derivative synthesis [3]. However, this

method uses active and toxic organohalides as reactants, and is low in selectivity

and atom efficiency, producing a mixture of different amines and inevitable am-

monium salts as byproducts, which leads to serious problems with product

separation and purification. Since then, various more selective, efficient, and

atom economic methods have been developed for the synthesis of different

amines and amine derivatives to meet specific synthetic needs, which include

mainly the Gabriel method, reduction of nitro compounds, Ullmann/Buchwald–

Hartwig type transition metal (TM)-mediated/catalyzed couplings of N–H

compounds with aryl halides and pseudohalides, reductive alkylation of amines

with carbonyl compounds, transition metal-catalyzed hydroamination/hy-

droaminomethylation of carbon–carbon unsaturated compounds, as well as

dehydrative N-alkylation reactions of amines/amides with alcohols. The latter

method, N-alkylation of amines/amides using alcohols as the alkylating reagents

(Eq. 1), seemingly a direct dehydrative substitution of alcohol’s hydroxyl group

by the amines/amides, is a relatively environmentally benign alternative, not

only because comparatively high atom efficiency can be achieved by generating

water as the only byproduct, but also because alcohols are more available, more

stable, lower in toxicity, more easily stored and handled, much lower in cost,
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and are a class of greener chemicals than the corresponding organohalides or

carbonyl compounds.

R2
OH

R2
N

R3

+ H2ON
R3

R4
H+

R4

R1 R1

ð1Þ

In fact, in the early twentieth century, just half a century after Hofmann’s report,

J. U. Nef [4] first discovered that N-alkylation of amines/amides could be achieved

using alcohols at high temperatures under strong basic conditions, albeit the yields

and selectivities were not high (Scheme 1). This is mostly due to the fact that

alcohols are generally inactive in nature, and because hydroxyl is not a good leaving

group and thus activation for further transformations is difficult.

Following Nef’s report, other chemists also developed a number of methods for

N-alkylation of amines with alcohols, by using main group metal (Na, K, Al, Mg,

etc.) hydroxides or alkoxides [5–9], or heterogeneous transition metal (TM)-

impregnated silica or alumina catalysts, or metal alloys, metal salts, mixed oxides of

metals, or directly silica-alumina as the catalysts [10–12]. However, these methods

still require forcing reaction conditions such as high temperatures (200–400 �C),
high pressure, using large amounts of bases, and still suffer from the problems of

long reaction time, low yields, and low selectivities.

As more and more TM complexes were developed and applied in organic

synthesis, TM-catalyzed synthetic methods progressed quickly. In 1981 and 1982,

the groups of Grigg [13], Watanabe [14], and Murahashi [15] independently

reported the earliest homogeneous TM-catalyzed N-alkylation reactions of amines

with alcohols using [Ru], [Ir] or [Rh] complexes. A main difference of these

reactions compared to the previous methods is that, by using the noble transition

metal complexes, N-alkylation reactions could be achieved under milder conditions

(\200 �C) and tolerate a broader scope of substrates. Realizing TM catalysts’ higher

activity in alcohol activation, and their potential in the dehydrative alkylation

reactions, more and more chemists became interested in this research and the field

has progressed rapidly in the past three decades, especially after the 1990s due to

chemists’ growing awareness of environmental concerns regarding chemical

reactions, and the need to develop greener and more sustainable reactions to

replace traditional methods. In addition, in 2005, the ACS Green Chemistry Institute

(GCI) and global pharmaceutical companies founded an ACS GCI Pharmaceutical

Roundtable to promote the development of green chemistry and green engineering

PhNH2

N
Ph

CH3OC
H

EtONa

250~305 oC
N

Ph

CH3OC
Et

20%

40%

PhHN Et

Scheme 1 Nef’s initial findings on dehydrative N-alkylation [4]
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in pharmaceutical industry. The inclusion of direct transformations of alcohols into

pharmaceutically useful chemicals as one of its key research areas by the ACS GCI

Pharmaceutical Roundtable also promoted the progress of alcohol-based research in

organic and pharmaceutical synthesis. Therefore, numerous homogeneous and

heterogeneous TM-, Lewis acids-, Brönsted acids-, or co-catalysts-catalyzed

methods for dehydrative N-alkylation of amines and amides with alcohols have

been developed in recent years.

In general, these alcohol-based dehydrative N-alkylation reactions can be

classified into two categories. One is the direct nucleophilic substitution of the

hydroxy group by amines/amides mediated/catalyzed by Brönsted acids, Lewis

acids, or TM complexes via formation of carbocation or coordinated cationic metal

complexes under acidic conditions (Scheme 2) [16–20]. The famous Ritter reaction

of nitriles and alcohols giving alkylated amides may be classified as one of these

reactions, in which the nitriles serve as the N-nuleophile (Eq. 2) [21, 22].

R CN + HO
R1

R3
R2 BA, LA, or TM-cat.

R N
H

O

R3

R1
R2

ð2Þ

The other category, as termed by the leading chemists in the area, is the

‘‘borrowing hydrogen’’ [12, 23–32] or ‘‘hydrogen autotransfer’’ [9] methodology, or

more simply ‘‘hydrogen transfer reactions’’ [33, 34] that involve characteristic

hydrogen transfer processes in the reactions (Scheme 3). In these reactions, alcohols

are generally believed to be dehydrogenatively activated under inert conditions by

TM catalysts to form the more active aldehydes and the reducing hydridometal

species [MH] or [MH2], which then return the hydrogen atoms to the intermediate

imines to give the final alkylated amine/amide products. The method is thus mainly

suitable for primary amines and alcohols. According to this recapitulatory general

R1

R2
OH

OH
cat.

R6
N

R5

H
R1

R2
N

R6N
R5

R5

R6
- H2O

R1

R2
OH2

+

OH2
+

R1

R2

cat.

R4R3

R4R3

H2O
MLn

R4R3

+

+

H+
R6

N
R5

H cat.
- H+

R3 R4
2

Scheme 2 General mechanism for direct nucleophilic substitution reactions of alcohols by amines/
amides
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mechanism (Scheme 3), hydrogen transfer from alcohols to TM catalysts and then

from [MH]/[MH2] to intermediate imines are the typical key processes of the

methods. It should also be pointed out that inorganic bases were usually required in

hydrogen autotransfer reactions for deprotonation of the alcohols to facilitate their

coordination with TM catalysts. Since bases were usually used in large excess

amounts in the early TM-free methods [4–10], they were used only as additives but

not as catalysts in TM-catalyzed reactions [10–12, 23–34], even though in many

cases they were also used in catalytic amounts.

The direct nucleophilic substitution reactions (Scheme 2) [16–22], restricted

mainly to p-activated alcohols such as secondary arylmethanols, allylic and

propargylic alcohols, and tertiary alcohols that can readily form stable carbocationic

intermediates, are mechanistically different to hydrogen autotransfer reactions.

Although these reactions are not the focus of this chapter, since they are also very

relevant research areas, this brief introduction is anticipated to provide potentially

helpful references to assist interested researchers in their studies, especially in

boardline research where elucidation of reaction mechanisms is difficult.

In the case of N-alkylation reactions by hydrogen autotransfer processes,

asymmetric reactions, nano materials, electrochemical methods, biomimetic meth-

ods, reactions using amines as the alkylating reagents, the more practical aerobic N-

alkylation methods, and even some simple and efficient TM-free methods have also

been reported in recent years. It was proposed that, in addition to anaerobic

dehydrogenative for activation of the alcohols (Scheme 4, methods A–B), more

alternative protocols should also be available, which may include the use of
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hydrogen acceptors, oxidants or organocatalysts, aerobic oxidative methods, etc.

(methods C–F) [36]. Since TM-catalyzed aerobic oxidation of alcohols has been the

standard method for aldehyde synthesis [36–41], oxidative dehydrogenation

methods using various oxidants have been intensively employed in cross-

dehydrogenative coupling (CDC) reactions for substrate activation [42, 43], and

stoichiometric oxidants have also been employed for synthesis of alkylated amines

from alcohols and amines by one-pot multi-step oxidation–reduction reactions [44,

45], these new protocols for alcohol activation should be good complements to the

anaerobic dehydrogenation protocol.

Since there have been several important and excellent reviews on N-alkylation

reactions of the hydrogen transfer type in recent years [10–12, 23–35], this

chapter highlights mainly some typical examples of the main progress, technical and

conceptual advances, and recent mechanistic achievements contributing to devel-

opment of this research in the last decade. In addition to mainstream research on

homogeneous and heterogeneous transition metal-catalyzed reactions, possible

mechanistic routes for hydrogen transfer and alcohol activation that are the key

processes in N-alkylation reactions but seldom discussed in the past, recent

achievements on computational mechanistic studies of the N-alkylation reactions,

and some newly emerged N-alkylation methods based on novel alcohol activation

protocols such as air-promoted aerobic N-alkylation reactions and transition metal-

free methods are also reviewed in this chapter. Problems and bottlenecks remain in

the field, and promising new research that deserves greater future attention and

effort, such as potential protocols for alcohol and amine activation, meaningful and

attractive new methods or catalysts, and experimental and computational mecha-

nistic studies that can provide deeper insight into the alcohol activation and

hydrogen transfer processes and contribute to the design and development of new N-

alkylation methods, are also reviewed and discussed.

2 Hydrogen Autotransfer N-Alkylation Reactions Using Alcohols
as the Alkylating Reagents

2.1 Mechanistic Aspects of TM-Catalyzed N-Alkylation Reactions

TM-catalyzed N-alkylation reactions of amines/amides with alcohols are usually

held to proceed via the general borrowing hydrogen or hydrogen autotransfer

mechanism (Scheme 3) [10–12, 23–34]. This is based mostly on the concept that

TM catalysts can ‘‘borrow’’ and ‘‘return’’ hydrogen atoms from the alcohols and to

the products with temporary hydrogen storage by formation of [MH]/[MH2] species.

Therefore, the key to judge whether an N-alkylation reaction is a true borrowing

hydrogen or hydrogen autotransfer reaction would be the determination of the

[MH]/[MH2] species formed in situ in the reaction medium. However, this is not

that easy. Alternatively, according to the proposed general mechanism (Scheme 3),

whether the TM catalyst can directly produce aldehydes by alcohol dehydrogena-

tion: (1) under anaerobic conditions, (2) without external oxidants or hydrogen

acceptors, and (3) without aldehyde contamination in the substrate alcohols, which
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could lead to misleading results and conclusions, are also acting standards to help

making the judgement.

In fact, the borrowing hydrogen or hydrogen autotransfer concept, and generation

of [MH]/[MH2] species in alcohol-based N-alkylation reactions were, to a large

extent, based on the well-documented transfer hydrogenation reactions of unsat-

urated compounds, especially the carbonyl compounds and imines with alcohols

[46–51]. The last step of the borrowing hydrogen mechanism (Scheme 3), namely

the reduction of imine intermediates by alcohols, is, in effect, a transfer

hydrogenation reaction. The only difference is, in conventional transfer hydro-

genation reactions, excess alcohols such as isopropanol are used only as a hydrogen

source, and byproduct acetone is generated as a waste product [46–51]; while in N-

alkylation reactions, the alcohols are both the hydrogen and alkyl source, and

byproduct aldehydes are recovered in the catalytic cycle. Therefore, the mechanistic

aspects of these two transformations have much in common.

2.1.1 Mechanistic Possibilities for Transfer of Hydrogens from Alcohols

to Intermediate Imines

In spite of much work, the mechanism of a given N-alkylation reaction, especially

the question of how hydrogens are transferred from alcohols to intermediate imines,

remains to be elucidated specifically in each case. Several possibilities might exist,

and the reaction mechanism may vary depending on the substrates, TMs and ligands

used, and the specific reactions conditions employed [26]. On the other hand, the

general mechanism (Scheme 3) gives little insight into how hydrogen atoms are

transferred. Since little attention has been paid to this aspect in the past, and the

hydrogen transfer process is closely related to the key alcohol activation step, this

introductory discussion is designed to stimulate more focus on these mechanisms in

future studies.
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As summarized in review papers, there may be several possibilities for hydrogen

transfer from alcohols to unsaturated bonds (C=O and C=N bonds in particular)

under TM-catalyzed conditions [26, 46–51]. One is the direct hydrogen transfer

route, involving a TM-templated concerted process with six-membered cyclic

transition states [47, 48]. As shown in Scheme 5, the base first deprotonates the

alcohol to facilitate its coordination with the TM pre-catalyst, which then

coordinates with the C=Y compound, making both the alcohol and C=Y moieties

bind to the metal center in close proximity. The metal acts as a template to provide

correct orientation for a concerted hydride shift from the alcohol to the C=Y bond.

As a result, both the b-C-H and O-H of the alcohol are transferred selectively to

become the b-C-H and Y-H of the product, as can be inferred by using deuterium-

labeled alcohols as the hydrogen source and measuring the deuterium content of

Y-H and C-H in the product (Scheme 6). The direct hydrogen transfer route is

similar to the Meerwein-Pondorf-Verley reduction and Oppenauer oxidation (MPV–

O) route of the main group metals (Schemes 39, 40 vide infra) [52–54]. Although

the MPV–O route is typical of the main group metals, it cannot be excluded

completely in TM-catalyzed reactions [47, 48], especially for TM pre-catalysts,

with which it is difficult to form hydridometal species, or under conditions not

suitable for formation of hydridometals.

Other possible routes include hydride routes, especially for TM pre-catalysts,

which can readily form [MH]/[MH2] species [26, 46–51]. To form [MH]/[MH2]

species, coordination of TMs with strong electron-donating ligands, such as

phosphines, seems to be indispensible. Nevertheless, most [MH]/[MH2] are still

known to be sensitive, short-lived, and prone to react with oxidants such as

molecular oxygen. [MH]/[MH2] species are thus usually obtained under anaerobic

conditions (such as in a glove box), or prepared/characterized in situ in the presence

of ligands. Hence, a borrowing hydrogen or hydrogen autotransfer N-alkylation

reaction is typically performed under anaerobic conditions with inert atmosphere

protection.

There are two routes for hydride transfer. One is the monohydride route

(Scheme 7). It is commonly held that, after alcohol deprotonation by the base and

coordination with the TM, the TM center abstracts only the b-C-H of the alcohol to

give [MH] species via a four-membered cyclic transition state, which then reduces

the C=Y bond via a similar but reverse hydride transfer route. Consequently, if a

deuterium-labeled alcohol is used as the hydrogen source (Scheme 8), both the b-C-

Y
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Scheme 6 Deuterium labeling of direct hydrogen transfer route
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D* and O-H of the alcohol can be transferred selectively to become b-C-D* and

Y-H in the product, respectively [49, 50]. Since this process is the same with the

direct hydrogen transfer (Scheme 6) and TM-free MPV–O (Scheme 40, vide infra)

routes, the deuterium labeling method cannot be used to distinguish them.

The other route is the dihydride route, involving sequential abstraction of both

the O-H and b-C-H of the alcohol onto the TM center (Scheme 9) [26, 49–51]. It is

commonly held that zero-valent TM first inserts into the O–H bond of the alcohol,

followed by b-H elimination to give [MH2] species. [MH2] then reduces C=Y

compounds via a similar but reverse route. As a result, this route is not selective

regarding the hydride transfer processes. If a deuterium-labeled alcohol is used, the

deuterium contents of Y–H and C–H in the product should both be around 50 %

(Scheme 10) [50, 51].

Mechanistically, reactions taking the dihydride route should not require bases.

Indeed, several base-free N-alkylation reactions have been reported. Heterogeneous

catalysts impregnated with zero-valent TMs may therefore also belong to this class.

Besides, zero-valent TM catalyst LnM(0) and/or [MH2] may also be generated

in situ from the corresponding TM pre-catalysts, such as the frequently used

RuCl2L3 and PdX2Ln, via reduction by alcohols [49–51]. In such cases, bases are

also required to facilitate the generation of LnM(0) and [MH2] species. As shown in
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Scheme 11, this transformation is accomplished by a stepwise reduction of the TM

precatalyst by the alcohol via formation of monohydride.

2.1.2 Mechanistic Aspects of Dehydrogenative Activation of Alcohols to Carbonyl

Intermediates

Since hydroxyl is not a good leaving group, alcohols usually need to be activated for

further transformations. In TM-catalyzed N-alkylation reactions via the hydrogen

autotransfer processes, alcohols are believed to be activated to carbonyl compounds

by anaerobic dehydrogenation. However, alcohol dehydrogenation with formation

of [MH]/[MH2] species or extrusion of H2 is known as a thermodynamically

unfavorable uphill process [55, 56], being in many cases the rate-limiting step of the

whole reaction. Meanwhile, substrate and product amines as well as intermediate

imines are all known to be good ligands that may complex with TMs, possibly

poisoning, or even deactivating, the TM catalysts. Therefore, to accomplish

dehydrogenative alcohol activation, the activity of TMs needs to be enhanced.

Capricious ligands are hence adopted to improve TM activity and stabilize the

[MH]/[MH2] species; exceptions to this are rare.
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Based on the general mechanism (Scheme 3), borrowing hydrogen or hydrogen

autotransfer catalysts should be able to dehydrogenate alcohols to carbonyl

compounds and form [MH]/[MH2] species under inert conditions. As shown in

Scheme 12, with the monohydride route, carbonyl compounds and [MH] species are

first generated by b–H elimination of the metal alcoholate complex. Imine

intermediates formed by simultaneous condensation of the carbonyl intermediates

with amines are then reduced by [MH] to give a metal–product complex, and finally

the product via proton exchange. This may imply that, with monohydride

mechanism, TM catalysts can activate the alcohols to carbonyl compounds

followed by formation of imine intermediates, which then serve as the hydrogen

acceptor to oxidize [MH] species. By analogy, the monohydride mechanism

(Scheme 12) may be most consistent with the general borrowing hydrogen or

hydrogen autotransfer mechanism (Scheme 3).

In the dihydride mechanism (Scheme 13), generation of the [MH2] species

requires an initial alcohol dehydrogenation process to reduce TM pre-catalysts to

LnM(0) with formation of the first carbonyl intermediate, followed by LnM(0)

activation of the alcohol to give [MH2] and the second carbonyl intermediate.

Consequently, with the dihydride mechanism, TM catalysts can readily activate the

alcohols to carbonyl compounds without much difficulty.

In contrast, in the direct hydrogen transfer route, no carbonyl compound is

generated simultaneously with, or prior to, the hydrogen transfer step (Scheme 5).

Thus, no imine intermediates can be employed as the hydrogen acceptor to

accomplish hydrogen transfer from the alcohol. The initial step of alcohol activation

to carbonyl compounds is thus an issue to be solved in the catalytic cycle, which

may become the rate-limiting step in the whole reaction. Hence, alternative means

of alcohol activation should be adopted (Scheme 14). According to recent

developments, this may include aerobic N-alkylation reactions using air as the

promoter of the reactions, or reactions involving metal oxidants- or hydrogen

acceptors-initiated processes.

2.1.3 Computational Mechanistic Studies on TM-Catalyzed N-Alkylation Reactions

Mechanisms of TM-catalyzed N-alkylation reactions have also been investigated in

recent years by employing computational methods such as density functional theory

(DFT) calculations [57–63]. In 2008, Eisenstein and coworkers [57] performed a

DFT calculation on the mechanism of the [Cp*IrCl2]2/K2CO3-catalyzed
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(Cp* = g5-C5Me5) N-alkylation reaction of amines and alcohols. They found that

the reaction favors the product-forming direction because the alcohol dehydro-

genation step by b–H elimination has a lower barrier than dehydrogenation of the

product amines. Besides, the two hydrogen atoms transferred from the alcohol to the

imine intermediate are transferred as one hydride H- and one proton H?

(Scheme 15). The hydride goes from the alcohol to the metal, and then from the

metal to the imine, which is consistent with the monohydride mechanism

(Scheme 12); while the proton goes from the alcohol to the carbonate base and

further to the product amine, which differs slightly from the monohydride

mechanism (Scheme 12), because the ancillary carbonate ligand was found to

coordinate with Ir and thus be involved in the hydrogen transfer step (Scheme 15).

In 2012, Fristrup and Madsen studied the mechanism of the same N-alkylation

reaction as above by combining experimental and theoretical methods [58]. In

contrast to Eisenstein’s proposal [57], Fristrup and Madsen’s results suggested that

both aldehyde and hemiaminal intermediates stay coordinated to the iridium catalyst
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in the catalytic cycle. Further dehydration to imine and reduction to product amine

also take place without breaking the coordination to the catalyst (Scheme 16).

In 2015, Liu and co-workers also re-investigated the DFT calculation of the

above [Cp*IrCl2]2/K2CO3-catalyzed N-alkylation reaction [59]. They found the

initial alcohol dehydrogenation to aldehyde and the second aldehyde-amine

condensation steps are thermodynamically endergonic; whereas the third imine

reduction to product amine step is highly exergonic, being the driving force for the

whole catalytic cycle. For the alcohol dehydrogenation and imine reduction steps,

the most favorable pathways are the inner-sphere hydrogen transfer pathway under

the catalysis of Cp*Ir(NHPh)Cl, and the inner-sphere hydrogen transfer pathway

with KHCO3 as the proton donor.

In addition to the above computational studies on the mechanism of Ir-catalyzed

N-alkylation reactions, in 2015 Martı́n-Matute and co-workers [60] also investigated

a bifunctional iridium complex-catalyzed N-alkylation reaction of amines and

alcohols by a combination of experimental and computational methods. The

mechanisms of Ru- [61], Cu- [62], and Pd-catalyzed [63] N-alkylation reactions

have also been studied by DFT calculations.

2.2 Recent Advances in Homogeneous TM-Catalyzed N-Alkylation
Reactions

Homogeneous TM-catalyzed N-alkylation methods for synthesis of amine/amide

derivatives are the mainstream of hydrogen autotransfer reactions. Since the seminal

reports from the groups of Grigg, Watanabe and Murahashi in the early 1980s [13–

15], more and more TM complexes, such as [Rh], [Pd], [Au], [Ag], [Pt], [Os] and

[Re], and even the non-noble metals [Ni], [Cu], [Fe], and [Co], have been found to

be active catalysts in the last decade [10, 23–34]. Recently, more environmentally

benign methods such as reactions in aqueous media, at much lower temperatures,

with very low catalyst loadings, or using biomass-derived alcohols, have gradually
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appeared in the field. Applications of N-alkylation reactions in the synthesis of bio-

active and pharmaceutical molecules have also been reported.

In 2007, Williams and co-workers [64] reported a [Ru(p-cymene)Cl2]2/dppf-

catalyzed N-alkylation of secondary amines with alcohols. Piribedil (1), a piperazine

dopamine agonist used in the treatment of Parkinson’s disease, could be obtained in

87 % yield (Eq. 3). In 2009, by using DPEphos as the ligand instead of dppf, the same

group achieved a general N-alkylation method for a wide range of amines such as

primary and secondary amines, sulfonamides, and amides. N-Heterocycles could also

be obtained by the reaction of diols and primary amines (Eq. 4) [65, 66]. In 2013, the

Williams group extended the method to the synthesis of amines with a boronic ester

group. Saccharide sensor 2 could be prepared in 84 % yield (Eq. 5) [67].
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In 2006, Beller and co-workers [68] reported a reaction of primary amines with

primary and secondary alcohols using an Ru3(CO)12/tri(o-tolyl)-phosphine catalyst. In

2007, they developed an improved Ru3(CO)12/CataCXiumPCy catalyst, with which a

variety of functionalized alcohols and amines could be converted into the corresponding

secondary amines in high yields (Scheme 17a) [69]. In 2008, the Beller group extended

the method to the reactions of alcohols and secondary amines (Scheme 17b) [70]. In

2010, the Beller group and the Vogt group simultaneously reported the amination of

secondary alcohols with ammonia catalyzed by Ru3(CO)12/CataCXiumPCy complex

(Scheme 17c) [71, 72], which represents further progress after Milstein’s first report on

the amination of primary alcohols with ammonia using an acridine-based pincer Ru

complex (Eq. 6) [73]. In Milstein’s method (Eq. 6), the precatalyst 3 might be first

reduced by the alcohol to give [RuH] complex 4, which rapidly converts to the active

catalyst [RuH] complex 5 in the presence of ammonia (Scheme 18) [74].

ð6Þ
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In 2014, Vogt and co-workers reported the selective synthesis of cyclic amides/

amines from amino-alcohols catalyzed by Ru3(CO)12/CataCXiumPCy with catalyst

loadings as low as 0.5 mol% (Eq. 7) [75]. Interestingly, upon addition of water,

cyclic amines could be produced as the major product. The authors proposed that

this may be attributed to water which possibly acts as a weak acid to facilitate the

dehydration of the cyclic half-aminals by hydrogen bonding to give imine

intermediates.

ð7Þ

In 2010, Williams, Beller, and co-workers [76] achieved the first homogeneous

N-alkylation of indoles with alcohols catalyzed by Shov catalyst with a low catalyst

loading (0.2 mol%) (Scheme 19). Unlike Grigg and co-workers’ C-3-alkylation of

indoles in the presence of KOH (20 mol%) [77], in the former work, a catalytic

amount of PTSA (0.025 mol%) was added, which may have led to a change in pH,

and thus the selectivity of the reaction.

In 2011, Beller and co-workers reported the direct synthesis of a-amino acid

derivatives from the reaction of a-hydroxy amides and esters with anilines, primary

and secondary aliphatic amines, and ammonia (Eq. 8) [78]. After screening 17

different ligands, [Ru3(CO)12] and a bulky phosphine ligand, DCPE gave the best

results. In the same year, the authors also reported that [Ru(CO)ClH(PPh3)3]/

Xantphos is an excellent catalyst for the amination of challenging substrates such as

the diamination of isosorbide with ammonia (Eq. 9) [79]. In 2013, Deutsch and co-

workers reported a similar [Ru(CO)ClH(DPEphos)(PPh3)]-catalyzed aminnation of

alcohols with ammonia [80]. Primary and secondary alcohols, hydroxy esters, and

diols are all suitable substrates. Mechanism of the ruthenium-catalyzed direct

amination reaction was later investigated by Vogt in 2014, revealing that the

initially formed inactive [RuH2] species could be (re)activated by intermediate

imine [81]. Later, the correlation of ligand fluxionality and catalytic performance of

the catalyst were investigated by the same group [82].

N

Cy2P PCy2Ru

H

3

Cl

OC

RCH2OH
NaOtBu or NaH
toluene, rt., 2 h

N

Cy2P PCy2Ru

OC

4
H

H H

NH3 (100 equiv)
toluene-d8, rt., <5 min

N

Cy2P PCy2Ru

OC
5 (active catalyst)

H

H H

H3N

Scheme 18 Possible active Ru complexes in Milstein’s method [73, 74]
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ð8Þ

ð9Þ

In 2012, Marti9n-Matute and co-workers [83] reported another pincer ruthe-

nium(II) complex-catalyzed selective N-alkylation of (hetero)arylamines with

primary alcohols. When the method was extended to aliphatic amines, the authors

found that the aliphatic amine moiety could not be oxidized or alkylated. Inspired by

this finding, aminoalcohols were later used as the alkyl source for N-alkylation of

(hetero)aromatic amines. N-Arylated diamines were selectively obtained in

excellent yield (Eq. 10).

Ph
Ph

OPh

Ph Ph

Ph
Ph

Ph
O

Ru Ru
H

OC COCOOC

Shov catalyst

H

+
toluene, 110-130 oC. 24 h

Shov catalyst (0.2 mol%)
PTSA (0.025 mol%)

18 examples, 19~92% yields

N
H

R2 OH N
R2

R1 R1

N
H

R1 R2 O

M

MH2

M

N
R1

R3

isomerization
involving M

Scheme 19 Possilble mechanism for Ru-catalyzed N-alkylation of indoles with alcohols
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ð10Þ

In 2014, Zhang and co-workers [84] reported the [Ru3(CO)12]/binap-catalyzed

alkylation of 2-aminobenzonitriles with pyridylmethanols. An important structural

unit, 1,2,3,4-tetrahydrobenzo[e][1, 4]diazepin-5-one (6), could be achieved by this

straightforward one-pot method (Eq. 11).

N

CN

NH2

1) Ru3(CO)12 (1 mol%), binap (3 mol%)
t-amyl alcohol, tBuOK (10 mol%)

120 oC, 15 h, N2
OH N

H

NH

N

O

R
2) K3PO4 (1.0 equiv.), H2O, 100 oC, 10 h

RCHO (1.0 equiv.)

6a (R = 4Cl-C6H4), 40% yield
6b (R = 3MeO-C6H4), 41% yield

6

+

ð11Þ

Some highly efficient catalytic systems enabling N-alkylation reactions to work

under mild conditions even at room temperature have also been developed. In 2014,

Enyong and co-workers [85] described ruthenium complex-catalyzed N-alkylation

of primary and secondary amines with simple alcohols under mild conditions

(Eq. 12). The authors found that when the substrate alcohol was used as the solvent,

the reactions could be achieved at 40–60 �C and even at room temperature; whereas

when using stoichiometric amounts of alcohol, higher temperatures, mostly 110 �C,
were required. In 2015, Taddei and co-workers [86] reported a rather mild

[Ru(cod)Cl2]n/PTA/t-BuOK-catalyzed N-alkylation of aromatic amines with pri-

mary alcohols at 55 �C (Eq. 13). This may be the mildest N-alkylation reaction

catalyzed by ruthenium complexes described so far.
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ð12Þ

ð13Þ

Nitroarenes and nitriles could also be employed as amine precursors. In 2010, Li

and co-workers reported a ruthenium complex-catalyzed synthesis of tertiary

amines by N-alkylation of nitroarenes with alcohols (Eq. 14) [87]. In this method,

large excess amounts of the alcohols (mostly 7.5 equiv.) are necessary to reduce the

nitroarenes to anilines prior to N-alkylation. In 2011, Shi and co-workers also

developed an amination reaction for secondary amine synthesis from nitro or nitrile

compounds (Eq. 15) [88]. In the same year, Deng and co-workers reported a

ruthenium-catalyzed method for tertiary-amine synthesis from nitriles and primary

alcohols [89]. In 2013, Beller and co-workers reported another N-alkylation reaction

of nitrile compounds with secondary alcohols [90].

Me

N

Me
Me

N

Me

Me Me

NO2
R2 OH N

R2

R2

R1 = MeO, F, Cl, Br, CO2Et
R2 = Ar, alkyl

32~91% yields

Ru(CO)(H)2(PPh3)3 (5 mol%)
L (7.5mol%)

Ar, 150 oC, 16 hR1 R1

Ligand

+

ð14Þ
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ð15Þ

In 2014, Li and co-workers reported a direct synthesis of N-alkylated amides via

tandem hydration/N-alkylation of nitriles and aldoximes with alcohols catalyzed by

[Cp*IrCl2]2 with a low catalyst loading (1 mol%) (Eq. 16) [91]. Control experi-

ments revealed that nitriles were initially hydrated by aldoximes to give amides,

which then reacted with alcohols to give N-alkylated amide products.

a) [Cp*IrCl2]2 (1 mol%)
n-C3H7CHNOH
toluene, 100 oC, 6 h

b) R2CH2OH
Cs2CO3 (0.2 equiv.)
130 oC, 12 h

R1CN R1

O

N
H

R2

R1 = Ar, alkyl
R2 = Ar, alkyl

76~86% yield

ð16Þ

Scheme 20 Proposed catalytic cycle for the reversed and redox-neutral N-alkylation reaction of nitriles
for amide synthesis
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In 2013, Hong and co-workers reported a Ru-catalyzed reversed and redox-

neutral N-alkylation reaction of nitriles and alcohols to afford N-alkylated amides

with high atom efficiency (Scheme 20) [92]. Unlike the preceding reactions of

alcohols and nitriles [88–91], in this reaction the alcohol serves as the acyl moiety of

the amide product rather than the alkyl moiety. This also differs from the Ritter

reaction, in which the alcohol serves as the alkyl source [22, 23]. In contrast, in this

reaction the cyano moiety of the nitrile was reduced to become the alkyl moiety of

the amide product. As shown in Scheme 20, the cyano moiety is initially

hydrogenated by the dihydridoruthenium species RuH2 to form a Ru-imine

complex. The alcohol is then dehydrogenated to aldehyde by Ru to give another

RuH2 species, followed by imine reduction by RuH2 and addition of the generated

amine intermediate to aldehyde to give the hemiaminal intermediate. The last

71~97% yields

R3-NH2
[Cp*IrCl2]2 (0.2 mol%)

 K2CO3  or NaOH (20 mol%)
130~150 oC

(a)

R2

OH

[Cp*IrCl2]2 (1 mol%)
Cs2CO3 (0.2~0.4 equiv.)

t-amyl alcohol 120~150 oC, 12~24 h

R3-NH2
[Cp*IrCl2]2 (0.05~5 mol%)

NaOAc (5 mol%) or
t-BuOK (1~30 mol%

130 oC, 17 h

R1

46~98% yields

H2N S
O

NH
O

toluene, 130~140 oC, 17 h

NH4X
[Cp*IrCl2]2 (1~5 mol%)
NaHCO3 (3~30 mol%)

NH(CH2R1)2 N(CH2R1)3

trace 55~92% yieldsR1 = Ar, alkyl, R2 = H, X = OAc
R1 = Ar, alkyl, R2 = H, X = BF4 50~98% yields 2~9% yields

R1 = Ar, heteroAr, alkyl
R2 = H, alkyl; R3 = RCO, RSO2

R1 = Ar, heteroAr, alkyl
R2 = H, alkyl; R3 = heteroAr

R2

NH

R1

R3

R2

NH

R1

R3

(b)

(d)

50~92% yields

(c)

H2N S
O

O
NH2

H2N S
O

O
NH

R2
R1

R3

R1 = Ar, heteroAr, alkyl
R2 = H, alkyl; R3 = Me, Cl, Br etc.

R3

Ph

9

Scheme 21 [Cp*IrCl2]2-catalyzed amination of alcohols with ammonium salts, carbamates, amides,
sulfonamides and primary heteroarylamines
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dehydrogenation of hemiaminal by Ru gives the corresponding N-alkylated amide

product and regenerates the catalyst. In 2014, the authors extended the method to

the synthesis of cyclic imides [93].

In 2010, Bruneau and co-workers described an unprecedented cascade N- and

C(3)-dialkylation of unactivated cyclic amines with benzylic and aliphatic alcohols

using a new (arene)ruthenium (II) complex 7 bearing a phosphinosulfonate ligand as
the catalyst (Eq. 17) [94]. In 2012, they achieved a three-component N- and

C-dialkylation reaction of the easily accessible anilines, diols, and aldehydes

through tandem hydrogen transfer reactions in the presence of iridium complex 8
(Eq. 18) [95].

P
t-Bu

Ru

Ph

O
S

O O

Cl

7

N
H

cat. 7 (1.5 mol%)
CSA (20~40 mol%)
toluene,150 oC, 16 h

NAr
Ar

n

n
50~71% yields

n = 1-3

Ar OH +

ð17Þ

P
Ph

Ir

Ph

O
S

O O

Cl

8

a) cat. 8 (3 mol%)
b) R2-CHO (1.1 equiv.)

CSA (1 mol%)
c) HCOOH (2 equiv.)

toluene,150 oC, 20 h

N
Ar

46~83% yields
HO OH R2

ArNH2 +

ð18Þ

In 2008, Fujita, Yamaguchi and co-workers reported an efficient solvent-free

synthesis of secondary and tertiary amines by [Cp*IrCl2]2-catalyzed multi-

alkylation of ammonium salts with primary or secondary alcohols [96]. The

authors found that the type of ammonium salts greatly affected the selectivity of

the reaction (Scheme 21a). Secondary 5- and 6-membered cyclic amines could

also be prepared from ammonium tetrafluoroborate and diols by the same method.
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In 2009, these authors also reported a similar transformation at 10 mmol scale,

which makes the method more practical [97]. In the same year, the same authors

again extended the method to N-alkylation of carbamates and amides, and in 2010

to N-alkylation of sulfonamides with catalyst loading as low as 0.05 mol%

(Scheme 21b) [98, 99]. In 2014, Trudell and co-workers reported a microwave-

mediated [Cp*IrCl2]2-catalyzed N-alkylation of amides under solvent- and base-

free conditions [100]. In 2015, Li and co-workers reported a direct synthesis of

amino-(N-alkyl)benzenesulfonamides via N-alkylation of aminobenzenesulfon-

amides with alcohols catalyzed by [Cp*IrCl2]2/Cs2CO3 (Scheme 21c) [101].

Notably, biologically active 9, a histone arginine methyltransferase inhibitor,

could be obtained in 80 % yield by this method. In 2012–2013, Li and co-workers

also realized the N-alkylation reactions of primary heteroarylamines such as

2-aminothiazoles, 2-aminoimidazoles, 2-aminopyrimidines, 2-aminoquinazolines,

and the corresponding secondary amines could be obtained in moderate to

excellent yields (Scheme 21d) [102–104].

In 2011, by employing the iridium-catalyzed ‘‘borrowing hydrogen’’ reaction as

the key step, Berliner and co-workers achieved the first kilogram-scale synthesis of

10, a GlyT1 inhibitor for treatment of schizophrenia (Eq. 19) [105]. In a smaller

10 g scale reaction, the catalyst loading could even be reduced to less than

0.05 mol% Ir (S/C[2000), while still affording the product in a good yield of 84 %.

N

HN

H
H

Me

F

Cl
H2N

D D

F

Cl
D

D

D
N

HO

H H

Me

[Cp*IrCl2]2 (2.5 mol%)
K2CO3 (5 mol%)

5 v toluene, 3% H2O

100 oC, 5 h, sealed vessel

N
N

H

H

Me

FCl

O

N N

78% kilogram-scale
10

+

ð19Þ

Biomass-based alcohols could also be employed directly as substrates in N-

alkylation reactions, making the hydrogen autotransfer method more practical. In

2011, Martı́n-Matute and co-workers reported a [Cp*IrCl2]2-catalyzed method for

synthesis of secondary aminosugars from primary aminosugars with simple alcohols

and primary carbohydrate alcohols (Eq. 20) [106]. In 2009, Stephens, Marr and co-

workers reported that a one-pot bio- and chemo-catalytic process could be used for

direct conversion of crude glycerol from biodiesel production to valuable secondary

amines in a biphasic system without intermediate separation of 1,3-propanediol
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[107]. In 2012, Marr and co-workers achieved an amination reaction of pure 1,3-

propanediol in the presence of an Ir complex 11 (Eq. 21) [108].

O
H2N

BnO
OBn

OBn

OMe O
HO

BnO
OBn

OBn

OMe [Cp*IrCl2]2 (3 mol%)
Cs2CO3 (25 mol%)

toluene, 120 oC, 24 h
O HN

OBnBnO

BnO

MeO
O

BnO

BnO OBn

OMe

78% yield

+

ð20Þ

OH

OH

Ph-NH2 NHPh
N1,8,8,8NTf2, 115 oC, 24~48 h

cat. 11 (1 mol%)
K2CO3 (10 mol%)

N

N

Me

n-Bu

Ir
Cl
Cl

11

PhHN OH

PhHN NHPh
+ + +

ð21Þ

In 2012, Sridharan and co-workers reported a selective C- or N-alkylation of

2-aminoacetophenone catalyzed by [Cp*IrCl2]2 under microwave irradiation

conditions (Eq. 22) [109]. C-Alkylation takes place in the presence of [Cp*IrCl2]2/

KOH at 110 �C, while N-alkylation could be achieved using [Cp*IrCl2]2/K2CO3 at

140 �C. By using different bases under different conditions, clean C- or

N-selectivity could be achieved.

O

NH2

[Cp*IrCl2]2
K2CO3 , 140 oC

[Cp*IrCl2]2
KOH, 110 oC

O

NH2

O

N
HR OH

R

R

60~80% yields 50~92% yields

R OH

ð22Þ

By using certain ligands to improve the activity of the metal catalyst, the N-

alkylation reactions could also be performed under milder conditions. In 2009,

Kempe and co-workers reported that a [Ir(cod)Cl]2/P,N-ligand complex could

enable the N-alkylation of (hetero)arylamines with alcohols under mild conditions

of only 70 �C with a catalyst loading as low as 0.1 mol% (Eq. 23) [110]. In 2010,

the same group designed a new P,N-ligand stabilized iridium complex 12
(Scheme 22) for efficient alkylation of anilines with alcohols under mild conditions
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(70 �C) with catalyst loadings as low as 0.05 mol% [111]. In 2012, the Kempe

group extended the method to the synthesis of symmetrical and unsymmetrical

alkylated diamines under mild conditions (70 �C) [112]. For example, 4,40-
sulfonyldianiline (13), effective antibiotic medicaments used in the treatment of

leprosy or malaria, could be symmetrically and unsymmetrically N-alkylated by this

method.

ð23Þ

In 2015, Xiao and co-workers reported an iridium complex (14)-catalyzed N-

alkylation of amines with alcohols under mild conditions (100 �C) (Scheme 22)

[113]. Anilines, heteroarylamines, N-alkyl-N-arylamines, and sulfonamides could

serve as N-nucleophiles. The same method can also be applied to amine-based N-

alkylation reactions (vide infra).

In 2013, Andersson and co-workers reported an iridium NHC-phosphine

complex-catalyzed solvent-free, and selective N-alkylation of anilines with alcohols

under mild conditions even at room temperature (Eq. 24) [114]. Intramolecular N-

S
O O

H2N NH2

NHN

P
PhPh

Ir

12

N

OMe

Ir Cl

MeO

1413

Scheme 22 Iridium complex 12 and 14 and 404-sulfonyldianiline 13
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heterocyclization of aminoalcohols could also be achieved to afford indole or

1,2,3,4-tetrahydroquinoline products.

ð24Þ

Some water-soluble and water-tolerant iridium catalysts have also been

developed in recent years. In 2010, Williams and co-workers found [Cp*IrI2] is a

water-tolerant catalyst for N-alkylation of primary and secondary amines and

sulfonamides in aqueous media [115]. In the same year, Fujita, Yamaguchi and co-

workers also reported a water-soluble and air-stable [Cp*Ir(NH3)3][I]2-catalyzed

multi-alkylation of aqueous ammonia with alcohols (Eq. 25) [116]. The catalyst

could be recycled by an easy procedure that still maintains high activity. Moreover,

quinolizidines could also be achieved from the reaction of aqueous ammonia and a

water soluble triol employing the same method.

ð25Þ

In 2012, Madsen and co-workers reported a [Cp*IrCl2]2-catalyzed method for the

synthesis of piperazines from amines and 1,2-diols in toluene or water [117]. In

2013, Trudell and co-workers realized a microwave-assisted [Cp*IrCl2]2-catalyzed

synthesis of nicotine and anabasine derivatives in water media (Eq. 26) [118]. In

2014, Li and co-workers reported an iridium complex 15-catalyzed N-alkylation of

sulfonamides with alcohols in aqueous media (Eq. 27) [119].
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ð26Þ

S
O

R2

R1 = aryl, alkyl
R2 = aryl, heteroAr, alkyl

H2O, 120 oC, 15 h

cat 15 (1 mol%)
Cs2CO3 (0.1-0.2 equiv.) R1

S
O

N
H

R2
O O

78-94% yields

OH

N N
HO OHIr

H2O

OTf 2

15

+NH2R1

ð27Þ

In 2011, Ramón and co-workers reported a Pd(OAc)2-catalyzed N-alkylation of

poor nucleophilic heterocyclic amines, carboxamides, and N-(triphenylphospho-

ranylidene)aniline with alcohols with catalyst loading as low as 0.5 mol%

(Eq. 28) [120]. In 2013, Seayad and co-workers reported a powerful PdCl2/dppe-

catalyzed N-alkylation of various primary and cyclic secondary amines with

primary alcohols at 90–130 �C under neat conditions [121]. Besides, a 10 mmol

scale reaction of aniline and benzyl alcohol was performed using 0.1 mol% of the

catalyst at 100 �C, with up to 90 % yield of the product and a turnover number

(TON) of 900 obtained.

ð28Þ

Some N-alkylation reactions catalyzed by other noble metal catalysts have also

been reported. In 2011, Gusev and co-workers reported an Osmium complex-

catalyzed N-alkylation of amines at 200 �C with a low catalyst loading (0.1 mol%)

[122]. In 2014, Zhu and co-workers disclosed a [ReH7(PCy3)2]-catalyzed amination

of alcohols with anilines under CO atmosphere (Eq. 29) [123]. The authors

proposed that coordination of CO with Re might lead to decomposition of

ReH7(PCy3)2 to a rhenium carbonyl complex, which was believed to be the active
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catalyst. In 2014, Cheng reported a [Ph3PAuCl]/AgOTf-catalyzed N-alkylation of

primary amines with alcohols under a moderate temperature of 100 �C [124].

OH

R1 = Ar, alkyl; R2 = H, Me 67~97% yields

[ReH7(PCy3)2] (10 mol%)

CO, 150 oC, 24 hR1 R2 R1 R2ArNH2

NHAr
+

ð29Þ

Several non-noble metal-catalyzed N-alkylation reactions have also been

reported in recent years. In 2010, Ramón, Yus and co-workers reported

Cu(OAc)2-catalyzed N-alkylation of poor nucleophilic amine derivatives and

alcohols (Eq. 30) [125]. Control experiments indicated that a base was indispens-

able in the reaction to force the alcohol dehydrogenation step, which was later

confirmed by DFT calculations reported by Liu, Huang and co-workers [63]. In

2011, Ramón and co-workers reported the results of their own mechanistic studies

and proposed two possible catalytic cycles [126]. The main aldehyde-free cycle,

depicted with plain arrows, requires the presence of a base. The minor cycle,

depicted in dashed arrows, may proceed when an aldehyde exists in the reaction

media (Scheme 23). In the same year, Li and co-workers also disclosed a CuCl-

catalyzed N-alkylation of heteroarylamines [127].

R1 OH +

Cu(OAc)2 (1 mol%)
base (100 mol%)

Ar, 130~150 oC, 2~10 d
base = t-BuOK, K2CO3
R1 = Ar, heteroAr, alkyl; R2 = RSO2, RCO, Ar, heteroAr, alkyl

0~99% yields

R1 N
H

R2-NH2
R2

ð30Þ

In 2010, Shi, Deng and co-workers reported the first FeCl2/K2CO3-catalyzed N-

alkylation of sulfonamides with alcohols through the borrowing hydrogen method

(Scheme 24) [128]. Tentative mechanism studies were performed to show that the

alcohol dehydrogenation step was the rate-determining step.

In 2013, Singh and co-workers also reported an iron(II) phthalocyanine (FePc)-

catalyzed N-alkylation of heterocyclic amines (Eq. 31) [129]. In most cases, the

reactions of benzyl alcohols could give moderate to excellent yields, but aliphatic

alcohols gave only poor yields of the products.
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ð31Þ

In 2014, Feringa, Barta and co-workers reported an N-alkylation reaction of

amines with aliphatic alcohols catalyzed by an iron cyclopentadienone complex 16
[130]. A catalytic cycle was proposed based on in situ NMR studies (Scheme 25).

Complex 16 was first transformed to the active complex 17 by addition of oxidant

Me3NO. Complex 17 was then reduced to 18 by the alcohol. 16 and 18 acted as the

catalysts to dehydrogenate the alcohol and hydrogenate the imine intermediates. In

2015, Zhao and co-workers realized an AgF-assisted amination of secondary

alcohols using complex 16 as the catalyst [131]. In the same year, Wills and co-

workers demonstrated a similar iron complex for N-alkylation of amines with

alcohols [132].

In 2015, Kempe and co-workers reported the first cobalt-catalyzed N-alkylation

of (hetero)arylamines with alcohols under mild conditions (80 �C) with a relatively

low catalyst loading (2 mol%) (Eq. 32) [133]. In 2016, Zhang and co-workers

developed another pincer cobalt complex 19, which is an active catalyst for both

imination and N-alkylation reactions of aromatic and aliphatic amines with alcohols

under base-free conditions [134]. By using complex 19, monoalkylated amine

products rather than the imines can be selectively achieved by simply adding 4 Å

molecular sieves to the reaction mixture (Eq. 33).

N

N

N

NH

HN NH
P PCo

Cl Cl

cat.

X

NH2

R2 OH
X

H
N R2

cat. (2.0 mol%)
KOtBu (1.2 equiv.)

toluene, 80 oC, 24 h

X = C, N
R1 = F, Cl, Br, I, OMe etc.
R2 = Ar, alkyl

51~96% yields

+R1
R1

ð32Þ
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CoCy2P PHCy2
CH2SiMe3

BArF4

19

R2 OH+R1NH2

cat. 19 (2.0 mol%)

toluene, reflux
4 A MS

cat. 19 (2.0 mol%)

toluene, reflux R2 NHR1R2 NR1

up to 99% selectivity
o

ð33Þ

2.3 Recent Advances in Heterogeneous TM-Catalyzed N-Alkylation
Reactions

Homogeneous TM catalysts, especially those of noble metals are usually expensive

and toxic, and have problems of low availability, low stability, metal residue

contaminant in the products, non-recoverability, and, therefore, low potential in

large scale and industrial synthesis. In addition, the capricious ligands used are, in

R1 OH
[Fe(II)]
[base] R1 O

R2-SO2NH2
R1 NSO2R2 [Fe(0)]

[base] R1 NHSO2-R2

Scheme 24 Proposed mechanism for iron-catalyzed alkylation of sulfonamide with alcohol

R1 OK

R1 O

H2O

R1 N

[CuX]

[CuH2]

R1 N
H

i

ii

iii

R2-NH2

R1 OH

tBuOK

tBuOH

R1

OH

R1

O
R2

R2

[CuY]

Scheme 23 Tentative catalytic cycles for Cu-catalyzed N-alkylation reactions
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many cases, less available and more expensive than the TM pre-catalysts. To solve

the problems and reduce the cost, recoverable and reusable heterogeneous catalysts

are considered to be promising substitutes for the corresponding homogeneous

catalysts. Consequently, various kinds of heterogeneous TM catalysts have also

been developed and are used in N-alkylation reactions [10–12]. Most of the early

heterogeneous methods require harsh conditions and suffer from problems of

limited substrate scope, low selectivity, or the need for H2 [10, 11]. In recent years,

more and more active heterogeneous catalysts that can be used under milder or

additive-free conditions, with higher catalytic performance and recoverability, have

been developed. These include various types of supported Ru, Ir, Pt, Pd, Ag, Cu, and

Ni catalysts.

Owing to the high activities of the homogeneous Ru and Ir catalysts in N-

alkylation reactions, many heterogeneous Ru and Ir catalysts have been developed.

In 2009, Mizuno and co-workers reported an effective N-alkylation of (hetero)ary-

lamines with benzylic and aliphatic alcohols catalyzed by Ru(OH)x/Al2O3 complex

without any co-catalysts or additives (Eq. 34) [135]. The catalyst is recoverable and

reusable without obvious loss of activity (1st, 89 %; 2nd, 87 %). Later in the same

year, the authors reported another additive-free method for synthesis of secondary

and tertiary amines from alcohols and urea catalyzed by Ru(OH)x/TiO2 (Eq. 35)

R1

OH

R1

O

R1

N

R1

HN

O

TMS

TMSFeOC
OC

OH

TMS

TMSFeOC
OC H

R2-NH2 H2O

step 1

step 2

step 317

18

O

TMS

TMSFeOC
OC

18

O

TMS

TMSFeOC
OC CO

16

17

OH

TMS

TMSFeOC
OC H

Me3NO

R2

R2

Scheme 25 Proposed mechanism for iron cyclopentadienone complexes-catalyzed N-alkylation
reactions
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[136]. The catalyst could be reused at least twice while still maintaining high

activity (1st, 92 %; 2nd, 90 %). In 2010, the Mizuno group further extended the

method to N-alkylation of other nitrogen sources such as ammonium salt, ammonia,

primary amines and secondary amines [137].

ð34Þ

ð35Þ

Continuing their work on the previously reported magnetite-catalyzed N-

alkylation of aryl amines [138], in 2011 Ramón and co-workers reported

Ru(OH)3/Fe3O4-catalyzed N-alkylation reactions of poor nucleophilic amines/

amides, such as aromatic and heteroaromatic amines, sulfonamides, sulfinamides,

and nitroarenes (Scheme 26) [139]. The catalyst could be easily removed from the

reaction mixture by magnet and reused up to ten times, showing the high activity of

the catalyst (1st, 99 %; 10th, 93 %).

In 2014, Ramalingam and co-workers reported an additive-free reaction of

primary and secondary amines with alcohols catalyzed by a supported ruthenium

complex 20, which was prepared from polystyrene-supported phosphine ligand and

Ru(p-cymene)2Cl2]2 (Eqs. 36,37) [140]. The authors found the ratio of the

Ar-NH2

Ar-NO2

ArSO2NH2

t-BuSONH2

R OH

Ru(OH)3/Fe3O4 (1.3 mol%)
KOH or NaOH (130 mol%)
toluene, 85~130 oC, 24~72 h

R N
H

R N
H

R N
H

 0~99% yields
R = Ar, heteroAr, arkyl
Ru(OH)3/Fe3O4 recoverable: 1st, 99%; 10th, 93%

Ar

SO2Ar

SOt-Bu

Scheme 26 Ru(OH)3/Fe3O4-catalyzed N-alkylation reactions of poor nucleophilic amines/amides
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phosphine ligand and Ru to be crucial to the high activity of the catalyst and low

ruthenium leaching. Piribedil (1) could also be obtained in high yield by this method

(1st, 98 %; 3rd, 97 %). The catalyst was also found effective for N-alkylation of

piperidine under flow conditions.

PS
O P

Ph

Ph
[Ru(p-cymene)2Cl2]2 20

0.29 mmol Ru/g
Ru/Ligand = 1/6PS = polystyrene

+ toluene, 110 oC, 3 h

ð36Þ

N N

N

H
N

OH

O

O cat. 20 (5.0 mol % Ru)
toluene, 140 oC, 48 h

N

N

N
N

O

O

Piribedil (1)
Run 1 2 3
yield% 98% 96% 97%

+

ð37Þ

In 2013, Gao, Hou, and co-workers reported a mesoporous silica (SBA-15)

supported iridium complex-catalyzed N-alkylation of primary amines with

benzyl alcohols (Eq. 38) [141]. The catalyst could be recovered easily and

reused at least 12 times without notable decrease in catalytic efficiency (1st,

93 %; 12th, 83 %).

ð38Þ

In 2011, Yu and co-workers reported additive-free N-alkylation and N,N0-
dialkylation reactions of amines and alcohols catalyzed by Pt–Sn/c-Al2O3 with
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catalyst loading as low as 0.25 mol% (Eq. 39) [142]. Later in the same year, the Yu

group extended the method to the direct synthesis of diamines by N,N0-dialkylation
of amines with diols [143]. The recovered catalyst could be reused three times with

the same activity. The same method can also be applied to amine-based N-alkylation

reactions (vide infra).

ð39Þ

In the same year, Shi and co-workers reported the N-alkylation of anilines,

aliphatic amines and indoles with alcohols catalyzed by Pd/Fe2O3 under base- and

ligand-free conditions with a low catalyst loading (0.43 mol%) (Eq. 40) [144]. In

2013, Pera-Titus and co-workers reported the N-alkylation of anilines catalyzed by

another heterogeneous Pd catalyst Pd/K-OMS-2 (Pd-substituted octahedral molec-

ular sieve) [145].

ð40Þ

In 2015, Seayad and co-workers reported a silica supported palladium complex-

catalyzed solvent-free N-alkylation of amines with catalyst loading as low as

0.00196 mol% and TON as high as 469390 (Eq. 41) [146]. The catalyst could be

recycled at least four times without obvious loss of activity.

ð41Þ
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In 2010, Cao and co-workers reported the ligand- and base-free N-alkylation of

anilines, aliphatic primary amines and pyrrolidine with alcohols catalyzed by very

small (VS) Au nano particles: Au/TiO2-VS [147]. The authors reported that

0.0083 mol% of the catalyst is efficient enough to catalyze a 100 mmol reaction of

aniline and benzyl alcohol under solvent-free conditions, giving 96 % yield of the

product. In 2011, the same group extended the method to reductive N-alkylation of

nitrobenzenes with excess alcohols (8.0 equiv.) without external reducing reagents

(Eq. 42) [148]. In 2012, the Cao group further extended their method to the

synthesis of tertiary and secondary amines from alcohols and urea (Eq. 43) [149]. A

60 mmol scale solvent-free amination reaction of benzyl alcohol and urea gave the

product in 92 % yield.

ð42Þ

ð43Þ

In 2009, Shimizu and co-workers found that Ag/Al2O3-FeCl3 is highly active for

the N-alkylation of anilines with benzylic alcohols [150]. The reactions using

recovered catalyst led to only a slight decrease in product yields (1st, 94 %; 2nd,

85 %; 3rd, 86 %). In 2012, Jaenicke and co-workers also described the N-alkylation

of aniline with linear aliphatic alcohols catalyzed by Ag/Al2O3-Cs2CO3 [151]. The

recovered catalyst still exhibited high catalytic activity (1st, 99 %; 3rd, 97 %). In

2011, Shi and co-workers reported an Ag6Mo10O33-catalyzed N-alkylation of

amines, carboxamides, sulfonamides, and aromatic ketones with alcohols (Eq. 44)

[152]. No deactivation occurred when the catalyst was recovered and reused twice

(1st, 93 %; 2nd, 95 %).
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ð44Þ

In addition to above noble metal catalysts, many N-alkylation reactions catalyzed

by heterogeneous non-noble metal catalysts have also been reported. In 2012, Li and

co-workers reported a Ni-Cu/c-Al2O3-catalyzed N-alkylation of amines with

alcohols (Eq. 45) [153]. The reactions using recovered catalyst led to slight

decrease in product yields (1st, 90 %; 2nd, 84 %).

ð45Þ

In 2013, Shimizu and co-workers first reported an additive-free Ni/Al2O3-

catalyzed synthesis of primary amines from alcohols and ammonia (Scheme 27)

[154]. The recovered catalyst could be reused at least twice without losing catalytic

activity (1st, 88 %, 3rd, 89 %). Later in 2013, the authors extended the method to

amination of alcohols with anilines and aliphatic amines (Scheme 27) [155]. In

2014, the Shimizu group also described a Ni/CaSiO3-catalyzed amination reaction

of alcohols with ammonia, anilines and aliphatic amines [156].

In 2013, Shi and co-workers reported a base- and ligand-free N-alkylation of

ammonia, primary amines and secondary amines with alcohols catalyzed by an air-

and moisture-stable NiCuFeOx catalyst (Scheme 28) [157]. The catalyst can be

recovered easily and reused at least 5 times (1st, 94 %; 5th, 82 %). A 10 mmol scale

NH3
R1-NH2

R3-OH
Ni/Al2O3  (1~2 mol%)

Ar, 140~160 oC

R3-NH2
R1-NH-R3

R1 = Ar, heteroAr, alkyl; R2= alkyl; R3 = Ar, alkyl
Ni/Al2O3  recoverable: 1st, 88%; 3nd, 89%

68~99% yields
R2 N

R3

R1+

R1
H
N

R2

Scheme 27 Ni/Al2O3-catalyzed amination of alcohols with ammonia, anilines, and aliphatic amines
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solvent-free reaction of aniline and benzyl alcohol afforded the product in 85 % GC

yield. In addition, the same method could also be applied to self-N-alkylation of

primary amines (vide infra). In 2014, Nandan and coworkers reported a Raney

nickel-catalyzed N-alkylation of anilines, primary aliphatic amines, cyclic sec-

ondary amines and azole with alcohols [158]. The recovered catalyst showed a very

good activity comparable to the fresh catalyst (1st, 91 %; 3rd, 88 %).

In 2009, Mizuno and co-workers reported a base- and ligand-free Cu(OH)x/
Al2O3-catalyzed N-alkylation of N-nucleophiles including urea, ammonia, anilines

and alkylamines [159]. In 2011, Shimizu and co-workers reported an additive-free

Cu0.95Ag0.05/Al2O3-catalyzed N-alkylation of anilines and aliphatic amines with

benzylic and aliphatic alcohols with a low catalyst loading (1 mol%) (Eq. 46) [160].

The recovered catalyst could be reused without losing catalytic activity (1st, 85 %;

2nd, 87 %).

ð46Þ

In 2012, Ravasio and co-workers also reported an additive-free N-alkylation of

amines with benzyl and aliphatic alcohols catalyzed by Cu/Al2O3 [161]. In 2014,

the authors extended the method to the N-alkylation of anilines with a wide range of

alcohols (Eq. 47) [162]. In 2013, Mishra and co-workers reported an additive-free

N-alkylation of primary amines with primary and secondary alcohols catalyzed by

copper–aluminium hydrotalcite (CuAl-HT) [163].

R1 R2
OH

HO-R5-OH

NH3 NiCuFeOx (50-80 mg/mmol)

H
N R1

R2

R1

R2

R5

 55~98% yields

+

R1 R2
N

R4R3

N
H

R4R3

NR3R1 = Ar, heteroAr, alkyl; R2 = H,  alkyl; 
R3 = Ar, heteroAr, alkyl; R4 = H, alkyl; R5 = alkyl
NiCuFeOx recoverable: 1st, 94%; 5th, 82%

xylene, reflux, Ar, 24 h

Scheme 28 NiCuFeOx complex-catalyzed N-alkylation of ammonia and primary and secondary amines
with alcohols
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ð47Þ

2.4 Miscellaneous Catalytic N-Alkylation Reactions

In addition to the homogeneous and heterogeneous TM catalysts discussed above,

other catalysts/methods such as nano catalysts, carbon materials, enzymes, chiral

catalysts and continuous flow techniques have also been developed successfully and

applied in N-alkylation reactions of amines/amides with alcohols.

In 2009, Beller and co-workers reported the N-alkylation of sulfonamides with

benzylic alcohols catalyzed by nano-Ru/Fe3O4 with catalyst loading as low as

0.4 mol% (Eq. 48) [164]. A high 96 % yield of product could still be obtained even

when the catalyst was reused 5 times and with TON up to 1100.

R1 OH
Ru/Fe3O4 (0.4 mol% Ru)

toluene, Ar, 150 oC, 12 h

R1 = Ar, heteroAr R2 = Ar, heteroAr, alkyl
Ru/Fe3O4 recoverable: 1st, 97%; 5th, 96%. TON up to 1100

49~98% yields

R2 S
O

O
NH2 R2 S

O

O
NH

R1

+

ð48Þ

In 2010, Shimizu and co-workers reported a nano-Ag/Al2O3-catalyzed one-step

synthesis of N-substituted anilines from nitroarenes and stoichiometric benzyl

alcohols under H2 atmosphere (Eq. 49) [165], in which H2 was employed to reduce

the nitroarenes to anilines.

NO2
R2 OH

N
H

R2

R1 = MeO, F, Cl, Br etc.; R2 = Ar, 80~94% yields

R1 R1

Ag/Al2O3 (9 mol%)
KF (20 mol%), H2 (0.2 MPa)

+
mesitylene, 155 oC, 24 h

ð49Þ

In 2012, Shi and co-workers reported another reductive N-alkylation of

nitrobenzenes with stoichiometric alcohols (1.0 equiv.) catalyzed by nano-Au/
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Ag–Mo nano-rods (Eq. 50) [166]. Unlike Shimizu’s work using as H2 [165], in

Shi’s work excess glycerol was employed as the reductant.

Au/Ag-Mo-NR (40 mg/1 mmol)
K2CO3 (10 mol%), glycerol (excess)NO2

R2 OH
N
H

R2

R1 = Me, MeO, Cl etc.; R2 = Ar, alkyl 72-91% yields

R1
R1

+
xylene, Ar, 150 oC, 24 h

ð50Þ

Later in 2012, Corma, Sabater and co-workers reported a nano-Au/CeO2-

catalyzed N-alkylation of amines with alcohols [167]. In 2014, De Vos and co-

workers reported a nano-Ag/Al2O3/Ga2O3-catalyzed amination of alcohols with a

variety of aliphatic and aryl amines under mild conditions [168]. The catalyst

remained active for at least three runs (1st, TOF = 1.01/h; 3rd, 1.02/h).

In 2015, Kobayashi and co-workers reported a PI/CB-Au/Pd (PI/CB, polymer-

incarcerated metal nanoparticle catalyst with carbon black as a secondary supporter)

complex-catalyzed N-alkylation of amides with alcohols (Eq. 51) [169]. The

catalyst could be reused 11 times without appreciable loss of catalytic activity (1st,

99 %; 11th, 95 %).

R1

O

NH2
R2 OH toluene, Ar, reflux, 18 h

PI/CB-Au/Pd (1 mol% Au)
Ba(OTf)2 (5 mol%)

R1

O

N
H

R2

R1 = Ar, heteroAr, alkyl; R2 = Ar
PI/CB-Au/Pd recoverable: 1st, 99%; 11th, 95%

44~99% yields

+

ð51Þ

In 2010, Luque and co-workers were the first to report a microwave-assisted N-

alkylation of amines with benzylic alcohols catalyzed by nano-Fe-HMS (HMS,

hexagonal mesoporous silica) (Eq. 52) [170]. The authors found that base may be

crucial in deprotonation/dehydrogenation of the alcohols.

ð52Þ

In 2010, Kolaczkowski and co-workers described a continuous flow N-

benzylation of morpholine with benzyl alcohol catalyzed by a heterogeneous

ruthenium complex with a product yield of 98 %, providing an efficient route for
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synthesis of N-benzyl morpholine [171]. In 2013, Kocsisin and co-workers also

reported a Raney nickel-catalyzed N-alkylation of amines and pyrrole with alcohols

in a continuous flow process [172]. In most cases the effective residence time was

less than 1 min.

In 2012, Kroutil and co-workers reported the first amination reaction of primary

alcohols with ammonium chloride by an artificial multi-enzyme-catalyzed cascade

method (Scheme 29) [173]. The authors assumed that the reaction might proceed by

two steps. Initially, the alcohol was oxidized by an alcohol dehydrogenase (ADH),

consuming NAD? and leading to the formation of the aldehyde and NADH. Then,

the aldehyde intermediate was aminated with an amine donor L-alanine by a w-

transaminase (w-TA). Finally, by combining ADH-hT (ADH from Bacillus

stearothermophilus) with CV-w-TA (w-TA from Chromobacterium violaceum),

the amination of various primary alcohols successfully afforded the corresponding

primary amines in 2–99 % yields.

R OH

Oxidation
ADH

R O

Amination
w-TA, PLP

AlaDH

NADH

NAD+

+ H+

L-Ala

Pyruvate

R NH2
R = Ar, alkyl  2~99% yields

NH3 H2O
connector

Scheme 29 Proposed mechanism for the artificial multi-enzyme-catalyzed bioamination of primary
alcohols

R1 OH R2-NH2 R1 N
H

cat. 21 (100 wt%)
KOH (0.5 equiv)

Ar, toluene, 130 oC, 24 h
 73-99% yields

X

O
R3

R4

R5

R6 X

OH
R3

R4

R5

R6

R1 O

R2-NH2

R1 N

21 22

R1 = Ar, heteroAr; R2 = Ar, heteroAr, alkyl

R1 OH

R1 N
H

R2

R2
R2

+

++

Scheme 30 Tentative mechanism for amination of alcohols catalyzed by carbon material 21
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In 2015, Shi and co-workers reported a carbon material (21)-catalyzed amination

of (hetero)benzylic alcohols with (hetero)aryl amines and aliphatic amines

(Scheme 30) [174]. A tentative mechanism was proposed. First, hydrogen was

transferred from the alcohol to the carbon catalyst 21 to give aldehyde intermediate

and reduced catalyst 22. Then, condensation of aldehyde and amine to imine and

subsequent reduction by 22 led to the desired N-alkyl amine products and

regeneration of carbon catalyst 22.
The more challenging asymmetric N-alkylation reactions of amines with alcohols

was also developed in recent years. In 2009, by employing an Ir-catalyzed N-

heterocyclization reaction as the key step, Trudell and co-workers first achieved the

enantioselective total synthesis of both enantiomers of noranabasamine with[30 %

overall yields and[80 % ee (Eq. 53) [175].

ð53Þ

In 2014, Guan and co-workers reported the direct synthesis of a-chiral tert-

butanesulfinylamines from the reaction of racemic alcohols and Ellman’s

sulfinamide catalyzed by ruthenium (II) pincer catalyst 23 (Eq. 54) [176], providing

an effective method for the synthesis of chiral amine derivatives.

N

PPh2

PPh2

H Ru CO
Cl

H
23

R1 R2

OH

But
S

NH2

O
cat. 23 (1 mol%)
KOH (15 mol%)

toluene, 120 oC, 6~12 h R1 R2

HN
S
O

tBu

R1 = Ar, heteroAr, alkyl; R2 = alkyl 0~89% yields
up to 97.5/2.5 dr

+

ð54Þ

In 2013, Oe and co-workers achieved the first enantioselective synthesis of b-
amino alcohols from the reaction of 1,2-diols and secondary amines catalyzed by

[Ru(p-cymene)Cl2]2/(S,R)-JOSIPHOS with moderate enantioselectivity (Eq. 55)

[177].
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PPh2

PCy2

Fe

(S,R)-JOSIPHOS

R1 OH

[Ru(p-cymene)Cl2]2 (2.5 mol %)
(S,R)-JOSIPHOS (6 mol %)

toluene, 100 oC, 24 h

R1 = Ar, alkyl; R2 = alkyl; R3 = alkyl 0~99% yields, 0~77% ee

OH

R1
�

OH

N
R2

R3
+ HN

R2

R3

ð55Þ

In 2014, by employing the hydrogen autotransfer method, Zhao and co-workers

reported the first enantioselective amination of alcohols to chiral secondary

arylamines in high yields and high ee up to 97 % (Eq. 56, Scheme 31) [178].

Intramolecular amination could also be achieved to give quinoline 24 with 68 % ee.

The authors proposed that the high enantioselectivity might be attributed to the

cooperation of the iridium complex 25 and the chiral phosphoric acid 26.

Ph
Ph

HN
N S

O

O
Ir

25

O

O
P

OH
O

R

R
R = 2, 4, 6-iPr3C6H2

27

O
O

P
O
OH

R

R
R = 2, 4, 6-iPr3C6H2

26

Scheme 31 Iridium complex 22 and chiral phosphoric acids 23 and 25
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R1 R2

OH
R3NH2

cat. 25 (5 mol%)
cat. 26 (5 mol%)

t-amyl alcohol, reflux
4 A MS, 24 h R1 R2

NHR3

R1 = Ar, alkyl; R2 = Me, Et 64~98% yields
69~97% ee

N
H

Me

24
73% yield, 68% ee

+

ð56Þ

In 2015, Zhao and co-workers described the first dynamic kinetic asymmetric

amination of alcohols via borrowing hydrogen methodology under the cooperative

catalysis of iridium complex 25 and chiral phosphoric acid 27 (Schemes 31, 32)

[179]. The authors proposed that, initially, the two stereocenters in the alcohols

were both racemized to ketone by the first oxidation, followed by tautomerization of

the iminium intermediates 28 and 30 through enamine intermediate 29. Then, the

R2

R1

OH

Me
ArNH2

cat. 25 (5 mol%)
cat. 27 (10 mol%)

4 A MS, 110  oC, 60~96 h

R2

R1

NHAr

Me
 16~81% yields

dr up to 98/2, er up to 99/1mixture of 
four isomer

[Ir]

[IrH2]

R2

R1

O

Me

HX

H2O

R2

R1

NHAr

Me

ArNH2

X

R2

R1

NHAr

Me

R2

R1

NHAr

Me

X

R2

R1

NHAr

Me

R2

R1

NHAr

Me
30

29

28

[IrH2]

[IrH2]

[Ir]

[Ir]

kfast

kslow

31

31'

+

Scheme 32 Proposed mechanism for the dynamic kinetic asymmetric amination of alcohols
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different reaction rates of the two stereoisomers towards hydrogenation by [IrH2]

led to the major product 31.

2.5 TM-Catalyzed Aerobic N-Alkylation Reactions (Reactions Under Air)

In addition to the above N-alkylation reactions carried out under inert conditions via

anaerobic dehydrogenative activation of alcohols, some TM-catalyzed aerobic N-

alkylation reactions carried out under air have also been reported in recent years. As

they require no inert atmosphere protection, and use air-stable TM catalysts under

aerobic conditions, these reactions may be operationally simpler and more practical.

Fig. 1 PAA and N-alkylated product over time in the CuAl-HT2/K2CO3-catalyzed amination of PMBA
with benzylamine (BA) (160 �C, 9 h). PAA p-anisaldehyde, PMBA p-methoxybenzyl alcohol, Prd
product

R1 OH

R1 O
- H2O

R1 NSO2R2

[Cu]

[Cu-H]

R1 NHSO2R2

K2CO3 (10 mol%)

R2SO2NH2

+ R2SO2NH2

N N
H

SS
O

O

O

O

32

Alcohols: benzylic, heterobenzylic, cyclooctanol, Ph2CHOH, PhCH(OH)CH3
R2 = Ar, HeteroAr, Me, cyclopropyl, TMSCH2CH2-

4 equiv.
air, 150 oC, 12 h

Cat. Cu(OAc)2

0-99% yields

Scheme 33 Proposed mechanism for Cu-catalyzed N-alkylation of sulfonamides with alcohols under air
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In 2009, Shi, Beller and co-workers reported the first homogeneous Cu(OAc)2-

catalyzed aerobic N-alkylation of sulfonamides with alcohols (Scheme 33) [180,

181]. In condition screening, the authors found the reaction under air was

comparatively more efficient (93 % conversion) than those under argon (48 %) or

CO2 (51 %). This method is thus a good alternative for N-alkylation of

sulfonamides for using the cheaper Cu catalyst under aerobic conditions. The

substrates seemed to be limited to sulfonamides only. In the cases of secondary

alcohols, no base was required and the more Lewis acidic Cu(OTf)2 was found to be

a much better catalyst than Cu(OAc)2. According to the mechanistic study, since

bissulfonylated amidine 32 could only be generated in situ in reactions performed

under air, the authors concluded that 32 should act as the stabilizing ligand to

activate the Cu catalyst for dehydrogenation/hydrogenation processes, and,

subsequently, the reaction proceeded through the hydrogen autotransfer/borrowing

hydrogen mechanism involving [CuH] species (Scheme 33).

In the same year, Likhar and co-workers also reported a heterogeneous copper–

aluminium hydrotalcite (CuAl-HT)-catalyzed amination of alcohols under air

(Eq. 57) [182]. Benzylic, aliphatic, and secondary alcohols, benzylamines,

secondary amines, and anilines could be tolerated in this method. Notably, the

CuAl-HT catalyst can be recovered for reuse by simple filtration for at least five

cycles without obvious loss of activity (5th cycle, 97 %). In mechanistic studies,

the authors observed an initiation period in which the aldehyde intermediate was

first generated in considerable amounts (before 2 h) prior to the formation of

product, which remained in consideraable amounts until completion of the

reaction (Fig. 1). The aldehyde could also be obtained in 98 % yield in a control

reaction with the alcohol alone. Since no alkylated amine product was observed in

the reaction of aldehyde and amine with CuAl-HT2, the authors concluded that,

by an oxidation/imination/reduction sequence, an in situ generated momo(hy-

drido)copper species generated by a hydrogen transfer process from alcohols to

Cu should be responsible for the second hydrogen transfer to imine intermediates

to give the products.

Ir
H3N NH3NH3

2+ 2 I-

33

R1

R2
OH

cat. 33 (1~3 mol%)R4
N

R3

H
R1

R2
N

R3

R4
+

H2O, reflux, under air

74~94% yields
R1, R2 = alkyl,aryl, H; R3, R4 = alkyl,aryl, H

RNH2 +
HO
HO (  )n

R' NR (  )n
R'

Scheme 34 Cp*Iridium complex (33)-catalyzed N-alkylation of amines with alcohols under air
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ð57Þ

In 2011, Fujita, Yamaguchi and co-workers reported a water-soluble Cp*Iridium

complex (33)-catalyzed base-free N-alkylation of amines with alcohols in water

(Scheme 34) [183]. Since the catalyst is air-stable, the reactions could be readily

carried out under air. Primary and secondary benzylamines, aliphatic amines, cyclic

amines, anilines, as well as benzylic, aliphatic, secondary alcohols can be used to

synthesize secondary and tertiary amines. Cyclic amines could also be achieved by

N-alkylation of amines with diols. The authors also proposed a mechanism with

hydrogen transfers from alcohols to form [Ir-H] complexes and finally to the

product amines.

Later in the same year, Uozumi, Yamada, and co-workers also reported an in-

water dehydrative N-alkylation reaction under air using a heterogeneous boron-

iridium heterobimetallic Polymeric Catalyst 34 (Scheme 35) [184]. This method is

suitable for the reactions of benzylic and aliphatic alcohols with ammonia, and

primary, secondary, and cyclic amines. Different to usual hydrogen autotransfer

reactions, which require basic conditions, the reactions of benzylic, aliphatic, and

secondary amines and ammonia require a pH 4 aqueous buffer solution under

microwave conditions. The catalyst can be recovered and reused at least twice

without loss of activity.

In the Pd(OAc)2-catalyzed N-alkylation reactions reported in 2011 [120], Ramón

and co-workers found the reactions of sulfonamides and alcohols under air were

+

aq NH3

R1R2NH HO-R
PB-Cp*Ir(IPr) (1 mol% Ir)

H2O, under air

NR3

R1NHR (R1NR2)
R1R2NR

O
B-

O

O

O

2n

(  )10

IPr
Ir2+

n

61~95% yieldsR = benzyl, alkyl
R1, R2 = aryl, H; alkyl, H; alkyl, alkyl

34

R1NH2

Scheme 35 Boron-iridium heterobimetallic complex (32)-catalyzed N-alkylation reaction of ammonia
and primary, secondary, and cyclic amines with alcohols under air
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more efficient than those under argon, and Pd(OAc)2 could be used at a very low-

loading of 0.05 mol% (Eq. 58).

ð58Þ

Also in 2011, Xu and co-workers reported a comparatively general TM-catalyzed

aerobic N-alkylation reaction of sulfonamides, anilines, heteroarylamines, and carbox-

amineswith benzylic, heterobenzylic, alkyl and allylic alcohols under air (Eq. 59) [185,

186]. Both ligated and ligand-free TM catalysts such as Rh(PPh3)Cl, Ru, Ir, and Rh

halides, and even the noblemetal oxides, could be used as catalysts under air. In contrast

to previous aerobicN-alkylation reactions that had not investigated air’s influence on the

reactions [120, 180–184], the authors were the first to observe air’s promoting effect on

the reaction. Thus, no reaction was observed, or only trace to low yields of the products,

could be detected in parallel anaerobic reactions, while under air the same reactions

could afford much higher yields of the products. As the authors found out, this is due to

TM catalyst deactivation/poisoning by substrate amines/amides, making the alcohol

activation process the rate-limiting step of the whole reaction. Air then participated in

the reaction as a newway to oxidize the alcohols to themore active aldehydes. Similarly,

cat. M
R1CH2 RHO 1CHO

R2NH2
R1 N

R2
R1 N

H
R
2

[M] [MH] or [MH2]

air (O2) H2O
- H2O

[M][MH] or [MH2]

R1CH2OH R1CHO
cat. M

Hydrogen Borrowing

Aerobic Alcohol Oxidation

Hydrogen Returning

Transfer Hydrogenation

Condensation

Path 1

Path 2

Scheme 36 Possible tandem processes for one-pot/multi-step N-alkylation reactions

R1 OHH2O

[M]

R2NH2

R1 OH

R1 N
H

R1 O

[M']

NR2R1

R2

R1 O

oxidants, [O]
H-acceptors, -[H]

iv

base
[M]: precatalyst
[M']: catalyst
M = Rh, Ru, Ir, Pd

[M']

air, 1/2 O2

i 
(rate-limiting)

ii (fast)
iii (fast)

Scheme 37 Proposed mechanism for air-promoted metal-catalyzed aerobic N-alkylation reactions
(aerobic relay race mechanism)
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if TM oxides, usually used as oxidants in conventional oxidation reactions, including

oxidation of alcohols [37–42], were used as catalysts under anaerobic conditions, better

results, up tomoderateyieldsof theproducts, thanwithother catalysts couldbeobtained,

most likely due to alcohol oxidation bymetal oxides. The authors also found that, under

the anaerobic conditions typical of the borrowing hydrogen and hydrogen autotransfer

reactions, the sameTMcatalysts could also catalyzeN-alkylation reactions, but required

much higher temperatures; otherwise, addition of ligands is necessary to promote the

originally ineffective reactions to occur to yield the desired products. Obviously these

aerobic N-alkylation reactions proceeded via an alternative mechanism other than the

typical borrowing hydrogen and hydrogen autotransfer mechanism (Scheme 3).

ð59Þ

After a detailed and careful study of the individual reactions and the reaction

mechanism, Xu and co-workers proposed that, in addition to the known anaerobic

dehydrogenation method (Scheme 36, path 1), TM-catalyzed aerobic oxidation of

alcohols to aldehydes [36–41] (path 2) should be a good alternative for alcohol

activation. Consequently, a new mechanism different from the usual hydrogen

autotransfer process was proposed for the air-promoted TM-catalyzed aerobic N-

alkylation reactions (Scheme 37). Thus, alcohols were first oxidized by air under TM

catalysis to give aldehydes, which then condense with amines/amides to give imine

intermediates. Imines were finally reduced by alcohols to product amines via a transfer

hydrogenation process [46–51], generating meanwhile, as the authors proved, 1 equiv.

of aldehydes as the byproduct. Since the byproduct aldehyde can be recovered to

participate in next mechanism cycle, a small amount of air (ca. 10–20 mol% O2) was

adequate to generate the catalytic amount of aldehdye and initiate the whole reaction,

resolving the rate-limiting issue in the alcohol activation step. In addition, the latter

alcohol (in green), after transferring its hydrogen atoms to the preceding alcohol (in red,

in its imine form via aldehyde intermediate), will (also in its imine form via aldehyde

intermediate) receive new hydrogen atoms from an even later alcohol in next

mechanism cycle, which is analogous to the relay race game with ‘‘handing off’’ of

hydrogen atoms. Hence, the authors termed it the ‘‘relay race’’ mechanism.

In fact, the significant role of air in aerobic alkylation reactions had already been

observed by the groups of Uozumi [187, 188] and Crabtree [189]. In 2006, Uozumi

and co-workers noted that other mechanisms might participate in their aerobic

C-alkylation reaction of ketones and alcohols because one reviewer pointed out that

metal hydride intermediates are prone to react with molecular oxygen. In 2010,

Crabtree and co-workers hypothesized that their C-alkylation reaction of secondary

and primary alcohols under air most possibly underwent a procedure involving
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participation of air in the reaction, especially the oxidation of primary and

secondary alcohols to aldehydes and ketones for next aldol condensation step.

Xu’s air-promoted protocol could even be extended to non-noble metal oxides

such as MnO2 [190] and Pd catalysts [191]. In the latter work, the authors also

observed the clear coordination between [Pd] and amines, leading to deactivation of

the catalyst (Eq. 60) [191]. Therefore, aerobic reactions catalyzed by Pd were also

found to be much more efficient and afforded higher yields of the products than the

corresponding anaerobic reactions.

ð60Þ

In 2012, Xu and co-workers continued to report a Cu-catalyzed aerobic N-

alkylation reaction of sulfonamides, anilines and heteroarylamines with alcohols

under air (Eq. 61) [192]. The authors evaluated the effects of the additives on the

reaction. They not only observed the promoting effect of air, but also found that

aldehyde contamination in substrate alcohols could also lead to more efficient

reactions either under either air or under nitrogen. Besides, they observed the

successful oxidation of alcohol by Cu(II) under anaerobic conditions (Eq. 62).

ð61Þ

ð62Þ

H2O

R2NH2

(rate-limiting)

ii (fast)

iii (fast)

R1 OH

[Cu]
R1 OH

R1 N
H

R1 O

[Cu]

NR2R1

R2
R1 Oi

iv

base

air (1/2 O2) H2O

2Cu(II) 2Cu(I)

fast under air

slow under nitrogen

Scheme 38 Proposed mechanism for air-promoted Cu-catalyzed aerobic N-alkylation reactions
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ð63Þ

Since no alcohol oxidation was detected with Cu(I) salts under anaerobic

conditions (Eq. 63), the authors proposed that the observed catalytic effect of Cu

catalyst in anaerobic N-alkylation reactions might be attributed to the oxidation of

alcohols by Cu(II) to give aldehydes and Cu(I) salts (Eqs. 62, 63), as Cu(II) has also

been frequently used as an oxidant in organic reactions. As with the formation of

[CuH] species, these authors pointed out that literature reports had indicated that

generation of [CuH] species usually requires harsh conditions, such as using strong

coordinating phosphine ligands and strong hydride-donating silanes under inert

conditions, and that they are prone to be destroyed by molecular oxygen [193–195].

Therefore, the authors proposed a new mechanism for the Cu-catalyzed aerobic N-

alkylation reactions under air (Scheme 38), in which the alcohol oxidation step is a

slow step under inert conditions but a fast process under air. A similar Cu-catalyzed

aerobic alkylation method can be extended to C-alkylation reactions of secondary

alcohols and methyl ketones with primary alcohols [196].

In 2013, Sharma and co-workers reported another aerobic N-alkylation of

anilines with benzylic, allylic, and primary and secondary aliphatic alcohols using a

magnetite (Fe3O4) silica-based organic-inorganichybrid copper(II) nanocatalyst

(Cu-AcTp@Am–Si-Fe3O4) (Eq. 64) [197]. Since Am–Si-Fe3O4 was used as the

support for the active Cu catalysts, the Cu-AcTp@Am–Si-Fe3O4 catalyst can be

readily recovered using a magnet for separation and reused at least ten times without

obvious loss of catalytic activity. The authors also observed the promoting effect of

air on the alkylation reaction. Thus, only trace product was observed under

anaerobic conditions but a high yield of product could be obtained in reactions

under air. Along with other findings, the authors proposed a mechanism following a

preceding mechanism proposed for the air-promoted TM-catalyzed aerobic N-

alkylation reactions (Fig. 2).

Fig. 2 Proposed mechanism for air-promoted Cu-AcTp@Am–Si-Fe3O4-catalyzed aerobic N-alkylation
reactions
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ð64Þ

In 2012, Hellgardt, Hii, and coworkers achieved a base-free N-alkylation method

for anilines, aliphatic and secondary amines and benzylic, aliphatic and secondary

alcohols by using a heterogeneous Au/TiO2 catalyst in a continuous flow reactor

(Eq. 65) [198]. By employing the flow chemistry protocol, this provided not only a

potentially greater reaction space, but also showed that higher reactivity and

selectivity of the reactions can be achieved than using the batch reactors. In

addition, the substrates in the reservoir can be stored readily under ambient

conditions without the need for specialized inert atmosphere protection, making the

method much simpler and more practical.

N

HR1

O

R3

MA
+

HH

N

HR1

O

R3

MA
+

HH

R1 N+R3 OH R1 N
H

+R3 O

MA (main group metals): Na, Mg, Al, K, Cs, etc.

R2 R2

R2
N

HR1

O

R3

MA
+

HH

base (MA
+)

R2 R2

R1 = R3

R2NH2H2O

MPV-O Process

Reaction Cycle

Scheme 39 Possible reaction mechanism for MPV-O N-alkylation reactions
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ð65Þ

2.6 TM-Free N-Alkylation Reactions

TM-free N-alkylation reactions were first reported more than 100 years ago [4].

More reports with other methods appeared later [5–9], but these methods require

rather harsh reaction conditions. Hence TM-catalyzed methods attracted much more

attention and developed rapidly thereafter. It had previously been generally held that

TM catalysts and dehydrogenative alcohol activation via formation of [MH]/[MH2]

species was indispensible in alcohol-based dehydrative alkylation reactions. The

fact that TM-free catalysts can also be used in the same transformations seems to

have been overlooked in recent decades.

2.6.1 Mechanistic Aspects of TM-Free N-Alkylation Reactions

In TM-free N-alkylation reactions through hydrogen autotransfer processes, the key

step of the reaction mechanism is the transfer hydrogenation of the imine

intermediates by alcohols. The Meerwein-Pondorf-Verley reduction of carbonyl

compounds by alcohols such as isopropanol, and the Oppenauer oxidation of

alcohols by carbonyl compounds such as acetone, namely MPV-O redox reactions,

are well known and are widely used for the preparation of given alcohols or

carbonyl compounds. It is commonly accepted that MPV-O reactions proceed by

hydrogen transfer from the alcohol to the carbonyl moiety via the key six-membered

cyclic transition states [52, 53]. It was proposed that, analogous to these MPV-O

reactions, transfer hydrogenation of imine intermediates by alcohols most likely

proceed via similar MPV-O type six-membered cyclic transition states (Scheme 39,

the lower MPV-O Process) [54], in which a key main group metal cation

coordinates the imine and alchol moeties in close proximity, to accomplish a

concerted hydrogen transfer from the alcohol to the imine C=N bond, affording the

N

R1

O
MA

R3
D
*

H R1

N
R3 O

via

R1

N

D*
R3

O

D*

HH
~100%

~100%

+

R2
R2

R2

Scheme 40 Deuterium labeling of MPV-O reactions
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alkylated amine product and the carbonyl byproduct. As shown in Scheme 39 (the

upper Reaction Cycle), if byproduct R3CHO can be recovered to condense with

substrate amines as the alkyl source (R1=R3) to afford new imines, then a TM-free

catalytic N-alkylation cycle via a hydrogen autotransfer process can be achieved.

Consequently, it can be inferred that, if a deuterium-labeled alcohol is used as the

hydrogen source (Scheme 40), both the b–C–D* and O–H of the alcohol can be

transferred selectively to become b-C-D* and N–H in the product amine. This is

also the same as with the direct hydrogen transfer (Scheme 6) and monohydride

(Scheme 8) routes in TM-catalyzed reactions, so that it is difficult to distinguish

between them using deuterium labeling methods.

As in the alcohol activation step, like the TM-catalyzed direct hydrogen transfer

route (Schemes 5, 14), the MPV-O process cannot provide carbonyl compounds

directly according to the reaction mechanism (Scheme 39). This may make the

alcohol activation reaction the rate-limiting step of the whole process. Most

probably for this reason, the early TM-free N-alkylation reactions [4–9] were

performed under harsh conditions to facilitate the initial formation of aldehydes by

high temperature dehydrogenation of the alcohols. Otherwise, alternative ways for

alcohol activation should be adopted (vide infra).

2.6.2 Recent Advances in TM-Free N-Alkylation Reactions

In 2013, based on their previous air-promoted TM-catalyzed aerobic N-alkylation

reactions and the finding of aldehyde contaminant-accelerated reactions, Xu and co-

workers further discovered that addition of external aldehydes can be a new way for

alcohol activation. Thus, an efficient TM-free aldehyde-catalyzed N-alkylation

reaction of sulfonamides, sulfinamides, anilines, heteroarylamines with benzylic and

heterobenzylic alcohols was developed (Eq. 66) [54]. Since air does not affect the

reactions, they could be performed readily in either air or inert atmosphere. The

reactions are so efficient that they can be scaled up to at least 50 mmol scale.

R1 OH

H2O

R2NH2

R1 NHR2

R1 O

NR2R1

base

R3 OH

R3 O[O]

(iv)
TRANSITION 
METAL-FREE

Condensation
Transition metal-free

transfer hydrogenation

Aldehyde recycling

Alcohol oxidation

(i)
(ii)

(iii)
R1 = R3

Scheme 41 Proposed mechanism for TM-free aldehyde-catalyzed N-alkylation reactions (TM-free relay
race mechanism)
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ð66Þ

Since no reaction occurred at all in the absence of either the aldehyde catalyst or

the base or both of them, as well as other proofs such as control reactions using high

purity bases ([99.99 % purity), the authors concluded that the reaction is a true TM-

free transformation. In addition to the aldehydes’ catalytic effect, the authors proved

that imine intermediates and other TM-free oxidants could also be employed to

initiate the reaction, which is consistent with, and further supports, the TM-free N-

alkylation mechanism (Scheme 39). Along with other results of mechanistic studies,

the authors proposed a mechanism for the aldehyde-catalyzed N-alkylation reaction

(Scheme 41). Firstly, the external aldehydes condense with amines/amides to give

imine intermediates, which were then reduced by alcohols via a TM-free MPV-O

transfer hydrogenation process to give product amines and regenerate byproduct

aldehydes as the new alkyl source in next reaction cycle. In the key TM-free transfer

R1 OH

R2-NH2

R1 N
H

R2

+

R1, R2 = Ar, heteroAr

X

O

 (50 mol%)
R1 O+

X

OH

R1 N
R2

1.5 equiv.

KOH

toluene
150 oC, 4-24 h50 mg

(16~42 mol%)

R3R3 R4 R4

0~98% yields

Scheme 42 Proposed mechanism for TM-free conjugated ketones-catalyzed N-alkylation reactions

78~96% yields

N

S
NH2R1

N
NH2

+ R2 OH
NaOH (20~120 mol%)

toluene, under air
120~130 oC, 15~28 h

N

S
NHR1

N
N
H

R2
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Scheme 43 NaOH-catalyzed N-alkylation reaction of heteroaryl amines with alcohols under air
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hydrogenation step, the existence of imine intermediates and generation of 1 equiv.

of aldehyde to the product amine were clearly observed in 1H NMR study of the

reaction mixture, showing that aldehyde catalyst can be regenerated quantitatively

in the process.

After discovering the catalytic activity of aldehydes, Xu and co-workers later

extended the method to TM-free aldehyde-catalyzed C-alkylation of secondary

alcohols with primary alcohols [199] and catalyst-free C-alkylation reactions of

methyl ketones with alcohols [200]. In 2013, Wu and co-workers also reported a

closely related TM-free ketone-initiated C-alkylation of indole and pyrrole with

secondary alcohols [201]. Similarly, Shi and co-workers employed conjugated

ketones to catalyze the TM-free N-alkylation reaction of amines with alcohols in

2015 (Scheme 42) [202], which is mainly suitable for benzylic and heterobenzylic

alcohols, and anilines and heteroarylamines. Different ketones showed variant

activities in the reaction (the catalysts were added in the same amount of 50 mg

regardless of their molecular weights). In mechanistic studies such as the control

reactions of the ketone catalyst and the substrate alcohol, up to 92 % ratio of the

corresponding alcohol derived from reduction of the ketone catalyst can be

detected in addition to formation of aldehdye intermediates derived from substrate

alcohol.

In 2013, Adimurthy and co-workers reported a TM-free NaOH-catalyzed N-

alkylation reaction of 2-aminothiazoles, 2-aminobenzothiazoles, aminopyrimidines,

and aminopyridines with benzylic and heterobenzylic alcohols under air

(Scheme 43) [203]. In condition optimization, the authors found the model reaction

of 2-aminobenzothiazole and 4-chlorobenzylalcohol under air afforded a higher

yield of the product (93 %) than the one under nitrogen (90 %). Therefore, along

with other results of mechanistic studies and the authors’ own previous work on

based-catalyzed imine synthesis from alcohols and amines [204], they proposed that

alcohol oxidation to aldehyde by air in the presence of bases is the initiation step of

N

S
NH2R1

R2 OH

N

S
NHR1

R2

NaOH
R2 O

N

S
NR1

R2

R2 OO2

Scheme 44 Proposed mechanism for TM-free NaOH-catalyzed N-alkylation reactions

PhHN NH2

O
base PhNH2

Ph OH
 1/2 O2 Ph O

- H2O
Ph NPh

Ph OH

Ph O

Ph NHPh
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Scheme 45 Possible mechanism for base-mediated synthesis of amines from N-arylureas and alcohols
under air
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the N-alkylation reaction, followed by the condensation with amines and reduction

of imine intermediate by the alcohol to give the final amine product (Scheme 44).

In 2014, Xia and co-workers also reported a base-catalyzed solvent-free N-

alkylation of amines with alcohols under air (Eq. 67) [205]. Both aromatic and

aliphatic amines and alcohols are suitable substrates. In this method, alcohols are

used in large excess amounts (10 equiv.) as both the reactant and solvent, and some

reactions have to be heated at high temperatures up to 220 �C. The authors also

observed the significant accelerating effects of both aldehyde and imine on the

reaction, concluding that they are actual intermediates of the reaction.

20~100% GC conversions
7.3-100% selectivities

R1 OH R1 N
H

R2
+

NaOH (1 mmol), air

120~220 oC, 6 h

R1, R2 = aryl, heteroaryl, alkyl, cyclohexyl

4 mmol40 mmol
R2-NH2

ð67Þ
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Scheme 46 Autocatalyzed N-alkylation of heteroaryl amines with primary and secondary alcohols
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Scheme 47 Proposed mechanism for TM-free substrate heteroarylamine-autocatalyzed N-alkylation
reactions
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In the same year, Bhanage and co-workers reported a base-mediated synthesis of

amines and imines from N-arylureas and benzylic alcohols or heteroaryl methanols

under air (Eq. 68) [206]. The authors proposed base-mediated N-arylurea decom-

position and aerobic alcohol oxidation processes for generation of the starting

anilines and aldehydes, followed by condensation to imines and transfer

hydrogenation by the alcohols to give the final amines (Scheme 45).

Ar1HN NH2

O
+ (Hetero)Ar OH

5 equiv.

t-BuOK (3.5 equiv.)
air, 135 oC, 24 h

(Hetero)Ar NHAr1

ð68Þ

In 2015, Xu and co-workers reported a catalyst-free autocatalyzed N-alkylation of

certain heteroaryl amines with primary and secondary alcohols (Scheme 46) [207].

Like methyl ketones in catalyst-free C-alkylation reactions [200], the authors

hypothesized that certain amines with the typical RC(=X)NH2 structural unit (X=O or

N, etc.) may also undergo TM-free MPV-O reactions with alcohols to give the

initiating aldehydes in the absence of external catalysts, which may further catalyze

the target N-alkylation reaction. Indeed, 2-aminobenzothiazoles, 2-aminopyrimidines,

and 2-aminopyrazine are active amines under critical catalyst-free conditions (pure

aldehyde-free alcohol, strict degassing, and N2 atmosphere protection). The model

reaction of 2-aminobenzothiazole and benzyl alcohol gave a high 90 % yield of the

product under the critical conditions; whereas the reaction under air slightly improved

the product yield to 93 %, revealing that the autocatalyzed N-alkylation process

R1 OH
CsOH
- H2O R1 OCs

O2

- CsOH R1 O
- H2O

R2NH2
R1 NHR2

CsOH

R1 OH R1 NHR2

R1 O

R2NH2H2O
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Catalytic cycle

Scheme 48 Proposed mechanism for TM-free O2-induced base-catalyzed N-alkylation reactions

N
R3

S

N
NH2 R3 S

NH2

O

NH2R3 NH2

R3

R4

R1 OH or
R1 R2

OH

R N
R1

R N
R1

R2

H H
or

[O] (air)
R1 O or

R1 R2

O

Initiation

26~96% yields
R1, R2 = Ar, heteroAr

base (10~100 mol%)
air, 100~150 oC, 24~28 h
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contributed to most of the product yield. Since base-mediated aerobic alcohol

oxidation by air is not possible under the critical catalyst-free conditions, they

concluded that tautomerization of the heteroarylamines and MPV-O reaction of the

in situ formed imino tautomer with the alcohols led to the formation of the initiating

aldehydes, which then resulted in efficient N-alkylation reactions (Scheme 47).

In 2015, Yao, Zhao, and co-workers reported a base-catalyzed N-alkylation of

anilines and heteroarylamines with benzylic, heterobenzylic, aliphatic alcohols

using catalytic amounts of O2 as the initiator (Eq. 69) [208]. They found air or O2

play important roles in the reactions because the reactions under O2 or in open air

led to formation of imines in high ratios. The authors further optimized the reaction

conditions and found that adding 2–5 mol% O2 to the reaction vessel was the best,

giving high yields and selectivies of the product amines. Therefore, they proposed a

mechanism for the N-alkylation reaction that was initiated by base-catalyzed

aerobic alcohol oxidation by O2 to the aldehydes (Scheme 48).

R1, R3 = Ar, heteroAr, R; R2 = H, Ar, R
0~97% yields

R1 OH R1 N
H

R3
+

CsOH (20 mol%)
O2 (2~5mol%)

mesitylene, Ar
140~180 oC, 24 h

R2
R2

R3-NH2 ð69Þ

In 2016, Xu and coworker reported another TM-fee aerobic N-alkylation method

for anilines, some heteroarylamines, and sulfinamides with alcohols (Scheme 49)

[209]. As described in their work, these amines are not effective substrates under

anaerobic catalyst-free autocatalyzed conditions, so an oxidant has to be employed

to initiate the reaction. Differing from Yao and Zhao’s protocol by adding O2 to an

argon atmosphere [208], they found that a catalytic amount of air is active enough to

initiate the reaction. In addition to primary alcohols, secondary alcohols can also be

used as the alkyl source. In mechanistic studies, the authors observed that primary

and secondary alcohols underwent different initiation processes, i.e., primary

alcohols require the presence of the amine to facilitate the aerobic oxidation to

R1 R2

OH

R N
R1

R2

H

H2O

RNH2 base
(iii)(ii)

R2 = H, RNH2, base, air

or: R2  H, base, air R1 R2

O

R1 R2

O

R1 R2

OH

(i) (iv)

R N
R1

R2

Scheme 50 Proposed mechanism for catalyst-free-like air-initiated N-alkylation reactions
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aldehydes, while secondary alcohols can be transformed directly to ketones by air in

the presence of a base (Scheme 50).

In 2015, Kang and coworkers reported another TM-free base-mediated N-

alkylation reaction of sulfonamides and alcohols under argon (Eqs. 70, 71, 72)

[210]. The authors found that the stronger base KOH is a better base for the reaction,

and large excess alcohol was used as both reactant and solvent (Eq. 70); whereas, if

corresponding basic salt potassium sulfonamides were employed instead, KOH can

be used in catalytic amounts (Eq. 71). The reactions of anilines, heteroarylamines,

and heterobenzylic and aliphatic alcohols also yielded corresponding alkylated

amines efficiently in the presence of excess alcohols and 3 equiv. of base (Eq. 72).

Since potassium sulfonamides were used as the reactant, and the reaction conditions

are rather different (much stronger basicity) to previous aldehyde-catalyzed

methods using only catalytic amounts of weak base K2CO3 [54], and no imine

intermediates were detected in the present reactions, the authors excluded the

possibility of an aldehyde-catalyzed mechanism and the MPV-O transfer hydro-

genation process [52–54], and proposed a new mechanism (Scheme 51) involving

the addition of potassium alcoholate to the imine intermediates to give hemiaminal

intermediates. As to the initial aldehyde formation step, the authors proposed that

oxidation of the alcohols by trace O2 in the reaction systems might be a possible

means of aldehyde generation [although alcohols with aldehyde contaminants

(\0.1 %) were used, and trace amounts of H2 were detected by GC in control

reactions under the argon atmosphere as described in the work].

R1 O

R1 OH
R2NHK

R1

N
R2

heat (O2 ?)
KOH

R1 O

R1

N
R2

O R1
R1

NH*
R2

R1

HN
R2

H*

H*R1

N
R2

H*

Scheme 51 Proposed mechanism for TM-free base-mediated N-alkylation reactions

R1 NH2

R1 NH

R2NH2 NH3

R1 NR2

[M]

[MH2]

R1 NHR2Scheme 52 General
mechanism for amine-based
hydrogen autotransfer reactions
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Ph OH p-TolSO2NH2 Ph N
H

SO2p-Tol+ base (130 mol%)

10 equiv. Ar, 130 oC, 10 h
0-95% yields

ð70Þ

R1 OH R1 N
H

SO2R2
+

KOH (5~50 mol%)

10 equiv.
Ar, 130 oC

81~99%yieldsR1 = Ar, HeteroAr; R2 = Ar, HeteroAr, Me

R2SO2NHK
ð71Þ

R1 OH R1 N
H

R2
+

10 equiv.

KOH or NaH (3 equiv.)

Ar, 130~160 oC
41~99%yieldsR1 = Ar, HeteroAr, R; R2 = Ar, HeteroAr

R2-NH2
ð72Þ

3 Hydrogen Autotransfer N-Alkylation Reactions Using Amines
as the Alkylating Reagents

Like alcohols, amines could also be used as alkylating reagents to react with another

amine to give N-alkylated amine products [10, 26], librating NH3 as the byproduct

instead of H2O as in the case of alcohols. It is also held that amine activation

proceeds via a hydrogen autotransfer process similar to that of alcohol activation.

As shown in Scheme 52, the primary amine is first dehydrogenated, and then

condenses with another amine to give different imine intermediates sequentially,

which are reduced to give product amines. In addition to primary amines, secondary

and tertiary amines could also be used as alkylating reagents.

It should be pointed out that this type of amine activation by anaerobic

dehydrogenation resembles the cross-dehydrogenative-coupling (CDC) reactions

[42, 43], in which the amine substrates, usually the secondary and tertiary amines,

were also dehydrogenated/oxidized to give imines or iminium intermediates under

oxidative conditions as the substrate activation protocol (Scheme 53). The

difference is, in CDC reactions, no condensation/deamination reactions occur, and

cat. MC N
R2

H
R1

R3 C N
R2

R1

R3 C N
R4

R2

R1

R3
or

R4 = H, R, etc
stoichiometic oxidants

or O2/air

Nu-H
R4

C NH
R2R1

R3
C N

R4

R2R1
R3

or
Nu Nu

Scheme 53 General reaction routes for cross-dehydrogenative-coupling (CDC) reactions
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the reaction proceeds via addition of nucleophiles, usually not an N-nucleophile, to

give addition products.

Since the first homogeneous catalytic self-N-alkylation of amines reported by the

groups of Laine and Concilio independently in the beginning of 1980s [211–213],

more TM catalysts such as [Ru], [Ir], [Os], [Rh] and [Pt] have also been developed

in the past two decades [10, 26]. More recently, effective cross-N-alkylation of two

different amines, with low catalyst loadings, or those at lower temperatures were

also reported.

In 2007, Beller and co-workers described the first additive-free homogeneous N-

alkylation of (hetero)aryl amines with aliphatic amines catalyzed by the Shvo

complex with a low catalyst loading (1 mol%) (Eq. 73) [214]. The reactions of

some challenging substrates, such as cyclic secondary amines, furan-, thiophene-,

and indole-substituted amines, could also afford the corresponding products with

good yields by this method.

Shov catalyst (1 mol%)

R1 = Ar, alkyl; R2 = H, alkyl; R3 = aryl, heteroAr
34-99% yields

R3-NH2
R1 R2

NH2

R1 R2

HN

2-methylbutan-2-ol, 150 oC, 24 h

R3

+

ð73Þ

In 2008, the Beller group extended the method to the N-alkylation of aryl amines

with secondary amines and tertiary amines (Eq. 74) [215]. In the same year, they

further applied the method to the N-alkylation of tert-alkylamines with aliphatic

amines [216]. In 2011, the Beller group also reported the synthesis of primary

amines by the reaction of secondary and tertiary amines with ammonia catalyzed by

Shov catalyst (Eq. 75) [217].

74-99% yields

t-amyl alcohol, 150 oC, 24 h

R2NH
or

R3N

Shov catalyst (1 mol%)
NH

R

R = alkyl

NH2

+ ð74Þ

NH3
Shov catalyst (1 mol%)
t-amyl alcohol/MBTE

150~170 oC, 16 h
R = alkyl

50-84% yields

R2NH
or

R3N
RNH2+ ð75Þ

In 2008, Peris and coworkers developed an iridium complex (35)-catalyzed N-

alkylation of anilines with alkyl amines (Eq. 76) [218]. The authors have previously
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found that iridium complex 35 has similar activity with Shvo complex in the same

year [219].

N

N

nBu

nBu

Ir
Cl
Cl 35

Ar-NH2

cat. 35 (5 mol%)
AgOTf (15 mol%)

toluene, 150 oC, 24 h
R-NH-Ar

50~95% yields

R-NH2

R = alkyl

+

ð76Þ

In 2009, Williams and co-workers described the [Cp*IrI2]2-catalyzed N-

alkylation of anilines, benzylic and aliphatic primary amines with diisopropylamine

(Eq. 77) [220]. Although both substrate amines could be oxidized to give different

imines and possibly different product amines, excellent selectivity could still be

obtained. For example, the reaction of diisopropylamine and benzylamine gave

exclusively N-isopropyl-N-benzylamine without any tertiary amine and dibenzy-

lamine byproducts.

[Cp*IrI2]2 (1 mol%)
xylene, 155 oC, 10 hRNH2 i-Pr2NH RNHi-Pr

R = Ar, arkyl 26~99% yields

+ ð77Þ

The aforementioned cyclometallated iridium complex 14 developed by Xiao and

co-workers was also effective for N-alkylation of anilines and even benzohydrazide

with diisopropylamine under mild conditions (Eq. 78) [113].

cat. 14 (1 mol%)
K2CO3 (5 mol%)

TFE, 100 oC, 24 hRNH2 i-Pr2NH RNHi-Pr
R = Ar, PhCONH 48~99% yields

N

OMe

Ir Cl

MeO

14

+

ð78Þ

In addition to homogeneous TM catalysts, some heterogeneous TM catalysts,

nano catalysts and even biomimetic and electrolytic catalysts have also been applied
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successfully in the N-alkylation of amines using amines as the alkylating reagents.

In 2011, Shimizu and co-workers reported a nano-Pd1/Al2O3-1.8-catalyzed cross-

coupling of amines (Eq. 79) [221]. The recovered catalyst showed a very close

catalytic activity with the fresh one (1st, 86 %, 2nd, 85 %). In the same year,

Porcheddu and co-workers reported a microwave-assisted Pd/C-catalyzed N-

alkylation of anilines with tertiary amines [222].

NH2

Pd1/Al2O3-1.8 (1 mol%)

o-xylene, reflux, 1~20 h
N

R2

R3

R1 = Ar, heteroAr, alkyl; R2 = alkyl; R3 = alkyl
Pd1/Al2O3 recoverable: 1st, 86%; 2nd, 85%

44~85% yields

R1
R1

+ N
H

R2 R3

ð79Þ

The aforementioned Pt–Sn/c-Al2O3 catalyst developed by Yu and co-workers in

2011 was also effective for self-coupling of aliphatic primary amines with catalyst

loading as low as 0.25 mol% (Eq. 80) [142]. In 2012, Shimizu and co-workers

found nano-NaPt/SiO2 and nano-SPt/SiO2 are both effective catalysts for the N-

alkylation of anilines, secondary and branched primary amines [223, 224]. In 2013,

Shi and co-workers accidentally found that NiCuFeOx complex could catalyze the

self-N-alkylation of primary amines [157].

R NH2
Pt-Sn/Al2O3 (0.25~0.5 mol%)
o-xylene, 145 oC, 24~36 h R N

H
R

87~95% yieldsR = Ar, alkyl
ð80Þ

In 2009, Largeron and co-workers reported a biomimetic electrolytic synthesis of

secondary benzylic amines at room temperature (Scheme 54) [224]. An initial

R NH2 NH2

R1

R2

NH3

R N R2

R1
R N

H
R2

R1

cathode
MeOH, rt

OH
HN

O

O

OH
H2N

HO

Oan
od

e 36

37  51~80% yields

R1 = alkyl; R2 = H, alkyl; R =Ar, heteroAr

+

Scheme 54 Proposed mechanism for biomimetic electrolytic synthesis of secondary amines
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electrochemical oxidation of the benzylic amines by o-iminoquinone 36 and a

subsequent condensation gave imine intermediates, which were then reduced to give

the desired secondary amines along with the reoxidation of 37 to 36.

4 Conclusion and Outlook

In summary, owing to their green and environmentally benign features, alcohols

have been used widely as the alkylating reagents in the synthesis of amine and

amide derivatives through dehydrogenative/oxidative activation to the more active

carbonyl compounds and transfer of hydrogens to the products. Like alcohols,

amines can also be used in a similar way as the alkylating reagents. This field

developed rapidly in the past decades, being one of the hottest topics in the fields of

organometallic catalysis, green chemistry, and even the pharmaceutical and

industrial chemistry. More recently, in addition to TM-catalyzed anaerobic

dehydrogenation methods, air-participated TM-catalyzed aerobic oxidative reac-

tions using air-stable catalysts, nano and carbon materials, and biocatalysts have

also been found to be new ways for alcohol activation and new catalysts. Some

catalysts are so efficient that either bio-derived alcohols can be used as the

alkylating reagents or the reactions can be performed under rather mild conditions at

relatively lower temperatures (below 100 �C) or in an aqueous media. Meanwhile,

new TM-free organocatalytic methods, including the use of aldehydes, substrate or

external ketones, substrate amines, and the combination of air and base have also

been developed as simple but efficient, economical and practical methods for N-

alkylation of amines and amides with alcohols, and also represent meaningful

advances to the early TM-free N-alkylation methods performed under harsh

conditions [5–9]. Moreover, the recent development of asymmetric N-alkylation

reactions for the successful synthesis of chiral amines and direct application of the

N-alkylation method in pharmaceutical synthesis have also revealed the great

potential of N-alkylation reactions. With the development of the new catalysts, new

methods, and new protocols for alcohol activation, new concepts such as substrate-

participated autocatalysis have also appeared in the field.

However, problems and bottlenecks still remain. Unlike the alcohols, new

methods for using amines as alkylating reagents are still rare. This may be due to

limited methods for amine activation. Like the newly developed aerobic oxidative

activation of alcohols, advances in amines’ cross-dehydrogenative coupling (CDC)

reactions [42, 43] and amine oxidation reactions [226–229] may provide new

possibilities for amine-based alkylation reactions. Besides, present mild and

asymmetric reactions are still catalyzed by homogeneous metal complexes, so that

developing efficient and recoverable heterogeneous methods would thus be another

meaningful advance in the field. Moreover, most of the TM-free methods seemed to

have limited scope for substrates, otherwise harsh conditions have to be applied.

Therefore, developing new TM-free methods with relatively broad substrate scope

and/or under mild reaction conditions remains a meaningful research topic in this

field. Computational mechanistic studies of these TM-free reactions in order to

acquire deeper insight and theoretical understanding of the reaction mechanism may
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also help to develop new TM-free methods avoiding the use of expensive

homogeneous catalysts and tedious preparation of heterogenous catalysts. In

addition, mechanism elucidation in N-alkylation reactions by the hydrogen

autotransfer processes remains a challenge, since: (1) there are mainly two

mechanistic types in the reactions of amines/amides with alcohols (i.e., the direct

nucleophilic substitution reactions and the hydrogen autotransfer processes), (2)

there are at least four possible routes for hydrogen transfer from alcohols to products

(direct hydrogen transfer, monohydride route, dihydride route, and MPV-O

process), (3) similarities exist among the four routes of the hydrogen autotransfer

reactions so that it is difficult to distinguish them as well as the reaction mechanism,

and (4) mechanisms of specific reactions may vary depending on the substrates,

catalysts, reaction conditions, even the settled conditions for mechanistic studies

(e.g., in the sect. 2.1.3, the DFT studies of Ir-catalyzed N-alkylation reactions by

different groups showed slightly different results). Mechanistic studies of the N-

alkylation reaction are significant to this research also because they may afford new/

deeper insights into the nature of the reactions, and provide new research

opportunities and even conceptual and technical advances in the field. In a word,

although there have been many meaningful advances in the field in recent decades,

there still remains much room for improvement and extension of research. N-

alkylation reactions by hydrogen autotransfer processes may have entered a new

stage of development deserving of more attention and effort.
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Abstract Merging the chemistry of transfer hydrogenation and carbonyl or imine

addition, a broad new family of redox-neutral or reductive hydrohydroxyalkylations

and hydroaminomethylations have been developed. In these processes, hydrogen

redistribution between alcohols and p-unsaturated reactants is accompanied by C–C

bond formation, enabling direct conversion of lower alcohols to higher alcohols.

Similarly, hydrogen redistribution between amines to p-unsaturated reactants results
in direct conversion of lower amines to higher amines. Alternatively, equivalent

products of hydrohydroxyalkylation and hydroaminomethylation may be generated

through the reaction of carbonyl compounds or imines with p-unsaturated reactants

under the conditions of 2-propanol-mediated reductive coupling. Finally, using vici-

nally dioxygenated reactants, that is, diol, ketols, or diones, successive transfer

hydrogenative coupling occurs to generate 2 C-C bonds, resulting in products of

formal [4?2] cycloaddition.
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1 Catalytic Hydrogenation—A Brief Historical Perspective

The first metal-catalyzed additions of elemental hydrogen to p-unsaturated reactants

were reported by James F. Boyce of the Nathaniel Kellogg Fairbank Soap Company

in connection with the processing of vegetable oils [1]. Subsequently, Paul Sabatier

of the University of Toulouse developed general protocols for the hydrogenation of

alkenes employing heterogeneous nickel catalysts [2]. Foreshadowing the merger

hydrogenation and carbonyl addition described in the present account, Paul Sabatier

and Victor Grignard jointly received the Nobel Prize in Chemistry in 1912 [3].

Following Sabatier’s pioneering work, numerous noble metal catalysts for

heterogeneous hydrogenation emerged. Among these, the platinum oxide catalyst

developed by Roger Adams in 1922 is still one of the most active and readily

prepared catalysts for heterogeneous hydrogenation [4].

Thefirst examplesofhomogeneous hydrogenationwere reportedbyMelvinCalvinat

the University of California at Berkeley in 1938 [5]. Calvin showed that under one

atmosphere of hydrogen, copper acetate catalyzed the reduction of 1,4-benzoquinone to

1,4-hydroquinone in quinoline solution at 100 �C. It was not until 1961 that Halpern’s
group at the University of British Columbia performed the first homogeneous

hydrogenation of an olefin [6]. In Halpern’s system, ruthenium catalysts were used to

reduce activated alkenes such as maleic acid. In 1962, Vaska subsequently found that

IrCl(CO)(PPh3)2 reacts reversibly with elemental hydrogen to form isolable dihydrides

[7]. This result solidified the conceptual foundation of catalytic hydrogenation by

establishing hydrogen ‘‘oxidative addition’’ as a key mechanistic feature.

Finally, in 1965,Wilkinson’s group at Imperial College reported the homogeneous

hydrogenation of unactivated alkenes and alkynes catalyzed by RhCl(PPh3)3 [8, 9].

This finding ultimately ledWilliam S. Knowles of Monsanto Company in St. Louis to

discover the first enantioselective hydrogenation in 1968 [10]. Knowles’ discovery

was made possible by Horner and Mislow’s disclosure of methods for the preparation

of nonracemic P-stereogenic phosphines [11, 12]. In Knowles’ initially reported

asymmetric hydrogenation, a maximum enantiomeric excess of 15 % was obtained.

Subsequent work by Kagan in 1971 using chiral bis(phosphines) derived from tartaric

acid (i.e., ‘‘DIOP’’) gave up to 72 % enantiomeric excess [13]. Using a P-stereogenic

bis(phosphine) known as DiPAMP, chemists at Monsanto performed the first

industrial catalytic asymmetric synthesis for the production of L-DOPA, a treatment

for Parkinson’s disease. Lastly, in 1980Ryoji Noyori reported the synthesis of BINAP

and demonstrated the broad utility of this ligand in asymmetric hydrogenation [14, 15].

The purpose of this review is to provide a comprehensive summary of ruthenium-

catalyzed C–C couplings induced via alcohol-mediated transfer hydrogenation [16–

20]. These studies build on several important milestones in the area of ruthenium-

catalyzed hydrogenation and transfer hydrogenation (Scheme 1). In 1971, one

decade after the seminal work of Halpern on ruthenium-catalyzed hydrogenation

[6], transfer hydrogenations employing ruthenium catalysts were described [21].

The ruthenium-catalyzed acceptorless dehydrogenation of alcohols was reported by

Robinson in 1977 [22] and ruthenium-catalyzed oxidative esterifications were

reported by Shvo in 1981 [23, 24]. These studies were followed by the first highly
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enantioselective ruthenium-catalyzed hydrogenations and transfer hydrogenations,

reported by Noyori in 1986 and 1995, respectively [25, 26]. As documented in this

account, ruthenium-catalyzed transfer hydrogenation now serves as the basis for C–

C bond constructions that directly convert lower alcohols to higher alcohols [16–

20]. This body of work was preceded by studies on metal-catalyzed carbonyl

reductive couplings mediated by elemental hydrogen, as initially described in 2002

by the present author [27], and as documented in the review literature [28, 29].

2 Conversion of Primary Alcohols to Secondary Alcohols

In 2007, our laboratory reported the first transfer hydrogenative couplings of

alcohols with p-unsaturated reactants using iridium-based catalysts [30]. In 2008,

the first ruthenium-catalyzed reactions of this type were developed (Scheme 2).

Specifically, it was found that exposure of alcohols to 1,3-dienes in the presence of

catalysts derived from HClRu(CO)(PPh3)3 and various phosphine ligands results in

hydrogen transfer to furnish aldehyde-allylruthenium pairs that combine to form

homoallylic alcohols as single regioisomers [31]. The coupling of isoprene to d2-

benzyl alcohol results in transfer of a benzylic deuteride to the allylic methyl (19 %
2H) and allylic methine (32 % 2H). These data are consistent with reversible

hydrometallation of the less-substituted olefin to form a secondary r-allyl.
Conversion to the more stable primary r-allyl haptomer occurs in advance of

carbonyl addition, which proceeds through the indicated closed six-centered

transition state with allylic inversion to deliver the product of carbonyl allylation.

Remarkably, while the primary alcohol reactants readily dehydrogenate, the

secondary homoallylic alcohol products resist further oxidation due to chelation of

homoallylic olefin to ruthenium to generate a coordinatively saturated complex.

CF3CO2H (0.36 mol%)
Neat, Reflux

TOF = 2952 h-1

Me(CH2)5

O

Me(CH2)5

OH
H2

(TFA)2Ru(CO)(PPh3)2
(0.03 mol%)

Acceptorless Oxidation of Alcohols
Robinson Inorg. Chem. 1977, 16, 137.

Oxidative Esterification of Alcohols
Shvo Tetrahedron Lett. 1981, 22, 1541.

PhCCPh (100 mol%)
Neat, 147 °C

87% Yield

Me(CH2)3

O

Me(CH2)3

OH Ru3(CO)12 (0.3 mol%)

H2 (1 atm)
HCl (aq) (3.0 M)

70 - 90 °C

(NH3)2RuCl4/TiCl3
(>100 mol%)

Homogenous Ru-Catalyzed Hydrogenation
Halpern J. Am. Chem. Soc. 1961, 83, 753.

Ru-Catalyzed Transfer Hydrogenation
Blum Tetrahedron Lett. 1971, 12, 2167.

Neat, 200 °C

87% Yield

O
Cl2Ru(PPh3)3

(0.2 mol%)

O(CH2)4Me

OH

O

O

HO
OH

O

O

HO

Highly Enantioselective Ru-Catalyzed Transfer Hydrogenation
Noyori J. Am. Chem. Soc. 1995, 117, 7562.

KOH (2.5 mol%)
2-PrOH (0.1 M)

25 °C
95% Yield, 97% ee

Ph

OH

Ph

O
[RuCl2(η6-benzene)]2 (0.5 mol%)

(S,S)-TsDPEN (1 mol%)

Highly Enantioselective Ru-Catalyzed Hydrogenation
Noyori J. Am. Chem. Soc. 1986, 108, 7117.

H2 (4 atm)
EtOH-DCM, 23 °C
Ar = 3,4-(MeO)2Ph

100% Yield, >99.5 ee%
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Me

Me
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Scheme 1 Selected milestones in homogeneous ruthenium-catalyzed hydrogenation and transfer
hydrogenation. aBINAP = 2,20-bis-(diphenylphosphino)-1,10-binaphthalene. TsDPEN = N-p-Tosyl-1,2-
diphenylethylenediamine

123

Top Curr Chem (Z) (2016) 374:35

Reprinted from the journal 367



Indeed, in the coupling of isoprene to d2-benzyl alcohol, deuterium is completely

retained at the carbinol position, suggesting that the product is completely unreactive

toward alcohol dehydrogenation. However, the ruthenium catalyst (F3CCO2)

(H)Ru(CO)(PPh3)2, which is generated in situ through the acid-base reaction of

H2Ru(CO)(PPh3)3 and F3CCO2H (TFA), possesses a higher degree of coordinative

unsaturation, enablingb-hydride elimination at the stage of the homoallylic ruthenium

alkoxide to form the b,c-unsaturated enones (Scheme 2) [32]. Notably, both

transformations, diene hydrohydroxyalkylation or hydroacylation, may be conducted

from the alcohol or aldehyde (not shown) oxidation level of the reactant [31, 32].

Initial studies aimed at directing relative and absolute stereochemistry in alcohol-

mediated diene hydrohydroxyalkylation relied on the use of 2-trialkylsilyl-

butadienes [33]. Hydrometallation of 2-trialkylsilyl-substituted dienes gives rise

to crotylmetal species that exist as single geometrical isomers due to allylic strain

[34–36]. In the event, using the chiral ruthenium catalyst generated in situ from

HClRu(CO)(PPh3)3 and (R)-DM-SEGPHOS, the indicated 2-trialkylsilyl-butadiene

couples with reactant alcohols to furnish the branched products of hydrohydrox-

yalkylation with complete syn-diastereoselectivity and uniformly high levels of

enantioselectivity (Scheme 3).

Direct diastereo- and enantioselective hydrohydroxyalkylations of butadiene, an

abundant petrochemical feedstock, required the use of a ruthenium catalyst modified

by a chiral phosphate counterion derived from H8-BINOL. The anion is attached to

the metal center through the acid–base reaction of H2Ru(CO)(PPh3)3 with the

indicated chiral phosphoric acid. With the chiral counterion as the sole chiral

inducing element, primary benzylic alcohols hydrohydroxyalkylate butadiene with

good levels of anti-diastereo- and enantioselectivity (Scheme 3) [37].

m-NO2BzOH (2.5 mol%)
Acetone (2.5 mol%)

THF, 95-110 °C

HClRu(CO)(PPh3)3 (5 mol%)
Ligand (5-15 mol%)
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HO

HO

HO
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65% Yieldb
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2:1 dr

75% Yielda

2:1 dr

R1

7

HOMe

Me
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Me
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PhMe, 110 °C

H2Ru(CO)(PPh3)3 (5 mol%)
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HO

O

Me

O

O
Me
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91% Yieldc96% Yield
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S

HO

Me
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Me Me

LnRu-H

HX

H X

X-RuLn

O

RuIILn
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Me
R1

R2

Me

LnRu-H

HX

O

R2Me

R1

R3

RuIILn
H

H-RuLn

Ph

HOMe 2H (>95%)

Me (32% 2H)(14%)2H

Coupling of isoprene
with d2-benzyl alcohol

Ph

OMe

Me (32% 2H)(12% 2H) H

H
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with d2-benzyl alcohol

(1% 2H)

MeMe

Me Me
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Scheme 2 Ruthenium-catalyzed C–C coupling of primary alcohols with 1,3-dienes to form homoallylic
alcohols or b,c-enones. Yields are of material isolated by flash chromatography on silica gel.
aLigand = (p-MeOPh)3P,

bLigand = rac-BINAP, 2,20-bis-(diphenylphosphino)-1,10-binaphthalene.
c120 �C
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The corresponding syn-diastereomers are formed upon use of the ruthenium

catalyst generated in situ from RuH2(CO)(PPh3)3, (S)-SEGPHOS, and the indicated

TADDOL-derived phosphoric acid (Scheme 3) [38]. It is postulated that the s-cis-

conformer of butadiene hydrometalates to form a (Z)-r-crotylruthenium interme-

diate. The relatively Lewis basic TADDOL-derived phosphate counterion preserves

the kinetic selectivity of diene hydrometallation by attenuating the degree of

coordinative unsaturation, decelerating isomerization to the (E)-r-crotylruthenium
haptomer with respect to carbonyl addition. Additionally, computational studies

suggest a formyl hydrogen bond between the transient aldehyde and the phosphate

oxo-moiety assists in stabilizing the (Z)-r-crotylruthenium intermediate [36].

A divergence in regioselectivity is observed upon the use of neutral vs. cationic

ruthenium complexes in alcohol-mediated hydrohydroxyalkylations of 2-substituted

dienes. For example, in 2-propanol-mediated reductive couplings of 2-substituted

dienes with paraformaldehyde (Scheme 4) [39–41], neutral ruthenium complexes

favor coupling at the C3 position [40], whereas ruthenium catalysts with greater

cationic character favor coupling at the C2 position, resulting in formation of an all-

carbon quaternary center [39]. An erosion in C2-regioselectivity is observed when

cationic ruthenium catalysts are applied in reactions of higher carbonyl partners

with 2-substituted dienes, as illustrated in couplings with ethanol (Scheme 4) [42].

The collective data, including deuterium labeling experiments [39, 40], are

consistent with the following mechanistic interpretation (Scheme 5). Hydroruthen-

ation to form allylruthenium complex A is kinetically preferred. For neutral

ruthenium catalysts, hydrometallation is less reversible and strongly favors

formation of allylruthenium complex A. Hence, formation of C3-coupling products

O
Ru
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P

Ar

Ar

Ar R
Me

SiR3

Me

Me

(R)

PhMe, 95 °C

HClRu(CO)(PPh3)3 (5 mol%)
(R)-DM-SEGPHOS (5 mol%)

R

HOMe2PhSi

65% Yield
>20:1 dr, 88% ee

70% Yield
>20:1 dr, 90% ee

(CH2)5Me
Me

HOMe2PhSi

Me

HOMe2PhSi Me

Me

Apical Ligands Omitted for Clarity

O
P

O
OH
O

Me

Me
Me

Me

BINOL Acid

TADDOL-Acid
Ar = m-Xylyl

O

O

O
O

ArAr

Ar Ar

P
O
OH

Me

Me

BINOL Acid (10 mol%)
THF, 95 °C

H2Ru(CO)(PPh3)3
(5 mol%)

dppf (5 mol%)
R

HO

86% Yield
8:1 dr, 90% ee

Me

HO

TADDOL Acid (14 mol%)
Me2CO, 95 °C

H2Ru(CO)(PPh3)3
(7 mol%)

(S)-SEGPHOS (7 mol%)
R

HO

69% Yield
4:1 dr, 95% ee

Me

HO

O

83% Yield
7:1 dr, 92% ee

Me

HO

84% Yield
4.8:1 dr, 96% ee

(CH2)5F
Me

HO

CF3

Scheme 3 Diastereo- and enantioselective alcohol-mediated hydrohydroxyalkylation of butadienes. Yields
are ofmaterial isolated by flash chromatography on silica gel. Diastereoselectivity was determined through 1H
NMR analysis of crude reaction mixtures. Enantiomeric excess was determined by chiral stationary phase
HPLC analysis. DM-SEGPHOS = 5,50–bis-[di(3,5-xylyl)phosphino]-4,40-bi-1,3-benzodioxole. dppf = 1,1-
bis-(diphenylphosphino)ferrocene. SEGPHOS = 5,50-bis-(diphenylphosphino)-4,40-bi-1,3-benzodioxole
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is preferred. For cationic ruthenium complexes, hydrometallation becomes highly

reversible, enabling access to both allylruthenium complex A and allylruthenium

complex B. It now appears that a Curtin–Hammett scenario is operative. For small

aldehyde partners (R1=H), the transition state leading to C2-adducts is lower in

energy. However, as the aldehyde increases in size (R1=Me), the formation of a

R

RuLn

R
Me

LnRuII-H

O

LnRuII

R1

H R

Me

Less Stable T.S. with
Increasing Size of R1

C2-Coupling
Favored for Cationic
Ru-Catalysts, R1 = H

- LnRuII-H

LnRuII-H

- LnRuII-H
R

Me

LnRu
A (Forms Faster)B (Forms Slower)

O

LnRuII

R1

H Me

More Stable T.S. with
Increasing Size of R1

C3-Coupling
Favored for Neutral

Ru-Catalysts, R1 = Alkyl

R

R1CHO

R
Me

Me

R

OH
OH

R1CHO

R1

R1

Scheme 5 Divergent regioselectivity in the hydrohydroxyalkylation of 2-substituted dienes
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80 - 100 °C
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>20:1 rr
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Scheme 4 Divergent regioselectivity in 2-propanol-mediated reductive couplings of dienes with
paraformaldehyde and redox neutral couplings of ethanol. Yields are of material isolated by flash
chromatography on silica gel. Diastereoselectivity was determined through 1H NMR analysis of crude
reaction mixtures. dppb = bis-(diphenylphosphino)butane
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more congested C–C bond raises the energy of the transition state for formation of

C3-adducts, eroding regioselectivity.

Hydrogen transfer from primary alcohols to allenes represents an alternate means

of accessing allylruthenium-carbonyl pairs that deliver products of hydrohydrox-

yalkylation (Scheme 6) [43–47]. Interestingly, whereas 2-propanol-mediated reduc-

tive couplings of 1,1-disubstituted allenes display poor levels of diastereoselectivity

[43], related redox-neutral couplings with primary alcohols deliver branched

homoallylic allylic alcohols bearing all-carbon quaternary centers with good to

complete control of relative stereochemistry [45]. In reactions conducted from the

alcohol oxidation level, diastereoselectivities are highly concentration-dependent.

At lower concentrations, higher diastereoselectivities are observed. These data

suggest a Curtin–Hammett scenario wherein turn-over limiting carbonyl addition

preferentially consumes the (E)-r-allylruthenium haptomer via stereospecific

carbonyl addition from an equilibrating mixture of transient (Z)- and (E)-r-
allylruthenium isomers. At lower concentration, the (E)-isomer can be replenished

via isomerization of the (Z)-r-allylruthenium isomer. These conditions have been

applied to the coupling of allenes with fluorinated alcohols (not shown) [47].

In the case of mono-substituted allenes, the steric demand of an appropriately

defined substituent can direct exclusive formation of (E)-r-allylruthenium inter-

mediates that participate in stereospecific carbonyl addition to deliver single

diastereomers. For example, hydrogen transfer from primary alcohols to

allenamides provides geometrically defined (amino)allylruthenium-aldehyde pairs

that combine to form vicinal anti-aminoalcohols as single diastereomers (Scheme 6)

[45]. Identical products are accessible as single diastereomers via 2-propanol-

mediated reductive coupling of allenamides and aldehydes (not shown) [44].
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Scheme 6 Alcohol-mediated hydrohydroxyalkylation of allenes. Yields are of material isolated by flash
chromatography on silica gel. Diastereoselectivity was determined through 1H NMR analysis of crude
reaction mixtures. dippf = bis-(diisopropylphosphino)ferrocene
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Isomerization of alkynes to allenes under the conditions of ruthenium catalyzed

hydrohydroxyalkylation enables transformations that are otherwise inaccessible,

including the conversion of primary alcohols to (Z)-homoallylic secondary alcohols

(Scheme 7) [48]. Isomerization is promoted through the use of cationic ruthenium

catalysts generated through the acid–base reaction of H2Ru(CO)(PPh3)3 and 2,4,6-

(2-Pr)3PhSO3H. As corroborated by deuterium labeling studies, the cationic

ruthenium complex appears to exist in equilibrium with zero-valent species that

promote isomerization via propargyl C-H oxidative addition. Allene-aldehyde

oxidative coupling mediated by ruthenium(0) then forms an oxaruthenacycle, which

upon transfer hydrogenolysis delivers the (Z)-homoallylic alcohols with good to

complete levels of stereocontrol. Oxidative coupling pathways are suppressed upon

introduction of iodide ion and a chelating phosphine ligand, the Josiphos ligands

SL-J009-1 or SL-J002-1, yet alkyne-to-allene isomerization pathways persist. Under

these conditions, the transient allenes accept hydrogen from primary alcohols to

form chiral allylruthenium-aldehyde pairs that deliver enantiomerically enriched

branched homoallylic alcohols as single diastereomers [49]. In this way, alkynes

serve as chiral allylmetal equivalents [50–57].

A third mechanism for the coupling of primary alcohols with alkynes becomes

operative when these conditions are applied to the propargyl ether, MeC:CCH2-

OTIPS (TIPS = triisopropylsilyl) (Scheme 8) [58]. Unlike closely related ruthe-

nium-catalyzed alkyne-alcohol C–C couplings, deuterium labeling studies

corroborate a novel 1,2-hydride shift mechanism that converts metal-bound alkynes

to vinyl carbenes that protonate to form siloxy-p-allylruthenium nucleophiles in the

absence of intervening allenes. Due to the negative inductive effect of the siloxy

moiety, carbonyl addition occurs through a closed transition structure from the r-
allylruthenium haptomer where ruthenium resides at the oxygen-bearing carbon.

Using a Josiphos (SL-J009-1)-modified ruthenium(II) catalyst, the resulting

products of siloxy-crotylation form as single regioisomers with complete levels of

Ru0Ln
via allene

HO

R2

HO

R2

R1

Me

O

RuIILn

R2

R1

R2

O

R1

LnRuII

R1

H2Ru(CO)(PPh3)3 (5 mol%)
ArSO3H (14 mol%)

R1

Me

R1

2-PrOH (200 mol%)
THF, 95 °C

H2Ru(CO)(PPh3)3 (5 mol%)
ArSO3H (5 mol%)

SL-J009-1 (5 mol%)

Bu4NI (10 mol%)
2-PrOH (200 mol%)

THF, 95 °C
77% Yield

>20:1 dr, 90% ee
76% Yield

>20:1 dr, 95% ee

HO

(CH2)5Me

HO

90% Yield
>20:1 dr, 96% ee

HO

Ph
Me Me Me Me

OMe Me

Me

Me

80% Yield
11:1 (Z:E)

78% Yield
>20:1 (Z:E)

HOHO

57% Yield
>20:1 (Z:E)

HO

MeMe CF3 MeMe
Ph

MeMe
MeMe

OBn

H-RuIILn
via allene

(CH2)5Me

HO

R2O

R2

Scheme 7 Alkynes as latent allenes in alcohol-mediated hydrohydroxyalkylation to form linear or
branched homoallylic alcohols. Yields are of material isolated by flash chromatography on silica gel.
Diastereoselectivity was determined through 1H NMR analysis of crude reaction mixtures. Enantiomeric
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anti-diastereoselectivity and high levels of enantioselectivity. Although mixtures of

enol geometrical isomers are produced, the (Z)- and (E)-selectivity is inconsequen-

tial as fluoride-assisted cleavage of the enol in the presence of NaBH4 converts both

isomers to the same 1,4-diol.

Remarkably, a fourth mechanism for the coupling of primary alcohols with

alkynes is evident in couplings that form allylic alcohols [59] or conjugated enones

(Scheme 9) [60]. These processes are catalyzed by (TFA)2Ru(CO)(PPh3)2 in the

absence of added phosphine ligand. It is postulated that coordinative unsaturation,

the presence of a p-acidic carbonyl ligand and the reducing environment provided

by 2-propanol, promote equilibration between ruthenium(II) and ruthenium(0)

complexes. Thus, while the experimental data cannot exclude hydrometalative

pathways involving vinylruthenium-aldehyde pairs, another possible mechanism

involves ruthenium(0)-mediated alkyne-carbonyl oxidative coupling to form a

ruthenacyclopentene that suffers alcohol-mediated transfer hydrogenolysis to

release the allylic alcohol and regenerate the zero valent catalyst. Under more
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Scheme 8 anti-Diastereo- and enantioselective siloxy-crotylation in the transfer hydrogenative coupling of
primary alcohols with alkynes via hydride-shift enabled p-allyl formation. Yields are of material isolated by
flash chromatography on silica gel. Diastereoselectivity was determined through 1H NMR analysis of crude
reaction mixtures. Enantiomeric excess was determined by chiral stationary phase HPLC analysis. SL-J009-
1 = (R)-1-[(SP)-2-(dicyclohexylphosphino)ferrocenyl]ethyldi-tert-butylphosphine
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forcing conditions (higher temperatures, longer reaction times) and in the absence of

2-propanol, the initially formed allylic alcohols undergo further dehydrogenation to

form the conjugated enones. Resubjection of the allylic alcohols to the reaction

conditions results in formation of the enone, suggesting b-hydride elimination may

not occur at the stage of the intermediate ruthenacycle.

Hydrogen transfer from primary alcohols to 1,3-enynes delivers allenylruthe-

nium-aldehyde pairs that combine to form products of carbonyl propargylation

(Scheme 10) [61–63]. Initially developed conditions provided products of a-
methyl-propargylation as diastereomeric mixtures [61]. Identical products of

propargylation are generated upon 2-propanol-mediated 1,3-enyne-aldehyde reduc-

tive coupling. In subsequent work, it was found that anti-diastereoselectivity

improves upon use of sterically demanding reactants [62]. More recently, the chiral

ruthenium complex formed in situ from (TFA)2Ru(CO)(PPh3)2 and (R)-BINAP was

found to catalyze the C–C coupling of primary alcohols with the 1,3-enyne,

TMSC:CC(Me)=CH2, to form secondary homopropargyl alcohols bearing gem-

dimethyl groups [63]. These conditions deliver products of C–C coupling with

uniformly high levels of enantioselectivity and are applicable to aliphatic, allylic,

and benzylic alcohols. One may view these protocols as an alternative to the use of

stoichiometric allenylmetal reagents in carbonyl propargylation [64, 65].
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3 Conversion of Secondary Alcohols to Tertiary Alcohols

In 2012, it was found that ruthenium(0) complexes catalyze the C–C coupling of

activated secondary alcohols with feedstock dienes such isoprene and myrcene to

furnish products of carbinol C-H prenylation and geranylation, respectively

(Scheme 11) [66–68]. Mechanistic studies corroborate a catalytic mechanism

involving diene-carbonyl oxidative coupling to form an oxaruthenacycle. The

transfer of hydrogen from the secondary alcohol reactant mediates transfer

hydrogenolysis to release the products of C–C coupling and regenerate the

activated ketone to close the catalytic cycle. The regioselectivity of C–C bond

formation for the diene C4-position is unique among diene-carbonyl reductive

couplings [41, 69]. Beyond a-hydroxy esters [66], these conditions are applicable to

3-hydroxy-2-oxindoles [67] and secondary alcohols substituted by certain

heteroaromatic moieties [68]. In the latter case, the putative oxaruthenacycle
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intermediate was isolated, characterized, and reversible metalacycle formation was

demonstrated through experiments involving diene exchange.

The transient 1,2-dicarbonyl motifs required for oxidative coupling are also

accessible from vicinal diols. For example, in the presence of the ruthenium(0)

catalyst derived from Ru3(CO)12 and PCy3, vicinal diols and alkynes react to form

a-hydroxy b,c-unsaturated ketones as single geometrical isomers (Scheme 12) [70].

Here, it was found that carboxylic acid cocatalysts dramatically increase rate and

conversion. A catalytic mechanism that accounts for the effect of the carboxylic

acid cocatalysts is as follows. A mononuclear ruthenium(0) complex [71] promotes

alkyne-dione oxidative coupling to form the indicated oxaruthenacycle [72, 73].

Direct protonation of the oxaruthenacycle by the diol or ketol is postulated to be

slow compared to protonolytic cleavage of the oxaruthenacycle by the carboxylic

acid. The resulting ruthenium carboxylate exchanges with the diol or ketol to form a

ruthenium alkoxide, which upon b-hydride elimination releases the ketol or dione,

respectively, and a vinylruthenium hydride. C–H reductive elimination furnishes the

product of C–C coupling and returns ruthenium to its zero-valent form. Conven-

tional diol-alkyne transfer hydrogenation provides the initial quantities of dione

required for entry into the catalytic cycle [23, 24, 74].

Intermolecular catalytic reductive couplings of a-olefins with unactivated

aldehydes and ketones remains an unmet challenge [75–77]. In a significant step

toward this goal, it was found that ruthenium(0) catalysts promote the transfer

hydrogenative C–C coupling of 3-hydroxy-2-oxindoles with a-olefins, including
feedstocks such as ethylene, propylene and styrene, to furnish the branched adducts

as single regio- and diastereomers [78]. In the absence of carboxylic acid cocatalyst,

only trace quantities of product were formed (Scheme 13).
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4 Transfer Hydrogenative Cycloaddition

Intermolecular hydrogen transfer reactions that result in the formation of rings

represent a new class of metal-catalyzed cycloadditions [79, 80]. Ruthenium-

catalyzed C–C bond forming transfer hydrogenation contributes a new dimension to

this emerging area. Using a ruthenium(0) catalyst, diols react with acrylates to form

spiro-c-butyrolactones (Scheme 14) [81]. Ethyl 2-(hydroxymethyl)acrylate reacts

with diols by way of transient oxaruthenacycles that engage in E1cB elimination to

Ru3(CO)12 (2 mol%)
PCy3 (12 mol%)

C10H15CO2H (10 mol%)
m-xylene, 120 oC

89% Yield

N
Bn

O

OH

83% Yield
>20:1 dr (x-ray)

N
Bn

O

OH

90% Yield

N
Bn

O
Me

OH

94% Yield
>20:1 dr

N
Bn

O
Me

OH

95% Yield
>20:1 dr

N
Bn

O

OH

80% Yield
>20:1 dr

N
Bn

O
Me

OH

Me

Me (CH2)5Me

Me

Me

Ph
BnO Me3SiN

Bn

O

HO
R

Scheme 13 Ruthenium(0)-catalyzed C–C coupling of diols with a-olefins via transfer hydrogenation.
Yields are of material isolated by flash chromatography on silica gel. C10H15CO2H =
1-adamantanecarboxylic acid. PCy3 = tricyclohexylphosphine
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furnish a-methylene-spiro-c-butyrolactones [81]. As illustrated in couplings with

3-hydroxy-2-oxindoles, b-substituted acrylic esters provides spiro-c-butyrolactones
as single diastereomers [81]. Remarkably, the cycloadditions may be conducted in

oxidative, redox-neutral, or reductive modes using diols, ketols, or diones,

respectively, as reactants. To illustrate, ethyl acrylate reacts with hydrobenzoin,

benzoin or benzil to form an identical c-lactone. For the latter reaction involving

benzil, 2-propanol (300 mol %) is employed as terminal reductant (Scheme 15).

In the presence of a ruthenium(0) catalyst, vicinal diols transfer hydrogen to

conjugated dienes to furnish diones that engage in diene-carbonyl oxidative

coupling. The resulting oxaruthenacycles incorporate an allylruthenium moiety that

engages the pendant ketone in intramolecular allylruthenation to form products of

formal [4?2] cycloaddition as single diastereomers (Scheme 16) [82, 83]. The

cycloadducts are readily transformed to the 9–12 membered 1,6-diketones upon

exposure to iodosobenzene diacetate [83]. Alternatively, the cycloadducts can be

dehydrated to form products of benzannulation [84]. Two-directional benzannula-

tion is especially powerful. For example, exposure of the indicated pyracylene-

based tetraol to butadiene in the presence of the ruthenium(0) catalyst delivers the

double [4?2] cycloadduct, which is directly dehydrated to form the indeno[1,2,3-

cd]-fluoranthene in a single ‘‘one-pot’’ operation.

Exposure of 3,4-benzannulated 1,5-diynes (benzo-endiynes) to a-ketols in the

presence of ruthenium(0) catalysts derived from Ru3(CO)12 and RuPhos results in

successive redox-triggered C–C coupling to generate products of [4?2] cycload-

dition (Scheme 17) [85]. Here, redox-neutral couplings using a-ketols are essential,
as diols require a sacrificial hydrogen acceptor, which contributes to partial

reduction of the diyne reactant. Regioselective cycloaddition is achieved using

nonsymmetric diynes with alkyne termini substituted by n-propyl and t-butyl

groups. This strategy for cycloaddition has been extended to the reaction of ortho-

acetylenic benzaldehydes with a-ketols [86]. Using ruthenium(0) catalysts modified

by CyJohnPhos, the indicated products of [4?2] cycloaddition form as single regio-

and diastereomers. This methodology enables convergent construction of ring

systems characteristic of type II polyketides, specifically those of the angucycline

class [87–89].
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5 Hydroaminoalkylation

Since the initial discovery of metal-catalyzed hydroaminoalkylation (Maspero [90]

and Nugent [91]) in the early 1980s, significant advances in the field of

hydroaminoalkylation using early transition metal catalysts have been made. In

contrast, the development of corresponding late transition metal-catalyzed amine

C-H functionalizations has proven challenging [92–94]. Indeed, with the exception

of the present authors work [95–99], all other late-transition metal-catalyzed

hydroaminoalkylations require pyridyl-directing groups in combination with mono-

olefin reactants [100–108]. In a significant departure from prior art, it was found that

ruthenium-catalyzed hydrogen transfer from 4-aminobutanol to 1-substituted-1,3-

dienes results in the generation of dihydropyrrole-allylruthenium pairs, which

combine to form products of hydroaminoalkylation with good to complete control

of anti-diastereoselectivity (Scheme 18) [95]. As corroborated by deuterium

labeling experiments, kinetically preferred hydrometallation of the terminal olefin

of the 1-substituted-1,3-diene delivers a 1,1-disubstituted p-allylruthenium complex

that isomerizes to the more stable monosubstituted p-allylruthenium complex.

Imine addition then occurs with allylic inversion through a closed transition

structure. Using a carboxylic acid cocatalyst, pyrrolidine itself can be engaged in

direct ruthenium-catalyzed diene hydroaminoalkylations. Finally, 2-propanol-

mediated reductive coupling of butadiene with the dihydropyrrole trimer provides

the identical product of diene hydroaminoalkylation. All three reaction types

proceed through a common set of reactive intermediates, as shown in the indicated

stereochemical model (Scheme 18).

Carbonylative hydroaminomethylation (hydroformylation-reductive amination)

[109–115] has only been reported for mono-olefin reactants, as hydroformylation of

dienes and allenes suffers from poor regioselectivity and ‘‘over-hydroformylation’’
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Scheme 18 Transfer hydrogenative imine addition and hydroaminoalkylation. Yields are of material
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ferrocene carboxylic acid
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to form dialdehyde products. In contrast, 2-propanol-mediated reductive couplings

of allenes or dienes with formaldimines (generated in situ from saturated 1,3,5-

triazines) are efficient and selective processes (Scheme 19) [96–97]. Specifically,

ruthenium-catalyzed transfer hydrogenation of allenes in the presence of 1,3,5-

tris(4-methoxyphenyl)-hexahydro-1,3,5-triazine provides products of

hydroaminomethylation as single regioisomers [96]. Under similar conditions,

butadiene and related 2-substituted dienes engage in regioselective reductive C–C

coupling to furnish products of hydroaminomethylation [97]. Here, higher

temperatures (140 �C) are required to suppress the competing aza-Diels–Alder

reaction of formaldimine. Regioselective 2-propanol-mediated reductive coupling

of dienes with iminoacetates also have been described (not shown) [98].

Whereas ruthenium(II) catalysts promote hydroaminoalkylation through

hydrometalative pathways, ruthenium(0) catalysts derived from Ru3(CO)12 and

triphos enable catalytic mechanism involving diene-imine oxidative coupling

(Scheme 20) [99]. Presently, transformations of this type are restricted to the
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Scheme 19 Regioselective hydroaminomethylation of allenes and dienes via 2-propanol-mediated
reductive coupling with formaldimines. Yields are of material isolated by flash chromatography on silica
gel. dCypm = bis-(dicyclohexylphosphino)methane, dCype = bis-(dicyclohexylphosphino)ethane
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hydroaminoalkylation of isoprene with aryl substituted hydantoins. The catalytic

mechanism involves hydrogenolytic cleavage of the azaruthenacyclopentane

intermediate through hydrogen transfer from the hydantoin reactant, which releases

product and regenerates the requisite imine for oxidative coupling.

6 Conclusions and Outlook

Since the seminal work of Sabatier and Grignard, hydrogenation and carbonyl

addition have found longstanding use as methods for chemical synthesis. Merging

the chemistry of transfer hydrogenation and carbonyl or imine addition, we have

developed a broad, new family of reductive and redox-neutral hydrohydroxyalky-

lations and hydroaminomethylations—processes in which the transfer or redistri-

bution of hydrogen is accompanied by C–C bond formation. We have just begun to

exploit the potential of this novel reactivity mode, yet already one may see that

carbonyl additions traditionally employing stoichiometric organometallic reagents

can now be conducted catalytically via hydrogen transfer. Perhaps most impor-

tantly, this new reactivity has enabled transformations that have no counterpart in

the current lexicon of synthetic methods.

Acknowledgments Acknowledgment is made to the Robert A. Welch Foundation (F-0038) and the NIH-

NIGMS (RO1 GM-069445) for partial financial support.

References

1. James F. Boyce is credited with the hydrogenation of vegetable oils prior to Sabatier’s seminal

work. To our knowledge, the earliest written record of Boyce’s work is a patent filed in 1911:

Boyce, J ‘‘Process of producing an edible compound.’’ US1061254 A, May 6, 1913

2. Sabatier P, Senderens J-B (1897) Action du Nickel sur l’Éthyléne. Synthéses de l’Éthane. C R Acad
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