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1. Introduction

1.1. Scope and Organization of Review

Heterocycles constitute the largest and most diverse
family of organic compounds and have been mostly identified
by their profound application in synthetic biology and
materials science.[1] The extent to which they can be utilized
in these endeavors depends on the selective and efficient
synthetic methods for their synthesis from simple, and
abundant starting materials. Hence, the development of an
efficient strategy for the construction of heterocycles is a key
motivation in contemporary science.

In the past few decades, the transition-metal-catalyzed
hydrogen-transfer strategy has attracted much interest from
the synthetic and organometallic community.[2] Transfer of H2

plays a crucial role in activating the substrate for further
transformation through CˇX (C, N, and O) bond-forming
annulations with the liberation of H2O and H2. The hydrogen-

transfer strategy involves utilization of
the initially extracted hydrogen gas for
the hydrogenation of an intermediate
(derived from the reaction of the
dehydrogenated precursor with nucle-
ophilic partners) in the final step of the

reaction, thus leading to the net release of water as the only
by-product.[2g] Despite reports on several transition-metal-
catalyzed (Cu, Ni, Zn, Pd, etc.) hydrogen-transfer reactions,[3]

Ru-, Ir-, and rare examples of Fe-based catalytic systems have
shown excellent activity and selectivity in hydrogen-transfer
annulations to deliver heterocyclic compounds. In 2010,
Yamaguchi et al. reported a review article focusing on the
construction of nitrogen-based heterocycles by transition-
metal-catalyzed hydrogen-transfer annulations.[4] In recent
years, this field has evolved in terms of catalyst and ligand
design, and reaction conditions, thus taking the place of
conventional synthetic processes and receiving an over-
whelming amount of attention. In this respect, there is need
for a review article focused on the potential of catalytic
hydrogen-transfer annulation strategies for the formation of
heterocyclic scaffolds. Herein we highlight recent advance-
ments in hydrogen-transfer annulations of alcohols with
various nucleophilic partners, thus leading to the formation
of heterocyclic scaffolds. This review material is organized
into four different categories: a) N-alkylation of amines by
alcohols, b) dehydrogenative amide formation from amines
and alcohols, c) oxidative cyclization of alcohols, and d) an-
nulation of unsaturated systems.

1.2. N-Alkylation of Amines by Alcohols

Catalytic N-alkylation of amines is a promising atom-
economical and eco-benign approach for the selective con-

The ability of hydrogen-transfer transition-metal catalysts, which en-
able increasingly rapid access to important structural scaffolds from
simple starting materials, has led to a plethora of research efforts on the
construction of heterocyclic scaffolds. Transition-metal-catalyzed
hydrogen-transfer annulations are environmentally benign and highly
atom-economical as they release of water and hydrogen as by-product
and utilize renewable feedstock alcohols as starting materials. Recent
advances in this field with respect to the annulations of alcohols with
various nucleophilic partners, thus leading to the formation of hetero-
cyclic scaffolds, are highlighted herein.
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Abstract: Catalytic activity of Cp*Ir complexes toward hydrogen
transfer reactions are discussed. Three different types of reactions
have been developed. The first is Oppenauer-type oxidation of alco-
hols. This reaction proceeds under quite mild conditions (room tem-
perature in acetone) catalyzed by [Cp*IrCl2]2/K2CO3, and both
primary and secondary alcohols can be used as substrates. Introduc-
tion of a N-heterocyclic carbene ligand to the catalyst considerably
enhances the catalytic activity, and a very high turnover number of
950 has been obtained in the oxidation of 1-phenylethanol. The
second is the N-alkylation of amines with alcohols. A new effective
catalytic system consisting of [Cp*IrCl2]2/K2CO3 for the N-alkyla-
tion of primary amines with alcohols has been developed. Synthesis
of indoles and 1,2,3,4-tetrahydroquinolines via intramolecular N-
alkylation of amino alcohols and synthesis of nitrogen heterocycles
via intermolecular N-alkylation of primary amines with diols cata-
lyzed by a Cp*Ir complex have been also achieved. The third is the
regio- and chemoselective transfer hydrogenation of quinolines. An
efficient method for the transfer hydrogenation of quinolines cata-
lyzed by [Cp*IrCl2]2/HClO4 using 2-propanol as a hydrogen source
has been realized. A variety of 1,2,3,4-tetrahydroquinoline deriva-
tives can be synthesized by this method. These results show that
Cp*Ir complexes can be useful catalysts for hydrogen transfer
reactions from the viewpoint of developing environmentally benign
organic synthesis.
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1 Introduction

In the field of homogeneous catalytic organic synthesis,
relatively little attention have been paid to the utilization
of iridium as catalyst for a long time, while its family
member, rhodium and cobalt, have seen extensive use as
catalysts including industrial processes.1 This difference
would be probably due to the scarcity of iridium as well as
the preconceived idea that organoiridium complexes are
too stable to be used as catalysts for organic synthesis.

The stability of organoiridium complexes was advanta-
geous for the studies on stoichiometric reactions in detail;
thus the oxidative addition reaction, which is one of the
most fundamental and important process in organo-
metallic chemistry, has been studied using Vaska’s com-
plex IrCl(CO)(PPh3)2.

2

The catalytic chemistry of iridium started with the discov-
ery of a highly efficient catalyst, [Ir(cod)(PCy3)(py)]PF6,
for hydrogenation of olefin by Crabtree et al. in 1977.3

Thereafter, a number of iridium-catalyzed hydrogenation
systems including enantioselective reactions have been
disclosed.4 In recent years, iridium complexes were found
to be effective as catalysts for hydrosilylation,5 carbon-
carbon6,7 and carbon-heteroatom8,9 bond formation, hy-
drogen transfer reaction,10 functionalization of C-H
bonds,11–13 and the catalytic chemistry of iridium has been
attracting quite a lot of interest. Most of these interesting
reactions were achieved using low-valent iridium com-
plexes coordinated with olefin, CO, halogen, or phospho-
rous ligands (e.g. [IrCl(cod)]2) as a catalyst precursor.

On the other hand, a trivalent iridium complex bearing
an h5-pentamethylcyclopentadienyl (Cp*) ligand,
[Cp*IrCl2]2 (Figure 1), is another well-known stable com-
plex of iridium. The first synthesis of [Cp*IrCl2]2 was re-
ported by Maitlis et al. in 1969.14 At first, [Cp*IrCl2]2 was
prepared by the reaction of IrCl3·xH2O with hexamethyl
Dewar benzene,14a,c however, a convenient preparation by
the reaction of IrCl3·xH2O with pentamethylcyclopentadi-
ene was reported later.15 Now we can purchase it from the
reagent market. The chemistry of Cp*Ir complex has been
mainly focused on the stoichiometric reactions, and their
ability toward C-H bond activation of hydrocarbon mole-
cules was revealed by Bergman et al. and others.16,17 How-
ever, catalytic utilizations of Cp*Ir complexes have been
relatively unexplored. Only a few examples of Cp*Ir
complex-catalyzed reactions for organic synthesis other
than simple hydrogenation reactions had been reported
when we started our investigation in 1999.11a,18

Figure 1
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Two Major Catalyst Metals 

Other metals are used, but are not as widely explored!

Cu, Ni, Zn, Pd, Fe, Rh, & more!
!
!



§  Transfer of H2 between a substrate (H-donor) to an H-acceptor: !
§  Oxidation of alcohols or amines!
§  Reduction of ketones or imines!

§  Inspiration comes from Oppenhauer Oxidation / Meerwein-Ponndorf-
Verley Reduction (hydride transfer)!

!
!
!
!

§  Used Industrially to make morphine, codeine, progesterone, etc!
§  Ran on ton scales for production of chemicals!

Hydrogen-Transfer Reaction

catalyst and substrate. The classical pathway involves a metal

alkoxide as intermediate. More recently, this pathway has been

questioned for certain catalysts that contain both the metal

hydride and an acidic proton. Noyori has proposed a metal

ligand bifunctional pathway where the hydrogen transfer

occurs simultaneously outside the coordination sphere of the

metal. An ionic mechanism has been proposed for hydrogena-

tion of ketones (aldehydes) and imines.

Direct hydrogen transfer

The pathway through a ‘‘direct hydrogen transfer’’ was

proposed for the Meerwein–Ponndorf–Verley (MPV) reduc-

tion (Scheme 2).2 In the original version, of the MPV

reduction, aluminum isopropoxide was used to promote

transfer of hydrogen from isopropanol to a ketone.3 The

reaction can also be run in the opposite direction, using

acetone as hydrogen acceptor, and this was studied by

Oppenauer.4 Thus, for the MPV reduction of a ketone, i.e.

transfer hydrogenation, isopropanol is employed in excess. For

the Oppenauer oxidation acetone is used in excess.

The mechanism is proposed to proceed through a six-

membered transition state, without involvement of metal

hydride intermediates (Scheme 2).2

The hydridic route

Transition metal catalysts generally operate through a hydridic

route. A common feature of these catalysts is that a metal

hydride is involved as a key intermediate in the hydrogen

transfer.1,5 Such hydrides have indeed been isolated from

transition metal-catalyzed hydrogen transfer reactions in some

cases (Fig. 1).

An early example of a transition metal-catalyzed hydrogen

transfer with moderate rates and turnovers was reported by

Henbest in the 1960s.6 Sasson and Blum7 found in 1971 that

RuCl2(PPh3)3 (2a) can be used at high temperature with

moderate turnover frequency.8 In 1991 the effect of base on the

RuCl2(PPh3)3-catalyzed transfer hydrogenation was reported.9

The presence of small amounts of base led to a dramatic rate

enhancement (103–104 times faster). It was later shown that the

rate enhancement is due to formation of a highly active

RuH2(PPh3)3 (2).9b Also in the reversed reaction, the

Oppenauer-type oxidation, a spectacular effect by the base

with the use of 2a as catalyst was observed (Scheme 3).10 These

reactions proceed under very mild conditions with low loading

of catalyst. The promoting effect of base had been observed

previously for Ir- and Rh-catalyzed reactions, but not of this

order.11

Scheme 2 MPV reduction and Oppenauer oxidation.

Fig. 1 Examples of metal hydrides.
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§  Major advantages for complex molecule synthesis!
!

§  Environmentally benign and atom economical!
§  Water as only byproduct!
§  No stoichiometric waste!
§  Avoids toxic alkyl/aryl halides!
§  Avoids carbonyl precursors which decrease efficiency of 

transformations!!

H-Transfer with Catalysis

Traditional synthetic strategies!
•  Amine alkylation (halides)!
•  Reductive amination !
•  SN2 displacement!



Heterocylic Bond Disconnection





§  Ryohei Yamaguchi!
         Kyoto University!

§  David Milstein!
Weizmann Institute of Science!
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§  Robert Madsen!
      University of Denmark!

!
§  Krische!



§  Synthesis of N-Heterocycles!
1.  N-alkylation of amines by alcohols!
2.  Dehydrogenative amide formation from amines and alcohols!
3.  Oxidative cyclization of alcohols!
4.  Annulation of unsaturated systems (alkene/alkyne)!

!
§  Synthesis of O- / S-Heterocycles!

!

Overview



§  Usually performed with alkyl halides!
§  Difficult to control and predict reactivity!

§  Via amide reduction a!
§  Toxic and expensive wastes!

N-Alkylation of Amines



§  Usually performed with alkyl halides!
§  Difficult to control and predict reactivity!

§  Via amide reduction a!
§  Toxic and expensive wastes!

§  First example of N-alkylation cyclization by Grigg in 1981!

N-Alkylation of Amines

1.4. Oxidative Cyclization of Alcohols

Transition-metal-catalyzed dehydrogenative coupling of
alcohols with various nucleophilic partners has resulted in the
formation of CˇX (C, N, and O) bonds with the liberation of
H2 and H2O as by-products (Figure 3).[9] Inter- and intra-
molecular hydrogen-transfer annulations of alcohols with
various coupling partners enable the formation of function-
alized saturated and aromatic heterocyclic compounds. This
methodology has provided direct and rapid access to a variety
of heterocyclic frameworks.

1.5. Annulation of Unsaturated Systems (Alkenes and Alkynes)

Unsaturated systems such as alkenes and alkynes are
important building blocks in the chemical sciences. Their
utility in organic synthesis have increased because of the
development of newer synthetic methodologies based on
transition-metal catalysts.[10] Transition-metal-catalyzed hy-
drogen-transfer annulations of these building blocks provide
novel heterocyclic frameworks.[11]

2. Synthesis of N-Heterocycles

Nitrogen-containing heterocycles are omnipresent in
nature and biologically active compounds, including nucleo-
bases within RNA, DNA, nucleotides, nucleosides, and
haemoglobin. They also have applications in a variety of
fields such as agrochemicals and pharmaceuticals, as well as in
the preparation of foods, dyes, detergents, and surfactants.[1]

Hence, there is a plethora of methods for the preparation of
novel nitrogen-based heterocycles for various applications.
Transition-metal-catalyzed hydrogen-transfer annulations
have provided a platform to synthesize the basic skeletons
for complex nitrogen-containing heterocyclic compounds in

a single operation, thus enabling environmentally benign and
efficient protocols.

2.1. Annulation by N-Alkylation of Amines by Alcohols

Saturated nitrogen-containing heterocyclic scaffolds are
found in many natural products and biologically important
compounds. The first example of the N-alkylation of an amine
by an alcohol through a hydrogen-transfer annulation was
reported by Grigg et al. in 1981. Thus pyrrolidines were
formed by the intramolecular reaction of N-substituted
4-aminobutan-1-ols in the presence of 5 mol% [RhH(PPh3)4]
as the catalyst in boiling 1,4-dioxane. The cascade reaction
consists of dehydrogenative oxidation of the alcohol to an
aldehyde, imine formation with an amine, and hydrogenative
reduction of the imine to afford the N-substituted pyrroli-
dines 1a and 1b in 56 and 82% yields, respectively [Eq. (1)].
Similar catalytic conditions were used to synthesize 1b by the
amination of butane-1,4-diol with benzylamine in a ratio of
10:1 to yield 1b in 31% [Eq. (2)].[12]

Direct coupling of a diol with an amine through a borrow-
ing-hydrogen strategy is the most promising protocol for the
construction of N-heterocyclic compounds since diol deriva-
tives can be easily accessed. [{Ru(p-cymene)Cl2}2] combined
with the bidendate DPEphos ligand provided access to
saturated five-, six-, and seven-membered N-heterocyclic
compounds by the N-alkylation of diols with amines [Eq. (3);

DPEphos= bis(2-diphenylphosphinophenyl)ether]. Thus,
1,4-butanediol reacted with various anilines and aliphatic
amines to provide N-substituted pyrrolidines in the presence
of trimethylamine as an additive in refluxing toluene. Other
diols such as 1,5-pentanediol and 1,6-hexanediol were also
converted into the corresponding N-substituted piperidine
and azepane derivatives under similar catalytic conditions.[13]

Significantly, Enyong et al. used the simple, inexpensive, and
readily accessible (S)-2-hydroxy-N,3-diphenylpropanamide
(3) ligand in combination with [{Ru(p-cymene)Cl2}2] for the
N-alkylation of diols with aliphatic amines under mild

Figure 2. Dehydrogenative amide formation from alcohols and amines.

Figure 3. Dehydrogenative coupling of alcohols with nucleophiles.
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5 mol% [RhH(PPh3)4]

Methanol, reflux, 4 h
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97% yield



§  Jump ahead to 2009 – Williams et al. published very mild conditions !

•  Bidentate ligand suppresses ester formation!

•  Cyclic amine ring sizes = 5, 6, and 7 !

Modern N-Alkylation through H-Transfer

Watson et al. JACS 2009, 131, 1766.!

R

O

O
R

Aniline was reacted with 1,4-butanediol to give N-phenylpyr-
rolidine (entry 1, Table 5), and other substituted anilines were
also found to be effective (entries 2-7), although the more
electron poor anilines (entries 6 and 7) gave lower conversions
under these conditions. Aliphatic primary amines (entries 8-11)
were also effective, including the branched primary amine used
for entry 9. The use of alternative diols also led to cyclization
to the corresponding N-heterocycle, with the use of 1,5-
pentanediol and 1,6-hexanediol leading to the products given
in entries 12-13.

Sulfonamides are found in many pharmaceutical drugs (e.g.,
Sumatripan, Viagra, Furosemide) and have also been used as
protecting groups for nitrogen.28 We were interested in inves-
tigating whether primary sulfonamides 38 would react with
alcohols to give N-alkylated sulfonamides 39 using the ruthenium-

catalyzed borrowing hydrogen approach, a process which has
not been reported previously, although Lewis acid catalysts have
recently been reported to effect this transformation (Scheme
10).29 We chose to examine the alkylation of p-toluenesulfona-
mide with one equivalent of benzyl alcohol as a model reaction.
Using 2.5 mol% [Ru(p-cymene)Cl2]2 with 5 mol% DPEphos
we only observed a 32% conversion into the alkylated product,
N-benzyltoluenesulfonamide, when the reaction was performed
at 110 °C for 24 h in toluene in the absence of base. However,
by performing the reactions in p-xylene at 150 °C the reaction
proceeded to 44% conversion (in the absence of base) and to
95% conversion (in the presence of 10 mol% K2CO3) after 6 h.
After 24 h at 150 °C, these reactions had essentially gone to
completion whether base was present or not. The results of these
reactions are given in Table 6, where the reaction of benzyl
alcohol with arylsulfonamides (entries 1-6) led to the corre-
sponding secondary sulfonamides in good yields. The p-methoxy
substrate (entry 4) provided the highest conversion and yield,
while the p-nitro substrate (entry 5) was the least reactive. The
alkylation of methanesulfonamide with benzyl alcohol was also
successful (entry 7). Other benzylic alcohols could be used to
alkylate p-toluenesulfonamide (entries 8-10), and the aliphatic
alcohols tryptophol (entry 11) and cyclohexylmethanol (entry
12) and cyclopropylmethanol (entry 13) were also effective.

Since the use of higher temperatures was effective in the
N-alkylation reactions of sulfonamides, we chose to use the same
approach for the reactions of secondary alcohols 40 with amines
41 to give N-alkylation products 42. Preliminary results obtained
at 110 °C had been unsatisfactory, with low conversions under
these conditions. For example, the reaction of cyclohexanol with
morpholine using 2.5 mol% Ru(p-cymene)Cl2]2 with 5 mol%
DPEphos in toluene at 110 °C for 24 h only gave 51%
conversion, but when this reaction was repeated in xylene at
150 °C, 100% conversion was achieved.

Cyclic amines were alkylated with cyclohexanol under these
conditions to give the products with good conversions (Table
7, entries 1-4). Primary amines were also successful (entries
5-6), although in the case of t-butylamine, which was easily
alkylated by primary alcohols, the reaction proceeded with low
conversion with cyclohexanol, presumably for steric reasons.

Our attention turned to the use of other secondary alcohols
as alkylating agents for amines, and these results are summarized
in Table 8. We chose 1-phenylethanol (R ) Ph, R′ ) Me),
1-phenylpropan-2-ol (R ) PhCH2, R′ ) Me) and pentan-2-ol
(R ) CH2CH2Me, R′ ) Me) as representative alcohols. The
benzylic alcohol, 1-phenylethanol, was the least reactive of these
alcohols, providing only moderate yields of the tertiary amine
product under these conditions (Scheme 11). However, the non-
benzylic alcohols both showed higher reactivity and the products
were obtained with higher conversion. To examine whether the

(28) Quaal, K. S.; Ji, S.; Kim, Y. M.; Closson, W. D.; Zubieta, J. A. J.
Org. Chem. 1978, 43, 1311.

(29) (a) Qin, H.; Yoaagiwa, N.; Matsunaga, S.; Shibasaki, M. Angew.
Chem., Int. Ed. 2007, 46, 409. (b) Sreedhar, B.; Reddy, P. S.; Reddy,
M. A.; Neelima, B.; Arundhathi, R. Tetrahedron Lett. 2007, 48, 8174.

Scheme 9. Reaction of Diols with Amines to Form N-Heterocycles

Table 5. N-Heterocyclization of Amines with Diols

a Reactions were performed using 1 mmol of amine and 1.2 mmol of
diol using DPEphos as the ligand. b Values given are conversions with
respect to unreacted alcohol, as determined by analysis of the 1H NMR
spectra. Figures in parentheses are isolated yields.

Scheme 10. N-Alkylation Reactions of Sulfonamides

J. AM. CHEM. SOC. 9 VOL. 131, NO. 5, 2009 1771

Borrowing Hydrogen Methodology A R T I C L E S

Aniline was reacted with 1,4-butanediol to give N-phenylpyr-
rolidine (entry 1, Table 5), and other substituted anilines were
also found to be effective (entries 2-7), although the more
electron poor anilines (entries 6 and 7) gave lower conversions
under these conditions. Aliphatic primary amines (entries 8-11)
were also effective, including the branched primary amine used
for entry 9. The use of alternative diols also led to cyclization
to the corresponding N-heterocycle, with the use of 1,5-
pentanediol and 1,6-hexanediol leading to the products given
in entries 12-13.

Sulfonamides are found in many pharmaceutical drugs (e.g.,
Sumatripan, Viagra, Furosemide) and have also been used as
protecting groups for nitrogen.28 We were interested in inves-
tigating whether primary sulfonamides 38 would react with
alcohols to give N-alkylated sulfonamides 39 using the ruthenium-

catalyzed borrowing hydrogen approach, a process which has
not been reported previously, although Lewis acid catalysts have
recently been reported to effect this transformation (Scheme
10).29 We chose to examine the alkylation of p-toluenesulfona-
mide with one equivalent of benzyl alcohol as a model reaction.
Using 2.5 mol% [Ru(p-cymene)Cl2]2 with 5 mol% DPEphos
we only observed a 32% conversion into the alkylated product,
N-benzyltoluenesulfonamide, when the reaction was performed
at 110 °C for 24 h in toluene in the absence of base. However,
by performing the reactions in p-xylene at 150 °C the reaction
proceeded to 44% conversion (in the absence of base) and to
95% conversion (in the presence of 10 mol% K2CO3) after 6 h.
After 24 h at 150 °C, these reactions had essentially gone to
completion whether base was present or not. The results of these
reactions are given in Table 6, where the reaction of benzyl
alcohol with arylsulfonamides (entries 1-6) led to the corre-
sponding secondary sulfonamides in good yields. The p-methoxy
substrate (entry 4) provided the highest conversion and yield,
while the p-nitro substrate (entry 5) was the least reactive. The
alkylation of methanesulfonamide with benzyl alcohol was also
successful (entry 7). Other benzylic alcohols could be used to
alkylate p-toluenesulfonamide (entries 8-10), and the aliphatic
alcohols tryptophol (entry 11) and cyclohexylmethanol (entry
12) and cyclopropylmethanol (entry 13) were also effective.

Since the use of higher temperatures was effective in the
N-alkylation reactions of sulfonamides, we chose to use the same
approach for the reactions of secondary alcohols 40 with amines
41 to give N-alkylation products 42. Preliminary results obtained
at 110 °C had been unsatisfactory, with low conversions under
these conditions. For example, the reaction of cyclohexanol with
morpholine using 2.5 mol% Ru(p-cymene)Cl2]2 with 5 mol%
DPEphos in toluene at 110 °C for 24 h only gave 51%
conversion, but when this reaction was repeated in xylene at
150 °C, 100% conversion was achieved.

Cyclic amines were alkylated with cyclohexanol under these
conditions to give the products with good conversions (Table
7, entries 1-4). Primary amines were also successful (entries
5-6), although in the case of t-butylamine, which was easily
alkylated by primary alcohols, the reaction proceeded with low
conversion with cyclohexanol, presumably for steric reasons.

Our attention turned to the use of other secondary alcohols
as alkylating agents for amines, and these results are summarized
in Table 8. We chose 1-phenylethanol (R ) Ph, R′ ) Me),
1-phenylpropan-2-ol (R ) PhCH2, R′ ) Me) and pentan-2-ol
(R ) CH2CH2Me, R′ ) Me) as representative alcohols. The
benzylic alcohol, 1-phenylethanol, was the least reactive of these
alcohols, providing only moderate yields of the tertiary amine
product under these conditions (Scheme 11). However, the non-
benzylic alcohols both showed higher reactivity and the products
were obtained with higher conversion. To examine whether the
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a Reactions were performed using 1 mmol of amine and 1.2 mmol of
diol using DPEphos as the ligand. b Values given are conversions with
respect to unreacted alcohol, as determined by analysis of the 1H NMR
spectra. Figures in parentheses are isolated yields.
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10).29 We chose to examine the alkylation of p-toluenesulfona-
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as alkylating agents for amines, and these results are summarized
in Table 8. We chose 1-phenylethanol (R ) Ph, R′ ) Me),
1-phenylpropan-2-ol (R ) PhCH2, R′ ) Me) and pentan-2-ol
(R ) CH2CH2Me, R′ ) Me) as representative alcohols. The
benzylic alcohol, 1-phenylethanol, was the least reactive of these
alcohols, providing only moderate yields of the tertiary amine
product under these conditions (Scheme 11). However, the non-
benzylic alcohols both showed higher reactivity and the products
were obtained with higher conversion. To examine whether the
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•  Aryl and aliphatic amines !



§  Insight into mechanism!
§  Does imine formation form at metal center?!

Modern N-Alkylation through H-Transfer

Watson et al. JACS 2009, 131, 1766.!
observation is consistent with the necessary loss of stereochem-
istry in the conversion of alcohol into achiral ketone in the
oxidation step. The reaction of enantiomerically pure diol 45
with dimethylamine occurs selectively with the primary alcohol
to give the racemic amino alcohol 49 as product. This is
consistent with reversible oxidation of the secondary alcohol
to the achiral ketone, as noted in racemization reactions of
secondary alcohols in the presence of appropriate ruthenium
catalysts.31 Racemization of the intermediate aldehyde or
iminium species may also be responsible. In the case of the
amination of enantiomerically pure alcohol 46, the majority of
the stereochemical integrity is lost in the formation of the
product 50, and this observation is consistent with racemization
occurring by enolization of the intermediate aldehyde or iminium
species.32 Presumably, stereochemistry positioned further away
from the alcohol would be stereochemically stable, although
this has not been investigated.

In the borrowing hydrogen mechanism, the intermediate
aldehyde could either remain complexed to the metal during
the imine-forming process or it could dissociate and form the
imine/iminium away from the metal center. We performed a
crossover experiment in order to gain evidence for either of
these possible mechanisms. Thus, the deuterated alcohol 51 and
the 13C labeled alcohol 52 were reacted with morpholine to
provide the N-benzylated morpholine adducts 53 and 54
(Scheme 13). Deuterium incorporation was observed in both
the unlabeled product 53 and the labeled product 54. The fact

that there is crossover of the deuterium to the 13C labeled benzyl
group implies that the intermediate aldehyde can dissociate from
the ruthenium and that imine formation does not necessarily
take place while coordinated. However, since water is formed
in the oxidation process, either as H2O or HOD, a mechanism
involving H/D exchange of the water with the starting alcohols
52 and 53 cannot be entirely ruled out. The higher deuterium
incorporation in compound 53 is consistent with the fact that
only one of the two C-D bonds needs to be broken in order
for the reaction to take place.

A plausible mechanism for the alkylation of an amine by
alcohol using the [Ru(p-cymene)Cl2]2 /diphosphine combination
is given in Scheme 14. Complexation of a diphosphine with
the ruthenium would lead to the formation of the cationic 18
electron complex [Ru(P-P)(p-cymene)Cl]Cl33 which needs to
generate a free co-ordination site to become catalytically active.
We have previously shown34 that the reaction of [Ru(p-
cymene)Cl2]2 with BINAP and the diamine DPEN leads to the
formation of the Noyori complex Ru(BINAP)(DPEN)Cl2

35 and
we believe that p-cymene is dissociated in the active complex.
p-Cymene is also observed in the crude 1H NMR spectra at the
end of N-alkylation reactions. We therefore believe that complex

(30) (a) Samec, J. S. M.; Ell, A. H.; Bäckvall, J.-E. Chem.-Eur. J. 2005,
11, 2327. (b) Blacker, A. J.; Stirling, M. J.; Page, M. I. Org. Proc.
Res. DeV. 2007, 11, 642.

(31) Ahn, Y.; Ko, S.-B.; Kim, M.-J.; Park, J. Coord. Chem. ReV. 2008,
252, 647.

(32) (a) Atuu, M. R.; Hossain, M. M. Tetrahedron Lett. 2007, 48, 3875.
(b) Strübing, D.; Krumlinde, P.; Piera, J.; Bäckvall, J.-E. AdV. Synth.
Catal. 2007, 349, 1577.

(33) Mashima, K.; Nakamura, T.; Matsuo, Y.; Tani, K. J. Organomet.
Chem. 2000, 607, 51.

Scheme 12. N-Alkylation Reactions Involving Enantiomerically
Pure Substrates

Scheme 13. Hydrogen/Deuterium Crossover Study in Morpholine
Alkylation

Scheme 14. Mechanistic Proposal for the N-Alkylation of Alcohols
with Amines
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observation is consistent with the necessary loss of stereochem-
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oxidation step. The reaction of enantiomerically pure diol 45
with dimethylamine occurs selectively with the primary alcohol
to give the racemic amino alcohol 49 as product. This is
consistent with reversible oxidation of the secondary alcohol
to the achiral ketone, as noted in racemization reactions of
secondary alcohols in the presence of appropriate ruthenium
catalysts.31 Racemization of the intermediate aldehyde or
iminium species may also be responsible. In the case of the
amination of enantiomerically pure alcohol 46, the majority of
the stereochemical integrity is lost in the formation of the
product 50, and this observation is consistent with racemization
occurring by enolization of the intermediate aldehyde or iminium
species.32 Presumably, stereochemistry positioned further away
from the alcohol would be stereochemically stable, although
this has not been investigated.

In the borrowing hydrogen mechanism, the intermediate
aldehyde could either remain complexed to the metal during
the imine-forming process or it could dissociate and form the
imine/iminium away from the metal center. We performed a
crossover experiment in order to gain evidence for either of
these possible mechanisms. Thus, the deuterated alcohol 51 and
the 13C labeled alcohol 52 were reacted with morpholine to
provide the N-benzylated morpholine adducts 53 and 54
(Scheme 13). Deuterium incorporation was observed in both
the unlabeled product 53 and the labeled product 54. The fact

that there is crossover of the deuterium to the 13C labeled benzyl
group implies that the intermediate aldehyde can dissociate from
the ruthenium and that imine formation does not necessarily
take place while coordinated. However, since water is formed
in the oxidation process, either as H2O or HOD, a mechanism
involving H/D exchange of the water with the starting alcohols
52 and 53 cannot be entirely ruled out. The higher deuterium
incorporation in compound 53 is consistent with the fact that
only one of the two C-D bonds needs to be broken in order
for the reaction to take place.

A plausible mechanism for the alkylation of an amine by
alcohol using the [Ru(p-cymene)Cl2]2 /diphosphine combination
is given in Scheme 14. Complexation of a diphosphine with
the ruthenium would lead to the formation of the cationic 18
electron complex [Ru(P-P)(p-cymene)Cl]Cl33 which needs to
generate a free co-ordination site to become catalytically active.
We have previously shown34 that the reaction of [Ru(p-
cymene)Cl2]2 with BINAP and the diamine DPEN leads to the
formation of the Noyori complex Ru(BINAP)(DPEN)Cl2

35 and
we believe that p-cymene is dissociated in the active complex.
p-Cymene is also observed in the crude 1H NMR spectra at the
end of N-alkylation reactions. We therefore believe that complex
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§  Enyong expaned in 2014 this reaction to lower temperatures!

!
!
!

§  Used for benzodiazepine core (show how normally made?)!
§  Isolated intermediates 6 and 7!

Modern N-Alkylation through H-Transferreaction conditions where the diol acts as both a substrate and
reaction medium, thus affording N-alkylated pyrrolidines and
piperidines in 99% yields [Eq. (4); M.S.=molecular
sieves].[14]

The same ruthenium complex was used along with
Xantphos for the construction of the benzodiazepine core,
which has many applications in medicinal chemistry, through
consecutive hydrogen-borrowing steps using 2-aminobenzyl-
alcohols and 1,2-amino alcohols (Scheme 1). Based on the

identification of the intermediates 6 and 7 in the reaction
mixture, the tandem reaction starts with the oxidation of the
more reactive benzyl alcohol to an aldehyde through a bor-
rowing-hydrogen process. Subsequent imine formation with
the more reactive 1,2-amino alcohol leads to the N-alkylation
of the benzyl alcohol. Then intramolecular N-alkylation of the
alcohol with an aromatic amine affords the benzodiazepine.[15]

Recently, Krische and co-workers reported a method for
the synthesis of C2-substituted pyrrolidines (14) through
hydrogen-transfer hydroaminoalkylation of amino alcohols
with dienes (Scheme 2). The reaction proceeds with complete
branch selectivity and good to excellent levels of anti-
diastereoselectivity. Optimization of the reaction conditions
and catalyst identified in situ generated catalysts, derived
from [HClRu(CO)(PPh3)3] and various phosphine ligands, for
delivery of 2-substituted pyrrolidines in high yield and with
maximum diastereoselectivity. Mechanistically, alcohol dehy-
drogenation triggers generation of an electrophilic imine, 3,4-
dihydro-2H-pyrrole (9), and ruthenium hydride. The latter
undergoes hydrometalation with the diene to form the
nucleophilically less-stable disubstituted p-allylruthenium
complex 10. The complex 10 undergoes reversible isomer-
ization to form the more-stable isomeric monosubstituted p-
allylruthenium complex 11which is involved in imine addition
via the (E)-s-allylruthenium haptomer to afford C2-substi-
tuted pyrrolidines. The reversibility of the hydrometallation
step was studied for the coupling reaction of a deuterated
amino alcohol [HOCD2(CH2)3NH2] with butadiene under

standard reaction conditions. Significantly, deuterium incor-
poration was observed at all vinylic positions, allyl positions,
and in the methyl group (R=H) of the product, thus
confirming the reversibility of the hydrometalation step.
Complete retention of deuterium (> 95) at the methine
position adjacent to the nitrogen atom confirmed the non-
reversibility of alcohol dehydrogenation for imine formation.
The intermediate 12 was proposed for the anti-diastereose-
lectivity of the product.[16]

Fujita and co-workers developed the first iridium-cata-
lyzed intramolecular annulation reaction of 3-(2-aminophe-
nyl)propanol to yield 1,2,3,4-tetrahydroisoquinolines in mod-
erate to high yields. The reaction proceeded by an initial
catalytic dehydrogenative oxidation of the alcohol by using
2 mol% of [{Cp*IrCl2}2] as the catalyst. Aromatic substrates
having different substituents were converted into the corre-
sponding 1,2,3,4-tetrahydroquinolines in moderate to excel-
lent yields and 2,3,4,5-tetrahydro-1-benzazepine was also
synthesized from 4-(2-aminophenyl)butanol using the same
iridium catalyst [Eq. (5); Cp*=C5Me5].[17] The success of the
Cp*Ir complex was extended to the synthesis of piperazines

from 1,2-diamines and 1,2-diols by using an intermolecular
borrowing-hydrogen N-alkylation strategy with a weak base,
such as NaHCO3, as an additive, in either water or toluene
[Eq. (6)]. Additionally, piperazine (17) formation was also
derived from a primary benzyl amine and 1,2-diol through the

Scheme 1. Synthesis of benzodiazepines (8). Xantphos=9,9-dimethyl-
4,5-bis(diphenylphosphino)xanthene.

Scheme 2. Synthesis of C2-substituted pyrrolidines by hydroaminoalky-
lation of amino alcohols with dienes. DMAP=4-(N,N-dimethylamino)-
pyridine, dCypp=1,3-bis(dicyclohexylphosphino)propane, Ts=4-tolue-
nesulfonyl.
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piperidines in 99% yields [Eq. (4); M.S.=molecular
sieves].[14]

The same ruthenium complex was used along with
Xantphos for the construction of the benzodiazepine core,
which has many applications in medicinal chemistry, through
consecutive hydrogen-borrowing steps using 2-aminobenzyl-
alcohols and 1,2-amino alcohols (Scheme 1). Based on the

identification of the intermediates 6 and 7 in the reaction
mixture, the tandem reaction starts with the oxidation of the
more reactive benzyl alcohol to an aldehyde through a bor-
rowing-hydrogen process. Subsequent imine formation with
the more reactive 1,2-amino alcohol leads to the N-alkylation
of the benzyl alcohol. Then intramolecular N-alkylation of the
alcohol with an aromatic amine affords the benzodiazepine.[15]

Recently, Krische and co-workers reported a method for
the synthesis of C2-substituted pyrrolidines (14) through
hydrogen-transfer hydroaminoalkylation of amino alcohols
with dienes (Scheme 2). The reaction proceeds with complete
branch selectivity and good to excellent levels of anti-
diastereoselectivity. Optimization of the reaction conditions
and catalyst identified in situ generated catalysts, derived
from [HClRu(CO)(PPh3)3] and various phosphine ligands, for
delivery of 2-substituted pyrrolidines in high yield and with
maximum diastereoselectivity. Mechanistically, alcohol dehy-
drogenation triggers generation of an electrophilic imine, 3,4-
dihydro-2H-pyrrole (9), and ruthenium hydride. The latter
undergoes hydrometalation with the diene to form the
nucleophilically less-stable disubstituted p-allylruthenium
complex 10. The complex 10 undergoes reversible isomer-
ization to form the more-stable isomeric monosubstituted p-
allylruthenium complex 11which is involved in imine addition
via the (E)-s-allylruthenium haptomer to afford C2-substi-
tuted pyrrolidines. The reversibility of the hydrometallation
step was studied for the coupling reaction of a deuterated
amino alcohol [HOCD2(CH2)3NH2] with butadiene under

standard reaction conditions. Significantly, deuterium incor-
poration was observed at all vinylic positions, allyl positions,
and in the methyl group (R=H) of the product, thus
confirming the reversibility of the hydrometalation step.
Complete retention of deuterium (> 95) at the methine
position adjacent to the nitrogen atom confirmed the non-
reversibility of alcohol dehydrogenation for imine formation.
The intermediate 12 was proposed for the anti-diastereose-
lectivity of the product.[16]

Fujita and co-workers developed the first iridium-cata-
lyzed intramolecular annulation reaction of 3-(2-aminophe-
nyl)propanol to yield 1,2,3,4-tetrahydroisoquinolines in mod-
erate to high yields. The reaction proceeded by an initial
catalytic dehydrogenative oxidation of the alcohol by using
2 mol% of [{Cp*IrCl2}2] as the catalyst. Aromatic substrates
having different substituents were converted into the corre-
sponding 1,2,3,4-tetrahydroquinolines in moderate to excel-
lent yields and 2,3,4,5-tetrahydro-1-benzazepine was also
synthesized from 4-(2-aminophenyl)butanol using the same
iridium catalyst [Eq. (5); Cp*=C5Me5].[17] The success of the
Cp*Ir complex was extended to the synthesis of piperazines

from 1,2-diamines and 1,2-diols by using an intermolecular
borrowing-hydrogen N-alkylation strategy with a weak base,
such as NaHCO3, as an additive, in either water or toluene
[Eq. (6)]. Additionally, piperazine (17) formation was also
derived from a primary benzyl amine and 1,2-diol through the
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■ RESULTS AND DISCUSSION
Most alcohol alkylations of amines through borrowing
hydrogen are carried out at high temperatures with only one
example of room temperature alkylation of anilines. There is,

therefore, the need for more active catalysts that span a wider
range of amines. Here, we report the first ruthenium-catalyzed
alkylation of primary and secondary amines under mild
conditions using the alcohol as the solvent or cosolvent of
the reaction. We also present, to the best of our knowledge,
the first examples of this chemistry at room temperature
using a ruthenium catalyst. Catalysis can also be carried out
at higher temperatures with near-stoichiometric amounts of
alcohol.
All catalytic reactions were performed using the inexpensive

and readily accessible amino amide ligand 3 or its TFA salt (2),
whose synthesis is shown in Scheme 2. Boc-Phe-OH was
coupled to aniline using DCC and subsequently deprotected
with trifluoroacetic acid in methylene chloride. Ligand 3 is
unstable under ambient conditions and has to be stored at
−20 °C. On the other hand, the TFA salt of the ligand, 2, is
indefinitely stable on the benchtop and was thus a more
convenient alternative to 3. Use of either 2 or 3 in combination
with the ruthenium precursor, Ru[(p-cymene)Cl2]2, resulted in
identical catalytic performance.

Table 3. Alkylation of Primary Aliphatic Aminesa

aReaction conditions: amine (1 mmol), alcohol (solvent), ligand 3 (x mol %), [Ru(p-cymeneCl2]2 (x/2 mol %), t-BuOK (2 equiv wrt 3), 45−65 °C,
3 Å molecular sieves. bYield calculated by GCMS using N,N-dimethylbenzylamine as the internal standard.

Scheme 2. Aminoamide Ligand Synthesis

The Journal of Organic Chemistry Article
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3 – decomposes above -20 oC!

Taddei et al. Eur. J. Org. 2015, 2015, 1068.!

Enyong et al. JOC 2014, 79, 7553.!

Cheap starting !
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§  Krische – hydroaminoalkylation!
§  Branch selective!
§  Anti-diastereoselectivity!

Hydroaminoalkylation

reaction conditions where the diol acts as both a substrate and
reaction medium, thus affording N-alkylated pyrrolidines and
piperidines in 99% yields [Eq. (4); M.S.=molecular
sieves].[14]

The same ruthenium complex was used along with
Xantphos for the construction of the benzodiazepine core,
which has many applications in medicinal chemistry, through
consecutive hydrogen-borrowing steps using 2-aminobenzyl-
alcohols and 1,2-amino alcohols (Scheme 1). Based on the

identification of the intermediates 6 and 7 in the reaction
mixture, the tandem reaction starts with the oxidation of the
more reactive benzyl alcohol to an aldehyde through a bor-
rowing-hydrogen process. Subsequent imine formation with
the more reactive 1,2-amino alcohol leads to the N-alkylation
of the benzyl alcohol. Then intramolecular N-alkylation of the
alcohol with an aromatic amine affords the benzodiazepine.[15]

Recently, Krische and co-workers reported a method for
the synthesis of C2-substituted pyrrolidines (14) through
hydrogen-transfer hydroaminoalkylation of amino alcohols
with dienes (Scheme 2). The reaction proceeds with complete
branch selectivity and good to excellent levels of anti-
diastereoselectivity. Optimization of the reaction conditions
and catalyst identified in situ generated catalysts, derived
from [HClRu(CO)(PPh3)3] and various phosphine ligands, for
delivery of 2-substituted pyrrolidines in high yield and with
maximum diastereoselectivity. Mechanistically, alcohol dehy-
drogenation triggers generation of an electrophilic imine, 3,4-
dihydro-2H-pyrrole (9), and ruthenium hydride. The latter
undergoes hydrometalation with the diene to form the
nucleophilically less-stable disubstituted p-allylruthenium
complex 10. The complex 10 undergoes reversible isomer-
ization to form the more-stable isomeric monosubstituted p-
allylruthenium complex 11which is involved in imine addition
via the (E)-s-allylruthenium haptomer to afford C2-substi-
tuted pyrrolidines. The reversibility of the hydrometallation
step was studied for the coupling reaction of a deuterated
amino alcohol [HOCD2(CH2)3NH2] with butadiene under

standard reaction conditions. Significantly, deuterium incor-
poration was observed at all vinylic positions, allyl positions,
and in the methyl group (R=H) of the product, thus
confirming the reversibility of the hydrometalation step.
Complete retention of deuterium (> 95) at the methine
position adjacent to the nitrogen atom confirmed the non-
reversibility of alcohol dehydrogenation for imine formation.
The intermediate 12 was proposed for the anti-diastereose-
lectivity of the product.[16]

Fujita and co-workers developed the first iridium-cata-
lyzed intramolecular annulation reaction of 3-(2-aminophe-
nyl)propanol to yield 1,2,3,4-tetrahydroisoquinolines in mod-
erate to high yields. The reaction proceeded by an initial
catalytic dehydrogenative oxidation of the alcohol by using
2 mol% of [{Cp*IrCl2}2] as the catalyst. Aromatic substrates
having different substituents were converted into the corre-
sponding 1,2,3,4-tetrahydroquinolines in moderate to excel-
lent yields and 2,3,4,5-tetrahydro-1-benzazepine was also
synthesized from 4-(2-aminophenyl)butanol using the same
iridium catalyst [Eq. (5); Cp*=C5Me5].[17] The success of the
Cp*Ir complex was extended to the synthesis of piperazines

from 1,2-diamines and 1,2-diols by using an intermolecular
borrowing-hydrogen N-alkylation strategy with a weak base,
such as NaHCO3, as an additive, in either water or toluene
[Eq. (6)]. Additionally, piperazine (17) formation was also
derived from a primary benzyl amine and 1,2-diol through the

Scheme 1. Synthesis of benzodiazepines (8). Xantphos=9,9-dimethyl-
4,5-bis(diphenylphosphino)xanthene.

Scheme 2. Synthesis of C2-substituted pyrrolidines by hydroaminoalky-
lation of amino alcohols with dienes. DMAP=4-(N,N-dimethylamino)-
pyridine, dCypp=1,3-bis(dicyclohexylphosphino)propane, Ts=4-tolue-
nesulfonyl.
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variation of temperature and reaction time, optimal conditions
for the highly diastereoselective (>20:1 dr) coupling of 1a with
2a to form 4a in 75% yield were identified (Table 1, entry 13).
With these conditions in hand, the coupling of 2a with various

conjugated dienes 1a−1f was explored (Table 2). As illustrated
in the couplings of 1a, isoprene (1b), and myrcene (1c), a
gradual decline in anti-diastereoselectivity with increasing size of
the diene 2-substituent due to allylic 1,2-strain is observed.8c In

the coupling of 1,3-pentadiene (1d), C−C coupling occurs at the
diene 2-position to furnish the adduct 4d with complete levels of
anti-diastereoselectivity. Similarly, the 1-cyclohexyl-substituted
diene 1e and 1-(4-tetrahydropyranyl)-substituted diene 1f
engage in C−C coupling at the diene 2-position to furnish
adducts 4e and 4f, respectively, with complete levels of anti-
diastereoselectivity. As will be discussed (vide inf ra), coupling to
the diene 2-position, exemplified by the formation of 4d−4f,
suggests reversible diene hydrometalation in advance of imine
addition. Reversible hydrometalation enables nonconjugated
dienes, such as 1,4-pentadiene (1g), to serve as conjugated diene
equivalents, as shown in the formation of 4d (eq 1). Whereas

attempted reactions of 1awith 5-aminopentanol failed to provide
the corresponding 2-substituted piperidine, it was found that the
more highly substituted 4-aminobutanols 2b and 2c participate
in redox-triggered imine addition to form adducts 4g (eq 2) and
4h (eq 3), respectively, with complete levels of anti-
diastereoselectivity, as determined by 1H NMR spectroscopy.
Functionalized dienes, such as chloroprene or alkoxy-substituted
dienes, do not participate in C−C coupling under these
conditions.
In the couplings of 2a with conjugated dienes 1a−1f, alcohol

dehydrogenation triggers pairwise generation of an imine
electrophile, 3,4-dihydro-2H-pyrrole, and a ruthenium hydride
that hydrometalates the diene to form a nucleophilic
allylruthenium complex. It was reasoned that such nucleo-
phile−electrophile pairs could be generated through the redox-
triggered coupling of dienes with pyrrolidine itself, constituting a
rare example of late transition metal-catalyzed hydroaminoalky-
lation in the absence of a directing group.2,3 However, as
observed empirically in the present couplings of 2a, alcohol
dehydrogenation occurs in preference to amine dehydrogen-
ation, suggesting that such processes would pose significant
challenges, which proved to be the case. Nevertheless, after
screening of various ruthenium complexes, it was found that the
catalyst generated in situ through the acid−base reaction of
H2Ru(CO)(PPh3)(dppp) and ferrocene carboxylic acid or
C7F15CO2H promotes the hydroaminoalkylation of conjugated
dienes 1a and 1b with pyrrolidine (3a) to form adducts 4a and
4b, respectively, in good yields with good levels of anti-
diastereoselectivity (Scheme 1, eq 4). Finally, with the trimeric
imine derived from pyrrolidine, dehydro-3a, 2-propanol-medi-
ated reductive coupling to form N-Cbz-4a could be achieved,

Table 1. Selected Optimization Experiments in the
Ruthenium-Catalyzed Coupling of Butadiene (1a) with 4-
Aminobutanol (2a)a

aYields are of material isolated by silica gel chromatography. bPCy3
(10 mol%). cAverage isolated yield from four experiments. See the
Supporting Information for further details.

Table 2. Regio- and Diastereoselective Ruthenium-Catalyzed
C−C Coupling of Conjugated Dienes 1a−1f with 2aa

aYields are of material isolated by silica gel chromatography. b1a (500
mol%). cdCype was used as the ligand. Diastereoselectivities were
determined by 1H NMR analysis of crude reaction mixtures. See the
Supporting Information for further details.
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§  Ir-catalyzed formation of indoles, tetrahydroquinolines, and benzapines !

§  They found that this catalyst with 2-propanol could be used to reduce 
nitrobenzene to analine (their own unpublished results)!

Modern N-Alkylation through H-Transfer

Fujita & Yamaguchi. Org. Lett. 2002, 4, 2691.!
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Catalyzed by a Cp*Ir Complex.
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ABSTRACT

A new iridium-catalyzed oxidative cyclization of amino alcohols has been revealed. Indole derivatives are synthesized in good to excellent
yields from 2-aminophenethyl alcohols by means of a [Cp*IrCl2]2/K2CO3 catalytic system. The present catalytic system is also effective for
synthesesof 1,2,3,4-tetrahydroquinolines from3-(2-aminophenyl)propanols and2,3,4,5-tetrahydro-1-benzazepine from4-(2-aminophenyl)butanol.

N-Heterocyclic compounds have attracted considerable at-
tention owing to their functionality in pharmaceutical
chemistry, material chemistry, synthetic organic chemistry,
and dyes.1 In particular, the synthesis of benzo-fused
N-heterocyclic compounds, such as indoles, quinolines,
benzazepines, and their saturated derivatives, is very impor-
tant because their skeletons are found in a variety of natural
products, which exert physiological activities. A number of
methods for synthesis of indoles have been developed and
reviewed.2 Recently, much attention has focused on the
synthesis of indoles by transition-metal-catalyzed N-hetero-

cyclization.3-5 Catalytic systems with palladium,3d,4a,5b,c,e,g

ruthenium,3a,b,4b,5a,f rhodium,3c,5d and other metals2 have been
applied for the synthesis of indoles. On the other hand, the
catalytic synthesis of 1,2,3,4-tetrahydroquinolines or 2,3,4,5-
tetrahydro-1-benzazepines via N-heterocyclization has been

† Graduate School of Global Environmental Studies.
‡ Graduate School of Human and Environmental Studies.
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hardly explored.6 During the course of our investigation on
the chemistry of pentamethylcyclopentadienyl (Cp*) iridium
complexes,7 we found a catalytic activity of [Cp*IrCl2]2

toward hydrogen-transfer reactions between organic mol-
ecules and reported Oppenauer-type oxidation of primary and
secondary alcohols giving rise to the corresponding carbonyl
compounds.7 In this paper, we wish to report a Cp*Ir
complex-catalyzed synthesis of indoles, 1,2,3,4-tetrahydro-
quinolines, and 2,3,4,5-tetrahydro-1-benzazepine by oxidative
N-heterocyclization of amino alcohols.

At first, we investigated Cp*Ir-catalyzed oxidative N-
heterocyclization of 2-aminophenethyl alcohol (1) under
various conditions. The reactions were performed in the
presence of several iridium complexes and bases in toluene
as a solvent. The results are summarized in Table 1. Indole

(2) was formed in a yield of 70% when the reaction was
performed at 100 °C for 17 h with use of [Cp*IrCl2]2 (5.0
mol %/Ir) and K2CO3 (10 mol %) (entry 1). The yield of 2
increased up to 90% when the reaction was performed at
reflux temperature (111 °C) (entry 2). Other iridium com-
plexes, [Cp*IrHCl]2, [Cp*Ir(MeCN)3]2+, or [IrCl(COD)]2,
showed some catalytic activity (entries 3-5), but the yields
of 2 were lower than that in the reaction catalyzed by
[Cp*IrCl2]2. We next examined the effect of base. When the
reaction was performed without any base, the yield of 2
declined to 31% (entry 7). Addition of other alkali metal
bases (Li2CO3, tBuOK) or organic base (Et3N) improved the

catalytic activity (entries 8-10), but the optimum result was
obtained in the reaction with K2CO3. Toluene was the solvent
of choice, since the reactions in other solvents (dioxane or
acetonitrile) gave lower yields of 2 (entries 11 and 12).

The present oxidative N-heterocyclization could be ap-
plicable to various amino alcohols, affording indole deriva-
tives. The results are summarized in Table 2.8 2-Aminophen-

ethyl alcohols bearing a substituent on the aromatic ring were
converted into the corresponding indoles in moderate to high
yields (entries 2-4). Indoles bearing a substituent on the
N-heterocyclic ring could be also synthesized in good to
excellent yields by the reaction of 2-aminophenethyl alcohols
with a substituent on the methylene chain (entries 5 and 6).
In the synthesis of indoles, the reaction proceeded with high
selectivity and no indoline product was detected.

Since the complex [Cp*IrCl2]2 exhibits a catalytic activity
toward the reduction of the nitro group to an amino group
with use of alcohols as a hydrogen source,9 we examined
the synthesis of indole from 2-nitrophenethyl alcohol (3) (eq
1). Indole (2) was obtained in the yield of 69% by the

reaction of 3 in 2-propanol at 120 °C for 40 h in a heavy-
walled glass reactor. A small amount of 2-aminophenethyl
alcohol (1) was detected by GC analysis (6%) as a byproduct.

(6) (a) Katritzky, A. R.; Rachwal, S.; Rachwal, B. Tetrahedron 1996,
52, 15031 and references therein. (b) Larock R. C.; Berrios-Pena, N. G.;
Fried, C. A.; Yum, E. K.; Tu, C.; Leong, W. J. Org. Chem. 1993, 58, 4509.

(7) Fujita, K.; Furukawa, S.; Yamaguchi, R. J. Organomet. Chem. 2002,
649, 289.

Table 1. Synthesis of Indole (2) from 2-Aminophenethyl
Alcohol (1) by Various Catalytic Systemsa

ent ry ca ta lyst base yieldb (%)

1 [Cp*IrCl2]2 K2CO3 70
2c [Cp*IrCl2]2 K2CO3 90
3 [Cp*IrHCl]2 K2CO3 55
4 [Cp*Ir (MeCN)3][OTf]2 K2CO3 20
5 [IrCl(COD)]2 K2CO3 22
6 none K2CO3 2
7 [Cp*IrCl2]2 none 31
8 [Cp*IrCl2]2 Li2CO3 42
9 [Cp*IrCl2]2

tBuOK 62
10 [Cp*IrCl2]2 Et 3N 57
11d [Cp*IrCl2]2 K2CO3 50
12e [Cp*IrCl2]2 K2CO3 24

a The reaction was carried out at 100 °C for 17 h with 1 (1.0 mmol),
catalyst (5.0 mol %/Ir), and base (0.10 mmol) in toluene (2 mL).
b Determined by GC. c The reaction was carried out at reflux temperature
(111 °C). d The reaction was carried out in dioxane. e The reaction was
carried out in acetonitrile at reflux temperature (81 °C).

Table 2. Synthesis of Indoles from Various Amino Alcohols
Catalyzed by the [Cp*IrCl2]2/K2CO3 Systema

a The reaction was carried out at reflux temperature (111 °C) for 20 h
with amino alcohol (1.0 mmol), [Cp*IrCl2]2 (5.0 mol %/Ir) and K2CO3 (0.10
mmol) in toluene (2 mL). b Isolated yield. c Reaction time was 17 h.
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§  Madsen used Cp*Ir complex to synthesize piperazines!

§  Additionally, through 1,2-diols and a primary amine!
§  4 new C-N bonds, neat conditions!

Modern N-Alkylation through H-Transfer

Madsen. Eur. J. Org. Chem. 2012, 2012, 6752.!

reaction conditions where the diol acts as both a substrate and
reaction medium, thus affording N-alkylated pyrrolidines and
piperidines in 99% yields [Eq. (4); M.S.=molecular
sieves].[14]

The same ruthenium complex was used along with
Xantphos for the construction of the benzodiazepine core,
which has many applications in medicinal chemistry, through
consecutive hydrogen-borrowing steps using 2-aminobenzyl-
alcohols and 1,2-amino alcohols (Scheme 1). Based on the

identification of the intermediates 6 and 7 in the reaction
mixture, the tandem reaction starts with the oxidation of the
more reactive benzyl alcohol to an aldehyde through a bor-
rowing-hydrogen process. Subsequent imine formation with
the more reactive 1,2-amino alcohol leads to the N-alkylation
of the benzyl alcohol. Then intramolecular N-alkylation of the
alcohol with an aromatic amine affords the benzodiazepine.[15]

Recently, Krische and co-workers reported a method for
the synthesis of C2-substituted pyrrolidines (14) through
hydrogen-transfer hydroaminoalkylation of amino alcohols
with dienes (Scheme 2). The reaction proceeds with complete
branch selectivity and good to excellent levels of anti-
diastereoselectivity. Optimization of the reaction conditions
and catalyst identified in situ generated catalysts, derived
from [HClRu(CO)(PPh3)3] and various phosphine ligands, for
delivery of 2-substituted pyrrolidines in high yield and with
maximum diastereoselectivity. Mechanistically, alcohol dehy-
drogenation triggers generation of an electrophilic imine, 3,4-
dihydro-2H-pyrrole (9), and ruthenium hydride. The latter
undergoes hydrometalation with the diene to form the
nucleophilically less-stable disubstituted p-allylruthenium
complex 10. The complex 10 undergoes reversible isomer-
ization to form the more-stable isomeric monosubstituted p-
allylruthenium complex 11which is involved in imine addition
via the (E)-s-allylruthenium haptomer to afford C2-substi-
tuted pyrrolidines. The reversibility of the hydrometallation
step was studied for the coupling reaction of a deuterated
amino alcohol [HOCD2(CH2)3NH2] with butadiene under

standard reaction conditions. Significantly, deuterium incor-
poration was observed at all vinylic positions, allyl positions,
and in the methyl group (R=H) of the product, thus
confirming the reversibility of the hydrometalation step.
Complete retention of deuterium (> 95) at the methine
position adjacent to the nitrogen atom confirmed the non-
reversibility of alcohol dehydrogenation for imine formation.
The intermediate 12 was proposed for the anti-diastereose-
lectivity of the product.[16]

Fujita and co-workers developed the first iridium-cata-
lyzed intramolecular annulation reaction of 3-(2-aminophe-
nyl)propanol to yield 1,2,3,4-tetrahydroisoquinolines in mod-
erate to high yields. The reaction proceeded by an initial
catalytic dehydrogenative oxidation of the alcohol by using
2 mol% of [{Cp*IrCl2}2] as the catalyst. Aromatic substrates
having different substituents were converted into the corre-
sponding 1,2,3,4-tetrahydroquinolines in moderate to excel-
lent yields and 2,3,4,5-tetrahydro-1-benzazepine was also
synthesized from 4-(2-aminophenyl)butanol using the same
iridium catalyst [Eq. (5); Cp*=C5Me5].[17] The success of the
Cp*Ir complex was extended to the synthesis of piperazines

from 1,2-diamines and 1,2-diols by using an intermolecular
borrowing-hydrogen N-alkylation strategy with a weak base,
such as NaHCO3, as an additive, in either water or toluene
[Eq. (6)]. Additionally, piperazine (17) formation was also
derived from a primary benzyl amine and 1,2-diol through the

Scheme 1. Synthesis of benzodiazepines (8). Xantphos=9,9-dimethyl-
4,5-bis(diphenylphosphino)xanthene.

Scheme 2. Synthesis of C2-substituted pyrrolidines by hydroaminoalky-
lation of amino alcohols with dienes. DMAP=4-(N,N-dimethylamino)-
pyridine, dCypp=1,3-bis(dicyclohexylphosphino)propane, Ts=4-tolue-
nesulfonyl.
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Iridium-Catalyzed Synthesis of Substituted Piperazines

quired for full conversion, which is higher than that for the
same reaction with ethylene and propylene glycol (Tables 1
and 3, Entries 1 and 2).

In all, the substrate screening summarized in Tables 1, 2,
and 3 illustrates that a number of 1,2-diamines and 1,2-
diols can be employed in the cyclization. The most reactive
diamine is 1,2-diaminocyclohexane, whereas ethylene and
propylene glycol are the most efficient diols. N-Substituted
diamines, i.e., secondary amines, are less reactive substrates,
and the same is observed with more substituted diols. Sub-
stituents, however, are required for the cyclization to pro-
ceed, because the parent piperazine could not be prepared
from ethylenediamine and ethylene glycol. When a substitu-
ent gives rise to a new stereocenter in the product, the ther-
modynamically most stable isomer is usually preferred.
Interestingly, no notable difference in reactivity was ob-
served when the reactions were conducted in toluene or
water.

Piperazine formation can also be envisioned from sub-
strates other than 1,2-diamines and 1,2-diols. First, it was
investigated whether a single primary amine could be used
instead of a 1,2-diamine. Accordingly, the condensation of
benzylamine with ethylene glycol was studied under dif-
ferent conditions in a closed vial (Scheme 2). In toluene at
140 °C the reaction only afforded a moderate yield of 1,4-
dibenzylpiperazine (45 %). However, when the transforma-
tion was repeated at 160 °C in the absence of a solvent the
yield increased to 94% (Scheme 2). The high temperature
was necessary under the neat conditions, because the trans-
formation at 110 °C only afforded 30 % yield after 18 h.
Aniline was also examined as a substrate under the same
conditions at 160 °C, but only trace amounts of 1,4-di-
phenylpiperazine were obtained in this case, presumably
due to the lower nucleophilicity compared to benzylamine.
Two other diols were also studied in the reaction with ben-
zylamine. However, with both phenylethylene glycol and cy-
clohexane-1,2-diol the reaction stopped at the amino
alcohol stage, and no dimerization to the corresponding
symmetric piperazines were observed. This illustrates once
more that the cyclization is hampered by additional substit-
uents.

Scheme 2. Synthesis of 1,4-dibenzylpiperazine.

It may, however, be possible to use two different diols in
the reaction with benzylamine if one is ethylene glycol. To
avoid 1,4-dibenzylpiperazine formation the substituted diol
should first be allowed to react with 2 equiv. of benzyla-
mine, and – upon completion of this reaction – ethylene
glycol should be added to the mixture (Scheme 3). It was
found that this one-pot protocol could be achieved at
140 °C in aqueous solution. With 1,2-propylene glycol, the

Eur. J. Org. Chem. 2012, 6752–6759 © 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjoc.org 6755

trisubstituted piperazine was isolated in 63 % yield, whereas
an improved selectivity was observed with phenylethylene
glycol, for which the product was obtained in 90% yield.

Scheme 3. Synthesis of 2-substituted 1,4-dibenzylpiperazine.

Similar reactions may be possible with ammonia as the
amine component. N-Alkylation of ammonium salts with
primary and secondary alcohols has previously been carried
out in the absence of solvent with [Cp*IrCl2]2 as the precat-
alyst.[22] Under these conditions, however, we observed no
piperazine formation from ethylene glycol and ammonium
tetrafluoroborate. This may not be surprising, because the
lack of a substituent may hinder the synthesis of the unsub-
stituted piperazine. The transformation was therefore re-
peated with both 2,3-butylene glycol and cyclohexane-1,2-
diol. In both cases, a mixture of three products was formed,
which – according to GC–MS analysis – were believed to
be the corresponding piperazine, pyrazine, and morpholine.
The reaction with cyclohexane-1,2-diol was further opti-
mized, but it was not possible to obtain the piperazine as
the major product. Instead, the morpholine adduct could
be isolated in 63% yield when the condensation was carried
out with trifluoroacetic acid in mesitylene at 180 °C
(Scheme 4). Presumably, this transformation proceeds by a
double alkylation of ammonia with the diol to form bis(2-
hydroxycyclohexyl)amine, which then cyclizes to the
morpholine. The synthesis of morpholine derivatives from
di(ethanol)amines has previously been described in the
presence of RuCl3 and PPh3.[23]

Scheme 4. Synthesis of dodecahydro-1H-phenoxazine.

Ethanolamine is also a potential substrate that may form
a piperazine with the iridium catalyst. It was quickly discov-
ered that this reaction did not afford the parent piperazine,
but instead two substituted analogues were generated. After
some optimization, 1-(2-hydroxyethyl)piperazine and 1,4-
bis(2-hydroxyethyl)piperazine were isolated in 30 and 27 %
yield, respectively (Scheme 5). The transformation required
a rather long reaction time for full conversion, and it was
not possible to alter the ratio between the two products.
The exact pathway leading to the substituted piperazines
could not be identified, but 2-[(2-aminoethyl)amino]ethanol
might be a potential intermediate. To probe this question
the diamino alcohol was also subjected to the iridium cata-
lyst (Scheme 6). Interestingly, this afforded exclusively the
unsubstituted piperazine, which was isolated in 79% yield

Iridium-Catalyzed Synthesis of Substituted Piperazines

quired for full conversion, which is higher than that for the
same reaction with ethylene and propylene glycol (Tables 1
and 3, Entries 1 and 2).

In all, the substrate screening summarized in Tables 1, 2,
and 3 illustrates that a number of 1,2-diamines and 1,2-
diols can be employed in the cyclization. The most reactive
diamine is 1,2-diaminocyclohexane, whereas ethylene and
propylene glycol are the most efficient diols. N-Substituted
diamines, i.e., secondary amines, are less reactive substrates,
and the same is observed with more substituted diols. Sub-
stituents, however, are required for the cyclization to pro-
ceed, because the parent piperazine could not be prepared
from ethylenediamine and ethylene glycol. When a substitu-
ent gives rise to a new stereocenter in the product, the ther-
modynamically most stable isomer is usually preferred.
Interestingly, no notable difference in reactivity was ob-
served when the reactions were conducted in toluene or
water.

Piperazine formation can also be envisioned from sub-
strates other than 1,2-diamines and 1,2-diols. First, it was
investigated whether a single primary amine could be used
instead of a 1,2-diamine. Accordingly, the condensation of
benzylamine with ethylene glycol was studied under dif-
ferent conditions in a closed vial (Scheme 2). In toluene at
140 °C the reaction only afforded a moderate yield of 1,4-
dibenzylpiperazine (45 %). However, when the transforma-
tion was repeated at 160 °C in the absence of a solvent the
yield increased to 94% (Scheme 2). The high temperature
was necessary under the neat conditions, because the trans-
formation at 110 °C only afforded 30 % yield after 18 h.
Aniline was also examined as a substrate under the same
conditions at 160 °C, but only trace amounts of 1,4-di-
phenylpiperazine were obtained in this case, presumably
due to the lower nucleophilicity compared to benzylamine.
Two other diols were also studied in the reaction with ben-
zylamine. However, with both phenylethylene glycol and cy-
clohexane-1,2-diol the reaction stopped at the amino
alcohol stage, and no dimerization to the corresponding
symmetric piperazines were observed. This illustrates once
more that the cyclization is hampered by additional substit-
uents.

Scheme 2. Synthesis of 1,4-dibenzylpiperazine.

It may, however, be possible to use two different diols in
the reaction with benzylamine if one is ethylene glycol. To
avoid 1,4-dibenzylpiperazine formation the substituted diol
should first be allowed to react with 2 equiv. of benzyla-
mine, and – upon completion of this reaction – ethylene
glycol should be added to the mixture (Scheme 3). It was
found that this one-pot protocol could be achieved at
140 °C in aqueous solution. With 1,2-propylene glycol, the
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trisubstituted piperazine was isolated in 63 % yield, whereas
an improved selectivity was observed with phenylethylene
glycol, for which the product was obtained in 90% yield.

Scheme 3. Synthesis of 2-substituted 1,4-dibenzylpiperazine.

Similar reactions may be possible with ammonia as the
amine component. N-Alkylation of ammonium salts with
primary and secondary alcohols has previously been carried
out in the absence of solvent with [Cp*IrCl2]2 as the precat-
alyst.[22] Under these conditions, however, we observed no
piperazine formation from ethylene glycol and ammonium
tetrafluoroborate. This may not be surprising, because the
lack of a substituent may hinder the synthesis of the unsub-
stituted piperazine. The transformation was therefore re-
peated with both 2,3-butylene glycol and cyclohexane-1,2-
diol. In both cases, a mixture of three products was formed,
which – according to GC–MS analysis – were believed to
be the corresponding piperazine, pyrazine, and morpholine.
The reaction with cyclohexane-1,2-diol was further opti-
mized, but it was not possible to obtain the piperazine as
the major product. Instead, the morpholine adduct could
be isolated in 63% yield when the condensation was carried
out with trifluoroacetic acid in mesitylene at 180 °C
(Scheme 4). Presumably, this transformation proceeds by a
double alkylation of ammonia with the diol to form bis(2-
hydroxycyclohexyl)amine, which then cyclizes to the
morpholine. The synthesis of morpholine derivatives from
di(ethanol)amines has previously been described in the
presence of RuCl3 and PPh3.[23]

Scheme 4. Synthesis of dodecahydro-1H-phenoxazine.

Ethanolamine is also a potential substrate that may form
a piperazine with the iridium catalyst. It was quickly discov-
ered that this reaction did not afford the parent piperazine,
but instead two substituted analogues were generated. After
some optimization, 1-(2-hydroxyethyl)piperazine and 1,4-
bis(2-hydroxyethyl)piperazine were isolated in 30 and 27 %
yield, respectively (Scheme 5). The transformation required
a rather long reaction time for full conversion, and it was
not possible to alter the ratio between the two products.
The exact pathway leading to the substituted piperazines
could not be identified, but 2-[(2-aminoethyl)amino]ethanol
might be a potential intermediate. To probe this question
the diamino alcohol was also subjected to the iridium cata-
lyst (Scheme 6). Interestingly, this afforded exclusively the
unsubstituted piperazine, which was isolated in 79% yield

With amines present in large excess under experimental con-
ditions we do not favour the direct coordination of carbonate to
iridium proposed by Crabtree, Eisenstein and co-workers.14 Fur-
thermore, the reaction can be performed with a variety of differ-
ent bases without large variations in reactivity as shown by
Yamaguchi and co-workers.3g

Determination of theoretical KIE

If we assume the C–H(D) bond is fully broken in the transition
state, one should expect a KIE of 4.5 at 110 °C based solely on
the differences in stretching frequencies (C–H: 2900 cm−1, C–D:
2100 cm−1).36 The value obtained by the competition exper-
iment was significantly lower (2.48), suggesting that the C–H–D
bond indeed is broken in the selectivity-determining step, but
that there is significant stabilisation of the formed hydride. With
the calculated intermediates and transition states for the reaction
sequence it is also possible to determine the KIE using transition
state theory. For the initial β-hydride elimination a full

vibrational analysis with T = 110 °C results in a calculated KIE
of 2.70 which is in good agreement with the experimental value.

Conclusion

Both experimental and theoretical studies suggest a catalytic
cycle where the intermediate aldehyde does not leave the cata-
lyst, but instead is attacked by the amine resulting in an iridium-
hemiaminal intermediate (Scheme 5). This hemiaminal can then
dehydrate to the imine, which is subsequently reduced to the
amine, both steps taking place without breaking the coordination
to the metal. The absence of conventional solution-phase imine
formation may not have large implications for the model systems
investigated here, but can be important when extending the reac-
tion to more complicated substrates. The increased understanding
of the mechanism will be valuable in order to further optimise
and fine-tune this catalyst system.

Fig. 11 Iridium–amine complex 1h formed after imine reduction.

Fig. 10 Overview of the entire reaction pathway from benzyl alcohol complex 1a to benzyl amine complex 1h.

Scheme 5 Revised catalytic cycle for iridium-catalysed alkylation of
amines with alcohols.

This journal is © The Royal Society of Chemistry 2012 Org. Biomol. Chem., 2012, 10, 2569–2577 | 2575
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§  Synthetic Challenge: use aqueous ammonia as N-source, however [Ru] and 
[Ir] catalysts have poor solubility in aqueous conditions!

§  Sealed vessel!
§  Works with stoichiometric NH3 & scalable!
§  Can be recycled!

§  Tolerated open air in later report for other amines!

 Creating better Ir catalysts

formation of four new CˇN bonds resulting from a hydrogen-
transfer annulation using neat conditions at 160 88C
[Eq. (7)].[18,19]

Impressed by the catalytic performance of the Cp*Ir
complex in hydrogen-transfer N-alkylations, new ionic and
water-soluble Cp*Ir complexes having an amine ligand were
synthesized for the N-alkylation of alcohols in aqueous
medium. Notably, the 1,5,9-nonanetriol was successfully
transformed into the N-bridged heterocycle quinolizidine 19
using the water-soluble 18 as a catalyst and aqueous ammonia
as the nitrogen source [Eq. (8)].[20] The application of 18 was

extended to the annulation reaction of diols with amines in
water and open to air. Thus, the reaction of benzyl amine with
1,4-butanediol, 1,5-pentanediol, and 1,6-hexanediol provided
the five-, six-, and seven-membered heterocyclic compounds
(20), respectively, in good yields [Eq. (9)]. Furthermore,
N-benzyl morpholine was also derived successfully with the
aid of diethylene glycol as the diol precursor.[21]

Three-component tandem reactions for the construction
of C3-functionlized piperidines were developed and em-
ployed easily accessible anilines, diols, and aldehydes and
phosphanesulfonate-chelated iridium complex 21 (Scheme 3).
The key step is the endo dehydrogenation leading to C3-
functionalization of piperidines (26). The overall reaction
involves double N-alkylation of an aniline with a diol and
subsequent endo dehydrogenation of piperidine, thus ena-
bling a highly regioselective C3-functionalization process.
When this three-component reaction is run in the presence of
the ruthenium complex 22 the N-alkylated compound 23 is
the major product. Other commercially available catalysts
such as [{Ru(p-cymene)Cl2}2] and [{Cp*IrCl2}2] were not
effective for the above reaction. Based on the overall catalytic
cycle, 21 is the sole catalyst for the N- and C-alkylation
process which results from two CˇN and one CˇC bond-
forming hydrogen transfer in a single operation. Substituted
diols were also successfully converted into the corresponding

piperidine derivatives with high regio- and diastereoselective
control.[22]

2.2. Annulation by Dehydrogenative Amide Formation

Benzo-fused lactams, such as oxindoles, dihydroquinoli-
nones, and tetrahydrobenzazepinones are found in many
natural products and drug candidates. Eco-benign and atom-
economical methods for the synthesis of such heterocyclic
compounds are highly desirable. Fujita and co-workers
reported a Cp*-based rhodium complex in acetone as
a selective catalyst for the synthesis of benzo-fused five-,
six-, and seven-membered lactams (27), through a dehydro-
genative amide formation reaction [Eq. (10)]. The change to
other solvents, such as toluene, resulted in the formation of
1,2,3,4-tetrahydroisoquinoline (15) from 3-(2-aminophenyl)-
1-propanol, thus confirming that acetone plays a key role as
a hydrogen acceptor. A five-membered benzo-fused lactam,
that is, oxindoles, were synthesized in moderate to excellent
yields with lower catalytic loading (3 mol%) in acetone under
reflux for 8 hours.[23]

Milstein and co-workers developed well-defined pyridine-
based PNN/RuII pincer complex for the direct synthesis of
amides from alcohols and amines with the release of H2, thus
enabling base-free, additive-free, and acceptorless amide
formation.[9b] b-amino alcohols were effectively converted
into the cyclic dipeptides 29 in the presence of the dearom-

Scheme 3. Three-component tandem reaction for C3-functionalized
piperidines. CSA=d-(+)-camphor sulfonic acid.
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Abstract: Novel water-soluble Cp*Ir-ammine complexes have
been synthesized, and a new and highly atom-economical system
for the synthesis of organic amines using aqueous ammonia as
a nitrogen source has been developed. With a water-soluble and
air-stable Cp*Ir-ammine catalyst, [Cp*Ir(NH3)3][I]2, a variety of
tertiary and secondary amines were synthesized by the multi-
alkylation of aqueous ammonia with theoretical equivalents of
primary and secondary alcohols. The catalyst could be recycled
by a facile procedure maintaining high activity. A one-flask
synthesis of quinolizidine starting with 1,5,9-nonanetriol was also
demonstrated. This new catalytic system would provide a practical
and environmentally benign methodology for the synthesis of
various organic amines.

Recently, much attention has been focused on the use of ammonia
as a nitrogen source for organic synthesis because of its abundance
and low price.1 To date, there have been many reports on
homogeneous transition-metal-catalyzed systems for the synthesis
of organic amines using gaseous (or liquid) ammonia2 and its
solution in an organic solvent.2e,3 Aqueous ammonia must be even
more attractive as a substrate considering its advantages in terms
of safety and handling. Some systems utilizing aqueous ammonia
as a substrate for the synthesis of organic amines, such as Rh-
catalyzed reductive amination of aldehydes,4 Rh- and Ir-catalyzed
hydroaminomethylation of olefins,5 Pd-catalyzed allylic amination,6

Pd-catalyzed telomerization with butadiene,7 Cu-catalyzed coupling
with aryl halides,8 and Cu-catalyzed coupling with aryl boronic acids,9

have been reported. However, most such systems require the employ-
ment of harmful organic halides as a reagent and/or the use of ammonia
in excess amounts. Thus, an environmentally benign catalytic system
that enables atom-economical synthesis of organic amines using
aqueous ammonia has not been developed so far.

Meanwhile, we have revealed the high catalytic performance of
Cp*Ir complexes in hydrogen transfer reactions and developed
catalytic systems for the N-alkylation of amines and ammonium
salts with alcohols.10-12 However, utilization of aqueous ammonia
as a nitrogen source in the N-alkylation with alcohols catalyzed by
[Cp*IrCl2]2 has been most unsatisfactory (vide infra), probably
because the catalyst is insoluble in aqueous conditions.13 Here, we
report a synthesis of novel water-soluble Cp*Ir complexes having
ammine ligands and their high catalytic performance in the
multialkylation of aqueous ammonia with alcohols.14

First, we focused on preparing a new catalyst that is soluble and
stable in water. Treatment of a suspension of [Cp*IrCl2]2 in
methanol with aqueous ammonia (28%) gave a new dicationic

complex having ammine ligands, [Cp*Ir(NH3)3][Cl]2 (1) in 94%
yield (eq 1). A similar procedure starting with [Cp*IrBr2]2 and
[Cp*IrI2]2 also gave [Cp*Ir(NH3)3][X]2 (2: X ) Br, 3: X ) I) in
91 and 87% yield, respectively (eq 1).15 The structures of 1-3
were elucidated by their spectroscopic data (see the Supporting
Information). The complexes 1-3 were highly soluble in water
and stable in air for months without decomposition. Single-crystal
X-ray analysis of 3 demonstrates that three ammine ligands are
attached to the iridium center, and its geometry could be described

as a three-legged piano stool, which is common in Cp*IrIII

complexes (see Figure S1 in the Supporting Information).
With a series of new water-soluble Cp*Ir complexes 1-3 in

hand, we next examined their catalytic activity for the N-alkylation
of aqueous ammonia (28%) with benzyl alcohol (4a) under various
conditions. The results are shown in Table 1. The reaction of
aqueous ammonia with 4a never occurs in the absence of catalyst
(entry 1). When the reaction of aqueous ammonia with 3 equiv of
4a was carried out at 140 °C for 20 h in the presence of [Cp*IrCl2]2

(1.0 mol % Ir), tribenzylamine (5a) and dibenzylamine (6a) were
obtained in low yields of 29% and 21%, respectively (entry 2).
The reaction was considerably accelerated by using the water-
soluble catalysts (entries 3-5). When the reaction was carried out
in the presence of 1 (1.0 mol % Ir), 5a (70%) and 6a (18%) were

† Graduate School of Human and Environmental Studies.
‡ Graduate School of Global Environmental Studies.

Table 1. N-Alkylation of Aqueous Ammonia with Benzyl Alcohol
(4a) Catalyzed by Cp*Ir Complexes under Various Conditionsa

yield (%)b

entry catalyst temp (°C) time (h) 5a 6a

1 none 140 20 0 0
2 [Cp*IrCl2]2 140 20 29 21
3 1 140 20 70 18
4 2 140 20 49 23
5 3 140 20 82 7
6 3 120 20 79 6
7c 3 140 20 76 3
8 3 140 24 100 0

a The reaction was carried out with NH3 (1.0 mmol, 28% aqueous
solution), Cp*Ir catalyst (1.0 mol % Ir), and benzyl alcohol (4a, 3.0
mmol). b Determined by GC. c Catalyst 3 (0.50 mol % Ir) was used.
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Based on the mechanisms proposed for the Cp*Ir-catalyzed
N-alkylation of amines,10 a plausible mechanism for the first
monoalkylation cycle transiently affording primary amine is
depicted in Scheme 1.19 The second and third N-alkylations to
produce secondary and tertiary amines, respectively, would proceed
through similar sequential processes.

The superiority of catalyst 3 having iodide (I-) as a counteranion
among the water-soluble catalysts 1-3 could be attributed to the
differences of activities for the hydrogenation of the iminic
intermediate. When the transfer hydrogenations of N-benzylideneben-
zylamine (11) were carried out in the presence of 1-3 as catalysts,
the highest yield of the dibenzylamine (6a) was obtained in the
reaction using 3 (eq 4). There have been many examples that iodide
often exhibits a positive effect in the transition-metal-catalyzed
hydrogenation of imines.20

In summary, novel water-soluble Cp*Ir-ammine complexes have
been synthesized and a new and highly atom-economical system
for the synthesis of organic amines using aqueous ammonia as a
nitrogen source has been developed. With a water-soluble and air-
stable Cp*Ir-ammine catalyst, [Cp*Ir(NH3)3][I]2 (3), a variety of
tertiary and secondary amines were synthesized by the multialkyl-
ation of aqueous ammonia with theoretical equivalents of primary
and secondary alcohols. A one-flask synthesis of quinolizidine
starting with triol was also demonstrated. This new catalytic system
would provide a practical and environmentally benign methodology
for the synthesis of various organic amines.
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for 16 hours, and after cooling benzaldehyde (4a) was added
and the reaction was heated for an additional 19 hours at
150 8C (Table 1). Based on our previous results obtained with
ruthenium catalysts for C3 functionalization of cyclic amines
with aldehydes, formic acid was added as a reducing agent at
the last stage (step 3; 150 8C for 2 h) of the procedure to
ensure complete reduction of the unsaturated intermediates.
The expected formation of 3-benzyl-N-phenylpiperidine (7a)
was observed, but N-benzylaniline (5) and N-phenylpiper-
idine (6) were also detected. The {ruthenium(II)(p-cymene)}
dimer did not afford the C-alkylated piperidine 7a but the
presence of 5, arising from N-alkylation of 2a by 4a, was
observed as the main product (entry 1). Surprisingly, our
previously reported ruthenium(II) catalyst A, which exhib-
ited a high efficiency for N or C alkylation of N-benzylpiper-
idine, showed very low activity for the tandem protocol, thus
affording less than 50% conversion of the diol 3a and leading
mainly to the piperidine derivative 6 and only 5% of 7a
(entry 2). We then investigated the reactivity of the new
iridium(III) complex featuring the chelating phosphane
sulfonate. The complex B was obtained in good yield upon
treatment of the deprotonated diphenylphosphinobenzene
sulfonic acid 1 with the cyclopentadienyl dichloride iridium-
(III) dimer (Scheme 2). The solid-state structure of B
revealed a piano-stool geometry around the iridium center
and a six-membered ring arising from the chelation of the

phosphinesulfonate ligand with an Ir!O bond of 2.140 !.[17]

The catalyst B was successfully involved in the tandem
process under the reaction conditions used for A, thus
affording the trialkylated amine 7a as the major product
(entries 4–7). This result demonstrated that B was active for
the base-free N,N-dialkylation of 2a with 3a to give 6, and
that catalytic activity was maintained for the oxidant-free
direct dehydrogenation of 6, thus leading to a reactive
nucleophilic enamine. It is noteworthy that [{IrCl2Cp*}2]
was totally inactive toward C alkylation but led to 5 as a major
compound (entry 3). With B, increasing the concentration
resulted in lower conversion and higher relative amount of 6,
and the best result was obtained at 0.4m (entries 4 and 5). A
slight excess of 4a ensured better selectivity for 7a (entry 6).
Finally, the presence of 1 mol% of camphorsulfonic acid
(CSA) as a Brønsted acid was required to reach complete
conversion and optimized reaction conditions, which afforded
a 70% yield of compound 7a as determined by GC analysis
(entry 8). The tedious separation of the piperidines 7a and 6
by column chromatography using silica gel led to the isolation
of pure 7a in 55% yield.

The overall transformation corresponds to three dehy-
drogenation and three hydrogenation steps, thus six formal
catalytic hydrogen-transfer processes, and also two conden-
sations of the intermediate aldehyde with aniline and one
condensation reaction between an enamine and an aldehyde.
If we assume that the organic reactions proceed quantita-
tively, each individual catalytic step presents an excellent
yield (> 90%). These results show that only one organome-
tallic precatalyst is sufficient for the overall transformation.
Moreover, the reaction allows the first oxidant-free direct
endo dehydrogenation of the cyclic saturated 6, and does not
require more-reactive substrates (i.e. containing activated
benzylic positions as in N-benzyl amines or tetrahydroisoqui-
nolines), for dehydrogenation[14] and thus highlights the
improved activity of this new iridium precatalyst B.

To clarify the difference of reactivity between the
ruthenium catalyst A and the iridium catalyst B, their
efficiencies in the first step were evaluated. Thus, 2a was
reacted with 3a in the presence of 3 mol% of catalyst A at
150 8C for 16 hours. A 50% conversion of 2a into the
monoalkylated amine 8 as the major product was observed
(Scheme 3). Addition of 4a, which also acts as hydrogen
acceptor, to this mixture enhanced only the cyclization rate

Table 1: Tandem N,N,C-trialkylation reaction from aniline 2a.[a]

Entry Catalyst Conc.
[m][b]

2a/3a/4a[c] 5/6/7a Yield
7a [%][d]

1 [{Ru(p-cymene)Cl2}2] 0.6 1.1:1:1.2 1:0:0 n.d.
2 A 0.6 1.1:1:1.2 7:83:10 5
3 [{Ir(Cp*)Cl2}2] 0.6 1.1:1:1.2 82:13:5 1
4 B 0.9 1.1:1:1 3:45:52 42
5 B 0.4 1.1:1:1 4:33:63 50
6 B 0.6 1:1:1.2 1:22:77 50
7 B 0.4 1.2:1.1:1 3:27:70 58
8[e] B 0.4 1:1:1.1 2:10:88 70(55)

[a] All reactions were carried in toluene. Step 1 was run for 16 h, step 2
for 19h, and step 3 for 2 h under inert an atmosphere using
a thermostated oil bath (150 8C). [b] Molar concentration of the limiting
substrate; see column 4. [c] Ratio of the products. [d] Yield of 7a
determined by GC analysis using tetradecane as an internal standard.
Value in parentheses is the yield of the isolated product. [e] 1 mol% of
CSA was added in step 2. n.d.=not determined.

Scheme 2. Preparation of the catalyst B.
Scheme 3. Monoalkylation of 2a using the catalyst A versus dialkyla-
tion with the catalyst B.
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for the formation of 6. In contrast, the reaction with B was
more efficient and quantitative formation of 6 was obtained
within 16 hours. These results clearly demonstrate thatA is an
efficient catalyst for mono N alkylation of aniline with diols,
and explains why the formation of 7a could not take place
efficiently with this catalyst precursor.

With our optimized reaction conditions in hand (Table 1,
entry 8), we next investigated the scope of this tandem
transformation (Scheme 4). The reactions proceeded
smoothly from a variety of aromatic aldehydes (4b–e), thus
affording the N,N,C-trialkylated products 7b–e in yields of up

to 59% after purification by column chromatography. Inter-
estingly, the dimethylamino group of 7d remained intact and
no dealkylation/alkylation[7b] processes occurred under our
reaction conditions, thus leading to 7d in 50% yield upon
purification. The more challenging heteroaromatic aldehydes
were compatible with the experimental conditions and the
best yield, 66%, was obtained for compound 7g having a 2-
thiophene carboxaldehyde. The acetal moiety did not

undergo dehydrogenation or hydrolysis and reaction with
piperonal led to 49% of 7h. As previously observed with the
ruthenium catalytic systems we used for C3 alkylation of
cyclic amines, no dehalogenation occurred with halogenated
aromatic aldehydes and the alkylated anilines 7j and 7k were
obtained in 53 and 54% yield, respectively. The electron-rich
anilines 2b,c, substituted by a methyl or a methoxy group,
afforded the products 7 l,m in 54 and 49% yield, respectively.
Finally, the aliphatic formylcyclohexane 4 i was also reactive
and gave 7 i in 47% yield. The tandem process can also be
applied to substituted pentan-1,5-diols (Schemes 5 and 6).

The treatment of 3b with 2a and subsequent reaction with
various aldehydes afforded a better yield as compared to
those obtained from 3a (Scheme 5). The formation of two
diastereoisomers resulting from the reduction of the enamine/
iminium intermediates by the iridium hydride species was
observed. Diastereoselectivities of up to 3:2 were obtained
even in refluxing toluene when less-hindered, unsubstituted
benzaldehyde and thiophene carboxaldehyde were used, thus

Scheme 4. Scope of the direct, tandem trialkylation. The yield is that
for the isolated product 7 (3 steps) after purification by column
chromatography. All reactions were carried in toluene with 2/3a/4/B/
HCO2H in a 1:1:1.1:0.03:2 molar ratio. Step 1 was run for 16 h, step 2
for 20h, and step 3 for 2 h under inert an atmosphere using
a thermostated oil bath (1508C).

Scheme 5. 3,5-disubstituted piperidines made by the tandem N,N,C3-
alkylation reactions. The yield is that for the product 7 (3 steps)
isolated by column chromatography. All reactions were carried in
toluene with 2/3b/4/B/HCO2H in a 1:1:1.1:0.03:2 molar ratio. Step 1
was run for 16 h, step 2 for 20h, and step 3 for 2 h under inert an
atmosphere using a thermostated oil bath (150 8C).

Scheme 6. Regioselective formation of 2,5-disubstituted piperidine 7 t
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§  Dehydrogenative amide formation from alcohols and amines!
§  Applicable for Amide/peptide bonds!
§  Usual formation occurs through activation of acid derivatives or acid/base 

rearrangement reactions!

§  Development of acceptorless dehydrogenative amide formation with 
liberation of H2 as byproduct à gas extrusion (capture) drives reaction!

Dehydrogenative Amide Formation

1.4. Oxidative Cyclization of Alcohols

Transition-metal-catalyzed dehydrogenative coupling of
alcohols with various nucleophilic partners has resulted in the
formation of CˇX (C, N, and O) bonds with the liberation of
H2 and H2O as by-products (Figure 3).[9] Inter- and intra-
molecular hydrogen-transfer annulations of alcohols with
various coupling partners enable the formation of function-
alized saturated and aromatic heterocyclic compounds. This
methodology has provided direct and rapid access to a variety
of heterocyclic frameworks.

1.5. Annulation of Unsaturated Systems (Alkenes and Alkynes)

Unsaturated systems such as alkenes and alkynes are
important building blocks in the chemical sciences. Their
utility in organic synthesis have increased because of the
development of newer synthetic methodologies based on
transition-metal catalysts.[10] Transition-metal-catalyzed hy-
drogen-transfer annulations of these building blocks provide
novel heterocyclic frameworks.[11]

2. Synthesis of N-Heterocycles

Nitrogen-containing heterocycles are omnipresent in
nature and biologically active compounds, including nucleo-
bases within RNA, DNA, nucleotides, nucleosides, and
haemoglobin. They also have applications in a variety of
fields such as agrochemicals and pharmaceuticals, as well as in
the preparation of foods, dyes, detergents, and surfactants.[1]

Hence, there is a plethora of methods for the preparation of
novel nitrogen-based heterocycles for various applications.
Transition-metal-catalyzed hydrogen-transfer annulations
have provided a platform to synthesize the basic skeletons
for complex nitrogen-containing heterocyclic compounds in

a single operation, thus enabling environmentally benign and
efficient protocols.

2.1. Annulation by N-Alkylation of Amines by Alcohols

Saturated nitrogen-containing heterocyclic scaffolds are
found in many natural products and biologically important
compounds. The first example of the N-alkylation of an amine
by an alcohol through a hydrogen-transfer annulation was
reported by Grigg et al. in 1981. Thus pyrrolidines were
formed by the intramolecular reaction of N-substituted
4-aminobutan-1-ols in the presence of 5 mol% [RhH(PPh3)4]
as the catalyst in boiling 1,4-dioxane. The cascade reaction
consists of dehydrogenative oxidation of the alcohol to an
aldehyde, imine formation with an amine, and hydrogenative
reduction of the imine to afford the N-substituted pyrroli-
dines 1a and 1b in 56 and 82% yields, respectively [Eq. (1)].
Similar catalytic conditions were used to synthesize 1b by the
amination of butane-1,4-diol with benzylamine in a ratio of
10:1 to yield 1b in 31% [Eq. (2)].[12]

Direct coupling of a diol with an amine through a borrow-
ing-hydrogen strategy is the most promising protocol for the
construction of N-heterocyclic compounds since diol deriva-
tives can be easily accessed. [{Ru(p-cymene)Cl2}2] combined
with the bidendate DPEphos ligand provided access to
saturated five-, six-, and seven-membered N-heterocyclic
compounds by the N-alkylation of diols with amines [Eq. (3);

DPEphos= bis(2-diphenylphosphinophenyl)ether]. Thus,
1,4-butanediol reacted with various anilines and aliphatic
amines to provide N-substituted pyrrolidines in the presence
of trimethylamine as an additive in refluxing toluene. Other
diols such as 1,5-pentanediol and 1,6-hexanediol were also
converted into the corresponding N-substituted piperidine
and azepane derivatives under similar catalytic conditions.[13]

Significantly, Enyong et al. used the simple, inexpensive, and
readily accessible (S)-2-hydroxy-N,3-diphenylpropanamide
(3) ligand in combination with [{Ru(p-cymene)Cl2}2] for the
N-alkylation of diols with aliphatic amines under mild

Figure 2. Dehydrogenative amide formation from alcohols and amines.

Figure 3. Dehydrogenative coupling of alcohols with nucleophiles.

..Angewandte
Minireviews A. Nandakumar, E. Balaraman et al.

11024 www.angewandte.org ⌫ 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2015, 54, 11022 – 11034



§  2004 - Benzo-fused five, size, and seven membered lactams!

§  When using other solvents, major product is cyclized amines (not amide) – showing 
acetone is key for hydrogen accepting!

Dehydrogenative Amide Formation

formation of four new CˇN bonds resulting from a hydrogen-
transfer annulation using neat conditions at 160 88C
[Eq. (7)].[18,19]

Impressed by the catalytic performance of the Cp*Ir
complex in hydrogen-transfer N-alkylations, new ionic and
water-soluble Cp*Ir complexes having an amine ligand were
synthesized for the N-alkylation of alcohols in aqueous
medium. Notably, the 1,5,9-nonanetriol was successfully
transformed into the N-bridged heterocycle quinolizidine 19
using the water-soluble 18 as a catalyst and aqueous ammonia
as the nitrogen source [Eq. (8)].[20] The application of 18 was

extended to the annulation reaction of diols with amines in
water and open to air. Thus, the reaction of benzyl amine with
1,4-butanediol, 1,5-pentanediol, and 1,6-hexanediol provided
the five-, six-, and seven-membered heterocyclic compounds
(20), respectively, in good yields [Eq. (9)]. Furthermore,
N-benzyl morpholine was also derived successfully with the
aid of diethylene glycol as the diol precursor.[21]

Three-component tandem reactions for the construction
of C3-functionlized piperidines were developed and em-
ployed easily accessible anilines, diols, and aldehydes and
phosphanesulfonate-chelated iridium complex 21 (Scheme 3).
The key step is the endo dehydrogenation leading to C3-
functionalization of piperidines (26). The overall reaction
involves double N-alkylation of an aniline with a diol and
subsequent endo dehydrogenation of piperidine, thus ena-
bling a highly regioselective C3-functionalization process.
When this three-component reaction is run in the presence of
the ruthenium complex 22 the N-alkylated compound 23 is
the major product. Other commercially available catalysts
such as [{Ru(p-cymene)Cl2}2] and [{Cp*IrCl2}2] were not
effective for the above reaction. Based on the overall catalytic
cycle, 21 is the sole catalyst for the N- and C-alkylation
process which results from two CˇN and one CˇC bond-
forming hydrogen transfer in a single operation. Substituted
diols were also successfully converted into the corresponding

piperidine derivatives with high regio- and diastereoselective
control.[22]

2.2. Annulation by Dehydrogenative Amide Formation

Benzo-fused lactams, such as oxindoles, dihydroquinoli-
nones, and tetrahydrobenzazepinones are found in many
natural products and drug candidates. Eco-benign and atom-
economical methods for the synthesis of such heterocyclic
compounds are highly desirable. Fujita and co-workers
reported a Cp*-based rhodium complex in acetone as
a selective catalyst for the synthesis of benzo-fused five-,
six-, and seven-membered lactams (27), through a dehydro-
genative amide formation reaction [Eq. (10)]. The change to
other solvents, such as toluene, resulted in the formation of
1,2,3,4-tetrahydroisoquinoline (15) from 3-(2-aminophenyl)-
1-propanol, thus confirming that acetone plays a key role as
a hydrogen acceptor. A five-membered benzo-fused lactam,
that is, oxindoles, were synthesized in moderate to excellent
yields with lower catalytic loading (3 mol%) in acetone under
reflux for 8 hours.[23]

Milstein and co-workers developed well-defined pyridine-
based PNN/RuII pincer complex for the direct synthesis of
amides from alcohols and amines with the release of H2, thus
enabling base-free, additive-free, and acceptorless amide
formation.[9b] b-amino alcohols were effectively converted
into the cyclic dipeptides 29 in the presence of the dearom-

Scheme 3. Three-component tandem reaction for C3-functionalized
piperidines. CSA=d-(+)-camphor sulfonic acid.
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§  Mechanism!

Dehydrogenative Amide Formation

g) bearing a substituent on the aromatic ring were converted
into the corresponding 3,4-dihydro-2(1H)-quinolinones (2b-
g) in moderate to excellent yields, respectively (entries 2-7).
With substrates bearing an electron-withdrawing substituent
(Cl, CO2Me, and COMe), the yields of the products were
excellent (entries 2-4). In the case of the substrate 1e bearing
a CN substituent, the yield of the product 2e was relatively
low (71%) even with a longer reaction time (30 h), which is
possibly due to the deactivation of the catalyst by the
coordination of CN substituent to the rhodium center (entry
5). In the case of the substrate 1f bearing the electron-
donating OMe substituent, the yield of the product 2f was

moderate (63%) even with a higher catalyst loading (9.8%
Rh) (entry 6). It should be noted that the present catalytic
system was applicable to the synthesis of 1,3,4,5-tetrahydro-
2H-1-benzazepin-2-one (2h) using 4-(2-aminophenyl)-1-
butanol (1h) as a starting material (entry 8).

Synthesis of five-membered benzo-fused lactams (oxin-
doles) was also examined. The results are summarized in
Table 3. 2-Aminophenethyl alcohols (3a-d) bearing a
substituent on the aromatic ring, the methylene chain, and
the nitrogen atom were converted into the corresponding
oxindoles (4a-d) in moderate to high yields, respectively.
In contrast to the synthesis of dihydroquinolinones and
tetrahydrobenzazepinone, the synthesis of oxindoles could
be carried out at a lower temperature (acetone reflux) with
a lower catalyst loading (3.0% Rh). Reaction of 2-ami-
nophenethyl alcohol (3a) in the presence of [Cp*RhCl2]2

(3.0% Rh) and K2CO3 (10%) in acetone (20 mL) under reflux
for 8 h gave oxindole (4a) in 74% yield (entry 1). In this
reaction, a small amount of indole (10%) was also formed.
Reaction of 2-(2-aminophenyl)-1-propanol (3b) gave 3-me-
thyloxindole (4b) in good yield (80%) (entry 2). Oxindoles
bearing a substituent at the aromatic ring or the nitrogen atom
could be also synthesized; however, the yields were relatively
low (entries 3 and 4).

Although the mechanism for the present reaction is not
completely clear yet, a possible one is shown in Scheme 1.12

The first step of the reaction would involve the coordination
of amino alcohol to the rhodium center to give an intermedi-
ate A. Then, !-hydrogen elimination would occur to give

(10) Ruthenium-catalyzed oxidative N-heterocyclizations of amino al-
cohols to lactams have been reported. In these reactions, a higher reaction
temperature (140 °C) and addition of excess benzalacetone as a hydrogen
acceptor are required, and applicable amino alcohols are highly restricted.
Naota, T.; Murahashi, S.-I. Synlett 1991, 693.

(11) Reaction of 1a (0.50 mmol) at 100 °C for 20 h in the presence of
[Cp*IrCl2]2 (0.0127 mmol, 5.1% Ir) and K2CO3 (0.050 mmol, 10%) in
acetone (12.5 mL) gave 2a in 59% yield.

Scheme 1

Table 3. Synthesis of Oxindoles from Amino Alcohols
Catalyzed by the [Cp*RhCl2]2/K2CO3 Systema

a Reaction was carried under reflux for 8 h with amino alcohol (1.0
mmol), [Cp*RhCl2]2, and K2CO3 (10%) in acetone (20 mL). b Isolated yield.
c Reaction was carried out in 0.50 mmol scale. d Reaction time was 20 h.
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§  2004 - Benzo-fused five, size, and seven membered lactams!

§  When using other solvents, major product is cyclized amines (not amide) – showing 
acetone is key for hydrogen accepting!
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Dehydrogenative Amide Formation

formation of four new CˇN bonds resulting from a hydrogen-
transfer annulation using neat conditions at 160 88C
[Eq. (7)].[18,19]

Impressed by the catalytic performance of the Cp*Ir
complex in hydrogen-transfer N-alkylations, new ionic and
water-soluble Cp*Ir complexes having an amine ligand were
synthesized for the N-alkylation of alcohols in aqueous
medium. Notably, the 1,5,9-nonanetriol was successfully
transformed into the N-bridged heterocycle quinolizidine 19
using the water-soluble 18 as a catalyst and aqueous ammonia
as the nitrogen source [Eq. (8)].[20] The application of 18 was

extended to the annulation reaction of diols with amines in
water and open to air. Thus, the reaction of benzyl amine with
1,4-butanediol, 1,5-pentanediol, and 1,6-hexanediol provided
the five-, six-, and seven-membered heterocyclic compounds
(20), respectively, in good yields [Eq. (9)]. Furthermore,
N-benzyl morpholine was also derived successfully with the
aid of diethylene glycol as the diol precursor.[21]

Three-component tandem reactions for the construction
of C3-functionlized piperidines were developed and em-
ployed easily accessible anilines, diols, and aldehydes and
phosphanesulfonate-chelated iridium complex 21 (Scheme 3).
The key step is the endo dehydrogenation leading to C3-
functionalization of piperidines (26). The overall reaction
involves double N-alkylation of an aniline with a diol and
subsequent endo dehydrogenation of piperidine, thus ena-
bling a highly regioselective C3-functionalization process.
When this three-component reaction is run in the presence of
the ruthenium complex 22 the N-alkylated compound 23 is
the major product. Other commercially available catalysts
such as [{Ru(p-cymene)Cl2}2] and [{Cp*IrCl2}2] were not
effective for the above reaction. Based on the overall catalytic
cycle, 21 is the sole catalyst for the N- and C-alkylation
process which results from two CˇN and one CˇC bond-
forming hydrogen transfer in a single operation. Substituted
diols were also successfully converted into the corresponding

piperidine derivatives with high regio- and diastereoselective
control.[22]

2.2. Annulation by Dehydrogenative Amide Formation

Benzo-fused lactams, such as oxindoles, dihydroquinoli-
nones, and tetrahydrobenzazepinones are found in many
natural products and drug candidates. Eco-benign and atom-
economical methods for the synthesis of such heterocyclic
compounds are highly desirable. Fujita and co-workers
reported a Cp*-based rhodium complex in acetone as
a selective catalyst for the synthesis of benzo-fused five-,
six-, and seven-membered lactams (27), through a dehydro-
genative amide formation reaction [Eq. (10)]. The change to
other solvents, such as toluene, resulted in the formation of
1,2,3,4-tetrahydroisoquinoline (15) from 3-(2-aminophenyl)-
1-propanol, thus confirming that acetone plays a key role as
a hydrogen acceptor. A five-membered benzo-fused lactam,
that is, oxindoles, were synthesized in moderate to excellent
yields with lower catalytic loading (3 mol%) in acetone under
reflux for 8 hours.[23]

Milstein and co-workers developed well-defined pyridine-
based PNN/RuII pincer complex for the direct synthesis of
amides from alcohols and amines with the release of H2, thus
enabling base-free, additive-free, and acceptorless amide
formation.[9b] b-amino alcohols were effectively converted
into the cyclic dipeptides 29 in the presence of the dearom-

Scheme 3. Three-component tandem reaction for C3-functionalized
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Direct Synthesis of Amides
from Alcohols and Amines
with Liberation of H2
Chidambaram Gunanathan, Yehoshoa Ben-David, David Milstein*

Given the widespread importance of amides in biochemical and chemical systems, an efficient
synthesis that avoids wasteful use of stoichiometric coupling reagents or corrosive acidic and
basic media is highly desirable. We report a reaction in which primary amines are directly
acylated by equimolar amounts of alcohols to produce amides and molecular hydrogen (the
only products) in high yields and high turnover numbers. This reaction is catalyzed by a
ruthenium complex based on a dearomatized PNN-type ligand [where PNN is 2-(di-tert-
butylphosphinomethyl)-6-(diethylaminomethyl)pyridine], and no base or acid promoters are
required. Use of primary diamines in the reaction leads to bis-amides, whereas with a mixed
primary-secondary amine substrate, chemoselective acylation of the primary amine group takes
place. The proposed mechanism involves dehydrogenation of hemiaminal intermediates formed
by the reaction of an aldehyde intermediate with the amine.

Amide formation is a fundamental reaction
in chemical synthesis (1). The impor-
tance of amides in chemistry and biology

is well recognized and has been studied exten-
sively over the past century (2–4). Although
several methods are known for the synthesis of

amides, preparation under neutral conditions and
without the generation of waste is a challenging
goal (1, 5). Synthesis of amides is mostly based

on activated acid derivatives (acid chlorides and
anhydrides) or rearrangement reactions induced
by an acid or base, which often produce toxic
chemical waste and involve tedious procedures
(5). Transition metal–catalyzed conversion of
nitriles into amides was reported (6–8). Cata-
lytic acylation of amines by aldehydes in the
presence of a stoichiometric amount of oxidant
and a base is known (9, 10). Recently, oxidative
amide synthesis was achieved from terminal
alkynes (11). Cu(I)-catalyzed reaction of sulfonyl
azides with terminal alkynes is a facile method
for the synthesis of sulfonyl amides (12, 13). A
desirable goal is the direct catalytic conversion of
alcohols and amines into amides and dihydrogen
(Eq. 1)

R–NH2 + RCH2OH →
R = alkyl, aryl
catalyst, D

RNHCOR + 2H2 (1)

This unknown, environmentally benign reaction
(14–18) might lead to a diverse library of amides
from very simple substrates, with high atom
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Fig. 1. Structure of dearomatized PNN pincer
complex 1.

Fig. 2. Proposed mecha-
nism for the direct acyla-
tion of amines by alcohols
catalyzed by complex 1.
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Fujita & Yamaguchi. Org. Lett. 2004, 6, 2785.!

economy and no stoichiometric activating agents,
generating no waste. Although such a reaction is
expected to be thermodynamically uphill, it is
envisioned that the liberated hydrogen gas

(valuable in itself) will shift the equilibrium and
drive the reaction.

We recently reported the dehydrogenation
of alcohols catalyzed by 2,6-bis-(di-tert-

butylphosphinomethyl)pyridine (PNP)–Ru(II)
and PNN-Ru(II) hydride complexes (19).Where-
as secondary alcohols lead to ketones (20, 21),
primary alcohols are efficiently converted into
esters and dihydrogen (19–21). The dearoma-
tized PNN pincer complex 1 (Fig. 1) is particu-
larly efficient (19, 22); it catalyzes this process
in high yields under neutral conditions, in the
absence of acceptors or promoters. We have
now discovered that complex 1 catalyzes the
reaction of alcohols with amines to form
amides and H2, leading to a variety of amides
(Table 1).

At the outset, when a toluene solution of
complex 1 (0.2 mole percent) with benzylamine
and 1-hexanol (1:1 ratio) was refluxed in a closed
system for 6 hours, 63% conversion of 1-hexanol
to N-benzylhexanamide was observed. Contin-
uing the reaction up to 40 hours resulted in a
mixture of products. In order to facilitate for-
mation of the product amide by hydrogen
removal, we heated 1-hexanol and benzylamine
with complex 1 (0.1 mol %) under a flow of
argon in refluxing toluene for 7 hours. This setup
resulted in the formation of N-benzylhexanamide
in 96% yield and a trace of N-benzyl-hexyl-1-
amine (1%). We observed no formation of hexyl
hexanoate, which forms quantitatively in the
absence of amine (Table 1, entry 1). Repeating
the reaction with 1-pentanol under identical
conditions led to selective direct amidation,
providing N-benzylpentanamide in 97% yield
(Table 1, entry 2). 2-Methoxyethanol underwent
clean dehydrogenative acylation by reaction with
the primary amines benzylamine, pentylamine,
and cyclohexylamine to give methoxy-acetylated
amides in almost quantitative yields (Table 1,
entries 3, 8, and 10).

The amidation reactions are sensitive to steric
hindrance at the a positions of either the alcohol
or the amine. Thus, when 2-methyl-1-butanol
reacted with benzylamine, the corresponding
amide was obtained in 70% yield, with the rest
of the alcohol being converted to the ester 2-
methylbutyl 2-methylbutanoate (Table 1, entry

Table 1. Direct dehydrogenative acylation of amines with alcohols catalyzed by the ruthenium complex
1. Catalyst 1 (0.01 mmol), alcohol (10 mmol), amine (10 mmol), and toluene (3 ml) were refluxed
under Ar flow (33). Conversion of alcohols was 100% [by gas chromatography (GC) analysis]. The
following reaction illustrates the transformation: R1CH2OH + R2–NH2 →

Toluene,Reflux,-2H2

1 (0.1 mol %) R2NHCOR1

Entry R1CH2OH R2NH2
Time
(hours) Amide Yield*

(%)

1 7 96

2 7 97

3 9 99

4 12 70†

5 8 78†

6 8 0†

7 8 58†

8 8 99

9 8 72†

10 8 99

*Isolated yields. †The remaining alcohol was converted into the corresponding ester. In the reactions involving hexanol and
pentanol, trace amounts of the corresponding secondary amines were detected (GC–mass spectrometry). Scheme 1.
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Direct Synthesis of Amides
from Alcohols and Amines
with Liberation of H2
Chidambaram Gunanathan, Yehoshoa Ben-David, David Milstein*

Given the widespread importance of amides in biochemical and chemical systems, an efficient
synthesis that avoids wasteful use of stoichiometric coupling reagents or corrosive acidic and
basic media is highly desirable. We report a reaction in which primary amines are directly
acylated by equimolar amounts of alcohols to produce amides and molecular hydrogen (the
only products) in high yields and high turnover numbers. This reaction is catalyzed by a
ruthenium complex based on a dearomatized PNN-type ligand [where PNN is 2-(di-tert-
butylphosphinomethyl)-6-(diethylaminomethyl)pyridine], and no base or acid promoters are
required. Use of primary diamines in the reaction leads to bis-amides, whereas with a mixed
primary-secondary amine substrate, chemoselective acylation of the primary amine group takes
place. The proposed mechanism involves dehydrogenation of hemiaminal intermediates formed
by the reaction of an aldehyde intermediate with the amine.

Amide formation is a fundamental reaction
in chemical synthesis (1). The impor-
tance of amides in chemistry and biology

is well recognized and has been studied exten-
sively over the past century (2–4). Although
several methods are known for the synthesis of

amides, preparation under neutral conditions and
without the generation of waste is a challenging
goal (1, 5). Synthesis of amides is mostly based

on activated acid derivatives (acid chlorides and
anhydrides) or rearrangement reactions induced
by an acid or base, which often produce toxic
chemical waste and involve tedious procedures
(5). Transition metal–catalyzed conversion of
nitriles into amides was reported (6–8). Cata-
lytic acylation of amines by aldehydes in the
presence of a stoichiometric amount of oxidant
and a base is known (9, 10). Recently, oxidative
amide synthesis was achieved from terminal
alkynes (11). Cu(I)-catalyzed reaction of sulfonyl
azides with terminal alkynes is a facile method
for the synthesis of sulfonyl amides (12, 13). A
desirable goal is the direct catalytic conversion of
alcohols and amines into amides and dihydrogen
(Eq. 1)

R–NH2 + RCH2OH →
R = alkyl, aryl
catalyst, D

RNHCOR + 2H2 (1)

This unknown, environmentally benign reaction
(14–18) might lead to a diverse library of amides
from very simple substrates, with high atom

Department of Organic Chemistry, Weizmann Institute of
Science, Rehovot 76100, Israel.

*To whom the correspondence should be addressed. E-mail:
david.milstein@weizmann.ac.il

Fig. 1. Structure of dearomatized PNN pincer
complex 1.

Fig. 2. Proposed mecha-
nism for the direct acyla-
tion of amines by alcohols
catalyzed by complex 1.
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economy and no stoichiometric activating agents,
generating no waste. Although such a reaction is
expected to be thermodynamically uphill, it is
envisioned that the liberated hydrogen gas

(valuable in itself) will shift the equilibrium and
drive the reaction.

We recently reported the dehydrogenation
of alcohols catalyzed by 2,6-bis-(di-tert-

butylphosphinomethyl)pyridine (PNP)–Ru(II)
and PNN-Ru(II) hydride complexes (19).Where-
as secondary alcohols lead to ketones (20, 21),
primary alcohols are efficiently converted into
esters and dihydrogen (19–21). The dearoma-
tized PNN pincer complex 1 (Fig. 1) is particu-
larly efficient (19, 22); it catalyzes this process
in high yields under neutral conditions, in the
absence of acceptors or promoters. We have
now discovered that complex 1 catalyzes the
reaction of alcohols with amines to form
amides and H2, leading to a variety of amides
(Table 1).

At the outset, when a toluene solution of
complex 1 (0.2 mole percent) with benzylamine
and 1-hexanol (1:1 ratio) was refluxed in a closed
system for 6 hours, 63% conversion of 1-hexanol
to N-benzylhexanamide was observed. Contin-
uing the reaction up to 40 hours resulted in a
mixture of products. In order to facilitate for-
mation of the product amide by hydrogen
removal, we heated 1-hexanol and benzylamine
with complex 1 (0.1 mol %) under a flow of
argon in refluxing toluene for 7 hours. This setup
resulted in the formation of N-benzylhexanamide
in 96% yield and a trace of N-benzyl-hexyl-1-
amine (1%). We observed no formation of hexyl
hexanoate, which forms quantitatively in the
absence of amine (Table 1, entry 1). Repeating
the reaction with 1-pentanol under identical
conditions led to selective direct amidation,
providing N-benzylpentanamide in 97% yield
(Table 1, entry 2). 2-Methoxyethanol underwent
clean dehydrogenative acylation by reaction with
the primary amines benzylamine, pentylamine,
and cyclohexylamine to give methoxy-acetylated
amides in almost quantitative yields (Table 1,
entries 3, 8, and 10).

The amidation reactions are sensitive to steric
hindrance at the a positions of either the alcohol
or the amine. Thus, when 2-methyl-1-butanol
reacted with benzylamine, the corresponding
amide was obtained in 70% yield, with the rest
of the alcohol being converted to the ester 2-
methylbutyl 2-methylbutanoate (Table 1, entry

Table 1. Direct dehydrogenative acylation of amines with alcohols catalyzed by the ruthenium complex
1. Catalyst 1 (0.01 mmol), alcohol (10 mmol), amine (10 mmol), and toluene (3 ml) were refluxed
under Ar flow (33). Conversion of alcohols was 100% [by gas chromatography (GC) analysis]. The
following reaction illustrates the transformation: R1CH2OH + R2–NH2 →

Toluene,Reflux,-2H2

1 (0.1 mol %) R2NHCOR1

Entry R1CH2OH R2NH2
Time
(hours) Amide Yield*

(%)

1 7 96

2 7 97

3 9 99

4 12 70†

5 8 78†

6 8 0†

7 8 58†

8 8 99

9 8 72†

10 8 99

*Isolated yields. †The remaining alcohol was converted into the corresponding ester. In the reactions involving hexanol and
pentanol, trace amounts of the corresponding secondary amines were detected (GC–mass spectrometry). Scheme 1.
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atized PNN/Ru complex 28 in 1,4-dioxane, under argon,
without racemization of the products [Eq. (11)). Interestingly,
large substituents (Rà6 H, Me) at the a-position to the amino
group resulted in the formation of the cyclic dipeptide as the
sole product, whereas (S)-(++)-2-amino-1-propanol under the
same catalytic conditions gave 72% of the polypeptide and
a minor amount of the cyclic dipeptide. A plausible catalytic
cycle involves a new mode of metal–ligand cooperation based
on ligand aromatization/dearomatization.[24] It was observed
that the hemilability of the N-arm is important and plays
a crucial role in the amide bond formation. In contrast, the
complementary PNP/RuII complex gave the aromatized
product [see Eq. (16)].

Madsen and co-workers reported the application of
a strongly donating N-heterocyclic carbene (NHC) com-
plexed with ruthenium as a catalyst for the selective synthesis
of amides from alcohols and amines. Three different NHC/Ru
systems (30–32) were designed and analyzed for their activity
in amide formation starting from 1,4- and 1,6-amino alcohols
[Eq. (12); cod= 1,5-cyclooctadiene]. All three catalytic sys-
tems showed similar reactivities and product yields, thus
revealing that a common catalytically active species is
involved.[25]

An atom-economical strategy for the formation of cyclic
imides (39) from diols and nitriles was developed by Hong
et al. (Scheme 4). They used a ruthenium complex in combi-
nation with the NHC 34 as the catalyst. Notably, transfer of
hydrogen from the diol produces the active electrophile 35
and nucleophile 36 as intermediates through a ruthenium-
catalyzed redox-neural catalytic cycle. Nitrile precursors act
as a nitrogen source as well as a hydrogen acceptor in the
reaction. The reaction of 35 and 36 affords the hydroxy amide
37 which can be further converted into a cyclic imide by
dehydrogenative formation of the hemiaminal 38 as a poten-
tial intermediate.[26]

Vogt et al. reported ruthenium catalyst systems, compris-
ing [Ru3(CO)12] and CataCXiumPCy (40), for intramolecular

cyclization of a,w-amino alcohols to afford the cyclic amines
41 as well as the cyclic amides 42 [Eq. (13)]. The ratio of 41 to
42 depends on the ring size of the product formed. The
addition of water or phenol as an additive resulted in
a complete shift of equilibrium towards the amine formation.
This result might be due to water or phenol serving as a weak
acid, which might facilitate the dehydration of a cyclic
hemiaminal to an imine. Complete selectivity for amide
formation was achieved using propiophenone as a sacrificial
hydrogen acceptor.[27]

2.3. Annulation by Oxidative Cyclization of Alcohols

Oxidative cyclization of diols with amines provide an
alternative protocol for the construction of five- and six-
membered heteroaromtic compounds by consecutive hydro-
gen-transfer CˇC and CˇN bond formation. A straightfor-
ward, one-pot synthesis of the quinolines 46 from anilines and
1,3-diols was reported to proceed in the presence of a catalytic
amount of [RuCl3·xH2O], PBu3, and MgBr2·OEt2 in mesity-
lene (Scheme 5). The addition of magnesium salt is believed
to improve the electrophilic cyclization of 45 to 46 through
a CˇC bond-forming process. Substituents on the aniline and
diol both played significant roles in the heterocyclization
reactions. Interestingly, the regioselectivity of product for-
mation reveals that the reaction proceeds with the formation
of the a,b-unsaturated aldehyde 44 from the diol by
ruthenium-catalyzed dehydrogenation and subsequent elim-
ination of water. Aniline then undergoes Michael addition
with 44 followed by electrophilic cyclization to afford either
the 2- or 3-substituted quinolines in moderate to good yields
which is similar those of the Doebner–von Miller quinoline
synthesis.[28]

Scheme 4. Synthesis of cyclic imides from diols and nitriles.
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atized PNN/Ru complex 28 in 1,4-dioxane, under argon,
without racemization of the products [Eq. (11)). Interestingly,
large substituents (Rà6 H, Me) at the a-position to the amino
group resulted in the formation of the cyclic dipeptide as the
sole product, whereas (S)-(++)-2-amino-1-propanol under the
same catalytic conditions gave 72% of the polypeptide and
a minor amount of the cyclic dipeptide. A plausible catalytic
cycle involves a new mode of metal–ligand cooperation based
on ligand aromatization/dearomatization.[24] It was observed
that the hemilability of the N-arm is important and plays
a crucial role in the amide bond formation. In contrast, the
complementary PNP/RuII complex gave the aromatized
product [see Eq. (16)].

Madsen and co-workers reported the application of
a strongly donating N-heterocyclic carbene (NHC) com-
plexed with ruthenium as a catalyst for the selective synthesis
of amides from alcohols and amines. Three different NHC/Ru
systems (30–32) were designed and analyzed for their activity
in amide formation starting from 1,4- and 1,6-amino alcohols
[Eq. (12); cod= 1,5-cyclooctadiene]. All three catalytic sys-
tems showed similar reactivities and product yields, thus
revealing that a common catalytically active species is
involved.[25]

An atom-economical strategy for the formation of cyclic
imides (39) from diols and nitriles was developed by Hong
et al. (Scheme 4). They used a ruthenium complex in combi-
nation with the NHC 34 as the catalyst. Notably, transfer of
hydrogen from the diol produces the active electrophile 35
and nucleophile 36 as intermediates through a ruthenium-
catalyzed redox-neural catalytic cycle. Nitrile precursors act
as a nitrogen source as well as a hydrogen acceptor in the
reaction. The reaction of 35 and 36 affords the hydroxy amide
37 which can be further converted into a cyclic imide by
dehydrogenative formation of the hemiaminal 38 as a poten-
tial intermediate.[26]

Vogt et al. reported ruthenium catalyst systems, compris-
ing [Ru3(CO)12] and CataCXiumPCy (40), for intramolecular

cyclization of a,w-amino alcohols to afford the cyclic amines
41 as well as the cyclic amides 42 [Eq. (13)]. The ratio of 41 to
42 depends on the ring size of the product formed. The
addition of water or phenol as an additive resulted in
a complete shift of equilibrium towards the amine formation.
This result might be due to water or phenol serving as a weak
acid, which might facilitate the dehydration of a cyclic
hemiaminal to an imine. Complete selectivity for amide
formation was achieved using propiophenone as a sacrificial
hydrogen acceptor.[27]

2.3. Annulation by Oxidative Cyclization of Alcohols

Oxidative cyclization of diols with amines provide an
alternative protocol for the construction of five- and six-
membered heteroaromtic compounds by consecutive hydro-
gen-transfer CˇC and CˇN bond formation. A straightfor-
ward, one-pot synthesis of the quinolines 46 from anilines and
1,3-diols was reported to proceed in the presence of a catalytic
amount of [RuCl3·xH2O], PBu3, and MgBr2·OEt2 in mesity-
lene (Scheme 5). The addition of magnesium salt is believed
to improve the electrophilic cyclization of 45 to 46 through
a CˇC bond-forming process. Substituents on the aniline and
diol both played significant roles in the heterocyclization
reactions. Interestingly, the regioselectivity of product for-
mation reveals that the reaction proceeds with the formation
of the a,b-unsaturated aldehyde 44 from the diol by
ruthenium-catalyzed dehydrogenation and subsequent elim-
ination of water. Aniline then undergoes Michael addition
with 44 followed by electrophilic cyclization to afford either
the 2- or 3-substituted quinolines in moderate to good yields
which is similar those of the Doebner–von Miller quinoline
synthesis.[28]

Scheme 4. Synthesis of cyclic imides from diols and nitriles.
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atized PNN/Ru complex 28 in 1,4-dioxane, under argon,
without racemization of the products [Eq. (11)). Interestingly,
large substituents (Rà6 H, Me) at the a-position to the amino
group resulted in the formation of the cyclic dipeptide as the
sole product, whereas (S)-(++)-2-amino-1-propanol under the
same catalytic conditions gave 72% of the polypeptide and
a minor amount of the cyclic dipeptide. A plausible catalytic
cycle involves a new mode of metal–ligand cooperation based
on ligand aromatization/dearomatization.[24] It was observed
that the hemilability of the N-arm is important and plays
a crucial role in the amide bond formation. In contrast, the
complementary PNP/RuII complex gave the aromatized
product [see Eq. (16)].

Madsen and co-workers reported the application of
a strongly donating N-heterocyclic carbene (NHC) com-
plexed with ruthenium as a catalyst for the selective synthesis
of amides from alcohols and amines. Three different NHC/Ru
systems (30–32) were designed and analyzed for their activity
in amide formation starting from 1,4- and 1,6-amino alcohols
[Eq. (12); cod= 1,5-cyclooctadiene]. All three catalytic sys-
tems showed similar reactivities and product yields, thus
revealing that a common catalytically active species is
involved.[25]

An atom-economical strategy for the formation of cyclic
imides (39) from diols and nitriles was developed by Hong
et al. (Scheme 4). They used a ruthenium complex in combi-
nation with the NHC 34 as the catalyst. Notably, transfer of
hydrogen from the diol produces the active electrophile 35
and nucleophile 36 as intermediates through a ruthenium-
catalyzed redox-neural catalytic cycle. Nitrile precursors act
as a nitrogen source as well as a hydrogen acceptor in the
reaction. The reaction of 35 and 36 affords the hydroxy amide
37 which can be further converted into a cyclic imide by
dehydrogenative formation of the hemiaminal 38 as a poten-
tial intermediate.[26]

Vogt et al. reported ruthenium catalyst systems, compris-
ing [Ru3(CO)12] and CataCXiumPCy (40), for intramolecular

cyclization of a,w-amino alcohols to afford the cyclic amines
41 as well as the cyclic amides 42 [Eq. (13)]. The ratio of 41 to
42 depends on the ring size of the product formed. The
addition of water or phenol as an additive resulted in
a complete shift of equilibrium towards the amine formation.
This result might be due to water or phenol serving as a weak
acid, which might facilitate the dehydration of a cyclic
hemiaminal to an imine. Complete selectivity for amide
formation was achieved using propiophenone as a sacrificial
hydrogen acceptor.[27]

2.3. Annulation by Oxidative Cyclization of Alcohols

Oxidative cyclization of diols with amines provide an
alternative protocol for the construction of five- and six-
membered heteroaromtic compounds by consecutive hydro-
gen-transfer CˇC and CˇN bond formation. A straightfor-
ward, one-pot synthesis of the quinolines 46 from anilines and
1,3-diols was reported to proceed in the presence of a catalytic
amount of [RuCl3·xH2O], PBu3, and MgBr2·OEt2 in mesity-
lene (Scheme 5). The addition of magnesium salt is believed
to improve the electrophilic cyclization of 45 to 46 through
a CˇC bond-forming process. Substituents on the aniline and
diol both played significant roles in the heterocyclization
reactions. Interestingly, the regioselectivity of product for-
mation reveals that the reaction proceeds with the formation
of the a,b-unsaturated aldehyde 44 from the diol by
ruthenium-catalyzed dehydrogenation and subsequent elim-
ination of water. Aniline then undergoes Michael addition
with 44 followed by electrophilic cyclization to afford either
the 2- or 3-substituted quinolines in moderate to good yields
which is similar those of the Doebner–von Miller quinoline
synthesis.[28]

Scheme 4. Synthesis of cyclic imides from diols and nitriles.
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atized PNN/Ru complex 28 in 1,4-dioxane, under argon,
without racemization of the products [Eq. (11)). Interestingly,
large substituents (Rà6 H, Me) at the a-position to the amino
group resulted in the formation of the cyclic dipeptide as the
sole product, whereas (S)-(++)-2-amino-1-propanol under the
same catalytic conditions gave 72% of the polypeptide and
a minor amount of the cyclic dipeptide. A plausible catalytic
cycle involves a new mode of metal–ligand cooperation based
on ligand aromatization/dearomatization.[24] It was observed
that the hemilability of the N-arm is important and plays
a crucial role in the amide bond formation. In contrast, the
complementary PNP/RuII complex gave the aromatized
product [see Eq. (16)].

Madsen and co-workers reported the application of
a strongly donating N-heterocyclic carbene (NHC) com-
plexed with ruthenium as a catalyst for the selective synthesis
of amides from alcohols and amines. Three different NHC/Ru
systems (30–32) were designed and analyzed for their activity
in amide formation starting from 1,4- and 1,6-amino alcohols
[Eq. (12); cod= 1,5-cyclooctadiene]. All three catalytic sys-
tems showed similar reactivities and product yields, thus
revealing that a common catalytically active species is
involved.[25]

An atom-economical strategy for the formation of cyclic
imides (39) from diols and nitriles was developed by Hong
et al. (Scheme 4). They used a ruthenium complex in combi-
nation with the NHC 34 as the catalyst. Notably, transfer of
hydrogen from the diol produces the active electrophile 35
and nucleophile 36 as intermediates through a ruthenium-
catalyzed redox-neural catalytic cycle. Nitrile precursors act
as a nitrogen source as well as a hydrogen acceptor in the
reaction. The reaction of 35 and 36 affords the hydroxy amide
37 which can be further converted into a cyclic imide by
dehydrogenative formation of the hemiaminal 38 as a poten-
tial intermediate.[26]

Vogt et al. reported ruthenium catalyst systems, compris-
ing [Ru3(CO)12] and CataCXiumPCy (40), for intramolecular

cyclization of a,w-amino alcohols to afford the cyclic amines
41 as well as the cyclic amides 42 [Eq. (13)]. The ratio of 41 to
42 depends on the ring size of the product formed. The
addition of water or phenol as an additive resulted in
a complete shift of equilibrium towards the amine formation.
This result might be due to water or phenol serving as a weak
acid, which might facilitate the dehydration of a cyclic
hemiaminal to an imine. Complete selectivity for amide
formation was achieved using propiophenone as a sacrificial
hydrogen acceptor.[27]

2.3. Annulation by Oxidative Cyclization of Alcohols

Oxidative cyclization of diols with amines provide an
alternative protocol for the construction of five- and six-
membered heteroaromtic compounds by consecutive hydro-
gen-transfer CˇC and CˇN bond formation. A straightfor-
ward, one-pot synthesis of the quinolines 46 from anilines and
1,3-diols was reported to proceed in the presence of a catalytic
amount of [RuCl3·xH2O], PBu3, and MgBr2·OEt2 in mesity-
lene (Scheme 5). The addition of magnesium salt is believed
to improve the electrophilic cyclization of 45 to 46 through
a CˇC bond-forming process. Substituents on the aniline and
diol both played significant roles in the heterocyclization
reactions. Interestingly, the regioselectivity of product for-
mation reveals that the reaction proceeds with the formation
of the a,b-unsaturated aldehyde 44 from the diol by
ruthenium-catalyzed dehydrogenation and subsequent elim-
ination of water. Aniline then undergoes Michael addition
with 44 followed by electrophilic cyclization to afford either
the 2- or 3-substituted quinolines in moderate to good yields
which is similar those of the Doebner–von Miller quinoline
synthesis.[28]

Scheme 4. Synthesis of cyclic imides from diols and nitriles.
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Nitrile acts as !
N-source and H-acceptor!

§  Madsen - 2010!
§  Wanted to find general stable catalysts for amide formation!
§  Designed NHC-Ru complexes à all showed great reactivity!

§  Hong – 2014 – Cyclic imide strategy !



§  Substrate does not accept hydrogen!

§  Great for quinoline, pyrrole, pyridine, etc…!

§  Employing very general conditions, could be easy to synthesize new 
ligands using these procedures!

Oxidative Cyclization of Alcohols

1.4. Oxidative Cyclization of Alcohols

Transition-metal-catalyzed dehydrogenative coupling of
alcohols with various nucleophilic partners has resulted in the
formation of CˇX (C, N, and O) bonds with the liberation of
H2 and H2O as by-products (Figure 3).[9] Inter- and intra-
molecular hydrogen-transfer annulations of alcohols with
various coupling partners enable the formation of function-
alized saturated and aromatic heterocyclic compounds. This
methodology has provided direct and rapid access to a variety
of heterocyclic frameworks.

1.5. Annulation of Unsaturated Systems (Alkenes and Alkynes)

Unsaturated systems such as alkenes and alkynes are
important building blocks in the chemical sciences. Their
utility in organic synthesis have increased because of the
development of newer synthetic methodologies based on
transition-metal catalysts.[10] Transition-metal-catalyzed hy-
drogen-transfer annulations of these building blocks provide
novel heterocyclic frameworks.[11]

2. Synthesis of N-Heterocycles

Nitrogen-containing heterocycles are omnipresent in
nature and biologically active compounds, including nucleo-
bases within RNA, DNA, nucleotides, nucleosides, and
haemoglobin. They also have applications in a variety of
fields such as agrochemicals and pharmaceuticals, as well as in
the preparation of foods, dyes, detergents, and surfactants.[1]

Hence, there is a plethora of methods for the preparation of
novel nitrogen-based heterocycles for various applications.
Transition-metal-catalyzed hydrogen-transfer annulations
have provided a platform to synthesize the basic skeletons
for complex nitrogen-containing heterocyclic compounds in

a single operation, thus enabling environmentally benign and
efficient protocols.

2.1. Annulation by N-Alkylation of Amines by Alcohols

Saturated nitrogen-containing heterocyclic scaffolds are
found in many natural products and biologically important
compounds. The first example of the N-alkylation of an amine
by an alcohol through a hydrogen-transfer annulation was
reported by Grigg et al. in 1981. Thus pyrrolidines were
formed by the intramolecular reaction of N-substituted
4-aminobutan-1-ols in the presence of 5 mol% [RhH(PPh3)4]
as the catalyst in boiling 1,4-dioxane. The cascade reaction
consists of dehydrogenative oxidation of the alcohol to an
aldehyde, imine formation with an amine, and hydrogenative
reduction of the imine to afford the N-substituted pyrroli-
dines 1a and 1b in 56 and 82% yields, respectively [Eq. (1)].
Similar catalytic conditions were used to synthesize 1b by the
amination of butane-1,4-diol with benzylamine in a ratio of
10:1 to yield 1b in 31% [Eq. (2)].[12]

Direct coupling of a diol with an amine through a borrow-
ing-hydrogen strategy is the most promising protocol for the
construction of N-heterocyclic compounds since diol deriva-
tives can be easily accessed. [{Ru(p-cymene)Cl2}2] combined
with the bidendate DPEphos ligand provided access to
saturated five-, six-, and seven-membered N-heterocyclic
compounds by the N-alkylation of diols with amines [Eq. (3);

DPEphos= bis(2-diphenylphosphinophenyl)ether]. Thus,
1,4-butanediol reacted with various anilines and aliphatic
amines to provide N-substituted pyrrolidines in the presence
of trimethylamine as an additive in refluxing toluene. Other
diols such as 1,5-pentanediol and 1,6-hexanediol were also
converted into the corresponding N-substituted piperidine
and azepane derivatives under similar catalytic conditions.[13]

Significantly, Enyong et al. used the simple, inexpensive, and
readily accessible (S)-2-hydroxy-N,3-diphenylpropanamide
(3) ligand in combination with [{Ru(p-cymene)Cl2}2] for the
N-alkylation of diols with aliphatic amines under mild

Figure 2. Dehydrogenative amide formation from alcohols and amines.

Figure 3. Dehydrogenative coupling of alcohols with nucleophiles.
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§  Quinoline synthesis à One-pot procedure from 1,3 diols & analines!
§  Screened Lewis Acids to help electrophilic cyclization!

Annulation by Oxidative Cyclization

Madsen et al. Org. Biomol. Chem. 2011, 9, 610.!

Table 2 Synthesis of quinolines from anilines and 1,3-diolsa

Entry X R R¢ Product Yieldb

1 H H H 20%

2 H H Me 32%c

3 H H n-Hex 30%d

4 H Me H 47%

5 H n-Bu H 48%

6 H Ph H 31%

7 p-Cl Me H 46%

8 p-Me Me H 61%

9 p-MeO H H 43%

10 p-MeO H Me 47%e

11 p-MeO Me H 60%

12 p-MeO n-Bu H 56%f

13 p-MeO Ph H 41%

14 m-Me Me H 43%g

15 o-Me Me H 36%

Table 2 (Contd.)

Entry X R R¢ Product Yieldb

16 o-Cl Me H 43%

17 —h Me H 54%

18 —i Me H 52%j

a See experimental section for reaction procedures. b Isolated yield.
c 4-Methylquinoline was also isolated in 4% yield. d Trace amount
of 4-hexylquinoline was observed, but not isolated. e 6-methoxy-4-
methylquinoline was also isolated in 3% yield. f Heated to reflux for 24 h.
g Isolated as an inseparable 6 : 1 mixture of 3,7- and 3,5-dimethylquinoline.
h With 1-naphthylamine. i With 2-naphthylamine. j Trace amount of the
6,7-benzo isomer was observed, but not isolated.

of the diol to the hydroxy carbonyl compound which from
butane-1,3-diol would lead to either 4-hydroxybutan-2-one or 3-
hydroxybutanal. Interestingly, when 4-hydroxybutan-2-one was
condensed with aniline and RuCl3·xH2O/PBu3/MgBr2·OEt2,
a mixture of 4-anilinobutan-2-one and 4-methylquinoline was
obtained (Scheme 1). Control experiments showed that the
former is converted into the latter with the catalyst system
or with MgBr2·OEt2 alone. In fact, reaction between aniline,
4-hydroxybutan-2-one and MgBr2·OEt2 in the absence of ruthe-
nium also produced a mixture of 4-anilinobutan-2-one and
4-methylquinoline. Attempts to form the imine between ani-
line and 4-hydroxybutan-2-one led to a mixture of the
desired hydroxyimine and 4-anilinobutan-2-one. When this mix-
ture was treated with MgBr2·OEt2 or the ruthenium catalyst only

Scheme 1 Condensation between aniline and 4-hydroxybutan-2-one.
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§  Milstein pyrazine synthesis – using PNP ligands instead of PNN!
§  Bulky PNP ligands release aldehyde which undergoes condensation with 

amine!

!
§  Milstein pyridine synthesis!

§  Cyclic and acyclic secondary alcohols could be used!
§  C-N and C-C bond formation!

Pyrazine and Pyridine Synthesis

An atom-economical practical method for the synthesis of
highly substituted/functionalized pyrroles (47) was achieved
by a ruthenium-catalyzed three-component annulation of
ketones, amines, and vicinal diols [Eq. (14)].[29] To derive
better catalytic systems, various ruthenium catalysts, ligands,
and bases were analyzed for the three-component annulation
reaction. Better activity resulted from employing 1 mol%
[{Ru(p-cymene)Cl2}2] , 2 mol% Xantphos, and 20 mol%
tBuOK in tert-amyl alcohol at 130 88C. Significantly, less-
reactive ketones and a-functionalized ketones under same
catalytic conditions yielded the corresponding pyrrole deriv-
atives. Aliphatic and aromatic amines and ammonia effected
pyrrole synthesis and the latter provided the NH-pyrroles.

Biomass-derived 1,2-diol derivatives were effectively
utilized for the construction of quinoxalines using 2-nitroani-
lines in a ruthenium-catalyzed hydrogen-transfer reaction
wherein the diol and nitroaniline serve as hydrogen donor and
hydrogen acceptor, respectively [Eq. (15)]. Optimization
studies reveal that [Ru3(CO)12] in combination with dppp
served as an active catalyst in the presence of 50 mol%
CsOH·H2O in t-amyl alcohol at 150 88C. Both symmetrical and
unsymmetrical diol derivatives were converted into the
corresponding 2,3-substituted quinoxaline derivatives (48)
and electron-donating and electron-withdrawing substituents
on anilines significantly influenced the product yield.[9e]

Milstein and co-workers reported the RuII/PNP complex
49 to catalyze the synthesis of the pyrazines 50 from b-amino
alcohols in the presence of a base [Eq. (16)]. The toluene
solution of a b-amino alcohol was heated to reflux vigorously
under argon atmosphere for 24 hours to give corresponding
pyrazines, presumably via an intermediate 1,4-dihydropyra-
zine.[9b] The same group explored a bipyridine-based Ru/

pincer complex (51) for the synthesis of substituted pyridines
(52) through acceptorless hydrogen-transfer annulation of
g-amino alcohols with secondary alcohols [Eq. (17)]. The
complex 51 in the presence of tBuOK in 4:1 mixture of
toluene and THF was found to be optimal for the secondary
alcohol initiated annulation process. Cyclic and acyclic
secondary alcohols were successfully incorporated into the
pyridine core of the products by consecutive CˇN and CˇC
bond-forming hydrogen-transfer steps.[30]

Beller et al. reported a general route to indoles (56) from
easily accessible anilines and epoxides by a ruthenium-
catalyzed oxidative annulation process (Scheme 6).[31] After

screening several catalyst systems, the commercially available
[Ru3(CO)12] complex and the dppf ligand were found to be
the optimal catalyst system for the efficient synthesis of
indoles (Scheme 6; 56). Notably, no reaction was observed in
the absence of para-toluenesulfonic acid (p-TsOH), which is
necessary both for the epoxide ring opening (53) and the
electrophilic cyclization reaction (55!56). Various substitu-
ents on aniline underwent cyclization to provide the corre-
sponding indoles in good yields. Initially, the ring opening of
the epoxide with aniline provides 1,2-amino alcohol deriva-
tives (53) which additionally undergo oxidative cyclization to
form indole derivatives.

A hydrogen-transfer strategy enabled the use of 1,3-diols,
instead of potentially unstable carbonyl compounds, for the
preparation of 1,4-disubstituted pyrazoles [Eq. (18)]. An
in situ generated catalyst derived from 3 mol%

Scheme 5. Synthesis of quinolines from anilines and 1,3-diols.
dppf=1,1’-bis(diphenylphosphino)ferrocene.

Scheme 6. Synthesis of indoles from anilines and epoxides.
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An atom-economical practical method for the synthesis of
highly substituted/functionalized pyrroles (47) was achieved
by a ruthenium-catalyzed three-component annulation of
ketones, amines, and vicinal diols [Eq. (14)].[29] To derive
better catalytic systems, various ruthenium catalysts, ligands,
and bases were analyzed for the three-component annulation
reaction. Better activity resulted from employing 1 mol%
[{Ru(p-cymene)Cl2}2] , 2 mol% Xantphos, and 20 mol%
tBuOK in tert-amyl alcohol at 130 88C. Significantly, less-
reactive ketones and a-functionalized ketones under same
catalytic conditions yielded the corresponding pyrrole deriv-
atives. Aliphatic and aromatic amines and ammonia effected
pyrrole synthesis and the latter provided the NH-pyrroles.

Biomass-derived 1,2-diol derivatives were effectively
utilized for the construction of quinoxalines using 2-nitroani-
lines in a ruthenium-catalyzed hydrogen-transfer reaction
wherein the diol and nitroaniline serve as hydrogen donor and
hydrogen acceptor, respectively [Eq. (15)]. Optimization
studies reveal that [Ru3(CO)12] in combination with dppp
served as an active catalyst in the presence of 50 mol%
CsOH·H2O in t-amyl alcohol at 150 88C. Both symmetrical and
unsymmetrical diol derivatives were converted into the
corresponding 2,3-substituted quinoxaline derivatives (48)
and electron-donating and electron-withdrawing substituents
on anilines significantly influenced the product yield.[9e]

Milstein and co-workers reported the RuII/PNP complex
49 to catalyze the synthesis of the pyrazines 50 from b-amino
alcohols in the presence of a base [Eq. (16)]. The toluene
solution of a b-amino alcohol was heated to reflux vigorously
under argon atmosphere for 24 hours to give corresponding
pyrazines, presumably via an intermediate 1,4-dihydropyra-
zine.[9b] The same group explored a bipyridine-based Ru/

pincer complex (51) for the synthesis of substituted pyridines
(52) through acceptorless hydrogen-transfer annulation of
g-amino alcohols with secondary alcohols [Eq. (17)]. The
complex 51 in the presence of tBuOK in 4:1 mixture of
toluene and THF was found to be optimal for the secondary
alcohol initiated annulation process. Cyclic and acyclic
secondary alcohols were successfully incorporated into the
pyridine core of the products by consecutive CˇN and CˇC
bond-forming hydrogen-transfer steps.[30]

Beller et al. reported a general route to indoles (56) from
easily accessible anilines and epoxides by a ruthenium-
catalyzed oxidative annulation process (Scheme 6).[31] After

screening several catalyst systems, the commercially available
[Ru3(CO)12] complex and the dppf ligand were found to be
the optimal catalyst system for the efficient synthesis of
indoles (Scheme 6; 56). Notably, no reaction was observed in
the absence of para-toluenesulfonic acid (p-TsOH), which is
necessary both for the epoxide ring opening (53) and the
electrophilic cyclization reaction (55!56). Various substitu-
ents on aniline underwent cyclization to provide the corre-
sponding indoles in good yields. Initially, the ring opening of
the epoxide with aniline provides 1,2-amino alcohol deriva-
tives (53) which additionally undergo oxidative cyclization to
form indole derivatives.

A hydrogen-transfer strategy enabled the use of 1,3-diols,
instead of potentially unstable carbonyl compounds, for the
preparation of 1,4-disubstituted pyrazoles [Eq. (18)]. An
in situ generated catalyst derived from 3 mol%

Scheme 5. Synthesis of quinolines from anilines and 1,3-diols.
dppf=1,1’-bis(diphenylphosphino)ferrocene.

Scheme 6. Synthesis of indoles from anilines and epoxides.
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Synthesis of Peptides and Pyrazines from b-Amino Alcohols through
Extrusion of H2 Catalyzed by Ruthenium Pincer Complexes: Ligand-
Controlled Selectivity**
Boopathy Gnanaprakasam, Ekambaram Balaraman, Yehoshoa Ben-David, and
David Milstein*

Peptides constitute one of the most important families of
compounds in chemistry and biology. Short peptides have
found intriguing biological and synthetic applications. For
example, the conformational rigidity of cyclic peptides makes
them attractive for drug discovery and biomedical research.[1]

Several cyclic peptides that show intriguing biological activity
are found in nature.[2] Cyclic peptides have been discovered
that are novel antibiotics,[3] enzyme inhibitors,[4] and receptor
antagonists. Among them are the smallest cyclopeptides, 2,5-
diketopiperazines derivatives, which are commonly found as
natural products.[5] These compounds exhibit high-affinity
binding to a large variety of receptors and show a broad range
of biological acitivities,[6] including antimicrobial, antitu-
moral, antiviral, and neuroprotective effects. 2,5-diketopiper-
azine derivatives are synthesized in solution or on the solid
phase from commercially available and appropriately pro-
tected chiral a-amino acids in processes that are usually not
atom-economical and generate considerable amounts of
waste. Large libraries of cyclic peptides are accessible through
solid-phase split-and-pool synthesis,[7] and various methods
were developed for their syntheses.[8] Very recently, the
synthesis of diketopiperazines from amino acids under
microwave irradiation was reported.[9] Green, atom-econom-
ical methods for the generation of peptides are highly
desirable.

We have developed several reactions catalyzed by PNN
and PNP RuII pincer complexes based on pyridine,[10,11]

bipyridine,[12,13] and acridine[14] and have discovered a new
mode of metal–ligand cooperation[15] based on ligand aroma-
tization–dearomatization.[16] For example, the PNN RuII

pincer complex 1 (Scheme 1) catalyzes the direct synthesis
of amides from alcohols and amines with liberation of H2

[17]

(Scheme 2, Eq. (1)). Several reports on amide formation by

dehydrogenative coupling of amines with alcohols appeared
later.[18] Unlike complex 1, the analogous PNP complex 2 (or
complex 3 in the presence of an equivalent of base) catalyzes
the coupling of amines with alcohols to form imines rather
than amides with liberation of H2 and H2O (Scheme 2,
Eq. (2)).[19]

Herein we report a novel method for peptide synthesis,
which involves dehydrogenative coupling of b-amino alcohols
with extrusion of H2 catalyzed by complex 1. This environ-
mentally benign and atom-economical reaction proceeds
under neutral reaction conditions without the use of toxic
reagents, activators, condensing agents, or other additives.
With the analogous PNP complex 2, a strikingly different
reaction takes place, which leads to pyrazines with extrusion
of H2 and H2O.

Initially, we were interested to see whether coupling of b-
amino alcohols with amines can be accomplished and whether
racemization would be involved. Reaction of (S)-2-amino-3-
phenylpropan-1-ol (4), benzylamine, and 1 mol% of the
catalyst 1 in toluene at reflux for six hours led to (S)-2-amino-
N-benzyl-3-phenylpropanamide 5 in 58% yield[20a] after
column chromatography (Scheme 3). The specific rotation
of amide 5 obtained from the catalysis is essentially the same
as reported[20b] (+ 16.08). The neutral reaction conditions
likely help to prevent racemization.

Scheme 1. PNN- and PNP-type pincer ruthenium complexes.

Scheme 2. Reactions of alcohols with amines catalyzed by complexes
1–3.
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§  Highly substituted pyrrole synthesis – 3-component annulation!
§  Ketone / amine / vicinal diols!
!

Pyrrole Synthesis

Considering the importance of N-nonsubstituted pyrroles
widely applied in industry and academic research,19 we turned
our attention to this class of compounds by using ammonia,
which is a cheap but challenging amine coupling reagent.20 As
shown in Scheme 3, the reactions of various ketones including
functionalized ones with different vicinal diols gave the
corresponding products in moderate to high yields (Scheme
3, see 6a−6k). Simple cyclohexanone 1g was efficiently
transformed into the biologically interesting tetrahydroindole
skeleton in good yield (Scheme 3, see 6c). Notably, even the
pyridyl-substituted ketone afforded the desired product in good
yield (Scheme 3, see 6k). Similar to the results described in
Scheme 2, unsymmetrical 1-phenylethane-1,2-diol 3b and
propane-1,2-diol 3e gave the corresponding products in good
yields with high regioselectivity (Scheme 3, see 6a−6c, 6e−6h,
and 6k).
Finally, the generality of our synthetic protocol was further

evaluated by testing a number of combinations of reactive
benzylic ketones with vicinal diols and 2-phenylethylamine 2a.
As shown in Scheme 4, all of the reactions proceeded efficiently
and afforded the substituted pyrroles in high yields upon
isolation. It was found that the substituents possessing different
electronic properties on benzylic ketones were tolerated and
have little influence on the formation of products. In addition
to 1-(4-hydroxy-3-methoxyphenyl)propan-2-one 1r, also un-
symmetrically functionalized vicinal diols with ester- and cyno-

substituents were transformed into the desired products
regioselectively in good yields (Scheme 4, 7b, 7d, and 7f).
To gain insight into the possible mechanism of the three-

component coupling reaction, deuterium-labeling experiments
were carried out. Here, instead of t-amyl alcohol, toluene was
used, and the reaction was interrupted after 3 h to observe
intermediates. The reaction using hydroxyl-deuterated ethylene
glycol 3a′ with 2-phenylacetophenone 1m and 2-phenylethyl-

Scheme 2. Synthesis of Substituted Pyrroles Using α-
Functionalized Ketonesa

a(a) Isolated yield. (b) Total yield of 5d and 5d′. Reaction conditions:
sSee Table S3 in the Supporting Information.

Scheme 3. Synthesis of N-Nonsubstituted Pyrroles from
Various Ketones and Ammoniaa

a(a) Isolated yield. (b) Total yield of 6g and 6g′. Reaction conditions:
See Table S4 in the Supporting Information.

Scheme 4. Synthesis of Substituted Pyrroles Using Benzylic
Ketonesa

a(a) Isolated yield. Reaction conditions: See Table S5 in the
Supporting Information.
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Considering the importance of N-nonsubstituted pyrroles
widely applied in industry and academic research,19 we turned
our attention to this class of compounds by using ammonia,
which is a cheap but challenging amine coupling reagent.20 As
shown in Scheme 3, the reactions of various ketones including
functionalized ones with different vicinal diols gave the
corresponding products in moderate to high yields (Scheme
3, see 6a−6k). Simple cyclohexanone 1g was efficiently
transformed into the biologically interesting tetrahydroindole
skeleton in good yield (Scheme 3, see 6c). Notably, even the
pyridyl-substituted ketone afforded the desired product in good
yield (Scheme 3, see 6k). Similar to the results described in
Scheme 2, unsymmetrical 1-phenylethane-1,2-diol 3b and
propane-1,2-diol 3e gave the corresponding products in good
yields with high regioselectivity (Scheme 3, see 6a−6c, 6e−6h,
and 6k).
Finally, the generality of our synthetic protocol was further

evaluated by testing a number of combinations of reactive
benzylic ketones with vicinal diols and 2-phenylethylamine 2a.
As shown in Scheme 4, all of the reactions proceeded efficiently
and afforded the substituted pyrroles in high yields upon
isolation. It was found that the substituents possessing different
electronic properties on benzylic ketones were tolerated and
have little influence on the formation of products. In addition
to 1-(4-hydroxy-3-methoxyphenyl)propan-2-one 1r, also un-
symmetrically functionalized vicinal diols with ester- and cyno-

substituents were transformed into the desired products
regioselectively in good yields (Scheme 4, 7b, 7d, and 7f).
To gain insight into the possible mechanism of the three-

component coupling reaction, deuterium-labeling experiments
were carried out. Here, instead of t-amyl alcohol, toluene was
used, and the reaction was interrupted after 3 h to observe
intermediates. The reaction using hydroxyl-deuterated ethylene
glycol 3a′ with 2-phenylacetophenone 1m and 2-phenylethyl-

Scheme 2. Synthesis of Substituted Pyrroles Using α-
Functionalized Ketonesa

a(a) Isolated yield. (b) Total yield of 5d and 5d′. Reaction conditions:
sSee Table S3 in the Supporting Information.

Scheme 3. Synthesis of N-Nonsubstituted Pyrroles from
Various Ketones and Ammoniaa

a(a) Isolated yield. (b) Total yield of 6g and 6g′. Reaction conditions:
See Table S4 in the Supporting Information.

Scheme 4. Synthesis of Substituted Pyrroles Using Benzylic
Ketonesa

a(a) Isolated yield. Reaction conditions: See Table S5 in the
Supporting Information.

Journal of the American Chemical Society Article

dx.doi.org/10.1021/ja406666r | J. Am. Chem. Soc. 2013, 135, 11384−1138811386

Beller et al. JACS 2013, 135, 11384.!



!

Pyrrole Synthesis

Beller et al. JACS 2013, 135, 11384.!

Stopped reaction after 3 hours!



!

Pyrrole Synthesis

Beller et al. JACS 2013, 135, 11384.!



§  Pyrrole synthesis!
§  Renewable secondary alcohols -1,2-amino alcohols (from amino acids)!
§  Water/air stable catalyst!

!

Pyrrole Synthesis

Michlik & Kempe. Nat. Chem. 2013, 5, 140.!

A sustainable catalytic pyrrole synthesis
Stefan Michlik and Rhett Kempe*

The pyrrole heterocycle is a prominent chemical motif and is found widely in natural products, drugs, catalysts and
advanced materials. Here we introduce a sustainable iridium-catalysed pyrrole synthesis in which secondary alcohols and
amino alcohols are deoxygenated and linked selectively via the formation of C–N and C–C bonds. Two equivalents of
hydrogen gas are eliminated in the course of the reaction, and alcohols based entirely on renewable resources can be used
as starting materials. The catalytic synthesis protocol tolerates a large variety of functional groups, which includes olefins,
chlorides, bromides, organometallic moieties, amines and hydroxyl groups. We have developed a catalyst that operates
efficiently under mild conditions.

Dwindling reserves of crude oil and the resulting price increase
of this and other fossil carbon sources combined with
environmental concerns have resulted in a call for the use

of alternative, preferably renewable, resources. Aside from fuel, ulti-
mately a wide variety of chemical feedstocks are derived from fossil
sources. Renewable lignocellulosic materials are indigestible and
therefore not useful as food products and can be processed to give
alcohols and polyols1. These rather highly oxidized hydrocarbons
differ drastically in their chemical nature from the cracking products
of crude oil. Thus, there is a high demand for new reactions that
utilize such oxidized hydrocarbons and convert them into
key chemicals.

Pyrroles are important compounds and present in many natural
products, drugs, catalysts and materials. Both the blood respiratory
pigment haem and the green photosynthesis pigment chlorophyll
are biosynthesized from the pyrrole porphobilinogen2.
Atorvastatin, the bioactive component of the best-selling drug by
value2, is a pyrrole derivative. Polypyrroles are conducting polymers
used in batteries3 and solar cells4. There are many classic protocols2

and catalytic transformations5–7 for the synthesis of pyrroles. The
surge of catalytic protocols published recently gives proof of the
vibrant activity in this field8–21. As a result of both the high
demand for new reactions that utilize renewable resources and the
importance of pyrroles, a pyrrole synthesis that fully or partially
uses renewable resources is a highly desirable goal. Such a reaction

would be especially attractive in terms of its applicability in organic
synthesis (and industrial production) if it extended significantly the
scope of existing pyrrole syntheses. The known borrowing hydrogen
(BH) methodology22,23, also called hydrogen autotransfer (HA)24,
converts alcohols into imine or olefin functionalities and reduces
them into amines or alkanes (Fig. 1a, black and blue reactions).

Imines or olefins may be accessible if the final reduction or
hydrogenation step is suppressed (Fig. 1a, black and red reactions)
and the hydrogen atoms (originating from the alcohol substrates)
are liberated. The selective linkage of these imine and olefin func-
tionalities can lead to heteroaromatics. Coupling reactions with
the concomitant liberation of H2 developed by the Milstein group
has attracted considerable attention recently25–34. These very
useful reactions can also involve condensation steps29,32,33, but
they have not been used to link different alcohols via selective for-
mations of C–C and C–N bonds. The simultaneous use of different
alcohols is challenging because homocoupling has to be avoided.
In turn, many classes of heteroaromatic compounds might be acces-
sible and unsymmetrically functionalized molecules could
be obtained.

Results and discussion
Recently, we developed efficient catalysts for the alkylation of
amines35,36 and novel C–C coupling reactions37 that relied on the
BH/HA mechanism. The selectivity pattern of our catalysts
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Figure 1 | Alkylation reactions using amino alcohols. a, The mechanism of the BH/HA reactions (black and blue schemes). The suppression of the reduction
step (blue) could give rise to imines or olefins. Catalyst recycling can occur via hydrogen elimination (red). b, Selective N-alkylation of aromatic amines
catalysed by an iridium complex. c, Pyrrole synthesis: step 1, oxidation of the secondary alcohol via the liberation of H2; step 2, imine formation; step 3,
intramolecular C–C coupling via the loss of hydrogen and water followed by isomerization to the pyrrole. cat¼ catalyst, O-t-Bu¼ t-butoxide.
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tolerated the presence of aliphatic amines38. Thus, unprotected ali-
phatic amino alcohols could be employed to alkylate aromatic
amines (Fig. 1b). A catalytic pyrrole synthesis becomes feasible if
such catalysts are able to link selectively secondary alcohols and
amino alcohols (Fig. 1c). The secondary alcohol is oxidized to
give a ketone, which undergoes imine formation with the amino
alcohol. Subsequently, ring closure can occur via iridium-catalysed
amino alcohol dehydrogenation and condensation. Two equivalents
of water and hydrogen are eliminated in the course of the reaction
(dehydrogenative condensations). To identify a selective catalyst
for this process we investigated thoroughly the reaction of 1-phenyl-
ethanol with 2-amino-1-butanol. The compound 2-ethyl-5-phenyl-
1H-pyrrole (pyrrole I, Fig. 1c) is formed in this reaction. The best
catalyst known to tolerate amino alcohols (catalyst I, Fig. 2a,
left38,39) afforded only 10% conversion when a catalyst loading of
0.01 mol% was applied. Chemically related catalysts that could
provide more stability because of stabilization by three-dentate
ligands40 were thus investigated. The iridium catalyst II (Fig. 2a,
middle and right) turned out to be the best catalyst and gave 63%
conversion under identical conditions. Catalyst II as a crystalline
material can be handled in air (for instance, for refilling, weighing)
as it is not sensitive towards oxygen and moisture for weeks.
The optimization of the reaction conditions eventually led to an effi-
cient pyrrole synthesis protocol (details in the Supplementary
Information and Supplementary Tables S1–S8).

Having found a suitable catalyst and optimum reaction con-
ditions, we addressed the issues of scope and functional group tol-
erance. Eight pyrroles were synthesized from different amino
alcohols (Table 1, entries 1–8, 1a–1h). These examples carry a
phenyl substituent that originates from the secondary alcohol.
Additionally, 13 pyrroles were prepared by varying the secondary
alcohol (Table 1, entries 9–21, 1i–1u). Here the benzyl substituent
that stems from 2-amino-3-phenylpropan-1-ol was ‘kept constant’.
By varying both parameters, 8× 13¼ 104 different a-substituted
pyrroles should be accessible, which indicates the versatility of this
synthetic protocol. Of the 21 pyrroles we actually prepared, 13

have not been reported previously (Table 1, blue entries). The syn-
thesis protocol is characterized by a very broad functional group
tolerance (Table 1). Amines (1c), olefins (1m), chlorides (1p),
bromides (1q), organometallic moieties (1r) and hydroxyl groups
(1u) remain unaffected. Catalyst loadings as low as 0.03 mol%
were sufficient for selected reactions listed in Table 1. All
the reactions proceeded under rather mild thermal conditions
(90 8C). The methodology is also extendable to 2H-pyrroles
(Supplementary Table S10).

As the C-alkylation step (Fig. 1c) can also take place at a second-
ary aliphatic carbon atom, this methodology allows for the synthesis
of 2,3,5-trisubstituted pyrroles (Table 2). Cyclic secondary alcohols
afford bicyclic pyrroles. None of the compounds listed in Table 2
have been reported previously. These examples give further evidence

Table 1 | Synthesis of 2,5-disubstituted pyrroles from
secondary alcohols and amino alcohols.

R1
H
N R2

NH2

R2

HO

+
R1

OH Cat. II,
1.1 equiv. KO-t -Bu

–2H2
–2H2O 1

Entry Product Catalyst loading
(mol%)

Yield
(%)

1

H
N

H
N RPh

1a R = Me

1b R = Et

1c R =

1d R = i-Pr

1e R = 1-methylpropyl

1f R = i-Bu

1g R = Ph

1h R = Bn

0.05 80

2 0.05 93

3 0.1 65

4 0.03 89

5 0.05 88

6 0.1 69

7 0.2 86

8 0.05 79

9

OH

H
N BnR

1i R = Me

1j R = n-Bu

1l R = n-nonyl 

1m R =

1n R = i-Pr

1o R = 4-MeOPh

1p R = 4-Cl–Ph

1q R = 4-Br–Ph

1r R =

1s R = 2-furanyl

1t R = 2-thiophenyl

1u R =

1k R = n-hexyl

Fe

0.03 84

10 0.03 76

11 0.03 97

12 0.05 74

13 0.1 77

14 0.1 73

15 0.05 75

16 0.05 84

17 0.2 75

18 0.2 87

19 0.5 42

20 0.5 57

21 0.1 70

Reaction conditions: THF, 90 8C, 24 hours.
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Figure 2 | Catalyst design. a, Yields of pyrrole I using catalysts I and II. The
molecular structure of catalyst II was determined by X-ray crystal structure
analysis (right). b, Synthesis of the catalyst resting state by reacting catalyst
II with an excess of alcohol. An iridium(III) trihydride species is formed by
oxidation of the alcohol. R¼ alkyl or aryl substituent.
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tolerated the presence of aliphatic amines38. Thus, unprotected ali-
phatic amino alcohols could be employed to alkylate aromatic
amines (Fig. 1b). A catalytic pyrrole synthesis becomes feasible if
such catalysts are able to link selectively secondary alcohols and
amino alcohols (Fig. 1c). The secondary alcohol is oxidized to
give a ketone, which undergoes imine formation with the amino
alcohol. Subsequently, ring closure can occur via iridium-catalysed
amino alcohol dehydrogenation and condensation. Two equivalents
of water and hydrogen are eliminated in the course of the reaction
(dehydrogenative condensations). To identify a selective catalyst
for this process we investigated thoroughly the reaction of 1-phenyl-
ethanol with 2-amino-1-butanol. The compound 2-ethyl-5-phenyl-
1H-pyrrole (pyrrole I, Fig. 1c) is formed in this reaction. The best
catalyst known to tolerate amino alcohols (catalyst I, Fig. 2a,
left38,39) afforded only 10% conversion when a catalyst loading of
0.01 mol% was applied. Chemically related catalysts that could
provide more stability because of stabilization by three-dentate
ligands40 were thus investigated. The iridium catalyst II (Fig. 2a,
middle and right) turned out to be the best catalyst and gave 63%
conversion under identical conditions. Catalyst II as a crystalline
material can be handled in air (for instance, for refilling, weighing)
as it is not sensitive towards oxygen and moisture for weeks.
The optimization of the reaction conditions eventually led to an effi-
cient pyrrole synthesis protocol (details in the Supplementary
Information and Supplementary Tables S1–S8).

Having found a suitable catalyst and optimum reaction con-
ditions, we addressed the issues of scope and functional group tol-
erance. Eight pyrroles were synthesized from different amino
alcohols (Table 1, entries 1–8, 1a–1h). These examples carry a
phenyl substituent that originates from the secondary alcohol.
Additionally, 13 pyrroles were prepared by varying the secondary
alcohol (Table 1, entries 9–21, 1i–1u). Here the benzyl substituent
that stems from 2-amino-3-phenylpropan-1-ol was ‘kept constant’.
By varying both parameters, 8× 13¼ 104 different a-substituted
pyrroles should be accessible, which indicates the versatility of this
synthetic protocol. Of the 21 pyrroles we actually prepared, 13

have not been reported previously (Table 1, blue entries). The syn-
thesis protocol is characterized by a very broad functional group
tolerance (Table 1). Amines (1c), olefins (1m), chlorides (1p),
bromides (1q), organometallic moieties (1r) and hydroxyl groups
(1u) remain unaffected. Catalyst loadings as low as 0.03 mol%
were sufficient for selected reactions listed in Table 1. All
the reactions proceeded under rather mild thermal conditions
(90 8C). The methodology is also extendable to 2H-pyrroles
(Supplementary Table S10).

As the C-alkylation step (Fig. 1c) can also take place at a second-
ary aliphatic carbon atom, this methodology allows for the synthesis
of 2,3,5-trisubstituted pyrroles (Table 2). Cyclic secondary alcohols
afford bicyclic pyrroles. None of the compounds listed in Table 2
have been reported previously. These examples give further evidence

Table 1 | Synthesis of 2,5-disubstituted pyrroles from
secondary alcohols and amino alcohols.

R1
H
N R2

NH2

R2

HO

+
R1

OH Cat. II,
1.1 equiv. KO-t -Bu

–2H2
–2H2O 1

Entry Product Catalyst loading
(mol%)

Yield
(%)

1

H
N

H
N RPh

1a R = Me

1b R = Et

1c R =

1d R = i-Pr

1e R = 1-methylpropyl

1f R = i-Bu

1g R = Ph

1h R = Bn

0.05 80

2 0.05 93

3 0.1 65

4 0.03 89

5 0.05 88

6 0.1 69

7 0.2 86

8 0.05 79

9
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N BnR

1i R = Me

1j R = n-Bu

1l R = n-nonyl 

1m R =

1n R = i-Pr

1o R = 4-MeOPh

1p R = 4-Cl–Ph

1q R = 4-Br–Ph

1r R =

1s R = 2-furanyl

1t R = 2-thiophenyl

1u R =

1k R = n-hexyl

Fe

0.03 84

10 0.03 76

11 0.03 97

12 0.05 74

13 0.1 77

14 0.1 73

15 0.05 75

16 0.05 84

17 0.2 75

18 0.2 87

19 0.5 42

20 0.5 57

21 0.1 70

Reaction conditions: THF, 90 8C, 24 hours.
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Figure 2 | Catalyst design. a, Yields of pyrrole I using catalysts I and II. The
molecular structure of catalyst II was determined by X-ray crystal structure
analysis (right). b, Synthesis of the catalyst resting state by reacting catalyst
II with an excess of alcohol. An iridium(III) trihydride species is formed by
oxidation of the alcohol. R¼ alkyl or aryl substituent.
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tolerated the presence of aliphatic amines38. Thus, unprotected ali-
phatic amino alcohols could be employed to alkylate aromatic
amines (Fig. 1b). A catalytic pyrrole synthesis becomes feasible if
such catalysts are able to link selectively secondary alcohols and
amino alcohols (Fig. 1c). The secondary alcohol is oxidized to
give a ketone, which undergoes imine formation with the amino
alcohol. Subsequently, ring closure can occur via iridium-catalysed
amino alcohol dehydrogenation and condensation. Two equivalents
of water and hydrogen are eliminated in the course of the reaction
(dehydrogenative condensations). To identify a selective catalyst
for this process we investigated thoroughly the reaction of 1-phenyl-
ethanol with 2-amino-1-butanol. The compound 2-ethyl-5-phenyl-
1H-pyrrole (pyrrole I, Fig. 1c) is formed in this reaction. The best
catalyst known to tolerate amino alcohols (catalyst I, Fig. 2a,
left38,39) afforded only 10% conversion when a catalyst loading of
0.01 mol% was applied. Chemically related catalysts that could
provide more stability because of stabilization by three-dentate
ligands40 were thus investigated. The iridium catalyst II (Fig. 2a,
middle and right) turned out to be the best catalyst and gave 63%
conversion under identical conditions. Catalyst II as a crystalline
material can be handled in air (for instance, for refilling, weighing)
as it is not sensitive towards oxygen and moisture for weeks.
The optimization of the reaction conditions eventually led to an effi-
cient pyrrole synthesis protocol (details in the Supplementary
Information and Supplementary Tables S1–S8).

Having found a suitable catalyst and optimum reaction con-
ditions, we addressed the issues of scope and functional group tol-
erance. Eight pyrroles were synthesized from different amino
alcohols (Table 1, entries 1–8, 1a–1h). These examples carry a
phenyl substituent that originates from the secondary alcohol.
Additionally, 13 pyrroles were prepared by varying the secondary
alcohol (Table 1, entries 9–21, 1i–1u). Here the benzyl substituent
that stems from 2-amino-3-phenylpropan-1-ol was ‘kept constant’.
By varying both parameters, 8× 13¼ 104 different a-substituted
pyrroles should be accessible, which indicates the versatility of this
synthetic protocol. Of the 21 pyrroles we actually prepared, 13

have not been reported previously (Table 1, blue entries). The syn-
thesis protocol is characterized by a very broad functional group
tolerance (Table 1). Amines (1c), olefins (1m), chlorides (1p),
bromides (1q), organometallic moieties (1r) and hydroxyl groups
(1u) remain unaffected. Catalyst loadings as low as 0.03 mol%
were sufficient for selected reactions listed in Table 1. All
the reactions proceeded under rather mild thermal conditions
(90 8C). The methodology is also extendable to 2H-pyrroles
(Supplementary Table S10).

As the C-alkylation step (Fig. 1c) can also take place at a second-
ary aliphatic carbon atom, this methodology allows for the synthesis
of 2,3,5-trisubstituted pyrroles (Table 2). Cyclic secondary alcohols
afford bicyclic pyrroles. None of the compounds listed in Table 2
have been reported previously. These examples give further evidence

Table 1 | Synthesis of 2,5-disubstituted pyrroles from
secondary alcohols and amino alcohols.

R1
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NH2
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+
R1

OH Cat. II,
1.1 equiv. KO-t -Bu

–2H2
–2H2O 1

Entry Product Catalyst loading
(mol%)

Yield
(%)

1

H
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H
N RPh

1a R = Me

1b R = Et

1c R =

1d R = i-Pr

1e R = 1-methylpropyl

1f R = i-Bu

1g R = Ph

1h R = Bn

0.05 80

2 0.05 93

3 0.1 65

4 0.03 89

5 0.05 88

6 0.1 69

7 0.2 86

8 0.05 79
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1p R = 4-Cl–Ph

1q R = 4-Br–Ph
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1s R = 2-furanyl

1t R = 2-thiophenyl

1u R =

1k R = n-hexyl

Fe
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11 0.03 97

12 0.05 74
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Reaction conditions: THF, 90 8C, 24 hours.
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Figure 2 | Catalyst design. a, Yields of pyrrole I using catalysts I and II. The
molecular structure of catalyst II was determined by X-ray crystal structure
analysis (right). b, Synthesis of the catalyst resting state by reacting catalyst
II with an excess of alcohol. An iridium(III) trihydride species is formed by
oxidation of the alcohol. R¼ alkyl or aryl substituent.
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of the potential of this methodology to complement and augment
the conventional organic synthesis of pyrroles.

Starting from diols, dipyrroles can be prepared (Fig. 3a). As
intermediates that carry a hydroxyl group can be isolated in good
yields (Table 1, 1u), a sequential generation of differently substituted
dipyrroles is possible (Fig. 3a). Such dipyrrole syntheses generate a
remarkable amount of hydrogen (four equivalents). The synthesis
of one mole of dipyrrole proceeds with the concomitant generation
of about 90 litres of H2. Furthermore, a combination of selective
BH/HA chemistry and dehydrogenative condensations is possible.
The alkylation of aryl amines using diols gives rise to the respective
N-arylated amino alcohol, which can then be linked selectively with
unprotected amino alcohols. The products, amino pyrroles, were
obtained in very good isolated yields (Fig. 3b). The amine functional

group tolerance and the selectivity of the C–C and C–N bond for-
mation steps allow access to these compounds.

Mechanistically, we propose at this stage a reaction sequence as
shown in Fig. 1c. Dehydrogenation of the secondary alcohol is sig-
nificantly faster than that of the amino alcohol. It affords a ketone,
which undergoes a condensation reaction with the amino alcohol to
form an imine (Schiff base). Independent synthesis of this imine
intermediate and its treatment under catalytic conditions gave
pyrrole I (Supplementary Figs S8 and S11). Alternatively, intermo-
lecular b-alkylation of 1-phenylethanol using protected amino alco-
hols (with or without the liberation of H2) does not proceed
significantly under catalytic conditions (Supplementary Figs S12
and S13). Kinetic data indicate that the intramolecular C-alkylation
is fast in comparison to the oxidation of the secondary alcohol, as no
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Figure 3 | Pyrrole syntheses involving diols. a, Synthesis of symmetric and unsymmetric dipyrroles. b, Synthesis of aminopyrroles. See Table 1 for the
reaction conditions.

Table 2 | Synthesis of 2,3,5-trisubstituted pyrroles.
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§  Dipyrrole and aminopyrrole syntheses!
§  High H2 production!
§  Useful for densely functionalized heterocycles!

!

Pyrrole Synthesis

Michlik & Kempe. Nat. Chem. 2013, 5, 140.!
of the potential of this methodology to complement and augment
the conventional organic synthesis of pyrroles.

Starting from diols, dipyrroles can be prepared (Fig. 3a). As
intermediates that carry a hydroxyl group can be isolated in good
yields (Table 1, 1u), a sequential generation of differently substituted
dipyrroles is possible (Fig. 3a). Such dipyrrole syntheses generate a
remarkable amount of hydrogen (four equivalents). The synthesis
of one mole of dipyrrole proceeds with the concomitant generation
of about 90 litres of H2. Furthermore, a combination of selective
BH/HA chemistry and dehydrogenative condensations is possible.
The alkylation of aryl amines using diols gives rise to the respective
N-arylated amino alcohol, which can then be linked selectively with
unprotected amino alcohols. The products, amino pyrroles, were
obtained in very good isolated yields (Fig. 3b). The amine functional

group tolerance and the selectivity of the C–C and C–N bond for-
mation steps allow access to these compounds.

Mechanistically, we propose at this stage a reaction sequence as
shown in Fig. 1c. Dehydrogenation of the secondary alcohol is sig-
nificantly faster than that of the amino alcohol. It affords a ketone,
which undergoes a condensation reaction with the amino alcohol to
form an imine (Schiff base). Independent synthesis of this imine
intermediate and its treatment under catalytic conditions gave
pyrrole I (Supplementary Figs S8 and S11). Alternatively, intermo-
lecular b-alkylation of 1-phenylethanol using protected amino alco-
hols (with or without the liberation of H2) does not proceed
significantly under catalytic conditions (Supplementary Figs S12
and S13). Kinetic data indicate that the intramolecular C-alkylation
is fast in comparison to the oxidation of the secondary alcohol, as no
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§  Beller – Analine & epoxide!
§  TsOH – necessary for epoxide opening and electrophilic cyclization!

§  Tethered amino/alcohol!

Indole Formation

An atom-economical practical method for the synthesis of
highly substituted/functionalized pyrroles (47) was achieved
by a ruthenium-catalyzed three-component annulation of
ketones, amines, and vicinal diols [Eq. (14)].[29] To derive
better catalytic systems, various ruthenium catalysts, ligands,
and bases were analyzed for the three-component annulation
reaction. Better activity resulted from employing 1 mol%
[{Ru(p-cymene)Cl2}2] , 2 mol% Xantphos, and 20 mol%
tBuOK in tert-amyl alcohol at 130 88C. Significantly, less-
reactive ketones and a-functionalized ketones under same
catalytic conditions yielded the corresponding pyrrole deriv-
atives. Aliphatic and aromatic amines and ammonia effected
pyrrole synthesis and the latter provided the NH-pyrroles.

Biomass-derived 1,2-diol derivatives were effectively
utilized for the construction of quinoxalines using 2-nitroani-
lines in a ruthenium-catalyzed hydrogen-transfer reaction
wherein the diol and nitroaniline serve as hydrogen donor and
hydrogen acceptor, respectively [Eq. (15)]. Optimization
studies reveal that [Ru3(CO)12] in combination with dppp
served as an active catalyst in the presence of 50 mol%
CsOH·H2O in t-amyl alcohol at 150 88C. Both symmetrical and
unsymmetrical diol derivatives were converted into the
corresponding 2,3-substituted quinoxaline derivatives (48)
and electron-donating and electron-withdrawing substituents
on anilines significantly influenced the product yield.[9e]

Milstein and co-workers reported the RuII/PNP complex
49 to catalyze the synthesis of the pyrazines 50 from b-amino
alcohols in the presence of a base [Eq. (16)]. The toluene
solution of a b-amino alcohol was heated to reflux vigorously
under argon atmosphere for 24 hours to give corresponding
pyrazines, presumably via an intermediate 1,4-dihydropyra-
zine.[9b] The same group explored a bipyridine-based Ru/

pincer complex (51) for the synthesis of substituted pyridines
(52) through acceptorless hydrogen-transfer annulation of
g-amino alcohols with secondary alcohols [Eq. (17)]. The
complex 51 in the presence of tBuOK in 4:1 mixture of
toluene and THF was found to be optimal for the secondary
alcohol initiated annulation process. Cyclic and acyclic
secondary alcohols were successfully incorporated into the
pyridine core of the products by consecutive CˇN and CˇC
bond-forming hydrogen-transfer steps.[30]

Beller et al. reported a general route to indoles (56) from
easily accessible anilines and epoxides by a ruthenium-
catalyzed oxidative annulation process (Scheme 6).[31] After

screening several catalyst systems, the commercially available
[Ru3(CO)12] complex and the dppf ligand were found to be
the optimal catalyst system for the efficient synthesis of
indoles (Scheme 6; 56). Notably, no reaction was observed in
the absence of para-toluenesulfonic acid (p-TsOH), which is
necessary both for the epoxide ring opening (53) and the
electrophilic cyclization reaction (55!56). Various substitu-
ents on aniline underwent cyclization to provide the corre-
sponding indoles in good yields. Initially, the ring opening of
the epoxide with aniline provides 1,2-amino alcohol deriva-
tives (53) which additionally undergo oxidative cyclization to
form indole derivatives.

A hydrogen-transfer strategy enabled the use of 1,3-diols,
instead of potentially unstable carbonyl compounds, for the
preparation of 1,4-disubstituted pyrazoles [Eq. (18)]. An
in situ generated catalyst derived from 3 mol%

Scheme 5. Synthesis of quinolines from anilines and 1,3-diols.
dppf=1,1’-bis(diphenylphosphino)ferrocene.

Scheme 6. Synthesis of indoles from anilines and epoxides.
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[RuH2(PPh3)3CO] and 3 mol% Xantphos was used for the
synthesis of pyrazoles (57) from 1,3-diols and alkyl and aryl
hydrazines in the presence of crotonitrile as a hydrogen
acceptor and 15 mol% AcOH as cocatalyst at 110 88C in
toluene. It could be observed that the hydrogen acceptor
(crotonitrile) increased the rate of dehydrogenation of the
diol, and that the co-catalyst (AcOH) enhanced the con-
densation reaction of the aldehyde with hydrazine. Thus the
reaction yield drastically decreased in the absence of either
a hydrogen acceptor or co-catalyst.[32]

A one-pot reaction for the preparation of indoles and
subsequent C3-alkylation was reported to proceed through
a CˇN and CˇC bond-forming hydrogen-transfer process
(Scheme 7). Cp*Ir was efficiently utilized for both intra-

molecular oxidative cyclization of 2-aminophenyl ethyl alco-
hol and consecutive intermolecular hydrogen borrowing C3-
alkylation of the indole by excess of benzyl alcohol in the
presence of KOH under solvent-free conditions at 110 88C for
24 hours. The amount of base plays an important role in C3-
versus N-alkylation of indole. The analogue of commercially
available anti-migraine drugs, such as N,N-dimethyltrypt-
amine (60), was also synthesized by using above methodology.
The 2,3-disubstituted indole 61 was synthesized by oxidative
cyclization of the corresponding secondary alcohol derivative.
The efficiency of the iridium catalyst was once again proven
by the reaction of 2-nitrophenyl ethyl alcohol to give the C3-
alkylated indole 62 in the presence of excess of benzyl
alcohol, thereby employing multiple oxidations and reduc-
tions in a single catalytic cycle [Eq. (19)].[33]

A sustainable approach for the synthesis of pyrroles was
developed from the condensation of renewable secondary
alcohols with 1,2-amino alcohols using moisture- and air-
stable crystalline tridendate ligands with iridium (63 ;
Scheme 8). Acceptorless dehydrogenation initially starts with

secondary alcohol derivatives followed by base-promoted
condensation to afford the imine intermediate 65, which
undergoes dehydrogenative electrophilic cyclization to lead
to formation of pyrrole derivatives (67), with a diversity of
substituents, under mild reaction conditions and in good
yields. Interestingly, 63 was also successfully utilized for
N-alkylation of the aniline derivatives 68 through a borrowing
hydrogen reaction and subsequent hydrogen-transfer con-
densation with 1,2-amino alcohols to form 3-amino-substi-
tuted pyrroles (69) in very good yields [Eq. (20)].[34]

In situ generation of a carbonyl precursor from an alcohol
by catalytic dehydrogenation presents many opportunities to
modify conventional synthetic protocols, wherein the pres-
ence of a carbonyl functionality would decrease the efficiency
of synthetic transformations because of the unusual conden-
sation with the nucleophilic partner and self-aldol-type
condensation process. Oxidative cyclization of primary alco-
hols with o-aminobenzamides provided a new methodology
for the construction of quinazolinones (70), thus enabling
a base-free, acceptorless hydrogen-transfer annulation pro-
cess [Eq. (21)].[35]

Scheme 7. Synthesis of 3-substituted indoles by oxidative cyclization/
C3-alkylation.

Scheme 8. Synthesis of 2,3,5-substituted pyrroles by condensation of
secondary alcohols with 1,2-amino alcohols.
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§  Redox isomerization of propargyl alcohols makes sensitive unsaturated 
carbonyl compounds!

!
!

§  Advanced piperidine intermediates!
§  Cationic [Rh]!

Unsaturated Systems in Annulations

2.4. Annulation of Alcohols with Unsaturated Systems

Organic building blocks such as alkenes and alkynes have
been utilized in combination with alcohols, as precursors for
carbonyls, to construct heterocyclic compounds by a catalytic
hydrogen-transfer annulation process. Ruthenium-catalyzed
redox isomerization of propargyl alcohols resulted in the
sensitive a,b-unsaturated carbonyl compounds 71, which
undergo an intramolecular acid-catalyzed Michael addition,
for the construction of five- and six-membered N-hetero-
cycles (72) in one pot (Scheme 9).[36]

Selective intermolecular coupling of terminal propargylic
amines with allylic alcohols was reported to occur at the
cationic ruthenium center for the preparation of piperidine
derivatives (75), having an exocyclic olefin, with the elimi-
nation of water as the only side product (Scheme 10).

[Cp*Ru]-catalyzed oxidative CˇC coupling of propargylic
amines and allylic alcohol gives amino aldehyde intermediate
74 in THF. In situ enamine formation of 74 provides a new
method for constructing functionalized piperidines (75).[11a]

Messerle et al. reported new pyrazolyl-1,2,3-triazolyl
N,N’ bidentate donor ligands for coordination to ruthenium
and iridium for CˇC and CˇN bond-forming annulations
[Eq. (22)]. The complex 76, containing electron-withdrawing
substituents on the phenyl ring, was efficient for the
preparation of the tricyclic indole 77 from 2-(hydroxyalk-1-

ynyl)anilines through a CˇN bond formation/hydrogen-trans-
fer CˇC bond formation sequence in one pot.[11b]

3. Synthesis of O- and S-Heterocycles

Oxygen- and sulfur-containing heterocycles are frequently
used in materials and biological chemistry.[37] Cyclic carbox-
ylates are present in large number of natural products and
biologically important compounds, and it is a useful building
block in organic synthesis and polymer synthesis.[38] Over the
past decades, there has been considerable attention focused
on the asymmetric synthesis of chiral lactones. Transition-
metal-catalyzed hydrogen transfer provides access to lactones
in an environmentally friendly approach.

3.1. Annulation by Oxidative Cyclization of Alcohols

Dehydrogenative annulation of diols into lactones is one
of the most promising protocols for the construction of cyclic
esters from easily accessible starting materials, with extrusion
of H2 as the by-product. Milstein and co-workers developed
a new catalytic system, the PNN ruthenium dihydrido
borohydride pincer complex 78, to achieve the base-free
and acceptorless dehydrogenative coupling reaction of alco-
hols into esters [Eq. (23)].[9c] Various 1,4- and 1,5-diols were
transformed into five- and six-membered lactones (79) in
refluxing toluene, thus enabling an acceptorless strategy with
the liberation of H2 as a by-product.

Chemo- and enantioselective formation of five- and six-
membered lactones (84) were achieved from 1,4-keto alco-
hols using Noyori�s transfer-hydrogenation catalyst
(Scheme 11). 1,4-keto alcohols are precursors for 1,4-keto
aldehydes, which are sensitive to decomposition through an
aldol-type pathway. The mechanism consists of Noyori�s
transfer hydrogenation of the ketone followed by oxidation of
the primary alcohol, thus leading to formation of a lactone via
the hemiacetal intermediate 83.[39]

Scheme 9. Synthesis of N-heterocycles by isomerization/Michael addi-
tion of amide-tethered propargyl alcohols. Boc= tert-butoxycarbonyl,
Ns=o-nitrobenzenesulfonyl, Tf= trifluoromethanesulfonyl.

Scheme 10. Synthesis of functionalized piperidines from unsaturated
systems.
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2.4. Annulation of Alcohols with Unsaturated Systems

Organic building blocks such as alkenes and alkynes have
been utilized in combination with alcohols, as precursors for
carbonyls, to construct heterocyclic compounds by a catalytic
hydrogen-transfer annulation process. Ruthenium-catalyzed
redox isomerization of propargyl alcohols resulted in the
sensitive a,b-unsaturated carbonyl compounds 71, which
undergo an intramolecular acid-catalyzed Michael addition,
for the construction of five- and six-membered N-hetero-
cycles (72) in one pot (Scheme 9).[36]

Selective intermolecular coupling of terminal propargylic
amines with allylic alcohols was reported to occur at the
cationic ruthenium center for the preparation of piperidine
derivatives (75), having an exocyclic olefin, with the elimi-
nation of water as the only side product (Scheme 10).

[Cp*Ru]-catalyzed oxidative CˇC coupling of propargylic
amines and allylic alcohol gives amino aldehyde intermediate
74 in THF. In situ enamine formation of 74 provides a new
method for constructing functionalized piperidines (75).[11a]

Messerle et al. reported new pyrazolyl-1,2,3-triazolyl
N,N’ bidentate donor ligands for coordination to ruthenium
and iridium for CˇC and CˇN bond-forming annulations
[Eq. (22)]. The complex 76, containing electron-withdrawing
substituents on the phenyl ring, was efficient for the
preparation of the tricyclic indole 77 from 2-(hydroxyalk-1-

ynyl)anilines through a CˇN bond formation/hydrogen-trans-
fer CˇC bond formation sequence in one pot.[11b]

3. Synthesis of O- and S-Heterocycles

Oxygen- and sulfur-containing heterocycles are frequently
used in materials and biological chemistry.[37] Cyclic carbox-
ylates are present in large number of natural products and
biologically important compounds, and it is a useful building
block in organic synthesis and polymer synthesis.[38] Over the
past decades, there has been considerable attention focused
on the asymmetric synthesis of chiral lactones. Transition-
metal-catalyzed hydrogen transfer provides access to lactones
in an environmentally friendly approach.

3.1. Annulation by Oxidative Cyclization of Alcohols

Dehydrogenative annulation of diols into lactones is one
of the most promising protocols for the construction of cyclic
esters from easily accessible starting materials, with extrusion
of H2 as the by-product. Milstein and co-workers developed
a new catalytic system, the PNN ruthenium dihydrido
borohydride pincer complex 78, to achieve the base-free
and acceptorless dehydrogenative coupling reaction of alco-
hols into esters [Eq. (23)].[9c] Various 1,4- and 1,5-diols were
transformed into five- and six-membered lactones (79) in
refluxing toluene, thus enabling an acceptorless strategy with
the liberation of H2 as a by-product.

Chemo- and enantioselective formation of five- and six-
membered lactones (84) were achieved from 1,4-keto alco-
hols using Noyori�s transfer-hydrogenation catalyst
(Scheme 11). 1,4-keto alcohols are precursors for 1,4-keto
aldehydes, which are sensitive to decomposition through an
aldol-type pathway. The mechanism consists of Noyori�s
transfer hydrogenation of the ketone followed by oxidation of
the primary alcohol, thus leading to formation of a lactone via
the hemiacetal intermediate 83.[39]

Scheme 9. Synthesis of N-heterocycles by isomerization/Michael addi-
tion of amide-tethered propargyl alcohols. Boc= tert-butoxycarbonyl,
Ns=o-nitrobenzenesulfonyl, Tf= trifluoromethanesulfonyl.

Scheme 10. Synthesis of functionalized piperidines from unsaturated
systems.
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§  Synthesis of N-Heterocycles!
1.  N-alkylation of amines by alcohols!
2.  Dehydrogenative amide formation from amines and alcohols!
3.  Oxidative cyclization of alcohols!
4.  Annulation of unsaturated systems (alkene/alkyne)!

!
§  Synthesis of O- / S-Heterocycles!

!

Overview



§  Oxidative Cyclization of Alcohols to Lactones!
§  Annulation of diols to lactones!
§  H2 as only byproduct!

§  Chemo- & Enantioselective Lactonization !
§  Noyori H-transfer catalyst!
§  Normal synthesis à keto aldehydes are very sensitive moieties!

O/S-Heterocycle Formation

2.4. Annulation of Alcohols with Unsaturated Systems

Organic building blocks such as alkenes and alkynes have
been utilized in combination with alcohols, as precursors for
carbonyls, to construct heterocyclic compounds by a catalytic
hydrogen-transfer annulation process. Ruthenium-catalyzed
redox isomerization of propargyl alcohols resulted in the
sensitive a,b-unsaturated carbonyl compounds 71, which
undergo an intramolecular acid-catalyzed Michael addition,
for the construction of five- and six-membered N-hetero-
cycles (72) in one pot (Scheme 9).[36]

Selective intermolecular coupling of terminal propargylic
amines with allylic alcohols was reported to occur at the
cationic ruthenium center for the preparation of piperidine
derivatives (75), having an exocyclic olefin, with the elimi-
nation of water as the only side product (Scheme 10).

[Cp*Ru]-catalyzed oxidative CˇC coupling of propargylic
amines and allylic alcohol gives amino aldehyde intermediate
74 in THF. In situ enamine formation of 74 provides a new
method for constructing functionalized piperidines (75).[11a]

Messerle et al. reported new pyrazolyl-1,2,3-triazolyl
N,N’ bidentate donor ligands for coordination to ruthenium
and iridium for CˇC and CˇN bond-forming annulations
[Eq. (22)]. The complex 76, containing electron-withdrawing
substituents on the phenyl ring, was efficient for the
preparation of the tricyclic indole 77 from 2-(hydroxyalk-1-

ynyl)anilines through a CˇN bond formation/hydrogen-trans-
fer CˇC bond formation sequence in one pot.[11b]

3. Synthesis of O- and S-Heterocycles

Oxygen- and sulfur-containing heterocycles are frequently
used in materials and biological chemistry.[37] Cyclic carbox-
ylates are present in large number of natural products and
biologically important compounds, and it is a useful building
block in organic synthesis and polymer synthesis.[38] Over the
past decades, there has been considerable attention focused
on the asymmetric synthesis of chiral lactones. Transition-
metal-catalyzed hydrogen transfer provides access to lactones
in an environmentally friendly approach.

3.1. Annulation by Oxidative Cyclization of Alcohols

Dehydrogenative annulation of diols into lactones is one
of the most promising protocols for the construction of cyclic
esters from easily accessible starting materials, with extrusion
of H2 as the by-product. Milstein and co-workers developed
a new catalytic system, the PNN ruthenium dihydrido
borohydride pincer complex 78, to achieve the base-free
and acceptorless dehydrogenative coupling reaction of alco-
hols into esters [Eq. (23)].[9c] Various 1,4- and 1,5-diols were
transformed into five- and six-membered lactones (79) in
refluxing toluene, thus enabling an acceptorless strategy with
the liberation of H2 as a by-product.

Chemo- and enantioselective formation of five- and six-
membered lactones (84) were achieved from 1,4-keto alco-
hols using Noyori�s transfer-hydrogenation catalyst
(Scheme 11). 1,4-keto alcohols are precursors for 1,4-keto
aldehydes, which are sensitive to decomposition through an
aldol-type pathway. The mechanism consists of Noyori�s
transfer hydrogenation of the ketone followed by oxidation of
the primary alcohol, thus leading to formation of a lactone via
the hemiacetal intermediate 83.[39]

Scheme 9. Synthesis of N-heterocycles by isomerization/Michael addi-
tion of amide-tethered propargyl alcohols. Boc= tert-butoxycarbonyl,
Ns=o-nitrobenzenesulfonyl, Tf= trifluoromethanesulfonyl.

Scheme 10. Synthesis of functionalized piperidines from unsaturated
systems.
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§  Oxidative Cyclization of Alcohols to Lactones!
§  Annulation of diols to lactones!
§  H2 as only byproduct!

§  Chemo- & Enantioselective Lactonization !
§  Noyori H-transfer catalyst!

O/S-Heterocycle Formation

2.4. Annulation of Alcohols with Unsaturated Systems

Organic building blocks such as alkenes and alkynes have
been utilized in combination with alcohols, as precursors for
carbonyls, to construct heterocyclic compounds by a catalytic
hydrogen-transfer annulation process. Ruthenium-catalyzed
redox isomerization of propargyl alcohols resulted in the
sensitive a,b-unsaturated carbonyl compounds 71, which
undergo an intramolecular acid-catalyzed Michael addition,
for the construction of five- and six-membered N-hetero-
cycles (72) in one pot (Scheme 9).[36]

Selective intermolecular coupling of terminal propargylic
amines with allylic alcohols was reported to occur at the
cationic ruthenium center for the preparation of piperidine
derivatives (75), having an exocyclic olefin, with the elimi-
nation of water as the only side product (Scheme 10).

[Cp*Ru]-catalyzed oxidative CˇC coupling of propargylic
amines and allylic alcohol gives amino aldehyde intermediate
74 in THF. In situ enamine formation of 74 provides a new
method for constructing functionalized piperidines (75).[11a]

Messerle et al. reported new pyrazolyl-1,2,3-triazolyl
N,N’ bidentate donor ligands for coordination to ruthenium
and iridium for CˇC and CˇN bond-forming annulations
[Eq. (22)]. The complex 76, containing electron-withdrawing
substituents on the phenyl ring, was efficient for the
preparation of the tricyclic indole 77 from 2-(hydroxyalk-1-

ynyl)anilines through a CˇN bond formation/hydrogen-trans-
fer CˇC bond formation sequence in one pot.[11b]

3. Synthesis of O- and S-Heterocycles

Oxygen- and sulfur-containing heterocycles are frequently
used in materials and biological chemistry.[37] Cyclic carbox-
ylates are present in large number of natural products and
biologically important compounds, and it is a useful building
block in organic synthesis and polymer synthesis.[38] Over the
past decades, there has been considerable attention focused
on the asymmetric synthesis of chiral lactones. Transition-
metal-catalyzed hydrogen transfer provides access to lactones
in an environmentally friendly approach.

3.1. Annulation by Oxidative Cyclization of Alcohols

Dehydrogenative annulation of diols into lactones is one
of the most promising protocols for the construction of cyclic
esters from easily accessible starting materials, with extrusion
of H2 as the by-product. Milstein and co-workers developed
a new catalytic system, the PNN ruthenium dihydrido
borohydride pincer complex 78, to achieve the base-free
and acceptorless dehydrogenative coupling reaction of alco-
hols into esters [Eq. (23)].[9c] Various 1,4- and 1,5-diols were
transformed into five- and six-membered lactones (79) in
refluxing toluene, thus enabling an acceptorless strategy with
the liberation of H2 as a by-product.

Chemo- and enantioselective formation of five- and six-
membered lactones (84) were achieved from 1,4-keto alco-
hols using Noyori�s transfer-hydrogenation catalyst
(Scheme 11). 1,4-keto alcohols are precursors for 1,4-keto
aldehydes, which are sensitive to decomposition through an
aldol-type pathway. The mechanism consists of Noyori�s
transfer hydrogenation of the ketone followed by oxidation of
the primary alcohol, thus leading to formation of a lactone via
the hemiacetal intermediate 83.[39]

Scheme 9. Synthesis of N-heterocycles by isomerization/Michael addi-
tion of amide-tethered propargyl alcohols. Boc= tert-butoxycarbonyl,
Ns=o-nitrobenzenesulfonyl, Tf= trifluoromethanesulfonyl.

Scheme 10. Synthesis of functionalized piperidines from unsaturated
systems.
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ABSTRACT: An enantioselective ketone hydroacylation
enables the direct preparation of lactones from keto
alcohols. The alcohol is oxidized in situ to an aldehyde,
obviating the need to prepare sensitive keto aldehyde
substrates. Noyori’s asymmetric transfer hydrogenation
catalyst was applied to address challenges of reactivity,
chemoselectivity, and enantioselectivity.

The γ-butyrolactone core occurs in more than 15,000
natural products,1 including antibiotic and antitumor

agents, and it is a useful building block in organic synthesis.2 To
prepare enantioenriched lactones, our laboratory has been
developing rhodium-catalyzed hydroacylation.3 These rhodium
catalysts, however, fail to cyclize 1,4-keto aldehydes such as 3 to
generate the corresponding γ-butyrolactones (Figure 1a).4,5

Instead, significant decarbonylation occurs, presumably due to
the conformational flexibility of these substrates. Poor reactivity
and chemoselectivity have limited the use of other catalysts in
this transformation, including N-heterocyclic carbenes
(NHCs),6a,b ruthenium hydrides such as RuHCl(CO)-
(PPh3)3,

6c and iridium hydrides.6d Enantioselectivity is difficult
to achieve, and only one moderately enantioselective (43−84%
ee) Tishchenko-type cyclization of related 1,5-keto aldehydes,
which uses stoichiometric SmI2 and a chiral auxiliary, has been
reported.6e These results highlight a need for hydroacylation
catalysts that operate by alternative mechanisms. To address
these challenges, we considered that a bifunctional ruthenium
hydride catalyst could be applied to achieve a novel chemo- and
enantioselective hydroacylation of 1,4-dioxygenated substrates
(Figure 1b).7

Applying an asymmetric transfer hydrogenation (ATH)
catalyst8 allows the 1,4-keto aldehyde substrate, which is
sensitive to decomposition via aldol-type pathways, to be
replaced with a stable 1,4-keto alcohol that undergoes in situ
oxidation to the requisite aldehyde (Figure 1b).9 Krische and
co-workers have demonstrated diene and alkyne hydroacylation
from the alcohol oxidation state by applying transfer hydro-
genation conditions.10 We envisioned that hydroacylation of
1,4-keto alcohol 4 could occur by initial asymmetric reduction
of the ketone to afford diol 5. Oxidation of the primary
alcohol11 would generate 1,4-hydroxy aldehyde 6, which could
cyclize to hemiacetal 7. Finally, irreversible oxidation of 7
would yield the desired γ-butyrolactone 8.12,13 In contrast to
our reported rhodium-catalyzed hydroacylations,3 this mecha-
nistic scenario circumvents activation of the aldehyde C−H

bond and therefore avoids competing aldehyde decarbon-
ylation.14

With this mechanism in mind, we chose to apply Noyori’s
ATH catalyst8 in ketone hydroacylation. To test our hypothesis,
we combined 4-hydroxybutyrophenone with 5 mol % A and 1.2
equiv of acetone as a hydrogen acceptor (Scheme 1). We
evaluated a number of solvents15 and found that when ethyl
acetate (EtOAc) was used, γ-phenyl-γ-butyrolactone was
isolated in 92% yield with 91% ee in favor of the R
stereoisomer.16 In contrast to reports on the use of RuHCl-
(CO)(PPh3)3

6c and iridium hydrides6d in ketone hydro-
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Figure 1. Strategies for intramolecular ketone hydroacylation.
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Compound 6 is prone to aldols, !
need in low concentration!



§  α-exo-Methylene γ-butyrolactones – present in 10% of natural products!

§  Spirolactones – from C-C coupling followed by lactonization!

!
!
§  Furans – from redox-triggered C-C coupling of diols !

Chiral Lactones continued

Under the optimal conditions identified for the conversion of
acrylic ester 1 and alcohol 2b to racemic butyrolactone 3b,
catalysts modified by diverse axially chiral chelating phosphine
ligands were assayed. The chiral ligands assayed included
BINAP, Xylyl-BINAP, SEGPHOS, DM-SEGPHOS, C3-TU-
NEPHOS, MeO-BIPHEP, Cl,MeO-BIPHEP, and CTH-P-
PHOS, among others. However, the degree of asymmetric
induction was disappointing, with 80% ee or lower in each case.
In contrast, the chiral complex modified by (−)-2,2′,5,5′-
tetramethyl-3,3′-bis(diphenylphosphine)-4,4′-bithiophene
[(−)-TMBTP],15 designated as Ir(TMBTP), provided butyr-
olactone 3b in 79% yield with 88% ee (Table 2, entry 1). The

isolated yields and degree of asymmetric induction were both
highly solvent-dependent. Whereas reactions performed in 2-
Me-THF and dioxane provided butyrolactone 3b in 68% yield
with 77% ee and 33% yield with 72% ee, respectively, a 31%
yield with 92% ee was obtained in MeCN (Table 2, entries 2−
4). To balance the yield and enantioselectivity, reactions were
conducted in THF/MeCN mixtures over 3 days (Table 2,
entries 5 and 6).
The optimal conditions identified for the enantioselective

process were applied to primary aliphatic alcohols 2a−i. The
corresponding α-exo-methylene γ-butyrolactones 3a−i were
produced in good to excellent isolated yields with enantiose-
lectivities ranging from 82 to 95% ee (Table 3). Benzylic
alcohols also participated in the 2-(alkoxycarbonyl)allylation,
but the enantioselectivities were modest.16 As illustrated by the

conversion of aldehyde 4g to butyrolactone 3g, 2-
(alkoxycarbonyl)allylation can be conducted from the aldehyde
oxidation level using isopropanol as a terminal reductant
(Scheme 1). Butyrolactones 3a and 3b were previously
prepared in optically enriched form and served to corroborate
the assignment of absolute stereochemistry for butyrolactones
3a−i.

To illustrate the potential utility of adducts 3a−i,
butyrolactone 3f was converted into allylic bromide 5, which
was subjected to zinc-mediated reductive coupling to p-
bromobenzaldehyde and 3-phenylpropanal (Scheme 2).17 The
corresponding adducts 6a and 6b were generated diaster-
eoselectively, thereby establishing entry to disubstituted α-exo-
methylene γ-butyrolactones with control of the relative and
absolute stereochemistries.

Table 1. Selected Optimization Experiments in the C−C
Coupling of Ester 1 to Alcohol 2b [R = (CH2)2Ph]

a

aYields are of materials isolated by silica gel chromatography. See the
Supporting Information for further details.

Table 2. Selected Optimization Experiments in the
Enantioselective C−C Coupling of Ester 1 to Alcohol 2b [R
= (CH2)2Ph]

a

aYields are of materials isolated by silica gel chromatography.
Enantiomeric excesses were determined by chiral stationary phase
HPLC analysis. See the Supporting Information for further details.

Table 3. Enantioselective 2-(Alkoxycarbonyl)allylation via
Iridium-Catalyzed C−C Bond-Forming Transfer
Hydrogenationa

aAs described for Table 2. bTHF (0.5 M). cThe cyclometalated
catalyst derived from 4-CN-3-NO2-BzOH was used. d(R)-DM-
SEGPHOS was used as the ligand. See the Supporting Information
for further details.

Scheme 1. Enantioselective 2-(Alkoxycarbonyl)allylation via
Iridium-Catalyzed Aldehyde Reductive Coupling via
Transfer Hydrogenationa

aAs described for Table 2. See the Supporting Information for further
details.
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of the b,g-unsaturated ketones with substoichiometric quan-
tities of p-toluenesulfonic acid afforded the tetrasubstituted
furans 95 by cyclodehydration.

4. Synthesis of N,O- and N,S-Heterocycles by
Annulations with Phenol and Thiophenol Deriva-
tives

Benzoxazoles and benzothiazoles are commonly encoun-
tered groups in natural products, pharmaceuticals, and agro-
chemicals. Transition-metal-catalyzed hydrogen-transfer cou-
pling of alcohols with 2-aminophenols and thiophenols
resulted in the sustainable synthesis of benzoxazoles and
benzothiazoles, respectively, and displaces the conventional
use of stoichiometric oxidants to effect the aromatizing
condensation of alcohols or aldehydes with 2-aminophenols.
Iron-catalyzed formation of benzoxazoles by the reaction of
2-nitrophenol and primary alcohols was reported to proceed
through a hydrogen-transfer reaction. Borrowing hydrogen
from alcohols was used to reduce the nitro functional group,
which upon reduction undergoes condensation and oxidation
to provide benzoxazoles [Eq. (29)].[44] Inexpensive and effi-
cient catalytic methods for the preparation of benzoxazoles
and benzothiazoles from alcohols and 2-aminophenols and

thiophenols, respectively, were developed using iron(II)
phthalocyanine (FePc) as the catalyst [Eq. (30)].[45]

5. Synthesis of Carbocyclic Compounds by
Annulation of Alcohols with Unsaturated Systems

Furthermore, the application of hydrogen-transfer annu-
lations has been extended to the construction of carbocyclic
compounds from vicinal diols and dienes. A ruthenium(0)
complex generated from [Ru3(CO)12] and BIPHEP was used
to synthesize carbocyclic compounds from diols and dienes
through a [4++2] cycloaddition [Eq. (31)]. This novel strategy
follows oxidative coupling of an in situ generated dione and
diene to form the oxametallacycle 98 (Scheme 14), thus

leading to the allylruthenium complex 99 by protonolytic
cleavage by the diol. Intramolecular allylruthenation of 99
gives the ruthenium(II) alkoxide 100, which undergoes
b-hydride elimination to form the ruthenium hydride 101.
Reductive elimination of 101 affords the carbocyclic com-
pounds 102 and regenerates the ruthenium(0) complex.[46]

Polycyclic aromatic compounds were efficiently prepared
through ruthenium(0)-catalyzed [4++2] cycloaddition of cyclic
diols with dienes followed by acid-catalyzed aromatization.
This methodology was utilized for the construction of various
polycyclic compounds such as substituted fluoranthenes (104)
naphthalenes (105), indeno[1,2,3-cd]-fluoranthene (106), an-

Scheme 13. Synthesis of lactones from diols and methyl acrylates.
dppp=1,3-bis(diphenylphosphino)propane.

Scheme 14. Synthesis of carbocyclic compounds by hydrogen-transfer
[4++2] cycloaddition.
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tities of p-toluenesulfonic acid afforded the tetrasubstituted
furans 95 by cyclodehydration.

4. Synthesis of N,O- and N,S-Heterocycles by
Annulations with Phenol and Thiophenol Deriva-
tives

Benzoxazoles and benzothiazoles are commonly encoun-
tered groups in natural products, pharmaceuticals, and agro-
chemicals. Transition-metal-catalyzed hydrogen-transfer cou-
pling of alcohols with 2-aminophenols and thiophenols
resulted in the sustainable synthesis of benzoxazoles and
benzothiazoles, respectively, and displaces the conventional
use of stoichiometric oxidants to effect the aromatizing
condensation of alcohols or aldehydes with 2-aminophenols.
Iron-catalyzed formation of benzoxazoles by the reaction of
2-nitrophenol and primary alcohols was reported to proceed
through a hydrogen-transfer reaction. Borrowing hydrogen
from alcohols was used to reduce the nitro functional group,
which upon reduction undergoes condensation and oxidation
to provide benzoxazoles [Eq. (29)].[44] Inexpensive and effi-
cient catalytic methods for the preparation of benzoxazoles
and benzothiazoles from alcohols and 2-aminophenols and

thiophenols, respectively, were developed using iron(II)
phthalocyanine (FePc) as the catalyst [Eq. (30)].[45]

5. Synthesis of Carbocyclic Compounds by
Annulation of Alcohols with Unsaturated Systems

Furthermore, the application of hydrogen-transfer annu-
lations has been extended to the construction of carbocyclic
compounds from vicinal diols and dienes. A ruthenium(0)
complex generated from [Ru3(CO)12] and BIPHEP was used
to synthesize carbocyclic compounds from diols and dienes
through a [4++2] cycloaddition [Eq. (31)]. This novel strategy
follows oxidative coupling of an in situ generated dione and
diene to form the oxametallacycle 98 (Scheme 14), thus

leading to the allylruthenium complex 99 by protonolytic
cleavage by the diol. Intramolecular allylruthenation of 99
gives the ruthenium(II) alkoxide 100, which undergoes
b-hydride elimination to form the ruthenium hydride 101.
Reductive elimination of 101 affords the carbocyclic com-
pounds 102 and regenerates the ruthenium(0) complex.[46]

Polycyclic aromatic compounds were efficiently prepared
through ruthenium(0)-catalyzed [4++2] cycloaddition of cyclic
diols with dienes followed by acid-catalyzed aromatization.
This methodology was utilized for the construction of various
polycyclic compounds such as substituted fluoranthenes (104)
naphthalenes (105), indeno[1,2,3-cd]-fluoranthene (106), an-

Scheme 13. Synthesis of lactones from diols and methyl acrylates.
dppp=1,3-bis(diphenylphosphino)propane.

Scheme 14. Synthesis of carbocyclic compounds by hydrogen-transfer
[4++2] cycloaddition.
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§  Knoevenagel-type condensation to form chromanes & thiochromanes!
§  Olefin intermediate captures [Ir]-H instead of nitrile!

§  Active methylene condensation!
§  BQ is H-acceptor!

O/S-Heterocycle Formation

Intramolecular hydrogen-transfer Knoevenagel-type con-
densation was also developed using alcohols which act as
carbonyl precursors and active methylene groups, thus lead-
ing to cyclic compounds through a CˇC bond formation
process. Cossy et al. reported the synthesis of chromanes and
thiochromane (85) by an iridium-catalyzed borrowing-hydro-
gen reaction [Eq. (24)].[40] Iridium catalytic systems such as
[{Cp*IrCl2}2] and [{Ir(cod)Cl}2]/PPh3 were highly efficient
catalysts under microwave conditions. Both catalytic systems
showed similar reactivities and cis/trans selectivities for the
construction of chromanes, whereas [{Ir(cod)Cl}2]/PPh3

showed better yields for the synthesis of thiochromane-4-
carbonitrile. The reaction path consists of initial catalytic
dehydrogenation of an alcohol to form a carbonyl compound
and subsequent intramolecular condensation of the carbonyl
with an active methylene group to provide olefin function-
alities. Finally hydrogenation of the condensed product
utilizing the borrowed hydrogen affords the corresponding
O- and S-containing heterocyclic compounds 85.

Hydrogen-transfer condensation of alcohols with active
methylene groups in the presence of a hydrogen acceptor,
which suppresses the final hydrogenation step, provides
a strategy to construct heteroaromatic compounds. The
diversity of the substituted benzofurans and benzothiophenes
86 was achieved by iridium-catalyzed intramolecular dehy-
drogenative condensation of alcohols with active methylene
groups using p-benzoquinone as the hydrogen acceptor
[Eq. (25)].[9d]

3.2. Annulation of Alcohols with Unsaturated Systems

Williams and co-workers reported the synthesis of 2,5-
substituted furans from readily available 1,4-alkynediols by
ruthenium-catalyzed hydrogen-transfer isomerization.
[Ru(PPh3)3(CO)H2] in association with Xantphos was utilized
for isomerization of 1,4-alkynediols into 1,4-diketones (87)
which then undergo acid-catalyzed dehydration, thus provid-
ing a range of 2,5-disubstituted furans (88 ; Scheme 12).[41]

Krische et al. reported the enantioselective synthesis of
a-exo-methylene g-butyrolactones (90) through a CˇC bond-
forming reaction of acrylic esters and alcohols by using
a cyclometallated chiral iridium complex (89) under mild
reaction conditions for a carbonyl 2-(alkoxycarbonyl)allyla-
tion [Eq. (26)]. The above reaction in THF provides the
maximum yield with moderate ee values, whereas MeCN
provides a moderate yield with high ee values. To balance this
reaction in terms of yield and ee value, the reactions were
conducted in a 1:1 mixture of THF/MeCN.[42]

Hydrogen-transfer CˇC bond-forming reactions of vicinal
diols with methyl acrylate, using the ruthenium(0) complex
[Ru3(CO)12] and dppp, were reported for the construction of
lactones and spirolactones from acyclic and cyclic diols,
respectively. Diversely substituted cyclic diols were converted
into spirolactones in good to excellent yields [Eq. (27)]. The
mechanistic pathway for the formation of the lactone through
CˇC coupling and subsequent lactonization is shown in
Scheme 13.[11c]

Redox-triggered CˇC coupling of diols with alkynes to
give b,g-unsaturated ketones (94) was reported to proceed by
using an in situ generated ruthenium complex [Eq. (28)]. The
reaction involved hydrohydroxyalkylation with complete
regioselectivity.[43] The above coupling reaction was effected
with a catalytic amount of [Ru3(CO)12], PCy3, and 1-
adamantanecarboxylic acid in m-xylene at 130 88C. Treatment

Scheme 11. Enantioselective synthesis of lactones.

Scheme 12. Synthesis of 2,5-disubstituted furans.
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gen reaction [Eq. (24)].[40] Iridium catalytic systems such as
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showed similar reactivities and cis/trans selectivities for the
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carbonitrile. The reaction path consists of initial catalytic
dehydrogenation of an alcohol to form a carbonyl compound
and subsequent intramolecular condensation of the carbonyl
with an active methylene group to provide olefin function-
alities. Finally hydrogenation of the condensed product
utilizing the borrowed hydrogen affords the corresponding
O- and S-containing heterocyclic compounds 85.

Hydrogen-transfer condensation of alcohols with active
methylene groups in the presence of a hydrogen acceptor,
which suppresses the final hydrogenation step, provides
a strategy to construct heteroaromatic compounds. The
diversity of the substituted benzofurans and benzothiophenes
86 was achieved by iridium-catalyzed intramolecular dehy-
drogenative condensation of alcohols with active methylene
groups using p-benzoquinone as the hydrogen acceptor
[Eq. (25)].[9d]

3.2. Annulation of Alcohols with Unsaturated Systems

Williams and co-workers reported the synthesis of 2,5-
substituted furans from readily available 1,4-alkynediols by
ruthenium-catalyzed hydrogen-transfer isomerization.
[Ru(PPh3)3(CO)H2] in association with Xantphos was utilized
for isomerization of 1,4-alkynediols into 1,4-diketones (87)
which then undergo acid-catalyzed dehydration, thus provid-
ing a range of 2,5-disubstituted furans (88 ; Scheme 12).[41]

Krische et al. reported the enantioselective synthesis of
a-exo-methylene g-butyrolactones (90) through a CˇC bond-
forming reaction of acrylic esters and alcohols by using
a cyclometallated chiral iridium complex (89) under mild
reaction conditions for a carbonyl 2-(alkoxycarbonyl)allyla-
tion [Eq. (26)]. The above reaction in THF provides the
maximum yield with moderate ee values, whereas MeCN
provides a moderate yield with high ee values. To balance this
reaction in terms of yield and ee value, the reactions were
conducted in a 1:1 mixture of THF/MeCN.[42]

Hydrogen-transfer CˇC bond-forming reactions of vicinal
diols with methyl acrylate, using the ruthenium(0) complex
[Ru3(CO)12] and dppp, were reported for the construction of
lactones and spirolactones from acyclic and cyclic diols,
respectively. Diversely substituted cyclic diols were converted
into spirolactones in good to excellent yields [Eq. (27)]. The
mechanistic pathway for the formation of the lactone through
CˇC coupling and subsequent lactonization is shown in
Scheme 13.[11c]

Redox-triggered CˇC coupling of diols with alkynes to
give b,g-unsaturated ketones (94) was reported to proceed by
using an in situ generated ruthenium complex [Eq. (28)]. The
reaction involved hydrohydroxyalkylation with complete
regioselectivity.[43] The above coupling reaction was effected
with a catalytic amount of [Ru3(CO)12], PCy3, and 1-
adamantanecarboxylic acid in m-xylene at 130 88C. Treatment
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§  H-Transfer annulations are a pretty mild way to synthesize 
heterocycles!

§  Although the substrates are not always the most trivial for these 
reactions, they can still be cheaper/easier to synthesize than trying to 
densely functionalize pyrroles, pyridines, etc !

§  I think this strategy is a great way to rethink organic synthesis and how 
to approach synthetic problems!

Final



Questions

NH2

OH

HO Ph+
5 mol% [Cp*IrCl2]2

(5 equiv.)
2.5 mol% KOH

110 oC, N2
78% yield

N
H

Ph

NH2

Cl

+
HO

Me

HO

5 mol% RuCl3⋅xH2O
10 mol% PBu3

5 mol% MgBr2⋅OEt2
mesitylene, reflux, 16 h

43% yield

N
Cl

Me

1.	  Predict	  the	  product.	  

2.	  Predict	  the	  mechanism.	  

3.	  Predict	  the	  mechanism.	  



Questions 1

NH2

OH

NH2

OHMe

5 mol% [Ru(p-cymene)Cl2]2
5 mol% Xantphos

PhMe, 160 oC, 12 h
46% yield

+

Me
N
H

NH

Me

Me

N

Ph
O

O

Ph

HO
Ph

OH + NC
Ph

5 mol% RuH2(PPh3)4

20 mol% NaH 
benzene, 80 oC, 18 h

51% yield

NNiPr iPr
Br (5 mol%)

N
N Ru P(tBu)2

H

Cl CO
(0.5 mol%)

PhMe/THF, KOtBu (1 equiv.)
reflux, 24 h
71% yield

NH2

OH
OH

+

(2 equiv.)

N



§  d!

Question 2

NH2

OH

HO Ph+
5 mol% [Cp*IrCl2]2

(5 equiv.)
2.5 mol% KOH

110 oC, N2
78% yield

N
H

Ph

if any, bis-indolylmethane byproducts were evident, high-
lighting indole concentration as the key factor in the
generation of these species.

In conclusion, two novel [Cp*IrCl2]2-catalyzed methods
for the synthesis of substituted indoles have been developed,

utilizing the indirect functionalization of alcohols. These
allow one-pot access to a wide range of key building blocks.
Work continues on the development and application of this
methodology.
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Scheme 3. Proposed Mechanism for the One-Pot, Tandem Oxidative Cyclization/Alkylation of 2-Aminophenyl Ethyl Alcohol and
Primary Alcohols To Afford Substituted Indoles

Scheme 4. One-Pot Synthesis of 3-Benzylindole from
2-Nitrophenyl Ethyl Alcohol and Benzyl Alcohol
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§  Doebner–von Miller Quinoline Synthesis!

Question 2

4-methylquinoline was formed. Since the 4-substituted quinoline
is the opposite regioisomer compared to the product in Table 1,
the condensation from 4-hydroxybutan-2-one and butane-1,3-diol
are clearly not following the same pathway.

If a 1 : 1 mixture of nonane-1,3-diol and 4-hydroxybutan-2-
one are condensed with aniline and the ruthenium catalyst,
the former is converted into 2-n-hexylquinoline as in Table 2,
entry 3 while the latter again affords 4-methylquinoline. In
all these experiments 4-hydroxybutan-2-one is believed to react
with aniline by elimination of water followed by a Michael
addition to produce 4-anilinobutan-2-one and subsequently
4-methylquinoline. It is known that 4-methoxybutan-2-one reacts
with aniline hydrochloride to produce 4-methylquinoline20 and the
reaction presumably occurs by elimination of methanol followed
by a Michael addition.21 Since the elimination of water and the
following Michael addition are very facile reactions, the present
condensation may proceed by initial dehydrogenation of the
diol to the 3-hydroxyaldehyde (Scheme 2). It has been shown
that certain ruthenium catalysts will selectively dehydrogenate
a primary alcohol over a secondary alcohol.22 The generated 3-
hydroxyaldehyde will then eliminate water, undergo a Michael
addition followed by electrophilic cyclisation.23 The latter part
involves the same steps as in the Doebner–von Miller quinoline
synthesis8b,24 and the regioselectivity with unsymmetric diols are
then determined in the initial dehydrogenation reaction.

Scheme 2 Proposed mechanism for quinoline formation from anilines
and 1,3-diols.

Conclusion

In summary, we have explored the one-step synthesis of quinolines
from anilines and 1,3-diols with RuCl3·xH2O/PBu3 as the catalyst.
The reaction does not require any stoichiometric additives and
only produces water and dihydrogen as byproducts. Increased
yields are obtained when a catalytic amount of MgBr2·OEt2 is
added and the transformation gives easy access to 2- and in
particular 3-substituted quinolines from simple starting materials.

Experimental

Reactions were monitored by GC on a Shimadzu GC2010
instrument equipped with an EquityTM 1 column (15 m ¥ 0.1 mm,
0.1 mm film). Melting points are uncorrected. Solvents used for
chromatography were of HPLC grade. Thin layer chromatography
was performed on aluminium plates coated with silica gel 60.
Visualisation was done by UV or by dipping in a solution of
KMnO4 (1%), K2CO3 (6.7%) and NaOH (0.08%) in H2O followed
by heating with a heatgun. Flash chromatography was performed
with silica gel 60 (35–70 mm). NMR spectra were recorded on a

Varian Mercury 300 instrument. Chemical shifts were measured
relative to the signals of residual CHCl3 (dH 7.26 ppm) and CDCl3

(dC 77.16 ppm). Mass spectrometry was performed by direct inlet
on a Shimadzu GCMS-QP5000 instrument. High resolution mass
spectra were recorded at the Department of Physics and Chemistry,
University of Southern Denmark.

General procedure for ruthenium-catalysed preparation of
quinolines

A stirred solution of RuCl3·xH2O (26 mg, 0.10 mmol),
MgBr2·OEt2 (26 mg, 0.10 mmol), PBu3 (50 mL, 0.20 mmol), aniline
(2.0 mmol) and diol (2.4 mmol) in anhydrous mesitylene (0.50 mL)
was heated to reflux under an argon atmosphere for 16 h. The
reaction mixture was cooled to room temperature and purified
directly by flash column chromatography (toluene–EtOAc) on
silica gel pretreated with 0.1% of Et3N in toluene.

2-n-Butyl-1,3-propanediol

Prepared from diethyl butylmalonate in 88% yield by reduction
with LiAlH4.25 1H NMR (300 MHz, CDCl3): d 3.83 (dd, J = 3.8,
10.7 Hz, 2H), 3.66 (dd, J = 7.6, 10.6 Hz, 2H), 2.04 (br s, 2 OH),
1.84–1.71 (m, 1H), 1.36–1.19 (m, 6H), 0.90 (t, J = 7.0 Hz, 3H).
13C NMR (75 MHz, CDCl3): d 66.8, 42.1, 29.5, 27.5, 23.1, 14.1.
MS: m/z 96 [M–2H2O]. 1H NMR data are in accordance with
literature values.25

Quinoline

Rf 0.22 (toluene–EtOAc, 85 : 15). 1H NMR (300 MHz, CDCl3):
d 8.91 (d, J = 4.2 Hz, 1H), 8.13 (t, J = 8.4 Hz, 2H), 7.80 (d, J =
8.0 Hz, 1H), 7.71 (t, J = 8.2 Hz, 1H), 7.53 (t, J = 7.5 Hz, 1H),
7.38 (dd, J = 4.2, 8.2 Hz, 1H). 13C NMR (75 MHz, CDCl3): d
150.5, 148.4, 136.1, 129.5, 129.5, 128.4, 127.9, 126.6, 121.2. MS:
m/z 129 [M]. NMR data are identical to those from a commercial
sample.

2-Methylquinoline

Rf 0.26 (toluene–EtOAc, 85 : 15). bp 109–111 ◦C/8 mmHg (lit.26

118 ◦C/10 mmHg). 1H NMR (300 MHz, CDCl3): d 8.18 (d, J =
8.5 Hz, 1H), 8.05 (d, J = 8.4 Hz, 1H), 7.84–7.74 (m, 2H), 7.55 (t,
J = 8.1 Hz, 1H), 7.30 (d, J = 8.4 Hz, 1H), 2.84 (s, 3H). 13C NMR
(75 MHz, CDCl3): d 158.7, 147.6, 135.8, 129.1, 128.4, 127.3, 126.2,
125.4, 121.7, 25.1. MS: m/z 143 [M]. NMR data are in accordance
with literature values.11h

2-n-Hexylquinoline

Rf 0.54 (toluene–EtOAc, 85 : 15). 1H NMR (300 MHz, CDCl3): d
8.10–8.08 (m, 1H), 8.07–8.05 (m, 1H), 7.78 (dd, J = 1.3, 8.0 Hz,
1H), 7.69 (ddd, J = 1.4, 6.9, 8.4 Hz, 1H), 7.49 (ddd, J = 1.1, 7.0,
8.1 Hz, 1H), 7.31 (d, J = 8.4 Hz, 1H), 3.02–2.95 (m, 2H), 1.87–
1.75 (m, 2H), 1.48–1.24 (m, 6H), 0.92–0.84 (m, 3H). 13C NMR
(75 MHz, CDCl3): d 163.2, 147.7, 136.4, 129.5, 128.8, 127.6, 126.8,
125.8, 121.5, 39.4, 31.9, 30.2, 29.4, 22.7, 14.2. MS: m/z 213 [M].
NMR data are in accordance with literature values.27

3-Methylquinoline

Rf 0.24 (toluene–EtOAc, 85 : 15). bp 105–106 ◦C/4 mmHg. 1H
NMR (300 MHz, CDCl3): d 8.76 (s, 1H), 8.06 (d, J = 8.4 Hz, 1H),

This journal is © The Royal Society of Chemistry 2011 Org. Biomol. Chem., 2011, 9, 610–615 | 613

Pu
bl

is
he

d 
on

 2
2 

N
ov

em
be

r 
20

10
. D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
T

ex
as

 L
ib

ra
ri

es
 o

n 
05

/1
0/

20
15

 1
5:

36
:5

3.
 

View Article Online

Madsen et al. Org. Biomol. Chem. 2011, 9, 610.!

NH2

Cl

+
HO

Me

HO

5 mol% RuCl3⋅xH2O
10 mol% PBu3

5 mol% MgBr2⋅OEt2
mesitylene, reflux, 16 h

43% yield

N
Cl

Me

N

Me
OH

H

H

B

N

Me
O

H

Mg H

N

Me

H

H

B

N

Me

HClClClCl

[O]


