Hydrogen-Transfer Annulations
Forming Heterocycles
Samuel John Thompson
Dong Group – UT Austin
Wednesday – October 7th, 2015
Literature Review

This review brought to you by
A. Nandakumar, E. Balaraman et al.

Synthetic Methods

International Edition: DOI: 10.1002/anie.201503247
German Edition:
DOI: 10.1002/ange.201503247

Transition-Metal-Catalyzed Hydrogen-Transfer
Annulations: Access to Heterocyclic Scaffolds

560

ACCOUNT

Cp*Ir Complex-Catalyzed Hydrogen Transfer Reactions Directed toward
Environmentally Benign Organic Synthesis
Cp*IrComplex-Cat lyzedHydrogenTransferReactions
Ken-ichi
Fujita, Ryohei Yamaguchi*
Graduate School of Human and Environmental Studies, Kyoto University, Kyoto 606-8501, Japan
Fax +81(75)7536634; E-mail: fujitak@kagaku.mbox.media.kyoto-u.ac.jp; E-mail: yama@kagaku.mbox.media.kyoto-u.ac.jp
Received 1 October 2004

Avanashiappan Nandakumar,* Siba Prasad Midya, Vinod Gokulkrishna Landge,
and Ekambaram Balaraman*
annulations · heterocycles · hydrogen transfer ·
synthetic methods · transition metal catalysis

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 heterocyclic scaffolds, are highlighted herein.
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
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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 nucleophilic partners) in the final step of the
reaction, thus leading to the net release of water as the only
[2g]
by-product.
Despite reports on several transition-metalcatalyzed (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 transitionmetal-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 overwhelming 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 advancements 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) annulation of unsaturated systems.

1.2. N-Alkylation of Amines by Alcohols
Catalytic N-alkylation of amines is a promising atomeconomical and eco-benign approach for the selective con-
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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 alcohols. This reaction proceeds under quite mild conditions (room temperature in acetone) catalyzed by [Cp*IrCl2]2/K2CO3, and both
primary and secondary alcohols can be used as substrates. Introduction 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-alkylation of primary amines with alcohols has been developed. Synthesis
of indoles and 1,2,3,4-tetrahydroquinolines via intramolecular Nalkylation of amino alcohols and synthesis of nitrogen heterocycles
via intermolecular N-alkylation of primary amines with diols catalyzed 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 catalyzed by [Cp*IrCl2]2/HClO4 using 2-propanol as a hydrogen source
has been realized. A variety of 1,2,3,4-tetrahydroquinoline derivatives 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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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.
SYNLETT 2005, No. 4, pp 0560–057104.03205
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The stability of organoiridium complexes was advantageous for the studies on stoichiometric reactions in detail;
thus the oxidative addition reaction, which is one of the
most fundamental and important process in organometallic chemistry, has been studied using Vaska’s complex IrCl(CO)(PPh3)2.2
The catalytic chemistry of iridium started with the discovery 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 carboncarbon6,7 and carbon-heteroatom8,9 bond formation, hydrogen 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 complexes coordinated with olefin, CO, halogen, or phosphorous 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 complex of iridium. The first synthesis of [Cp*IrCl2]2 was reported 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 pentamethylcyclopentadiene 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 molecules was revealed by Bergman et al. and others.16,17 However, 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
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Two Major Catalyst Metals

Ru

Ir

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

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

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

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

!
Scheme 2 MPV reduction and Oppenauer oxidation.

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

H-Transfer with Catalysis

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

§ 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!!

Heterocylic Bond Disconnection

Key Players
§ Ryohei Yamaguchi!
Kyoto University!

§ Robert Madsen!
University of Denmark!

!
§ David Milstein!
Weizmann Institute of Science!

§ Krische!

Overview
§ 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!

!

N-Alkylation of Amines
§
§

Usually performed with alkyl halides!
§ Difficult to control and predict reactivity!
Via amide reduction a!
§ Toxic and expensive wastes!

2.1. Annulation by N-Alkylation of Amines by Alcohols

N-Alkylation
of Amines
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
§
Usually
performed
alkyl halides!annulation was
ohols and amines.
by an alcohol
throughwith
a hydrogen-transfer
reported
by Grigg
al. in 1981.
pyrrolidines
were
§ Difficult
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andThus
predict
reactivity!
formed by the intramolecular reaction of N-substituted
§ Via4-aminobutan-1-ols
amide reduction
a! presence of 5 mol % [RhH(PPh3)4]
in the
as the
catalyst and
in boiling
1,4-dioxane.
The cascade reaction
§ Toxic
expensive
wastes!
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 pyrrolidines 1 a and 1 b in 56 and 82 % yields, respectively [Eq. (1)].
Similar catalytic conditions were used to synthesize 1 b by the
amination
of butane-1,4-diol
with benzylamine
in by
a ratio
of
First
example
of N-alkylation
cyclization
Grigg
nucleophiles.§
[12]
10:1 to yield 1 b in 31 % [Eq. (2)].

Side: Methanol as alkylation reagent!

ve coupling of
s resulted in the
he liberation of
ter- and intraalcohols with
on of functionompounds. This
cess to a variety

s and Alkynes)

in 1981!

!
5 mol% [RhH(PPh 3)4]
N
H

Methanol, reflux, 4 h

N
Me
97% yield

Direct coupling of a diol with an amine through a borrowing-hydrogen strategy is the most promising protocol for the
construction of N-heterocyclic compounds since diol deriva-

Grigg. J. Chem. Soc. Chem. Commun. 1981, 611.!

Table 5. N-Heterocyclization of Amines with Diols
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Modern N-Alkylation through H-Transfer
Scheme 14. Mechanistic Proposal for the N-Alkylation of Alcohols

with Amines

§

Insight into mechanism!
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at metal center?!
Scheme
13. Hydrogen/Deuterium
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C13 labeled!
Scheme 14. Mechanistic Proposal for the N-Alkylation of Alcohols

with Amines
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Modern N-Alkylation through H-Transfer
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Supporting Information for further details.

Hydroaminoalkylation
§

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

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
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Modern N-Alkylation
through H-Transfer
The reaction was carried out at reflux temperature (111 °C) for 20 h
a

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.

formation of indoles, tetrahydroquinolines, and benzapines!

ABSTRACT
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Scheme 5. 3,5-disubstituted piperidines made by the tandem N,N,C3alkylation reactions. The yield is that for the product 7 (3 steps)
isolated by column chromatography. All reactions were carried in
toluene with 2/3 b/4/B/HCO2H in a 1:1:1.1:0.03:2 molar ratio. Step 1
was run for 16 h, step 2 for 20 h, and step 3 for 2 h under inert an
atmosphere using a thermostated oil bath (150 8C).
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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 intramolecular hydrogen-transfer annulations of alcohols with
various coupling partners enable the formation of function-
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Table 2 (Contd.)
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from anilines
and 1,3-diols
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Table 2 (Contd.)

Table 2 Synthesis of quinolines from anilines and 1,3-diolsa
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Pyrazine and Pyridine Synthesis
A. Nandakumar, E. Balaraman et al.

Synthesis of Peptides and Pyrazines from b-Amino Alcohols through
Extrusion of H2 Catalyzed by Ruthenium Pincer Complexes: Ligand§ Milstein
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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
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§ Cyclic and acyclic secondary alcohols could be used!
§ C-N and C-C bond formation!
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are liberated. The selective linkage of these imine and olefin functionalities 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 formations 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 accessible
unsymmetrically
functionalized molecules could
§ and
Pyrrole
synthesis!
be obtained.

Pyrrole Synthesis

§ Renewable secondary alcohols -1,2-amino alcohols (from amino acids)!
Results and discussion
NATURE CHEMISTRY DOI: 10.1038/NCHEM.1547
Water/air
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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 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
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Reaction conditions: THF, 90 8C, 24 hours.

have not been reported previously (Table 1, blue entries). The synMichlik & Kempe. Nat. Chem. 2013, 5, 140.!
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%
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Table 2 | Synthesis of 2,3,5-trisubstituted pyrroles.
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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.

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

group tolerance and the selectivity of the C–C and C–N bond formation steps allow access
compounds.
Michlikto&these
Kempe.
Nat. Chem. 2013, 5, 140.!
Mechanistically, we propose at this stage a reaction sequence as
shown in Fig. 1c. Dehydrogenation of the secondary alcohol is significantly faster than that of the amino alcohol. It affords a ketone,
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Beller et al. Chem. Eur. J. 2014, 20, 1818.!
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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-heterocycles (72) in one pot (Scheme 9).[36]
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Final
§ 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!

Questions
2.	
  Predict	
  the	
  mechanism.	
  
1.	
  Predict	
  the	
  product.	
  

Ph

OH

5 mol% [Cp*IrCl 2]2

+

HO

NH 2

Ph

(5 equiv.)

2.5 mol% KOH
110 oC, N 2
78% yield

N
H

3.	
  Predict	
  the	
  mechanism.	
  

NH 2
Cl

+

HO
HO

Me

5 mol% RuCl 3⋅xH2O
10 mol% PBu 3
5 mol% MgBr 2⋅OEt2
mesitylene, reflux, 16 h
43% yield

Me
N
Cl

Questions 1
OH
NH 2

+

Me

OH
NH 2

5 mol% [Ru(p-cymene)Cl 2]2
5 mol% Xantphos
PhMe, 160 oC, 12 h
46% yield

Me

NH

Me

Me

N
H

5 mol% RuH 2(PPh 3)4
iPr N
OH

HO

+

Ph

NC

O
Ph
N

20 mol% NaH
benzene, 80 oC, 18 h
51% yield

Ph

OH
OH

N iPr
Br (5 mol%)

O

N
H
N Ru
P(tBu) 2
Cl CO
(0.5 mol%)

+

NH 2
(2 equiv.)

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

N

Ph

Question 2
§ d!
Ph

OH
+
NH 2

Scheme 3.

5 mol% [Cp*IrCl 2]2
HO

Ph

(5 equiv.)

2.5 mol% KOH
110 oC, N 2
78% yield

N
H

Proposed Mechanism for the One-Pot, Tandem Oxidative Cyclization/Alkylation of 2-Aminophenyl Ethyl Alcohol and
Primary Alcohols To Afford Substituted Indoles

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

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
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addition to produce 4-anilinobutan-2-one and subsequently
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was heated to reflux under an a
reaction presumably occurs by elimination of methanol followed
reaction mixture was cooled to
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