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The use of energy and natural resources in the modern
society for our living style is a very active subject for
governments and the public sector. This pressure pursues
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each citizen for a more responsible use of global resources.
Similarly in industry and in particular for chemical industry,
due to their tremendous impact in our society, there is also
constant pressure to reduce costs and consumable resources
and have less detrimental impact to the environment. While
in the past the main issue was process economics, nowadays
the preferred process is frequently the more environmentally
friendly one mainly due to more restricted environmental
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regulations and high costs of waste treatment, removal, and
remediation.? This pressure in industry also gives an extra
impetus to discover more environmentally friendly synthetic
approaches in different research areas.?® Solvent reaction
media and separation processes are important issues in the
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context of more sustainable chemistry, which appear in the
twelve principles of Green Chemistry described by Anastas
and Warner* and in the main topics selected by James Clark
for the Clean Technology Pool: intensive processing, alterna-
tive routes, life cycle assessment, supercritical solvents,
microreactors, renewable feedstocks, telescoped reactions,
nonvolatile solvents, catalysis, alternative energy savers and
solventless systems.5 From an economic point of view, the
capital and operation costs due to separation processes are
usually in the range of 60—80% of the overall costs.® In many
well established chemical processes with major emphasis in
the pharmaceutical industry, considerable amounts of organic
volatile compounds are used as reaction media and for
separation. In this context, the development of new reaction
media and product isolation methods that allow the reduction
of volatile organic solvents is certainly appealing to achieve
more sustainable chemistry. In addition, if the new reaction
media provides some benefit on the reaction performance
such as on the regio-, diastereo-, and enantioselectivity,
catalyst efficiency, and catalyst reuse when applied, this is
certainly very appealing. Heterocycles are molecules ex-
tremely important in different areas, including medicinal
chemistry. Here an overview of the open literature on the
development of more sustainable methodologies for the
synthesis of N-based heterocycles based on solvent-free and
fluorous-tag approaches and by the use of water, poly(eth-
ylene glycol) (PEG), ionic liquids, fluorinated fluids, and
supercritical CO, as solvents for reactions or separation is
provided. Since the main goal of this review is to enable the
readers to follow new methods toward heterocyclic com-
pounds synthesis, it is divided according to ring simplicity
and subdivided by the number of nitrogen atoms contained
in the ring. The modification of compound side chains is
also covered in this work, being referenced in the section
relative to the corresponding main heterocycle skeletons.

1.1. Solvent-Free Transformations

Since the last two decades of the 20th century, there has
been a growing demand for the development of more
sustainable chemistry, particularly in the synthesis of highly
valuable products, in order to minimize the great amounts
of waste and consecutive treatment. One of the greatest
contributions to this waste volume is the volatile components
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used as solvents in the synthetic steps and sequential
purification of the desired compound(s). The use of solvents
in organic synthesis reactions has been classified as indis-
pensable due to its role in facilitating the heat transfer of
the reaction mixture with the neighborhood, promotion of
diffusion of the molecules along the reaction vessel, and
decreasing the difficulty of reagent or product transfers.’
Nowadays, it is well known that reactions can occur in the
solid phase, being in most cases more selective (due to the
arranged crystal lattice) and more efficient than in liquid
phase reactions.® Despite all that, we still assume that the
use of solvent is indispensable in organic synthesis.

Reactions in solvent-free conditions (SFC) have been seen
as an excellent way to minimize the above-mentioned waste.
Furthermore, the use of SFC has several advantages com-
pared with classic conditions:

e reduced risks inherent to the use of high amounts of
volatile organic solvents

*no need to recover, purify, and reutilize the solvent,
reducing the pollution arising from such operations

« easy recovery of the support in cases where an inorganic
support (such as silica, alumina or clays) is used

e in most cases attainment of the desired products in
sufficient purity to avoid time consuming chromatography
or even recrystallizations, simplifying the synthetic steps

* in most cases more rapid reaction of reagents

« ability to perform sequential reactions in high yields and
obtain large compounds libraries

*no need to use proper materials

« avoidance of protection and deprotection of reactive
functional groups

e more economically appealing scale-up procedures for
industry, because of the lack of solvent and the smaller
apparatus required.

Microwave irradiation methodology in organic synthesis
produced enormous impact on SFC reactions. Indeed, there
are several publications covering these techniques with most
of them relating SFC and microwaves.®~° This preference
for SFC in the use of microwaves is mainly due to easier
observation of the marked microwave effect because there
can be radiation losses due to the dielectric constant of the
solvent, more profitable employment of silica, alumina, or
clays under SFC (due to their great capacity to absorb
microwave radiation than solvent), minimization of explosion
risks from volatile organic compounds, and ability to use
phase transfer catalysts.

The sections of this review devoted to solvent-free reactions
aim to cover all the synthetic methodologies developed since
1995 through the use of solvent-free conditions. Since reactions
performed under microwave irradiation are usually done in the
absence of solvent, in most of cases using inorganic supports,
they are also covered in this work.

1.2. Water as a Solvent

Nature, the most amazing entity of the universe, assembled
truly complex molecules with astonishing efficiency from a
primordial aquatic environment. This creation is the base of
what we refer to as Life, the most complex form of organic
and inorganic compounds on Earth. Therefore is without
surprise that we witness the efforts of numerous research
groups to introduce water as solvent in many organic
transformations. This recent interest stems from environ-
mental, economic, and chemical reasons. Obviously, water
is the most desirable solvent available because it is abundant,
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inexpensive, and safe. Nevertheless, water notoriety does not
end with this green relevance; water is one of the most
fascinating liquids on Earth and quite often exerts a remark-
able influence over the chemical transformations performed
in this media. Over the last decade, as bystander to an
explosion of research activity on the use of water, a
substantial contribution was in fact made by the endeavours
of Green Chemistry.2%?!

The seminal work of Breslow on the influence of water
over pericyclic reactions triggered the enthusiasm of the
chemical community. Breslow discovered that Diels—Alder
reactions proceed faster in water (as high as 700-fold) and
with a higher endo/exo selectivity than in organic solvents.
This remarkable influence of water over pericyclic transfor-
mations popularized the hydrophobic effect, which occurs
when nonpolar solutes immiscible with water are dissolved/
suspended in water, this creates a cavity in the ordered
structure of water, which reorganizes around the solute
creating what as been called a clathrate.?2~24

Generally, water is considered as solvent in a reaction
when it partially solubilizes the reactants prone to react. This
notion was recently updated with the work of Sharpless, in
which the concept of reactions “on water” was introduced.
This new expression indicates reactions of organic substances
that are not soluble yet react well or even considerably faster
in water than in organic solvents (Scheme 1).2°

It is deceptive to pretend that there is a common explana-
tion for the exact role of water as solvent; nevertheless, as
Breslow’s observation clearly indicates, water appears to
accelerate reactions in which the transition state molar
volume is significantly lower than the reactants; Diels—Alder
reactions and Claisen rearrangements are examples of
transformations favored by the presence of water (Scheme
2). Furthermore, the small size and high polarity of a water
molecule, as well as a three-dimensional hydrogen-bonded
network system of bulk water (Scheme 2), provide some
unique properties, among which the large cohesive energy
density (about 550 cal/cmd), a large surface tension (72 dyn/
cm),andalarge heat capacity are particular noteworthy. 22242627
In addition and in accord with a recent study disclosed by
Marcus et al.,?® in the case of on-water reactions, there is a
key aspect that distinguishes them from aqueous homoge-
neous or neat reactions. In the structure of water at the
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oil—water interface of an oil emulsion, approximately one
in every four interfacial water molecules has a free OH group
that protrudes into the organic phase enabling catalysis via
the formation of hydrogen bonds. This presents an explana-
tion for the striking rate increase, reported by Sharpless, in
reactions carried out on water.

The use of water as solvent is particular advantageous in
those cases where tedious protection—deprotection reactions
may be avoided; carbohydrate chemistry is a notable example
of this. Furthermore, the low solubility of oxygen gas in
water enhances the potential of this media as solvent for
oxygen-sensitive catalyzed processes. Finally, but not less
important, water offers an additional advantage over tradi-
tional organic solvents in that it allows the reutilization of
water-soluble catalysts after extraction of water-insoluble
reaction products.?

The unique physical and chemical properties of water,
makes this liquid a suitable and in some cases extremely
useful medium for a wide range of chemical transformations.
The following list highlights some of the areas in which water
has proven its utility:2°~3

* pericyclic reactions

« reactions of carbanions

* reactions of carbocations

* reactions of radicals

* reaction of carbenes

« transition-metal catalysis

« oxidations and reductions

« carbohydrate chemistry

Some excellent reviews have been published concerning the
synthesis of organic molecules using water as solvent,2%21:%2
though to our knowledge none cover specifically the synthesis
of heterocycles in aqueous media. Therefore it is the aim of
the present review to gather and discuss the open information
regarding the synthesis of heterocycles using water as solvent
because they represent one of the most important classes of
organic molecules present in most life forms on Earth.

Microwave-assisted synthesis (MAS) of heterocycles in
water has become an exciting research topic, which was
recently reviewed by Kappe et al., and for this reason, MAS
will not be extensively discussed in this review.®

1.3. PEG as Solvent

Poly(ethylene glycol) (PEG) is the linear polymer formed
from the polymerization of ethylene oxide and has many
applications, not only in chemistry but also in other diverse
disciplines as well.

Several types of PEG are available for purchase depending
on the size and terminal functional groups, for example, OH-
PEG-OH or MeO-PEG-OH. Generally smaller sized poly-
mers like PEG,go or PEG40 (MW of 200 and 400, respec-
tively) are liquid at room temperature and are generally
applied as solvent.333* High-weight PEGs (like PEGnqo) are
solid at room temperature but become liquid at 61 °C and
are generally applied as supports in soluble polymer-
supported chemistry 3537

PEG polymers are soluble in relatively polar solvents like
dimethylformamide, methanol, and water but are insoluble
in diethyl ether or isopropanol. This property allows the
recovery of such macromolecules by precipitation and
filtration, which is extremely important in soluble polymer-
supported chemistry. PEGs are viewed to possess the main
advantages of homogeneous and heterogeneous systems.
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PEGs have become very popular in organic synthesis since
they are nonvolatile, recyclable, stable to acid, base, and high
temperature, and available in high quantities at low prices.
Furthermore, their well-known low toxicity makes them
greener versions of conventional halogenated solvents.®®

The fast growth of published works about PEGs in
medicinal areas reflects the importance of PEG polymers
mainly related to their low toxicity (biocompatibility). PEGs
can enhance the solubility of hydrophobic drugs increasing
their bioavailability.3940

1.4. lonic Liquids As Solvent

The history of the development of modern science of
chemistry is marked by dramatic increases in the variety of
compounds, products, and synthesis paths. Today, some tens
of thousands of compounds are used commercially in large
amounts, and a significant proportion of these chemicals are
also released into the environment. Both industrial and
academic chemists thus have a significant responsibility in
designing scientific and industrial approaches that are more
sustainable. The concept of sustainable chemistry is com-
monly defined as chemical research aiming at the optimiza-
tion of chemical processes and products with respect to
material and energy consumption, toxicity, inherent safety,
environmental degradability, and so on. In this context, green
chemistry can be an important key in order to produce cleaner
and efficient synthetic processes.*!

In recent years, ionic liquids (ILs),*>~** which consist of
organic cations and appropriate anions (liquid compounds
until 100 °C), have received much attention due to their
potential as alternative recyclable environmentally benign
reaction media for chemical processes. They have intrinsi-
cally useful properties, such as thermal stability, high ionic
conductivity, negligible vapor pressure, and a large electro-
chemical window. Depending on the anion and the alkyl
group of the imidazolium cation, the ILs can solubilize
carbonyl compounds, alcohols, alkyl halides, supercritical
CO, (scCO,), and also transition metal complexes.*®4¢
Furthermore, they can have low miscibility with dialkyl
ethers, alkanes, and water and can be insoluble in scCO,.*’

ILs can be called “designer solvents”® because their
physical properties (such as melting point, viscosity, density,
and hydrophobicity) can be modified according to the nature
of the desired reactions by modification of their cations and
anions.*® Generally, ILs mainly comprise organic cations
such as tetra-alkylammonium (1),% trialkylsulfonium (2),%
tetra-alkylphosphonium (3),%? 1,3-dialkylimidazolium (4),%
N-alkylpyridinium (5),% N,N-dialkylpyrrolidinium (6),® N-
alkylthiazolium (7),% N,N-dialkyltriazolium (8),5" N,N-di-
alkyloxazolium (9),% and N,N-dialkylpyrazolium (10)%°
combined with several organic or inorganic anions (Scheme
3). Most ILs are based on heterocyclic compounds, particu-
larly, the 1,3-dialkylimidazolium or 1-alkylpyridinium cat-
ions, which can be prepared first by quaternization reaction
with an appropriate alkyl halide and then the exchange of
the halide anion for the desired anion using the corresponding
salt or acid. Despite the excellent coverage on the topic
recently by Martins and co-workers,% here is presented
another overview of transformations involving heterocyclic
synthesis using ILs as alternative reaction media.
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1.5. Fluorinated Solvents and Fluorous Tags

The unique affinity and chemically inert properties of
perfluorinated alkyl chains allows the development of new
phase separation techniques as has been elegantly pointed
out by Vogt®! and Harvath and Rébai.®? Perfluoroalkanes
present preferential fluorine—fluorine interaction and low
interactions with water, protic and polar solvents, hydrocar-
bons, and common fuctionalized organic compounds. This
property allows the development of efficient combinations
of reaction and separation techniques with considerable
advantages for catalytic reactions, allowing the development
of efficient processes for catalyst reuse.53-% The pioneering
approach was based on a fluorous liquid-phase extraction
(F-LPE) system consisting of organic solvents, fluorinated
solvents and reagents, and frequently catalysts in which some
of the constituents were highly fluorinated. By heating the
system, one phase is formed, allowing the occurrence of the
reaction under more advantageous homogeneous conditions.
After cooling, two phases are again generated allowing
simple separation of products according to their partition
between organic and fluorinated phases (Scheme 4). This
approach has been elegantly used for a considerable number
of key organic transformations.526~6 However, the biphasic
system presents the main disadvantage of use of fluorinated
solvents, which are more expensive and present considerable
environmental concerns due to their ozone-depletion poten-
tial.® To circumvent this limitation,’®™ other approaches
were developed among which the most used system is based
on standard fluorous solid-phase extraction (F-SPE) in which
no fluorinated solvent is needed and automation is feasible
(Scheme 4).27 In this system, the component containing
the fluorous tag is preferentially retained in the fluorinated
solid support allowing separation from other nonfluorinated
components just by adjusting the eluent solvent polarity.™
Another related approach is based on reverse F-SPE in which
the fluorinated solvent is still required.” Another system has
been reported based on the use of Teflon tape for catalyst
reuse.”® Apart from several reviews covering this area,®77~7°
Zhang in 2003 provided one review focused on fluorous
synthesis of heterocyclic systems in which the separation
approach based on fluorous tags was also covered.®® More
recently (2006), Zhang and Curran provided an overview of
the reported transformations, commercially available set-ups,
and practical features of the use of F-SPE approaches.” Here
is provided an overview of the reported examples in which
the use of fluorous tags presents considerable advantages for
the overall process of synthesis of heterocycles.
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Scheme 4. Illustration of Representative Reaction and Separation Approaches Based on the Use of Fluorous Tagsin (1)
Fluorous Liquid-Phase Extraction (F-LPE), (2) Fluorous Solid-Phase Extraction (F-SPE), and (3) Reverse Fluorous Solid-Phase
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1.6. Supercritical CO,

Supercritical CO, (scCO,) is an unconventional solvent that
differs from ordinary solvents due to the gas-like low viscosity
and high diffusivities and liquid-like solubilizing power. Ad-
ditionally, these properties are readily tunable by changing the
operating temperature and pressure. scCO, has the added
benefits of an environmentally benign nature, nonflammability,
low toxicity, and high availability.8*~8 These properties allow
the application of scCO, in different areas such as extraction,
chromatography, material processing, and reactions including
enzymatic ones.®* Many organic reactions, including asym-
metric and symmetric catalyzed ones, have been developed
using scCO, as an efficient solvent for product separation
and catalyst reuse.t2#3# In some of these synthetic trans-
formations, heterocyclic substrates have been used.

2. Three-Membered Rings

2.1. Solvent-Free Reactions

Aziridines are three-membered-rings and therefore the
smallest heterocyclic structure. They are a well-known class

1 '
Organic Fluorous
Components Tagged
Components
Elution with Elution with
fluorous organic
solvent solvent

Components —

@ !
Organic
E}:gg’;j Components
Components
Scheme 5
N02 R
R, NsONHCO,Et, < Rz
R™ N /7R +
COEt CO4Et
major minor

of compounds, their unique structure produces an enormous
potential as intermediates for organic synthesis, and more-
over, they frequently displaying potent and diverse biological
activity.%

The preparation of the simplest N-heterocycles, aziridines,
can be accomplished by aziridination of conjugated (E)-
nitroalkanes with ethyl [(4-nitrobenzenesulfonyl)oxy]car-
bamate in presence of CaO inorganic base. The procedure
simply consists of grinding the reagents together with the
substrate in a mortar, yielding preferentially the desired
aziridine with the same configuration as the substrate
(Scheme 5). Despite the uncertainty related to the reaction
mechanism, the authors point toward an aza-Michael addition
of the anion generated followed by ring closure by elimina-
tion of NsO~.%"
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Table 1
Q $ NaBH,-Al,05 s
R1)K( X+ js-P-ogt MW )> "R,
R2 OEt R1
reaction
time yield
entry Ry R, X (min) (%) tranglcis
1 Me H Cl 2.0 88
2 Me Me Cl 3.0 85 91:9
3 Me Me Br 3.0 88 91:9
4 Et Et Cl 35 86 93:7
5 t-Bu t-Bu Cl 4.0 81 89:11
6 Ph H Br 25 94
7 Ph H Cl 25 92
8 cyclohexanone Cl 35 84 0:100
9 cyclohexanone Br 35 86 0:100
10  4-CIC¢Hs; 4-CIC¢H,  Br 3.0 94 96:4
11  4-MeCe¢H; 4-MeCeH, Br 3.0 90 94:6

Recently, in order to avoid the use of toxic and expensive
transition metal catalysts, N-methylpyrrolidin-2-one hydro-
tribromide was employed as an efficient catalyst in the
aziridination of alkenes using chloramine-T as the nitrene
donor. Several aziridines can be obtained in good to excellent
yields (65—92%) in a room temperature solvent-free reac-
tion.28 For the introduction of a N-substituent, Attanasi et
al. recently reported the efficient 1,4-conjugate addition of
aziridines to the azo—ene system of 1,2-diaza-1,3-butadienes
under SFC at 65 °C. The diastereoisomeric mixture of
o-aziridinohydranones formed were then converted to imi-
dazoles in toluene reflux.®

For the preparation of three-membered S-heterocycles,
thiiranes, an efficient one-pot procedure has been described.
The reaction of a-halo ketones with O,O-diethyl hydrogen
phosphorodithioate in the presence of alumina-supported
sodium borohydride under microwave irradiation led to the
formation of the desired thiiranes in good yields and high
diasteroselectivities (Table 1).%°

2.2. Reactions in Aqueous Media

Bearing in mind the synthesis of three-membered-rings,
Komatsu et al. reported the first aziridination of olefins
under phase-transfer conditions using a chloramine-T—1,
system. In the presence of a catalytic amount of quaternary
ammonium salts, a variety of olefins were successfully
aziridinated in moderate to excellent yields (Table 2). In
this system, benzyltriethylammonium chloride (BTEAC)
and Aliquat 336 proved to be the most efficient phase-
transfer agents, even when used in catalytic amounts.®

An efficient synthesis of optically active aziridines was
presented by Bieber et al. starting from chiral amino alcohols.
In this study, two complementary one-pot procedures for the
preparation of N-tosyl aziridines from 2-amino alcohols were
disclosed. In method A, acetonitrile was used as solvent,
whereas in method B, a biphasic system of water/dichlo-
romethane was used.**

The results presented in Table 3, show that the less
hindered amino alcohols can be converted efficiently using
potassium hydroxide in a biphasic water/dichloromethane
system (method B), while higher substituted amino alcohols
give better yields in an organic system using potassium
carbonate as the base.®

In a recent report, an efficient and highly selective
synthesis of bicyclic-a-keto aziridines was presented. This
procedure is based on the reaction of 2-bromo-cyclopen-
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Table 2 o I, (10 mol %) Ts
A~ Cl\N §OM BTEAC (10 mol ) ,\j
Ph + - e
N o HxO, r.t.1h Ph/q
2 mmol 1 mmol 96 %
I;/mol Time Yield (%)
Entry Olefin (%) (th)  ( cis:trans)
1 n-C6H13/\ 20 5 77
M .
2 e N 15 5 52(<5:>95)
3 "'CsHﬂ/ﬁw 15 5 81(>95:<5)
(5]
Me
4 nCHY 10 5 43
Me

5 i) 20 3 74
6 20 2 56

7 o X -Me 10 1 87 (25:75)

8 Ph/ﬁ 10 5 91 (34:66)

9 Me 30 5 36 (>95:<5)

10 ~o~oH 10 3 79 (<5:>95)

1 o o 10 3 72 (>95:<5)

Table 3
TsCl, K;CO3, MeCN, 6h \ Ts
CH,0H N
R NH; R/Q
TsCl, KOH, HyO/CH,Cl,, 1/2h /
method A method B
entry R yield (%) yield (%)

1 H 46 74
2 CHs 53 78
3 CzHs 62 86
4 (CHa),CH 75 70
5 CH3CH,CH, 82 73
6 (CH3),CHCH; 76 52
7 CeHsCH; 92 64
8 CH3SCH,CH; 85 67
9 4-HO-C4H,CH, 87 58

tanones and aliphatic primary amines mediated by phase
transfer catalysts (PTCs) in water at room temperature.
Carlson et al., after an extensive screening of PTC reagents,
identified tetrabutylammonium bromide (TBAB) as the most
suitable catalyst for this transformation in water (Table 4).%

2.3. Reactions in PEG or PEG Tag Approaches

The thiiranes are three-membered rings containing only
one heteroatom, a sulfur atom. This family of heterocycles
is generally prepared by reacting oxiranes with a nucleophilic
sulfur source in the presence of a metallic Lewis acid catalyst.
Recently Das et al. demonstrated that poly(ethylene glycol)
can play a double role in this transformation.®® Besides its
application as a green solvent with good recyclability, it
eliminates the need to use a metallic Lewis acid. The
possibility of hydrogen bonding with the oxiranes allows their
activation and therefore their smooth conversion to thiiranes
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Table 4
O [e]
é/sr TBAB 10 mol % é’H
+ RNH,
H,0, r.t. \ N\R
1.25mmol 1.0 mmol H
entry R time (h) yield (%)
1 CH,Ph 5 98
2 CH,CH,Ph 5 93
3 CHofuryl 5 91
4 cyclohexyl 3 90
5 CH,CH=CH, 3 96
6 n-Bu 3 95
7 t-Bu 1 94
8 n-Pr 3 97
Table 5

Ru-PorphyrinPEG NTs
/©/\ 1,3 mol % /@/Q
X PhI=NTs 2 eq. X

DCM, 40 °C
entry substrate conversion, % yield, % TON
1 X=H 58 88 38
2 X=F 46 76 26
3 X =Cl 62 79 37
4 X = Br 53 80 32
5 X = CHs; 62 88 41
6 2-naphtylstyrene 78 85 50

with excellent yields (89—95% yield for aromatic and
aliphatic oxiranes in less than 1 h).

On other hand, three-membered heterocyclic compounds
containing one nitrogen atom are called aziridines and can
be prepared by the reaction of alkenes with nitrenes mediated
by metalloporphyrins. These types of catalyst are very
expensive, especially those containing a ruthenium metal
center; therefore some efforts have been made to immobilize
such complexes. For example, covalent attachment to
poly(ethylene glycol) chains allowed catalyst recovery at the
end of the reaction maintaining the properties of a homo-
geneous catalyst.®#% This supported catalyst prepared by Che
et al. provided moderate conversions and activity in olefin
aziridation reactions (Table 5).

2.4. Reactions in lonic Liquids

Aziridines are well-known carbon electrophiles capable
of reacting with a range of nucleophiles, and their ability to
undergo regioselective ring-opening reactions contributes
greatly to their synthetic value. The nucleophilic ring opening
of aziridine carboxylates leads to many biologically active
compounds such as o,f-unsaturated amino acid esters,
B-lactam antibiotics, and alkaloids.®

Recently, bismuth(l11) triflate has been used in an ionic
liquid as a recyclable catalytic system for the synthesis of
cis-aziridine carboxylates through the one-pot coupling of
aldehydes, amines and ethyl diazoacetates.®’

Several groups have developed general methodologies for
one-step formation of aziridines using transition metal
catalysts such as chloramine-T (Ts-N-CINa), bromamine-T
(Ts-N-BrNa)®~1% or [N-(p-toluenesulfonyl)imino] phenylio-
dinane (PhI=NTs).1%%192 Recently, the synthesis of aziridines
has been reported from reactions of imines with ethyl
diazoacetate (EDA) catalyzed by Cu(OTf),,% Ln(OTf),,1%
several other Lewis acids,'®% and methylrhenium triox-
ide.20”

Candeias et al.

Table 6
lonic Liquid R R?
N
R _N. .+ N,CHCOEt + N
~N- RT, 5h
R? —RLE . o CooEt R COOEL
cis trans

2\
R NH  cooEt

R' H
yield, %
entry ionic liquid R! R? aziridine  enamine
1 [bmim][BF,] Ph Ph 82, cidtrans = 3
29.6:1

2 [bmim][PF¢] Ph Ph 95, cisonly 2
3 [bmim][PF¢] Ph Ph 93, cisonly 3
42 [bmim][PF¢] Ph Ph 0 0
5b  [bmim][PFs] Ph Ph 0 0
6  [bmim][PFs] p-MeCe¢H, Ph 83, cisonly 8
7 [bmim][PFs] p-MeCe¢H, Ph 91, cisonly

8  [bmim][PFs] 0-MeOC¢H,s p-MeCgH, 85, cisonly

9  [bmim][PFe¢] p-CIC¢H;  Ph 98, cisonly

10 [bmim][PF¢] 0-CIC¢H, Ph 97, cisonly

11 [bmim][PFs] p-NO,C¢H4 Ph 98, cigtrans=
33.7:1

12 [bmim][PFs] p-BrCsHs; Ph 98, cisonly

aUsed dichloromethane as co-solvent. ? Used hexane as co-solvent.

Scheme 6
) Ar Ar
ArCHO + ArNH, + N,CHCO,Et Bi(OTf); N N
[— " 00,k
pmimjPFg R’ CO:Ft R N
RT

Xia et al. reported a convenient synthesis of aziridines from
imines and EDA in ionic liquids at room temperature (Table
6).1% Using [bmim][PFs] and [bmim][BF,] as reaction media
allowed preparation of several aziridines in high yields with
cis selectivity. For most of the reactions studied, only cis-
aziridines were isolated without detectable amounts of the
carbene-coupling product.

Arylimines with either electron-donating or electron-
withdrawing groups react efficiently with EDA in
[bmim][PF] affording the corresponding aziridines with high
cis selectivities. The authors suggested that the formation
of aziridines in ionic liquids proceeds by a similar mechanism
to the one previously proposed for typical Lewis acids. After
each reaction using ionic liquids as reaction media, the
products were extracted with petroleum ether and ethyl
acetate (5:1). The ionic liquid [bmim][PFs] was easily
recycled five times with good conversions and high cis
selectivities observed.

Yadav et al. described another approach using bismuth(l11)
triflate in IL [bmim][PF¢] as a recyclable catalytic system
for the synthesis of cis-aziridine carboxylates through the
one-pot coupling of aldehydes, amines, and ethyl diazoace-
tates (Scheme 6).%

Thiiranes were synthesized in high yields from a variety
of epoxides with potassium thiocyanate using a biphasic
solvent system of [bmim][PFe]/water (2:1).1%® The use of
ionic liquids for this transformation avoided the presence of
heavy metal halides as promoters and chlorinated hydrocar-
bons as solvents. Yadav et al. demonstrated that water
addition (1 equiv) to the ionic liquid improved the reaction
rate, as well as the yield, probably due to the higher solubility
of potassium thiocyanate in water. Among the two ionic
liquids reported, [bmim][PFs] was found to be superior in
terms of conversion (Table 7).
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Table 7
0
RO~ 4 kscN

. i [
[bmim][PFgl/H,O (1.2)' RO~
RT
[bmim][PFe]/H,O [bmim][BF,]/H,0
conversion  time yield time yield

entry R @ () @) () ()P
1 Ph 100 35 95 45 91
2 Allyl 99 3.0 92 5.0 85
3 n-Bu 97 45 90 6.0 87
4 ptBuCH, 100 4.0 89 55 83
5 p-ClCsH, 100 35 96 4.0 85
6 p-MeOCgH,4 100 3.0 92 5.5 89
7 PhCO 929 5.0 85 7.0 85
8 p-MeCg¢H, 100 45 95 55 90

aConversions were determined by GC analysis. ° Yield refers to the
isolated pure products after column chromatography.

Scheme 7
R
R‘I = 2W| R1 R2
1 L0 soms I
TBSO™ "S” 'N e}
OMe
OMe
R4=08Bn, Me;
R,= CO,Et, Ph

The reaction conditions were mild enough not to induce
isomerization of C—C multiple bonds during the preparation
of thiiranes bearing propargylic and allylic functionalities
and also selective enough to convert oxiranes into thiiranes
in the presence of acid-sensitive groups. The ionic liquid
was recycled five to six subsequent cycles although the
authors observed gradual decrease in activity.

3. Four-Membered Rings

3.1. Solvent-Free Reactions

pB-Lactams are widely recognized representatives of this
class of heterocycles. Over the last decades, this class of
antibiotics provided an invaluable line of defence against
bacterial infections and other life-threatening illnesses.''
Among the many different families of S-lactams known, the
vast majority have a fused bicyclic framework; nevertheless,
recent studies demonstrated the high biological activity of a
considerable array of monocyclic S-lactams. The synthesis
of such units, in particular, the mono-{-lactams, is well-
documented using water/organic solvents as the reaction
medium. 0

Four-membered rings, -lactams, can be obtained in good
to moderate yields (44—90%) under SFC through ring
closure of azadienes under microwave irradiation (MWI).
In this case, the Staudinger reaction of N-trialkylsilyl-
substituted azadienes (protected with the TBDMS group in
order to minimize substrate decomposition) can be performed
under microwave irradiation for 3 min to give the desired
lactam in the same diasteroselectivity as the reaction
performed in toluene.!** Recently, Benaglia et al. reported
the use of Sc(OTf); as catalyst for the room-temperature
solvent-free synthesis of S-lactams (Scheme 7). Aftera 20 h
reaction between ethyl glyoxolate derivatives and silyl ketene
thioacetal (2 equiv) in the presence of 1 mol % catalyst, the
desired lactam can be obtained (as a diastereoisomeric
mixture) in reasonable to good yields (45—71%). According
to the authors, scandium(lll) triflate plays a dual role,
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Scheme 8
=\ Ry °
N/ o
LN o CICH,COCI - N\@/ R,
U N MWI R1—: o\ Y/
H (K2CO5+A103) Z N
H

a:Ry= 5-CH; Ry=2:CF; e Ry= 5Cl, R,= 2-CF,
b: Ry= 5-Cl, Ro= 3-Cl f. Ry= 5-NOj, Ry= 3-CI
c: Ry= 5,7-CH; Ry= 2-CF; g: Ry= H, Ry% 3-CF3,-Cl
d: R1= 5-F, R2= 3-CF3

Scheme 9
(o]
H,N Ry a:R4=Ph, R,=PMP
M R, NHaACHoNH, 72 " b RI=PNP, Ry=PMP
—_— N ¢ Ry=Styryl, R,=PMP
0 18 d” TR, d:Re=Furyl, Ry=PMP
3 Ry e: R;=Ph, R,=Bn
Table 8
(0] R
S Nu , A|203 S
I H N
R‘]/\)I\RZ + HS,E\OEt MWI R1><>GR2U
OEt
reaction time  yield
entry Ry R, Nu (min) (%)
a Ph Ph CN 3.0 84
b 4-CICgH, Ph CN 25 87
c 4-CIC¢H;  4-CICgH, CN 2.0 92
d Ph Ph MeS 35 81
e Ph Ph MeS 3.0 83
f 4-CICgH, Ph MeS 2.5 88
g h Ph EtS 4.0 7
h 4-CICgH, Ph EtS 35 80
i 4-CICgH;  4-CICgH, EtS 3.0 85

activating the imine toward attack of the carbon nucleophile
and promoting the ring-closing step, with this last occurring
if the catalyst is present in sufficiently high concentration.*?
An example of synthesis of some spiro[azetidine-indole]-
diones was reported (Scheme 8) through the use of basic
alumina-supported potassium carbonate. The MWI-induced
cycloaddition of 3-arylimino indolinones with chloroacetyl
chloride can be performed by irradiating the reactants for a
few minutes allowing the formation of spiro 5-lactam in good
yields (85—92%).11
About the g-lactam substituents, an o-amino group can be
deprotected from tetrachlorophtaloyl in good yields (83—99%)
by reacting it with ethylenediamine at room temperature for 5
min (Scheme 9).1* In the solvent-free modification of
cephalosporin synthesis, the free amino group of the 7-ACA
(7-amino-cephalosporanic acid) can be modified to an amide
group in excellent yields (83—93%) by reaction with
heterocyclic acids under microwave irradiation for a couple
of minutes using basic alumina as an inorganic support.t*®
The N-alkylation of this class of rings was demonstrated
for strained bicyclic S-lactams. After deprotonation with
cesium carbonate in silica, the addition of an alkyl or aryl
halide at room temperature leads to the formation of
N-alkylated S-lactams in good yields. It was observed that
the use of silica decreases the hygroscopic properties of the
inorganic base, increasing the reaction selectivity.'6
Synthesis of four-membered S-heterocycles, thietanes, can
be successfully accomplished using a microwave oven for
the nucleophile-induced cyclization of Michael adducts in
the presence of O,O-diethyl hydrogen phosphorodithioate in
an alumina bath (Table 8).1*7
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Table 9
° R In, H,O/THF (3/1 ?H 3
0"  PmP rt o~  PMP
entry R time (h) yield (%)
1 Ph 8 89
2 PMP 12 98
3 styryl 5 77
4 0-BrPh 16 83
Table 10

o R | OH H | OH H
In, HoO/THF R, SR
N, PSS Ph N, PR /N,
PMP ¢ epmp 3 Pmp
A B

o
o
Acet =

NP
yield ratio
entry R time (%) (A/B)
1 Ph 20 min 94 80:20
2 PMP 2h 87 81:19
3 styryl 30 min 89 90:10
4 acet 4h 62 55:45
Scheme 10
OH H OH H
oﬁPh In, HyO/THF (3/1) //j;‘s/Ph C&j;ﬁph
+ = = + =
N, Br N, N,
0 PMP o] PMP o] PMP
75% 20%

3.2. Reactions in Aqueous Media

The indium-mediated'*® reaction of carbonyl-3-lactams
with stabilized organic halides under Barbier-type conditions
in aqueous media has been the subject of several studies. In
1997 Bose et al. reported the preparation of densely
functionalized -lactams. The high reactivity and exceptional
stability of indium®® allowed the preparation of several
lactams in yields up to 98%. As shown in Table 9, when a
stoichiometric amount of metal was used, only the Z
diastereomer was obtained.*'°

This study was extended to other families of bromides.
The addition of cinnamyl bromide yielded the alcohols, in
low to high yields with moderate stereoselectivities (Table
10). Hence the reaction of propargyl bromide with azetidine-
2,3-dione proceeded with a high level of diastereoselectivity.
A single diastereomer was isolated in 75% yield, along with
20% vyield of isomerized allene (Scheme 10).12°

The same methodology was applied by Cho et al. for the
preparation of bicyclic S-lactams; the allylation and prop-
argylation of compounds 6-oxopenicillanate (Table 11) and
7-oxocephalosporate (Table 12) yielded the desired products
in moderate yields. In this study, a parallel method was tested
using a Zn-mediated reaction in anhydrous THF. As shown
in Tables 11 and 12, the indium-mediated Barbier reaction
in aqueous THF exhibited a slightly higher stereoselectivity
than the Zn protocol %

Regarding the stereoselectivity of both protocols, the
indium proved to be, to some extent, more effective than
zinc. The structure of bromide substrates drastically influ-
enced the product stereoselectivity; for instance, the addition
of cinnamyl bromide (Table 11, entry 6) resulted in a higher
selectivity than addition of crotyl bromide (Table 11, entry

Candeias et al.

Tebe 1
o HO s
S In, H,OMHF, rt. R
JTK + re 2 Tx
° CO,CHPh, Method B ° CO,CHPh,
Zn, NH4CI, THF, r.t.
. Time . Yield
Entry Bromide Method (h) R (%)
A 1.5 68
Br
i s B 5 N 56
Br A 2 69
= A
2 ﬁ/\/ B 5 \><£ 7
CO,CH3 A 3 CO,CH3 70
3 Br B 4 /\/’u 74
Br A 12 Br 35
4 /J\/Br B 9 /L\)u 21
78
CH .
5 HaC. o~ Br g i \vggi (1.555;1)
(1.3:1)
Ph
A 3 71(9:1)
Ph._~ B
T 44(5:1
7 Br A 3 H—= 7(1 )
H—— B 2 j .
—c— (40:1)
Br A 3 72
8 he—=— B 4 ch%% 65

Table 12

Method A

0 s
In, H,O/THF, rt.
N~ OAc R-Br
O

Method B

R"‘j? s
/]ﬁ_l\lr = OAc
o]

CO,CHPh, CO,CHPh,

Zn, NH,CI, THF, r.t.
Entry Bromide  Method T(lll:;e R’ ‘((,l;l)d
(4
Br A 4 47

= A
2 Y\/ B 5 \><rrer 6l
CO,CH3 A 4 CO,CH3 73
3 Br B 4 A 80
Br A 12 Br 19
4 B B 12 AR 16
CH o8
O B I
(1.3:1)
Ph 37
PN ‘; i \)\; (3&1)
(12:1)
7 o A3 ow= 2

H—

B2 o
Br A 3 59
8 Ho—=— B 4 H3c%% 55

5). This fact was explained by the authors in terms of the
substituent steric effect considering a pseudo-six-membered
transition state (Scheme 11).12

This methodology was further explore by Alcaide et al. in
the propargylation and allenylation of enantiomerically pure
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PhyHO,C /\

R' = Me, Ph

Scheme 11

azetidine-2,3-diones. To induce enantioselectivity at C-3, a chiral
substituent was introduced at C-4, and an extensive study,
considering the metal promoter and reaction conditions, was
conducted. In this study, the Zn-mediated reaction afforded the
highest diastereoselectivity and a reasonable overall yield of
70% of f-lactam. Interestingly, the same metal in a solvent
system without water (Table 13, entry 2) resulted in remarkable
erosion of the product yield.*??

Regarding the allenylation reaction, the presence of an
aliphatic or aromatic substituent at the propargyl bromide
terminal position resulted in the formation of homoallenyl
alcohols with an impressive regio- and diastereoselectivity
(Table 13, entries 5—13).

This difference in the selectivity between the propargyl
bromide and the substituted propargyl bromides was ratio-

Table 13

Chemical Reviews, 2009, Vol. 109, No. 6 2713

nalized by considering the structural differences in the
organometallic species involved in the reaction. The authors
postulated a metallotropic rearrangement between the
propargyl—metal and the allenyl—metal species. Because
both intermediaries are able to react with starting azetidine-
2,3-dione through a six-membered transition state, the
difference arises from the stability exerted by the subsistuents
on the propargyl substrate (Scheme 12).1?

Subsequently, this study was extended to the allylation of
enantiomerically pure azetidine-2,3-diones. An extensive
study was conducted, including the test of different metal
mediators, which afforded diastereoselectivities up to 100%
in moderate to excellent yields. Furthermore, in this study
the long reaction time, widely recognized as the main
drawback of Barbier-type C—C bond formation, was mini-
mized by the addition to the aqueous phase of some additives
such as ammonium chloride, indium trichloride, and hafnium
chloride (Table 14).122-12¢

Considering the methodologies that enable four-membered
ring construction, Pirrung et al. reported a multicomponent
reaction that leads to the formation of 5-lactam. This reaction
proceeded with remarkable effectiveness affording this
heterocyclic in 95% vyield. This reaction took 3 h to reach

O
o) j\/o R oH OS,J
3 _ _ metal S
;‘\‘\ RNy /j/j = N
o PMP o pmp
B

entry R metal solvent system ratio (A/B) yield (%)

1 H Zn THF/NH,CI (aq sat.) 100:0 70

2 H Zn THF/NH,CI (solid) 100:0 34

3 H In THF/NH,CI (aq sat.) 71:29 67

4 H In THF/H,0 42:58 50

5 Me Zn THF/NH,CI (aq sat.) 0:100 59

6 Me In THF/NH,CI (aq sat.) 0:100 74

7 Me Sn THF/NH,CI (aq sat.) 0:100 16

8 Me In THF/NH,CI (aq sat.) 0:100 63

9 Ph Zn THF/NH,CI (aq sat.) 20:80 71

10 Ph Zn THF/H,0 0:100 16

11 Ph In THF/NH,CI (aq sat.) 0:100 76

12 Ph In THF/H,0O 0:100 75

13 Ph Sn THF/NH,CI (aq sat.) 0:100 75

Table 14
Q><o o><0
@] ‘:\/ RZ Ron \__J
r' . RS metal promoter S
AN * R%Br Solvent 5 N
o] R R2 R® 7 Mg
entry R? R? R® metal promoter conditions solvent system yield (%)

1 PMP H H Mg/BiCl; 20°C,18h THF/H,0 72
2 PMP H H In 20°C,18h THF/H,0 73
3 PMP H H In 0°C,3h THF/NH,CI (aq sat.) 73
4 PMP H H Zn 20°C, 18 h THF/H,0 72
5 PMP H H Zn 0°C,3h THF/NH,CI (aq sat.) 72
6 PMP H H In/InCl; 20°C,2h THF/H,0 73
7 PMP H H In/HfCl, 20°C15h THF/H,0 73
8 PMP H H Zn/HfCl 20°C,2h THF/H,0 75
9 PMP H H Zn/HfCl, 20°C,6h THF/NH,CI (aq sat.) 75
10 PMP H H Sn 0°C,1h THF/NH,CI (aq sat.) 71
11 PMP H COH In 0°C,15h THF/NH,CI (aq sat.) 83
12 PMP H COH Zn 0°C,15h THF/NH,CI (aq sat.) 53
13 PMP CH; H Zn 0°C,15h THF/NH,CI (aq sat.) 85
14 3-butenyl H H In 0°C,1h THF/NH,CI (aq sat.) 100
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Scheme 12
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completion, whereas in MeOH several days are required; this
fact is explained by an acceleration effect exerted by the

Table 15

Candeias et al.

water. This increase of rate occurs because the ring formation
takes place with volume contraction in the transition state;
therefore, this reaction is responsive to pressure and aqueous
solution (Scheme 13).27

The accelerating effect of water over multicomponent
reactions such as the Ugi reaction was applied in the
synthesis of highly strained ring-fused /-lactams starting
from fS-keto acids. This reaction, which in organic solvents
simply does not occur, was slightly accelerated when aqueous
glucose was used as cosolvent. The condensation of 5-keto
acids with isonitriles and amines yielded the expected
B-lactams in moderate to reasonable yields (Table 15).1%

In a recent study, the formation of the four-membered
heterocyclic structure was accomplished with notable ef-
ficiency via intramolecular C—H insertion of dirhodium(Il)
carbenoids generated from diazo-acetamides. Afonso et al.
performed the cyclization of diazo-phosphoryl-acetamides
in water in the presence of Rh,(OAc), yielding exclusively
the S-lactam, whereas in the absence of the catalyst, only
the alcohol was obtained; this result clearly indicates the
existence of a metallocarbenoid species involved in the C—C
bond formation (Scheme 14).® This methodology was
extended with considerable success to other families of diazo-
acetamides as shown in Table 16.1%8

. . I Time Yield
Entry B-Keto acid Amines Isonitriles (days) B-lactam (%)
0o o NH ®
C R, UM g s
OH MeO OMe c
o ©°
=" “NH, @ _t-Bu
o 0
NH, ® _¢Bu
3 MOH g @C//’N 3 70
o © NH @
o I, UM oa™ 1w
OH MeO OMe ¢
0o 0
== NH, @ _Bn
3 )J\/U\OH \_-O eC//’N 3 >
o O NH @ B
2 .bn
¢ )J\/U\OH ©/\ N 3 o
0
NH ®
. COsH /@f\ 2 e///N/tBu 6 45
MeO OMe ¢
0
CO.H == NH, @ _t-Bu
CO,H
NH ® _t
0 0 /@C 2 o QB g 6
MeO OMe c
CO,H
o == NH, ® _tBu
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CO,H
NH @ ¢
T o) /@? 2 @///N/tBu 6 31
MeO OMe ¢
CO,H
0 ==r" “NH, ® _t-Bu
12 @ O OuzN 6 31
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Scheme 14
O
(Et0),0P N/i-Pr H,0, 80°c (EtO)0P
OH -Pr 70h
>97 %
Table 16
(@]
XW)LN,RZ Rh,(OAG); 1 mol %
N, R H,0, 80 °C
R o
o)
R|h,oc|)—\/ .Ffl_gf\.'(\?z, (I)‘;eR’lhf? 5
LRI O ~RhZCPR
x| o SEA o
o
S
‘p1
R* R R i
R'ARh DA
Di-rhodium (i) carbenoid
time ratio yield
enty X R! R? R® R* (h) (transcis) (%)
1 PhO,S i-Pr i-Pr Me Me 21 73
2 MeO i-Pr i-Pr Me Me 24 >97
3 EtO,C i-Pr i-Pr Me Me 24 76
4 EtO,C t-Bu PhCH, Ph H 24 1.3:1 >97
Table 17
)Rhx(OAc); 1mol % (EtO),0P, 0

H,0, 80 °C, 24h

o)
(EtO)ZOP\’HJ\NJ\
N )\

ii)Extraction (Et,0)
iii)New adition of substrate

-

run average yield (%) average Rh in Et,0 (%)
1-9 88 1.6
10 90 11
11 (63)? 0.2

2Observed conversion.

As pointed out in the Introduction, water in some cases
allows a simple and efficient way to execute catalyst
reutilization. The catalyst used in this procedure is water-
soluble due to complexation of water in the Rhy(OACc), axial
positions; this fact permitted catalyst reutilization over 11
cycles affording continuously high yields of S-lactam.
Interestingly when the Rh content was determined by
inductively coupled plasma (ICP) in the organic phase, it
was verified that most of it remains in the aqueous phase;
thislzaglct clearly highlights the utility of this method (Table
17).

Further comments on this particular transformation will
be given in section 4, where the synthesis of five-membered
heterocycles is discussed.

3.3. Reactions in PEG or PEG Tag Approaches

In the four-membered heterocycle family, S-lactams at-
tracted great attention due to their known application as
antibiotics, penicillin derivatives. They could be prepared
via a cycloaddition reaction between ketenes and imines or
via condensation between imines and enolates from thioesters.

Cozzi et al. achieved for the first time the synthesis of
supported S-lactams by preparing several imines attached
to a soluble MeOPEGsy, polymer matrix. Further studies
demonstrated that the spacer plays an important role in the

N2
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(EtO),0P. 0

N”PT Rhy(0AC), 1 mol % j;N(
\ TNploAC), T MO 72
- 7/

Pr H,0, 80°C, 24 h
>97 %
Scheme 15
HH rMH HR PhO
Et 1)TiCl(n-octyls)N Ri_ PR . S 3 (n-octylz)N ;\
EEEEE— 47_ -

;\ 2) supported imine NR, NR, supportedimine % ¢

07 "spPy 43-95% 0 o 40-75%

PEGOMe

overall yield (imine immobilization, 5-lactam formation, and
support removal).’*%131 When 3-(4-hydroxyphenyl)-1-pro-
panol was used as spacer, heteroaromatic, aromatic, unsatur-
ated, and aliphatic imines were prepared and reacted with
in situ generated ketenes and with thioesters in good to
excellent yields (40—95% yields, Scheme 15). N-Unprotected
p-lactam was then obtained by oxidative cleavage with CAN
(Ce(NH4)2(NOs)s).

Wang et al. reacted PEG-supported imines with ketene
precursors with somewhat higher yields (65—99%) and high
purities of up to 99% (Scheme 16, reaction 1).}%2 An
interesting alternative was explored by the same group, when
the ketene precursor was immobilized in the PEG polymer.**
In this case, since the reaction was run in presence of zinc
powder the desired lactam is the only organic product
dissolved in the solvent (Scheme 16, reaction 2).

3.4. Reactions in lonic Liquids

lonic liquids can be used to prepare four-membered rings
such as S-lactams in good to moderate yields. Gois and
Afonso®* described the preparation of 8- and a-lactams in
high yields (=71%) with high regio- and stereoselectivities
via Rhy(OAc),-catalyzed intramolecular C—H insertion in
IL [bmim][PFs] (Scheme 17). The use of dirhodium(ll)
tetraacetate catalyst in the formation of metal carbenes
starting from diazo carbonyl compounds has been described
as a useful carbon—carbon bond forming methodology,
particularly using intramolecular carbon—hydrogen insertion
reactions in the heterocyclic ring synthesis. 3%

The authors observed that the IL [bmim][PF¢] is an
excellent medium for the immobilization of Rh,(OAc),
catalyst and for providing the formation of five-member rings
with preferential stereocontrol for the trans diastereomer, as
well as using chlorinated solvents (Scheme 17).*® The
influence of the electron-withdrawing group directed the
reaction toward the exclusive p-lactam formation. The
catalytic system (IL/Rh catalyst) was recycled six times with
high yields of product (71—93%) and high turnover number
of the catalyst (TON = 493) using n-hexane and tert-butyl
methyl ether as extracting solvents.

4. Five-Membered Rings

4.1. Containing One Nitrogen Atom
4.1.1. Solvent-Free Reactions

The preparation of pyrroles in SFC can be accomplished
via the Paal—Knorr route. In the described examples (Table
18), performed under MWI, it was observed that the increase
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Scheme 16
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Scheme 17
0
XTHJ\NN Rho(OAc), (1 mol%) X °
N, R2 [omim][PFg]; 83 °C ):N(
R? R
X= PO(OEt),

R'; R?=i-Pr (yield: 80%)
R'= t-Bu; R?=(CH,),CO,Me (yield: 89%)
R'= t-Bu; R = CH,Ph (yield: 76%)

o}
Rhy(OAc)4 (1 mol%) ¥
X\IHLN/\ 20A%) (1 mo . X T NN\
N, [bmim][PFg]; 83°C  °

14 % 58%
Table 18
i RNH ﬁ
2
W vy \@/
entry R yield (%)
1 PhCH,- 90
2 PHCH,CH,- 90
3 Ph- 90
4 3-CIPh- 80
5 4-CH;30Ph- 90
6 2-CHsPh- 85
7 2,4-CHgPh- 80
8 2,6-CH3Ph- 75

of the nucleophilic character of the amine led to high yields
of the corresponding pyrroles in shorter reaction times and
at lower power settings. On the other hand, 2-substituted aryl
amines require longer reaction times and higher power
because of stereochemical constraints.’®® Later, it was
reported that the use of K-10 montmorillonite as catalyst
improves the reaction, leading to the formation of the desired
pyrroles in quantitative yields.'4°

Recently, potassium-exchanged layered zirconium phos-
phate (a-Zr(KPOy);) and zirconium sulfophenyl phosphate
(a-Zr(CH3PO3)1 2(03PCsH4SO3H)o 8) were developed as cata-
lysts for the solvent-free version of Paal—Knorr reaction.
With these catalysts, high to moderate yields can be obtained
at room temperature, except when amine substituent steric
hindrance is present.* Analogously, the presence of 1 mol
% scandium triflate in the Paal—Knorr solvent-free reaction
is very effective toward formation of desired pyrroles. 2
These units can also be prepared in moderate yield from
condensation of monodimethylhydrazone of glyoxal and
dicarbonyl compounds in presence of a catalytic amount of
piperidine at room temperature. However, this method can
be less attractive because of the need for very long reaction

Candeias et al.

g OPh
O
}_< >_< g (1
o) N O

65-99 % yield, 63-99 % purity

T Q%Pl

trans/cis: 98/2

83-91 % yield
Table 19
Ro Ry
0 0 7\ /
/ o 0
s = LI jr@ - j/@
\ Ry Ro L o—— o !
o] HO N N
R4 R, SN
a
reaction time yield
entry Ry R, (days) (%) a/b
1 Me OEt 6 60 42/58
2 Et OMe 13 43 35/65
3 i-Pr OEt 33 21 0/100
4 Me Me 1 62 100/0

times (Table 19).1*® Similarly, an N-substituted pyrrolidine
nucleus fused with a dihydrofuran backbone can be obtained
by reaction of glyoxal monophenylhydrazones with S-ke-
toesters by conventional heating or through MWI.14
Two other methods developed for the preparation of
pyrroles and fused pyrroles in solvent-free conditions consist
of two distinct couplings under MWI in a domestic micro-
wave oven. The first method is based on the coupling of an
o,B-unsaturated aldehyde or ketone, an amine, and a nitroal-
kane on the surface of silica gel (Scheme 18),'4° which was
recently modified through introduction of N,N-disubstituted
thiobarbituric acids instead of o,8-unsaturated aldehyde, to
afford pyrrolo[2,3-d]pyrimidines.**® The second method is
a coupling of a carbonyl compound, an amine, and an ao,3-
unsaturated nitroalkene on the surface of alumina (Scheme
19). In this last procedure, the nitroalkene o-substituent (R3)
seems to be essential since its absence takes the reaction
along different pathways. It is also conditional that open
chain carbonyl compounds are aldehydes, since the use of
open chain ketones led to different reaction products. 14147
Recently, an asymmetric synthesis of pyrroles was achieved
in good yields, by coupling chloroenones and chiral amines
onto the surface of silica gel in presence of triethylamine
and after irradiation with microwaves for less than 10 min.*#
Pyrrole ethynylation can be performed in mild conditions
through the coupling of 1-acyl-2-bromoacetylenes on the
surface of alumina to afford 2-(acylethynyl)pyrroles in
reasonable yields (55—70%) and excellent regioselectivity.'4°
Concerning the transformations of pyrrole N-substituent,
a method for the phosphorylation of 1-isopropenylpyrroles
is described as the reaction of this pyrrole with secondary
phosphines at 65 °C in presence of AIBN. Despite the long
reaction times (1—13 days), this solvent-free synthesis leads
to the desired pyrroles in good yields (89—92%).1%° Recently,
Prauda et al. reported the reaction of N-heterocycles (pyr-
rolidine, piperidine derivatives, morpholine, and piperazine
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Scheme 18
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derivatives) with paraformaldehyde and diethylphosphite or
Ph,P(O)H to yield phosphono- and phosphinoxidomethylated
N-heterocycles.'>

Through Friedel—Crafts alkylation with nitroolefins in
presence of an organic catalyst, alkyl substituents can be
introduced in good yields at room temperature in the
1-position of the pyrrole ring (Scheme 20).152 Similar to the
phthalamide alkylation method described,*® a selective
method for the alkylation of the pyrrole nitrogen atom can
be adopted using potassium hydroxide besides the mentioned
potassium carbonate.'® Furthermore, this method can be
successfully applied to the modification of other heterocycles
such as imidazole, pyrazole, indole, and carbazole (Scheme
21).

Scheme 22

H R, O
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Rz
N
R4 H
3
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2
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\ / "\n n=1-4
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Pyrrole-based DPP pigments (3,6-diaryl-1,4-diketopyrrol-
opyrrol) can be prepared by MWI of ethylbromoacetate,
arylnitrile, and zinc—copper for 10 min. Good to moderate
yields are obtained when electron-donating para-substituted
benzonitriles are used, while electron-withdrawing para-
substituted benzonitrile and strong electron-donating groups
lead to no reaction.®

The microwave-induced intramolecular 1,3-dipolar cy-
cloaddition of azomethine ylides, by reaction of an aldehyde
and an a-amino acid ester is useful in the synthesis of pyrrole
derivatives hexahydrochromeno[4,3-b]pyrroles (Scheme 22);
however, it should be noted that the reaction yield is very
sensitive to the steric demands of the nitrogen atom
substituent.°6:157

The formation of pyrrolidines was seen to occur in a
microwave oven through the 1,3-dipolar cycloaddition reac-
tion of in situ generated azomethine ylides with 9-arylidene
fluorenes. The azomethine ylides can be formed by decar-
boxylative condensation of ninhydrin and sarcosine or from
reaction between isatin and secondary amino acids.!%815°

The acid-catalyzed Mannich-type reaction between N,O-
acetals and S-dicarbonyl compounds has proved to be a better
method for the pyrrolidine substituent modification under
SFC at room temperature than reaction in dichloromethane
(Table 20).*% Recently, InCl; was reported as being an
excellent catalyst for this room-temperature transformation
(83—94% vyield) and also for the introduction of activated
olefins containing a trimethylsilyloxyl moiety in N-Boc-2-
methoxypyrrolidine or in the six-membered homologue.!%!
On the other hand, an N-substituent can be introduced in
pyrrolidine or in piperidine in good yields by reacting it with
2- or 4-halopyridine under microwave irradiation®? and
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Table 22
COH Ri o
) R, N
:@(\f HN MWI, 3 min. )\(\:(”/
R N
3 z Rq
entry R; R, R3 R4 yield
1 H H H H 81
2 H H H OH 80
3 H H Me H 92
4 H H Me OH 90
5 H OH MeO H 82
6 H OH MeO OH 80
7 Me H H H 90
8 Me H H OH 86
Table 23
s s 5
ﬁ Re ~0 /@A )\Rz

Table 20
07 O O Lewis Acid,
OMe + Bronsted Acid
. AN, BronsiedAdd
R R1 R
entry Ry R, Rs3 acid yield (%)
1 CO,Me Me Me p-TsOH 94
2 CO,Me Me OMe CF3;SOzH 93
3 CO,Me OMe OMe TiCly 76
4 CO,Me Me Ph p-TsOH 7
5 CO;Me Ph Ph p-TsOH 63
6 CO,Me cyclohexan-1,3-dione  p-TsOH 83
7 CO,CH,Ph  Me Me p-TsOH 82
8 CO,CH,Ph  Me OMe p-TsOH 78
9 CO,CH,Ph  Ph Ph p-TsOH 81
Table 21
0
MWI, 10 min
Ar1/<_f ¥ <N> * / \
S H AH S
entry Ary Ar, yield (%)
1 4-CICgH, 4-MeCgH,4 60
2 4-MeCgH,4 2,4-Cl,CgHy4 53
3 4-MeCgH,4 3-FCeH4 46
4 4-CICgH, 4-FCeH4 45
5 3-NO,Cg¢H, 4-CICgH, 60
6 2,4-Cl,CgH,4 4-CICgH, 57
7 3- NO,CgH,4 1-CyoH; 53

enamines can be obtained by reaction of cyclic amines such
as pyrrolidine, morpholine, or piperidine with a ketone under
MWI in presence of K-10 clay!®® or Envirocat EPZGR %4

Through the use of microwave irradiation, thienylpyrro-
lidines can be obtained by condensation of pyrrolidine with
5-aryldihydro-3(2H)-thiophenone in presence of an aromatic
aldehyde (Table 21). After enamine formation, carbonyl
addition occurs and aromatization of the sulfur heterocyle
yields the final product in reasonable yields (45—60%). When
piperidine was used as the amine, lower yields were observed
(30—35%).165

Phthalamides are another heterocyclic class of compounds
that can be seen as a simple skeleton, since they can be
alkylated under microwave irradiation under SFC using an
alkyl halide in 25% excess, tetrabutylammonium bromide
in a catalytic amount, and the reactants immobilized in
potassium carbonate. Good to excellent yields can be
obtained in 4 min, and it should be noted that instead of the
phtalamide potassium salt, the reaction is performed using
commercial phthalamide.*®® This procedure can also be
efficiently adopted for the N-alkylation of carbazole taking
in consideration the longer reaction times (4—10 min).*68

An efficient procedure for the synthesis of highly valuable
pyrrolo[2,1-c][1,4]benzodiazepines has been developed through
the use of microwave irradiation of isatoic anhydride and
L-proline derivatives in a few minutes (Table 22).267

For the preparation of 2-substituted thiophenes (Table 23,
entries 1—9), an efficient procedure through the use of MWI
has been developed. This procedure consists of Lawesson’s
reagent mediated cyclization of 1,4-dicarbonyl compounds
in a conventional microwave oven (Table 23). Depending
on the 1,4-dicarbonyl compounds used, 1,3-thiazoles (Table
23, entry 10) and alkylthiadiazoles (Table 23, entry 11) can
also be obtained; however special care should be taken on

time  yield
entry Ry X Y R, (min) (%)
1 Br CH CH C,Hs0 3 90
2 Br CH CH n-C4HO 3 89
3 Br CH CH n-CgH130 3 94
4 Br CH CH n-CgH1;0 3 89
6 Br CH CH n-CyoH».0 3 93
7 Br CH CH n-CpHy0 3 87
8 MeO CH CH 4-BrCeH,O 3 65
9 H CH CH Ph 4 92
10 Br N CH  n-CpHp0 5 90
11 Br N N n-Cy3H,7 7 95
Scheme 23
Ry R
M. 8B o+
Ri *ROCH Mw \—l,,
R1 R1
R.= Ph A major B minor
a:R=F a: Ry= 4-FCgH, b _
b: R.= i-B CRo= £ a: Ry= Ph, Ry,= 4-FC¢H
cRopn  DRetBu b Ry= Ph, Ro= £Bu =

¢: Ry= i-Bu, Ry= 4-FCgH,
d: Ry= i-Bu, Ry= {-Bu
e: Ry=Bn, Ry=4-FCgH,

the irradiation times since overexposure of the reaction
products to the microwaves leads to decreased yield.1%8

The reaction of activated nitriles and o-mercaptoesters
under MWI led to the formation of S-enamino-type (2)-4-
oxothiazolidine derivatives in presence of a catalytic amount
of potassium carbonate.*5®

1,3-Oxazolidines can be obtained in excellent diasterose-
lectivities and good yields by reaction between an amino
alcohol and an aldehyde under microwave irradiation for a
few seconds. The use of equimolar amounts of reactants and
the equilibrium shift toward the more thermodinamically
stable diasteroisomer A makes it possible to obtain oxazo-
lidine in good purity without further purification (Scheme
23).17% Similarly, 2-oxazolines can be obtained by direct
condensation of carboxylic acids with amino alcohols, since
the high temperature induced by microwaves (T > 150 °C)
makes this step irreversible by water removal. In this
procedure, the presence of two hydroxyl groups seems to
be crucial; however when this second hydroxyl is absent, a
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Scheme 24
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catalyst like zinc oxide can be added to catalyze the
reaction. 171172

With the use of microwave-induced 1,3-dipolar cycload-
dition of 2-aroyl-aziridines with 4-nitro benzaldehyde as
dipolarophile, the corresponding 1,3-oxazolidine can be
obtained in 80% yield in 15 min.1"® Furthermore, depending
on the dipolarophile used, several heterocyclic systems can
be obtained, like imidazolidines, oxazoles, and pyrrolines.
Similarly, the microwave induced 1,3-dipolar cycloaddition
of conjugated nitrones with unactivated alkenes can also be
used to obtain isoxazolidines.'’

Another way to synthesize 2-oxazolines was described as
the 1,3-dipolar cycloaddition between an imidate and several
aldehydes. This procedure can be performed under MWI or
by conventional heating, yielding the 2-oxazoline in good
yields and moderate diastereoisomeric rates (when appli-
cable).t”>17® Through the use of microwaves, tricyclic isox-
azolidines fused with a pyrroline or piperidine ring can be
obtained in good yields by an intramolecular oxime—olefin
cycloaddition in the presence of silica gel*’” and N-(ben-
zylidene)methylamine N-oxide can react with a-trifluorom-
ethylstyrene by 1,3-dipolar cycloaddition to afford the
corresponding isoxazolidine in 94% vyield without the use
of any inorganic support.t’®

Through the MWI of N-protected amino acids in presence
of paraformaldehyde and K-10 clay, N-protected oxazolidine-
5-ones can be obtained in good to excellent yields (91—96%)
in a couple of minutes when tosyl, acetyl, and benzoyl are
used as the protecting groups (Scheme 24). Despite the
simplicity and efficiency of this protocol, it should be noted
that the use of Boc and Cbz should be avoided since they
lead to a complex mixture of products due to decomposi-
tion.17

Using palladium(ll) acetate, one can obtain 2-phenyl-
5(4H)-oxazolones by reaction of the appropriate aldehyde
or ketone with hippuric acid. Despite the use of microwaves
leading to higher yields (51—98%), conventional heating can
also be used, and the correspondent oxazolones are obtained
in satisfactory yields (41—83%).1%° Recently, diammonium
hydrogen phosphate was used as catalyst in the formation
of these azlactones (82—92% yield) through the reaction of
hippuric acid with an aldehyde and acetic anhydride at 80
°C.18L Ytterbium(lIIl) triflate was reported as a suitable
catalyst for the same reaction in milder conditions. The
solvent-free reaction at 40 °C was tested with several metal
triflates, and the optimum conditions were determined using
10 mol % of Yb(OTf); regardless of the benzaldehyde

Scheme 25
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substituent electronic effect.!® About the substituent modi-
fication, 2-phenyl-5(4H)-oxazolones were reported to react
with aliphatic aldehydes upon adsorption on neutral alumina
and after microwave exposure to give the product with an
exocyclic double bond in the 4-position of the ring in good
yields (62—78%).18

Oxazoles can be prepared by microwave irradiation of
amides or nitriles with intermediary a-ODNSs-substituted
ketone, formed in situ by reaction of hypervalent iodine(ll)
sulfonate with ketones (Scheme 25),'8418 and hydroxyac-
etophenone oxime led to the formation of 2-methyl benzox-
azole through the microwave-induced, ZnCl,-mediated Beck-
mann rearrangement.'e

Isoxazoles can be obtained under MWI in dry media by
1,3-dipolar cycloaddition of in situ generated arylnitrile
oxides and a dipolarophile. The formation of the oxide
species is facilitated by the presence of an oxime and NCS
in the reaction medium (Scheme 26).287-1% By use of an
alkene as dipolarophile, this method proved also to be
efficient in the preparation of isoxazolines.'® Recently, a one-
pot procedure was reported for this reaction in which the
reaction between Oxone, acidic silica gel, and an aldoxime
at room temperature for 13 min led to the formation of
halogenated aldoxime and is further reacted with triethy-
lamine and styrene for 2 min. 1%

Through the combined use of one-pot Knoevenagel and
Michael reactions between rhodanines, aromatic aldehydes
and ammonium N-aryl-dithiocarbamates, the dithioesters
formed can be cyclized to furnish thiazolo-1,3-dithiins,
-thiazines, or -oxathiins depending on the inorganic species
used (Scheme 27). For the annulation of formed dithioesters,
montmorillonite K-10 clay, modified Li™-montmorillonite
clay, and molecular iodine were used to yield different
families of compounds under microwave irradiation (77—89%
yield). The use of classic thermal conditions proved to be
less effective, resulting in the formation of the same
compounds in lower yields (42—52%).*!

A simple procedure for the preparation of thiazoles has
been described. Under SFC, a thioamide is mixed with
o-tosyloxyketones and montmorillonite K-10 clay and then
submitted to microwave irradiation for a few minutes,
resulting in the desired thiazoles in good yields (Scheme 28).
This procedure can also be expanded to the synthesis of the
corresponding bridgehead heterocycles using cyclic ethylene
thiourea.'®? As already described for the preparation of
benzimidazoles, the synthesis of benzothiazoles can be
performed in a microwave oven by condensation of 2-ami-
nothiophenol with in situ generated chlorides of hydroxamic
acids in presence of alumina.l®

A solid state based procedure for the preparation of
thiazoles has been recently reported. This procedure consists
of ball-milling a-haloketones with arylidenethiosemicarba-
zone derivatives to form the corresponding iminium salts
with water evaporation at 80 °C in vacuum. The simple wash

j)l\

Ry~ “NH, R O R
R, 3\«/ 2

MWl N
ODNs R1

Rs=Me, Ph

DNs=2,4-dinitrobenzenesulfonyl
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Scheme 26
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of the salt with aqueous Na,COs easily liberates the desired
thiazoles in quantitative yields.*%

Thiazole derivatives, iminothiazolines, can be achieved by
the reaction between a thiourea and a-chloroketone under
MWI at 80 °C in presence of alumina; however in the
absence of alumina, iminothiazolines hydrochloride salts are
formed. In both of these procedures, the reaction yield is
greatly improved compared with conventional heating.'®
Recently, 2-acylimino-3-aryl-3H-thiazolines were prepared
through reaction of arylisothiacyanates, generated from
reaction of acyl chloride and potassium thiocyanate, with
an aniline derivative and an o-haloacetophenone (Table 24).
Despite the good yields obtained in the microwave version
of this reaction, the same products could be obtained in
reasonable yields under conventional heating conditions (1
h at 80 °C). Despite the absence of a substituent effect on
the acyl moiety, only donating substituents in the aniline
derivatives were seen to be suitable for the reaction to
occur. 19

Similar to the reported one-pot synthesis of iminothiazoline
derivatives,'*® 5-arylidene-2-imino-4-thiazolidinones can be
obtained by microwave-induced condensation of a thiourea,
chloroacetic acid, and an appropriate aldehyde.**” Through
MWI, 2-hydrazinothiazolon-5-one can be obtained in 89%
yield by reacting thiosemicarbazide with chloroacetic acid!®®
and 2-amino-5-arylidene-1,3-thiazol-4(5H)-ones through the
Knoevenagel reaction of rhodanine derivatives, aryl aldehyde,
and an n-propyl amine and further reaction with a cyclic
amine by sulfur/nitrogen displacement (Scheme 29).1%
4-Oxo-thiazolin-5-ylidene was recently prepared under MWI
through the reaction between dimethyl acetylene dicarboxy-
late (DMAD) and thiosemicarbazone derivatives. After 5 min
irradiation, good to excellent vyields were reached
(82—95%).2% The introduction of N-alkyl substituents in the
thiazole ring system can be performed in the same way that
N-alkyl substituents are introduced in imidazole to prepare
imidazolium ionic liquids.?*

Scheme 27
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4.1.2. Reactions in Aqueous Media

The synthesis of pyrrole and indole derivatives has also
been attempted in aqueous media, most of the reported
methodologies deal with their alkylation. Among these, the
work of Jgrgensen et al. is particularly noteworthy. This
group reported the Lewis/Brgnsted acid free Friedel—Crafts
reaction of carbonyl compounds with heteroaromatic com-
pounds in water. The Friedel—Crafts reaction proceeds well
for pyrroles in water. Methyl pyrrole reacts with ethyl
glyoxylate in a saturated solution of NaHCO; to give the
2-alkylated product in 87% yield (Scheme 30).2%

Hashemi et al. reported on a new one-pot method to
prepare substituted 4-hydroxy pyrroles. The three-component
reaction of S-dicarbonyl compounds with arylglyoxals in the
presence of ammonium acetate in water at room temperature
afforded the desired products in poor to excellent yields
(Scheme 31).2%% Yavari et al. also reported on the synthesis
of pyrroles resulting from a rather complex reaction between
3,4-diacetylhexane-2,5-dione and primary amines in refluxing
water (Table 25).204

Taking advantage of recent advances in the area of aqueous
acid catalysis and its application to dehydrative esterification
reactions,?% Shinokubo, Osuka, et al. were successful in the
preparation of novel expanded porphyrins (porphyrin ana-
logues with more than four pyrrolic subunits).?®® These
heptaphyrins were obtained via the condensation catalyzed
by Sc(OTf);z of pyrrole with pentafluorobenzaldehyde in an
aqueous micellar system followed by oxidation with DDQ
in dichloromethane (Scheme 32).

The five-membered heterocyclic structures are widely
present as motifs in an assortment of biologically active
molecules. Azasugars, or polyhydroxylated N-heterocycles,
are examples of such molecules, which exhibit pharmaco-
logically relevant activity as a glycosidase inhibitor. Lind-
strom et al. reported the asymmetric total synthesis of
azasugars in water.?”” The preparation of a pyrrolidine
azasugar was achieved in four high yield steps (Scheme 33).
The key catalyzed transformation involved the Sharpeless
asymmetric dihydroxylation of 1,6-dibromodiene (in 70%
yield and 97% ee), with selective hydrolysis at the allylic
position. Finally, highly diastereoselective epoxidation (99%
yield and 92% diastereoselecivity) with a dinuclear peroxo-

X
ArHN™ S S
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oo N

Ars
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S,
NN e P T s
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b: Ary= Ph, Ar,= 4-MeOCgH,

¢: Ary= 2-MeCgH, Ary= Ph

d: Ar = 2-MeCgH, Arp= 4-CICgH,4
e: Ary= 2-MeCgH, Ar,= 4-MeOCgH,
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Scheme 28
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a:R4= Cl, Ry= CeHs e:R=4- Me005H4 Ro= CGH5

b: Ry= Ry= 4-CICgH,
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d: Rq= 4-C|C6H4' Ry= 4-MeOCeH4
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h: Ry= 4-MeOCgH,, Ro= 4-MeCgH,4

Table 24
i o fwor
R1)J\ NGs *ReE 4 Ph)K/X \>_N
# Ph
conventional MWI
heating reaction ~ MWI
entry Ry R, yield (%)  time (s) vyield (%)
1 Ph Ph 72 30 90
2 Ph 2-MeCg¢H, 77 30 93
3 Ph 4-MeCgH, 30 98
4 Ph 4-CICgH, 62 45 90
5 Ph 4-MeOCgH, 41 30 87
6  4-ClCe¢H, 2-MeCgH, 45 88
7 4-CICgH, 4-MeCgH, 66 30 84
8  4-MeOC¢H, 4-CIC¢H, 71 45 96
9  4-MeOCgH; 4-MeOCg¢H, 30 91
10 4-NO,Ce¢H; 4-CICsH, 30 89
11  Ph 3-CICgH, 69 45 83

tungstate catalyst, selective for epoxidation of allylic alcohols
in water and ammonia, promoted ring closure, affording the
azasugar in 60% overall yield (Scheme 33).2%

Recently Varma et al. reported a straight forward meth-
odology to prepare a variety of four, five, six, and seven
heterocyclic units. This was accomplished through a double
alkylation of several aniline derivatives by alkyl dihalides.
This reaction takes place in mildly basic aqueous solution
upon microwave irradiation providing the desired products
in moderate to high yields (Table 26).2% The microwave
irradiation as a particular important accelerating effect for
this transformation because it achieves excellent product
yields in just 20 min whereas under conventional heating
conditions only 58% yield is obtained for the same reaction
after 8 h.2%

Morimoto, Kakiuchi, et al. disclosed a manuscript in which
a catalytic Pauson—Khand-type reaction of enynes in aqueous
media allows the preparation of a variety of cyclic and
heterocyclic compounds. As a distinctive feature, this
transformation uses formaldehyde as a substitute for the
dangerous carbon monoxide gas.?® This transformation
involves two distinct steps and both take place simultaneously
in a different reaction field. The rhodium-catalyzed decar-
boxylation of formaldehyde occurs in the aqueous phase
whereas the carbonylation takes place in the micellar phase.
The authors presented the hypothesis in Scheme 34 to
rationalize the experimental evidence.?%®

o}
S§\/ RO
H _NH;
L e
(@] R20

Ry=H, Me, Ph
Ro= Me, H, CH,
X= 0, S, NMe, NH

Scheme 29
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This Pauson—Khand-type reaction was applied in the
synthesis of N-tosyl pyrrolidines with considerable success,
using SDS as the surfactant and 1,3-bis(diphenylphosphi-
no)propane (dppp)/3,3',3"-phosphinidynetris(benzenesulfonic
acidz)ogtrisodium salt (TPPTS) as the ligand system (Table
27).

A detailed study on the cyclization of diazo-acetamides
in water catalyzed by dirhodium(Il) complexes was presented
by Afonso et al. The preparation of y-lactams via intramo-
lecular C—H insertion of diazo-acetamides was shown to
be dependant on the catalyst used and the substrate structure.
In close agreement with the concept of “on water” reactions,
it was observed in this study that substrates with higher
solubility in water yielded considerably more alcohol than
those substrates that formed droplets of bulk diazo in the
aqueous phase (Table 28).12812° The catalyst hydrophobic
nature clearly influences the cyclization process; in both
examples, the more hydrophobic Rh,(Ooct), directs the
insertion toward y-lactam formation. This fact indicates that
Rh,(Ooct), increases the metallocarbenoid hydrophobic
nature, and for this reason, the reaction proceeds without
the presence of water near the carbene center.1?8129

The synthesis of y-lactams has been reported in water via
a radical protocol using water-soluble radical initiators A
and B. These radical initiators were highly effective for the
atom transfer cyclization of N,N-diallyl-2-iodoacetamide in
water. Stirring for 1 h a mixture of substrate and A or B in
water at 75 °C afforded the desired y-lactam in 80% or 99%
yield, respectively (Scheme 35).21°

Recognizing the potential of radical methodologies to
prepare highly functionalized cyclic compounds, Naito et al.
reported a tandem C—C bond-forming reaction that proceeds
smoothly in water to yield y-lactams. An interesting feature
of this transformation is the construction of a two C—C bonds
via a tandem process (Scheme 36).21%?*2 The cyclization of
an oxime ether afforded the lactam in 63% vyield as a
diasteriomeric mixture enriched in the trans isomer. The
rationalization presented by the authors for this tandem
reaction involves alkyl radical addition to the oxime ether
to form a carbonyl-stabilized radical. Subsequent intramo-
lecular 5-exo-trig radical cyclization, favored by the oxime
ether group, which acts as the acceptor group, yields the
desired products. The preferential formation of the trans
isomer is explained in terms of steric repulsion between the
radical moiety and the oxime ether group.?t1:21?

The reaction in water provided an important piece of
evidence for a mechanism not involving the formation of
the water-unstable boryl enolate (BE).

Olefin metathesis is a powerful methodology that enables
C—C bond formation and is generally performed in organic
solvents; with the intention of extending the scope of this
transformation to aqueous solvents, Raines et al., developed
new ruthenium complexes tuned in their electronic and steric
environment. Combining N-heterocyclic carbene and sali-

OR; OR;
OR OR
2 X/\\\/\N S 2
X NH \g
0 N 0
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Scheme 30
{/ \} . ? NaHCO; (sat.) 7o\ OH
N 87 % N
Me COEt Me CO,Et
Scheme 31
R
0O 0 o)
J .+ w NH,OAc HO 0
R R’ Ar water, r.t. /A
0 30-45 min Ar N R
0%-98%

R = Me, n-Pr
R' = Me, OMe, OEt,0f-Bu
Ar = CgHg, 4-FCgH,, 4-CICgH,, 4-BrCgH,, 4-PhCgH,, 4-MeOCgH,

Table 25

o o OJ\N—CHZR

o o0 %

b N N
o © CHaR CH;R CH3R
yield (%)
entry R ketone diketone amide
1 CeHs 71 10 14
2 4-Me-CgH,4 81 14 12
3 4-OMe-CgH, 81 12 17
4 1-naphthyl 60 10
5 4—CI-CgH, 80 12 7
6 2—CI-CgH, 79 8 5
7 Me 82 10 4

cylaldimine ligands allowed the efficient ring-closing metha-
tesis of enynes in methanol/water mixtures (Scheme 37).2%3

4.1.3. Reactions in PEG or PEG Tags Approaches

Rao and co-workers tested for the first time the application
of PEG,q as solvent for microwave-assisted (MW) reac-
tions.?*42%5 This polymer proved to be a suitable solvent media
for palladium-assisted transfer hydrogenation and Paal—Knorr
reaction (Scheme 38). Various aryl-substituted pyrrole deriva-
tives were prepared in high yields within 1—5 min from
enediones or ynediones and ammonium or akylammonium

Scheme 32
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formates. This procedure furnished higher yields compared with
the same reaction run in refluxing methanol.

Several protocols were described in the past since the
pioneering work of Gewald et al. for the preparation of
substituted 2-amino-thiophenes. But under homogeneous condi-
tions, the condensation step involved presents two limitations:
it requires long reaction times and difficult product purification.
Those limitations prompted Yang and co-workers to develop a
competitive method for Gewald synthesis, where cyanoacetic
ester was immobilized in a soluble polymer matrix, PEGzsp0
(Scheme 39).2'¢ This polymer-supported reactant was then
reacted in the presence of elemental sulfur, diisopropyldi-
ethylamine (DIPEA), and various aldehydes, ketones, and
1,3-dicarbonyl compounds under solvent-free conditions in
a microwave oven in which good to excellent yields were
obtained. Application of microwave technology allowed the
reduction of reaction time to 15 min, and the fact that the
product at the end of the reaction is linked to the polymer
offers an easy method for product purification by polymer
precipitation with diethyl ether.

Yao demonstrated that a metathesis ruthenium catalyst
could be attached to a soluble polymer, like PEGsqq, Via a
succinic moiety and used efficiently to prepare dihydropy-
rrole in excellent yield (Scheme 40).2%

Wipf et al. developed an oxidant- and moisture-tolerant
Burgess reagent by simply attaching it to a PEG polymer
(MW = 2000). This dehydrating agent was successfully
applied for the preparation of oxazolines and thiazolines
(Scheme 41).2'8

The reaction afforded the desired heterocycle in higher
yields (76—98%) compared with the original Burgess reagent
(>78% yield) due to its enhanced stability. A few years later
Manta et al. used this new dehydrating agent to prepare a
thiazoline intermediate.?*°

Isoxazoles and isoxazolines are versatile scaffolds for the
synthesis of a wide variety of complex natural products and
are important pharmacophores in medicinal chemistry. These
heterocycles could be synthesized by a 1,3-dipolar cycload-
dition between the respectives alkynes or alkenes with nitrile
oxides. Wang et al. explored the possibility to immobilize
both alkynes and alkenes in soluble PEG polymers (MW =
4000) to quickly obtain a library of such desired molecules
(Scheme 42). The nitrile oxide was prepared in situ by
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Scheme 33
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Table26 Dihalides Ranu et al.?* reported a simple and green methodology
@—NHZ K2°O3 H:0 C/}Ni% for the synthesis of pyrroles through a one-pot condensation
R n _1 2 3,4 of carbonyl compounds (aldehydes or ketones), amines, and
___ i conjugated nitroalkenes in molten salt, tetrabutylammonium
Entry R Dihalides Product Yield (%) bromide, as a good media and catalyst, which does not
I 4-H o >~"¢l @N@ 54 require any other reagent or organic solvent (Table 29). By
this procedure, a wide range of aldehydes and cyclic ketones
2 4-H B B @NG 89 were coupled with variety of primary amines and unsaturated
3 AH e G 7% nitroalkenes providing the corresponding substituted pyrroles.
) ! < > N However, open-chain ketones do not lead to pyrroles by this
Br OH - i i jate imi
i Br procedure; instead the reaction stops at the intermediate imine
4 +H /E\/ @NU 42 product.
e < In the case of use of cyclic ketones instead of aldehydes,
5  4-CH;CO Br/\/\( >\ < > N;j 70 the corresponding fused pyrroles have been prepared in
moderate to high yields as described (Table 30).
6 34-CHDs g~ ~Br NG 9% _Thls alternatlvg procedure offers S|gn|f|9ant ad_vantfag_es
with regards to yield of products, reaction times, simplicity
0 of operation, and more importantly recyclability and non-
7 3EOCO g~ B B0 93 toxicity of the reaction medium selected. _
(j Recently, Paal—Knorr condensation has been described
as an efficient synthetic process for the preparation of
8  4NH, B B C O CJ 95 pyrroles, pyrazoles, and their derivatives. In conventional
conditions, an excess amount of several acidic materials such
9 HH e e @ /\:> % as zeolite,252%6 Al,05%" p-TSA 22829 Tj(OPr'),2 and
10 4Br BT D 65 hazard organic solvents is used. More recently, Paal—Knorr
Br condensation of 2,5-hexanedione with primary amines was

11 4-CH;CH; g Br EtOQ

reacting aldoximes with NCS. Both heterocyclic compounds
were prepared in good yields and excellent purity (>95%).22°

Mantellini and Fillippone focused their efforts on preparing
thiazolin-4-ones having an exocyclic 1,2-diaza-1,3-butadiene
moiety. This was achieved by condensation of thioamides
with PEG-supported 1,2-diaza-1,3-butadiene. The acyclic
intermediary formed readily cyclized, eliminating the PEG
support, to furnish the desired heterocycle in excellent purity
(>9%%;), though in moderate yields (31—70%) (Scheme
43).

4.1.4. Reactions in lonic Liquids

The pyrrole ring constitutes a basic heteroatomic structure
being a vital building block for the preparation of porphyrins
andakey unitinanumber of biologically active compounds.?>2%3
The synthesis of alkylated pyrroles is normally problematic,
since mixtures of regioisomers are formed from nonstabilized
enamine intermediates.

successfully carried out in ionic liquids (Table 31).% In
conventional systems, an excess of amine is required in order
to promote the condensation.* In contrast, performing the
reaction using ionic liquids such as [bmim][I], [omim][BF,],
or [bmim][PFg] allowed a simple product isolation procedure,
high yields, exclusive selectivity, and accelerated reaction
rates. Another important advantage is the recovery and reuse
of ionic liquids three times without losing activity. The
authors tested this methodology for several aliphatic and
aromatic amines using optimized reaction conditions.?! The
aliphatic amines gave higher yields and shorter reaction times
than are generally observed in other systems.

In the same line, Yadav et al.?*? described the immobiliza-
tion of Bi(OTf); in IL [bmim][BF,] as a novel and reusable
catalytic system for the synthesis of pyrrole derivatives from
1,4-diketones. The reactions were complete within 5 h, and
the products were easily isolated by simple extraction with
diethyl ether. Additionally, the remaining IL containing the
catalyst could be recovered and recycled in successive
reactions. The authors described the use of 5 mol % bismuth
triflate/[bmim][BF,] as the ideal catalytic system for these
condensations. N-Substituted pyrroles are usually prepared
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Table 27
{RhCl{cod)],, 0.0125 mmol R

/=R O 4ppp, 0.025 mmok; TPPTS, 0.025 mmol
TsN + JU TsN 0

SDS, 0.05 mmol; H,0, 1.9 mL

N H” “H
N 100 °C

entry R reaction time (h) yield (%)

1 Ph 2 96
2 Bu 6 89

Table 28
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(E10),0P. Me
Rhals 1 mol %
Mhoe MOl |

N/\/
Ne L ome H,0, 80 °C
water soluble
X = PO(OE),

0 o OMe
x\HkN/\/OMle « l_l NJ/
OH bOMe R
MeO

time yield

entry (h) catalyst (%)
1 48  Rhy(OAc), 71
2 24 ha(OOCt)A 62

o-hydroxyacetamide/
y-lactam

only a-hydroxyacetamide
1:0.46

o) 0 0
\ﬂ)kN/t-Bu Rhalstmol % x A H , x fN’t'B“
N N_Ph H;0,80°C OH L_Ph

water insoluble PR
X = PO(OEt),

(Et0),0P

time yield o-hydroxyacetamide/
entry (h) catalyst (%) y-lactam

1 48 Rh,(OAC), 86 2.4:1
2 24 Rh,(Ooct), 76 only y-lactam

by the reaction of pyrrolyl anion with the appropriate
alkylating agents.?®32%* When the anion from pyrroles is
alkylated, the corresponding product N-alkylpyrrole may be
contaminated with 2- and 3-alkylpyrroles.?®> N-Substitution
of pyrrole can effectively be performed in the ionic liquids
[bmim][PF¢] or [bmim][BF4] with high regioselectivity,
which provides a simple and efficient method for the
synztgesis of the N-substituted pyrroles as described in Table
32.

The authors found that in the presence of KOH the reaction
of pyrrole with methyl iodide could proceed at 40 °C in IL
[omim][PF;].2%¢ This reaction is applicable to primary alkyl
halides containing iodide, bromide, and chloride. In the case
of secondary bromide, the yield is moderate (70%). This
methodology was tested with several electrophilic olefins
such as acrylonitrile, methyl acrylate, and methyl vinyl

Rh—CO

% I

Candeias et al.
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Micellar phase
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ketone and aromatic halides such as benzenesulfonyl chlo-
ride, benzoyl chloride, and p-methylbenzenesulfonyl chloride
gave the corresponding N-substituted pyrrole derivatives in
high to quantitative yields. N-Butylpyrrole was prepared in
high yields using [bmim][PF¢] (98%) or [bmim][BF,] (95%)
as medium in the presence of KOH at 80 °C for 1 h. The
ionic liquid could be recovered and reused after extraction
of the product at least three times with no appreciable
decrease in respective yield.

Basic 1-butyl-3-methylimidazolium hydroxide
([bmim]OH) ionic liquid was observed to catalyze the three-
component condensation reaction of acid chlorides, amino
acids, and dialkyl acetylenedicarboxylates in water. Func-
tionalized pyrroles were obtained in high yields after reaction
with this task-specific ionic liquid.?%

Recently, Chi et al.?®® described a novel ionic liquid
methodology for pyrrole C-alkylation. Mono-C-alkylation of
st-rich heteroatomic pyrrole by the Friedel—Crafts approach
is impractical because the Lewis or Bronsted acid catalysts
employed induce polymerization, ring opening, and poly-
alkylation.?®%240 Alternative methods for the preparation of
C-alkyl pyrroles include the use of pyrrolylmagnesium
halides?*1?*2 or isomerization of N-alkylpyrrole using thermal
rearrangement at a very high temperature.?*® The traditional
polar solvents such as DMSO, DMF, and THF are not
appropriate for product isolation and media recycling pro-
cesses. Several ionic liquids allowed pyrrole alkylation using
various simple alkyl halides and mesylates selectively at C2
and C5 positions in moderate to good yields (55—82%) with
minimal byproducts (<10%) under relatively mild conditions.
The experimental procedure is very simple and convenient
and does not involve any aqueous workup or Lewis acid/
base catalyst.

2-(3-Phenylpropyl)pyrrole was synthesized from pyrrole
and 1-bromo-3-phenylpropane using [bmim][SbFe] in 71%
yield in 44 h (using K,COz3) or 74% yield in 48 h (without
the presence of K,COs). For both cases, only 8—10% of
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~i
N cl” ‘
/@ 0 [bmim][PF¢], [bmim][BF,], [bmim][NTf,], or [omim][OTf]
NMe;Cl . -
Br \< with toluene or 1,4-dioxane as cosolvents.
Cat. 1 Cat. 2 The authors also reported the efficiency of this methodol-
ogy in the case of alkylation of pyrrole with primary,
Scheme 38 secondary, and benzylic halides or mesylates in moderate
o o - 3 Ar to high yields (55—82%) of corresponding pyrrole-a.-
Y= Condtions _ [} Condlions OMYO alkylated products.23
Ar Ar see2% AT N AT 60-95% Ar More recently, these authors reported the same methodol-
R ogy for the N-alkylation of pyrrole using potassium or cesium
Conditions: Pd/C (10%), PEGg0, MW, RNH3"HCO,- carbonate in [omim][BF,] as the sustainable reaction media
Scheme 39 with acetonitrile as cosolvent.?* The N-alkylated pyrroles
were achieved in good yields using alkyl halides, as well as
0 o sulfonates, as electrophiles.
0 R‘A/Rz.sa R, 0 During the studies on pyrrole C-alkylation in ILs with
)K/CN —_— 7 0 1-bromo-3-phenylpropane, the pyrrole carbamate was ob-
: R Ng” ~NH, ained as major product and the N-alkylated pyrrole as the
Q- DIPEA, MW (130W) tained duct and the N-alkylated pyrrole as th

dialkylated compound was observed (Table 33). The same
reaction in organic solvent such as acetonitrile hardly
occurred even after 7 days (only 5% of desirable product).
The addition of 10—30% of acetonitrile as a cosolvent
allowed a complete solubilization of the salt formed during
the reaction and did not affect the reactivity of the alkylation
process. The [bmim][SbFg]/acetonitrile system was described
as better than other IL/organic solvent systems such as

minor byproducts, while the same reaction in the absence
of pyrrole provided symmetrical dialkylcarbonate as the
unique product. The formation of pyrrole carbamate (route
A) and N-alkylated pyrrole (route B) could be explained
assuming that the reactions follow two different routes as
presented in Scheme 44.

The IL [bmim][BF,] was used to prepare several amines
by reductive amination from aldehyde kainic acid protected
derivatives.?*® This protocol opens new possibilities toward
the synthesis of potential conformationally constrained and
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Table 29 Table 31
R®  NO ROK
H —( 7 -
R R+ = _nmuver | R
R* 105°C R* H i
0 N IL fmim][i]
R2 + RNH, _—— 11 N
93-99% |
; N 3 4 Time Yield R
Entry R R R R
(h) (%)
1 Colly CIL(CIL);  p-(NOY)Colls CH 1 ) entry R time (min) yield (%)
1 n-propyl 30 96
2 CgHp CeHiz CsHz02 CH; 1 75 3 n-heptyl 20 95
3 CgHiy PhCH, CsHz0O» CH, 1 75 3 iSOprOpyI 30 96
4 t-butyl 60 97
4 C8H17 C(,le p—(Cl)C6H4 CH3 1 80 5 CyCIOheXyI 60 95
5 CgHyy PhCH, p-(CIYCeHy CH3 075 85 6 benzyl 30 99
7 phenyl 180 96
H PhCH - H H 1 2 )
6 CH; CH p-(NO)CeHs CH; 7 (94), reused 3 times
7 CH;CH, CHj(CHa), Ph CH; 1 70 8 tolyl 180 94
H e 9 p-nitrophenyl 180 93
8 CH; P, Ph CH, L 73 10 p-methoxypheny! 180 95
11 2-pyridinyl 180 85
9  CH;CH, CHi(CHa)s Ph CH; 1 69
10 CH; CHyCHxyy p(CDCeH; CH:CH, 1 70 Table 32
Table 30 UY 4 ope —KoH [
) N IL [omim][PFg] "N
RZ  NO, R? H R
+ n — n-Bu,N*Br - - - o
) R'NHy + Y T J\ b entry RX reaction conditions yield (%)
n 3 108°c RN 1 CHsl 2h, 40 °C 82 (80%)
R! 2 i-CsH/Br 2h,60°C 70 (65%)
3 n-C4HsBr 1h,80°C cycle 1, 98 (959)
: 3 3 - — cycle 2, 96
Entry n R R R Time (h) Yield (%) cycle 3,97
1 1 CeHp p-(CHCeH., CH; 1 87 4 Nn-C4HoCl 22, 80 °C 76 E73a;
5 t-C4HoBr 2h,70°C 57 (512
2 b P p(CDGeHs CHy 1.5 68 6  CH,=CHCH,Br 1h,70°C 100 (969)
3 1 PhCHZ p‘(Cl)CﬁHA CH}CHZ 1 R6 7 C6H5CH Br 1 h, 80 OC 100 (98a)
" 8 CeHsCH,CI 1h,80°C 99 (98
4 1 paie™ Ph CH; 0.75 83 9 CH,=CHCN 1h,80°C 82 (807
. 10 CH,=CHCO,CHjs 1h,80°C 78 (727
5 1 (CH;):CH p-(CHCeHs CH3CH, | 73 11  CH,=CHCOCH; 1h,80°C 80 (759)
. 12 CeH5SO,CI 1h,80°C 100 (99?)
6 1 PhCH — p-(CDCH.  CH, 0.5 92 13 p-CHyCeHsSO.CI 1h,80°C 100 (987)
7 2 PhCHy  p-(CDHC¢H,;  CHs 1 80 14 CgHsCOCI 1h,80°C 100 (987)
8 3 CHy(CHy) Ph CH; 1 71 aperformed in [bmim][BF,].
9 3  PhCH,  p-(C)C¢Hs  CHj 0.75 85
10 3 CHy(CHa)s Ph CH, | 69 The N-acyliminium ions as electrophilic species®*® are
! ' ' usually generated from the corresponding a-haloalkyl, a-hy-
13 PhCHy  p-(NOGHs CH 05 o1 droxyalkyl, o-alkoxyalkyl, a-acyloxyalkyl, or a-sulfonyl
12 3  PhCH, CsH30; CH; 0.75 75

functionalized glutamic acid analogues or kainoid derivatives
(Scheme 45).246:247

Cyclic N-acyliminium ions have been generated in situ at
room temperature and functionalized by nucleophilic addition
of allytrimethylsilane, silyl enol ethers, and ketene silyl
acetals using IL [omim][InCl,] (Scheme 46).243

precursors under the influence of a wide range of Lewis
acids,?*?% such as TiCl,, SnCl,, InCls, NbCls, or silylating
agents (TMSOTT). Organoindate(lll) ionic liquids were
successfully employed without the need for an external Lewis
acid allowing the preparation of the corresponding o-sub-
stituted heterocycles in good yields (75—80%). The ionic
liquid phase could be reused at least three times.

Xia et al.?®? reported first the conjugate addition reaction
of azide ion to o,B-unsaturated carbonyl compounds in
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Table 33
[bmimlSbFg] AL Iy~
L/—§+Bf\/\/9h K,CO; (0.8 N + ]
N 2C0; (0.8eq) /ko/\/\Ph
H CH3CN, 115°C
P Y~
+ N
H
yield of product (%)
ionic liquid organic solvent time recovered
entry? (mL) (mL) (h) Br(CH,)sPh mono-alkylated di-alkylated N-alkylated
1 [bmim][SbFe] (3) 44 71 10
2b [bmim][SbFe] (3) 48 74 8
3 [bmim][SbFe] (2.7) CH4CN (0.3) 44 77 7
4 [bmim][SbFe] (2.4) CH;CN (0.6) 44 81 5
5 [bmim][SbFe] (2) CH4CN (1) 48 77 6
6 [bmim][SbFe] (1) CHCN (2) 72 29 43 10 trace
7 [bmim][SbF¢] (0.5) CH3CN (2.5) 72 36 34 11 trace
8 [bmim][SbFe] (0.1) CHCN (2.9) 168 55 22 4 5
9e CH3CN (3) 168 85 5 4 trace
10¢ [omim][PF¢] (2.4) CH;CN (0.6) 46 68 2 21
11¢ [omim][NTf,] (2.4) CH3CN (0.6) 48 65 3 24
12 [bmim][OTf] (2.4) CH;CN (0.6) 72 35 51 2 4
13¢ [bmim][BF.] (2.4) CH4CN (0.6) 45 25 2 2
14¢ [bmim][SbF¢] (2.4) Toluene (0.6) 46 57 10 2
15¢ [bmim][SbF¢] (2.4) 1,4-dioxane (0.6) 46 60 8 2

2 All reactions were carried out on a 1.0 mmol reaction scale of alkyl bromide with 10.0 equiv of pyrrole and 0.8 mmol of K,CO;3 at 115 °C.
®Reaction was carried out in the absence of K,COs, and 4% vyield of the hydroxylated compound, 1-hydroxy-3-phenylpropane, was detectable by
H NMR. ¢ Trace of 1-(3-phenylpropyl)-1H-pyrrole was detectable by *H NMR. ¢ 1-(3-Phenylpropyl)-1H-pyrrole (62% yield) and the eliminated
compound, allybenzene (2% yield), were detectable by *H NMR. ¢ Allybenzene (12% vyield for entry 14, 10% yield for entry 15) and hydrolyzed
compound, 3-hydroxypropylbenzene (2% yield), were detectable by *H NMR.

Scheme 44

From pyrrole (100 mol%) at 110 °C
(addition: later,

Route A /) 200 mol% Z/ \B ~
CO, N B"\/\;)Ph N 18%
[omim](BF.]
4 O)\g (I? _KBr O)\O/\/\Ph
U\
N
H CO; |-co,
Route B (addition: later
KoCOs - jater,
. 200 mol%)
[bmim][BF 4] U\
4 {/N\§ Br_~_-Ph N ~65%
- KB
[} K@ r vPh
Without pyrrole at 110 °C 0
Br Ph KoCOs (50 mol%)
\/\/o —_— Ph/\/\o/u\o/\/\ph
~100 % [brmim][PFe] ~89 %
Scheme 45

R\
NH
CHO —/—/
J . /. <—COOMe

~—COOMe pnH, NaBH,CN

& fomim]IBF ], i {\
N COOMe r?l COOMe
Boc Boc
R=-CH,CH(CHy), R=Benzyl R= Cyclohexyl Re<- OMe
80% 74% 76% 78% OMe

recyclable ionic liquids [bmim][PFs] and [bmim][BF,] as a
new procedure for the aza-Michael reaction using NaNj
directly. A crotonate derivative of 2-oxazolidinone was used
to afford the azide derivate in 92% yield using sodium azide
and HOACc in ionic liquids (Scheme 47). Several cyclic o.,f3-
unsaturated ketones were proven to be excellent substrates

Scheme 46
O\OMe [omim][InCl,] O\/§
j\ =ZN_-SiMe; j\ 80%
07 ~0'Bu rt, 24h 07 "0Bu
Scheme 47
O NaN,(4 eq.)
0 q.
/\)\ J HOA® ( _HOAc(4eq) )\)L )k
= N\_,o IL [bmlm][PFe]
Scheme 48
0
I\HJ\N/\/ Ef3
[bmim]PFg; 2h; RT NN

¢

R=H
1 st run: 82%; 2 nd run: 85%
3 rd run: 86%; 4 th run: 81%
5thrun: 67%

R=CH;: 87%

for this aza-Michael reaction such as N-phenyl maleimide
(62%) and N-propyl maleimide (60%) in [bmim][BF,] and
[bmim][PF¢], respectively.

Radical cyclization reaction of N,N-diallyl-2-iodoaceta-
mide was first reported in ionic liquids by Oshima and co-
workers.?? Triethylborane was added to amide (R = H) in
IL [bmim][PF¢] as reaction medium and strirred under air
at room temperature for 2 h. The corresponding lactam
product (R = H) was extracted from the ionic liquid using
ether giving 82% yield of pyrrolidin-2-one derivative, and
the IL could be reused four times with a decreased yield
only at the fifth cycle (67%). In the case of 2-iodopropana-
mide (R = CHj), the cyclization proceeded similarly to afford
the desired product in 87% yield (Scheme 48).
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Table 34
o 0o
EtsN H
ACHO * _gH + RX W >=(lLN’R
S 6 Ar
o) S_Qo
entry ArCHO RX solvent temp (°C) time (h) yield (%)
1 PhCHO Mel [bmim][PF] 25 2 83 (1st)
83 (2nd)?
82 (3rd)2
84 (4th)?
2 PhCHO Mel [bmim][PFe] 25 8 10°
3 PhCHO Mel DMF 25 10 40
4 PhCHO Mel MeCN 25 10 26
5 PhCHO Mel toluene 25 10 13
6 4-MeOCgH,CHO Mel [bmim][PF] 25 2 81
7 4-NO,C¢H4CHO Mel [bmim][PF] 25 2 62
8 PhCHO PhCH,CI [bmim][PF] 60 3 85
9 4-MeOCgH,CHO PhCH,CI [bmim][PF] 60 3 84
10 4- NO,C¢H4CHO PhCH,CI [bmim][PFg] 60 3 70
11 PhCHO 4-NO,C¢H4CHO [bmim][PF] 60 4 68
12 PhCHO Me(CH,),CH,Br [bmim][PFq] 60 3 79
13 PhCHO Me,CHI [bmim][PFq] 60 3 75

2Results obtained using recycled IL [bmim][PFg]. ? Using K,COs3 as a base.

3-Alkyl-5-[(2)-arylmethylidene-1,3-thiazolidine-2,4-di-
ones display various biological and pharmaceutical activities,
for example, as antitubercular, bactericidal, insecticidal,
anthelmintic and fungicidal agents, and they are an important
class of synthetic intermediates in organic synthesis.?542%
A rapid one-pot synthesis of 3-alkyl-5-[(2)-arylmethylidene-
1,3-thiazolidine-2,4-diones has been described using ionic
liquids as a novel solvent media (Table 34).2% The authors
observed that in the presence of Et;N the reaction of
benzaldehyde, 1,3-thiazolidine-2,4-dione, and methyl iodide
in IL [bmim][PFe¢] was completed within 2 h at room
temperature resulting in the formation of 3-methyl-5[(2)-
phenylmethylidene]-1,3-thiazolidine-2,4-dione in 83% of
yield (Table 34, entry 1). This reaction was also tested using
K,COjs instead of Et3N, but the corresponding yield was only
10% even after a long reaction time of 8 h (entry 2). With
conventional organic solvents such as DMF, MeCN, and
toluene, the desired product was produced in lower yields
(40%, 26%, and 13%, respectively) than with IL media
(83%) (entries 3—5 vs entry 1).

The reaction of several aromatic aldehydes containing an
electron-withdrawing substituent, such as a nitro group, or
an electron-donating substituent, such as a methoxy group,
different alkyl halides containing a chloro, bromo, or iodo
group, and thiazolidine-2,4-dione in the presence of triethyl-
amine in IL [bmim][PFs] gave moderate to good yields
(62—85%) of product, and an enhanced rate of reaction and
selectivity were observed. The ionic liquid could be recov-
ered by extracting the product and then washing the residue
with water followed by vacuum drying. The IL [bmim][PF]
was reused during four cycles with no appreciable decrease
in yield (entry 1).

Cyclic imide derivatives are compounds of considerable
interest due to their biological properties?®”?% and their use
as intermediates in polymer chemistry?® and in organic
synthesis.?®%261 The general synthetic methods involve direct
N-alkylation of phtalimide, succinimide, and maleimide with
an alkylating agent combined with the use of an appropriate
base such as BuLi,?%%3 Et;N,26* or NaH.'¢ Other recent
approaches for the preparation of imides include dehydrative
condensation of an anhydride and amine at high temperature
or cyclization of maleamic acid intermediates in the presence

of acidic reagents.?>2% All the methods described in the
literature have presented some disadvantages, related to the
long reaction time, high reaction temperature, and in some
cases poor yields.265268

Chen et al.?®® demonstrated that the synthesis of cyclic
imide derivatives can be performed efficiently using the ionic
liquids [bmim][PFg], [omim][BF,], or [bmim][CI] in excellent
yields (Table 9). By this methodology, a series of succin-
imide, maleimide, and phtalimide derivatives were prepared
from corresponding anhydrides with a variety of primary
aliphatic, heterocycles, and aromatic amines containing
different groups such as methyl, chloro, and nitro in high
yields (90—98%, Table 9). Many advantages were observed
using this new approach compared with those reported in
the literature including the higher yields, operational simplic-
ity, higher efficiency, and the possibility of ionic liquid
recycling. Two comparative studies illustrate the advantage
of this new approach: (a) the reaction of phtalic anhydride
and aniline using p-cymene as solvent needed reflux over-
night to give N-phenylphtalimide in 69% of yield,?’® while
the same reaction in IL [bmim][PF¢] was completeted within
only 5 min at 140 °C with 98% of yield; (b) the reaction of
N-(1-naphthyl)succinimide by a traditional method using
glacial acetic acid as solvent needed reflux for 30 min and
storage at room temperature for 7 days yielding only 26%
product,?* while the synthesis in IL [bmim][PFs] was
performed in 20 min with 90% yield.

Simultaneously, the same authors'®? reported that the
N-alkylation of phtalimide and several nitrogen heterocyclic
compounds can be performed using ionic liquids
[omim][BF,], [bmim][PF¢], or [buPy][BF,] in the presence
of potassium hydroxide as a base (Table 36).

Conventional methods involve direct N-alkylation of
phtalimide, succinimide, and maleimide with an alkylating
agent by treatment of these compounds with an appropriate
base such as NaH, KH, or BuLi in organic solvent media
such as DMF, THF, acetone, or DMS0.27227% With ionic
liquids as alternative media, high yields, simplicity of
methodology, and potential for recycling of ionic liquids were
observed.
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Table 35
[0] o]
PRl b . PF PIaRS
] E‘éo + RaH, —miPRL EEN‘R
N 140 °C ~o-
0 o
entry anhydride amine time (min) yield (%)
1 succinic anhydride phenylamine 20 96
2 p-clorophenylamine 20 95
3 p-methylphenylamine 20 96 (95)2
4 p-nitrophenylamine 5 97 (1st)
96 (2nd)®
97 (3rd)®
5 (1-napthyl)amine 20 90
6 (5-methyl-1,3,4-thiodiazol-2-yl)amine 5 99
7 benzylamine 20 92
8 butylamine 20 91
9 maleic anhydride phenylamine 20 97 (88)°
10 p-clorophenylamine 20 95 (93)2
11 benzylamine 20 91
12 (1-napthyl)amine 20 93
13 phthalic anhydride phenylamine 5 98 (98)
14 benzylamine 5 96
aIn IL [bmim][BF,]. ® Results obtained using recycled IL [omim][PFg]. ¢In IL [bmim][CI].
Table 36
o (0]
KOH
— e NCH,CH
©f‘<<"‘“ T RX “onic Liquid Cﬁi ZTe
o) (0]
entry R—X ionic liquid reaction conditions product yield (%)
1 Mel [bmim][BF4] 40°C,5h N-methylphatlimide 91
2 EtBr [bmim][BF4] 40°C,5h N-ethylphatlimide 96 (1st)
94 (2nd)?
95 (3rd)?
3 EtBr [bmim][PFs] 40°C,5h N-ethylphatlimide 95
4 EtBr [buPy][BF,] 40°C,5h N-ethylphatlimide 97
5 PrBr [bmim][BF4] 60 °C,5h N-propylphatlimide 93
6 i-PrBr [bmim][BF4] 50°C,5h N-isopropylphatlimide 78
7 BuBr [bomim][BF4] 80°C,5h N-butylphatlimide 94
8 BuBr [bmim][PF] 80°C,5h N-butylphatlimide 92
9 BzBr [bmim][BF4] 80°C,2h N-benzylphatlimide 97
10 BzCl [bmim][BF4] 80°C,2h N-benzylphatlimide 96
11 BzCl [buPy][BF4] 80°C,2h N-benzylphatlimide 95
12 CICH,CO,Et [bmim][BF,] 80°C,4h ethyl-N-phthalimidoacetate 92
aResults obtained using recycled IL [bmim][BF,].
Scheme 492
bz o
_— . CsF 13 Se
N N N 2
'II'S ‘i‘s +S
Diselenide
> 955
@ £ (! o
2(1) BusSnH, AIBN, 80 °C; diselenide; continuous extraction (F-LPE).
4.1.5. Reactions in Fluorinated Fluids described in Scheme 49 allowing the recovery of fluorous

- . . areneselenol by continous extraction.?’
Crich et al. developed a fluorous diaryl selenide to y

minimize the occurrence of some radical rearrangements.?’* Ring-closing olefin metathesis (RCM) is a very powerful
This approach has been applied in the radical cyclization methodology for the synthesis of complex cyclic molecules.26 278
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Scheme 50
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®
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Ts 2) F-SPE
Recovered )
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1-7 Cat. 1 69-88% 98-99%
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Yao et al. reported the efficient reuse of the RCM ruthenium
catalyst by incorporation of a perfluoroalkyl group and the
F-LPE process.?”® This approach has been applied to the
synthesis of several nitrogen-based heterocycles (Scheme 50).

Later, Curran et al.?® reported a similar approach based
on the development of RCM ruthenium catalysts containing
the CgFy7 fluorous tag. With N,N-diallyl-p-toluenesulfona-
mide as a model substrate, efficient formation of the
corresponding 2,5-dihydro-1H-pyrrole product, isolation, and
catalyst reuse by F-SPE were achieved by separation on
fluorous silica gel just by selection of the appropriate solvent
system, MeCN and Et,O, respectively, for elution of the
RCM product and RCM catalyst (Scheme 51).

Bannwarth et al.?®! reported a similar catalyst containing
instead a tris(perfluoroalkyl)silyl tag that attached efficiently
to fluorous silica gel. When the reaction is performed in
dichloromethane, the catalyst is detached from the solid
support. After the reaction, the solvent was evaporated and
switched to MeOH/water (4:1), allowing the removal of the
RCM product with minimal amount of catalyst (1% catalyst
leaching) from the fluorous silica gel (Scheme 52). The
reused catalyst (2.5 mol %) allowed high conversions for
four runs.

Gladysz et al.?®2 also reported analogues of Grubbs second
generation catalyst containing fluorous phosphines
P[(CH)nRf]s (M= 2, 3; n = 6, 8, 10) and used them for
RCM under F-LPE conditions.

Grigg et al.? used the perfluorinated triarylphosphine to
recycle the catalytic system and perform sequential RCM

v
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MeS‘N/H
N\
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o, = y
—Ru es
CgF 17 (6] 0
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Scheme 52
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-

0

N Mes
N
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f Ci
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(CgF47CH,CH,)3Si —
1-4 > 90%
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5 ~75%
Scheme 53

1) (CyaP)Ru(=CHPh)CI, (1-5 mol%), PA(OAc),
(20 mol%y), P(ArR')3,

0
)
NY 'n
02S

o toluene:hexane:perfluoromethy! cyclohexane
(2:2:3), rt(1-8h)

X X
7 ™ / —
€3 N N N
N-S=0 B
o] o] Op o]
0%

67%
and intramolecular Heck reaction using a solvent system
consisting of toluene/hexane/perfluoromethyl cyclohexane
(2:2:3) at room temperature and 110 °C, respectively
(Scheme 53).

Interestingly Curran et al. described the use of [1,2,4]-
triazoline-3,5-dione containing fluorous tags as a scavenging

i

Q) 2)110°C, 16 h
o; " N
o] j@ 3)FLPE N-%s0

o

T
N‘\
Cm

43% 57% 37%
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Scheme 54
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reagent of excess of diene after Diels—Alder (DA) reaction.
The resulting fluorous DA adduct and the fluorous scavenger
can be efficiently removed by F-SPE using FluoroFlash
cartridges (Scheme 55).2%

The fluorinated tags incorporated in reagents have been
used by Curran et al. and other research groups to facilitate
product isolation for different reactions.®® Curran et al.
described two elegant systems for product isolation in
cycloaddition reactions, which allow easy isolation of the
product containing the fluorous tag by their preferential
partition to the fluorinated solvent, allowing the removal of
non-fluorinated hydrophobic and hydrophilic product just
by extraction with organic solvent and water. Final removal
of the fluorous tag allows isolation of the desired non-
fluorinated product in high purity without further purification.
In Scheme 56, two examples are presented provided by the
authors for the preparation of isoxazoles, isoxazolines, and
tetrazoles. 287288

Hultin et al.?® described a practical synthesis of fluorous
oxazolidinone chiral auxiliaries in up to 20 g scale in five
steps from chiral a-amino acids in an overall yield of up to
55%. The fluorous tag facilitates the purification process
simply by F-SPE (Scheme 57).

Scheme 56
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Takeuchi et al. reported the total synthesis of the cyclic
tripeptide bistratamide H based on the use of a highly
fluorous amino protecting group and multistep purification
by F-LPE using FC-72 in which 15 steps of the total of 17
were purified by F-LPE (Scheme 58).2%°

4.1.6. Reactions in Supercritical CO,

Leitner et al. demonstrated the possibility to perform RCM
in scCO; for a considerable range of substrates in comparable
yields to the ones otained in chlorinated solvents. In contrast,
the catalyst acts in scCO; in a heterogeneous fashion. In
Scheme 54 is presented one representative heterocyclic
example, 284285

Sakanishi et al. reported the dimerization of ben-
zothiophene in scCO, catalyzed by Aly(SO,); supported on
silica gel.®* The CO, fixation reaction to produce useful
organic molecules is extremely important from the environ-
mental point of view.?®272% In an interesting approach,
Matsuda et al. reported the preparation of pyrrole-2-car-
boxylate by carboxylation of pyrrole using cells of Bacillus
magaterium PYR 2910 (Scheme 59).2%

The chemical incorporation of CO, in scCO, was also
described by Maggi et al. for the synthesis of oxazolidinones
from propargylamines catalyzed by basic alumina (Scheme
60). The catalyst was recovered simply by filtration and
efficiently reused for seven cycles.?

4.2. Containing Two Nitrogen Atoms
4.2.1. Solvent-Free Reactions

There are several procedures for the synthesis of imidazole
ring systems, in which one depends on pretended substitu-
ents. For instance, imidazole-4-carboxylates can be obtained
by an aza-annulation reaction of y-dielectrophiles 4-di-
methylamino-2-aza-1,3-dienes with hydrazines or amines.
After several days at 70 °C (conventional heating), the
desired imidazole derivatives can be obtained in moderate
yields (Scheme 61).2%
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® o
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Me Me 32%
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@ Obtained yields for overall reaction and isolation
process 1-4 (final purity > 96%).

4) F-LFE (FC-72, agNH,C),

94-99%
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Scheme 57
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Bridgehead heterocycles with an imidazole skeleton like
imidazo[1,2-a]pyridines can be prepared through reaction of
2-aminopyridine and phenacyl bromide in the presence of
neutral alumina at room temperature. Similarly, starting from
2-aminopyrimidine or 2-aminothiazoles, imidazo[1,2-a]py-
rimidines or benzo[d]imidazo[2,1-b]thiazole can be achieved
under the same reaction conditions.?%®

Solvent-free conditions have been explored through the
use of silica gel or zeolite HY for the synthesis of tri- and
tetrasubstituted imidazoles. Through microwave-induced
condensation of benzil or benzaldehyde derivatives and
ammonium acetate, trisubstituted imidazoles can be obtained
in high yields in a few minutes (Scheme 62).2% If an amine
is added to the reaction mixture, tetrasubstituted imidazoles
are obtained (Scheme 63).3° Recently, it was observed that
acidic alumina can also catalyze these reactions,®* potassium
dodecatungstocobaltate trihydrate (KsCoW1,04*3H,0) was
reported as a reusable catalyst,*®> the use of ammonium
acetate can be avoided by the utilization of benzonitrile
derivatives,®® the use of benzil can be replaced by benzoin
with air functioning as an oxidant in the conversion,30430
or the reagents can be supported on silica gel/NaHSO, to
perform the reaction under MWI or conventional heating
conditions. In the conventional heating procedure (140 °C),
perchloric acid absorbed on silica gel was also reported to
catalyze these reactions in good yields (56—98%).2%7 Fur-
thermore, it was observed that no inorganic support is needed,
and the desired tri- or tetrasubstituted imidazoles can be
obtained in excellent yields simply by microwave irradiation
of the reaction components.®® With recyclable silica sulfuric
acid, 1,2-diketones, a-hydroxyketone, or o-keto-oximes can
be condensed with an aromatic aldehyde and NH;OAc
through the conventional heating procedure at 130 °C or

Candeias et al.

through MWI to give trisubstituted imidazoles in high yields
(72—89%).%0°

The preparation of the synthetically valuable imidazole
N-oxides can also be performed under solvent-free conditions
by cyclization of 1,2-diimines with aldoximes after im-
mobilization on an inorganic support (Table 38). It should
be noted that the reaction yield is somewhat poor and it will
depend on the acidity of the support used in conjugation with
the diimine basicity; this way silica gel was reported as being
more appropriate for the aromatic diimine cyclization, while
more basic aliphatic diimines should be cyclized on neutral
or weakly acidic alumina.3°

For the modification of imidazole, 1,3-disubstituted imi-
dazolium salts can be reacted with potassium thioacetate or
potassium thiocyanate under microwave irradiation in order
to synthesize 1,3-disubstituted imidazole-2-thiones. This way,
imidazole-based ionic liquids can be easily transformed in
other suitable reagents for organic synthesis when microwave
irradiation is employed, but no reaction is observed under
conventional heating.®'! The introduction of side chains in
imidazole is a matter of great interest in the preparation of
ionic liquids. In order to decrease the high excess of alkyl
halide needed and to minimize the time-consuming prepara-
tion of 1-alkyl-3-methylimidazolium halides by conventional
heating, it is now possible to synthesize them by microwave
irradiation?%:312313 or hy sonochemical preparation.®** For the
N-propargylation of imidazole, Cs* saponites were developed
as a good catalyst for this reaction, leading to the desired
product in 100% selectivity and 90% yield.3'® Recently, an
efficient system for the N-arylation of imidazole and benz-
imidazole derivatives was reported. The 2-aminopyrimidine-
4,6-diol/CuBr/TBAF system was used in the coupling of such
heterocyclic systems with aryl and heteroaryl halides in the
absence of solvent at 145—150 °C for 24 h (Scheme 64).
The use of CuCl and Cul was observed to be less efficient
than use of CuBr, and from the several pyrimidines tested
as ligands, the one with both hydroxyl and amino groups
proved to be the best.%6

Imidazole was recently reported to react with epoxides at
the less hindered carbon atom of the epoxide in solvent-free

Table 37
Method A or Method B RN H
RCN +  RfSnN, ~¢ 'N”
N=N
R"= (CHZ)5CeF 13
Method A: 1) RCN, Rf33nN3Y BTF, 100 °C; 2) HCI; 3) F-LFE
Method B: 1) RCN, R'sSnN; BTF, 80 °C; 2) F-LFE; 3) HCI; 4) F-LFE
R p-MeC5H4 p-MeOC6H4 PhCHz Ph PhMezc Ph(CH2)4 t-Bu Me
method A (% yield) 99 95 99 96 21 55
method B (% yield) 61 72 59 87 83
Scheme 58
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conditions at 60 °C. Through this, alkyl substituents can be
efficiently introduced in the nitrogen atom of the imidazole
(72—92% yield).3V"

A versatile one-pot procedure for the synthesis of imi-
dazo[1,2-a]pyridines through the use of MWI in dry media
consists of irradiating a mixture of aldehydes and 2-ami-
nopyridine in the presence of clay. After the generation of
the iminium ion, an isocyanide is added and irradiated for
some time more. This method proves to be extremely
versatile since pyridine system can be replaced by other
N-heterocycles like pyrazine or pyrimidine in order to obtain
ring-fused imidazole systems (Scheme 65).192318

Benzimidazoles can be prepared by MWI condensation
of 1,2-phenylenediamine with carboxylic acids, acetoacetic
ester,®!® or benzoic acid derivatives'®® in good yields in the
absence of catalyst. In the case of aromatic carboxylic acids,
hydrochloric acid was reported to be a good catalyst for the
condensation with o-phenylenediamine.3?°

Montmorillonite KSF and K-10 are effective catalysts for
the condensation of acetoacetate esters or orthoesters and
aromatic orthodiamines in heterogeneous phase to afford
arylimidazoles. As in the other cases, despite the reaction
being performed under SFC, some solvent is needed to
dissolve and immobilize the aromatic orthodiamine in the
inorganic material. After solvent evaporation, the reaction
mixture is irradiated with microwaves for 4 min,32132
Recently NaY zeolite was reported as a suitable catalyst for
this transformation when aromatic carboxylic acids are used
as the carbonyl species under microwave irradiation.3?®
Similarly, 4-trifluoromethyl 1,2-phenylenediamine derivatives
can react with aromatic aldehydes under microwaves in the
presence of alumina and anhydrous zinc(ll) chloride or
Na,S;0s5 to result in the formation of the corresponding
benzimidazoles in good yields (72—90%).373% In the
microwave-free version, BFs* OEt,%7 and In(OTf);3% were
reported to promote the condensation of o-phenylenediamines
with aldehydes to yield benzimidazole derivatives while
Bi(lIl1) salts such as Bi(TFA)3, Bi(OTf)3;, and BiOCIO, were
reported to be very good catalysts for the condensation of
o-phenylenediamine with orthoesters at 80 °C. This last
procedure was also studied for the formation of benzothia-
zoles, benzoxazoles, and oxazolo[4,5-b]pyridines starting

Scheme 61
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from o-aminothiophenol, o-aminophenols, and 2-amino-3-
hydroxy-pyridine, respectively.’?°

Two other methods for microwave-assisted preparation of
benzimidazoles have been developed by condensation of 1,2-
phenylenediamine with in situ generated chlorides of hy-
droxamic acids using alumina as support and reaction of the
previous diamine and aryl aldehydes with silica-supported
manganese dioxide (Scheme 66). This last method also
proved to be successful for the preparation of benzoxazoline
compounds by reaction of 2-aminothiophenol derivatives.'*®
Recently, molecular iodine was reported to be a suitable
catalyst for this transformation under microwave irradiation.
However, starting from 2-aminothiophenol, 2-substituted
benzothiazoles could be prepared at room temperature in
short reaction times and good yields (10—20 min, 73—93%
yield).33° For this last transformation, zirconium(lV) oxide
chloride (ZrOClI,-8H,0) and copper(ll) sulfate were also
reported as good catalysts for the microwave-induced reac-
tion, and the anhydrides could be used instead of the
aldehydes. 3%

The Michael addition of cyanamide to 1,2-diaza-1,3-
butadiene and subsequent intramolecular ring closure is a
useful method for the preparation of 1,2-diaminoimidazoles
in moderate yields under SFC and conventional heating at
50 °C.%3%2

The highly valuable 2-trifluoromethylarylimidazoles can
be prepared in good yields by cyclization of ortho-arylene-
diamines in the presence of montmorillonite K-10 under
microwave irradiation (Scheme 67).3%% As a way to prepare
hemicyanine dyes, quaternary salts of benzimidazoles can
be condensed under MWI with aromatic aldehydes in
presence of piperidine.33

In order to introduce new substituents in a 2-alkylated
benzimidazole derivative, this can be reacted with an
isocyanate or isothiocyanate under solvent-free conditions
at 48 °C (conventional heating) to yield tricyclic benzimi-
dazole derivatives in good yields (up to 82%) (Scheme 68).3%
Modified benzothiazole analogues can be reacted with
1-(chloroalkyl)-4-substituted piperazines under MWI using
alumina as inorganic support in the presence of sodium
hydroxide to afford examples of serotonin 5HT; receptor
antagonists in reasonable yields.3%

The synthesis of 4-alkylidene-1H-imidazol-5(4H)-one
derivatives can be achieved by MWI 1,3-dipolar cycload-
dition of an imidate and aromatic aldehyde (or an aldiminge)
in the presence of acetic acid as catalyst (Scheme 69).3% In
the absence of catalyst, imidazolone derivatives can also be
achieved under similar conditions by using an amino alcohol
and the same imidate3*® or can be condensed with aromatic
aldehydes in the presence of ZnCl, under conventional
heating (80—110 °C) to yield the z-conjugated heterocyclic
system as the Z diastereoisomer.3¥® On the other hand,
2-imidazolin-5-ones can be prepared from the condensation
of an imidate and isocyanates or isothiocyanates at 70 °C*

R4 a: R1=Me, R3=NMe,
P b: Ry=Me, R;=NHCO,Me
Ra~N"N ¢: R1=MeS, R;=NMe,
\—( d: Ry=MeS, R;=NHCO,Me

e: R1=MeS, R3=Bn

f: Ri=MeS, R3= 0,

CO,Me
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and pyrazolino/iminopyrimidino/thioxopyrimidino imidazo-
line derivatives can be obtained on basic alumina under
MW|.340

Several derivatives of (52)-5-arylidene-3,5-dihydroimida-
zol-4-ones have been prepared through Knoevenagel reaction
of aromatic aldehydes or cyclic ketones and 3-methyl-2-
methylsulfanyl-3,5-dihydroimidazol-4-one in presence of
piperidine as catalyst under microwave irradiation (Scheme
70). The reaction times decreased compared with the
conventional heating in dichloromethane due to the high
concentration of the reactants under SFC.3*' Some N-alkyl
derivatives of leucettamine B were prepared under SFC by
reaction of 2-thiohydantoin or 2-methylsulfanyl-3,4-dihydro-
imidazol-4-ones and an imine. The guanylation of 2-thio-
hydantoin with an amine (in large excess, 7—10 equiv),
despite the long reaction times (2—7 days at 50 °C), leads
to the formation of the desired leucettamine B in moderate
yields (Scheme 71).3*2 Furthermore, alkylaminomethylidene
derivative synthesis of 2-thiohydantoins was performed by
transamination also under solventless conditions in yields
up to 88%.3%

Through the use of microwave irradiation, imidazoline-
2-one derivatives can be obtained, although in low yields
(35—46%), using a ZnCl,/AICI; 1:3 mixture in silica as
catalyst in the reaction of phenylglyoxal, alkylacetoacetates
(or acetylacetone), and dimethylurea. Curiously, the use of
urea instead of dimethylurea led to the formation of 3,4-
dihydropyrimidinones under the same reaction conditions
(26—42%).34

The synthesis of 2,4,5-triarylimidazolines in SFC can be
performed by reaction of methanediamines (formed by
reaction of aromatic aldehydes and hexamethyldisilazane
(HMDS) under alumina-supported MW!I) with base addition
(DBU or DBN). The base choice and the irradiation time
dictates the diastereoselectivity of the final product.3*® The
in situ formation of a diamine or one step formation of the
final imidazoline can also be achieved by conventional
heating at 120 °C of the aromatic aldehyde and HMDS
(Scheme 72).346

Long-chain 2-alkyl-1-(2-hydroxyethyl)-2-imidazolines can
be synthesized in higher yields under MW!I than by conven-
tional heating synthesis through the condensation of ami-
noethylethanolamine and fatty acids, using CaO as reaction
support.®*” A recent procedure for the preparation of N-tosyl-
imidazolines, through the use of scadium triflate Lewis acid,
can be adopted in order to avoid the use of microwaves.

Scheme 63
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The cycloaddition of N-tosyl-2-arylaziridine and a nitrile in
the presence of 25 mol % Sc(OTf); at room temperature leads
to the formation of the corresponding imidazoline, after a
few minutes, in good yields (Scheme 73).3% Based on this
procedure, several metal triflates were studied as possible
catalysts for this reaction, and zinc triflate was observed to
be the best among several others.®*® Recently, elemental
sulfur was reported as a suitable support for the solvent-
free reaction between a nitrile and ethylenediamine under
MWI to afford 2-imidazolines in reasonable to good yields
(42—98%),%° and reusable ZrOCl,+8H,0 was observed to
be a suitable catalyst for this reaction under microwave or
ultrasonic conditions.35! For the preparation of iminoimida-
zolines, the use of microwave irradiation was observed to
induce the reaction of imidazoline-2-thione with aromatic
amines in silica in reasonable yields (57—78%).%%

The conventional synthesis of 1,2,4-oxadiazoles proceeds
through the O-acylation of an amidoxime with an acid
chloride or with a carboxylic acid in the presence of a
coupling reagent. This procedure was also performed under
solvent-free conditions. Unfortunately, the carboxylic acid
coupling in alumina does not result in respectable yields
when microwave irradiation is used.®>® However, with the
acid chloride in the presence of alumina-supported am-
monium fluoride, good yields of the expected oxadiazole are
obtained in 3 min under MWI (Scheme 74).3%* Recently,
aldehydes were reported as suitable substitutes of acid
chlorides when a catalytic amount of acetic acid is used under
microwave conditions.®® Also in the microwave preparation
of 1,2,4-oxadiazoles, acid chlorides were substituted by
Meldrum’s acids and excellent yields of (81—98%) were
obtained after 1 min of MWI.3% Similarly, malonic diesters
can react with amidoximes under conventional heating
conditions (120—150 °C) to yield such heterocycles in 2—6
h.%57 Recently, methyl levulinate was reported to react with
amidoxime under microwave conditions in the presence of
potassium carbonate to yield 1,2,4-oxadiazoles after 5—10
min of irradiation,®® and 3-keto esters were observed to react
with amidoxime under conventional heating conditions (120
°C, 2 h).**° To circumvent the use of amidoxime, a new one-
pot method based on the reaction of nitriles with hydroxy-
lamine hydrochloride in the presence of magnesia-supported
sodium carbonate followed by reaction with acyl halides was
developed. Corresponding 1,2,4-oxadiazoles can be obtained
in reasonable yields (40—70%) after brief irradiation with
microwaves.*®° Another procedure for the synthesis of this
type of compound has been developed through microwave-
induced 1,3-dipolar cycloaddition of nitriles with a nitrile
oxide. Despite the reasonable yields obtained with this
procedure, the use of nitrones to achieve 2,3-dihydro-1,2,4-
oxadiazoles resulted in low yields, which can be explained
by the low stability of the products formed.36*

NH,OAc )R:
Silica Gel or HY N7 ON-R2
M \—{

PH Ph

m: R;= 4-MeCgH, Ry= CgHy4
n: Ry=Ph, R;= Ph
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The preparation of 2,5-disubstituted 1,3,4-oxadiazoles can
be achieved in good vyields (78—89%) by oxidation of
1-aroyl-2-arylidene hydrazines with potassium permanganate
on the surface of silica gel under microwave irradiation.36?
Recently, 1,3,4-oxadiazole derivatives containing the 4-ni-
troimidazole moiety were prepared under microwave irradia-
tion of 2-methyl-4-nitro-imidazo acethydrazide with a car-
boxylic acid in the presence of phosphorous oxychloride
(54—75% vyield).%%® Through the use of acids as catalyst, the
simple mixing of neat orthoesters with an acyl hydrazide
was reported to be an efficient procedure for the preparation
of 2,5-disubstituted 1,3,4-oxadiazoles (Table 39). Of all the
acids studied as possible catalysts for this reaction, silica
sulfuric acid was observed to be the most effective with the
advantage that this could be easily recycled through washing
products with ethanol %%

Pyrazole derivatives can also be efficiently prepared by

simple grinding of a diketone and a hydrazine (Scheme 75,
entries a—i) or hydrazide (Scheme 75, entries j,k) in a mortar
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with a small amount of sulfuric acid. Better results were
attained with this procedure than in conventional solvent,
but when asymmetric diketones are used, two regioisomers
can be produced (Scheme 75).%% The previous zirconium
sulfophenyl phosphate (o-Zr(CH3PO3)1 2(O3PCsH,SO3H)g 8)
is also an efficient catalyst for the preparation of pyrazoles
through condensation of hydrazine and diketones at 40 °C
(conventional heating). Furthermore, this procedure can also
be used for the preparation of indazoles starting from
2-acetylcyclohexanone.® The Diels—Alder reaction between
4- or 5-vinylpyrazoles and a dienophile to produce indazole
derivatives under MWI and SFC proved to be inefficient,
resulting in the indazole derivatives in poor yields; however
bipyrazoles can be produced in good yields and short reaction
times through cycloaddition of pyrazolyl hydrazones and
electron-poor dienophiles.2¢7*%8 About the chiral preparation
of 4-substituted pyrazoles, it can be achieved in a few
minutes by reacting enantiopure 2-formyl glycals and aryl
hydrazines under MWI.%% Recently, methanesulfonic acid
was reported to be an efficient catalyst for the solvent-free
reaction of a f-keto nitrile with a hydrazine at 80 °C for
5—8 min to yield 3-amino-2H-pyrazoles in 90—98%.%7°

Recently, 1,2,3-triazoles were tested asdienes in Diels—Alder
reaction with dimethyl acetylenedicarboxylate. In this mi-
crowave-induced reaction, silica-bound AICIl; was used as
Lewis acid catalyst (0.1 mol %) for the formation of
pyrazole-3,4-dicarboxylates after the extrusion of the sub-
stituent on position 4 of the triazole as a nitrile (Table 40).
This method was reported as the first example of a reaction
in which 1,2,3-triazoles were used as efficient dienes toward
Diels—Alder reaction; furthermore, the use of silica-bound
AICI; allowed the reutilization of this catalytic system up to
five times without any decrease in the product yield.*"

The reaction of 1,1,1-trichloro-4-alkoxy-3-alken-2-ones
with methyl hydrazine carboxylate under microwave irradia-
tion in the absence of any inorganic support was observed
to be an efficious method for the preparation of 5-trichlo-
romgtzhyl-4,5-dihydro-lH-l-pyrazoIe methy! esters (Scheme
76).%

1,3,5-Trisubstituted 2-pyrazoles can also be efficiently
obtained by oxidation of the corresponding pyrazolines by
reaction with silica-supported N-bromosuccinimide®”® or 1,3-
dibromo-5,5-dimethylhydantoin®’4 under microwave irradia-
tion. Fused pyrazole derivatives can be obtained in a couple
of minutes by condensation of 5-chlorovinylaldehydes with
a hydrazine under microwave irradiation in the presence of
a catalytic amount of p-TsOH (Scheme 77).5® This last
procedure was recently adapted to the synthesis of 1-(p-
tosyl)pyrazolo[3,4-b]- (R, = SO,C;H-) and 1-(2',4'-dinitro-
phenyl)-pyrazolo[3,4-bJquinolines (R; = CgsH3(NOy),) in
good to excellent yields (74—97%).57

Table 38
R4 - . R
Silica gel or alumina 4
R,—N X X, OH Rs3
’ Y\N‘Rz * RN 20°C-100°C, 2-24h %ﬁ_c‘) v Ry N
R N7
3 RS \<
Ry
entry Ry R, Rs R4 support temp (°C) time (h) yield (%)
1 PhCH, 4-MeCgH, Me Me silica gel 20 24 47
2 Ph 4-MeCgH. Me Me silica gel 100 2 18
3 PhCH, cyclohexyl H H alumina (pH = 3.8) 20 24 12
4 H cyclohexyl H H alumina (pH =7) 20 14 42
5 Me 4-MeCqH,4 H H alumina (pH =7) 20 14 36




2736 Chemical Reviews, 2009, Vol. 109, No. 6

Candeias et al.

COzEt ©: CO,Et
\ NMez >\g

NHR

a: R= Me, X=8; b: R= Et, X= O; ¢: R= EtO,CCH,, X=0;
d: R=4-CICgH,4, X= O; e: Ph, X=S; f: R= 4-O,NCgH,, X='S

Scheme 68
N CO,Et
@NWNM RoN=G=X_
H ®2" 48°C
Scheme 69
HOAc
Me. N._-COMe o MW
+ [
OEt Ar H -MeCO,Et
Scheme 70
a: R= CgHj5
N 70-90°C b: R= 2—HOCGH4
MeS\(/ )OJ\ MWL MeS\( ¢: R=NCzH,
N *R d R=345 MeOCGHz
/" o e R=4-BrCeH,
fR=

Ov

Hydropyrazolopyridine can be obtained through reaction
of pyrazole derivative with an alkene in the presence of
catalytic p-TsOH under conventional heating.®”” For the
introduction of N-substituents in pyrazole, there are several
methods available; for instance, the preparation of pyrazole
substituted with a carboximidamide moiety can be rapidly
achieved through the reaction of pyrazole with a cyanamide
and an organic or inorganic acid.®”® On the other hand, the
N-alkylation of pyrazole can be achieved by reaction with
2,2",4'-trichloroacetophenone under microwave irradiation.
This last procedure proved to be efficient for other N-
heterocycles like indazole and imidazole.3”® N-Alkylation of
pyrazole, as with other heterocycles, can be successfully
achieved at room temperature through reaction of the desired
heterocycle with an epoxide in the presence of ytterbium
triflate as catalyst,*®° while N-arylation can be performed
through the use of copper catalysts with phosphine oxide
ligands.38!

The formation of two heterocyclic rings in one synthetic
step has been developed for the preparation of coumarin
derivatives. In this procedure, the thiazole ring is achieved
by Hantzsch reaction followed by formation of pyrazole by
reacting a 3-(2-bromoacetyl) coumarin with thiosemicarba-
zide and acetylacetone at room temperature (Scheme 78).%¢2

Through the use of reusable Zn[L-proline], as catalyst, the
hydrazones of 3-acetyl-4-hydroxycoumarin undergo ring
cyclization to give 3-methyl-1-substituted phenyl-1H-
chromenol[4,3c]pyrazol-4-ones (82—93% yield) under mi-
crowave irradiation and using neutral alumina as the
inorganic support.383

Pyrazolines can be obtained in good yields by 1,3-dipolar
cycloaddition between diphenylnitrilimine and an olefin on

MeS-_ N
he
R4 o}
+
Pr\NA©:o>
(e}

Scheme 71

MW, 1h

MeS\(/

ArvaCOZMe

Ar
|
N\j\fo
)—N
\—CO,Me

the surface of porous calcium hydroxyapatite (p-HAP300),%%
alumina, or montmorillonite K-10%¢ irradiated with mi-
crowaves (Scheme 79). Diphenylnitrilimine is generated in
situ by reaction of hydrazonoyl chloride with the support
acting as base in some cases. Despite the fact that the
inorganic support should be chosen according to the olefin
used, this procedure was successfully employed in the
preparation of spiro-rhodanine-pyrazolines in presence of
alumina.®® Pyrazolines can also be produced through reaction
of chalcones and silica gel-supported phenylhydrazine under
microwave irradiation®®” or by microwave-induced condensa-
tion of a Michael acceptor with phenylhydrazine using
KHSO,*H,0 impregnated on silica.®

A procedure for the synthesis of 1-thiocarbamoyl-3,5-
diphenyl-2-pyrazoline derivatives by reaction of chalcones
and thiosemicarbazide through MWI has been developed
(Scheme 80). The use of K,CO; or basic alumina has proven
very useful as reaction media support. Despite similar yields
being obtainable on both supports, the reaction in basic
alumina is faster, but the use of K,COj3; simplifies the work-
up procedure in a way that only addition of water is
needed. 38

For the synthesis of pyrazolone derivatives, 3-keto esters
can be made to react with a hydrazine under microwave
irradiation up to 3 min resulting in the desired product in
good to excellent yields (86—94%). However when 2 equiv
of the S-keto ester are used, 1H,6H-pyrano[2,3c]pyrazol-6-
one derivatives are obtained in excellent yields (86—95%).3%:%!
By reaction of hydrazines with 3-dimethylamino acrylates
under solvent-free conditions (under conventional heating
or microwave irradiation), 1,2-dihydropyrazol-3-ones can be
obtained in good yields through an aza-annulation reaction
(Scheme 81).32 Chromones can also be attached to a
pyrazolinone through condensation of this heterocycle with
chromone aldehyde derivatives under MWI in the presence
or absence of alumina as inorganic support.®*® Through the
solid-state reaction of an aldehyde, indole, and 1-phenyl-3-
methyl-5-pyrazolones in the presence of a catalytic amount

£
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Table 39
Q silica sulfuric acid
Ar)J\NH . EtO._OEt r.t., 10 min o)
VIR
NH; OEt N~/
entry Ar R yield (%)
1 4-CICgH,4 H 92
2 4-C|C5H4 Me 20
3 4-CICgH, Et 94
4 4-CICgH, Pr 90
5 4-CICgH, Pr 87
6 4-CICgH, Ph 90
7 3-NO,CgH, H 88
8 3-NO,CgH, Me 85
9 3-NO,CgH, Pr 93
10 3-NO,C¢H4 Bu 80
11 3-NO,CeH4 Ph 85
12 Ph Me 93
13 Ph Ph 90
14 Ph H 91
15 Ph Et 93
16 Ph Pr 89
17 Ph Bu 95
18 4-pyridyl Ph 87

of molecular iodine (10 mol %), 4-[(indol-3-yl)-arylmethyl]-
1-phenyl-3-methyl-5-pyrazolones can be obtained in good
yields (72—93%) after 2 h at room temperature, making this
a suitable reaction for the introduction of a new substituent
in the 4-position of the pyrazolone moiety.3%

Recently, the cyclocondensation of aromatic aldehydes,
malonitrile, and 3-methyl-1-phenyl-2-pyrazolin-5-one in the
presence of 20 mol % of proline was reported. The procedure
consisted of grinding the mixture for 5 min, yielding the

Scheme 75
0O © +

+ RNHNH
R1)J\/U\R sNHNH,

a: Ry= Rp= Me, R= Ph

2

c: Ry=R,=Me, R3= H
d: R1= R2= t-Bu, R3= H

_—

e: Ry= R,= t-Bu, Ry= Ph
b: R1= R2= Me, R3= 4-M906H4 f: R1= COzEt, R2= Me, R3= H
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Table 40
n=N COMe  sjjica-bound AIC CO,Me
/N\/km . MWI, 20 min. NZ
Ph W) —CoMe
Ry CO,Me PH
R
entry Ry R, yield (%)
1 H H 40
2 Ph H 58
3 CHO H 35
4 CO,Me H 38
5 Ph CHs 57
6 CHsCH, CHsCH, 89
7 CH30CH, CH30CH;, 94
8 CH3(CHy)s CH3(CH,)s 86

corresponding pyrans and pyrano[2,3-c]pyrazole derivatives
in excellent yields (Table 41). It was observed that aldehydes
containing electron-withdrawing substituents lead to better
yields, while the position on the ring had no notable
influence.3%

2-Amino-5-aryloxymethyl-1,3,4-thiadiazoles can be ef-
ficiently synthesized through reaction of thiosemicarbazide
and carboxylic acids, using PEG-supported dichlorophos-
phate under MWI for 8—10 min (Scheme 82)% or employing
acidic alumina as support.®*” Coumarin— and benzofuran—car-
boxamide substituents can be introduced in the thiadiazole
ring by MWI or at room temperature in good yields and short
reaction times.3%

4.2.2. Reactions in Aqueous Media

Pyrazoles are known for their impressive biological activity
as potent inseticides, herbicides and antitumor, anti-inflama-
tory, antimicrobial, and antipsychotic agents. The synthesis
of these important molecules was reported in water through
a novel 1,3-dipolar cycloaddition of diazocarbonyl com-
pounds to alkynes catalyzed by InCls. The reaction of ethyl
diazoacetate with ethyl propionate in the presence of 20 mol
% InCl; afforded 87% of a pyrazole derivative. According
to the authors, this product derived from a 1,3-dipolar
cycloaddition and a spontaneous 1,3-hydrogen migration,
Scheme 83.3% Interestingly, the aqueous phase containing
the catalytic system after work-up retained the ability to
catalyze this transformation. This system was reused in two
consecutive cycles affording the desired product in 89% and
90% vyields, respectively.3%

To explore the reaction nature, several diazo compounds
with different electronic patterns were evaluated. As sum-
marized in Table 42, all diazo substrates gave two pyrazoles
in excellent combined yields, though the pyrazole that results
from the aryl migration predominates in all cases. The aryl
substituents exerted a small electronic effect over the reaction
course. The aryl group with electron-donating substituents
has a higher migratory tendency, and this trend suggests that
this group is migrating to an electron-deficient carbon.
Regarding these observations, the authors suggested a

RzW& . R,WRZ

\R3 \R3
i: R1= Me, R2= Ph, R3= H
j: R1= R2= Me, R3= MeCO

g: Ry= Me, Rp= COsEt, Ry=Ph k: R,= R,= Me, R3= PhCO
h: R1=Me, R2= R3= Ph
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Scheme 76
H OMe
- R,
R, OR HoN \Cf)l/ Ro {
— > CI3C N
o R1 .
CCly MWI, 6 min. )\OMe

R= Et, Me; R4= Alkyl, Aryl; Ry= Alkyl
tentative mechanism, illustrated in Scheme 84, for the
formation of both products.3%

The developed methodology was applied in the synthesis
of different pyrazoles as summarized in Table 43. Interest-
ingly all alkynes with a carbonyl group in a neighboring
position reacted smoothly affording the desired products
whereas the substrate phenylacetylene failed to give the
desired pyrazole even in trace amounts (Table 43, entry 4).
This requirement suggests the existence of coordination
between InCl; and the carbonyl group, and this probably
promotes the reaction by lowering the LUMO of the alkyne
moiety.3%®

Candeias et al.

In a recent manuscript, Varma et al. reported the synthesis
in water of several pyrazoles, pyrazolidines, and phthalazines.
These heterocyclic structures were prepared through a
microwave-assisted cyclocondensation of hydrazine deriva-
tives with alkyl dihalides or ditosylates. The reactions were
carried out in slightly alkaline conditions at 120 °C and MW
power of 80—100 W, Table 44.3%

In the continuation of his work, Varma et al. reported the
room temperature preparation of pyrazoles and diazepines
in aqueous media. The condensation of hydrazines/hydrazides
with several 1,3-diketones catalyzed by polystyrene sup-
ported sulfonic acid (PSSA) afforded the desired pyrazoles
in good to excellent yields within 1—2 min (Table 45).4°

Adib et al. reported, in a recent work, an efficient three-
component reaction that leads to the preparation of important
heterocycles designated by imidazo[1,2-a]pyridines and
imidazo[1,2-a]thiazoles.*** The reaction involves the com-
bination of 2-aminopyridine, aldehydes, and isocyanides in
water without the use of any catalyst (Scheme 85).

Scheme 77
o}
Re N “H pTSOH R,
P + R1NHNH; MWI R
N Cl N/ N‘
Rq
a: R1= Ro=H; b: R4=Ph, Ro= H; ¢: R4= H, Ry= OMe;
d: R4= Ph, R,= OMe; e: Ry= H, Ry= Me; f: R= Ph, Ry= Me
? p-TsOH
MWI
N>/\/|fk"' + RNHNH, N T N
N N N
el PR R
Ph
a: R=H; b: R=Ph
Scheme 78
@11[ 4
o 0
HZN‘N)J\NHz a: Ry= Rp= H; b: R= H, R;= MeO; ¢: Ry=Cl, R=H;
H d: Ry= R;= Cl; & Ry=Br, Ry= H; f: Ry= Ry= Br;
d: R4= Ry= (7,8-benzo); h: Ry=Br, R=MeO; i: Ry= 02N R,= MeQ
Scheme 79
@ N®
p-HAP300, Ph—=N-N=Ph
Ph._N...Ph MW R PhaoN
h N N-Ph
Cl @ o
Ph—=N—-N=Ph R
Scheme 80
Q S basic alumina
F e J NH, or K,CO;4
cl cl “R MW
a:R=H f: R= 4-NMe, cl
b:R=2-NO; g:R=4- OMe 3-OH
c:R=3-NO, h:R= 3,4,5-(OMe);
d: R=2-Cl i: R= 3-OC6H5
e: R=4-Ci j: R=4-OMe



Sustainable Synthesis of N-Heterocycles

Scheme 81

N NMe
OO b —— I
X' COEt  HNTH o X Nop
!

a: X=NH, R=Me, b: X= NH, R=Ph, ¢: X=0, R=Ph

Table 41
Ar
o} ) CN
/m + NC/\CN + \'\|IIT>:0 Proline N/ | |
Ar H N ’ N
Ph H 0" "NH,
entry Ar yield (%)
1 CeHs 99
2 4-CICgH, 96
3 3-CICgH, 96
4 2-CICgH, 95
5 4-NO,CgH4 97
6 3-NO,C¢Hy 98
7 4-BrC6H4 96
8 2,4-Cl,CgH,4 95
9 4-MeCgH, 90
10 4-OHCgH4 85
11 4-MeOCgH,4 99
Scheme 82
Q JSL N-N
ArO _NH PEG-OP(Q)Cl, A - \
\/U\OH HoN u : MWI ArO g~ “NH;

COCH
X NN §
[O¢] \
saapes
H
[olN o]

M-coci _ 0
- N-N

)
ArO/kS)\NHZ —

Scheme 83

0
0] o,
NLCHCOEt + ==—g -20%molinCh Eto)%_«o
OEt H:0, it N~/
87 % HNN OEt

4.2.3. Reactions in PEG or PEG Tag Approaches

Sun et al. demonstrated that a polymer-supported diamine
can be used as a versatile precursor for the construction of
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Table 42
N
s— A 20%molinCly
@)‘\002'\”6 \OMe HzO, rt
87 %
R
R
MeOZC = R
MeO,C._ + p—@
HN\N/ CO,Me MeO,C~ N
A B
entry diazo R ratio A/B Ayield (%) B yield (%)
1 H 91:9 82 7
2 m-MeO 92:8 81 8
3 p-MeO 94:6 90 4
4 p-F 89:11 80 10
5 p-Br 88:12 7 12
6 p-CFs 86:14 83 9

pharmacologically interesting bis-benzimidazoles through the
use of commercially available building blocks (Scheme 86).
The coupling of microwave technology with a liquid-phase
synthesis strategy constitutes a novel and attractive avenue
for the rapid generation of structurally diverse libraries. The
desired heterocycles were prepared in good yields (>72%)
and in good purity (71%).4%2

Sun and co-workers prepared a library of 2-alkylthioben-
zimidazoles immobilized on MeO-PEG-OH polymers (MW
= 5000) via liquid-phase synthesis.*®34%4 Whenever it was
necessary, the intermediates could be purified by polymer
precipitation with diethyl ether. According to Scheme 87,
the precursor benzimidazole could be straightforwardly
prepared in four steps starting from commercially available
starting materials. The desired 2-alkylthiobenzimidazole was
then obtained by thio-alkylation in the presence of triethy-
lamine. This last transformation provided the target molecules
(after cleavage from the support) in 72—99% yield and in
considerable purity (60—90%).

Sun et al. explored the possibility of expanding the scope
of their protocol described above in order to prepare
benzimidazoles.’® After the key cyclization step of the
produced diamine with triphosgene, benzimidazoles could
be obtained in high yields (81—98%) and in high purity
(84—96%) after hydrolysis from the support (Scheme 88).

Scheme 84
Tentative mechanism
N2
Ph)j\COZMe H
. 20 % mol InCly 1,5-aryl shift  MeOC I
13-DC MeO,C” | _ CO,Me N\N/ CO,Me
==—CO,Me =N
1,3 (5)-carboxylate shift 1,3-H shift
/
N~
MeO,C” N MeO,C comte
/ 2
B HN-
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Candeias et al.

Table 43
Entry Diazo Alkyne Product Yield (%)
0 EtO,C
1 H%coza =—CO.,Et ’ \|/>—COZEI 7
N2

H i 0

2 m)kcozgt :—/<
N
0

3 Hm)kcoza EtO,C—=

N
o]
4 Hj\)LcozEt :—Q
)
0
5 H%CozEt =—CO,Me
\)
o]
6 H\H)LMe =—CO,Me
N2
0
7 P“\H)J\Et =-CO,Me
N
o)
o]
N
10 (:@0 =CO,Me
OH O
11 Ph)\n)LOEt ==—CO,Me
N2
TsHN O
12 Ph OEt =-CO,Me
N
0 0
13 /U\IHI\ =—-CO,Me
N,

HN. N/ COEL

CO,Et

Et0,C
CO,Et ﬁ—coza 93
HN- N

——

m-coza 79
-

H\||\1/>'COZE‘ 43

0
MCOZMe 7

@i‘;\)‘cozm 47
CO,Me
C@j 37
CO,Me
: E 20

MeOZC
// CO.Et 88
MeO.C

@—COQEt 54

I
2

3,5-Pyrazolidinediones are a class of five-membered
heterocyclic compounds bearing two nitrogens, which have
been used clinically for treatment of rheumatoid arthritis and
various other diseases. Due to some undesired side effects,
Janda et al. focused their efforts on preparing a library of
such compounds using polymer-supported chemistry (on
PEG).%%® The key cyclization step between di-substituted
malonic acids and methylhydrazine was accomplished in the
presence of benzotriazol-1-yloxy-tripyrrolidinophosphonium
hexafluorophosphate (PyBOP) in 98% vyield (Scheme 89).
Direct cyclization using malonic esters failed. Purification
of the intermediates in this protocol required the precipitation
of the polymer using isopropanol rather than diethyl ether.
This is due to the presence of several polar byproducts that
also precipitate with diethyl ether.

Pyrazoline moieties have a wide range of applications in
agricultural pesticides and luminescent and fluorescent target
molecules. Xia et al. accomplished their synthesis on a
polymer support under microwave irradiation by cycload-

dition of PEG-supported acrylates with nitrilimines.*” The
last were generated in situ by oxidation of phenylhydrazones
with di(acetoxy)iodobenzene (Scheme 90). The cycloaddition
was conducted under neat conditions, because the support
melted under microwave irradiation, and proved to be
strongly dependent on phenylhydrazone substitution pattern
(being favored with electron-donating substituents).

Sun et al. developed a straightforward methodology to
synthesize a library of 3,5-disubstituted thiohydantoins with
medicinal value. The methodology depicted in Scheme 91,
takes the advantage of combining microwave irradiation and
polymer-soluble technologies to rapidly prepare a highly pure
library. In the key step of this methodology, the heterocycle
was formed with excellent yields (>90%) and high purity
(81%) as it self-detaches from the support.*®® More recently,
the methodology was extended to 1,3-substituted hydantoin
with similar efficiency.*%°

1,3,4-Oxadiazole derivatives are a family of heterocycles
with wide applications in medicinal chemistry. This family
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Table 44 N H
2 S I N S RA =
R NH, MW R R
R=H, Me X =Cl Br, I, 0Ts major minor
Entr Hydrazine Dihalides or Main Yield
y derivatives ditosylates products (%)
N
NH AN -N
1 @‘ NH ci cl Ph N\J 68
N
NH AN N
2 Q NH, Br Br Ph N\J 65
N
NH NN N
3 Q M TsO oTs Ph N\J 70
4N\
P Y
4 QN;‘IH iy N 65
2 Ag Ph—N’7j 1
Cl cl
C O T OG0
NH; HCI
Cl ci
C O T O
NH, HCI
cl
7 —@—NH © 1:1.2 © 63
NH, Hel Ci N.
N N,
(_/Q N
l/
4N\
8 —QNH cIr™>~"¢ —QN 70
NHz HCl
NH N
9 d NH, .HCI o ~"¢ G Ph 60
10 @’ N, @Cc: PN _ 89
ci Cl Ph,
1 @-NH N-N 60
NH, PSP pn
< > N
NH Br/\(\Br s
12 NH, OH Ph=N 81
H Br >N
13 ~NNH, ©CBr Ny 85
c a HN=N
14 H2N-NH, .H;SO \ 74
oN-NH; H;SO, ph/k)\ph
H Et.  Et
15 ~—N. N 2HCI B /\/\B N-N 80
N e !
H Et-
16 —~Ny" 2Hei @Cg: E/;Ej 60
H Et”

can be synthesized by several methodologies, in particular
by condensation of diacylhydrazines in the presence of
dehydration agents. Li et al. prepared these compounds using
this latter methodology in the presence of PEG-supported
dehydrating agent under solvent-free conditions in a micro-
wave oven (Scheme 92).4° This reaction required only a few

minutes to achieve good yields (75—90%) under relatively
mild conditions.

Another important family of heterocycles in medicinal
chemistry, the 1,2,4-oxadiazolines, were also prepared using
this methodology. The PEG-supported chlorinated hydroxy-
limines were cyclized with several imines in good yields
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Table 45 R?
Q 9 H pssA/water  N-N ;
Mw *R2TUSNH,  1-2min, rt. “\fR

X X
i Diketone i
Entry I;Ilygrazy[;e/ —_— Products Y})/eld
ydrazide R' X (%)
1 Q—NﬂHz CH; H Ph—N, 92
N
e °
2 N CH; Cl —— 75
N
Bt
3 QN‘“HZ CH; Bt PN 82
N
4 CIONHNHZ CH: H C"@*N\ _ 85
N
_C
5 CIONHNHZ CH; Cl cw@n\ = 72
N
Et
6 CIONHNHZ CH; Et C"@*N\t 80
N
o o
7 cH, H = 90
)J\NHNHZ >\‘N‘N/
o cl
o)
8 CH; Cl N 78
)J\NHNHz >\* il
x ° d
9 CH; H N 90
Ph™" NHNH, Ph>_ -
o o
10 ~ CH; H G,)kN N\ 92
o o
11 =~ CH; Cl ©/[LN N 85
o o)
12 " “NHNH,  CHs Et G,)Lh\l Nogr 88
\_d 2 \ 0 N=
o 0
13 = CH; H ®)L NN 91
dNHNHz s N=
o o
14 = CH; ¢l G,)LN N o 85
o 0
15 = CH; Et GKKN N_gt 80
dNHNHZ \_§ N=
EtO
16 @—NH OBt H = 85
NH, N\ »
N
Et0
17 CIONHNHz OEt H NS 80
N

Candeias et al.

Scheme 85
e 2. O e G
= Al NZ NH, 7h70°C >=<
R\N Ar

Selected examples

e aes

94 % 94 % 93 %

AN S =N S- =N
-0 GO GO
HN% HN\O HN\O
90 % 85 % 90 %
(>79%) and excellent levels of purity (>89%) to furnish a

library of the desired heterocycles (Scheme 93).41

4.2.4. Reactions in lonic Liquids

N-Heterocyclic carbene complexes of palladium are
formed in situ using ionic liquids based on imidazolium ring
systems.*2 The palladium carbene complexes are formed by
the deprotonation of the imidazolium cation of [bmim][Br]
in the presence of the catalyst precursor (Scheme 94).413

Several groups have studied Heck coupling in ionic liquids
based on imidazolium or pyridinium cation structure using
PdCl, or Pd(OAc),—Ar3Ph as catalyst and EtsN or NaHCO;
as base.#14415

The high catalyst solubility in ionic liquids allowed the
product isolation by extraction into nonpolar organic solvent.
The higher catalytic activity observed for the reactions carried
out in imidazolium ionic liquids compared with those in the
pyridinium analogues has been attributed to the formation
of palladium carbene complexes in the former ionic liquid.
The Heck reaction with a ligand-less palladium catalyst has
been reported in biphasic conditions using high melting
alkylammonium tetrafluoroborate and water or toluene.*'¢
This method overcomes the solubility problem of the organic
substrates and simplifies the separation of products and
recycling of the reaction media.

Lin et al.*f” described a novel and highly efficient
methodology for preparation of N-heterocycle derivatives
with biological activity by Markovnikov’s addition using
ionic liquids. The Markovnikov addition is a useful method
to prepare C—C, C—N, and C—S compounds using in general
harsh bases, strong acids, or high temperature, which would
lead to undesirable byproducts and other residues.*'#41° The
authors discovered that the use of ILs as a recyclable reaction
media, as well as an efficient catalyst, for Markovnikov’s
addition of N-heterocyclic compounds to vinyl esters affords
the corresponding N-heterocycle derivatives in high yields
under mild and neutral conditions (Table 46). The reactions
performed in ILs containing BF, as anion exhibited excellent
catalytic activity, while no reaction was observed in the case
of ILs containing PFg as anion (entries 2 and 4). This
observation was attributed to the poor solubility of some
N-heterocyclic compounds in hydrophobic ionic liquids. ILs
containing a longer cationic alkyl chain exhibited higher
Markovnikov’s addition activity. When the reaction was
performed using 4-nitroimidazole and vinyl acetate in a
solventless system, no product was observed after 4 days
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due to the poor solubility of 4-nitroimidazole in vinyl acetate
(entry 8), while in organic solvent such as DMSO only 0.3%
of desirable product was formed even after 4 days (entry 9).
All the reactions proceeded smoothly in IL [bmim][BF4]
without any other catalyst required.

The structure of the N-heterocycle selected also affected
the results of Markovnikov’s addition reaction with a
reactivity reducing in agreement with their nucleophilicity:
4-nitroimidazole < imidazole < 4-methylimidazole. Addition-
ally the IL [bmim][BF4] could be recovered and recycled
five times without loss of activity in the case of Markovni-
kov’s addition of imidazole with vinyl acetate. Apart from
imidazole derivatives, other N-heterocycles such as pyrazole,
triazole, and pyrrole also presented high Markovnikov’s
addition activity.

More recently, the same authors described a basic ionic
liquid, [bmim][OH], as an efficient catalyst and alternative
reaction media for the Markovnikov addition of N-hetero-
cycles to vinyl esters without the requirement for any other
catalyst or organic solvent.*?°

NEt3 (5q), CH2CI2

The basic IL [bmim][OH] has been applied to catalyze
the Michael addition of active methylene compounds to
carboxylic esters, nitriles, and conjugate ketones,*? but the
catalytic mechanism involving this IL was ambiguous. First,
the authors studied the Markovnikov addition of 4-nitro-
imidazole to vinyl acetate (4 equiv) at 50 °C in IL
[bmim][OH]*?? for 2 h, and a single product was prepared
in 93% isolated yield (no byproducts resulting from anti-
Markovnikov addition, hydrolytic, acylation, or other reac-
tions were observed). This procedure was extended to several
imidazoles and vinyl esters without the use of any other
catalyst affording the corresponding imidazole derivatives
in moderate to high yields (73—93%) (Table 47). The IL
remained intact after subsequent cycles without any problem,
while it was observed that this reaction did not proceed in
some organic solvents such as THF, DMSO, and DMF. Other
five-membered N-heterocycles such as pyrrole, pyrazole, and
triazole also presented high Markovnikov addition activity.

The catalytic mechanism for the Markovnikov addition
reaction promoted by [bmim][OH] was postulated and
supported by experimental data. Owing to the electron-
withdrawing effect of the carboxylic group, the a-carbon of
the vinyl group carries partial positive charge. When the
substrate was added, the hydroxyl anion deprived the
N-proton and the nucleophile simultaneously added to the
partial positively charged o-C position. The resulting nega-
tive charge at the 5-C carbon could be stabilized by C2—H
of [bmim][OH], and then the water formed would deliver
the proton to form the Markovnikov adduct (Scheme 95).

Scheme 89
o)
Meo-PEG-o@s %H MeO-PEG-O@—S NH
o N
CH3NHNH,, PyBOP N~
o) ) > o]
EtN(iPr),, DMF, rt, 43h
98 %
cl cl
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Two pieces of evidence from *C NMR spectroscopy
supported this proposed mechanism: (a) comparison of the
13C NMR spectra of imidazole (neat) with a mixture of
imidazole and 1 equiv of IL [bmim][OH] showed an upfield
shift of C2 (0.27 ppm) and C4 (0.55 ppm) of imidazole in
the mixture, indicating the deprivation of the N-proton of
imidazole by the hydroxyl anion of [bmim][OH]; (b)
comparison of the **C NMR spectra of butyrate (neat) with
a mixture of butyrate and 1 equiv of IL [bmim][OH] showed
an upfield shift of 0.13 ppm for the carbonyl carbon
indicating the existence of a hydrogen bond of the imida-
zolium cation with the vinyl ester.

Bao and co-workers*?® described the Ulmann-type coupling
reaction of vinyl bromides and imidazoles in ILs providing
the corresponding N-vinylimidazoles in good to excellent
yields by using L-proline as the ligand. N-Vinylimidazoles
have been applied as building blocks for the synthesis of
metal complexes and also as important intermediates in the
synthesis of several heterocycles,*?4~4%

Normally, their preparation involves direct addition of
imidazolestoalkynes,*?’ olefination of 3-hydroxyimidazoles,*?842°
N-vinylation of imidazole with vinyl halides or acetates,*3
and copper-catalyzed C—N bond cross-coupling with vinyl-
boronic acid.*** All of these protocols suffer from either harsh
reaction conditions or lack of stereocontrol of double bond
geometry. First, the authors prepared N-styrylimidazole in
80% of vyield using the IL [bmim][BF4] by coupling
bromostyrene and imidazole in the presence of 10 mol %
Cul, 20 mol % vL-proline, and K,CO; (Table 48).Without
the addition of L-proline, the reaction gave only 9% yield
under the same conditions. This methodology was studied
with several vinyl bromides and different imidazoles giving
the desired coupling products in good to excellent yields
(75—93%). Another important advantage was the possibility
to recycle and re-use the Cul/L-proline/IL at least four times
with a small effect on the rate or yield of the reaction during
each cycle.

K,CO3, CH,Cl

Candeias et al.

Rahmati et al.**? reported a new efficient procedure for
the synthesis of trisubstituted imidazoles from an one-pot
condensation of 1,2-diketone or hydroxyketone and aldehyde
and NH;OAc in the IL 1,1,3,3,-N,N,N',N'-tetramethylguani-
dinium trifluoroacetate [TMG][TFA] at 100 °C.

Using IL tetramethylguanidinium [TMG] cation as pro-
moter and solvent for the preparation of multisubstituted
imidazoles represents a significant improvement (15—40 min
in IL, 100 °C, 81—94% of yield) over conventional thermal
heating.*34%4 Additionally, the reaction times are also
comparable to the ones obtained by microwave irradiation
(20 min in HOAc, 180—200 °C) (Scheme 96).%354% Accord-
ing to the authors, the solvophobic interaction behavior of
IL guanidinium generates an internal pressure, which pro-
motes the association of the reactants in the solvent cavity
and would justify the lower reaction times. The authors
extended the reaction of 1,2-diketo with several aromatic
aldehydes carrying either electron-releasing or electron-
withdrawing substituents in the para positions.** The IL
[TMG][TFA] tested was easily separated from the reaction
medium by washing with water and evaporating the solvent
under vacuum and reused it for subsequent cycles without
any loss of efficiency.

4.2.5. Reactions in Fluorinated Fluids

Zhang et al. described the preparation of a range of
hydantoins and thiohydantoins in 85—95% purity by reaction
of fluorous L-a-amino esters with isocyanates or thioisocy-
anates followed by removal of fluorous alcohol and triethyl-
amine and the salt using fluorous silica gel and acidic ion-
exchange resin (Amberlite G-50) (Scheme 97).4%7

Zhang et al. also explored the use of perfluorooctylsulfonyl
group as a fluorous tag for the synthesis of trisubstituted
hydantoins. The fluorous tag was removed by microwave-
assisted deoxygenation catalyzed by Pd(dppf)Cl, (5 mol %).
Both the o-amino ester and hydantoins were purified by
F-SPE (Scheme 98).4%#

Zhang and Tempest extended the combination of fluorous
tags and microwave irradiation to multicomponent reactions
such as for synthesis of quinoxalinones and benzimidazoles
by Ugi/de-Boc/cyclization sequence. The authors combined

(0]

Ry
FmocHN H
7 0 —( ’—O -
§1 NHFmoc
o]

R,-NCS, CH,Cl,
MW (150 W)

MW (150 W)

Rz
OyN
2 j: »=s +Ho—()—OH
4N
4

Ry= H, n-Bu, Ph; R,=Y-NCS [Y=n-Bu, Ph, FCsH, MeCgH, O,NCgH,]

Scheme 91
Ry
HO, A DCC, cat. DMAP
HO—Q—OH + Y\NHFmoc T —r
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0
10 % piperidine H R
— 2N - o_o_o =
CH,Cl, A, YN,
o]
o
Ry S
R,HN_ HN :
z 0_0_0 )J\
I Y\H NHR,
o]
Scheme 92

PEG-OP(0O)CI |
©cl, “ o>\\Af
solvent-free, MWI
0~ "0

6-8 min, 75-90 %
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Scheme 93
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Scheme 94
S
Br (\N—Bu
®/\ NaOAc _N
Me-Ny N-g, * Pd(OAc), ———— Me _Br
[bmim][Br] Br Pd/
646
647 2

the use of a fluorous-Boc group component as the limiting
agent and F-SPE for purification of the intermediate precursor
containing the fluorous tag and non-fluorous product by
elution with MeOH and MeOH/H,0O (80:20), respectively
(Scheme 99).4%

Curran et al. prepared several hydantoins by cyclization
under microwave conditions followed by separation using
F-SPI% in order to remove the fluorous benzyl alcohol (Table
49).44

Zhang extended the use of 1H,1H,2H,2H-perfluoro-de-
canethiol as a fluorous tag for the synthesis of disubstituted
pyrimidones from 2,4-dichloro-6-methylpyrimidine by at-
taching the fluorous tag, substitution with 3-(trifluorometh-
yl)pyrazole, thioether oxidation, and tag displacement with
amines or thiols. Again, the intermediates as well the final
pyrimidines were purified by F-SPE (Scheme 100).44

4.3. Containing Three Nitrogen Atoms
4.3.1. Solvent-Free Reactions

The method most applied to the synthesis of 1,2,3-triazoles
in conventional organic synthesis is based on cycloadditions.
Under solvent-free conditions, there are several methods to
achieve this family of compounds with most of them also
being based on cycloaddition reactions. Similar to the classic
methods, C-carbamoyl-1,2,3-triazoles can be obtained under
MWI through a 1,3-dipolar cycloaddition of azides with
acetylenic amides. Despite the good to moderate yields, this
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method has proven to have rather low regioselectivity.44?
Recently, NHC-containing copper complexes (NHC =
N-heterocyclic carbene) were reported as efficient catalysts
for 1,3-dipolar cycloaddition between azides and several
alkynes (unactivated and activated alkynes) in the solvent-
free reaction at 45 °C,*3 while Cul was reported to be
effective in the microwave version of the same reaction,**
From the reaction of dipole a-azidomethylphosphonate with
alkynes, S-functionalized alkyltriazoles can be obtained in
good yields through the use of a microwave oven (Scheme
101). Despite the better yields obtained in MW!I than in
conventional heating, the use of enamines instead of the prior
alkynes proved to be more efficient in conventional heating
conditions. This way, better regioselectivities were obtained,
while the use of toluene as solvent decreased the reaction
efficiency.**

Triazoles can also be synthesized through the cycloaddition
of azides with the readily available enol ethers. Despite the
severe reaction conditions (200 °C), 1,2,3-triazoles can be
obtained in modest to good yields under conventional
heating, as can ring-fused triazoles.*4

Through the cycloaddition of 2-aryl-cyano- or 2-aryl-
carbethoxy-1-nitroethenes with trimethylsilyl azide, 4-aryl-
1H-1,2,3-triazoles can be efficiently prepared under conven-
tional heating using tetrabutylammonium fluoride (TBAF)
as a catalyst (10 mol %) (Scheme 102). Milder conditions
are needed when cyano nitroethene is used (30 °C, 3h);
however carbethoxy nitroethenes had also proven to be very
efficient despite the need to use harsher conditions (50—80
°C, 4—12 h).**" This organic catalyst has been also success-
fully applied to the cycloaddition of 3-nitrocoumarins with
TMSN; for the synthesis of chromeno[3,4-d][1,2,3]triazol-
4(3H)-ones.**®

The substitution of the ethoxy moiety in aminopyrazole-
carbonylhydrazides with an amine under SFC and conven-
tional heating (150 °C, 3 h) proved to be an efficient method
to obtain pyrazolyl-substituted 1,2,4-triazoles in moderate
to good yields (Scheme 103).%° Recently, 4-amino-5-methyl-
3-thioxo-2H-1,2,4-triazole was reported to react with alde-
hydes under microwave irradiation to yield the corresponding

Table 46
O
Nu-H + bmim][BF O Nu
N-heterocycle R1)J\O/\ M’
compound 50°C Ri” 0O
entry Nu-H solvent R; vinyl ester (equiv) time (h) yield (%)
1 4-nitro-IM [bmim][BF,] CH;3 6 12 98
2 [bmim][PFs] CH;3 6 48 a
3 [emim][BF4] CH, 6 48 96
4 [emim][PF¢] CH; 6 48 a
5 [omim][BF4] CH; 4 24 95
6 [omim][BF4] CH; 2 48 96
7 [omim][BF4] CH; 6 96 97
8 Solventless CH; 96 a
9 DMSO CH; 6 96 0.3
10 [bmim][BF4] CH3(CH,)3 6 48 90
11 [bmim][BF4] (CHj3),CH 6 48 86
12 [bmim][BF,] CH;(CH,)s 6 72 91
15 [omim][BF4] Ph 6 60 94
16 [omim][BF4] CH; 6 48 92
17 IM [omim][BF4] CH,=CHO,C(CH), 6 24 97
18 [omim][BF4] CH; 6 48 93
19 4-Me-IM [omim][BF4] CH; 6 72 97

@Not determined.
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Table 47
Rz
N
Rz /N
r RPN L _ommpory VR
N~ Ry 70" "Ry )\o
H
Ry 0
entry Ry R» R3 time (h) yield (%)
1 H NO, CH3 2 93
2 H NO,  CHs(CHy), 8 82
3 H NO,  (CHa),CH 8 75
4 H NO,  CHs(CH,)s 12 79
5 H NO,  CH3(CH,) 12 76
6 H NO, Ph 12 81
7 H H CH3 4 91
8 H H CH3(CH,), 8 80
9 H H CH3(CH,)s 12 78
10 H H Ph 12 84
11 H CH;  CHs 4 88
12 CHy H CH;3 4 73
13 CH3 NO, CH3 12 85
Scheme 95
~N /%‘Bu —\ )\
/e b _N__N-~ _N__N-
NN : - 8H\¢@ Bu \f% Bu
'L j\ H vﬂ/\ JH
' N | \0
R (] J LO)J\R
o) —
b /N/_/\g\Bu
/e L, Yo L T
~N Z @ Bu N H‘O_H /H‘
» ey
fN 07 "R
=

imine in good yields (77—86%), which can be easily
converted to other 1,2,4-triazole derivatives.*°

1,2,4-Triazoles can also be efficiently prepared under SFC
at room temperature through oxidative transformation of
arenecarbaldehyde 3-methylquinoxalin-2-yl-hydrazones to
1-aryl-4-methyl-1,2,4-triazolo[4,3-a]quinoxalines with iodo-
benzene diacetate (Scheme 104).4!

Using acidic alumina as supporting material, thiadiazolyl-
substituted triazoles can be prepared in good to excellent
yields through microwave irradiation of 2-aminothiadiazoles
and 5-alkyl-2-mercapto-1,3,4-oxadiazoles (Table 50).3%

Triazole derivatives, triazolinediones, can be obtained in
good yields through oxidation of urazoles with potassium
dichromate in the presence of aluminium chloride at room
temperature under solvent-free conditions.**> Mild and
heterogeneous oxidation of urazoles to their corresponding
triazolinediones via in situ generation of CI* using a silica
sulfuric acid/KCIO; or a silica chloride/oxone system was
recently reported.*s®

A simple, one-pot pathway for the preparation of 4-sub-
stituted phenyl derivatives of urazoles, starting from aniline
derivatives and after reaction with ethyl chloroformate, was
reported. The corresponding carbamate derivatives obtained
were reacted with ethyl carbazide to yield the desired
urazoles.*>*

Candeias et al.

Table 48
X Br L-proline/Cul =
(j/V + g KoCO N "I://\N
2 3
N Solvent
entry solvent temp (°C)  time (h) yield (%)

1 [omim][BF4] 90 30 80

2 [omim][BF.] 110 20 87 (1st cycle)
85 (2nd cycle)
82 (3rd cycle)
83 (4th cycle)

3 [bmim][BF,] 110 20 9

4 [bmim][PFe] 110 20 70

5 [bmim][Br] 110 30 78

6 [omim][1] 110 30 60

7 MeCN reflux 36 25

8 DMSO 110 30

9 DMF 110 30

10 [Bpyl[BF.] 110 20 85

Scheme 96
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cl, NO,
Scheme 97
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Ss(_N\fO R? = p-OMe-CgHj, Eﬂ

VD .

0 Rs = Ph, CgHy1, p-MeS-CqHy, p-CF3-CoHy,

46% m,p-Cly-CgH,, 2-naphthyl
8 examples, 60-98%

4.3.2. Reactions in Aqueous Media

In recent times, “click chemistry” has emerged as an
important field of truly sustainable chemical transformations.
Transformations classified as “click reactions” require only
benign reaction conditions and simple workup and purifica-
tion procedures, though they can still create molecular
diversity with remarkable efficiency.**®

Perhaps the most powerful “click” reaction described to
date is the Cu(l)-catalyzed azide—alkyne cycloaddition, 6457
a catalyzed variant of the Huisgen 1,3-dipolar cycloaddition
to afford 1,2,3-triazoles.***~46° The Cu(l)-catalyzed union of
terminal alkynes and organic azides to give 1,4-disubstituted
1,2,3-triazoles exhibits remarkably broad scope and exquisite
selectivity. The reaction performs best in aqueous systems,
succeeds in a broad temperature range (0—160 °C), and is
reasonably tolerant to pH values although the optimal pH is
usually in the range of 7—9.
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Scheme 98
0S0,CgF,7 OS0,CqF47
3) HCO,H, Pd(dppf)Cl, (5 mol%),
1) p-MeOPhNCO, Et3N, CH,Cl, K,CO;, toluene:acetone:water, MW
N
HN YN ,\?—
o 2) F-SPE N\ﬂ)\ 4) F-SPE /®/ Tl)\
eO o}
OFt o]
90% 70%
Scheme 99
NH. F-Boc
H 2 R3CH 1) MeOH,
F BQC/N CHO MW (100 OC), &H 3) CF°3C02H, THF R3
- . <20min ©:o>/® (100°°C), < 20 min N
+
N 4
2) F-SPE 4) F-SPE NHR
PhCO,H RING RsJ\IrNHR4 )F-S
o]
o 9 examples
11-67%
F-Boc = 08F17/\><0J\g‘
(25-96% purity)
R3CH0=>—\CHO \S/\/CHO Ph/\/CHO RNC = \/\/NC
Table 49 The mechanism proposed based on DFT calculations
o 2R 1) kPrNEL MeOH, 2R exhibits a strong correlation with the experimental evidence.
~TON = o 10C MW >N = o The sequence starts with the coordination of the alkyne to
—_— o FSFE o}’N the Cu(l) species leading to the formation of acetylide,
Pn 2F Ph followed by azide coordination to the copper atom by the
R yield (%) purity (%) nitrogen proximal to carbon. After this, the azide distal
Bn 90 36 nitrogen attacks the C-2 carbon of the acetylide forming a
p-F-Bn 99 85 six-membered copper(l1l) metallacycle. Ring contraction
m-CF;—Bn 86 87 followed by proteolysis completes the proposed cycle af-

This topic in itself deserves a rather long and comprehen-
sive bibliographic survey; therefore in this section, only some
examples are presented.

Sharpless et al. have devoted considerable attention to this
particular reaction, establishing it as an extremely useful
methodology in a multitude of applications.*6* In Table 51,
the preparation of 1,4-disubstituted 1,2,3-triazoles is
shown. 462

Scheme 100

f
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/

fording the desired 1,2,3-triazoles (Scheme 105).42

Recently, Nolan et al. disclosed a new copper catalyst for
the Huisgen cycloaddition reaction. In the presence of
[(NHC)CuBr] complex, 1,2,3-triazoles were obtained in
extremely high reaction rates and yields.*6® Different NHC
ligands were evaluated, and saturated SIMes (SIMes = N,N'-
bis(2,4,6-trimethylphenyl-(4,5-dihydro-imidazol-2-ylidene)
proved to be the most efficient. Another interesting observa-
tion is related to the acceleration effect that occurred when

fo\é’/o NUCW
R~
W 4) Nucleophile, |

NYN i-Pr,NEt, DMF, N\fN

80°C N
N’N L § Y/
)\ / \
F.C 5) F-SPE FsC
10 examples
91%
76-96%

(89-97% purity)

O
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Scheme 101
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a bromide replaced the chloride on the complex (Table 52).463
On the basis of the most successful catalytic system
[(SIMes)CuBr], the authors presented an interesting method
to prepare 1,2,3-triazoles in water, with organic azides
generated in situ from the corresponding alkyl halides and
sodium azide (Table 53).463

The general usefulness of this protocol was once again
highlighted by the work of Liang et al., which rapidly
accessed (1-substituted-1H-1,2,3-triazol-4-yImethyl)-dialkyl-
amines via a three-component reaction in water at room
temperature (Scheme 106). Though the reaction allowed the
presence of a variety of substituents, it is highly dependent
on both electronic and steric effects.*6

4.3.3. Reactions in PEG or PEG Tag Approaches

1,2,4-Triazoles are heterocycles with important applica-
tions as biologically active molecules, because they have the
ability to replace amide bonds in peptides. This type of
heterocycle was prepared in high purity using liquid-phase
synthesis with the aid of a soluble polymeric support
(PEGgon0) that could be recovered by precipitation with
diethyl ether at the end of each reaction step.*®* The
cyclization step that furnished the heterocycle was conducted
between tri-substituted thioureas and arylacyl hydrazines in
the presence of mercury salts (Scheme 107). In the last step,
the polymeric support was removed with trifluoroacetic acid.
Unfortunately, this methodology failed to give triazoles
containing aryl substituents due to steric hydrance.

Candeias et al.

Table 50
SH
NH2 N'N\ SsH  Acidic alumina ¢<
‘e \ A
s )0 \< /k
R1 R2
entry Ry R, reaction time (s) yleld (%)
1 Me C7H15 80 92
2 Me CgH19 60 93
3 Me Ci1Has 80 92
4 C/Hys Cs/Hys 60 89
5 C7H15 CgH19 40 93
6 C/Hys Ci1Hos 80 86
7 CoHyg Cs/Hys 40 87
8 CoHyg CgHyg 80 79
9 CoHig CiiHa3 60 77
10 CyiHj3 Cs/Hss 60 83
11 CiiHas CoHig 80 89
12 CiiHa3 CiiHaz 40 83
Table 51 Method A
CuS04.5H,0, 0.25-2 mol%
R @ Sodium Ascorbate, 5-10 mol%
“W-Ns H,O/-BUCH, 2:1, rt, 6-12 h N
e N Ri~N"=N
H—R, Method B R>
Copper metal
H,O0Mt-BuCH, 2:1, rt, 12-24 h
Entry Method Product Yield (%)
[o) N=N
1 A g AP 92
Ph
2 B ph/K/N\/\\ \)_ 98
OH
D
3 A NN 84
Ph
HO
4 B AN 0 88
N=N
HO—
=N
Oi/"‘

@
) HoN
N "
Scheme 105
Ry Cul,. R
i TP = =
NoyNog, Ny NR, \(N‘\N,N~R2
[LnCu+|
R—=—Culn+ /H =Ry
(SN ‘w Ry G Ul
NSI& \Rz
R1 @
Sy-Na
AN

Dehydrogenation products of triazoles (4,5-dihydro-1,2,4-
triazoles) have several applications related to their spectro-
scopic properties, which require high levels of purity. Wang
et al. performed their synthesis using soluble polymer
supported synthesis in order to achieve such a goal (Scheme
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Table 52
/\N’N“N
Cu Ph
Ph” N3+ H—==—Ph [Cu] \—{
Ph
NHC ligands
NN NN N N
\—/ \—/ _/
IPr IMes SIMes
entry [Cu] (mol %) solvent (mL) t (h) yield (%)
1 [(IPr)CuClI] (5) water/t-BuOH (3) 18 18
2 [(IMes)CuClI] (5) water/t-BuOH (3) 18 65
3 [(SIMes)CuCl] (5) water/t-BuOH (3) 18 93
4 [(SIMes)CuBr] (5) water/t-BuOH (3) 9 95
5 [(SIMes)CuBr] (5) water (1) 0.5 98
6 [(SIMes)CuBr] (0.8) neat 0.3 98
7 [CuBr] neat 1 0
Table 53 NaN; (1.05 eq) in excellent yields under mild conditions (room temperature
L [(SIMes)CuBr] (5 mol %) R1\N/N¢N overnight), and the procedure was further applied to the
Ri—Br + H—=—"R; water, 1t = preparation of a cinchonidine alkaloid.*¢®
Rz
Entry 1() Product Yield (%) 4.4. Containing Four Nitrogen Atoms

N,
ph” N N
1 0.3 \—{ 94

Ph
N,
5 20 /@/\N “N 97
CN Ph
N
N °N
3 1.5 — 98
O2N Ph
Hept\N’N\‘N
4 05 —\ f 92
Me~N’ N
5 2.0 — 90
Ph

108). In the key cyclization step, PEG-supported chlorinate
hydrazones were coupled with several imines to furnish the
desired heterocycles in high yields (>75%) and high purity
(>75%).465

4.3.4. Reactions in Fluorinated Fluids

A flourous version of azide click chemistry through the
employment of the F-SPE approch has been used by So6s
et al. for the cycloaddition between terminal alkynes and
fluorous azides (Scheme 109). 1,2,3-Triazoles were obtained

Scheme 106

nN3

10 mol %Cul, Et;N

4.4.1. Solvent-Free Reactions

The preparation of 5-substituted-1H-tetrazoles can be
efficiently achieved through the use of TBAF in cycloaddi-
tion reaction of nitriles with TMSN; in SFC (Scheme 110).
The reaction conditions are not unique and a process
optimization should be made depending on the substrate to
be used. In the reported literature, temperature conditions
such as 50—120 °C are used, and the reaction times may
vary between 1 and 48 h.%®" In contrast, 1,5-fused tetrazoles
can be prepared by simple grinding of a cyclic ketone with
4 equiv of sodium azide in presence of aluminium chloride
at 50 °C for short reaction times (10—15 min).4%

4.4.2. Reactions in Aqueous Media

In recent times, tetrazole functionality was reported as an
important unit for coordination and medicinal chemistry, as
well as in material sciences. The convenience of water as
solvent was then again clearly demonstrated by Sharpless et
al. in the preparation of 5-substituted 1H-tetrazoles. These
important units were prepared, in a rather efficient way, from
nitriles and sodium azide in the presence of a zinc salt (Table
54).489 The use of water as solvent in the preparation of
tetrazoles has another clear advantage because it diminishes
the explosion hazard associated with endergonic groups such
as aromatic azides and nitro compounds due to its high heat
capacity. For instance, aqueous sodium azide solution is very
stable at reflux temperatures.*®°

20 examples are disclosed

air atmosphere

N
R TN N
\\ \:«/ /R1
water, rt \ Vi N.
R2
n=0,1
70-98 %
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Scheme 109 Table 54 1.1 eq. NaN; H
o) 1.1 eq. ZnBry N~ N
—— R-C=N water RJ y
R== 3 cuq), i-Pr,NH N R= PhCHOH, @[‘é,\,_g R
+ - )%/N_R‘
RN 2)F-SFE R ° 5 Entry Temperature (°C) ¢ (h) Product ‘E,I,Zl)d
° 86-95% R'=CgF47CH,  CgFy7 N-ni
1 reflux 24 @—(/ | 76
N=N
CoF N-
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Scheme 110 N‘NH
TMSN; g H a: R= Ph, b: R= 4-O,NCgH, 3 reflux 48 Meo@_</ _t 86
on _TBAR3H0 YN o R= 3-MeOCeH, d: R= 4-MeCOCH, =
e T o % . R= 4'-MeCgHy4-1-CgHy4 f: R= 3-pyridyl, - =
R 50- 120 °C N-N € g ;=62-?uran§|,1i: Regn Y 4 reflux 6 <\j>—</ ,'T'H 79
i R=n-Bu, j: R=t-Bu N N N7
=\ MN-nH
This methodology proved its utility in the successful > reflux 2 WNJI 8
synthesis of chiral tetrazole analogues of a-amino acids. The N NH
conversion of a-aminonitriles to tetrazoles was achieved 6 140 24 H0©—<N¢' 96
simply by refluxing the starting material in a mixture of water N-NH
and 2-propanol at 80 °C with sodium azide in the presence 7 140 48 O - 73
of a catalytic amount of zinc bromide. This expedient route Q
yielded the desired products in yields generally exceeding ~NH
90% (Scheme 111).47° The N-protective group proves to be -
important in the overall yield. In the case where the 8 reflux 48 NN 64
o-aminonitrile is protected as the benzyl carbamate, the T
. . Ns _NH
yields are generally over 90%, whereas other protective N
groups tend to cause some erosion of the final yield, in (N;H <:> i,N‘l}lH
particular, the N-toluenesulfonyl moiety (76% yield).*” 9 reflux 12 CO NN g7
5. Six-Membered Rings OH N
~NH
@
5.1. Containing One Nitrogen Atom O =N
10 170 48 67

5.1.1. Solvent-Free Reactions

The simplest six-membered N-heterocyclic compound,
piperidine, can be modified at the nitrogen position in a
solvent-free Mannich reaction by the use of infrared light.
The experimental procedure consists of irradiating a mixture
of a phenol, formaldehyde, and piperidine with a medicinal
infrared lamp (which reaches 120—180 °C) to yield meth-
ylpiperidinyl phenols in up to 25 min (Table 55).4’* Mor-
pholine and thiomorpholine can also be used as amines to
yield the correspondent phenols after infrared irradiation.

The versatile Diels—Alder reaction can be an efficient
method for the preparation of highly substituted pyridines

under solvent-free conditions. Starting from substituted 1,2,4-
triazines through reaction with enamines (generated in situ),
pyridines can be prepared in high yields under microwave
irradiation. Under these conditions, pyrrolidine proved to be
a very good choice for the in situ preparation of the enamineg,
regardless of the use of cyclic or acyclic ketones (Table 56).
Through the use of cyclic ketones, fused pyridine systems
can also be obtained in good yields.*"247

One-pot synthesis methodology can be used for the
preparation of 2-amino-3-cyanopyridine derivatives. The
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Scheme 111
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Table 55
OH OH
Rz R2
O\JH N ©/ CH.0, IR Oﬁ
R1 R1
entry Ry R, time (h) yield (%)
a t-Bu H 0.4 70
b H H 0.3 75
c i-Pr H 0.3 70
d H NO, 0.35 70

procedure for the synthesis of these compounds in high yields
(72—86%) is based on the microwave irradiation of an
aromatic aldehyde, methyl ketones, malononitrile, and am-
monium acetate for 7—9 min (Scheme 112).4"* Annelated
pyridines can be prepared in good yields following a
Knoevenagel condensation of g-formyl enamides and cyano
derivatives in basic alumina under microwave irradiation,*™
while 2-0x0-1,2-dihydro-1,8-naphthyridine-3-carbonitrile can
be prepared in 90% vyield by triturating a mixture of
2-aminonicotinaldehyde, ethyl cyanoacetate, and piperidine
at room temperature (Scheme 113).47¢

The solvent-free methodology has been successfully ap-
plied to the preparation of a key intermediate in the synthesis
of the antibacterial nalidixic acid. Naphthyridone was
prepared through a Jacobs—Gould cyclization reaction at 380
°C in a continuous process in 79% conversion (Scheme
114).477

Recently, fused benzopyrazolo[3,4-b]quinoline derivatives
were prepared through the three-component solvent-free
reaction of 5-aminopyrazoles, benzaldehydes, and S-tetralone
accomplished by a fusion procedure or through condensation
of a-tetralone benzylidene derivatives with aminopyrazoles
(Scheme 115). These reactions were performed under
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conventional heating conditions (120 °C) in short times
(1.5—7 min), and the products were obtained in reasonable
yields (50—80%).47

Several methods for the preparation of pyridine derivatives
through oxidation of Hantzsch 1,4-dihydropyridines are
described (Scheme 116). Under solvent-free conditions, it
can be done through the use of bismuth(ll1) chloride sup-
ported in HZSM-5 zeolite under MWI,4® by phenyliodi-
ne(I11) bis(trifluoroacetate) at room temperature or with sulfur
under MWI (5—7 min),*®® and by microwave-induced
hydrogen transfer to carbonyl- or nitro-substituted olefins in
presence of silica gel. In this last procedure, it was observed
that the presence of a large substituent at the 4-position
decreased the reaction yield.*®! Recently, a system composed
of NaNO,, wet silica, and methanesulfonic acid was devel-
oped for the room temperature, solvent-free aromatization
of 1,4-dihydropyridines.*?

For the preparation of pyrazolo[3,4-b]pyridines, it was
observed that these compounds could be synthesized by
microwave-induced cycloaddition of 2-azadienes with aro-
matic and aliphatic nitroalkenes*®34% or by irradiating a
mixture of 5-aminopyrazolone, benzoylacetonitrile, and ben-
zaldehydes with microwaves.*®

For the preparation of 2,4,6-triaryl pyridines (Kronke
pyridines), a mixture of 1,3-diaryl-2-propen-1-ones and
NH,OAc in presence of catalytic amount of acetic acid can
be heated at 100 °C for 4 h to yield 2,4,6-triaryl in excellent
yields (93—98%).48¢

Concerning pyridine substituent modification, solvent-free
synthetic methods have also been developed. For instance,
bis-thioureas and bis-thiosemicarbazide functional groups can
be introduced in a two-step reaction. First, pyridine-2,6-
dicarbony! diisocyanate has to be synthesized, which can be
achieved through reaction of pyridine-2,6-dicarbonyl dichlo-
ride with ammonium thiocyanate in the presence of PEG-
400 (4 mol %) at room temperature. The second step consists
of reacting this diisocyanate with an aryl amine or an aryl
hydrazine (Scheme 117)." Similar to the described meth-
odology for introducing an alkyl chain in the imidazole ring
under MWI in order to synthesize ionic liquids, pyridines
can also be modified through reaction of pyridine with alkyl

Table 56
(0] R
R1 R1 1
SN R R
NTSN ° N™S
R | P and/or | P
Rz)\fN MW R; Ra Ry Rs
R3 R3 A RS B
entry Ry R, Rs3 R4 Rs time (min) yield (%) A/B
1 Py Ph H H Ph 30 71 6:1
2 Py Ph H Me Et 60 60 2:1
3 Py Ph H n-Pr H 30 81 only A
4 Py Ph H Ph H 15 85 only A
5 Py Fur Fur n-Pr H 60 69 only B
6 Py Fur Fur Ph H 15 82 only B
7 Py H H n-Pr H 15 67 only B
Scheme 112
O a: Ry=4-Cl, Ry= 4-MeOCgH,,
SN H H2N CN b: R1= 4-MeO, R2= 4-MeOCGH4'
| . =4 = -
R NC — ¢: Ri=4-MeO, Ry=2,4 ClgCeH3v
T T NH,OAC NN \ d: Ry= 4-OMe. R,= Ph,
o NC MW \ MR, @ Ri=4Cl, Ro= 24-CloCoHy

f: Ry= 4-Cl, R,= 4-FCeH,
g Ry= 4-Cl, Ro= Me
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halides to produce pyrazolium ionic liquids,®* while 4-meth-
yl pyridine quaternary salts can be condensed with aromatic
aldehydes in a microwave oven to afford some hemicyanine
dyes. 33

Through the three-component aza-Diels—Alder reaction
catalyzed by Yb(OTf); at room temperature, 2,5-disubstituted
2,3-dihydro-4-pyridones can be achieved in moderate to high
yields. The reaction proved to be efficient using a wide range
of aldehydes, including aromatic, aliphatic, heteroaromatic,
and olefinic aldehydes (Table 57).488:48°

Hantzsch 1,4-dihydropyridines can be prepared in good
to excellent yields by condensation of ethyl acetoacetate and
a range of aldehydes in the presence of an ammonium salt
at 80 °C (conventional heating). Ammonium formate and
ammonium fluoride proved to be efficient ammonium sources
under these reaction conditions,*%4%! while the use of
ammonium acetate proved to be very effective when the
reaction was performed under microwave irradiation.*%?
Furthermore, ammonium acetate can be used in the one-pot
synthesis of decahydroacridine derivatives, starting from 2
mol of dimedone with subsequent reaction with an alde-
hyde.**® N-Hydroxyethyl-1,4-dihydropyridines were recently
synthesized through solvent-free condensation of methyl
acetatoacetate, an aromatic aldehyde, ethanolamine, and
acetic acid as ethanolammonium acetate at 40 °C. While the
reaction times were slightly decreased through the use of
iodine as catalyst, the reaction yields were improved
(85—98%) when 15 mol % of iodine was used.***

Pyridinones and dihydropyridinones can be quantitatively
obtained by microwave-induced reaction of enaminocarbonyl
compounds and 4-ethoxymethylene-2-phenyloxazol-5(4H)-
ones and 4-arylidene-2-phenyloxazol-5(4H)-ones, respec-
tively (Scheme 118). This method seems particularly inter-
esting since it leads to the preparation of compounds
structurally related to Hantzsch 1,4-dihydropyridines in

Scheme 115
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Candeias et al.

quantitative yields without the use of any solvents and no
need to perform any work-up procedure.*%

Pyrimidin-4-ones can be achieved in 15—20 min with good
yields (70—75%) under solvent-free conditions by irradiating
a mixture of an aminopyrimidine, benzoylacetonitrile, and
benzaldehydes with microwaves (Scheme 119).® Fur-
themore, pyrazolo[3,4-b]pyridines can be obtained under the
same reaction conditions by reaction of 5-aminopyrazolone
instead of aminopyridine,*® and bispyrazolopyridines are
formed by reaction with aminopyrazole.**” On the other hand,
a diastereoselective one-pot annulation of pyrimidine ring
on azoles can be performed by the irradiation with micro-
waves of an azole Schiff base, glycine, and acetic anhydride
to yield fused-ring pyrimidines,*® and 1,3,4-oxadiazolo-
pyrimidin-5-ones or the thiadiazolo analogue could be
obtained by reaction of 1,3-oxathiolan-5-one and an azole
Schiff base.*®

Polysubstituted tetrahydropyridines can be prepared at
room temperature using the condensation of aromatic alde-
hydes and Brassard’s dienes in presence of anilines and
BF;-Et,0 as Lewis acid catalyst (50 mol %). The use of
electron-donating group substituted aldehydes seems to
improve the reaction yield in this solvent-free reaction
(Scheme 120).5%

The synthesis of 4-oxo-tetrahydropyridines can be achieved
by simple reaction of 2-dimethylamino derivatives with
primary amines in a microwave oven in the absence of a
solid support (Table 58).5%

The solvent-free, microwave-assisted synthesis of 3,4-
dihydropyridones can be performed by one-pot condensation
from Meldrum’s acid, methyl acetoacetate, and aromatic
aldehydes in presence of ammonium acetate (Table 59).
Through comparison with the conventional heating proce-
dure, the higher yields and reactivity were attributed to an
electrostatic stabilization of the transition state on a micro-
wave environment.>02

For the introduction of a substituent on the nitrogen atom
of substituted pyridones, it was observed that N-acetyl
pyridones react with acetylenedicarboxilates in presence of
alumina under MWI to afford Michael-type N-adducts®® and
2-pyridone reacts with benzyl halides under MWI or
conventional heating being alkylated in the nitrogen atom
with the selectivity dependent on the halide or the microwave
power used. In this case, it was observed that competitive
C-alkylation was favored with soft leaving groups (I > Br >
Cl) as can be demonstrated by the rapid and quantitative
N-alkylation under MW!I or conventional heating when
benzyl chloride is used.>*

R, Rs
Fusion N
y
£ LY mme S
NT™N
Ry
R, Rs

R,
R{=Me, -Bu
R2=Ph, 4-C|CGH4
Ry=4-FCeH, Ph, 4-CICgH, 4-BrCeH,
4-CF306H41 4-MeCsH4V 4-MeOCeH4' 4-Pyridyl
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Table 57
(@]
Ph
R/U\H OMe Yb(OT); Y
. < r.t, 6h j@\ Ph
i TMSO o R
HoN" ~Ph 2 eq.
entry R yield (%)
1 Ph 77
2 2-MeCg¢H4 83
3 3-MeCg¢H4 79
4 4-MeCgH, 72
5 2-MeOC¢H, 78
6 3-MeOC¢H, 78
7 4-MeOCgH,4 74
8 2-CICeH, 76
9 3-CIC¢H, 68
10 4-FC¢H4 52
11 2-furyl 78
12 2-pyridyl 75
13 PhCH=CH 62
14 CeH1p 86
15 Me,CH 54
16 n-Pr 51

For the preparation of naphthyridin-5-ones derivatives, 1,6-
naphthyridines can be cyclized with nitriles in the presence
of a catalytic amount of piperidine at room temperature
(Table 60). This procedure in the microwave-induced reac-
tion can also be used with the expected main advantage of
decrease in the reaction time from hours to minutes ac-
companied by a yield improvement.5%

Under solvent-free conditions and by conventional heating,
the reaction between 1,2-diaza-1,3-butadienes and 1,2-
diamines led to the formation of the correspondent piper-
azinones in reasonable yields (Table 61). This method proved
to be very interesting since the same reaction when performed
in acetonitrile or methanol led to the formation of pyrazines.?
Going back to the microwave-assisted synthesis, 2,5-pipera-
zinediones can be efficiently prepared through the cyclization
of N-Boc dipeptide esters in few minutes or through
conventional heating in several hours. Regardless of the
severe reaction conditions (200 °C in conventional heating),
there seems to be no racemization of the final products.5%6-507
Under microwave irradiation, 1-arylpiperazines can be ef-
ficiently synthesized through reaction of substituted anilines
and bis(2-chloroethyl)amine hydrochloride.5%®

With a montmorillonite K-10 clay and microwave irradia-
tion, the cyclodehydrazination of salicylaldehyde semicar-

Scheme 117
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bazones can be performed in a couple of minutes in order
to obtain 1,3-oxazin-2-ones derivatives in very good yields
(Table 62).5%

5.1.2. Reactions in Aqueous Media

The synthesis of a variety of six-membered heterocycles
has been accomplished in water using different methodolo-
gies. The suitability of water as medium for Diels—Alder
reaction has been clearly demonstrated over the last years.
In a clear demonstration of this fact, Grieco et al. reported
the aza-Diels—Alder reaction in aqueous media. The cyclo-
condensation of dienes with simple iminium salts generated
under Mannich conditions, originated carboxyclic structures
either by intermolecular or by intramolecular processes
(Scheme 121).5%

Following Grieco’s seminal work on the aza-Diels—Alder,
Wang et al. reported the catalyzed version of this reaction
using lanthanide(l11) trifluromethanosulfonates as catalysts
in water. This method extended the scope of this reaction to
a variety of aldehydes and dienes and the results obtained
are listed in Table 63.51

Based on their early findings, Wang et al. applied the
developed methodology to the synthesis of azasugars. The
aza-Diels—Alder reaction catalyzed by Nd(OTf); occurred
in situ with aldehyde. The overall yield for the three steps
was 35% as shown in Scheme 122.5%?

Akiyama et al. explored the aza-Diels—Alder reaction of
Danishefsky’s diene with aldimine generated in situ from
aldehydes and amines. This transformation afforded excellent
yields of dihydro-4-pyridones under the influence of HBF,.
The best solvent system was identified as methanol/H,O
(Table 64).513

Different from the previous case where a Brgnsted acid
was used to promote the cycloaddition, Kobayashi et al.
reported the aza-Diels—Alder reaction catalyzed by silver
triflate. The reaction proceeded smoothly on water in the
presence of 10% of AgOTf at room temperature (Table
65).5* This study revealed that the exclusive water medium
is more efficient than a THF/water system in which only
63% of product was obtained. This difference was attributed
to a slower hydrolysis of the Danishefsky’s diene under
heterogeneous reaction conditions.5*4

The three-component reaction was evaluated using the
same catalytic system in water. The imine was generated in
situ via the reaction of the amine and the aldehyde catalyzed
by AgOTf (10 mol %). To this mixture, the diene was slowly
added (45—60 min), and the mixture was allowed to react
at room temperature. The results obtained are listed in Table
66.514

Pursuing different catalytic systems for this aza-Diels—Alder
reaction, Kobayashi et al. found that alkaline salts such as

R pw
COCI SCN o
7 NH,SCN
N PEG400_ [/ N —
COCI 0
SCN
AI’CONHNHg
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the NaOTTf can efficiently promote this cyclization in water,
eithglr5 as a two- or as a three-component reaction (Table
67).

Finally, Akiyama et al. reported the aza-Diels—Alder
reaction of Danishefsky’s diene with aldimines catalyzed by
montmorillonite K-10. A distinguishing feature of this three-
component reaction is the fact that aliphatic aldehydes reacted
smoothly in the presence of small amounts of montmoril-
lonite K-10 in water, water/acetonitrile, or acetonitrile (Table
68).516

Six-membered heterocycles were synthesized following an
intramolecular Diels—Alder protocol catalyzed by indium(l11)
trifluoromethanosulfonate in aqueous media by Taguchi et
al. This method takes advantage of the well-known catalytic
activity of some rare earth metals (Sc(OTf);, Yb(OTf)s, or

Candeias et al.

Ar O 4 Ar=Ph, Ry= OEt
- b: Ar= Ph, Ry= NHPh
T R ciAr=Ph Ri=Me
d: Ar= 4-MeOCgH,, R;= OEt
N e: Ar= 4-O,NCgH,, R,= OEt
o

a: Ry= OEt
“ | R b: Ry= NHPh
N ¢: Ri=Me

In(l11) salts), which act as Lewis acids.®” The reaction
afforded the cycloaddition adduct in 74% yield with a
remarkable diastereoselectivity, providing only the endo
stereoisomer (Scheme 123).

Exploring the versatility of intramolecular Diels—Alder
reaction as an adequate method to prepare complex carbocy-
clic structures, Grieco et al. showed that water is the solvent
of choice to perform the intramolecular imino Diels—Alder
reaction. As shown in Scheme 124, iminium salt cyclization
in water afforded the cyclic tertiary amine in 80% yield,
whereas only 13% of the tricyclic compound was obtained
when the iminium salt was exposed to a 5.0 M lithium
perchlorate in diethyl ether solution.5®

The presence of water was proven to be determinate
for the success achieved by Floreancig et al. on the
preparation of piperidines following a cyclization cata-
lyzed by gold catalysts.5'° In this report, homopropargylic
ethers containing pendent nitrogen nucleophiles reacted with
electrophilic gold catalysts in the presence of water to afford
the desired heterocyclic units in moderate to good yields.
The authors presented a possible mechanism for oxacycle
formation that starts with ketone formation through alkyne

0 R,

Scheme 120
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“ "R, r.t.
R X H+ + E———
1 R R3
& 2 2eq.
R4=H, 3-MeO, 4-MeQ, 2-ClI, 3-Cl, 4-Cl, 3-Me, 2-O.N, 3-O;N, 4-O,N, 4-F, 4-NC, 4-Ph;
R,= OMe, OEt; Rz= H, MeO
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Table 59 Table 61
[e) 0 o o o] CO,Me
N~ H,N
T\f )J\/u\o/ R1AN COMe * IR3
+
>< o NH4ACO + SFC, 1. t. W)\N R,
MWI HoN - NH, ~ H
R = OH HN
\F Rz Rs 07 R,
ent R time (min
& (fir) Ry R R; Ry
1 H 15 — —
2 3- NO;, 10 HN  NH HN N
3 4- NO;, 15 4
4 2-Cl 10 o o
5 4-Cl 10 N R N R,
6 4-MeO,C 15 HN—( HN—
7 2,4-(NO,), 10 o]
entry Ry R, Rs3 temp (°C) yield (%)
Table 60 1 NH, H H 25 70
79 Piperidine i 2 NH, -(CHz)s- 45 42
N H r. t. or MWI SN Ny 2 3 NH, Ph Ph 90 65
| + Ry _CN | 4 t-BuO H H 25 88
x NH = N SNH 5 t-BuO  -(CHyp)s- 45 47
R, Ry
room microwave TabIeR?Z
temperature irradiation 1 Ry
- - - - OH K10 clay, o. .0
time yield time yield MWI, 1.5-3 min Y
entry Ry R, (h) %)  (min) (%) R P N\n/NH2 _N
1 PhCH, COMe 8 74 3 17 ? 5 Rs
2 PhCH, CO.Et 48 29 3 80 -
3 PhCH, CO,CHMe, 48 67 3 82 entry R R yield (%)
4 PhCH,CH, CO,Me 48 72 3 76 1 H H 84
5  PhCH,CH, CO.Et 48 59 3 71 2 H Br 86
6  PhCH,CH, CO,CHMe, 48 68 3 79 3 Br Br 87
4 H Cl 90
] S 5 Cl Cl 94
hydration followed by S-elimination of the methoxy group 6 F H 91
to form the enone. Gold-mediated conjugated addition 7 MeO H 88
of the nucleophilic group affords the desired products. g Ho “82 gg
Considering the nature of the nitrogen group, sulfonamides 10 L L 93
and most carbamates reacted smoothly to yield piperidines
though tert-butyl carbamate did not afford any cyclization
. L. . . Scheme 121
most likely due to steric interactions. Free amines and
anilines also failed to react, indicating that the nitrogen MeNHz-HC H,0, 25 °C AEW
basicity is determinant for achieving successful cyclizations * @ 3h NN
(Scheme 125). HCHO Me
82%
5.1.3. Reactions in PEG or PEG Tag Approaches HeHO
The molecular structure of terpyridine is an important / NH,..HCI H20,50°C | N’HCI
synthon in supramolecular chemistry and is gaining some . 48h |
importance as the basis for future anticancer and antimi- 469 95 %

crobial agents (Scheme 126). Smith and Raston substituted
the conventional solvent-based method by a new protocol
based on a polymeric solvent PEG3p0.52° With this new
protocol, the terpyridines were obtained in high purity in a
one-pot procedure during 4 h (overall 50% vyield) without
the formation of undesired side products.

Taddei et al. optimized the synthesis of tetrasubstituted
pyridines supported in soluble polymer MeOPEGsqq, Using
microwave technology (Scheme 127).52! A suitable choice
of solvent for the reaction allowed all steps to run in good
yields and provided an easy method for product separation
(by refrigeration and crystallization). Organic solvent was
always required since the melted support did not furnish
the same level of activity (slower reaction with lower
yields).

The 2,3-dihydro-4-pyridinones are complex molecular
compounds that can be obtained via cycloaddition between
imines and Danishefsky’s diene. Ding and Guo prepared
this type of heterocycle supported on a soluble polymer
support, PEGsq. Initially, the amine substrate was chosen
to be anchored in the support, and this was achieved by
a straightforward methodology. Next, this modified sup-
port was reacted in the presence of several aldehydes and
Danishefsky’s diene to furnish the desired supported
heterocycle via a three-component one-pot reaction (Scheme
128). The unsupported heterocycle was isolated after basic
hydrolysis, generally in very good yields (up to 99%
yields) and high purities (up to 98%).52
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Table 63
Starting Materials Catalyst . Yield
Bty = dehyde  Diene  Amine _ Ln(OT), Products Ratio o)
LHSH” P
1| CHy(CH,),CHO @ BnNH;'CI Pr(OTH); N Cob 2.9/1 68
LE*CZHSLE%
2 CH,CH,CHO @ BnNH,'CI'  La(OTf); CHs  2.5/1 64
3 PhCH,CHO @ BaNH,'CI'  YB(OTH)s LHH h 41 72
bph
4 PhCHO @ BuNH;"CI'  Yb(OTf); N H - 7
Ph
5 CHy(CH,),CHO © BnNH;'CI'  Ln(OTf); No products - -
6 CH;(CH,),CHO >—/< BnNH,;"CI Ln(OTf); No products - -
(Ph
- N
7 CH,0 >—/< BaNH,'CI'  Nd(OTf); - 93
x
rPh
8 CH,0 >—//_ BnNH;'CI  Yb(OTH); N - 92
O
L- %
9 CH,0O © phenylalanine  Nd(OTf); - N come N come 1/3 84
methyl esther Ph; Ph;
Ph/\/COZMe
L- N
10 CH,O >—/< phenylalanine  Nd(OTf), - 98
methyl esther X
Ph COMe
Y L- /\N/
11 CH,0 >I phenylalanine  Nd(OTf), - 96
methyl esther A
Scheme 122
HO
FO5mon _NaNO, o OéH
oH T o " HOAG A PhCHgNH3+CI' N H
s Nd(OTf); Ph
Ac,OfPy
OAc OAc
(o)1
7 OAc
N H
Ph

When the substrate immobilized was the aldehyde, the
three-component one-pot reaction afforded lower vyields
(about 50%). It was necessary to induce imine formation
before adding the diene in order to achieve the same level
of reactivity observed when amine was immobilized.5? This
result is consistent with a simultaneous work presented by
Wang et al.t%

Candeias et al.

Wipf et al. proved that PEG-supported Burguess reagent
is a suitable dehydrating agent for preparation of oxazines
and thiazines, generally surpassing in terms of yield the
traditional Mitsunobu reaction (Scheme 129).5% This protocol
also gives the advantage of allowing easy removal of a
secondary product from the reaction mixture just by
precipitation.
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Table 64
OTMS

R\l(H . j H,0, 10 eq Rgo
z
ar-N HBF,, 0.2 eq A N~F

OCH, MeOH -40 °C 30 min.
entry R Ar yield (%)
1 Ph Ph 98
2 p-NO,CsH, Ph 87
3 p-CH3CgH,4 Ph 95
4 PhCH=CH Ph 89
5 Ph p-MeOCgH, 90
Table 65
5 OTMS 1
|(R . AgOT¥, 10 mol % R o
RN Z H,0 r2 N2
OCHs, f,2-3h
Entry R' R’ Yield (%)
1 Ph Ph 83
2 p-CH;0CgH, Ph 77
3 p-BrC¢Hy Ph 75
4 p-BrCeHy Ph 87
5 p-NO,CsHy Ph 69
6 P Me  Ph 63
7 e T Me Ph 92
8 Ph - 57
9 Ph p-BrCeH, 83
Table 66
o OTMS ~ o
0,
L+ RRNH, + g AgOTf, 10 mol %
H™ R Ho0 N
OCHs f, 2-3h
entry R! R2 yield (%)
1 Ph Ph 63
2 Ph Ph 80
3 Ph p-BrCeH, 90
4 Ph p-CH;0C4H, 56
5 ¢-CeHyy Ph 70
6 c-CgHy1 Ph 51
7 Ph(CH,), Ph 53

5.1.4. Reactions in lonic Liquids

Heteroaryl compounds have important biological proper-
ties, and many of their derivatives can be accessed by metal-
catalyzed reactions.5?>5% Palladium-catalyzed Heck reactions
of the heteroaryl halides, halopyridines, bromothiophenes,
and bromogquinoline with the electron-rich olefin vinyl ethers
and allyl alcohols were shown to give essentially only the
branched olefin in imidazolium-based IL.5%"5% Xiao et al.5?°
described the Heck arylation of bromopyridines with the
benchmark electron-rich olefin butyl vinyl ether. Following
acidic hydrolysis, the resulting branched olefins should
readily lead to acetyl pyridines, a class of compounds that
are otherwise difficult to access. The arylation of 3-bro-
mopyridine was carried out in [bmim][BF4] and compared
with five normal organic solvents by heating a mixture of
the bromide, butyl vinyl ether, and TEA in the presence of
Pd(OAc), and 1,3-bis(diphenylphosphino)propane (DPPP)
(Table 69). With [bmim][BF,], the vinyl ether was com-
pletely arylated to give exclusively the o substituted product
(regioselectivity (a/3) >99/1; 100% conversion), while none
of the reactions in five organic solvents reported, such as
toluene (regioselectivity (o/) = 61/39; 28% of conversion),
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Table 67
"1 OTMS ” o
ro. NaOTf, 10 mol % jj
gz N = H,0 2N
OCH; n,2-3h
or
R'CHO + R®NH,
2-component 3-component
Entry R R’ reaction reaction
Yield (%) Yield (%)
1 Ph Ph 87 80
2 Ph Ph - 80
3 prxMe Ph 72 81
4 Ph p-BrC¢H, 96 83
5 Ph p-CH;0C6H, 83 -
6 p-BI’C6H4 Ph 92 -
7 p—N02C5H4 Ph 94 -
8  p-NMe,CeH, Ph 87 -
9 Ph p-CH;0C¢H, - 74
10 3-py Ph - 68
11 C-CgH 11 Ph - 74
12 Ph(CHaz), Ph - 70
13 (CH3),CHCH, Ph - 76
Table 68
NH;
OTMS
)OJ\ N . j Montmorillonite Kqq R go
H R Z N~
PMP
OMe OCHs

Conditions A: H,O, 0°C
Conditions B: CH3;CN-H,0 (90:10/v:v), -10°C
Conditions C: CH3CN, -10°C

two-component

entry R! conditions  time (h)  reaction yield (%)
1 c-hexyl A 15 85
2 c-hexyl B 15 86
3 c-hexyl C 15 79
4 CHs(CH,), A 15 85
5 CH;(CH,), B 15 98
6 CH;(CH,), C 15 76
7 CHs(CH,), B 15 91
8 CHj(CHy), A 15 86
9 CH3(CHy), B 15 92
10 CHs(CHy), C 15 61
11 CH4(CHy), B 15 91
12 BnO(CH;)CH A 25 82
13 (CH3),CHCH;, A 4.0 78
Scheme 123
O o]
\)]\ ';'
NH  In(OTf); 20 mol % =" >NH
M H,0:i-PrOH (6:1) :
50°C, 12h H
74 %
Scheme 124
X
H,0, 70 °C
TFANZ _—

48 h

80 %

dioxane (65/35; 36%), acetonitrile (62/38; 33%), DMF
(71/20; 80%), and DMSO (68/32; 80%), afforded an o/f3
regioselectively near to that observed in IL. The high a
regioselective observed suggests that the ionic mechanism
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Scheme 125
Proposed Mechanism
wv\ acll )(J)\/ode/\/\ -Olde i
OH  water, 35°C OH )J\’/‘/\\/\/\OH
Au(l)
10
R
oM R
W AgSbFg/Ph;AuCl (2:1) O RN
NHR  Toluene:water, 40 °C
COzMe Cbz Fmoc
84 %,12h 91 9%, 48 h 77 %, 48 h 84 %, 48 h
cone
83 % (dr = 92.8), 12h 84 % (dr = 87:13), 48 h
Scheme 126
OAO _ NaOH [NHJ[OAd]
aq. EtOH EtOH
PEG3OO PEG300
Scheme 127
MeOT(\PK MeN | N
s,
0 0O DMF/DMA 7—}0—
Qo Bl Qopph meom go IS Mo
LZ-adichloro _enzene MW. 10 minutes 1,2-dichlorobenzene
O O g O O
MW, 10 minutes MW, 10 minutes
N : N
i TFA, Et;SiH B
O’O = OMe iPrOH HO - OMe
0] 0] 0 0
65 % overall yield
Scheme 128
Boc,O PEG3400 0
H,N COH ——2—— BocHN COH —————— BocHN
98 % DCC, DMAP 5
99 % 9
o ArCOH
TFA HoN r _1O5NNaOH_ o O_(
99 % O MeO 2) 2 N HCI
SIMeg
Zn(ClOy4)2.6H,0 (31-58, 78-99 % yields)
is also important in the arylation by heteroaryl halides in Scheme 129
the ionic liquid.>% ®@ O O @
To extend this methodology, some arylation reactions of BN N Ofo) o Oy g N
X Ry g0 4 40 & ot

halopyridines, bromoquinolines and bromothiophenes were

performed in IL [bmim][BF,] (Table 69). All the reactions PN OH
studied led to exclusive formation of the o arylated olefins,

-69 % yield
1 % yield

0o
5
“0)

38
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Table 69
Br Pd(OAc) o)
= 2
C\/J Phosplne = )J\
: = o ( o 15 (7]
IL [omim][BF 4] N
beta alfa
entry substrate olefin product yield (%)
1 2-bromopyridine butyl vinyl ether 2-acetylpyridine 88
2 3-bromopyridine butyl vinyl ether 3-acetylpyridine 81
3 4-bromopyridine butyl vinyl ether 4-acetylpyridine 75
4 3-chloropyridine butyl vinyl ether 3-acetylpyridine 69
5 3-bromoquinoline butyl vinyl ether 3-acetylquinoline 91
6 2-bromothiophene butyl vinyl ether 2-acetylthiophene 89
7 3-bromothiophene butyl vinyl ether 3-acetylthiophene 82
8 3-bromopyridine (2-vinyloxy-ethoxy)-ethene 3-acetylpyridine 77
9 3-bromopyridine ethyl vinyl ether 3-acetylpyridine 72
10 3-bromopyridine 1-ethyl-hexyl vinyl ether 3-acetylpyridine 71
Table 70
Pd(OAc),
Phosphine
AX v AN T OH | A™X""T0H , A"Xg
IL [bmim][BF,
[ 1[BF4] beta N Y J
gama
entry substrate product yield (%)
1 2-bromopyridine 2-(pyridin-2-yl)allyl alcohol 86
2 3-bromopyridine 2-(pyridin-3-yl)allyl alcohol 82
3 3-chloropyridine 2-(pyridin-3-yl)allyl alcohol 75
4 3-bromoquinoline 2-(quinolin-3-yhallyl alcohol 95
5 2-bromothiophene 2-(thiophene-2-yl)allyl alcohol 93
6 3-bromothiophene 2-(thiophene-3-yl)allyl alcohol 89
Scheme 130 Scheme 131
© Zn(CF;380 H
PPy g @~ NH, _Zn(CFs80y, ~
PPha j oc— Rh N / n e o) IL [emim][CF5S0;] o
oc— Rh No3 \ Vi 3 2

PPha

providing the first examples of highly regioselective, inter-
molecular arylation of electron-rich olefins with heteroaryl
halides. The introduction of these functionalities allows the
heterocycles to be further synthesized leading to compounds
of potentially interesting bioactivities.

In order to explore this highly regioselective Heck aryla-
tion methodology, the authors applied it for the preparation
of heterocyclic allyl alcohol derivatives by coupling of
corresponding allyl alcohols. Generally the arylation of allyl
alcohols by aryl halides leads to carbonyl products via
isomerization of vy-substituted allyl alcohol (Table 70).
Several S-substituted allyl alcohols were prepared by allyl
alcohol coupling with halopyridines, bromoquinolines, and
bromothiophenes in excellent regioselectivities and yields.

The ILs N-hexylpyridinium bistrifylimide ([Cepyr][Tf,N])
and [bmim][PFs] were used to promote the displacement
of anionic ligands by pyridine derivatives on trans-
(Ph3P),Rh(CO)NO; to a much greater extent than observed
in dicloromethane (Scheme 130).53%5%2 Ligand substitution
is a key step in many homogeneous catalytic processes. ILs
have been described as promoting the displacement of
anionic ligands by neutral molecules leading to charge-
separated species.>*5% Shaughnessy et al.>® reported the
effect of ILs on the displacement of anionic ligands at a d®
Rh(1) center by pyridine derivatives, which serves as a model
for different catalytic processes. Unlike polar organic

solvents, however, weakly coordinating ILs should not
compete for coordination to the catalytically active species.
The authors mentioned that ILs strongly promote the
formation of the charge-separated ligand substitution products
and that the extent of this phenomena depends on the nature
of the IL selected.5®

Muller et al.>* showed that hydroamination reactions could
be efficiently catalyzed in a liquid—liquid two-phase system.
For this type of reaction, polar catalyst phase Zn(CF;SOs3),
fixed in IL [emim][TfO] and a substrate mixture in heptane
was employed successfully (Scheme 131). It is particularly
noteworthy that the presence of a highly polar solvent led
to a higher intrinsic rate of reaction compared with the
corresponding homogeneous catalysis.>¥” To test the scope
and suitability of two-phase catalysis, three model reactions
were explored by Muller and co-workers: (a) the cyclization
of 6-aminohex-1-yne first generating the enamine 2-meth-
ylpiperidine, which isomerized completely (= 99% of
conversion) in situ to the corresponding imine 2-methyl-1,2-
dehydropiperidine under neutral conditions; (b) the reaction
between phenylacetylene and aniline originating phenyl-(1-
phenylethylidene)-amine; (c) the cyclization of 3-aminopro-
pyl vinyl ether to tetrahydro-2-methyl-1,3-oxazine, which
was considerably faster (quantitative conversion achieved
within 10 min).

5,6-Dihydro-4-pyridone derivatives have been produced
by one-pot aza-Diels—Alder reaction in ionic liquids. The
aza-Diels—Alder reaction is well known especially in the
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Scheme 132
o]
T e, Yy
lonic Liquid

. x |

RONR o+ (CF380:);8¢  R™™N
OSiMe; R

671 672 673

synthesis of azasugars and their derivatives, which often
exhibit unique physical and chemical properties.>® Normally
this reaction is carried out in the presence of Lewis acid
catalyst such as ZnCl,, BFz; and TiCl, using organic
solvents.539540 Kitazume and Zulfigar®! described this type
of reaction by preparing 6-aryl-5,6-dihydro-4-pyridones using
microencapsulated scandium trifluoromethanesulfonate as a
catalyst in ILs (Scheme 132). For these experiments, the
authors prepared new ionic liquids such as 8-ethyl-1,8-
diazabicyclo[5.4.0]-7-undecenium trifluoromethanesulfonate
and 8-methyl-1,8-diazabicyclo[5.4.0Jundecenium trifluo-
romethanesulfonate from the reaction of 1,8-diazabicy-
clo[5.4.0]-7-undecene with ethyl or methyl trifluoromethane-
sulfonate. Initially they studied the aza-Diels—Alder reaction
of N-diphenyl imine with 1-methoxy-3-(trimethylsilyl)oxy-
buta-1,3-diene using microencapsulated scandium trifluo-
romethanesulfonate in ILs 8-ethyl-1,8-diazabicyclo[5.4.0]-
7-undecenium trifluoromethanesulfonate ([EtDBU][TfQO])
and 1-ethyl-3-methyl-1H-imidazolium trifluoromethane-
sulfonate ([emim][TfQ]). The product N-phenyl-5,6 dihydro-
4-pyridone was obtained at 75% and 67% yield, respectively
(Scheme 132).

The authors also developed a second version of a one-pot
tandem Mannich—Muichael-type reaction where the corre-

Candeias et al.

sponding imines were initially prepared in situ from the
reaction of aldehyde and amine in IL, and then 1-methoxy-
3-(trimethylsilyl)oxybuta-1,3-diene and microencapsulated
scandium trifluoromethanesulfonate (as Lewis acid) were
added (Table 71).54* Successive reuse of the recovered ILs
and microencapsulated Lewis acid in the same reaction
yielded amounts of product as high as those in the first cycle.
After the third cycle, the ILs [EtDBU][TfO] and [emim][TfO]
were recovered in more than 90—98% yield compared with
the starting IL.

5.1.5. Reactions in Fluorinated Fluids

Shi et al. described the use of the Lewis acid
Sc(0S0,CgF47)3 to perform the aza-Diels—Alder reaction
using the Danishefsky’s diene in perfluorodecalin/hexane,
allowing efficient catalyst recycle and reuse (Table 72).54

Zhang et al. reported the fluorous tag 4-(1H,1H,2H,2H-
perfluorodecylsulfonyl)phenol (FluoMar) as the fluorous
version of the Marshall resin as an advantage group for amide
formation and purification by F-SPE.>*® In Scheme 133, a
multistep application of this approach is presented.

5.2. Containing Two Nitrogen Atoms
5.2.1. Solvent-Free Reactions

In order to improve the yields obtained in the described
classic conditions for the synthesis of 4-aminopyrimidines
through trimerization of nitriles, microwave heating has been
successfully employed. After the reaction of several nitriles
in the presence of a catalytic amount of potassium tert-

Table 71
- 0
lonic Liquid
~ R CF3S03)5S¢
RCHO + RNH, —> [R/\N’R] (CF5503):5¢ fj
OMe R l}l
R R'
OSiMe;
entry R R ionic liquid yield (%) recovered ionic liquid (%)
1 Ph Ph [EtDBU][TfO] 82 98
2 Ph Ph [emim][TfO] 80 99
3 Ph 3,4-F,CqHs [EtDBU][TfO] 95 92
4 Ph 3,4-F,CsH3 [emim][TfO] 99 (1st) 92 (1st)
99 (2nd) 99 (2nd)
99 (3rd) 99 (3rd)
5 Ph 4-FCgH,4 [EtDBU][TfO] 75 (1Lst) 97 (1st)
82 (2nd) 95 (2nd)
95 (3rd) 98 (3rd)
6 Ph 4-FCeH, [emim][TfO] 79 97
7 4-FCgH, Ph [EtDBU][TfO] 85 98
8 4-FCgH,4 Ph [emim][TfO] 95 98
9 4-CF3CgH, Ph [EtDBU][TfO] 85 98
10 4-CF3CgH, Ph [emim][TfO] 88 98
Table 72
RZ
1) SC(OSOZCSF17)3, //l
. ~CHO - NH2 OTMS perfluorodecalin/hexane, 60 °C NS
(J 6 .
1 [ N
R R? OMe 2) F-LPE |
| F
R1
R! p-Cl p-NO, p-OMe H H H
R? H H H p-F 0-CF3 H
yield (%) 73 82 77 84 68 cycles 1—4; 71—74%




Sustainable Synthesis of N-Heterocycles

Chemical Reviews, 2009, Vol. 109, No. 6 2761

Scheme 133
R1
Boc o SRf  3) CF3COH, CH.Cl, 1t
N 1) FluoMar™, /©/
DIC, DMAP o 4) F-SPE o
0C 1
CO,H 2) F-SPE 5) R'ArCOCI
71% .
J 6) F-SPE 7378% g o]
o
C8F17
FluoMar™
SR
Scheme 134 yields through cyclocondensation of N-phenylguanidines and
NH, an aryl or aliphatic enaminone in the presence of DBU at
R CN FBuOK NN R 120 °C (conventional heating) for 1 h (Scheme 135).5
g, R \/“\N/ R Recently, this procedure was adopted for the microwave

R=2-MeOCgH, 3-MeOCgH; 4-MeOCgH, 2-BrCgH, 3-BrCgqH, 4-BrCgH,,
2-FCgHy 3-F3CCgHy 4-CICgH, Ph,
-(CHy)3Ph, Et, Me, H, -(CH,)3Me, -(CHy),oMe, -(CH,)46Me,
2-thiophenyl, 3-thiophenyl, 3-pyridinyl, 2-pyridinyl, 1-naphtalenyl, 2-naphtalenyl

butoxide, 4-aminopyrimidines can be obtained in good to
excellent yields by MWI for 45 min (Scheme 134). Despite
the good results that can be obtained with this method, the
nitrile should be liquid or have a melting point below 110
°C in order to avoid the formation of a complex mixture of
products.>** Without the use of microwave heating, nitriles
can also be trimerized in a similar fashion at 200 °C using
milder bases suchas DABCO.5®

Changing the amino group position in the aminopyridine,
2-substituted ones can be synthesized in moderate to good

conditions; starting from guanidine hydrochloride, urea, or
thiourea and using potassium carbonate as base in the absence
of any inorganic support, fully aromatized pyrimidines can
be obtained in reasonable yields (50—70%) after 10 min
irradiation.>*’

2,4,6-Triarylpyrimidines can be efficiently prepared through
a four-component synthesis. This procedure consists of three
steps starting from a mixture of a ketone and an aldehyde in
the presence of powdered sodium hydroxide at room temper-
ature. After formation of the chalcone, a nitrile, hydroxylamine,
and acetic acid are added to the mixture, and after formation
of the corresponding amidoxime (2.5 h), the mixture is irradiated
with microwaves for 3 min, affording the pyrimidine in good
to excellent yields (86—93%) (Scheme 136).54

Scheme 135
Rz
R, R3
R N NH 1 g
1 2 DBU, 120
NH HNO; R“)j\/\NMeZ HN_ _N. _R
Rz 3 wl/ X 4
Rs N~
a: Ry= Ry= Ry= MeO, R,= 4-FC4H, h: R;= COMe, Ry= Ry= H, Ry= 2-MeOCgH,
b: Ry= MeO, R,= Ry= H, Ry= 4-FCgH, i: Ry= MeO, Ry= Ry= H, Ry= 2-MeOCgH,
¢: Ry= Ry= R3= MeO, Ry= 3-FCgH, j: Ri= H, Ry= NEt; Ry= H, Ry= 2-MeOC¢H,
d: Ry= Ry= Rz= MeO, R4= 3-benzyloxyphenyl - R= Rs= H, Ry=F, R;= 2-MeOC4H,
e: Ri= Ro= Ry= MeO, R4= 2-MeOCqH, I Ry=F, Ro= Rg= H, Ry= 2-MeOCgH,
F R R R~ MO, R 2 0aicells. m: R;= F, Ry= Ry= H, R,= 1-adamantyl
9-R=R= Ry » Ra= £,4-MebsMa n: Ry= MeO, Ro= Rg= H, R,= 1-adamanty!
Scheme 136
0 )oL NaOH (cat)
+ .
—_—
/-\r1)J\ Ary H -H,0 Ar1MAr2 Ar,
264 MW, 150 °C N)§N
|
=
AcOH (cat.) QH Ar1)\/kAr2
Ar3/CN + NH,OH ———» Afa\fN

H,
j:Al’1=Ph, Ar2=Ar3=4'MeOC6H4
k:AI’1=Ar3=Ph, Ar2=4-MeOC6H4
|:Ar1=Ar3=Ph, AI'2=4-C|06H4
m:Ar1=Ph, l°\|'2=4-C|C$H4Y Ar3=4-C|CBH4
n:Ar;=Arz=Ph, Ar,=4-O,NCgH,
0:Ar=Ar,=Ph, Ars=2-naphthyl
p:Ary=1-naphthyl, Ar,=Ar;=Ph
q:Ary=2-naphthyl, Ar,=Ar;=Ph

a: Ary=Ar,=Ar;=Ph

b: AI'1 =Ar2=Ph, Ar3=4-BrC5H4

C:Ar»l =Ar2=Ph, Ar3=4-C|C6H4

d:Ar1 =Ar2=Ph, Ar3=3-C|06H4
e:AI'1=Ar2=Ph, Ar3=4-MeOC6H4

fIAI'1 =4-MeCGH4I Ar2=Ar3=Ph
g:Ar=Ar;=4-MeCgH, Ary=Ph
h:Ar;=4-MeCgH, Ary=Ph, Arz=4-CICgH,
i:Ari=Ph, Ar,=4-MeOCgH, Arz=4-CICgH,
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Table 73
R1 R1
0 N2
~N . 820 mwi o Q.0
AP Y O
| l 07NN Ry
R, |
entry R; R» reaction time (min) yield (%)
1 Cl Me 45 98
2 H Me 5 97
3 Me Me 5 94
4 Me Cl 5 95
5 NO, Me 4.5 90
6 Me H 45 95
7 MeO Me 5 96
8 EtO Me 5 95
Table 74
(0]
O CO,Et
EtO\ﬂ)J\ _NH, 2
H R1 ~ R1
Q o Y1)
~ O)\N N/)
N MWL |
041\,?' NAT/
(0] R 0O R
~._ /2 2
,N—/ MW - .Ph
; LI
(o) lil N
entry R; reaction time (min) yield (%)
1 Ph 35 95
2 4-CICgH,4 4.0 85
3 4-MeCgH,4 35 86
4 4-MeOCgH4 3.0 95
5 4-NO,CgH4 45 84
6 4-BrCgH, 4.0 83
7 Ph 35 90
8 4-CICgH, 3.0 88
9 4-MeCgH, 35 82
10 4-MeOCgH, 3.0 87
11 4-NO,CgH, 35 85
12 4-BrCeH, 35 80

By reaction of a uracil derivative with a N-sulfonylimine
under MWI, pyrimido[4,5-d]pyrimidines can be efficiently
obtained in good yields by a [4 + 2] cycloaddition (Table
73). This procedure is also effective in the cycloaddition with
coumarin or quinone derivatives.*® On the other hand,
pyrimido[1,2-a]pyrimidines can be achieved by reaction of
2-amino-1,4-dihydropyrimidine derivatives with 3-formyl-
chromone or diethyl(ethoxymethylene)malonate (EMME)
under microwave irradiation.®® Similarly, by reaction of
EMME with 4-aminothieno[2,3-d]pyrimidine derivatives, a
three-ring fused system with a thiophene ring can be obtained
in good yields (80—83%).%! Recently, aminopyrazoles were
reported to react with 3-(oxo-2-benzofuran-1(3H)-ylidene)-
pentane-2,4-dione at 150 °C to afford pyrazolo[1,5-a]pyri-
midines after 1.5—2 min at that temperature.®

Pyrimido[4,5-d]pyrimidine derivatives can also be pre-
pared starting from uracil derivative 6-[(dimethylamino)-
methylene]amino-1,3-dimethyl uracil by reacting it with ethyl
glyoxylate and an aryl amine in a microwave oven at 110
°C (Table 74, entries 1—6). The reaction of this uracil
derivative with diaryl nitrones under MWI also lead to the
formation of pyrimido[4,5-d]pyrimidine in good yields (Table

Candeias et al.

Scheme 137
0 o 0 o =
]
R1)J\H RZMRs
+ KSF R | NH
0
)OL 130 °C, 48h R ”/&o
HoN" "NH,

a: R:= Ph, R,= Me, Ry= OEt
b: R4= 4—C|C(3H4v R,= Me, R;= OEt

¢ Ry= 4-'\/'9()(;5"'4Y R,= Me, Rs= OEt
d: R1= 4'HOCGH4, R2= Me, R3= OFEt
e: Ry= PhCH=CH, R,= Me, Rq= OEt

f: Ry= Ph, Ry= Ph, Ry= OEt
g: Ry= Ph, Ry= Me, R3= Me
h: R;= Ph, Ro= Me, Rs= Ph
i; R1= C4Hgy R2= Me, R3= OEt

74, entries 7—12).5% Recently, the preparation of thieno[2,3-
d]pyrimidines and thieno[3,2-€]pyrimidines under microwave
irradiation was reported. Through the reaction of ortho-amino
ester of thiophene derivatives with nitriles in the presence
of potassium tert-butoxide, these compounds can be prepared
in reasonable vyields (48—78%) in short reaction times
(45—150 s).%45%

Biginelli compounds represent a family of heterocycles
with great importance as biologically active compounds that
could be straightforwardly prepared by condensation of
pB-dicarbonyl compounds, ureas, or thioureas and aldehydes
in presence of strong acids (Biginelli reaction) in a one-pot
procedure in ethanol.5%¢~5% Recently it was disclosed that
Lewis acids could considerably reduce the reaction time and
at the same time improve the yield compared with the
original reaction. This type of compound and its derivatives
have sghown useful pharmacological and therapeutic proper-
ties.

Under solvent-free conditions, this reaction can be effi-
ciently performed between an aldehyde, a S-dicarbonyl
compound, and thiourea in presence of Yb(Ill) catalyst
supported on Amberlyst 15 resin at 120 °C for 20 h to afford
3,4-dihydropyrimidine-2(1H)-thiones.5®° Similarly, through
the use of microwave irradiation, this condensation can be
performed using acidic alumina,*®> FeCls-supported on
mesoporous Si-MCM-41%! or hexahydrate FeCl3,%% or a
catalytic amount of dry acetic acid to absorb and transfer
the microwaves to the reaction media.>® Furthermore, a clay
montmorillonite KSF catalyzed Biginelli reaction can also
be performed to afford 3,4-dihydropyrimidine-2(1H)-ones.
This reaction proceeds through condensation of aldehydes,
p-keto ester, and urea instead of a thiourea at 130 °C for
48 h (Scheme 137).%%4 Recently, diammonium hydrogen
phosphate!®* and tungstophosphoric acid (HsPW;5040)%°
were employed as catalysts in the Biginelli solvent-free
reaction at 80 °C using urea or thiourea as the nitrogen
source. While the former proved to be very efficient for
several types of aldehydes (alkyl and aryl), the latter can be
immobilized on silica and reutilized; furthermore, several
families of dicarbonyl compounds (such as -ketoamides)
can be used without any yield decrease (86—93%). The use
of microwaves to induce this condensation, in the absence
of an inorganic support, has proven to be somewhat less
efficient (30—68% yield) than when conventional heating is
used.5®® Ruthenium trichloride was found to be an efficient
catalyst for both of these solvent-free reactions. With this
catalyst, the reactions can be performed at 100 °C by
conventional heating.5®” Interestingly, for all of these pro-
cedures, it was observed that worse results were obtained
when the reactions were performed in a solvent.

Recently, a series of 2-oxopyrimido[4,5-b]- and 2-thio[4,5-
b]-quinoline derivatives were prepared by reaction of 2-chloro-
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Table 75 Table 77 s
0 R. L
- o o  HOAc(cat) o AN N s~
N ! + )J\ + )]\ MWI, 5 min. \N NH
PN A H HNT ONH ’ | o MWI, 10-12 min 0
07 "N "NH, 2 2 A
l 0”7 "N” "N” o Method A N onR
| H | " TOEt | B
s
N7 “NH, r-NCS N H S
o] Ph O
- P MW, 10-12 min
i | l L Method B
07 N N~ 0 method A method B
I N N entry R yield (%) yield (%)
1 Ph 81 80
- 2 4-MeCgH 75 76
entry Ar yield (%) 3 3-MeC§Hj 75 72
1 Ph 87 4 2-MeCgH, 77 75
2 4-MeCgH, 86 5 4-OMeC4H, 75 72
3 4-MeOCgH, 75 6 2-OMeCgH4 77 74
4 4-CICeH, 80 7 4-CIC¢H, 82 80
5 4-FCqH, 76 8 CeHus 75
6 4-BrCgH, 80 9 n-Bu 70
Table 76 Table 78
AN 7 N Ac,0 Ar. N
X X b = S . 1 S,
A A« A s 3 X WNTNCO . Al MW 1015 min_ T
0 O  H,N” “NH, MWI, 4 min. o7 o 2 20+ 1 N HN N
RO AL
0 R HN\H/NH R o
H@R o entry Ary Ar, yield (%)
- 1 Ph Ph 85
entry X—Z—X R yield (%) 2 Ph 4-MeOCgH, 88
1 0—C(Me),—0 H 73 3 Ph 4-CICeH,4 90
2 0—C(Me),—0 Me 70 4 4-MeCeH,4 Ph 81
3 0—C(Me),—0 cl 74 5 4-MeCeH, 4-MeOCeH,4 85
4 0—C(Me),—0O F 72 6 4-MeCgH,4 4-CICgH, 88
5 HN—CO—NH H 83
6 HN—CO—NH Me 81 improved yields (Table 77). These compounds can be
g :m:gg:m: (F:' % prepared through the condensation reaction of 2-amino-3-
9 MeN—CO—NMe H 82 carboethoxy-4,6-dimethylpyridine with methyl-N-aryldithio-
10 MeN—CO—NMe Me 80 carabamates or with aryl isothiocyanates.>™
11 MeN—CO—NMe ] 81 The annulation of a pyrimidine ring on thiazoles for the
12 MeN—CO—NMe F 83

3-formylquinoline with urea or thiourea, respectively, in the
presence of p-toluenesulfonic acid under microwave irradia-
tion. The desired products were obtained in good to excellent
yields (68—98%) in up to 12 min.®"® Through the condensa-
tion of 6-amino-1,3-dimethyluracil, aryl aldehydes, and urea
in the presence of a catalytic amount of acetic acid, 5,6-
dihydro-1,3-dimethyl-5-arylpyrimido[4,5-d]pyrimidine-
2,4,7(1H,3H,8H)trione derivatives can be obtained in good
yields after microwave irradiation of the reaction mixture
for 5 min. The aldehyde uracil condensation product A was
isolated and identified as the reaction intermediate, which
after reaction with urea led to the formation of pyrimido
derivatives (Table 75).568

spiro-Tetrahydropyrimidinone derivatives can be obtained
in good yields through microwave irradiation of a mixture
of Meldrum’s acid or barbituric acid derivatives, urea, and
an aldehyde in presence of a protic acid catalyst, of which
acetic acid seems to be the best catalyst (Table 76).56°
Recently, the same reaction was seen to be efficiently
catalyzed by a solid heteropolyacid (H3PW,04) under
conventional heating conditions (80 °C, 1 h).5%

2-Thioxo-4-oxo-tetrahydropyridine derivatives can be ef-
ficiently prepared under solvent-free conditions through
conventional heating or under microwave irradiation in

production of thiazolopyrimidines can be efficiently achieved
in a few minutes through the microwave irradiation of a
mixture of glycine, acetic anhydride, and a thiazole Schiff
base (Table 78).5"

Pyrazolo[3,4-d]thiopyrimidines can be efficiently obtained
in reasonable yields (53—87%) by reaction of pyrazoles with
arylisothiocyanate and thiourea under microwave irradia-
tion.5”? N-Arylation of pyrimidine-2,4-diones can be achieved
in reasonable yields (40—87%) through the solvent-free
nucleophilic aromatic substitution of aryl halides in presence
of Cs,COg, silica, and TBAB at 150 °C. This procedure was
also applied to purine nucleobases without yield decrease.5"

5.2.2. Reactions in PEG or PEG Tag Approaches

Wang and Xia demonstrated that Biginelli heterocycles
can be prepared supported in PEG with improved yields and
easy purification, in the absence of Lewis acids (Table 79).
The fact that no Lewis acid was required is crucial since
generally they are not totally compatible with PEG polymers.
Under solvent-free conditions and in a microwave oven, the
reaction time was reduced without a great decrease of isolated
yields.5™

During the microwave irradiation the polymer became
liquid facilitating an easier diffusion of the reactants. The
heterocycle could be efficiently removed from the support
via methanolysis.
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Table 79
(0]
M RCOH, urea PEG_O/\YLNH
reflux MeCN or
O-PEG M 400 W solvent-free R H/go
yield (%)
PEG classic
entry RCOH support conditions purity (%)
1 Ph 91 42 99.4
2 p-OHCsH4 82 67 99.8
3 m-NO,CeH, 94 51 99.5
4 PhCH=CH 89 98.1
5 (2-furyl) 72 36 91.6
Scheme 138
0O R
0 O O onic Liquid R‘)jj\/kNH
+ ]
RCHO + HQN)J\NHZ MGMR 100 °C Me N/go
H

5.2.3. Reactions in lonic Liquids

3,4-Dihydropyrimidin-2(1H)-ones were synthesized in
high yields by one-pot three-component Biginelli condensa-
tion in the presence of ILs such as [bmim][PFs] and
[bmim][BF,4] as catalysts under solvent-free and neutral
conditions (Scheme 138).57557 With ILs [bmim][CI] and
[TBA][CI], low and negligible yields of the products were
obtained, respectively.

The novel methodology described using ILs as catalyst
showed some considerable advantages, such as shorter
reaction times, higher yields, relatively simple catalyst
system, free of organic solvent, and easier synthetic proce-
dure. In the case of using ILs, it have been shown that both
cation and anion in the ILs played an important role as the
catalyst toward the Biginelli condensation. 57580

More recently, Bazureau et al.5® reported a microwave
dielectric heating assisted liquid-phase synthesis of Hantzsch
1,4-dihydropyridines®®2° and Biginelli 3,4-dihydropyrimi-
din-2(1H)-ones, pyridines, and polyhydroquinolines®®* using

Scheme 139
[Rmim][X]

1l

PEG,

1
R ’G‘r‘)\i_\/N%\/O%AOH — [CB:'E"-

N R = H, Me, Pr
X= BF4; PFG; NTf2
n=1,23

Candeias et al.

task-specific ILs as robust and soluble supports. The main
advantages of performing reactions under microwave ir-
radiation (MW) conditions are the higher product yields and
the significant rate enhancements.>®® From this perspective,
MW technology has been applied to rapid synthesis of
potential biological molecules useful for combinatorial and
medicinal chemistry.5%87 The authors prepared task-specific
ILs on which poly(ethylene glycol) units are grafted and then
showed that these new PEG—ILs can be used as alternatives
to classical soluble polymeric matrices in combinatorial
chemistry (Scheme 139).588.589

The use of PEG—IL phases presented several benefits such
as compatibility to standard analytical methods, simple
product isolation by extraction and washing, the possibility
of homogeneous reaction conditions, and the high absorption
of MW energy by which the reaction rate is accelerated
significantly.

Srinivasan et al.>®° reported a method to prepare 3,4-
dihydropyrimidin-2-(1H)-ones in good yields, using short
reaction time at room temperature and in the absence of any
additional catalyst, by the reaction of several aromatic and
aliphatic aldehydes with ethyl acetoacetate and urea (or
thiourea) dissolved in ILs under ultrasound irradiation
(Scheme 140). Like MW technology, the use of ultrasound
in organic transformation is known to enhance the reaction
rates and yield/selectivity of reactions and in some cases
facilitates organic transformations.>* The one-pot multicom-
ponent reaction promoted by the synergy of combined use
of IL as solvent and ultrasound as energy source offers an
easy protocol to prepare desired dihydropyrimidinones in
excellent yields (83—98%) (Table 80).

This process could be used for aromatic aldehydes
containing electron-donating and electron-withdrawing sub-
stituents, as well as heterocyclic and aliphatic aldehydes.
Several ILs based on 1,3-di-n-butylimidazolium [bbim] and
1-n-butylimidazolium [bim] series were tested for the typical
sonochemical multicomponent reaction of benzaldehyde,
ethyl acetoacetate, and urea to produce 5-ethoxycarbonyl-
4-phenyl-6-methyl-3,4-dihydropyrimidin-2-(1H)-one. The prod-
ucts can be easily isolated by simple dilution and filtration

OH

Rmim][X]
Liquid Phase

©on e o0
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Scheme 140
o O 0 X
+ +
MeMOEt R/U\H HzNJL
EAA X=0
Table 80
ionic atom time yield
ety jiquid R X (min) (%)
1 [bbim][Br] Ph 0 80 92
2 [bbim][CI] Ph (o] 75 88
3 [bbim][CIO,] Ph (o] 95 87
4 [bbim][BFy Ph O 110 86
5  [bbim][PFg] Ph O 125 83
6  [bim][Br] Ph o) 60 66
7 [bim][CI] Ph (o] 60 64
8  [bim][CIO] Ph o) 90 75
9  [bim][BFJ]  Ph o) 45 97
10 [bim][BFs]  4-NO,CeH, o) 70 98
11 [bim][BFs]  4-CHsCgHs 0 45 95
12 [bim][BF,] 2-FCgH, ] 60 90
13 [bim][BF,] 2-CICgH, o] 30 98
15  [bim][BF,]  3-OMe-4-OH-CgH; o) 45 95
16  [bim][BF,]  CgHs—CH=CH o) 50 95
17 [bim][BF4] 2-pyridyl 0O 55 83
18 [bim][BF,]  2-furyl o) 30 93
19  [bim][BF,]  c-CeHy o) 50 93
20 [bim][BFs  n-CgHyo o) 55 87
21 [bim][BF,]  Ph S 50 93
22 [bim][BFs]  4-OMeCgHs S 55 97
23 [bim][BF4] 3,4,5-trimethoxy-C¢H, S 70 92
Scheme 141
X =BF;:
n [PsMinj[BF ]
o X =PF4:
X [PsMim][PF 4]
ﬁé\N,Me
\—/

of the precipitated product leaving behind an aqueous filtrate
from which the IL can be completely recovered and recycled.
Additionally, the authors observed that the reactions did not
proceed even after several hours of sonification in molecular
solvents such as THF, dichloromethane, ethanol, or aceto-
nitrile instead of the IL under otherwise similar reaction
conditions.5%°

Wang et al.>® described another approach by immobiliza-
tion of the catalyst on Merrifield resin to obtain polysty-
rene—methylimidazolium [PsMim]-based re-usable ILs
(Scheme 141).5%5% This new polymer-supported IL as
catalyst has been described as a simple, recoverable, and
effective method for the Biginelli reaction performed with
aromatic aldehydes giving the corresponding pyrimidine-5-
carboxylates in high yields (up to 99%) and short reaction
times.

Both polymer-supported catalysts, [PsMim][BF,] and
[PsMim][PFs], catalyze the reaction. However [PsMim][BF,]
produced more insoluble byproducts in ethanol and chloro-
form compared with [PsMim][PFs]. The solvent (and tem-
perature) affected the yield; glacial AcOH allowed better
isolated yields of product than acetonitrile or ethanol (98%
vs 85% or 71%, respectively). The polymer-supported 1L
[PsMim][PF¢] could be reused at least five times without
loss of activity. Several aromatic and aliphatic aldehydes

NH,

.S
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O R
IL, ultrasound ~ EtO l NH
30°C, Me H X
40-90 min
R= alkyl, aryl
Table 81
Q O Ph
Ph CN NH " N
>_< + >=o __lonic Liquid _ | |
H CN NH 90 °C O)\N o,
0 H
entry solvent time (h) temp (°C) vield (%)
1 [bmim][BF,] 3 % ”
2 [emim][BF,] 3 % o
3 [bpy][BF4] 3 90 65
4 toluene 10 90 0

were reacted under optimized conditions in the presence of
[PsMim][PF¢] in AcOH at 100 °C for 2 h. Aromatic
aldehydes with electron-donating groups R, such as Ph or
4-MeCgHy,, are appealing for the Biginelli condensation under
these experimental conditions (= 98% yield), while aromatic
aldehydes with electron-withdrawing substituents, such as
2—CI-CgH4, 4—CI-CgH,, 2,4-Cl,—CgH4, 4-NO,—CgHy4, or
2-MeO-CgH,4, gave rise to somewhat lower but still good
yields (74—91%). The aliphatic aldehydes (e.g., butanal)
were not suited for this type of transformation under the
conditions selected.

Pyrano[2,3-d]pyrimidine derivatives were prepared in high
yields by a condensation reaction between arylmethylidene-
malononitrile and barbituric acid using the ILs [bmim][PF¢]
and [omim][BF,] as solvent under neutral conditions.>®
These compounds are annelated uracils that have shown a
relevant biological and pharmaceutical activity such as
antitumor, cardiotonic, antihypertensive, and antifungal
activities,596:597

Yu and Wang®® described the preparation of pyrano[2,3-
d]pyrimidine derivatives by the condensation reaction be-
tween arylmethylidenemalonitrile and barbituric acid in good
yields (72—84%) using ILs [bmim][BF,] and [emim][BF,]
(Table 81). Using the IL 1-butylpyridinium tetrafluoroborate,
[bpy][BF4], the reaction also works well but with lower yield
of product (65%). In contrast, no reaction was observed at
90 °C using organic solvents such as toluene and 1,2-
dichloroethane. The IL [bmim][BF,] can be recovered
efficiently and reused at least three times, although with a
slight loss of activity. This methodology offers significant
improvement especially in terms of yields and simplicity of
operation. Then, the authors extended this methodology to
promote the condensation reaction of several aromatic
aldehydes with barbituric acid in IL [bmim][BF,].

According to the structures of the products, the authors
have proposed a possible mechanism for the synthesis of
pyrano[2,3-d]pyrimidine derivatives involving (a) Michael
addition of arylmethylidenemalononitrile to barbituric acid,
(b) the resulting product readily undergoing an interconvert-
ible isomerization to form an enol species, and (c) an
intramolecular cycloaddition between hydroxyl group and
CN to afford an imine, (d) which could be isomerized to
give the final product (Scheme 142).
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Scheme 142
O Ar (0]
CN
HN
>—< =0 —
g: A ON A
H
Scheme 143
~ N0

S Oiéﬁo
N)\N [0] N)\N [0] N/*N
Heterogeneous catalytic oxidation of pyrimidine was

performed in ILs by using MCM-41 and UVM-type meso-

porous catalysts containing Ti or Ti/Ge. Titanium/silica-based
mesoporous catalysts are effective systems for selective
sulfoxidation of aromatic/aliphatic thioethers, such as 2-thio-
methyl-4,6-dimethylpyrimidine, 2-thiobenzylpyrimidine, 2-thio-
methylpyrimidine, and 2-thiobenzyl-4,6-dimethylpyrimidine.585%

The oxidations were carried out by using anhydrous hydrogen

peroxide or the urea—hydrogen peroxide adduct and showed

that ILs are very effective solvents, giving higher rates and
better sulfoxide selectivity compared with dioxane (Scheme

143). The addition of Ge to Ti was found to increase the

rate of oxidation but reduce the selectivity toward the

sulfoxide. The sulfoxidation of 2-thiobenzylpyrimidine pro-
ceeded with high selectivity (higher than 85%) toward the
desired sulfoxide product for all the ILs studied using

GeTiSil15 as catalyst and hydrogen peroxide dissolved in

dioxane (HPD) as oxidant, while lower selectivities and

reaction rates were observed using dioxane as unique solvent

(Table 82).5%

The IL selected showed strong influence on the rate of
reaction, particularly for both [BF4]-and [NTf,]-based ILs,

Table 82

NOH

Candeias et al.

O Ph O Ph
CN CN CN

ONONH ONONH2

in which the rate was found to decrease with increasing chain
length and cation size. This cation effect may be related to
the viscosity of the IL (most viscous ILs exhibiting the lowest
rates) or may reflect how the increasing cation size limits
access to the active sites within the catalyst’s pores (meso-
porous material). In terms of anion effect, it is necessary
not only to consider the viscosity or anion size but also the
possible interaction of the IL with the catalyst’s active sites.
For example, in the case of [bmim] cation, the rate was found
to follow the order [TFA]™ > [BF,]™ = [PFg]— ~ [NTf,]” >
[TfO]™ > [MsO]~ ~ [Lac]™ (where TFA = trifluoroacetate;
TfO = trifluoromethanesulfonate; MsO = mesylate; Lac =
lactate).

Recently, Hardacre et al.®%%5% described the oxidation of
thioethers by two different approaches in order to study the
sulfoxidation of 2-thiomethyl-4,6-dimethylpyrimidine using
for one case highly dispersed tantalum in a mesoporous-
like matrix in ILs containing [NTf,] as anion®? and for
another case Ti-SBA-15 and UL-TS-1 catalysts in ILs,
particularly [emim][BF,], [emim][NTf,], and [emim][TfO],
allowing high rates, selectivity at high conversion, and good
recyclability of the IL/catalyst system.5%

A comparison with typical organic solvents indicated that
much higher activities were possible in the IL, which may
be due to activation of the catalyst via a hydrogen bonding
interaction. The IL [emim][BF,] seems to be the best solvent
for this type of study. Almost no leaching of titanium was
found with Ti-SBA-15 in ILs, whereas significant leaching

selectivity to SO conversion selectivity to SO conversion
entry solvent at 30 min (%) at 30 min (%) at 120 min (%) at 120 min (%)
1 [emim][BF,] 100 26 95 77
2 [bmim][BF4] 100 22 926 73
3 [Csmim][BF.] 100 7 100 27
4 [Cepy][BF4] 100 10 100 41
5 [CspY][BF4] 100 11 99 44
6 [bmim][PF¢] 100 24 94 75
7 [bmim][NTf,] 100 23 97 70
8 [bpy][NTH,] 100 15 96 57
9 [bdmim][NTf,] 100 15 96 61
10 [aliquat][NTT,] 100 3 95 10
11 [bompyr][NTf,] 100 2 100 9
12 [emim][EtOSO;] 100 7 100 25
13 [bmim][MsO] 100 3 100 9
14 [bmim][TfO] 100 12 98 49
15 [bmim][TO] 100 14 926 53
16 [bmim][TFA] 100 41 91 86
17 [bmim][Lac] 100 2 100 8
18 dioxane 95 19 80 41
Scheme 144
o} 1) Me,CuLi/TMSCI, F-LPE o
RIO™ A Xx~C4He 2) TsOH, H,0, F-LPE OR" 4y NH,NH,/AcOH NH
j\/o 0 ~N
o 3) Me,CuLi, F-LPE CaHg CaHg

R= (CH,),CeF 13

66 %(overall yield)
(98.7% purity)
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Table 83

0
o) NNH,
Rf3Si~®—/< NH
o

1) HCI, THF/BTF, 50 °C, 3 days

2) F-LFE (FC-84/toluene)

o O . 5 3)TBAF, THF/BTF
R°CHO
R1OMR2 4) F-LFE (FC-84/toiuene)
(0]
0 N—NH
N R3
) s
R? 0
R'O
entry R? R? R® yield (%)
1 Et Me Ph 71
2 Et Me 2-naphtyl 55
3 Et Me p-MeOCgH, 69
4 Me Me 2-naphtyl 70
5 Et Et 2-naphtyl 60
6 Et Et Ph 47

was observed for UL-TS-1 catalysts in ILs and organic
solvents. The small degree of leaching detected and good
recyclability (for five cycles) for Ti-SBA-15 catalysts sug-
gested that in ILs the activity observed is due to a surface-
catalyzed process.

Scheme 145
(CGF13CH20H2)3Si—©—\ 0 X
o~
HN
HN
R 0
Scheme 146
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5.2.4. Reactions in Fluorinated Fluids

Wipf et al. described the use of 1H,1H,2H,2H-perfluo-
rooctanol as an efficient fluorous tag for the preparation of
dihydropyridazinone in a multistep synthesis by taking
advantage of the fluorous tag for product separation in each
step by F-LPE using FC-72 as the fluorinated solvent. In
the last cyclization step, the fluorous alcohol tag was removed
(Scheme 144).5%2

Curran et al. developed a protocol for the synthesis of
dihydropyrimidines by the multicomponent Biginelli reaction
based on the use of fluorinated silicon as tag and separation
using F-LPE with the toluene/FC-84 solvent system. The
fluorous tag was removed from the target product in >90%
purity using TBAF and product purification just by using
toluene/FC-84 for extraction (Table 83).6%3

The use of protecting groups containing fluorous tags has
been developed for different applications in order to facilitate
product purification mainly by taking advantage of purifica-
tion using the F-SPE approach. Bannwarth et al. used the
perfluoro-tagged benzyloxycarbonyl protecting group for the
synthesis of quinazoline-2,4-diones in which the alcohol
fluorous tag was removed and recycled by extraction with
FC-72 (Scheme 145).6%

Later Bannwarth et al. reported a comparative study for
the synthesis of quinazoline-2,4-diones between separation

HN
o
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R
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Scheme 147
1 )OL 1) Toluene/BTF, 80 °C 2) F-FSE i
1 oluene. , - R1 R4
R NT RS Ar, - . N
2 R = 2 )\ 5
R N R N7R
R? P CeF17/ 5 R®
_0730,
CoF1y/ 4 72-93%
+
R®=H, Me 0=p
0
R4 = i-Pr, Bn, @ [3\ < :©/\; C8F17 3
SO A A R
RS=Ph, // \
(D~
Table 84 Scheme 148
R’ NH, ?E:J ngTE;;A R H 0 Morpholine or piperidine R N. R
1-0.2 e i i
C[ + scCO, oy K' R”CN Lewis Acid \“/ \\r
R? CN 10 MPa, 80°C,4h  R? MWI or conv. heating NYN
0 R
1 2 B . 0
entry R R base (equiv) yield (%) morpholinyl, piperidinyl, 4-F;CCgH,4
1 H H DBU (0.1) 91 ; N
2 H H TEA (0.1) 70 R= E“ 5/C
3 MeO MeO DBU (0.2) 97 oN-pn X N-ph
4 H cl DBU (0.2) %
2 gl E" BEB?J (%-21) 22 lead to the best results in shorter times, although conventional
7 ol H DBU golzg 67 heating leads to the best yields in 24 h, particularly when
8 H NO, DBU (0.1) 0 silica-supported zinc is employed. In this procedure, piperi-
9 H NO;, DBU (0.5) ca. 20 dine or morpholine should be used as nucleophile to induce

by F-LPE and separation by F-SPE using the previously
reported perfluoro-tagged benzyloxycarbonyl protecting
group (see Scheme 145). In the case of the F-SPE
approach, the authors immobilized the flourous-tag alcohol
on a fluorous reversed-phase column in which the
quinazoline-2,4-precursors were prepared in a three step
synthesis. In the last step, the products were isolated and
the fluorous tag immobilized in the solid support was
recovered, ready for reuse (Scheme 146).5°® None of the
methods provided the best yields for all substrates reported
by the authors.

Bannwarth et al. used perfluoroalkyltriphenylphosphine as
a fluorous tag for the synthesis of ten 3H-quinazolin-4-ones
via an aza-Wittig reaction in which the desired product was
isolated from unreacted iminophosphorane and perfluoro-
triphenylphosphine oxide by F-SPE (fluorous reversed silica
gel; eluent = acetonitrile). The resulting fluorous phosphine
oxide can be recycled to the initial phosphine by reduction
with ClI3SiH (Scheme 147).5%

Mizuno et al. reported an organic-free process for the
synthesis of several 1H-quinazoline-2,4-diones from the
corresponding 2-aminobenzonitriles with scCO, as solvent
and reactant in the presence of a catalytic amount of DBU
or triethylamine (TEA) (Table 84).6%7

5.3. Containing Three Nitrogen Atoms

5.3.1. Solvent-Free Reactions

Symmetrically substituted 1,3,5-triazines can be prepared
under SFC through the cyclotrimerization of nitriles in the
presence of silica-supported Lewis acids (ZnCl,, AlCl3, and
TiCl,) as catalysts (Scheme 148). Microwave irradiation can

the cyclotrimerization.®® The cyclotrimerization of cyan-
opyrazoles can also be performed under conventional heating
(200 °C) in presence of piperazine and yttrium trifluo-
romethanesulfonate as catalyst. However, this method has
proven to be somewhat inefficient with respect to the isolated
yields of the products (7—66%).5%

The preparation of substituted 1,3,5-triazines can also be
done through modification of cyanuric chloride. Several
N-heterocycles have been successfully employed as nucleo-
philes in the substitution reaction under MWI or conventional
heating.®*® When amines are employed as nucleophiles
toward chlorine substitution of cyanuric chloride or 2-chloro-
4,6-di(dialkylamino)-1,3,5-triazines under microwave ir-
radiation, symmetrical or asymmetrical melamines, respec-
tively, can be obtained.51%6%2

From the cyclotrimerization of aryl isocyanates under
solvent-free conditions at 70 °C, using potassium sulfate in
catalytic amounts and a phase transfer catalyst (TBAB),
isocyanurates can be obtained in good yields (Table 85). In
order to improve the reaction rate, isocyanates containing
electron-withdrawing groups should be used.®*3

For the preparation of thiazolo-s-triazines, thiazole Schiff
bases, ammonium acetate, and aromatic aldehydes can be
condensed under microwave irradiation. Regardless of the
uncertainty about the reaction mechanism, which can go via
conjugate addition of ammonia to the Schiff base or by a [4
+ 2] cycloaddition, microwave irradiation leads to better
yields than conventional heating conditions and also better
diastereoselectivity (Table 86).6*

The analogues of 1,3,5-triazines, 1,2,4-triazines, can be
efficiently prepared in a microwave oven through the reaction
of phenacyl bromide derivatives with hydrazides in the
presence of an inorganic support (Scheme 149). In the
comparison of silica gel, montmorillonite K-10 clay, and
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Table 85
R
s
l Z
K,SO.
NCO 294,
R ©/ Phase Tranffer Catalyst OYN\[%O
70°C O/NTN B
¥ o) ¢
R R
entry R time (min) yield (%)
1 H 15 94
2 4-Cl 10 89
3 3,4-Cl 5 86
4 4-NO, 4 84
5 4-AcO 14 91
6 4-MeO 68 96
Table 86
S
S (0]
| N NH4OAc, MW )I >=N
A“):H>_ \\_Ar2+Ar3)J\H—> A" N NL—Afz
Ar3
time vyield cig
entry Arq Ar, Ars; (min) (%) trans
1 Ph Ph Ph 10 78 937
2 Ph Ph 4-CICgH, 8 84 94:6
3 Ph 4-MeOC¢H4 Ph 12 75 937
4 Ph 4-MeOC¢H, 4-CICgH, 10 81 94:6
5 Ph 4-CIC¢H, Ph 8 83 937
6 Ph 4-CIC¢H, 4-CICgH, 6 89 955
7 4-MeCgH, 4'C|C5H4 Ph 10 82 94:6
8 4-MeCgH, 4'C|C6H4 4-C|C6H4 8 86 96:4
9 4-MeCgH, 4'C|C6H4 4-MeOCgH, 12 80 95:5

Scheme 149
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neutral alumina as supports, neutral alumina proved to be
the most efficient in terms of reaction time/yield relation-
ship.5% In other hand, 3-amine-1,2,4-triazines can be prepared
by cyclization of 1,2-bis(amidinohydrazone)s at 200 °C by
conventional heating. This last method seems very interesting
since, when the reaction is performed in a closed glass
ampule the reaction product may be isolated after sublimation
in the reaction vessel.® The 3-mercapto-1,2,4-triazine
derivatives can be prepared by condensation of thiosemi-
carbazide with diketones through microwave irradiation in
6—7 min. Similarly, with DMAD or DEAD instead of the
diketone, the compounds with a carbonyl and exocyclic
double bonds can be obtained.!%

Despite the lack of synthetic procedures for the synthesis
of 1,2,3-triazine derivatives, a method was reported for the
preparation of fluorescent 2,5-dihydro-1,2,3-triazine. This
molecule can be prepared in 73% yield through a conven-
tional heating reaction of a 1,3-dipole triazolium derivative
with methyl propiolate for 1 h (Scheme 150).5%

A diasteroselective three-component synthesis can be
adopted for the preparation of thiazolo-s-triazine C-nucleo-
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Scheme 150
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Scheme 151
NH, Ar>\\
S 0 ArCO,H S. N. O
HN. = H,80,, silica gel \II/ ]i
N 120 °C, 3h N7

81-91 % yield
Ar= Ph, Bn, 4-MeCgH,, 3-CICgH4

sides through irradiation of a mixture of a thiazole Schiff
base and an aldose in presence of ammonium acetate with
microwaves. Remarkably, under MWI, this reaction proved
to be much more diasteroselective than under conventional
heating.®*® Through a one-pot condensation, triazin-5-ones
can be condensed with an aromatic carboxylic acid in
presence of sulfuric acid supported silica gel and further
cyclized to yield thiadiazolo triazinones (Scheme 151).6%°
Analogous to the reported reaction of 4-amino-5-methyl-3-
thioxo-2H-1,2,4-triazole with aldehydes to form imine
derivatives, 4-amino-6-methyl-5-0x0-3-thioxo-2H-1,2,4-tri-
azine reacts with aromatic aldehydes vyielding the corre-
sponding imines in good yields (64—95%) through use of
microwave conditions.**°

5.3.2. Reactions in lonic Liquids

Imidazo[1,2-a]pyrimidine derivatives are an important
class of organic compounds that have been used as antimi-
crobial agents,®?%52! azo dyes,®?? and antagonistic agents.52
Pharmaceutically useful compounds based on 2-arylimida-
zol[1,2-a]pyrimidines were synthesized using the ILs
[omim][BF,], [emim][BF,], and [bpyr][BF,] as green, recy-
clable alternatives to conventional solvents®?6% through
cyclocondensation reactions of c.-bromoacetophenones with
2-aminopyrimidine in good yields and selectivity.®? Several
bromoacetophenones containing different substituent groups
(R), such as chloro, bromo, fluoro, nitro, methyl, methoxy,
and phenyl, were tested with 2-aminopyrimidine in the
presence of sodium carbonate to form corresponding 2-arylim-
idazo[1,2-a]pyrimidines in good yields (77—92%) and short
reaction times (3—6 h) (Scheme 152). The ILs could be
recovered and reused at least six times without decrease in
the yield of product.

More recently, Xie®’ reported a one-pot synthesis of
2-arylimidazo[1,2-a]pyrimidines by the reaction with ketones,
[hydroxy(tosyloxy)iodo]benzene (HTIB), and 2-aminopyri-
midine using the IL [bpy][BF.] (Table 87).

Previously the author examined the efficiency of different
ILs such as [bpy][BF,], [omim][BF,], and [bmim][PFe] in
the cyclocondensation of a-tosyloxyacetophenone with 2-ami-
nopyrimidine. The authors observed a dramatic effect over
the reaction yield and time when IL [bpy][BF,] was used
(82% vyield in 1 h at rt) comparing with the reaction
performed in ethanol (70% yield in 6 h at 80 °C). In
comparison with reported methods in the literature using
organic solvents such as DMF, ethanol, and acetone,524625
the present methodology involving ILs has some advantages,
particularly enhanced reaction rates, mild reaction conditions,
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Scheme 152
R
Q N
R@-C-CHzBr + ( YNH, Na,CO3 O\LN\YN\
— | - [+]
N 3-6 hrs, 71-92 % l N)
R= Cl, F, Br, NOZ, CH3, OCH3, CGH5
Table 87
1) PhI(OH)OTs
N /N\KN
R 2) </;N\>—NH2 , Na,CO4 &/N\%&
R, LbpylBF R
entry Ry R, product yield (%)
1 Ph H 2-phenylimidazo[1,2-a]pyrimidine 80 (1st)
82 (2nd)
80 (3rd)
2 p-FCsH4 H 2-(4-fluorophenyl)imidazo[1,2-a]pyrimidine 85
3 p-CICsH, H 2-(4-chlorophenyl)imidazo[1,2-a]pyrimidine 83
4 p-BrCg¢H,4 H 2-(4-bromophenyl)imidazo[1,2-a]pyrimidine 81
5 p-CH3CeHy H 2-(4-methylphenyl)imidazo[1,2-a]pyrimidine 75
6 p-CH30CsH, H 2-(4-methoxyphenyl)imidazo[1,2-a]pyrimidine 72
7 Ph Me 2-phenyl-3-methylimidazo[1,2-a]pyrimidine 76
8 furane H 2-(2-furanyl)imidazo[1,2-a]pyrimidine 73
Table 88 Table 89
Rs r.t,3h y Pd-Cul-PPhy/KF-Al
Re DMF, MW, 60 s N, __ POCUbPPh/KF-ALO,
+ O _— + Ry——=
NH; | MW
R4 Br NH
Ry 2, mRz
O ; O Rs X N
N
L H A R, B
! — entry Ry R, yield (%) ratio (A/B)
entry R, R, Rs yield (%) 1 COMe Ph 41 1:100
1 H H H 75 2 COCF; Ph 68 38:62
2 H H Cl 52 3 SO,Me Ph 80 0:100
3 H H Me 54 4 COCF; 4-MeCgH,4 70 43:57
4 H Me H 56
g ae g' : ‘g? presence of potassium fluoride doped alumina, palladium
7 H Me Me 57 powder, cuprous iodide, and triphenylphosphine in a micro-
8 H Me o] 55 wave oven (Table 89).6%
9 MeO H H 56 By condensation of benzylamine with isotin, azomethine

simple manipulation, easy isolation of product, and higher
yields. Additionaly, the IL medium can be recycled without
decrease of yield.

6. Indole-Based Heterocycles

6.1. Solvent-Free Reactions

The Bischler reaction is one of the most important methods
for the preparation of indole heterocycles under classical
conditions. Under solvent-free conditions microwave irradia-
tion can also be successfully applied (Table 88). By this
method, maintaining a mixture of phenacyl bromide deriva-
tives and substituted anilines at room temperature for 3 h
with further microwave irradiation in the presence of some
drops of DMF (to improve the energy transfer), 2-arylindoles
can be obtained in reasonable to good yields.6?

In an attempt to promote the Sonogashira coupling
between o-iodo-substituted protected anilines and terminal
alkynes, another method for the preparation of 2-substituted
indoles was observed. The cyclization was performed in the

ylide is formed and can be consequently reacted via 1,3-
dipolar cycloaddition with bis-arylmethylidene cyclohex-
anones to yield dispiro oxindole derivatives. By this proce-
dure, the reactants are simply ground together with K-10
montmorillonite under MWI for short times (40—80 s).5%
Similarly, this procedure can also be applied to the [3 + 2]
cycloaddition of 9-arylidene fluorenes with the generated
dipoles from isatin and secondary amino acids. The reaction
can be performed in presence of K-10 clay or under neat
conditions, affording the pyrrolo-oxindole derivatives with
a spiro carbon in good yields (78—98%).%%! Recently,
Baylis—Hillman adducts of ninhydrin were reported to
undergo 1,3-dipolar cycloaddition with mono-, di-, and
triketones under these conditions to afford spiro adducts.5%
The use of K-10 montmorillonite proved to be very fruitful
when used as a catalyst in the microwave-induced condensa-
tion and further cyclization of 2,5-hexanedione with pyrrole
or N-alkyl pyrroles. Despite the good to excellent yields
obtained (75—98%), the method failed when electron-
withdrawing N-substituents were used.'4°

Regarding substituent introduction in indolic compounds,
it was observed that a diarylvinyl group can be introduced
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Table 90
Rz
m . K-10, POCl,
O z
H
Ry ©
Rz
-G
N R
H
reaction time
entry R; R, (min) yield (%)
1 H H 12 80
2 H Me 9 82
3 H MeO 7 88
4 Cl H 10 81
5 Cl Me 8 85
6 Cl MeO 7 88
Table 91
0
| AN
R 0
H MW KSF
+
N2
Ro _
CO,H ©
HS 2 \S Ny =S
MWI Rt ol
= Rz
= Method A N
N\ TR:
I = /
Ry P (o] 0]
N HS._COH S @«
MW R1_!<if/<:0 7R,
Method B Z N
H
method Ry R, yield (%)
A 5,7-Me, H 91
5,7-Me; 4-CO,H 92
A 5,7-Me; 2-CO,H 93
A 5,7-Me; 3-Cl 90
A 5-Br 4-CO,H 86
A 5-Br 2-CO,H 88
A 5-Br 2-Cl 89
A 5-Me 4-Me 91
B H 4-Cl 90
B H 3-Cl 88
B H 2-Cl 91
B H 4-CO,H 87
B 5,7-Me; 4-Cl 92
B 5,7-Me; 3-Cl 91
B 5,7-Me; 4-CO,H 89
B 5,7-Me; 2-CO,H 90
B 5-Br 3-Cl 87
B 5-Br 2-Cl 89
B 5-Br 4-CO,H 85
B 5-Br 2-CO,H 86
B 5-NO, 4-F 85

in the highly reactive 3-position by reacting 2-methyl indole
with benzyl aryl ketones in presence of montorillonite K-10
clay and phosphoryl chloride under MWI (Table 90).5% In
a similar way to the pyrrole ethynylation, indoles can be
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Table 92
R.
N Rs CeCly H,0 R, /°
Xm Rz\/\“/ Ry _ Nal. S0 R
7 N\ x'_ = N\, O
R1 0 ! o N
Ri
time  yield
entry X Ry R. Rs R4 (h) (%)
1 H H H H Me 2.0 96
2 H H H Et n-Bu 25 88
3 H H CH3(CH,)s H Me 3.0 91
4 H H cyclohexanone 48 82
5 H H cyclopentanone 48 89
6 Br H H H Me 48 79
7 Br Me H H Me 7.5 85
8 NO, Me H H Me 72 89
9 MeO H H H Me 15 89

ethynylated through the reaction of 1-benzoyl-2-bromoacety-
lene in the presence of a 10-fold mass excess.®** Methyl
trifluoropyruvate was reported to react efficiently (57—98%)
through Friedel—Crafts alkylation of indoles at the 3-position
under solvent- and catalyst-free conditions after 1 min.5 In
a similar way, (3-indolyl)glycine derivatives can be synthe-
sized at room temperature by condensation of glyoxylate,
indole, and an amine.%3¢

A simple method for the reaction of indole with epoxides
was recently developed by Azizi et al. through the use of
lithium perchlorate as catalyst at 60 °C. The absence of
solvent was seen to be necessary for success of the reaction,
since the use of organic solvents lead to recovery of the
starting material. The method was seen to be highly
regioselective since the nucleophilic attack occurs at the less-
substituted carbon of the epoxide.5%” Previously, indole
derivatives were reported to react with oxiranes and aziridines
on a silica surface at 70 °C in up to 76% yield.5%®

With the use of microwaves, in situ generated 3-arylamino-
2H-indol-2-one derivatives can react with thioacids in a
reaction of cyclocondensation to afford indolic spiro com-
pounds in good yields (Table 91). Among several inorganic
supports studied, montmorillonite KSF proved to be the best
under these reaction conditions.®*® Recently, through the in
situ formation of 3-(1-cyano-2-ethoxycarbonylethylidene)-
2,3-dihydro-2-oxoindole by the Knoevenagel condensation
of 1H-indole-2,3-dione and ethyl cyanoacetate under micro-
wave irradiation, indole based spiro derivatives were syn-
thesized after reaction with 4-hydroxycoumarin through
Michael addition.5%° Spiro-[indole-pyrido[2,3-d]pyrimidines]
were reported, by the same authors, to be formed by the
reaction of the in situ generated [indole-dihydropyridine] and
urea/CS, under microwave irradiation using basic alumina
as solid support and a few drops of DMF.%! Recently,
spirooxindoles with fused chromenes were synthesized
through the three-component condensation of isatin, malo-
nitrile, and a-naphthol/g-naphthol using indium trichloride
impregnated silica gel as a catalyst under microwave
irradiation.®42

ZrOCl,-8H,0 was tested as catalyst for the addition of
indoles to o.,5-unsaturated ketones under solvent-free condi-
tions at 50 °C. This method proved to be suitable for
substituent introduction at the 3-position of indole in high
yields and short reaction times (up to 2 h, 77—95% yield).5*®
This catalyst was also observed to be suitable for the
condensation of indoles with carbonyl compounds in order
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Scheme 153

Silica Gel
MWIlorr. t.
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a: Ri= Ry= R3 = H; b: Ri= Me, Ry= R3= H; c: Ry= Me, Ry= H, R3= Br; d: R4= Et, R,= R3=H;
e: R4=i-Pr, R= R3= H; f: R1= R3= H, R= Me; g: R4= R,= H, R3= Br; h: R4= Ry= Me, R3=H

to synthesize bis(indolyl)methanes in good to excellent yields
(75—94%).54

Regarding indole substituent modification, basic alumina
and CeCl;-7H,0—Nal—H,0 supported on silica gel were
found to be good catalysts for the conjugate addition of
indoles to nitroalkenes.54%4¢ However, when basic alumina
is used, nitro alcohols can be used as nitroalkene equivalents
since under the reaction conditions these compounds are
dehydrated to the corresponding nitroalkene.®*® The
CeCl3+7H,0—Nal—H,0 system supported on silica gel has
also proven to be a good catalyst for the Michael addition
of indole derivatives to o,(-unsaturated ketones affording
the 3-(3-oxoalkyl)indoles in good yields (Table 92).%4
Recently, sulfamic acid was reported as a suitable catalyst
for this transformation under conventional heating conditions
(60 °C).54®

A three-component reaction under solvent-free conditions
through conventional heating at 80—120 °C was reported
for the synthesis of 3-alkylated indoles. In this method,
indole, aldehydes, and barbituric acid derivatives were
reacted for 10—20 min at high temperatures in the absence
of catalyst to favor the formation of aldol condensation
product between the aldehyde and barbituric acid derivative
and further Michael addition. The major side product was
reported to be bisindolyl-methanes, particularly when bar-
bituric acid was used instead of N,N-dimethylbarbituric
acid.5

Similarly, the Michael reaction of indoles with 3-(2'-
nitrovinyl)indoles for the synthesis of 2,2-bis(indolyl)nitro-
ethanes (Scheme 153) can be performed at room temperature
(69—84% vyield) or through MWI (70—86% yield) of the
mixture supported on TLC-grade silica gel. Interestingly,
when column-grade silica is employed as support, the
reaction does not occur, and it should be taken in account
that when performed at room temperature the reaction takes
a much longer time (8—14 h) than when performed in a
microwave oven (7—12 min).%5%851 A thiourea-based orga-
nocatalyst has been developed for the reaction between
nitroolefins and indole derivatives, leading to the 3-substi-
tuted indole derivatives in good yields (80—94%).:%2 Mo-
lecular iodine can be used as catalyst for the Michael addition
of enones with indoles without the use of any solvent. By
this method, the 3-substituted indole is obtained in reasonable
yields in 30 min at room temperature.®2

Other methods to obtain bis(indolyl) compounds are by
simple grinding of indole with aromatic aldehydes in
presence of catalytic molecular iodine,® sulfamic acid,%*
silica sulfuric acid,%° or NaBF,%*® leading to the formation
of bis(indolyl)methanes in good yields (72—96%) in a few
minutes (5—45 min). Through a conventional heating
procedure, ammonium chloride at 90 °C,%7 Ti0,,%® and
diammonium hydrogen phosphate®® at 80 °C were also
reported as efficient catalysts to obtain diindolylmethanes

Table 93

N

CH(OEt); (2.5 eq.)

CH
[| '3
N

\ Acid-clay, r. t. R
R, R, 2
entry Ry R, time yield (%)
1 H H <5 min 85
2 Me H <5 min 87
3 Et H <5 min 92
4 H Me 2h 74
5 Me Me 2h 82

from indole and aldehydes or ketones. For the microwave
version of this procedure, iron(I11) chloride proved to be a
good catalyst toward the electrophilic substitution of in-
doles.®® Similarly, phosphoric acid on silica gel was also
observed to promote the reaction of indoles with aldehydes
to yield symmetrical bis(indolyl)alkanes at 60—70 °C,%*
while LiClO,4 was observed to efficiently catalyze the reaction
without the inorganic support.58? Montmorillonite K-10 clay
can also be employed as catalyst of this reaction at room
temperature or toward the synthesis of tris(indol-3-yl)meth-
anes.%36%4 However, the use of triethyl orthoformate absorbed
on acid clay in the synthesis of triindolylmethanes leads to
better selectivity toward symmetrical compounds (Table
93).665

The preparation of bis-indolizines under solvent-free
conditions can be achieved in good yields (81—93%) by
reacting 4,4'-bipyridinium diquaternary salts with acetylene
carboxylates on potassium fluoride supported alumina under
MWI1.5%6 As an example of indolic compounds, 3-carbolines
can be prepared by microwave-assisted Pictet—Spengler
reaction of tryptamine or tryptophan derivatives with alde-
hydes supported on silica gel or by Bischler—Napieralski
cyclization of N-formyltryptamine or N-acetyltryptamine.®’
Spiroindoline-1,4-dihydropyridines were reported to be
prepared in excellent yields (78 —97%) through the conden-
sation of isatins, primary amines, ethyl cyanoacetate, and
cyclohexanone on montmorillonite K-10 under microwave
irradiation. %%

6.2. Reactions in Aqueous Media

Regarding the synthesis of the indole heterocyclic
structure, a study was recently presented in which the
properties of water between 200—300 °C were explored,;
these conditions are generally known as near-critical water
(NCW). Water at these temperatures has properties that
maybe considered more favorable for organic synthesis.
It has a density and polarity similar to those of acetonitrile
at room temperature; furthermore, the dielectric constant
of water drops rapidly with temperature and at 250 °C
has fallen from 78.5 (at 25 °C) to 27.5.%%° Another
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Scheme 154
H Me
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Scheme 155
CO,Et
\ L, © H20, 1t O
N/
N HJ\COQEt pH=7.0
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Table 94
HO
R, Ry
m X JOI\ NaH,PO,-Na,HPO, /Qf\coza
N R \
Ry N H™COEt 2 .
Me
entry Ry R, time (h) pH yield (%)
1 H H 4 7.1 67
2 Me H 4 6.8 84
3 H Me 4 6.8 70
4 H Cl 30 6.8 62
Scheme 156

Demethylasterriquinone B1

important particularity of water at these temperatures is that
the ionic product (dissociation constant) increases consider-
ably. At 250 °C, this constant has increased by 3 orders of
magnitude compared with the room temperature value.
Therefore, NCW can act as an acidic, a basic, or an
acid—base catalyst.®®

Taking advantage of NCW properties and combining it
with microwave-assisted technologies, Kappe et al. succeeded
in the preparation of 2,3-dimethylindole (Scheme 154).56°
The reaction of phenylhydrazine and butanone at 270 °C
resulted in complete conversion of phenylhydrazine and 64%
isolated yield of 2,3-dimethylindole.®%°

The N-methylindole reacted with ethyl glyoxylate afford-
ing the 2,2-bis(indolyl) product, which resulted from a double
addition to the carbonyl reactant (Scheme 155).2%?

Different indoles were submitted to this transformation
affording reasonable to excellent yields of alkylated products.
This reaction series was carried out using a buffer solution
of 1 M NaH,PO,—Na,HPO, (Table 94).2%

In a recent report, with the final objective of synthesising
biologically active molecules such as the insulin mimetic
demethylasterriquinone B1 (Scheme 156), Li et al. disclosed
the direct coupling of indole compounds with 1,4-benzo-
quinones. This transformation was achieved with remarkable
success without the use of any catalyst, additive, or organic
solvent.67

The reaction of 2-methylindole proceeded with a consider-
able water acceleration effect even though the reactants were
incompletely solubilized compared with homogeneous or-
ganic systems. This observation is in line with previously
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Table 95
%\ . Solvent
N~ Me rt, 10 h
H
@]
entry solvent yield (%)
1 CH,Cl, 13
2 CH,CN not detected
3 Et,O not detected
4 THF not detected
5 toluene traces
6 C,HsOH 38
7 THF/H,0 (1:2) 55
9 H,O 82

reported “on water” effects (Table 95). According to the
authors, it is possible that one of the reactants is slightly
soluble in water and this reacts with the insoluble reagent
on the surface of the solid. This suspension proved to be
beneficial for the final reaction outcome, and the addition of
an aqueous solution of LiCl (2.5 mL) or glucose (1 M in
water) neither changed the yield obtained in water nor
accelerated the reaction.®™

A detailed study covering an extensive array of substrates
was conducted by the authors, after which the methodology
was applied to the synthesis of target molecules. The second
coupling in water was achieved in moderate to high yields
(68—92%) for all the substrates tested (Scheme 157).67

Indolizines are the key intermediates for a broad range of
biologically important alkaloids. The methods used in their
preparation are classified mainly as condensation and 1,3-
or 1,5-dipolar cycloadditions. The second method is widely
used and based on the reaction of pyridinium ylides with
electron-poor alkenes and alkynes.

The preparation of indolizines in water was recently
disclosed by Liu et al. using a multicomponent coupling/
cycloisomerization catalyzed by gold(111).6* The authors
proposed a mechanism based on a gold-catalyzed three-
component coupling via a Mannich—Grignard reaction
followed by nucleophilic attack of the nitrogen lone pair to
the activated triple bond. Deprotonation followed by de-
metalation afforded the desired indolizine. This methodology
rapidly provided access to substituted aminoindolizines in
moderate to good yields (Scheme 158).

6.3. Reactions in PEG or PEG Tag Approaches

The tetrahydro-/3-carboline nucleus is found commonly in
a large number of tryptophan-derived natural product alka-
loids. These classes of heterocycles could be readily obtained
by a cyclocondensation of tryptophan with several aldehydes
and ketones (Pictet—Spengler reaction). Sun et al. shown
that it was possible to prepare a large library of these classes
of compounds using soluble-PEG-phase synthesis in high
yields (generally above 90%, Scheme 159). Interestingly, the
traditional excess of trifluoroacetic acid was not required to
promote this transformation. For these polymer-supported
target molecules, catalytic amounts of p-TSA were enough.
After cleavage from the soluble support the desired hetero-
cycles showed good purity (>70%).52

Chen et al. reacted BrCH,COBr with PEG (MW = 3400)
and pyridine to obtain polymer-supported pyridinium ylides.
The respective target molecules were prepared in high yields
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(>80%, after cleavage) in the reaction with a,/3-conjugated
alkenes (Scheme 160).57 If quinolinium ylides were prepared
instead of pyridinium vylides, a library of pyrrolo[1,5-
aJisoquinolines could be obtained, though in moderate yields
(50—80%, after cleavage).5"

6.4. Reactions in lonic Liquids

The efficient regioselective alkylation of the ambident
nucleophiles indole is usually achieved by preformation
of the ambident indolyl anions®”® and subsequent treatment
with alkyl halide. In 1998, Seddon et al.®”® described the
possibility to use ILs [bmim][PF¢] and [bmim][BF,] as an
attractive clean synthetic alternative to classic dipolar aprotic
solvents for alkylation of ambident nucleophiles. The reaction

Candeias et al.

Solvent
rt, 24 h
92 %
1 R!
| \N,RZ
N MNoge .
= i A _-H' AN
N / +HY N
R3 R3

Ph
_ —\ ~ Ph
N_~ N\_/N \ N

3h,65 %

of indole with simple alkyl halides such as EtBr, BuBr, or
Mel at room temperature was performed in IL [bmim][PFe]
using solid KOH as base, and the N-alkylated product was
obtained almost exclusively in high yields (=91%). This
simple methodology has been described with some advan-
tages including the ease of product isolation, the regiose-
lectivity, and the potential for recycling. The Fisher indole
synthesis of different cyclic and acyclic ketones®”7¢78 has
been tested using 1-butylpyridinium chloride—AICl; (molar
ratio 23:67) as solvent as well as catalyst (Table 96).57° The
use of chloroaluminate ILs is an efficient alternative to
catalytic reaction conditions such as ZnCl,,%° hot polyphos-
phoric acid (PPA),%! or PCI;%2 in organic solvents.

The amount of AICI; required in the IL method is much
lower than that of other reported catalysts like PPA and
ZnCl,. The versatility of this type of reaction has been
demonstrated and applied in the synthesis of a number of
biologically active natural and synthetic products including
essential amino acids and antioxidant compounds.58?

Jenkins et al.®** observed the exclusive formation of 2,3-
disubstituted indoles in high yields by the Fisher indole
synthesis using 1 equiv of the IL choline chloride-2ZnCls,.
The corresponding products were isolated directly by vacuum
sublimation from the selected IL. In the case of unsym-
metrical dialkyl ketones, regiospecific formation of a single
product was observed arising from the formation of the more
substituted enamine intermediate.

Electrophilic fluorination of indoles has been performed
using ILs as solvent with high chemoselectivity and yields



Sustainable Synthesis of N-Heterocycles

Chemical Reviews, 2009, Vol. 109, No. 6 2775

Table 96
R,
N LT e
—_———
" NHNH, CHzR, N R
H 1
entry R ketone indole time (min) yield (%)
1 H acetophenone 2-phenylindole 60 73
2 H butan-2-one 2,3-dimethylindole 40 80
3 H propiophenone 2-phenyl-3-methylindole 180 80
4 H cyclohexanone 1,2,3,4-tetrahydro-indole 35 92
5 H phenylacetone 2-methyl-3-phenylindole 40 44
6 H 4-methylacetophenone 2-(4-tolyl)indole 60 42
7 H 4-chloroacetophenone 2-(4-chlorophenyl)-indole 180 41
8 p-CHs acetophenone 2-phenyl-5-methylindole 60 78
9 p-CHs butan-2-one 2,3,5-trimethylindole 45 90
10 p-CHs cyclohexanone 1,2,3,4-tetrahydro-6-methyl-carbazole 30 90
11 p-Cl cyclohexanone 1,2,3,4-tetrahydro-6-chloro-carbazole 35 92
Scheme 161 increase of the amounts of catalyst. The catalytic activity of

Me FMe

@ Selectfluor (3 eq.) Cfgzo
> N =
N CH4CN/2-propanol (1/1) L R=Me, 96%

R R R=Bn,66%

observed.%® The best conditions described require the use
of commercial Selectfluor and ethanol or methanol as
cosolvent in order to minimize the protonated corresponding
oxoindole (Scheme 161).586:687 When applied to N-alkylated
compounds, the use of 2-propanol led to high transformation
into the desired fluorinated product, especially for the
N-methyl substrate.

Substantially different results were observed in the pres-
ence of thiols.®® When only 2 equiv of thiol is used, the
fluorinated oxoindole is obtained in 63% yield, while the
reaction stopped at the intermediate thio-substituted indole
species in good yield (92%) if an excess of thiol was added
(Scheme 162).

Yeung et al. developed a practical and convenient protocol
for the Friedel—Crafts-type acylation of the C3 position of
indoles that is promoted by acidic imidazolium chloroalu-
minate ILs (Scheme 163).588 This methodology appears to
be more general for less electron-rich indole ring systems,
allowing good to high yields and no side products of over
acylation observed.

It can be applied to the preparation of multiple-point
pharmacophores of indoles substituted at different positions
with versatile functionalities (e.g., CN, NO, CO,H, Br, C=0,
anisole, furan, and enolizable a-protons), which can lead to
considerable chemical diversity.

Efficient electrophilic substitution reactions of indoles with
several aliphatic and aromatic aldehydes proceed smoothly
in ILs using Lewis acids such as In(OTf)s, InCls, BiCls,
ZnCls, and YbCI to afford the corresponding bis(indolyl)-
methanes in high yields.58° Using [Cgmim][PFe] as the best
IL and In(OTf); as catalyst obtained the highest catalytic
activity, and the reaction was completed in 15 min with 96%
of yield (Table 97). When a weaker Lewis acid such as ZnCl,
was used, it always required longer reaction times and an

Scheme 162
Me
@ Selectfluor (3 eq.)
| 4 >
N CH3;CN/PhCH,SH(1/1)

1,4 benzoquinone

In(OTf);3 in IL gradually decreased in the second and third
cycles, and no product formation was observed in fourth
cycle. However, new addition of catalyst in the recycled IL
allowed a performance similar to the one obtained in the
first cycle.

More recent, Ji et al. described a green alternative protocol
for electrophilic substituition reactions of indoles with several
aldehydes using acidic task-specific ILs to afford the corre-
sponding bis(indolyl)methanes in excellent yields.®® The
cause of this phenomenon may be explained by the acidity
of these ILs. The best results were obtained with IL
[Csmim][HSO,] as catalyst and ethanol as solvent. This
catalytic system can be reused at least five times without
considerable loss of activity (Table 98). The authors tested
this methodology using several aromatic and aliphatic
aldehydes, which reacted smoothly with indole in high yields
(80—99%). The reaction is highly chemoselective, reacting
only with aldehydes but not with ketones.

Cheng et al.5* first reported the reaction of indole with
aldehydes and ketones in ILs using dysprosium triflate,
Dy(TfO);, as the catalyst instead the lanthanide triflate
normally described as useful and efficient for many electro-
philic substitution reactions of indole with a variety of
carbonyl compounds and imines. Initially the authors per-
formed the reaction of indole with hexanal as model reaction
using IL [bmim][BF4] and 2 mol % Dy(TfO); affording the
desired bis-indolyl product in 95% of yield in 1 h (Table
99). In comparison, the same reaction conducted in aqueous
ethanol with 10 mol % Dy(TfO); only yielded 84% after
24 h.5%2 This process could be applied to a variety of aromatic
and aliphatic aldehydes and ketones in high yields (76 —98%)
and short reaction times. The use of IL methodology allows
the product to be easily separated from the catalyst as well
as the reuse of the catalyst several times with reduced loss
of catalytic activity.

Similarly, the reaction of indole with N-benzylidene aniline
was analyzed in the presence of Dy(TfO); (5 mol %) as
catalyst and IL [bmim][BF,] as solvent. The reaction was
completed after 10 h at room temperature affording a
secondary amine 3-(phenylamino benzylidene) indole as

Me
Ph—
| S S-S
N “ph \—Ph
92%
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Scheme 163
0
o R
R, ®+ ]l temimI[CI-X(ACI) SNA
N CI”R A
H rt Z N
H 38-87 %

R, = NO,, Cl, CN, F, Br
R= Me, Ph, CGH4OMe, CsH4NO2, COZH

Candeias et al.

Table 98
entry IL catalyst (mol %) solvent  time (h) yield (%)
1 [Csmim][HSO4] (20%)  THF 22 99
2 [Cemim][HSO,] (20%) DMF 40.5 99
3 [Cemim][HSO,] (20%) DCM 7 89
4 None MeCN 133 0
5 [Cemim][BF4] (20%) MeCN 138 0
6 [acmim][CI] (20%) MeCN 72 70
7 [Cemim][HSO,] (20%)  MeCN 9 99
8 [Cemim][HSO,] (20%)  MeOH 1 90
9 None EtOH 72 0
10 [Cemim][BF4] (20%) EtOH 50 0
11 [acmim][CI] (20%) EtOH 47 74
12 [Cemim][HSO,4] (20%)  EtOH 25 96
13 [Cemim][HSO,] (10%)  EtOH 3 96 (1st)
4 93 (2nd)
5 99 (3rd)
6 98 (4th)
8 99 (5th)
10 96 (6th)
14 [Cemim][HSO,] (5%) EtOH 35 99
15 [Cemim][HSO,] (1%) EtOH 6 96

Table 97
Cl
lonic Liquid
|1+
N In(TfO),
H CHO
P Lewis acid time ield
entry ionic liquid (mol %) (min) y(%)
1 [omim][PFe] In(TfO)3 (5) 15 89
2 [Cemim][PFe] In(TfO)3 (5) 15 95
3 [Cemim][PFe] In(TfO)3 (5) 15 96 (1Lst)

2880 87 (2nd)
2880 42 (3rd)
2880 0 (4th)

5 [bmim][BF] In(TfO)s (5) 15 81
6 [Cemim][Cl] In(TfO)s(5) 720 0O
7 [Comim][PFe]  YCls (5) 20 87
8 [Cemim][PFe]  BICls (10) 90 93
9 [Cemim][PFe]  InCl, (10) 60 71
10 [Cemim][PFdJ  znCl, (10) 420 79

desired product (30%) and phenyl bis-indolyl methane as
the byproduct (45%) (Table 100). Compared with the same
reaction in EtOH/H,0, the reaction in IL showed an enhanced
reactivity but with the formation of a byproduct, bis-indolyl
methane. The IL [bpy][BF4] gave the best results in terms
of yield and secondary indolyl amine produced. For all
imines tested using Dy(TfO); as catalyst in IL [bpy][BF4],
the reaction afforded secondary indolyl amines with moderate
yields, along with significant amounts of byproduct bis-
indolyl methanes.

Yadav et al.5% have described a clean and efficient method
for the conjugate addition of indoles to a,/3-unsaturated
ketones in the presence of copper(ll) triflate (10 mol %)
immobilized in IL [bmim][BF,4] as a novel and recyclable
catalytic system (Scheme 164). The enones showed enhanced
reactivity in ILs thereby improving the yields (82—95%) and
reducing the reaction times (2—6 h) significantly. The
recovery of the Cu(OTf), catalyst was facilitated by the
presence of the IL for five cycles without loss of activity.

6.5. Reactions in Fluorinated Fluids

The fluorous liquid-phase extraction (F-LPE) approach has
been used elegantly by Curran et al. for tin radical chemistry
based on the synthesis of highly fluorinated tin hydrides,
which present high affinity for the fluorous phase, allowing
the recovery of tin-based products, which are toxic and
difficult to separate. In Table 101, one example of application
of this methodology for the synthesis of aniline derivatives
by 5-exo-trig cyclization using the catalytic tin hydride
approach is presented.%

Chich et al. extended the use of fluorous aryl selenyl
chloride to the important formal dehydrogenation of carbonyl

compounds to their a,/-unsaturated derivatives. Treatment
of the crude reaction mixture with sodium metabisulfite
allows the formation of toxic fluorous diaryl diselenide,
which can be efficiently recovered by continous fluorous
extraction.®% This approach has been applied to the synthesis
of pyrrolo-indole described in Scheme 165.

Starting from fluorous L-o-amino esters, Sun et al.
synthesized 15 analogues of pharmacologically active tet-
rahydro-/3-carbonylhydantoins starting from fluorous Boc-
protected L-tryptophan ester (Scheme 166).6%

Kondo et al. described a fluorous sulfonamide as an
effective protecting group for the synthesis of a range of
bisindoles from fluorous indolylboron and dihaloaromatics
via palladium-catalyzed coupling reaction. In Scheme 167,
one example is presented in which the product was isolated
by F-SPE.® The authors extended the fluorous indole unit
to a-lithiation and reaction with different aldehydes.®® This
methodology was efficiently explored for the synthesis of
the bis(indole) alkaloid yuehchukene in six steps in which
F-SPE was used in three steps (Scheme 168).

7. Benzo-Fused Six-Membered Rings

7.1. Containing One Nitrogen Atom
7.1.1. Solvent-Free Reactions

The most used method for the synthesis of quinolines is
probably the Friedlander condensation. This method can be
applied to solvent-free conditions using several substrates
as well several catalysts or even without catalyst. Further-
more, it can be used under microwave irradiation or
conventional heating. For instance, the preparation of
polysubstituted quinolines can be successfully achieved in
85—96% vyields at 100 °C or under MWI conditions by
condensation of 2-aminoarylketones or 2-aminoarylaldehydes
with ketones or aldehydes in the presence of p-TsOH (1
equiv) (Scheme 169). Although several acids can be used,
p-TsOH proves to be very efficient concerning the extent of
reaction and simplicity of work-up procedure.®® In the same
way, sulfuric acid can be used as catalyst in the microwave-
assisted synthesis of quinolines’® or can be supported on
silica and used as catalyst in the reaction driven by
conventional heating.”®* Recently, Zolfigol and co-workers
reported a method where silica sulfuric acid was used as
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Table 99
Ry R,
o)
Dy(TfO)s
- — L )
N 1 2 solvent N N
H rt H H
entry Ry R Dy(TfO); (mol %) solvent time (h) yield (%)
1 n-hexyl H 10 EtOH/H,0 (2:1) 24 84
2 n-hexyl H 2 [bmim][BF,] 1 95 (1st)
94 (2nd)
92 (3rd)
91 (4th)
91 (5th)
90 (6th)
3 n-hexyl H [bmim][BF,] 1 a
4 n-hexyl H 2 [bmim][BF,] 1 88
5 n-hexyl H 2 [bpy][BF4] 1 89
6 phenyl H 2 [bmim][BF,] 1 98
7 p-CICsH, H 2 [bmim][BF4] 1 92
8 p-MeOCgH, H 2 [bmim][BF4] 1 99
9 methy! methy! 10 EtOH/H,0 (2:1) 24 76
10 methyl methy!l 5 [bmim][BF,] 24 96
11 methyl methyl 5 [bmim][PFs] 24 94
12 methyl methyl 5 [bpy][BF4] 24 98
13 pentyl pentyl 5 [omim][BF,] 24 96
14 phenyl methyl 10 [bmim][BF4] 24 88
2No reaction.
Table 100
Oy
N Dy(TfO)s
H 4 _ = R,
R, \ solvent, rt N/©/ .
714 N
product byproduct
entry Ry R, Dy(TfO); (mol %) solvent time (h) product (%) byproduct (%)
1 H H 10 EtOH/H,0 (4:1) 24 57 12
2 H H 5 [bmim][BF,] 10 30 45
3 H H 5 [bmim][PFq] 10 30 55
4 H H 5 [bpy][BF] 10 47 45
5 H H [bpyl[BF4] 10 a
6 cl H 5 [bpY][BFa] 10 43 42
7 cl cl 5 [bpy][BF.4] 10 53 37
8 CHs cl 5 [bpy][BF.] 10 48 52
9 CHs OCHj 5 [bpy][BF] 10 37 45
@No reaction.
Scheme 164
° R
Rs ¢
0
A Cu(Tfo
()R o M 000
R I [bmim][BF 4] P 2
Ry
. . . . Table 101
catalyst of this reaction under MWI, resulting in the 1) Catalytic tin hydride
formation of the desired quinolines in good to excellent yields I~ reduction, -BuOH
(75—94%), for a wide range of ketones used.”® If diketones _
are used as the carbonyl compounds, NaHSO,—SiO, and gbz 2) Separation zbz

trifluoracetic acid were observed to be good catalysts for the _ _ _ :
formation of quinolines after 1 h or 7—15 min, respectively, entry tin hydride separation yield (%)

at 100 °C.7%37% |n the case of the microwave-induced version 1 (C4F4CH,CH,)3SnH liquid—liquid 91

of Friedlander condensation, diphenylphosphate also proved g ggsllzmcCHHzccHHzccHH;)ssSLH :!qu!g—:!qu!g gg
i i i 4FoCHCH,CHo)sSn iquid—liqui

to be effective for the condensation of acetophenones with 2 (CaFCH.CH.CH)SnH solid—liquid 75

2-aminoacetophenone or benzophenone.”®
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Scheme 165
1) THF, Diselenide (1 eq), rt;
CO,Me  2) H,0y; 3) Na,S,05
N'H coMe  gFLPE
PMPO,S
Scheme 166
(o] ,R2
i I8
OR' 1) TFA, CH,Cl, N0
Y NHBoc N
N 2) RCHO, CHCl;, MW N R
H 3) RZNCO, TEA, CH,Cl,, F-SPE H

R, R? = aryl, alkyl
15 examples, 80-92%

A modified version of this reaction can be also employed
for the synthesis of these compounds. The coupling of
2-amino benzyl alcohol with ketones can be catalyzed by
[IrCl(cod)], or even by IrCl; in the presence of a base and
a catalytic amount of PPh; (for yield improvement) at 100
°C.7 Analogously, RuCl,(DMSO), was recently reported
to catalyze this reaction; furthermore, primary and secondary
alcohols can be used as ketone or aldehyde electrophilic
partners in the presence of KOt-Bu. The high activity of this

Candeias et al.

(o),

Diselenide

ruthenium complex was attributed to the excellent activity
both as a hydrogen-transfer catalyst and as a Lewis acid,
and benzophenone is needed for the regeneration of the active
complex.”’

A one-pot procedure for the synthesis of 2,4-disubstituted
quinolines through the use of montmorillonite clay impregnated
with 30 mol % copper(l) bromide has been developed. This
procedure affords the desired quinolines in good to excellent
yields under conventional heating or MWI by cyclization of
terminal alkynes with generated in situ aromatic imines (Table
102).7%® Similarly, 2-pentafluorophenyl-substituted quinolines
can be obtained by this procedure under MWI by reacting
pentafluorobenzaldehyde, anilines, and alkynes in presence
of montmorillonite clay impregnated with 30 mol % of
CuBr."® Another one-pot procedure for the synthesis of
polysubstituted quinolines by microwave induction involves
the condensation of anilines and a- or B-monosubstituted
alkyl vinyl ketones on the surface of silica gel impregnated

Scheme 167
SOAr
Br lll
N >§L EtO,C
MeO—¢ N Q 1) Pd(PPhg)y, ThCO3,
=N + B-O benzene, 80 °C 7 N\
MeO
) N\ CO,Et =N
N , 2 2) F-SPE
S0,Ar SO \
N
|
SOAM 98%
Scheme 168
1) MeslLi, Et,0, -40 oC IBX, DMSO
g -4
N 2) rt, 24 h O A
F-Tag OHC F-SPE N O
F Tag F-Tag
-78°Cto0°C 67 % 92 %
BF;.OEt,
benzene
80°C
indole
BF;.0Et, DIBALH, THF
Et,0,0°C 0°C
F-SPE F-SPE
R=F-Tag quantitative
S0,
TBAF,
i [o]
dioxane, 80 °C F-Tag =
CeF17
R=H yuehchukene

55 %



Sustainable Synthesis of N-Heterocycles

Scheme 169
| o, Rs p-TsOH N Ny Re
0w NH MWI or A ‘/ = =

R1 2 O R4 or R1 N R4

(22 examples)

with indium(111) chloride (30 mol %)."*%™! In case of
halogenated quinolines, 7-chloro-6-fluoro-quinoline deriva-
tives have been synthesized and modified through the use
of microwaves and alumina as support. For instance, the
introduction of a thiadiazole or oxadiazole in position 6 of
the halogenated quinoline can be achieved in good yields.”*?
Recently, using SnCl,+2H,0 as reductant, 2-aminoarylalde-
hydes were replaced by 2-nitroarylaldehydes in the microwave-
induced condensation with enolizable ketones.”*® Analo-
gously, S-nitrovinylcarbazole derivatives can react with
2-aminoacetophenone at 40 °C in the presence of DABCO
in order to synthesize 3-(3-nitroquinolyl)carbazoles. Through
this procedure, 3-chromenylcarbazoles can also be synthe-
sized if 2-hydroxybenzaldehyde is used as the nucleophile.”*

For the preparation of styrylquinolines derivatives, an
efficient protocol was developed for the microwave-induced
reaction without the use of any inorganic support (Table 103).
Starting from quinaldine derivatives with 2 equiv of aryl
aldehyde, the desired product can be obtained in good yields
and only 4 min of reaction time. This procedure allows the
use of smaller quantities of aldehyde, since in the conven-
tional heating reaction 6 equiv of aldehyde was needed to
achieve the same results in 5 h.”

Several annulated quinoline derivatives such as quinoliz-
ine-, indolizine-, and pyrido-1,4-oxazine-fused quinolines
were recently prepared through a three-component reaction.
The reaction consisted in the condensation of equimolar
amounts of 2-chloro-3-formyl quinolines, a cyclic amine, and
an alkyl nitrile at 110—120 °C for 5 h (Table 104). This
method was seen to be suitable for the preparation of these
types of compounds but with a spirocyclic ring system if
the nitrile was substituted by barbituric acids.”¢

The preparation of quinophthalones can be achieved
through the condensation of anhydrides and quinoline
derivatives by microwave irradiation in presence of silica
gel as catalyst. This inorganic support proved to be the best
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among others (alumina, montmorillonite K-10 clay) yielding
the desired compounds in good to excellent yields (Table
105).*7 A fused imide with a quinoline ring can also be
prepared under MWI and solvent-free conditions by reaction
of a fused quinoline anhydride with a primary amine in wet
K-10 clay,”® while the quinoline-related acridines can be
obtained by reaction of dicarboxylic acids or arylacetic acids
with diphenylamine in a microwave oven, with zinc(Il)
chloride in high excess.”®

For the preparation of dihydroquinolines, there are three
methods that can be successfully employed. In parallel with
the synthesis of quinolines by condensation of anilines and
alkyl vinyl ketones on the surface of indium immobilized
on silica gel, the use of S-disubstituted carbonyl compounds
can lead to the formation of dihydroquinolines in reasonable
yields under microwave irradiation.”® Under conventional
heating conditions, 3-nitro-1,2-dihydroquinolines (Table 106,
entries 1—6) and also 3-nitrochromenes (Table 106, entries
7—12) can be prepared by reaction of conjugate nitroalkenes
with 2-aminobenzaldehyde or salicylaldehyde, respectively,
using 1 g of y-alumina per millimole of substrate (Table
106).7° More saturated quinolines like octahydroquinoline
can be prepared by microwave-induced reaction of Mel-
drum’s acid, dimedone, ammonium acetate, and an aromatic
aldehyde without the use of any inorganic support.’
Recently, bismuth triflate was reported to be a suitable
catalyst for the room-temperature preparation of 2,2,4-
trimethyl-1,2-dihydroquinolines through the condensation of
2,2-dimethoxypropane with aryl amines. Despite good yields
in the formation of dihydroquinolines (82—90%), the use of
o-phenylenediamines led to the exclusive formation of 1,5-
benzodiazepines (81—92%).7%2

An efficient procedure for the preparation of quinolones
or 4H-1,4-benzothiazines through microwave-induced cy-
clization of SN-acetals with potassium carbonate can be used
affording the desired compounds in good to excellent yields
(Scheme 170).73

Quinolones can be prepared by a more interesting sequence
of three steps in a completely solvent-free synthesis. The
first step consists of the formation of an alkoxymethylene
derivative by microwave-induced condensation of triethyl
orthoformate with an activated methylene derivative. After
reaction of the alkoxymethylene with an aromatic amine in

Table 102
Ry R
R4 NH, o Cu(l)-l\'\llllownltmorillonite Rs § i
+ . 7 orA
Ry Ry Ar)J\H Rs// z
R, R; N~ Ar
R4
yield under yield under
entry Ry R Rs R Ar Rs MWI (%) conventional heating (%)
1 H H H H Ph HOCH,CH, 92 89
2 F H F H Ph HOCH,CH, 89 85
3 H H H H 2,5-(Me0),C¢Hs HOCH,CH, 90 87
4 F H F H 4-FCgH, HOCH,CH, 87 81
5 H H H H 2,5-(Me0),C¢H3 HOCH, 92 90
6 H H Me H 4-FCgH, HOCH;, 88 83
7 H Cl F H Ph HOCH;, 86 80
8 H H MeO H 2,5-(Me0),CsHs HOCH, 91 87
9 H MeO MeO MeO Ph HOCH, 93 89
10 H H H H 4-BrCeH, HOCH, 85 82
11 H H Me H Ph HOCH, 89 86
12 H MeO MeO MeO Ph Ph 92 89
13 H H Me H Ph n-Bu 75 71
14 H Cl F H 4-FCgH, HO-(CH,)s 89 85
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Table 103
B
Ry P
N
entry
1 8-CO,H 2-Cl 75
2 8-CO,H 2-OH 73
3 8-CO,H 3-Br 65
4 6-CO,H 2-OMe 59
5 5-CO,H 2-OH 70
6 5-CO,H 3-Cl 72
7 6-COH 2-OH 75
8 7-COH 3-Cl 30
9 5-CO,H 2-Br 76
10 5-CO,H 2-OMe 75
11 5-CO,H 3-OMe 80
12 7-CO,H 2-OMe 63
13 7-CO,H 2-OH 62
14 5-CO,H, 8-CO,H 2-OMe 82
15 6-CO,H 4-OMe 78
16 5-CO;H, 8-CO,H 3-Cl 75
17 6-CO,H 2-Br 75
Table 104
(@]

R R 110-120 °C,
1 B 56h
L o O
“ X
N™ Cl

CN
Ry AN R,
NN
X
/
entry Ry R, X yield (%)
1 H Me (CH2)2 54
2 Me CN CH, 57
3 OMe CN CH; 52
4 H CO,Et (CH,)2 45
5 H CN CH, 58
6 Me CN CH, 60
7 OMe CN CH, 55
8 H CO,Et CH, 45
9 H CN OCH, 51
10 Me CN OCH, 58
Scheme 170

KoCO3 MWI
—_—

H
MeSE[N\O X CN
X
X7 CN N I
O

| 79-94 % yield =
/ X
R1 R2
X=CO; SO,
R1= H; 4-Cl; 3-Cl

Ry=H; 4-MeO; 3-MeO; 2-MeO; 4-Cl

a microwave oven, in order to prepare the disubstituted
aminoethylene, it can be submitted to cyclization under
conventional heating (380 °C) by the Gould—Jacobs reac-
tion’* or in a microwave oven after immobilization on acidic
alumina’® (Scheme 171). Employing this acidic alumina,

Scheme 171

(CO,C,H5),CH, C,Hs0
MWI ]\ PhNH,
+ MW

HOOCHg,  C2Hs02CT COLCHs

Candeias et al.

Table 105
R, R, 0]
‘\ X . ‘\ X o silica gel, MW
& N/ =
(0]
entry R
1 H H
2 H 4-Cl
3 H 5,6-(CO00C), 94
4 H 5,6-(CO,;Me), 91
5 4-Me H 85
6 4-Ph H 87
7 3-HO H 86
8 3-HO 4-Cl 85
9 6-Me H 93
Table 106
CHO
NO.
SIS EC N o o
XH 1.5-3h X" R
entry R X reaction time (h) yield (%)
1 n-C4Hg NH 15 71
2 n-CsHyy NH 15 75
3 Ph NH 15 85
4 4-ClCgH, NH 15 72
5 c-CgHyy NH 15 55
6 Ph(CH,), NH 15 60
7 Ph O 3 83
8 n-CsHq 0 3 81
9 n-CsHyy O 3 82
10 Ph(CH,), O 3 75
11 4-CNCgH4 O 3 72
12 3-MeOC¢H4 O 3 72

the 7-chloro-6-fluoro quinolone derivative can also be reacted
under microwave irradiation with thiadiazole or oxadiazole-
2-thiols to introduce this substituent in the 7-position of the
ring.”>

The saturated quinolone regioisomers, 4-hydroxyquinoli-
nones, can be obtained by reaction of aniline derivatives with
malonic ester derivatives in a microwave apparatus. For this
procedure, the use of anilines with electron-donating sub-
stituents is advised, and the reaction should be performed in
an open vessel in order to allow the alcohol formed during
the condensation reaction to escape.’?

With microwave irradiation, 2-aminochalcones can be
cyclized to afford 2-aryl-tetrahydroquinolones in good to
excellent yields (62—88%) (Scheme 172). For this reaction,
montmorillonite clay’®’ or silica gel impregnated with Lewis
acid indium(I11) chloride™® should be used as inorganic
support. Under conventional heating (140—150 °C), this
reaction was observed to occur in good yields (70—92%)
when silica gel supported TaBrs was used.”?® Recently,
alumina-supported KF and alumina-supported

O

Ph\N/\/COZCZH5 ©fj/C02C2H5
—
H Co,c,Hs 380°C N

H
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Scheme 172
R
s R H ~ /|
K-10 Clay or
NH, | InCl3-SiO, N =
o}
(0]
Table 107
o] Ry
NH4OAc, K-10 clay
HO~ HNJ(NHz HO MW, 6-10 min
+ H R3
OH R, Ie}
Ry
0 Ry
(6]
HO o :<N
NH,
OH R,
reaction time yield
entry R1 R, R3 (mm) (%)
1 OH H H 8 71
2 OH H Br 10 80
3 OH H Cl 6 77
4 OH OMe H 8 73
5 OH H NO, 6 75
6 H H H 8 68
7 H H Br 8 72
8 H H Cl 10 74
9 H OMe H 8 69
10 H H NO, 10 76

CeCl3-7H,0—Nal were reported to be better catalysts since
the reaction temperature can be lowered from 150 to 70 °C.™¥°

After the microwave-catalyzed Friedldnder condensation
was reported,®® Wang et al. observed that through the use
of higher power (450 W instead of the previous 300 W),
2-quinolones were preferentially formed under the reaction
conditions. Cerium chloride heptahydrate was observed to
be the best catalyst for this transformation resulting in the
formation of 2-quinolones in excellent yields (85—91%)
starting from several types of esters such as /-ketoesters,
ethyl cyanoacetate, and diethyl malonate.”!

After the observation that montmorillonite K-10 clay was
an efficient inorganic support for the three component
reaction of substituted salicylaldehydes, N-substituted ureas
or carbamates, and ammonium acetate,”? 4-aminobenzox-
azinone N-nucleosides were prepared following a facile
procedure that consisted of the microwave irradiation of a
mixture of ribosyl or deoxyribosylureas and salicylaldehydes
with ammonium acetate in the presence of montmorillonite
K-10 clay (Table 107). The authors claimed that the
efficiency of the microwave irradiation should arise from
the formation of a dipolar activated complex, since under
conventional heating conditions the yields are much lower.”

7.1.2. Reactions in Aqueous Media

Quinolines are another important heterocyclic unit with
wide occurrence in natural product structures. Wang et al.
reported in a recent work the synthesis of substituted
quinolines in water. This method relies on a simple Fried-
lander reaction of 2-aminoarylketones or 2-aminoarylalde-
hydes with carbonyl compounds in the presence of hydro-
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Table 108
Ry R,
R, R
NH, O Rs HO N Rs
R R

T

F
O L
Br o
- e @f
mines:
ST L
B¢
NHp A B

Entry Ketone Amine Conditions Yield (%)
(o] (o]
1 A 60°C, 0.5 h 96
OEt
(o] (@]
2 /\)J\/u\ A 60°C, 1.5 h 92
OEt
0o o©
3 )]\/[J\ A 60°C, 0.5 h 94
0
4 é A 60°C, 1.0 h 91
0
5 é A 60°C, 1.0 h 91
0
6 d A 60°C, 0.5 h 93
o
0
7 7@ A 60°C, 0.5 h 95
o}
o o
8 /u\/u\ B 60°C, 1.0 h 92
0
9 é B 60°C, 5.0 h 85
0
10 é B 90°C, 2.0 h 92
o)
11 ii B 60°C, 0.5 h 94
o)
O
12 7@ B 60°C, 0.5 h 95
o}
(o] (0]
13 )]\/U\ c 90°C, 1.5h 92
0
14 é C 90°C, 6.0 h 90
0
15 ii C 90°C, 2.0 h 94
o)
0
16 7@ C 90°C, 2.0 h 95
0

chloric acid. As shown in Table 108, this method proved to
be highly efficient to synthesize a variety of quinoline
structures.”*
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Scheme 173
Ph O
\d\ O Z(NOy), 10 mol % _ C! S
water, reflux
N
90 %, 30 min.
Other
Examples
Ph o Ph O Ph O
N N N
94%,3h 84%,35h 98 %, 25 min.
Ph O Ph O Ph O
N N N
86 %, 6h 98 %, 30 min. 90 %, 40 h
Ph
T
N
95%, 8 h

cN o OH ©
@[ + Zr(NOg)s, 10 mol % Cl\(m

NH

2 N
80%, 10 h

The Friedlander reaction is still one of the most popular
methods to prepare quinolines and involves the condensa-
tion of o-amino benzophenone with ketones or S-dike-
tones. Zolfigol et al. recently disclosed the preparation of
quinolines in water via the Friedlander annulation cata-
lyzed by Zr(NOs), (or the Lewis acid Zr(HSO,4), was
shown to be also quite effective) (Scheme 173).7%7%¢ The
annulation reaction was also accomplished using o-amino
benzonitrile and dimedone affording hydroxyquinoline in
good vyields.

1,2,3,4-Tetrahydroquinoline moiety is rather important
because it is present in various natural products. Furthermore
many 1,2,3,4-tetrahydroquinolines display a broad range of
biologically activity. With the goal of synthesising this

Candeias et al.

Scheme 174
N
o o \\O \ /
E’ ) —— w ovég\/c OH
n n
o}
/ H =
Tetrahydroquinolines HO \N \\|
R

]
In
SN

important class of heterocycles, Li et al. studied the InCls-
catalyzed domino reaction of aromatic amines with cyclic
enol ethers in water. This system proved to be a highly
efficient method to prepare 1,2,3,4-tetrahydroquinoline
derivatives.”"7® This transformation afforded the desired
products in moderate to high yields with a general preference
for the cis stereoselectivity (Table 109).7*® A tentative
mechanism for the InCl;s-catalyzed tetrahydroquinoline syn-
thesis in water was proposed and is presented in the Scheme
174.738

In subsequent work, Li et al. extended this methodology
using a domino reaction of aromatic amines with cyclic
hemiacetals. This fact constitutes an advantage over the
method previously reported because it eliminates the use of
limited availability cyclic enol ethers, Table 110.7%

The synthesis of these important molecules was achieved
in water without the use of a metal catalyst. Li et al. reported
the domino reaction of aromatic amines with cyclic enol
ethers over cation exchange resin (H® form) catalyst in water,
Table 111.740

A similar method was developed by Yadav et al. to prepare
chiral tetrahydroquinolines. p-Glycals rapidly undergo cy-
clization in water with aryl amines in the presence of an
equimolar amount of CeCls-7H,0—Nal at 80 °C. This
method afforded the desired tetrahydroquinolines in good
yields and high stereoselectivities, Table 112.74

The Pictet—Spengler reaction can be performed in aqueous
media and provides a useful method to prepare tetrahy-

Table 109
0 INCls
_< >_ + C 7
R NH, ( n/ O
n=1 n=2
entry R conditions yield (%) (syn/anti) conditions yield (%) (syn/anti)

1 H 50°C,10h 85 (62/38) rt, 48 h 85 (78/22)
2 CH, 50°C,10h 88 (57/43) rt,4 h 84 (81/19)
3 HsCO 50°C,10h 62 (66/34) rt, 4 h 81 (87/13)
4 Cl 50 °C, 48 h 51 (57/43) 45°C,10h 77 (74/26)
5 Br 50 °C, 48 h 36 (49/51) 45°C,10h 81 (87/13)
6 F 50°C,4h 68 (68/32) rt, 10 h 81 (86/14)
7 HO 50°C,10h 74 (74/26) rt,2h 73 (96/4)
8 PhHN rt, 10 h 87 (47/53) rt, 10 h 65 (86/14)
9 NC 50 °C, 48 h 30 (34/66) rt, 24 h 46 (69/31)
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Table 110
@]
)n
InCI3 H "
R—< >—NH2 + o " Tho o
0~ “OH 2 syn
yields up to 85 %
n=1
n=2
entry R hemiacetal (n) conditions syn/anti yield (%)
1 H 1 rt, 24 h 32/68 63
2 CH; 1 50 °C, 12 h 43/57 85
3 HsCO 1 50 °C, 12 h 47/53 61
4 Cl 1 50 °C, 12 h 45/55 47
5 Br 1 50 °C, 12 h 31/69 46
6 F 1 rt, 24 h 19/81 57
7 CN 1 50 °C, 24 h a
8 H 2 rt, 48 h 46/54 76
9 CHs; 2 rt, 12 h 48/52 66
10 HsCO 2 50 °C, 12 h 42/58 71
11 Cl 2 50 °C, 12 h 50/50 61
12 Br 2 50 °C, 12 h 39/61 44
13 F 2 rt, 24 h 52/47 66
14 NC 2 50 °C, 48 h 37162 28
aTraces.
Table 111 Table 112
ONH . O _AG®s0w-x2 _ R OAc . R 0o
2 T HO0 Ry NH, ~OAC  CeCly7H,OMal < 0Ac
80°C " OAc  H0,80°C g OAc
R5 O 2 E'e)
A
\©\/.E/\/\ \©\/lij entry R conditions (h)  yield (%)
R=R;=R,=H 7.0 82
" "oH R=R,=HR,=Cl 8.0 80
3 R=R;=HR, = Me 7.5 85
syn anti 4 R=R,=HR,=F 9.0 75
entr R conditions /anti ield (% 2 R=R,=HR,=8r 85 2
y o yield (%) 6  R=R,=HR;=Me 75 83
1 H 80°C,2h 47/53 77 7 R=R;=R,=0Me 8.0 70
2 HsCO 80°C,4h 47/53 69 8 R=R,=HR; =ClI 9.0 80
3 CH3 80°C,15h 55/45 79 9 R=Cl;R,=Me;R,=H 8.5 79
4 Cl 80°C,1h 51/49 72 10 R=ClR,=R,=H 75 82
5 Br 80°C,2h 44/56 59 11 R=Me;R,=R,=H 8.0 86
6 F 80 :C, 15h 58/42 68 12 R=Br:R,=HR, = Me 95 65
7 NC 80°C, 7h 34/66 69 13 a-naphtalamine 8.5 70
14 2,6-dichloroaniline 8.0 a

droisoquinolines. This reaction involves the cyclization of
imines or iminium ions formed by the dehydration reaction
of p-arylethylamine derivatives with aldehydes. Recently
Saito et al. reported the perfluorooctanesulfonic acid (PFOSA)-
catalyzed Pictet—Spengler reaction, which was conveniently
accelerated by the addition of 1,1,1,3,3,3-hexafluoro-2-
propanol (HFIP). This methodology allowed the preparation
of these important heterocycles in good to excellent yields
(Table 113).742743

The same Pictet—Spengler reaction was used by Kundu
et al. to prepare tetrahydro-S-carbolines in water. The
heterocycles were obtained in moderate to good yields after
the condensation of tryptophan, tryptamine, and N-benzyl
tryptophan with several aldehydes in the presence of catalytic
amounts of trifluoroacetic acid (TFA). An interesting aspect
of this protocol is the fact that aryl aldehydes bearing elec-
tron-withdrawing or -donating groups underwent Pictet—
Spengler reaction equally well (Table 114).74

aNo reaction.

7.1.3. Reactions in PEG or PEG Tag Approaches

The aza-Diels—Alder reaction between aromatic imines
and olefins offers a method to obtain precursors of an
important class of pharmacological compounds, quinolines.
Wang et al. attached 4-formyl benzoic acid to a soluble
polymer, PEG (MW = 3400), in a one-pot three-component
reaction allowing preparation of several supported tetrahy-
droquinolines (Scheme 175). This protocol furnishes the
desired precursors in high yields and purity by precipitation
and methanolysis. Pyranoquinolines and furanoquinolines
were synthesized from the related supported tetrahydro-
quinolines by oxidation with DQQ.7

While looking for an air-stable iridium catalyst, Xu et al.
found that Ir/P-Phos possesses those characteristics.”® This
catalyst could be prepared in situ by joining [Ir(cod)Cl],,
(R)-P-Phos ligand, and iodide in THF and used to quanti-
tatively hydrogenate quinolines in high enantioselectivities
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Table 113
RCHO (1.2 eq)
PFOSA (20 mol %)
MeO
¢ ]@/\ HFIP (0 or 3 eq) MeOD/\ MeO
HN-~
MeO CO,Me water MeO r/%‘cone MeO N\C02Me
R R
entry aldehyde HFIP (equiv) conditions yield (%)
1 CH3(CHy)sCHO 3 4h,rt 97
2 CH3(CH2)5CHO 18 h, rt 84
3 CH3(CH2)10CHO 3 4 h, rt 90
4 CH3(CHy)1,CHO 18 h, 60 °C 92
5 EtCHO 3 10 h, rt 95
6 EtCHO 5h, 60 °C 99
7 formaline 3 8h-rt 86
8 formaline 2h,60°C 93
9 PhCHO 3 19h, 90 °C 94
10 PhCHO 18 h, 90 °C 81
11 i-PrCHO 3 20 h,90°C 96
12 CyCHO 3 4h,90°C 99
13 t-BuCHO 3 18 h, 90 °C
(90—92% ee). After this success, the authors made some Table 114 R?
CHO R
efforts to develop a protocol where the catalyst could be R 10 mol % TFA
recycled. The first choices were immobilization on PEG W ) water, r.t. W\W
(MW = 400 Da) and in ionic liquids. The catalytic system N R 24-36h N )
proved to be much less efficient in those solvents, and this H H R
was attributed by the authors to their high polarity. An entry R R: RZ yield (%) cisitrans
?Iternatllve aplproar(]:hlwas f;)unoll bé/' the ri;lulthorr]s by using the 1 COCH: H 4-NO,CoH, 03 7525
less polar po y(et ylene glyco _) imethy! ether (DMPEG), 2 COCH, H CeHs 82 70-30
in which the reaction was carried out with the same levels 3  CO,CH; H 4-CH3-CgH,4 75 83:17
of efficiency, especially in a biphasic mixture with hexane. 4  CO.CH; H 4-OH-CeH, 68 90:10
After the reaction was completed the hexane phase could g ggzg:3 E 2'(BCHC3)|2_|N'CGH4 ;5 285‘2‘8
be separated and the DMPEG phase was reused efficiently 2z "oree :
. ) ¢ = 7  CO.CH; H 4-CH30-CsH, 79 55:45
after further washings with hexane. The immobilized catalyst 8 CO.CH; H CH4CH, 65 70:30
was reused 7 times without any negative impact on the 9 CO,CH; H CsHsCH, 68 75:25
reaction yield and selectivity. This method was lately 10 H H 4-NO2-CeH, 72
expanded to other ligands such as chiral diphosphite H8- 1 H H sHs s
BINAPO ligands.”’ 12 H H 4-CHy-CeH, 64
: 13 H H 2-OH-CgH, 61
14 H H 4-(CH3),N-CgH, 45
15 CO,CH; CH,CeHs 4-NOy-CeH, 73 0:100
16 C02CH3 CH2C6H5 C6H5 77 0:100
17 CO,CH; CH,C¢Hs 4-CH30-CgH, 61 0:100

Ir/P-Phos

OMe

Schotten et al. prepared a library of biaryl 1H-benzimi-
dazoles, 1H-imidazo[4,5-b]pyridines and 1H-imidazo[4,5-
c]pyridines starting from the respective diamines and PEG-
supported bisaryl-aldehydes in moderate yields using soluble
polymer strategy (Scheme 176).748

7.1.4. Reactions in lonic Liquids

The Friedlander reaction is an acid- or base-catalyzed
condensation followed by a cyclodehydration between an
aromatic 2-aminoaldehyde or ketone and a carbonyl com-
pound containing reactive a-methlyene groups.’*"° Re-
cently, Wang et al.”®! reported a novel preparation of
4-phenylquinoline derivatives through acid-catalyzed Fried-
lander reaction in IL [bmim][BF,] as solvent and sulfuric
acid as catalyst (Table 115). This new methodology allowed
higher yields than when a conventional solvent (glacial acetic
acid) was used combined with the simplicity of the catalytic
reaction media recovery and reuse. The catalyst and IL could

be recovered easily by drying at 80 °C under reduced
pressure for several hours after the extraction of the product
with diethyl ether.

Dabiri and co-workers have recently reported a one-pot
combination of a modified Friedlander annulation and a
Knoevenagel condensation to prepare 2-styrylquinolines in
the presence of 1-methylimidazolium trifluoroacetate. The
desired products were obtained in good to excellent yields
(78—87%) after 2 h at 80 °C, before and after aldehyde
addition.”?

Pyranoquinoline derivatives are found to posses a wide
range of biological activities such as anti-allergenic, anti-
inflammatory, psychotropic, and estrogenic activity.”s37>
Normally, the imino-Diels—Alder provides easy access to
the synthesis of pyrano- and furanoquinolines.”> In this
context, a novel synthetic method of three-component-
coupling reactions of aldehydes, amines and cyclic enol
ethers such as 3,4-dihydro-2H-pyran and 2,3-dihydrofuran
under mild and convenient conditions was developed to
afford the corresponding pyrano- and furanquinolines in
excellent yields with high endo-selectivity using ILs as
promoters (Table 116).7577%8 In the case of 2,3-dihydrofuran,
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Scheme 175
@ cat. TFAMeCN Q ?
Rl a'
69-90 % yields
Scheme 176
HoN
2 [ X o yf\
=Y Y
Q \/O/COH HN™ "X _ »\©/®/<N X
PEG—O»\Q X,Y=CH or N PEG-0 N\
Table 115 Table 116
Ph Ph Furanoquinolines
X@o ;RZ lonic Liquid mez 0
—_— NH,
NH, " o7OR, H2S0,4 (aq) N R O/ ’ oy ——— _freho R~ H
80°C ! 0 [bmlm][BF4] N A
entry X R; R, time (h) yield (%) H
endo-isomer
1 H CeHs H 5 77 (Lst cycle)
78 (2nd cycle) Pyranoquinoline
75 (3rd cycle) 0
70 (4th cycle) H
2 H  4-BrCeH, H 5 82 NHz _ACHO H H
3 H  4NOCeH, H 4 86 (j .,
4 H CH, H 8 72 [bmlm][BF4] H “Ar H Ar
5 Cl CeHs H 5 75 endo-isomer  exo-isomer
6 Cl  4-CHCeH, H 5 72 - -
7 Cl  4CICH, H 5 78 time  yield
8 cl 4-BrCeH, H 5 80 entry R Ar enolether (h) (%) endo/exo
9 Cl  4-NO,CH, H 4 88 1 H CgHs DHF 35 92
10 Cl CHs H 8 73 2 4-MeO H DHF 30 90
3 H 4-FCgH,4 DHF 35 89
) _ o 4  4-Me 4-CICgH, DHF 30 92
this method afforded selectively endo-products under similar 5 H 4-MeOC¢H, DHF 25 90
reaction conditions. The use of ILs as promoters for this 6  4-MeO 4-FCgHa DHF 40 87
transformation allows simple product isolation, use of g E"5'(Meo)2 ‘é";CsH“ g:g gg gi 90-10
i iti ial idance of heavy metal Lewis e ' :
mqlsture sensitive materials, avol ) Yy A v 9 H 4-FCgH, DHP 35 89 85:15
acid procedures, and an easy reuse of this IL reaction media. 10 2-Me CgHs DHP 25 90 80:20
Several aldimines (formed in situ from aromatic aldehydes 11 4-MeO CeHs DHP 30 87 8713
and anilines in ILs) reacted with 2,3-dihydrofuran in IL g ir'?a i 86:5 B:E 2-(5) gg ggf%g
[bmim][BF,] to afford the corresponding furano[3,2-c]qui- P el ' ;
< PEILE . 14 1-napthyl  4-FCgH, DHP 45 80 7525
nines in high yields (85—92%). In all cases, the products
were obtained exclusively as endo isomers, whereas under
conventional conditions, the products were obtained as a Table 117 o
mixture of endo and exo isomers favoring the endo diaste- R
reomer.” However, in the case of reaction of 3,4-dihydro- o A Ny
2H-pyran with imines in the presence of IL [bmim][BF], O+ AcHO + RNH, [omimiiBF Ar
the product pyrano[3,2-c]quinolines were obtained as a r or [bmim][PF¢] H CooH
mixture of endo and exo isomers, favoring endo diastereo- o 75-91%
- - = (+]
mers. In the absence of ILs, the reaction did not afford any = =
product even after a long reaction time (15—20 h). InCleTomimIBE INClelbmimlIPE
In the same line, Yadav et al.”® described a method for VACHD T Gl ]'[Id4] - aal ]_[Id ol
; ; ; ; i i ; -Ar ime yie ime yie
the synthesis of tetrahydrmsoqumolomc acids mvol_vmg entry X-AINH,00 (V) ) %) ) (%)
three-component-coupling reactions of aldehydes, amines,
and homophthalic anhydride using ILs as solvent reaction % 4H-Me 4H-MeO 1'8 gg fg gé
media as well as promoters. Particularly relevant in this 3 H H 05 05 10 87
methodology are the improved yields, cleaner reaction 4 4-Cl 2-Me 15 91 2.0 83
profiles, enhanced rates, ease of recovery and reuse of the 5 4-Br H 1.0 89 25 80
IL media, and greater cis selectivity, which make it an 6 4-MeO 2-Me 15 92 2.0 82
efficient and simple procedure to prepare isoquinoline g §45 MeO 4H'N(Me)2 gg gg gg ;g
ivati f biological relevance.’* ! +5-(MeO); ' '
derivatives o g : 9 4-Me 4-MeO 15 91 25 82

Initially, the authors tested the reaction of benzaldehyde,
aniline, and homophthalic anhydride in IL [bmim][BF,] at
room temperature, which afforded the corresponding cis-

isoquinolonic acid derivative in 90% yield. Then, several
aldehydes and amines reacted efficiently with homophthalic
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Scheme 177
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R' = Me, n-Pr, n-Pentyl “’11,/\/ . % Ph
51-98 % 60-85 %
Scheme 178
0 0
Hen 1) EDCI, HOBt
N _N
F-Boc 2) F-SFE R
0 R=F-Boc 97%
F-Boc = )]\
5~ O CsF17 3) MeOH, HCI
2) F-LFE (CHCI53/FC-72) or vacumm
removal of the fluorous alcohol
R=H 92%
Scheme 179

Ph
W@O*ﬁ"”
Rf ©

anhydride to give the corresponding isoquinolonic acids in
75—91% of yield using ILs [bmim][BF,] or [bmim][PF¢]
(Table 117). This reaction was not successful in other ILs
such as [bmim][CI] or n-tetrabutyl ammonium chloride,
[TBA][CI]. The authors also performed this three-component
coupling reaction using indium trichloride as catalyst in IL
as well as in dichloromethane (DCM) to compare the
efficiency of ILs tested.”®® These cyclization reactions
proceeded smoothly in the presence of 5 mol % InCl; in
both solvents, but the recovery and reuse of InCls is very
efficient and simple using IL media.

Polyhydroacridine derivatives can also be prepared by the
three-component reaction of aldehydes, amines, and dime-
done in ionic liquids. 1-n-Butyl-3-methylimidazolium bro-
mide was used as solvent in the preparation of these tricyclic
compounds.”®?

2) F-SFS

7.1.5. Reactions in Fluorinated Fluids

Procter et al. used 1H,1H,2H,2H-perfluoro-decanethiol for
the synthesis of several oxindoles, tetrahydroisoquinolinones,
and tetrahydrobenzazepinones by Pummerer cyclization. The
thioether functional group was further used for chemical
manipulation such as Michael addition or alkylation. The
fluorous tag was removed by oxidation to the corresponding
sulfone followed by Sml, treatment’®® or by oxidative
cleavage using ceric(IV) ammonium nitrate (CAN).”% The
intermediates containing the fluorous tag and the products
were purified by F-SFE (Scheme 177).

Protecting groups containing fluorous tags are extremely
useful because apart from the desired protection function they

1) Amine (4 eq), EDCI,
HOBt, CHC3/DMF

O
F-CbZNH/ng
e}

Rf = CgF47 72%; CcF10 65%

also facilitate the purification process by F-SPE. Fluorous
Boc (FBoc) and Cbz have been widely used for nitrogen
protection.®® Curran et al. demonstrated the advantage of the
use of these protecting groups in combination with F-SPE
for representative reactions and for library synthesis.”6576¢
Some illustrative examples are presented in Schemes 178
and 179.

The combination of F-SPE with molecules containing
fluorous tags as protecting groups, scavengers, or anchoring
groups is extremely useful for the synthesis of libraries of
compounds.” For example, Curran et al. prepared a 560-
membered library of analogues of the natural product
mappicine by this approach (Scheme 180).78

7.2. Containing Two Nitrogen Atoms
7.2.1. Solvent-Free Reactions

For the preparation of quinazoline derivatives, a simple
and efficient method can be adopted by reacting N-aryl-
amidines or guanidines with an aldehyde under solvent-free
conditions (Table 118). This procedure can also be extended
to the synthesis of benzo[g]quinazoline derivatives.’s® 4-Ami-
noquinazolines can be prepared in good yields (73—90%)
in a microwave environment for a couple of minutes by
reaction of cyanoaromatic compounds with anthranilonitrile
in the presence of 10 mol % potassium t-butoxide.””

4-Aminoquinazoline derivatives can be prepared by the
substitution of the chlorine atom by aliphatic amines in 5
min under MWI. When anilines are used, the product
formation is strongly dependent on the aniline substituents,
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Scheme 180
R2
R3
O RZ/\Br | | o) a |
HN NNe
x | R? \ |
' N (Me;Sn), hv
O. d
Fluorous Tag O\Fluorous Tag Fluorous Tag
Mappicine analogs
Table 118 Table 120
MWI N._Ph 0
N\\(Ph N i 13-15 min S coH N2 R,
N + Yb(OTf)s N
NH, R”"H J
R NH, HC(OEt), 2-5 min. Nig
entry 1 2 3 4 5 entry Ry yield (%)
R Ph 4- NO,C¢H; 4-MeOCgH, 4-Me,NCgH, 4-C|C6H4 1 Ph 99
yield (%) 76 77 74 70 73 2 2-MeCgH, 98
3 3-MeCgHy 95
4 4-MeCgH,4 99
Table 119 5 3,4-Me,CeHs 99
o 6 4-EtCgH, 99
[e] )J\ 7 3-MeOC¢H, 98
Ph = HoN NH, 8 4-MeOCgH,4 98
9 2-CICgH4 97
R, SbClg-Al,0; 140 °C 10 3-CICgH, 94
R 2-25h 11 4-CICgH,4 95
2 12 4-FCgH4 94
- 13 2-NO,CgH, 85
entry Ry R, yield (%) 14 3-NO,CeH, 82
1 H H 82 15 4-NO,CeH4 80
2 Cl Cl 85 16 2,4-(NO,),CeH, 75
3 OMe H 82 17 4-NHACcC¢H4 97
4 F H 80 18 PhCH, 96
5 Br Br 81
6 Cl H 85
7 OMe OMe 80 synthesized under MWI through this method forming the

and thus, longer reaction times are needed (10 min) to
achieve the desired products in good to excellent yields
(60—98%).”"* Using ShCl;—Al,O; as catalyst, 4H,4'-exom-
ethylene-bis[quinazolin-2-enols] can be efficiently prepared
through solvent-free reaction of benzylideneacetophenone
with urea (2 equiv) at 140 °C (Table 119).77

For the preparation of quinazolin-4(3H)-ones there are
several methods under solvent-free conditions, most of them
based on the three-component cyclocondensation of anthra-
nilic acid with amines and ortho esters. For instance, a
completely solvent-free procedure can be efficiently used by
employing lanthanide triflates, particularly ytterbium triflate,
as catalysts for this cyclocondensation under conventional
heating (60 or 80 °C). Excellent yields of the desired products
can be obtained in a few minutes (2—5 min), particularly if
electron-donating groups are present in the aniline (Table
120).77 Similarly, Yb(I11) supported on Amberlyst 15 resin
(Yb-resin),*® silica gel supported ferric chloride,””* lantha-
num(lll) nitrate hexahydrate, and p-toluenesulfonic acid””®
were also reported as efficient catalysts for this reaction. In
the microwave version of this reaction, Nafion-H was
reported to be a suitable catalyst even when anthranilic
anhydride was used.””® The Niementowski reaction, consist-
ing of the condensation of anthranilic acid with formamide,
can also be performed under microwave irradiation.””’
Despite a high excess of formamide (5 equiv) that has to be
used in order to improve the reaction yield, this procedure
can also be efficiently applied for the synthesis of tetracyclic
8H-quinazolino[4,3-b]quinazolin-8-ones.””® Recently, 3-sub-
stituted quinazolin-4(3H)-ones were also reported to be

formamide in situ through the presence of formic acid and
a primary amine.’”®

The employment of isatoic anhydride, instead of anthra-
nilic acid, also leads to the formation of 2,3-disubstituted
quinazolin-4(3H)-ones under conventional heating in pres-
ence of amines and orthoester derivatives using silica sulfuric
acid as catalyst® (Table 121). Instead of silica sulfuric acid,
diammonium hydrogen phosphate can be used as catalyst at
the same temperature for 5—7 h.1!

As a method to manipulate the N-3 substituent, ammonium
acetate can be used under these reaction conditions’! or by
microwave-induced cyclocondensation of anthranilic acid
without catalyst.”®> On the other hand, a mixture of AICIy/
ZnCl, supported on silica gel is a good catalyst for the
cyclocondensation of isatoic anhydride and 2-aminobenz-
amides by conventional heating conditions or through the
employment of microwave irradiation,’®® while silica-sup-
ported sulfuric acid has been reported as a good catalyst for
the microwave-induced condensation of 2-aminobenzamides
with orthoester derivatives.” Furthermore, when microwave
irradiation is employed in the absence of any catalyst, the
use of formic acid in place of orthoester derivatives also leads
to the formation of quinolinones.”®

Another one-pot cyclocondensation procedure consisting of
microwave irradiation of anthranilic acid, phenyl acetyl chloride,
and fluorinated anilines has been described as a good method
to obtain quinazolinone fluorinated derivatives.”® Anthranilic
acid can also be employed in the microwave-induced
condensation with lactams in the absence of any catalyst.
This procedure has been successfully applied to the synthesis
of analogues of cytotoxic alkaloid luotonin A.787
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Table 121
R4NH,
_Silica Sulfuric acid d
R,C(OEt)3 80 °C )\
entry Ry R, yield (%)

1 4-CICgH, Me 78

2 4-MeCqH,4 Me 80

3 Ph Me 81

4 4-EtCgH4 Me 80

5 PhCH, Me 85

6 PhCH,CH, Me 83

7 Et Me 87

8 2-MeC¢H, Me 81

9 Et Et 86

10 4-MeCqgH,4 Et 81

11 4-BrCeH, Et 78

12 4-MeCqH,4 n-Pr 84

13 PhCH,CH, n-Pr 81

14 4-BrCeH, n-Pr 77

15 Ph n-Pr 80

16 4-MeCgH, n-Pr 79

17 PhCH,CH, n-Bu 79

18 Ph Ph 79

19 4-MeCgH, Ph 78

20 4-CICgH, Ph 75

21 PhCH,CH, Ph 80

Table 122
O +
: /\2 o H,N R, Ph3gF—CHZCOZR3
OH I j:
Y HoN Rz CH,CO,Na
CO,R4
N R,
e
X
N R,
entry Ry R, Rs reaction time (h) yield (%)

1 H H Me 15 70
2 H H Et 15 7
3 Me H Me 15 76
4 Me H Et 15 89
5 Me Me Me 2 80
6 Me Me Et 2 75
7 H NO, Me 1 93
8 H CO.H Me 1 94

The synthesis of complex three-fused heterocycles con-
taining a quinazoline ring system, pyrazino[2,1-b]quinazo-
line-3,6-diones, can be achieved through microwave irra-
diation of anthranilic acid and iminoethers.”®

2,3-Disubstituted quinoxaline derivatives can be prepared
through the microwave induced condensation of alkyl or aryl
acyloins and o-phenylenediamine without the use of any
inorganic support. Depending on the acyloin substituents,
the yields may vary as already seen when benzoin is used,
in which the saturated 2,3-diphenyl-1,2-dihydroquinoxaline
was obtained as the major product.”® Acidic alumina as
inorganic support was recently reported to be a good catalyst
for the benzil condensation with o-phenylenediamines.”®

The one-pot three-component condensation of ninhydrin
and phenylenediamine derivatives can be efficiently per-
formed at room temperature in the presence of triphen-
ylphosphonium bromide salts and sodium acetate. Through
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Scheme 181
H
©:NH2 + O\ _ P MW @Nﬁ
/T A\
X RO OR XX
CO,R
X=NH;O; 8 R= Me; Et
Table 123
/@NHz . RZOIO Yb(OTH, I
Ry NH;  R,07 ™0 80°C e :
entry Ry R, yleld (%)
a H Et 89
b H i-Pr 81
c H n-Bu 87
d Me Et 82
e NH, Et 79
f Cl Et 83
Table 124
o}
o, J(J)\ + RN, SSA 15 mol%
/& R' “H water, 80 °C )\
N~ ~O
H
entry R? R? conditions (h) yleld (%)
1 Ph H 3 84
2 4-CIC¢H, H 3 81
3 2-CH3;0CgH, H 3 85
4 4-CH3CgH, H 3 86
5 Ph Me 3 85
6 4-CIC¢H, Me 3 83
7 4-CH30C¢H, Me 35 86
8 4-CH30C¢H, Et 3 86
9 4-CIC¢H, Et 35 84
10  4-NO,C¢H,4 Et 3 86
11 3-NO,C¢H,4 Et 35 84
12 Ph Et 35 86
13 4'N02C6H4 n-Pr 35 87
14 4-OHCgH, Et 35 82
15 4-CICgH, n-Bu 35 89
16 Ph Ph 45 85
17 4-NO,C¢H,4 Ph 4.5 80
18  3-NO,C¢H,4 Ph 5 79
19 Ph 4-CIC¢H, 5 78
20  2-OH-4-CIC¢H; Ph 5 76
21 2-OH-4-CIC¢H; 4-CH30CgH,4 55 79
22 2-thiazolyl 4-CIC¢H, 55 77
23 2-thiazolyl 4-NO,CgH, 55 81
24 2-thiazolyl 4-OHCgH, 55 76
25  2-thiazolyl 4-CH;CgH, 55 78
26 2-thiazolyl 4-NO,C¢H4 5 75

this method, alkyl indeno[1,2-b]quinoxalin-11-ylideneace-
tates can be obtained in reasonable to good yields (Table
122).791

Through the microwave-induced addition of dialkyl acety-
lenedicarboxylates to o-phenylenediamine, o-aminophenol,
and o-aminothiophenol, the correspondent heterocycles can
be obtained in good yields (75—96%) (Scheme 181).7%2

The Phillips-type heterocyclization of 1,2-phenylenedi-
amines and alkyl oxalates to afford quinoxaline-2,3-diones
is a good method for the preparation of such compounds.
The use of ytterbium triflate as catalyst of this reaction leads
to good yields of the desired heterocyles, in particular when
no solvent is used (Table 123). Furthermore, the catalyst can
be recovered and recycled after an aqueous work-up.”® In
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Scheme 182
(o] >N
N H |
©CE A.CN RJ\/ N PN + minor exo-isomer
o [n}
®E/N water R
A\ R=Me (96 %)
water insoluble R= Et (95 %)
(<5.0x10"® mol/L)
water
o A A SN
ROJ\{ M\ CN  +minor endo-isomer
"ICN
water
Ar Ar= Ph (78 %)
N Ar= p-MeOCgH, (87 %)
H N N Ar= m-FCgH, (82 %)
N . i
.oN T+ minor regio-isomer
Ro2é CH;  R=Me (63 %)
R= t-Bu (95 %)
Table 125
0
R |
B
O
b Ol
water, 20 °C water, 75 °C
water |nsoluble
(<5.0x10® molL'™") cl
+ minor stereo-isomer
water, 81 °C Ph—==—Ph
-HCN ¢
l CN
/
entry dipolarophile mp (°C) molar solubility (mol L™?) conditions yield (%)
1 A, R = p-MeOCsH, 130—132 2.2 x 1072 24 h,20°C 95
2 A,R=Ph 89—90 1.2 x 1072 24 h,20°C 96
3 A, R = CH,Ph 70 3.2 x 1073 24 h,20°C 91
4 A, R =p-CIC¢H, 95—-97 20x 1078 24 h,20°C 94
5 A, R =p-BrCsH, 128—130 1.7 x 1073 24 h,20°C 93
6 A, R = p-NO,CsH, MI 168—170 1.7 x 1078 24 h,20°C 95
7 B 58—62 1.2 x 107* 48 h,20°C <1
8 B 58—62 1.2 x 107* 48 h,20°C 35
9 B 58—62 1.2 x 107* 24 h,75°C 86
10 C 59-61 1.8 x10°° 24 h,20°C <1
11 C 59-61 1.8 x 10°° 24 h,81°C 71

the case of the microwave-induced version for this condensa-
tion, p-TsOH can be used in the absence of any support.’*

1,4-Dioxo-3,4-dihydrophthalazine-2(1H)-carboxamides or
-carbothioamides can be synthesized from the reaction of
different phthalic anhydrides with semicarbazide or thiosemi-
carbazide using montmorillonite KSF clay as heterogeneous
catalyst under MWI.7% If an excess of phthalic anhydride is
used, phthalazino[2,3-b]phthalazine-5,7,12,14-tetraones can
also be obtained.”®

7.2.2. Reactions in Aqueous Media

2,3-Dihydroquinazolinones are an interesting class of
heterocycles, which display an array of interesting pharma-
ceutical properties, namely, antibacterial, antitumor, anti-
fungal activity, and monoamine oxidase inhibition. Recently
Dabiri et al. disclosed the preparation of 2,3-dihydroquinazo-
lin-4(1H)-ones in water. These heterocycles were prepared
in water via reaction of isatoic anhydride, a primary amine,
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Scheme 183
/2‘_'1‘)\ + RyCeHa o~ CoHaX
Ar N7 TSH V\[g
|
R
R,=4-MeQ; 3,4-OCH,0-
X=4-Br,H
Table 126
NH
X 2 0 9
R1—: D + )k/R InBrs (10 mol %)
NH, R ® rt Rt
entry Ry R, Rs reaction time (h) yield (%
1 H Me H 15 95
2 H Et H 15 91
3 H Et Me 2.0 94
4 H CH,CH(Me), H 25 87
5 4-Me Me H 15 96
6 45-Me; Me H 15 97
7 4Cl Me H 2.0 93
8 4-NO, Me H 3.0 85

or ammonium acetate and an aromatic aldehyde catalyzed
by silica sulfuric acid (SSA) (Table 124).7%7

Exploring the concept of “on water” reactions, Butler et
al. suggested that when one or both reactants are liquids,
the reactions could readily be occurring through an interfacial
oily phase penetrated by water where both reactants are
present at low concentrations. This oil phase was envisioned
by the authors as a single-phase nanoemulsion created by
the vigorous stirring when one of the reactants is a liquid.
This concept was explored in 1,3-dipolar cycloadditions of
water insoluble phthalazinium-2-dicyanomethanide and in-
soluble alkene and alkyne dipolarophiles.”~8% These reac-
tions afforded high yields of cycloadducts (Scheme 182).
Then Butler et al. extended this study to a number of cases
where both reactants were water-insoluble solids (Table 125).
In this case, it was observed that in order to achieve high
yields of cycloaddition products and when the solubility of
both reactants are below the millimolar level, liquefaction
of one is necessary in order to allow the reaction to pass
through a water-penetrated oily phase.®

8. Seven-Membered Rings

8.1. Solvent-Free Reactions

Benzodiazepines are an important class of pharmacologi-
cally active compounds generally used as hypnotic, anti-
anxiety, and anti-convulsant agents.8%

The efficient indium(I1l) bromide has been used in a
solvent-free synthesis of several highly valuable 1,5-benzo-
diazepine derivatives. By this procedure, o-phenylenedi-
amines are reacted at room temperature with a ketone with
at least one hydrogen atom in the o-position (Table 126).
When cyclic ketones such as cyclopentanone, cyclohexanone,
or cycloheptanone are used, the correspondent benzodiaze-
pines can also be obtained in good yields (79—86%, not
represented in the scheme). From testing of several Lewis
acids, InBr; proved to be the most efficient catalyst for this
reaction.®® Recently, sulfamic acid was also reported as a
catalyst for this reaction leading to better yields under
solvent-free conditions than in solution.®%48% \When such
condensation is carried under MWI, acetic acid can be used
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N-N
Basic Alumina Ar/«N»\S
MWI, 1-2 min HN_ /" CeHaRe

X-CeHy 90-97 % yield

Scheme 184
CO.H COH
ﬁ[ Mont. KSF I;[ %
5
R:=H, Me, F, Cl, Br, OMe, OEt, Et, CF3; MWL, K,CO4
Ro=H, CF3 Me; Rs=H, Cl, Br, Me, CFy; CICH,COCI
Rs=H, Me; Rs=H, CI, CF3 Rg=H, F, OH
COH
R, S
Rs
Rg N
R R
o ¢ Re s
Table 127
0o O
NH; _PSSAMwater @
* 1 -2 min., r.t.
X NH,
entry X yield (%)
1 H 90
2 Cl 85
3 Me 86
4 Et 88

as catalyst, leading to the desired benzodiazepines in
excellent yields (90—99%) in up to 7 min of reaction time.8%
In a room temperature procedure, the reaction of 2,2-
dimethoxypropane with o-phenylenediamines in the presence
of bismuth triflate yielded the 1,5-benzodiazepines after 2—4
h reaction time.”??

Recently, an efficient procedure for the preparation of
benzo[b]1,4-diazepines based on the use of ShCl;—Al,O; as
catalyst was developed. These compounds were prepared in
good yields (83—94%) through the catalyzed condensation
of o-phenylenediamine and benzylidene acetophenones at 60
°C (up to 2 h of conventional heating) or through exposure
to sun rays.8%

For the preparation of biologically active thiadiazepines,
a solvent-free procedure has been developed through the use
of microwave irradiation. This procedure consists of reaction
of 1-amino-2-mercapto-5-substituted triazoles and substituted
chalcones using basic alumina as support (Scheme 183). It
should be noted that when this reaction is performed in
solution phase, using acetone as solvent and K,COj; as base,
longer reaction times are needed and the reaction product is
obtained in lower yields.2% Recently, p-TsOH was reported
as a suitable catalyst for this transformation under microwave
irradiation, while by the conventional heating method the
yields were seen to be worse.8%

Through the use of montmorillonite KSF together with
microwave irradiation, 2-carboxy-2,3-dihydro-1,5-benzothi-
azepines can be prepared after reaction between substituted
aminobenzenethiol and 3-(substituted benzoyl)-2-propionic
acid (Scheme 184). This product can be further reacted with
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Scheme 185
(0]

PN

Pd(OAc),

, 0.2 mol %

Cl + H

Selected examples

80 %, 2h 72%2{ 60%2{ 85%, 2 h

/[IN/
89 %, 4 h O

AN

89%.2h 83%,2h

chloroacetyl chloride on potassium carbonate in order to form
B-lactam fused benzothiazepine derivatives.8°

8.2. Reactions in Aqueous Media

Similarly to the preparation of pyrazoles by condensation
of hydrazines/hydrazides, polystyrene-supported sulfonic acid
(PSSA) was also used as catalyst in the condensation of
diamines with several 1,3-diketones to afford the desired
benzodiazepines (Table 127). When a /3-keto ester was used
as the carbonyl compound, no reaction was observed.*®

The preparation of diazepines in water was also ac-
complished by Srinivasan et al. using a one-pot three-
component methodology. The protocol starts with ynone
formation via palladium-catalyzed coupling of acid chlorides
with terminal alkynes followed by Michael addition and
cyclocondensation of o-phenylenediamines in water affording
diazepines in moderate to good yields (Scheme 185).8!

8.3. Reactions in PEG or PEG Tag Approaches

One of the most successful strategies for constructing large
rings is ring-closing metathesis. Yao demonstrated that
metathesis using a ruthenium catalyst could be performed
by attaching the catalyst to a soluble polymer, like PEGsygo,
via a succinic moiety and could be used efficiently to prepare
tetrahydro-azepines.?” The catalyst could be recovered by
precipitation with diethyl ether at the end of the reaction
and be reused with a similar degree of efficiency (Table 128).

Alternatively to ring-closing metathesis reactions, in-
tramolecular Heck couplings constitute another reliable
method for constructing cyclic molecules with a large
number of atoms. Lamaty and co-workers prepared several

Scheme 186

1eq. Ei;N, r.t. 10 min.
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Table 128
1!\—18 cat (5 mol %)
PN NN
= "N CHLCH, (0,05 M)
reflux, 2h
Ts
&
¥ .Cl
'Ru.
\ catalyst cl
PCY3
cycle 1 2 3 4 5 6 7 8
conversion (%) 98 975 965 95 95 93 93 92

benzazepines supported on PEGs4q0 in good yields using
this last type of cyclization (>79%).8'2#12 Once again,
precipitation with diethyl ether allowed an easy way to
purify product. Interestingly, the large polymeric support
stabilized the palladium catalyst through formation of
nanoparticles. This stability allowed the reaction to run
in the absence of phosphine ligands and ammonium salts
with high selectivity toward Tsuji—Trost allylation (Scheme
186).

Perhydro-(1,4)-diazepinones are seven-membered rings
with a conformational configuration similar to the y-turn
of peptides. Lazaro et al. showed that this heterocycle
could generally be constructed starting from the acyclic
precursor immobilized in a soluble polymer support (PEG,
MW = 3400, Scheme 187). This strategy retained the
same level of efficiency observed with unsupported
precursors in the ring closure step (intramolecular Mit-
sunobu reaction). Furthermore, the byproduct formed
during the cyclization (PhsPO) could efficiently be sepa-

Pd >
Br L

- Pd(OAc), (OAc)
_N -octyl)sN -
PEG-SES (nocty)sN - peg.sesN (n-ootyloN e ses N4
o DMF DMF CO,Me
,—; CO,Me 2
Ph CO,Me P : "
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Scheme 187
1) BrCH,COBr H\)OJ\ 1) Ts-NHCH(CH3)-CO,H
HO-PEGyy.0H ElN.99% Boc AN O}PEGMO DCC, 91% _
2)Boc /\/\,NHQ H 2 2) PPhy DEAD,
H THF, 89 %
CH4CN, Et3N, 87 %
BocHN N—  olrec MECN, MeOH, 65°C  GE,COM, NH Y
TSN7/§—}]/ \ M0 T2)TFA, CH,Clp 100% TSN7/§_Y
00
Scheme 188 in good yields in the absence of a catalyst (Scheme 188).81°
The methods described in the literature for the synthesis of
1,5-benzodiazepines include condensation reactions of o-
R NH, HaC [bblm][Br] A .
\@[ T phenylenediamines with o,5-unsaturated carbonyl com-
NH, R 28°C pounds !¢ -haloketones,®' or ketones in the presence of
50 min 91-96% NaBH,,88 polyphosphoric acid or SiO,,%*° BFs-etherate,82
Yb(OTf)382! Al,04/P,0s, or AcOH under MW irradiation
R [bb,m][Br] R N conditions.®%822 Some of these processes showed limitations
\©: such as low to moderate yields, long reaction times, use of
28 9C N harsh conditions and expensive reagents, and observation of
H side reactions.
R=H, CHs 50 min 87-90%

R' = CH;, Ph, CH(CH;),
rated from the heterocycle more easily than with unsup-
ported protocols.8
8.4. Reactions in lonic Liquids

The reaction of o-phenylenediamines with both acyclic and
cyclic ketones in IL [bbim][Br] afforded 1,5-benzodiazepines

Scheme 189

CHO

1) TEA, DMF, MW (130 °C, 20 min)

The alternative process using an IL not only as a solvating
medium but also as a promoter for the reaction allowed
significant advantages like use of mild conditions, easy work-
up procedures, short reaction times, the absence of a catalyst,
and efficient recyclability of IL media. The enhanced
reactivity for the synthesis of the benzodiazepines in the
imidazolium IL even in the absence of catalyst may be
justified by the inherent Bronsted and Lewis acidities of the

R1
f
R o\H/LNH2 ;:j @
O

R = CgF47(CH,),

F-SPE
75-90%

2) R*-PhNCX, DMAP (cat), toluene, MW, F-SPE

4 examples, 75-85%

R" = Me, i-Bu, Bn
R2 = p-OMe, p-Br, p-Cl

3) K,COs, DMF, MW, F-SPE

4) 2-nitrobenzoylchloride,
TEA, DMF, F-SPE

5) Zn, dust, AcOH,
sonication, F-SPE

6) DBU, dioxane, MW,
F-SPE

3 examples, 45-58%

R'=H, Me
R3 = Et, t-Bu, C—C6H11
R2 = H, p-OMe, m-Cl
R*=H, m-Cl, m-Br
R® = Me, Et, Bn
Scheme 190
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ring hydrogens H2, H4, and H5 of the imidazolium cation
in [bbim][Br].823824

Beckmann rearrangement of ketoximes was reported to
occur in a task-specific ionic liquid consisting sulfonyl
chloride. The e-caprolactam product was easily recovered
from the reaction media with water extraction due the high
solubility of the product in water and the low miscibility
with the ionic liquid. Quantitative conversions and excellent
selectivity were observed for the preparation of e-caprolac-
tam.8%> This compound can also be obtained from the
depolymerization of nylon-6 under extremely high temper-
atures (around 300 °C) and employing quaternary ammonium
salts as solvent. When higher temperatures were used,
caprolactam derivatives with parts of the ionic liquid
incorporated were obtained. The reutilization of the reaction
media was tested for five cycles without significant decom-
position 8%

8.5. Reactions in Fluorinated Solvents

Starting from fluorous L-a-amino esters, the authors
synthesized a range of tricyclic fused hydantoins and
piperezinediones, as well two libraries of compounds, by
performing several transformations under microwave irradia-
tion (MW) and purification by F-SPE, including the key step
of a one-pot, three-component [3 + 2] cycloaddition of
azomethine ylides (Scheme 189). The fluorous tag was
removed during the last cyclization promoted by base (K,CO3
and DBU).87:828

Zhang et al. described a multistep synthesis of nine
benzodiazepine-quinazolines derived from fluorous benzyl
protecting a-amino acid methyl esters in which the F-SPE
procedure was used in the purification process of each step
(Scheme 190).8%°

9. Conclusions

The development of more environmentally friendly meth-
odologies is certainly a very current topic, which covers the
synthesis of a wide range of molecules. As expected, N-based
heterocycles has been the object of considerable focus during
the last years. From the combined overview provide in this
review, it can be seen that many well-established different
methodologies were successfully applied by world wide
laboratories to more environmentally benign approaches,
such as reacting without solvent, using more readily reusable
reaction media, such as water, ionic liquids, fluorinated
solvents, or scCO,, or attaching the catalyst or some substrate
intermediate to a support, such as PEG or a fluorous tag,
that facilitates the separation process. Additionally, in many
reported approaches, improvement not only of the overall
separation process but also of the reaction performance, such
as higher yields, regio- or stereoselectivities, as well of the
use of milder conditions was described. On the other hand,
some, although to a lesser extent, new synthetic approaches
were developed for the specific aim of achieving a more
sustainable transformation. At the current state of the art, it
is expected that more developments will emerge not only in
line with the previous ones reported but also in the following
more fascinating specific areas: (i) asymmetric and non-
asymmetric bio- and organocatalysis; (ii) efficient organo-
metallic catalysis with minimal contamination of toxic
metals; (iii) more efficient or new one-pot multicomponent
couplings; (iv) application of other efficient technologies such
as microreactors and membrane separation processes; (v)

Chemical Reviews, 2009, Vol. 109, No. 6 2793

efficient methodologies for the incorporation of readily
available carbon and nitrogen sources such as CO,, ammonia,
glycerol, carbohydrates, amino acids, and biopolymers.
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