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Preface

Organic synthesis remains one of the frontier challenges in organic chemistry and
drives quite an active area of research. It usually refers to a process not involving the
aid of biological processes.

The development of new synthetic methods for the preparation of organic mol-
ecules continues to be an active and exciting area of research in organic chemistry.
The discovery and application of new and interesting methods in organic synthesis
is vital to the goals of designing shorter, more elegant, and ultimately more reliable
syntheses of novel heterocycles and natural products. Organic synthesis is the com-
plete chemical synthesis of a complex molecule, very often organic molecules, from
simple, commercially available precursors. As a scientific discipline, these kinds of
synthesis have their formative roots in organic chemistry. The synthesis of hetero-
cycles continues to be one of the most fascinating and well-studied areas of organic
chemistry. The book ‘Organic Synthesis - A Nascent Relook’ is a compendium of
recent progress in all these aspects of synthetic chemistry. Herein special emphasis
is given to synthesis of various bioactive heterocycles. Careful selection of various
topics in this book will serve the rightful purpose for the chemistry community and
the industrial houses at all levels, particularly on novel methods developed by the
respective authors and their research groups.

In organic synthesis, heterocyclic molecules are fundamental building blocks of
biological systems. We know that more than 90% of new drugs contain heterocycles
and these are the interface between chemistry and biology. These compounds are
inextricably woven into the life processes.

This book will serve as reference material for many researchers working in the field
of medicinal chemistry, organic chemistry, and pharmaceutical chemistry. Many
new synthetic methods for the preparation of organic molecules bare included in
this book. Due to their great importance, the development of novel synthetic meth-
ods remains an active research area. Therefore, the present book project explores all
the new research and developments in synthetic organic chemistry. This book will
be extremely helpful for all organic chemistry researchers.

Belakatte Parameshwarappa Nandeshwarappa
Davangere University,
India
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Chapter1

Design and Strategic Synthesis of
Some [-Carboline-Based Novel
Natural Products of Biological
Importance

Tejpal Singh Chundawat

Abstract

B-Carboline compounds and their derivatives have attracted strong interest in
medicinal chemistry due to their biological and pharmacological properties. Many
bioactive B-carboline-based natural products have been found to be an important
source of drugs and drug leads. B-Carboline has major players in natural products
chemistry, which plays an important role in drug discovery. p-Carboline represents
the core unit of several natural products, alkaloids, and bioactive compounds. The
unusual and complex molecular architectures of natural products pose significant
challenges to organic chemists and are a source of inspiration for the development
of new organic reactions and innovative synthetic strategies. However, in many
cases, B-carboline natural products are isolated in only minute quantities, and their
constant supply from natural sources is problematic or virtually impossible. In addi-
tion, chemoselective derivatization of natural products themselves is usually quite
difficult because of their sensitive and elaborate molecular structures, and access to
their structural analogs is severely restricted in many cases. Since chemical syn-
thesis is expected to be the only way to overcome these shortcomings, B-carboline
natural products are rewarding synthetic targets for organic chemists. This chapter
assimilates the reports pertaining to the synthetic applications of some p-carbolines
for the synthesis of substituted and fused p-carbolines.

Keywords: f-carboline, scaffold, organic synthesis, natural product,
biological importance

1. Introduction

The need for efficient and practical synthesis of biologically active molecules
remains one of the greatest intellectual challenges with which chemists are faced in
the twenty-first century.

Organic synthesis is a compound-creating activity often focused on biologically
active molecules and occupies a central role in any pharmaceutical development
endeavor. The field of organic synthesis has made phenomenal advances in the past
50 years, yet chemists still struggle to design synthetic routes that will enable them
to obtain sufficient quantities of complex molecules for biological and medicinal
studies. The diversity of p-carboline compounds offers a great advantage for being

3 IntechOpen
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developed into new drugs because of their unique and complex structures, devel-
oped through old and underexplored species evolution.

The drive to develop methodology allowing improved access to such compounds
has arisen after the demonstration of the useful physical and chemical properties
possessed by this class of compounds such as improved lipophilicity and decrease in
oxidative metabolism.

Naturally occurring compounds have always played a vital role in medicine
and, in particular, f-carboline has progressively become real players in recent drug
discovery. The p-carboline moiety represents core structure of several natural
compounds and pharmaceutical agents. Compounds containing this subunit are
pervasively present in plants, marine organisms, insects, mammalian including
human tissues and body fluids in the form of alkaloids or hormones [1-7]. Several
p-carboline-based compounds of natural or synthetic origin are ascribed with
different pharmacological properties [8] which include antimalarial [9, 10], anti-
neoplastic [11, 12], anticonvulsive [13], hypnotic and anxiolytic [14], antiviral [15],
antimicrobial [16], as well as topoisomerase-II inhibitors [17, 18] and cGMP inhibi-
tors [19] (Figure1).

Further, the significance of p-carboline-based compound is underscored by the
way that two of the p-carboline-based mixes Tadalafil and Abecarnil (Figure 2) are
clinically utilized for erectile brokenness and CNS issue, individually [20-22].

Many bioactive -carboline-based natural products have been found to be an
important source of drugs and drug leads. Most of the natural products of inter-
est to the pharmaceutical industry are secondary metabolites and several such
B-carbolines, derived from marine invertebrates, have been in clinical trials as
experimental anti-cancer drugs. The significant favorable position offered by
utilizing these metabolites as valuable formats, is that they are as such exceedingly
dynamic and specific. Being created ordinarily to secure a specific living being, they
have been exposed to evolutive pressure for a few a huge number of years and have
been chosen to achieve ideal action and to perform particular capacities.

Synthesis of medicinally important p-carboline-based natural products is chal-
lengeous in synthetic organic chemistry. Current research activities while primarily
with the academic laboratories, have generated convincing evidence that these
natural products have an exceedingly bright future in discovery of life saving drugs
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Figure 1.
Bioactive p-carboline-based compounds.
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Figure 2.
p-Carboline-based drugs.

[23] included antibacterial, analgesic, anti-inflammatory, antimalarial, anticancer,
antiparasitic and antiviral agents [24]. Although large numbers of novel B-carboline
compounds have been isolated from plants, marine organisms, insects, mammalian
including human tissues.

Furthermore, huge numbers of these substances have articulated natural action,
without a doubt, not many have been advertised as pharmaceutical products. Some
of the compounds have also been valuable as “lead” compounds, which have led to
derivatives of them being marketed [25, 26].

In addition, the biological diversity of many of the p-carboline compounds still
partially unknown. A considerable lot of them have indicated fascinating bioac-
tivities both in vitro and in vivo measures, although just couple of molecules have
been up to this point brought into facilities and onto the pharmaceutical market.

Be that as it may, precedents are realized where cutting-edge clinical or preclinical
preliminaries, did by utilizing common p-carboline items have prompted promising
outcomes in the investigation of new prescriptions a variety of diseases including
cancer and infective pathologies. Synthetic organic chemistry is able to produce suf-
ficient amounts for a broad biological application and to provide access to synthetic
analogs for structure-activity relationships (SAR) studies.

In particular, alkaloids establish one of the biggest classes of natural products and
are synthesized by terrestrial and marine organisms on every transformative dimen-
sion and a standout amongst the most encouraging being indole alkaloids. Indole
alkaloids, their action, synthesis, and potential use in medicines have been as of now
inspected in a few articles [27-29]. Marine indole alkaloids speak to a rich gathering
of characteristic natural compounds and can possibly turned out to be new medicinal
chemistry leads for different psychiatric disorders, just as to give better bits of knowl-
edge into the comprehension of serotonin receptor work. These atoms are sensible
synthetic targets, which further improve their incentive as conceivable medicinal
chemistry studies; be that as it may, hardly any, have been set up as a feature of manu-
factured or therapeutic science thinks about intended to produce advanced leads.

In this class, p-carbolines that consist of a pyridine ring that is fused to an indole
skeleton and biological activity of their derivatives is also well established [30].

Also, substance blend might be utilized to illuminate normal procedures at
the atomic dimension through biomimetic approaches, to affirm the structures of
natural compounds which are typically settled depending just on spectral informa-
tion, or to develop new synthetic methods for tackling the challenge of the complex
chemical templates designed by nature. Significant endeavors are identified with
the structure of particles that in nature are created by metabolic changes happen-
ing with high return and rate, and furthermore with high regio-, diastereo- and
enantio-particularity.
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2. Synthesis of p-carboline

During the last two decades, f-carboline-based natural products have been the
focus of many investigations [31]. The p-carboline is a core-unit of several natural
compounds and pharmaceutical agents. Compounds containing this core-unit
are pervasively present in plants, marine animals, insects, mammalian includ-
ing human tissues and body fluids in the form of alkaloids or hormones. Several
p-carboline-based compounds of natural or synthetic origin are ascribed with
different pharmacological properties which include antimalarial, antineoplastic,
anticonvulsive, hypnotic and anxiolytic, antiviral, antimicrobial, as well as topoi-
somerase-II inhibitors and cGMP inhibitors.

The Pictet-Spengler reaction since its discovery in 1911 has been the key step
of the synthetic strategies formulated for obtaining either substituted or fused
p-carbolines [32]. The utility of Pictet-Spengler reaction is immense as it allows
the option to either construct the tetrahydro-p-carboline (THBC) core first with
appropriate substitution which could be extended after cyclization or to install
the different substitutions which undergo cascade reactions during cyclization to
afford the new THBC derivatives. These THBCs can then be oxidized to generate
the desired p-carboline-derivative. However due to major significance associated
with this heterocyclic moiety, alternate strategies for generating new p-carbolines
are desired. In this context one of the possible strategies could be generation of
a p-carboline core that bears a functional group at a suitable position that could
be synthetically designed for producing substituted or fused p-carbolines. The
presence of an electrophilic site in the form of formyl group in close proximity of
the indole NH which is a nucleophilic site makes it an attractive template for the
synthesis of substituted and 1-9 annulated p-carbolines. Alternatively, intramo-
lecular cyclization could also be achieved with the N-2 to generate 1-2 annulated
B-carbolines.

The synthesis of 1-formyl-9H-p-carboline was firstly reported by Gatta and
Misiti [33] while carrying out the studies toward SeO, mediated oxidation of
variously substituted THBCs. During the synthesis of carboline he unexpectedly
obtained the 1-formyl-9H-B-carboline instead of the expected 1-methyl,1-phenyl-
3-(methoxycarbonyl)-1,4-dihydro-4-oxo-p-carboline when the reaction of the
diastereomeric mixture of 1-methyl,1-phenyl THBC was carried out with SeO, in
dioxane. Probably the reaction was preceded through the oxidation of the benzylic
moiety affording the benzaldehyde, followed by the aromatization of C-ring and
finally the oxidation of the C-1-methyl to the formyl group (Figure 3).

Later Gatta and co-workers [34] reported an improved synthesis of
methyl 1-formyl-9-H-pyrido [3,4-b] indole-3-carboxylate from 1-methyl-3-
methoxycarbonyl-p-carboline via oxidation with SeO, in dioxane. These workers
further reported the application of 1-formyl-9H-B-carboline for the synthesis of
canthin-6-one [35]. They extended the synthetic utility of for the generation of
pyrimido-[3,4,5-Im]-pyrido-[3,4-b]-indole derivatives in the synthesis of different
derivatives of this carboline moiety.

Suzuki et al. [36] reported the total synthesis of various naturally occurring
4,8-dioxygenated B-carboline alkaloids (Figure 4). The synthetic route involved
two methodologies (i) an improved Fischer indolization for affording 7-oxygenated
indole via protecting the phenolic group with a tosyl group and (ii) construction
of a 4-methoxy-p-carboline skeleton by the C-3 selective cyclization of the C-2
substituent of the indole. Then, 4-methoxy-p-carboline was converted into 1-nitrile
derivative with diethylphosphoryl cyanide (DEPC) via N-oxide by a modified
Reissert-Henze reaction.
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Figure 4.
Total synthesis of naturally occurring 4,8-dioxygenated f-carboline alkaloids.

Takasu et al. [37] also reported the synthesis of different f-carboline-based
compounds including the natural products Kumujancine, MVC (4-methoxy vinyl
p-carboline), Creatine and their corresponding salts. They followed the synthetic
strategies which involved the Pictet-Spengler reaction of tryptamine hydrochloride
with ethyl glyoxylate in ethanol, followed by acylation with acetyl chloride which
furnished THBC in 44% yields (Figure5).

Condie and Bergman [38] reported the condensation of 1-formyl-9H-p-
carboline with ethyl azidoacetate which produced a non-isolable intermediate
which immediately underwent intramolecular cyclization via the attack of
nitrogen of indole subunit at the ester functionality. The resulting 5-azido-
canthin-6-one was further transformed to 5-aminocanthin-6-one via catalytic
reduction (Figure 6).
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Synthesis of 5-aminocanthin-6-one via intramolecular cyclization process.

Suzuki et al. [39] reported the synthesis of canthin-6-one derivative from 1-formyl-
9H-pB-carboline and its 4-methoxy derivative. In addition many researchers are
continuous trying to do more research in this field. Because the f-carboline gives more
interest to natural product chemist and it is a huge scope for researchers (Figure7).

The Morita-Baylis-Hillman (MBH) reaction have also been used by Singh et al.
[40] for 1-formyl-9H-B-carbolines (38) with various activated alkenes led to the
formation of expected MBH product (40) as well as unnatural canthin-6-one
derivatives (41). It was discovered that exclusive formation of either product 40 or
41 could be achieved by modulating the amount of DABCO used in the reaction as
well as the reaction time (Figure 8).

In an extension of this study, they disclosed the potential of substituted
1-formyl-9H-B-carboline for achieving the synthesis of indolizinoindole derivatives
as depicted in Figure 9. The N-alkylated derivatives (42) were subjected to MBH
reaction with various acrylates and cycloalkenones in the presence of DABCO or
DMAP to afford the MBH adducts (43) which were transformed into indolizinoin-
dole derivatives 45 (R1 = CO,Me) via reaction with PBr;. The reaction was preceded
through the formation of allyl bromide 44.

A Claisen rearrangement have also been used for the synthesis of different
p-carbolines by using of allyl alcohol in the presence of p-toluenesulfonic acid,
which upon heating at 200°C for 30 min resulted the final product in 84% yield [41].
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Synthesis of indolizinoindole derivatives of 1-formyl-9H-p-carbolines.

Alternatively, 4-amino-f-carboline synthesized by Fischer indole synthesis reaction

when the hydrazine was used as a reactant, which is postulated to occur via initial

hydrazone formation, followed by isomerization and loss of ammonia (Figure 10).
Another oxidant for changing over tetrahydro-p-carbolines to the completely

fragrant framework is elemental sulfur, which is usually utilized when utiliza-

tion of palladium or platinum is not feasible. For example, in Still’s synthesis of
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Claisen rearrangement for the synthesis of different p-carbolines.
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eudistomins 52, aromatic esters 53 were produced by heating 52 with sulfur in
xylenes at reflux condition [42] (Figure 11).

For the synthesis of 4-alkoxy-p-carbolines 61, Oxidation of tetrahydro-p-
carbolines 57 with 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) has also
found one of the best way of synthetic method [43] (Figure 12).

3. Conclusion

Using different reaction conditions and reports, it is evident from the past years
in medicinal chemistry filed that a wide range of synthetic methods have been
reported for the generation of p-carboline moiety and its analogs. However with the
new strategy developed for the synthesis of the f-carboline substrate this chapter
demonstrated the extensive utility of this prototype design and synthesis of new
p-carboline analogs. We believe that this substrate has great potential in medicinal
chemistry division and would be more beneficial for pharmaceutical industry.
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Synthesis of s- and p-Element
Organosiloxanes by
Mechanochemical Activation

Vitaliy Viktorovich Libanov, Alevtina Anatol’evna Kapustina
and Nikolay Pavlovich Shapkin

Abstract

The interaction of some organosilicon compounds with oxides, hydroxides, and
organic derivatives of s- (beryllium, magnesium, calcium) and p-elements (boron,
aluminum, gallium, and tin) under conditions of mechanochemical activation was
studied. Based on polyphenylsilsesquioxane and boric acid, the conditions for the
synthesis of polyelementorganosiloxanes were selected, which included the activa-
tion time, carrier rotation speed, and the ratio of the nozzle mass to the payload
mass. The influence of the nature of the heteroatom and the organic substituent of
the heteroatom on the process has been studied. The effect of organic substituents at
the silicon atom and the functionality of the organosilicon derivative on the mecha-
nochemical interaction with acetylacetonates of boron difluoride and tin dichloride
were also studied. The mechanisms of solid-phase reactions are proposed.

Keywords: mechanochemical activation, mechanisms of solid-phase reactions,
organosilicon compounds, acetylacetonates of s- and p-elements

1. Introduction

Currently, the urgent task of chemistry is the search for new environmentally
friendly methods for the synthesis of chemical compounds and materials based
on them. One of these methods is mechanochemical, which excludes the use of
solvents not only at the synthesis stage but in some cases when isolating the target
product. In addition to the fact that mechanochemical activation excludes the use of
solvents at the synthesis stage, the generated mechanical energy leads to the break-
ing of bonds and the creation of various radicals that cannot be formed in solution.
Therefore, as a result of mechanochemical reactions, new compounds are formed
that cannot be synthesized under the conditions of the use of solvents. This is due
to the fact that most solvents interfere with the reagents or irreversibly bind to the
product, changing their structure and reactivity.

In addition to the environmental component, this method has a number of
economic advantages due to the short reaction time (in the case of using planetary
activators, 3 minutes) and energy costs. Mechanochemical synthesis and mecha-
nochemical activation are now widely used in various industries, for example, the
production of catalysts [1], processing of materials, pharmaceuticals, utilization
of carcinogenic organic derivatives, pyrite concentrates, etc. Mechanochemical
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activation can be used to decompose polyamides [2], to synthesize nanotubes
[3], and to destroy toxic chlorine compounds, for example, DDT ([2,2-bis
(4-chlorophenyl)-1,1,1-trichloroethane]) [4].

Recently, mechanochemical activation is often used in medicine and pharmacol-
ogy, since the use of this method leads to an increase in the solubility of drugs and,
as a consequence, to an increase in bioavailability.

It is promising to use the method of mechanochemical activation for the synthe-
sis of organoelement, in particular organosilicon compounds.

Organosilicon compounds have a number of practically important properties,
such as heat resistance, adhesion to metals, good electrical insulation character-
istics, mechanical strength, and resistance to cold and water. Thus, organosilicon
compounds containing indium ions have high catalytic activity [5] and containing
magnesium atoms in their structure can be used to modify the surface of layered
silicate to obtain an antifriction coating [6, 7]; siloxanes that simultaneously contain
magnesium and titanium atoms in their structure are used as catalysts [8]. Siloxanes
containing calcium ions in their structure are widely introduced into medicine [9, 10],
while siloxane esters containing lithium salts are used in lithium-ion batteries [11].

Organosilicon polymers are used in electronics and semiconductor instrumenta-
tion [12]. Siloxanes modified with boron and aluminum compounds increase the
fire resistance and mechanical properties of materials [13], improve the hydropho-
bic qualities of materials [14, 15], and are used as heat-conducting composites [16].
Thymine-modified siloxanes can be widely used in optoelectronics and impart bio-
logical properties of materials [17]. The introduction of borsiloxanes into rubbers
greatly increases their elasticity [18], and the high corrosion resistance of materials
is acquired when tin atoms are introduced into siloxanes [19].

Possible applications of polymetallorganosiloxanes are also described in
review [20].

2. The choice of synthesis conditions based on polyphenylsilsesquioxane
and boric acid

The conditions for the synthesis of polyelementorganosiloxanes containing s-
and p-atoms were selected on the basis of the reaction of polyphenylsilsesquioxane
(PPSSO) and boric acid. This choice is due to two important points. First, due to the
presence of hydroxyl groups and coordination of water in the initial organosilicon
compound, a heterofunctional condensation reaction can occur, and secondly, boric
acid itself can split the siloxane chain.

To select the conditions of mechanochemical synthesis, the following activation
parameters were varied: synthesis time, number of mill turns (rotation speed), and
ratio of nozzle mass to payload mass.

Mechanochemical activation was carried out in the planetary monomill
“Pulverisette 6.” A stainless steel beaker and grinding balls made of the same mate-
rial were used as a reactor. The activation time ranged from 30 seconds to 7 minutes,
the rotational speed of the mill drove from 100 to 600 rpm.

The estimated reaction scheme for the interaction of PPSSO and boric acid is as
follows:

x(CeHsSi0; 5)n + nH3BO; — [(CeHsSi015)x(BO15) | + 150H20, 1)
where the original x = 1, 2 or 3.

After milling, reaction mixture was extracted with toluene. As a result of
the syntheses, two fractions were isolated. The toluene-insoluble fractions were
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gray-white powdery substances, which, according to elemental and X-ray phase
analysis and IR spectroscopy, were unreacted boric acid. Soluble fractions of all
syntheses according to gel permeation chromatography were high molecular weight
compounds (> 5000).

Mass fractions of soluble fractions in polymers slightly increased with an
increase in activation time. At the same time, a slight increase in the content of
boron in the polymer chain occurred. The Si/B ratio in the soluble fractions differed
from the predetermined one and was approaching (or equal to) to 2:1. By fractional
precipitation from solutions of polymers, only one fraction was isolated, which
indicates the homogeneity of the obtained compounds.

Since the obtained Si/B ratios were approximately equal to 2, a number of
syntheses were carried out in which PPSSO and boric acid were introduced under
similar conditions in the initial ratios of 2:1.

The Si/B ratios obtained in this case are close to the given value. This fact makes
it possible to assume that the ratios obtained under mechanochemical activation
conditions are determined by the nature of the heteroatom introduced into the
siloxane chain to a greater extent than the initial Si/B ratio. The ratio Si/B = 2:1 may
indicate the formation of a cyclolinear structure with stable six-membered boronsi-
loxane fragments.

An increase in the initial Si/B ratio to 3:1 led to the formation of soluble fractions
with a larger mass fraction, which is associated with an increase in the length of the
siloxane fragment in the polymer chain.

Based on the data of elemental analysis, gel permeation chromatography, and IR
spectroscopy, we can conclude that polymers consist of two types of structural units:

Ph Ph
RSN N Fh Ph
S S | |
o | Lo L0 -
O. .0 Si Si
i 6 o
(I} KET..-"
B
O
- ;Si_‘% fsg\" ~— ,fsllﬁ
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Since the optimal ratio for polyboronphenylsiloxanes obtained by mechano-
chemical activation was 2:1, to study the influence of activation parameters for all
subsequent syntheses, the initial Si/B ratios were taken to be 2:1.

To study the effect of activation time on the entry of boron into the polymer
chain, we carried out syntheses in which the activation time was 30 seconds and 2,
4, 6, and 7 minutes.

As a parameter showing the entry of boron into the polymer chain, we used the
concept of “degree of conversion,” which was calculated by the formula:

_m
o = n—Z’
where n, is the amount of boron included in the polymer chain and ny is the
initial amount of boron.
For greater clarity, the dependence of the degree of conversion on the activation
time [« = f(t)] is given in Figure 1.
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Figure 1.
The dependence of the degree of conversion on activation time.

Analyzing the obtained dependence, it can be seen that the degree of boron
conversion remains practically unchanged in the time interval from 3 to 5 minutes.
Therefore, in order to save energy, it is advisable to carry out syntheses precisely at
3 minutes of activation. After 5 minutes of activation, both the degree of conversion
and the boron content in the polymer chain decrease, since an increase in the activa-
tion time leads to a break in the -O-B- bond in the Si-O-B fragment and the boron is
removed from the polymer chain.

The entry of boron into the siloxane chain is also affected by such an important
parameter as the rotational speed of the mill. With an increase in the rotation
frequency, the mass fraction of the soluble fraction increases, and the degree of
entry of boron into the polymer chain increases. Due to the fact that the mill mode
at a frequency of 100-300 revolutions per minute is abrasive, under the influence
of grinding media, the friction force between the balls and the reaction mixture
increases, and, as a result, the local temperature increases. This can also explain the
fact that, as a result of activation, the insoluble fraction is a mixture of metaboric
acid, unreacted PPSSO, and silicon oxide formed as a result of the separation of the
phenyl radical. The data obtained do not contradict to the previously described in
the literature [21, 22]. Figure 2 shows the dependence of the percentage of boron
and the degree of conversion on the rotational speed of the mill.

With an increase in the ratio of the mass of the nozzle to the mass of the payload,
an increase in the impact force from the grinding bodies occurs.

w(B), % a
4 17
35 - 0,9
0.8
3 -
0,7
25 - 0,6
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15 04
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14
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0,5 - 1 01
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0 ——
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Figure 2.
Dependence of boron content w(B) (1) and degree of conversion a (2) on carrier speed.
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An increase in the ratio of the mass of the nozzle to the mass of the payload
to 3.04 leads to a decrease in the entry of boron into the polymer chain and to a
decrease in the mass fractions of soluble fractions with an increase in the activation
time. Apparently, an increase in impact force does not favor the entry of boron into
the polymer chain.

Thus, the decisive factors on which the degree of conversion and the percent-
age of boron included in the polymer chain depend on are the rotational speed of
the mill, the activation time, and the ratio of the nozzle mass to the payload mass.
Moreover, the optimal conditions for the selected model reaction are conditions
under which the synthesis time is 3 minutes, the ratio of the mass of the nozzle
to the mass of the payload is 1.8, and the frequency is 10 Hz (600 revolutions per
minute), providing shock operation.

3. Syntheses based on PPSSO and oxides of s- and p-elements

The synthesis of polyelementophenylsiloxanes based on PPSSO and oxides of s-
and p-elements was carried out under the optimized conditions defined in Section
2 of this work. Beryllium, magnesium, and calcium oxides were used as starting
compounds containing an s-element heteroatom.

The proposed reaction scheme for the interaction of PPSSO and alkaline earth
metal oxides is as follows:

x(CeHsSi015) 5 + nMO — [(CeHsSiO15)x(MO) ], (2)

where the original x = 1 or 2.

The beryllium atom did not enter the polymer chain at all, which can be
explained by the extremely high energy of the crystal lattice and Gibbs energy.
Beryllium oxide has a very high thermal conductivity, which at 100°C is 209.3 W/
(mK). This can also explain the fact that the resulting high local temperature at the
impact boundary of grinding media does not go to the excitation of radical ions but
to the heating of the crystal.

The low percentage of magnesium entering the polymer chain can be explained
from the standpoint described by Butyagin [23]. A magnesium oxide crystal
consists of chemically inert Mg2+ and O2- ions with electron shells like noble gases.
The energy of electrostatic interaction for small doubly charged ions is quite high,
so the crystal of magnesium oxide is sufficiently strong and inert. The crystal
lattice energy of this oxide is 3810 kJ/mol. In calcium oxide, this energy is not much
less (3520 kJ/mol), which also explains its inertness in the reactions initiated by
mechanical activation.

Thus, the synthesis of polymetallophenylsiloxanes based on PPSSO and oxides
of beryllium, magnesium, and calcium by this method under the selected condi-
tions is not possible.

The opposite picture is observed for oxides of p-elements.

The proposed reaction scheme for the interaction of PPSSO with oxides of ele-
ments of group XIII is as follows:

2X(C6H55i01.5)n + nM203 - 2[(C6H581015)X(M015)]HM = B, Al, Ga (3)
The relative mass fraction of soluble fractions with increasing time is first
increased and then slightly decreased. The ratio of n Si/B in soluble fractions dif-

fered from the predetermined one and approached 2:1 values, which confirms our
earlier assumption that stable six-membered rings are formed.
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A comparison of the results obtained during the mechanochemical activation of
PPSSO with boron oxide and similar syntheses into which boric acid was introduced
showed that using boric acid, products of a composition closer to the specified one
are obtained. Apparently, the passage of the process was facilitated by the presence of
protons in the system. This assumption is consistent with the conclusions of the authors
of the work, which showed that “acidic” protons in mechanochemical reactions diffuse,
as the most mobile, to the surface oxygen atoms (Lewis main centers). The consequence
of this is the formation of water molecules and new metal-oxygen-metal bonds.

The interaction of PPSSO with alumina under conditions of mechanochemical
activation in a vibrating ball mill was first described by us [24].

In the planetary ball mill, three syntheses based on PPSSO and alumina were
performed, which differ in the initial ratios Si/Al = 1:1, 2:1, and 3:1.

It was found that regardless of the initial ratio, soluble polyaluminophenylsilox-
anes with a Si/Al ratio of approximately 4 are obtained, which corresponds to the
optimal coordination number of the aluminum atom.

A comparison of the results obtained in the planetary-type activator with the
results in a vibration mill shows that the use of a more energy-intensive activator,
such as the planetary monomill, leads to an increase in the mass fraction of the
soluble fraction and to obtain a higher ratio of silicon to aluminum in the obtained
soluble products with the same initial ratio of reagents.

The introduction of a more basic gallium oxide into the reaction led to the forma-
tion of products with trace amounts of metal, which indicates the effect of the nature
of the introduced oxide on the ability to cleave the siloxane bond. Thus, the cleavage
of the siloxane bond under the action of an oxide under the conditions of mechano-
chemical activation occurs easier, with a higher acidity of the corresponding oxide.

Based on the synthesized PPSSO with oxides of alkaline earth metals, boron,
aluminum, and gallium, we can conclude that the heteroatom incorporation into
the siloxane chain decreases with an increase in the basic properties of the oxide and
an increase in the ionicity and strength of the crystal lattice:

B> Al > Ga.

This conclusion is consistent with our conclusion [25], on the interaction of
PPSSO with tin and germanium oxides under conditions of mechanochemical
activation.

4. Study of the interaction of organosilicon compounds with different
functionalities and boron difluoride acetylacetonate

In order to study the effect of the nature of the initial derivatives of the het-
eroatom on the process, boron difluoride acetylacetonate was used as the starting
material. The initial Si/B ratios were 1:1, 2:1, and 3:1.

The choice of boron difluoride acetylacetonate is due to the great reactivity of this
compound: in addition to reactive fluorine atoms, the interaction can be carried out at
the hydrogen atom located in the gamma position of the acetylacetonate ring [26-28].

The proposed reaction scheme for the interaction of PPSSO and boron difluo-
ride acetylacetonate is as follows:

x(PhSiOU)n + HF2BACAC + I’l/szO
— [(PhSiOy 5)x 1(PhSiFO)BOAcAc], + nHF 4)

where the original x = 1, 2 or 3.
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Linear polyboronphenylsiloxanes containing fluorine atom at silicon and acety-
lacetonate group at boron have been synthesized by mechanochemical activation.
Mechanochemical activation of polyphenylsilsesquioxane and boron difluoride
acetylacetonate taken into molar ratio of 1:1 was shown to lead to the formation of
polyboronphenylsiloxane with the given Si/B ratio.

The increase of the starting ratio Si/B enhances side processes and formation of
polydisperse products with the Si/B ratio different from the desired one.

For the initial ratio Si/B = 1:1 by various physicochemical methods of analysis,
including MALDI TOF, it was found that the synthesis is carried out according to
the following scheme:

CgH. Ol Cl: Cy Ih
ol .o - lol.0 :
e O, O CH; : CH,
SiSi o 5 5:1 -
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This synthesis was described in detail in previous work [29].

To study the effect of the functionality of the organosilicon derivative, diphenylsi-
lanediol, triphenylsilanol, and octa(phenylsilsesquioxane) (Ph8T8 cubane) were used.

According to gel permeation chromatography, the soluble fraction of synthesis
based on diphenylsilanediol is a low molecular weight substance with a relative
molecular weight of 660. It was found that at the first stage of the synthesis, the
starting materials condensed with the release of hydrogen fluoride, and then the
reaction was carried out by hydroxide groups:

M o CHy “40\ O
=
2 T s
| o o, 0
HO - 5i 0H + B —= Hi] Si o ﬁ-\ + HF
I FoF I F
Ph Ph 6)
H:'C"'--....-'"::::,_ -""(:H! _!CH'H T By Ha{;"‘-,.,--"'d'\‘-:::bu-"' EHs '_:!C.""- o “Hy
T Ph e T | O N
8] s 2l n] Q i) . o
™ B0 —Ei—UH HO— 85— R - CeIn—5—0— 5 O g
F 3 - Hai2 F | F
Fh Pir - Fir P

With a decrease in the functionality of the organosilicon derivative to unity (the
use of triphenylsilanol), the formation of various degradation products of the start-
ing compounds was observed. Only 1,3-difluoro-1,1,3,3-tetraphenyldisiloxane was
isolated from a mixture of the resulting substances in an individual form, and the
remaining substances were determined by chromato-mass-spectrometric analysis.
Thus, tetraphenylsilane, triphenylfluorosilane, triphenylformylsilane, triphenylsilyl
formic acid ester, and other products were discovered.

This synthesis was described in detail in previous work [30].

In continuation of the study of the influence of the functionality of the
organosilicon compound on the course of mechanochemical activation, the
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Ph8T8 cubane was introduced into the synthesis (it does not have functional
reaction groups).

The interaction of the cubane with boron difluoride acetylacetonate did not
occur due to the absence of water or hydroxyl groups, which were present in PPSSO,
diphenylsilanediol, and triphenylsilanol and, according to the previously proposed
scheme, taking part in the synthesis process.

The addition of the calculated amount of water to the “cubane-boron difluoride
acetylacetonate” system resulted in the formation of a polymer product, the same as
described for synthesis with PPSSO.

5. Interaction of PPSSO and acetylacetonates of alkaline earth metal
and some p-elements

During the mechanochemical activation of PPSSO and beryllium, magnesium,
and calcium oxides, the atoms of these elements did not enter the siloxane chain,
which was associated with a high degree of ionicity of the corresponding oxides
and, as a consequence, the high strength of the crystal lattice. Therefore, milder
compounds, organic salts, and 2,4-pentanedionates were used.

In the case of the use of beryllium and magnesium acetylacetonates, the occur-
rence of a heteroatom did not occur. Apparently, during the activation process,
these acetylacetonates were destroyed with the formation of stable oxides. However,
when using a calcium salt, the heteroatom enters the siloxane chain (low metal
percentage still remains). Thus, as in the interaction of PPSSO with alkaline earth
metal oxides, an increase in the atom size facilitated the process of heterolytic poly-
condensation under these conditions, increasing the polarization of the compound
and breaking of the bond in it.

When aluminum tris-acetylacetonate is introduced into the reaction, products
with a Si/Al ratio of 3:1 are formed (compared with the synthesis based on alumi-
num oxide). In the case of using gallium tris-acetylacetonate as the starting com-
pound, a polymer product with a given Si/Ga ratio is obtained; however, its yield is
not high (less than 26%).

A comparison of the results of syntheses based on aluminum and gallium
acetylacetonates shows that an increase in the basicity of the heteroatom leads to
a decrease in the mass fraction of polyelementorganosiloxanes; however, the Si/M
ratio is closer to the specified one.

As aresult of the mechanochemical activation of PPSSO and
bis(acetylacetonate) tin dichloride (initial ratio Si/Sn = 1:1), three fractions are
distinguished. The toluene-insoluble fraction is tin and silicon oxides, as well as the
unreacted starting components. Fraction 2, obtained by precipitation of hexane
from a toluene-soluble fraction, is a polymer product. The resulting ratio of Si/Sn
differs from the set and is 1.96:1:
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= e —:"'CH*"
£ _,-"' o
£ gn
oy ! Fy
ool
H, GiHy

The third fraction is a monomeric compound corresponding to the following
structural formula:
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6. Conclusions

1. By the mechanochemical activation, low and high molecular weight elemen-
toorganosiloxanes containing atoms of boron, aluminum, gallium, and tin
can be synthesized. As starting materials, boron oxide, boric acid, boron
difluoride acetylacetonate, aluminum and gallium acetylacetonates, and
bis(acetylacetonate) tin dichloride can be used.

2. The composition and structure of the products obtained depend on the condi-
tions of mechanochemical activation, as well as the initial ratio of the reacting
substances.

3. An increase in the activation time and the ratio of the mass of the nozzle to the
mass of the payload leads to the breaking of the siloxane bond and the removal
of the heteroatom from the polymer chain by increasing the impact force from
the grinding bodies.

4.During the mechanochemical activation of polyphenylsilsesquioxane and ele-
ment oxides, the incorporation of the p-element heteroatom into the siloxane
chain decreases in the series B > Al > Ga with an increase in the basic proper-
ties of the oxide, an increase in the ionicity and strength of the crystal lattice,
and the s-element heteroatom in the series Ca > Mg > Be with a decrease in its
radius and an increase in the strength of the crystal lattice of heteroatom oxide.

5.During the mechanochemical activation of polyphenylsilsesquioxane and
organic derivatives of s- and p-elements, a heteropolycondensation reaction
occurs, the result of which depends on the polarity of the M-O-C bond: when
alkaline earth metal acetylacetonates are used as the starting compounds, the
polycondensation ability increases with the size of the atom included in the
corresponding metal acetylacetonate and, accordingly, bond polarity:
Ca(AcAc)2 > Mg(AcAc)2 > Be(AcAc)2.

6. The course of the mechanochemical process, as well as the composition and
structure of the reaction products, depends on the functionality of the starting
compounds:

a. A decrease in the functionality of the organoboron derivative results in
compounds with a lower Si/B ratio.

b.A decrease in the functionality of the organosilicon derivative leads to

its lower reactivity and the formation of low molecular weight reaction
products.

7.The presence of hydroxyl groups and crystallization water affects the course of
mechanochemical activation.
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8. When using bifunctional halogen-containing organic derivatives of p-ele-
ments, the products of mechanochemical activation have a linear structure.
Products of both polymer and monomeric nature are formed.
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Chapter 3

Recent Advances in
Mechanochemical Organic
Synthesis

Davor Margeti¢ and Vjekoslav Strukil

Abstract

In this review, the recent advances in mechanochemical organic synthesis are
presented. These include variety of chemical reactions, organic functional group
transformations, organic catalytic processes, and photochemical reactions which
were not carried in mechanochemical conditions before.

Keywords: mechanochemistry, organic synthesis, green chemistry, ball milling,
methodology and technique developments

1. Introduction

The use of mechanical energy to promote chemical reactions has become a fast-
growing area of green chemistry research in the last decade. With the realization
of its practical potentials by chemists and researchers in academia and industry, in
recent years, the number of published accounts on mechanosynthesis in various
research fields is increasing, ranging from inorganic, metal-organic to organic reac-
tions. Mechanochemistry also become widely exploited for synthesis of drug solid
forms [1]. The topic of mechanochemistry was the subject of several review articles
[2-9] and books [10, 11]. In this review, the most recent accounts on the mechano-
chemical organic synthesis are covered.

2. Synthesis

Multi-step synthesis is applicable to ball milling solid-state conditions, which
is documented by the increasing number of one-pot, multi-step reactions. In the
initial milling process, compatible second reagents were added, and milling was
continued. Among them are one-pot two-step Negishi C—C cross-coupling which
applies different physical forms of zinc to generate organozinc reagent which was
coupled with aryl halide and palladium catalyst in the second milling step. This
reaction was also carried out as one-pot one-step reaction [12]. Further examples
are one-pot two-step synthesis of thioureas from amines employing thiocarbamoyl
benzotriazoles [13], one-pot two-step synthesis of pyrazolones [14], two-step
synthesis of paracetamol and procainamide [15], and three-step, two-pot Gabriel
synthesis of amines [16]. For illustration, reductive cyclization of fullerene
was carried out by three consecutive ball milling reactions (Figure 1) [17]. This
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solvent-free Michael reaction of fullerene anion to enones (chalkones) was car-

ried out in a two-step, one-pot procedure, starting by zinc reduction of fullerene

to carbanion, with water additive used to protonate generated carbanions. The
mechanochemical conditions led to the formation of Cgo-substituted cyclopentanol
3 and hydrofullerene derivative 4. This mixture was transformed to 3 by short mill-
ing with Et;N. Dehydration to Cgo-fused cyclopentenes 5 was achieved by milling of
3 with trifluoromethanesulfonic acid.

One-pot, three-step synthesis of pyrroles from amines, alkyne esters, and
chalkones saves time and increases the practicality of synthesis (Figure 2) [18]. The
first step is reaction of amines with alkyne esters which affords f-enaminoesters
7. Without separation, chalkone, I, and Phi(OAc), were added to vessel for
subsequent milling, which produced dihydropyrroles 9 via Michael reaction.
Dehydrogenative oxidation with DDQ led to formation of substituted pyrroles 10.

Some novel variants and reagents were recently applied for reactions which
were previously carried out in ball mill such as the formation of peptide bond and
imines; Michael, Mannich, and Wittig reactions; porphyrin metalation; halogena-
tions; and various multicomponent reactions. For instance, amide bond formation
by one-pot two-step procedure, followed by polymerization in mill [19], application
of PhI(OAc); cross dehydrogenative coupling for the amidation of aldehydes via
C=-H activation [20], formation of phosphinecarboxamides [21], Rh catalyzed
amidation [22] or via Ritter reaction [23] and amination to prepare sulfonamides
employing Ir catalyst [24] were reported. In addition, a mechanistic study for amide
bond formation is published [25].

Some of the traditional transition metal catalysts used in solution reactions can
be replaced with elementary metals as catalysts under mechanochemical condi-
tions. For this purpose, different materials for balls and milling vessels were used
by Mack, including silver, copper [26], and nickel, even aluminum jars and balls
for amorphization [27] and silicon nitride for Scholl reaction [28]. An exemplary
reaction is cyclopropenation of alkynes with diazoacetates carried out in ball mill
using various materials for vial and balls. Silver foil was found to be a recyclable
metal catalyst which does not loose activity and diastereoselectivity after several
reaction cycles [29]. The optimal results of [2+1] cycloadditions for internal alkynes
were achieved with stainless steel vials and balls, with the addition of silver foil
(Figure 3), whereas copper foil showed much better performance in cyclopropana-
tions of terminal alkynes [30]. Silver foil in conjunction with PdCl,(PPhs), catalyst
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Reductive cyclization of Cg, with enones by three-step milling.
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Figure 2.

Three-step synthesis of substituted pyrroles.
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was also employed as the effective co-catalyst for mechanochemical Sonogashira
coupling of aliphatic alkynes with aryl iodides.

On the other hand, catalysis of [2+2+2+2] cycloaddition of alkynes to cyclooc-
tatetraenes (Figure 4) with Nickel foil was ineffective (SS vial/ball) and with
Tungsten carbide balls was moderate, whereas with nickel powder (SS vial/ball), it
was moderately active, and pellets were used to obtain high conversion. Nickel vial
in combination with nickel balls provided low conversion [31]. Nickel powder gen-
erated in situ is responsible for the catalytic activity and, by using the neodymium
magnet to separate nickel pellets from crude reaction mixture, makes the catalyst
recyclable.

Metal catalyst additives such as Pd foil, Cr, and Ni powder showed the activity in
alkyne hydrogenation using water as hydrogen source. Efficient mechanochemical
hydrogenation method employs SUS304 stainless steel which contains zero-valent
Cr and Ni constituents for balls and vial [32]. Alkene and alkyne bonds and nitro,
azido, and keto groups were reduced in 62-100% yield by in situ hydrogen genera-
tion (Figure 5). Furthermore with SUS304 steel vials as catalyst, alkanes and Et,0
were used as hydrogen sources for hydrogenation of aromatic compounds, alkenes,
alkynes, and ketones [33].

Novel mechanochemical C=C bond forming reactions include Friedel-Crafts
acylation [34] and alkylation which was also employed in polymer synthesis [35].
Porphyrin synthesis in which mechanochemical procedure was reported earlier
was extended to bulkier aromatics [36] and the solventless metalation of porphy-
rins [37, 38].

Mack has shown that different products could be obtained in enolate addition
reactions, when solution procedure was replaced by solvent-free conditions (Figure 6)
[39]. Whereas in solution 3-hydroxy-1,3-diphenylbutan-1-one and dypnone
were formed by base-catalyzed aldol condensation of acetophenone, in ball mill
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Figure 3.

Cyclopropenation of alkenes and alkynes with diazoacetates.
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Figure 4.
Nickel-catalyzed [2+2+2+2] cycloaddition of alkynes.
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Aldol condensation of acetophenone.

1,5-pentadione 21 was obtained as the major product. This product was formed by an
initial aldol reaction followed by the Michael addition. In addition, products 22 and 23
arising from the 1,2-addition of the enolate with initial Michael adducts were obtained.

Dehydrogenative C==H/C==H arylation of oximes and anilides as directing
groups was carried out by Xu (Figure 7) [40]. The mechanochemical process is
fast (1 h, 6 x (10 min + 1 min break)) and mild, with less amount of arenes, and
highly para-selective. A variety of functional groups could be tolerated in LAG
(DMF) conditions with TfOH as an additive in conjunction with Pd catalyst and
oxidant. Optimal reaction conditions were also applied to olefinic C=H aryla-
tion with simple arenes. Kinetic isotope effects of experiments using deuterated
substrates showed KIE data which are consistent with those reported in the
similar transformation using arenes as solvents. Slightly different mechano-
chemical conditions were employed by Su in oxidative C=H dehydrogenative
homocoupling of N-arylcarbamates (24, R! = NHCO,R): Pd(OAc), catalyst in
conjunction with Cu(OTf); as an oxidant and HFIP additive and silica gel as
grinding auxiliary [41].

The synthesis of benzo[b]furans by electrophilic cyclization of 2-alkynylan-
isoles 27 was accomplished by milling with equimolar amount of iodine (Figure 8)
[42]. The formation of C=O bond is achieved in moderate to high yields (30-83%).
This is an example of reaction where the optimization of conditions indicated that
lower milling speed (15 Hz) and shorter milling time provided better yields. The
increase of milling frequency, extension of the reaction time, or use of an iodine
excess caused the formation of side products, diiodinated E-alkenes.

C==N bond forming reactions were paid larger attention to. Mechanochemical
nitration reactions of aromatics are extended to various reagents: NaNO; in
conjunction with MoO; as an additive [43], BINO; with MgSO, [44], as well as
BiNO; alone was applied for nitration of fullerene Cgo [45]. Amine guanylation
with N,N'-Di-Boc-1H-pyrazole-1-carboxamidine [46] and facile Boc deprotection
was achieved with TsOH [47]. Another mechanochemical nitrogen deprotection
(N-demethylation) by modified Polonovski reaction of various alkaloid N-oxide
hydrochlorides (of biologically interesting molecules, dextromethorphan, atro-
pine, noscapine, and benzoyltropine) was carried out using iron dust and LAG
(Figure 9) [48]. Toxic and expensive reagents are replaced by iron dust.

Strecker reaction of benzaldehyde with benzylamine and KCN in simple reac-
tion conditions using unusual material (stones as ball bearings) provided a mixture
of a-aminonitrile 34 and imine 35 (Figure 10) [49]. A favorable formation of
34 was achieved by silica gel additive with its ability to adsorb moisture (instead
of the common Brgnsted and Lewis acid catalysts), and a-aminonitrile 34 was
produced almost exclusively. The replacement of ZrO,/stone material with agate
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P VO aimin T
'. N—CH; 1. mZPBA, CHCI, 1 "JH t_:_H all rni :‘ N H
R 2 HCl RS + | Fe dust e
LAG -PrOH .
29 30 %h 31 (48-88%)
Figure 9.
Demethylation of alkaloid N-oxide hydrochlorides.
0 MHER /Iﬁ’En
ST A . o .-"I‘ et -
L--" T "H . HEN.- .T'_-‘ - . KEN ball mill . -i G \EN . I- s H
e o adfliﬁus e M
32 33 =h 34 35
Yassal Ball bearing Addilive  Conwv, Ralio
il stones 99% 1584
Zrids  stonzs S, 98% 9901
Agate  Agale By g9t B491
Figure 10.
Strecker reaction.

worked equally well, and a variety of a-aminonitrile products was synthetized

in high yields. Lignin additives as Brensted acid also provided high yields, with
a-aminonitrile/imine ratio less specific. The formation of gaseous HCN in Strecker
reactions using K;[Fe(CN)g] was detected by trapping in modified milling jar with
gas outlet [50].

Palladium-catalyzed Buchwald-Hartwig amination of aryl chlorides in ball mill
has provided moderate to high yields of diarylamine products 38 (Figure 11) [51].
A sodium sulfate grinding auxiliary was necessary to improve mixing. Noteworthy,
these reactions did not require inert gas protection. Under air, Browne used KO'Bu
and Pd-PEPPSI-iPENT catalyst for Buchwald-Hartwig amination [52]. Ito has found
that olefin additives can act as efficient molecular dispersants for catalysts in a
solid-state Buchwald-Hartwig amination reaction (where aggregation is suppressed
through olefin coordination with Pd catalyst). For instance, 1,4-cyclooctadiene
facilitates the reaction of aryl halides 39 with diarylamines 40 to obtain triaryl-
amines 41 in high yield [53].

Efficient spiroimidazoline synthesis by the reaction of 2-substituted 1H-indene-
1,3-(2H)-diones 42 and barbituric acid-derived alkenes 45 with amidines pro-
moted by N-iodosuccinimide (NIS) was reported by Wang (Figure 12) [54]. The
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formation of two new C-N bonds in the process was achieved in a very short time by
the reaction which started with aza-Michael addition to alkenes.

Another user and environmentally friendly protocol than isocyanide synthesis
via Ugi reaction was the development of solid-state Hofmann reaction (synthesis
of isocyanides from amines) (Figure 13) [55]. The implementation of the reaction
in mechanochemical conditions significantly reduces the amounts of chloroform,
from bulk solvent to 2.1 equivalents. Milling in two 15-minute steps, where chloro-
form was added each time, afforded better yields than one 30-min milling with all
chloroform added at once. The addition of NBuz was beneficial for sterically more
hindered substrates.

Enzymes can tolerate ball milling conditions, and enzymatic reactions were suc-
cessfully carried out for several transformations: esterification of primary alcohols
[56], peptide bond formation [57], ester hydrolysis [58], and cleavage of cellulose
[59]. An enzymatic kinetic resolution of racemic secondary alcohols rac-50 was per-
formed by acylation with isopropenyl acetate catalyzed by lipase B from Candida
antarctica lipase B (CALB) (Figure 14) [60]. Milling of rac-50 in ZrO, vessel
showed that biocatalyst is stable in reaction conditions and a partial highly enanti-
oselective hydrolysis provided acetates (R)-52 and the remaining alcohols (S)-50.
High enantioselectivity was also obtained with immobilized lipase PS-IM. Acylative
kinetic resolution could be coupled with ketone reduction in one-pot sequential
process starting from acetophenone 49.

Similar methodology was applied by Juaristi for the mechanoenzymatic resolu-
tion of racemic chiral amines. CALB was applied in the combination of isopropyl
acetate as acylating agent and dioxane additive (in agate jars), and amide products
were obtained with excellent enantiopurity (ee 66—>99%). Enantiopure chiral
amines were used in the synthesis of (R)- and (S)-Rasagiline [61].

Besides hydrogenation reaction facilitated in SUS304 ss and Strecker reaction,
gaseous reagents were also in situ generated in transfer hydrogenation of carbonyls
with polymethylhydrosiloxane as hydrogen source [62], reduction of NO, group by
catalytic transfer hydrogenation employing Pd and ammonium formate [15], and
synthesis of thioureas by generation of ammonia from NH,Cl and Na,COs [13].

Among the reactions for the formation of other types of bonds which were not
previously carried in ball milling conditions are C=P bond by phosphonylation
with MnOAc [63], O=P phosphate nucleoside bond using CDI [64], S=P bond via
Arbuzov reaction [65], C=B bond by borylation using Ir catalyst [66], and P==S
and P=Se bond formation by milling of phosphines with S and Se [67].
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Figure 11.

Buchwald-Hartwig amination.
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Synthesis of spiroimidazolines.
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A recent example of mechanochemical enantioselective reactions is the fluorina-
tion of aliphatic cyclic and acyclic f-keto esters using N-fluorobenzenesulfonimide
with the aid of chiral oxazoline copper catalysts (Figure 15) [68]. Fluorinated keto
esters 56 were obtained in moderate to high yields and ees.

The epimerization of (3R,6'R,3'R)-lutein to 3'-epilutein was successfully carried
out in a stainless steel jar MET-A (composition 84.5% Fe, 13% Cr) in conjunction
with acidic cation-exchange resin [69]. This transformation was accompanied with
the formation of anhydrolutein, and the best dr ratio after optimization was 37:63.

Some cycloaddition reactions were carried out in ball mill for the first time. A
mechanistic study of Diels-Alder reactions of selected anthracenes by Arrhenius
kinetics was reported by Andersen and Mack [70]. The array of 1,3-dipolar cycload-
dition reactions is recently extended with nitrones [71] and nitrile oxides [72].

Among the recent examples of oxidation/reduction reactions are Cannizzaro
disproportionation of furfural [73] and benzylic oxidation of lignin by oxone and
TEMPO [74]. Nitro group was reduced by Ni,B-NaBH, system [75] and by AuNPs-
catalyzed reaction with cyclodextrins as additives [76].

Ionic liquids as novel promoter/additive which could be regenerated were
employed for the synthesis of imines [77] and in multicomponent synthesis of
4H-pyrans which started with Knoevenagel reaction [78].

Solvent-free mechanochemical conditions were also used in synthesis of reactive
species. Synthesis of naphthalenediimide radical ions was achieved by milling of
naphthalenediimides with trialkyl and triarylphosphines and Et;N base [79]. The
ArSy reaction provides bistrialkyl(aryl) phosphonium naphthalenediimide radical
anions which were isolated, and automated ball milling procedure was superior to
manual grinding and sonication conditions. The formation of free radicals was also
obtained from glucose-based polysaccharides [80].
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Figure 13.
Hofmann reaction of amines with chloroform.
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Enantioselective fluorination of p-keto esters.
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Several examples of advantageous application of mechanochemistry in supra-
molecular chemistry are given in recent literature. The encapsulation of fullerene
Ceo in mechanochemical conditions was extended from y-cyclodextrin, cucurbit
[15], uril and sulfocalix [16], arene hosts to molecular cages [81]. Other molecular
guests were encapsulated by ball milling in calixarene (fluorene) [82], cyclodextrins
(steroids) [83], as well as daidzein and genistein [84]. Synthesis of metal-organic
framework in the presence of guest was used for the entrapment of boron dipyr-
romethene dyes in MOF. This complex could not be obtained by direct milling of
MOF with BODIPY dyes [85]. Furthermore, the size of mechanochemically pre-
pared hemicucurbituril macrocycles was effectively controlled by anion templating
[86]. Pseudorotaxanes which were prepared in solution were transformed into
diamide rotaxanes [2] by solvent-free reaction of amine and acyl chloride terminus
forming amide stoppers [87]. On the other hand, for the synthesis of rotaxanes [2],
a one-pot, two-step mechanochemical protocol was used. It involves the prepara-
tion of pseudorotaxane and stoppering by 1,3-dipolar alkyne-azide cycloaddition in
the second step.

3. Methodology and technique developments
3.1 Mechanochemistry meets photochemistry

While the photochemical activation of molecules in solution is a well-known
phenomenon, its integration with milling mechanochemistry has largely remained
unexplored. The first step in this direction was made by MacGillivray who described
the photochemical [2+2] dimerization of 4,4'-di(pyridyl)ethylene molecules,
pre-assembled in a cocrystal by template-directed solid-state cocrystallization, into
a cyclobutane product [88]. The milling, achieved by shaking a glass vial in a vortex
machine, was required for the cocrystallization step, while the broadband UV lamp
from a laboratory photoreactor was used to affect the dimerization in the solid
state. This approach, named “vortex grinding,” requires the vortex shaker to be
placed inside the photoreactor chamber and is not compatible with standard milling
equipment. Recently, visible light photoredox catalysis has grown into an exciting
and very productive research field, but the challenge of combining it with solid-
state milling remained. Further investigations by Konig showed that solvent-free
visible light-induced photocatalytic reactions could be realized in thin liquid films
by means of a rod mill, consisting of a test tube containing the reaction mixture and
a glass rod attached to a stirrer [89] or by a “rotating film reactor” where a glass vial
is rotated at 1200 rpm to form a film exposed to blue light [90]. In this way, alcohol
oxidations using riboflavin tetraacetate photocatalyst and coupling of aryl halides
with pyrroles and phosphites in the presence of rhodamine 6G were accomplished
(Figure 16a).

In 2017, our group reported on the first successful implementation of mechano-
chemical ball milling in a commercial shaker mill with visible light photocatalysis,
named the “mechanochemically-assisted solid-state photocatalysis” or “MASSPC”
[91]. The major obstacle in employing photochemical activation in mechanochemi-
cal reactions is the nontransparency of milling jars typically made of stainless
steel, tungsten carbide, or Teflon. To overcome this issue, custom-made Duran
glass jars completely translucent to visible light were designed. Plastic jars made of
polymethylmethacrylate (PMMA), extensively used in real-time in situ monitoring
of mechanochemical reactions [92], were found to be inadequate for this purpose
due to the insufficient transparency caused by the wear of the plastic material
during milling. In parallel, a photochemical reactor that would enable simultaneous
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(a) Rod mill and rotating film veactors for solvent-free photocatalysis. (b) MASSPC reactor for simultaneous
ball milling and LED irvadiation. (c) A multiposition jar adapter for planetary ball milling and the lunar
motion of vials in the adapter. (d) Resonant acoustic mixing device and the effect of acceleration on the
cocrystallization of carbamazepine and nicotinamide.

high-speed vibrational milling and irradiation of the milled sample was con-
structed. While the initial experiments with LED strips wrapped around the glass
jars showed promise as the simplest solution, prolonged exposure to high-frequency
vibrations led to breakage of the strip, and this approach was eventually abandoned.
Instead, an LED reactor that would fit around the oscillating glass jar was devised
and successfully used in the aerobic thiophenol-promoted photocatalytic oxidation
of diphenylacetylene to a diketone benzil (Figure 16b).

The obtained results suggested that singlet oxygen ('0,) was involved in the
transformation of an alkyne into the diketone product, while the gas chromato-
graphic analysis allowed reaction quantification and the detection of intermediate
isomeric vinyl sulfides as the photoactive species that react with singlet oxygen. The
formation of 'O, under these conditions was also demonstrated by the MASSPC
approach by synthesizing anthracene-9,10-endo-peroxide from anthracene in the
presence of eosin Y photocatalyst. The plastic PMMA jars and LED strips were next
reported in the photochemical borylation of aromatic diazonium salts using eosin
Y as the photocatalyst under milling conditions and green light irradiation [93]. All
these results demonstrate the promising potential of merging mechanochemistry
with photochemistry into a novel research area of solvent-free organic synthesis.

3.2 High-throughput mechanochemistry
One practical limitation of using conventional ball mills for synthetic purposes
is their low throughput, i.e., the inability to process more than a few samples simul-

taneously. To address this problem, Cravotto and Colacino resorted to modification
of a standard jar for planetary ball milling by transforming it to a multiposition jar
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adapter capable of processing up to 12 samples at the same time [94]. The adapter
can be made in different sizes to accommodate 4 vials of 100 mL, 8 vials of 20 mL,
or 12 vials of 2 mL volume. In the case of a planetary ball mill equipped with four
milling stations, this technical modification enables fast screening and optimiza-
tion for up to 48 different reaction conditions. Besides high-throughput operation
mode and time- and cost-effectiveness, “mechanochemical parallel synthesis” (1)
avoids cleaning and cross contamination as the reaction mixtures can be stored

or analyzed directly in the vial, (2) it allows reactions on a milligram scale (ca.

10 mg), (3) aluminum adapters serve as heat sinks and prevent reaction mixtures
from overheating, and (4) the vials can be periodically loaded/unloaded to enable
processing a large number of samples. Vials loaded into a multiposition adapter/
jar experience the so-called lunar motion due to the existence of a separate rotation
axis in addition to the adapter/jar axis and the principal “sun” wheel axis charac-
teristic for planetary ball milling. This results in a motion different in conventional
planetary ball mills with a nonconstant force exerted on the vials and their content.
When the vials are closer to the principal axis, this force becomes less intense, while
in the opposite position on the outer rim of the adapter, the force is as strong as in
conventional milling (Figure 16c).

The development of mechanochemical parallel synthesis was successfully
employed in the synthesis of a library of 3,4-dihydro-2H-benzo[e][1, 3] oxazines by
a one-pot three-component reaction between a phenol, a paraformaldehyde, and a
primary amine. More than 60 experiments per week were performed, as opposed
to expected 6-8 weeks required for the same output using conventional milling. A
typical experiment in a 2 mL vial was done on 0.53 mmol scale using 60 stainless
steel balls (1 mm diameter), while 20 mL vials were charged with 3.19 mmol of a
phenol/amine along with 60 glass beads (3 mm diameter). The reaction mixtures
were milled at 550 rpm for 4 h affording yields comparable to solution synthesis.

3.3 Ball-free milling: resonant acoustic mixing

The traditional paradigm of mechanochemistry is the use of milling balls to
introduce mechanical and thermal energy into a system through mechanisms
such as impact, shear, or their combination, depending on the milling mode. The
number, mass, size, or material the balls are made of, as well as their relation to
the volume of a milling jar, are all important variables in determining the outcome
of a mechanochemical ball milling reaction. However, in a technique called the
“resonant acoustic mixing” or RAM, solid-state reactions can be performed in the
absence of milling bodies [95]. Unlike conventional ball milling, where the intro-
duced energy causes physical damage to particles, generates defects, and often leads
to aggregation of particulates, compaction, the so-called “snow balling,” or even
complete amorphization, RAM is a much softer technique for mixing solids with
minimal damage to particles. It is therefore particularly convenient in cases where
mixing of impact-sensitive materials such as explosives and propellants is required.
In a resonant acoustic mixer device, effective mixing is accomplished by transfer-
ring the mechanical energy of a vibrating plate connected to a bed of springs to
a sample container placed on top of the plate. The plate and the container are set
into an oscillating motion at a fixed resonance frequency, resulting in local zones
of intense mixing (Figure 16d). Since the frequency of plate vibration is fixed (ca.
61 Hz), the intensity of mixing is simply adjusted by changing the amplitude of the
oscillation; hence the acceleration or the “G-force” exerted on a powder sample in
the container can be controlled.

In 2018, Michalchuk and Boldyreva reported the first in situ study of a RAM-
induced cocrystallization of nicotinamide (NIC) and carbamazepine (CBZ) in
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the presence of a catalytic amount of water, using synchrotron powder X-ray
diffraction (PXRD). Two acceleration settings of 50 G and 100 G were employed
to investigate the effect of mixing intensity on the course of the cocrystallization
reaction to form the known 1:1 cocrystal CBZ-NIC. Although solvent-free (neat)
conditions gave no reaction, the addition of ca. 20 pL of water facilitated the forma-
tion of carbamazepine dihydrate (CBZDH) at a continuous rate as the kinetically
controlled product at 50 G acceleration. The Rietveld refinement revealed around
40% conversion to the dihydrate form CBZDH, while only a 10% ca. of CBZ-NIC
cocrystal was observed. Since water was present in excess, the 40% conversion
plateau to CBZDH suggests the hydration of CBZ particle surfaces as the primary
process during mixing, which prevents the complete hydration to take place in
deeper layers. On the other hand, RAM at 100 G acceleration provided a completely
different reaction profile. Most of the reactants were consumed within the first

30 seconds, and after Rietveld refinement, ca. 70% of CBZ-NIC cocrystal, as the
thermodynamically favored phase, was detected, alongside 15-20% of the dihy-
drate CBZDH (Figure 16d). Throughout the first 9 minutes, the Bragg reflections
corresponding to reactants stochastically appeared and disappeared, suggesting

an inhomogeneous mixing and distribution of powder inside the reaction zone.
Additionally, the presence of CBZDH in the mixture was probably due to the
hydration of aggregated CBZ in the corners of the container, where mixing was not
effective enough as the vessel was designed primarily for in situ PXRD measure-
ments. The observed differences in solid-state reaction rates were attributed to
more intimate mixing of reacting powders by particle comminution and dissocia-
tion of aggregates, disruption of intermediate product-coated reactant particles,
and generation of more fresh reactive surfaces under higher RAM accelerations.
This study also demonstrated that solid-state RAM mechanochemical reactions can
be carried out gently in the absence of milling balls where the mechanical energy is
transferred by means other than impact or shear.

3.4 Real-time in situ reaction monitoring

Since the introduction of real-time in situ techniques for monitoring mechano-
chemical reactions [92], based on synchrotron PXRD, Raman spectroscopy, and their
combination, mechanistic details for a number of organic transformations, metal-
organic framework (MOF) systems, and solid-state cocrystallizations have been
studied and revealed [96]. These in situ studies also allow for kinetic considerations
of solid-state milling reactions under LAG conditions [97], as well as investigations of
the effect of milling parameters such as frequency [98], number of milling balls [99],
or the ball to reactant ratio on the course of mechanochemical reactions [100]. On a
technical side, such investigations go hand in hand with the development of equip-
ment necessary to conduct them. In this respect, accessories such as milling jars for
in situ studies deserve special attention. Filinchuk et al. have employed a 3D printer
as a low-cost and rapid way to fabricate several types of plastic jars made of PMMA
or polylactic acid (PLA) transparent to X-rays and showed how different geometries
and material of the jars can reduce background (due to scattering) and minimize
absorption, as well as improve the angular resolution during PXRD measurements
[101]. In comparison with standard jars used in most experiments (type 0 and its
modification type 1), jars with thinner walls (type 2) and added grooves (type 3) or
physically separated X-ray probing area in the “two-chamber” jar (type 4) displayed
significantly lower background and absorption (Figure 17a). In designs 3 and 4, the
size of the groove or the opening between the two chambers is smaller than the ball
size, which eliminates the problem of X-ray scattering on milling balls and detection
of the corresponding diffraction peaks. The sampling efficiency of 3D-printed jars
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was tested on the solvent-free mechanochemical PbO polymorph interconversion
from B-PbO to a-PbO phase, as a suitable model system. The results showed that the
jar design generally affects the rate of f-PbO to a-PbO conversion, with the lowest
rate expectedly recorded in the type 4 “two-chamber” jar where the analyzed sample
resides in the bottom chamber, while ball milling and intensive mixing take place in
the upper chamber. The authors also noted that types 3 and 4 jars are not compatible
with liquid-assisted grinding since wet powder materials would probably stick and
aggregate in the groove or in the chamber corners.

Besides improving the design of milling jars, the development of instrumenta-
tion for mechanistic studies is essential, as exemplified by Casati’s design of a new
type of in situ ball mill intended for real-time probing of reactions in solids [102].
The new setup, characterized by a dual motion during milling in the form of verti-
cal shaking (up to 50-80 Hz) and continuous slow rotation of the jar, is capable of
collecting PXRD data with significantly reduced background and sharper Bragg
reflections, which becomes important if high-resolution measurements are desired.
Such a design also prevented the aggregation of powder material in the grooves,
often encountered in devices where the only motion is shaking insufficient to push
the powder out of the groove. In combination with the new design of a two-part
milling chamber surrounded by a continuous probing ring where the milling balls
cannot enter, it provides opportunities for collecting better resolved PXRD data,
reaction monitoring, phase quantification, and line profile analysis (Figure 17b).

An interesting recent contribution to real-time in situ monitoring of organic
transformations is the detection of a cocrystal between barbituric acid and vanillin
that precedes the formation of C—C bond in the final Knoevenagel product [103].
The reactant molecules in the cocrystal are positioned to allow nucleophilic attack of
the methylene group in barbituric acid to the carbonyl group in vanillin. LAG using
ethanol accelerated the reaction, while acetonitrile or nitromethane prolonged the
life span of the cocrystal, the structure of which was elucidated from the laboratory
PXRD data. Using N,N-diisopropylethylamine as the grinding liquid led to the
Knoevenagel product directly, without the formation of intermediate cocrystal.

a) 3D-printed plastic jars b) Casal’s design €) Twin-screw extruder

Type O (original)

B "%

Type 3 (thin-wallad with a

Figure 17.
(a) Different types of 3D-printed plastic jars. (b) Casati’s design of a probing jar and a dual motion ball mill.
(c) Twin-screw extruder and its components.
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Since mechanochemical synthesis in ball mills is inherently associated with
thermal effects accompanying the mechanical activation through impact or shear,
a complete understanding of milling processes on a microscopic level must also
take into consideration the corresponding evolution of heat. The Emmerling
group described a combined in situ study of the Knoevenagel reaction between
p-nitrobenzaldehyde and malononitrile by coupling PXRD, Raman spectroscopy,
and temperature measurements using an IR thermal camera [104]. By employing
custom-made PMMA milling jars equipped with an embedded aluminum plug
that was in direct contact with the jar content, Uzarevi¢ et al. demonstrated that
the temperature profiles of milling reactions are mainly determined by the energy
dissipated through friction between the moving balls, jar, and the sample contained
within, whereas the reaction enthalpy contribution was relatively insignificant.
Since frictional properties of the milled material change during the mechanochemi-
cal reaction, the dissipated energy will be more or less efficiently absorbed through-
out milling [105].

3.5 Twin-screw extrusion: mechanochemistry grows in scale

One of the main drawbacks of mechanochemical synthesis is the lack of ability
to perform milling reactions on large scales and in a continuous fashion. Industrial
ball mills, which are typically used on these scales, can process tons of materials,
whereas for laboratory use, planetary ball mills can deliver products up to several
hundred grams. Currently, the most efficient way to increase the product output
of mechanochemical reactions is the twin-screw extrusion (TSE), which has been
successfully demonstrated in the large-scale solvent-free production of MOFs,
cocrystals, and deep eutectic solvents, in space time yields (kg m ™ day ™) three
to four times greater than the corresponding solution methods. In a typical TSE
design, powdered reactants are fed into the instrument at a certain rate and con-
veyed by a pair of co- or counter-rotating screws encased in the extruder barrel. As
the material moves along the barrel, mixing and kneading elements incorporated
into the TSE design exert shearing and compression forces on the reactants, result-
ing in the product phase which is collected at the exit port (Figure 17c). Besides the
screw speed and feed rate, the extruder barrel temperature is another processing
parameter that can be modified [106].

James et al. have shown that organic molecules can be synthesized continuously
on a large scale using TSE technique under solvent-free conditions. Four condensa-
tion reactions (the Knoevenagel reaction, the imine formation, the aldol reaction,
and the Michael addition) were optimized by changing the screw speed, feed rate,
and temperature, to provide a quantitative conversion to desired products. High-
space time yields of 250,000 kg m™ day™" for the vanillin-barbituric acid reaction,
14,900 kg m ™~ day " for the imine product, 35,000 kg m ™~ day " for the Michael
product, and 32,000 kg m ™~ day " in the case of the aldol product were achieved [106].
TSE was also applied in the large-scale synthesis of 2,2-difluoro-1,3-diphenylpropane-
1,3-dione in the presence of Selectfluor as the fluorine source, with the space time yield
of 3395 m™ day ™ vs. only 29 m ™~ day " obtained in the mixer mill [107]. The three-
component solvent-free Biginelli reaction was successfully carried out using TSE, to
afford 3,4-dihydropyrimidin-2-(1H)-ones/thiones in optimized yields of 85-91% [108].

4, Conclusions

A short review of recent literature dealing with organic mechanochemical
synthesis is presented.
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Chapter 4

Approaches to the Total Synthesis
of Puupehenone-Type Marine
Natural Products

Yan-Chao Wu, Yun-Fei Cheng and Hui-Jing Li

Abstract

Puupehenones have been isolated from the marine sponge Chondrosia chucalla,
which belong to a growing family of natural products with more than 100 members.
These marine natural products have attracted increasing attention mainly due to
their wide variety of biological activities such as antitumor, antiviral, and anti-HIV,
and thus offer promising opportunities for new drug development. This chapter
covers the approaches to the total synthesis of puupehenone-type marine
natural products including puupehenol, puupehenone, puupehedione, and
halopuupehenones. The routes begin with the construction of their basic skeletons,
followed by the modification of their C- and D-rings. The contents are divided
into two sections in terms of the key strategies employed to construct the basic
skeleton. One is the convergent synthesis route with two synthons coupled by
nucleophilic or electrophilic reaction, and the other is the linear synthesis route with
polyene series cyclization as a key reaction.

Keywords: total synthesis, marine natural product, puupehenones, convergent
synthesis, linear synthesis

1. Introduction

In recent years, the synthesis and application of marine natural products have
become the focus of a much greater research effort, which is due in large part to the
increased recognition of marine organisms as a rich source of novel compounds
with biological applications [1-4]. The puupehenone-type marine natural products
obtained from deep sea sponge have played a very important role in health care and
prevention of diseases [5-14].

As shown in Figure 1, the most representative of this natural product family
includes puppehenone, halopuupehenones, puupehedione, puupehenol,
15-cyanopuupehenol, 15-oxopuupehenol, and bispuupehenonen. Structurally,
puupehenones are tetracyclic compounds consisting of a bicyclic sesquiterpene
A- and B-rings and a shikimic acid/O-benzoquinone/O-phenol D-ring connected by
tetrahydropyran/dihydropyran C-ring. In addition, the chiral center of the C-8 of
this series of natural products listed in the figure is 8S, which is also the structural
specificity of them.

51 IntechOpen



Organic Synthesis - A Nascent Relook

OH DH Q

. o Brx A0 Ao
1J [
(I ]lf I A Y

puupehencone (1) chloropuupehenone (2) hrun‘dp uupehenone (3) puupehedione (4)

o H E
OH oK OH PRI N
.-f-"J"H-"DH __.--J._;._______.UH e JOE __10_;;:.-" "1..7-':’7{___{
L | He | = J|\ [ =t W'
r’ -'l-"'f NC h, B r:' L’*:‘.'-]-' = 0:_ H l:'- —
__..-"-.._1- o z'\\. L~ j;-., (o] o \.}/ f ﬁ. =—CrH
[ H/rc A |"- BOE (A4 3
e S x ,-"n - g - .':‘ H J.}'._':"
7 TR /A HNVE
puupehenol (5) 15-cyancpuupehenaol (B) 15-oxopuupehenal (T) hispuupehenone (8)

Figure 1.
Representatives of puupehenone-type natural products.

E}]'[
f TG CHO -
N 20 %

J\ /l/ a) A0
i x* OH Ijml “sOH b TeoH l,ﬂx kljﬁf
[ T~
e s ¢l K CCII -
;/H ??HR & 3 //H o

11 12 = Ag (+)-drimenyl acetate (13)
R = H (-)-drimenol (14)

Figure 2.
The confirmation of the absolute configuration of puupehenone by chemical decomposition [18].

2. Isolation and biological activities

The natural product puupehenone was first isolated from the Hawaiian sponge
Chondrosia chucalla by Schauer group in 1979 [15]. Subsequently, it was obtained
from sponges such as Heteronema, Hyrtios, and Strongylophora sp. [14, 16, 17]. At
that time, the assignment of an absolute stereochemistry to puupehenone was not
permitted by spectroscopic analysis or degradative studies. As shown in Figure 2, it
was not until 1996 that Capon group [18] used chemical decomposition, ozone
oxidative decomposition, and lithium aluminum hydride reduction to finally
decompose the natural product into the known structure (+)-drimenyl acetate (13)
and (—)-drimenol (14), and since then the absolute configuration of puupehenone
has been determined.
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Studies show that puupehenone-type marine natural products have antitumor
[5-8], anti-HIV [9], anticancer [10], antiviral [11], antimalaria [12], antimite
[9, 13], immunomodulation [14], and other important physiological activities. In
view of their important biological activities, such natural products have been
favored by organic synthetic chemists since their separation.

3. Total synthesis of puupehenone-type marine natural products

Compound supply and appropriate structural analysis are two main barriers to
develop a natural product into drug [19-31]. Chemical synthesis of marine natural
products could provide the technological base for preparing enough materials for
further research of bioactivity [19]. Thus, the total synthesis of puupehenones has
been widely researched and published in excellent literature.

In the present chapter, approaches to the total synthesis of puupehenone-type
marine natural products have been reviewed. In general, the strategies employed in
the total synthesis of puupehenones are as follows:

* Convergent synthesis route with two synthons coupled by nucleophilic or
electrophilic reaction.

* Linear synthesis route with polyene series cyclization as a key reaction.

3.1 Convergent synthesis route

Barrero group has been working on the study of total synthesis of puupehenone-
type natural products, and has obtained great achievements [32-35]. In 1997,
Barrero and coworkers reported the first enantiospecific synthesis of puupehenol
and puupehenone in 32 and 22% yield, respectively [33]. As shown in Figure 3,
acetoxyaldehyde 17 and aromatic synthon 18 were prepared from commercially
available sclareol 15 and veratraldehyde 16 in high yields through a series of
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Figure 3.
Barrero’s stereoselective synthesis of puupehenol and puupehenone [33].
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transformations. The acetoxy alcohol 19 was completed by condensation of 17 with
the aryllithium derived from 16, and after three steps compound 19 gave the
phenolic derivatives 20. Finally, complete diastereoselectivity was achieved by
organoselenium-induced cyclization. The treatment of 20 with NPSP(N-
phenylselenophthalimide) and SnCl, obtained a mixture of the selenium derivatives
21 and 22. Treatment with Raney Ni allowed both deprotection of the phenylselenyl
group and removal of the benzyl ethers, producing puupehenol (5) as the only
product, which was easily oxidized to (+)-puupehenone (1) in the presence of
pyridinium dichromate (PDC).

Besides the above-mentioned research work, in 1999, Barrero group applied a
base-mediated cyclization via 8,9-epoxy derivative to achieve the first asymmetric
synthesis of puupehedione in 17% overall yield [35]. As shown in Figure 4, Sclareol
15 and veratraldehyde 16 were employed as the starting materials to obtain
synthons 23 and 18, which were accordingly converted to the key skeleton 24 in two
steps. The treatment of 24 in the presence of mCPBA gave epoxydes 25, and finally
alcohol 26 was obtained in high yield when 8a, 9a-epoxyde 25 was treated with
KOH in methanol. The subsequent two-step routine transformations, involving
dehydration of alcohol 26 and oxidation, gave the target compound puupehedione.

In 2001, Maiti group reported the total synthesis of 8-epi-puupehedione with
angiogenesis inhibitory activity [36]. As shown in Figure 5, commercially available
carvone (27) and sesamol (28) were converted into tosylhydrazone 29 and aromatic
synthon 30 in eight and three steps, respectively. Exposure of the vinyl lithium
species, produced by the addition of tosylhydrazone 29 to an excess of n-BulLi, to 30
afforded the diene 31. Then, the cleavage of the O-allyl ether of compound 31 with a
catalytic amount of RhCl;-3H,0 in refluxing EtOH resulted in spontaneous
cyclization [37], affording a mixture of the puupehedione (4) and 8-epi-
puupehedione (32).

In 2002, Quideau and coworkers completed asymmetric total synthesis of
puupehenone in 10 steps starting from commercially available (+)-sclareolide [38].
The main feature of this synthesis strategy is an intramolecular attack of the
terpenoid-derived C-8 oxygen function onto an oxidatively activated 1,2-
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Figure 4.
Barrero’s asymmetric synthesis of puupehedione [35].
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Quideaw’s asymmetric synthesis of puupehenone [38].

dihydroxyphenyl unit to construct the heterocycle. As shown in Figure 6, the first
step in their synthesis is inversion of the configuration at C-8 to construct a C-8
chiral center via simple acid treatment before coupling two key synthons. Subse-
quent treatment with (DA),Mg and MoOPH afforded 35 and 36, which were
converted into 39 after hydride reduction with DIBAL and oxidation with NalO,.
Then, coupling of aldehyde 15 with bromide 40 was achieved via a standard
halogen-metal exchange protocol. Then, the key skeleton catechol 41 was obtained
in good yield by a subsequent hydrogenolysis to remove both the benzyl protective
groups. Finally, key oxidative activation of the catechol unit toward intramolecular
attack by the drimane 8-oxygen and rearrangement with KH accomplished total
synthesis of puupehenone.

In 2005, Alvarez-Manzaneda group reported a new strategy toward
puupehenone-related natural products based on the palladium(II)-mediated
diastereoselective cyclization of a drimenylphenol [39] to complete the first
enantiospecific synthesis of 15-oxopuupehenol, together with improved syntheses
of 15-cyanopuupehenone, puupehenone and puupehedione. As shown in Figure 7,
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Figure 7.
Synthesis of several puupehenone-type natural products by palladium-catalyzed cyclization [39].

the drimane synthon 44 is easily prepared from sclareol (15) in seven steps.
According to the procedure reported by Barrero [40], the drimane precursor 43 was
prepared over three steps from 15 in 75% overall yield. Treating 43 with t-BuOK in a
mixed solvent of DMSO-H,0, followed by oxidative hydroboration, dehydration,
and oxidation, afforded synthon 44 in 52% yield over four steps. The new synthon
47 from the 3,4-bis(benzyloxybenzyloxy)phenol (45), in a two-step sequence in
83% overall yield. Then, the key skeleton 48 was obtained by the coupling of 44 and
47. Alvarez-Manzaneda and coworkers realized that catalytic PdCl, and Pd(OAc),
allowed to obtain the desired C8a-Me epimer with complete diastereoselectivity by
inducing cyclization, yielding the most satisfactory compounds. Thus, puupehenol
(5) was achieved by catalytic hydrogenation of 49, which was obtained in high yield
via palladium(II) catalysis of compound 48. Finally, puupehenol (5) can be
transformed into 15-oxopuupehenol (7) and the other puupehenone-related natural
products.

Continuing their research into the total synthesis of this type of natural product,
in 2007, Alvarez-Manzaneda group reported a new synthetic route toward
puupehenone-related natural products starting from sclareol oxide (50) [41]. As
shown in Figure 8, the key structure 53 was constructed by the coupling of two
synthons 51 and 52, based on a Diels-Alder cycloaddition approach. They employed
sclareol oxide (50) as starting material to afford 51 over four steps which was
treated with dienophile R-chloroacrylonitrile to afford compound 53 utilizing Diels-
Alder cycloaddition. Treatment of 53 with DBU in benzene and DDQ in dioxane at
room temperature led to aromatic nitrile 54. Then, ent-chromazonarol (55) was
obtained over three steps in 63% yield. The oxidation of phenol 55 to the appropri-
ate ortho-quinone precursor of target compound 32 was then addressed.

In 2009, Manzaneda group [42] reported an enantiospecific route toward
puupehenone and other related metabolites based on the cationic-resin-promoted
Friedel-Crafts alkylation of alkoxyarenes with an a,p-unsaturated ketone 57. As
shown in Figure 9, Manzaneda and coworkers developed a very efficient synthesis
of compound 57 which is a key synthon employed in the total synthesis of
puupehenones, starting from commercially available sclareol (15) in 60% yield.
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Figure 9.
Synthesis of puupehenol by Friedel-Crafts coupling reaction [42].

Then, the key intermediate ketone 59 was obtained in high yield and with complete
diastereoselectivity by treatment of 57 with protected phenol 58 under the condi-
tion of Amberlyst A-15. Alternatively, treatment of ketone 59 with MeMgBr, fur-
ther cleavage of the benzyl ether and protection of hydroxyl gave triflate 60 in 72%
yield, which was a perfect intermediate for synthesizing puupehenone-type deriv-
atives. Finally, puupehenol (5) was achieved in 82% yield by the deprotection of
tetracyclic compound 61 obtained by the cyclization of triflate 60 with Pd(OAc)s,
DPPF (1,1-bis(diphenylphosphanyl) ferrocene), and sodium tertbutoxide in
toluene.

In 2012, Baran group [43] described a scalable, divergent synthesis of bioactive
meroterpenoids via borono-sclareolide (63) of which the preparation requires the
excision of carbon monoxide from 33 and incorporation of BOH in its place
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Baran’s synthesis of puupehenone-type natural products [43].

(Figure 10). Thus, compound 63 was accessed from 33 in 59% yield over five
steps including DIBAL-mediated reduction of 33, PIDA/I,-mediated C=—=C bond
cleavage, dehydroiodination, hydrolysis (AgF in pyridine followed by K,COj3 in
methanol), and hydroboration with BH;. This strategy constitutes the most effi-
cient synthesis and highest yielding of 63 by far. Then, the key skeleton 55 was
synthesized by treating 63 with an excess of 1,4-benzoquinone under the condi-
tion of K,S,0g and AgNO; in PhCF3/H,0 at 60°C. By following an oxidation-
reduction-oxidation procedure, compound 55 was converted into 8-epi-
puupehedione (32) in 24% yield.

The generation of boron-sclareolide 63 in such a direct manner enables total
synthesis of puupehenone-type compounds to be more succinct than those previ-
ously established. However, the synthesis of C8a-Me boron-sclareolide is problem-
atic, probably due to its lower stability than its C8a-Me epimer.

In 2017, Wu and his coworkers developed a hemiacetalization/dehydroxylation/
hydroxylation/retro-hemiacetalization tandem reaction as the key step to synthe-
size puupehenone-type marine natural products [44], and this novel synthetic
strategy is superior to other reported routes in terms of synthetic steps, purification
of the intermediates, and overall yield.

As shown in Figure 11, the key synthon p-hydroxyl aldehyde 39 was accom-
plished starting from commercially available sclareolide (33) over four steps with
an markedly higher overall yield (66%) including the stereospecific 8-episclareolide
with H,SO, in HCO,H, a-hydroxylation, reduction with LiH4Al, and in situ
lactol-oxidation/ester-hydrolysis. The key skeleton 67 was constructed by the
coupling of aldehyde 39 and ketone 66. Treatment of 66 with LDA in THF at —78°C
in the presence of 39 gave 67 in 67% yield. The following hemiacetalization/
dehydroxylation/hydroxylation/retro-hemi-acetalization of 67 permitted to pro-
duce enone 68 as the only product in 92% yield, which can be converted into a-
hydroxylated product 69 in 19% yield and natural product puupehenone (1) in 38%
yield when treated with KHMDS and subsequent reaction with P(OMe);. Besides,
natural products puupehenol (5) and puupehedione (4) were also achieved in good
yield. Reduction of one with NaBH, gave puupehenol (5) in 92% yield and oxida-
tion of 5 with DDQ afforded puupehedione (4) in 71% yield.

It is worth mentioning that the preparation strategy of the key intermediates 67
can be employed for the total synthesis of haterumadienone- and puupehenone-
type natural products without using protecting groups.
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Wu's synthesis of puupehenone-type natural products [44].

In the same year, Wu’s group reported an enantiospecific semisynthesis of
puupehedione commencing from sclareolide (33) in only seven steps with an over-
all yield of 25% [45].

The key drimanal trimethoxystyrene skeleton 71 and 72 were constructed by the
palladium-catalyzed cross-coupling reaction of an aryl-iodine and a drimanal hydra-
zine (70) which was obtained from commercially available sclareolide over five steps.
Treatment of compound 70 and aryl iodine in the presence of Pd(PPhs)4 and K,CO;
in toluene at 110°C afforded key skeletons 71 and 72 in 40 and 45% yields, respec-
tively. Exposure of the mixture of drimanal trimethoxystyrenes 71 and 72 with Pb/C
produced compound 73 in 62% yield. Then, the p-benzoquinone (74) can be pre-
pared by treating 73 with CAN (ceric ammonium nitrate) in 84% yield. Treatment of
74 with pTsOH at room temperature produced compound 75 by intramolecular oxa-
Stork-Danheiser transposition. Finally, puupehenone (1) was achieved over nine
steps in 26% overall yield by exposing the resulting product 75 with K,COj3 in an
enolization process. Besides, natural product puupehenol (5) can be obtained by
reduction of 75 in presence of NaBH, in EtOH at room temperature (Figure 12).

Interestingly, natural product puupehedione (4) can be accomplished as the sole
diastereoisomer in 47% yield when the mixture of 71 and 72 was treated with CAN
at room temperature.

In 2018, Wu and his coworkers reported the divergent synthesis of (+)-8-epi-
puupehedione [46].

Figure 13 shows the synthesis of 8-epi-puupehedione based on the Lewis acid
catalyzed cyclization with sclareolide as starting material. Drimanal hydrazone 75 was
obtained over four steps, as mentioned above. Then, the key skeleton was obtained
by cross-coupling reaction of aryl iodide and drimanal hydrazone 75, yielding inter-
mediates 76 and 77 in 32 and 54% yields, respectively. Allylic product 78 was
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Wu's synthesis of puupehenone-type natural products [45].

prepared in 91% yield by reduction of compounds 76 and 77 with TFA
(trifluoroacetic acid) in the presence of Et;SiH. Exposure of product 78 to CAN
produced compound 80 as the major product in 48% yield, together with byproduct
79 in 9% yield. Then, the cyclization product 8-epi-19-methoxy puupehenol (82) was
synthesized in 87% yield from compound 80 over two steps including treating 80
with Na,S,0, in the presence of tetrabutylammonium bromide (TBAB) and treating
81 with BF;-Et,0. Exposure of 82 to CAN afforded 83 in 77% yield. Finally, 8-epi-
puupehedione (32) was completed in 48% overall yield by reducing 83 with NaBH,
and subsequent treatment with DDQ (2,3-dichloro-5,6-dicyano-1,4-benzoquinone).

Figure 14 shows another synthesis route of 8-epi-puupehedione (32) based on
the tandem cyclization. Compound 84 was prepared in 62% yield by a ring opening
reaction starting from 8-epi-19-methoxy puupehenol (82) by treatment with DDQ.
Then, compound 84 was converted into 83 in 92% yield via an intramolecular oxa-
Stork-Danheiser transposition reaction when it was treated with pTsOH. Reduction
of 83 with NaBH, gave 8-epi-puupehenol (56), which can be transformed into
8-epi-puupehedione (32) by oxidation in the presence of DDQ.

Figure 15 shows an alternative synthesis of (+)-8-epi-puupehedione (32) based on
the 6r electrocyclic reaction. Compound 87 was achieved in 86% yield when 80 was
reacted with base in MeOH. Then, treatment of 87 with DDQ in a mixed solvent of
CH,Cl, and H,0 (10:1, v/v) obtained 8-epi-puupehedione (32) in 65% yield.

In 2018, Li’s group developed an efficient synthesis of 8-epi-puupehenol [47]
and central to this strategy is the Barton decarboxylative coupling, comprising a
one-pot radical decarboxylation and quinone.
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Wu's synthesis of 8-epi-puupehedione based on the Lewis acid catalyzed cyclization [46].
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Figure 14.
Wu's synthesis of 8-epi-puupehedione based on the tandem cyclization [46].

As shown in Figure 16, the 8-O-acetylhomodrimanic acid (89) was obtained by
oxidative degradation of sclareol (15) with potassium permanganate and Ac,0, and
then the key intermediate thiohydroxamic ester 90 was achieved from the coupling of
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Wu's synthesis of 8-epi-puupehedione based on 6r-electrocyclic reaction [46].
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Figure 16.
Li’s formal synthesis of 8-epi-puupehenol and 8-epi-puupehedione [47].

8-O-acetylhomodrimanic acid (89) with 2-mercaptopyridine N-oxide under
Steglichesterification conditions. Treatment of Barton ester [48, 49] 90 with 250 W
light in the presence of the electron-deficient benzoquinone gave pyridylthioquinone
meroterpenoid 91 in 85% yield which was converted into acetate 92 in 91% yield when
it was treated with Raney-nickel in EtOH at room temperature. To a solution of
compound 92 in anhydrous THF added LiAlH, gave 93 in 93% yield which was treated
with TFA (trifluoroacetic acid) to obtain 94 in excellent yield. Finally, synthesis of
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8-epi-puupehenol (56) and 8-epi-puupehedione (32) was accomplished via IBX oxi-
dation, followed by redox manipulation, according to the published literature [43].

3.2 Linear synthesis route

In 2004, Yamamoto group [50] developed a liner synthesis route of 8-epi-
puupehenone (32) employing a new artificial cyclase 97. Utilizing this cyclase,
polycyclic terpenoids bearing a chroman skeleton can be obtained effectively.

8-epi-puupehenone 32 was achieved in 57% overall yield from 95 over four
steps. Firstly, treatment of 95 with (R)-catalyst 97 through the enantio- and
diastereoselective cyclization gave compound 96 in 62% yield. Then, 96 was
transformed into 8-epi-puupehenone 32 through treatment of 96 with DDQ in 1,4-
dioxane followed by hydrosilylative acetal cleavage employing Et;SiH and B(C¢Fs);
and DDQ oxidation (Figure 17).

0=y, lli_}-'—ﬁli Q

Ly o &

[
. alyl al T
s -l W
2 ps - @1 ;H

e s SOBNO-F

[’ |-.-:~ ). ™= sno

iz iy O - Snly
S

e
i e e i
(;-’*l‘w:-’*l “H'r’*"l“orne

{R)-cat (97)

%,

96 8-epipuupehadione (32)

Figure 17.
Yamamoto’s synthesis of 8-epi-puupehenone by new type LBA [50].
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Gansduer’s formal synthesis of puupehedione [51].
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In 2006, Gansduer and coworkers reported a highly stereoselective and catalytic
synthesis strategy for the marine natural product puupehedione (8) [51].

As shown in Figure 18, compound 98 was converted into cyclization
precursor 101 over two steps in 42% yield. Bromination of 98 with NBS
(N-bromosuccinimide) gave compound 99 in 70% yield and treatment of 100
with Grignard reagent derived from 99 in the presence of Li,CuCl, via copper-
catalyzed allylic substitution reaction. Then, the bicyclic alcohol 102 was
obtained in 41% yield by Cp,TiCl-catalyzed epoxypolyene cyclization of 101. The
desired building unit 103 was achieved over three steps from compound 102
including deoxygenation of 102 by a Barton-McCombie reaction and high yield-
ing cleavage of protecting group. Treating 103 with N-(phenylseleno)
phthalimide and reduction with Bu3;SnH obtained compound 104. Then,
puupehedione (8) was completed according to the literature published by
Barrero [35].

4. Conclusions

Undoubtedly, puupehenone-type marine natural products play a vital role in
new drug development. Thus, the total synthesis of puupehenones has become a
research hotspot for organic chemists [52].

Recent accomplishments made in total syntheses of puupehenone-type marine
natural products are highlighted as above in terms of the employed synthetic strat-
egy. The main routes to synthesize puupehenones include Diels-Alder cycloaddition
reaction, coupling of the aldehydes with halogenated aromatic synthon, Friede-
Crafts coupling reaction, hemiacetalization/dehydroxylation/hydroxylation/retro-
hemiacetalization tandem reaction, and linear synthesis routes. Advances in total
synthesis above offer new strategies for the chemical optimization of biologically
active puupehenones.
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Chapter 5

N,N-Dialkyl Amides as Versatile
Synthons for Synthesis of
Heterocycles and Acyclic Systems

Andivelu Ilangovan, Sakthivel Pandaram
and Tamilselvan Duraisamy

Abstract

N,N-Dialkyl amides such as N,N-dimethylformamide (DMF),
N,N-dimethylacetamide (DMA), are common polar solvents, finds application as
a multipurpose reagent in synthetic organic chemistry. They are cheap, readily
available and versatile synthons that can be used in a variety of ways to generate
different functional groups. In recent years, many publications showcasing,
excellent and useful applications of N,N-dialkyl amides in amination (R-NMe,),
formylation (R-CHO), as a single carbon source (R-C), methylene group (R-CH,),
cyanation (R-CN), amidoalkylation (-R), aminocarbonylation (R-CONMe,),
carbonylation (R-CO) and heterocycle synthesis appeared. This chapter highlights
important developments in the employment of N,N-dialkyl amides in the synthesis
of heterocycles and functionalization of acyclic systems. Although some review
articles covered the application of DMF and/or DMA in organic functional group
transformations, there is no specialized review on their application in the synthesis
of cyclic and acyclic systems.

Keywords: amination, amidation, amidoalkylation, aminocarbonylation,
cyanation, dialkyl amides, formylation, heterocycles

1. Introduction

The great advantage of DMF, DMA and other N,N-dialkylamides are their
versatility as reaction medium, polar and aprotic nature, high boiling point, cheap
and ready availability. DMF can react as electrophile or a nucleophile and also act
as a source of several key intermediates and take a role in reactions as a dehydrating
agent, as a reducing agents [1] or as a catalyst [2-5], stabilizer [6-10]. For the
synthesis of metallic compounds DMF can be an effective ligand. N,N-dialkylamides
could be considered as a combination of several functional groups such as alkyl,
amide, carbonyl, dialkyl amine, formyl, N-formyl and highly polar C-N, C=0, and
C-H bonds. Due to flexible reactivity of N,N-dialkylamides, during the past few
years, chemists have succeeded in developing reactions, where DMF and DMA could
be used to deliver different functional groups such as amino (R-NMe,), formyl
(R-CHO), methylene (R-CH,), cyano (R-CN), amidoalkyl (CH,N(CHj3)-C(=0)
CH;-R) aminocarbonyl(R-CONMe;,), carbonyl(R-CO), methyl (-Me), a single atoms
such as C, O, H etc. (Figure 1). Similarly, DMF and DMA could be used in the
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DMF and DMA as a synthon for the various reactions.

preparation of heterocyclic compound through formylation of active methylene
groups, conversion of methyl groups to enamines, and formylation of amino groups
to amidines. Further, it can also be utilized as an intermediate in the modification of
heterocyclic compounds [11].

A non-exhaustive seminal review by Muzart [1], highlighted different roles of
DMF inorganic synthesis covered literature up to 2009, another comprehensive
review by Ding and Jiao appeared in 2012 [12] which covered aspects of DMF as a
multipurpose precursor in various reactions. Further, specialized review by Batra
et al. [13], and other reviews dealing with recent applications of DMF and DMA as a
reagent [14] and triple role of DMF as a catalyst, reagent and stabilizer also
appeared [15].

In this book chapter we summarized developments on applications of DMF and
DMA in reactions such as amination (R-NMe,) [16], formylation (R-CHO) [17, 18],
as a single carbon source (R-C), methylene group (R-CH,) [19], carbonylation
(R-CO), as well as newer reactions such as amidoalkylation (-CH,N(CHj3)-C(=0)
CH;-R) [20], metal catalyzed aminocarbonylation (R-CONMe,) [21], cyanation
(R-CN) [22, 23], and formation heterocycles, took place during the past few decades
and up to October 2019. Heterocycles are important compounds finding excellent
applications as useful materials and medicinally important compounds. Thus unlike
other reviews appeared on this subject [1, 12-15], we provided special emphasis on
synthesis of heterocyclic compounds and reactions involving DMF and DMA. Thus,
first part of this book chapter will cover synthesis of construction of cyclic system,
especially heterocycles, the next part will cover the formation of open chain com-
pounds. Although DMF can serve as a reagent in organic reactions such as Friedel-
Crafts [24] and Vilsmeier-Haack [25] reactions the actual reagent is derivative of
DMEF, hence we did not cover such subjects. We hope this book chapter will stimulate
further research interest on the application of DMF and DMA in organic synthesis.

2. DMF and DMA as synthon in synthesis of heterocycles
2.1 Construction of pyridine ring

Guan and co-workers reported synthesis of symmetrical pyridines from
ketoxime carboxylates using DMF as a one carbon source in the presence of
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ruthenium catalyst and NaHSO3 as an additive (Figure 2). A series of ketoxime
acetates 2 reacted smoothly with DMF to give corresponding pyridine derivatives 3.
Replacement NaHSO; with other oxidants led to decrease in the yield. The reaction
condition was optimized by use of various additives and catalysts. The desired
product was obtained in good yield, in the presence of NaHSOj3, Ru(cod)Cl, and at
120°C. Both electron withdrawing and electron donating group attached to the aryl
rings gave the corresponding symmetrical pyridines. But the yield decreased due to
steric effect by the orthosubstituents.

A possible mechanism for the reaction was proposed. Oxidation of DMF by Ru
(II) gives an iminium species A and Ru(0). Followed by which oxidative addition of
ketoxime acetate to Ru(0) generates an imino-Ru(II) complex B, undergoes
tautomerization to afford enamino-Ru(II) complex C. Then, nucleophilic addition
of C to species A produces an imine intermediate D. Condensation of imine inter-
mediate D with a second ketoxime acetate gives intermediate E. Nucleophilic sub-
stitution of E by NaHSOj5 followed by intramolecular cyclization of the intermediate
F forms a dihydropyridine intermediate G. Finally, Ru-catalyzed oxidative aroma-
tization of G by oxygen provided the product H [26].

Su et al., reported cyclisation of 4-(phenylamino)-2H-chromen-2-ones to give
novel functionalized 6H-chromeno([4,3-b]quinolin-6-ones (Figure 3) in the pres-
ence of Cu(OAc),.H,O/TBPB catalytic system (Figure 3). In this reaction, DMF
served as the source of methine group.

The reaction proceeded smoothly with electron-donating and electron-
withdrawing substituents on the aniline ring and the expected products were
obtained in good yields. A plausible mechanism was proposed by the author in.
Initially, DMF is converted into iminium ion A with the help of Cu/TBPB via radical
pathway. Next, reaction of 4-(phenylamino)-2H-chromen-2-ones with active
iminium ion B gives intermediate C. Further, removal of MeNHCHO group
afforded D which is attacked by NaHSOj; followed by an intramolecular cyclization
to afford desired product 5 [27].

In 2015, Deng and co-workers reported the Ru catalyzed multi-component
reaction of acetophenones 6, ammonium acetate (N source) and DMF (one carbon
source) to get 2,4-diarylsubstituted-pyridines 7 under O, atmosphere (Figure 4).

In this reaction DMF, in the presence of Ru/O, catalyst, acted as a single carbon
source. For better understanding of reaction mechanism, several control experi-
ments were carried out [28] (Figure 4). Acetophenone was converted into a methyl
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Figure 2.

Pyridine ring formation by DMF using Ru-catalyzed cyclization of aryl ethyl ketoxime acetates.
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DMEF as a methine source in pyridine ring formation via cyclization of 4- (phenylamino)-2H-chromen-2-ones.
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Ru-catalyzed cyclization of acetophenones with NH4OAc.

ketene intermediate A by homo-condensation, which immediately converts into
imine intermediate B, with the aid of NH,OAc. Further, tautomerization of imine
intermediates lead to the formation of intermediate C, which reacted smoothly with
iminium species D to give intermediate E then this can be oxidized by Ru/O, to
afford intermediate F, which further undergoes 6z electron cyclization followed by
methylamide elimination to give the desired pyridine.

2.2 Construction of pyrimidine ring
Jiang and co-workers developed the first example of employing N,N-dimethyl-

formamide (DMF) as a dual synthon, a one-carbon atom and amide source. A multi-
component reaction between amidines 8, styrene 9, and N,N-dimethylformamide
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(DMF) took place in the presence of palladium-catalyst (Figure 5) to form
pyrimidine carboxamide 10.

The desired product was obtained in good yield under the optimal reaction
condition Pd(TFA), (5 mol%), Xantphos (5 mol%) and 70% TBHP (3.0 equiv) in
1.0 mL DMF at 120°C. Benzamidine salts containing electron-releasing or electron-
withdrawing group on the benzene ring gave their desired product in moderate to
good yield. Addition of radical scavenger, such as TEMPO (2,2,6,6-tetramethylpi-
peridine-1-oxyl), BHT (2,6-di-tert-butyl-4-methylphenol), and DPE (1,1-
diphenylethylene) led to no desired product formation, which indicates the radical
pathway is involved in this transformation [29].

Xiong et al., reported a general and highly selective method for annulation of
amidines 15 (Figure 6).

This is an efficient copper catalyzed synthesis of quinazolines 12 through C-N
bond formation reaction between N-H bonds of amidines and C(sp?)-H bond adja-
cent to sulfur or nitrogen atoms. In addition to DMF and DMA, DMSO, NMP and
TMEDA could be used as solvent and as one carbon synthon [30]. This method
avoids pre-functionalization of substrates.

In 2017, Fan et al., reported an efficient method for the synthesis of pyrimidines
13 from amidines 8 and ketones 12 through [3 + 2 + 1] type intermolecular cycload-
dition reaction, under metal free condition (Figure 7). The reaction condition was
optimized with different parameters and the suitable condition for multicomponent
synthesis of pyrimidines was found to be, treatment of amidines (0.25 mmol),
ketone (0.30 mmol), 70% TBHP (3.0 equiv), Cs,CO;3 (2.0 equiv) in DMF (1.0 mL)
at 120°C [31]. Both substituted amidines and substituted ketones worked well under
standard condition to give pyrimidines in moderate to good yield. The reaction
progressed well with d,-DMF and the desired isotopic labeled product was obtained.
This is evidence that the carbon atom comes from the DMF.
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DMF as a dual synthon in synthesis of pyrimidine carboxamide.
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Figure 7.
DMEF in multicomponent synthesis of pyrimidines from amidines.
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2.3 Construction of quinazolinone ring

In 2016, Das et al., reported Pd/Ag catalyzed direct carbonylation of sp’C-H
bonds of 14 and 16 by employing DMF as one carbon source under oxygen for the
synthesis of biologically important motifs pyrido-fused quinazolinone 15 and
phenanthridinone 17, respectively (Figure 8).

The reaction was examined using different metal catalyst systems such as Pd-Ag,
Cu-Ag, Co-Ag, Ni-Ag and finally Pd-Ag catalytic system was found to be suitable
for this transformation [32]. When labeled DMF (CO®) was used as the solvent it
has been found that product found not to contain O'®. From these results, it can be
concluded that incorporated carbonyl group is coming from the methyl group of
DMF. Reaction under argon instead of oxygen lead to the poor yield, which indi-
cates “O” atom is coming from oxygen environment.

In 2015, Wu et al., reported C-H bond activation of arenes 14 followed by
cyclization wherein DMF was used as the CO synthon, in the presence of Pd(OAc),-
K,S,0g catalytic system under carbon monoxide atmosphere (Figure 9). The reac-
tion works at autoclave free condition for the formation of H-pyrido[2,15]
quinazolin-11-ones 15.

The reaction was optimized using different oxidant and catalysts under different
temperature condition and the desired product was obtained in good yield in the
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Pd/Ag catalyzed pyrido carbonylation of N-phenylpyridin-2-amine.
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Synthesis of dihydropyrrolizino[3,2-bJindol-10-one.
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presence of Pd(OAc),-K,S,0g and DMF/TFA solvent system at 140°C under O,
atmosphere. When the reaction was conducted with 13C0-labeled DMF (1a), the
formation of >C product was detected using gas chromatography (GC). This
indicates CO gas has been generated from the carbonyl of DMF with acid as the
promoter. This protocol is simple, has broad substrate scope and the products are
obtained in excellent yields [33].

2.4 Construction of dihydropyrroline indolone ring

In 2017, Chang and coworkers reported metal, ligand free, base promoted cas-
cade reaction of DMF with N-tosyl-2-(2-bromophenylacetyl) pyrroles (17) for the
synthesis of dihydropyrrolizino[3,2-b]indol-10-ones 16 (Figure 10) [34].

2.5 Construction of acyl indole ring

Deng et al., reported a metal free approach for the synthesis of 3-acylindoles 18
through a cascade reaction between 2-alkenylanilines 19 with N,N-dimethyl-
formamide (DMF) as a one-carbon source (Figure 11). This methodology worked
with O, as a terminal oxidant as well as oxygen donor. The 2-alkenylanilines
containing different substitution such as, tosyl groups and other sulfonamides gave
the desired 3-acylindoles in low to good yields. Unluckily, the substrate with a
primary amine group failed to provide the desired product.

To prove the synthetic utility of this transformation gram scale experiment was
conducted under optimized condition, wherein the yield of the corresponding
product decreased slightly. Control experiments revealed that DMF acts as carbon
source and O; is the source of the oxygen. When deuterium labeled DMF was used
as solvent, the labeled product was observed. Meantime, to probe the source oxygen
atom in the final product a reaction has implemented with "*0-DMF and only non-
labeled product was obtained. Thus, author justified that O, is the source of the
oxygen atom in the final product [35].

2.6 Construction of benzothiazole ring
Liu et al., developed a methodology for the synthesis of N-containing heterocy-

cles including benzothiazoles, benzomidazoles, quinazolinone and benzoxazole
using combination of B(CgFs)3, atmospheric CO, and Et,SiH, (Figure 12).
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Figure 11.

Formation of 3-acylindoles from 2-alkenylanilines.
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Figure 12.
The cyclization of 2-aminothiophenol with DMF.
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This catalytic system was found to be highly effective for the cyclization of
2-aminobenzenethiol 20 or o-phenylenediamine 23 with N,N-dimethylformamide
1a, utilizing CO; in this process. The reaction condition was optimized with differ-
ent parameters and the corresponding product was obtained in the presence of
2-aminothiophenol (0.5 mmol), B(CgFs)3 (5 mol%), Et,SiH, (2 mmol), DMF

(1 mL), CO; at 120°C.

To understand the role of CO, in this reaction, isotopic labeling reaction were
carried out using 13C0,, the non-labeled benzothiazole was observed in excellent
yield [36]. When this cyclization reaction was carried out using d,-DMF instead of
DMF, deuterated benzothiazole was obtained. This experiment revealed that DMF
served as the formylating reagent CO, as the promoter.

2.7 Construction of benzimidazole ring

Yadav et al. developed a cost effective synthetic protocol with 100% conversion
of o-nitroaniline to benzimidazole using DMF as in-situ source of dimethylamine
and CO. Herein, DMF undergoes water gas shift reaction in the presence of
CuFe,0, as catalyst to produce hydrogen (Figure 13). It mainly involves two steps
the reduction of o-nitroaniline 22 to o-phenylenediamine 24 followed by cycliza-
tion. The ratio of DMF:water affects the conversion of o-nitroaniline to
benzimdazole 24 hence the optimized ratio is 2:1 for the best conversion and
selectivity. Homogeneous catalyst (CuCl,) didn’t show any conversion, CuO
showed diminished activity and CuFe,0, exhibited better activity. Optimum tem-
perature for the reaction condition was 180°C [37].

A possible mechanism was proposed by author. Thermal degradation of DMF in
the presence of water provides CO, which undergoes water gas shift reaction in the
presence of catalyst to release hydrogen gas. This H, reduces nitro group to form
amine group. The formation of o-phenylenediamine was confirmed with the help of
GC-MS and HPLC analysis and compared with standard samples. Further,
formylation of one of the amine groups took place in the presence CO, then intra-
molecular cyclisation takes place to give benzimidazole.

2.8 Construction of coumarin ring

Ohshita et al. developed method for the synthesis of coumarins 29 from ortho-
quinone methide 26 formed via [2 + 2] cycloaddition of aryne 25 with DMF.
Compound 26 reacted effectively with ester enolates 27 or ketenimine 28 via [4 + 2]
cycloaddition to provide different coumarins 29 (Figure 14) [38].
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One-pot synthesis of benzimidazole.
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Hydrocarbamoylative cyclization of 1,6-diynes with DMF.

2.9 Construction of cyclic ether

Yamamoto and coworkers synthesized exocyclicdiene-type a,f,y,5-unsaturated
amides 31 from hydrocarbamoylative cyclization of 1,6-diynes 30 with formamides
under Ru-catalyst with complete stereoselectivity (Figure 15) [39].

3. Amidation

Having covered literature on construction of cyclic system, especially heterocy-
cles using DMF or DMA as a next part we cover literature on the formation of open
chain compounds.

An excellent method to access benzamides 33 via aminocarbonylation of aryl
and alkenyl iodides 32, with DMF as amide source, in the presence of Pd/POCI;
catalytic system, was demonstrated by Hiyama et al. (Figure 16) [40].

Similarly, Indolese et al. reported aminocarbonylation of aryl halides 32 with Pd
catalyst, triphenylphosphine ligand in CO atmosphere under pressure. DMAP is
used as base for this reaction and the yield obtained is very high [41]. It is an
important synthetic method since it can also be applied to pyridine and thiophene
halides (Figure 16).

Furthermore, Lee and co-workers demonstrated the same reaction between aryl
bromides/iodides 32 and DMF with the help of inexpensive Nickel acetate
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Figure 16.
Metal catalyzed aminocarbonylation of aryl halides using DMF.
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tetrahydrate as catalyst and using phosphite ligand and sodium methoxide as base in
dioxane solvent (Figure 16) [42].

Wang et al., reported a metal-free radical amidation of thiazoles and oxazoles 34
with a series of formamides and terz-butyl perbenzoate (TBPB) as radical initiator.
By this method, synthesis of high yields of amidated azoles 35 were easily achieved
(Figure 17) [43].

Wang et al., demonstrated direct amidation of alcohols 36 with formamides in
the presence of an I,/TBHP with sodium hydroxide as a base and DMF as amide
source (Figure 18) [44]. The same author reported amidation of benzyl amine 38
under the acidic condition [45].

Feng and coworkers proposed green protocol for the synthesis of a-ketoamides
41 through TBAI catalyzed sp C-H oxidative radical/radical cross-coupling. This
method is applicable for broad range of substrates [46]. The only by product is
water and no CO or CO; emission is observed (Figure 19).

Similarly, the synthesis of a-ketoamides 41 was achieved with readily available
aryl methyl ketones 42 using inexpensive N,N-dialkylformamides in the presence
of nBuyNI and aq. TBHP as catalyst and oxidant for radical oxidative coupling
process (Figure 19). This strategy is a green and metal-free approach developed by
Mai et al. [47].
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DMEF as a source for aminocarbonylation of azoles.
i | TBHP 'ﬁ
s + — = A
Ph OH HJJ\NMEQ NaOH Ph™ "NMes
36 37
ﬂ 0
I/ TBHFP
T VI B T ra 2 - ’J.H
Ph - NH H MNie, HC Ph 39 NMe,

Figure 18.
DMEF as a source for aminocarbonylation of alcohol and amines.
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Figure 19.
DMF as aminocarbonylation source in synthesis of a-ketoamides.
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In 2016, Xiao and his team developed a simple and efficient technique for the
synthesis of amides 33 by cross coupling of carboxylic acids 43 with N-substituted
formamides in the presence of Ru catalyst and the desired amide was obtained after
the release of CO, (Figure 20). The carbonyl group in the amide product came from
benzoic acid and not from N-substituted formamides. This synthetic method is
stable, inexpensive, low toxicity and eco-friendly. This method works well with
different carboxylic acid derivatives and N-substituted formamides [48].

Similarly, Tortoioli and co-workers demonstrated one-pot synthesis of dialkyl
amides under metal free condition through the reaction between benzoic acid and
DMF in presence of propyl phosphonic anhydride (T5P) with acid additives [49].
This mild method has been applied to the synthesis of dihydrofolate reductase
inhibitor, triazinate (Figure 21).

Bhat et al. reported direct carbamoylation of heterocycles 44 via direct
dehydrogenative aminocarbonylation under transition metal-free condition 45
(Figure 22). Persulfate which is played the role of an efficient oxidant, good radical
initiator, mild and eco-friendly low cost reagent and formamides NMF and DMF
acted as reagent to form primary to tertiary carboxamides [50].

Bhisma et al. gave an efficient copper catalyzed synthesis of phenol carbamates
47 from dialkylformamides as aminocarbonyl surrogate and phenols possessing
directing groups such as benzothiazoles, quinoline and formyl at ortho-position
(Figure 23). It’s a cheap and eco-friendly reaction with tolerance of wide range of
functional groups and phosgene free route to carbamates [51].

Phan and coworkers under oxidative condition synthesized organic carbamates
49 through C-H activation using metal organic framework Cu,(BPDC),(BPY)
(BPDC = 4,4'-biphenyldicarboxylative, BPY = 4,4'-bipyridine) as heterogeneous
catalyst for cross dehydrogenative coupling of DMF with 2-substituted
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Figure 20.
DMF in Ru-catalyzed amidation of carboxylic acids.

Figure 21.
Amidation of benzoic acid with DMF.
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Figure 22.
DMEF as source for aminocarbonylation of quinoline.
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Carbamate synthesis from phenols and formamides.
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Figure 25.
Synthesis of S-phenyldialkylthiocarbamate.

H

O
Ao Arsesear 9w
53 |

O N metal free ArSe
| 52

Figure 26.
Oxidative C-Se coupling of formamides and diselenides.

phenols 48 (Figure 24). This catalyst has higher catalytic activity and it is easily
recoverable and reusable [52].

Yuan et al., synthesized S-phenyldialkylthiocarbamate 51 compounds under
solvent free conditions through TBHP promoted radical pathway, in which direct
oxidation of acylC-H bond of formamides took place in the presence of Cu(OAc), to
form the reaction intermediate for oxidative coupling reaction of formamides with
thiols 50 (Figure 25) [53]. This protocol is efficient and green.

Kamal and coworkers proposed an efficient and greener methodology for the
synthesis of selenocarbamates 53 by oxidative coupling reaction between formam-
ides and diselenides 52 under metal free conditions (Figure 26). By using simple
reaction condition, a metal-free approach to direct C-Se bond formation occurred at
carbonyl carbon by using TBHP and molecular sieves. It uses non-functionalized
substrate which is an advantage of this reaction [54].

Reddy and coworkers synthesized chiral symmetrical urea derivatives 54
through copper catalyzed C-H/N-H coupling of formamides (both mono and di)
with different amines 53 (primary, secondary and substituted aromatic amines)
using TBHP as an oxidant and it involves a radical pathway (Figure 27).
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Synthesis of chiral symmetrical urea derivatives from DMF.
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Figure 28.
Amidation of benzoxazole using Ag,COj; catalyst.
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Figure 29.

Amidation of bengoxazole using Cu or Fe catalyst.

The importance of this green reaction is, it avoids the use of pre-functionalized
substrates, atom economical [55].

3.1 Amination

Chang et al., reported that benzoxazoles 34 on treatment with N,N-dimethyl-
formamide (DMF) using the Ag,COj; as catalyst in the presence of an acid additive,
2-aminated benzoxazole 55 was obtained as a single product in moderate yield
(Figure 28).

Interestingly, this method is also suitable for the optically active formamide, the
desired product was obtained in better yield without racimization [56].

Li et al., gave a method for the synthesis of 2-aminoazole derivatives 58 in which
construction of C-N bond of azoles 34 either by decarboxylative coupling with
formamides as nitrogen source or by a direct C-H amination with secondary amines
as nitrogen source by the use of inexpensive Cu catalyst, O, or air as oxidant is green
and benzoic acid has its main role in the release of amine from amides by
decarbonylation other than C-H activation [57].

Similarly, Yu et al., developed a decarbonylative coupling between azoles and
formamides. The iron catalyzed direct C-H amination of azoles at C, took place in
the presence of formamides and amines as nitrogen source (Figure 29). Easily
accessible iron (II) salts acted as Lewis acid which activated the C, position of
benzoxaoles 34 and oxidant and imidazole was used as an additive in the catalyst
under air. This direct azole amination was catalyzed by inexpensive and environ-
mentally benign reagents. The reaction was also carried with amines in the presence
of acetonitrile [58].

Peng and coworkers developed a facile and efficient route for one pot synthesis
of 2-acyl-4-(dimethylamino)-quinazoline 57 through direct amination of 2-aryl
quinazoline-4(3H)ones 56 with DMF in which 4-toluene sulfonyl chloride acted as
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C-OH bond activator (Figure 30). KO'Bu was used as base which leads to the
formation of tosylate which attacks DMF which in turn undergoes hydrolysis to
give aminated product 59. This reaction is inexpensive and uses easy to handle
reagents [59].

Eycken et al. demonstrated a convenient microwave-assisted de-sulfitative
dimethylamination of 5-chloro-3-(phenylsulfanyl)-2-pyrazinones 58 using DMF as
a dimethylamine source and sodium carbonate as an essential (Figure 31). The
solvent system used for this reaction is DMF:H,O0 in 1:1 ratio and the corresponding
de-sulfitative aminated product 59 was obtained in good yield. Finally, the utility of
this methodology was also examined on oxazinone in place of pyrazinones under
the optimized conditions and the desired products were formed in good yield [60].

Hongting et al. developed an efficient, atom-economic and eco-friendly
approach for synthesizing enamines 61 by intermolecular hydroamination of acti-
vated alkynes (Figure 32). The reaction was carried out under solvent free condi-
tion using a catalyst at room temperature. Primary or secondary amines 53 were
added to triple bonds 60 without generating any waste products. DMF pretreated

0 NMe:

/MHNH 1)TSClL NagCOs, THE -~y

Rg_: FRE
[ it
s A 2) DMF, KO'Bu 2N

56 M R, o 57 M R
R1 = aryl, heteroaryl ri
R2 = Mg, Br
Figure 30.
Direct amination of 2-aryl quinazoline-4(3H)ones with DMF.
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Figure 31.
De-sulfitative amination of 2 (1H) pyrazinone.
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Figure 32.
Intermolecular hydroamination of activated alkynes.
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Figure 33.
Synthesis of O-aroyl-N,N-dimethyl hydroxyl amines.
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with metal Na was used for synthesis of (E)-ethyl-3-(dimethylamino)acrylate and a
new way for synthesis of quinolines was given [61].

Li et al., developed hypervalent iodine mediated reaction between carboxylic
acids 43 and N,N-dimethylformamide which occur under mild conditions at room
temperature to provide novel O-aroyl-N,N-dimethyl hydroxyl amines 62 in good
yields (Figure 33), which are important electrophilic amination reagents. The pro-
cess shows good functional group compatibility, air and moisture tolerance [62].

Liang and coworkers gave a simple and efficient one-pot multicomponent reac-
tion of chalcones 63, malononitrile 64 and DMF in the presence of NaOH for the
synthesis of functionalized 4-oxobutanamides 65 (y-ketoamides) from simple o,p-
unsaturated enones (Figure 34). This reaction has a high atom economy, easily
available starting materials, operational simplicity with mild conditions, broad sub-
strate scope and good tolerance with diverse functional groups [63].

Xia and coworkers proposed a simple and green approach for the synthesis of
sulfonamides through t-BuOK mediated direct S-N bond formation from sodium
sulfinates 66 with formamides (Figure 35). This reaction undergoes in a metal-free
conditions and formamides are used as amine source. It avoids pre-functionalized
starting materials and forms an alternative method for the synthesis of
sulfonamids 67 [64].

Gong et al., reported a base-promoted amination of aromatic halides 32 using a
limited amount of N,N-dimethylformamide or amine as an amino source. Various
aryl halides, including F, Cl, Br, and I, have been successfully aminated 68 in good
to excellent yields (Figure 36) [65]. This protocol is valuable for industrial applica-
tion due to the simplicity of operation, the unrestricted availability of amino sources
and aromatic halides.
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Figure 34.
Synthesis of y-ketoamide.
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Figure 35.
Synthesis of sulfonamides using DMF as a amine source.
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Figure 36.
A base-promoted amination of aromatic halides.
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3.2 Methylenation

In recent past several methods were developed for using DMF as a methylene
source.

Wang et al., developed a new method for the synthesis of vinylquinolines 70
from methyl quinolines 69 (Figure 37) using DMF as a methylene source. The
synthesis was carried out via an iron-catalyzed sp> C-H functionalization and a
subsequent C-N cleavage using TBHP as a radical initiator. This method is simple
and effective for synthesis of large number of vinyl substituted quinoline deriva-
tives in excellent yield. It also avoids the usage of organometallic compounds as
reagents [66].

Qian Xu and coworkers developed an eco-friendly iron-catalyzed benzylic
vinylation which transfers the carbon atom in N,N-dimethyl group from DMA or DMF
to 2-methyl azaarenes 71 to generate 2-vinyl azaarenes 72 (Figure 38). The reaction of
N,N-dimethyl amides as one carbon source proceeded via radical mechanism [67].

Miura et al., demonstrated an effective way for a-methylenation of benzyl
pyridines 73 using copper catalyst. In the methylenation, N-methyl group of DMA
was incorporated as the one-carbon source to produce a-styrylpyridine 74 deriva-
tives (Figure 39), which are famous for their unique biological properties [68].

Li et al., developed an iron-catalyzed a-methylenation of aryl ketones 75 by
using N,N-dimethylacetamides as a one-carbon source to form «, f-unsaturated
carbonyl compounds (Figure 40). Potassium persulfate is used as oxidant and this
method acts as an excellent synthetic method for synthesis of a, f-unsaturated
carbonyl compounds 76 [69].

FeCls{10%).
s TBH 5‘;‘:3 e::ﬂ} S
ﬂ j . DMF - |
P 140°C, 4h S
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69 70
Figure 37.

Synthesis of vinyl quinolones using DMF with iron catalyst.
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Figure 38.
DMA or DMF Synthesis of vinyl 2-vinylazaarenes.
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Figure 39.
a-methylenation of benzylpyridines using DMA.
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a-methylenation of acetophenones.
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Figure 41.
a-methylenation of 2-arylacetamides with DMF.
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Cu-catalyzed synthesis of diindolylmethane.
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Figure 43.
Rh-catalyzed divect methylation and hydrogenation of ketones using DMF.

In 2019, Wang et al., reported a one-pot procedure for the synthesis of 3-indolyl-
3-methyl oxindoles 78 via C(sp®)-H methylenation of 2-arylacetamides 77 using
DMF/Me,NH-BHj; as the methylene source (Figure 41) [70].

Liu and coworkers reported a method for the synthesis of diindolylmethane 80
and its derivatives which is done through copper catalyzed C-H activation of indole
79 where in DMF was used as a methylenating reagent. CuCl was mainly used as a
catalyst which affords high regioselectivity and TBHP as oxidant. The reaction
utilizes readily available copper catalyst and inexpensive DMF as carbon source
and it has a broad scope of substrates with relatively mild reaction conditions
(Figure 42) [71].

In 2014, Xue and co-workers developed methylation of ketones 42 with DMF,
control experiment studies indicate that DMF plays dual functions as the source of
carbon for methylation and source of hydrogen in the rhodium-catalyzed reduction
of the methylene into a methyl group (Figure 43) [72].

A possible mechanism was proposed as shown in Figure 44. Initially, persulfate
oxidizes DMF to give a reactive iminium intermediate. The intermediate A gener-
ated by attack of enolate is converted to intermediate B followed by C-N bond
cleavage to generate unsaturated ketone intermediate C. Afterwards, the
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A possible mechanism for methylation and hydrogenation of ketone.
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Figure 45.
Thiolation of sp? C-H bond next to a nitrogen atom.
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TBHP-mediated synthesis of benzothiazoles.
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Figure 47.
FC amidoalkylation using alkyl amides.

intermediate C is reduced, which is probably generated by using DMF via dehy-
drogenation with the aid of [Cp*RhCl,],, which results in the formation of methyl-
ated product.

3.3 Amidoalkylation

Li et al., reported direct oxidative thiolation of sp> C-H bond next to a nitrogen
atom 83 with disulfides 82 under metal free condition for the synthesis of several N,
S containing compounds (Figure 45).

In this oxidative thiolation reaction, thiol group was successfully coupled with
sp> C-H bond of N,N-dialkyl amides in the presence of TBHP/Molecular sieves
through the formation of radical intermediate.
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Amidoalkylation under metal free condition using DMA.
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Copper-catalyzed C-N bond formation of triazoles.
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Figure 50.
Amidoalkylation of benzothiazoles with DMA.

It is noteworthy that various benzothiazole and a fipronil analogs could also be
synthesized through this methodology (Figure 46) [73].

Stephenson et al., developed Friedel-Craft amidoalkylation of alcohols and elec-
tron rich arenes as potent nucleophile with alkyl amides 1b via thermolysis and
oxidative photocatalysis (Figure 47). The FC amidoalkylated product 85 was
obtained by oxidation of N,N-dialkyl amides with the aid of persulfate and
photocatalyst. On the other hand, persulfate at 55°C also afford amidoalkylated
product.

In this method inexpensive and efficient persulfate was used as oxidant for the
construction of C-O and C-C bonds. Most of the time, photo catalysis provided
better selectivity and good yields for the Friedel-Crafts reactions as compared with
the thermolytic reaction conditions [74].

Li et al.,, gave a transition metal-free method for amidation of sp* C-H bond in
amides through cross dehydrogenative coupling process by using iodide anion as
catalyst and TBHP as oxidant (Figure 48). It proceeds through free radical inter-
mediate which is confirmed by TEMPO and the products has an potential bioactiv-
ity 87. This is an efficient method for direct C-N bond formation because of its mild
conditions and readily available reagents [75].

In 2017, Chen and coworkers demonstrated copper-catalyzed C-N bond forma-
tion of triazoles via cross dehydrogenative coupling (CDC) of NH-1,2,3-triazoles 88
with N,N-dialkylamides to construct N-amidoalkylated triazoles 89 (Figure 49).
When the reaction was performed with 4-aryl-substituted NH-1,2,3-triazoles the
desired N?-substituted 1,2,3-triazoles was obtained and small amount of N* prod-
ucts were also observed. This method is useful for the synthesis of N*-substituted
1,2,3-triazolesselectively [76].

Zhu and Co-Workers discovered a new methodology for the synthesis of 2-
amidoalkylated benzothiazole and 3-amidoalkyl substituted indolinone derivatives
using N,N-dialkylamides and potassium persulfate as an oxidant under metal free
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condition (Figure 50). The corresponding amidoalkylation products were formed
selectively using simple N,N-dialkyl amides including formamides [77].

3.4 Cyanation

It is interesting to note that dialkylamides could undergo reaction to generate
cycano group. In 2011 Ding et al., reported a novel and another kind of pathway to
produce the aryl nitriles through the Pd-catalyzed cyanation of indoles 79 and
benzofurans by functionalization of C-H bond using DMF as a source of CN and
control experiments revealed that N and C of the cyano group are generated from
DMF [78].

Similarly, in 2015, Chen and co-workers developed a selective copper-catalyzed
Cs-cyanation of indole under an oxygen atmosphere with DMF as a safe CN source
and as a solvent (Figure 51) [79].

Wang et al., demonstrated a copper catalyzed cyanation of indoles 82 using
DMF as a single surrogate of CN (Figure 52). Electron rich arenes and aryl alde-
hydes can be transformed to acyl nitriles. Acyl aldehydes is the key intermediate for
this transformation. The mechanism of this reaction involved C-H activation with

CN
LI/B Pd or Cu ©/ %
DMF X
b 4
X= N-CH_q,, O
Figure 51.
Cyanation of indole and benzofuran.
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Cyanation of indole with DMF.
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Figure 53.
Cyanation of arylhalides and plausible mechanism.
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Conversion of electron-rich aromatics into aromatic nitriles.
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Figure 55.
Conversion of electron-rich aromatics into aromatic nitriles and plausible mechanism.

the help of copper catalyst then followed by carbonylation. 3-cyanoindoles have
attracted much great extend owing to their importance in medicinal field especially
in the preparation of therapeutic estrogen receptor ligand [80].

Chang et al., reported a new approach for the synthesis of Aryl nitriles 93.
Cyanation of aryl halides 32 catalyzed with copper acetate and Ag as an oxidant, in
combination of ammonium bicarbonate as N source and DMF as a C source for
cyanide functional group (Figure 53). With respect to the key roles of Cu(II)
species in the in-situ formation of CN units and followed by cyanation of aryl
halides, Ag,COj3 re-oxidizes the resultant Cu(I) species under copper-catalyzed
oxidative conditions. This strategy is a practical and safe method and capable of
providing nitriles in moderate to good yields [81].

Ushijima et al., reported the synthesis of aromatic nitriles 93 from electron-rich
aromatics 40 under metal free one pot reaction condition. When the combination of
molecular iodine in aqueous ammonia, with POCl; and DMF (Figure 54).

A possible mechanism for this reaction was given in Figure 54. When treated
with ammonia, the iminium salt can be transformed into the aromatic imine. Then
molecular iodine serves as an oxidizing agent and reacts with the aromatic imine to
provide the corresponding aromatic N-iodoimine, which generates the aromatic
nitrile through elimination in aqueous ammonia [82].

However, the need of highly electron-rich aromatics in the formation of aro-
matic N,N-dimethyl iminium salts limits the scope of this transformation. So, the
authors should develop more convenient methods for this transformation.
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Following this work, they reported a novel one-pot method for the preparation of
aromatic nitriles from aryl bromides and arenes through the formation of aryl
lithium and their DMF adducts (Figure 55) [83].

Followed by the treatment with molecular iodine in aqueous ammonia. Simi-
larly, the same author reported synthesis of aryl nitriles from aryl bromides in the
presence of Mg [84].

3.5 Formylation

Further, dialkylamides were also used as a formylation source. Wang et al.,
transformylated different amines, primary or secondary, aromatic or alkyl cyclic or
linear, mono- or di-amine with DMF as formylation reagent to obtain
corresponding formamides 95 with CeO, catalyst and the reaction does not
require any homogeneous acidic or basic additives and it is tolerant to water.

The best part about the CeO, catalyst is the strong basicity and medium
water-tolerant acidity (Figure 56) [85].

In 2017, Jagtap and coworkers reported highly efficient Ni(II) metal complex
catalyzing N-formylation 96 and N-acyltion 97 of amines using N,N-dimethyl-
formamide and N,N-dimethylacetamide as acyl source (CHO) in the presence of
imidazole at a temperature of 150°C in a homogeneous medium (Figure 57). It hasa
broad substrate scope to aliphatic, aromatic and heterocyclic compounds.
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Figure 56.
Transformylation of amines with DMF.
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Figure 57.

Formylation and acylation of amines using N,N-dialkylamides.
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Figure 58.
Synthesis of a, f-acetylenic aldehydes.
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The importance of this reactions are cost-effective, easily available starting
material, high reactivity and inertness toward air and water [86].

Larsen et al., developed a convenient method for the synthesis of a,B-acetylenic
aldehydes 101, acetylides that are initially transformed to lithium acetylides with

the aid of #-BuLi (Figure 58). The formylation of lithium acetylides was accom-

plished in the presence of DMF and followed by a-aminoalkoxide with 10% aqueous

KH,PO, to provide desired product with good yield [87].

Jeon and co-workers reported methyl benzoate 102 promoted N-formylation of
different primary and secondary amines 38 employing DMF as a formylating agent

under microwave irradiation (Figure 59). Key advantage of this methodology is
selective N-formylation in the presence of a hydroxyl group [88].

3.6 Hydrogenation

Dialkylamides have ability to acts as hydrogen source and it has been used in

several functional group transformations. It is advantageous to use hydrogen gas

in situ generated from dialkylamides rather than handling easily flammable

hydrogen gas.

Hua et al. reported triruthenium dodecacarbonyl [Ruz;(CO);;] catalyzed stereo
divergent semi-hydrogenation of diaryl alkynes 104 with N,N-dimethylformamide/

water as hydrogen source for the synthesis of cis-105 and trans 106-stilbenes

(Figure 60). When the HOAc was used excellent stereoslectivity was observed in

favor of formation of cis-product. Surprisingly, the stereochemical preference
changed to trans-isomer, with TFA as additive. This strategy is useful for the
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Figure 60.

Stereodivergent [Ru;(CO) ,,] catalyzed semihydrogenation of diaryl alkynes.
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DMEF as hydrogenating reagent for benzylic positions.
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Figure 62.
Synthesis of a-arylketothioamides.
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Carbonylation of amines with DMF.
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Figure 64.
Formation of complicated imidazolinones with DMF.

synthesis of analogs of natural products such as cis-combretastatin A-4 and
trans-resveratrol [89].

Chan et al., reported a hydrogenation reaction catalyzed by cobalt porphyrins
which hydrogenated C-C bond of [2.2] paracyclophane 107 (PCP) with DMF as
solvent as well as hydrogen atom transfer agent (Figure 61). Metalloradical Co(II)
porphyrins attacks the C-C sigma bond of PCP and the resultant benzyl radical
abstracts a hydrogen atom from DMF to afford the hydrogenated product 108.
Results obtained from various control experiment revealed that the presence
of benzyl radical intermediates in undergoing hydrogen atom transfer from
DMEF [90].

In 2017, Liu and coworkers synthesized a-arylketothioamides 110 via copper
oxide and iodine mediated direct redox reaction from acetophenones 78, elemental
sulfur 109 and DMF under the nitrogen atmosphere (Figure 62). The elemental
sulfur acts as a nucleophilic building block while DMF act as solvent and as the
source of amino group (dimethylamine). This reaction tolerates a wide range of
functional groups and proceeded in a redox efficient manner [91].

3.7 Carbonylation

Carbonylation is another important reaction in which the poisonous “CO” gas is
generated from dialkylamides in the presence of suitable catalysts. Thus carbonyla-
tion reaction using dialkylamides is highly advantageous.

Gunanathan and coworkers developed a new mode of bond activation which is
used effectively for the synthesis of simple and functionalized symmetrical and
unsymmetrical urea derivatives from amines using DMF as CO source (Figure 63).
Activation of N-H bond of amines by Ruthenium pincer complex and after that CO
insertion from DMF with the liberation of hydrogen. Nucleophilicity of amines is

94



N,N-Dialkyl Amides as Versatile Synthons for Synthesis of Heterocycles and Acyclic Systems
DOI: http://dx.doi.org/10.5772/intechopen.90949

essential for urea formation. The significance of this reaction occurs in an open
condition, it avoids side products, doesn’t require any pressure setup [92].

Furthermore, Chen and co-workers reported a unique and highly effective
method for the formation of imidazolinones 112 from carbene complexes 111
through oxygen atom insertion reaction of NHC copper complexes in the presence
of DMF as the source of oxygen (Figure 64) [93].

4, Conclusion

It is noteworthy that, the utilization of DMF as a precursor in heterocyclic
synthesis was important development in the field of synthetic organic chemistry.
With advent of new reagents, catalytic systems and need for development of effi-
cient synthetic protocols it could be predicted that dialkyl amides will continue to
find new applications in organic synthesis. So far dialkyl amides have been mainly
utilized as a synthon through mono functionalization of one of the groups. Further,
there is a lot of scope for its utilization as a difuctionalization, for example, alkyl
group attached to carbonyl and nitrogen in DMA could be functionalized at both the
ends simultaneously. Dialkyl amides due to low cost, ready availability and flexibil-
ity in reactivity, will continue to gain attention of synthetic chemists as a synthon,
ligand, dehydrating agent and solvent. We appreciate all of the authors cited herein
for their tremendous contributions that have developed this field. We hope that it is
sufficiently impressive and thorough that it will increase the interest on organic
chemistry and will initiate further developments in the applications of DMF/DMA
beyond being just a polar solvent, because it can be used as substrates in several
reactions such as formylation, amination, amidoalkylation, aminocarbonylation,
amidation, and cyanation and it has been achieved under both metal-catalyzed and
metal-free conditions. We believe this book chapter will make it easy for the syn-
thetic chemists and invoke an idea about utility of dialkyl amides for some novel
functional group transformations.
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Chapter 6
Synthetic Studies of Vitamin B12

David Joshua Ferguson

Abstract

Overall these are selections from the total synthesis of vitamin B12. Through the
use of selected reactions in the reaction schema, hypothetical mechanisms have
been provided. It is the hope of the author, that it will provide insight for students
in organic chemistry. Additionally the focus was on the Eschenmoser’s Variant of
the total synthesis of vitamin B12. This required the reviewing of the lectures of Dr.
A. Eschenmoser as well as reviews of the different mechanistic process involved.
Due to constraints all of the mechanisms have not been developed, but selected ones
have been provided and shown for understanding.

Keywords: mechanisms, vitamin B12

1. Section 1
1.1 Introduction

Vitamin B12 otherwise known as cyanocobalamin is a compound with synthetic
elegance. Since it is composed of an aromatic macrocyclic corrin there are key
features of this molecule that are observed either in its synthesis of in the biochem-
ical reactions it plays a role in whether they be isomerization reactions or transfer
reactions. In this paper the focus for the discussion will be on the history, chemical
significance, and total synthesis of vitamin B12. Even more so the paper will con-
centrate on one of the two variants of the vitamin B12 synthesis, namely, the ETH
Zurich variant spearheaded by Albert Eschenmoser. Examining the structure as a
whole, it is observed that a large portion of the vitamin B12 is a corrin structure with
a cobalt ion in the center of the macrocyclic part and that same cobalt ion has
cyanide ligands. The general macrocyclic portion of the structure is rimmed with
either methyl or amide group attachments. One of the amide groups is N-alkylated
by a large isopropanol group, then a phosphate, followed by a ribose which is
attached to the dimethylbenzimidazole. However, in terms of history, there were
some key steps in the process of determining and synthesizing the overall structure
of vitamin B12.

“We made up in our minds that we’re going to specialize in research in the field
of vitamins. We’re going to isolate every vitamin. We’re going to determine their
structures if it hasn’t already been done and synthesize them and make them
available,” Randolph Major, as told by Mac Tishler, said in 1983. Our understanding
of disease in the modern world was aided by the work of Louis Pasteur and the germ
theory. The issue came into being with diseases such as pellagra, anemia, and
beriberi in which the origin is not pathogenic typically but based in nutrient defi-
ciency and in this case vitamin B. This new category came into being in the 1900s.
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In 1889 Dutch physician Christiaan Eijkman investigated beriberi. He and Gerrit
Grijins studied the effects of dietary variations on the occurrence of beriberi. After,
in 1906 English biochemist Frederick Gowland Hopkins suggested a connection
between nutrition and diseases such as beriberi and scurvy. Following that in 1911
Casimir Funk, a Polish biochemist working in London, further advanced this idea.
University of Wisconsin biochemist Elmer Mccollum was able to distinguish two
different species of vitamins “fat-soluble factor A” and “water-soluble factor B.”
Moreover, in 1926 Dutch chemists Barend Jansen and Willem Donath isolated
crystal of anti-beriberi factor from extracts of rice polishings. Chemists were
arduously working with natural product chemistry, with Merck in 1930 already
working on this task.

Williams of Bell Laboratories approached Merck to help isolate and make
thiamine.

Randolph Major was chosen to head the new research and development labora-
tory Merck built as a part of its efforts to grow basic research. Eventually, Williams
and Cline synthesized thiamine. As was seen in 1922, riboflavin, vitamin B2, had
been discovered in 1922 by Richard Kuhn in Germany and Theodor Wagner-
Jauregg in Austria. Moreover in 1933 riboflavin was isolated by Kuhn and Gyorgy in
Germany. As time progressed in 1934, vitamin B6, pyridoxine, was discovered by
Gyorgy and colleagues. After this in 1938, the active compound of pyridoxine was
isolated by Samuel Lepovsky of U.C. Berkley, after which in 1939, Folkers and
Harris along with Kuhn in Germany determined the structure of pyridoxine.
Eventually in 1940, the synthesis of vitamin B5, pantothenic acid, was reported
by Merck.

1.1.1 Discovery of cobalamin

Cobalamin was discovered through an interesting process. First in 1926 at Har-
vard University, a team of physicians found out that ingesting a half a pound of
liver would prevent pernicious anemia. As time progressed liver extracts were fed
to willingly participating patients. Folkers ultimately learned that Mary Shorb a
microbiologist found a bacterium that reacted to liver extracts. Also it was deter-
mined that the most promising extracts were those with the “pinkish color,” which
implied that the vitamin being sought was a red compound. In 1947, Folkers and his

team isolated vitamin B12 (cobalamin) which resulted in tiny, bright, red crystals of
the vitamin [1].

1.1.2 Nominal definitions
1. Homologation
2.Corrin
3. Ammonolysis
4. Thionation
5.Methanolysis
6. Woodward-Hoffman rules

7.Protection/deprotection

108



Synthetic Studies of Vitamin B12
DOI: http://dx.doi.org/10.5772/intechopen.92104

1.1.2.1 Homologation

Essentially homologation is a reaction that converts the reactant into the next
member of the homologous series [2]. In many cases a homologous series is a group
of compounds that differ by a constant unit. Homologation occurs simply when the
repeated structural unit is increased, and in the reaction above, it is a methylene
(—CH2—).

1.1.2.2 Corrin

A corrin is a macrocycle. Specifically a corrin is a species consisting of four
reduced pyrrole rings joined by three —CH= and one double bond [3].

A common prefix associated with corrin is “seco-” which refers to a macrocycle
in which cleavage of a ring has occurred with the addition of one or more hydrogen
atoms at each terminal group as indicated.

One distinction is made between the porphyrin, seen below, and the corrin, seen
above, based on size in that the porphyrin is larger.

1.1.2.3 Ammonolysis

Ammonolysis is a reaction similar to hydrolysis in which ammonia reacts with
another compound as a nucleophile and oftentimes the solvent usually to result in
the formation of an amine functional group of the molecule [4]. An example seen
above is the ammonolysis of esters which results in amides.

1.1.2.4 Thionation

Thionation is a chemical reaction in which the oxygen in a moiety (e.g., car-
bonyl, hydroxyl) is converted to a sulfur. In this step in the Eschenmoser variant for
the total synthesis of vitamin B12, a cyclic carbonyl-containing molecule is
thionated which results in the precursor to ring A for cobyric acid and vitamin B12.

1.1.2.5 Methanolysis

Methanolysis is similar to hydrolysis, but instead of water functioning as the
nucleophile and solvent, methanol is functioning in that way. Overall in the reaction
as seen above, the methanolysis process results in the elimination of the hydroxyl
from the ester. This can also be considered a type of transesterification.

1.1.2.6 Woodward-Hoffman rules

The Woodward Hoffman rules were sorted out by Robert B. Woodward and
Roald Hoffman, although further work was done by Fukui [5]. These rules involve
the use of a simple procedure for determining whether a pericyclic reaction is
thermally allowed. Primarily the focus is on the aromaticity of the transition state,
which is understood based on orbital topology and electron count. The reaction
above shows an example where these rules can be applied in this unique cycloaddi-
tion in the form of a Diels-Alder reaction. In short, these rules state that whenever
possible, reactions go through aromatic transition states.

As Eschenmoser [6] wrote in his lecture, “but I should perhaps propose that we
enjoy the figure just from an aesthetic point of view, by watching the corrinoid
chromophore system evolve, like a bud blooming into a flower.”
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For the total synthesis of vitamin B12, there are two variants, both of which were
accomplished in 1972. In 1960, the ETH Zurich variant was started by Albert
Eschenmoser and his team. Following that in 1961, the Harvard variant was started,
and after 1965 the work was collaboratively pursued. In terms of the amount of
collaboration, it required the work of 91 post-doctoral fellows and 12 Ph.D. students
from several different nations [7].

2. Section 2
2.1 Synthesis of the rings

Within the descriptions, both general and or mechanistic, the numbering of the
compounds was based on Albert Eschenmoser’s overall schema [8].

For the schema with identical steps, the mechanism and explanations are
explained once. Also selected mechanisms are listed below from the overall schema.

Ring A:

1. Claisen-Schmidt condensation [9]
2. and 3. Diels-Alder

4. Oxidation

5. Arndt-Eistert

6. Ammonolysis

7. Ring opening

8. Thionation [10]

Ring B:

1. Claisen-Schmidt condensation
2. and 3. Diels-Alder [9]

4. Oxidation

5. Arndt-Eistert [11]

6. Ammonolysis

7. Thionation

Ring C:

1. Claisen-Schmidt condensation
2. Diels-Alder

3. Oxidation

4. Arndt-Eistert
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5. Ammonolysis

6. Esterification and methanolysis
7. Thioesterification [12]

8. Reductive decarbonylation
Ring D:

1. Claisen-Schmidt condensation
2. Diels-Alder reaction

3. Oxidation reaction

4. Ammonolysis reaction

5. Ring opening reaction

6. Arndt-Eistert reaction

7. Hydrolysis, decarboxylation, and esterification
8. Protection/sulfonation

9. Reduction/deprotection

10. Protonation

11. Beckmann fragmentation

12. Bromination of the ketimine.

3. Section 3
Ring A:

1. Claisen-Schmidt condensation

Conc
o 0 H,PO,, 80 o
ot deg.C, (B2%)
HyC rr = = H,C o
H,C CH g

L}

COOH

This first reaction of the B12 reaction scheme involves an ethyl methyl ketone
(Compound 1A) reacting with acetaldehyde (Compound 1B) using reagents which
are concentrated phosphoric acid (H;PO,4) at 80°C, and the yield is 82%. The type
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of reaction that is occurring the Claisen-Schmidt condensation in which you have
the formation of (2E)-3-methyl-4-oxopent-2-enoic acid. This reaction plays the role
in producing the dienophile that will be used in the following reaction.

Overall if simplified this reaction is a type of condensation that results in the
formation of an electron-poor molecule.

Mechanism:

[ bt o

- + B —— A
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.-'i._\:___.
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2. and 3. Diels-Alder
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CH, :
B —— +
Ir"l:
| Hoog™

CO0H
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Froem Left to Right
-3# (4]

The second reaction of the B12 schema involves (2E)-3-methyl-4-oxopent-2-
enoic acid (Compound 2) reacting with butadiene in tin (IV) chloride (SnCly) and
benzene at conditions of room temperature. This results in a yield of 73%. The type
of reaction that is occurring is the Diels-Alder reaction which involves the forma-
tion of a racemic mixture of two carboxylic acid-like molecules with ketone-like
moieties attached to it. For the purposes of this discussion, the products will be
labeled compounds 3A(—) and 3B(+).

Overall if simplified the type of reaction, Diels-Alder, is stereospecific and a type
of concerted reaction in that all the bond breaking and bond forming occur at the
same time. Moreover addition is syn. Also if this reaction follows the typical Diels-
Alder format, it is a one-step cyclo-addition or conjugate addition. This reaction,
which resulted in enantiomers which were resolved using phenylethylamine in
chloroform and hexane, followed by the use of diluted HCI.
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Mechanism:

A

4., Oxidation
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The fourth reaction in the B12 reaction schema involves compounds 3A(—) and

3B(+) reacting with chromate and sulfuric acid in acetone at room temperature to

form dilactone carboxylic acids which will be labeled compounds 4B(—) and 4A(+)
(from top to bottom), both of which are starting products for B12 ring reactors. This

fourth reaction has a predicted yield of 75%. From the reagents and the reactants,

this appears to be an organic redox reaction, possibly a Jones oxidation, in which we

have a molecule being oxidized and or gaining hydrogen deficiency in the form of

another ring. Stated simply, these reactions involve the oxidation of compounds 3A

(—) and 3B(+) into ten carbon dilactone-carboxylic acids using reagents that nor-
mally are used in a type of organic redox reaction.
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Mechanism:

i A
.'I L
\ 1 ;
5. Arndt-Eistert
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c

The fifth reaction in the B12 reaction schema involves compound 4A (+) reacting
with thionyl chloride at 77°C. This was followed by reacting the acid chloride with
diazomethane in ether at room temperature. After which it was reacted with silver
dioxide in methanol at 65°C. This fifth reaction had a predicted yield of 69%.
However the overall name of the reaction that is occurring is an Arndt-Eistert
synthesis. Additionally an important step in the Arndt-Eistert reaction is the Wolff
rearrangement of diazoketones to ketenes. The overall Arndt-Eistert reaction,
excluding the Wolff rearrangement, can be seen from the reaction drawn below;
this sequence involves several steps that result in a higher-order or homologated
carboxylic acid.

N

o 0 CHN, 2 S o
| S0, . -.’f Ao
e EEETE— R [
ether f CH,OH, 65 deg.C ~
f ol R a R : o

{65}

Stated simply this is a multistep reaction that involves the conversion of a carbox-
ylic acid to an acid chloride, then to a diazo-ketone type molecule, and then the ester.

Some key points to note on the reaction, from Eschenmoser’s notes for his 1973
German lecture at ETH Zurich, are as follows: “the treatment of the acid chloride
with methanol/ pyridine at room temperature gives the same methyl ester as
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obtained by esterification with diazomethane; in the preparation of the acid chlo-
ride, there is no other structural change.”

Mechanism:

6. Ammonolysis

B, CH,OH,
e iy T coome

COOME  Rrany Tempesature
(55%)

.

il
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The sixth reaction in the B12 reaction schema involves compound 5A reacting
with ammonia in methanol at room temperature. The sixth reaction had a yield of
55%. From this reaction it appears to be an ammonolysis reaction in the presence of
a methanolic solvent. Also “the carbonyl groups of the dilactone moiety are much
more nucleophilic towards ammonia than normal lactone or ester groups.
‘Ammonolysis’ of this type are much faster in methanol than in non-hydroxyl
containing solvents. The constitution assignment for the isomeric lactone-lactams
resulted from the identity of compound 6A with the main product of intramolecular
NH transfer.” Stated simply this reaction involved an intramolecular NH transfer
using ammonia in methanol at room temperature [6].

Mechanism:
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7. Ring opening (step 11 in Eschenmoser’s overall schema)

KM, marthu el , room berge taliore o f
™ CHgN;. sthermethand EE a0
Oy = " [ %5% a5 diasbereomens] el /?l;
; 41&_ M EEH"

The eleventh reaction in the B12 reaction schema involves compound 6A
reacting with potassium cyanide in methanol at room temperature, followed by a
reaction with diazomethane in ether and methanol. This resulted in 95% being
diastereomers. From this reaction we can see that a lactone ring is opened and a
respective ester and cyano group are on the ends. Based on observation this appears
to have gone through acid-catalyzed (methanol) ring opening, followed by nucleo-
philic attack by the cyanide anion from the potassium cyanide. Stated simply this
involves the conversion of a 12 -carbon-dicarbonyl-bicyclic compound to a cyclic

compound with the other ring being cleaved to form an ester and a cyanide at the
ends where the ring broke.

Mechanism:

' (s i ie
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l
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8. Thionation (step 12 in Eschenmoser’s overall schema)

PS5, THF ronm tempermee, 15 7
A COOk

sfter weparation of dis derecmery)
(nl}

Mg

The twelfth reaction in the B12 reaction schema involves compound 11A
reacting with diphosphorus pentasulfide and tetrahydrofuran at room tempera-
ture to form compound 12 A. Based on the observation of compound 114, a 14
carbon-monocyclic compound going through a thionation of the carbonyl to form
compound 12A, a 14 carbon-monocyclic compound. Stated simply this involves
the conversion of a carbonyl to a thio-carbonyl on a 14-carbon monocyclic

compound.
CH, :‘/\ED\DMF
£ 5 P, THF room temperature, (57% MeOOC
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Ring B:
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The seventh reaction in the B12 reaction schema involves compound 6A reacting

with diphosphorus pentasulfide in tetrahydrofuran at room temperature. The sev-
enth reaction had a yield of 85%. From the reaction compound, 6A is converted to
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compound 7A with a subsequent thionation in which the carbonyl is converted to a
thiocarbonyl. Thionation is the conversion of the carbonyl group to thiocarbonyl,
which is a commonly used procedure for the preparation of organosulfur com-
pounds. In many instances with thionations, both the ketone and ester carbonyl
groups of the oxoester can be affected by P4S;o but typically in rather low yield.
This thionation was specific in that both carbonyl groups were not thionated to
thiocarbonyls. Simply put the seventh reaction involved the conversion of one of
the carbonyls in the C10-dilactone-ester to a thiocarbonyl using thionating reagents
at room temperature. An interesting fact to note is that compound 7A was a pre-
cursor for ring B of the macrocyclic corrin that composes the cyanocobalamin.

Mechanism:

(See thionation mechanism above)

Ring C:

7. Esterification and methanolysis (step 8 in the reference)

COOME
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CHy

s |||/-' TR

tH,

The eighth reaction in the B12 reaction schema involves compound 6A reacting
with diazomethane in ether with methanol and a catalytic amount of sodium
methoxide, after which is the distillation at 190°C at a pressure of 0.01 torr. This
reaction had a yield of 91%. From the reaction compound, 6A is converted to
compound 8A in which an esterification occurs, resulting in the formation of a
methoxy-ester and the formation of a double bond with a methene. Through the use
of Dr. Albert Eschenmoser’s 1973 ETH Zurich German lecture notes, we gain a
better understanding. It states that “Normally when diazomethane is esterified, the
free carboxylic acids are transformed with an ethereal solution of CH,N,” and the
hypothetical mechanism can be seen below:

“ — L o
|_'(<__..:\j‘:_".'—l-:-_—!- ,"_}3‘.\\_.—-'""‘1- L e '!_JJ_ b

Conversion of compound 6A to compound 8A is “one of the rare examples of
esterification in a basic mechanism.”

”\ _ = uo—==N 4 Ho—ay
HE — [T — T = E—
- r_,_...‘\+ C—N=n 4 i

The catalytic amount of sodium methoxide serves to adjust the following
equilibrium.
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‘/\ RhCINCH.)oPl,. toluene, /\ :
E COOMe 110 deg.C, (abaut 30% isalation s COOM.
= wvia the HCN adduct)

The tenth reaction in the B12 reaction schema involves compound 9A reacting
with a rhodium-based catalyst in toluene at 110°C, which resulted in about 30%
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isolation through the use of an HCN adduct. From the reaction a thiolactam ring is
opened, resulting in a separate methyl and ethylene. As seen the remainder of the
bicyclic reactant structure remains the same. However it is worth noting that in
Eschenmoser’s 1973 lecture notes, it includes that there are several products including
the two cyclic structures, a phosphor-sulfuryl and a rhodium-based compound, all of
which are reflective of the reagents, the reactants react with. Added to that, one of
the groups of products is reacted again with silver ions in the presence of methanol
(Ag*/CH30H) to form the final pyrrolidine-like product, which is a precursor to ring
C for the vitamin B12 synthesis. Additionally the ring precursor can be converted
back to the reactant by the use of potassium cyanide in methanol (KCN, methanol).
Both the conversion of ring C from the intermediate group of products to the final
product and the reversed conversion back to the reagent in the group of products
have yields of 90%. Stated simply this reaction involves the conversion of a bicyclic
dicarbonyl-12-carbon ester to a cyclic 8 carbon pyrrolidine-like molecule using a
catalyst in organic solvent. In other words, the “corresponding thiolactone is ran
through reductive decarbonylation brought about by the chloro-tris-trisphenyl-
phosphine complex of rhodium (I)” [6]. Then through the use of HCN, there was
about 30% isolation. The entire reaction scheme for this step can be seen below:

Steps:

Note: In ten some insight was gained from Eschenmoser’s German lecture.

KCMIACH OH At PO, D (B oMy Coen

e

Imporeslma ety 1005

Ring D:

8. Hydrolysis, decarboxylation, and esterification (step 16 in the reference)

COe

ML, diaxane, 30 deg.C
CH N et beer, CHOH (70

MO0

The general reaction involves compound 15B reacting with hydrochloric acid in
dioxane at 90°C. This is followed by the reaction with diazomethane in ether and
methanol. Compound 15B is a 12-carbon-bicyclic system with one of the cycles having
a unit of unsaturation, i.e., a double bond, and an ester moiety and an amine moiety
are attached to the cycle with the unit of unsaturation. Based on observation the two
esters on compound 15B are hydrolyzed to acids, followed by the hydrolysis of
anexamine to a ketone and then the decarboxylation of the beta-ketoacid, and finally
the diazomethane is used to convert the remaining acid to an ester. Stated simply, this
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involves the conversion of a 12-carbon-cyclic compound to an 11-carbon dicarbonyl-
bicyclic compound, by hydrolysis, decarboxylation, and then esterification.
Note: Some insight was gained from Dr. S. S.

4. Section 4
Final steps in the synthesis of cyanocobalamin.

1.Iminoester condensation and sulfide contraction (step 24 in Eschenmoser’s
overall schema).

2.Thionation (step 25 in Eschenmoser’s overall schema).

3.Sulfide contraction via alkylative coupling (step 26 in Eschenmoser’s overall
schema).

4. Ammonolysis (step 27 in Eschenmoser’s overall schema).
5.Iodination (step 28 in Eschenmoser’s overall schema).
6.Elimination (step 29 in Eschenmoser’s overall schema).

7.Photochemical A/D cycloisomerization (step 30 in Eschenmoser’s overall
schema).

8.Metal complexation (step 31 in Eschenmoser’s overall schema).
9.Lactonization (iodolactonization) (step 32 in Eschenmoser’s overall schema).
10. Alkylation (step 33 in Eschenmoser’s overall schema).
11.Reduction and esterification (step 34 in Eschenmoser’s overall schema).
12.Reduction (step 35 in Eschenmoser’s overall schema).

13. Hydrolysis and ammonolysis (steps 36 and 37 in Eschenmoser’s overall
schema).

14.Final step: cobyric acid to cyanocobalamin (step 38 from K. Bernhauer and
Eschenmoser’s lecture).

5. Section 5

Characteristics of the cobyric acid molecule complex

Altogether the entire molecule “contains all peripheral carboxy functions in the
primary amide form, except that of the propionic side chain in ring D.”

Common steps in the entire synthesis:

The first four steps in the synthesis

¢ The Claisen-Schmidt condensation
* Diels-Alder (steps 2 and 3)

¢ Oxidation
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Common problems in the synthesis of cobyric acid:
* Introduction of cobalt

* Closure of the macrocyclic ring

Ester differentiation
* Introduction of methyl groups at bridges
* Restoration of lost stereochemistry [13]

Problems that had to be solved

* For rings A and B they are:

* Elongation of the free acetic acid chain by one methylene unit

* Specific replacement of one lactone oxygen by NH

* Conversion of the potential methylketone group into the enamide form

General approaches to problems
The sources especially Eschenmoser’s and Woodward’s lecture notes listed the
general approaches involved:

1. Collaboration with other scientists.
2.Exhaustive study of the relationships between thioethers.

3.Purifications using analytic instrumentations such as high-performance liquid
chromatography.

4.Use of pure reagents, exclusion of oxygen and moisture [14].

Possible future studies

Some possible future studies may involve the role of sulfur-aromatic interactions
in certain mechanistic steps as well as carbocation-conjugate base interactions or
stabilization. Added to this are variations of Markovnikov rules in the context of
heterocycles. Additionally, whether through computation chemistry and/or
experimental evidence, hypothesized organic chemistry mechanism testing can
be done, considering how the plausibility of the mechanism is tied to the reality
of the reaction.

6. Conclusion

Indeed “the emergence of the Woodward-Hoffman rules out of such a situation
is an extreme example and its impact on chemistry” is significant, albeit “the very
existence of these rules had stimulated, encouraged and assisted experimental
involvement in a research project which eventually led to a new type of corrin
synthesis” [14].
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Added to that persistence in scientific research is very important given that
there were many obstacles notably with the photochemical cyclo-isomerization. “In
short, those transition-metal ions that quench luminescence of the excited corrin
chromophore by virtue of their unfilled d-shells, also seem to thwart photochemical
cycloisomerization of the corresponding A/D-seco-corrinoid complexes.” However
amidst the new challenge, new approaches and ideas developed in that it became
“increasingly clear that the A/D-seco-corrin to corrin system offers an optimal
opportunity to study relationships between the nature of the metal ion complexa-
tion centers and the photochemical behavior of excited porphinoid ligand
chromophores.”

Also there was “an essentially analogous reaction sequence starting from the
enantiomeric form of the C10-dilactone acid leads to the skeleton of the ring D
precursor, provided that not the free, but the lactonized (—CH,—COO)— chain is
lengthened by one methylene unit.” Additionally, the conversion of ring B to the
precursor of ring C requires a method for specific removal of the carbomethoxy
group of acetic acid side chain and its replacement by hydrogen.

As Eschenmoser [6] wrote in his lecture, “but I should perhaps propose that we
enjoy the figure just from an aesthetic point of view, by watching the corrinoid
chromophore system evolve, like a bud blooming into a flower.”
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Chapter 7

C—H Activation Strategies for
Heterofunctionalization and
Heterocyclization on Quinones:
Application in the Synthesis

of Bioactive Compounds

Andivelu Ilangovan and
Thumadath Palayullaparambil Adarsh Krishna

Abstract

Quinone moieties in general and heterofunctionalized or heterofused quinones
in particular find application in several fields such as medicinal chemistry, natural
products, and functional materials. Due to its striking applications, scientists devel-
oped useful methods for the synthesis of quinone derivatives. C—H activation strat-
egy is a fast-developing and straightforward concept, used in the construction of a
diverse variety of bonds such as carbon—carbon (C—C) and carbon—hetero (C—O/N/
S/P) bonds and also used is the heterofunctionalization/heterocyclization of qui-
nones. Such approaches are useful in making use of unfunctionalized quinones for
the synthesis of heterofunctionalized or heterocycle-fused quinones. The redox
active nature and ligand-like properties make it difficult to carryout C—H activation
on quinones. In this chapter we summarized recent developments on strategies used
for C—hetero atom bond formation on quinones via C—H activation, leading to
heterofunctionalization and synthesis of heterofused quinones.

Keywords: quinone moiety, C—H activation strategy, heterofunctionalization
approaches, biomolecules

1. Introduction

Inspired by quinone’s reactive electrophilic character, easily accessible oxidation
states [1], ubiquitous natural presence [2], and important roles played in living
systems (phosphorylation to electron transfer process) [3], chemists tried to mimic
its acts through synthetic equivalents consisting of biologically active compounds
[4], natural product analogs [5], and functional materials [6]. Consequently, several
methods were developed for the synthesis of quinone derivatives. Depending upon
the basic subunits (Figure 1), quinones are classified as benzoquinone (BQ),
naphthoquinone (NQ), anthraquinone (AQ), and polyquinones (PQ).

Current, statistics on number of publications (Figure 2) appeared during the
past two decades, ever growing research highlights, interests, importance, and
applications of quinone chemistry [18].
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Selected biologically important quinone molecules [7-17].
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Figure 2.
Trends in the number of publications on quinones in the last 20 years based on the web of science data.

2. C-H activation and heterofunctionalization of quinones

The construction of carbon—carbon (C—C) bond or carbon—hetero atom (C-=X)
bond on quinone has been reported either using pre-functionalized starting mate-
rials or direct functionalization of C—H bonds [19-24]. The first step in C—H
functionalization is activation, followed by the formation of an intermediate
carbon-metal (C—M) bond, and final replacement with a functional group (FG).
C—H activation reaction is advantageous as it is straightforward and atom economic
and does not require pre-functionalization [31]. Some typical steps involved in C—=H
activation reaction mechanisms are oxidative addition, o-bond metathesis, electro-
philic activation, 1,2-addition, and metalloradical. C—H activation is a difficult
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process as it involves breaking of C—H bond having high energy (CH,4, 100 kcal/
mol; benzene, 110 kcal/mol) and high pKa value (>40). In case of quinones, it is
further more difficult, [32-34] as it interacts with transition metal reagents, such as
Pd (Heck-type reaction), through redox reaction and ligand [35, 36] formation. The
report made by Baran et al., in 2011, on coupling of quinones with boronic acids
[25] for the formation of C—C bond, and by Poulsen et al., in 2018, for heterofunc-
tionalization on quinone [26], is a notable example on C—H activation reactions on
quinones. Approaches for functionalization of quinone can be broadly classified as
Lewis acid (MX3)-promoted nucleophilic addition of electron-rich arenes [27-30],
transition metal-catalyzed addition of aryl radicals generated from pre-
functionalized starting material [31, 32], and transition metal-catalyzed cross-
coupling of halo-quinones [33-37].

Conventional methods for the heterofunctionalization (HF) of quinones
involves pre-functionalization of C—H bond to form organo-halide [33-37] (Cl, Br,
and I) or organo-boronic acid (—~B(OH),) [38] or organo-metallic (SnBus) [39, 40]
starting materials and finally to heterofunctionalization (Figure 3). Pre-
functionalization combined with separation and purification leads to additional
steps, generates waste, and lowers the efficiency drastically.

The arylation (C—C bond formation) of quinone is one of the thoroughly studied
reactions using several aryl coupling partners with and without a directing group
[32]. Poulsen and coworker’s [26] demonstration of the synthesis of natural product
stronglylophorine-26, an inhibitor of cancer cell invasion, via C—H heterofunctio-
nalization of quinone (Figure 4) sets a good example on the importance of direct
C—H heterofunctionalization reaction of quinones.

The undirected C—H functionalizations are much common in quinone chemis-
try. The presence of a directing group (DG) is helpful in achieving site-specific C—H
functionalization of quinone. However, the development of efficient synthetic
approaches for site-specific C—=H functionalization of quinones is challenging [41-
47]. This could be achieved either by manipulation of the reagent used or the
presence of a directing group. For example, Junior and coworkers [41] demon-
strated Rh-catalyzed C5 and C2 site-selective C—H halogenation of naphthoquinone
(Figure 5). Similarly, by changing the type of reagent TBAI-TBHP [43] or RuCl,(p-
cymene)-PIFA [47], hydroxyl group was introduced on quinone at C-2 or C-5
position (Figure 5) site specifically.
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Figure 3.
Conventional heterofunctionalization vs. C=H activation approach.
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Figure 4.
Example on direct C—H heterofunctionalization of quinone.
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Heterofunctionalization strategies.

The electrophilic character of quinone enables it to undergo facile nucleophilic
attack using electron-rich nucleophilic species such as amino (R-NH,), hydroxyl
(R-OH), and thiol (R-SH) groups, as in the case of classical Michael addition [48].
Using p-benzoquinone most of the nucleophilic reaction leads to the forms mono-,
di-, tri-, and tetra-substituted benzoquinone and most of the times hydroquinones.

In continuation of our interest on the development of C—H activation method-
ologies [49-55], we have developed methods for C—H functionalization of quinones
[51-55]. A review article covering C—H activation of quinone with main emphasis
on C—C bond-forming reactions has been reported [32]. C—H heterofunctiona-
lization of quinone has been carried out using various catalytic systems, consisting
of metal/nonmetal catalysts, organocatalyst, photocatalyst, etc. By choosing appro-
priate catalysts/reagents/additives, we can change the reaction pathway like radical/
electrophilic/nucleophilic, etc. (Figure 6). For example, recently we developed an
I,-DMSO system [54] for C—=H/S—H and FeCl;-K,S,0g system [55] for C-H/C-H
radical cross-coupling reactions, which normally occurs via Michael and Friedel-
Crafts pathway.

Under this chapter we summarized C—H activation strategies used in
heterofunctionalization and heterocyclization of quinones and its application in the
synthesis of bioactive heterocycles during the past decade.

2.1 C—H activation and C-N bond formation on quinones

Aminoquinone derivatives find prominent application in medicinal chemistry
and are good building blocks for many heterocyclic compounds [56]. C—N bond-
forming reactions are of great importance in quinone chemistry, and in general,
oxidative coupling and nucleophilic substitution reactions are involved [57-61]. It
has been intensively studied using pre-functionalized quinones [62-68]. Hence, we
covered some of the important C=N bond formation methodologies through C-H
activation strategies which are given below.

128



C—H Activation Strategies for Heterofunctionalization and Heterocyclization on...
DOI: http://dx.doi.org/10.5772 /intechopen.90930

Amines undergo smooth conjugate addition to p-quinones in polar solvents at
ambient temperature in the absence of a catalyst and additives. Baruah et al., in
2007, synthesized a series of 2,5-bis(alkyl/arylamino)1,4-quinones from the reac-
tion of 1,4-benzoquinone (BQ) with different amines under aerobic condition [69].
The reaction was found to be exceptionally selective and leads to only 2,5-bis(alkyl/
arylamino)1,4-benzoquinones of the corresponding amine (Figure 7). 2,5-Isomer is
formed exclusively due to electrostatic reasons. This is further evident from the fact
that 1,4-naphthoquinone (NQ) on reaction with amines gives monosubstituted
derivatives. In another study, Yadav et al. [70] studied H,O-accelerated C—H
amination to form highly substituted benzoquinone. In this reaction, water played a
dual role of simultaneously activating the p-quinone and amine.

Molecular iodine-promoted direct C—H amination of NQ under ultrasonic irra-
diation was developed by Liu and Ji [71]. The method employs cheap, nontoxic
molecular iodine as the catalyst; the desired products were obtained in moderate to
excellent yield (Figure 8). In mechanism, molecular iodine activates the carbonyl
group of the NQ to give intermediate (A) and is followed by amine attack at
unsaturated position to give the initial addition product (B) which tautomerizes to
form hydroquinone (C), which subsequently undergoes rapid oxidation finally to
form quinone system [71].

Garden et al., in 2011, developed Cu(II)-catalyzed amination of NQ by oxidative
coupling with derivatives of aniline (Figure 9). The best isolated yield was obtained
in the presence of catalytic amount of copper, and the hydrated Cu(II) acetate
shortens reaction time and reduces side-product formation. The study on the
mechanism shows that Michael addition of anilines to NQ is facilitated by Cu(II)
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Bis(alkyl/arylamino) benzoquinone synthesis.
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HCIO,-SiO,-supported C=N bond on naphthoquinone.

salt. The copper—hydroquinone (Cu—HQ) complex interacts directly with oxygen to
give the quinone product or could pass through sequential one electron oxidation
steps where the resulting Cu(I) species would then be reoxidized to Cu(II) by
oxygen. The mechanistic proposal was supported by ESI-MS experiment, to find
that the only copper species reliably observed was the copper cation as the
isotopologues Cu(I) (ACN), + (m/z 145) and Cu(I) (ACN), + (m/z 147) in an
approximately 2:1 ratio [72].

Heterogeneous SiO,-supported HClO, catalyst promoting highly efficient and
clean conjugate addition of primary and secondary amines with NQ was described
by Upendra et al. [73]. Under the catalytic-ultrasonication condition, corresponding
2-amino-1,4-naphthoquinone derivatives were obtained in moderate to high yields
without using any solvent (Figure 10). The proposed mechanism of this reaction
includes two steps such as addition and oxidation. Nucleophilic addition of amines
to HC1O,4-SiO,-activated naphthoquinone (A) leads to adduct (B). Further, the
adduct (B) oxidized to afford NQ as final product. The authors also described a
possibility of aerobic oxidation of hydroquinone (HNQ).

A base-promoted C(spz)-H sulfonamidation of 1,4-naphthoquinones via [3 + 2]
cycloaddition reaction using sulfonyl azides was reported by Ramanathan and
Pitchumani [74]. The straightforward, atom, and step-economic protocol provided
desired product in moderate to good yield (Figure 11). The active alkene moiety of

130



C—H Activation Strategies for Heterofunctionalization and Heterocyclization on...
DOI: http://dx.doi.org/10.5772 /intechopen.90930

‘ o
i 0 o .
a o a | "-?;_ L, o "\3q .
i N . -y | R -

0 KGO0 (1.2 mmol) = T Ho , - &Y i)
) ] My OMEO, - | o~ 5'“ Drate) T 5::.:““..' i O [51%)
a RT, 15 min 5 HO 0 QA e

Ny Y SG
o M o H
[50%) {58%)
augib \srr
o o ]
| la] . A Fh
SD Bas T - - N 0 e M
R DMS0 ey W 8

a A

[ H o o

Q Q4 o

& o
Figure 11.

K,CO; promoted 1,4-quinone sp* C—H sulfonamidation.

FE
z
o

Zr| Oy 2H0 (20 mol)

¥ 2 (% mguel) a i =] g By =
* ND AcOH |18 pguiv,) T (T4%) B1%) TR} 4%}
* R - - B ; o
H;O, RT, 6n ] '+ o o % I
o " T L B N
R=H, Ci, Br L =
(2% 1%} T (BE%)
" = L Znjil) =
HO ; Pt 1l
g o R SR iy, TR Pl o f il | Er Il 44" 1l
3 I - - | - ] — E.
Retucien A o S S e s b SR SRR
N [ ol 5 \ Tl
H 'H H
[a] (%] ':-" OH =]
| 108
a O
Figure 12.

Zn(1I) catalyzed amination using nitro compounds.

quinone undergoes a thermal azide-alkene [3 + 2] cycloaddition followed by proton
abstraction, ring opening, and elimination of a nitrogen molecule to form
sulfonamidation products. Moreover, they successfully used phosphoryl azide for
—NH, transfer on NQ and Menadione under optimal condition.

Recently, Chen et al. [75] developed an efficient protocol for the preparation of
aminated naphthoquinone starting from NQ and nitro compounds. In the presence
of Zn/AcOH system, the nitro compounds were reduced to the corresponding
amines (Figure 12). Lewis acid Zn(OAc),-2H,0, 1,4-naphthoquinone is activated to
generate the complex, and the intermediate reacts with aniline through 1,4-nucleo-
philic addition to give the adduct (A). Then, compound (A) can be oxidized to
afford product in the presence of molecular oxygen along with losing a proton and
the Lewis acid.

Some of the amination reactions, including multicomponent reactions, which
lead to the formation of quinone-fused nitrogen heterocycles are described under
the Section 3.1.

2.2 C—H activation and C—S bond formation on quinones
Thioethers are common building blocks, found in numerous biologically active

compounds and in medicinally useful natural products [76]. The C—S bond con-
struction via direct functionalization of C—H bond with sulfenylating reagents is an
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important reaction. Several metal and metal-free catalysts are developed for cou-
pling of quinones with various sulfenylating reagents.

Coupling of arylsulfonyl salts with quinones in the presence of Pd(OAc),-K,CO;
system was developed by Ge et al. [77]. Pd directed C—sulfone to form quinone by
C-=S coupling (Figure 13). Mechanistic study shows that initially oxidative addition
of Pd with sulfonyl chloride affords intermediate species A which is followed by
carbopalladation to form intermediate B. After $-H elimination, intermediate B
released the coupling product to complete the catalytic cycle.

In another study, Huang et al., in 2016, developed reaction with [Cp*IrCl,],-
AgSbF [78] system. Like palladium-catalyzed carbopalladation on sulfonyl chlo-
ride, here Ir(I) to form carboiridation (Figure 14). Further similar way, p-H elim-
ination leads to the final product.

Cul-PPhj; catalytic system was used for the synthesis of quinonyl thioethers [79].
It was reported to produce sulfonyl-quinones when palladium catalyst was used
[77]. In this reaction arylsulfonyl chloride (PhSCl) was formed on reaction with
PPh; (Figure 15) which on reaction with intermediate B (which might have been
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Ir-catalyzed C=S coupling of quinones with sulfonyl chlovide.
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Cu-PPh-promoted sulfenylation of quinones.
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formed with the help of base through Baylis-Hillman process) produced
arylthioquinone derivatives.

In 2015 Chou et al. [80] used silver catalyst system for the reaction of various
aryl disulfides to synthesize a variety of quinonyl aryl thioether moderate to high
yields. The authors carried out some control experiments to predict the plausible
mechanism. Studies indicate that the reaction is initiated by active disulfide-silver
intermediates formed through interactions of the silver with aryl disulfides in
DMSO (Figure 16).

Furthermore, under metal-free conditions, various sulfenylating reagents such
as [bmim]BF-arylsulfinic acids [81], NH,I-sodium arylsulfinates [82], and H,O-
arylsulfonyl hydrazides [83] systems gave sulfonyl hydroquinones.

Notably, I,-DMSO system [54] for the thiomethylation of quinone was recently
developed by us (Figure 17). Based on the verification experiments, we proposed
plausible radical pathway. At 120°C, DMSO decomposes to CH3SH and CH,O0.
Meanwhile, iodine releases two iodine radicals at high temperature that reacts with
CH;SH to yield methylthiyl radical (A). The addition of methylthiyl radical (A) to
naphthoquinone results in the formation of radical intermediate (B) which should
loose He to another iodine radical leading to the formation of the product.

Moreover, very recently, Cul-O, [84] and Co(OAc),-O, [26] systems were
utilized for direct thiol addition to quinone to form ether. In addition, there are
limited reports available for the conversion of hydroquinone to quinone followed by
in situ C—S bond formation. Notably, under metal-free condition Runtao et al. [85]
utilized S-alkylisothiouronium salts on hydroquinone for the synthesis of quinonyl
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thioether. In another study, laccase-catalyzed thiol Michael addition on naphthohy-
droquinone [86] and hydroquinone [87, 88] was observed. Less selectivity and poor
yield are the main drawbacks of these enzymatic reactions.

2.3 C-H activation and C—O bond formation on quinones

Naturally occurring quinone molecules, containing C—O link, such as
byrsonimaquinone, balsaminone A, maturone and lambertelinare, are biologically
important. Several methods for the construction of C—O bond through the activa-
tion of C—H bonds on quinone have developed rapidly. However, this research area
is less explored than C—N and C—S bond formation as oxygen has lower nucleophi-
licity than nitrogen and sulfur. In this section, we discuss the formation of the C—=O
bond through C-H functionalization.

In 2007, Tamura et al. [89] developed a simple method for the synthesis of
dibenzofuranquinones, which is the core structure of the natural products
balsaminone A, utilizing a novel oxidative cyclization of the quinone-arenols under
the special condition (Figure 18). As an application of this method to natural
product synthesis, a facile synthesis of violet-quinone was demonstrated.

Coupling of propargyl carbonate with quinone through Claisen rearrangement
to furanonaphthoquinones (FNQ) was recently established by Zhiyu et al. [90]
(Figure 19). Though two groups have reported the synthesis of FNQ, both of these
methods had several disadvantages. The first method reported by Perez et al. [91]
needs use of Cs,COj3, Csl, and Cul as mediator. The second method reported by da
Silva Emery et al. [92] employs Cul as catalyst, which still required rigorous
condition of refluxing for 24 h.

Weitz reported a useful method for the introduction of hydroxy group through a
sequence of in situ Weitz-Scheffer-type epoxidation/epoxide cleavage reaction with
H,0,/Na,CO3/H,S0,4 [93]. In 2013, Schwalbe showed that brominated
naphthoquinones could be hydroxylated with nucleophilic substitution under
KOH/MeOH [94]. In 2016, Martins has accomplished the Suzuki coupling reactions
between 2-hydroxy-3-iodo-1,4-naphthoquinone and boronic acids to prepare sev-
eral 2-hydroxy-3-aryl-1,4-naphthoquinones by palladium catalyst [37]. In general
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Figure 18.
Oxidative cyclization of quinone-arenols.
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Synthesis of Furano-naphthoquinone.
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most of the existing methods suffer from the requirement for strong alkaline or
acidic conditions, metal catalysts, pre-halogenation, and fairly limited substrate
scope.

Recently, hydroxylation of naphthoquinone derivatives using tetrabuty-
lammonium iodide (TBAI) as a catalyst and tert-butyl hydroperoxide (TBHP) as an
oxidant was disclosed by Wang and coworkers [35]. This methodology allowed
direct installation of hydroxyl groups on the quinone ring which was used for the
synthesis of the corresponding substituted lawsone derivatives (Figure 20).
Interestingly, parvaquone and lapachol were synthesized by this methodology.

Poulsen et al. [26] disclosed powerful methods for oxidative p-quinone
functionalization using Co(OAc), and Mn(OAc);-2H,0 with a collection of O, N,
and S-nucleophiles, wherein oxygen was used as the terminal oxidant (Figure 21).
Preliminary mechanistic observations and synthesis of the cytotoxic natural
product strongylophorine-26 for the first time were presented.

2.4 C-H activation for multiple heterofunctionalization of quinones

Multicomponent reactions (MCRs) constitute one of the most efficient tools in
modern synthetic organic chemistry, since they have all features that contribute to
an ideal synthesis. Features of this type of reaction are (i) high atom efficiency,

(ii) quick and simple implementation, (iii) time and energy saving, (iv) environment
friendly, and (v) offer a target and diversity-oriented synthesis. Under this section we
have classified some of the multicomponent reaction which let the formation of
multiple heterofunctionalization of quinones but not heterocyclization.

Hong et al., in 2017, reported Ag(I)-mediated one-pot multicomponent reaction
in which BQ, diarylphosphine oxides, and imines underwent regioselective CDC
reaction to undergo dual C—H/P—H (phosphination) and C—H/N—H (amination) on
1,4-benzoquinone (BQ), and the desired products were obtained in moderate yield
(Figure 22). Under the optimized condition when 1,4-naphthoquinone (NQ)
instead of BQ, and aniline instead of corresponding imine was used, lowering of
yield of the desired product was observed. Moreover, interestingly a competitive
side reaction, namely, hydrophosphinylation reaction was observed in the absence
of Ag(I). In this strategy Ag(I) plays versatile role such as a mediator and oxidant.
The authors characterized the X-ray crystal structures of several new functionalized
quinone derivatives [95].

Based on the control experiments, Ag(I)-mediated mechanism was proposed.
Firstly, Ag(I) ions coordinate with BQ oxygen atom, rendering BQ to act as a better
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Hydroxylation of naphthoquinone derivatives.
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Oxidative C—H functionalization of p-quinone with alcohols.
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Cu-catalyzed thioamination on quinone.

electrophile for diarylphosphine oxides, which is presumably released from the
adduct (A). After the formation of intermediate (B), deprotonation takes place
with the assistance of CO3%~, and then two electrons transfer from the intermediate
to two Agl ions to give monosubstituted product (C) along with two equivalents of
AgO species. Further, nucleophilic attack of aniline at the three positions of (C)
forms intermediate (D) which subsequently forms 2,3-disubstituted intermediate
(E) by deprotonation with the assistance of CO;*". Yuan et al. [96] also reported
C-P and C-N bond formation on quinone under the same conditions.

One-pot three-component strategy for the direct thioamination of 1,4-
naphthoquinone with thiols and amines was recently disclosed by Bing et al. [84].
This approach employed a catalytic amount of Cul as a catalyst and molecular
oxygen as a green oxidant. Various 2-amino-3-thio-1,4-naphthoquinones products
could be synthesized in moderate to good yields. This catalytic method represents a
step-economic and convenient method for the difunctionalization of 1,4-
naphthoquinone. Based on the systematic control experiment, the authors proposed
the plausible mechanism shown in Figure 23. First, the Michael addition of 1,4-
naphthoquinone and thiol gave intermediate (A), which was immediately oxidized

136



C—H Activation Strategies for Heterofunctionalization and Heterocyclization on...
DOI: http://dx.doi.org/10.5772 /intechopen.90930

to intermediate (B) by Cu(I)/O,. Further, the oxidative addition of amine and Cul
afforded the Cu(II) species (C), which then reacted with intermediate (B) giving
Cu(III) species (D). Finally, intermediate (D) underwent reductive elimination
producing the desired product.

3. C—-H activation for the synthesis of quinone-heterocycle-fused

hybrids

Heterocyclic compounds having oxygen (O), nitrogen (N), or sulfur (S) atoms
are of tremendous importance [97, 98]. C—X bond formation on quinone gives
heterofunctionalized quinones which are very important in organic chemistry and
medicinal chemistry, especially due to their striking biological activities [1]. Mito-
mycin C is an approved quinone-based anticancer drug having pyrrolidine ring
[99]. Several other heterofused/linked quinone molecules show good pharmacolog-
ical properties [100-102]. Structure activity relationship studies from quinonoid
compounds showed that the position and increasing the number of heteroatoms are
important factors to achieve biological activities [103]. In general, heterocyclization
strategies on quinone is mainly classified into three, namely, C—X bond formation,
C-C bond formation, and cascade C—C and C—X bonds formations (Figure 24).

Selections of suitable intermediates for the synthesis of heterocyclic compounds
are very important. Quinones are important intermediate for the assembly of het-
erocycles. There are several C—H activation methods which are disclosed for the
synthesis of valuable heterocyclic compounds such as phenazine, carbazole, indole,
phenothiazine, benzothiophene, benzofuran, cumarin, chromene, etc.

Hybrid molecules are based on the principle of combining partial or whole
structures in order to create new and possibly more active molecular entities
[104-106]. Hybrid molecules can incorporate two or more pharmacophore which
lead to the generation of new bioactive compound which show both the activities or
altogether a new kind of bioactivity. This is useful to achieve activity on “multiple
targets” of a biological system, and this is called multicomponent therapeutic
strategy [107].

To achieve synthesis of hybrid organic molecules, different strategies have been
adopted time to time [105]. Quinones display wide variety of biological activity,
hence combining quinone skeleton with another bioactive heterocycle should basi-
cally provide a hybrid organic molecules which may show some valuable biological
activity profiles. Some of the interesting quinone-heterocycle-fused hybrid mole-
cules found in the literature are shown in Figure 25. There were several strategies
developed for the synthesis of quinone-based hybrid molecules [108-111].

Recently, Mancini et al. [112] selected different compounds acting as inhibitors of
the cancer protein targets tubulin, human topoisomerase II, and ROCK1 (Figure 26).
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Figure 24.
Heterocyclization approaches on quinone.
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Quinone-heterocycle hybrids showing anticancer activity.

The synthesized quinone-hybrid molecules displayed good and sometimes better
growth inhibition GIs, than the ROCK inhibitor Y-27632, the Topo II inhibitor
podophyllotoxin, and the tubulin inhibitor combretastatin A-4.

In this direction in the forthcoming sections, we have listed out methods
known for the synthesis of quinone-heterocycle hybrid molecules and some of its
importance.

3.1 C—H activation for the synthesis of quinone-fused heterocycle hybrids
through two component reaction

The oxidative coupling reactions of NH isoquinolones with 1,4-benzoquinone
proceeded efficiently to form spiro compounds through C—C and C-N bond in the
presence of an Ir(IIl) catalyst (Figure 27) [113]. Cu(OAc),-H,0 was used as exter-
nal oxidant for substrates such as NQ and other substituted 1,4-benzoquinone. The
authors performed preliminary mechanistic experiments and a catalytically compe-
tent five-membered iridacycle was isolated and structurally characterized, thus
revealing a key intermediate in the catalytic cycle. The first step of mechanism is
likely to be a C(sp?)-H activation process affording a five-membered iridacycle
intermediate A. The coordination of BQ to A delivers intermediate B. The migra-
tory insertion of the coordinated BQ into the Ir—C bond leads to intermediate C
which on protonation by HOAc forms intermediate D. Subsequent iridation occurs
at the a-position to afford iridacycle I, which undergoes a C—N reductive elimina-
tion to afford the final product and Cp*Ir(I). Cp*Ir(I) is oxidized by BQ in the
presence of HOAc to Cp*Ir(Oac), for the next catalytic cycle.

In another study, an Rh-catalyzed substrate-tunable oxidative annulation and
spiroannulation reaction of 2-arylindoles with benzoquinone was reported by
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Rh(IIT)-catalyzed oxidative coupling of NH indoles.

Shenghai et al. [114]. Mechanistic study revealed that Rh(III)-catalyzed dual
N-H/C—H bond cleavage of indole occurs to afford a rhodacycle (A). Further, the
coordination of BQ to A yields (B), which undergoes a migratory insertion of the
coordinated BQ into the Rh—C bond to furnish (C). Further (C) undergoes a
selective Rh—C protonolysis with one equivalent of HOAc to afford the key inter-
mediate (D).

Subsequently, the promotion of nucleophilic attack by Et;N, the tertiary a-C
atom on the Rh center, generates I, which undergoes a C—N reductive elimination to
give the desired product and a Rh(I) species. The Rh(I) species is oxidized to the
active Rh(III) catalyst by BQ in the presence of HOAc (Figure 28).

Cu(II)-catalyzed sequential C,N-difunctionalization reaction between
naphthoquinone and p-enaminones [115] which leads to the formation of
indaloquinone. New C—C and C—-N bonds are easily formed in the reaction course.
Cu(II) salt plays a dual role as Lewis acid and oxidative catalyst, and O, acts as the
terminal oxidant. Based on the experimental results, a plausible reaction pathway
was suggested by the authors as shown in Figure 29.
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Cu(1I)-catalyzed NQ sequential C,N-difunctionalization.
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Pd/Mn-catalyzed C—H functionalization of amino NQ derivatives.

First, nucleophilic attack of a-carbon atom of f-enaminone to Cu** complexed
NQ followed by tautomerization and oxidation by Cu®* results in the formation of
intermediate (A). Further, intramolecular Michael addition takes place. Finally,
oxidative aromatization affords cyclic product. To complete the catalytic cycle,
molecular oxygen was involved for the oxidation of Cu(I) and regeneration of
Cu(Il).

Chen and Hong [116] reported Pd(II)-catalyzed ortho-CH functionalization
of amido-substituted 1,4-naphthoquinone with primary and tertiary amines
(Figure 30). The reaction occurred through an intramolecular rearrangement
followed by oxidation process, which lead to the formation of imidazole and pyrrole
ring-fused quinone derivatives. In another study, Franco and coworkers [117]
performed oxidative free-radical reaction of quinone with either aldehydes or
simple ketones in the presence of Mn(OAc); to afford a series of indole-
naphthoquinone-fused heterocycles [117].

Mito et al., in 2016, developed a method for benzo[f]indole-4,9-diones from
inactivated naphthoquinone with a-aminoacetals [118]. This reaction underwent
via intramolecular nucleophilic attack of aminoquinones to aldehydes. Based on
the detailed mechanistic studies, the authors proposed the plausible mechanism
represented in Figure 31.

Haiming and coworkers [119] developed a simple protocol for the synthesis of
highly functionalized 3-hydroxycarbazoles by acetic acid-promoted annulation of
electron-rich anilines and quinones (Figure 32). This chemistry, although tolerant
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Figure 33.
Synthesis of benzofurans from ketones and 1,4-benzoquinones.

of various quinones, is sensitive to both steric and electronic elements on the
anilines, as well as the steric hindrance introduced to the quinones. Although the
yields are generally moderate, this reaction nevertheless provides a single-step
alternative to prepare various otherwise difficult to make densely substituted
3-hydroxycarbazoles under mild conditions. Similarly to Nenitzescu indole synthe-
sis, the mechanism of this carbazole formation is believed to involve a C—C bond
formation by a Michael-type nucleophilic addition of aniline to quinone, followed
by intramolecular cyclization and dehydration.

In another study, a sequential Michael addition and intramolecular cyclization
reaction of ketones and 1,4-benzoquinones by using triethyl orthoformate as an
additive (Figure 33). In the presence of Sc(OTf); as catalyst, triethyl orthoformate
may be utilized to convert enolizable ketone into ethyl vinyl ether. As a result,
nucleophilicity increases. This reaction is a simple way to obtain 5-hydroxyben-
zofurans. The authors used this methodology to synthesize some important
2-phenylbenzofuran derivatives [120].

Wang et al. [121] developed Pd(OAc),/BQ catalytic system for ring contraction
reactions which allow 2-hydroxyl-1,4-naphthoquinones to convert into various
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phthalides. The significance of phthalide and fulvene scaffolds as structural units
should render this method attractive for both medicinal chemistry and synthetic
ring contraction reactions chemistry, paving the way for efficient synthesis of other
complex cyclic systems (Figure 34). Moreover, they utilized phthalides as versatile
synthetic intermediates toward many other useful synthetic building blocks.

Peddinti et al., in 2014, reported [122] Michael addition of the 1,4-
benzoxazinone derivatives, a novel class of vinylogous carbamates to the Michael
acceptors. 1,4-Benzoxazinone derivative undergoes Michael addition with
p-quinone in the presence of trifluoroacetic acid, and subsequent cyclization affords
corresponding products (Figure 35).

A nucleophilic addition of terminal alkynes to 2-methoxy-1,4-benzoquinone
afforded the corresponding quinols containing an alkyne unit [123], which were
converted to phenols via mild Zn-mediated reduction. After proper protection of
the free phenolic OH group, under metal-free system, 5-endo-dig iodocyclization
allowed facile access to a number of 3-iodobenzofurans (Figure 36).

After successful establishment of kinetic controlled, Rh(III)-catalyzed annula-
tion of C—H bonds with quinones for chemo-selective synthesis of dibenzo[b,d]
pyran-6-ones [124] and phenanthridinones [125], Yang and coworkers [126]
demonstrated a three-component cascade reaction for 6H-benzo[c]chromenes.
Similarly, this reaction involved Rh(III)-catalyzed annulation of aryl ketone
O-acyloximes, quinones, and acetone (Figure 37).

In another report [127], the synthesis of diverse dihydronaphtho[1,2-b]furans
starting from 1,4-naphthoquinones and olefins in the presence of ceric ammonium
nitrate (CAN) was reported. The reaction was based on the CAN-catalyzed [3 + 2]
cycloaddition of 1,4-naphthoquinones. This methodology was also used to synthe-
size the biologically important natural product furomollugin in only two steps

(Figure 38).
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Figure 36.
5-Endo-dig iodocyclization reaction for 3-iodobenzofurans.
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Rh(III)-catalyzed annulation for benzochromenes.
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CAN-catalyzed [3 + 2] cycloaddition of 1,4-naphthoquinones.

Figure 39.
Three-component synthesis of functionalized 4H-pyrans.

3.2 C—H activation for the synthesis of quinone-fused heterocycle hybrids
through multicomponent reaction

The applications of MCRs have been sequenced with multiple ring-forming
reactions that leads thereby to the synthesis of diverse heterocyclic scaffolds. MCRs
on quinones were used for the generation of quinone-fused heterocycles.

Seven mild basic ionic liquids [128] made out of 1,8-diazabicyclo[5.4.0]-undec-
7-en-8-ium acetate, pyrrolidinium acetate, pyrrolidinium formate, piperidinium
acetate, piperidinium formate, N-methylimidazolium formate, and 3-hydroxypro-
panaminium acetate were used as catalyst for three-component coupling of
aldehyde, malononitrile, and 2-hydroxynaphthoquinone for the formation of
2-amino-3-cyano-4-aryl-5,10-dioxo-5,10-dihydro-4H-benzo[g]chromene and
hydroxyl naphthalene-1,4-dione derivatives under ambient and solvent-free condi-
tions (Figure 39). The main advantages of this protocol are mild, solvent-free
conditions, ecofriendly catalysts and easy to work-up procedure. Similar reaction
was also reported by Javanshir et al. [129] and Manisankar et al. [130] using
organocatalyst and copper catalyst, respectively.

Notably, Cao and coworkers [131] developed one-pot, pseudo-four-component
reaction of 2-hydroxy-1,4-naphthoquinone, aromatic amine, and formaldehyde in
aqueous media under ultrasound irradiation (Figure 40) naphthoquinone-fused
oxazine derivatives under this operationally simple and efficient condition.

A proposed mechanism shows that amination reaction occurred first between
the formaldehyde and amine, followed by H,O elimination to furnish intermediate
A which was then attacked by 2-hydroxy-1,4-naphthoquinone to furnish an
intermediate B, which further reacted with formaldehyde and eliminated H,O to
produce intermediate C. At last the final product was formed through an intramo-
lecular cyclization process.
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Figure 40.
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Synthesis of phenazine-dihydropyridine molecules.
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Figure 42.
Synthesis of uracil-phenazine molecules.

Afshin and coworkers [132] developed L-proline-catalyzed one-pot, two-step,
five-component reaction for the synthesis of novel 1,4-dihydrobenzo[a]pyrido[2,3-
c]phenazines by the condensation reaction of 2-hydroxynaphoquinone, aromatic
1,2-diamines, aldehydes, ammonium acetate, and ethyl acetoacetate under conven-
tional heating in solvent-free conditions. In this domino transformation, six bonds
and two new rings such as phenazine and 1,4-dihydropyridine are efficiently
formed (Figure 41). High yields, short reaction time, operational simplicity, easy
work-up procedure, avoidance of hazardous or toxic catalysts, and organic solvents
are the main advantages of this green methodology.

In another study [133], catalyst-free synthesis of aminouracils bearing
naphthoquinone in DMF system was developed by Jamaledini et al. [133]. Further it
was used as intermediate for the synthesis of uracil-phenazine linked heterocycles
via condensation reaction with various vicinal diamines, in chloroform under reflux
condition (Figure 42).

Copper-catalyzed, TEMPO-mediated straightforward synthesis of 2,3-disubsti-
tuted naphtho[2,1-b]thiophene-4,5-diones via cross-dehydrogenative
thienannulation was reported [134]. The reaction proceeded via in situ generated
naphthalene-1,2-diones by dearomatization of f-naphthols, followed by oxidative
heteroannulation with a-enolic dithioesters chemoselectively (Figure 43).

Further, the naphtho[2,1-b]thiophene-4,5-diones undergo L-proline-catalyzed
cross-dehydrogenative coupling (CDC) with ortho-phenylenediamine enabling
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Synthesis of benzothiophene-phenazine molecules.
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CAN-catalyzed three-component domino sequences.

formation of pentacyclic benzo[a]thieno[3,2-c]phenazine derivatives in good yields
under solvent-free conditions.

Interestingly, Lee and coworkers [134] reported one-pot synthesis of
benzofuran-2(3H)-one derivatives from nitriles. This result underscore the high
potential of the Blaise reaction intermediate as an amphiphilic organozinc complex
for forming carbon—carbon bonds and provides a divergent synthetic platform
toward heterocycles (Figure 44).

CAN-catalyzed three-component reaction between primary amines,
p-dicarbonyl compounds, and functionalized or unfunctionalized naphthoquinones
was reported by Menendez et al. [62]. The enamine formation Michael addition-
intramolecular imine formation domino sequence starting from amines,
p-dicarbonyl compounds, and quinones, in a three-component variation of the
Nenitzescu indole synthesis (Figure 45). Further, protocol was extended to the
synthesis of linear benzo[f]indolequinones by using pre-functionalized quinones as
the starting materials. Moreover, the benzo[g]indole derivatives were transformed
into 9,12-dihydro-8H-azepino[1,2-a]benzo[g]-indoles, a new class of fused indole
derivatives, using a C-alkylation/ring-closing metathesis strategy.

4, Conclusion

Recent advances in the direct heterofunctionalization and heterocyclization of
quinones were summarized in this chapter. Most of the C—hetero bond formation
on quinone occurred via Michael addition in the presence/absence of a metal cata-
lyst. Transition metal-catalyzed cross-coupling reactions were another important
strategy for the direct functionalization of quinones. These reactions allowed for the
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construction of not only simple coupling products but also many important biolog-
ically active compounds. Moreover, the formation of C—=O bond on quinone was less
explored than C—N and C-S bond formation; it may be due to the fact that oxygen
has lower nucleophilicity than nitrogen and sulfur, and lack of suitable synthetic
reagents that can tolerate the presence of oxygen functional groups. However, due
to the unique electronic property of quinones, the types of direct functionalization
remain limited, and great efforts are still needed in the future.
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Chapter 8
Total Synthesis of Macrolides

Chebolu Naga Sesha Sai Pavan Kumar

Abstract

Structurally complex macrolide natural products, isolated from a variety of
marine and other sources, continue to provide a valuable source of targets for
the synthetic chemist to embark. In this account, we provide the recent
progress and pathways in the total synthesis of macrolides and discussed the
synthesis of (+)-neopeltolide, aspergillide D, miyakolide and acutiphycin natural
products.

Keywords: macrolide, aldolization, macrolactonization, ring closing metathesis,
coupling reactions, total synthesis

1. Introduction

Macrolides are a class of antibiotics that consist of a large macrocyclic lactone
ring attached to deoxy sugars. These antibiotics are bacteriostatic in nature and act
by inhibiting protein synthesis of bacteria. These are obtained mainly from certain
actinomycetes genus, such as Streptomyces and related species. The original
macrolide complex, erythromycin A, was isolated in 1952 as a natural product of
Saccharopolyspora erythraea (formerly Streptomyces erythreus). Other examples
include clarithromycin, azithromycin, telithromycin, cethromycin,
modithromyecin, etc. Macrolides structurally contain three characteristic parts in
every molecule, that is, a macrocyclic lactone ring, multiple ketone & hydroxyl
group, and two deoxy sugars attached by glycosidic bond. According to the carbon
number of lactone ring, macrolides are classified into several types. That is,
12-membered ring, 13-membered ring, 14-membered ring, 15-membered ring,
16-membered rings, etc. (Figure 1). Out of these, most of the antibiotic drugs
comprised of 14-membered and 16-membered lactone rings.

The construction of macrocyclic structures is a recurrent and challenging prob-
lem in synthetic organic chemistry. Theoretically, macrocyclic systems can be gen-
erated by cyclization of open, long chain precursors or by cleavage of internal bonds
in polycyclic systems. In the course of synthesis, numerous problems are encoun-
tered to achieve target molecules. Despite the several problems, however, recent
interest in the chemistry of macrolide antibiotics and other biologically active
macrolactones and macrolactams resulted in the discovery and development of
several new synthetic methods for macrolide formation. In this chapter, total syn-
thesis of some of the macrolides is discussed with scrupulous emphasis on the key
macrolide ring forming reactions.
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Figure 1.
Classification of macrolide antibiotics.

2. Synthetic strategy for macrolide synthesis

In the polyoxomacrolide ring, generally we will observe the 1,3-diol systems as a
core. There are two synthetic approaches for the edifice of 1,3-diols which are
illustrated here. They are asymmetric aldol reaction and the other one is asymmetric
epoxide and epoxide ring-opening.

2.1 Aldolization

Asymmetric synthesis of p-hydroxy ketones by aldol reactions of ketones with
aldehydes is the general and efficient method for the synthesis of 1,3-diol systems
and is of great interest in the field of total synthesis. By using the range of chiral
ketones, highly diastereoselective syn and anti aldol products are produced using
various boron enolates [1-3]. Some of the reagents shown below (Figure 2) direct
the relative and absolute stereochemistry of C—=C bond formation between various
achiral and chiral ketones, thus providing a ubiquitous synthetic tool for macrolide
synthesis (Figure 3).

A highly efficient and extensively used method for diastereoselective aldol reac-
tions is the Evans aldol reaction using boron enolate derived from a chiral imide
[4, 5]. Upon treatment of imide 1 with #-Bu,BOTf and i-Pr,NEt in CH,Cl, followed
by addition of aldehyde, aldol reaction proceeds smoothly in stereoselective manner
through the chelation transition state to attain 1,2-syn-aldol adduct 2 in high yield
and with excellent diastereoselectivity. After the reaction, the chiral auxiliary is
cleaved by hydrolysis to acid, then reduction to aldehyde or alcohol, conversion to
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Figure 2.
Reagents for asymmetric Aldol veactions.
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Macrolide antibiotics: evidence for the chemists intevested in the stereochemistry of the Aldol reaction.

Weinreb amide, etc. In contrast, addition of a Lewis acid to the boron enolate
provides either anti-diol 3 or non-Evans 1,2-syn-aldol 4 with excellent diastereos-
electivity [6] (Figure 4).

2.2 Asymmetric epoxidation and dihydroxylation

The asymmetric epoxidation of allylic alcohols introduced by Katsuki and
Sharpless in 1980 has tremendous applications in the synthesis of various
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Evan’s Aldol strategy.
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compounds [7]. The Sharpless asymmetric epoxidation (AE) is the efficacious
reagent in the synthetic organic chemistry particularly in the synthesis of variety of
natural products. Epoxidation is carried out from allylic alcohols 5 with tert-butyl
hydroperoxide in the presence of Ti(OiPr)4. The resulting epoxide stereochemistry
is determined by the enantiomer of the chiral tartrate ester (usually diethyl tartrate
or diisopropyl tartrate) employed in reaction. When (—)-diester is used, p-epoxide
6 is obtained, while (+)-diester produces a-epoxide 7 (Figure 5).

The Sharpless dihydroxylation [8] is another tool used in the enantioselective
preparation of 1,2-diols (9a/9b) from olefins (8). This reaction is performed with
osmium catalyst and a stoichiometric oxidant (e.g., K3Fe(CN)¢ or NMO).
Enantioselectivity is produced by the addition of enantiomerically-enriched chiral
ligands [(DHQD),PHAL also called AD-mix-f, (DHQ),PHAL also called AD-mix-«
or their derivatives] (Figure 6). These reagents are also commercially available as
stable and not so expensive.

Stereoselective ring-opening of 2,3-epoxy alcohols 10 is extremely valuable for
the synthesis of different functionalized compounds [9]. A wide range of nucleo-
philes such as secondary amine, alcohol, thiol, azide and carboxylic acid predomi-
nantly at C-3 position to give 1,2-diol 11 (Figure 7).
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Stereoselective ring-opening of epoxy alcohols.

The logic of macrocyclization in natural product synthesis can be investigated by
different strategies; some of them are Prins reaction [10], lactonization [11, 12],
ring closing metathesis [13], Wittig reaction [14], Horner Wadsworth Emmons
(HWE) reaction [15], Julia-Kocienski reaction [16], metal-mediated cross coupling
reaction [17], etc. However, it is true that there is no universal macrocyclization
method is reliable in the total synthesis of natural products.

2.3 Macrolactonization

Macrolactonization is the one of the effective and popular methods in the syn-
thesis of macrolactones. The method is based on the lactonization of the
corresponding seco-acid. Thus various methods are reported in the literature for the
macrolactone synthesis, some of the most commonly used methods are Corey-
Nicolaou [18], Shiina [19], Yamaguchi [20], Mitsunobu [21], Keck-Boden [22], and
Mukaiyama [23] macrolactonizations (Figure 8).
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Hansen et al. [24] reported the synthesis of (—)-aplyolide A from 12 in which
they adopted the Corey-Nicolaou macrolactonisation as the key step with 78% yield
(Figure 9).

Narasaka et al. [25] used the Mukaiyama method for the effective construction
of macrocycle ring from corresponding seco-acid 13 in the synthesis of Prostaglan-
din F-lactone (Figure 10).

Enev et al. [26] in his studies towards the total synthesis of laulimalide, crucial
Yamaguchi macrolactonization was employed on the ynoic seco-acid 14 and then
reducing the triple bond obtained the desired macrolactone 15 (Figure 11).

In the synthetic studies towards the synthesis of colletodial, Keck et al. [27]
effectively used DCC-DMAP protocol for the macrolactonization of 16 to precursor
of colletodial 17 (Figure 12).
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Figure 9.
Application of Corey-Nicolaou macrolactonisation.
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Mukaiyama method in the synthesis of prostaglandin F-lactone.
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Mitsunobu macrolactonization protocol based on the activation of the seco-acid
alcohol 18 to 19 using diisopropyl azodicarboxylate (DIAD) and triphenylphosphine
is used in the total synthesis of natural product (+)-amphidinolide K by Williams
and Meyer [28] (Figure 13).

In the total synthesis of iejimalide by Schweitzer et al. [29], Shiina macrolacto-
nization (2-methyl-6-nitro benzoic anhydride/DMAP) is used as the key step for
the construction of macrolactone 21 in moderate yield. Even the yield is somewhat
low, other methods failed to construct the lactone while Shiina protocol worked
successfully from 20 (Figure 14).
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Figure 13.
Mitsunobu esterification in the total synthesis of (+)-amphidinolide K.
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Figure 14.
Shiina macrolactonization towards the synthesis of iejimalide B.

2.4 Ring-closing olefin metathesis

In recent years, ring closing metathesis (RCM) has become one of the most
paramount tools in synthetic organic chemistry especially in the field of total syn-
thesis of macrolide natural products [13, 30, 31]. Furthermore, RCM is becoming
the most popular way to construct large rings and has the advantage of being
compatible with a wide range of functional groups such as ketones, ethers, esters,
amides, amines, epoxides, silyl ethers, alcohols, thioesters, etc. In view of this,
among the several reagents developed by Grubbs, Shrock, and Chauvin, the cata-
lysts A-D represents two generations of ruthenium complexes, while E is the
molybdenum Shrock catalyst (Figure 15). A is popularly known as Grubbs first
generation catalysts, B and C are Grubbs second generation catalysts and D is
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Various catalysts for ring closing metathesis.
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Hoveyda-Grubbs catalyst. The choice of the catalysts can be used in the synthetic
organic transformations based on the reactivity of the substrate, and other reaction
condition parameters. Substitution in the aromatic ring of D has given rise to a new
family of third generation catalyst.

N TN
I ' - '

\ ;l RCM Y i
& = —

Here, some of the applications of ring closing metathesis in the total synthesis of
macrolides salicylihalamide A [32], trans-resorcylide [33], (+)-lasiodiplodin [34],
oximidine III [35], and Sch 38516 [36] by various metathesis catalysts have been
illustrated (Figure 16).
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Figure 16.
Some of the applications of ving closing metathesis in total synthesis of macvolides.

2.5 Palladium catalyzed coupling reactions

Palladium-catalyzed coupling reactions have gained more attention in recent
years in the field of organic chemistry. In this course, Suzuki reaction using
organoboron compounds [37], Heck reaction using alkenes [38], Stille reaction with
organostannate [39, 40], Sonogashira reaction with terminal alkyne [41] and Tsuji-
Trost reaction with n-allylpalladium intermediate [42, 43], etc. are the most fre-
quently employed reactions in the total synthesis of macrolide natural products.
Some of them are depicted here.
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Tortosa and co-workers [44] in the synthesis of (+)-superstolide A, Suzuki
macrocyclisation approach is used for the construction of 24-membered macrocy-
clic octane 23 (Figure 17).

The first application of the Heck cyclisation to a macrocyclic substrate was
reported by Ziegler and co-workers [45] in 1981 during the synthesis of aglycone of
the macrocyclic antibiotic carbomycin B. They achieved the cyclisation to the model
substrate 25 in 55% yield, by slow addition to a solution of PdCl,(MeCN),, Et;N and
formic acid in MeCN at ambient temperature (Figure 18).

Stille macrocyclisation as illustrated below used as the key step in the total
synthesis of the biselyngbyolide A by Tanabe et al. [46] using Pd,(dba); and lithium
chloride in DMF (Figure 19).

The utility of Sonogashira macrocyclisation in the first total synthesis of
penarolide sulfate Al, an a-glucosidase inhibitor is demonstrated by Mohapatra and
co-workers [47]. The macrocyclisation was successfully achieved from compound
28 with catalytic Pd(PPhs)4 and Cul in Et,NH at room temperature (Figure 20).

Towards the total synthesis of antibiotic natural product A26771B, Trost and
co-workers [48] effectively constructed the macrolactone 31 (Figure 21) by the use
of bidentate phosphine ligand (1,4-bis(diphenylphosphino)butane (DPPB)).
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Figure 17.
Suzuki macrocyclisation in the synthesis of superstolide A.
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Stille macrocyclisation in the total synthesis of biselyngbyolide A.
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Sonogashira macrocyclisation in the synthesis of penarolide sulfate A1.
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Tsuji-Trost lactonization for the synthesis of A26771B.

In the end game of total synthesis of macrolides, glycosidation to the aglycon
also have more significance. Thus, a wide variety of methods are reported for
glycosidation in the literature [49, 50].

3. Total synthesis of selected macrolides

In this section, the total synthesis of selected macrolides is discussed: (+)-
neopeltolide (32), aspergillide D (33) and briefly about miyakolide (34) and
acutiphycin (35).

3.1 (+)-Neopeltolide

(+)-Neopeltolide is a 14-membered macrolide isolated from north coast of
Jamaica by Wright and coworkers from a deep water sponge [51]. It was tested for
in vitro antiproliferative activity against several cancer cell lines comprising A549
human lung adenocarcinoma, NCI/ADR-RES ovarian sarcoma and P388 murine
leukemia and shows ICsq values 1.2, 5.1 and 0.56 nM. Besides this, neopeltolide also
exhibits anti-fungal activity against Candida albicans [52]. The complexity of the
structure with six chiral centres, tetrahydropyran ring, and an oxazole-bearing
unsaturated side chain and its efficacious biological activity led to several total
syntheses, few of them are discussed below.
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MeC
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In 2013, Ghosh et al. [53] in their total synthesis adopted the retrosynthetic
pathway as follows. Disconnection of O==C bond of the oxazole side chain would
give acid which can undergo Mitsunobu esterification. Yamaguchi macrolacto-
nization of acid would in turn give the desired macrolactone. The tetrahydropyran
ring in acid could be constructed via a hetero Diels-Alder reaction between alde-
hyde and silyloxy diene ether using Jacobsen’s chromium catalyst.

The synthesis of the macrolactone ring of (+)-neopeltolide began with commer-
cially available 3-methyl glutaric anhydride as shown in the scheme. 3-methyl
glutaric anhydride, 36 was desymmetrized using PS-30 ‘Amano’ lipase to obtain
acid. The resulting acid was treated with borane-dimethyl sulfide complex to afford
alcohol, 37. Alcohol 37 was oxidized to corresponding aldehyde by Swern oxidation
and then protected to its acetal, 38. Ester of 38 was then reduced to alcohol and on
Swern oxidation obtained aldehyde and the resulting aldehyde was subjected to
Brown’s allylation protocol using (+)-Ipc,BOMe and allyl magnesium bromide to
attain alcohol, 39. Alcohol 39 was methylated with Mel, and on Lemieux-Johnson
oxidation gave aldehyde and on Brown’s allylation protocol afforded alcohol, 40.
Acetal protection was deprotected and the aldehyde was converted to a,p-unsatu-
rated ketone, 41 using standard Horner-Wadsworth-Emmons olefination condi-
tions. Secondary alcohol in 41 was then protected with TESOT( to obtain the
silyloxy diene, 42 in excellent yield (Figure 22).

After the completion of requisite silyloxy diene, hetero-Diels Alder reaction of
tosyl oxyacetaldehyde, 43 with 42 using chiral chromium catalyst (44) gave
tetrahydropyranone, 45 in 83% yield (Figure 23). After protection of ketone group
in 45 as ketal and displaced the tosylate to nitrile 46 using NaCN in DMF. Nitrile 46
was hydrolysed to acid and on deprotection of ketone to afford ketone 47. Intra-
molecular Yamaguchi macrolactonization attained the key macrolactone 48 in 40%
yield. Olefin 48 was subjected to hydrogenation with 10% Pd/C to give saturated
compound and on reduction with NaBH,/EtOH to attain alcohol 49. Next, the
synthesis of unsaturated oxazole side chain 50 is started with known alkyne with
LDA and Bu3SnCl to obtain the alkynyl stannate, which on hydrozirconation gave
the carbamate in 38% yield. Crucial Stille cross coupling of carbamate with
iodooxazole using Pd(MeCN),Cl, in DMF gave oxazole which can be easily
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Synthesis of silyloxy diene 42 fragment.
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Figure 24.
Completion of synthesis of (+)-neopeltolide.

converted to desired side chain 50. The target neopeltolide compound was
furnished by standard Mitsunobu esterification of 49 with acid 50 (Figure 24).

3.2 Paterson strategy
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Paterson and coworkers [54] reported the synthesis of neopeltolide as follows.
Aldehyde was synthesized starting from known f-keto ester, 51, which on treat-
ment with (S)-BINAP-Ru (II) catalyst under Noyori asymmetric hydrogenation to
afford (13S)-alcohol. The alcohol on TBS protection and DIBAL reduction of the
ester produced the enantiopure aldehyde 52. Aldehyde 52 was subjected to Brown’s
methallylation using 2-methyl propene and (—)-Ipc,;BOMe furnished the desired
C11 alcohol with 94:6 dr, and the alcohol was methylated into the methyl ether 53
by NaH, Mel. Methyl ether 53 was subjected to ozonolysis to obtain methyl ketone
and on Horner Wadsworth Emmons reaction with trimethyl phosphonoacetate to
attain ester 54 in E/Z isomers (75,25). Esters 54 were reduced to its alcohol by
DIBAL-H and on subsequent oxidation with Dess-Martin periodinane produced
aldehyde 55. Next, organo catalytic hydride reduction of enal 55 using MacMillan
strategy with imidzolidinone catalyst 56. TFA (20 mol%) and Hantzch ester
furnished as 1,4-reduction product 57 with 76:24 of epimers at C9 stereocentre
(Figure 25). Further, Jacobsen asymmetric hetero Diels-Alder reaction between 57
and known 2-silyloxy diene 58 produced cis-tetrahydropyranone 60 in 60% yield
using chiral tridentate chromium (III) catalyst 59. On PMB deprotection and fur-
ther oxidation of alcohol to corresponding acid followed by TBS deprotection
furnished seco-acid 61. Macrolactonization of 61 under standard Yamaguchi condi-
tions afforded macrolactone 62 in 80% yield. Reduction of macrolactone 62 to the
alcohol with NaBH,4 in MeOH followed by Mitsunobu esterification with the
oxazole side chain 50 achieved (+)-neopeltolide (32) in 52% yield (Figure 26).
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Synthesis of aldehyde 57.
3.3 Ulanovskaya strategy

The synthesis of neopeltolide by Ulanovskaya et al. [55] is depicted as follows,
Prins desymmetrization of diene 63 followed by benzyl protection and Wacker
oxidation of alkene afforded ketone 64. Formation of boron enolate from ketone
and on addition of aldehyde 65 gave the anticipated aldol product with >98:2
diastereoselectivity, which was treated with Ph;P=CH, (Wittig methylenation)
followed by cleavage of dioxolone by acidic work-up afforded ketone 66 in 75%
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yield. Ketone 66 was selectively reduced to syn-alcohol using Et,BOMe and NaBH,
followed by ester hydrolysis gave acid which was subjected to Yamaguchi
macrolactonization to furnish desired macrolactone 67. Alkene in 67 was hydroge-
nated using Pd/C to afford desired alcohol 68 as a major product. Alcohol 68 was
subjected to Mitsunobu conditions, followed by hydrolysis with K,CO3 in MeOH to
get the inversion product. Subsequent methylation with MeO3;BF, &
hydrogenolysis of benzyl ether achieved desired macrolide 49. The final coupling of
fragment 49 with oxazole side chain 50 with standard Mitsunobu conditions
furnished target (+)-neopeltolide 32 (Figure 27).
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Total synthesis of (+)-neopeltolide.
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Alternate synthesis of (+)-neopeltolide.
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3.4 Aspergillide-D

33

Bao and coworkers in 2013 isolated 16-membered macrolide, aspergillide D,
from the extract of Aspergillus sp. SCSGAF 0076 [56]. Aspergillide D macrolactone
contains four chiral centres, a,p-unsaturation, three hydroxyl groups and the first
total synthesis was reported by Jena et al. in 2017 as follows [57].

The retrosynthetic analysis of aspergillide D was depicted as shown above,
macrolactone could be synthesized from seco acid via intramolecular Shiina esteri-
fication. For the total synthesis of Aspergillide D, the acid fragment was synthesized
from commercially available D-ribose which was transformed to lactol 69 by using
three step sequence, that is, catalytic amount of H,SO, & acetone to form acetonide
which on reduction with NaBH, and on oxidative cleavage of the diol with NalO,.
The lactol was subjected to Wittig type olefination using PPh;=CH, and the
obtained primary alcohol 70 was oxidized to carboxylic acid 71 by using TEMPO/
BAIB conditions (Figure 28). The synthesis of alcohol fragment was started with
mono-PMB protection 73 of commercially available 1,8-octane diol 72 and the other
alcohol was converted to racemic allyl alcohol 74 by Swern oxidation and subse-
quent treatment of aldehyde with vinyl magnesium bromide in the presence of Cul.
The allylic alcohol 74 was subjected to standard Sharpless kinetic resolution condi-
tions by using (—)-DIPT & Ti(OiPr), to obtain enantiomeric epoxy alcohol 75.
Upon MOM protection 76 to the secondary alcohol 75 and PMB deprotection pro-
duced 77, which on oxidation with Dess-Martin periodinane to afford aldehyde.
Aldehyde was converted to olefin 78 by treating PPh;=CH, in THF. 78 was cleaved
to alcohol 79 by reduction with LAH in THF (Figure 29).

Acid 71 and alcohol 79 fragments were coupled together under Yamaguchi
esterification conditions afforded diene ester 80 in 65% yield. Intramolecular RCM
was employed on diene ester by using Grubbs’second generation catalyst in
refluxing CH,Cl, to produce the requisite macrolactone 81. Double bond in 81 was
hydrogenated by using PtO, in MeOH to attain saturated lactone 82. Lactone 82 was
reduced with DIBAL-H to afford lactol which on further treatment with
Ph3;P=CHCO,Et in CgHg afforded a,B-unsaturated ester 83. The ester was converted
to carboxylic acid 84 by LiOH in THF/H,0 which on adopting key Shiina’s
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Figure 28.
Synthesis of acid fragment 71.
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Synthesis of alcohol fragment 79.
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Completion of synthesis of aspergillide D.
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macrolactonization protocol to provide the desired mactrolactone 85 in 51% yield.

On deprotection of acetonide with CuCl,.2H,0 gave diol 86 and removal of MOM
group, the synthesis of aspergillide D 33 was achieved (Figure 30).

3.5 Miyakolide

Evan’s strategy of bond connections & key reactions in the synthesis of 34 is
illustrated [58].

e
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1 *\ /*\)\ 2. [3+2] dipolar cycloaddition
e Ry O = 3, Yamaguchi macralactonization
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3.6 Acutiphycin

Smith’s strategy [59] & Moslin’s strategy of acutiphycin [60] is shown below
(Figure 31).
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Figure 31.

Key reactions and strategies in the synthesis of miyakolide and acutiphycin.

4. Conclusions

A number of new macrolide antibiotics with fascinating biological activities have
been isolated everyday with the unique and complex structures have been deter-
mined with extensive spectroscopic studies. Toward the total synthesis of such
macrolide antibiotics, very efficient synthetic strategies and various new method-
ologies are also developed. Recent advances in macrolide synthesis based on newly
developed strategies and methodologies are noteworthy. Further synthetic studies
on macrolide antibiotics will make an immense contribution to progress in both
organic and medicinal chemistry.
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Chapter 9

Catalytic Activity of Iron
N-Heterocyclic Carbene
Complexes

Badpri Nath Jha, Nishant Singh and Abhinav Raghuvanshi

Abstract

Recent research towards development of more efficient as well as cost effec-
tive catalyst as a substitute to traditional precious metal catalysts has witnessed
significant growth and interest. Importance has been given to catalyst based on
3d-transition metals, especially iron because of the broad availability and environ-
mental compatibility which allows its use in various environmentally friendly cata-
lytic processes. N-Heterocyclic carbene (NHC) ligands have garnered significant
attention because of their unique steric and electronic properties which provide
substantial scope and potential in organometallic chemistry, catalysis and materials
sciences. In the context of catalytic applications, iron-NHC complexes have gained
increasing interest in the past two decades and could successfully be applied as cata-
lysts in various homogeneous reactions including C-C couplings (including biaryl
cross-coupling, alkyl-alkyl cross-coupling, alkyl-aryl cross-coupling), reductions
and oxidations. In addition to this, iron-NHC complexes have shown the ability to
facilitate a variety of reactions including C-heteroatom bond formation reactions,
hydrogenation and transfer-hydrogenation reactions, polymerization reactions, etc.
In this chapter, we will discuss briefly recent advancements in the catalytic activ-
ity of iron-NHC complexes including mono-NHC, bis-NHC (bidentate), tripodal
NHC and tetrapodal NHC ligands. We have chosen iron-NHC complexes because of
the plethora of publications available, increasing significance, being more readily
available, non-toxic and economical.

Keywords: N-heterocyclic carbene (NHC), singlet carbenes, triplet carbenes, percent
buried volume (% Vyy,), o-donation, n-donation, CO complexes, NO complexes,
halide complexes, donor-substituted NHCs, pincer motifs, scorpionato motifs,
macrocyclic ligands, piano stool motifs, iron-sulfur clusters, C-C bond formations,
allylic alkylations, C-X (heteroatom) bond formations, reduction reactions,
cyclization reactions, polymerization

1. Introduction

Story of N-heterocyclic carbene builds up from an unstable non-isolable reactive
species to a stable and highly flourished ligand for the synthesis of a variety of organo-
metallic compounds and many important catalytic reactions. Based on the orbital
occupancy of the electrons, carbenes can be classified as singlet and triplet carbenes.
In singlet carbene, a lone pair of electron occupies sp>hybrid orbital (Figure 1A)
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whereas, in triplet carbene, two single electrons occupy two different p-orbitals
(Figure 1B). Carbenes are inherently unstable, hence highly reactive species due to
incomplete electron octet. Initial reports of isolable carbene came in the late 1980s,
where the carbene is stabilized by adjacent silicon and phosphorus substituents.

Credit for the discovery of stable and isolable carbene goes to Arduengo, where
carbene carbon is a part of a nitrogen heterocycle and gave the first N-heterocyclic
carbene (NHC) compound called 1,3-di(adamantyl)imidazol-2-ylidene briefly
called IAd (Figure 2A) [1]. Since then NHC compounds are enjoying their success
to several dimensions of synthesis and organic transformations.

1.1 Structure and general properties of NHCs

Thus, a heterocyclic compound with a carbene carbon and at least a nitrogen
atom adjacent to it within the ring can be termed as NHC [2]. NHCs are singlet
carbenes and their remarkable stability is contributed by both steric and electronic
effects. Dimerization of carbene carbon is kinetically frustrated by keeping bulky
groups on the two sides of the carbene carbon, as is the case with IAd (Figure 2A)
where two adamantyl groups are attached to the nitrogen atoms (adjacent to the
carbene center). Nolan and his co-workers have quantified the steric properties in
terms of the ‘buried volume’ parameter (% Vy,,) (Figure 2B) [3]. Metal ion of the
NHC-metal complex is assumed to be at the center of a sphere and then % Vy,, is
calculated as the portion of the sphere occupied by the NHC ligand (Figure 2B).
Larger the value of % V4, greater is the steric repulsion at the metal center. The
buried volume is usually determined from crystallographic data of the NHC-metal
complex [4] or directly from theoretical calculations with the free NHC.

Rz
n,—6 Ry Ry
arbital Lane pair in sp® orbital
Empty p-or n\tn . Lone pairin sp -

—

"\__ _Degenerate p-orbitals
A) B)

Figure 1.
(A) Singlet carbenes; (B) triplet carbenes.

=\

(A) (B}

Figure 2.
(A) Structure of IAd; (B) percent buried volume (% V).
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The value of % Vy,, is affected by both the nature of the NHC ligand as well as the
geometry of the NHC-metal complex; therefore, data is useful only for the comparison
within the same family of complexes. A small change in the structure of ligands may
bring more than 10% increase or decrease in percent buried volume [5]. Caution
should also be paid as the calculation of % V4, is carried out in solid-phase through
crystallographic data analysis or in gas phase by DFT calculation. In both the methods
the behavior of the complexes in solution and solvation is not considered where ligand
may adopt several conformations. The stability of an NHC is far more affected by the
electronic factor. Carbene carbon of NHC has three sp>-orbitals orientated in triangu-
lar planar fashion and one p-orbital (p,) perpendicular to the plane of the NHC ring.
Two sp’-orbitals are bonded with two nitrogen atoms in the ring and one sp*-orbital
houses the lone pair of electrons. The two nitrogen atoms stabilize the carbene carbon
in two ways: (i) by withdrawing the sigma-electrons through inductive effect and (ii)
through a n-electron donation to the empty p,-orbital of the carbene carbon (meso-
meric effect). This n-electron donation is so strong that NHCs are also described by its
zwitterionic resonance structure and is evident by the intermediate bond length of car-
bene C-N bond (1.37 A) in IAd, which falls in between C-N single bond length (1.49 A)
and C-N double bond length (1.33 A) of the corresponding analog compounds (IAdH,
and IAdH" respectively). In the molecular orbital model, sp* and p,-orbital can be
described as HOMO (A; non-bonding molecular orbital) and LUMO (B, bonding
molecular orbital), respectively (Figure 3) [6, 7]. The cyclic nature of NHCs is also an
important structural aspect as it creates a preferable situation for the singlet state by
forcing the carbene carbon to adopt a more sp’-like arrangement.

Like the phosphines, the electron-donating capability of NHCs is evaluated
using Tolman electronic parameter (TEP) [8]. Any build-up of electron density on
the metal center of the complex [Ni(CO);(NHC)] due to electron donation by the
NHC is reflected by the decrease in the infrared-stretching frequency of CO bonded
with the metal ion. Now-a-days, instead of [Ni(CO);(NHC)], less toxic [(NHC)
IrC1(CO),] and [(NHC)RhCI(CO),] are used and a correlation formula is used [Egs.
(1) and (2)], respectively [9, 10].

TEP = 0.847vco(Ir) + 336 cm™ (1)
r-eloctron withdrawing — By
Z-auiis Cp: B —
] '. ]
. Csp? Ay —-l Ayt
Vo 5
r-alectran wilhdrawing “ 'ﬂ"-"..'= A! + 52 2N Pa
— B:-
Carbon Molecular Nitrogen
atomic orbitals atomic
arbitals orbitals
a IS . =\ ., & f'_\q_.
.-‘-:,N N--.z._.' =M N.__h:,"_"‘ Y,
RIS TR R g% ™R R ETTR
" 8 8
Alternative zwitterionic resonance structure
Figure 3.

Molecular orbital diagram of an NHC.
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where, vco(Ir) = average IR-stretching frequency of CO in [(NHC)IrC1(CO),]
complex.

veo(Ir) = 0.8695vc0(Rh) +250.7 cm™ ()

where, vco(Ir) = average IR-stretching frequency of CO in [(NHC)IrC1(CO),]
complex, and vco(Rh) = average IR-stretching frequency of CO in [(NHC)
RhCI(CO),] complex.

1.2 Synthesis of NHCs precursor and generation of carbene

Azolium or dihydroimidazolium salts are sufficiently stable solids and the
generation of NHCs can be carried out iz situ by their deprotonation using non-
nucleophilic bases such as sodium hydride, butyllithium or ¢-butoxide. Alkoxides
form an adduct with azolium salt, however, in presence of transition metal precur-
sor, NHC is transferred to the metal and usually moves toward complex formation
rather than the disruption of the azolium ring. Generation of NHCs is also carried
out using mild metal oxides like silver (I) or copper (I) oxides where after genera-
tion, NHC forms NHC-silver(I) or copper(I) complexes and in situ transfer of NHC
occurs to the desired metal center. A general protocol for the synthesis of NHCs and
NHC precursor 11 is outlined below in Figures 4 and 5, respectively [11, 12].

, 1) BHy-THF
E'ﬂz é‘j ANH, EO O apnm, AHN ED THF, reflux
o a g  NHAr 0 NHar 2)conc. HCI
1 2 3
@& =]
1 2¢l e
ArHN —e Ci
NHAr HC({OEt)y NN
HC(OE)s N N,
5) 120 °C Ar ar
4 5

Figure 4.
General protocol for the synthesis of unsymmetrical substituted NHCs.

OH
1) HNO,
2)Hy, PAIC
35% yield OH H o

DCC, HOBt S
THF,0°C — g NeMes
T6% yield #
B0 O ,ymaow HO O
y (S 10
O Ot 99%yeld & Yes
8 9
[=]
1) BHy THF NN
THF, reflux e
-
2) conc. HCI
3) HC(OEt), OH

120 *C, 35% yield
1

Figures.
Synthesis of NHC precursor 11.
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1.3 Generation of NHCs

Formation of saturated and unsaturated NHCs upon treatment with an alkoxide
base is shown in Figure 6A and B, respectively [13].

1.4 Coordination of NHCs to transition metals

Thus, the coordination of NHC ligand to the transition metal ion occurs
largely through the strong o-donation of the formal sp’-hybridized lone pair
to a o-accepting orbital of the transition metal and a weak but not inconsider-
able n-donation [14] either in the form of n-back donation from metal to the
p. orbital of the ligand or vice versa [15, 16]. However, in practice a single
bond is drawn since the free rotation energy across the M-C bond is very low
(Figures 2B and 6).

1.5 Phosphine versus NHCs

NHCs are being compared with strong sigma donating ligands like phosphines
and cyclopentadienes. As a ligand, NHCs edge ahead of phosphines on several points:

i. Electron donor: NHCs are relatively stronger electron-donor than phos-
phines and produce thermodynamically stronger metal-ligand bonds,
except when there are steric constraints interfere with metal-ligand
binding [17].

—

ii. Steric properties: Whereas the spatial arrangement of steric bulk takes up a
cone-shape due to sp’-hybridization of phosphines; most of the NHCs results
in umbrella-shaped steric bulk and the orientation of the substituent on the
two nitrogen atoms are more toward the metal center. Thus, the steric crowd
around the metal center can be tuned by changing the substituent on the two

nitrogen atoms and the heterocyclic ring, if required.

iii. Ease of varying their steric and electronic properties: There are several well-
established synthetic routes to tune the steric and electronic properties of
NHCs, whereas it is usually difficult to tune the properties to the desired
level for the phosphines.

(A)

x’ﬁ_“”

N . — T
F'.@““:‘“ R N N [ M

. b NN
- R X ‘R —— R'NVM'H + HO'Bu —L"' R Y R

vy .
a }-—n H . ML,
»57
M

(B
&
NN =
H‘[.p\_, R M M.
’?: -mx  RTR

Figure 6.
Treatment with an alkoxide base leads to formation of (A) saturated NHCs; and (B) unsaturated NHCs.
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iv.In the case of phosphines, changing the substituent on the phosphorus inevi-
tably changes both steric and the electronic properties whereas each param-
eter can be modified independently through modifying the substituents on
nitrogen, functionalities on the heterocycle and the type of heterocycle itself.

2. Various motifs of Fe-NHC complexes

The structural diversity in various motifs of Fe-NHC complexes is shown in
Figure 7 and each of them is explained below along with their known applications
in different areas.

2.1 Mono- and bis-(mono- or chelating) carbene ligands
2.1.1 CO complexes

The chemistry of Fe-NHC complexes began with the synthesis of their unsaturated
and saturated ligand precursors with carbonyl as their motifs, and extensive studies on
molecular structure determination and reactivity (Figure 8A-D). These CO complexes
were further subjected to substitution reaction, e.g. ligand exchange with monophos-
phines and oxidation, to develop newer Fe-NHC complexes (on oxidation their geometry
tends to change from trigonal bipyramidal to distorted square pyramidal). These trans-
formations, in progression, led to the formation of new classes of complexes with novel
attributes viz. monocarbene, bis-monocarbene, and chelating biscarbene ligands having
variable oxidation states of iron from Fe(0) to Fe(II), which contributed to new horizons
in bioinorganic chemistry and biomimetic systems e.g. Novel Fe(II) monocarbene
complexes (Figure 8C) as models for basic structure of the monoiron hydrogenase [18].

2.1.2 NO complexes

Synthesis of novel and intriguing Fe-NHC complexes in the field of biomimetic
chemistry e.g. dinitrosyliron complexes (DNICs) (Figure 8G) displaying a variety of
vital biological functions [18], forced the scientific community to shift their attention
toward novel monocarbenes and bis-monocarbene ligands having nitrosyl as their struc-
tural attributes (Figure 8E-G). Not only as biomimetic structural models, these nitrosyl
complexes can act as catalyst in chemical transformations e.g. allylic alkylation [18, 19].

1. Mono- and bis-(mono- or chelating) carbene ligands

V.

/ 2. Donor-substituted NHCs
P

‘:_:'_;;g 3. Pincer molifs

Various moifsal ;}4 . !
Ea-NHC copplexes Sepenae 5
\3 5. Macrocyclic ligands

\\

\\ 6. Piano stool motifs

7. Iran-Sulfur clusters

Figure 7.
Different motifs of Fe-NHC complexes.
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(A-D) CO complexes; (E-G) NO complexes.
2.1.3 Halide complexes

Just like carbonyl and nitrosyl motifs in Fe-NHCs chemistry, halides do play a
major role in influencing the role of Fe-NHC complexes in both catalysis as well as
biomimetics. Halide complexes catalytic role varies from polymerization catalysis by
bis-monocarbene dihalide Fe-NHC complexes [18, 20] C-C cross-coupling reactions
catalyzed by dinuclear Fe-NHC imido complexes [18, 21] to catalytic hydrosilylation
by ethylenediamine-derived Fe-NHC complex [18]. Depending upon the structural
versatility in halide complexes, many subclasses have been synthesized and studied,
namely monocarbene ligands, bis-monocarbene ligands, chelating biscarbene ligands,
dinuclear Fe-NHC imido complexes, halide-bridged Fe-NHC complexes, immobilized
Fe-NHC complexes, three-coordinate Fe-NHC complexes (Figure 9A-G).

2.2 Donor-substituted NHCs

Effects on the reactivity of organometallic iron complexes could be observed
when the ligand environment changes from CO, NO, halides to donor-substituted
NHC ligands (Figure 10A). These donor-substituted NHC ligands possess nitrogen
or oxygen as heteroatoms, thus present themselves as potential coordinating “arms”
attached to the NHCs and exhibit coordination from bi- to pentadentate as ligand
systems. These complexes have shown their catalytic role in ring-opening polymer-
ization of e-caprolactone [18, 22].

2.3 Pincer motifs

Chelating biscarbene pincer ligands (Figure 10B) are an extension of donor-
substituted NHCs in Fe-NHC chemistry, where instead of the presence of heteroat-
oms as “arms”, two NHC units are linked by a pyridyl moiety and hence “chelation”
Structurally, pincer motifs exhibit two coordination geometries predominantly,
octahedral and square pyramidal, due to their strict binding mode to three adjacent
coplanar centers. Catalysis by Fe-NHC complexes bearing pincer motifs has been
demonstrated by their catalytic role in concerted C-H oxidation addition reaction
[18], hydroboration reaction [18, 23], and hydrogenation reaction [18].
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(A-G) Halide complexes.

2.4 Scorpionato motifs

Scorpionato-type motifs (Figure 10C) means boron linked anionic chelating
triscarbene ligands and on complexation with iron results in a new class of Fe-NHC
complexes. Therefore, if any iron complex/compound is bearing two scorpionato-
type ligands, it will be, (a) coordinated by six carbenes, (b) highly stable, and (c)
showing S symmetry along Fe-B-H axis [18]. Different types of scorpionato-type
motifs have also been synthesized e.g. tripodal borane NHC iron complexes [18],
amine-bridged scorpionato Fe-NHC motifs [18].

2.5 Macrocyclic ligands

Macrocyclic ligands, despite well-investigated other cyclic ligands such as
cyclam, porphyrin, on complexation with iron developed a new class of complexes
in Fe-NHC coordination chemistry (Figure 10D). Their catalytic aspect has been
successfully employed in aziridination of alkenes with aryl azides [18, 24].

2.6 Piano stool motifs

The term “piano stool Fe-NHC complexes” states that all such complexes
bear both, (a) N-heterocyclic carbene motif and (b) cyclopentadienyl (Cp)
ligand. The structural variations in these complexes are well explained by
(a) mono- and dimeric piano stool Fe-NHC complexes [18], (b) donor-substi-
tuted piano stool Fe-NHC complexes [18], (c) biscarbene-chelated piano stool
complexes [18], (d) alkyl piano stool Fe-NHC complexes [18], (e) three coordi-
nate piano stool Fe-NHC complexes [18], and many more [18] (Figure 10E-G).
These have shown their catalytic activities in C-H bond activation [18], boryla-
tion reactions [18, 23], hydrosilylation [18, 25-27], transfer hydrogenation [18],
C-N bond formation [18, 24].
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2.7 Iron-sulfur clusters

Diiron dithiolate complexes (Figure 10H) have been reported to mimic the
active site of [FeFe] hydrogenase [18]. Also, the substitution of carbonyl motifs
(one or more) in the diiron dithiolate complexes by 6-donor ligands (in this case
NHCs) is shown to influence the redox potential of the iron center [18]. Further,
donor-substituted NHCs motifs were included in the molecular framework of
[FeFe] hydrogenase model compounds to extend its molecular assembly [18].
Another notable characteristic presence of Fe-NHC complexes bearing iron-sulfur
clusters was demonstrated in synthesis of nitrogenase model compounds, which

were based on all-ferrous [Fe,S,]°

[18].

3. Catalysis by Fe-NHC complexes: important transformations

Even if there are a tremendous number of catalysts based on rare/heavy transi-
tion metals such as palladium, platinum, ruthenium, rhodium, iridium, and gold
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[28-30] are available for various different kind of organic transformations and they
are very successful; the scientific community is trying hard to replace these metals
by some environment and biological friendly metals because they are highly expen-
sive and very toxic in nature therefore not compatible with biological systems. Iron
becomes the obvious choice since it is the most abundant transition metal on the
earth’s crust, relatively inexpensive, environmentally benign [31] and relatively less
toxic to the biological systems [32, 33]. There are several very successful examples
of iron-based catalysts like Fischer-Tropsch and the Haber-Bosch processes [34]
and are capable of catalysis in numerous different reactions [35, 36]. Reports
related to the iron-NHC complexes started coming just after the publication of
first metal-NHC complex in 1968, the growth in the research was almost ceased for
next three decades and picks up the pace after the success of Grubb’s catalyst for
various organic transformations and polymerization reactions [20, 37]. Iron-NHC
complexes are reported to have found applications in different classes of reactions
such as substitution, addition, oxidation, reduction, cycloaddition, isomerization,
rearrangement and polymerization reactions (Figure 11).

3.1 C-C bond formations

Negishi, Suzuki, and Heck were awarded the Nobel Prize in 2010 for their
pioneer work in the area of cross-coupling reactions, as it provides a very effective
tool for C-C bond formation. Several different protocols have been reported mainly
based on palladium and, to some extent, Ni and copper metal ions. Iron-NHC com-
plex based catalysts have been used for various Kumada-type cross-couplings such
asC (sp3) -C (sz) ,C (sz) -C (sp3) ,C (sz) -C (sz) ,C (sp3) -C (sp3) bond formations,
and C(sp”)-C(sp’) homo-couplings. NHC can either be generated iz situ in a reac-
tion or a resynthesized iron-NHC complex can be used. Bedford and co-workers, in
a first, introduced the NHCs ligands and iron-NHC complexes along with FeCl; to
improve the yield of Kumada-type coupling reactions (Figure 12A) [38]. Among
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Important transformations catalyzed by Fe-NHC complexes.
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(A) Primary alkyl fluorides-aryl Grignard reagents Kumada-type coupling [21]; (B) proposed mechanism.

several carbene ligand precursors, tert-butylimidazolinium chloride 12a was found
to give the best results (97% yield) and the performance was almost matched by the
iron-NHC complex 12 (94% yield).

The proposed mechanism suggests that reaction does not follow the classi-
cal oxidative addition mechanism, but rather involves a radical intermediate
produced through single electron transfer (SET) (Figure 12B) [39, 40]. Reaction
mechanism involves the following processes: (i) generation of active catalyst
through reduction of Fe(III) to Fe(Il, I, or 0), (ii) generation and association (not
the oxidative addition) of alkyl radical (R") with the iron center through SET,
(iii) transmetalation, where aryl group is transferred from ArMgX to the iron
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center, and (iv) attack of alkyl radical (R’) to the aryl group (Ar) leading to the
generation of coupled product and the catalyst [38].

It was proved through a control experiment that particularly primary and
secondary alkyl halides favor iron-catalyzed reactions, in comparison to most of
the Pd or Ni systems, because of their sluggish tendency toward the p-hydride
elimination and hence less susceptibility to the olefin formation. Therefore, it
plausibly indicated the limitations of the catalytic role of the Fe-NHC complexes,
in case of in situ formation of an iron NHC complex or the deprotonation of the
imidazolium salt. Besides Alkyl bromide, dinuclear Fe-NHC imido complexes
such as 13 have been reported to be effective in activating other alkyl halides
and most challenging alkyl fluoride (Figure 13A). Here again, the use of the
substrates such as (fluoromethyl)cyclopropane suggested a radical-mediated
mechanistic pathway (Figure 13B). The first step is the dissociation of one NHC

2
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X

16 examplas, T7-98% yield
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Allylic Alkylation with allvl carbonates and pronucleophiles™

Table 1.
Other examples of C-C bond formation and allylic alkylation reactions [41—44].
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ligand followed by the second step as transmetalation (note: dinuclear iron
imido subunit stays intact during the process). The further mechanism involves
the usual mechanistic protocol, which includes firstly the formation of radical
species and secondly, attack of the radical on the aryl moiety [21]. Several more
iron-NHC complex catalyzed carbon-carbon coupling reactions have been given
in Table 1.

3.2 Allylic alkylations

In a seminal work by Plietker group [19], allylic alkylation by the catalyst 14
was shown through the reaction of allyl carbonate and a Michael donor resulting
into two isomeric products, i.e. (i) Product X, through the ipso substitution, and
(ii) Product Y, via a 6—n—c isomerization (Figure 14A). Mechanistic investigation
suggests that the product ratio is greatly influenced by the steric crowd around the
metal center, created due to the substituents on the nitrogen atoms of NHC moiety.
Increased steric crowd hinders the isomerization process and thus favoring ipso
substitution product X. For example, if tert-butyl group is present on the N atom
of NHC, ipso substitution is favored, on the other hand, mesitylene group, which
creates less steric hindrance around the metal center, favors isomerized product Y.
In addition, stronger nucleophilicity of Michael donor favors the ipso-substitution.
A plausible mechanism is outlined in Figure 14B. Few more allylic alkylation reac-
tions are presented in Table 1.

3.3 C-X (heteroatom) bond formations

Catalytic C-H bond activation has been one of the major tools to perform effec-
tive chemical transformations. Applicability of Fe-NHC complex as the catalyst for
C-H bond activation has gained momentum since it can produce the formation of
arange of different C-X bonds such as C-N, C-B, C-Mg, and C-S bond. Fe-NHC
complex catalyzed C-N bond formation is important because of the three very basic

o \ PEE
[
‘EuﬂJ'I‘D Mes” " "Me _
A 14 (2.5 mol%) ‘Bu0,C. _CO;Bu  'BuO,C. .CO,Bu
-

" KOMAm (3 mal%h) a, + \E P
'BuD,C._.CO;Bu [NBu,J[Fe{CO)(NO)] (2.5 mol%) '
MTBE,BO"C.5h x Y
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l - I\\h.rI '__I‘I'\-‘ ll___ | + Nu
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“% \7]\
|1
% Y

Figure 14.
(A) (TBA)Fe/NHC catalyzed allylic alkylation [19]; (B) proposed mechanism.
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reasons, (a) aziridine based compounds are of medicinal importance and therefore
essential for pharmaceutical industry, (b) demand of aziridine derivatives in poly-
mer chemistry as cross-linker agents for two-component resins, and (c) relative to
well-known synthesis of O-epoxidation analogs, it is hard to synthesize the designer
N-building blocks. Catalytic aziridination of alkenes by using Fe-NHC complex 15

Ar—MN=N=M -l'-l'-l'
- N
; t N 15{ﬂ.1-1 m] N Hl-- 1R? ................................................. '
R, RY Neat,90°C, 1Bh q R Ar :
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s | :
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A) (&)

Figure 15.
(A) Fe-NHC catalyzed aziridination of alkenes [24]; (B) proposed mechanism.
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Table 2.
Other examples of C-X bond formations [23, 45-50].

(0.1-1 mol%) as the catalyst was published by Jenkins et al. [24] to form respective
aryl-substituted aziridines by treating aryl azides with various substituted alkene
(Figure 15A). As proposed, the reaction involved the formation of a key and highly
reactive intermediate Fe(IV) imido complex (Figure 15B). Few more C-X bond
formation reactions are presented in Table 2.

3.4 Reduction reactions

There are several reports on the reduction of alkenes via silylation using
iron-NHC complexes. Royo group was first to show such conversion using
piano stool type complex 16 (Figure 16A) [25]. The reaction is sensitive to the
type of substituent present at para-position in the aromatic ring of the reac-
tant, e.g. quantitative yields for reactions of p-aryl-substituted aldehydes and
alkyl-substituted aldehydes or ketones remained unreactive. Another piano
stool type complex 17 reduces ketones and aldehydes into the corresponding
alcohols very efficiently (Figure 16B) [26]. Same catalyst 17 can reduce the
carbonyl group of various amides in moderate to excellent yields (Figure 16C
and D) [27]. In both cases, irradiation of visible light is crucial for the reported
effective conversions, where PhSiH; works as the hydride source. Catalyst
shows differential reactivity with the primary, secondary and tertiary amides.
Secondary and tertiary amides give usual conversion of carbonyl group into
alcohol, while primary amide converts into nitrile compound. Cyclic amides
have to be protected before reduction; otherwise a mixture of products forms.
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Hydposilylative reductions of (A) benzgaldehyde derivatives [25]; (B and C) substituted and primary amides,

respectively [27].

Various recently reported iron-NHC complex catalyzed reduction reactions are

summarized in Table 3.

3.5 Cyclization reactions

Fe-NHC catalyzed ring expansion of the epoxides with functionalized alkenes
presents a very intriguing case because cyclic structures are of great importance in
various fields such as the pharmaceutical industry, fine chemicals, agriculture, etc.
Fe-NHC catalyzed such reactions not only have shown functional group tolerance

but also high chemo- and regioselectivity.
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Hilt et al. [51] used a mixture of FeCl,, phosphine ligands and in situ generated
free NHCs, 18 and performed reaction under reductive conditions using Zn and
NEt; (Figure 17A). The reaction mechanism demonstrates the first step as a SET
(single-electron transfer) in epoxide ring-opening, the second step as the formation
of an elongated alkoxy radical via reaction between formed radical intermediate
and added alkene, and the final step as a BET (back-electron transfer), which gave
the desired expanded cyclic product via a zwitterionic intermediate cyclization
(Figure 17B).

3.6 Polymerization

So far, the application of Fe-NHC complexes have not been much explored
in the area of polymerization [52]. Grubbs has first reported the use of Fe-NHC
complex 19 as the catalyst in atom transfer radical polymerization (ATRP) reaction
of styrene and methyl methacrylate (Figure 18) [20]. The reaction shows pseudo
first-order kinetics, a decent control of radical concentration, and polydispersity
index (PDI) near 1.1.

Shen and co-workers have reported the ring-opening polymerization (ROP)
reaction of e-caprolactone by using Fe-NHC complex 20 as the catalyst [22]. Even
though reaction suffers some side reaction of transesterification, polymerization
progresses with quantitative conversion and moderate number average molecular
weight distribution (Figure 19).
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Table 3.
Other examples of reduction reactions [53-60].
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(A) Fe-NHC catalyzed epoxide ring expansions [51]; (B) proposed mechanism.

4, Conclusion

Iron will remain a metal of choice for the replacement of all the heavy metal ions
currently being used for the application of catalytic processes for the obvious reason
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'Bu o

. =N

0 tgy 'Pr—N \?)
0 20 (0.33 mol%)

33% vol. toluene, B0 °C s 0
100% conversion of monomer n

Figure 19.
Ring-opening polymerization of e-caprolactone [22].

of it being economical, very high natural abundance, environmentally benign and
more importantly biologically compatible. Earlier, several iron-based complexes
have enjoyed their success in many processes like Fischer—Tropsch and the Haber—
Bosch processes, but the progress of iron-NHC complexes has gained momentum
only after the success of Grubb’s catalyst at the onset of this century and now the
number of published articles is growing with every passing year. The importance of
Fe-NHC complexes can be evaluated from the aforementioned fact that they have
found applicability in diverse fields from academia (e.g. biomimetic studies, various
intriguing chemical transformations) to industries (e.g. pharmaceutical industry).
The existing and ever possible versatility of (i) various structural motifs with
different oxidation states, (ii) their flexible coordination geometries before and
after the reaction, and (iii) substitution patterns in the iron N-heterocyclic carbene
complexes along with their potential economic and toxicity benefits present an
exciting scenario for the upcoming generation.
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Chapter 10

Torrefaction of Sunflower Seed:
Effect on Extracted Oil Quality

Jamel Mejri, Youkabed Zarrouk and Majdi Hammami

Abstract

The aim of this work is to study the effect of heat treatment on the lipidic
profile of sunflower seed oil. It determined and compared the contents of bioactive
components in seed oils extracted with n-hexane (Soxhlet method) from raw and
roasted sunflower. The influence of torrefaction on fatty acid composition, triglyc-
eride composition, and peroxide value (PV) has been studied. Thermal oxidation
assays were carried out, and samples were evaluated by measuring induction time.
Oleic acid was the main unsaturated fatty acid. Concerning triglyceride composi-
tion, OOL + LnOO, OOO + PoPP, POP and OOO + PoPP, OOL + LnOO, POP were
the main, respectively, for raw and roasted samples. The seed oil samples extracted
from the roasted sample exhibited a higher peroxide value (213.68 meq.O,/kg)
than the raw sample (5.79 meq.0,/kg). The acid values were, respectively, 3.24 and
1.81 mg of KOH/g of oil for roasted and raw samples. On the other hand, induction
time for raw sample was higher (16.23 h) than the roasted sample one (2.67 h).

Keywords: torrefaction, sunflower, seed oil, oxidation

1. Introduction

Lipids are major components of a man’s diet. Their high quantities may be found
in plant seeds distributed in many regions of the world. They can provide oils with a
high concentration of monounsaturated fatty acids that prevent cardiovascular dis-
eases by several mechanisms [1]. Several oleaginous seeds exist in the world. Some
seeds are eaten as they are, such as sunflower seeds; others are used in the extrac-
tion of oil [2]. Sunflower (Helianthus annuus L.) is cultivated for its seeds’ high oil
content. Oil represents up to 80% of its economic value [3]. Abd EL-Satar et al. [4]
concluded from their works that wider plant spacing and increasing nitrogen fer-
tilization levels in addition to cultivars with high yield potential increase the plant’s
ability to take the needs of nutrients and solar radiation; this leads to an increase in
photosynthesis, which reflected the increasing economic yield. Solvent extraction
is one of the traditional techniques of extracting vegetable oil from oil seeds. Oil
seeds are put in contact with a suitable solvent, in its pure form, for extracting the
oil from the solid matrix to the liquid phase [5]. In many cases, chemical studies
that employ a series of chemical compounds and/or sensory descriptors are used to
characterize edible oil and fats [6]. In Tunisia roasted sunflower seeds, called “glib-
ettes,” are frequently consumed. Roasting enhances the organoleptic characteristics
of seeds and gives them a taste and a pleasant smell. A huge number of papers on
studies of different oils and fats are published every year. However, the effect of this
heat treatment on the composition and nutritional qualities has not been studied.
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There is no published work. The main objective of this study was to determine the
TG, total FA composition, peroxide value (PV), acid value, and oxidative stabil-
ity of the sunflower seed oil before and after torrefying. This study can be used to
understand the causes of certain diseases related to the consumption of oxidized
fat.

2. Experimental
2.1 Sunflower seed samples

Sunflower seeds (Helianthus annuus L.) are grown in Beja region (latitude
36°43'32"; longitude 9°10'54"; elevation 248 m), located in the northwest of
Tunisia. After harvesting the seeds are stored in a dry place at room temperature,
protected from light. Then the seeds were roasted at an artisan (called Hammas).
The temperature and processing time are, respectively, 180°C and 10 min.
Sunflower seeds were placed in a bowl and covered with salted water. Thus, they
will absorb some of the water and will not dry too much during cooking. Seeds were
drained and salted water was emptied. The oven was preheated to about 180°C. The
seeds were arranged in a thin layer on the plate for better cooking. Seeds were baked
and broiled for about 10 min. Occasionally, seeds were stirred in order to grill them
evenly. Seeds may develop a slight crack in the middle during torrefaction. The still
hot seeds were cooled and stored in an airtight box.

2.2 Seed oil extraction

The fat content was measured with a Soxhlet extractor apparatus with 250 ml
of hexane at 60°C for 6 h, and then the solvent was removed by evaporation. The
seed oil obtained was drained under a nitrogen stream (N,) and was then stored in a
freezer at —20°C until analysis.

2.3 Fatty acid composition

Fatty acid composition was determined by the analytical methods described
by the European Parliament and the European Council in EEC regulation 2568/91
(1991) [7]. Fatty acids were converted to fatty acid ethyl esters (FAMEs) before
being analyzed by shaking off a solution of 0.2 g of oil and 3 ml of hexane with
0.4 ml of 2 N methanolic potassium hydroxide. The FAMEs were then analyzed
in a Hewlett-Packard model 4890D gas chromatograph furnished with an
HP-INNOWAX-fused silica capillary column (cross-linked PEG), 30 m x 0.25 mm
x 0.25 pm, and a flame ionization detector (FID). Inlet and detector temperatures
were held at 230 and 250°C, respectively. The initial oven temperature was held at
120°C for 1 min, and then it was raised to 240°C at a rate of 4.0°C/min for 4 min.
The FAME-injected volume was 1 pl, and nitrogen (N,) was used as the carrier gas
at 1 ml/min with a split inlet flow system at a 1:100 split ratio. Next, heptadecanoic
acid C17:0 was added as an internal standard before methylation in order to mea-
sure the amount of fatty acids. Eventually, fatty acid contents were calculated using
a 4890A Hewlett-Packard integrator.

2.4 Triacylglycerol composition

Triacylglycerol in different samples were determined according the
International Olive Council [8]. The chromatographic separation of TAGs was
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performed using an Agilent 1100-reverse phase high-performance liquid chroma-
tography (HPLC) system (Agilent Technologies, Waldbronn, Germany) equipped
with an Inertsil ODS-C18 (5 pm, 4.5 x 250 mm) column. Elution was performed by
using the mixture of acetonitrile/acetone (50:50, v/v) at a flow rate of 1 mL/min

at 30°C. The working solutions of triacylglycerols (1%, w/v) were prepared in the
elution mixture and injected into the column to determine their specific retention
times. Identification of the peaks was carried out using a soybean oil chromatogram
as reference. The mean of the data was calculated from three biological repeats
obtained from three independent experiments.

2.5 Peroxide value, acid value, and thermal oxidation

Official methods of the American Oil Chemists’ Society [9] were used for the
determination of the peroxide value (method Cd 8-53) and the acid value (method
Cd 8-53). The oxidative stability of the oils was determined using a Rancimat 743
Metrohm apparatus (Metrohm Co., Basel, Switzerland). This instrument was used
for automatic determination of the oxidation stability of oils and fats. The level
of stabilization was measured by the oxidative-induction time using 3.5 + 0.01 g
samples of oils. The temperature was set at 100°C, the purified airflow passing
through at a rate of 10 1/h. During the oxidation process, volatile acids were formed
in the deionized water and were measured conductometrically [10]. Samples of oils
were placed in the apparatus and analyzed simultaneously. The samples were placed
at random. The induction times were recorded automatically by the apparatus’
software and taken as the break point of the plotted curves [11].

3. Results and discussions
3.1Yield oil

The extraction yields are 43 and 52%, respectively, for raw and roasted seeds.
Thus, we get a gain in yield of 9%. This gain is due to the roasting. Hydrolytic and
proteolytic enzymes disrupt the structure of the cell and improve extraction yields.
Oil yield depends on the cell disruption during the extraction process. Oil was located
inside the cell. Various factors can influence the efficiency of the extraction process
such as size of the solid particles, agitation, ratio of liquid/solid, extraction dura-
tion, pH, and temperature. Since the optimal temperature value coincides with the
optimum protein degradation value, extraction of oil can be considered as a process
aimed at degrading proteins which results in the release of the oil. However, the
quality of the oil obtained depends on the operating conditions of extraction [12].
The yield extraction can be improved using other methods such as the Folch method.
Hence, oils extracted using polar solvents such as a combination of chloroform and
methanol may cause extraction of polar materials (phospholipids). In addition,
neutral triacylglycerols can affect the oil yield extraction [1]. The effect of extraction
time and temperature can also be significant for oil yield. However, several research-
ers have studied aqueous extraction of oil from sunflower. Evon et al. [3] have studied
the feasibility of an aqueous process to extract sunflower seed oil using a corotating
twin-screw extruder. The best oil extraction yield obtained was approximately 55%.

3.2 Fatty acid composition

Table 1 shows fatty acid composition of sunflower seed oil compared to those
of literature. Oleic, linoleic, palmitic, and stearic acids were found as major fatty
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acids of sunflower seed oils. Their contents are 46.64, 38.11, 8.81, and 5.48%,
respectively, for the raw sunflower seed. According to the work of [14], this com-
position depends on the environmental conditions during grain filling. The main
environmental factors driving oil fatty acid composition are temperature and solar
radiation. For oil quality purposes, oleic and linoleic are the most important fatty
acids because they constitute almost 85% of the total fatty acids in sunflower oil.
Sunflower fatty acid composition has been modified by breeding and mutagenesis
parameters for minimum and maximum oleic acid percentage [15]. The roasted
sunflower seed fatty acid contents were found to be 44.91, 36.95, 9.13, and 7.26%,
respectively, for oleic, linoleic, palmitic, and stearic acids. Linoleic acid is the fatty
acid most susceptible to degradation in sunflower oils [16]. The high amount of
linoleic acid present in sunflower seed oil can make it more susceptible to oxidation
and consequently cause higher cytotoxicity due to the production of free radicals.
Diminution of unsaturated fatty acid was detected, caused by thermal treatment.
Two news fatty acids appear: arachidic (0.91%) and behenic acid (0.83%). These
fatty acids were detected in sunflower seeds in low amount [12]. They were 0.23
and 1.35%, respectively, for arachidic and behenic acid. Authors confirmed that the
amount of arachidic and behenic acid were, respectively, 0.33 and 0.52% [17].
Sunflower seed oil is very nutritional because of its oleic acid content. The oleic
acid content is varied: 46.64% in our study, 85.8% in [12], and 24.86% in [13]. It
showed that fatty acid composition is highly variable [16, 18]. The palmitic acid,
oleic acid, and linoleic acid contents ranged, respectively, from 5.3 to 27.9%, 31.6 to
84%, and 2.4 to 56.8%. Sunflower seed oil was fully liquid at the ambient tempera-
ture, as it is very rich in monounsaturated (oleic) and polyunsaturated (linoleic)
fatty acids. Sunflower seed oil gives better functional properties such as good
spreadability at refrigeration temperatures because of its high content of PUFA [19].

The present study [12] [13]
Fatty acid content (%) Symbol Raw Roasted
Myristic acid C14:0 0.05 —
Palmitic acid C16:0 8.81 913 348 0.068
Palmitoleic acid C16:1 045 — — 6.12
Stearic acid C18:0 5.48 7.26 3.65 341
Oleic acid C18:1 46.64 4491 85.8 24.86
Linoleic acid C18:2 38.11 36.95 4.96 63.18
Linolenic acid C18:3 0.51 — — 0.082
Arachidic acid C20:0 — 091 0.23 —
Behenic acid C22:0 — 0.83 146 —
Lignoceric acid C24:0 — — 0.30 —
SFA 14.29 18.13 9.17 3.478
MUFA 47.09 4491 85.80 30.98
PUFA 38.60 36.65 4.96 63.262
PUFA/SFA 2.70 2.03 0.54 18.18

SFA, saturated fatty acid; MUFA, monounsaturated fatty acid; PUFA, polyunsaturated fatty acid.
Bold entries are to express the sum.

Table 1.
Fatty acid composition of sunflower seed oil.
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3.3 Triglyceride composition

The compositions of triglycerides (TGs) expressed as the equivalent carbon
number (ECN) found in sunflower seed oil samples are reported in Table 2.

The main triglycerides found in the sunflower seed oil samples analyzed were
OOL + LnOO, 00O + PoPP, POP and OOO + PoPP, OOL + LnOO, POP, respec-
tively, for raw and roasted samples. These accounted for more than 62 and 66%
of the total area of peaks in the chromatogram, respectively, for raw and roasted
samples.

The level of OOL + LnOO, OOO + PoPP, the main TG in sunflower seed oil
samples, was remarkably high, with a concentration of 25.90, 24.50 and 21.30,
and 26.90%, respectively, for raw and roasted samples. The OOL + LnOO content
of raw sunflower seed oil is greater than that in the roasted sample. However, the
00O + PoPP content is lower in the raw sunflower seed oil one. The next three TG
fractions are POP, OOLn + PLL, and SOL with contents of 11.91, 10.80, and 10.34%
and 18.17, 7, and 9.62%, respectively, for raw and roasted samples.

3.4 Peroxide value, acid value, and thermal oxidation

Peroxide value is a measure of the concentration of peroxides and hydroperox-
ides formed in the initial stages of lipid oxidation. Peroxide value is one of the most
widely used tests for the measurement of oxidative rancidity in oils and fats [20].
The quality parameters of a crude oil included (i) the acid value, expressed in mg
of KOH/g of oil, which is an indication of the free fatty acid content of the oil, and
(ii) the peroxide value, expressed in terms of meq.O,/kg of oil [21]. The results of
peroxide value, acid value, and Rancimat test are shown in Table 3. Peroxide value
increases considerably from 5.79 to 213.68 meq.O,/kg, respectively, for raw and
roasted oil samples. This is due to the high linoleic acid content, which is the fatty
acid most susceptible to degradation in sunflower oils. Thermal oxidation assays of

TAG ECN Raw Roasted
LLL ECN 42 0.30 0.98
PoLL + OLLn + PoOLn ECN 42 0.28 0.27
PLLn ECN 42 0.51 0
OLL + PoOL ECN 44 0.15 0.17
OOLn + PLL ECN 44 10.80 7.00
PPLn + PPoPo ECN 44 0.20 0
OOL + LnOO ECN 46 25.90 21.30
PoOO ECN 46 5.00 412
00O + PoPP ECN 48 24.50 26.90
SOL ECN 48 10.34 9.62
POO ECN 48 0.64 0.67
POP ECN 50 1191 18.17
SO0 ECN 50 4.21 3.00
POS + SLS ECN 50 4.26 777

B palmitic; Po, palmitoleic; S, stearic; O, oleic; L, linoleic; Ln, linolenic; and A, arachidic acids.

Table 2.
Triacylglycerol composition of sunflower seed oil.
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Sample Peroxide value (meq.0,/kg) Acid value (mg of KOH/g of oil) Induction time (h)
Raw 579 1.81 16.23
Roasted 213.68 3.24 267

Table 3.

Peroxide value and oxidative stability of sunflower seed oil.

sunflower seed oil were carried out. The new compounds formed were evaluated
[16]. Results showed that the levels of all the new compounds analyzed strongly
depended on the degree of oil unsaturation and unsaturated oils with low content
of linoleic acid, and high content of palmitic acid behaved exceptionally well. The
linoleic acid is most susceptible to polymerization. The saturated fatty acids show a
great importance in delaying oil polymerization [16].

The acid value (AV) expresses the extent of hydrolytic changes in the sun-
flower oils. The acid values were 1.81 mg of KOH/g of oil for the raw sample and
3.24 mg of KOH/g of oil for the roasted one. This increase of acid value indicates
that TG hydrolysis occurred during the heat treatment. However, it can be con-
sider that the operating conditions did not change oil quality significantly. The
acid value remained stable at less than 3.5 mg of KOH/g of oil. The characteristic
of crude sunflower oil based on specification from the American Fats and Oils
Associations shall be pure with free fatty acid of 3% maximum or acid value below
6 mg of KOH/g of oil [21]. It showed that the feedstock sunflower oils possessed
high free fatty acid [22]. Hydrolysis reactions of triglyceride with enzymatic and
chemical pathways produce the free fatty acid (FFA). FFA is one of the impor-
tant quality parameters. The formation of free fatty acid chain due to hydrolysis
may lead to sensorial characterization [23]. The stability of sunflower seed oil
expressed as the oxidation induction time was about 2.67 and 16.23 h, respectively,
for raw and roasted seeds. This value may be justified by the high contents of
MUFA and PUFA [24, 25]. Induction time values were quite different according
to the oil composition (degradation), in proportion to the heat treatment. A high
oxidation stability (33-45 h) of date seed oil measured by Rancimat was justified
by the relatively low content of PUFA and the high content of natural antioxi-
dants, such as phenolic compounds. Authors indicated that the species containing
linoleic acid were oxidized more rapidly than those containing oleic acid [24, 26].
TAG polymers are the most characteristic compounds formed at high temperature,
their rate of formation being dependent on the content of polyunsaturated fatty
acids [27].

4. Conclusion

From the results and discussion of the study conducted, it can be concluded
that the operating condition of torrefaction had an important influence on the oil
extraction yield and the quality of oil extracted. Higher oil extraction yield was
reached with increased temperature (torrefaction). The oil extraction yield of 52%
was obtained under operating conditions of 180°C and 10 min. However, torrefac-
tion process produced oil of bad quality. Changes of fatty acid composition, triglyc-
eride composition peroxide value, acid value, and oxidative stability were observed.
During torrefaction process oxide species were produced under the effect of high
temperature. Thus, we can understand some diseases appeared to the customer of
roasted sunflower seed (glibettes).
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Chapter11

Therapeutic Significance of
1,4-Dihydropyridine Compounds
as Potential Anticancer Agents

Tangali Ramanaik Ravikumar Naik

Abstract

A series of 1,4-dihydropyridines have been prepared from a three-component
one-pot condensation reaction of f-diketonates, an aromatic aldehyde, and ammo-
nium acetate under microwave irradiation. The reaction is performed using crystal-
line nano-ZnO in ethanol under microwave irradiation (CEM discover). A wide
range of functional groups was tolerated in the developed protocol. The present
methodology offers several advantages such as simple procedure, greener condi-
tion, excellent yields and short reaction time. The synthesized compounds were
evaluated for DNA photocleavage, SAR analysis and molecular docking studies.
The compound (4b, 4c, 4 h, 4i, 4n and 40) showed potent DNA cleavage activities
compared to other derivatives. The molecular interactions of the active compounds
within the binding site of B-DNA were studied through molecular docking simula-
tions; the compound (4b, 4c, 4 h, 4i, 4n and 40) showed good docking interaction
with minimum binding energies. All synthetic compounds were characterized by
different spectroscopic techniques.

Keywords: 1,4-Dihydropyridines, DNA photocleavage, molecular docking, SAR
analysis, ZnO nanoparticle

1. Introduction

Facile and efficient synthesis of biological active molecules is one of the main
objectives of organic and medicinal chemistry. In recent years, multicomponent
reactions have become one of the important tools in the synthesis of structurally
diverse chemical libraries of drug-like polyfunctional organic molecules [1-4].
Furthermore, MCRs offer the advantage of simplicity and synthetic efficiency over
conventional chemical reactions in several aspects. MCRs allow the construction of
combinatorial libraries of complex organic molecules for an efficient lead structure
identification and optimization in drug discovery [5-10].

In continuation of our ongoing research work on microwave assisted synthesis
of nano materials [11, 12] we have found that, nano-crystalline metal oxides have
attracted considerable attention of synthetic and medicinal chemists because of
their high catalytic activity and reusability [13-25]. Zinc oxide is an inexpensive,
moisture stable, reusable, commercially available and is non-toxic, insoluble in
polar as well as non-polar solvents [26-31]. A wide range of organic reactions
that include Beckmann rearrangements [32], N-benzylation [33], acylation [34],
dehydration of oximes [35], nucleophilic ring opening reactions of epoxides [36],
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synthesis of cyclic urea [37], N-formylation of amines [38]. In particular crystal-
line nano-ZnO oxide exhibit better catalytic activity compared to their bulk sized
counterparts [29, 39-42].

In recent years, much attention has been directed toward the synthesis of dihy-
dropyridine compounds owing to their tremendous application in various research
fields including biological science and medicinal chemistry [43, 44]. Many DHPs
are already commercial products such as: amlodipine, felodipine, isradipine, laci-
dipine, nicardipine, nitrendipine, nifedipine and nimodipine B, of which nitren-
dipine and nemadipine B exhibit potent calcium channel blocking activities [45-49]
(Figure 1) and have emerged as one of the most important classes of drugs for the
treatment of cardiovascular diseases [50, 51]. Moreover dihydropyridine deriva-
tives possess a variety of biological activities like, geroprotective, hepatoprotective,
anti-atherosclerotic, antitumor, and antidiabetic activities [46, 52, 53]. Widespread
studies have uncovered that dihydropyridine unit containing compounds exhibit
various medicinal functions such as neuroprotectant, platelet anti-aggregatory
activity, cerebral anti ischemic activity in the treatment of Alzheimer’ disease,
chemosensitizer in tumor therapy [54-56]. Drug-resistance modifiers [57], antioxi-
dants [58] and a drug for the treatment of urinary urge incontinence [59].

In order to model and understand these biological properties and to develop
new chemotherapeutic agents based upon the 1,4-DHP compounds, significant
effort has been devoted to establish effective methods for their synthesis. Generally,
1,4-DHPs were synthesized by Hantzsch method [60], which involves cyclocon-
densation of an aldehyde, a f-ketoester and ammonia either in acetic acid or under
reflux in alcohols for long reaction times which typically leads to low yields [46, 61,
62]. Other methods comprise the use of microwaves [63-65], high temperatures at
reflux [66-69], organocatalysts [70] and metal triflates [71].

Recently, DNA is an important drug target and it regulates many biochemical
processes that occur in the cellular system. Small-molecule interactions with DNA
continue to be intensely and widely studied for their usefulness as probes of cellular
replication and transcriptional regulation and for their potential as pharmaceuticals
[72-75]. In particular, designing of the compound based on their ability to cleave
DNA is of great importance not only from the primary biological point of view

Amlodipine Oxodipine

Figure 1.
Drugs containing 1,4-DHP moieties.
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but also in terms of photodynamic therapeutic approach to develop potent drugs
[72-75]. 1,4-Dihydropyridine derivatives have attracted the attention of the chem-
ists because of their diverse biological applications [76]. The biological significance
of this class of compounds impelled us to extend this series by working on the
synthesis and DNA photocleavage studies of 1,4-dihydropyridine derivatives. In
this communication, synthesis of 1,4-dihydropyridine derivatives and their DNA
photocleavage studies and molecular docking have been reported.

In literature, there are several methods known for the synthesis of 1,4-dihy-
dropyridine derivatives. In continuation of our program on the chemistry of nano
material, herein we report an efficient microwave method for the synthesis of
crystalline ZnO-NPs. The ZnO used in this work was synthesized according to a
modified method. The prepared crystalline ZnO-nano-particle was characterized
using powder XRD, SEM, EDX (Figure 2). Our synthetic approach started with the
condensation of 1 equiv. of benzaldehyde 1a with 2 equiv. of ethyl acetoacetate 2a
and 2 equiv. of NH4OAc 3a in the presence of ZnO-Nps resulted in the formation of
Hantzsch 1,4-dihydropyridine 4a (Figure 3). The reaction was complete in 5 min
under microwave irradiation and the product was isolated by the usual work-up, in
90% yield and high purity. Under similar conditions, various substituted aromatic
aldehydes carrying either electron-donating or -withdrawing substituents reacted
with 1,3-diketones to form 1,4-DHPs in good to excellent yields, and the results are
summarized in Table 1.

A microwave irradiation-assisted process very often minimizes the formation
of byproducts and requires much less time than thermal methods. The main ben-
efits of performing reactions under controlled conditions in sealed vessels are the
significant rate enhancements and the higher product yields that can frequently
be achieved. Therefore, in continuation of our studies on microwave synthesis
of nano-materials [77-81], we have attempted to develop a rapid, microwave-
assisted protocol for the synthesis of 1,4-DHPs using crystalline ZnO-nano
catalyst (Figure 3).

The DNA cleavage of 1,4-DHP derivatives were studied by agarose gel electro-
phoresis. When circular plasmid DNA was subjected to electrophoresis, relatively
fast migration was observed for the intact supercoiled DNA (type I). If scission
occurs on one strand (nicking), the supercoiled DNA will relax to generate a slower
moving open circular form (type II). If both strands are cleaved, a linear form

by
Et—

Figure 2.
(a) Powder XRD of obtained ZnO nano particles by microwave method; (b) SEM images of ZnO-NPs;
(c) EDX analysis spectrum of obtained ZnO nano particles by microwave method.
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Figure 3.
Synthesis of 1,4-dihydropyridines.

Entry® R R! Products Entry® Yield (%)°
1 CeHs t-Bu 4a 1 90
2 4-MeO-CgHs t-Bu 4b 2 95
3 4-OH-C¢Hs t-Bu 4c 3 95
4 4-F-CgHs t-Bu 4d 4 95
5 4-Cl-C4Hs t-Bu de 5 90
6 4-NO,-C¢Hs t-Bu 4f 6 95
7 CeHs Et 4g 7 90
8 4-MeO-CgHs Et 4h 8 95
9 4-OH-CeHs Et 4i 9 9”2
10 4-F-CgHs Et 4j 10 92
11 4-Cl-C¢Hs Et 4k 1 90
12 4-NO,-C¢Hs Et 41 12 90
13 CeHs Me 4m 13 90
14 4-MeO-CgHs Me 4n 14 87
15 4-OH-C¢Hs Me 40 15 90
16 4-F-CgHs Me 4p 16 90
17 4-Cl-CgHs Me 4q 17 90
18 4-NO,-C¢Hs Me 4r 18 90

“All the products were characterized by 1H NMR and 13C NMR studies and compared with the literature mps.
YYields of isolated products

Table 1.
Synthesis of 1,4-dihydropyridines.

(type III) that migrates between type I and type II will be generated [82-85]. The
conversion of type I (supercoiled) to type II (nicked circular) was observed with
different concentration of 1,4-DHP and irradiated for 2 h, in 1:9 DMSO/trisbuffer
(20 uM, pH- 7.2) at 365 nm. No DNA cleavage was observed for the control in which
1,4-DHP was absent (lane 1) (Figure 4). With increasing concentration of these
1,4-DHP the amount of type I of pUC 19 DNA diminished gradually, whereas type
ITincreased (Figure 4).

At 40 pM concentration, the Compound (4¢) can promote only 30% conversion
of DNA from type I to IT (Figure 5). At the concentration of 80 uM, compound (4c)
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Figure 4.

Light-induced DNA cleavage by 1,4-DHP. The 1,4-DHP was irradiated with UV light at 365 nm. Lane; 1:
Control DNA (with out compound), lane; 2: 20 uM (4c¢), lane; 3: 40 uM (4¢), lane; 4: 60 uM (4¢), lane; 5:
80 uM (4¢).

Lane 1 2 3 - 5 6

MNC

15C

Figures.

Light-induced DNA cleavage by 1,4-DHP. The 1,4-DHP was irvadiated with UV light at 365 nm. Lane; 1:
Control DNA (with out compound), lane; 2: 40 uM (4a), lane; 3: 40 uM (4b), lane; 4: 40 uM (4¢), lane; 5:
40 uM (4d), lane; 5: 40 uM (4e), lane; 5: 40 uM (4f), lane; 5: 40 uM (4 g).

can almost promote the about 80% conversion of DNA from type I to II (Figure5).
The cleavage potential of the test compounds were assessed by comparing the bands
appeared in control and test compounds at 80 pM concentration. However, other
derivatives exhibits much lower cleaving efficiency for pUC 19 DNA. Even at the
concentration of 80 pM, it can promote only 40% conversion of DNA from type I to
II (Figure5).

But at higher concentrations around 130 pM, the compounds get precipitated
and there is no moment in the DNA. The image (Figure 6) clearly demonstrates
that compounds (4b, 4c, 4d, 4e, 4f and 4 g) shows DNA cleavage of pUC19 DNA
at 80 pM concentration. The results indicated that compounds bearing ~-OCHj3; and
—OH at -para position of phenyl ring (C-6) did cleave the DNA completely, other
compounds have displayed nearly complete cleavage of DNA. Overall, it indicates
that, the alkoxy groups are highly reactive radicals, which abstracts hydrogen atoms
efficiently at C-4’ of 2-deoxyribose. It is of interest to note that hydroxyl group has
been reported to bring about oxygen radical mediated DNA damage in the presence
of photoirradiation [86].

The structure-activity relationship studies of 1,4-DHPs with regard to DNA
photocleavage studies shows that, the changes in the substitution pattern at C-3,
C-4, and C-5 positions alter the 1,4-DHP ring. Osiris Property Explorer is one such
knowledge based activity prediction tool which predicts drug likeliness, drug score
and undesired properties such as mutagenic, tumorigenic, irritant and reproductive
effect of novel compounds based on chemical fragment data of available drugs and
non-drugs as reported (Table 2) [87]. It was observed that, the compounds having
aliphatic groups such as —~CHj;, ~-COOCH3;, ~-COOC,;H; and ~-COOC(CHs)3, attached
to C-2 and C-3 of 1,4-DHP exhibited good activity. Other derivatives possessing,
an electron-donating substituent, such as hydroxy and methoxy group on the
phenyl ring (C-6) increases DNA photocleavage activity. A lone pair of electrons
on oxygen atom of methoxy group delocalizes into the & space of benzene ring,

221



Organic Synthesis - A Nascent Relook

Figure 6.

Light-induced DNA cleavage by 1,4-DHP. The 1,4-DHP was irvadiated with UV light at 365 nm. Lane; 1:
Control DNA (with out compound), lane; 2: 8o uM (4a), lane; 3: 80 uM (4b), lane; 4: 8o uM (4c¢), lane; 5:
80 uM (4d), lane; 5: 8o uM (4e), lane; 5: 80 uM (4f), lane; 5: 80 M (4 g).

Compounds Mol. wt ClogP Drug- Drug- Toxicity risks®

likeness score M T I R
4a 329 3.29 241 077 (+) (+) (+) (+)
4b 359 322 234 0.75 (+) (+) (+) (+)
4c 345 2.94 248 0.79 (+) (+) (+) (+)
4d 347 339 165 0.70 (+) (+) (+) (+)
4e 419 537 -1792 0.22 (+) (+) (+) (+)
af 430 417 -19.36 0.10 =) (+) (+) (=)
4g 301 248 4.04 0.87 (+) (+) (+) (+)
4h 331 241 3.87 0.51 (+) (+) (+) (+)
4 317 213 4.08 0.53 (+) (+) (+) (+)
4 319 2.58 329 0.50 (+) (+) (+) (+)
4k 363 3.89 333 0.68 (+) (+) (+) (+)
41 374 2.69 192 0.25 ) (+) (+) (=)
4m 269 298 4.09 0.50 (+) (+) (+) (+)
4n 299 291 394 0.49 (+) (+) (+) =)
40 285 263 414 0.51 (+) (+) (+) (+)
4p 287 3.08 342 0.47 (+) (+) (+) (=)
4q 335 3.08 4.97 0.48 (+) (+) (+) =)
4r 346 1.88 350 0.30 (=) (+) (+) -)

“Ranking as (+) no bad effect, (+/-) medium bad effect, (-) bad effect.
"M (mutagenic effect);

°T (tumorigenic effect);

I (irvitant effect);

‘R (veproductive effect).

Table 2.
Drug likeliness properties of 1,4-dihydro pyridines according to Osiris property explorer tool.

thereby increasing the activity. Similarly, electron-withdrawing substituent’s, such
as 4-fluorophenyl, 4-chloro phenyl of 1,4-DHP lower the activity. These results
indicate that, the alkoxy substituent’s and nitrogen of pyridine ring in the 1,4-DHP
structure are the responsible for DNA cleavage.

In order to rationalize the observed spectroscopic results and to get more insight
into the intercalation modality, the 1,4-DHP (4a-r) were successively docked
[88-90] within the DNA duplex of sequence d(CGCGAATTCGCG), dodecamer
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(PDB ID: 1BNA) in order to predict the chosen binding site along with preferred
orientation of the ligand inside the DNA minor groove. All synthesized 1,4-DHP
derivatives were drawn in ChemSketch and structures were saved in .mol format.
Afterwards the .mol format was used in Hyperchem-7, to adjust their fragments,
followed by total energy minimization of ligands so that they can attain a stable
conformation and the file was saved in .pdb format.

Protein 3D structure of B-DNA was obtained from RCSB PDB (an information
portal to biological macromolecular structures). The water molecules were removed
from the file, and the protein was protonated in 3D to add polar hydrogen’s. Binding
pocket was identified using site finder, and the respective residues were selected.
Docking parameters were set to default values and scoring algorithm, the docking
runs were retained to 30 conformations per ligand. The docked protein structures
were saved in .pdb format, and ligand’s conformations were investigated one by
one. Complexes with best conformations were selected on the basis of highest score,
lowest binding energy and minimum RMSD values [91].

The synthesized organic compounds perform their biological activity more effi-
ciently by binding respective protein or DNA at their specific binding site. Identification
of interacting residues with ligands is a necessary step toward rational drug designing,
understanding of molecular pathway and mechanistic action of protein.

Molecular docking was carried out between rigid receptor protein and the flex-
ible ligands. Table 3 shows the details of the docking results including RMSD and
binding energy values of protein-ligand complexes. The ligands (4b, 4c, 4 h, 44,
4n and 40) bind strongly to B-DNA as inferred by their minimum binding energy
values, that is, —13.8, —12.9 and — 12.3 kcal/mol, respectively (Figure 7).

Figure 8 shows the position of active site in the helical structure of DNA and it
also shows that all docked ligands clustered inside the pocket. Figure 8 exhibited

Products Docking energy (Kcal/mol) Inhibition constant (M) RMSD
4a -6.23 435x107 25
4b 2412 1.81x 107 11
4c —21.74 1.96 x 107¢ 15
4d -5.72 596 x 1077 34
4e —7.24 6.31x1077 34
af -6.85 4.88x1077 38
4g —741 451x1077 2.0
4h 2235 192 x107% 1.0
4i -19.81 232x107% 1.0
4 -6.34 588 x 1077 21
4k —6.68 6.76 x 1077 21
41 -8.22 518 x 1077 24
4m -755 468x107 23
4n -2264 1.96 x 107 11
40 -20.36 218 x 1071 1.0
4p -6.78 6.20 x 1077 15
4q -6.52 715x1077 18
4r -7.89 6.32x1077 15
Table 3.

Molecular docking studies of 1,4-dihydropyridines.
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Figure7.
1,4-DHP was successively docked within the DNA duplex of sequence d(CGCGAATTCGCG), dodecamer
(PDB ID: 1BNA).

Figure 8.
Interaction of 1,4-DHP with DNA duplex of sequence d(CGCGAATTCGCG), dodecamer (PDB ID: 1BNA).

the hydrogen bond interaction of 4c and 4d with key residues in active site inside
the helical structure of DNA. In this model, it is clearly indicated that the com-
pound 4c¢ formed hydrogen bonded between the -OH and N1 of thymine, which is
DT7 and DT19 with the bond length of 2.02 and 2.05 A respectively. Moreover, the
other derivatives of 1,4-DHP formed less H-bond interaction with the DNA due to
the orientation of aromatic ring involved in van der Waals interactions (Wireframe
model) and flat hydrophobic regions of the binding sites of DNA (Table 3). These
results demonstrated the in silico molecular docking studies of 1,4-DHPs with
B-DNA suggested that 1,4-DHPs possess the potential to disturb hydrophobic and
H-bond interactions thereby affecting the stability of attachment of B-DNA, and
may be effective for cancer cell lines.

224



Therapeutic Significance of 1,4-Dihydropyridine Compounds as Potential Anticancer Agents
DOI: http://dx.doi.org/10.5772/intechopen.89860

2. Experimental
2.1 Materials and method

All the chemicals used in the present study are of AR grade. Whenever analyti-
cal grade chemicals were not available, laboratory grade chemicals were purified
and used. AICl;, ZnCl,, Yb(OTF);, FeCl; and Zinc acetate obtained from Merck
chemicals and are directly used without further purification. Melting points were
recorded on an open capillary tube with a Buchi melting point apparatus and are
uncorrected. 'H- NMR spectra were obtained using a 400 MHz on a Bruker spec-
trometer (chemical shifts in § ppm).

2.1.1 General procedure for the preparation of ZnO-Nps

In a typical synthesis process, zinc acetate dihydrate (1.1 g, 0.01 M) was dis-
solved in 20 mL of ethanol with constant stirring for 20 min. Then KOH (0.178 M)
was added into the above mixed solution. After further stirring for 5 min, the reac-
tion mixture was put into a CEM microwave synthesizer to irradiate for 10 min with
the power set at 150 W, Temperature at 150°C and Pressure 150 C°. After comple-
tion of reaction, the white precipitate was collected by centrifugation, washed twice
with deionized water, ethanol and dried in vacuum oven at 60°C for 5 h.

Crystalline structure of the prepared ZnO-Nps was determined by powder X-ray
diffraction (XRD). The strong intensity and narrow width of diffraction peaks
indicate the high crystallinity of the prepared ZnO-Nps (Figure 2a). The peaks are
indexed as 31.82° (100), 34.54° (002), 36.42° (101), 4746° (102), 56.74° (110), 62.92°
(103), 66.06° (200), 68.42° (112), 69.06° (201) and 78.82° (202) respectively. This
revealed that the resultant nanoparticles were pure ZnO with a hexagonal structure
(JCPDS 36-1451). No impurities could be detected in this pattern, which implies
hexagonal phase ZnO nanoparticles could be obtained under the current microwave
method. X-ray diffraction shows that metal oxide is pure ZnO having hexagonal
structure. Sharpness of the peaks shows good crystal growth of the oxide particles.
Average particle sizes of the ZnO have been calculated using from high intensity
peak using Image J.

2.1.2 General procedure for the synthesis of 1,4-DHP by microwave method

A mixture of aromatic aldehydes 1a (5 mmol), ethyl acetoacetate 2 (10 mmol),
and ammonium acetate 3 (10 mmol) and ZnO (10 mol %) was taken in ethanol
(20 mL) and the mixture was heated at microwave irradiation for 5 min (monitored
by TLC after 5 min. interval). After 5 min, the reaction mixture was cooled to room
temperature and then it was poured into cold water. The product was extracted
with ethyl acetate. The organic layer was washed with brine, water and dried over
anhydrous Na,SO,. The crude product thus obtained was recrystallized from EtOH
to obtain desired product (Figure 3, Table1).

4a. Di-tert-Butyl — 1,4-dihydro-2,6-dimethyl-4-phenylpyridine-3,5-
dicarboxylate

Solid: MP 180-182°C; "H NMR (500 MHz, CDCl;) § 1.43 (s, 18H), 2.30 (s, 6H),
4.83 (s, 1H), 5.58 (brs, 1H), 7.05-7.10 (m, 1H), 710-7.20 (m, 2H), 7.23-7.30 (m, 2H);
13C NMR (125 MHz, CDCl;) § 20.0, 28.4, 40.0, 80.0, 105.5, 125.6, 127.5, 128.5, 129.2,
143.0, 1475, 167.3.
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4b. Di-tert-butyl 4-(4-methoxyphenyl)-1,4-dihydro-2,6-dimethylpyridine-
3,5-dicarboxylate

Solid: MP 168-170°C; 'H NMR (500 MHz, CDCL;) 6 1.40 (s, 18H), 2.25 (s, 6H),
3.86 (s, 3H), 4.81 (s, 1H), 5.51 (brs, 1H), 7.10-7.20 (d, 2H), 7.40-7.50 (d, 2H); *C
NMR (125 MHz, CDCL;) 6 19.8, 30.0, 41.0, 56.0, 81.0, 106.1, 125.6, 127.8, 135.0,
146.4, 153.2, 160.0, 167.5.

4c. Di-tert-butyl 4-(4-hydroxy-phenyl)-1,4-dihydro-2,6-dimethylpyridine-
3,5-dicarboxylate

Solid: MP 230-232°C; 'H NMR (500 MHz, CDCl;) & 1.36 (s, 18H), 2.28 (s, 6H),
4.90 (s, 1H), 5.56 (brs, 1H), 6.86-6.90 (d, 2H), 7.10-7.20 (d, 2H), 10.10 (s, 1H); *C
NMR (125 MHz, CDCl;) & 24.5, 32.8, 45.3, 88.0, 108.4, 128.3, 131.0, 134.2, 134.6,
136.8, 148.4, 154.6, 172.6.

4d. Di-tert-butyl - 4-(4-fluorophenyl)-1,4-dihydro-2,6-dimethylpyridine-
3,5-dicarboxylate

Solid: MP 150-152°C; 'H NMR (500 MHz, CDCl;) & 1.43 (s, 18H), 2.30 (s,
6H), 4.81 (s, 1H), 5.50 (brs, 1H), 6.90-6.96 (d, 2H), 715-7.20 (d, 2H); *C NMR
(125 MHz, CDCL;) 6 20.0, 21.3, 38.9, 40.0, 79.8, 106.0, 114.2, 113.7, 125.4, 126.8,
129.2, 142.5, 143.2, 160.0, 162.5, 167.1.

4e. Di-tert-butyl 4-(4-chlorophenyl)-1,4-dihydro-2,6-dimethylpyridine-
3,5-dicarboxylate

Solid: MP 188-190°C; 'U NMR (500 MHz, CDCl;) & 1.38 (s, 18H), 2.25 (s, 6H),
4.85 (s, 1H), 5.50 (brs, 1H), 6.80-6.85 (d, 2H), 7.00-7.08 (d, 2H); *C NMR (125 MHz,
CDCL;) 824.3, 334, 45.1, 86.2, 108.8, 128.9, 130.4, 133.5, 134.3, 136.1, 148.6, 151.6, 172.4.

4 f. Di-tert-butyl — 4-(4-nitrophenyl)-1,4-dihydro-2,6-dimethylpyridine-
3,5-dicarboxylate

Solid: MP 176-178°C; 'H NMR (500 MHz, CDCl;) & 1.38 (s, 18H), 2.30 (s, 6H),
4.86 (s, 1H), 5.55 (brs, 1H), 7.00-7.10 (d, 2H), 715-7.25 (d, 2H); *C NMR (125
MHz, CDCl;) §20.5, 22.4, 38.6, 40.1, 79.6, 107.0, 114.5, 114.6, 126.2, 126.8, 129.6,
142.6, 144.6, 161.0, 1671.

4 g. 2,6-Dimethyl-4-phenyl-1,4-dihydro-pyridine-3,5-dicarboxylic acid
diethyl ester

Solid: MP 158-160°C; "H NMR (CDCl;, 400 MHz): § 1.20 (t, ] = 9.7 Hz, 6H,
2CH;CH,), 2.28 (s, 6H, 2CHs), 4.10 (q, J = 6 Hz, 4H, 2CH;CH),), 5.00 (s, 1H,
CH), 5.75 (s, 1H, NH), 710-750 (m, 5H); *C NMR (CDCl;, 75 MHz): § = 14.20
(C-3"),19.5 (C-1"), 39.6 (C-4), 59.5 (C-2"), 104.1 (C-3 and C-5), 126.0 (C-4'),
127.8 (C-3’' and C-5'), 130.0 (C-2’ and C-6'), 143.8 (C-2 and C-6), 148.0 (C-1'),
168.0 (C-4").

4 h. 2,6-Dimethyl-4-(4-methoxy-phenyl)-1,4-dihydro-pyridine-3,5-
dicarboxylic acid diethyl ester

Solid: MP 160-162°C; '"H NMR (CDCl;, 400 MHz): § 1.21 (t, ] = 7.0 Hz, 6H),
2.30 (s, 6H), 3.78 (s, 3H), 4.10 (q,J = 6.3 Hz, 4H), 4.95 (s, 1H), 5.60 (s, 1H), 6.80
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(d,J = 8.4 Hz, 2H), 718 (d, J = 8.7 Hz, 2H); *C NMR (CDCl;, 75 MHz): § 14.2, 19.6,
38.8, 55.2, 59.8, 104.0, 115.0, 128.8, 140.0, 145.3, 156.7, 168.0.

4i. 2,6-Dimethyl-4-(4-hydroxy-phenyl)-1,4-dihydro-pyridine-3,5-dicarboxylic
acid diethyl ester

Solid: MP 238-240°C; 'H NMR (CDCls, 400 MHz): § 1.18 (t, ] = 7.2 Hz, 6H), 2.28
(s, 6H), 4.05 (q, ] = 6.6 Hz, 4H), 4.90 (s, 1H), 5.61 (s, 1H), 6.70 (d, ] = 8.7 Hz, 2H),
715 (d, J = 8.4 Hz, 2H), 9.90 (s, 1H); *C NMR (CDCl;, 75 MHz): 5 14.0, 18.9, 39.0,
59.0,103.0, 114.2, 128.3, 139.4, 144.2, 154.1, 1676.

4j. 2,6-Dimethyl-4-(4-fluoro-phenyl)-1,4-dihydro-pyridine-3,5-dicarboxylic
acid diethyl ester

Solid: MP 152-154°C; 1H NMR (CDCls, 400 MHz): § 1.10 (t, ] = 7.2 Hz, 6H), 2.25
(s. 6H), 4.00 (q, ] = 5.7 Hz, 4H), 4.88 (s, 1H), 5.68 (s, 1H), 6.80 (m, 2H), 715(m,
2H); *C NMR (CDCl;, 75 MHz): § 14.3, 19.7, 39.6, 60.1, 104.2, 114.4, 129.4, 129.7,
130.0, 143.5, 147.0, 167.5.

4 k. 2,6-Dimethyl-4-(4-chloro-phenyl)-1,4-dihydro-pyridine-3,5-dicarboxylic
acid diethyl ester

Solid: MP 153-155°C; 1H NMR (CDCl;, 400 MHz): § 1.12 (t, ] = 7.2 Hz, 6H), 2.35
(s. 6H), 412 (q, ] = 5.7 Hz, 4H), 5.10 (s, 1H), 5.82 (s, 1H), 7.50 (d, 2H), 8.16 (d, 2H);
3C NMR (CDCL, 75 MHz): § 14.2, 18.6, 39.6, 60.0, 101.6, 116.8, 127.8, 129.3, 130.2,
144.8,147.2, 166.8.

41.2,6-Dimethyl-4-(4-nitro-phenyl)-1,4-dihydro-pyridine-3,5-dicarboxylic
acid diethyl ester

Solid: MP 178-180°C; 1H NMR (CDCl;, 400 MHz): § 1.26 (t, ] = 7.2 Hz, 6H), 2.35
(s. 6H), 4.06 (q, ] = 5.7 Hz, 4H), 5.08 (s, 1H), 5.76 (s, 1H), 748 (m, 2H), 8.02 (m,
2H); *C NMR (CDCl;, 75 MHz): 6 14.2, 19.5, 39.6, 59.6, 104.2, 121.3, 1234.0, 128.4,
136.8, 144.5, 147.8, 148.8, 167.5.

4 m. 2,6-Dimethyl-4-phenyl-1,4-dihydro-pyridine-3,5-dicarboxylic acid
dimethyl ester

Solid: MP 194-196°C; 'H NMR (CDCl;, 400 MHz): § 2.30 (s, 6H, 2CH;), 3.66
(s, 6H, 2CHj3), 5.00 (s, 1H, CH), 5.80 (b, 1H), 7.20-7.56 (m, 5H); *C NMR (CDCl,
75 MHz): & = 19.7, 38.7, 50.5, 105.5, 126.2, 127.0, 128.0, 144.1, 1471, 168.2.

4n. 2,6-Dimethyl-4-(4-methoxy-phenyl)-1,4-dihydro-pyridine-3,5-
dicarboxylic acid dimethyl ester

Solid: MP 185-187°C; 'H NMR (CDCls, 400 MHz): & 2.28 (s, 6H, 2CH;), 3.60 (s,
6H, 2CHs), 3.78 (s, 3H), 4.89 (s, 1H, CH), 5.30 (b, 1H), 6.80-7.10 (m, 4H); *C NMR
(CDCls, 75 MHz): 8 19.5, 38.7, 55.1, 51.8, 104.4, 113.2, 128.9, 140.4, 143.4, 158.0, 167.7.

40. 2,6-Dimethyl-4-(4-hydroxy-phenyl)-1,4-dihydro-pyridine-3,5-dicarboxylic
acid dimethyl ester

Solid: MP 228-230°C; 'H NMR (CDCl, 400 MHz): 5 2.26 (s, 6H, 2CH3), 3.63
(s, 6H, 2CH;), 5.00 (s, 1H, CH), 5.40 (b, 1H), 6.95-7.20 (m, 4H); 3C NMR (CDCL,
75 MHz): § 18.4, 38.4, 51.8, 103.1, 114.2, 128.4, 139.0, 144.2, 155.0, 1676.
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4p. 2,6-Dimethyl-4-(4-fluoro-phenyl)-1,4-dihydro-pyridine-3,5-dicarboxylic
acid dimethyl ester.

Solid: MP 170-172°C; 1H NMR (CDCls, 400 MHz): 8 2.32 (s, 6H, 2CH3), 3.64 (s,
6H, 2CH;), 4.98 (s, 1H, CH), 5.78 (b, 1H), 710 (t, 2H), 7.32 (t, 2H); >C NMR (CDCl,,
75 MHz): 6 19.5, 40.0, 51.0, 104.1, 114.4, 129.3, 130.0, 144.1, 145.3, 160.5, 162.3, 1676.

4q. 2,6-Dimethyl-4-(4-chloro-phenyl)-1,4-dihydro-pyridine-3,5-dicarboxylic
acid dimethyl ester

Solid: MP 194-196°C; 1H NMR (CDCls, 400 MHz): 6 2.30 (s, 6H, 2CH3), 3.66
(s, 6H, 2CH;), 4.95 (s, 1H, CH), 5.76 (b, 1H), 715 (m, 2H), 7.36 (m, 2H); *C NMR
(CDCL, 75 MHz): 6 19.5, 39.6, 51.1, 103.6, 113.8, 128.2, 130.0, 144.4, 146.2, 160.4, 167.8.

4r. 2,6-Dimethyl-4-(4-nitro-phenyl)-1,4-dihydro-pyridine-3,5-dicarboxylic
acid dimethyl ester

Solid: MP 210-212°C; 1H NMR (CDCl;, 400 MHz): § 3.00 (s, 6H, 2CH3), 3.61
(s, 6H, 2CHj3), 5.08 (s, 1H, CH), 5.86 (b, 1H), 7.30 (m, 2H), 7.62 (m, 2H); *C NMR
(CDCls, 75 MHz): 6 19.7, 40.1, 51.2, 103.2, 114.4, 128.7, 145.0, 146.1, 156.2, 1676.

3. Conclusion

In conclusion, the present study describes the ZnO-NPs catalyzed synthesis of
1,4-dihydropyridines (4a-r) under microwave irradiation, giving excellent yields
in shorter reaction time as compared to conventional method. All the synthesized
compounds were evaluated for DNA photocleavage, SAR and DNA docking studies.
DNA cleavage by gel electrophoresis method revealed that compounds (4b and 4c)
were found to cleave the DNA completely. The preliminary SAR study revealed that
the ~-OCHj; and —OH substituted compounds, were more favorable for activity, par-
ticularly at -para position of the phenyl ring. Docking studies indicated that one of
the ester moieties of these compounds played a key role in their interactions with the
DNA. However, the nature of reactive intermediates involved in the DNA cleavage by
the 1,4-dihydropyridines has not been clear. Needless to say, further understanding
the mechanism of biological action are still required in order to fully develop these
compounds as potent anticancer drugs.
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