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PREFACE

The term “Small Molecule”, within the fields of molecular biology and pharmacology,
indicates a group of natural/synthetic compounds that possess a molecular weight that
does not exceed about 900 daltons.™! This type of molecules held great attention for the
chemists and biochemists due to their potent biological activity, therapeutic applications
and effectiveness on the functions of macromolecules in living systems,? employment
as additives in photovoltaic panels,®! for the crystallization of proteins* and as
semiconductors in transistor systems;® bioimaging in complex systems;®! anticancer, ")
and many others. In addition, small molecules as drugs offers several advantages over
traditional protein design: (i) high practicability due to a detailed understanding and
historical precedents of their clinical application and development; (ii) oral
bioavailability (as opposed to infusion therapy); (iii) they can across physiological
barriers (iv) access to intracellular disease targets when they cannot be tractable by
protein therapeutic agents; (v) well-understood formulation and dosage; (vi) relative
inexpensive treatment.[® Three different sources can be distinguished for obtaining small
molecules: (i) naturally available sources; (ii) commercial sources; (iii) synthetic
pathways!® and this last one is a very powerful instrument to replicate natural molecules
and/or obtain new ones. Synthetic chemists can follow three routes to obtain these
special targets. The first one exploits target-oriented synthesis (also called TOS) that
consists, first, on discovery of natural molecules with specific properties, then, once
identified, extracted, isolated and elucidated their structure by spectroscopic techniques,
chemists develop new synthetic pathways for them. The second one is based on
medicinal and/or combinatorial chemistry that leads to develop a new synthethical
pathway of analogues from or a new rationally designed structured molecules, developed
from a mechanistic hypothesis and/or a crystal structure of a macromolecule of interest.
The last one is the DOS way (Diversity Orientated Synthesis) which aims to develop
new pathways leading to the efficient (three- to five-step) synthesis of small molecules
having skeletal and stereochemical diversity with defined coordinates in chemical
space. [0

During the last two decades, the scientist has focused their efforts on developing new
sustainable synthetic approaches.**) In fact, “How getting there” has become as
important as the “getting there”, so chemists has begun to realize about the

environmental impact that different chemical process can have.[?l For these reasons the
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employment of microwaves irradiations (for saving energy), use of more environmental
friendly and safer catalysts, reagents, solvents (or solventless reactions), phase-transfer
catalysts and supported catalyst has begun more exploited for the development of new
synthetic protocols.[*®]

Among small molecules, O- and N- functionalized molecules play a prominent role.
Such functionalized molecules are widely distributed in nature and are found in many
natural compounds such as alkaloids, polyphenols, sugar unit of nucleotides,
nucleobases, vitamins, and many others, and the biological properties and relevance of
such compounds are well-known today.***"1 The synthesis of these compounds has
always been an important focus of synthetic chemistry and nowadays many strategies
are reported in literature, also with the purpose to obtain them in a more sustainable
way.[18). [19]

This work was carried out in the research group of Prof. Enrico Marcantoni from
December 2018 to February 2022, at Univerisity of Camerino, with the goal to achieve
new synthetic pathways for O- and N-functionalized small molecules with different
biological and industrial applications.

The work is divided in two main macro-chapters in which the focus of the first one is the
synthesis of Oxa-functionalized small molecules, while the second one focuses on the
synthesis of Aza-heterocycles. Each chapter is introduced by a general abstract about the
topic, then for each section a first part about the state of art of the topic is present and
the second part reports about results obtained about it.

The first chapter is divided in two sections: (i) the first one is focused on the chemical
modifications of Adenosine with the purpose to synthesize the LNA derivative by linear
strategy; (ii) while the second section is focused in the synthesis a new phenolic molecule
with potential antiviral activity against SARS-Cov-2.

The second chapter is divided in three sections: (i) the first focuses on the synthesis of
9-membered-triaza-macrocycle that possess industrial applications, restyling the method
reported in the patents and literature; (ii) the second one focuses on the synthesis of aza-
heterocycles starting from acyclic precursors, like primary amines and aldehydes,
studying in deep mechanistic and thermodynamic aspects, evaluating the possible
employment of new relative not toxic catalysts and reagents; (iii) the third section reports

the results about the Brgnsted and Lewis Acid promotion of Pictect-Spengler Reaction



for the synthesis of tetrahydro-p-carbolines, with the purpose to use not toxic and easy

handle promoters.



“Chemistry is the study of substances, but | prefer to see it as the study of
changes. For example, think about this: electrons, they change their
energy levels; the molecules ... the molecules change their bonds; elements
... combine and change into compounds. Well, this ... this is life, right?
That is, it is just ... it is the constant, it is the cycle: creation and
dissolution, then again creation then again dissolution, it is growth then
decay, then transformation! And it's fascinating ”

Walter White ~ Breaking Bad
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Chapter 1

Synthesis of O-funcionalized Small Molecules with

biological activity.

Abstract

Two important categories of O-functionalized compounds are O-heterocycles and
polyphenols. All these two categories are widespread in nature and present as scaffold
in many natural compounds. Well-known examples are sugar core of DNA and RNA,
Quercitin, Curcumin, Vitamins (especially E and C), Taxol, Dynemicin, and many
others; and their biological applications are well-known too (anti-inflammatory, anti-
oxidant, antiviral, anticancer and others). The synthesis of O-functionalized compounds
has been always an important and crucial research field of organic synthesis and
nowadays many methods are reported in literature.[20 -2l

This first chapter is focused on two different projects related together by the O-
functionalization of final target products and by the very important biological, antiviral,
therapeutical applications that they found or they could find.

The aim of first section is to synthesize LNA-Adenosine derivative by linear strategy.
The LNA (Locked Nucleic Acid) are very important Nucleic Acid analogues,
synthesized for the first time by Iminashi et al.l?®! and Wengel et al.[?”] respectively in
1997 and 1998, in an independently way. These analogues are very important due to the
antisense, antigene, antiviral, and many others bio-applications, overcoming some
problems related to employment of not-modified nucleic acids.

The topic of the second chapter is the synthesis of a new phenolic compound with
potential antiviral activity against Sars-CoV-2. Our purpose is to obtain this new
polyphenol through the combination of two intermediates, an alkyne and an aldehyde,

obtained from two commercial, cheap and easy available starting material.
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1.1 LNA: Synthesis of Nucleic Acid Analogue with

potent biological activities

1.1a Improvement of Chemical Modification on Nucleic Acids

DNA and RNA are the building blocks of every known form of life. These natural
polymeric macromolecules are composed by monomers called nucleotides, which are
made up by three main parts: (i) the nitrogenous base (Thymine only for DNA), Guanine,
Uracil (only for RNA), Adenine, Cytosine, (ii) p-D-ribose sugar core, which can be
simple ribose (RNA) or deoxyribose (DNA), (iii) the triphosphate moiety which links

all nucleotides togheter by a phosphodiester bond.
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Figure 1.1.1. Structure of DNA and RNA Nucleotides

Nowadays, long-term storage role of DNA is well-known. In fact, all instructions for
building all components of cells, proteins and “RNA” molecules are stored in very long

DNA-filaments called chromosomes. DNA usually is compared to blueprint for this

11



reason. Meanwhile, even if there are many structure-similarities between DNA and
RNA, they differ for some and important aspects:

e RNA is composed of ribose core nucleotides

e Uracil is present as nitrogenous base instead of Thymine

e RNA is present as single strand, whereas DNA is present in double strand
Unlike DNA, RNA is not involved in the long-term storage of genetic informations, but
rather in their expression, actually it is involved in the processes of coding (rRNA),
decoding, transportation (tRNA) and transmission of information to ribosomes (MRNA).
The discovery of “nuclein” by Friederich Miescher in 1869 during his work on
composition of lymphoid cells (white blood cells) gave the first impetus to the field of
research about nucleic acids, named in this way by Richard Altmann in 1889.1%1 Only
nine years after from Miescher’s discovery, Albert Kossel published a paper confirming
the separation and the analysis of xanthine and hypoxanthine!®? (two natural analogues
of guanine), and after more than sixty years, in 1929, Phoebus Levene defined the three
main components that make up the DNA and the structure of nucleotides: sugar core, the
four nitrogenous bases and the phosphate linkage, also revealing the order phosphate-
sugar-base sequence, suggesting that phosphoester moiety links together all nucleotides
together constituting the so-called “backbone”.*®! However, it was not until 1953
Watson and Crick thanks to the crystallography work of Rosalind Franklin and Maurice
Wikins, were able to set up the helical structure of DNA duplex, confirming the famous
base pairing A:T and C:G and also the sugar-phosphate core.!!
Since that time many other discoveries about DNA/RNA have been made. Because of
the very important features of DNA and RNA, some scientists had supposed to use
oligonucleotides in biomedical fields. In 1978 Zamecnik and Stephenson suggested the
possible application of oligonucleotides on controlling of gene expression.2  But
unfortunately, the direct application of unmodified DNA/RNA oligonucleotides is
unsuitable due to their intrinsic instability in biological media (attacked by nuclease) and
for the poor affinity toward the complementary target sequences.3l
Therefore many scientists focused their effort to chemically modify the nucleotides itself
with the purpose to improve their physiological and biochemical properties, specificity
and affinity toward to target sequences.*¥ Nucleic acids can be modified at three

different levels: phosphodiester backbone, nucleobases and the sugar core.
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BACKBONE MODIFICATION

The backbone modification has been studied since 1966. At that time Eckstein reported
a chemical modification of the phospho-interlinkage, in which the substitution of an
oxygen atom by one sulphur atom leads to the formation of a phopshothioate nucleotides
that was unexpectedly resistant to phosphatases.*®! Today this modification is widely
used in biomedical field, and experimental data show higher cellular uptake and
bioavability in vivo of this class of oligomers.[*®! Many other interlinkage modifications
have been reported in literature such as methylphosphonate,”1 borane phosphonate,
phosphoro amidates.%

PNAs (Peptide Nucleic Acid) are famous backbone modified oligonucleotides. They
consist of a pseudo peptide skeleton (N-2-aminoethylglycine repeating units) to which
nucleobases are attached. Despite the deep differences between DNA and PNA, this last
one forms higher stable duplex due to the lack of electrostatic repulsions, undergoing
also to Watson-Crick base pairing with DNA and RNA. Nowadays PNA-
oligonucleotides are widely used in antisense and antigene therapy®® and they show
potent and selective gene inhibition.*!] “Antisense” refers to all interferences of
processes in which RNA is involved. These include the inhibition and/or alteration of
splicing, translational arrest and degradation of mRNA. Interference with dsDNA
processes, on the other hand, is grouped under the name "antigene effect”.Major
drawbacks of PNA are due to lipophilic and neutral nature of backbone. The peptide
skeleton makes the PNA oligomers only partially soluble in water, in addition, these
oligomers cannot across the lipid membranes of cells, making the delivery to target a

very difficult task, making it necessary the development of many delivery system.[4?]
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Figure 1.1.2. Backbone modified Oligonucleotides

NUCLEOBASE MODIFICATION
The modification of nitrogenous bases aims to expand the n-electron cloud of bases by

increasing the affinity for the target sequence,*® moreover, the dipole-dipole stacking
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interactions enhances duplex stability.*!! By adding a propynyl moiety in position-7 of
7-deaza-2’-deoxyguanosine, Buhr et al. detected an improvement in the antisense
activity of oligonucleotides containing these modified nucleotides; on the other hand,
they detected a contrary result for 7-propynyl-7-deaza-2’-deoxyadenosine.**! On the
other hand, the addition of an amino group in position-2 of adenosine/7-deaza adenosine
greatly enhance the affinity toward guanine.[*l The simultaneous modification of
position-7 and addition of amino group in position-2 of 7-deaza adenosine increases the
antisense activity, affinity and thermal stability of oligodeoxynucleotides, especially

when a 7-propynyl or 7-iodo moiety were employed. 4
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Figure 1.1.3. Some modified Nucleobases reported in literature

SUGAR MODIFICATION (LNA)

Nowadays many chemical modifications of the sugar core are reported in literature,
especially on 2’-position of the furanose ring as which proven to be a very useful in
enhancing the stability, pharmacokinetic and drugs-like properties.[*’] The insertion of
—OMel8l and —F moiety™® in position C-2’ improved the stability and affinity toward
RNA and DNA sequences. However, these modifications did not confer the necessary
metabolic stability, and the size of 2’-substitutent destabilises the binding affinity toward

the complementary RNA sequence.[>%
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Figure 1.1.4. Some sugar-modified nucleotides reported in literature

In 1997 and in 1998 Iminashit and Wengel?" reported for the first time a synthetic
methodology in which they synthesized a new bicyclic structure, analogue of ribose
nucleotide that possess very high affinity and thermal stability. This new type of
compound, called Locked Nucleic Acid (LNA, figure 1.1.4.), has a 2’-0,4’-methylene
ring. This new class of compounds can be obtained by two possible strategy: (i) the first
one is called “linear strategy”, in which the chemical modifications are performed
directly on nucleotides; (ii) the second is called “convergent strategy”, in which the final
analogue is achieved after the coupling between the modified sugar moiety and the
nucleobase. Iminashi et al. reported a linear strategy for Uridine-LNA and Cytosine-
LNA.128] Starting from Uridine, they obtained the nucleotide 1 by protecting the two
hydroxyl groups present in C-2’ and C-3” and forming the —CH>OH by several steps.
After the selective tosyl-protection of new —CH,OH, the further steps were necessary to
perform the selective protection of —OH present in C-3’, performed by the reaction of 2
and benzaldehyde and a consecutive selective cleavage of C-O bond in 2’-position by
sodium cyanoborohydride and TiCls. Then the LNA-Uridine was achieved in alkaline
conditions using a large excess of NaHMDS (3 equivalents) in THF with a yield of 61%

at room temperature starting from 3 and a consecutive deprotection of 4 (Scheme 1.1.1.).
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Scheme 1.1.1. Linear Synthesis of Uridine-LNA by Iminashi and coworkers

Wengel et all?l have prepared various LNA-nucleotides starting from 4'-C-
hydroxymethyl pentofuranose derivative 5 by convergent strategy. Their synthetic
strategy foresees modification of 5 to give the intermediate 6 after the regioselective 5-
O-benzylation, acetylation, and acetolysis followed by further acetylation. This
intermediate 6 is the key to success of strategy. In fact, this one is employed for the
stereoselective coupling with the bases, performed in presence of N,O-
bis(triemthylsylil)amide and TMS-triflate, further, the nucleotide intermediate 7 is
deacetylated and tosylated in selective way and the final LNA-nucleotide is obtained
after reaction of 8 and NaH in DMF (Scheme 1.1.2.).

1. NaH, BnBr, DMF
2. Acetic Anhydride, pyridine Nucleobase

HO 3. AcOH N,O-bis(trimethylsylil)amide
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. c
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4-N-benzoylcytosin- 1 -yl \Q‘
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Scheme 1.1.2. Convergent synthesis for LNA-Nucleotides by Wengel and coworkers.

The term Locked Nucleic Acid refers to the lack of flexibility of furanose ring due to the

new 2’-0,4’-methylene ring. This bicyclic structure favourites the N-type pucker sugar,
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also called C3’-endo conformation and mimics the standard structure of RNA

monomers.[>l

RO 2
~N\_ Base RO > Base RO ~ Base
3 X R OR OR
OR X
C2'-endo C3"-endo o
S-conformation N-conformation Locked Nucleic Acid
B-form A-form

Figure 1.1.5. Pucker Sugar conformation of LNA

In addition to the numerous therapeutic applications (those will be discussed later),
LNA-oligonucleotides display very high stability in serum medium, low toxicity, good
solubility in water and Watson-Crick mode of binding.*3! Studies about thermal stability,
containing a range of 6/14 of LNA-monomers, shown a remarkable increase of melting
temperature: ~+1°C to +8°C against DNA and ~+2°C to +10°C against RNA per LNA-
monomer. The observed relative increase in thermal stability of LNA/DNA chimera,
compared to native reference duplexes, reaches the maximum for chimera containing
<50% LNA monomers, this fact is a direct consequence of the ability of LNA monomers
to steer the conformation of neighboring DNA monomers into N-type conformations.®®!
It is also very important to avoid a too large presence of LNA-monomers. For fully LNA-
oligonucleotides, the very strong base pairing leads to the formation of LNA:LNA
duplexes by self-assemblement, estimating a melting temperature of Tm>93°C.[4
Oligonucleotides containing LNA-monomers have very high nuclease resistance and
biostability in blood serum, which is necessary for antisense applications. In a study
conducted by Wabhlestedt et al. found a longer half-life of mix-mer containing LNA-
monomers with respect to isosequential DNA and PS (phosphorothioate) segments. This
fact could be explained by the high base pairing affinity of LNA-monomers that causes
a block of RNA-processing enzyme.51 LNA/DNA mixmers show a monomer position-
dependence to nuclease resistance, i.e. oligomers with LNA-monomers stuck in 3’ or 5’
terminal positions are more resistant to hydrolysis of phosphoester bond by
exonuclease.l*

When compared to isosequential PS-oligonucleotides, that showed hypotension, fever,
thrombocytopenia and other side effects,[®® no toxic effect of LNA-oligonucleotides
were detected in concentrations up 1.0 M in HeLa cellular system.[®®! Studies about
toxical issues of LNA in rodents showed that direct injection of fully modified LNA,
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LNA/DNA mixmer, or LNA/DNA/LNA gapmer AONs (Antisense OlignoNucleotides)
into striatum of rat brain do not elicit any histologically detectable toxicity or changes in
body temperature.’*l While liver toxicity studies of LNA-PO (phosphodiester
backbone), by controlling the serum level of aspartate aminotransferase (ASAT) and
alanine aminotransferase (ALAT), show no evidences of toxicity after 14 days of
continuous treatment . However, at the highest dose of 5mg/kg/day an increment of
ASAT and ALAT were detected, indicating some sort of liver toxicity, without detecting

any changes in body temperature and histological parameters of liver and kidneys. 7]

1.1b Biological applications of LNA-Oligonucleotides

Given the very important features and characteristics of containing-LNA
oligonucleotides, they have attracted the attention of the field of biomedicinal,
biochemistry and therapeutic researchers. The automated synthesis of LNA-containing
oligonucleotides is suitable for the conventional phophoroamidite chemistry, even in
presence of DNA, RNA, 2°-OMe, phophorothioate and phophodiester linkages.[58 They
can be positioned in some different ways: Gapmers (head and tail are made of three
LNA-monomers separated by DNA/RNA monomers), Mixmers (LNA/DNA/RNA are
mixed together without regular schemes), Headed (the LNA-monomers are present in

the 5°-head of oligonucleotide), Tailed (LNA-monomers are present at 3’-end).[**l

Fully =
modified 3 9
Gap-mer 3'I_ . 5

Mix-mer 3’ #——8—8—8—8—8- 5

Tail-mer 3 I

o

} Wing-mers
Head-mer 3’ IRt a5

Figure 1.1.6. Possible combinational LNA-containing Olignonucleotides

The high binding affinity of LNA-oligonucleotides towards complementary RNA/DNA
sequence provides the impetus for the development of new therapeutics by antisense and
antigene mechanism.

Wahlestedt et al.’¥l published encouraging results from isosequential DOR-AS-1
LNA/DNA mixmer and LNA/DNA/LNA gapmer in which these two oligonucleotides

showed high antisense activity. These oligonucleotides exibited a higher serum stability
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than the isosequential phosphorothioate sequences, a very high thermal stability, specify
to target sequence of RNA and low toxicity. Unexpected results were observed for the
activation of RNase H by these oligonucleotides. This suggestes that the activity of
RNase H is not necessarily associated with a contiguous stretch of six DNA or
phosphorothioate nucleotides when LNA is used as a component of oligonucleotides. It
has been demonstrated that the position of target sequences is also important for the
explication of antisense activity. In studies on the inhibition of Luciferase activity by
LNA-AON (Antisense Oligonucleotides) in CV-1 cells, Braasch et al.[%% reported that
some of LNA, LNA/DNA mixmers and gapmers explicate potent inhibitory effects when
used to target the therminal 5°-UTR region of luciferase mRNA. Meanwhile, targeting
downside the sequence from 5’-UTR, only modest or not significant inhibition were
detected, even if the oligonucleotide-sequences possess complementary monomer and
high termal stability.

LNA-oligonucleotides are very significant antiviral agents to their high affinity and
selectivity toward the RNA filaments in antisense way.[®% It had been expected that the
effect of such binding would result in steric blockage of important cellular functions of
RNA such as translation. Taking advantage of this important feature, Arzumanov and
co-workers developed a series of nucleotide mixmers, containing 12 residues of 2'-O-
Me and LNAs, complementary to TAR (transactivation respons region) in HIV-1, that
were able to effectively inhibit in vitro the Tat-protein-dependent in presence and/or in
absence of HelLa nuclear cellular extract, indicating a very good selectivity for the
sequence target.[®! Further studies showed that 12-16 mers sequences explicated the best
inhibition activity, in which the 16-one was two/three fold more active than 12-one. The
presence of at least 40-50% LNA monomers is essential for the inhibition since all 2’-
O-Me modified oligonucleotide was ineffective. Dose-dependent of inhibition was also
demonstrated (best dose with an 1Cso was 120 £ 30 nM for 16-mer OMe/LNA mixmer
containing 6 LNA units).[®? Similar results were obtained in the development of antiviral
ASOs against HCV (Hepatiti C Virus). Laxton et al. studied forty-seven different
mixmers/gapmers LNA-ASOs with the aim for targeting the 25- to 40-nt region of the
HCV internal ribosome entry site (IRES) containing the distal and proximal miR-122
binding sites. Their results showed that only one oligonucleotide (seql32 and its
analogues were mismatched were present) explicates a potent antiviral activity and low

citoxicity and very high pharmacokinetics properties (long half life > 5 days).[®%]
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Due to the affinity toward RNA strands, LNA-oligonucleotides could be very important
targeting probes for miRNA (microRNA). These ones are 20-23 nucleotides molecules
that regulate many gene expression post-transcriptionally, such as insulin secretion,
hematopoietic lineage differentiation; they can regulate brain morphogenesis in
zebrafish, cardiogenesis in mice and altered miRNA expression were detected in many
human cancers.[%4 Studies of LNA-antimiR oligonucleotide in mice and not-human
primates (African green monkeys) shown an effective (reduce of about 30/40% of
cholesterol) and long-standing (the pre-treatment levels were reached again after three
months) decrease of cholesterol in plasma by 5mg/kg day injections for mice and 3 or
10mg/kg in three injections per days for primates. Six weeks studies showed no
elevations in hepatotoxicity or renal toxicity markers in the serum or in lipid
accumulation in the liver (absence of increases in the levels of the plasma transaminases
ALT and AST or of bilirubin, creatine phosphokinase or creatinine), no changes in blood
coagulation were detected related to LNA-antimiRNA treatment.[¢°]

LNA-oligonucleotides could be very important therapeutic agents in vivo due to their
high stability in serum media. A very interesting result was published by Fluiter and his
collaborator in which they induced an inhibition of tumor growth in vitro and in vivo.®"]
The LNA-PO (phosphodiester backbone) oligonucleotides were tested against
POLARZ2A (RNA polymerase 1) in 15PC3 cells (prostate cancer cell line) in mice. Three
different 16-mer oligonucleotides were examined: full matched-LNA PO (Cur616), and
two in which 1 (Cur222) and 4 (Cur942) mismatched were present. At the beginning,
they detected sequence and dose dependence. For what concern the sequence
dependence, in vitro experiments shown that only full matched LNA-oligonucleotides
explicates inhibition growth, while in vitro conditions also Cur222 and Cur942 inhibit
the increment of tumor size; this fact can be explained by the thermal stabilization of
LNA-monomers. For what concern the dose-dependence, between the four doses tested
(0.5, 1.0, 2.5, 5.0 mg/Kg per day, for 14 days). Even if the best inhibition was detected
at 5 mg/Kg dosage, a clear stop growing was also observed at 1 mg/Kg. At high dosage,
the sequence dependence was also lost. In comparison to isosequential PS-
olignonucleotides, LNA-PO showed an enhanced stability in serum and lower toxicity.
This stabilization was also confirmed by MALDI-TOF analyses in which, analyzing the
serum after 30 minutes from LNA-PO injection, only traces of 15-mer, 14 mer and 13-
mer molecules derivatives were detected. A clear evidence of possible toxicity induced
by LNA-POs treatment was detected only at highest dose of 5mg/Kg. In fact, a lower
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dosage, such as 1.0 and 2.5 mg/kg, no detectable variation of ASAT and ALAT were
observed. In addition, no changes in body temperature and liver and kidneys damages

were detected by histological analyses.
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1.1c Results and Discussion

AIM OF THE PROJECT AND PREVIOUS WORK

The focus of the project is the development of a synthetic pathway for the synthesis of
Adenosine-LNA (B-D-Ribose sugar core) by linear strategy due to lack of method for
this LNA-target. This topic has been already addressed in prof. Enrico Marcantoni’s
laboratory (Laura Marsili and Milind Jadhav’s thesis). In previous works they tried to
obtain the LNA-adduct through the synthesis of an aldehyde moiety in C-5’ (10) and
then perform an aldol condensation between this aldehyde intermediate and
paraformaldehyde in presence of NaOH as base (Scheme 1.1.3.) in one pot approach, due

to the instability of aldehyde intermediate.

1. Py, (CH3)3SiCl,

HO N PhCOCI, NH,4OH, HO o =N H_ o
0 Nﬁ NH, rt., 2.5h N/ \
\g 7 3 v/ N§/N
S NN 2. TSA, (CH3),CO s o
HO OH HC(OCH,CH3), >< .
Adenosine 20h, r.t.
aorb
HO o =N N 0 1. NaOH, HCHO, A o =N H_ 0
\‘.Q’N\%\\( dioxane, r.t., 0.5h or 20h \Q,N\%\\(
HO/\ R N§/N \- N§/N
o><o 2. NaBH, 0><0
1 o

Scheme 1.1.3. Marsili and Milind’s aldehyde pathway. a) DMSO, DCM, EtsN, Py"SOg, r.t., 3h
b) DMP, DCM, Na23203, 6.5h

In the case of 20h reaction of aldol condensation (see Scheme 1.1.3) the diol target was
isolated only in traces while a large amount of acid adduct was recovered. The formation
of two products was confirmed by ESI-MS analysis. Instead, for 0.5h reaction poor
results are due to low yield of final product (25% yield), and these results were due to

N1-adenosine group reactivity.[¢!

22



RO e LR TP TSI T P P Son. W

b

[

[Rt&HT™ 456

=

|

i
T i £ 77 opg 7] [N - T

QEDT P Py DT RN ol DR BT Tow, Trman. 1Y

. 0
M. -"!'..'_;\.N ‘L"‘-\.-'-:'-"

* ¢ 1)
HQ o] : N"'
o AT

an Ej‘.\_\_‘ .__...::'

.r'x'-.
] . : [M+H]" 442
, _ _|Ll. . , I.tlﬂL . -
Figure 1.1.7. ESI-MS of Cannizaro’s dismutation products
CURRENT WORK

Due to drawbacks of previous works, we tried to developed a new way for the synthesis
of LNA-Adenosine in which we want to obtain a —CHzl moiety in C-5" position and then
perform the ring-closing, passing through orthogonal protections of —-OH and —NH>

groups present in Adenosine.

HO =N =N HO /=N
o N/_ NH, RO N/_ NHRs \_@,N\%\(NHz
S = NN I~ 2 NN ~& N
HO OH 7 RO OR, ug  ©
Adenosine LNA-Adenosine

Scheme 1.1.4 New retro synthetic approach for LNA-Adenosine
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As first approach we tried to synthesize a double bond moiety in C-4’ in the sugar ring
and then obtain the —CH2l moiety through the reaction between adduct X and I in

presence of AgF (Scheme 1.1.5).

1. Me3SiCl
2. BnCOCI HO —N
HO =N = H o
o N\ NH, 3. NH,OH O NI N
z 0 \
— N . N NN
N N>~ Pyridine dry HO OH
HO OH 2.5h, rt. 12

Adenosine
yield = 90%

Acetone dry
r.t., 16h pTSA'H,O

2,2'-dimehtoxypropane
yield = 79%

5 5 DCM dry 5 D
Reflux, 3.0h x
K 14

yield = 66 %

0 —N
\Q\é’,o AN H o pmap  HO o L Ro
17 O __N N TsCl 7
¢! 73 \

4 - N=_N
6.0

13

THF dry
r.t.
1.0h BuOK
yield = 85%
—N —N
o) N/_ H o A F 0 N/_ H 0
% gF. I2 %
\N | — \N
I = Nx S = Nx
o R ACN 6. O R
PN KN e
15

Scheme 1.1.5. Silver Flouride synthetic approach

First, due to the high reactivity of amino group present in Adenosine and possible
interference in further steps, we proceed to the protection of this functionality using
benzoyl chloride, as protecting group, which proceed smoothly and in good yield. For
the protection of two hydroxyl groups present in C-2’ and C-3’ different conditions were

tested and are reported in the table below (Table 1.1.1).
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(0]

HN

2,2'-dimethoxypropane N N
_P-TSAH0 ¢ | N

o N

Acetone dry

Ho/\(j batch/microwave HO/\(J/

R
“ o
.

HO  OH Xo
12 13
ENTRY? 2,2’-dimethoxyp. pTSA'H0 Temperature Time Yield
1 9.5 eq. 0.2 eq. Reflux 24h 58%
2 10 eq. 0.2 eq. 70°C M.W. 3h 73%
3 10 eq. 0.2 eq. 60°C M.W. 4h 49%
4 9.0 eq. 0.6 eq. r.t 16h 79%
5 9.0 eq. 0.5eq. r.t. 16h 73%
6 10 eq. 0.1 eq. 70°C M.W. 3h 75%

Table 1.1.1. Screening Conditions for —OH protecton.
2All reactions were performed in Acetone dry

The simultaneous protection of these two hydroxyl groups can be performed under two
different conditions (Entry 4 and Entry 6, Table 1.1.1.), both with good and similar
yields. Performing the reaction under microwave irradiation increases considerably the
speed of reaction, in fact only 3 hrs are enough to isolate the product in good yield (Entry
2 and Entry 6, Table 1.1.1). Reducing the amount of acid promoter afforded similar yield
for the desired product, but performing the reaction at lower temperature, resulted in a
decrease of chemical yield, even if the reaction lasted for 4 hrs (Entry 3, Table 1.1.1).
However, the major drawback of these conditions is the formation of total protection of

—OH present in sugar core; in fact, the ESI-MS confirmed the formation of 17.

it O HN
10 o o0
(N;][/ﬁ“ ENTRY 5 <NIgN \O)L o <Nl(lj\l

(o) N N/ B —— { I

S o._0
S 2 o o 17
X Exact Mass: 483,21
75% 18%

Scheme 1.1.6. Formation of total protected subproduct.

Meanwhile performing the reaction at room temperature (Entry 4 and Entry 5, Table

1.1.1) leads to a slight higher yield, moreover it allows to recover of starting material 12.
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Figure 1.1.8. ESI-MS (+) of total protected adduct

Once achieved the protected diol 13, the tosylation of —OH in C-5’was obtained between
13 and TsCl in presence of a large excess of DMAP in DCM dry at room temperature, a
successive reaction of 14 and 'BuOK gave the alkene moiety in a very good yield. At
this point, we performed the reaction between intermediate 15 and AgF and I> and
unfortunately, the target product 16 was not detected. Unlike what is reported in
literature,[®7 the authors confirmed that they separated the two epimers with carefulm
chromatography obtaining a sufficient amount for NMR analysis. The strategy shows in
addition to the (R)-epimer (16a) to be favorite over (S)-epimer (16b) (3:1 ratio); also the
extreme lability of nucleoside containing the 4’-fluorine substituent because the presence
at 4’-position makes the glycosidic linkeage to be easily hydrolyzed.

Moreover, further and deeper studies elucidated also that the stereoselectivity of the
reaction is not favourable for our purpose since the R isomer-formation (16a) is favorite
over the S-one (16b), with a ration of 3:1 between 16a/16b.5]
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Scheme 1.1.7. Stereoselectivity reported in literature for AgF reaction

Due to unsuccessful results obtained with the previous synthetic way, we totally changed
our approach. In this new synthetic pathway, our goal is to achieve an ester derivative in
C-5’, and then synthesize a diester moiety through the reaction between this intermediate
and a formate or chloroformate. Further reduction of diester moieties and substitution of
—OH with I, it will lead to the formation of two —CH2l moieties, in which —I is a good
leaving group.

At the beginning of this new approach, we proceeded with the protection of amino group
of adenine and the two —OH in C-2’ and C-3’ as done in previous pathway. After that,
the oxidation of primary alcohol to acid was performed by BAIB and TEMPO leading
to the product with a good yield. This method has shown the most suitable, in fact,
performing the oxidation with KOH and KMnOs in darkness conditions, the acid 18 was
obtained with a lower yield (40%). The BAIB:TEMPO method avoids the employment
of toxic reagents such as permanganate t00.[°®! To avoid the problem related to the
aldehyde moiety this time we want to synthesize an ester moiety, a more stable
compound with respect to the aldehyde. Two different derivatives were synthesized, a
methyl ester and an ethyl ester. The methyl ester 19 was achieved with a poor yield
(43%) using a little excess of SOCI» (1.2 eq.), even if it was the best choice due to the
small size of methyl group. A better result was detected performing the reaction in EtOH
abs (20) (yield of 74%). Although it is known that thionyl chloride is corrosive and with
an unpleasant odor, in this step it is one of the most suitable methods as the use of

Bransted Acids could lead to the removal of acetal protection of hydroxyl groups.[6% 6%
69c]
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1. Me;SiCl

2. BnCOCI
—N
"o o VL N 3. NH,OH
2
\(_7’ w)\\(
Sz NN Pyridine dry
HO  OH 2.5h, rt.
Adenosine

yield = 90%

T o N/_N N—A° socl
A~ z
2 NN
0. © EtOH abs
>< 20 0°C tor.t.
16.h

yield = 74%

Chloroformate
Base

Acetone dry
rt., 16h pTSA'H,O

iold = 79% 2,2'-dimehtoxypropane
yield = (]

HO =N H
o N/_ N__0
7
s - NN
o) o X
K13

ACN 1:1H50
16h, r.t. BAIB
TEMPO

yield =74 %

0 —N
o L N_©
Z
HO )
= NN
o) o X
K 18

MeOH dry
0°C tor.t.
16.h SOCl,

yield = 43%

Scheme 1.1.8. New synthetic pathway

The experiment for the synthesis of diester-intermediate are reported in the table below
(Table 1.1.2), in which ester 20 is dissolved in THF dry (0.4M) and cooled. Then, the

base (1 h reaction) and a solution of electrophile in THF dry (0.5M) were added at low

temperature.
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0} —N
o N/_ H o) Electrophile o~ J o /=N H 0
e 7 Base 8 N \

Iz N~ 3 <_N
O>< Te-r;ng(aere 060 N~
Time ><
20 21
ENTRY Base Electrophile Temp. Time Yield
1 KHMDS (1 eq) CI-CO,CzHs (1.5 eq.) 0°Ctor.t. 16h -
2 KHMDS (1 eq) CIl-CO,CzHs (1.5 eq.) 0°C to Ref. 3h -
KHMDS (2 eq) CI-CO,CzHs (1.5 eq.) 0°Ctor.t. 16h -
48 KHMDS (2 eq) CI-CO2C2Hs (1.5 eq.) 0°Ctor.t. 8h -
52 KHMDS (2 eq) H>CO (1.5eq) 0°Ctor.t. 24h -
62 KHMDS (2 eq) HCO,C2Hs (1.5 eq.) 0°Ctor.t. 24h -
7 KHMDS (3 eq) CIl-CO,C1H3 (6.0 eq.) -78°Ctor.t. 16h trace

Table 1.1.2. Reaction conditions for achivieng diesterintermediate, *The reaction was
performed in presence of CeCls dry (1.5 eq) as additive.

Many tentative for the synthesis of adduct 21 were performed as reported in table. As
first electrophile, we chose ethyl chloroformate since the ethyl moiety avoids the
formation of different diastereoisomers that could be a problem during the purification
of the product. Performing the reaction at room temperature, in presence of a
stoichiometric amount of KHMDS and excess of electrophile (Entry 1, Table 1.1.2), we
recovered only starting material. Nevertheless, performing the reaction at reflux of THF
leads to unsuccesfull results (Entry 2, Table 1.1.2). Due to the steric hindrance of a-H of
ester moiety and constraint of molecule, we involved a large excess of base, but the
product was not achieved (Entry 3, Table 1.1.2), and the addition of CeCls dry as additive
the product was not detected neither by ESI-MS. Switching to different electrophiles,
such as ethyl formate and formaldehye, the target product was not observed again. The
product was observed in trace at ESI-MS only performing the reaction in a very large
excess of base (3 eq) and methylchloroformate (6 eq).

Due to the importance of LNA-derivatives and widespread applications in many
different medicinal fields, further studies have still been carried out in the laboratory

with the purpose to enhance the results obtained until now and achieve the LNA-adduct.
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1.1d Experimental Section

MATERIALS & METHODS

All reagents and solvents were purchased from commercial suppliers and used without
further purification, unless mentioned otherwise. All reactions were performed under
nitrogen atmosphere. All glassware was oven dried at 120 °C for more than 2 hours prior
to use. All solvents were dried (THF over metallic sodium, DCM over CaCl,, ACN and
Toluene over activated 4 A M.S.) and freshly distilled (THF and DCM) or prelevated
under nitrogen atmosphere (ACN and Toluene) prior to use. For thin-layer
chromatography (TLC) analysis, Merck pre-coated TLC plates (silica gel 60 GF254
0.25mm) were used and products were observed under UV light or stain in iodine
chamber, green bromochresol, potassium permanganate, cerium molybdate, 2,4-
dinitrophenylhydrazine solutions. *H and **C spectra were recorded on a Varian Mercury
400 (400 MHz or 100 MHz respectively) or Varian Mercury 500 (500 MHz or 125
MHZz). Chemical shifts are quoted in ppm and are referenced to residual protons in the
deuterated solvent as the internal standard such as CDCls (7.26 ppm for *H and 77.2 ppm
for 3C) or dimethyl sulfoxide-d6 (DMSO-d6, 2.50 ppm for *H and 39.5 ppm for *C).
Coupling constants J are reported in hertz (Hz). Splitting patterns are designated as
follows: s, singlet; d, doublet; t, triplet; q, quartet; m, multiplet. GC-MS were recorded
using Helwett-Packard GC 6850A series coupled with a MS 6890N (energy ionization
70 eV) using a capillary column of HP5-MS (5% fenilmetilpolisilossano, long 30 m,
inner diameter of 0.25 mm and thick film of 0.25 um). IR spectra were recorded with a
Perkin-Elmer FT-IR spectrometer Spectrum Two UATR. ESI low-resolution mass
spectra were recorded with an Agilent 1100 MSD ion-trap mass spectrometer equipped

with a standard ESI source. Nitrogen served as dry gas.
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N-6-BENZOYL ADENOSINE (12)

Adenosine (500 mg, 1 eq., 1.87 mmol) was
suspended in dry pyridine (10 mL) and stirred for

/N H
0 N\)\(N 0
H 7 | : . : :
O/\Q’ N \N thirty minutes and trimethylchlorosilane (1.28 mL,
S 7 N4
HO OH

5.5 eg., 9.35 mmol) is added to this solution to

protect the hydroxyl groups. The mixture was
stirred for one hour and benzoyl chloride (1.16 mL, 5.5 eq., 9.35 mmol) is added to
protect the amine group. This reaction was maintained at room temperature for 2.5 hrs.
The mixture was then cooled in ice-bath and washed with aqueous ammonia 33%. The
mixture was stirred at room temperature for thirty minutes to deprotect the hydroxyl
groups. The reaction was then evaporated to near dryness and the residue dissolved in a
solution of water and Ethyl Acetate (3:1) and the precipitation of a white solid was
observed after the separation of the layers. The solid was left to precipitate 16 hrs. Then
the solution was filtered obtaining a white solid product with a yield of 90%.
Molecular Formula: C17H17NsOs

IH-NMR (DMSO-d6, 400 MHz) & = 8.72 (s, 1H), 8.69 (s, 1H), 8.05 — 8.01 (m, 2H),
7.62 (t,J=7.4Hz, 1H), 7.53 (t, J = 7.6 Hz, 2H), 6.02 (d, J = 5.8 Hz, 1H), 4.63 (t, J = 5.3
Hz, 1H), 4.19 — 4.16 (m, 1H), 3.96 (d, J = 3.6 Hz, 1H), 3.67 (dd, J = 11.9, 3.9 Hz, 1H),
3.56 (dd, J =12.0, 4.0 Hz, 1H).

13C-NMR (DMSO-d6, 100 MHz) & = 166.45, 152.84, 152.27, 143.78, 134.15, 133.10,
129.18, 129.14, 125.56, 88.27, 86.41, 74.35, 71.06, 62.00.

ESI-MS (+): 372 [M+H] *, 394 [M+Na]*, 756 [2M+Na] * ESI-MS (-): 370 [M-H]", 406
[M+CI]

IR (neat, cm™): 3324, 3116, 3077, 2921, 1695, 1613, 1591, 1461 1301, 1262, 1067,
1028, 1041, 703

m.p. (range in °C): 132 - 135 °C
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N-6-BENZOYL-2",3-ISOPROPYLDENE ADENOSINE (13)

N Batch method: In a round bottom flask of 10 mL,
= H
HOAG’N%N O | 100 mg (0.269 mmol, 1.0 eq) of 6-N-Benzoyl
1 N \N 5 Adenosine (12) were suspended in 1 mL of Acetone
<

dry, then 296 uL of 2,2’-dimethoxypropane (2.42

mmol, 9.0 eq., d=0.85 g/mL) were added dropwise,
after that 30 mg of p-toluenesulphonic acid (0.161 mmol, 0.6 eq.) were added to the
solution. The resultant mixture is left to stir overnight at room temperature. The reaction
is controlled by TLC (95 CHCl3 : 5 MeOH, Rf = 0.52). When no more starting material
was observed, the solvent was evaporated by rotavapor and purified by filtration on
buffered (1.0% v/v of EtsN) Silica Gel (from 100 CHCI3 to 98 CHCl3:2 'PrOH) obtaining
a white solid with a yield of 79%.

Or

Microwave conditions: 100mg (0.269 mmol, 1.0 eq) of 6-N-Benzoyl Adenosine (12)
were suspended in 1 mL of Acetone dry inside a microwave vial, then 329uL of 2,2’-
dimethoxypropane (2.69 mmol, 10.0 eq., d=0.85 g/mL) were added dropwise, after that
5 mg of p-toluenesulphonic acid (0.028 mmol, 0.1 eq.) were added to the solution and
stirred at 70°C under microwave irradiation. The reaction is controlled by TLC (95
CHCls : 5 MeOH, Rf = 0.52). When no more starting material was observed (3 hrs), the
solvent was evaporated by rotavapor and purified by filtration on buffered (1.0% v/v of
EtsN) Silica Gel (from 100 CHClI3 to 98 CHCI3:2 'PrOH) obtaining a white solid with a
yield of 75%.
Molecular Formula: C20H2:NsOs
IH-NMR (DMSO0-d6, 400 MHz) & = 11.22 (s, 1H), 8.76 (s, 1H), 8.66 (s, 1H), 8.11 — 7.94 (m,
2H), 7.62 (d, J = 7.7 Hz, 1H), 7.54 (t, J = 7.6 Hz, 2H), 6.26 (d, J = 2.8 Hz, 1H), 5.42 (dd, J =
6.2, 2.7 Hz, 1H), 5.14 (t, J = 5.3 Hz, 1H), 3.54 (dd, J = 9.8, 4.8 Hz, 2H), 1.55 (s, 3H), 1.33 (s,
3H).
13C-NMR (DMSO0-d6, 100 MHz) & = 164.8, 152.6, 150.6, 150.5, 142.7, 133.6, 133.2,
129.1, 128.4,124.4,114.5,94.4, 83.4, 83.2, 81.8, 63.4, 27.8, 25.4
ESI-MS (+) m/z: 412 [M+H]", 434 [M+Na]", 845 [2M+Na]" ESI-MS (-) m/z.: 410 [M-
H]', 446 [M+CI]
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IR (neat, cm-1): 3354, 3202, 3060, 2990, 2938, 2865, 1712, 1608, 1591, 1461, 1058,
698.

N-6-BENZOYL-2",3-ISOPROPYLDENE-5-O-TOSYL ADENOSINE (14)

=N ’ 100 mg (0.243 mmol, 1.0 eq) of N-6-
0 o -
I N N. O benzoyl-2°,3’-O-
@AQ’ Y | o
O 5 o NN isopropyldeneadenosine  (13) was
>< dissolved in 1 mL of DCM dry in 10

mL round bottom flask, then the

solution is cool down to 0°C with an ice-water bath. Then 74 mg (0.608 mmol, 2.5 eq.)
of DMAP were added to the solution and it is stirred for 30 minutes at 0°C and then 69
mg (0.364 mmol, 1.5 eq) of Tosyl chloride were added to reaction mixture and it is left
to warm up to rt and stirred for 3 hrs. The reaction is monitored by TLC (100 EtOAc, Rf
= 0.47). When no more evolution were observed, the reaction was cool down to 0°C and
quenched with a saturated solution of NaHCO3z (15 mL). Then the two phase were
separated and the aqueous layer was extracted two times with dichloromethane
(2x15mL) and the organic phase two times with brine (2x15 mL). Then collected organic
phase were anhydrified with Na>SO4 anhydrous and the solvent was evaporated by
Rotavapor. The crude was purified by Silica Gel (from 100 EtOAc to 95 EtOAc : 5 Hex)
obtaining a yellow pale solid with a yield of 66%.

Molecular Formula: C27H27Ns07S

'H-NMR (400 MHz, CDCls) & = 9.22 (s, 1H), 8.70 (s, 1H), 8.09 (d, J = 2.4 Hz, 1H),
8.06 — 8.03 (m, 2H), 7.66 — 7.60 (m, 3H), 7.53 (ddd, J = 6.6, 4.6, 1.3 Hz, 2H), 7.23 -
7.20 (m, 2H), 6.14 (d, J = 2.1 Hz, 1H), 5.36 (dd, J = 6.3, 2.3 Hz, 1H), 5.05 (dd, J = 6.0,
2.8 Hz, 1H), 4.54 — 4.50 (m, 1H), 4.25 (ddd, J = 16.4, 10.7, 5.0 Hz, 2H), 2.39 (d, J = 2.0
Hz, 3H), 1.60 (s, 3H), 1.38 (s, 3H).

13C-NMR (100 MHz, CDCls) & = 164.84, 152.87, 151.15, 149.99, 145.48, 142.25,
133.68, 133.14, 132.31, 130.00, 129.13, 128.17, 128.06, 123.64, 115.05, 91.38, 84.88,
84.38, 81.64, 69.12, 27.29, 25.49, 21.88.

ESI-MS (+) m/z: 566 [M+H]*, 588 [M+Na]*

IR (neat, cm™): 2925, 2856, 1695, 1608, 1578, 1457, 1171, 1071, 980, 794, 551.
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N-6-BENZOYL-2",3-ISOPROPYLDENE-4"-METHYLENE ADENOSINE (15)

100 mg (0.177 mmol, 1.0 eq) of N-6-benzoyl-2’,3’-O-
=N
\V\D‘N%H o} isopropyldene-5’-tosyl-O-adenosine (14) were
S N \N dissolved in 1.0 mL of THF dry and then 129 mg (1.06
<

mmol, 6.0 eq) of 'BUOK were added to the solution and

the resulting mixture was stirred for one hour. The

reaction was monitored by TLC (95 EtOAc : 5 Hex, Rf = 0.55), when no more starting
material was observed, the reaction was dissolved with 15 mL of EtOAc and 15 mL of
NH4Cl saturated solution. Then the organic phase was recovered and the aqueous layer
was extracted 2x15 mL with EtOAc, the organic phase was anhydrified with Na>SO4
anhydrous and the solvent evaporated by rotavapor. Then a pale yellow solid was
obtained with a yield of 85%, the solid was used without further purification.
Molecular Formula: C20H19N504

!H-NMR (CDCls, 400 MHz) 6 =9.12 (s, 1H), 8.77 (s, 1H), 8.06 (s, 1H), 8.02 (d,J=7.4
Hz, 2H), 7.60 (td, J = 7.0, 3.2 Hz, 1H), 7.52 (dd, J = 10.5, 4.9 Hz, 2H), 6.31 (s, 1H), 5.57
(d, J = 6.1 Hz, 1H), 5.34 (d, J = 6.1 Hz, 1H), 4.65 (d, J = 2.6 Hz, 1H), 1.59 (s, 3H), 1.43
(d, J =9.5 Hz, 3H).

13C-NMR (CDCls, 100 MHz) & = 161.63, 153.16, 151.40, 149.97, 141.84, 133.63,
133.13, 129.11, 128.15, 123.76, 114.60, 91.04, 89.33, 82.90, 79.80, 26.99, 25.85.
ESI-MS (+) m/z: 394 [M+H]+, 416 [M+Na]+, 809 [2M+Na]+

IR (neat, cm™): 3363, 2921, 2856, 1695, 1606, 1587, 1457, 1244, 1210, 1080, 876, 798.

N-6-BENZOYL-2",3-ISOPROPYLDENE ADENOSINE-5"-CARBOXYLIC ACID (18)

o =N y 100 mg (0.243 mmol, 1.0 eq.) of N-6-benzoyl-
HO»\GJ’N\)\\(N O | 2°,3-O-isopropyldeneadenosine (12), 171 mg
s % NN 5 (0.535 mmol, 2.2 eq) of BAIB and 7.48 mg (0.048
>< mmol, 0.2 eq) of TEMPO were put in a 10 mL

round bottom flask and 1 ml of a soltion H.O:ACN

(1:1) was added to the round bottom flask and the resulting mixture was stirred at room
temperature for 16 hrs. After few hours a precipitation of a white solid was observed.
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Then the reaction was monitored by TLC (95 CHCIs : 5 MeOH) and when no more

starting material was observed by TLC, The resulting precipitate was filtered, triturated

sequentially with diethyl ether and acetone, and dried in vacuo, obtaining a white solid

with a yield of 74%.

Molecular Formula: C2pH19N50s

IH-NMR (DMSO-d6, 400 MHz) § = 12.90 (s, 1H), 11.18 (s, 1H), 8.67 (s, 1H), 8.58 (s,
1H), 8.03 (d, J = 8.1 Hz, 2H), 7.63 (t, J = 7.4 Hz, 1H), 7.57 — 7.49 (m, 2H), 6.46 (s, 1H),
5.57 (s, 2H), 4.76 (s, 1H), 1.52 (s, 3H), 1.36 (s, 3H).

13C-NMR (DMSO-d6, 100 MHz) § = 171.41, 166.22, 152.70, 152.02, 150.93, 144.79,
134.04,133.13, 129.17, 129.14, 126.05, 113.38, 90.48, 86.38, 84.50, 84.08, 27.12, 25.57.
ESI-MS (+) m/z: 426 [M+H]*, 448 [M+Na]*, 873 [2M+Na]*

IR (neat, cm™): 3350, 3094, 2995, 2943, 1717, 1691, 1517, 1491, 1335, 1257, 1188,

1071, 872, 794, 698.

N-6-BENZOYL-2",3 -ISOPROPYLDENE ADENOSINE-5-METHYL ESTER (19)

(0] —N H

@) N/_ N O
0 73
o

100 mg (0.235 mmol 1.0 eq.) of N-6-benzoyl-2°,3’-
O-isopropyldeneadenosine-5’-carboxylic acid (18)
were dissolved in 2 mL of methanol and then the
solution was cooled down to 0°C with an ice-water
bath and then 20.45 pL (0.282 mmol, 1.2 eq.,

d=1.64 mg/mL) of Thionyl chloride were added dropwise to the solution. Then the

solution was left to warm up to room temperature and left stirring for 16 hrs. The reaction

was monitored by TLC (95 CHCIs : 5 MeOH), and when no more starting material were

observed by TLC, the solution was diluted in CHCI3 (15 mL) and a saturated solution of

NaHCO3 (15 mL), and then the organic phase was recovered and the aqueous layer was

extracted with chloroform (2 x 15 mL) and the organic phase is dried with NaxSO4

anhydrous, the sodium sulphate is filtered and the solvent was evaporated by rotavapor.

The resulting crude is purified by Siliga Gel obtaining a white solid with a yield of 43%.

Molecular Formula: C21H21Ns0g

IH-NMR (DMSO-d6, 400 MHz) & = 11.21 (s, 1H), 8.66 (s, 1H), 8.58 (d, J = 0.8 Hz,
1H), 8.05 — 8.01 (m, 2H), 7.66 — 7.61 (m, 1H), 7.53 (dd, J = 10.4, 4.8 Hz, 2H), 6.51 (s,
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1H), 5.63 — 5.61 (m, 1H), 5.55 (d, J = 5.7 Hz, 1H), 4.91 (d, J = 1.6 Hz, 1H), 3.28 (s, 3H),
1.52 (s, 3H), 1.36 (s, 3H).

13C-NMR (DMSO-d6, 100 MHz) & = 170.36, 166.28, 151.92, 151.07, 145.03, 134.01,
133.18,129.79, 129.47,129.17, 126.21, 113.40, 90.71, 86.68, 84.74, 84.08, 52.44, 27.03,
25.44.

ESI-MS (+) m/z: 440 [M+H]*, 462 [M+Na]*, 901 [2M+Na]*

N-6-BENZOYL-2",3-ISOPROPYLDENE ADENOSINE-5-ETHYL ESTER (20)

o 100 mg (0.235 mmol 1.0 eq.) of N-6-benzoyl-
0 N/:N H 0 2°,3’-0O-isopropyldeneadenosine-5’-carboxylic

~o 7 . . .
s % NN acid (18) were dissolved in 2 mL of absolute

ethanol and then the solution was cooled down

to 0°C with an ice-water bath and then 20.45 pL
(0.282 mmol, 1.2 eq., d=1.64 mg/mL) of Thionyl chloride were added dropwise to the
solution. Then the solution was left to warm up to room temperature and left stirring for
16 hrs. The reaction was monitored by TLC (95 CHClIs: 5 MeOH, Rf = 0.41), and when
no more starting material were observed by TLC, the solution was diluted in CHCIs (15
mL) and a saturated solution of NaHCOs (15 mL), and then the organic phase was
recovered and the aqueous layer was extracted with chloroform (2 x 15 mL) and the
organic phase is anhydrified with Na,SO4 anhydrous and the solvent was evaporated by
rotavapor. The resulting crude is purified by Siliga Gel obtaining a white solid with a
yield of 74%.

Molecular Formula: C22H23N506

1H-NMR (CDCls, 400 MHz) 6 = 11.20 (s, 1H), 8.65 (s, 1H), 8.59 (s, 1H), 8.03 (d, J =
7.1 Hz, 2H), 7.62 (d, J = 7.3 Hz, 1H), 7.54 (t, J = 7.7 Hz, 2H), 6.51 (s, 1H), 5.62 (5, J =
16.1 Hz, 1H), 5.58 (s, 1H), 4.88 (s, 1H), 3.79 (d, J = 7.2 Hz, 1H), 3.59 (d, J = 7.4 Hz,
1H), 1.52 (s, 3H), 1.36 (s, 3H), 0.85 (t, J = 7.1 Hz, 3H)..

13C-NMR (DMSO-d6, 101 MHz) 6 169.93, 166.22, 152.56, 151.96, 151.06, 145.07,
133.97,133.16,129.17,129.16, 126.21, 113.37, 90.64, 86.69, 84.81, 84.03, 61.50, 27.03,
25.49, 14.13..

ESI-MS (+) m/z: 454 [M+H]*, 476 [M+Na] 929 [2M+Na]".
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IR (neat, cm™): 3396, 3064, 2990, 2925, 1717, 1691, 1604, 1582, 1457, 1374, 1205,
1071, 707, 646.

1.1e Conclusions

From the first synthetic approaches of Locked Nucleic Acid (LNA) reported by Iminashi
and Wengel, LNA-containing oligonucleotides (mixmers and gapmers) have found
many applications in many different biomedical fields due to their important

thermodynamic and structural characteristics. The 2°-0,4’-C methylene ring in ribose
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moiety constrains the sugar structure to an N-type conformation, which allows LNA-
monomers to mimic the RNA-conformation, making LNA-containing oligonucleotides
very powerful tools for antisense and antigene applications.

In this work two different strategies were investigated. The first one, unfortunately, led
to a bad result in which the target intermediate was not achieved. The second route
explicates the very difficult task of synthesizing a bicarbonyl moiety in a satisfactory
way, but some encouraging results were detected with the formation of a diester
derivative. Nowadays, further studies hve been carried out to enhance the results a

reaching the target goal.

1.2 Synthesis of a New Phenolic Derivative with

Potential Antiviral Activity Against Sars-CoV-2.

1.2a Classification of Phenolic Compounds
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Phenolic compounds are those molecules that contain, in their structure at least one
phenolic moiety (an aromatic rings in which one o more hydroxyl groups are attached to
ring). This class of compounds groups many molecules that possess a vast range of
applications, structures and properties. They are largely distributed in plants kingdom,
in fact they are also called phytochemicals (secondary metabolites of plants).[””]
Classification and a correct definition of (poly)phenols has always been at the centre of
many controversies and proposals, as given the vastness and diversity of chemical
structures of these compounds. Theodore White, an industrial chemist of Forestal Land,
Timber and Railway LTd., proposed, in 1957, to refer with the term “tannin” to all
molecules that had a molecular weight between 500 and 3000 Dalton and a tannin-
similar behaviour (possess a vast number of phenolic groups to be able to form
hydrogen-bonds cross-linked structure with collagen molecules).[’Y But some
molecules, such as gallic acid and catechin, were not classfied as polyphenols by
previous definition even if do not possess tanning actions but explicate some diagnostic
phenolic reactions (complex with Fe(lll) and oxidation by permanganate). Later, in
1962, Bate-Smith and Swain changed a little White’s definition, adding some physical
aspect (water solubility), eliminating the tannin-like properties, but specifying that those
molecules must explicate “usual phenolic reactions, they have special properties such
as the ability to precipitate alkaloids, gelatin and other proteins from solution, and
possessing a molecular weight between 500-3000 Daltons. "I Subsequently, in 1994,
Haslam added some more characteristics to this definition giving birth to well-known
WBSSH definition, in which the polyphenols were defined as “water-soluble plant
phenolic compounds having molecular masses between 500-3000/4000 daltons and
possessing from 12 to 16 phenolic groups on 5 to 7 aromaitc rings per 1000 Da of
relative masses. In addition, they also explicate usual phenolic reactions and have the
ability to precipitate some alkaloids, gelatin, and other proteins from solution.”t”®l One
feature common to all these definitions is the lower limit of molecular weight (500 Da).
This limitation excluded many small phytochemical molecules that possess one or two
phenolic moieties and explicate some phenolic-like properties (such as antioxidant one,
solubility in water, etc.). For these reasons, Quideau proposed a new and exhaustive
definition in 2011: “The term “polyphenol” should be used to define plant secondary

metabolites derived exclusively from the shikimate-derived phenylpropanoid and/or the
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polyketide pathway(s), featuring more than one phenolic ring and being devoid of any

nitrogen-based functional group in their most basic structural expression.”t’!

PHENOLIC COMPOUNDS
Monophenolic m Polyphenolic

Flavonoids Phenolic Acids Tannins m

-Flavonols - hydroxy benzoic acid - derived tannins

-Flavones - hydroxy cynnamic - hydrolysable tannins
acid

-Isoflavones

-Flavonones

-Anthicyanidines

Figure 1.2.1 Classification of Phenolic Compounds

But this definition leave out, again, many monophenolic compounds (such as resorcinol,
vanillin, cathechol, and many others), even if, in pharmaceutical, industrial, cosmetic,
nutraceutic commercial advertisements fields are “vulgarly called” with the term
polyphenols. Taking in mind chemistry and structurally aspects and literature notions,
we summarized the classification of phenolic, dividing monophenolic, and polyphenols,
and this last one groups many subcategories: Phenolic acids (Hydroxy benzoic and
cynnamic acids), Flavonoids (Flavonols, Flavones, Flavonones, Anthicyanidines,
Isoflavones), Tannins (derived tannins, hydrolysable tannins), Stillbenes; and finally
other phenolic compounds (Figure 1.2.1) that groups other molecules such as
curcuminoids, capsicains and others.

In addition, polyphenolic resins deserve a special mentions as this type of phenolic
compounds a polymers in which a phenolic unit is present as monomer. They can be
synthesized starting from phenol(s) and aldehyde by several different conditions (i.e.
Novalak, Resol) and they can be applied as moulding powders, adhesives, surface
coatings, impregnant, laminating resins.[’4l Just for example, Novalak is obtained by acid
polycondensation between phenol and formaldehyde, and starting from this point Garcia
et. al. exploited the employment of tannins and different aldehydes for the synthesis of

different polyphenolic resins obtaining a series of new novalac-similar resins with higher
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decomposition temperature, fire resistance, elecotrolytic resistance to NaCl (1N);
moreover, grafting, crossliniking, Tg, morphological characteristics were influenced by
the type of aldehyde.["™]

Anyway, we leave out them from this classification due to their high molecular weight

and polymeric nature as the focus of this thesis is on “small molecule”.

MONOPHENOLIC COMPOUNDS

Molecules such as catechol, resorcinol, pyrogallol and many others polyhydroxy-
benzene compounds are defined by IUPAC as “phenol” compounds.[’® Many others
monophenolic molecules, such as phenolic acids, fall under this classification, but due
to the phenols-like properties, people refer to them as “polyphenols”.["!]

Here, we present as monophenolic compounds such molecules those compounds that are
found as moiety in many phytochemicals.

Catechol, resorcinol and pyrogallol, for example, (Figure 1.2.2) are wide present
scaffolds in many (poly)phenols and natural compound, i.e. quercetin, climacostol,

ellagic acid, or in more simple compounds like caffeic acid and gallic acid.

OH OH

OH
o " \©/O H ©/ " /ij\/w
HO T
~ .
o) Resorcinol catechol Climacostol
Vanilin
OH OH OH
OMe OMe HO\©/OH
Pyrogallol
OH
Eugenol hydroxityrosol
OH OH OH
f OH HO OH
HO OH
e COOH
Phloroglucinol
COOH Gallic Acid
Caffeic Acid Ellagic acid

Figure 1.2.2. Structure of monophenolic compounds, not-phenolic acids, and molecules with

monophenoalic units (highlighted in red)
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PHENOLIC ACIDS

Phenolic acids is a class of compounds widespread in cereals, legumes, and many other
seeds and they can be found in free form or linked to macromolecules such as cellulose,
pectin, hemicellulose, forming bridges to build compact cell walls.["* '] They present
a monophenylic structure, but usually they are grouped under “polyphenol” and here we
leave this classification. Phenolic acids can be futher divide in two more subclasses:
benzoic acids and cynnamic acids.

Benzoic acids present a backbone structure called Cs-C: and gallic, vanilic,
protocatechuic and sytingic acid belong to this subclass.

Hydrocynnamic acids (Ce-Cz backbone) is the major class of phenolic acids and
phenolics in general, caffeic acid is the most representative molecules of this class, it
exerts a very potent antioxidant activity, but p-coumaric, sinapic and ferulic acid have

been under investigation by scientific community for their important bio-properties.[®!

R, 0]
R, R, R4 A OH
Rs
07 “OH Rs
Benzoic Acids Cynnamic acids

Caffeic Acid (R4 = -H, Rg = -OH, Rg = -OH)
Ferulic Acid (R4 = -H, Rg = -OH, Rg = -OMe)
Sinapic Acid (R4 = -OMe, Rg = -OH, Rg = -OMe)
p-Coumaric Acid (R4 = -H, R5 = -OH, Rg = -H)

Gallic Acid (Rq =-OH, R, = -OH, R3 = -OH)
Syring Acid (R4 = -OMe, R, = -OH, R3 = -OMe)
Vanillic Acid (R = -H, R, = -OH, R3 = -OMe)

Figure 1.2.3. General structure of Phenolic acids

The major sources of these compounds blueberry, cranberry, pear, cherry (sweet), apple,
orange, grapefruit, cherry juice, apple juice, lemon, peach, potato, lettuce, spinach,

coffee beans, tea, coffee and cider.[®]

FLAVOINOIDS

Flavonoids are universally distributed in fruits and vegetables and they constitute about
two-third of phenolic compounds in human dietary. Together the well-known bioactive
properties of this class of compounds (discuss later), they present a typical backbone
(Cs-C3-Ce) in which a phenolic moiety (resorcinol, Ring A) is fused with a benzopyrane
ring, and a second phenolic ring (catechol, Ring B) is linked to the byciclic structure.[™

Flavoinoids can be divided in six subcategories by the differences in pyrane ring and
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linking position between fused structure and Ring B: Flavones, Isoflavones, Flavonols,
Flavonones, Flavonol, Anthocyanidins. ]

Flavonones Flavan-3-ols Anthocyanidins

Figure 1.2.4. Structure of different Flavoinds classes

TANNINS

The term tannins were used to identify all secondary metabolites of plants that possess
some specific characteristic and a determinate range of molecular weight.[’) Nowadays,
this word indicates a class of relative high molecular weight and water-soluble molecules
which are divided in two major classes: condensated and hydrolasyable tannins. Ester of
gallic and ellagic acid constitute the first class, while in the second is made up by
polymer of hydroxiflavan-3-ol as monomer. They are ubiquitous in natural plants (tea,

coffee, wine, olive, plum etc.).[t%

STILLBENES

This class is composed by 1,2-diphenylethene derivatives that show good antibacterial
properties and other biological properties.[® Their core is represented by a structure Ce-
C2-Cs in which the double bond can be present either cis or trans-configuration. (i.e.

trans-resveratrol is the most abundant of two isomers, the most studied and the most
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bioactive).[® This type pf compounds are present in the grapes, wine, soy penauts and

penaut products.4

OH

(@] o
trans-Resveratol @
Kobophenol-A

Figure 1.2.5. Structure of some stilbenoids

cis-Resveratol

OTHER PHENOLIC COMPOUNDS

A satisfying, clear and precise classification of phenolic compounds is almost impossible
due to the vast quantities of compounds that can be find in nature with at least a phenolic
moiety in their structure. Molecule such as eugenol, vanillin and hydroxytyrosol present
a phenolic moiety, but they cannot be classified as monophenolic reported above since
there are not strictly phenolic subunits (see Figure 1.2.3). Eugenol presents a structure
Ce-Czand it is extracted at industrial level from cloves and it constituted the main aroma
of banana ripes, vanilin (Cs-C1 structure) confers the good-taste vanilla aroma of vanilla
beans, meanwhile hydroxityrol (Ce-Cz) is a potent antioxidant that is recovered from
wastewaters of olive oil ill.["}]

A very important class of phenolic compounds are curcuminoid, of which major
represent is Curcumin, extracted from Curcuma lunga, that has a B-diketones structure,
conjugated with two double bonds and two phenolic structures (intense yellow colour of
Curcuma lunga). Today biological properties of Curcumin are well-known (antioxidant,
anticancer, anti-inflammatory, antiviral).[%%

Coumarins, Capsacinoids, Lignans and Chalones are other phenolic molecules.
Coumarins can be found in many plants (tonka bean, vanilla grass, sweet-clover) and as
metabolites in some microorganism (Streptomyces and Aspergillus species, named
novobiocin and coumermycin). They have a benzopyrone skeleton Cs-C3.[%!
Capsacinoids is a class of compounds that present a vanillyl gropus linked to a fatty acid

by amide functional groups, present only in fruits of Capsicum plants.
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Lignans are present in low concentration but present in many plants as phytochemicals,
they are formed by two units of phenylpropanoid forming a Ce-C3-C3-Cs Structure.

Chalcones has phloglunicol moiety (see Figure 1.2.3) and a flavonoids similar structure
Ce-C3-Cs in which there is not the pyran condensated ring, dihydrochalcones are most

common molecules of this class, they are present in apple and apple-products. !

O O (0]
R ™ = R MeO N =
® ® ISR
HO OH HO .
Curcuminoids Capsaicin
OH
OH OH
HO OH O 0.0
C o LT
OH O Coumarin core
(dihydro)-Chalcones Lignans

(Secoisolariciresinol)

Figure 1.2.6. Structure of other phenolic compounds.

1.2b Antioxidant properties of (poly)phenols

Among the many important bioactive applications (those will discuss elsewhere),
(poly)phenols are famous for their antioxidant activities. A high consumption of fruits
and vegetables (polyphenols rich food) reduces the risk of many chronic disease like
cancer, cardiovascular disease, chronic inflammation; that are related to a condition
called oxidative stress.[1 This conditions come out when the cells were not more able
to detoxify itself by ROS (reactive oxygen species, such as H202, O27, HO-, NO-, HOCI,
HOONO or RSNO) or the oxyradicals formed by damages of LDLs, proteins, DNA and
RNA.[882 8] The relationship between antioxidant activity and chemical structure of
(poly)phenol compounds has been discussed, actually the type of compound, the number
and position of hydroxy groups and degree of methylation are important parameters that
discriminate the antioxidant activity of these molecules.’®%l The (poly)phenols are able
to neutralize these radicals species by two different mechanisms, or by a synergistic way
with a-tocopherol regenerating the vitamin-E (a-tocopherol) starting a catalytic cycle.
(Scheme 1.2.1).1°%
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PolyP*® a-tocopherol

PolyP a-tocopherol® R

Scheme 1.2.1. Sinergystic antioxidant action Vitamin-E/Polyphenols

The first antioxidation mechanism is based on the ability to donate one hydrogen atom
to a free radical (H-atom transfer, HAT). The relative position and the number of
hydroxyl groups are crucial for the efficiency of the process. Species that contain
catecholic and gallic moieties such as caffeic acid, gallic acid (see Figure 1.2.3) are very
effective antioxidants since the extra vicinal —OH group(s) stabilize the out coming
phenoxyl radical by hydrogen bonding.[*¥ From experimental data this stabilization is
4.4 kcal/mol for catechol and 7.5 kcal/mol for pyrogallol.®? In addition, the presence of
electrondonor and electronwithdrawing substituents in ortho and/or para position
reduces the BDE (Bond Dissocation Energy, that this the driving force of the process):
the ED-substituents compensate the electrovacancy of new radical by hyperconjugation
(especially in the case of an ortho-alkyl substitution), the EW-substituents stabilize the
radicals by delocalization of their unpaired electrons.*!l The second process, called also
SET (Single Electron Transfer), bases on the ability of polyphenol to donate a single
electron forming a stable radical cation PolyPOH ™, this process is described by IP

(lonization Potential).

H-Atom Transfer (BDE) R" + PolyP-OH ——— R-H + PonP-O.

Single Electron Transfer (IP) R™ + PolyP-OH —— R° + PolyP-OH ot

Scheme 1.2.2. Two possible oxidation mechanism

In addition to ROS species, also metal cations such as Aluminum, Iron and Copper can
generate radical species since they play an important role in free radicals formation and

oxygen metabolism.*¥1 Particularly, Fe(ll) and Cu(l) can react with H2O, present
beacause of oxidative stress, generating high reactive OH' radical by the so-called Fenton

Reaction, which can react immediately with DNA. The reaction between DNA and

hydroxiradical leads to an abstraction of 4’-hydrogen atom, forming a radical that
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rearranges cleaving the phosphodiester backbone and decomposing the strand; or
damaging the nucleobases.®* Polyphenols that present a 3°,4’-dihydroxybenzene moiety
(like catechol moiety) can chelate metals based at biological medium pH. VVan Acker et
al. tested different flavonoids on the ability to chelate the Fe(ll) and they discovered that
the catechol moiety was necessary for the complexation of metal core; and, in addition,
the hydroxy group present in position 3 of heterocycle, in combination of double bond
C2-C3 discriminate the ability to chelate the iron atom, by improving the scavenger
ability. In fact, quercetin has shown a very good radical scavenger respect many other
flavonoids.[® It is known that also molecules that possess a gallol or cathecol moiety
can chelate Fe(Il) and Fe(l1l) in an octahedral geometry in 3:1 ratio, and by the Lewis
acidity hardenss, the chelation of Fe(l11) is stronger than Fe(l1) due to its borderline lewis
acidity (stability constant of Fe(11) complex is 7.95 and for Fe(111) is 20.01).[%

R R
(0] R
R 0, z
3x Oy perr — ;F:e<o
0 / 0
OH R I
R = - H (catechol)

- OH (gallol) — —

Figure 1.2.7. Octahedral geometry of catechol/gallol Iron complex

Unlike for Cu(l) which polyphenol has low affinity due to soft lewis acid nature,
polyphenols can chelate easily Cu(ll). This fact can be explained by results obtained by
Perron and his coworkers in which they tested 13 different phenol compounds against
H20.-DNA damages induced by Cu(l) and Fe(ll). In the case of Cu(l) they obtained an
ICso (Inhibition Concentrantion, value that indicates the concentration in which 50% of
radicals were neutralized) raging from 10 to 480 uM, and for Fe(ll) (lewis acidity
hardness similar Cu(I11)!°! from 1 to 59 uM. Moreover the result at EPR spectroscopy
suggest that polyphenol can reduce easily Cu(ll) to Cu(l). This fact can start an oxidant
cycle in which Cu(l) is oxidized by H20. forming the hydroxyradical OH- (inducing
DNA damages), the semiquinone formed after the reaction between (poly)phenol and
Cu(l) can reduced the oxygen and forms H2O or it can react with ascorbate constituting

the start (poly)phenol. This redox cycle can induce serious damages to DNA.I The
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“ability” and “initiation” of the redox cycle described above is called “prooxidant
effect”. This prooxidant scenario is favourite in presence of copper atoms instead of iron
atoms, because of the difference of potential reduction of copper couple is lower and
easier to perform: Cu(11)/Cu(l) = 0.15 V and for Fe(l11)/Fe(11) = 0.77 V.8

S
OO e
Y el % o
% OH L% o ,
H i
H
o}
Fenton type //[:::I:
Reaction O@
2
2
ks

K
cu" cu' cu' cu g
DNA _ . U U
DAMAGE | <— OH +OH H,0, ,\ o)
2xH*

(0] o'
COVALENT
DNA MODIFICATION < — /<:\E ‘—>/©: .
% 0 0
Scheme 1.2.3. Prooxidant mechanism of catechol moieties

1.2c Antiviral properties of (poly)phenols

Phenolic compounds explicate antiviral activity against a vast range of virus families:
Rabies virus, Influenza virus, Polio virus, Coronavirus, Hepatitis virus, for instance
(some other example are reported in table 1.2.1).[°1 These compounds offer a valid
alternative to “usual” virus treatment due to their wide availability, inexpensive

production and low side effects.[1%]

DESEASE VIRUS A.V.P. COMPOUNDS
Respiratory infection Influenza (A,B,C) 2,3,4,6-Penta-O-galloyl-R-D-
glucose, Quercetin, Rutin
Corona Kaempferol, Chrysin
Hepatic infection Hepatitis (A,B, C) Curcumin, Ellagic Acid
Eptsein-Barr (-)-Epigallocatechin gallate
Auto-immune deficency HIV Quercetin, Myricetin, Gallic acid
Infantile paralisys Polio Quercetin
Gastrointestinal infection Rotavirus Licocoumarone, Glycyrin,

Kaempferol, Chrysin

Deliurm and coma Rabies Quercetin, Qercetrin, Rutin

Table 1.2.1. Some examples of disease, virus family and polyphenols with antiviral action.

Source referencel® 101,
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Polyphenols can explicate the antiviral activity through several and different, and
sometimes, overlapped mechanisms. The most important targets for antiviral action are

viral envolpe, viral nucleic acid and viral replication.*%
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Virus envelope (outer lipoprotein bilayer membrane) is a good target for antiviral drugs,
in fact the destruction of this one makes genome virus exposed to degradation (similar
action of detergent). For example, proanthocyanidin-enriched extract of Myrothamnus
flabellifolia inhibits the viral adsorption and penetration of herpes simplex virus type-1
by this action.[*1 Another important target for antiviral action is the genetic code. Once
that virus enters in host cell, DNA/RNA polymerases of cells catalyse the replication of

genetic codes and viral specific proteins (RNA). Inhibition and/or altering of viral
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RNA/DNA replication, formation, and transcription is an important tool to fight the
spread of virus. Important examples of inhibition of DNA replication has reported by
Smith et al.'%! in which robinetin, myricetin, and (-)-epigallocatechin inhibits RNA
replication of S. Aureus and DNA replication in Proteus vulgaris. Moreover, viral RNA
acts as instrument for replication of viral proteins using enzymes of host cell or their own
ones, in fact, most of developed antiviral drugs act as inhibitors of virus polymerases.®
Quercetin, morin, rutin and catechin can inhibit polymerases of different viruses like
herpes simplex virus (HSV), respiratory syncytial virus, poliovirus and Sindbis virus.[*%4
Finally it is reported that (poly)phenols can explicate antiviral action in further stages of
viral cell life cycle. For example, SP-303 (oligomeric form of proanthocyanidin) affects
the adsorption and penetration of HSV and HRV though the plasma membrane, or
disrupting the nucleo-capsid and blocking infection or stimulating the defence
mechanism of affected cells.[105% 10501

Some studies about the relationship between structure and activity (called also SAR,
Structure Activity Relantioship) suggest that presence of hydroxy groups, ether and ester
moieties influence the biological action of (poly)phenolic compounds by influencing the
viral absorption and penetration.[®! In fact studies about SAR of 25 different flavonoids
against three different influenza viruses (HIN1, H3N2, B/Jiangshu/10/2003) showed
that, the 4’-OH, 7-OH, C4=0, and C2=C3 functionalities were essential to explicate
good antiviral activity in vivo, detecting also a very different behaviour among the same
class of flavonoids. In molecules such as Apigenin, Leutolin, Dinatin (each three
flavones) and daidzein (isoflavones), in which this moieties are present, explicated good
antiviral activity (1Cso about 30/40 uM), quercetin, myricetin (each two flavonols) and
chrysin (flavones), for example, explicate moderate activity (ICso ranged 40/80 uM),
phenols like in hesperidin (flavononoles), rutin (flavonol), formononetin (isoflavone)

exhibit very low antiviral activity (ICso > 100uM).[%6]
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Figure 1.2.9. SAR of some of flavonoids studied by Liu and his coworkers.

1.2d Relationship between antioxidant and antiviral activities

Although a precise correlation between antiviral and antioxidant activity has not yet been
found, it is known that some type of viruses (i.e. HIV, SARS-CoV-2, influenza viruses)
can induce an alteration of oxidative metabolism (oxidative stress) and subsequently
leads to cell death, helping the viral life cycle.l*%] Studies about viral replication and
oxidative damages accumulated by time on two different aged monkeys population
affected by SARS-CoV (10-19 years old and 3-5 years old young adult) has shown that
the age is an important factor for resistance to virus infections: the elder affected
monkeys had more severe diseases with the same replication levels of younger ones.%!
Similar situation has observed in affected aged mice, in which a high proinflammatory
status was observed.['®! These results can be explained by a weaker defence to alteration
of oxidative metabolism from aged subjects, then this imbalance induces the production
of redox-sensitive transcription factors, like (NF)-kB, inducing a proinflammatory status
and a further amplified immune response and in worse cases in lung-injuries.*'% For
example, in vivo studies about antiviral action of Quercetin against influenza virus
A/Udorn/317/72 (H3N2) in affected mice showed that after 5 days from the infection, a
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significant decrease of antioxidants like Vitamin C, Gluthathione, Vitamin E and
concentration of SOD (superoxide dismuthases) were observed; inducing a high
inflammatory status and lung injuries by oxidative stress. Treatment with bioflavonoid
restored the normal level of antioxidants and enzymes, exception for Vitamin E,
concluding that its antioxidant activity protect the tissues from injuries due to oxidative
stress induced by influenza virus.*'Y Also novel SARS-CoV-2 breaks the balance of
oxidative mechanism too, by dysregulating the iron metabolism (free heme and
hyperferritinemia), mithocondrial metabolism, NADPH oxidase; inducing a strong
oxidative stress, serious damages in cellular and extracellular environment amplifying
the injuries.’® This inflammation status favourites the production of cytokines (i.e.,
IFNy, IL-13, IL-6, TNFa), that are signalling proteins those induct immunocells to
inflammatory situs, vascular likeage, exudation, and stimulate the production of
proteases and free radicals.[**?! In this sense, hesperidin, a strong antioxidant flavonoid
compound, could be an effective antiviral drugs against covid-19 due to combination of
its scavenger ability (defence against oxidative damages) and inhibition of viral
replication.[*1% 1130 From computational analyses it emerges that hesperidin possesses
lower binding affinity toward 3CLpro (enzyme responsible for viral replication process,

-10.1 kcal/mol for Chain A and -8.3 kcal/mol for Chain B) than other phenolic

compounds like lopinavir (-8.0 and -6.8), ritonavir (-7.9 and -6.9).1114
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Therefore, antioxidants activity of polyphenols could become a potent tool to protect

people from virus affections and treat already affected people.

1.2e Other biological activities of (poly)phenols

In addition to antioxidant and antiviral properties, polyphenols, but phenols in general,
exert a spread range of biological properties.[’% 1152~ 1154 These properties are due to the
ability of (poly)phenols to modulate oxidative metabolism of cells, to scavenger activity
of ROS and RNS and to chelate Fe(l11), Fe(ll), Cu(ll).

ANTICANCER

Polyphenols are prominent anticancer-agent due to their ROS/RNS scavenger ability, in
fact ROS/RNS play important role in cancer development, as these reactive species
induce DNA damages by oxidative process.[**] Quercitin has shown a powerful
anticancer agent. lacopetta et al. evaluated the anticancer activity of Quercitin and its
eight analogues (in which the —OH groups were eterified or esterified or protected). In
this studies the Q2 (total acetylated quercetin) and Q5 (total ethyl-etherified quercetin)
showed enhanced properties respect to not functionalized quercetin. In fact, these
molecules were very effective at much lower concentration then Quercetin against breast
cancer cell lines MCF-7 and MDA-MB-231(14.6 pM/11 pM for Q2 and 42uM/16.6 uM
for Q5, against 137 uM/40 uM for quercetin). Other two analogues, Q3 and Q4, those
present a bulky ketal cyclic moiety in Ring B, showed the highest anticancer activity,
but they also explicate cytotoxic activity toward the healthy cells.['*”] Climacostol
(alkenyl resorcinol produced by Climacostomum virens) showed selectivity toward
tumour cells respect to non-tumour ones. In addition, it explicates a persistent inhibition
of tumour growth by injection of 600 uM of Climacostol in B16-F10 melanoma cell
lines in mice, applying it as therapeutical agent for cancers.[*'®l A study conducted on
pancreatic cancer, that is one of most difficult to treat, has shown that ferulic acid (it
belongs to hydrocynnamic acids family) show potent anti-cancer action in vitro against
MIA PaCa-2 human pancreatic cells. Fahrioglu and his coworkers has demonstrated that
ferulic acid explicates its anti-cancer property by affecting the cell proliferation by
stimulating apoptotic process; detecting the ICso at 500 UM after 72hrs.1%1 Meanwhile,

the glycolysated form of ferulic acid with L-arabinose is an alternative way to
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chemotherapy for cancer-lung treatment. Ferulate-L-arabinose shown scavenger activity
comparable to ferulic acid, even slighter high at high concentration (<150 puM),
determining a strong influence of ROS proliferation in H1299 lung cancer cells, without

changing the morphology and proliferation of cells.[*°]

ANTIBACTERIAL

The (poly)phenols play important roles in defence activity against microorganism such
as bacterial, virus and fungi. In fact flavan-3-ols and flavonols show strong anti-bacterial
(i.e. S. aureus, Lacidophilus, F.nucleatum), anti-viral (i.e. Adenovirus, Flu virus) and
anti-fungal (i.e. Candida albicans, microsporum gypseum) acitivity; hydrosable tannins
possess similar activities against different strain of bacterial (Salmonella, Helycobacter,
E.Coli) virus (Herpes, HSV-1 and-2) and fungi. Finally, the antibacterial activities of
phenolic acids are more notable.'**l Certain class of polyphenols were under
investigation to be used as preservative stuff for food due to their antimicrobial action
and for their natural distribution and safeness. In 2008 Vaquero et al.[*?!] published a
paper in which they tested different polyphenols against proliferaton and growth
inhibition against E.Coli (common responsible for foodborne illness). From these studies
it turned out that the number of hydroxyl groups was a determinant factor for
antibacterial action: among gallic acid (three hydroxy groups), protocatechuic acid (two
hydroxyl groups), caffeic acid (two hydroxy gropus) and vanillic acid (one hydroxy
group and one methyl ether moiety), this last one possess the lowest inhibition activity
(vanyllic acid started to explicate its antibacterial action at 100mg/L, unlike other
phenolic compounds that show inhibition properties at lowest concentration, about 25
mg/L). Moreover, rutin, catechin and quercetin shown an inhibition in each
concentration (25, 50, 100, 200 and 500 mg/L) and quercetin inhibit totally the growth
of bacteria at highest concentration. Further studies demonstrated that combination of
flavonoids and non-flavonoids phenols could inhibit the growth of E.Coli in meal at
20°C, after 21 days of incubation. Couples of gallic-protocatechuic acids, gallic-caffeic
acids, and rutin-quercetin decreased the growth of bacteria of 30.2, 57.7, and 59.3%,
respectively at 100 mg/L (total concentration of two, ratio 1:1), while 42.3, 86.0, and
100% of inhibition were detected at 200 mg/L. On the other hand, storaging at 4°C, the
combinations of gallic-caffeic acids and rutin-quercetin were the most effective since no

bacterial viable cells were dected after 14 and 21 days of incubations.[*?
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ANTI-INFLAMMATORY

The anti-inflammatory properties of plant-products is well-known from centuries,
phenolic compounds is one of the reasons of this plant properties. Inflammation status
is a response of biological system to a tissue damages that lead to a respond off immune
system producing pro-inflammatory cytokines ( interleukin (IL)-1b, IL-6, tumor necrosis
TNF-a). The overproduction of these cytokines can lead to outbreak diseases such as
arthereoslerosis, allergy, arthritis, cancer.l’™ In fact, for example, p-coumaric can
explicate its anti-inflammatory properties by lowering TNF-a expression with an uptake
of 100mg/kg in mice.*?®1 Chao and his coworkers!*?l demonstrated that the assumption
of ellagic and caffeic acid, by mice, avoided the inflammatory progression by decreasing
glycative biomarkers (CML, pentosidine), suppressing AR (Aldose reductase) activity
and lowering the release of cytokines IL-1B and IL-6; impacting also on mRNA
expression of renal TNF-a, MCP-1 and AR.

Curcumin is one of most famous anti-inflammatory compounds, it inhibits the induction
of COX-2, LOX, iNOS, production of cytokines such as interferon- and tumor necrosis

factor, and activation of transcription factors like NF-kB, and AP-1.12%]

PARKINSON / ALZHEIMER

Parkinson (PD) and Alzheimer’s diseases (AD) are the most common and notable
neurodegenerative disorder.[*?®1 Oxidative stress in brain caused by ROS species formed
by mithocondrial methabolism, metal atoms like Fe(ll) and Cu(ll) and the excessive
production of superoxide and nitric oxide leads to the outcome of AD. These species
react with DNA, RNA, lipidic proteins, damaging them and leading to mild cognitive
impairment brains. The scavenger properties of polyphenols are well-known, so the
employment of this class of compounds and a rich-phenols diet are strong tools to
prevent the outbreak of this disease.l*?”] For what concern the Parkinson’s diseases, it is
characterized by typical lesion called Lewy Bodies. These lesions are caused by the
progressive accumulation of protein containing a-synuclein and ubiquitin in the
cytoplasm of neurons, which leads to their apoptosis and/or necrosis. The ethiology of
PD is still poorly understood, even if the numerous studies conducted on. Different
substances that exhibits anti-inflammatory, anti-oxidant, metal chelating in central
nervous system have been tested for PD treatment, included polyphenols. In addition to

these properties, phenol compounds inhibit the formation of a-synuclein misfolded
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aggregates and reduce mitochondrial dysfunction-induced by oxidative stress and
inflammatory responses. They can also activate extracellular signal-regulated kinase
(ERK), phosphoinositide 3-kinase (PI3K)/Akt, mitogen-activated protein kinase
(MAPK), serine/threonine protein kinase (AKT), protein kinase C (PKC) or inhibit a

series of proteins (NF-kB). Many in vitro studies have been conducted.[*26]

1.2f Chemical modification and synthesis of (poly)phenol-analogues

As reported in the previous section, (poly)phenol compounds possess and explicate a
large range of bioactivities. However, the bioavailability, low water solubility and
structure-action-relation are important factor to bring in mind for their applications. Even
If nowadays the extraction, purification and characterization process have undergone of
an important improvement, during recent years, scientists focused their effort to enhance
natural polyphenols by chemical modifications and overcome some problems related to
their employment.l'?1 In this section chemical modification of Quercetin, Climacostol,
Curcumin will be more highlighted, respect to others, for the chemical structure
analogies of target product of this section (see Result and Discussion).

Quercetin (3,3",4',5,7-pentahydroxyflavone) is one of most known (poly)phenols and it
is present in plants, food, beverages. It can be employed as anti-cancer, anti-
inflammatory, anti-oxidant, and it can form complexes with Cu(ll). For these useful
activities, chemical modification of this compound are aimed to overcome problems
related to low solubility, fast degradation inside the body, low bioavailability. The most
simple chemical modification is on hydroxy-groups present in quercetin moiety, even if
there is not a clear conclusion of hydroxy substitution according to SAR, substitutions
such as 5,7-dihydroxy; 5,7-dihydroxy-6-methoxy or 5,6,7-trihydroxy in ring A and 3°,
4’-dihydroxy or 3’,4’-dihydroxy-5’-methoxy in ring B were considered useful to take in
consideration.[*?! The O-methylation of -OH moieties (mono-, di-, tri-, tetra-, penta-)
can be performed by CHz-1/KoCOs in DMF by a selective protection/deprotection
(involving benzyl, MOM, ketal protected intermediates) way for mono-methylated
compounds, while the other O-methylated products can be obtained in the same way,

performing the reaction in DMF or acetone.[1%0: 1311
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Scheme 1.2.4. O-methylated Quercetin reported in literature.

This simple modification greatly enhances properties of “original” quercetin, it allows
overcoming problems related to solubility that is increased, same as for bioavailability.
Methylation reduces toxicity by reducing side effects, and it improves cancer cell
antiproliferative activity.™®? Even if mono-,di- and tri-methylations show potent
inhibition growth of 16 different human tumor cells in which 3°,4,7-O-methylated was
the more potent;*3! penta-O-methylated- and tetra-O-methylated-(3,3°,4°,7)-Quercetin
could be used as anti-multidrug resistance since it was demonstrated that they can
influence breast cancer resistance protein, allowing a more potent treatment. The 3°,4’-
O methylation and 5-OH free is an important SAR pattern since this substitution
explicates the most powerful inhibition of breast cancer-resistant protein, that it is
decreased by 5-O-methylation.[**® 131 |ntroduction of bulky substituents like ethyl, n-

butyl, benzyl, geranyl, pivaloxymethl, i.e., leads to improve the properties of quercetin
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and showing good anticancer/inhibition growth properties.'**  Chemical
functionalizations of flavonoid ring is another way to enhance properties of Quercetin
22. Seleno-functionalization by Woolins’reagent (as source of Selenium) under
microwave irradiation lead to 4-quercitin functionalization in which the carbonyl moiety
is substituted by Selenyl one (23). This functionalization enhances the anticancer activity
by increasing the radical scavenger of original flavonoid.['*® C-8 selective Se-
funcationalization of Quercetin, performed in H.O/Dioxane (1/4) in presence of EtsN
(excess) using a (p-methyl)phenylSe-Cl at r.t., leads to formation of a new phenolic
compounds. The molecule 24 can block SARS-CoV-2 replication in infected cells with
an ICso much lower than quercetin (8 uM and 192 uM respectively). This improvement
of antiviral activity is due, by docking experiments, by a formation of a hydrogen bond
between the selenium atom and GIn189 residue, anchoring the quercetin scaffold and
blocking the catalytic dyad His41/Cys145 of MP™ (protease involved in virus

replication), stopping the replication process.*3¢l

Wollins' reagent HO

ACN, MW

Et3N (5 eq)
RSeX (2 eq)

I
@]

4 Dioxane : H,O 1
r.t.

Scheme 1.2.5. Selenium-functionalization of Quercetin.

The substitution of two hydroxy groups in catechol moiety of quercetin with two fluorine
atom enhances the stability of quercetin fluorine adduct, that is a “bioisostere” (chemical
compound with some different structural features but with similar chemical, physical
and biological properties to another chemical compound) of original flavonoid. The
3’,4’-flourine substitution is obtained through a complex synthesis in which, after Bn-
protection of —OH groups, denaturating of flavonoid core, then after the reaction between
adduct 25 and 3,4-difluorobenzoyl chloride in presence of TEA lead to the formation of
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intermediate 26 that after two more step is transformed to 3’,4’-difluorine quercetin
(scheme 1.2.6.). This adduct 27 does not undergo disproportionation to which this
compound could be subjected during one-electron oxidation greatly improving
biological activity of quercetin; in fact, 3°,4’-difluoroquercetin 27 show ti >24h. It
exhibits better anti-bacterial activity against the Gram-positive S. Epidermidis and M.
Luteus, elucidating that anti-bacterial properties of quercetin might not be directly
connected to its anti-oxidant feature; and the anti-cancer activity was similar to quercetin
for breast cancer cells MCF-7 and slight lower for hepatoma (Huh-7). 3-aminoquercetin
(quercetin analogue in which amino group is present instead of a -OH) showed a good

oxidative stability, but low biological properties.™**"]

OH
1. BnBr, K2CO3,
HO 0 DMF, 80°C BnO OH
‘ | OH > ~7°,
ot OH 2. KOH (18N), OBn
one-electron 22 diethylene glycol 25
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Scheme 1.2.6. Synthesis and stability of 3°,4 -difluoroquercetin

Curcumin [1,7-bis(4-hydroxy-3-methoxyphenyl)-1,6-heptadiene-3,5-dione] is one of
major extracted phytochemical from Curcuma longa. The biological properties of
Curcumin today are well-know and studied, they include antioxidant, anti-inflammatory,
and anti-atherosclerotic, anti-cancer, anti viral (HIV for example), it inhibits scarring, it

can prevent Alzheimer’s, it explicates many other biological properties.[*®!
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keto-form enol-form

Scheme 1.2.7. Keto-enolic equilibrium of Curcumin

During these last years, the synthesis of analogues and chemical modifications of
Curcumin has been at the centre of many researches with the purpose to improve water
solubility, oral absorbability, metabolic stability (quickly degraded).[**8! Preliminary
observations about SAR-curcuminoids displayed that feruloyl moiety is crucial for
explication of many biological activities. However the instability of this moiety at pH
above 6.5. Similar argumentation can be done for B-diketone moiety since it is crucial

for biological explication properties, but unstable at physiological conditions.4%

1,3-keto-enol moiety

feruloyl moiety feruloyl moiety

Figure 1.2.11 Structural features and chemical modification targets of curcumin analogues

The structural differences of curcumin analogues mainly concern three different levels:
the different substituents in feruloyl moiety and different rings in place of phenolic
moiety; structural changes of 1,6-heptadiene core; modification of B-ketomoiety.[128]: [140]
Little changes on substituents and O-substitutions can greatly modify anti-oxidant
activity since the 4-OH/3-OMe is involved in anti-oxidation pathways. For example,
addition of one —OH on phenol moiety in position-5 leads to the formation of
polyhydroxycurcumins that are more potent radical scavenger, while addition of other
methoxy groups does not change the activity or reduces it. Diacetyl derivative of
curcumin shows better antioxidant activity, as the introduction of bulky substituents. On
the other hand, the replacing of methoxy moiety with one F-atom or replacing of
methoxy and hydroxyl groups with two F-atoms enhance the selectivity toward COX-2,

inhibiting their activity and improving anti-inflammatory action.*% Synthesis of
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curcumin analogues that possess coumarin-moieties instead the phenolic one showed
similar antioxidant properties to original curcumin (probably due to high conjugation
system that makes very easy to abstract the hydrogen of enol, very stable radicals).
Preliminary investigations about anticancer activity of these analogues shown that 7-F-
substituted and 6-F-substituted on coumarin ring of these new analogues (32) explicate
better activity against MCF-7 cells and HeL A cells respectively. This fact can explained
by an improved water solubility that leads to a better stability and uptake by the cells.[*3]

OH OH

1. Diazotization .
B|C|5 N 2
HoN 2. Sandmeyer reaction ¥ Ethylacetoacetate -

28 29 3h 30
DMF
18h | POCI,
60°C

Boric anhydride 0
Tributyl Borate |
N-butylamine X
-
X Acetyl Acetone X (0] 0]
50°C
20h

Scheme 1.2.8. Synthesis of Curcumin analogues by Olgah et al.

By exploiting the stability of cyclopentenones 33 and cyclohexanones 34, it is possible
to obtain curcumin analogues by the partial replacing of B-dicarbonyl moiety (35, 36).
The reaction between of cyclopentenone/cyclohexanone and several substituted
benzaldehydes (or thiophene, pyrrole, furan, naphthalene aldehydes) in presence of
NaOMe/MeOH system allow to obtain an impressive number curcumin of new
analogues through an easy way. The conditions allow to obtain monocarbonyl curcumin
derivatives also using acetone instead cycloketones. This mono-carbonyl analogues
showed high stability in a phosphate buffer (pH 7.4) at 37°C for 75h (simulation
biological conditions), especially the cyclopentenones derivatives those had one or more

methoxy moiety linked to benzene ring.
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Scheme 1.2.9. Synthesis of mono-carbonyl curcumin analogues by Liang et al.

Cytotoxicity on seven different tumor cell-lines shown that cyclohexanone-curcumin
analogues possess higher biological activity than cyclopentenone and acetone
derivatives as the cyclohexane moiety, in accordance to author, mimics better the 6-ring
that come out in enol-form of curcumin thanks by the establishment of hydrogen bond
between enol and second carbonyl group. From the SAR analyses, the 4’-weak
electrodonating substitution and 2’-electrowithdrawing are the position in which the
cytotoxicity is improved.41l

The synthesis of pyrane moiety 40 obtained through a condensation between curcumin
37, benzaldehydes 38, malonitrile 39 in presence of catalytic amount of p-TSA,
exploiting one of carbonyl of B-diketone moiety, leads to the formation of curcumin-
analogues 40 that can positively inhibit a-Gls enzyme (antidiabetic applications),
preserve the antioxidant activity, without toxicity toward two common intestine bacterial
flora (Escherichia coli (PTCC 1058), and Lactobacillus plantarum (PTCC 1553).1242]

Scheme 1.2.10. Synthesis of pyrane-curcumin analogues by Zohrer et al.

Climacostol (1,3-dihydroxy-5-[(Z)-non-2-enyl]benzene) belongs to the family of
resorcinolic lipids (or alkylresorcinols); it is a toxin produced by the ciliated protozoan
Climacostomum virens as defence against unicellular and multicellular predators. As
many other phenols compounds, it can be oxidised by Cu(ll) and explicate prooxidant

action and induces DNA damages.!** Moreover, Climacostol can explicate a vast range
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of biological activities such as antimicrobial and antifungi (Staphylococcus,
Streptococcus, Enterococcus, and Candida), cytotoxicity, inhibition of hunman/rat
tumour growth.[** - 1461 Climacostol can exist as two isomer, (E)- or (Z)- due to the
presence of double bond, in which the (Z)-is the more active of two. Synthesis of
Climacostol has been an important target of prof. Marcantoni’s laboratory. The selective
synthesis of (Z)-Climacostol isomer has achieved through a selective Wittig reaction
performed in presence of stoichiometric amount of CeCls dry without detecting any trace
of (E)-isomer at NMR and HPLC.[**"] Further, two analogues were synthesized by the
same Wittig conditions. The first one present a methyl group in position 4 of resorcinol
ring (47), it was obtained starting from methyl-3,5,-dihydroxiphenylacetate 41 since the
4-methylated resorcinol was not commercially aviable. The methylation was obtained
between the reaction of 43 in presence of n-BuLi and Mel, and after a selective Wittig
reaction, followed by the deprotection, allowed to obtain a new Climacostol analogue 47
(see Scheme 1.2.11). In similar way, starting from 3,4,5-O-methyl-gallic acid 48, it was
possible to obtain a new analogue (52) in which a third —OH group was present in
position 4 (see Scheme 1.2.12).11481

OH 1. DIPEA, MOM-CI OMOM OMOM
DCM, 0°C tor.t., 16h DIPEA

TBDMSCI
_—
HO 2. LiAlH, MOMO DMF MOMO
41 THF dry, 2h, 0°C 42 16h, r.t. 43
o0 OH OSDMTB
|
-78°C 10 0°C | n.BuLi
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OMOM 1. TBAF
OMOM C,H4sPPh;Br THE At 16 OMOM
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— THF dry oMo X 2. DMP
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Scheme 1.2.11. Total synthesis of 4-methyl analogue.
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Scheme 1.2.12. Total synthesis of 4-hydroxy analogue.

16h, r.t.

The introduction of methyl (47) and hydroxy groups (52) in resorcinol ring modulate the

potency and mechanism of action of “original” Climacostol. These modifications do not

improve the anticancer activity in mammalian cells of native Climacostol, but they exert

an appreciable antimicrobial activity, except against of Escherichia coli and

Pseudomonas aeruginosa as probably these two analogues cannot overcome the lipid

barrier of bacterial. Among them, the methylated analogue has proven to be more toxic

than hydroxy-one against S. aureus, E. faecalis and C. albicans; and it has showed the

higher toxicity (0.64 pg/mL < LCso < 2.15 pg/mL) against four ciliates microorganism

(B. japonicum, P. multimicronucleatum, S. ambiguum, and S. teres). On the other hand,

hydroxy-analogue 52 can induce apoptosis in unicellular eukaryotes.[*4®]
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1.2g Results and Discussion

Before starting, |1 want to thank Prof. Emilio Clementi (Pharmacologist — University of
Milan); Prof. Claudio Ortenzi (Biologist — University of Macerata); Prof. Davide Cervia
(Fisiologist — University of Viterbo); Dr. Elisabetta Catalani (Biologist — University of
Viterbo); Prof. Anna Maria Fausto (Biologist — University of Viterbo); Prof. Simona
Picchietti (Biologist — University of Viterbo); Prof. Cristiana Perrotta (Farmacologist —
University of Milan); Prof. Federico Buonanno (Biologist — University of Macerata) for
their indispensable contribution with docking calculations, consultancy and biological

analyses that helped to give life to this project.

BACKGROUND OF THE PROJECT

Virus infection is one of the most important diseases that afflict human living all over
the world, especially, during the last 20 years CoVs-affections became a very important
issue that have caused several pandemic situations like severe acute respiratory
syndrome coronavirus (SARS-CoV, 2002-2003); HIN1 influenza in 2009; Middle East
respiratory syndrome coronavirus (MERS-CoV) in 2012; and the last one the pandemic
caused by COVID-19 (SARS-CoV-2, 2019 - ).[* This novel virus belongs to the large
family of single-stranded RNA viruses (+ssSRNA). Studies about the amino acid
sequences of seven nonstructural protein and genome of SARS-Cov-2 has shown,
respectively, a similarity of 94.6% of fees proteins and ~80% of genome with SARS-
CoV, suggesting a similar origin of these two viruses.[**® 31 |n addition, a 96%
similarity of genome between SARS-CoV-2 and bat sarbecovirus sampled from
Rhinolophus affinis horseshoe bat in Yunnan province, called Bat-CoV (RaTG13), could
indicate a bat origin of this virus.['®d After the outbreak of COVID-19 pandemic
situation, scientist developed several vaccines to stop the spread of virus but, despite the
high rate of protection, this remain a prevention treatment, while there is still the restless
need for a novel therapy to fight the virus, especially for people already affected by Sars-
CoV-2.1"81 For this reason many scientists focus their effort to offer alternative ways to
fight the virus such as: the employment of metal complexes of Au(l), Au(lll), Bi(l), Re(l)
0 Se(l)-compound;™*>4 possible inhalation of low molecular weight and volatile organic
molecule that possess antiviral and anti-inflammatory actions like 1,8-cineleone;*5

employment of nanoparticles since they could avoid the problem of resistance-drug
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development by microorganism;™*%% or employment of biologically active small
molecules, some of which are currently under clinical trials.[**® The 3CLprotease
(3CLP™) is a valid target for small molecule drugs since this protein is involved in virus
replication. Once that genome virus is inside the host cells, it is translated in two
polyproteins ppla and pplab (790 kDa), then, the cleavage of these two proteins, by
collaboration between 3CLP™ and papain-like protease, leads to the generation of 16
functional non-structural proteins (nsps); those proteins assemble the viral replication
transcription complex (RTC), initiating the replication of virus. 3CLP™ cleaves 11 sites
of polyproteinlab.*®1 Quercetin emerges a good candidate as potential drug for
inhibition of 3CLprotease by docking analyses and screening of small chemical library
made up of 150 small molecules. Interaction between Quercetin and 3CLP™ alters the
thermal stability of the protein, destabilizing and inhibiting the activity of protease.
Moreover, Quercetin exhibits a higher BEI (Binding Efficiency Index, BEI = pKi/MW
with pKi = -Log[Ki]) respect to already known 3CLP™ inhibitors alpha-ketoamide 13b.
Even if Quercetin has a Ki (inhibitory constant) much lower than ketoamide (7.4 M and
0.19 uM respectively), that implicates a higher BEI, its lower molecular weight (0.302
kDa and 0.598 kDa respectively) makes quercetin more suitable for binding with

protease and explicates a better inhibition activity than ketoamide 13b.[*58]
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Figure 1.2.12. Complexation between 3CLprotease with ketoamide-13b (on the left) and
Quercetin (on the right)!*®!

Inspired by these results, we investigated the possible inhibition action of Climacostol,

already synthesized in prof. Enrico Marcantoni’s lab, and other possible analogues not
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synthesized yet, using the affinity value for 3CLprotease of Quercetin as reference. The

affinity values are reported in the table below.

COMPOUND NAME STRUCTURE AFFINITY (kcal/mol)
OH
Quercetin o o O o - 1.2
(LK,
OH O
. OH
Climacostol /@\ﬁ\A/\/ - 50
HO —
OH
New analogue 1 - 54
HO —
on o
New analogue 2 O O - 65
HO T OH
o o
New analogue 3 O O - 6.5
HO 7 OH
OH OH
New analogue 4 HO 4 1 oH - 6.9
OH OH
I 5 OH OH 6 8
New analogue -
BOSTVeW
New analogue 6 iH iH 6.7
ew analogue O ‘ OH - 6.
e OH — OH
New analogue 7 HO. i i OH - 6.6
Table 1.2.2. Affinity values for CL3P"

Among all analysed compounds, Quercetin is the molecule that has the major affinity
toward the protease. The long alkenyl chains of Climacostol and its analogue 1 influence
negatively the affinity for protease. The other new theoretical analogues registered good
affinity results, although lower than result of quercetin. However, the two phenols-
structure and (Z)-double bond configuration it seems to be a valid structurally choice as
the affinity values of new analogues are quite closer to quercetin reference. The position
of hydroxy groups linked to aromatics core do not change the affinity at all, the
combination of resorcinol/catechol moieties (like in quercetin) is a good compromise

between activity and commercially available molecules.
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/@\/W HO/Q/W HO O T ‘ OH
HO

OH OH
Climacostol Climacostol analogue New analogue 1

(affinity = -5.0 kcal/mol) (affinity = -5.4 kcal/mol) (affinity = -6.5 kcal/mol)
. DT R : -
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Figure 1.2.13. Simulation of complexation of some molecule reported in Table 1.2.1. with its

affinity value

Keeping in mind all these informations obtained from the docking analyses, we decided
to develop the synthesis of a new (poly)phenolic compound that had structural
similarities, with the molecules shown in the table and with other natural molecules, and
that could possess anti-viral action against SARS-CoV-2. Moreover, regarding the
Lipinski’s Rules of Five (LogP solubility <5, molecular weight < 500 Dalton, <5 H-bond
donor, <10 H-bond-acceptors)[**® this new analogue respect the three of four parameters
for oral drugs absorption and permeation (solubility water/n-octanol is still unknown): it

weight 300 daltons, has 5 oxygen atoms (respected H-bond donors and acceptors).

OH O

\ NEW TARGET (72)
(300 dalton)

OCH,;

O O
A >
Climacostol HO O O OH

Curcumin

Figure 1.2.14. Structure of new polyphenol target
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The principle structure analogies are related to:
- Climacostol, (Z) configuration of double bond and resorcinol moiety
- Quercetin, resorcinol/catechol moieties present together a double bond/carbonyl
conjugation
- Curcumin, conjugation of double bond with and the presence of two phenol-
moieties.
The biological properties of these three compounds are well-know and reported in
previous sections.[!*” 138 1441 Dye to analogies of new target, it is possible that this
molecule could possess and exhibit inhibition of tumour growth (like climacostol), anti-
inflammatory and antioxidant activity (like curcumin), anti-cancer and prevention of
Alzheimer and Parkison’s diseases['®"! (like quercetin), just to name few, in addition to

potential antiviral activity that is the priority goal in this moment.

RETHRO SYNTHETICAL ANALYSES

We have developed a synthetic strategy for this compound 72 which involves the
synthesis of a propargyl alcohol intermediate 68 obtained by the reaction between an
aldehyde 67 and an alkyne 58, which are in turn obtained from two commercially
available and inexpensive starting materials such as 3,4-dihydroxyphenyl acetic acid 53
and 3,5-dihydroxybenzoic acid 64. In addition, these two phenols possess already the
configuration of resorcinol and catechol moiety present in the final product, making them
very suitable for the synthesis. As protecting group for -OH moieties we choose to use
MOM-protection, since in vivo studies about anti-tumour of MOM-protected
Climacostol showed good activity and selectivity,*5!) leaving open the possibility of

using the MOM-protected new target for biological applications.
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Scheme 1.2.13. Rethro synthetical analyses for new target 72.

SYNTHESIS OF ALKYNE 58.

First, we tried to protect the two hydroxy groups present on 3,5-dihydroxybenzoic acid
53 with the free acid moiety performing the protection in two different condition: (i)
DMF dry and NaH as base;%?1 ii) using K.COs anhydrous as base in acetone;!*% but in
these conditions we detected a low yield of product 59 and a huge formation of MOM-

acid derivative 60, confirmed by GC-MS analyses.

NaH (3.1 eq)
MOM-CI (3.3 eq.)

OH

AN A
(0] (@)
DMF dry Q ©
0°C -->r.t.
30h
HO OH OH 5 O0._ 0
(6] (0]
C|> 59 ko © 60
I

@)
K,CO3 anhydrous (20 eq) K
MOM-CI (3.3 eq.)

53

Acetone dr
4.0h, r.t. Y MOM-acid derivative

confirmed by GC-MS analyses

Scheme 1.2.14. MOM-protection of hydroxy groups with free acid moiety.

Therefore, due to the problems related to the free moiety acid, we decided to esterify the
acid moiety using common Brgnsted acids like H,SO4 conc. in catalytic amount or

Amberlyst-15® in conditions reported by Petrini et al.[*64 refluxing methanol. In each
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condition it is possible to obtain the ester with a high yield (92% in case of sulphuric
acid and almost quantitative for Amberlyst-15®), but although the Amberlyst-15®
reaction is slower (16 hrs reaction against 3 hrs), the easy handling, no harmful,
reactivation and possible reuse of Amberlyst-15®,651 make this way more suitable,
green and safe from synthesis at industrial level point of view. At this point, the MOM-
protection of —OH is achieved just using DIPEA as base, performing the reaction in
DCM dry at room temperature for 16 hrs, with an overall yield of about 70% over 2 steps
(54). The successive reduction of ester moiety (yield = 85%) and reaction of alcohol 55
with PPhz and CBr4 in presence of DIPEA leads the formation of bromide derivative 56
(yield = 72%). The halo substitution of -OH in 55 by PBrs did not result in any formation
of the product.

1. H,SO,4 conc (cat.)

or

OH OMOM OMOM

Amerlyst-15 (0.5g/mmol) LiAHa (2.0
MeOH, Reflux iAlH4 (2.0 eq.) /@\/
_—
OH (0] OH
HO 2. DIPEA (4.0 eq) MOMO > THRdy MOMO
o MOM-CI (2.5 eq.) 54 O 0°C —>rt. 55
53 DCM dry 3.0h
. jield = 85%
_0°C-->rt, 16h vie 0 PBr; (1.2 eq.)
yield = 70% over 2 steps DCM dry, r.t.,3.0h
or
DIPEA (1.1 eq.)
PPh3 (1.8 eq.)
CBry (1.8 eq.)
DCM dry, 0°C --> r.t.
3h
yield =72 %
CuBr (1.0 eq)
OMOM TBAFsol. 1.0M(4eq) OMOM EtMgBr (4.0 eq.) OMOM
AcOH (4.0 eq.) |~ =—TMS (4.0eq.)
~  THF d P
= y == THF dry Br
MOMO r.t. MOMO Reflux MOMO o
58 57

Scheme 1.2.15. First synthetic approach for alkyne 58

The most difficult step for synthesis of alkyne 58 has been the achievement of silane 57.

Many experiments have been conducted and they are reported in the table below.
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Base

0]
L ETTMS ~o
0 Transfer phase k
/J::fjl\w/ Salt (o) \
7
Solvent Si
~o o Br Temprature o~ /©\/ ™~ ETTMS = :—Si/—
56 Time 9) o \
ENTRY Base ETTMS Salt Temp. Time GC conv.
1@ EtMgBr (4.0 eq.) 4.0 CuBr (1.0 eq) Reflux 40h -
28 iPrMgCl (4.0 eq.) 4.0 CuBr (1.0 eq) Reflux 40h 5%
3bc K>COs anhyd. (2.0 eq.) 1.3 Cul (1.0 eq) 60 °C 18h 50% (separated as
mixture)
42 nBuLi (2.0 eq.) 2.0 Cul (1.0eq) r.t. 20h 3%
52 KHMDS (2.0 eq.) 2.0 Cul (1.0 eq) r.t. 20h SM and I- deriv.
6be K2CQOj3 anhyd. (2.0 eq.) 1.3 CuBr (1.0 eq) 60 °C 16h 20%
7bd K2COj3 anhyd. (2.0 eq.) 1.3 CuBr (1.0 eq) 60 °C 24h 17%
82 nBuLi (4.0 eq.) 5.0 Lil (1.0 eq) Reflux 24h SM and I- deriv.
gbe K2CO;3 anhyd. (2.0 eq.) 1.3 Lil (1.0 eq) 45°C 40h 9%

Table 1.2.3. Reaction conditions for the synthesis of Silane 57; a) reaction performed in THF dry; b)
reaction performed in CAN dry; c) reaction performed in presence of transfer phase tetrabutyl
ammonium iodide (TBAI = 1.0 eq.); d) reaction performed in presence of transfer phase tetrabutyl
ammonium bromide (TBAB = 1.0 eq.)

Many conditions for the synthesis of sylane 57 were tested. First, we tried to perform the
coupling in presence of Grignard (EtMgBr Entry 1 table 1.2.3., i-PrMgCl Entry 2 table 1.2.3.)

and CuBr. In these conditions, the product was not detected or detected in very low conversion

(5% in case of i-PrMgCl), for the EtMgBr reaction, a huge amount of starting material was

recovered. Meanwhile, the i-PrMgCl reaction leads to formation of a little more complex

mixture in which starting material was almost consumed and a the i-Pr-substituted derivative

75 was detected with a high conversion) and a possible abstraction of halogen could take place

as a 212 m/z compound 74 was detected at GC-MS, consuming starting material for the good

success of reaction.
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OMOM

212 m/z
MOMO 74
CuBr (1.0 eq) CuBr (1.0 eq) +
EtMgBr (4.0 eq.) OMOM iPrMgCl (4.0 eq.)
=—TMS (4.0 eq.) =—TMS (4.0 eq.) OMOM
NO CONV. Br
THF dry MOMO THF dry iPr-sub. derivative
Reflux Reflux MOMO
56 75
+
OMOM
|
Sii target product
=
MOMO
57

Scheme 1.2.16. Grignard Conditions

Changing drastically the approach slightly better results were obtained. Performing the reaction
in the presence of a phase transfer salt/compound (Entry 3, table 1.2.3),11%¢1 a higher conversion
of the product was detected by GC-MS analyses but unfortunately the product was separated as
mixture in which —I derivative was present in not negligible amount. Changing copper salt
(Entry 6, table 1.2.3), transfer phase (Entry 7, table 1.2.3) and metal core (Entry 9, table 1.2.3)
leads only to worse result, confirming that the combination of TBAI, K2CO3z anhydrous, Cul is
the best reagents combination. Entry 4 is a test to avoid the formation of Grignard byproduct,
but using n-BuL.i as base, only a 3% of GC conversion of the product was observed, while using
Lil instead of Copper iodide (Entry 8, table 1.2.3) starting material and iodide derivative were
recovered. Finally, using a less strong base such as KHMDS, SM and —I derivative were
collected again. At this point, questioning about these unsuccessful results, we decide to test a
different alkyne and a different halo-derivative.

Using methyl propiolate 61 as alkyne under the conditions already described in table 1.2.3
(entry 3), this time the product 62 was isolated in 54% of yield, even if in its allene form (GC-
MS, FT-IR *H and $3C-NMR characterized).

Cul (1eq.)
OMOM TBAI (1 eq)) OMOM
(0] K,CO5 anhydrous (2 eq.) 0
+ - -
oz 0 = O
B = C
MOMO ' ACN dry MOMO = GC conv. = 87%
1.3 eq. 40°C, 24 h jeld = 549
56 61 62 yield = 54%

Scheme 1.2.17. Alkyne screening
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On the other hand, we substituted the bromide with an iodide moiety as the —I is a better leaving
group. A little screening of iodide salts and it showed that Nal (5 eq.) in dry THF resulted as

the best reaction conditions. Screening of iodide salts is reported in the table below.

OMOM OMOM
lodide salt
Br THF dry |
MOMO Reflux, 20 h MOMO
56 63
ENTRY IODISED SALT YIELD
1 Nal (4.0 eq.) 78%
2 Lil (4.0eq.) 50%
3 Cul (4.0eq.) 30%
4 Nal (5.0 eq.) 92%

Table 1.2.4. Screening reaction conditions for halo substitution

Then, performing the coupling with compound 63, the silane 57 was achieved with a good yield
of 75%. These tests confirmed, in our opinion, the low reactivity of silane-alkyne as nucleophile
towards this transformation. In fact, when performing the same reaction using propiolate
bearing an ester moiety conjugated with the alkyne, it proceeds more smoothly, thanks to the
higher acidity of the proton resulting in an enhanced nucleophilicity of the compound.

Further silane-removal was performed with an excess of fluoride source (TBAF) in presence of
acetic acid, achieving the target alkyne 58 with a yield of 80%.

In conclusion, the total synthesis of alkyne 58 is summarized in the scheme below (scheme

1.2.9.), it is obtained with an overall yield of 22% over 7 steps.
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1. H,SO,4 conc (cat.)
or

OMOM
OH Amerlyst-15 (0.5g/mmol) LA (2.0 QOMOM
MeOH, Reflux AlH, (2.0eq)
o OH
HO oM 3 DIPEA (4.0eq) MOMO > THRdy MOMO
0 MOM-CI (2.5 eq.) o) 0°C -->rt. 55
54 3.0h
53 DCM dry ) .
0°C —-> r.t., 16h yield = 85%
yield = 66/70% over 2 steps
1. DIPEA (1.1 eq.)
PPhs (1.8 eq.)
CBr, (1.8 eq.) 2. Nal (5eq.)
DCM dry THF dry
0°C --> rit 20n
-t yield = 92%
3h
yield =72 %
Cul (1.0 eq)
TBAI (1.0 eq.)
OMOM TBAFsol. 1.0 M (4eq.)) OMOM KoCOg3 anhyd. (4.0 eq.) OMOM
AcOH (4.0 eq.) | =—TMsS (4.0eq)
|
P ~
~  THF dry . |
MOMO 24h,rt. MOMO - 4%981 C1’gyh MOMO
58 yleld = 80% 57 yield =75% 63

Scheme 1.2.18. Final synthetic pathway for the alkyne 58.

SYNTHESIS OF ALDEHYDE 67.

We developed two synthetic strategies for the aldehyde 67: one of the two is designed for large-
scale synthesis, possibly at industrial level, while the other one is more functional and more
suitable for the scale-laboratory synthetic level (scheme 1.2.19). Following the industrial-
pathway, four steps are necessary to obtain the aldehyde, to pass from protected ester to
aldehyde it is necessary a sequence reduction-oxidation that involves mild conditions and not
so harmful reagents. On the other hand, the ester can easily reduce to aldehyde DIBAL-H
solution increasing the overall yield of intermediate 67, but this way requires cryogenic
conditions (-60°C) which are not exactly feasible at an industrial level and for large-scale
production.

Keeping in mind the problems met during the protection of —OHs with free acidic moiety, we
proceed directly with the esterification moiety of 3,4-dihydroxyphenil acetic acid 64 (as 3,5-
dihydroxybenzoic acid, it is possible use H2SO4 conc. or Amberlyst-15®), and the successive
reaction of ester with DIPEA and MOM-CI leads to the formation of protected-ester 65. The
major problem related to these steps is the purification of compound 65 from the mono
protected compounds, arising as a side products of the reaction. Purification by Silica gel

(isocratic and gradient) were not able to separate with a satisfying purity di-protected product
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from the two mono-protected isomers. This problem can be overcome in two ways: performing
the purification by Al2O3 basic pad using dichloromethane as eluent or using a large excess of
MOM-CI and avoiding the formation of mono-protected side products for Le Chatelier-
principle. However, this last choice implies a big amount of dangerous reagent, large waste-
production and money consuming, making it not suitable with the green principles that rule the
world today. From this point two possible ways can be followed. The first one, large-scale
pathway, conducts to the synthesis of the aldehyde 67 through a reduction from ester to alcohol
(LiAIH4 as reducing agent) and a subsequent oxidation with Dess-Martin periodinane to the
target 67 with an overall yield of 45% in four steps.

The second one, lab-scale pathway, leads to aldehyde target just using a little excess of DIBAL-
H with an overall yield of 55% over three steps.

OH
HO
0]
OH
64
1. H,SO, conc (cat.) 2. DIPEA (4.0 eq.)
or MOM-CI (4.0 eq.)
DCM dry
Amerlyst-15 (0.5g/mmol) 0°C —-> rt., 16h
MeOH, Reflux yield = 63/69% over 2 steps
v
OMOM
MOMO
0]
0" 65
lab-scale pathway | large-scale pathway
THF dry
0°C -->r.t. | LiAIH4 (2.5 eq.)
2.0h
yield = 80%
Toluene dry QOMOM
1.0h MOMO
60°C DIBAL-H sol 1.0 M (1.2 eq.)
yield = 83% OH
66
DCM dry
0°C -->r.t. Dess-Martin (1.5 eq.)
3.0h
OMOM yield = 80%
MOMO
- ]
67

Scheme 1.2.19. Two possible pathways for the synthesis of aldehyde 67
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SYNTHESIS OF PROPARGYL ALCOHOL INTERMEDIATE 68.
Once that the two intermediates were obtained, we tried to synthesise the intermediate 68. All
the experiments conducted are reported in the table below.

o)
THF dry
~o o Temperature /\OO/\O/
1.0 eq. 1.0 eq. 68
ENTRY Base Additive Temp. (time) Yield
1 nBuLi (2.2 eq.) CeClsdry (1.0 eq.) -40°C > r.t. (24 h) -
2 nBuLi (1.0 eq.) - -10 °C > r.t. (16 h) 35%
3 nBuLi (1.0 eq.) - -78°C (16h) > r.t. (7.0 h) 10%
4 nBuLi (1.0 eq.) CeCls dry (1.0 eq.) -78°C (16h) > r.t. (7.0 h) 15%
5 nBuLi (1.0 eq.) - -10 °C (5h) > r.t. (16 h) 38%
6 nBuLi (1.0 eq.) - -20°C > r.t. (16 h) 29%
78 LiIHMDS (1.2 eq.) - -78°C > r.t. (16 h) -
82 KHMDS (1.2 eq.) - -78°C > r.t. (16 h) -
9ab EtsN (1.2 eq.) Ce(OTf)sdry (1.1eq.) r.t. (24 h) -
10 EtMgBr (1.0 eq.) - r.t. (16 h) 18 %
11 - Zn activated/allyl bromide rt. (48 h) trace
(1.0eq./1.0eq.)
12¢ nBuLi (1.0 eq.) - -78°C 2> r.t. (16 h) 71%

Table 1.2.5. Screening conditions for alkynaltion of aldehyde; a) reaction performed with 1.2 eq. of
aldehyde; b) reaction performed in Toluene dry instead THF dry; ¢) addition of aldehyde solution

done after 5 minutes base-alkyne reaction

Substantially five different methods were tested as reported in table 1.2.5. Applying the
conditions reported by Princivala et al.[**”] the product was not achieved, but this result is
explained by the isomerization of triple bond from benzylic to phenylic position (isomer GC-
MS and H-NMR characterized, see experimental section). This isomerization can be promoted
by two possible and hypothetical way. The first one is due to the slight acidity of benzylic
protons; in fact Jeanbourquin et al.[*®®] reported the isomerization of 1-aryl-3,3-azatrienes
induced by 'BUOK, in their work this reaction leads to the formation of allene intermediate; in
our case, probably the formed allene isomerizes another time to alkyne isomer 69. The second
possibility is an allene 76 isomerization promoted by Ce(lll) followed by rearrangement to
internal alkyne; in fact, in literature it is known that transition metals can promote the formation

of allene from alkyne.[%l
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Scheme 1.2.20. Two possible pathways for isomerization triple bond.

Starting from this result, we tried to change the temperature addition, the amount of the base
and the time reaction at low temperature (entry 2-6 of table 1.2.5). In all experiments the
formation of alkyne isomer 69 was detected. Good temperature for the addition was -10°C as
in entry 2 and entry 5 conditions quite good yields were obtained. It can be noticed that with
decreasing temperature there is a progressive decrease in yield, as the isomerization process is
probably favoured at low temperatures, and the addition of CeClz dry (entry 4, table 1.2.5) does
not so positively influence the trend of the reaction, since it can favourite also the formation of
alkyne isomer. The detection of alkyne isomer 69 in each reaction could be a confirm of base-
promoted isomerization of starting alkyne 58. For this reason, we employed a less strong and
not-nucleophilic bases like LIHMDS!*  (entry 7, table 1.2.5) and KHMDS (entry 8, table
1.2.5) but no target product was not detected while a little formation of isomer was observed in
TLC. We changed totally approach, but also in these attempts, the product was never achieved
satisfactorily. Trying a EtsN/Ce(OTf)s system, inspired by literature (entry 9, table 1.2.5)[271]
the product was neither detected, while trying to form an organomagnesium by using a Grignard
entry 10, table 1.2.5)1272 the product was isolated in low yield. Trace of product were detected
in a Zn (acid activated)/allyl bromide system (entry 11, table 1.2.5)[7%l and in this condition the
isomerization of alkyne was not observed by TLC or GC-MS. Finally, questioning about the
reaction time between alkyne and base could be the problem; we performed another experiment
in which aldehyde solution was added after only 5 minutes (entry 12, table 1.2.5) reaction
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between base and alkyne. In fact, a good yield was registered in this conditions because
probably, once formed the alkyne-anion, it reacts suddenly with the aldehyde and it has no time

to isomerize to compound 69.

FINAL STEPS FOR SYNTHESIS OF NEW TARGET PHENOLIC 73
Once obtained the propargylic alcohol intermediate 68, other three steps were left to achieve

the final target phenol compounds: an oxidation, reduction and deprotection, as reported in

scheme below.

OMOM OMOM
OMOM oH l OMOM OXIDATION OMOM o l OMOM
O Z O Z
MOMO 68 MOMO 70
REDUCTION
OH TARGET

DEPROTECTION

OH

. J

Scheme 1.2.21. Final three steps for the synthesis of new target phenols

First, we tried several oxidation methods, reported in literature, to achieve the ketone 70.

OMOM OMOM
OMOM OH ‘ OMOM oxidant OMOM o ‘ OMOM
DCM dry
MOMO O 468 temfi::t”re MOMO O 470

ENTRY Oxidant Time Temp. Yield
1 DMP (1.5¢€q.) 7h r.t. 50%
2 DMP (1.5€eq.) 16 h r.t 42%
32 DMP (1.5€eq.) 8h r.t. 40%

4 PDC (1.5€q) 8h r.t. -
5b PCC (1.5€eq) 16 h r.t 38%

6° PCC (1.5¢eq) 16 h Reflux -

Table 1.2.6. Screenig oxidant for synthesis of ketone 70; a) reaction was performed in presence of 3.0
eq of NaHCOs; b) reaction was performed in presence of 0.3 eq of NaOAc; c¢) reaction was performed

in presence of Al;Os neutral (1.6g/mmol)
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Unfortunately, the oxidants tested until now lead to not so good results. Dess-Martin
Periodinane has shown the best oxidant, since in all three experiments (Entry 1-3, table 1.2.6.)
the product was obtained in yield range of 40 to 50%. Lasting the reaction 16 hrs or adding 3.0
equivalents of sodium bicarbonate does not change at all the outcome of the reaction, even a
lower yield has detected. Oxidation performed with pyridinium dichromate (PDC, entry 4, table
1.2.6.) did not produce any results. On the other hand, using a different pyridium chromate salt,
PCC (entries 5-6, table 1.2.6) two different results have detected. In fact, performing the
oxidation with PCC in presence of a catalytic amount sodium acetate, the product was achieved
and isolated with a yield of 38%, while, using neutral alumina as additive, the product was not
observed.

The project has stopped at reduction of which only a tentative was performed. Since a (2)-
configuration of final double bond was request, the classical reduction by Lindar catalyst is the
most suitable method for our purpose. During these last years, H-Cube® has becoming a green
alternative route for reduction.['#& 1741 Using a cartridge Lindar catalyst-analogue (10%
Pd/CaCO:s3) and performing the reaction at 30°C, 2 atm of hydrogen pressure, in EtOH abs (0.1
M) at flow of 1 mL/min, the starting alkyne moiety was totally reduced, obtaining an alkane
chain confirmed by ESI-MS. The carbonyl moiety was not reduced in these conditions since a

peak at 1722 cm™ was detected.

10% Pd/CaCOg3

2 atm of H,
EtOH abs (0.1 M)

30°C

OMOM

OMOM OMOM
P
.~
MOMO 70

Scheme 1.2.22. Reduction experiment conducted with H-cube®
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Figure 1.2.15. FT-IR above and ESI-MS of compound 73.

As told before the project stopped at this point, but due to problem related to Covid-19 and the

necessity of new therapeutic treatments and other potential biological applications that this new
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phenolic compound can explicate, further studies and improvements for the synthesis are still

carried out in our laboratory.
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1.2h Experimental Section

METHYL 3,5-DIHYDROXYBENZOATE (77)

Sulfuric acid method: In a 25 mL round bottom flask, 3,5-
OH
dihydroxybenzoic acid 53 (200 mg, 1.3 mmol, 1.0 eq) is

dissolved in 6 mL MeOH dry and 76 uL of H2SO4 was added
HO ~ : : i
dropwise. The solution was refluxed for 3 hrs. The reaction was
monitored by TLC (4 Hex : 6 EtOAc Rf = 0.48)/GC-MS. Once

the reaction finished, methanol was evaporated and the residue was partitioned between

Ethyl acetate and saturated solution of NaHCO3 and aqueous layer was washed 2 times
with fresh EtOAC, the obtained organic phase dried over Na>SO4 and solvent evaporated.
The final product obtained (beige solid) with a yield of 92%.

Or

Amberlyst-15 method: In a 25 mL round bottom flask, 3,5-dihydroxybenzoic acid 53
(200 mg, 1.3 mmol, 1.0 eq) is dissolved in 6 mL MeOH dry and 650 mg of Aberlyst-
15® (500 mg/mmol) were added. The solution was refluxed for 16 hrs. The reaction was
monitored by TLC (4 Hex : 6 EtOAc Rf = 0.48)/GCMS. Once the reaction finished, the
solution is filtered by paper filter and the amberlyst-15® was washed three times with
fresh methanol (3x25 mL), the amberlyst is recovered and reactivated, the organic
solution is evaporated by rotavapor to give a beige solid in quantitative way.
Molecular Formula: CsHgO4

'H-NMR (400 MHz, DMSO-d6) § = 9.62 (s, 2H), 6.79 (d, 2H, J=2.24 Hz), 6.42 (t, 1H,
J=2.27 Hz), 3.77 (s, 3H).

13C-NMR (100 MHz, DMS0-d6) 6 = 166.92, 159.21, 131.95, 107.75, 52.73.

GC-MS CsHsO4 (70eV: EI): 168 (M), 137 (100), 109, 81, 69, 53.1, 39.1, 29.1

FT-IR (cm'l): 3231, 2955, 2856, 1689, 1598, 1488, 1441, 1161, 873, 766.
m.p. (range in °C): 159 — 162 °C
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METHYL 3,5-BIS(METHOXYMETHOYX)BENZOATE (54)

To a solution of methyl 3,5-dihydroxybenzoate 77 (200 mg,

QMOM 1.22 mmol, 1.0 eq) is suspended in DCM dry (4 mL). DIPEA

MO o (N,N-Diisopropylethylamine) (820 pL, 4.88 mmol, 4.0 eq)
o was added dropwise and stirred 30 minutes at 0°C. To this

solution, MOM-C1 (238 puL, 3 mmol, 2.5 eq) was added
dropwise and left to warm up to room temperature. The reaction was monitored by
TLC/GC-MS. Once the reaction completed, reaction mixture washed with saturated
solution of NaHCO3 and the DCM and separated the phases. Aqueous layer was washed
2 times with DCM, the obtained organic phase is dried over Na;SO4 and the solvent
evaporated. The obtained crude purified by silica column chromatography (7 Hexane: 3
EtOAc Rf = 0.43). The final product (yellow bright oil) is obtained with 75 % yield.
Molecular weight: C12H;60¢

"H-NMR (400 MHz, CDCl,) 8 = 7.35 (d, 2H, J=2.08 Hz), 6.90 (s, 1H), 5.17 (s, 4H),
3.88 (s, 3H), 3.46 (s, 6H)

13’C-NMR (100 MHz, CDCL,) 6 = 166.73, 158.3, 132.34, 110.84, 110.78, 94.62, 56.38,
56.33,52.49

GC-MS (70eV: EI) = 256 (M), 225, 210, 196, 153, 139, 63, 45 (100).

FT-IR (cm_l) =2958, 2907, 2823, 1722, 1592, 1453, 1437, 1303, 1235, 1140, 1017, 926,
768.

(3,5-BIS(METHOXYMETHOYX)PHENYL)METHANOL (55)

LiAIH, (60 mg, 1.6 mmol, 2.0 eq) was put in an oven dried
OMOM

3-neck round bottom flask of 25 mL, suspended in THF dry
MOMO OH (1.5 mL) and cooled down to 0° C by an ice water bath. A
solution of methyl 3,5-bis (methoxy methoxy) benzoate 54

(200 mg, 0.78 mmol, 1.0 eq) in THF dry (0.5 mL) was added

dropwise to the first solution. The final mixture was diluted with THF dry (1 mL) and
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left stirred at r.t. The reaction was monitored by TLC (6 Hexane: 4 EtOAc Rf=0.38)/GC-
MS. Once the reaction completed, the reaction mixture was cooled down to 0° ¢ with an
ice water bath, quenched with Brine and diluted with EtOAc. The two phases separated,
aqueous layer washed 3 times with EtOAc, the obtained organic phase dried over Na>SO4
and solvent evaporated. The final product obtained as a colourless oil with 85 % yield.

Molecular Formula: Ci2H 1605

"H-NMR (400 MHz, CDCl3) § = 6.66 (d, 2H, J=2.24Hz), 6.60 (t, 1H, J=2.25 Hz), 5.11
(s, 4H), 4.55 (s, 1H), 3.43 (s, 6H).

“C.NMR (100 MHz, CDCl3) 6 = 158.51, 143.97, 108.05, 104.11, 94.52, 64.99, 56.21
GC-MS (70eV; EI) =228 (M), 198, 183, 168, 152, 137, 122, 77, 63, 45.1 (100)

FT-IR (cm_l) =3408, 2931, 2899, 1598, 1456, 1287, 1137, 1074, 1015, 916, 845.

1-(BROMOMETHYL)-3,5-BIS (METHOXYMETHOXY)BENZENE (56)

To a solution of (3,5-bis(methoxymethoxy)phenyl)
methanol 55 (200 mg, 0.88 mmol, 1.0 eq) in DCM dry (2
mL), add DIPEA (170 pL, 0.97 mmol, 1.1 eq), CBrs (526
mg, 1.58 mmol, 1.8 eq) and PPh3z (415 mg, 1.58 mmol, 1.8
eq) at 0° C. Stir this solution at 0° C for 0.5 hr and then warm

OMOM

Br
MOMO

to r.t. Allow to stir at r.t for 3 hrs. Solution turned to yellow after 0.5 hr. The reaction was
monitored by TLC/GC-MS. Once the reaction completed (3 hr), the reaction mixture
was quenched with water and diluted with EtOAc. The two phases separated, aqueous
layer washed 3 times with EtOAc, the obtained organic phase dried over Na,SO4 and
solvent evaporated. The obtained crude purified by silica column chromatography (8
Hexane: 2 EtOAc Rf = 0.57) The final product obtained as a yellow oil with 72% yield.
Molecular Formula: C1H;504Br

"H-NMR (400 MHz, CDCls) 8 = 6.73 (m, 2H), 6.67 (m, 1H), 5.15 (m, 4 H), 4.41 (s, 2H),
3.47 (s, 6H)

“C-NMR (100 MHz, CDCl3) 5 = : 158.61, 140.07, 110.52, 105.13, 94.69, 56.35, 33.55
GC-MS (70eV; EI) = 289.9 (M), 259.9, 181, 151, 107, 91, 77, 45 (100).
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FT-IR (cm_l) = 2958, 2895, 2827, 1592, 1457, 1295, 1215, 1140, 1081, 1021, 918, 847,
697.

1-(IOCDOMETHYL)-3,5-BIS (METHOXYMETHOXY)BENZENE (63)

In an oven dried round bottom flask, 1-(bromomethyl)-3,5-
OMOM
bis (methoxymethoxy)benzene 56 (200 mg, 0.7 mmol,

| 1.0eq) dissolved in THF dry (4mL) and Nal (456 mg, 5
MOMO

mmol, 5.0 eq) was added. The reaction mixture was refluxed

and stirred overnight. Once the reaction finished (20 hrs), the
reaction mixture was quenched with Na;S,0s3 sat. solution and diluted with EtOAc. The
two phases separated, aqueous layer washed 3 times with EtOAc, the obtained organic
phase dried over Na>xSO4 and solvent evaporated. The obtained crude purified by silica
column chromatography (8 Hexane: 2 EtOAc Rf = 0.58). The final product obtained with
92 % yield as a yellow oil.

Molecular Formula: C;1H;5041

"H-NMR (400 MHz, CDCl3) § = 6.71 (m, 2H), 6.62 (m, 1H), 5.14 (s, 4H), 4.36 (s, 2H),
3.47 (s, 6H).

“C-NMR (100 MHz, CDCl3) § = 158.53, 141.56, 110.28, 104.69, 94.68, 56.35, 5.56
GC-MS (70eV; EI) = 337 (M), 211(100), 167, 121, 107, 91, 77, 45.1.

FT-IR (cm_l) = 2957, 2896, 2823, 1593, 1455, 1292, 1207, 1142, 1073, 1021, 919, 850,
692.

(3-(3,5-BIS(METHOXYMETHOXY)PHENYL) PROP-1-YN-1-YL) TRIMETHYLSILANE
(57)

To a solution of 1-(iodomethyl)3,5-
OMOM bis(methoxymethoxy)benzene 63 (200 mg, 0.6 mmol,
1.0 eq) in acetonitrile dry (6 mL), Cul (115 mg, 0.6
mmol, 1.0 eq), TBAI (222 mg, 0.6 mmol, 1.0 eq) and

K>COs anhydrous (330 mg, 2.4 mmol, 4 eq) was added.

A\

MOMO

To this stirred solution, Ethynyl trimethyl silane (330 pL, 2.4 mmol, 4 eq) was added
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dropwise, and the solution is heated and stirred at 40°C. The reaction was monitored by
TLC/GC-MS. Once the reaction finished or no evolutions were observed (18-20 hrs), the
reaction mixture was quenched with water and diluted with EtOAc. The two phases
separated, aqueous layer washed 3 times with EtOAc, the obtained organic phase dried
over NaxSO4 and solvent evaporated. The obtained crude purified by silica column
chromatography (8 Hexane: 2 EtOAc Rf = 0.61). The final product obtained with 75 %
yield as a pale yellow oil.

Molecular Formula: C6H2404S1
1H-NMR (400 MHz, CDCl3) 6 = 6.72 (m, 2H), 6.61 (m, 1H), 5.15 (s, 4H), 3.59 (s, 2H),
3.47 (s, 6 H), 0.19 (s, 9H).

“C-NMR (100 MHz, CDCl3) § = 158.52, 139.05, 109.58, 104.10, 103.43, 94.70, 87.44,
56.26, 26.50, 0.26.
GC-MS (70eV; EI) = 308.1 (M.+), 247, 233, 173, 131, 118, 104, 89, 73, 45.1 (100).

FT-IR (cm_l) = 2958, 2899, 1596, 1465, 1295, 1211, 1140, 1077, 1025, 926, 839.

METHYL 4-(3,5-BIS(IMETHOXYMETHOXY)PHENYL)BUTA-2,3-DIENOATE (62)

Same procedure as for the synthesis of (3-(3,5-

OMOM

O
C4)1\0/
4

bis(methoxymethoxy)phenyl)prop-1-yn-1-yl)

trimethylsilane 57, in which methyl propriolate (214
MOMO

pL, 2.4 mmol, 4.0 eq.) was used instead ethynyl

trimethylsilane.

Molecular Formula: Ci4H9O¢

1H-NMR (400 MHz, CDCl3) 6 =6.66 (t, ] =2.1 Hz, 1H), 6.64 (d, J =2.2 Hz, 2H), 6.54
(d, J=6.3 Hz, 1H), 6.02 — 6.00 (m, 1H), 5.14 (s, 2H), 5.14 (s, 2H), 3.75 (s, 3H), 3.46 (s,
6H).

13C-NMR (100 MHz, CDCl3) 6=214.98, 165.58, 158.77, 133.34,109.17, 104.86, 98.86,
94.65,91.92, 56.31, 52.48.

GC-MS (70eV; EI) =294 (M), 263, 235, 217, 203, 191, 175, 131, 115, 45.1 (100).
FT-IR (cm_l) = 2994, 2953, 2901, 2828, 1947, 1721, 1596, 1458, 1434, 1139, 1078,
1014, 925, 844.
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1,3-BIS(METHOXYMETHOXY)-5-(PROP-2-YN-1-YL) BENZENE (58)

To a solution of (3-(3,5-bis(methoxymethoxy)phenyl)
OMOM
prop-1-yn-1-yl) trimethylsilane 57 (200 mg, 0.65 mmol, 1.0
eq) in THF dry (7 mL), AcOH (150 uL, 2.6 mmol, 4.0 eq)

and TBAF sol 1.0M (2.6 mL, 2.6 mmol, 4.0 eq) was added.

AN

MOMO

The reaction mixture left stirred at r.t for 24 hrs. The
reaction was monitored by TLC (8 Hexane : 2 EtOAc Rf = 0.62)/GC-MS. Once the
reaction finished (24 hrs), the reaction mixture was quenched with brine and diluted with
EtOAc. The two phases separated, aqueous layer washed 3 times with EtOAc, the
obtained organic phase dried over NaxSO4 and solvent evaporated. The filtrate was
concentrated by rotavapor and the crude was purified by column chromatography on
silica gel (from 9 Hexane: 1 EtOAc to 8 Hexane: 2 EtOAc), obtaining the final product
with a yield of 80% as a very bright yellow oil.

Molecular Formula: C,H 704
1H-NMR (400 MHz, CDCI3) 6 =6.71 (m, 2H), 6.63 (m, 1H), 5.15 (s, 4H), 3.55 (m, 2H),
3.47 (s, 6H), 2.19 (m, 1H).

“C-NMR (100 MHz, CDCl3) & = 158.59, 138.70, 109.54, 103.38, 94.65, 81.74, 70.94,
56.30, 25.12
GC-MS (70eV; EI) = 236 (M), 206, 176, 160, 145, 115, 102, 91, 45.1 (100).

FTIR (cm-l) = 3289, 2957, 2900, 2827, 1597, 1459, 1280, 1211, 1138, 1073, 1021, 923,
838, 639.

METHYL-2-(3,4-DIHYDROXYPHENYL) ACETATE (78)

Sulfuric acid method: In a 200 mL round bottom flask, 3,4-
OH
HO . dihydroxy phenyl acetic acid 64 (200 mg, 1.2 mmol, 1.0 eq)
P dissolved in 6 mL methanol and 70 pL of H2SO4 was added
0]
dropwise. The solution was refluxed for 5 h. The reaction was

monitored by TLC ( 3 Hex : 7 EtOAc Rf = 0.31)/GCMS.

Once the reaction finished, methanol was evaporated and the residue was partitioned

between EtOAc and saturated solution of NaHCOs3, the obtained organic phase dried
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over Na;SO4 and solvent evaporated. The final product obtained with a yield of 90 % as

colourless oil.
Or

Amberlyst-15 method: In a 25 mL round bottom flask, 3,4-dihydroxyphenyl acetic acid
64 (200 mg, 1.2 mmol, 1.0 eq) is dissolved in 6 mL MeOH dry and 600 mg of Aberlyst-
15® (500mg/mmol) were added. The solution was refluxed for 16 h. The reaction was
monitored by TLC (4 Hex : 6 EtOAc Rf = 0.48)/GC-MS. Once the reaction finished, the
solution is filtered by paper filter and the amberlyst-15® was washed three times with
fresh methanol (3x25 mL), the amberlyst is recovered and reactivated, the organic
solution is evaporated by rotavapor to give a colourless oil in quantitative way.
Molecular Formula: CoH1004

!H-NMR (400 MHz, CDCl3) § = 6.73 (m, 1H), 6.61 (m, 2H), 3.67 (s, 3H), 3.48 (s, 2H).
13C-NMR (100 MHz, CDCls) & = 174.23, 144.13, 143.40, 126.14, 121.84, 116.65,
115.75, 52.67, 40.64.

GC-MS (70eV; EI): 168 (M), 137 (100), 109, 81, 69, 53.1, 39.1, 29.1

FT-IR (cm-l): 3361, 2951, 1705, 1519, 1441, 1279, 1247, 1157, 1113, 1011, 778.

METHYL 2-(3,4-BIS(METHOXYMETHOXY)PHENYL) ACETATE (65)

To a solution of Methyl-2-(3,4-dihydroxyphenyl) acetate
MOMO QMOM 78 (200 mg, 1.09 mmol, 1.0 eq) dissolved in DCM dry (4
mL). DIPEA (N, N-Diisopropylethylamine) (760 pL, 4.36
mmol, 4.0 eq) was added dropwise and stirred 30 minutes
at 0° C. To this solution, MOM-CI (330 puL, 4.36 mmol,
4.0 eq) was added dropwise and left to warm up to room temperature. The reaction was
monitored by TLC (6 Hex : 4 EtOAc, Rf = 0.40)/GC-MS. Once the reaction completed,

reaction mixture washed with saturated solution of NaHCO3 and the DCM and separated

the phases. Aqueous layer was washed 2 times with DCM, the obtained organic phase
dried over Na.SOs and the solvent evaporated. The crude obtained is purified by Silica
Gel (6 Hex : 4 EtOAC) obtaining the product as a yellow oil with a yield of 80%. If purity
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of final product is still not satisfying (mono-protected contamination), it can be purified
by a pad of Al>O3 basic using DCM as eluent.

Molecular Formula: Ci3H130s

IH-NMR (400 MHz, CDCl3) & = 6.73 (m, 1H), 6.61 (m, 2H), 5.19 (s, 2H), 5.17 (s, 2H)
3.64 (s, 3H), 3.52 (s, 2H), 3.47 (s, 3H), 3.46 (s, 3H).

13C-NMR (100 MHz, CDCl3) & = 174.23, 144.13, 143.40, 126.14, 121.84, 116.65,
115.75, 95.65, 95.62, 56.38, 56.30, 52.18, 40.64

GC-MS (70eV; EI) =270 (M.+), 207, 194, 151, 135, 123, 77, 45 (100).

FT-IR (cm_1)=3361, 2951, 1705, 1519, 1441, 1279, 1247, 1157, 1113, 1011, 778.

2-(3,4-BIS(METHOXYMETHOXY)PHENYL) ETHANOL (66)

LiAlIH4 (74 mg, 1.875 mmol, 2.5 eq) was put in an oven
OMOM
MOMO dried 3-neck round bottom flask, suspended in THF dry

(1.5 mL) and cooled down to 0°C by an ice water bath. A
OH

solution of Methyl 2-(3,4-bis(methoxymethoxy)phenyl)
acetate 65 (200 mg, 0.74 mmol, 1.0 eq) in THF dry (0.5
mL) was added dropwise to the first solution. The final mixture was diluted with THF
dry (1 mL) and left stirred at r.t. The reaction was monitored by TLC (6 Hex : 4 EtOAc

Rf=0.36)/GC-MS. Once the reaction completed (2 hrs), the reaction mixture was cooled
down to 0°C with an ice water bath, quenched with Brine and diluted with EtOAc. The
two phases separated, aqueous layer washed 3 times with EtOAc, the obtained organic
phase dried over Na,SO4 and solvent evaporated. The final product was obtained as a
colourless oil with 85 % vyield .

Molecular Formula: Ci3Hig0s

IH-NMR (400 MHz, CDCls3) & = 6.91 (m, 2H), 6.67 (m, 1H), 5.04 (m, 4H), 3.61 (t, J=
8Hz, 2H), 3.35 (m, 6H), 2.62 (t, J= 8 Hz, 2H).

13C-NMR (100 MHz, CDCl3) 6 =147.48, 145.99, 133.31, 123.12, 117.76, 117.21, 95.72,
95.64, 63.77, 56.42, 56.33, 38.85

GC-MS (70eV; EI) = 242 (M.+), 166, 135, 45 (100).

FT-IR (cm_l) = 3398, 2946, 2899, 2827, 1588, 1509, 1429, 1402, 1255, 1148, 1124,
1073, 982, 922, 815.
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2-(3,4-BIS(METHOXYMETHOXY)PHENYL) ACETALDEHYDE (67)

Dess-Martin Method: 200 mg (200 mg, 0.82 mmol, 1.0 eq)
OMOM
MOMO of 2-(3,4-bis(methoxymethoxy)phenyl) ethanol 66 were

initially charged in 8 mL of dichloromethane and 525mg

(1.24 mmol, 1.5 eq) of Dess-Martin reagent were added in

portions. The temperature was held at 20° C. The reaction
mixture was stirred at r.t for 3 hrs. The reaction was monitored by TLC (6 Hex : 4 EtOAC
Rf = 0.47)/GC-MS. Once the reaction completed or no evolutions were detected,
Na>S20z3 sat. solution was added and aqueous layer is extracted 3 times with fresh DCM.
Organic phase is anhydrified over Na.SO4 and solvent evaporated by rotavapor. The
crude so obtained was purified by column chromatography on silica gel (from 7 Hexane:
3 EtOAC to 5 Hexane: 5 EtOAC), obtaining the final product as colourless oil with a yield
of 80%.

Or

DIBAL-H Method: A solution of 2-(3,4-bis(methoxymethoxy)phenyl) acetate 65 (500
mg, 1.85 mmol, 1.0 eq) in Toluene dry (7 mL) is cooled down to -78°C, then DIBAL-H
(1.0M solution, 2.22 mmol, 1.2 eq.) is added dropwise to first solution and the resultant
mixture is warmed up to -60°C and stirred until the starting material is consumed. The
reaction is monitored by TLC (6 Hex : 4 EtOAc Rf = 0.47)/GC-MS Once that reaction
is finished, the mixture is cooled down to -78°C again and the excess is quenched with
fresh methanol (70 mL). The solution is filtered by a pad of celite e washed with Et>0.
The solvent is evaporated, the crude obtained is dissolved in fresh Et.O and the organic
phase is whased with water and brine. The organic layer is anhydrified over Na>SO4 and
solvent evaporated by rotavapor to give the product as a colourless oil with a yield of
83%.

Molecular Formula: Ci3Hi605

'H-NMR (400 MHz, CDCl3) § =9.72 (s, 1H), 7.15 (d, J= 8Hz, 1H), 7.02 (d, J= 2.04 Hz,
1H), 6.88 (dd, J= 8.27 Hz, J= 2.11Hz, 1H), 5.23 (d, J= 1.84 Hz, 4H), 3.62 (d, J= 2.33 Hz,
2H), 3.52 (s, 6H).

13C-NMR (100 MHz, CDCl3) & = 199.69, 147.83, 146.78, 126.24, 123.79, 118.16,
117.31, 95.67, 95.64, 56.49, 56.43, 50.22.
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GC-MS (70eV; EI) = 240 (M), 164, 135, 45.1 (100).

FT-IR (cm-l) =2950, 2827, 1726, 1592, 1512, 1259, 1148, 1069, 986, 918, 819.

1-(3,4-BIS(METHOXYMETHOXY)PHENYL)-5-(3,5-BIS(METHOXYMETHOXY)
PHENYL)PENT-3-YN-2-OL (68)

A solution of compound 58 (210mg,
OMOM on OMOM 0.87 mmol, 1.0 eq.) in THF dry (0.2M,
O 4.2 mL) is cooled down to -78°C, then

= :
MOMO the n-BuLi (1.0 eq, sol. 1.6M, 0.87
mmol, 543 uL) is added very slow and

OMOM

the stirred for 5 minutes at that temperature. After that, a solution of aldehyde 67 (0.3 M
in THF dry, 213 mg, 0.87 mmol, 1.0 eq) is added dropwise at the same temperature, then
the mixture is left to warm up to r.t and stirred overnight (16 hrs). Reaction is monitored
by TLC (6 Hex: 4 EtOAc, Rf = 0.45). When no more evolutions are observed by TLC,
DCM is added and organic phase is washed with a saturated aqueous solution of NH4Cl,
the water phase is washed 2 more times with fresh DCM, the organic layer is anhydrified
by sodium sulfate anhydrous. The crude obtained is purified by Silica Gel, the product
is isolated as a yellow waxy solid with a yield of 71%.

Molecular weight: C32H3209

'H-NMR (400 MHz, CDCls) & = 7.10 — 7.06 (m, 2H), 6.87 (dd, J = 8.3, 2.0 Hz, 1H),
6.68 —6.66 (m, 2H), 6.61 (t, J = 2.2 Hz, 1H), 5.20 (s, 2H), 5.17 (s, 2H), 5.13 (s, 4H), 4.58
(dd, J =10.6, 4.3 Hz, 1H), 3.56 (d, J = 1.8 Hz, 2H), 3.50 (s, 3H), 3.48 (s, 3H), 3.46 (s,
6H), 3.00 — 2.89 (m, 3H).

13C-NMR (100 MHz, CDCls) & = 158.56, 147.29, 146.39, 139.08, 131.32, 123.99,
118.39, 116.84, 109.56, 103.30, 95.67, 95.64, 94.65, 83.69, 83.33, 63.57, 56.41, 56.36,
56.28, 44.00, 25.36.

ESI-MS (+, m/z) =499 [M + Na]"

FT-IR (cm-l) =3468, 2948, 2924, 2827, 1597, 1512, 1459, 1260, 1142, 1073, 1025, 992,
919.
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1,3-BIS(METHOXYMETHOXY)-5-(PROP-1-YN-1-YL)BENZENE (69)

Here the GC-MS, FT-IR and *H-NMR characterization of

OMOM
isomerized alkyne, isolated from previous reaction, are
reported.
MOMO N
'H-NMR (400 MHz, CDCl3) 6 = 6.74 (d, J = 2.3 Hz, 1H),

6.65 (t, J = 2.3 Hz, 2H), 5.12 (s, 4H), 3.45 (s, 6H), 2.01 (s,
3H).

GC-MS C12H,704 (70eV; EI) = 236 [M'], 204, 191, 176, 160, 132, 102, 76, 45 (100)
FT-IR (cm ) = 2958, 2917, 2825, 2245, 1585, 1434, 1325, 1211, 1137, 1021, 923, 847,
680.

1-(3,4-BIS(METHOXYMETHOXY)PHENYL)-5-(3,5-BIS(METHOXYMETHOXY)
PHENYL)PENT-3-YN-2-OL (70)

200 mg (0.47 mmol, 1.0 eq) of
OMOM
propargyl alcohol 68 were initially

OMOM o OMOM
O charged in 2 mL of dichloromethane

=
MOMO dry and 299mg (0.71 mmol, 1.5 eq) of

Dess-Martin reagent were added in

portions. The solution is warmed up to r.t. The reaction mixture was stirred at r.t for 7
hrs and monitorated by TLC (8 Hex : 2 EtOAc, Rf = 0.41). Once the reaction was
completed or no evolutions were detected, Na2S203 sat. solution was added and aqueous
layer is extracted 3 times with fresh DCM. Organic phase is anhydrified over Na.SO4
and solvent evaporated by rotavapor. The crude so obtained was purified by column
chromatography on silica gel (from 9 Hexane: 1 EtOAc to 7 Hexane: 3 EtOAcC),
obtaining the final product with a yield of 50%.

Molecular Weight: C32H3009

'H-NMR (400 MHz, CDCl3) 8 =7.11 (d, J = 8.3 Hz, 1H), 7.04 (d, J = 2.1 Hz, 1H), 6.84
(dd, J = 8.4, 2.0 Hz, 1H), 6.63 (d, J = 2.7 Hz, 3H), 5.21 (s, 2H), 5.19 (s, 2H), 5.14 (s,
4H), 3.79 (s, 2H), 3.68 (s, 2H), 3.50 (d, J = 0.4 Hz, 3H), 3.49 (s, 3H), 3.47 (s, 6H).
ESI-MS C (+, m/z) =497 [M + Na]*

FT-IR (cm ) = 2952, 2900, 2210, 1674, 1593, 1512, 1260, 1146, 1077, 1021, 988, 923.
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1.2i Conclusion

Phenolic compounds are molecules widely distributed in animal and plant reign and they
explicate a wide range of biological activities. Due to these bio-characteristics, they can
be applied as antiviral agents against novel corona such as virus SARS-CoV-2. In fact,
the vaccines, even if they are a potent tools against the spread of the virus of all-over the
world and a powerful prevent measure for the human health, new treatment are request
for already affected people. Among the possibilities, the small molecules can play an
important role to fight COVID-19, since these compounds always have been used to treat
several virus infections. Nowadays many scientist are testing and screening chemical
libraries with this purpose. Together the already known molecules, the synthesis of new
ones is a pathway that can lead to exploit new alternatives to treat several diseases. So,
we tried to developed an effective synthetic pathway for a new (poly)phenolic compound
that could explicate antiviral action against SARS-CoV-2. We tried to develop two
different approaches: one for industrial and more sustainable level, as possible pathway
for the synthesis of huge amounts of final product; the second one implicates some lab-
optical steps since the use of dangerous reagents and quite harsh conditions leads to the
formation of products avoiding additional steps (higher overall yield). Unfortunately, the
final target product has not still achieved, but further studies to obtain it are still going

on.
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Chapter 2

New Sustainable Approaches for the Synthesis of N-

heterocycles.

Abstract

Natural and synthetic heterocycles has greatly attracted the interest of scientits because
of their widely applications in many fields of science: biological, pharmaceutical,
synthetical and industrial applications (plastic, solvents, cosmetics, vulcanization
accelerators, etc.)l”® Among them, N-heterocycles have always constituted an
important synthetic target due to the pharmaceutical and biological superior properties
than non-nitrogen containing cycles*"*! and for their wide distribution in many natural
bioactive compounds (such as alkaloids).[*"8] From a statistical analyses it emerges that
59% of FDA-approved small molecule drugs contain at least one of N-heterocycles
moieties in which the six- and five-membered are the size-cycles more diffused, although
three-, four-, bicyclic-, macrocyclic N-heterocycle scaffolds are present.l!””1 Moreover,
this last class of compounds have shown useful, not only in medicinal fields, but also in
metallurgical applications thanks by their ability to chelate first-row transition metals
like Mn(11), Zn(11), Fe(l1), Cu(ll) and for other industrial applications.[*’8! Nowadays
many scientist are focusing on the development of new sustainable synthetic approaches
for this class of compounds!*"% given their potential applicability in many science and
everyday life aspects. New approaches consist in employment of UV-light (the most
sustainable reactions induces, largely applied in organic synthesis);[*”! employment of
less toxic, environmentally benign and less expensive Lewis Acid catalysts like Zn, Fe,
Cu, Ni cores (minimization of waste, time consuming, improved selectivity, often they
allow to build complicated structures under mild conditions); 7% [18] performing the
reaction under microwave irradiations;*8! through multicomponent reactions (which
implicate time saving, avoid the separation and purification of intermediates, atom-

efficent reactions, type reactions used also for the synthesis of pharmaceuticals, drugs
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and compounds by stereoselective routes);*#2 employment of less toxic solvents like
ionic liquid;™& just to cite few examples.

This chapter is divided in three sections in which three different N-heterocycle scaffolds
are synthesized by new sustainable approaches.

The first section is focused on the synthesis of an aza-macrocycle with the purpose to
overcome some problems related to the synthesis and enhanced some aspects making
them more suitable for green aspects that rule the scientific world today.

The aim of second section is the synthesis of a six-membered N-heterocycles (1,2-
dihydropyridines) through polycondensation of acyclic precursor using a not expensive
and low-toxic Lewis acid like CeClz7H20, emphasizing kinetic, thermodynamic aspects
of condensation process.

The last section is divided in two more parts in which: the first one focuses on the
synthesis of tetrahydro-p-carboline (very important bioactive compound) using not
harmful Bregnsted acids like graphene oxide and Amberlyst-15® through the Pictect-
Spengler reaction; the second part, instead, reports the first results about the development
of a new multi-component Pictect-Spengler reaction promoted by Ce(lll)-Lewis Acid
for the synthesis of N-substituted tetrahydro-B-carboline.
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2.1 Improvement of the synthesis of aza-macrocycle:

1,4,7-trimethyl-1,4,7-triazacyclonane

2.1a An overview on aza-macrocycles

The macrocyclic ligands (at least 9-members cycle) form a class of compound that play
an important role in coordination chemistry for their ability to complex many metal ions,
charged and neutral natural molecules.™® In particular, the chemistry of aza-
macrocycles has under investigation by the scientific community. In fact, inspired by
polyazamacrocycles present in nature (like porphyrin and corrin), synthetic chemists has
led to the development of numerous organic molecules able to chelate a vast variety of

metal ions exactly as natural analogues.™&!

Porphyrin Corrin

()
D
D

NH HN

M Y G
O 0 Tt

Phtalocyanine 1,4,7,10-tetraazacyclodecane 1,4,7-triazacyclononanes 1,4,8,11-tetrazatetradecane
(cyclen) (TACNs) (cyclam)

pd
T
.
z

pd
b4

Figure 2.1.1. Structure of natural azamacrocycles (above) and synthetic ones (below)

The presence of nitrogen atoms in the structure of these compounds makes them very
incline to associate with cations of transition metals respect to oxygen containing-
macrocyclces (strong association with alkali and earth-alkali cations) since the less
electronegativity of nitrogen atoms that makes the lone pair more disposable to
coordinate metals.[*3 These polydentate ligand-metal complexes are more stable than
corrispective mono-dentate ones (chelate effect) by thermodynamic and kinetic reasons.
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From a thermodynamic point of view, an increment of number of particles in the system
means an increment of entropy making the process thermodynamically favored. The
second reason for this higher stability is due to a major effective concentration of
chelating atoms of ligand around metal core causing a much faster formation of

successive M-N bond between ligand and metal centre. 186!

THERMODYNAMIC EFFECT KYNETIC EFFECT
NH3
H P
/NH3 H,N /NH2 /,N /,/,
M — M J + 2 xNH;
NH;  HoN NH; -
3T MR, M“—NH
2 particles 3 particles minor distance major distrance
faster bond formation  slower bond formation

Figure 2.1.2 Two factors of chelate effects

Polycyclic aza-crown ligands form more stable complex respect to the opened-chains
analogues, this effect is called “macrocyclic effect”: Cabbiness et al. discovered, by
potentiometry and spectrophotometrically experiments, that Cu(ll) complex with meso-
1,7-CTH (tet a in figure 2.1.2) was at least 10,000 times more stable respect to a Cu(ll)

complex with a linear poly-amine analogues.®7]

m Y I\ in—" NH H/

[ j NH HN (—NH HN—> { N
NH HN ( j NH, H,N NH
(. NH2 HN ® NH,
"
NH, NH,

trien
tet a 2,3,2-tet Log K = 20.1 3,3,3-tet

Log K = 28 Log K =23.9 Log K=17.3

NH,

tpt
Log K=13.1

Figure 2.1.3. Aza-ligands studied by Cabbiness et al (nomenclature used by authors) with

corrispectives Log K (higher value higher stability of complex)

The stability caused by the macrocyclic effect is explained by the difficult dissociation
of interactions between metal and ligand. The dissociation of polydentate ligands
proceed through multiple SN1 replacement steps and this process finishes when the last
chelator atom dissociates, but this fact in a macrocycle ligand cannot happen since there
is not an end-group. 188l

One of the most famous and versatile methods for the synthesis of this class of
compounds was reported by Richman and Atkins in which they prepared different

azamacrocycles (from 9 to 21 members) through the reaction between bisodic salt of p-
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toulenesuplhonamide 74 and bis-tosylated/mesylated compounds 75 (higher yields when
di-halide compounds were employed) in presence of cesium carbonate in DMF dry at

100°C. Further remove of Ts-protection gives the free-aza-macrocycle.[*e8

I Ts
< TIs
N 4 // N/ N - N/
Ts— ) Ts—N )
\xN
\ \
, Ts Ts
yield =71 % yield = 84 %
Ts Ts( >
! < Ts
</N_ Na* N \N/\\N ~Ts
\
O + G - Ts—N
Ts—N ¥ DMF dry TS/N\\ -4 NZ
N Ts
< Nt 100 °C N> NS
iy 75 Ts Ts
. - o, i "
74 G = Generic linker yield = 55% TS. yield 83 %
X=-0Ts (\ N’
- OMs (0] (0]

-Cl
- Br
o O . (e]
N
Ts
yield 80%

Scheme 2.1.1 Synthesis of different azamacrocycles by Richman-Atkins method, yield reported
for G =-OTs

Nowadays several synthetic methods are reported in literature for this class of
compounds such as Nuchleophilic Ring Closing,[*®! Mitsunobu like Reaction,*!
modification of sulphonamide side chain (allowing to perform the reaction in milder
conditions),!** and many other methods.[*92 - 194

The major feature of these molecules is to form stable complexes with many different
divalent and trivalent metal cores like Zn(I1), Cu(ll), Eu(lll), Gd(lI1), Ca(ll), Mg(ll),
Mn(l1), Ni(11);12%! following the Peterson’s HSAB theory, coordinational geometrical
preference, thermodynamic and kinetic rules.[*°6

Importance to notice that the affinity and selectivity toward the metals ions depends on
number, arrangement of N-, O-atoms, the size of inner cavity and the substituents on
azamacrocycles; Williams et al.['! studied the selectivity of several azamacrocycles
toward Ag(l) among different transition and alkali metals in different solutions in which
silver ion was one third concentrated respect to others. From ESI-MS studies they

observed that in presence of either N- and O-atoms in the macrocycles (like in ligands

99



76 and 79), the ligands were selective toward Ag(l) in presence of different alkali ions
(Li*, Na*, K*, Rb"), while ether 18-crown-6 78 forms only weakly complex with Ag(l)
and binds with all alkali metals. On the other hand, in transition metals solutions (Mn(l1),
Cu(ll), Zn(11), Au(l11)) the macrocycles 76 and 77 showed higher selectivity for silver
ion even if Mn and Zn complexes were weakly detected and ligands 79 (analogue of 18-
crown-6) show good selectivity toward Ag(l) respect to its original compound, Au(lll)
complex was never detected. Moreover, among a second transition metals solution
(Fe(111), Ni(I1), Pb(11)) the azacycles 76 and 77 showed high selectivity for Ag(l) ion.

LT 5 5
e, Co 3 ) a1
LS L el o]

76 77 78 79

Figure 2.1.4. Structure of some aza-macrocycle studied by Williams et al.

Moreover, azamacrocycle-complexes found different applications in biomedical (i.e.
MRI, radiopharmaceuticals, therapeutic applications) and industrial fields, antiviral, as
catalyst and recover of metals from (waste) water and others applications.[178 186, 195, 197
-2001 For instance, many cyclen-based lanthanides complexes have used as MRI, contrast
agents in PET (Positron Emission tomography), SPECT (Single Photon Emission
Computed Tomography) due to their low toxicity, higher thermodynamic and kinetic
stability.[°] Gadolinium(111) (high paramagnetic metal by its seven unpaired electrons,
relatively slow electronic relaxation) complexes with DOTA derivative 86 in which a
propionate moiety was presence instead an acetate one enhances the relaxivity properties
of DOTA-Gd(III) complex, even if the it results less stable than “original” DOTA
complex, it results anyway a good MRI agent and considerably more inert than Gd
complex with DTPA (diethylenetriaminepentaacetic acid, polyaza linear compound).[2%21
This DOTA derivative 86 can be obtained by two possible pathways starting from
cyclen, in which the first scope of each method is to attached the propiolate moiety, and
then to add the acetate groups to the other nitrogen atoms (scheme 2.1.2). The pathway
A (overall yield 85%) implicates the mono-proprionation of cyclen (80) (present in large

excess), and successive acetylation of remaining nitrogen atoms leads to the final product
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86, while the pathway B (overall yield 80%) achieves the final ligand through a
protection/deprotection strategy of four nitrogen atoms using glyoxaldehyde and

formation of iodide salt 83 in the step of mono-proprionation.

Br/\)?\OEt £ N/\)J\ Br\j.J\OEt EtO [/_\i\)J\
)

CH,CN [

CHLCN é(\_/\JLOEt A | HCI(6N)

NH HN
pathway A 30 OEt 81
Oy—OH
Tt
" et
NH HN
OH (0]
o C )
N N
cyclen O)\/ _/ \/MOH

J//O pathway B o)

Z OH
- OH

0 I\ J)J\ CI/\([D]/

in

N N
NH,NH»"H,O NH
MeOH [Ij [Ij 222[ j K,COs
N N
-/

H20, 45°C NH HN in
MeOH

82 83 84

Scheme 2.1.2. Synthesis of propiolate-DOTA ligand by Balogh et al.

In addition, NOTA (1,4,7-triazacyclononane-1,4,7-triacetic acid) and DOTA (1,4,7,10-
tetraazacyclododecane-1,4,7,10-tetraacetic acid) based ligand-®3Ga complexes bounded
to an oligonucleotide sequence have shown very useful in PET, moreover these studies
have explicated that the biodistribution of compound depends by both oligonucleotides

sequence and the type of chelator.[?%]

101



0.2

e
5‘-OLIGNONUCLEOTIDE-3'I—FB—O\/\/\O&\ —\
|

o

| N N 1
©- _ r__‘gse’:;—s-:f :
| o———\N// \N) - 0 !
| )\/ NN :
o o !

Figure 2.1.5. PET image with DOTA-based ligand-*®Ga complex after 60 minutes from
injection, image from referencel?®, the image shows: accumulates in bone (especially in log
bone Ep, in maxilla Mx and mandibular Mn), kidneys (Kd), and liver (Lv). Radioactive urine

was observed in the bladder (BI) and in the heart (Hr)

The employment of 12-crown sized azamacrocycles in which one nitrogen atom belogns
to a pyridine moiety has shown very prominent as catalyst for Sonogashira cross-
coupling Pd(I1)-catalyzed between phenylacetylene and iodobenzene using EtzN as base
and performing the reaction in water. Moreover, the covalently functionalization (7-7t
stacking interactions) of a nanostructure MWCNT (see figure 2.1.6.) leads to the
formation of a new green heterogeneous catalysts usable under aerobic conditions.
Studies about temperature have shown that these new MWCNT catalysts are very
performant at 50°C (conducting the reaction at 30°C it lasts 3 days, at 50°C 2h with a
yield of 90% for 87 and 94% for 88 without formation of by-products). The 87 short-
MWCNT shown a better recycle of the other one, in fact after four cycles the activity of
87-MWCNT remains almost similar to the first even if 24h of reaction were necessary
to obtain 80% of yield; on the other hand 88-MWCNT showed a higher degradation just
at the second cycle 16h were necessary to obtain an yield of 92%, and at fourth cycle

after 24h reaction an yield of 66% was detected.[2%4]
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Figure 2.1.6. On the left 3D structure of complexes take from reference?®; on the right
chemical structure of two aza-macrocycles in which the red part hihlights the m-m anchor, the

green part highlights the spacer, the blue part highilight the ligand moiety

The chemical modification of aza-macrocycles is an important research area since the
modifications improve the stability, activity and the specifity of physiochemical and
biological properties of resultant complexes.?°! For example, the modification of
cyclam by adding one methyl-phosphonic acid “pendant arm” (obtained after 3 days at
40 °C reaction between dry para-formaldehyde (excess), N,N’,N’’-
tris(trifluoroacetyl)cyclam and triethyl phosphite (large excess) and successive refluxing
in HCI, scheme 2.1.3) enhances the selectivity toward Cu(ll) of original cycle. In fact,
cyclam itself coordinates faster Zn(ll) under physiological conditions, and an higher
selectivity for copper atoms is required for biomedical purpose; since different copper
isotopes  (*°Cu, ®Cu, ©®Cu, ©®Cu, °©®Cu) show prominent application in
radiopharmaceutical, PET, MRIL[2%] Ppotentiometrically studies have shown a
comparable stability between 90-Cu(ll) complex and cyclam-Cu(ll), but an higher
stability respect other reported pendant-cyclam derivatives. Moreover, the ligand show
avery high selectivity for copper among the different bivalent cations like Ca(l1), Mg(ll),
Cd(11), Mn(11), and, more important, it has a 6 magnitude higher selectivity toward Cu(ll)
than Zn(l1). The diffraction study revealed that complex has in a distorted octahedral
environment, in which axial bonds are elongated respect to the equatorial ones. The aza-
macrocyclic ring coordinates in the basal plane way, and an oxygen atom of the
phosphor-moiety is coordinated in one apical position. Finally, rather long coordination
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of bromide in opposite position to apical oxygen atom complete the sphere of

coordination.[20°]

(0]
_OH

1. para-fomaldehyde |':'>
triethylphosphite m POsH, , H
NH N ’

(0]
F3C [N HN] 40°C, 3 days [ complex formatlon< * higher Cu(ll)
Cu(ll) > selectivity
3C\n/ 2. HCI NH HN i ili
(0]

N CF3 * higher stability

b \n/ Reflux, 3 days
o I
89 90 Br

Scheme 2.1.3. Synthesis of phosphate cyclam derivative 90 and Cu(ll)-complex structure

A huge number of examples can be found in the literature for the applications, synthesis
and modifications of this class of compounds; but to avoid going too far and risking
boring the reader, only a couple of examples have been reported (those cited previously)
to help understand the importance of azamacrocycles. These topics will also be dealt
with more specifically for TACN (1,4,7-triazacyclononane) and its derivatives

(successive section), topic of this chapter.

2.1b Synthesis and applications of 1,4,7-triazacyclononane and its

derivatives

1,4,7-triazacyclononane (TACN) and its derivatives is an important class of aza-
macrocycles since they can stabilize high oxidation states of different metal cores like
Fe(I), Fe(1ll), Ru(Il), Ru(IV), Cu(Il), Zn(1I), Co(III) and especially Mn(II) and Mn(IV);
in addition, TACNs metal complexes found many applications, molecular imaging, PET,
SPECT, catalyses and they are also employed for the preparation of *’Tc
radiopharmaceuticals. For this reason this aza-cycles appear in more than 300
patents.’®) An important feature of these molecules is the isoelectronic to Cp

(cyclopentadiene) that allow to obtain complexes with a more positive charge.?%”)

R
© (N
RN N
R
cyclopentadienyl! triazacyclonanes

Figure 2.1.7. Isoelectronic structure of cyclopendienyl and TACNs
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New synthetic strategies and funcionalizations for these compounds are always desirable
due to the important features of these ligands and relative complexes. The Richard-
Atkins method is one way to obtain this moiety (see scheme 2.1.1), it is possible to obtain
the triazacyclonanone in deprotected form after the removal of tosylate protecting
groups, and going further in other N-functionalizations. A similar work was published

by Huang et al.l?%

in which, starting from N,N-dibenzyldiethylamine 91 they
synthesized 1,4,7-tribenzyl-1,4,7-triazonane-2,6-dione 93, that after a reduction and
remove of benzyl groups it is transformed in 1,4,7-triazacyclononane 100 and then going
further N-functionalizations. Moreover, the selective mono-deprotection of benzyl group
(94) open possible pathway in which different N-substituted TACNs can be obtained. In
similar way, after the remove of another benzyl from compound 102, it is possible to
synthesize a trisubstituted-TACNs (105) in which all three substituents are different one
from each other. But this strategy suffer of some drawbacks like long reaction times in

some steps and employment of large amount of dangerous reagents like LiAlH4 (scheme

2.1.4).
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Scheme 2.1.4. Synthetic scheme for TACN (bold and circle red) and TACNs derivatives by

Huang et al.

Functionalization of TACN with pendant arms or synthesis of TACN-pendant arms
functionalized is an important research field since these modifications enhance the

complexing abilities of aza-macrocycles itself. Starting from N-monotosylated TACN
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106, it is possible to obtain a TACN derivatives with different pendant arms. The reaction
between 106 and ditosylatediamine and a successive deprotection leads to the formation
of macrocycle 109 with a free nitrogen atom of TACN moieties that can be functionalized
as shown in scheme 2.1.5. The resultant ligands 111 can form very stable complexes with

Mn(II) and Zn(II).[202 209]

HNT HaNTN
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N
HN/\ N—Ts H,S0O4 conc. /\NH
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AN N . N
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Scheme 2.1.5. Synthesis of TACN pendant arms functionalized

Among the possible applications of TACNs-complexes, biomimics and
radiopharmaceutical are ones of the most important due to the high stability of these
TACNs-complexes. For example, TACNs coordination environment has widely
exploited to coordinate Cu(Il) and Cu(I) with the purpose to mimic the active site of
some proteins like catechol oxidase, cythocrome c¢ oxidase, nitrite reducetase, galactose
oxidase; more over, the linkeage between two TACNSs moieties or synthesis of complex-
structurated ligands allow to obtained also dinuclear complexes and heteronuclear

complexes.['” TACN itself (100) is used as additive in TACN-Fe(II)/Fe(1Il) systems
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used for the oxidative degradation of catchecol (mimic of dioxygenase family), in fact
Lin et al.*'% reported that the combination of Fe(II) or Fe(III), TACN and pyridine was
able to degrade the catchecol in (2Z,4F)-2-hydroxy-6-oxohexa-2,4-dienoic acid 112
through Fe(Il) reaction and in (2Z,47)-hexa-2,4-dienedioic acid 113 in case of Fe(III)
(similar enzyme selectivity). The system with different metal salts (i.e. MnCl,, CoCly,
CuCl) and different bases (i.e. DMAP and DBU) have not shown no activity in the
reaction. For what concern the mechanism in Fe(II) model, the reaction, in accordance

to author, proceed in similar way to extradiol catechol dioxygenase.

o FeCl,, TACN, FeCls, TACN, o
0 pyridine, O, OH pyridine, O, HOW
Ho” N ~eor “weon & o
OH OH MeOH 13 /
112 cathecol

Scheme 2.1.6. Oxidative degradation TACN-catalyzed developed by Lin et al.

Among TACN derivitaves, NOTA (1,4,7-triazacyclononane-1,4,7-triacetic acid) was
intensively studied in complexing metal ions in biological and medicinal field, in fact
NOTA-Cu complexes for PET and theraputical are known in literature. Studies about
thermodynamic and kinetic stability of NOTA-metal complexes formation have shown
that NOTA selectivity bounds with Cu(Il) forming more stable and faster complexes
respect with Zn(II) and Ni(Il) (usual impurities of radiolabelled Copper atoms), the
complex formation is not neither affected by the copresence of zinc and nickel atoms.
This selectivity is explained by the size of cavity: the relative small size of NOTA cavity
does not fit with large divalent cations of lead and cadmium, and weak and long-group
decreasing interactions were dectected between NOTA and alkali metals like Ca(Il),
Mg(II), Sr(Il), Li(I), Na(I), K(I) since only one pendant arm is involved in the
coordination of metal centre.*!!]

Recently, a derivative of NOTA (compound 114), in which an acetic acid pendant arm is
substituted with a picolinic acid one, has shown very ueful in formation of ['*F][Sc-F]

2121 In fact, due to its high stability (Sc-F energy bound

ternary complex for PET imaging.!
dissociation of 229 kJ/mol), the de-flourination processes do not take place in vivo
constituting a valid alternative to C-'8F compounds and Ga-'®F radiofarmaceuticals. This
complex can be obtained by the reaction between NOTA derivative 114 and Sc-'®F in

presence of NaOAC at 100°C only aftr 30 minutes of reaction.
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Scheme 2.1.7. Synthesis of [*®*F][Sc-F] complex for PET

Many others examples of these derivatives are reported and they found wide applications
in many fields, especially in radiopharmaceutical field and in the figure below many

structure examples are reported.

Figure 2.1.8. Structure of somoe TACNs ligands in mimic and radiopharmaceuticals, source

refrencel*®l

1,4,7-TRIMETHYL-1,4,7-TRIAZACYCLONONANE

Among the possible TACN derivatives, 1,4,7-trimethyl-1,4,7-triazacyclononane
(MesTACN), focus of this topic, deserves a special mention in this section. Nowadays it
is known the complex ability of this ligand for many transition metals, especially for
Manganese. These complexes found many applications ranging from organic catalyses,

2141 For instance, dinuclear Mn(IV) complex with

bioinorganics and functional materials.!
Me;TACN, [Mn2(Me3sTACN)203][PFs]2, has shown a very powerfull catalyst for alkanes
oxidation in hydrogen peroxide water solution performing the reaction in mild conditions
and in presence of a co-catalyst (oxalic acid). This catalyst allow ot overcome some

problems related to the employment of metal and metals oxide like cryogenic conditions
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(temperature > 200°C) and selectivity, allowing to oxidise methane to formaldehyde and
cyclohexane to corrispective cyclohexanone and cyclohydroperoxyl (ratio 10:1) at 50°C
(after 12h for methane and 3h for cyclohexane). On the other hand, the oxidation of linear
alkanes (n-heptane and n-hexane) has shown a regioselectivity for —CH»- of chain
(especially for C4 in case of heptane) leaving almost untouched the terminal —CH3
(mixture of carbonyl and alcohol moieties formation was detected).?!”
[Mn(IV)2(Me3;TACN)2-uO3][PFs]2 has shown a green/environmental friendly alternative
for Co-based driers used for alkyd emulsion coating. In presence of polyamine
(HMTETA, 1,1,4,7,10,10-Hexamethyltriethylenetetramine) this complex has shown
higher activity in emulsion of Ethyl Linoleate than to commercial Mn-catalyst (Nuodex
Web-Mn) and comparable activity to Co-based commercial catalyst (Nuodex Web-Co).
The presence of this polyamine enhances the acitivity of the catalyst, already active by
itself, improving the compatibily between complex and ethyl linolate, without detecting
any exchange between TACN and HMTETA. ') Not only MesTACN-Mn complexes
are known in literature; in fact, Me3TACN-trinucleare iron complexes,
[(Me3TACN ) Fe(I1)2-puCl3][MesTACNFe(I)Cls], catalysed efficentely the
polymerization of MMA and styrene by ATRP (atom transfer radical polymerization).
One important feature of this catalyst is its solubility in polar solvent like methanol, in
fact the precipitation of polymer in methanol allow to avoid contamination of polymer
by the catalyst and allows also its recovery. In fact, after four recycles, the catalyst still
explicates almost the same initial activity (similar conversion and molecular weight of
formed PMMA and polystyrene) indicating the robustness and staibility confered by
Me;TACN-ligand to iron (Fe(Il) can be easly oxidized to Fe(Ill) in presence of air
oxygen).[217] Just to notice, 1,4,7-trimethyl-1,4,7-triazacyclonane can be used as scaffold
for the synthesis of quaternary ammonium compounds (QACs) with antibacterial
activity. Studies about antibacterial activity against two gram positive bacterials
(Staphylococcus aureus MSSA and MRSA) and two gram negatives (Escherichia coli
and Pseudomonas aeruginosa) has shown that limited flexibility (including Me; TACN)
of ammonium counterpart improved the biological activity respect to linear compounds.
Mono and triiodide Me3TACNSs salts with 16, 18 and 20 lateral-carbon chains have
shown good biological properties against the gram positive ones (MIC values ranging
from 1 to 4 uM) and either better properties against negatives than linear tested

ammonium salts (TACN MIC values raging from 1 to 16, against 1 to 32).[2!8
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Apart from the obvious direct methylation of 1,4,7-triazacyclononane 100 using a base
and a methyl-halide (see scheme 2.1.8) , the most part of synthethic strategies are covered
by patents and usually these methods require harsh conditions.'”] The alkylation of
TACN (100) reported in literature require sometimes the employment of harmfull
reagents,?>") and sometimes long reaction time,??!! without considering the dangerous
that came from methyl halide (strong alkylating agents of DNA),[??? even if this method
allow to obtain different 1,4,7-trisubstituted-1,4,7-TACNs.[2?!]

n-BuLi (6 eq)
Me-I (excess)
Et,O dry
Ref [220] -78°C, 0.5h
’ |
() ()
HN NH N NS
100 115
Ref [219] Me-Br (3 eq.)
K,CO3 (3.2 eq.)

ACN, 16h, Reflux

Scheme 2.1.8. Direct alkylations of TACN reported in literature

In addition, it is possible to synthesize this compound starting from a linear polyamine,
Schoenfeldt et al.?**) synthesized Mes-TACN starting from diethylenetriamine 116
following a similar Richmann-Atkins pathway. First, they protected the amine with
tosyl-group, then after the reaction between protected amine 117 and 1,2-di(p-
toluenesulfonyloxy)ethane 120 (previously preparated through the reaction between
glycol 119 and p-toluensulfonyl chloride) leads to the 1,4,7-triazacyclononane scaffold
118. The target cycle 115 is obtained after the reaction of deprotected TACN
(deprotection performed in H>SO4 conc, 5-6h at 140°C) and formaldehyde after 15hrs of

reaction at 101°C.
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116 r.t., 1.5h 117 90°C. 3h
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|
( \ 5-6h at 140 C° (N\
N N

N N 2. Formic acid (33 eq)
TN Y Formaldehyde (18 eq) Ts~ ~\__ "Ts

15h at 101 °C
115 118

Scheme 2.1.9. Synthetic strategy for 1,4,7-trimethyl-1,4,7-triazacyclononane developed by
Schoenfeldt et al.

Due the important features of Me;TACN-Mn complexes (i.e. epoxidation of olefin,
bleaching activity of hydrogen peroxide), the possible enhancement of resultant
complexes has motivated the scientist to explore also the possibility the synthesis of
functionalized MesTACN. Koek et al.?'®! published an example of possible mild-
condition functionalization of this cycle, they started directly from the MesTACN 115,
they performed an oxidation of this cycle using N-bromosuccinimide forming the
bromide ammonium salt 121, further functionalization with KCN and reduction with
LiAlH4 allow to obtain the pendant arm —CH>NH> (compound 123), that after protection
with acetic anhydride (124) and subsequent reaction with Mn(II) leads to the formation

of very stable dinuclear trioxo manganese complexes.
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Scheme 2.1.10. Direct functionalization of MesTACN
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2.1c Results and Discussion

This project was born in collaboration with I.C.A. group of Civitanova Marche (MC), for the
studies about dryness effects of 1,4,7-trimethyl-1,4,7-triazacyclononane in painting coating.

BACKGROUND & SYNTHETIC APPROACH

As written in the previous section (2.1b Synthesis and application of 1,4,7-triazacyclononane
and its derivatives), there is lack of methods for the synthesis of 1,4,7-trimethyl-1,4,7-
triazacyclonane, and they usually require harsh conditions, harmful reagents and sometimes
long reaction time. For this reason, we focused our effort to develop a new synthetic strategy
for this aza-macrocycle that implicates milder reaction conditions and improve some aspects
and overcome some problems met with some methods reported literature; without forgetting
the important features of MesTACN-complexes can found. Our purpose was to obtain the
MesTACN through a four steps process starting from an acyclic precursor, diethylenetriamine
116, that after the condensation with an electrophile leads to the formation of fuse-byclicic
intermediates 125, which further a formilation, formation of ammonium salt 127 and reduction

of 127 leads to the final target molecule.

//\ ~ /:’\N
condensation NH  formilation ammonium salt N
A Nl e— [ j :s(> [ j
H N
116 H /)
125
ﬂeducnon
|
/N\ /N\
115

Scheme 2.1.11. Synthetic approach for 1,4,7-trimethyl-1,4,7-triazacyclononane

CURRENT WORK

The first step implicates the condensation between triethylenediamine 116 and
chloroacetaldehyde 128 (solution of 50% in water) in presence of a base such as potassium
carbonate, and all experiments for the synthesis of pyrazine intermediate 125 are reported in
the table 2.1.1.
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K,CO3 (2 eq) N/_/\NH
e
HzN\/\N/\/NH2 +CI/\|| 2 3 q

o)

H Solvent N
116 128 Temperature H 125
Time
Entry Chloroacet. Temp. Rate Addition Solvent Rea_ction Yield
Time

1 leq. r.t. Dropwise CHsCN 6h 6%
2 1l.1leq. r.t. Dropwise CHsCN 6h 14%
3 leq. r.t. Dropwise CH3CN:H20 (10:1) 6h 24%
4 1eq. r.t. Dropwise CH3CN:H20 (12:1) 6h 24%
5 1eq. r.t. Dropwise THF 6h 7%
6 1eq. 30°C Dropwise CHsCN 6h 8%
7 1eq. 50 M.M. Dropwise CH:CN 0.5h /
8 leq. 0->50°C Dropwise CHsCN 6h /
9 leq. r.t. 12 mL/h CH:CN 16h 45%
10 leq. r.t 4 mL/h CHsCN 24h 66%
11 leq. r.t. 2mL/h CHsCN 24h 75%

Table 2.1.1. Above the scheme of the reaction and under the screening of conditions for the

condensation

Applying the conditions reported in literature (Entry 1, table 2.1.1)2%! we unfortunately
obtained a very low vyield of target product, since we observed the formation of
autocondensation product of aldehyde (scheme 2.1.11) due to the presence of a strong base such
as potassium carbonate. Therefore, we tried to modify the parameters of the reaction. First of
all we tried to increase the amount of aldehyde (Entry 2, table 2.1.1) and a slight and not
satisfying increament of yield was detected. Changing the solvent, bad results were obtained
again. Performing the reaction in a mixture of acetonitrile/water a modest increase of yield was
also detected (Entry 3 and 4, table 2.1.1) as probably the solubility of potassium carbonate is
increased by the presence of a major amount of H.O. While performing in other water soluble
solvent (THF, Entry 5, table 2.1.1) a comparable result with acetonitrile was recorded.
Performing the reaction at 30°C, or under microwave irradiation or performing the addition at
0°C and then heat at 50°C any changes in the outcome of the reaction as low yields were still
detected or sometimes the product was neither observed (Entry 6, 7 and 8, table 2.1.1). In each
experiments mentionated above, we always observed the formation of autocondensation

product 129 of chloro acetaldehyde. The product was not isolated and characterized (GC-MS
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detection), probably it could go to multiple self condensations since the formation of a red and

insoluble solid was always observed.

VRN
H COs* Hcoy o R
Q f ) cl
Cl)m /\ k/CI ¢! further
.0, g - — cl h/\c' -
128 ‘0! 0 -0: O OH
HR 129
R = -OH
-COy

Scheme 2.1.12. Supposed mechanism and structure of the formation of autocondensation product of

chloroacetaldehyde

Finally, to overcome the formation of this side product we tried to perform the reaction using
an infusion pump as it allow to mantain a costant rate of addition and therefore a constant molar
ratio between amine and aldehyde. Adding the solution of aldehyde with a rate of 12 mL/h we
suddenly observed an improvment isolating the product with a yield of 45% (Entry 9, table
2.1.1). Slowing even more the rate of addition to 4 mL/h and 2 mL/h a 66% and 75% of yield
have detected (higher yield respect to literature) after 24h of reaction. Therefore, the control of
the addition speed therefore allows to discriminate which type of reaction the aldehyde will
follow. The slower addition avoids that aldehyde reacts with the carbonate present in the
reaction and forming the autocondensate (thermodynamic process), but it allow to
chloroacetaldehyde to react with amine (faster process), present in greater amount (respect to
aldehyde) and thus forms the pyrazine target (kinetic process).

Once achivied the intermediate 125 the next step provides the synthesis of di formamide 126

by a formilation process (table 2.1.2.).
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N OMe N
H

34 °C )
Time 0%
125 methyl 126
formate
Entry Methyl Formiate Temperature Reaction time GC Conv. Yield
1 33 eq. 34°C 24h 82% 66%
2 33eq. 34°C 48h 93% 72%
3 20 eq. 34°C 24h 73% 55%
4 10 eq. 40 °C 1h Complex mixture /
5 25eq. 34°C 24h 95% 58%

Table 2.1.2. Screening conditions for the formilation step

From the table 2.1.2 it is possible to notice that in major part of experiments the product was
achivied with a good yield and good GC conversion. The peculiar of this reaction was that the
long time of reaction and a huge employment of methyl formate that acts as solvent of the
reaction. The first aspect that can be noticed is that lasting the reaction 48 hrs instead of 24 hrs
(respectively Entry 2 and Entry 1, table 2.1.2) a better conversion (almost total) and better yield
was detected. Trying to perform the reaction under microwave irradiation, with the purpose to
speed up the reaction, other secondary process were favoured and formation of complex mixture
was detected (Entry 4, table 2.1.2). Finally, since the possible large-scale synthesis that this
ligand could undergo, we tried to decrease the amount of ethyl formate (reduce amount of waste
and reagent) but also in these cases the yield of target product was lower respect to Entry 2.

The ammonium salt formation is the neck-bottle step of this synthetic process. Due to the nature
of target TACN derivative 115, we obviously choose to use methyl iodide as alkyl halide. All

the experiment for the synthesis of ammonium salt 127 are reported in table 2.1.3.
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126 127
Entry Me-I Solvent Reaction time Yield
1 1.02 eq. CH:CN 16h 2%
2 1.02 eq. CH:CN 24h 52%
3 1.2 eq. CH:CN 24h 48%
4 1.2 eq. CHiCN 48h 50%
5 3.0 eq. CH3CN: MeOH (3:1) 24h 64%

Table 2.1.3. Screeing of conditions for the synthesis of ammonium salt 127

For this reaction in all experiments the almost same results have recorded. Starting from the
employment of little excess of alkyl agent (Entry 1, table 2.1.3) a low yield was detected, but
leaving the reaction 24 hrs (Entry 2, table 2.1.3) an improvement of yield was observed.
Increasing a little more the methyl iodide (Entry 3 and 4, table 2.1.3) a similar result to Entry 2
was observed. Finally, the employment a larger amount of methyl iodide and performing the
reaction in a mixture of acetonitrile/methanol (Entry 5, table 2.1.3) a moderate result has
obtained this time. The major improvement of this step was the solvent reaction. In fact, one
drawback of this reaction is its reproducibility (just confronting the result of Entry 1 with the
other ones). In our opinion, the mixture of CH3CN/MeOH gives to the system a good
robustness, since the presence of methanol decreases the solubility of product 127 that
precipitates in the reaction and it allows to obtain almost the same results in each experiments.
Moreover, the indeherance of tertiary nitrogen atom does not allow the fast trend of the reaction
and so good results. Considering also the toxicity of methyl iodide,???l the employment of
higher amount of has not tested.

Finally, the reduction of previously synthesized iodide salts leads to the formation of final
MesTACN 115. Different amount and reducing agents were tested and reported in table 2.1.4.
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Solvent
0 Time NS
127 Temperature 115
Entry Reducing Solvent Temperature Reaction Time Yield
Agent

1 Red-Al (5.0 eq.) Toluene 65 °C 5h 5%
2 LiAIH4 (20 eq.) THF dry r.t. 24h Complex
Mixture
3 NaBH., (20 eq.) THF dry r.t. 24h Complex
Mixture

4 Red-Al (10 eq.) Toluene 65°C 24h 15%

5 Red-Al (20 eq.) Toluene 65 °C 24h 7%

6 LiAIH4(5.5eq.) THF dry r.t. 5h 78%

Table 2.1.4. Screening conditions for the synthesis of 1,4,7-trimethyl-1,4,7-triazacyclononane

As first reducing agent we tested Red-Al solution but in this case very low yield was observed
(Entry 1, table 2.1.4). Then, using a very large excess of two different common reducing agents
like NaBHsand LiAlH4 (respectively Entry 2 and Entry 3, table 2.1.4) a formation of a complex
mixture has observed after 24 hrs. Instead, doubling the amount of Red-Al® a yield of 15%
was recorded after 24 hrs reaction (Entry 4, table 2.1.4). Anyway, performing the reaction with
a higher amount of Red-Al® (Entry 5, table 2.1.4) or using 5.5 eq. of lithium aluminium hydride
(Entry 6, table 2.1.4) a good and similar yields have obtained (77% and 78% respectively).
Some considerations have to be done. Even if each two conditions lead to the same result, the
LiAIH4 method is preferable to Red-Al® one. First of all, the lithium method is faster and
performed in milder conditions (room temperature against 65°C), this aspect means save
money, time and energy, and it is very important aspect to consider from an industrial and large
scale production point view. Moreover a lower amount of reducing agent is require in case of
lithium method that means again save money and also less formation of waste reagent, without
considering the major handleness and lower harzardness of LiAlH4 than Red-Al® (highly
inflammable). In the end, one aspect to consider is the solvent, the lower boiling point of THF
makes this method more suitable during extraction process since the evaporation of it requires

less energy.
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ALKYD EMULSION

This collaboration between the university and the ICA arises because of the company needs to
use a catalyst for alkyd emulsion of resins, since the commercial ones have becomes very
expensive as the complexes with MesTACN and specific metals found chemotherapic
applications. ICA groups tested this ligand in two different resins and the results have already
reported in Alessandro Menchi PhD thesis and reported here to show the usefulness of this
azamacrocycle. The two resins tested are a long oil alkyd and the second is a urethane alkyd.
Once the two products are prepared, they are applied by spreading on a support (glass) and then
two catalysing systems are applied over them: the first one si composed of cobalt, zirconium,
and sodium salts and it acts as standard, the second one is formed by a combination of
manganese salt and the 1,4,7-trimethyl-1,4,7-triazacyclononane. After 16 hours of drying at
room temperature, they tested the hardness the paint film to have an objective data on the
hardening of catalyst. A precise evaluating the hardness of coating by the two different
solutions, they performed Erichsen pen test. This test is used to measure the minimum energy
necessary to make the scratch made by a steel tip on the paint film, when the scratch is also
seen from the other side of the support, which force is considered the minimum necessary for
to do the scratch. Obiousvly, harder paint films requires major intensity of minimum force.
Erichsen pen test explicated that the paint coated by standard catalyst system showed a hardness
of about 6N (Newton), while the samples coated with the new catalyst system 10N. Therefore
the new catalityc system enhanced the drying process since the paints showed a greater hardness

and superior quality.
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2.1d Experimental Section

OCTAHYDROIMIDO[1,2-A]PYRAZINE (125)

7.02 mL of Chloroacetaldehyde 128 (50% sol. in water, 55.3 mmol,

NF’\NH 1.0 eq.) are dissolved in 40 mL of acetonitrile (1.1 M solution) and it
[ j is added dropwise by infusion pump (flow 2.00 mL/h) to a solution of
H diethyltriamine 116 (5.974 ml, 55.3 mmol, 1.0 eq.) in acetronitrile (80

ml). Then the solution is stirred for 24h at room temperature. The

reaction is monitored at GC-MS. When no more evolutions are observed at GC-MS, the
mixture reaction is filtered by a pad of Celite and the solvent was evaporated by
rotavapor. The final product is a dark yellow oil with a yield of 75% and it is used without
further purification.

Molecular Formula: CsH13N3

'H-NMR (400 MHz, CDCl3) 8 = 2.97 (dd, J = 11.7, 2.8 Hz, 1H), 2.88 — 2.76 (m, 2H),
2.70 — 2.49 (m, 5H), 2.32 (dd, J = 11.7, 8.0 Hz, 1H), 2.25 — 2.11 (m, 2H), 1.97 (s, 2H).
13C-NMR (100 MHz, CDCl3) 6 = 76.61, 52.33, 51.10, 48.31, 45.20, 42.93.

GC-MS (70eV; EI) = 127 (M), 97, 70 (100), 56, 42.

FT-IR (cm_l) =3268, 2936, 2882, 2810, 1745, 1656, 1598, 1445, 1311

HEXAHYDROIMIDAZO[1,2-A]PYRAZINE-1,7-DICARBALDEHYDE (126)

A mixture of 700mg of octahydroimidazo[1,2-a]pyrazine 125 (5.51
N/—/\N\\\ mmol, 1.0 eq.) and 1.5g of K.COz anhydrous (11.02 mmol, 2.0 eq.)

[ ]/ O are dissolved in 11.20 mL of methyl formiate (181 mmol, 33 eq.),
N

_ then the reaction is refluxed (34°C) for 48h. The reaction is

o)

monitored at GC-MS. When no evolutions are more observed, the
reaction mixture is filtered by a pad of celite and the solvent is removed by rotavapor.
The final product is a yellowish oil and it is obtained with a yield of 72%. The crude is
used without further purifications, but if its purity e is not satisfying, the crude of reaction
can be purified by filtration on buffered silica gel (9:1 CHCI3/MeOH, Rf = 0.39). The
buffered silica is obtained suspend the silica in dichloromethane, then 1mL of EtsN is

121



added to the suspension for each gram of silica, then the suspension is stirred for 16 hrs,
the dichloromethane is evaporated under vacuum.

Molecular Formula: CsHi3N302

'H-NMR (400 MHz, DMSO-ds) 6 = 8.22, 8.20, 8.18, 8.07, 8.05, 8.02 (s, 1H), 8.01 (s,
1H), 4.77, 4.35, 4.19, 4.09 (dddd, J = 38.9, 34.4, 12.4, 3.3 Hz, 1H), 3.98-2.32 (m, 10H).
13C-NMR (100 MHz, DMSO-dg) & = 162.39, 162.34, 162.26, 162.23, 162.10, 159.85,
159.76, 73.00, 72.89, 72.09, 72.03, 49.65, 49.52, 49.38, 49.25, 48.93, 44.50, 44.42,
44.19, 44.07, 42.53, 42.30, 42.10, 41.82, 38.65, 38.44.

GC-MS (70eV; EI) = 183.1 (M), 154 (100), 125, 98, 72, 56.

FTIR (cm ) = 3519, 2819, 1652, 1432, 1396, 1369, 1275, 1194.

NOTATION: even if the product has a very simple structure, such complicated NMR-spectra are
due to the rotational isomer of formamide (scheme 2.1.10) that split the signals even if the

molecule is pure.?%!

[\, H [\ .. H \, 0 \ 0
N N\\< N Né« N N\( N N\(
(J o) e [ J neel J
H/go oﬂ/lH O)\H H/gO

Scheme 2.1.10. Rotational isomers of formamide

1,7-DIFORMYL-4-METHYLOCTAHYDRO-1H-IMIDAZO[,2-A]PYRAZIN-4-1UM
IODIDE (127)

. 3.1 g of 1,7-diformyloctahydro-1H-imidazo[1,2-a]pyrazine 126
\Nf"\N\/O (16.5 mmol, 1.0 eq.) are dissolved in a solution 3:1 of
[*j acetonitrile/methanol (54 mL/18 mL), 3.61 mL of Mel (50.8 mmol,
N
N

3.0 eq.) is added dropwise. After one hour formation of a white solid

o is observed. The reaction mixture is stirred for 24h at r.t. Then the

solution is filtered by gouche and a white-like solid is recovered with a yield of 64%.
IH-NMR (400 MHz, CDCls) & = 8.42 — 8.06 (m, 2H), 5.15 (dt, J = 7.5, 4.4 Hz, 1H),
4.50-3.35 (m, 10H) 3.31 — 3.21 (s, 3H).

13C-NMR (100 MHz, CDCls) 6 = 163.30, 162.50, 162.07, 162.04, 161.97, 161.01,
160.78, 78.34, 78.24, 77.04, 75.90, 59.11, 57.98, 57.90, 56.78, 56.59, 55.89, 55.74,
51.49, 50.63, 48.61, 47.15, 37.11, 35.42, 33.60.
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FT-IR (cm_l) =3017, 2985, 2958, 1683, 1656, 1441, 1369, 1306, 1270, 1172.
m.p. (range °C) = 167-169 °C

1,4, 7-TRIMETHYL-1,4,7-TRIAZACYCLONONANE (115)

LiAlH4 method: 642.25 mg of LiAlIH4 (16.92 mmol, 5.5 eq.) are
|11 suspended in 10 mL of THF dry and the solution is cooled down to
( \ 0°C with an ice-water bath. Then 1.00g of iodide salt 127 (3.077

N
TN mmol, 1.0 eq.) is added slowly to the solution, finished the addition

the reaction is left to warm up to r.t and it is stirred for 5h. Then the
reaction is diluted in 20 mL of Et2O with an ice-water bath and then 20 mL of Rochelle
Salt are added dropwise for quenching the LiAlH4. Then the reaction is stirred for 1 hour
at r.t. The aqueous layer is extracted 2x20mL with Et2O, the organic layer is anhydrous
over Na>xSO4 and then the solvent is evaporated by rotavapor. The final product is a pale
yellow oil and it is obtained with a yield of 78%.

Or

Red-Al® method: 44 mL of 70% toluene solution of Red-Al® (155 mmol, 20.00 eq.) is
heated to 65°C under stirring under N2 atmosphere, followed by — about in 1 hour —
adding 2.5 g (7.75 mmol, 1.00 eq.) of the quaternary salt 127. The reaction mixture is
heating up intensively and gas evolution also being detected. After a period of 24 hours
has elapsed, no starting compound can be detected anymore. 20 mL of 10% NaOH
solution is added for quenching the mixture while applying cooling ice, followed by
separating phases. The inorganic phase is extracted with 2x50 mL of toluene, the toluene
phases are combined and dried with anhydrous sodium sulphate and the solvent
evaporated by rotavapor to give the product as pale yellow oil with a yield of 77%.
Molecular Formula: CoHisN3

'H-NMR (400 MHz, CDCl3) 6 = 2.62 (s, 12H), 2.33 (s, 9H).

13C-NMR (100 MHz, CDCl3) 6 = 57.34, 46.91.

GC-MS (70eV; EI) = 171 (M), 154, 141, 127, 115, 99, 84, 70, 58 (100).

FT-IR (cm ) = 3412, 2967, 2868, 2703, 1742, 1450, 1396, 1257.
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2.1e Conclusion

The aza-macrocycles constitue a very important class of compounds that has been widely
investigated from a synthethical point of view for more than 40 years. This interest by scientific
community is due to the important chelating features of these compounds that allow to obtain
complexes that can find many applications in different scientific fields, from biomedicals to
industrial. Among azamacrocycles, the 1,4,7-triazacyclononane and its derivatives is a special
class of compound since these lingads can chelate and stabilaze many different transition metals
with different oxidation states. The 1,4,7-trimethyl-1,4,7-triazacyclononane is an important
TACN derivative since its complexes are widely used as catalyst in many organic reaction and
industrial synthesis, and for these reasons some patents report the synthesis for this special
scaffold. The lack of literature synthetic method for this polyamine cycle is an important
motivation for developing new synthetic pathways, especially considering the harsh conditions
reported in patents. Bearing in mind these aspects, we developed a new synthetic strategy for
1,4,7-trimethyl-1,4,7-triazacyclononane that implicates a four step process for an overall yield
of 27% and resulting usefull in drying process made by I.C.A. group. Some important aspects
have been improved such as the controlling of addition of aldehyde that avoids the formation
of undesidered byproducts, the robusteness of iodide salts step and the new reduction method
with LiAlH4 that allow to obtain the final target in mild conditions saving money and energy.
We also calculated the cost of our method for the synthesis of 1,4,7-trimethyl-1,4,7-
triazacyclononano per 1 gram of final cycle finding a very low cost production for this

molecule, respect to other commercial suppliers.

Reagent Method cost Red-Al® Method cost LiAlIH,4
Diethylentriamine 0,29 € 0,29 €
Chloroacetaldeide 0,25 € 0,25 €

Potassium carbonate 1,76 € 1,76 €
Methyl Formiate 12,90 € 12,90 €
lodomethane 4,11 € 4,11 €
Acetonitrile 15,56 € 15,56 €
MeOH 2,90 € 2,90 €
Red-Al® 8,50 € -
Silica Gel 3,13€ 3,13€
Chloroform 27,40 € 27,40 €
LiAlIH, - 1,26 €
THF - 3,00 €
TOTAL COST 76,84 € 72,68€

Table 2.1.5. Analyses cost for 1,4,7-trimethyl-1,4,7-triazacyclononane of our method
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2.2 CeCls-Promoted Condensation of Acyclic Precursors

for the Synthesis of 1,2-Dihydropyridines

2.2a 1,2-Dihydropyridines: an important scaffold for the synthesis of
bioactive molecules

Among N-heterocycles, dihydropyridines (DHPs) have attracted science community for their
important biological properties and for their important role in several areas like medicine,
pharmaceutical and drugs/bioactive complex molecules production.?®! Among the five
possible isomers, the 1,2-DHPs and 1,4-DHPs attracted most the synthetic chemists for their
properties, especially the 1,4-isomer since it is present as scaffold in many drugs like nifedipine

and aldomine and in enzyme NADH.[2%6]

(\/" @ H o HH QO
L P
Z o 7Y N o Y~ TNH;
u N o=p-0. i 0=p-0 SN
| 0. O.
1,2-DHP  2,3-DHP O w ‘ w

N OHOH OH OH
3,4-DHP Nf N]\A
= 4 N N
O @ opo. A oto, (A
H
2,5-DHP  1,4-DHP OH OH OH OH
a) b)

Figure 2.2.1. a) structure of five possible isomers of DHPs; b) two oxidation states of NAD"/NADH

Although 1,2-DHPs do not find direct biological uses, they have proved very useful for the
synthesis of biologically active molecules. It is known in literature the employment of 1,2-
DHPs as starting material for the synthesis of isoquinuclidines (2-azabicyclo[2.2.2.]octanes) by
Diels-Alder reaction with a dienophile. Isoquinuclidine-scaffold is widely present in many
alkaloids (i.e. vinblastine and vincristine), ibogaine (reduces cravings of alcohol and drugs
boosting the levels of growth factor) or they can be used as intermediate for the synthesis of
bioactive molecules like Tamiflu (phosphate salt of oseltamivir, strong antininfluenza A and
B)_[227]

125



R" = -Me (vinblastine
-CHO (vincristine)

R Diels-Alder
(ﬁ Reaction
——

N
|

R’

N

H
ibogaine
(e) O\/
((()\\5"NH2

NHCOCH; H3POs4

Tamiflu

Scheme 2.2.1. General scheme for the synthesis of bioactive molecules starting from 1,2-DHPs

Satoh and his collaborators(??®l exploited the asymmetrical Diels-Alder reaction between 1,2-
dihydropyridine 131, obtained by the reduction of pyridine (130) in presence of
benzylchloroformate, acrolein and MacMillan catalyst, as one of key steps of Tamiflu total
synthesis, leading the formation of a mixture of isoquinuclidine-aldehydes, included the
compound 132. After a Kraus oxidation of this mixture (compound 133 separated in
enantiopure form (e.e. > 99%)) and bromolactonization of 133 leads to the synthesis of lactone
134. Then, the lactone 134 is transformed in compound 135 after 7 steps (that possesses the
oseltamivir core) and the final target Tamiflu is obtained changing the Boc-protection in Acetyl-
protection of 4-NH>, and after the deprotecion and salification of 5-amino group (scheme
2.2.2).
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Scheme 2.2.2. Total synthesis of Tamiflu reported by Satoh et al. in which 1,2-dihydropyridine is in

red and isoquinuclidine intermediate in blu

Due to the importance of Diels-Alder step in synthesis of Tamiflu of Satoh and relative quite
low yield obtained in that step, Nakano et al.[??” studied a new oxazolidine organocatalysts for
the synthesis of isoquinuclidine 132 (scheme 2.2.2.), detecting high enantioselective (e.e.>99%)
and high vyield for Diels-Alder adduct, studying also different 1,2-DHPs and acrolein
derivatives obtaining good results also in those cases.

The 1,2-DHPs have shown useful also for the synthesis of natural occurring molecules. For
example, Lemire and Charette exploited a 2-substituted-1,2-dihydropyridine for the chiral
synthesis of (+)-julifloridine 142, L-pipecolic acid 140 and its 3-hydroxiderivative 141.12%°]
These molecules possess interesting biological properties, in fact, (+)-julifloridine 142 belongs
to the family of 2,6-disubstituted piperinidols (alkaloids present in plants Cassia and Proposis)
that displays a wide range of biological activities (i.e. antibacterial, antimycotic, cytoxicity); 2
while L-pipecolic acid 140 is a non-protein amino acid that explicates many roles in
microorganisms, plant, humans and it is also consitutent of many natural and synthetic
molecules!®Y and its 3-hydroxy derivative 141 is a potential antimalarial compound.?2%! Lemir
and Charette have obtained chiral 2-substituted-1,2-dihydropyridines starting from the reaction
between pyridine 130, triflic anhydride and chiral auxiliary 143 in dichloromethane, this
reaction leads to the formation of chiral enaminium 136, which can undergo to a
enantioselective nucleophilic addition by a Grignard or organocopper compound (scheme
2.2.3). Through further transformations, it is possible to obtain the target molecules. Among
them, the synthesis of (+)-julifloridine 142 is quite interesting since in the final product is
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obtained by a chemo and regioselective reduction of 3,4-double bond in dihydropyridine core
(Hz, Pd/C in toluene) with a good yield (69%), leaving inalterate the 5,6-double bond that can
be further functionalized to obtain the hydroxyl group in position-5 and methyl in position 6.

Successive deprotection of benzyl group gave the final product.[?2%

G

MOMOCH,CuCN-2LiCl N CH,OMOM 3 steps
THF Ph™ =N N o
-78°C . H
P H ©
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M
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_ N 4 -
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ipps H 9(CHy)12 _ PhAN
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Scheme 2.2.3. Synthesis of natural occurring molecules exploiting chiral 1,2-DHPs by Lemir and
Charette.

Moreover, the 1,2-DHPs have shown usefull for the synthesis of several alkaloids and also other
heterocycle and condensated cycles moieties.[?32 2% Apou-Jneid et al.[**? have developed a
simple and elegant method for the synthesis of 3-amino-1-(2-aminoimidazol-4-yl)-prop-1-ene
and some 2-aminoimidazole derivatives starting from N-carboxymethyl-1,2-dihydropyridine
144 (obtained by previous reduction of pyridine in presence of NaBHs and methyl
chloroformate). Starting from the reaction between 1,2-DHP 144 and Boc-guanidine 145, that
leads to byciclic compound 146, it is possible to obtained the 9-N-carboxymethyl derivative of
e 3-amino-1-(2-aminoimidazol-4-yl)-propl-ene (147) after previous remove of Boc-protection

by HCI and breaking of byciclic structure by NaOH.
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Scheme 2.2.4. Synthesis of natural/unnatural alkaloids by Abou-Jained et al. starting from 1,2-DHP
144

The compound 147 can be further transformed in natural 3-aminol-(2-aminoimidazol-4-yl)-
prop-1-ene by removing of ester moiety, this last one molecule is an important biogenetic
compound for many bioactive alkaloids (i.e. girolline, oroidin, palau’amine, hymenidin,
clathrodin); in addition, carboamide 147 can act as precursor foe the synthesis of unnatural
compounds.’Z24 Moreover, this method is quite interesting since it allows the synthesis of 2-
aminoimidazole core (in blue in the scheme 2.2.4.) in very simple way. Many biological
compounds and marine alkaloids like 3-aminol-(2-aminoimidazol-4-yl)-prop-1-ene, girolline,
and oroidin possess this type of scaffold.[?®! In fact, for example, antitumor properties in vitro
and in vivo of girolline (see figure 2.2.2.) are known by scientific community and moreover,
this compound has shown prominent antimalarial properties against P. falciparum in vitro with
a ICso ranging from 77 to 215 nM, showing also good activity in vivo.[%! In addition, oroidin
and clathrodin (natural analogue of oroidin) were studied as antimicrobials agents, Zidar et al.
have rescontred that clathorodin possess almost no antibacterial and low antifugial activity,
while orodin has shown good antibacterial activity against Gram-positive S.Aureus (inhibition
growth >90% at 50uM) and E.Faecalis (inhibition growth >50% at 50uM) but it has not shown
acaivity aginst Gram-negative E.Coli and fungial C.Albicans.[?*"]
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Figure 2.2.2. Some natural alkaloids with 2-aminoimidazole scaffold highlighted in blue

2.2b Synthesis of 1,2-dihydropyridine scaffolds starting from acyclic
precursors

Due to the important features covered by 1,2-DHPs in synthetic field of bioactive molecules,
they constitute an important target of organic synthesis. The first reported synthesis for
dihydropyridine core was reported by Arthur Hantzsch in 1882, but his method provides the
formation of symmetrical substituted 1,4-DHP through the reaction between a -ketoester, an
aldehyde (formaldehyde) and ammonia/ammonium acetate as source of nitrogen.?%! However,
nowadays rivisations of Hantzsch’s method and other methodics are reported in literature apart
the direct reduction or nucleophilic addition to pyridine and pyridinum salts,?*! previously
cited in the first section of this focus. Moreover, this section is focused on the synthesis of these

heterocycles starting from acyclic precursor.

CONDENSATION

In 2009 Cao and coworkers revisited the Hantzsch’s synthesis (benzaldehyde 38, ammonium
acetate 148 as source of nitrogen, 3-keto ethyl butanoate 149) for dihydropyridine studying
discovering that the formation of 1,2-DHP, 1,4-DHP and pyridine adducts was strongly
influenced by solvent, temperature, time and presence/absence of the catalyst. Performing the
reaction in DMSO or solventless and in presence of catalyst (piperidine, Yb(PFO)s and
InCl3:4H20) the 1,2-DHP product was not detected, on the other hand its formation is favoured
over 1,4-DHPs isomer in solvent like ethanol, dichloromethane, tetrahydrofurane and methanol
and performing the reaction at low temperature without lasting the reaction for too much time
(oxidation to pyridine). Moreover, these 1,2-DHP adducts are quite unstable since they could
oxidize to pyridine-product expose to air for 72h or performing the reaction in AcOH at
200(;[240]
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Scheme 2.2.5. Rivisitation of Hantzsch’s Reaction by Shen et al.

PERICYCLIC REACTION

Pericyclic reaction is one of the most suitable methods for the synthesis of 1,2-
dihydropyridines. 1,2-DHPs can be obtained after a 6m-electrocyclization of an azatriene
obtained by the previous reaction between a 1,3-dienal compound and a primary amine.
Maynard et al.[?*Y reported that after the formation of Schiff base between tert-butyl a,p-cis
dienal 150 and butylamine 151 was very fast in mild condition (ethanol at room temperature in
absence of any catalyst without observing formation of huge amount of by-products), while the
cyclization of triene moiety require harsh conditions (T > 130°C and long reaction time). The
determinant step of this reaction is the establishment of equilibrium between the two isomers
of imine 153 and 154, in fact only when the imine assumes this configuration (compound 154)
the 6n-electrocyclization can take place and leading to formation of N-heterocycle core (152).
Studying in deep several cis-dienals and primary amines, they concluded that the process
undergoes to disrotatory cyclization and that electrowithdrawing/donor substituents enhance
only in moderate way the reaction, obtaining several 1,2-DHP adducts with a yield ranging
68/83 %.
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Scheme 2.2.6. Synthesis of 1,2-DHP 152 by Maynard et al.

The hetero Diels Alder [4+2] between conjugated imine and a dienophile is another important
pathway for the synthesis of 1,2-DHPs, in fact, the reaction between 2-azadienes 155 (phenyl
and 2-furyl substituted) and B-enamino ester 156 at elevated temperature (110°C) and after only
very long reaction time (> 48h), but in the presence of a catalyst (LiCIO4Et,O) the
dihydropyridine adducts can be isolated performing the reaction at room tempetaure and with

less reaction time.[?42

Ry Q RO R0
2 fLOEt no cat or LICIO,Et,O N OEt J HN OEt

N | — g
. W NQ [4+2] Hetero D.A. R NQ R

155 156 Ph Ph

- 157 - 158

R = phenyl or 2-furyl
R' = phenyl

Scheme 2.2.7. Synthesis of 1,2-DHPs by Palacios et al.

LEWYS ACID CATALYSES
The employment of different catalysts has been also investigated for the synthesis of 1,2-

dihydropyridines and nowadays several Lewis Acids are used for this purpose.?**l Rhodium is
one of the most employed catalyst for the synthesis of this core by several and different methods

allowing to synthesize complicated and multi-substituted 1,2-DHPs (Scheme 2.2.8.).
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Scheme 2.2.8. Different Rh-catalysed methods for the synthesis of 1,2-DHPs

One of the major advantage of Rh-catalysed reaction is the loading of catalyst itself, in fact,
Colby et al.**4 reported a one pot synthesis in which they synthesized several 1,2-
dihydropyridines (164) through the reaction between o,-unsaturated imines (159) and alkynes
(160) in the presence of only 2.5% mol of [RhCl(coe).]> (with coe = cycloctene) and a
phosphine as co-catalyst. Performing the reaction at 100°C in toluene many dihydropyridines
product 164 (yield ranging from 50% to 99 %) were obtained after short reaction time (2-8h).
Only for ester-substituted alkyne 24hrs of reaction were needed to complete the process, but
the method was suitable for many a,f,y-substituted conjugated imines and aryl/alkane/silane
substituted alkynes. In accordance to authors, the mechanism proceeds with a complexation of
imine by the Rh-catalyst, then after complexation of triple bond in the alkyne by Rh-catalyst,
an aza-triene is formed and then a 6m-electrocylization leads to the formation of 1,2-
dihydropyridines target.

Due to the importance biological features of N-heterocyles, in 2017 Dai et al.[?* developed a
Rh(Il)-catalysed method in which the 1,2-dihydropyridine (165) was obtained starting from a
triazole derivatives (161) in which after the formation of a-iminodiazo compound and the
migration of ester moiety (-ORg = ester, in scheme 2.2.8.), leads to the formation of an aza-
triene and then, the heterocyclic product is formed after a 6zm-electrocylization. The most
important aspect of this method is the presence of Rh(ll) catalyst (in this method Rhz(adc)s)

since without it, the process does not take place and 1,2-DHP adduct is not isolated (key step
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for the substitution of diaza-moiety and migration of ester moiety). In addition, the method
requires mild conditions (50°C, toluene and short time reaction) and it is suitable for different
triazole substrates (Res = different sulfonate derivatives), ester moieties and R4 substitutents.
(see Scheme 2.2.8., yield ranging from 37% to 54%).

The [2+2+2] Rh-catalysed cycloaddition has shown a powerful way for the synthesis of
condensated cycle in which one cycle was constituted by a 1,2-DHP moiety. Amatore et al.[24¢]
published a paper, in 2013, in which they synthesized several fused-1,2-DHPs 166 between
particular diynes 162 and sulfonimines 163, performing the reaction in mild conditions (r.t.,
DCE as solvent, 3hrs) obtaining good yields and good enantioselectivity. The catalyst-system
is constituted by [Rh(hexadiene).Cl]., a silver salt (AgSbFs) and a phosphate ligand ((R)-Tol-
Binap) allow to obtain an azatriene after a B™-elimination of a 7-cycle formed by sequential Rh-
pyrrole (formed in the first step of mechanism) and complexation of sulfonimine by Rhodium
metal centre. The method shows wide scope with many different substrates.

In 2011, Harshneck et al.l?*! reported an elegant one-pot method for the synthesis of 1,2-
dihydropyridines (170) (scheme 2.2.9.) starting from propargyl vinyl ethers (obtained from the
reaction between propargyl alcohol and propargyl ester), which, after a Au(l)-catalysed
Claisen-rearrangement and a successive condensation with a primary amine leads to the
formation of conjugated enamine 171 (1 hour for rearrangement and 30 minutes for
condensation at r.t.), that after a protonation by p-TSA leads to the formation of imonium-
intermediate 172 and the final product is obtained after a rearrangement and a 6x-
electrocylization (15 hrs at 40°C). The conditions has shown wide suitability for many different
ether and primary amine derivatives (yields ranging from 55 to 89%).

o 1) AuCl (5% mol), 23°C
2) R4-NH, (1.5 eq.) (0]
OR3 (n-Bu)z 10%mo|) o/\)J\OR3 3) p-TsOH (20% mol), 40°C R,
N OR3
23°C, DCM R )\ DCM —
TN 169 R Rz
Ra 170
1) Claisen rearrangement
2) Condensation 67 electrocyclization
R, = Alkyl -
R, = Aryl ““NH 0O R, + H o
R; = -Me, -Et A ol 4\N| 0 -H*
R4 = Alkyl, Aryl OR3 N R
c” R [ ©F 2SO
— 2
R X" "R
RO R 1 2
£, 171 1 2 479 3

Scheme 2.2.9. One-Pot Au(l)-catalysed for the synthesis of 1,2-DHPs developed by

Harshneck et al.
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Pt(I1) catalysed-cycloisomerization of aziridinyl propargylic esters 174 has shown a powerfull
pathway for the synthesis of 1,2-dihydropyridine products (178), also in enantioselective way
performing the reaction in toluene at 100°C. In this method the target heterocycles 178 is
obtained through a 5-exo-dig of ester moiety 174 that leads to the formation of zwitterionic
compound 175, the subsequent rearrangement could afford the metallocarbenoid 176. The
nucleophilic attack of nitrogen to metallocarbenoid functionality allows the formation of
byciclic intermediate 177, which, after the rearrangement, it is transformed to the final product

178 (scheme 2.2.10.) in moderate up to good yield with different aziridinyl compounds. 4!
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Scheme 2.2.10.Pt(I1)-catalysed cycloisomerization reported by Motamed et al.

MUTLTICOMPONENT REACTION

InCl3 has shown as powerful catalyst for the synthesis of 1,2-DHPs through a Multi Component
Reaction (minimization time, waste, energy, cost). Common Lewis Acids like FeCls, AICls,
InBrs, Sc(OTf)s and Y (OTf)s catalysed in minor efficient way the reaction between aldehydes
180, malonitriles 39 and a-oxoketene-N,S-arylaminoacetals 181 in a solventless process
performed at 80°C, in which the final product is obtained after a first Knoevenagel condensation
between aldehyde and malonitrile, then a Michael addition, assisted by InCls, provides the
intermediate 182, that undergoes to an intramolecular cyclization leading to the formation of
final dihydropyridine target 181 (scheme 2.2.11.). Performing the reaction in solvent media the

process stop at Knoevenagel step and it does not go further.[?4%]
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Scheme 2.2.11. MCR for the synthesis of 1,2-DHPs-Indium catalysed with mechanism in accordance

to authors.

PHOSPHINE CATALYSED ANNULATION

Nucleophile tertiary phosphine have shown a useful promoter for several annulation reactions
for alkynes or allenes to obtain many different multisubstituted cyclic products, for this reason
Zhang et al.[°% have exploited the possibility to used triphenylphosphine as promoter for the
synthesis of 1,2-dihydropyridines thorugh a [2+2+2] annulation between N-tosylimines 184
and cyanoacetylynes 183. In their work, Zhang and his coworkers have tested many different
tertiary amines, but triphenylphosphine has shown the most suitable for the process, since
electrodonating/withdrawing substituents on phenyl ring or alkyl side chain of phosphines have
not promoted as satisfying as PhsP. Otherwise, performing the reaction in toluene at 110°C in
presence of 1.0 eq. of phosphine, they were able to isolate several 1,2-DHPs fully substituted
as the method is suitable for many substrates. In accordance to authors, there is not clear
evidence for the real pathway of the process, but they assumed that the intermediate 186 is
formed after a complicated cascade process (that provides a nucleophilic attack of
triphenylphosphine to cyanoacetylene and a subsequent attack by imine, and two consecutive
proton trasnfers ([1,2]-H-transfer and [1,6]-H transfer and an other successive attack by
triphenylphosphine), then, the 6z-annulation of 186 to the formation of the target heterocycle
185.
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Scheme 2.2.12. Annulation of Phosphine-Catalysed-Annulation reported by Zhang et al. with
proposed intermediate

2.2¢ CeClzin organic synthesis

Catalysis has always played a very important role in the field of organic synthesis. In this sense,
Lewis Acids have always received great attention for their ability to accelerate the reaction and
reduce the formation of secondary products. Among them, the lanthanides have long considered
as the “forgotten elements” of periodic table, but they gained grothwing interest during the last
decades and nowadays they found several applications and they represent as ideal promoters
for many organic transformations. Cerium is one of the most abundant Lanthanides and Ce(l11)

and Ce(IV) are the most stable oxidation states.[?!]

58 4f'5d6s’

Ce

Cerium

140.115

Lsel ¥]ra]  Leclerfalpofsm{eulGa] - [1o] oy o] Eul ] ve] Lu]

Ln*' clectronic configurations: [Ar] [Kr][Xe]  [XeMf' ——— [Xe 47 [Xe]4f —— [XeHfH

Figure 2.2.3. Cerium Element in Lanthanides Period.

Even if the Lanthanides are so called “rare earths”, Cerium is more abundant than more
“famous” metals like cobalt, zinc and tin. More over, CeCl37H20 is the most adbundant of
Ce(lll) salts and it represents a very “friendly” alternative due to the low cost,
moisture/air/water tolerant, easy handling, recoverability from water, and very low toxicity
(toxicity similar to sodium chloride). CeCls is considered a “hard Lewis Acid” by Pearson’s

HSAB and it shows strong affinity toward “hard base” like oxygen and nitrogen. Even if Ce(ll1)
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is considered as an hard Lewis acid, CeCls is considered as a mild lewis acid because of its ratio

between charge density and atomic radius.[??l

| Salt | LDso (mg/Kg) |

AlICl; 3450
PtCl, 3423
NaCl 3000

CeCls 7Hz0 2800
InCls >2000
RhCl; 1302
FeCls 1300
ZnCl, 1100

SnClz2H20 700
CuCl, 584
PtCl, 276

Table 2.2.1. Relative toxicity of some common chloride salts (Safe Data Sheet of Merck-Sigma Adrich,
data relative to female mice).

Despite its mildness, CeCls37H20 found, nowadays, many applications in several aspect of
organic synthesis and it is used as catalyst/promoter for many reactions. Among the possible
applications, it can be used to build new carbon-carbon and carbon-heteroatom bond, it can
mediate the reduction of carbonyl and phospho moiety thanks to its “Lewis hardness”, mediate
addition to carbon-carbon/carbon-oxygen/carbon-nitrogen multiple bond, usefull to form
organocerium compounds.?>! To avoid boring the reader too much, here only few examples

are reported just to help to understand the usefulness of this “friendly” salt.

/ ADDITION TO MULTIPLE BONDS

CeCl 3'7H 20 REDUCTION OF CARBON-OXYGEN/PHOSPHO-OXYGEN
BOND

- low toxicity

- inexpensive

- adbundance ———— ORGANOCERIUM COMPOUNDS

- Hard Lewis Acid

- air/moisture/water tolerant

- friendly catalyst ~——————_ FORMATION CARBON-CARBON BOND

. J

\ FORMATION CARBON-HETEROATOM BOND

Figure 2.2.4. “Friendly aspects” of CeCl3TH20 and some of its applications in organic synthesis
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The building up of new carbon-carbon bonds has always been one of most important target of
organic synthesis, and the addition of organo-metal compounds to carbonyl moieties is one of
viable pathways for this scope. Considering these aspects, the employment of organocerium
addition to carbon-oxygen double bond proceeds more smoothly respect to its corrispective
organolithium or organomagnesium.[?! In this sense, the organocerium formed from
vinyilmagnesium bromide and CeCls dry (each two freshly prepared) allows to overcome some
problems related to the addition of simple Grignard for the synthesis of (+)-dihydro-epi-
deoxyarteannuin B 189. This last one is a natural compound extracted from Artemisia annua
and it has been investigated as starting material for the synthesis of Artemisin (potent anti
malaria). Based on Noyori’s zincate alkylation of 186 for the synthesis of intermediate 187,
Dudley et al.[?%®! utilized the organocerium to overcome the steric congestion of intermediate
and avoid a tedious three steps pathway (which includes an addition of organolithium,

deprotection and reduction) increasing the overall yield from 187 to 188 up to 91% from 85%.

vinylMgBr
CeClj

\Q

LDA, R-I \)\I

HMPA, Et,Zn NI g

s | N
o THF o
OTIPS OTIPS

186 187
| 1) Li—==—SiMe;4

R = 7*(\)\8“/ THF

2) K,CO3 in MeOH
3) Pd/BaSQy,, pyridine
in EtOH

Scheme 2.2.13. Usefulness of Organocerium in synthesis of (+)-dihydro-epi-deoxyarteannuin B 189.

Development of enantioselective reduction is an important pathway for the synthesis of a-
hydroxy acids and derivatives since this moieties are widely distributed in various biological
compounds and they can be used in many stereoselective reactions.[?> The synergistic system
CeClz7H20/[RuCl(benzene)(S)-SunPhos]Cl (with (S)-SunPhos as chiral auxilary) has shown
an efficient catalyst for the enantioselective reduction of a-hydroxy-a-arylacetates 190. The
addition of Ce(l1l) salt not only enhances the enantioselectivity of the process (e.e. from 86%
up to ~98% with several substrates) but it also stabilyzes the [Ru] catalyst. In accordance to
authors, the cerium salts coordinate the carbonyl moieties (both the carbonyl of the ketone and
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the ester, intermediate 192) by a o-coordination, making the carbon more susceptable to
nuchleophilic attack by the hydride. Moreover this coordination by Ce(lll) alterates the
geometry coordination of the [Ru] salt from a 6-type to n-type leading to a very rigid transition

state enhancing the enantioselective hydrogen transfer.[?%]

H, (50 bar)
fo) CeCl37H,0 (5 % mol)
OEt [RuCl(benzene)(S)-SunPhos]CI (1%mol)
Ar)J\”/ Ar /\”/OE’[
O EtOH, 50 °C, 20h
190 191 O
| e.e. 86% up to 98%

Yir
Dt o

0 PH,
8¢

(S)-SunPhos

PH,
192

Scheme 2.2.14. Enantioselective reduction promoted byCeCl;7H,O/[Ru] and reported by Meng et al.

Supported Lewis acids constitutes a class of catalysts/promoters that represent an important
friendly alternative to classical system catalyses. Supporting the CeCls7H.0 on SiO- gel (it is
possible to support it on Al,03)?%! has provided as an efficient heterogenous catalyst for a-
diaminophosphonate derivatives 196 (potent antifungial compounds) by one pot reaction
between amine 193, aldehydes 194 and diethylphosphate 195 under microwave irradiation.
Moreover, the catalyst can be recovered and recyclated. From the studies of Divenevi and his
coworkers it emerges that the SiO> supported-CeClz7H20 has been the most suitable catalyst
in neat and both in batch (7 hrs reaction) and microwave conditions (5 minutes reaction), the
system has shown more activity than common Lewis Acid like FeCls, AlICls, ZnCl, and more

efficient respect to not-supported Ce(l11) salt in ethanol media.[?5"]
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OEt
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NH,
193

Scheme 2.2.15. One pot synthesis of a-diaminophosphonate derivatives 196 CeCl;7H.0@SiO;

reported by Dinenevi et al.

Other Ce(l11) halides salt like CeBrs or Celz show a lower activity respect to the chloride salt,
but the combination of a iodide source like Nal (CeCls7H20/Ml, systems have shown almost
same activity) enhances the electrophilicity and the activity of Cerium(lll) by breaks out of
dimer of crystalline structure of CeCls7H.0, but X-ray studies demonstrated that there are not
direct interactions between iodide and cerium core.!?>! This system was also exploited in prof.
Enrico Marcantoni’s laboratory, in fact, the combination of CeCls37H2O/Nal/l; has
demonstrated a powerful catalityc system for the synthesis of heterocycle, in this case oxazoles
198 strarting from different propargylamides 197 (Scheme 2.2.16), under microwave
irradiations with high yields and low reaction time. Moreover, this method allows to overcome
some problems related to employment of expensive like Pd(0) and Au(lll) and to enlarge the
substrates scope and also enhancing the yield respect to aluminium catalyses. The presence of
Cerium salt is essential since performing the reaction without it a very poor yield is obtained,

in the same way, the presence of iodine is crucial since enhances the yield up to 95%.2%

o CeCl37H,0 (1.3 eq.) R
M N0
Ry “NH Nal (0.25 eq.)/l, (0.25 eq.) D_\
N
. . R
= R ACN, 30 MW, 110°C 45 min -
198

197

R1 = -Ph, -H, -COzEt
R, = -H, -Me, -Ph, -CO,Et
Rj; = -Me, -Ph, -HNPh, -Ar

R

Scheme 2.2.16. Microwaved-Ce(l11)/Nal/l; assisted synthesis of oxazoles reported by Marcantoni et al.

CeClz7H20/Nal system supported on SiO, has proven to be an efficient and friendly catalyst
for Michael addition for the funcionalization of heterocycles like indoles 199. The reaction
between indoles 199 and michael acceptors, like a,B-substituted nitroalkenes 200, in presence
of CeClz7H20/Nal system supported on SiO, has provided the synthesis of many 2-substituted
indole derivatives in neat condition at room temperature. The most important aspect of this
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method is the potential synthesis of tryptamine precursor in friendly and easy way, which, after
further transformation in tryptamine derivatives and leading to the possibility to synthesize

different p-carbolines that are bioactive-molecules wide diffused in nature.?%]

R2

R4 R [
R Ryp_NO p— -
3 N Y _CeClsTHOMNal @810, Ry NO2 "= Ry N
\ N E— \_/
H R4 neat, r.t., 4-24h N N
199 200 3 p
201 B-carboline
R4 =-H, -CO,Me, -Ar, -cyclohexene
R2 = -H, -Me, -COzEt
R; =-OMe, -CN, -OH, -H

Scheme 2.2.17. Synthesis of 2-substituted indoles Ce(l11)/Nal supported on SiO; reported by

Marcantoni et al.
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2.2d Results and Discussion

As highlighted above, the methods shown in literature for the synthesis of 1,2-dihydropyridines
by cyclization reaction of acyclic precursors require sometimes expensive and water sensible
catalysts like rhodium, gold and long time reaction. For these reasons, we focused our effort to
synthesize the 2,3,5-trisubstituted 1,2-dihydropyridines by the polycondensation between

primary amines and alkyl aldehydes.

PREVIOUS WORK

Co-workers of prof. Enrico Marcatoni have already faced with this type of reaction and here
the most significant and useful results for this work are reported. At the beginning aniline 202
and butyraldehyde 203 were used as pilot agents and performing the reaction in solvent like
toluene or hexane. These preliminary studies were focused to figure out and confirm the final

structure of the product of this process.

Acid Promoter @\
NH, Dean-Stark N

o)
' k/\ Temperature =
202 203 Solvent 204a
ENTRY?  Aniline Butyraldehyde Acid Promoter Solvent GC-Conv.
1 10 mmol 50 mmol / Toluene (0.3 M) 2.4%
2 10 mmol 50 mmol pTSA'H,0 (7.5 mmol) Toluene (0.3 M) <1%
3 10 mmol 100 mmol / Toluene (0.3 M) 5.3%
4 10 mmol 50 mmol AcOH 37% (10 mmol) Toluene (1.0 M) 49.8 %
5 10 mmol 50 mmol AcOH 37% (10 mmol) Hexane (1.0 M) 28.4%
6 10 mmol 50 mmol AcOH 37% (10 mmol)  Toluene (1.0 M) 61.8%

Table 2.2.2. Condensation performed in Dean Stark apparatus. ®Reactions last 24h

The table 2.2.2. shows the importance of acid catalyses since performing the reaction without
it the product is formed in very low conversion (Entry 1 and 3, table 2.2.2.). Moreover also the
type of the solvent and the concentration are impornt for the good outcome of the reaction, the
best result has obtained performing the reaction in toluene (1.0 M) in presence of stochoimetric
amount of acetic acid with an excess of aldehyde (Entry 6, table 2.2.2.). Also supported acids
like Hydrotalcite, Montmorillonite, HSZ-30, Al>Os, Al.OSO3zH have been tested, but in these
cases bad result and conversion lower than 10% were observed (results not reported in the
table).
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From the GC-MS analyses it emerges the presence of two signals with 255 m/z, molecular
weight of 1,2-dihydropyridine 204a, possible related to three structural isomers (figure 2.2.3.).

3E+10

256410
26410 I

1.5E+10

13.57
1E+10
_ 1343 l
SE+09 12.34 \ \ ||/
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L .
X
Molecular Weight = 255 m/z > N or ‘ or N\
Z NF
N
: b S
204a 205 206

Figure 2.2.5. Cromathogram of crude reaction

From the systematic studied of fragment patterns (figure 2.2.4.) it suddenly emerges that the
two peaks are related two structurally different compounds since these two signals posses two

very different base peaks and fragmentation signals.
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Figure 2.2.6. Fragmantation patterns of peak at 13.71 minutes and 13.76 minutes.

The so high abundance of 93 m/z peak in signal at 13.76 minutes it can be explained by
formation of azepinium ion, analogue of trypolinium ion, and it can be formed only from linear
azatriene 206, since the nitrogen atom “is free” to rearrange, while in other cyclic isomers this
process cannot takes place. On the other hand, the base peak 212 m/z it can be explained only
by the formation of a very stable ion. This ion can be formed in a stable way in all three isomers,
since each three molecules can loose a propyl and high conjugated cation can be formed from

each molecule.
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Figure 2.2.7. Explanation of two base peaks 93 m/z (left) and 212 m/z (right)

The final assignment of two peaks was done by deeper analyses due to the different possibile
structure that come out from these two base peaks. The presence of many fragments of peaks
at 13.76 minutes suggest a possible linearity of the related compound, more over the presence
of azepinium, phenilium ions and fragment related to the looseness of different -CHs and

propryl ion can confirm the linear and branched structure like the compound 206.

| m/z | lon | Lose | Structure |
255 M* le @\
212 M-43 -Pr N
197 M-43-15 -Pr, -Me o~
182 M-43-15-15 -Pr, -Me, -Me
93 Azepinium - 206
77 Phenylium -

Table 2.2.3. Fragment analyses of peak at 13.76 minutes

The assignment of structure/fragmentation pattern of the peak at 13.71 minutes is not possible
only from the explanation of 212 m/z nature, but the presence of phenylium is the crucial
fragment as it can only come out from dihydropyridine adduct, since the phenyl moiety is fused

with an other cyclic core.

| m/z | lon | Lose | Structure |
255 M* le ©\
212 M-43 -Pr N
197 M-43-15 -Pr, -Me P
182 M-43-15-15 -Pr, -Me, -Me
168 M-43-29-15 -Pr, -Et, - Me 204a
77 Phenylium -

Table 2.2.4. Fragment analyses of peak at 13.76 minutes

The final structure of the product was also confirmed by NMR-analyses (*H, *C and DEPT).

From proton spectrum of peak at 13.76 minutes it is possible to exclude the linear compound
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206 since no imine proton is present in the spectrum. Moreover, the 1-substitution pattern of
aromatic protons can confirm the possible structure of 1,2-dihydropyridine adduct. An other
important signals are the two singlets at 6.10 ppm and 5.72 ppm since these signals can only
come-out from the proton in structure of 1,2-DHP 204a. Moreover, from DEPT spectrum can
be noticed that the carbon at 58.86 ppm is a —CH (usually chemical shift of carbon near to
heteroatom like nitrogen) presents only in 204a. So, thanks to the NMR analyses we can
confirm the real structure of 1,2-dihydropyridine product that come out from the
polycondensation: N-phenyl-3,5-diethyl-2-propyl-1,2-dihydropyridine.
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CH

all protonated carbons

Figure 2.2.8. 'H-NMR, **C-NMR and DEPT of 1,2-dihydropyridine 205a.

CURRENT WORK

Once determinated the 1,2-dihydropyridine structure obtained from this process, we want to
restyle and develop a more environmental friendly method for the polycondensation process
between primary amines and aldehydes involving CeClz7H.0 as acid catalyst. For these studies
we have used butyraldehyde as pilot aldehyde and benzylamine 206 as pilot amine since it is
less toxic than aniline (relative high toxicity to human liver).’5% At the beginning we
investigated different acids, Brgnsted and Lewis ones (reported in the table 2.2.4.), starting
from a solventless protocol in which the acid was present in catalytic amount (2% mol), 6

equivalents of H.O and 4 equivalents of aldehyde 203.
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Acid Catalyst

H,0 (6.0 eq) N7
NH, 0
N - -
°C

75
206 203
1.0 eq 4.0 eq 204b
ENTRY ‘ Acid Catalyst (2% mol) ‘ Time | GC Conversion

1 Acetic Acid 37% 1.5h 66.89 %
2 CeClz7H.0 0.5h 80.93 %
3 FeCls 1.0h 70.65 %
4 Ce(OTf)3 4.0h 10.78 %
5 AlCls 6.0h 48.37 %
6 Ce(OAc); 35h 64.12 %
7 Cu(OTH), 4.0h 20.87 %
8 CeCly7H,O/Nal 1.0h 52.21 %
9 Cul 1.0h 42.43 %
10 I2 1.0h 57.84 %

Table 2.2.5. Screening of Acid Catalysts

Among the tested acids, the CeClz7H20 and FeClz have shown as the best promoters for the
reaction, in which a conversion of 80.93% and 70.65% were obtained after 0.5 h and 1.0 h of
reaction respectively (Entry 2 and 3, table 2.2.5.). The counter ion plays an important role in
the good coming out of process. In fact, performing the reaction in presence of different cerium
and copper salts very different results have obtained. A very low conversion of the 1,2-DHP
product was obtained in presence of cerium (Entry 4, table 2.2.5.) and copper triflate (Entry 7,
table 2.2.5.), this fact can be explained by the formation in situ of triflic acid, due to the presence
of water,[261l [2610] that favourites the formation of cyclic trioxane 207, a typical subproduct of

linear and alkylic aldehyde in too strong acid conditions.[2%?]

strong acid
3 Cl)K/\ conditions o o
X —_—
o)\/\
207
Scheme 2.2.18. Formation of trioxane in strong acid conditions

Since the presence of an iodide source enhances the Ce(lll) chloride activity by breaking the
crystalline of dimer of cerium salt, we performed a reaction in which CeClz7H2>0O/Nal were
presence in equal amount, but also in this case a lower conversion was detected at GC even if
with a longer time reaction (1.0 h). Final, using other lewis acids such as AlCls, Cul, I> and

Ce(OAC)s lower conversion were obtained, especially in presence of Al(II1) chloride (Entry 5,
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table 2.2.5.) the reaction was very slow since the maximum conversion was obtained only after
6 hrs. On the other hand Ce(OAc)s and I> are good alternative to Acetic acid as similar
conversion were obtained in each three cases (Entry 6, 10 and 1 respectively, table 2.2.5.).
Other Brgnsted acids have been not tested since too strong acid could lead to the formation of
trioxane of butyraldehyde (scheme 2.2.18). In each experiment, an increase of product
conversion was observed until to reach a plateau and a slow degradation and formation of other
condensation product was observed.

The CeCl37H20 has shown the best catalyst for the process. So starting from this point we
performed the optimization of reaction conditions. All experiments were reported in the table
below. For each experiment were reported the maximum conversion and the time at which it

was reached.

CeCl37H,0 (amount) N
(o] -
©/\NH2 .\ k/\ R-OH (amount) _ ©/\ D

75°C
1.0 eq amount
206 204b
ENTRY | Butyrald. | Acid Cat. ‘ R-OH ‘ Time ‘ GC Conv.
1 4.0¢eq CeCl37H20 (2% mol) H20 (6 eq.) 05h 80.93 %
2 4.0¢eq CeCl57H,0 (5% mol) H20 (6 eq.) 3.0h 43.45 %
3 4.0¢eq CeCl37H0 (10% mol) H>O (6 eq.) 20h 54.55 %
4 4.0¢eq H20 (6 eq.) 15h 49.19 %
5 3.0eq CeCl37H,0 (2% mol) H>O (6 eq.) 0.5h 66.76 %
6 4.0¢eq CeClsdry (2% mol) H>O (6 eq.) 20h 65.65 %
7 4.0¢eq CeCl57H20 (2% mol) 1.0h 66.24 %
82 4.0¢eq CeCl37H,0 (2% mol) H>O (6 eq.) 1.0h 56.92 %
9 4.0 eq 15h 58.74 %
10° 4.0¢eq CeCl37H,0 (2% mol) H>O (6 eq.) 0.5h 571 %
11 4.0 eq CeClz7H20 (2% mol) MeOH (6 eq.) 3.0h 56.55 %

Table 2.2.6. Optimization of reaction conditions. Reaction performed at 50C°; "Reaction performed
with hydrochloride benzylamine

First of all we have tried to employ different amounts of Cerium salt, but increasing the amount
has corrisponded to a decrease in conversion and the maximum of conversion was detected
after longer reaction time. Entry 4 of table 2.2.6. confirms that the presence of the catalyst was
necessary for speeding up the reaction since the maximum was reached after 1.5 h of reaction,
even if a good but lower detection was observed (at least ~49%). Moreover, also the little excess
of aldehyde is necessary for the good trend of process, since, for the Le-Chatelier principle, the
process is less favoured with a stoichiometric amount of aldehyde (Entry 5, table 2.2.6.) as all
the intermediate species are in equilibrium. Performing the reaction at 50 °C makes reaction
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slower and less effective (Entry 8, table 2.2.6.). Thinking that the crystal water of Ce(ll1) could
be a problem, we have also tested CeClz dry obtaining in this case also a good conversion (about
66.76%) but the reaction also is slower. Also the role of water is a complicated question since
its presence could decrease the conversion and favoures the back formation of starting material,
but it is reported that water could promoted also the intramolecular Diels-Alder,?%®! in fact,
performing the reaction without H20 a lower GC-conversion. The direct reaction between
amine and butyraldehyde leads to a good conversion of the product after 1.5h reaction (Entry
9, table 2.2.6.) it confirms another time the importance co-presence of catalyst and water.
Finally, we tested hydrochloride salt of benzylamine to avoid the formation of side product due
to basic nature of amines, but substantially not formation of the product was detected. Finally,
using methanol instead water a decrease of the speed and conversion of the reaction were
detected (Entry 11, table 2.2.6.).

Then we have studied how the solvent influence the process, testing some quite different
solvents and controlling after 30 minutes of reaction the conversion of the product. Each
experiment were conducted with the best conditions of Entry 1 of table 2.2.6 with a
concentration of 0.5 M for the reaction conducted in solvent.

PREE N Tholoo (N

Solvent (0.5M)

1.0eq 4.0 eq. Temperature
206 205 204b
ENTRY ‘ Solvent ‘ Temperature ‘ Time ‘ GC-Conversion
1 - 75°C 05h 80.93 %
2 DCM Reflux 0.5h 60.89 %
3 ACN 75 °C 0.5h 49.74 %
4 Toluene 75 °C 0.5h 66.44 %
5 THF dry Reflux 0.5h 16.35 %
6 H.0 75 °C 0.5h 26.99 %
7 EtOH 75 °C 0.5h 3271 %

Table 2.2.7. Screening of solvent

The best reaction conditions remains the solventless conditions, but very interesting results
were obtained. From the table it is possible to notice that with apolar solvents and water-
immisciable like dichloromethane and toluene a good conversion were obtained even if slightly
worse than neat protocol. On the other hand, quite interesting results were observed in the case
of polar solvent. Expect for acetonitrile, as a quite good conversion was detected, performing

the reaction in THF, H2O and EtOH poor results were observed. The 27% of conversion of
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reaction performed in water, which is a higher conversion as compared to THF, it could be due
to another confirm of importance of water in the whole process and how it is influenced by it,
and it also confirm the water-tollerance of process and catalyst. Performing the reaction in
alcoholic solvent the conversion was still low. An interesting result was the reaction performed
in THF, this very low conversion could be to the fact of coordination by oxygen atom of
tetranydrofuran to Cerium core, lowering its activity.[?64 2641 |n our opinion, the whole process
proceed by multiple step of condensation favorites by the equilibrium between imine/enamine.
After the first condensation, the enamine, that as nuchleophilic character, attacks another
aldehyde molecule forming a dicondensated, or azadiene 209, then a successive attack to a third
molecule of aldehyde leads to the formation of azatriene 210 and final product was formed after
an intramolecular 6z-electrocyclization.

CeCly7H,0 (2% mol)

©/\NH2 . © H20 (6 eq.) . ©/\N X
k/\ =

solventless
206 203 75 °C

- 205b

6n-electrocyclization

AR~

21

cra -
I i

210

sat.
C -H,0 ©/\N|
Z

209

Scheme 2.2.19. Possible mechanism for formation of product.
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To finally prove the possible multi-addition process, we have conducted an experiment in which
we have started with a benzylamine/butyraldehyde 1:1, then after one huor the mixture was
analyzed by GC-MS to figure out the species present in the system, then, an other equivalent of
aldehyde was added to the mixture and the solution is stirred for one hour more. Here are
reported the most principal peaks written in the table below. The experiment was conducted at

room temperature to avoid degradations of compounds present in the mixture.

® )/“QA o8
CeCI3 7H20 20/0 moI j/j
+
K/\ rt.

206 203 O|
E ) T
ENTRY 204 Time ‘ 207 ‘ 209 210 ‘ 205b | 213 ‘
1.0h react. 1.0eq 1.0h 10.50 % 71.83 % 11.04 % 3.82% 1.43 %
2.0h react 2.0eq 2.0h 2.03% 20.08 % 26.35 % 40.58% 3.27%
3.0h react 3.0eq 3.0h - 7.07 % 11.14 % 45.84% 2.84 %
4.0h react 4.0 eq 4.0h - 2.80 % 4.76 % 56.12 % 3.30 %
5.0h react 5.0 eq 50h - - 2.32% 49.73 % 2.69 %

Table 2.2.8.Analyses of multiple additions

For the Le-Chatelier principle, after each addition, the formation of the next condensated
intermediate gradually be favored: after the first addition the majority species should be the
imine 208, after the second, the azadiene 209 and so on. In fact, after one hour of reaction the
major intermediate present in the reaction was the imine, but the presence of benzylamine was
still detected, and the presence of di-condesate 209 and little percentage of target product was
already detected (~4%). After the second addition of aldehyde, an important decrese of imine
was observed and the product become unexpctedly the major component of the mixture. This
could mean that the azadiene 209 is not so stable, so it undergoes to the third addition of
aldehyde forming the linear precursor of 1,2-DHP 210 that cyclizes, through a 6x-
electrocyclization, forming the N-heterocycle product 204b. Further additions of aldehydes,
third and fourth, consume the imine and condensate product leading to the formation of 1,2-
DHP which reach “its maximum” after the fourth addition (same equivalent of best reaction
condition). Finally, after the fifth addition, the conversion of target product decrease as other
multiple condensation compounds are formed, four and five and so on addition products, were

favored and detected at GC-MS. Moreover, the linear-three condensation product was not
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observed or observed in very little conversion, this means that once formed the intermediate
210, it suddenly undergo to cyclication forming the very more stable cyclic product. The role
of the cerium is not so clear, it can act by two ways: it can favourite the condensation process
coordinating the aldehyde, increasing the electrophilicity of carbonyl, or it can favor the
electrocyclization, but to the best of our knowledge no works are reported in which a Ce(lll)

salt favourites the 6x-electrocyclization. It could also favor both processes.

_CeCly
o » favourite the polycodensation

o

_, favourite the electrocyclization

Scheme 2.2.20. Possible roles of Ce(l11) Chloride in poolycondensation process

After that we have figured out the best conditions for the process and mechanism, we have tried
to expand the scope of the reaction. We have tested several different aldehydes and primary
amines performing the reaction in solventless condition, at 75°C (otherwise, the reaction was
performed at boiling point of reagent), in presence of catalytic amount of CeClz7H.0 and 6 eq.
of water (Scheme 2.2.20.). For each example was reported the time at which the reaction was
stopped, the percentage of the product detected in mixture at that time and the cromathographic
yield. It can be suddenly observed that changing the substrates the reactivity changes
considerably. Performing the reaction using aniline instead benzylamine the conversion, speed,
and yield of the reaction decrease and the product 204a was isolated only after 5.5 hrs of
reaction and with an yield of 35%, probably this relative low yield could be explained by the
less disposale of lone pair of aniline-nitrogen that are delocalizated in aromatic ring. Moreover,
using a bulky aldehyde, like hydrocynammaldehyde, the product 204f was only observed at
GC-MS with a very low conversion. As predictable, the EDG- and EWG- substitutents greatly
influence the reactivity and the trend of the process. Aliphatic and EDG-substituted
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benzylamine/aniline have shown the most suitable for the reaction, in fact, when octylamine,
p-methoxybenzylamine and p-toluidine were involved, the corrispective 1,2-DHPs were
detected with a good conversion at GC-MS and isolated with a good cromathographic yield,
respectively 45% for 204e, 39% both for 204i and 204d. On the other hand, performing the
reaction with EWG-substituted primary amine, the 1,2-DHP-products 204h (p-
trifluoromethylbenzylamine) and 204i (p-nitroaniline) were not observed or detected with a
very low conversion, probably due to less available of lone pair due to the electronwithdrawing
nature of substitutents that make less available the electrons. In case of p-nitroaniline the
process stop to azadiene, probably due to strong electron withdrawing behaviour of nitro groups
prevents the third attack to another aldehyde stopping the process. The length of aldehyde it
seems also influence the process and purification, confronting the GC-conversion and yield
between 204a and 204c, performing the reaction with hexanal the product was detected with a
lower conversion and lower cromathographic yield. This influence of lenghtness and
bracheness of aldehyde was also confirmed by the reaction between isoproprylamine and from
acetaldehyde to hexanal (204n-r). As other primary amines, the 1,2-DHPs between
isoproprylamine and butanal/hexanal was observed and isolated observing a lower yield with
the reaction performed with hexanal (33% of yield with butanal meanwhile 13% with hexanal).
Meanwhile the cyclic product 2040 and 204q were not observed in a clear way, since a complex
mixture of compound was observed at GC-MS. Moreover, performing the reaction in presence
of acetaldehyde, the product was not observed neither at GC-MS, both involving isobutylamine
and benzylamine. This fact could be explained by the constrain of azadiene (double addition of
aldehyde to amine) product obtained from primary amines and acetaldehyde that could not
undergo to the third condensation. We tried also the exploit the stereoselectivity of the process
since the presence of a stereocentre in the final product, for this reason, we tried to employ a
chiral amine, a-(R)-methylbenzylamine (204g), but unfortunately the product was observed in
very low conversion and it was not possible to determinate the diastomeric ratio of final two
1,2-DHPs.

Employing a ketone, rather an aldehyde, 204m, the reaction between benzylamine and butanone
leads to no results and only the imine was observed. The purification of these products has
showed a very difficult task, since in some cases, even if a good conversion of the product was
detected at GC-MS, sometimes it was no possible to recover almost the product present in the

crude of reaction.
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Scheme 2.2.21. Scope of the reaction.
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Different purification methods were tested, such as filtration through basic alumina, neutral
alumina, silica, buffered silica (the SiO> was buffered by EtsN) and Phase Inverse
Chromathography. In most cases, only traces of product were collected after the purification
expect in two cases: basic alumina and buffered SiO.. This fact could be explained by basic
nature of 1,2-dihydropyridines, typical of amine, in fact, in the —OH present in neutral alumina
and SiOz could react with the nitrogen present in the scaffold of molecule forming a salt and
block the product inside the cromathographic column, while in basic alumina and buffered SiO>
this aspect is almost suppressed. It was no possible to recover only little traces of the product

by phase Inverse cromathography.
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2.2d Experimental Section

GENERAL METHOD FOR THE SYNTHESIS OF 2,3,5-TRISUBSTITUTED-1,2-
DIHYDROPYRIDINES (204a - 204t)

1 equivalent of amine (1 mmol) is added dropwise to a solution of aldehyde (4.0 eq., 4
mmol), CeCl37H20 (2% mol, 0.02 mmol) and H20 (6 eq., 6 mmol) at 0°C, present in a
two necked round flask. Then, after the addition the reaction is heated (75°C or to boiling
point of reagents if they are lower the 75°C) until no more starting material or evolutions
are observed at TLC (95 Hexane : 5 EtOAc) or GC-MS. Then, the reaction is cooled
down and it is portioned in dichloromethane (20 mL) and a saturated solution of NaHCO3
(20 mL) and the organic phase is extracted. The aqueous layer is extracted two more
times with dichloromethane (2x20 mL). The organic phase is anhydrified with Na;SO4
and the solvent was evaporated by rotavapor. The crude is purified by buffer Silica Gel
(The Silica is buffered by a 1% v/v of EtsN in hexane).

N-PHENYL-3,5-DIETHYL-2-PROPYL-1,2-DIHYDROPYRIDINE (204a)

SN

=

Following the general procedure, the reaction was carried out using
aniline and butanal as reagents, pure product 204a was isolated after
5.5 h by Flash Cromatography on buffered Silica Gel (from 100
Hexane to 90:10 Hexane/EtOAc, Rf = 0.46 in 95:5 Hex/EtOAc) with
a yield of 35.64% as an orange-yellow oil.

Molecular Formula: C1gH2sN

'H-NMR (CDCls, 400 MHz) 6 = 7.32 — 7.26 (m, 2H), 6.99 — 6.96 (m, 2H), 6.88 (dd, J = 7.8,
6.8 Hz, 1H), 6.12 (s, 1H), 5.73 (s, 1H), 4.31 (t, J = 6.2 Hz, 1H), 2.23 (ddd, J = 6.8, 6.1, 4.2 Hz,
2H), 2.09 (dt, J = 23.9, 8.3 Hz, 2H), 1.62 (ddd, J = 9.2, 4.6, 3.1 Hz, 2H), 1.50 — 1.44 (m, 2H),
1.14 (dd, J = 8.1, 6.8 Hz, 3H), 1.12 — 1.08 (m, 3H), 0.94 (g, J = 2.0 Hz, 3H)

13C-NMR (CDCls, 100 MHz) § = 146.62, 134.49, 129.31, 120.45, 120.37, 119.40, 115.11,
58.89, 34.08, 31.88, 27.98, 25.88, 19.67, 14.81, 14.65, 12.21

GC-MS (El, 70eV) = 255 [M+], 212 (100), 197, 182, 168, 106, 91, 77.
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N-BENZYL-3,5-DIETHYL-2-PROPYL-1,2-DIHYDROPYRIDINE (204b)

Following the general procedure, the reaction was carried out using
©ﬂN A benzylamine and butanl as reagents, pure product 204b was isolated

= after 0.5 h of reaction by Flash Chromatography on buffered Silica
Gel (from 100 Hexane to 90:10 Hexane/EtOAc, Rf = 0.49 in 95:5
Hex/EtOAc) with 75% yield as an orange-yellow oil.

Molecular Formula: C19H27N

IH-NMR (CDCls, 400 MHz) & = 7.33 — 7.21 (m, 5H), 5.72 (s, 1H), 5.62 (d, J = 1.2 Hz, 1H),
421 (d,J = 4.7 Hz, 2H), 3.62 (t, J = 5.1 Hz, 1H), 2.06 — 1.88 (m, 4H), 1.50 — 1.32 (m, 4H), 1.04
—0.98 (m, 3H), 0.98 — 0.94 (m, 3H), 0.90 — 0.87 (m, 3H).

13C-NMR (CDCls, 100 MHz) § = 140.16, 129.25, 128.65, 128.58, 127.50, 127.11, 119.55,
111.70, 59.40, 58.15, 34.08, 27.67, 25.64, 18.99, 15.12, 14.75, 12.50.

GC-MS (El, 70 eV) = 269 [M+], 226 (100), 134, 91.

N-(P-TOLUIDINE)-3,5-DIBUTYL-2-PENTYL-1,2-DIHYDROPYRIDINE (204d)

Following the general procedure, the reaction was carried out

\©\ using p-methylaniline and hexanal as reagents, pure product 204d
NS was isolated after 1.5h by Flash Chromatography on buffered

= Silica Gel (from 100 Hexane to 90:10 Hexane/EtOAc, Rf = 0.50

in 95:5 Hex/EtOAC) in 38.83% vyield as a red oil.

Molecular Formula: CsHzsN

'H-NMR (CDCls, 400 MHz) & = 7.08 (d, J = 8.2 Hz, 2H), 6.89

—6.79 (m, 2H), 6.04 (s, 1H), 5.68 (s, 1H), 4.24 (t, J = 6.3 Hz, 1H), 2.30 (s, 3H), 2.10 (dddd, J =

22.7,15.4,9.9, 6.7 Hz, 4H), 1.60 — 1.28 (m, 16H), 0.95 (t, J = 7.2 Hz, 3H), 0.92 — 0.83 (m, 6H).

13C-NMR (CDCls, 100 MHz) & = 144.47, 132.35, 129.82, 128.70, 121.46, 119.58, 118.17,

115.32, 59.04, 34.99, 32.59, 32.52, 32.44, 31.72, 30.32, 26.03, 22.87, 22.79, 22.49, 20.65,

14.32, 14.26, 14.22.

GC-MS (El, 70 eV) = 353 [M+], 310, 282 (100), 252, 226, 197, 91.
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N-OCTYL-3,5-DIETHYL-2-PROPYL-1,2-DIHYDROPYRIDINE (204¢)

Following the general procedure, the reaction was carried
NN out using octylamine and butanl as reagents, pure product

_ 204e was isolated after 0.5 h by Flash Chromatography on
buffered Silica Gel (from 100 Hexane to 90:10
Hexane/EtOAc, Rf =0.45 in 95:5 Hex/EtOAC) in 45% yield

as an orange-yellow oil.

Molecular Formula: C2oHz7N

'H-NMR (CDCls, 400 MHz) 6 = 5.62 (s, 1H), 5.56 (d, J = 1.3 Hz, 1H), 3.61 (t, J = 5.0 Hz, 1H),
2.93 (ddd, J=13.6, 7.4, 6.0 Hz, 2H), 2.15 - 1.91 (m, 4H), 1.48 — 1.24 (m, 16H), 1.05 (t, J = 7.4
Hz, 3H), 0.97 (t, J = 7.4 Hz, 3H), 0.87 (t, J = 7.1 Hz, 6H).

13C-NMR (CDClIs, 100 MHz) & = 128.73, 128.45, 119.34, 110.83, 60.11, 54.31, 34.01, 32.04,
30.18, 29.65, 29.50, 27.74, 27.07, 25.62, 22.88, 19.03, 15.14, 14.77, 14.32, 12.56

CG-MS (El, 70 eV) = 291 [M+], 262, 248 (100), 176, 162, 149, 136, 121.

N-(P-METHOXYBENZYL)-3,5-DIETHYL-2-PROPYL-1,2-DIHYDROPYRIDINE (204i)

Following the general procedure, the reaction was carried out
N using p-methoxybenzylamine and butanal as reagents, pure

g _ product 204i was isolated after 3.5 h by Flash Chromatography on
CI) buffered Silica Gel (from 100 Hexane to 90:10 Hexane/EtOAc, Rf
= 0.43 in 95:5 Hex/EtOACc) in 38.46% yield as an orange-yellow

oil.

Molecular Formula: C20H26NO

IH-NMR (CDCls, 400 MHz) § = 7.29 — 7.13 (m, 2H), 6.94 — 6.82 (m, 2H), 5.76 (s, 1H), 5.65
(d, J=1.1 Hz, 1H), 4.19 (t, J = 10.5 Hz, 2H), 3.81 (s, 3H), 3.66 (t, J = 5.3 Hz, 1H), 2.13 - 1.90
(m, 4H), 1.57 — 1.36 (m, 4H), 1.03 (dt, J = 14.7, 7.4 Hz, 6H), 0.93 (t, J = 7.0 Hz, 3H).
13C-NMR (CDCls, 100 MHz) § = 158.94, 132.03, 129.16, 128.79, 128.74, 119.61, 113.98,
111.65, 59.25, 57.54, 55.41, 34.04, 27.73, 25.73, 19.02, 15.18, 14.81, 12.57.

GC-MS (EI, 70 eV) = 299 [M+], 256 49, 134, 121 (100), 91, 77.
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N-ISOPROPYL-3,5-DIETHYL-2-PROPYL-1,2-DIHYDROPYRIDINE (204p)

YN\
=

Following the genarl procedure, the reaction was carried out using
isobutylamine and butanal as reagents, pure product 204p was isolated
after 1.5h by Flash Chromatography on buffered Silica Gel (from 100
Hexane to 90:10 Hexane/EtOAc, Rf = 0.38 in 95:5 Hex/EtOAcC) in
33.35% yield as a yellow oil.

Molecular Formula: C16H26N

IH-NMR (400 MHz, CDCl3) & = 5.59 (s, 1H), 5.57 (d, J = 1.3 Hz, 1H), 3.60 — 3.53 (m, 1H),
2.78 (d, J = 7.2 Hz, 2H), 2.02 (dddt, J = 23.4, 14.4, 13.5, 7.1 Hz, 4H), 1.75 (dt, J = 13.7, 7.0 Hz,
1H), 1.51 —1.23 (m, 4H), 1.06 (t, J = 7.4 Hz, 3H), 0.98 (t, J = 7.4 Hz, 3H), 0.91 — 0.79 (m, 9H).
13C-NMR (100 MHz, CDCls) & = 128.81, 128.26, 119.44, 110.32, 62.83, 60.65, 34.07, 29.58,
27.84, 25.63, 20.37, 20.21, 19.21, 15.28, 14.74, 12.76.

GC-MS (El, 70eV) = 235 [M+], 192 (100), 178, 149, 136, 121, 106, 91, 77.

N-ISOPROPYL-3,5-DIBUTYL-2-PENTYL-1,2-DIHYDROPYRIDINE (204r)

\(\N\
=

Following the general procedure, the reaction was carried out using
isobutylamine and hexanal as reagents, pure product 204r, was isolated
after 5.0h by FC on buffered Silica Gel (from 100 Hexane to 90:10
Hexane/EtOAc, Rf = 0.41 in 95:5 Hex/EtOAC) in 13.28% vyield as
yellow oil.

Molecular Formula: C22HzsN

'H-NMR (400 MHz, CDCl3) 6 =5.57 (s, 1H), 5.53 (d, ] = 1.2 Hz, 1H),

3.53 (ddd, J = 6.9, 4.4, 1.4 Hz, 1H), 2.82 — 2.70 (m, 2H), 2.03 — 1.85 (m, 4H), 1.72 (dd, J =
13.6, 6.9 Hz, 1H), 1.52 — 1.18 (m, 20H), 0.92 — 0.85 (m, 12H), 0.82 (t, J = 6.0 Hz, 3H).
13C-NMR (101 MHz, CDCl3) § = 129.64, 126.46, 120.81, 108.60, 62.82, 60.59, 34.84, 33.11,
32.56,32.34, 31.67, 30.60, 29.53, 25.71, 22.97, 22.76, 22.33, 20.34, 20.20, 14.32, 14.27, 14.25.
GC-MS (El, 70eV) = 319 [M+], 248 (100), 218, 192, 176, 149, 107, 79, 57, 41
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2.2e Conclusion

Although 1,2-dihydropyridines have received less attention than their 1,4-DHP isomers during
recent years, 1,2-DHPs have received more attention by the scientific world, and they have
found important synthetic applications for biologically active compounds such as Tamiflu,
alkaloids and other natural chiral molecules. The most important synthetic application of 1,2-
DHPs is to act as diene in pericyclic reactions together with a dienophile, a reaction that can
allow to obtain molecules even with complex structures. Nowadays many synthetic processes
are reported in the literature such as the reduction of pyridinium salts, or even reactions between
acyclic precursors. The latter turns out to be a very effective way and for the synthesis of many
types of heterocycles. Furthermore, many Lewis Acids are used for the synthesis of 1,2-DHPs,
but unfortunately they are either expensive, sensitive to water and humidity, or the reactions
require long reaction time. Bearing in mind all these aspects, in our laboratory we have tried to
develop a method for the synthesis of 2,3,5-trisubstituted-1,2-dihydropyridines starting from
acyclic precursors such as primary amines and aldehydes, using CeCl37H20 as a "friendly,
green and water-tolerant” catalyst. During the study of this polycondensation process it was
possible to establish that the Ce(I11) salt was the most effective among different and well-known
Lewis acids, obtaining the product with only after half an hour of reaction and with good yields.
From the GC-MS studies it was also possible to establish that at ratio 1:2 between amine and
aldehyde the formation of the 1,2-DHP target is favored over other intermediates such as imine
and azadiene, indicating an high stability of cyclic product respect to the other compounds.
Moreover, the solventless reaction has shown the most suitable conditions since performing the
reaction in common solvents the conversion of 1,2-DHPs was lower caused by, sometime, the
possible de-activation of Ce(lll) by solvent itself. The major drawbacks of this process is the
limitation of substrates that can be employed. In fact 1,2-DHPs were isolated only using butanal
and hexanal as aldehyde and with benzylamine, aniline, alkyl-amine and EDG-substituted
benzylamine/aniline, on the other hand the EWG-substituted amine were not suitable for the
process. Moreover, the common filtration on silica is a problem due to the basic nature of these
compounds that can be overcome by using buffered silica or basic alumina. The 1,2-
dihydropyridines synthesized by us can find industrial applications as accelerators in
crosslinking of polymeric products. These additives are usefull when a crossiling agent must
be used at the lowest possible temperature to prevent decomposition of the polymer. They may

also enhance tensile properties and improve age resistance of final product.
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2.3 Brgnsted and Lewis Promotion of Pictect-Spengler

Reaction under Microwave Irradiation

2.3a Pictect-Spengler Reaction
The two chemists, Amé Pictect and Theodor Spengler, published a paper in 1911 in

which, under acidic conditions, they were able to synthesize the tetrahydroisoquinoline
skeleton 215 through the reaction between phenylethylamine 213 and
dimethoxymethane 214.[6°1 Nowadays this reaction is known as Pictect-Spengler
Reaction (PSR) or Pictect-Spengler Cyclization. In more general application, the PRS
can be useful for the synthesis of tetrahydroisoquinoline and tetrahydro-f-carboline
scaffolds starting from B-arylethylamine, like tryptamines or phenylethylamines, and
carbonyl compounds, like aldehydes and ketones, undergoing Lewis/Brgnsted

catalyses.[266]

Work of Amé Pictect and Theodor Spengler

Pictect-Spengler Reaction today

Lewis or Bronsted
o catalyses —_—
L — m _ catalyses AN® — N
NH, R - P LAm

Rr R R
213 R = aryl, alkyl tetrahydroisoquinolines (THIQs)
CEC\NHZ o CEC\ Lew:ga?aflfggl;sted@EC\(@ LAY CEQNH
A\ + L — A\ A\
N " N Nt
216 R = aryl, alkyl tetrahydro-p-carbolines (THSCs)

Scheme 2.3.1. “Original” PSR (above) and “Current” PSR (below)

Isoquinolines and B-carbolines are important natural compounds that belongs to the class
of widely known “Alkaloids”, which can explicate a large, potent and important
biological activities?®”l (which will be discussed later). Beyond the investigations of the
Lewis/Brgnsted catalyses of PSR by scientists, it is known that many enzymes (called

PSases, such as norcoclaurine synthase (NCS) and strictosidine synthase (STR))
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performed the PSR to obtain the alkaloids and other bioactive compounds. These
enzymes catalyse the reaction with a high stereoselectivity (preference for (S)-
enantiomer both natural and unnatural substrates), leading to the synthesis of many
bioactive compounds and making them very attractive for biocatalyses applications for
the production of numerous alkaloids in laboratory.[?¢®] Both enzymatic and
Bragnsted/Lewis catalysed Pictect-Spengler Reaction proceed by two steps-mechanism
in which, in the first step the imine 217 is formed by the condensation of imine and
aldehyde (or ketone), then, consequently, the activation of imine in acidic environment
leads to the formation of active-specie iminium which undergoes to a 6-endo trig
cyclization obtaining finally a new heterocyclic compound by the formation of a new C-

C bond, further deprotonation restores the previous aromacity of aryl moiety (scheme

2.3.2.).[269]
OI _
kR , B HLA H*/L.A.
L~ \ e \ N ~D ~
r r a r r i PiaN
IL\ /mHz L\ /m L\ ’lL,(/NG) 6-ondo m.g:\ /@ [ ‘ NH
~ ~ ’s ~ \ ~ AN ~S_ 7
H,0 5 [7 . H HY/LA. -
2 R R HYLA. R R
217

Scheme 2.3.2. Mechanism of Pictect-Spengler Reaction

Although the “classic” Pictect-Spengler is limited to tryptamines and phenylethylamines,

interesting works are reported in the literature in which, leaving the a-8 layout of the primary

amine and aryl carbon intacts (see scheme 2.3.2.), it is possible to synthesize a plethora of N-

heterocyclic compounds through a modified Pictect-Spengler Reaction (see scheme 2.3.3.).126%

2701 Further modification of PSR by using B-arylethylalcohols as substrates, and carbonyl

compounds (aldehydes and ketones) it is possible to obtained pyran derivatives fused with

aromatic rings by an oxo-version of Pictect-Spengler Reaction.?”*l Even if the so interesting

and wide scope of PSR can find nowadays, here we will limit to discuss the synthesis of

tetrahydro-B-carboline and tetrahydroisoquinoline by Brgnsted and Lewis catalyses, object of

this chapter.
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Scheme 2.3.3. Enlargement of Pictect-Spengler substrates and heterocycles.

BRONSTED CATALYSES

The first PSR provides the formation of tetrahydroisoquinoline by employing a common
Brgnsted acid, hydrogen chloride (see Scheme 2.3.1.). Nowadays many papers report the
Bransted catalyses of this reaction employing common mineral and organic acids like HCI,[?72
Acetic Acid,?” Trifluoroacetic acid,!?’4 Sulfuric acid,!?”> Boric acid;"® requiring sometime
long reaction time or/and harsh conditions, despite the fact that the very large substrates scope
of this type of catalyses.

Just to cite some few examples, Fodor et al.[?”®! demonstrated the usefulness of PSR, catalysed
by a system composed by H3sBO3z/AcOH, through which they synthesized the tetrahydro-f-
caroboline 220 (THBC), obtained through the reaction between tryptamine/methyl ester of L-
tryptophane and 2-nitrobenzaldehyde after 12h of reaction at reflux. Then subsequent reduction
of nitrogroup present in THPC and successive reaction with other benzaldehyde-derivatives
leads to the formation of 6-aryl-5,6,8,9,14,14b-hexahydroindolo-[20,30:3,4]pyrido-[1,2-
c]quinazolines 221, a novel class of N-condensated heterocycles that showed potent and
prominent antiproliferative/cytotoxic activities against human cancer cell lines PANC-1,
COLO-205, A2058 and EBC-1.
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Scheme 2.3.4. Exploiting of PSR for the synthesis of new anticancer N-heterocycles by Fodor et al.

Even if many solvent media have tested for this type of the reaction, Saha and his coworker
have investigated the possibility to perform the PSR in water media (green choice, especially
for industrial scale synthesis).[" In this work, the reaction proceeds smoothly with different
benzaldehydes derivatives, methyl ester of L-triptophane (Trp-OMe, 222) and is N-benzylated
derivative (223) (24 hrs of reaction) and tryptamine 216 (36h), in presence of 10% of TFA in
water at room temperature (yields ranging from 45% to 83%). Performing the reaction in
presence of less concentrated TFA solutions (5% and 2%), Acetic Acid (AcOH), p-
toluenesulphonic acid (p-TsOH) and Yb(OTf)s, common Brgnsted/Lewis catalysts of this
reaction, the product was obtained with a lower yield (23% in case of AcOH) or the product
was not detetced (p-TsOH and YDb(III) triflate). Deeper investigations have showed that the
unique electronic properties of water favor the trend of the reaction respect to other common
solvents like dichloromethane (DCM) or toluene, in fact, the reactions between tryptamine/Trp-
OMe and Salycilaldehyde/4-dimethylamminobenzaldehyde leads to an higher product
performed in water respect to DCM/toluene-solvent, this fact can be exaplined, in accordance
to authors, by the promotion of endo-cyclization in water. The protocol has showed a good
diastereoselectivity for the cis-products, especially for 2-hydroxy substituted benzaldeyde (d.r.
90/10).

T
R
1 R3 R1
N-R> TFA 10% in H,0 N—R,
N\ M N\
222,223 =24 h =
N 216=36h N 3 R, = -COOMe, R, = -H (222)

R;=R,=-H (216)

R, = -COOMe, R, = -Bn (223)

R; = 4-NO,-Ph, -Ph, 4-(Me),N-Ph,
4-Br-Ph, -Et, 4-Me-Ph
4-OMe-Ph, 2-HO-Ph, -Bn,

Scheme 2.3.5. PSR protocol in water developed by Saha et al.
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Entatioselectivity of reaction has always been a very important research topic of organic
synthesis. The scientists are trying to mimics the enatioselective “power” of enzymes and to
develop even more efficient and mild protocols for the synthesis of enantiopure molecules,
since enantiopure compounds explicate important and sometime different biological actions.
Chiral phosphoric acid 224 has shown very useful chiral Brgnsted acid for Pictect-Spengler
Reaction among others different substituted-phosphoric acids (e.e. 66%, highest respect to
others, performing the reaction in toluene at room temperature). Testing different substrates,
the enantioselectivity was improved lowering the temperature of reaction (-30°C) and lasting
the reaction for 3-6 days in presence of NaS04.[278

0
E100C cookt g COOEt
R2 COOEt
R N NH 224 (20% mol), Na,S0, R, NH
A\
N Toluene, -30°C N R,
H 3-6 days H

e.e. from 62% to 90%
R4 =-H, -OMe, - OBn
R, = -Et, -nPr, -Cy, -Bn, -iBu, -2pentyl, p-NO,-Ph, p-CN-Ph, -Ph

Scheme 2.3.6. Enantioselective synthesis of chiral THSC by Seayad et al.

The same catalyst 224 was exploited by Ruiz-Olalla et al.l?” for the enantioselective synthesis
of tetrahydroisoquinolines 229 starting from secondary phenylethylamine 227 (obtained from
3,4-dihydroxybenzaldehyde 225 after several steps) and phenylacetaldehyde derivatives 228
(1.05 equivalents). The concomitant use of phosphoric acid 224 and the diol (S)-Binol resulted
in THIQ (tetrahydroisoquinoline) 229 after 66 hrs of reaction in toluene at room temperature
with an e.e. about ~90%. This protocol provides a very useful pathway for the synthesis of
many alkaloids since the tolerance for different dopamine derivatives and aldehydes. The

removal of Nps protecting group allow to obtain several N-substituted THIQs 230.
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225 4 227 P 225 10% mol
MgSO, ps

R4O
R4O

Toluene, 66h, r.t.
yield 89 - 92%

Ij

R; =-H, -OMe :@/

several aIkaIOIds
(S)-BINOL = 230

Scheme 2.3.7. Enantioselective synthesis of THIQ by PSR Phosphoric acid catalysed reported by Ruiz-
Olalla et al.

LEWIS CATALYSES

The employment of Lewis acids as catalyst for different reactions has always been one of most
vast area of organic research, and the Pictect-Spengler Reaction makes no expetions. Many
Lewis acids have been tested for this reaction showing different activity depends by the metal
core and counter ions (table 2.3.1.).

Both Imine (In, Bi, Sc, etc.) and Aldehyde (Al, Ti, Sn, etc) selective Lewis Acids (Kobayashi
Classification!?®t) should be prominent and active catalysts for the PSR.1?8% Srinivasan et al.
have tested the efficiency of several Lewis Acids performing the Pictet-Spengler Reaction using
as pilot reagents tryptamine/methyl ester of L-tryptophane, a little excess of benzaldehyde in

dichloromethane undermicrowave irradiation (100°C, 30 minutes of reaction).
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In(OTf)3, SM(OTH)s, YbCls,
Sc(OTf)s, YCls, Ce(OTH)s,
Y(OTf)s, [bmim]CI-AICI;

Lewis Acids

N

R

MODERATE ACTIVITY

InCI3, Zn(OTf)z, A|C|3, TiC|4,
SiCls, Hg(OAC),, Cu(OTH),,
Ho(OTf)s, Th(OTH)s, GA(OTH)s,

0 Pictet-Spengler Reaction B
' ” Ik\/ir,Q\lH

R

Ba(OTf);, AgOTf, CuOTH,
Sn(OTf),, La(OTf)s, CoCly, BiCls

Nd(OTf)3, Dy(OTf)s,
Eu(OTf)3, Pr(OTf)3, [bmim][BF.]

Table 2.3.1. Activity of different Lewis Acids for Pictect-Spengler Reaction. Table reported by

Srinivasan et al.

From their studies it has emerged that the triflate salts of Sc(l11) (10% mol) and Yb(lIl) (9%
mmol) were the most active catalyst for this reaction, leading respectively to a 86% and 85%
of yield of THBC. Good results have been obtained by other triflate salts of Ce(lll), In(l11) and
Sm(lI1). On the other hand, the chloride salts of this metal atoms have shown lower activity
even with higher loading of catalyst like AICI3 (45% mol, yield 70%) and TiCls (40% mol,
yield 65%).27

Further, In(OTf)3 has shown as good co-catalyst in a tandem process in presence of [Ru] catalyst
236, used as hydrogen borrowing. In the protocol developed by Nalikezhathu et al. they
observed, at the beginning, that the In(l1l) triflate totally converted the imine 231 to Pictect-
Spengler 232 product after 24h of toluene reflux. Then, the one-pot protocol with In(OTf)s/[Ru]
has shown very powerfull system for the synthesis of N-benzyl substituted THBC 233, only in
presence of a large excess of benzylalcohol (10 equivalents, formation of corrispective aldehyde
in situ). Performing the reaction in presence of 1.5 or 2.5 equivalents of alcohol a mixture of
THBC 232 and N-benzyl-THBC 233 has obtained. Finally, the co-catalytic system has shown
large susbtrates scope for the secondary tryptamine 234 obtaining different N-benzyl-THBCs
235 using several and different functionalyzed alcohols. %2
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PICTECT-SPENGLER

10% mol In(OTf); NH
Toluene O N
24h, Reflux N

TANDEM PICTECT-SPENGLER p
10% mol In(OTf)3
NH N
NH
@EC P~ U O
N N
Toluene N O N Q

24h, Reflux
oxidation
in situ 232

N-BnTRYPTAMINE PICTECT-SPENGLER _|®®OTf
10% mol In(OTf)s : ;
_ Ra N Ru—y
oo A\ [Ru]= CI” \P
oxidation oeens N R Bu”|

it 24h, Reflux H
in situ 235

= -Ph, -H, -thyophenes, -SCH3;, -OMe, -Br, -F, -COOMe

Scheme 2.3.8. Tandem protocol for Pictect-Spengler Reaction by Nalikezhathu et al.

Among several lewis acids, the 1,1,1,3,3,3-hexafluoroisopropoxide Ca(ll) salt has shown a
powerful Lewis Acid for the synthesis of several tetrahydroisoquinolines by Pictet-Spengler
Reaction. Catalytic amount of Ca(ll) catalyst allowed to obtain the THIQs 240 through the
reaction between 4-OMe substituted dopamine 238 and different aldehydes performing the
reaction in DCM and room temperature after 24/48 h of reaction. Further enlargement of scope,
this protocol has shown useful for the synthesis of 1,1-disubstituted THIQs 239 by the reaction
between dopamine derivative 237/3’-hydroxyphenyl ethylamine 238 and ketones, but harder
conditions are required (toluene, 100°C, at least 24h reaction, 3 A M.S.). Despite the harsh
conditions, the method has shown suitable also for the synthesis of spyrocycles when

cyclohexanone or cyclepentanone or their derivatives were involved (scheme 2.3.9).[282
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R4)J\R3 Ro
HO Ca(HFIP)5 (20% mol) Ca(HFIP), (20% mol) HO
HO
3AMS. 3AMS.
NH = NH - 5 NH
R TL/<g, Toluene 23°Cor100°C R 2 DCM, 23°C, 24-48h
3. 24h 240 Ry
239 237Ry=-H
= R, = -Ar, -Alk
Rs = -Me 238 R4 OMe 2 r,
R4 =- Ar, -COOEt, -CH2C~H2Ph CF3
R; = R4 = cyclohexanones, cyclopentanones Ca(ll)<(5—< >
CF3 2

Ca(HFIP),

Scheme 2.3.9. Calcium catalyzed Pictet-Spengler Reaction developed by Eiden et al.

PICTET-SPENGLER IN TOTAL SYNTHESIS OF NATURAL PRODUCTS

The B-carboline and isoquinoline cores are widely present in many bioactive alkaloids present
in nature and extracted from many plants and organism, so the Pictet-Spengler Reaction has
demonstrated, over the years, a very powerful instrument and a crucial step for the total
synthesis of many natural products with important biological activities.[?¢"]

In 2011, for example, Herlé et al.[?8] synthesized (+)-Yohimbine 248 exploiting an asymmetric
Pictect-Spengler Reaction using a chiral phosphoric acid. Yohimbine (17a-hydroxyyohimban-
16a-carboxylic acid methylester, YOH) is an indole alkaloid extracted from Rauwolfia root and
it is the major component of alkaloids extracted from Pausinystalia yohimbe tree, nowadays it
can find many clinical and biological applications.[?®® Starting from tryptamine 216, Herlé and
coworkers have synthesized the secondary amine 242 by the reaction of 216 and Boc-
glutaconaldehyde 241, the subsequent PSR with 242 and aldehyde 243 (reaction performed in
toluene, 50°C, 16h in presence of molecular sieves) gave the THPC 245 as a mixture of
diasteroisomers. The successive two steps, that provides the Boc-protection of N-indole and
remotion of —SPh, lead to the formation of intermediate 246 with e.r. of 92:8. Then the
intramolecular Diels-Alder allow to obtain the yohimbine precursor 247 with 6:1 endo/exo
products. The removal of Boc-protection and reduction of double bond gaves finally the (+)-
yohimbine 248 with an e.r. > 99:1.
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—_—

2. H,, Pd/C (10%),

Me0OC™

EtOAc, 15h OBoc
247 (+)-yohimbine
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Scheme 2.3.10. Total synthesis of (+)-yohimbine reported by Tam et al.

The Pictet-Spengler Reaction has shown a powerful tool for the synthesis of octacylic
architecture core of (+)-peganumine. Wang and his coworkers has extracted this alkaloid from
Peganum harmala, this unique structure has shown good citotoxicity properties against cancer
cell lines HL-60 (ICso = 5.8 uM), MCF-7 (ICso = 38.5 uM), PC-3 (ICs0 = 40.2 uM) and HepG52
(ICso = 55.4 pM).[2¢]

Further, the enatioselective synthesis for (+)-peganumine A 253 and its demethoxy derivative
254 was achivied by Piemontesi et al.[?8”l who synthesis these alkaloids by a enantioselective
Pictet-Spengler Reaction performing the reaction in presence of benzoic acid and thiourea
derivative 252 (10% solution in DCM for both acid and chiral auxiliary) in reflux of toluene,
obtaining the (+)-peganumine A (69% of yield and e.r. 96:4) and (+)-9'-demethoxy-peganumine
A (67% of yield and e.r. 96:4) after 6 days of reaction between 250 and 7-methoxy tryptamine
251 (see Scheme 2.3.11.).
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(0]
HoN several steps N
74 —> 0 p CO
N R R toluene, 4A M.S., Reflux, 24h

250 (S)-253, PhCOOH (10% sol. in DCM)

249 +
NH, 35°C, 4 days
Q then TFA, Reflux, 2 days
MeO ”
251
N T ’
SAPE 19
CF3
(S)-252 253 R = -OMe ((+)-peganumine A)

254 R = -H ((+)-9'-demethoxy-peganumine A)
Scheme 2.3.11. Total synthesis of (+)-peganumine A and its 9’-demethoxy derivatives by Piemontesi et

al.

2.3b Biological Activities of  Tetrahydro-g-carbolines and

tetrahydroisoquinolines.

The B-Carboline is a special class of alkaloids that covers an important role in medicinal field.
They posses a pyrido[3,4-b]indole ring structure and they can be divided, in accordance to the
unsaturation of pyrido core, in tetrahydro-p-carboline (THBC), dihydro-p-carboline (DHBC)
and full aromatizated p-carboline (BC).[2%1 The first B-carboline alkaloid have extracted from
Peganum harmala in 1847, a common herbal drugs used in the Middel east and North
Africa.l?®% Nowadays, several sources of this class of compounds are known (i.e. fruits, tomato,
beer, wine, chocolate, cocoa, et al.), and they are very attractive for their important biological
properties like: antifungial, antiviral, antitumor, anti-leishmanial, antioxidant and many
others.!?®¥ In the same way, the tetrahydroisoquinolines compose a very important bioactive
class of N-heterocycle alkaloids, in fact, they can be extracted from several plants and they can
exert numerous biological properties too (i.e. anti-inflammatory, antiviral, antitumor,
neuroprotective, antioxidant and others).[?°*l Here below some important properties are just

cited in deeper way.
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Figure 2.3.1. p-carboline and isoquinoline core of many natural compounds

ANTIVIRAL

Antiviral activity is one of most important bioactivity explicated by tetrahydro-p-carboline and
tetrahydroisoquinolines. N-substituted tetrahydro-p-carbolines, obtained through two-step
process in which first the THBC core 255 (see Figure 2.3.2), synthesized by the reaction
between tryptamine 216 and p-tolualdehyde in presence of glacial acetic acid and the N-
functionalization was performed in presence of DMAP and chloride compound (like acyl, aryl
etc.), have shown a powerful agent against human papilloma virus. SAR (structure activity
relantionship) has shown the influence of 2-/3-/7,8,9- substitutions are well tolerated and all
carboline derivatives have shown good inhibition activity, sometimes very good, but only in
some cases they possess good citytoxicity activity too. Amide and carbamide derivatives (3-
substitution) possess high inhibition activity (1Cso ranging from 0.9 to 23 uM) but relative high
cytotoxicity (CCso from 31 over 100 pM). 3-Benzyl substitution has shown good inhibition and
cytotoxicity activity. On the other hand, aldehydes (2-substituion) greatly influence the activity,
in fact, for example, the THRC synthesized with isobutylaldehyde and 3-phenylpropyl chloride
shown an ICsp about 0.33 UM and a CCsg about 22 uM, meanwhile using methyl glyxylate the
THPBC shown an 1Cso about 20 uM and a CCsp over 100 uM. All indole ring substitutions (7/8/9-
substituion) shown high inhibition activity (ICso ranging from 0.0062 to 5.8 uM) but a low
citotoxicity CCso >100 pM.[2%2

1. aldehyde, glacial AcOH 8

_ R, = alkyl, aryl, B-ester, B-amide
NHz ghoc , 2N R, 1= yl, aryl, B §
N AN R, = acyl, sulphonyl, alkyl
N 2. DMAP, R,-Cl, DCM 8 N R4 R; = 7-Me, 7-OMe, 7-F, 7-Cl,
H R ¢ H 8-OMe, 8-F, 9-Me

216 255 good inhibition and citotoxic activity

Scheme 2.3.12. Synthesis and SAR of anti-papilloma virus THSCs studied by Miller et al.
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The tetrahydroisoquinoline alkaloids corydine and norisoboldine, hydroalcoholic extraction
(70% EtOH) from Croton echinocarpus, has shown potential anti-HIV activity. Further
partitionation of ethanolic crude between methanol and hexane were evaluated. The studies
conducted on transciptase enzyme of HIV-1 (enzyme that covers an important role in
replication of virus) have demonstrated that the hexane-portion did not explicate any activity,
meanwhile the methanol phase was more active either of ethanolic crude (32% inhibition at
concentration 100 pg/mL). Moreover norisolboldine is more potent against RT-HIV 1 than
corydine, in fact it explicates an inhibition of 40% at 100 pug/mL while corydine at 450
ug/mL.2%% Moreover, piperizine-p-carbolines obtained starting from tryptophane have shown
prominent anti HIV activity. The electronwithdrawing and electron-donating substituents
attached on aryl ring linked to piperizine influence the activity of N-heterocycles. The 2-
substitution and 4-susbtition on phenyl ring have shown the most influential positions, in fact
3-substitution and pyridine moiety enhanced the cytotoxicity without increasing the anti HIV
acitivity. The (4-(4-fluorophenyl)piperazin-1-yl)(1-phenyl-9H-pyrido[3,4-b]indol-3-
yl)methanone 257 has shown the most potent anti-HIV B-carboline among the studied

compounds. 2%

OH

1. esterification

2. PSR (benzaldehyde) NH,

A\

N
H

D/L-tryptophan

3. hydrolysis

1. oxidation
2. methylation
4. amidation R

norisoboldine

p-Cs studied by Ashok et al.
257 R = 4-fluoro, most prominent anti-HIV agent (EC5q = 2.6 pM)

Figure 2.3.2. THIQs and SCs with anti-HIV properties

ANTICANCER
Cancer is the principal cause of deaths around of the world exceeded only by cardiovascular

deaseas,?®! for this reason the development and study of natural or new chemotherapy is
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always desiderable. Among alkaloids, B-carbolines and isoquinolines have shown potential
anticancer agents. The study about anticancer activity of 22 alkaloids extracted from
Amaryllidaceae (plants distributed around tropical and subtropical areas) against 17 cancer cell
lines has shown that haemanthamine, lycorine and haemanthidine exerted the highest
antiproliferative activity (see figure 2.3.3.). Haemanthamine, lycorine and haemanthidine
decreased the proliferation below of 25% respectively of 12, 10 and 8 cell lines. Moreover,
lycorine has shown the most potent cytotoxicity action with an ICso about 0.7-1.4 uM,
meanwhile the haemanthamine and haemanthidine are slightly less effective (ICso respectively
ranging from 0.3 — 9.8 uM and 1.3 — 9.7 puM). Unfortunately, even the promising anticancer
activity in vitro of haemanthamine, its efficancy in vivo is not so marked due to the very short
half-life of alkaloid inside the body (about 70 minutes).[?%¢l

It is already known the anticancer activity against cell lines UMUC3, PACA2, MDA231, and
FDIGROV of imidazolinium salts!?®” and the combination of these salts and tetrahydro-p-
carboline core gave birth to a new potential class of organic molecules 258 that explicate good
anticancer activity.[?*l These N-substituted tetrahydro-B-carboline—imidazole derivatives 258,
obtained by synthetic pathway, have demonstrate good cytotoxic activity against HL-60,
SMMC-7721, A-549, MCF-7 snd SW480 cell lines with 1Cs ranging from 2.27 uM over 40
MM. SAR data have explicated that the type of substituent of imidazolium salt is the most
activity-influencer since the 2-ethyl-imidazole, benzimidazole, 5,6-dimethyl-benzimidazole
and a 3-naphthylmethyl or 1-(naphthalen-2-yl)ethan-1-one at position-3 are the most active
compounds.

Shancaraiah et al.?®®l have designed a series of tetrahydro-B-carboline-hydantoin hybrids
structurally similar to hexahydro-imidazo[1,5-b]-B-carboline-1,3-dione (HR22C16) 259
(compounds 260a/260b), already known for its inhibition of Eg5 (kinase-type enzyme that
plays a crucial role in the development and function of the mitotic spindle and controls mitosis
through bipolar spindle formation and chromosome separation). These new heterocycles were
obtained starting from L-tryptophane, which after a PSR with benzaldehyde derivatives
catalyzed by H>SO4 (0.1N conc and reflux), and successive reaction with isocyanates and
inversion of configurations. The in vitro cytotoxicity against A549 (lung adenocarcinoma), ME-
180 (cervical carcinoma), HelLa (cervical carcinoma), MCF-7 (breast adenocarcinoma), and
PC-3 (prostate cancer) were evaluated and these compounds explicated highes cytotoxicity
against PC-3 cell lines (p-Cl-phenyl derivatives is the most active), even if high anticancer
activity was recordered against A549 and MCF-7 too. Moreover, all tested compounds have

expressed an 1Cso lower than 100 uM against HeLa cell lines following, in general, the five
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Lipinski’s principles. The position and type of substituent attached to hydantoin moiety greatly
influence togheter to the configuration of stereogenic centre, the anticancer activity of

substrates.

Natural anticancer THIQs studied by Havelek et al.
N-substituted-THCimidazole derivatives studied by Zhou e

al.
? R
NJ{’ =7
N 258 Rs
R

Rq=-H, -SO,Ph

R, = imidazole, benzimidazole, 2-ethylimidazole
5,6-dimethyl-benzimidazole

R; = phenacyl, 4-OMe-phenacyl, 4-Br-phenacyl
4-NO,-phenacyl, 3-napthylmethyl, 1-(naphthalen-2-
yl)ethan-1-one

haemanthidine

Anticancer tetrahydro-B-carboline-hydantoin hybrids studied by Shankaraiah et al.

o)
QLN,RG -Re
i R Ry = -H, -OH
Rg = m-CF4-Ph, p-CI-Ph,
N\ Rs p-Br-benzyk, 2-Cl-ethyl

Do 0 O

HR22C16 (259) 260a R4 260b Ry

Figure 2.3.3. THIQs and THACs with anticancer activities.

OTHER BIOACTIVITIES

These alkaloids, together with the antiviral and anticancer activity, can explicate several others
biological properties. For example, 3-substituted tetrahydro-B-carbolines have shown good
anti-leishmaniasis agents (anti-parasitic activity). Ashok et al. synthesized and studied several
THPBCs (264) obtained by a convergent strategy in which the THBC core 233 was synthesized
by tryptamine 217 and benzaldehyde through a TFA catalyzed PSR, and the substitution was
performed in presence of KoCOz in DMF using an alkyl chloride 263 obtained by the reaction
between aniline derivatives 261 and chloroacetlychloride 262 (see figure 2.3.3.). All
synthesized derivatives have shown potent inhibition activity against promastigotes of L.
infantum (ICso ranging from 1.99 to 20.69 uM, lower activity respect to anti-leishmaniasis drug
amphotericin B that has a ICs0 0.77 + 0.15 pM) and amastigote of L. infantum (ICso ranging
from 0.67 to 6.46 uM). The position of substitutents in amide-phenyl ring influences the activity
of final products. From SAR analyses, it emerged that the type of substitutent greatly influences

when it is in ortho position, while meta substitution does not influence so much the activity. On
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the other hand, nitro group in para position leads to the formation of a potent anti-leishmainiasis
B-carboline.[2%!

good anti-leishmaniasis acitivity
NH; TFA, PhCHO NH
N DCM, r.t. 24h, N o}
H L O
217 232 K,CO4 N
e O
264
DMF, 3h ”

0 O
NH, o . N M
3
v M R = ortho -Me, -OMe, -Cl
cl DCM, 0°C, rt. meta -Me, -OMe, -CI, -NO,, CF4
R para -Me, -OMe, -Cl, -F, -NO
261 262 R 263 2

naphtalylil, 2,4-dimethyl

Scheme 2.3.13. Synthesis and SAR of anti-leishmaniasis THACs studied by Ashok et al.

Herraiz and Galisteo evaluated the antioxidant acitivity of different THBCs as hydroxyl radical
scavenger generated in situ by Fenton Reaction.*%Y They noticed that norharman, harman,
THCB, MeTHBC, pinoline and melatonin inhibited the OH: in dose dependent way, showing
also good scavenger activity in presence of pro-oxidant like ascorbic acid or 6-
hydroxydopamine. On the other hand, the acid derivatives 270 and 271 have shown low or no
anti-oxidant acitivity. Depending on the dregradation of the substrate (benzoate, 2-deoxyribose,
2’-deoxyguanosine) these alkaloids explicated a 1Cso about 20~40 pM in case of benzoate,
except for 270 and 271 that shown no activity; meanwhile higher carbolines concentrations
were required in other two cases of deoxyribose and 2’-deoxyguanosine degradation (about
180~600 pM, slightly higher in presence of prooxidant). The defence mechanism is different
for each type of substrate. In case of full aromatized p-carbolines, the formation of hydroxyl-
product was detected at HPLC-ESI MS; tetrahydro-p-carbolines are oxided to B-carbolines;

melatonine, instead, is transformed to oxindole or amide after cleavage of indole ring.
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Scheme 2.3.14. Antioxidant action of melatonine, g-carbolines and tetrahydro-f-carbolines

A study conducted in 2010 has revealed that a series of mono ammonium B-carbolines/THBCs
and bivalent ammonium B-carbolines/THBCs (linked by an alkyl spacer) explicate moderate or
strong inhibition activity of acetylcholinesterase (AChE), butyrylcholinesterase (BChE) and
NMDA receptor blockers, proving as potential drugs for Alzheimer’s disease treatment.
Disfunction of AChE and BChE leads to lose of memory and causes cognition disturbances. In
the same way, an extraconcentration of (S)-glutamate (mediator normal physiological
excitatory synaptic transmission) in extracellular enviroment influences the NMDA activity,
that allows the entrance of Ca-ions in neuronal cells forming free radicals that cause brain
damages (excitoxicity). This mechanism is probably the cause of many other neurodegenerative
disorder like Morbus Parkinson, Huntigton disorder, epilepsy, etc. All tested N-heterocycles
shown an 1Cso of nM order for AChE and BChE inhibition, for what concern the NMDA
inhibition, it requires an higher concentration of uM order; the bivalent ammonium p-

carbolines/THBCs shown the most potent inhibition action.[%?]
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5\@7

Ri R, = -H, -OMe, -OH

R, = -CHa, -C3H7, -CgH47, -CoH4OH
R3 = -CoHs, -C3Hy

X = -(CHy)z.12

Figure 2.3.4. ammonium SCs and TH/Cs studied for AD treatment by Rook et al.

Finally, Song et al.l*%! studied natural and new synthesized pCs, DHBCs and THPCs against
Tobacco Mosaic Virus (TMV) and 14 types of fungi. From their studies, natural harmane,
harmalan, tetrahydroharmane, tetrahydroharmine and new derivative 272 exhibited higher
inhibition than Ribavirin (common commercial anti-TMV). DHBCs and THBCs showed higher
activity respect to the full aromatic compounds; in fact, harmalan, tetrahydroharmane, and
tetrahydroharmine and 272 explicated an inhibition respectively of 58.6%, 63.7%, 58.2%,
46.5% at 500 pg/mL (at the same concentration Ribavirin explicated 40% of inhibition) and
also good curative and protection activity (in vivo analyses). On the other hand, full aromatized
compound explicated better antifungi activity than to partial/total saturated carbolines, the
synthesized compounds 273, 274 and 275 shown the best antifungi activity against all 14 types,

even higher to the natual carbolines.

good anti-TMV activity high anti-fungi activity
N Br N
= N N/ N\ A N/
(0) 0 N
N. /)\( N N
HO N H H H _
NH2 Harmalal THh 273 N
HO OH arman N/
N
Ribavirin Et H
N\ N0z 274
O N\
0 N
THharmme H
275

Figure 2.3.5. fCs, DHBCs, THACs with anti-TMV and anti-fungi activity.
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2.3c Microwave irradtion in organic synthesis

The first MAOSs (Microwave Assisted Organic Synthesis) were reported in 1986 in which,
Giguerel®™ and Geydel*®! performed a series of organic synthesis, in closed vessel, under
microwave irradiation generated from commercial microwave oven. They suddenely observed
the incredible power toward speed-increament of microwave irradiations. This increbile rate
enhancement is due to transfer of energy from microwave irradiation to the system and this
“propensity to microwave heating” depends by two main factors: dielectric loss factor (e", it
represents the ability of a substance to transform this energy into heat) and the dielectric
constant of media (e', it represents the ability of a substance to absorb microwaves). The whole
phenomen is described by dissipation factor (tan d = e"/e") and a high dissipation factore means
high susceptibility to microwave. Moreover, microwave region radiations enables to heat entire
sample without any major temperature gradient. This heating mechanism depends, not only by
dielectric properties of a given material, but it is influenced also by specific heat capacity, the
emissivity, the geometry, the volume (or mass) and by the strength of the applied field. These
factors are characteristic of microwave-radio wavelength radiations since other forms of
electromagnetic radiation have a too small penetration depth and/or limited thermal
conductivity (like infrared irradiation).[3%!

Penetrates Earth's =
¥ N ¥ N
Aimicephere? ¥ ] -
Radiation Type Radio Microwave Infrared Visible Ultraviolet X-ray Gamma ray
Wavelength (m) 10° 1072 107° 0.5x1078 o™ 10710 16712

2 A .
roximate Scale , S )
~p ofWa\:elgrc\gth H‘ M % gj & "‘;O%'. 0

Buildings Humans Butterflies Needle Point Protozoans Molecules Atoms  Atomic Nuclei

104 108 102 101 10'® 1018 10%°
Temperature of
objects at which
mostintense
wavelength emitted 1K 100 K 10,000 K 10,000,000 K
-272°C -173°C 9,727 °C ~10,000,000 °C

Figure 2.3.6. Electromagnetic Spectrum

Profoundly and different interactions are involved in microwave heating and conventional. In

fact, microwave heating possesses an highly selectivity toward different materials dependent

by the properties of different materials, as the transformation of energy into heat takes place at
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molecular level by interaction between electromagnetic radiation and molecules; meanwhile

the conventional heating is strongly affected by efficiency of heat distibution inside the

sample.[3"]

Microwave Heating

|

Conventional Heating

Energetic Coupling
Couplig at molecular level
Rapid
Volumetric
Selective

Depend on material
properties

Conduction/convection
Superficial heating
Slow
Superficial
Non selective

Less dependet

a

Heat Source Heat Introducti

Conventional heating

N4+

7oy,

Y

b

o’

Figure 2.3.7. On the right Table 2.3.2. in which features of microwave/conventional heating are
reported; on the left the temperature distribution in microwave/conventional heating (image took from

referencel*%!

The reactions performed under microwave radiations present some and important advantages
like faster reaction time, higher returns, higher levels of purity of the products, best
reproducibility, better control of the reaction and milder reaction condtions. Not all these
improvements caused by microwave radiation can be explained by only one motivation, but by
a series of factors called “microwave effect”:[308 -310]
- Thermal effect; it depends by the dielectric characteristic of different materials and it
describes the ability of given material to convert energy into heat; %!
- Overheating; ability to perform the reaction at higher temperature than boiling point of
solvents;
- Hot Spots; they are caused by inhomogeneity of applied field and they are spots with a
higher temperature respect to the whole system (not rappresentative);
- Selectivity toward solvents, catalysts, reagents, products;
- Non-thermal effects (also called microwave effects); they arise from the interaction of
radiation and material and they are under controversial debates;
- No wall effects; elimination of invert gradient temperature due to conventional heating.
Nowadays the microwave irradiations are applied in many organic synthesis. Just to cite few
examples, Damm et al. studied the synthesis of benzyimidazole 277 (heterocyclic core widely

present in many bioactive compounds) starting from 1.0 M acetic acid solution of
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o-phenylendiamine 276 comparing the kinetic of conventional batch conditions and microwave
conditions (using 400 W Initiator Eight 2.5 EXP platform (Biotage AB) as instrument).
Performing the reaction at different temperature, starting from 25°C, they observed that the full
conversion of starting material was achievied after 9 weeks. Increasing the temperature, the
total conversion of starting material (SM) is achievied only after 5 hrs reaction (100°C), but
performing the reaction at 130°C under microwave irradiation the SM was consumed after only

1 hr and no SM was detected after 1s of reaction at 270°C reaction.[31H

CL Cry-
Acetic Acid (1.0M) N

NH» -
276 batch/t?rll](;r:wave 277
temeprature

Temperature | Batch/microwave Pressure Time
25°C Batch - 9 weeks
60 °C Batch - 3 days
100 °C Batch - 5hrs
130 °C Microwave 2 bar lhrs
160°C Microwave 4 bar 10 min
200 °C Microwave 9 bar 3 min
270 °C Microwave 29 bar 1s

Table 2.3.3. Kinetic influence of microwave irradiation on the synthesis of benzymidazole reported by

Damm et al.

The Pictet-Spengler reaction between L-triptophan and ketones can be smoothly and cleanly
enhanced by microwave irradiation. In fact, Kuo et al.’'?l compared the time,
diastereoselectivity and yield of batch/microwave reactions performed in presence of different
ketone substrates at room temperature or 60°C. They observed that the room temperature and
60°C batch reactions, even if leads to high yields, their kinetic were tremendously slow, but
performing the reaction under microwave heating, they were able to obtain the products with
comparable yields in shorter time. Reactions that require days/several hours, under microwave
irradiation, could be perfomed only in few hours obtaining good results. Performing the reaction
at 100°C other side-reaction were favoured and leads to degradation of substrates lowering the

overall yield of reaction.
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(0] 0]

OH OH
0 10% TFA
NH, + )J\ NH
AN R1 R, Toluene N
N Ketones batch/microwave N R1R2
H Temperature H
L-triptophan Time
Room Temperature Batch 60°C Microwave 60°C
Ketones Time | Yield | dor. | Time [ Yield | d.or. [ Time | Yield | d.r.
acetophenone 49d 90% 20:80 95h 96% 25:75 40h 67% 23:77
2-butanone 18h 74% 51:49 3.5h 99% 55:45 | 20 min 96% 50:50
3-methyl-2- 11.5d 87% 68:32 62h 86% 60:40 15h 76% 65:45
butanone
3-pentenone 5.5d 96% - 52h 99% - 3.3h 91% -
cyclohexanone 6h 68% - 75 min 99% - 10 min 99% -
cyclopentenone | 2.5d 95% - 55 min 99% - 20 min 99% -

Table 2.3.4. Influence of microwave irradiation on Pictet-Spngler Reaction between L-tryptophan and

ketones reported by Kuo et al.

More recently, Jida et al. developed a protocol in which they synthesized several 4-cycles fused
compounds 280 in which a THBC moiety was present. These N-heterocycles 280 were obtained
in solvent and catalyst-free conditions under microwave irradiation starting from tryptamine
217/L-tryptophanol 278 and ketocarboxylic acids 279. With respect to batch conditions that
require 48h of reflux in toluene with a Dean-Stark apparatus, using “microwave pathway” it is
possible to obtain the corrispective substrates in only 2-4 minutes at 180 °C with high yield and
high d.e. (<99%) when tryptophanol is involved. In accordance to authors, the whole process

proceed by two steps in which the first step is a Meyers’ reaction and the second one a PSR.[*l

R1 R1
o 0
NH, OH - { N
\ Rz . )
Rs no MW,180°C, 2-4 min N R n
N H 2
H 279 R3
R4 = -H, tryptamine 217 high yields
-CH,OH, L-tryptophanol 278 high diastereoselectivity
280
n=12

Scheme 2.3.15. Pictet-Spengler Reaction protocol developed by Jida et al.

2.3d Graphene Oxide in Organic Synthesis
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During the last years, Graphene Oxide (GO) and Carbonaceous materials have shown
promising as carbocatalysts for developing new green and suistainable pathways.*4 The
intrinsic Brgnsted acidity of GO is due to the presence of several alcohol, ketone, epoxide and
carboxylic moieties attached to 2D layers of graphene and nowadays it is applied as catalyst for
several organic reactions (i.e. Fischer reaction, Kabachnik-Fields, transamidation, etc.).*** One
of the most advantages of Graphene Oxide is its dispersionability in solvent media and for this
aspect it can find several applications in different fields (i.e. electronic devices, energy storage
devices, biosensors, biomedical application, coating technology) in addition to organic
synthesis. These heterogeneous catalyst possess some green properties like high stability,
safety, insolubility and recyclability that make it a very versatile catalyst.[*'6! Graphene oxide
can be generally prepared by the oxidation of graphite using strong oxidant agents like KMnOsa,
NaNOs, KCIOs and H2SO4, then, the successive exfoliation gives the GO-sheets.3'7]

\ HIGH STABILITY‘

y \ INSOLUBILITY \

SAFETY

‘ RECICLABILITY w

HIGH
DISPERSIONABLITY

Figure 2.3.8. On the left the structure of GO and on the right the green properties of GO

Graphene Oxide has shown very usefull for the synthesis of compounds 283 through the
condensation between glyoxal derivatives 281 and 4-hydroxycoumarins 282; performing the
reaction in HO-reflux and in presence of catalytic amount of GO-nano sheets leads to the
formation of product in only 10 minutes. Nano-particles of FesOs, ZnO and TiO were less
effective than GO, and performing the reaction in other polar solvent like MeOH, EtOH and
THF similar but lower results were obtained, meanwhile DCM has shown the worse solvent in
which perfom the reaction (50% yield against 83% in H2O). Moreover, the method shown good
scope of reaction with different substrates and graphite and partially oxidized GO possess lower
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activity, and NaOH-deactivated graphene oxide shown no activity after 30 minutes of reaction,
confirming the importance of acidic moieties present in GO-nanosheets.[314

Ar = -Ph
0._0 0._00._0 -4-F-Ph
Ar)S/OH + x P —— _ N -4-O,N-Ph
20, Reflux -4-MeO-Ph
OH OH 5-15 min OH Ar OH 4cLph
282
281 283 -3-MeO-Ph
-2-napthyl

Scheme 2.3.16. Synthesis of dicoumarol 283 by Khodabakhshi et al.

GO has shown as an efficient catalyst for the synthesis of 2-amino-3-cyanopyridines through
one-pot pathway (Hantzsch like process) in very mild conditions conserving its catalytic
activity for consecutive 5 runs (passing from an yield of 90% to 86% after fifth run). In the
protocol developed by Khalili, the pyridine derivatives 286 were achievied performing the
reaction in water at 80 °C using malonitrile 39, acetonephenone substrates 284 and other
aldehydes 285, ammonium acetate (as nitrogen source) in presence of 10% mol of GO in an
open flask after 5h of reaction. The presence of catalyst is foundamental since perfoming
reaction in catalyst-free condition the product was isolated with a yield < 10% after 24h
reaction. The Graphene Oxide has shown more efficient respect other heterogenous catalyst
like graphite, reduced-GO, Silica, H-p zeolite or metal oxide like TiO.. Different pyridines were

isolated using various ketones and aromatic aldehydes with yields ranging from 75 to 90%. 58]

Ry -
R, = -Ph. -4-Me-
0 o) CN GO (10% mol) on T -Ph-4-Me-Ph,
)J\ v e < + NH4OAc | X -4-OMe-Ph, -4-Cl-Ph
Ry R; CN H,0, 80 °C, 5h P -napthyl, -4-Ph-Ph, -Me
284 285 39 Ry™ N NHp -Bu, -cyclohexanes

286 Ar = -Ph, -Me, -thyophene,
-4-Cl-Ph, 4-COOMe-Ph

Scheme 2.3.17. GO-catalysed synthesis of 2-amino-3-cyano pyridines by Khalili

2.3e Amberlyst-15® in organic synthesis

Amberlyst-15® (Amb-15®) is a commercial proton exchange resin of polystyrene in which
acid sulfonic groups are attached to phenyl ring of styrene moiety; it is considered as a strong
acid and it can be easly removed from by reaction mixture and it can be reactivated and reused
reseveral times.?*®l This resin has attracted the scientific field for its unique and green
properties like environmental compatibility, reusability, non-corrosivness, chemical and

physical stability, non-toxicity.[%2%
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MICHEAL ADDITION FRIEDEL CRAFT

. AZA-MICHEAL ADDITION  SYNTHESIS OF HETEROCYCLES

ACETYLATION HYDROALKYLATION

omtzo ESTERIFICATION CROSS-ALDOL CONDENSATION
OH

Figure 2.3.11. Structure and image of Amberlyst-15® and some reaction catalysed by Amb-15®

Due to these unique properties, amberlyst-15® has found several application in many different
reactions (i.e. Micheal/aza-Micheal addition, Friedel Craft reaction, metal-free hydroarylation,
synthesis of heterocycles, etc.).B*® Just to cite few reaction, acetylation?°! and
esterification®* of alcohol performed in presence of amberlyst-15® can be performed in mild

and selective conditions.

Alcohol acetylation by Pande et al. Alcohol esterification by Petrini et al.
Acetic Anhydryde
Amberlyst-15 (2)(/)m)g/g/mmol) O Amberlyst-15 (40mg/mmol) O
R-OH /EO -
neat. rt. R-G R” “OH MeOH, rt. R™ 07
15 - 240 min 7 - 16h

Scheme 2.3.18. Alcohol acetylation reported by Pande et al.; alcohol esterification reported by Petrini
etal.

More recently, the esterification of free fatty acids (FFAS), using ethanol as alcohol counter-
part, performed in presence of Amb-15®, has shown a green pathway for the synthesis of
biodiesel performing the reaction at 60 °C with a FFA/EtOH molar ratio 1:1 with a yield of
53% after 6h of reaction.[%]

Amb-15® has shown a powerful catalyst for the one-pot synthesis of 4(3H)-quinazolines 290
(broad spectrum of biological properties) starting from anthranilic acid 287, orthoformates 288
and substituted anilines 289. The method provides a series of quinazolines in solvent free-
conditions obtained at room temperature after few minutes reaction with high yield, except
when nitroaniline and 2,5-dimethoxyaniline are used (the reaction was performed at 60°C).
Moreover, the method provides a very broad reaction aims and it smoothly works with several

anilines.[3%
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o O-Rg, NH, 1=-Me, -Et

Ry
0 R
o QO\R . Amb-15 (50 mg/mmol) R, = -H, 4-Me, 4-OMe, 2-Cl,
o N ) N 3-Cl, 4-F, 2-NO,,4-Br
NH, R neat, r.t. or 60°C (IN/) 2,5-di(OMe), 2,6-di(OMe)
290

R 5-15 min
288 2
287 289

Scheme 2.3.19. Synthesis of quinazolines by Das et al.

Muthukrishnan et al.[32%1 exploited in 2019 the employment of Amberylst-15® as catalyst for
the synthesis of complex heterocycles in which a [1,6]-naphthyridine (compounds 293/294)
moiety was present using 2-(N-propargylamino)-arylaldehydes 290 and 3-aminocoumarins
292/3-methyl-1-aryl-1H-pyrazol-5-amines 291 as starting material by a Povarov-type reaction.
The ion resin was more efficient than a common Lewis Acid (CuCl) in a green solvent like
PEG-200 at 80°C (67% after 24 hrs against 80% of yield after 16 hrs of reaction), but
performing the reaction at higher temperature (100°C) or in other solvents only worse results
were detected. Testing N-propargylamines and coumarins it was possible to isolate many
different products after 16hrs-24hrs of reaction with good yields (ranging from 67% to 81%) in
case of coumarines. For what concern pyrazol amines, the products were obtained with yield

ranging from 60 to 81% but with slower reaction (24 hrs — 30 hrs of reaction).

NH
XX 2 Rq
R2 Ts
291 Ts _ R 07 "0 L9 N
N _F !
Amb-15 (40 mg/mmol) \/ Amb-15 (40 mg/mmol) O
PEG-200,80°C R | PEG-200, 80°C o

16-24h 16-24h
0 o)
290
Ry = -H, 4-Cl, 4-Br
! 294 Ry

R, = 4-Me, 3-Cl, 3-NO, R, = 4-Br, 2-OFEt, aryl

Scheme 2.3.20. Synthesis of [1,6]-naphthyridines by Muthukrishnan et al.
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2.3f Results and Discussion

BACKGROUND OF THE PROJECT

Due to the biological importance of tetrahydro-B-carbolines, tetrahydroisoquinolines and N-
substituted tetrahydro-pB-carbolines we tried to develop new synthetic pathways for the
synthesis of these aza-heterocycles exploting the Brgnsted and Lewis promotion of Pictet-
Spengler Reaction. In fact, this chapter is divided in other two sections:

- Bronsted catalyses; we investigated the possible employment of Graphene Oxide as
green and suistainable Brgnsted acid for PSR performing the reaction under microwave
irradiation, exploiting Amberlyst-15® as purification tool. The focus of this part is to
replace the common Brgnsted and harmful acids like TFA, H2SO4, HCI and so on with
the purpose to speed up the reaction by using microwave.

- Lewis catalyses; we investigated the possible employment of CeCls7H.O as green
metal catalyses in PRS, studying in deep a one-pot pathway for the synthesis of N-
substituted THBRCs under microwave irradiation. In fact, these heterocycles are usually
synthesied by two step process in which: first, THBC is synthesized and then
substitution is performed, the one-pot protocol has the scope to avoid the formation of

much waste and saving time for the synthesis of these molecules.

BRZNSTED CATALYSES

Since mineral acids are often used as catalysts in PRS, we wanted to investigate Graphene
Oxide as new Brgnsted acid for this reaction. Our investigations started on two step process
using tryptamine and benzaldehyde as model system: in the first step we performed the reaction
between tryptamine 216 and a stoichiometric amount of benzaldehyde 38 in DCM dry (0.25M)
in presence of catalytic amount of Graphene Oxide (15 mg/mmol) at 120 °C under microwave
irradiation. The second step provides the final THBRC 232 after an extraction process called
“catch & release” in which the acid functionalities of Amb-15 react with basic ones of our target
product forming an ammonium salt, then, washing the resin with a basic solution (8:2 of
MeOH:33% v/v ammonia in H20) the N-heterocycle is released in the solution. This solution
is diluted with DCM and portionated with a sat. NaHCO3 solution. Extraction of the aqueous
phase provided our target product. After 1.5 hrs in a microwave reactor, the tryptamine 216 is
totally consumed and after the “catch & release” process the final product was obtained with a

yield of 48%.
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Scheme 2.3.21. First approach for 2-steps protocol for GO-PSR

Studying in deep the process by GC-MS and NMR analysis we discovered that the first reaction
step stops after the formation of the imine and the final heterocycle is obtained only after the

reaction with Amberlyst-15®.
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Figure 2.3.9. GC-MS and NMR analyses of 2-steps protocol
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By GC-MS it is possible to notice the difference between the two spectra, the imine spectrum
shows a 130 m/z as base peak that can be referred only to the imine due to the high stability of
formed fragment. On the other hand, the product presents three typical peaks in its spectrum:
248 m/z (molecular weight), 218 m/z (loss of ethane) and 171 m/z (loss of phenyl ring derived
from benzaldehyde). Moreover, the imine presents two triplets at around 3.87 ppm (proton a)
and 3.18 ppm (protons b); meanwhile the corrispective —CHz signals in THRC split in a more
complex pattern (caused by the coupling with a vicinal stereocenter). Formation of the product
is underlined also by the characteristic singlet of —CH (proton e) present at 5.09 ppm.

Due to these results, we tried the direct employment of ionic resin as catalyst of PSR. After
performing the reaction at room temperature in DCM (5.0 hrs) and isolating the product with a
“catch & release” process, compound 232 was isolated with a yield of 37% recovering most of
the starting material (entry 1, table 2.3.5). But encouraged by this result, we tried to optimize

the reaction conditions performing the step of PSR both in batch and in microwave reactor.

NH o) 1. Amb-15, M.W., NH
2 I Solvent N\
N + N
N 2.NH,OH/MeOH (2:8) H @

H
216 38 232
ENTRY 216 | 38 ] Solvent | Amb-15 | Conditions | Yield (%)
1 1.0 eq. 1.2 eq. DCM (0.25M) 0.2 g/mmol r.t., 5.0h 37%
2 1.0 eq. 1.2 eq. ACN (0.25M)  0.2g/mmol  120°C, M.W., 0.5h 33%
3 1.0 eq. 1.2 eq. ACN (0.25M) 0.5g/mmol  120°C, M.W., 0.5h 38%
4 1.0 eq. 1.2 eq. ACN (0.25M)  1.0g/mmol  120°C, M.W., 0.5h 41%
5 1.0 eq. 1.2 eq. DCM (0.25M)  1.0g/mmol  120°C, M.W., 0.5h 28%
6 1.0 eq. 1.2 eq. EtOH abs. 1.0 g/mmol  120°C, M.W., 0.5h /
(0.25M)
7 1.0 eq. 1.2 eq. ACN (0.25M) 1.0 g/mmol 60°C, MW, 0.5h 48%
8 1.0 eq. 1.2 eq. ACN (0.25M) 1.0 g¢/mmol Reflux, 5.0h 61%

Table 2.3.5. Optimization for Amb-15 protocol.

We suddenly passed from batch conditions to microwave ones with the purpose to speeding up
the reaction between tryptamine 216 and benzaldehyde 38 since the acidic moieties of Amb-15
could react with the starting material forming the corrispective ammonium salt and lowering
the yield of the process. But unfortunately no increments were detected. In fact perfoming the
reaction in different solvent the product was isolated with almost the same yield of entry 1,
without detecting the product when the reaction is performed in ethanol. Increasing the the
loading of the resin the yield passed from 33% to 41% performing the reaction in acetonitrile

(entry 2, entry 3 and entry 4, table 2.3.5). Performing the reaction at lower temperature (M.W.
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irradiation at 60°C, entry 7 table 2.3.5) the product was isolated with a yield of 48%, refluxing
of acetonitrile has shown the most suitable conditions since the product was isolated with a
yield of 61%. The low yield of Amb-15® under microwave irradiation can be explained by
several factor: first; the acidic moieties present in the resin that traps the tryptamine, forming
the ammonium salt, lowering of overall yield. Second, the NMR of crude obtained present a
complex NMR spectra, even if with good GC-MS conversion (>95%). This complexity could
be due to the degradation of the resin when it is irradiated by microwave.

Given these poor results, we have decided to deeply investigate the 2-step one process

proprosed as first approach and the optimization is reported in table 2.3.5.

\H o 1. GO, 120°C, M.W. NH
2 | Solvent N\
A\ + -
N H

B 2. Ambelyst-15 @

216 38 3. NH,OH/MeOH (2:8) 232
ENTRY 216 38 M.W. Time G.O. Solvent Yield
12 1eq. 1leq. 1.5hrs 15 mg/mmol DCM (0.25M) 48%
2 1 eq. 1eq. 1.5hrs 15 mg/mmol DCM (0.25M) 50%
3 legq. 1.2eq. 1.5 hrs 15 mg/mmol DCM (0.25M) 53%
4 leg. 12eq. 1.0h 15 mg/mmol EtOH abs (0.25M) 69%
5 leg. 1.2eq. 1.5 hrs / EtOH abs (0.25M) 51%
6 leg. 1.2eq. 1.0h 15 mg/mmol ACN (0.25M) 76%
7 leg. 1.2eq. 1.0h 15 mg/mmol EtOAc (0.25M) 73%
8 leg. 1leq. 1.0h 15 mg/mmol ACN (0.25M) 70%
9 leq. 1.2eq. 1.0h 15 mg/mmol ACN (0.25M) 71%
10 leg. 12eq. 1.0h 7.5 mg/mmol ACN (0.25M) 2%
11 legq. 1.2eq. 1.0h 30 mg/mmol ACN (0.25M) 75%

Table 2.3.6. Screening of first step of 2-step one flask protocol; *the reaction is performed in presence

of molecular sieves (100mg/mmol).

In general, the reaction procced smoothly in all tested conditions and it is quite influenced by
the solvent: performing the reaction in other polar solvent like EtOH (entry 4, table 2.3.6), ACN
(Entry 6, table 2.3.6) and EtOAc (entry 7, table 2.3.6) the product is isolated with higher yield
with a yield og 69%, 76% and 73%. Entry 5 confirms the importance of GO as catalyses to
favour the formation of the imine increasing the final yield of the product, and speeding up also
the formation of imine itself. The sligh excess is necessary since to increase the final yield of
the product, even if with stoichiometric amount aldehyde the THBC is isolated with similar
yields, even if quite slighter low. The amount of Graphene oxide does not influce so much the

process since with half and double amount, the product was isolated with similar yield. The
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formation of the imine proceeds smoothly also performing the reaction in water (result not
reported in table), using an excess of aldehyde (1.2 eq.), the extraction with DCM of water
solution gives a crude in which the benzaldehyde is not present, but the imine is present with a
conversion of ~62% and the SM about ~30%. The amount of ion resin was not subjected to
investigation since the higher amount should only speed up the “catch” process.

Once obtained the best reaction conditions, we performed, first a screening of aldehyde, second
a screening of tryptamine derivatives.

Using different substituted benzaldehydes the relative tetrahydro-B-carbolines were separated
with good yield ranging from 58% to 90% of yield. Moreover, the EDG-substituents like
methoxy group (296) probably de-activates the relative imine increasing the electrondensity
near the imine-carbon disfavoring the ring closure. On the other hand, when EWG-substituted
benzaldehyde is involved in the reaction, the relative products were isoltated with high yield
respect to non-substituted benzaldehyde. This fact can confirm that contrary behavior of 3-
methoxybenzaldehyde. In fact, 4-nitro (297), 4-Cl (298) and 2-Cl (295) benzaldehyde allows
to obtain the relative THBCs with a yield of 89%, 58% and 90%. These yields confirming that
the nature and the position of substituent greatly influence the process. In fact nitro group is
more electron withdrawing than chloride, so when these substituents are present in 4-position,
the nitro decrease the electron density favoring the process, meanwhile the -Cl does not. Instead,
in 2-position the chlorine decrease the electron density in imine-carbon favouring the 6-endo

trig ring closure.
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Scheme 2.3.22. Screening of aldehyde.

On the other hand, when an aliphatic aldehyde like hydrocynammaldehyde, butanal and
propanal are involved, the corrispective heterocycles were isolated with a low yield or not
isolated. This fact is explained by the formation of self condensation product under microwave
irradiation. In fact, the radiation incredibly increases the reaction rate of these side-products
formation, if at room temperature or 2-8 °C (fridge storage) the reaction takes place after days
and days, under microwave irradiations the process takes palce after a few hours. From GC-MS
analyses it was possibile to observe the imine between self condensating aldehydes and
tryptamine and even the relative THBC products after work-up with Amberlyst-15®. The only

product was isolated when butanal (301) was involved.
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Scheme 2.3.23. Formation of self condensated side product of alkyl-aldehydes

It is known in literature that the ketones are less reactive in PSR protocols, but in this 2-step
one flask protocol it was possible, even if with quite low yield (30%) the relative THBC adduct
303 deriving from acetophenone and tryptamine, the maximum to imine conversion was
reached after 3.5h. Very interesting is the THRC 304 obtained thourgh the Pictet-Spengler
Reaction between tryptamine and furfural. This carboline is a precursor of perloryline 305, that
is a B-carboline that can counteract against the stomach tumor cells and it seem also an activator
of TRPV1 (transient receptor potential vanilloid 1) that is a protein that regulates the perception
of pain in human.?4l In literature it is reported the synthesis of this precursors using
trifluoroacetic acid as Brgnsted acid after 2h of reaction at room temperature, but due to high
harmful of this acid, this method could preferable to the green properties of GO and Amberlyst-
15®; then once obtained the THRC, the carboline is achievied after an oxidation performed in
presence of a Cu(l1) salt and a functionalization of furfural moiety.[3?%]
1. CuBr,, air, DBU =
NH DMSO, r.t,, 16h A A
@EN\Q\ o 2. HCOH, AcOH, ” / 0
N @ Reflux, 2h Q\‘

304 perloryiline 305 OH

Scheme 2.3.24. Synthesis of perloryline reported by Zheng et al.

Here below the screening of p-ethyl aryl amines is reported using again benzaldehyde as pilot

aldehyde. The reaction proceed smoothly also with different amine-substrates.
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Scheme 2.3.25. Screening of different S-arylethylamines

In the case of secondary amine (N-benzylated 234) the formation of the product was suddenly
detected in the step of Graphene oxide, since the reaction of the secondary amine and aldehyde
leads to the formation of immonium intermediate that is already active toward the ring closure,
and the step of Amberlyst-15® acts as purification tool extracting the product from the reaction
mixture. The B-carbolines derived from 6-methoxytryptamine 318 and 7-chlorotryptamine 319
(obtained by 3-step process reported in scheme 2.3.26) were isolated with good vyields, in
addition, the 7-Cl-tryptamine is less reactive probably due to electron-withdrawing nature of
chloride, but even the methoxy group negatively influences the trend of PSR since the adduct
306 was isolated with a lower yield respect to non-substituted tryptamine. Two L-tryptophan
derivatives were evaluated: the methyl ester 321 (esterification performed with SOCI; at reflux
for 16 hrs in MeOH, yield = 92%) and the L-tryptophanol 278 (obtained by reduction of methyl
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ester 321 with NaBH4 (16h, from 0°C to r.t., yield 88%). In each case the total conversion of
starting material to imine was observed after only one hour of reaction in the microwave reactor,
the successive cyclization with amberlyst-15® gives the 2 diasteroisomers with similar yields
(51% for 310a/310b, and 55% for 311a/311b) and similar d.r. (60:40 for 310a/310b, and 63:35
for 311a/311b) meaning that the two different moieties do not influence so much the trend of

the reaction.

synthesis of tryptamine derivatives

+ -
CAN-SIO, supp ~ N-O _ NH
A HTMA (6 0 eq) N NH40AC (4.0 eq) i LiAlH, (20.0 eq) N 2
N ACN mw, 90°C N CHsNoz 100°C Et,O dry : THF dry (3:1) R N
H H

R R H 0°C ->rt.
R =5-OMe 312 314 (1.0h) yield = 73% 316 (2 Oh) yield = 75% 318 (1 Oh) yield = 70%
6-Cl 313 315 ( h) yield = 43% 317 (2.0h) yield = 82% 319 (1.0h) yield = 80%
@E\C\ @EC\ NaBH4 (2 eq) @EC\
N MeOH rt. MeOH rt.
216 16h

yield = 84%

. synthesis of methyl ester of L-tryptophan
synthesis of L-tryptophanol

o) o)
EN on Oy o
NH NH h
2 2
NaBH, (2 e SOCl, (3.2 eq.
{ NaBH, (2 eq) A 2 (3.2 eq.) NH,
N MeOH 16h N N MeOH, Reflux N
H from 0°C to rit. N yield = 88% H 16h N yield = 94%
321 H 320 H 321
278

Scheme 2.3.26. Synthesis of tryptamine derivatives

Finally we tested also phenylethylamine with two different aldehydes: benzaldehyde and
butanal. But unfortunately, in each reaction the products were not achieved. In fact, the reaction
stop to imine, even the work up with Amb-15® does not active the imine and the ring closure
does not take place, probably because this reaction conditions are to mild to break the aromacity

of phenyl moiety and obtain the cyclic product.

©/_\N'k Amb-15 ,QlfH

R

Scheme 2.3.27. Limitation of the scope of Amberlyst-15® in PSR

As expected, the resin used for a second run did not work and the product was recovered only

in a small portion, but as reported in literature (cited above), the resin can be reactivated and
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resused for other runs. The Graphene oxide was not subjected to reuse studies since it is reported
(cited above) the possible employment for different runs.

LEWIS CATALYSES
Our investigation about Ce(lll) chloride as environmental metal catalyst for one-pot PSR
reaction started from the screening of reaction conditions in three different experiments reported
in the scheme below. In these synthetic protocol the product was not observed in the reflux of
DCM, even after 48h reaction and the reaction stop at imine stage. But switching from batch to
microwave irradiation the product was isolated with a relative low yield, and perfoming the
reaction under microwave irradiation without catalytic system the process stop at imine (scheme
2.3.28).
CeCly7H,0 (0.3 eq.)
Cul (0.3 eq.) N=

4A MS (100 mg/mmol) @E\é/\ /\O

DCM dry (0.25M) N

Reflux, 48h

CeCly7H,0 (0.3 eq.)

Cul (0.3 eq.)
NH O )
@EC\ 2 l 4A MS (100 mg/mmol) M yield = 60%
A\ +
N DCM dry (0.25M) H

10 eq 120 °C, M.W,, 1h @

H
1.0 eq 28 232
216
N/
4A MS (100 mg/mmol) A /\Q
DCM dry (0.25M) N
120 °C, M.W., 1h H

Scheme 2.3.28. First approaches for one-pot PSR Ce(l1) catalysed

As expected, using phenylethylamine as amine, the reaction stop at imine stage even under
microwave irradiation (scheme not reported). Further, we decided to used a secondary
tryptamine (N-benzylated 234, see scheme 2.3.25) since its predictable more reactivity toward
the Pictet-Spengler Reaction, observing the formation of tetrahydro-p-carboline 233 after 1h of
the reaction with a yield of 48%. Encouraged by this result, we performed a little screening of
reaction conditions to figure out the best conditions for the synthesis of this N-substituted

heterocycle.
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CeCI3'7H20
Cul
4A MS (100 mg/mmol) N
DCM dry (0.25M) N
N
H

120 °C, M.W.
time
233
234

ENTRY 234 | 38 | CeCls7H:O | cul | Time | GCconv. | Yield
1 1.0eq 1.0eq 0.3 eq. 0.3 eq. 1.0h 60 % 48%
2 1.0eq 1.0eq 0.3 eq. 0.3 eq. 15h 90 % 71%
3 1.0eq 1.0eq 0.3 eq. 0.3 eq. 20h 95% 79 %
4 1.0eq 1.0eq 0.5 eq. 0.5eq. 2.0h 90 % 70 %
5 1.0eq 1.0eq 0.3 eq. - 2.0h 92 % 75 %
6 1.0eq 1.0eq - 0.3 eq. 2.0h 84 % 63 %
7 1.0eq 1.0 eq - - 2.0h 80 % 60 %

Table 2.3.7. Screening of the reaction conditions for the synthesis of N-benzylated THAC 233 starting

from secondary tryptamine

As reported in the table 2.3.7, the product was obtained in each experimented conditions. At
first glance, increasing the reaction time goes along with an increment of target product, which
is isolated with the highest yield after 2h of reaction (entry 3, table 2.3.7.). Involving a higher
amount of each two metal catalysts (entry 4, table 2.3.7.) the product was formed with less
conversion (90%) and isolated with a lower yield (70%). Perfoming the reaction withouth any
catalysts the reaction proceeds anyway and the product was isolated with a yield of 60%.
Moreover, from the table, it is possible to notice that Ce(l11) chloride is a more active catalyst
than Cu(l) for this reaction, in fact, performing the reaction with only CeCl37H20 (entry 5,
table 2.3.7.) the GC-converion and yield of the B-carboline were comparable to the co-catalytic
system, meanwhile when Cul (entry 6, table 2.3.7.) is used as metal catalyst the reaction goes
on by an inefficient way. The higher yield in the Ce(lI1)/Cu(l) could be explained by the
enhancement of Cerium activity by the presence of a iodide source, since the iodide breaks the
Cerium dimer increasing its activity.

Questioning about the possibility to perform the reaction through a one-pot process, we
conducted an experiment in which we employed 1.0 eq. of tryptamine, benzaldehyde and
benzylchloride in DCM dry (0.25 M) under microwave irradiation at 120 °C in presence of

molecular sievies; and the product was isolated with a 60% of yield.
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o CeCl37H,0 (0.3 eq.)
NH; | ol 4AMS (100 mg/mmol)
N + + N
N DCM dry (0.25M) N
H 120 °C, M.W., 2h ” yield = 60%
1.0 eq. 1.0 eq. 1.0 eq.

233
216 38 322

Scheme 2.3.29. First One-Pot approach for the synthesis of N-benzylated THSC

Even if the the product 233 is formed with a good yield (higher yield and less reaction time
respect to Graphene Oxide 2-step one flask, see scheme 2.3.25.) by easy way, the answer to the
question “by which way is it formed?” is quite more difficult. The product can be formed by
two ways (see scheme 2.3.30): from a simple GC-MS kinetic analyses it appears that one path

is under kinetic control and the other pathway under thermodynamic control.

i Voo o tep)]

N
H
216 233

orf VoL ofi oo

H

HCI

Scheme 2.3.30. Two possible mechanism of one-pot protocol for PSR

The substantial difference between these two paths lies in the fact that tryptamine would attacks
the benzylchloride by SN2 mechanism forming the secondary amine and then, this intermediate
would attack the benzaldehyde forming the immonium ion which would suddenly undergo to

ring closure by a PSR reaction forming the THBC 233. Likewise the imine 231 was formed
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firstly, then a consecutive PSR and a nucleophilic attack to benzylchloride (322) would take

place leading to the formation of target product 233.

CeCly7H,0 (0.3 eq.) 23 234 VN~
. X7 Cl 4A MS (100mg/mmol) //§ N
N =

T oM N, s ()

216 38 322

Compound 1 min 5 min 15 min 30 min 60 min 120 min
38 22,65% 21,48% 13,44% 13,48% 11,77% 4,80%
322 52,62% 49,89% 35,31% 34,49% 31,96% 14,30%
216 12,17% 1,08% 1,20% 1,51% 1,80% 1,26%
231 12,56% 27,44% 47,10% 41,64% 33,47% 13,56%
232 - - - - - -
234 - - - - - -
233 0,00% 0,11% 2,84% 8,62% 26,80% 63,91%
323 0,00% 0,00% 0,11% 0,26% 0,20% 2,17%

70,00%

60,00%

50,00% ”\\
40,00% 4
=

30,00%

or———
20,00% -\
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o ._//
0,00% — < L
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Table 2.3.8. Above GC-percentage conversion of the mixture, below the resultanting graphic of kinetic

of one-pot PSR protocol

The data confirm that the process follow the 2-steps pathways. In fact, the secondary amine 234
was never detected and the product of double addition 323 is observed in low percentage only
after 2 hrs of reaction. But, by deeply exams, it is clear that at the beginning of the reaction the

benzylchloride is the major component in the reaction mixture and the second is the
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benzaldehyde 38 and the third the imine 231, moreover the tryptamine 216 is almost totally
consumed only after 5 minutes. After 15 minutes the imine 231 is the major component of the
mixture a small formation of the N-substituted product was detected. From this point the imine
231, aldehyde 38, benzylchloride 322 are consumed and the percentage conversion of the target
product increasing until it reaches the maximum after 2h of reaction. For all these reasons, we
can think that the three-steps path can operate under kinetic control, while followed by the
reaction under thermodynamic control. This mechanism could be explain by two other
experiments in which 2 “two step one flask” pathway were tested:

- In the first experiment: first, the imine is synthesized after one hour of the reaction
between stoichiometric amount of tryptamine and benzaldehyde in presence of
CeCls7H20, then benzylchoride (1 eq.) is added to the mixture and it is stirred for one
hour more

- Inthe second experiment, first the tryptamine is left to react with stoichiometric amount
of benzylchloride with the purpose to obtain the secondary amine, then benzylaldehyde

(1 eq.) is added and the reaction is left in the microwave reactore for one hour more.

CI

CeCly7H,0 (0.3 eq.) \Q
NHz 0 aams (100mg/mmol) NN
A\ + product
H DCM dry (0.25 M) DCM dry (0.25 M) N observed
2

H
120° C MW 120° c MW @
16 38 233

CeCl37H,0 (0.3 eq.) @A
N ©/\CI 4A MS (100mg/mmol) x
N DCM dry (0.25 M) ( DCM dry (0.25 M)

H 120CMW 1200MW

Scheme 2.3.31. The 2 “two step-one flask” experiments

The first experiment could be a confirm of our theory in which the process undergoes to the
thermodynamic pathway, in which the tryptamine is totally converted to imine after one hour
of the reaction; then, after one hour of reaction from the benzylchloride addition the product
was detetcted in good percentage of conversion, even if the imine was still detected. On the
other hand, in the second two step-one flask experiment was detected the formation of only
tertiary tryptamine due to the second addition of molecule of benzylchloride. This result is not
surprising at all, in fact, the nucloephilicity of amines makes benzylchloride high susceptible to
multiple attacks by tryptamine itself, and bearing in mind this concept, it is not possible to

exclude the formation of ammonium salt as side reaction in presence of too much chloride. So,
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in the one-pot protocol, the formation of imine prevails over the nucleophilic attack to benzyl
chloride, then, undergoing to contemporary ring closure and attack to chloride. To increase the
efficiency of the reaction towards PSR product it is necessary to favor the formation of the
imine with respect to amine 234, and for this Ce(lll) salt is optimal. Its oxyphilic character
allows to bind to carbonyl oxygen making the aldehyde even more electrophilic and favor the
formation of the imine. Better PSR results were obtained when Cu(l) is added to CeCls for the
azaphylic character of copper.[%!

Once that we clarified the kinetic of the the process, we tried to optimize the reaction conditions
with the purpose to find some confirms to our hypothesis and enhance the final yield of target
heterocycle. First, we evaluated different solvents in the reaction and all the experiments were

reported in the table below.

o CeCl37H,0 (0.3 eq.)
NH» | ol 4AMS (100 mg/mmol)
N + + N
N ©) ©/\ Solvent (0.25M) A\

H Time N
1.0 eq. 1.0 eq. 1.0 eq. 120 °C, M.W. H @
216 38 322 233
ENTRY Solvent Time | Yield
1 DCM dry 2h 60%
2 ACN dry 2h 60%
3 EtOH abs 2h 52%
4 THF dry 2h 16%
5 Toluene dry 2h trace
6 ACN:EtOH (1:1) 3.5h 41%
7 neat 0.5h 36%

Table 2.3.9. Screening of solvent for one-pot PSR protocol

From the table it is clear that the solvent has a profound influence in the trend of the process.
Perfoming the reaction in polar aprotic solvent like dichloromethane and acetonitrile the best
results were obtained with an equal yield of about 60% (entry 1 and entry 2, table 2.3.9.).
Meanwhile, the reaction performed in a polar protic solvent like ethanol the product was
isolated with a slight lower yield (52%, entry 3, table 2.3.9.). The so low yield detected in THF
could be explained by the lowering of Ce(lI1) activity by THF-coordination[?4& 26401 (see table
2.2.9.), in fact, the imine is the major component of reaction mixture. Instead, when the reaction
is performed in apolar solvent like toluene the reaction stop at imine stage even if only traces
were detetcted at GC-MS after 2 hrs of reaction. Finally, performing the reaction in a mixture
of ACN:EtOH abs (1:1) the reaction becomes slow and less effective since the THBC 233 was
isolated with a yield of 41%. The neat conditions were ineffective and even if the tryptamine
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216 was totally consumed, the product 233 was recovered with a yield of 36% and a series of
side-products were detected at GC-MS. Finally we choose acetonitrile as solvent since it is quite
less toxic than dichloromethane.

After find the most suitable solvent, we switched our investigation on different Cerium salts

and other catalysts of which the screening it is reported below.

Cerium Salt (0.3 eq.)
NH, Q 4A MS (100 mg/mmol)
N + + cl N
N ACN dry (0.25M) A\

H Time N
1.0 eq. 1.0 eq. 1.0 eq. 120 °C, M.W. H 233®

216 38 322
ENTRY Promoter ‘ Time ‘ Yield
Entry 1 CeCls7H20 (0.3 eq.) 2h 60%
Entry 2 Ce(0OTf)3(0.3 eq.) 2h 52%
Entry 3 Ce(OAC)3(0.3 eq.) 2h 17%
Entry 4 CeCl37H>0/Nal (1:1) (0.3 eq./0.3 eq.) 2h 43%
Entry 5 CeCl37H20/Nal (1:1) (0.3 eq./0.3 eq.) 1h 57%
Entry 6 CeClsdry (0.3 eq.) 2h 39%
Entry 7 Nal (0.3 eq.) 2h 62%
Entry 8 - 2h 36%
Entry 9 CeCl37HO0@AI;Oz acid (0.3 eq.) 1h 28%
Entry 10 Graphene Oxide (15mg/mmol) 2h 50%

Table 2.3.10. Screening of solvent for one-pot PSR protocol

Among the tested catalyst the CeCls:7H20 has shown the best catalyst. Using other two different
Ce(1) salts like Ce(OTf)3 (entry 2, table 2.3.10.) and Ce(OAc)s (entry 3, table 2.3.10.) worse
results were detected. In case of Ce(ll1) triflate a good conversion of the product was observed
but it was isolated with a 52% of yield, meanwhile the basicity of acetate could favor the
formation of other drawbacks (like formation of ammonium salt) by depronating the tryptamine
and increasing its nucleophilicity toward multiple attacks and lowering the yield of compound
233. Entry 4 and entry 5 are tentative to enhance the activity of CeCls7H20 by the presence of
iodide source like Nal. Actually, the reaction provides a higher yield when it proceeds 1 h
instead of 2, probably, leaving react too much this system the formation of side-products is
favored, leading to a yield of 43% (entry 4, table 2.3.10.) instead 57% (entry 5, table 2.3.10.).
Removing the crystalline water of Ce(l11) chloride, the product was isolated with a 39% of yield
detetcting a huge amount of benzylchlorde in the reaction mixture. The 62% of yield obtained
with only Nal (entry 7, table 2.3.10.) can be explained by the probable halogen substitution
which could favor the whole process, in fact also a 5% of conversion of tertiary tryptamine 216
was detected (usually it was around 1% or lower as conversion). The presence of the catalyst is
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necessary since performing the reaction without (entry 8, table 2.3.10.) the heterocycle 233 is
obtained with a lower yield, moreover, in this reaction, a slight higher formation of tertiary
amine 323 was observed, thus it means again the Ce(lll) probably favourite the formaton of
imine by coordination favouring the attack to benzaldehyde over benzylchloride avoiding the
formation of kinetic byproducts. Finally, even using supported Ce(l11) chloride on acid Al2O3
and a green Bransted acid like Graphene oxide the reaction procceds in less effective way. The
low result in supported cerium salt could be explained by the instrisic acidity of alumina, in fact
it can react with tryptamine, catching it and forming an ammonium salt, making impossible the
formation of target product; meanwhile the GO allow to obtained the 233 with a yield of 50%,
still lower to entry 1. We finally choose CeCl37H20 since the results with it and Nal are
comparable between them and probably the 62% of Nal is probably due to a side reaction of
halo exchange.

Finally, when we found the best solvent and the best catalyst, we investigated and tried to
optimize the final yield changing the amount of different component of this protocol.

CeCl;7H,0
NH, o
] cl 4A MS (100 mg/mmol)
A\ + + N
N ACN dry (0.25M) A\

H Time N
10 eq. Temperature, M.W. H 233@
216 38 322
ENTRY 38 \ 322 \ CeCl37H20 Temperature \ Time \ Yield
1 1.0eq 1.0 eq. 0.3 eq. 120 °C 2h 60%
2 1.0eq 1.0 eq. 0.3 eq. 180 °C 0.5h Complex
mixture
3 1.0eq 1.0 eq. 0.3 eq. 90 °C 2h traces
1.0eq 1.0 eq. 0.1eq. 120 °C 2h 63%
5 1.0 eq 1.0 eq. 1.0 eq. 120 °C 10 min Complex
mixture
62 1.0eq 1.0 eq. 0.3 eq. 120 °C 2h 43%
15¢eq 1.0 eq. 0.3 eq. 120 °C 2h 34%
1.0eq 1.5eq. 0.3 eq. 120 °C 2h 67%
1.0eq 25eq. 0.1eq. 120 °C 2h 17%
10 1.0 eq 1.5¢€q. 0.1 eq. 120 °C 0.5h 18%
11 1.5eq 1.5eq. 0.3 eq. 120 °C 1h 47%
12 1.0eq 1.5eq. 0.3 eq. Reflux 24 traces

Table 2.3.11. Final screening for one-pot PSR protocol; ®the reaction was performed in presenc of 1

eq of 2,6-di-terbutyl4-methyl-pyridine.
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Performing the reaction at higher temperature (180 °C, entry 2, table 2.3.11.) or at lower
temperature (90 °C, entry 3, table 2.3.11.) two different results were observed: at higher
temperature just only after 0.5h of reaction we observed the formation of a complex mixture of
products in which the partially and total oxidize (dihydro-p-carboline and B-carboline) were
detected as major components of the mixture and product was neither detected. On the other
hand, at lower temperature become very slow and after 2h a huge amount of imine was still
detected with trace of products and tertiary tryptamine. Involving less amount of Ce-catalyst
the product were isolated with a slight higher yield but comparable to entry 1 (table 2.3.11.).
Instead, involving a stoichiometric amount of catalyst favours too much the side-reactions and
a complex mixture is formed only after 10 mintues. Since HCI is released during the reaction
and favours the formation of side products (i.e. ammonium salts formation), we performed the
reaction in presence of a common proton-sponge like 2,6-di-terbutyl-4-methyl-pyridine, but
unlikely the expected result, we observed a decrease of the yield (43%) of cycle 233 This
demonstrates that the realesed HCI not only has an undesirable effect, but it could act as co-
catalyst favourating the PSR stage and so the attack to benzylchloride. Combining different
amount of benzalhyde, benzylchloride and catalyst very interesting results were observed.
When an excess of aldehyde was employed (entry 7, table 2.3.11.) the formation of target
product 233 is suppressed isolating it with a lower yield (34%) favouring the formation of non-
sushtituted THBRC 232 and its partial and total oxidized products. On the other hand, involving
an excess of of benzylchloride 322 (entry 8, table 2.3.9.) the product was isolated with a yield
of 67% confirming that the process proceed through an SN2 pathway (higher concentration of
chloride, higher reaction rate) and that the attack of imine 231 to chloride is the bottleneck step
of reaction. So, we tried to use an even greater amount of benzylchloride, but as said before,
many side reactions could take place in the mixture (included the multiple attack of tryptamine
216 toward benzylchloride), in fact, this low yield of this experiment (17% entry 9, table 2.3.11)
can be explained by the formation of a huge amount of ammonium salt and tertiary amine 323.
Instead, performing the reaction with less amount of CeCl37H.O and an excess of
benzylchloride (entry 10, table 2.3.11.) a yield of 18% was obtained after 30 minutes of
reaction. Using a contemporary excess of aldehyde 38 and benzylchloride 322 (entry 11, table
2.3.11.) with the purpose to enhance both formation of the imine and the SN attack, we
unfortunately isolated the product with a yield of 47% after one hour of reaction, because of the
formation of non-substituted-THBC, non-substituted-DHBC and non-substituted-pC were
favoured over the formation of the product in this conditions. The microwave irradiation play
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an important role for the reaction since performing the reaction in batch the process stop at
imine 231 and trace of products were detetcted after 24 hrs.

Once assumed that the entry 8 of table 2.3.11., we tried to enlarge the aim of substrates of the
protocol, this screening is still carrying out in our laboratory but here the preliminary results,

expecially for what concern the employment of different halogen source are reported.

o CeCl37H,0 (0.3 eq.)
NH, 4A MS
) R, (100 mg/mmol)‘ N—R,
A\ + R + 2>y
N 1 ACN dry (0.25M) A\
A N

120 °C, M.W. R4
1.0 eq 1.0 eq 1.5eq
216 time (h)
yield (%)
NI ;
A\
o o
N
H
324 325 326 3272
1.0h 0.5h 1.5h 2.0h
21% 52% 45%
o
N— |\ ’<
A\ A\
N N
328 3292 330 331
1.0h 1.5 (h) 1.0h 1.5h
- 34% 38%

Nj
@E\Q
N
H
332 q
1.5h O,

57%

Scheme 2.3.32. Preliminary Screening of different halogen components and aldehyde; *reaction

performed also in stoichiometric amount of halogen compound.

As expected, the trend of the reaction is tremendously influenced by the substrates. The N-

substituted-THBCs 324, 325, 326 were respectively obtained using allyl-, p-nitrobenzyl- and 2-
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trifluoromethylbenzyl- bromide. In each experiment a not trascurable formation of non-
substituted tetrahydro-p-carboline were observed (probably due to the formation of HBr in the
reaction mixture), and the product 324 was isolated with a yield of 21%, meanwhile EWG
substituted benzylbromide worked quite well and the relative product were isolated with a
corrispective yield of 52% for 325 and 45% for 326. This last relative low yield could be
explained by the higher susceptibility of trifluoromethylbenzylbromide toward nucleophilick
attack, in fact the tertiary tryptamine (double attack to bromide) was detetcted with a higher
GC-conversion respect to the target product 326 (high influene of electronwithdrawing nature
of —CF3 near to benzyl-carbon). Using Ts-Cl, the product 328 was detected in traces at ESI-
MS. The acyl chloride (benzylchloride and methylchloroformate) deserved a deeper
investigation. The product 327 was only detected in trace by ESI-MS, but we tried to perform
the reaction with stoichiometric amount of benzoyl chloride we observed by GC-MS a huge
formation of amide derivative and traces of target product, this fact can be explained by the
higher electrophility of carbonyl compound of acyl moiety. Thus the tryptamine 216 is more
inclined to attack the acyl chloride instead of the benzaldehyde and this behaviour is greatly
enhanced when benzoyl chloride is present in excess. Similar results were observed when
methyl chloroformate was involved, in fact, the product 329 was not detected, while it is present
in stochiometric amount the relative amide and N-substituted THBC 329 were observed at GC-
MS (higher conversion of carboammide). Finally, when different aldehydes were involved, the
reaction proceeds less smoothly respect to benzaldehyde, but the product 331 (furfural) and 330
(butanal) were isolated with a yield 42% and 34% after 1.5h and 1.0h of reaction. The THBC
332 was isolated with good yield when p-nitrobenzaldehyde was involved.

Studies to improve this synthetic methodology of PSR products, particularly with regard to
develop an equally efficient and sustainable method are currently underway in prof.

Marcantoni’s laboratory.
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2.39 Experimental Section

GENERAL METHOD FOR THE SYNTHESIS OF TETRAHYDRO-S-CARBOLINES by
GRAPHENE OXIDE/AMBERLYST-15 (232, 233, 295-304, 306-311):
B-Arylethylamine (1.0 eq.) is dissolved in ACN dry forming a solution of 0.25M in a
microwave vial, aldehyde (1.2 eq.) is added dropwise and GO (15mg/mmol) is added
one pot and the vial is put in the microwave reactor at 120 °C. The reaction is monitored
by TLC (95 CHCIs : 5 MeOH) and GC-MS. Once that the starting material is consumed
and imine is formed (or no more evolution were observed) the reaction mixture is filtered
by a pad of Celite and washed with fresh solvent, then 1.0g/mmol of Amb-15® is added
to the solution and stirred for 2.0h (monitored by TLC). After that the Amb-15® is
filtered by gooch and the resin is put in a round bottom flask and it is washed by organic
basic solution (2 NH4OH 33% : 8 MeOH) and it is stirred for 30 minutes. Then the
Amberlyst-15 is filtered and the solution is portioned by DCM (15mL) and sat. NaHCOs3
(15 mL), and the aqueous layer is washed 2 time with fresh DCM (2x15 mL). The
organic phase is dried over anhydrous sodium sulphate and the solvent is evaporated by
rotavapor to give the product. If necessary, the product can be purified by a pad of Silica
Gel (gradient from 100 CHClIz to 90 CHCl3: 10 MeOH).

1-PHENYL-2,3,4,9-TETRAHYDRO-PYRIDO[3,4-b]INDOLE (232)

Following the general procedure, the product 232 was isolated as a

@QH dark-yellow oil by SiO> chromathography (Rf = 0.45, 95 CHCI3 : 5
N MeOH) with an yield of 76%, after 1.0 h of reaction at microwave,
: @ using tryptamine 216 and benzaldehyde 38 as substrates.

Molecular Formula: C17H1sN2

GC-MS (El, 70 eV) = 248 (M*), 218 (100), 204, 171, 144, 109, 77.  *H-NMR (400 MHz,

CDCl3) 8 = 7.96 (s, 1H), 7.56 (dd, J = 7.6, 4.2 Hz, 1H), 7.37 — 7.32 (m, 3H), 7.29 — 7.24 (m,

2H), 7.17 - 7.10 (m, 4H), 5.09 (d, J = 1.6 Hz, 1H), 3.32 (ddd, J = 12.5, 5.2, 3.9 Hz, 1H), 3.14 —

3.06 (m, 1H), 2.97 — 2.79 (m, 2H).

13C-NMR (100 MHz, CDCl3) & = 142.08, 136.13, 134.71, 129.04, 128.81, 128.42, 127.57,

121.90, 119.55, 118.44, 111.12, 110.37, 58.27, 42.99, 22.76.
FT-IR (cm™) = 3402, 3056, 2917, 2844, 1453, 1298, 1140, 906, 730, 700.
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1-(0-CHLOROPHENYL)-2,3,4,9-TETRAHYDRO- PYRIDO[3,4-b] INDOLE (295)

Following the general procedure, the product 295 was isolated as a

{ NH dark-yellow oil by SiO> chromathography (Rf = 0.42, 95 CHCls : 5
Cl
N MeOH) with an yield of 90%, after 1.0 h of reaction at microwave,
H using tryptamine 216 and o-chloro-benzaldehyde as substrates.

Molecular Formula: C17H1sN2Cl

GC-MS (El, 70 eV) = 282 (M™), 253, 218 (100), 191, 171, 144, 108, 75, 51.

IH-NMR (400 MHz, CDCl3) 8= 7.79 (s, 1H), 7.58 — 7.53 (m, 1H), 7.44 (dd, J = 8.0, 1.2 Hz,
1H), 7.32 - 7.02 (m, 6H), 5.68 (s, 1H), 3.61 (t, J = 6.7 Hz, 1H), 3.29 —3.17 (m, 1H), 3.17 - 3.07
(m, 1H), 2.87 (tdd, J = 9.8, 8.7, 7.2 Hz, 2H) ppm.

13C-NMR (100 MHz, CDCl3) &= 139.09, 136.02, 133.96, 132.98, 130.36, 129.98, 129.35,
127.26, 127.12, 121.95, 119.52, 118.34, 111.00, 53.67, 41.54, 29.82, 22.42 ppm.

FT-IR (cm™) = 3398, 2922, 2841, 1468, 1446, 1051, 1037, 741.

1-(m-METHOXYPHENYL)-2,3,4,9-TETRAHYDRO- PYRIDO[3,4-b] INDOLE (296)

Following the general procedure, the product 296 was isolated as
OfQH a dark-yellow oil by SiO, chromathography (Rf =0.41, 95 CHCl3
,: /| 15 MeOH) with an yield of 64%, after 2.0 h of reaction at
H @O microwave, using tryptamine 216 and m-methoxy-benzaldehyde
as substrates.

Molecular Formula: C1gH1sN20O

GC-MS (El, 70 eV) = 278 (M*), 249, 218, 191, 171, 144, 115, 96, 77.

'H-NMR (400 MHz, CDCl3) 8 = 7.53 (d, J = 7.3 Hz, 1H), 7.29 — 7.21 (m, 3H), 7.14 (ddd, J =
9.0, 7.1, 1.3 Hz, 2H), 6.89 (dd, J = 13.2, 4.8 Hz, 3H), 5.25 (s, 1H), 3.76 (s, 3H), 3.37 (dt, J =
12.3, 4.7 Hz, 1H), 3.18 — 3.09 (m, 1H), 2.97 (dd, J = 14.8, 7.4 Hz, 1H), 2.85 (d, J = 15.1 Hz,
1H).

13C-NMR (100 MHz, CDCls) & = 160.25, 141.66, 136.20, 133.02, 130.13, 127.34, 122.25,
121.26, 119.78, 118.56, 114.63, 114.27, 111.18, 110.12, 58.02, 55.60, 42.60, 21.83.

FT-IR (cm™) = 3398, 2837, 1603, 1859, 1491, 1450, 1261, 1041, 741
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1-(p-NITROPHENYL)-2,3,4,9-TETRAHYDRO- PYRIDO[3,4-b] INDOLE (297)

Following the general procedure, the product 297 was isolated as

NH a dark-yellow oil by SiO> chromathography (Rf = 0.41, 95 CHCls

,: : 5 MeOH) with an vyield of 89%, after 1.0 h of reaction at

H Q microwave, using tryptamine 216 and p-nitro-benzaldehyde as
NO2| substrates.

Molecular Formula: C17H1sN302
GC-MS (El, 70 eV)=293.1(M™), 130 (100), 103, 77.
IH-NMR (500 MHz, DMSO-ds) 5 = 10.53 (s, 1H, -NH indole), 8.24 — 8.20 (m, 2H), 7.58 (dd,
J=6.4,4.6 Hz, 2H), 7.44 (d, J = 7.7 Hz, 1H), 7.24 (d, J = 8.0 Hz, 1H), 7.05 — 6.96 (m, 2H),
5.24 (s, 1H), 2.99 (ddd, J = 12.4, 8.7, 5.5 Hz, 2H), 2.76 — 2.66 (m, 2H).
13C-NMR (125 MHz, DMSO-ds) & = 151.51, 147.18, 136.51, 134.63, 130.18, 127.25, 123.73,
121.28,118.84, 118.17, 111.57, 109.13, 56.24, 41.45, 22.54.
FT-IR (cm™) = 3407, 3232, 2850, 1598, 1517, 1450, 1347, 1298, 1091, 1010, 857, 736.

1-(p-CHLOROPHENYL)-2,3,4,9-TETRAHYDRO- PYRIDO[3,4-b]INDOLE (298)

Following the general procedure, the product 298 was isolated as

NH a dark-yellow oil by SiO2 chromathography (Rf = 0.47, 95 CHCls

,: : 5 MeOH) with an yield of 58%, after 1.0h of reaction at

H Q microwave, using tryptamine 216 and p-chloro-benzaldehyde as
Cl substrates.

Molecular Formula: C17H1sN2Cl
GC-MS (El, 70 eV) = 282 (M™), 253, 218 (100), 189, 171, 144, 108, 75, 51.
IH-NMR (400 MHz, CDCl3) 8 7.67 (s, 1H), 7.55 (dd, J = 6.7, 2.2 Hz, 1H), 7.32 — 7.29 (m,
2H), 7.24 — 7.20 (m, 3H), 7.16 — 7.11 (m, 2H), 5.13 (s, 1H), 3.35 — 3.29 (m, 1H), 3.16 — 3.09
(m, 1H), 2.96 — 2.88 (m, 1H), 2.82 (dtd, J = 8.9, 4.8, 1.7 Hz, 1H).
13C-NMR (100 MHz, CDCl3) § = 140.52, 136.10, 134.21, 134.03, 130.11, 129.18, 127.51,
122.14,119.74,118.53, 111.10, 110.64, 57.57, 42.87, 22.66.
FT-IR (cm™) = 3394, 3053, 2927, 2850, 1486, 1450, 1086, 1015, 821, 741.
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1-(STYRYL)-2,3,4,9-TETRAHYDRO- PYRIDO[3,4-b] INDOLE (300)

Following the general procedure, the product 300 was isolated as

NH a dark-yellow oil by SiO2 chromathography (Rf = 0.54, 95 CHCI3

,: — : 5 MeOH) with an vyield of 55%, after 3.0h of reaction at

H _@ microwave, using tryptamine 216 and hydrocynnamaldehyde as
substrates.

Molecular Formula: Ci9H1sN2
GC-MS (El, 70 eV) = 274 (M™), 244, 197, 171, 154, 128, 91, 65.
'H-NMR (400 MHz, CDCl3) 6 =7.92 (s, 1H, -NH indole), 7.53 (d, J = 7.5 Hz, 1H), 7.43 - 7.38
(m, 1H), 7.30 (dddd, J = 8.6, 7.7, 2.9, 1.5 Hz, 5H), 7.18 — 7.09 (m, 2H), 6.68 (d, J = 15.8 Hz,
1H), 6.35 (dd, J = 15.8, 8.1 Hz, 1H), 4.76 (d, J = 8.0 Hz, 1H), 3.38 (dt, J = 12.3, 4.9 Hz, 1H),
3.13 (ddd, J =12.7, 8.1, 5.0 Hz, 1H), 2.87 — 2.77 (m, 2H).
13C-NMR (100 MHz, CDCl3) & =136.35, 135.89, 133.81, 133.16, 129.51, 128.82, 128.17,
127.69, 126.70, 121.83, 119.50, 118.37, 110.96, 109.29, 56.08, 46.09, 42.42, 22.48, 10.41.
FT-IR (cm™) = 3398, 3295, 3052, 2922, 1719, 1612, 1446, 1302, 974, 741, 691.

1-(PROPYL)-2,3,4,9-TETRAHYDRO-PYRIDO[3,4-b]INDOLE (301)

Following the general procedure, the product 301 was isolated as a

{ NH dark-yellow oil by SiO> chromathography (Rf = 0.40, 95 CHCI3 : 5
MeOH) with an yield of 45%, after 1.0 h of reaction at microwave,

oo\

using tryptamine 216 and butanal as substrates.

Molecular Fomrula: C1sH1sN>
GC-MS (El, 70 eV) = 214 (M*), 184, 171 (100), 154, 143, 130, 115, 85.
IH-NMR (400 MHz, CDCl3) § 7.91 (s, 1H, -NH indole), 7.49 (d, J = 7.5 Hz, 1H), 7.31 (d, J =
7.9 Hz, 1H), 7.18 — 7.09 (m, 2H), 4.13 — 4.03 (m, 1H), 3.37 (dt, J = 12.8, 4.6 Hz, 1H), 3.08 —
3.00 (m, 1H), 2.75 (tdd, J = 8.3, 5.5, 3.0 Hz, 2H), 1.89 — 1.80 (m, 1H), 1.72 — 1.63 (m, 1H),
1.53 (dddd, J =21.5,17.8, 10.2, 5.1 Hz, 2H), 1.00 (t, J = 7.3 Hz, 3H).
13C-NMR (100 MHz, CDCl3) & = 136.56, 135.84, 127.77, 121.68, 119.56, 118.26, 110.92,
109.12, 52.68, 42.84, 37.46, 22.93, 19.38, 14.50.
FT-IR (cm™) = 2956, 2925, 2849, 1452, 1319, 1297, 1154, 1122, 1006, 734.
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1-METHYL-1-PHENYL-2,3,4,9-TETRAHYDRO-PYRIDO[3,4-b] INDOLE (303)

Following the general procedure, the product 303 was isolated as a

{ NH dark-yellow oil by SiO. chromathography (Rf = 0.51, 95 CHCl3 : 5
© MeOH) with an yield of 30%, after 3.5 hrs of reaction at microwave,

N
H using tryptamine 216 and phenylacetone as substrates.

Molecular Formula: C1gH1sN2

GC-MS (El, 70 eV) = 262 (M*), 247 (100), 232, 217, 185, 144, 115, 77.

IH-NMR (400 MHz, CDCls)= & 7.77 (s, 1H), 7.53 (d, J = 7.6 Hz, 1H), 7.36 — 7.06 (m, 11H),
3.16 —3.08 (m, 1H), 2.95 — 2.83 (m, 3H), 2.83 — 2.69 (m, 2H), 1.82 (s, 3H).

13C-NMR (100 MHz, CDCl3) =6 146.34, 138.31, 135.84, 128.38, 127.49, 127.35, 126.95,
121.96, 119.60, 118.55, 110.98, 109.84, 56.98, 39.85, 28.43, 22.89.

FT-IR (cm™) = 3398, 3208, 3052, 2927, 1450, 1298, 911, 736, 696.

1-(FURAN-2-YL)-2,3,4,9-TETRAHYDRO-PYRIDO[3,4-b] INDOLE (304)

Following the general procedure, the product 304 was isolated as a

@QH dark-yellow oil by SiO» chromathography (Rf = 0.48, 95 CHCI3: 5
,: o MeOH) with an yield of 84%, after 1.0 h of reaction at microwave,
H @ using tryptamine 216 and furfural as substrates.

Molecular Formula: C1sH14N20

GC-MS (El, 70 eV) = 238 (M™), 209, 180, 167, 152, 130, 115, 90, 77.

IH-NMR (500 MHz, CDCl3) & = 8.14 (s, 1H), 7.56 (d, J = 7.7 Hz, 1H), 7.45 (dd, J = 1.8, 0.8

Hz, 1H), 7.28 (dd, J = 5.7, 2.2 Hz, 2H), 7.16 (dtd, J = 14.5, 7.0, 1.0 Hz, 2H), 6.37 (dd, J = 3.2,

1.9 Hz, 1H), 6.21 (dd, J = 3.2, 0.7 Hz, 1H), 3.32 (dt, J = 11.6, 5.0 Hz, 1H), 3.20 — 3.14 (m, 1H),

2.89 —2.80 (m, 2H).

BBC-NMR (101 MHz, CDCls) & = 154.52, 142.48, 135.64, 131.79, 127.28, 121.93, 119.32,

118.41,111.08, 110.31, 109.85, 107.71, 50.71, 41.43, 22.45, 22.80.

FT-IR (cm™) = 3403.4, 3058.4, 2928.5, 2843.3, 1455.2, 1297, 1142.7, 1012.9, 907.33, 598.87,
436.53.
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N-BENZYL-1-PHENYL-2,3,4,9-TETRAHYDRO-PYRIDO[3,4-b] INDOLE (233)

N
A\
©\/Q\ microwave, using N-benzyl tryptamine 234 and benzaldehyde 38

N
H @ as substrates.

Molecular Formula: C2sH22N>

GC-MS (El, 70 eV) = 338 (M™), 261, 219 (100), 189, 169, 155, 91.

IH-NMR (400 MHz, CDCls) & 7.60 (dd, J = 7.8, 4.0 Hz, 2H), 7.51 (dd, J = 8.1, 1.3 Hz, 3H),
7.47 —7.37 (m, 11H), 7.35 - 7.32 (m, 1H), 7.29 (s, 1H, -NH indole), 7.29 (s, 1H), 4.70 (s, 1H),
3.97 (d, J = 13.5 Hz, 1H), 3.44 (d, J = 13.6 Hz, 1H), 3.33 — 3.26 (m, 1H), 3.03 — 2.95 (m, 2H),
2.91-2.83 (m, 2H), 2.73 (ddd, J = 11.8, 9.4, 4.3 Hz, 2H).

13C-NMR (101 MHz, CDCls) & = 141.75, 139.85, 136.57, 135.10, 129.34, 129.30, 129.05,
129.03, 128.89, 128.55, 128.38, 127.49, 127.24, 121.79, 119.65, 118.61, 111.12, 109.21, 64.79,
58.59, 48.56, 21.44.

FT-IR (cm™) = 3052, 2927, 2850, 1450, 1298, 736, 696.

a dark-yellow oil by SiO> chromathography (Rf = 0.48, 95 CHCl3

p Following the general procedure, the product 233 was isolated as
: 5 MeOH) with an yield of 51%, after 2.5 hrs of reaction at

6-METHOXY-1-PHENYL-1,2,3,4-TETRAHYDRO-PYRIDO[3,4-b] INDOLE (306)

Following the general procedure, the product 306 was isolated as

(l) { NH a dark-yellow oil by SiO2 chromathography (Rf =0.42, 95 CHCI3
N : 5 MeOH) with an yield of 61%, after 1.0 h of reaction at
H @ microwave, using 6-methoxy tryptamine 318 and benaldehyde

38 as substrates.

Molecular Formula: C1gH1sN20O

GC-MS (El, 70 eV) = 278 (M*, 100), 248, 218, 201, 178, 158, 130, 102, 77.

IH-NMR (400 MHz, CDCl3) § = 7.64 (s, 1H), 7.36 — 7.26 (m, 5H), 7.08 — 7.05 (m, 1H), 7.00
(d, J=2.4 Hz, 1H), 6.79 (dd, J = 8.7, 2.5 Hz, 1H), 5.11 (s, 1H), 3.87 (d, J = 3.5 Hz, 3H), 3.34
(ddd, J=12.5,5.2,3.9 Hz, 1H), 3.14 - 3.07 (m, 1H), 2.89 (dddd, J = 14.2, 8.8, 5.3, 1.9 Hz, 1H),
2.78 (ddd, J=7.0, 6.2, 3.5 Hz, 1H).

13C-NMR (100 MHz, CDCls) & = 154.22, 142.02, 135.64, 131.18, 129.03, 128.73, 128.40,
127.95, 111.75, 111.69, 110.21, 100.68, 58.40, 58.36, 43.05, 22.80.
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FT-IR (cm™) =3399.3, 2936.6, 2831.1, 1585.1, 1479.6, 1451.2, 1288.8, 1215.8, 1029, 728.75,
700.34.

7-CHLORO-1-PHENYL-1,2,3,4-TETRAHYDRO-PYRIDO[3,4-b] INDOLE (307)

Following the general procedure, the product 307 was isolated as

NH a dark-yellow oil by SiO2 chromathography (Rf = 0.45, 95 CHCI3
. N\ : 5 MeOH) with an vyield of 43%, after 1.0 h of reaction at
H @ microwave, using 7-chlorotryptamine 319 and benzaldehyde 38

as substrates.

Molecular Formula: C17H1sN2Cl

GC-MS (El, 70 eV) = 282 (M™), 253, 217, 200, 178, 143, 108, 77, 51

'H-NMR (400 MHz, CDCl3) § 7.71 (s, 1H), 7.43 (d, ] = 8.4 Hz, 1H), 7.34 (dt, ] = 4.8, 2.5 Hz,
4H), 7.30 — 7.24 (m, 3H), 7.16 (d, J = 1.8 Hz, 1H), 7.08 (dd, J = 8.4, 1.8 Hz, 1H), 5.11 (t, J =
1.9 Hz, 1H), 3.39 — 3.31 (m, 1H), 3.16 — 3.06 (m, 1H), 2.94 — 2.84 (m, 1H), 2.82 — 2.73 (m,
1H).

13C-NMR (100 MHz, CDCl3) & = 141.66, 136.41, 135.41, 129.13, 128.67, 128.56, 127.63,
126.23, 120.24, 119.25, 111.06, 110.51, 58.25, 58.22, 42.91, 22.60

FT-IR (cm™) = 3147.5, 2921.2, 2844.4, 1620.2, 1454.5, 1301, 1058.6, 905.05, 800, 593.94.

(IRS,  3S)-3-HYDROXYMETHYL-PHENYL-1,2,3,4-TETRAHYDRO-PYRIDO[3,4-
b]INDOLE (310a/310b)

Following the general procedure, the product 310 was isolated as a
dark-yellow oil by SiO, chromathography (Rf = 0.36, 95 CHCIs : 5

N\ NH MeOH) with an yield of 51%, after 1.0 h of reaction at microwave,

” @ using L-tryptophanol 278 and benzaldehyde 38 as substrates.
Molecular Formula: C1gH1sN20>

GC-MS (El, 70 eV) = 278.0 (M™), 245 (100), 218, 144, 115, 77.

'H-NMR (400 MHz, CDCls, as mixture of diastereoisomers) § = 7.53 — 7.49 (m, 1H), 7.38 —

7.31(m, 4H), 7.21 —7.09 (m, 4H), 5.15 (t, J = 2.2 Hz, 1H), 3.84 (dd, J = 10.8, 3.7 Hz, 1H), 3.59

OH
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(dd, J = 10.6, 8.0 Hz, 1H), 3.33 — 3.26 (m, 1H), 2.79 (tdd, J = 7.8, 5.0, 3.0 Hz, 2H), 2.63 — 2.55
(m, 1H).

13C-NMR (100 MHz, CDCls3, as mixture of diastereoisomers) & 141.42, 136.30, 135.32, 129.21,
128.79, 128.70, 127.47, 122.16, 122.03, 119.70, 118.40, 111.14, 109.84, 66.38, 59.01, 58.98,
56.65, 46.19, 24.87.

FT-IR (cm-1) = 3276, 3058, 2922, 1538, 1454, 1320, 1308, 1019, 909, 731, 699.

(35)-METHYL-(1RS)-PHENYL-1,2,3,4-TETRAHYDRO-9H-PYRIDO-[3,4-b] -
INDOLE-3-CARBOXYLATE (311a/311b)

o/ Following the general procedure, the product 311 was isolated as a
© dark-yellow oil by SiO» chromathography (Rf = 0.41, 95 CHCI3: 5
NH MeOH) with an yield of 55%, after 1.0 h of reaction at microwave,

N using methyl ester of L-tryptophan 320 and benzaldehyde 38 as
H @ substrates.

Molecular Formula: C1gH1sN20>

GC-MS (El, 70 eV) = 306 (M™), 275, 247, 218 (100), 189, 169, 144, 115, 77.

'H-NMR (400 MHz, CDCl; as mixture of diastereoisomers) & = 7.63 (s, 1H, -NH indole), 7.57
—7.53 (m, 2H), 7.47 (s, 1H, -NH indole), 7.40 — 7.10 (m, 16H), 5.43 (s, 1H), 5.25 (s, 1H), 3.98
(dd, J =11.0, 4.1 Hz, 3H), 3.81 (s, 3H), 3.71 (s, 3H), 3.33 — 3.21 (m, 2H), 3.15 (dd, J = 14.8,
6.2 Hz, 1H), 3.06 — 2.99 (m, 1H).

13C-NMR (100 MHz, CDCls; as mixture of diastereoisomer) & 174.12, 173.40, 143.70, 141.77,
140.83, 136.94, 136.41, 136.37, 134.81, 133.13, 129.97, 129.21, 129.00, 128.88, 128.72,
128.46, 127.30, 127.14, 122.24, 122.20, 119.87, 119.77, 118.49, 118.44, 111.18, 109.12,
108.60, 58.90, 57.10, 55.19, 52.72, 52.53, 52.44, 25.91, 24.75.

FT-IR (cm™) = 3393, 2925, 2853,, 1733, 1457, 1270, 1216, 1176, 734, 703.

GENERAL METHOD FOR THE SYNTHESIS OF N-SUBSTITUTED TETRAHYDRO-g-
CARBOLINES by ONE-POT CERIUM PROTOCOL (324-332):

Tryptamine 216 (100 mg, 0.625 mmol, 1.0 eq.) is dissolved in ACN dry forming a
solution of 0.25M in a microwave vial, aldehyde (0.625 mmol, 1.0 eq.) is added

dropwise, then CeCls7H.0O (69 mg, 0.19 mmol, 0.3 eq.) is added one pot and then
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halogen-compound (0.92 mmol, 1.5 eq.) is added dropwise and molecular sieves (62 mg,
100 mg/mmol) are added, then the vial is put in the microwave reactor at 120 °C. The
reaction is monitored by TLC (8 Hex : 2 EtOAc) and GC-MS. Once that the starting
material is consumed or no more evolution were observed, the solution is diluted by
DCM (15 mL) and sat. NaHCO3 (15 mL), and the aqueous layer is washed 2 time with
fresh DCM (2x15 mL). The organic phase is dried over anhydrous sodium sulphate and
the solvent is evaporated by rotavapor to give the product. If necessary, the product can
be purified by a pad of Silica Gel (gradient from 95 Hex : 5 EtAOAc to 70 Hex : 30
EtOAC).

N-ALLYL-1-PHENYL-2,3,4,9-TETRAHYDRO-PYRIDO[3,4-b]INDOLE (324)

Following the general procedure, the product 324 was isolated as a
N,/: bright yellow oil by SiO. chromathography (Rf = 0.54, 80 Hex : 20
©\/Q EtOAc) with an yield of 21%, after 1.0 h of reaction at microwave,
” @ using tryptamine 216, benzaldehyde 38 and allyl bromide as
substrates.

Molecular Formula: C20H20N>

GC-MS (El, 70 eV) = 288(M™*), 245, 218 (100), 189, 169, 144, 115, 77.

IH-NMR (500 MHz, CDCl3) § = 7.60 — 7.56 (m, 1H), 7.43 — 7.36 (m, 4H), 7.32 — 7.28 (m,
1H), 7.21 (dd, J = 6.0, 3.1 Hz, 1H), 7.17 — 7.12 (m, 2H), 5.96 (dddd, J = 11.9, 7.1, 5.5, 2.6 Hz,
1H), 5.29 — 5.20 (m, 2H), 4.69 (d, J = 1.1 Hz, 1H), 3.37 (ddd, J = 9.2, 6.0, 3.7 Hz, 2H), 3.07 —
2.98 (m, 2H), 2.90 (ddd, J = 8.1, 5.6, 4.1 Hz, 1H), 2.83 — 2.74 (m, 1H).

13C-NMR (125 MHz, CDCl3) & = 141.08, 136.34, 135.61, 134.72, 129.11, 128.71, 128.09,
127.23,121.54,119.38, 118.31, 117.70, 110.80, 109.06, 63.89, 57.10, 48.22, 21.08.

FT-IR (cm™) = 3412, 3061, 2919, 2809, 1456, 1452, 1303, 1267, 928, 739, 699.

m.p. (range °C) = 109-110 °C
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N-(4’-NITROBENZYL)-1-PHENYL-2,3,4,9-TETRAHYDRO-PYRIDO[3,4-b] INDOLE

(325)

N
H

0

O

NO,

Following the general procedure, the product 325 was isolated
as a yellow-orange solid by SiO2 chromathography (Rf = 0.63,
80 Hex : 20 EtOACc) with an yield of 52%, after 0.5 h of reaction
at microwave, using tryptamine 216, benzaldehyde 38 and p-
nitrobenzyl bromide as substrates.

Molecular Formula: C24H21N30>

ESI (+) = 384 [M+H]".

IH-NMR (500 MHz, CDCl3) & = 8.25 — 8.19 (m, 2H), 7.58 (dd, J = 11.7, 5.8 Hz, 3H), 7.50 (dd,
J=52,3.1Hz, 2H), 7.47 — 7.38 (m, 3H), 7.34 (s, 1H, -NH indole), 7.24 — 7.15 (m, 3H), 4.72
(s, 1H), 3.99 (d, J = 14.5 Hz, 1H), 3.53 (d, J = 14.5 Hz, 1H), 3.19 (ddd, J = 11.5, 5.0, 3.5 Hz,
1H), 3.06 — 2.98 (m, 1H), 2.87 (dd, J = 12.4, 2.9 Hz, 1H), 2.79 — 2.71 (m, 1H).

13C-NMR (125 MHz, CDCls) § = 147.81, 147.15, 140.93, 136.41, 134.50, 129.10, 129.05,
128.97, 128.47, 127.13, 123.58, 121.76, 119.55, 118.37, 110.93, 108.84, 65.02, 57.78, 48.89,

21.37.

FT-IR (cm™) = 3406, 3056, 3033, 2947, 2908, 2839, 1601, 1512, 1341, 1105, 852, 735, 697.

m.p. (range °C) = 98-100 °C

N-(2-TRIFLUOROMETHYL
PYRIDO[3,4-b]INDOLE (326)

N
H

i

O

BENZYL)-1-PHENYL-2,3,4,9-TETRAHYDRO-

Following the general procedure, the product 326 was isolated
as a bright grey solid by SiO> chromathography (Rf = 0.63, 80
Hex : 20 EtOAc) with an yield of 52%, after 0.5 h of reaction
at microwave, using tryptamine 216, benzaldehyde 38 and 2-
trifluoromethylbenzyl bromide as substrates.

Molecular Formula: CasH21N2F3

GC-MS (El, 70 eV) = 406 (M*), 245, 218 (100), 189, 159, 143, 109, 77.

IH-NMR (500 MHz, CDCls) & = 8.07 (dd, J = 7.7, 4.0 Hz, 1H), 7.73 — 7.68 (m, 1H), 7.63 (ddd,
1=126,7.2,3.2 Hz, 2H), 7.58 — 7.54 (m, 2H), 7.48 — 7.38 (M, 4H), 7.35 (s, 1H, -NH indole),
7.25 - 7.19 (m, 3H), 4.77 (d, J = 1.4 Hz, 1H), 3.99 (dd, J = 15.1, 3.9 Hz, 1H), 3.88 — 3.82 (m,
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1H), 3.28 — 3.21 (m, 1H), 3.07 (ddtd, J = 15.2, 9.8, 5.0, 2.2 Hz, 1H), 2.89 (ddd, J = 15.3, 2.7,
1.2 Hz, 1H), 2.78 (tt, J = 11.7, 3.8 Hz, 1H).

13C-NMR (125 MHz, CDCls) & = 141.24, 139.21, 136.47, 135.06, 132.00, 129.86, 129.13,
128.90, 128.32, 127.28, 126.64, 125.52, 125.48, 121.65, 119.49, 118.39, 110.94, 108.99, 65.55,
53.86, 49.17, 21.54.

FT-IR (cm™) =3413, 3063, 3031, 2908, 2844, 2803, 1606, 1453, 1156, 1112, 1035, 907, 731.
m.p. (range °C) = 120-122°C

N-BENZYL-1-PROPYL-2,3,4,9-TETRAHYDRO-PYRIDO[3,4-b] INDOLE (330)

Following the general procedure, the product 330 was isolated as
p a bright yellow oil by SiO, chromathography (Rf = 0.54, 80 Hex :
20 EtOAc) with an yield of 34%, after 1.0 h of reaction at

N
A\
©\/Q\/\ microwave, using tryptamine 216, butanal and benzyl chloride

N
H 322 as substrates.

Molecular Formula: C21H22N>

GC-MS (El, 70 eV) = 304 (M™), 261 (100), 234 (100), 169, 91, 65.

IH-NMR (500 MHz, CDCls) & = 7.67 (s, 1H, -NH indole), 7.56 (d, J = 7.7 Hz, 1H), 7.43 (d, J
= 7.1 Hz, 1H), 7.40 — 7.28 (m, 5H), 7.22 — 7.15 (m, 2H), 3.80 (dt, J = 26.9, 13.4 Hz, 1H), 3.71
—3.66 (m, 1H), 3.29 (ddd, J = 14.6, 9.7, 5.9 Hz, 1H), 3.05 - 2.92 (m, 1H), 2.67 — 2.58 (m, 1H),
1.87-1.71 (m, 1H), 1.60 — 1.43 (m, 1H), 0.91 (t, J = 7.4 Hz, 1H).

13C-NMR (125 MHz, CDCls) & 135.84, 128.98, 128.84, 128.22, 128.20, 127.43, 126.96,
121.38, 119.33, 118.08, 110.67, 107.84, 57.32, 56.46, 44.73, 36.93, 19.48, 17.94, 14.16.
FT-IR (cm™) = 3410, 3057, 3029, 2962, 2930, 2871, 1671, 1453, 1303, 1148, 1002, 736, 701.
m.p. (range °C) = 115-117 °C
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N-BENZYL-1-(FURAN-2-YL)-2,3,4,9-TETRAHYDRO-PYRIDO[3,4-b]INDOLE (331)

a bright yellow oil by SiO, chromathography (Rf = 0.54, 80 Hex :

N 20 EtOAc) with an yield of 38%, after 1.5 h of reaction at
©\/,\TQE 0 microwave, using tryptamine 216, furfural and benzylchloride 322
H @ as substrates.

Molecular Formula: C22H19N2O
GC-MS (El, 70 eV) = 328 (M*), 237, 209 (100), 180, 144, 91.
IH-NMR (400 MHz, CDCl3) & = 7.62 (s, 1H), 7.53 (d, J = 7.2 Hz, 1H), 7.45 — 7.41 (m, 3H),
7.36 — 7.25 (m, 5H), 7.13 (dtd, J = 18.6, 7.2, 1.2 Hz, 3H), 6.36 (dd, J = 3.2, 1.8 Hz, 1H), 6.24
(d, J = 3.2 Hz, 1H), 4.95 (s, 1H), 3.86 (d, J = 13.7 Hz, 1H), 3.70 (d, J = 13.7 Hz, 1H), 3.27 —
3.19 (m, 1H), 2.92 — 2.79 (m, 4H).
13C-NMR (100 MHz, CDCl3) § = 154.10, 142.81, 139.27, 136.35, 131.97, 129.04, 128.53,
128.42, 127.35, 127.27, 122.06, 119.61, 118.62, 111.09, 110.47, 109.60, 109.21, 58.30, 56.31,
47.02, 20.35
FT-IR (cm™) = 3043, 3058, 3030, 2847, 1495, 1451, 1301, 1138, 1008, 736, 696.
m.p. (range °C) =132 - 135 °C

p Following the general procedure, the product 331 was isolated as

N-BENZYL-1-(4 -NITROPHENYL)-2,3,4,9-TETRAHYDRO-PYRIDO[3,4-b] INDOLE
(332)

Following the general procedure, the product 332 was isolated as

p a bright yellow oil by SiO, chromathography (Rf = 0.61, 80 Hex
: 20 EtOAc) with an yield of 57%, after 1.5 h of reaction at

N
©\/@ microwave, using tryptamine 216, p-nitrobenzaldehyde and
H Q benzyl chloride 322 as substrates.

NO, | Molecular Formula: C24H22N30-

ESI-MS (+) = 384 [M+H]*

IH-NMR (500 MHz, CDCl3) & = 8.21 — 8.17 (m, 2H), 7.62 — 7.57 (m, 3H), 7.43 (s, 1H, -NH
indole), 7.39 — 7.30 (m, 5H), 7.28 — 7.25 (m, 1H), 7.21 — 7.14 (m, 2H), 4.80 (s, 1H), 3.84 (d, J
=13.5 Hz, 1H), 3.53 (d, J = 13.5 Hz, 1H), 3.25 — 3.20 (m, 1H), 2.95 — 2.89 (m, 2H), 2.77 (ddd,
J=125,8.0, 4.7 Hz, 1H)
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13C-NMR (125 MHz, CDCIl3) § = 149.55, 147.59, 138.85, 136.47, 132.72, 129.77, 128.71,
128.46, 127.32, 126.98, 123.89, 122.09, 119.70, 118.54, 111.01, 109.70, 63.06, 58.40, 47.64,
20.63.

FT-IR (cm™) = 3436, 3392, 3061, 3028, 2892, 2799, 1598, 1512, 1450, 1350, 1304, 831, 819,
743, 694, 427

m.p. (range °C) =168 — 170 °C

Here below the synthetic methods and characterizations of intermediates for the synthesis of 6-

methoxy and 7-chloro tryptamine and other tryptamine derivatives are reported.

5-METHOXY-3-CARBOXALDEHYDE INDOLE (314)

In a microwave vial 400mg of 5-methoxy indole 312 (2.72 mmol, 1.0

=0
o) eq.), 1.35g of CAN@SIO2 (149 mg of CAN, 0.1 eq.) and 1.29g of
': HTMA (6.8 mmol, 2.5 eq.) and then they are dissolvend in 13.6 mL

H

of Acetonitrile and put in a microwave reactor at 90°C. The reaction
is monitored by TLC (95 CHCIs : 5 MeOH, Rf = 0.46) and GC-MS.

Once that starting material is consumed, the mixture is transferred in a round bottom flask, the

solvent is removed by rotavapor and the crude so obtained is purified by a Pad of SiO; (gradient
from 100 CHCI3 to 90 CHCI3:10MeOH) to give the product as a bright gray solid with a yield
of 77%.

Molecular Forumla: CgHgNO>

GC-MS (El, 70 eV) = 175 [M*, 100], 160, 132, 103, 77, 51.

'H-NMR (400 MHz, DMSO-dg) 6 = 9.87 (s, 1H), 8.18 (d, J = 3.2 Hz, 1H), 7.56 (d, J = 2.5 Hz,
1H), 7.38 (d, J = 8.8 Hz, 1H), 6.86 (dd, J = 8.8, 2.6 Hz, 1H), 3.76 (s, 3H).

13C-NMR (100 MHz, DMSO-ds) 6 = 186.18, 156.83, 132.52, 126.45, 117.96, 113.93, 114.02,
103.41, 56.23

Spectroscopy data are in accordance with literature.[3?7]

Method for synthesis of supported CAN: 1.0g of Cerium Ammonium Nitrate (CAN) is dissolved
in 2 mL of H2O, this solution is added dropwise to SiO2 (9.0 g) under magnetic stirring and te
mixture is stirred for one hour. Then the solvent is evaporated under reduced pressure at 60°C
for 4 h.
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5-METHOXY-3-(2-NITROVINYL) INDOLE (316)

In a round bottom flask of 25 mL, 210 mg of 5-methoxy-3-

0 { NOz | carboxaldehyde indole 314 (1.2 mmol, 1.0 eq.) are dissolvend in
N 7.5 mL of nitromethane, then 369 mg of NH4OAc (4.8 mmol, 4
H

eq.) are added and the reaction is refluxed (102 °C) until the
starting material is consumed. The reaction is monitored by TLC (95 (CHCIz : 5 MeOH, Rf =

0.54) and GC-MS. Once that starting material is consumed, the solvent is evaporated by
rotavapor and the crude so obtained is purified by purified by a pad of SiO gel (isocratic 100
CHCI5) to give the product as an orange solid with an yield of 75%.

Molecular Formula: C1oHgN204

GC-MS (El, 70 eV) = 218 [M*, 100], 201, 175, 156, 132, 115, 92, 75

IH-NMR (400 MHz, CDCls) 6 = 7.78 (1H), 7.25 (m, 1H), 7.20 (m, 1H), 7.06 — 7.02 (m, 2H),
6.82 (d, J = 3.8 Hz, 1H), 3.81 (s, 3H)

FT-IR (cm.1): 3228, 2909, 1612, 1544 (-nitro), 1455, 1374, 1289.

5-METHOXY TRYPTAMINE (318)

In a round bottom flask of 50 mL 364 mg of LiAlIH4 (9.57 mmol,
e NH, | 20 eq.) is suspendend in a mixture 1:2 of THF dry/Et20 dry (1.5
\©\/§ mL/3 mL), 106 mg of 5-methoxy-3-(2-nitro vinyl) indole 316

H (0.48 mmol, 1.0 eq.) are dissolved in 1.0 mL of THF dry and added

dropwise to the first solution that was cooled at 0°C with an ice
water bath. The reaction is monitorated by TLC (90 CHCI3:10 MeOH, Rf = 0.31) and GC-MS.

Once that starting material is consumed, the solution is diluted with Et,O (20 mL) and quenched

with NaOH 1N (20 mL), the soda solution is added until formation of bubbles is observed. Once

that LiAlH4 is totally quenched, other 10 mL of water are added and the organic phase is
separated and the aqueous layer is extracted 2 more times (2x30 mL) with fresh Et2O. The
organic phase is anhydrified with anhydrous sodium sulfate and the solvent is evaporated by
rotavapor to grive the product as a grey solid with a yield of 70%. The product so obtained is
used without further purifications.

Molecular Formula: C1pH13N20
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GC-MS (El, 70 eV) = 190 [M*], 160 (100), 145. 130, 117, 102, 89.

IH-NMR (CDCls, 400 Hz) = 8.23 (s, 1H), 7.09 (d, J = 2.4 Hz, 1H), 7.04 (s, 1H), 6.90 (dd, J =
8.7 Hz, 1H), 3.91 (s, 3H), 3.08 (t, J = 6.8 Hz, 2H), 2.92 (t, J = 6.8 Hz, 2H).

13C-NMR (100 MHz, DMSO-ds) 6 = 153.18, 131.34, 131.23, 128.67, 124.03, 112.93, 112.55,
111.67, 100.23

Spectroscopy data are in accordance with literature.[3%]

6-CHLORO-3-CARBOXALDEHYDE INDOLE (315)

In a microwave vial 300 mg of 6-chloro indole 313 (1.97 mmol, 1.0
=0 eq.), 981 mg of CAN@SIiO> (108 mg of CAN, 0.1 eq.) and 937 mg of
N HTMA (4.9 mmol, 2.5 eq.) and then they are dissolvend in 10.2 mL of

N

H

Cl . : . L
Acetonitrile and put in a microwave reactor at 90°C. The reaction is

monitorated by TLC (95 CHCIs : 5 MeOH, Rf = 0.51) and GC-MS.
Once that starting material is consumed, the mixture is transfered in a round bottom flask, the
solvent is evaporated by rotavapor and the crude so obtained is purified by a Pad of SiO>
(gradient from 100 CHCIs to 95 CHCls: 5 MeOH) to give the product as a white solid with a
yield of 47%.
Molecular Formula: CgHsNOCI
GC-MS (El, 70 eV) = 178 [M*, 100], 150, 123, 89, 75, 63.
'H-NMR (400 MHz, DMSO-ds) 8 = 9.90 (s, 1H, -NH indole), 8.31 (s, 1H), 8.06 — 8.03 (m,
1H), 7.55 (d, J = 1.9 Hz, 1H), 7.24 — 7.21 (m, 1H).
13C-NMR (100 MHz, DMSO-d6) & = 185.76, 140.02, 137.78, 128.33, 123.23, 122.67, 122.63,
118.38, 111.91
Spectroscopy data are in accordance with literature.[32°]
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6-CHLORO-3-(2-NITRO VINYL) INDOLE (317)

Cl

~ NO,
A\
N
H

In a round bottom flask of 25 mL, 260mg of 6-chloro-3-
carboxaldehyde indole 315 (1.48 mmol, 1.0 eq.) are dissolvend in
9.2 mL of nitromethane, then 456 mg of NH4OAc (5.94 mmol, 4
eq.) are added and the reaction is refluxed (102 °C) until the

starting material is consumed. The reaction is monitorated by TLC (95 (CHCls : 5 MeOH, Rf

= 0.57) and GC-MS. Once that starting material is consumed, the solvent is evaporated by

rotavapor and the crude so obtained is purified by purified by a pad of SiO2 gel (gradient 100
CHCIsto 95 CHCI3 : 5 MeOH) to give the product as an orange solid with an yield of 82%.

Molecular Formula: C11HsN202Cl

GC-MS (El, 70 eV) = 222 [M*, 100], 192, 175, 141, 113, 85, 63, 30.

IH-NMR (400 MHz, DMSO-dg) & = 11.93 (1H, s), 8.42 (d, J = 12.45 Hz, 1H), 8.12 (d,
J =13.2 Hz, 1H), 8.14 (1H, s), 8.04 (d, J = 8.9 Hz, 1H), 7.61 (d, J = 2.1 Hz, 1H), 7.20
(dd, J=1.8, 8.4 Hz, 1H)
13C-NMR (100 MHz, DMSO-ds) & = 138.85, 137.27, 134.36, 132.42, 128.24, 123.82,
122.91, 121.23, 112.14, 108.76.

Spectroscopy data are in accordance with literature.[32°]

6-CHLORO TRYPTAMINE (319)

Cl

NH,
N
N

H

In a round bottom flask of 250 mL 800 mg of LiAIH4 (21.05 mmol,
20 eq.) is suspendend in a mixture 1:2 of THF dry/Et.O dry (7
mL/14 mL), 160 mg of 5-methoxy-3-(2-nitro vinyl) indole 317
(2.05mmol, 1.0 eq.) are dissolved in 1.0 mL of THF dry and added

dropwise to the first solution that was cooled at 0°C with an ice

water bath. The reaction is monitorated by TLC (90 CHCI3:10 MeOH, Rf = 0.36) and GC-MS.

Once that starting material is consumed, the solution is diluted with Et,O (30 mL) and quenched

with NaOH 1N (40 mL), the soda solution is added until formation of bubbles is observed. Once

that LiAIH4 is totally quenched, other 20 mL of water are added and the organic phase is

separated and the aqueous layer is extracted 2 more times (2x30 mL) with fresh Et2O. The

organic phase is anhydrified with anhydrous sodium sulfate and the solvent is removed by
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rotavapor to give the product as a grey solid with a yield of 80%. The product so obtained is
used without further purifications.

Molecular Formula: CgH1oN2Cl

GC-MS (El, 70 eV) = 194 [M*, 100], 164 (100), 128, 101,75.

IH-NMR (400 MHz, CDCls) & = 8.23 (s, 1H, -NH indole), 7.54 (d, J = 8.7 Hz, 1H), 7.32 (d, J
=1.7 Hz, 1H), 7.13 (dd, J = 8.1, 1.9 Hz, 1H), 7.04 (s, 1H), 3.12 (td, J = 6.9, 1.4 Hz, 2H), 2.88
(t, J = 6.3 Hz, 2H).

13C-NMR (101 MHz, CDCls) 6 = 137.43, 128.83, 126.31, 123.56, 120.75, 120.14, 114.22,
111.72, 42.27, 29.83.

Spectroscopy data are in accordance with literature.[32°]

L-TRYPTOPHAN METHYL ESTER (321)

200 mg of L-tryptophan 320 (0.98 mmol, 20 eq.) are dissolved in 1

N mL of MeOH inside a round bottom flask of 25 mL, then 225 pL of
NH, SOCI> (3.10 mmol, 3.2 eq.) are added dropwise to the solution and
refluxed overnight. The reaction is monitored by TLC (95 CHCI3 : 5
MeOH, Rf = 0.42) and GC-MS. Once that the starting material is
consumed, the reaction is portionated by CHCI3 (10 mL) and sol. sat. of NaHCOs (10 mL), the

Iz

organic phase is separated and the aqueous layer is washed two more times with fresh CHCIs
(2x10 mL). The organic phase is anhydrified with anhydrous sodium sulfate and the solvent is
removed by rotavapor to give the product and white-yellow solid with a yield of 94%.
Molecular Formula: C11H13N20>

GC-MS (El, 70 eV) = 218 [M*1], 159, 130 (100), 103, 77, 51.

IH-NMR (400 MHz, DMSO-ds) 5 = 10.85 (s, 1H), 7.48 (s, 1H), 7.32 (d, J = 7.0 Hz, 1H), 7.10
(s, 1H), 7.04 (s, 1H), 6.96 (s, 1H), 3.62 (s, 1H), 3.54 (s, 3H), 2.97 (d, J = 18.9 Hz, 2H).
13C-NMR (101 MHz, DMSO-ds) 6 = 176.29, 136.77, 128.05, 124.32, 121.54, 118.97, 118.91,
112.04, 110.54, 55.81, 52.03, 31.38.
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L-TRYPTOPHANOL (278)

200mg of L-tryptophan methyl ester 321 (0.917 mmol, 20 eq.) are
dissolved in 2 mL of MeOH dry inside ar.b.f. of 25 mL and it is cooled
NH2 | down to 0°C with an ice/water bath, then 317 mg of NaBH, (9.17

OH

mmol, 10 eq.) are added to the solution and stirred overnight. The
reaction is monitorated by TLC (90 CHCIs : 10 MeOH, Rf =0.37) and
GC-MS. Once that the starting material is consumed, the reaction is portionated by EtOAc (10

mL) and H20 (10 mL), the organic phase is separated and the aqueous layer is washed two
more times with fresh EtOAc (2x10 mL). The organic phase is anhydrified with anhydrous
sodium sulfate and the solvent is evaporated by rotavapor to give the product and white-yellow
solid with a yield of 88%.

Molecular Formula: C11H14N20

GC-MS C1:HusN20 (El, 70 eV) = 204 [M*], 159, 130 (100), 103, 77, 60, 42.

'H-NMR (400 MHz, CDCls) & 8.20 (s, 1H, -NH indole), 7.62 — 7.59 (m, 1H), 7.39 — 7.33 (m,
1H), 7.20 (ddd, J = 8.2, 6.1, 1.2 Hz, 1H), 7.14 — 7.10 (m, 1H), 7.03 (d, J = 2.3 Hz, 1H), 3.70
(dd, J =10.6, 3.9 Hz, 1H), 3.44 (dd, J = 10.6, 7.2 Hz, 1H), 3.29 — 3.23 (m, 1H), 2.93 (ddd, J =
14.3,5.1, 0.9 Hz, 1H), 2.70 (dd, J = 14.3, 8.5 Hz, 1H).

13C-NMR (101 MHz, CDCls) & = 136.18, 127.34, 122.59, 121.97, 119.38, 1198.93, 112.63,
111.04, 66.74, 52.74, 30.23.

Spectroscopy data are in accordance with literature. 33

N-BENZYL TRYPTAMINE (234)
To a solution of tryptamine 216 (500 mg, 3.12 mmol, 1 eq.) in

m/\© methanol (13 ml) is added benzaldehyde 38 (350 ml, 3.43 mmol,

A\ . . -

N 1.1 eq.). The mixture is left under stirring at room temperature
H overnight. After that, solid NaBH4 (177 mg, 4.68 mmol, 1.5 eq.)

is added to reduce the imine to secondary amine. The solution is left under stirring at room

temperature for 2 hours and then 6 mL saturated NaHCO3 solution was added, concentrated,
dissolved in dichloromethane, and washed with brine. Organic layer was extracted, dried over
anhydrous sodium sulfate and concentrated in vacuo. The mixture was purified by flash column
chromatography (1:3 hexanes: ethyl acetate) to yield 670 mg of the pure N-benzyltryptamine
234 (84%) as pale-yellow oil.
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Molecular Formula: C17H17N2

GC-MS (EI, 70 eV) = 250[M*], 131, 114, 91(100), 65, 39.

IH-NMR (400 MHz, CDCls) 6 = 8.17 (bs, 1H), 7.63 (d, J = 8.0, 1H), 7.37 — 7.28 (m, 5H), 7.25
—7.18 (m, 2H), 7.13 (t, J = 8.0, 1H), 7.01 (d, J = 2.3 Hz, 1H), 3.84 (s, 2H), 3.02 (s, 4H).
13C-NMR (100 MHz, CDCl3) & = 140.4, 136.5, 128.5, 128.2, 127.6, 127.0, 122.1, 122.1, 119.4,
119.0, 114.1, 54.0, 49.5, 25.9.

Spectroscopy data are in accordance with literature. 33!
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2.3h Conclusion

Tetrahydro-p-carbolines and tetrahydroisoquinolines constitue a very important subclass of
alkaloids due to their wide and important biological applications. Apart the extraction from
natural sources like plants, the Pictet-Spengler reaction is the most powerful way to synthesize
this particular molecules through the formation of a new C-C bond. From the first paper about
this reaction (1911), it was subjected to many studies by the synthetic scientific community
and, how many other reactions, it can undergo to Brgnsted and/or Lewis catalyses. In the recent
year, carbocatalyses has shown as prominent catalyst for organic reaction due to its green
properties, for this reason we tried to study the possible employment of this acid for PSR. From
this point, we developed a two step one flask type protocol for the synthesis of THBCs
exploiting the Graphene Oxide as Brensted acid, microwave irradiation (green synthetic tool)
for the synthesis imine-intermediate and Amerblyst-15® (green ion resin) for the synthesis of
target cycle. This protocol has shown useful and it allows to obtain several and different
heterocycles after few hours of reaction (respect the usual 24h) avoiding toxic and mineral acids
like TFA, sulphuric acid and so on. Moreover, even if it was not investigated, the possible reuse
and reactivation of resin (reported in literature) make this protocol green and respectful of green
principles that rule the world today. For what concern the Lewis catalyses, the Ce(l1l) chloride
has demonstrated an useful Lewis Acid for one pot-PSR for the synthesis of N-substituted
tetrahydro-B-carbolines avoiding long reaction time, toxic solvent and formation of much
amount of waste. GC-MS analyses has clarified the possible mechanism which proceeds by fist
the formation of imine, second the contemporary ring-closing and nuchleophilic attack to halo-
compound. Even if the studies about this reaction and the enlargement of substrate aim has been
carrying on, good preliminary results were obtained for the synthesis of these important
heterocycles employing a green catalyst as CeClz7H:0.
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