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This work focused mainly on the development of synthetic strategies to obtain complex
molecules that could be useful in the therapeutic and agro-industrial fields.

The first part of this work summarizes the studies on the different synthetic approaches
carried out to obtain two natural products with promising biological activities: Malaymycin
(1) and (+)Oryzalexin-S ). 1 is a tetrahydroquinoline alkaloid with a cyclopentenone ring
isolated in 2021 from a family of actinomycetes'. Preliminary tests on the biological activity
of 1 have highlighted its high cytotoxicity and its ability to inhibit the transcription of key
androgen receptor genes involved in the growth and development of prostate cancer'.
Although the structure of 1 was elucidated by NMR studies, the absolute configuration of
its two chiral centers was determined by comparing the theoretical circular dichroism
spectrum calculated for 1 with the experimentally obtained spectrum. The peculiar
structure of 1 makes it a structural analog of the non-natural enantiomer of virantmycin ( 3,
seeFigure I), a molecule with no biological activity (compared to its natural enantiomer)

that was synthesized enantioselectively only twice i v,

(S)
(S)
m =, . CHCY

non-natural enantlomer of virantmycin,
H :\/OMe no biological activity reported
g
HO »
‘Cl

(0]
(-)-virantmycin,
natural enantiomer, antiviral

Figure I: Representation of the synthetic target 1 and of its synthetic precursor 3, the unnatural enantiomer of
(-)-virantmycin.

Therefore, with the idea of proposing the first synthetic strategy for this promising

chemotherapeutic agent and confirming the initially proposed structural interpretation, |



considered 1 as a valid synthetic target for a PhD project. The stateof-the art briefly
described above was discussed in detail in Chapter |. Chapter Il discussed instead the
retrosynthetic analysis of 1, the corresponding synthetic proposals and the synthetic
problems identified.

2 is instead an interesting stemaranic phytoalexin with great antifungal activity that can
potentially be used for the treatment of fungal infections in rice plants . Our research group
recently proposed a retrosynthetic plan to obtain the first key intermediate ( 4) in the total
synthesis of 2. However, the final reaction of the proposed synthetic strategy to obtain 4
unexpectedly led to its enantiomer (see Figure II). This interesting reversal of
enantioselection compared to similar reactions commonly reported in the literature

represents a rare precedent that deserves further investigation (seeFigure Il )vi-vii,

o o
—
H — ——
o]
Z
o~ , Yo 5

(L)-tyrosine, (L)-proline , 7
HCIO, ‘@ __Hclo, ‘@
o] DMSO TCHCN
NS
o 5 -4 (S)-7

Figure Il: a) Retro-synthesis of 2 leading to 4. b) Synthetic general condition of condensation proposed for 5
leading to (R)-4. Under similar condition when a structural analog of 56 U z U @)Uthkelcdfresponding bicyclic
product with S configuration is obtained ( 7).

In Chapter I, this section of the work was placed in the appropriate literature context.
Chapter 1l then describes the new synthetic plan proposed to obtain 4 and the
investigations to elucidate the rare inversion of enantioselection observed in the
intramolecular aldol condensation generating this intermediate.

As reported in the literature, trifluoromethyl aryl diazirines are molecules that can release
N2 upon photoexcitation and form an extremely reactive carbene intermediate. The latter

has been used extensively over the last 50 years for the development of photolabeling agents



(PALS) to study protein systems*. However, most of these studies werein vitro experiments.
The in vivo application of diazirines as PALs is limited due to the activation wavelength of
these systems (356890 nm), which is extremely damaging to cellular structures. To
overcome this problem, one could think of coordinating a chromophore group to the
diazirine that can shift its activation wavelength. However, the sp 2 hybridization state in
which diazirines are thought to exist in the literature would make electronic coordination
between these two systems impossible. Interestingly, the work of Musolino et al. recently
published in 2021 has provided some experimental evidence for such electronic
coordination .

Among the different classes of chromophores, the push-pull classhas recently emerged in
the literature due to its versatility. These chromophores are often characterized by a 9,9
dimethyl fluorene scaffold in which an EDG and an EWG group are installed in positions 2
and 7, respectively<. The electronic coordination between these two groups which extends
acrossthe wsystem of the molecular scaffold, makes the molecule an efficient chromophore.
With the idea of exploiting this interesting property of push -pull systems to investigate the
actual existence of electronic coordination between a diazirine system and a chromophore,
and at the same time with the idea of extending the activation wavelength of diazirine
towards the visible region, we decided to synthesize the trifluoromethyl aryl diazirine 8and

investigate its properties (seeFigure 1 11).

EDG @.O EWG N @.O 7

/ CFs

push-pull 8
systems structure

Figure llI: push-pull systems typical structure compared to diazirine 8.

While the quickly described contextualization of the state -of-the art for 8 was discussed in
detail in Chapter IV , the synthesis, properties investigation, and photochemical activation

of 8 were examined in Chapter V.
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1.1A general overview of the Organic Synthesis

-Having completed his analytical work, the chemist proposesctammpose what he has destroyed,
he takes as his point of departure the ultimate of analysis, that is, simple bodies, and he compels them
to unite with each other and by their combination éfarm the same natural principles which

constitute all material beings. Such is the object of chemical synthé&xis.

With these words, Marcelin Berthelot provided the first definition for a new branch of
chemistry in 1860, namely synthetic organic chemistry. This definition changed over time
and defined this science as the branch of chemistry that deals with various processes, such
as:

- the creation of natural compounds from artificial compounds, elements or simpler natural
products

- the creation of artificial compounds from other artificial compounds, elements or natural
compounds with a simpler structure.

Today, however, this complex definition has been simplified. Accordingly, synthetic
organic chemistry is defined as the branch of chemistry that deals with the artificial
production of generic organic compounds from other simpler compounds and/or elements
in the laboratory 3. The substances that organic synthesis deals with are often more or less
complex molecules consisting mainly of carbon, hydrogen, oxygen and nitrogen. These

compounds or "targets" can either be bioactive molecules found in living organisms or

1



molecules that have been artificially designed to take on certain properties and/or trigger
specific biological and metabolic reactions. Of the two cases described, the first is the one
that still arouses the greatest academic interest today and defines tre most important sub-
branch of organic synthesis, namely total synthesis®.

The origin of organic synthesis, and thus of all its sub-branches, dates back to 1828, when
the German chemist Friedrich Wo6hler succeeded in artificially producing urea from
ammonium isocyanate. For the first time in history, Wohler demonstrated not only the
concept of isomerism, but also the ability of man to change salts, atoms and small molecules
at will to obtain the so -called "molecules of life" (better known today as natural products) °.
Later, in 1845, Kolbe synthesized acetic acid for the first time and developed a new method
for the formation of carbon -carbon bonds®. The synthesis of these small but versatile
molecules allowed us to acquire the necessary knowledge to artificially produce molecules
useful in the pharmaceutical and industrial fields, such as salicylic acid, acetylsalicylic acid

(1899), indigo, camphor, Y-terpin eol and mauve (seeFigure 1.1)5.

(e} 0] )
A N 0
HN O NH, OH O — O :
N OH
OH
Y H

urea salicylic acid Indigo Camphor a—terpineol
OH
N H =
] ]
A 2 N H
HoN N*\ N
o JOOOQNS
~
N
strychnine quinine Mauve

Figure 1.1: The first organic molecules and natural compound to be synthesized.

The synthesis of these substances not only allowed the beginning of the industrial
revolution, but also brought to light the major technological limitations of the time, which

were unable to efficiently determine the structure of the molecules of interest. A clear
example of what has been said is the synthesis of mauveln 1856, Perkin attempted to obtain

qguinine (a molecule with interesting antipyretic and antimalarial properties) by oxidizing a



mixture of toluidine isomers with chromic acid. Instead of the intended target, however,
mauve was obtained. The latter immediately found wide application in industry (especially

in the textile industry) as a dye. The main reason for Perkins' serendipitous discovery was
the lack of structural information about the synthetic target. Since only the composition and
chemical formula of quinine (C 20H22aN202) were known, Perkin and Hofmann hypothesized
that they could easily obtain their target using aromatic anil ines as starting materials®.
However, it was not until 1908, when the exact structure of quinine was determined, that it
became clear that its synthesis from aromatic derivatives was not possible due to the
complex ring structure of this molecule ’. In the following years, several synthetic methods
were invented that are now part of the common knowledge of organic chemistry. Some
examples are the use of Grighard reagents (1920), the hydrogercatalyzed reduction of
unsaturated carbon-carbon systems axd the Diels-Alder reaction 3. However, the lack of
methods and tools to determine the exact structure of the molecules became increasingly
limiting and prevented the possibility of synthesizing complex molecules with useful
biological activity (such as quinine) 2. For this reason, the focus of organic synthesis
gradually shifted to the development of new tools that could be used to determine the exact
structure of molecules. The advent of the First and Second World Wars also contributed to
a change in the interests of chemistry and enabled major technological advances.

The result of this progress was the techniques that today form the basis for the
characterization of new compounds, such as UV, IR and NMR spectroscopy, mass
spectrometry and X-ray crystallography 3. Thanks to these new techniques, the structure of
many molecules has been elucidated, facilitating the development of an effective synthetic
approach to their production. Clear examples of this are the synthesis of strychnine and
quinine proposed by Woodw ard (see Scheme 1.1and Scheme 1.2respectively)®°. Many
other molecules of great complexity were synthesized by Woodward, who was awarded
the Nobel Prize in 1960 for his contribution to organic synthesis®.

The increasing complexity of the synthetic target refocused the attention of organic
chemistry on the development of new reactions and synthetic approaches. This led to the

development of some of the most famous reactions that form the base of modern organic
3



chemistry, such as Wittig's olefination, the reactivity of radicals studied by Barton, the
metathesis processes of Grubbs, Yves and Schrock, and the palladiuncatalyzed cross

coupling reactions of Heck, Negishi and Suzuki 35.

1) polyphosphoric acid, NMe,
©/NHNH2 . o; : OMe __2)CH,O, NHoMep .—ﬁ./\ _ DMel .—ﬁ./\ _DLiAHg A .—Q\
20 dioxane 2) NaCN DMF THF
OMe AcOH OMe OMe OMe

1 2
EtO CHO
ethyl glyoxylate,
benzene
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3) LiAlH,, A, EtOH

1) HBr, AcOH, 120 °C
2) H,S0, H,0, A
3) KOH, EtOH

strychnine

Scheme 1.1:Total synthesis of strychnine proposed by Woodward.
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Scheme 1.1:Total synthesis of quinine proposed by Woodward and Doering.

For their important contribution to the development of new synthetic approaches in the
total synthesis of bioactive molecules, the names of K. C. Nicolau (known for the synthesis

of molecules such asTaxolOw il x OUT POOOI w wEOE w) andE E B.uCE&yODPET |



(known for synthesizing penicillin derivatives, various hormones such as estrone , terpene
such as ginkgolide B, which are able to inhibit the protein receptor involved in allergic,
inflammatory and asthmatic responses) should not be forgottenil, The latter is now
considered the father of modern organic synthesis, who developed a rigorous approach to
this branch of chemistry through the development of so -called retrosynthetic analysis (an
approach for which he was awarded the Nobel Prize in 1990)5. Thanks to the successes and
resulting advances in the biomedical field achieved by Nicolau and Corey, the attention of
organic synthesis turned entirely to the synthesis of most of natural products involved in
the main metabolic processes of living organisms*2.

Indeed, it is no coincidence that from 1981 to 2019, of the 1881 drugs approved by the Food
and Drug Administration (FDA), about 74% (1394 substances) are molecules of medium
molecular weight, of which about 33.6% are natural products originally isolated f rom living
organisms (mainly plants and marine organisms) and subsequently synthesized in the
laboratory.

As Newman et al. show, most drugs approved between 1981 and 2019 are characterized by
antiviral, anti -inflammatory, antibacterial and antitumor activity 2. Among the different
classes of natural products with these properties, two classes stand out from the others the

tetrahydroquinoline compounds and the diterpene systems.

1.2 Tetrahydroquinoline derivatives, molecules with many interesting

bioactivit ies.

1.2.1An overview of the main characteristics of tetrahydroquinoline derivatives:

The class of tetrahydroquinolines (THQs) is composed of various organic compounds
that allow them to be divided into three main subcategories (see Figure 1.2). The first is that

of 1,2,3,4tetrahydroquinolines (1 -THQs), which are characterized by the presence of an
5



aromatic ring fused to a piperidine ring. The second subcategory is tetrahydroisoquinolines
(THIQs), which differ from the first category by the position of the piperidine heteroatom

in relation to the aromatic ring. While in the 1 -THQs the nitrogen is bonded to the common
carbon atom of the two rings (position 1), in the THIQs it is coordinated exclusively to the
carbon atoms of the piperidine ring (position 2, see Figure 1.2). The class of 5,6,7,8
tetrahydroquinolines (5 -THQs), on the other hand, comprises all molecules in which a

cyclohexyl ring is directly fused to a pyridine ring, as shown in Figure 1.2.

H
1
] / '
R R R

1,2,3,4-tetrahydroquinoline 1,2,3,4-tetrahydroisoquinoline 5,6,7,8-tetrahydroquinoline
scaffold scaffold scaffold

Figure 1.2: Graphic representation of the subcategories of tetrahydroquinolines scaffolds.

Although THQs have been known since 19863, they still attract great interest in the scientific
community because these molecules exhibit a wide range of biological properties that
depend on minimal structural variations.

For example, 18, 19 and 20, known as benzastatin C, D and vyrantmicin, are molecules with
interesting antiviral activity (see Figure 1.3)'4 In contrast, 21 and 22 show pronounced
antibacterial activity. Instead, 23, 24 and 25 show pronounced antimalarial and antifungal
activity, respectively 4. An extremely interesting aspect is the ability of many THQs to
inhibit specific enzymatic receptors involved in the metabolic activities of unicellular and
multicellular organisms. For example, 24 shows not only discrete antifungal activity but also
the ability to inhibit chitin synthase, the enzyme that controls the stiffness of cell membranes
in various fungal species. The inhibition of this enzyme leads to a change in the membranes
of fungal cells that determines their apoptosis*®. The ability to inhibit cellular receptors and
enzymes is today the most sought-after property in the development of drugs with high
antitumor activity. For this reason, the study of THQs has become an increasingly important

topic in the field of organic synthesis in recent years*.
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Figure 1.3: THQs with various biological activity.
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Figure 1.4: Recenty isolated and developed THQs with antitumoral activit .

An example of the current interest in these properties is the synthesis and study of 25, 26

and 27. In 2016, Jo et al. demonstrated tha25 not only exhibits pronounced cytotoxicity

against various tumor cell lines (mainly affecting the kidney, breast, lung, stomach and

colon), but can also inhibit the transcription protein NF -f | OQOwb T OUIl wEa Ui UOEUDC
involved in the growth of variou s tumor cell lines?%. The combination of these two properties

makes 25 an extremely versatile and effective antitumor agent. In contrast, 26 was identified

as a highly efficient cytotoxic agent capable of inhibiting the enzyme mTOR, whose
dysfunction is directly responsible for the proliferation of various types of lung tumor

cells’. Similar to the previously described compounds, 27, which is cytotoxic to different

prostate cancer cell lines, is able to inhibit histone deacetylase, an enzyme involved in the



transcription of DNA of diseased cells thanks to the coordination between its carboxylic
acid function and the Zn ?*ion in the active site of the enzyme!8. As already mentioned, the
compounds described are only a small example of the wide range of THQs with similar
properties that are currently being investigated for their potential application in the

biomedical field. Further examples have been compiled for illustrative purposes in Figure
141920, Among these, the molecule known as Malaymycin (31) has proved particularly

attractive to our research group.

1.2.2 Malaymycin, a new strong ardindrogen substance against prostate cancex cell

In February 2021, a Chinese research group isolated a new tetrahydroquinoline alkaloid
containing a cyclopentenone ring called Malaymycin (31) from a family of marine
actinomycetes (Streptomyces malaysiengis
Preliminary tests on the biological properties of 31 have shown pronounced cytotoxicity
against various tumor cell lines that can affect different human organs. The efficacy of a
substance against a tumor cell line is generally expressed by the 1Go value, i.e. the
concentration of the substance required to halve the population of the tested cell culture.
The lower this value, the greater the efficacy and thus the cytotoxicity of the molecule tested.
As shown in Table 1.1, the ICso value found for 31 against the tumor cells tested is at least
100 times lower (1000 betweer1 and enzalutamide) than that of molecules commonly used
for the clinical treatment of tumors, such as enzalutamide (Enz), doxrubicin (DOX) and

diamine dichloroplatinum (DDP).

Compound C42B 22RV1 H466 MGC803 MDA -MB231
31 0.067 0.27 0.070 0.11 0.20
Enz 18 38 - - -
DDP - - 6.4 22 -
DOX - - - - 0.45

Table 1.1:1n table the ICsovalues gp4 , f& @1 and other therapeutics towards different tumoral cells lines are
reported.



In other words, 31 appears to be at least 100 times more effective than the most common
agents currently used to treat carcinomas that can affect organs such as the lung (H446),
prostate (C42B, 22Rv1), breast (MDAMB231) and stomach (MGC8033 . In addition, later
studies on the bioactivity of 31 have shown that this molecule is able to inhibit the
expression of androgen receptors (ARs) both at the protein level and at the level of mMRNA
transcription (by inhibiting the expression of the KLK2 and KLK3 genes) in prostate cancer
cells (C42B and 22Rvlines).

In 1941, Charles Huggins demonstrated that the development and growth of many prostate
cancers (whether metastatic or not) depends on a cascade of enzymatic signals associated
with the expression of specific enzymatic receptors, i.e. ARs2 By acting on these receptors
with natural androgen antagonists (mostly estrogens), Huggins succeeded in limiting the
spread of prostate cancer. In the following years this type of treatment became known as
androgen deprivation therapy (ADT). Although som e benefit is initially achieved, patients
recently been attributed to the expansion, mutation and alternative splicing of the gene
related to the expression of AR$324, Resistance to ADT occurs even more rapidly in patients
with advanced stages of disease, leading to complete ineffectiveness of therapy and to
metastatic castration-resistant prostate cancer (MCRCP?%. Over the years, several non
steroidal molecules have been synthesized to inhibit ARs more efficiently (e.g. Enz and
abiraterone)?.. However, their use does not seem to prevent the development of mCRCP,
but only to slow it down 2. Interestingly, several studies have shown that ARs are still
expressed in patients with mCRCP and are still responsible for the growth of carcinomas.
Therefore, suppressing the expression of these enzymes could also block the progression of
MCRCPs. 31, by inhibiting the formation of ARs at the mRNA level, could therefore
represent a definitive solution for the treatment of mMCRCPs, which are currently among the
deadliest tumors that can affect humans (the second leading cause of death after lung
tumors)26. Apart from the very interesting biological applicability of 31, another interesting

aspect concerns its molecular structure.



In fact, Xie et al. succeeded in precisely determining the structure of the tetrahydroquinoline
scaffold of 31 by NMR analysis. However, the biggest challenge was to determine the
relative and absolute configuration of the molecule.

The small amount of material (about 1.8 mg of product per 27.6 g of pretreated cell
material) ! limited the manipulation of the sample and the number of analyzes that could
be performed. Nevertheless, Xie et al. were able to determine the relative configuration of
the two chiral ity centers of 31 with high confidence by quantum mechanical calculations.
Based on the models used and the experimental data collected, the 8*,10R* configuration
was attributed to 31 with a probability of 95.54% (compared to 4.46% for the 9R*,10S*
configuration). Similarly, the absolute configuration 9S,10S of the molecule was assigned
with good probability using electronic circular dichroism (EDC) 2. Interestingly, the
structure assigned to 31 makes this molecule a true structural analog of 20z, the enantiomer
of (-)-virantmycin ( 20), THQ with widely known antiviral properties in the literature  #7.

20 was first isolated from Streptomyces nitrosporeus 198128 but its structure was not
determined until 1996, when Morimoto et al. synthesized its enantiomer, 20z and
characterized it by NMR analysis. Morimoto et al. were also able to determine the %5,3Sand
2R,3R configurations of 20zand 20, respectively, using circular dichroism spectroscopy (an
innovative method at the time). However, Morimotoz UwUIT Ul EUET wi UOUx wEDE u
the structural analysis of 20 and 20z but also investigated the biological properties of the
two molecules. Curiously, 20 showed good antiviral properties, while 20zwas completely
devoid of biological activity. Equally curious is that the same biological activity was found
for both pure 20and the racemic mixtur e 20/20z, In addition, several derivatives of 20 have
been isolated and synthesized over the years exhibiting various biological properties,
including antiviral, antibacterial, cytotoxic and even inhibitory or activating properties
towards enzymes?. However, to date, no structural analog of 20zwith significant biological
activity appears to have been isolated, with the exception of 31. Probably, the lack of
biological activity of 20z is the main reason for the lack of synthetic strategies for its

production.
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Although several synthetic strategies for 20 (or its racemic mixture) have been reported over
the years®® (among which the strategy developed by E.J. Corey and subsequently optimized
by Keck et al. in 2006 certainly stands outf?, only one example of total synthesis of 20 have
been reported besides that ofMorimoto . As shown in Scheme 12, the strategy proposed by
Back et al. is based on the desymmetrization 0f32 by porcine liver esterase (PLE) to generate
33, which in turn leads to 34, a chiral precursor of 2022 As shown, with the appropriate

treatment 33 can be converted to its enantiomer 34zwhich in turn could yield 20. Although

the strategy proposed by the Canadian research group is effective the key
desymmmetrization step requires a considerable amount of enzyme and a very long

reaction time to afford 33 (about 7 days)2

H —OMe

1) 2-(trimethylsilyl) ethanol, DCC, N_ 3
DMAP, rt, 3d, DCM ->:< . ~
2) 10% KOH, 45 °C, 15 h MeO— + —— o ®Y., N
MeOH Fo X ™ cl
i
0 0
34

3) cyanuric fluoride,

o
= idine, 0 °C
MeO PLE, phosphate _>=< P oM . 20
MeO OMe buffer pH=8,7d MO\ < (75% yield)
DMSO MeO (s) OH

° ° (0] [¢] —
32 33 cyanuric fluoride, MeO—,
(89% vyield, e.e. 92%) pyridine, 0 °C — E (é) OMe
DCM

O O3
(71% yield)
CO,Me
1) 10% sol KOH, r.t., 20 h
MeO,C 1) LIHMDS, 0 °C, 10 min, MeO,C MeOH MeO,C
then 34, 0 °C, 1 h then r.t., 20 h, Et,0 2) NaH, nPrSH, HMPA,

Br 2)10% sol NaCl, 125 °C, 20 h, DMSO

rt,4.75h
35 3)NaBH,, 0°C, 2.5 h 3) SOCH,, -10 °C, 1h 37
MeOH (28% isolated yield then reflux for 3 h (46% yield)

after three steps)?

1) DMAP, Ac,0, r.t., 2 d pyridine
2) DPPA, DMAP, NEt;,
reflux for 2.25 h toluene
3) NaBHy, rt., 12 h THF

N j-OMe y :)/4 1) [Pdy(dba)s], 37, Cs,CO5 MeO,C
o Morimoto S > OMe 90°C,6.5h
HO. ) Cl\/g/ strategy S toluene
MeO,C OH 2)NaOH, rt, 24 h

° 20° 40 MeOH (70% yield)

(70% yield) O O

(40% vyield from 40)

Scheme 12: Backy &ynthetic strategy leading to 20z & Oxidation of the unwanted diaster eoisomer obtained
by the reduction step with NaBH 4 provides a reaction intermediate, which in turn could be recycled to improve
the overall yield of 36.
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This long reaction time and the relatively high cost of the enzyme represent the main critic al

aspect of this synthetic strategy. It is obvious that the identification of a new efficient and
economical synthetic strategy to produce 20z could also enable the synthesis of its
derivatives such as 31

In turn, the synthesis of 31would make it possible to confirm both the structure of this THQ
EQEwUI T wEUUDPT 6001 OUw Oi whbUUwWEEUOOUUI wEOGOI PT UU
Moreover, the definition of an effective synthetic plan to obtain 31 and 20zwould lead to an

efficient way to synthesize structural analogs of these molecules, that could be used to
elucidate the relationship between the absolute configuration (and more generally the
structure) of these molecules and their bioactivity. Finally, t he efficient synthesis of 31

would allow the investigation and improvement of its use for the treatment of mMCRCPs.

huél 6+ w#l Ul UOPOEUDPOOWOl WEWYEOPEwW/ T #z Uwx UOI

Considering all the abovementioned fascinating aspects of 31, we defined the
elaboration of an efficient synthetic plan to obtain this molecule as a valid PhD project.
Starting from Chapter 2.1, the retrosynthetic analysis, the synthetic efforts and the
difficulties in obtaining the key intermediates proposed in the first synthetic strategy

developed and the subsequent modifications were summarized.

12



1.3 Diterpenes and Diterpenoids: a diverse class of molecules with multiple

biological activities

1.3.1 A general classification of Diterpenoids focusing on the Oryzalexins category:

Another class of natural compounds characterized by broad biological activity, ranging
from antiviral and antibacterial properties to cytotoxic and antitumor properties, is the class
of diterpenes and diterpenoids 3334,

These two classes of compounds belong to the class of terpenes, natural substances
characterized by the repetition of isoprene units. If the terpene consists of four isoprene
units (20 carbon atoms), it is more precisely defined as a diterpené“. Instead, those
substances that are characterized by a diterpene carbon scaffold with at least one functional
group are defined as diterpenoids. For this reason, diterpenes are often simply "grouped"
into the class of diterpenoids in literature, creating a single category of natural products.
Diterpenoids can in turn be divided into two broad categories: acyclic and cyclic
diterpenoids. The first is characterized by a rather small number of molecules, including
geranylgeraniol (41) and phytol (42), the most abundant acyclic diterpene in nature (see
Figure 1.5)%. The second class of compounds can be divided into mona, di-, tri- and
tetracyclic diterpenes (seeFigure 1.5)%.

Apparently, there is no direct correlation between the polycyclic structure of a diterpenoid
and its bioactivity. For example, (-)-Crinipellin A (43) is a tetracyclic diterpenoid known for
its antibiotic properties 3. However, when it is acetylated at position 9 (see 44, Figure 1.5), it
acquires interesting antitumor properties 3. Similarly, 45 shows interesting cytotoxic
activities, although it belongs to the class of labdanes (a special type of bicyclic
diterpenoids) 3. Very interesting is the biological activity of ferruginol ( 46), a natural
compound belonging to the class of abietanes, a group of tricyclic diterpenoids. Although
46 was only isolated in 1991, it is still the focus of numerous studies due to its various

properties, ranging from antiviral and antitumor to antileishmanial (i.e. antiparasitic and

13



insecticidal) capabilities . Another bicyclic diterpenoid with similar antiparasitic properties

is the bicyclic diterpenoid 47, which, like 45, belongs to the class of labdane¥.

P |

isoprene

Repetition of 4 isoprenic unit lead to a Dlterpene/Diterpenoid

Acyclic Diterpene/Diterpenoid Cyclic Diterpene/Diterpenoid
= Z Z Z ‘
OH
geranylgeraniol 41
M/\* monocyclic bicyclic tricyclic tetracyclic
HO'
phytol 42 OH
= 7 = = OH
Vitamin A
R=Ac, 44
\ H :
o_N R
Y ~ "¢ N >
SV H
> 0 L)
“H R1= Rg= H, R,= OH, R3+R,= O, Rg= H 48

47 Ry+Ry= 0, Rg= OH, Ry= Rg= H, Rs= H 49 54
Ry+R=R4+R4= O, R5=Rs= H 50
R;=R4=R¢= H, R,=Ry= OH, Rg= H 51
Ry= OH, Ry=Ry=R;=R¢= H, Rg= H 52
R,= OH, R1=R3=R,= H, Rg= CH,0H, Rg= H 53

Figure 1.5: Examples of bioactive diterpenes and diterpenoids divided into their main subcategories.

In addition to the abietanes, another class of tricyclic diterpenoids with strong bioactive
properties that has recently attracted great scientific interest is the class of the pimaraneg.
This class (seeFigure 1.5) comprises a large group of natural products with diverse
biological properties; however, its fame is directly linked to the large number of natural
products with antifungal and antimicrobial properties that constitute it. The best known of
these are theoryzalexins A -F (48-53) from Oryza Sativa(commonly known as the rice plant).
Oryzalexins A-F (48-53) are a unique category of pimaranes defined as phytoalexins, i.e.
substances produced de novoby plant organisms under various stress conditions 2. Their
isolation, bioactive properties and elucidation of their structure was achieved by Kodama
et al. between 1983 and 1994. These studies showed thatOryza Sativaexposed to infection
by various fungal species was able to contain the spread of infection by producing
antifungal molecules such as 48-51. Subsequently, Kodama et al. observed that even

14



prolonged exposure of Oryza Sativato UV radiation and heavy metals (such as Hg) could
activate the synthesis of molecules with same properties andsimilar structur eto 48, such as
52 and 53. In this case, however, the production of these metabolites was quite low
compared to the other isolated substances. Among the most concentrated species, Kodama
isolated and characterized a new substance, which he named (+Oryzalexin-S (G4)*.
Interestingly, although it does not share the pimarane scaffold with the other oryzalexins,
54, like them, shows high toxicity to various fungi, including Pyricularia oryzaethe fungus
mainly responsible for rice leaf blast, the most devastating disease among the various
subspecies of rice plantg®. Due to its low bioavailability, no further studies have been
conducted on the biological activity of 54. To further explore the biological properties of 54
and to test its application in the agro-industrial field, the synthesis of this molecule seems
quite attractive. Indeed, 54EOUOE WET wUOUI EwUOwxUOEUET wEWEOOOIT |
produced by the plant) antifungal agent for rice, which is nowadays one of the main food
resources®. Moreover, the synthesis of 54 represents an interesting challenge in the field of
total synthesis due to the structure of the stemarane scaffold of the molecule. The formation
of the D-ring and the introduction of the chiral centers of the molecule in position 11b, 2 and
6a could indeed pose a major challenge. In view of these interesting characteristics, our

research group has been inteested in the synthesis of stemarane derivatives such a$4.

1.3.2 Stemarane diterpenoids, evaluation of an efficient procedure for their synthesis:

Stemarane diterpenes and diterpenoids are a class of fousring diterpenes in which the
bicyclo[3.2.1]octane moiety (C/D rings in Figure 1.6) is directly fused to the A/B bicycle via
C(12) and C(9) (a unique coordination compared to many other types of tetracyclic
diterpenes)*’. Another important feature of these molecules is the syn-orientation between
the methyl group on chiral C(10) and the two carbon substituents of the carbon bridge
between (C)9 and (C)12*. The name of thisclassof molecules comes from the first diterpene
to exhibit the unique framework described above, (+)-stemarin (55), which was first isolated

by Manchand and Blount in 1975. Although the use of infusions and extracts from plants
15



rich in stemarane derivatives (plants from which they were often first isolated) is
widespread in the traditional medicine of Central and South America and Southern Africa,
the biological properties of no other pure stemarane derivative, except 54, have been
explored to our knowledge #'. Driven by the desire to obtain new bioactive molecules and
by the synthetic challenge posed by the scaffold of these diterpenes, several research groups

have attempted to propose efficient synthetic strategies to obtain 55 and its analogs.

(+)-stemarin 55 (+)-stemar-13-ene 56  (+)-18-deoxystemarin 57  (+)-deoxyoryzalexin-S 58

Figure 1.6: Semarane diterpene scaffold and someexamples of stemarane diterpenoids.

The very first example of the synthesis of 55 (albeit as a racemic mixture) was proposed by
Kelly et al. in 1980*. As shown in Scheme 13, the first step of this method involves the
photochemical addition of 1,2-propanediene (an allene) to the tricycloketone (59). This
reaction produces 60, which can yield 62 (a masked ketol) after several transformations. The
latter undergoes a retro-aldol-aldol reaction by acid treatment, which yields the two ketols
63a and 63b in a 3:1 mixture. Of the two ketols, only 63b (the minority product obtained)
has the correct chiral configuration suitable for the formation of the C/D bicycle. Indeed,
after subsequent transformations, 63b leads to the tosyl derivative 64, which in turn
undergoes a rearrangement to form the tetracycle 65. The latter is finally converted to 55 by
epoxidation with meta -chloroperoxybenzoic acid (m-CPBA) and subsequent reduction with
LIAIH 2 as shown in Scheme 13. Inspired by the method proposed by Kelly et al., our
research group succeeded in synthesizing other diterpene derivatives (stemodanes and
aphidicolines) and then devoted itself to improving the method proposed by the Canadian
research group. The synthetic efforts of our research group enable us to stereoselectively
synthesize stemarane diterpenes such as: (+¥termar-13-ene (66), (+)18deoxystemarin

(57)* and (+)-deoxyoryzalexin -S ($8)*°, a structural analog of 54.
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1) LIHDMS, Mel,-10 °C

(78% yield)

(67% yield)
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HCl
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“/oH 1) m-CPBA, : BFyEt,0
EtOH NaCH,SOCH;, 2) Ni-Raney, +
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(63% yield) (73% yield starting from 64)
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1) TBDMSCI, imidazole

Overall yield 98%
63a:63b=3:1

THF 1) 0sOy, NalO,
2) NaHDMS, -78°C, Mel THF/H,0
THF 2) NaBH,, 0 °C
3) ethylen glycol, p-TsOH Et,0/MeOH
toluene PO PO
66 67 P= TBDMS 68 P= TBDMS 69
(78% yield) (57% yield after the three steps) P=H70
HCI,
THF

(99% yield) (55% yield)

Scheme 14: Synthetic strategy achieved by our research group to obtain 58.

Ni-Raney, 60 °C toluene
EtOH 2) (CH,SH),, 0 °C
BF3Et,0

1) p-TsOH, 85 °C

HO

71

(88% yield starting from 68.
endo:exo= 80:20)

As shown in Scheme 1.4 67 was obtained by photochemical addition of allene to 66, a
derivative of (+)-podocarpic acid. Through several modifications, 67 was converted into the
masked ketols mixture of 69 and 70, which in turn led to 71in an 80:20endoexomixture after
acid treatment. This mixture was then efficiently converted to 72. The latter provided the

synthetic target 58 quantitatively by subsequent reductive deoxygenation with Ni -Raney.
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With 58 in hand, our research group designed an efficient synthetic plan to obtain 54. Based
on the preliminary retrosynthetic analysis of Scheme 15, it was decided to use 73 as the

synthetic precursor of 54,

Oxidative cleavage,
reduction,

Synthetic
approach used

(o}
HO, to obtain 58 PO, Robinson anulation o PO, deketallzatlon
:>
H —— \)k +
A —— T 8
HO zH PO z PO =H

(+)-Oryzalexin-S (54) 73 74 75

Stork alkylation

reduction,

reduction of

the aldehyde moiety
Enantioselective

intramolecular condensation

)
conversion Selective le)
catalyzed by amino acid
Flnkelstem ketallzatlon
/
c 81 77
AlkylationH

(@) (0] oo/ Q
+ _ Cl\/\/\)LO' Na*
Br _ a
82 83

84

oxidation

Scheme 15: Retro-synthetic analysis proposed by our research group on 54.

Indeed, the new synthetic target could be easily obtained from 73, structural analog of 66,
used as synthetic precursor in the total synthesis of 58. 73 could be obtained from 75 by
diastereoselective Robinson annulation with 74. In turn, 75 could be obtained by oxidative
cleavage followed by reduction and deketalization of the intermediate 76. Subsequently, we
planned to obtain 76 by subjecting 77 to Stork reductive alkylation followed by reduction of

the aldehyde moiety. Instead, we thought of obtaining 77 by selective ketalization of 785152,
The latter intermediate could be obtained by enantioselective cyclization between a generic
amino acid and the intermediate 79. Subsequent conversion and oxidation of the iodine
derivative 80 could yield 79. 80 could instead be obtained from 81 by the Finkelstein
reaction. The latter could be obtained by alkylation between 82 and 83, which in turn can be
obtained in 3 steps from the commercial 4-chloroethyl butanoate (84). In accordance with
this retro-synthetic plan, our research group has succeeded in developing a first synthetic

strategy for 78 (seeScheme 16). However, two critical problems have been encountered in
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the application of this plan. First, the yield of many reaction steps appears not quantitative
(59% vyield), leading to a significant reduction in the overall reaction yield. Secondly, the use
of natural amino acids (i.e. amino acids with L-configuration at their chiral carbon) in the
intramolecular condensation of 79 unexpectedly led to (R)-78, the corresponding
enantiomer of the desired (S)-78. This curious result seems to be in contrast with the
extensive literature available for this condensation reaction and represents a rare precedent
in the field. This topic will be examined in more detail in the next sectionto better explain

this unexpected synthetic result.

(0] (0] [e] (@]
(@) (0]
1)NaH, rt. 1 h Nal, acetone HMPA/H,0 o IBX, r.t. o
2)83 o reflux for 48 h o 135°C, 2h DMSO -
82 DM Cl g ) OH 85 ° 79
(59% vyield starting from 81) (59% vyield)
%L/Vm
Br 83 (L)-tyrosine, HCIO,4

DMSO
o

.

(o)
(R)-78
(80% vyield, e.e. 86%)

Scheme 16: Synthetic strategy achieved by our research group to obtain 78. Interestingly, the last step led to
(R)-78, the enantiomer of the desired product.
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1.3.3 An overview on the enantioselective cyclization catalyzed by amino acids leading to

bicyclic diketones analogues/8f

The enantioselective intramolecular cyclization which 79 can undergo to generate 78 is
one of the best known and best studied reactions in the literature®. Indeed, this reaction
carried out with analogs of 79 allows the formation of bicyclic diketones (structurally
analogous to 78, seeFigure 1.7) such as the very famous Wieland-Miescher ketone (86), the
diketone 88 and the Swaminathan ketone (90)>4. All these bicyclic systems have been widely
used as chiral building blocks in the synthesis of various natural products, such as steroid
hormones (like estrone or Androsterone), antifungals (like Waburganal and Muzgadial),

anticancer drugs (like Taxol), antibiotics and antibacterical agents (seeFigure 1.7)53%,

Structural analog of % Structural analog of ?/ﬁﬁ
\ (S)-88 /
Qb - %
Qﬁ BeOL

Adrenosterone Estrone Albicanol (+)-55
(pesticide) antifungal
and antiviral

CO,Me

Bioactive molecule
synthesized starting
from 86, 88 and 90

Warbuganal Muzigadial Puctatin A Ca/ycmme
(antibiotic) (antitumoral)

BzHN

Z f o
HO 0Bz OAc
Taxol Variecolin
(immunosupressor)

Figure 1.7:86, 88 and 90, famous analogs of 78 used as chiral building block to synthesize several bioactive
molecules.
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[0)

(CzH5)z\\N+/
I . (¢) (0] NaOCH3 180 °C 1) (L)-proline (3 mol%), 20 h
CHsCOz dry DMF
o 2) p-TsOH, o

92 93 (R/S)-88 (50% yield) benzene

(S)-88 (>99% yield, e.e. 94.9% )
o)

(C2H5)2¢N+/ ) (L)-proline (30 mol%), 22 h
r o O NaOCH, 180 °C % dry DMF
+
T NaNH,
2 2) p-TsOH, o
0

benzene
92 82 (R/S)-86 (70% yield) (S)-86 (>99% yield, e.e. >99% )

(L)-proline (47 mol%),

HCIO, 1N, 22 h
CHiCN o

(S)-88 (86.6% yield, e.e. 84%)

(L)-proline (47 mol%),

__HCIO4 1N, 22h

CH4CN o

(S)-86 (83% yield, e.e. 71%)

Scheme 1.7: a) Initial condition proposed by Wieland and Miescher to synthesize 88 and 86 (obtained as
racemic mixture. b) Hajos and Parish enantioselective condition to synthesize (S)}88 and (S)-86. ¢) SauerEder-
Wiechert enantioselective condition to synthesize (S)-88 and (S)-86.

The first studies to obtain 88 and its analogs date back to 1950, when Peter Wieland and Karl
Miescher synthesized this molecule with an overall yield of 50% starting from the amine 92
and the diketone 93 (seeScheme 1.7a). The same method was also used for the synthesis of
86, which was obtained in a higher yield than 88 (about 70%, Scheme 1.7a). In both cases,
however, 86 and 88 were obtained as racemic mixtures®. It was not until the early 1970s that
Eder et al. and Hajos et al. succeeded in selectively obtaining(S)-88 and (S)-86 in excellent
yield (see Scheme 1.7b-c)%8%°, To achieve this result, both research groups used(L)-proline
as a catalyst. For the first time in history, a small organic molecule was used as a catalyst
that could perfectly control the stereochemistry of the reaction and increase the yield of the
products obtained. This was the birth of what is now known as "organocatalysis".

However, the brilliant discovery of the two groups of researchers was not properly
recognized until the beginning of the 21t century, when the work of MacMillan and List
(2021 Nobel Prize winners in Chemistry) showed the effectiveness and great versatility of
organocatalysis®®s: Among the plausible reasons why organocatalysis was abandoned
despite the excellent results of Hajos and Eder, the lack of a plausible mechanistic

explanation for the observed catalysis is certainly the most important.
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Indeed, several mechanistic models have been proposed over the years, but none appeared
to be sufficiently convincing 263, The first of these models, proposed by Hajos and Parrish,
assumes the formation of a carbinolamine intermediate between the proline and the starting
triketone (see A, Figure 1.8). Although this model could explain the incorporation of O
into the products when the reaction was carried out in H 2018, it was discarded several years

later because it involved the retention of the configuration in an S ~2-like process.

A C D

B
o] 0]
0
o o e O
HO N EREAN HZA 0O-H-O
NH* 0,6 \H,,o /’ <‘O }l H
Q'”Coz' NH* 9 +HN'H éi
Q"'COZ_ m
(0]

Figure 1.8: Graphic representation of the various mechanistic models proposed for amino acid catalysis in the
cyclization of 89. A) Carbinol -amine mechanism; B)Bimolecular acid -base catalysis mechanism; CAcid-base
catalysis mechanism provided by a single molecule of amino acid; D) Houk mechanism.

As an alternative, a bimolecular mechanism was proposed in which a proline molecule
interacts with the substrate to form an enamine that reacts with one of the two activated
carbonyl functions of triketone under acid -base catalysis by a second proline moleule (see
B, Figure 1.8)%. This model was long considered one of the most widely accepted until 2001,
when Houk et al. proposed a hew mechanism supported by solid quantum mechanical
calculations (see D,Figure 1.8)%4. According to this mechanism, the amino acid would form
an imine with the acyclic carbonyl of the starting triketone, which could then convert to
enamine (due to the natural equilibrium between imine and enamine) and attack as a
nucleophile one of the two cyclic carbonyls of the substratef?4. Finally, the subsequent
hydrolysis of the catalyst would lead to the final formation of the reaction product. The
enantioselection observed in this mechanism is due to the formation of a hydrogen bond
between the carboxyl group of the proline and the carbonyl, which undergoes cyclization

N~ A A o N A~y A~

PT 1 OwUO0T 1 wi OEOPOI WEUOEBEDYwBUL®OUIWD @ GupEU EEM®IUW E U I
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catalyst-substrate. This binding allows only one of the two prochiral faces of the molecule

to react with the enamine, favoring the formation of a single enantiomer 6264,

When natural amino acids (which have an L or S configuration of the chiral center) are used
under the cyclization conditions of Hajos or Eder et al. the condensation products of the
structural analogs of 86 and 88 (such as78) are generally obtained with S configuration (see
Scheme 1.7-c)%.

The cyclization of 79 carried out under the same conditions yields the bicyclic product 78,
in which the configuration of the chiral center is inverted respect that of 88 and 86 (see
Scheme 1.83). To our knowledge, only two other examples of similar inversions are known

in the literature.

(L)-amino acid,

HCIO4 1M, 90 °C
—_—
o DMSO
OH
NS o
O 79 07 7¢
b [
0 o
(L)-proline (30 mol%), r.t. (L)-methionine (1.0 equiv.), :
one” o CH,CI HCIO, 1M (0.5 equiv.), 90 °C ‘@
DMSO o
94 (R) 95 (94% yield, e.e. 43%) (R)-97 (99% vield, e.e. 53%)

Obtained with (L)-amino acids

o o)
or
(0] O

(S)-86 (S)-88

Scheme 1.8 Rare examples of enantioselective condensation affording (R)-diketone analog of 87 using (L)-
amino acids. a) Reaction conditions affording (R)-78. b) Reaction conditions affording (R)-95. ¢) Reaction
conditions affording (R)-97.

The first, reported by Hayashi et al. concerns the cyclization of diketoaldehyde 94 under the
reaction conditions shown in Scheme 1.80%. The second, reported by Inomata et al.,
concerns the cyclization of 96 with HCIO 4 and (L)-methionine in DMSO to form the bicyclic

97 (Scheme 1.8¢c), a derivative of Swaminathan ketone (90)%¢¢7. Although 97, 95 and 78 are

bicyclic analogs of the Wieland-Miescher ketones, no obvious correlation between these
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products is observed or can explain the featured inversion of enantioselection of these
molecules. Intrigued by this unexplored aspect of the cyclization of 79, we decided to

investigate various aspects of the formation of 78.

1.34 Definition of a second goal for the PhD project described in this thesis:

Since we are still very interested in the synthesis of 54 for the reason stated in the above
subchapter, we decided to overcome the synthetic difficulties encountered (seeScheme 1.5
by developing a new synthesis plan for 78. Moreover, due to the clear inversion of the
enantioselection observed in the reaction leading to 78, we decided to investigate this
intramolecular condensation in more detail. Thus, the synthesis of 78 and the investigation
of the intramolecular condensation of 79 were defined as the second main goal for my PhD

project.
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2.1 Retro-synthetic analysis of Malaym ycin and 1st synthetic strategy

proposed for intermediate 105

This chapter details the retro-synthetic analysis of synthetic target 31 and the initial

synthetic approach to obtain 105, the first key intermediate in the total synthesis of

Malaym ycin.

(s) Acylatlon NHHCI
(S)
OH

Nitration and
elimination
with Adam's catalyst

(0]

M Oxidation M Acylation ﬁ/\H\

107

Wittig H

Ho\/\B" M Alkylation /\H\ Q Methylatlon
P*Phy —_— Br
oM OMe
108 109

110 11

e

Scheme 2.1:Retro-synthetic analysis of 31

deoxygenation
Acylallon yg y
\
OH

Fiedel-Crafts
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HOK
OH
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Oxidation and
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O
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Stereoselective
alogenation

enantioselective
Aza-MichaeI \

As shown in Scheme 2.1, we aimed to obtain 31 by the acylation between 2-amino-3-

hydroxy cyclopent-2-enone hydrochloride ( 99) and 100, the corresponding acetic anhydride

of the unnatural enantiomer of virantmycin 6. While 99 can be easily obtained from 98 as

described in the literature 6, 100could be obtained by synthesizing the key intermediate | Y z

The key role of 103 is easily understood, as it could provide 102 through an enantioselective
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aza-Michael addition that generates the first chiral center of 31 This chiral center can be
utilized in a subsequent chlorination reaction to stereo -selectively generate a single isomer
of compound 101 This isomer can then provide compound | Y through reductive
deoxygenation and oxidation of the ketone and hydroxylic moiety, respectively . In addition,
103 could be readily obtained by a Friedel-Crafts acylation between 104 and 105. The latter
can be easily synthesized by acylation from 106. We planned to obtain the Iatter
intermediate from the commercially available hydroxyacetone (112), from which 111 could
be obtained by direct methylation. Subsequently, 111 could lead to 109 via direct alkylation
with 110, an intermediate described in the literature 7°. 107 could instead be obtained by a
Wittig reaction between 108, which is commercially available, and the synthesized product
109. Finally, oxidation and subsequent acylation of 107 could readily afford the desired key
intermediate 105.

In the context of the retro-synthetic analysis just developed, the main critical points we need
to focus on are the synthesis 0f103 and its conversion to 102, the subsequent stereoselective
conversion of 102 to 101, and the synthesis of 105. The priority is certainly on the last
intermediate, since the first two depend on it. Based on the retrosynthetic analysis

performed, we have proposed the following synthe tic plan for 105 (seeScheme 2.9.
o NaH o  1)n-BuLi,TMEDA, -78 °C

: o)

Hk Mel, rt. Hk 2) 110, -78 °C then r.t. P
Et,0 dry THF

OH OMe OMe

112 111 109

_ BPO (10 mol%), P 1) 1012, LDA, 0 °C
60 °C, 4 h Br 2) 0 °C then rit.
dry THF

[
13 CCly 110 (60% yield)
0 o)
Cl HO
P SOCI,, reflux PCC, r.t. HO
- = - =
toluene CH,Cl,
OMe OMe OMe
105 106 107

Scheme 2.2: Synthetic plan outlined for 105.
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2.2 Results of the first synthetic plan outlined for 105

2.2.1 Methylation attempgof 112 and improvement of the synthetic plan outlined

0 NaH (1.2 equiv.), 0
E (1.5 equiv.), _
T(C),1h
OH Solvent OX
112 111, X= Me
114, X=Bn
Entry Solvent T (°C) E Alkylating agent % yield 111/114
1 Et-0 r.t. Mel Complex mixture
2 THF r.t. Mel Complex mixture
3 THF/Et20 (2:1) r.t. Mel Complex mixture
4 THF/Et20 (2:1) 40 Mel Complex mixture
5 THF/Et20 (2:1) 40 BnBr 6% vyield (NMR estimation)

Table 2.1: Methylation attempts on 112.

The first step of the proposed synthetic strategy is the methylation of 112. Initially, this
reaction was carried out in anhydrous Et-0 under the conditions given in Table 2.1 (entry
1). Unexpectedly, as shown, the expected product111 was not obtained. Subsequently, the
reaction was carried out either in THF (entry 2) or in a mixture of THF and Et 20 (entry 3),
yielding a complex mixture of products as in entry 1. These results were initially attributed
to the poor solubility of the sodium salt of 112 in the solvents used. To overcome this
disadvantage, the reaction temperature was increased up to 40 °C (entry 4). Again, a
complex mixture of products was observed. Interestingly, when a less volatile alkylating
agent such as BnBr was used, it was possile to detect the formation of the corresponding
product 114 (yield < 10%) in the reaction crude. The poor results combined with the known
E E b O b UhgduoxYKetan¥s to self-condense in alkaline solutions in the absence of other
reagents’t, led us to hypothesize that the spontaneously self-condensation of 112 is the

preferred reaction pathway under the reaction conditions used.
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To overcome this new drawback, the originally reported synthesis plan was modified. As

shown in Scheme 2.3 we planned to protect 112 first and use the corresponding product
115in the following alkylation step with  110.

Using the reaction conditions described in Scheme 23, 115was easily obtained with a yield
of 98%. With this first intermediate in hand, we focused on the synthesis of 110. This
intermediate was also synthesized under the reaction conditions given in Scheme 22 with

a yield of 60%.

O Imidazole (2.2 equiv.), 0 1) n-BuLi,TMEDA, -78 °C 0
H{ TBDMSCI (1.0 euiv), )k\ 2) 110, -78 °C then rt. M
0°Cthenrt., 1h dry THF
OH ey OTBDMS OTBDMS
112 115 (98% yield) 116
1) TBAF, THF

2) NaH, Mel, THF

1) 108, LDA, 0 °C o
< PcCrt. 0 °C then r.t. =
T oHCl, dry THF OM

e

109
SOCly, reflux
toluene
(0]
Cl
=

OMe

105

Scheme 23: Updated gnthetic strategy fot05.
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2.2.2 Model alkylation betwedii5 and BnBr

o 1) n-BuLi,TMEDA, -78 °C, t (min), Br o
2) BnBr (1.2 equiv.), -78 °C for 3h )Vph or or O
thenr.t. 16 h Ph OTBDMS 3 AU
OTBDMS drv THF
ry OTBDMS
115 117 118 118"
Entry t deprotonation time % Yield of 1172 % Yield of 118 % Yield of 1187
(min)

1 20 80
2 40 78
3 80 43
4 160 - - 26

Table 2.2: Model alkylation reaction of 115. a) The yield for this compound was calculated by referring to BnBr
aslimiting agent.

To verify the applicability of 115 in the proposed synthetic strategy, its reactivity was
investigated by an alkylation model reaction with BnBr. Table 2.2 summarizes the
experimental results obtained. As shown in entries 1 and 2, the desired product 118 was not
obtained. Strangely, compound 117 (BnBr self-condensation product) was obtained at its
place. These surprising results could be due to the deprotonation time of the tested
experimental condition. After 20 minutes, a large amount of n-BuLi has probably not yet
reacted with 115, leading to competition between the acid protons of the starting material
and those of BnBr. The anion species of the formed BnBr could then react with the remaining
electrophile to produce 117.

Therefore, several tests were performed by increasing the deprotonation times (entries 3
and 4). Although 117 was not isolated under the experimental conditions of entry 4, the data
collected are equally surprising. In fact, only 1huUixas isolated by flash chromatographic
purification between the two expected reaction products.

The regioselectivity shown in the alkylation of 115 is probably justified by the electronic
stabilization provided by the inductive effect of the oxygen of the OTBDMS group in

position 3. Even if the reaction conditions are favorable for the formation of the kinetic
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enolate of 115, the high stability of the thermodynamic enolate shifts the equilibrium
towards the exclusive formation of the latter, giving the corresponding alkylation product
118z Based on the results obtained with this model reaction, the originally proposed

synthetic plan had to be modified.

2.3Design of a new syntheti ¢ plan to obtain 128 a synthetic equivalent of 105

2.3.1Synthetic plandesigned fot28 and epoxidering openinginvestigation

1) n-BuLi, TMEDA, DMAP (5 mol%), p-TsOH (4 mol%),
Hk -78°C,17 h M NEts, M IBX M ethylen glycol,
2) MgBr,, 120, 0 °C, 2h TBDPhSICI DMSO trimethylorthofotmate

o
OH dry E4,O OH OH DCM OTBDPhS OH OTBDPhS O OTBDPhg
119 121 122 123 124
o) 1) OsO4 (5 mol%), pyridine,
[ NalO,4 THF/H,0
120 2)108,LDA at0 °C
thenrt., 16 h
dry THF
I *PPhy o]
126 cl HO 1) Acid solution in THF  Ho
1) PCC, DCM 2) 126, NaH, -20°C
‘ 2) SOCl,, reflux ‘ thenrt., 16 h o)
OTBDPhS toluene OTBDPhS dry THF OTBDPhg /
128 127 125

Scheme 24: New synthetic plan designed to obtain 128, a suitable synthetic equivalent of 105.

With the idea of circumventing the synthetic obstacles encountered so far, a new
synthetic plan was developed using 2-methyl -2-propen-1-ol (119) as new starting material
(seeScheme 2.4. As shown in Scheme 2.4 we planned to react 119 with (£) -propylene oxide
(120) to generatediol 121, which could then be selectively protected at the primary position
to afford 122. The latter intermediate could be oxidized with IBX to generate the ketone 123.
123 could be protected as an acetal to givel24, which by subsequent oxidative cleavage and
Wittig reaction with 108 would give 125. 127 could be obtained by selective deprotection of
125 in a slightly acidic medium followed by a Wittig reaction with  126. Then by oxidation
with PCC and acylation with SOCI 2 we could obtain 128. This last intermediate represents

an excellent synthetic equivalent of 105, which is also suitable for the strategy described in
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Scheme 2.2 With this new plan, we began to investigate the first proposed step: the opening
of the epoxide ring of 120.

Harrity et al. achieved excellent results in the synthesis of 1,5diols starting from substituted
epoxide systems and organomagnesium nucleophiles?. Inspired by these results, we

decided to obtain 121 under the conditions described in Scheme 25a.

a
HJ\ 1) n-BuLi, TMEDA, -78 °C then rt,, 17 h _ %L 3)120,0°C, 2 h M
2) MgBr, 0 °C, 45 min MgBr dry Et,0
OH dry Et,0 OMgBr OH OH
119 121

b

1) n-BuLi, TMEDA,

.78 °C then r.t., 17 h _ 2)120,-78°C, 2 h

dry Et,0 Li dry Et,0
OH OLi OH OH
119 121

Scheme 25: a) First synthetic approach proposed for 121. b) Second synthetic approach proposed for 121.

Unfortunately, the various experiments led exclusively to a complex mixture of products.
Therefore, we modified this first approach by using the lithium dianion of compound 119,
as shown in Scheme 25b.

The desired compound 121 was obtained under the reported conditions, as shown by the
preliminary GC -MS analysis of the crude reactioninjected without preliminary micro-scale
purification (seeFigure 2.1). The observed fragmentations with m/z equal to 112 97, 71 are
compatible with the major fragments expected from 121. However, after the aqueous work -
up of the reaction crude, only trace amounts of product 121 were obtained. It was
hypothesized that the desired product might not be efficiently extracted into the organic
phase due to its high hydrophilicity. To verify this hypothesis, a micro -scale purification (or
a micro work -up) was performed on the sample of the reaction crude previously isolated

for GC-MS analysis, followed by a second analysis. The absence of the signal with the
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fragmentation pattern described in Figure 2.1 confirmed the hypothesis previously

reported.

a1 il i} R O B0 110

Figure 2.1: Mass spectrum on the crude 1,5-diol formation attributable to 121.

To overcome the low lipophilicity of 121, we planned to perform the opening of the epoxy
ring and the protection step sequentially in a one-pot approach. No similar approach can be
found in the literature. However, some papers report the possibility of selectively increasing
the reactivity of the primary alcohol functions of different diols by using cataly tic amounts
of DMAP in DMF or in a mixture of the latter and another solvent 7374 Inspired by these
works, we outlined some initial reaction conditions that were subsequently optimized. The
synthetic efforts we made to achieve this goal are summarized in Table 2.3.

Under the conditions indicated in entry 1, the expected product was selectively obtained,
albeit with a low yield (9%). The actual formation of 122 is confirmed by its H-NMR
spectrum (seeFigure 2.2), in which the most important characteristic signals of the molecule
such as those of the protecting group (singlet at 1.09 ppm and multiplets of the aromatic
protons at 7.70 and 7.41 ppm), those of the protons on C(1) (doublet at 1.17 ppm) and the
signal of the proton on the chiral C(2) (sextet at 3.77 ppm) can be recognized. Further
confirmation of the structure of 122 is provided by the correlations of the COSY spectrum.
As can be seen inFigure 2.3a, the correlation between the protons around 5 ppm and the
protons at 4.14 ppm (circled in blue) is directly related to the correlation between the

hydrogen nuclei of the CH.OTBDMS moiety and those of C(6).
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1) n-BuLi (2.2 equiv.),

TMEDA (2.2 equiv.), 3) A (equiv.), .
Hk -78 °C, 17 h M M B (equiv) , 2 !
- or Et,O/Y dry 4
OH 2) 120 (X equiv.), OLi OLi O, O OX OH
-78°C,2h Li
119 dry Et,0 19' 122, X= TBDPhSi
122', X= TBDMSi
129, X= Me
Entry | 118(equiv.) A additive (equiv.) B electrophile (equiv.) Y co-solvent (Et20:Y)  Yield (%)
1 1 DMAP (0.04) TBDPhSICI (10) DMF (1:1) 122 (9)
2 1 DMAP (0.04) TBDMSICI (1.0) DMF (1:1) 1227(15)
3 1 - TBDMSICI (1.0) DMF (1:1) 1227(14)
4 1 DMAP (0.04) TBDMSICI (1.0) - 1227(13)
5 3 - TBDMSICI (1.5) - 1227(18)
6 3 HMPA (2.2) TBDMSICI (1.5) - 1227(30)
7 3 HMPA (2.2) TBDPhSICI (1.5) - 122 (10)
8 3 HMPA (2.2) Mel (2.0) - 129 (8)

Table 2.3: Optimization of the one -pot reaction proposed for 122, 122zand 129.

(]
6
() 4 2 -1
o 5 3
Ph o H OH
(] S~
[ o
\ 122
) Ph
] (]
(] (] [ )
M A ; L
3 $ & 5 S d b v S
- < o S S o = n S o
< o o — o~ — o~ o~ (2] (<))
78 7.7 7.6 7.5 7.4 7352 51 50 49 44 43 42 3.8 3.7 22 21 2.0 1.51.2 1.1 1.0

f1 (ppm)

Figure 2.2: 1H-NMR spectrum (CDCls) with signal s assignment for 122. The most characteristic signak are
those of the protecting group (blu e and green), those d C(1) (grey) and that of the proton on the chiral carbon
of 122 (purple).
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The connectivity of the hydrogen nuclei on adjacent carbons 1, 2 and 3, on the other hand,
Is made clear by the correlation between the multiplets at 3.77 and 1.55 ppm and the doublet
at 1.17 ppm (circled in yellow). Finally, the connectivity between the hydrogen nuclei on
adjacent carbons 3 and 4s shown by the correlation between the multiplets at 1.55 and 2.10
ppm (circled in green). Furthermore, the spatial correlation shown in the NOESY spectrum
between the aromatic signals of the protecting group (7.73 ppm) and the signal of the
protons of the CH.OTBDMS group (4.16 ppm) confirms the effective selective protection of

the primary position (see Figure 2.3b).
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Figure 2.3:a) COSY spectrum of122 in CDCls. The different correlations between the signals assigned in the
IH-NMR spectrum were marked with different colors. b) NOESY spectrum of 122 in CDCls. The low
correlation between the phenyl groups of the protecting moiety and the CH :2OTBDMS moiety of 122 confirms
the actual protection of the primary hydroxyl function.
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A second experiment was carried out using TBDMSCI as protecting group (entry 2, Table
2.3). Again, the desired product was obtained with a modest yield of 15%. In general, the
protection of an alcohol function with silicon protecting groups such as the two used
proceeds through a Si2 mechanism, which is typically sensitive to steric hindrance effects’.
Assuming that the Sn2 mechanism also works under the reaction conditions used, the
greater steric hindrance of TBDPh3CI compared to TBDMSICI justifies the modest but
significant increase in yield between these two protecting groups. Here too, the formation
of product 122zwas verified by NMR spectroscopy. As with 122, the characteristic signals
of the protecting group (the two singlets at 0.9 and 0.06 ppm), the signal of the proton of the
chiral C(2) (sextet at 3.81 ppm) and the signal of the methyl in position 1 (doublet at 1.19
ppm) were also observed in the 'H-NMR spectrum of 1227 (seeFigure 2.4a). Furthermore,
the COSY spectrum of 122zcan clearly confirm the structure of the molecule as in the case
of 122. However, in the case of 122z the direct correlation between the signal of the
protecting group (0.9 ppm) and the signal of one of the two protons of C(6) (4.84 ppm) in
the COSY spectrum is sufficient to prove the exclusive protection of the primary position
(seeFigure 2.4b).

It was then decided to investigate the actual necessity of using catalytic amounts of DMAP
in DMF/Et 20 to increase the reactivity of the primary alcohol function compared to the
secondary one. As entries 3 and 4 show, both the use of DMAP and DMF appear to be
irrelevant for the regioselectivity of the protection step, with 122z again being the only
reaction product obtained. The exclusive reactivity of the primary alcohol function and the
lower reaction yield could be due to the combination of two different effects. Firstly, to steric
hindrance by the protecting group (whose role has already been adequately explained),
secondly, to the formation of either tight ion pairs or a chelate system between the hydroxyl
groups of 119z and the lithium counterion in solution (see reaction scheme in Table 2.3),
which could shield the negative charge of the hydroxyl functions, drastically limiting their

reactivity towards a generic electrophile.
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Figure 2.4: a) tH-NMR spectrum (CDCIls) with signals assignments for 122z The most characteristics signals
are those of the protecting group (blue and green), those of C(1) (grey) and that of the proton of the chiral

carbon of 122z(purple). b) COSY spectrum of 122zin CDCls. The correlation between the protecting group and

the protons of C(6) (green), confirms the actual protection of the primary hydroxylic function.

To support the proposed hypothesis and optimize the reaction conditions, we decided to
add a cation scavenger such as HMPA to the reaction and compare the reactivity of the
nucleophile towards both TBDMSiCl and TBDPhSCI under these new conditions (see
entries 6 and 7, Table 2.3). In both cases, only the protection of the primary alcohol was

observed. However, the combined use of TBDMSICI| and HMPA (entry 6, Table 2.3) resulted

in a significant increase in reactivity compared to the previous reaction conditions, as shown

by the reported yield of 30% (entry 6).
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The results shown have not only confirmed the hypotheses stated above but have also led
us to carry out a further reaction test to improve the proposed synthetic strategy. Namely,
we thought of using the described one-pot method to introduce the methyl function of target
105 earlier in the synthesis, thus shortening the total number of steps compared to the
previous approach described in Scheme 24. Using the reaction conditions given in entry 8,
we then performed a reaction test with Mel and HMPA to obtain product 129.
Unfortunately, the desired product was obtained in low yield (about 8%). This result could
be attributed to the distinct molecular weights and consequently the differing volatilities of
122 122 and 129 Although the intermediate 119zcan react more efficiently with Mel than
with TBDMSICI (since Mel is a lesshindered electrophile than silyl chloride ) it is possible
that 129 is volatile enough to evaporate with the solvent, leading to the observed drastic
reduction in reaction yield. Unfortunately, the results obtained did not allow us to optimize
the synthetic strategy as intended. Moreover, since only small amounts of 122 were
obtained, it was necessary to replace 122 with its synthetic equivalent 122 The new
synthetic strategy is described in Scheme 26. With the alcohol 122%in hand, we decided to
focus on the subsequent reaction steps, as we considered the modest result obtained with

the conditions given in entry 6 of Table 2.3to be more than acceptable

1) n-BuLi, TMEDA, -78 °C then r.t., 17 h p-TsOH (4 mol%)
2) 120, -78 °C, 2 h then rt. IBX ethylen glycol,
3) HMPA 30 min DMSO trimethylorthofotmate (0]
OH 4) TBDMSCI, rt., 6 h OTBDMS OH OTBDMS O otBoMS |
19 dry Et,0 122' 130 131
Q 1) OsOy4 (5 mol%), pyridine,

NalO4, THF/H,0
otsoms P 2)108, LDA, 0 °C

then 132 r.t., 16 h

132
o dry THF

HO
cl HO 1) Acid solution in THF  HOo
OTBDMS O 1) PCC, DCM 2) 126, NaH, -20°C, /J\/X
‘ 2) SOCljy, reflux ‘ then 134 r.t., 16 h 9 0
134 OTBDMS toluene OTBDMS dry THF OTBDMS\

136 135 133

Scheme 26: New synthetic approach proposed for 136, a synthetic equivalent of 128.

Although the use of better cation scavengers such as crown ethers {2-crown -4, for example)

could lead to further optimization of the reaction yield, given the high cost of the latter
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combined with the need to study the efficiency of the proposed subsequent reaction steps,
we considered the synthetic procedure of 122z7asoptimized and focused on its oxidation to
obtain 130 The studies carried out to optimize the synthesis of 130 are detailed in the

following section.

2.3.2 Oxidation of the secondary alcoh?®and acetalization df30:

IBX is a cheapand well -known oxidizing agent that is easy to synthesizeand can oxidize
primary and secondary alcohols to aldehydes and ketones’®’”. Due to its great versatility,
we decided to use this oxidizing agent in a model reaction with 122 (see entries 1 and7 in
Table 2.3). As shown in Scheme 27a, 124 was obtained in about 75% yield under the
reported reaction conditions. The formation of product 124 is mainly evidenced by the
disappearance of the sextet at 3.77 ppm in théH-NMR spectrum, which refers to the proton
of the chiral C(2) of the starting material (see Figure 2.5). As can be seen inFigure 2.5, the
signals of the protons of methylene C(3) and C(4) shift to lower field values and assume a
more defined multiplicity. The doublet at 1.17 ppm relative to the protons of C(1) also shifts
to lower field values and takes on a different multiplicity, shifting from a doublet to a singlet

as it no longer has protons to couple with.

a IBX (2.2 equiv.),
rt., 1h

DMSO
OTBDPhS OH OTBDPhS O

122 123
(75% yield by NMR)

IBX (2.2 equiv.),
rt., 1h

OTBDMS OH DMSO OTBDMS O

122' 130
(24% vyield )

Scheme 2.7:a) Oxidation of 122 to 123 with IBX. b) Oxidation of 122zto 130 with IBX .
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Figure 2.5: Comparison between the 1H-NMR spectra of 122 and 123 in CDCls. The shift of the signals of the
molecular scaffold is represented by different colors for each signal.

Based on the result just described, we decided toapply the same conditions for 122z
Surprisingly, as shown in Scheme 27b, the expected product 130 was obtained, albeit in a
much lower yield than 123 (75% vs 24% respectively) Again, the effective formation of
product 130is mainly confirmed by the disappearance of the sextet at 3.81 ppm, which refers
to the proton of the chiral C(2) of the starting material (see Figure 2.6). As can be seen in
Figure 2.6, the proton signals of C(1), C(3) and C(4) shift to lower field values and take on
different multiplicities, exactly as observed for 123 In particular, the signal of the two
methylene C(3) and C(4) shifts from a complex multiplet to a simpler triplet. Instead, the
signal of the protons of C(1) shifts from a doublet to a singlet, as there are no more protons
to couple with. This interesting yield discrepancy between 123 and 130was attributed to the
different protect ing group used in the first reaction step. Namely, it is possible that 130is a
much more volatile compound than 123 due to its lower molecular weight. It is therefore
possible that a large portion of 130 is removed together with the traces of high-boiling

solvent (DMSO) during th e concentration step of the sample.
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Figure 2.6: Comparison between the 1H-NMR spectra of 122zand 130in CDCls. The shift of the signals of the
molecular scaffold is represented by different colors for each signal.

To overcome operational difficulties without performing complicated distillations, we

opted for DMP, an oxidizing agent that performs its function via the same mechanism as
IBX"" but, unlike IBX, can be dissolved in low -boiling solvents such as DCM787, Using
freshly prepared DMP & under the reaction conditions of Scheme 28, product 128 was

obtained in an excellent yield of 93%, allowing us to proceed to the next reaction step.

DMP (2.5 equiv.),
rt., 3h
OTBDMS OH DCM OTBDMS O

122" 130
(93% yield)

Scheme 2.8:Oxidation of 122zto 130 with DMP.

Generally, a carbonyl group is protected as 1,3dioxolane in the presence of a drying agent
(e.g., an orthoformate), ethylene glycol as a solvent, and a catalytic amount of an acid such
as p-toluenesulfonic acid (p-TsOH)8%. Although silicon protecting groups such as TMS, TES
or TBDMS are sensitive to acidic environments, several syntheses of 1,3lioxolanes with
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these functional groups have been described in the literature under these reaction
conditions®. Therefore, we decided to apply these "classical" reaction conditions for the
protection of 130. The formation of the expected product 131was confirmed by the multiplet
around 4 ppm, which was assigned to the dioxolane moiety of the molecule in the *H-NMR
spectrum (Figure 2.7). However, as indicated in entry 1 of Table 2.4, the observed yield was
not remarkable (only 38%). Unfortunately, even when a small percentage of p-TsOH acid (4
mol%) is used, an undesired cleavage of the SiO bond of the protected hydroxyl function
of 130 occurs, resulting in 137 (product identified by *H-NMR), the unprotected derivative
of 131 (seeTable 2.4). However, an accurate quantification of 137 to determine its reaction
yield was impossible due to its partial solubility in water and its high volatility. To optimize
the conversion of 130to 131, it was decided to reduce the amount of acid used (from 4 to 2
mol%), as shown in entry 2. This time, although about 20% of the starting material was
recovered, only 26% of 131 was formed. Again, it was not possible to accurately estimate

the amount of 137 obtained.

S o ©
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Figure 2.7:1H-NMR spectrum of 131in CDCls. The characteristics signals are shown with different colors (blue
for the 1,3-dioxolan moiety, green for the CH :20TBDMS moiety.
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p-TsOH (X mol%),
trimethy orthoformate (1.0 equiv.), + o "o
-/

OTBDMS O  ethylene glycol (11.0 equiv.), rt, 1h OTBDIVlg\_/o OH
130 dry Y 131 137
Entry mol% of p-TsOH Y solvent (2 mmol of 130for 10 mL) % Yield of 131 Product 137
1 4 - 38 trace2
2 2 - 26 trace2
3 4 Et:O 43 -
4 2 Et-0 75 -

Table 2.4: Optimization of the protection condition of 131 a) It is impossible to define an exact yield due to
the volatility and water solubility of 137.

However, it is unlikely that by reducing the amount of acid used, the unwanted product
137 would be obtained in greater quantities than in the previous experiment. To rule out
operator error, the reaction was repeated several times under the same conditions as in
entries 1 and 2. However, the results obtained were rather contradictory. This non -
reproducibility of the experimental data is probably due to the low solubility of the starting
material in glycol. If the ketone 130 is not properly dissolved by the glycol, it will react
irregularly each time, leading to non -reproducible results. To solve this problem, we
decided to add the glycol to a solution of 130in dry Et20. The use of the solvent not only
led to reproducible results, but in combination with a lower amount of acid (see Entry 4,
Table 2.4) showed an improvement in reaction yield (from 38 to 75%). After achieving this
promising result, we focused on the subsequent step of oxidative cleavage of the double

bond.
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2.3.3 Oxidative cleavage 11, Wittig reaction d 132 anddioxolane cleavage 1i33:

Carbon-carbon double bonds are usually converted to their respective ketones or
aldehydes by oxidative cleavage reaction. Generally, these reactionscould be performed
under different reaction conditions in the presence of different types of catalysts, such as:
MnO4, RuOs, OsQs, ozone, iron complexes, eté. The bestknown cleavage reaction is
certainly the LemieuxtJohnson oxidation, in which catalytic amounts of OsO 4 are used in
the presence of an excess of Nal@to cleave the carboncarbon double bond of an alkene.
This type of oxidative cleavage is often performed under mild and slightly basic reaction
conditions (by addition of pyridine or 2,6 -lutidine), which makes it compatible with groups

that are sensitive to an acidic environment, such as silyl ethers and 1,3dioxolanes8*>,

O
0s0O4 5% in H,O (10 mol%),
o pyridine (2.0 equiv.), _
oTBOMS | NalO, (5.0 equiv.), rt, 72 h oteoms, P

(77% yield)

Scheme 2.9:Oxidative cleavage of 131.

Since these groups are present on the intermediatel31, we decided to obtain 132 using this

method. Inspired by the various examples described in the literature, we established some

initial reaction conditions. As shown in  Scheme 29, under these conditions we obtain the

desired product 132 with a good yield (77%). The effective formation of 132 is shown in the

13C-NMR spectrum by the disappearance of the peak of the double bond of 131 at 148.50

ppm and by the simultaneous formation of the peak of the newly formed ketone at 210.78

ppm (seeFigure 2.8a). At the same time, the complete disappearance of the singles of the
UOUEUUUEUI EwUauUUl OWEUwWk wx x OWEOGEwWUT 1 wUT BT Owol
the protecting group (from 4.08 to 4.18 ppm) to higher ppm is observed in the 'H-NMR

spectrum (seeFigure 2.8b).

43



210.78

235 230 225 220 215 210 205 200 195 190 185 180 175 170 165 160 155 150 145 140 135 130 125 12
f1 (ppm)

b

|

.M ©

\ oo

si-° \/
>T \ 132 @ @ ® L1
JJKL A

53 52 51 50 49 48 4.7 46 45 44 43 42 41 40 39 3.8 3.7 36 35
f1 (ppm)

Figure 2.8: a) 3C-NMR spectrum of 132 in CDCls. The signal of the ketone moiety was marked in yellow . b)
Comparison between the *H-NMR spectra of 131 and 132 in CDCls. The characteristic signals of131and 132
are marked with several colors.

After obtaining 132, we decided to investigate its reactivity with the phosphorus salt 103
(Wittig reaction, see Scheme 26). As shown in Table 2.5, of the three different bases used,
only LDA and n-BuLi gave the product 133, albeit as an inseparable mixture of geometric
iIsomers in a 1:1 ratio to each other (entries 1 and 2, respectively). Moreover, the yields were
rather low in both cases (21% and 26%, respectively). Interestingly, in the case of entry 1,
the starting materi al was completely consumed (approximately 6 h), resulting in a complex

product mixture, whereas in the case of entry 2, about 50% of the starting material could be
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recovered by column chromatography. With the aim of improving the reaction yield, we
varied the deprotonation time between LDA and 108. However, as shown in entries 4 and
5, no significant change in the amount of 133 is observed changing this parameter. Although
the results obtained are quite moderate, we decided to proceed to the next step of the
synthesis since itmight be affected by a critical problem: the simultaneous cleavage of the

two protecting groups of 133.

Br 1) B (4.0 equiv.), HO
Ph3P+\/\OH 0 °C, t (min),
o RENme o
(2.0 equiv.) dry THF (Z/E)-133
Entry | B baseused t deprotonation time of 1 08 (min) % of unreacted 132 % Yield of 133

1 LDA 15 - 21
2 n-BuLi 15 48 26
3 NaHDMS 15 - -
4 LDA 30 45 46
5 LDA 80 24 18

Table 2.5: Reaction condition proposed for the Wittig olefination of 132 with 108.

Although several methods are known to convert 1,3-dioxolanes with acid -sensitive
functional groups into the corresponding aldehydes or ketone®, the silyl ether group in 133
has already shown pronounced reactivity in the presence of acidic species (see Chapter

2.3.2). The first attempt at selective deketalizationis described in Scheme 2. 1.

HO HO
p-TsOH (5-15 mol%), r.t.

oteomE,  © THF/H,0 (2:1) OTBDMS O

133 134, not observed

Scheme 2.10:Selective deketalization approach proposed for 133. The reaction was carried out two times. The
first time 5 mol % of acid was used (pH~6) leading to unreacted 133. The second attempt was carried out with
15 mol% of acid (pH~4) leading to a complex mixture of products.
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As shown here, 133 did not react at all when using catalytic amounts of p-TsOH in a mixture
of THF/H 20. This is probably due to the slight acidity of the reaction medium (pH ~6), which
could not shift the equilibrium of acetalization towards the reagents. We therefore repeated
the reaction with larger amounts of acid (pH ~4). Unfortunately, this time the starting
material was completely consumed but a complex mixture of products was obtained. We
therefore hypothesized that under the proposed reaction conditio ns, 133 loses its two
characteristic protecting groups, giving rise to a specieswhich can subsequently react with
itself and with the remaining starting material, leading to the observed complex mixture.
For this reason,two further approaches for selective deketalization were tried out .

The first uses a catalytic amount of cerium ammonium nitrate ( CAN) in the presence of
NaBrOs. As reported by Istavan E. Marko et al, this method was the first to cleave acetals
and ketals in the presence of silicon protecting groups (TBDM S or TMS) and in the presence
of carbon-carbon double bonds®. Unfortunately, under the reaction conditions described in

Scheme 2.11, a complex mixture of products was again obtained.

HO CAN (5 mol%), HO
NaBrO5 (1.5 equiv), r.t.
oteomE P CH3CN/HZ0 (1:1) OTBDMS O
133 134, not observed

Scheme 2.11: Selective deketalization approach proposed for 133 with CAN and NaBrO .

As reported by Dhakshinamoorthy, several substituted aromatic alkenes can be oxidatively
cleaved to their corresponding ketones using CAN on a clay support in methanol #.
Although the reaction conditions (and the substrates) used in Scheme 2.11 are different
from those proposed by Dhakshinamoorthy, it is possible that the ketal 133 is
simultaneously deprotected and oxidized, resulting in a complex reaction mixture as

observed.

One of the "classical" methods for the cleavage of cyclic ketals is aciecatalyzed exchange
dioxolanation, in which an ethylene unit of the starting material is exchanged with a
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sacrificial ketone by acid catalysis®® (seeFigure 2.9a). In 2002, Sun et al. showed how several
ketals can be deprotected by a similar reaction mechanism using iodine () as a catalyst
instead of a generic acid® (see againFigure 2.9b). This work represents the first example of
iodine -catalyzed exchange dioxolanation that, in contrast to classical dioxolanation, uses
milder reaction conditions (room temperature and neutrality of the reaction medium)
perfectly compatible with acid -sensitive functional groups such as silyl ethers, tertbutyl
ethers and alkenes. We therefore decided to replicate 2 U Oreddtion conditions for the

deketalization of 133.

O/—‘H+ ~ /‘\ . —
L + :o/_\o: ~— |H-O 0/7\0 _ )OJ\/ + O><O
A TR R
) L ]
TN
)CJ)\ | 'O/_\O' D — "O/—/}(\ E O/_\O ¥ )OJ\
* '*I-{><R,' ( g/zi, Py R” R’

Figure 2.9: a) Mechanism for the acid-catalyzed exchange dioxolanation for the cleavage of cyclic ketals®8. b)
Mechanism for the iodine -catalyzed exchange dioxolanation for the cleavage of cyclic ketals®.

As shown in Scheme 2.2, the second method gave the desired product 134, albeit with a
low yield (about 20%). By varying different reaction parameters, it was not possible to
improve the observed yield. These series of not very positive results prompted us to

reconsider the synthetic plan proposed in Scheme 26, as will be shown in the next section.

HO HO
I (10 mol%),
(0] r.t., 20 min
OTBDMé) ’ OTBDMS O
/ acetone
134
133 (22% yield)

Scheme 2.12:Selective deketalization approach proposed for 133 with 1.
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2.4 Improvement of the synthetic plan proposed for the first key

intermediate

2.41. Design of a new synthetic pléor 105:

In view of the poor results obtained for both the Wittig and deketalization steps, we

modified the synthetic plan proposed in Scheme 26 and reinstated 105 as first key
intermediate in the total synthesis of 31.
The main proposed modification is the replacement of the intermediate 133 by 140, which
could be obtained by Wittig reaction between 132 and 138 or by Horner-Wadsworth -
Emmons reaction between 132 and dimethyl phosphonoacetate (139) (see Scheme 2.13.
This small but significant modification should simultaneously overcome many of the critical

problems encountered in the previous chapters.

1) n-BuLi, TMEDA, -78 °C thenr.t., 17 h p-TsOH (2 mol%),
2)120,-78 °C, 2 h then r.t. DMP ethylen glycol,
3) HMPA 30 min DCM trimethylorthofotmate 0
OH 4) TBDMSCI, rt,, 6 h OTBDMS OH OTBDMS O OTBDM§’\_/
119 dry Et,0 122 130 131

0s04 (5 mol%), pyridine,
NalO,
THF/H,0.

o o o o .
NaH at 0 °C, 1) 138, n-BuLi, 0°C, 45 min o
MeO then Mel or SO4,OMe,, MeO TBAF 1M rt.  MeO 2) 0 °C thenrt., 16 h, dry THF M
rt, 16h THF or
(0]
on 7P oteoms,_

o 0
OMe dry THF otBOM&_ P 1)139, n-BuLi, -78 °C,then 0 °C, 1h
2)0°Cthenrt., 16 h, dry THF
142 141 140 132

1) HCI 1 M in THF,
2) 126, NaH, -20°C, Br

thenrt., 16 h PhsP* >CO,0Me
dry THF
ry 138
(e}
o Q
MeO o (Me,0)P_CO,0Me
1) NaOH, reflux 139
OMe ‘ 2) SOCly, reflux ‘
toluene OMe
143 105

Scheme 2.13New synthetic approach proposed to overcome the unsuccessful selective deketalization of 133.
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First, we should be able to obtain 140 in larger amounts than 133. Second, we could take
advantage of the sensitivity of silyl ethers to fluorinating agents (such as TBAF) to
selectively cleave off the alcohol protecting group instead of the ketal, since there are no free
hydroxyl functions on 140 that could cause chemoselectivity problems in the subsequent
steps. This deprotection should indeed be less problematic than the previously tested
deketalization and give the expected product 141in good yield (see Scheme 2.13. We then
planned to obtain 142 by methylation of 141 with Mel or SO sMez. The ester142 could be
sequentially deprotected and directly converted to 143 by Wittig olefination with  126. Then

143 could be converted to 105 by a treatment with NaOH followed by another with SOCI -.

2.4.2Syntheticpathwayto obtain140 andits selectivedeprotection with TBAF

As indicated in the previous section, we have proposed two different synthetic strategies
to obtain 140. The first is based on the use of the phosphorus salt138, which can generate
the corresponding stabilized ylide 138 (seeScheme 2.M4a), which could react with 132 to
form 140. The second is based on the use of the phosphonoacetat&39, which can generate
the corresponding phosphonate anion 139z which in turn could react with 132 to form 140

(seeScheme 2.4b).

a
OMe

Br —~ H
~ _BuLi i 2) 132 (1.0 equiv.), o
Ph.P* >CO,0OMe _ 1) n-BuLi (1.6 equiv.), AN
’ ’ 0°C, 45 min PhgP™ "CO,0Me 0°Cthenrt, 16 h OTBDMS
dry THF 0" o
138 138’ / (Z/E)-140 (not observed)
b
OMe
o o/ H
i 1) n-BuLi (2.0 equiv.), Me.O b CO.OM 2) 132 (1.0 equiv.),
(Mez0)P~_CO0Me — 2 Cthen 0 °C, 1 h (Mez0)P, -COz0Me 0°Cthenrdt, 16 h OTBDMS
dry THF Q 0o
- (Z/E)-140

139 139"
(79% yield, Z:E ratio= 3:1)

Scheme 2.4 a) Synthetic approach proposed for 140 with the phospho nium salt 138 (1.6 equiv.). b) Synthetic
approach proposed for 140with the phosphonoacetate 139 (2.0 equiv.).
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Based on the mechanistic studies available in the literature, both synthetic routes should
also lead to the preferential formation of the geometric isomer E of 1407, Under the reaction
conditions given in Scheme 2.14, we attempted to follow the first route. However, the
reaction product was not observed, and the starting material 132 was completely recovered.
In contrast, with 139, the expected product 140 was obtained in excellent yield (79%, total
yield based on the mixture of possible isomers for details see Scheme 2.140. The peculiar
difference in reactivity between 138, 139 and 108 can be explained by their different
nucleophilicity. Indeed, it is well known in the literature that stabilized ylides such as 13Uz
are much less reactive than unstabilized ylides such as that produced by 108®. However, as
recently shown by the studies of Appel et al*°, even phosphonoacetate anions (such ad.39)
are much more nucleophilic than stabilized ylides (such as 138). It is therefore possible that
138, unlike 139 and 108, is not a sufficiently strong nucleophile to react with the ketone 132,
leading to the result shown. Differently from what was reported for 133, the mixture of the
two geometric isomers of 140was separated, yielding (Z)-140and (E)-140in a 3:1 ratio. The
two products were fully characterized individually, and their different configurations were
determined by a 1D-NOESY experiment.

This technique, which dates to 1969*, consists of exciting a characteristic signal of the
molecule obtaining a one-dimensional spectrum in which all signals that have no NOE effect
with the excited signal, are suppressed. Although this technique is quite dated, it has been
widely used in rec ent years. Indeed, Hu®? and Hussani®® used 1D-NOESY analyzes in 2002
EQEw! Yl YOwUI UxlI EUPYI OaOw UOwUI YT EOQwx] xUPEIT w U
unsaturated amines in a complex product mixture. As can be seen in Figure 2.10, after
excitation of the signal associated with the alkene proton (5.84 ppm) of the less abundant
product, the only NOE correlations observed are those with the methyl group of the ester,
the methyl groups of the silyl ether and the methylene group of the CH:0OTBDMS moiety.
This result shows that of the two possible geometric configurations, only configuration E
can be assigned to this product (seeFigure 2.10). Interestingly, the main isomer of 140

obtained by default is the one with Z configuration.
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Figure 2.10: 1D-NOESY spectrum of minor 140isomer obtained. The signal (and the corresponding proton of
140) indicated by the arrow was excited during the NMR experiment. All t he signals with NOE effect were

correlated with the molecular structure of 140 using several colors. As shown, the only isomer which can
justify the NOE contacts acquired is the (E)-140isomer.

Once we had 140in hand, we focused on the next deprotection step with TBAF. As shown
in Scheme 2.5, the product obtained under the indicated reaction conditions was not the
desired product 141, but 144. It is indeed possible that the released hydroxyl group attacks
the ester function intramolecularly, leading to the observed lactone 144 as shown in Figure

2.11

OMe
H . .
o] | TBAF 1 Min THF (1.5 equiv.),
TBDMSO r.t., 30 min
o o dry THF
-/
(2)-140 144 (65% yield)

Scheme 2.15:Selective deprotection of the silyl ether moiety of 140. Curiously, the expected product 141 was
not observed. At its place lactone 144 was obtained.

OMe Q
H TBAF C\\ e o\ PMe "
o) H o |
=, o) - —_—
o L, — Sl
0" o o
.y o "o oo
o)
(2)-140 L | 144

Figure 2.11: Possible mechanism leading to lactonization of 144.
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The effective formation of 144 was demonstrated by NMR and IR spectra. In particular, the
exact structure of the lactone moiety was determined by the HMBC spectra of 144, in which
the strong correlation between the hydrogen nuclei of the CH-OCO group and the carbon
nucleus of the lactone can be observed (se&igure 2.12g). In addition, the absence of a broad
signal around 3500 cni¥hin the IR spectrum of 144 indicates that no free hydroxyl groups are
present in the product, confirming the effective formation of the lactone ring (see Figure

2.12h).
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Figure 2.12: a) HMBC-NMR spectrum of 144 in CDCls. The characteristic correlation of the lactone ring is
marked in blue. b) IR spectrum of 144. No peaks are observed in the region beyond 3500 cnt. This finding is
compatible with the lactone ring structure proposed for 144.
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The intriguing reactivity shown by the major product 140is consistent with the assignedZ
configuration . Unlike Z, the (E)-140isomer could not undergo the described lactonization
process due to the excessivestrain generated during the ring formation. To prove this

hypothesis directly, we subjected the previously obtained (E)-140isomer to the deprotection
step with TBAF. As expected, under the reaction conditions shown in Scheme 2.16 lactone
144 was not observed and alcohol 141 was obtained, confirming our hypothesis (see Figure
2.13. Although 140 exhibits the reported unexpected reactivity, we modified the existing

synthetic plan proposed for 105 to use the obtained lactone 144.

OMe OMe
H . : H
o] | TBAF 1 Min THF (1.5 equiv.), (0] |
OTBDMS r.t., 30 min OH
o° "o dry THF o ©°
/ /
(E)-140 (E)-141

(95% yield)

Scheme 2.16:Selective deprotection of (E)-140leading to (E)-141.

H
S
OSi/
O (6] e
(E)-140
° L2
. } |
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[ ,_‘L N L
[ ]
[ ]
OMe
(e} ‘ H
OH
(e} (6] L 1
. (E)-141
\ )\ || . W
T T T T T T T T T T T T T T A AT AT T T T T T T T T T T T T T T T T T T T T
50 48 46 44 42 40 3.8 3.6 2520 18 16 14 1.2 1.0 0.8 0.6 0.4 0.2 0.0
f1 (ppm)

Figure 2.13: Comparison between the IH-NMR spectra of (E)-140 and (E)-141 in CDCls. The characteristic
signals of 140 and 141 are marked with several colors. The absence of the singlets at 0.9 and 0.07 ppm
attributable to the TBDMS moiety between the spectra is shown in green.
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2.4.3 Improvement of tHast synthetic plan proposed f&05 and first synthetic results:

As shown in Scheme 2.17 we planned to remove the 1,3-dioxolane from 144 by acid
treatment to give the ketone 145, which in turn could undergo Wittig olefination with the

salt 126, giving 146. We then planned to obtain the hydroxy alcohol 147 by basic hydrolysis
of 146. Again, we planned to obtain 106 by methylation of 147 with Mel or SO:Mezand NaH.

This latter intermediate could in turn lead to the key intermediate 105 by treatment with

SOCLb.
o)
OMe ’ ) 126, NaH, -20 °C H
o | TBAF 1 M in THF (1.5 equiv.), HCI 1 M (1.0 equiv.), o | then 0 °C, 40 min o |

TBDMSO r.t., 30 min rt,2h T2)0°Cthenrt, 16h

oo dry THF THF dry THF =

_/

144 145

(2)-140 (65% yield) (70% vyield) 146

NaOH reflux

0]
1) NaH, 0 °C
< SOCl,, reflux then r.t., 30 min HO |
toluene ) Mel or SO4Me,,
0°Cthenrt, 16 h OH 0\_/0

dry THF
(2)-105 (2)-106 147

Scheme 2.17 New synthetic strategy proposed to obtain 105 starting from (Z)-140yielding to 144.

Under the conditions of the secondstep of Scheme 2.17 we obtained the expected product
143(70% vyield). The actual cleavage of the 1,adioxolane moiety of 142is confirmed by the
absence of the multiplet of this system at 4 ppm in the *H-NMR spectrum of the isolated
product. Further evidence for the effective cleavage of the 1,3dioxolane is the formation of
the carbonyl signal at 205.96 ppm in the 3C-NMR spectrum of 145 (see Figure 2.14a).
Interestingly, the lactone ring of 144 is not hydrolyzed under the acidic conditions used to
obtain 145. The actual presence of this ring is confirmed by the HMBC spectra of 145, in
which a strong correlation between the hydrogen nuclei of the CH20CO group and the
carbon nucleus of the lactone carbonyl can be observed (sed-igure 2.14b).

A subsequent detailed study of the literature shows that several furanone scaffold

molecules (close analogs 0f145) are apparently unable to facilitate lactone hydrolysis under
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acidic conditions, but preferentially leading to Michael addition in the presence of a strong

nucleophile %
a
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Figure 2.14: a) Comparison between the !H-NMR spectra of 144 and 145 The absence of the multiplet a 4 ppm
attributable to the 1,3-dioxolane moiety between the spectra is shown in yellow. An insert of the 3C-NMR
spectrum of 145 is reported in black. Here the signal is assigned to the ketone moiety of 145 (marked in red).
b) HMBC spectrum of 145. The presence of the lactoneaing is confirmed by the correlation marked in blue.
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2.44 Conclusionand outlook on the total synthesis3df

As shown in this chapter, several imponderables were addressed and resolved through a
constant re-evaluation of the synthetic plans initially proposed. Thanks to these
improvements, it was possible to obtain 145, an advanced intermediate in the total synthesis
proposed for 31. Future synthetic studies will be conducted to convert 145 into the key
intermediate originally set as the synthetic target of this chapter: 105. Subsequently, we plan
to subject this key intermediate to Friedel-Crafts alkylation whit 148 to obtain the aryl
ketone 149, which in turn could be used in several approaches to obtain 31 (see Scheme

2.19.

NH, O

AlCl3, 148 " (S/R)-binap (5 mol%), n OMe several step
- -
toluene i Cul (5 mol%), o 31
tBuOK (5 mol%), r.t

Ome toluene oP o

PO
(2)-149 150

o] 2+
H
@y e OO ph
=z g (s) q-OH2 | [TfOl;"
OO
Ph
OP (b 152
(2)105 (P= OTBDMS)

S)-152 (mol%), r.t. Ph N ) __ACl,
I
PhCONHz toluene toluene

THF Me OMe
(2)-151

oP

several step

Scheme 2.18 Synthetic pathways proposed to obtain 31 On top, the starting pathway designed on the base of
the retrosynthetic analysis shown in Scheme 2.1was reported. On bottom, the new synthetic pathway based
on the catalytic activity of 152,

In 2016, Seongcheol Kim et al. described an intriguing new method for activating anilines
as nucleophiles over several electrondeficient alkenes in an azaMichael reaction carried
out with various catalysts (such as racemic binap, dpp, and dppz) in the pr esence of a
copper salt and t-BuOK®, However, Kim's group did not explore the application of this
approach to enantioselective intramolecular reactions such as the intramolecular aza
Michael reaction proposed in Scheme 2.18 For this reason, our plan was to develop an

enantioselective intramolecular variant of Kim's approach to obtain 150, a synthetic
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equivalent of 102, (see Scheme 2.18and Scheme 2.1respectively). Due to the lack of
information on the reaction mechanism, it is impossible to predict exactly what combination

between the geometric isomer of 149 (Z or E) and the catalyst (R/S-binap) would give 150

with the desired stereochemistry. However, as reported in the above chapters, we have
succeeded in obtaining preferentially a single geometric isomer of 140 that can lead to the
(2)-149isomer. This simplifies our efforts and leads to a "trial -and-l UUOU WE x x UOEET 2 w
exclusively on the chirality of the catalyst used in the proposed approach.

As an alternative, the possibility of obtaining 1,4 -additions of aniline derivatives to various

Y Qifnides with a binap -Pd catalyst such as152 (seeScheme 2.18and Scheme 2.19 has been

reported several times in the literature °¢ (seeScheme 2.193.

Ph..
o o (R)-152 (5 mol%), NH O j\
E NH,Ph, r.t., 18 h R
S N)J\ph 2 s) N~ “Ph
H toluene H
155 156 (86% yield, e.e 75%)
b
Ph..
o) )(J)\ (R)-152 (5 mol%), NH O j\
NH,Ph, r.t., 18 h “(S
/\)\N Ph 2 P g N7 Ph
b H d4 H
157 158

Scheme 2.19 a) Enantioselective aza-Michael reaction between a generic aniline and an imide. As shown, (E)-
155 gives the corresponding product (S)-156 in 75% e.e. using(R)-152 as catalyst. b) Mechanistic proof of the
syn stereochemistry for the Nt H addition 9.

Moreover, an in-depth study of the catalytic mechanism for this approach was proposed ¢,
which could allow us to predict the chiral configuration of 152required to obtain the desired
configuration of the first chiral center of 31. As shown in Scheme 2.1%, E-imides such as
155 give the (S)156 corresponding amine using the (R)-152 catalyst®” Therefore,
intermediate (Z)-151is expected to give the corresponding product 153 with Sconfiguration
on the first chiral center when (S)152 is used as a chiral catalyst (seeScheme 220).

Furthermore, as reported in the mechanistic study cited above, the Nt+H addition appears

57



to occur by syn-stereochemistry (seeScheme 2.1% and Scheme 2.20%. If this is true, it
might be possible to introduce the Cl group of the second chiral center of 31in tandem with
the azaMichael condensation, since both chiral centers are generated with the same
stereochemistry (see Scheme 2.20. Considering all the elements described above, we
propose the synthetic plan shown in Scheme 2.2Q where intermediate 153 could be

obtained, possibly leading to 101after several transformations.

b
C g

OMe
P o=( (S)-152

o
oP Py
cl
o o \ ~ é PN
Cl (s,
A H .. oP = HN” %
PRTONTY (S)-152 (mol%), r.t. H HZNQA M‘— N —OMe
7 toluene (R .-O=""_ i N
PP NH TOMe Poa-C ¢
OMe o=(¢
Ph

(2)-151

Scheme 2.20 The scheme shows the exact stereochemistry that the two chiral carbons of153 will obtain
according to the N+H synaddition mechanism proposed by Phua et al®".
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3.1 Retro-synthetic analysis on 54 and determination of a new efficient

synthetic plan

This section reports on the retrosynthetic analysis and subsequent synthetic strategy
proposed for (+)-Oryzalexin -S (54).

According to the

retro-synthetic analysis Enantioselective Oxidation,
of Scheme 1.5

(section 1.3.2) intramolecular condensation deprotection
H catalyzed by aminoacid and C- alkylatlon %L/\/

Mesylation
and bromination

AIkyIatlon
PO/\/l OP

OH
161 160

Scheme 3.1: New r etro-synthetic analysis proposed for 78. P= OTBDMS.

As shown in Scheme 3.1 We planned to obtain 78, by enantioselective cyclization between
a generic amino acid and the intermediate 79. This intermediate could be obtained by
condensation between the commercial 2methyl-1,3-cyclohexanedione (82) and 159 and
subsequent deprotection and oxidation of the intermediate obtained. Again, we planned to
obtain 159 by subsequent mesylation and bromination of alcohol 160. Finally, we planned
to obtain the latter by condensation between the protected derivative of 2-iodoethanol 161

and the commercial alcohol 119.
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Part of the thesis project summarized in this chapter focused on the optimization of the
synthetic route proposed for 79, the synthetic precursor of 78 (seeScheme 3.3, and on the
progress made in the investigation of the enantioselective cyclization step leading to 78. The

first of these aspects is discussed in the following section.

TBDMSCI, 1) 119, n-BuLi, TMEDA MsCl,
|”~-OH _imidazole, 0 °C then r.t. |~~~OTEDMS -78 °C then r.t. MOTBDMS NH; -78 °C MOTBDMS
dry DCM

dry DCM 2)-78°C, 2 hthenr.t.
162 161 dry Et,0 OH 160 OMs 163
LiBr,
0 °C thenr.t.
dry THF
o o} 0
IBX HCI1 M 1) 82, NaH, 0 °C then r.t. A/VOTBDMS
o DMSO o THF o 2) r.t., dry DMF Br
~ 79 85 164 159
¢} OH OTBDMS
(D)-amino acid,
acid,
DMSO
o
o (5)-T8

Scheme 3.2:Synthetic plan proposed for the key intermediate 78 in the total synthesis of 54.
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3.2Synthetic pathway proposed for 79

3.2.1 Synthesisf 161 and optimizatiorof the alkylation affordingalcoholl60:

The synthetic pathway described in Scheme 32 was preliminarily investigated by our

research group. The preliminary conditions collected provided interesting information on

the reactivity between the species involved in the different reaction steps®. However, the
results obtained under these conditions were poor in terms of yield . Indeed, 164 was
obtained with a yield of 25% after five steps®. In view of these problems, we have decided
to re-examine and optimize the steps required to obtain 78. The first reaction of the synthesis
plan is the protection of the alcohol function of 162 with TBD M SICl. As can be seen from
the reaction conditions in Scheme 3.3 the expected product 161 was easily obtained with a

good degree of purity, as shown by the 'H-NMR spectrum (see Figure 3.1)

TBDMSICI (1.0 equiv.),

| imidazole (2.2 equiv.), |
~oH 0°Cthenrt., 2h ~~"0TBDMS
dry DCM 161
162 (95% yield)

Scheme 3.3:Synthetic approach proposed to obtain 161.

In contrast, the subsequent alkylation of 161 with 119 was more problematic and of greater
interest. This reaction is based on two different steps that are carried out sequentially. The
first is the formation of the corresponding lithium dianion of 119 (119, the second is the
nucleophilic attack of 119" on 161 to give the desired product 160. Under the conditions
originally developed by our research group (see Scheme 3.9, the expected product 160 was
obtained each time with poorly reproducible results. In addition, only partial consumption

of 161 was observed each time. For this reason, we decided to investigate the reaction by

varying its parameters each time.
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Figure 3.1: tH-NMR spectrum of 161. The signals of the molecule are assigned to the corresponding protons
through different colors.

1) n-BuLi (2.2 equiv.),
%J\ TMEDA (2.0 equiv.), HJ\“ 2) 161 (1 equiv.), MOTBDMS
-78 °C thenr.t., 17 h -78 °C thenr.t, 6 h

119 119’ 160
(1.2 equiv.) (37% yield exstimated by NMR )

Scheme 3.4:Preliminary condition developed in our research group to obtain 160.

First, we investigated the conversion of 161 to 160 by varying the excess of 119. As can be
seen from Table 3.1, with a large excess 0f119 (3.0 equiv., entry 3), about 60% of the starting
material appears to have been consumed, leading exclusively to160. Interestingly, using a
slightly lower excess of 119 (2.0 equiv. and 1.5 equiv. for entries 1 and 2, respectively), the
amount of unreacted 161 is practically the same as previously observed. As previous studies
on this reaction step have shown, although 119" is formed quantitatively in a moderately
long time (16-29 h), it decays quite rapidly in a few hours. Based on all these observations,
we hypothesized that the cause of the observed poor reactivity of 161 could be due to
excessive dilution of the reagents. Indeed, a great amount of solvent could prolong the
reaction time between 161 and 119z so that the latter starts to decompose before reacting
with the electrophile.

To test this hypothesis, we performed the reaction again with an excess of119, but under

different dilution conditions. As shown in entry 4 of Table 3.1, the consumption of 161 is
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drastically reduced at higher dilution conditions (only 25% of the starting material was
consumed). In contrast, 161 is completely consumed under more concentrated conditions,

as shown in entries 5 and 6of Table 3.1.

1) n-BuLi (Y equiv.), _
HJ\ TMEDA (Z equiv.), HL“ 2) 161 (1.0 equiv.), %J\/\/OTBDMS
Oh -78 °C then r.t.,, 17 h -78*Cthenr.t, 6h

dry Et,0 oL dry Et;0 o
119 119" 160
(X equiv.)

Entry | X equiv. Y equiv. Z equiv. [129] (M) 161:160 % yield
of 119  of n-BuLi  of TMEDA (% of reacted 161)2 of 160°

1 2.0 4.1 4.1 05 1:1 62) 24

2 15 3.2 3.3 05 1:1 @45 23

3 3.0 6.1 6.1 05 1:12(60) 27

4 15 3.1 3.1 02 31 (25 16

5 2.0 41 41 0.7 0:1 (L00) 35

6 2.0 4.0 4.0 1.0 0:1 00 45¢

7d 2.0 4.0 4.0 1.0 0:1 (100) 60°

Table 3.1: The experiments carried out to optimize the synthesis of 160 are summarized in the table. a) 161:160
ratio and the corresponding percentage of reacted starting material are estimated by *H-NMR and GC-MS of
the reaction crude. b) The yield reported is estimated by 'H-NMR of the reaction crude. c) Yield estimated
after purification of 160 by flash chromatography. d) The reaction was carried out treating for 24 h all the
reagents with molecular sieves (4 A).

Having established the complete consumption of the starting material and confirmed our
hypotheses, we turned our attention to the reaction yield. Under the dilution conditions of
entries 5 and 6, it was possible to obtain160 with a yield of about 3 5 and 45%, respectively.
Although the reaction s showed a poor yield, no further by-products were observed. We
therefore hypothesized that this problem could again be due to the stability of 119" and in
particular to its possible decomposition by residual water in the reagents (especially in the
synthesized intermediate 161) and in the solvent used. To limit the putative quenching
effect, we decided to treat with molecular sieves (4 A) the reagents used. By leaving the
different reagents in the molecular sieves for 24 h and then using them in the alkylation

reaction, a significant improvement in yield was observed (see entry 7 in Table 3.1). A
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subsequent literature search revealed that the group of Kitabayashi et al. was able to obtain
compound 160 under very similar conditions to those we proposed, albeit with a slightly
lower yield (50% versus the 60%of entry 7, Table 3.1)%. We therefore considered this step

asoptimized and we moved on the subsequent mesylation step.

3.2.2 Mesylation 0160 and subsequent branation of 163:

With product 160 in hand, we repeated the next step of the mesylation reaction. Using
the originally developed reaction conditions, poorly reproducible results were obtained.
These results could be explained by the large excess of MsCI that was used (se&cheme

3.54).

NEt; (3.1 equiv.),
Hj\/\/OTBDMS MsCI (2.2 equiv.), -78 °C then 0 °C, 4 h MOTBDMS
dry DCM

OH OMs
163
160 (avarage yield 60%)
b
NEt3 (2.1 equiv.),
Hk/\/OTBDMS MsCI (1.1 equiv.), -78 °C then 0 °C, 1 h Hk/\/OTBDMS
dry DCM
OH OMs

160 163
(93%, yield estimated by NMR)

Scheme 3.5:a) Preliminary mesylation condition developed for 160 by our research group. b) Improved
mesylation condition developed for 160 in this work.

In fact, it is possible that the unreacted MsCl is hydrolyzed to methanesulfonic acid during

the work -up phases, which in turn could hydrolyze the sensitive mesyl derivative 163, thus
reducing the observed yield. Initially, we tried to overcome the described problem by using
a saturated solution of NaHCO s to quench the reaction. However, these attempts did not
produce the desired result. We therefore decided to use a nearly stoichiometric amount of
MsCI, as described in Scheme 3.5h Using this approach and paying close attention to the

work -up phases (saturated NaHCOs solution, rotavapor vacuum > N600 mbar and bath

64



temperature < 25 °C), we were able to convertl60to 163 in good yield and with reproducible
results. Due to its extreme reactivity and volatility, it was impossible to purify 163 by flash
column chromatography. For this reason, the reaction yield was estimated from the reaction
crude (purity assessed by NMR spectra) and all NMR characterizations were based on the
reaction crude. No critical problems were encountered during the sub sequent bromination.
Under the reaction conditions of Scheme 3.6 we obtained 159in good yield and with a H

NMR spectrum in perfect agreement with the literature .

LiBr (2.0 equiv.),
HL/\/OTBDMS 0°Cthenrt, 3h HJ\/\/OTBDMS
dry THF
OMs 163 Br 159
(94% yield)

Scheme 3.6:Bromination reaction condition developed and optimized for 160.

3.2.3 Alkylation ofl59 with 82

This section describes the synthetic efforts made to optimize the results of the alkylation
reaction between 82 and 159. As shown in Scheme 3.7a the use of a generic base or82
allows the formation of the corresponding enolate 827 in which the charge delocalization
confers a nucleophilic character to both the carbonyl oxygen atoms and C(2) of82, allow ing
the formation of two possible alkylation products . The so called C-alkylation product ( 164)
is formed by nucleophilic attack of C(2) on 159, instead the so called O-alkylation product
(165) is formed by nucleophilic attack of one of the two oxygen atoms on the electrophile.
Under the conditions originally developed in our research group ( Scheme 37b), both
products were obtained with an overall yield of 67% (calculated on a single reaction step)
and a 164:165 ratio of 2.3:1 (it was estimated by the *H-NMR spectrum of the reaction crude,
see Figure 3.2). However, the experiments performed under these conditions were again
poorly reproducible. We therefore concentrated on investigating the reactivity between 82

and 159to optimize this reaction step as far as possible.
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24
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C-alkylation product O-alkylation product

1) NaH (3.4 equiv.), 0 °C then r.t., 1 h, f\f
o 0 2) 159 (1.0 equiv.), r.t., 24 h TBDMSO 0
dry DMF jjj
82 o 165

) OTBDMS 164
(1.7 equiv.) (67% yield,
164 165=2.3:1.)

Scheme 3.7:a) Reaction mechanisms leading to both alkylation products of 82 with a generic electrophile. b)
Preliminary conditions developed to obtained 164.

o
°
o
OTBDMS ®
164 I TBDMSO o
|
\ 165

| |
i | \x |

525 520 515 510 505 500 495 4.90 4.85 4.80 475 470 4.65 4.60 4.55
f1 (ppm)

Figure 3.2: tH-NMR spectrum of the crude reaction between 82 and 159. Through the integral value of the
characteristics signals of164 (blue) and 165 (yellow). It is possible to estimate the ratio between the two pecies
In the case shown the ratio 164:165is 2.3:1.

Under the conditions given in Table 3.2, entry 1, both alkylation products were obtained
with an overall yield of 38%. However, the observed 164:165 ratio was only 1.5:1. By varying

the amounts of 82and NaH used, the reaction yield was improved and both products were
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obtained with a yield of 67% (entry 2, Table 3.2). Nevertheless, the 164:165 ratio remained
practically unchanged between the experiments performed.

As known from the literature 75, polar aprotic solvents can significantly increase the
reactivity of enolates. However, these more reactive enolates lead to a reduction in the
selectivity with which the C -alkylation product is obtained by forming large amounts of the

O-alkylation produc t, as described by the "reactivity versus selectivity" principle 02,

+

O
1) NaH (Y equiv.), 0 °C then r.t., 1 h, J/\f
of:/ro 2)159 (1.0 equiv.), r.t., 24 h TBDMSO o

dry DMF 10)
x e*ii“v') OTBDMS 164 165 O
Entry | X equiv. of 82 Y equiv. of NaH [82] M (in DMF) 164:165 % vyield of 164
and 165
1 1.8 2.7 0.3 151 38
2 14 1.4 0.3 1.3:1 67
3 1.4 14 0.6 251 79
4 1.4 14 1.0 221 74

Table 3.2: Resume of thevarious reaction conditions explored to obtain 164 regio-selectively. The best results
were obtained when a 0.6 M solution of 82in DMF was used (entry 3).

Based on the effects described above, we hypothesized that the observed lowl64:165 ratio
in the alkylation reaction above could be justified by the use of DMF as solvent. For this
reason, one could consider carrying out the latter in a different solvent to increase the ratio
between the alkylation products in favor of 164. Unfortunately, as our research group has
already shown in a previous work %, alkylation of structural analogs of 159, such as83, (see
Table 3.3) in presence ofthe anion of 82 leads to the formation of undesirable by -products
in a generic solvent other than DMF. Even the use of different bases in different solvents led
to similar results °8. Since it was not possible to drastically change the reaction parameters,
we decided to modify the dilution conditions of 82and 159. As indicated in entry 3 of Table
3.2, by doubling the concentration of 82in DMF, 164 and 165 were obtained with an excellent

yield of 79% and a 164:165 ratio of 2.5:1. Further increasing the concentration of 82in DMF
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did not drastically affect the reaction results as shown in entry 4 of Table 3.2. Since we were
satisfied with the results obtained by preparing 164 in 5 stepsin a higher overall yield than
in the past (25% compared to the 46% we had obtained after optimization), we decided to

focus on the subsequent synthetic steps.

1) NaH (1.3 equiv.), r.t. 1 h, Br
O (0] 2) 83 (1.0 equiv.), rt. t + +
Y (solvent) 9] jjj
e} Cl HO® ~O

82 Cl
(1.3 equiv.) 81 166 167
MCI MOTBDMS
Br Br
83 159
(1.3 equiv.)
Entry Y t % unreacted %yield %yield % yield
solvent reaction time (h) 82 81 166 167

1 THF 24 80 10 10 -
2 Dioxolane/DMF (4:1) 23 60 20 20 -
3 DMF 2 - 80 20 -
4 NaOH 1M/THF 24 - - - 100

Table 3.3: Reaction condition explored for 83, a useful intermediate studied in a previous work of our research
group 0. Due to its structure, 159 could be considered asa synthetic equivalent of 8350,

3.2.4Deprotectiornof 164 and subsequent steps to obt@@

In applying our synthesis plan, we performed several deprotection experiments to obtain
85. However, all these experiments gave similar results to those obtained under the
experimental conditions originally studied by our research group. For this reason, no
change was proposed. 85 was obtained in excellent yield under the reaction conditions of
Scheme 3.8 The actual formation of 85 was confirmed by the shift of the signal of the CH 20
moiety of the molecule from 4.57 ppm to 4.62 ppm (triplet) and by the absence of the
characteristic signal of the silyl ether group at 0.8 and 0.05 ppmin the *H-NMR spectrum

(seeFigure 3.3).
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HCI 1 M (1.0 equiv.),
rt, 2h

OTBDMS
164 85 (91% yield)

Scheme 3.8:0Optimized reaction conditions to obtain 85.

3.8 3.7 3.6 3.5 13 1.2 1.1 1.0 09 08 0.7 0.6 0.5 04 03 02 0.1 0.0 -0.1
f1 (ppm)

Figure 3.3: Comparison between the H-NMR spectra of 164 and 85. The effective formation of 85 was
confirmed by the shift of the signal marked in blue and yellow in the two spectra. Moreover, in the bottom
spectra related to 85 the characteristic signals of the protecting group (circle in green) are missing.

The oxidation of 85 to the aldehyde 79 with IBX in DMSO was already investigated by our
research group in a previous paper®. However, as shown in Scheme 3.9a the reaction yield
obtained was not very high (59%). Many series of experiments with different reaction
conditions were performed, but no improvement was observed. However, in all these
experiments, in addition to 79, 78 and 79z were also isolated after purification (albeit in
different amounts). This result led us to hypothesize that the cause of the lower yield of 79
could be due to problems in the reaction work -up. More specifically, we hypothesized that
the acid-base reaction between the saturated NaHCQ solution and the acid derived from
the decomposition of IBX can generate enough heat to trigger the intramolecular cyclization
of 79to form 78 and 79z(seeScheme 310). To test this hypothesis, we decided toreduce the

IBX equivalents used (from 3.0to 2.3 equiv.) and quench the reaction at low temperatures
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(between 0 °C and NLO °C). By applying these strategies, aldehyde 79 was obtained
quantitatively ( Scheme 3.9bh. Having succeeded in optimizing this last reaction step, we

turned our attention to studying the enantioselective cyclization of 79.

IBX (3.0 equiv.),
rt, 3h
DMSO
9 (59% yield )
IBX (2.3 equiv.),
rt,3h
DMSO
(98% yield)

Scheme 3.9:a) Preliminary reaction condition proposed to obtain 79. b) Optimized reaction condition to obtain
79.
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3.3 Study of the enantioselective intramolecular cyclization of  79.

3.31 Optimization of thecyclizationconditionsaffording78:

Before examining the main feature of the aldol condensation of 79, we decided to
optimize the reaction conditions for our synthetic purposes.
First, we tested different amino acids under the same reaction conditions as Inomata et al&’
As shown in Table 3.4, (D/L)-tyrosine was the most efficient amino acid to form 78 (Entry 6
Table 3.4). We therefore decided to use thisamino acid in the following experiments to
optimize the reaction conditions, neglecting the chiral aspect of the reaction for the time

being.

(D/L)-X (1.0 equiv.),
HCIO, 1M (0.5 equiv.),

o) 90 °C,th
S0 79 Y 0” (S)-78
Entry (D/L)-X amino R group of amino t reaction Y solvent (Sy78 %
acid acid time (h) Yield
1 (L)-Phe CH2Ph 1 DMSO 65
2 (D)-Leu CH2CH(CH 3)2 48 DMSO 52
3 (D)-Met (CH2)2SCHs 48 DMSO 62
4 (L)-Trp CH2-indol -3-yl 1 DMSO 672
5o (D)-Pro - 192 DMSO 20
6° (L)-Tyr CH2Ph-p-OH 1 DMSO 86
7d (D)-Tyr CH2Ph-p-OH 72 DMF 31
8d (D)-Tyr CH2Ph-p-OH 360 CH:CN 57
Ode (D)-Tyr CH2Ph-p-OH 48 H20 -

Table 3.4: Investigation on the best amino acid and solvent to obtain 78. The yields shown are calculated after
chromatographic purificatio n. a) For this reaction, the product obtained was (R)-78. b) The reaction was carried
out at 20 °C using 1.1 equiv. of amino acid.c) (S)-78 was obtained with similar yield and e.e. when (D)-tyrosine
was used.d) The reaction was carried out at 25 °C.e) 20% of DMSO was used to solver9. No product observed .
The starting material was fully recovered.
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Several reaction tests were performed with solvents capable of dissolving all the different

reagents, including (D)-tyrosine. As can be seen in entry9 of Table 3.4, the reaction yielded

no product when a mixture of H 20 and DMSO (20% of DMSO in H20) was used as solvent

(only the starting material 79 was completely recovered after reaction work -up). In contrast,

78 was obtained in DM F and CHsCN with a yield of 31and 57%, respectively (entries7 and

8). Due to the excellent result and its lower toxicity compared to DMF and CH sCN, we

considered DMSO as the best solvent for the condensation of79. Once the best amino acid

and the best cyclization solvent were found, our attention turned to the other reaction

parameters. The results of the experiments performed to achieve this goal are summarized

in Table 3.5.
_ o 5
(D)-tyrosine (X equiv.),
Y 1M (equiv.),
o T°C,t(h) 2
X0 -0 DMSO i o~ 79" ] 0% (578
Entry | X equiv. of Y acid used T temperature  treactiontime % Yield of % e.e of
tyrosine (equiv.) (°C) (h) (S)y78 (S)y78
1 1.0 HCIO 4(0.5) 90 1 86 48
2 1.0 HCIO 4(0.5) 25 24 72 85
3 1.0 HCIO 4(0.5) 10 48 80 87
4 1.0 HCIO 4(0.5) 0 96 71 87
5 - HCIO 4(0.5) 10 120 49 -
6 0.1 HCIO 4(0.5) 10 96 20 67
7 0.5 HCIO 4(0.5) 10 48 21 86
8 2.0 HCIO 4(0.5) 10 48 80 86
9 1.0 HCIO 4(1.0) 10 72 75 86
10 1.0 - 20 120 51 57
11 1.0 HBF4 (0.5) 15 48 57 80
12 1.0 CH3SO:H (0.5) 15 48 71 79

Table 3.5: Different reaction conditions investigated to optimize the condensation leading to 78. The e.e. were
determined by HPLC with a cellulose -coated chiral stationary phase with a flux speed of 1mL/min (eluent
mixture : 80% Hex, 20% Zpropanol).
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As shown in entries 1, 2 3and 4 we first investigated which reaction temperature could lead
to the best results in terms of yield. Interestingly, no significant change in reaction yield was
observed when the temperature used was lowered (from 90 °C to 0 °C, from entry 1 to 4)
and a sufficiently long reaction time was needed (from 1 h to 96 h). Intrigued by the possible
effect of temperature on the enantioselection of this cyclization, we decided to calculate the
e.e. obtained in these experiments When the temperature was lowered from 90 to 10 °C, the
measured e.e. increased considerably from 48% to 8% (entries 1 and 3, respectively).
However, no further improvement is observed when the reaction temperature is lowered
to 0 °C (entry 4).

In view of the above considerations, not only the reaction yield but also the observed e.e.
must be considered when optimizing the reaction parameters. For this reason, we decided
to optimiz e the parameter that is most responsible for the e.e. of the reaction: the amount of
amino acid. Carrying out the reaction in the complete absence of amino acid, 78 is obtained
as a racemic mixture in good yield (49%) after a very long reaction time (120 h, entry 5,
Table 3.5). This interesting result suggests that the condensation of 79 can occur not only
via a catalyzed pathway, but also spontaneously via a non-catalyzed pathway. When
catalytic amounts of tyrosine (10 and 50 mol% in entries 6 and 7) are used, both the reaction
yield and the e.e. are significantly lower than when stoichiometric amounts of the amino
acid are used (entry 3). This dependence of the yield and especiallyof the e.e. on the amount
of amino acid can be justified by the assumption that the catalyzed and uncatalyzed
pathways are constantly in competition with each other. In this case, when tyrosine is used
either in stoichiometric amounts or in excess, the catalyzed pathway wins the competition
with the uncatalyzed pathway and produces (S)78 enantioselectively, as shown in both
entries 2 and 8. In contrast, when the amino acid is used in catalytic amounts, the
uncatalyzed pathway wins the competition, leading to the consequent reduction in e.e.
reported in entries 6 and 7. Based on these results, it woud be more correct to describe the
cyclization of 79 as an amino acidmediated intramolecular aldol condensation rather than

a catalyzed process.
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As for HCIO 4, its total absence in the reaction medium does not allow the complete
elimination of the intermediate 79z(chromatographically isolated), leading to a decrease in
the reaction yield (from 80 to 70%), as shown in entry 10 of Table 3.5. Moreover, the
measured e.e. also seems to decrease drastically (from 86 to 57%) under the same conditions.
As reported in the literature, the poor solubilization of tyrosine in water can be increased
by changing (increasing or decreasing) the pH of the solution to remove the amino acid from
its isoelectric point10219%3, |t is therefore possible that the absence of HCIO favors a lower
solubility of the amino acid in the reaction solvent, which in turn could increase the
competition between the non-catalyzed and catalyzed mechanism, leading to the observed
decrease in e.eCuriously, the use of a stoichiometric amount of acid does not lead to an
improvement in the reaction parameters (entry 9). As shown in entries 11 and 12, no
iImprovement in reaction yields w asobtained by using HBF4 or CHsSOsH instead of HCIO 4.
Therefore, the latter was determined to be the optimal acid for the reaction under
investigation. Based on the reaction attempts summarized in Table 3.5, the optimized

reaction conditions were defined as those reported in entry 3.

(D)-X (1.0 equiv.),
HCIO4 1 M (0.5 equiv.),

o 10°C, 48 h
S0 79 i 0” (S)-78
Entry | X (D)-amino acid R group of amino acid % Yield of (S)-78 % e.e of (S)78
1 Phe CH2Ph 65 38
2 Tyr CH2Ph-p-OH 80 87
3 Ser CH20H 73 13
4 Asp CH2CO2H 77 48
5 Glu (CH2)2COzH 90 44
6 Lys (CH2)sNH 2 71 22
7 Trp CHz-indol -3-yI 76 31

Table 3.6: Optimization of the enantiomeric excess obtained during the condensation of 79.
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Once the reaction conditions were optimized, we decided to check which amino acid could
provide (S)78 with the highest e.e. possible.As shown in Table 3.6, (D)-aspartic acid and
(D)-glutaric acid gave excellent results in terms of yield and modest results in terms of e.e.
(entry 4 and 5, Table 3.6). With (D)-phenylalanine and (D)-tryptophan, 78 was obtained in
excellent yield but with a very low enantiomeric excess (38 and 31%, entries 1 and 7,
respectively). The e.e. obtained with the amino acid (D)-serine (with the shortest side chain)
was also quite low (13%, entry 3).

Moreover, as entry 6 shows, the reaction e.e. does not seem to be affected by the presence
of amino groups on the side chain of the amino acid used (such as(D)-lysine). However,

none of the tested amino acids showed the same efficiency agD)-tyrosine (entry 2).

O O
(D)-tyrosine (1.0 equiv.)

HCIO, 1 M (0.5 equiv.), ‘@
o 10 °C, 48 h

DMSO
79 (S)-78
(80% yield, e.e. 86%)

Scheme 3.11: Optimized reaction condition to obtain (S)-78.
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Figure3.4: HPCL chromatogram of 78. As shown the predominant enantiomer is (S)-78, obtained with an e.e.
of 86%. The separation between the two enantiomers is reached using a HPLC with a cellulose-coated chiral
stationary phase with a flux speed of 1mL/min (eluent mixture: 80% Hex 20% 2propanol).
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Under the reaction conditions of Scheme 3.11 (S)-78 was obtained in 80% yield and an e.e.
of 87% (seeFigure 3.4). The exact configuration of the chiral center was confirmed by
vibrational circular dichroism (VCD) comparing the spectrum of (S)78 with the
theoretically calculated one (see Figure 3.5). Having achieved our goal, we began to
investigate the main feature of the cyclization of 79. The experiments and the results

obtained are described in detail in the next subchapter.
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Figure 3.5: Top: UV-Vis spectrum of enantiopure (S)-78 (the dashed line is the experimental spectrum; the red
line is the theoretical spectrum). Bottom: Vibrational circular dichroism spectrum of enantiopure (S)78 (the
dashed line is the experimental spectrum; the red line is the theoretical spectrum).

3.32 Kinetic studieson the cyclization of9:

As anticipated, from this section onwards, the experiments investigating the main
features and reaction mechanism ofthe intramolecular condensation of 79 are described.
First, we decided to investigate the mediation effect of the amino acid in more detail. As we
noted in the previous section, the cyclization of 79 appears to occur via both an amino acid

"mediated" pathway and a spontaneous, non-mediated pathway. Although the results
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obtained with the different amounts of amino acids confirm our conclusion, we decided to
further corroborate these observations by kinetic studies on this condensation reaction.

For this reason, we prepared a 0.45 M solution of 79 in DMSO-ds in a small NMR tube,
added 0.5 equivalents of HCIO4 (1M in D20) and 1 equivalent of (D)-tyrosine, and finally
followed the reaction by H-NMR, focusing on the region related to the aldehyde functions
(from 9.40 ppm to 10.20 ppm) of 79, 78 and the various possible diastereoisomers of 79z(see
Scheme 312). As can be seen inFigure 3.6, 79 is completely consumed within 4 h at 25°C.
Interestingly, about 3 h after the start of the reaction, the most abundant product in the

reaction mixture is one of the four possible aldol intermediates, called 79z for simplicity.

O O O
cyclization elimination
step step
o
NS — OH 7
=
O 79 L O 791ad 0 78

Scheme 3.2: The condensation of 79 leading to 78 is divided in two steps. The first one is a cyclization step
affording the aldols intermediate 79z-d. The second step is theH 20 elimination, affording the final products
78.

As can be seen inFigure 3.6aand even more clearly in Figure 3.6b, small amounts of two
other aldol intermediates (797 Fnd 797 )Eare still obtained after 3 h. However, their low
concentration is probably due to the rapid dehydration they may undergo due to the acidic
reaction environment. This possibility is supported by the fact that a slow but constant

formation of 78 can be observed during the first hours of the reaction.
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Figure 3.6: a) Aldehydic region of 'H-NMR spectra at different times showing the formation of 78 and 79z-c
by reaction of 79. Experimental condition: *H-NMR at 25°C; [79]= 0.45 Min DMSO-ds, HCIO4 (0.5 equiv., 1M
in D20), (D)-tyrosine (1.0 equiv.). b) Relative percentage of compounds 78, 79z-c and 79 as a function of time
in the first 9 h of the reaction.

After collecting this information, we performed two more kinetic experiments. In the first,
(D)-tyrosine was added in catalytic amount (10 mol %) in the presence of79 (0.25 M solution
in DMSO-ds) and HCIO 4 (0.5 equiv. of a 1M solution in D 20). In contrast, in the second new
experiment, no amino acid was added at all to the reaction mixture in the NMR tube. As can
be seen inFigures 3.7 and Figure 3.8, both the absence and the use of small amounts of
tyrosine slow down the reaction considerably. In fact, 79 is completely consumed in 120 h
under these conditions, rather than in 4 h as observed in the kinetic experiment with 1

equivalent of (D)-tyrosine.

a
78 79°a 79°h 79c 79d 79
138h El (%)
- . A~ 3
78h
i5h |k -§
—  —— <4
=Y ]\ A A;\_J*ﬁ___ f_}'
25h o
P —h\- <
7h 02)
6h E
Sh [
1h
Oh
(O e e B B e m s o o L e e e R B !
10.10 1005 1000 995 090 08 080 05 00 065 960 958 950 045 0O 10 20 30 40 50 60 70 80 90 100 110 120 130 140

time (h)
Figure 3.7: a) Aldehydic region of *H-NMR spectra at different times showing the formation of 78 and 79z-d
by reaction of 79. Experimental conditions: [79]= 0.25 M in DMSO-ds, HCIO4 (0.5 equiv., 1 M in D 20), (D)-
tyrosine (10 mol%). b) Percentage quantity of compounds 78, 79za-d and 79 as a function of time.
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Moreover, both experiments show the formation of all four possible aldol diastereomers
79z B. Interestingly, among these, the main product 79z ks the only diastereomer that was
not formed under the conditions of the first kinetic experiment. These results also confirm
the existence of competition between the amino acid mediated and non-mediated pathways.
In fact, the non-mediated process becomes more prominent when small amounts or no
amino acid are used, leading preferentially to 79z Bwhich after dehydration lead mainly to

the (R)-78 enantiomer, reducing the reaction e.e.respect the desired(S)-78 enantiomer.
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Figure 3.8: a) Aldehydic region of *H-NMR spectra at different times showing the formation of 78 and 79za-d
by reaction of 79. Experimental conditions: [ 79]= 0.25 M in DMSO-ds, HCIO4 (0.5 equiv., 1M in D20). b)
Percentage quantity of compounds 78, 79z-d and 79 as a function of time.

After having studied in detail the mediation of the amino acid in the ¢ ondensation of 79, we
decided to isolate and characterize the different aldol intermediates 79z-d. For this reason,
we performed an experiment under the same conditions as the kinetic experiment in the
absence of the amino acid and quenched the reaction after aboutl h to obtain a mixture of
all aldol intermediates. Unfortunately, it was not possible to isolate the different products

under any of the purification conditions tested. To overcome this drawback, we decided to

perform a new experiment under the reaction cond itions of the first kinetic experiment
(using 1 equiv. of tyrosine) and to quench the reaction 3 h after its start. In this way, we
obtained a mixture of the aldols 79za, 792 and 79z. From this mixture, 79za was isolated by

flash-column chromatography (97% DCM, 3% acetone). In contrast,792 and 79z were
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collected as an inseparable mixture. 79z Was finally characterized by NMR spectroscopy
and its absolute configuration was determined by X-ray crystallography after

recrystallization in Hex/DCM (see Figure 3.9).

O

(ofe

/é OH
O/
79'a

Figure 3.9: The absolute configuration of 79E gvas assigned as represented in the picture.

3.33 Studies on enantioselection aod797 UWE O O Este@@UEUD OO

After our hypotheses were confirmed and strengthened by the kinetic experiments
described above, we focused on the nature of the observed inversion of enantioselection
between 78 and 86. In 2021, Kawamoto et ali®* enantioselectively obtained the product (S)
170 from 168 and (S)}169, a catalyst derived from (L)-proline (see Scheme 313a).
Interestingly, although 168 is a structural analog of 79 (lacking the double bond at position
4 typical of our molecule) the (S)»170 enantiomer selectively obtained by the Japanese
research group show an opposite configuration to the (R)-78 enantiomer obtained by us
with an (L)-amino acid as a mediator. This evidence allowed us to hypothesize that the
presence of the double bond on the side chain of79 could play a key role in the inversion of
the enantioselection observed for 78.

To test this hypothesis, we decided to synthesize the sulfonamide (S)-169 according to the
procedure described in the literature and use it for the condensation of 79'% As shown in
Scheme 3.13b, using (S)169in DMSO at 10 °C gave intermediate 79z which by subsequent
elimination with Burgess reagent gave (R)-78 in 40% vyield and an e.e. of 70%. The

enantioselective formation of the (R)-78 enantiomer with the same chiral mediator used by
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Kawamoto et al. confirms our hypothesis and suggests that the double bond in position 4
of 79is involved in the inversion of the enantioselection observed for 78.

Indeed, it is possible that the rigid planar geometry of the double bond forces all transition
states that generate the(S) 78 enantiomer to adopt complex geometries and thus higher
activation energies than those that generate the(R)-78 enantiomer when an (S)ymediator is
used. This energy difference is probably sufficient to allow the selective formation of the

(R)-78 enantiomer instead of the (S)-78 enantiomer.

0}
(S) 169 (30 mol%), Burgess reagent,
rt., 3 d 60 C 12h
NMP THF

07 (S)-170
O\\S//O —
S, H/ \AI‘ — OH
NH .
NH (S)-169, Ar= p-C4,H,5Ph (L)-proline

b
(e}
(S)-169 (1.0 equiv.), Burgess reagent,
o 10°C,72h 60 °C,12h
DMSO THF
NS
O 79

Scheme 3.13: a) Condensation of 168 with (S)}1694 b) Condensation of 79 with (S)-169.

0" (r)-78

As shown in Scheme 312 of section 3.32, the condensation of 78 can be divided into two
different steps. The first is the cyclization step, which generates the aldol intermediates 79z
and the second is the dehydration step, which the aldols undergo to produce 78. As can be
seen from the kinetic studies performed, the configuration of the chiral center of the reaction
product strictly depends on the configuration adopted by the chiral center in position 4a of
the specific intermediate 79z which is mainly formed during the reaction. In other words,
the stereoselection d the entire intramolecular process seems to be exclusively due to the
first cyclization step. However, the evidence collected so far does not completely exclude

the possibility that enantioselective control can also be exerted during the dehydration step.

81



For this reason, we decided to investigate whether one of the two steps of this process is in
equilibrium. So, we performed two separate experiments. In the first, we reacted 79 with a
racemic mixture of tyrosine in DMSO at 15 °C. After 3 h, we quenched the reaction and
obtained a mixture of 78 and 79z-c. Using the purification method described in section 3.3.1
we separated 78, 79z and the mixture 79z-c from each other.

In the second experiment, we subjected each of the isolated products to dehydration under
the conditions described in Scheme 314a. The elimination of all the isolated products gives
78 in racemic form (3% e.e.) These resuls suggest that boththe cyclization and elimination
step of 79 are irreversible. Indeed, if the elimination step were reversible and responsible
for enantioselective control, we would have observed the predominant formation of a single
enantiomer in all eliminations. In addition, the starting aldehyde 79 was not reformed in
either experiment, confirming that the cyclization step is also irreversible. As further proof
of the irreversibility of the dehydration step, we decided to perform a third experiment by
reacting (S)-78 and (D)-tyrosine in DMSO (Scheme 314b). As expected, no species outside
of (S)}78 was observed, again confirming the irreversibility of the reaction step in question.
Given the results of the kinetic experiments and the experiments just described, it is clear
that the stereoselection of the entire condensation process depends exclusivly on the first

cyclization step.

(o] [0} 0] o]
racemic tyrosine (1.0 equiv.),
HCIO, 1 M (0.5 equiv.), ‘a . .
o 10°C,3h .
OH : OH
~ DMSO = = o

o)
79 (R/S)-79'b-c (R/S)-79'a (R/S)-T8

(D)-tyrosine (1.0 equiv.),
HCIO4 1 M (0.5 equiv.),
15°C,96 h
DMSO

DMSO
(S)-78 (S)-78

b
o (e}

(D)-tyrosine (1.0 equiv.),

HCIO4 1 M (0.5 equiv.), o
90°C,24 h
thenrt., 7d

o4 /
O (e}
—

o
(R/S)-T8 (e.e. 3%)

Scheme 3.4: a) Experiment proposed to investigate the reversibility of the cyclization and elimination steps
leading to 78. b) Additional experiment proposed to verify the reversibility of the elimination leading to 78.
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3.34 Studies on the reaction mechanism:

Having clarified many aspects d the condensation of 79, we decided to investigate the
reaction mechanism more deeply with the support of quantum mechanical calculations and
ESEMS experiments.

According to the studies of Houk et al. (see section 1.3.1), aldol condensations that generate
Wieland -Miescher analogs occur through the formation of an enamine intermediate in a
neutral charge state, which allows the enantioselective formation of the desired reaction
product through a chair -like transition state (according to the Zimmerman -Traxler model )&
Assuming that this mechanism and its neutral charge state for the enamine could also occur
in the aldol condensation of 79, we performed our first quantum mechanical calculations.
According to the data collected, 79'a (1R,4aS,8aSappears to be the intermediate with the
lowest activation energy when (L)-tyrosine was used (seeFigure 3.10). However, as shown
in chapter 3.3.2, the aldol intermediate A N s [Eollected as the main reaction intermediate

when (D)-tyrosine is used as mediator instead of (L)-tyrosine.

70+ = Charge-neutral transition state
65 - 1 Positively charged transition state
60 - =3 Zwitterionic charged transition state
o 554 ] —
= 50- m —

| : ifR

7 25 OH ifS
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Figure 3.10: Calculated activation energy for each possible aldol intermediate (A N-zl)Eformed upon
cyclization of 79with (L)-tyrosine. As shown, 79'ais the intermediate with the lowest activation energy found
when (L)-tyrosine is used as chiral mediator and when the Houk mechanism is used with the enamine in the
neutral charge state. This finding contrasts with our experimental results where the same intermediate was
preferentially obtained with (D)-tyrosine.
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The considerable discrepancy between the calculations and the experimental results
prompted us to investigate different charge states for the enamine intermediate in the
proposed Houk mechanism. The newly investigated positive and zwitterionic charge state s
exhibit much higher activation energies (about 30 Kcal/mol) compared to the originally
investigated neutral state (see Figure 3.10). As shown in Figure 3.10, although the
"zwitterionic model" has higher average transition state energies than the "neutral model",
the transition state with the lowest activation energy in the zwitterionic state clearly
generates theentA N £15,4aR,8aR) intermediate as observed in experimental results (see
chapter 1.3.3 and 3.3.1) when(L)-tyrosine is used as a chiral mediator. This found suggest
that the only version of the Houk mechanism that could accurately describe the

condensation of 79is the one shown in Scheme 3.15a

o e e
cyclization H o —_— o E— $ elimination @
o step (} < H | 'T',H) 6H step
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O 79 Ar O ent-79'a 0" (R)-78
(L) COy (L)"CO,
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o COZ (S) -78
171a 171'a

Scheme 3.5: a) Condensation of 79 according to the Houk mechanism with the enamine in the zwitterionic
charge state This is the only postulated version of the Houk mechanism leading to ent79when (L)-tyrosine
is used as mediator. b) Condensation of 79 (with ( L)-tyrosine) according to classical Houk mechanism. With
this mechanism the stereoisomer with the lowest activation energy found is 79za. Ar = CeHs-p-OH.

Similar to the classical Houk mechanism, this new mechanism is expected to involve the
formation of an enamine intermediate (such as 171z) between (L)-tyrosine and 79.
However, while 171z B in a neutral charge state in the classical Houk mechanism (see

Scheme 3.15h, the same enamine(1713) in the new version of the proposed mechanism is
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in a zwitterion ic form which could lead to the formation of the desired product through the
chairt like transition state shown in Scheme 3.15a This aspect of theproposed model can be
justified experimentally thanks to the acidic conditions of the reaction environment due to
the presence of HCIOs (0.5 equiv.) in DMSO.

In order to verify the actual formation of the enamine intermediate (in zwitterionic or
neutral form), we decided to analyze the reaction crude by mass spectrometry. Using (L)-
phenylalanine (L-Phe) under the conditions shown in Scheme 316a, 79 was subjected to
condensation and a sample was taken after 30 min, 1h, 2 h and 3 h to monitor the progress
of the reaction by ESFMS. As shown in Figure 3.11a, a signal at 370.25 m/z can be observed
after 1 h, which can be attributed to the 172 adduct formed between 79 and (L)-Phe (see

Scheme 316a).
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N Ph Ph_ - o
0y 0, 0" 79

). P>
Ke 0™ (R)-78

172 172"

o [¢]
2 o o
(D)-tyrosine (1.0 equiv.), H\?/Cij —_— o elimination
o TFA 1M (0.5 equiv.), rt. C - \ ﬂ/H) step ‘@
« CH;CN ~N N2 OH
© 79 A el Arw"/ooz' o 1o 0 ()78

ent-171 ent-171"

Scheme 3.5: a) Reaction condition for the condensation of 79 with (L)-phenylalanine followed by ESI -MS. b)
Reaction condition for the condensation of 79 with (D)-tyrosine followed by ESI -MS. Ar= CeH s-p-OH.

Since 172zis in equilibrium with 172, the formation of the first adduct indirectly confirms

the formation of the enamine intermediate of the mechanistic hypothesis put forward by

our research group. To confirm the correct assignment of the signal at 370.25 m/za second

sample of the same reaction was analyzed at the same time using a highresolution
spectrometer (HRMS). In this instrument, the analyzed signal assumes the value 370.D06

m/z, which is perfectly compatible with the theoretical value of the exact mass of the adduct

173 of 370.y hut wOva wmp, Oy a4 whd WwxxOAdw3T 1 wi Rxi UPOI OO

conditions with (D)-tyrosine as the amino acid mediator. In this case, ent-171, the adduct
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between the amino acid and 79 was also identified with the signal at 386.25 m/z. (seeFigure

3.11b and Scheme 3.160.
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Figure 3.11: a) ESIMS spectrum obtained by the condensation of 79 with (L)-phenylalanine under the reaction
condition of Scheme 3.16aafter 1 h. b) ESFMS spectrum obtained by the condensation of 79 with (D)-tyrosine
under the reaction condition of Scheme 3.16bafter 1 h.

3.35 Conclusion:

An efficient synthetic strategy was proposed and optimized to obtain 78, an advanced
intermediate in the total synthesis of (+)-Oryzalexin S (54), in 23% overall yield after 7 steps.
In addition, the enantioselective condensation of 79 was thoroughly investigated in all its
aspects, in particular elucidating the reaction mechanism and the nature of the
enantioselection inversion of enantioselection between 79 and the Wieland-Miescher
analogs. Using quantum mechanical calculations and ESFMS experiments, the formation of
an enamine intermediate (171 during the cyclization step of 79 was demonstrated.
Furthermore, several experiments and kinetic analyzes showed that control over
stereoselection of the entire condensation process occurs xclusively during the first

cyclization step.
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4.1 Diazirine : a powerful and useful class of molecules for biomedical

applications

Diazirine s are a class of nolecules characterized bya three-membered ring consisting of
a carbon bound to two nitrogen atoms, which are linked by a double bond . 3H-Diazirine,
the simplest molecule of this class, was synthesized in 1960and its properties were
investigated in 1961'%, The main feature of these molecules is the ability to eliminate
gaseous N and generate a carbene that can readily react with GH, N+H and Ot H bonds of

a generic substrate after thermal or photochemical activation (seeScheme 4.]).

rearrangment

H
—_ H
singlet [ )<

R R R R
N,
N* hv or A T R4-CH,R,
— _— N -
: N R° R 100
" R R 2 carbene n V2
/FN hv or A diazo isomer
R' - ] H
R triplet R1iR2 o o
e
diazirine H
S R R R')<R R‘*R
-Nj

R./\/R
When R=R'= alkyl

Scheme 4.1 General activation and insertion scheme for diazirines. The activation of a diazirine could lead
to the formation of the corresponding diazo isomer, which in turn could lead to the desired carbene or

participate in side-UT EUUEOT | 01 O0wUi EEUOPOOUVUS wWET | Owl417A4AwWEOCOAOOwWUI |
hydride shift leading to an undesired unsaturated product .
This interesting insertion property has enabled the application of diazirines in various

fields, including the field of polymers, where these molecules (especially trifluoromethyl

aryl diazirines) have recently been used for the functionalization and crosslinking of low -
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functionalization aliphatic polymers 106197 However, the predominant application of
diazirines in the last 50 years has been their use in the biomedical field as Photoaffinity
Labeling Agents (PALSs) for the identification of protein structures, the first application of
which dates back to 1973%. The principle underlying the action of PALs is commonly
described as a baittrap approach, in which a starting protein or a generic molecule, known
EUW?REEDPU? OwbPUwWOOEDI Pl EwWEawUT | wbOUUOGEUEUDOOWOI
? E E B U nin®oduedd info a complex mixture of proteins ( in vivo or in vitro) with which

it can react freely. The mixture is then irradiated at the activation wavelength of the
photosensitive group which, once activated, covalently binds the protein that interacts with
Ul 1 wEEDPUGW3T 1T wUI UUOUDLOT w? UUE x(wherpristWivettdPhotn& I 1 E wp
to the PAL) to label the captured proteins (this principle can also be used for a protein
iImaging system), which are then identified with proteomics studies 1.

Although various alkyl diazirine derivatives have been used as PALs 119 these have been
replaced in the last 20 years by aryl trifluoromethyl diazirines ( ATD s, first used as PALs in
1980) due to their versatile properties*'®. Indeed, ATD s are characterized by higher chemical
stability (resistance to strongly acidic/basic environments and resistance to the presence of
strong reducing/oxidizing agents) 112113 and higher insertion efficiency compared to alkyl
diazirines. The latter property is mainly due to the different efficiency with which the
corresponding carbene intermediate is formed in the two classes of diazirines considered.
As described in the literature, the formation of the carbene intermediate in alkyl diazirines
competes with a 1,2hydride shift (which generates an unsaturated substrate, as shown in
Scheme 4.]), significantly reducing the amount of carbene intermediate formed '* In
contrast, the presence of the aromatic system in ATDs prevents shift processes such as the
one described above and favors the formation of the desired carbene intermediate, allowing
for better insertion reactivity towards the C +H, OtH, N+H bonds of a generic reaction
partner. Figure 4.1 lists some examples of ATD s that have been efficiently used as PALs in
the identification of various protein structures. Among these, 173 and 174 are very
interesting because of the great scientific importance of their application in the biomedical

field.
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Figure 4.1: Example of ATD s that have recently been used as PALs. For eachTDs, the corresponding ? EE D U~ w
precursor is reported on the left.

As known from the literature, the transcription factor HIF -luY Owb U wE OQwOYIl Ul R x Ul
tumor cells that controls angiogenesis and metastasis of tumors under hypoxic conditions 11°,
Due to these properties, this factor was considered as a potential therapeutic target for
cancer treatment. Over the past decade, several studies have shown the ability of173zto
suppress the expression of this factor. However, the target protein of 173z remained
unrecognized. With the aim of identifying this protein, Lee et al. developed 173, an ATD -
based PAL in which the diazirine motif is installed on 17325 Thanks to this work, malate
dehydrogenase 2 was identified as the target protein of 173z The identification of this
protein paved the way for the development of a new and more efficient class of drugs to
which was used to identify the peptides of the active site of sirtuin 2, a NAD *dependent
lysine-deacylating enzyme involved in the development of degenerative diseases such as
Alzheimer's and Parkinson's disease!! paving the way for the development of new more
efficient drugs against this disease.

Although 173 and 174 are excellent examples of the effectiveness of PALs in determining
target-protein interactions, the use of ATD s for the development of PALs has at least two
important limitations. The first limitation concerns the nature of the carbene. Indeed, if on
one hand the high reactivity of this species allows the exclusive insertion of the diazirine on

the desired protein target, on the other hand this reactivity limits the overall efficiency of
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the insertion. As shown in Scheme 4.1 the photoactivation of an ATD generates a carbene
that could be in a triplet or in a singlet state. The latter carbene can insert into the G H, Nt
H and Ot H bonds of the reactive target through a concerted mechanismin which the empty
p orbital of the carbenefirst receives electron donation from the X' wbh WE OOEDOT wOUEE
then the lone pair on the carbene undergoes back-donation into the X¢' wh d w Gottkeb U E O
reactant (with X=C, N or O) **”. However, by the same mechanism, the carbene can also react
with H 20 in the reaction medium or in the cellular environment, leading to its partial
guenching. In addition, the carbene in the singlet state can undergo an inter-system crossing
(ISC) process,which enablesthe formation of a carbene in the triplet state. Similarly to the
singlet carbene, the triplet carbene also inserts into the GH, N+H and OtH bonds of its
reactive partner, although in this case the insertion occurs through a two -step mechanism
in which an initial hydrogen abstraction is followed by a radical recombination process?’.
Due to thb U w ? E BAEEIDE E QithE &igleb cambdné, unlike the singlet carbene, can
easily undergo to several undesired side reaction'’. For example, it can be quenched not
only by H 20, but also by Oz (whose ground state isknow n to be atriplet state) in the reaction
atmosphere to from the corresponding ketone of the carbene previously generated (see
Scheme 4.]). For this reason, of the two different states in which the carbene can occur, the
singlet state is certainly the best for the development of PALs. Therefore, the first limitation

in the development of PALs concerns the optimization of diazirines to preferentially
generate a singlet carbene upon photoactivation. Recently, Musolino et al. have shownthat
it is possible to modulate the properties of a simple ATD to optimize the yields of CtH
insertion!'”. In particular, the Canadian research group has shown how the use of EDG
groups in para position to the diazirine motif favors the formation of the singlet carbene
(seeScheme 42) and increases the yields of G H insertion (> 90%)".

The other limitation of using ATDs as PALs concerns the activation wavelength of these
molecules. Indeed, to generate the desired singletcarbene intermediate, it is necessary to
use a light source whose emission wavelength falls in the UVA range (more precisely

between 360400 nm). These wavelengths are extremely damaging to cellular organisms.

90



N=N H 9
350 nm
/©)<CF3 cyclohexane } O CFs
R R

R=CF3;175a R= CF3 176a (25% yield)
R=H 175b R=H 176b (35% yield)
R= OMe 175¢ R= OMe 176¢ (94% vyield)

Scheme 4.2 GraphicUl x Ul Ul OUEUDPOOWOI w, U HiGatddaptinzatichU EDT UwOOwli 1T w"

In fact, cells exposed to this wavelength for only a short time can suffer very severe lesions
or, in the worst case, even be killed. For this reason, most diazirine PALs in the literature
(including the examples cited) refer to in vitro applications. Recently, some strategies to
overcome this important limitation have been described in the literature as reported in the

following section .

- - ~

KOl w-1PWExxUOEET T UwUOwWUOBOYITI wUiTl woEDOUL

application as PAL s

4.2.1 Red shift of diazirine derivativesctivation wavelength by photocatalyst or

chromophore coordination:

In 2022,D. W. C. MacMillan et al. succeeded in overcoming the major drawback of ATD -
based PALs by using an iridium photocatalyst 18 In this work, MacMillan et al. first
investigated the possibility of activating ATDUwPBDUT wEWEOUI woOPT T Uw+ $#uw
presence of several photocatalysts. Of the various photocatalysts, only 177 were able to
interact with the photosensitive group of 178 (seeScheme 43). According to the mechanism
proposed by the research group (which was verified experimentally), 177 was excited to a
triplet state by irradiation at 450 nm. Through Dexter energy transfer, 177 returns to its

ground state, while 178 absorbs the excess energy ofl77 and reaches the excited state T1
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After the loss of N2, 178 generates the corresponding triplet carbene, which reacts with H20

to form the corresponding alcohol.

After studying the interactions between the ATD and the catalyst, the research group

enriched 178 with a fluorescent tag (biotin). They installed the iridium -based catalyst on a

protein receptor and finally checked the insertion efficiency of synthesized ATD on the

proteins interacting with the receptor by irradiation with blue LEDs. In both the in vitro and

In vivo experiments, the protein interacting with the receptor was efficiently labeled, as

shown by proteomic studies on the treated protein mixture. M oreover, the presence of the

i OUOUI UET OUWUET wi OEEOI EwUT 1 wUUT woOi w, EE, POOEOZ

fluorophore.

CF, 450 nm, 177 CF3
+ H,O +
H3N H3N
178 179

{Ir[dF(CF3)ppyl(dtbbpy)}PFg 177

Scheme 4.3 Reaction condition developed by MacMillan to activate the ATD s with blue light.

Although the results obtained by MacMillan et al. have indeed led to an ATD -based PAL
that is photoactivable beyond 390 nm, there are some important critical points in the
application of this approach. The most important one is certainly the low yield obtained
with the synthetic strategy for anchoring 177 on the receptor surface (free protein vs. bound
protein = 6:1). Another critical aspect is the distance to the catalyst in which the diazirine
must be in order to be photoactivated. In order for the excess energy of the photocatalyst to
be transferred to the diazirines, the distance between them must not be greater than 1 nm.
While this short distance prevents coordination with distant proteins that do not interact
with the labeled receptor, it also prevents the identification of those specific amino acid
domains of the receptor that may be involved in the interaction with the protein through
long-range interactions. In addition, the carbene obtained with this approach is in the triplet

state compared to the preferred singlet state.
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Concurrently with the work of MacMillan et al., Yao's research group developed a PAL that

can be photoactivated by both visible light (430-490 nm, blue light) and near-infrared light

(800 nm by two-photon activation process)*®.

3T PUwUI UUOUwWPEUWOEUEDPOI EwWEawEOOUED Ofekidhdetl wE wE
system) with a diazo group (a cross-linker coordinates the photosensitive group and the
PEEDU? wOl wlOT 1 wx UOUIT b Ohyididlizatididsiate UHe bidr & dyouptadd the U O wU 1
wt extended system of coumarin are electronically conjugated to each other, allowing a red

shift of the activation wavelength of the diazo residue. In addition, the coumarin derivatives

used by Yao have a good two-photon absorption cross-section. This property allows them

to be excited notonly by a single photon at 460 nm, but also by two photons at about twice

the wavelength (or in other words, half the energy of the single photon). Due to the
electronic conjugation between the coumarin scaffold and the diazo group, the excitation

energy obtained by the two -photon absorption process can be utilized by the diazo group

to form the carbene, resulting in a near-infrared light -activatable PAL. The long activation
wavelength of 180 (460 nm and 800 nm) enabled its application in several in vivo
experiments. However, diazo derivatives 181 and 185, synthesized by Yao et al. to
investigate the photochemical properties of diazo coumarin derivatives, show poor yield

upon insertion into MeOH. As can be seen in Scheme 44, the main causes of this
phenomenon are the quenching of the corresponding carbene of181 and 185 by O: (leading

to the corresponding ketones 182 and 186) and the various side reactions that these
molecules can undergo, such as the Wolff rearrangement that generates184 or the
isomerization that generates 189 (seeScheme 44)'2°,

Based on these results, it cannot be excluded that similar side reactions also occur during
photoactivation of 180, thus limiting the overall efficiency of its incorporation into the target

protein. Although this last approach is characterized by the described criticalities, it

Ul xUI Ul ODUUWEOwWHOUI UT UUDPOT wol UT OEwUOwI RUI OEwUI
coordinating the chromophore to a n ATD rather than a diazo group, it may be possible to

obtain a relatively more stable carbene intermediate that is less prone to side reactions.
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Scheme 4.3 8 E OXTD weactivity in MeOH .

4.2.2 A new research go&8lynthesisand studyof the physicechemicabroperties 090 to
elucidate the conjugation of diazirine with a chromophore and achieve a new efficient class of

PALs:

OUT OUTT whbOUIT UT UUPOT OwlUT 1T wxOQUUPEDPOPUaAWOT wl R
by coordinating it directly to a chromophore (as described at the end of section 4.2.1) does
not seem feasible due to the different orbital properties of diazirines and diazo derivatives.
Namely, while the diazo group is characterized by a sp 2 hybridization state, in which the p
OUEDPUEOUWOI wUT tisystén) &h® Hadexdf tBelbliazo itsejf an interact with each
other, the diazirine system is usually described in a sp® hybridization state, in which the
absence of northybridized p orbitals does not allow electronic communication with the
chromophore. However, during the singlet carbene optimization study, Musolino et al.
observed a variation of the spectroscopic properties and a variation of the activation
conditions (thermal and photochemical) of the synthesized ATD s by varying the substituent
group (EDG, neutral or EWG) in para position to the diazirine motif 7,

This experimental evidence not only shows the existence of an electronic conjugation

between the aromatic system and the diazirine group, but also suggests a new interpretation
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of the orbital nature of the latter, in which the quaternary carbon atom is paradoxically
describable in a sp? hybridization state instead of a sp? state.

(OQwUIl EIl OVwal EUURBWHOYWOAUODULDOwpE wldix] EDPEOQwUA x I
grown considerably due to their versatile applications in biomedicine (as protein tags in

imaging systems), optometry and telecommunications®28 w ? -x01UG 0> w UauUl OU
suitably installed on the molecule to be electronically conjugated to each other. Thanks to

this molecular structure, these systems can undergo intramolecular charge transfer (ICT)

when photo stimulated , resulting in a low -energy molecular orbital 1?22 The low energy level

of this orbital allows visible light to strongly excite the electrons it contains. The result is a

I BT T Gawl I 1 PEDPI OUwYDUDPEOI wodidMotedver,Ghdrkdxdthew E a 1 w
coordination between the EDG and EWG groups, these molecules appear to emit the
absorbed light with the same ease, resulting in very efficient fluorophores.

Among these systems, great interest has been shownfor those dyes with a 9,9
dimethylfluorene scaffold in which a EDG and a EWG groups are installed at positions 2

and 7 (i.e. with para-alignment to each other to maximize their electronic coordination) 12

The main feature of these molecules is the ability to select the EDG and EWG groups in an
appropriate way to change the absorption (and consequently the emission) wavelength of

these dyes). Another interesting feature of these dyes is the absence of auxchromic
heteroatoms in their structure, which improves their fluorescence efficiency %2 Indeed, their

presence is often responsible for the nonradiative deactivation of the excited state, which

reduces the fluorescence quantum yield of the other dye classes. In addition, the absence of
auxochromic groups makes fluorene dyes less sensitiveto photodegradation by preventing

many of these derivatives exhibit a remarkable two -photon absorption cross section and

show fluorescence emission when excited simultaneously with two low - O1 UT a wx T OU OO
800 nm)22

Due to these properties, push-pull systems are an attractive system to test the coordination

ET UbpI 1T OQwUT 1 tsyst@riof thefchrdmopbore and the diazirine motif. Indeed, if the
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latter is used as the EWG group in a push-pull system, the spectroscopic properties of the
molecule should remain unchanged in the case of electronic coordination. Moreover, in this
case the diazirine motif could be activated with visible light (one - or tw o-photon activation).
With the idea of clarifying the nature of the hybridization state of the diazirine group and
exploring how coordination with the chromophore might affect its property paving the way

for the development of a new efficient category of PALS, Professor Jeremy Wulff (Professor
of Organic Chemistry at University of Victoria) thought of synthesizing the diazirine push -
pull system 190. The synthesis and investigation of the physico-chemical (spectroscopic and
non-spectroscopic) properties of 190 were the main research objectives assigned to me

during my six -month stay abroad in Professor Wulff's laboratory.

EDG @.O EWG

9,9-dimethyl fluorene
"push-pull" systems

Figure 4.2: Structural example of 9,9-dimethyl fluorene push-pull 1?2and diazirine 190.
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5.1 Retrosynthetic analysis on 190 and development of a first synthetic plan

This chapter details the project | conducted during my research stay at University of
Victoria (Canada, British Columbia) under the supervision of Professor Jeremy E. Wulff. In
particular, this chapter describes the synthetic strategy, the investigation on the physico-
chemical properties and the insertion experiment sinto cyclohexanewhich were carried out

with one- and two -photon activation process on190.

H 0.£ No
N O O NoN oxidation N, NH3 addition N\O’\\S:/ % nosylation N N-oH
/N . — . NH — N O. — N .
CF3 / CF, / CF, / CFs3
190 191 192 193

oxime
formation
lithiation
reductive and condensation

reduction amination N with CF3COLEL | (o]
O,N ‘ Br &——— H.N . Br «———— N . Br «————— N .
! / CF,
197 196 195 194
bromination
H and nitration

OV,

198

Scheme 5.1: Retro-synthetic analysis on diazirine 190.

As shown in the retrosynthetic analysis in Scheme 5.1 we planned to obtain diazirine 190
by oxidation of diaziridine 191. The latter in turn could be obtained by insertion of ammonia
(NH s) into nosyloxime 192. The latter could be easily obtained from its corresponding oxime
193, which in turn could be obtained by condensation of 194 with hydroxylamine chloride.
By lithiation, it is possible to convert the bromo derivative 195 into organolithium, which

could give the trifluoro ketone 194 by subsequent reaction with CFsCO:zEt. Then we planned
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to obtain 195 by reductive amination of 196'%4 which in turn is obtainable by reduction of
the nitro-bromo derivative 19725126 Finally, we planned to obtain this last intermediate by
consequent nitration and bromination of the commercial 9,9 -dimethyl fluorene (198)21127,
Based on the retrosynthetic analysis described above, we developed the strategy shown in
Scheme 5.2 the most critical step being certainly the insertion step of NH s on 192. In this
type of reaction, ammonia is used as a nucleophile on good electrophiles such as
nosyloximes to provide the corresponding diaziridines 1. In the case of192, however, the
presence of the electrondonating amino group (NMe 2) in conjugation with the nosyloxy
group could reduce the electrophilic behavior of 192 sufficiently so that it does not react
with NH s. Another critical step is the oxidation of 191 with I 2. Although several trifluoro
diazirines have been synthesized by this method©™O w U | eixtemdgd system with the
electron-donating amino group conjugated to the diaziridine group could partially or
completely prevent the reaction.

Considering these critical points, we outlined several alternative methods to obtain 190 and

191 and started to investigate the synthetic plan proposed in Scheme 5.2

1) HNO3,
50 °C then 80 °C, 2 h Fe powder, CH,0, NaBH,.

O O CH4CO,H NH,C, 80 °C, 16 h O O H,S0,.-15 °C \ O O
. “oBnsc.2en oM EtOH/H,0 HN . B MeOHITHF N . Br
CH3COH
198 196 195

1) n-BuLi, -78 °C, 1 h,
2) CF3CO,Et
dry THF

NsCl, NEt3, NH,OHHCI,
\ 0.0 DMAP (mol%), 0.0 N-oH pyridine, 80 °C, \N 0.0 0
0 °C thenrt. EtOH / CF,
DCM
194

192

NEts-20 °C
dry THF

N
\N 0.0 “NH I2 0°C,2h
/ CFs DCM
191

Scheme5.2: Synthetic plan proposed to obtain diazirine 190.
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5.2 Results of the proposed synthetic plan for 190

5.2.1 Nitration 0f198 and subsequent bromination1899:

The first step of the synthetic strategy developed for 190 is the nitration of commercial
dimethyl fluorene 198. Under the conditions described in Scheme 5.3, we obtained 199in
66% yield. We then attempted to obtain the bromo derivative 197 with Br2 in acetic acid
(CHsCO:zH). Although a precedent for this reaction has been described in the literature %,
emulsions and non-homogeneus mixing of Br:2 in solution were encountered when the
reaction was carried out under the conditions and work -up procedures described in this
publication. These two problems were particularly pronounced when Br >was added slowly
at 0 °C and when a saturated KOH solution was used during the work -up phase. Therefore,
several experiments were performed that led to the development of new and optimized

reaction conditions.

a

HNOj3,
O O CH4CO,H, 50 °C, 5 min then O O
. 65 °C, 20 min then 80 °C OaN .
under reflux 2 h
198 199
(66% yield)
b
Br, (3.0 equiv.), 5°C, 2 h
ON 0.0 thenrt., 24 h OoN 0.0 Br
CH,CO,H
199 197

(84% vyield)

Scheme 53: a) Synthetic strategy proposed to obtain 199 b) Synthetic strategy proposed to obtain 197.

First, it was found that the reaction temperature must not fall below 5 °C, as CH:CO:H (used
as a solvent) starts to solidify at lower temperatures preventing homogeneous mixing of the
reactants. It was also found that the use of halogenated solvents during the work-up phase

was necessary to limit emulsification. Another effective measure was to wash the organic
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phases with a saturated Na2SOs solution, which, as known from the literature, reacts with
I and Brz (redox reaction) and removes any excess reagents trapped in the organic phase.
In addition, unexpected decomposition of product 197 was observed during
chromatographic purification. To overcome this inconvenience, it was decided to purify 197
by hot filtration and recrystallization in CH sCN. Under the optimized reaction conditions
shown in Scheme 5.3band the precautions described product 197 was obtained in a good

yield of 84%.

5.2.2 Reduction df97 and reductive amination df96:

After obtaining 197, we investigated the next reduction step with iron powder and
NH 4Cl. Under the reaction conditions given in Scheme 5.4, the expected product 196 was
obtained in very good yield (80%). However, during the initial reaction experiments, some
of the iron powder used often accumulated with product 196, so that the final reaction yield
could not be accurately determined. In addition, we found that the presence of iron residues
from this reaction step complicated the purification by crystallization of the subsequent
reaction steps. To overcome these dravbacks, we decided to filter the crude reaction with a
neodymium magnet to retain most of the iron powder. In this way, 196 was obtained with
a yield of 80%. Subsequently,196 was subjected to reductive amination under the reaction

conditions shown in Scheme 54b and 195 was obtained in 80% yield.

Fe powder (3.0 equiv.),
ON 0.0 Br _NH4Cl (2.0 equiv.), 80 °C, 16 h HN 0.0 Br

EtOH/H20 (2:1)
197 196
(80% yield)
b
CH,0 35% in H,0,(19.4 equiv.),
HoN O‘O Br H,SO4 3 M (58 mL), \N 0.0 Br
NaBH, (10.0 equiv.), -15 °C thenr.t,, 1 h /
THF/EtOH (5:1)
196 195

(80% yield)

Scheme 54: a) Synthetic strategy proposed to obtain 196. b) Synthetic strategy proposed to obtain 195.
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5.2.3 Formation of trifluoro ketori®4 and oxidation experiment on trifluoro alcol20i3:

After obtaining 195, we attempted to convert it to the trifluoro ketone 194 using the
procedure described for 200 in Scheme 55a*?8,
In this synthetic method, 200 is first subjected to lithium -halogen exchange to form the
corresponding organolithium 200'. Subsequently, the latter reacts with ethyl trifluoro
ethanoate to obtain the final product 201 in 96% yield. Under similar reaction conditions,
194 was obtained from 195 (seeScheme 55b), albeit in rather low yield (24%). In addition,
the by-product 202 was isolated (in about 9% yield) and identified by its *H-NMR spectrum
in good agreement with the literature *??. The reaction was then repeated under more
concentrated conditions (from 0.05 M to 0.1 M of a solution of 195 in THF). Again, 202 was
obtained in 10% vyield, but the amount of 194 was much greater than in the previous
experiment (42% yield). However, in th is last experiment, the formation of a second reaction

by-product, trifluoro alcohol 203, was observed (45%yield , seeScheme 56c).

Scheme 5.5:a) Emer et al. strategy to obtain 201128 b) Preliminary approach to obtain trifluoro ketone 194. c)
Optimized reaction conditions developed to obtain 19%4.

As widely known in the literature, the mechanism of the lithium -halogen exchange reaction

can proceed directly through two mechanisms. The first involves the nucleophilic attack of
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