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General Introduction

Medicinal Chemistry

Medicinal chemistry is the application of chemical research techniques to the synthesis of
pharmaceuticals.During the early stages of medicinal chemistry development, scientists were
mostly involved with the isolation of medicinal agents found intglabut today, they are equally
involved with the creation of new synthetic drug compounds, maybe based ondisvdvered
mechanisms. This development of new synthetic drug compounds is a consequence of the
incorporation of many other disciplines, like biochemistry and molecular biology into medicinal

chemistry. Medicinal chemistry is always almost adapted todsrgl discovery and development.

Medicinal chemists prepare and/or select appropriate active compounds that can be deaced as
compoundsfor biological evaluation. In the next step, they analyse the Stru&tinaty-
Relationships (SARs) of analogocempounds by considering thairvitro anin vivo efficacy and
safety?

The role of the medicinal chemist has changed drastically during the past 35 years. In the first year
of drug discovery (1950 to about 1980) medicinal chemists relied on datanframo testing. In

the more recent period (about 1980 to the present) a lot of changes appears in comparison with tr
earlier relatively simple landscape. These changes are due to the development of new technologie
such as highhroughputin vitro screening, large compound libraries, combinatorial technology,
defined molecular targets and structbesed drug design. However these new technologies
brought many opportunities to the medicinal chemist, but the multitude of the safety requirements
that havearisen has also brought unexpected obstacles for the task of translaiing activity to

in vivo activity. Despite the use of many new technologies, and the growing resources and funding
for drug discovery, the number of new medicines pioneers ifotine of new molecular entities

(NMEs) has been generally decreasing for more than a decade.

The process of drug discovery

Inventing and developing new medicines is a long, complex costly and highly risky process.
Research and development (R&D) for mothe medicines existing today needed2®2years for
a single new medicine, from starting a project to the launch of a drug préttuct) ? In addition,

many expensive, hard and loteym research projects completely failed to produce a marketable

*Am. Chem. Soc. Division of Medicinal Chemistry, www.acsmedcherflofg. Lombardino, J. A. Low&at. Rev. Drug Discover3004, 3 85362.
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General Introduction

drug. The cost for this overall process has reached to up to an estimated US $1.4 billion for a singl
new drug. All of the financial supports for research in this field usually come from the income of

the pharmaceutical company that sponsor the work.

Fig. 1. Different stages in drug discovery.

The drug discovery process starts with the identification of a medical need, containing a judgemen
on the efficacy of existing therapies. From this analysis, together with an evaluation of the present
knowledge about the target disease hypotheses wile almut how to improve the treatment or
therapy. On the basis of these hypotheses, the particular objectives will be established for the
project. Then, testing selected chemicals in suitable biological tests can be started. Importan
following steps in theprocess is finding applicable biological activity (a OhitO) for a structurally
novel compoundin vitro, then finding an equivalent compound with vivo activity in an
appropriate animal model, followed by increasing this activity by preparing analogocisires,

and finally selecting one compound as the drug development candidate. This drug candidate the
undertakes toxicological testing in animals, as required by law. After all of these tests, all the
obtained results are gathered and submitted asvastlgation New Drug Application (IND) to the

Food and Drug Administration (FDA) in the United States or related agencies in other countries
before clinical trials begin. In the clinic, there is subsequent evaluation in normal human volunteers

of toleration (Phase ), adequacy and dose range in patients (Phase Il), followed by an

ll+!!



General Introduction

extensive assays in thousands of appropriate patients to develop a vast database of efficacy al
safety. For the few (Z%) drug candidates that pass thesees of development trials successfully,

a New Drug Application (NDA) that includes all the assembled research data is filed for exhaustive
review by the experts at the FDA. Only after their approval, these drugs can be offered to doctors

and their patients for treat the disease for which it was designed.

The role of the medicinal chemist

In the early phases of drug discovery, the modern medicinal chemist has an especial critical role
The chemist, instructed to prepare new chemicals and with amedtlnowledge of the target
disease and of competitive drug therapies, has an important role in shaping the hypothesis for th
new drug project, which then arranges the objectives for the project. The chemist helps also tc
decide which existing chemicals to screen for a lead compound and which screening hits need to b
resynthesized for biological evaluation. Another responsibility of a chemist is purification and
complete characterization of the new chemicals. Onci aitro OhitO is identified, the chemist
decides on what analogous compounds should be obtained or synthesized in order to explore tr
SARs for the structural family of compounds to increase the desired activity. Impiowigp

activity for the hit compound in a suitable animal model o & key responsibility of a chemist

that can be sometimes the most difficult steps to realize because of several factors, such a
absorbability, distributiom vivo, rate of metabolism and rate of excretion (ADME). The aim at this

stage is to maximize ®tacy while minimizing side effects in an animal model.

If we want to compare the tasks of a medicinal chemist between 1950s and 1980s with a toda
medicinal chemistOs tasks, it should be mentioned that, at that time compounds were designed a
individually synthesized by the chemist in gram quantities to satisfy the need for testing in whole
animals by the pharmacologist. Due to the limited known synthetic methodology, these synthese:
were usually time consuming, and commercially available startingrialgt were also limited. In

term of facilities, chemist had only a few tools such as infrared and ultraviolet spectroscopy, and
column chromatography to help with compound characterization and purification. All tasks
including bulk syntheses, toxicological testing and analogue synthesis were dunsénbecause

of the lack of outsourcing. Despite of these lack of facilities, the creativity and intuition of the
medicinal chemist was crucial to the success of the program. For primary screening, pregects us

| k|



General Introduction

generallyin vivo models, because knowledge of detailed biological mechanisms involved in most
diseases was not enough.vitro testing against a key enzyme or a special receptor involved in the
disease process was not usually possible. It was in the 1980s and 1980sitimateceptorbased
pharmacology only become common. In addition, compound collections were limited toeexplo
biological screening, and the data obtained from the test models were assembled, analysed ar
presented by hand in the form of charts and graphs. For theses reasons, the process of drt
discovery was slower and performed from a relatively smaller kpwldase. Shortly, several
factors collaborated to slow the process: lack of knowledge about diseases, fewer available
compounds to screen, no computerized technology to manage information and data, a need t
manually search the literature, necessity tdivildually prepare gram quantities of each new
compound for testing, and chemists hardly received information from other disciplines about their
development candidates. On the other hand, when a lead was identified in the priviaoyest

model, there were a lot of pharmacokinetic (ADME) problems that could be rapidly addressed.

In spite of some differences from the earlier era of drug discovery described above, medicinal
chemists today experience many of the same tasks and challenges that theyedics Z@o. In a

way that, the chemist still chooses the suitable structural series of compounds to follow and
investigates the SARs to indicate appropriate drug candidates for evaluation to safety and clinica
testing. But we cannot forget that, todayOs chemist has much more facilities and tools to overcorr
the numerous obstacles in the drug discovery process. These new tools include improvements i
synthetic, analytical and purification technology, like transitioetalcatalysed carbonarbon
bondforming reactions, higliield NMR, and preparative higberformance liquid chromatography
(HPLC), as well as computassisted literature and data improvement and analysis. In addition,
appearance of powerful technologies like combinatorial chemistry anethrigighput synthesis
(HTS) was another help in drug discovery. Combinatorial chemistry helps chemists to make
reasoned and focused libraries of compounds that identify SARs in a short time. By these means
they can also generate leedmpound libraries thatrget a key receptor or enzyme families in
order to supply better quality leads that are suitable for library investigations. In the other hand, the
development of HTS of large sample compounds, containing the designed libraries, has decrease
required time and money needed to determine compounds that hit a special target. Finally nev
graphics software can facilitate the improvement and analysis of the pile of data obtained from
screening compound libraries in a large boarih eftro tests.
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Another element that has a positive influence in drug discovery process was the molecular genetic
revolution? like the application of enzymes, receptors and transporters as molecularly defined

biological targets.

Why defined molecular targets for drug discovein?contrastto the approach used in the
beginning era of drug discovery which was clinically based animal model, the desire for defined
molecular targets results from several points; first the advantage of a known meaoblaacion

over an unknown mechanism obtained from animatlel testing that could produce unwanted
toxicity during drug development; second, the use of struttased drug design, that lets the
chemist design new compounds by directly imagining the ictieraof a lead compound with the
target protein by Xay crystallographic analysis that is only possible with a molecularly defined

target proteirf.

New techniques to facing pharmacokinetic problems

The importance oin vitro screening of compounds against molecularly determined targets, whilst
fast and specific has additional results for todayOs medicinal chemist. Only relyimg/ioo
obtained results on animal models for the assessment of pharmacokinetic behaviour could hav
some disadvantages like that differences between absorption and metabolism of drugs in humar
and rats which is a common test species. This can result to the development of drugs that work onl
in rats and not in humans. In that orderyvitro screens have been developed teroeme this
limitation. This method can predict human pharmacokinetic performance, for example, by
measuring a compoundOs degradation by producing human microsomes or hepatocytes or |
recombinant human cytochrome P450 enzymes. P450 tests can not onigteevaktabolic
stability, but also they can define if a compound is capable to prevent the metabolism of other drugs
that a patient is taking in order to inhibit the P450 enzyme needed for their elimination. Amother
vitro assay is the permeability andrisporter tests that have been developed to identify drug uptake
into or efflux from the target organ(S)So, todayOs chemist has a complex array fro SAR
modelsto design the production of compounds to pufsBelected compounds need furtirevivo

testing to prove that the compound achieves levels at the target organ as well as achieving th
desired biological effect that is expected to result fromitheitro activity. Final testing might
require a disease which is closely related to thenalnodel. However these data must be

3S. K. Chanda, J. S. Caldwelyug Discov. Toda003,8, 16874.4S. H. Reich, S. E. Webbdbrug Discov. Desigri993,1, 37190.%J. H. Lin, M.
Yamazaki,Clin. Pharmacokinet2003,42, 5998. ¢ J. Lin, D. C. Sahakian, S. M. F. Morais, J. J. Xu, R. J. Polzer, S. M. W@er, Top. Med.
Chem.2003, 3112554,
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surveyed attentively due to some limitations. For example, many diseases, such as stroke
atherosclerosis and AlzheimerOs disease, do not have clinically effective drugs that can validate
diseasearogressiorrelevant animal model. In addition, former models are based on drugs working
by specific mechanisms. So, the diseadevant animamodel is only one of maniests used to
assess new compounds and that comes later in the testing sequence with less effect on decisi
made by todayOs chemist.

Synthesis of Odrug-likeO compotiadmother way to diminish pharmacokinetic problems. Highly
lipophilic, high-molecularmass compounds can have more effiestitro binding activity, in order

to eliminate water from the enzyme or receptor surface and so improving additional hydrophobic
interactions. But the synthesized compounds are usually nofikleugecause of their poor water
solubility, and they generally fail in further development because of poor pharmacokinetics and oral
bioavailability.

Employment of in vitro toxicity screerts reduce attrition:another method that help to select the
next compound to synthesize in additioninfvitro screens is the toxicity tests that eliminate
compounds predicted to fail for safety reasons. Among the ancient iniseitio tests for
mutagenicity and carcinogenicity can mention the Ames test that has a long history, but recent
addition to these tests is the hERG channel, a cardiac potassium ion channel involved in cardia
repolarization following ventricle contraction during the hearteatugs that bind to this channel

and inhibit it can cause prolongation of the QT interval of the electrocardiogram, and result the loss
of a synchronous heartbeat and eventually ventricular fibrillation, and even death. An example is
the allergic rhinitis drugstemizole (Hismanal; Janssen) that was taken by patients and caused their
deaths because of inhibition of the hERG channel, which led to its immediate withdrawal from the
market? Due to this and other happenings of deadly complications from hERG blocking drugs, the
FDA is making guidelines to overcome the problem. In that order, most pharmaceutical companies
now have hERG screening in place to provide chemists a hint of the therapeutic index of their
compounds for this end poihDifferent factorsthat todayOs chemist must follow to develop a

successful drug candidate have been summarized ih.box

’G. N. TsengJ. Mol. Cell. Cardiol.2001, 33, 83549. ®M. Taglialatela, P. Castaldo, A. Pannaccione, G. Giorgio, A. Genovese, G. Marone, L.
Annunziato,Clin. Exp. Allergy1999,29, 1829.°W. S. Redfern, L. Carlsson, A. S. Davis, W. G. Lynch, I. Mackenzie, S. Palethorpe, P. K. S. Sieg|, I.
Strang, A. T. Suliva, R. Wallis,Cardiovasc. Re®003, 58, 3245.
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BOX 1. 2n vitro tests Onow® and Othen®

BOX 1. 2n vitro tests Onow® and Othend

The following is a typical batteryf tests for a modern drug
discovery program OtodayO; those marked with an as
were also in use Ott@.

In vitro target
¥ Primary

¥ Whole cell
¥ Functional
¥ Selectivity assays

In vitro absorption, distribution, metabolism and eliminatio
(ADME)
¥ Microsomal stability

¥ Hepatocyte stability

¥ P450 substrate

¥ P450 inhibitor

¥ Permeability

¥ Transporteefflux (for example, Rylycoprotein)

Physical properties

¥ Rule of five (explained in the last second chaptg
of this dissertation)

¥In silico ADME

In vivo
¥ Functional
¥*Secondarybehavioural, chronic)

Toxicity

¥*Ames test

¥ Micronucleous test

¥hERG halmaximal inhibitory (1Gy)
¥ P450 induction

¥ Broad screening

¥*Others (depending on project)

¥ Prntein hindinn

By having backgrounds in our research group, we also work on medicinal ¢hieanidtsynthesis

of biologically active small molecules. Our objective for this Ph.D. project was synthesis of a bank

highly diversified small molecules following by study their activity against cancer cells like B16

melanoma cell line that we will speakadetail about them in the second chapter.

Here is worth to explain a little about cancer and its causes.
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General Introduction

Cancer

Cancer is a term used for diseases in which abnormal cells divide without any control alple are

to attack other tissué$.Canceris not just one disease but a group of more than 200 different
diseases. The name of a cancer comes mostly from the organ or type of cell in which they start, fo
example, cancer that begins in the colon is hamed colon cancer or cancer that beginmirytasla

of the skin is called melanoma.

The main categories of cancer include:

- Carcinoma; which refers to the type cancer that starts in the skin or in tissues that cover
internal organs. There are a number of subclassifies of carcinoma, sasénasarcinoma,
basal cell carcinoma, squamous cell carcinoma, and transitional cell carcinoma.

- Sarcoma; cancer that starts in bone, cartilage, fat, muscle] blEssels, or other connective

or supportive tissue.

- Leukemia; cancer that begins in bloddrming tissue such as the bone marrow and causes
large numbers of abnormal blood cells to be produced and enter the blood.

- Lymphoma and myeloma; cancers that begin in the cells of the immune system.

- Central nervous system cancers; that begin in the tissue of the brain and spinal cord.

Origins of cancer

All cancers start in cells that is the bodyOs basic unit of life. To understand cancer, one should kno
how normal cells become cancer cells.

The body is made up of different kinds e#lls which grow and divide in a controlled manner to
produce more cells as they are needed to keep the body healthy. When cells become old ¢
damaged, they die and are replaced by new ones. But, sometimes this well ordered process go
wrong. The genetienaterial (DNA) of a cell can become damaged or changed, and producing
mutations that can have an effect on normal cell growth and divisign?). Once this takes place,

cells do not die when they should and new cells form when the body does not meedhbse

extra cells then may form a mass of tissue called a tumor.

What is cancer2National Cancer Instituteayww.cancer.gov/cancertopics/cancerlibrary/wisatancer
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Fig. 2. Process through which a normal cell convesta cancer on€.

But it is should mentioned that, all the tumors are not cancerous. Tumors can be either benign o
malignant.
- Benign tumors are not cancerous. They can often be removed, and in most cases, they
wonOt come back.
- Malignant tumors are the class cancerous tumors. In this case, cells can attack nearby
tissues and spread to other parts of the body. The spread of cancer from one part of the bod
to another is called metastasis. But all of the cancers do not form tumors, like leukemia.

Some causes of cancers

Different factors can cause cancer depending on the type of the cancer. Some cancers are mo
common than others, and chances for survival differ among different types. Most cancers do no
have known causes from a chemical, environmental, genetic, immunologic, or viral origin. They
can be resulted from the unexplained causes. The causes of cancer are very complicated, containi

both the cell and factors in the environm&mRossible causes of cancer include:

Chemicals and other substancesSubstances such as certain chemicals, metals, or pesticides are
toxic and being exposed to them can increase the risk of cancer. Chemicals that known to cause

cancer are called carcinogen. Asbestos, nickel, cadmium, uranium, radon, vinyl cherméine,

HAgency for Toxic Substances and Disease Registry (ATSDd)munity MattersCancer Fact Sheet.
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and benzene are examples of welbwn carcinogens. These chemicals can act alone or in
company with another carcinogen, liggarette smoke, to increase the risk of cancer. For example,
inhaling asbestogibers increases the risk of lung diseases, including cancer, and this risk is
especially higher for asbestos workers who smoke.

Tobacco. The most common carcinogens in todayOs society are those present in cigarette smoke.
is known that tobacco smoke contains at least 60 carcinogens and 6 developmental toxicants. It i
not only responsible for 80 to 90 percentlafig cancers, but is also associated with cancers of
mouth,pharynx, larynx, esophagus, pancreas, kidney, and bladder. So preventing tobacco product
is one way decrease a personOs risk of cancer.

lonizing radiation. Some kinds of radiation, such asays, rays from radioactive substances, and
ultraviolet rays from exposure to the sun, can produce damage to the DNA of cells, which might
lead to cancer.

Heredity. Some types of cancer occur more frequently in some families than in others, showing
some inherited liability to the development of cancer. Even in ttees®s, environment plays a part

in the development of cancer.

How cancer develops

Cancer can develop in people of all ages, but it is more common in people over 60 years old. It is
estimated that, one out of every three people will develop cancer apsame their lives. People

are now living longer, the risk of developing cancer is increasing. The development of cancer is a
long process that is usually starts with genetic changes in the cells, and continues in the growth ¢
these cells over time. The time from genetic change to development of cancer is called the latenc
period. This period can be as long as 30 years or more. This means that some identified today ce
be due to genetic changes that happened in the cells a long time ago. Theortdtediydy
develops cancer cells continuously, but the immune system recognizes them as foreign cells an
destroys them. The bodyOs ability to protect itself from cancer can be diminished by some drugs ar

viral infections.

Environmental toxicants

This type of toxicants are classified by the National Toxicology Program as both known human

carcinogens and rationally considered to be human carcinogens to discriminate the level of evidenc

"l



General Introduction

available to support the carcinogenicity of@sgible toxicant. Carcinogens include a wide variety

of synthetic and naturally occurring substances, containing hormones, immunosuppressants, organ
and inorganic chemicals, and cytotoxins. It is difficult to study populations that live near a risky
waste site and ascertain if there is a relation between their cancer and exposures. A key problem f
those studying these populations is the lack of knowledge of the exact level of individual exposure
to a carcinogenic agent. In addition, waste sites contaimally more than one chemical, which
makes it difficult to associate health outcomes to a single expdecause of the long latency
period of cancer development and the type of behavioral risk factors associated with cancers (suc
as tobacco use, alcohol consumption, and diet), it is difficult to collect information about

environmental exposures that occurred years ago.

Cancer statistics worldwidée?

The highest cancer rate for men and women together was found in Denmark with 338 people pe
100,000being diagnosed in 201Zhe agestandardised rate was at least 300 per 100,000 for nine
countries (Denmark, France, Australia, Belgium, Norway, United States of America, Ireland,
Republic of Korea and The NetherlandBie countries in the top ten come from Europe, Oceania,
Northern America and Asia.

- There were 14.1 million new cancer cases, 8.2 million cancer deaths and 32.6 million people
living with cancer (within 5 years of diagnosis) in 2012 worldwide. 57% (8 million) of new
cancer cases, 65% (5.3 million) of the cancer deaths and 48% (15.6 million) ofd¢he 5-
prevalent cancer cases occurred in the less developed r&gions.

- The types of cancer that are or will e the rise vary by a country's development staitus.
the U.S., for example, rates obesityrelated cancers such @éseast canceand colon
cancerare projected to rise. The U.S. is also still facing the lingezfferts ofsmoking-
related cancers. In poorly developed countries such aSatdr-an Africa, rates of cancers
that are related to infection are high. These incladevical cancerliver cancer, and

stomach cancer.

So the urgent need to discover new drugs toward treatment of different cdlscdormes chemists
to find new facile synthetic methodologies in order to prepare biologically active diverse molecules

2], Ferlay, I. Soerjomataram, M. Ervik, R. Dikshit, S. Eser, C. Mathers, M. Rebelo, D. M. Parkin, D. Forman, Gldb@gan2012,v 1. Cancer
Incidence and Mortality Worldwide: IARC CancerBase No. 11 [Internet]. Lyon, France: International Agency for Researcheon2@HE3ic
Available from: http://globocan.iarc.fr, accessed on 13/12/2013
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in a short time.

As is already mentioned, in our chemists group, we are also focused on the synthesis of molecule
with interesting biological activity. In that order, for this project, we decided to prepare a bank of
small molecules based on terminal alkynes and proparg@aha@s. These alkynes were then
subjected into a 1,2 8polar Huisgen cycloaddition reaction which is a part of what is known as
Click Chemistryto find triazolic derivatives. The choice of triazolic derivatives results from our
previous results and synthesized triazolic core structures for which we could find biological

activities against cancer cells notably B16 melanoma cell line.

These studies will be explained through the next chapters.

#+ 1
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Introduction

l. INTRODUCTION

Small moleculesusually refer to orally bioavailable compounds that have a molecular weight of
less than 1500 D& and they are dissimilar from naturally occurring biological molecules like
DNA, RNA and proteins? This fact that small molecules interact with biological macromolecules
and proteins and exert special effects in a selective and dose dependent manner make the
considered as a powerful tools to study and manipulate biological systehe applicatiorof

small molecules to manipulate biological function deliberately and selectively construct the fields
of medicinal chemistry in the way that molecules are used to treat a disease, and also chemic:
genetics where small molecules are used as a probe to study biological sysfeffSo finding

small molecules with these characteristics is a real chall§dgen the biological target is known

and understood, the design of ligand is possible, especially when the structure of the native ligant
or its single protein target is knowt® but for less known disease states or when a novel mode of
binding or biological target is researched, it is impossible. In this caseTHiglughput Screening
(HTS) of small-molecule libraries can provide an effective saufibThis method has been used
traditionally in pharmaceutical industries in order to find bioactive small molecdi€hemical
genetics also screens large compound collections in phenotypic analysis to detemmoends

with biological effect.*®!’ HTS of functionally diverse compound collections is becoming a
powerful method for finding chemical probes of biological function and also lead compounds for
drug development’®® ?° Making libraries of functionally diverse compound has become an
important field in organic chemistry, which is known Bévérsity Oriented SynthesisO (DOS) that
used to synthesize, structurally complex small molecules in an efficient m&firfér.

I. 1.1. Source of small molecules for use in biological screens:

-Natural products. Traditionally, this class of products has been used as a valuable source of
leads in drug development, especially in the field of cancer therapeutics andfemtitre
agents??® However natural products represent a vast pool of structural diversity, but there are
some difficulties with them, such as access and supply, purification, identification, chemical

B, R. Stockwell Nat. Rev. GeneR000,1, 116125.%S. L. SchreiberNat. Chem. Biol2005,1, 64-66.°a) M. D. Burke, S. L. SchreibeAngew.
Chem. Int. EJ2004,43, 4658. b) D. S. TanNat. Chem. Biol2005,1, 7484. c) W. R. J. D. Galloway, A. Bender, M. Welch, D. R. Spridbgem.
Commun2009, 244652.%°D. R. Spring,Chem. Soc. Re2005,34, 472482.%'C. J. OOConnor, L. Laraia, D. R. Spri@hem. Soc. Re2011,40,
433245. "W, P. Walters, M. Namchulyat. Rev. Drug Disco\2003,2, 259266.a) R. Macarron, M. N. Banks, D. Bojanic, D. J. Burns, D. A.
Cirovic, T. Garyantes, D. V. S. Green, R.Hrertzberg, W. P. Janzen, J. W. Paslay, V. Schopfer, G. S. SittamgaéNat. Rev. Drug Discov.
2011,10, 188195 b) J. A. Frearson, |. T. ColliBrug Discov. Todap009,14, 115658.%°M. Ricardo,Drug Discov. Todap006,11, 27779.%S. L.
Schréber, Science2000,287, 196469.%a) D. J. Newman, G. M. Cragd, Nat. Prod2007,70, 46177. b) J. WEH. Li, J. C. VederasScience2009,
325, 1615. %A, L. Harvey,Drug Discovery Todag008, 13, 894801.
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modification of these often extremely complex structuf@s’

- Commercial compound collections. Another sources for small molecules are
commercially available libraries and pharmaceutical compound collections. This class of
compounds has been highly used towards traditional drug targets like GPCRs, ion channels an
kinases area® but they are lessuccessful in screening against non-traditional targets such as PPIs
(Protein-Protein Interactions). The scaffold diversity of small molecules prepared by combinatorial
chemistry program showed that 83% of the core ring scaffolds found in natural praduatsent
between commercially available compounés.Another problem with commercially available
libraries is the low stereochemical complexity, containing few stereogenic centers and a high
proportion of sp-hybridized carbon atom&’ Because of these mentioned limitations, commercially
available small molecules are not a good source for undruggable targets; in that order another clas

of small molecules prepared by ODiversity Oriented SynthesisO have been applied.

1.1.2. What is Diversity Oriented Synthesis?

In the year 2000, Sturat Schreiber introduced for the first time the term Diversity Oriented
Synthesis (DOS) in a papét.This article was focused on drug discovery where the term was used
to differentiate between compound libraries (or Engompounds), which were synthesized to
interact with preselected protein targets [called Ta@etnted Synthesis (TOS)] and (or) those
libraries to identify at the same time therapeutic protein targets and their small molecule
regulators* As Schreiber said, DOS library should contain high levels of structural diversity in the
compound collection, however for TOS compounds, as the preselected target is known only some
degree of rational design being applies. Another definition for DOS, which wasuoéchdater by

D. R. Springwas that O Diversity-Oriented Synthesis involves the deliberate, simultaneous and
efficient synthesis of more than one target compound in a divehsityn approach to answer a
complex problem@® These two definitions demonstrate that by use of DOS large areas of chemical
space including both known and original regions of bioactive chemical space can be explored.
Another characteristic of DOS libraries is that complex molecules are usually prepared in no more

than 5 synthetic steps in an efficient and modular way.

23, Hert, J. J. Irwin, C. Laggner, M. J. KeigerK. ShoichetNat. Chem. Biol2009,5, 47983.%°P. A. Clemons, N. E. Bodycombe, H. A. Carrinski,
J. A. Wilson, A. F. Shamiji, B. K. Wagner, A. N. Koehler, S. L. SchreiBes¢c. Natl. Acad. Sci. U. S. 2010,107, 1878792.%D. R. Spring,Org.
Biomol. Chem2003, 1 386770.
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[.1.2.1. Comparing DOS, TOS, and combinatorial Chemistry

Fundamental aim in DOS is achieving a collection of small molecules with high skeletal diversity,
which can interrogate large areas of chemical space, however in TOS (of natural and unnatura
products) and focused library synthesis (combinatorial chemistry), from the beginning a target
structure(s) is in mind, then these structures are broken down into simpler starting materials anc
building blocks through a retrosynthetic analysis, but a DOS patisvagalysed in théorward

sense, in a way that, a simple starting material is converted into a collection of structurally diverse
small molecules, usually in no more than five synthetic steps. DOS libraries are usually smaller in
size compared with commercially available (comlonat) libraries, but molecules are structurally
more complex and have a greater diversity of core scaffolds that lead to a greater overall coverag

of chemical space (Fig. 3J.

Fig. 3. Planning strategies and end goals involved in tasgented synthesis, focused library synthesis (combinatorial
synthesis), and diversiyriented synthesis. The first two approaches use retrosynthetic analysis to design the synthesis
of target compounds. DOS uses forward synthetic analysis to produaréekibthat occupy diffuse regions of chemical

space?®

[.1.2.2. Molecular Diversity

There are four kinds of molecular diversity that have been emphasized in the literature:
1) Appendage or building block diversity: in which variatexists around a common skeleton
or variation of R groups around a single skeleton.
2) Functional group diversity: variation of the existing functional groups in a molecule or at
specific sites in the gross structures, which incr@#seactions with different polar, apolar,
or charged groups existing in biological macromolecules.
3) Stereochemical diversity: variation in the orientation of functional groups and potential

2Ta) W. R. J. D. Galloway, D. R. Springxp. Opin. Drug Discov2009,4, 46772. b) S. BormanChem. Eng. News: Sci. Techn2004,82, 3240.
K. M. 0OConnell, W. R. J. D. Galloway, D. R. Spridiyersity-Oriented Synthesis: Basics and Applications in Organic Synthesis, drug Discovery,
and Chemical Biologyl® Edition. Ed. A. Trabocchit 2013John Wiley and Sons, Inc. Published 2013 by John Wiley andSons, Inc.

! #Hy



Introduction

macromolecule-interacting elements. As nature is a three-dimensional environment, this
characteristic is so important.

4) Skeletal (scaffold) diversity: variation in ring structures and other rigidifying elements, in an
other word, variation in the overall molecular framework, which results in moleculespatific
scaffolds and clear (definite) molecular shapes.

It is worth highlighting that the most fundamental factor of a small molecule, which control its
biological effects is the overall shape of a small molecule. As itOs mentioned before, nature see
molecules as three-dimensional (3D) surfaces of chemical informatierefale, a biological
macromolecule will interact only with those small molecules that have a complementary 3D
binding surface® For that, it is a given biological macromolecule that imposes a shape selection
for binding partners, so it is expected thablecules possessing shape similarities cause similar
pharmacological response® therefore the most fundamental indicator of general functional
diversity is themolecular shapeliversityof a small-molecule library. Compounds in libraries with
differentmolecular skeletons will demonstrate chemical information differently in 3D space, which
lead to a high possible biological binding partn&t.

To provide a basically and interpretable comparison of the relative molecular diversity existing in
different compound collections, Spandt al. proposed to consider molecular diversity as a
spectrum.®* At one extreme the synthesis of a single compound that occupy a single point in
chemical space, and at the other extreme, where all of the possible chemosalceperage is
achieved (Fig.4). Upon this spectrum, the goal of DOS is to synthesize quantitatively small
molecule libraries toward the rightaind side of the spectrum. What can be understood from this
presentation of molecular diversity in a sliding scale is that, DOS libraries should be notably more

diverse than their traditional combinatorial collections.

Fig 4. The Omolecular diversity spectrumO. In qualitative terms, diversity can be viewed as a spegitigrirom a
TOS to the synthesis of all possible molecular entities. Traditional combinatorial chemistry, where diversity primarily
arises from building block variation, and DOS, where skeletal diversity is also incorporated, produce compound

collectiors between these two extrem&s

%3) M. D. Burke, S. L. SchreibeAngew. Chem. Int. EQ004,43, 4658. b) W. R. J. D. Galloway, A. Bender, M. Welch, D. R. Spriaigem.
Commun2009, 244652. c) M. D. Burke, E. M. Berger, S. L. Schreib8gience2003,302, 61318. *J. A. Haigh, B. T. Pickup, J. A. GranA.
Nichols,J. Chem. Inform. Model. 2005, 45, 683.*'R. J. Spandl, A. Bender, D. R. Spriorg. Biomol. Chen2008, 6 114958.
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1.1.2.3. Skeletal Diversity

Two possible ways to achieve skeletal diversity are: 1) departing from a common starting material
and using different reagents. This Oreagent-based approachO is also known as a branching pathwe
2) Another pathway is Osubstrate-based approachO, wieeeatditarting materials containing a
convenient pre-encoded skeletal information are used in the presence of a common set o
conditions, which lead to different skeletal outcontég.(5)

Successful DOS processes were suggested in a review by utilizing these two approaches in differel
ways: 1) the use of a variant functionality, in this way the same part of a molecule is subjected to
different transformations caused by different reageBjsthe use of a denselynctionalized
molecule, where different functionalities in the same molecule are transformed by different reagents
(i.e. pairing different parts of the same densely functionalized molecule); or, (3) the uks#dia
process, where different structurally encoding eleméntdntained indifferent substrates, are
subjected to the same reaction conditiares pairing same parts of different densely functionalized

molecules).

Fig. 5. Generalized methods for achieving skeletal diverstty.

1.1.3. Screening Small Molecules For Biological Activity

In recent years, DOS has developed the construction of diverse compound libraries; howevel

making a library containing diverse small molecules covering total chemical space remains still

%M. D. Burke, E. M. Berger, S. L. Schreibdr, Am. Chem. Soc. 2004, 126, 1409804,
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idealistic. Additionally, in order to appraise biological activity of these libraries, academic labs

limited their synthesis around a limited structure, so there are only a small number of biological
targets, which have been tested to find high bioactive diversity and their full potential remains
underexplored; in that order, national and international compound banks and screening campaign
try to find a solution for these both problems. A large number of drug discovery and chemical
genetics programs can be screened by organizing diverse collections, which lead to a large

compound collection of high bioactivity diversity.

HTS in drug discovery has been employed by pharmaceutical industry and biological companies fol
decades?® ¥*Nowadays, a large number of academic labs has the possibility to perform miedium
high-throughput screening programs and this can be due to the availability of commercial
compound collections and advancement in automated instrumentation and concgsteng s

software 1

85 academic screening facilities were been listed by the Society for laboratory Automation and
Screening (SLAS) (Fig6). Over half of these facilities are located in (Map://www.slas.org).

Many of these listed facilities working togethar screening networks in order to increase their
screening capabilities by pooling resources. As an example, the US National Institutes of Health
(NIH) built the Molecular Libraries Small Molecules Repository (M) that collected 400,000
compounds from different sources, including academic grdbpp://mismr.glpg.com). This
compound collection is the main source for a fgidle screening program administered by the
Molecular Libraries probe Production Cent&lstwork (MLPCN). This network is composed of
nine US institutions and each of them has different screening capabilities
(http://mli.nih.gov/mli/mlpcn/ mlpcn)in Europe networks also exist with screening facilities and
support services such &hemBioNet (http://www.chembionet.info/) and the UK Dmigcovery
Consortium (http://www.ukddc.orgl Thesenetworks were been designed to support chemical
biology programs for thalevelopment of bioactive small moldes. The EUOPENSCREEN
campaign is another network (a paaropean network) connecting higfiroughput screening
centers, chemical libraries, medicinal chemistry facilities for hit optimization, informatics support

and a central databad#tp://www.euepenscreen.eu/

). T. Heeres and P. J. Hergenroti@rem. Soc. Re2011, 40, 43981410.
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Success of these networks in constructing new leads for drug discovery will increase diversification
of the compound collections and also variety and robustness of biological assays available fol

screening, against the increase in academic screening ketiior

Fig. 6. Geographical distribution of academic screening centres.

1.1.4. Discovering bioactive small molecules using DOS

Both academic and industrial drudiscovery initiatives depend oscreening large compound
collections for activity against biological targets. However, there is a huge advancement in
genomics and proteomics, but only 500 genes in a total of 20,000 genes are disposed to sma
molecule modulatiori® Identification of small molecule modulators which are known challenging
therapeutic targets will be increased by developments in library construction and assay
improvement. In that way, druggable molecules can be reidentified. Examples like PPIs better show

the ability of DOS as a tool for discovering active biomolectifes.

[.1.4.1 Proteinprotein interactions (PPIs)

Proteinprotein Interactions are one of the fundamental biological interactions, which supervise
profound cellular functions including DNA replication argpair, intracellular communication and
programmed cell death (apoptosis). If PPIs donOt act as well, it can cause plenitude of diseases, &
because of that they are interesting targets for therapeutic interfefénelewever, some
difficulties with PPIs as a drug target exist, but several methods have been used to find highly
strong molecule modulator€:*” By screening DOS libraries some examples of small molecule

%c. J. 0OConnor, H. S. G. Beckmann, D. R. Spthgm. Soc. Rev. 20121, 4444563K. £H. Altmann, J. Buchner, H. Kessler, F. Diederich, B.
Krautler, S. Lippard, R. Liskamp, M. K. E. M. Nolan, B. Samori, G. Schnefddr, Schreiber, H. Schwalbe, C. Toniolo, C. A. A. Van Boeckel, H.
Waldmann, C. T. WalsiChem. Bio. Chen2009,10, 1629.*M. R. Arkin, J. A. WellsNat. Rev. Drug Disco2004,3, 301:-17.%a)J. A. Wells, C.

L. McClendon,Nature2007,450, 10019. b)G. Zinzalla, D. E. Thurstofruture Med. Chen2009,1, 6593. ¢) A. K. Franz, J. T. Shaw, Y. Targ,
Protein Surfae Recognition: Approaches for Driijscovery Ed. E. Giralt, M. W. Peczuh and X. Salvatella, Wiley, Chiceget], p. 1938.
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modulators have been found such as inhibition of the sonic hedgehog signaling pathway, inhibiting
members of Bcl-2family, DNA damage checkpoint inhibitors, antibiotics, histone deacetylase
(HDAC) inhibitors (Fig. 7).

a) b)

K M)=1.32.0 K(M)=12 K( M) 08

for Bcl-2 for Bel2 for Bcl2
Ki( M)=5.7-6.6 K;( M) 100 K( M) 100
for BeixL for BeixL for BckxL

Fig. 7. a) Small molecule modulators of B&l family proteins® b) Screening of DOS library identified a novel DNA
checkpoint inhibitor, MARPIN®

1.1.5. Diversity Oriented Synthesis and Chemical space

As it is already mentioned in previous pages, DOS collections cover larger areas of chemical space
in comparison with traditional combinatorial chemistry. Despite of TOS where the aim is to
populate a specific area of interest that lead to a focused library, with DOS we try to expand

chemical area in a diverse and non-focused manner.

By keeping the concept of DOS in mind, for this thesis project, in order to diversify our organic
molecules and study their biological activities, we applied 1,3 dipolar cycloaddition of an organic
azide and a terminal alkyne, which is knownGglick ChemistryO. In the following section, this
reaction and its mechanism will be discussed completely. Some applications of Click Chemistry in
Drug Discovery will also be detailed.

%a) L. A. Marcaurelle, C. Johannes, D. Yohannes, B. P. Tillotson, D. MBimorg. Med. Chem. LetR009, 19, 25003. b) United States Pat.
7851637,2010.*°D. M. Huryn, J. L. Brodsky, K. M. Brummond, P. G. Chambers, B. Eyer, A. W. Ireland, M. Kawasumi, M. G. LaPorte, K. Llyod,
B. Manteau, P. Ngheim, B. Quade, S. P. SeduiWipfet al.,Proc. Natl. Acad. Sci. U. S. 2011,108, 675762.



Introduction

1.2. Click Chemistry

By looking at natural productOs structures, one can observe a preference chetamoatom

bonds over carbooarbon bonds, such as proteins, nucleic acids, and polysaccharides. Among the
chemical reactions, 1@polar cycloaddition reaction of 1dpole with a dipolarophile has been
taken as the most convenient way to obtain different (simple, fused or strained) five membered
heterocyclic skeleton containing molecules of great chemotherapeutic value.

Synthesis of 1,2,84azoles by 1,3lipolar cycloaddition was the first hetreoatomic cycloadition
reaction, which was discovered by Michael at the end of the 19th century. This reaction was ther
improved by Huisgen in the 1960s by using an organic azide and a terminal 4fynésgen
proposed a thermal condition, which affords a mixture of two regioisomeresad-1,5-
disubstituted 1,2,834azole Schemel, a). Finally in 2001, this initiative study of Huisgen has been
completed by two independent research groups of M&fimhd Sharples8® where they proposed

a catalytic version of this reaction in the presence of copper (I), so the reaction could be performec
at room temperatur&S¢heme 1, b).

a) b)

Scheme 1.2HuisgenOs proposed Thermaldigblar cycloaddition reaction of organic azides and terminal

alkynes”Copper catalyzed aziemkyne cycloaddition (CUAAC).

The termOClick@as attributed for the first time by K. B. Sharpless in 1999 before the discovery of
Cu(l)-catalyzed azidadkyne cycloaddition reaction, which describes those reactions that are highly
efficient, high yielding, regiospecific, modular, wide in scope, daspe done, resulting no or
inoffensive byproducts, involving readily available starting materials, and can be performed in
easily removable or benign solvent{. In another word, reactions that show following
characteristics could be considered askal@action:

1- Should be modular. The reactants in the form of blocks could be joined to form the

desired product.
2- Must be wide in scope, which means the reaction should have variety of applications.

3- Products must be obtained in high yields.

%) R. HuisgenAngew. Chem. Int. EA.963,2, 56598. b) R. HuisgenAngew. Chem. Int. EAL963,2, 63396.*'a) C. W. Meldal, C. Tornoe, M.
Meldal, J. Org. Chem. 20087, 305762. b) V. V. Rostovtsev, L. G. Green, V. V. Fokin, K. B. Sharplaésgiew. Chem. Int. E@002,41, 259699.
42H. C. Kolb, M. G. FinnK. B. SharplessAngew. Chem. Int. Ed. 2001, 40, 2cR¢
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4- At the end of the reaction, only inoffensive pyeducts should be formed that can be
removed by norcthromaographic methods such as crystallization or distillation.
5- The reaction should be stereospecific (but not necessarily enantioselective).
6- A reaction with enough thermodynamic force to achieve completion. (no need for extra
energy to complete the reaction).
7- Reactions with no sensitivity to oxygen or water, so the reaction condition should be
simple.
8- Auvailability of the starting materials and the reagents.
9- The reaction must be done without any solvent or by use of benign solvents like water or
which can be removed easily.
10- Isolation of the final product in a click reaction must be easy.
11- At the end, the product must be stable under physiological conditions.
Several reactions have been recognized to satisfy these necessaries, and called as click reactio
like (i) nucleophilic ringopening of electrophilic heterocycles such as aziridines, epoxides, cycle
sulfates, aziridinium ions, episulfonium ions; (ii) Raldol type reaction of carbonyl compounds,
like formation of hydrazones, oxime, amides, and heterocycles; (iii) additions to -cztmm
multiple bonds such as epoxidations, aziridinations, dihydroxylations, sulfenyl halide additions,
nitrosyl halide additions, and certain Michael additions; (iv) and another cycloaddition reactions
mainly 1,3dipolar cycloadditions and Dielslder cycloadditions*®
These examples show the variety of the click reactions, but among them, Cu (l) catalyzed azide
alkyne cycloaddition (CuAAC) remains as the first example of click reaction that has several
applications in different field of science. Inmparison with the uncatalyzed thermal Huisgen
reaction, CUAAC follows a completely different pathway, which i tifBes faster than thermal
reaction and shows a remarkable level of regioselectivity that gives exclusivalisdbstituted
1,2,3triazole Scheme 2).
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Scheme 2. Regioselectivity in alkyrazide 1,2dipolar Cycloaddition Reaction.

[.2.1. Mechanism of Cu-catalyzed azide-alkyne cycloaddition

It was found that copper assistegcloaddition has a stepwise mechanism, according to the DFT
calculations and kinetic analysis, this reaction has an activation energy of 11 Kcal/mol lower than
the uncatalyzed versidd. Although Cu-catalyzed cycloaddition has a simple look, but its
mechanism is complex, which is due to presence of the copper in the reaction medium. Also,
coordination of copper (1) with various additives of reaction such as solvents, ligands, reactants, and
final products etc. made this catalytic process even more complicated, because this coordination
leads to different dynamic equilibria in reaction medium like disproportionation of Cu(l) to Cu(0)
and Cu(ll) in polar medium.

Two possible pathways have been suggested upon the available experimental evildreras (

3). Based on DFT calculation, path 1 suppose participation of single CuL metal center into
reaction’}* howeverkinetic evidencepropose participation of dimeric copper species in transition
state’****However recent researches show that more than one or two Cu species in transition state

are possible to construct the triazolic prodtfct.

“%2) V. D. Bock, H. Hiemstra, J. H. V. Marseveen, Eur. J. Org. C28®6, 5168. b) V. O. Rodionov, V. V. Fdk, M. G. Finn, Angew. Chem. Int.
Ed. 2005,44, 221015. “F. Himo, T. Lovell, R. Hilgraf, V. V. Rostovtsev, L. Noodlemaf, B. Sharpless, V. V. Fokin]. Am. Chem. So2005,
127, 21016. *B. F. StraubChem. Commun. 2007, 3888.“°Q. Wang, T. R. Chan, R. Hilgraf, V. V. Fokin, K. B. Sharpless, M. G. RinAm.
Chem. S02003,125, 319293.
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Scheme 3. Mechanism of Cu{tptalyzed azidalkyne cycloaddition reaction.

Mechanism begins by complexation of Cualetal on the terminal alkyne to give -coordinated
complex,” this complex then gets deprotonated in a protic medium and result copper adatylide
and Ib in the first step. In the next step, azide and CuL metal center form a complex which increase
nucleophicity of terminal N8, now this nucleophile N attacks on4Csy forming a metallacycle

llla or lllb. #4447

In a recent research performed by Micoeinal., it wasshowed that thénigh regioselectivity
existing in CuAAC for 1,4-disubstitutedroduct is due to development of [3+2] cycloaddition
during aconcerted pericyclic type mechanism that takes place via a six membered transition state
lla. 8

Through the next step, lone pair ofINattacks at & position and construct intermediate spsci

IV by simple ring contraction of metallacycle. Isolation of CuL triazolide using N heterocyclic
carbine (NHC) ligand proved existence of this Cu intermedfatat the end, 1,4-disubstituted

1,2,3-triazole product has been released by protonatibhwith solvent or base, following the

47M. Ahlquist,V. V. Fokin, Organomet2007,26, 43894439.“%Y. Zhou, T. Lecourtl.. Micouin, Angew. Chem. Int. E&010,49, 260710. “°C.
Nolte, P. Mayer B. F. StraubAngew. Chem. Int. E@007,46, 21013.
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dissociation of labile copper complex that could conduct second catalytic Sgblenie 3).

1.2.2. Physicochemical Properties of Organic Azides

AzideOs structure derived from a cyclic-tidizirine structure was proposed for the first time by

Curtius and Hantzsci, however the linear structure was later favoured over this one.

Physicochemical properties of azides influence its chemical diversity. Thought of polar mesomeric
structure of azide can explain some of its physicemical properties’ Conjugation with aromatic
systems can stabilize the aromatic azides. Pauling proposed a dipolar structure at adidé

which explain easily decomposition of azide into the corresponding nitrene and nitrogen as well as

the reactivity as a 1,3-dipole.

The mesomeric structure dfd describes the regioselectivity of the reaction of azides with
electrophiles and nucleophiles, in fact nucleophiles attack*candll electrophiles are attacked by
N'. The angles RE®NN® and RNDNDN are respectively 115.28nd 172.58;. (calculated for
methylazide, R= CFJ.*® The bond lengths in methyl azideere calculated ad(RDN) = 1.472,
d(N'DN) = 1.244, and d(fd N) = 1.162 «, and with aromatic azides they could find a little shorter
bond lengths for kDN, so an almost linear azide structure is present, withydpidization at N

and a bond order of 2.5 between RNand N and 1.5 between Nand N. Figure8 presents an

example of the molecular structure of an aromatic azide.

0a) T. Curtius,Ber. Dtsch. Chem. Ge$890, 23, 302333; b) T. CurtiusJ. Prakt. Chem. 18940, 275; c) A. HantzsctBer. Dtsch. Chem. Ges.
1933,66, 134954.%%a) E. F. V. Scriven, K. TurnbelChem. Rev1988,88, 297368; b) G. LOabbZhem. Rev1969,69, 34563.5%%) L. Pauling, L.
O. Brockway,J. Am. Chem. Soc. 19359, 1320; b) L. O. Brockway, L. PaulirRroc. Natl. Acad. Sci. USA933,19, 86067. M. T. Nguyen, D.
Sengupta, T.®. Ha,J. Phys. Chenl996,100, 64996503.
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Fig. 8. ORTEP representation of 1,3%azido-2,4,64rinitrobenzene with the ellipsoids of the C, N, @détoms drawn
at the 50% proHaility level. **

The polar resonance structureslds, c reveals some facts like strong IR absorptb& 2114 cri
(for phenyl azide);® the UV absorption (287 nm and 216 nm for alkyl azides), the weak dipole
moment (1.44 D for phenyl azide), and the aciditalgfhatic azidesg.g. Scheme 4)°

H

OMe Ny—C- CO,Me OMe
fj/CHO NaOMe, MeOH mCOZMe
N <N N3
3
O-xylene
A mCOZMe
67% NT N
4

Scheme 4Synthetic steps in the synthesis of the alkaloid variol®¢ &nd its analogues according to Molataal.>”

The azide ion is considered as a pseudoh&lialed because of that the organic azides are somehow
similar to organic halogen compounéer arenes with azide groups in thetaandpara positions,

the Hammett parameters are respectively 0.35 and O.arénaimilar to those dfuoroarenesin
another reactions such asomatic substitution reactions, the azide group represeraghan and
para-directing substituent.

Since ionic azides like sodium azide are fairly stable, heavy metal and covhalamly azides are

thermally decomposable and they can be considered as explosive categories of compounds.

%4D. Adam, PhD Thesis, Ludwigdaximillians-UniversitSt M¥achen (Germany)2001%°Further vibrations exist at340£1180cm* and 680 cri.
%6A. Breuning, R. Vicik[T. SchirmeisterTetrahedron Asymm2003,14, 330112.5°P. Molina, P. M. Fresneda, S. DelgadoQrg. Chem2003,68,
489-99. *®Mulliken electronegativities Cl (8.3 eV), Br (7.5 eV), N(7.7 eV). I. C. Tornieporth, T. M. Kldjke, Angew. Chem. Int. Ed. Engl995,
34, 51120.
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For organic azides considered as eaplosive and manipulable, they should respect a rule, which
is the number of nitrogen atoms that should not be more than the number of (d&rbad,)/Ny, '

3, here Nrepresents the number of atonisAmong synthesized azides there are some, which are
potentially explosive like compounds containindnexakis(azidomethyl)benzene 2)f*

triazidotrinitrobenzened), * azidotetrazole4) (88 % nitrogen !§: and azidomethan@éy.

No N3 N3
NS o,N NO, -
Na Ng N3 N\N>\N3 Ny N3 e,
Na S NO, H
5 6

7 8 9

There are some other unexplained situations in which even proved nonreactinelksular-

weight azides can be decomposed, so their manipulation should be done with some precautions.
[.2.2.1. Reactions of organic azides

As is mentioned above, azides can behave very differently under different reaction conditions. As &
main reaction of azides, we can mention reaction with elededinient compounds at'fdnd also

electronrich compounds (nucleophiles) through(Nig. 9).

Fig. 9. Reactivity of organic azides

In thereaction of azides, retention of the azide unit can be observed, but cleavage of the-nitrogen
nitrogen single bond is also possible, like in the case of nitrene chemistry. Cycloaddition of azides

is the simplest mechanistically case in which azides carisé&@ extensively.

*9a) P. A. S. SmithQpenChain Nitrogen Compoungsol. 2, Benjamin, New York1966,21156; b) J. H. Boyer, R. Moriarty, B. de Darwent, P. A.
S. Smith Chem. Eng. Newk964,42, 6.5°D. Adam, K. KaraghiosoffT. M. Klapstke, G. Holl,M. Kaiser, Propellants Explos. PyrotecB003, 27, 7
11.%°A. Hammerl, T. M. Klap&tke, H. N3th, M. Warchhol@, Holl, Propellants Explos. PyrotecR003, 28, 1653.
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[.2.2.2. Applications of azides

A) As protecting group: To protect coordinating primary amines, the azide function proved a
good possibility especially in substrates likégosaccharides, aminoglycoside antibiqtiés
glycosyloaminoglycans such as hepéfifiand peptidonucleic acids (PNAY that are sensitive
substrates. In addition, another property of azide as protecting group is that this function is stable
osmium-**and rutheniunf?” induced dihydroxylations or alkylationS¢heme 5).

MesSi. 0Bn
OBn :/OBn OBn / oH
~ 0 “Ti(OiPr), Lit
N \
N3 THF, -78;C 3
OBn OBn 1
10 oB _-0OBn
toluene hv " OH
100;C THF
> SiMe3
87% 9 H
(two steps) 7% o8 N
n
13
Bu,N*OH-

—_—
DMF, -20iC BN
49% oBn

14

Scheme 5Part of the total synthesis of FR66979 accordin@iufolini and ceworkers ®*°Bn = benzyl.

Another example in the context of the stability of azides around organometadligsts was given
by Seebergeand coworkers where the utility of the azide group in cleavagen a polymeric

support by an alkene metathesis of saccharides was possible (ScHéme 6).

%) W. A. Greenberg, E. S. Priestley, P. S. Sears, P. B. Alper, C. Rosenbohm, M. HeB@rixJuB,g, CBH. Wong,J. Am. Chem. So999,121,
652741; b) D. Maclean, J. R. Schullek, M. M. Murphy, Z. J. Ni, E. M. Gordon, M. A. Gatop;. Natl. Acad. SclUSA 1997,94, 280510.%%) C.
A. A. van Boeckel, M. PetitolAngew. Chem. Int. Ed. Endl993,32, 167190; b) H. A. Orgueira, A. Bartolaz, P. Schell, P. H. Seebergéngew.
Chem. Int. Ed2002,41, 212831; c) F. Debaene, N. Winssing@rtg. Lett.2003,5, 444547.%a) T. Ainai, YBG. Wang, Y. Tokoro, Y. Kobayashi,
J. Org. Chem2004,69, 65559; b) B. Plietker, M. NiggemarQrg. Lett.2003,5, 335356; c) R. Ducray, M. A. CiufoliniAngew. Chem. Int. Ed.
2002, 41, 468®1.5°T. KanemitsuP. H. Seeberge@rg. Lett.2003, 5 454144,
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O\ 1-pentene
OBn

N3 OBn [(HoIMeS)(3-Br-Py),(Cl),Ru=CHPh] N3
o | CH,Cl,, 0;C, 10h go o
(o) BnO \/\/\ﬂ"d\/\

BnO Nq 85% N3

16

Schame 6.Cleavage metathesis of organoazides.

The azidegroup can be used not only as a protecting group but also it proved a compatibility in the
azawittig reaction.

B) Azides as Biologically Active Compounds and in Natural Products Synthesis :

Azides functionality in natural products doesnOt exist, but some compounds with this functionality
could be found as potential active compounds. Comparison between azide groups anc
aminosulfonyl and methylsulfonyl groups showed that relatively smallerdofizzide function

cause more lipophilic properties than these two other groups and because of that it can, as a
example, interact better with arginine units than sulfonyl functions. There are also azide compounds
stronger than the corresponding sulfone derivatives su@® asthe COX2 inhibitors colecoxib

(17) and rofecoxib8) %

= |
»—CF3
N-N
Me
H,oN - ,S<
2 //S\\O 4 \O .
© celecoxib 17 rofecoxib 18

%A. G. Habeeb, P. N. P. Rao, E. E. Knaliyled. Chem. 2001, 44, 3639.
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A similar behaviour was also found by a comparison between a 1,1-dichloroethyl group (as in
chloramphenicol) and the azidomethyl grpap a welknown example we can mentidne anti-
HIV medication AZT (20 ; 30-azido-20,30-didesoxy- thymidine).

Cr

N" ~O
HO
(0]

N3
20

C) Photoaffinty labeling: Another application of azide group is that they can be used in the
labeling of receptor compounds and ligands used in photoaffinity lab&liRgr this purpose, the
ligand is provided with this nitrene precursor in a way that does not influence its affinity for the
receptor, but keeps it close enough to its target protein. The azide group is especially appropriate for
this labeling, because after photolysdl® organoazide can be entered into many carbon, nitrogen,
oxygen, or sulfur compounds by the formation of nitrehesorder to identify the ligand-protein
complex an additional radioactive label can also be aptigd 10).

Fig. 10.The principle of photoaffinity labeling.

An example of use dhis principle is synthesis of combrestatin analogues as molecular probes for
tubulin polymerization (Figll). In addition some other applications in medicinal chemistry have
been reported?

7a) S. Piantadosi, C. J. Marasco, E. J. Modks¥jed. Chem1991,34, 140814; b) T. PathakChem. Rev2002,102, 162367.%%a) C. A. Gartner,
Curr. Med. Chem. 20030, 67189; b) S. A. FlemingTetrahedron1995,51, 12479520; c) E. Okada, Y. Komazawa, M. Kuriwara, H. Inoue, N.
Miyata, H. Okada, T. Tsuchiya, Y. YamakocHigtrahedron Lett2004, 45, 52729. ®°a) K. G. Pinney, M. P. Mejia, V. M. Villalobos, B. E.
Rosenquist, G. R. Pettit, P. Verdieinard, E. HameBioorg. Med. Chem. Let000,10, 241725; b) K. A. H. Chehade, K. Kiegiel, R. J. Issacs, J. S.
Pickett, K. E. Bowers, C. A. Fierke, D. A. Andres, H. P. SpielmdnAm. Chem. So2002,124, 820619; c) F. Mesange, M. Sebbar, J. Capdevielle,
J.BC. Guillemot, P. Ferrera, F. Bayard, M. PoirofCl.Faye Bioconjugate Chen2002,13, 76672.
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Fig. 11.Aryl azides as molecular probes according to Pinney%t al.

Interaction of small molecul€e$ with proteins is not the only category that can be explored with
organoazides but also protginetein”*"and proteimaucleic acids interactio§ are another class

that can be investigated by photolabeling. The photolableing with organoazide oabeals
performed in an intramolecular manner that results in crosslinking. The covalent bonding of RNA
duplex strand with an internally attached aryl azig4) (by photolysis is an example that can be
carried out in this fashion. It was important that a hydroxyl group existpmsi@ion of aryl azide

24, which help the nucleophilic attack by the antisense strand on a ketene imine or a correspondin

sequential product as active species that cause crosslifking.2). "

°a) E. Mappus, C. Chambon, B. Fenet, M. Rolland de Ravel, C. Grenot, C. Y. CS8liemoids2000,65, 45981; b) J. J. Chambers, H. Gouda, D.
M. Young, I. D. Kuntz, P. M. EnglandJ, Am. Chem. Soc. 200426, 1388687."'a) F. TeixeiraClerc, S. MichalgtA. Menez, P. KessleBiocon;.
Chem.2003,14, 55462; b) S. C. Alley, F. T. Ishmael, A. D. Jones, S. J. Benkdviém. Chem. So2000,122, 612627; c) D. Hu, M. Crist, X.
Duan, F. A. Quicho, F. S. Gimbl&, Biol. Chem2000,275, 270512.7%K. L. Buchmueller, B. T. Hill, M. S. PlatzZK. M. Weeks,J. Am. Chem. Soc.
2003, 125, 108561.
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Fig. 12.3-Hydroxyaryl azides as crosslinkers aating to Platz, Weeks et.&*: Position of a radioactiv&P label, XL

= crosslinking

1.2.3. Applications of Click chemical reactions

As is already mentioned, Click Chemistry is a flexible synthetic approach towards construction of
new molecular units.The large applicatiomrea of this reaction is showed by its use in different
fields of life and material sciences like drug discovétioconjugation,” polymer and materials
science,”™ and related area§*®such as supramolecular chemistfy,DNA labeling, "® and
oligonucleotide synthesis? assembly of glycocluster$ and glycodendrimers! preparation of

stationary phases for HPLC colunihimprovement of microcontact printintj,conjugation of

a) K. B. Sharpless, R. ManetsdBxpert Opin. Drug Disov.2006,1, 52538. b) G. C. Tron, T. Pirali, R. A. Billington, P. L. Canonico, G. Sorba, A.
A. GenazzaniMed. Res. Re2008,28, 278308.7“a) J. F. LutzAngew. Chem. Int. Ed. 20087, 218284, b) J. F. Lutz, H. G. BorneProg. Polym.
Sci.2008,33, 139. *a) W. H. Binder, C. KlugerCurr. Org. Chem2006, 10, 17911815; b) H. Nandivada, X. W. Jiang, J. LahaAdy. Mater.
2007,19, 21972208; c) D. Fournier, R. Hoogenboom, U. S. Schul@rem. Soc. Re2007,36, 136980; d) P. L. Golas, K. MatgszewskiQSAR
Comb. Sci2007,26, 111634.®a) F. Santoyasonzalez, F. Hernandédateo, Top. Heterocycl. Chen2007,7, 133177; b) J. F. Lutz, H. Schlaad,
Polymer2008,49, 81724.77a) W. B. Zhang, Y. Tu, R. Ranjan, R. M. VanHorn, S. Leng, J. Wang, Folce, C. Wesdemiotis, R. P. Quirk, G. R.
Newkome, S. Z. D. Chengflacromol.2008,41, 51517; b) J. S. Marois, K. Cantin, A. Desmarais, J. F. Ma@ing. Lett.2008,10, 3336. "%J.
Gierlich, G. A. Burley, P. M. E. Gramlich, D. M. Hammoiid,Carell,Org. Lett.2006,8, 363942. °A. Nuzzi, A. Massi, A. DondoniQSAR Comb.
Sci.2007,26, 119199. °A. Dondoni, A. Marra,J. Org. Chem2006, 71, 754657.%%a) J. A. F. Joosten, N. T. H. Tholen, F. Ait El Maate, A. J.
Brouwer, G. W. vanEsse, D. T. S. Rijkers, R. M. J. Liskamp, R. J. Pi&ters). Org. Chem2005, 318285; b) E. Fernandelrlegia, J. Correa, .
RodriguezMeizoso, R. RigueraMacromol. 2006, 39, 211320. 82Z. Guo, A. Lei, X. LiangQ. Xu, Chem. Commun2006, 451214. 8D. 1.
Rozkiewicz, D. Janczewski, W. Verboom, B. J. Ravoo, D. N. Reinhdmdgew. Chem. Int. Ed. 2006, 45, 5292
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molecular clusters to the headgrouppbbspholipids” and building bolaamphiphilic structur&s
are some examples of the application of CUAAC. Here some of these examples will be explained ir

details.

[.2.3.1. Therapeutics Polymers,which includes polymeprotein conjugates, drugolymer
conjugates, polymeric drug delivery systems and polymeric micelles to which the drug is covalently
bound.?® Click Chemistry is widely used in these areas of polymer therapeutics.

Synthesis of block copolymers/olves two or more homopolymsubunits which associated by

covalent bonds, and have important pharmaceutical properties. Many methods have been used to
synthesize block copolymers like Click Chemistry that is one of the most efficient methods to bind
two substances. By efficiently use of CC block copolymers were formed by linking homopolymers.
For example, amphiphilic copolymers were synthesized by use of Catélyzed Huisgen 1,3-
dipolar cycloaddition (HDC) reaction and combination of atom transfer free radical polymerization
(ATRP). The two polymers were synthesized by ATRP and were linked one with alkyne
functionality and the other with azide functionalig.g. poly (1-ethoxy ethyl acrylate) and poly
(acrylic acid)], that they were clicked together to construct copolyFigr 13).%’

Fig. 13.Schematic depiction of the synthesis of block and graft copolymers using OOclickO éhemistry.

Polymeric micelleswhich have important applications in the fields like ddejivery, drug

targeting, drug solubilisation and controlled drug release. One of the use of Click Chemistry in this
field is its application in the formation of the crdsss within the shell of polymer micelles that
provide stability to the nanostructured buildings, which increase weak interactions that facilitate

polymer micelle existencéig. 14).%

84) H. J. Musiol, S. Dong, M. Kaiser, R. Bausinger, A. Zumbusch, U. Bertsch, L. Mof@aem. Bio. Chen2005,6, 6258; b) S. Cavalli, A. R.
Tipton, M. Overhand, A. KrosChem. Commur2006, 319395; c) F. S. Hassane, B. Frisch, F. SchuBe&sConj. Chem2006,17, 84954.%B. D.
Smith, Org. Lett.2007,9, 199202.%a) R. Haag, F. KratzAngew. Chem. Int. Ed. En@006, 45 (8), 1198215; b) CD Hein, XM Liu, D. Wang,
Pharm. Res2008,25 (10), 221630. WV Camp, V Germonpre, L Mespouille, P Dubois, EJ Goethals, FE Du Reazt. Functl. Polyn2007,67,
116880.%8KB Thurmond, H Huang, CG Jr Clark, T KowalewskiL Wooley, Biointerfacesl999, 16,454.
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Fig. 14.The general method f@&hell Crosd.inked (SCK)nanosphere construction includes the self assembly of block
copolymers in a solvent system that is selective for one of the copolymer blocks, followed by covalent bond formation

between the chain segments that compose the polymer micellé&hell.

Polymeric drug delivery systenisu et al. ® prepared linear multifunctional poly ethylene

glycol (PEG) by using click chemistry, which can be used as polymeric drug carrier. In their paper,
a short acetylenterminated PEG was linked to 2)&s(azidomethyl)propang;3-diol through HDC
reaction in water and at room temperature. Another polymer, which was synthesized by using this

method was a prototype borargeting polymeric drug delivery systefid. 15).%°

0
HO OH )k
\/‘fo/\>/44 Cl Cl — O\/fo/\a/zl\n/ ~
H,N
25 N 26

Br Br
NaN, Ng N Cusq
— Sodium ascorbate

OH OH OH OH RT, mpEG—=

27

e e ey

42

OH OH 28 OH OH

Fig. 15.Synthesis of LineaMultifunctional PEG viaCu(l)-Catalyzed Huisgen 1;Bipolar Cycloaddition

[.2.3.2. Drug Delivery Systems

Liposomeghat can be used as drug carrier in drug delivery systems. In this system, the drug that
should be delivered is attached to liposome through different sites available on it. In this way,

89X. M. Liu, A. Thakur, D. Wang,Biomacromol2007, §9), 265358.
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delivery of agents to the reticuloendothelial systéRES) is easily obtained as most of the
liposomes are caught by the RES. This fusion of drug or ligand to the surface of liposomes can be
done by using HDC reaction, eapnjugation of mannose ligands to the surface of liposomes, for

this ligation, they functionalized a lipid anchor with alkyne moiety and this was then introduced
into the liposomeg™® In the next step mannosyl residue, which was functionalized with azide group
was linked to the surface of liposomes through HDC reactiog. (L6). This reaction gave
mannosylated liposomes that can be used as vehicles to target specific cells such as human dendritic

cells.®

HO H
HO H //\/\”/N
t Z
SWN\(/\O/\}E?’% o
o

liposome-associated form of anctafr

CuSQ, Na-ascorbate, L
HEPES buffer, NaCl (pH 6.5)

Fig. 16. Coupling of the Ligan@9 to preformed liposomes that incorporate the alkyrectionalized achor 30 by
Click Chemistry in the presence of the Cu(l) ligamthmphenanthrolinedisulfonafé

Dendrimers, have great applications in drug delivery, gene delivery, etc. as they are multivalent,
highly branched and globular macromolecufédere, Click reaction can be used to synthesize
dendrimers. In this field, copper catalysed HDC has been applied for designing and functionalizing
dendrimers (Fig. 17)>

*MJ Copland, MA Baird, T Rades, JL Mckenzie, B Becker, F Reck, PC Tayldr,Davies Vaccine2003,21, 88390.”E. R. Gillies,J. M. J.
FrZchetDrug Discov. Today005,10, 3543.%G. Franc,A. Kakkar,Chem. Commur2008,42, 526776.
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Fig. 17. First examples of triazole dendrimers

synthesized using@nvergent methodolog¥

[.2.3.3. Bioconjugation

Copper catalysed HDC reaction is highly recommended in both in-vivo and in-vitro bioconjugation:
Bioconjugation to gold and magnetic nanoparticles
Due to their interesting properties, gold nanoparticles have shown some applications in therapeuti
domain® like cancer cell diagnostic¥,in drug delivery systems’ labeling antibodie&® and other
areas. These methods need attachment of biologndécules to the nanoparticle and this
bioconjugation to the gold nanoparticle through a covalent bond can be reached by HDC reaction
Magnetic nanoparticles have also applications in medicine because of their biocompatibility and
their high accumulatiomitarget tissues under a local magnetic fiéld/ith HDC reaction, a lot of
organic molecules containing 2dnitrophenol, flag peptides, biotin and maltose binding protein
have been linked to magnetic nanoparticles in this way that magnetic nanepartiete
functionalized by azide moiety and the molecule, which is going to be attached, was functionalized

%J. L. WestN. J. HalasAnnu. Rev. Biomed. Eng003,5, 28592. **X. Huang, P. K. Jain, |. H. Bbayed, M. A. ElSayed Nanomed2007,2, 681
93.%G. Han, P. Ghosh, M. D¥, M. Rotello,Nanobiotech2007,3, 40-45.°P. W. Faulk, M. G. Taylodmmunocheml1971,8, 108183.A. Ito, M.
Shinkai, H. Hondal. Kobayashi,J. Biosci. Bioeng2005, 100, 111.
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with a terminal alkyne moiety and then they were clicked togeFigr 18)>

Fig. 18. Fabrication of azidand alkyny}MNPs (Magnetic NanoParticle%)

1.2.3.3.1. Radiolabelling

In this method, the drug has been attached to the radionucleotide that allow to follow its distribution
inside the body and its metabolic pathwdyOne of the common used radioisotope is technetium

99m. Different Click reactions have been reported t& tims radioisotope to various organic
molecules $cheme 7)°

\fLNH
o _
HO 7—COzH o
© HN R-NTN
a) Cu(OAc), Na-ascorbate Nm
N3 100iC, 30 min o ,_I:co"'
oc’  'co
20 b) [P9"Tc(H,0)5(CO)* co
or HOOH 100iC, 30 min [99"Tc(COY(20-32Y)]
(e}
HO SN
32

Scheme 70nepot procedure to yieldadiolabele conjugates directly®

%p, C. Lin, S. H. Ueng, S. C. Yu, M. D. Jan, A. K. Adak, C. C.(0Y\G. Lin, Org. Lett.2007,9, 213%34. *R. B. SilvermanThe Organic Chemistry

of Drug Design and Drug Actigr2™ edition, Elsvier Scientific, San Diego, C2004.°T. L. Mindt, H. Struthers, L. Brans, T. Anguelov, C.
Schweinsberg, V. Maes, D. Tourwe, R. SchibliAm. Chem. Soc. 2006, 12809697.
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1.2.3.3.2. Polysaccharides

Another application of Click reactions is modifications of polysaccharides in order to develop their

pharmacological properties. An example of this application was mentioned in a paper btLibert

al. ** where they modified the surface of cellulose through click reactions. For this work, they

tosylated the primary alcohol group of the glucose units followed by azidation with sodium azide,

which enabled azide functional groups to be introdungml gellulose. In the next step, they mixed

three alkyne with low

molecular weight (methylpropiolate;&2hynylanaline and 8thynylthiophene) with three different

strands of cellulose functionalized with azide. They performed this reaction iprekence of

copper as catalyst and sodium ascorbfaig (9)*

OH TosCl/ O_SOZQMe
Ho o TEA Ho o
- o 8iC, 24h - o
HO OH — > HO OH
33 34
COOCH;Z
Z N
N-N

1N ag, NaOH
—_—

9 A
-"Ho °©

HC=C-COCH4 OH ~Ho
36

CuSQ,.5H,0, Sodium ascorbate
RT, 24h,(DMSO)

-"HO

RT, 24h,(DMSO) -

SQ
CuSQ.SHZO,\ c
Sodium ascorbate * CH

RT, 24h
(DMSO)

NH,
- /N
NN
35 CuSQ,.5H,0, Sodium ascorbate/&/o_ )
HO OH
38

NaNy/ DMF i
100C, 24h

_ =

ag. HCI

R —

-"HO

COONa
7N
N—-N

Ho
o_ -

OH
37

NH, .HCl

~ N
N_

N
ALY
-"Ho o

OH
39

Fig. 19.Reaction scheme for preparation edfido-6-deoxy cellulose35) and subsequent copper¢Btalyzed Huisgen

reaction of 1,4disubstituted 1,2;8riazoles used as linker for timeodification of cellulose with methylcarboxylatés,

2-aniline 38), and 2hiophene (40) moieties.

11T Liebert, C HSnsch, T Heinzeapid Commur2006, 27, 208L3.
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1.2.3.3.3. Tagging of live organisms and proteins
Live organisms and proteins can also be tagged by click reactions. As an example, Cowpea mosal
virus (CPVM) that its capsid is made up of 60 copies of an asymmetric two protein units containing
RNA genome has been tagged by use of bioconjugation methodQsazagles per virus particles.
Interestingly, it was found that all the 60 azide groups reacted to form triazoles with >95% yield
that was helpful for labeling the virus with fluorescein derivatiGhéme 8)°

HO o o _N
N,
O ‘ | o}
N
H H N + 4 J—QN%D
e
\ﬂ/\/\ﬂ/ ~S N3 CO,H _ > y
£ <
60 n
o H\
42

41 43

HO o o N
Y
=
y W O ‘ /2 NI
NMN\// + con —————————~ HN—4
o o O Dye
44

00 46

z2-Z
0y

Scheme 8[3 + 2] Cycloadditionreactions of virusazides/&kynes41, 44with Dye-Alkyne 42 and dyeazide45

1.2.3.3.4. Activity based protein profiling (ABPP)
ABPP is a method to analyse the function of enzymes in biological systéifisis method needs
two conditions: a) A site directed reactive group which binds covalently and labels a specific family
of enzymes; b) Reporter tag (fluorescein/ biotin) for detection and quantification of labeled
enzymes. Because of the bulky natureegforter tagsHig. 20),!° the ABPP probes have less cell
permeability,so to resolve this problem, the reporter tag is replaced by small chemical groups like
alkyne or azidevhich allow the probes to be entered into the cells without any problems. With the

help of Cu catalyzed HDC reaction, this orthogonal reporter tag is then attached to the probe.

102N. JassaniB. F. CravattCurr. Opin. Chem. Biol2004, 8§ 54-59.
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Fig. 20. Comparative ABPP of human cancer c&fls

1.2.3.3.5. Labeling of DNA
Click chemistry plays also an important role in oligonucleotide labeling with fluorescent dyes. As
DNA can be cleaved in the presence of copper, free metal click chemistry must be used for labeling
DNA. In that order, a method has been applied in whietiits€hzocyclooctyne (DIBOdrodified
oligonucleotides were used that was prepared from a new DIBO phosphoramidite , then this reac
with azide through coppédree, strainpromoted alkynezide cycloaddition (SPAAC) introduced
by Bertozziet al.;* see theirpublications. After performing polymerase chain reaction (PCR)
DIBO-modified primers produced OclickableO amplicons, which could be tagged with azide

modified fluorophoresKig. 21).**

Fig. 21.solid-phase synthesand characterization of3sdibenzocyclooctyne (DIBGinodified oligonucleotides, using
a new DIBO phosphoramidite, which react with azides via cefyper strairnpromoted alkynexzide cycloaddition
(SPAAC).

1.2.4. Synthesis of Lead Discovery Libraries

These libraries include lead compounds with biological activities and their chemical structure can

103N. J. Agard, J. A. Prescher, C. R. BertoZziAm. Chem. So2005,127, 11196'%4. S. Marks, J. S. Kang, B. T. Jones, K. J. Landmark, A. J.
Cleland,T. A. Taton,BioConj. Chem2011, 22, 125%3.
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be used as a starting hint for chemical modifications, which increase theicqahenical
properties. This Olead discover librariesO can be prepared by use of click reactions, and each libran
compound can be constructed in few steps, for example, the Cu catalyzed formation-of 1,2,3
triazoles has recently been used to prepare functionalized resins for solid phase synthesis of a

library of dopaminergic arylcarbamidesiq. 22).**

Fig. 22. First series of click linkers in the presence of aldehyde functionality for the traceless attachment of the substrate
by use of BAL Backbone Amide Linkegtrategy with an application for a &blphase supported construction of a

focus library of biologically active compound$

1.2.5. Limitations of Click Chemistry

However HDC reaction showed a vast application in pharmaceutical area, but there are some
limitations that can be seen using this synthetic method:
1. Alkyne homocoupling; In this reaction, sometimes alkyne unifies with another alkyne
molecule instead of azide, which yields a different pro#ti¢Fig. 23), however using a

bulky base in this reaction enables us to decrease the homocoupling reaction.

Fig. 23.Mechanism of acetylene homocoupling catalyzed b$ Cu

1055 Loeber, P Rodriguezeaiza,P. GmeinerQrg. Lett.2003,5, 175355.
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2.Presence of copper as catalysfs copper is cytotoxic, so its use can be a disadvantage in
medicinal domain, because copper can cause ése#dse hepatitis, Alzheimer, neurological

disorders etc!®

1.2.6. Biologically active 1,2,3riazoles

There are not a lot of 1,2{Bazolic derivatives, which are in the last stage of clinical examinations
or are on the market. Among them, we can mention anticancer compound carboxyamidotriazole
(CAl, 47), " the nucleoside derivative nanicleoside reverse transcriptase inhibitert-
butyldimethylsilylspiroaminooxathioledioxide (known as TSA®@8), '® (-lactam antibiotic

Tazobactam49), the cephalosporine Cefatrizirfi®j, etc. Scheme 9).

O

H,N N
N TBSO

/ NH2
H,N N
Cl
.y rsao
O OTBS
CA Cl ’,
4
Cl

~=

N
I
7

NH, H
o) N S
H
: \‘S//O N(\”N m j;ig\/ N
\N N
/l;’\“/\)\/ HO e} \& (N

) g COOH N,
COOH H
Cefatrizine
Tazobactam
49 S0

Scheme 9Potential pharmaceuticals basedlop,34riazoles '%°

1.2.7. Biologically active 1,2,3riazoles synthesized without copper catalyst

As there is a high request in pharmaceutical domain to find out molecules with high selectivity and
medicinal and pharmacokinetic properties, chemists taysng hard to explore potential
pharmaceutical molecules, which can be prepared in a shorter time and contain all the requirec
conditions for a medicinal agehf. In this effort, some molecules with 1,2/8azole moiety were

found that show interesting pharmaceutical applications. These molecules have been synthesized

06T, Wang, Z. Guo,Curr. Med. Chem2006,13, 52553.%°"M. J. Soltis, H. J. Yeh, K. A. Cole,.NVhittaker, R. P. Wersto, E. C. Kohbfug Metab.
Dispo0s.1996,24, 799806.%C. ShengW. Zhang,Curr. Med. Chem2011,18, 733766.2%S. G. Agalave, S. R. Maujan, \&. PoreChem. Asian J.
2011,6, 26962718.1'R. Alvarez, S. Velazquez, A. S#&elix, S. Aquaro, E. De Clercq, £F. Perno, A. Karlsson, J. Balzarir¥). J. Camarasal.
Med. Chem1994, 37, 418®4.
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before development of click chemistry and so without use of copper catatystnjel0). Some
examples are shown in the following scheme. These molecules were synthesized by use of differer
methods.

o)
Muscarinic activity Anticagger activity
R= Ch/COOCH 52
Orally active antihypertensive agent
51 IN;N
Me o) = N\H/)/\DN
_N .
N"N‘N A Ar\HkN N cl N__O Me
\—/ ~ N/ ‘—<_
N \( Ci2Has c H ©
(CH,),COPh .
Anti-HIV activity Hypocholesterolemic activity NMDA receptor antagonis
54 55 56
j— H\
CIH.Me,N N/—\O MeO I
.Me.
’ ~ . N=N ° | oN
N — K/ N\/\O N/J
: CF4 o
E VEGF receptor tyrosine kinase
FoC inhibitors
h-NK1 antagonist 58
57

Scheme 101,2,3Triazole-containing molecules with different biological activitié¥

1.2.8. Click reactions and the pharmacological applications of 1,2 Biazoles

After appearance of the click chemistry term, this reaction was used widely to prepare triazolic
derivatives by use of terminal alkynes and azides, which are stable under different conditions anc
they are inert to most biological and organic conditions, molecular oxygen, water, and the majority
of common reaction conditions in organic syntheSisSince 1,2,3riazole moieties are stable to

metabolic degradation and they can form hydrogen bonding that is favourable in the binding of
biological targets and make better their solubility, they are attractive connecting units. Although

1,2,34riazole moiety doesnOt from in nature, but the synthetic molecules containing this unit

1113, M. BaskinC. R. BertozziQSAR Comb. Sci. 2007, 26, 1219.
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showed interesting biological properties. Due to the poor basicity, the triazolic ring is not
protonated at physiological pH, against other azaheterocycles. Anothietr ip that, the
nonprotonated Sghybridized nitrogen atoms of 1,2tBazoles could better imitate the partial
positive charge at the anomeric carbon in the transition state of the glucasitigeed reaction

in comparison with corresponding nitrogen atoms of iminosugdres a review paper, Meldal

and Tornoe summarized some enzyme inhibitors and receptor ligands containing triazole moiety

They also mentioned some 1,2r&zole-modified natural products$=(g. 24).'*

OH ,OH OH OH

OH
Galactosidase inhibitorO Galectin-3 |nh|b|tor PTP 1 selective inhibitor

59 60 61

Cl
F
o~ F N
F N=N
Cl
D4-R partlal agonist

GABA-R antagonist
63

Fig. 24.Some examples of inhibitors containing triazolic motfy

1.2.8.1. Anticancer

As the aim of our project in the synthesis of triazolic derivatives is mainly their application as
anticancer agents, here we focused more on this propefty Sftriazole containing molecules,
however their application, as mentioned in above is not only limited to this area.

Nowadays, cancer is a main health problem in both developed and developing countries. Som
anticancer agents containing taxol, vinblastivincristine, camptothecin derivatives, topotecan and
irinotecan, and etoposide prepared from epipodophyllotoxin are in clinical use all over the world.
There are also some potential agents such as flavopiridol, roscovitine, combretadtabetdlinic

acid, and silvestrol, which are in clinical or preclinical evolution. Despite of the existence of these
pharmaceutical compounds, there is still a need to research and find new molecules with better

112M. I. GarciaMoreno, D. Rodriguetucena, C. OMellet,J. M. G. Fernandez). Org. Chem2004,69, 357881. **M. Meldal, C. W. Tornoe,
Chem. Rev2008, 108, 2953015.
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modes of actionand also a researan finding new analogues of the existing clinical agents is
necessary. A series of Gdichloro-1,4-dihydro{1H,4H)-quinoxaline2,3-diones were reported by
M. J. Frayet al., in which the $osition substituent was a heterocyclymethyl gheterocyclyl)1-
propyl group (Schemé1,64).'** Most of these reported compounds include a Ity?a2ele ring as

a heterocyclic ring. Between these reported compoundsdiéibro5-[1-(1,2,4{riazol-4-
yl)propyl]-1,4-dihydro{1H,4H)-quinoxaline2,3-dion was the most important compound in the
serie. Its brain penetration extent was also reported.

IN;N o)
R NfR‘ Af‘(H .
H NaN
c NIO or A=t ArTﬁKJN 65
Cl N” 0o Ar—Br ———— >
H
64 65a= 4-Me-phenyl 65h= 4-OH-phenyl 650= 3-NH,-phenyl 65v= 3-pyridyl
R= H, CH,CHj, etc. 65b= phenyl 65i= 4-NH,-phenyl  65p= 2-pyridyl 65w= 4-pyridyl
R= H n—prop;i CHNEL 656= 2-Me-phenyl 65j= 4-Cl-phenyl  65¢= 3-I-phenyl 65x= 6-Me-2-pyridyl
Cﬂ(l-methylpiperéine) etc. 65d= 2-OMe-phenyl  65k= 4-Br-phenyl  65r= 3-Br-phenyl 65y= 5-Me-2-pyridyl
' 65e= 2-Ph-phenyl 65I= 4-1-phenyl 65s= 3,4-di-Br-phenyl 65z= 4-Me-2-pyridyl
65f= 4-Et-phenyl 65m= 3-Me-phenyl 65t= 2-benzofuran 65z'= 3-Me-2-pyridyl

65g= 4-n-Pr-phenyl 65n= 3-OH-phenyl  65u= 3-(PhCHNH)phenyl

HO OH N_~(CH2),CHz

R o) N ]/

N=N N
R2 l\’l ¥ R® HO OH N 9H
O—/Y\(CH2)13CH3
R3 RS OH
R4 n=>5, 6, 15, 22, 23, 24
RL, R?, R, R4, RS, R6= H, OH, OMe, etc. 67
66

Scheme 11Structures 4 and the synthesis of the 1,2rBzoles'®

Anotherclass of compound, which is used as inhibitors of human methiamnepeptidase type

2 (hMetAP2) is 4aryl-1,2,3triazoles Schemell, 65) that has been reported by Kallan@¢ral.

These compounds can be used as anticancer agentanother paper, Pagliat al.reported other
anticancer agents, which were a large number of triazole derivatives of resveratrol. These
compounds were prepared by a parallel combinatorial approach that used a typical click reactior
(Scheme 11, 66%° A few of these reported compounds showed antiprofilerative activity.

As it is shown in schemé&l, derivatives67 are a series of 1,2{Bazolecontaining!- GalCer
analogues that are the most powerful agonist antigen of a natural k& réceptor. These

14M. J. Fray, D. J. BullC. L. Carr, E. C. L. Gautier, C. E. Mowbray, A. StohleMed. Chem2001,44, 195162. L. S. Kallander, Q. Lu, W.
Chen, T. Tomaszek, G. Yang, D. Tew, T. D. Meek, G. A. Hofmann, C. K. Sehitithard, W. W. Smith, C. A. Janson, M. D. RyanE¥s.Zhang,
K. O. Johanson, R. B. Kirkpatrick, T. F. Ho, P. W. Fisher, M. R. Mattern, R. K. Johnsdn Hdnsbury, J. D. Winkler, K. W. Ward, D. F. Veber, S.

K. Thompson,J. Med. Chem2005,48, 564447. . Pagliai, T. Pirali, E. D. Grosso, R. D. Brisco, G. C. Tron, G. Sorba, A. A. Genatzitgd.
Chem 2006, 49, 46770.
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compounds wer reported by Leet al., in which the lipid chain lengths were increasingly varied.
By replacing the amide moiety bf GalCerwith a triazole they could increase the4lversus IFN-
" bias of released cytokines. By increasing the length of the attablagd they could also find a
stronger Th2 cytokine response.

At the following of anticancer agents, Yigt al. explained the synthesis of a series of 1,4,7,10-
tetraazacyclododecarig4,7,10tetraacetic acid (DOTAgonjugated monomeric, dimeric, and
tetrameric[Tyr®|octreotidebased analogues that were used as a tool for tumor imaging and/or
radionuclide therapyScheme12)® These molecules were prepared in a Cathlyzed 1,3fipolar
cycloaddition condition, which was run between peptide azides and dendennsd alkynes
following of a metalfree introduction of DOTA by use of thiaeid/sulfonyl azide amidation

(OsulfoelickO reaction, for this reaction see referencg. 118

azide

CuSQ/ Na-ascorbate .
Acetylene Triazoles

THF/H,0O
Microwave (100€), 5 min

| R
_o o} OH
x @swg@oﬁ” el
O— (0] (0]
N/ﬁgs/ \EQ
5 LY

68 Hoé( \[(\ Jiw)\/\ﬁ

Scheme 12Synthesis off etrameric [Tyf]Octreotide Triazoles'™®

1.2.8.2. In-vivo tumor cell targeting with OClickO nanoparticles

As nanomaterials showed efficiency In-vivo experiments, scientists try to improve library
screening methods to find targeting ligands for diffenertivo sites. This aim needs ligand
attachment chemistries, which are universal, effective, covalent, orthogonal to different biochemical
libraries, useful under agueous conditions, and stable in biologic environments. Among chemical

reactions, copper (Batalyzed Huisgen 1,8ipolar cycloaddition in another word OclickO reaction

17T, Lee, M. Cho, $Y. Ko, HBJ. Youn, D. J. Baek, V2J. Chg C.EY. Kang, S. KimJ. Med. Chen2007,50, 58589.*%C.-B. Yim, |. Dijkgraaf, R.
Merkx, C. Versluis, A. Eek, G. E. Mulder, D. T. S. Rijkers, O. C. Boerman, R. M. J. Liskagd. Chem. 2010, 53, 3983.
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proved these characteristics that can be used for developing targeted nanonmatatralsin a
paper in 2011, Chaturveet al., reported the use of OclickO chemistry fomthévo targeting of
inorganic nanoparticles to tumors. In this research, they found that cyclit tangeting peptides
could be linked to azidaanoparticles in a specific way by OclickO reaction. This linkage conducts
them to bind to p32xpressing tumor cell® vitro. In addition, OclickO nanoparticles circulate
durable for hours in vivo through intravenous direction (>5h circulation time), and get into tumors

and penetrate the tumor interstitium to bind specifically-@3@essing cells in tumorkify. 25)!*

Fig. 25. Design of a nanoparticle that targets Tumor @elgvo andin-vitro.

From these vast applications of Click Chemistry in different field, for this project in our laboratory,
we decided to focus on thgynthesis of highly diversified smattolecules based on triazole
derivatives and study their biological activity especially as@anicer agents.

In the next chapter we will focus on the synthesis of these snaddleules.

119, Chaturvedi, NChaturvedi, S. Gupta, A. Mishra, M. Singh, T. Siddharthth, J. Pharm. Sci. Rev. Re011, 10, 11117.
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Chapter Il

Synthesis of triazolic derivatives departing from aldehydes and by use
of a solidsupported catalyst (A21.Cul) and study their biological

activity






Synthesis of Triazolic derivatives on a solid supported catalyst

lI- Solid Supported catalyst

The concept of soligghase organic synthesis (SPOS) was presented for the first time in mid 19400s
and Merrifield developed solighase peptide synthesis in the 1960Buring the last two decades
there was a huge interest in developing SP&Shat can bedue to the need to find more
environmentally friendly and rational routes to various materials. This effort is justified by the
growth of green chemistry? Application of environmentally friendly surface catalysts like a solid
catalyst is an important psct of clean technology that can be easily recovered once the reaction is
complete?® On the other hanayne of the most important advantages of using polymer supports in
organic synthesis is the clean isolation of the products by simple filtratiofmeaadse of that this
method has become a valuable tool in combinatorial chemistry andhingglghput chemistry, an
integral part of drug discovery and reseat¢h.

There exist two subtassifications for supported reagents: organic and inorganic sspfddhat

the former are polymericsuch as croskrked polystyrenes, and are numerous, covering ion-
exchange resins through to those based on quite complex surface architéchaeg.inorganic
supports that arsuitable for conversion into supported reagents can mention silicas, aluminas,
carbons (notably charcoals), montmorillonites, zeolites and other aluminosilicates, as well as more
complex materials such as partially substituted aluminsili¢atgsaluminophosphates or ALPOS)

and more complex materials such as hetgmyacids. There are some important points for
choosing a suitable polymer or a solid phase in order to have successful and efficiguias®did
synthetic protocol such as suitable linkers with polymers, the nature of binding with the

substrate/reagent (covalent or noncovalent), stability and recyclaBitihe(ne 13)'*°

120R. B. Merrifield,J. Am. Chem. So&963,85, 214954.'%'a) G. H. PosnerAngew. Chem. Int. Ed. 19787, 48796; b) A. Mckillop, K. W. Young,
Synthesisl979, 40122; c) A. Cornelis, P. Laszl&ynthesis 985, 90918; d) J. H. ClarkCatalysis of Organic Reactions by Supported Inorganic
ReagentsVCH, New York, NY, USA1994; e) R. L. Lestinger, V. Mahadevan Am. Chem. So&965,87, 352627; f) J. M. Fraile, J. A. Mayoral,
A. J. Royo, R. V. Salvador, B. Altava, S. V. Luis, M. |. Burguétetrahedron1996,52, 985362. '?%a) A. P. T. Anastas, J. C. Warn&reen
Chemistry: Theory and Practice, Oxford SaenPublications, New York, NY, USAL998; b) P. T. Anastas, T. WilliamsoGreen Chemistry:
Frontiers in Benign Chemical Synthesis and Procedu@dord Science Publications, New York, NY, USE998; c) J. H. ClarkGreen Chem.
1999, 1, 18; d) M. Lancasdr, Green Chemistry: An Introductory TeRoyal Society of Chemistry, Cambridge, Mass, US202.'>%G. W. V. Cave,

C. L. Raston, J. L. Scotthem. Commur2001,21, 215969.*?a) M. Lebel,Biopol. 1998,47, 397404; b) N. J. Maeji, R. M. Valerio, A. MBray, R.

A. Campbell, H. M. GeyserReact. P0l.1994, 22 (3), 20312; c) N. Hird, I. Hughes, D. Hunter, M. G. J. T. Morrison, D. C. Sherrington, L.
StevensonTetrahedronl 999,55, 957584. %) D. C. Sherrington, OPolyr@upported SynthesisO,@emistry of Waste Minimisatipd. H. Clark,
Ed., chapter 6, Blackie Academic, London, UK95; b) J. H. Clark, A. P. Kybett, D. J. MacquarBepported Reagents: Preparation, Analysis and
Applications VCH, New York, NY, USA,1992; c) D. J. Gravert, KD. JandaChem. Rev1997,97,489509.1%°S. V. Ley, |. R. BaxendaléJat. Rev.
2002, 1 573586.
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Synthesis of triazolic derivatives on a solid supported catalyst

Scheme 13.Polymer supports in organic synthesis. a Conventional solidupported chemistry as used in
combinatorial chemistry programmes. The initial substrate is immobilized on a polymeric resin and taken through a
synthetic sequence, with the product being recovered at the end by cleavage backtiato Baactions can be driven

to completion with excess reagents.| Solidsupported reagents in clean synthesis. Here, the reaction between
substrates takes place in solution, with the reagent being associated with a support material. Excess gespeatirea

be easily removed by filtration, and impurities or unreacted substrates can be removed from solution using a scavenge
that is immobilized on a suppdff.

II. 1. Synthesis of triazolic derivatives on a solidupported catalyst

As it was mentioned in the previous chapter, lifgole heterocycles have some interesting
characteristics such as having high dipoles, stability toward different conditions like oxidizing and
reducing agents, the ability of making hydrogen bonds fudadility of interacting with a variety

of molecules such as biological targets. Against these advantages of triazole derivatives, thei
synthesis was limited until recently because of the absence of a reliable method to synthesize thes
kind of molecules. In that order, studies to find a better reaction condition were performed. In this
context, Fokinet al. **" developed stable and simple catalysts based on polyougd copper (1)
catalyst TG-TBTA-CuPR), which performs well in a range of solveni&his catalyst fulfils
simplified workup protocol by preventing the leaching of the copper catalyst that results the product
contamination. The usefulness of polynbeind reagents and catalysts are well known t&day.

These reagents permit isolation of final product by only a simple filtration or evaporation.

12T, R. Chany. V. Fokin, QSAR Comb. S&2007,26,127479.'%a) S. Brase, F. Lauterwasser, R.E. Ziegkdly. Synth. CataR003,345, 869929;
b) N. Leadbeater, M. Marc@hem. Rev2002, 102, 321-73.
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In this proposed resin (TG-TBTA-CupFby Fokin, which is a TentaGelmmobilized
TBTA(Tris(Benzyltriazolylmethyl)Amine)(Fig. 26) proved acceleration of the reaction by
protecting and stabilizing the copper () from oxidation, and so improved the efficiency of the
CUuAAC. TBTA has also extensive applications in biological dondias well as in the synthetic

processe$?

Fig. 26. TBTAOs structure

Fokin and his co-workers observed that immobilization of a polytriazole ligand on a solid support
could make easy thsetup and purification protocols of the reaction for use in large parallel
synthetic collections. The synthesis of the rdsintaGel-immobilized TBTA can be performed in

several steps, as is shown in Scheme 14.

Scheme 14Synthesis of the TentaGelipported TBTA ligand

In the last step, immobilization was done with the standard peptide bond forming conditions that is

performed in the presence of a carboxy functionalized TBTA, which was attached to NovaSyn

12%) E. K. Beatty, F. Xie, Q. Wang, D. A. Tirrell, Am. Chem. So2005,127, 141561; b) A. J. Link, D. A. Tirrell,J. Am. Chem. So2003,125,
111645. M. Cassidy, J. Raushal, V. Fokin, Angew. Chem. Int. EQ006,45, 31547.
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TG amino resinHere, TG resin, which is a polystyreR&G graftpolymer, is selected due to its
excellent swelling properties in a variety of solvents. The choiceMérafield resinto reach to
catalytic activitieswas not successful becauseitsf poor swelling properties of treupport and
incapable linketengths.In this procedurethe resin TGFBTA was loaded with 0.19 mmol/g that
was determined by elemental analysis, and cofipexas preloaded onto the resin by a simple
washing of the TGFBTA with an appropriate copper (l) solutiore.g. 10% solution of
[Cu(MeCN)]PF, in acetonitrile/dichloromethahée?’

Another organic polymeric solid support for Huisgen #jpolar cycloaddition reaction was
proposed by Du Prez group' that was based on a crdssked poly(N-methylethyleneimine)
(PMEI). This polymer can be easily prepared from readily available branche&8i§E27).

Fig. 27.Synthesis of a PMEI network as a solid support for C&{l)

However alower amount of copper can be loaded on the support, but still quantitative yields could
be obtained within 40 min for the click reaction of phenylacetylene (PhAc) and benzylazide (BnAz)
(2.2 eq.) at room temperature. By the use of this polymer high moleceilgintvcompounds could

also be successfully clicked, despite a reduced reaction rate.

Poly(N+«inyl-2-pyrrolidone) (PVP) has also been used as a stabilizer for the copper catalyst in

heterogeneous aziggkyne click chemistry§cheme 15):*

1318, Dervaux, F. E. Du Preghem. Sci2012,3, 95966.'*Z. F. Zhang, C. M. Dong, C. H. Yang, D. Hu, J. Long, L. Wang, H. Li, Y. Chen, D. L.
Kong, Adv. Synth. CataR010, 352, 1604@.
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N=N

Ho N Sy Cw,0-PVP x>~

+ , HO HO

HO 37iC, H,0
74 75 76

Scheme 15Huisgen 1,dipolar cycloaddition reaction in the presence of@NPs as a solidupport catalyst?

This PVPeoated CyO nanoparticles system was a better catalyst in comparison with other catalytic
systems because of its biocompatibility. Because of a high surface area, an increased catalyti
activity was expected, but long reaction times were still obtained for the mlaxeteaction. In

addition, another problem with this catalytic system was impossibility or hard method for recycling.

A recyclable heterogeneous catalyst that was proposed for the Huisgdipdla® cycloaddition
reaction wasbased on metal organic frameworks (MOF$&).MOFs are crystalline and porous
materials that contain an extended network of copper ions that are readily and strongly interacting
with organic ligands. Some of MOFs proposed by CormaOs gtSumre Copper
hydroxypyrimidinolate, [Cu(2ymo)], copper imidazolate, [Cu(in]) copper trimesate,
[Cuy,(BTC),], and copper terephthalate, [Cu(BDC)gf@me 16)2*

©/\N3 MOF catalyst N=N
EtOH, 70C A@
77 78 79

Scheme 16The 1,3dipolar cycloaddition reaction catalyzed by various comuertaining MOFcatalysts™®

However this catalytic system required high reaction temperatures, but it showed an activity
comparable to that of homogeneous catalysts. In addition, no leaching of the copper catalyst wa
observed.

133 Luz, F. X. LlabrZs i Xamena, A. Cormh,Catal.2010,276, 13440.'*a) L. C. Tabares, J. A. R. Navarro, J. M. Salag\m. Chem. So2001,
123, 3837; b) N. Masciocchi, S. Bruni, E. Cariati, F. Cariati, S. Galli, A. Sirbrarg. Chem2001,40, 8975905; c) S. S. Y. Chui, S. M. F. Lo, J.
P. H. Charmant, A. G. Orpen, |. D. WillianSciencel 999,283, 114850; d) C. G. Carson, K. Hardcastle, J. Schartz, X. Liu, C. Hoffmann, R. A.
Gerhardt, R. Tannenbauf@ur. J. Inorg. Chem2009, (6), 233843.
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[1.2. Amberlyst copper (I)-A-21 (A-21.Cul)

Another organic polymersupported catalysivhich was the firstproposed by our group was a
heterogeneousatalytic system based on copperi¢llide chelaten Amberlyst A-21 resin that

was used widely in the synthesis of 1,4-disubstituted 1,2,3-triazoles from organic azides and
terminal alkyned® This Amberlyst A-21 polymer is dimethylaminomethyfrafted polystyrene

with an amine groupHig. 28), which acts both as a base and a chelatant, so the copper can be

(NMey)r,
!

Cul

chelated on this resin.

Fig. 28.Structure of Amberlyst 21.Cul

The advantage of this catalytic systenitssease of preparation, fast and simple isolation of the
final productby filtration and in addition the catalyst could be recycled and reused severaliimes.
order to prepare Amberlyst-A1.Cul, first we need to dry-21 because commercially available A
21 is wet (Schemé7). In that order, only a simple washing oA beads with MeOH and DCM is
necessary and then it was kept in BYchi over night at 50;C.

MeOH washes

Cul
NMe,.nH,0
OQ/\ 2:nH; CH,Cl, washes | ; NMe, CH,CN NMe,
. T .
Drying in two steps Drying L
cul
Commercial A-21 ¢a. 50%w water) Dried Amberlyst A-21 Amberlyst A-21.Cul

Scheme 17Amberlyst A-21.Cul catalyst preparation.

After this first step we examined the fixation and activity of copper (I) salts on AmbeHgst A
because thisatalytic system can be prepared by a simple incubation of Amber®&takd Cul in

a suitable organic solvent, and for this reason, the solubility of copper (I) halides in different
organic solvents was testetiaple 1). Cuprous chloride is completely insoluble in usual solvents,
but by using the corresponding bromide a better solubility was obtained in solvents EiiCliHas
MeOH, DMSO, and DMFand cuprous iodide showed umique solubility in acetonitrile, so
acetonitrile was selected as the best salv&he choose of solvent to fix copper salt onto the
polymer depends on the compatibility of the used solvent with hydrophobic polystyrene network

and also the ease of removal of the solvent at the end of the doping process of polymer with copper

135C. Girard, E. Onen, M. Aufort, S. Beauvisre, E. Samson, J. Hersc@igi,Lett, 2006, §168992.
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Table 1. Solubility tests of copper (1) halides in organic solvVénts

Salt EtOH MeOH DMSO DMF THF AcOEt CH,CN CH,CL,

CuCl | I I I I I I I
CuBr S S S S I I I I

Cul I I I I I I S I

I= instable or partially stable ; S= stable.

In the second step, fixation of Cul on24-was examined by using different ratios of each of these
components in the same volume of acetonitrile. The results are summarized in Table 2. As is shown
in Table2, the longer we keep the Cul solution in contact with resin, the more is the amount of the
fixed Cul on resin Table 2, entries2 and 3), so for the other tests incubation was performed
overnight for better fixation of Cul and finally a better fixation was obtained by use of 2.4 mmol of
amine/0.5 mmol of Cuand whenwe increased mmol of Cul to 1.0 mmol for 2.4 and 4.8 mmol of
amine (Table2, entries4 and 6)again bettefixation was observed. Finally from all of these results

we chose a ratio of 2.dhmol of amine/1.0 mmol of Cul thabnducted a polymer with a final

composition of 1.23 mmol of Cul/g of resin.

Table 2. Fixation tests of Cuprous lodide on Amberlys?Ain Acetonitrile at Room Temperatéire

NMeZ)n Cul NM62> n
CH;CN O iul

Entry A-21° Cul time Cul fixed® Catalyst
mg (mmol) mg (mmol) h mmol (mg) mmol Cul/g
1 250 (1.2) 95 (0.5) 24 0.221 (42) 0.76
2 500 (2.4) 95 (0.5) 24 0.368 (70) 0.65
3 500 (2.4) 95 (0.5) 1 0.195 (37) 0.36
4 1000 (4.8) 95 (0.5) 24 0.274 (52) 0.26
5 250 (1.2) 190 (1.0) 24 0.546 (104) 1.54
6 500 (2.4) 190 (1.0) 24 0.805 (153) 1.23
7 1000 (4.8) 190 (1.0) 24 0.726 (138) 0.64

%erformed in 5 mL of solvent at room temperature for the indicated time under agftatpmmberlyst A21, 4.8

mmol N/g.°After filtration, washings and drying of the polymiervacuqg evaluated by weighncrease=>®
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To run the Huisgen cycloaddition reaction by usehid Amberlyst A21.Cul in an automated
synthesis (synthesis robot), we tried the reaction first in acetonitrile as solvent, but we obtained
some colored impurities, residual azide or a trace of copper released from the polymeric catalyst
which demand further purification. In the presence @QW that is a more polar solvent and the
starting materials are better soluble in it, leaching of the copper from catalyst was observed again
so the reaction was repeated in dichloromethane as solvent, and this time all of the products wer
isolated puréby a simple filtration to remove catalyst and evaporation of solvent. Here, any traces

of starting material or copper were observed oAMLE analysis (Table 3).

Table 3. Automated synthesis of F3ubstituted 1,2;3riazoles using the &1.Cul Catalysat room temperatute

Solvent, rt \/R
=R + R—Nj3 R-/N\_N’/N
80-84 85-87 SN (NMey).,
| 88-102
Cul
13 mol%
Alkyne Azide/Product  Yield® Azide/Product Yield® Azide/Product Yield®
Bn-N, (%) HO "N, (%) EtO,C”7 “Na (%)
85 86 87
/\Nphth /:(—NPhth A: 91 /_(—NPhth A: 27 _ NPhth
80 ey B: 93 HOL AN N B:61¢ Myt B: 76
88 93 98
OPh A: 80 OPh A: 62 OPh
///\Oph N_ N /:(_ EtO,C NiiN
81 By B: 92 HO A~ N, N B: 90 e B: 99
89 94 99
///OH = A: 78 OH A: 70 OH
82 o B: 97 HO_~ oM B: 13 EOOAMN B: 99
90 95 100
//CH(OEI)Z /_<CH(OE1)2 A: 50 CH(OEY), A: 37 CH(OEt),
Z = _ —
83 o B:99  HO__~_N_.N B:99 TN B: 99
91 9 6“ 101
//COZMe CO,Me A: 74 /_<COZMe A: 87 CO,Me
Z = _ _
84 oo B: 99 HO_~ N, N B: 84° FOE Ty B: 99
92 97 102

®Reaction conditions: 0.5 mmol of alkynes, 0.55 mmol of azide, 31 mg of resin (1.23 mmol of Cul/g, 0.038 mmol of

Cul, 8 mol%), 2 ml of solvenfAll products gave correct analysf€onditions A Yields in CHCN after a needed

purification for all productsB: Unoptimized isolated yields from G&l,. “Purified yield.*Solubility problems fo©5in

CH,CL,

‘0!
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[1.2.1 Stability of Amberlyst A-21.Cul

The stability and ability of this polymericatalyst was examined by use of propiolic acid methyl
ester {03) and ethyl azidoacetatd@4) as the starting materials, which ledHhe triazolel05in
guantitative yield (Scheme 18).

=——CO,Me CO,Me
103 CH,Cl, =
EtO,C. N, -N
" N
EtO,C._-Nj 105
104 4 cycles 4 cycles: 99%
(TMeZ)m
Cul

Scheme 18Recycling the supported cataly&t.

As is shown in SchemB8, we reused the AmberlystZl.Cul through 4 cycles to produce triazole
105, and in all cases the final triazole was obtained without decrease in yield. In addition, during
our study on recycling of the catalyst we observed some stabilities of the catalyst in a way that nc
precaution is necessary to keep catalyst for a long tbeeause we just stored samples of
Amberlyst A21.Cul in a caped vial without protecting them from humidity or oxygen. Even in this
condition the catalyst kept its activity after at least four months, which shows the ease of handle of
this catalyst that makes it privilege to another reported catalysts for this reaction.

[1.2.2. Limits of the Amberlyst A21.Cul

Before using A21.Cul we need to clarify some points of this catalytic system studies in literature.
In a paper Marcaurellet al.}** reported the use of Amberlyst-21.Cul as catalyst to find
macrocyclic triazole rings through an intermolecular cycloaddition reaction and by modifying the
reaction condition (toluene as solvent and heating).

In this study, first they used a complex of rutheni@p*RuCI(PPh)) as catalyst, which conducted

the intramolecular cycloaddition of an azido alkyne substr&ehémel19), but in this condition

they observed formation of a dimer product (50%), then they decided to subject our proposed

supported polymer catalyst (Amberlyst2A.Cul) in this reaction, and this time pleasingly they

1367, R. Kelly, J. Wei, S. Kesavan £C. Marie, N. Windmon, D. W. Yound,. A. Marcaurelle et a).Org. Lett.2009, 11, 225%0.
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obtained only a monomeric ltdazole, but they announced also observation of a side product,
which was an iodine incorporation on triazole without mentioning the proportion of this side
product that could be due to the stoichiometric amount of t24.8ul that they subjected to the
reaction, in addition they performed the reaction in toluene as solvent and at 60;C and with the

catalyst at 100 mol%.

_ {1 o
QVO\// Catalyst N
T R
OMNs toluene, 60¢ oi 7N
N—N

106
107a R=H
107b R=1

Scheme 19Intramolecular Cycloaddition of an azido alkyne.

In another paper reported by Quenéduwhere they worked on CuAAC reaction between a
galactoside and benzyl or hexyl azide in the presence2iff.8ul as catalysfo) (Scheme20),

they announced also this iodine incorporation on triazole gsdguct (4%).

OAc BnN;

OR
o} ,
AcO o A-21.Cul RO it R
o}
AC%OQKN\ ————> RO oQLN/\%( )
OH H CH,Cl, OH H N:NN—R

R=Ac; Rl=Bn R'=H 96'
‘= .

A

Scheme 20Synthesis of triazoles from carbohydrates reported by Quéffeau

From these reported results, we decided to studyttigén of this problem, because we havenOt
detected formation of anyibdine side product by using-21.Cul in our laboratory.

For this study, we supposed that this iodation reaction could be due to modifying some parameter
in the preparation of either the catalyst or reagents. In that order, we examined different factors an
their influence on CUAAC reaction. For preparing the driellAwe tried different source of-Al

(Sigma Aldrich or Acros), washing with different solvents and different quality (distilled or not),
drying the A21 in the oven at 50;C and without protecting from oxygen or drying at 50;C by use
of rotary evaporator (10 mm Hg), then for incubation e2 Awith Cul we used again different
source of Cul (Sigma Aldrich or Acros), incubation in various qualities of acetonitrile (analytical
grade (SDS), HPLC PLUS gradient grade (C&itba), HPLC grade (degassed before use)).

Another factor that we changed during the incubation process was protecting or not protecting the

13N, M. Xavier, M. Goulart, A. Neves, J. Justino, S. Chambert, A. Rauter, Y. Qudieatg. Med. Chen2011, 19, 92638.
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solution from light. After incubation of the dried-ZL with Cul in acetonitrile, the polymer was
dried in vacuo by protecting from light and another time without any protection. By applying these
modified factors in the procedure of preparing2 ACul, at the end we obtained the beads with
different aspects (beads with yellow, beige, white, light-green or light-blue colors) and also with
different amounts of copper loading on catalyst (between 1.06 up to 1.43 mmol) Clihg results

are summarized through Table 4 and Fig. 29.

Fig. 29.Amberlyst A-21.Cul catalysts prepared by modifying preparation procedure. (#pble

Table 4. Preparation of &£1.Cul by modifying different factors in the preparation process.

Entry A-21 Washes Drying Cul Incubation Drying Loading Aspect
source (agitationy (50;CY source (light)® (light)® (mmolCul.g)

1 Acr MeOH(MAG) Oven, air, S-A. CH,CN"(+h ) BYchi,(+h) 1.06 Yellow beads
CH,CI/(MAG)  overnight

2 Acr CH,CN(MAG) Evaporator, S-A. CH,CN"(+h ) BYchi,(+h) 1.30 Yellow powder
CH,CL(MAG)  10mm Hg

3 Acr MeOH(MAG) Evaporator, S-A. CH,CN"(+h ) BYchi,(+h) 1.20 Yellow powder
CH,CL(MAG)  10mm Hg

4 Acr MeOH(MAN) Evaporator, S-A. CH,CN"(+h ) BYchi,(+h) 1.43 Beige beads
CH,CLY(MAN)  10mm Hg

5 Acr MeOH(MAN) Evaporator, A.-C. CH,CN"(+h ) BYchi,(+h) 1.41 Beige beads
CH,CLY(MAN)  10mm Hg

6 Ald MeOH(MAN) Evaporator, S-A. CH,CN"(+h ) BYchi,(+h) 1.36 Beige beads
CH,CLYMAN)  10mm Hg

7 Ald MeOH(MAN) Evaporator, A.-C. CH,CN"(+h ) BYchi,(+h) 1.40 Beige beads
CH,CLY(MAN)  10mm Hg

8 Acr MeOH(MAN)  Evaporator, S-A. CH.,.CN"(-h )  BYchi,(-h ) 1.37 White beads
CH,CLY(MAN)  10mm Hg

9 Acr MeOH(MAN)  Evaporator, S-A. CH,CN,(-h ) BYchi(-h) 1.39 Light green
CH,CLY(MAN)  10mm Hg beads

10 Ald MeOH(MAN)  Evaporator, S-A. CH,CN,(-h ) BYchi(-h) 1.33 Light blue beads

CH,CLYMAN)  10mm Hg

aAcr= Acros, Ald= Aldrich."MAN=manual agitation, MAG= magnetic agitatiofnefore being dried (10 mm Hg) and kept in a
desicator containing,B;. °S-A.= Sigma Aldrich; A:C.= Ali-drich-Chemie.®-h = protection from light by aluminium foil+h =
without protection from light and incubation and drying in vials (40;C, 0.01 mmB¥ghi oven). ‘Untreated CHCl,. °CH,CI,
distilled from RO;. "Analytical grade acetonitrile, SDS (Franc#JPLC PLUS Gradint grade acetonitrile Carlerba (France).
JHPLC grade acetonitrile, degased before use.
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Once different samples of-A1.Cul were prepared by modifying some parameters, isuljected
to the CuAAC reaction between phenyl acetylene and benzyl azide as a model ré&attemg
21) and the reaction was followed $tNMR. The results are shown in Table 5.

N3._-Ph R1 R2
A-21.Cul (8 mol%) ) \/
77 -

~
CH,Cl, N
R—= R.T, 18h
108 o 109: Rl= Ph, R= H
110: Rl= Ph, R= |

Rl= Ph

Scheme 21Model reaction tested with samples of24.Cul for quantification of iodation products.

As is shown in Tabl®, use of catalysts 3(entries 13) result highest ratios of iodation {29),
but changing the source of-Z1 (Acros or Aldrich) doesnOt seem to hawgreat impact on the
iodation levels (catalysts 3vs. 6-7, entries 47), however the source of Cul influenced a little
ratios of iodation in the way that by using a better quality of Cul tloglibe side product was
obtained with less than 0.5% vyie{datalyst 8, entries 8). Aging of the catalyst increases the
iodation level from <0.5% to around 2% (entrie8 8s.10-11), so presencef light and aging of

the catalyst seem to be also responsible for more iodation.

Table 5.Reactions ophenylacetylene and benzyl azide in the presence of different samplexlo€Al

Entry A-21.Cul h)® 5-H(%)° (jl)c Entry A-21.Cul h)® 5-H (%) 51 (%)°
1 1 + 2 (91 3(9) 10 8° + 2(97.6) 3(2.4)
2 2 + 2 (88Y 3(12) 11 8° - 2(98.2) 3(1.8)
3 3 + 2 (88Y 3(12) 12 9 + 2(98.2) 3(1.8)
4 4 + 2(99) 3(1) 13 9 - 2(98.9) 3(1.1)
5 5 + 2(95) 3(3) 14 10 + 2(99.2) 3(0.8)
6 6 + 2(98) 3(2) 15 10 - 2(99.2) 3(0.8)
7 7 + 2(97) 3(3)
8 8 + 2(>99.5) 3(<0.5)
9 8 - 2(>99.5) 3(<0.5)

3.5 mmol alkyne/ 0.55 mmol azide in 2 ml QEl,. ®protection from light{) or not (+).°dfined by*HNMR. residual azide (85%).°One year old
sample.

Another factor that could cause the formation ebdine was the quality of applied GEN.

Changing from analytical grade (entrie®8to HPLC (entries 125), which increased the iodation

("1 !
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from <0.5% to 0.81.8%, however the degased HPLC acetonitrile gave a better result (only 0.8%,
entries 1415). The main difference between analytical and HPLC grade C acetonitrile is that the
latter is filtered, which increase the content in oxygen of the soarahcan explain both the light

blue and green color of the catalyst that is due to the oxidation of copper.

We also found some other new results in the preparation2if. Bul catalysts and formation of the

5-iodine side product that are summarizeatigh Table 6.

Table 6. Preparation of A21.Cul with other modified parameters and obtained results for-di@gBar cycloaddition

reaction in the presence of this catalytic system.

7
// 0, | ==
©/+ | N Ny A-21.Cul (x mol %) @V _ . (jv _
solvent, conditions X N\N'fN = N\N’fN

(0.5 mmol)  (0.55 mmol)
5-iodine side produc

Entry A-21.Cul % I,/A-21.Cuf Solvent Conditions Yield % 5-iodine
(mol%) (ml) %

1 8 - 2 Dark 99 11

2 8 1.6 2 Dark 99 1.2

3 8 10 2 Dark 100 1.0

4 8 2 Dark 90

5 8 100 2 Dark o° -

6 10 - 5 Dark 94 0.9

7 25 - 5 Dark 99 1.8

8 50 - 5 Dark 97 2.0

9 75 - 5 Dark 98 23

10 - 5 Dark 99

11 - 5 Dark 96

12 - 5 Dark 97

13 8 - 2 Dark/without 88 0.8
stirring

14 8 - 2 h) 254nm/without 88 0.8
stirring

15 8 - 2 h) 365nm/without 95 0.9
stirring

3\-21.Cul catalyst was doped with The reaction did not occur.

! (#!
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From these results we proved that formation-aichne sideproduct is in a direct relation with the
amount of used catalyst. When we dope@IACul with more iodine (entries4); an increase in

formation of 5iodine couldbe observed (1.2:5% of 5todine found when respectively 1.6 or 50%
I,/Cul was applied). Another remark was when 100 to 150% -@fL £ul was subjected in the

reaction. In this case theiédine sideproduct was obtained with 283% yield respectively.

Also by reading the literature, this fact was proved that the iodation while using copper (1) iodide is
a multi factor reaction, and may influenced by the solvent nature, the concentration of alkyne and/ol
azide, the temperature, the time of the reactibe amount of the Cul, and also the amount and
nature of the used bas®For example, through a study by Bock grdtidin which they varied

some parameters like decreasing the amount of Cul (from 2 equiv. to 0.3 equiv.), changing the bas
DIPEA (2 equiv.) by DBU (20 equiv.), or changing the solve@H{N/THF by toluene),
increasing the time of the reaction from 3 days to 7 days and at the end increasing the temperatul
from room temperature to 50;C, they could find a higher reaction yield (from @3%£6) and also

a higher yield of triazolic product (1.4% to 24%) with a constant yield of 1%-iodiBe. PZreet

al.’** also demonstrated that decreasing the amount of Cul (from 2 equiv. to 0.1 equiv.) and the
base DIPEA (from 50 equiv. to 2 equipgrmit to increase the yield of the triazolic product (71%

to 76%) and disappearance of the iodingobyduct by passing from 13% to 0%.

Another study that was performed BysrnroosO grouff® revealed that in the case af non-
activated alkyne iodatiosideproducts were observed with various ratios at the end of the reaction
according to the type of used solvent and temperature of the redagoB8@). These results are in

coherent with our obtained results in the case of phenylacetylene.

138N, W. Smith, B. P. Polenz, S. B. Johnson, S. V. Dzyilleérahedron Lett2010,51, 55053.**a) V. D. Bock, R. Perciaccante, T. P. Jansen, H.
Hiemstra, J. H. Van Maarseveddrg. Lett.2006,8, 91922; b) |. Pere£Zastro, O. Caamano, F. Fernandez, MGarcia, C. Lopez, E. De Clercq,
Org. Biomol. Chem2007,5, 380513; c) K. Tanaka, C. Kageyama, K. FukaBetrahedron Lett2007,48, 647579.*T. Farooq, B. E. Haug, L. K.
Sydnes, K. W. Tamroos,Monatsh. Chen012, 143, 508 2.
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OEt

OEt OEt
Eto_OEt Cul Solvent EtO EtO
Bn—N3; + — EtO EtO
EtO

RT or 60C
OEt
77 111

RT 68% 6t
CH,CN 60iC 71% B¢
RT 69% 3
HZO/DMSO (2:3) 60iC 61% 3
RT 42% 5
H,O/DMF 60iC 62% 7

Fig. 30.Synthesis of triazoles from a nawctivated alkyne at different temperatures and in the presence of different

solvents.

In another paper published by Fukase grotipwas shown that, changing the solvent of the
reaction (DMF) by an aqueous solution,Q4 CH,CN 1:2), we could have appearance of the
triazolic derivative with 100% vyield without any formation of iodine, which showed the important

role of solvent in the synthesis of triazolic derivatives.

From these reported results we found that all the used factors during the preparAtiah.Gul

can influence the appearance of the iodingimduct in the synthesis of triazoles. These factors
contain the solvent, the used base, the amount of the catalyst, concentration of substrates, ar
temperature, which can play a role in the appearance ob-bdine sideproduct during the
synthesis of triazole. Especially the amount of catalyst can play a critical role on this reaction, since

we found that adding more-A1.Cul result formation of #dine side product with higher yields.

I1.3. Synthesis of 1,2,3riazoles derivatives from alkynes or propargylic alcohols

[1.3.1. Terminal alkynes

One of the basic functional groups is the carbarbontriple bondof alkynesand its reactions
belong to the foundations of organic chemistry. Because of the existence of the alkynes in
molecules at the bordesf organic chemistry like biochemistry or material sciences and also
building blocks and multipurpose intermediates for the synthesis @xpanded assembles of

chemicals, this functional group found an importance in chemistry ffélthis improve in alkyne

1413) Modern Acetylene Chemistr?. J. Stang, F. Diederich, Eds.; VCH:WeinheirB95; b)Acetylene ChemistryE. Diederich, P. J. Stang, R. R.
Tykwinski, Eds.; WileyVCH: Weinheim,2005.
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Synthesis of triazolic derivatives on a solid support catalyst

chemistry has been fed by the evolution of new synthetic methodologies in the synthesis of termina
alkynes such as Cordyuchs,'* SeyferthGilbert, *** Colvin rearrangement;* Bestmannohira **
modification of SeyferttGilbert reagent and alkyne zipper reactioisIn addition advances in
synthetic chemistry like the Sonogashira crosspling reaction*” Grubbs olefin metathesié®

and Rutheniuncatalyzed Aldeene reaction' have greatly increased the synthetic utility of
terminal alkynes.

Among these synthetic procedures to prepare terminal akynes, we chose synthesis with Bestmani
Ohira reagent, whiclshowed a significant advance in the synthesis of terminal alkynes directly

from aldehydes.
11.3.1.1. Seyferthcilbert Homologation
The Seyferthsilbert Homologation is the baskeveloped reaction of dimethyl

(diazomethyl)phosphonate with aldehydes and aryl ketones at low temperatures that provides

synthesis of alkynessS¢cheme 22}

o}
o P KOtBu
H_ _P-OMe
RJ\R' + OMe R—R'
N, THF, -78iC
114 115 116

Scheme 22Synthesis of alkynes in a Seyfe®ilbert Homologation reaction

The Seyferthailbert Homologation reaction needs a strong base and the reaction is done at low

temperature.
[1.3.1.2. Mechanism of the Seyfertisilbert Homologation
The mechanism of this reaction is well explained in a paper reported by Gitbartthis paper

they proposed two possible pathways(alb) for this reaction§cheme23). Both pathways show

consecutive formation of intermediat@saand D but they are different at the latter point.

2. J. Corey; P. L. Fuch3etrahedron Lett1972,36, 376972.%43]. C. Gilbert, U. Weerasooriyd, Org. Chem1982,47, 183745. /. Miwa, T.
Aoyama, T. ShioiriSynlett1994,2, 107-8. **%a) S. OhiraSynth. Commuri989,19, 5614; b) S. Mueller, B. Liepold, G. J. Roth, H. J. Bestmann,
Synlett1996, 52122, *°S. R. J. Macaulay]. Org. Chem1980, 45, 734351*’A. Elangovan, YEH. Wang, TBl. Ho, Org. Lett.2003,5, 184144,
M85 EH. Kim, W. J. Zuerker, N. B. Bowden, R. H. Grubds,0rg. Chem1996,61, 107381. **B. M. Trost, A. F. Indolese, T. J. J. Mueller, B.
Treptow,J. Am. Chem. Soc. 1995, 117,
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o ©
KOBut 0 C.HE b
RCO + E_CHNZ ———> R,CCN, <~ RCCN, R,C=CN,
- PR 117
115 c D PR'O
[P] = (CH;0),P(0)
IOE = . -N
@ RZC_C . RzC C . 2
2 E 118 R migration
RC=CR E
G o /
EI -
- PO
oR R-C:CR<_ |
c=C
R R
E

Scheme 23 Proposed mechanism by Gilbert for Seyfe@itbert Homologation.

As an explanation of the mechanism, they proposed that formation of the tetrahedral intei@hediate
would be expected to be reversible, which was concluded from other studies containing other type:
of phosphonate anion® as the equilibria shown in Scheme 24.

o OH O
! MeO_ 2 Et;N R-OMe
+ P H — OMe
wed L
2
119 115 120

Scheme 24Reversible formation of compoud@0.

About this proposed equilibria Gilbeet al. “*reported in their paper that this equilibria is true
when the counterion of the conjugate base of the diazol aRb(Scheme 24) is potassium. To
prove this claim, theyOve done a reaction betw@Bmwith an equimolarmixture of 4chloro-and
4-nitrobenzaldehydel@land122), which gave the corresponding alkyt24 and125in a ratio of
1:5.3 respectively for alkyne 121 and 122 (Scheme 25).

150M. Schlosser, A. Piskala, C. Tarchini, H. B. TuoB#imial1975, 29, 342.>'W. Disteldorf, M. RegitzChem. Ber1976, 109, 54®1.

(!
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? i P P

115(1.0 equiv) Z 4

+ - . 121+ 122+ +

cl O2N KH (1.0 equiv) cl O,N
-78iC/THF

121(1.0 equiv)  122(1.0 equiv) 123 124

Scheme 25The reaction between phosphonki®and a mixture ol21and122.

In another experiments, they treated the diazo dl@élwith potassiuntert-butoxide and 6 equiv.
of 121 that led to 123 and 124 with a ratio of 1:1.5 (Scheme 26).

i OH 2 e
P’ KO-t-Bu (1.0 equiv
@2 S “oMe (L0eaul) st 124
al on P N -78iC/ THF
1:1.5
121 125
(6.0 equiv) (1.0 equiv)

Scheme 26The reaction between diazoalddd5and aldehydd21in the presence dért-butoxide gave alkynek23
and124.

By these studies, they could show that the attack of the driron the carbonyinvolved
substrate is reversible, in addition they showed that the equilibrium, which@jvesppens first,
before leading any other eventual irreversible step that results from this intermediate.

In this proposed mechanism, there is an interme@iathich is common for both pathwayandb.
Pathwaya shows the formation of a new carbiBeand pathway demonstrates the formation of a
diazoethend17. Alkylidencarben&18 is formed further by loss of nitrogen frdm7 that expected

to be rearranged to alkyne through a mjgration Scheme29). In a same way, intermediae
resulting from patha, could givell8 by elimination of potassium dimethyl phosphate and gives
alkyne thereafter. Another possible way is the formatida filowed by decomposition to alkyne.
Although, transformation o& to F should be slower than its conversion to alkyasejntermediate

G is that kind of anion, which could not form alkyne, as it was found by Colvin and Hamill
(Scheme 27)*>?

1522) E. W. Colvin, B. J. HamillJ. Chem. Soc., Chem. Commu873, 1512; b) E. W. Colvin; B. J. Hamill). Chem. Soc., Perkin Trans1977,
869-74.
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Va

o o OH O
p-OMe KO-t-Bu KO-t-Bu N P\aoMe
‘ome  ———H#——> — 1 I owe
ON O,N & 2
O.N

’ 126 124 125

Scheme 27Conversion ofl25to nitro alkynel24can not be performed in the presencésofbutoxide!>

Gilbert et al. reminded in their papéf® that the possibility of path is not easy to be determined,
but they justify the possibility of path by mentioning some points: 1) intermedideis less
probable to loose nitrogen at8iC while 115is stable at this temperature; 2) another proof against
patha resulted from a study on bapesmoted reaction of dimethyl (diazomethyl)phosphoriate
with acetone in the presence of 8lj&ethylcyclopropene that gives molecdl29 (Scheme28).
This reaction is believed to result from dimerization of the unisolated dehydropyrid28iri&

o
IECAC) T~ N
(MeO),—P-C=N=N 4+ >:o o >:.:N2 X ’}!N [L.71-H ]

Scheme28. Diasomethyl phosphonateetoneolefin reaction*?

Gilbertet al., supposed that formation Ii28is most probable as a result from reaction between 2-
methyl-1-diazopropenel27), which supports the possibility of pathway b in favour of pathway a.
In conclusion, as mechanism of Seyfe@itbert Homologation, Gilbertet al. based their

discussion on pathway b which leads to the mechanism in s@@&me

0./

3 L . O K* ..O K¥
o] o] . 040:; MeO_ O Q ,
Meo-P~ H 4‘Ot8u MeO’,B ke ®F MR/P/'“\H/(\R' = Me0-PT0 R -(OMe),P(0)0 l@, N R
) =~ MeO e : 2=

Meo N, K* ¢ lNz °0 N, R N/}—t R

.O0® R %/Fi N R

INENE < - e | 2 1 ——> R—=-R

. R . C) ~— R

Scheme 29Another presentation of SyfertBilbert Homologation mechanism.

153p M. Lahti, J. Bersonl. Am. Chem. Soc. 1981, 103, 741
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11.3.1.3. Bestmanr®hira Reagent (BOR) reaction

The Bestmanm®hira reagent reaction is a special case of thge8h-Gilbert Homologation
reaction. This modification of the reaction, which is done by use aliaZo2-
oxopropylphosphonate, affords the conversion of belsiée substrates like enolizable aldehydes
that would form aldol condensation under Seyfétlbert conditions $cheme 30)'*°

The Bestmani®hira reagent reaction provides preparation of terminal alkynes in-pobmeanner
and under mild conditions at room temperature using potassium carbonate as a base, which |
advantageous against Seyfe@hbert homologation where we usedwork at low temperature and
in the presence of a strong base.

o o o

)y pb-OMe K2COs
RH© 7 om R—=
N, e THF/MeOH, r.t
130 131 132

Scheme 30Synthesis of terminal alkynes in the presence of Bestridrira reagent.

Another advantage of Bestmafiira reagent is that this reagent is stable and can be prepared
readily from available precursor§* and the utility of this reagent in the synthesis of complex
natural products is well establishéd.

11.3.1.4. Mechanism of the alkynylation of an aldehyde with BOR

The mechanism of the reaction is similar to Seyf&ibertOs one. Here, the reaction starts by first
formation of a (diazomethyl)phosphonate ani@4, which is formed by a mild acyl cleavage of
dimethyl diazo2-oxopropyl phosphonate 131 in the presence of MeOH.

®
K ®
©) K o
(O E,OMe MeOH Meo YO E,OMe -MeCO,Me o E)/OMe
—_— -— e
)J\f( \OMe )gﬂ/ \OMe f \OMe
Ne g N2 N
NiSOH 133 134

%43) P. CallantL. DOHaenens). Vandawalle, Synth. Commuri984,14, 15561; b) A. K. Ghosh, A. Bischoff, J. Cappielld, Org. Chem2003,
(5), 82132. %) D. Dixon, S. V. Ley, D. J. Raynold§hem. Eur. J2002,8, 162136; b) W. R. F. Goundry, J. E. Baldwin, V. Léketrahedron

2003,59, 171929; c) Z. Xu, Y. Peng, T. Y&rg. Lett.2003,5, 282124; d) J. A. Marshall, G. M. J. Schadf,Org. Chem2003,68, 742832; e) H.
Maehr, M. R. UskokovicEur. J. Org. Che.2004, 170313.
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In the next step, the formed diazo anib®4 addsto the carbonyl compound (aldehyd&30

forming an alkoxide 135 that forms further an oxaphosphetane 136.

@/ 9 R™H (o'/ o: MeO.T
K o pOMe MeO. . H Meo™|
\

~ /P
m OMe =~ MeO \[H<R —_—
N2

N, N, R

134 135 136

This oxaphosphetar86 then conduct a Wittig*®like rearrangement (cycloelimination) to form a

dimethyl phosphate anion and a diazoalkEBeé.

®
O K
MeO. D @
:Pr\O -(OMe),P(0)O @ R
MeO™ K| H sz‘:<
NT ) H
2 R
136 137

And finally, this intermediat&37 conducts a rearrangement followed by loss of nitrogen that gives
a vinylidene carbene 138, which yields the desired alkyne 132 after a hydr@gaigdation on
the carbene 138.

H

® H @ -N ¥ M H
N:NE-Z(R<—>N,,J\L/R _2,tcx — > R—=H
o R
137 138 132

11.3.1.5. Some Applications of Bestman@hira Reagent

In a paper Dicksort al. **” presented that Bestmaihira reagent could be applied also in the

synthesis of terminal alkynes from esters and Weinreb amides as the starting materials and in a on

pot way (Scheme 31).

156a) G. Wittig, U. Schikopf, Chem. Ber1954,97, 131830; b) G. Wittig, Werner Haag;hem. Ber1955,88, 165466. **'D. Dickson, S. C. Smith,
K. W. Hinkle, Tetrahedron Lett2004, 45, 559B9.
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o 1) DIBAL-H
(0]

CH,Cl,, -78iC
R)J\O/Rz or RJ\II\FR3 R——H

2
Re 2o o 132
139 140 )J\”/P\/ 131
O_
N,

MeOH, K,COs, .

Scheme 31Preparation of terminal alkynes from esters or Weinreb amides in the presence of B&3hinameagent

proposed by Dicksoat al.

As is shown in Schem@l, for this reaction the ester or amide were reduced first by DIBAit

low temperature followed by quench with MeOH. The resulting aldehyde was then diluted with
MeOH and treated with JCO; and the Bestman@®hira reagent. From both esters and Weinreb
amides they could obtain terminal alkynes in high yields88% yield). This reaction was dopna

esters containing nocenjugated double bond$4dble 7, entrya), ethers and carbamates (tabje
entriesb, c). In another experiment they applied an ester derivative containing an unprotected
hydroxyl group.n this condition reaction for which, they hadadd an extra equivalent of DIBAL-

H to first forman aluminium alkoxide of the free hydroxyl before reducing the €B&duld 7, entry

d). In addition, for this reaction, Dicksomet al., subjected chiral substrates derived from
aminoacids, which were transformed to the corresponding terminal alkynes with preservation of

stereochemical integrity.

Table 7. Different esters transformed to terminal alkynes by first reduction of ester in the presence of IDI&#dl

then transformation of the obtainaltlehyde by BestmarDhira reagent to the terminal alkyne.

Entry Substrate Product % Yield
a T, s 76
b OBn OBn 72

)\[(O\ I )\\\ !
¢} .
c WLN'BUC %N,BOC 71
! —
J\Igo I O\)\ |
d HO. Ho. 75

Boc !

Anotherapplication of Bestman®hira reagent that was reported by Taylor grofipas its use in
sequential on@ot MnQO, oxidation of alcohols/ BestmarDhira alkynylation to give terminal

alkynes Scheme 32).

158E, Quesada, R. J. K. Tayldfetrahedron Lett2005, 46, 64736.
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i. MnO,, THF
rt, 3-24h
R”OH Z
i. o o R
141 B/O_ , K,COg 132
N
131 N,
MeOH, 12h

Scheme 32An example of @nepot conversion of an activated alcohol to terminal alkynes in the presence of

BestmanrOhira Reagent.

For this reaction, they first investigated on Tandem Oxidation Processes (TOP) sequence that i
shown in Schem83. In this sequence, the alcolidll, MnQ and the Bestman@hira reagen131

were mixed together and the aldehyde is trapped as soon as generated.

~ MnO, N,
R OH —— = » [ R&O ] g //
THE K,COs, MeOH R
141 142 132

Scheme 33Conversion of an alcohol to an alkyne through a tandem oxidation pr&éess.

Taylor et al. found that using only THF as solvent generates no alkyne, so they chose a mixture of
THF-MeOH (1:1) as solvent. The presence of MeOH is necessary for deacetylation of Bestmann
Ohira reagent and the success of the reaction, but here they observed #ratepogsMeOH
decrease the activity of Mn@nd the reaction proceeded slowly in this case. Finally they decided
to apply a sequential ormst procedure as is shown in ScheBz In this method, the oxidation

was carried out using MnOHF before the addition of the Bestma®hira reagent. Once all of

the alcohol was converted into the intermediated aldetiy@gAfter 3-24h of reaction), MeOH

was added followed by JXO, and the Bestman®hira reageni31. After stirring for a further 12h,

the terminal alkynes were obtained in good to excellent yield.

Vasseuret al. *?also presented an application of Bestm@iira reagent in the synthesis of

phosphonyl pyrazole rings in a threemponent manne6¢heme 34).

15%. Mohanan, A. R. Martin, L. Toupet, M. SmietanaJJVasseur, Angew. Chem. Int. Ed. 2010, 49, 306
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R:I.JJ\H + N, OMe KOH’ RT RﬁP\OMe
142 131 MeOH gz sy ™
en 144
143

Scheme 34Threecomponents synthesis of phosphonyl pyrazoles propos¥eddseur et al..

This proposed reaction is based on a domino Knoevenagel condensation/forrdadothi3
cycloaddition resulted from the combination of the readily available reactents (aldehydes,
Bestmanrm©hira reagent (BOR) and cyanoacetic derivativesjclivgenerate small molecules with
highly diversified structures and it was for the first time that they presented the use of BOR: 1) in a
multicomponent reaction (MCR) and 2) in the presence of an aldehyde without forming the
expected homologated alkyri®ecause this reaction affdsebhosphonyl pyrazole scaffolds through

the formation of two G bonds and one @-bond. The mechanism of the reaction is presented in
Scheme 35.

o KO

+ Z_CN
RJ\H ~ Hio e _CN K+
142 144 2 MeO. "ﬁ
e ll .OMe |O| _OMe
131 ()H( OMe TKI OMe 145
MeO K+ CHCOMe 134 \
{CN
f f S
. - 1
o P 0=P-OMe
MeO” OMgi Me OMe HCN
148 147 146

Z= CN, COOMe, CONK, CONHBN

Scheme 35Proposed mechanisfor the formation of pyrazole's®

Vasseuret al. also explored the scope of this reaction in an efficient MCR/CUuAAC reaction
sequence in single step. In that order, aldelytawas subjected to the MCR reaction conditions

using BOR, and was then submitted to the coppéaityzed click reaction ithe presence of

)$! !
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azidothymidine (AZT) to yield the modified thymidine-g@azolyl phosphonat&55in 54% vyield
(Scheme 36)*°

o 1) BOR

malononitrile,
/©)J\H KOH, MeOH
= 2) AZT,

CuSQ (1 equiv)
149 ascorbate (2 equiv)

150 (54%)

Scheme 360nepot MCR/CUAAC sequencgé?

BOR reagent could also be used in modular flow reactors in order to prepare terminal alkynes
followed by triazoles through a multistep synthesis. This method was proposed by S.'¥ faey
which, they used a variety of immobilized reagents and scavengé&rials to reach to a

multicomponent, multistep coupling reacti@cheme 37).

Scheme 37Threestepsynthesis of a triazole from alcohol.

Ley et al.,*® could demonstrated successfully how a relatively complicated mixed component and
by-product reaction stream could be controlled and automated to facilitate the preparation of
alkynes using Bestmar@hira reagent and these product could be transformedatmles by

treating the obtained alkynes with azides and flowing them through our prepared copper (l) catalys

system of A21 (A-21.Cul)***to give the triazole product.

160, R. Baxendale, S. V. Ley, A. C. Mansfiekingew. Chem. Int. Ed. 2009, 48, 4QT-
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[1.3.1.6. Synthesis of alkynes
11.3.1.6.1. Synthesis of Bestmar@hira Reagent (BOR)

From these obtained results and developed methods by use of BOR in the synthesis of termine
alkynes, we also decided to apply this synthetic procedure to prepare our terminal alkynes.

For this reaction, Bestmar@hira reagent;** which is a diazophosphonate derivative, was first
prepared from a reaction between dimethylox®propyl)phosphonate (1 equiv.) and 4-
methylbenzend-sulfonyl-azide *** (1 equiv.) in the presence of sodium hydride (1 equiv.) in
THF/benzene as solver8¢heme38). This reactiomesulted the expected diazo phosphonate with a

guantitative yield.

o_.0 NaH (1 equiv)
O O Ng” O O
)]\/E,—OMe . S\N3 benzene/THF )H‘/E\,OMQ
"oMe . OMe
0;C to rt, over night N,
151 152 131
(1 equiv) (1 equiv)

Scheme 38Synthesis of BOR.

11.3.1.6.2. Synthesis of some terminal alkynes

Once the BOR was prepared, we subjected it into the reaction with aldeBgtes€39) in order
to prepare terminal alkynes. We subjected aromatic aldehydes with different functional groups sucf
as electron withdrawing (EWG) or electron donating groups (EDG) in the reaction with BOR, in

order to introduce different functional groups udingse reaction conditions.

161M. Wijtmans, C. de Graaf, G. de Kloe, E. P. Istyastono, J. Smit, H. Lim, R. Boonnak, S. Nijmeijer, R. A. Smits, A. JGnggjaterveld, I. J. P.
de Esch, R. Leurs). Med. Chem. 2011, 54, 1639303.
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Q9 ome 131
)J\H/P\OMe )
(1.1 equiv)

(@] N,
RJ\H R———H
142 KyCO; (2 equiv), MeOH 132
18h, rt
e @
. e
MeO OMe
Br OMe
132a 132b 132¢ 132d 132

Yields:

Scheme 39Synthesis of some terminal alkynes with BOR.

By running the reaction with these aldehydes, we found out that the nature of the existing functional
groups (EWD or EDG) on the argibesnOt have special effect on the yield of the reaSiheine

39, compound432a,132b,132d), however the position of the substitution on the angh¢, met.

or para) has an influence on the yield as is found for alky8®e(Scheme39). For this aldehyde
having a substitution on ortho position, we observed a decrease in yield of the reaction (45%) whict
can be the result of both electronic and steric effects.

[1.3.2. Propargylic Alcohols

Propargylic alcohols are valuable building blocks and useful intermediates for the synthesis of
many biologically active compounds and natural products ditteciacetylene B* longimicin

D, leukotriene B4 steroid!®® prostaglanding?®* and carotenoid$? In addition,synthesis of

these compounds is in the center of attention because it corresponds to the fundamental principle
of organic synthesis efficiency and reaction design. Most of these methods are based on th
nucleophilic addition ofthe alkynylmetals such as alkynyllithium or magnesium to carbonyl
compounds. These alkynyllithium or magnesium reagents are usually derived from acetylene
derivatives and organolithiuf?® and organomagnesium bas®8.But such strong basic and
nucleophilic reagents do not work always with a range of functional groups, because of that more
studies are necessary to convert different aldehydes and ketones to their corresponding propargyl
alcohols. In that order, some alkynylmetals containing metal sgédeeSs,'®® Zn, ** In, > Rh %

1622) B. M. Trost, A. H. Weis<Qrg. Lett.2006,8, 44614, b) H. Tominaga, N. Maezaki, M. Yanai, N. Kojima, D. Urabe, R. Ueki, T. Tariaka,J.
Org. Chem2006, 14229; c) M. Treilhou, A. Fauve, JB Pougny, &C. PromZ, H. VeschambreX, Org. Chem. 19957, 32038; d) M. A. Sierra,
M. R. Torres,J. Org. Chem2007,72, 421319; e) W. S. Johnson, R. S. Brinkmeyer, U. M. Kapoor, T. M. YardelAm. Chem. So&977,99,
83413; f) K. K. Chan, N. C. Cohen, J. P. Denoble, A. C. Jr. Specian, G. Shu@yg. Chem1976,41, 3497505.%D. Tzalis, D. KnochelAngew.
Chem. Int. Ed1999, 38, 14635. '*N. K. Anand,E. M. Carreira,J. Am. Chem. So2001, 123, 96878. **a) R. Takita, Y. Fukuta, R. Tsuji, T.
Ohshima, M. ShibasakDrg. Lett.2005,7, 13636; b) R. Takita, K. Yakura, T. Ohshima, M. ShibasdkiAm. Chem. Soc. 200827, 13766L. %P,
K. Dhondi, J. D. ChisholmQrg. Lett.2006, 8§ 67-9.
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Ag, **" Cu,* Ga,*™ Ce,'"®V, " B '"?and Ti'"* have been reported that can be usddrije variety

of enantioselective procedures with aldehydes and ketones. Between these metals, alkynyl borate
have been used widely in organic synthesis because of their mildness, large availability and eas
preparation.'”* In a paper, A. Wagneet al. ' describes the use afi situ prepared lithium
alkynylmethyl borate in a metélee 1,2addition to aldehydes as an efficient and selective
straightforward way to synthesize propargylic alcoh@sheme40). As the advantages of this
method, they mentioned functiongdeup tolerance, environmental sustainability and its economy.

In this paper, they reported a good to excellent yield in the coupling reaction between lithium
octynyl trimethyl borate and aliphatic or aromatic aldehydes. They also suggested thatielectron

properties of the borate intermediate also paly a key'fole.

1) nBuLi
2) B(OMe)
= H SN = B(OMe)aLi
THF, -78iC
163 164
H
_ P PhCHO PhGGMe

THF, reBux THF, X
165

Scheme 40Proposed reaction condition to prepare Propargylic alcohols in the presence of lithium alkynyltrimethyl

borates.

176 is the enantioselective addition of

Another method proposed by Rachwalskt al.
phenylacetylenezinc to aldehydes which led to chiral-nagemic propargylic acohols that are
again important building blocks in the synthesis of various biologically active and natural
products'’”” This reaction was carried out by use of a chiral tridentate ligands involving two
stereogenic centers, one located on the sulfinyl sulfur atom and the other on the carbon atom in th
aziridine moiety $cheme41). Four chiral tridendate ligands containing azidirine moietie® ha

been chosen by RachwalskiOs group by which they could observe the best results during the

67X, Yao,C.BJ. Li, Org. Lett.2005,7, 43958. . Asano, K. Hara, H. Ito, M. Sawamurrg. Lett.2007,9, 390%4. **X. Jia, H. Yang, L. Fang, C.
Zhu, Terahedron Lett2008,49, 13762. *'°T. Imamoto, Y. Sugiura, N. Takiyamadgetrahedron Lett1984, 25, 42336. "*T. Hirao, D. Misu,T.
Agawa, Tetrahedron Lett1986,27, 9334. %) H. C. Brown, G. A. Molander, S. M. Singh, U. S. J. Rachéri@rg. Chen. 1985,50, 157782; b)
M. D. Lewis, J. P. Duffy, J. V. Heck, R. Mené&gtrahedron Lett1988,29, 227982; c) J. C. Evans, C. Jonathan, C. T. GoralskiElD.Hasha,J.
Org. Chem1992,57, 29413. ") H. Li, Y. Huang, W. Jin, F. Xue, B. Wahetrahedon Lett.2008,49, 16869; b) R. M. Kamble, M. Rajesh, V. K.
Singh, Tetrahedron Lett2003,44, 53479; c) ZEC. Chen, XEP. Hui, C. Yin, LEN. Huang, FBF. Xu, XBX. Yu, S.EY. Cheng,J. Mol. Catal. A2007,
269, 17982."“M. Srebnik,Tetrahedron Lett1991,32, 244952.*N. F. Irene, A. Renier, A. Wagner, F. Colobdi¢rahedron Lett2010,51, 1386
9. ®. Rachwalski, S. Lesniak, P. KielbasinsKetrahedron: Asymn2010,21, 26879. ’’B. Trost, M. J. Krische]). Am. Chem. S0¢999,121,
613141.
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HO._ .. Nq--le
\ 9 R2
S
156

Aziridines
Me \\Pri H M
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Scheme 41Ligands for the asymmetric addition of phenylethynylzinc to aldehydes.

diethylzinc addition to aldehydes and enorf&shéme 41 and 42).
For this reaction, they chossddition of phenylacetylene and diethylzinc to benzaldehyde as a

reference transformatios¢heme 42).

Ligand, EpZn OH
Ph— + PhCHO Ph——=
THF, rt Ph

157 119 158

Scheme 42The reaction condition of addition of phenylacetylene and diethylzinc to benzaldehyde.

From the obtained results, they found that tharldy156b catalyzes this reaction to give the
appropriate propargylic alcohols in high yields with high enantiomeric excd8ssds g).

Table 8.Obtained results by screening ligaidsSin the reaction of addition of phenylacetylene and diethylzinc to

benzaldehyde.
Entry Ligand (absolute Propargylic alcohol
configuration) Yield(%) [!] o* eé(%) Absolute
Configuratiori
1 156aRy) 62 -2.9 57 9
2 156b(Ry, &) 96 -5.05 98 S
3 156¢(Rg, Ro) 94 +4.9 95 R
4 156d(Rs, &) 91 -4.7 92 S|

fh chloroform, ¢ 1°Determined using chiral HPLCTaken from the literatur&®

1783PC. Zhong, C. Hou, QEH. Bian, MEM. Yin, RES. Na, B. ZhengZ.BY. Li, SEZ. Liu,M. Wang,Chem. Eur. J2009, 15, 30691.
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Synthesis of triazolic derivatives on a solid supported catalyst

Another result for this reaction was that the stereogenic center located on the aziridine moiety ha:
an influence on the stereochemistry of the reaction and therefore on the absolute configuration o
the addition product. This result was found from the reactions by two diastereoisomeric catalysts
166b and 166¢c, possessing opposite enantiomers ao@ropylaziridine that conducted the

formation of the opposite enantiomers of propargy! alcdffol

A solvent free reduction of aldehydes and ketones using solicaatiidted sodium borohydride

was also represented for the first time by @hal.'”® Sodium borohydride is an inexpensive, safe

to handle, and environmental friendly reducing agent, and activated form of this reductive reagent
could be used in reduction of !,(insaturated aldehydes and ketones, and steresoselective reduction
of cyclic ketones$cheme 43)'"

The sodium borohydride activated with boric acid,B8,) reduced!,(- ynones such as
diphenylpropynone and ghenyl2-heptyni-one to thecorresponding propargylic alcohols in high
yields and regioselectivitieS¢heme 43)1"°

CHO CH,0H
NaBH,/ HyBO; (1:1)
5 min
CO2Me COzMe
159 160

NaBH, (2 equiv)

OH
O .
H;BO3 (2 equiv) .
X e - NS
| N 40 min O
=
162
NaBH, (2 equiv) OH
X
=
16
H
6

H;BO3 (2 equiv)
S (7
Bu-n 40 min " Bu-n

|
o)

NaBH,/ H;BO; (1:1)
ij/ 15 min

165 16

Scheme 43Regio and stereoselective reduction!qf -ynones and cycloketones with solid aeictivated

sodiumborohydride proposed by Céial. '™

1798, T. Cho, S. K. Kang, M. S. Kim, S. R. Ryu, D. K. Afetrahedror2006, 62, 81648.
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This reduction reactiomprovides notonly high chemoselectivity for functionalized aldehydes and
ketonesincluding other reducible functional groups, butoalsigh regioselectivity forl, (-

unsaturated aldehydes and ketones to give only the corresponding allylic alcohols.

D. Kuen Anet al.'® reported another synthetic method for the direct synthesis of propargylic
alcohols by using the intermediate from partial reduction of carboxylic esters without isolating the
intermediate aldehyde under mild reaction conditions. In this reaction theledagihium
diisobutyl-t-butoxyaluminium hydridgLDBBA) as the reducing agertty which they could
perform the reaction at 0jC that is advantageous in comparison with other reducing agents like
DIBALH where the reaction must be conducted7&;jC. This reducing agent was used to perform
partial reduction of the carboxylic ester, here, ethyl caprdd@ and then reduction of the
generated intermediate was completed by use of lithium phenylacetylide as a nucleophile which

conducted the corresponding propargylic alcohol (Scheme 44).

i-BU\ ~i-Bu _
AR A .
R O/\ RH O(/LI - R \\
R'
167 k 169
168

Scheme 44Proposed ongot synthesis of propargylic alcohols from estéts

By this reaction condition, Kuen Aet al.*° could prepare the corresponding propargylic alcohol
without producing any tertiary alcohol from ethyl caproate.

As the mechanism of the reaction, they proposed this pathway shown in sdébemdnere
intermediatel68 first stabilized by coordination of lithium cation with the alkoxide oxygens in a
six-membered chelate that was rapidly produced through attack of the hydride on the ester by
LDBBA at 0jC, then used nucleophile which is a lithium acetylide decomplexes interm&aiéate

that is an aldehyde equivalent to generate addaé followed by the generation of the

corresponding alcohol 169 upon hydrolysis.

180M.-J. Chae, A.R. Jeon, T. LivinghouseD.EK. An, Chem. Commur2011, 47, 328B.
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®
Li
i-Bu_ ,i-Bu
Bu_ B - O,AI\O/% e OH
?k . lpsBA o«él\oé R—=—Li ﬂo\ _ Hol@a) R)\
o Rj\O"LI H S - R
167 \ 70 169
168

Scheme 45Proposed mechanism by Kuen Anal.for the direct synthesis of propargylic alcohols from carboxylic

esters in the presence of LDBBA®

[1.3.2.1. Synthesis of some propargylic alcohols:

-with Ethynylmagnesium bromide:

By having the concept of DOS in mind, and as we already used different aldehydes to prepare

terminal alkynes, here again we subjected these used aldelBalesnEe39) in order to produce
the corresponding propargylic alcohols. For this aim, among different methods mentioned above,

we applied a simple addition of ethynylmagnesium bromide to the aldehyde as the starting produc

(Scheme 46).

)OJ\ =—MgBr (0.5M in THF, 1.3 equiv) OH
R)\\

R THF 171\
142 OjCtort
N X A @)\
= O Q)\ Q)\ (;CR\ @)\ IOy
OzN MeO FsC RS Svte
171a 171b 171c 171d 171e 171f 171g

Scheme 46Synthesis of propargylic alcohols from aldehyde in the presence of the Ethynyl magnesium bromide.

As is shown in Schemd6, the reaction was run in dry THF and by use of 1.3 equiv.
ethynylmagnesium bromidelsition (0.5M in THF). All of the propargylialcohols were obtained

from good to moderate yields.
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Synthesis of triazolic derivatives on a solid supported catalyst

4in the presence of BuLi:

We also prepared some internal propargylic alcohols by coupling between a terminal alkyne and ¢
ketone in the presenceBuLi which is a strong base (Schem&). The results are presented in

Table 9.

O

R
. OH_~
/
n-BuLi, ij (1 equiv)

THF -78iCtort
132 172

Scheme 47Coupling between a cycloketone and a teahalkyne byn-BuLi.

From this coupling reaction, the expected internal propargyl alcohols were obtained in good yields
(50-78%) except for entry8 where the reaction was run between an ethynyl benzyl alcohol
containing a normrotected hydroxyl group and cycloketone. For this reaction the corresponding
internal propargylic alcohol was obtained with only 23% vyield where even if we performed

deprotonation of the hydroxyl group by the use of 2 equiv. of BuL.i.

Table 9.The obtained results for couplibgtween internal alkynes and cycloketone with BuLi.

Entry Propargylic alcohol Yield (%) n-BuLi Product
1 =~ ~OTBDMS 78 2.5M (1 equiv.) Om—i/\OTBDMS
132a
172a
2 P 71 2.5M (1 equiv) aH
‘ Pz OTBDMS (\ Z
= OTBDMS
132b 179b
3 OH 1.6M (2 equiv.) oH
Z /Li:rzg/t:j
132c HO\
172c
4 OTBDMS 50 2.5M (1 equiv.) = OTBDMS
= OH
132d
172d

Some other internal symmetric propargylic alcohols were also prepared by reaction between ¢

terminal alkyllithium and its corresponding aldehyde generatesBuLi (Scheme 48).

! * 4
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OH

—n e RiH n-BuLi (2.5 M,l.leq)‘ /R
132 142 -78TEE[O rt ) 173
OH oH oH
20 ® Z 1 > Z )
MeO O 173a e L 1730 F i 173¢c

Scheme 48Preparation of internal alkynes with BuLi.

Here, the expected products could obtain with fair to good yield.

[1.3.2.2. Sonogashira crosseupling:

Another used method for the synthesis of internal alkynes is the classic Sonogashitauqrbsg
reaction. This reaction is done using a Pd(ll) complex as a catalyst. Today, palladium catalyzec
reactions are amongst the most versatile processes tocésbanearbon bonds. These reactions
usually proved a high tolerance for many functional groups as well as high ragib
stereoselectivities®*

The coupling between aryl or vinyl halides and terminal acetylenes using palladium and other
transition metals is known as Sonogashira cooggling reaction that is one of the most used
reactions in organic synthesis to fornf-sp carborearbon bonds. The name of the reaction was
taken from a discovery in 1975 by Sonogashira, Tohda and Hagihara whereuhdytHat this
reaction could be performed easily at room temperature in the presence of a palladium source &
catalyst like PdCL(PPh), combined with Cu(l) as coatalyst and a bases¢heme49).®? In
addition this crossoupling reaction is frequently employed in thnthesis of natural products,
biologically active molecules, heterocycles, molecular electronics, dendrimers and @mhjugat

polymers or nanostructures.

8andbook of Organopalladium Chemistry for Organic SyntheNisgishi,E. 1., deMeijere, A., Eds.; Wiley: New York, NY2002. %K.
Sonogashira, Y. Tohda, N. HagihaT@trahedron Lett1975, (50) 446770.
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cat. [Pd(0)]
amine or inorganic base
RlI= + X-R? Rl-—=——R2
132 Cu(l) co-catalyst 174
often added

R1= Aryl, Heteroaryl, Alkyl, SiR
R2= Aryl, Heteroaryl, Vinyl
X= 1, Br, Cl, OTf

Scheme 49Sonogashira crossoupling reaction.

This finding came some months after the report of Ca&€&abieck and Heck'®® where they
announced that this reaction was only possible in the presence of palladium catalysis but working a
high temperature. In comparison with these reactions, Sonogashatson was aimed to combine

the copper-mediated transmetalation of alkynes that was studied, with a convertible metal and at th
same time powerful catalyst like palladium that yielded a robeGtond formation procedure.

One of the needed precautiorts this reaction is the absence of the oxygen from the reaction
medium, if not formation of a side-product which is an undesirable alkyne homocoupling may
occur through a copper-mediated Hay-Glaser reacfion.

Different applications and reacti@onditions including catalytic systems for Sonogashira reaction
has been studied since its discovéfy.

1.3.2.2.1. Sonogashira reactionOs mechanism

The exact mechanism of palladium/coppatalysed Sonogashira reaction is not fulhderstood
because of the complications of analysing the combined action of the two present metal catalysts
However, the mechanism of the reaction is supposed to take place through two independen
catalytic cycles (Fig31). **°®As it is shown in Figur®1, cycleA starts with catalytically active
Pd(0)L, species. This palladium specie is supposed to be of colloidal nature or it could be a low
ligated Pd(0)-species that is stabilized by the present ligands such as base and/or solver
molecules®® Where the phosphanes were used in this reaction as ligands, the corresponding
bis(phosphane)palladium was observed in the gas phase by negative-ion electrospray ionizatio
mass spectrometry®’ There are two hypothesis for the formation of [Pdgpilomplex: 1)it can

be formed from Pd(0) complexes like Pd(BRbr, 2) from Pd (1) complexes like Pd{(PPh),

8%) L. Cassar). Organomet. Chem 975,93, 25357; b) H. Dieck and F. Hecl, Organomet. Chem 975,93, 25963. '®‘G. Evano, N. Blanchard,
M. Toumi, Chem. Rev2008,108, 30543131.2%a) R. Chinchilla, C. ldjera,Chem. Rev2007,107, 874922; b) H. Doucet, 8C. Hierso,Angew.
Chem., Int. Ed2007,46, 83471.**R. ChinchillaC. NajeraChem. Soc. Re2011,40, 50845121.K. L. Vikse, M. A. Henderson, A. G. Olived.
S. McIndoe Chem. Commur2010, 46, 74124.
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Synthesis of triazolic derivatives on a solid supported catalyst

and by formation of a [Pd(I1))(CCR?),] species followed by a reductiwdimination and formation
of a dyine that gives [Pd(0)L This route is notable by using an oxidant like molecular oxy§&n

Rl—=——R2
R1X
PdOL,
Rl
1
L—Pld ——R2
L
CycleA
3
. RLPd-X
RlPId — R? L
| >—<
CutX-
Cu———R?
CycleB
H——R? R3NHX-
H—==—R?
‘ R3N
CutX-

L= phosphane, base, solvent or alkyne

Fig. 31.Proposed mechanism cycles for Sonogashira @aospling reactior®

Another remark abouthe mechanism of this reaction is the presence of amines that could also
reduce Pd(Il) to Pd(0) by forming an iminium cation. Structural confirmation of the reduction
mechanism of Pd(Il) to Pd(0) by inorganic bases has been already reffdrted

After formation of complex [Pd(0)L], the first step in the catalytic cycle starts by oxidative
addition of the aryl or vinyl halide. This step is taken as thelirateng step of the Sonogashira
reaction. The rate of oxidative addition of ArX (X= ClI, Br, Itigases in order of Arl < ArBr <
ArCl. *° After oxidative-addition step and formation d(I)R,L,X] adductis transmetallation

step that the previous adduct will be converteliPt(ll)L ,R,(CCR?)] species. Here formation of a

188G, P. McGlackerl, J. S. FairlambEur. J. Org. Chem2009, (24), 4011:4029.%%H. Li, G. A. Grasa, T. J. Colacafrg. Lett.2010,12, 33325,
%C. Gottardo, T. M. Kraft, M. S. Hossain, P. V. Zawada, H. M. Muckalh. J. Chen2008, 86, 414.5.
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copper acetylide, needed for the transmetallation, can also be observed through theyctgper
(cycleB). This adduct then undergoes a reducéiietination step through a cis/traisemerization

to the final alkyne and the catalyf®d(O)L,] regenerates. The presence of the base (organic or
inorganic) in this reaction is believed to help deprotonation after the formatichhalkgine copper
complex through cycl® thatmakes the proton of the terminal alkyne more acidic. This cycle can
be more complicated since Cpihosphane adducts can also be formed and ligands can be
transferred from one metal to other, which shows that cdm@erd interactions can also occur in

this palladium/copper crosoupling reaction®®

As is mentioned previously, another version of the coupling can be a doppeeaction. The
mechansim of this reaction also starts by oxidative addition of the aryl or vinyl halide to the
catalytic speciegPd(0)L,] (Fig. 32), '*2 followed by a reversible%oeoordination ofthe alkyne
which resultsin an alkynePd(Il) complex. This coordination renders taeetylenic proton more
acidic and easy to be removed by the bfRé(II)R,(CCR)L,] complex therliberates the cross-
coupled product by reductive@imination and regeneration of the catalytic spejétel$0)L,].

RI—R?

RL-X
/_‘ PdoL,
Rl
L-Pd—=—R? \
L

RIPd—=R? H—=—R?
I

N
RaNHX L L
I
RLPd-X
H—=l=—re

RN + L

L= phosphonae, base, solvent or alkyne

Fig. 32.Proposed mechansim for copgege Sonogashira reactioff.

The amine used in the copdeee Sonogashira reaction could have multiple roles that was shown

13) M. Beauperin, E. Fayad, R. Amardeil, H. Cattey, P. Richard, S. Brandes, P. MeuRigrigkso,Organometallic2008,27, 150613; b) M.
Beauperin, AJob, H. Cattey, S. Royer, P. MeunierCJ.Hierso,Organometallic2010, 29, 28122.
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by recent studies?* Not only the amines can serve as deprotonating agents in this reaction, but they
can also participate in different steps before the deprotonation one. For example, they can b
involved in the oxidative addition step through formation of more readff0)L(amine)]
complexes andhey can also substitute one ligand in the complex formed after the oxidative
elimination. Another possible mechanism that could occur is illustrated in A8ufkéhis proposed
mechanism depends highly on the rate of the competbetween amine and alkyne in the
substitution of one ligand on palladium in this mechanism. If the amine is a less good ligand than
the alkyne forthe palladium (II) center in [Pd(I)XR,] (i.e. L = PPh, amine = piperidine),
mechanism of Figur82 would be preferential in comparison with the one presented in Fjure

In the case where the amine is a better ligand than the alkyne for the palladium (Il) center in
[PA(IDXR,L,] (i.e. L = AsPh,, amine = piperidine), the proposed mechanism in Fi§Grshould

occurs.

RI——R2
RN
R-X
L
PdOL,
II_ /_\
RlPld ——R?
NR;
R3NHX- 1
RlPId-X
L
R3N
RsN + L
H—=R?
RlF’ld-X
NRs3 L
|
RIPd-X L
L /\ NR3
H—R? |

Fig. 33!Proposed mechanism involving amines for the cofiyeer Sonogashira reactiofi®

A possible mechanistic shift is also possible when going from elegtionto electronpoor
alkynes. This suggestion was proved by Hammett correlation studies where a model reaction witl
differentp-substituted phenyl acetylenes antdebenzotrifluorideas coupling partners were used

in the presence of Rdba).CHCL/AsPh as catalytic system in methantf.This changeover point

927, Tougerti, S. Negri, A. Jutan@hem. Eur. J2007,13, 66676.'°°T. Ljungdahl, T. Bennur, A. Dallas, H. Emten&sMartenssonQrganomet.
2008, 27, 249®8. |
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was found to be dependent on the nature of the amine base and its concentration. It is thought th
the reaction mechanism described in RBg.changes from a pathway containing a fast proton
transfer formed slowly from a cationic palladium compleéiy(34, cationic pathway) to a pathway
containing a slow proton transfer from a neutral Pd comgiaex 84, anionic pathway) that occurs
when going from electronieh to electronpoor alkynes. In both pathways, amine base is suggested
to act as both base and a nucleophile that facilitate the formation of the cationic complex in the

reactions involving electrorieh alkynes, so the ideal choice of base depends on the substrate.

L
X
NR; RlPd X

1 2
Rlp' J R Pd R
RSNH
R3NH
Rl Pd NR3 Rlpd
H——R?
Cationic pathway Anionic pathway

Fig. 34.Proposed mechanistic changeover in the mechanism of the Sonogashira reaction when going fromieiectron

to electronpoor alkynes'®

Therefore, interm of the mechanism of thBonogashira reaction, it seems that depending on
substrates or bases, different catalytic cycles can operate, and even that paitgianmexchange

of ligands could be present when possible.
11.3.2.2.2. Synthesis of internal alkynes
General Sonogashira reaction condition used to prepare our internal alkynes is shown in5S8cheme

By this reaction, we prepared either diols alkyne or hydroxy arylalkynes with different substitutions

on the aromatic ringScheme 50).

! *+)1
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R'X (1 eq.), PAG(PPh),(1 mol%)

Rl-— R—FR
Cul (3 mol%), TEA (2 eq.)
132 THF. RT 174
OH OH
0 -~
O | P OTBDMS OH
174a MeO 174b 174c¢c

|
Scheme 50Preparation of internal alkynes Bpnogashira reaction condition.
I

As is shown in Schem®&0, the internal hydroxyl arylalkynE74awas obtained with a quantitative

yield from a Sonogashira cross-coupling between iodobenzene as aryl halide and 1-phenyl-2.
propyn-1-ol. Here, the reaction was not performed in THF as solvent, gddvas used both as
solvent and base in this reaction dion. In another try, a substituted hydroxyl arylalkyirvetb

was prepared with 81% yield which was produced from a reaction between a protected iodobenzy
alcohol and (methoxyphenyl)-prop-2-yn-1-ol. To prepare our dihydroxy arylalkyne, we ran this
reaction between iodobenzyl alcohol and petityol that resulted in the desired internal alkyne
196¢ with 65% vyield. Therefore, with a classic Sonogashira reaction, we could prepare some
internal alkynes with fair to good yield.

In order to conduct th€lick Chemistryreactions which are Huisgen cycloaddition and its copper
(I)-catalysed version (CUAAC), not only internal or terminal alkynes were necessary, but also we
needed to prepare some organic azides that we will talk in the next part.

gy
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[1.4. Azides

Greiss discovered the first azide that was phenyl azide, more than 100 yedr$ Bifterent
methods have been reported to prepare organic azides such as: 1) substiaddinoor (insertion

of the N; group); 2) diazo transfer (on amines); 3) diazotization (followed by azide reaction); 4)
cleavage of triazines and analogous compounds; and 5) rearrangement of Bzides.

Amongst synthetic azides, azidonucleosides (viz, AZT (30-azido-30-deoxythymidine) and CS-8¢
(Fig. 35) attractednternational attention due to their application in the treatment of AIDS and ARC
(AIDS-related complex):*®

AZT, R=Me
CS-85, R=Et

Fig. 35.Structure of AZT and G85.

It is also worth noting that, however mastides can be handled without any precautious, some of

them are explosive, depending on the number of nitrogen atoms from the starting azide that end u
in the final product. In another word, the more the azide compound is small, the more is possible tc
be explosive, and it is because of the liberation of the nitrogen molecule when there is structura

possibility to easily eject Nand/or an external energy source like pressure or heat.

Some general guidelines to consider when working with organic eides
1) Carbon to nitrogen ratio; the total humber of nitrogen atoms in an organic azide should not

exceed that of carbon. The following equation helps to evaluate if the azide is stable enough tc

work with. Here, N represents the number of atdfis:

(NC + No)/NN# 3

- n-nonyl azide (C/N=3) is the smallest organic azide that can be isolated and stored in its

*Griess,Philos Trans. R. Soc. London 18@4&, 377.°E. F. V. Scriven, K. TurnbuliChem. Rev1988,88, 297368.%%%a) T. S. Lin, W. H. Prusoff,
J. Med. Chem1978,21, 10912; b) R. K. RobinsChem. Eng. Newk986,64, 2840; c) R. M. Baumlbid., p. 7; d) R. Daganipid., p. 7; €) D. M.
BarnesSciencel986, 234, 1816.'S. BiSse, C. Gil, K. Knepper, K. ZimmermaAngew. Chem. Int. Ed. 2005, 44, 54BB10.
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pure form (up to 20 grams)?®

- Azides with a C/N ratio greater than one and no more than 3 can be synthesized and isolate
but should be stored below room temperature at no more than 1M concentration and at a maximur

of 5 grams of materiat®®

- Organic azides with C/N <1 shoufgkver be isolated. It may be synthesized if the azide is a
transient intermediate species and the limiting reagent in the reaction mixture has a maximumr

quantity of 1 gram*®®

2) Rule of six;Alternatively, follow the Orule of sixO, six carbons (or other atoms of about the same
size) per energetic functional group (azide, diazo, néto,) should provide enough dilution to
render the compound relatively safe to work with given appropriate controls and safety prétedure.

In general, olefinic, aromatic, or carbonyl azides are much less stable than aliphati¢azides.

Despite their explosive property, azides are used widely in organic synthesis because of thei
stability toward oxygen, water and also a multiple of reaction conditions. In term otriadus
applications of azides we can mention their usage in the synthesis of heterocycles like triazoles an
tetrazoles, in addition they have been utilized as functional group in pharmaceutical industry.

They are utilized as precursor of nitrene in the reaction of cycloaddition, aza-Wittig, Staudinger
reaction, Mitsunobu and in different rearrangement reaction such as Curtius, Sundberg, Schmidt

Boyer-AubZ and Hemetsberger rearrangertiént.

Azide functionsare normally introduced intaliphatic compound$®y a nucleophilic substitution
reaction. In this case, the reaction is conducteddayitng the corresponding halidempound and
sodium azide. There are also some other preparation modes from alcohols as the startini

material*®®

[1.4.1. Synthesis of organic azides
As is mentioned above, the most commonly applied procedure to synthesize organic azide i<

displacement of halides by azide ion. In order to prepare azides, we applied this procedure betwee
an organic halide and sodium azide, sometiatging sodium iodide, in different solvents

¥niversity of California Santa Barbara, OLaboratory Safety Fact Sheet no. 26: Synthesizing, Purifying, and Handling Zitgs@ié. E. C.
Biffin, D. B. Paul,Aust. J. Chenil974, 27, 77788.
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like acetonitrile, acetone or wate8dheme51). By departing from different alkyl halides, a variety

of corresponding azides with different functional groups have been prepared.

@ABr Nal (2 eq), NaN (3.5 eq) @AM
MeCN, 60¢C, o.n o)

77 . /g\ 9 o
O/—\‘(; Son g (8 /—\“‘\o—g\ NaN; (6 eq) I "N
o_0 e ——
O NaN, (3.5 eq), Acetone o EGN, 14 Pl DMF, 100,C Pl
NS 178 179
© H,0, 60{C, 0. n. o .
175 S )
Q
NaN; (3 eq), HO —$-cl (2.8 ¢e 2
HO "¢l HO "N, ~ OH 0o (28 eq) — o}~ NaN;(6eq) N
acetone, ref3ux 176 oxo OXO o] OVE. 100C O)<
EtsN, r.t et
® 178b 179b
| "¢ NaN; (2.5 eq), acetone /©/\N3 (RIS (RI9 (RIS
o ~o0

H,0, 60iC, o. n.
177

Scheme 51Synthesis of organic azides from alkyl halides.

From this reaction procedure, the expected azides were prepared in a good yield excéftrazide
which was found with an average yield of 56% that can be due to the solubility of the final product
in water and lost of it in aqueous phase. In the case of aZi@asnd179b, they were prepared in

two steps, first a mesylation reaction in the presence of methane sulfonyl chloride where the
mesylated dioxolanes were obtained with a quantitative yield followeghkazidation reaction in

the presence of sodium azide in DMF, which resulted the expected azidomethyl dioxolanes with
99% and quantitative yields respectively andR/S. Here, two forms of azidodioxolanes were

prepared (S and R/S) to study their eventual effects on the reaction with alkynes.
[1.5. Synthesis of small triazolic derivatives on a solid support catalyst (A-21.Cul)
At the beginning of this chapter, solid support catalyst, especially.8ul has been described. For

the synthesis dfiazole derivatives, from our prepared alkynes and azides, we subjected them to A

21.Cul (8 mol%) in CHCI, at room temperature (Scheme 52).
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Synthesis of triazolic derivatives on a solid supported catalyst

R'N,, A-21-Cul (8 mol%)

H
OH
OH DCM, RT, 12h #R
)\ .

Scheme 52Reaction condition for thpreparation of triazoles from propargylic alcohols or alkynes.

As shown in schemB2, this reaction could be performed easily at room temperature and without
any special precautions like working under inert gas. The results are summarized throudi® Table

and 11 respectively for terminal alkynes and propargylic alcohols.

Table 10. Synthesis of triazoles from the igd®olar cycloaddition reaction between terminal alkynes and azides in

DCM at rt and for 12h and in the presence e2 ACul (8 mol%).

,'./ 0! Terminal /‘ N3 NS/\[]/O\/ HO/\/\N3 J@/\Na O/_g\Nz
! alkynes!! o © %Yield ° _ RIS S
%Yield %Yield %Yield %Y|e|d
1 J@/ 93 91 38 Qtv 76 80
180 181 182 183 184a 184b
7 97 92 Qtv Qtv 86 43
2 e 185 186 187 188 189a 189b
z Qtv 92 Qtv Qtv 82 66
3 )@/ 190 191 192 193 194a 194b
z 91 92 95 99 82 85
4 195 156 197 198 100 190
A~ Qtv Qtv 99 Qtv 71 55
5 | <o 200 201 202 203 204a 204b
7 100 96 Qtv 100 99 75
6 | AN 205 206 207 208 209a 209b
0

" Yield after isolation of the final product on flash column chromatography.
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Synthesis of triazolic derivatives on a solid supported catalyst

Table 11.Synthesis of triazoles from the id®olarcycloaddition reaction between propargylic alcohols and azides.

Propargyl (j "N N N HO "N, Ng N
Entry |  alcohol o%5vield 3/\g %Yield \%;?;I RISK g
%Yield oYle %Yleld
™ 90 98 82 98 84 74
1 s 210 211 212 213 214a 214b
o 92 93 62 Qtv 86 67
2 iy Q)\\ 215 216 217 218 219a 219b
OH 90 Qtv 95 99 87 64
3 Q)\ 220 221 222 223 224a  224b
or 92 99 81 Qtv 85 75
4 IS 225 226 227 228 229a 229b
OH Qtv 99 87 Qtv 42 43
5 Q)\ 230 231 232 233 234a  234b
~o
OH 90 98 Qtv 96 59 53
6 AN 235 236 237 238 239a 239b
\O N O/
0
7 5 ¢ Qtv 98 Qtv Qtv 80 38
) ™ 240 241 242 243 244a 244b

" Yield after isolation of the final product on flash column chromatography.

In the presence of our catalyst (A-21.Cul), all of the expected triazoles were prepared with a high
yield (between 76% and 100%) for most of them after simple filtration and evaporation of solvent.
However some problems were observed in the presence of aaiteas 3-azidopropan-1-ol (176)
where the final products were less soluble in the used solvent, so they remained onto the polyme
(A-21.Cul), like in the case of the reaction betweenthynyl-4-nitrobenzene (132a) and 3-
azidopropan-1-ol (176) (TablkO, entryl), which resulted in isolation of the triazole with only 38%
yield. In another case, in the reaction between our alkynes (Bjtd-azidomethyl2,2-dimethyl-
1,3-dioxolane (179a)the conversion of the alkynes into the triazoles was not total.tBetstarting
alkynes and azides remained with the triazole which required a further purification by flash column

chromatography.

Once these triazoles were prepared, they were subjected into a cytotoxicity test in order to stud
their biological propertyThese small triazole derivatives were tested against cancer celBlike
melanoma cellbecause during the course of our studies against cancer cells in our research unit
we found out triazolic derivatives with interesting anticancer activiffeghat will be discussed in

the next part.

203) N. M. Blanch, G. G. Chabot, L. Quentin, D. Scherman, S. Bourg, D. DauZfume, Med. Chen2012,54, 2232. b) H. Elamari, R. Slimi, G.
Chabot, L. Quentin, D. Scherman, C. Giraklr. J. Med. Chen2013, 60, 36@4.
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Cytotoxicity test of triazoles againstB16 melanoma

I1.6. Study of anticancer property of synthesized triazoles

In our study to find new biologically active compounds, we focused more on finding biological
active molecules against murine Bb@&lanoma cell line. The choice of the B16 melanoma model is
based on the urgent need to find new active compounds against metastatic melanoma, which |
particularly resistant to chemotherapy in humafsin addition, B16 melanoma is considered as a
good model of the human disease because it is highly invasive and can metastasize when grafte
into syngeneic mic€®? This melanoma model is also particularly refractory to chemotherapy, just
like the human diseas&? This model has also recently been shown to exg#@4saand E-selectin,

which are particularly important targets for antiangiogenic cancer théfagynother point is that

B16 melanoma has been used extensively in preclinical studies waldwveidding the National
Cancer Institute, and therefore allows a good comparison basis to numerous other publishel

preclinical studies.
[1.6.1. Melanoma

Melanoma is a malignant tumor of melanocytes. Melanocytes produce the dark pigment, melanin.
which is responsible for the color of skin. These cells predominantly occur in the skin and in the
soft tissue of the meninges, mucous membranes and upper oesophagus. Melanoma can originate
any part of the body containing melanocytes, and it is less common than other types of cancer bt
dangerous if it is not found in the early stages. Treatment of-g@de melanoma is associated
with extremely high survival rates, but later invasive stages have proved considerably more difficult
to treat.’® The incidence of melanoma is increasing rapidly in the US and Europe, particularly in
young adults, mainly due to UV overexposure. Worldwide, doctors diagnose about 160,000 new
cases of melanoma yearly. In women the most common site is legs, and for men ismmomnc

on the back®®®

-Cause

In general, cancers can result from a DNA damage and in melanomas usually caused by exposure
ultraviolet (UV) light from the sun.
UVB have been suggested to generate melanin biosynthesis by activating keratinocytes in the skin

21G. M. Boyle, Expert Rev. Anticancer The2011,11, 72537.%°%D. P. Griswold,Cancer Chemother. Reports Part 2 Supplemet@®, 31524.
2% Darro, Cdecaestecker,£F. Gaussin, S. Mortier, R. Van Ginckel, R. Kibs, J. Oncol2005,27, 60716.%4). Seguin, C. Nicolazzi, N. Mignet,
D. SchermarG. ChabotTumor Biol.2012,33, 170917.%*Drugs in Clinical Development for Melanonfgharm. Med2012,26, 171183.2%Cancer
Research UK Statistics Tea2010(http://www.cancerresearchuk.grg

g



Cytotoxicity test of triazoles againstB16 melanoma

to secrete Nitric Oxide (NO), then this secreted NO activatdanin synthesis via the 30-50-cyclic
guanosine monophosphate/protein kinase G (cGMP/PKG) patiWaynother possible reported
mechanism is that UVB stimulates production of prostaglandin(FESE) in keratinocytes
following by secretion of PGE that in turn activates melanin synthesis via th&@Q@yclic
adenosine monophosphate/ protein kinase A (CAMP/ PKA) patHfifs@verexposure to UV, can
also lead to carcinogenesis through those misregulated pathways in cells.

[1.6.2. Some synthesized molecules against B16 melanoma

TanOs group reported in 2088 synthesis, DNA binding and cytotoxicity of new pyrazole emodin
derivatives. This group works on chemical modification of bioactive components of medicinal
herbs. Among them Emodin (Fig6) is the major bioactive compound of a variety of herb species
like Rheum and Polygonum (Polygonaceae), Rhamnus (Rhamnaceae) and Senna (E8ssieae).

OH O OH

o

Fig. 36.Chemical structure of Emodin.

Emodin proved to exert a variety of biological effestsch as anti-inflammatory, antibiotic,
antiviral and antineoplastic activitiés. It has been shown to inhibit the growth of various cancer
cells, and cause the apoptosis of certain cancer Tefts*4ts function as noncovalent DNA binder

is usually believed to be essential for its activity.

Emodin itself has low DNA binding affinity, and low or insignificant cytotoxicity against various
cancer cells?® In their paper, Tamt al.,?® described that, because of its coplanar structure, the
incorporation of a pyrazole ring into its anthraquinone structure might improve the electron density

273) C. RomereGraillet, E. Aberdam, M. ClementER. Ortonne, R. Ballotti). Clin. Inves 1997,99, 63542; b) C. Romerdraillet, E. Aberdam,

N. Biagoli, W. Massabni, BP. Ortonne, R. Ballottij. Biol. Chem1996,271, 2805256. **a) C. C. Miller, P. Hale, A. P. Pentland, Biol. Chem.
1994,269, 352933; b) C. Bertolotto, P. Abbe, T. Blamesath, K. Bille, D. Fisher£P. Ortonne, R. Ballotti). Cell Biol. 1998142, 82735.%%°]-H.

Tan, QEX. Zhang, ZBS. Huang, Y. Chen, XD. Wang, LEQ. Gu, J. Y. WuEur. J. Med. ChenR006,41, 104147.%D. S. Alves, L. PereFons, A.
Estepa, V Micol, Biochem. PharmacoR004,68, 54961.%"a)Y. C. Kuo, H. C. Meng, W.J. Tsdiflamm. Res2001,50, 7382; b) M. C. Fuzellier,

F. Mortier, T. Girard, J. PayeAnn. Pharm. Fr1981,39, 31318; c) D. L. Barnard, J. H. Huffman, J. L. B. Morris, S. G. Wood, B. G. Hughs, R. W.
Sidwell, Antiviral Res1992,17, 6377; d) TEL. Cha, L. Qiu, CBT. Chen, Y. Wen, M. C. Hund;ancer Res2005,65, 228795. %) Y -C. Chen,
SEC. Shen, WER. Lee F.B.. Hsu, HBY. Lin, CEH. Ko, SBW. TsengBiochem. PharmacoR002,64, 171324; b) DEE. Shieh, YBY. Chen, MEH.

Yen, LEC. chiang, CS. Lin, Life Sci.2004,74, 227990.*L. P. Mai, F. Gueritte, V. Dumontet, M. V. Tri, B. Hill, O. Thoison, D. Gas, T.
Sevenet,). Nat. Prod2001, 64, 11658.
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of the&system areéhat results in a higher resistance to enzymaticiction to radical speciethus

to lower the cardiotoxicity”* The quinonoid structure is not sufficient alone, but, the addition of
side chains like polymethylenamine, sugar or heterocycles to the Emodin scaffold, usually results ir
a higher DNA binding affinity and antitumor activiti€s> Among different side chains, Tan and
coworkers?® declare that, cationic amino side chains are most desirable as their distal amino group
binds electrostatically to the phosphate moieties of DN®&: ?*°In addition, chains with different
lengths, polarity, rigidity, charge and steric bulk cause different DNA binding affinities. Upon these
claims, TanOs group synthesized a new family of Emodin derivatives with improved DNA binding
affinity and antitumor activity by introducing a pyrazole ringp the anthraquinonehromophore,

and then attaching various cationic amino sideins to the pyrazole ring (Fig. 37).

Compound R ICso against Bg cells

R Emodin >100
OMe N—N" >~

OO 245 N(CHy), 2.7
. XHCI 3.6
MeO CH, 246 N(CHCH),

o 247 NH(CH,),OH 1.8
248 NH(CH,),N(CHy), 5.2
249 NH(CH,),N(CH,CHj), 10.1
250 NG 6.9
251 N o n.d.
/
252 N N 20.1
/

Fig. 37.Structures of Emodin derivativeg5252.2%°

ICs0 values (cytotoxicity potency index, compound concentration required to kill 50% of cancer
cells) of these compounds against B16 melanoma are shown i87Fighrough this study, they
found that derivatives 245, 246 and 247 were most effective in inhibiting the tumor cell growth with
the lowest IG values of 2.7, 3.6 and 1.8 uM. Furthermore, these compounds have relatively large
DNA binding constants, so they resulted that the higher cytotoxic activity of molecules against the
tumor cells could be relatedt least in part, to their high binding affinity with the DNA of tumor
cells. In the term of structure activity relationship, compouzdts, 246, 247 and 250 containing
mono-cationic side chains had a stronger cytotoxic activity than comp248d249 and 252

24N, M. Cholody, S. Martelli, J. Paradzikjikowicz,J. KonopaJ. Med. Chem1990,33, 4952. #%a) R. K. Y. ZeeCheng, C. C. Chend, Med.

Chem.1978,21, 2914; b) R. K. Y. ZeeCheng, E. G. Podrebarac, C. S. Menon, C. C. Chknded. Chem1979,22, 5015. #°J. Feigon, W. A.
Denny, W. Leupin, D.R. Kearn3, Med. Chem. 1984, 27, 455.
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bearing the di-cationic side chains. As an explanation for lower activity of comp2480d249 and
252, TanOs group declared that this lower activity is due to the higher electrical charge of these
three compounds whiamake thenless lipophilic and so more difficult to diffuse through the cell

membrane.

Other families of molecules werecently tested against B16 melanoma cells belong to APO (2-
amino-3H-phenoxazin-3-one) and kojic acid derivatives (88). These molecules were studied in
FukudaOs groufd’

AN NH, | © [ oH
0
253 254

Fig. 38.Chemical structure of AP@53and kojic acid?54.

The first APO molecul@53has been isolated as an antibacterial substance from Actinom$/€etes.
In addition, APO can be synthesized froraminophenol by human erythrocyt&S.APO has also

221 and

been found to exert various biological effects, including antican@®rantiviral,
antichlamydia activities??

From these observations, Fukuda and coworRédecided to examine whether APO might show a
depigmentation effect against sun-induced melanogenesis. To find that, they examined the
inhibitory effect of APO on melanogenesis in the murine melanoma cell line B16, which is well
characterized as an vitro model of melanin biosynthesis. For this study, they compared inhibitory
effects of APO and Koijic acid (KA) on melanin biosynthesiigy(39). Kojic acid254 ?*is an

active ingredientavailable for medicated whitening cosmetics in Japan, and has antibacterial and
antifungal activities. It is produced B\spergillus oryzaand a byproduct of rice malt fermentation

(sake production).

In this study, they found out that APO inhibited the protein expression of tyrosinase and
microphthalmia-associated transcription factor (MIFT), a melanogenic transcription factor that

regulates the expression of tyrosinase. These results suggest that APO is a promising depigmenting

Z'M. Miyake, S. Yamamoto, O. Sano, M. Fuijii, K. Kohno, S. Ushio, K. IwakFukudaBiosc. Biotechnol. Biocher010,74, 7538. ?*K. Anzai,
K. Isono, K. Okuma, S. Suzuki, Antibiot.1960,13, 125132.%°A. Tomoda, J. Yamaghi, H. Kojima, H. Amemiya, Y. Yoneyam&EBS Lett.
1986,196, 448. °S. Kato, K. Shirato, K. Imaizumi, H. Toyota, J. Mizuguchi, M. Odawar@FXChe, S. Akiyama, A. Abe, A. Tomod@ncol.
Rep.2006, 15, 8438. ??!)K. Hayashi, T. Hayash. Tomoda,J. Pharmacol. Sci2008,106, 36975. ??2T. Uruma, H. Yamaguchi, M. Fukuda, H.
Kawakami, H. Goto, T. Kishimoto, Y. Yamamoto, A. Tomoda, S. Kamiyajed. Microbiol 2005,54, 114349.%%%Y. Mishima, Pigment Cell Res.
1992, 2 3-16.
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agent with both therapeutic and cosmetic value in preventing melanogenesis. In another word, their
obtained results revealinthat APO is an effective inhibitor of tyrosinase and MIFT protein
expressionin B16 melanoma cells that cause a decrease in melanin biosynthesis. In addition they
suggest that APO might be a useful inhibitor of melanogenesis, and further imply that it might have

beneficial effects in the treatment of hyperpigmentation disortérs.

Fig. 39.Comparison of APO and Kojic Acid (KA) as to Géltee Tyrosinase activity.
The effects of Kojic acid (KA) and APO on the activities of tyrosinase from mushroom (A) and extracted B16 cells (B)

were examinedp < 0.05; p <0.01; as compared with the control cultures.

[1.7. In vitro evaluation of potential anticancer activity of synthesized triazolic derivatives
[1.7.1. Synthesis of Combertastatin A4 analogs containing a triazole core

In our sustained effort to find new methods for the synthesis of original and new biologically active

%4’1-228

compounds against cancé in our research unit, we became interested in the evaluation of

triazolic derivatives. Among these synthesized molecgulesonstrained analogs of combretastatin

A4 were synthesized at Curie institute in a collaborative prdjégt 40).%°%

Fig. 40.Structure of Combretastatin A4 (CA4).

Structure of these molecules are shown in ScHESn8etween these molecules, the one with a

24C_ Girard, J. Dourlat, A. Savarin, C. Surcin,®ue, V. Escriou, C. Largeau, Herscovici, D. SchermamBioorg. Med. Chem. Let2005, 15,
322428. %M. Aufort, J. Herscovici, P. Bouhours, N. moregu,Girard, Bioorg. Med. Chem. Let2008,18, 119598. ?°H. Elamari, I. Jlalia, C.
Louet, J. Herscovici, F. Meganem, C. Giraf@trahedron: Asymn2010,21, 117983. ?"JEP. Monserrat, G. Chabot, L. Hamon, L. Quentin, D.
Scherman, G. Jaouen, E. A. Hilla@hem. Comn010,46, 514547. %M. Arthuis, R. Pontikis, G. G. Chabot, J. Seguin, L. Quentin, S. Bourg, L.
Morin-Allory, JEC. Florent,Chem. Med. Chen2011,6, 16934705.
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structure most similar to combretastin, meaning those bearing both aromatics with the same

substituents as CA4 (with one exception) were among the most potent derivatives; such as
compounds 260, 262, 264, 287

N

255 Rl= OH, R= OCHg, R3= H

R4= H, Rb= OCHj, Ré= OCH,, R’= OCH,

256 Rl= OCH,, R2= OCH;, R3= OCH,
Ré= H, Rb= H, RS-R7= OCH,0

257: Rl= OCH,, R2= OCH;, R3= OCH,
R4= Cl, Re= H, Ré= Cl, R'= H

258 Rl= OCH,, R2= OCH;, R3= OCH,
Ré= H, Rb= H, Ré= OCH,, R’= NO,
259 Rl= OCH,, R2= OCH;, R3= OCH,
Ré= H, Rb= H, Ré= OCH,, R’= F

260 Rl= OCH,, R2= OCH;, R3= OCH,
Ré= H, Rb= H, Ré= OCH;, R’= OH
261 Rl= OCH,, R2= OCH;, R3= OCH,
Ré= H, Re= H, Ré= OH, R'= OCH,

DMSO, 85(, 15h

R1 HN™ °N
L)
o Y
RS
R5 RS

262 Rl= OH, = OCH,, R3= H
4 H, R= OCH,, RS= OCH;, R7= OCH,

263 Rl= OCH,, R2= OCH;, R3= OCH,
4=RH, Re= H, R-R7= OCH,0

264 Rl= OCH,, R2= OCH;, R3= OCH,
4=RCI, Ro= H, RS= CI, R’= H

265 Rl= OCH,, R2= OCH;, R3= OCH,
4RH, Re= H, RP= OCH,, R’= NO,

266 Rl= OCH,, R2= OCH,, R3= OCH,;
4=RH, RP= H, R°= OCH,, R’=F

267 Rl= OCH,, R2= OCH,, R3= OCH,;
4RH, RP= H, RP= OCH,, R’= OH

268 Rl= OCH,, R2= OCH,, R3= OCH,;
4RH, RP= H, R= OH, R'= OCH,

Scheme 53Synthesized analogs of Combretastatin A4 (CA4).

The ICso obtained from the cytotoxicity test between these synthesized molecules against B16

melanoma cell lines are presented in Table Some compounds show good activities, in the

micromolar range, the best activity was found for compdbB®] but still less active than CA4 (3

nM).

Table 12.Biological activities of new analogues of Combretastatif®%

Entry Compound Cytotoxicity Entry Compound Cytotoxicity
ICs0 (UM)* ICs0 (UM)*
1 CA4 0.003 8 266 31+2.6
2 267 16+0.1 258 35+0.1
3 260 4.0+11 10 257 26+0.2
4 256 3.0+0.2 11 261 2.6+0.3
5 255 2.9+0.02 12 263 38.0+ 34
6 262 22.9+0.9 13 265 50.1+ 10.7
7 259 29+0.1 14 264 41.7+ 1.3

& Concentration required to kill 50% of cells after 48h incubation time (MTT assay). M8&M.

*11%|
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[1.7.2. Mono- and bis-1,2,3-triazole derivatives of bis-alkynes

Another class of synthesizedazoles in our group was based on 1,4-disubstituted bis-1,2,3-
triazole?®® Since 1,2,3-triazoles are recognized as important and efficient pharmacophores,
investigation of new structures containing this nucleus as mamb-bis-triazoles prepared from
bis-alkynes was at the center of our attentfSriThe obtained 16 against B16 melanoma from

these synthesized bis-alkynes are summarized in Schémed Table 13.

1. RN,
fe) (0]
o) neat or acetong/\ ﬁej\ R R2N, R
3, s v
N H H

& H \\ 2. EtOH RIN\N/,N A-21.Cul R N‘N”N N\\N/N\RZ

trituration CH.Cl,

.= 1= R2=

269 R= CH, 272 R=CH,, Rl= Bn ;g; FF;Z Cﬁ] RR{_E;B;
270 R=m-Ph 273 R= CH,, R'= CH,CO,Bn 283 Re mph' R= Bn F\Q— CH,CO,E
271 R=p-Ph 274 R= CH,, Rl= (CH,),0Ac =mPh, FF=Bn, K= CH,CO.EL

284 R=m-Ph, R= Bn, R= (CH,),0Ac

285 R=m-Ph, R= CH,CO,Et, R2= Bn

286 R=m-Ph, R= R2= CH,CO,Et

287: R=m-Ph, R= CH,CO,Et, R2= (CH,),0Ac
288 R=m-Ph, R= (CH,),0Ac, R2= Bn

289 R=m-Ph, R= (CH,),0Ac, R= CH,CO,Et
290 R=m-Ph, R= R2= (CH,),0Ac

291 R=p-Ph, R= R2=Bn

292 R=p-Ph, R= Bn, R= CH,CO,Et

293 R=p-Ph, R= Bn, R= (CH,),0Ac

294 R=p-Ph, Ri= CH,CO,Et, R2= (CH,),0Ac

275 R=m-Ph, R=Bn

276 R=m-Ph, R= CH,CO,Et
277 R=m-Ph, R= (CH,),0Ac
278 R=p-Ph, R=Bn

279 R=p-Ph, R= CH,CO.Et

280 R=p-Ph, R= (CH,),0Ac

Scheme 54Different synthesized morand bistriazoles.??*

22%4. Elamari, F. Meganem, J. Herscovici, C. GiraFdtrahedron Lett2011,52, 65860. *°S. Agalave, G. Sandip, S. Maujan, V. S. P@hem.
Asian. J.2011, 6 26962718.
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Table 13.1n vitro biologicalactivity (ICso) against B16 melanoma cells for the above presentealiyine.??*

Nj R R! R? ICso (UM) Nj R R! R? ICs0 (UM)
269 CH, - - 38.00.4 282 m-Ph Bn Bn 4.5+03
270 m-Ph - - 0.340.008 283 m-Ph Bn CH,CO,Et 21.02
271 p-Ph - - 6.340.3 284 m-Ph Bn (CH,),0Ac  25.146.3
272 CH, Bn - 6515 285 m-Ph  CH,CO,Et Bn 20.490.4
273 CH, CH,CO,Et - >100 286 mPh  CH,CO,Et CH,CO.Et >100
274 CH, (CHy),0Ac - >100 287 mPh  CH,COEt (CH),0Ac  >100
275 m-Ph Bn - 14.540.7 288 m-Ph  (CH,),0Ac Bn >100
276 m-Ph CH,CO,Et - 91.046 289 m-Ph  (CH.),0Ac CH,CO.Et 63.019
277 m-Ph  (CH,),0Ac - 25.190.1 290 m-Ph  (CH,),0Ac (CH,),0Ac >100
278 p-Ph Bn - >100 291 p-Ph Bn Bn >100
279 p-Ph CH,CO,Et - >100 292 p-Ph Bn CH,COEt 36.3#.8
280 p-Ph  (CHy);0AC - 79.02 293 p-Ph Bn (CHp),0Ac 13.24#.3
281 CH, Bn Bn  0.3#0.003 294 p-Ph  CH,COEt (CHp),0Ac  >100

From presented results in Tabld, we concluded that modification of tls&de chains could
influence the value of I§in a way that, for example, replacement of the propargyl side chain in
269by am-ethynylpheny{compound70) caused a 127-fold increase in biological activity with an
ICso of 0.3 uM (Table 13). Presenceof an aromatic OlinkingO ring also increased the cytotoxic
activity of 269with an 1G of 6 UM (Table 13). In the R= benzyl series (molecul@¥2,274 and

278), we observed amprovedactivity when going fron272 to 281 (with R?= benzyl). The bis-
triazole281 had an 1Gy of 0.3 uM, which was two-hundred and thirty times the activit@ ¢ and

the same as the one of the-alkyne270. Introduction of this & benzyl in282, starting fron275,

gave also an increase in activgging from 14.5 to 4.pM (three times). However the same effect
was not observed when introducing a second triazo#91in obtained fron269, since they have
both 1G,>100 uM. Also in this R= benzyl series, the introduction of another type of chain like
ethoxycarbonylmethyl and acetoxyethyl, haasitive effects on the biological activity, but not as
important as fo281. In the B= benzyl / ethyloxycarbonyl (27276 and279) and acetoxyethyl
(274,277 and 280) series, the introduction of another triazole ring only yielded compounds with
ICs50 > 100 uM. So here, some of the synthesized products showed noteworthy activity against B16
melanoma cells. From these previous reported resfitaie subjected other synthesized triazoles

reported in part 11.4 of this dissertation in a biological assay (MTT) on B16.

! ]
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[1.7.3. Mono-1,2,3-triazoles derived from terminal alkynes and propargylic alcohols

Tables10 and11 show the prepared triazoles from terminal alkynes and propargylic alcohols. For
this biological test against B16 melanoma cell lines, a stock solution of triazoles (10mM) in DMSO
was prepared and triazoles were incubated with B16 cells for 48h at different concentrations
ranging from 100 to 3.18M, in order to study their I§ (half maximal inhibitory concentration).

The results are presented in Tabfeand 15.

In the case op-nitrobenzendriazolic derivatives (Tablel4, entry 1), when triazolic ring bears a
benzyl groupon the nitrogen (Tabld 4, productl80), a better 1§ could be observed (5.32V)
compared with other substituents on nitrogen for which gaHi@her than 10uM was obtained,
exceptfor compoundl83 where we could observe a highH@s, of 19.05uM (Table 14, entry 1)

when introducing a p-methoxy substituent on the benzyl.

The best cytotoxicities fgo-CFRs-phenyl derivatives were obtained with compou®88 and 189a

with respectively IG= 17.37 and 13.48M with p-methoxybenzyl and dioxolane substituents on
the nitrogen. While triazole with dioxolarg&has an I of higher than 10QuM, for dioxolaneR/S
ICsowas decreased to 13.48 uM which could show a higher activity of form R compared to form S.

Table 14 Cytotoxicity of 1,2,3triazoles obtainefrom terminal alkynes, was tested on B16 melanomalioel.

-/0 |  Terminal @AM Ny O HO "N, N 2t
[ alkynes!! ICoo (UM) 0 \IC(’:\ M RE X s
50 (K ICso (HM) [OF) (HM) 50 (l—l ) ICso (IJ.M)
1 /©/// +0.39 >100 n.d. 19.05+0.73 >100 >100
o 180 181 182 183 184a 184b
/©/ >100 n.d. >100 17.37+0.35 13.48+1.26 >100
2 e 185 186 187 188 189a 189b
“ = >100 n.d. >100 19.49+1.53 41.68+6.89 >100
3 M 190 191 192 193 194a 194b
& +0.31 >100 >100 >100 +5.61 12.02
4 165 196 17 15 100 19%
7 >100 n.d. >100 >100 - >100
5 \OJ@/ 200 201 202 203 2042 204b
= 27.54+2.06 >100 n.d. >100 - >100
6 \OQ\/O/ 205 206 207 208 209a 209b
0
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Cytotoxicity test of triazoles againstB16 melanoma

A decrease in I§ could also be observed fprmethylphenyl derivatives (entry 3) from >100 to
19.49uM when the triazole core bears a methoxy benzyl substituent on nitibajele (4, entry 3,
compound193). As previously observed, dioxolane stereochemistry seems to play a role even if
ICso for the racemate is higher than before (4JuB8B 194a, entry 3)With naphthalene derivatives,
again a better 1§ was obtained with a triazoleitlv a benzyl groupn nitrogen(ICse= 3.89 uM,

195). Other triazoleshowedan increase in I, and onlydioxolaneSandR/Sgave a readabl€s,

of 12.02 and5.60 pMrespectively (199b199a). For two other phenyl rings substituted by methoxy
(Table 14, entries 5 and 6) only compou2®5 with a benzyl ring on the nitrogen gave a
measurable 165 of 27.54 uM.

With triazoles deriving from the reaction between propargylic alcohols and organic aalde (

15) no good Ig, were obtained except for naphthalene derivatives whegeof28.84 and 26.91

MM were respectively obtained for compour%5 and 229a (Table 15, entry 4). In other cases
either a solubility problem occurred for which thed€ouldnOt be determined or amgl®ith high
concentrations (>10AM) was obtained. It thus seems that the introduction of a hydroxymethylene
between the aryl substituent at thel@osition of the triazole lowers considerably the activity. In
the case of naphthyl derivatives, the extra CHOH increases sh&d® 3.89 to 28.841M for the
N-benzyl family and from 12.02 and 6.aM to n.d. and 26.9uM for (S and R/S)dioxolane one.

So compound480with a p-nitrobenzene substituent on triazole ring and a methylbgnayp on

the nitrogen,195 with a naphthyl substituent on triazolic ring and a methylbenzyl group on the
nitrogen and 199a with again a naphthyl substituent on triazole and a dimethyl dioxolane

substituent on nitrogen remained as the most active prodatierfie 55).

P -
Qﬂ Q? Xik

N
N‘N' 3
180
184 199a

Scheme 55The most found active triazoles against B16 cells.
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Cytotoxicity test of triazoles againstB16 melanoma

Table 15.Cytotoxicity of 1,2,3triazoles obtained frormpropargylic alcohols, against B16 melanoma.

Propargyl @”M Na/YO\/ HO ™" N, NN h?N3
Entry |  alcohol (Coan (1) o N0 RS X s
o ICso (M) Coo(uM)  'CoolM) ICso (M)
™ n.d. n.d. n.d. >100 n.d. >100
SN

(O J@)\ 210 211 212 213 214a 214b
oH >100 n.d. n.d. n.d. >100 n.d.

2 iy Q)\\ 215 216 217 218 219a 219b
OH >100 n.d. n.d. >100 >100 >100

3 Q)\ 220 221 222 223 224a 224b
o 28.84+1.33 >100 n.d. n.d. 26.91+7.00 n.d.

4 @@)\ 225 226 227 228 229a 229b
OH n.d. n.d. >100 >100 n.d. >10C

5 Q)\ 230 231 232 233 234a 234b

~o
OH n.d. n.d. >100 >100 - >100
6 AN 235 236 237 238 239a 239h
\O s O/
_0

7 o >100 >100 >100 >100 >100 n.d.
L 240 241 242 243 244a 244k

In addition of these triazolic derivatives, the starting terminal alkynes and propargylic alcohols were
also subjected to this cytotoxicity test, but no interesting activity for these molecules could be
obtained.
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Prediction of bioactivity of triazoles by Molinspiration program

[1.8. Molecular and bioactivity properties prediction by Molinspiration software

Molinspiration (Scheme56) is a private company that is interested in development and application
of modern cheminformatics techniques especially in connection with th&3¥8ly. use of this on-

line program, different properties of chemical structures such as physicochemicaligsopert
bioactivity of molecules can be predicted. There are many papers in which this software has beel

used to predict bioavailability or physicochemical properties of chemical moletiles.

In the development of bioactive molecules as therapeuticsadegh oral bioavailability is usually
an important facto>> Because of that, one of the important aims in drug research is to find

sufficient understanding of the molecular properties that can cause boundaries for oral

Scheme 56Page web oMolinspiration (WWW.molinspiration.com?®**

bioavailability, in that way the design of applicable new drug candidates will be facilftited
As properties of molecule we can mention physicochemical property that includes logP
(octanol/water partition coefficient), TPSA (molecular polar surface area), Molecular Volume,

#ITo find more information about molinspiration, you can visit thedb-site. WWW.molinspiration.com®**Some of these articles are: a) M. J.
Ahsan, J. G. Samy, H. Khalilullah, M. d. Shivli Nomani, P. Saraswat, R. Gaur, A. Simghig. Med. Chem. Let011,21, 724650; b) B. J. Al
hourani, S. K. Sharma, M. Suresh, F. WuB&org. Med. Chem. Lett. 20122, 22358; c) C. Remes, A. Paun, I. Zarafu, M. Tudose, M.T. Caproiu,
G. lonita, C. Bleotu, L. Matei, P. lonit&joorg. Chem2012,4142, 6; d) A. C. Pinheo, M. N. Rocha, P. M. Nogueira, T. C. M. Nogueira, L. F.
Jasmim, M. V. N. de Souza, R. P. Soai@sgnos. Microbiol. Infect. Diseas2011,71, 2738; e) R. K. Verma, V. K. Prajapati, G. K. Verma, D.
Chakraborty, S. Sundar, M. Rai, V. K. Dubey, M. S. 8inded. Chem. Let012,3, 2437. . F. Veber, S. R. Johnson,-M. Cheng, B. R.
Smith, K. W. Ward, K. D. Kopple]. Med. Chem. 2002, 45, 2628.
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molecular weight, number of atoms, number of hydrogen bond acceptors, number of hydrogen bonc
donors, number of rotatable bonds and molecular lipophilicity potential (MLP).

- Octanol/water partition coefficient (logP): A pure substancmay distribute itself between two
partially miscible solvents in intimate contact, and the equilibrium ratio of solute concentrations in
the two phases is also known as the distribution coefficient or partition coeffittienthe basic
organic chemistry, the use of solvents with different polarities (gydrocarbon and water)
accelerates the extraction and purification of desired products. In addition it was found that, the
biological activity of simple organic compounds corresponds to thewwaigr partition
coefficients.?* It is supposed that, for biological aims a partition coefficient based on long chain
ester or alcohol solvents was more suitabi®Upon more studies on this subject, 1-octanol was
chosen as the most useful lipophilic solvent in these appisatFurther works have been done
using the octanol-water pair, and this is the reason for its wide use and the existence of a gree
quantity of data on this subject. Octanol/water partition coefficient (lagR)sed in QSAR
(Quantitative Structure-Actity Relationship) studies and rational drug design as a measure of
molecular hydrophobicity. This measure of hydrophobicity is important because hydrophobicity
affects drug absorption, bioavailability, hydrophobic drug-receptor interactions, metabolism of
molecules, as well as their toxicity. LogP has become also a key parameter in studies of the
environmental fate of chemicals.

The octanol-water partition coefficient of a substance X at a given temperature is generally
constant® represented by P and defined by:

P= [X]*/[X]*
Superscript€org E and QqE indicate mutually saturated phasés.

The methodfor logP prediction developed at Molinspiration is based on group contribuffons.
This method is based on fitting calculated logP with experimental logP for a training set of more
than twelve thousand, mostly drug-like molecules. In that way, hydrophobicity values for 35 small
simple ObasicO fragments have been obtained, as welluas ¥ai 185 larger fragments,
characterizing intramolecular hydrogen bonding contribution to logP and charge interactions.
Molinspiration methodology for logP calculatioBgheme57) is very robust and iable to process

practically all organic and most organometallic molecules.

A, Leo, C. Hansch, D. Elkin&ghem. Revi971,71, 525616.%°C. Hansch, A. LeoSubstituent Constants for Correlation Analysis in Chemistry
and BiologyWiley, New York1979.2%¢). Sangster, J. Phy. Chem. Ref. Data 1989, 18,-2291
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Prediction of bioactivity of triazoles by Molinspiration program

Scheme 57An example otorrelation of calculated logP Byolinspiration program?**

By the use ofthis program, logP is predicted with error < 0.25 for 50.5%nolecules, for 80.2%

with error <0.5 and for 96.5% with error < 1.0, and only for 3.5% of structures logP is predicted
with error > 1.0. These statistical parameters pldoéinspiration miLogP as one of the best
existing methods for prediction of logP, and several users reported very good correlations betweel
molinspiration calculated logP and various drug transport properties.

- Molecular Molar Surface Area (PSA)*!is a very useful parameter for prediction of drug
transport properties. Pol&urface Area is defined as a sum of surfaces of polar atoms (usually
oxygens, nitrogenand attached hydrogens) in a molecule (Sché&8j)e This parameter has been
shown to correlate very well with the human intestinal absorption,-Zaconolayers permeability,
and blood-brain barrier penetration.!!

1 184 |

Scheme 58RepresenteRolar Surface Area (PSA) for triazal84 by Molinspiration**
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Prediction of bioactivity of triazoles by Molinspiration program

The calculation of PSA in a classical wadywever, is rather time consuming, because of the
necessity to generate a reasonable 3D molecular geometry and the determine the surface itse
Additionally, calculations require specialized software to generate the 3D molecular structures and
to determine the surface. In tlaga of drug development shaped by hilgftoughput screening and
combinatorial chemistry, fast bioavailability screening of virtual libraries consisting of hundreds of
thousands, even millions of molecules is required. That is the reason whymoldwailar property
prediction toolkit so called topological polar surface ar€RSA is implemented.

The methodology for the calculation of TPSA is described in details in a paper published by Selzer
et al.?%" Briefly, the procedure is based on the summation of tabulated surface contributions of
polar fragments (atoms regarding also their environment). These fragment contributions were
determined by least squares fitting to the single conformer 3D PSA for 34,810 drugs from the
World Druglindex. Topological polar surface area provides results of practically the same quality as
the classical 3D PSA, the calculations, however, are two to three orders of magnitude faster.

- Molecular Volume: %' Molecular volume determines transport characteristics of
molecules, such as intestinal absorption or blon barrier penetration. Volume is therefore
often used in QSAR studies to model molecular properties and biological adteitgus methods
may be used to calculate molecular volume, including methods requiring generation of 3D
molecular geometries, or fragment contribution methods such as McGowan volume approximation.
Method for calculation of molecule volume developed at Molinspiration is basedroup
contributions. These have been obtained by fitting sum of fragment contributions to "real" 3D
volume for a training set of about twelve thousand, mostly bkegmolecules. 3D molecular
geometries for a training set were fully optimized by the semiempirical AM1 method. Calculated
volume is expressed in cubtcngstroems «®). Molinspiration methodology for calculation of
molecular volume is very robust and &ble to process practically abbrganic and most
organometallic molecules. Molinspiratiolast 2D-based method for calculation of molecular
volume provides identical resultgith computationally much more demanding-BBsed volume
calculation for just a fraction of computing tir(&cheme 59).

%7p_Ertl, B. Rohde, P. Selzek, Med. Chem. 2000, 43, 3714.
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Scheme 59Correlation between the fast 2D volume calculatioMofinspiration corresponding to 3D evaluatiGit-

- Rotatable bonds: #*! This simple topological parameter is a measure of molecular
flexibility. It has been shown to be a very good descriptor of oral bioavailability of dfigs.
Rotatable bond is defined as any single non-ring bond, bounded to nonterminal heavy (i.e., non-
hydrogen) atom. Amide C-N bonds are not considered because of their high rotational energy

barrier.

-Molecular Lipophilicity Potential (MLP): This method allows to see which parts of the
molecule surface are hydrophobic (Sche®fe encoded byiolet and blue colors) and whiare
hydrophilic (Schemes0, encoded by orange and red). alinspiration program,?* the MLP is
calculated from atomic hydrophobicity contributions, the same that are used to calculate the

octanol-water partition coefficient (logP) by their miLogP method.

Scheme 60PresentedLP of our triazole202, 217, 262, 264n Molinspiration #**
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MLP is useful property to rationalize various molecular ADMEbsorption, Distribution,
Metabolism, and Excretiorgharacteristics (like membrane penetration or plagrogein binding).
Analysis of 3-dimensional distribution of hydrophobicity on molecular surface is particularly
helpful when explaining differencea observed ADME properties of molecules with the same
logP, since, of course, 3D parameter contains much more information then logP expressed by just

single value.!

Because othese utilities oMolinspiration, that makes us capable to calculate molecular property
and predict bioactivity of molecules, and also considering the number of p¥pesed this on-line
program, we decided to study the physicochemical properties of our synthesized molecules.

In order to predict drug-like molecules physicochemical property of chemical structures should
respectLipinskiOs rulé® or rule of 5. The rule was suggested for the first time by Christopher A.
Lipinski in 1997 based on the observation that most medicdtugs are rather small and they are
lipophilic. This rule describes important molecular properties for a drugOs pharmacokinetics such as
their absorption, distribution, metabolism, and excretion (ADME). Precisely, liporskiOsule,

the most drug-like molecules have logl molecular weight' 500 Da, number of hydrogen bond
acceptors 10 and number of hydrogen bond dondrS. Molecules violating more than one of
these rules may have problems with bioavailabiltjowever this rule doesnOt predict that a
molecule can be pharmacologily active. The rule is called "Rule of 5", because the border values
are 5, 500, 2*5, and 5.

We calculated molecular properties of our synthesizd -ird®oles for compliance to the
LipinskiOs rule of five by Molinspiration. Some of the results are shown in Tébkhe obtained
results revealed that non of these molecules have any violation of the above criteria (LipinskiO:
violation =0), so all of our synthesized triazoles have a good potential for eventual development as
oral agents, but only some of them presented a potential bioactivity, and are listed ih7Table

Z8C A. Lipinski, F. Lombardo, B.W. Dominy, P.J. Feenédyly. Drug Deliv. Rev. 1997, 23.25.
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Table 16 Calculatedbhysical properties for our synthesized 1;2i&8zolic derivatives with a measurables}C

Compound  Volume TPSA NROTB" HBA® HBD® miLogP Mw® nViol'
Rule - . . <10 <5 '5 <500 1
180 244.05 76.54 4 6 0 3.08 280.287 0
183 269.59 85.77 5 7 0 3.13 310.31 0
188 277.56 39.95 5 4 0 4.04 333.31 0
189 270.98 49.18 4 5 0 3.03 327.30 0
193 262.82 39.95 4 0 0 3.56 249.31 0
194 256.25 49.18 3 5 0 2.58 273.33 0
195 264.70 30.71 3 3 0 4.30 285.35 0
199 283.68 49.18 3 5 0 3.32 309.36 0
205 297.35 58.42 6 6 0 2.94 325.36 0
225 295.83 69.41 5 6 1 2.52 357.33 0
229 308.52 69.41 4 6 1 2.80 339.39 0

%Polar Surface Area” number of rotatable bond Number of lydrogenbond acceptors® Number of hydrogen bond donors;

®Molecular Weight’LipinskiOs violations.

Table 17. Predictediological activityfor active compounds against B16

Compound GPCR ligand lon channel Kinase inhibitor Nuclear Protease Enzyme
modulator receptor ligand inhibitor inhibitor
180 0.05 -0.11 0.01 -0.46 -0.22 0.16
183 0.03 -0.19 -0.00 -0.39 -0.21 0.09
188 -0.04 0.20 -0.10 -0.01
189 0.16 -0.19 0.16 -0.14 0.14
193 0.13 -0.21 0.09 -0.38 -0.18 0.18
194 -0.03 -0.41 -0.02 -0.47 -0.06
195 0.01 -0.22 0.03
199 0.15 -0.24 0.20 -0.24 0.15
205 0.17 -0.15 0.12 -0.35 -0.11 0.18
225 -0.09 0.12 -0.07 -0.07
229 0.06 -0.32 0.01 -0.10 0.02

As is shown in @ble17, by use oMolinspiration?** program, we could find some molecules with

a potential biological activities for our molecules such as GPCR ligand, kinase inhibitor or enzyme
inhibitor (values are presented in red when a possible activity exists for values > 0.2). But we
should remind that these activities are just a prediction and witro or in vivo analysis it is

possible that these found molecules behave in another way without showing any activity.
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Conclusion

[1.9. Conclusion

In this part of our work, some alkynes (terminal or internal) were prepared through different
reaction conditions and different methods such as Best@aira, coupling between an aldehyde
and a terminal alkyne anion or through a classic Sonogashiractnaggkng reaction.

These obtained terminal alkynes were then subjected to a copaeall)zed Huisgen dipolar
cycloaddition reaction with prepared organic azides in order to prepare triazolic derivatives. For this
reaction, a new generation of hetenoges catalyst, copper doped Amberlys2A which was
prepared for the first time in our laboratory, was used. By doing the rection between terminal
alkynes and azides in the presence é11ACul (8 mol%) in dichloromethane at room temperature,

all of the expected triazoles could obtained in a high yield, except for a few cases.

In the last part, these triazole products and their corresponding starting alkynes were subjected to
cytotoxicity test against B16 melanoma dele. In some cases a relative golso could obtain,
especially for 4-substituted-nitrophenyl and naphthyl triazolic derivativegs=18.89-6.60uM)
(Scheme 55). However the starting terminal alkynes and propargylic alcohols were not active.

For other derivativeither high 1G, were found or the 1G, couldnOt be determined due to a
solubility problem of the triazoles. In addition, physical properties of these triazoles were calculated
on Molinspiration, which showed that non of our molecules violate the LipinskiOs rule of 5,
meaning that all of our triazoles have a good potential to be developed as oral agents. Predicte
biological activities like GPCR ligand, kinase or enzyme inhibitor could be faumaolr triazoles,

again by usingMolinspiration program, especially for our most active compouri#@nd 188)

but not for 180.
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Chapter Il

Microwave reactions
|. Preparation of trisubstituted triazolic derivatives
lI. Catalyst- and Solventfree Straightforward Synthesis of

Propargylic Ethers From their carbonates and alcohols under

microwave irradiation
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Micro wave reactions

[1l. Introduction

The microwave irradiation to accelerate organic chemical transformations was reported for the first
time in 1986.%*° The microwave radiation region in the electromagnetic spectrum is located
between infrared radiation and radio waves. Wangtles of microwaves are between 1mm-1m,
that corresponds to frequencies, which are found between 0.3 and 300 GHz. In this region,
telecommunication and microwave radar equipment cover many of the band freqtf@beiesuse

of that, in order to prevent disturbance, the wavelength at which industrial and domestic microwave
apparatus used for heating operates is adjusted on 12.2 cm, that corresponds to a frequency of 2.4
(£0.050) GHz, but other frequency allocations do exist.

[11.1. Use of microwaves in chemistry

In inorganic chemistry, microwave technology has been used since the late 1970s, however ir
organic chemistry as is mentioned in above, the use of microwave returns1880s&l Since that

time, the development of the technology in thé&dfef organic chemistry was slow that can be due

to its lack of controllability, safety aspects and a lack of understanding of the basics of microwave
dielectric heating’® In the term of the operation of microwave, the debates turn around this
question whether the observed effects can be related to thermal/kinetic phenomena (therme
microwave effects) that arises from the fast heating and high volume reaction temperatures attaine
with microwave dielectric heating, or whether some effects are connected sfzecific or
nonthermal microwave effecté*?*There is not yet a determined definition for a specific and
nonthermal microwave effect and different scientific communities may in fact have different
definition, ?*but most scientists today agree that the energy of microwave photon is too low to
directly break molecular bonds, and so microwaves cannot make the molecules to conduct chemicz
reactions by direct absorption of electromagnetic energy, against to ultraviolet and visible radiation
(photochemistry).?*> However, the organic community claims the existence of nonthermal

241

microwave effects“" that results from a direct, and often stabilizing interaction of the

electromagnetic field with particular molecules, intermediates, or even transitiesistéte

*%a) R. Gedye, F. Smith, K. Westaway, H. Ali, L. Baldisera, L. Laberge, J. Rolisethedron Lett1986,27, 279; b)R. J. Giguere, T.L. Bray, S.
M. Duncan, G. MajetichTetrahedron Lett1986,27, 49452*%P. Lidst8m, J. Tierney, B. Wathey, J. Westmaetrahedror2001,57, 922583.**'For
leading reviews on microwave effects in organic synthesis, apé. Perreux, A. LoupyTetrahedron2001,57, 9199,b) A. De La Hoz, A. Diaz
Ortiz, A. Moreno,Chem. Soc. Re2005 34, 164; c) L. Perreux, A. LoupyMicrowaves in organic synthesig" ed. (Ed.: A. Loupy), Wiley:VCH,
Weinheim,2006, chap. 4, pp. 13218; d) A. De La Hoz, A. Dia©Ortiz, A. Moreno,Microwaves in Organic Synthesis2d.(Ed.: A. Loupy),
Wiley-VCH, Weinheim,2006, chap. 5, pp. 21877; e) L. Perreux, A. Loupy, A. Petiliicrowaves in Organic Synthesis, 3rd €¢dds.: A. De La
Hoz, A. Loupy), WileyVCH, Weinheim,2013, chap. 4, pp. 12208.%*%a) C. O. KappeAngew. Chen2004,116, 6408Angew. Chem. Int. Ed. 2004,
43, 6250; b) C. O. Kappe, A. Stadler, D. Dallingdjcrowaves in Organic and Medicinal Chemistr{® &d.,Wiley-VCH, Weinheim,2012, Chap.
2, pp. 939.
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Micro wave reactions

reaction medium that doesnOt have any relatibnat macroscopic change in reaction
temperaturé?>?*2 For example, it has been discussed that the presence of an electric field
influences the orientation of dipolar molecules or intermediates and consequently changes the pre
exponential factot or the activatiorenergy (entropy term) in the Arrhenius equation (eq. 1) for

some kinds of reaction&*! 242

ArrheniusO equation: ~ "EA&RD eq. 1

Where: Ea = activation energy R= Universal gas constanT= temperature in Kelvin

Moreover, asimilar effect was proposed for polar reaction mechanisms, where the polarity
increases going from the ground state to the transition state that leads to an incesadevity by
a decrease of the activation enerdy.?*

Despite of this incertitude for microwave operations, the number of publications that report use of
this technique in inorganic or organic synthesis increased signific&gly41), >*’becausef the
availability of commercial microwave equipment aimed to be applied in organic chemistry and the
development of the solvent-free technique, that has improved the safety aspects, but are mostl
because of a shorter time of the reaction by use obmi&re radiations.

Fig. 41.The collected number of published articles containing organic and inorganic microwave assisted synthesis
between 197199974

This increase for the use of microwave in industry is due to the short reaction times and the wide
variety of reactions that can be performed by the microwave irradiation. As an example, in
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pharmaceutical industry, the need for egganumber of chemical entities to be produced, force
chemists to apply new synthetic methods to decrease the time for the production of compounds; a
an example, as the applied techniques in organic chemistry to increase the throughput, one ca
mention chemistry data bases, software for diversity selection, on-line chemical ordering systems
open-access and high throughput systems for analysis and high-speed, and also parallel ar
combinatorial synthesis equipment. In all these mentioned techniquesnthendactor that can

be considered is the automation and compaitded control. However, they donOt accelerate the
chemistry itself, and today the improvements in chemistry only involve the highly reactive reagents

in solution or on solid support.

In the context of heating organic reactions, traditionally these reactions have been heated by use «
heat transfer equipment like oil baths, sand baths and heating jackets. These techniques are qu
slow and a temperature gradient can appear within the samm@edition, this local heating can

lead to the decomposition of product, substrate or reagent. However, in microwave dielectric
heating, the microwave radiation proceeds through the walls of the vessel and there are only
reactants and solvent under heat the reaction vessel itsetf’and the temperature increase will

be constant all over the sample in the case the apparatus is well designed that can cause less |
products and/or decomposition products (Big). Another possibility in pressurizegistems is that

the temperature can increase rapidly even far above the standard boiling point of the used solvent.

Fig. 42. Temperature gradients in microwave versubatih heatingDifference inthe temperature sides after 1min of
microwave irradigon (left) and heating in an efdath (right). Microwave radiation increases the temperature of the
whole volume simultaneously (volume heating) but in thévath tube, only the reaction mixture in contact with the

vessel wall is heated firs£*®

Another point about heating by microwave is that, on microwave, the materials are heated by

Odielectric heating effect$®?This effect is based on the ability of the particular materials (solvent

243).S. Schancheyiol. Diversity2003, 7 293300; BiotagAB (formally Personal Chemistry ABwww.personalchemistry.cormvww.biotag.com.
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or reagent) to absorb microwave energy and convert it into heat. There are two mechanisms b
which the electric componeft* of an electromagnetic field causes heating: dipolar polarization
and ionic conduction. When a sample is subjected to the ir@dibyi microwave the dipoles or

ions align in the applied electromagnetic field. This applied field oscillates so the dipole or ion field
tend to realign itself with the existing electromagnetic figtdy. 43), in this step of realigning
energy is released in the form of heat through molecular abrasion and dielectric loss. The amount c
this released heat is related to the ability of the matrix to align itself with the frequency of the
applied field, and if thelipole does not have enough time to realign, or reorients itself quickly with
the applied field, no heating takes place.

Fig. 43.Dipolar molecules that try to align with an oscillating electromagnetic fiféd.

The frequency of 2.45 GHz that devotedall commercial systems gives the molecular dipole time

to align in the field, but not to follow the alternating field preciséf{’To calculate the ability of a
material to convert electromagnetic energy into heat at a given frequency and temp#rature
equation(O0/(GFan ) is used*®In this equation) represents dissipation factor, af@0 is the
dielectric loss that measures the efficiency with which heat produced from electromagnetic
radiation and© shows the dielectric constant or the ability of a molecule to be polarised by an
electric field. Thdarger the dielectric constant, the greater the coupling with microwaves. In Table
18 the dielectric constanf(s= relative permittivity) and loss tangehtof some solvents are
presented*®

24%3) D.V. Stass, J.R. Woodward, C.R. Timmel, P.J. Hore, K.A. McLaucBlaem. Phys. Let2000,329, 1522; b) C.R. Timmel, P.J. Hor&hem.
Phys. Lett1996,257, 401408; c) J.R. Woodward, R.J. Jackson, C.R. Timmel, P.J. Hore, K.A. McLau€tem. Phyd.ett. 1997,272, 376382.
#4%3) D.R. Baghurst, D.M.P. Mingo§hem. Soc. Re991, 20, 1-47; b) C. Gabriel, S. Gabriel, E.H. Halstead, D.M.P. Ming2isem. Soc. Rev.
1998, 27, 21223.%*%s. CaddickTetrahedron 995, 51(38), 10403.
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Table 18. Dielectric constants and loss tangent values for some solvents relevant to organic synthesis.

®The dielectric constar(ts equals the relativpermittivity, (O, at room temperature and untter influence of a static
electric field.” Values determined at 2.45 GHz and room temperature.

It is believed that, the more polar the solvent or in another word when the solvent possesses
higherdielectric constant, the more the microwave irradiation can be absorbed by the solvent ant
consequently the higher the temperature can be obtained. Upon this discussion, even two solven
with comparable dielectric constanfs, like acetone and ethanol (Takl8) when they are heated

at the same radiation power and for the same period of time, the final temperature obtained fo

ethanol is much higher than the obtained temperature for ac&igndX).

Ethanol

Acetone

Time [s]

Fig. 41.The temperature increase of ethanol and acetone, respectively, at 150 W microwave irradiatippemhe

curve corresponds to ethanol and the lower plot represents acetone.

[11.2. Solvents in microwave assisted synthesis

As mentioned before, the frequency for most kinds of microwave apparatus is adjusted on 2.4t
GHz, **°and the dielectric constant can only change with temperature. While a solvent is heated or

microwave, the dielectric constant decreases as the temperature increases. As an example, water |
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a dielectric constant that decreases fit8nat 25;C to 20 at 300;C (Figl2), the latter value is
comparable to that of solvents like acetone at ambient temperdfuherefore water can act as a
pseudo-organic solvent at high temperatures, but this property is rational in pressurized Hystems.
was said in the above that npaolar solvents are not heated by microwave tutheir so low
dielectric constants, but addition of a small amount of polar solvent with an elevated loss tangent.
usually cause higher heating rates for the whole mixturé,the energy transfer between the polar
molecules that couple with the microwave radiation and thepptar solvent bulk is fast.

This method makes us capable to use non-polar solvents in microwave organic synthesis. Another

Fig. 42.Plots ofdielectric constants against temperature for various solv&hts.

method to increase heating rates is to add some salts to the solvent. But in this case, unfortunately,
solubility problem can be observed in heterogeneous mixture, because of thatrowave
synthesis, always a homogeneous mixture is privileged to obtain a uniform heating pattern. There
are also ionic liquids that have recently been reported as a new class of environmentally friendly
and recyclable alternatives to dipolar aprotiosents for organic synthesi&'” ***The use of this

class of solvents is so advantageous in microwave assisted organic synthesis because of the
excellent dielectric properties. lonic liquids absorb not only microwave irradiation in a very
efficient manner, but they show also a very low vapour pressure which results in their suitability
even for microwave heating. However the ionic liquids are salts, but they can be dissolved in a wide
range of organic solvents like water and alcohdfs?*°In addition, some ionic solvents are even
soluble in many non-polar organic solvents and so they can be used as microwave coupling agen

when microwave transparent solvents are used (Fig. 43).

247C R. Strauss, R.W. TrainoAust. J. Chem1995,48, 166592. 2®J.A. Dean Ed.L.ange®s Handbook of Chemisti§" ed.; McGrawHill: New
York, 1985, p 99K .R. SeddonKinet. Katal.1996, 37, 74318.
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Dioxane+2 vol% BMIMPE

Dioxane

Time [secl

Fig. 43.The effect of the addition of ionic liquids on the temperature increase of dioxane at 300W microwave
irradiation. The lower curve represents dioxane and the upper one shows dioxane with the addition of2yil%s 1

methytimidazolium hexafluorophosphate.

[1l. 3. How does microwave irradiation increase the rate of the chemical reactions?

After the introduction of microwave assisted synthesis in 1986, the main discussion among the
organic chemists society turns around this subject that what exactly effects theofethe
synthesis on microwave mode. Is it only an effect of the thermal heat resulted by microwaves or is

it a specific effect for microwave heating?

The main advantage of using microwave assisted syntlsei® shorter reaction times. As is
shown inPartlll in Eq.1, the rate of a reaction is calculated by the Arrhenius equation. Upon this
equation, there are two ways to increase the rate of a reaction. First,-the@nential factot,
thatshows the molecular mobility depending on the frequency of vibrations of the molecules at the
reaction interface. It has been described previously how microwaves generate an increase il
molecular vibrations and is proposed that this fac&so palys a ple on this vibration increase’
However some other scientsits suggested that microwave irradiation results a change in the

exponential factor by affecting the free energy of activatiGn®*

In most otherpublished examples, the specific microwavée@t declared can be a result of
thermal effects. Heating through microwave to obtain the desired temperature can be so rapid in .
way that is not easy accessible by other heating techniques. Therefore, the experiments ran wit
microwave assisted orgarsgnthesis may result in a different outcome in comparison with ordinary
heated reactions, even in the case where the final temperature is the same. It has been reported,

an example, that the heating profile can change the regioselectivity in the soifaia

#03) F. Langa, P. de la Cruz, A. de la Hoz, AafOrtiz, E. DiezBarra,Contemp. Org. Synth. 199%, 37386; b) J.G. Binner, N.A. Hassine, T.E.
Cross,J. Mater. Sci1995, 30, 538®3. **4J. Berlan, P. Giboreau, S. Lefeuvre, C. Marchdiedrahedron Lett1991, 32, 236%6.
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naphthalené® Lidstrsm et al. declare in a revievt* that even if there is a Ospecific microwave
effectO other than heating effect, this effect would appear less important than stated in earlie

publications.

l11.4. Different techniques of microwave assisted organic synthesis

As used techniquds microwave synthesis one can mention Osolvent-freeO open vessel reactions
reflux systems, pressurized systems and continuous flow systems.

A) Domestic household ovensNOsolvent-free® open vessel reactidost of the reported
organicsynthesisiloneon microwave are performed diomestic microwave ovens just because of
the availability and cheap price of this apparatus, however upon the CE code for electrotherma
appliances (IEC 335-2-25, IEC 335-2-220) the domestic microwaves are not consideseased
to conduct the organic synthesis due to the increased risk for thé>8iSer, the lack of control in
domestic microwave ovens for organic synthesis led to a vast number of incidents including
explosions. To avoid such problems, one methad @nit solvent from the reaction and to run the
reaction on solid supports like clays, aluminium oxides and silica. Very interesting syntheses have
been reported using this methdd As this method (solvent-free technique) requires a simpler
method ofwork-up and it prevents the use of solverifdjt is considered as environmentally
friendly, but undoubtedly, an easier warg can be declared only when the support has been
engaged in the reaction as a reagent and can be removed from the reaction mixture by a simp
flitration like the solid-supported reagents. The difficulty of a good temperature control at the
surface of the solids is accepted in the case of solvent-free technique but there are still advantage
from using solvent-free approaches such as high safety by avoidiAgolbmg solvents that can

result unwanted pressure increases during heating.

B) Reflux systemsin order to use solvents in microwave assisted organic synthesis without
having any serious problem like the risk of explosion, a number of reflux systems have been
developed. Some of these systems are only modified domestic ovens but there are also some th
designed with single mode cavities. On reflux systems small risk of explosions exists as the system
are at atmospheric pressure and flammable vapors cannot be liberated into the microwave cavity
Here, by use of this method, the temperature cannwoicbeased by more than 13-26;C above the

normal boiling point of the solvent and only for a limited time. However this special superheating

7D Stuerga, K. Gonon, M. Lallemarfetrahedronl 993,49, 622934. %) H.M. Kingston, P.J. Walter, W.G. Engelhart, P.J. Parsons, Laboratory
microwave safety. IMicrowaveEnhanced Chemistry Fundamentals, Sample Preparation and ApplicatiphsM. Kingston, S.J. Haswell; Eds.;
Am. Chem. SocWashington, DC1997, pp. 697745.
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effect will, of course, increase the rate of the reactions to some extent, but it will not result in the
same effects than can be achieved at much higher température

C) Pressurized system$ressure results from a rapntrease in temperature of volatiles and
so reactions conducted under pressure in a microwave cavity benefit from the rapid heating rate
and distant heating of microwave dielectric heating. This method led to the early developments
using microwave assisted organic synth&Sids is discussed in above, the lack of control could
makemicrowave assisted organic synthesis very unpredictable, that often results in explosions, bu
modern microwaves with the ability of controlling pressure defeated theselpopsbblems.
Today most of these instruments are equipped with good temperature control and pressuri
measurement that prevents a great concern of the failures which results from the thermal runawa

reactions and poor heating (Fig. 44).

Fig. 44.The dfferent temperature profiles obtained when a sample of DMF is heated with temperature control or effect

control, respectively?**

D)Continuous flow systems:It is supposed that if the yield of the reaction is dependent on
the heating profile of the reaction mixture, it is critical to keep the heating profile when scaling up
the reaction. As an example, if 3 ml of a solvent is heated to 150;C during 20 s withoevane
irradiation at 300W, it will be necessary to use at least 15 kW power for heating 150ml of the same
solvent, with the purpose to keep the same heating profile. Fesymtinetic process purposes, high
power microwave equipment is widely used, thé problem with such equipment is that they are
large and is not easy to be adapted, and they usually requires water cooling when working witr
volumes >500 ml, so the single mode cavity microwaves are no longer the best choice and there is
necessary tase multi-mode cavity microwaves. Another method is that the use of continuous flow

systems?>° By this method, the reagents are pumped through the microwave cavity, which allows

%43) C.R. StraussAust. J. Cheml 999,52, 8396; b) C.R. Strauss, R.W. Traindwst. J. Cheml 998,51, 703705.%°T. Cablewski, A.F. Faux, C.R.
Strauss,). Org. Chem1994, 59, 3404.2.
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only a portion of the sample to be irradiated at a time, so it allows us to keep exactly the same heat
profile, even for large-scale synthesis. Despite of this advantage of continuous systems there exist
also disadvantages that the main one is that, for some reactions not all substances will be in solution
before or after microwave irradiation and this can result the flow to stop, because the pipes

becoming blocked.

By considering these mentioned characteristics of microwaves, in our laboratory, we decided to
apply this method first in the synthesis of tri-substituted triazoles 4Bigrom their corresponding
internal propargylic alcohols and without use of any catalyst, in order to study the possibility of
doing this kind of synthesis under microwave condition. In the absence of catalyst, we expected to
find mixture of isomers 1,4- and 1,5-trisubstited triazoles (Fig. 45).

Fig. 45.Synthesis of trisubstituted triazoles from internal propargylic alcohols.

l11.5. Preparation of tri-substituted triazoles

The cycloaddition of alkynes and azides is usually done by starting from terminal alkynes

with/without catalyst [a source of Cu(l)] that result 1,4-disubstituted 1,2,3-triazoles in the case of

CuAAC and a mixture of 1,4and 1,5-disubstituted 1,2,3-triazoles (Scheme 61) wtiergeaction

is done without Cu(l) as catalyst. There are not a lot of reports in the literature for the preparation of
1,4,5-trisubstituted 1,2,3-triazoles (Scheme 61).

4 R2 4 5 R? R35 4 R2
RN N‘;’N‘Rl RlN‘N”Ng
1 5 3 3 > 1 1 >

1,4-disubstituted-1,2,3-triazole 1,5-disubstitued-1,2,3-triazole 1,4,5-trisubstituted-1,2,3-triazol

Scheme61. Structures of 1,4-1,5 and 1,4,5iazoles.
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Oneof the reported methods for the synthesis of itdsbibstitued-1,2,3-triazoles was the reaction
between a bromomagnesium acetylide and an &Zftieeactions osodium, lithium or magnesium
acetylides with organic azides haveen reported over 70 years afd.2°%1,5-disubstituted.,2,3-
triazoles (Schemé&1) are the major products of these reactions. The scope of this transformation
was investigated by Akimovet al.in the 1960s?® The proposed mechanism of this reaction is
shownin Scheme52. *°® Here, the mechanism begins with the nucleophilic attack of the acetylide
295 on the terminal nitrogen atom of the azRi6 followed by spontaneous closure of the linear
intermediate 297 to the 4-metallotriazole species 298.

.
RI-_N. 1- .
NN Rin Ny M
296
M It
f R
R M= MgBr, Li 297
295
+ 2
RL N RLG-Ne 1N
My NN RIN, \,13
- _
R N= RS M
300 N-R? 298
2
1 N,
R‘N “N RL ,N\\N 3
>:< N~ 4
R N=N )5—4
HN-RL R H
301 299

Scheme62. Proposed mechanism for the synthesis ofdishibstituteell,2,3triazoles by lithium or bromomagnesium

acetylides®®

The reaction of the bromomagneisum acetylides with azides gave, after hydrolysis, 1,5
disubstituted triazole299 as the only product, however, the yields were low. In addition, formation
of by-product301 was reported in some cases that was a result from a reaction with unreacted
starting materials. On the other hand, the use of lithium acetylides favoured futtuodr &t
intermediate 298 on a second molecule of azide, resulting from hydrolysis, trihzehe-
substituted triazoles 301, often in high yiefd&.

BEA . Krasinski, V. V. Fokin, K. B. Sharplesrg. Lett.2004,6, 123740. **"a) S. G. Fridman, N. M. Lisovsk&ap. Inst. Khim. Akad. Nauk.
U.R.S.R., Inst. Khin1940,6, 353; b) N. M. Boyer, C. H. Mack, N. Goebel, L. R. MorgdnQrg. Chem1958,23, 1051; c¢) G. S. Akimova, V. N.
Chistokletov, A. A. PetrovZh. Org. Khim1965,1, 2077.2%%) G. S. Akimova, V. N. Chistokletov, A. A. PetroiZh. Org. Khim1967,3, 968; b) G.
S. Akimova, V. N. Chistokletov, A. A. PetrozZh. Org. Khim1967,3, 2241; c) G. S. Akimova, V. N. Chistokletov, A. A. Petr@h. Org. Khim.
1968, 4 389.
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About 30 years after this first application of bromomagnesium acetylides, Shatpése® took
advantage of this synthetic method to synthesize -rig|tbstituted-1,2,3-triazoles. For this
reaction, they used differeatectrophiles to capture 4-halomagnesiotriazole intermediate in order to
regioselectively form 1,4,5-trisubstituted-1,2,3-triazoles (ScheéBe and they performed the
reaction in THF at 50;C.

RL-_N, - o RN
NTEN THF RSN SN electrophile = “N" N

— —_—

R— MgBr 50|C R MgBr R*—=X R R"

Scheme 63Synthesis of 1,4 frisubstitutedl,2,3+riazoles from bromomagneisum acetylid@8

As the used electrophiles for this reaction we can mentiorDRGJ)/PhCHO, 4, CO,, etc. by which

the final trisubstituted triazoles were found with yields between 76 and 95%. Despité-’they
observed that all electrophile compounds are not suitable to tdaploshagnesiotriazole
intermediate, for example the use of sulfamoyl and sulfonyl chlorides results in partial chlorination
of the triazole ring aC-4. Sharples$® also reported that, due to the very strong basicity of 4-
magnesiotriazoles, reactions with electrophiles, which also possess atidio@is usually fail as

a result of competing protonation at4Cbut these drawbacks can be overcome by transmetalation
prior to the coupling?®

Another proposed synthetic method again by Sharpf€gsoup, was the reaction between internal
alkynes and organic azides in the presence of Ru(ll) cat8lgise(ne 64).

AN
Ph” “Ns  CPRUCIPPR),  pr NN
77 \—{
+ CgHg, reux, 2h Ph  Ph
Ph—=——Ph 303

302

Scheme 64Proposed reaction condition by Sharpless for the prepamitibd,5trisubstitutedl, 2, 3triazoles 2*°

As presented in Schen@, when a mixture of diphenylacetylene and benzyl azide (1.1:1 equiv.,
0.15M)was refluxed in benzene in the presenceaofl% mol of CpRuCI(PPh), for 2h, the azide

was completely converted to the triazole. In the term of the mechanism of the reactions,
Sharples®° proposed a tentative hypothesis (Scheme 65) however, it needs more study.

%9). Felding, P. Uhimann, J. Kristensen, P. ¥ad. Begtrup,Synthesid998, 1181%°%L. Zhang, X. Chen, P. Xue, H. H. Y. Sun, I. D. Williams, B.
Sharpless, V. V. Fokin, G. Jid, Am. Chem. Soc. 2005, 127, 15998
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+
"‘BU\CI —_— 1 Cl 1~Cl _— thu\ N-N
|* Nepge | / R2 | N-pRt

NI'{ R? B

Scheme 65Proposed intermediates by Sharp8in the catalyic cycle.

In this proposed mechanism, oxidative coupling of an alkyne and an azide on ruthenium can
initially give a six-membered ruthenacycle (Sche@%e A is more possible thaB) that conducts
further a reductive elimination by liberating triazole prodiféf. This reaction is also regio-

selective like the case of terminal alkynes when a catalyst (Cu(l) or Ru(ll)) is used.

I11.6. Microwave-assisted intra/inetrmolecular Huisgen Cycloaddition of azides and alkynes

The intramolecuar version of the Huisgen cycloaddition is a potentially useful reaction for the
stereocontrolled preparation of 1,5-disubstituted and 1,4,5-trisubstituted triazoles. Several
intramolecualr Huisgen cycloadditions, which lead to polycyclic triazoles, have been reported in
literature. These strategies are all based on 1sedfuence syntheses. For example, in a paper

published by Peric"&t al., %

they presented a synthetic strategy in order to find tricyclic 1,2,3-
triazoles via an intramolecular cycloaddition reaction of alkyne and azide. This synthetic method
starts from cyclic epoxides via the sequential azidolysis, propargylation and at the end 1,3

cycloaddition (Scheme 663

_ R
BrH,CC=CR == R~ C/,o
R N
F{,\\3 NaNs, LiClO, R\,\[>’OH NaH, n-BuyNI \'\D’O// xylene, 110C N%ﬁ
o acetonitrile THF, OiC to r.t. 16h ,'\I\\ R
95C, 16h N3 16h N3 N

Scheme 66Sequential synthesis of tricyclic 1,2f8azoles via an internal cycloaddition reactiéi.

As is presented in Scherfié, this proposed synthesis is based on a sequential epoxide ring-opening
with azide, O-propargylation and intermolecular azide-alkyyeloaddition. In the last step, the
intramolecular azide-alkyne cycloaddition was performed in good yields after heating in toluene or
xylene to afford tricyclic triazole derivative®® It must be mentioned that the cycloaddition was

%A 1. Oliva, U. Christmann, D. Font, F. Cuevas, P. Ballester, H. Buschmann, A. Torrens, S. Yenes, M. A (Bgrit’stt.2008, 10, 1617.
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performed without use of any metal catalyst when compared to the intermolecular cycloaddition
reaction between azide and alkyne, and as it was expected, omggihBSomers were obtained.
They ran also the intramolecular cycloaddition step in the pres#ra copper catalyst and taking a
O-propargyl where R is a hydrogen, but in this condition the reaction was not done that can be dut
to geometry restrictions in the formation of the-fiedioisomer?®*

%2 another synthetic method for the preparation of polycyclic

In another attempt by Datet al.,
triazoles has been proposed. This approach involved initial installation of azide and alkyne moieties
on a common structural framework, followed by their intramolecular cycloaddition studies. In this
sequential synthesis, the intermediate, which conducts the internalafiaide cycloaddition is a

pivotal azidoalkyne (Scheme 67).

NaN; CHCI R
N OH BrCH,CCR, — > o
0 ag. MeCN, 2y NaH, THF O/N\R A . 6H W%N
/Q ref3ux ph/\ + Ph —— 3 Ph N-N
P 85% on i 308 309 (100%)
(85%) 304(77%) 305(23%)
BrCH,CCR,
NaH, THF
R
R CHCI N
X v
N3 A, 6h N
Ph/\/o Ph\wk/o
306

307(100%)

Scheme 67Sequential synthesis of polycyclic triazoles via an internal aliagige cycloadditior’®

Like the proposed synthesis by Peric®this synthetic procedure begins with a ring opening of
epoxide with azide nucleophiles, which is among the most frequent reaction for the formation of
vicinal azido alcohols (azidohydrins). For this Fogeningepoxide step, Datt®? subjected (R)-
styrene oxide compound in the synthesis sequence and in the presence of sodium azide i
acetonitrile, which led to a mixture regioisomers86fand305 (Scheme67) with as the major and
minor products respectiveB04 and305, and then they used both of regioisomers for the synthesis
of polycyclic triazoles. In the next step, @Ralkylation reaction was performed on azidoalcohol in

the presence of an appropriate propargylic bromide in order to install the alkynierfalgyt,

which then led to the formation of the pivotal azalkynes306 and 308 (Scheme67). Having

obtained the suitable substrates for intramolecular cycloaddition studies, in the next step thermally

%2R, Li, D. J. Jansen, A. Datt@rg. Biomol. Clem.2009, 7 1921.
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induced cyclization of these azido-alkynes was investigated. The cycloaddition reaction was
performed efficiently and at a moderate temperature without any catalyst.

262 also tried cyclic azido alcohols in this synthetic strategy by departing from

Datta et al.
cyclohexene-derived epoxide (ScheBt compoundl1l). This approach was also conducted by a
sequence includin@-alkylative installation of the propargylic functionalities ary¢loaddition in

refluxing toluene that provided the corresponding tricyclic triazolooxazine derivatives in high

yields.
NaN3 R N’N
m-CPBA, ag. MeCN, BrCH,CCR, NsH tolugne N, J~R
O CHCly o __ reBux O’ _ NaH, THF refSux
o
311 312(racem|c) 313 314, R= H, 89%

315 R= Me; 100%

Scheme68. Preparation of tricylic triazoles from cyclic azido alcohdfé.

Not only these sequential procedures have been reported in order to prepare polycyclic triazole
derivatives via an intramolecular azidtkyne cycloaddition reaction, but also eat
multicomponent reactions have been reported in the literature. As amplexaKurth and co-

263 proposed a multicomponent reaction for the preparation  of

workers
imidazotriazolobenzodiazepine that proceeded by tandems-ta@llyzed cyclocondensation

followed by intramolecular Huisgen 1,3-dipolar cycloaddition reactions (Scheme 69).

N
R _ NHOAe RN e 1I\ =\ R?
L.A. /B -5 R N N\ /
RL R 1 N/

s Sandls X

N3 Y

316 N . / . J N"N
317 3 318 319 320

Scheme 69Synthetic strategy toward Imidafb,2,3]triazolo[1,4benzodiazepines, proposed by Kufffi

Kurth proposed a synthetic pathway via the Lewis @athlyzed multicomponent reaction of
symmetrical $-diketones, o-azidobenzaldehydegyropargylic amines, and ammonium acetate
(Scheme69). However, there are different procedures for the synthesis of imidaZ6lest

KurthOs groufy® was especially interested in cyclocondensatiof $-diketones, aldehyde, primary

%53, H. Nguyen, TA. Palazzo, M. J. KurthQrg. Lett.2013,15, 449295.%a) H. Bredereck, G. Theilighem. Ber1953,86, 8896; b) F. R. Japp,
H. H. RobinsonBer. Dtsch. Chem. Ges. 188%, 126870; c) B. Radziszewskyer. Dtsch. Chem. Ges. 188%, 1493; d) H. Debusustus Liebigs
Ann. Chem1858,107, 199208; e) F. KunckellBer. Dtsch. Chem. Ge$901,34, 637; f) A. M. Van Leusen, J. Wildeman, O. H. OldenzieDrg.
Chem.1977, 42, 1153.
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amine, and ammonia reactionshish wasconventionally catalyzed by different Br¢,nsted/ Lewis
acids to promote imine formation and subsequent heterocycliz&tidws the applied acid Lewis in
this reaction we can mention, ICu(OAc), FeCk, Zn(CIQy),, Sc(OTfy, CeC, InBrs, InCls, but
higher yields were obtained when 1sGL0 equiv.) was subjectetd the reaction. The proposed
mechanism of the reaction by Kuffiis illustrated in Scheme 70.

_Ancly C'\|(r'1:/|C|
o RN
| H H INH2 O\ /O N
O L, o X 00
NH,
Ny NH, N j|
N Y hij e s ‘ﬂ 3 s
N c D
3
B
H,0O
2 [3+2] [2+3]
cr.Slei
JLUN

HzN o o /\\]/N
N/ I
no e 0
N N
K[ N \[ N
N
F

Scheme 70Proposed mechanism by Kurff

The tandem process takes placeiriotial InCls-catalyzed imine formationA(" B) followed by
nucleophilic additionof propargylamine to the resulting imin® (* C). There are then two
possible pathways from intermedigeto resultF: C" D " F that proceeds with imidazole

formation first, while C " E " F, which proceeds with triazole formation first.

Before this proposed pathway by Kurth, thesere also sometherreports for the construction of
imidazole /triazole/ diazepinised skeletonsMartin 2°°*®and co-workers reported an effective
route to 1,2,3-triazole-fused 1,4-benzodiazepiB28 from a cascade reductive amination and
intramolecular Huisgen cycloadditiéff® (Scheme 71).

#%) S. D. Sharma, P. Hazarika, D. KonwEetrahedron Lett2008,49, 221620; b) J. N. Sangshetti, N. D. Kokare, S. A. Kothrkara, D. B. Shihde,
Chem. Sci2008,120, 4637; c) S. Samai, G. C. Nandi, P. Singh, M. S. Sifgirahedror2009,65, 101561; d) B. Sadeghi, B. B. F. Mirjalili, M.

M. Hashemi,Tetrahedron Lett2008,49, 25757; e) M. Kidwai, P. Mothsra, V. Bansal, R. K. Somvanshi, A. S. Ethayathulla, S. Dey, T. P. Singh,
Mol. Catal. A: Chem2007,265, 177182; f) M. M. Heravi, F. Derikvand, M. Haghigh¥onatsh. Chen2008,139, 3133.%%%a) 1 R. Donald, S. F.
Martin, Org. Lett.2011,13, 8525; b) J. R. Donald, R. R. Wood, S. F. MarhGCS Comb. Sc2012,14, 13543; ¢) G. Hooyberghs, H. De Coster, D.

D. Vachhani, D. S. ErmolatOev, E. V. Van der EycKetrahedror2013,69, 43317; d) A. Kumar, Z. Li, S. K. Sharma, V. S. Parmar, E. V. Van der
Eycken,Org. Lett.2013, 15, 1874; e) V. Gracias, D. Darczak, A. F. Gasiecki, S. W. Djurigtrahedron Lett2005, 46, 905%.
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N
N3 O . a N\
| i) ACOH, NaB(OAC)H, DCE N\NX\
+ /\NHZ NH
ii) toluene, 100€ @J
321 322 323

Scheme71. Proposed internal cycloaddition by Maréhal.?***®

Djuric °®® has also demonstrated an interesting postmodification of the van Leusen imidazole
synthesis using an intramolecular azide-alkyne cycloaddition to con8&udgctwvhich incorporates

imidazole, triazole, and diazepine rings in one scaffStthéme 72).

RY
\\
_ SO;Tol R2 NH, \ \\/Rz
R N i
|\\ Ne + | > o || i) Van Leusen _ - Y
_ Ny ii) CUAAC N N~N
324 325 rs 326 \VNVQ\/“N
327

Schame 72. Proposed intramolecular azidékyne cycloaddition by Djuric®®®

In addition of these thermic intramolecular azalkyne cycloadditions, there are also some
examples of intramolecular formation of triazolic derivatives under microwave irradiation
conditions. In a paper published by Taddei and co-work&t#hey reported an internal Huisgen
cycloaddition under microwave condition by introducing a labile tateplester or amide) between

the azide and the alkyl moieties in order to force the regiochemgsthefne 73).

DMTMM 0 MeCN/H,0, MW, 160C Rj)(l
RYCOOH HCCCH,NH, Rj)J\NH 60 min NH
> N
N3 60-79% N3 \ 70-95% N, J)
328 6 “ O
329 N - 330

Scheme 73The intramolecular cycloaddition of azido alkynes by introducing an amide template linkage and under

microwavecondition.’

It must be mentioned too, here, the formed alkyne was a terminal one, but in another attempt b\
Kundu group,®®this intramolecular cycloaddition was performed with an internal alkyne. In that

order, they proposed a strategy based on a three componenbdeastion (Scheme 74).

%7E. Balducci, L. Bellucci, E. Petricci, M. Taddei, A. Tafi,Org. Chem2009,74, 131421.?®R. K. Arigela, S. K. Sharma, B. Kumar, B. Kundu,
BeilsteinJ. Org. Chem2013, 9 4015.
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Cs,CO; N
+ (’)>\/C' + NaNg \ /‘\',l\‘
DMSO, 120C N
331 332 90 min, MW
Ho 333

54-73% yield

Scheme 74Internal cycloaddition of azido alkynes departing from an intealigihe.?*®

This strategy starts with a N-1 of 2-alkynylindole, which was first functionalized with epoxide by
reacting 2-alkynylindole with epichlorohydrin, which was then followed by a ring opening of the
oxirane by azide to result a Hisnctionalized indole intermediate having azides and alkyne groups
in close proximity. This intermediate may then undergo annulation following an intramolecular 1,3
dipolar cycloaddition pathway that in turn lead to the sequential formation @f 3-memebred
diazepine and triazolengs in a single step.

Upon these proposed strategies, and because of the potential biological activity of polycyclic
triazoles, for our research project, we decided to conduct intermolecular cycloaddition of alkynes
and azides by departing from internal propargylic alcof2l2) described in chapter 2 and
benzyalzide (77)For this aim, we first decided to perform the reaction at room temperature and
without use of any catalyst. As it was mentioned before, in the absence of catalyst a mixture of
isomers 1,4 and 1,5-trizoles would be expected to be generated freaipdlé® cycloaddition

reactions. The reaction was carried out between benzylazide and propargylic @&cbleah¢ 75).

)\ OH on OH
P ™ solvent, r.t. orA Phj:e\Ph ﬁ:H\Ph
174a 0 dN . rN\N,,N
* N Ph
Ph

@Ng 1,5-triazole 1,4-triazole

334 335
77(1.1eq.)

Scheme 751,3dipolar cycloaddition reaction between benzylazide propargylic alcohol.

The reaction was performed in different solvents such as DCM, methanol, acetonitrile and toluene
but at room temperature, generation of the expected triazoles werenOt detected, so the reaction v
repeated under reflux and here, toluene was chosen as solvent in order to convehganak
reaction at higher temperature (110;C), by supposing that at higher temperature-dipolar3
cycloaddition can be conducted easily due to the high needed energy for formation of triazole
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cycles.Even under these reaction conditions, the expected triazoles were not formed and only &
trace of triazoles could be observed.

In another experiment, and in order to study the feasibility of thecyL|®addition reaction
between azides and internal alkynes, this reaction was run under microwave condition. To this aim
different parameters have been tested, like different microwave methods, different temperatures

and different solvents. The results are summarized througje T8.

Table 19. The obtained results for Xdpolar cycloaddition betweeh,3-diphenylprop2-yn-1-ol (174a)and benzyl

azide
Entry Solvent Method Temperature Time Power Product(%j Conversion(%)
(iC) (min) (W) 14 15 14 15
1 DCM Standard 110 25 260 -
2 DCM Standard 120 15 260 -
3 Toluene Standard 200 100 260 11 5 18 7
4 DCM Dynamic 80 180 300 - 0
5 THF Dynamic 100 180 300 - -
6 Acetonitrile Dynamic 120 180 300 trace n.d.
7 Toluene Dynamic 170 90 300 9 4 17 7
8 Toluene Dynamic 170 190 300 28 12 50 23
9 Toluene Fixed 170 190 300 Decomp. -

Power
®The yields and the conversion were determined-bi}MR.

The applied microwavenethods depend on the type of the apparatus. In our case, the existed
methods for our microwave wer8tandard,Dynamic and Fixed Power(FP) method. In each
method there are some parameters thanbeaar cannot be modified. For example Standard

mode there are only temperature and hold tina¢ can be modified and the irradiation power is
always adjusted on 260W by default. However in DynamicFaxeld Power method, the power of
irradiation can also be modified in addition of teenperature and hold time. The only difference
betweenDynamicand Fixed Powermethod is that, when the reaction is ron FP and on a
precised power, the irradiation begins on the adjusted power for example 260W at time46,(Fig.
b), but in the case obDynamic method, theirradiation begins from power OW and increases

progressively during the reaction to reach to the max adjusted pényed6, a).
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a) b)

Fig. 46.a) The observed power graph in Dynamic mode, which increases progressively during the reaction; b) The observed power

graph for Fixed Power mode, which begins on the adjusted watt from the very beginning of the reaction.

As is presented ifable 19, even under microwave irradiations, the cycloaddition reaction cannot
be performed as expected. In the presence of solvents like DCM, methanol and acetonitrile, the
starting products were only recovered at the end of the reaction without forraaoy triazolic
derivatives, but when the toluene was used as solvent, formation of triazoles could be observec
however the yield remains low. In the best case where the reaction was conducted at 170;C fo
1h30 and under Dynamic method conditiohalfle 19, entry 8), isomers of 1,4and 1,5-
trisubstituted triazoles were obtained in 28% and 12% yields respectivislyorth to note that, at
higher temperatures (e.§70;C), decomposition of the product could also be obseivabl€ 19,

entry 9).

Since the reaction with propargylic alcohol did not give good results even under microwave
condition, we decided to insert a carbonate group on hydroxyl in order to activate the alkyne and by
supposing that triazoles could be constructed with a better yieldhiSBareason, first the internal

269

propargylic carbonate (Schemeé6, 336) was prepared from the reaction betwek3-

diphenylprop-2-yn-1-ol (174a) and methyl chloroformate in the presence of pyridine.

o) O

/OH Cl)J\OMe (1.1eq) OJ\OMe

Pz Ph >

Ph pyr. (3 eq.), CHCI, / Ph
174a 0C, 1h Ph 336

Scheme 76Preparation of propargylic carbonaterh propargylic alcohof*®

This prepared propargyl carbonate was then subjected to tg|8r cycloaddition reaction with
benzyl azide (Scheme 77).

29M. Yoshida, M. Higuchi, K. Shishiddrg. Lett.2009, 11, 47555
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N OCOzMe OCOZME
0CO,Me 3 (1.1 eq. Ph
2 ©/7\7 ( q) — Ph Ph — Ph
N

7 Ph N + N .N
Ph /336a toluene, reux P(h N N th
18h
1,4-triazole 1,5-triazole
337 338

Scheme 771,3dipolar cycloaddition between propargyl bicarbonate and benzyl azide.

First, the reaction was run at room temperature and with solvents like MeOH and toluene,
dichloromethane, and acetonitrile but the expected triazoles could not be fanded these
conditions. The reaction was then repeated at room temperature but without any solvent to see |
azide and internal alkyne can react with each other in a concentrated medium, but after 18h th
starting materials were only recovered.

We decided then to perform the reaction under conventional reflux for 18h. The results are showr
in Table 20.

Table 20.1,3dipolar Huisgen cycloaddition between propargylic carbon2i®g) and benzylazide under reflux for
18h.

Entry Solvent T (jC) Product (%} By-product
1,4 1,5 (OMe) (%)
1 Acetone 56 - -
2 MeOH 64 - 67
3 Toluene 110 31 21 -
4 - 95 41 3] -

*The conversion was determined shNMR.

Under reflux conditionthe expected triazolic derivatives could be obtained only by using toluene
as solvent (Table&0, entry 3), however the conversions were still low, 31% and 21% respectively
for 1,4-and 1,5-trisubstituted triazoles, and the starting propargylic carbonatese@/ered with

48% conversion. The reaction was then repeated neat at 95;C, but similar results were found, 419
for 1,4-triazole and 31% vyield for 1,5-trisubstitued triazole (T&fleentry 4). An interesting result

was observed in the case of the rigsctvith MeOH as solvent. Here the reaction didnOt perform as
we expected. Instead of finding triazolic derivatives at the end of the reaction, we observed
formation of methyl ether (67% conversiand the starting propargylic alcoh@3% conversion)
(Scheme 78).
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0CO,Me @2“3 (1.1 eq.) oH Ve
/\ Ph /Ph + ) /Ph
Ph Ph P
336a MeOH, refRux, 18h 174a 339

Scheme 78The reaction between propargyl carbonate and benzylazide in MeOH gave internal propargylc alcohol and

methyl ether.

After a classic heating of the reaction, we subjected the medium reaction under microwave
irradiation, in order to study the effects of microwave on formation of the triazoles. As the best
results were obtained in toluene as solvent, we decided to cahduetaction in the same solvent.

The results are summarized in TaBle

Table 21.Reaction between propargylic carbon@8ga)and benzylazide7(7) (1.1 equiv.) under microwave condition.

Entry Solvent Method Power Temperature Time  Propargyl Benzylazide Pdct (%F Conversion(%)

(W) (i©) carbonate 1,4 15 14 15
1 MeOH Standard 260 120 42min - 100 - -
2 Toluene Standard 260 150 1h30 100 100 - 0
3 Toluene Dynamic 120 150 1h30 44 42 9 7 57 43
4 Toluene Dynamic 260 200 4h10 28 20 30 22 57 43
5 Toluene  Fixed 300 138 1h10 77 28 8 8 50 50

power

*Theconversions were determined #y-NMR. "The temperature was fixed on 200;C, but the obtaitesdperature
was 138;C.

The reaction was carried out changing different parameters, like microwave methods, temperature
and time of the reaction. In the best case, when the reaction was performeéghamé method at
200jC and with an irradiation power of 260 W (Tal#ié, entry 3), the expected triazoles were
obtained in 30% and 22% respectively for-lahd 1,5-trisubstituted triazoles. So the reaction

wasnOt done better even under microwave comglitio

Since using MeOH as solvent under reflux, we could obtain the methoxy ether as the major product
we decided to repeat the reaction in MeOH and under microwave condition. Like the previous
experiment, methoxy ether was obtained as the final proalciafter 52 min instead of 18 h, and

with 100% yield, without formation of any propargylic alcohol like it was observed using standard

reflux.

*0/(



Micro wave reactions

From these obtained results, we became interested to perform more studies on this nucleophili
substitution under microwave conditions, because to the best of our knowledge this kind of reactior
has not been reported in the literature. All existing redae@ctions are based on metal-catalyzed

reactions and will be presented in the following part of this manuscript.
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[11.7. Catalyst- and solvent-free straightforward synthesis of propargylic ethers from

carbonates and alcohols under microwave irradiation

111.7.1. Introduction

For more than a decadetudies about nucleophilic substitution of propargylarbonates or
alcoholsstarted, because these compouasimportant building blocks in organic synthesis and
used widely to obtain a variety of structures. To this end, different studies were performed with

different catalysts, like cobalt cataly$t® Lewis acids,?’* Br¢nsted acids?? and other metal

275 276 277

complexes like ruthenium’ 2**rhenium,?” copper,?® palladium?” and recently gold cataly$®

which have been used from stoichiometric to catalytic amount to lead to the desired product.

I11.7.2. Direct propargylic substitution by Nicholas reaction: ?° the direct propargylic
substitutions have traditionally and efficiently been carried out under Nicholas conditions in the
presence of stoichiometric amounts of a cobalt compték.During the studies on the
dicobalthexacarbonyl-Co,(CO),) unit as a protecting group for the@#triple bond, Nicholagt
al.*”® discovered the ready acmemoted hydration/dehydration equilibrium connecting the
complexes of propargylic alcohols and &/8mes (Scheméer9) which suggested that the
intermediates (propargyl)Q&O)," cations 840), possessed an important stability.

R2
3
HO_ R2 . R? Rt | R
R R3 i Rl— ¥ H -
(OC)3Co=Co(CO
(OC)3C0=Co(CO), HZ0 ‘ \Rs +H* ? (€0
COz(CO)G
341 340 342

Scheme 79.Formation of the stabilized intermedi&40through acidpromoted hydration/dehydration, suggested by

Nicholas group®”®

Z%. M. Nicholas,Acc. Chem. Re4987,20, 20P14.°"a) E. Emer, R.Sinisi, M. G. Capdevila, DPetruzziello, FDe Vincentiis, P. GCozzi, Eur.
J. Org. Chem2011 647%%66; b) P. G Cozzi, F.Benfatti, Angew. Chem., Int. E@010,49, 25@&®; c) F.Bisaro, G.Prestat, MVitale, G.Poli, Synlet
2002, 18286.?"’R. Sanz, D. Miguel, A. Mart'nez, J. M. gvaréautiZrrez, F.Rodr'guefrg. Lett.2007,9, 727-30.?"%) Y. Nishibayashi, SUemura,
Curr. Org. Chem2006,10, 13®150; b)Y. NishibayashiM. D. Milton, Y. Inada, M.Yoshikawa, |.Wakiji, M. Hidai, S.Uemura,Chem.Eur. J.
2005,11, 143%61; c) Y.Yamauchi, GOnodera, KSakata, MYuki, Y. Miyake, S.Uemura, Y NishibayashiJ. Am. Chem. So2007,129,517589;
d) H. Matsuzawa, KKanao, Y.Miyake, Y. NishibayashiQOrg. Lett 2007,9, 556l84; e) S. CAmmal, N. Yoshikai, Y.Inada, Y.Nishibayashi, E.
Nakamura,). Am.Chem. S0c2005,127, 942888.%"“a) H. Matsuzawa, YMiyake, Y. NishibayashiAngew. Chem., Int. E2D07,46, 648&01.b) Y.
Nishibayashi, AShinoda, Y Miyake, H. MatsuzawaM. Sato,Angew. Chem., Int. EQ006,45, 483%9; c) Y.Inada, Y.Nishibayashi, SUemura,
Angew. Chem., Int. EQ005,44, 771817.%"a) R. V. Ohri, A. T. Radosevich, K..Hrovat, C.Musich,D. Huang T. R.H olman, F. D. TosteQrg.
Lett. 2005,7, 25018; b) B. D Sherry,A. T. Radosevich, F. D. Tostd, Am. Chem. So2003125, 6076®; c) J. JKennedySmith,L. A. Young, F.
D. Toste,Org. Lett.2004,6,132%7.*° Y. Imada, M.Yuasa, |.Nakamura, Sl. MurahashiJ. Org. Chem1994,59, 228®4. ?’E. Keinan, E. Bosch,
J. Org. Chem1986,51 (21), 400616. ®a) M. Georgy, V.Boucard, JM. CampagneJ. Am. Chem. So@005,127, 14180®; b) M. Georgy, V.
Boucard, ODebleds, CDal Zotto, , M. CampagngeTetrahedror2009, 65 1758%66.
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From this finding, they became interested in synthetic prospects for these compounds, especially th

possibility that they could be used as electrophilic propargyl synthons as is presented in&&cheme

2
R2 1. Co(CO)g LR? 3. Nu L R
11— — Rl_: R TGNU
R Tig"* 2. H ‘—<R3 4. [O] RS
Co,(CO)s

Scheme 80Use of cobalcomplex as lectrophilc propargyl synton§™

The reactions of the parent (propargyl)@0O)" complexes (isolated or generatedsitu) have

been explored by Nichol#E®with a wide variety of carbon-centered nucleophiles (Sch8fre

They observed that, in all cases, attack by the nucleophile occurs exclusively at the propargylic
carbon (C-1), providing a versatile propargylation method when followed by mild oxidative

demetalation.

R2 (0]
oz 2
R o 3 2 1R ¢) g R , [O]

Rl1—== R? RS
- > T RI—= ‘
~ 3
(0C)5Cd=Ca(CO) ’ R 346 R? />7fR4
O

343 N oz /
H (R9: AL [O] o RV\(SiMes d) R4J\VR5 [0

Scheme 81Carboncarbon bond formation witfpropargyl)Ce(CO)" complexeg’®

[11.7.3. Palladium(0)-catalyzed substitution of propargylic acetates by different
nucleophiles: Kenian and Bosch’’ reported a propargylic substitution in the presence of Pd(0)
catalyst. Through their studies on this reaction, three modes of reactivity have been observec

dependent on the utilized nucleophil&éalfle 22): 1) sodium dimethyl malonate, which is a
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stabilized carabanion does not react with propargylic acetates, however it reacts easily with allylic
acetatesTable 22, entry 1) ; 2) Phenyl zinc chloride used as non-stabilized organometallic, reacts
with propargylic and allylic acetat@$ comparable rates, here the reaction results exclusively in the
allenic product (Table22, entry 2); 3) Allyl-and allenyl-stannanes that are known to react only
with allylic acetates, did not show a reaction with propargylic acetates except in a éswtese

the propargylic system was conjugated to an adjacent oledhbld 22, entry 3).

Table 22.Palladium(0)catalyzed substitution of conjugated bifunctional substrates.

OAc

nucleophile, Pd(PR)y (5-7 mol%)
Ph/\)\ Substituted produc

R THF
349a,R= Me
349b,R=Ph

Entry  Substrate Nucleophile Time Products Yield

(h) (%)

1 349b NaCH(CQCHs3), 10 CH(CO,CH,), CH(CO,CHy),
Ph" ™" A 90
N Ph /\Ph
350 351(E:Z= 1:3)

2 349a PhznCl 2 /\&\(ph 94
352

CoH It 73
3M13
3 349a BU3SH/\ 2 ph)\/"‘m\\\

Ph7X
353(E:Z= 3:1) 354
. y "
4 349a 3 ph” N Ph X
(NSH \\\
4
355(E:Z= 1:3) 356

11.7.4. Copper(l)-catalyzed amination of propargyl estersMurahashi and co-worke¥$
showed that propargylamines could be obtained through amination of propargyl phosphates o

actetates efficiently and under mild reaction conditions (Sclg2ne

R Cucl Rt
H%’—RZ + HNRER4 H— R2
OR (cat.) 35g NRR!
357

OR= OP(O)(OEt), OAc

Scheme 82Amination of propargyl esters proposed by Muraha@hi.
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They reported that cuprous chloride as the best catalyst among the examined catalysts for thi
reaction, however in the presence of other copper salts such as CuBr, Cyla@uCuSQ, they

could also obtain the propargyl amine with good yields. Sonmkedf results from the reaction of
propargyl phosphate or acetate with amines are presented inZBable

Table 23.Coppetcatalyzed amination of propargyl phosphassd acetatés

Entry Propargyl Amine Propargyl amine Yield®
phosphate/acetate
o OP(OEt), Ny
o]
2 Me H,NPh Me 85
= < =
OP(OEt), NHPh
o]
3 OH 80
HII\II _
= Me - N_/—OH
OAc Me
4 CsHyp O\ _ CsHu 72
= N
OAc N Me Me

®The reaction of propargylic phosphates with amines (2 equiv) was conducted by use of CuCl (1 mol%) in THF at 50;C
for 2h. The reaction of propargyl acetates with amines (2 equiv) was conducted in the presence of CuCl (5 mol%) in
THF at reflux for 2hfisolated yield.

The proposed mechanism by Muraha<hiis presented in Schen®3. For this mechanism, they
said that, presence of a terminal acetylenic proton is necessary for this amination reaction witr
copper as catalyst. Copper acetylide com@g&that was obtained from the reaction betwa6i
and cuprous chloride in the presence of a base seemed to be an importaediateras it was
shown for the Glaser-Eglinton coupling reactféhBy elimination of the ester function fro8568,
zwitterion intermediate859 and/or carbene intermedia81 could be obtained. It was already
reported alcoholysis of propargyl halides akaline media was going via such zwitterion
intermediates and/or carbine intermedi&ts/hich were obtained from deprotonation followed by
elimination of halides. At the end, propargyl amB@0 could be formed from the nucleophilic
attack of amines dhe C-3 of the intermedia@59or carbine361through which copper(l) could be
released to complete catalytic cycle.

719G, Eglinton, W. McCraeAdv. Org. Cheml963, 4 225328.%%%. J. Shinedr., J. W. Wilson). Am. Chem. Soc. 1962, 84, 242
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CuX R
} R2 CU%’—RZ
OR -HX 358 OR

1 2 R
C ;IiRZ
u—— +

HNR3R*
359 -OR \
- Cu(OR

R!

H:4’~R2
_Cu(oV 360 NRR!
12 R HNR3R4

3
R2

361

Scheme 83Proposed copperfhatalyzed mechanism of the amination of the propargylic acetate/phosphates by

Murahashi?’®

[11.7.5. Sy1-type nucleophilic substitution of propargylic alcohols or acetates promoted
by Lewis or Br¢ nsted acids: Today S&1-type reactions can be designed easily by use of the Mayr

scales Fig. 47). %! From this diagram, it is supposed that electrophiles caredeted with all
nucleophiles find bellow themselves.

Fig. 47.Collection of all basis set compounds used for the resolution of eladmmnucleophilicity.

#1_ Mayr, B. Kempf, A. R. OfialAcc. Chem. Res. 2003, 36-BB.

*&$|



Micro wave reactions

Strong electron-donating functions increase the stability of carbocations. In all reactions illustrated

in the literature wher@&r¢ nstedor Lewis acids are applied, a better understanding of the reactions

can come from a careful examination of the conceptnonstrated by the work of Mayr. For

example, Baclet al*®?

presented stereoselective addition of nucleophiles to propargylic cations as

the stabilization effect of the propargyl group on the carbocation has been well estaBictesdg

84).
Nu
A
1% 4,  BI(OTD; 10 mol%
R/\( CHZNO,, RT
362
R= Ph, cyclopropyl,
cyclohexyl, ferrocenyl
OMe
Nu= _~_SiMe;
OMe

OSiMe,

)\Ph @\Me

S

Nu
: tBu
/\r
R

363

anti/syn94:6-99:1
yield 80-97%

Co

Scheme 84Diastereoselective substitution of chiral propargylic ace#&svith nucleophiles proposed by Bat

Under these reaction conditions, propargylic acet&®@® could lead to the corresponding

substitution products with high diastereoselectivity undeglac®ndition.?®?

Mahrwald et al?®® have also reported a nucleophilic substitution of propargylic acetate in the

presence of TiGl as catalyst. The scope of this reaction was explored by use of different

nucleophiles and different substitutions on propargylic core (Ta&dlg %3 In this reaction

condition, they found that even alcohols with a less degree of nucleophilicity coadtigav

expected ether in good yields (Talld, entry 5). They also stated that, the yield of the reaction

depends mainly on the substitutentsaRd R in the propargyl moiety, because they could have

high yields only when they used a diphenylsubstituteggrgylic esters (Table 24, entries 1-4) and

low yields were obtained in the presence of mphenyl substituted propargylic ester (Tal24,

entries 5-8), and no reaction was observed whewd® an alkyl substituent. They justified this

result by formation of a less stabilized carbocation intermediate during the reaction.

%% Rubenbauer, E. Herdtweck, T. Strassner, T. Bashew. Chem. Int. E@008,47, 101069. Z°A. Bartels, R. Mahrwald, S. Quirifetrahedron

Lett. 1999, 40, 59890.
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Table 24.MahrwaldOstudies on nucleophilic substitution of propargylic ester in the presence of a Lewis acijl (TiCl
as catalyst®

OAc

J\ 10 mol% TiCl,, r.t. OR3

1

R364\\ R? RS-OH RIJ\RZ

365

Entry R R R Yield (%)
1 Ph Ph Me 95
2 Ph Ph Et 65
3 Ph Ph iPr 59
4 Ph Ph tBu 55
5 Ph nBu Ph 45
6 Ph nBu Me 76
7 Ph nBu Et 68
8 Ph nBu iPr 42

In another papef®*Sy1 nucleophilic substitution of alcohols wilr¢nstedand Lewis acids was

reported by SanzOs group (Sché@Bk Using these conditions, activation of the alcohol was not

necessary.
(0] O
OH (@] O
Ph)\ L PTSA (5 mol%) R
S + R >
N CHN rt8h PN
174a R= Me,a
R= OEt,b 88%, R= Me366a

54%, R= OEt366b

Scheme 85Sy1 nucleophilic substitution reaction of propargyl alcohol vt nstedacid. 2

[11.7.6. Nucleophilic substitution of alcohols with a solid Br¢ nsted acid :

Kanedaet al.?®®

a solid Br¢ nsted acidcsCheme 86).

also reported a3 nucleophilic substituition of propargylic alcohol but by use of

%R, Sanz, D. Miguel, A. Martinez, J. M. Avar€utiZrrez, F. Rodriguefrg. Lett.2007,9, 202730. ?*%a) K. Motokura, N. Nakagiri, T. Mizugaki,
K. Ebitani, K. KanedaJ. Org. Chem2006,71,54407; b) K. Motokura, N. Nakagiri, K. Mori, T. Mizugaki, K. Ebitani, K. Jitsukawa,*Kaneda,
Org. Lett.2006,8, 461720.
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Ph Ph

OH
o O H-mont (0.2 g)
heptane, 24h, 15Q;
367

41% 368

Scheme 86Nucleophilic substitution of cyclohexanol with a solid Lewis acid montmorilloffite.

The reaction is catalyzed by protand metakexchanged montmorillonites ¢fand M™- mont) that
reduces the formation dfy-products. The catalyst was prepared by treatingritant with an
aqueous solution of hydrogen chloride or metal salt. Timardt has shown an excellent catalytic
activity for nucleophilic substitution reactions of different alcohols. The catalyst was applied in 10
mol% in heptane at 150;G¢heme86). The interesting point of this reaction is the use of aliphatic

alcohols like cyclohexanol that form leswbilized carbocations based on Mayr scale.
[11.7.7. Metal complexes in the activation of alcohols

[11.7.7.1. Ruthenium complexesThe two resonance structures of propargyl cations that have
been studied broadly by Olati are presented in Figure 48 (A and B).

ara . D) y
— M > . M ) M+
1
R A B e

Fig. 48.Stabilization of a propargylic catioff®

Here, stabilization of the positive charge can be increased by insertion of a metdkt ipogigon
of a propargyl ion Kig. 48, C). From this stabilization result, messhbilized propargyl
carbocations have been subjected,b-§pe reactions.

The first application of the diruthenium complexes in the addition of alcohols, anilines, thiols,
and phosphane oxides to propargyl alcohols was proposed by Nishibayashi iSG000&87) >’

The reaction was carried out with 5 mol% of diruthenium catalyst and 10 mol% R\

dichloroethane at 60;C.

63) G. A. Olah, R. J. Spear, P. W. Westerma/.JDenis,J. Am. Chem. So&974,96,585559; b) V. V. Krishnamurthy, G. K. S. Prakash, P. S.
lyer, G. A. OlahJ. Am. Chem. Soc. 1988)8,836-8. 7Y. Nishibayashi, I. Wakiji, M. HidaiJ. Am. Chem. Soc. 2000, 122, 11219
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@2\\\ + PhCONH

OH

370

Scheme 87Propargylic amination conducted by ruthenium catal

369 (5 mol-%) NRR!
NH4BF, (10 mol-%) _
DCE, 60C, 4h
64%, R= PhCO, R H, 371
3 e C *
Cp, p
Ru/§Ru/
S
Me” Cl 369

287

[11.7.7.2. Rhenium complexes:Based on reports that metato complexes result the

rearrangement of the propargyl alcohols to enone, Toste investigateebretatomplexes for the

conversion of propargyl alcohol to propargy! ethé&fs.

In the course of the study on the rearrangenadnpropargyl alcohols to enones, Toste had

suggested that an allenoate intermeds#dcould undergo 20 addition of nucleophil&¢heme

88) .289

e — RIJ\
-HX Nge
372
' |lo
o)
(e}
Rll\Rz
375

Scheme 88.TostesCuggesteds,20 addition of a nucleophile on intermed&tg, which undergoes a propargyl!

ether:

289

By keeping in mind this hypothysis, TosteOs group tested differentaretabmplexes including
vanadium, rhenium and molybdenum for the selective conversion of propargyl alcohol to propargyl

ether. In the presenad# vanadiumexo complex, they observed oxidation of the alcohol to ketone

and only a small amount of the expected propargyl ether was obt&siad @5, entry 1);

2888, D. Sherry, A. T. Radosevich, F. D. TosleAm. Chem. So2003,125, 607677.2%F. Toda, M. Higashi, K. AkagBull. Chem. Soc. Jp1969,
42,82931; b) T. Kitamura, S. Miyake, S. Kobayashi, H. Tanigu€tiem. Lett1985, 14, 92980.
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However MoO,(acac) was found to be an effective catalyst for the substitution reaction with a
primary alcohol nucleophile (Tabl25, entry 3) but conversion to the enone could also be observed
especially when the nucleophile became more hindefetl€ 25, entry 3). Among the used
catalysts, a rhenium(V)-oxo complex bearing a bidentate phosphine ligand (dppm =
diphenylphosphinomethane) was found to be the most effective catalyst for the desired
transformation (entry 5). In addition, this catalyst almost completely defeh&edtampeting
oxidation and rearrangement reaction in a way thatcahmilated conversion byd NMR in other
solvents was: benzene 374(11%):378(51%); CH,Cl, 374(9%):378(59%); THF
374(29%):378(71%)acetone374(0%):378(53%)Another point that theymentioned for these
reaction conditions was that, the reaction could be performed without exclusion of air or moisture

from the reaction mixture.

Table 25.Selectivity of MetalOxo catalysts for proparggtherificatiof. 2%

on 5 mol% catalyst o "¢
©)\ cl”™>""0H ©)\”Bu
"Bu MeCN, 14h, 65¢ 378
377
Entry Catalyst % 374 % 375 % 378

1 V(O)(acac) 0 292 19
2 [M0,0,(BINOL),J(NBU,), 0 10 15
3 MoO,(acac) 20 Trace 77
4 (catechol)ReOGI 75 0 25
5 (dppm)ReOC) Trace Trace 96

*The reaction was performed with 5 mol% catalyst, 3.0 equiv. of alcohol, 1M substrate in MeCN and conversion was

determined byH-NMR of the crude reaction mixture.

They couldalso decrease the amount of catalyst to 1 mol% when (dppm)Re@<applied irthe

reaction Gcheme 89).

! *8&)!
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1 mol% (dppm)ReOGl|

OH o "¢l

RL > RL
RN, MeCN, 65C RE NN,
379 380

a R1=R2= Me, R= Ph (69%)
b R1=R2=Ph, = Me (0%)

Scheme 89Decreased amount of rhenium catalyst (1 mol%) could also yielded to the expected pretpardyf

[11.7.7.3. Gold complexesThe first capability of gold salts in the direattivation of
alcohols was reported by Campagne in 288Rifferent nucleophiles such as allylsilane, alcohols,

furan, dimethoxybenzene and thiols were used for the conversion of propargylic alSuhamné
90).

A)

o NaAuCl,.2H,0 N
i 0,
RHN + o~ -SiMeg (5 mol%) RIS
R R3 DCM, rt., 12h R R3
381 382
Rl= Ph, R= H, R®= TMS: 381a Rl= Ph, R= H, R= TMS; 382a
Rl= Me, R= Me, Fé= Ph:381b Rl= Me, = Me, R= Ph;382b
B)
Ethanol
OH
NaAuCl, 2H,0 OFt 0
PN ) : Ph” + Ph/\)Lﬁ) .
283 4 DCM, rt overnight 384 )4 385
5% cat. - 58%
1% cat. 60% 35%

Scheme 90Conversion of propargylialcohols with gold salts and nucleophiles like allylsilane etheinol 2*°

The bestesults were obtained in the presence of NaA@6O (5 mol%) in dichloromethane. Au
catalysts were less efficient. Campagne andiatkers®° predicted that coordination of gold éa

bond can act as an efficient tool to activate triple bonds for the addition of nucleofkitesne
91).

OH HO- - ’AU Nu
. Au cat. :
R N —> [R? X ——F > R! e
RZ™N R3 NuH RZ™N R3 RZN R3
381 386

Scheme 91Coordination of Au(lll) on triple bond can activate propargylic alcohol for substitution oeduyi a

nucleophile 2%

20M. Georgy, V. Boucard, M. Campagne). Am. Chem. Soc. *20087,141804.
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[11.7.8. Direct nucleophilic substitution of alcohols in water

The interest of using water as catalyst returns tectimeept of green chemistfy: Today, many
reactions can be performed in water. The Oon water conceptO was introduced for the first time k
Sharples$® and was reviewed by Fokiit’ In this reaction, water is the only used solvent without
any other co-solvent and insoluble substrates are involved in the reaction medium. Nucleophilic
substitutions in water are mostlywStype reactions, for example addition of nucleophiles to
epoxides (Scheme 93§* or azidirines (Scheme 93y

7N

387 (1.2 mol%)

R R.__.OH
Sc(DS) (1 mol%
}o + ARINH (DS ( ‘) j\
R water, 22-30h, rt R” VNRIAr

388 389

390(up to 96% ee

Scheme 92Epoxide ogning with scandium tris (dodecyl sulphate) (1 mol%) as a Lewissacfdctant combined

catalyst and a chiral bipyridé as cazatalyst?°*

R2 R2
j> § CD/H,0 )/NHTS
N-Ts >
Rl TBAX, pH-4, rt . K%
391 3.5-20h R
15-88% 392

R1= Phenyl, Alkyl; R=H
X=Brand |

Scheme 93Regioselective ringppening of aziridines with tetrabutylammonium halides in the preseride of

cyclodextrin #CD) in water’*>?

Sul-type reaction of alcohols is also possible in water. Here formation of the product is controlled
by nucleophilicity of the solvent in the reaction mixture. Since water is also a nucleophile, the
reaction of a carbocation can be performed in water if the carbotastabilized and is not too

291,

a) U. M. LindstrSm,Organic Reactions in Water: Principles, Strategies and Applicatifiey-Blackwell, London,2007;b) C-J. Li, L. Chen,
Chem. Soc. Re2006,35,68-82.2°>S. Narayan, J. Muldoon, M. G. Finn, V. V. Fokin, H. C. Kolb, K. B. Sharpksgew. Chen2005,117,3339-
43; Angew. Chem. Int. EQ005,44,327579.2%A. Chanda, V. V. FokinChem. Re\v2009,109,72548. ?*a)D. Amantini, F. Fringuelli, F. Pizzo, L.
A. Vaccaro,J. Org. Chem2001,66,446367; b)S. Azoulay, K. Manabe, S. Kobayasfirg. Lett.2005,7,459395. 2°°a) M. Narender, K. Surendra,
N. Srilakshmi Krishnaveni, M. Somi Reddy, K. Rama R&etrahedron Lett2004, 45, 799597; b) S. Minakata, D. Kano, Y. Oderaotoshi, M.
Angew. Chem. Int. Ed. 20043, 79-81.
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electrophilic. KobayasHi® has reported a nucleophilic displacement in water and in the presence
of a surfactant Br¢ nsted acid 393 (Scheme 94).

SH _Ph
OH 393(10 mol%) i
ph” > ph T Ph™ “Ph
H,0, 80iC, 24h
394 83% 395
CioHas
DBSA, 393
SO5H

Scheme 94Surfactant Br¢ nsted acid in the catalytic addition of PhSH to benzhydrylic afédhol.

By use of MayrOs scale, Cozzi and Zoli suggested a direct substitution of alcoholat@r E
without use of anyBr¢ nstedor Lewis acid as a tool for stabilizing the corresponding carbocation
(Scheme 95)%7

OH Ng

R g T Mesits 80iC, 24h R O O R
R= OMe,396 0% R=OMe398
R= NMs,, 397 85% R= NMeg, 399

Scheme 95Addition of azide nucleophile to benzhydrylic alcohols using Oon waterO corditions

Such carbocationsave a very short lifetime in agqueosslution due to their rapid reactions with
water, but their lifetime can be increased by inserting an eledtoating substituents on the aryl

ring. Once a leseeactive and morstabilized carbocation is promted in water, reaction with the

263, Shirakawa, S. Kobayasklyg. Lett.2007,9,311-14.2°"P. G. Cozzi, L. ZoliAngew. Chem. Int. Ed. 20087,416266.
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nucleophile can become possible. By considering Mayr scale, this reaction is very limited to
carbocations with a certain valuesbn the Mayr scale. For example, when this value become

near to 0 like in the case of 396 the reaction doesnOt coowaer E.

[11.7.9. Direct nucleophilic substitution of propargylic ester under microwave irradiations

During our studyon 1,3dipolar Huisgen cycloaddition between internal propargyl e8&g8g)and

benzyl azide under microwave condition, we observed formation of a propargyl ether as a side
product in the presence of MeOH as solvedtheme78). Since preparation of these kind of
propargylic ethers from propargyl esters under microwave condiiwa not been reported in the
literature to the best of our knowledge, and as these products are interesting building blocks ir
organic synthesis and can be used widely to obtain a variety of structures due to the existing of
triple bond in the structureye decided to expand the scope of this reaction by using different
nucleophiles or alcohols and different propargyl esters. Another point that worth to be mentioned is
that, our nucleophilic substitution of propargyl ester is done without use of amystataa toxic

metal as catalyst and also without use of any solvent, because the used nucleophile or alcohol h
been used as both solvent and nucleophilic source. Furthermore, no special treatment on th
medium mixture was necessary at the end of the reaction, and after only a simple evaporation of th

solvent in vacuo the final product could be obtained enough pure.

This direct nucleophilic substitution of propargyl ester was performed in the presence of different
nucleophiles or alcohols such as ethanol, butanol, isopropyl alcohol, propargylic alcohol and allyl
alcohol. The results are presented in Tatfe This reaction wasonducted by choosing fixed
temperature (Dynamic) method as the method of choice for microwave by which the power of the
apparatus could be adjusted on the desired Watt. As is shown in Z@bie the presence of
alcohols like MeOH and butanol, the conversion of ester to propargyl ether was complete and the
expected propargyl ether was found with 100% yi&lab{e 26, entries 1 and 2). However, by use

of propargyl and allyl alcohols, formation of a sjl@duct, which was a methyl ether could be
detected byH NMR (Table 26, entries 4 and 5). Formation of this methyl ether could be a result

from a reaction between the released @letiate existing on the carbonate function of the starting

! >
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propargyl ester and the electrophilic site on the propasfgr, however in the case of allyl alcohol
formation of the starting propargyl alcohol from which the proparyl ester was prepared, could also
be detected in the reaction medium with 16% yield. Another remark was when isopropy! alcohol or
tert-butanol wasused as nucleophilic source. In these conditions total conversion of the starting
material to the ether compound could not be observed, that could be due to the bulky structure o
this alcohol Table 26, entry 3 and 6).

Table 26.Direct nucleophilcsubstitution of peropargylic ester to propargy! ether under microwave irradiations.

i N
u
\OJ\O OMe
Nu Z [ ) +3390r174a
= | A /, /Ph
‘ = Dyn., 130, 260 W > Side products 339%= ph
42 min 400
Z OH
336a
174 / Ph
Ph
Entry AlcohoP Ester (%) Ether (%5 Side-product (%)
339 174¢
1 MeOH - 100 -
339
2 BuOH - Qtv -
400a
3 Isopropyl alcohol 44 56 -
400b
4 Propargylalcohol - 91 9 -
400c
5 Allyl alcohol - 82 16 2
400d
6 tert-butyl alcohol 59 35 6 -
400e

®The alcohol was used in 2 ml and the reaction was conducted at 130;C during 42 min and with an irradiation of 260 W.

®Compositions were determined By NMR of the crude reaction mixture.
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To optimize the reaction conditions, we chdmaanol as a model alcohol and the reaction was
performed between propargyl carbone@86a) and butanol in different conditions by examining
various parameters like temperature, microwave method (fixed temperature or power) and time of
the reaction. Firdhe reaction was carried out by introduclagge equivalents of nucleophile (10 to

5 equiv.) into the reaction medium. The best results were obtained where 10 equivalents of alcohc
has been used on both fixed temperature and fixed power mode, fortiniekpected propargy!

ether was obtained with 93 to 95% conversions (T&bleentries 2, 3 and 6). However for all of
these cases formation of the methyl etheplnduct has been also detecteéb$4). When the used
equivalents of alcohol (BuOH) was decreased to 5 equivalents conversion of the starting material tc
the expected product was not total and even by increasing the temperature from 130;C up to 170j(
a total conversion could not be obtained and decomposition of the product was obBainled,

entry 5). In the best case, the ether product was obtained witlcdi®@ositionwhen the reaction

was performed on fixed power mode (power= 300 W), at 130;C for 65Tralvid 27, entry 7).

Table 27.Direct nucleophilic substitution was performediked temperature and fixed power mode and by use of

different reaction conditions and BuOH as nucleophilic source.

Entry T(jC) Power Equiv. Time Starting® Pdct(%)®
(W) (min) pdct(%) Pdct OMe Decomp.
Method A 336a 400a 339
(Fixed temperature) 1 1302 260 115 52 - gtv. - -
2 130® 260 10 70 3 4 -
3 170% 260 10 30 - 5 -
4 130® 260 5 70 75 25 - -
5 170® 260 5 30 29 71 - ++
6 127® 300 10 35 - 5 -
Method B
(Fixed power) 7 130 300 5 65 18 9 -

@setpoint Temperatur€ reached temperatur@defined by'H NMR of the crude reaction mixture.

In order to see if the reaction could be conducted by use of less butanol but by increasing the tim
of the reaction, this reaction was repeated at high temperature and on both fixed temperature ar

power mode. The results are presented in T2®le

! *'%0!
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Table 28.Nucleophilic substitution of propargyl est&36a) with small amounts offutanol.

Ent T Power Equiv. Time (min)  Startind® Pdct(%)®
v Gc) W) pdct (%) Pdct OMe Decomp.
400a 339
Method A 1 130 260 3 70 36 3 ;
(Fixedtemperature) 2 13¢% 260 3 52 41 56 3 -
3 170% 260 3 70 22 72 6 ++
4 1709 260 3 52 49 51 - +
5 1709 260 1.1 52 77 7 16 o+
6 130" 300 3 70 53 47 - ++
7 1539 300 3 25 40 51 9 ++
Method B 8 170® 300 3 40 15 77 8 > +4++
(Fixed power) 9 130 300 1.1 40 100 - - -
10 155" 300 1.1 70 59 18 23 o+
11 176" 300 1.1 70 52 21 27 > +++

@setpoint temperaturfBreached temperatuteyield was defined byH NMR of the crude product.

The best result was obtained from the reaction between 3 equivalents of BUuOH and propargyl este
on fixed temperature mode and at 130;C for 70 min from which the expected ether was resultec
with 61% composition (Table 28, entry 1). In the presence of smalnounts of butanol
decomposition of the product could be observed more especially when the reaction was conducte
on fixed power mode and by adjusting the irradiation power at 300 W, where decomposition was
the most importantliable 28, entry 11).

In order to expand again the feasibility of this nucleophilic substitution, we examined other alcohols
like benzyl alcohol and betanol, which are heavier alcohols in comparison with butanol or other
used alcohols reported in Tal#é. The reason for these chosen alcohols was again to examine if
the reaction can be conducted with small amounts of nucleophile when a heavier alcohol is uses

(Table 29). All of the reactions were carried out on fixed power mode and by irradiating at 300 W.
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Table 29.Nucleophilic substitution between propargylic carborg®8aand benzyl alcohol anddctanol under

microwave irradiations.

o]
- J\o Nu
e
O O
O microwave
336a 400f  O-benzyl
Nu = benzyl alcohol/ 1-octanol ~ 400g  O- octan
Entry Equiv. T(jC) Time Starting  Pdct(%) OMe Decomp.
(min)  pdct(%)? 339(%) (%)@
Benzyl
alcohol
1 10 170 35 - @ 9 -
2 5 170 35 - 3 9 -
3 2 170 40 - 420 - -
4 2 127 35 - @ 4 -
5 1.1 170 50 21 66@ 13 > +++
6 1.1 170 40 10 43 47 ++
7 1.1 170 35 22 71@ 7 ++
8 1.1 127 35 62 35@ 3 +
1-octanol
9 10 170 20 - ®) - -
10 5 127 35 8 @ 8 -
11 5 127 55 - @ 9 -
12 2 127 35 55 40@ 5 -
13 2 127 85 39 56@ 5 A trace
14 1.1 170 35 81 16® 3 -
15 1.1 127 40 76 23@ 1 -
16 1.1 127 81 16 2@ 1 -

@Composition was determined BNMR. ®lyield of isolatedproduct. In all cases, excess of alcohols remained in

medium reaction, which was tried to be eliminated by use of a sulfonyl chloridé¥esin

As is shown in Tabl9, in the case of benzyl alcohol, the ether product was obtained with the
same result (91%omposition) when the number of equivalents was decreased from 10 to 5 and by
use of the same reaction condition (entrysl?). With 2 equivalents of benzyl alcohol, the best
result was obtained when the reaction was conducted at 127{C for 35 min. This reaction condition
gave the ether product with 9686mposition. When the reaction was performed with less amount
of benzyl alcohol (1.1 equiv.) not even a good yield of the final product was not obtained but more
decomposition of the product could be detected. By subjectoahol in this reaction, the high
yields with small amount of this nucleophile could only be observexh\ghequivalents of alcohol

were introduced in the reaction (entries 10 and 11). However, use of these heavier alcohols mak

us capable to perform the reaction with lesser amounts of nucleophile (alcohol), but it

2983, V. Ley, I. R. Baxendale, R. N. B, P. S. Jackson, A. G. Leach, D. A. Longbottom, M. Nesi, J. S. Scott, R. I. Storer, S. T.Jl&tem.
Soc., Perkin Trans. 2000, 38184195.
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demands a further treatment of the medium reaction to remove the remained alcamoliswhi
difficult or impossible to be removed in rotary evaporator. The solution here is the treatment of the
medium mixture with a solid resin which is a sulfonyl chloride polymer bdtiidllowing the
addition of a small amount of pyridine in dichloraimene. In this condition sulfonyl chloride reacts
with the remained alcohols in the medium and at the end, the trapped alcohol on the resin could b

separated from the product by a simple filtration.

In the case of butanol, as we could find high yielats 10 equiv. of this alcohol and by doing the
reaction on fixed power mode (power= 300 W) at 127;C for 35min, we decided to subjected other

synthesized propargyl esters in this reaction condita@hé¢me 96).

OCO,Me
OCO,Me OCO,Me 0CO.Me 0CO,Me
= 2
7
\\ | o % Me \\ M & Me
= Me 336d €
336b 336¢ 336e 336f
SN ~o0
OCO,Me Butanol-1 (10 eq.) © .
P P S
= : _ Z4 R
R Fixed Power mode, 12T; 35min, R
336b-f 300W, power max=off 401b-f 402b"-f"

Scheme 960ther propargylic esters weprepared in order to study the nucleophilic substitution.

These propargyl esters contain either a terminal alkyne or different substituents on propargyl moiety
like an aryl or an alkyl group, which let us to study their outcome of nucleophilic stibstibn the

electrophilic site Table 30).

Table 30.Reaction between other synthesized propargylic carbonates and BLtd@atquiv.)on Fixed Power mode
at 127;C for 35min and 300W.

Propargy! carbonate Starting material Butyl ether Methyl ether
% % %
336b 29 401b0 71 402h0 -
336¢C 23 401cO 77 402¢c0 -
336d 100 401d0 - 402d0O -
336e 100 401e0 - 402e0 -
336f 100 40110 - 402f0 -

"The compositionsvere identified byH NMR as the two forms were not separatable on flash chromatography column.
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The reaction between propargyl carbon&88b and336cand butanolt (10 eq.) led the expected
propargyl ether with 71 and 77% yields respectively. In no cases the methyl e{trexdbgt402

was formed, but carbona®86d, 336e and 336f didnOt react with butanol and so the starting
material was only found @he end of 35minWith carbonate336¢, we could have better result by
increasing the time of the reaction (50 min). In this condition, propargyl carb@®@teave 9%

and 91% respectively for the starting material and butyl ether, without formatiore ehethyl

ether. So the reaction with diphenyl substituted propargylic carbonate remains a high yielding
reaction. These results are in agreement with the results reported by Maftwald

In another test, propargyl est&B6bwas subjected to the reactiamh 3-azidopropand-ol as the
nucleophilic source. The existence of a terminal alkyne on the ester structure and azide on th
nucleophilic source, may conduct an intramoleculardip8lar Huisgen cycloaddition following

the nucleophilic substitution @swas described previousl¢heme 97).

HO™ "N, 07N, Ph

0OCO,M
2ve 176 S
N A o) U
\\ I > N—N
microwave 403 KJ
336b; 4 404
"""""""""""""" One-pot?

Scheme 97Intramolecular 1,3fipolar Huisgen cycloaddition through a nucleophilic substitution of the propargylic

carbonate by an azidoalcohol.

In order to study the possibility of doing this reaction in a poiemanner, different reaction
conditions under microwave irradiation were examined. The possible products that can result from

this reaction are shown in Scheme 98.
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0CO,Me HO "N, 0 "N, Ph N
D S e
P microwave K//
336b 403 404
0CO,Me Ny "0
/:H\Ph pr—
HO\/\/N\N,,N HO\/\/N‘N’/N
405 406

Scheme 98The reaction between propargyl es386band 3azidopropan-ol could yield productd03, 404, 40%r
406.

This experiment was tried using two microwaves modes; fixed temperature (dynamic) and fixed

power. The results are shown in Table 31.

Table 31.Nucleophilic substitution and eventual Hpolar cycloaddition reaction between propargyl carboBagb

and azidopropanol.

Entry Equiv. Power Temp. Time Products | Composition%
(W) (i) (min)
1 2 260 170 10 403, 404, trace
405
Fixed temperature 2 3 260 130 52 403, 404, | 403:4;404:
. 28;405: 11;
(Dynamic) 405, 406 406 37
3 3 260 130 70 403, 404 | 403: 15;404:
40;405: 14;
405,406 | 406: 12
4 1.1 300 177 35 Decomp. -
Fixed power 5 10 300 139 26 405, 406 | 405:17;406: 6
6 10 300 100 90 404, 405, | 404:10;405: 6;
406 406: 74,

Composition was determined by LCMS analysis.

In any case, a total conversion of the starting propargyl carbonate to the expected triazolic bicycle
404 could not be observed, and most of the time a mixture of pmdwas obtained which were

difficult or unseperatable by flash column chromatography. The presence of each compound wa:
determined by LCMS analysis. At high temperatures decomposition of the product was observec

(entries 1 and 4).
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When the reaction was conducted with 10 equivalents of azidoalcohol at 139{C a mixture of
products405 and 406 could be detected on LCMS, formation of another product could be also
observed on LCMS which could not be identified, because of an obtainedhrass= 375 that
corresponds to non of the possible products (entry 6).

This reaction was also repeated in dichloroethane as solvent and in fixed power mode. After 2h o
irradiation at 100;C and with a power of 300W, prod#@b was obtained as the only product of

the reaction with 33% composition and the starting propargyl carbonate was recovered with 67%
composition (Scheme 99).

0COMe  HO™™"N, (1.2 eq.), DCE QCOMe
176 Ph

\\ > . HO\/\/N\Nr,N

336b 100jC, 300W, 2h

405

Scheme 99Reaction between propargyl carbond8sbandazidopropanol in dichloroetane only yielded prodd@s.

Since in any conditions we could obtain prodd@t as the main product, more studies are needed
to find a suitable reaction condition for prod46d.

In this part, adirect substitution of popargyl estarader microwave irradiation has been repqrted
but still further studies are necessary to determine the mechanism of the regdtiam §2-type).
Other possible prospetitat can be mentioned for this reactiorthis use of other propargyl esters
and nucleophiles and testing their cycloaddition reaction with azidoalcohol through an
intramolecular reaction as is shown ich8me 100.
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0OCO,Me
Hoﬁ Ny 407 N3 O

R micro-wave Z 2 409

408

AN

1

One-pot *

410 Bicycles

Scheme 100Substitutioncarbonate function ofrainternal propargyl carbonate with an azidoalcohol as a nucleophile

following by an intramolecular 1;8ipolar cycloaddition between azide and alkyne.

From the reaction between the internal propargyl d€t8and azidoalcohalO7we can first have a
simple substitution of the nucleophile on carbonate function and then intramolecular cycloaddition
of azide and alkyne can be investigated in order to find bicyclic triazoles. This reaction could be

performed in a onpot manner.

This reaction can be alsepeated with a propargyl alcohol and in the presence of a metal as
catalyst 6chemel01). For this reaction we suppose chelation of metal on oxygen and addition of

azide on metal following by cycloaddition reaction between azide and alkyne.

R3
OH @\ Mo H)
RNz (,3//'\" /\ 2
= R? = R 412
R! 411 MN*, & A R1 \
N. .RS
N° N
>;S/OH
Rl
R2
413

Scheme 101Reaction between a propargyl alcohol and an azide in the presence of a metal as catalyst.

This reaction can be conducted without heating or in a thermic condition, then wei@dwrf the

reaction is feasible in a orp®t manner or not.
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Micro wavereactions

[11.8. Conclusion

Some reactions have been reported that were performed under microwave irradiation. Trisubstitute:
triazoles were tried first to be produced from a reaction between an internal propargylic carbonate
or alcohol and an organic azide and without use of any catalyst. Under these conditions, we
expected to obtain a mixture of isomers Bad 1,5wisubstituted triazoles but in any case a total
conversion of the starting product could be observed. The best results were obtaineolwenen t

was chosen as solvent. From the reaction in MeOH as solvent we could observe substitution o
carbonate by MeOH and formation of a propargyl ether as the main product, we decided to expant
the scope of this reaction by use of other alcohols or npitiéo solvents and other propargyl
carbonates. In all cases the expected propargyl ether could be obtained in high yields. The amoul

of used alcohol could be reduced in the case of heavier alcoholsdidtariol or benzyl alcohol.

The reaction betweemon substituted or alkyl propargyl carbonates with an alcohol did not result in
the expected propargyl ether, and only the starting products were recovered at the end of thi

reaction.

At the end, the substitution reaction was run between a true alkyne@ramidoalcohol as
nucleophile in order to study first substitution of the carbonate with azidoalacohol followed by an
intramolecuar cycloaddition reaction between azide and alkyne, but here a mixture of products were

obtained, indicating that more studies are needed to optimize the reaction conditions.
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Experimental part

General

All moisture and air-sensitive reactions were carried out under an atmosphere of Argon using oven:
dried glassware.

All of the reactions were followed by Thin Layer Chromatography (TLC) whichcaased out on

silica gel 60 Es4 (Merck) plates and with visualization by UV-light (#=254nm) and/or by spraying
potassium permanganate, anisaldehyde, acid phosphomolybdic and Ceric Ammonium Molybdate
(CAM) followed by heating. Flash column chromatography was performed using silica gel 60 (40
63 um) and the procedure includes the subsequent evaporation of swlwedso.

Proton tH NMR) and CarbonC NMR) nuclear magnetic resonance spectra were recorded on a
Bruker AC300 instrument. Carrier frequencies are respectively 300 MHtfand 75 MHz for

13C nucleus. The chemical shifts are given in part per million (ppm) on the delta scale. The solvent
peak was used as reference values.'HONMR: CDCk= 7.24 ppm and fot*C NMR: CDCk=

77.16 ppm. The following abbreviations have been used: s, singlet; d, doublet; t, triplet; q,
guadruplet; m, multiplet; b, broad. Infrared spectra were recorded neat on a IR-afeqityped by

an ATR Gladi Diam for thesample applicationWavelengths of maximum absorbance. (b are

quoted in wave numbers (€ LC-MS analysis was performed on a Shimadzu LCMS-2010 A
device equipped with a UV diode array SRN0 A detector (R& W lamp, scanning from 190 to

600 nm), a mass detector LCMS-2010(EBSI) and a light scattering detector EL-&ID. The
column used is a Waters Sunfire analytical column (C8, reverse phase, |I= 53 mm, d.i.= 7 mm). The
used solvents are HPLC grade and degassed with ultrasound for 20 min. The eluents ar
H,O/HCOOH 0.1% and C#N/HCOOH 0.1%. The signal is recorded and analysed on a computer
equipped with LC-MS Solution™ software. The results are reported as a functimizofThe parent

ions [M+Na] or [M-H] are quoted.

Melting points were measured with Electrotermal I1A9000esedigital melting point apparatus.
Reagents and solvents were purified using standard means. Dichlorometha@b)(®&k distilled

from Cah under an argon atmosphere; THF was distilled from sodium metal/benzophene and
stored under an argon atmosphefeiethylamine (EiN) was distilled from CaH. All other
chemicals were used as received except vdtbarwisestatedin the experimental text. All other
extractive procedures were performed using-distilled solvents and all aqueous solution used

were saturated.




Experimental part

Preparation of alkynes:

4-methylbenzene-1-sulfonyl azide (152§

o, 0

S
N3
/© Tosyl chloride (10g, 52.45 mmol, 1 eq.) was dissolved in acetone (148 ml) and water

(148 ml). The solution was cooled on ice and sodium azide (3.75g, 57.69 mmol, 1.1 eq.) was addec
The reaction was stirred for 2h at rom temperature. The acetone wasdemmaer vacuum and

the remaining water layer was extracted with EtOAc (130 ml, x2). The organic layer was dried on
NaSQy, filtered and evaporated under reduced pressure. The tosylazide was obtained as a colorle:
liquid (9.69g, 94% vyield).

'H NMR (300MHz, CDCls): 2.45 (s, 3H), 7.38 (d, 2H, J= 8.2 Hz), 7.82 (d, 2H, J= 8.2 Hz) ppm.

13C NMR (75MHz, CDCls): 21.77, 127.55, 130.29, 135.54, 146.21 ppm.

Bestman-Ohira reagent (131)***

O O
I1_OMe

P\
OMe

N Sodium hydride (60% in mineral o{l}.214g, 50.61 mmol, 1 eq.) was suspended in dry

benzene (132 ml) and dry THF (43 ml) under Ar. This mixture was cooled on ice. A solution of
dimethyl (2-oxopropyl)-phosphonate (7.651g, 46.06 mmol, 0.91 eq.) in dry befiZZhenl) was
added. A white solid was formed. The reaction mixture was stirred for 1h at room temperature. A
solution of 4-methylbenzene-1-sulfonyl azide (9.582g, 48.59 mmol, 0.96 eq.) in dry benzene (23
ml) was added. The mixture was stirred over night at room temperature, thewl fiitevegh a

celite pad and washed with toluene (100 ml, x3) and EtOAC (132 ml, x14) and concentrated in
vacuo. A dark orange oil was obtained. This product was subjected directly into the next reaction
without further purification. (11.02 g, Qtv).

'H NMR (300 MHz, CDCl3): 2.22 (s, 3H), 3.81 (d, 6H, J= 11.9 Hz) ppm.

13C NMR (75MHz, CDCls): 27.08, 53.51, 53.58 (d, J= 5.58 Hz), 16.33, 129.56, 189.85 (d, J=
12.98 Hz) ppm.

General procedurel; preparation of alkynes with Bestman-Ohira reagentTo a solution of

alkyne (1 eq.) in anhydrous methanol (0.1 M), were added potassium carbonate (2 eq.) and dimethy
1-diazo-2-oxopropylphosphonate (1.5 eq.). After 18h of stirring at rt, the reaction was quenched
with a half saturated (5%) solution of NaHgE@nd the aqueous layer was extracted with

dichloromethane (x3). The organic extracts were combined and washed with brine, dried over

(!



Experimental part

MgSO, and filtered through a small pad of celite and concentrated in vacuo. The resulting residue

was purified by flash column chromatography to afford the corresponding alkyne.

1-ethynyl-4-nitrobenzene (132a)**°

A~

=

oaN According to the general procedure 1, to a solution-pitrébenzaldehyde (1g, 6.61

mmol) in anhydrous methanol (59 ml) were added potassarbonate (1.82 g, 13.16 mmol) and
dimethyl 1-diazo-2-oxopropylphosphonate (1.904 g, 9.91 mmol). After 18h of stirring at rt, the
corresponding alkyne was obtained as a yellow solid (1.078 g, qtv).

'H NMR (300MHz, CDCls): ) 3.33 (s, 1H), 7.62 (d, 2H, J=8.7Hz), 8.18 (d, 2H, J=8.7 Hz) ppm.

13C NMR(75 MHz, CDCls): ) 81.61, 82.35, 123.57, 128.92, 132.97, 147.54 ppm.

FTIR (ATR): + (cm™) 3280, 2917, 2321, 1595, 1510, 1330, 1267, 1035, 1022, 807.

1-ethynyl-4-iodobenzene (132b¥>°

mmol) this 1-ethynyl-4-iodobenzene (132b) was obtained as a yellow solid (0.215 g, Qtv).
'H NMR (300 MHz, CDCls): ) 3.19 (s, 1H), 7.28-7.33 (m, 2H), 7.72-7.74 (m, 2H) ppm.
13C NMR (75 MHz, CDCls): ) 78.60, 82.70, 94.86, 121.62, 133.60, 137.52 ppm.

According to the general procedure 1, by using 4-iodobenzaldehyde (0.125 g, 5.38

1-bromo-3-ethynylbenzene (132c)°

=

Br Upon the general procedure 1, using 3-bromobenzaldehyde (200 mg, 1.08 mmol) as the

starting product gave the final produtBgc) as a colorless oil (0.131 g, 67% yield).

'H NMR (300 MHz, CDCl3): ) 3.16 (s, 1H), 7.23-7.26 (m, 1H), 7.45-7.54 (m, 2H), 7.68 (t, 1H, J=
1.76 Hz) ppm.

13C NMR (75 MHz, CDCl3): ) 78.55, 82.06, 122.11, 124.12, 129.77, 130.70, 132.03, 134.89 ppm.

2998. P. Machin, B. L. Pagenkopynlet2011,19, 27992802.°L. S. Kallander, Q. Lu, W. Chen, T. Tomaszek, G. Yang, D. Tew, T. D. Mak, G. A.
Hofmann, C. K. SchukPritchard, W. W. Smith, C. A. Janson, M. D. Ryanfb. Zhang, K. O. Johanson, R. B. Kigtpck, T. F. Ho, P. W. Fisher,
M. R. Mattern, R. K. Johnsaet al, J. Med. Chem. 2005, 48, 5644.
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2-ethtnylnaphthalene (132d)?°

Z
The general procedure 1 applied to 2-naphthaldehyde (1.00 g, 6.4 mmol) which gave
the product 132d as a white solid (0.812 g, 83% yield).
'H NMR (300MHz, CDCls): ) 3.15 (s, 1H), 7.46-7.55 (m, 3H), 7.76-7.82 (m, 3H),
8.03 (s, 1H) ppm.
13C NMR (75MHz, CDCls): ) 76.71, 77.14, 77.57, 84.1319.47, 126.69, 126.98, 127.8£8.62,
132.39, 132.90, 133.11 ppm.

1-ethynyl-2, 3, 4-trimethoxybenzene (132e):

Va
MeO OMe

oMe According to the general procedure 1, using 2t8methoxybenzaldehyde (2.00 g,

10.2 mmol) as the starting product gave the final prodl@2€) as a colorless oil (0.901g, 45%
yield).

'H NMR (300 MHz, CDCl3): ) 3.85 (s, 6H), 3.96 (s, 3H), 6.59 (d, 1H, J=8.65Hz), 7.14 (d, 1H, J=
8.64 Hz) ppm.

13C NMR (75MHz, CDCls): ) 56.07, 61.07, 61.32, 79.73, 79.78, 107.30, 109.21, 128.67, 142.12,
154.75, 155.43 ppm.

FTIR (ATR): , (cm %)= 3278, 2939, 2839, 1591, 1463, 800, 651.

tert-butyldimethyl(prop-2-yn-1-yloxy)silane (132a)3**

7~ oteoms To a solution of propargyl alcohol (3.00 g, 53.5 mmol) in dry,ClEH(150 ml) were

added imidazole (5.46 g, 80.3 mmol) araltyldimethylsilyl chloride (12.1 g, 80.3 mmol) at 0;C.

The mixture was stirred at r.t. until disappearance of the starting product, then quenched with
saturated NEC| and extracted with BD (x2). The combined organic layers were washed with
brine and dried over MgS(and filtered. The filtrate was concengdtunder pressure and purified

on column chromatography (cyclohexane/EtOAc as eluent). The final product was obtained as ¢
colorless oil (7.57 g, 83% yield).

'H NMR (300 MHz, CDCls): ) 0.12 (s, 6H), 0.9 (s, 9H), 2.38 (t, 1H, J= 2.42 Hz), 4.29 (d, 2H, J=
2.42 Hz) ppm.

13C NMR (75MHz, CDCls): ) 5.20, 25.78, 38.58, 51.51, 72.83, 73.26 ppm.

8913, Wang, HBT. Zhu, YEX. Li, L.BJ. Wang, YEF. Qiu, ZEH. Qiu, MBJ. Zhong, X.®. Liu, Y.EM. Liang, Org. Lett.2014, 16, 223®.
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FTIR (ATR): , (cm )= 3311, 2859, 2954, 2930, 2182, 1255, 1094, 777.

tert-butyl[(2-ethynylphenyl)methoxy]dimethylsilane (132b) 3%

Z
(;COTBDMS : .
To a solution of commercial (2-ethynylphenyl)metha(@B40 g, 2.57 mmol)
and imidazole (0.263 g, 3.86 mmol) in anhydrous,CIt(18 ml) was addettbutyldimethylsilyl

chloride (0.582 g, 3.86 mmol) at 0jC. This reaction mixture was stirred at r.t. until disappearance of
the starting product (2h). The reaction mixture was then quenched wiiCINB8 ml) and
extracted with EO (15ml, x2). The combined organic layers were washed with brine (28 ml) and
dried over MgS®@and filtered. The filtrate was concentratadracuoand the residue was purified

by chromatography column (pentanefEtas eluent). The final product as a yellow (6489 g,

77% yield).

'H NMR (300 MHz, CDCls): ) 0.13 (s, 6H), 0.90 (s, 9H), 3.30 (s, 1H), 4.91 (s, 2H), 7.21 (t, 1H, J=
7.53Hz), 7.38 (t, 1H, J= 7.61Hz), 7.46 (d, 1H, J=7.58Hz), 7.57 (d, 1H, J= 7.76Hz) ppm.

13C NMR (75MHz, CDCl3): ) 5.29, 25.98, 34.16, 63.12, 81.07, 82.00, 118.78, 125.78, 126.43,
129.00, 132.30, 143.86 ppm.

FTIR (ATR):, (cm )= 3306, 2955, 2929, 2857, 2100, 1076.

LCMS (ESI) : m/z calcd for GsH,,0Si 246.42 found [M+NB" 263.950.

tert-butyl[(4-ethynylphenyl)methoxy]dimethylsilane (132d)>%

/©/\OTBDMS
&

and imidazole (0.416 g, 6.12 mmol) in anhydrous,CIE(28 ml) was addettbutyldimethylsilyl

To asolution ofcommercial (4-ethynylphenyl)methanol (0.540 g, 4.09 mmol)

chloride (0.922 g, 6.1fhmol) at 0;C. This reaction mixture was stirred at r.t. until disappearance of
the starting material (30 min), then quenched with,GIH{28 ml), and extracted with £ (25 ml,

x2). The combined organic layers were washed with brine (28 ml) and driedVig&%,, and
filtered. The filtrate was concentratéud vacuoand the residue was purified by chromatography
column (PE/EA). The final product was obtained as an orange oil (0.910 g, 90% yield).

'H NMR (300 MHz, CDCls): ) 0.09 (s, 3H), 0.10 (s, 3H), 0.94 (s, 9H), 3.04 (s, 1H), 4.73 (s, 2H),
7.26-7.30 (m, 2H), 7.45-7.48 (m, 2H) ppm.

9% . Shimizu, M. Takimoto, M. MoriQrg. Lett.2003,5, 23235. **M. Taddei, S. Ferrini, L. Giannotti, M. Corsi, F. Manetti, G. Giannini, L. Versci,
F. M. Milazzo, D. Alloatti, M. B. Guglielmi, M. Castorina, M. L. Cervoni, M. Barbarino, R. Foder”, V. Carollo, C. PisaAon&roli, W. Cabri,J.
Med. Chem2014, 57, 22584.
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13C NMR (75MHz, CDCl3): ) 5.26, 25.93, 31.90, 64.60, 82.26, 83.77, 120.52, 125.85, 132.04,
142.36 ppm.
FTIR (ATR):, (cm )= 3300, 2954, 2930, 2857, 2109, 1089.

General procedure 2; coupling between protected propargyl alcoholand cyclohexanone
(172a-d):3*

To a solution of the protected propargyl alcohol (1 eq.) in dry THF was adBedli (1.1 eq.) at

-78iC over 5min. This mixture was stirred at this temperature for 2h. Cyclohexanone (1.1 eq.) was
then added and theesulting mixture was stirred at8;C for two more hours. The temperature was
then allowed to warm to r.t. and the reaction mixture was quenched with saturated aqugdius NH
The aqueous phase was extracted with EtOAc (x3). The organic layers were cbamungashed

with brine, then dried over MgSQfiltered and concentrated under reduced pressure. The crude
residue was purified by column chromatography (pentane/EA as eluent).

305

1-{3-[(tert-butyldimethylsilyl)oxy]prop-1-yn-1-yl}cyclohexan-1-ol (172a):

@OH/\OTBDMS

Upon the general procedure 2, this product was obtained from the reaction
betweenl32a(0.500 g, 2.94 mmolknd cyclohexanone (0.30 ml, 2.94 mmol) in anhydrous THF (2
ml) and in the presence of BuLi (2.5M in hexane, 1.17 ml, 2.94 mmol), as a colorless oil (0.620 g,
78% yield).
'H NMR (300 MHz, CDCls): ) 0.09 (s, 6H), 0.87 (s, 9H), 1.67-1.73 (m, 6H), 1.83 (dt, 4H, J= 6.14
and 12.50 Hz), 4.30 (d, 1H, J= 2.54 Hz), 4.32 (s, 1H), 5.27 (d, 1H, J= 2 Hz) ppm.
13C NMR (75MHz, CDCls): ) 5.06, 14.11, 24.98, 25.78, 27.01, 31.28, 51.76, 69.95, 80.73,
91.15 ppm.
LCMS (ESI) : m/z calcd for GH3,0,Si 344.56 found [M+K] 382.750.

1-[2-(2-{[(2,3,3-trimethylbutan-2-yl)oxy]methyl}phenyl)ethynyl]cyclohexan-1-ol (172b):

OH

sl
OTEPME] According to the general procedure 2, prodik@bwas obtained by departing from

132b (0.193¢g, 0.78 mmol) and in the presence of BuLi (2.5M in hexane, 0.31 ml, 0.78 mmol) and

%943, H. Rigby, S. B. Laurent, Z. Kamal, M. J. He€gg. Lett.2008,10, 560912.*°Y.EM. Zhao, Y. Tam, YRJ. Wang, Z. Li, J. surQrg. Lett.2012,
14, 13981401.
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cyclohexanone (0.081 ml, 0.78 mmol) in dry THF (2 ml) as a yellow oil (0.191 g, 71% yield).

'H NMR (300 MHz, CDCls): ) 0.11 (s, 6H), 0.95 (s, 9H), 1.60-1.78 (m, 8H), 2.01-2.05 (m, 2H),
2.15 (s, 1H), 4.89 (s, 2H), 7.18 (t, 1H, J= 7.51 Hz), 7.35 (q, 2H, J= 7.75 Hz), 7.54 (d, 1H, J=7.77
Hz) ppm.

13C NMR (75MHz, CDCl3): ) 5.32, 18.46, 23.60, 25.22, 25.97, 40.16, 63.40, 69.39, 81.82, 119.43,
125.57, 126.38, 128.46, 131.54, 143.21 ppm.

FTIR (ATR):, (cm 1)=3342, 2929, 2856, 835, 756, 667.

LCMS (ESI): m/z calcd for GiH3,0,Si 344.56 found [M+K] 382.600.

1-{2-[4-(hydroxymethyl)phenyl]ethynyl}cyclohexan-1-ol (172c):

OH

=
AN

| . . .
HO Z Upon the general procedure 2, this product was obtained from the reaction

betweenl132c (0.200g, 1.51 mmol) and cyclohexanone (0.15 ml, 1.51 mmol) in the presence of
BuLi (2.5M in hexane, 1.21 ml, 3.03 mmol) in dry THF (2 ml) as a yellow solid (0.082 g, 23%
yield).

M.p.: 93.0-94.7iC

'H NMR (300 MHz, CDCls): ) 1.58-1.76 (m, 8H), 1.98-2.04 (m, 2H), 4.68 (s, 2H), 7.29 (d, 2H, J=
8.01 Hz), 7.40 (d, 2H, J= 8.16 Hz) ppm.

13C NMR (75MHz, CDCl3): ) 23.42, 25.23, 40.07, 62.66, 69.15, 92.87, 107.17, 122.13, 126.72,
131.85, 140.97 ppm.

FTIR (ATR):, (cm )= 3300, 2924, 1449, 1060, 800, 669.

LCMS (ESI) : m/z calcd for GsH140, 230.30 found [M+H] 231.050.

1-[2-(4-{[(tert-butyldimethylsilyl)oxy]methyl}phenyl)ethynyl]cyclohexan-1-ol (172d):

OTBDMS

OHC;

According to the general procedure 2, compoliidd was found from a

reaction betweed32d(0.200 g, 0.81 mmol) and cyclohexanone (0.084 ml, 0.81 mmol) and in the
presence of BuLi (2.5M in hexane, 0.32 ml, 0.81 mmol) in dry THF (1.30 ml) as a yellow solid
(0.140 g, 50% vyield).

! *)#!
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'H NMR (300 MHz, CDCls): ) 0.08 (d, 6H, J= 0.74 Hz), 0.93 (d, 9H, J=0.68 Hz), 1.59-1.76 (m,
8H), 1.99-2.03 (m, 2H), 4.72 (s, 2H), 7.24 (d, 1H, J= 0.67 Hz), 7.26 (s, 1H), 7.39 (d, 2H, J= 8.05
Hz) ppm.

13C NMR (75MHz, CDCl3): ) 5.24, 18.41, 23.43, 25.24, 25.93, 40.11, 64.67, 68444, 92.36,
121.32, 125.85, 131.57, 141.71 ppm.

FTIR (ATR):, (cm )= 3224, 2927, 2854, 1462, 1380, 1070, 833, 775.

LCMS (ESI): m/z calcd for GsH2g0,Si 268.47 found [M+H]270.95.

General procedure 3; preparation of compounds 200%°

To a solutiorof terminal alkyne (1 eq) in dry THF was added dropwisely BuLi (2.5 M in hexane, 1
eq) at-78jC under argon. After being stirred at the same temperature for 1h, to the reaction mixture
was added dropwisely a solution of aldehyde (1 equiv.) in dry THF8aC and the reaction was
allowed to proceed over night at room temperature. The reaction mixture was then washed witr
saturated aqueous NEI and extracted with EtOAc (x2). The organic phase was separated and
dried over MgS@® and filtered. The filtrate wasoncentratedn vacuoto afford the propargyl
alcohol and was purified by silica gel column chromatography using PE/EA as eluent.

1,3-bis (4-methoxyphenyl)prop-2-yn-1-ol (173a§“°

OH

O OMe
MeO

According to the general procedure 3, compolifgawas obtained from

a reaction between 4-ethynylanisole (0.500 g, 3.78 mmolpaardsaldehyde (0.515 g, 3.78 mmol)

in the presence of BuLi (2.5M in hexane, 1.51 ml, 3.78 mmol) in dry THF (4 ml) as a yellow oll
(0.673 g, 66% yield).

'H NMR (300 MHz, CDCls): ) 3.47 (s, 1H), 3.81 (d, 6H, J= 3.39 Hz), 5.62 (s, 1H), 6.83 (d, 2H, J=

8.95 Hz), 6.92 (d, 2H, J= 8.82 Hz), 7.40 (d, 2H, J= 8.94 Hz), 7.53 (d, 2H, J= 8.87 Hz) ppm.

13C NMR (75MHz, CDCls): ) 55.30, 55.35, 64.76, 86.43, 87.62, 113.94, 133.98, 114.61, 128.17,
133.21, 133.26, 133.37, 159.67, 159.79 ppm.

FTIR (ATR): , (cm %)= 3363, 2933, 2835, 2223, 2191, 1604, 1460, 829, 763.

39%M. Yoshida, M. Higuchi, K. Shishidd)rg. Lett.2009, 11, 4755.
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1,3-bis(3-fluorophenyl)prop-2-yn-1-ol (173b):

OH

F Upon the general protocol 3, this product was obtained from the reaction between

1-ethynyl-3,fluoro-benzene (0.500 g, 4.16 mmol) and 3-fluorobenzaldehyde (0.517 g, 4.16 mmol)
and in the presence of BuLi (2.5M in hexane, 1.66 ml, 4.16 mmol) in dry THF (4 ml) as an orange
oil (0.879 g, 86% vyield).

'H NMR (300 MHz, CDCls): ) 2.51 (s, 1H), 5.67 (d, 1H, J= 6.03 Hz), 7.01-7.10 (m, 2H), 7.14-
7.18 (m, 1H), 7.28 (dd, 1H, J=0.44 and 2.34 Hz), 7.30-7.39 (m, 4H) ppm.

13C NMR (75MHz, CDCls): ) 64.31, 85.80, 88.21, 115.50, 115.61, 118.33, 128.51, 133.60,
136.42, 162.73, 162.80 ppm.

1,3-bis (3-chlorophenyl)prop-2-yn-1-ol (173c):

OH

Z
AN

= cl

cl According to the general procedure 3, compolin8icwas found from the reaction

between 3-chloro-1-ethynylbenzene (0.500 g, 3.66 mmol) and 3-chlorobenzaldehyde (0.514 g, 3.6t
mmol) in the presence of BuLi.&M in hexane, 1.75 ml, 4.39 mmol) in dry THF (4 ml) as a white
solid (0.670 g, 66% yield).

'H NMR (300 MHz, CDCls): ) 2.43 (d, 1H, 5.87 Hz), 5.66 (d, 1H, J= 5.73 Hz), 7.24-7.31 (m, 5H),
7.45-7.49 (m, 2H), 7.59 (dd, 1H, J=0.68 and 1.52 Hz) ppm.

13C NMR (75MHz, CDCls): ) 64.36,85.62, 89.20, 123.80, 124.78, 126.86, 128.68, 129.14, 129.62,
129.92, 130.00, 131.66, 134.25, 134.63, 142.22 ppm.

General procedure 4; Sonogashira cross-coupling reactiod®

To a solution of halide (1 eq) in anhydrougNEtvere added successively the alkyne (1.1 eq),
PdCL(PPh), (0.01 eq) and Cul (0.03 eq) at r.t. and under argon pressure. Stirring continued until
disappearance of the starting material at the same temperature, then the reaction mixture we
fillered on celite and washed with,Bt and filtrate was the concentratedvacuo. The crude

product was purified by column chromatography (heptane/EtOAC).
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1,3-diphenylprop-2-yn-1-ol (174a)>°

OH
o ©

propyn-1-ol (0.500 g, 3.80 mmol) in the presence of F8€h), (0.095 g, 0.13 mmol) and Cul
(0.077 g, 0.40 mmol) in dry gt (20 ml) gave product 174a as a brown oil (0.867 g, Qtv).

'H NMR (300 MHz, CDCls): ) 2.37 (s, 1H), 5.70 (s, 1H), 7.31-7.51 (m, 8H), 7.63 (d, 2H, J= 7.27
Hz) ppm.

13C NMR (75MHz, CDCls): ) 65.14, 86.70, 88.78, 122.45, 126.78, 128.34, 128.71, 131.79,
137.51, 140.69 ppm.

FTIR (ATR):, (cm )= 3352, 1750, 1440, 1258, 756, 692.

Upon the general procedure 4, iodobenzene (2.73 g, 13.4 mmol)@nehyl-2-

1-(tert-butyl-dimethyl-silyloxymethyl)-4-iodobenzen:**’

@AOTBDMS
1 To a solution of 4-iodobenzyl alcohol (1.00 g, 4.27 mmol) in dry THF (11 ml)
were added imidazole (0.436 g, 6.40 mmol) aed-butyldimethylsilyl chloride (0.96 g, 6.40

mmol) at 0jC. The resulting mixture was slowly warmed to room temperature over 2h and poured

into a mixture of 1M HCI (11 ml) and £ (11 ml). The organic layer was separated, and the
aqueous layer was extracted with ether (7ml, x3). The combined ofggers were washed with
brine (11 ml), dried over MgSQfiltered and concentrated under vacuum. The crude residue was
purified on silica gel (eluent PE/EtOAc) to give the protected alcohol as a colorless oil (1.252 g,
84% yield).

'H NMR (300 MHz, CDCls): ) 0.09 (s, 6H), 0.93 (s, 9H), 4.67 (s, 2H), 7.07 (d, 2H, J= 8.53 Hz),
7.64 (d, 2H, J= 8.29 Hz) ppm.

13C NMR (75MHz, CDCls): ) 5.25, 25.93, 31.90, 64.39, 92.04, 128.00, 137.24, 141.17 ppm.

1-(4-{[(tert-butyldimethylsilyl)oxy]methyl}phenyl)-3-(4-methoxyphenyl)prop-2-yn-1-ol (174b):

OH

=
O OTBDMS
MeO

According to the general procedure 4, compodfd was found by

departing from 1-(tert-butyl-dimethyl-silyloxymethyl)-4-iodobenz&H&0.500 g, 1.43 mmol) and

89%E. Yashima, S. Huang, T. Matsushima, Y. Okambtacromolecule4995, 28, 418493.
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Experimental part

the commercial available @-methoxyphenyl)prop-2-yn-1-ol (0.254 g, 1.57 mmol) in the presence

of PdCh(PPh), (0.010 g, 0.014 mmol) and Cul (0.008 g, 0.043 mmol) in degiN E4 ml) asa

brown oil (0.474 g, 78% yield).

'H NMR (300 MHz, CDCls): ) 0.09 (d, 6H, J= 1.02 Hz), 0.94 (d, 9H, J= 1 Hz), 3.46 (br, 1H), 3.82
(d, 3H, J=0.88 Hz), 4.73 (s, 2H), 5.26 (s, 1H), 6.92 (d, 2H, J= 8.50 Hz), 7.42-7.52 (m, 4H), 8.03
(dd, 2H, J=8.58 and 23.17 Hz) ppm.

13C NMR (75MHz, CDCls): ) 5.24, 25.94, 29.72, 55.34, 55.67, 64.65, 73.10, 73.89, 113.62,
113.88, 125.87, 128.94, 131.60, 131.69, 142.02, 159.75 ppm.

FTIR (ATR):, (cm ™) 3253, 2927, 2856, 1608, 1510, 1462, 1253, 835, 777.

LCMS (ESI): m/z calcd for GsH3003Si 382.57 found [M+K] 419.250.

5-[2-(hydroxymethyl)phenyl]pent-4-yn-1-ol (174c)>%®

// OH

OH

Upon the Sonogashira general procedure 4, this product was found from

commercial available starting materialso2lobenzyl alcohol (1.00 g, 4.2vimol) and 4-pentyn-1-

ol (0.400 g, 4.7 mmol) in the presence of R{ePh), (0.030 g, 0.04 mmol), Cul (0.016 g, 0.09
mmol) and EN (1.2 ml, 8.54 mmol) in dry THF (12 ml) as a yellow oil (0.532 g, 65% vyield).

'H NMR (300 MHz, CDCls): ) 1.81 (quintet, 2HJ= 6.46 Hz), 2.03 (d, 2H), 2.54 (t, 2H, J= 6.83
Hz), 3.76 (t, 2H, J= 6.03 Hz), 4.74 (s, 2H), 7.17-7.28 (m, 2H), 7.36-7.39 (m, 2H) ppm.

13C NMR (75MHz, CDCl3): ) 21.03, 30.94, 31.15, 61.39, 63.88, 78.69, 94.43, 122.14, 127.38,
127.43, 128.02, 132.11, 142.36 ppm.

FTIR (ATR):, (cm )= 3336, 2937, 2882, 1718, 1245, 1044, 759.

Preparation of propargyl carbonates: 3%

General procedure 5:To a stirred solution of propargyl alcohols (1 equiv.) in dry,ClHiwere

added pyridine (3 equiv.) and methylchloroformate (1.2 equiv.) at 0jC, and stirring was continued
for 1h at the same temperature. The reaction mixture was diluted with aquegCisaN#éi extracted

with EtOAc. The combined extracts were washed with brine. The residue was purified on silica gel
(heptane/EtOAcC as eluent).

%%8\1. C. B. Jaimes, F. Rominger, M. M. Pereira, R. M. B. Carrilho, S. A. C. Carabineiro, A. S. K. H&$temi, Commur2014, 50, 49320.
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Experimental part

1,3-diphenylprop-2-yn-1-yl methyl carbonate (336a)**°

0COo,Me

Upon the general procedure 5, this compound was obtainedlfrdian(0.841 g,

4.03 mmol) in the presence of pyridine (0.970 ml, 12.1 mmol) and methyl chloroformate (0.370 ml,
4.79 mmol) in dry CECI; (22 ml) as a pale yellow oil (2.625 g, Qtv).

'H NMR (300 MHz, CDCl3): ) 3.83 (s, 3H), 6.54 (s, 1H), 7.31-7.36 (m, 3H), 7.41 (dd, 3H, J= 0.97
and 6.87 Hz), 7.47-7.51 (m, 2H), 7.61-7.65 (m, 2H) ppm.

13C NMR (75MHz, CDCls): ) 55.10, 70.26, 84.87, 88.08, 121.99, 127.84, 128.30, 128.74, 128.91,
129.24, 131.93, 136.58, 154.95 ppm.

FTIR (ATR): , (cm )= 2954, 2227, 1745, 1440, 1246, 754, 690.

Methyl 1-phenylprop-2-yn-1-yl carbonate (336b)>°

0CO,Me

N
| X
=

According to the general procedure 5, this product was found frqginenyl-2-

propyn-1-ol (1.00 g, 7.56 mmol) and methylchloroformate (0.70 ml, 9.07 mmol) in the presence of
pyridine (1.83 ml, 22.70 mmol) in dry GBI, (33 ml) as a yellow oil (1.302 g, 90% vyield).

'H NMR (300 MHz, CDCls): ) 2.73 (d, 1H, J= 2.28 Hz), 3.81 (s, 3H), 6.30 (d, 1H, J= 2.28 Hz),
7.38-7.44 (m, 3H), 7.55-7.58 (m, 2H) ppm.

13C NMR (75MHz, CDCls): ) 55.15, 69.34, 76.49, 79.61, 127.72, 128.76, 129.37, 135.85,

154.84 ppm.

FTIR (ATR):, (cm %)= 3286, 2958, 1745, 1441, 1252, 788, 695.

1-phenylbut-2-yn-1-ol:>%°

OH

X
| N
= Me

To a stirred solution of benzaldehyde (1.00 g, 9.42 mmol) in dry diethyl ether (15
ml) was added 1-propynulmagnesium bromide (0.5M in THF, 23.54 ml, 11.77 mmol) at 0;C. The
resulting solution was allowed to warm to room tempgeaand was kept overnight whilst stirring

at the same temperature. After treatment with saturated aqueo@ ahdl extraction with EO,

the organic layers were combined, washed with brine, and dried with iMgB8®the solvents were
evaporated in vacuo. Filtration through a small pad of silica gel (EA/heptane) gave the final product

39%. Maraval, C. Duhayon, Y. Coppel, R. Chauvir. J. Org. Chem. 200830), 514456.
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Experimental part

as a yellow oil (1.184 g, 88% yield).

'H NMR (300 MHz, CDCl3): ) 1.91 (d, 3H, J= 2.21 Hz), 2.12 (br, 1H), 5.42 (d, 1H, J= 2.07 Hz),
7.36 (dt, 3H, J=6.38 and 12.28 Hz), 7.53-7.56 (m, 2H) ppm.

13C NMR (75MHz, CDCls): ) 3.75, 64.85, 79.18, 83.14, 126.59, 128.26, 128.58, 141.23 ppm.
FTIR (ATR):, (cm )= 3342, 3030, 2918, 1635, 1450, 1271, 727, 696.

Methyl 1-phenylbut-2-yn-1-yl carbonate (336c¢):

0CO,Me

| X
= Me

Upon the general procedure 5, this compounds was obtained from a reaction betweer
1-phenylbut-2-yn-1-0(1.14 g, 7.82 mmol) and methylchloroformate (0.720 ml, 9.38 mmul) a
pyridine (1.89 ml, 23.46 mmol) in anhydrous dichloromethane (42 ml) as a pale yellow oil (1.498 g,
94% yield).

'H NMR (300 MHz, CDCls): ) 1.91 (d, 3H, J= 2.24 Hz), 3.79 (s, 3H), 6.25 (g, 1H, J= 2.20 Hz),
7.36-7.39 (m, 3H), 7.53 (dd, 2H, J=1.88 and 7.46 Hz) ppm.

13C NMR (75MHz, CDCl3): ) 3.83, 54.98, 70.18, 75.36, 85.01, 127.66, 128.62, 129.03, 136.98,
154.99 ppm.

FTIR (ATR):, (cm )= 2956, 2241, 2206, 1745, 1645, 1440, 1247, 759, 694.

Methyl 3-phenylprop-2-yn-1-yl carbonate (336d)>*°

0CO,Me

=

According the general procedure 5, this compound was obtained fpbranyl-

2-propyn-1-ol (1.00 g, 7.56 mmol), methylchloroformate (0.700 ml, 9.07 mmol) and pyridine (1.83
ml, 22.7 mmol) in dry dichloromethane (40 ml) as a white solid (1.239 g, 86% yield).

'H NMR (300 MHz, CDCl3): ) 3.83 (s, 3H), 4.96 (s, 2H), 7.31 (dt, 3H, J= 1.03 and 5.19 Hz), 7.44-
7.47 (m, 2H) ppm.

13C NMR (75MHz, CDCls): ) 55.16, 56.24, 82.28, 87.19, 122.00, 128.32, 128.88, 131.91,

155.30 ppm.

FTIR (ATR):, (cm %)= 2956, 2924, 2856, 2187, 1751, 1660, 1442, 1375, 756, 690.

810C. K. Hazra, M. Oestreicirg. Lett.2012, 14, 40143.
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But-3-yn-2-yl methyl carbonate (336e)*!*

0CO,Me

Me \\

Upon the general procedure 5 this product was obtained frionty8-2-ol (1.00 g, 14.1
mmol) and methylchloroformate (1.30 ml, 16.92 mmol) and pyridine (3.34 ml, 42.3 mmol) in dry
CHClI, (75 ml) as a colorless oil (0.914 g, 50% vyield).

'H NMR (300 MHz, CDCl3): ) 1.54 (d, 3H, J= 6.74 Hz), 2.50 (dd, 1H, J= 0.32 and 2.13 Hz), 3.79
(s, 3H), 5.28 (qd, 1H, J=2.12 and 6.74 Hz) ppm.

13C NMR (75MHz, CDCls): ) 21.19, 54.93, 64, 73.77, 81.37, 154.78 ppm.

FTIR (ATR):, (cm %)= 3292, 1745, 1442, 1251, 1024.

Pent3-yn-2-ol: 3*2

OH

Me)\

was added slowly a solution of acetaldehyde (2.51 ml, 45.0 mmol) in anhydrous diethyl ether (4 ml)

Mel To a solution of 1-propynylmagnesium bromide (0.5 M in THF, 60.0 ml, 30 mmol)

at 0jC. Then the reaction was allowed to warm to room temperature and stirred over 16h, ther
cooled to 10iC and ice-cold saturated J0Hwas added. The organic layer was separated and
washed with brine, dried over Mg%@nd concentrated in vacuo. The crude was purified by
fraction distillation (20 mm Hg, 55;C) to afford final product as colorless oil (2.027 g, 53% vyield).

'H NMR (300 MHz, CDCl3): ) 1.39 (d, 3H, J= 0.42 Hz), 1.82 (d, 3H, J= 2.11 Hz), 4.48 (br, 1H),
4.78 (s, 1H) ppm.

13C NMR (75MHz, CDCls): ) 3.48, 24.64, 58.56, 80.13, 81.40 ppm.

FTIR (ATR):, (cm )= 3278, 3000, 1086.

Methyl pent-3-yn-2-yl carbonate (336f)3*3

0CO,Me
é Me
Me According to the general procedure 5, prod8ff was found from pent-3-yn-1-ol

(1.723g, 20.48 mmol), methylchloroformate (1.90 ml, 24.57 mmol) and pyridine (5 ml, 62.0 mmol)

in dry dichloromethane (126 ml) as a colorlesghi55 g, 50% yield).

'H NMR (300 MHz, CDCls): ) 3.82 (s, 3H), 6.53 (s, 1H), 7.32 (dd, 3H, J= 1.55 and 5.75#4],

(dd, 3H, J=0.95 and 6.82 Hz), 7.48 (dd, 2H, J= 2.46 and 7.22 Hz), 7.62 (dd, 2H, J= 1.84 and 7.4:
Hz) ppm.

%113 ER. Labrosse, P. Lhoste, D. SinduOrg. Chem2001,66, 6634423'?Z. Li, B. T. Parr, H. M. L. Davies]. Am. Chem. So2012,134, 1®426.
%13, Minami, M. Yuhara, H. Watanabe, J. TsujiOrganometallic Chem. 1987, 334, 225,
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13C NMR (75MHz, CDCl3): ) 55.11, 70.26, 84.85, 88.08, 121.97, 127.84, 128.30, 128.74, 128.92,
129.25, 136.55, 154.95 ppm.
FTIR (ATR): , (cm )= 2228, 1748, 1440, 1257.

General procedure 6; preparation of propargylic alcohols**

To a solution of aldehyde (1 eq) in anhydrous THF was added a solution of Ethynylmagnesium
bromide (0.5M in THF, 1.3 eq) at 0iC. The mixture had been stirredoat temperature until
disappearance the starting aldehyde (monitored by TLC), then a saturated solutiofCofsbi

added to the solution and the aqueous phase was extracted with EA (x3) and the organic layers we
washed with water and brine and thiered over NgSOq. The resulting crude product was purified

on silica gel (heptane/EtOAc as eluent).

.315

1-(4-nitrophenyl)prop-2-yn-1-ol (171a):

OH

p;

OaN Upon the general procedure 6, the reaction betwesitrabenzaldehyde (1.00 g,
6.61 mmol) and ethynylmagnesium bromide (0.5M in THF, 16 ml, 8.0 mmol) in dry THF (13 ml)
gave product 171a as an orange solid (0.478 g, 40% yield).

'H NMR (300 MHz, CDCL): ) 2.64 (d, 1H, J= 5.8 Hz), 2.71 (d, 1H, J= 2.3 Hz), 5.55 (dd, 1H, J=
5.6 Hz, 2.3 Hz), 7.71 (d, 2H, J= 8.7 Hz), 8.21 (d, 2H, J= 8.7 Hz) ppm.

13C NMR (75 MHz, CDCl3): ) 63.34, 75.97, 82.33, 123.84, 127.38, 146.73, 147.87 ppm.

FTIR (ATR):, (cm ) 3261, 3001, 2956, 2920, 1516, 1342, 1261, 800, 702.

1-(4-methoxyphenyl)prop-2-yn-1-ol (171b)***
OH
D
o Upon the general procedusethis product was prepared from a reaction between the

commercial availabl@-anisaldehyde (2.00 g, 14.68 mmol) and ethynylmagnesium bromide (0.5M
in THF, 38.2 ml, 19.1 mmol) in dry THF (30 ml) as a yellow oil (1.865 g, 78% yield).

'H NMR (300 MHz, CDCk): ) 2.63 (s, 1H), 3.78 (s, 3H), 6.88 (d, 2H, J= 8.7 Hz), 7.44 (d, 2H, J=
8.7 Hz) ppm,

13C NMR (75 MHz, CDCls): ) 55.34, 63.99, 74.59, 83.78, 114.02, 128.07, 132.46, 159.77 ppm.

8143 Chassaing, M. KuerStotz, G. Isorez, R. Brouillar@&ur. J. Org. Chen2007, (15), 243818.*"*H.66. M. Siah, M. Kaur, N. Igbal, A. Fiksdahl,
Eur. J. Org. Chem. 2014, 2014, 1720.
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