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Summary

Solvents are used in huge amounts in the chemical industry and this is one of the biggest
problems to be solved not only from an environmental point of view, but also for
economic reasons. The solvents commonly used in the industry are volatile, toxic,
inflammable and/or corrosives; then, their replacement by others less harmful
represents a crucial objective. Glycerol appears as a promising candidate to substitute
the conventional organic solvents. It is produced in huge amounts as a waste in biodiesel
industry. Consequently, the valorisation of glycerol becomes an important concern. This
compound possesses very interesting properties to be used as solvent such as its non-
toxicity, large range in liquid state, negligible vapor pressure, capacity for solubilizing
organic and inorganic compounds, low miscibility with other organic solvents and also its

low price.

This Thesis deals with the development of new catalytic systems in glycerol medium. In
particular, in this work we show how glycerol can facilitate the stabilization of copper(l)
nanoparticles that are able to catalyze the 1,3-dipolar Huisgen cycloaddition between
terminal alkynes and organic azides (known as click reaction). The reaction proceeds at
room temperature and it is very efficient. Moreover, this reaction can be carried out in
the absence of copper using internal alkynes, working under microwave irradiation.
Glycerol favours the process in comparison with other solvents (including protic ones),
probably due to its ability to form hydrogen bonds, which favors the interaction with
microwave irradiation (accelerating the process). With the aim of studying
stereoselective transformations, we have conceived new enantiopure ligands derived
from PTA (1,3,5-triaza-7-phosphaadamantane). These innovative phosphines have been
applied in enantioselective processes, such as pinacolboryl addition to N-Boc-imines (Cu)
or a-amination (Cu), among others, where the phosphine is involved as chiral ligand in

metal-catalyzed processes, or as organocatalyst (Morita-Baylis-Hillman reaction).
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Short introduction and objectives

The Green Chemistry concept was defined for the first time at the beginning of the
1990s™" as the “design of chemical products and processes to reduce or eliminate the use and
generation of hazardous substances”. The use of solvents is perhaps one of the most important
areas of Green Chemistry, because they are widely recognised to represent a great
environmental concern. In the chemical industry, solvents are used in huge amounts as media
for chemical reactions, for chemical separations/purifications and for analysis. Moreover, many
conventional solvents are toxic, flammable, and/or corrosive. According to one of the twelve
principles of Green Chemistry,m the reduction of the use of harmful solvents is one of the
priorities. The European Solvents Industry Group (ESIG) has been created to promote the use of
solvents in a more environmentally friendly and safe way.m One of the targets is to produce new
bio-based solvents. The bio-based solvent consumption in the European Union was 0.63 million
tons in 2008, a 12.6% of the total (5 million tons) and it is estimated to growth up to 1.1 million
tons by 2020."

The development of solvent-free processes would be ideal;[s] however, solvents have in
most of the cases a crucial role in the chemical transformations.” Thus, the strategy to solve this
problem is to replace petroleum-based solvents by others obtained from renewable resources or
by ones that show better environmental, health and safety properties. Regarding these
considerations, water is the first-choice solvent,m and it has already been used on an industrial
scale; however, its negligible capacity to solubilise organic and organometallic compounds and

the high energy cost for water removal after completion of processes, limits its applications.

1,2,3-Propanetriol (glycerol) appears as a concomitant product in the production of
biodiesel (approx. 10 wt% of the total output). The biodiesel industry has grown exponentially in
the last few years and the utilisation of huge amounts of the glycerol generated in this process
presents a problem for this technology. For this reason, the search for new uses of glycerol
becomes an important challenge for researchers. In this sense, glycerol represents an attractive
candidate to be used as solvent in chemical transformations. Together with its low price, its non-
toxicity, the high boiling point (290 °C), the negligible vapour pressure and the ability to dissolve
a variety of organic as well as inorganic compounds make it especially interesting for

applications in catalysis.
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In recent years, our group has been interested in the application of glycerol as solvent in
catalytic transformations. Particularly, the stabilisation of Pd nanoparticles in this medium led to
a highly efficient catalytic system for several chemical transformations.® Glycerol also allowed
us to stabilise Cu nanoparticles that were active in C-N and C-S bond formation reactions,
azide—alkyne cycloadditions and tandem processes merging both afore mentioned
transformations.'”) Moreover, our research group could prove the important role of glycerol in

the Rh-catalysed Pauson-Kand carbocyclisations.”ol

Following these promising results, the main objective of this Thesis has been the
development of new catalytic systems adapted to glycerol medium. We focused our attention
on the azide—alkyne cycloadddition reaction. Despite the tremendous importance of this
transformation, not only for applications in chemistry but also in biochemistry and material
science, it has not been deeply studied in glycerol medium. For this reason we wanted to go
further in this topic and take advantage of the properties of glycerol as solvent to discover new
procedures to afford 1,2,3-triazoles. On the other hand, glycerol-soluble derivatives are required
to build up catalytic systems in this medium considering that they can serve as ligands for
organometallic complexes, as stabilisers for metallic nanoparticles or as catalysts by them self.
In this context, the 1,3,5-triaza-7-phosphaadamantane (PTA) and its derivatives are found to be
excellent water-soluble molecules very useful in reactions in water and also, as proved by our
group, excellent glycerol-soluble ligands. Being focused on this, we envisioned the preparation

of new enantiopure PTA derivatives to carry out catalytic asymmetric processes in this medium.

The first chapter gives an overview of the main topics of this Doctoral Thesis. First of all,
the advantages of using glycerol as solvent for chemical transformations are explained. After
this, a short introduction about the interest of 1,3-dipolar azide—alkyne cycloaddition reaction as
well as about the need of glycerol-soluble derivatives to carry out catalytic reactions in this

medium are also provided.

The aim of the second chapter is to develop a new metal-free synthetic procedure for
the synthesis of 1,4,5-trisubstituted 1,2,3-triazoles from internal alkynes and organic azides using
glycerol as solvent. Fully substituted triazoles are useful molecules in biochemistry. To avoid the
use of transition metal catalysts in the synthesis of these molecules, a matter of importance to
prevent contamination of the final products with traces of metals. The interesting

physicochemical properties of glycerol, in particular its high boiling point, its negligible vapour
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pressure and its high viscosity, offer the opportunity to use it under microwave dielectric heating

and accelerate the reaction.

The third chapter deals with the Cu-catalysed azide—alkyne cycloaddition (CUAAC) using
terminal alkynes in glycerol. The objective in this section is to look for milder reaction conditions
with the aim of immobilising the catalyst. The effect of long-alkyl-chain amines as additives in
the reaction medium has been studied in this section. They have a key role on the Cul-assisted
azide—alkyne cycloaddition at room temperature, helping to the stabilisation of highly reactive

copper nanoparticles in glycerol that can be recycled.

The objective of the fourth chapter is the preparation of novel glycerol-soluble
enantiopure ligands derived from 1,3,5-triaza-7-phosphaadamantane (PTA), functionalised on
the carbon atom nearest to phosphorus (“upper rim” functionalisation). The synthetic
procedures as well as the preliminary tests of its activity in several asymmetric reactions (MBH,
a-amination, addition of terminal alkynes to isatins and the hydroboration of imines) are shown

in this chapter.

To summarise the work carried out in this Doctoral Thesis, this manuscript is completed

by the main conclusions of the results obtained and some perspectives for the future.
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General Introduction






Chapter 1. General introduction

1.1 Glycerol: an eco-friendly and versatile solvent in catalysis.

The huge industrial development and population growth are the principal causes of the
current global energy crisis. To satisfy the demand of energy in all over the world, the non-
renewal energy sources are being consumed in an unsustainable rate. Moreover, the
combustion fossil fuels such as oil, gas and coal cause the emission of an alarming amount of
hazardous substances into the atmosphere. Without the slightest doubt, these aspects are
affecting drastically to the environment. This has led to a search of new alternatives to
substitute fossil fuels, in particular the use of biofuels. Biodiesel has been identified as one of the
options to replace or, at least, complement the traditional fuels.™ The preferred method to
produce biodiesel is the transesterification of vegetable oils or animal fats with an alcohol
(typically methanol) using a strong alkaline catalyst to produce esters (Scheme 1.1).[2] In this
process, glycerol is produced as a concomitant product. Generally, for each kilogram of biodiesel
produced, approximately 100 g of glycerol are generated, which is nearly 10 wt.% of the total

product.m

(0] O

0
NaOH or KOH +
OYO\)\/OYO . 3 MeOH oo R, Moo R, Mo R,
Ry Rs
OH
Ho A\ _OH

Triglycerides Biodiesel

Glycerol

Scheme 1.1 General reaction for based-catalysed transesterification for biodiesel production.

One of the major obstacles for the commercialisation of biodiesel is the inevitable co-
production of glycerol.w The surplus of crude glycerol has supposed a dramatic impact in the
prices of crude glycerol and consequently, in the biodiesel industry. Over the past few years, the
crude glycerol prices dropped from 0.31€ to 0.04€ per kg.”"sl Moreover, depending on the
biodiesel production process and the rapeseed used, the crude glycerol generated includes
around 20% of impurities such as methanol, potassium and sodium salts, non-glycerol organic
matter, soaps and water.”® The purification of crude glycerol is an expensive process and is
riddled with handling and separation problems.m Large-scale biodiesel producers can refine the

crude glycerol to obtain a high pure form up to 99% of purity, which can be used in
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pharmaceutical, food or cosmetic industries. Nevertheless, small-scale producers are looking for

alternatives which permit the use of unrefined glycerol in profitable applications.[gl

Clearly, the development of new strategies to convert glycerol into more valuable products
or the search of new uses of this compound represents an urgent need. Actually, in 2013, the
European Union initialised a project named GRAIL (“Glycerol Biorefinery Approach for the
Production of High Quality Products of Industrial Value”) with the objective of coming up with
solutions and technologies to utilise glycerol and transform it into beneficial products.[gl In the
last few years, much research has focused on this aim and several options and strategies have
been developed. One of the most active areas of research is the transformation of glycerol into
other small molecules like glycidol, epichlorohydrin, acrolein, glycerol carbonate or cyclic acetals,
among others (Scheme 1.2).[101 There are also interesting approaches such as the utilisation of
glycerol for the synthesis of hydrogen, to use it as a fuel additive, as a substrate for
fermentation, for methanol production, in waste water treatments and many others.™ In this
context, the possible use of glycerol as solvent in chemical transformations has become a subject

of particular interest.

O o OH
|>— O
R R' ///« H glycidol l/\ o
acrolein ep/chlorohydrm

cyclic acetals

\

Scheme 1.2 Some possible transformations of glycerol into intermediates of industrial interest.

g/ycerol carbonate

HO OH

Solvents are used in large quantities in fine-chemical and pharmaceutical industries for
chemical transformations, separation and purification processes. Moreover, many conventional

solvents are hazardous volatile compounds, toxic and harmful. One of the most important

[11]

challenge of Green Chemistry is to minimise the environmental impact resulting from the use

of solvents in chemical production. For this reason, the substitution of the conventional
hazardous solvents by ones that shown better environmental, health and safety properties is an
active and an important area of research. Bio-based solvents coming from renewable sources
have emerged as one of these green alternatives.”” Boosted by the problematic of its

|[13]

overproduction, glycero and its derivatives™ have appeared as one of these bio-based

solvents together with others such as D-limonene, ethyl lactate™ or 2-

10
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methyltetrahydrofuran.m] Glycerol is also widely used as one of the components of deep

eutectic mixtures, known as Deep Eutectic Solvents (DESs).[m

DESs are also promising
alternatives for the replacement of common organic solvents. These eutectic mixtures are
generally form by two components: a hydrogen-bond acceptor (choline chloride, betaine,
alanine, among others) and a hydrogen-bond donor (glycerol, ethylene glycol, urea, among
others).[18] DESs are mainly characterised by a freezing point lower than those of their neat

components. They have similar physico-chemical properties to the well-known ionic-liquids but

they are much cheaper and more environmentally friendly.

Glycerol is a clear, colourless, odourless and viscous liquid that possesses a unique
combination of chemical and physical properties that make it an interesting solvent for catalysis.
In order to compare with other alternative solvents, some properties of glycerol are collected in
Table 1.1 together with those of water and [bmim][PF¢] (1-butyl-3-methylimidazolium
hexafluorophosphate), one of the most used ionic liquids. In comparison with water and
[omim][PFg], glycerol is very viscous at room temperature, but at higher temperatures (> 60 °C)
become more fluid. Its melting point is higher than the one of water and [bmim][PF¢]. Like
[bmim][PFs], glycerol presents a high boiling point and a low vapour pressure in comparison with
water. It is important to highlight the broad range of temperature (almost 300 °C) in which
glycerol can maintain its liquid state. Finally, an important point is that glycerol is biodegradable,

in contrast to [bmim][PFs].

Table 1.1 Chemical and physical properties of glycerol, water and [bmim][PFg].["* 142 14 1]

Properties Glycerol Water [bmim][PF¢]
Chemical formula C3Hg0; H,0 CgH1sFeN,P
Molecular mass (g/mol) 92.09 18.01 284.19
Density at 20 °C (g/mL) 1.26 1 1.36
Viscosity at 20 °C (cP) 1200 1 312
Melting point (°C) 18.2 0 -8
Boiling point (°C) 290 100 >350®
Vapour pressure at 50 °C (mm Hg) <1 92.5 <1
Biodegradable Yes - Non

(el Decomposition temperature.

11
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These data show that glycerol possesses some advantages in comparison with other
alternative solvents in particular regarding catalytic applications and, along with other

considerations, several points should be highlighted to show the main benefits of glycerol:

= Safety: due to its high boiling point and negligible vapour pressure, the reactions can
be carried out at high temperatures, favouring the acceleration of processes.
Moreover, the solvent is not evaporated, which increases the safety of the process
on a large scale. Thanks to the high boiling point, distillation of products is also
feasible.

= Toxicity: glycerol is a non-toxic compound with a median lethal dose (LDso) of 12,600
mg/Kg (rats), which is the dose required to kill a half of the members of the tested
population in a specific time. Moreover, it is found in numerous consumer products
such as pharmaceuticals, cosmetics, tobacco, food and drinks.

= Environmental compatibility: glycerol is a biodegradable and reusable solvent. It has
no harmful impact on the environment, which is very important in case of accidental
spills. Aquatic toxicity measured by TLm96 parameter (defined as the concentration
that would kill 50% of exposed organisms in 96 hours) is ca. 1,000 mg/L, an
insignificant level.12

= Economic consideration: glycerol is very cheap, crucial for applications at large scale.

=  Solubility and miscibility: glycerol allows the dissolution of transition metal
complexes, inorganic salts, acids, bases and enzymes. It also dissolves organic
compounds usually insoluble in water. Glycerol is not miscible with hydrocarbons

and ethers, which allows liquid-liquid extraction for product isolation.

Apart from all these benefits, the use of glycerol as solvent in chemical transformations
shows also some drawbacks. The reactivity of the three hydroxyl groups with the reaction
components can lead to undesired side products. In addition, the coordination ability of glycerol
could be a problem for transition metal complex catalysts, because of the competition between
the desired ligands and the hydroxyl groups for the coordination to the metal centre. Moreover,
its high viscosity could make difficult the diffusion of the organic substrates in the medium.
However, this limitation can be overcome by increasing the reaction temperature above 60 °C or
adding co-solvents to improve the fluidity. In addition, the strong hydrogen-bonding network

|[21]

structure of glycero makes it especially useful as solvent in microwave-promoted organic

transformations."?? This supramolecular network is the responsible of its high viscosity, which is

12
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correlated to the long relaxation time (that is, the time taken for the molecule to take up a
random orientation when the electric field is switched off) observed for glycerol, in comparison
with other protic solvents.” This fact, together with its favourable dielectric properties, makes

glycerol a cheap and environmental friendly solvent.

It is also remarkable the particular ability of glycerol to stabilise and immobilise metallic
nanoparticles.[13°] The bottom-up synthetic approach is one of the most convenient ways to
control the size and morphology of metallic nanoparticles (MNPs) during its preparation
(Scheme 1.3).[24] Generally, the first step in this strategy consists in the reduction of transition
metal salts or organometallic complexes (by adding a reducing agent). Then, naked atoms start
to collide each other in the nucleation step leading to the formation of seeds (nuclei, i.e. small
clusters). To control the particles growth, it is necessary the presence of a stabiliser, in order to
avoid the thermodynamically tendency to give agglomerates and bulk material.’®"! Polyols, like
glycerol, have been widely applied as solvents for the formation of MNPs because they can
function as both reducing agent and stabiliser.”®! This methodology is known as the polyol
synthetic method and it was first developed by Fievet et al. in 1989.2%" Moreover, glycerol has the
ability to immobilise MNPs, favouring the recycling of the catalytic phase by simple liquid-liquid
extraction of the organic products and preserving the reactivity for the next runs. The
supramolecular network of glycerol might be the responsible of such good immobilisation of the
nanocatalysts, making easier the dispersion of nanoparticles and consequently avoiding their
agglomeration, in contrast to the most part of common organic solvents. However neat glycerol

cannot avoid the MNPs agglomeration.[28]

- 9 LB
Metallic reduction 09 o nucleation % % growth %‘W% oo }"T:_
e )

molecular —» 090 —m
speci 009
pecies o 0©

stabilising
agent

Scheme 1.3 Bottom-up synthetic approach for the preparation of MNPs.

In relation to the applications in synthesis, glycerol has been used as solvent in many
organic transformations since the middle of the last century.m] Nevertheless, it has not been

considered as a green solvent until 2006, when Wolfson et al.B%

reported the first examples
using glycerol as solvent in Pd-catalysed Heck and Suzuki cross-couplings reactions. Since then,
the number of publications reporting the benefits of the use of glycerol as solvent in chemical

transformations including catalytic processes, has increased considerably.

13
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Concerning the reports on non-catalysed reactions in glycerol medium, it is remarkable the

pioneering contribution of Jéréme et al.PY

, in which they clearly demonstrated the advantages
of glycerol over other conventional solvents, including water. Glycerol was found to be highly
efficient in some organic transformations such as the aza-Michael reaction of amines and
anilines, the Michael reaction of indoles or the ring-opening of styrene oxide with p-anisidine.
After this contribution, the number of works using glycerol as solvent in non-catalysed reactions
increased. For instance, Gu et al.’? showed that glycerol is an excellent solvent to carry out
condensations of aldehydes with indoles and 1,3-cyclohexadiones, in the absence of any acid
catalyst. Bhosale et al.?¥ reported the preparation of 5-substituted 1H-tetrazoles in glycerol
medium under catalyst-free conditions using aryl nitriles, benzyl nitriles and also sterically
hindered nitriles in combination with sodium azide. It should be also highlighted the work of

| [34]

Safaei and Shekouhy et a in which they developed a one-pot chemoselective procedure for

the synthesis of 4H-pyrans (Scheme 1.4).

©/CHO CN
< catalyst-free

e} CN
solvent, 80 °C

toluene, 360 min, <15% yield
ethanol, 360 min, <15% vyield
ethylene glycol, 90 min, 80% yield
water, 130 min, 71 % yield
glycerol, 60 min, 93% yield

Scheme 1.4 Non-catalysed one-pot three-component synthesis of 4H-pyran derivatives in glycerol.[34]

It has been speculated that glycerol facilitates these non-catalysed organic transformations
due to its interaction by hydrogen bonding with the reactants, thus stabilising the corresponding
transition states and intermediates.”” Concerning this last example, the authors proposed that
in the first step of this reaction the OH groups of glycerol promote the formation of an E-olefin

between the aldehyde and malononitrile.

The development of metallic catalytic systems in glycerol is one of the topics of research in
our group.[lgc] We have contributed to the development of metallic homogeneous catalytic
systems as well as the immobilisation of metal nanoparticles for catalysis in neat glycerol.
Concerning the homogeneous systems, we have demonstrated the important role of glycerol in
the Rh-catalysed Pauson—Khand carbocyclisation (Scheme 1.5).[35] Although, as mentioned
before, the potential reactivity and coordination ability of the hydroxyl groups in glycerol could

be a limitation in catalysis, because of the formation of side products or the competition to
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coordinate to metal centres, in that case it became the key of the success of the reaction. [Rh(p-
OMe)(cod)], catalysed the formation of bicyclo[3.3.0]octenones thanks to the coordinative

behaviour of glycerol which stabilises the intermediates during the catalytic process.

R1 R rR1 R O
)%@—W [Rh(u-OMe)(cod)];
X + CO > X ‘ 0

\/% glycerol, A

X = 0, NTs, C(COOE), up to 95% yield
R' = H, Me; R? = H, OMe, NO,

Scheme 1.5 Rh-catalysed Pauson-Khand carbocyclisations in neat glycerol.

Regarding the immobilisation of metal nanoparticles, we have reported the synthesis of

well-defined copper(l) oxide nanoparticles (CUZONPS)[36]

coated by poly(vinylpyrrolidone) (PVP)
in glycerol for applications in different catalytic transformations such as C—heteroatom bond
formation processes, 1,3-dipolar azide—alkyne cycloadditions and also tandem processes
involving these two transformations. Concerning the 1,3-dipolar azide—alkyne cycloaddition, it
should be pointed out that, despite the tremendous importance of this transformation, which

transcends the chemistry community,[37]

it has not been deeply investigated in glycerol medium.
This topic, which will be the subject of chapters 2 and 3 of the present Thesis, is analysed in

section 1.2.

Moreover, our research group has described the synthesis and catalytic applications of

palladium nanoparticles (PdNPs) using 3,3’,3”-phosphanetriyltris(benzenesulfonic acid)

[28, 38] [39]

trisodium salt (TPPTS), 1,3,5-triaza-7-phosphaadamantane (PTA) derivatives and
cinchona-based ligands as stabilisers.””! Glycerol-soluble derivatives are fundamental for
developing catalytic systems in glycerol medium because they can serve as NPs stabilisers,
ligands for organometallic complexes or as organocatalysts. Focusing our attention on the
hydrosoluble phosphine PTA, this topic will be introduced and deeply explained in the section

1.3 of this chapter and in the chapter 4 of this Thesis.
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1.2 The azide—alkyne cycloaddition reaction

In 1893, Michael at al.!*! reported the first example of a 1,3-dipolar cycloaddition reaction
between phenyl azide and diethyl acetylenedicarboxylate. However, this publication did not
attract the interest of the scientific community until approximately 70 years later, when Huisgen
et al.1*? deeply examined this class of reactions. The also called Huisgen 1,3-dipolar cycloaddition
of organic azides and alkynes is a slow process, which requires high temperatures (Scheme 1.6b).
Furthermore, it is not regioselective, leading to a mixture of both 1,4- and 1,5-disubstituted
1,2,3-triazoles. Although L’abbé first observed a copper-catalysed version of the 1,3-dipolar
cycloaddition (CuAAC) in 1984, the importance of this discovery was not highlighted until
2002 when Medal et al.** and Fokin and Sharpless et al.,* independently, reported that Cu(l)
species as catalysts are able to accelerate the process and make it fully regioselective, leading
exclusively to 1,4-disubstituted 1,2,3-triazoles (Scheme 1.6a). Since then, the CuAAC has been
widely applied due to the experimental simplicity, its robustness and the high yields obtained,
being classified as the “click” reaction™*®! par excellence.”*” On the other hand, years later, Fokin
and Jia et al.*® developed the selective access to the complementary regioisomer (Scheme
1.6c). They reported that the use of [Cp*Ru] complexes as catalysts in the 1,3-dipolar
cycloaddition (RUAAC) of organic azides and alkynes provided 1,5-disubstituted 1,2,3-triazoles in

a regioselective manner.

+
R-N-N=N + R2Z—=——H(R?)

(a) (c)
(b)| A R?

RY, 2 1 5
R RANTN—H(R?)
NN 4 1

¥

. H(R?) R? NN
1,4-d|sub.st|tuted R » R 5 1,5-disubstituted
1,2,3-triazole 1“N No-R R TN H(R3) 1,2,3-triazole

RO 1
N=N N:N
1:1 regioisomeric mixture

Scheme 1.6 1,3-Dipolar cycloaddition reaction of organic azides and alkynes; a) Thermal AAC; b) CUAAC; c)
RUuAAC.

The RUAAC using [Cp*Ru] complexes as catalysts can also be applied to internal alkynes, in
contrast to CUAAC which is generally applied with terminal alkynes, and this fact supports the
different mechanistic pathway in comparison with CuAAC (detailed in Chapter 3). Based on DFT

calculations,®** *¥ the proposed mechanism for RUAAC using [Cp*Ru] complexes (Scheme 1.7)
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starts by the displacement of the spectator ligands on the initial Ru(ll) complex (step A), leading
to the intermediate I. At this point, a regioselective oxidative coupling between the terminal
nitrogen on the azide and the alkyne (step B) to form a ruthenacycle intermediate Il. Step C
consists on a reductive elimination to afford the triazole ring (intermediate Ill), followed by the
realising of the 1,5-regioisomer in step D. The m-coordination of the alkyne to the Ru centre
(intermediate 1) and the formation of the ruthenacycle (intermediate Il) are the key points to
explain why the RUAAC using [Cp*Ru] complexes leads to the 1,5-disubstituted 1,2,3-triazole and
also to fully substituted triazoles, in contrast to CUAAC. In the case of the Cu-catalysed reaction,
not only monometallic pathways have been proposed and it is generally limited to terminal
alkynes (see Chapter 3). In spite of the potential of 1,5-isomers in several fields of medicinal
chemistry and biochemistry, this RUAAC has not been as developed as the CUAAC due mainly to
the higher cost of the catalysts and the harsher reaction conditions compared to cu.P it is

(51]

important to note that using other Ru complexes as catalysts,”™ the 1,4-regioisomer can also be

obtained, as in the case of CuUAAC.

R1
2 5
W
H |
N=N CI“?RU
L
D
|
| ~Rul g2
Cl\\‘ ulN"N‘N—Rz CI*, \’N'
\:( R1// :N
1 R |

Scheme 1.7 Proposed catalytic mechanism for RUAAC using [Cp*Ru] complexes providing the 1,5-disubstituted
1,2,3-triazoles.!*®

Apart from our contribution on this subject using Cu,ONPs stabilised in glycerol, mentioned
in the previous section, there is only one report published by Garcia-Alvarez et al.” concerning

the CuAAC in this medium, in which they described an efficient simple Cul/glycerol catalytic
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system for the preparation of 1,4-disubstituted 1,2,3-triazoles at room temperature (see Scheme

3.5 in Chapter 3).

1.3 Glycerol-soluble derivatives for the development of new catalytic systems.

Phosphines have been widely used in homogeneous catalysis as both ligands in
organometallic catalysis[53] and organocatalysts.[54] In the context of the replacement of common
organic solvents by others more environmental friendly solvents, the development of catalytic
procedures in water medium has been one of the most studied areas. In this sense, varieties of
water-soluble phosphines have appeared through the years,[SS] (see Figure 1.1 for some
examples) and among them 1,3,5-triaza-7-phosphadamantane (PTA) and its derivatives (see

Figure 1.2).[56]

SOSNa SO3Na SOgNa

2.0 .0, 0.0,
<IN < IENNe

TPPMS TPPDS TPPTS
- +
O
+ Cl PPh,
NMe; OH -
Ph,P” N HOL P oH Br Ha PPh,
AMPHOS THMP
diam-BINAP

Figure 1.1 Water-soluble phosphines.

PTA has been functionalised in different ways to obtain several hydrosoluble PTA
derivatives; some of them are collected in Figure 1.2. The PTA cage has been N-functionalised
leading to N-monoalkylated quaternary ammonium salts (PTAR),[39' > ring-opened dimethylated
PTA (dmoPTA)[Ssl or ring-opened diacetylated PTA (DAPTA).[SQ] The functionalisation on the
methylene position close to phosphorus atom has also led to other hydrosoluble PTA derivatives
like phosphino alcohols such as PTA-CRR'OH"® or PTA-CH(1-MeIm)OH,[61] diphosphine

[62]

derivatives such as PTAPPr'®® and aminophosphines such as PTA-CRR’NHPh.©
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Me
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Figure 1.2 PTA and some selected hydrosoluble PTA derivatives.

These PTA derivatives have been served mainly as ligands for organometallic complexes
applied in homogeneous aqueous catalysis.[ssl Some of these organometallic complexes and
their applications will be show in chapter 4. Few reports are dedicated to their use as stabiliser

for MNPs (Ru, Pt, Pd or Ag) in water (Scheme 1.8).[64]

7 P [Ru(COD)(COT)] 1) purification
NI_N » Ru@PTANPs —_— Ru@PTA NPs
LN/ THF; H (3 bar): 70 °C colloidal solution 2 _dlssolutlon aqueous
with [PTA)/[M] = 0.8 . u in water colloidal solution
in THF
Ru@PTA NPs
>
H, (10 bar), 293 K
R R
R =H, OMe 60-100% conversion

Scheme 1.8 RuNPs stabilised by PTA reported by Philippot et al 164 54, synthesis of RUNPs (top) and their
applications in hydrogenation of arenes (bottom)

Following our aim of developing catalytic systems in glycerol and due to the similarity, in
terms of polarity, between glycerol and water, all these hydrosoluble PTA derivatives could
potentially serve as ligands for transition metal complexes, as stabilisers for MNPs or as catalysts

by itself also in glycerol. Actually, although they have not been widely applied to develop
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catalytic systems in this medium, few works have demonstrated that these PTA derivatives serve
to this purpose. Cadierno et al. used glycerol as solvent in the Pd-catalysed intramolecular
cycloisomerisation of (Z)-enynols using Pd complexes [PdCl;L;] containing PTA as ligand as

catalytic precursors (Scheme 1.9).[65]

Me
i O)\N/\N7
: N
RI-= is-[PdCl,(DAPTA),] 0.2 mol? " { Z/ 7fMe
— \ cis-[PdCly( )21 0. moIA) I\ | CI\Pd/P I
2 '
HO glycerol, 75 °C, 0.3-24 h o” R /N Me
: Cl P\
R2 : <\ JN 5
: o)
R' = H; R2 = H, "Bu, Ph, CH,C(Me)=CH, 77-90% yield ! Y'\",N
R'=Ph;R2=H : Me

cis-[PdCly(DAPTA),]

Scheme 1.9 Pd-catalysed intramolecular cycloisomerisation of (Z)-enynols using a Pd complex reported by
Cadierno et al.™

The same group also reported the use of glycerol as solvent and hydrogen donor in the

reduction of allylic alcohols with Ru-based complexes containing PTA ligands (Scheme 1.10).[66]

[RUCly(1n8-CgHg)(DAPTA)] 5 mol%

KOH (40 mol%)
RN — > oAy

glycerol, 100 °C, 6-15h

up to 90% yield

isomerisation transfer hydrogenation

[RUClo(1n8-CgHg)(DAPTA)]

72

3

Scheme 1.10 Ru-catalysed reduction of allylic alcohols in glycerol reported by Crochet and Cadierno et al.l*®

Our group has also contributed to this aim using the N-monoalkylated ammonium salts
(PTAR) (see above Figure 1.2) as stabilisers for the preparation of PANPs in glycerol (Scheme
1.11).[39] The catalytic system was active in cross-couplings, hydrogenations and one-pot
sequential processes, and the corresponding catalytic phase could be recycled thanks to the

efficient catalyst immobilisation.
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I/p Br H, (3 bar) PaNP
PdCl,(cod [ °
[PdCly(cod)] + NN\/N\/ glycerol, 18 h

LN/ 60 °C

dmean =3.2+£0.8 nm
(for 8070 counted particles)

Scheme 1.11 Synthesis of PANPs using PTA derivatives as stabilisers (left) and the TEM image of the PANPs in

glycerol (right), reported by our group.[39]

On the bases of this literature overview we will next develop the different objectives of this

thesis in the following three chapters.
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Chapter 2. Metal-Free Intermolecular Azide—Alkyne Cycloaddition
Promoted by Glycerol

2.1 Introduction

Although the 1,2,3-triazole motif is not present in natural compounds, the “amide-
triazole bioequivalence” of these heterocycles has been used for the synthesis of important
bioactive molecules because of their physicochemical properties (peptide isosteres), in addition
to their remarkable metabolic stability. In particular, the bioactivity depends, in a lot of cases, on
the substituents on 1,4,5-site positions (Figure 2.1). These types of molecules act as anti-
influenza agents (influenza is a respiratory disease), cannabinoid receptor antagonists (applied
for treatments of obesity and drug addiction), Hsp90 inhibitors (anticancer agents),
metabotropic glutamate receptor type 1 (mGIuR1) antagonists (applied for treatment of
psychotic disorders) and PET-based ligands (PET = Positron Emission Tomography) for imaging

mGIuR1 (in order to study the role of mGluR1 in the brain).m
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mGIuR1 antagonist PET ligand for imaging mGIluR1
Figure 2.1 Biologically relevant fully substituted 1,2,3-triazoles.

The preparation of 1,4-disubstitued 1,2,3-triazoles have been widely investigated since
2002, when Meldal et al. and Fokin and Sharpless et al. independently established that the use
of Cu(l) species as catalysts leads to fast, highly efficient and regioselective cycloadditions from
the corresponding terminal alkynes and organic azides.”” On the contrary, the synthesis of fully
substituted triazoles using internal alkynes remains as a challenge that it has been taken up by

the scientific community. Several metal-catalysed processes have been studied pursuing this

objective. A remarkably solution was reported by Hein and Fokin et al. who prepared 5-iodo-
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1,2,3-triazoles from readily accessible 1l-iodoalkynes using Cu(l) salts as catalytic precursors
(Scheme 2.1a).[3] The triazoles obtained were amenable to further functionalisation through a
Pd-catalysed Suzuki-Miyaura cross-coupling reaction with arylboronic acids.” Lin, Jia and Fokin
et al. showed an alternative way to afford fully substituted triazoles using Ru complexes as
catalysts, such as [RuCICp*(PPhs),] and [RuCICp*(COD)] (Scheme 2.1b).[5] Good regioselectivities
were achieved only with alkynes containing a hydrogen bond donor group, such as propargylic
alcohols and amines, or those alkynes electronically biased. Jia and Sun et al. reported for the
first time an efficient Ir-catalysed intermolecular azide—alkyne cycloaddition (AAC) of internal

acetylenic thioethers (Scheme 2.1c).[6]
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Scheme 2.1 Metal-catalysed intermolecular AAC with internal alkynes.
It should be also noted that the metal-catalysed direct arylation of 1,4-disubstituted
1,2,3-triazoles is also an important method for the synthesis of fully substituted triazoles.”!
Several approaches have been reported in the literature using aryl halides and Pd® or cu®

catalysts.

However, in some particular cases, the use of transition-metal catalysts can generate
problems. Therefore, copper, despite of being an essential metal required by living cells, can
become highly toxic and induce changes in cellular metabolism beyond certain
concentrations.™ For this reason, the development of metal-free procedures to generate fully
substituted triazoles from azides and internal alkynes is an interesting target for many research

groups.%”!
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The use of internal alkynes to obtain 1,4,5-trisubstituted 1,2,3-triazoles requires harsh
conditions and activated alkynes that contain electron-withdrawing substituents in order to
favour the intermolecular process.[”] The strategy reported by Bertozzi has supposed an
important progress in this field:*? the use of the ring strain as an alternative to the use of
electron-poor alkynes, a concept that was firstly introduced by Witting and Krebs in 1961."% The
strain-promoted azide—alkyne cycloaddition (SPAAC) between cyclooctynes and azides leads to
1,4,5-trisubstituted triazoles under mild conditions, without regioselectivity control (Scheme
2.2). This metal-free strategy has been mainly used for selective modification of biomolecules
and living cells. However, the synthetic pathway to afford cyclooctynes is tedious and it should
be simplified in order to apply this methodology not only in biochemistry and medicinal

chemistry, but also in other fields.

F RZ E RZ
\ R2 F F
F +
1
- —_—
R N3 + \ N‘ N R1~N N
N-'N]:\)1 N=N

Regioisomer ratio = 1:1

Scheme 2.2 The intermolecular strain-promoted azide—alkyne cycloaddition (SPAAC).

Another practical method to afford fully substituted 1,2,3-triazoles in the absence of
metal is the intramolecular AAC.** Under mild conditions, the cycloaddition can take place
thanks to favourable entropy effects. This strategy involves the appropriate position of the azide
and alkyne moieties in the structure of the substrate in order to favour the cyclisation; this
approach has permitted to give a variety of chemical entities, exhibiting structural and biological
significance. Pericas et al. reported that 1,4,5-triazoles fused to seven-membered heterocycles
can be easily obtained from accessible enantiopure phenylglycidyl propargyl ethers leading to

benzodiazepine analogues (Scheme 2.3).[14f]

N
e 29 NaN; N ‘\S\
P N"Non <3 Ph/\/\x’\ —>» N
N R BUOH/H,0 J\//X
Br/\ MW PPN (x=0,NR, 8)
N HO

R
Ph N XN
OH /\R

Scheme 2.3 Metal-free intramolecular azide—alkyne cycloaddition leading to 1,4,5-triazoles fused to seven-
membered heterocycles.
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With the aim of providing a metal-free methodology for the preparation of fully
substituted 1,2,3-triazoles following a challenge intermolecular strategy involving non-activated
alkynes, we relied on the special physicochemical properties of glycerol as solvent. The copper-
catalysed azide—alkyne cycloaddition in glycerol has been previously studied,™ to lead to 1,4-
disubstituted 1,2,3-triazoles. With the suspicious of its non-innocent role in this transformation,
we decided to compare the reactivity in glycerol with that carried out in other polar solvents,
like alcohols or water. In order to make the procedure more efficient increasing the reaction
rate, we planned the use of microwave dielectric heating taking advantage of the unique

physicochemical properties of glycerol.

Microwave technology was not applied in organic synthesis until 1986.1"%! since then, this
technique has become an established methodology used by chemists from both academia and
industry.m] Microwaves are a type of electromagnetic radiation in the frequency range of 0.3 to
300 GHz in which only molecular rotation is affected. In general, both domestic microwave
ovens and those dedicated to synthesis operate at 2.45 GHz in order to avoid interferences with
telecommunication and cellular phone frequencies. Microwave radiation is absorbed by a

specific reagent or solvent and converted into heat at a given frequency and temperature.

The electric component of the electromagnetic field induces heating via two main
mechanisms.”*® The first one is the dipolar polarisation mechanism. In order to generate heat,
a substance should possess a permanent dipole moment, which is sensitive to the electric
component of the radiation, aligning itself with the electric field by rotation. As the applied field
changes, the dipole tries always to be aligned with it and in this process energy is lost by
molecular friction and collisions, generating dielectric heating. The frequency should be low
enough to let the dipoles respond to the alternating electric field and rotate, and high enough to
make dipoles to rotate and follow the alternating field. Therefore, the amount of heat generated
depends on the frequency of the field and the ability of the substance to align itself. The second
mechanism to induce heating is the conduction mechanism. In this case, the dissolved charged
particles in the sample collide against each other under the influence of the electric field causing
agitation or motion, that is, heat. This mechanism is able to generate much more heat than the

dipolar polarisation mechanism.

Therefore, microwave heating is produced only in the presence of polar solvents and/or
ions. To compare the heating characteristics of different solvents under microwave irradiation

their dielectric properties should be taken into account. The ability of a specific substance to
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convert electromagnetic energy into heat at a given frequency and temperature is determined
by the loss tangent, tan 6, which is the quotient between the dielectric loss (€7, the efficiency in
converting electromagnetic radiation into heat) and the dielectric constant (&, the polarizability
of the molecules in the electric field). A high tan § means a high microwave absorption and rapid
heating. As expected, polar molecules like alcohols show high loss tangent factors (>0.5, Table
2.1). Polyalcohols exhibit the highest tan § values. However, as explained by Mingos et al.*?
there is an added factor to take into account in these cases: the relaxation time (1), that is, the
time taken for a molecule to take up a random orientation when the electric field is switched off.
Polyols form hydrogen bonds extensively making these solvents very viscous and this property is
correlated with long relaxation times. Both factors, tan 6 values and relaxation times, make

glycerol a perfect solvent for synthetic procedures based on microwave dielectric heating.[zol

. . . . 19b, 19
Table 2.1 Relaxation times, viscosities and tan 6 values of some polar solvents.! cl

Solvent Relaxation time T (ps) Viscosity (mP)  Loss tangent (at 2.45 GHz)
Water 9.04 10.1 0.123
Methanol 51.5 5.5 0.659
Ethanol 170 10.8 0.941
Propan-1-ol 332 20 0.757
Ethyleneglycol 113 198%Y 1.35
1,3-Propanediol 340 560 1.30
Glycerol 1216 9450 0.651

Surprisingly, despite of the unique characteristics of glycerol, there are few examples in
the literature in which glycerol is used as solvent in chemical transformations under microwave
dielectric heating.[zol Perin et al.l® reported an efficient and clean protocol for the selective
synthesis of vinyl sulphides using KF/Al,O3 in glycerol under microwave dielectric irradiation.
Glycerol is also an efficient solvent for the microwave-assisted oxidation of thiols to sulphides, as
demonstrated by Lenardao, Jacob et al.?” Another example is the ruthenium-catalysed ring-
closing metathesis (RCM) of diethyl diallylmalonate in glycerol under microwave activation,
reported by Colacino et al.”® In order to overcome the problem of side reactions between
glycerol and ester substrates, the same group showed a micellar catalysis approach.[%]
Deligeorgiev et al.?! described an environmentally benign procedure for the synthesis of
substituted 2-cyanomethyl-4-phenylthiazoles under microwave irradiation using glycerol as
solvent. In addition, microwave dielectric heating has been also used for the synthesis of metal

nanomaterials, using glycerol both as solvent and as a reducing agent (polyol methodology).m]
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2.2 Results and discussion

Our work started studying the intermolecular azide—alkyne cycloaddition between benzyl
azide and diphenylacetylene as model reaction. Under microwave dielectric heating, 1-benzyl-
4,5-diphenyl-1,2,3-triazole (1a) was obtained in 85% isolated yield in only 30 min (Table 2.2,
entry 1). Surprisingly, working under exactly the same conditions, the reaction did not work
using other alcohol-based solvents, including ethanol or diols like ethylene glycol, propane-1,2-
diol or propane-1,3-diol (Table 2.2, entries 2-5). The conversion was also very low using water as
solvent (Table 2.2, entry 6). Aprotic polar solvents, such as fluorobenzene and 1,4-dioxane, did
not neither promote the reaction (Table 2.2, entries 7 and 8). Even working under solvent-free
conditions (Table 2.2, entry 9), the result was very poor comparing with that using glycerol as
solvent. These promising results agree with the great heating characteristics of glycerol under

microwave irradiation as explained above.

Table 2.2 Azide—alkyne cycloaddition between diphenylacetylene and benzyl azide under microwave
dielectric heating in different solvents.®

Ph
Bn. Ph
Ph—=—Ph + BnN; solvent, MW N=N
100 °C, 30 min
1 a 1a
Entry Solvent Conversion (%)[b] Yield (%)[q
1 Glycerol 85 85 (85)
2 Ethanol n.r. -
3 Ethylene glycol n.r. -
4 Propane-1,2-diol n.r. -
5 Propane-1,3-diol n.r. -
6 Water 13 -
7 1,4-Dioxane n.r. -
8 Fluorobenzene n.r. -
9 Neat 20 18

ol Results from duplicate experiments. Reaction conditions: 0.4 mmol of benzyl azide and 0.6 mmol of
diphenylacetylene in 1 mL of solvent, under microwave activation (250 W) at 100 °C for 30 min (temperature
controlled by external infrared sensor). ™ conversions based on benzyl azide and determined by 'H NMR using
2-methoxynaphthalene as internal standard. “IDetermined by 'H NMR using 2-methoxynaphthalene as internal
standard; in brackets, isolated yield.

In order to investigate the effect of copper, the reaction was also carried out in the
presence of 2.5 mol% of different copper(l) salts (Table 2.3). CuCl and Cul gave almost the same

result as under metal-free conditions and the presence of Cu,0 even decreased the conversion.

32



Metal-Free Intermolecular Azide—Alkyne Cycloaddition Promoted by Glycerol

It is important to mention that glycerol was analysed by ICP-AES in order to verify the absence of

copper in the solvent used (<3 ppm).

Table 2.3 Azide—alkyne cycloaddition between diphenylacetylene and benzyl azide in the presence of

Cu(l) salts.®
Ph
Cu(l) salt (2.5 mol%)  gp,_ )th
Ph—=—Ph + BnN; > NN
glycerol, MW N=N
A :
1 100 °C, 30 min 1a
Entry Cu(l) salt Conversion (%)[b] Yield (%)[b]

1 Cucl 85 85
2 Cul 86 67
3 Cu,0 50 37

ol Results from duplicate experiments. Reaction conditions: 0.4 mmol of benzyl azide and 0.6 mmol of
diphenylacetylene using 2.5 mol% of Cu(l) salt in 1 mL of glycerol, under microwave activation (250 W) at 100 °C
for 30 min (temperature controlled by external infrared sensor). I conversions (based on benzyl azide) and
yields calculated by 'H NMR using 2-methoxynaphthalene as internal standard.

Working under thermal activation (oil bath) at 100 °C for 20 h, the triazole 1a was
obtained in only 33% yield (Table 2.4, entry 1). The presence of a copper salt (2.5 mol% of CuCl)
did not improve the result (Table 2.4, entry 2). Using other solvents, the reactivity observed
followed the same trend (Table 2.4, entries 3, 5-6 and 8-9), except for ethylene glycol and water

(Table 2.4, entries 4 and 7) where the yield was similar to the one obtained in neat glycerol

Table 2.4 Azide—alkyne cycloaddition between diphenylacetylene and benzyl azide under thermal
activation in different solvents.”

Ph
Ph—=—Ph + BNy —— Bn\'\'Nz\N "
1 a 100°C, 20 h 1a
Entry Solvent Conversion (%)[b] Yield (%)[b]
1 Glycerol 37 33
21 Glycerol 42 28
3 Ethanol 24 <5
4 Ethylene glycol 38 25
5 1,2-Propanediol 16 16
6 1,3-Propanediol 35 22
7 Water 46 31
8 1,4-Dioxane 7 7
9 Fluorobenzene <5 -

el Results from duplicate experiments. Reaction conditions: 0.4 mmol of benzyl azide and 0.6 mmol of
diphenylacetylene in 1 mL of solvent, under thermal activation at 100 °C for 20 h, in a sealed tube. (el
Conversions (based on benzyl azide) and yields calculated by 'H NMR using 2-methoxynaphthalene as internal
standard. ¥ In the presence of 2.5 mol% of CuCl.
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The effect of microwave dielectric heating in the chemical transformations has been a
matter of debate since the early days of microwave chemistry. Different explanations have been
proposed to justify the fact that the reaction rate is generally higher under microwave
irradiation, in comparison to conventional heating. The observed effects could be due to a purely
thermal/kinetic phenomena (that is, due to the high internal temperatures achieved) as

defended mainly by Kappe et al.!??

or they could be due to non-thermal/specific effects by a
direct influence of the microwave irradiation.?” For this reason, in many cases the results
obtained under microwave dielectric heating have been compared with those obtained at the
same conditions under thermal heating (that is, at the same temperature and at the same
reaction time). However, this is not strictly correct; usually the microwave reactors are equipped
with an external infrared (IR) sensor integrated into the cavity, which determines the
temperature of the reaction vessel. In this way, it is assumed that the temperature fixed in the
microwave reactor (the one given by the IR sensor) corresponds to the temperature inside of the

reaction vessel and it is not always the case. Usually the internal temperature of the reaction is

higher.

Since the microwave reactor used in this work was equipped only with an external IR
sensor (CEM instrument), several tests were done in order to measure the internal temperature
of the reaction. For that purpose, an Anton Paar Monowave 300 reactor equipped with both an

internal fibber-optic (FO) sensor and external IR sensor was used (Figure 2.2).

Figure 2.2 Pictures corresponding to the Anton Paar MW reactor equipped with an internal FO
sensor: reaction vessel bearing the FO sensor (left) and reaction vessel inside of the reactor (right).
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The benchmark reaction was carried out in this reactor at different temperatures (100 °C,
140 °C and 180 °C, according to the FO sensor) (Table 2.5). The yield obtained at 180 °C was the
most similar to that obtained working with the CEM reactor equipped only with the external IR
sensor (Table 2.5, entry 3). The reaction was also carried out under thermal heating (oil bath) at
180 °C for 30 minutes obtaining the product in a 65% yield (Table 2.5, entry 4) what can be
explained by the efficient internal heating of the whole liquid volume simultaneously under

microwave irradiation, in contrast to the conventional heating, which is less efficient.

Table 2.5 Azide—alkyne cycloaddition under MW irradiation using an Anton Paar MW reactor at
different temperatures (according to the fiber-optic sensor).[a]

Ph
BnJ Ph
Ph—=—Ph + BnN; —>g|ycem|, v '\‘,\i?/
1 a 30min, T 1a
Entry T (°C) Conversion (%)[b] Yield (%)[b]

1 100 n.r. -
2 140 22 15
3 180 92 84
419 180 72 65

© Reaction conditions: 0.4 mmol of benzyl azide and 0.6 mmol of diphenylacetylene in 1 mL of glycerol, under
microwave activation for 30 min (temperature controlled by the internal FO sensor). I Conversions (based on
benzyl azide) and yields determined by 'H NMR using 2-methoxynaphthalene as internal standard. I Under thermal
heating (oil bath) for 30 min.

Once the reaction conditions were fixed, the reactivity using different internal alkynes
was tested. From moderate to high vyields (32-90%) were obtained using symmetrical
disubstituted alkynes 2-5 (Table 2.6, entries 1-4). It is remarkable the good yield (71%) obtained
when a non-activated alkyne (oct-4-yne, 5) was used (after 1h under microwave irradiation,

Table 2.6, entry 4).
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Table 2.6 Scope of metal-free AAC using different internal alkynes.[a]

R(R")
Bnw R'(R
R—=—R' BN ——————> NJ\’ R)
glycerol, MW N=N
30 min, 100 °C
2-10 a min 2a-10a
Entry Alkyne Product Conversion (%)[b] Yield (%)[b]
CO,Me
M802C%COZMG
Bn<
1 NN~ COMe 100 78
2 N=N
2a
MeO
MeQ OMe
2 —= B”*Nj\}/\ 96 90
\ OMe
3 N=N
3a
HO
HO OH
\;/
3 = BN 56 32
h OH
4 N=N
4a
nPr
"Pr—=——"Pr
5 N=N
5a
Ph(CO,Me)
Ph—=——CO,Me Bn<
6 N=N
6a
Ph(Me)
Ph————Me Bn< Me(Ph
6 NN~ Me(Ph) 49 49t
7 N=N
7a
Me TMS
Me ——TMS Bn\ TMS Bn\ M
7 NN + ONTRMe 65 62 (9:1)"
8 N=N N=N
maj-8a min-8a
Ph TMS
Ph—=—TMS B Bn. )Y
8 NTN)~TMS | BN 7xy—Ph 92 85 (9:1)"
9 N=N N=N
maj-9a min-9a
Ph
Ph———TBDMS Bn<
9 N)YTBDMS 85 84[g]
10a

T Results from duplicate experiments. Reaction conditions: 0.4 mmol of benzyl azide and 0.6 mmol of alkyne in 1 mL of
glycerol, under microwave activation (250 W) at 100 °C for 30 min (temperature controlled by external infrared sensor). [b]
Conversions (based on benzyl azide) and yields determined by "H NMR using 2-methoxynaphthalene as internal standard.
[ Reaction time: 15 min. ' Reaction time: 60 min. ©© Regioisomer ratio: 1:1. M in brackets, regioisomer ratio. Only the
major regioisomer is drawn. 18] Only one regioisomer was obtained (10a).
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An equimolar mixture of regioisomers was obtained using unsymmetrical disubstituted
alkynes 6 and 7 (Table 2.6, entries 5-6). However, high regioselectivity was achieved in the case
of internal alkynes bearing a trimethylsilyl group (TMS), 8 and 9 (Table 2.6, entries 7—-8) and only
one regioisomer was obtained employing a tert-butyldimethylsilyl (TBDMS) alkyne 10 (Table 2.6,
entry 9). Importantly, these 1,2,3-triazoles bearing silyl-based groups allow further

functionalization, such as cross-coupling reactions, considering them valuable building blocks."

The TMS group was employed for the first time in 1972 as a directing group in the 1,3-

dipolar cycIoaddition.Bz] As explained in several works,?

there are two main reasons to explain
this effect. The first one is the ability of the Si atom to stabilise a partial positive charge on the
acetylene B-carbon (Figure 2.3a). This stabilisation can be possible thanks to the donation of
electron density from the ocsi bond to the vacant p orbital of the carbon atom at 3 position,
efficiently controlling the regiochemistry of the process (see the proposed transition state,
Figure 2.3b). The second reason is the steric effect of the silyl-based groups. Therefore, the best

regioselectivity was obtained using the alkyne bearing a much more sterically demanding TBDMS

group in comparison with TMS.

0
Si
A) p—effect V 2N
+O o CSi
R—C=C
(7
p
( ) {\ SiMes R
R‘—y SiMe > R_+=< or \—,—+—SiMe3
E+ + E
stabilization by no stabilization
hyperconjugation
B) Transition state F
R +
d
Ph7\ A\
N‘ l: 2 SiM83
+ ,\‘l‘:' ‘
N

Figure 2.3 a) Stabilisation of a partial positive charge on the acetylene B-carbon because
of the presence of the silyl-based group. b) Proposed transition state.

The structure elucidation of triazole maj-8a was carried out by NOESY NMR correlations
(Figure 2.4). The Overhauser effect between the signal corresponding to the protons of the
methylene group of the benzyl substituent and the one of the methyl at 5 position in the triazole

cycle helped to directly determine that the major regioisomer was the 1-benzyl-4-trimethylsilyl-
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5-methyl-1,2,3-triazole. Correlation between the signals corresponding to the aromatic protons

and the signal of the —CHjs could also be detected.

Me TMS
Bn\NJ\/TMS Bn\NJ\/Me
A 1
N=N N=N
maj-8a min-8a
-CH;
CH; maj-8a
-CH, maj-8a -CH;
min-8a min-8a
L , . i L AL
e B o 44
| NOLSY - MR- lh . 1 a <
1 [] H Fo.5
| r
| ) 10
{ | 3
] v 1.8
] h/ CHs CHz/CHs { @
; 9 20
) {
- ‘
1
'
' : 30
' 1
) .
H { Bsog
) s
] <0 e
| ¢ !
1 ' ! ' s
i ‘ Ha/CH,

e

Q cH/ P
i’? ‘

RIS F"‘ 55 R'ﬂ 4‘5 4'3’_ . 35 ?'1 ?'5 JIC 15 1.0 ﬂ'i fC
Figure 2.4 2D-NOESY NMR spectrum (300 MHz, CDCls) of the mixture of the two regioisomers of triazole 8a.
Red circles indicate NOE contacts for maj-8a.

————— -

For maj-9a and 10a the structure could not be established by NOESY NMR correlations.
In these cases, the silyl group was eliminated by treatment with tetrabutylammonium fluoride
(TBAF) obtaining the corresponding 1,5-disubstituted 1,2,3-triazole (the structure was stablished
by NOESY NMR correlations) 11a which directly allowed determining the major regioisomer

(Scheme 2.4).

B )ﬁ/ TBAF
n<
™S THF, r.t.
24 h
maj-9a N
=N

"N
N
TBAF
Bn\NJ\/TBDMS 11a
. THF, 50 °C
N=N 24h
10a

Scheme 2.4 The desilylation reaction of triazoles maj-9a and 10a leading to the corresponding
1,5-regioisomer of triazole 11a.
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Other organic azides such as phenyl azide and octyl azide were also tested in the AAC
reaction (Table 2.7). The reaction between phenyl azide (b) and alkyne 1 gave triazole 1b in a
lower conversion (78%) and yield (43%) comparing with the result obtained using benzyl azide
and the same alkyne (triazole 1a, 85% conversion, 85% vyield; Table 2.2). Regarding the
difference between conversion and yield, phenyl azide could be decomposing under MW
conditions. Indeed, only 70% and 56% of phenyl azide was recovered under microwave
activation in glycerol, when it was treated for 30 min at 150 and 250 W respectively,
respectively. In contrast, under thermal heating (oil bath), 95% of PhN3; was recovered after 20 h
at 100 °Cin glycerol. Octyl azide (c) gave good results using activated alkynes like 1 and 9 (giving
triazoles 1c and 9c, respectively); however, using the alkyne oct-4-yne (5), the triazole 5c¢c was
obtained in a poor conversion (28%) and yield (27%) even at a longer reaction time (120 min). In
this last case, the poor reactivity can be explained because both reagents, the alkyne (5) and the

azide (c) are non-activated with regard to the cycloaddition.

Table 2.7 Scope of AAC reaction using different organic azides.”

Ph Ph Ph npr Ph
anJ\w,Ph Ph\NJ\}/Ph "0cty|\N)\,,Ph "OctyI\NJ\/npr ”OctyI\NJYTMS
N=N N=N N=N N=N N=N
1a 1b 1c 5c maj-9c
Time (min) 30 min 60 min'? 60 min 120 min 30 min
Conversion
(vield) (s6]® 85 (85) 78 (43) 83 (80) 28 (27) 84 (73)"

BlResults from duplicate experiments. Reaction conditions: 0.4 mmol of organic azide and 0.6 mmol of alkyne in 1 mL of
glycerol, under microwaves activation (250 W) at 100 °C (temperature controlled by external infrared sensor). ! conversions
(based on benzyl azide) and yields determined by 'H NMR using 2-methoxynaphthalene as internal standard. I power
applied: 150 W. The reaction was protected from light. [e] Regioisomer ratio: 9:1.

The effect of the solvent under microwave irradiation was also checked in the synthesis
of some different 1,2,3-triazoles besides the benchmark reaction (Table 2.8). Essentially, in all
the cases tested, the reactivity was higher using glycerol as solvent instead of other protic
solvents like water, ethylene glycol or ethanol. There is an exception in the case of triazole 2a
(Table 2.8, entries 1-4) in which no difference in the reactivity was observed changing the
solvent; the internal alkyne used (2) is so activated that the reactivity is high using any solvent. It
should be noted that transesterification reactions between the alkyne 6 (or the triazole formed)
and the solvent took place in the preparation of triazole 6a in ethylene glycol medium (Table 2.8,
entry 11) whereas using glycerol as solvent this was not observed. Once again, the usefulness of

glycerol as solvent under microwave dielectric heating was verified.
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Table 2.8 Effect of the solvent in the preparation of different fully substituted 1,2,3-triazoles under
MW dielectric heating.”

R(R)
R—=—R + BNy oo Bn\’\"\l):?’R(R)
100 °C, 30 min
X=2,3,6,7,9 a Xa
Entry Product Solvent Conversion (%)[b] Yield (%)[b]

1 2a (R =R’ = CO,Me) Glycerol 100 78
219 2a (R =R’ = CO,Me) Water 100 92
3t 2a (R =R’ = CO,Me) Ethylene glycol 100 81
4 2a (R =R’ = CO,Me) Ethanol 100 87

5 3a(R=R"=0Me) Glycerol 96 20

6 3a(R=R"=0Me) Water 32 15

7 3a (R=R" =0Me) Ethylene glycol 73 57

8 3a(R=R"=0Me) Ethanol 25 10

9 6a (R = Ph, R’ = CO,Me) Glycerol 91 g3
10 6a (R = Ph, R’ = CO,Me) Water 70 50
11 6a'® (R = Ph, R’ = CO,Me) Ethylene glycol - -

12 6a (R= Ph, R’ = CO,Me) Ethanol 36 21
13 7a (R= Ph, R’ = Me) Glycerol 49 49"
14 7a(R= Ph, R’ = Me) Water 19 <5
15 7a (R = Ph,R" = Me) Ethylene glycol 25 7
16 7a (R= Ph, R’ = Me) Ethanol 14 <5
17  maj-9a (R= Ph, R’ =TMS) Glycerol 92 85 (9:1)"
18  maj-9a (R= Ph, R’ = TMS) Water 30 14
19  maj-9a(R= Ph,R"=TMS)  Ethylene glycol 63 52 (9:1)"
20 maj-9a(R= Ph,R =TMS) Ethanol <5 <5#

2l Reaction conditions: 0.4 mmol of benzyl azide and 0.6 mmol of the corresponding alkyne in 1 mL of solvent, under
microwaves activation (250 W) at 100 °C for 30 min (temperature controlled by external infrared sensor). See Table 2.6 for
the structures of alkynes and triazoles. ™ conversions (based on benzyl azide) and yields determined by '"H NMR using 2-
methoxynaphthalene as internal standard. [ Reaction time: 15 min. ¥ Regioisomer ratio: 1:1 fe] Complex mixture due to
transesterification reactions (HPLC-MS). ™ In brackets: regioisomer ratio. l The regioisomer ratio was not determined.

The effect of the solvent was also studied for the other triazoles (besides the model
reaction) under thermal activation (Table 2.9). Once again, the same trend was observed; in
almost all the examples, the reactivity in glycerol was higher than in other solvents. 1,2,3-
Triazole 2a was again an exception; no differences were observed using different solvents,
probably due to the high reactivity of alkyne 2. This behaviour seems to point out that

glycerol is able to promote the azide-alkyne cycloaddition.
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Table 2.9 Effect of the solvent in the preparation of different fully substituted 1,2,3-triazoles under thermal
. . [a]
activation.

R(R))
R—=——R' + BN — 3 PN -RIR)
solvent, 100 °C N=N
X=2,3,6,7,9 a Xa
Entry Product Solvent Time (h) Conversion (%)[b] Yield (%)[b]
1 2a (R =R’ = CO,Me) Glycerol 2 100 87
2 2a (R =R’ =CO,Me) Ethylene glycol 2 100 79
3 2a (R =R’ = CO,Me) Ethanol 2 100 96
4 2a (R =R’ =CO,Me) 1,4-Dioxane 2 100 90
5 3a(R=R' =0Me) Glycerol 20 86 73
6 3a(R=R" =0Me) Ethylene glycol 20 66 55
7 3a (R=R’ = OMe) Ethanol 20 49 35
8 3a(R=R"=0Me) 1,4-Dioxane 20 45 32
9 6a (R = Ph, R’ = CO,Me) Glycerol 2 80 73t
10 6a (R= Ph, R’=CO,Me)  Ethylene glycol 2 53 311
11 6a" (R= Ph, R’ = CO,Me) Ethanol 2 19 6
12 6a (R = Ph, R’ = CO,Me) 1,4-Dioxane 2 27 13%
13 7a (R= Ph, R’ = Me) Glycerol 20 42 6o
14 7a (R= Ph, R’ = Me) Ethylene glycol 20 27 16
15 7a (R = Ph, R’ = Me) Ethanol 20 18 <5
16 7a (R = Ph, R’ = Me) 1,4-Dioxane 20 24 <5
17 maj-9a(R= Ph,R =TMS) Glycerol 20 77 70 (9:1)™
18  maj-9a(R= Ph,R'=TMS) Ethylene glycol 20 71 68 (9:1)™"
19  maj-9a (R = Ph, R’ = TMS) Ethanol 20 30 31 (9:1)"
20  maj-9a(R= Ph,R"=TMS)  1,4-Dioxane 20 37 25 (9:1)"

@) Reaction conditions: 0.4 mmol of benzyl azide and 0.6 mmol of the corresponding alkyne in 1 mL of solvent in a sealed
tube. ® Conversions (based on benzyl azide) and yields calculated by 'H NMR using 2-methoxynaphthalene as internal
standard. ¥ Isolated yield. [d] Complex mixture due to transesterification reactions (NMR). tf Regioisomer ratio: 1:1 e The
regioisomer ratio was not determined. ™) |n brackets: regioisomer ratio.

The presence of Cu(l) salts did not change the result, with the exception of TMS-based
triazoles 8a and 9a. In the presence of 2.5 mol% of CuCl under microwave irradiation, not only
the expected triazoles were obtained (maj-8a and maj-9a), but also the corresponding

[310] 5 single regioisomers (12a and 13a) (Scheme 2.5a). Under conventional

desilylated triazoles
thermal conditions, the same behaviour was observed (Scheme 2.5b). In the synthesis of the
silyl-based triazole 10a (bearing a TBDMS group instead of TMS), the presence of CuCl did not

lead to the desilylated triazole.
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a) Under microwave dielectric heating

TMS
CuCl (2.5 mol%)
R—=—TMS + BnNy — "3 B"~NJ\/TMS . B”*NJ\/R L BTN-R
glycerol, MW N=N N=N N=N
8, R =Me a 100 °C, 30 min maj min
9,R=Ph -
8a, 80% conv. ga, S_ '\P/Iﬁ
8a/12a = 37:63 aR=
maj-8a/min-8a = 93:7
9a, 100% conv.
9a/13a = 40:60
maj-9a/min-9a = 99:1
b) Under thermal conditions (oil bath)
R TMS
CuCl (2.5 mol%)
R—=——TMS + BnN; — "3 Bn~NJ\§/TMS . B”*NJ\/R L BTNT-R
a ;20N mai .
8,R=Me ) min
9,R=Ph 12a, R=Me
’ 8a, 73% conv. 13a, R=Ph

8a/12a = 53:47

maj-8a/min-8a = 93:7
9a, 100% conv.

9a/13a = 27:73

maj-9a/min-9a = 99:1

Scheme 2.5 The effect of Cu(l) using TMS-based alkynes in the AAC reaction both under microwave
irradiation (a) and conventional thermal conditions (b). Data from NMR analysis.

In order to explain the observed behaviour in the synthesis of TMS-based triazoles,
several control experiments were carried out. No desilylation was observed on the alkyne 8 or 9
(Scheme 2.6a) and neither on the triazole 8a and 9a (Scheme 2.6b) in the presence of CuCl under
the same reaction conditions. Moreover, the desilylation did not take place using 1,4-dioxane as

solvent (Scheme 2.6¢), instead of glycerol, what means that glycerol is involved in the process.

CuCl (2.5 mol%)

a) R——=—TMS ——— > no reaction
glycerol, MW
8, R =Me 100 °C, 30 min
9,R=Ph
R
b) Bn CuCl (2.5 mol%)
\'\“ Ny ™S —— > noreaction
N=N glycerol, MW
maj-8a, R = Me 100 °C, 30 min
maj-9a, R = Ph Me ™S
CuCl (2.5 mol%)
©) Me—==—TMS + BnN; — 5 Bn~NJ\/TMS R B”~NJ§/Me
1,4-dioxane N= N=N
N=N
8 2 100°C, 20 h maj-8a min-8a
31% yield

maj-8a/min-8a = 90:10
No formation of 12a

Scheme 2.6 Control experiments to explain the behavior observed when CuCl was present in the
azide-alkyne cycloaddition between TMS-based alkynes 8 and 9 and benzyl azide a.
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The reaction was also monitored by GC-MS observing that the formation of triazole 9a
was faster than the formation of the desilylated triazole 13a. After 5 min, the ratio 9a/13a was
approximately 77:23 and after 15 min, when benzyl azide was totally consumed, the ratio was
58:42 approximately. After the full conversion of benzyl azide, phenylacetylene started

appearing which indicates that the alkyne 9 started being desilylated.
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Figure 2.5 Chromatograms corresponding to the monitoring by GC-MS of the cycloaddition between alkyne 9
and benzyl azide a in the presence of CuCl. (*) The peak at 17.2 min corresponds to min-9a.

With these clues in hand a mechanism for the desilylation was proposed (Scheme 2.7).
The silyl-based alkyne (8 or 9) should be coordinated to the metal centre triggering the
desilylation promoted by glycerol, which thanks to the hydrogen bonds, is close to the
coordination sphere interacting with the benzyl azide (intermediate I, Scheme 2.7). This situation
should evolve to intermediate Il in which the alkyne is coordinated to copper favouring the
formation of the corresponding desilylated triazoles (12a or 13a), obtaining only the 1,4-

disubstituted regioisomer, according to the accepted Cu-catalysed mechanisms.? 3
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N
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Scheme 2.7 Proposed mechanism for the Cu-mediated desilylation promoted by glycerol

The formation of the corresponding silyl derivative of glycerol (lll) was detected by NMR.
Silylated glycerol derivatives were directly prepared from glycerol and TMSCI (Figure 2.6a) and
its 2°Si NMR spectrum compared with the crude reaction mixture of the formation of 8a in the

presence of CuCl in glycerol (Scheme 2.5a) (Figure 2.6b-c).

Imidazole >
(@) Ho/\|/\o|-| + TMSCI ————— 3» TMSO Y\OH + TMSO/Y\OTMS
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Figure 2.6 (a) Scheme corresponding to the silylation of glycerol; (b) °Si NMR (79.5 MHz, CDCl) spectrum
corresponding to the mixture of mono- and bis-silylated glycerol derivatives obtained in (a); (c) °Si NMR (79.5
MHz, CDCl3) spectrum corresponding to the crude of the reaction described in Scheme 2.5.
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In order to rationalise this enhancement of the reactivity using glycerol as solvent under
thermal conditions, the mechanism of the reaction should be taken into account. The azide-
alkyne cycloaddition is a concerted pericyclic reaction which was first discovered by Michael in
1893.5*! However, the reaction was mostly investigated by Huisgen in 1950s-70s%. The reaction
is an orbital symmetry-allowed cycloaddition [m4; + 2] between a 1,3-dipole (m4;, azide) and a
dipolarophile (2, alkyne). In this way, when the 1,3-dipole and the dipolarophile approach each
other, their frontier orbitals interact forming new molecular orbitals (MO) in the transition state.
Our model cycloaddition between benzyl azide and diphenylacetylene is classified according to
the literature as type 1.7 This means that the corresponding HOMO from the alkyne interacts
with the LUMO of the benzyl azide (Figure 2.7). Therefore, a stabilising hydrogen bonding
interaction between benzyl azide and glycerol might lower the energy of the LUMO, thus

facilitating the reaction.

Energy A
1,3-dipole dipolarophile

+ - —
N=N-N-Bn Ph—=—FPh

Y T
o B33 —.
‘H‘ 8—8 HOMO
HOMO 8——? 4

19

Figure 2.7 Frontier molecular orbital diagram representing the interaction between the frontier
orbital HOMO of diphenylacetylene and LUMO of benzyl azide.

Theoretical calculations (DFT B3LYP, 6-31 G*) were carried out in order to study the
interaction between glycerol and benzyl azide taking into account the ability of glycerol to form
extensive hydrogen bonds.®® In order to compare, the interaction between benzyl azide and
other alcohols like ethanol and diols (ethylene glycol, 1,2- and 1,3-propanediol) were also
studied (Figure 2.8). The calculated charges showed that the dipolar character of benzyl azide

increases in the resulting BnNs/alcohol adducts in comparison with neat benzyl azide.
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BnN, BnN;/EtOH BnN,/ethyleneglycol ~ BnNs/1,2-propanediol
(A1) (A2) (A3)

NUN1 N2 N3 NI N2 N3
21314 2.162A

0.266 +0.418 -0.364 -0.288 40.432 -0.354 -0.294 +0.433 -0.352 10296 +0.434 -0.354

£ = -435.144993 Ha E=-590.183921Ha E=-665.387248 Ha E=-704.708948Ha

BnN;/1,3-propanediol BnN;/glycerol 1ary BnN,/glycerol 2ary

(A4) (A5) (A6)
N1 N2 N3 S NLO N2 N3 N NI N2 N3
2.171A 2.131A 2.173A
-0.297 +0.432 -0.351 -0.304 +0.434 -0.350 -0.297 +0.437 -0.358
E=-704.705942 Ha E=-779.918628 Ha £ = -779.918460 Ha

Eea=0 Ea= 0.11 kcal/mol

Figure 2.8 Calculated structures (DFT, B3LYP, 6-31G*) for neat BnN; (A) and the corresponding BnNs/alcohol
adducts (A1-A6). Mulliken charges for nitrogen atoms are indicated below each corresponding atom. Hydrogen
atoms are omitted for clarity, except for BnN3;and hydrogen atoms involved in the hydrogen bonds. Lengths
corresponding to hydrogen bonds between N1 and the corresponding oxygen are indicated for each adduct.
Calculated energy is indicated for each structure. For glycerol, both adducts, for primary (A5) and secondary
(A6) OH group, have been calculated, observing practically the same energy (AE = 0.11 kcal/mol). Note: red

spheres denote oxygen atoms; blue, nitrogen atoms; white, hydrogen atoms; grey, carbon atoms.

In addition, the stabilization of these BnNs/alcohol adducts is bigger when the

intramolecular hydrogen bonds present in the case of polyols (glycerol, ethylene glycol and 1,2-

propanediol) are considered (Figure 2.9).
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BnN5/glycerol 1lary
(A5)

-0.304 +0.434 -0.350

E=-779.918628 Ha
E,e = +1.8 kecal/mol

BnN,/glycerol
with intramolecular hydrogen bonds (A5’)

-0.353

+0.440
E=-779.921509 Ha
Era=0

BnN;/ethyleneglycol

-0.294 +0.433 -0.352

E=-665.387248 Ha
E e = +5.4 kecal/mol

BnN;/ethyleneglycol
with intramolecular hydrogen bonds (A2’)

+0.437
2.112A\ N1

-0.302

E=-665.395825Ha
Ee=0

BnN;/1,2-propanediol
(A3)

-0.296 +0.434 -0.354

E=-704.708948 Ha
E,e = +4.8 kcal/mol

BnN,/1,2-propanediol
with intramolecular hydrogen bonds (A3’)

10423€ 20074 w-0.312

E=-704.716568 Ha
Ea=0

Figure 2.9 Calculated structures (DFT, B3LYP, 6-31G*) for BnNs/alcohol adducts taking into account
intramolecular hydrogen bonds (right: A2’, A3’, A5’); for comparative purposes, structures without
intramolecular H bonds are represented (left: A2, A3, A5). Mulliken charges for nitrogen atoms and the
hydrogen atom involved in the N---H bond are indicated. Hydrogen atoms are omitted for clarity for some
structures. Lengths corresponding to the hydrogen bonds are indicated for each adduct. Calculated energy is
indicated for each structure; for each pair of adducts (with and without intramolecular hydrogen bonds) the
relative energy is indicated. Note: red spheres denote oxygen atoms; blue, nitrogen atoms; white, hydrogen

atoms; grey, carbon atoms.

The relative energies of frontier orbitals for the different BnNs/alcohol adducts were also

analysed (Figure 2.10 and Table 2.10).
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Figure 2.10 Frontier orbitals for A, A1, A2’, A3’, A4 and A5’ involved in AAC processes.
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Table 2.10 Calculated energy (DFT, B3LYP, 6-31G*) for frontier orbitals of neat BnN; and
BnNs/alcohol adducts (see Figure 2.10).

Energy (eV) A Al A2’ A3’ A4 A5’
LUMO -0.81 1.17 -1.18 -1.05 -1.15 -1.31
HOMO -6.72 -6.94 -6.86 -6.78 -6.80 -6.72

el Corresponding to HOMO-1 (see Figure 2.10).

The BnNs/glycerol LUMO (A5’), which overlaps with the diphenylacetylene HOMO, is
more stable than the ones obtained for the other adducts (see Table 2.10). Therefore, the
energy gap of the orbital interaction is lower when glycerol is present enhancing the reactivity

(Figure 2.11), as observed in this work.

BnN3 (A) Diphenylacetylene BnNas/glycerol (A5')

LUMO +6.01eV

LuMo —58Q88—
+591eV \\ g LUMO
. 4 "‘? +541eV

AE=+534eV|
/' ||AE =+ 4.84 ev

HOMO +0.57 eV
o 0eV ” f ’ 0eV

Figure 2.11 Frontier molecular orbitals diagram representing the overlapping between the HOMO of
diphenylacetylene (center) and the LUMO of benzyl azide (A) (left) or the LUMO of BnNs/glycerol
adduct (A5’) (right). The energy GAP is lower in second case.

EreI (eV) A

2.3 Conclusions

In this chapter, we have demonstrated the important role of glycerol as solvent in the
intermolecular azide-alkyne cycloaddition between internal alkynes and organic azides under
metal-free conditions. Under conventional thermal heating (oil bath), the cycloaddition in
glycerol is enhanced in comparison with other protic solvents. Theoretical calculations allowed
us to demonstrate that the calculated energy for BnNs/glycerol LUMO frontier orbital is lower

than the ones obtained for neat benzyl azide or other adducts (such as BnNs/propane-1,2-diol or
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BnNs/ethylene glycol), which favours the overlap with the corresponding dipolarophile HOMO

(coming from the alkyne), enhancing then the reactivity (major rate) in glycerol.

Moreover, the reactivity of the cycloaddition was improved under microwave dielectric
heating, proving that glycerol possesses unique properties that make it a useful solvent under
microwave irradiation. Its ability to form multiple hydrogen bonds turns into a relaxation time
much higher than other protic solvents and this is probably the key of the good behaviour of

glycerol as solvent in microwave-assisted transformations.

In summary, metal-free AAC in glycerol, in particular under microwave activation, can be
an interesting methodology for the synthesis of a wide range of fully substituted 1,2,3-triazoles,

useful molecules in different fields, such as biochemistry and medicinal chemistry.
2.4 Experimental section
General

All manipulations were performed using standard Schlenk techniques under argon atmosphere

unless otherwise noted.

Commercially available compounds (except glycerol) were used without previous purification.
Glycerol (from Sigma- Aldrich, 299.5% purity) was heated overnight at 80 °C under vacuum
before use. After that, it was kept under inert atmosphere. Benzyl azide (a),Bg] 1-phenyl-2-

[40]

trimethylsilylacetylene and tert-butyl dimethyl(phenylethynyl)silane were prepare
imethylsilyl lene (9) d butyl dimethyl(phenylethynyl)silane 10" d

according to the literature procedure.

Three different microwave reactors were used during this work: (a) single-mode microwave
CEM Explorer SP 48, 2.45 GHz, Max Power 300 W Synthesis System, (b) CEM Focused

MicrowaveTM Synthesis System Model Discover and (c) Anton Paar Monowave 300.

Theoretical studies were carried out by Prof. Montserrat Gémez using the following software:
SPARTAN’14 for Windows and Linux, Wavefunction, InC. 18401 Von Karmaan Avenue, suite 307,
Irvine, CA 92612, USA. Calculations were carried out with Density Functional B3LYP by using the
basis set 6-31 G*.

NMR spectra were recorded in CDCl; (unless otherwise cited) using a Fourier 300 MHz Bruker, a
Bruker Avance 400 Ultrashield or a Bruker Avance 500 Ultrashield apparatus at 298 K. "H NMR

spectroscopy chemical shifts are quoted in ppm relative to tetramethylsilane (TMS). Chemical
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shifts are given in 8 and coupling constants in Hz. B3¢ NMR spectra are decoupled from 'H and

the chemical shifts are quoted in ppm relative to CDCl; (8 = 77.16).

GC analyses were carried out on an Agilent GC6890 with a flame ionization detector using SGE

BPX5 column composed of 5% of phenylmethylsiloxane.

Elemental analyses CHN were performed on a Thermo FlashEA 1112 elemental analyzer and F

on a Metrohm761 Compact lon Chromatograph (IC) at MedacLtd, United Kingdom.

FAB mass spectra were obtained on a Fisons V6-Quattro instrument, ESI mass spectra were
obtained on a Waters LCT Premier Instrument and Cl and El spectra were obtained on a Waters

GCT spectrometer.

IR spectra were recorded on a Bruker Tensor 27 FT-IR spectrometer and absorptions reported in

wavenumbers (cm™).

Flash chromatography was carried out using 60 mesh silica gel and dry-packed columns or with
a Teledyne Isco CombiFlash system with UV detector. Thin layer chromatography was carried
out using Merck TLC Silicagel 60 F254 aluminum sheets. Components were visualized by UV light

(A =254 nm) and stained with KMnO4 or phosphomolybdic acid dip.
Experimental procedures

General procedure for the azide-alkyne cycloaddition (GP1)

A sealed tube equipped with a stirring bar was successively charged with the corresponding
alkyne (0.60 mmol) and the corresponding solvent (1 mL). The mixture was stirred at room
temperature for 5 min. The azide (0.40 mmol) was then added and the tube was sealed. The
mixture was magnetically stirred for the indicated time at the appropriate temperature or
placed into the microwave reactor (100 °C, 250 W) for 30 min (or the appropriate time). It is
important to note that, in the case of glycerol, ethylene glycol, water or 1,2- or 1,3-propanediol,
the reaction mixture gave a kind of emulsion at room temperature, but at 100 °C a
homogeneous solution was obtained (i.e. reagents and products were soluble). Using the
mentioned solvents, the organic products were extracted with dichloromethane (6 x 2 mL). The
combined chlorinated organic layers were filtered through a Celite pad and the resulting filtrate
was concentrated under reduced pressure. When other solvents such as ethanol, 1,4-dioxane

and fluorobenzene were used, the reaction mixture was homogeneous even at room
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temperature. For these cases, the solvent was directly concentrated under reduced pressure at
the end of the reaction. The products were purified by chromatography (silica short column,

eluent: cyclohexane/EtOAc 1:1).

General procedure for the azide-alkyne cycloaddition using a copper catalyst (GP2)

A sealed tube equipped with a stirring bar was successively charged with copper catalyst (2.5
mol%) and the corresponding solvent (1 mL). The suspension was stirred at room temperature
for 5 min. The alkyne (0.60 mmol) was added and the solution was stirred for a further 5 min.
The organic azide (0.40 mmol) was also added to the mixture and the tube was sealed. The
mixture was magnetically stirred for the indicated time at the appropriate temperature or
placed into the microwave reactor (100 °C, 250 W) for 30 min (or the appropriate time). In the
case of glycerol, ethylene glycol, water or 1,2- or 1,3-propanediol the organic products were
extracted with dichloromethane (6 x 2 mL). The combined chlorinated organic layers were
filtered through a Celite pad and the resulting filtrate was concentrated under reduced pressure.
With other solvents such as ethanol, 1,4-dioxane and fluorobenzene, the solvent was directly
concentrated under reduced pressure at the end of the reaction. The products were purified by

chromatography (silica short column, eluent: cyclohexane/EtOAc 1:1).

Desilylation of maj-93[42]

To a solution of 9a (120 mg, 0.4 mmol) in anhydrous THF (4 mL) was added a solution of TBAF (1
M in THF, 2 eq). The mixture was stirred overnight at rt. The reaction was then quenched with a
saturated solution of NH4Cl (20 mL) and extracted with EtOAc (3 x 10 mL). The organic phase was

dried over MgS0,4 and concentrated under reduced pressure.

Desilylation of 102"

To a solution of 10a (120 mg, 0.4 mmol) in anhydrous THF (4 mL) was added a solution of TBAF
(1 M in THF, 3 eq). The mixture was stirred overnight at 50 °C. The reaction was then quenched
with a saturated solution of NH4Cl (20 mL) and extracted with EtOAc (3 x 10 mL). The organic

phase was dried over MgS0O,4 and concentrated under reduced pressure.

Silylation of glycerol

1H-Imidazole (1.63 g, 2.2 mmol) was dissolved in anhydrous DMF (60 mL) in a Schlenk flask

under Ar atmosphere. After the addition of glycerol (9.92 g, 10 mmol), the solution was cooled
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to 0 °C. Chlorotrimethylsilane (1.38 mL, 10.8 mmol) was then added dropwise during
approximately 45 minutes. The reaction mixture was stirred during 5 h at 0 °C. After this period,
Et,0 (60 mL) and brine (60 mL) were added to quench the reaction. The aqueous layer was
further extracted with Et,0 (3 x 60 mL). The combined organic layers were washed with water (2
x 30 mL) and then dried over anhydrous MgSQy,, filtered and concentrated under vacuum. The
product obtained was purified by chromatography (silica, short column) using

cyclohexane/EtOAc 1:1 as eluent.

Characterization of organic compounds

1-Benzyl-4,5-diphenyl-1H-1,2,3-triazole (1a)

Ph
The product was prepared following the general procedure GP1 and purified
N=N by flash chromatography (pentane/Et,0 3:1). Isolated as a white solid in 85%

yield (105.5 mg, 0.34 mmol). The following spectroscopic data matched with those reported in
the literature.”*

'H NMR (300 MHz, CDCl3): & 5.45 (s, 2H, CH,), 7.03=7.11 (m, 2H, Hy,), 7.16=7.22 (m, 2H, Ha,),
7.24-7.34 (m, 6H, Hy), 7.41-7.55 (m, 3H, Hx;), 7.58=7.64 (m, 2H, Ha,).

BC NMR (75 MHz, CDCl5): & 52.1 (CH,), 126.7 (CHp,), 127.5 (CHa,), 127.7 (CHaf), 127.9 (Ca), 128.2
(CHar), 128.5 (CHar), 128.7 (CHar), 129.2 (CHar), 129.7 (CHp,), 130.1 (CHpr), 130.9 (Car), 133.9 (Car),

135.4 (Ca/), 144.5 (Car).

Dimethyl 1-benzyl-1H-1,2,3-triazole-4,5-dicarboxylate (2a)

CO,Me
Bn~NJ\/C02Me The product was prepared following the general procedure GP1 and
N=N purified by flash chromatography (cyclohexane/EtOAc 3:1). Isolated as a

yellow oil in 68% vyield (75 mg, 0.27 mmol). The following spectroscopic data matched with those
reported in the literature.!*”

'H NMR (400 MHz, CDCl3): & 3.87 (s, 3H, CHs), 3.95 (s, 3H, CHs), 5.80 (s, 2H, CH.), 7.23-7.29 (m,
2H, Ha), 7.30=7.37 (m, 3H, Ha,).

B3C NMR (100 MHz, CDCl3): & 52.7 (CH; or CHs), 53.3 (CH, or CHs), 53.9 (CH, or CHs), 128.0 (CHa,),

128.8 (CHar), 128.9 (CHa/), 129.8 (Car), 133.9 (Car), 140.2 (Car), 158.8 (C=0), 160.4 (C=0).

1-Benzyl-4,5-bis(methoxymethyl)-1H-1,2,3-triazole (3a)

MeO
The product was prepared following the general procedure GP1 and
Bn\,\‘l N OMe purified by flash chromatography (cyclohexane/EtOAc 2:1). Isolated as a
N=N

yellow oil in 88% vyield (86.8 mg, 0.35 mmol). The following spectroscopic
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data matched with those reported in the literature.*”!

'H NMR (300 MHz, CDCls): & 3.28 (s, 3H, CHs), 3.39 (s, 3H, CHs), 4.40 (s, 2H, CH.), 4.59 (s, 2H,
CH,), 5.62 (s, 2H, CH,), 7.21-7.29 (m, 2H, Hy), 7.30-7.40 (m, 3H, Ha/).

B3¢ NMR (75 MHz, CDCl3): & 52.6 (CH,), 58.1 (CHs), 58.2 (CH3), 61.5 (CH,), 65.3 (CH,), 127.6 (CHa,),
128.4 (CHa/), 128.9 (CHa/), 131.5 (Car), 134.7 (Car), 143.7 (Car).

HO 1-Benzyl-4,5-bis(hydroxymethyl)-1H-1,2,3-triazole (4a)
Bn‘N N The product was prepared following the general procedure GP1 and purified
N=N OH by flash chromatography (EtOAc). Isolated as a white solid in 46% yield (40

mg, 0.18 mmol). The following spectroscopic data matched with those reported in the
literature.*®
'H NMR (400 MHz, MeOH-d,): § 4.72 (s, 2H, CH,), 4.77 (s, 2H, CH.), 5.75 (s, 2H, CH,), 7.31-7.49
(m, 5H, Ha).
BC NMR (100 MHz, MeOH-dy): 8 51.2 (CH,), 51.8 (CH,), 54.3 (CH,), 127.3 (CHa,), 127.9 (CHa,),

128.5 (CHa/), 134.5 (Car), 135.2 (Car), 144.9 (Car).

npr 1-Benzyl-4,5-dipropyl-1H-1,2,3-triazole (5a)
Bn\N \\,-"Pr The product was prepared following the general procedure GP1 and purified by
N=N 5 flash chromatography (cyclohexane/EtOAc 8:2). Isolated as a yellow oil in 69%
a

yield (66.8 mg, 0.27 mmol). The following spectroscopic data matched with
those reported in the literature.!*”!
'H NMR (400 MHz, CDCl5): & 0.85 (t, >J = 7.4 Hz, 3H, CH5), 0.97 (t, >/ = 7.4 Hz, 3H, CHs), 1.36 (tq, *J
=7.7Hz, *J=7.4 Hz, 2H, CH,), 1.73 (tq, J = 7.7 Hz, >/ = 7.4 Hz, 2H, CH,), 2.46 (t, ) = 7.7 Hz, 2H,
CH,), 2.59 (t, *J = 7.7 Hz, 2H, CH.), 5.48 (s, 2H, CH.), 7.10-7.18 (m, 2H, Hya,), 7.26-7.37 (m, 3H,
Har).
3C NMR (100 MHz, CDCl5): & 13.8 (CH3), 14.0 (CHs), 22.1 (CH,), 22.9 (CH,), 24.5 (CH,), 27.2 (CH>),

51.9 (CH,), 127.0 (CHx/), 128.1 (CHp/), 128.8 (CHa/), 133.0 (Ca/), 135.6 (Car), 145.5 (Car).

Compound 6a was obtained as a nearly equimolar mixture of both regioisomers (maj-6a and
min-6a, 57:43). They were separated by flash chromatography (cyclohexane/EtOAc 10:1) for

characterization. 2D-HMBC experiment was recorded to assign the regiochemistry.

CO,Me  Methyl 1-benzyl-4-phenyl-1H-1,2,3-triazole-5-carboxylate (min-6a)

Bn\N Xy~ Ph  The product was prepared following the general procedure GP1. Isolated as a

N=N colorless oil in 51% vyield (60.1 mg, 0.20 mmol). The following spectroscopic
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data matched with those reported in the literature.*®!

'H NMR (400 MHz, CDCls): & 3.80 (s, 3H, CHs), 5.96 (s, 2H, CH,), 7.30-7.50 (m, 7H, Ha,), 7.70-7.76
(m, 3H, Ha).
BC NMR (100 MHz, CDCl3): 6 52.3 (CH, or CHs), 54.3 (CH, or CHs), 123.8 (Car), 127.9 (CHp,), 128.1
(CHar), 128.4 (CHp), 128.8 (CHar), 129.0 (CHp), 129.3 (CHar), 130.2 (Car), 135.1 (Car), 150.6 (Cay),
159.6 (C=0).

Ph Methyl 1-benzyl-5-phenyl-1H-1,2,3-triazole-4-carboxylate (maj-6a)

Bn. )\/Cone The product was prepared following the general procedure GP1. Isolated

N

1

N=N as a colorless oil in 48% vyield (56.3 mg, 0.19 mmol). The following
spectroscopic data matched with those reported in the literature. 141
'H NMR (400 MHz, CDCl3): & 3.85 (s, 3H, CHs), 5.45 (s, 2H, CH,), 6.98=7.05 (m, 2H, Hy,), 7.19-7.32
(m, 5H, Har), 7.42=7.56 (m, 3H, Ha).
€ NMR (100 MHz, CDCl3): & 51.9 (CH, or CHs), 52.2 (CH, or CHs), 125.8 (Ca,), 127.5 (CHy,), 128.4
(CHar), 128.6 (CHar), 128.8 (CHar), 129.7 (CHar), 130.2 (CHa,), 134.5 (Ca/), 136.8 (Car), 141.4 (Ca),

161.3 (C=0).

Compound 7a was obtained as a nearly equimolar mixture of both regioisomers (maj-7a and

min-7a, 57:43). 2D-NOESY experiment was recorded to assign the regiochemistry.

Ph(Me) 1-Benzyl-5(4)-methyl-4(5)-phenyl-1H-1,2,3-triazole (7a)

B”*N X\—Me(Ph) The product was prepared following the general procedure GP1 and

N=N purified by flash chromatography (cyclohexane/EtOAc 3:1). Isolated as a

yellow oil in 44% vyield (44 mg, 0.18 mmol). The following spectroscopic data matched with those
reported in the literature.””

Signals of 1-benzyl-4-methyl-5-phenyl-1H-1,2,3-triazole (maj-7a) are marked with (*).

'H NMR (400 MHz, CDCl3): & 2.32 (s, 3H*), 2.35 (s, 3H), 5.44 (s, 2H*), 5.57 (s, 2H), 7.01-7.08 (m,
2H*), 7.13-7.19 (m, 2H*), 7.20-7.25 (m, 2H), 7.26-7.29 (m, 3H*), 7.32-7.40 (m, 4H), 7.42-7.49
(m, 3H* + 2H), 7.68-7.75 (m, 2H).

3C NMR (100 MHz, CDCl3): 8 9.2, 10.7%, 52.0, 52.1%, 127.1, 127.1, 127.3%, 127.5, 127.6*, 128.1%,
128.3, 128.7, 128.7%, 128.9, 129.0 (129.0*), 129.2*, 129.5%, 131.6, 134.6*, 134.8, 135.6%,

141.6*, 145.0.

Compound 8a was obtained as an enriched mixture of both regioisomers (9:1). 2D- NOESY was

recorded to assign the regiochemistry. Only maj-8a was described.
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Me 1-Benzyl-5-methyl-4-(trimethylsilyl)-1H-1,2,3-triazole (maj-8a)

Bn~NJ\/TMS The product was prepared following the general procedure GP1 and purified

N=N by flash chromatography (cyclohexane/EtOAc 5:1). Isolated as a yellow oil in
54% vyield (53.4 mg, 0.22 mmol).

'H NMR (500 MHz, CDCls):  0.35 (s, 9H, Si(CHs)s), 2.22 (s, 3H, CHs), 5.51 (s, 2H, CH,), 7.15-7.20
(m, 2H, Har), 7.27-7.39 (M, 3H, Ha).

BC NMR (125 MHz, CDCl3): 8 —0.9 (Si(CHs)s), 9.3 (CHs), 51.2 (CH,), 127.2 (CHy,), 128.1 (CHal),
128.9 (CHa/), 135.1 (Ca/), 138.1 (Ca), 143.8 (Car).

IR (neat): v 1606 (C=C), 1497 (N=N), 1416 (S5i—C), 1248 (C-N) cm .

HRMS (ESI*): m/z [M+H]" calculated for C13HoN3Si: 246.1412; found: 246.1421.

Elemental analysis calculated (%) for C;3H19N3sSi: C 63.63, H 7.80, N 17.11; found: C 63.22, H

7.88, N 16.94.

Compound 9a was obtained as an enriched mixture of both regioisomers (9:1). The assignment

was done after desilylation obtaining triazole 11a. Only maj-9a was described.

Ph 1-Benzyl-5-phenyl-4-(trimethylsilyl)-1H-1,2,3-triazole (maj-9a)

Bn‘NJ\ﬁ/TMS The product was prepared following the general procedure GP1 and purified

N=N by flash chromatography (cyclohexane/EtOAc 6:1). Isolated as a yellow oil in
91% vyield (111.8 mg, 0.36 mmol). The following spectroscopic data matched with those reported
in the literature.®*
'H NMR (400 MHz, CDCl3): 8 0.15 (s, 9H, Si(CHs)3), 5.38 (s, 2H, CH.), 6.98-7.04 (m, 2H, Hy,), 7.07-
7.13 (m, 2H, Hp), 7.22=7.28 (m, 3H, Hx:), 7.36=7.47 (M, 3H, Ha).
B¢ NMR (100 MHz, CDCls): & —0.9 (Si(CHs)s), 51.4 (CH,), 127.6 (CHp), 128.0 (CHa,), 128.4 (CHal),

128.6 (CHar), 128.6 (CHa(), 129.4 (CHa/), 130.0 (Car), 135.6 (Car), 143.5 (Car), 145.0 (Cay).

Compound 10a was the only regioisomer obtained. The assighnment was done after desilylation

obtaining triazole 11a.

Ph 1-Benzyl-4-(tert-butyldimethylsilyl)-5-phenyl-1H-1,2,3-triazole (10a)
B”~N)§/TBDMS The product was prepared following the general procedure GP1 and
N=N purified by flash chromatography (cyclohexane/EtOAc 3:1). Isolated as a
yellow oil in 92% yield (128.5 mg, 0.37 mmol).
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'H NMR (500 MHz, CDCl3): § 0.05 (s, 6H, Si(CHs),), 0.90 (s, 9H, C(CHs)3), 5.35 (s, 2H, CH.), 6.94—
7.00 (m, 2H, Har), 7.05-7.10 (m, 2H, Hy;), 7.21-7.28 (m, 3H, Hy:), 7.35-7.40 (m, 2H, Hy), 7.43—
7.48 (m, 1H, Ha,).

BC NMR (125 MHz, CDCls): § 5.3 (Si(CHs)1), 26.6 (C(CHs)3), 51.4 (CH,), 127.6 (CHa,), 127.9 (CHal),
128.2 (CHa), 128.5 (CHa,), 128.8 (Car or C(CHs3)3), 129.3 (CHar), 130.4 (CHa/), 135.6 (Car or C(CH3)3),
142.8 (Car or C(CH3)3), 144.1 (Car or C(CHs)s), 173.4 (Car or C(CH3)3).

IR (neat): v 1606 (C=C), 1497 (N=N), 1456 (Si—C), 1249 (C-N) cm .

HRMS (ESI*): m/z [M+H]" calculated for Cy1H,gN3Si: 350.2050; found: 350.2047.

Elemental analysis calculated (%) for C;H»7N3Si: C 72.16, H 7.79, N 12.02; found: C 72.24, H
8.27,N 11.87.

1-Benzyl-5-phenyl-1H-1,2,3-triazole (11a)

Ph
B )} The product was prepared following the procedure of desilylation of maj-9a and
nJ<

NN

N=N
eluent: cyclohexane, 2nd eluent: 90:10 cyclohexane/EtOAc). Isolated as a white solid in 82%

purified by flash chromatography (CombiFlash® system, 4 g SiO, cartridge, 1st

yield (77.5 mg, 0.33 mmol). Alternatively, the title compound was also obtained following the
procedure of desilylation of 10a. 2D-NOESY was recorded to assign the regiochemistry. The
following spectroscopic data matched with those reported in the literature.!**!

'H NMR (400 MHz, CDCl3): 8 5.57 (s, 2H, CH,), 7.05-7.15 (m, 2H, Ha,), 7.25-7.36 (m, 5H, Ha,),
7.39-7.50 (m, 3H, Ha), 7.77 (s, 1H, CH).

BC NMR (125 MHz, CDCl3): & 51.8 (CH,), 126.9 (CH), 127.1 (CHy,), 128.1 (CHa,), 128.8 (CHal),

128.9 (CHa/), 128.9 (CHa/), 129.5 (CHa/), 133.3 (Ca/), 135.5 (Car), 138.1 (Car).

1-Benzyl-4-methyl-1H-1,2,3-triazole (12a)

BH~N§,Me The product was prepared following the general procedure GP2 and purified

NN by flash chromatography (pentane/Et,0 3:1). Isolated as a yellow oil in 30%
yield (21.1 mg, 0.12 mmol). 2D-NOESY was recorded to assign the regiochemistry. The following
spectroscopic data matched with those reported in the literature !
'H NMR (500 MHz, CDCl3): § 2.34 (s, 3H, CH3), 5.50 (s, 2H, CH.), 7.21 (s, 1H, CH), 7.26-7.30 (m,
2H, Ha), 7.34-7.42 (m, 3H, Ha,).
3C NMR (100 MHz, CDCls):  10.9 (CHs), 53.9 (CH,), 121.0 (CH), 128.0 (CHa,), 128.6 (CHy,), 129.0

(CHar), 135.0 (Car), 143.8 (Car).
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Bn‘l\‘l/\ﬁ/Ph 1-Benzyl-4-phenyl-1H-1,2,3-triazole (13a)

N=N The product was prepared following the general procedure GP2 and purified
by flash chromatography (pentane/Et,0 2:1). Isolated as a white solid in 57% yield (53.5 mg, 0.23
mmol). 2D-NOESY was recorded to assign the regiochemistry. The following spectroscopic data
matched with those reported in the literature.*?
'H NMR (300 MHz, CDCls): & 5.61 (s, 2H, CH,), 7.27-7.51 (m, 8H, Ha,), 7.70 (s, 1H, CH), 7.81-7.88
(m, 2H, Ha).
B¢ NMR (100 MHz, CDCls): 8 54.2 (CH,), 119.5 (CH), 125.7 (CHpa;), 128.1 (CHp), 128.1 (CHp,),
128.8 (CHa/), 128.8 (CHa/), 129.2 (CHa/), 130.6 (Ca/), 134.7 (Car), 148.2 (Car).

Ph 1,4,5-Triphenyl-1H-1,2,3-triazole (1b)

PhiN?X,—Ph  The product was prepared following the general procedure GP1 and purified

N=N by flash chromatography (CombiFlash® system, 12 g SiO, cartridge, 1st eluent:

cyclohexane, 2nd eluent: 90:10 cyclohexane/EtOAc). Isolated as a white solid in 24% vyield (28.1
mg, 0.09 mmol). The following spectroscopic data matched with those reported in the
literature.®%

'H NMR (500 MHz, CDCl3): 8 7.21-7.26 (m, 2H, Hy,), 7.31=7.36 (m, 5H, Hy), 7.36-7.46 (m, 6H,
Har), 7.63 (dd, J = 8.1 Hz, J = 2.0 Hz, 2H, Ha,).

BC NMR (125 MHz, CDCl3): 8125.2 (CHa), 127.4 (CHa), 127.7 (Ca), 127.9 (CHy/), 128.5
(CHar), 128.9 (CHar), 129.0 (CHar), 129.1 (CHar), 129.4 (CHap), 130.2 (CHp/), 130.8 (CHa/), 133.7 (Car),

136.6 (Ca), 144.8 (Car).

Ph 1-Octyl-4,5-diphenyl-1H-1,2,3-triazole (1c)

"OCtyl\r\‘j N)—Ph The product was prepared following the general procedure GP1 and

N=N purified by flash chromatography (cyclohexane/EtOAc 10:1). Isolated as a
yellow oil in 73% vyield (97.9 mg, 0.29 mmol). The following spectroscopic data matched with
those reported in the literature.™®
'H NMR (500 MHz, CDCls): 6 0.88 (t, >/ = 7.1, 3H, CHs), 1.16-1.32 (m, 10H, CH.), 1.80 (m, 2H,
CH,), 4.22 (t, ) = 7.4 Hz, 2H, CH.), 7.22=7.31 (m, 3H, Ha), 7.33-7.38 (m, 2H, Hy/), 7.51-7.55 (m,
3H, Har), 7.55=7.59 (m, 2H, Ha,).
B3C NMR (125 MHz, CDCl5):  14.1 (CH3), 22.6 (CH,), 26.4 (CH,), 28.8 (CH,), 29.0 (CH,), 30.1 (CH>),
31.7 (CH,), 48.3 (CH,), 126.8 (CHa), 127.6 (CHa), 128.3 (Car), 128.4 (CHa(), 129.3 (CHar), 129.6

(CHar), 130.0 (CHar), 131.1 (Car), 133.6 (Car), 144.1 (Ca/).
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"Pr 1-Octyl-4,5-dipropyl-1H-1,2,3-triazole (5c)
”OctyI\NJ\/npr The product was prepared following the general procedure GP1 and
purified by flash chromatography (cyclohexane/EtOAc 10:1). Isolated as a
yellow oil in 28% yield (30.2 mg, 0.11 mmol).
'H NMR (500 MHz, CDCl5): § 0.89 (t, > = 7.0 Hz, 3H, CHs), 0.98 (t, *J = 7.4 Hz, 3H, CH), 0.98 (t, °J =
7.4 Hz, 3H, CH;), 1.20-1.40 (m, 10H, CH,), 1.53-1.62 (m, 2H, CH,), 1.68-1.77 (m, 2H, CH,), 1.83—
1.96 (m, 2H, CH,), 2.55-2.61 (m, 4H, CH.), 4.16-4.20 (m, 2H, CH,).
3C NMR (100 MHz, CDCl5): & 13.8 (CHs), 14.0 (CHs), 14.0 (CHs), 22.6 (CH,), 22.6 (CH,), 22.9 (CH>),
24.5 (CH,), 26.7 (CH3), 27.2 (CH,), 29.1 (CH,), 29.7 (CH>), 30.3 (CH,), 31.7 (CH,), 47.9 (CH,), 132.4
(Car), 144.7 (Cay).
IR (neat): v 1611 (C=C), 1570 (N=N), 1544 (Si—C), 1247 (C-N) cm .
HRMS (ESI*): m/z [M+H]" calculated for C6H3,N3: 266.2591; found: 266.2594.
Elemental analysis calculated (%) for CiHsiN3: C 72.40, H 11.77, N 15.83; found: C 72.13, H
12.28, N 15.53.

Compound 9c¢ was obtained as an enriched mixture of both regioisomers (9:1). Only maj-9¢ was

described.

1-Octyl-5-phenyl-4-(trimethylsilyl)-1H-1,2,3-triazole (maj-9c)
Ph
The product was prepared following the general procedure GP1 and
"Octyl~ )\/TMS p prep g the g P

A}

N=N
white solid in 76% yield (100.8 mg, 0.30 mmol). The following spectroscopic data matched with

purified by flash chromatography (cyclohexane/EtOAc 10:1). Isolated as a
those reported in the literature.*”

'H NMR (500 MHz, CDCl3): & 0.14 (s, 9H, Si(CHs)s), 0.87 (t, >J = 7.1 Hz, 3H, CH;), 1.15-1.33 (m,
10H, CH.), 1.72-1.80 (m, 2H, CH,), 4.15 (t, *J = 7.4 Hz, 2H, CH.), 7.24-7.30 (m, 2H, Ha,), 7.47-7.52
(m, 3H, Ha).

BC NMR (125 MHz, CDCl3): & —0.9 (Si(CHs)s), 14.0 (CHs), 22.6 (CH.), 26.4 (CH,), 28.8 (CH,), 28.9
(CH5), 30.3 (CH,), 31.7 (CH,), 47.7 (CH3), 128.6 (CHa;), 129.1 (Ca/), 129.3 (CHa(), 129.9 (CH4), 143.2
(Car), 144.3 (Ca).
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2.6 Annex: NMR spectra of the isolated compounds

'H NMR (300 MHz) (top) and 3C NMR (75 MHz) (bottom) spectra in CDCl, for 1a
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'H NMR (400 MHz) (top) and 3C NMR (100 MHz) (bottom) spectra in CDCI, for 2a
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1H NMR (300 MHz) (top) and 3C NMR (75 MHz) (bottom) spectra in CDCl, for 3a
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'H NMR (400 MHz) (top) and 3C NMR (100 MHz) (bottom) spectra in MeOH-d, for 4a
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IH NMR (400 MHz) (top) and 3C NMR (100 MHz) (bottom) spectra in CDCl, for 5a
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'H NMR (400 MHz) (top) and 3C NMR (100 MHz) (bottom) spectra in CDCl; for min-6a
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'H NMR (400 MHz) (top) and 3C NMR (100 MHz) (bottom) spectra in CDCl, for maj-6a
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'H NMR (400 MHz) (top) and 3C NMR (100 MHz) (bottom) spectra in CDCl, for 7a
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'H NMR (500 MHz) (top) and 3C NMR (125 MHz) (bottom) spectra in CDCl, for maj-8a
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'H NMR (400 MHz) (top) and 3C NMR (100 MHz) (bottom) spectra in CDCl, for maj-9a
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'H NMR (500 MHz) (top) and 3C NMR (125 MHz) (bottom) spectra in CDCI, for 10a
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'H NMR (400 MHz) (top) and 3C NMR (125 MHz) (bottom) spectra in CDCl, for 11a
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'H NMR (500 MHz) (top) and 3C NMR (100 MHz) (bottom) spectra in CDCI, for 12a
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1H NMR (300 MHz) (top) and 3C NMR (100 MHz) (bottom) spectra in CDCl, for 13a
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IH NMR (500 MHz) (top) and 3C NMR (125 MHz) (bottom) spectra in CDCl, for 1b
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'H NMR (500 MHz) (top) and 3C NMR (125 MHz) (bottom) spectra in CDCl, for 1c
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'H NMR (500 MHz) (top) and 3C NMR (100 MHz) (bottom) spectra in CDCl, for 5¢
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Abstract: Metal-free intermolecular Huisgen cycloadditions
using nonactivated internal alkynes have been successfully
performed in neat glycerol, both under thermal and micro-
wave dielectric heating. In sharp contrast, no reaction occurs
in other protic solvents, such as water, ethanol, or diols. DFT
calculations have shown that the BnNs/glycerol adduct pro-
motes a more important stabilization of the corresponding

LUMO than that produced in the analogous BnNs/alcohol
adducts, favoring the reactivity with the alkyne in the first
case. The presence of copper salts in the medium did not
change the reaction pathway (Cu(l) acts as spectator),
except for disubstituted silylalkynes, for which desilylation
takes place in contrast to the metal-free system.

Introduction

Azide-alkyne cycloadditions (AAC) represent a powerful tool
for the synthesis of 1,2,3-triazoles, valuable heterocycles in-
volved in diverse fields, such as biochemistry, organic synthe-
sis, or materials science.”’ Although this reaction was first re-
ported in 1893 by Michael” and in particular developed by
Huisgen in the 1960s,” it was not up to the beginning of the
21st century that the reaction found widespread practical in-
terest after overcoming kinetic and regioselective concerns by
transforming the thermally activated process into a catalytic re-
action, mainly by using copper-based systems." Since then,
many catalytic systems have been described, also including
metals other than copper (such as Ag,” Ru,® Ir” or Ni¥),
which allow access to substituted-1,2,3-triazoles from organic
azides and alkynes. The use of internal alkynes leading to the
formation of 1,4,5-trisubstituted 1,2,3-triazoles generally re-
quires harsher conditions, and activated alkynes (either substi-
tuted by electron-withdrawing groups or strained).
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For biological and pharmacological applications, metal-free
AAC methodologies (back to the origins) still remain attractive
approaches.” Bertozzi and co-workers first used the strained-
promoted strategy involving substituted cycloalkynes for bio-
conjugation purposes.’® Another elegant method is through
intramolecular AAC reactions by taking advantage of the favor-
able entropy effects."” However, to the best of our knowledge,
intermolecular cycloadditions between organic azides and non-
activated internal alkynes under metal-free conditions remain
an important challenge to be solved.

In the last years, with the purpose of using ecofriendly sol-
vents, we have developed glycerol catalytic phases. They ex-
hibit appealing properties mainly regarding the immobilization
of the metal species, probably owing to the supramolecular ar-
rangement shown by glycerol."? In particular, Cu,0 nanoparti-
cles prepared in neat glycerol led to the synthesis of 1,4-disub-
stituted-1,2,3-triazoles, permitting an easy recycling of the cat-
alytic phase." With the assumption of glycerol having a nonin-
nocent role in this process, we decided to investigate the
metal-free AAC in glycerol for the synthesis of 1,4,5-trisubsti-
tuted 1,2,3-triazoles.

Results and Discussion

As a benchmark reaction, the intermolecular azide-alkyne cy-
cloaddition (AAC) between diphenylacetylene (1) and benzyl
azide (a) in neat glycerol under microwave dielectric heating
for 30 minutes was chosen, affording 1-benzyl-4,5-diphenyl-
1,2,3-triazole (1a; Table 1)."" The organic products were isolat-
ed by a biphasic liquid-liquid extraction after adding dichloro-
methane to the reaction mixture. The triazole 1a was exclu-
sively obtained in a high yield of 85% (Table 1, entry 1). With
the aim of investigating the effect of copper in this reaction,
we carried out the synthesis in the presence of a copper salt
(2.5 mol% of CuCl), obtaining 1a in almost the same isolated

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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yield (Table 1, entry 2). This evidences the spectator role of
copper (see Table S1 in the Supporting Information)."® A simi-
lar trend was observed under classical thermal-promoted con-
ditions (Table 1, entries 3 and 4), albeit in lower yields (< 35%)
after 20 h. In the absence of glycerol (i.e., under solvent-free
conditions), the product was obtained in only 18% yield
(Table 1, entry 5). No copper was detected by ICP-AES analysis
of neat glycerol (<3 ppm).

To better control the temperature (the reaction conditions
were set at a targeted temperature, controlled by an external
infrared temperature sensor),”” we employed a MW instru-
ment combining both internal optical fiber and external infra-
red temperature sensors (Figure S1 in the Supporting Informa-
tion). We carried out the cycloaddition at different tempera-
tures (100, 140, and 180°C, according to the internal optical
fiber sensor) and observed that the yield obtained at 180°C
was comparable to that obtained working with the instrument
equipped only with an infrared sensor (Table S2 in the Sup-
porting Information). Under classical heating conditions (oil
bath), only 65% yield was achieved at 180 °C in the same reac-
tion time, which is consistent with a less efficient heat transfer.

Then, we decided to study the influence of the solvent
under metal-free conditions. Surprisingly, no reaction took
place when using other alcohol-based solvents, including etha-
nol and diols, such as ethylene glycol, propane-1,2-diol, and
propane-1,3-diol (Table 1, entry 6). Water gave a very low con-
version of benzyl azide of 13% (Table 1, entry 7). Aprotic polar
solvents, such as 1,4-dioxane and fluorobenzene, also disfa-
vored the cycloaddition (Table 1, entries 8 and 9). The varying
reactivity observed by using different protic solvents can be
explained by the solvent interaction with an external electric
field. Alcohols, in particular polyols, form extensive hydrogen
bonds, which in turn correlate with long relaxation times (the
time taken to achieve the random state after being submitted
to an external electric field)."® Therefore, water (9.2 ps), etha-
nol (170s), ethylene glycol (170 ps), or propane-1,3-diol
(340 ps) exhibit shorter relaxation times than glycerol
(1,215 ps), making it more relevant than other protic solvents
for synthetic purposes under microwave conditions, as illustrat-
ed here for the AAC reaction.

Under thermal conditions (Table S3 in the Supporting Infor-
mation), the reactivity in the different solvents follows the
same trend, except for ethylene glycol and water for which 1a
was obtained in 25 and 31% yield, respectively (33% yield in
glycerol; Table 1, entry 3), after 20 h at 100°C. This clearly con-
trasts with the lack of reactivity observed under microwave
heating (Table 1, entries 6 and 7), despite the high internal
temperature achieved under MW activation (see above).

With these results in hand, we decided to study the scope
of the process by using other internal alkynes (Table 2). For the
symmetrical disubstituted alkynes 2-5 (Table 2, entries 1-4),
moderate to high yields were obtained (32-90%). No transes-
terification reaction between the alkyne 2 or the triazole 2a
and glycerol was observed, in contrast to the reaction in etha-
nol (see Tables S4 and S5 in the Supporting Information). It is
important to note that the nonactivated 4-octyne reacted with
BnN; to give 1-benzyl-4,5-dipropyl-1,2,3-triazole 5a in 71% iso-
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Table 1. Azide-alkyne cycloaddition of diphenylacetylene and benzyl
azide in neat glycerol.”!

Ph Ph
Ph—=—Ph + BuN, — ,\,7:/<N
1 a MW e N
100 °C, 30 min 1a
Entry Solvent Conversion [%]®" Isolated yield [%]"
1 glycerol 85 85 (85)
2 glycerol 86 82 (80)
3 glycerol 37 33 (33)
4leln glycerol 42 28 (27)
5 - 20 189
6 protic solvent n.r. -
7 H,0 13 nd.
8 1,4-dioxane n.r. -
9 fluorobenzene nr. -

[a] Results from duplicate experiments. Reaction conditions: benzyl azide
(0.4 mmol) and diphenylacetylene (0.6 mmol) in solvent (1 mL) under mi-
crowaves activation (250 W) at 100°C for 30 minutes (temperature con-
trolled by external infrared sensor). [b] Based on benzyl azide. [c] Deter-
mined by "H NMR spectroscopy using 2-methoxynaphthalene as an inter-
nal standard. [d] In brackets: yields determined by 'H NMR spectroscopy
using 2-methoxynaphthalene as an internal standard. [e] In the presence
of 2.5 mol% of CuCl. [f] Reaction in a sealed tube under thermal activa-
tion at 100°C for 20 h. [g] Determined by 'H NMR spectroscopy using 2-
methoxynaphthalene as an internal standard. [h] Results obtained with
the following alcohols as solvents: ethanol, ethylene glycol, propane-1,2-
diol, and propane-1,3-diol.

lated vyield (after 1h under microwave irradiation; Table 2,
entry 4).

Unsymmetrically substituted alkynes 6 and 7 led to an
almost equimolar mixture of both regioisomers (Table 2, en-
tries 5 and 6). In view of synthetic applications and to explore
the role of the silyl group as a directing group during the cy-
cloaddition,"” we carried out the synthesis of triazoles 8-10
from the corresponding alkynes containing silyl-based groups,
such as SiMe; (alkynes 8 and 9; Table 2, entries 7 and 8) and
Si(tBu)Me, (10; Table 2, entry 9). As expected, the 4-silyl-substi-
tuted heterocycle was obtained as the major regioisomer”
and as the sole product for the bulky tert-butyldimethylsilyl
(TBDMS) derivative (Table 2, entry 9).

Phenyl (b) and n-octyl (c) azides also gave the expected tria-
zoles; conversions and yields were lower than those obtained
when using benzyl azide (Figure 1).*" In contrast to benzyl
and n-octyl azides, PhN; tends to decompose under the reac-
tion conditions employed.??

We studied the effect of Cu(l) in the synthesis of silyl-based
triazoles 8a-10a. For the synthesis of 10a, bearing a TBDMS
group, the reactivity was similar to the one observed in the ab-
sence of Cu(l). However, for the TMS-substituted ones (8a, 9a),
a mixture of two triazoles was obtained: the expected 8a or
9a and the desilylated 1-benzyl-4R-1,2,3-triazole (R=Me (11a),
Ph (12a)), which was obtained as a single regioisomer
(Scheme 1). Under the classical thermal conditions, the same
behavior was observed (Scheme S1 in the Supporting Informa-
tion).

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 2. Azide-alkyne cycloaddition of internal alkynes and benzyl azide
in neat glycerol.”’

R(R) R(R)
R—=R + BN, — 200 _ RS
MW B AN
210 2 geoc.omn N
2a-10a
Entry  Alkyne Product Conv. Yield
R, R) [%][b][c] [%][c]
MeO,C. CO,Me
2 —
1@ 100 78
N_ N
(CO,Me) g N 2a
MeOH,C. CH,OMe
3 —
2 96 920
N_ _N
(CH,0OMe) B 3a
HOH,C CH,0H
4 —
3 56 32
N_ _N
(CH,OH) e N 4
Pr. Pr
5 —
4e 73 71
N_ N
(Pr) e sa
(MeO,C)Ph CO,Me(Ph)
6 —
5 91 831"
N_ N
(Ph, CO,Me) B N7 6a
(Me)Ph Me(Ph)
7 —
6 49 491
N_ N
(Ph, Me) g N 7a
Me ™S
7 ?M ™S) N;_/lN 65 62 (9:1)9
€ Bn” N7 maj-8a
Ph ™S
9 —
8 92 85 (9:1)
N_ N
(Ph, TMS) B~ N7 mai 9a
P TBDMS
10 — )
9 (Ph, TBDMS) N_ 2N 85 84

[a] Results from duplicate experiments. Reaction conditions: benzyl azide
(0.4 mmol) and the corresponding alkyne (0.6 mmol) in solvent (1 mL)
under microwaves activation (250 W) at 100°C for 30 min (temperature
controlled by external infrared sensor). [b] Based on benzyl azide. [c] De-
termined by 'H NMR spectroscopy using 2-methoxynaphthalene as an in-
ternal standard. [d] Reaction time: 15 min. [e] Reaction time: 60 min.
[f] Regioisomer ratio: 1:1. [g] In brackets: regioisomer ratio (major isomer:
1-benzyl-4-trimethylsilyl-5R-1,2,3-triazole (for R=Me: maj-8a; for R=Ph:
maj-9a); minor isomer: 1-benzyl-5-trimethylsilyl-4R-1,2,3-triazole (for R=
Me: min-8a; for R=Ph: min-9a). [h] Only one isomer was obtained (1-
benzyl-4-tert-butyldimethylsilyl-5-phenyl-1,2,3-triazole); see ref. [20].

Ph TMS

N, . N, .
n-octyl/ N n-omyl/ N
5¢c 9c
43% 80% 27% 73%
(78%) (83%) (28%) (84%)

Figure 1. 1,4,5-Trisubstituted 1,2,3-triazoles from phenyl (1b) and n-octyl
azides (1¢, 5¢, 9¢). Isolated yields are given (conversions are given in brack-
ets).
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R SiMe; Me;Si R R
A CuCl
MesSi—=—R (3 5 mol%) = iN . N7 - (N . N/ - iN
_—
5 +N gycerol . Bn” N7 B W Bn” W
NN MW, 100 °C - -
a 30 min maj-xa min-xa ya
8, R=Me for x = 8: conv.: 80% y=11,R=Me
9,R=Ph 8a/11a = 37:63 y=12,R=Ph

maj-8a/min-8a = 93:7
for x=9: conv.: 100%

9a/12a = 40:60

maj-9a/min-9a = 99:1

Scheme 1. Reactivity of silyl-based alkynes in the presence of CuCl under mi-
crowave activation. Data from NMR analysis.

Control experiments proved that the desilylation neither
took place on the alkyne 8 or 9 nor on the triazole 8a or 9a
(Scheme S2 in the Supporting Information). In addition, when
the AAC reaction was carried out in dioxane, no corresponding
desilylation occurred. Monitoring the reaction by GC-MS dem-
onstrated that the formation of 9a is faster than that corre-
sponding to 12a (after 5 min, the ratio 9a/12a was approxi-
mately 3.4:1; after 15 min, the ratio was approximately 1.2:1,
with full conversion of BnN;). Once BnN; was consumed com-
pletely, desilylation of the alkyne 9 could be observed (Fig-
ure S4 in the Supporting Information). These facts led us to
propose that the desilylation giving 12a (and 11a) occurs
upon coordination of the alkyne to copper (intermediate I in
Scheme 2), which is promoted by glycerol that is undoubtedly

Bn Bn H
S SiMes OH N4
s
[Cu]f|

| [Cu—=—R

| R MeSSiO/Y\OH + H 1
OH

Scheme 2. Plausible Cu-mediated desilylation of SiMe;-based alkynes pro-
moted by glycerol.

close to the coordination sphere owing to its interaction with
BnN; through hydrogen bonds (see below). Intermediate Il
then evolves to give the favored regioisomer 1-benzyl-4R-1,2,3-
triazole, according to the accepted Cu-catalyzed mecha-
nisms.*>? The formation of the corresponding silyl derivative
of glycerol was proven by NMR spectroscopy (see Figures S5
and S6 in the Supporting Information).?” Alkyne 10 did not
give the corresponding desilylated triazole, probably as a con-
sequence of the steric hindrance triggered by the TBDMS
group around the metal center.

To rationalize the effect of glycerol in AAC reactions, we
studied the interaction of glycerol with benzyl azide by theo-
retical calculations (DFT B3LYP, 6-31G¥), taking into account the
ability of glycerol to form hydrogen bonds.?*?® For compara-
tive purposes, we also analyzed this effect with ethanol and
several diols (ethylene glycol, 1,2-, and 1,3-propanediol). The
resulting BnN/alcohol adducts increase the dipolar character
of BnN, in relation to neat benzyl azide (see calculated charges

18708 © 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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in Figure S7 in the Supporting Information). It is important to
note that in the case of polyols (ethylene glycol, 1,2-propane-
diol, and glycerol) the intramolecular hydrogen bonds trigger
an additional stabilization of the corresponding BnN,/alcohol
adduct (see Figure S8 in the Supporting Information). The anal-
ysis of the relative energies of frontier orbitals for the different
BnN,/alcohol adducts (see Figure S9 in the Supporting Infor-
mation) showed that the BnN/glycerol LUMO, which overlaps
with the dipolarophile HOMO (diphenylacetylene was chosen
for the calculations), is more stable than the ones obtained for
the other adducts (see Table S6 in the Supporting Information).
In consequence, the reactivity should be enhanced, as ob-
served in this work for a range of alkynes.

Conclusion

We have shown that glycerol acts as a noninnocent solvent for
metal-free azide-alkyne cycloadditions, promoting the reaction
between internal alkynes and organic azides in contrast to
other protic solvents, both under classical and dielectric heat-
ing. Moreover, the reactivity in glycerol was particularly en-
hanced by microwave heating, probably owing to the long re-
laxation time of glycerol in comparison with other protic sol-
vents, which is related to its supramolecular arrangement
through intermolecular hydrogen bonds. At a molecular level,
analysis of the frontier orbitals for the BnNs/glycerol adduct
pointed to a higher stabilization of the corresponding LUMO
than that for comparable adducts involving ethanol and diols.
This trend justifies the increase of the reaction rate according
to a concerted pathway for the metal-free cycloaddition.

These results permit us to envisage the formation of fully
substituted 1,2,3-triazoles by using a metal-free methodology,
which is particularly interesting for the synthesis of drugs and
natural products.

Experimental Section
General

All manipulations were performed by using standard Schlenk tech-
niques under argon atmosphere. Unless stated otherwise, commer-
cially available compounds were used without further purification.
Glycerol was treated under vacuum at 80 °C overnight prior to use.
NMR spectra were recorded on Bruker Avance 300, 400, and 500
spectrometers at 293 K. GC analyses were carried out on an Agilent
GC6890 with a flame ionization detector using a SGE BPX5 column
composed of 5% of phenylmethylsiloxane. Reactions under micro-
wave activation were carried out on single-mode microwave CEM
Explorer SP 48, 2.45 GHz, Max Power 300 W Synthesis System, CEM
Focused MicrowaveTM Synthesis System Model Discover, and
Anton Paar Monowave 300 instruments. Theoretical studies were
carried out by using the following software: SPARTAN'14 for Win-
dows and Linux, Wavefunction, InC. 18401 Von Karmaan Avenue,
suite 307, Irvine, CA 92612, USA. Calculations were carried out with
Density Functional B3LYP by using the basis set 6-31G*.
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General AAC procedure in glycerol under microwave activa-
tion

A sealed tube equipped with a stirring bar was successively
charged with the corresponding alkyne (0.6 mmol) and glycerol
(1 mL); the mixture was stirred at room temperature for 5 min.
Benzyl azide (0.4 mmol, 53.2 mg) was then added and the sealed
tube was placed into the microwave reactor (100°C, 250 W) for
30 min (or the appropriate time). It is important to note that at
room temperature the reaction mixture gave a kind of emulsion
but that at 100°C a homogeneous solution was obtained (i.e., re-
agents and products were soluble in glycerol).?” The organic prod-
ucts were extracted with dichloromethane (6x2 mL). The com-
bined chlorinated organic layers were filtered through a Celite pad
and the resulting filtrate was concentrated under reduced pres-
sure. The products were purified by chromatography (silica short
column, eluent: cyclohexane/ethyl acetate 1:1) to determine the
isolated yields of the corresponding triazoles.

Compound maj-8a: Yellow oil; IR (neat): 7=1606, 1497, 1416,
1248 cm™'; "H NMR (500 MHz, CDCly): 6=0.35 (s, 9H), 2.22 (s, 3H),
5.51 (s, 2H), 7.15-7.20 (m, 2H), 7.27-7.39 ppm (m, 3H); "“C{'H} NMR
(125 MHz, CDCLy): 6=-0.9, 9.3, 51.2, 127.2, 128.1, 1289, 135.1,
138.1, 143.8 ppm; HRMS (ESI"): m/z [M+H]" calcd for C,3H,N;Si:
246.1412; found: 246.1421; elemental analysis calcd (%) for
Cy3HioN5Si: C 63.63, H 7.80, N 17.11; found: C 63.22, H 7.88, N
16.94.

Compound 10a: Yellow oil; IR (neat): 7=1606, 1497, 1456, 1249
cm™"; "HNMR (500 MHz, CDCl,): =0.05 (s, 6H), 0.90 (s, 9H), 5.35
(s, 2H), 6.94-7.00 (m, 2H), 7.05-7.10 (m, 2H), 7.21-7.28 (m, 3H),
7.35-7.40 (m, 2H), 7.43-7.48 (m, 1H) ppm; “C{'"H} NMR (125 MHz,
CDCly) 6=5.3, 26.6, 51.4, 127.6, 127.9, 128.2, 128.5, 128.8, 129.3,
130.4, 135.6, 142.8, 144.1, 173.4 ppm; HRMS (ESI"): m/z [M+H]*
calcd for C,H,gN;Si: 350.2050; found: 350.2047; elemental analysis
calcd (%) for C,4H,;N5Si: C 72.16, H 7.79, N 12.02; found: C 72.24, H
8.27, N 11.87.

Compound 5¢: Yellow oil; IR (neat): v=1611, 1570, 1544,
1247 cm™'; "THNMR (500 MHz, CDCly): 6=0.89 (t, J=7.0 Hz, 3H),
0.98 (t, J=7.4Hz, 3H), 0.98 (t, J=7.4Hz, 3H), 1.20-1.40 (m, 10H),
1.53-1.62 (m, 2H), 1.68-1.77 (m, 2H), 1.83-1.96 (m, 2H), 2.55-2.61
(m, 4H), 4.16-4.20 (m, 2H) ppm; C{"H} NMR (125 MHz, CDCl,): 6 =
13.85, 13.98, 14.05, 22.58, 22.60, 22.94, 24.49, 26.69, 27.23, 29.06,
29.70, 30.35, 31.71, 47.89, 132.44, 144.71 ppm; HRMS (ESI"): m/z
[M+H]" calcd for CigHs,N;: 266.2591; found: 266.2594; elemental
analysis calcd (%) for C,sH3;N5: C 7240, H 11.77, N 15.83; found: C
7213, H 12.28, N 15.53.
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Chapter 3. Key Non-Metal Ingredients for Cu-Catalysed Azide—-
Alkyne Cycloaddition in glycerol.

3.1 Introduction

Since the work of Sharpless and Fokin et al.™ and Medal et al.”?

in 2002, the copper
catalysed azide-alkyne cycloaddition (CUAAC) has been considered the most useful procedure to
prepare, in a regioselective manner, 1,4-disubstituted 1,2,3-triazoles. The more than 6,000 citing
references of the work of Sharpless and Fokin and the ca. 4,500 citing references of the Medal’s
work are an overwhelming proof of this successful procedure,[s] which has been widely

investigated and applied.w

CuAAC is also well known as the “Click reaction” because this transformation is one of
the most important examples that fulfils the requirements of the concept Click Chemistry,ls]
defined by Sharpless et al. in 2001. It tolerates a wide range of functional groups showing a large
scope concerning both alkyne and azide reactants. Furthermore, this transformation can be
carried out in a considerable variety of solvents. The reaction tolerates a wide range of pH values
and it can be performed over a broad temperature range. In addition, azides and alkynes are
quite stable substrates, which permit to work under different conditions: in the presence of

oxygen and water, and also at high temperatures.

Despite the apparent simplicity of this reaction, the mechanism is still under debate in
the scientific community.[G] The vast array of conditions in which the CuAAC can proceed make
the mechanism of this reaction difficult to be uniquely established. The first postulated stepwise
mechanismt™” (Scheme 3.1) begins with the formation of the corresponding copper(l)-acetylide
(intermediate 1) by a simple acid-base reaction between the terminal alkyne and the copper(l)
species (step A). After that, the formed copper-acetylide interacts with the organic azide (step B)
by coordination of copper to the o nitrogen of the azide (intermediate Il). At this point, an
intramolecular oxidative insertion between the azide and the alkyne takes place (step C), leading
to a six-membered Cu(lll) metallacycle (intermediate lll). A ring reductive contraction (step D)
generates the corresponding copper(l)-triazolide (intermediate IV) which, after a final
protonation (step E), leads to the reaction product, the 1,4-disubstituted 1,2,3-triazole and to

the Cu(l) active species.

87



Chapter Il

CuS0,-5H,0

.- Sodium Ascorbate

)N\’/‘N_R2 N Dehydroascorbic acid
, —
R v Ry————H
cu' +
+ H
H E A
‘N
N="%
N_RZ
¢ R—=—Cul
R4 | |
Cu
\" -
N=N-N-R,
B Y B o
D
N +
.N. .R =N-N-R
N* ~,I\J 2 | 2
R/L§4Cw” c Ri—=—Cu'
;
m ~©~ Il

Scheme 3.1 First proposed mechanism for CUAAC.

In a later work, Fokin, Finn et al.”® determined by kinetic studies the reaction rate to be
second order in copper, which means the requirement of intermediates containing two copper
atoms. Since then, mechanistic studies started focusing on explaining the formation of
intermediate Illl (Scheme 3.1), which requires a high activation energy because of the ring strain.
The introduction of another copper ion was suggested in order to prevent the formation of a
strained metallacycle, decreasing in consequence the activation barrier.” Up to date, there are
many evidences of the participation of two copper(l) atoms in the rate-determing step.[m] The
accepted current pathway (Scheme 3.2) begins with the formation (steps A and B) of a o,mn-
di(copper(l)) acetylide (intermediate VI). The m-bound enriched copper atom coordinated the
azide (step C), leading to the complex VII. The nucleophilic attack at the y nitrogen of the azide
by the B carbon of the acetylide (step D) gives the strained (three fused cycles) metallacycle VIl
in which one copper(l) has been oxidised to copper(lll) (in equilibrium with the corresponding
Cu(ll) dinuclear core). After a ring closure, the copper(l) triazolide (IX) is obtained which after a
subsequent protonation leads to the final product and the Cu(l) catalytic species. Among all the

structures present in the mechanism, only the o,m-di(copper) acetylide (VI)“OC]

and the copper(l)
triazolide (IX)[“] have been fully characterized. Intermediate VIl has only been detected using a
mass spectrometric method. Using a copper isotope labelling experiment,[loa] it was found
that in the proposed metallacycle (VIII) occurs a rapid internal rearrangement equilibrium

involving the two copper centres.
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Scheme 3.2 The current dinuclear mechanism of CuAAC.

For both proposed Cu-catalysed mechanisms, the first step is the formation of the
copper-acetylide intermediate, which means that the reactivity is restricted only to terminal
alkynes, being the internal alkynes devoid of such reactivity. DFT calculations demonstrated that
the initial formation of a m-complex between Cu(l) and the acetylene is highly disfavoured due to

the high energetic barrier.”) Even though this lack of reactivity using internal alkynes seems to

| [12] | [13]

be explained, Nolan et a and Vincent et a reported that their preformed Cu(l) complexes
can mediated the reaction between benzyl azide and 3-hexyne, proving the possibility of an

alternative activation pathway.

In spite of the debate about the mechanism of CuAAC, it is generally accepted the
necessity of copper in the oxidation state +1 as catalytic active species to achieve an efficient
reaction. To generate these catalytically active species, almost any copper source can be used as
precatalyst. The most common method is the one initially reported by Sharpless and Fokin et
al.™ in which CuSO4-5H,0 is used in the presence of a reducing agent (sodium ascorbate) to
generate the catalytically active Cu(l) (Scheme 3.3). The main advantage of this method is the
compatibility with water and oxygen, which make it very attractive for bioconjugation. However,

this methodology is limited to water-tolerant substrates.
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a) CuS04-5H,0, 1 mol%
O-Ph Sodium ascorbate, 5 mol% Bn.
=/ + BnNj > ’\‘lNi\»/\o
H,O/'BUOH, 2:1, rt, 8 h N
91% yield
b) HO cu! cu! HO
] ~_:_0
HO O_.o N A HO o
y = >
Na O oH O o
Sodium ascorbate Dehydroascorbic acid

Scheme 3.3 (a) CUAAC using the Cu(ll)/sodium ascorbate system as catalyst; (b) redox process between sodium
ascorbate and Cu(ll) salts in an aerobic atmosphere.

Another way to achieve the desired Cu(l) species is the in situ oxidation of metal copper
(Cu(0)), even though this method requires high catalyst loadings and takes longer times
compared with the Cu(ll)/sodium ascorbate system. It can be significantly accelerated applying
microwave irradiation.!* Comproportionation of Cu(ll) (available on the metal patina or added
as CuS0O,) and Cu(0) generates the active Cu(l) species in solution. The main advantage of this

protocol is the high purity of the products with lower levels of copper.

Copper nanoparticles (CuNPs) have been widely used as Cu(l) source for CuAAC.™ The
advantages of using nanoparticles are mainly the high number of active species due to the large
surface area and the easy separation and recyclability, which minimises the contamination of the
products. In our group, we reported a highly efficient catalytic system consisting in copper(l)
oxide nanoparticles (Cu,ONPs) in neat glycerol.[ls] They were prepared starting from Cu(OAc),,
under H, atmosphere (3 bar), at 100 °C and using PVP (poly(vinylpyrrolidone)) as stabiliser
(Scheme 3.4). The mentioned Cu,ONPs were successfully used as catalyst not only in CuAAC
(Scheme 3.4), but also in C—heteroatom bond formation and AAC/coupling tandem processes.

The catalytic phase could be recycled at least ten times, without any loss of activity.

Bn
Cu,0ONPs] 2.5 mol% ~ Ph
[Cuy ] o) l\‘l/\»/

=—Ph + BnN; =
100°C, 2 h N=N
lycerol
9y 95% vyield
Synthesis of [Cu,ONPs]:
n
N H, (3 bar
Cu(OAc), + Uﬁo #, [Cu,ONPs]
glycerol
18 h, 100 °C

PVP

Scheme 3.4 CuAAC catalysed by Cu,ONPs in neat glycerol.
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Copper(l) salts can be used directly as catalysts for CUAAC without the necessity of in situ
generation of Cu(l) species from Cu(0) or Cu(ll) starting materials. Copper(l) halides are
commonly used despite being quite insoluble in most organic solvents.'” To improve the
solubility of the copper species in the medium, the presence of additives is required. In general,
Lewis bases (in particular amines, such as DIPEA[Z]) help to increase the solubility of copper
species, inducing an acceleration of the process. Pre-formed copper(l) molecular complexes
bearing nitrogen containing ligands are also commonly used in this transformation. In particular,
polydentate nitrogen-based ligands are convenient not only to stabilise copper(l) species,lls] but
also to accelerate the process.[lgl In our group, we introduced tris(triazolyl)methanol (TTM,
Figure 3.1a) as an excellent ligand for Cu(l).m] Its structure was proposed from NMR studies and
by comparison with the crystal structure of a Cu(ll) analogue (Figure 3.1b). This complex could
efficiently catalyse AAC reactions in water or under solvent-free conditions, using low catalyst

loadings (0.5 mol%) and at room temperature (Figure 3.1c).

TT™ \ TTM-CucCI

1)
TTM-CuCl (0.5 mol% RZ
= R' + RN, ( D NN R
H,02 or neat®, rt N=N

©0.25% mol cat. at 40°C
41.0% mol cat. in 2:1 BuOH/H,O

BN A R!
Ph\[\‘l/\»/R'] ‘N:R/

N=N R! = Ph (94% yield, 4h)?

R' = Ph (99% yield, 4h)? R' = Ph (99% yield, 15h)P
R! = CH,NMe; (95% yield, 4h)? R' = 2-pyridyl (99% vyield, 8h)?
R = PhCH,CH, (99% vyield, 4h)P
nOct 1 R' = "Bu (98% yield, 16h)2:
N/\»’R 1=n o/ vi a,c
v R' = "Hex (98% yield, 16h)?-
N=N R = 4-chlorobutyl (64% yield, 18h)a¢
1 _ .
R = Ph (99% yield, 4h)? R1 = CO,Et (96% yield, :2h.)a )
R = CO,Et (99% yield, 15h)2 R' = p-HOCH,CgH, (92% vyield, 2h)
R' = CH,OH (84% vyield, 6h)2
R' = CHyNMe, (97% vyield, 4h)@
R' = CH,NH, (47% yield, 5h)2d

Figure 3.1 a) Tris(triazolyl)methanol ligand (TTM). b) Proposed structure of the copper(l) complex. (c) Scope of
substrates using TTM-CuCl as catalyst on water or under neat conditions.
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However, base-free CUAAC procedures using copper(l) halides as copper sources are
rare. Therefore, we planned to study the CuAAC in the presence of copper(l) salts as catalyst
working in glycerol medium, in the absence of any additive. In this way, we also wanted to
understand the role of an added base in the transformation. To the best of our knowledge, there
is only one work reported by Garcia-Alvarez et al.,” in which they carried out the Cu-AAC in the
absence of any base (Scheme 3.5). The reaction proceeds under air, at room temperature, in a
short period of time, tolerating a variety of substrates and permitting the catalyst recycling up to

6 times.

Cul (1 mol%) Bn~N/\»,ph

BnN; + =—Ph ’ =
15h, rt N=N
glycerol

94% isolated yield

Scheme 3.5 Benchmark base-free CUAAC reaction in glycerol reported by Garcia-Alvarez et al.?!

The mentioned work was published during the course of our researches. A serious
discrepancy was found between the results reported and our work. Actually, the reaction
described in Scheme 3.5 did not work in our hands, under “exactly” the same conditions. Taking
into account the simplicity of the reaction, almost fulfilling the requirements in the Cornforth
definition of an ideal chemical process,m] we suspected that an uncontrolled factor was

participating in the process making impossible to reproduce this reaction.”®! This impasse

prompted us to try to rationalise this behaviour.

3.2 Results and discussion

The cycloaddition between benzyl azide (a) and phenyl acetylene (13) in glycerol was
chosen as our model reaction. In the presence of 1 mol% of Cul as catalyst, the reaction did not
work in 1.5 h (Table 3.1, entry 1). The yield was good only when the reaction time increased (24
h, Table 3.1, entry 1). In order to understand the absence of reproducibility of the results
reported by Garcia- Alvarez et al.,™ we checked all the components involved in the reaction.
Different sources of glycerol, Cul and phenylacetylene were tested without observing any
change in the reactivity. We arrived to the conclusion that the cause of irreproducibility was the
benzyl azide. In fact, the efficiency of the reaction depends on the source of the azide (Table
3.1). Using our home-made benzyl azide,ml the reaction did not work (Table 3.1, entry 1), but
using a commercial flask from Alfa-Aesar (Table 3.1, entry 2, two different lots) the reaction

worked exactly as reported by Garcia-Alvarez et al. Moreover, other commercial flasks from the
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same company (but coming from a different Lot) (Table 3.1, entry 3) or from Sigma-Aldrich

(Table 3.1, entry 4), did not gave the reported result. Undoubtedly, some impurities were

present in these sources of benzyl azide, triggering a dramatic effect in the catalytic

transformation.

Table 3.1 CuAAC between phenylacetylene and benzyl azide using Cul as catalytic

[a]

precursor.
Cul (1 mol% Bn.
= Ph + BnN; ( ) N"N)—Ph
1.5h,rt N=N
13 a glycerol 13a
BnN; . . [b]
E 0,
ntry Source/Batch code Conversion (yield) (%)
[ <5
1 H -
ome-made 84 (69)
2 Alfa-Aesar/C252013" 100 (80)
3 Alfa-Aesar/AE040501 <5
4 Aldrich/BCBL4667V <5

[l Reaction conditions: Cul (1 mol%), benzyl azide (0.5 mmol) and phenylacetylene (0.5
mmol) in glycerol (0.5 mL) at 25°C for 1.5 h. 1 Conversions (based on benzyl azide) and
yields determined by 'H NMR using 2-methoxynaphthalene as internal standard. I For
synthesis, see experimental procedure in (24 1y, italics, result after 24 h.  pata coming
from two different commercial flasks.

The active benzyl azide was analysed by GC-MS-EI (Figure 3.2), clearly evidencing the

presence of impurities. The detailed analysis of the mass spectrum for each peak of the

chromatogram (see Annex 3.6.1) allowed us to determine the nature of these impurities,

corresponding very likely to long-alkyl chain amines. The same type of analysis was made for the

rest of “inactive” benzyl azides (see Annex 3.6.2). The peaks observed in the analysis of the

“active” (i.e. contaminated) benzyl azide were not found in the rest of chromatograms.
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SPLIT20 2 GCT Premier CAB109 10-Oct-2014 15:11:55)
20141010-AB TOF MS El+
8.72 TIC|
100 4.51e6
‘
BnN3

%

24.61

19.65 26,06

17.57

27.42

250 500 750 ' 10.00

I
2000 2250 ' 2500  27.50 | 30.00 3250 | 3500  37.50

1250 1500 ' 17.50

Time (min) MS
17.572 156.17, 255.29 (C1;Hs;N) Possible fragments:
CgHy7—N-CgHy7 _N-
19.652 283.32 (CyHasN) CH, CriMas ('T:’H°9H19
3
21.523 184.20, 311.35 (Cy;HasN) 255.29 311.36
23.023 254.28, 353.40 (Cy4HsiN)
CgH17—N-CgHy7 C1oH22=N=C1oHz

CgHyz CioHa2
24.613 282.30, 381.43 (CyeHssN) 153,40 43850
26.064 282.31, 310.35, 409.46 (C5HssN)
27.424 310.34, 437.49 (C3oHesN)

Figure 3.2 GC-MS-EI analysis for benzyl azide from Alfa-Aesar (Lot C25Z013). See Annex 3.6.1 for the mass
spectrum for the peaks between 17.5 and 27.5 min retention times.

The “active” benzyl azide was also analysed by NMR (Figure 3.3). 'H and BCNMR spectra
clearly exhibited the presence of impurities in this commercially available compound. These
signals are in agreement with the presence of amines bearing long aliphatic chains, as suggested
by the analysis by GC-MS-EIl. The chemical shifts and the signals integrations are in agreement
with these types of compounds. The rest of “inactive” benzyl azides were also analysed by 'H

and *C NMR without finding any additional signal (see Annex 3.6.3).
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Figure 3.3 'H NMR (top, 500 MHz) and 3C NMR (bottom, 125 MHz) spectra (in CDCls) for benzyl
azide from Alfa Aesar (Lot C252013).
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With these clues in hand, we decided to understand the effect of this type of additives
on the “click” reaction. We started by testing different types of amines and ammonium salts as
additives in the model reaction, using our pure home-made benzyl azide (Figure 3.4).
Ammonium salts were also tested due to the close agreement with the analysis by GC-MS-EI (the

possible fragments obtained, Figure 3.2) and NMR.

Me’e‘);NHz Me’e\Z“ONHQ Me—M—NHQ
7 8

Octylamine Undecylamine Oleylamine
ﬁ ﬁ Me'e\);N'(’iMe ;
Me 7H "Me )é\ EtsN (‘Pr)2EtN
Me™\7 Triethylamine Diisopropylethylamine
Dioctylamine Trioctylamine (DIPEA)

Cl Me Cl I}/Ie

Me 7 Me n
Trioctylmethylammonium chloride Mixture of compougds withn=7or9
(TOMACl) Aquuat 336
— NH s
2
Me—N N-Me H.N ‘NH N Nig
/ \ 2 2 |
Me Me NH, _N
Tetramethylethylenediamine Ethylenediamine o-Phenylenediamine Phenantroline
(TMEDA) (EN) (o-PDA) (PHEN)
N
() ®
~
LN HaC” SNT Y CH,

Urotropine 2,6-Lutidine

Figure 3.4 Amines and ammonium salts tested as additives in the benchmark CuAAC reaction, using pure
home-made benzyl azide.

As shown in Table 3.2, primary, secondary and tertiary amines (Table 3.2, entries 1-5)
bearing long aliphatic chains as additives (5 mol%) led to high yields of the corresponding 1,2,3-
triazole 13a. When the amount of the added amine was reduced to 1 mol%, the reaction also
worked (Table 3.2, entries 1 and 3-5), especially for oleylamine, dioctylamine and trioctylamine.
However, when the alkyl chain is shorter like in the case of NEt; or DIPEA (Table 3.2, entries 6—
7), the reaction was less efficient. Ammonium salts, such as TOMACI and Aliquat® 336 (Table 3.2,
entries 8-9) did not favour the cycloaddition neither. Diamines were also tested as additives;
TMEDA led to a high conversion (Table 3.2, entry 10), whereas EN, o-PDA and PHEN did not
promote the reaction. Finally, urotropine was not active in the reaction (Table 3.2, entry 14) and

2,6-lutidine (used as base in CUAAC reactions in water[zsl) gave a very low yield (Table 3.2, entry
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15). It is important to note that the reaction was also carried out in the absence of Cul but in the

presence of oleylamine, without observing any conversion.

Table 3.2 CuAAC between phenylacetylene and benzyl azide using Cul as catalytic

precursor and in the presence of an amine.”

Cul (1 mol%)

Additive (5 mol%)  Bn.
= Ph + BnN; ftive (S mol%)_ BN-N"y—Ph

1.5h,rt N=N
13 a glycerol 13a
Entry Additive Conversion (yield) (%)[b]
. 96 (93)
1 Octylamine 52 (44)
2 Undecylamine 96 (93)
. 100 (>99)
3 Oleylamine 98 (94)1
. . 100 (96)
4 Dioctylamine 95 (38)"
. . 96 (88)
5 Trioctylamine 97 (73)[c]
6 NEt; 28 (16)
7 DIPEA 36 (6)
8 TOMACI 37 (19)
9 Aliquat® 336 20 (<5)
10 TMEDA 83 (70)
11 EN 30(12)
12 o-PDA 30 (10)
13 PHEN 15 (6)
14 Urotropine 20 (<5)
15 2,6-Lutidine 34 (26)

Gl Reaction conditions: Cul (1 mol%), additive (5 mol%), benzyl azide (0.5 mmol) and
phenylacetylene (0.5 mmol) in glycerol (0.5 mL) at 25°C for 1.5 h. ! Conversions (based on

benzyl azide) and yields determined by "H NMR using 2-methoxynaphthalene as internal

standard. @ In italics, results using only 1 mol% of additive.

Using phenyl azide (b) instead of benzyl azide, the same trend could be observed (Table

3.3). In the absence of amine, the reaction did not work (Table 3.3, entry 1), while in the

presence of amines with long aliphatic chains high yields were obtained (Table 3.3, entries 2-5).

Once more, TMEDA favoured the reaction obtaining a good yield (Table 3.3, entry 7). In the
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presence of NEts, EN and urotropine, the system was nearly inactive (Table 3.3, entries 6 and 8-

9).

Table 3.3 CuAAC between phenylacetylene and phenyl azide using Cul as

catalytic precursor in the presence of an amine.”

Cul (1 mol%)
Additive (5 mol%) Ph{
- N’§7¢Ph

=—Ph + PhN;
1.5h,rt N=N
13 b glycerol 13b
Entry Additive Conversion (yield) (%)[b]
1 - <5
) 100 (94)
2 Octylamine 39 (9)
. 100 (98)
3 Oleylamine 100 (87)
4 Dioctylamine 823(;873[{]
. ) 88 (88)
T |
5 rioctylamine 100(12)[C]
6 NEt; 10 (6)
7 TMEDA 70 (76)
8 EN 21 (19)
9 Urotropine <5

[l Reaction conditions: Cul (1 mol%), additive (5 mol%), phenyl azide (0.5 mmol) and
phenylacetylene (0.5 mmol) in glycerol (0.5 mL) at 25°C for 1.5 h. ! Conversions (based on
phenyl azide) and yields determined by 'H NMR using 1,3,5-trimethoxybenzene as internal

standard. @ In italics, results using only 1 mol% of additive.

Our model reaction between phenylacetylene (13) and benzyl azide (a) using Cul as
catalyst, was also tested in other polar solvents and in the presence of several amines (Table
3.4). In the absence of amine or in the presence of NEt; the reaction did not work (Table 3.4,
entries 1-6). However, in the presence of dioctylamine or oleylamine the reactivity was much
better (Table 3.4, entries 7-12); in water or 1,4-dioxane the reactivity was comparable to that
observed in glycerol (Table 3.4, entries 7,9,10 and 12), whereas in ethanol the yields were lower

(Table 3.4, entries 8 and 11).

98



Key Non-Metal Ingredients for Cu-catalysed Azide—Alkyne Cycloaddition in Glycerol

Table 3.4 CuAAC between phenylacetylene and benzyl azide using Cul as catalytic precursor
and an added amine in different solvents.”

Cul (1 mol%)
Additive (5 mol%)
>

Bn‘l\‘l/\»/Ph

=—Ph + BnNj3
1.5h,rt N=N
13 a solvent 13a
Entry Additive Solvent Conversion (yield) (%)[b]

1 - Water 22 (13)
2 - Ethanol 12 (<5)
3 - 1,4-Dioxane 11 (<5)
4 NEt; Water 15 (<5)
5 NEt; Ethanol 17 (<5)
6 NEts 1,4-Dioxane 24 (11)
7 Dioctylamine Water 100 (93)
8 Dioctylamine Ethanol 66 (48)
9 Dioctylamine 1,4-Dioxane 100 (99)
10 Oleylamine Water 99 (94)
11 Oleylamine Ethanol 59 (48)
12 Oleylamine 1,4-Dioxane 94 (81)

Ll Reaction conditions: Cul (1 mol%), additive (5 mol%), benzyl azide (0.5 mmol) and phenylacetylene
(0.5 mmol) in the corresponding solvent (0.5 mL) at 25°C for 1.5 h. I conversions (based on benzyl

azide) and yields determined by 'H NMR using 2-methoxynaphthalene as internal standard.

After this screening, a representative scope involving different alkynes (13-22) and

organic azides (a, b) was carried out using oleylamine as additive. The corresponding 1,2,3-

triazoles were obtained in high yields. Even using alkynes bearing alkyl substituents, triazoles

were obtained from moderate to high yields (15a, 19a, 19b). No transesterification reactions

with glycerol were observed when alkynes containing ester groups were used (14a, 16a).
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=R + RN

13-22 a, b

Cul (1 mol%)
Oleylamine (5 mol%) R'<
D NTNR

1.5h,rt N=N
glycerol
13a-22a

13b, 17b, 19b, 22b

Bn. Bn. B B
Ph N« n~
NN~ Nt?’COZEt NNW NN x
= =N

N=N N

X =CO,Me, 16a

94%
NSN X =Br, 17a
13a 14a 15a 89‘;/0
99% 90% 91% X = OH, 18a
96%
Bn. Bn. Bn.
h\l%\ N’\»,Ar Ar = 4-NO,-CgH, 20a N
NSN N=N 89% Nsy o M
19a Ar = 4-OMe-CgH4 21a 22a
68% 83% 9%
Ph. Ph Ph. Ph
N \N:?/\/Br - Nsn NMe;
13b 5b 19b 22b
96% 89% 53% 75%

Figure 3.5 Scope of the azide-alkyne cycloaddition catalysed by Cul/Oleylamine system. Figures indicate

the isolated yields.

In order to confirm the important effect of the added amine to promote the reaction,

some selected triazoles were prepared under amine-free conditions, as control experiments

(Table 3.5). In all cases, the yields obtained were very low even at longer reaction times (up to 7

h).
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Table 3.5 Control experiments in the absence of amine.”

Cul (1 mol% R'<
=R + RN ( o TONTN-R
glycerol, rt N=N

13,14,15,17 a,b 13a, 14a, 15a, 17a
13b

Entry Product Time Conversion (Yield) (%)[b]

Bn‘l\‘l/\»/Ph
1 N=N 15 16 (<5)
13a

B“‘r\‘l’\§/cozEt

2 N=N 3 36 (25)
14a

Bn\N/\»/O
3 h 7 23 (<5)

4 N=N 7 6 (<5)
17a

2 Reaction conditions: Cul (1 mol%), azide (0.5 mmol) and phenylacetylene (0.5 mmol) in glycerol (0.5 mL) at
25°C. ™ Conversions (based on the azide) and yields determined by '"H NMR using 2-methoxynaphthalene or

1,3,5-trimethoxybenzene as internal standard.

Unfortunately, our catalytic system was not active for the azide-alkyne cycloaddition
using internal alkynes (1, 6) and 1-iodoalkynes (23) (Figure 3.6). The corresponding fully
substituted triazoles (1a, 6a, 23a) were not obtained under these mild conditions, even when
the amount of Cul was increased and the reaction time was longer (tested in the case of 6a).
Internal alkynes usually require harder conditions to give the cycloaddition, as explained in
chapter 2. In the specific case of iodoalkynes, they seem to be less reactive in glycerol, taking

longer reaction times to afford good results (18 h, reported by Garcia-Alvarez et al. using the
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“active” benzyl azide).m] However, in aprotic organic solvents like THF,"?® or even in water™

(using other Cu(l) catalytic systems), the reactivity seems to be higher. A plausible explanation
could be the trapping effect of glycerol due to its hydrogen bond network,?” preventing the

iodoalkyne reactivity.

W R'(R)
Oleylamige /5 mol%) Bn.
R—=—R + BnN; i NG N\R()
1,6,23 g'ycero' 1a, 6a, 23a

no reaction

Ph Ph(CO,Me)
Bn.
NNy—Ph BNy —CO,Me(Ph)

Cul (5 mol%), Oleylamine (25 mol%),
24 h: no reaction

Bn‘N’\S/Ph

N=N
23a

Figure 3.6 Azide-alkyne cycloaddition catalysed by Cul/Oleylamine system applied to internal alkynes.

It is important to note that the catalytic phase could be recycled up to four times without
significant loss of activity (Figure 3.7). After each run, the obtained triazole (13a) was extracted
from the glycerol phase with dichloromethane and the catalytic phase was maintained under
vacuum for 30 min. The corresponding reagents were then added again under the same
conditions of the preceding run. We demonstrate like this that glycerol is able to efficiently
immobilise the catalyst. However, after the fourth run, the activity decreased dramatically,

which is directly related to the leaching of copper (more than 1,000 ppm determined by ICP-MS).
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Cul (1 mol%)

Oleylamine (5 mol%)  Bn<
= Ph *+ BN > NP

1.5h,rt N=N
13 a glycerol 13a
%
100100 100, 100 100 M Conv. (%)
100
kYield (%)
80
60
40
20
0

Run

Figure 3.7 Recycling of the catalytic phase of the CUAAC reaction between phenylacetylene and benzyl azide to
give 13a. Conversions and yields determined by 'H NMR using 2-methoxynaphthalene as internal standard.

With the aim of rationalising the results obtained, we analysed the structural behaviour
of copper(l) salts in the presence of amines. Depending on the nature of the ligands and the

reaction conditions, Cul motif leads to a large variety of structures, corresponding to discrete

[28] [29]

molecular complexes or polymeric networks. This variety is due to the versatile

coordination numbers and geometries of both copper(l) and the halide anion. Copper(l) is a d*°
ion favouring three different coordination numbers and in consequence leading to different
structures around the metal centre: 2 (linear), 3 (trigonal-planar) and 4 (tetrahedral). On the
other hand, the halide anion could act as terminal or uz to us bridging ligand when it is bound to
copper(l). These reasons explain such structural variety, which is especially remarkable when N-
based ligands (mono- or bidentate) are present,[3°] particularly for diamines (EN, TMEDA, PHEN)
or short-alkyl chain amines (NEt;, DIPEA).[31] In addition to the good reactivity observed with
long-alkyl chain amines, the system Cul/TMEDA gave also good yields. We could obtain a crystal
structure of the complex “Cul-TMEDA” (Figure 3.8),[32] confirming the ability of diamines to give
complexes based on closed-cubane “Cuy4ls” tetramers in agreement with the reported

31e, 33
structures.'® 3%
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Figure 3.8. Plot of the XRD cubane-like structure of Cu,l,-TMEDA (ellipsoids drawn at the 50% probability level);
hydrogen atoms are omitted for clarity.

However, the reason why long-chain amines are promoting the CuAAC reaction should
be different. It is well-known that these type of amines (considered weak ligands and in
consequence they do not favour the formation of molecular complexes) favour the stabilisation
of metal (and metal oxide) nanoparticles.[34] Moreover, besides ionic quuids,[35] polyols such us
ethylene glycol, polyethylene glycol and, in the last decade, glycerol have been applied as
solvents for the preparation of metal colloidal systems. They serve both as stabilisers and
reducing agents. This synthetic approach is known as polyol methodology, which was first
developed by Fievet et al. in 1989.5% |n this frame, the presence of both long-chain amines and
glycerol, we wondered about the plausible presence of copper-based nanoparticles under our
catalytic reaction conditions. Additionally, the broad research on copper nanoparticles“s’ 7 and

[16, 38]

also our experience in this subject working in glycerol medium, reinforced this suspicion.

To verify this, we carried out TEM (Transmission Electron Microscopy) analyses of Cul in
glycerol and in the presence of different amines (Annex 3.6.4). TEM analyses were carried out
directly from the glycerol because of its negligible vapour pressure under high vacuum. In fact,
well-dispersed and small nanoparticles (mean diameters in the range 1.8 - 2.8 nm) were
observed for oleylamine, dioctylamine and TOMACI (Figure 3.9a, b and c). In contrast TEM
analyses of the glycerol phases containing Cul/short-alkyl chains (such as EN, Figure 3.9e)

showed the formation of agglomerates, as well as in the case of the system containing only Cul
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in the absence of any added base (Figure 3.9d). Only few nanoparticles were observed in the
case of Cul/TMEDA system (Figure 3.9f), together with agglomerates too. Correlating reactivity
and structures, it seems that the formation of nanoparticles favours the catalytic process. (See

Annex 3.6.4 for the rest of TEM images)

a) Cul/Oleylamine b) Cul/Dioctylamine c) Cul/TOMACI

d) Cul e) Cul/EN f) Cul/TMEDA

Figure 3.9 TEM images recorded in liquid phase for Cul-based systems containing oleylamine (a), dioctylamine
(b) and TOMACI (c) in glycerol.

The adsorption of these long-chain amines, such as oleylamine or dioctylamine, at the
surface of the particles provides a protective layer and prevent aggregation (Figure 3.10), by
steric but also by coordination stabilisation.?¥ These labile amine ligands can be easily detached
leading to free coordination sites in the surface of the copper-based nanoparticles, allowing the

reaction to proceed.

N
NH H HN
NN NH o
H3C
AN TNNH
c )

Figure 3.10 Scheme for the stabilisation of the metal core with long-chain amines (a secondary amine is
considered to illustrate this stabilisation). Long-chain amines can be also coordinated at the surface by
interaction of the alkyl chain.?*

105



Chapter Il

Curiously, although very well-dispersed nanoparticles were observed in the presence of
ammonium derivatives (TOMACI and Aliquat® 336), the reaction was not working with these
compounds as additives (Table 3.2, entries 8 and 9). In this case, the nanoparticles can be highly
stabilised by strong electrosteric interactions between the ionic ligands and the nanoparticles,
leading to very well-dispersed nanoparticles surrounded by anion/cation shells (Figure 3.11).[39'
I However, this kind of stabilisation can probably be the reason of the poor reactivity shielding
the nanoparticle surface and preventing the approach of the reactants to the catalytic copper

centres.

Figure 3.11 Scheme for the stabilisation of the metal core with ammonium derivatives (TOMACI is considered
to illustrate this stabilisation).

On the contrary, when an equimolar mixture of the ammonium derivatives (TOMACI or
Aliquat® 336) and a sodium salt (NaOAc or NaNs) was added, the CuAAC reaction turned into
active. TEM analyses of Cul in glycerol in the presence of the ammonium salt and the sodium
salt, showed the formation of micelle—like arrangements (Figure 3.12). The arrangement of
these structures can permit to have the copper centres more accessible to the reagents, where

the more hydrophobic substituents (alkyl chains), are probably placed inside of these nano-
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structures and the ionic/hydrophilic groups more in contact with glycerol. It is important to note
that Cul/NaOAc and Cul/NaN3 systems (1:5 ratio), in the absence of any N-based ligand, did not

promote the reaction.

a) Cul (1 mol%)
Aliquat® 336 (5 mol%)
NaX (5 mol%) Bn.
=—Ph *+ BN > "\'t\»’Ph
1.5h, 1t N=N
13 a glycerol 13a

NaOAc, 95% conversion, 87% yield
NaN3;, 97% conversion, 93% yield

b) Cul (1 mol%)
TOMACI (5 mol%)
NaN; (5 mol% Bn.
= Ph + BnN; LGNGO
1.5h, rt N=N
13 a glycerol 13a

98% conversion, 93% yield

Figure 3.12 Effect of an added salt in CUAAC using ammonium derivatives as additives. a) Catalytic results using
Aliquat® 336 and TEM images corresponding to the mixtures Cul, Aliquat® 336 and NaX (1:5:5 ratio) in glycerol:
NaOAc (left), including an inserted image of one of the micelle-like object and NaN; (right). b) Catalytic results
using TOMACI and TEM images corresponding to the mixtures Cul, TOMACI and NaN3; (1:5:5 ratio) in glycerol.
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Taking into account this observed effect in the presence of sodium salts, the CUAAC one-
pot three-component approach could also be feasible. Actually, using as reagents benzyl

bromide, phenylacetylene and NaNs, 13a was obtained in 90% isolated yield (Scheme 3.6).

Cul (1 mol%)

H ® 0,
= pn . BrBr + NaNs Allquat 336 (5 mol /0) > Bn\N/\ﬁ/ Ph
1.5h, rt ‘N=N
glycerol
13 13a

96% conversion (NMR)
89% yield (NMR)
90% isolated yield

Scheme 3.6 CUAAC one-pot three-component reaction.

In addition, we wanted to establish the oxidation state of cooper of these Cu-based
nanoparticles. HR-TEM (High Resolution Transmission Electron Microscopy) together with
electron diffraction analysis of Cul/dioctylamine mixture confirmed the Cu(l) nature of the
nanoparticles; EDX (Energy Dispersive X-Ray Analysis) analysis evidenced the presence of the
amine and iodine on the nanoparticles surface, in addition to Cu,0 (Figure 3.13-l). For the same
system but after catalysis, HR-TEM coupled to an electronic diffraction analysis showed that the
nanoparticles were mainly constituted by Cu(0) (Figure 3.13-Il). Moreover, we were not able to
recycle this catalytic phase; the second run gave only a 22% vyield in contrast with the 95% yield
obtained in the first run, which indicates that Cu(l) species are the responsible of the catalytic

activity.
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1) Before catalysis

c)
Y I!v Cul+DOA ts 4
0 —— Cul+| no reagent
b) ] N Crystallographic planes:
IRl EDX analysis 280A  (1,1,0)Cu,0
] 2404 (L1,1)Cu0
201 Ni signals are due to the grid 2.13A (2,0,0) Cu20 or (0,2,2) Cul
] ™ 1.86A  (1,1,3)Cul
1.5{
1.0-]
0.5;
LX 7‘
o
1) After catalysis
d)
e) Crystallographic planes corresponding to

Cubic Cu(0):

210A  (1,1,1)
1.79A  (2,0,0)
1294  (2,2,0
1.07A  (3,1,1)
1.05A  (2,2,2)

Figure 3.13. 1) Before catalysis: HR-TEM images (a), EDX analysis (b) and electron diffraction together with
crystallographic planes (c) corresponding to the mixture of Cul and dioctylamine in glycerol. A nickel grid was

used for these analyses. IlI) After Catalysis: HR-TEM images (d) and electronic diffraction together with
crystallographic planes (e) corresponding to the mixture of Cul and dioctylamine in glycerol after catalysis.
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In contrast, the reutilization of Cul/oleylamine was possible as mentioned above (Figure
3.7). Indeed, HR-TEM/electronic diffraction analysis proved that nanoparticles were in this case

mainly formed by Cu(l) after the first run. (Figure 3.14).

5 Ly
: #,«wicr

a0
Ty
N

Crystallographic planes:

3.33A Ccul (1,1,1)

2.59A CuO (-1,1,1)

2.43A Cu,0(1,1,1)

2.18A Cul (0,2,2) or Cu,0 (2,0,0)

FFT

Figure 3.14. HR-TEM images (a) and electron diffraction together with (b) corresponding to the mixture of Cul
and oleylamine in glycerol after catalysis (FFT = Fast Fourier Transform).

We also carried out XPS (X-Ray Photoelectron Spectroscopy) analyses with the aim of
establishing the oxidation state of copper in the surface of nanoparticles (Figure 3.15). Cu(ll)
species can be usually clearly observed by the strong spin-orbit coupling, showing two satellites
for each signal corresponding to Cu 2p;/;and Cu 2psy, (Figure 3.15b). In our case, these satellites
were not observed, which means the absence of Cu(ll) species at the surface. In contrast, for
Cu(l) and Cu(0) species these satellites show a weak intensity or are inexistent. Only with the XPS
analyses we cannot conclude about the precise nature of Cu(l) and/or Cu(0) (Figure 3.15a, c and

d).
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Figure 3.15. HR-XPS analyses of Cul (a), [Cu(TMEDA)(OH)], (b), Cul + dioctylamine in glycerol (c) and Cul +
dioctylamine in glycerol after ACC reaction (d).

3.3 Conclusions

The key role of “impurities” randomly present in commercial samples of benzyl azide is
demonstrated in this chapter. The identified long-alkyl chain amines represent the crucial factor
to accelerate the AAC using Cul as catalytic precursor in glycerol at room temperature. We
established that the addition of small amounts (5 mol% or even 1 mol%) of primary, secondary
or tertiary amines bearing long alkyl chains secures the success in the synthesis of 1,4-
disubstituted-1,2,3-triazoles under mild reaction conditions. The use of glycerol, a non-volatile
solvent, permitted us to analyse the catalytic phase before and after catalysis by (HR)TEM, which
confirmed our suspicion: the in-situ formation of copper-based nanoparticles in the medium is
the responsible of such good reactivity; furthermore, glycerol favours the immobilisation of the
catalytic phase and permits the recycling. The presence of ammonium salts containing long alkyl
chains (TOMACI or Aliquat® 336) did not promote the reaction, probably due to the efficient
electrosteric stabilisation of the nanoparticles, which hinders the access of reagents to the Cu(l)
centres. However, tuning the ionic species present in the reaction medium, the catalytic system

turned into active through the formation of organised systems.

The lack of reproducibility found in a simple process, working under the “same”

conditions, induced us the desire to understand and solve the problem, which also led us to
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discover new issues for a well-known reaction. A warning should be made on the state-of-affairs
of reagents, catalysts or solvents; the use of controlled-quality compounds reduces the casual

effects, establishing reproducible protocols.
3.4 Experimental section
General

All manipulations were performed using standard Schlenk techniques under argon atmosphere

unless otherwise noted.

Commercially available compounds (except glycerol) were used without previous purification.
Glycerol (from Sigma- Aldrich, 299.5% purity) was heated overnight at 80 °C under vacuum
before use. After that, it was kept under inert atmosphere. Benzyl azide (a),[24] pent-4-ynoic acid

(18)[41] and (iodoethynyl)benzene (23)[42] were prepared according to the literature procedure.

NMR spectra were recorded in CDCl; (unless otherwise cited) using a Fourier 300 MHz Bruker, a
Bruker Avance 400 Ultrashield or a Bruker Avance 500 Ultrashield apparatus at 298 K. "H NMR
spectroscopy chemical shifts are quoted in ppm relative to tetramethylsilane (TMS). Chemical
shifts are given in 8 and coupling constants in Hz. B3¢ NMR spectra are decoupled from 'H and

the chemical shifts are quoted in ppm relative to CDCl; (8 = 77.16).

GC analyses were performed with a Perkin—Elmer Clarus 500 chromatograph fitted with a FID
and MS-detector, using dodecane as internal standard. The column employed was SGE BPX5 (30

m x 0.32 mm x 0.25 mm) phase composed by 5% of phenyl methylsiloxane.

TEM analyses of Cul/amine systems in glycerol were obtained by using a JEOL JEM 1011
microscope equipped with lanthanum hexaboride filament and running at 100 kV. A drop of
solution was deposited on a holey carbon Cu grid, and the excess glycerol was removed to
obtain a film as thin as possible. HR-TEM analyses were carried out from JEOL JEM 2100F
instrument running at 200 kV and equipped with X PGT analyser (detection of light elements,

resolution 135 eV).

Flash chromatography was carried out using 60 mesh silica gel and dry-packed columns or with
a Teledyne Isco CombiFlash system with UV detector. Thin layer chromatography was carried
out using Merck TLC Silicagel 60 F254 aluminum sheets. Components were visualized by UV light

(A =254 nm) and stained with KMnO4 or phosphomolybdic dip.
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Experimental procedures

General procedure for the azide-alkyne cycloaddition (GP3)

Cul (0.9 mg, 0.005 mmol) and the corresponding amine (0.005 — 0.25 mmol) were added to 0.5
mL of glycerol in a Schlenck tube equipped with a stirring bar under Ar atmosphere. The alkyne
(0.5 mmol) and the azide (0.5 mmol: 67 mg for BnN3 and 60 mg for PhNs) were added
consecutively to the reaction medium. The mixture was stirred at 25 °C for 1.5 h (or the stated
time). The organic products were extracted from the catalytic mixture with dichloromethane (6 x
2 mL). The combined chlorinated organic layers were filtered through a Celite” pad and the
resulting filtrate was concentrated under reduced pressure. The products were purified by
chromatography (silica gel short column, eluent: cyclohexane/ethyl acetate) in order to

determine the isolated yields of the corresponding triazoles.

Characterisation of organic compounds

Bn. N/\/ Ph 1-Benzyl-4-phenyl-1H-1,2,3-triazole (13a)

N=N
The product was prepared following the general procedure GP3 and purified

by flash chromatography (cyclohexane/EtOAc 4:1). Isolated as a white solid in 99% yield (117
mg, 0.49 mmol). The following spectroscopic data matched with those reported in the
literature.™”

'H NMR (400 MHz, CDCl3): & 5.59 (s, 2H, CH,), 7.30-7.46 (m, 8H, Hy,), 7.69 (s, 1H, CH), 7.79-7.85
(m, 2H, Ha).

BC NMR (100 MHz, CDCls): & 54.2 (CH,), 119.5 (CH), 125.7 (CHa,), 128.0 (CHa,), 128.2 (CHal),
128.8 (CHx/), 128.8 (CHa/), 129.1 (CHa/), 130.6 (Ca/), 134.7 (Ca), 148.2 (Car).

Bn*N/\ﬁ/C()zEt 1-Benzyl-1H-1,2,3-triazole-4-carboxylate (14a)

N=N The product was prepared following the general procedure GP3 and
purified by flash chromatography (cyclohexane/EtOAc 2:1). Isolated as a white solid in 90% yield
(104 mg, 0.45 mmol). The following spectroscopic data matched with those reported in the
literature."**

'H NMR (400 MHz, CDCl5): 8 1.39 (t, >/ = 7.1 Hz, 3H, CHs), 4.40 (q, >J = 7.1 Hz, 2H, CH,), 5.59 (s,
2H, CH,), 7.24-7.35 (m, 2H, Ha,), 7.36=7.45 (m, 3H, Ha(), 7.99 (s, 1H, CH).
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3C NMR (100 MHz, CDCls): & 14.3 (CHs), 54.5 (CH,), 61.3 (CH,), 127.3 (CH or CHy/), 128.2 (CHa,),
129.1 (CH or CHa(), 129.3 (CHa(), 133.7 (C), 140.6 (C), 160.7 (C=0).

1-Benzyl-4-cyclopentyl-1H-1,2,3-triazole (15a)
Bn\NW The product was prepared following the general procedure GP3 and

A}

N=N purified by flash chromatography (cyclohexane/EtOAc 4:1). Isolated as a

white solid in 91% yield (103 mg, 0.45 mmol). The following spectroscopic data matched with
those reported in the literature.!*”

'H NMR (400 MHz, CDCl3): & 1.58-1.81 (m, 6H, CH,), 2.01-2.16 (m, 2H, CH-), 3.10-3.23 (m, 1H,
CH), 5.50 (s, 2H, CH,), 7.18 (s, 1H, CH), 7.25-7.30 (m, 2H, Ha), 7.33=7.42 (m, 3H, Hx,).

BC NMR (100 MHz, CDCls): & 25.1 (CH,), 33.2 (CH,), 36.8 (CH), 54.0 (CH,), 119.4 (CH), 128.0
(CHar), 128.6 (CHar), 129.0 (CHaf), 135.0 (C), 153.2 (C).

Bn\N/\ﬁ/\/COZMe Methyl 3-(1-benzyl-1H-1,2,3-triazol-4-yl)propanoate (16a)

N=N The product was prepared following the general procedure GP3 and
purified by flash chromatography (cyclohexane/EtOAc 2:1). Isolated as a white solid in 94% yield
(115 mg, 0.47 mmol). The following spectroscopic data matched with those reported in the
literature."**

'H NMR (400 MHz, CDCl3): & 2.72 (t, >/ = 7.3 Hz, 2H, CH,), 3.02 (t, *J = 7.3 Hz, 2H, CH-), 3.65 (s, 3H,
CHs), 5.49 (s, 2H, CH;), 7.21-7.31 (m, 3H, Ha, or + CH), 7.31-7.42 (m, 3H, Ha, or + CH).
C NMR (100 MHz, CDCls): & 21.0 (CHs), 33.4 (CH,), 51.6 (CH,), 54.0 (CH,), 121.1 (CH), 128.0

(CHar), 128.6 (CHar), 129.0 (CHa(), 134.8 (C), 146.7 (C), 173.1 (C=0).

Bn\N/\ﬁ/\/Br 1-Benzyl-4-(2-bromoethyl)-1H-1,2,3-triazole (17a)

N=N The product was prepared following the general procedure GP3 and
purified by flash chromatography (cyclohexane/EtOAc 7:3). Isolated as a white solid in 89% yield
(119 mg, 0.45 mmol). The following spectroscopic data matched with those reported in the
literature.*®
'H NMR (400 MHz, CDCl5): & 3.28 (t, >/ = 6.9 Hz, 2H, CH,), 3.60 (t, *J = 6.9 Hz, 2H, CH>), 5.53 (s, 2H,
CH,), 7.24-7.31 (m, 2H, Ha, or + CH), 7.34-7.43 (m, 4H, Hx, or + CH).

B¢ NMR (125 MHz, CDCls): 8 29.5 (CH,), 31.5 (CH,), 54.1 (CH,), 121.6 (CH), 128.0 (CHa,), 128.7
(CHar), 129.1 (CHa), 134.7 (C), 145.3 (C).

Bn. NM/OH 2-(1-Benzyl-1H-1,2,3-triazol-4-yl)ethanol (18a)

N=N The product was prepared following the general procedure GP3 and
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purified by flash chromatography (EtOAc). Isolated as an oil in 96% yield (98 mg, 0.48 mmol). The
following spectroscopic data matched with those reported in the literature.!*”!

'H NMR (500 MHz, CDCls): & 2.92 (t, *J = 6.0 Hz, 2H, CH,), 3.05 (bs, 1H, OH) 3.91 (t, *J = 6.0 Hz,
2H, CH,), 5.49 (s, 2H, CH,), 7.24-7.30 (m, 2H, Ha,0r + CH), 7.32=7.41 (m, 4H, Ha, or + CH).

3C NMR (125 MHz, CDCl3): 8 28.8 (CH,), 54.1 (CH,), 61.5 (CH,), 121.5 (CH), 128.1 (CHa,), 128.7

(CHar), 129.1 (CH4(), 134.7 (C), 146.0 (C).

BmNW 1-Benzyl-4-butyl-1H-1,2,3-triazole (19a)

N=N The product was prepared following the general procedure GP3 and
purified by flash chromatography (cyclohexane/EtOAc 4:1). Isolated as a white solid in 68% yield
(73 mg, 0.34 mmol). The following spectroscopic data matched with those reported in the
literature."*®
'H NMR (400 MHz, CDCls): § 0.92 (t, *J = 7.3 Hz, 3H, CHs), 1.32-1.43 (m, 2H, CH.), 1.58-1.69 (m,
2H, CH,), 2.70 (t, *J = 7.8 Hz, 2H, CH,), 5.50 (s, 2H, CH,), 7.20 (s, 1H, CH), 7.23-7.29 (m, 2H, Hx),
7.32-7.41 (m, 3H, Ha,).
3C NMR (100 MHz, CDCls): 8 13.8 (CHs), 22.3 (CH,), 25.4 (CH,), 31.5 (CH,), 53.9 (CH,), 120.4 (CH),
127.9 (CHa/), 128.6 (CHa), 129.0 (CHa/), 135.0 (C), 149.0 (C).

NO, 1-Benzyl-4-(4-nitrophenyl)-1H-1,2,3-triazole (20a)
Bn\Nt\ﬁ/@/ The product was prepared following the general procedure GP3 and

NN purified by flash chromatography (CombiFlash® system, 12 g, SiO,
cartridge, 1* eluent: cyclohexane; 2" eluent: 4:1 cyclohexane/ EtOAc). Isolated as a white solid
in 89% vyield (125 mg, 0.45 mmol). The following spectroscopic data matched with those
reported in the literature.*”!

'H NMR (500 MHz, CDCls): § 5.64 (s, 2H, CH,), 7.34-7.39 (m, 2H, Ha(Ph)), 7.40-7.47 (m, 3H,
Ha:(Ph)), 7.82 (s, 1H, CH), 7.96-8.02 (m, 2H, Ha/(4-NO,Ph)), 8.26-8.31 (m, 2H, Ha(4-NO,Ph)).
B¢ NMR (125 MHz, CDCl3): 8 54.5 (CH,), 121.0 (CH), 124.3 (CHp), 126.1 (CHa;), 128.2 (CHp,),
129.1 (CHa), 129.3 (CHa/), 134.2 (C), 136.8 (C), 146.0 (C), 147.3 (C).

OMe 1-Benzyl-4-(4-methoxyphenyl)-1H-1,2,3-triazole (21a)
Bn\'\“/_\ﬁ/@ The product was prepared following the general procedure GP3 and

NN purified by flash chromatography (cyclohexane/EtOAc 2:1). Isolated
as a white solid in 83% yield (110 mg, 0.41 mmol). The following spectroscopic data matched

with those reported in the literature.!*"
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'H NMR (500 MHz, CDCls): & 3.84 (s, 3H, CHs), 5.56 (s, 2H, CH.), 6.92-6.98 (m, 2H, Ha(4-
OMePh)), 7.29-7.34 (m, 2H, Ha(Ph)), 7.35-7.43 (m, 3H, Ha(Ph)), 7.60 (s, 1H, CH), 7.71-7.77 (m,
2H, Ha(4-OMePh)).

3¢ NMR (100 MHz, CDCls): & 54.2 (CH; or CH,), 55.3 (CHsor CH,), 114.2 (CH,,), 118.7 (CH or C),
123.3 (CH or (), 127.0 (CHa/), 128.0 (CHa(), 128.7 (CHa/), 129.1 (CHa), 134.8 (C), 148.0 (C), 159.6
Q).

Bn\N/\ﬁ/\N . 1-(1-BenzyI-1H-1,2,3-triazo|-4-y|)-N,.N-dimethylmethanamine (22a)
N=N The product was prepared following the general procedure GP3 and

purified by flash chromatography (EtOAc/EtOH 1:2). Isolated as an oil in 79% vyield (86 mg, 0.40

mmol). The following spectroscopic data matched with those reported in the literature.?%!

'H NMR (500 MHz, CDCls): & 2.25 (s, 6H, CHs), 3.58 (s, 2H, CH,), 5.51 (s, 2H, CH,), 7.23-7.28 (m,

2H, Har), 7.32=7.39 (m, 2H, Ha), 7.40 (s, 1H, CH).

B3C NMR (125 MHz, CDCl3): & 45.1 (2xCHs), 54.1 (CH,), 54.4 (CH,), 122.3 (CH), 128.1 (CHy,), 128.7

(CHar), 129.1 (CH4(), 134.7 (C), 145.7 (C).

Ph‘l\‘l/\ﬁ/Ph 1,4-Diphenyl-1H-1,2,3-triazole (13b)

N=N The product was prepared following the general procedure GP3 and purified
by flash chromatography (CombiFlash® system, 12 g, SiO; cartridge, 1* eluent: cyclohexane; 2"
eluent: 95:5 cyclohexane/ EtOAc). Isolated as a white solid in 96% yield (95 mg, 0.43 mmol). The
following spectroscopic data matched with those reported in the literature.!*"
'H NMR (400 MHz, CDCl3): 8 7.32=7.41 (m, 1H, Hy,), 7.41=7.50 (m, 3H, Ha), 7.50-7.59 (m, 2H,
Har), 7.75-7.83 (m, 2H, Ha), 7.85-7.95 (m, 2H, Hx,), 8.23 (s, 1H, CH).
BC NMR (125 MHz, CDCl3): 8 117.8 (CH), 120.5 (CHa,), 125.8 (CHa.), 128.5 (CHy,), 128.9 (CHal),
128.9 (CHa/), 129.8 (CHa/), 130.0 (C), 137.0 (C), 148.4 (C).

Ph. 4-(2-Bromoethyl)-1-phenyl-1H-1,2,3-triazole (5b)

NNN\—Br
N=N The product was prepared following the general procedure GP3 and
purified by flash chromatography (cyclohexane/EtOAc 4:1). Isolated as a white solid in 89% yield
(113 mg, 0.45 mmol). The following spectroscopic data matched with those reported in the
literature.””

'H NMR (400 MHz, CDCls): & 3.41 (t, >J = 6.7 Hz, 2H, CH,), 3.74 (t, ) = 6.7 Hz, 2H, CH,), 7.42-7.49

(m, 1H, Har), 7.50-7.59 (m, 2H, Har), 7.72=7.79 (m, 2H, Hy), 7.93 (s, 1H, CH).
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3C NMR (100 MHz, CDCl3): & 29.5 (CH,), 31.4 (CH,), 119.9 (CH or CHy,), 120.5 (CHy,), 128.7 (CH or
CHar), 129.7 (CHa), 137.1 (C), 145.5 (C).

4-Butyl-1-phenyl-1H-1,2,3-triazole (19b)

NW The product was prepared following the general procedure GP3 and
N=N

Ph.

purified by flash chromatography (cyclohexane/EtOAc 12:1). Isolated as a
yellow oil in 53% yield (54 mg, 0.27 mmol). The following spectroscopic data matched with
those reported in the literature.*!

'H NMR (400 MHz, CDCls):  0.97 (t, *J = 7.4 Hz, 3H, CHs), 1.39-1.50 (m, 2H, CH), 1.66-1.79 (m,
2H, CH,), 2.81 (t, ) = 7.7 Hz, 2H, CH.), 7.38=7.45 (m, 1H, Hy), 7.47-7.55 (m, 2H, Ha, or + CH),
7.69-7.78 (m, 3H, Ha: or + CH).

C NMR (100 MHz, CDCls): & 13.8 (CH3), 22.3 (CH,), 25.3 (CH,), 31.5 (CH,), 118.8 (CH), 120.4

(CHar), 128.4 (CHar), 129.6 (CH4f), 137.3 (C), 149.1 (C).

N,N-dimethyl-1-(1-phenyl-1H-1,2,3-triazol-4-yl)methanamine (22b)
Ph\NN/:?/\NMeZ The product was prepared following the general procedure GP3 and
purified by flash chromatography (EtOAc/EtOH 1:2). Isolated as a yellow
oil in 75% vyield (75 mg, 0.37 mmol). The following spectroscopic data matched with those
reported in the literature. 2%
'H NMR (400 MHz, CDCl3): § 2.33 (s, 6H, CHs), 3.70 (s, 2H, CH,), 7.38=7.46 (m, 1H, Hy,), 7.47-7.55
(m, 2H, Ha;), 7.68=7.78 (m, 2H, Ha), 7.95 (s, 1H, CH).
BC NMR (100 MHz, CDCl3): 8 45.2 (2xCHs), 54.4 (CH,), 120.4 (CHp), 120.5 (CH), 128.6 (CHal),

129.7 (CHa/), 137.1 (C), 146.0 (C).
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3.6 Annexes

3.6.1 Mass spectra of the impurities of the contaminated benzyl azide

Mass spectra corresponding to the peaks appeared in the retention time between 17.5 and 27.5

minutes in the GC chromatogram shown in Figure 3.2.
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3.6.2 GC-MS-EI chromatograms of “inactive” benzyl azides
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3.6.3 NMR spectra of “inactive” benzyl azides
'H (top, 500 MHz) and *3C (bottom, 125 MHz) NMR spectra (CDCl;) for home-made BnN;
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'H (top, 300 MHz) and *3C (bottom, 125 MHz) NMR spectra (CDCl;) for BnN; from Alfa-Aesar (Lot
AE040501)
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'H (top, 400 MHz) and *C (bottom, 100 MHz) NMR spectra (CDCl;) for BnN; from Aldrich (Lot BCBL4667V)
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3.6.4 TEM images

TEM images for Cul in the absence and in the presence of different amines in glycerol (left
column) and the corresponding mixtures after the cycloaddition between phenylacetylene
and benzyl azide (right column). Conversions and yields are indicated after catalysis.

Cul Cul after catalysis

. i G -
Only big agglomerates Few nanoparticles, not homogeneous in size
(conversion: <5%)

Cul + DIPEA Cul + DIPEA after catalysis

Agglomerates Agglomerates
(conversion (yield): 36 (6)%)

~ Cul + EN after catalysis

Agglomerates Agglomerates
(conversion (yield): 30 (12)%)
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Cul + TMEDA

Cul + TMEDA after catalysis

Few nanoparticles, mainly agglomerates Only big agglomerates

(conversion (yield): 83 (70)%)

Cul + urotropine Cul + urotropine after catalysis

22 . iomm
Only big agglomerates
(conversion (yield): 20 (<5)%)

Only big agglomerates

Cul + octylamine

Trend to give assemblies Mainlyuagglorlnerates
(conversion (yield): 96 (93)%)

Cul + oleylamine Cul + oleylamine after catalysis

Well-dispersed nanoparticles, ainI aglomrates
Odmean = 2.7 £ 0.8 nm (for 934 NPs) (conversion (yield): 100 (>99)%)
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Cul + undecylamine

Few nanoparticles, not homogeneous in size

Cul + dioctylamine
ks

WeII—dlserse nanopartléies;
Odmean = 2.1 £ 0.8 nm (for 605 NPs)

Cul + trioctylamine

Aglmerates

Cul + TOMACI

Well-dispersed nanoparticles,
Odmean = 1.8 £ 0.6 nm (for 684 NPs)

130

Cul undeclamine after catalsis

Few nanoparticles, not homogeneous in size

(conversion (yield): 96 (93)%)

Cul + dioctylamine after catalysis

We.II-d‘ispersed nanopartlc]es,
Odmean = 1.4 £ 0.6 nm (for 1109 NPs)
(conversion (yield): 100 (96)%)

Cul + trioctylamine after catalysis

Big nanoparticleé together with big objects

(conversion (yield): 96 (88)%)

Cul + TOMACI after catalysis

WeII-dispersdnanopartlcles,
dimean = 1.6 £ 0.5 nm (for 314 NPs)
(conversion (yield): 37 (19)%)
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Cul + Aliquat® 336 Cul + Aliquat® 336 after catalysis

/  som | B i : i
Well-dispersed nanoparticles, Well-dispersed nanoparticles,
dimean = 1.7 £ 0.7 nm (for 1506 NPs) Odmean = 2.7 £1.0 nm (for 1629 NPs)

(conversion (yield): 20 (<5)%)

Cul + Aliquat® 336 + NaN; Cul + Aliquat® 336 + NaN; after catalysis

QL 50 P pos e T
Small nanoparticles, tending to give micelle- Particles tending to be associated

like arrangements (conversion (yield): 97 (93)%)
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3.6.5 NMR spectra of the isolated compounds
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'H NMR (400 MHz) (top) and 3C NMR (100 MHz) (bottom) spectra in CDCl, for 14a
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'H NMR (400 MHz) (top) and 3C NMR (100 MHz) (bottom) spectra in CDCl, for 15a

MR-754.1 L E0fid 2 1 12 2 2
Resear(hGroupr:bﬁmcas.\ NNNNNN
1CIQ_1H12p 85 EBEkSbpighdplrmssei

5.50

0o
82
Bhih

1718

2
3

- 200
0. 98{
1.29{
5. 95;|7

»n
o
o
~
n
~
=
L
G«
o
=
»n
w
5
IS
o

4.0 35 3.0 2.5 2.0 15 1.0 0.5 0.0 -0
1 (ppm)
MR-754.1 13C.20.fid < moa "
& 3 328 g © 8 o in
ResearchGraup Pericas 2 San 3 2 & = &
ICIQBC{IHTSIZS cDCi3 /op:/(opspm‘-mrodﬁgf;} 29 = Q T T K

T T T T T T T T T T T T T T T T T
160 150 140 130 120 110 100 90 80
f1 (ppm)

134



Key Non-Metal Ingredients for Cu-catalysed Azide—Alkyne Cycloaddition in Glycerol

'H NMR (400 MHz) (top) and 3C NMR (100 MHz) (bottom) spectra in CDCl, for 16a
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'H NMR (400 MHz) (top) and 3C NMR (125 MHz) (bottom) spectra in CDCl, for 17a
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'H NMR (500 MHz) (top) and 3C NMR (125 MHz) (bottom) spectra in CDCI, for 18a
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'H NMR (400 MHz) (top) and 3C NMR (100 MHz) (bottom) spectra in CDCl, for 19a
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1H NMR (500 MHz) (top) and 3C NMR (125 MHz) (bottom) spectra in CDCI, for 20a
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'H NMR (500 MHz) (top) and 3C NMR (100 MHz) (bottom) spectra in CDCl, for 21a
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'H NMR (500 MHz) (top) and 3C NMR (125 MHz) (bottom) spectra in CDCl, for 22a
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'H NMR (400 MHz) (top) and 3C NMR (125 MHz) (bottom) spectra in CDCl, for 13b
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'H NMR (400 MHz) (top) and *3C NMR (100 MHz) (bottom) spectra in CDCl, for 5b
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'H NMR (400 MHz) (top) and *3C NMR (100 MHz) (bottom) spectra in CDCl, for 19b
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'H NMR (400 MHz) (top) and 3C NMR (100 MHz) (bottom) spectra in CDCl, for 22b
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3.6.6 Published paper
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Key Non-Metal Ingredients for Cu-catalyzed “Click” Reactions in
Glycerol: Nanoparticles as Efficient Forwarders

Marta Rodriguez-Rodriguez,™ ' Patricia Llanes,™ Christian Pradel,”’ Miquel A. Pericas,*® and

Montserrat Gomez*®

Abstract: The effect of long-alkyl-chain amines in Cul-assist-
ed azide-alkyne cycloadditions of terminal alkynes with or-
ganic azides in glycerol and other environmentally benign
solvents (water, ethanol) has been examined. The presence
of these additives favors the in situ formation of Cu-based
nanoparticles and results in an increase of the catalytic reac-
tivity. In glycerol, liquid-phase transmission electron micros-

copy (TEM) analyses, enabled by the negligible vapor pres-
sure of this solvent, proved that Cu' nanoparticles are re-
sponsible for the observed catalytic activity. The wide variety
of alkynes and azides of which this effect has been investi-
gated (14 combinations) confirms the role played by these
additives in Cu-catalyzed Huisgen cycloadditions.

Introduction

Copper-catalyzed azide-alkyne cycloaddition (CuAAC) reactions
represent a successful method for the synthesis of 1,2,3-tria-
zoles," as indicated by the thousands of works published in
this field,?” including enantioselective CuAAC transforma-
tions.?>d This remarkable success is mainly due to the process
versatility in terms of solvent compatibility, copper sources
(salts, well-defined complexes, preformed nanoparticles, (un)-
supported systems), functional group tolerance, and energy
supplies (conventional heating, microwave activation) among
others. However, this hands-on behavior leads to some con-
cerns with regard to understanding (“who does what”), associ-
ated with the lack of conclusive studies in relation to CuAAC
mechanism(s),”’ in particular for in situ generated systems
using Cu' starting materials. The most frequently used precur-
sors, copper halides, are quite insoluble in the common organ-
ic solvents, especially Cul.”’ The presence of any additive (im-
purity) can improve the solubility of copper species in the
medium, inducing then an increase of catalytic activity. In this
context, organic bases play a decisive task, favoring both the
coordination to metal (as Lewis bases) and the formation of
active intermediates such as copper acetylides. Polydentate ni-

[a] M. Rodriguez-Rodriguez, C. Pradel, Prof. M. Gémez
Laboratoire Hétérochimie Fondamentale et Appliquée (LHFA)
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Université de Toulouse
118, route de Narbonne, 31062 Toulouse cedex 9 (France)
E-mail: gomez@chimie.ups-tise.fr

[b] M. Rodriguez-Rodriguez, Dr. P. Llanes, Prof. M. A. Pericas
Institute of Chemical Research of Catalonia (ICIQ)

The Barcelona Institute of Science and Technology
Avda. Paisos Catalans, 16, 43007 Tarragona (Spain)
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B Supporting information for this article can be found under http://

dx.doi.org/10.1002/chem.201604048.
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trogen-based ligands have been proved as particularly efficient
copper partners, stabilizing Cu' species® and enhancing the
rate of CUAAC processes.” In this area, Cu' complexes contain-
ing tris-(triazolyl)methane tripodal ligands, which are highly
proficient in CuAAC reactions,""” represent an elegant ap-
proach to illustrate the role of Lewis bases (Figure 1). These li-
gands can efficiently stabilize catalytic precursors (I) and also
intermediates acting as hemi-labile scaffolds (Il), which gener-
ates vacant sites for the coordination of reagents.

R
RSN
NN N—-R'
NH*CU
r- NN N

nox

Figure 1. Tris(triazolyl)methane ligands for Cul-catalyzed AAC."*” Small
square denotes vacant site on copper.

In agreement with these important, ancillary tasks, base-free
catalytic CUAAC systems using Cu' complexes as copper source
are rare. To the best of our knowledge, only one recent publi-
cation by Garcia-Alvarez and Vidal reports on a Cu' system able
to catalyze CuAAC reactions in glycerol in the absence of any
added base.®

Following our work on the use of glycerol as a solvent in
metal-catalyzed processes” and more recently in metal-free
AAC for the synthesis of fully substituted 1,2,3-triazoles,"” in
which the activation of both alkynes and benzylazide by glyc-
erol was proved, we planned to evaluate the activity of Cu'
salts towards click reactions in this solvent, with the aim of un-

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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derstanding the role of added exogenous base in glycerol
medium.

Results and Discussion

We selected the cycloaddition between phenylacetylene and
benzyl azide as the benchmark reaction, using Cul as catalyst
source in neat glycerol at room temperature (Scheme of
Table 1). The reaction did not work at all at short reaction
times (1.5h), 84% conversion being achieved after 24 h
(entry 1, Table 1). In the course of our research, the high effi-
ciency of this methodology under exactly the same “base-free”
reaction conditions was reported, triazole 1a being isolated by
these authors in 94% vyield in short reaction times."™ This seri-
ous discrepancy between independent runs of an easy-to-per-
form process, almost fulfilling the requirements in the Corn-
forth definition of an “ideal chemical process”™ led us to think
that some uncontrolled factor was operating. Given the practi-
cal importance of azide-alkyne cycloadditions, we decided to
deeply characterize the different components involved in the
process in an attempt to rationalize this behavior."? This ana-
lytical study showed that the success of the reaction depended
on the quality (source) of BnN; (entries 2-4, Table 1) and that,
rather surprisingly, high-purity samples of azide were unreac-
tive. In fact only one commercially available lot of BnN; fa-
vored the cycloaddition (entry 2, Table 1).

Table 1. Azide-alkyne cycloaddition of phenylacetylene and benzyl azide
in the presence of Cul.”!

Ph
cu(molw)y [\
Ph—= + Bn-N3 ﬁ’ No NC
1 a glycerol N” Bn

25°C,15h 1a
Entry Bn-N; Source/Batch code™™ Conv. (yield) [%]"
1@ Home-made <5

84 (69)

2 Alfa-Aesar/C252013!" 100 (80)
3 Alfa-Aesar/AE040501 <5
4 Aldrich/BCBL4667V <5

[a] Reaction conditions: Cul (1 mol%), benzyl azide (0.5 mmol), and phe-
nylacetylene (0.5 mmol) in glycerol (0.5 mL) at 25°C for 1.5 h. Triazole 1a
was not obtained in the absence of copper (18% conversion, <5% yield
for 1a); [b] for certificates of analyses, see the Supporting Information;
[c] determined by 'H NMR analysis using 2-methoxynaphthalene as inter-
nal standard; conversions based on BnN;; [d] for BnN; synthesis, see
ref. [24]; [e] in italics, data after 24 h reaction; [f] data coming from two
different commercial flasks.

We analyzed the “active” BnN; by GC-MS and NMR (Figur-
es S1-S3 in the Supporting Information). In contrast to the
other BnN; samples (Figures S4-S9 in the Supporting Informa-
tion), this one was contaminated by some compounds that, ac-
cording to MS, appeared to correspond to amines containing
long alkyl chains. To test the possible catalytic effect of these
impurities, we carried out the cycloaddition in the presence of
amines using high purity, home-made BnN; (Table 2). We ob-

Chem. Eur. J. 2016, 22, 18247 - 18253 www.chemeurj.org

18248

CHEMISTRY

A European Journal

Full Paper

Table 2. Azide-alkyne cycloaddition of phenylacetylene and the corre-
sponding azide in the presence of Cul and amine.*"!

Bn-N, Cul (1 mol%) Ph
Ph——= + a amine (5 mol%) N7:\N 1a, R=Bn
1 Ph-N3 glycerol \\N/ R 1b,R=Ph
b 25°C,15h
7
NR',—(CH,),—NR', ( ( !
EN,R'=H NH LN/
‘= 2 )
TMEDA, R'=Me 0-PDA Urotropine

(Z)-CH3~(CH,)7-CH=CH-(CH,)7-CH,-NH,

Oleylamine

Entry Azide Amine Product, Conv. (yield) [%]®'

1 a NH,(octyl) 1a, 96 (93)
52 (44)

2 a NH,(undecyl) 1a, 96 (93)

3 a Oleylamine 1a, 100 (>99)
98 (94)"9
Run 4: 100 (85)

4 a NH(octyl), 1a, 100 (96)
95 (88)

5 a N(octyl) 1a, 96 (88)
97 (73)¢

6 a NEt; 1a, 28 (16)

7 a NEt(iPr), 1a, 36 (6)

8 a TOMACI 1a,37(19)

9kl a Aliquat®336 1a, 20 (<5)

10 a TMEDA 1a, 83 (70)

n a EN 1a,30(12)

12 a o-PDA 1a, 30 (10)

13 a PHEN 1a, 15 (6)

14 a Urotropine 1a, 20(<5)

15 a 2,6-lutidine 1a, 34(26)

16 b - 1b, <5

17 b NH,(octyl) 1b, 100 (94)
39 (9)9

18 b Oleylamine 1b, 100 (98)
100 (87)"9

19 b NH(octyl), 1b, 83 (89)
88 (87)

20 b N(octyl); 1b, 88 (88)
100 (12)

21 b NEt; 1b, 10 (6)

22 b TMEDA 1b, 70 (76)

23 b EN 1b, 21 (19)

24 b Urotropine 1b, <5

[a] Reaction conditions: Cul (1 mol%), amine (5 mol%), benzyl or phenyl
azide (0.5 mmol), and phenylacetylene (0.5 mmol) in glycerol (0.5 mL) at
25°C for 1.5 h; [b] determined by 'H NMR analysis using 2-methoxynaph-
thalene or 1,3,5-trimethoxybenzene as internal standard; conversions
based on BnNj; [c]in italics, conversion (yield) using 1 mol% of amine;
[d] see Figure S10 in the Supporting Information for the recycling of the
catalytic phase; [e] Aliquat” 336: Ammonium salts containing a mixture of

Cg and C, alkyl chains with C; predominating.

served that when 5mol% of amine with respect to benzyl
azide was used, primary (entries 1-3), secondary (entry 4), and
tertiary (entry 5) long-alkyl-chain-based mono-amines led to
high yields of the corresponding 1,2,3-triazole, 1a. For short-
alkyl-chain derivatives, such as triethylamine or diisopropyle-
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thylamine, low yields were achieved (< 16%, entries 6 and 7,
Table 2). When the amount of added amine decreased
(1 mol%), the reaction also worked (entries 1 and 3-5), espe-
cially for oleylamine, dioctyl, and trioctyl amine (entries 3-5).
Ammonium salts, such as trioctylmethylammonium chloride
(TOMACI) and Aliquat’336 (ammonium salt containing a mix-
ture of C8 and C10 alkyl chains, often used as a metal extrac-
tion reagent™), did not favor the cycloaddition (entries 8 and
9).

Dinitrogenated (EN = ethylenediamine; o0-PDA = ortho-phe-
nylenediamine and PHEN=phenantroline, entries 11-13,
Table 2) and tetranitrogenated (urotropine, entry 14) ligands
did not trigger a positive outcome (yields < 12%). TMEDA (tet-
ramethylethylenediamine) was an exception to this behavior
(70% vyield, entry 10). The use of 2,6-lutidine, known by its per-
formance in CuAAC in aqueous medium,™ gave a very low
yield (entry 15).

The same trend could be found when phenyl azide was
used instead of benzyl azide (entries 16-24, Table 2): The
system was inactive in the absence of an added amine
(entry 16). However, high yields could be isolated in the pres-
ence of amines containing a long alkyl chain (up to 94%, en-
tries 17-20). For “light” amines (entries 21-24, ), only the Cul/
TMEDA system was active, as previously observed with BnN;
(entries 10 and 22, Table 2).

Furthermore, this “super” amine effect was examined in
other polar solvents, such as water, ethanol, or 1,4-dioxane.
Under the same conditions as described above, the behavior
was comparable to that observed in glycerol. Without any ad-
ditive or in the presence of NEt;, low yields were obtained (<
13%, entries 1-6, Table 3). However, in the presence of dioctyl-
amine (entries 7-9) or oleylamine (entries 10-12), the increase
of catalytic activity was clearly apparent.

It is important to mention that the catalytic phase could be
recycled up to four times without significant loss of efficiency
(entry 3, Table 2; see Figure S10 in the Supporting Information),
showing the ability of glycerol to immobilize the catalyst. The
dramatic effect observed after the fourth run is undoubtedly
related to the leaching of copper (more than 1000 ppm deter-
mined by ICP-MS).

With these results in hand, a representative set of Cu-cata-
lyzed azide-alkyne cycloadditions involving the use of different
alkynes (1-10) and organo-azides (a, b) (Scheme 1) was carried
out in the presence of oleylamine. The corresponding triazoles
were obtained in high to quantitative yield. Even those tria-
zoles bearing alkyl substituents at C-4 (3a, 7a, 7b) were ob-
tained in moderate to high yields (53-91%). No transesterifica-
tion reactions with glycerol were detected for alkynes contain-
ing ester groups (2a, 4a). For selected triazoles, the reactions
were also carried out in the absence of added amine, as con-
trol experiments. In all cases, low yields (< 25%, see Table S1 in
the Supporting Information) were recorded even at longer
times (up to 7 h). Unfortunately, this catalytic system, working
under favorable conditions, was not active using internal al-
kynes, such as diphenylacetylene, methyl phenylpropiolate, or
1-iodo-2-phenylacetylene (Figure S11 in the Supporting Infor-
mation).
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Table 3. Azide-alkyne cycloaddition of phenylacetylene and benzyl azide
in the presence of Cul and amine.

Cul (1 mol%) Ph
amine (5 mol%)

—= + -
Ph 1 BnaN3 solvent N\\N/'\LBn
25°C,1.5h 1a

Entry Solvent Amine Conv. (yield) [%]®'
1 H,0 - 22 (13)

2 EtOH - 12 (<5)

3 Dioxane - 1 (<5)

4 H,0 NEt, 15 (<5)

5 EtOH NEt, 17 (<5)

6 Dioxane NEt; 24 (11)

7 H,0 NH(octyl), 100 (93)

8 EtOH NH(octyl), 66 (48)

9 Dioxane NH(octyl), 100 (99)

10 H,0 Oleylamine 99 (94)

1 EtOH Oleylamine 59 (48)

12 Dioxane Oleylamine 94 (81)

[a] Reaction conditions: Cul (1 mol%), amine (5 mol%), benzyl azide
(0.5 mmol), and phenylacetylene (0.5 mmol) in the appropriate solvent
(0.5 mL) at 25°C for 1.5 h; [b] determined by 'H NMR analysis using 2-me-
thoxynaphthalene or 1,3,5-trimethoxybenzene as internal standard; con-
versions based on BnN,.

Cul (1 mol%) R

=\

oleylamine (5 mol%) 1a-10a
R= + RN;J ———> N N
110 b glycerol N~ "R’ 1b, 5b, 7b, 10b
- & 25°C,15h
on o.C o X X =CO,Me, 4a
_ O, _ YP. _ Wj\ 94%
Ny ONC N ONC - NG NG Ny N, X=BrSa
N Bn N Bn N Bn N Bn 89%
1a 2a 3a X=0H, 6a
99% 90% 91% 96%
Bu Ar, MezNw_\
N& N Ns N N& N
SN UBn N7 UBn N7 "Bn
7a Ar = 4-NO,-CgH,, 8a 10a
68% 89% 79%
Ar =4-OMe-CgH,, 9a
83%
Br.
Ph Bu Me,N
N~ N N N Ns N N& N
SN Ph SN Ph N7 Ph SN7Ph
1b 5b 7b 10b
96% 89% 53% 75%

Scheme 1. Scope of azide-alkyne cycloaddition catalyzed by Cul/amine
system in glycerol. Figures indicate isolated yields.

With the aim of understanding the observed reactivity, we
analyzed the structural behavior of copper salts. From a coordi-
nation point of view, the Cul motif leads to a large variety of
structures corresponding to both discrete molecular com-

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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plexes" and polymeric networks,"® depending on the nature

of the ligands involved and also the reaction conditions. This
structural variety is especially remarkable when N-based li-
gands are involved,"” in particular for diamines (EN, TMEDA,
PHEN) and short-alkyl-chain tertiary amines (NEt;, NEtiPr,) like
those used in this work."® Some of them give complex struc-
tures based on closed-cubane “Cu,l,” tetramers;""®'¥ we could
prove this trend by the X-ray diffraction analysis of the Cu,l,-
TMEDA system (Figures S12 and S13 in the Supporting Infor-
mation).?”

In contrast, long-alkyl-chain amines favor the stabilization of
metal (and metal oxide) nanoparticles.”” Presuming the forma-
tion of copper-based nanoclusters under our reaction condi-
tions,”” TEM analyses of Cul in glycerol and in the presence of
different amines were carried out (Table S2 in the Supporting
Information). Actually, the formation of well-dispersed nano-
particles was observed in the presence of long-alkyl-chain
amines, including ammonium derivatives (Figure 2). HR-TEM
and EDX analyses of a Cul/dioctylamine mixture in glycerol
confirmed the Cu' nature of the nanoparticles and the pres-
ence of the amine on the nanoparticle surface (Figure S14 in
the Supporting Information). It is worth noting that ammoni-
um salts such as TOMACI and Aliquat®336 did not lead to cata-
lytically active systems, although the formation of well-dis-
persed nanoparticles was also observed. The lack of catalytic
activity in these last cases is probably due to the very strong
electrostatic interaction between the ionic ligands and the
nanoparticles: As a result, Cu-based nanoparticles are tightly
surrounded by anion/cation shells, and this leads to small and
well-dispersed particles. However, this stabilizing interaction
shields the surface of the nanoparticles and prevents the requi-
site approach of the reactants to the catalytic copper centers.
In contrast, hemi-labile amine ligands, while still preventing
particle agglomeration by steric shielding, can be easily de-
tached, leading to free coordination sites on copper that are
necessary for the reaction to proceed.””

Interestingly, the presence of additional ionic compounds in
the reaction medium was shown to influence the course of the
reaction as well. Thus, when an equimolar mixture of Ali-
quat336 and a sodium salt (NaOAc or NaN) was added to the
non-productive reaction mixture, the system turned active
(Figure 3). TEM analyses of Cul in glycerol in the presence of
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both Aliquat®336 and sodium salt evidenced the formation of
micelle-like arrangements, giving high local density of copper
and therefore favoring the reactivity. This effect can especially
be observed in the case of the mixture Aliquat’336/NaOAc,
where cylindrical micelles were identified, containing the
copper species at the surface (accessible to the reagents) and
the more hydrophobic constituents (ammonium alkyl species)
probably placed inside of these nano-objects. A similar trend
could be observed using TOMACI/NaN, (Figure S15 in the Sup-
porting Information). It is important to note that Cul/NaN; and
Cul/NaOAc systems (in the absence of any nitrogen-based
ligand) were not active. In addition, this reactivity behavior
points to the feasibility of CUAAC by a one-pot three-compo-
nent approach. Actually, with Bn-Br, NaN; and phenylacetylene
as starting materials, 1a was isolated in 90% vyield (see
Scheme S1 in the Supporting Information)

Correlating reactivity and structure, it seems that the forma-
tion of nanoparticles favors the catalytic process, which points
to a beneficial (cooperative) effect between neighboring Cu'
centers for the activation of both azide and alkyne reactants
during the cycloaddition, as already noted in our previous
work involving the use of Cu,0 nanoparticles as catalytic pre-
cursors in glycerol medium.®”

In fact, for short-chain alkyl amines such as DIPEA (DIPEA =
N,N-diisopropylethylamine), ethylenediamine, or urotropine,
agglomerates similar to those observed for Cul in the absence
of any additive were formed (Table S2 in the Supporting Infor-
mation), affording inactive catalytic systems (Table 2). Only Cul/
TMEDA led to the simultaneous formation of nanoparticles
and agglomerates. As we have already mentioned, this system
depicted high catalytic activity in azide-alkyne cycloadditions
(entries 10 and 22, Table 2).

We were also interested in establishing the oxidation state
of copper involved in the active species. For that, we reused
the catalytic phase corresponding to the active Cul/dioctyla-
mine system (after reaction between phenylacetylene and
benzyl azide). TEM analysis after catalysis showed smaller
nanoparticles than before (ca. 1.4nm (after) vs. 2.1 nm
(before); Table S2 in the Supporting Information); the catalytic
phase was then much less active (33% in the second run
versus 100% in the first one). HR-TEM coupled to an electronic
diffraction analysis showed that particles after the first catalytic

Figure 2. TEM images for Cul-based systems containing oleylamine (a), dioctylamine (b), and TOMACI (trioctylmethylammonium chloride) (c) in glycerol. Scale

bars =50 nm.

Chem. Eur. J. 2016, 22, 18247 - 18253 www.chemeurj.org

18250

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

149



Chapter Il

150

"xChemPubSoc
X Europe

CHEMISTRY

A European Journal

Full Paper

Cul (1 mol%)
Aliquat®336 (5mol%)  pp,
NaX (5 mol%) —\

Ph—= + Bn-N3 N N
i glycerol N7 Bn
a
25°C,15h 1a

3

Aliquat® 336/NaOAc

No NaX, 20% conv, <5% vyield
NaOAc, 95% conv, 87% vyield

Figure 3. Effect of the salts in azide-alkyne cycloaddition. TEM images corresponding to the mixtures of Cul, Aliquat” 336, and NaX (1/5/5 ratio, respectively):
NaOACc (left; scale bar=1 um, inset scale bar=100 nm), including an inserted image of one of the cylindrical micelle-like objects; NaNs, (right; scale

bar=50 nm).

run consisted of Cu® (Figure S16 in the Supporting Informa-
tion). This indicated to us that the initially formed Cu'-rich
nanoparticles suffer reductive deactivation as a concomitant
off-cycle of the CuAAC reaction. In contrast, the reutilization of
the Cul/oleylamine system gave the same activity as for the
first run (for both cases, nearly full conversion). HR-TEM/elec-
tronic diffraction analysis proved that in this case, nanoparti-
cles were mainly formed by Cu' after catalysis (Figure S17 in
the Supporting Information). In addition, XPS analysis evi-
denced the absence of Cu" species after reaction (absence of
the corresponding strong satellites, see Figure S18 in the Sup-
porting Information). These data point to Cu'-based nanoparti-
cles as being responsible for the observed reactivity.

Conclusions

In this work, we could prove the key role of “impurities” ran-
domly present in commercial samples of benzyl azide. Its accu-
rate analyses led us to identify them (long-alkyl chain amines)
and to examine their impact on Cul-based catalytic systems
applied in azide-alkyne cycloadditions in different solvents. As
a practical result of this study, we have been able to establish
that the addition of small amounts (5 mol %) of primary, secon-
dary, or tertiary amines containing Cg, C;;, or C;5 carbon chains
(Cul/amine ratio=1/1 or 1/5) secures the success in the syn-

Chem. Eur. J. 2016, 22, 18247 - 18253 www.chemeurj.org
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thesis of 1,4-disubstituted 1,2,3-triazoles under mild reaction
conditions (low metal loading of 1 mol%, short time of 1.5 h,
and room temperature), in environmentally benign glycerol. As
a consequence, a warning should be made on experimental
procedures for the CuAAC reaction in polar solvents not in-
volving the use of appropriate amines: Their success or failure
strongly depends on the presence/absence of amine-type im-
purities in the employed azide. The use of glycerol as a non-
volatile solvent enabled the (HR)TEM analysis of solutions con-
stituted by Cul and amine, before and after catalysis. It could
be learned from these studies that Cul, in the presence of
long-alkyl-chain amines in glycerol at room temperature, gives
rise to the formation of small and well-dispersed Cu' nanoparti-
cles, in contrast with the agglomerates formed from either
bulk Cul or mixtures of Cul with low-weight amines. It is im-
portant to mention that the presence of ammonium salts
mainly containing Cg chains (TOMACI, Aliquat®336) did not
provide an efficient catalytic system in spite of the formation
of well-dispersed nanoparticles. This was almost certainly
caused by the stabilization of Cul nanoparticles by electrostatic
effect, thus blocking the access of reagents to the Cu' centers.
However, tuning the ionic species present in the reaction
medium, the catalytic system turned active through the forma-
tion of organized systems.

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Altogether, this study led us to establish a correlation be-
tween the in situ formation of Cu' nanoparticles in glycerol
and other polar solvents and their catalytic activity. These
nano-objects, generated due to the presence of long-alkyl-
chain amines, favor the activation of both reagents, alkyne and
azide partners, by cooperative effect between neighboring Cu'
centers.

The inconsistencies found working under the “same” condi-
tions induce the desire to understand and discover new issues
for known reactions. The use of controlled-quality compounds
(reagents, catalysts, solvents) permits a dramatic reduction of
these effects, establishing reproducible and sustainable proto-
cols.

Experimental Section
General procedure for the azide-alkyne cycloaddition

Cul (0.9 mg, 0.005 mmol) and the corresponding amine (0.005-
0.25 mmol) were added to glycerol (0.5 mL) in a Schlenk tube
equipped with a stirring bar under Ar atmosphere. The alkyne
(0.5 mmol) and the azide (0.5 mmol, 67 mg for BnN;?" and 60 mg
for PhN;) were added consecutively to the reaction medium. The
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Chapter 4. Preparation of new enantiopure PTA-based derivatives.
Some applications in enantioselective catalysis

4.1 Introduction

1,3,5-Triaza-7-phosphaadamantane (Figure 4.1), usually abbreviated as PTA, was first

i Although this “cage-like” phosphinem has been scarcely used

reported by Daigle et al. in 1974.
since its discovery, the increasing interest in the replacement of the common organic solvents
employed in chemical companies by water or others environmental friendly solvents has caused

(3]

the renaissance of PTA.”" The main reason is its solubility in water (S;5-c = 1.5 moI.L"l, ca. 235g.l

1);[4] water-soluble phosphines like PTA are suitable ligands for the development of new catalysts
adapted to aqueous media. These water-soluble catalysts combine, in a certain way, the
advantages of homogeneous and heterogeneous systems, being useful in aqueous/biphasic
catalysis where the catalyst can be retained in the aqueous phase and the organic products can

be extracted from the reaction mixture using other organic solvents.

P-functionalisation

v .- Upper-rim methylene functionalisation
r P &~
N (\/ N <
/-N ==~ N-functionalisation
¥.

** Lower-rim methylene functionalisation

Figure 4.1 1,3,5-Triaza-7-phosphaadamantane (PTA), showing the sites to be functionalised

Apart from its solubility in water, another important property of PTA is its resistance to
oxidation, which is more important than for other water-soluble phosphines like 3,3’,3"-
phosphanetriyltris(benzenesulfonic acid) trisodium salt (TPPTS). The reactivity of PTA is
comparable to alkyl phosphines such as PMez or PEts, however it is stable when exposed to
oxygen, whereas PMejs or PEts are highly sensitive towards oxidation under air. Espenson et al.”!
demonstrated that the rate constant of the oxidation of PTA by H,0, using [ReOs(CHs)] as
catalyst is two orders of magnitude smaller than for PPhs. This behaviour might be attributed to
the rigidity of the skeleton in the molecule (its cone angle is relatively small for an
alkylphosphine, 103° (for comparison: 110° for PEts; 134° for PMes; 145° for PPhg).Ba] The rigidity
of the PTA cage could make the lone electron pair of the phosphorus atom less accessible

towards oxidation reagents.
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PTA plays an important role in medicinal chemistry. Organometallic Ru(ll)-arene
complexes have shown promising results as anticancer agents, such as the [(RuCIz(r]G—
arene)(PTA)] family (abbreviated ruthenium(ll)-arene—PTA or RAPTA, see Figure 4.2), developed
by Dyson et al.® The RAPTA compounds exhibit a piano-stool structure where three of the Ru
coordination sites are occupied by a nG—coordinated arene ligand. Another coordination site is
occupied by PTA ligand, which increases the solubility of the complexes in water, and the two
remaining coordination sites usually occupied by labile chloro ligands that provide the

opportunity for ligand exchange, generating vacant sites.

R
O
T[]
C|‘(‘:|/ \P/\N
19
v
Figure 4.2 Generic structure of RAPTA anticancer agents.

In addition, the PTA structure can be modified, tuning its coordinative properties and in
consequence offering other coordination modes. As indicated in Figure 4.1, this molecule can be
functionalised at P and N atoms or at upper-rim or lower-rim methylene positions, maintaining
the cage structure of PTA. In general, the “soft” P centre binds to low-valent transition metals,
while protonation or alkylation occurs preferentially in the “hard” N atoms. The synthesis of P-
alkylated PTA derivatives (Figure 4.3a) is done starting from phosphine sources such as PH,R or
P(CHZOH)g.m The basicity of PTA was determined by Darensbourg et al. (pK, of 5.70[8]) and also
by Fisher and Alyea et al. (pK;, of 6.0.[9]). In acidic aqueous solutions (pH lower than 6.5), PTA is
N-protonated (Figure 4.3b), as expected considering the Lewis base character of the tertiary
amino groups of PTA. Further N-protonation is thermodynamically less favourable due to the
instability caused by the hybridization of nitrogen centres as well as by the destabilising
electrostatic repulsion of two positive charges close within the same molecule, as proved by ab
initio calculations.® PTA can be alkylated at N atoms (Figure 4.3c) by nucleophilic substitutions,
using for instance Mel™ or BnCI® as alkylating agents. Similar to the parent phosphine PTA,
these quaternary ammonium derivatives are soluble in polar solvents. Nevertheless, they exhibit
a lower solubility in organic solvents in relation to PTA, due to the presence of the ammonium
functionality.[”] Moving on to glycerol, the solvent of choice in this PhD Thesis, the N-alkylated
PTA derivatives are glycerol-soluble, whereas PTA is insoluble in this solvent.™ In our group,

several N-alkylated PTA compounds were synthesised and used for the stabilisation of palladium
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nanoparticles (PdNPs) in glycerol.[lzb] The catalytic system was active in cross-coupling reactions,

hydrogenations and one-pot tandem processes (see Scheme 1.11 in chapter 1).

R
a) _pt P P d) P
7 r( 0 r( N, (/]
NIl.—~N N \/NNH N VN*R NI_—N
LN LN/ LN/ R-£.-NLR
R
R = alkyl group

Figure 4.3 Functionalisation of PTA: a) P-Alkylation; b) N-Protonation; c) N-Alkylation; d) Lower-rim
functionalisation.

The lower-rim methylene positions (see Figure 4.1) have been also functionalised giving
rise to PTA derivatives in which the 1,3,5-triazacyclohexane ring results 2,4,6-trisubstituted
(Figure 4.3d).[13] Nevertheless, the functionalisation at the upper-rim methylene position,
adjacent to the P centre of PTA, is of paramount importance because these transformations lead
to chiral PTA phosphines. A stereogenic centre is then generated in close proximity to the P
atom, thus potentially enabling efficient ligand-to-metal transfer of the stereochemical
information. In this way, a new class of chiral water-soluble PTA-based phosphines can be
accessible. The first work reporting an upper-rim modification of PTA was published by Frost et
al.*¥ They described for the first time the key step of lithiation of one upper-rim methylene
position to obtain the corresponding PTA-Li derivative, which was isolated as a white highly
pyrophoric powder in high yield (> 90%). Because of its pyrophoric nature, PTA-Li was indirectly
characterised by reaction with D,0. The deuteration selectively occurred at one of the a-P
methylene positions. The selective lithiation at this site might be due to a better stabilisation of

the formed carbanion.

P "Bui p_ oL P
l/\| But l/\rr OrLNI/IC\:'N

N N >
AN \/ THE NI._~N
Li
D,0O
not observed
(P
N N
LN

Scheme 4.1 Lithiation of the upper-rim methylene position of PTA.

The thus resultant PTA-Li derivative opens the way to a great deal of possibilities in the
development of new chiral PTA-based phosphine ligands. This highly reactive organolithium

nucleophile can be added onto a variety of electrophiles (Scheme 4.2) such as
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[16-17] [18]

chIorophosphines,[”'lS] co,,® aldehydes or ketones and imines. These synthetic
strategies generate one or two stereogenic carbon centres.
HO R (0]
I/P R I/(P\%OLI
NL_-N NI_-N
LN LN

o}
RJ\ R' CO,
NHPh PhHN

r/ R cr, i S N I/P\%(R'
vk > M
Scheme 4.2 Reactivity of PTA-Li towards several electrophiles.
Some of these chiral PTA-based derivatives have been used as ligands in the synthesis of
transition metal complexes (Figure 4.4), presenting high activity in different catalytic processes

(15 181 or transfer hydrogenations[”b]). However, all the reported chiral PTA

(nitrile hydrations
derivatives were not stereochemically pure, used as racemic mixture, and in consequence

without inducing any stereoselectivity.

In 2011, Peruzzini and Gonsalvi et al.!*’”! reported on the use of Ir(l) complexes of PTA-
based B-phosphino alcohols (Figure 4.4a), as suitable catalytic systems for the transfer
hydrogenation of ketones as well as a,p-unsaturated carbonyl compounds. The same group also
reported the first imidazolyl upper-rim PTA derivatives.’? The Ru(ll) complexes (Figure 4.4b)
containing these hetero-donor ligands showed a moderate catalytic activity in the reduction of
acetophenone. Following with the same metal, Frost et al. prepared PTA-based pB-
aminophosphines and coordinated them as bidentate ligands to Ru(ll)—arene centres.™ These
Ru(ll) complexes (Figure 4.4c) were found to be active catalysts for the aqueous phase hydration
of nitriles. More recently, the same group reported the synthesis of PTA-based P,P-donor ligands
and their corresponding Ru(ll)-arene complexes (Figure 4.4d), being also active in the nitrile

hydration.”s]

+ +
a) b) - ¢ - d)
Me |ClI cl
O o, e ve—C D
Ir HO
fJr'"-, = | I

u—=N_ _N Ru.,

P s R ‘\‘R ~ — " RU." .
(7 cy Me cI— 4 “"NHPh o’ \cl Pr
N(/N Pl R « 4~Ph «_P..

N L NK .
£ENTy LN LN

R = Ph, p-Me,sN-CgHy R = H or N-methylimidazol-2-yl

Figure 4.4 Transition metal complexes containing PTA-based ligands used in catalysis.
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Nevertheless, to the best of our knowledge, enantiomerically pure PTA-based
phosphines have not been previously reported in the literature. These compounds open the
possibility of creating new glycerol (and water) soluble optically pure catalysts for asymmetric
transformations of interest. This is actually the main goal of this chapter: to prepare new
enantiopure PTA-based derivatives in order to use them as chiral ligands for transition metal-

based complexes and also as chiral organocatalysts.
4.2 Results and discussion
4.2.1 Preparation of the enantiopure PTA phosphines

Following the strategy of Frost et al.™ for the upper-rim functionalisation of PTA (24)
through the formation of the PTA-Li species, our first attempt was to prepare a B-phosphino
alcohol using benzaldehyde (25) as electrophile (Scheme 4.3a).[17a] The resulting mixture of
stereoisomers, diastereomers (S,R/R,S)-26 and (S,S/R,R)-26, was separated by column

chromatography affording both diastereomers.

HO HO
R ©
s, s
LNICT/N NN\/N
(P 0 1) "BuLi, rt, THF LN~/
T > Ho  * HO
Ph” “H
LN 2) aldehyde, R.© o IR
24 25 ~78°C, THF PP 7 Pﬁ?‘“ “/Ph
100% conversion NI_-N N N
50:50 dr LN~ LNT
(S,RIR,S)-26 (S,SIR,R)-26

46% isolated yield 41% isolated yield
Scheme 4.3 Preparation of a racemic mixture of diastereomers of B-phosphino alcohol 26.

With the aim of obtaining an enantiopure B-phosphino alcohol, the mixture of the four
stereoisomers was separated by preparative chiral supercritical fluid chromatography (SFC),
leading to a highly efficient separation (Figure 4.5a). Upon separation, suitable single crystals for
X-ray diffraction analysis were obtained of one of the two enantiomers of each pair of
diastereomers: (R,R)-26 (Figure 4.5b) and (S,R)-26 (Figure 4.5c), by slow evaporation of a
dichloromethane solution. These structures, together with p NMR spectra, allowed us

determining the absolute configuration of each stereocentre.
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Figure 4.5 a) Chromatogram of the separation by SFC of a mixture of 4 stereoisomers for 26: each peak has
been assigned thanks to the X-ray diffraction structures and the *'p NMR spectra; b) X-ray crystal structure of
compound (R,R)-26 (ellipsoids drawn at the 50% probability level; c) X-ray crystal structure of compound (S,R)-
26 (ellipsoids drawn at the 50% probability level). For clarity reasons, only hydrogens attached to oxygen and
carbon atoms are shown.

In order to afford chiral bidentate PTA-based compounds, we decided to prepare
enantiopure B—aminophosphines.[lgl In addition, this scaffold would be very useful, not only as

chiral ligand for transition metal complexes, but also as bifunctional chiral organocatalyst.ug]

To prepare these optically pure B-aminophosphines, we envisioned the addition of PTA-
Li to enantiopure imines, rendering in this way PTA derivatives featured by an amino group in B
position to phosphorus. Our first attempt was to use an enantiopure ketimine as electrophile.

The preparation of ketimine 29 involved the condensation of benzophenone (27) with the
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enantiopure (S)-1-phenylethylamine (28) catalysed by TiCl,, affording 42% vyield of the desired

compound (Scheme 4.4).

Ph
| ),
O NH2 TIC|4 N "CH3
B N § >
Ph” “Ph Ph” “CH,4 toluene, reflux Ph™ “Ph
27 28 24 h 29

42% isolated yield

Scheme 4.4 Preparation of the chiral ketimine 29.
The addition of PTA-Li to ketimine 29 did not work (Scheme 4.5), even increasing the

temperature of the addition (in comparison with the preparation of the B-phosphino alcohols). It
seems that the ketimine is not activated enough for the addition of PTA—Li. In order to enhance
the reactivity, BF3-OEt, was added as Lewis acid to the reaction mixture to activate the ketimine.
However, what happened was the addition of BF3:OEt; to PTA (probably forming a B—N bond)[zol,
even when the boron reagent was previously mixed with the imine and added together to the
solution containing the PTA-Li. The reaction was also carried out in the presence of TMEDA

(tetramethylethylenediamine), in order to prevent the agglomeration of the organolithium.

However, there was no conversion under such conditions.

Ph Ph
(S) (§)
HN” “"CHj; ‘CH3

o,
I/( P.

P\(s|)vPh PRl Ph

“CHs 1) "BuLi, rt, THR (( Ph |/(

NN *
LN/ Ph)l\Ph 2) imine, rt to 45 °2/
THF
24 29 (S,5)-30 (R,S)-30

Scheme 4.5 Attempts to prepare a diastereomeric mixture of B-aminophosphine 30 by addition of PTA-Li to
ketimine 29.

In order to enhance the reactivity, we decided to use a less sterically demanding
enantiopure aldimine instead of a ketimine, even though the number of diastereomers would
increase due to the generation of one additional stereogenic carbon centre. Aldimine 31 was
successfully prepared from benzaldehyde (25) and the enantiopure (S)-1-phenylethylamine (28),

using MgS0, as dehydrating agent (Scheme 4.6).

(SJ
o NH, MgSO,4 “'CHj
L, v ek -
Ph” ~H Ph” “CH,4 CH,Cly, 1t Ph” “H
25 28 24h 31

99% isolated yield

Scheme 4.6 Preparation of chiral aldimine 31.
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The addition of PTA-Li to chiral aldimine 31 led to low conversion (33%), obtaining a
mixture of 3 diastereomers (ratio 58:29:8:5) (Scheme 4.7). The reaction was also conducted in
the presence of BFs;-OEt, with the aim of enhancing the reactivity through Lewis acid-assisted
activation of the electrophile. However, the desired products were not observed, appearing

signals in *'p NMR that presumably correspond to the addition of BF3-OEt; to PTA.

Ph Ph
© P
HN” “CHs ‘CH,
P A TH PRI\ '-H
s r(
NIl_~N
LN~/
Ph
P ©), (S,S,5)-32 (R,S,S)-32
r( . N CHs 1)"Buli,rt, THF
N_-N > oh . o
LN~ Ph”H 2) imine, rt, © ©
24 31 THF HN “CHs HN” “CH3
33% conversion rP%}i{Ph (R) \\k'
58:29:8:5 dr NLN (
LN
(S,R,S)-32 (R,R,S)-32

Scheme 4.7 Preparation of a diastereomeric mixture of -aminophosphine 32 by addition of PTA—Li to aldimine
31.

After these unsuccessful results using the enantiopure aldimine 31 and ketimine 29 as
electrophiles in the addition of PTA-Li, we decided to move to optically pure N-tert-
butylsulfinylketimines. The first synthesis of N-tert-butylsulfinylketimines was reported by
Ellman et al. in 1999.”% The sulfinyl group has proven its efficiency as chiral auxiliary, because of
both its ability to activate the imine with regard to nucleophilic addition and its ease to be
removed (deprotection) under mild conditions by acid treatment.*? Although the synthesis of N-
tert-butylsulfinylaldimines is less challenging than that of ketimines, we wanted to use an
enantiopure ketimine derived from the condensation of benzophenone (27) and the
enantiopure (R)-tert-butylsulfinamide (33; Scheme 4.8), with the aim of getting only two

diastereomers by reaction with PTA—Li.

0
, s t
0 o Ti(OEt),  Bu
+ SR > )]\
Ph”™ “Ph By NH2 THF, reflux
27 33 24h 34

61% isolated yield
[]p? =-103.9 (¢ 1.01, CHCl3)

Scheme 4.8 Preparation of chiral ketimine 34.
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The addition of PTA-Li to the (R)-N-tert-butylsulfinylketimine 34 proceeded successfully
(Scheme 4.9). The diastereomeric mixture was separated by column chromatography, obtaining
40% vyield of the first eluting diastereomer and 47% vyield of the second one. Unfortunately, we
were not able to get suitable single crystals for X-ray diffraction analysis; therefore, the
stereochemistry of both diastereomers is not assigned. For clarity reasons, the first eluting

diastereomer is going to be called, from now on, 35-1 and the second one, 35-2.

Q
\\R (R)
) S
HN'S Bu HN Bu
P s P A—Ph PRIPh
({ 0o, N"""'Bu 1) nBuLi, rt, THF (( Ph [7 1 Ph
Nl_—N » N[_-N + NI_~-N
LN Ph™ “Ph 2) imine, rt, LN LN
THF
24 34 _ (S,R)-35 (R,R)-35
100% conversion
50:50 dr

40% isolated yield (first eluting diastereomer) 35-1
47% isolated yield (second eluting diastereomer) 35-2

Scheme 4.9 Preparation of a diastereomeric mixture of B-phosphino sulfinamide 35 by addition of PTA-Li to
sulfinylketimine 34.

Following the same strategy, we also tackled the preparation of another B-phosphino
sulfinamide derived from an enantiopure N-p-tolylsulfinylketimine. For this purpose, we
prepared the sulfinylketimine 37 by condensation of benzophenone (27) and the enantiopure
(S)-p-tolylsulfinamide (36) mediated by Ti(OEt), (Scheme 4.10). Imine 37 was isolated in only

28% yield accounting the moderate conversion of the starting material (36%).

48'h Ph Ph

0
(o) . S
o s Ti(OEt), > ,\(l)s
X, o i, A crs
Ph” “Ph CH,Cl,, reflux
HsC

37
27 36 36% conversion

28% isolated yield

Scheme 4.10 Preparation of chiral ketimine 37.

Nevertheless, the addition of PTA—Li to sulfinylketimine 37 did not lead to the expected
B-phosphino sulfinamide. The nucleophilic addition of the organolithium did not occur on the
imino group but onto the sulfinyl moiety (substitution reaction involving nucleophilic addition
plus elimination of benzophenone imine), leading to an unexpected diastereomeric mixture
(62:38 dr) of a-sulfinylphosphine 38 (Scheme 4.11). In this case, the diastereoselectivity was
slightly favourable to one of the two diastereomers, which may be due to the asymmetric 1,2-

induction controlled by the starting chiral imine.
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The different behaviour observed using the p-tolylsulfinylimine in comparison with the
tert-butylsulfinylimine has been already reported in the literature for related imines.””®! In
general, the addition of organometallic reagents to sulfinylimines could give two different
nucleophilic attacks depending on the Grignard reagent, resulting on the formation of the
substitution product or the addition product. While the tert-butyl group does not permit the
substitution product at the stereogenic sulphur atom because of its steric hindrance, the p-tolyl
group offers less steric impediment and nucleophiles are able to attack the sulphur atom leading
to the substitution product, as we observed. Both diastereomers were separated by column
chromatography isolating them in low yield (23% of the first eluting diastereomer and 12% of
the second one). The conversion of this reaction was incomplete (around 50%) and we
recovered unreacted imine plus benzophenone. The stereochemistry of both diastereomers was
not assigned. Based on the literature precedents,[24] we propose that the nucleophilic
substitution reaction occurs with inversion of stereochemistry at the sulphur stereocentre. In
this case the absolute configuration of the sulphur atom remains S due to a change in the

priority of the substituents according to Cahn-Ingold-Prelog (CIP) rules. For clarity reasons, the

first eluting diastereomer is going to be called, from now on, 38-1 and the second one, 38-2.

1]
((P \/S=p-Tol 1) "BuLi, 1, THF
NN * 2) sulfinylimi
ylimine, rt,
LN~/ Ph” “Ph THE
24 37 50% conversion 0o Q
62:38 dr (5,8% pRSY NH
p-Tol = 4-Me-CgHy : rF’ ~p-Tol (( N e ol I
NLN NI_-N Ph” “Ph
LNV LN
benzophenone imine
(S,S)-38 (R,S)-38 detected in the

reaction mixture
23% isolated yield (first eluting diastereomer) 38-1
12% isolated yield (second eluting diastereomer) 38-2

Scheme 4.11 Preparation of a diastereomeric mixture of a-sulfinylphosphine 38 by addition of PTA-Li to
sulfinylketimine 37.

Although compound 38 was unexpected, we should also pay attention to it because of it
is a very interesting chiral PTA-derivative, which could be used as ligand for transition metal
complexes. a-Sulfinylphosphines can act as bidentate ligands through the phosphorus and
oxygen atoms. Moreover, the additional stereogenic carbon centre could help to increase the
enantioselectivity regarding applications in asymmetric catalysis. In spite of the numerous

literature reports on the use of phosphine-sulfoxides as ligands for many metal-mediated

164



Preparation of new enantiopure PTA-based derivatives. Some applications in enantioselective catalysis.

[25] 1

transformations, > scarce examples deal with a-sulfinylphosphine derivatives,”?® some of them

protected as phosphine-borane adducts.

With the aim of improving the synthesis of a-sulfinylphosphine 38, we decided to use
commercially available and enantiopure (1R,2S,5R)-menthyl (S)-p-toluenesulfinate (39) (also
known as Andersen reagent)m] instead of the sulfinylketimine 37 as electrophile. The addition of
PTA-Li would proceed necessarily onto the sulfinate group, thus generating menthol as
concomitant product. However, we obtained the same reactivity than that using 37, but with
higher diastereoselectivity (79:21 dr), which may be due to the asymmetric 1,2-induction
controlled by the starting chiral sulfinate. In this case the conversion (reaction monitored by 31p

NMR), was also incomplete (58%) finding unreacted menthyl p-tolylsulfinate in the crude

mixture.
CH
CH3 9(3) C‘) 78
: S
P 0 1) "BuLi, rt, THF 5 S p-Tol PQ“S‘P'TO'
((\| L — > NN + Nr N + HO'
LNN\/N p-Tol 7~ >0 2) mentrlzy_:_atlilfinate, LN/ LN/ N
, H H
HaC” “CHj (5.5)-38 (R,5)-38 menthol
04 58% conversion detected in the
39 79:21 dr reaction mixture

21% isolated yield (first eluting diastereomer) 38-1
9% isolated yield (second eluting diastereomer) 38-2

Scheme 4.12 Preparation of a diastereomeric mixture of a-sulfinylphosphine 38 by addition of PTA-Li to
(1R,2S,5R)-menthyl (S)-p-toluenesulfinate (39).

In order to determine the absolute configuration of each diastereomer, we tried to get
single crystals for X-ray diffraction analysis. Actually, we succeeded to obtain suitable crystals of
the first eluting diastereomer. Surprisingly, the solved crystal structure revealed us another
compound (Figure 4.6a). The oxygen was transferred from sulphur to phosphorus, yielding a
thioether phosphine oxide (40). In addition, 40 crystallised in a centrosymmetric group as a
racemic compound (Figure 4.6b). Inconsistently, the measurement of the optical rotation of the

single crystals, immediately after the X-ray crystallography, gave a value distinct to zero ([a]p*® =

—-29.3 (c 1.00, CHCl3)).
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a)

Figure 4.6 a) Crystal and chemical structure of compound 40 (ellipsoids drawn at the 50% probability level),
hydrogen atoms are omitted for clarity; cocrystal with 1.5 molecules of water; b) Packing diagram showing only
two molecules showing the configuration of the stereocentre.

In 1981, Vedejs et al. reported for the first time about the chemical instability of a-
sulfinylphosphines. This class of compounds may easily suffer from a rapid internal redox
process involving an intramolecular rearrangement, via migration of the oxygen atom of the
sulfoxide group from sulphur to phosphorus.[zea] The conversion of sulfinylphosphines into
thioether phosphine oxide derivatives, via internal oxygen transfer, has also been suggested and
even synthetically exploited by other authors.?®® 2 This plausible proposed mechanism could
also take place in our case leading to the formation of thioether phosphine oxide 40 from a-
sulfinylphosphine 38 (Scheme 4.13). Considering the zwitterionic resonance structure of 38 (38’),
we propose an internal oxygen transfer from the sulfoxide moiety to the phosphino group. This
oxygen migration could occur through the formation of a zwitterionic 1,2,3-thiaoxaphosphetane
intermediate (structure depicted in Scheme 4.13). This kind of intermediate is reminiscent of
1,2-oxaphosphetanes, commonly proposed in the Witting olefination reaction.”” Intramolecular
rearrangement of zwitterionic 1,2,3-thiaoxaphosphetane would give rise to the isolated

thioether phosphine oxide 40.
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1,2,3-thiaoxaphosphetane

Scheme 4.13 Plausible mechanism for the formation of compound 40.

One of the advantages of using sulfinyl groups for the activation of imines is that they
can be easily removed under mild acidic conditions. In the case of the two diastereomeric B-
aminophosphines [35-1 and 35-2] prepared in this chapter, the cleavage of the sulfinyl group
would lead to the corresponding enantiopure primary amines of opposite absolute
configuration. From the point of view of organocatalysis, the primary aminophosphine that we
would obtain is a promising bifunctional chiral organocatalyst. While the amino group can

[30]

engage carbonyl compounds via the iminium ion/enamine activation mode, the

trialkylphosphino fragment, can act as a nucleophile, activating an a,B-unsaturated carbonyl

system through conjugate addition via phospha-Michael reaction.®!

0
' NHZ
P« Ph
r(P Ph
P

Figure 4.7 Envisioned dual behaviour of the PTA-based primary amine.

Following Ellman’s procedure,[zza] the cleavage of the tert-butylsulfinyl auxiliary group
from 35-1 was carried out using a commercial solution of HCI, to yield the corresponding
hydrochloride salt 41 (Scheme 4.14). The tert-butylsulfinyl chloride (‘BuSOCI) generated as a
concomitant product was converted into methyl tert-butylsulfinate (‘BuSO,Me) in MeOH, which
could be eliminated in the work-up of this first step. After testing different basic treatments
(NaOH, NaOEt/EtOH, KOtBu/MeOH), we found that the most convenient method is the use of
the supported DBU (1,8-diazabicyclo[5.4.0]Jundec-7-ene) on polystyrene (PS-DBU) as base.
Hence, a solution of the hydrochloride salt was treated with the immobilised base and, after
that, the solution was separated from the polymer by simple filtration, getting full conversion
into the desired primary aminophosphine 42. The reaction was monitored by *'p NMR (chemical

shifts given in Scheme 4.14) to ensure full conversion of each step.
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Scheme 4.14 Acid-promoted cleavage of the tert-butylsulfinyl auxiliary group (step a) and subsequent basic
treatment using PS-DBU as base (step b). Below each compound, *'P NMR (162 MHz, in CDCl;) chemical shifts
are indicated.

Nevertheless, although the conversion was complete, we could not get the primary
aminophosphine 42 completely pure. Minor impurities were always formed in both steps. After
purification by column chromatography, the hydrochloride salt 41, as well as the primary
aminophosphine 42, were transformed into these impurities, and we were able to isolate one of
them. This product was fully characterised as compound 43 (Figure 4.8), in which the PTA cage is

opened (probably due to the acidic medium), and a fused 2-imidazoline ring is formed.

8= 4.55 (1H) 8=5.12, d, 2Jy.p = 20.4 ('H)
5= —04.4 ('P) §=66.5,d, 'Jcp =258, (13C) 5=-70.3 (31P) 5=164.8,d, 'Jc.p = 33.8 (3C)
N fNHz f Ph
i e
L& 2

43 \
42 =2.06 ('H)

6=449,d,3cp=22(c)  0=T787('H)
8=155.5 (13C)

IR (neat): v = 1597 cm™! (C=N)
MS (ESI+): m/z = 351 [M+H]

Figure 4.8 NMR signals of the amine 42 and the by-product formed in acid medium (43). NMR spectra were
recorded in CDCls. Chemical shifts given in ppm and coupling constants given in Hz.

We tried to rationalise how side product 43 could be formed, in order to improve the
synthesis of the desired aminophosphine (42). The fused 2-imidazolidine ring formed in
compound 43 contains an additional carbon atom, which might come from another
aminophosphine molecule, as we propose in the following mechanism (Scheme 4.15). Acidic
conditions are required to promote the cleavage of the tert-butylsulfinyl group in compound 35,
and under such conditions, the primary aminophosphine remains protonated (41). The analysis
by RP-HPLC-MS of the protonated primary aminophosphine (41) seems to be in agreement with

a mono-protonated species. If the protonation occurs in one of the three nitrogen atoms of the
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lower ring (tertiary amines), the PTA cage could be opened, thus leading to a PTA-derived
formyliminium ion (I).m] At this point, the iminium ion could act as a Mannich acceptor being
attacked by one of the tertiary amines of another molecule of aminophosphine, giving an aminal
intermediate (Il). This step is related to the Duff formylation reaction,® which is a Friedel-Crafts
acylation between an activated arene (usually phenols) and the iminium species resulting from
protonation and ring-opening of hexamethylenetetramine (urotropine).[34] A feasible 1,3-
hydrogen migration could occur in the intermediate Il, taking place with concomitant ring-
opening, and thus leading to another iminium ion (lll), which after hydrolysis would give rise to
the corresponding formamide (IV), along with the PTA derivative IV’. This species could be
assigned to an observed minor singlet at —62.2 ppm according to a 3P NMR spectrum in which
compound 43 is the major species (see Annexes 4.6.1, *'p NMR spectra of compound 43). An
intramolecular condensation reaction with the primary amine would finally yield the isolated
minor side product (43). Assuming the proposed mechanism is correct, it is clear that the acidic
medium is the responsible for the formation of this side product. Consequently, a feasible
solution to obtain the desired primary amine completely pure could be the avoiding of acidic
conditions to cleavage the tert-butylsulfinyl group in 35. A potential solution for avoiding the
protonation of the tertiary amino groups of PTA (not already tested), something that triggers the
proposed mechanism yielding the undesired compound 43, could be the use of trimethylsilyl

[35]

chloride™ in the presence of aprotic solvents, instead of HCI.
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Scheme 4.15 Tentatively proposed mechanism to explain the formation of the side product 43.

Although the primary aminophosphine was not obtained completely pure (around 86%
chemical purity), we decided to carry on the synthesis of new PTA derivatives starting from the
impure aminophosphine. The presence of the primary amino group provides the opportunity to
obtain an enantiopure thiourea—phosphineBG] by reaction with an isothiocyanate. In 1998,

Jacobsen et al.®”

reported that the use of urea and thiourea derivatives catalyse the asymmetric
hydrocyanation of imines (the Strecker reaction). Later on, detailed mechanistic studies revealed
that the responsible of the catalytic activity was the thiourea moiety, interacting with the
substrate via a dual hydrogen-bond interaction.®® Since then, thioureas have been widely
applied as Brgnsted acid organocatalysts in a large number of organic transformations.”
Moreover, our envisioned chiral PTA-based thiourea-phosphine can also act as a bifunctional
organocatalyst, due to the presence of the phosphino functionality. Chiral thiourea-phosphines
have been also widely applied in enantioselective organic transformations such as allenoate—
imine cycloadditions or (aza)-Morita-Baylis-Hillman reactions, demonstrating the essential role

of both functional groups in catalysis.m]
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With this end, we carried out the synthesis of the PTA-based thiourea 45 starting from
the enantiopure primary aminophosphine 42 and using 3,5-bis(trifluoromethyl)phenyl
isothiocyanate (44) as electrophile (Scheme 4.16). Unfortunately, we got a complex reaction
mixture in which the isothiocyanate seems to be totally consumed according to the *H NMR
spectrum. The signals of the desired thiourea (45) and also, again, the side product 43 were
observed in the *H NMR spectrum of the crude mixture, more or less in equimolar ratio,
although by P NMR the thiourea seems to be the major product. With the aim of isolating
the thiourea, the crude reaction mixture was purified by column chromatography, to get

only 7% isolated yield of 45, which was fully characterised.

Do
N
\riz SCN CF HN A
P\Iy\vph 3 P \=Ph
r{ Ph 4 > r( Ph
LN/ CE CHyCly, rt, 24 h L-N_/
3
42 44 45

complex reaction mixture
7% isolated yield

Scheme 4.16 Synthesis of the PTA-based thiourea derivative 45.

4.2.2 Applications of the enantiopure PTA derivatives

In the last part of my PhD Thesis, we explored the ability of these new enantiopure PTA-

based compounds in some benchmark enantioselective reactions.

Morita-Baylis-Hillman reaction

The Morita-Baylis-Hillman (MBH) reaction,[“]

which couples aldehydes with activated
olefins leading to functionalised allyl alcohols, is one of the most important methods for
converting simple starting materials into highly functionalised products in an atom-economical
way (Scheme 4.17a). In general, this reaction is catalysed by a nucleophilic organocatalyst,
usually a tertiary amine such as 1,4-diazabicyclo[2.2.2]octane (DABCO) or a tertiary phosphine.
The commonly accepted mechanism was already described in the earliest publications[“]
(Scheme 4.17b). The first step involves the conjugate addition of the catalyst, via aza- or
phospha-Michael reaction, to the electron-deficient alkene to generate the corresponding
zwitterionic species (VI). In the second step, VI attacks the carbonyl group via an aldol-type

reaction leading to intermediate VII. The following intramolecular proton shift within VII to form
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VIIl in the third step, which generates the final MBH adduct recovering the catalyst in the

elimination step. Nevertheless, the detailed mechanism, in particular for asymmetric MBH

. . . . . 42
versions, remains still under discussion.!*”
a) Morita-Baylis-Hillman reaction

P- or N- XH

JXL . |/EWG based catalyst R EWG
_— *
R” R [ R

R = alkyl, aryl, heteroaryl, etc.; R'=H, CO,R", alkyl, aryl efc.
X =0, NCOsR", NSO,Ar, NPOR," etc.
EWG = CO,R", CN, COR", CHO, PO(OEt), SO,Ph, SO3Ph, SOPh, efc.

b) Generally accepted mechanism with aldehydes
(0]

A -

(6]
R3E -+
_ ~— — R3E\%\X
E=N,P Michael addition
OH O v Vi
R' /’Hl/lL X elimination aldol R'CHO
reaction
o~ (0]
+ +
RiIE YZTX ¢ R3E X
roton shift \
HO” R P 07 R
Vil vil

Scheme 4.17 a) General scheme of MBH reaction; b) Generally accepted mechanism with aldehydes.

In 2006, He et al B reported that the unfunctionalised PTA is an efficient
organocatalyst for non-asymmetric MBH reactions. They isolated the zwitterionic adduct formed
between PTA and ethyl acrylate confirming the occurrence of the phospha-Michael addition step
in the catalytic cycle and proving that the phosphorus atom in PTA plays a critical role in the
catalytic process. Taking into account these precedents, we planned to use our enantiopure PTA
compounds as chiral organocatalysts in the asymmetric version of this reaction. Unfortunately,
the PTA derivatives tested in the MBH reaction between 4-nitrobenzaldehyde (46) and methyl
vinyl ketone (MVK, 47) did not induce enantioselectivity in the product (48) (Scheme 4.18). One
of the diastereomers of the tert-butylsulfinyl PTA 35-2 and both diastereomers of the phosphino
alcohol PTA (S,5)-26 and (S,R)-26 were tested in order to study the matched/mismatched effect.
The phosphino alcohol catalysts gave higher conversions than the tert-butylsulfinyl PTA

derivative.
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Scheme 4.18 MBH reaction catalysed by enantiopure PTA-based derivatives.

Aziridination of a,B-unsaturated aldehydes

The catalytic asymmetric formation of aziridines represents a challenging and attractive
target. The intrinsic ring-strain of these small heterocycles makes them versatile chiral building
blocks in organic synthesis. The first protocols for the enantioselective synthesis of aziridines
consisted in the use of chiral substrates or chiral auxiliaries.”*" Asymmetric protocols using
organometallic catalysts have been also widely used via nitrogen transfer to olefins and also via
carbene insertion onto C=N double bonds.”* In the field of organocatalysis, Cérdova et al.1*®
reported for the first time the use of chiral amines to provide simple asymmetric access to 2-
formylaziridines from ao,B-unsaturated aldehydes and O-acylated hydroxycarbamates (Scheme
4.19a). They proposed a reaction pathway (Scheme 4.19b) in which the first step is the
formation of a chiral iminium intermediate (IX) between the aldehyde and the organocatalyst.
Bulky groups in the catalyst control the stereoselectivity of the nucleophilic attack by the amino
group, generating a chiral enamine intermediate (X). This intermediate can carry out a
nucleophilic attack on the electrophilic nitrogen atom releasing the leaving group. The

enantiopure aziridine is obtained by hydrolysis of intermediate XI.
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a) Organocatalysed aziridination reaction from a,-unsaturated aldehydes
B
Ar
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H

PG =Boc, Cbz, Ts
LG = OAc, OTs

b) Proposed reaction pathway
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Scheme 4.19 a) General scheme of organocatalysed aziridination reaction; b) Proposed reaction pathway.

With these precedents in mind, we wanted to test our enantiopure PTA compounds as
organocatalysts in the aziridination reaction between the trans-2-hexenal (49) and the tert-butyl
N-(tosyloxy)carbamate (50) (Scheme 4.20). Conversions and enantioselectivities were very low

using the tert-butylsulfinyl PTA derivative 35-1 or the hydrochloride salt 41 in the presence of an

excess of base (in situ generation of the primary amine).

Boc
o PTA-based l'\l
WL . H organocatalyst (10 mol%) > (R) o +/\
H Boc” “OTs NaOAc (s ©
CH,Cly 1t, 24 h H
49 50 trans-51
Q
(R)
NS Bu
P * Ph
(( Ph
N N
LN
35-1
3 equiv. NaOAc 5 equiv. NaOAc
5% conv., 87:13 trans/cis 18% conv., 77:23 transl/cis
8% ee 3% ee

Il?aoc

N
PAC)

(s 'lé

cis-51

Scheme 4.20 Azidirination reaction catalyzed by enantiopure PTA-based derivatives.
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a-Amination reaction

[48] [49]

The asymmetric a-amination of aldehydes,[‘m ketones'™ and esters,”” is a powerful
method to obtain a-amino acids, which represent fundamental building blocks for the
construction of complex natural products and bioactive molecules. Basically, the reaction
consists of an enolate (the enolisation process is promoted by a catalyst) reacting with an

electrophilic nitrogen source, usually an azodicarboxylate reagent (Scheme 4.21).

R
Heat* _ _ 3
0] catalyst-promoted o) N=N O R
enolisation R3 « N. .Rs
N B e
R2 R2 RZ

Scheme 4.21 General reactivity pattern of a-amination reactions.

Focusing the attention on the a-amination of B-keto esters, this transformation has been
widely explored, using both organocatalysts and metal-based catalysts.[sol Jgrgensen et al.P
reported for the first time the enantioselective a-amination of [-keto esters with
azodicarboxylates catalysed by chiral copper(ll)-bisoxazoline complexes (Scheme 4.22). The
reaction most likely proceeds through a complex in which the distorted square planar Cu(ll)
centre is chelated to the B-keto ester enolate. The electrophilic attack of the azodicarboxylate
occurs onto the less hindered face of the copper(ll) enolate. From the other hand, the group of
Jgrgensen developed also the first organocatalysed a-amination of B-keto esters using a
quinidine-derived alkaloid (B-isocupreidine, B-ICD) (Scheme 4.22).[52] Although the authors did
not provide mechanistic studies, they supposed that an enolate containing a chiral ammonium

(B-ICD-H") counter ion is a likely intermediate.
O NHR,
o 0O cat. N
—>» R ‘R
RJI\{U\OR 1 4
1 Ry i N=N'R4 R CORs

R4

0 “OTf

Cu(ll)-bisoxazoline complex p-ICD

Scheme 4.22 a-Amination of B-keto esters catalysed by a Cu-based complex or an organocatalyst (-1CD).

After these two first reported examples using a metal- or an organo-based catalyst, other

efficient catalytic systems have been described in the literature.”® We wanted to evaluate our
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new PTA derivatives, both as chiral ligands using copper as transition metal and as chiral
organocatalysts. Both catalytic systems were tested in the a-amination of ethyl 2-
oxocyclopentanecarboxylate (52) and di-tert-butyl azodicarboxylate (53). The desired product
(54) was obtained in low yield as a racemic mixture, using the tert-butylsulfinyl PTA derivative
35-1 as organocatalyst (Scheme 4.23a). Conversions were higher by adding copper(ll) triflate as
metal salt, using both diastereomers of the tert-butylsulfinyl PTA derivative 35-1 and 35-2;
however, the enantioselectivity was very low (up to 13% ee in favour of the R enantiomer) in

both cases (Scheme 4.23b).

a) Q 5 PTA-based o)
oc, I o .
é/COzEtJr N=N organocatalyst (5 mol%) - % CO,Et
Boc toluene, rt ll\l-Boc
HN“Boc
52 53 o ) 54
AYY
(R)
N> Bu
r,p . <—Ph
Ph
o
/L-N
35-1
N~

45 % conv., rac

O Cu(OTf); (5 mol%) 0
B . i o
b) ? COLEL , OC\N=N PTA-based ligand (5.5mo|/o)> %* CO,E
‘Boc CH,Cly, 1t ll\l—Boc
HN~Boc
52 53 54
. ~ . -
(6] O
SR RR)
HN" “Bu HN “Bu
P A—Ph P« —Ph
(( \|/\$h r( Ph
N N N N
LN LNT/
351 35-2
—

82% conv., 13% ee (R) 74% conv., 11% ee (R)

Scheme 4.23 a) Organocatalysed a-amination using 35-1 as organocatalyst; b) Cu-catalysed a-amination using
35-1 and 35-2 as ligands.

Addition of terminal alkynes to isatins

Nucleophilic additions to the C-3 carbonyl group of isatins to obtain 3-substituted 3-
hydroxy-2-oxindole scaffolds are very useful reactions due to the presence of these motifs in
natural products and drug candidates.®™ One of these interesting transformations is the

alkynylation of isatins to afford 3-alkynyl-3-hydroxy-2-oxindoles. Non-asymmetric versions have
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[55]

been developed using diethyl zinc,”™ using bis-N-heterocyclic carbene-derived silver complexes

as catalysts[se] or involving a Cul/DBU (1,8-diazabicyclo[5.4.0]Jundec-7-ene) system as catalyst.[57]
Very recently, the enantioselective version of this transformation was published independently

158 and Guo et al.”? The group of Liu reported that the system Cul/chiral guanidine

by Liu et a
provides an efficient route to these enantiomerically enriched propargylic alcohols. On the other
hand, the group of Guo used a combination of Cul and a chiral phosphine ligand to afford the

same class of compounds (Scheme 4.24).

ligand

R Bn
Y/ ; Os A, Ts
o Cul (5 mol%) Ho 7 5 Y\H
ligand (6 mol% N ! NH
RL@i/g:o . =R — ( ) > RLE o :
N Et;N (2 equiv.) Z >N ;
R! 'BuOMe, 40 °C R ; PPh;

up to 99% vyield
up to 94% ee

Scheme 4.24 Alkynylation of isatins using Cul and a chiral phosphine reported by Guo et al.®?

Following the work of Guo et al., we decided to test the performance of our chiral
phosphines as ligands in this asymmetric transformation (Scheme 4.25). In a first attempt, the
reaction between N-benzylisatin (55) and phenylacetylene (13) using the tert-butylsulfinyl PTA
35-2 as ligand did not work. In order to increase the reactivity, N-benzylisatin was functionalised
with a CF3 group (compound 56). In this case, using the same PTA derivative 35-2 as chiral ligand
the reaction did not work neither. However, the 35-1 diastereomer led to a high conversion

(66%), but unfortunately the product was racemic.

Ph .
L
Q Cul (5 mol%) Ho %(R)
PTA-based ligand (6 mol% ' Oy
0 + =—Ph gand (6 mo%) o HN™™"Bu
N Et3N (2 equiv.) N ! PS Ph
R Bn ‘BuOMe, 40 °C, 24 h & Bn : (( Ph
i NI_~N
V| AN
55,R = H 13 : "
56, R = CF5 : -
: B
: (R)
: Hn-S Bu
P (R—Ph
5 N(( \'|\l Ph
CF, Bn L | LN
58 ; 35-2
35-2, no reaction 35-2, no reaction

35-1, 66% conv., rac

Scheme 4.25 Alkynylation of isatins using the diastereomers of 35 as chiral ligands.
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Hydroboration of N-Boc/Ts-protected imines

In the last years, boron-containing molecules have become very interesting in the
pharmaceutical sector. Particularly, enantiopure a-amino boronic acids and esters have been
used as potential enzyme inhibitors and therapeutic agents;[eolthese properties have stimulated
a great deal of innovation on synthetic methods for their preparation.[sl] The addition of
bis(pinacolato) diboron [B,(pin),] reagent to imines catalysed by transition metal complexes is
the most efficient approach to afford these products. Ellman et al.l®? reported for the first time
the borylation of enantiopure N-(tert-butylsulfinyl)aldimines in a highly diastereoselective way
using catalytic amounts of (1,3-dicyclohexylimidazol-2-ylidene)copper(l) tert-butoxide
[CuO'Bu(ICy)] (Scheme 4.26a). Morken et al.®® also contributed in this field reporting a strategy
for the conversion of aldehydes to enantiomerically enriched a-amino boronates through the in
situ-generated N-silylimine intermediate. The addition of By(pin),, catalysed by a Pt(0)
phosphonite complex, occurs across the imine C=N double bond, leading to an intermediate that
can directly be acylated to give a large variety of N-acyl-a-amino boronic esters (Scheme 4.26b).
However, to simplify the process, Liao et al.l? recently provided a directly borylation of N-Boc-
protected imines, being in this case the N-Boc group easy to remove for synthetic purposes.
They used as catalytic precursor a mixture of CuCl and the chiral phosphine—sulfoxide ligand
proposing a bidentate coordination to copper through the sulphur and phosphorus atoms

(Scheme 4.26c).
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a) Ellman's approach
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Scheme 4.26 Representative metal-catalysed approaches to obtain N-acyl a-amino boronic esters: a) Ellman et
[62a] [63] . [25k]
al., b) Morken et al.,” c) Liao et al.

Based on the work of Liao’s group, we envisioned that our tert-butylsulfinyl PTA
derivative 35 and also the a-sulfinylphosphine 38, could act in a similar manner as the sulfoxide-
phosphine ligand used by Liao et al. For this reason, we tested the addition of B,(pin), to N-Boc
aldimine 59 using our ligands (Scheme 4.27). Full conversions were achieved using both
diastereomers of the tert-butylsulfinyl PTA derivative 35 as chiral ligands. The diastereomer 35-1
led to a racemic mixture of the a-amino boronic ester (60), whereas using the other
diastereomer 35-2 the enantioselectivity was 32% ee (in favour of the R enantiomer). Using the
two diastereomers of a-sulfinylphosphine 38, conversions were also complete, however the
asymmetric induction was very poor (less than 15% ee, in favour of the R enantiomer in both
cases). It should be noted that, due to the rearrangement that 38 can suffer at room
temperature to give 40 (see above), we cannot ensure that the ligand structure of 38 was

preserved during the catalysis.
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Scheme 4.27 Addition of B,(pin), to N-Boc aldimine (58) using our PTA-based ligands. (a) The desired reaction
product partially decomposes during chromatographic purification.

Fernandez et al.®”

provided an organocatalytic version to enantioselectively afford N-
acyl-a-amino boronic esters. The nucleophilic boron addition to N-tosylaldimines was conducted

in the presence of chiral phosphines as ligands (Scheme 4.28).

- . T
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Scheme 4.28 Addition of B,(pin), to N-tosylaldimines developed by Fernandez et al.l®¥
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With the conditions of this work, we tested also the performance of our PTA derivatives

as organocatalysts (Scheme 4.29). Unfortunately, the process did not work.

~Is AIs
N

Ba(pin); HN

> o
ph)l\H MeOH, Cs,CO3 Ph/*kBpin
chiral phosphine (4 mol%)

61 THF, 45 °C 62

35-1

no reaction

Scheme 4.29 Organocatalysed addition of B,(pin), to N-tosylaldimine 60.

4.3 Summary and outlook

In this chapter, we have prepared the first enantiomerically pure PTA-based compounds.
The PTA cage has been functionalised in the upper-rim methylene position, generating a
stereogenic carbon centre in alpha position to the phosphorus atom. This ligand topology permit
the mono- or bidentate coordination to a metal centre giving chiral metal-based catalytic

precursors or the coordination to a substrate acting, in this case, as an organocatalyst.

The preparation of the enantiopure PTA-based B-phosphino alcohol (26) and PB-
phosphino sulfinamide (35) was successfully optimised obtaining both derivatives in good yields.
The strategy to prepare both PTA-based derivatives consists on the selective lithiation of PTA to
afford the nucleophilic PTA-Li that reacts with benzaldehyde or an enantiopure tert-

butylsulfinylimine, respectively, to render the desired compounds.

The a-sulfinylphosphine PTA derivative (38) was also synthesised and fully characterised.
In this case, the reaction outcome changed with respect to the previous imine. Whereas the
addition of PTA-Li to an enantiopure tert-butylsulfinylimine proceeded on the C=N double bond,
the addition to a p-tolylsulfinylimine went on the S=0 moiety (nucleophilic addition plus
elimination). We tried to optimise the preparation of this interesting PTA derivative using as
electrophile enantiopure menthyl p-tolylsulfinate but the yields did not improve. Unfortunately,
these compounds were found to be unstable, suffering from an unexpected rearrangement

leading to a racemic thioether phosphine oxide (40), as we could prove by X-ray diffraction.
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The cleavage of the tert-butylsulfinyl auxiliary group of B-phosphino sulfinamide (35)
permitted the preparation of an enantiopure PTA-based primary aminophosphine (42) and from
the last one, a PTA-based thiourea (44). These derivatives could be potential organocatalysts for

asymmetric reactions. The preparation of both derivatives should be optimised in the future.

Although most of this part of the PhD project was devoted to the synthesis, we also
tested the chiral PTA derivatives as ligands or organocatalysts in some model asymmetric
transformations. The B-phosphino alcohols gave good conversions in the organocatalysed MBH
reaction, however they did not induce enantioselectivity. tert-Butylsulfinyl PTA derivatives gave
lower conversions in this reaction, probably due to the higher steric hindrance. The
organocatalysed aziridination using our tert-butylsulfinyl PTA derivatives or the primary
aminophosphine did not work. The a-amination reaction was tested using the tert-butylsulfinyl
PTA derivatives as organocatalysts and also as ligands in the presence of a copper(ll) salt. Good
conversions were obtained in the last case, whereas the enantioselectivity was very low. It could
be interesting in this case to carry out a screening of conditions and metal salts added as Lewis
acids in order to improve the results. The alkynylation of one 7-CFs-substituted isatin worked
only using one of the diastereomers of tert-butylsulfinyl PTA derivative leading to a racemic
mixture. Finally, one of the most promising results was obtained in the Cu-catalysed
hydroboration of N-Boc-protected imines using tert-butylsulfinyl PTA derivatives as ligands. This

reaction should be studied deeply to try to improve the results.

Following our objective, that is to use these molecules in glycerol medium, solubility
tests should be done in the future. If, like PTA, they are not soluble in this solvent, they could be
N-alkylated as commented in the introduction in order to make them soluble by formation of

the corresponding quaternary ammonium salts.

4.4 Experimental section
General

All manipulations were performed using standard Schlenk techniques under argon atmosphere

unless otherwise noted.

Commercially available compounds (except benzaldehyde) were used without previous

purification. Benzaldehyde was distilled prior to be used.

182



Preparation of new enantiopure PTA-based derivatives. Some applications in enantioselective catalysis.

NMR spectra were recorded in CDCl; (unless otherwise cited) using a Fourier 300 MHz Bruker, a
Bruker Avance 400 Ultrashield or a Bruker Avance 500 Ultrashield apparatus at 298 K. "H NMR
(400 or 500 MHz) chemical shifts are quoted in ppm relative to tetramethylsilane (TMS).
Chemical shifts are given in d and coupling constants in Hz. B3¢ NMR spectra (100 or 125 MHz)
are decoupled from 'H and the chemical shifts are quoted in ppm relative to CDCl5 (d = 77.16).
*'p NMR spectra (162 or 202 MHz) are decoupled from 'H and the chemical shifts are quoted in

ppm relative to 85% phosphoric acid in water.

Mass Spectrometry was measured on a Fisons V6-Quattro instrument, high resolution mass
spectra by using electrospray ionisation (ESI) method were obtained on a Waters LCT Premier

Instrument.

IR spectra were recorded on a Bruker Tensor 27 FT-IR spectrometer and are reported in
wavenumbers (cm™). Neat samples were measured by using infrared spectroscopy under

attenuated transmission reflectance (ATR) mode.

Flash chromatography was carried out using 60 (230-400 mesh) silica gel and dry-packed
columns or with a Teledyne Isco CombiFlash® system equipped with UV detector. Thin layer
chromatography was carried out using Merck TLC Silicagel 60 F254 aluminum sheets.
Components were visualized by UV light (A = 254 nm) and stained with KMnO,,

phosphomolybdic or cerium ammonium molybdate (CAM) dip.

High performance liquid chromatography (HPLC) was performed on Agilent Technologies
chromatographs (Series 1100 and 1200), using columns with chiral stationary phases and guard

columns. The next Daicel® chiral HPLC columns were used: IC, AD-H, AS-H.

GC analyses were carried out on an Agilent GC6890 with a flame ionization detector (FID) using

Supelco® Beta-Dex 120 column.

Optical rotations were measured on a Jasco P-1030 polarimeter under ambient temperature by

using sodium D line at 589 nm.

Melting points were measured in open capillaries on a Biichi B-540 instrument and are

uncorrected.
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X-Ray Diffraction Analyses have been carried out on a Bruker-AXS APEX Il Quazar diffractometer
in the X-Ray service of Institut de Chimie de Toulouse and on a Bruker Kappa APEX Il DUO

diffractometer in the X-Ray Diffraction Unit of ICIQ.
Experimental procedures and characterization of organic compounds

Experimental procedure for the preparation of the B-phosphino alcohol PTA derivative

n-Buli, 2.5 M solution in hexanes, (1.5 mL, 3.7 mmol) was syringed dropwise at room
temperature over a suspension of dried PTA (589 mg, 3.7 mmol) in anhydrous THF (29 mL), over
the course of 5 min under Ar atmosphere. The mixture was then left stirring for 5 h. After this
period, a white solid corresponding to PTA-Li (highly pyrophoric) precipitated at the bottom of
the Schlenk flask. A solution of freshly distilled benzaldehyde (0.25 mL, 2.5 mmol) in anhydrous
THF (21 mL) was placed in a bath at =78 °C. The benzaldehyde solution was slowly syringed over
the reaction mixture also cooled to —78 °C. The solution was stirred at this temperature for 15
min and after this time, the reaction was allowed to warm to room temperature and stirred
overnight under Ar atmosphere. Afterwards, the reaction was warmed up at 0 °C and then,
guenched with degassed water (1.3 mL) followed by stirring the solution for 1 h. The solvent was
evaporated resulting in an orange and sticky solid. 'H and *'p NMR analyses of the crude mixture
allowed determining the diastereomeric ratio to be 52:48. The crude product was purified by
silica gel column chromatography (CombiFlash® system, 24 g SiO, cartridge, 1st eluent: 90:10
MeCN/EtOH, 2nd eluent: 80:20 MeCN/EtOH) affording 273 mg (41% isolated yield) of the first
eluting diastereomer and 298 mg (45% isolated yield) of the second eluting diastereomer both

as white and foamy solids.

The mixture was separated by preparative chiral supercritical fluid chromatography (SFC).
Method: DAICEL Chiralcel OJ-H 5 um (4.6 x 250) mm, scCO,/MeOH/HNEt, 90:10:0.1, 4 mL/min,
35 °C, 210 nm. The retention times were 2.0 min, 2.3 min, 3.6 min and 7.3 min. Starting from a
racemic mixture of diastereomers of 560 mg, the separation afforded 59 mg of (S,R)-26, 29 mg

of (R,S)-26, 44 mg of (8,5)-26 and 77 mg of (R,R)-26.
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HO HO
L g
LN/ LN

(S,R/R,S)-26
(R)-[(6S)-1,3,5-Triaza-7-phosphaadamantan-6-yl](phenyl)methanol

(S)-[(6R)-1,3,5-Triaza-7-phosphaadamantan-6-yl](phenyl)methanol
White solid; Ry = 0.24 (1:1 MeCN/EtOH); mp = 148.7-150.2 °C.
'H NMR (400 MHz, CDCl3): 6 3.75-3.89 (m, 3H, PCHN, PCH,H.N and PCH,H,N), 4.09 (ddd, 1H, “Jup
= 14.3, “Jyy = 11.8 and “Juy = 1.8, PCH.H.N), 4.25 (dddd, 1H, e = 15.1, “Jun = 8.9, “Jun = 3.7 and
*Jun = 1.6, PCHHuN), 4.37 (bd, 1H, 2Jun = 13.4, NCH.H.N), 4.45 (ddd, 1H, “Juy = 13.1, Yy = 2.4 and
“Jun = 2.4, NCHuHuN), 4.42-4.46 (m, 2H, NCHHN and NCH.HN), 4.67 (dd, 1H, “Jun = 13.1 and “Jyy
= 1.8, NCHyH,N), 5.01 (ddd, 1H, 2y = 13.4, Yy = 2.3 and “Jun = 2.3, NCH.H.N), 5.23 (dd, 1H, *Juy
= 8.6, *Jyp = 4.5, CHOH), 7.30=7.51 (m, 5H, Hy,).
3C NMR (125 MHz, CDCl5): & 48.4 (d, "Jep = 24.0, PCH,H,N), 51.5 (d, “Jep = 19.9, PCH,H.N), 65.7 (d,
"Jep = 23.6, PCHN), 67.8 (d, *Jep = 3.5, NCH,H.N), 74.0 (d, *Jep = 2.6, NCHHN), 76.7 (NCH,H,N),
77.9 (d, %Jep = 6.7, CHOH), 126.3 (d, “Jep = 3.2, 0-CHa,), 128.0 (CHy,), 128.5 (CHy,), 143.1 (d, *Jep =
1.8, Ca).
3'p NMR (162 MHz, CDCl3): 6 —=100.3 (s).
IR absorption (neat): v 3254 (O-H), 1600 (Ca=Ca/).
HRMS (ESI*): m/z [M+H]" calcd for C13H19N3OP 264.1260 found 264.1259.

HO HC\J(R)
(S)
PLANE, PR by
LN/ LN~/

(5,5/R,R)-26
(S)-[(6S)-1,3,5-Triaza-7-phosphaadamantan-6-yl](phenyl)methanol

(R)-[(6R)-1,3,5-Triaza-7-phosphaadamantan-6-yl](phenyl)methanol
White solid; Ry = 0.26 (1:1 MeCN/EtOH)
'H NMR (400 MHz, CDCl3): & 3.63 (bdd, *Jy = 11.0 and “Jyp = 6.3, 1H, PCHN), 3.72 (dddd, 1H, “Jup
=15.1, Jyn = 12.2, Yun = 3.4 and = 2.1, PCH,H,N), 3.90 (dddd, 1H, *Jyp = 15.3, *Juy = 10.7, Yy
= 2.2 and “Jy = 2.2, PCH,H,N), 4.05 (ddd, 1H, *Jye = 14.7, 2y = 12.2, and “Juy = 1.9, PCH,H,N),
4.04-4.17 (m, 1H, PCH,HuN), 4.45-4.59 (m, 3H, NCH,H.N, NCH,HpN and NCH.H:N), 4.63 (bd, 1H,
2Jun = 13.4, NCHuH,N), 4.79 (ddd, 1H, Yy = 13.7, “Juy = 2.4 and “Juy = 2.4, NCH,H.N), 4.91 (bdd,
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1H, “Jun = 13.2 and *Jy = 1.5, NCHHCN), 5.18 (dd, 1H, *Juy = 11.0 and *Jyp = 3.5, CHOH), 7.31-7.50
(m, 5H, Ha,)

3C NMR (125 MHz, CDCl5): & 47.3 (d, "Jep = 24.4, PCH,H,N), 50.8 (d, “Jep = 21.4, PCH,H.N), 65.6 (d,
YJep = 21.5, PCHN), 66.4 (d, *Jep = 2.7, NCH.H,N), 71.5 (d, “Jep = 15.1, CHOH), 74.1 (d, *Jep = 2.6,
NCHuHuN), 76.2 (NCHHCN), 127.5 (d, *Jep = 3.2, 0-CHar), 128.3 (CHa,), 128.4 (CHy,), 140.4 (d, *Jep =
1.7, Cay)

3'p NMR (162 MHz, CDCl5): 6 — 103.4 (s).

IR absorption (neat): v 3210 (O-H), 1601 and 1585 (Ca=Ca).

HRMS (ESI"): m/z [M+H]" calcd for C13H19N3OP 264.1260 found 264.1259.

)Ph
s),
N” "“CHj

Ph Ph
29

(S)-N-(Diphenylmethylene)-1-phenylethylamine

The product was prepared according to the literature procedure[esl and isolated as an oil in 42%
isolated yield (1.20 g, 4.20 mmol). The spectroscopic data matched with those reported in the
literature.®®
'H NMR (500 MHz, CDCls): & 1.47 (d, *Jun = 6.5, 3H, CHs), 4.54 (q, *Jun = 6.5, 1H, CH), 7.10-7.15
(m, 2H, Hy), 7.18-7.23 (m, 1H, Hy), 7.27-7.38 (m, 7H, Ha(), 7.41-7.48 (m, 3H, Ha,), 7.64-7.69 (m,
2H, Hp).
BC NMR (125 MHz, CDCl3): & 25.0 (CHs), 61.4 (CH), 126.5 (CHy,), 126.6 (CHy,), 127.7 (CHy,), 128.0
(CHar), 128.3 (CHar), 128.3 (CHar), 128.4 (CHp,), 128.5 (CHp,), 129.8 (CHp/), 137.1 (Ca), 140.0 (Car),
146.1 (Ca), 166.0 (C=N).

Ph
e

Ph H
31

“CHjs

(S)-N-Benzylidene-1-phenylethylamine
The product was prepared according to the literature procedure[%] and isolated as an oil in 99%
yield (2.09 g, 9.98 mmol). The following spectroscopic data matched with those reported in the

literature.®®
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'H NMR (400 MHz, CDCl3): 6 1.59 (d, 3JHH = 6.6, 3H, CHs), 4.54 (q, 3./HH = 6.6, CH), 7.20-7.26 (m,
1H, Hpl), 7.29-7.37 (m, 2H, Hy,), 7.37-7.47 (m, 5H, Ha), 7.74-7.81 (m, 2H, Hy.), 8.36 (s, 1H,
CH=N).
3¢ NMR (100 MHz, CDCl3): 6 25.0 (CHs), 69.8 (CH), 126.8 (CHa/), 126.9 (CH,), 128.4 (CHp,), 128.5
(CHA), 128.6 (CHar), 130.7 (CHa), 136.6 (Car), 145.3 (Ca/), 159.6 (C=N).

R)9

(N'S'tBu

Ph Ph
34

(R)-N-(Diphenylmethylene)-tert-butylsulfinamide
The product was prepared according to the literature proceduremb] and isolated as a white-
yellowish solid in 61% yield (2.89 g, 10.13 mmol).
R = 0.24 (1:4 EtOAc/cyclohexane); mp = 105.3-106.1 °C; [a.]p>° = =103.9 (c 1.01, CHCl5)
'H NMR (500 MHz, 328 K, CDCls): 6 1.33 (s, 9H, ‘Bu), 7.36-7.48 (m, 4H, H,), 7.48-7.74 (m, 6H,
Har).
3C NMR (125 MHz, 328 K, CDCl3): 6 22.3 [S(=0)C(CHs)3], 56.8 [S(=0)C(CH3)s], 128.1 (CHy,), 129.0
(CHar), 130.8 (CHa), 137.5 (Car), 179.1 (C=N).
IR absorption (neat): v 1584 (Ca=Ca), 1565 (C=N), 1087 and 1073 (S=0).
HRMS (ESI*): m/z [M+H]" caled for C17H,0NOS 286.1260, found 286.1258.

Experimental procedure for the preparation of the B-N-tert-butylsulfinyl PTA derivative

n-Buli, 2.5 M solution in hexanes, (1.8 mL, 4.5 mmol) was syringed dropwise at room
temperature over a suspension of dried PTA (707 mg, 4.5 mmol) in anhydrous THF (35 mL), over
the course of 5 min under Ar atmosphere. The mixture was then left stirring for 5 h. After this
period, a white solid corresponding to PTA-Li (highly pyrophoric) precipitated at the bottom of
the Schlenk flask. To that suspension, a solution of dried chiral imine 34 (856 mg, 3 mmol) in
anhydrous THF (26 mL) was slowly syringed at room temperature. The reaction mixture was
stirred overnight at room temperature under Ar atmosphere. Afterwards, the reaction was
cooled down at 0 °C and then, quenched with 1.5 mL of degassed water followed by stirring the
solution for 1 h. The solvent was evaporated resulting in a yellowish and sticky solid. ‘H and 3p
NMR analyses of the crude mixture allowed determining the diastereomeric ratio to be 53:47.
The crude product was purified by silica gel column chromatography (CombiFlash® system, 40 g

SiO, cartridge, 1st eluent: MeCN, 2nd eluent: 90:10 MeCN/EtOH, 3rd eluent: 50:50 MeCN/EtOH)
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affording 534 mg (40% isolated yield) of the 1st eluting diastereomer and 626 mg (47% isolated
yield) of the 2nd eluting diastereomer both as white and foamy solids.
(R(R)
S Bu

(R)-N-[(6S)-1,3,5-Triaza-7-phosphaadamantan-6-yldiphenylmethyl]-tert-butylsulfinamide
Foamy white solid; Rf=0.31 (1:1 MeCN/EtOH); mp = 83.2-86.0 °C; [oc]D25 =-40.2 (c 1.03, CHCls).
'H NMR (400 MHz, CDCl3): & 1.08 (s, 9H, ‘Bu), 3.18 (bdd, 1H, *Juy = 13.8 and “Jyp = 13.8, PCHH.N),
3.53 (bdd, 1H, *Juy = 13.8 and *Jyp = 13.8, PCH,H.N), 3.66 (ddd, 1H, “Juy = 13.9, “Jun = 2.2 and
=2.2, NCH,H,N), 3.98-4.10 (m, 2H, NCH,H,N and PCH,H,N), 4.14 (ddd, 1H, Yy = 14.1, e = 14.1
and “Jun = 2.1, PCHHLN), 4.36 (ddd, 1H, 2Juw = 13.3, Y= 2.4 and “Jy = 2.4, NCH,H,N), 4.36 (bd,
1H, 2Jun = 13.3, NCHyHuN), 4.71 (ddd, 1H, “Juy = 13.2, “Juy= 2.3 and “Jup = 2.3, NCHH:N), 4.84 (bd,
1H, “Jun = 13.2, NCH.H N), 4.88 (bs, 1H, PCHN), 5.88 (d, 1H, “Jup = 2.3, NH), 7.29-7.36 (m, 5H, Hx),
7.36-7.45 (m, 3H, Hy,), 7.67-7.76 (M, 2H, Hay,).

B3C NMR (125 MHz, CDCls): & 22.6 [S(=0)C(CHs)s], 47.1 (d, “Jep = 25.7, PCH,N), 52.9 (d, Yep = 21.5,
PCH;N), 56.3 [S(=0)C(CHs)3], 66.5 (d, *Jep = 3.0, NCH;N), 67.0 (d, “Jep = 26.0, PCHN), 69.6 (d, “Jep =
10.4, CPh,), 74.4 (d, *Jep = 2.5, NCH,N), 79.6 (s, NCH,N), 127.9 (CHa,), 128.0 (CHp,), 128.1 (CHa),
129.3 (CHpy), 130.21 (CHpa,), 130.25 (CHa,), 142.2 (Car), 142.7 (Cay).
3'p NMR (162 MHz, CDCl3): 6 =97.5 (s).
IR absorption (neat): v 3241 (N-H), 1599 (Ca=Ca,), 1055 (S=0).
HRMS (ESI"): m/z [M+H]" calcd for C,3H3,N4OPS 443.2029, found 443.2034.

0

ALY (R)
HN"" “Bu

(R)-N-[(6R)-1,3,5-Triaza-7-phosphaadamantan-6-yldiphenylmethyl]-tert-butylsulfinamide
Foamy white solid; R = 0.25 (1:1 MeCN/EtOH); mp = 118.1-120.3 °C; [oa]D24 =-178.3 (c 1.04,
CHCIls).
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'H NMR (500 MHz, CDCl3): & 1.25 (s, 9H, ‘Bu), 3.31 (bdd, 1H, *Juy = 15.1 and “Jup = 9.9, PCHH.N),
3.51-3.62 (m, 2H, PCH.H.N and NCH,H,N), 4.09-4.16 (m, 3H, PCH,H,N and NCH.H,N), 4.38 (ddd,
1H, %Juy = 13.2, Yy = 2.1 and “Jpy =2.1, NCH,H,N), 4.48 (bd, 1H, Yy = 13.2, NCHHoN), 4.74 (bd,
1H, 2Jun = 12.9, NCH.H.N), 4.80 (ddd, 1H, “Juy = 12.9, “Jun = 2.5 and “Juy =2.5, NCHHN), 5.06 (bs,
1H, PCHN), 6.33 (bs, NH), 7.29-7.41 (m, 8H, Hy,), 7.43-7.54 (m, 2H, Ha).

3C NMR (100 MHz, CDCls): & 23.0 [S(=0)C(CHs)s], 47.1 (d, “Jep = 24.9, PCH,N), 52.7 (d, Yep = 19.9,
PCH;N), 55.9 [S(=0)C(CHs)3], 65.2 (d, YJep = 30.0, PCHN), 66.8 (d, *Jep = 2.7, NCH;N), 67.7 (d, “Jep =
6.6, CPh,), 74.5 (d, *Jep = 2.2, NCH,N), 78.4 (s, NCH,N), 127.6 (CHa,), 127.9 (CHa,), 128.1 (CHay),
128.3 (CHpr), 130.3 (CHa,), 130.4 (x 2; CHa,), 140.9 (Ca,), 145.9 (Cay).

3'p NMR (202 MHz, CDCl3): 6 —90.1 (s).

IR absorption (neat): v 3162 (N-H), 1597 (Ca=Ca,), 1056 (S=0).

HRMS (ESI*): m/z [M+H]" calcd for C,3H3,N4OPS 443.2029, found 443.2038.

(S)g
Nf
I ©\CH3

Ph Ph

37

(S)-N-(Diphenylmethylene)-p-tolylsulfinamide
The product was prepared according to the literature procedure[67] and isolated as a white solid
in 28% vyield (579 mg, 1.81 mmol). The spectroscopic data matched with those reported in the
literature.*®
'H NMR (500 MHz, CDCls): & 2.38 (s, 3H, CHs), 7.14=7.30 (m, 3H, Hy), 7.31-7.58 (m, 7H, Ha,),
7.58-7.62 (m, 2H, Hy), 7.63—7.89 (m, 2H, Hx,).
3C NMR (100 MHz, CDCl3): & 21.6 (CHs), 125.4 (CHa,), 128.3 (CHp/), 128.4 (CHa,), 129.8 (CHal),

130.0 (CHa/), 142.3 (x2, Ca/), 143.9 (Ca), 176.1 (C=N).

Experimental procedure for the preparation of the a-p-tolylsulfinyl PTA derivative

n-Buli, 2.5 M solution in hexanes, (1.8 mL, 4.5 mmol) was syringed dropwise at room
temperature over a suspension of dried PTA (707 mg, 4.5 mmol) in anhydrous THF (35 mL), over
the course of 5 min under Ar atmosphere. The mixture was then left stirring for 5 h. After this
period, a white solid corresponding to PTA-Li (highly pyrophoric) precipitated at the bottom of
the Schlenk flask. To that suspension, a solution of dried (1R,2S,5R)-menthyl (S)-p-
toluenesulfinate (883 mg, 3.0 mmol) in anhydrous THF (26 mL) was slowly syringed at room

temperature. The reaction mixture was stirred overnight at room temperature under Ar
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atmosphere. Afterwards, the reaction was cooled down at 0 °C and then, quenched with
degassed water (1.5 mL) followed by stirring the solution for 1 h. The solvent was evaporated
resulting in a yellowish and sticky solid. 'H and *'p NMR analyses of the crude mixture allowed
determining the diastereomeric ratio to be 79:21. The crude product was purified by silica gel
column chromatography (CombiFlash® system, 40 g SiO, cartridge, 1st eluent: MeCN, 2nd
eluent: 90:10 MeCN/EtOH, 3rd eluent: 85:15 MeCN/EtOH) affording 188 mg (21% isolated yield)
of the first eluting diastereomer and 77 mg (9% isolated yield) of the second eluting

diastereomer both as white and foamy solids.

38-1
(S)-6-[(S)-p-Tolylsulfinyl]-1,3,5-triaza-7-phosphaadamantane

White solid; Ry = 0.27 (1:1 MeCN/EtOH); mp = 64.7-66.8 °C (decomp.); [OL]D25 = -81.8 (c 0.87,

CHCls).

'H NMR (500 MHz, CDCl3): § 2.43 (s, 3H, CHs), 3.74-3.83 (m, 1H, PCH.H,N), 3.84-3.93 (m, 1H,

PCHyH,N), 4.16 (ddd, 1H, *Jup = 16.6, Jyy = 14.5 and “Juy = 2.2, PCH,H.N), 4.42 (ddd, 1H, “Ju =

13.3, “un = 2.4 and “Juy = 2.4, NCH.H,N), 4.50 (ddd, 1H, “Juy = 13.3, YUy = 2.2 and “Juy = 2.2,

NCHpH,N), 4.52—4.63 (m, 3H, NCHHuN, NCHH:N and PCHyH,N), 4.75 (bd, 1H, *Jyp = 7.4, PCHN),

4.79 (bdd, 1H, “Jun = 13.3 and “Jyy = 2.0, NCH.H,N), 5.33 (ddd, 1H, 2y = 13.7, “Jun = 2.5 and “Jpy =

2.5, NCH:H(N), 7.31-7.39 (m, 2H, m-Hy), 7.58=7.64 (m, 2H, 0-Hy,).

BC NMR (125 MHz, CDCl3): & 21.5 (CHs), 48.8 (d, “Jep = 24.7, PCHuHuN), 51.9 (d, Yep = 23.2,

PCH.H.N), 68.8 (d, *Jcp = 2.8, NCH:H.N), 73.6 (d, *Jcp = 2.6, NCH,H,N), 76.8 (NCH,H.N), 86.9 (d, “Jep

= 39.5, PCHN), 124.5 (d, “Jep = 2.3, 0-CHa,), 129.8 (m-CHy,), 139.1 (d, *Jep = 1.9, Ca=S), 141.8

(Car—CHs).

3'p NMR (202 MHz, CDCl3): 6 —106.1 (s).

IR absorption (neat): v 1595 (Ca=Ca/), 1032 and 1011 (S=0).

HRMS (ESI"): m/z [M+Na]" calcd for C13H15N3sNaOPS 318.0800, found 318.0815.
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38-2
(R)-6-[(S)-p-Tolylsulfinyl]-1,3,5-triaza-7-phosphaadamantane

White solid; Ry = 0.22 (1:1 MeCN/EtOH); mp = 87.6—-89.7 °C (decomp.); [on]D25 = +146.5 (c 0.97,

CHCls).

'H NMR (500 MHz, CDCl3): & 2.44 (s, 3H, CHs), 3.79-3.87 (m, 1H, PCH,H.N), 3.93 (dddd, 1H, “Jyp =

15.0, “Jun = 12.6, “Jun = 2.2 and “Juy = 2.2, PCHLHLN), 4.15 (ddd, 1H, *Jup = 16.5, Jyy = 14.1 and “Juy

= 2.2, PCH,H.N), 4.28-4.36 (m, 1H, PCHyH,N), 4.44 (ddd, *Jus = 13.5, “Juu = 2.3 and “Ypy = 2.3,

NCH,H.N), 4.50-4.57 (m, 2H, NCH,H,N and NCHHN), 4.60 (bd, 1H, *Ju = 13.5, NCH,H,N), 4.73

(bd, 1H, *Jyp = 6.7, PCHN), 4.85 (dd, 1H, *Juy = 13.5 and “Jyy = 1.8, NCH.H.N), 5.19 (ddd, 1H, 2y =

13.9, “Jy = 2.4 and “Juy = 2.4, NCH.H(N), 7.32-7.40 (m, 2H, m-Hy,), 7.61-7.68 (m, 2H, 0-Hax,).

BC NMR (125 MHz, CDCl3): & 21.6 (CHs), 47.8 (d, “Jep = 23.5, PCHuHuN), 51.5 (d, Yep = 24.3,

PCH.H.N), 68.3 (d, *Jcp = 2.8, NCH:H.N), 73.6 (d, *Jcp = 2.8, NCH,H,N), 76.5 (NCH,H.N), 83.9 (d, “Jep

= 34.9, PCHN), 125.8 (d, “Jep = 3.7, 0-CHa,), 129.8 (m-CHy,), 137.5 (d, *Jp = 3.5, Ca=S), 142.4

(Car—CHs).

3'p NMR (202 MHz, CDCl3): 6 —=102.6 (s).

IR absorption (neat): v 1595 (Ca=Ca;), 1032 and 1012 (S=0).

HRMS (ESI"): m/z [M+Na]" calcd for C13H15N3NaOPS 318.0800, found 318.0793.

?
pP_ S
A s

40
6-(p-Tolylthio)-1,3,5-triaza-7-phosphaadamantane 7-oxide

Obtained during the crystallisation process (slow evaporation of a dichloromethane solution) as
a white-yellowish solid.

[a]p?® =~29.3 (c 1.00, CHCl5).

'H NMR (400 MHz, CDCl3): 6 2.33 (s, 3H, CHs), 3.70-3.84 (m, 2H, PCH,H.N and PCH,HyN), 3.94
(ddd, 1H, *Jup = 15.3, “Jun = 8.5 and “Juy = 2.1, PCH,H,N), 4.03-4.20 (m, 4H, PCH,H,N, NCH.H.N,
NCHyHpN and NCHHN), 4.38 (bd, 1H, *Juy = 13.8, NCH.H,N), 4.51 (dd, 1H, *Juy = 13.8 and “Juy =
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1.8, NCH,HuN), 4.94 (ddd, 1H, 2Juy = 14.0, “Ju = 2.5 and “Jyy = 2.5, NCHHN), 5.14 (dd, 1H, *Jyp =
10.6 and “Juy = 3.0, PCHN), 7.10-7.16 (m, 2H, Ha,), 7.43-7.48 (m, 2H, Hay,).

BC NMR (125 MHz, CDCls): & 21.2 (CHs), 53.1 (d, “Jep = 53.2, PCH.H.N), 56.7 (d, YJep = 48.9,
PCHuHbN), 65.2 (d, *Jep = 10.6, NCH.HCN), 72.9 (d, *Jep = 9.1, NCH,H.N), 73.1 (d, Ycp = 46.6, PCHN),
73.9 (d, *Jep = 6.7, NCHpH,N), 130.0 (CHgy), 132.7 (CHa,), 138.5 (x2, Car).

3'p NMR (162 MHz, CDCl5): 6 =7.00 (s).

Experimental procedure for the preparation of primary B-aminophosphine PTA derivative

HCI, 4 M solution in 1,4-dioxane, (0.1 mL, 0.36 mmol) was syringed dropwise under Ar
atmosphere over a solution of 35-2 in anhydrous MeOH (1.2 mL) previously cooled down to 0 °C.
The mixture was then left stirring for 3 h allowing the solution to reach room temperature. The
solvent was evaporated resulting in a white solid. This solid was diluted in water (4 mL) and the
solution was washed with Et;0 (3 x 5 mL) in order to eliminate the methyl tert-butylsulfinate
generated as reaction byproduct. The water was eliminated under reduced presure affording the
corresponding hydrochloride 41 as a white solid. 'H and *p NMR analyses in MeOH-d, allowed

determining the formation of this species.

The hydrochloride 41 was dissolved in anhydrous MeOH (2 mL) under Ar atmosphere. PS-DBU,
polymer-bound 1.8 mmol/g, (0.55 mmol, 303 mg) was placed in another Schlenk flask equipped
with a stirring bar and anhydrous CH,Cl, (2 mL) was added over it. The corresponding suspension
was stirred 5 min at room temperature. The hydrochloride solution was syringed dropwise over
the PS-DBU suspension and the mixture was stirred for 4 h at room temperature. The solution
was filtered with a cannula washing the PS-DBU with anhydrous CH,Cl, (3 x 2 mL). The solvent

was evaporated and the corresponding primary amine 42 was obtained as a foamy white solid.

NH,
. Ph
|/(P Ph
NI_-N
LNV
42

[(6S)-1,3,5-Triaza-7-phosphaadamantan-6-yl]Jdiphenylmethanamine
Isolated in around 86% chemical purity.
'H NMR (400 MHz, CDCls): 6 2.35 (bd, 2H, NH,), 3.42—-3.53 (m, 1H, PCH,H.N), 3.56-3.66 (m, 1H,
PCH.H.N), 4.01 (dddd, 1H, *Jup = 14.8, “Juy = 9.6, “Juy = 1.7 and “Juy = 1.7, PCH,H,N), 4.08-4.18
(m, 2H, PCHuH,N and NCH H,N), 4.31-4.42 (m, 2H, NCH,H.N and NCH,HyN), 4.47 (bd, 1H, 2JHH =
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13.1, NCHyH,N), 4.51-4.55 (m, 1H, PCHN), 4.61 (ddd, 1H, “Juy = 13.1, “Juy = 2.4 and *Jy = 2.4,
NCHH:N), 4.77 (d, 1H, *Jyy = 13.1, NCH.H N), 7.18-7.40 (m, 8H, Ha,), 7.45-7.52 (m, 2H, Ha).
3C NMR (100 MHz, CDCl3): 6 47.9 (d, "Jep = 25.1, PCH.H.N), 52.9 (d, Yep = 20.1, PCHLH,N), 64.9 (d,
’Jp = 8.2, CPh3), 66.6 (d, Yep = 25.9, PCHN), 67.0 (NCH,H.N), 74.6 (NCHoH,N), 79.4 (NCHHN),
126.9 (CHa,), 127.1 (CHa,), 127.6 (CHy/), 127.9 (CHa,), 128.1 (CHa,), 128.5 (CHy), 147.4 (Ca,) 147.9
(Car)-
3'p NMR (162 MHz, CDCl3): 6 —94.5 (s).
IR absorption (neat): v 3346 and 3281 (N—H), 1597 and 1579 (Ca=Ca).
Ph
et
NLNJN

N
£ “CH3
43

(S)-3-Methyl-10,10-diphenyl-2,3,4,6,10,10a-hexahydro-1,5-methanoimidazo[1,5-

e][1,3,5,7]triazaphosphocine

Isolated in around 95% chemical purity.

'H NMR (400 MHz, CDCls): 6 1.95 (s, 3H, NCHs), 2.24 (ddd, 1H, *Jup = 15.9, “Juu = 14.8 and “Jy =
1.6, PCH,H.N), 2.50-2.60 (m, 1H, PCH.H.N), 3.30-3.36 (m, 1H, NCH.H.N), 3.43-3.51 (m, 1H,
PCHyH,N), 3.59 (ddd, 1H, *Jup = 15.4, *Jyy = 9.8 and “Juy = 2.5, PCHuHuN), 3.91 (d, 1H, *Juy = 11.7,
NCH,H.N), 4.75 (d, 1H, “Ju = 13.8, NCHpHpN), 4.99 (d, 1H, un = 13.8, NCH,H,N), 5.10 (bd, 1H,
?Jup = 20.5, PCHN), 7.19-7.38 (m, 6H, Ha,), 7.46=7.53 (m, 2H, Hy,), 7.54-7.60 (m, 2H, Hya,), 7.84 (s,
1H, NCHN).

3C NMR (100 MHz, CDCl3): 6 45.1 (d, *Jep = 2.2, NCH3), 47.2 (d, Yep= 17.0, PCHpH,N), 50.1 (d, Yep
= 22.9, PCH.H,N), 64.9 (d, “Jep = 33.9, PCHN), 67.0 (NCH,H,N), 76.9 (NCH.H,N), 80.1 (CPh,), 126.0
(x 2, CHay), 127.7 (d, *Jep = 4.2, 0-CHp,), 128.2 (CHa,), 128.5 (d, “Jep = 3.2, 0-CHa,), 128.7 (CHa),
141.4 (Ca,), 145.9 (Ca), 155.6 (NCHN).

3'p NMR (162 MHz, CDCl3): 6 =70.3 (s).

IR absorption (neat): v 1597 (C=N), 1576 (Ca=Ca/).

HRMS (ESI"): m/z [M+H]" calcd for CyoH,4N4P 351.1733, found 351.1729.

Experimental procedure for the preparation of the thiourea PTA derivative

The primary amine was dissolved in anhydrous CH,Cl, (1 mL) under Ar atmosphere. 3,5-

Bis(trifluoromethyl)phenyl isothiocyanate was added dropwise at room temperature. The
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reaction mixture was stirred overnight. After this period, the solvent was evaporated. The crude
product was purified by silica gel column chromatography (CombiFlash® system, 4 g SiO;
cartridge, 1st eluent: MeCN, 2nd eluent: 90:10 MeCN/EtOH, 3rd eluent: 50:50 MeCN/EtOH)

affording 8 mg (7% isolated yield) of the desired product as white and foamy solid.
FsC

S CF;

45

1-[(6S)-1,3,5-Triaza-7-phosphaadamantan-6-yldiphenylmethyl]-3-[3,5-
bis(trifluoromethyl)phenyl]thiourea

White solid; Ry = 0.46 (1:1 MeCN/EtOH); mp = 107.6-109.5 °C; [a]p"" = —36.5 (c 0.40, CHCl3).
'H NMR (400 MHz, CDCl3): & 3.33-3.44 (m, 1H, PCH,H.N), 3.48-3.63 (m, 2H, PCH,H.N and
NCH,H.N), 3.77-3.87 (m, 1H, PCHyHuN), 4.07 (ddd, 1H, “Jup = 14.6, “Jyy = 14.6 and “Jyy = 1.5,
PCHyH,N), 4.15 (bd, 1H, *Juy = 13.8, NCH,H.N), 4.35 (bd, 1H, “Jun = 13.2, NCH,H,N), 4.48 (bd, 1H,
?Jun = 13.2, NCHyHuN), 4.56-4.61 (m, 1H, PCHN), 4.73 (ddd, 1H, “Jun = 13.3, Y = 2.2 and =
2.2, NCHH(N), 4.92 (bd, 1H, *Juy = 13.3, NCHHN), 6.75 (s, 1H, NH), 7.27-7.32 (m, 2H, CHx),
7.48-7.70 (m, 7H, CHy,), 7.82-7.96 (m, 4H, CHa,), 8.90 (s, 1H, NH).
3C NMR (100 MHz, CDCl3): 6 47.5 (d, YJep= 25.1, PCH,H.N), 53.1 (d, “Jep = 20.1, PCHyH,N), 66.0 (d,
*Jep = 3.0, NCH.H.N), 69.8 [(d, *Jep = 12, C(Ph),)], 71.2 (d, Jep = 28.5, PCHN), 74.4 (d, *Jep = 2.0,
NCHuH,N), 79.4 (NCH.H.N), 118.9 (sept, *Jer = 3.8, CHy,), 122.8 (q, Yo = 272.7, CF3), 123.9-124.1
(m, CHa,), 128.5 (CHa,), 129.2 (CHg), 129.3 (d, YJep= 7.7, CHa,), 129.4 (CHy), 129.7 (CHy), 130.1
(CHar), 131.4 (q, *Jer = 33.6, C-CF3), 135.1 (Ca), 139.7 (Car), 140.2 (d, *Jep= 2.1, Ca;), 179.8 (C=S5).
3'p NMR (162 MHz, CDCl5): 6 —96.4 (s).
F NMR (376 MHz, CDCl5): 6 —63.2 (s).
IR absorption (neat): v 3344 and 3245 (N-H), 1274 (C=S), 1171 and 1126 (C-F).
HRMS (ESI"): m/z [M+H]" calcd for C,gH,7FNsPS 610.1623, found 610.1625.
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Experimental procedure for the Morita-Baylis-Hillman reaction®*?

A solution of the corresponding PTA-based organocatalyst (15 mol%) and 4-nitrobenzaldehyde
(46; 37.8 mg, 0.250 mmol) in THF (0.50 mL) under inert atmosphere was prepared inside a
Schlenck tube containing a stirring bar. Methyl vinyl ketone (47; 61 pL, 0.750 mmol) was
syringed over the previous solution under stirring at rt. The reaction mixture was stirred at rt.

After 17 h, the reaction mixture was concentrated under reduced pressure.

Chiral HPLC analysis [Daicel Chiralpak IC, 95:5 n-hexane/2-propanol, 1.0 mL/min, 220 and 254
nm, tg(1st enantiomer) = 28.8 min, tr(2nd enantiomer) = 31.0 min] allowed determining the

enantioselectivity for desired MBH adduct.

Experimental procedure for the aziridination reaction*®”’

A suspension of PTA-based organocatalyst (10 mol%), sodium acetate (3 equiv. or 5 equiv.) and
tert-butyl N-(tosyloxy)carbamate (50; 52 mg, 0.181 mmol) in CH,Cl, (0.6 mL) under inert
atmosphere was prepared inside a Schlenck tube containing a stirring bar. trans-2-Hexenal (49;
42.0 L, 0.362 mmol) was added over the previous suspension under smooth stirring at rt. The
reaction mixture was stirred smoothly at rt. After 7 h at rt the reaction mixture was diluted with
CH,Cl; (20 mL) and was washed with water (20 mL). After separation of phases the aqueous
phase was further extracted with CH,Cl, (1 x 20 mL). The combined organic layers were dried
over anhydrous Na,SO,, filtered and concentrated under reduced pressure. ‘"H NMR analysis of
the crude mixture allowed determining the diastereomeric trans/cis ratio of the aziridination

product.

Chiral GC analysis [Supelco Beta-Dex 120, isothermal 100 °C, trans diastereomer: tg(1st
enantiomer) = 74.6 min, tg(2nd enantiomer) = 77.5 min] allowed determining the

enantioselectivity for the major trans-aziridine.

Experimental procedure for the organocatalysed a-amination reaction>>”

A solution of the corresponding PTA-based organocatalyst (5 mol%) in toluene (0.60 mL) under
inert atmosphere was prepared inside a Schlenck tube containing a stirring bar. Ethyl 2-
oxocyclopentane-1-carboxylate (52; 24 uL, 0.160 mmol) was added over the previous solution
under stirring at rt followed by addition of di-tert-butyl azodicarboxylate (53; 55.3 mg, 0.240
mmol) in one portion as a solid. The reaction mixture was stirred at rt. After 21 h at rt the

reaction mixture was concentrated under reduced pressure.
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Chiral HPLC analysis [Daicel Chiralpak AD-H, 95:5 n-hexane/2-propanol, 1.0 mL/min, 210 nm,
tr(1st enantiomer) = 10.6 min, tg(2nd enantiomer) = 18.7 min] allowed determining the

enantioselectivity for desired a-amination product.

Experimental procedure for Cu-catalysed a-amination reaction”*

A solution of Cu(OTf),(2.89 mg, 0.008 mmol) and PTA-based ligand (5.5 mol%) in CH,Cl, (1.0 mL)
under inert atmosphere was prepared inside a Schlenck tube containing a stirring bar and stirred
for 30 min at rt. Ethyl 2-oxocyclopentane-1-carboxylate (52; 24 pL, 0.160 mmol) was added over
the previous light blue solution under stirring at rt. A dark yellow solution of di-tert-butyl
azodicarboxylate (53; 44.2 mg, 0.192 mmol) in CH,Cl, (0.5 mL) was then added into the reaction
mixture and the solution was stirred at rt. After 26 h the reaction mixture was concentrated

under reduced pressure.

Chiral HPLC analysis [Daicel Chiralpak AD-H, 95:5 n-hexane/2-propanol, 1.0 mL/min, 210 nm,
tr(1st enantiomer) = 10.6 min, tg(2nd enantiomer) = 18.7 min] allowed determining the

enantioselectivity for desired a-amination product.

Experimental procedure for the addition of terminal alkynes to isatins’”

A mixture of Cul (1.9 mg, 0.01 mmol) and PTA-based ligand (6 mol%) in tert-butyl methyl ether
(‘BuOMe) (0.5 mL) was prepared under Ar atmosphere and the mixture was stirred at rt for 30
min. Then, the corresponding isatin (55 or 56; 0.2 mmol), phenylacetylene (13; 23 uL, 0.21
mmol) and triethylamine (56 ul, 0.4 mmol) were added to the mixture, followed by 0.5 mL more
of ‘BuOMe. The mixture was stirred at 40 °C. After 24 h, the mixture was cooled to rt and passed
through a short column of Celite® with EtOAc as eluent. The solvent was evaporated under

reduced pressure.

Chiral HPLC analysis [Daicel Chiralpak AD-H, 90:10 n-hexane/2-propanol, 0.9 mL/min, 254 nm,
tr(1st enantiomer) = 15.6 min, tg(2nd enantiomer) = 25.0 min] allowed determining the

enantioselectivity for desired product.

Experimental procedure for the Cu-catalysed hydroboration of N-Boc-protected imines'*"

A Schlenk tube containing a stirring bar was charged with CuCl (1.9 mg, 0.02 mmol), PTA-based
ligand (12 mol%), KO'Bu (2.69 mg, 0.024 mmol) and ‘BuOMe (0.6 mL). The mixture was stirred

for 30 min at rt under Ar atmosphere. Then, a solution of B,pin, in ‘BuOMe (0.4 mL) and a
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solution of N-Boc aldimine 59 in ‘BuOMe (0.4 mL) were added successively. The reaction mixture
was stirred at rt. After 16 h, the reaction mixture was passed through a short column of Celite®
with EtOAc as eluent. The solvent was evaporated under reduced pressure. The product was
isolated by rapid silica gel chromatography on deactivated silica gel (35 wt% H,0, prepared by
mixing vigorously silica gel and deionized water in a 65:35 ratio by weight) using a mixture 95:5
cyclohexane/EtOAc. The TLCs were reveled with CAM. The product suffers partial decomposition

during the purification.

Chiral HPLC analysis [Daicel Chiralpak AS-H, 98:2 n-hexane/2-propanol, 0.5 mL/min, 254 nm, 220
nm, 210 nm, tg(1st enantiomer) = 10.6 min, tg(2nd enantiomer) = 14.4 min] allowed determining

the enantioselectivity for desired product.

Experimental procedure for the organocatalysed hydroboration of N-Ts-protected imines'®”

A Schlenk tube containing a stirring bar was charged with Cs,CO3; (12.1 mg, 0.037 mmol), PTA-
based ligand (5 mol%), B,pin, (76.2 mg, 0.30 mmol) and THF (0.75 mL). To this mixture, a
solution of N-Ts aldimine 61 in THF (0.25 mL) was added, followed by methanol (0.1 mL, 2.5
mmol). The reaction mixture was stirred at 40 °C. After 24 h, the solvent was eliminated under

reduced pressure.
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Compound (R,R)-26

Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

VA

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 26.37 °
Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F°

Final R indices [I>2sigma(l)]

R indices (all data)

Absolute structure parameter
Largest diff. peak and hole

198

C13H1gN3OP
263.27
193(2) K
0.71073 A
Monoclinic

P21
a=6.0511(4)A a=90°
b=7.6950(5)A B =94.401(4)°
c=13.8031(10)A y=90°

640.82(8) A

2

1.364 mg/m*

0.207 mm™

280

0.24 x 0.06 x 0.04 mm’

5.17 t0 26.37 °

-7<=h<=7, -9<=k<=9, -17<=I<=17
11585

2616 [R(int) = 0.0307]

98.9 %

0.9918 and 0.9521

Full-matrix least-squares on F
2616 /2 /166

1.064

R1=0.0325, wR2 = 0.0850
R1=0.0348, wR2 = 0.0867
-0.03(8)

0.391 and -0.161 e. A*
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Compound (S,R)-26

Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

VA

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta =33.28 °
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F°

Final R indices [I>2sigma(l)]

R indices (all data)

Absolute structure parameter
Largest diff. peak and hole

Cy3H1gN3OP
263.27

193(2) K

0.71073 A

Monoclinic

P2(1)

a=7.1217(7)A  a=90°
b=7.8503(8) A B =99.365(5)°
c=11.7164(12) A y=90°

646.30(11) A®

2

1.353 Mg/m’

0.205 mm™

280

0.29x0.21x0.13 mm’
4.07 to 33.28°

-10<=h<=10, -12<=k<=12, -18<=I<=18

17882

4905 [R(int) = 0.0330]

98.9 %

Semi-empirical from equivalents
0.9741 and 0.9432

Full-matrix least-squares on F
4905/1/ 167

1.037

R1=0.0376, wR2 = 0.0877
R1=0.0466, wR2 = 0.0927
-0.02(6)

0.281and-0.226 e. A
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Compound 40

Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

VA

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta =33.928 °
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F°

Final R indices [I>2sigma(l)]

R indices (all data)

Largest diff. peak and hole

200

C13H21N30,.5PS (C13H1gN3OPS-1.5H,0)
322.36

100(2) K

0.71073 A

Monoclinic

C2/c

a=35.064(3)A a=90°
b= 6.9930(5)A B =96.737(2)°
c=12.4040(10)A y=90°

3020.5(4) A®

8

1.418 Mg/m’

0.330 mm™

1368

0.40 x 0.20 x 0.05 mm®

2.340 to 33.928°

-54<=h<=52, -7<=k<=10, -19<=I<=19
14510

5790[R(int) = 0.0243]

94.6%

Multi-scan

0.984 and 0.856

Full-matrix least-squares on F
5790/9/220

1.033
R1=0.0428, wR2 =0.1140

R1 = 0.0550, wR2 = 0.1230
0.515 and -0.577 e. A’
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4.6 Annex: NMR spectra of the isolated compounds

'H NMR (400 MHz), 13C NMR (125 MHz) and 3P (162 MHz) spectra in CDCl, for (S,R/R,S)-26
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1H NMR (500 MHz), 13C NMR (125 MHz) spectra in CDCl, for 29
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'H NMR (400 MHz), 13C NMR (100 MHz) spectra in CDCl, for 31
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1H NMR (500 MHz), 13C NMR (125 MHz) spectra in CDCl, for 34
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'H NMR (400 MHz), 13C NMR (125 MHz) and 3P (162 MHz) spectra in CDCl, for 35-1
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IH NMR (500 MHz), 13C NMR (100 MHz) spectra in CDCl, for 37
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1H NMR (500 MHz), 13C NMR (125 MHz) and 3P (202 MHz) spectra in CDCl, for 38-1
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IH NMR (400 MHz), 13C NMR (125 MHz) and 3P (162 MHz) spectra in CDCl, for 40
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Chapter IV

'H NMR (400 MHz), 33C NMR (100 MHz) and 3!P (162 MHz) spectra in CDCl; for 43
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Solvents are used daily in a wide variety of applications and, in most of the cases, its
utilisation represent an environmental and safety problem for the planet and our society due to
their toxicity. With the aim of doing our bit to help to the sustainable development of the world,
the work presented in this Doctoral Thesis has been focused on the use of glycerol as solvent for
chemical transformations. Glycerol is a biodegradable compound produced in huge amounts as
an undesired by-product in biodiesel industries. The search of new uses of this compound is a

matter of importance to allow the development of renewable resources such as biodiesel.

With this idea in mind, the usefulness of using glycerol as solvent in microwave assisted
azide-alkyne cycloadditions between non-activated internal alkynes and organic azides under
metal-free conditions has been demonstrated (Chapter 2). Under classical heating, this process
takes long times and requires high temperatures to afford the desired fully substituted triazoles.
However, the interesting physicochemical properties of glycerol permit the acceleration of the
process under microwave dielectric heating much more than using other protic solvents. The
ability of glycerol to form multiple hydrogen bonds might be the responsible for this significant
enhancement of reactivity; this hydrogen-bonding network leads to a longer relaxation time in
comparison with other protic solvents, which seems to be crucial for the reaction acceleration.
Moreover, theoretical calculations demonstrated that the reaction is favoured due to the lower
energy of BnNs/glycerol LUMO frontier orbital, in comparison with the one of neat benzyl azide
or other adducts (like BnNs/ethylene glycol or BnNs/propane-1,2-diol); this fact permits a better
overlapping with the HOMO of the internal alkyne enhancing the reactivity. The presence of
copper did not change the results in any case, except for silyl-based alkynes. Using this type of
alkynes, the addition of a catalytic amount of copper led to desilylated 1,2,3-triazoles that were

not observed in the absence of metal.

We have been also interested in the effect of glycerol in the same kind of reactivity, but
under regioselectivity control (Chapter 3). Therefore, the Cu-catalysed azide—alkyne
cycloaddition between terminal alkynes and organic azides have been studied. Surprisingly, we
have found that the presence of impurities in commercial samples of benzyl azide disturbs this
catalytic reaction. These impurities have been identified as long aliphatic chain amines and we

have demonstrated that they are convenient stabilisers for the formation of highly reactive
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copper nanoparticles in this medium under very mild conditions (room temperature, 1 mol%
Cul). The catalytic glycerol phase could be analysed by (HR)TEM thanks to the negligible vapour
pressure of the solvent, which allowed us to evidence the presence of nanoparticles. In addition,
the nanoparticles are efficiently immobilised in this solvent, enabling the recycling of the
catalytic phase after extracting the organic products with an immiscible solvent. Another major
conclusion of this work is the importance of checking the quality of the commercial products

that we use, in order to avoid these reproducibility issues.

The work carried out in the last part of this Thesis has consisted on the preparation of
new enantiopure PTA derivatives that are potential glycerol-soluble molecules (Chapter 4). This
is the first time that PTA-based derivatives are prepared in an enantiopure form and they open
the door for the generation of new catalytic systems in glycerol (or water) medium for
asymmetric reactions. The synthesis of B-phosphino alcohol (26) and B-phosphino sulfinamide
(35) PTA-based derivatives has been established, whereas the synthesis of a-sulfinylphosphine
PTA derivative (38), PTA-based primary aminophosphine (42) and PTA-based thiourea (44)
requires further optimisation. Several preliminary tests have been carried out to check their
activity as ligands for transition metal catalysed reactions or as organocatalysts in
transformations as the organocatalysed MBH reaction, the aziridination reaction, the a-
amination reaction, the Cu-catalysed addition of terminal alkynes to isatins and the Cu-catalysed
hydroboration of isatins. This last transformation is the most promising result in terms of
reactivity (around 96% yield) and enantioselectivity (32%), using one of the diastereomers of B-
phosphino sulfinamide (35). A future optimisation of the process could lead to a better
enantioselectivity of the final product. The search for applications of these PTA-based ligands is
still ongoing. In addition to their potential role as ligands for transition metal complexes with
application in catalysis, they might also act as stabilisers for metal nanoparticles or as

organocatalysts by themselves.

With this work, we have revealed how useful glycerol can be as solvent in chemical
transformations, having in some cases a non-innocent role in the process, which leads to the
success of the reaction. Our efforts in this topic pretend to open the door to more synthetic
alternatives in this environmentally friendly medium in Fine Chemistry sector. The study of
asymmetric catalytic processes, supported catalytic systems and flow processes are interesting

fields to be explored in glycerol medium.
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