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Abstract 
The work presented in this thesis stems from the chemistry of the azido group, 
and more specifically from the unique reactivity of perfluorinated aromatic 
azides and how to use this reactivity to access new types of molecules to enable 
new applications in asymmetric synthesis and materials. 

In the first section of this thesis, a photoactivatable fluorescence probe is 
presented, where the non-luminescent azide was activated via a UV-light-
promoted intramolecular N–H insertion reaction forming a fluorescence emitter. 
Furthermore, ciprofloxacin was reacted with perfluorinated aromatic azide 
(PFAA) and phenylacetaldehyde, to form a drug derivative with a propeller-
shaped architecture. The drug derivatization enabled the self-aggregation of the 
molecules into nanoparticles and the consequent aggregation-induced 
fluorescence emission (AIE).  

The second section of the thesis focuses on the development of a reaction 
between the photogenerated perfluorinated phenylnitrene and sulfoxides or 
sulfinamides to obtain sulfoximines and sulfonimidamides. One of these 
compounds, an enantiopure sulfonimidamide with an unprotected amino group, 
was employed as a novel chiral auxiliary for the synthesis of an enantioenriched 
amine via addition of Grignard reagents to the formed imines. In addition to the 
use as chiral auxiliary, the same sulfonimidamide containing a pyridine group 
was studied as an organogelator. The supramolecular aggregation led to the 
formation of the gel, which showed a microscopic chirality controlled by the 
stereocenter of the sulfur atom in the low-molecular weight gelator molecule.  

The last section illustrates a general method for the reduction of aromatic and 
aliphatic azides. The reduction is catalyzed by a nickel boride (Ni-B) catalyst 
that is prepared in situ from a Ni(II) salt and sodium borohydride in methanol 
allowing catalyst loading as low as 0.5 mol%. Moreover, bacterial nanocellulose 
(BNC) was used as solid support for the Ni-B catalyst enabling easy recovery of 
the catalyst and recyclability.  

Keywords: perfluorinated aromatic azides, photoactivatable fluorophores, 
aggregation-induced emission, sulfonimidamides, sulfoximines, chiral 
auxiliary, organogel, azides reduction, Ni-B  



   IV

Sammanfattning på svenska 

Arbetet som presenteras i denna avhandling härrör från reaktiviteten hos 
azidogruppen, som uppvisar en unik reaktivitet som inte återfinns i naturen 
vilket gör att azidgruppen kan användas i bioortogonala reaktioner. 

I det första avsnittet av denna avhandling presenteras en molekyl som innehåller 
en azid-grupp som kan aktiveras med ljus för att avge fluorescens. Aziden är ej 
luminescerande, men vid belysning med UV-ljus initieras en intramolekylär 
reaktion och omvandlades följaktligen till en fluorescerande molekyl. I ett annat 
projekt, reagerades ciprofloxacin med perfluorerad aromatisk azid (PFAA) och 
fenylacetaldehyd för att bilda ett läkemedelsderivat med en propellerformad 
arkitektur. Derivatiseringen möjliggjorde en självaggregation av molekylerna i 
nanopartiklar vilket ledde till en så kallad aggregeringsinducerad 
fluorescensemission (AIE). 

I avhandlingens andra avsnitt beskrivs reaktionen mellan ljusgenererade 
perfluorerade fenylnitrener och sulfoxider eller sulfinamider för att syntetisera 
sulfoximiner och sulfonimidamider. En av de enantiomert rena 
sulfonimidamiderna med en oskyddad aminogrupp användes som en ny kiral 
hjälpgrupp för syntesen av en enantiomert ren amin. Vidare användes en av de 
kirala sulfonimidamiderna som en organogelator. Den supramolekylära 
aggregeringen som ledde till bildandet av gelen, visade en mikroskopisk kiralitet 
styrd av stereorienteringen av det kirala centret på svavelatomen i 
gelatormolekylen. 

I det sista avsnittet presenteras en metod för reduktion av aromatiska och 
alifatiska azider. Reduktionen katalyseras av nickelborid framställd från ett 
Ni(II)-salt och natriumborhydrid i metanol och fungerade låg mängd katalysator 
(0,5 mol%). Dessutom användes bakteriell nanocellulosa (BNC) som fast stöd 
för Ni-B-katalysatorn vilket möjliggjorde enkel återvinning av katalysatorn och 
dess återvinningsbarhet. 

Nyckelord: Perfluorerade aromatiska azider, fotoaktiverbara fluoroforer, 
avstängningsfluorescens, ciprofloxacinderivat, AIE, sulfonimidamider, 
sulfoximiner, kirala hjälpmedel, organogel, azidreduktion, Ni-B. 
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1.  
Introduction 

Chemistry plays a vital role in shaping a better future and in the quest of finding 
new solutions for a sustainable society. In the global goals for 2030 agenda it is 
recognized the importance of achieving a more affordable and clean energy[1] 
and is therefore important to develop new strategies to improve the efficiency in 
chemical processes. A practical approach is to use catalysis to reduce the energy 
barrier of chemical reactions and therefore the energy consumption. It is also of 
critical importance to design new solutions to minimize chemical waste, and at 
the same time, promote and include the usage of renewable, bio-sourced, and 
biodegradable materials. New technological advances are always required to 
meet present and future needs of the society. This thesis work explored the 
possibility offered by chemistry to provide society with new tools, as materials 
and functional molecules, and presented an example of an organic reaction 
methodology designed to implement some green chemistry principles[2] and thus 
minimize the impact on the environment.  

Chemistry as a science is concerned with the investigation of matter, and more 
specifically with the substances of which the matter is composed of. Ultimately 
these substances – the molecules – are collections of atoms of different elements 
and their composition and structure are at the core of chemistry as a field of 
study.  Moreover, chemistry is inevitably interested in how these molecules 
interact with each other and which transformations they are capable to undergo. 
Through important advances in understanding the structure of the molecules and 
the nature of the bonds that govern chemical reactions and molecular 
assemblies, chemistry has become a mature science and achieved the ultimate 
goal of mastering — with an increasing sophistication — molecular 
transformations. The advances of chemistry, and specifically of organic 
chemistry, have impacted our world in a variety of ways, through the synthesis 
of increasingly complex molecules, often mimicking the complexity of natural 
compounds, chemistry is providing new therapeutics and new medical solutions. 
The impact of chemistry is not only limited to the small bioactive-molecule 
scale. On the contrary, chemists have been able to design and build new 
macromolecular organic materials, such as plastics or rubber, with the 
possibility of fine tuning their macroscopic properties.  

In organic chemistry, the reactivities of molecules, and their transformations, 
are necessarily linked to their functional groups, which can be defined as a 
combination of atoms with a specific reactivity, and that often define the overall 
reactivity of the molecule. One of the most commonly encountered functional 
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group is perhaps the hydroxyl group (-OH) which, for example, decorates sugars 
molecules and shapes their reactivities and physical properties. The large variety 
of functional groups and diversity in their properties ensure richness in organic 
chemistry and virtually endless possibilities of transformations. The azido 
functional group (-N3) has key features that render it synthetically interesting 
and versatile. The three contiguous nitrogen atoms in  azides are able to extrude 
a nitrogen molecule in an exothermic reaction, making this group energy-rich, 
but at the same time rather chemically stable.[3] Even more interestingly, the 
azido group represents an exception in nature, which allows for organic azide-
based biorthogonal chemistry. Thus, azides are encountered in diverse fields that 
span from the synthesis of high-energy compounds to bio-organic applications 
and also to supramolecular chemistry as a key reactant for the synthesis of 
rotaxane via cycloaddition reactions.[3-6]  

1.1 Azides 

Azido compounds can be found in both the inorganic and organic chemistry 
frameworks.  The first report of azide dates back to the end of the 19th century 
with the synthesis of aryl azides by Griess.[7] Initial attempts to represent the 
azido moiety envisioned a closed structure, but a linear arrangement of the three 
nitrogen atoms was shortly adopted.[8] The electronic configuration of the azide 
group is described by the possible resonance structures (Figure 1). Even though 
a 180° angle is often assumed,  structural data has revealed an angle of 170° 
between the three nitrogen atoms.[8] Furthermore, the angle between the azide 
and the adjacent carbon atom is usually around 115°, as in the case of methyl 
azide.[8]  

 

Figure 1. Resonance structures of the azido group.[8] 

From resonance structures b and c (Figure 1), it is possible to imagine the 
extrusion of nitrogen gas (N2) from the azide, which is often observed and which 
is the reason for the explosive nature of many azides.[3] In particular, heavy metal 
azides are known to detonate with minimal energy input and lead azide has 
found application as a detonator.[3] Organic azides are less explosive, and as a 
rule of thumb, a high ratio of carbon atoms and oxygen atoms with respect to 
nitrogen atoms ([(C + O)/N] ≥ 3), represent the limit of safe reactivity.[8] 

1.1.1 Organic azides in organic synthesis  

Azides as reactants in organic synthesis were introduced with the Curtius 
rearrangement,[9-11] but the reactivity of organic azides is very diverse. Azides 
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react with both nucleophiles and electrophiles, exploiting the different charge 
distribution of the nitrogen atoms in the azido functional group. The electronic 
configuration of azides also enables reaction with dipolarophiles (Figure 2).[8]    

 

Figure 2. General reactivity of azides.[8] 

Examples of organic azide reactions following these general reactivities are 
shown in Figure 3 and include cycloaddition reactions to form triazoles – the 
most popular one being the Cu(I)-catalyzed azide-alkyne cycloaddition 
(CuAAC), also called click-reaction, that was developed independently by 
Sharpless and Meldal.[12-13] Other reactions are the Staudinger ligation[14] and 
the aza-Wittig reaction,[15] both of them with phosphorus acting as the 
nucleophile. Examples of reactions that proceed via the nitrenium ion as the 
intermediate are the Boyer reaction[16] or the Schmidt reaction[17] (Figure 3). 

 

Figure 3. Commonly encountered reactions of azides in organic synthesis. 
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Both the Staudinger ligation developed by Bertozzi[14] and the Cu(I)-catalyzed 
“click-reaction” have made a tremendous impact in applications at the interface 
between organic chemistry and biology.[18] The main reason for this success is 
the orthogonal reactivity of the azide moiety and its inertness towards both water 
and oxygen and the multitudes of functional groups present in a biological 
environment.[13-14] Even if the azide is an energy-rich compound, it is rather 
chemically stable, unless triggered by specific reagents.[13] Furthermore, the 
azido functionality has found an important application as a masked amine or 
amine surrogate, notably in carbohydrate chemistry.[8] The success of azides as 
masked amines is due to the ease of the azide introduction, usually via a SN2 
reaction, with a consequent inversion of configuration (which provides control 
over the stereo-chemistry), but it is also due to the availability of synthetic 
protocols to reduce the azide to the corresponding amino group.[8] The 
Staudinger reaction provides excellent chemoselectivity. However, it has the 
drawback that a stoichiometric amount of phosphine has to be introduced to the 
reaction mixture. For this reason, when possible, hydrogenation catalyzed by 
transition metals are commonly used to access the amine from the corresponding 
azide.[19] 

1.2 Photochemistry of phenylazides 

Phenylazides serve as a source of nitrenes, most often via photolysis, where the 
absorption of a photon leads to an excited state of the azide, and the subsequent 
nitrogen extrusion produces the nitrene.[20] Nitrenes are reactive intermediates, 
analogues to carbenes, which participate in insertion reactions, addition reaction 
with double bonds, migration reactions (Curtius rearrangement), dimerization 
or hydrogen atom abstractions.[20] The high reactivity of the nitrene finds 
applications in the functionalization of materials or in biology as in photo 
affinity labeling (PAL).[21]The reactivity of the nitrene is strongly dependent on 
its electronic configuration (Figure 4) and the two general modes of reactivity 
are associated with the nitrene in its singlet state or in its triplet state. The 
substituents on the nitrene have a strong impact on the orbital energies and thus 
on the electronic configuration of the nitrene.[20] Substituents that have an 
anisotropic interaction with the p-orbital of the nitrene break the degeneracy of 
the orthogonal orbitals. Strong electron-donating substituents, as in case of the 
aminonitrene, result in the closed-shell singlet being the most stable nitrene 
configuration.[20]  

 

Figure 4. Electronic configurations of nitrenes. 
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The photolysis of arylnitrenes has been the focus of intense investigations and, 
together with the developments in laser flash photolysis (LFP) and high-level ab 
initio molecular orbital (MO) calculations, the mechanism of formation of 
arylnitrenes has been revealed in detail.[21] Upon photon absorption, an arylazide 
is excited to its S2 state and the system then rapidly relaxes to S1 where the 
nitrogen extrusion takes place with a small activation energy of ~2 kcal/mol. 
The process is exothermic (~ -40 kcal/mol) and a singlet nitrene is produced.[20] 
A non-productive S1 → S0 decay of the azido compound can also occur. Since 
the initial studies on the reactivity of arylnitrenes, the formation of an 
“intractable tar” was observed. The tar formation is the product of a 
polymerization reaction.[22] The nitrene intermediate is not directly involved in 
the polymerization, which instead stems from the ketenimine intermediate of  
the ring expansion rearrangement. The possible reactive pathways of the aryl 
nitrene are presented in Figure 5.  

 

Figure 5. Rearrangements and reactions of arylnitrenes. 

1.2.3 Photochemistry of perfluorinated aromatic azides 

The high reactivity of nitrenes has initiated interest in PAL applications, that 
aim at disclosing interactions in biological molecules. Here, a PAL moiety is 
conjugated to a biomolecule that binds to the receptor via weak interactions. The 
activation of the PAL moiety via a light irradiation, generates a reactive 
intermediate that is able to form a covalent bond between the two molecules in 
a cross-linking reaction. The analysis (e.g., via electrophoresis, Edman 
degradation, proteolysis)[23] of the position of the bond formed, provides 
relevant information on the binding site.[20, 24] The necessity of having a reactive 
intermediate that react indiscriminately with nearby molecules makes the nitrene 
a suitable candidate. However, the presence of unproductive ring-expansion 
pathways renders the PAL with phenylazides inefficient. In 1990, Keana and 
Cai[25] introduced perfluorinated aromatic azide as a source of reactive 
intermediate for PAL experiments. The perfluorinated ring leads to a dramatic 
improvement in the yield of bimolecular reactions, such as C–H or N–H 
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insertions. The improved productive pathway is attributed to the presence of two 
fluorine atoms in the ortho-positions to the carbon-nitrene position that retard 
the ring expansion pathway, generating a persistent nitrene that reacts in a 
bimolecular manner. The role of the ortho-fluorine atoms in influencing the 
reactivity of phenylnitrene has been studied in detail[21] and the inhibition of the 
ring-expansion pathway from the singlet nitrene has mainly an electronic 
rationale. The presence of the highly electronegative fluorine increases the 
positive character of the carbon to which the fluorine is attached. A build-up of 
the positive charge on the carbon atoms bearing the nitrene and the fluorine 
during the ring-expansion transition state (TS) causes an increase in the 
activation barrier (~3 kcal/mol), compared to the unsubstituted phenylnitrene.[21] 
This increase in activation barrier results in a longer life-time of the nitrene (two 
orders of magnitude) and enables a diverse set of bimolecular reactions (Figure 
6).[26-27] 

 

Figure 6. Bimolecular reactions of a perfluorinated phenylnitrene. 

1.3 The aim of this thesis 

In this thesis, the diverse reactivity offered by the azide moiety has been 
exploited in different forms. In chapter two, an intramolecular C–H insertion 
driven by a photogenerated nitrene is the key step to obtain a turn-on 
fluorescence compound based on perfluorinated ring and carbazole moieties. 
Furthermore, a three-components reaction between perfluorinated aromatic 
azides, secondary amines and aldehydes was used to access derivatives of the 
antibiotic ciprofloxacin. In aqueous solutions, these derivatives assemble in 
nanoparticles (NPs) showing aggregation-induced fluorescence emission (AIE). 
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In chapter three, the photogenerated nitrene is reacted with sulfinamides and 
sulfoxides to access both sulfonimidamides and sulfoximines. Enantiopure 
sulfonimidamides were then used in asymmetric synthesis and as an 
organogelator. In chapter four, an in-situ formed nickel-boride catalyst 
developed for the facile reduction of organic azides to access anilines and Boc-
protected amines.   
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2.  
Fluorescence probes and theranostic 

nanoparticles 

(Paper I–II) 

2.1 Fluorescence imaging 

Biological events at the cellular level are at the core of the functions of living 
organisms. It is therefore easy to understand why scientists are interested in 
gaining information on human cells and bacteria at the microscopical level. in 
this regard, fluorescence microscopy has proven to be a  powerful technique and 
it is routinely employed in biological imaging.[28]  

The basis of this technique relies on the property of certain molecules or proteins 
to emit light upon absorption of photons. The wavelength of the emission 
depends on multiple factors, not the least on the structure of the molecule but 
also on its environment. Once a photon of the appropriate energy is absorbed, it 
promotes an electronic transition of the molecule into an excited state (S0 → S1). 
The electron in the excited orbital can now relax to its ground-state by thermal 
conversion or by emitting a photon (fluorescence). Another possible relaxation 
pathway involves intersystem crossing (ISC), where the excited state converts 
from a singlet excited state to a triplet excited state (S1 → T1) (Figure 7).  

 

Figure 7. Jablonsky diagram. 

Among the strengths of fluorescence techniques as a biological imaging tool are 
the high sensitivity (a single emitting molecule can be detected),[29] and the 
ability to target specific biomolecule within the cell. Fluorophores, i.e. 
molecules that are able to emit light upon photoexcitation, having affinity for 
lipidic membranes, DNA, proteins etc., are easily available and allow selective 
visualizations of the components of the cell.[28]  
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2.1.1 Photoactivatable fluorescence probes 

Photoactivatable fluorophores or caged fluorophores are molecules that are able 
to switch from a dark state to an active fluorescent state upon irradiation at a 
specific wavelength.[30] 

Such high control over the luminescence properties is very attractive in 
bioimaging and therefore photoactivatable fluorophores has played a key role in 
the quest of overcoming the resolution limit in optical microscopy.[31] Two 
objects laying less than ~200 nm apart are not distinguishable by optical 
microscope due to the limit imposed by diffraction. This resolution limit has 
been successfully challenged by the development of fluorescence switching on-
off processes, that enable sub-nanoscale optical imaging. Instead of looking at 
two (or more) emitting objects at the same time, which would result in a single 
blur spot if less than 200 nm apart, the emission is resolved in time, enabling the 
visualization of the objects separately, one at the time. Over the years, different 
strategies to achieve such control have been developed. Among them, photo-
activation of individual molecules stochastically and sparsely (STORM or 
PALM) are strategies that are widely used.[32]   

2.1.2 Photoactivatable fluorophores based on perfluorinated azides 
(Paper I) 

Azido compounds have been used as caged fluorophores (Figure 8) in several 
applications,[33] where the azido group keeps the molecule in a silent state, not 
able to fluoresce, but that can be activated via a chemical transformation, such 
as reduction induced by H2S,[33-34] photolysis[35-38] or click reactions[39]. 

 

Figure 8. Examples of azides used as activatable-fluorophores.[35, 39-40] 

Within photogenerated nitrene-based reactions involving azides, perfluorinated 
aromatic azides represent an attractive class of compounds due to their more 
controllable nitrene reactivity in contrast to their non-fluorinated counterpart 
(see Chapter 1.2 of this thesis). Perfluorinated aromatic azides are suitable 
substrates for SNAr, which enables further functionalization of the molecule in 
order to achieve the desired chemical architecture.  

A designed molecular structure with the azide group aligned in a suitable 
geometry, can allow  intramolecular nitrene C–H insertion to transform the azide 
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group into an amino derivative.[8, 41] This transformation can be exploited to 
transform a non-emissive molecule (azide) to a fluorophore (amine) via a light-
triggered reaction leading to photoactivatable fluorophore (Figure 9). 

 

Figure 9. Possible reaction for an UV-activatable fluorophore via nitrene C–H 
insertion. 

2.1.3 Synthesis of photoactivatable fluorophores  

The designed photoactivatable fluorophores were synthesized using carbazole 
or phenol as nucleophiles to react with azide PFAA-a in a SNAr reaction. The 
reaction was carried out in DMSO using Cs2CO3 as a base to activate the 
nucleophile. 

 

Scheme 1. Functionalization of perfluorinated aromatic azides (PFAAs) via SNAr. 

In the reaction with carbazole, the disubstituted compound 2b was the only 
product obtained, suggesting that the first substitution activates the ring towards 
a second substitution in para position with respect to the carbazole moiety. This 
outcome suggests that the carbazole unit acts as an  electron withdrawing  group 
(EWG) (Scheme 1).[42] The reaction of azide PFAA-a with phenol, instead, led 
to a more complex reaction mixture, where both compounds 3b and 3c were 
obtained. 

Similar reaction conditions were used to synthesize other substrates with 
different substituents. Starting from carbazoles functionalized with either -Br or 
-OCH3 groups, di-substituted products 4 and 5 were obtained in 75% yield and 
82% yield, respectively. It was found that all the para di-substituted derivatives 
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(2b, 3b, 4 and 5) showed fluorescence emission if photo-activated with UV-
light.  

 

Scheme 2. Synthesis of photoactivatable azides containing carbazole moieties. 
Conditions: PFAA-a (0.4 mmol), carbazole (0.8 mmol), DMSO (5 mL). 

Compound 2b was chosen as a model substrate to study the photoconversion 
reaction. Firstly, the outcome of the photoreaction was investigated (Scheme 
3a). Upon irradiating a methanolic solution of 2b with 350 nm light (Rayonet, 4 
h), insertion product 6 was obtained in 68% yield and the structure of the target 
product was confirmed by 1H NMR and high-resolution mass spectrometry 
(HRMS) analyses. The other possible outcome of the photogenerated nitrene-
mediated reaction is a hydrogen atom abstraction that leads to aniline derivative 
7. To exclude that 7 is the formed product when azide 2b is irradiated with UV-
light, aniline derivative 7 was synthesized separately through a Pd-catalyzed 
hydrogenation reaction (Scheme 3b). The spectroscopic characterization 
showed that the product from the photoreaction is indeed insertion product 6 and 
not a hydrogen abstraction product 7.  

 
Scheme 3. a) N–H insertion product. b) Hydrogenation to aniline derivative. 
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Then, UV-vis spectroscopy was used to monitor the photoconversion of 
compound 2b over time. During the course of the reaction, the absorption at 378 
nm increased as a result of product 6 formation, while the absorption at 328 nm 
decreased (Figure 10). The photoconversion is very fast and reached a plateau 
in less than one minute. Fluorescence spectroscopy of the reaction after 200 
seconds of UV irradiation (350 nm, hand-held UV-lamp), using an excitation 
wavelength of 378 nm, produced a strong emission with a maximum at 550 nm 
in contrast with the silent signal obtained for the mixture before UV activation. 

  
Figure 10. a) Plot of UV-vis spectra over the course of the photoreaction. b) UV-vis 

absorption intensity vs. irradiation time (monitored at 328 nm and 378 nm). c) 
Fluorescence intensity (excitation: 378 nm) before and after UV-activation. 

Conditions: 10-5 M in ethanol, UV lamp (0.46 mW cm-2) 350 nm.  

The methyl ester group in compound 2b allows further functionalization of the 
probe and was used as a handle to attach a biologically relevant D-mannose. 
Carbohydrates are common entities in cells, both as constituents in biopolymers 
and also in molecular recognition events within the cells.[43-44] Compound 2b 
was first transformed to its N-hydroxysuccinimide (NHS) derivative and 
subsequently coupled with a modified D-mannose to obtain compound 9 in 55% 
yield (Scheme 4).[45] 

1) NaOH, MeOH, r.t., 5h

2) NHS, EDAC, DCM,
40°C, 48 h
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Scheme 4. Derivatization of photoactivabtale fluorophores with D-mannose. 

The presence of the mannose scaffold increased the aqueous solubility of the 
compound while leaving the turn-on fluorescence ability unaffected. 
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2.1.4 Bioimaging 

The turn-on fluorescence was evaluated in a fluorescence imaging experiment 
using a confocal optical microscope. Two ethanolic solutions (10 mM), one with 
compound 2b and the other with 9, were deposited on the same coverslip 
separated from each other and then covered with two smaller coverslips that 
were sealed to avoid the evaporation of the solvent. At this point, half of both of 
the two solutions were exposed to a UV-light source (30 seconds) and then 
analyzed under the microscope (Figure 11a). The fluorescence imaging in the 
four different regions of interest (ROIs) confirmed that only the sections 
illuminated by the UV-light showed intense fluorescence (yellow for compound 
2b and green for compound 9), while the areas of the solutions not previously 
illuminated by the UV-light remained dark. 

The fluorescent probes were then used in an in vitro imaging of human umbilical 
vein endothelial cells (HUVEC). Four different concentrations of the 
fluorophore 9 were tested.  Aliquots of compound 9 dissolved in ethanol (1.0 
mM) were transferred into a cell culture (1 mL) in order to achieve final 
concentrations of 10 µM, 20 µM, 40 µM and 60 µM.  

 

Figure 11. a) Schematic overview of the two coverslips containing compounds 2b 
and 9 before and after UV-activation (10 mM in EtOH). b) Fluorescence spectrum of 
compound 9 before and after UV-activation. c) Fluorescence spectrum of compound 
2b before and after UV-activation. d) Confocal fluorescence imaging of HUVEC cell 
incubated with 10 µM of 9 before and e) after UV-activation. f) Setup of the confocal 
fluorescence imaging with the on-spot UV-activation. g) HUVEC cell incubated with 

10 µM of 9. h) Photon counts of the four ROIs in (g), solid lines: fluorescence 
signals, dashed lines: brightfield signals. (Blue or yellow are pseudo colors).   
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The cells were incubated for 24 h at 37 °C and imaged using a 405 nm excitation 
light, before and after 30 seconds of UV-light activation (312 nm). Already at 
10 µM it was possible to obtain a strong fluorescence signal after light activation 
(Figure 11d and 11e). 

In a second experiment, a new setup was used in order to follow the fluorescence 
intensity over UV-light exposure with a fiber-coupled UV LED light (300 nm, 
250 mA) pointed directly on the spot observed during the confocal fluorescence 
imaging (figure 11f). HUVEC cells were incubated for 4 h in the presence of 
compound 9 (10 µM) then imaged and exposed to 300 nm light up to 25 min. 
The fluorescence intensity was recorded at four different regions of interest and 
showed an increase of fluorescence intensity over time, originating from the 
photoactivated fluorophore within the cell membrane. The fluorescence 
intensity reached a plateau after 25 min, indicating full activation of compound 
9 (Figure 11g and 11h). Compound 2b was similarly investigated in the imaging 
of HUVEC cells. After 4 h of incubation, the cell sample was imaged before and 
after 30 seconds UV-light activation, showing a net enhancement of the 
fluorescence in comparison to the residual fluorescence obtained before the 
activation (Figure 12). The results showed that both compounds 2b and 9 were 
able to permeate the cellular membrane, which hints at a possible passive 
diffusion mechanism. A difference between compounds 2b and 9 was observed 
after 24 h from the incubation: when the same samples were imaged again, 
compound 2b was mainly retained within the cell, while the concentration of 
compound 9 was clearly diminished (Figure 12).  

      

Figure 12. Confocal fluorescence images of HUVEC cell incubated for 4h with 10 
µM or compound 2b or compound 9; before activation; just after UV-activation; and 

after 24 h from the UV-activation.   
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2.1.5 AIE in theranostic agents based on ciprofloxacin derivatives 
(Paper II) 

Aggregation-induced emission (AIE) in organic compounds was first reported 
in 2001[46] and has since then gained increasing attention. AIE represents a key 
strategy to solve the opposite phenomenon of “aggregation-caused quenching” 
(ACQ) which hampers technological advances where highly concentrated 
solutions or even solid-state luminescent materials are needed (e.g., OLEDs).[47] 
As charge transfer within the molecule is one of the main causes of a non-
radiative decay from a molecular excited state, a sought-after solution is to 
minimize the intramolecular motion.[48] Propeller-shaped structures represent a 
common motif to induce an aggregate arrangement that suppresses 
intramolecular motion and consequently promotes a luminescent decay (Figure 
13).[47]  

 

Figure 13. Propelled-shaped molecules showing AIE effect. a) Fluorophore based 
on silole.[46] b) Fluorophore based on tetraphenyl ethylene.[49] c) Fluorophore based 

on butoxybenzene.[50]  

Ciprofloxacin is a broad-spectrum fluoroquinolone-based antibiotic, which in 
its structure also contains a piperazine ring. The secondary amine of the 
piperazine moiety can be used as a handle for functionalization. In previous 
work from our lab,[51] perfluorinated aromatic azides (PFAAs) were used in a 
three-component reaction with secondary amines and enolizable aldehydes. The 
amine and the aldehyde react in situ to form the corresponding enamine that acts 
as a dipolarophile in the cycloaddition with the PFAA yielding a triazoline ring, 
which spontaneously decomposes at room temperature to form an amidine 
(Scheme 5).  

 

Scheme 5. Reaction between PFAAs, aldehydes and amines to form amidines.[51] 
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Based on this reaction, ciprofloxacin — and in one case, its analogue norfloxacin 
— was derivatized with different PFAAs with the aim of building molecular 
structures prone to form nanoaggregates (Figure 14). Nanoaggregates were used 
as a new drug-formulation, i.e., pure drug-nanoaggregates, and as fluorescence 
emitters in fluorescence microscopy. The ability of the nanoaggregates to be 
observed via fluorescence microscopy and their antibacterial activity make them 
potential theranostic agents, i.e., drugs able to act both as a therapeutic and as a 
diagnostic tool. 

 
Figure 14. Ciprofloxacin derivatized on the piperazine ring. Compound 16 is 

norfloxacin derivatized on the piperazine ring.  

The inclusion of the perfluorinated aromatic ring together with the benzyl group 
increased the solubility of ciprofloxacin in organic solvents. Nevertheless, with 
an incremental addition of water, nanoparticles (NPs) were formed as a result of 
the diminished solubility (Table 1). No nanoparticles formation was observed 
for compound 15 which lacked one of the aromatic rings. 

The formation on NPs was followed by dynamic light scattering (DLS), which 
showed an interesting feature for compound 10: the size of the nanoparticles 
could be controlled by the amount of water. More specifically, increasing the 
percentage of water led to smaller particle sizes, from 243 nm to down to 40 nm 
(Table 1, Entry 6). 
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Table 1. Properties of the NPs from 10 at different water volumes.a 

Entry Solvent; H2O (%) Diameter 
(nm)b 

PDI 

1 THF (70%) n.d. - 

2 THF (80%) 243±20 0.17 

3 THF (90%) 254±30 0.14 

4 THF (95%) 136±20 0.13 

5 THF (99%) 90±5 0.21 

6 THF (99.9%) 40±5 0.23 
a THF solutions of compound 10 (1-10 g/mL) were injected into water to 
reach a final concentration of 10 µM. Each data point was an average of > 3 
independent experiments. b Z-average measured via DLS. PDI: 
polydispersity index as measured via DLS. 
 

The formation of NPs from derivatives 10–11, 13–14 and 16 was accompanied 
by  increased fluorescence intensity as in the case of compound 10 in acetonitrile 
and water (Figure 15A). The formation of the aggregates led to the emergence 
of a luminescent emission (AIE) easily seen in Figure 15B, where a water 
content higher than 80% caused a bright fluorescence emission from the 
suspension. 

 
Figure 15. a) Fluorescence spectra of 10 in water/acetonitrile at increasing water 

content (volume %) (excitation: 334 nm). b) relative fluorescence intensity at 
increasing water content (volume %), I0: fluorescence intensity at 0 vol %.   

X-ray analyses of compounds 10 and 11 formed via slow evaporation of 
acetonitrile showed the intermolecular interactions promoted by the architecture 
of the molecules. Compound 10 (Figure 16a) displayed a dimeric interaction, 
where the tightest interaction appears to arise between the two phenyl groups 
that are antiparallel to each other and in close contact (3.08 Å). On the other 
hand, the crystal structure of compound 11 revealed a more extended 
intermolecular interactions, where a single molecule interacts with other four 
molecules (Figure 16b). The perfluorinated aromatic ring stacks face-to-face 
with the perfluorinated aromatic ring of a neighboring molecule at a distance of 
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3.4 Å. A similar interaction involves the fluoroquinolone moieties that are 
coplanar and lay 3.5 Å apart. Even though the molecular arrangement in the 
crystal lattice does not necessary represent the arrangement obtained in the rapid 
assembly of the NPs, it suggests a packing state that supports the enhanced 
fluorescence emission arising from the suppression of an intramolecular charge 
transfer decay pathway. 

  

Figure 16. Packing of compound 10 (a) and of compound 11 (b) in their crystal 
structures. 

2.1.6 Fluorescence imaging of nanoparticles with E. coli 

Nanoparticles from compound 10 were imaged together with bacteria and were 
studied as an antibacterial agent.  Starting from a 1 mM solution of the 
compound in acetonitrile, 100 L of the organic solution was injected into a vial 
containing 900 L of MilliQ® water to form the NPs as in the reprecipitation 
technique. The NPs were then analyzed via DLS as a way to confirm the quality 
of the batch (197±18 nm, PDI: 0.06). An aliquot of 0.4 mL of the NP mixture 
was transferred into a 1.0 mL suspension of bacteria (E. coli ORN 178) and 
incubated for 4 h at 37 °C. The mixture was then centrifuged, the supernatant 
discarded, and the pellet redispersed in phosphate-buffered saline (PBS) buffer 
just before the fluorescence imaging. 

An excitation wavelength of 405 nm was used to promote the fluorescence from 
the NPs. E. coli ORN 178 without NPs showed the classical autofluorescence 
with an emission curve centered at 530 nm corresponding to the observed green 
color (Figure 17d). The blue fluorescence instead originates from the 
nanoparticles as seen in Figure 17b, region of interest 1 (ROI1).  
Whereas isolated aggregates of NPs are present (Figure 17e), it does happen that 
NPs interact with the surface of the bacteria (Figure 17f).  
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Figure 17. Confocal fluorescence imaging of E. coli ORN 178 incubated with NPs 
from 10. a) Bright-field image of a bacterium with NPs attached at the periphery. b) 

Fluorescence image of bacterium in (a), excitation 405 nm. c) Bright-field image of E 
coli ORN 178. d) image of E coli ORN 178 showing autofluorescence (excitation 405 
nm). e) Merged micrograph of bright-field image and fluorescence image (excitation 

405 nm) showing an overview of the sample. f) Merged micrograph of bright-field 
image and fluorescence image (excitation 405 nm) showing bacteria with NPs at the 

periphery.   g) Fluorescence spectrum of the two ROIs in (b), in both cases the 
fluorescence emission is dominated by the contribution of NPs emission, 
contribution of autofluorescence is visible as a shoulder (dashed line). h) 
Fluorescence spectrum showing autofluorescence from bacteria in (d).   

This interaction is suggested to play a role in the enhanced antibacterial activity 
showed by the NPs compared to the free drug. In fact, NPs from compounds 10–
14 were tested against two strains of Escherichia coli ORN 178 and ATCC 
25922 using minimum inhibitory concentration (MIC) to assess the antibacterial 
activities. As expected, the structural modifications introduced on ciprofloxacin 
resulted in a decrease of the antibacterial activity of the drug (more than two 
orders of magnitude).[52] Interestingly, when the antibacterial activity of the 
ciprofloxacin derivatives, either as a NPs formulation or as a ciprofloxacin 
derivatives in solution, were compared, an enhancement of the antimicrobial 
activity for the NPs was observed with a factor up to 44.  
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2.1.7 Conclusion 

                                                                                                                                                    
This chapter described two different strategies to promote fluorescence through 
a careful design of the molecular architectures. In the first section, a 
perfluorinated aromatic azide derivatized with carbazole moieties was 
synthesized to act as photoactivatable fluorophore. The fluorophore was 
subsequently modified to include D-mannose as a potential handle for molecular 
recognition. Moreover, the photoactivatable fluorophore was used to image 
HUVEC cells in fluorescence confocal imaging. In the second section, 
propeller-shaped molecular structures derived from ciprofloxacin and 
perfluorinated aromatic azides were used to promote pure-drug nanoaggregates 
showing aggregation-induced emission (AIE). The nanoaggregates were imaged 
in the presence of E. Coli bacteria as a way to monitor the antibacterial agent in 
vitro.  
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3.  
Photogenerated PFAA-nitrenes for 

synthesis of chiral sulfur(VI) compounds 
and their applications 

(Papers III-IV) 

3.1 Chiral sulfonimidamides (SIAs) and sulfoximines (SOIs) 

A molecule with a sulfur atom with four different substituents is inherently 
chiral. The most commonly encountered chiral sulfur compounds are sulfur(IV) 
compounds such as sulfoxides and sulfinamides which are widely used in 
asymmetric synthesis [53] or as bioactive compounds (sulfoxides).[54] In contrast, 
chiral hexavalent sulfur compounds (Figure 18), are by far less represented in 
the scientific literature and even more so in the pharmaceutical industry.[55]  

 
Figure 18. Main classes of chiral sulfur(VI) compounds.[56] 

Only recently, a renewed interest for sulfonimidamides (SIAs) and sulfoximines 
(SOIs) has emerged and they now represent an active area of development. Due 
to their promising physiochemical properties, they are often referred to as 
potential bioisosteres of sulfonamides or carboxylic acids.[57] Their structures 
are unique in different aspects; they have a non-planar geometry, a free amide 
that can be used as a handle for further derivatization and tuning of chemical 
properties, and acidic and basic moieties allow hydrogen bonding interactions 
(Figure 19).[58-59] Despite the fact that no drug containing a SIA or SOI 
functionality has currently reached approval as therapeutic, an increasing 
number of these compounds has entered clinical trials.[59] In one case, a 
sulfoximine compound (sulfoxalflor)[60] is already marketed as an insecticide.  
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Figure 19. General properties of sulfoximines (SOIs) and sulfonimidamides 
(SIAs).[59, 61] 

The chirality of SOIs and SIAs has allowed these classes of molecules to find 
applications in asymmetric synthesis. In particular, SOIs have been used as 
chiral ligands in transition metal-catalyzed reactions. For example, high  
enantioselectivities were obtained in C–C bond formation reactions, such as the 
Mukaiyama aldol reaction, the Diels-Alder cycloaddition or allylic substitution 
reactions.[56] Hydrogenation reactions using iridium or rhodium complexes with 
bidentate SOI ligands were also successful in inducing enantioselectivity.[53, 62] 
Sulfonimidamides, on the other hand, are less represented in asymmetric 
catalysis with only three reports to date (Figure 20).  

 

Figure 20. SIAs in asymmetric synthesis. 



   23

Bolm and Worch employed SIAs functionalized on the NH-terminus with a 
proline in a Cu(II)-catalyzed aldol reaction between cyclohexanone and 
benzaldehydes yielding the product in excellent enantioselectivity (up to 98% 
e.e.). Even though the chiral outcome of the reaction was controlled by the 
proline substituent, the chirality of the sulfur had an influence on the 
effectiveness of the enantioselectivity.[63] Subsequently, Bolm and Steurer 
functionalized SIA with vicinal trans-cyclohexanediamines and used it as a 
bidentate ligand to form a complex with the copper salt in a nitro aldol reaction 
with high enantioselectivity (95% e.e.).[64] In further work by Bolm and 
coworkers, a phosphorylated SIA was used in Ir-catalyzed asymmetric 
hydrogenation yielding the products with high enantioselectivity (92% e.e.).[65] 

The recent interest on SIAs and SOIs is reflected in the large number of reported 
synthetic strategies to access these classes of compounds. The main route to 
SIAs is via the sulfonimidoyl chloride intermediate that further reacts in 
nucleophilic substitutions to obtain the desired products. Common strategies to 
access sulfonimidoyl chlorides include: oxidative imidation of the sulfur from a 
nitrene transfer reagent (Figure 21A, route a),[66] oxidative chlorination starting 
from a sulfinamide compound (Figure 21A, route b),[67] deoxychlorination from 
sulfonamide (Figure 21A, route c),[68] and via a Grignard addition to a 
sulfinylamine followed by oxidative chlorination (Figure 21A, route d).[55, 69] In 
a similar fashion, sulfonimidoyl fluorides derived from the sulfur-fluorine 
exchange (SuFEx) reaction can serve as precursors to access sulfonimidamides 
(Figure 21A, route e).[70] Other approaches to SIAs that do not involve 
sulfonimidoyl chloride as an intermediate have also been reported. For example, 
copper-catalyzed trans-sulfinamidation between protected amines and 
sulfinamides;[71] copper-catalyzed S–C to S–N bond exchange reactions 
between sulfoximines and cyclic secondary amines;[72] or 
(diacetoxyiodo)benzene-mediated nitrene transfer to tertiary sulfinamides.[73] 

 

Figure 21. A) Routes to sulfonimidamides via sulfonimidoyl halogen precursors. B) 
Routes to sulfoximines via sulfoxide, sulfimines or sulfinamides 
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The reported syntheses of SOIs follow similar approaches as previously 
discussed for the synthesis of SIAs (Figure 21B). Sulfur-nitrogen bond 
formation is conveniently formed stereospecifically via a nitrene addition 
mediated by transition metals (Fe, Rh, Ag)[62, 74-77] or  hypervalent iodine or 
bromine (Figure 21B, route g).[78-80]  Alternatively, sterospecific oxidation of 
optically pure sulfinimines leads to chiral SOIs, although, reports with this 
strategy are scarce (Figure 21B, route h), or they can be formed via 
desymmetrization of homochiral sulfoximines (Figure 21B, route i).[56] More 
recently, Aota et al. reported  chemoselective, stereospecific, S-alkylation[81] and 
S-arylation[82] of N-protected sulfinamides to obtain a large scope of variously 
substituted SOIs. 

3.1.1 Synthesis of SIAs and SOIs via photogenerated perfluoroaryl 
nitrenes 

In our group, we recently became interested in light-promoted reactions. During 
a control experiment where methyl-4-azido-tetrafluorobenzoate PFAA-a was 
exposed to 440 nm light in dimethyl sulfoxide (DMSO), a clean adduct 
formation between the sulfur atom and the perfluorinated aromatic azide-
derived nitrene was observed. The product formation from the perfluorinated 4-
azidotetrafluoropyridine and DMSO was first reported by Banks and Sparkes in 
1972,[27] where the nitrene was obtained after azide thermolysis at 160 °C in 
DMSO. This reaction pathway was for long overlooked and there are no reports 
where the reactivity has been studied or expanded. The clean reactivity observed 
is probably due to the long-lived nitrene derived from the perfluorinated azide, 
where the presence of fluorine atoms ortho to the nitrene hampers the ring-
expansion pathway and allows a more controlled nitrene reactivity.[83] In 
conformity with similar work reported in the literature, the reaction is believed 
to proceed via nucleophilic attack of sulfur to the electrophilic singlet nitrene 
(Scheme 6).[84]  

 

Scheme 6. Sulfur-nitrene adduct formation. 

In our hands, further experiments showed that the nitrene-DMSO adduct was 
selectively formed also when DMSO was present as a co-solvent (10% in 
toluene) and even when DMSO was added in stoichiometric amounts. Addition 
of acid to the reaction mixture was expected to lead to formation of the aniline 
derivative as the main product. Surprisingly, the presence of phosphoric acid 
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(2.5 equiv) did not disrupt the reactivity, and again a clean N=S-bond formation 
was observed in the NMR analyses of the crude reaction mixture. Using a non-
perfluorinated aromatic azide, i.e., 1-azido-4-(benzyloxy)benzene, under the 
same reaction conditions, resulted in a sluggish reaction with a variety of un-
identified products. Recently in our group, we developed protocols for the 
catalytic formation of chiral sulfinimines from sulfinamides and aldehydes.[85-

86] Therefore, we were interested in evaluating whether nitrene-sulfur adduct 
formation could be obtained using enantiopure sulfinamides. (S)-tert-
butanesulfinamide (1.5 equiv) was then exposed to 440 nm Kessil light in the 
presence of PFAA-a. After a 2 h reaction in toluene, we were delighted to obtain 
the desired product in a clean reaction, albeit at lower conversion (28%). 

3.1.2 Reaction optimization 

The reaction between azide PFAA-a and (S)-tert-butanesulfinamide was used 
as a model reaction to optimize the reaction conditions. It was found that 390 
nm irradiation enhanced the rate of the reaction, likely due to a more efficient 
light absorption of the PFAA compound. It was also noted that the reaction was 
sensitive to the concentration of the reactants in solution and doubling the 
concentration of the limiting reagent (PFAA) from 0.05 M to 0.1 M, led to a 
slower conversion.  

Table 2. Solvent screening.a 

 
Entry Solvent Yield (%) b Aniline derivative (%) b 

1 THF 23 77 

2 EtOH 21 59 

3 Toluene 52 21 

4 Acetone 51 9 

5 CH2Cl2 47 4 

6 CHCl3 57 6 

7 MeCN 47 6 

8 EtOAc 65 5 

9 PhCF3 66 4 

10 DMF - - 

11 H2O 0 1 
a Conditions: PFAA-a (0.075 mmol, 0.05 M), (S)-tert-butanesulfinamide (0.15 mmol, 1.5 equiv), 
degassed solvent (1.5 mL), Kessil LED light (390 nm), 1.5 h, r.t., b Determined by 1H NMR 
analysis of the crude reaction using trimethyl(phenyl)silane as internal standard. 
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A solvent screening was initiated with the intent of investigating the reaction 
outcome in different media and find the optimal solvent for the N=S bond 
formation (Table 2). THF and ethanol promoted the formation of the aniline 
derivative as the main product (Table 2, entries 1 and 2) while the SIA was the 
main product in other aprotic organic solvents, such as toluene, acetone, 
dichloromethane, chloroform and acetonitrile (Table 2, entries 3–7). The highest 
yields were obtained in ethyl acetate and trifluorotoluene (PhCF3) and 
only small amounts of the of the aniline side-product was obtained (Table 2, 
entries 8 and 9). The reaction was run in the more polar solvent DMF (Table 2, 
entry 10), but a complex reaction mixture was obtained without any formation 
of the desired product. When the reaction was run in water, in which the starting 
material was scarcely soluble, a bright-red mixture was obtained. The coloured 
solution originated from the formation of the perfluorinated azo-compound as 
the main product, probably via a triplet-nitrene derived reaction pathway (Table 
2, entry 11). 

Due to the higher obtained yield and to the decreased formation of the aniline 
derivative, PhCF3 was chosen as the solvent in the investigation of the substrate 
scope of the reaction. Initially, the influence of different para-substituents on 
the perflourinated ring was studied. The syntheses of the different PFAAs were 
easily carried out starting either from the corresponding perfluorinated 
compound, via a SNAr substitution reaction using NaN3 as a nucleophile, or via 
a diazotization reaction from the aniline precursor followed by  ipso-substitution 
of the formed diazonium salt using NaN3 (Scheme 7). 

 

Scheme 7. Syntheses of PFAAs. Conditions: a) NaN3, acetone/H2O 2:1 (v/v), reflux; 
b) NaOH, MeOH/H2O 2:1 (v/v), r.t.; c) 1) TFA, NaNO2, 0°C; 2) NaN3. 

3.1.3 Substrate scope 

The obtained PFAAs were reacted with (S)- or (R)-tert-butanesulfinamide (SA) 
using a Kessil 390 nm light source in PhCF3 (Table 3). PFAA-a reacted with 
tert-butanesulfinamide in a 6-hour reaction providing (S)-1 and (R)-1 in good 
yields (66% and 65%, respectively) and preserved the enantiopurity of the 
compounds as verified via chiral HPLC. PFAA-c provided SIA (S)-2 in 62% 
yield after only 2 h of reaction, suggesting faster formation of the nitrene 
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reagent. Good yields and enantiopurity were obtained also from the pyridine 
derivative PFAA-d, which led to (S)-3 and (R)-3 in 64% and 65% yield, 
respectively, despite requiring increased illumination time (16 h). The reaction 
provided the desired products also with PFAA-f and PFAA-b, but with lower 
yields of the corresponding SIAs (S)-4 and (S)-5 (32% and 34%, respectively), 
highlighting the importance of the substituent in para position in taming the 
reactivity of the photogenerated nitrene. 

Table 3. Synthesis of SIAs using different PFAAs and sulfinamides. 

 

Conditions: PFAA (0.3 - 0.9 mmol, 0.05 M), SA (0.45 - 1.35 mmol, 1.5 equiv), degassed PhCF3, 390 
nm, 2 -16 h, r.t. 

Next, we wanted to explore the reaction using different sulfinamides. Davis 
sulfinamide ((S)-p-toluene sulfinamide) showed to form the target SIA in a 
moderate yield when reacted with PFAA-c to form SIA (S)-6 in 42% yield. The 
lower yield was ascribed to the scarce solubility of the sulfinamide in the used 
solvent, and the less reactive PFAA-a gave only trace amounts of the expected 
product (S)-7 and led to a more complex reaction mixture. A secondary 
sulfinamide, racemic 1-(phenylsulfinyl)piperidine, was successfully reacted 
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with the PFAA-a to give rac-8 in 42% yield. At this point we turned our 
attention to the synthesis of sulfoximines (SOI) coupling the photogenerated 
PFAA-nitrene with chiral and achiral sulfoxides (SO) (Table 4).  

 

Table 4. Synthesis of SOIs using different PFAAs and sulffoxides 

 

Conditions: PFAA (0.3 mmol, 0.05 M), SO (0.45 mmol, 1.5 equiv), degassed PhCF3, 390 nm light, 1 -

4 h, r.t.. a solvent EtOAc instead. 

The reaction between sulfoxides and the PFAA-nitrene were generally faster 
than the reaction observed for the sulfinamides. In fact, PFAA-a reacted with 
1.5 equiv of DMSO in PhCF3 to form SOI 9 in high yield (78%) after only 2 h. 
Good yields were also obtained using racemic phenylmethyl- and vinylmethyl 
sulfoxides (61% and 56%, respectively). It is worth to notice that the double 
bond in rac-11 is unreactive towards the formed nitrene. Product rac-12 was 
obtained in 47% yield and the reduced yield is probably due to the increased 
formation of the perfluorinated aniline derivative (methyl 4-amino-2,3,5,6-
tetrafluorobenzoate) which accompanied the formation of the product (26% 
according to 19F NMR analysis of the crude reaction mixture). Aniline formation 
is a possible side-reaction, which stems from hydrogen atom-abstraction via the 
nitrene-intermediate and is associated with the nitrene in its triplet state, as 
observed when acetophenone (a triplet sensitizer) was present in the reaction 
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mixture.[25] Starting from an enantiopure sulfoxide, an enantiopure SOI was 
obtained as in the case of product (R)-13 formed in 66% yield. Racemic 
chlorbensid sulfoxide, a by-product from the pesticide chlorbensid, with chloro-
substituents on the aromatic ring, was reacted with PFAA-a to obtain rac-14 in 
53% yield. In this specific case, ethyl acetate was used as the solvent due to the 
scarce solubility of chlorobensid in PhCF3. Among biologically active 
sulfoxides, methionine sulfoxide, derived from the oxidation of methionine, has 
often drawn attention as its increased concentration in tissues is associated with 
aging.[87-88] N-Boc protected methionine sulfoxide was then used as substrate to 
form PFAA-derived SOI, and after merely 1 h, the reaction was complete, 
yielding SOI 14 in 49% yield. Formation of the aniline derivative was the main 
cause of the lower yield.     

3.1.4 Application of SIAs as chiral auxiliaries  

Since the introduction of their enantiopure synthesis, sulfinamides (SAs) have 
found applications in asymmetric synthesis for the production of optically pure 
amines.[89-90] The Ellman group established the use of enantiopure tert-
butanesulfinamide as a chiral auxiliary to steer the stereoselectivity of the 
reaction.[91-92] The chiral auxiliary is introduced via the condensation reaction 
between the amino group of the SA and an aldehyde or a ketone. Typically, the 
formed N-sulfinyl imines are then allowed to react with organometallic reagents 
to yield the addition product in high diastereoselectivity. Finally, the 
enantiopure amine is obtained upon removal of the auxiliary, which is usually 
carried out under acidic conditions (Scheme 8).[91, 93]   

 

Scheme 8. Sulfinamides as chiral auxiliaries in the synthesis of enantiopure amines. 

The high stereoselectivity observed in the 1,2-addition reaction of 
organometallic reagents into the N-sulfinyl imines is proposed to derive from 
the coordination of the oxygen atom in the sulfinimine with the metal center, in 
a six-membered transition state (Scheme 9). 

 
Scheme 9. Six-membered transition state involved in the addition reaction. 

By using the chair-like transition state it is possible to predict the configuration 
of the final product. Furthermore, the involvement of the chair-like transition 
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state is supported by the higher selectivity obtained when weakly coordinating 
solvents are used (e.g. CH2Cl2) (Scheme 9).[94]   

The developed synthetic strategy for coupling perfluorinated aromatic azides 
with sulfinamides (see Section 3.1.1), allows the one-step, stereospecific 
synthesis of SIAs, even in the presence of a free amino group on the sulfinamide. 
We reasoned that the free amino functionality could be exploited to use SIAs as 
chiral auxiliaries. A condensation reaction with carbonyl compound would thus 
introduce the auxiliary, and the stereogenic sulfur provides a chiral environment 
for inducing stereoselectivity in the addition reaction to the produced imine, via 
a closed six-member transition state.[94]   

 
Scheme 10. SIAs as chiral auxiliaries in the synthesis of enantiopure amines.  

Firstly, we evaluated the condensation reaction between sulfonimidamide (R)-1 
and benzaldehyde. Thus, the pyrrolidine-catalyzed protocol developed by Cid 
and co-workers [95] for the condensation reaction of sulfinamides and aldehyde, 
was applied to the SIA condensation reaction. To our delight, the reaction 
produced the desired imine product in good yield (55%), and is, to the best of 
our knowledge, the first example of imines derived from sulfonimidamides. The 
imine undergoes hydrolysis if stored in wet chloroform but is stable upon storage 
in the fridge. Attempts to form condensation products with ketones, as the 
carbonyl starting material, failed to deliver the desired ketimines. Therefore, our 
efforts were focused exclusively on the investigation of condensation reactions 
of SIAs with aldehydes. 

A selected pool of aromatic and aliphatic aldehydes was studied in the 
condensation reaction with SIA (R)-3, using either aminocatalytic methods (10 
mol% pyrrolidine or 10 mol% anthranilic acid) or Lewis acid-promoted reaction 
using titanium tetraetoxide (Ti(OEt)4). Good conversions and isolated yields 
were obtained for aromatic aldehydes Ald-4 and Ald-5 when using 10% 
pyrrolidine in CH2Cl2 in combination with molecular sieves (MS) as the 
dehydrating agent (Table 5, entries 2 and 3). The same reaction conditions were 
applicable for aldehyde Ald-3, which was isolated in 90% yield after a 6 h 
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reaction (Table 5, entry 2). Unfortunately, aliphatic aldehydes containing 
enolizable protons did not form the expected product using the same conditions.   

Table 5. Condensation reaction.a 

 
Entry Aldehyde Cat. (equiv) Time 

(h) 
% Conv.b (% Yield )c  

1 Ald-2 c-1 (0.1) 6 n.d. 
2 Ald -3 c-1 (0.1) 22 95 (90) 
3 Ald -4 c-1 (0.1) 44 100 (78) 
4 Ald -5 c-1 (0.1) 14 97 (78) 
5 Ald -1 c-3 (2.0) 50 n.d. 
6 Ald -1 c-2 (0.1) 48 90 

a Conditions: (R)-3 (0.2 – 0.9 mmol, 0.1 M), aldehyde (2.0 equiv), catalyst 
(0.1 equiv), dry CH2Cl2, 60 °C, 4Å MS, inert atmosphere. b Determined by 
1H NMR analysis on the crude reaction.c Isolated yield. n.d.: not determined. 

 
Butyraldehyde Ald-1 was then reacted with (R)-3 in the presence of Ti(OEt)4, 
which acts both as Lewis acid and as water scavenger (Table 5, entry 5), but 
once again, a complex reaction mixture was obtained. Therefore, it was decided 
to use anthranilic acid as the catalyst, which has been reported to catalyze 
synthesis of aliphatic aldimines.[95] Even though a cleaner reaction mixture was 
obtained, no desired product was detected (Table 5, entry 6).   

3.1.5 Grignard addition to SIA-imines  

The formed SIA-imines were used to test the ability of the chiral SIA-moiety to 
steer the stereoselective carbonyl addition reaction with Grignard reagents. The 
standard reaction conditions reported for the chiral sulfinamide auxiliary were 
used as a starting point for the study, and the SIA-imines were reacted with 
various Grignard reagents in dry CH2Cl2 at low (–78 °C) and high temperature 
(r.t.). The conversions and yields were determined by 1H NMR spectroscopy 
and the diastereomeric ratios were measured either via 1H NMR spectroscopy 
or via chiral HPLC.  



   32

Table 6. Grignard addition reaction.a 

 
Entry R1 R2 T (°C) % Conv.b (% Yield )c  d.r.b 

1 t-Butyl Ph r.t. 100 (80) 75:25 
2 t-Butyl Ph –78 100 84:16 
3 t-Butyl Me r.t 100 (87) 63:37 
4 t-Butyl Me –78 100 (85) 62:38 
5 t-Butyl i-Pr r.t n.d.d n.d.d 
6 t-Butyl i-Pr –78 n.d.d n.d.d 
7 p-chloro-Ph Ph r.t 100 (95) 62:38e 
8 p-chloro-Ph Ph –78 100 (97) 85:15e 
9 p-chloro-Ph Me r.t 100 (76) 65:35e 

10 p-chloro-Ph Me –78 100 (75) 76:24e 
11 Phenyl Me r.t 100 (78) 84:16e 
12 Phenyl Me –78 100 (80) 84:16e 
13 Phenyl i-Pr r.t n.d. 64:36 
14 Phenyl i-Pr –78 n.d. 60:40 

a Conditions: Imine (0.05 mmol, 0.1 M), Grignard reagent (2.5 equiv), dry CH2Cl2, inert 
atmosphere, 6 h. b Determined by 1H NMR analysis.c Determined by 1H NMR analysis with 
internal standard.d Hydride transfer is the main product.e Determined via chiral HPLC. n.d.: not 
determined 

The screening of the Grignard addition to SIA-imines revealed that SIAs induce 
a stereoselectivity in the addition reactions, and high selectivities were obtained 
(diastereomeric ratios up to 85:15) for all the three isolated SIA-imines. As 
expected, the bulkier aromatic Grignard reagent showed the highest 
diastereoselectivity, while methyl magnesium bromide gave lower 
stereoselectivities (with some exceptions). When using isopropyl magnesium 
chloride as the nucleophile, a β-hydride transfer was observed. The reaction of 
isopropyl Grignard with the SIA-imine derived from pivalic aldehyde (I-a) led 
to the reduction product as the main outcome of the reaction (Table 6, entries 5 
and 6). In the addition reaction of the same Grignard reagent to the SIA-imine 
derived from benzaldehyde (I-c), the 1,2-addition was the main observed 
product, but β-hydride transfer was still observed (Table 6, entries 13 and 14). 
After the assessment of the general reactivity of SIA-imines towards Grignard 
addition reaction, we decided to investigate the influence of the solvent, both in 
terms of reactivity and diastereoselectivity. The addition of phenylmagnesium 
bromide to SIA imine I-a was chosen as the model reaction and evaluated in 
commonly used solvents for Grignard reactions (Table 7). The reactions were 
run at –78 °C and both the conversions and the diastereomeric ratios were 
determined via 1H NMR analysis of the crude reaction mixture. 
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Table 7. Solvent screening.a 

 
Entry Solvent  Conv.b d.r.b 

1 CH2Cl2 53 % 84:16 
2 THF 67 % 85:15 
3 Et2O 100 % 85:15 
4 Toluene 100 % 95:5 
5 Hexane 100 % 85:15 

a Conditions: Imine (0.05 mmol, 0.1 M), Grignard reagent (2.5 equiv), dry solvent, inert 
atmosphere, –78 °C. 6 h. b Determined by 1H NMR analysis.  

 
The reactions run in CH2Cl2 and THF did not reach full conversion after 6 h at 
–78 °C (Table 7, entries 1 and 2). Moreover, the solvent screening highlighted 
toluene as the solvent that best promotes both high diastereoselectivity (95:5) 
and full conversion. The other screened solvents (Et2O, hexane) limited the 
diastereoselectivity of the reaction to an 85:15 ratio (Table 7, entries 3 and 5). 

The scope of the Grignard addition was investigated with the three obtained 
SIA-imines I-a, I-b and I-c, using variously substituted phenyl Grignard 
reagents (Table 8). The addition reactions proceeded with good yields in all the 
tested reactions. Addition of 3-methoxyphenylmagnesium bromide to SIA-
imine I-a provided good diastereomeric ratio when run at room temperature 
(85:15), but a higher stereoselectivity was achieved at –78 °C (96:4) (Table 8, 
entries 1 and 2). Addition of (4-chlorophenyl)magnesium bromide afforded 
excellent yields and high diastereoselectivity at –78 °C (93:7) (Table 8, entries 
3 and 4). Similar results were obtained for SIA-imine I-b in the reaction with 3-
methoxyphenylmagnesium bromide to yield P-c with a 92:8 diastereomeric ratio 
(–78 °C) (Table 8, entry 6). Finally, SIA-imine I-c was reacted with both 3-
methoxyphenylmagnesium bromide and (4-chlorophenyl)magnesium bromide 
to afford the addition products in high yields (85%) and high diastereomeric 
ratios (92:8 and 94:6, respectively) at –78 °C (Table 8, entries 8 and 10). 
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Table 8 Grignard addition reaction in toluene.a 

 
Entry R1 R2 Product T (°C)  Yield.b   d.r.c 

1 t-Butyl 3-methoxy-Ph P-a rt 93% 85:15 
2 t-Butyl 3-methoxy-Ph P-a –78 90% 96:4d 
3 t-Butyl 4-chloro-Ph P-b rt 98% 86:14d 
4 t-Butyl 4-chloro-Ph P-b –78 98% 93:7d 
5 4-chloro-Ph 3-methoxy-Ph P-c rt 90% 75:25 
6 4-chloro-Ph 3-methoxy-Ph P-c –78 90% 92:8d 
7 Phenyl 3-methoxy-Ph P-d rt 87% 75:25d 
8 Phenyl 3-methoxy-Ph P-d –78 85% 92:8d 
9 Phenyl 4-chloro-Ph P-e rt 80% 75:25d 

10 Phenyl 4-chloro-Ph P-e –78 85% 94:6d 
a Conditions: Imine (0.05 mmol, 0.1 M), Grignard reagent (2.5 equiv), dry toluene, inert 
atmosphere, 6 h. b Determined by 1H NMR analysis with an internal standard.c Determined via 
chiral HPLC. 

 
The final step of the proof-of-concept on the use of SIAs as chiral auxiliaries, is 
the cleavage of the auxiliary to access the enantiopure amine. The classical 
approach used to cleave-off the parent sulfinamides involves acidic conditions 
in protic solvents, typically HCl or trifluoroacetic acid in methanol.[92, 96] 
Unfortunately, those conditions could not be applied to the cleavage of SIAs, 
and complex reaction mixtures were obtained. However, treating the addition 
product P-a with triflic acid and anisole in CH2Cl2

[97-99] yielded the desired free 
amine in 90% yield (Scheme 11) with no loss in enantiopurity, as revealed by 
chiral HPLC analysis.  

 
Scheme 11. Auxiliary group cleavage. Reaction conditions: P-a (0.09 mmol, 0.1 M), 

TFA (9.0 equiv), anisole (20 equiv), CH2Cl2, 0 °C to r.t., 2 h.  

3.1.6 Conclusion 

We have developed a photo-promoted protocol for synthesis of chiral and 
achiral sulfonimidamides as well as sulfoximines, starting from perfluorinated 
aromatic azides and sulfinamides or sulfoxides, respectively. The reaction 
proceeds through a nitrene intermediate, which after a stereospecific addition of 
the sulfur´s lone pair, leads to the formation of the desired product. The strategy 
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allows access to optically pure SIAs, which present a free amino group. 
Subsequently, the free amino group was exploited in condensation reactions 
with aldehydes to form stable SIA-imines, which were reacted with Grignard 
reagents in a diastereoselective fashion. The acidic cleavage of the SIA groups 
provided enantioenriched amines, thereby constituting the first reported 
example of SIA as a chiral auxiliary.  

3.2  Organogels 

During the photo-promoted synthesis of perfluorinated SIAs, one of the 
compounds, (S)-3, containing a perfluorinated pyridine ring, a t-butyl 
substituent, and an amino group on the chiral sulfur, formed a gel-phase in the 
reaction mixture upon completion of the reaction. This observation led us to 
investigate the ability of the compound to act as a gelator in organic solvents. 

Whereas everybody is familiar with the concept of a gel, which are commonly 
encountered in everyday life as personal-care or food products, their definition 
and description is often rather complex.[100] Gels are often defined as two-phase 
materials, consisting of a solid phase and a liquid phase. Here a cross-linked 
three-dimensional network of the solid phase entraps the liquid phase – which 
is the major component – to obtain a viscoelastic solid-like material.[101] 
Depending on the solvent used, either aqueous or organic, gels are divided into 
hydrogels or organogels, respectively. Furthermore, the nature of the three-
dimensional matrix imposes an additional differentiation. A network of cross-
linked fibers derived from polymers made from covalent-bonded monomers is 
defined as a macromolecular gel, whilst if the three-dimensional network is 
made of molecules associated by weak interactions, it is defined as molecular 
gel or supramolecular gel.[101] The majority of the naturally occurring gel 
materials, as well as the gels currently in use in everyday life, are made of 
covalent polymeric materials. Only recently, have supramolecular gels started 
to gain interest from the scientific community.[102]  

3.2.1 Supramolecular gels 

Supramolecular gels originate from the association along one dimension of the 
molecules of the gelator, in a self-assembling mechanism. The self-aggregation 
leads to the formation of gels that proceed across different length scales. The 
supramolecular polymerization of the gelator is followed by the formation of 
fibers of a few nanometers in diameter, which eventually develop into bundles 
and finally, through cross-points and entanglements between the fibers, to a 3D 
network (Figure 5).[103] At the core of this process, are weak, non-covalent 
interactions which drive the self-assembly mainly via hydrogen-bonds, π–π 
interactions and van der Waals forces.  
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Figure 22. Hierarchical organization of the gelator leading to the gel state.[103] 

The nature of these non-covalent interactions makes the supramolecular gel 
formation a reversible process, where external stimuli, typically heat or 
sonication, lead to the formation or disruption of the supramolecular 
organization, hence providing the material with inherent responsiveness. These 
characteristics are appealing for potential applications[104-105] such as 
photoelectronics,[106] drug delivery,[107] tissue engineering[108] and as scaffold for 
cell cultures.[109] The ability of a molecule to act as gelator is a function of 
multiple factors, such as the concentration of the compound in solution, the 
intermolecular interactions within the gelator molecules and between the gelator 
and the solvent, the temperature, pH, and mode of preparation.[102] The level of 
complexity makes it hard to predict and control the gelating process and confines 
the discovery of new gelators mainly to empirical science.[100] Building of 
gelator libraries has proven to be successful to access new gelators using known 
gelators as a starting point[102, 110] as well as incorporating hydrogen bond 
donor/acceptor moieties or hydrophobic chains, also starting from back-bone 
structure which already showed gelation abilities.[111-112] 

3.2.2 Perfluorinated sulfonimidamide-based gel  

Compound (S)-3 with a molecular weight of 285 g/mol is considered a low 
molecular weight gelator (LMWG). The gelation of compound (S)-3 was first 
discovered in trifluorotoluene which was the reaction medium of the photo 
promoted reaction. In order to explore the scope of the gelator, the gelating 
ability was evaluated in various solvents by the “inverted vial method” where 
the system was identified as a gel if it was able to support its own weight upon 
inversion of the vial. The efficiency of a gelator is determined by the critical gel 
concentration (CGC) which is defined as the lowest concentration of the gelator 
(wt%) allowing the formation of the gel. Our solvent screening showed that 
compound (S)-3 was able to induce gelation in both aromatic and aliphatic, 
nonpolar solvents (Figure 23). In highly nonpolar solvents, the CGC was as low 
as 0.09 wt% (heptane and cyclohexane), while higher concentrations were 
needed in case of solvents with higher polarity, such as chloroform (CGC: 1.9 
wt%), trifluorotoluene (0.6 wt%) or dichlorobenzene (1.1 wt%). Other less 
homogeneous, nonpolar liquids that allowed gel formation are oil industry 
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products, such as biodiesel (NExBTL) or gasoline (95) and motor oil (Audi). 
The gelation ability of (S)-3 under those conditions is in line with previously 
reported oil spillage recovery using phase-selective gelation.[111] The obtained 
gels all appeared colorless and transparent, indicating a fibrous structure, in the 
gel state, unable to scatter visible light, thus with a cross-sectional thickness 
below the µm scale (Figure 23).[110, 113]  

 

Figure 23. Gelator structure with critical features. Gels in representative organic 
solvents and gelation ability in different solvents.  

No gel formation was observed in solvents containing hydrogen bond 
donator/acceptor groups, such as ethyl acetate, THF and alcohols, and in these 
solvents the compound was completely dissolved even at higher concentrations 
(0.1 M). On the other hand, the compound was completely insoluble in water. 
The inability of compound (S)-3 to form gels in solvents containing hydrogen 
bonding groups, suggests that hydrogen-bonding interactions play an essential 
role in the self-assembly process. A further indication of this direction comes 
from the correlation observed between the gelation ability of the compound and 
the hydrogen bonding term (δH) in the Hansen solubility parameters (HSP) 
(Figure 24). 

 

Figure 24. Correlation between δH and CGC (mg/mL) 

To further investigate the interactions involved in the self-assembly, and to 
identify which structural features of the gelator are important for the process, 
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several analogs were prepared by modifying one structural element at a time. 
First, the free amide was methylated via reductive amination to form compound 
G-1. The formed product, with a reduced ability to form hydrogen bonding, did 
not act as gelator in any of the tested solvents, i.e., heptane, toluene, and 
chloroform. After that, the role of the pyridine moiety was evaluated through 
substitution of the perfluorinated pyridine ring with the perfluorinated phenyl 
ring (G-2). Once again, the replacement interfered with the gelation ability of 
the compound and no gel was obtained. As a last modification, the tert-butyl 
group was replaced with a p-tolyl moiety (G-3). This modification showed that 
the replaced group (i.e., the tert-butyl group), which was not expected to be 
involved in any hydrogen bonding interactions, was still critical for the gelation 
to occur.  

  

Figure 25. Analogs of the organogelator. 

The modifications introduced to the gelator were detrimental for the gelation 
ability, inferring that all the structural motifs of the gelator, and their interplay, 
are important in the assembly process. As expected, the enantiomer of the 
gelator, (R)-3, showed the same gelation properties. More interesting, when a 
racemic mixture of the two gelators was tested, no gel formation was observed, 
meaning that the stereo orientation of the structural motifs of the molecule plays 
a role in the self-assembly, and introducing a gelator with a mismatched 
orientation, disrupts the ability to form the necessary ordered aggregates.  

3.2.3 Xerogels and SEM analyses 

To gain additional insights of the structure of the material, xerogels from three 
different solvents were prepared and analyzed via scanning electron microscopy 
(SEM) (Figure 26). The analyses of xerogels from PhCF3 and heptane showed 
a flat surface where the fibrous features of the matrix were indistinguishable. On 
the other hand, the xerogel prepared from chloroform clearly showed a network 
composed of fibers, with a thickness of 100 nm, entangled and associated in 
larger bundles (Figure 26a).  Interestingly, the surface of the material showed 
long fibers rolled-up on themselves mimicking a rolled-up rope on a dock, 
presumably formed during the drying process (Figure 26c).  
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Figure 26. (a) SEM analyses of xerogel from (S)- 3 in CHCl3 showing P-type 
chirality. (b) SEM analyses of xerogel from (R)- 3 in CHCl3 showing M-type chirality. 
(c) rolled-up fibers on the material surface. (d) Individual fiber from aerogel derived 

from (R)-3 in cyclohexane.   

A closer look at the bundles of the fibers, revealed a persistent handedness in 
the winding direction in a P-type macroscopic chirality (Figure 26a). Intrigued 
by this observation, we prepared the xerogel under the same condition using, 
this time, the opposite enantiomer (R)-3 and we were delighted to see that the 
fibers showed the same behavior but with the opposite helical chirality (i.e., M-
type) (Figure 26b). The chiral information of the gel molecule is transferred into 
the microscopic chirality, dictating the direction of the helical chirality of the 
bundles. The 3D-network of the xerogel is not necessarily representative of the 
aggregation in the gel phase and can be dramatically affected by the solvent 
evaporation process.[110, 114] Therefore, a gel sample was prepared by dissolving 
the gelator in cyclohexane (1 mg/mL), which could be removed by 
lyophilization, leaving the three-dimensional organization of the fibers 
untouched. Indeed, freeze-dying of (R)-3 from a cyclohexane solution produced 
an aerogel without any significant loss of volume and SEM analyses showed 
fibers approaching 100 nm, but with a finer substructure, hinting that even 
smaller fibers might be present (Figure 26d). The expected helical arrangement 
of the fibers was not observed at this resolution and to better investigate the 
chirality of the superstructure, we turned towards circular dichroism (CD) 
spectroscopy.  
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3.2.4 CD-analyses of gelators in heptane 

Gels from both enantiomers of the gelator in heptane were investigated via CD-
spectroscopy at different concentrations starting with a concentration of 0.1 
mg/mL (6 times lower than the CGC) (Figure 27). The enantiomers showed an 
antipodal absorption at 240 nm, which presumably correspond to the signal of 
the monomeric gelator in solution. When the concentration was raised to 0.5 
mg/mL a more structured signal was observed with absorptions at 216 nm, 235 
nm, 250 nm and 270 nm, where the two opposite enantiomers showed an 
antipodal CD-spectrum.  

 

Figure 27. Concentration dependence of CD-spectra of (S)-3 and (R)-3 in heptane. 
(B) Plot of CD-absorption intensity over time. (C) Temperature-dependence of the 
CD-spectra upon incremental heating of (S)-3 (15 - 65 °C). (D) Conversion from 

supramolecular polymer into the monomers adapted from CD-spectra in (C). 

The observed spectrum was associated to the chiral supramolecular aggregation, 
presumably helicoidal. In fact, the same absorption pattern (antipodal for the 
opposite enantiomers), was obtained when the concentration was increased to 1 
mg/mL, above of CGC in heptane (0.6 mg/mL). Next, the time scale of the 
gelation process was investigated. The gel obtained from (S)-3 in heptane at 1 
mg/mL was heated to 65 °C, where the higher temperature disrupted the 
supramolecular aggregation as observed by the CD measurements. The 
timescale for the supramolecular aggregation was monitored with the diagnostic 
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signals at 250 nm and 268 nm, during the cooling process from 65 °C to 25 °C. 
During the first three scans, which correspond to the time required for the 
instrument to cool down to the set temperature, no changes were recorded. 
However, after 210 s the diagnostic absorption signals rapidly built up, reaching 
a plateau after 500 s. These observations revealed a fast aggregation process 
which was completed in less than 9 minutes. In a second experiment, the 
temperature dependence of the aggregate was investigated. Here, the CD 
absorption of the gel obtained from (S)-3 in heptane was recorded while the 
sample was heated to 60 °C in a 5 °C increments starting from a temperature of 
15 °C. At the lower temperature the characteristic signals of the chiral 
supramolecular structure were clearly visible. The signals gradually decreased 
in intensity as the temperature increased and disappeared completely, in favor 
of the signals of the gelator in the solution state, as the sample reached 50 °C. 
The intensities of the CD signal at 250 nm were plotted against the temperature 
in order to find the gel-to-sol transition temperature, which was found to be 38 
°C in heptane at a concentration of 1 mg/mL. 

3.2.5   Conclusion 

The gelation abilities of (S)-3 and (R)-3 were characterized. To the best of our 
knowledge, this is the first example of organogels based on a chiral 
sulfonimidamide structural motif. In nonpolar solvents, compounds (S)-3 and 
(R)-3 form supramolecular structures that ultimately lead to a fibrous 3D matrix 
able to entrap the liquid phase. The optical purity of the gelator solution showed 
to be important for the supramolecular aggregation formation. Furthermore, the 
chirality of the sulfur atom is transferred into microscopic chirality of the 
aggregates as observed via SEM and CD spectroscopy. 
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4.  
Nickel boride catalyzed reduction of 

azides 

(Paper V) 

4.1 Introduction 

Amino compounds are an important class of bioactive molecules and are 
therefore extremely relevant for the pharmaceutical industry.[115-116] Among the 
common synthetic strategies to access aromatic and aliphatic amines, are 
transition metal catalyzed C–N couplings,[117-118] hydrogenation of nitro 
compounds,[119] reductive amination,[120] Curtius rearrangement[9] or Gabriel 
synthesis via phthalimides.[121] Alternatively, the azido functional group (-N3) 
can also be used as a precursor to the amino functionality. Using azido group as 
a masked amino group is a common strategy in carbohydrate chemistry or in 
multistep synthesis and exploits the orthogonal reactivity of the azide, which 
eventually is converted to the corresponding amine via a reduction reaction.[8] 

Different strategies have been developed to carry out the conversion of azides 
into amines (Figure 28). The Staudinger reduction[122] offers exceptional 
chemoselectivities but has the drawback of using stoichiometric amount of a 
phosphine reagent. Other classical approaches involve lithium aluminum 
hydride (LiAlH4)[19] or hydrogenation using H2 in the presence of Pd/C.[123]   

 

Figure 28. Common approaches for converting azides to amines. 

From an economical and environmental point of view, using catalytic 
transformations is the preferred strategy, and this holds true for the reduction of 
azides.[116] Whilst precious metal, such as palladium,[116] platinum[124] or 
ruthenium[125] provide reliable transformations with high catalytic activity, there 
is a drive to develop catalytic reactions implementing cheaper and more earth-
abundant transition metals, such as iron,[126] copper[127] or nickel.[128-129] 

One example is the use of nickel boride as the reducing catalyst. The formation 
of nickel boride (Ni-B) from the reduction of nickel salts with alkali metal 
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borohydrides, was firstly reported by Schlesinger et al.[130] and Paul et al.[131] as 
fine black precipitate. The material containing both nickel and boride actively 
decomposes sodium borohydride to form hydrogen[131] and it has been used to 
catalyze hydrogenation reactions similarly as Raney nickel.[132] Ni-B materials 
have found applications in diverse reductive transformations such as 
dehalogenation reactions, hydrogenation of alkenes and alkynes, deoxygenation 
of sulfoxides and selenoxides, among others.[133] 

4.2 Reduction of azides with nickel boride  

Recently in our lab, we developed a catalytic system based on in-situ generated 
nickel boride for the reduction of nitro compounds.[134] The reaction was carried 
out in an aqueous solution in the presence of TEMPO-oxidized-nanocellulose. 
TEMPO-nanocellulose is a modified cellulose where the primary hydroxyl 
group of the surface of the material are converted into carboxylic acids in a 
2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO) mediated oxidation. The 
presence of the TEMPO-nanocellulose in the reaction mixture enhanced the 
activity of the catalyst, allowing catalyst loadings as low as 0.25 mol%.  

We envisaged that a similar catalytic system could be applied for the reduction 
of the azido group. According to the previously reported protocol, the Ni-B was 
prepared in-situ by reacting NiCl2 with sodium borohydride in an aqueous 
solution of TEMPO-nanocellulose. The obtained catalyst was then evaluated for 
the reduction of benzyl azide. Contrary to what was observed for the nitro 
compound reduction, no enhancement of the catalytic activity was observed 
when TEMPO-nanocellulose was added to the reaction mixture, which showed 
unaltered reactivity compared to the control reaction run in deionized water.   

However, the initials results showed that low catalyst loadings of Ni-B enabled 
the reduction of the azido group to the corresponding amine, which led us to 
investigate NiCl2/NaBH4 as a greener method, with general applicability, in the 
reduction of organic azides. 

4.2.1 Reaction optimization and substrate scope 

The reaction was investigated in both aqueous and methanolic solutions, mixing 
NiCl2·6H2O with sodium borohydride (2.5 equiv). Here, NaBH4 serves both as 
the reactant for the synthesis of the active catalyst and as the stoichiometric 
reductant. Initial experiments on the reduction of n-octyl azide revealed the 
presence of a coupling side product that lowered the conversion of the azide to 
the target amine.[116, 135] Therefore, the reaction with aliphatic azides was carried 
out in the presence of Boc-anhydride, which effectively traps the formed amine 
and suppresses the side-product formation, allowing a tandem reduction-
protection reaction to the corresponding carbamates. The benzyl azide reduction 
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was then used as a model reaction for the investigation of the reaction conditions 
in terms of solvent and catalyst loading (Table 9).  

Table 9. Optimization of catalyst loading and solvent.a 

 
Entry NiCl2 (mol%) Time 

(h) 
Solvent  Conversion % 

(Yield %)b 
1 0.75 2.0 Water 86b 
2 0.25 6.5 Water 36b 
3 1.5 1.5 Water 100b 
4 1.0 3.0 Methanol 100c (96)d 
5 0.5 16 Methanol 100b 
6 0.5 3.0 Methanol 98c (89)d 
7 0.25 3.0 Methanol 86c (80)d 
a Conditions: 17a (0.3 mmol, 0.15 M), NiCl2·6(H2O) (X mol%), NaBH4, (3.0 
equiv), Boc2O (1.5 equiv), r.t., degassed solvent. b Determined by 1H NMR 
spectroscopy. c Determined by GC-FID using anisole as internal standard. d 
Yield in parenthesis determined by GC-FID using anisole as internal 
standard. 

 
The catalyst allows the reduction of benzyl azide in water with low catalyst 
loadings (1.5 mol%) (Table 9, entry 3). Further lowering of the catalyst loading 
failed to achieve full conversion (Table 9, entries 1 and 2).  On the other hand, 
when the reaction was run in methanol, also considered as a green solvent,[136] 
catalyst loadings as low as 0.5 mol% enabled the reduction of benzyl azide in a 
3 h reaction. This low catalyst loading represents a net improvement with respect 
of the reported earth-abundant transition metal-catalyzed reduction of 
azides.[127-129, 137-139] 

Then, the optimized reaction conditions were applied to the reduction and Boc-
protection of a series of structurally diverse aliphatic azides (Table 10). The 
reduction of benzyl azide 17a led to an 84% yield of the product (Table 10, entry 
1). Linear azides were converted in the corresponding carbamates in good yields 
(Table 10, entries 2 and 3). Less sterically accessible secondary and tertiary 
azides were also suitable substrates for the optimal reaction conditions, although 
requiring higher catalyst loadings (1.0 mol% and 1.5 mol%, respectively) (Table 
10, entries 4 and 5). Sugar-based azide 22a was included in the substrate scope 
to test the developed reduction system for carbohydrate compounds. The 
reaction led to the corresponding reduced product 22b in 74% yield (Table 10, 
entry 6). Interestingly, the benzyl groups were unaffected by the hydrogenation 
conditions, showing that the developed method is a valid alternative of the 
commonly encountered hydrogenation using H2/Pd/C.  
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Table 10. Nickel boride-catalyzed reduction of aliphatic azides.a 

 
Entry Azide Product Yield (%) b 

1 

  

84 

2 

  

82c 

3 

  

83 

4 

  

76c 

5 

  

55d 

6 

  

74c 

a Conditions: azide (0. 3–0.6 mmol, 0.15 M), NiCl2·6H2O (0.5 mol%), NaBH4, (2.5 equiv), 
Boc2O (1.2 equiv), 3h, r.t., degassed methanol. b Isolated yield. c 1.0 mol% of catalyst 
loading used instead. d 1.5% of catalyst loading used instead. 
 

Next, aromatic azides were investigated as substrates for the reduction reaction 
and showed to be easily reduced to the corresponding anilines. The aromatic 
substrate scope was devised to include the investigation of the tolerability, for 
the developed reduction system, of reduction-sensitive functional groups on the 
aromatic ring (Table 11). Functional groups such as nitrile (24c), carboxylic acid 
(25c), amide (28c) and ester (31c), were all well-tolerated by the system. 
Remarkably, also the benzyl ether group, commonly cleaved off via transition 
metal-catalyzed hydrogenation, remained intact during the reduction 
conditions.[97] A dehalogenation reaction accompanied the aniline formation in 
the reduction of azides 30a and 32a. In case of azide 32a, with a chlorine atom 
on the aromatic ring, the exclusive reduction of the azido group was achieved 
by lowering the reaction temperature to –20 °C. To suppress the dehalogenation 
side-reaction in case of 1-azdo-4-iodobenzene 30a, beside lowering the 
temperature to -20 °C, the system was deprived of the necessary reductant 
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decreasing the equivalents of NaBH4 (0.85 equiv), which prevented the over-
reduction of 4-iodoanilene to aniline. Similar approaches to obtain 
chemoselectivity in the azide reduction in the presence of a terminal olefin (1-
azido-4-(vinyloxy)benzene), did not prevent the concomitant hydrogenation of 
the double bond.  

Table 11. Nickel boride-catalyzed reduction of aromatic azides.a 

 

   

   

   

 

 
a Conditions: azide (0.15–0.6 mmol, 0.15 M), NiCl2·6H2O (0.5 mol%), 
NaBH4, (2.5 equiv), 3 h, r.t., degassed methanol. b t = –20 °C; 0.85 equiv 
NaBH4. c EtOH used as solvent instead. d t = –20 °C. 
 

The synthetic utility and simplicity of the Ni-B based reduction was highlighted 
by a one-pot reaction, where benzyl bromide was initially converted to the 
corresponding azide via the classical SN2 reaction, and then directly reduced and 
Boc-protected to form the final product 17b in an overall yield of 86% (Scheme 
12).   

 

Scheme 12. One-pot synthesis, reduction, and Boc-protection of benzyl azide. 
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4.2.2 Ni-B supported on bacterial nanocellulose and catalyst 
recycling   

Embedding the catalyst on a solid support is often used as a strategy either to 
stabilize the catalyst or to simplify the reaction work-up and the recovery of the 
catalyst.[140-141] In this way, a simple filtration of the functionalized support 
allows the recovery of the catalyst, which can be reused for additional reaction 
cycles. To achieve a recyclable catalytic system, we decided to immobilize the 
Ni-B metal particles on bacterial nanocellulose (BNC). BNC is a bio-sourced, 
biodegradable and non-toxic material already used to stabilize different types of 
metal nanoparticles and it offers a high surface area, high fibril uniformity and 
mechanical stability.[142] It is produced via a bottom-up approach, using a culture 
of bacteria that synthesize and secrete nanocellulose.[143] The functionalization 
of the nanocellulose was carried out by simply dipping the material (ca 3.5 mg) 
in an aqueous solution containing NiCl2 (10 mM), the excess of water was 
removed, and upon lyophilization it was possible to access Ni-containing BNC, 
which was used as pre-catalyst embedded on a solid support. The obtained 
material containing the Ni(II) salt was used in a recycling experiment, in which 
azide 26c was used as the substrate. The active catalyst was formed in situ upon 
addition of sodium borohydride in methanol, converting the nickel salt absorbed 
on the BNC into nickel boride. After completion of the reaction, the catalyst on 
the solid support was collected via filtration, washed with methanol and used for 
the subsequent reaction cycle upon addition of new reducing agent and new 
starting material (Figure 29).  

 

Figure 29. Reduction of 26c using NiCl2@bacterial nanocellulose. Conditions: azide 
(0.18 mmol, 0.18 M), NiCl2·6H2O (1.0 mol %), NaBH4 (2.5 equiv), r.t., degassed 

methanol. At completion of the reaction, the mixture is filtered-off and the catalyst 
support washed and reused for the next cycle. Reaction times are: 20 min, 25 min, 

and 33 min, 60 min, 120 min for cycles 1, 2, 3, 4 and 5, respectively. 

The recycling of the catalyst was successfully carried out for three cycles. For 
the subsequent cycles, a sharp drop of the catalytic activity was observed, 
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limiting the conversion of the azides despite extending the reaction time. Even 
when the reduction reaction was conducted in an oxygen-free atmosphere 
(glovebox), the conversion observed upon repeated cycles were substantially 
lower (Figure 29).[144]  

4.2.3 Characterization of the Ni-B@BNC catalyst  

A leaching experiment was carried out to evaluate the amount of nickel leached 
into the solution upon recycling of the catalyst. The mother liquors of the first 
and second cycles of the reaction, were collected and analyzed via inductively 
coupled plasma optical emission spectrometry (ICP-OES), which revealed that 
3.9% of the loaded nickel was leached into the solution in the first reaction cycle, 
whereas only 0.8% in the second cycle. The higher leaching observed during the 
first cycle presumably derives from leaching of the NiCl2 pre-catalyst only 
loosely associated to the cellulose support. The interaction between the BNC 
and the supported Ni-B catalyst was examined via scanning electron microscopy 
(SEM) analyses. A sample of BNC was functionalized with NiCl2·6H2O and 
subsequently reduced with a methanolic solution containing sodium 
borohydride, mimicking the preparation of the catalyst in the recycling 
experiments. The Ni-B@BNC hybrid material was then washed with methanol 
and dried under vacuum prior to SEM analyses (Figure 30). 

 

Figure 30. a) Overview of the functionalized support (scale bar 5.00 µm). Metal-NPs 
appears as bright spots on the nanocellulose material. b) 30.0k magnification on 

NPs aggregates around nanocellulose fibrils (scale bar 1.00 µm). c) Bacterial 
nanocellulose prior to functionalization (scale bar 5.00 µm). 

The SEM analyses revealed that the Ni-B forms spherical nanoparticles (NPs) 
with diameters that range from 10 nm to 100 nm (Figure 30a). The NPs occupy 
the surface of the solid support, interacting with the fibrils of the cellulose, and 
in some parts larger aggregates of the NPs are visible (Figure 30b).  

4.3 Conclusion 

We have developed a reduction system based on nickel boride prepared in situ 
from NiCl2 and sodium borohydride in methanol. The catalyst was used for the 
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reduction of the azide group to access Boc-protected aliphatic azides and 
anilines. The reduction system allowed catalyst loadings as low as 0.5 mol% end 
therefore represent a substantial improvement compared to already existing 
methodologies catalyzed by cheap and earth-abundant transition metal.[127-129, 

137, 139] 

Furthermore, Ni-B showed general applicability including substrates such as 
sugar-based azides and tertiary azides. A wide range of azides were tested in an 
attempt to highlight the limitation of the developed reaction system as well as 
its functional-group tolerability. Bacterial nanocellulose (BNC) was used as 
solid support and functionalized with NiCl2 as pre-catalyst to access the Ni-
B@BNC hybrid material upon reduction with sodium borohydride. The catalyst 
loaded onto the solid support allowed recovery of the catalyst by filtration and 
its reusability in successive reaction cycles. 
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5.  
Concluding remarks & outlook 

This thesis work revolves around the azide functionality and its versatile 
reactivity. The impact of these selective and orthogonal reactions is manifested 
in the widespread use of the azide group, such as the copper(I)-catalyzed azide-
alkyne cycloaddition (CuAAC) or the “Staudinger ligation”. Other modes of 
reactivity offered by the azide functionality is via the nitrene, which can be light-
generated. In case of aromatic azides, this reactivity can be strongly influenced 
by the substituents on the aromatic ring, and this is the case for perfluorinated 
aromatic azides (PFAAs), whose unique reactivity had a key role in the work 
presented in this thesis.  

In chapter two, a photoactivatable fluorescence probe has been presented. 
Methyl 4-azido-2,3,5,6-tetrafluorobenzoate was decorated with two carbazole 
moieties, in para position to each other, the geometry of the molecule promoted 
an intramolecular C–H nitrene insertion upon illumination with UV-light. 
Whilst the azide compound is “silent” and does not have a radiative relaxation 
from its excited state, the photoproduct is highly fluorescent. The 
photoactivatable fluorescence probe could be further functionalized and was 
tested in an in vitro confocal fluorescence imaging of HUVEC cells. 
Perfluorinated aromatic azide allows a cycloaddition reaction with enamine, the 
formed triazoline ring readily rearranges to extrude N2 and to produce an 
amidine bond. This reaction was applied on ciprofloxacin, a broad-spectrum 
antibiotic, which allowed the introduction of a perfluorinated aromatic ring on 
the piperazine moiety of the drug and, at the same time, provided the structure 
with a propeller-shaped architecture that drives the aggregation of the molecules 
into NPs. The restricted motion of the molecules in the aggregation state, 
promotes a fluorescent emission in a typical AIE (aggregation induced 
emission) effect. 

In chapter three is described the reaction between a photogenerated 
perfluorinated phenylnitrene and sulfur(IV) compounds. The reaction is 
stereospecific and allows the formation of sulfoximines and sulfonimidamides 
starting from sulfoxides and sulfinamides, respectively. The substrate scope was 
investigated. In one case, the obtained sulfonimidamide was used in an 
asymmetric synthesis as a chiral auxiliary for the preparation of enantio-
enriched amines. Furthermore, the sulfonimidamide containing the key features:  
free amino group, tert-butyl group and a perfluorinated pyridine ring, works as 
an efficient organogelator in nonpolar solvents. The gelator self-assembles in 
supramolecular architectures driven by weak interactions in which H-bonding 
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seems to play a major role. The stereo-orientation of the molecular structure also 
has a significant impact, in fact, racemic mixture of the organogelator failed in 
forming the three-dimensional network needed for entrapping the liquid phase 
of the gel. Most interestingly, the stereo-orientation of the sulfur atom of the 
organogelator dictates the microscopic chirality of the supramolecular 
aggregates. 

Finally, chapter four presents a reduction system based on Ni-B, which is 
effective and general in catalyzing reduction of aliphatic and aromatic azides. 
The low catalyst loadings, down to 0.5 mol% of the nickel salt, and the 
operational simplicity are believed to be attractive and render the developed 
reduction system an alternative to Pd-catalyzed conversion of azides into amino 
derivatives. The catalyst was successfully loaded onto a solid support (i.e., 
bacterial nanocellulose) as a mean to recover the catalyst and reuse it for 
repeated cycles. 

This thesis has explored the reactivity of azides and their use to access new 
molecules and new functions, such as light-emitting compounds, a novel 
molecular platform for asymmetric synthesis, and an organogelator. 
Furthermore, the thesis work has led to the development of a method for easy 
conversion of azides into amines. The content of the work is an example of how 
fine tuning and designing molecular structures can impact the functions that the 
molecules display and the macroscopic properties of the materials. The 
reactivity space of the azides, especially of the perfluorinated aromatic azides, 
and of the molecular species that the azides enable access to, is rich and it stills 
has to be explored further in search of new functionalities and applications.  
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