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Abstract

Azobenzene-based glycoconjugates (ABGs) are a class of photochromic carbohydrate derivatives that
were first used in the early 2000s to probe carbohydrate-protein interactions. Owing to the
photochemical E/Z isomerization of the azobenzene switch, the physico-chemical and biological
properties of ABGs may be altered with light, opening new horizons in many domains, especially
glycosciences.

Lately, the azobenzene moiety was embedded in carbohydrate-based macrocycles, resulting in
photoresponsive glycophanes with unique properties. Notably, these compounds demonstrated
intriguing chiroptical switching, due to a chirality transfer from the carbohydrates to the photoswitch,
a restricted conformational freedom and light-controlled water-solubility.

In continuation of this research, a methodological investigation allowed the development of new
synthetic pathways towards azo-based linear and cyclic glycoconjugates. A thorough investigation of
the glycosylation of 4,4’-dihydroxyazobenzene allowed to delineate the scope and limitations of this
reaction. The obtained ABGs were subsequently used as macrocycle precursors, and cyclized through
a highly efficient thiourea-bridging reaction between an ABG with two isothiocyanate functions and
different diamines. Four new photoresponsive glycophanes based on the dialkoxyazobenzene
photochrome were synthesized. Their photoswitching behaviour was assessed, and especially their
thermal isomerization properties were scrutinized.

Besides, a highly efficient palladium-catalyzed thioarylation of halogenated azo-derivatives with
glycosyl thiols allowed the generation of novel ABGs, which photochromic properties could be
modulated via oxidation of the bridging sulfur atoms. Importantly, one-pot procedures were
developed for the heterogeneous bis-functionalization of azobenzenes. Finally, this reaction was used
in the synthesis of macrocyclic glycoazobenzene dyads incorporating two different photochromes,
which demonstrated multistate switching. Very interestingly, one of these macrocyclic dyads could be
selectively switched in the four possible isomeric states with light only. Such derivatives may be of
great interest in many applications, and their unprecedented switching properties might draw a lot of
attention.
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Kurzzusammenfassung

Azobenzol-basierte  Glykokonjugate  (ABGs) sind eine Klasse von  photochromen
Kohlenhydratderivaten, die erstmals in den friihen 2000er Jahren zur Untersuchung von Kohlenhydrat-
Protein-Wechselwirkungen eingesetzt wurden. Aufgrund der photochemischen E/Z-Isomerisierung
des Azobenzolschalters kdnnen die physikalisch-chemischen und biologischen Eigenschaften von ABGs
durch Licht verandert werden, was in vielen Bereichen, insbesondere in den Glykowissenschaften,
neue Horizonte erdffnet.

Kirzlich wurde der Azobenzol-Anteil in Makrozyklen auf Kohlenhydratbasis eingebettet, was zu
lichtempfindlichen Glycophanen mit einzigartigen Eigenschaften fiihrte. Insbesondere zeigten diese
Verbindungen eine faszinierende chiroptische Schaltung, die auf einen Chiralitdtstransfer von den
Kohlenhydraten auf den Photoschalter, eine eingeschrankte Konformationsfreiheit und eine
lichtgesteuerte Wasserloslichkeit zurtickzufiihren ist.

In Fortsetzung dieser Forschung ermoglichte eine methodische Untersuchung die Entwicklung neuer
Synthesewege fiir lineare und zyklische Glykokonjugate auf Azobasis. Eine griindliche Untersuchung
der Glykosylierung von 4,4'-Dihydroxyazobenzol ermdglichte es, den Umfang und die Grenzen dieser
Reaktion abzugrenzen. Die erhaltenen ABGs wurden anschliefend als Makrozyklusvorlaufer
verwendet und durch eine hocheffiziente Thioharnstoff-Briickenreaktion zwischen einem ABG mit
zwei Isothiocyanatfunktionen und verschiedenen Diaminen cyclisiert. Vier neue photoresponsive
Glycophane auf der Basis des Dialkoxyazobenzol-Photochroms wurden synthetisiert. Ihr
Photoswitching-Verhalten wurde bewertet und insbesondere ihre thermischen
Isomerisierungseigenschaften untersucht.

Durch eine hocheffiziente Palladium-katalysierte Thioarylierung von halogenierten Azo-Derivaten mit
Glycosylthiolen konnten neuartige ABGs hergestellt werden, deren photochrome Eigenschaften durch
Oxidation der verbriickenden Schwefelatome moduliert werden kénnen. Wichtig ist, dass ein
Eintopfverfahren fir die heterogene Bis-Funktionalisierung von Azobenzolen entwickelt wurde.
SchlieBlich wurde diese Reaktion fir die Synthese von makrozyklischen Glykoazobenzol-Dyaden mit
zwei verschiedenen Chromophoren verwendet, die eine Multistate-Schaltung zeigten. Sehr interessant
ist, dass einer dieser makrozyklischen Dyaden nur mit Licht selektiv in die vier moglichen isomeren
Zustdande geschaltet werden konnte. Solche Derivate kénnten fiir viele Anwendungen von groflem
Interesse sein, und ihre beispiellosen Schalteigenschaften kénnten viel Aufmerksamkeit erregen.
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1. Introduction
1.1. General introduction

At all times, Humans have been fascinated by geometric shapes. From religion to science, from art to
philosophy, geometric figures have always been a source of inspiration, sometimes merging different
concepts or disciplines into one picture. For example, the Nazca geoglyphs in Peru are a spectacular
example of the symbiosis of art and spirituality by the use of lines and curves to depict geometric
shapes or sometimes, animals, considered as deities. Another very concrete example is the “Vitruvian
Man” by Leonardo da Vinci. This sketch, representing a man in two superimposed positions with his
arms and legs apart, and concomitantly embedded in a circle and a square, makes a symbolic
connection between religion, science, art and philosophy.

Of all geometric shapes and figures, the circle is probably one of the most captivating. Symbol of
perfection, the circle was associated by ancient Greeks, notably from the Pythagorean school, to God,
and gave rise to the geocentric interpretation of the universe as a sphere, where the objects (planets,
stars), supposedly of divine essence, must be spheres. This symbolism of geometrical figures was also
largely developed by Plato, who associated an element (air, water, fire, earth and ether) to regular
polyhedrons (platonic solids). This theory was later reinterpreted by Johannes Kepler as he was trying
to find relationships between the five planets known at his time, and from this research emerged the
discovery of Kepler’s solids, and the observation that planetary orbits are not circles but ellipses. The
circle is a symbol present in all cultures, across all times, as attested by the large number of circular
rituals (circumambulatio around a church, a sacred tree, the Ka’aba...) or objects and symbols (rosette,
dome, yin-yang, mandala, enso, Aztec calendar...). Finally, the symbolism of geometric shapes reached
a peak with the hermetic doctrine promoted by alchemists, where the circle is widely represented.

Etymologically, the word circle comes from the ancient greek kOkAog (kuklos), which also gave the
word cycle. Besides its purely geometric meaning, the word cycle gave a spatiotemporal dimension to
the circle, as it defines a sequence of phenomena happening in a determinate order that repeat
periodically. One of the most well-known symbol for the cycle is the uroboros, a picture representing
a snake or a dragon biting its own tail. In Nature, there is a plethora of cyclic events that sometimes
gave by extension units of time, such as the revolution of planets around their star (a year on earth),
the earth rotation on its axis (a day), the water cycle, the cell cycle, the Calvin cycle etc... Interestingly,
the mathematic description of periodic movements is done thanks to trigonometry, which derives
from the application of Pythagoras’ theorem in a circle. In chemistry, a cycle defines a carbon
containing chain of 3 to 11 atoms that is bound by its extremities (Figure 1.1). If the chain is solely
comprised of carbons, it is referred to as cycloalkane, and if the chain contains other atoms (O, N, P, S,
Se...) it is then called a heterocycle. Cyclic molecules have additional intrinsic properties compared to
their linear counterparts, and they are essential for life as they compose in majority the DNA and RNA
(nucleobases, carbohydrates), as well as under the form of aminoacids (proline, tryptophane, tyrosine,
histidine, phenylalanine), or as very important biologic regulators such as cyclic adenosine
monophosphate (cCAMP).

cyclopropane  cyclobutane cyclopentane cyclohexane cycloheptane cyclooctane

> O W,

Figure 1.1. Schematic representation of cycloalkanes and their 3D representation in sticks.



There can be cyclic molecules with more than 11 atoms in the cycle, but they are then referred to as
macrocycles. Macrocycles are generally defined as cyclic molecules containing 12 or more intracyclic
atoms. These molecules have caught the attention of chemists for several reasons such as their elegant
ring shape, the challenge represented by their synthesis, and their unique physicochemical properties.
In fact, owing to their cyclic structures, macrocycles, compared to their linear counterparts, have a
high propensity to be symmetrical, are excellent building blocks with low dispersity and display
outstanding host-guest properties. In this thesis, we will focus on macrocycles, and most especially, on
photoswitchable glycomacrocycles.

1.2. From natural bioactive macrocycles to glycomacrocycles
1.2.1.  Naturally occurring bioactive macrocycles

Many naturally occurring macrocycles are pharmacologically active and used as therapeutics for
numerous indications (antibiotic, antifungal, immunosuppressive/antitumor agents...). However, there
is one motif which is essential for life: the tetrapyrroles (Figure 1.2). Porphyrins (Figure 1.2a) are
aromatic macroheterocycles composed of 4 pyrrole subunits linked on their alpha carbons to a
methine group. Porphyrins and related derivatives can accommodate metal ions in the cavity formed
by the cycle via coordination of the nitrogen atoms, forming colorful metalloporphyrins that are called
“the pigments of life”. Notably, certain iron porphyrins constitute the family of haem (Figure 1.2b), an
essential cofactor of metalloproteines responsible for the transport (haemoglobin), the storage
(myoglobin), and the metabolism of dioxygen (cytochrome c oxidase). By reduction of one pyrrole to
an azoline, a partially unsaturated porphyrin called chlorine is obtained, which is the basis for the
chlorophyll pigments family (Figure 1.2c), responsible for the photosynthesis.! Finally, a tetrapyrrole
structurally close to the porphyrin but lacking one methine group, the corrin, is the basis for the
cobalamin, a very complex vitamin, essential for the brain functioning and cell metabolism (Figure
1.2d), which was first synthesized in 1972 by Woodward and Eschenmoser.?

(¢}
OH Ho” O

Figure 1.2. Chemical structures of porphyrin (a), haem b (b), chlorophyll a (c) and vitamin B, (d).

Macrocycles represent a small proportion of the current marketed drugs and they are almost
exclusively obtained or derived from natural sources (mainly microorganisms).? Different classes of
macrocyclic therapeutics can be identified depending on their structure and biological activity.* The
most well-known class is probably the macrolide antibiotics family (Figure 1.3), of which erythromycin
(Figure 1.3a) was the first one to be used as anti-infective agent in 1952. Macrolides are glycosylated
12-, 14- and 16- membered macrolactone rings, generally biosynthesized by polyketide synthases.
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Figure 1.3. Chemical structures of 14-membered (a), 15-membered (b) and 16-membered (c) macrolides, and a 14-membered
ketolide (d).

Macrolides are broad spectrum antibiotics used in case of allergies or resistance to penicillin for
treating mainly respiratory tract diseases, skin and soft tissues infections, and also some sexually
transmissible infections. They disrupt the bacterial protein synthesis by fixation to the ribosomal RNA,
therefore preventing translocation and elongation.’> However, their use is challenging due to limited
knowledge on their ADMET properties, as well as numerous possible interactions with other
substances.® Moreover, the ketolides, which are semisynthetic macrolides based on the erythromycin
core, were developed to treat macrolide resistant respiratory tract infections.’

Cyclic peptides are another important class of bioactive macrocycles (Figure 1.4). About 30 of the
current marketed macrocyclic drugs fall into this category, that comprises different subgroups such as:
the disulfide bridged subclass (argipressin), the glycopeptide subclass (vancomycin, teicoplanin), the
lipopeptide class (daptomycin), amongst others.® Although most of these molecules have an anti-
infective activity, they may also have other indications as immunosuppressant (cyclosporin A) or in
cancer therapy (actinomycin D).
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Figure 1.4. Chemical structures of a disulfide bridged peptide hormone (a), a tricyclic glycopeptide antibiotic (b), an
immunosuppressive homodetic cyclopeptide (c) and a chemotherapeutic depsipeptide (d).

Some cyclic peptides such as calcitonin, oxytocin, somatostatin (Figure 1.4a) or vasopressin, are
naturally occurring hormones and are used as therapeutics or biochemical tools. They form rigid
structures via the connection of cysteine residues resulting in cyclisation. For example, somatostatin
may be used for treating acromegaly, however the use of synthetic lanreotide is favored due to a
longer duration of action.?

Antibiotic cyclic peptides such as vancomycin (Figure 1.4b) represent a successful development in
combating antibioresistance. It allowed the treatment of B-lactamine resistant gram positive bacterial
infections such as methicillin-resistant Staphylococcus aureus (MRSA) or penicillin-resistant
Streptococcus pneumoniae (PRSP).° However, its spectrum of action is limited to gram positive
bacteria, and its low oral bioavailability and relative toxicity only allow to use it in last resort. Despite
a careful prescription, vancomycin resistant strains started to appear, which prompted the
development of new vancomycin derivatives. This led in 2017, to the discovery of a vancomycin related
drug 25,000 times more potent than the parent molecule.®

Cyclosporin A (Figure 1.4c) is the sole marketed cyclic peptide drug that can be administered orally.®

Due to its immunosuppressant activity, it allowed great developments in the field of organ
transplantation to prevent rejection.!! Finally, actinomycin D (Figure 1.4d), which was isolated by
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Waksman and Woodruff in 1940, is the first antibiotic which demonstrated anticancer activity. It was
shown to bind to oncogenic promoter G-quadruplex, thus repressing gene expression.?

In order to close this non exhaustive section on naturally occurring bioactive macrocycles, must be
cited some more examples: the polyene antifungals such as amphotericin B, the avermectine related
antiparasitics such as ivermectin, the rifampin related antibiotics, the tubulin binders such as
epothilone B, and the a-ketohomopropyl amides imunomodulators such as tacrolimus.* Some other
natural macrocyles such as terpenenoids (lepidozene, casbene, humulene...), curare, and mycotoxins
were also not covered despite their captivating structures and properties. Cyclodextrins on another
hand, despite their natural origin will be discussed in the next part, as they have paved the way to
supramolecular chemistry.

1.2.2.  Supramolecular chemistry and the development of synthetic macrocycles.
Supramolecular chemistry (Figure 1.5) was defined by Jean-Marie Lehn in the 1980’s as follows:3

“ ‘Chemistry beyond the molecule’, bearing on the organized entities of higher complexity that result
from the association of two or more chemical species held together by intermolecular forces. Its
development requires the use of all resources of molecular chemistry combined with the designed
manipulation of non-covalent interactions so as to form supramolecular entities, supermolecules
possessing features as well defined as those of molecules themselves.”

Intermolecular, non-covalent

- ; -Host-guest chemistry
interactions

-Interlocked systems
-Molecular machines
-Auto-assembly...

Supramolecular chemistry

Supermolecules

Figure 1.5. Schematic depiction of the concept of supramolecular chemistry.

Thus, supermolecules are the result of the cooperative and additive interactions between different
chemical entities through non covalent interactions such as hydrogen bonding, hydrophobic,
electrostatic and van der Waals interactions, as well as metal coordination.'* This new field of
chemistry led to the development of different branches such as self-assembly (helicates, foldamers...),
interlocked systems (catenanes, rotaxanes, molecular knots...) and host guest chemistry (molecular
recognition). Since the discovery of crown ethers by Pedersen in the 1960°s,* the field of host-guest
chemistry has constantly grown, and the diversity and complexity of macrocyclic host molecules have
boomed over the past fifty years. For the most prominent macrocyclic hosts must be cited the
cucurbit[n]urils, the calixaromatics (calixarenes, pillararenes...) and other cyclophanes, n-conjugated
macrocycles and molecular triangles amongst others.®

Host-guest chemistry, although older than the concept itself, is one branch of supramolecular
chemistry based on the capacity of macrocycles to encapsulate other chemical entities inside their
cavity. Two concepts were critical to the development of this field: the involvement of intermolecular
forces, first postulated by van der Waals in 1873, and the lock-and-key model of enzyme-substrate
interactions introduced by Emil Fischer in the 1890°s® and further extended by Paul Ehrlich.? Thus,
the host acts as a receptor that may accommodate a substrate (the guest), through a molecular
recognition process, resulting in the formation of an inclusion complex.



Depending on their structure, host molecules may be classified in different categories: torus shaped
hosts or corrands?® (porphyrins, crown ethers...), container shaped hosts or cavitands?! (cyclodextrins,
cucurbiturils, calixarenes...) and three dimensional hosts otherwise called molecular cages or
carcerands?? (cryptands, cryptophanes, metal organic frameworks...). Also based on the structure and
physicochemical features of the hosts, different types of guests may be included: ions (mostly cations,
but also in a lesser extent anions) or neutral organic molecules. Due to their inherent chirality, highly
functionalized nature and biocompatibility, carbohydrates-based macrocycles have emerged as very
interesting macrocyclic structures with outstanding properties.

1.2.3. Glycomacrocycles: Carbohydrate-based macrocycles

Glycomacrocycles have attracted a great interest in the past 50 years due to their natural existence,
their unique properties, their structural complexity, and the challenges associated with their
synthesis.? Resin glycosides* and ellagitannins®® for instance, are plant metabolites that have been
extensively studied for their biological activity, and their synthesis led to significant methodological
developments.?® Besides their polyfunctional nature and stereoisomeric diversity, carbohydrates are
inherently chiral, which makes them particularly attractive for the elaboration of enantioselective
receptors for chiral amines and aminoacids, or chiral catalysts.?’” Sugar-based crown ethers and
cryptands have therefore been extensively used in asymmetric catalysis,”® or in supramolecular
chemistry.?® Another very interesting class of sugar-based macrocycles is the one of cyclodextrins,
which were the first class of glycomacrocyclic hosts to be investigated, and dominated the field of host-
guest chemistry until now.*

Cyclodextrins (CDs) are cyclic oligomers of D-(+)-glucopyranose units linked via a-1,4-glycosidic bonds.
They were first prepared in the 1890’s by A. Villiers, by degradation of potato starch with the butyric
ferment Bacillus amylobacter (Clostridium butyricum).3* Although they were discovered 130 years ago,
the industrial application of CDs really started in the 1980°s with their utilization in pharmaceutical and
food industry.3? This was made possible by the industrial production of the three “native” CDs, namely
a-, B- and y-CDs. These differ from one another by the number of glucopyranose units forming the
macrocycle: respectively 6, 7 and 8 (Figure 1.6a). CDs form bucket shaped molecules (truncated cones),
with the smaller rim formed by the primary hydroxyl groups, and the larger one by the secondary side
(Figure 1.6b). Due to this orientation of the numerous hydrophilic OH groups, making them water
soluble, the interior of CDs’cavity is fairly hydrophobic, allowing for the complexation of a wide range
of neutral organic molecules and other non-polar guests.

/éﬁ b
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Figure 1.6. Chemical structure of native CDs (a) and their schematic representation (b).

The first documented example of a host-guest inclusion complex can be attributed to the Austrian

microbiologist F. Schardinger, who reported in 1903 on the formation of adducts between CDs and

molecular iodine.?®* By the time, only a- and B-CDs were known and their structure was not yet
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elucidated. As a result, although CD-I, complexes were reported, the nature of the host-guest inclusion
phenomenon was not understood. It was not until 1948 that the y-CD was discovered, and that the
cyclic and hollow structure of CDs was experimentally demonstrated by K. Freudenberg and his
doctoral student F. Cramer.?* Later on, the groups of F. Cramer and D. French further explored and
understood CDs, investigating on their structure, aqueous conformation and the hydrophobic nature
of the cavity.® In 1967, Cramer published a very important seminal article, in which he reported on a
study of inclusion complexes of different types of spectroscopically active organic molecules
(nitrophenols and azo dyes), with a-CD in aqueous solutions. This paper is important as it represents
the first report of the enhancement of fluorescence intensity of a guest fluorophore by complexation
to a CD.3® It showed that a-CD produced a 2-fold increase of the fluorescence of 1,8-anilinonaphtalene
sulfonate (1,8-ANS), whereas B- and y-CDs induced a 10-fold increase. Figure 1.7 shows a photograph
of the fluorescence enhancement of 1,8-ANS by complexation with hydroxypropyl--CD, a chemically
modified CD with improved host properties compared with the native B-CD.3” As can be seen from this
picture, in addition to a tremendous increase in intensity, there is a blueshift of the Armax. Nowadays,
fluorescence spectroscopy has become a common technique to study host-guest inclusion systems,3®
and is the basis for fluorescence-based trace detection analytical methods.*®

Figure 1.7. A visual illustration of the large fluorescence enhancement of a guest molecule which can be obtained by CD-host
inclusion: the fluorescence of a 5.0 x 10~* M solution of 1,8-ANS under UV-A irradiation in the absence (left) and presence
(right) of 20 mM HP-B-CD.

CDs have found widespread applications as molecular hosts due to their biocompatibility, relative ease
of chemical modification and thus tunable solubility, as well as their commercial availability. Moreover,
although different methods were developed for their preparation, CDs are mostly produced by the
action of specific enzymes on starch, which is a relatively green and inexpensive process and accounts
for their commercial attractiveness.*® CDs are now being used in many areas of everyday life such as
food industry (slow release of flavors, removal of unpleasant odors...),*! pharmaceutical and cosmetic
industry (drug stabilization, solubilization and delivery, deodorant...).*? One striking example of the use
of modified cyclodextrins in medicine is the utilization of Sugammadex, a y-CD with propionyl thioether
groups on the primary positions, which effects the reversal of neuromuscular blockade induced by
rocuronium and vecuronium in general anesthesia.*® CDs have also been extensively used in analytical
sciences,* separation sciences (GC, HPLC, TLC, chiral separation...)*® or as molecular sensors.*® Due to
the wide variety of CD derivatives (in cavity size, charge and substituents - thousands of derivatives),
the number of guest compounds suitable for complexation is immense. This, coupled to their low
toxicity and high versatility, explains why these molecules have dominated the field of host-guest
chemistry until now.

In addition to CDs, glycophanes (Figure 1.8) have also been used as tools to probe carbohydrate-
carbohydrate interactions as well as carbohydrate-arene interactions and the hydrophobic effect.*’
The term glycophane was coined by C. S. Wilcox in 1988, as the structure obtained was a hybrid
between a cyclophane and a cyclodextrin, a carbohydrate based cyclophane with a chiral hydrophobic
cavity.®® In order to study their complexation behavior in water, cyclophanes generally needed to
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possess several charged groups such as ammonium or carboxylate.”® The introduction of
carbohydrates in the macrocyclic structure of cyclophanes is associated with many advantages. First,
carbohydrates are readily accessible from natural sources, and their stereocisomeric diversity allows
the construction of a large variety of macrocycles. Second, the multifunctionality of carbohydrates
allows to enlarge the structure diversity by offering multiple possible linkages through the different
positions of the sugar ring. In addition, substitution of the hydroxyl groups allows the modulation of
the physicochemical properties such as solubility, hydrophilic/lipophilic balance, biodisponibility etc.
Third, carbohydrates tend to form furanoid or pyranoid cycles, which imposes geometric constraints,
a feature that can be exploited for the design of conformationally restricted macrocycles. Finally, the
chiral nature of carbohydrates endows glycomacrocycles with chiral cavities, a property that can be
exploited in the fields of asymmetric catalysis or chiral recognition for instance. Therefore, the
introduction of carbohydrates in cyclophanes allowed the synthesis of neutral, chiral, and water
soluble macrocyclic host molecules.

k/ﬁ

Figure 1.8. Examples of neutral water soluble symmetrical (a,*® b*’¢) and asymmetrical (c>°) glycophanes.

Following the successful synthesis of several glycophanes and the elaboration of synthetic routes to
access them,*! the group of S. Penadés investigated the binding behavior of a dimeric trehalose
based glycophane obtained by nucleophilic substitution of trehalose-6,6"-ditriflate with 2,7-
dihydroxynaphtalene.*'® They showed that the host formed stable complexes with electron-deficient
aromatic guests like di- or trinitrophenols in aqueous methanol (1:1).> This glycophane also exhibited
chiral discrimination toward racemic 2,4-dinitrophenyl amino acid derivatives with enantioselectivity
up to 40%. In addition, a stereospecific carbohydrate-carbohydrate interaction was demonstrated with
4-nitrophenyl glycosides, resulting in a-selectivity, and thorough analysis showed that hydrophobic
forces between the carbohydrate surfaces were mainly responsible for the stability of the association.
Further investigations were realized in water with different glycophanes and showed similar
trends.*’%>3 Later on, in the 2000’s, P. V. Murphy and colleagues synthesized glycophanes by coupling
of alkenyl and akynyl glucuronic acids with 1,4-phenylene and 1,4-xylene diamines, and subsequent
cyclisation via ring closing metathesis.*®>* These compounds showed reversal of quenching of the
emissions of 1,8-ANS, similar to B-cyclodextrin, suggesting the formation of an inclusion complex.
Furthermore, it was shown that these new glycophanes have potential as scaffolds for the
development of peptidomimetics or glycoclusters.>®

In the last decades, glycomacrocycles emerged as very interesting compounds with multifaceted
properties, which can be used as supramolecular chiral hosts, scaffolds, or for the investigation of
fundamental molecular forces, and the exploration of these compounds promises interesting
discoveries. Concomitantly to the rapid development of macrocycles, scientists were increasingly
interested in altering their properties with external stimuli such as light. This can be accomplished by
embedding photoresponsive moieties, namely photoswitches, into the macrocyclic structure.



1.3. Photoresponsive compounds
1.3.1. Photochromism

Photochromism is defined as the reversible color change of a compound upon light irradiation. The
first documented report on photochromism dates back to 1867, when Fritzsche observed the
bleaching of an orange solution of tetracene upon exposure to daylight, and the regeneration of the
color when kept in the dark.>® Later on, in 1899, Markwald reported on the reversible coloring of
otherwise colorless 2,3,4,4-tetrachloronaphthalen-1(4H)-one in the solid state upon light exposure.>”
The phenomenon was first coined “phototropy”, but due to potential confusion with the biological
phenomenon of phototropism, Hirshberg proposed the term photochromism in the 1950°s.%8 Although
the interest in photochromic molecules was steady since the first studies, the development of
analytical methods during the 1960°s (UV-Vis, IR, NMR, X-Ray) favored the maturation of the field,
which then only kept growing until now.

Thanks to a better understanding of the phenomenon, a more accurate definition of photochromism
could be given: “it is a reversible transformation of a chemical species in one or both directions by
absorption of electromagnetic radiation between two forms, A and B, having different absorption
spectra”. When the difference of A between A and B is sufficiently large, a color change occurs, but
it is not perceptible to the human eye for all photochromic compounds. When Ama(B) > Amax(A), the
phenomenon is referred to as positive photochromism (Figure 1.9), as opposed to negative or inverse
photochromism when Apma(A) > Amax(B). Most photochromic compounds undergo unimolecular
reactions, but in some cases, bimolecular processes may be observed as in the case of tetracene which
dimerizes (in the absence of dioxygen) via a photochemical cycloaddition. The reverse reaction may
occur thermally (Photochromism of type T), photochemically (Photochromism of type P), or both in
most cases.>®

hv,

hv,orA

Absorbance

Wavelength

Figure 1.9. Schematic representation of positive photochromism with the change of UV-Vis spectrum when a species A (solid
blue line) is photochemically converted into a metastable species B (dotted red line).

When the less energetic form A of a photochromic compound is irradiated, a metastable isomer B is
produced by means of a photochemical reaction. The most encountered processes involved are
pericyclic reactions, cis-trans isomerisations, intramolecular proton and group transfers, dissociation
reactions and electron transfers. Therefore, the presence of insaturations and conjugated m-systems
is a common feature of most photochromic organic molecules. Such compounds are characterized by
their UV-vis spectra, but also by different variables accounting for their photochromic properties. The
guantum yield determines the efficiency of the photochemical reaction regarding the amount of light
absorbed. The fatigue resistance refers to the number of reactions in both directions that can be
achieved before loss of reversibility, by photo-oxidation or other irreversible side reactions produced
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by light. All photochromic materials are eventually prone to fatigue, though at different rates
depending on their structure and the measurement conditions. The photostationary state (PSS) is a
steady state reached under photoirradiation at a given wavelength, in which the composition of the
system is fixed. Because the spectra of each isomeric form often overlap, it is rather difficult to obtain
guantitative photoconversion in both directions. For thermoreversible systems, the half-life is the time
necessary for half of the metastable isomer to be converted into the ground state at a given
temperature. In addition, some physicochemical properties may vary upon isomerization such as the
geometry, polarity, solubility, electric conductivity, chirality, etc... In solution, several other parameters
may influence the photochromic properties of a given compound such as the solvent polarity and
viscosity (solvatochromism), the pH (acidochromism), the presence of salts (ionochromism).
Moreover, some photochromic substances may respond to other stimuli such as mechanical force
(mechanochromism) or electric current (electrochromism) for example.®

A plethora of photochromic molecules have been studied to date, including inorganic and organic
compounds. Many inorganic substances display photochromic properties, often with a better fatigue
resistance than organic molecules. Several metal oxides were found to be photochromic when
contaminated with other metals. For example, the rutile polymorph of titanium oxide is photochromic
when contaminated with iron, chromium, copper, nickel and manganese, whereas the anatase form
does not exhibit any photochromism with the same impurities.®! Silver halides have been long used in
the manufacture of photochromic lenses that darken when exposed to sunlight and fade in the dark
within minutes. In addition, zinc, copper and mercury compounds are also often photochromic.

The variety of organic photochromic molecules is very large. Carbon-nitrogen double bond containing
molecules often give rise to £/Z photo-isomerization processes such as anils, hydrazones, osazones or
semicarbazones.®! Conjugated carbon-carbon double bonds are also very prone to be photochromic.
The most well-known example is found in nature and is an essential component for the vision of
vertebrates: the retinal (Figure 1.10). This diterpenoid resulting from the oxidative cleavage of B-
carotene contains 5 conjugated carbon-carbon double bonds terminated by an aldehyde. The 11-cis-
retinal is embedded in a protein called opsin, and absorption of photons in the visible range causes the
cis-trans isomerization of one double bond, forming the all-trans-retinal. This structure modification
causes a mechanical stimulus to the protein which is converted into a chemical signal sent to the brain,
indicating that light is detected. Then the 11-cis-retinal is recovered via the action of a retinoid
isomerohydrolase and other enzymes, and the cycle starts again.®?

N
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Figure 1.10. Photo-isomerization of 11-cis-retinal

Among organic photochromic molecules, a substantial amount has gained increasing attention due to
their favorable photochromic properties. Indeed, some compounds were showing high resistance to
fatigue, high photo-conversion efficiency, high thermal stability and highly tunable properties allowing
them to be used as molecular switches controlled by light: photoswitches.
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1.3.2. Photoswitches

The reversible changes induced by light on the molecular scale by the action of photoswitches (Figure
1.11), results in interesting macroscopic effects. Indeed, upon photoisomerization, those compounds
are able to alter their properties, and transmit these changes to the materials or molecules in which
they are embedded.®® In that regard, light appears as an excellent stimulus for controlling macroscopic
properties, as it is non-invasive, does not cause contamination, may be non-destructive in biological
applications, and offers a high degree of spatiotemporal resolution.®* Due to a high versatility in terms
of structures, physicochemical properties and geometry, photoswitches were used in countless
applications, ranging from material sciences® to biosciences®® or pharmacology.®’” Each photoswitch
have specificities that can address different purposes. For example, in order to operate large geometry
changes for the photocontrol of biomolecules, azobenzene might be the best suited, while spiropyrans
would be better for multi-stimuli responsive systems, due to the important difference in polarity
between the open merocyanine and the closed spiropyran form. In this part, the properties and
developments of the main classes of photoswitches are briefly reviewed, before going into the details
of the azobenzene class.
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Figure 1.11. Main classes of photoswitches

As mentioned above, carbon-carbon double bonds may undergo E/Z isomerization with light.®® Indeed,
unconjugated alkenes are limited by a high activation energy (Amsx = 180 nm), which is only moderately
altered by substitution. Conjugation of the double bond to n-systems significantly decreases the free
enthalpy of activation, resulting in a bathochromic shift of the corresponding absorption band,
allowing for the isomerization to occur at higher wavelengths. Therefore, stilbene (Figure 1.11a, X =
CH), the simplest compound of the diarylethenes family, may be switched to the metastable cis form
by irradiation with light of typically 310 nm, while the reverse reaction occurs under 280 nm
irradiation.®® Stilbene thus exhibits negative photochromism, with high thermal stability of the cis-
isomer, which renders the cis-trans thermal isomerization generally negligible at room temperature. It
has been investigated since the 1960°s as a model for understanding the isomerization mechanism in
polyenes, and despite an apparent simplicity, the topic has been subject to debate until recently.%®7°
As photoswitches, stilbenes present some advantages such as a large amplitude geometry
modification, high thermal stability, easy separation of both isomers, and very fast isomerization
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kinetics. However, the need for damaging UV-light, a large overlap of each isomer’s absorption bands
affecting the photoconversion in both direction, and the possibility for an irreversible oxidative 6m-
electrocyclisation of the cis-isomer have limited the range of applications of stilbenes.”* Indeed,
chemical engineering may address these limitations, while improving the properties of stilbene
derivatives as shown by the emergence of stiff stilbenes,”? dithienylcyclopentenes’ and overcrowded
alkenes.”

Indigoid dyes have a multi-millennial history as highly colored organic pigments used to dye textiles.”
Because of a relative scarcity of blue pigments in history, indigo became a highly valuable trading
commodity that prompted the development of synthetic procedures towards its industrial fabrication
in the 19 century.”® Indigo (Figure 1.11b, X = NH) does not exhibit photochromism and is one of the
most stable organic dye, due to a very fast and efficient excited state proton transfer (ESPT), which
prevents degradation reactions to occur and quickly regenerates the initial trans state.”” However,
substitution of the N-H protons with alkyl, aryl or acetyl groups allows the generation of the metastable
cis isomer upon visible light irradiation.”® Alternatively, replacement of the NR group in indigo by a
sulfur atom yields a thioindigo photoswitch (Figure 1.11b, X = S), that cannot undergo ESPT. This also
comes with a decreased steric bulk around the central double bond, allowing both isomers to be
planar, therefore providing with a nearly 180 ° wide movement of the substituents ortho to the
thiophenone ring.”® One of the main advantage of indigoid photoswitches is the fact that they have
red-shifted absorption bands allowing photoisomerization to occur in both directions with visible light,
rendering them particularly attractive for biological applications.”® However, the insufficient band
separation between each isomer affects the photoconversion yields so that it is generally difficult to
reach more than 80% conversion at the PSS.”2%% These limitations were overcome with the
development of hemiindigoid photoswitches (Figure 1.11c) which are hybrid photoswitches with an
indigo or thioindigo part coupled with a stilbene part.”®® Importantly, an iminothioindoxyl
photoswitch based on thioindigo and azobenzene was recently described, showing favorable
photochromic properties and improved water solubility.®2 Despite their long history, indigoid
photoswitches re-gained considerable attention in the past years and the range of their applicability is
constantly growing.”®

Overcrowded alkenes (Figure 1.11d) are stilbene-based photoswitches with aromatic polycycles
arranged in a way that generates atropisomerism® due to steric constraints. These compounds,
discovered and developed by Ben Feringa, are chiroptical photoswitches.®* Upon light irradiation of
the less energetic trans atropisomer (P or M), a unidirectional rotation around the central double bond
produces a PSS rich of the cis isomer in an unstable helical conformation (P or M). Due to the
stereogenic center in the vicinity of the double bond (Figure 1.11d, C-R:), a thermal equilibration of
the unstable cis atropisomer yields the least energetic cis product. Irradiation with a different
wavelength produces selectively the most energetic trans isomer, which ultimately converts thermally
to the least energetic initial state. In addition, these molecules exhibit enantioselective and
diastereoselective switching upon circularly polarized light irradiation.® Their unique properties make
them particularly well suited for being applied as molecular machines,® but also as chirochromic
catalysts®’ for instance.

Fulgides (Figure 1.11e) were first synthesized by Stobbe in the beginning of the 20™ century,® but as
most photochromic compounds, the mechanism of their color change was understood later in the
1960°s.%° Early fulgide derivatives were thermally reversible and sensitive to photobleaching due to
thermal 6m-electrocyclic ring opening, and detrimental hydrogen rearrangements followed by
dehydrogenative aromatization.?® In the 70’s, the first thermally irreversible fulgide was synthesized,
and since then, they have rapidly gained a variety of properties through structural modifications. In
particular, the nature of the aromatic ring (furane, indole, thiophene...), the size of the alkyl
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substituents on both methylene carbons, and modifications of the succinic anhydride moiety
(fulgimides, fulgenates, fulgenolides...), led to a large diversity of photochromic fulgide derivatives with
different properties.®>®! Fulgides were found to be particularly well suited for application in optical
recording memory,°®%? though they were also successfully applied to the switching of functions like
fluorescence® or biological activity.”* However, E/Z photoisomerisation of the aryl bearing methylene
group contributes to decreasing the quantum yield of electrocyclisation, and because of the anhydride
moiety, fulgides tend to be less fatigue resistant than fulgimides or dithienylethenes, as they tend to
react with nucleophiles such as water or amines.

Based on a theoretical study of the cyclisation of different diarylethenes (Figure 1.11f) in 1988, the
team of M. Irie predicted that replacing the phenyl rings of stilbenes by thiophene moieties would give
a thermally irreversible photochromic system, that would undergo reversible 6m-electrocyclisation
upon light irradiation.® This was explained by the fact that heteroaryl groups such as furane or
thiophene have a lower aromatic stabilization energy than phenyl groups. Therefore, in the same year,
the first thermally irreversible dithienylethenes were synthesized and studied.®® It was found that the
presence of methyl groups on the positions where the cyclisation occurs is critical to prevent hydrogen
rearrangements and aromatization. On another hand, blocking the E/Z isomerization by incorporating
the C=C double bond in a cycle was also found to improve the efficiency of the switch.?” In the following
years, Irie studied diarylethenes extensively and found that besides being thermally irreversible,
diarylethenes were highly fatigue resistant, and were showing excellent photoconversion due to large
changes in the absorption spectra of the open and closed forms.®® Nowadays, diarylethenes have
become one of the most popular photoswitch with azobenzenes and spiropyrans. Their range of
applications spans from the design of memory devices,*®% multiresponsive agents,'® to transition
metal coordination® and self-assembled systems.1?

Spiropyrans (Figure 1.11g, X = CH) and spirooxazines (Figure 1.11g, X = N) are some of the most versatile
photoswitches. Besides their ability to switch between a colorless closed spiropyran form, and a
colored open merocyanine form under light irradiation, these compounds also exhibit
thermochromism,  acidochromism, electrochromism and  mechanochromism.>*'%  The
thermochromism of spiropyrans was extensively studied in the 1960’s, and some general trends were
established.’® For example, dibenzospiropyran is not thermochromic, whereas the
benzonaphtospiropyran and the indolinobenzospiropyran are.°#1% This shows that polarization of the
spiro center and stabilization of the open form through resonance are important parameters. In
addition, depending on the substitution of the aromatic rings and the nature of the heterocycle, the
merocyanine can be found either in a zwitterionic form or a quinoidal form. This renders merocyanines
sensitive to pH, solvent polarity and electric potential, making spiropyrans multiresponsive switches.
Due to their versatility, spiropyrans have found widespread applications in the design of dynamic
materials,'% rewritable data storage,”” optical devices,®® amongst others.1®

Finally, Donor-acceptor Stenhouse adducts (DASAs, Figure 1.11h) are one of the latest class of
photoswitches, that were investigated by the group of J. Read de Alaniz in the 2010°s.11° These
photoswitches, of which the name was chosen in recognition of John Stenhouse (1809-1880),%!! result
from the condensation of furfural with a dicarboxylic active methylene compound such as Meldrum’s
acid, followed by opening of the furane ring by an amine through a series of rearrangements similar to
the Piancatelli rearrangement.!1%¢112 Thijs results in a highly colored triene with an electron donating
moiety on one side and an electron withdrawing moiety on the other side, forming a so called “push-
pull” system. This substitution pattern combined with the conjugation of the double bonds produces
a large bathochromic shift of the main transition of the triene open form to wavelengths above 500
nm, allowing photoswitching with visible light and near infrared (NIR) light.}'* Depending on the nature
of both the donor and acceptor moieties, the band may be further red shifted making DASAs promising
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photoswitches for biological applications.’'* Another interesting feature of DASAs is their
photochemical irreversibility (type T photochromism), and their applicability in wavelength selective
addressing of different photoswitches.!'> DASAs were so far applied successfully in liquid crystalline
systems,® in polymers and on surfaces,''” or in drug delivery for example.!*® A major drawback of
DASAs however, is that in aqueous environment, the closed zwitterionic isomer is greatly favored,
which prevents the thermal return to the neutral open form, thus limiting the range of their
applications.?®

Besides these photoswitches that could be only briefly presented, the class of azobenzenes has
dominated the field of photochromic compounds, and their properties will be presented in detail.

1.3.3. Azobenzene photoswitches
1.3.3.1.Photochromic properties of azobenzene photoswitches

Azobenzene (AB, Figure 1.11a, X = N) is the most prominently used photoswitch due to its simple
structure, synthetic accessibility, as well as robust and efficient photochromism.*?° This compound
consisting of a diazene (HN=NH) with phenyl groups instead of hydrogen atoms, was first prepared
industrially in the middle of the 19" century by Nobel, and independently by Griess who discovered
the diazotization of anilines and their coupling to electron rich aromatic compounds.'*! The first report
on the trans-cis isomerization of AB dates back to 1937 when Hartley isolated the cis isomer thanks to
its higher polarity.'?? Since then, an immense quantity of azo derivatives was synthesized, producing
highly colored molecules that are light resistant and can exhibit a wide variety of tones, accounting for
their extensive use in dye industry (60-70% of total production).'??

AB can be found in two configurational isomeric states: a stable trans form with Con symmetry, and a
metastable cis form with C; symmetry (Figure 1.12a). In the trans form, AB is planar'** and has no
dipolar moment. In the cis form however, the structure is bent and more polar, and steric repulsions
constrain it to adopt a certain conformation. The CNNC dihedral angle is distorted to a value of 8 °, due
to steric hindrance between the phenyl rings as well as electronic repulsion of the nitrogen lone
pairs.’?®> This feature gives rise to helicity, and hints that azobenzene could exhibit chiroptical
properties when coupled to chiral molecules. On another hand, the NNCC dihedral angles are about
53 °,1% which means that the phenyl rings are no longer coplanar with the N=N double bond, disrupting
the conjugation in the molecule. The end to end distance between the two para positions is also greatly
affected upon photoisomerization, leading to a nearly 4 A wide movement. Conversion from trans to
cis is achieved through irradiation with UV-light (313 nm),'?® mechanical stress!?’ or electrostatic
stimulation.'?® The reverse reaction occurs either thermally or photochemically, by irradiation in the
visible range (436 nm).12%
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Figure 1.12. Isomerization of azobenzene (a) and UV-vis spectra (b) of the trans (full line) and cis (dashed line) isomers in
acetonitrile at RT.
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The UV-Vis spectrum of t-AB is characterized by three absorption bands in the UV-Vis region (Figure
1.12b). The least energetic one, located in the visible part of the spectrum (Amsx ~ 440 nm, € ~ 500
L.mol™.cm™), corresponds to the symmetry forbidden n—mt" transition.'? In cis-AB, this band becomes
allowed, therefore it is more intense (Amax ~ 430 nm, € ~ 1500 L.mol™.cm™), and slightly blue shifted
due to an increased conjugation of the nitrogen lone pairs with the benzene rings. Irradiation at those
wavelengths results in the excitation of the molecule to the first singlet state (S; — So), and leads to
isomerization.'*° The second and most intense band matches the allowed n—n" transition of the N=N
double bond. It occurs in the UV region of the spectrum with t-AB absorbing at ~ 320 nm and c-AB at
~ 280 nm. The larger intensity of the band in t-AB and the hypsochromic shift observed for c-AB are
explained by the non-planar conformation of the metastable isomer, which reduces the extent of
conjugation in the molecule. This transition excites AB to the second singlet state (S, < So) also
resulting in isomerization,’*® according to a mechanism that will be discussed below. The third
transition, corresponding to the m—m" transition of the benzene rings, undergoes only a slight
bathochromic and hypochromic shift upon isomerization, and is less relevant in the photochemistry of
AB as it is too energetic.

The isomerization mechanism of AB was long debated, due to multiple possible pathways.! It is now
generally accepted that AB may isomerize according to four different mechanisms: rotation, inversion,
concerted inversion and inversion-assisted rotation (Scheme 1.1).12%
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Scheme 1.1. Proposed mechanisms for the trans—cis isomerization of azobenzene.

In the rotational pathway, the N=N n-bond is cleaved, leading to a transition state allowing free
rotation along the N—N axis, with an energy minimum for Bcyne = 90 °. Torsion of the CNNC dihedral
angle generates ¢c-AB while the CNN and NNC angles stay unaffected.’®? The inversion mechanism
proceeds via the augmentation of one NNC bond angle to 180 °, leading to a planar transition state
with one sp hybridized nitrogen atom.®*® The concerted inversion pathway involves an apolar linear
transition state with both NNC bond angles equating 180 °.13* Finally, the inversion-assisted rotation is
a multidimensional pathway where both CNNC and NNC angles are affected simultaneously,3113
resembling a hula-twist motion.’*® Each of those transition states may relax either to the cis or the
trans product, therefore predicting photostationary states consisting of both isomers. The preferred
isomerization pathway depends on the wavelength of irradiation (S1 — So or S; — So excitation),’3> the
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viscosity and polarity of the solvent,'®” and is strongly influenced by the nature of substituents on the
benzene rings.??% Therefore, t-AB was found to isomerize predominantly via rotation following S; — So
excitation in hexane, whereas concerted inversion is favored in a more viscous CCls/ethanol mixture.!3®
In contrast, t-AB isomerizes via inversion following S, < So excitation in hexane.'** Additionally, in many
cases, multiple isomerization pathways may occur simultaneously, which accounts for some
experimental observations that do not fit a unique isomerization mechanism.*

Such differences in the isomerization pathway after S; < Sp or S; « So excitation results in a
wavelength-dependent photochemistry of AB: the quantum yield following n—m’ excitation is two-
fold higher than following n—mt’, which violates Kasha’s rule. In 2018, Nenov et al. demonstrated that
the violation of Kasha’s rule is due to a high energy unreactive planar intermediate only accessible
after n—n" excitation, which regenerates the trans ground state.}*! A model of the excited-state
pathways was used to quantify the percentages of photoproducts generated. It showed that n—mt"
excitation produced 24% of cis whereas m—m" excitation produced only 12% of cis, while the rest of
decay events were regenerating the trans ground state, in agreement with the factor of two between
each quantum yield.!*? The quantum yield of photoisomerization may be inscreased by blocking some
isomerization pathways through conformational strain. Azobenzenophanes and diazocines for
example, are rotation-restricted azobenzene derivatives with improved quantum yields.'** However,
the torsional pathway is not always fully blocked, and the preferred pathway was shown to be
inversion-assisted-torsion, 36143

The substitution of the benzene rings has a drastic influence on the photochromic properties of AB
derivatives. In the 1990’s, Rau classified AB derivatives into three main categories depending on the
relative energy of their n—n" and n—n’ transitions (Figure 1.13).2** The first class called azobenzenes
(ABn), have similar spectra than that of the parent AB, with well separated transitions. In the
aminoazobenzene type (aAB), electron donating substituents cause a red-shift of the m—m" transition
without affecting the S; energy level, causing both transitions to be nearly degenerate, and therefore
to overlap. The pseudo-stilbenes (pSB) include the protonated AB (pAB) and push-pull azobenzenes
(ppAB), for which the m—nt" transition is so red-shifted that it becomes the lowest lying transition. The
pseudo-stilbene name refers to the fact that a strong asymmetry in the electronic distribution favors
the rotation mechanism over all other isomerization pathways, reminiscent of stilbene’s only torsional
photoisomerization.

a ABn b 10 T-* —Azobenzene-type
R = alkyl, aryl, halide, : —Ammoazopenzene-type
N=N EWG, 3-amino, 3-alkoxy —Pseudo-stilbene-type
RS g
g
2 05
) we o5
_ D = 2- or 4-amino,
N=N 2- or 4-alkoxy,
[ 2- or 4-hydroxy,
e/ 2- or 4-thioalkyl
pSB 0.0 T T T ¥
A 300 400 500 600 700 800
@ @ Wavelength (nm)
H
+N=N N=N
O
D = amino, alkoxy,hydroxy
Protonated AB D

A = cyano, carboxyl, nitro

Figure 1.13. Types of substituted AB derivatives according to Rau’s classification (a), and UV-Vis spectra of each categories
(b).

If ABn have similar quantum yields as the parent AB, they usually possess higher thermal relaxation
rates, which depend on the temperature, polarity and viscosity of the medium.*?%37 However, cis-
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ABn have the higher thermal stability of all categories, ranging from hours to days at room
temperature, and their relaxation usually occurs through inversion.12%31%5 The thermal relaxation of
aAB is much faster than that of ABn, with half-lives (t1/,) of seconds to minutes at room temperature,4®
while pSB show the shortest lived Z-form with half-lives ranging from picoseconds to seconds.*’
Hydroxy substituted AB have the peculiarity of showing enhanced thermal relaxation rates due to
tautomerism between the azophenol form and a hydrazoquinone-like form, decreasing the double
bond character of the central N=N bond. This renders the rotation about the N=N bond easier, and
leads to a very fast recovery of the trans isomer.*® Red-shifting of AB spectral bands would be
favorable for applications in biological sciences®®®'* or photopharmacology,®®®®’ however the
subsequent drop in thermal stability may not always be desirable. Therefore, different strategies have
been developed to decorrelate the addressability of AB derivatives and their thermal isomerization
rate.#

The most prominent strategy for producing red-shifted AB derivatives (Figure 1.14) with extended half-
lives lies on the rational design of suitably substituted compounds. As mentioned above, the push-pull
substitution in para positions leads to a decreased thermal stability, therefore, endeavor has been
directed to ortho-substitution.

Di-o-AB Tetra-o-AB Diazocines Heteroaryl AB

R = OMe, SEt, F, CI, Br X=CHy S, O, NR Het = pyrroles, pyrazoles,

~N
| N imidazoles, triazoles, tetrazoles,
thiazoles, indoles...
MRS
N~ K/O
\/N\

Figure 1.14. Examples of strategies used to red-shift and/or extend the half live of AB derivatives.

The group of Woolley pioneered in this field by first studying the influence of symmetric amino di-
substitution, ortho to the azo bond.**® A substantial red-shift of the main transitions was achieved,
though medium amounts of cis were produced at the photostationary state, and half-lives were still in
the range of seconds. Substitution of all ortho positions with methoxy groups showed more promising
results.’> The steric congestion caused by the substituents disrupted the planarity of the trans form,
causing a hyperchromic effect on the n—n" band. Additionally, electrostatic interactions between the
lone pairs of nitrogen and oxygen atoms caused a red-shift of the n—mt transition of the trans isomer,
resulting in a 36 nm separation of the n—n" bands of trans and cis isomers. This resolution allowed to
switch tetra-o-methoxy AB with visible light only (Ae—.z = 530 nm; A-—¢ = 460 nm), producing substantial
amounts of cis (70%) and trans (80%) at the photostationary states, with good thermal stability (t12 =
2 din aqueous solution at room temperature). These compounds showed minimal photobleaching and
pH stability for pH > 5, however they proved more sensitive to reducing conditions than the parent
compound, which may not be optimal for biological applications. This limitation was addressed by
replacing oxygen atoms with sulfur atoms, allowing for red-switching of a water soluble derivative,
though at the expense of photoconversion and thermal stability.> More recently, a protonated AB
derivative with fused dioxane rings in combination with methoxy substituents occupying all four ortho
and two meta positions was reported. It showed near infrared (NIR) photoswitching with a half-life
near 1 s under physiological conditions.>?
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In 2012, Hecht et al. reported on tetra-o-fluoro AB derivatives with extended half-lives and highly
resolved n—m" bands.*® Compared with methoxy groups, fluorine atoms are less bulky and more
electron withdrawing. It causes less distortion of planarity in the trans state, and decreases repulsions
between the nitrogen lone pairs in the cis state, resulting in the enhanced separation of n—mn" bands
up to 50 nm, and an increased thermal stability. Electron donating groups (EDG) in para positions were
shown to decrease the band separation, while electron withdrawing groups (EWG) had the opposite
effect. Excellent photoconversion was achieved in both directions with blue and green-light, with half-
lives exceeding that of prior derivatives.’® In the same lines, tetra-o-chloro and tetra-o-bromo AB
derivatives showed similar properties, although with decreased band separation and thermal
stability.**® However, it was reported that irradiation in the tail of trans tetra-o-chloro AB n—mt" band
could produce significant amounts of cis at the PSS, allowing for the use of green to red-light to
optically control biological systems.’” Lately, di-o-fluoro-di-o-chloro AB derivatives demonstrated
excellent thermal stability as well as efficient E — Z photoswitching with red-light (660 nm), despite
slower switching kinetics at this wavelength.'*® Other mixed AB derivatives such as the fluoroamino
series were also recently investigated and showed increased visible light absorptivity and good thermal
stability.*>

Diazocines are AB derivatives bridged on their ortho positions with an ethylene group. The bridge
causes a cyclic strain on the N=N double bond that renders the Z-isomer thermodynamically favored,
and induces a large separation (~ 100 nm) of the n—m" bands.*?° Besides allowing selective switching
of each isomer in the visible range, diazocines show good thermal stability, excellent
photoconversions, high fatigue resistance and exceptionally high quantum vyields.'**¢ Hetero-
diazocines containing oxygen or sulfur in the ethylenic bridge were found to have shorter and longer
half-lives than the parent compound respectively, though with reduced Z — E photoconversion despite
a greater band separation.'®® While N-acetyl hetero-diazocines showed efficient photoswitching in
aqueous solution with blue and green-light,'** E — Z photoisomerization of N-methyl| derivatives was
achieved with NIR-light.'8%? Interestingly, a sulfur containing nine membered cyclic AB derivative
showed a reversed thermodynamic stability compared to the parent sulfur bridged diazocine, showing
a ring size limit in terms of relative stability.'®> Comparison with a diazonine derivative (Z-isomer
thermodynamically stable) also shows that the flexibility conferred by the sulfur atom is critical.

Another emerging and particularly versatile class of AB derivatives is the one of
arylazoheteroarenes.'®* After a first report by Majima et al. in 2003 on the photochromic behavior of
nucleoside modified 2-(phenylazo)imidazoles, showing photoconversion over 90% in each direction,'
Sinha et al. undertook a more detailed survey.'®® It revealed that 2- and 4-(phenylazo)imidazole
derivatives behave substantially like the parent azobenzene, although with better photoconversion
and quantum yields. A large separation of the m—m" bands of each isomer allows a near quantitative
switching towards the cis form with UV-light (~ 360 nm), while the trans can be recovered with blue-
light (~ 455 nm). However, those compounds show increased thermal relaxation rates compared with
cis-AB, as a consequence of intermolecular H-transfer mediated tautomerism (Figure 1.15a), inducing
the formation of a hydrazone form and reducing the rotation barrier.1®® The extent of this
tautomerism may be reduced by substitution of the imidazole-NH nitrogen, therefore preventing H-
transfer. In addition, imidazole substituted in the 4- position have a longer ti; than a 2-
(phenylazo)imidazole, showing the impact of conjugation (Figure 1.15b) on the thermal stability.®’

Later, Herges et al. prepared a series of 4- and 5-phenylazoimidazoles via addition of lithiated
imidazole on phenyldiazonium, showing remarkably long half-lives, despite a low Z — E
photoconversion.'®® The authors demonstrated that this new derivative was adopting an unusual
configuration in the cis state, where the imidazole ring is coplanar and the phenyl ring orthogonal,
relative to the CNNC plane. This reduces the conjugation in the cis state, and results in a better
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separation of m—m" transitions. In addition, they showed that in the case of 5-phenylazoimidazoles,
the proton at C-4 is oriented in the deshielding range of the phenyl ring, therefore resulting in an
upfield shift in NMR spectroscopy.
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Figure 1.15. Dependence of the thermal stability of some heteroaryl AB derivatives on the type of heterocycle (a), the position
of the azophenyl moiety on the heterocycle (b) and the substitution of the heterocycle (c).

In 2014, Fuchter et al. reported on phenylazopyrazoles with extremely long half-lives and quantitative
photoswitching in both directions.'®® Due to the T-shaped conformation adopted by AB derivatives
with 5-membered heterocycles (Figure 1.15c), a favorable CH-mt interaction can be established in the
cis form, resulting in a large stabilization of this isomer, with half-lives up to 1000 d at room
temperature. Substitution of the “ortho” positions of the heterocycle produces a twisted conformation
for the Zisomer. It decreases the half-life of the Z form and the separation of n—m" bands, although it
increases the absorption of the cis n—m transition, resulting in quantitative Z — E photoconversion, a
property that was exclusively found in diazocines so far. Lately, a heteroaryl AB derivative combining
a di-o-fluorophenyl and a pyrazole moiety was found to be the longest lived bistable azoarene
photoswitch, with a half-life of 46 years.'’® Phenylazoheteroarenes revealed themselves being
derivatives with highly tunable thermal stability (from picoseconds to years) and excellent
addressability, making them promising targets for future AB photoswitches development, 1474164171

1.3.3.2.Synthesis of azobenzene photoswitches

The long history of ABs and their extensive use has prompted the discovery of many synthetic methods
towards their preparation, some of which are shown in Scheme 1.2.172 Interestingly, one of the oldest
methods, called diazo-coupling and discovered by Griess in 1858,12% is still extensively used today due
to its efficiency and the use of an aqueous medium. Allowing access to symmetrical as well as non-
symmetrical derivatives, this reaction is however limited to electron rich aromatic compounds
(typically phenols or anilines), and gives poor yields for tetra-o-AB derivatives. Indeed, this reaction is
an electrophilic aromatic substitution (SeAr) of a phenyl ring with a diazonium salt, and is greatly
influenced by the substitution pattern on each reactant, which limits the scope of substrates (Scheme
1.3a). For the addition step to occur, both steric and electronic parameters must be optimal, as the
reaction may generally not happen at higher temperature than 10 °C, owing to the thermal instability
of diazonium salts. This methodology is also highly pH-dependent, and works under slightly acidic
conditions for anilines and around pH = 10 for phenols.
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Scheme 1.2. Main retrosynthetic approaches towards AB derivatives.

An alternative is to use organometallic reagents to enhance the nucleophilicity of the aromatic group.
Reaction between Grignard,'”® zinc!’* and tin'’® reagents with aryl diazonium salts have been reported,
however the best yielding method may be the addition of organolithium species on aromatic
diazoniums. This method was used by Herges et al. to synthesize arylazoimidazoles,'®® and was later
shown to be highly efficient for the synthesis of tetra-o-substituted species, giving access to a wide
variety of red shifted ABs in 40 to 90% (vs <30% for previous methods).'”®

The Baeyer-Mills reaction is another very common procedure used for the synthesis of ABs. First
discovered by Baeyer in 1874, it was further explored by Mills in the end of the 19" century.'”’ It
proceeds via the condensation of an aniline with a nitrosoarene in acetic acid. The mechanism is similar
to the condensation of an amine on a carbonyl leading to the imine. The nitrosoarene may be prepared
by many methods,'’® but the most common is the oxidation of primary anilines with peroxides such as
m-chloroperbenzoic acid (mCPBA). Recently, the use of Oxone® (i.e., 2KHSOs-KHSO4-K,SO4) in a
biphasic system of CH,Cl,/H,0 became the method of choice to synthesize nitrosoarenes, as it secures
a certain separation of the less water-soluble nitroso compound from the aniline precursor and the
hydroxylamine intermediate, preventing undesirable condensation reactions.'’® The Baeyer-Mills
reaction has a greater scope than the diazo-coupling reaction allowing the synthesis of AB derivatives
with substitution patterns inaccessible with the SeAr, however it is generally low yielding for tetra-o-
substituted compounds.

When the aforementioned methods fail, one might also explore oxydoreductive methods to synthesize
ABs. The reductive coupling of aromatic nitro compounds for example, provides symmetrical ABs with
reducing agents such as LiAlH4,8 Zn/Ba(OH),,*®! glucose/NaOH,'®? or Mg/HCO,HNEt3,'8 amongst
others.?’?* Some major problems with this method are that selective reduction to the nitroso (e.g. for
unsymmetrical compounds) is challenging, and the reaction often affords mixtures of azoxybenzene
and AB. In addition, the reducing agents are used in excess and their by-products are generally
environmentally unfriendly. However it was for a while the method of choice for the preparation of
diazocines.8182

Alternatively, the oxidative coupling of aromatic amines may be used. A variety of reagents such as
Ag,0,%%* Mn0,,*® HgO/1,,'% or KMn04/CuS0,,**” for example, afforded ABs in moderate to excellent
yields. The latter reagent system, combining permanganate and metal sulfate, proved successful for
the preparation of o-substituted derivatives, however it requires long reaction times and provides low
yields.’5>1% A system employing Na,W04/H,0; oxidized the 2,6-dimethylaniline to the tetra-o-methyl

-19 -



azo dioxide, which after reduction with Si,Cls gave tetra-o-methyl AB in 94 % overall yield, making this
method potentially useful for the synthesis of congested azobenzenes.'® Recently, a method using N-
chlorosuccinimide (NCS) as oxidizing agent and 1,8-diazabicyclo[5.4.0]Jundec-7-ene (DBU) as a base
was reported, yielding many AB derivatives in short times and good yields.?® This method showed
great efficacy to prepare symmetrical tetra-o-fluoro and perfluoro-AB derivatives in good yields.1#1%°
Another advantage of the oxidation of anilines is that the nitroso derivative can be selectively formed,
and used to prepare unsymmetrical compounds.t’”® Also, recently, an improved preparation of cyclic
AB derivatives using mCPBA allows access to diazocines in good yields from dianilines.®®* When over-
oxidation or incomplete reduction occur, AB can also be prepared from azoxybenzene, either via the
Wallach rearrangement producing hydroxy-substituted AB,**! or by reduction using Al/H,NNH,.H,0 in
methanol, 2 All3,*** or Cu(OTf),!% for example. In contrast, when over-reduction produces undesired
arylhydrazine, the latter may be dehydrogenated using oxidants such as Mn0,%> CuCl,¥® or
TiC|3/HBr/H202.197

N _/R
a NaNO, + 2HCl L=\ /
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o~ (R R
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NH, N3 Cl N X
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Scheme 1.3. Preparation of AB via diazotization of aniline and addition of different aromatic nucleophiles (a), or via
oxydoreductive methods (b).

The preparation of functionalized AB dervivatives is important as it allows to equip ABs with functional
groups in view of their incorporation into larger molecular architectures. This enlarges the range of
applications of ABs, and enables to use them for the photocontrol of physico-chemical properties.
Their synthesis may often be tedious, and usually requires prefunctionalization prior to the azo bond
formation, which limits the possible synthetic modifications of the AB core. Moreover, the diazenyl
group is naturally sensitive to oxidizing and reducing agents. To circumvent these limitations, metal
assisted transformations have been investigated, and proved to be powerful methods towards various
functionalized ABs.'*® The directing effect of the diazenyl group allows efficient C-H activation of the
ortho positions, providing mono-,***? di-1*? and tetra-o-halogenated'*®*< products, as well as tetra-o-
alkoxylated®®® derivatives. However, ortho fluorination remains challenging, and efficient
functionalization methods for tetra-o-fluoro derivatives are still lacking. Furthermore, C-H activation
has allowed the formation of C-C, C-O, C-N, C-S, C-Se and C-Si bonds,**® and in some cases, meta
alkylation and sulfonation was achieved.?®® (Pseudo)-halogenated ABs in meta or para positions were
extensively used as electrophiles in metal catalyzed coupling with C-, O-, N- and P- nucleophile, and
the examples where the AB was used as a nucleophile are rarer.1%8
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As shown in this section, ABs are very versatile photoswitches with almost limitless potential for
applications, due to their highly modular properties, efficient photochromism and good synthetic
accessibility. Therefore, fast relaxing AB derivatives addressable in the UV-vis range may be employed
as real-time information-transmitting materials,'*’ while the more thermally stable derivatives may be
used in photomechanics,?®? as solar energy fuels?®? or in optical data storage?® for instance. In the
biomedical field, the need for thermal stability and/or red-shifted addressability is dictated by the
application. Hence, when the activity of a photoswitchable biomolecule needs to be turned off as soon
as the irradiation stops, the use of push-pull AB is the most suitable as it combines red-shifting of the
excitation wavelength with enhanced thermal relaxation rates. In contrast, when the reversible
photocontrol over a biological function with light is desired, a bistable switch with visible light
addressability and high photoconversions is preferable.’’” ABs have also been introduced into many
macrocyclic structures, offering the possibility to alter properties of macrocycles with light.

1.4. Azobenzene-containing macrocycles

The incorporation of AB into macrocyclic structures and the effect of isomerization on their intrinsic
properties have been extensively studied.?** It does not only allow to control the properties of the
cycle (binding affinity, bioactivity, solubility...) with light, but also affects the performances of the
photoswitch itself. In the past 40 years, a plethora of responsive macrocycles were synthesized, and
restricting the research to the sole AB switch still gives several hundreds of results.?®® In this part, a
particular focus was put on two aspects: the consequences of macrocyclization on the photochromism
of AB, and the influence of isomerization on the properties of some selected macrocycles, and a few
examples of applications are given.

Azobenzenophanes are cyclophanes containing at least one AB unit into the cyclic backbone (Figure
1.16). Early dithia-diaza-paracyclophanes (Figure 1.16a) were synthesized by Griitzmacher and coll. by
nucleophillic substitution of alkyl dithiols on the benzylic positions of a 4,4 -bis-(bromomethyl)-
hydrazobenzene, that was locked in cis configuration via formation of a pyrazolidine-3,5-dione with
dimethylmalonyl chloride.?® The yields of cyclization were dependent on the alkyl chain length, with
an optimum length of 6 carbon atoms, giving the expected product in a good yield of 55%. Reducing
or increasing the chain length generally resulted in lower yields with the exception of butanedithiol
giving a similar result.
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Figure 1.16. Structures of selected azobenzenophanes with varying number of azobenzene units.
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The authors showed that the strain induced by the cyclization forced the AB moiety to adopt a cis
configuration for chain lengths between 2 and 5 carbon atoms. This is the first example of inverted
thermodynamic stability, where the cis form is the most stable isomer. However, these compounds
were so strained that the trans isomer could not be generated photochemically nor thermally, and
irradiation with UV or visible light led to decomposition. For Cs and C; alkyl chains, a thermally
equilibrated mixture of cis and trans isomers was observed, and UV irradiation generated
guantitatively the cis isomer while visible light irradiation produced 50% of trans isomer (n = 6), or
regenerated the initial mixture containing 78% of the trans isomer (n = 7). For chain length superior or
equal to 8, the properties of the azobenzene moiety became closer to those of the linear p-azotoluene
parent molecule, that is a photostationary state with around 90% cis after UV-light irradiation, and full
recovery of the stable trans isomer under visible light irradiation.

Unfortunately, this study gave no information regarding the thermal stability of the metastable isomer,
but given the trend observed, one might expect that the cyclic strain destabilizing the trans isomer
might result in a longer lived cis isomer compared to linear AB. This was shown by Rau and colleagues
who synthesized the first cyclo-bis-AB (Figure 1.16b), by nucleophilic substitution of 4,4’-bis-
(bromomethyl)AB with disodium sulfide.!*? The obtained azobenzenophane with thioether linkages
was found to isomerize sequentially to the cis/trans (c,t) form, and further to the cis/cis (c,c) form,
upon UV irradiation. Furthermore, the authors showed that the (c,c) isomer is more stable than the
parent cis-AB and the (c,t) isomer by a factor 1.5 and 1000 respectively at 25 °C. In addition, they found
that the activation energy for the thermal (c,t) — (t,t) isomerization was 3 kcal.mol? inferior to that of
the cis — trans relaxation of AB, while it was doubled for the (c,c) — (c,t) relaxation, reflecting a high
steric strain in the structure of the (c,t) isomer. By replacing one of the sulfur atoms with an sp® carbon
atom, the rigidity of the bridge was increased, and the stabilization of the (c,¢) isomer as well.?%” This
mixed azobenzenophane showed a thermal stability of the (c,c) isomer of more than a year at 25 °C,
making it virtually thermally stable, whereas the (c,t) isomer had a half life of 14 min. As seen in the
case of ortho bridged AB such as diazocine, diazonine, and the corresponding sulfur-containing
analogues, sulfur atoms provide an important flexibility that can be used to tune the thermal stability
of cyclic AB derivatives.'®%163 Finally, the finding that the quantum yields of isomerization were the
same upon S; or S, excitation led Rau to hypothesize that the rotation pathway was blocked by
cyclization, however this was contradicted in further studies.432208

In the same lines, Tamaoki and colleagues prepared para-oligoazobenzenophanes with two to four AB
units linked in para positions with an ethylene linker (Figure 1.16c).2% Surprisingly, reducing the length
of the bridge did not result into a more stable (c,c)-AB dimer (Figure 1.16c, n = 0) compared with Rau’s
azobenzenophanes, although the difference in stability between the (c,c) and the (c,t) isomers was
increased. Indeed, the (c,t) isomer, with a half-life of 22 s, was 10000 times less stable than the (c,c)
isomer at 25 °C, and also less stable than azobenzenophanes with C-S-C or Cs linkers as it would be
expected. However the (c,c) isomer had a similar stability as the parent cis-4,4"-dimethylAB, which is
in contradiction with the observed trend that azobenzenophanes of increasing rigidity exhibit higher
thermal stability of the all-cis isomer, but this compound seems to be an exception. In fact, a xanthene-
based cyclo-bis-AB was synthesized, and besides producing a hinge with a butterfly motion, this
extremely rigid 14-membered ring had a half life of 6.4 years at room temperature.?!% Furthermore,
the authors showed that, due to the million fold difference in thermal relaxation rates between the
(c,c) and the (c,t) isomers, the rate of photoisomerization to the (c,c) isomer depends on the intensity
of the light source.?%®?1% Another interesting effect of the cyclic strain is the distortion of the planarity
of the CNNC dihedral angle (11 ° deviation from planarity), which causes spectral modifications of the
AB dimer (Figure 1.16¢, n = 0). This results into a significantly increased molar extinction coefficient for
the n—nt* band, while the one of the m —mn* band is reduced. Increasing the number of AB units in the
cycle results in a decreased cyclic strain, and the spectral properties of each AB unit become closer to
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that of linear AB. In addition, the discrepancies between the thermal sabilities of the mixed isomers
compared with the all-cis isomer are smaller. For exemple, the AB trimer (Figure 1.16¢c, n = 1) had
thermal isomerization constants of 10.2, 1.2 and 22 ps™ for the (ZZ2)—(EZZ), the (EZZ)—(EEZ) and the
(EEZ)—(EEE) relaxations respectively.?!! As can be seen, the (EZZ) is the most stable isomer, and its
enrichment (up to 70%) by applying temperature raises the possibility of designing systems with more
than two functional states.

Continuing their research on azobenzenophanes, Tamaoki and colleagues reported the crystal
structures of all three possible isomers of a methylene-bridged meta-cyclo-bis-AB*'%** (Figure 1.16d, n
= 1) and compared its thermal and photochemical isomerization properties with an open-chain
dimer.?2 |In general, the quantum vyields for the photochemical isomerization, and the activation
energies for the thermal isomerization were higher in the cyclized form than in the linear form. They
also prepared the first cyclic AB dimer with thermal trans—cis and photochemical cis—trans
isomerization (Figure 1.16e).2*3 This compound, which was most stable in the ¢,c form, could be
converted to a long lived t,t isomer (ti2 = 20 days), while the (c,t) isomer was highly unstable (ti2 = 1
s) at 25 °C. Very interestingly, while meta- and para-azobenzenophanes have similar thermal relaxation
properties, it was shown by Tauer et al. that AB dimers linked on their ortho positions with ethylene
bridges had an opposite stability of the (c,c) and the (c,t) isomers, with half-lives of 5 days and 6 weeks
respectively.?!

More recently, Wegner et al. reported on the synthesis and spectroscopic characterization of a para-
cyclo-bis-AB with methylene linkers (Figure 1.16f).2'> This compound, existing only in the ¢,c form did
not produce any detectable accumulation of the (c,t) and (t,t) isomers upon irradiation. This is due to
a very fast relaxation (8 ms) of the (c,t) isomer, preventing the formation of the (t,t) isomer, even under
continuous irradiation. In contrast, the cyclo-tris-AB (Figure 1.16g) is completely inert to photo-
isomerization, due to an ultrafast and complete dissipation of UV excitation as heat, making this
compound a potential UV-absorber for sunscreens for example.?!® Lately, Wegner and colleagues
demonstrated selective three state switching in a symmetrical azobenzenophane trimer with >70%
relative concentration using irradiation or a combination of irradiation and heating, paving the way for
effective multistate switching (Figure 1.17).2Y The authors showed that each state could be reversibly
generated, regardless of the starting state, with excellent reversibility and repeatability. However, the
synthesis of this azobenzenophane was impaired with a very low cyclization yield (3%).
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Figure 1.17. Selective three-state switching in a macrocyclic para-AB-trimer with dimethylmethane linkers. Reprinted with
permission from reference 217.

Finally, an exceptionally stable medium sized azobenzenophane (Figure 1.16h) was reported lately by
Staubitz et al., which was virtually bistable at 20 °C.2!82 A combination of the right ring size, flexibility
and substitution pattern, confer to this macrocycle an excellent thermal stability, with no thermal
reversion observed over a period of 120 days at 20 °C. Further substitution of the azobenzene via
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Suzuki cross-coupling with electron-rich or electron-deficient aryl substituents allowed further tuning
of the thermal stability of these derivatives.?'®

Owing to the large geometrical change of the AB hinge upon isomerization, the shape of a macrocycle
can be altered, and eventually its physicochemical properties may be modulated. The host properties
of crown ethers could thus be switched on and off by light (Figure 1.18), due to a total lack of affinity

of the trans isomer for alkali metal cations.?°
oy
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Figure 1.18. Photocontrol of the complexation ability of AB based crown ethers.

In the trans state, the ethylene glycol chain was forced in a linear arrangement that does not enable
any complexation to occur, in contrast to a non-cyclic podand that still may adopt a circular
arrangement due to its flexibility. By irradiation with UV-light (330<A<380 nm), about 70% of the cis
isomer was formed, allowing a more favorable arrangement of the polyether chain for complexation.
Photoresponsive crown ethers with 7, 8 or 9 oxygen atoms had sodium, potassium or rubidium
selectivity respectively, and the complexes had a longer thermal relaxation than the free hosts. Also,
the trans isomer was quantitatively regenerated in two minutes with visible light (A>460 nm).

The same authors reported on a water soluble [3,3](4,4")azobenzenophane (Figure 1.16b, X = Me;N*)
capable of binding disodium adipate in the (c,c) form but not in the (tt) form.?° It was elegantly
synthesized via a phase transfer reaction in high dilution conditions, where a 4,4"-bis-(N,N-
dimethyaminomethyl)AB substitutes a bis-(chloromethyl)AB in chloroform, furnishing a protonated
azobenzene dyad that proceeds to cyclisation in a substrate-free water phase, therefore preventing
oligomerization. Although the photoconversion to the metastable isomer was scarce (27%), a
reduction of the thermal isomerization rate in the presence of disodium adipate indicated that
complexation occurred. Monocationic or neutral guests were not complexed, and surprisingly neither
did disodium terephthalate, presumably due to its shorter length compared to the adipate. Later on,
the photocontrolled encapsulation of neutral and ionic aromatic guests was achieved with larger arene
systems with embedded AB.??! By using macrocycles with larger cavities, the aromatic guests could
insert thermselves between two AB units, and were released upon isomerization. Lately, Huang and
colleagues achieved the selective solid-liquid extraction of phenanthrene from a solid mixture
containing anthracene, with an aqueous solution of the host.??2 The host was recovered by irradiation
followed by centrifugation and relaxation, and after five cycles, the phenanthrene was obtained in an
average 91% purity. Since the pioneering work of Shinkai and Manabe, the range of guests for
photocontrolled encapsulation has considerably increased, and photoswitchable hosts show promises
in various fields such as decontamination or biological target delivery for instance.??3

Finally, macrocycles with embedded AB may undergo different intrinsic property modifications upon
isomerization. For example, the fluorescence of an azobenzene-bridged perylene bisimide cyclophane
was modulated with light.??* In another register, the secondary structure of stapled peptides was
altered photochemically, which modified their cell penetration,??®> or photoswitchable streptavidin
ligands were discovered that cease binding after irradiation.?%®
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AB-containing macrocycles found application in supramolecular chemistry (host-guest chemistry,?19-22

self-assembly,??” interlocked systems??), as chiroptical switches,?” or for molecular machines
construction.?® Also, the stabilization of the cis isomer via cyclization may have potential in the fields
of solar-thermal energy storage,?! or optical memory devices.?*? Surprisingly, despite their widespread
application, ABs have only been recently and seldomly used in glycosciences, as compared to other
domains of chemical sciences. The field of AB-based carbohydrate conjugates has emerged only about
two decades ago, and has shown promises in glycomics and supramolecular chemistry.

1.5. From azobenzene glycoconjugates (ABGs) to glycoazobenzene macrocycles

233 234 235 236

Along with nucleobases,** amino acids*>* and lipids,*>> carbohydrates** are some of the earliest
organic molecules formed on earth, and one class of building blocks essential for all life forms. This
links carbohydrates to the very origin of life, as they constitute the backbone of all genetic information.
Indeed, nucleic acids (RNA and DNA) have an oligomeric carbohydrate scaffold, where 5-membered
cyclic carbohydrate monomers (pentose) are linked to one another via phosphate linkage of their 3-
and 5- positions. The way these primordial molecules were synthesized is still unclear, although several
hypotheses were formulated (RNA first or metabolism first),”238 and many lab experiments where
the earth’s supposed prebiotic conditions were simulated, produced several of these molecules. If the
Miller-Urey experiment?* is one of the most famous test trying to understand prebiotic chemistry and
explain the apparition of amino-acids, Butlerow?® and L6b?*! sought to explain the formation of
carbohydrates from fromaldehyde and CO,/H>0 respectively (Scheme 1.4a). These two experiments
show the importance of an intermediate, the glycolaldehyde, which can produce multiple
carbohydrates through an autocatalytic process (Scheme 1.4b), by repetitive aldolizations and
retroaldolizations.?*?

Besides their inestimable role in the apparition of life, carbohydrates have, in modern cell biology,
several fundamental functions.?”® In addition to be building blocks for the synthesis of macromolecules
(nucleic acids, cellulose, chitin...), they serve for energy production (glucose) and storage (glycogen,
starch), allowing for the sparing of proteins as an energy source. Furthermore, carbohydrates are
essential components of eukaryotic and some prokaryotic cells” surface, in the form of complex
glycoconjugates. Such glycoconjugates or glycans, form a coat on the surface of cells, named
“glycocalyx” (Figure 1.19).2%
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Scheme 1.4.: Potential explanation for the prebiotic synthesis of carbohydrates, via the formation of formaldehyde and
glycolaldehyde (a), and the formose autocatalytic process (b).
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It is mainly constituted of various complex polysaccharides attached to several backbone
macromolecules such as proteins or lipids, forming proteoglycans, glycoproteins and glycolipids.?* The
glycocalyx plays a pivotal role in cell-cell communication and recognition,*® immunity and
signaling,?**?*” microbial adhesion?*® and pathophysiology?*® amongst others. The composition of the
glycocalyx varies from cell to cell in the same organism, and also from an individual to another within
the same species. Similar to the genome, the proteome, and the emerging microbiome, the glycome
is the entire content of sugars, whether free or conjugated, of an organism. Otherwise known as the
sugar code, the glycome is perhaps the most complex biological alphabet, due to an unsurpassed
versatility in terms of possible structures. In fact, several parameters need to be taken into account
such as the number of carbon atoms (pentoses, hexoses...), the nature of functional groups (hydroxy,
deoxy-amino, acetylation, phosphorylation...), or the regio- and stereochemistry for instance. In order
to read this code, Nature has developed tools in the form of lectins, which are proteins that bind
carbohydrates in a very selective and affine manner.?>® Such proteins mediate the adhesion of
microorganisms to animal cells, as in the case of commensal and symbiotic microbes forming the
microbiome,?*! or that of pathogenic bacteria?®? and viruses.?*3

W% rroteoglycan
GPIl anchor 0-Glvcan Proteoglycan

Glycolipid

N-Glycan

Endothelial cell

@ (Gl B (GleNAc) A (Fuo) ‘ (NeuSAc) Q (GlcA)
O (Gcal) ] (GalNAc) e (xyl) @® (Man) Q (IdoA)

Figure 1.19. Electron micrograph of an endothelial cell (left) showing the glycocalyx.2>4 Schematic illustration of a cellular
membrane (right) with incorporated glycosylated proteins and lipids. The carbohydrates are represented according to the
conventions suggested by the Consortium for Functional Glycomics (CFG)25% by using the following abbreviations: Asn
(asparagine), Ser (serine), Thr (threonine), Glc (glucose), Gal (galactose), GIcNAc (N-acetylglucosamine), GalNAc (N-
acetylgalactosamine), Fuc (fucose), Xyl (xylose), Neu5Ac (N-acetylneuraminic acid), Man (mannose), GIcA (glucuronic acid),
IdoA (iduronic acid). Figure adapted with permission from the PhD thesis of Dr. Ole Jaeschke.255b

However, owing to a substantial heterogeneity and a large variety in terms of structural and
conformational order, a clear picture of carbohydrate recognition is still lacking. Glycobiology has
therefore emerged about 30 years ago,?*® in order to gain a better insight into the mechanisms through
which cells interact via the mediation of carbohydrates. The investigation of interactions between
lectins and carbohydrates has highlighted that besides the selective recognition of sugar epitopes,
lectins could increase substantially the avidity towards their ligand through multivalency effects.?>”
Multivalent glycoconjugates, also referred to as glycoclusters, have been helpful tools in the
understanding of multivalency,?*® although it appeared that additional features such as carbohydrate
orientation may play an important role in carbohydrate-lectin interactions.?*®
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In order to address this issue, the idea to combine carbohydrates with azobenzene to alter the
orientation of sugar ligands emerged.?® Jayaraman and colleagues pioneered in this field and
demonstrated in 2002 that the Z isomer of a bivalent B-D-lactose-azobenzene conjugate had a higher
affinity with the plant lectin peanut agglutinin (PNA) than the E isomer.?®! Although both isomers
exhibited a biphasic binding profile, suggesting a cooperative binding process, the binding constant for
the second binding event was nearly 4-fold greater in the case of the cis-rich mixture than for the trans
isomer. In a subsequent study, di-, tetra- and octavalent photoswitchable glycoclusters were
synthesized via amidation of amine-tethered mono-and divalent mannoside and lactoside units
(Scheme 1.5).262
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Scheme 1.5. First library of azobenzene glycoclusters synthesized by Jayaraman et al. to assess the effect of ligand orientation
on the binding avidity of plant lectins PNA and ConA.

The authors showed that the binding thermodynamics of the dissymmetrical carboxylic acid
derivatives were not altered by the isomeric state of the photoswitch, while their symmetrical bivalent
counterpart exhibited enhanced affinity in the cis state. Furthermore, the tetravalent p-azobenzene-
lactoside conjugate bind to PNA with a biphasic binding profile in the cis state only. The same effect
was observed with tetravalent p-azobenzene-mannoside conjugate and Concavalin A (ConA).
Therefore, the authors ascertained that in addition to the valency, the relative orientation and spatial
distribution of clustered glycoligands have a marked influence on the supramolecular features of
carbohydrate-lectin interactions.

Before 2010, the only reported AB glycoconjugates included amphiphilic AB glycosides investigated for
their liquid crystaline properties,?®® and several cyclodextrin derivatives functionalized with an AB
unit.?®* Two main synthetic strategies are commonly employed to attach AB to carbohydrates (Scheme
1.6). A direct approach like the one used by Jayaraman, where a fully formed AB derivative with
suitable functional groups is reacted with a complementary motif. For example, AB dicarbonyl chloride
reacts efficiently with amines, whereas a propargyl substituted AB may be engaged in a Huisgen 1,3-
dipolar cycloaddition?® with an azido functionalized carbohydrate.?®® When a more direct connection
between the photoswitch and the glycoside is desired (i.e. without tether or linker), Williamson
etherification,?®” glycosylation,?®® or the Mitsunobu reaction may be used.?® Alternatively, in the
indirect approach, a carbohydrate is first substituted with an aromatic aglycone suitably substituted to
react with another aromatic partner to form the azo-bond. This approach involves reactions such as
azo-coupling,2%3*27° Mills reaction,?®® or reductive dimerization of aromatic nitro compounds.?%¢ If the
direct strategy is generally more straightforward, the indirect approach allows a more efficient
preparation of unsymmetrical compounds, or synthetically challenging targets such as 1,2-cis-
glycosides.
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Scheme 1.6. Different synthetic approaches for the preparation of ABGs.

In 2012, the group of Pr. Lindhorst initiated a project aiming at synthesizing and characterizing different
azobenzene glycoconjugates and to utilize them in different biochemical applications.?®° In an initial
study, some mono-, di- and trivalent ABGs were synthesized by click chemistry?%°®2%¢ and their
photochromic behavior was investigated. It was shown that azobenzene bearing ether groups in both
para positions have nearly quantitative E — Z photoconversion and good thermal stability (15-20 h),
allowing independent evaluation of both isomers in biological assays. Furthermore, di- and trivalent
glycoclusters bearing an AB glycoside on each branch produced mixtures of isomers upon irradiation,
with a valency dependent decrease in photoconversion to the all-cis form. This is due to intramolecular
guenching processes and stacking, showing that clustering ABs in a limited space may be detrimental
to the photoswitching efficiency. Shortly thereafter, a systematic study of the photochromic properties
of various AB glycosides was undertaken.?®® The stereochemistry of the anomeric center (a or B), the
nature of the attached hexoses (glucose or mannose), and the effect of an additional ester or carboxylic
acid group on the AB core were investigated. It was shown that the anomeric configuration in
monosubstituted ABGs has a substantial impact on the position of the n—n" band and the thermal
relaxation rate, and that the addition of a carboxyl- or methoxycarbonyl group significantly shortens
the half-life (89 vs 2 and 5 h in the mannoside series). Furthermore, aggregation of carboxy-substituted
derivatives was observed, which reduced the photoconversion yields (from >95% to 50-90%) and
seemed to be dependent on both the C-1 and the C-2 configurations.

Given these favorable photochromic properties, in order to assess the bacterial adhesion of type 1
fimbriae of Escherichia coli bacteria, an AB-mannobioside was synthesized as a ligand for the bacterial
lectin FimH.%%8 Interestingly, the photochromic mannobioside had blue shifted transitions, a similar £
— Z photoconversion yield, and a doubled half-life, as compared with the parent AB-mannoside. Both
isomeric states had similar inhibitory potency, although they were about 10 and 100 times higher than
that of common inhibitors such as of p-nitrophenylmannoside and methylmannoside respectively.
Thus, AB glycoconjugates obtained by direct glycosylation of a photochromic aglycone on a
carbohydrate scaffold showed promises towards the investigation of specific lectin-carbohydrate
interactions. Consequently, AB-mannosides were immobilized on gold surfaces in the form of self-
assembled monolayers (SAMs),%%%f and the adhesion of type 1 fimbriated E. coli bacteria was
measured before and after irradiation, showing a drop in bacterial adhesion by a factor of 5 upon
reorientation of the ligands on the surface.?’! Following the same idea, bacterial adhesion could also
be photocontrolled in the more complex environment of human cells.?’° This was achieved by
metabolic oligosaccharide engineering of human microvascular endothelial cells variant 1 (HMEC-1),
resulting in the incorporation of bioorthogonal azide functions on the surface glycans. Subsequent
cycloaddition with a propargylated a-D-mannosyl-AB derivative completed the labelling of the cells. As

-28 -



a consequence, the adhesivity of the cells was reversibly altered by irradiation with UV (365 nm) and
green (488 nm) light (Figure 1.20). Interestingly, the effect was only observed when the outer regions
of the cell surface were labelled. When inner regions were labelled with the photochromic mannoside
ligand, no significant changes in bacterial adhesion were reported. Along the same lines, a
photoswitchable trivalent mannoside cluster was recently bioorthogonally conjugated to the surface
of HMEC-1 cells, and showed that bacterial adhesion was 50% higher in the trans state than in the cis
state.?’? Whether a monovalent or a trivalent mannoside epitope is presented, and despite a greater
flexibility of the ligands in the cluster, comparable reduction of adhesivity was observed upon £ — Z
isomerization, underlining again the importance of carbohydrate ligand orientation in the context of
specific lectin-carbohydrate recognition.
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Figure 1.20. Schematic representation of the reversible photomodulation of carbohydrate orientation on a surface, and
examples of bioorthogonal photochromic FimH ligands used for photoswitching the adhesivity of human cells.239.241

In another register, Lindhorst and colleagues synthesized ABGs as photosensitive cross-linkers for the
modulation of the secondary structure and function of peptides. Based on the work of Woolley,?”
cysteine side chains are commonly used for linking photoswitching units to proteins by nucleophilic
substitution of a typically chloro- or iodoacetylated linker. Such cross linking allowed the reversible
photocontrol of the secondary structure of peptides (i.e. helical folding/unfolding), and therefore the
modulation of their activity. Indeed, there must be a complementarity between the spacing of the
cysteine residues and the size of the linker. For a p,p’-bis-(2-chloroacetamidoyl)-AB derivative for
example, it was shown that the trans state stabilized a-helix conformation for a spacing of i,i+11, while
switching to the cis state prevents formation of the secondary structure. In contrast, the a-helical fold
is stabilized by the cis isomer when the linker is connected to residues i,i+4 or i,i+7. Hence, Lindhorst
reported the synthesis of ABGs functionalized with chloroacetamide or allyl ether groups,?®® for cross
linking via nucleophilic substitution or thiol-ene click chemistry?”* respectively. These cross-linkers
showed favorable photochromic properties and were successfully conjugated to protected cysteine,
glutathione and a synthetic nonadecapeptide. Subsequently, heterobivalent ABG cross linkers with
different biorthogonal functional groups were reported.?’®

Lately, Dr. Despras started, within the Lindhorst group, an independent research project and reported
on novel glycoazobenzene macrocycles.?%82%% The use of carbohydrates in such molecular
architectures is advantageous. Indeed, carbohydrates are biocompatible, have generally a good water
solubility, and are decorated with multiple functional groups (alcohol, amino, carboxy groups) allowing
for further modification of the corresponding macrocycle. In addition, the use of cyclic carbohydrates
(furanose or pyranose) reduces the conformational flexibility of the molecule, resulting in macrocycles
with a well-defined and stable shape. Furthermore, the inherent chirality of sugars may be transferred
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as well as axial?*®*“¢f and planar chirality
have all been shown to induce helicity in AB-containing molecules, by favoring one stereoisomer over
the other one.
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Scheme 1.7. Final steps of the synthesis of glycoazobenzene macrocycles according to Despras and coworkers.

Interestingly, despite a widespread use of AB and carbohydrates respectively in macrocyclic
chemistry,?%>278 Despras” macrocycles were the first examples of photoresponsive carbohydrate based
macrocycles with an embedded AB. Macrocycles 3 and 4 were synthesized via glycosylation of azido
functionalized D-glucosyl and D-maltosyl acetimidates with 4,4’ -dihydroxyazobenzene (DHAB), yielding
AB-bis-glycosides 1 and 2. Azide reduction and isothiocyanate formation, followed by cyclisation with
piperazine and subsequent deprotection afforded the desired compounds.?%® Macrocycle 6 on the
other hand, was synthesized by Mitsunobu reaction of propargyl-a-D-manoside with 4,4’-DHAB
followed by acetylation, then Glaser-Hay coupling and Zemplen deacetylation (Scheme 1.7).26%
Strikingly, for the cyclisation to occur, the open-chain substrates had to be pre-organized by
isomerization to the cis state in order to bring the reactive ends closer to one another.

Macrocycles 3, 4 and 6 exhibit comparable photochromic properties. All produced high contents of cis
(>95%) when irradiated with UV-light (365 nm), and were thermally stable with half-lives of 6 h, 17 h
and 114 h at 27 °C respectively. As could be expected, the thermal stability seems to be dependent on
the cyclic strain, similarly to the cis to trans photoconversion yield. In fact, molecular modelling studies
highlighted that the AB unit in 3 and 4 is no longer planar in the trans state, which results in increasing
the intensity of its n—m" band and reducing the photoconversion yields with blue-light to 53% and 63%
respectively. In 6 however, the hyperchromic effect on the n—n" band of the E isomer is less
pronounced, which affords 88% of the trans isomer after green-light irradiation. A large amplitude
shape modification upon switching was evidenced by significant shifts of some characteristic NMR
signals, and modifications in the NOESY spectra. In addition, circular dichroism (CD) spectroscopy
analysis showed that macrocycles 3, 4, and 6 all exhibit strong dichroic signals both in the trans and cis
state. In the case of macrocycle 4, the CD spectra of each isomer show a sign inversion upon switching,
as confirmed by the measurement of specific optical rotatory power (E: [a]?% = +461; Z: [a]®p = -623;
¢ = 0.054 in water). For macrocycles 3, and 6, significant changes in the CD spectra indicated a major
change in chirality upon irradiation. The intensity of the dichroic signals suggests that a single helix (P
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or M) is largely predominant in each isomeric form, hinting for a unidirectional switching process. In
addition, the water solubility of macrocycle 6 was greatly altered upon isomerization, in such a way
that a suspension of trans-6 in water could be turned into a clear solution after irradiation and vice
versa.

Along the same lines, the group of Xie reported on an AB-embedded macrolactone with a
monosaccharide backbone.?’”® A protected thio-a-D-mannopyranoside equipped with two adjacent
bromoacetyl groups was cyclized under basic conditions with 2,2°-DHAB in moderate yields, affording
an AB containing glycomacrolactone. The resulting macrocycle showed excellent E — Z and moderate
Z — E photoconversion, strong dichroic signals, and a multistimuli-responsive gelation ability in
cyclohexane. In a later report, Xie and colleagues described the synthesis and photochromism of three
new AB-glycomacrolactones with the photoswitch linked to 2,3 or 4,6 positions of gluco and manno
derivatives.?® Remarkably, these compounds display a better thermal stability (37-72 d) than
macrocycles 3, 4 and 6, presumably owing to the ring size and the difference between the para and
ortho substitution. Lately, the same group used photochromic templates to stereoselectively
synthesize larger AB-glycomacrolactones through intramolecular glycosylation.?! Challenging 1,2-cis
glycosylation was achieved with excellent stereoselectivity, regardless of the configuration of the
switch, although the yields were lower in the cis state. Recently, Xie’s macrocycles were applied as
dopants for photoresponsive cholesteric liquid crystals.?8?

The only other example of photoresponsive glycoazobenzene macrocycle was described by Jarosz and
coworkers.?® It consists in a sucrose-containing crown ether with an embedded azobenzene, showing
cation complexation ability. This macrocycle formed stable complexes with alkali metals, with a higher
affinity in the cis state, and a potassium selectivity. It displays equivalent photochromic properties as
Xie’s macrolactones, that is, efficient photoisomerization and slow thermal relaxation (25 d). Notably
the macrocyclisation step was high vyielding due to templating effect with cesium ions.
Glycoazobenzene macrocycles are an emerging class of photoswitchable chiral macrocyclic
compounds, holding a lot of potential for various applications, and their investigation promises thrilling
discoveries.

1.6. Motivations

The synthesis of glycoazobenzenophanes as described by Despras et al. lies on two critical steps: the
glycoconjugation and the macrocyclization. Therefore, the first objective of this thesis was the
optimization of the glycoconjugation. In order to have an efficient chirality transfer from the sugar to
the azobenzene, they need to be ligated in the most direct way, precluding the use of ligation methods
such as azide-alkyne cycloaddition, amide/ester or thiourea linkage. Therefore, a first thorough
investigation on the glycosylation of 4,4"-dihydroxyazobenzene (DHAB) was undertaken, in order to
assess the substrate scope of this reaction and find high yielding conditions. The results of this study
constitute the chapter 2.

Then, an alternative glycoconjugation method was sought after, in order to develop a new approach
for the functionalization of AB derivatives with carbohydrates, while conserving the shortest tether
between both moieties. Therefore, a palladium-catalyzed S-arylation of glycosyl thiols with
halogenated AB derivatives was investigated. With this method, the oxygen atoms bridging the sugar
to the photoswitch would be replaced by sulfur. As an isostere of oxygen, sulfur was expected to have
similar effects on the photochromic properties of the resulting molecules. Moreover, sulfur offers the
possibility of oxidation to sulfoxide or sulfone, which would allow the modulation of the AB
photochromism. The chapter 3 is hence dedicated to study of the Buchwald-Hartwig-Migita cross
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coupling, the oxidation of the obtained glycoazobenzene sulfides, and the investigation of the sulfur
oxidation state on the photochromic properties of the switch.

Then, with the open-chain precursors obtained after the glycosylation study, several macrocyclizations
via intermolecular thiourea bridging were achieved with different diamines, providing access to four
novel AB-glycophanes. The cyclization protocol was optimized and systematized, giving the desired
macrocycles in very good yields.

On another hand, cyclization via Buchwald-Hartwig-Migita coupling was also investigated, and the
construction of macrocycles with two different AB switches was achieved. In this approach, different
AB chromophores were associated by pairs in a macrocyclic structure, in order to exploit their
photochromic differences towards multistate photoswitchable macrocycles. By using carbohydrates
as tethers between each AB unit, the possibility for chiroptical multistate switching was envisaged. In
addition, carbohydrates are multifunctional scaffolds allowing further derivatization, or the facile
incorporation of the synthesized macrocycle in larger molecular architectures. The 4" chapter
therefore details the synthesis of four AB glycomacrocycles and three glycoazobenzene dyads.

Finally, the photochromic properties of the synthesized macrocycles were investigated and are
detailed in chapter 5. First, the photochromic properties of the thiourea bridged macrocycles were
assessed and compared with the previously reported macrocycles by Despras et al., and their thermal
isomerization was closely monitored. Secondly, the glycoazobenzene dyads were investigated, and
their multistate switching as well as their thermal relaxation were analyzed.

R S
R
Macrocyclization H H_ _ J\ }LA
N S N N—R—N N
S N > Y H H
w(, R S
R
R=ForH R = alkyl, aryl
[0)
O
x<N
Glycosylation Buchwald-Hartwig-Migita
R R
PGO . PGO
PGmAG HO@"“ . PGO SH I_QN
OPG : OPG

Scheme 1.8. General overview of the different synthetic strategies employed in this thesis for the construction of
glycoazobenzene macrocycles. PG: protecting group; AG: activable group
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2. Glycosylation of 4,4’ -dihydroxyazobenzene (DHAB)

The glycosylation reaction, also known as glycosidation, is a complex and essential reaction in
carbohydrate chemistry. It consists in the condensation of a nucleophile on the anomeric position of a
reducing sugar, resulting in a glycoside. A glycoside is composed of a glycone moiety (the sugar), and
an aglycone moiety (the nucleophile), linked together via a glycosidic bond. The aglycone may either
be a non-carbohydrate moiety yielding glycoconjugates, or another mono- or oligosaccharide unit,
providing di- or oligosaccharides respectively. The generic term “glycoside” usually refers to O-
glycosides resulting from the condensation of an alcohol on a carbohydrate. Nonetheless, N-, S- and C-
glycosides are also found in nature, and many other anomeric functionalities can be introduced
chemically.?362284

The Fischer glycosidation, by which an unprotected aldose hemiacetal may be transformed into a cyclic
acetal by condensation of an alcoholic nucleophile, requires a large excess of the alcohol, and is only
suitable for the synthesis of simple glycosides. When more complex aglycones are to be glycosylated,
a different approach has to be taken. On the one hand, the anomeric position has to be activated by
the introduction of a leaving group, which departure may be facilitated by the action of a suitable
catalyst or promoter reagent. On the other hand, in order to avoid self-condensation of the donor, the
other hydroxyl groups need to be protected. Therefore, a glycosylation proceeds as follows (Scheme
2.1): a suitably functionalized glycosyl donor is activated with a promoter (at best catalytically),
providing a highly reactive electrophile, which can then be substituted by a partially protected acceptor
nucleophile, following either a Sy1-like or a Sn2-like mechanism (vide infra).
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Scheme 2.1. General depiction of a glycosylation reaction between two monosaccharide units. LG: leaving group, PG:
protecting group.

The mechanism of the glycosylation is best described as a continuum of mechanisms spanning from
pure Sy1 with an intermediate oxocarbenium ion, to pure Sy2 with Walden inversion (Scheme 2.2).2%
The Sn1 or Sn2 character of the reaction depends on many factors such as: the nature of the leaving
group and the promoter, the kind of ions generated by the activation, the anomeric stereochemistry
of the donor, the nature of the solvent, the reactivity of the acceptor, the temperature, the
conformation of the sugar, the type of substituents, etc. In general, in order to achieve high
stereoselectivity, it is necessary to find conditions that favor an Sy2-like pathway. Pure Sy2
glycosylations may occur by reaction between strong nuceophiles (thiolates, azides, thiourea...) and
electrophilic glycosyl halides without the need for a promoter, providing glycosides in a stereospecific
fashion. For hydroxylated acceptors however, activation of the anomeric leaving group is generally
required, and thus, the chances for a dissociative mechanism are higher. In apolar solvents, a tight ion
pair may be formed, with the counterion shielding the face from which it just departed, resulting in an
Sn2-like substitution. However, in polar solvents, or when the counterion is highly solvatable, the
oxocarbenium ion is more naked, resulting in an Sy1-like pathway and a decreased stereoselectivity. It
has been shown experimentally that both pathways are possible, through the generation and
characterization of oxocarbenium ions as well as covalently bound intermediates such as a-triflates or
a-nitrilium ions for example.?®® |n addition, it was shown that the nature and the orientation of
substituents around the ring, as well as the conformation, have a strong influence on the stability of
an intracyclic positive charge, and thus on the reactivity of glycosides.?8®
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Scheme 2.2. General glycosylation mechanism.

The glycosylation reaction is stereoselective, and may be in some cases, regioselective and
stereospecific. Indeed, a stereo-electronic effect called the anomeric effect, and consisting in a
stabilization by negative hyperconjugation, favors the formation of glycosides with an axial aglycone,
accounting for the stereoselectivity. The glycosylation of a polyhydroxylated acceptor may occur on
different positions, depending on the relative reactivity of each group.?®” This parameter is usually
controlled by suitable protection of the acceptor, leaving only the one functional group to be
substituted free. In addition, the reaction is stereospecific when the mechanism involves a pure Sy2
pathway, or when participating protecting groups are present on the substituents of the donor.
Participation of protecting groups may arise from the substituent neighboring the anomeric center
(vicinal anchimeric assistance), as in the case of 1,2-trans glycosylation (Scheme 2.3a,b),?® or from
remote substituents (Scheme 2.3c,d).?®® These parameters determine the configuration of the
anomeric center following the glycosylation, yielding a- or B-glycosides. In addition, the nature of the
solvent, of the leaving group and the promoter, may also influence the stereochemical outcome of the
reaction. Due to the large variety of effects that govern a glycosylation reaction, there can be no
universal procedure to glycosylate every carbohydrate, a situation that was nicely summed up by Hans
Paulsen:?® “Each oligosaccharide synthesis remains an independent problem which resolution requires
considerable systematic research and a good deal of know-how.” Therefore, it is hard to predict which
glycosylation method is best suited to synthesize a specific glycoside, and the development of new
methods for the stereoselective synthesis of oligosaccharides is a very active field in glycochemistry.?*

The first example of glycosylation of p-hydroxyazobenzene dates back to 1947 when Hurd and Zellinski
prepared acetylated phenylazophenyl glycosides.”®?> The authors showed that Koenigs-Knorr
glycosylation?® employing acetylated glycosyl halides and silver oxide as promoter could afford AB
glycosides in yields comprised between 20 and 40% with complete stereocontrol. In addition, the
authors performed direct substitution of peracetylated glycosides in the presence of p-toluenesulfonic
acid or zinc chloride at high temperature via a fusion method. This method gave similar yields as the
Koenigs-Knorr method, though with lesser reproducibility and harsher conditions.
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Scheme 2.3. Examples of neighboring and remote group participation in glycosylation reactions through vicinal anchimeric
assistance by a 2-O-acyl group (a), vicinal assistance of a chiral nucleophilic auxiliary at 02 (b), remote acyl group participation
(c) or by hydrogen bond mediated aglycon delivery (HAD) with remote participation of the picolinyl group (d).

Later, in the early 2010’s, Lindhorst employed the acetimidate method?®* to prepare AB glycosides.
The glycosylation of 4—hydroxyazobenzene?%®® or mono-protected 4,4 -dihydroxyazobenzene?66b:2684f
(DHAB) with glycosyl trichloroacetimidate gave the corresponding AB mono-glycosides in very good
yields (70-90%). The reaction of glycosyl acetimidates with unprotected DHAB proved however more
difficult, as it produced azobenzene mono- or bis-glycosides in 30-50% yield.?%8 This is likely due to a
tautomerism between DHAB and a hydrazoquinone form, promoted by intermolecular hydrogen
bonding, which contributes to increase the sp? character of the C-O bonds, and resulting in a decreased
nucleophilicity of the hydroxyl groups in para positions (Figure 2.1).%% In ortho-hydroxy-substituted
compounds, the hydrogen bonding may occur intramolecularly, such as in the case of phenylazo-2-
naphtols, which were found to exist mostly in the hydrazo form.?®® Consequently, para and ortho
hydroxylated cis-ABs have very short half-lives!*” and are weak nucleophiles.
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Figure 2.1. Tautomeric equilibrium between DHAB (left) or phenylazo-2-naphtol (right), and their hydrazoquinone tautomer,
and involvement of intermolecular and intramolecular H-bonding respectively.

As the bis-glycosylation of DHAB is a crucial step in the preparation of photoresponsive
glycomacrocycles,?® a part of this thesis was dedicated to finding efficient reaction conditions to
improve the yield of the reaction and broaden the scope of AB bis-glycosides. The results, which were
published,?” are presented herein.
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To do so, four common types of glucosyl donors (Figure 2.2) were investigated, namely glucosyl
bromide, sulfoxide and acetimidate, as well as thioglucosides. In most cases, ester protecting groups
were installed to ensure the stereoselective formation of 1,2-trans glycosides, however two donors
were silylated to achieve so-called super-armed donors.2%%¢ Based on Fraser-Reid’s armed/disarmed
concept,?® super-armed donors are exceptionally reactive due to a conformational change imposed
by the silyl groups. Indeed, owing to a vicinal clash overruling the 1,3-diaxial interactions, bulky silyl
groups tend to drive the conformational equilibrium towards an axial rich conformation, which
increases the electron density in the pyranose ring,?®%*¢ and thus the reactivity of silylated donors. In
addition, silyl ethers are less electron withdrawing than ester groups, which contributes to the overall
reactivity enhancement. Particular focus was put on improving the yields of DHAB bis-glycosylation
with 6-azido-6-deoxy functionalized donors, as they enable the incorporation of the glycoazobenzene
motif into larger molecular architectures by simple ligation methods.
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Figure 2.2. Structures of the glucosyl donors used in this study.

Donors 7,2°%% 8,2%% 10,%°° 112°*¢ and 12,%7>%°°¢ were prepared starting from D-glucose according to
known procedures. Donors 9 and 13 were prepared starting from levogulcosan 16 (Scheme 2.4). First,
perbenzoylation with benzoyl chloride in pyridine afforded 17 in 92% vyield. Then, a ring opening
reaction of the protected 1,6-anhydroglucose 17 with (phenylthio)trimethylsilane (TMSSPh), in the
presence of zinc iodide at 120 °C under microwave heating, provided thioglucoside 18 in 98% yield in
a B-selective manner. Subsequently, Bose-Mitsunobu*® mediated azidation of the free 6-hydroxyl in
18 afforded 6-azido-6-deoxy-thioglucoside 9 in 71% yield. Finally, hydrolysis of 9 promoted by
trichlorocyanuric acid (TCCA) in wet acetone yielded the hemiacetal, which was then reacted with (N-
phenyl)trifluoroacetimidoyl chloride under basic conditions to afford the glucosyl donor 13 in 76% yield
over two steps.

For the preparation of silylated donors 14 and 15, the persilylation of levoglucosan required an
optimization (Table 2.1). The first attempt (Table 2.1, entry 1), performed by addition of TBSCI to a
suspension of levoglucosan and imidazole in THF, afforded the desired persilylated product 19a in a
mediocre yield of 15%. The same reaction, catalyzed by DMAP in a CH,Cl,/pyridine mixture (8:1), gave
only the 2,4-disilylated compound 19b in 50% vyield (Table 2.1, entry 2). This result is interesting as it
allows the selective formation of 19b, on which the 3-position may be differentiated, adding
interesting functionalization possibilities. Then, the reaction was performed in pyridine in the presence
of imidazole (Table 2.1, entry 3) to give 19a in 38% yield. The best result (Table 2.1, entry 4) was
achieved by addition of iodine to a mixture of TBSCI, levoglucosan and N-methyl-imidazole in pyridine,
affording 19a in 80% vyield. In fact, Stawinski et al. showed that iodine could efficiently promote
silylation reactions, by complexing the chloride counter ion of the activated silyl intermediate formed
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by substitution of the chlorine of Met-BuSiCl by the catalyst, making the imidazolium intermediate
more naked and thus more reactive.3

Table 2.1. Optimisation of the persilylation conditions.

Entry Mez(:(ljjSiCI Cat. (eq.) Additive (eq.) Solvent Temp. Time I;jd ::.oﬁl))
1 5 Imidazole (7) = THF 0°Ctort 20h 15:ND
2 6 DMAP (1.6) - Pyr/DCM O0°Ctort 72 h —:50
3 6 Imidazole (7) = Pyr 0°Ctort 48 h 38 :ND
4 6 NMI (7) I (2.5) Pyr rt 20h 80:ND

In agreement with the higher reactivity of silylated glycosides compared with the acylated derivative
17, the ring opening of 19a proceeded smoothly at RT, yielding 96% of an anomeric mixture of 20 (a: B
=1:4). The primary alcohol function in 20 was then acetylated to afford the glucosyl donor 14 in 95%
yield, and the targeted 6-azido-6-deoxy glucosyl donor 15 was obtained in 85% under Bose-Mitsunobu
conditions.
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Scheme 2.4. Preparation of glucosyl donors 9 and 13-15. Reagents and conditions: (a) BzCl (6 eq.), pyridine, rt, 92%; (b) Znl,
(4 eq.), TMSSPh (2.5 eq.), CH2Cly, W (150 W), 120 °C, 25 min, 98%; (c) PPhs (1.5 eq.), DIAD (2.5 eq.), DPPA (1.5 eq.), THF, -15
°Ctort, 71%; (d) TCCA (1 eq.), acetone/H,0 (9: 1), rt; (e) CIC(NPh)CF5 (1.5 eq.), Cs2COs (1.5 eq.), CHaCly, rt, 76% over 2 steps;
(f) TBSCI (6 eq.), NMI (7 eq.), 12 (2.5 eq.), pyridine, rt, 80%; (g) Znl> (4 eq.), TMSSPh (2.5 eq.), CH,Cl,, rt, 96%; (h) Ac20 (1.5 eq.),
DMAP (0.2 eq.), pyridine, rt, 95%; (i) PPhs3 (1.5 eq.), DIAD (2.5 eq.), DPPA (1.5 eq.), THF, -15 °C to rt, 85%; DIAD = diisopropyl
azodicarboxylate; DPPA = diphenylphosphorylazide; TCCA = trichlorocyanuric acid; TBSCI = t-butyldimethylchlorosilane; NMI
= N-methylimidazole; TMSSPh = (phenylthio)trimethylsilane.

Then, with these nine glucosyl donors in hand, the bis-glycosylation of DHAB was investigated (Scheme
2.5). The results are presented in Table 2.2.

The glucosyl bromide 7 was evaluated first, as silver salts, which are used in Koenigs-Knorr
glycosylation, are compatible with hydroxylated AB derivatives.?®> However, although silver carbonate
and silver oxide efficiently activated the donor, the acceptor did not react, yielding after work up the
hydrolyzed donor while DHAB was nearly fully recovered (Table 2.2, entry 1). Of the nine glucosyl
donors, we chose to investigate thioglycosides particularly, because they present several great
advantages. Indeed, thioglycosides are bench-stable, can be easily prepared in high yields, can be
activated under mild conditions, and are compatible with a wide range of reaction conditions, allowing
facile functionalization and protecting group manipulations. Unfortunately, when the acetyl-protected
donor 8 was reacted under standard N-iodosuccinimide (NIS)/triflic acid (TfOH) activation,**? complete
donor hydrolysis was observed (Table 2.2, entry 2). When NIS was replaced by NBS (N-
bromosuccinimide) a similar result was observed (Table 2.2, entry 3).
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Scheme 2.5. Glycosylation of DHAB with different glycosyl donors. The desired bis-glycosylated products are numbered with
“a”, the mono-glycosylated by-products with “b”.

Table 2.2. Glycosylation of DHAB under various conditions.?

b Promoter Base Bis-glycoside, yield, o.,8:B,8
Entry Donor Solvent Temp . .
(eq/donor) (eq/DHAB) Mono-glycoside, yield, o.:
Ag>COs5 (1.1) or .
1 7 Ag:0 (2) - MeCN rt Donor hydrolysis
82
2 8 NIS/TfOH MeCN 0°C Donor hydrolysis
- e
(1.5/0.05) Azo reduction
NBS/TfOH .
3 8 (1.5/0.1) - MeCN rt Donor hydrolysis
|
4¢ 8 (225) - MeCN rt Azo reduction
MeOTf DTBMP
5 9 (3.0) (2.2) CHCl, rt Donor hydrolysis
DMTST DTBMP -30 A
6 9 (1.5) (2.2) CH,Cl, °c No activation
Tf,0 DTBMP -78
g .
7 10 (1.0) (3.0) CH,Cl, °c Donor hydrolysis
BF3-OEt; 21a, 68%, 0:1
8 11 - MeCN rt
(1.1) 21b, not observed
BF5-OEt; 223, 48%, 0:1
9 12 = MeCN rt
(1.1) 22b, 14%, 0:1
BF3;OEt; 233, 38%, 0:1
10 13 - MeCN rt
. , 0, U
(1.1) 23b, 25%, 0:1
MeOTf 243, 50%, 1:5
11 14 DTBMP CH,Cl rt 0
(3.0) (2.2) 24b, 20%, 1:10
MeOTf
12 14 DTBMP MeCN rt 24b, 17%, 1:5
(3.0 (2.2)
e ” MeOTf DTBMP CH,Cl,/ " 24a, 7%, 1:6
r
X 0 mim : , 31%, 1:
(3.0) (2.2) [bmim][OTf] (10:1) 24b, 31%, 1:12
140 1 BSP/Tf,0 DTBMP CHyCly/ -90 243, 18% 1:10
(2.2/2.2) (2.2) [bmim][OTf] (9:1) °C 24b,12% 1:5
MeOTf 25a, 10%, 1:4
15 15 OTSMP CH,Cl, rt ’
(3.0) (2.2) 25b, 14%, 1:8

2 All reactions were performed under dry conditions with addition of 3 A molecular sieves (MS) and with [DHAB] = 0.05 mol
x L1 unless otherwise stated. ® 2.2 eq. of donor were used unless otherwise stated. ¢ The azobenzene was used as a di-
potassium salt. The salt was prepared by treatment of DHAB with tBuOK (2 eq) in MeCN and precipitated by addition of Et,0.
44 eq. of donor were used. © A solution of the acceptor was added to a mixture of donor and promoter; DTBMP = 2,6-di-tert-
butyl-4-methylpyridine; DMTST = dimethyl(methylthio)sulfonium trifluoromethanesulfonate; [bmim][OTf] = 1-butyl-3-
methylimidazolium trifluoromethanesulfonate; BSP = 1-benzenesulfinyl piperidine; NIS = N-iodosuccinimide; NBS =
bromosuccinimide.
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In both cases various DHAB-derived side products were formed, including the N-dehydro-N-
iodohydrazoquinone intermediate 26, which quickly rearranged after isolation to the bis-
hydrazoquinone 27 (Scheme 2.6). These results indicate that, in addition to decreasing the
nucleophilicity of oxygen atoms, the azo/hydrazo tautomerism renders the nitrogen atoms more
nucleophilic, especially towards soft electrophiles such as iodonium-donating reagents. Thus, N-
halogenation of the azo group competes with the activation of the donor and inhibits the reactivity of
the acceptor. Interestingly, when the di-potassium salt of DHAB was used in an iodine promoted
glycosylation with donor 8, the product 27 was formed (Table 2.2, entry 4), while the treatment of
protonated DHAB with iodine is ineffective.

N NIS/TfOH
—()on Mo

DHAB
R

~ )
RO N o) —N
ltBuOK — ‘N:<:>:o — \N:<:>:O

26R =HorK 27

3 2

Scheme 2.6. Reduction of DHAB to the bis-hydrazoquinone 27 with NIS/TfOH. Only the dipotassium salt of DHAB may react
with iodine to provide 27.

As it was not possible to activate thioglycosides with halogenium-donating promoters, the benzoylated
thioglucoside 9 was activated with methyl triflate (MeOTf)3% or dimethyl(methylthio)sulfonium triflate
(DMTST).3% Bearing the azophenol/hydrazoquinone tautomerism in mind, it was assumed that acidic
media may favor the formation of the hydrazoquinone tautomer. Therefore, the following
glycosylation reactions were buffered with 2,6-di-tert-butyl-4-methylpyridine (DTBMP), which is
known as an efficient non-nucleophilic proton scavenger. Unfortunately, glycosylation of DHAB with 9
under these conditions failed (Table 2.2, entries 5 and 6). While the glucosyl donor was hydrolyzed or
remained unreacted, again a number of DHAB-derived by-products were formed, presumably
including O-methylated derivatives. In addition to MeOTf and DMTST, several other promoters that
were presumed to be compatible with DHAB, were screened with donor 9. However, activations with
Me,S,/Tf,0,3%> Cu(O0Tf),/hv,*°¢ DDQ/hv3® or Selectfluor/BFs.OFEt,,>® all failed to provide the desired
glycosides.

The disappointing results with the acylated thioglycosides led us to consider the sulfoxide 10 as
glucosyl donor. In fact, sulfoxides may be activated with equimolar amounts of Tf,0 at low
temperature, providing a highly reactive triflate intermediate, which was shown to be effective for the
glycosylation of unreactive alcohols.3® This procedure allows a pre-activation of the donor, leaving no
promoter in the reaction mixture, preventing side reactions with DHAB. Unfortunately, treatment of
donor 10 with Tf,0 and DTBMP at -78 °C, followed by addition of a solution of DHAB, led after an hour,
to a complete consumption of the donor, presumably transformed into the corresponding triflate,
while the acceptor remained unreacted (Table 2.2, entry 7). Prolonging the reaction time while
thawing to RT did not show any improvement, and the donor eventually hydrolyzed. Although Kahne
et al. have described the successful glycosylation of sterically hindered and electronically deactivated
phenols with sulfoxides, this method was not successful with DHAB, again underlining the limited
reactivity of this azobenzene diol.

Next, the O-(glucosyl)-N-phenyltrifluoroacetimidate donors were assessed. The peracetylated donor
11 under BFs-etherate activation afforded satisfyingly 68% of the desired bis-glycosylated compound
21a as a single BB-anomer (Table 2.2, entry 8), while the mono-glycosylated by-product 21b was not
observed. Encouraged by this result, the same treatment was applied to the 6-azido-6-deoxy-
functionalized glucosyl donor 12 (Table 2.2, entry 9). This reaction yielded 48% of bis-glycoside 22a
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and 14% of mono-glycoside 22b again with full B-selectivity, in agreement with previous reports where
the yields of bis-glucosylation of DHAB were 32%2%%¢ and 52%.2°%¢ The benzoyl protected analogue of
12, the acetimidate 13, afforded under the same conditions, the pure BB-anomer 23a in 38% vyield,
along with 25% of the B-mono-glycoside 23b (Table 2.2, entry 10). These result hint that the azido
function in position 6 may play a detrimental role during the reaction, leading to lower yields. This was
already observed for the glycosylation of mono-hydroxylated AB derivatives: reaction of 4-
hydroxyazobenzene with a peracetylated glucosyl imidate gave 73% vyield,?%®® while 4-hydroxy-4'-
allyloxyazobenzene reacted with 2,3,4-O-acetyl-6-azido-6-deoxyglucosyl imidate in 39% only.?” Yield
reduction in presence of an azido group was also observed with different kinds of phenolic acceptors,
yielding the products in low to moderate yields.3°

Despite an effective activation, thioglycoside 8 failed to react with DHAB, contrarily to imidate 11. Two
factors may provide a plausible explanation for this difference in reactivity (Scheme 2.7): firstly, the
phenylmethylsulfonium group might be a less good nucleofuge than the trifluoroacetimide group,
therefore preventing the generation of the oxocarbenium ion. Indeed, while the generated
methylphenylsulfide remains a potent nucleophile that can attack the positively charged C-1, the
acetimide group rearranges to the less nucleophilic trifluoro-N-phenylacetamide.

Q +O'oo
o+ N—— N
o R + S. | Aok M Pn
A Ao > e = —0'0
B} oTf Qo 9
OTf o:§:o
Small counterion CF3

Potent nucleophile
Less solvated

0 OQ o
N O+ -
AcowOYCFs — ACOEQ Q -+ Fac)LN BFs
PhN_ QOO Ph
+'BFy Q

Large counterion
Weak nucleophile
More solvated

Scheme 2.7: Potential explanation for the reactivity difference between peracetylated thioglycosides and glycosyl imidates
in the glycosylation with DHAB.

Secondly, the nature of the counter ion is also important. The triflate ion is a small and hard anion that
might stay close to the positive center (S* or C*), thus hindering the approach of the acceptor. In the
contrary, the BFs-acetamide complex is a large and diffuse anion that might be better solvated, leading
to a more naked and thus more reactive oxocarbenium intermediate. In other words, the glycosylation
with disarmed thioglycosides might involve intermediates that are more covalently bonded, implying
an Sy2-like mechanism for which the DHAB might not be nucleophilic enough. The same reasoning may
apply to glycosyl bromides, or sulfoxides. Hence, in order to glycosylate DHAB, one might want to find
conditions that favor an Sy1-like mechanism.

Next, the conformationally armed thioglycosides 14 and 15 were evaluated. In view of the results
obtained with the disarmed thioglucosides (Table 2.2, entries 2-6), MeOTf was chosen for the
activation. Also, the reaction medium was buffered with DTBMP in order to avoid acid-mediated
intermolecular silyl transfer. Gratifyingly, the reaction between DHAB and donor 14 (Table 2.2, entry
11), afforded under these conditions 50% of the bis-glycosylated product 24a (a: B =1:5), and 20%
of mono-glycoside 24b (a: B = 1:10), though as anomeric mixtures. DHAB is only partially soluble in
CH,Cl;, hence 14 was employed under identical conditions in acetonitrile (Table 2.2, entry 12), in which
the acceptor is more soluble. However, only mono-glycosylated compound 24b was obtained in 17%
yield, along with methylated DHAB derivatives.3!! This intriguing result hints that the low solubility of
DHAB in CHyCl, favors glycosylation over methylation of the phenolic OH group, as well as bis-
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glycosylation over mono-glycosylation. In addition, the reaction in acetonitrile was two-fold less B-
selective than in CH,Cl;, a rather counterintuitive result, given that acetonitrile is known as a
participating solvent favoring the formation of B-glycosides via an a-nitrilium intermediate.

Encouraged by this result, several buffering bases with different strength were assessed, in the hope
of increasing the reactivity of the acceptor (cf. experimental section). Unfortunately, there was no
improvement in anomeric selectivity, and the amount of methylated DHAB by-products increased with
the strength of the base, thus reducing the yield of the desired bis-glycoside. Hence DTBMP appeared
as the base of choice for conducting the bis-glycosylation of DHAB with armed silylated donors and
avoid the undesired methylation of the acceptor. The use of the ionic liquid 1-butyl-3-
methylimidazolium trifluoromethanesulfonate ([bmim][OTf]) as a co-solvent in CH.Cl, was also
examined.?* This solvent mixture allows the complete dissolution of DHAB, and activation of donor 14
with MeOTf in presence of DTBMP (Table 2.2, entry 13) favored again the mono-glycoside 24b (31%)
with a good anomeric selectivity (a:pB = 1:12), while 24a was obtained in 7% vyield. As observed for
the reaction in acetonitrile, O-methylated derivatives of DHAB were formed. Interestingly, the
promoter system 1-benzenesulfinyl piperidine (BSP)/Tf,03 efficiently activated donor 14 without
reacting with the DHAB acceptor (Table 2.2, entry 14). This reaction afforded 24a in 18% yield (aB : BB
=1:10) and 24b in 12% (a: B = 1:5). Finally, the 6-azido-functionalized donor 15 was assessed under
the glycosylation conditions which were found optimal for the armed donor 14 (Table 2.2, entry 11).
This reaction afforded the bis-glycoside 25a in 10% vyield (af : BB = 1:4) and the mono-glycosylated
compound 25b in 14% yield (a: B = 1:8) (Table 2.2, entry 15). When the BSP/Tf,0 system was applied
with donor 15 only hydrolysis was observed. As observed with the acylated donors 12 and 13, the 6-
azido group seems to have a detrimental effect on the glycosylation of DHAB.

This study highlighted five factors that influence the efficiency of glycosylation with DHAB. First, DHAB
is a poorly reactive acceptor, because of a decreased nucleophilicity of the phenolic hydroxyl group as
a consequence of a tautomeric equilibrium between the azophenol and the hydrazoquinone form.
Second, this tautomerism also increases the nucleophilicity of the nitrogen atoms in the azo bond,
preventing the use of halogenium donating thiophilic promoters, as N-halogenation occurs. Third,
when MeOTf-promoted glycosylations require a buffered medium (i.e. for silylated donors), the choice
of the base is critical to prevent competing O-methylation of DHAB. Fourth, the solubility of DHAB is
an important parameter to avoid O-methylation and control the degree of DHAB glycosylation. The
lower the solubility of DHAB, the higher the yield of bis-glycosylated product, and the less chances for
O-methylation. Fifth, the presence of an azide in the position 6 of the donor seems to be detrimental,
and generally results in decreased yields. Therefore, based on these observations, alternative
strategies may be proposed to maximize the yields of AB-bis-glycosides with an azide function on the
6 position (Scheme 2.8).
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Scheme 2.8. Alternative synthesis pathways to optimize the generation of AB 6-azido-6-deoxy-glycosides
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On the one hand, one could use a disarmed acetylated imidate donor with an orthogonal protecting
group on the 6- position to achieve a good yielding glycosylation of DHAB with complete stereocontrol.
Further deprotection and azidation would afford the 6-azido-6-deoxy-azobenzene glycosides. On the
other hand, the use of silylated thioglycosides with larger groups than TBS in order to improve the
stereoselectivity, and an orthogonal protecting group on the 6- position may be envisaged. The p-
methoxybenzyl (PMB) group seems like a good candidate for orthogonal protection as it can be
removed in mild oxidative conditions with dichlorodicyanobenzoquinone (DDQ), and could participate
to enhance the reactivity of the donor.3*
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3. Palladium-catalyzed coupling of glycosyl thiols, and influence of sulfur
oxidation on the photochromic properties of AB-glycoconjugates

In the context of photoswitchable glycomacrocycles synthesis, in order to best exploit the geometrical
information transmission between the sugar and the AB hinge, a minimal flexibility is required, and
thus, a direct connection between both moieties is necessary. To do so, the coupling of the AB moiety
to the anomeric position of the carbohydrate via a glycosidic bond is the most obvious approach. As
seen in the previous chapter, the glycosylation of DHAB is a challenging reaction, and might be even
harder with more sophisticated AB derivatives such as diazocines or o-tetrasubstituted compounds.
Inspired by the work of Messaoudi et al.,' it was envisaged to employ glycosyl thiols as nucleophiles
in a palladium-catalyzed thioarylation (Buchwald-Hartwig-Migita) of halogenated AB derivatives

(Scheme 3.1).
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Scheme 3.1. General depiction of the palladium-catalyzed thioarylation of halogenated AB derivatives for the preparation of
photoresponsive conjugates and subsequent oxidation of the sulfide bridges allowing the modulation of the photochromic
properties.

The use of sulfur instead of oxygen for the glycosidic linkage presents several advantages. First, as
sulfur and oxygen are isoelectronic, it was anticipated that AB conjugates with sulfide bridges in para
positions would have similar photochromic properties than that of their para-oxygenated
counterparts. Furthermore, the sulfur atoms can be oxidized to the respective sulfoxides or sulfones,
resulting in a modified electron density within the AB unit, therefore allowing to modulate its
photochromic properties. Second, glycosyl thiols are stable towards mutarotation, allowing a complete
stereocontrol of the anomeric configuration. In addition, thiosaccharides are known to be resistant
towards enzyme-catalyzed glycosidic bond cleavage.3! Third, methods for the direct modification of
ortho-substituted AB or diazocine derivatives are still limited,'*® which may lead to tedious synthetic
sequences. > 15737 This new synthetic approach however, allows the facile and efficient derivatization
of such derivatives, and provides molecules of which the photochromic properties may be further
altered with simple one-step oxidation. The results of this study were also published.'°%®
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3.1. Bis-functionalization of p,p -diiodoazobenzene derivatives with glycosyl thiols

Since AB bis-glycosides are key intermediates in the synthesis of photoswitchable glycomacrocycles,
we commenced our investigation by studying the coupling of p,p’-diiodoazobenzene derivatives with
glycosyl thiols (Scheme 3.2). As electrophiles of the Buchwald-Hartwig-Migita cross-coupling, the
azobenzene 28 was chosen as a reference, besides tetra-ortho-fluoroazobenzene 29 and diazocine 30,
which may be synthesized according to known procedures.'®*# As nucleophiles, three differently
substituted glucosyl thiols 31-33 were used, plus the thioglycoside 34 carrying a primary SH functional

group.
i 3
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Scheme 3.2. Preparation of symmetrical azobenzene bis-thioglycosides via palladium catalyzed Buchwald-Hartwig-Migita
cross coupling of various glycosyl thiols with diiodo-AB derivatives. Conditions A: Pd(OAc); (10 mol%), Xantphos (5 mol%),
thiol (3 eq), EtsN (2 eq), 1,4-dioxane, 100 °C; Conditions B: Xantphos-PdG3 (2 mol%), thiol (2 eq), EtsN (2 eq), THF, RT; The
yields in brackets correspond to those obtained with conditions A. Compounds 41 and 42 were obtained with conditions B in
1,4-dioxane at 80 °C. TBDPS: tert-butyldiphenylsilyl; Troc: trichloroethoxycarbonyl.

In preliminary experiments, we compared the efficacy of two catalytic systems, Pd(OAc),/Xantphos
(Conditions A) and the palladacycle precatalyst PdG3 elaborated by Buchwald,?*® with Xantphos as the
ligand (Conditions B). We found comparable results for the reaction between thiol 31 and AB 28 (91%
vs 92%), however lower yields were obtained with Pd(OAc); in the case of reaction between 31 and 29
(36% vs 90%) or 34 and 28 (72% vs 100%). In addition, conditions B are generally applicable at RT, while
the use of Pd(OAc), requires higher temperatures.

Therefore, we focused on the use of Xantphos-PdG3 to obtain the cross-coupling products 3542 at
room temperature, in 5 to 20 min, with only 2 mol% of catalyst used. Under these conditions, AB-bis-
glycosides 35-39 were obtained in yields ranging from 69 to 92%. The bulky 6-O-TBDPS group in 32 and
the demanding NTroc protecting group in 33 only slightly impaired the yield with a 5-20% decrease.
Sulfide functionality was also very well tolerated, as shown by the quantitative isolation of 40. The
reaction of diazocine diiodide 30 with thiols 31 and 33 required a higher temperature (80 °C), therefore
1,4-dioxane was used as the solvent to afford 41 and 42 in 75% and 59% yield respectively. Given these
excellent results, the scope of the reaction was next explored, towards the synthesis of unsymmetrical
AB-conjugates.
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3.2.  Mono-functionalization of unsymmetrical azobenzenes with different thiols

In order to delineate the scope of this thioarylation reaction with respect to the nature of the thiol
substrate, the mono-functionalization of differently substituted p-iodoABs with various thiols was
studied (Scheme 3.3). The mono-substituted AB 43 was used as a reference compound and reacted
with the glucosyl thiol 31, to afford the expected coupling product 50 within minutes in 90 % yield. The
reaction of the AB derivative 44 with 31 gave product 51 in 87 % yield. To our delight, an excellent
chemoselectivity was observed between iodine and bromine substituents in 44, as reported by
Messaoudi et al.,>*** hence allowing for a subsequent substitution of the bromine atom. The reaction
of 4-iodo-4’-hydroxy-AB 45 with 31 showed that hydroxyl group are also well tolerated on the
electrophile, yielding 93% of the phenolic conjugate 52, which could be further alkylated or
glycosylated, for instance. Also, thiophenol smoothly reacted with 45 to afford product 53 in 86% yield,
and aliphatic thiols bearing competitive hydroxy (47) or amino (48) groups, were coupled with 45,
providing products 54 and 55 in 81 % and 47 % vyield, respectively. In the case of cysteamine 48
however, a higher temperature (70 °C) was required, and a lower yield was obtained due to incomplete
conversion. This might be due to the amino group acting as an ancillary ligand of the cross-coupling
catalyst and thus impairing the reaction. Importantly, no side-product was observed in the reaction of
48 and 45, indicating that N-arylation did not occur. The N-boc protected cysteine methyl ester 49 was
also readily coupled to 45, though in a longer time, and gave product 56 in 68% yield. Very interestingly,
when an excess (2 eq) of diiodide 29 was reacted with thiol 31 at 0 °C and under dilute conditions, the
mono-substituted product 57 was isolated in 81% yield, while the bis-glycoside was obtained in 14 %
yield. These conditions allow the sequential preparation of unsymmetrical tetra-o-fluoro-AB
conjugates, starting from symmetrical derivative 29.
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Scheme 3.3. Mono-functionalization of differently substituted p-iodoazobenzene derivatives with various thiols. Conditions
for preparation of compounds 50-56: the thiol (1-1.2 eq) and the azobenzene (1-1.2 eq) were stirred in THF in presence of
PdG3-Xantphos (1-5 mol%) and EtsN (1-1.4 eq) at RT except for 55 which was obtained after heating at 70 °C; conditions for
the preparation of 57: the thiol and an excess of the azobenzene (2 eq) were stirred at 0 °C in the presence of 1 mol% catalyst
and Et3N (1 eq).

Encouraged by these excellent results, the preparation of hetero-bis-azobenzene glycosides, via
sequential and one-pot procedures was achieved.

3.3. Hetero-bis-functionalization via sequential and one pot procedures

The unsymmetrical azobenzene mono-thioglycosides 51 and 52 were engaged in either a cross
coupling or a glycosylation reaction (Scheme 3.4). The bromide atom in 51 was substituted with thiol
32 under the mono-functionalization conditions, in 1,4-dioxane at 60 °C, affording product 58 in 73%
yield. On the other hand, the phenolic acceptor 52 was reacted with the glycosyl thioimidate donor 59
(prepared in one step from thiol 31),3*° under BFs-etherate activation, to provide compound 60 in 65 %

yield.
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Scheme 3.4. Preparation of unsymmetrical azobenzene bis-glycoconjugates according to two sequential conjugation
reactions (two sequential cross-coupling reactions or cross-coupling followed by glycosylation, respectively).

Having shown that both 51 and 52 may be further functionalized, one-pot procedures for the
preparation of unsymmetrical AB bis-conjugates were established (Scheme 3.5).

AcO N OTBDPS
ii. 32 or 49 58, 73% S
~N BzO OBz
N” \©\ Conditions A
Br
44 Aco/%/
AcO
CL i
S/\‘)J\OMG

61,70%
NHBoc
OAc
F I ] F
i 32 ACO% F
N/,N - . AcO OAc _N OTBDPS
L N
F Conditions B o OBz
F ' F F s
29 62,51% BzO oBz
OAc

| i 31 o
\©\ i. 63 Shc ACO S
N o {VOW\/ AcO oAC A
4\ /9 \©\ /é\/ow\/SAc
45 OH Conditions C o A

64, 57%

Scheme 3.5. Preparation of unsymmetrical AB hetero-bis-conjugates in a one-pot fashion. Pd% Xantphos-PdG3; Conditions A:
A solution of thiol 31 (0.1 mol.L'3, 1 mL, 1 eq) in 1,4-dioxane was added to AB 44 (0.1 mmol, 1 eq) and the catalyst (1 mol%)
under nitrogen atmosphere, followed by Et3sN (1.5 eq), and the mixture was stirred at RT for 15 min. Then, thiol 32 (1.5 eq)
or 49 (1.5 eq) were added with an additional load of catalyst (1 mol%) at RT. The mixture was heated to 60 °C, EtsN (1.5 eq)
was added, and the heating was continued for 30-60 min; Conditions B: To a solution of thiol 31 (1 eq), AB 29 (1 eq) and
catalyst (1 mol%) in THF was added Et3N (1 eq) at -10 °C. The reaction was stirred 1 h at this temperature and then thiol 32
(1.2) was added followed by another load of catalyst (1 mol%) and EtsN (1 eq) and the reaction was then thawed to RT over
30 minutes; Conditions C: Thiol 31 was reacted with AB 45 according to the conditions described in part 3.2. Then the solvent
was evaporated, and the resulting residue was dissolved in DMF and reacted with tosylate 63 (1.2 eq) in presence of
potassium carbonate (3 eq) at 80 °C for 2 h.
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Exploiting the sharp reactivity difference between the p-iodide and p’-bromide in 44, two sequential
cross couplings were achieved in a one pot manner with two different thiols. In order to ensure an
efficient coupling in the second part of the reaction, we systematically added, with an excess of the
second thiol, the same amount of catalyst as the initial load (1 mol%). Therefore, reaction of 44 with
thiol 31 at RT, followed by addition of thiol 32 at 60 °C afforded product 59 in a very good yield of 73%.
In the same way, 44 was successfully substituted with both 31 and the cysteine derivative 49, to give
conjugate 61 in 70% vyield. Then, based on the efficacious preparation of mono-functionalized
derivative 57, a stoichiometric amount of 29 was reacted with 31 at -10 °C, followed by addition of
excess thiol 32, affording the desired compound 62 in a fair yield (51%), along with symmetrical by-
products. Finally, AB 45 was coupled with thiol 31 at RT, and subsequent alkylation of the phenol with
the tosylate 63 in DMF at 80 °C, yielded 57% of the conjugate 64. This compound, bearing a
thioacetate-terminated linker, would be suitable for the fabrication of glyco-SAMs on gold surface for
instance.2%8f

Owing to an excellent chemoselectivity as well as a remarkable tolerance towards various functional
groups, this approach opens new horizons towards the preparation of multifunctional AB derivatives.
In addition to the use of a low catalyst load (1 mol%), the possibility of performing multiple steps in a
one-pot fashion is an economical and straightforward way to modify AB derivatives. This also raises
the possibility to use the Buchwald-Hatwig-Migita reaction for the incorporation of AB into sulfur-
containing macrocycles, as an alternative to the nucleophilic substitution which was used
previously.2%-208 Next, selected compounds were oxidized in order to obtain a library of symmetrical
and unsymmetrical AB mono- and bis-glycosides to study the effect of the sulfur oxidation state on the
photochromism of the synthesized AB glycoconjugates.

3.4. Oxidation of glycosidic sulfur atoms

Oxidation of the glycosidic sulfur is relevant because the modification of the electron density in the
phenyl rings has a strong influence on the photochromic properties of AB switches. Through oxidation,
the sulfide which is an electron donating group, can be transformed into the corresponding sulfoxide
or sulfone, which are increasingly electron withdrawing. Such modification may influence both the
S1<So and S,<So transitions. In the case of tetra-o-fluoro derivatives, it was shown that electron-
withdrawing substituents increase the separation of the n—mt" bands of each isomer, resulting in better
photoconversion in the visible range.*>* Additionally, a hypsochromic shift of the n—mt" transition and
an alteration of the thermal stability of the cis isomer were expected in general 3%

Meta-chloroperbenzoic acid (mCPBA) was used to oxidise sulfur bridges into sulfoxides or sulfones on
a selection of previously synthesized azobenzene glycoconjugates (Scheme 3.6). Sulfoxidation was only
realized for the mono-glycosides 50 and 65, because the configuration of the newly formed stereogenic
center is difficult to control, giving rise to diastereomeric mixtures, complicating the analyses in the
case of bis-glycosides. Treatment of 50 with a slight excess of mCPBA (1.5 eq) in CH,Cl,, afforded
sulfoxide and sulfone 66a and 66b in 43% and 53% respectively. Since the sulfoxide and the sulfone
were easily separable by chromatography, they were both generated in a single reaction.

As alkylation or glycosylation of para-phenol is a good mean to prepare unsymmetrical conjugates, a
model compound bearing a para-methoxy group was investigated. Therefore, compound 52 was
methylated to obtain quantitatively 65, which was subsequently oxidised, under the same conditions
as 50, to sulfoxide 67a and sulfone 67b in 48% and 49% vyield respectively. Since compound 67b was
obtained as an a/f mixture which could not be resolved by chromatography, it was prepared
independently at low temperature (see experimental section). Unsymmetrical mixed sulfone/sulfide
derivatives were prepared in a two steps sequence starting from mono-glycosides 51 and 57. First,
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oxidation with mCPBA afforded sulfones 68 and 69 in 87% and 68% respectively, and subsequent cross
coupling with thiol 31 at 70 °C gave compounds 70 (46%) and 71 (59%).

mCPBA (1.5 eq)
AcO CHCL RT RT AcO AcO O
AcO \@\ AcO \@ AcO
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Scheme 3.6. mCPBA-mediated oxidations of the sulfur linkages to afford sulfoxides (66a, 67a) or sulfone (66b, 67b, 72, 73)
derivatives. Mixed products bearing both sulfide and sulfone functions (70, 71) were synthesized in a sequential fashion.

Finally, bis-glycosides 35 and 36 were completely oxidized to furnish the di-sulfone derivatives 72 and
73 in respective yields of 79% and 78%. Then, the photochromic properties of thirteen compounds (35,
36, 41, 50, 65, 664a, 66b, 67a, 67b, 70, 71, 72, 73) were investigated.

3.5. Photochromic properties of selected AB glycoconjugates

The selected molecules were divided in five subsets. The first one, comprised of the mono-glycosides
50, 66a and 66b was chosen as a basis to evaluate the effect of para sulfur oxidation alone on the
photochromic behavior of AB. The second one comprised of p,p’-di-substituted AB mono-glycosides
65, 67a and 67b gives information about the effect of one additional electron donating group in p’
position. Then, the subset of non-fluorinated bis-glucosides 35, 70 and 72, provides data on p,p’-di-
substitution with symmetrical electron donation or withdrawing, and unsymmetrical electron
distribution. The third subset was composed of the o-fluorinated bis-glucosides 36, 71 and 73, to study
the effect of additional ortho substitution. The spectroscopic data of these four subsets are listed in
Table 3.1, and Figure 3.1 shows the UV-vis spectra of each compound in the trans ground state and
after irradiation at an appropriate wavelength in DMSO. Finally, the data corresponding to the
diazocine bis-glucoside 41, which makes its own subset, are listed in Table 3.3 and its spectra are shown
in Figure 3.2.

Comparably to a previously studied B-D-glucoside analogue,?®® trans-AB-thioglucoside 50 shows two
absorption maxima at 351 nm (vs 347 nm for the trans-O-glucoside) and 441 nm (vs 439 nm for the
cis-O-glucoside), corresponding to the m—n* and n—mn* transitions respectively (Table 3.1, entry 1,
Figure 3.1a). Upon oxidation of the sulfur atom to the corresponding sulfoxide and sulfone, a
hypsochromic shift of the m—mt* transitions of the trans isomer was observed, with a maximum shift
of 24 nm in case of the sulfone derivative 66b (Table 3.1, entries 2 and 3, Figure 3.1a). The n—n* bands
however, underwent a slight red-shift resulting in a better separation of S1<Sp and S,<So transition
bands. Irradiation at 365 nm produced PSS with high contents of cis (68-95%). However, due to a blue-
shift of the n—mt™* band of the cis and the n—n* of the trans isomer after oxidation, the optimal
window for the irradiation was also shifted (i.e. irradiation wavelength = Apq), resulting in decreased
photoconversions for sulfoxide and sulfone 66a and 66b after 365 nm irradiation.
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Figure 3.1. Overlays of absorption spectra and corresponding expansions in the area of the n—m* transitions for compounds
50, 66a, and 66b (a, b), 65, 67a, 67b (c,d), 35, 70, and 72 (e, f), 36, 71, and 73 (g, h); solid lines: trans isomers, dashed lines:
cis-rich PSS after irradiation for 2—20 min at an appropriate wavelength; spectra were recorded in DMSO (50 uM) at 25 °C.
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Table 3.1. Spectroscopic data of selected AB thioglycosides: maxima (Amax) of m—m* and n—n* transitions of trans and cis
isomers,[@l with the corresponding separation of the n—n* bands (4A,—x+) in each isomeric state, composition of the
photostationary state (PSS) mixtures at different wavelengths of irradiation[t! and half-lives of thermal relaxation.lcd]

Amax Amax A
non*  non* mex OA,nx  PSS365 PSS435 PSS520 PSS 590 .
Entry Compound n—omn* ti/2 cis
trans trans ) [nm] nmlb] nmlb] nmlbl nmlel
cis [nm]
[nm] [nm]
1 50 351 441 439 2 5/95 78/22 - - 10h
2 66a 334 451 434 17 10/90 84/16 - - 20h
3 66b 327 453 432 21 32/68 87/13 - - 2.1h
4 65 370 ND 447 - 3/97 57/43 75/25 88/12!d] 2.6h
5 67a 365 ND 441 - 3/97 67/33 78/28 85/15!d] 4.0h
6 67b 368 ND 433 - 9/91 73/27 73/27 88/12ldl 31 min
7 35 374 ND 445 - 14/86 74/26 82/18 95/5dl 3.0h
8 70 366 ND ND - 31/69 86/14 80/20 86/14ld 14h
9 72 317 464 ND - - - - - -
10 36 369 460 433 27 20/80 80/20 30/70 16/84ld 100 h
11 71 358 464 429 35 32/68 86/14 32/68 8/92Mdl 93 h
12 73Ifl 310 472 423 49 97/3 91/9 28/72 9/91(d 31 min

[a] UV-Vis spectra were recorded in DMSO (50 uM) at 25°C; ND: not determined because of the overlap between the n—mn*
and n—7t* transition bands; [b] composition at the PSS were measured by NMR (600 MHz, 300 K) in DMSO-ds (1 mM), after
2 min irradiation at the appropriate wavelength; mixtures at the PSS are given as %(trans)/%(cis); [c] the half-lives of cis
isomers were measured by UV-Vis spectroscopy in DMSO (50 uM) at 40 °C; [d] For compounds 36 and 71, thermal relaxation
parameters were measured at 65, 70, 75 and 80 °C, then an Arrhenius plot provided the corresponding rate constant and
half-life at 40 °C; [e] after 2 min irradiation with UV (365 nm) or green (520 nm) light, the sample was irradiated for 5-20 min
with orange (590 nm) light; [f] PSS were measured by NMR (600 MHz, 300 K) in MeCN- d; (1 mM) after 2 min irradiation at
the appropriate wavelength.

In contrast, the photoconversion for the cis—trans isomerization was improved upon oxidation. This
is due to a concomitant blue shift of the n—mt* band of the cis isomer and a red-shift of the n—m*
band of the trans, resulting in a better separation (Figure 3.1b). However, the separation remains
insufficient to achieve trans—cis isomerization with visible light. The thermal relaxation rate of the cis
isomer was also strongly impacted by the oxidation state of the sulfur atom. The half-life of cis-66b
(2.1 h) was found to be 5 times smaller than for 50 (10 h), while the half-life of the sulfoxide cis-66a
(20 h) was two-fold higher (Table 3.1, entries 1-3). The increase of the half-life upon oxidation to the
sulfoxide is somehow intriguing, and further studies on sulfenyl- and sulfinyl-AB derivatives are
required to explain this behavior. Yet, enantiopure ortho and meta-substituted p-tolylsulfinyl-AB
derivatives were shown to exhibit chiroptical properties and slow thermal relaxation, making
glycosulfinyl-AB derivatives interesting to investigate further.?’®
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Compared with mono-substituted AB-thioglucoside 50, the m—m* band of trans p’-methoxy-AB-
thioglucoside 65 was red-shifted by 19 nm, and the half-life the corresponding cis isomer was reduced
(2.6 h vs 10 h), as expected from the addition of an opposite electron donating substituent in the p’
position (Table 3.1, entry 4, Figure 3.1c). The n—n* of cis-65 was also bathochromically shifted to a
lesser extent (AA = 8 nm), which decreased the separation between the m—n* band of trans and the
n—Tt* of the cis (AA = 77 nm). However, a nearly quantitative E—Z conversion was achieved after
irradiation with 365 nm light, owing to the fact that the main transition of trans-65 is more centered
on the excitation wavelength, thus matching better the optimal irradiation window. In line with what
was observed for compounds 50, 66a and 66b, the oxidation to the sulfoxide and sulfone resulted in
an increasing blue-shift of the n—n* band of the cis isomer (Table 3.1, entries 4-6, Figure 3.1d).
However, the m—n* bands of cis and trans-65 behaved differently. The n—mn* band of sulfoxide 67a
was blue-shifted compared to 65 (4A =5 nm), but in a lesser extent than 66a compared to 50 (4A =17
nm), and sulfone 67b was red-shifted compared to 67a (4A = 3 nm). The same effect was observed on
the m—n* bands of the cis isomers of 65, 67a and 67b (Figure 3.1c). This indicates that the
augmentation of the polarization of the N=N double bond counterbalances the effect of electron
depletion on the position of the m—mn* bands. In other words, while the energy of the m orbital is
reduced upon oxidation which increases the rut* gap in 66b, the higher polarization of the azo bond in
67b increases its single bond character and thus decreases the energy of the * orbital, hence reducing
the energy difference between i and nt* orbitals. This observation is in agreement with what would be
expected from a push-pull substitution pattern. Compounds 65, 67a and 65b all showed excellent
photoconversion at 365 nm (>90%), however with the same propensity to decrease upon oxidation
due to the blue-shift of the cis n—n* band. Moderate to good photoconversions (57-88%) were
obtained after visible light irradiation up to 590 nm. Interestingly, at 590 nm, the kinetics of irradiation
were slower, and longer irradiation times were required to reach the PSS. The use of light of low energy
(i.e. orange-NIR) is beneficial for using azobenzene conjugates in biological studies. Although the molar
extinction coefficient in the near red range is quite weak, such effective photoisomerization performed
by addressing the tail of the n—n* band was already reported in case of ortho-substituted
azobenzenes.'>®321:322 This property might be interesting to exploit, because azobenzenes having
different kinetics of irradiation at a given wavelength can then be switched in a selective manner (cf
chapter 5). The half-life of compounds 65, 67a and 67b followed the same trend as the mono-
substituted AB conjugates, which is somehow surprising given that push-pull substitution is known for
reducing the thermal stability of ABs in a higher extent than other substitution patterns (vide infra).
Indeed, the reduced double bond character in 67b compared to 66b, which manifests by a red-shift of
the m—n* band upon oxidation from sulfoxide to sulfone, a feature not observed in the mono-
substituted series, would indicate that the half-life of metastable sulfone 67b would be more strongly
impacted than that of 66b compared to the parent sulfides 50 and 65. In contrast, oxidation from
sulfide to sulfone results in both series in a 5-fold reduction of thermal stability of the cis isomer.

The bis-thioglucoside 35, compared to 65, showed a reduction of the gap between the n—n* and
n—1t* bands of the trans and cis isomers respectively (AA = 71 nm), which resulted expectedly in a
reduced isomerization yield (86% vs 98%) after irradiation at 365 nm (Table 3.1, entry 7, Figure 3.1e).
Interestingly, despite the red-shift of its m—mn* band, cis-35 had a longer half-life than 65 contrarily to
what is usually observed. In fact, the red-shift of the m—mn* band through substitution is generally
associated with a reduction of the thermal stability. These effects might arise from the difference in
electronegativity between the two chalcogen atoms, and a reduced orbital overlap between the sulfur
lone pairs and the benzene ring (Figure 3.2a). In line with what was observed for 67b, oxidation of one
sulfur atom to give the mixed conjugate 70, resulted in a slight hypsochromic shift (AA = 8 nm) of the
trans n—mn* and a reduced photoisomerization yield (69% vs 91% for 35) at 365 nm (Table 3.1, entry
8, Figure 3.1¢,f). Variations of the n—n* bands for compounds 35 and 70 cannot be properly observed
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due to a strong overlap with the m—m* band. However, the trend observed so far seems to also apply
in this case, and good to excellent cis—trans isomerization yields (74-95%) were obtained with visible
light up to 590 nm. Cis-70 relaxed nearly twice as fast as cis-35, whereas the half-life of cis-67b was
reduced by a factor 5 compared to cis-65. This, associated to the larger blue-shift of the trans n—mn*
band after oxidation (8 nm vs 2 nm), is in agreement with a reduction of the polarization of the N=N
double bond, due to the lower overlap of the sulfur p orbitals with the benzene rings compared to
oxygen. Oxidation of all sulfur atoms as in 72 (Table 3.1, entry 9, Figure 3.1e,f), caused a dramatic blue-
shift of the m—mt* of the trans isomer (AA = 57 nm) compared to 35, and a substantial red-shift of its
n—1t* (A = 469 nm), as could be expected from the observation of 50 and 66b. This compound was
however unresponsive to UV-Vis light, and only scarce changes were observed after irradiation with
UV-B (280-315 nm), in agreement with previous reports on p,p -bis-sulfonamides.3?

Tetra-o-fluorinated conjugates 36 and 71 exhibit similar properties as their non-fluorinated
counterparts 35 and 70 (Table 3.1, entries 10 and 11, Figure 3.1g,h). A decrease of the gap between
the m—mn* of the trans and the n—n* of the cis affected the photoconversion of 36 at 365 nm
compared to 35. However, the increased separation between the n—n* of both isomers (AApsn+ = 27
nm and 35 nm for 36 and 71 respectively) allowed selective switching with visible light only, in
agreement with previous reports.’®32! Therefore, irradiation with green to orange-light effected the
trans—cis isomerization in good yields (68% and 92%), while the reverse reaction was effected with
435 nm light (80% and 86%). As observed before, oxidation of one sulfur atom decreased the
photoconversion of 71 at 365 nm compared to 36 (68% vs 80%), whereas the increased separation of
the n—mt* bands of each isomer in 71 afforded better cis—trans isomerization yields with visible light
(86% vs 80% at 435 nm, 92% vs 84% at 590 nm). In addition, compared to non-fluorinated bis-
glycosides, the direction of switching for 36 and 71 with green to orange-light was opposite, as a result
of the large red-shift of the trans n—m*, which then passed beyond the cis n—mt* (Figure 3.1f,h). The
half-life of cis-36 was also exceptionally improved compared to cis-35 (100 h vs 3.0 h), and the mixed
conjugate 71 was only slightly less stable than 36 (93 h). Interestingly, the influence of the push-pull
substitution on the thermal stability was again reduced, presumably reflecting a lower polarizability of
the N=N double bond due to the four fluorine atoms acting as electron sinks, and reducing the
influence of para substituents. With the most blue-shifted m—mn* band (A = 310 nm) and the largest
separation of its n—mn* bands (AA = 49 nm), disulfone 73 showed the best photoswitching
performances (Table 3.1, entry 12, Figure 3.1g,h). Excellent photoconversions in both directions were
obtained with light of 365, 435 and 590 nm (91-97%). With green-light however, 73 had similar
conversions as 36 and 71. Indeed, the more the excitation wavelength is close to the isobestic point
between the respective n—mt* bands of the cis and trans isomers, the less selective the switching.
Strikingly, cis-73 was found to relax over 190-fold faster than cis-36 and as fast as 67b.

Comparison of these newly synthesized AB glycoconjugates with previously studied sulfur containing
ABs allows a qualitative interpretation of their photochromic behavior (Table 3.2). Compared to p-
thiomethyl-AB and p,p -dithiomethyl-AB, compounds 50 and 35 exhibit blue-shifted (= 10 nm) n—m*
transitions for the trans isomer (Table 3.2, entries 1 and 2).3%* It was shown that tertiary thioalkyl
substituents produce a substantial blue-shift of the main transition compared to primary and
secondary thioalkyl groups (Table 3.2, entries 3-6). This is due to a conformational restriction favoring
a geometry in which the C=C-S-CR; dihedral angle is close to 90 °, that is with the C-S-C plane
orthogonal to the benzene ring.3* This conformation prevents the lone pairs of the S atom from
conjugation with the aromatic system, resulting in a more energetic m—mn* transition. In contrast,
primary and secondary thioalkyl groups can adopt a coplanar conformation, allowing interactions
between the p orbitals of the sulfur and the benzene ring (Figure 3.2b). In AB-thioglycosides, the
coplanar conformation should be possible, hence the observed blue-shift has presumably an electronic
origin. Indeed, thioglycosides are thioacetals, and as such, the electronic density of the sulfur is
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reduced compared to alkyl sulfides, owing to inductive effects as well as negative hyperconjugation
(i.e. exo-anomeric effect).

Table 3.2. Spectroscopic data of previously studied sulfur containing p- and p,p -substituted ABs: maxima (Amqgx) of m—m*
transition of the trans isomer, and half-lives of thermal relaxation.

Entry p- p- Solvent Amax (m—1*) t12 cis (T °C) Ref.
1 SMe H EtOH 362 = 324
2 SMe SMe EtOH 380 - 324
3 SMe HO,C [a] 385 0.42 h (60) 325
4 S(i-Pr) HO,C [a 388 0.58 h (60) 326
5 SCH(-Pr), HO,C [a] 394 0.59 h (60) 326
6 S(t-Bu) HO,C [a 343 ; 326
7 0(n-Bu) NO, CHCl5 384 24 min (25) 327
8 SMe NO; CHCI3 406 - 327
9 N(n-Bu); NO, DMSO 513 ~ 1.5 ms (25)1! 328
10 N(n-Bu); SO,CH; DMSO 475 ~1sld 328
11 O(CH,)sP(0)OEt, SO,CH; EtOH 362 - 329

[a] The ABs in this study were conjugated to DNA strands to photo-regulate its hybridization. Solution conditions: 100 mM
NaCl, 10 mM phosphate buffer pH = 7.0; [b] The half-life corresponds to that of p-diethylamino-p-nitroAB in DMSO at 25 °C
from ref. 330; [c] The half-life corresponds to a p-diethylamino-p -sulfonyl(cyclohexyl)urea-AB from ref. 331.

An examination of push-pull substituted ABs with different acceptor and donor substituents also sheds
some light on the effects of mixed 0/SO, and S/SO; substitution patterns. It is striking that the sulfonyl
group, despite being apparently a stronger electron-withdrawing group than a nitro or carboxylic acid
group,®*? produces smaller bathochromic shifts of the m—m* transition (Table 3.2, entries 7 vs 11 and
9 vs 10, compound 67b vs entry 7).
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Figure 3.2. Representation of stereoelectronic effects in differently substituted aromatic systems, and in the sulfonyl group.
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This is due to several factors regarding the electronic structure of the sulfonyl group and the possible
stereoelectronic interactions it offers. First, the sulfonyl group is tetrahedral, which is not favorable for
Tt conjugation (Figure 3.2c). Second, the S-O bonds are not double bonds, but rather coordinate
covalent single S*—0~ bonds.?* This means that the double bond character of the S-O bond results
from the sum of different stereoelectronic interactions such as p—d and sp*—d delocalization, or
negative hyperconjugation (Figure 3.2d). Indeed, the sulfonyl group possesses regions of highly
positive potential in the extension of the 6 S-O bond (i.e. o* orbital), called o-holes, which account for
the efficient stabilization of vicinal negative charges through negative hyperconjugation.3* Therefore,
the sulfonyl group is an excellent stabilizer of negative charges in a position via stereoelectronic
effects, but a poor mesomeric acceptor since it cannot establish p—p conjugation.3° This is reminiscent
of the studies on sulfonyl ylides,?*® where the adjacent carbanion was shown to keep an sp?
hyrbidization.¥ As a consequence, in contrast to planar sp? hybridized groups such as nitro or
carbonyl, the sulfonyl group cannot create a formal double bond with the para carbon of the benzene
ring, which reduces the contribution of the zwitterionic hydrazoquinone form. This results in a reduced
polarizability of the azo bond, thus a stronger double bond character, and hence a smaller red-shift of
the m—mt* transition and a longer half-life are observed.

Finally, the photochromism of the diazocine bis-glycoconjugate 41 was also assessed in DMSO. The
representative absorption spectra are shown in Figure 3.3 and Table 3.3 lists the main photochromic
features of 41.

Table 3.3. Spectroscopic data of diazocine conjugate 41: maxima (Amax) of n—1t* transitions of trans and cis isomers, 2 with

the corresponding separation of the n—mn* bands (4A,—n*) in each isomeric state, composition of the photostationary state
(PSS) mixtures at different wavelengths of irradiation(®! and half-life of thermal relaxation.[c]

Amax N—1t* cis [nm] Amax n—1* trans [nm]  AA,—n+ [nm] PSS 400 nm PSS >500 nmld] t1/2 trans

407 497 90 71:29 >1:99 22 min
[a] UV-Vis spectra were recorded in DMSO (50 uM) at 25 °C; [b] composition at the PSS were measured by NMR (600 MHz,
300 K) in DMSO-d6 (1 mM), after 2 min irradiation at the appropriate wavelength; mixtures at the PSS are given as
%(trans)/%(cis); [c] the half-life of trans-41 was measured by UV-Vis spectroscopy in DMSO (50 uM) at 40 °C; [d] irradiations
at 520, 590, 630, 660 and 690 nm were achieved, leading to a quantitative recovery of cis-17 in each case.
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Figure 3.3. Representative absorption spectra in the area of the n->1* transitions for diazocine conjugate 41; inset: expansion
in the 600-800 nm area; dashed black line: ground state, blue line: PSS after 2 min irradiation at 400 nm, red line: PSS after
30 s irradiation at 660 nm; spectra were recorded in DMSO (100 uM) at 25 °C.

Irradiation at 400 nm produced a PSS contraining 71 % of the trans isomer while cis-41 was
guantitatively regenerated upon exposure to visible light (A>500 nm), or via thermal relaxation with a
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half-life of 22 min at 40 °C. Interestingly, the trans—-cis photoisomerization process can also be
achieved quantitatively with red-light (660 nm, Figure 3.3) and even with far red-light (690 nm),
though longer irradiation time was necessary in the last case. Until now, only red-shifted diazocines
containing a heteroatom in the bridge showed similar features.'®%%1@ Hence, this new thioarylation
approach allows the straightforward preparation of functional and red-light-switchable diazocines in
only three steps.

3.6. Selective switching of AB-conjugates pairs in mixtures

Based on the photoisomerization results described above, two pairs of azo derivatives, 35/73 and
41/73 were investigated in orthogonal switching experiments. Orthogonal photoswitching is of great
interest to control distinct parameters with the use of light only.3%>3%6338 However, achieving full
orthogonality (i.e. four state switching) with only azoderivatives is challenging due to overlaps between
the absorption bands of the respective switches,**° and systems solely fueled by light require fine-
tuning of irradiation conditions.3*® Hence equimolar solutions of the two selected pairs were
investigated by NMR spectroscopy, and their switching with light of three different wavelengths was
assessed (Figure 3.4).
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Figure 3.4. Orthogonal photoisomerization of azobenzene or diazocine glycoconjugates in solution mixtures with light of
three distinct wavelengths. Two pairs of conjugates were investigated: 35/73 and 41/73.

In case of the pair 35/73, switching between trans/trans, cis/trans, and trans/cis states were expected,
while the pair 41/73 would provide cis/trans, trans/trans and cis/cis states. By applying light in the
near UV — green range, it was possible to reach PSS mixtures with over 70% of the major isomer for
each of the two compounds (Table 3.4). The trans/cis ratios observed in each PSS were very similar to
those measured with the single molecules, indicating that at the chosen concentration, the switching
of one conjugate does not affect the performances of the other in a mixture. It is worthy to note that
using the temperature as an additional stimulus is an efficient way to effect selective relaxation in
mixtures with AB derivatives with different thermal stabilities.?**?'” For example, with the pair 36/73,
starting from the trans/trans ground state, irradiation at 590 nm would provide the cis/cis state. Then,
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relaxation of 73 (200 fold quicker than 36) would provide the cis/trans state. However, even in this
case, the generation of the fourth trans/cis state seems challenging.

Table 3.4. Isomer ratios measured by 'H NMR spectroscopy of equimolar mixtures of 35/73 and 35/41, respectively, in ds-
MeCN (1 mM, 300 K), after irradiation with light of 365 nm, 400 nm, 435 nm or 520 nm.

Mixture 365 nm 400 nm 435 nm 520 nm
35 trans:cis 17:83 = 78:22 78:22
73 trans:cis 97:3 - 90:10 27:73
41 trans:cis = 72:28 29:71 >1:99
73 trans:cis - 97:3 91:9 27:73

Another possibility would be the exploitation of the difference in photoisomerization kinetics. Indeed,
using the tail of the n—n* band, different ABs have different kinetics depending on how red-shifted
their transitions are. Therefore, a red-shifted AB derivative could be switched faster and therefore
selectively, compared to a blue-shifted AB derivative in the orange-red-light range. For example,
diazocine 41 was quantitatively switched to cis in less than 30 s at 590 nm while compound 73 needed
between 15-25 min of irradiation at the same wavelength to reach the PSS. Therefore, with the pair
41/73, the diazocine conjugate 41 could be selectively switched to trans and back to cis with light of
400 nm and 590 nm respectively, while 73 stayed mostly in trans (Figure 3.5). Unfortunately, no
efficient trigger was found to generate the fourth trans/cis state.
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Figure 3.5. Selective switching of diazocine glycoconjugate 41 in the presence of azobenzene derivative 73.

In conclusion, the palladium-catalyzed thioarylation of halogenated ABs is an efficient and
straightforward method to produce functionalized AB-thioglycoconjugates, which photochromic
properties may be further tuned by means of sulfur oxidation. Such tuning allowed the generation of
different classes of ABs (aminoAB, push-pullAB, red-shifted AB, cyclic AB) with wide thermal stability
range and efficient switching properties allowing selective switching in mixtures, with a certain degree
of orthogonality. The scope of the reaction was demonstrated to be large in terms of thiol substrates
and electrophiles. In addition, the chemoselectivity of the reaction allows hetero-functionalization in
a sequential or in a one-pot manner with very good yields. Such versatility enables an easy and efficient
modification of the azobenzene core in view of their incorporation in complex molecules that could be
used in chemical, material, and biological sciences. In particular, this synthetic approach was
successfully used in the synthesis of glycomacrocycles containing two different AB chromophores and
capable of selective multistate photoswitching. This work will be described in the next section.
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4. Synthesis of glycoazobenzenophanes

The synthesis of macrocycles has drawn a lot of attention in the past century. Indeed, due to their
unique pharmaceutical properties,? naturally occurring macrocycles have been the targets of many
total syntheses, ! with the macrocyclisation being a critical step.3*? Different approaches may be
considered for the cyclization of linear precursors (Figure 4.1). The most obvious one, and perhaps the
most difficult, is the “head-to-tail” cyclization which is a unimolecular process where two
complementary reactive ends of an open chain precursor react together to form the cycle. With this
approach, the formation of large cycles (>12 intracyclic atoms) is rather challenging for several reasons.
First, the longer the chain, the less likely the reactive ends are to find themselves in sufficient proximity
for the reaction to occur, favoring the formation of linear and cyclic oligomers. In order to overcome
this issue, high-dilution conditions are frequently used to favor the unimolecular process over
bimolecular ones, however dilution is often impaired with long reaction times. For certain strained
linear substrates, this strategy is simply not viable due to geometric constraints that do not allow the
formation of monomeric macrocycles (e.g. shape persistent phenylene acetylene macrocycles).3** Such
challenges can be addressed by understanding and controlling the preorganization of the linear
precursor.3*® One example is for instance the synthesis of crown ethers assisted via templation of the
linear podand (i.e. the polyethylene glycol chain) around a metal cation, allowing the macrocyclization
to occur without high-dilution techniques.3*#3*> The bimolecular macrocyclization also confers more
control on the molecular organization in view to improve the yield of annulation. In this approach, both
fragments may be designed in a way that their lengths match, with restricted conformational freedom,
so as to augment the probability of reaction between the reactive ends in a bimolecular fashion.

Unimolecular
macrocyclization
B ————

Multicomponent

macrocyclization
_—

@
(O  Bimolecular m
macrocyclization U + cyclic and linear oligomers

Figure 4.1. Different approaches towards the synthesis of macrocycles.

This approach was used by Despras et al. for the cyclization of AB-bis-glucoside and maltoside bearing
isothiocyanate groups on the 6 and 6 positions respectively, with piperazine, via thiourea ligation. The
cyclization only occurred when the linear AB precursor was switched to the cis form, providing the
desired macrocycles in 48 to 71% yield.2®®¢ This shows how important the configurational and
conformational preorganization of the substrate is critical in the success of the cyclization, and
controlling these parameters is essential in the synthesis of highly strained structures.?*® Another
example is the chloride templated synthesis of sucrose-based thiourea bridged macrocycle by Jarosz
et al., with an outstanding yield of 90%.3*’ In this example, the ring closure which is the limiting step,
was facilitated by the coordination of a chloride ion to the first formed thiourea function and the
second unreacted amine, favoring a cyclic arrangement.
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Multicomponent reactions (MCRs) are also powerful tools for the synthesis of macrocycles.3*® These
reactions which involve more than two reactive partners, often proceed via coordinated transition
states (hydrogen bonds, stereoelectronic interactions, metals...), and at low concentration, the
preorganization of the reactive ends to form a cycle is facilitated. On another hand, MCRs have enabled
the generation of high molecular diversity, and allow the incorporation of reactive handles or activable
groups during the cyclisation step. Especially, multiple MCRs with bifunctional building blocks have
allowed the synthesis of many macrocyclic peptoids incorporating biarylethers and steroids,
generating a great diversity by using different amines in one-pot reactions.>*’® The most used MCRs
for macrocycle synthesis are certainly the Ugi, the Passerini and the Mannich reactions.

Due to the prevalence of ester and amide bonds in naturally occurring macrocycles, macrolactonization
and macrolactamizations have been extensively used, which led to considerable methodological
developments.3*° However, a plethora of different reactions may be used, depending on the chosen
retrosynthetic disconnections. Cyclization via C-C bond formation may be achieved efficiently by ring
closing metathesis (RCM),**° palladium catalyzed coupling®*! or using carbonyl-ylide chemistry.3>? C-X
bonds are usually formed by nucleophilic substitution, acylation or palladium catalyzed arylation
reactions.?*?3% Finally, annulations through click chemistry®>® or thiourea ligation?%®34” have also
shown excellent results.

The synthesis of azobenzenophanes especially, was achieved according to many different procedures
depending on the type of bond formed in the final cyclization step.?°® When the moiety linking the azo
units contains heteroatoms, nucleophilic substitution,'#>2%6279 condensation reactions,®* or
thiocarbonyl chemistry?%®¢34 may be used. However, when aliphatic linkers are employed, the
formation of the azo-bond as final cyclisation step might sometimes be the only viable option.?* In a
lesser extent, the diazo-coupling®® or the palladium catalyzed N-arylations of arylhydrazines followed
by oxidation®® were also used to form azobenzenophanes. However, the synthesis of
azobenzenophanes is frequently impaired with low yields,?°*® and the development of new synthetic
methods to access them is important.

In this thesis, two different strategies were employed for the synthesis of azobenzene containing
glycophanes. On the one hand, the thiourea bridging reaction was used with different diamines to
explore the scope of the reaction, and to study the influence of the linking chain on the photochromic
properties of the resulting macrocycles. On the other hand, the palladium-catalyzed thioarylation
reaction discussed in Chapter 3 was exploited towards the fabrication of macrocyclic glycoazobenzene
dyads, starting from AB-bis-thioglucosides with thiol groups at the primary positions. The results of
these cyclizations are detailed herein.

4.1. Macrocyclization via thiourea bridging

As the bimolecular thiourea ligation showed good results for the synthesis of glycoazobenzenophanes
3 and 4, this reaction was further investigated with different diamines (Scheme 4.1). The azide
functions in the compound 22a, obtained by glycosylation with DHAB, were converted to
isothiocyanates by a Staudinger/azaWittig reaction.®” This reaction is an efficient alternative to the
use of toxic thiophosgene, allowing the one pot transformation of azides into isothiocyanates. Hence,
treatment of 22a with triphenylphosphine (PPhs) and carbon disulfide (CS,) in chloroform at room
temperature afforded the desired compound 1 in 84% yield. Then, the obtained diisothiocyanates
were engaged in macrocyclization reactions with C;, C3 and C, alkyl diamines as well as p-
phenylenediamine. The results are summarized in Table 4.1.
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Scheme 4.1. Isothiocyanate formation and subsequent macrocyclization through thiourea ligation.

Table 4.1. Conditions for macrocyclization.f!

Entry X (diamine) Concentration (mM) Time Product, yield
1 (CHa)s 1 1h 74, 82%
2 (CH2)s 10 1h 74, 69%
3 (CH2)s 50 1h 74, 53%
4] (CH2)a 5 1.5h 75, 44%
5 (CH2)a 1 0.5h 75, 71%
6 (CHa)2 1 0.5h 76, 53%
7 1,4-CHa 1 5d 77, 56%

[a] All reactions were performed in DMSO at RT. The substrate was first dissolved in DMSO, and irradiated at 365 nm for 10
min. Then a 100 uM solution of the diamine (1.05 eq) was added over 15 min, and the reaction was stirred for the indicated
time at RT. [b] A 40 uM solution of diamine was added over 30 min.

In their seminal report, Despras et al. performed the macrocyclization in pyridine with 1.05 eq of
piperazine at 15 mM.%%% Based on further practical experience from Dr. Despras, DMSO was chosen as
an alternative solvent. Reaction of linear precursor 1 with propylene diamine at a concentration of 1
mM in DMSO provided after 1 h the macrocycle 74 in an excellent yield of 82% (Table 4.1, entry 1).
Increasing the concentration to 10 or 50 mM reduced the yield to 69% and 53% respectively (Table
4.1, entries 2 and 3). When butylene diamine was used at a concentration of 5 mM, the desired
compound 75 was obtained in 44% yield (Table 4.1, entry 4). In contrast, reaction at 1 mM afforded 75
in 71% vyield after 30 min (Table 4.1, entry 5). With ethylene diamine at 1 mM, the macrocycle 76 was
isolated in 53% vyield (Table 4.1, entry 6). Finally, reaction with phenylene diamine was longer, as
expected from a less nucleophilic aromatic diamine. The macrocycle 77 was however obtained in a
good yield of 56% (Table 4.1, entry 7). The reaction with propylene diamine gave better yields than
with ethylene or butylene diamine in the same conditions. This might reflect a correlation between
the macrocyclization efficiency and the length and flexibility of the diamine, as observed in other
similar cyclizations.?® It is quite likely that beyond a certain length, the irradiation might become
unnecessary, or even detrimental. The successful ligation with phenylene diamine is encouraging as it
allows the incorporation of aromatic motifs in the cycle in view of future developments towards
chiroptical molecular receptors.

The deprotection of the synthesized macrocycles 74-77 was achieved under Zemplen conditions,
however it rendered them insoluble in any solvent but DMSO, and made their isolation very
complicated. Only the macrocycle 77 could be isolated after deprotection in 33% vyield. The
photochromic properties of macrocycles 74-77, which are detailed in Chapter 5, were hence
investigated in the acetylated form. Encouraged by these results, glycoazobenzene dyads with
different chromophores were synthesized with the intent to achieve selective multistate switching.
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4.2. Macrocyclization via palladium-catalyzed thioarylation

Based on the study of the photochromic properties of sulfur containing AB-bis-glycosides in Chapter 3,
it was envisaged to synthesize macrocycles with two AB moieties, connected at the 1 and 6 positions
of glucose (Figure 4.2). At the anomeric position, an AB with CH, (DMAB) in para positions was chosen,
and owing to the cyclization method, the AB in position 6 had thioether auxochromes (DSAB). This
choice was made so as to have a maximum gap between the mn—n* bands of each chromophore, as
well as different photoisomerization and relaxation kinetics, in order to affect each azobenzene in a
selective manner. Also, this would allow to oxidize the sulfur bridges in 79 to sulfone to provide 80,
with a minimal effect on the photochromic performances of the DMAB (Figure 4.2). Hence, the
switching of the tetrafluoroAB (TFAB) would be possible with visible light only, while the DMAB could
be switched with UV-light.

L
HO i OH OH O, —=>+8 OH
HO HO HO S
o O/ o
o
HO 2
0 s

//

78 79 80

Figure 4.2. Structures of the targeted glycoazobenzenophane dyads 78-80. The retrosynthetic disconnections for the
macrocyclization step are shown, highlighting a common dithiol precursor for all cycles.

As shown in Figure 4.2, macrocycles 78-80 can all be obtained from a common dithiol precursor. A first
synthesis of this compound was examined starting from levoglucosan 16 (Scheme 4.2).
Perbenzoylation of 16 in pyridine afforded compound 17 in 95% vyield, and subsequent ring opening
with (phenylthio)trimethylsilane (TMSSPh) gave 18 in 97% yield. Then, iodine promoted silylation3%
with tert-butyldiphenylsilyl chloride (TBDPSCI) followed by bromination of the anomeric center with
iodine monobromide (IBr) in dichloromethane afforded 81 in 89% yield over 2 steps. It is noteworthy
that the bromide 81 was very stable (no signs of degradation after weeks on the bench), and could
therefore be easily purified by column chromatography. Then, reaction with disodium sulfide
nonahydrate (Na,S.9H,0) and carbon disulfide (CS,) in DMF**® provided thiol 82 in 73% yield. This very
efficient sequence for the preparation of glycosyl thiols with the 6 position differentiated was found
to be highly reproducible providing the desired thiol in 56-78% overall yield over 5 steps.>* Then, the
thiol 82 was reacted in presence of triethylamine (EtsN) with 4,4"-bis(bromomethyl)azobenzene 83 in
CH,Cl; to give the AB-bis-glycoside 84 in 91% yield.

Deprotection of the TBDPS group using the usual TBAF/AcOH/THF conditions led to substantial benzoyl
migration. Therefore, the deprotection was achieved in harsh acidic conditions, with acetyl chloride
(AcCl) and triflic acid (TfOH) in a mixture MeOH/THF allowing the isolation of the diol 85 in 60% yield.3®°
Alternatively, replacement of the TBDPS group by an acetyl group, and subsequent substitution with
83 and deprotection (AcCl in CH,Cl,/MeOH) afforded the desired diol 85 in 78% yield over 2 steps.
Subsequent mesylation of 85 with mesyl chloride (MsCl) and EtsN in CH,Cl, gave compound 86 in 93%
yield. Then, starting from the diol 85 or the dimesylate 86, several conditions were explored to install
the thiol function at the 6 position. The results are summarized in Table 4.2.
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Scheme 4.2. Synthesis of a linear dithiol building block. Reagents and conditions: (a) BzCl (6 eq.), pyridine, 0°C to RT, 95%; (b)
Znl; (3 eq.), TMSSPh (2.5 eq.), 1,2-DCE, 85 °C, 97%; (c) TBDPSCI (1.05 eq.), NMI (1.05 eq.), 12 (0.75 eq.), pyridine, RT then IBr
(1.5 eq.), CHxCl,, 0 °C, 89% over two steps; (d) Na,;S.9H,O (2 eq.), CS; (1.5 eq.), DMF, RT, 73%; (e) 4,4'-
bis(bromomethyl)azobenzene 83 (1 eq.), EtsN (2.1 eq.), CH2Cly, RT, 91%; (f) AcCl (6 eq.), TfFOH (2 eq.), THF/MeOH 1:1, RT, 60%;
(g) MsCl (2.2 eq.), EtsN (2.2 eq.), CH,Cl,, RT, 93%; (h) Ac,0 (1.5 eq.), pyridine, RT then IBr (1.5 eq.), CH,Cl,, RT, 90% over two
steps; (i) 83 (0.5 eq.), EtsN (2.2 eq.), CH,Cl,, RT then AcCl (2 eq.), MeOH/THF/ CH,Cl, 1:1:2, RT, 78% over two steps; TBDPSCI
= t-butyldiphenylchlorosilane; NMI = N-methylimidazole; TMSSPh = (phenylthio)trimethylsilane.

First, very mild conditions were applied by reacting dimesylate 86 with EtsN and thioacetic acid (AcSH)
in CH,Cl, (Table 4.2, entry 1), however nothing happened according to TLC analysis. Using potassium
thioacetate (KSAc) in DMF gave the same result (Table 4.2, entry 2), and adding potassium iodide
produced the desired compound 87 in 25% yield (Table 4.2, entry 3). Increasing the temperature to 70
°C only slightly improved the yield to 33% (Table 4.2, entry 4). Applying conditions for direct thiol
formation3>8 yielded the dithiol 88 in 30% yield, however this reaction was hardly reproducible and led
to substantial degradation (Table 4.2, entry 5). Reaction of AcSH with diol 85 under Mitsunobu
conditions did not show any improvement (Table 4.2, entry 6), thus the formation of a ditriflate
derivative followed by substitution was envisaged. When the triflate was generated in pyridine (Table
4.2, entry 7), TLC analysis showed the formation of an apolar carbohydrate by-product that did not
contain an AB moiety, and formation of a very polar AB derivative. This was rationalized as an
intramolecular thioglycoside activation with substitution of the benzylic position by pyridine, yielding
a 1,6-thioanhydroglucose derivative and a bipyridinium AB (Scheme 4.3). This is consistent with a study
on the DAST mediated C1—C6 migration of anomeric thioaryl/alkyl groups,®* however the products
were not isolated so the hypothesis was not verified. Performing the triflation in CH,Cl, in presence of
a non-nucleophilic pyridine base (DTBMP) and subsequent addition of KSAc at RT (Table 4.2, entry 8)
or AcSH/EtsN at -78 °C (Table 4.2, entry 9) did not show any improvement. Given the difficulty of
introducing a thiol function via nucleophilic substitution in presence of an anomeric thioalkyl group,
this synthetic route was abandoned.

Instead it was decided to functionalize adequately the carbohydrate building block, to have the least
modifications following the AB substitution (Scheme 4.4). Hence, the position 6 of D-glucose was
selectively tosylated in pyridine, and then acetylated in the same pot. Subsequent substitution with
potassium thioacetate (KSAc) in acetone provided compound 89 in 89% overall yield. Then,
bromination with hydrobromic acid (HBr) followed by sulfidation afforded the thiol 90 in 71% vyield.
Then, substitution of 83 gave AB glycoconjugate 87 in 90% yield, which was next S-deacetylated with
dithiotreitol (DTT) to give the dithiol 88" in 66% yield.
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Table 4.2. Conditions for the introduction of the thiol function in position 6.

Entry Compound Conditions Temperature Product, yield
1 86 AcSH, EtsN, CHxCl> RT -
2 86 KSAc, DMF RT -
3 86 KSAc, KI, DMF RT 87, 25%
4 86 KSAc, KI, DMF 70°C 87, 33%
5 86 Na,S-9H,0, CS,, DMF RT 88, 30%
6 85 AcSH, PPhs, DIAD, THF 0°CtoRT -
7 85 i. Tf,0, pyr, CH,Cly; ii. AcSH RT -
8 85 i. Tf,0, DTBMP, CH,Cls; ii. KSAc RT -
9 85 i. Tf,0, DTBMP, CH,Cly; ii. AcSH, EtsN -78 °C -
OTf
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Scheme 4.3. Proposed mechanism explaining the formation of a very polar AB derivative and a colorless carbohydrate by-
product.
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Scheme 4.4. Synthesis a linear dithiol building block from a prefunctionalized glycosyl thiol. Reagents and conditions: (a) TsCl
(1.5 eq.), DMAP (0.2 eq.), pyridine, 0 °C to RT, then Ac,0 (10 eq.); (b) KSAc (2.5 eq.), acetone, reflux, 89% over 3 steps; (c)
HBr/AcOH, Ac,0, CH,Cl,, 0 °C to RT; (d) NaxS.9H,0 (2 eq.), CS; (1.5 eq.), DMF, RT, 71% over 2 steps; (e) 83 (0.5 eq.), EtsN (2.2
eq.), CHxCly, RT, 91%; (f) DTT (6 eq.), EtsN (1 eq.) DMA, RT, 66%; DTT = dithiothreitol; DMA = dimethylacetamide.

With the dithiol 88" in hands, the conditions for the macrocyclization were screened and the results
are summarized in table 4.3. In a first attempt, the dithiol 88" was converted to the cis form, and
reaction with trans-diiodoazobenzene 28 at 1 mM afforded satisfyingly the expected product 91,
although in a low yield of 12% (Table 4.3, entry 1). Due to the high dilution, this reaction seemed quite
slow, thus the same reaction was performed at 10 mM, which improved the yield to 31% and reduced
the reaction time considerably (Table 4.3, entry 2). Pre-irradiation of both substrates showed a great
improvement, as the expected product was obtained in 58% yield, although at a concentration of 5
mM (Table 4.3, entry 3). Also, it seemed that mixing both substrates in an equimolar fashion was more
efficient that the slow addition of one of the reactants. Therefore, the slow addition of an equimolar
solution of dithiol 88" and AB 28 to a solution of the catalyst and EtsN was envisaged, but resulted in a
slightly lower yield of 50% (Table 4.3, entry 4). Despite the lower concentration in this last reaction,
which should favor the cyclization, it seemed that the slow addition was not necessary. Hence, the
dithiol, the AB and the catalyst were premixed in the solvent, and the reaction was started by adding
EtsN, which afforded delightfully the expected product in very good yields of 67% at 5 mM and 70% at
2.5 mM (Table 4.3 entry 5 and 6). Increasing the temperature of the reaction decreased the yield to
47% (Table 4.3, entry 7). Interestingly, the yield was better when the substrates were not isomerized
(Table 4.3, entry 3 vs 5 and 6). In contrast to the reaction of diisothiocyanate 1 with small diamines,
both reaction partners have a similar size, and the pre-irradiation of the substrates here seems
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unnecessary. With these optimized conditions, the macrocyclization with the diiodo-TFAB 29 was
performed. Reaction of dithiol 88" with 29 proceeded smoothly at 5 mM to afford the desired product
92 in 55% yield (Table 4.3, entry 8). Reducing the concentration or increasing the temperature did not
result in any improvement (Table 4.3, entries 9 and 10).

Table 4.3. Conditions for the palladium-catalyzed macrocyclization.!?!

Entry Azobenzene Conc. (mM) Method!®! Timel Product, yield
10d] 28 1 A 20 h 91, 12%
2 28 10 Alel 15 min 91, 31%

3 28 5 B 30 min 91, 58%
4 28 2.5 c 5 min 91, 50%
5 28 5 D 1h 91, 67%
6 28 2.5 D 1h 91, 70%
711 28 2.5 D 15 min 91, 47%
8 29 5 D 2h 92, 55%
9 29 2.5 D 2h 92, 47%
1017 29 2.5 D 15 min 92, 32%

[a] Cyclizations were performed in THF at RT with stoichiometric amounts of dithiol 88", AB and EtsN, and 10 mol% of PdGs-
Xantphos; [b] Method A: A solution of dithiol 88, the catalyst and EtsN was irradiated for 10 min at 365 nm before slowly
adding the AB dissolved in THF (within 30 min); Method B: A solution of dithiol 88" and the AB was irradiated for 10 min at
365 nm, then the catalyst and the EtsN were added; Method C: To a solution of the catalyst and EtsN was slowly added a pre-
irradiated equimolar solution of the dithiol 88" and the AB in THF(within 40 min); Method D: To a solution of dithiol 88°, AB
and the catalyst was added Et3N; [c] Time after the addition; [d] 4 mol% of catalyst were used; [e] the dithiol was irradiated
before addition of the catalyst and EtsN; [f] The reaction was performed in 1,4-dioxane at 50 °C.

The macrocycles 91 and 92 were then deprotected under Zemplen conditions to afford 78 and 79 in
92% and 99% vyield respectively (Scheme 4.5). Macrocycle 79 was then subjected to a late-stage
oxidation with peroxytrifluoroacetic acid in trifluoroacetic acid (TFA).22 The oxidation seemed to have
worked, however NMR analysis showed a mixture of at least 2 products. It was assumed that over-
oxidation of the DMAB in position 1 occurred, and this was confirmed by performing a mCPBA-
mediated oxidation of AB-bis-conjugate 87°. The reaction afforded a mixture in which the N-oxide was
observed in mass spectrometry along with the expected AB-bis-sulfone. The synthesis of macrocycle
80 was therefore abandoned.
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Scheme 4.5. Deprotection of macrocycles 91 and 92, and attempted oxidation of 92.

Encouraged by these results, the synthesis of a diazocine-containing macrocycle was achieved (Scheme
4.6) from diiododiazocine 30 (see Chapter 3). The thiol 90 was coupled to 30 in 75% yield, and
subsequent S-deacetylation with DTT afforded the dithiol 94 in 37% yield. Then the macrocyclization
was successfully achieved, affording macrocycle 95 in 26% yield. Given the results detailed in Table
4.3, cis-94 was first irradiated at 405 nm to produce a trans-rich mixture prior to cyclization. The
obtained macrocycle 95 was characterized in the acetylated form, given the small quantity (5 mg)
obtained.
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Scheme 4.6. Synthesis of a diazocine containing macrocycle. Reagents and conditions: (a) 29 (0.5 eq.), PdGs-Xantphos (1

mol%), EtsN (1eq.), 1,4-dioxane, 80 °C, 75%; (b) DTT, EtsN, DMA, RT, 37%; (c) i. THF (2.5 mM), 405 nm, 10 min; ii. p,p’-
diiodoazobenzene 28 (1 eq.), EtsN (2 eq), PdGs-Xantphos (10 mol%), RT, 20 min, 26%.

Furthermore, the synthesis of glycoazobenzenophane 79 was attempted starting from the
thioarylation in position 6, followed by cyclization through the anomeric position (Scheme 4.6). This
would allow to compare the efficacy of cyclization by nucleophilic substitution to the palladium
catalyzed annulation. Also it would give access to a variety of different macrocyclic glycoazobenzene
dyads in a modular way. Monomethoxytrityl (MMTr) protection was installed on the anomeric
position, and subsequent S-deacetylation of the 6-position with hydrazine acetate in DMF afforded
thiol 96 in 53% vyield over two steps. Palladium catalyzed thioarylation with TFAB 29 gave the bis-
glycoside 97 in 82% yield. Unfortunately, any attempt to cleave the trityl protecting groups produced
complex mixtures resulting from migration of acetyl groups. The use of more stable benzoyl groups
instead of acetyl groups led to the same result. This route was thus also abandoned.
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Scheme 4.7. Attempted synthesis of macrocycle 79 starting from the functionalization in position 6. Reagents and conditions:
(a) MMTYrCI (1.1 eq.), EtsN (1.1 eq), CH,Cl,, RT, 75% from 90, 83% from 98; (b) (H2N),.AcOH (1.05 eq.), DMF, RT, 70% for 96,
quant. for 99; (c) p,p’-diiodoTFAB 29 (0.5 eq.), EtsN (2 eq.), PdGs-Xantphos (2 mol%), THF, RT, 82% for 97, 97% for 100; (d)
TFA (0.8%), Et3SiH (1%), CHCly, 0 °C; MMTrCl : 4-methoxytrityl chloride.

Finally, three linear AB-bis-glycosides containing the same auxochromes as in macrocycles 78, 79 and
95 were synthesized (Scheme 4.8). Added to the data obtained with diazocine bis-glycoside 41
previously studied, their photochromic behavior would provide a good basis of comparison for
understanding the properties of the new glycoazobenzenophanes. Thus, the diol 85 obtained earlier
was deprotected under Zemplen conditions to afford DMAB-bijs-glycoside 101 in 73% yield. Then, the
thiol 102 was first arylated with diiodoazobenzene 28 and deacetylated to give the DSAB-bis-glycoside
103 quantitatively over two steps. The same sequence was applied to 102 and 29 furnishing TFAB-bis-
glycoside 104 in 75% overall yield.
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Scheme 4.8. Synthesis of linear AB-bis-glycosides 101, 103 and 104, based on the photochromes used in
glycoazobenzenophanes 78, 79 and 95.

In this chapter was demonstrated the outstanding potential of thiourea ligation and palladium
catalyzed thioarylation in the synthesis of glycoazobenzene macrocycles in good to excellent yields.
Once again, the preorganization principle was exploited in order to achieve the most efficient
macrocyclization reactions.?68¢344346 Gix new glycoazobenzenophanes with one or two responsive
moieties were prepared. The synthesis of carbohydrate precursors to access them was optimized, and
allowed the isolation of target molecules 78 and 79 in 27% and 21% overall yield in 7 steps starting
from D-glucose. Finally, the photochromic properties of the synthesized macrocycles were assessed
and will be discussed in the next chapter.
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5. Photochromic properties of the synthesized AB glycophanes

As mentioned earlier, the introduction of azobenzene moieties into macrocyclic structures results in
modifications of their properties. Spectral properties may be altered, as shown by the hyperchromic
red-shift of the trans n—n* and the hypochromic blue-shift of the m—mn* when the planarity of the
diazo bond is reduced due to steric effects.?” The thermostability may also be significantly altered, as
shown by the influence of cyclization on the thermal isomerization rates,'** or the inverted
thermodynamic stability of para-azobenzenophanes linked with methylene groups,?'® in which the all-
cis form is the most stable. This means that the relative energy of each isomer can be modified in order
to reduce or increase the energy gap between them. Increasing the energy gap (AH) means stabilizing
the trans form and destabilizing the cis form, and increasing the thermal relaxation rate means
increasing the activation energy (Ea) by stabilizing the cis isomer and destabilizing the transition state.
This approach makes azobenzenophanes interesting for energy storage for example. Indeed, by
increasing the gap between the stable and the metastable states (AH), and by increasing the thermal
stability of the metastable state, considerable amounts of energy could be stored in the chemical
bonds of oligoazobenzenophanes, and then released as heat.?%

In 2013, a theoretical study compared the storage capacities of para-methylene-azobenzenophanes
with 2 to 6 AB units in the cycle (Figure 5.1).%3! Of course, due to the inverted thermodynamic stability
in p-methylene-bis-azobenzenophanes, the AH between the all-trans and the all-cis form is negative.
With 3 AB units, the stable form is the all-trans, and the energy stored per AB unit is nearly identic to
that of isolated azobenzene. With 4 AB in the cycle, the energy stored in each photoswitch reaches a
maximum of 0.97 eV, which is 65% superior to the energy accumulated in isolated AB. Upon increasing
the number of AB moieties, the AH decreases again as a result of the reduction of the cyclic strain. This
behavior is a direct evidence of the effect of the cyclic strain on the thermodynamic properties of
azobenzenophanes.
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Figure 5.1. Variation of the energy stored per AB unit depending on number of embedded AB moieties (a), and effect of the
linker molecule on the stored energy per AB unit in a tris-azobenzenophane (b). The red dotted line corresponds to the energy
stored by isolated AB. The values were calculated in the gas phase from first-principles calculations. Figure adapted with
permission from reference 231.
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Indeed, with the bis-azobenzenophane, the CNNC torsion angle is so distorted from planarity that the
overall energy of the all-trans becomes higher than that of the all-cis isomer by about 11 kcal.mol™. In
the tris-azobenzenophane, the strain on the azo bond in the all-trans form is reduced, and in the all-
cis form, the triangular shape allows the bend angles CNN and NNC to be close to those of isolated AB.
Thus, with a slightly destabilized all-trans form and an all-cis free from additional steric distortions, the
stored energy per AB unit is slightly lower than the isolated AB. In the tetra-azobenzenophane, each
trans AB unit is fully planar, while the bend angles in the all-cis form are now obliged to tighten, due
to the square arrangement of the cycle. This stabilization of the trans and destabilization of the cis AB
units results in a higher energy difference between both forms. By further increasing the size of the
cycle, these steric effects become less marked, and the stored energy tends to return to the value of
isolated AB. Finally, by modifying the linker molecule from CH; to N, (to be understood as singly bound
nitrogen atoms), the energy storage in the tris-azobenzenophane was increased again, as a result of
the widening of the angles in the molecule. The more CH; groups were replaced, the higher the stored
energy.

Therefore, the utilization of the tetra-azobenzenophane as solar-thermal fuel would allow the storage
of up to 3.9 eV of energy in the all-cis form (Figure 5.2). However, no details about the thermal
relaxation rate was given, which is an important feature to store energy over longer periods of time.
But given the activation energies given, each metastable state seems to have a similar activation
energy (between 0.93-1.04 eV), which should predict similar thermal relaxation rates. This is
reminiscent of the studies by Tamaoki et al. who mentioned the homogenization of the relaxation rates
of the metastable isomers upon reducing the cyclic strain.?!* Another important point is to actually
ensure that this behavior would not be altered in the solid state or in the materials in which this
molecule would be grafted for such application.
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Figure 5.2. Computed parameters for the stepwise thermal relaxation of a methylene bridged p-tetra-azobenzenophane from
the metastable all-cis form the stable all-trans form. Reprinted with permission from reference 231.

As shown by Despras and co-authors in their seminal paper, glycoazobenzene macrocycles possess
intriguing chiroptical properties, however no information about the thermodynamic parameters was
given. Therefore, with the newly synthesized azobenzene glycophanes 74-77, a particular emphasis
was put on the determination of the thermodynamic parameters, and their correlation with the nature
and the length of the linking diamine. Unfortunately, close examination of the chiroptical behavior was
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not possible due to technical restrictions, but will be the very next step in the investigation of these
molecules.

In a second time, the synthesized glycoazobenzene dyads 78, 79 and 95 were investigated for their
potential multistate switching ability, and the studies were limited to their light sensitivity and isomeric
steady state composition upon irradiation. Their thermal relaxation was also monitored to determine
their relative stability, towards a potential exploitation of the temperature as an orthogonal stimulus.
Finally, based on a personal interpretation of the results, examples of applications are proposed as a
conclusion to this work.

5.1. Properties of AB-glycophanes 74-77

The photochromic properties of glycophanes 74-77 (Figure 5.3) were monitored in DMSO by UV-Vis
spectroscopy at a concentration of 50 uM, and the ratios of E and Z isomers were determined at the
PSS by NMR spectroscopy in DMSO-ds at 1 mM. The representative UV-Vis spectra of the E isomers,
along with with the spectra after irradiation at 365 nm and 520 nm are shown in Figure 5.4, and the
main photochromic features (Amax, € and ti2) of each compound are detailed in Table 5.1, and
compared to the data of the previously reported AB-glycophane 105 by Despras and colleagues. For
more commodity in the discussion, the new cycles were classified depending on the length and nature
of the linking diamine (Figure 5.3). Thus compound 76 containing a flexible C; linker compares to 105
which has a rigid C; linker. 74 and 75, with C; and C, linkers respectively, compare to 76 by the length
of the linker. Finally, 77 with a C, rigid linker compares to 105 by the length, and to 75 by the rigidity
of the tether.

OAc

AcO, NH HN NH
o @ OAc \f( OAc
S S
0, OAc
— - O

@ . @

76, C, flexible, linker = ”;\N/\/N\‘; 74,C,

105, C, rigid, linker = “‘;\N \3;

OAc

OAc
AcO /U\ J - —N NH( OAc N_@—H\H/NH OAc
H
S

% ~=-d $C—@—

75, C, flexible 77, C, rigid
Figure 5.3. Structures of macrocycles 74-77, and classification according to the linker’s nature.

Comparably to the previously reported macrocycle 105 (Table 5.1, entry 1) the E isomers of compounds
74-77 (Table 5.1, entries 2-5) have a main m—nt* transition centered at 350 nm. Their n—m* bands are
located at 443 nm for 76 and around 435 nm for 74, 75 and 77. Despite similar spectral features, 74-
77 led to lower amounts of cis isomer (90-92%) in the PSS reached upon irradiation at 365 nm than for
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105 (98%). The latter compound exhibits a better resolution, by 5-7 nm, between the n—n* bands of
the respective trans and cis isomers, compared to 74-77. On the other hand, the mn—n* transition of
trans isomer is slightly better resolved with the n—n* of the cis in 74-77. A striking spectral
modification is the strong hypochromic effect observed in 76 compared to 105. Indeed, despite a
greater flexibility of the linker in 76, which should reduce the cyclic strain and thus increase the
absorptivity, the extinction coefficients of 76 are about half those of 105. This is also in contrast to
what is observed when comparing 76 to 74 and 75, or 75 to 77.

Table 5.1. Photochromic parameters of AB-glycophanes 76, 74, 75, 77 and 105.

, W— Anonx " -
Entry Compound (;n:) (:m:) (L/:;:;;cm) (L/:ol;cm) t12at 300K
trans / cis trans [ cis trans [ cis trans / cis (h)
12 105 352 /302 443 / 444 ND / ND 1184 /2165 6.4
2 76 350/ 305 443 [ 446 10225 / 3906 827 /1092 37.8°
3 74 350/ 305 436 / 446 21568 / 7300 1626 / 2088 14.20
4 75 350/ 307 435 /448 24825 / 8013 1693 /2468 9.2b
5 77 351 /ND 436 / 449 18771/ ND 1295 /2207 5.4b

[a] Unpublished data provided by Dr. Despras; [b] Evolution of the absorbance at Apmqx was monitored in DMSO at 50 uM by
UV-Vis spectroscopy at 60, 65, 70 and 75 °C, then an Arrhenius plot provided the corresponding thermal parameters necessary
to calculate the half-life at 27 °C. ND: not determined.
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Figure 5.4. UV-Vis absorption spectra in DMSO (50 uM) at 25 °C of the four new AB-glycophanes 76 (a), 74 (b), 75 (c) and 77
(d), in the ground state (black line), and after irradiation at 365 nm (red line) and 520 nm (blue line). The PSS ratios, indicated
in brackets, were measured by H NMR (600 MHz, 300 K) in DMSO-ds (1 mM). Conditions for irradiation: 2 min irradiation of
the sample with the indicated wavelength for both UV-Vis and NMR experiments. Photoisomerization of 105 under similar
conditions provided E/Z ratios of 98/2 upon irradiation at 365 nm (unpublished data provided by Dr. Despras).
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The process of photochemical back isomerization, which takes place in the visible range, depends on
several parameters. Due to the overlap of the trans and cis n—n* bands, the quantum vyields of
isomerization for each transition, the molar extinction coefficients, and the band separation have to
be considered. In the absence of values for the quantum yields, the observation of the variations of
extinction coefficients and band separation gives a qualitative basis to explain the backswitching
behavior upon visible light irradiation. Indeed, the photoconversions for the back reaction seem to
correlate well with the evolution of the trans and cis n—mt* bands. Upon increasing the linker size, and
thus reducing the cyclic strain in 74-76, all n—mt* undergo a hyperchromic shift. However, the ratio of
the extinction coefficients of the n—n* bands for the trans and cis isomers changes. In 76, the ratio:

e(n — 1, trans)

e(n - T *, cis)

is equal to 0.75, and the photoconversion yield at 520 nm is 66%. In 74, this ratio is higher, with a value
of 0.78, which should indicate a reduced yield of back isomerization. However, the n—mt* transitions
of 74 are better separated compared to 76 (AA = 10 nm vs 3 nm for 76), which results in a slightly higher
photoisomerization yield of 76% at 520 nm. For 75, the band separation is the same as for 74, but the
ratio of extinction coefficients decreases to 0.69, and a photoisomerization yield of 83% was obtained.
For compound 77, the linker might be considered as a rigid C4 unit. Comparing with 75 which has a
flexible C4 unit, a general hypochromic shift is observed on all bands, while the wavelengths of
absorption are unchanged. The ratio of extinction coefficients decreases to a value of 0.59, resulting
in a photoconversion of 84% at 520 nm. Compound 105 shows a ratio (0.55) close to the one measured
for 77. Although, the back photoisomerization with green-light has not been measured so far for 105,
itisinteresting to note that 77 and 105 both have arigid linker and a similar molar extinction coefficient
ratio for the n—m* bands. Also, these results compare well with what was observed for macrocycles 3
and 4. Although all the extinction coefficients were not measured, it can be graphically estimated that
the more strained AB-glycophane 3 has a higher extinction coefficient ratio than 4, which reflects in
the same manner on the yields of back isomerization.?®®¢ Additionally, the back isomerization yields
seem to be higher when using green-light rather than blue-light, which is likely due to the fact that the
cis n—1* is generally red-shifted regarding the trans n—m*, and the contribution of the latter in the
PSS decreases when increasing the irradiation wavelength. Therefore, the sensitivity of macrocycles
74-77 to orange and red-light was examined. First, the macrocycle 74 was assessed (Figure 5.5):
starting from a mixture obtained after green-light irradiation (520 nm), the content of trans isomer
could be enriched within 6 minutes of irradiation with orange (Figure 5.5a) or red-light (Figure 5.5b).
Starting from a cis-rich mixture obtained after 365 nm irradiation, 15 minutes were necessary to reach
a similar composition as the PSS at 520 nm (Figure 5.5c,d). Thus, a combination of green and red-light,
applied successively, provides a mean to increase the photoconversion yields in a reasonable amount
of time.

Because no significant difference was found between the effect of orange or red-light on the back
isomerization of 74, the same experiment was carried out for cycles 75-77 with red-light only (see
experimental section). In analogy to the back switching behavior with green-light, the C, bridged
macrocycle 76 was found to be the least responsive upon 625 nm irradiation, while the C4 bridged
compound 75 was more responsive than 74. Strikingly, macrocycle 77 showed the fastest kinetics upon
red-light irradiation, and excellent recovery of the ground state was achieved with only 4 to 15 min of
illumination starting from the PSS 520 or the PSS 365 respectively. Because of the longer irradiation
times necessary upon red-light illumination, the thermal Z — E isomerization process is not anymore
negligible, and thus the system does not seem to reach a clear steady state when the irradiation is
prolonged. Therefore, trans/cis ratios were measured by NMR for each compounds 74-77 after being
irradiated systematically according to the following sequence: after 2 min irradiation at 520 nm, the
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sample was irradiated at 625 nm for 10 min. The smallest photoconversion yield of 81% was reached
by C;-bridged 76, which is significantly higher than the yield after green-light irradiation. Cs- and Cs-
bridged 74 and 75 followed with 82% and 92% yield respectively. Finally, derivative 77 showed a 93%
photoconversion.

— frans-74
74@PSS 520
—— 74 PSS 520 then 625 2 min
——— T4 PSS 520 then 625 4 min
74 PSS 520 then 625 6 min

—— trans-74

—— T4@PSS 520
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Figure 5.5. Evolution of the UV-vis spectra of macrocycle 74 in DMSO (50 uM) at 25 °C upon irradiation with orange (a, c) and
red-light (b, d), starting from the PSS 520 (top) or the PSS 365 (bottom).

Following this study on the photoswitching behavior of macrocycles 74-77, the thermal relaxation of
their cis isomer was examined. To do so, the thermal back isomerization of each compound was
monitored by UV-Vis spectroscopy in the same solvent and at the same concentration, at temperatures
of 60, 65, 70 and 75 °C (Figure 5.6a,c,d,f). As the thermal relaxation is a first order reaction, the
evolution of the absorbance at Amax versus the time was plotted, and the data were fitted with an
exponential growth law, which gave the thermal isomerization constants for each compound at each
temperature. These constants were then converted into their natural logarithm, and plotted against
the inverse of the temperature (Figure 5.6b,d,e,g). According to the Arrhenius equation:

—_Ea
k = Aerr (D)
the fitting of such a plot provides a straight line that has InA as ordinate at the origin, and _%Ta as slope.
From these values, the relaxation constants can be calculated at any temperature for each compound.
In a second time, the Eyring equation, in which k, h and R are Boltzmann’s, Planck’s and the gas
constants respectively:

kpT AS*¥ —AH*

k= TeTe RT 2)

was used (see experimental section) to extract the enthalpy of activation (AH*) and the entropy of
activation (AS*). The free Gibbs energy of activation (AG*) was then calculated according to the

formula:
AG* = AH* — TAS* 3
The obtained thermodynamic parameters are shown in Table 5.2.
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Table 5.2. Activation parameters for the thermal isomerization of macrocycles 74-77.

ka7 ¢ Ea AH? AS* AG* ti?

Entry Compound
(s?) (kcal.mol) (kcal.mol'Y)  (cal.molt. K')  (kcal.mol) (h)
1 76 5.1x106 21.4 20.8 -13.9 24.9 37.8
2 74 1.4 x10° 20.0 19.3 -16.7 24.3 14.2
3 75 2.1x10° 19.5 18.7 -17.9 24.1 9.2
4 77 3.6x10 17.7 17.0 -22.5 23.8 5.4

[a] Calculated values for a temperature of 27 °C, from the resolution of the Arrhenius equation.

Because the activation energy Ea and the free enthalpy of activation AH* are linked by the following
equation:

Ea = AH* + RT ()

and because the free Gibbs energy of activation is linked to AH* by equation (3), it is logical that all
these values follow the same evolution. Hence, the activation energy necessary for the thermal Z— E
isomerization process to occur tends to decrease upon increasing the chain length and the rigidity of
the linker (Table 5.2, entries 1-4). In contrast, the entropic cost to reach the transition state increases
with the size of the linker. The measured enthalpies of activation correlate well with the measured
half-lives of the metastable isomers, such as, the higher the activation energy, the more stable the cis
isomer. This shows that by reducing the length of the linker, the steric effects tend to stabilize the cis
isomer, while the transition state is destabilized. Moreover, it is noteworthy that macrocycles 105
(rigid C; linker) and 77 (rigid C4 linker) have similar thermal relaxation rates, which are significantly
higher than 76 and 75 which have flexible C; and C,4 linker. This seems to indicate that the flexibility of
the linker has more impact on the thermal stability than its length.

Interestingly, plotting the enthalpies of activation AH* against the entropies of activation AS* showed
a linear relationship for compounds 74-77 (R?> = 0.9889, see experimental section). However,
compound 77 seemed slightly off the linearity, therefore the same plot was made for compounds 74-
76, and showed a correlation coefficient of 0.9998 (Figure 5.7a). Such a linear relationship indicates a
compensation or isokinetic relationship.3®3

m AS#
a o Ei ew| B 56 —a—76
" Linear Fit of Sheet1 B"AS# \ 74
i 254 4 —a— T8
——T77
=12 2524
_. 2504
-144 _ =
Equation y=a+b"x E 248
&b Plot [\g(ip120(D}) w
0 -16 - | ]
< Weight Instrumental < 246+
! "
~18 4 L] Intercept 7*53‘82236 + g 244
Slope 19223140,
5 Residual Sum o 1,16054E-4 24,2
201 Pearson's r 0,99991 240
R-Square (CO 0,99981 '
2 Adj. R-Square | 099962 2384
T T T T T T T T T T |
17 18 19 20 21 22 300 310 320 330 340 350
AH? Temperature (K)

Figure 5.7. Enthalpy-entropy compensation plot for compounds 74-76 (a) and van’t Hoff plots for macrocycles 74-77 (b).

An isokinetic relationship means that, when considering different reactions, or the same reaction in
different compounds, there exists a temperature at which the rate constants of each reaction are
equal. In the context of thermal isomerization of ABs, this relationship is usually invoked when
derivatives isomerize with the same mechanism. To verify if the compensation relationship is valid, a
plot of AG* versus the temperature can be made, and fitting of the data gives linear function equations
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(Figure 5.7b). By calculating the intersections of each of these functions together, isokinetic
temperatures are found, and the closer these values are to a unique temperature, the more the
isokinetic relationship is true. The calculated isokinetic temperatures from the van’t Hoff plot were
579 °K for 74 and 76, 570 °K for 74 and 75, and 529 °K for 75 and 76, which seems to confirm the
compensation relationship. In contrast, macrocycle 77 has more spread isokinetic temperatures of
367, 403 and 440 °K with 75, 74 and 76 respectively, which is in agreement with the deviation from
linearity observed in the compensation plot.

This result would therefore indicate that cis-AB glycophanes 74-76 thermally isomerize through the
same mechanism, while cis-77 may proceed differently. Comparison with the thermodynamic
parameters of 105 and elucidation of the isomerization mechanism would be interesting to fully
understand the differences between all these compounds in view to rationally design new derivatives
with tailored properties.

These data do not provide information about the quantity of energy stored upon isomerization, but
the following hypothesis might stand: reducing the length of the linker would tend to destabilize the
trans isomer while stabilizing the cis isomer, which would result in a lower amount of energy stored.
This would need to be confirmed by computing the energy difference between the trans and the cis
state of each compound. Of course, in application as solar energy fuels, the chiroptical properties of
macrocycles 74-77 would not be exploited, but carbohydrates remain excellent scaffolds with
interchangeable and multiple functionalities that could be used for introducing these macrocycles into
larger architectures. Besides, the overall strategy of the synthesis, based on an efficient substitution
of DHAB and a high yielding cyclization, might be adapted to other non-chiral substrates. Moreover,
binding studies with macrocycles 3, 4, 105 and 74-77 and several small chiral guests could reveal
interesting chiroptical complexation behavior. Finally, by tailoring the linker moiety (i.e. the diamine
used for the cyclization), one might imagine a chiral photoswitchable catalyst as shown in Figure 5.8.

On?

Off?

Figure 5.8. Example of a plausible chiral photoswitchable catalyst based on AB-glycophanes.

In the next section, a different approach was explored. The carbohydrate scaffold was designed in a
way to embed two different AB chromophores in a macrocyclic structure, to form
glycoazobenzenophanes. The novelty of this approach stands on the fact that AB derivatives with
different substitution patterns were incorporated within the same macrocycle, in order to achieve
multistate switching.
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5.2. Properties of glycoazobenzenophanes 78, 79 and 95
5.2.1. Properties of linear derivatives 101, 103 and 104

Before starting the discussion on the properties of compounds 78, 79 and 95, a first analysis of the
photochromism of linear derivatives 101 (DMAB), 103 (DSAB) and 104 (TFAB) is necessary. Their
photoswitching behavior depending on the wavelength of irradiation was first explored by UV-Vis
spectroscopy, and the ratio of photoisomerization products was measured by NMR for the most
promising PSSs. Their structure is shown in Figure 5.9, and the evolution of their spectra is shown in
Figure 5.10, and some characteristic parameters are listed in Table 5.3.
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Figure 5.9. Structures of the AB-bis-glucosides 101, 102 and 104.
Table 5.3. Photochromic parameters for compounds 101, 103 and 104.
Anon* An—re*
Entr Compound (Zn:) (:m:) E/Z ratio after t2at 323K
v P 625 nm? (h)
trans [ cis trans / cis
1 101 348 /298 443 / 440 97/3 2.7
2 103 394 /338 ND / 442 98/2 0.2
3 104 386 /338 ND / ND 30/70 9.2

[a] The PSS ratio, were measured by 'H NMR (600 MHz, 300 K) in DMSO-dg (1 mM). Conditions for irradiation: 2 min irradiation
of the sample with 470 nm light, and then 10 min with 625 nm light for 103 and 104, or 15 min for 101.

The DMAB-bis-glycoside 101 (Table 5.3, entry 1) shows well resolved transitions in the trans state, with
maximums of absorption at 348 and 440 nm for the trans n—mn* and n—n* bands respectively (Figure
5.10a). A near quantitative photoconversion towards the cis isomer was obtained with 365 nm light,
while blue-light (405-470 nm) efficiently regenerated the trans state with about 80% conversion. As
observed previously, irradiation with orange or red-light efficiently triggered the isomerization and
produced high contents of trans isomer in 30-50 min, starting from the mixture composition at the PSS
365 nm (Figure 5.10b). As also observed earlier, the time of irradiation could be reduced when starting
from another mixture composition, and successive irradiation with 470 nm light (2 min) and 625 nm
light (15 min) produced 97% of trans isomer as measured by NMR. Finally, the half-life of cis-101,
measured at 50 °C, was found to be 2.7 h.

The DSAB-bis-glycoside 103 (Table 5.3, entry 2) exhibits a red-shifted m—mn* transition compared to
101 (AA = 46 nm), as could be expected from the modification of the nature of the para-substituents
(CHz vs S). With a value of 394 nm, the position of the m—mn* is, as expected, higher than that of AB-
bis-glycoside 35 (AA = 20 nm). As discussed previously, the difference resides in the fact that the

-75-



electronic density of sulfur at the anomeric position (thioacetal) is lower than that at the position 6
(thioether). Interestingly though, this value was also significantly higher (AA = 14 nm) than that of the
bis-dithiomethyl-AB discussed previously (Table 3.2, entry 2). Up to 90% cis was generated upon
irradiation with 385 or 405 nm light (Figure 5.10c), while irradiation with 365 nm light produced only
68% of cis isomer. The back isomerization could be effected in 2 min with any light between 450 and
520 nm, with mediocre efficacy (Figure 5.10d). However, 103 was found very responsive to red-light,
and the trans isomer seemed to be quantitatively regenerated after 10 min irradiation starting from a
cis-rich PSS. And indeed, a photoconversion yield of 98% was measured after successive irradiation
with blue and red-light. Moreover, the thermal relaxation rate of 103 was expectedly found faster than
that of 101, by a factor of 10.
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Figure 5.10. Evolution of the UV-vis spectra of compounds 101, 103 and 104 in DMSO (50 uM) at 25 °C upon irradiation with
UV to blue-light (a, c, e) and green to red-light (b, d, f). The PSS ratios, indicated in brackets, were measured by IH NMR (600
MHz, 300 K) in DMSO-ds (1 mM). Conditions for irradiation: 2 min irradiation, unless otherwise stated, of the sample with the
indicated wavelength for both UV-Vis and NMR experiments.
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The properties of TFAB-bis-glycoside 104 (Table 5.3, entry 3), which has a m—m* transition centered at
386 nm in the trans state, suffered from the red-shift of its m—mn* compared to 36. Indeed, tetra-o-
fluoro derivatives, which photoswitching performances lie on the separation of the n—mn* bands,
require to have a blue-shifted mn—mt* to ensure the highest photoconversion yields. Here, because the
n—1t* band of 104 has a relatively low energy compared to 36 and other TFABs,>*15>322 there is a
larger overlap between the cis n—n* and the trans n—mn*, impairing the photoconversion in both
directions (Figure 5.10e). Thus, irradiation with 385 nm light produced 83% of cis, while not more than
60% of trans could be generated upon blue-light irradiation. As observed in 103, the switching at 365
nm only produced about 70% of cis-104, whereas this wavelength was the best for 101. This is due to
the general red-shift of the m—n* bands of each isomer, which shifted the optimal irradiation window,
as discussed earlier (Chapter 3). Therefore, irradiating 103 and 104 with 365 nm light results in exciting
both cis and trans m—mt* bands, which then reduces the photoconversion yield. Moreover, irradiation
with orange or red-light, which gave better conversion than with UV-light for 36, did not show any
improvement for 104 (Figure 5.10f). As expected, cis-104 was found to be the most stable derivative
with a half-life of 9.2 h at 50 °C.

From these data, one can anticipate some properties of macrocyclic glycoazobenzene dyads composed
of these chromophores. When using the DMAB and the DSAB chromophores (Figure 5.11, R = H), at
least 3 states could be selectively enriched photochemically. A Z/Z-rich state could be produced with
light between 365 and 385 nm, whereas an E/Z-rich state would be obtained upon irradiation with 405
nm light, and the E/E ground state regenerated with red-light. Secondly, due to the differences in
thermal stability and photoisomerization kinetics with red-light, the Z/E state could probably be
enriched thermally or photochemically starting from the Z/Z isomer. When using DMAB and TFAB
(Figure 5.11, R = F), the same states could be photochemically generated, but the relative thermal
stability would be inverted, and the Z/E state could not be selectively enriched neither photochemically
nor thermally.
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Figure 5.11. Structures of all possible isomers of 78 or 79.
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For more commodity, in the following discussion, the 4 possible isomers of azobenzenophanes 78, 79
and 95 will be referred to as the (E,E), (Z,E), (E,Z) and (Z,Z), with the first letter corresponding to the AB
moiety in position 1, and the second letter to the AB moiety in position 6 of the sugar.

5.2.2. Properties of glycoazobenzenophane 78

Following the isolation of azobenzenophane 78, a first examination of its structure in the ground (E,E)
state was realized by NMR spectroscopy. The shifts of the most characteristic signals (Figure 5.12) such
as the aromatic protons of both AB units (Hortho, Hmeta), the CH2 protons of the DMAB (CH,a, CH;b), the
CH; protons of the sugar’s position 6 (H-6a, H-6b) and the anomeric protons (H-1), were compared
with those of 101 and 103. These changes are compiled in Table 5.4. Then, the photoswitching
behavior of 78 was examined by UV-Vis (Figure 5.13) and NMR spectroscopy (Figure 5.14), and the
isomeric composition at the most promising PSSs was determined by *H NMR (Table 5.5). In a third
time, the thermal relaxation of 78 was monitored by NMR in order to determine the relative thermal
stability of each isomer, and specific sequences of irradiation were determined for its selective
multistate switching.
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Figure 5.12. The red hydrogens shown in (E,E)-78 are those used for comparison with the open chain derivatives 101 and 103.

Table 5.4. Chemical shifts of characteristic signals of derivative (E,E)-78 in comparison with 101 and 103.?

DMAB DSAB CH, (DMAB) H-6
Entry Compound H-1
Hortho Hmeta Hortho Hmeta a b a b
1 101 7.83 7.56 - - 4.05 3.87 - - 4.03
2 103 - - 7.81 7.50 - - 3.53 3.07 =
3 78 7.14 7.08 7.99 7.54 3.93 3.74 3.91 2.99 3.64

[a] All spectra were recorded in DMSO-ds (600 MHz, 300 K) at 1 mM.

As can be seen, the aromatic protons of the DMAB unit in 78 got shielded compared to 101 (Table 5.4,
entries 1 and 3), whereas those of the DSAB unit were deshielded compared to 103 (Table 5.4, entries
2 and 3). The CH;, protons of the DMAB unit and the anomeric protons got also shielded upon
cyclization, whereas the two H-6 protons were shifted in opposite directions, increasing the separation
of both signals. These changes were accompanied by a red-shift of the m—n* bands of each azo unit.
In fact, the UV-vis spectrum of trans-78 (Figure 5.13a) shows one large absorption band (300-460 nm),
with two maximums of absorption at 357 and 411 nm, presumably corresponding to the m—m*
transitions of the DMAB and the DSAB units respectively. Compared to 101 and 103, this represents a
rather large shift of 9 and 17 nm, and contrasts with the spectral modifications observed in previously
reported cyclic AB dimers compared to the parent linear AB.1#2°2%° Upon irradiation with 365 nm light,
the absorbance of both bands was reduced simultaneously, indicating the conversion of both AB units
to the cis state, and favoring the (Z,Z) isomer. Irradiation with 385 or 405 nm light provoked an increase
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of the absorbance at 357 nm, and a decrease at 411 nm, suggesting the back switch of the DMAB unit
while the DSAB unit was further converted to cis, favoring the (E,Z) state. Then, irradiation with blue
to green-light (435-520 nm) provoked the simultaneous absorbance increase of both bands, suggesting
the regeneration of the (E,E) isomer. Finally, the susceptibility of 78 to red-light (Figure 5.13b) was
assessed starting from the mixture containing supposedly the highest (Z,Z) and (E,Z) amounts, that
means after reaching the PSS at 385 nm. Irradiation at 625 nm for 1.5 min resulted in a rapid
augmentation of the absorbance at 411 nm, while the regeneration of the band at 357 nm needed 30

min.
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Figure 5.13. Evolution of the UV-Vis spectrum of azobenzenophane 78 in DMSO (50 uM) at 25 °C upon irradiation with UV to
green-light (a), or with UV then red-light (b).
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Figure 5.14. Expansion in the aromatic region of the *H NMR spectrum (600 MHz, 300 K) of 78 in DMSO-ds (1 mM) in the (E,E)
state (violet), and evolution of the isomeric composition after irradiating 2 min at 365 nm (blue), 385 nm (turquoise), 405 nm
(green), 470 nm (yellow) and 10 min with 625 nm light (red). The signals of each isomer were attributed by correlating the

evolutions of the UV-Vis and NMR spectra in comparison with the data obtained for compounds 101 and 103. m: (E,E); ®:
(ZE); A:(E2); Y :(Z2).
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These data are in agreement with what was anticipated from the study of linear AB-bis-glycosides 101
and 103. It also provided useful hints about the evolution of the mixture composition upon irradiation,
which, combined to NMR analysis of the PSS composition (Figure 5.14), enabled the identification of
each of the four isomers of 78. In the thermodynamically stable (E,E) state, only four doublets are
present in the aromatic region of the spectrum, as expected from two p,p -disubstituted-ABs with
different substitution patterns. Upon irradiation with 365 nm light, 15 doublets are observed, which
means that, delightfully, the signals of each isomer are nearly all separated. A major isomer can be
identified in this PSS mixture, presumably corresponding to the (Z,2) state, which shows a doublet at
6.63 ppm that might be used for integration. Then, irradiation with 385 nm light enriched the mixture,
supposedly with the (E,Z) isomer, which shows two exploitable signals at 7.25 and 6.96 ppm. By
elimination, the signals at 7.73 and 6.55 ppm must correspond to those of the (Z,E) isomer, and the
fact that these signals are always minor is in agreement with the prediction that the (Z,E) isomer could
not be enriched by the use of only one stimulus.

Hence, the identification of the aromatic signals of each isomer allowed their quantification in every
PSS mixture (Figure 5.15). The measured ratios are compiled in Table 5.5. As anticipated, irradiation
with 365 nm light produced the highest content of (Z,Z) isomer, with a yield of 62%, while the other
isomers were quite evenly distributed. At 385 nm, the (Z,Z) form was still the major photoproduct,
although the content of (£,Z) isomer was more than doubled. Enrichment of the (E,Z) isomer up to 60%
was achieved with 405 nm light, while the same amount of (E,E) was obtained with 470 nm light.
Finally, nearly full recovery of the (E,E) state was achieved with 625 nm light.

Table 5.5. Isomeric composition after irradiation with different wavelengths.?

Isomer of 78 PSS 365 (%)° PSS 385 (%) PSS 405 (%) PSS 470 (%) PSS 625 (%)°

EE 11 11 17 59 97
ZE 14 5 2 9 3
EZ 13 32 60 26 0
¥4 62 51 22 6 0

[a] The values in bold represent the major isomer in a given PSS mixture; [b] 6 min of irradiation were necessary to reach the
PSS. [c] The measure was taken after successive irradiations of 2 min at 470 nm and 15 min with 625 nm light.

Cz2)8
120 Il (E.2)-78
I (ZE)78
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Figure 5.15. Isomeric composition after irradiation with light of different wavelengths, allowing the enrichment of 3 isomeric
states.
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The thermal relaxation from the (Z,Z) to the (E,E) isomer may theoretically proceed via two possible
pathways, which are both composed of two consecutive first order reactions (Figure 5.16a). On the
one hand, the (Z,Z) isomer may transform into the isomer (Z,E), which shall eventually regenerate the
ground state. On the other hand, the second pathway involves the (E,Z) isomer as intermediary state,
before complete reversion.

Given the half-lives measured for compounds 101 and 103, and given that p,p-azobenzenophanes are
more stable in the (Z,Z) state than in the (E,Z) state, the following relationships may be assumed : k; >
ks, ka> ks, k3 > k2 and ks > k1. By following the evolution of the relative concentration of each isomer at
50 °C via NMR spectroscopy (Figure 5.16b), and by fitting the obtained data with the appropriate
method (see experimental section), each rate constant was calculated. The obtained values are
presented in Table 5.6.
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Figure 5.16. Schematic representation of the thermal relaxation process of (Z,2)-78 (a), and evolution of the relative
concentration of each isomer with time (b), monitored by 'H NMR (600 MHz) at 50 °C in DMSO-ds (1 mM).

Table 5.6. Thermal isomerization rate constants of 78 at 50 °C, and corresponding half-lives.

Rate constant at 50 °C

Entry Reaction (min-1) t1/2 (min)
1 (2.2) — (ZE) kq = 3.3x102 21
2 (22) > (E,2) k2 =2.2x103 315
3 (Z,E) — (E,E) k3 =1.1x102 63
4 (E,2) — (E,E) ks = 2.0x101 3.5

As could be expected, the least stable isomer corresponds to the (E,Z) state (Table 5.6, entry 4). In this
state, the cis-DSAB, which is the least stable chromophore (Table 5.3, entry 2 vs 1), is subjected to a
higher cyclic strain than in (Z,2)-78, which results in a 3-fold shorter half-life than the linear reference
103. Interestingly though, the half-life of (Z,2)-78 (Table 5.6, entry 1) is nearly twice as high as that of
103. A similar effect is observed on the DMAB unit: in the (Z,Z) state, the thermal isomerization of the
DMAB unit is slower than its open chain counterpart 101, whereas in the (Z,E) state, it is faster (Table
5.6 entries 2 and 3 vs Table 5.3 entry 1). All these data fit very well with the behavior foreseen from
the analysis of the linear parent molecules, which provides additional proofs of the correct
identification of each isomers.

By considering all these data together, it was envisioned that cycles of irradiation with different
wavelength could generate all four possible states (Scheme 5.1). Indeed, the (E,Z) state could not be
enriched with any of the tested wavelengths, but as seen in Figure 5.13b, and as expected from the
responsivity of 101 and 103 to red-light, one might generate this state by using a short (1-2 min)
irradiation with 625 nm light, starting from the (Z,Z) state. Therefore, starting from the ground state,
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irradiation at 365 nm produced 62% of (Z,Z). Subsequently, the (Z,E) state was enriched up to 49% with
only 1 min of irradiation at 625 nm. Then irradiation with 405 nm light produced 60% of (E,Z), while
the ground state was nearly quantitatively recovered upon 625 nm irradiation for 20 min (Scheme
5.1a).

a C b C
h 365 nm l ‘ h 405 nm .

(E,E)-78 E— (Z,2)-78 (E,E)-7T8 E— (E,Z)-78

62% 55%
625 nm (20 min) ‘ 97% 49%‘ 625 nm (1 min) 625 nm (20 min) ’ 87% 56%\ 365 nm
405 nm 625 nm (2 min)

(E,Z)-78 - (Z,E)-78 (Z,E)-78 - (Z,2)-78

60% 47%

RV Y

Scheme 5.1. Selective multistate switching of macrocycle 78.

In a second sequence (Scheme 5.1b), each AB unit was addressed in an apparently more selective
manner. Starting from the ground state, the DSAB unit was selectively isomerized with light of 405 nm,
providing the (E,Z) state in 55% yield. Then, the DMAB unit was addressed with light of 365 nm yielding
56% of the (Z,Z) isomer. Subsequently, the DSAB unit was once again selectively addressed with red-
light, which provided 47% of (Z,E) after 2 min of irradiation with 625 nm light, and 87% of the (E,E)
were recovered when prolonging the irradiation for 20 min. The yield of the last step in this cycle was
reduced compared with the first cycle, as consequence of the difference in responsivity with red-light
between the DMAB and the DSAB units.

Stimulated by these results, the complexation of (E,E)-78 with terephtalonitrile was attempted. This
electron-deficient aromatic molecule, was recently shown to intercalate between the two azo units of
a macrocyclic bis-azo-arene system in the (E,E) state, while being released upon isomerization .22* The
size of the macrocycle involved in this study was however 8 atoms larger than 78, and no sign of
complexation was observed with 78. Of course the size of the cavity is an important parameter in this
process, but the orientation of each AB unit is also critical. For the complexation to occur, both AB
units need to be stacked, and their plane orthogonal to the overall plane of the macrocycle. However,
the DSAB unit of 78 is so red-shifted that the phenyl rings and the C-S-C linkage must be coplanar, and
given the conformational restriction in 78, it is likely that both AB units actually do not face each other.

Thus, glycoazobenzenophane 78 appears as a very interesting molecule, exhibiting multistate
switching possibilities, and potentially many other features that were not yet investigated, such as
chiroptical switching and complexation abilities for example. To the best of our knowledge, it is the
first time that four-state switching is achieved with only two AB units in a macrocycle, and the concept
of embedding two different chromophores in a macrocycle to achieve multistate switching was shown
highly promising. Further studies on the chiroptical properties of this macrocycle and quantum yields
measurements are ongoing. Following, the properties of the fluorinated AB macrocycle 79 were
investigated in the same manner, and are described in the next section.
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5.2.3. Properties of glycoazobenzenophane 79

As before, in a first time, the chemical shifts of characteristic signals were compared between the
cyclized form 79 and the open chain compounds 101 and 104. The changes are detailed in Table 5.7.
Then the responsivity of macrocycle 79 to light of different wavelength was assessed (Figure 5.17), and
NMR analysis in correlation with the evolutions observed in the UV-Vis spectra allowed the
identification of each isomer (Figure 5.18). Then the isomeric composition was determined at different
wavelengths (Figure 5.19), the ratios are shown in Table 5.8. Finally, the thermal relaxation of (Z,2)-79
was monitored by NMR and allowed the calculation of the thermal isomerization rate constants, giving
the relative stability of each isomer.

Table 5.7. Chemical shifts of characteristic signals of derivatives 79 in comparison with 101 and 104.2

DMAB TFAB CH, (DMAB) H-6
Entry Compound H-1
ortho Hmeta Hortho Hmeta a b a b
1 101 7.83 7.56 - - 4.05 3.87 - - 4.03
2 104 = = = 7.31 = = 3.55 3.09 =
3 79 7.35 7.20 - 7.36 3.93 3.75 3.81 3.11 3.82

[a] All spectra were recorded in DMSO-ds (600 MHz, 300 K) at 1 mM.

As observed for macrocycle 78, the chemical shifts of the DMAB unit in 79 were all shielded, although
in a lesser extent. Compared to 104, the H-6 protons of 79 were deshielded, and their separation was
increased. The anomeric proton was also slightly shifted upfield, as seen in 78. The n—n* transitions
were also red-shifted comparably to 78, with maximums of absorption at 354 and 404 nm. In analogy
to 78, irradiation at 365 nm effected the simultaneous decrease of both bands indicating the
conversion to the (Z,Z) isomer (Figure 5.17a). Then, using 385 or 405 nm reduced the absorbance at
404 nm while it was increased at 354 nm indicating the formation of the (E,Z) isomer. Blue-light
irradiation (470 nm) then resulted in the increase of the absorbance of both bands, suggesting the
regeneration of the (E,E) form. As observed in the other TFABs (36, 71, 73 and 104) studied in this
thesis, the use of red-light provokes the trans — cis isomerization whereas it effects the opposite
reaction in non-fluorinated ABs. Therefore, the use of this wavelength should promote the formation
of the (E,Z) isomer. Unfortunately, the use of orange and red-light did not show any improvement
compared to light of 405 nm in generating (E,2)-79 (Figure 5.17b).
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Figure 5.17. Evolution of the UV-Vis spectrum of azobenzenophane 79 in DMSO (50 uM) at 25 °C upon irradiation with UV to
blue-light (a), or with blue and orange or red-light (b).

Then, careful analysis of the evolution of the H spectra after irradiation with light of different
wavelengths, correlated with the observed modifications of the UV-Vis spectra, and comparison with
the linear molecules 101 and 104 allowed the identification of all isomers (Figure 5.18).
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Figure 5.18. Expansion in the aromatic region of the IH NMR spectrum (600 MHz, 300 K) of 79 in DMSO-ds (1 mM) in the (E,E)
state (violet), and evolution of the isomeric composition after irradiation 2 min at 365 nm (blue), 385 nm (turquoise), 405 nm
(green), 470 nm (yellow) and 10 min with 625 nm (red). The signals of each isomer were attributed by correlating the

evolutions of the UV-Vis and NMR spectra in comparison with the data obtained for compounds 101 and 104. m: (E,E); ®:
(ZE); A:(E2Z); ¥ :(22).

In the ground state, only two signals are visible. The first one at 7.36 ppm comprises the protons of the
TFAB unit overlapping with the ortho protons of the DMAB unit. At 7.20 ppm are located the meta
protons of the DMAB unit, which are exploitable for integration. Then after irradiation at 365 nm, 9
signals are visible, meaning that 4 signals are overlapping, of which the one at 7.36 ppm. The major
compound in this mixture was assumed to be the (Z,Z) isomer. This compound also showed only two
signals instead of 3, so there must be an overlap again between the aromatic protons. Therefore, the
signal at 6.73 ppm, which integrates for less than half the signal at 7.16 ppm, may be used for the
integration. Then irradiation with 385 and 405 nm light led to the progressive augmentation of two
peaks in the left part of the spectrum, presumably belonging to the (E,Z) isomer, and which seem both
well resolved and exploitable. Also, the shape of the signal at 7.16 ppm changed, indicating that in
addition to the peaks of the (Z,Z) isomer, there is also a peak of the (E,Z) form at this shift. Finally, by
elimination, the peaks at 7.47, 6.93 and 6.62 can safely be attributed to the (Z,E) isomer. Interestingly,
the cyclic strain in the mixed isomers improves the resolution between the signals of the TFAB and the
DMAB units. Then, the proportions of each isomer were measured after reaching the PSSs with
different wavelengths (Figure 5.19a, Table 5.8). The quantity of (Z,Z) in the PSS after irradiation at 365
nm was lower than for 78 (51% vs 62%), while the amount of (Z,E) was higher (25% vs 14%), as could
be expected from the lower photoconversion observed for TFAB 104. At 385 nm, the proportion of
(Z,2) diminished by 10% while the relative concentration of (E,Z) went up to 35%. At 405 nm, the (E,2)
became the major isomer with 55%, and the ground state was regenerated up to 59% upon 470 nm
irradiation. Finally, at 625 nm, the mixture contained almost exclusively the (E,E) and the (E,Z) isomers,
while the two other forms accounted for only 8%.
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Table 5.8. Isomeric composition after irradiation with different wavelengths.?

Isomer of 79 PSS 365 (%) PSS 385 (%) PSS 405 (%) PSS 470 (%) PSS 625 (%)°
E,E 15 23 59 43
ZE 6 3
EZ 35 55 49
Y4 42 16 25 5

[a] The values in bold represent the major isomer in a given PSS mixture; [b] The measure was taken after successive

irradiations of 2 min at 470 nm and 5 min with 625 nm light.
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Figure 5.19. Isomeric composition after irradiation with light of different wavelengths, allowing the enrichment of 3 states
(a), and evolution of the relative concentration of each isomer with time (b), monitored by H NMR (600 MHz) at 50 °C in
DMSO-ds (1 mM).

Finally, the thermal relaxation of macrocycle 79 was monitored by NMR at 50 °C starting from the PSS
after irradiating with light of 365 nm (Figure 5.19b). Given that the relative thermal stability between
the two azo units has been inverted compared to 78, it was expected to see an inversion in the profiles
of the (E,Z) and (Z,E) isomers. As can be seen, the enrichment of the (Z,E) isomer in this compound is
impossible, neither photochemically nor thermally. Fitting of the profiles provided the thermal
isomerization constants which are presented in Table 5.9. As observed before, the thermal stability of
the DMAB unit was improved compared to the linear precursor 101 in the (Z,Z) form, and reduced in
the (Z,E) isomer. Also, the (Z,E) — (E,E) reaction had higher rate constant than 78 by a factor 2.9.
Surprisingly, the cis-TFAB unit was generally less stable in the cyclized form than in the open chain
derivative 104, with a drop of about a factor of 7.6 in the (E,Z) state, and of 1.3 for the (Z,2) form.

Table 5.9. Thermal isomerization rate constants of 79 at 50 °C, and corresponding half-lives.

Rate constant at 50 °C

Entry Reaction (min-1) ti/2 (min)
1 (2,2) — (ZE) k1 =1.6x103 433
2 (2.2) — (E,2) ks =1.8x103 385
3 (Z,E) — (E,E) k3 = 3.2x102 22
4 (E,2) — (E,E) ks =9.5x103 73

It is unfortunate that the properties of the TFAB unit were so much altered by the electron donation
of the sulfur atoms. The red-shift issue of the m—m* transition in this compounds may either be solved
by oxidation of the sulfur bridges, or by inserting a CH, group between the phenyl ring and the sulfur.
This compound shows similar switching properties as macrocycle 78, although with smaller
photoconversion yields, and an improved thermal stability. If three-state switching was possible with
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79, no efficient trigger was found for the enrichment of the fourth (Z,E) state. Finally, in the next part
will be described some properties of the first thermodynamically stable (Z,E) bis-azobenzenophane.

5.2.4. Properties of glycoazobenzenophane 95

The investigation of macrocycle 95 (Figure 5.20) started with a careful analysis of its NMR spectrum in
the ground state. Very interestingly, in deuterated chloroform (CDCls), nearly all signals were
separated, in contrast with macrocycles 78 and 79, for which the signals of both sugar moieties were
identical. This is due to the ethylene bridge in the cyclic AB unit (CAB), which breaks the symmetry of
the molecule. In fact, 78 and 79 are characterized by a C; rotational axis, passing through the middle
of both N=N bonds. In 95, this axis is no more existent, therefore the groups on each side of the azo
units are no longer equivalent. This feature is also a good proof of the orientation of the carbohydrates
within the macrocycle backbone. Previous modeling suggested that the sugar moieties had an opposite
orientation on the macrocycle, by a 180 ° rotation, making that their hydroxyl groups were oriented
either up or down, regarding the plane of the macrocycle.?®® The observed separation of the signals
for the CAB and the carbohydrate units in 95 would tend to confirm this orientation.
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Figure 5.20. Structures of the four possible isomers of 95. The red hydrogens shown in the (Z,E) structure are those used for
comparison with the open chain derivatives 41 and 103.

The chemical shifts of the protons of the diazocine and the anomeric protons between 95 and 41 were
compared in CDCl; and those of the DSAB unit and the H-6 protons in 95 and 103 were compared in
DMSO, and the values are compiled in Table 5.10. As can be seen, all the signals of the CAB unit were
shifted upfield, presumably due to the shielding effect of the DSAB unit positioned on top of the CAB
unit. Additionally, all signals for the CAB were separated, which was not observed in the linear
counterpart 41. Indeed, a certain separation of the Hy was noticed in 41 and interpreted as being due
to rotational isomerism, but the effect is much stronger in 95 as a consequence of the immobilization
of the molecule in a conformationally restricted arrangement. The anomeric protons were also slightly
shifted upfield and well separated. Interestingly, the Hortno of the DSAB unit were nearly unaffected by
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the cyclization, while the Hpets Wwere slightly deshielded, which reduced the separation of both signals.
The separation of the H-6 protons of the sugar was reduced however compared with 103, which
contrasts with what was observed for 78 and 79, and probably reflects the difference in cyclic strain.

Table 5.10. Chemical shifts of characteristic signals of derivatives 95 in comparison with 41 and 103.

CAB? DSABP
Entry Cpd. H;? H-6ab H-6bP
Hg Hog Hio CHza CHzb Hortho Hmeta
7.32,
1 41 7.13 737 6.80 2.97 2.76 - - 4.65 - -

2 103 - - - - - 7.81 7.50 - 3.53 3.07
6.56 6.36 2.73 2.39 7.83 4.55

3 ¢ ! 6.10 ¢ ¢ ¢ 7.74 ! 3.45 3.30
9 6.49 6.14 2.70 2.32 7.82 4.41

[a] The values were measured in CDCl;3 (600 MHz, 300 K); [b] The values were measured in DMSO-ds (600 MHz, 300 K).

Then, the evolution of the UV-Vis spectrum of 95 in DMSO upon irradiation with different wavelengths
was examined (Figure 5.21). As mentioned in chapter 3, irradiation with UV or blue-light should favor
the (E,Z) state, while the ground state should be regenerated with green to red-light. Also, because the
CAB has faster kinetics than the DSAB in the far red range, it should be possible to effect the selective
back isomerization of the CAB unit by using a short irradiation with far red-light (>650 nm). The
spectrum of 95 in the ground state is characterized by a single band centered at 393 nm, presumably
corresponding to the m—mt* transition of the DSAB unit. Interestingly, this transition has the same
maximum of absorption as the linear compound 103, in contrast with the red-shift observed in 78 and
79.
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Figure 5.21. Evolution of the UV-Vis spectrum of azobenzenophane 95 in DMSO (50 uM) at 25 °C upon irradiation with UV to
red-light (a), with green and red-light (b), with blue and red-light (c), or with blue and far-red-light (d).
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Upon irradiation with UV-light, the absorbance at 393 nm was strongly reduced indicating the E — Z
isomerization of the DSAB unit. A new band appearing at 332 nm and the increase of the absorbance
between 458 and 600 nm indicate also the isomerization of the CAB unit, therefore predicting a (E,Z)-
rich PSS. Upon irradiation at 405 nm, the conversion seemed slightly improved, while irradiation with
light of 520 nm regenerated the (Z,E) ground state (Figure 5.21a).

From the PSS 520, irradiation with red-light for only 5 min quantitatively regenerated the ground state
(Figure 5.21b), while it needed between 10 and 15 min when starting from the PSS 405 (Figure 5.21c).
Finally, from the PSS 405 which should be rich in (E,Z) isomer, irradiation with far red-light (660 nm)
should selectively isomerize the CAB unit favoring the (Z,Z) and (Z,E) isomers. Therefore, in less than a
minute of irradiation, a rapid decrease of the absorbance at 332 and >458 nm occurred, until reaching
what seemed to be a plateau, indicating the isomerization of the CAB unit. In contrast the absorbance
at 393 nm only slightly increased gradually.

Then, the evolution of the NMR spectrum with 4 different wavelengths was monitored (Figure 5.22).
Unfortunately, due to the separation of the signals of the diazocine, the aromatic part of the spectrum
was unexploitable, however, the carbohydrate part showed that several signals were well resolved.
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Figure 5.22. Expansion in the carbohydrate region of the 1H NMR spectrum (600 MHz) of 95 in DMSO-ds (1 mM) at 300 K in
the (Z,E) state (violet), and evolution of the isomeric composition after irradiation for 2 min at 405 nm (blue), then 30 s at 660
nm (green), 2 min at 520 nm (yellow), and 5 min at 625 nm (red). The signals of each isomer were attributed by correlating
the evolutions of the UV-Vis and NMR spectra in comparison with the data obtained for compounds 41 and 103, and by the
identification of the (E,E) isomer (vide infra). At this stage, the identification of each species is uncertain.

Indeed, two triplets at 4.70 and 4.35 ppm corresponding to the H-2 seemed usable. Starting from the
ground state, irradiation at 405 nm provoked the apparition of new sets of signals. On the one hand,
four well resolved signals at 5.08, 4.62, 3.93 and 3.71 ppm, were all integrating for 1 proton, and thus
seemed to belong to the same molecule. On the other hand, two smaller signals at 5.64 and 5.42 ppm
seemed to indicate the presence of a third species. After irradiation for 30 s at 660 nm which should
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selectively isomerize the CAB unit, the signals at 5.64 and 5.42 and 5.35 ppm disappeared, while those
at 5.08, 4.62, 3.93 and 3.71 ppm increased, making this molecule largely predominant in the mixture.
This would tend to indicate that the signals that disappeared corresponded to the (E,Z) form and that
the newly formed compound was the (Z,Z) isomer. Then irradiation with green and red-light
progressively regenerated the ground state. These data indicate the formation of at least 3 isomers,
but one seems missing, presumably the (E,E). However, the (E,Z) isomer which was expected to be
major upon irradiation at 405 nm was only minor. Hence, these results contrast with the observed
evolution of the spectrum by UV/vis spectroscopy.

Fortunately, the last isomer was fortuitously generated during a manipulation error. During an
irradiation experiment with 405 nm light, the NMR tube was too close to the irradiation source, and
therefore was strongly heated while being irradiated. The obtained spectrum following this
manipulation showed the presence of the last unidentified isomer, with a doublet at 5.59 ppm (Figure
5.23).
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Figure 5.23. Expansion in the carbohydrate region of the 'H NMR spectrum (600 MHz, 300 K) of 95 in DMSO-dg (1 mM) in the
(Z,E) state (blue), and evolution of the isomeric composition after irradiation for 2 min at 405 nm without heating (green), or
with heating (red). The signals of each isomer were attributed by correlating the evolutions of the UV-Vis and NMR spectra,

in comparison with the data obtained for compounds 41 and 103, and by the identification of the (E,E) isomer. m: (E,E); ®:

(ZE); A:(EZ); Y :(Z2). Note: The peak at 5.6 ppm in the blue and green spectra is a satellite peak from residual CH,Cl; in
the sample. In the red spectrum this peak should have disappeared as the compound was further dried under vacuum prior
to analysis.

Therefore, the identification was possible: at 405 nm, the PSS contained a majority of (Z,Z), along with
small amounts of (E,Z) and (Z,E). When irradiating with 660 nm light, all the (E,Z) was converted to the
(Z,2), giving a mixture with only two isomers. Finally, it seems that the (E,E) isomer can be enriched
upon heating, which indicates that in the (E,Z) form, the cis-DSAB would relax faster than the trans
CAB. This identification correlates well with the fact that the most downfield shifted protons are one
of the H-1 protons of the two isomers having the CAB in trans. This was confirmed by HSQC, which
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showed 6 correlation peaks for the H-1 protons. The correlation peak for the doublet at 5.64 ppm was
not observed, perhaps due to the low concentration of this isomer, and explaining the two missing
correlation peaks. It is quite surprising that the quantity of (E,Z) after 405 nm irradiation was so small,
but the generation of this isomer might require longer irradiation time, or a lamp of higher
intensity,20%:210b

Thanks to the good resolution of at least one peak per isomer, the isomeric composition after
irradiation could be finally determined (Table 5.11). The (Z,2) isomer was generally obtained after
irradiation with UV or blue-light with yields of 70 and 62% respectively. The (Z,Z) could be enriched up
to 75% by applying a combination of blue and far red-light, while the ground state was regenerated up
to 81% with green-light and quantitatively in 5-15 min with red-light (625 nm).

Table 5.11. Isomeric composition after irradiation with different wavelengths.2

Isomer of 95 PSS 385 (%) PSS405(%)  PSS660(%)> PSS 520 (%) PSS 625 (%)

E,E 0 0 0 0 0
ZE 16 20 25 81 >98
EZ 14 19 0 0 0
V44 70 62 75 19 <2

[a] The values in bold represent the major isomer in a given PSS mixture; [b] The measure was taken after successive
irradiations of 2 min at 405 nm and 30 s with 660 nm light.

In contrast with the previously studied glycoazobenzenophanes 78 and 79, 95 is characterized by high
photoconversion yields, and the fact that only the (Z,Z) can be enriched photochemically, although in
theory the (E,Z) should be favored with UV and blue-light. Thermal relaxation studies would be
necessary to see if the other isomers could be enriched thermally, and to study the relative stability of
each isomer, unfortunately due to time constraints, this could not be achieved. The diazocine-
containing macrocycle 95 is the very first example of bis-azobenzenophane thermodynamically stable
in the (Z,E) state, and its investigation sadly had to be interrupted. Further studies should be realized
to investigate the complexation and chiroptical properties of these new glycoazobenzenophanes,
allowing to find an application for their use. Indeed, the multistate switching might be interesting for
applications such as optical memory devices, but the inherent chirality of these cycles and the strong
strain imposed by their structure might make them potentially very interesting as chiral dopants, as

shown recently by Xie et al.??
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6. Conclusion

In this thesis, the synthesis of glycoazobenzene macrocycles was scrutinized in order to find the highest
yielding procedures towards the elaboration of photoresponsive glycoconjugates. First, the
glycosylation of p,p’-dihydroxyazobenzene (DHAB) was thoroughly investigated. The limitations of this
reaction regarding its scope and efficacy were delineated, and optimized reaction conditions were
found that produce the desired glycoconjugates in 50-70% vyield. Alternative synthesis pathways with
different protecting group strategies were proposed to further increase the yield of glycosylation, and
produce macrocycle precursors in a similar amount of steps. Such macrocycle precursors, possessing
an azide function in the position 6 of the sugar, were prepared in 5 steps from D-glucose in an overall
yield of 30%.

In a second time, another reaction was investigated for the glycoconjugation of carbohydrates to
azobenzene. The palladium-catalyzed thioarylation of glycosyl thiols was used as an alternative to the
glycosylation to functionalize AB derivatives by keeping the shortest linkage between the sugar and
the photoswitch (i.e. a glycosidic bond). This reaction was shown to have a large scope of substrates,
producing a large variety of AB-conjugates in very high yields, with excellent chemoselectivity between
iodine and bromine. This chemoselectivity allowed the sequential hetero-difunctionalization of AB
derivatives generating unsymmetrical derivatives. Importantly, one pot procedures for the
difunctionalization of p-iodo-p’-bromoAB were established, producing unsymmetrical derivatives in
one step in excellent yields (>70%). In addition, the use of the thioether group as a tether between the
AB and the carbohydrate moieties allows the tuning of the photochromic properties of the switch by
oxidation of the sulfur atoms. Such a modulation provides access to derivatives with a wide thermal
stability range (0.5-100 h at 40°C), and showing excellent photoswitching properties with a wide
addressability range. Notably, red-shifted derivatives addressable with visible light only were
discovered, and 2 pairs of AB derivatives showing selective photoswitching properties were studied. In
summary, this thioarylation method presents two main advantages compared with the glycosylation:
a synthetic advantage in terms of efficacy and diversity of structures, and a photochromic advantage
thanks to the modulation of the properties through oxidation.

Then, by using the macrocycle precursors obtained by glycosylation of DHAB, four new AB glycophanes
were synthesized by means of an intermolecular thiourea bridging reaction between an AB-bis-
glycoside bearing isothiocyanate functions and different diamines. An optimized procedure for the
cyclization was elaborated, allowing access to four new AB glycomacrocycles 74-77 in 53-82% yield,
and 14-21% overall yield starting from D-glucose. The main concept of the synthesis, lying on an
efficient functionalization of DHAB (glycosylation, alkylation, Mitsunobu...), followed by a high yielding
annulation reaction can be adapted to other non-carbohydrate-based materials, allowing an easy and
effective access to a variety of AB macrocycles based on the dialkoxyAB chromophore.

Secondly, the nucleophilic substitution of glycosyl thiols was used to conjugate carbohydratestoa p,p -
dibromomethylAB (DMAB chromophore), and the thioarylation reaction was used in the annulation
step for the fabrication of macrocyclic glycoazobenzene dyads. The conditions for the cyclization were
optimized, providing access to two novel glycoazobenzenophanes 78 and 79 in 55-70% vyield, and in
21-27% overall yield in 7 steps starting from D-glucose. These two macrocycles were designed so as to
have a long-lived UV-light addressable DMAB unit in anomeric position of the glucose, and a red-
shifted AB unit based on the p,p’-dithioAB chromophore (DSAB) or the p,p’-dithio-tetra-o-fluoro AB
chromophore (TFAB). Finally, another macrocycle bearing a cyclic AB unit (CAB) in the anomeric
position, and a DSAB unit in the position 6, was synthesized. It was cyclized under the optimized
thioarylation conditions, although the desired macrocycle 95 was isolated in a lower yield.
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In a final part, the photochromic properties of the synthesized macrocycles were investigated. The
photoswitching behavior and the thermodynamic parameters of the four thiourea bridged
macrocycles were analyzed, and compared with the previously reported macrocycle 105. Their thermal
relaxation behavior was examined, and the extraction of the thermodynamic parameters from
Arrhenius and Eyring plots showed that their thermal stability was correlated with the length and
rigidity of the linking diamine. A compensation relationship was evidenced between cycles 74-76,
suggesting a similar thermal isomerization mechanism, and the influence of the cyclic strain on the
stability of the metastable state was paralleled with other studies on azobenzenophanes. Then, the
properties of macrocycles 78, 79 and 95 were examined. Macrocycle 78 showed unprecedented four-
state switching with enrichments of each of the three possible metastable isomers up to 50-60%, and
near quantitative back-switching with red-light. In contrast, the photoswitching properties of
macrocycle 79 were slightly impaired compared to 78, but its thermal stability was improved. Finally,
only preliminary studies could be conducted with macrocycle 95, but this new macrocycle seems also
very interesting. It is the first azobenzenophane thermodynamically stable in the (E,Z) state, and shows
high yielding two-state switching (75-100%) between the ground state and the (Z,Z) isomer. In
addition, a separation of the proton signals of each sugars observed by NMR spectroscopy suggests a
very specific orientation of the carbohydrates, and hints a potentially large chiroptical power.

In the end, azobenzene-containing glycomacrocycles are fascinating molecules showing multifaceted
properties that should be investigated further. As shown, the cyclization has a strong impact on the
photochromic properties, especially the thermal stability, and could be used as a mean to develop new
AB derivatives with tailored characteristics. Notably the thiourea bridging reaction could be performed
on different positions of the carbohydrates, for example on the position 2 by using glucosamine as a
scaffold. It would provide access to a large variety of macrocycles of different shapes and
conformational strain, from simple starting materials. Secondly, the chiroptical properties of such
derivatives might be exploited in various fields such as chiral recognition and/or catalysis, or for the
optical switching of cholesteric liquid crystals for instance. The addition of a second AB chromophore
in the macrocycle was shown very promising for the design of multistate photoswitches. By optimizing
the conformational freedom and the substitution of the different AB units, their properties may be
finely tuned, so as to achieve orthogonal multistate switching. This behavior could be very interesting
for the elaboration of optical logic gates, or optical memory devices, provided that the derivatives are
sufficiently thermally stable. Furthermore, the multistate photoswitching could be exploited for the
fine tuning of interactions, in a biological or a supramolecular context for instance, by using the
carbohydrate scaffold to graft functional groups or biological ligands.
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7. Experimental section
7.1. Materials and methods

All reactions were carried out under atmospheric conditions (unless otherwise stated). Moisture-
sensitive reactions were carried out under a nitrogen atmosphere in flame-dried glassware.

Solvents and chemicals

All chemicals were purchased from ABCR, Acros, Alfa Aesar, Merck, Sigma-Aldrich or TCI, and used
without further purification. For extractions and column chromatography, technical grade solvents
were used, which were distilled before use. Dry solvents were either directly purchased from the
manufacturer or dried by an Inert PureSolv MD5 solvent purification system.

Acetonitrile over calcium hydride
Dichloromethane over aluminum oxide
Methanol over magnesium

Pyridine over potassium hydroxide
THF over aluminum oxide

Thin layer chromatography (TLC)

Analytical thin layer chromatography (TLC) was performed on silica gel plates (GF 254 Merck).
Visualization was achieved by UV-light and/or by charring with 10 % sulfuric acid in ethanol, vanillin,
or PPh3/CHsPh and ninhydrin, followed by heat treatment at ca. 400 °C. (1.5 g ninhydrin and 15 mL
acetic acid in 500 mL EtOH).

Flash chromatography

Flash chromatography was carried out on silica gel 60 (Merck, 230-400 mesh, particle size 0.040-0.063
mm) or by using an Interchim puriFlashR450 chromatography system with distilled solvents.

Nuclear magnetic resonance spectroscopy (NMR)

The H and *3C spectra were recorded on following spectrometers at 298 K:

Bruker AC 200 IH NMR (200 MHz) 13C NMR (50 MHz)
Bruker DRX 500 IH NMR (500 MHz) 13C NMR (126 MHz)
Bruker AV 600 IH NMR (600 MHz) 13C NMR (150 MHz)

Chemical shifts are referenced to the residual proton or the carbon signal of the used deuterated
solvent.

CDCl3 'H 7.26 ppm (s) 13C 77.2 ppm (t)
DMSO-ds 1H 2.50 ppm (quint) 13C 39.5 ppm (sept)

Data are presented in the following format: chemical shift (8) (multiplicity: s for singlet, d for
doublet, dd for doublet of doublets, t for triplet, at for apparent triplet, bs for broad singlet, g for
quartet, and m for multiplet; coupling constant in Hertz (Hz), integration, assignment). Full assignment
of the signals was achieved by using 2D NMR techniques (*H-tH COSY, *H-13C HSQC and 'H-*C HMBC).
All NMR spectra of trans-isomer of azobenzene derivatives were recorded after samples were kept in
the dark for at least 20 h at 40 °C for the non-fluorinated conjugates or at 60 °C for the fluorinated
conjugates.
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Mass spectrometry (MS)

ESI mass spectra were recorded on a Bruker Daltonics Esquire-LC instrument. El mass spectra were
recorded on a Jeol AccuTOF 4GCV instrument.

Infrared (IR) spectroscopy

IR spectra were recorded on a PerkinElmer FT-IR Paragon 1000 (ATR) spectrometer. The absorption
bands are presented in cm™.

Optical rotations

Optical rotations were measured on a PerkinElmer 241 polarimeter (sodium D-line: 589 nm, cell length:
1 dm) in the indicated solvents. The specific rotation values [a]?®» are given in
[>.mL.gt.dm™] and the concentration ¢ in [mol.mL%].

Irradiation experiments

For irradiation experiments, the samples were irradiated at the appropriate wavelength for 2 min
(unless otherwise stated) at a distance of about 1-2 cm from the light source. Only for irradiation at
with orange or red-light, were longer irradiation times required. Photo-irradiation was performed
using either two UV LED (Nichia Corporation, emitting 365 nm light, with a FWMH of 10 nm and an
intensity of 235 mW/cm? per LED, 1 LED; Nichia Corporation, emitting 385 nm light, with a FWMH of 9
nm and an intensity of 220 mW/cm? per LED, 1 LED), or a violet LED (in house built, emitting 405 nm
light with a FMVH of 12 nm and an intensity of 190 mW/cm? per LED, 3 LED), or a blue LED (in house
built, emitting 435 nm light, with a FWMH of 13 nm and an intensity of 130 mW/cm? per LED, 3 LEDs),
or a green LED (Nichia Corporation, emitting 520 nm light, with a FWMH of 30 nm and an intensity of
190 mW/cm? per LED, 5 LEDs), or an orange LED (Osram, emitting 590 nm light, with a FWMH of 18
nm and an intensity of 130 mW/cm? per LED, 5 LEDs) or 3 red lamps (Sahlmann Photochemistry
Solutions, emitting 630 or 660 nm light, with a FWMH of 20 nm and an intensity of 250 mW/cm? per
LED, 3 LEDs ; and a light emitting at 690 nm with a FWMH of 29 nm and an intensity of 75 mW/cm? per
LED, 3 LEDs).
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7.2.  Glycosylation of DHAB
7.2.1. Preparation of glycosyl donors

Donors 7,298 8,298 10,298 112%8 and 12,27>2%%¢ were prepared starting from D-glucose according to
known procedures.

1,6-anhydro-2,3,4-tri-O-((tert-butyldimethyl)silyl)-B-D-glucopyranose (19a).

To a mixture of levoglucosan (162 mg, 1.00 mmol) and N-methylimidazole (559 pL, 7.00 mmol, 7 eq)
in dry pyridine (2.00 mL) was added Me,t-BuSiCl (904 mg, 6.00 mmol, 6 eq). The mixture was stirred
at RT for 30 min and then iodine (634 mg, 2.50 mmol, 2.5 eq) was added. The mixture was stirred for
24 h, and then was diluted in EtOAc. It was washed with satd. ag. Na;S,0s3 solution until the organic
phase was colorless. Then it was washed with 1N HCI (3x), satd. aq. NaHCO3 (1x) and brine (1x) before
being dried over MgS0O, and concentrated in vacuo. Column chromatography (cyclohexane:EtOAc 1:0
to 9:1) afforded the title compound 19a (405 mg, 80%) as a white amorphous solid. The obtained
analytical data are in agreement with reported literature.3

1,6-anhydro-2,4-di-O-((tert-butyldimethyl)silyl)-B-D-glucopyranose (19b).

To levoglucosan (200 mg, 1.23 mmol) in dry CH,Cl; (17.0 mL) were added pyridine (4.20 mL, 51.7 mmol)
and 4-dimethylaminopyridine (297 mg, 1.97 mmol, 1.6 eq). The resulting suspension was cooled to 0
°C, and Me;t-BuSiCl (1.11 g, 7.38 mmol, 6 eq) was added as a solution in dry CHxCl; (17.0 mL). The
mixture was stirred at 0 °C for 10 min, and then was allowed to stir at RT for 3 days. After that time,
the solvent was removed in vacuo, and the resulting residue was triturated in toluene. The insoluble
materials were filtered and the filtrate was concentrated. Column chromatography
(cyclohexane:CH,Cl,:Et,0 1:0:0 to 7:1.5:1.5) afforded the title compound 19b (240 mg, 50%) as a white
amorphous solid. The obtained analytical data are in agreement with reported literature.3%

(6-azido-6-deoxy-2,3,4-tri-O-acetyl-a,B-D-glucopyranosyl)-1-(N-phenyl)-2,2,2-trifluoroacetimidate
(12).

To a solution of 6-azido-6-deoxy-2,3,4-tri-O-acetyl-a,B-D-glucopyranose?’”® (993 mg, 3.00 mmol) and
cesium carbonate (1.47 g, 4.50 mmol, 1.5 eq) in dry CH,Cl, (30.0 mL), was added 2,2,2-trifluoro-N-
phenylacetimidoyl chloride (713 pL, 4.50 mmol, 1.5 eq) at RT. The mixture was stirred 1.5 h at RT, then
it was diluted with CH,Cl, and filtered through celite. The celite pad was washed with CH,Cl; and the
filtrate was concentrated in vacuo. Column chromatography (cyclohexane:EtOAc 8:2 to 7:3) afforded
an anomeric mixture of the title compound 12 (1.35 g, 90%) as a white foam. B-12 (major anomer): *H
NMR (500 MHz, CDCls) & = 7.32 (t, 3/ = 7.6 Hz, 2H, 2Ar-Hortho), 7.14 (t, 3/ = 7.6 Hz, 1H, Ar-Hpara), 6.86 (d,
3) = 7.6 Hz, 2H, 2Ar-Hmew), 5.85 (bs, 1H, H-1), 5.26 (bs, 2H, H-2, H-3), 5.12-5.04 (m, 1H,
H-4), 3.79 (bs, 1H, H-5), 3.41 (dd, %Jsa6p = 13.6 Hz, 3J6a5 = 6.7 Hz, 1H, H-6a), 3.25 (dd, “ep6a = 13.6 Hz,
3Jeb,s = 2.6 Hz, 1H, H-6), 2.09 (s, 3H, CH5CO), 2.04 (s, 3H, CH3CO), 2.03 (s, 3H, CH3CO) ppm; *C NMR (126
MHz, CDCls) 8 = 170.3, 169.5, 169.1 (3C, 3CH5CO), 143.1 (Ar-Cipso), 129.0 (2C, 2Ar-Cortho), 124.8 (Ar-Cpara),
119.4 (2Ar-Creta), 74.5 (C-1), 72.5 (C-2), 70.7 (C-3), 70.2(C-4), 69.2 (C-5), 51.0 (C-6), 20.7, 20.6 (3C,
3CHsCO) ppm; ESI HRMS: m/z: calcd for CyH21F30sN4 + Na*: 552.1204 [M + Na*] found: 552.1208.

1,6-anhydro-2,3,4-tri-O-benzoyl-B-b-glucopyranose (17).

To a cold solution (0 °C) of levoglucosan (2.00 g, 12.3 mmol) in dry pyridine (20.0 mL) was added
benzoyl chloride (8.57 mL, 73.8 mmol, 6 eq). The mixture was allowed to stir 1 h at RT, then water was
added and the resulting suspension was extracted with CH,Cl; (3x20 mL). The combined organic layers
were successively washed with aq. 1N HCI (3x), satd. ag. NaHCOs (1x) and brine (1x). The organic phase

was dried over MgSQ04, concentrated in vacuo and the remaining pyridine was co-evaporated with
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toluene. The residue was then triturated with the minimum amount of toluene, filtered and washed
three times with cold toluene, to afford 17 (5.36 g, 92%) as white crystals. The obtained analytical data

are in agreement with reported literature.3%

Phenyl 2,3,4-tri-O-benzoyl-1-thio-B-D-glucopyranoside (18).

To 17 (235 mg, 0.500 mmol) in CH,Cl; (5 mL) were added zinc iodide (640 mg, 2.00 mmol, 4 eq) and
trimethyl(phenylthio)silane (240 pL, 1.25 mmol, 2.5 eq). The mixture was stirred under micro-wave
irradiation (200 W) at 120 °C for 25 min. The resulting suspension was filtered through celite, diluted
with methanol and treated with Amberlite IR 120 H*. The resin was filtered-off and the solvents
removed in vacuo. The residue was purified by column chromatography (cyclohexane:EtOAc 9:1 to 7:3)
to afford the title compound 18 (286 mg, 98%) as a white foam. The obtained analytical data are in

agreement with reported literature.3%®

Phenyl-6-azido-6-deoxy-2,3,4-tri-O-benzoyl-1-thio-B-D-glucopyranoside (9).

To a solution of 18 (2.67 g, 4.57 mmol) in dry THF (23.0 mL) was added triphenylphosphine (1.80 g,
6.85 mmol, 1.5 eq). The solution was cooled to -15 °C and diisopropyl azodicarboxylate (2.25 mL, 11.4
mmol, 2.5 eq) was added dropwise. The mixture was stirred for 15 min at -15 °C. It was then allowed
to warm to -5 °C. After formation of a precipitate, diphenylphosphoryl azide (1.48 mL, 6.85 mmol, 1.5
eq) was added dropwise. The mixture was then allowed to warm slowly to RT and stirred for 14 h.
Then, the solvent was removed in vacuo and the residue was purified by column chromatography
(cyclohexane:EtOAc 9:1 to 8:2) to afford the title compound 9 (1.99 g, 71%) as a white foam. The

obtained analytical data are in agreement with reported literature.?®’

(6-azido-6-deoxy-2,3,4-tri-O-benzoyl-a,B-D-glucopyranosyl)-1-(N-phenyl)-2,2,2-trifluoroacetimidate
(13).

To a solution of 9 (1.36 g, 2.24 mmol) in acetone:water (9:1, 67.0 mL) was added trichlorocyanuric acid
(546 mg, 2.35 mmol, 1.05 eq) at RT. The mixture was stirred at RT for 30 min, and then the acetone
was evaporated. The resulting residue was dissolved in CH,Cl, and washed with satd. ag. NaHCOs; (1x),
brine (1x), and dried over MgSQ.. The solvent was evaporated in vacuo and the crude was purified by
column chromatography (cyclohexane:EtOAc 9:1 to 7:3) to afford an o, mixture of hemiacetals as a
white foam. This mixture (978 mg, 1.94 mmol) was dissolved in dry CH,Cl> (19.0 mL) and Cs,CO5 (1.11
g, 2.91 mmol, 1.5 eq) and 2,2,2-trifluoro-N-phenylacetimidoyl chloride (465 uL, 2.91 mmol, 1.5 eq)
were added sequentially at RT. The mixture was stirred for 4 h, then diluted with CH,Cl; and filtered
through celite, and the filtrate concentrated. The crude residue was purified by column
chromatography (cyclohexane:EtOAc 9:1 to 7:3) to afford an anomeric mixture of the title compound
13 (1.03 g, 76%) as a white foam. B-13 (major anomer): *H NMR (500 MHz, CDCl3) § =7.97 (d,/=7.6
Hz, 2H, 2Ar-H), 7.92 (d, 3/ = 7.6 Hz, 2H, 2Ar-H), 7.85 (d, 3/ = 7.6 Hz, 2H, 2Ar-H), 7.58-7.51 (m, 2H, 2Ar-
H), 7.46 (t, %) = 7.5 Hz, 1H, Ar-H), 7.44-7.36 (m, 4H, 4Ar-H), 7.34-7.28 (m, 4H, 4Ar-H), 7.13 (t, >/ = 7.4 Hz,
1H, Ar-H), 6.81 (d, 3J = 7.4 Hz, 2H, 2Ar-H), 6.22 (bs, 1H, H-1), 5.92 (bs, 1H, H-3), 5.76 (dd, 3J1, = )53 =
8.3 Hz, 1H, H-2), 5.57 (t, 334 = /a5 = 9.4 Hz, 1H, H-4), 4.12 (bs, 1H, H-5), 3.59 (dd, Yea e = 13.1 Hz, ¥Jeas
=7.2 Hz, 1H, H-6a), 3.40 (dd, %ebea = 13.1 Hz, *Jeb 5 = 2.6 Hz, 1H, H-6b) ppm; **C NMR (126 MHz, CDCls)
d = 165.6, 165.2, 164.8 (3C, 3 PhCO), 143.0, 133.8, 133.6, 133.5, 129.9, 129.8, 128.8, 128.6, 128.5,
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128.4,124.6,119.3 (24 C, 24 Ar-C), 74.9 (C-5), 72.3 (2C, C-1, C-3), 70.7 (C-2), 69.6 (C-4), 51.1 (C-6) ppm;
ESI HRMS: m/z: calcd for CssH,7F3N4Og + Na*: 711.1679 [M + Na*] found: 711.1671.

Phenyl-2,3,4-tri-O-((tert-butyldimethyl)silyl)-1-thio-a,B-D-glucopyranoside (20).

To a mixture of 19a (1.50 g, 2.97 mmol) and zinc iodide (3.80 g, 11.9 mmol, 4 eq) in dry CHxCl, (30.0
mL) was added trimethyl(phenylthio)silane (1.40 mL, 7.43 mmol, 2.5 eq) at RT. The mixture was stirred
for 1.5 h at RT then it was filtered through celite. The filtrate was diluted with methanol (20.0 mL) and
the solvents removed in vacuo (concentration of the crude mixture in presence of MeOH is sufficient
for removing the 6-O-TMS groups). The crude was purified by column chromatography
(cyclohexane:CH,Cl;:Et,0 95:2.5:2.5 to 8:1:1) to afford a-20 (350 mg, 19%) and B-20 (1.42 g, 77%) as
colorless syrups. For characterization purposes, both anomers were separated, but mixtures were used
in the further steps. a-20: *H NMR (500 MHz, CDCls) 8 = 7.53-7.49(m, 2H, 2Ar-Hortho), 7.32-2.27 (m, 2H,
2Ar-Hmeta), 7.25-7.20 (m, 1H, Ar-Hpara), 5.58 (d, 3J1,, = 4.2 Hz, 1H, H-1), 4.20 (ddd, %Js4 = 8.8 Hz, ¥Jsa =
6.0 Hz, *Js6p = 2.6 Hz, 1H, H-5), 4.08 (m, 1H, H-2), 3.86-3.79 (m, 2H, H-3, H-6a), 3.72 (d, 3J43=3/45= 8.8
Hz, 1H, H-4), 3.60-3.53 (dd, %Jeb,6a = 11.5 Hz, 3Jgu,5s = 2.6 Hz, 1H, H-6b), 0.99 (s, 9H, C(CHs)s), 0.89 (s, 9H,
C(CHs)3), 0.87 (s, 9H, C(CHs)s), 0.22 (s, 3H, CHs), 0.14 (s, 3H, CHs), 0.13 (s, 3H, CHs), 0.11 (s, 3H, CHs),
0.10 (s, 3H, CHs), 0.09 (s, 3H, CHs) ppm; 3C NMR (126 MHz, CDCl3) & = 136.4 (Ar-Cipso), 131.5 (2C, 2Ar-
Cortho), 129.0 (2C, 2Ar-Crmeta), 126.9 (Ar-Cpara), 87.4 (C-1), 76.4 (C-3), 73.6 (C-4), 73.5 (C-5), 72.9 (C-2), 63.2
(C-6),26.2, 26.1, 25.9 (9C, 3 C(CHs)s3), 18.4, 18.2, 18.0 (3C, 3C(CHs)3), -3.5, -3.6, -3.9, -4.3, -4.9, -5.0 (6C,
6CHs) ppm; ESI HRMS: m/z: calcd for CsgHssOsSSis + Na*: 637.3205 [M + Na*] found: 637.3196; B-20: H
NMR (500 MHz, CDCls) 6 = 7.48-7.44 (m, 2H, 2Ar-Hortho), 7.31-7.26 (M, 2H, 2Ar-Hnmeta), 7.23-7.19 (m, 1H,
Ar-Hpara), 4.98 (d, 3J1,2= 6.4 Hz, 1H, H-1), 3.92,3.88 (m, 1H, H-5), 3.86-3.81 (m, 2H, H-2,H-3), 3.80-3.75
(m, 2H, H-2, H-64), 3.72 (dd, “Jeb,ea = 11.4 Hz, 3Jen5 = 3.7 Hz, 1H, H-6b), 2.31 (bs, 1H, OH), 0.92 (s, 9H,
C(CHs)s), 0.89 (s, 9H, C(CHs)s), 0.88 (s, 9H, C(CHs)s) , 0.13 (s, 3H, CH3), 0.11 (s, 6H, 2CHs), 0.09 (s, 3H,
CHs), 0.08 (s, 3H, CHs), 0.07 (s, 3H, CH3) ppm; 3C NMR (126 MHz, CDCl3) § = 135.7 (Ar-Cipso), 130.4 (2C,
2Ar-Cortho), 129.0 (2C, 2Ar-Cmeta), 126.8 (Ar-Cpara), 87.2 (C-1), 83.0 (C-5), 77.3 (C-3), 75.5 (C-2), 71.3 (C-
4), 64.2 (C-6), 26.1, 26.0 (9C, 3C(CHs)s), 18.2, 18.1 (3C, 3C(CHs)s), -4.1, -4.2, -4.3, -4.8 (6C, 6CH3) ppm;
ESI HRMS: m/z: calcd for C3oHs30sSSis + Na*: 637.3205 [M + Na*] found: 637.3198.

Phenyl-6-O-acetyl-2,3,4-tri-O-((tert-butyldimethyl)silyl)-1-thio-o, B-D-glucopyranoside (14).

To a,B-20 (420 mg, 683 umol) in pyridine (6.8 mL) were added DMAP (16.4 mg, 137 umol, 0.2 eq) and
Ac0 (970 pL, 1.02 mmol, 1.5 eq) at RT. The mixture was stirred for 2 h at RT, and the pyridine was co-
evaporated with toluene. The remaining residue was dissolved in EtOAc, and washed with HCI 1N (3x),
NaHCOs (1x) and brine (1x). The organic layer was dried over MgSQ,, filtered and concentrated in
vacuo. The crude was purified by column chromatography (cyclohexane:EtOAc 95:5) to afford the title
compound 14 (426 mg, 95%) as a colorless syrup. a-14: *H NMR (500 MHz, CDCl3) § = 7.57-7.54 (m, 2H,
2Ar-Hortho), 7.29-7.24 (m, 2H, 2Ar-Hmeta), 7.24-7.18 (m, 1H, Ar-Hpara), 5.50 (d, 312 = 4.3 Hz, 1H, H-1), 4.40-
4.24 (m, 2H, H-5, H-6a), 4.15 (dd, 2Jebea = 11.8 Hz, *Jep 5 = 7.0 Hz, 1H, H-6b), 4.09-4.02 (m, 1H, H-2), 3.87-
3.82(m, 1H, H-3), 3.75-3.67 (m, 1H, H-4), 2.04 (s, 3H, CHsCO), 0.99 (s, 9H, C(CHs)s), 0.89 (s, 9H, C(CHs)3),
0.87 (s, 9H, C(CHs)3), 0.22 (s, 3H, CHs), 0.14 (s, 3H, CHs), 0.12 (s, 3H, CHs), 0.11 (s, 3H, CHs), 0.09 (s, 3H,
CHs), 0.07 (s, 3H, CHs) ppm; 3C NMR (126 MHz, CDCl5) & = 171.1 (CH3CO), 136.2 (Ar-Cipso), 132.1 (2Ar-
Cortho), 128.9 (2Ar-Cmeta), 127.0 (Ar-Cpara), 87.4 (C-1), 76.2 (C-3), 73.7 (C-4), 72.7 (C-2), 71.5 (C-5), 64.4
(C-6), 26.3, 26.1 (9C, 3C(CHs)s), 21.0 (CHsCO), 18.5, 18.2 (3C, 3C(CHs)s), -3.4, -3.9, -4.1, -4.3, -4.9 (6C, 6

-97 -



CHs) ppm; ESI HRMS: m/z: calcd for C3;HsoO6SSis + Na*: 679.3311 [M + Na*] found: 679.3311; B-14: *H
NMR (500 MHz, CDCls) & = 7.50-7.46 (m, 2H, 2Ar-Hortho), 7.30-7.24 (M, 2H, 2Ar-Hnmeta), 7.23-7.18 (m, 1H,
Ar-Hpara), 5.00 (d, /12 = 7.0 Hz, 1H, H-1), 4.29 (dd, ea-60 = 11.3 Hz, 3Jea5s = 7.2 Hz, 1H, H-6a), 4.23 (dd,
2Jeb-6a = 11.3, 3Jeb5s = 6.2 Hz, 1H, H-6b), 4.03-3.98 (m, 1H, H-5), 3.86-3.80 (m, 3H, H-2, H-3, H-4), 2.06 (s,
3H, CH3CO), 0.91 (s, 9H, C(CHs)3), 0.89 (s, 9H, C(CHs)s), 0.88 (s, 9H, C(CHs)s), 0.11 (s, 3H, CHs), 0.10 s,
3H, CHs), 0.09 (s, 3H, CHs), 0.08 (s, 3H, CHs), 0.08 (s, 6H, 2CHs) ppm; 3C NMR (126 MHz, CDCl3) & =
170.8 (CH3CO0), 135.7 (Ar-Cipso), 130.5 (2C, 2Ar-Cortho), 128.8 (2C, 2Ar-Crmeta), 126.8 (Ar-Coara), 86.6 (C-1),
80.0 (C-5), 77.4 (C-2), 75.5 (C-3), 70.9 (C-4), 65.5 (C-6), 26.0, 25.9 (9C, 3C(CHs)s), 21.0 (CHsCO), 18.1,
18.0 (3C, 3C(CHs)3), -3.6, -4.0, -4.2, -4.4, -5.0 (6C, 6CHs) ppm; ESI HRMS: m/z: calcd for Ca2HeoOgSSis +
Na*: 679.3311 [M + Na*] found: 679.3311.

Phenyl-6-azido-6-deoxy-2,3,4-tri-O-((tert-butyldimethyl)silyl)-1-thio-a,B-D-glucopyranoside (15).

To a,B-20(1.12 g, 1.82 mmol) in dry THF (7.30 mL) was added triphenylphosphine (716 mg, 2.73 mmol,
1.5 eq) at RT. The mixture was cooled down to -15 °C, and diisopropylazodicarboxylate (896 uL, 4.55
mmol, 2.5 eq) was added. The temperature was allowed to raise to -5 °C over 30 min, and upon
apparition of a precipitate, diphenylphosphorylazide (588 pL, 2.73 mmol, 1.5 eq) was added. The
reaction was then stirred at RT for 16 h, then the solvent was removed in vacuo, and the resulting
residue was purified by column chromatography (cyclohexane:CH,Cl, 1:0 to 9:1) to afford the title
compound 15 (995 mg, 85%) as a colorless oil. For characterization purposes, both anomers were
separated, but mixtures were used in the further steps. a-15: *H NMR (500 MHz, CDCls) § = 7.56-7.52
(m, 2H, 2Ar-Hortho), 7.31-7.26 (M, 2H, 2Ar-Hmeta), 7.23-7.18 (m, 1H, Ar-Hpara), 5.59 (d, /12 = 4.2 Hz, 1H,
H-1), 4.30 (ddd, 3Js4 = 9.0 Hz, 3Js 65 = 5.9 Hz, 3Js 62 = 2.6 Hz, 1H, H-5), 4.09 (m, 1H, H-2), 3.84 (d, */3,=3.6
Hz, 1H, H-3), 3.73 (d, 3Ja5 = 9.0 Hz, 1H, H-4), 3.52 (dd, Yea,60 = 13.1 Hz, 3Ja5 = 2.6 Hz, 1H, H-6a), 3.22 (dd,
%Job,6a = 13.1 Hz, 3Jn5 = 5.9 Hz, 1H, H-6b), 0.98 (s, 9H, C(CHs)3), 0.89 (s, 9H, C(CHs)s), 0.88 (s, 9H, C(CH3)3),
0.22 (s, 3H, CH3), 0.14 (s, 6H, 2CHs), 0.12 (s, 3H, CHs), 0.09 (s, 3H, CHs), 0.09 (s, 3H, CHs) ppm; *C NMR
(126 MHz, CDCl3) 6 = 136.7 (Ar-Cipso), 130.8 (2Ar-Cortho), 128.9 (2Ar-Creta), 126.5 (Ar-Cpara), 87.2 (C-1),
76.3 (C-3), 74.6 (C-4), 73.0 (C-2), 72.8 (C-5), 52.5 (C-6), 26.2, 26.1, 25.9 (3C, 3C(CHs);), 18.4, 18.1, 18.0
(3C, 3C(CHs)s), -3.4, -3.6, -3.8, -4.4, -4.9, -5.0 (6C, 6CH3) ppm; ESI HRMS: m/z: calcd for C3oHs704N3Sis +
Na*: 662.3270 [M + Na*] found: 662.3262; B-15: *H NMR (500 MHz, CDCls) & = 7.52-7.48 (m, 2H, 2Ar-
Hortho), 7.31-7.26 (M, 2H, 2Ar-Hmeta), 7.24-7.19 (m, 1H, Ar-Hyara), 5.01 (d, /12 = 6.3 Hz, 1H, H-1), 3.94,3.89
(m, 1H, H-5), 3.88-3.84 (m, 1H, H-2), 3.84,3.82 (m, 1H, H-3), 3.78-3.74 (m, 1H, H-4), 3.56 (dd, *Jea 60 =
12.5 Hz, 3Jeas = 7.3 Hz, 1H, H-6a), 3.38 (dd, %Jeb,6a = 12.5 Hz, 3Jebs = 5.9 Hz, 1H, H-6b), 0.92 (s, 9H, C(CHs)s),
0.89 (s, 9H, C(CHs)s3), 0.88 (s, 9H, C(CHs)s), 0.13 (s, 3H, CH3), 0.11 (s, 3H, CH3), 0.10 (s, 3H, CH3), 0.09 (s,
3H, CHs), 0.08 (s, 3H, CH3), 0.08 (s, 3H, CH3) ppm; *C NMR (126 MHz, CDCl3) 8 = 135.5 (Ar-Cipso), 130.8
(2Ar-Cortho), 128.9 (2Ar-Crmeta), 126.9 (Ar-Cpara), 87.0 (C-1), 80.5 (C-5), 77.5 (C-3), 75.4 (C-2), 71.6 (C-4),
53.5(C-6), 26.1, 26.0, 25.9 (3C, 3C(CHs)3), 18.2,18.1, (3C, 3C(CH3)3), -4.1, -4.2, -4.3,-4.8 (6C, 6CHs) ppm;
ESI HRMS: m/z: calcd for CsoHs704NsSis + Na*: 662.3270 [M + Na*] found: 662.3262.

7.2.2. Glycosylations
Procedure A: BF;.OEt, promoted glycosylation:
To a solution of DHAB (1 eq) and donor (2.2 eq) in dry MeCN (45 mM), was added freshly activated

molecular sieves (10mg/mg acceptor). The mixture was stirred for 30 min at RT and BF;.0Et; (1.1 eq)
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was added. After stirring for 2 h at RT, the mixture was diluted with CH,Cl,, filtered through celite, and
the filtrate washed with satd. ag. NaHCOs. The aqueous phase was extracted with CH,Cl;, and the
combined organic layers were dried over MgSO, and concentrated in vacuo. The residue was purified
by column chromatography to afford bis- (21a, 22a or 23a) and mono-glycosylated (22b or 23b)
compounds (see Table 2.2 for yields) respectively.

Procedure B: MeOTf promoted glycosylation:

To a suspension of DHAB (1 eq) and glycosyl donor (2.2-2.5 eq) in the appropriate dry solvent (see
Table 2.2 for solvent and concentration) was added freshly activated molecular sieves (10mg/mg
acceptor). The mixture was stirred at RT for 30 min and the base (see Table 2.2; 2.2 eq) was added.
Then MeOTf (5.5-6.6 eq) was added and the reaction was stirred at RT until completion. The mixture
was then diluted with CH,Cl, and filtered through celite. The filtrate was subsequently washed with
satd. ag. NaHCOs; solution and brine. The aqueous phase was extracted with CH,Cl, and the combined
organic layers were dried over MgSO,4 and concentrated in vacuo. The resulting residue was purified
by column chromatography to afford bis- (24a or 25a) and mono-glycosylated (24b or 25b) compounds
(see Table 2.2 for yields) respectively.

Procedure C: BSP/Tf,0 promoted glycosylation:

To a solution of glycosyl donor (0.1 mmol), 2,6-di-tert-butyl-4-methylpyridine (0.11 mmol), 1-
(phenylsulfinyl)piperidine (BSP) (0.1 mmol) and freshly activated molecular sieves (10mg/mg acceptor)
in dry CH,Cl, (0.5 mL) was added Tf,0 (0.1 mmol) at -90 °C. The mixture was stirred for 10 min at -90
°C and DHAB (45.0 umol) was added as a solution in a 4:1 CH,Cl,/[bmim][OTf] mixture (0.5 mL). The
mixture was stirred for 1 h between -90 °C and -40 °C then it was allowed to warm to RT and filtered
through celite. The filtrate was washed with satd. aq. NaHCO3, the aqueous phase was extracted with
CH,Cl;, and the combined organic layers were dried over MgSO4 and concentrated in vacuo. The
residue was purified by column chromatography to afford bis- (24a) and mono-glycosylated (24b)
compounds (see Table 2.2 for yields) respectively.

For symmetrical azobenzene bis-glycosides, assignments of NMR data for the azobenzene signals were
reported as Hortho, Hmeta, Cipso, Cortho, Cmeta, Cpara, regarding to the position of the azo bond. In the case of
unsymmetrical compounds (mono-glycosides or af isomers), the following numbering was used
(Figure 7.2.1).

OAc
40, |6a
NN TBSO ™\ o7
4 °o TBSO Ta
AcO 2 8 30 TBSO 8
O

AcOANE 0J 10 7 10
12 12
- NJ3 16 _N3 16
9 N 9 N N
" 15 18 " 15 18 1 566 OAC
M 7 2 0738 \4p
TBSO OTBS

23 OTBS

Figure 7.2.1. Numbering of unsymmetrical glycosides for assignment of NMR data.
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Screening of a base in the glycosylation with silylated donor 14

Table 7.2.1. Screening of glycosylation conditions of DHAB with donor 14.2

Promotor Base Bis-glycoside, yield, af:pp
Entry Donor® Solvent Temp. i ]
eqg/donor eq ono-glycoside, yield, a:
/d /DHAB M I d Id
MeOTf DBU 24a, 20%, 1:5
i 14 DCM rt
(2.5) (2.2) 24b, 30%, 1:10
MeOTf Cs,CO3 24a, 27%, 1:5
2¢e 14 DCM rt
. . , 0, 1.
2.5 2.2 24b, 21%, 1:10
MeOTf t-BuOK 24a, 7%, 1:5
3¢e 14 DCM rt
(2.5) (2.2) 24b, 25%, 1:10
MeOTf o 24a, 20%, 1:3
4 14 Collidine (2.2) DCM rt
. , 0, 1.
(2.5) 24b, 35%, 1:6

3 All reactions were performed with [DHAB] = 0.05 mol.L? unless otherwise stated.
b 2.2 eq of donor were used in each glycosylation unless otherwise stated.

¢ 2.5 eq of donor were used

4 [DHAB] = 0.03 mol.L*

¢ [DHAB] = 0.04 mol.L™
(E)-p,p’-bis-(2,3,4,6-tetra-0O-acetyl-B-D-glucopyranosyloxy) azobenzene (21a).

General procedure A was applied to DHAB (10.0 mg, 45.0 umol) and donor 11 (52.0 mg, 100 umol, 2.2
eq). Reagents and conditions: boron trifluoride etherate (6.30 puL, 50.0 umol, 1.1 eq), molecular sieves
(100 mg), dry acetonitrile (1.00 mL, ¢ = 45 mM). Column chromatography (cyclohexane:EtOAc 1:1)
afforded the title compound 21a (27.0 mg, 68%) as an orange foam. [a]*°> =-22.3 (¢ = 0.5 in CHCl3); *H
NMR (500 MHz, CDCls) & = 7.87 (d, 3/ = 9.0 Hz, 4H, 4Ar-Hortno), 7.09 (d, 3/ = 9.0 Hz, 4H, 4Ar-Hmetd), 5.35-
5.28 (m, 4H, 2H-2, 2H-3), 5.21-5.16 (m, 4H, 2H-1, 2H-4), 4.30 (dd, Yea6b = 12.3 Hz, 3Jea5s = 5.5 Hz, 2H, 2H-
6a), 4.19 (dd, Zevea = 12.3 Hz, 3Jeb5s = 2.3 Hz, 2H, 2H-6b), 3.92 (ddd, 354 = 10.0 Hz, 3Js 62 = 5.5 Hz, 3Js 6p =
2.3 Hz, 2H, 2H-5), 2.08 (s, 3H, CH3CO), 2.07 (s, 3H, CHsCO), 2.06 (s, 3H, CHsCO), 2.04 (s, 3H, CHsCO)
ppm; 3C NMR (126 MHz, CDCl3)  =170.7,170.4, 169.5, 169.4 (8C, 8CH5CO), 158.8 (2C, 2Ar-Cpara), 148.7
(2C, 2Ar-Cipso), 124.5 (4C, 4Ar-Cortno), 117.2 (4C, 4Ar-Creta), 98.8 (C-1), 72.8 (C-2), 72.4 (C-5), 71.3 (C-3),
68.4 (C-4),62.1(C-6), 20.8, 20.7 (8C, 8CH3CO) ppm; ESI HRMS: m/z: calcd for C4oHasN2020 + H*: 875.2717
[M + H*] found: 875.2690.

(E)-p,p’-bis-(2,3,4-tri-O-acetyl-6-azido-6-deoxy-B-D-glucopyranosyloxy) azobenzene (22a).

General procedure A was applied to DHAB (193 mg, 900 umol) and donor 12 (1.04 g, 2.00 mmol, 2.2
eq). Reagents and conditions: boron trifluoride etherate (126 puL, 1.00 mmol, 1.1 eq), molecular sieves
(1.93 g), dry acetonitrile (20.0 mL, ¢ =45 mM). Column chromatography (cyclohexane:EtOAc 9:1to 1:1)
afforded the title compound 22a (367 mg, 48%) as an orange foam as well as the mono-glycosylated
compound. Since the latter was eluted in the same time as the hydrolysis products of the
corresponding donor, acetylation of these fractions needed to be performed to isolate the pure
compounds. Column chromatography (cyclohexane:EtOAc 9:1 to 7:3) afforded the mono-glycosylated
compound 22b (72.0 mg, 14%) as an orange foam. The obtained analytical data for 22a are in
agreement with reported literature.?’®
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(E)-p-(2,3,4-tri-O-acetyl-6-azido-6-deoxy-B-D-glucopyranosyloxy)-p -acetoxy azobenzene (22b).

[a]®®, =-60.0 (c = 1 in CHCl3); *H NMR (500 MHz, CDCl5) § = 7.94-7.89 (m, 4H, H-10, H-11, H-14, H-15),
7.24 (d, 3/ = 8.9 Hz, 2H, H-16, H-17), 7.13 (d, 3/ = 9.0 Hz, 2H, H-8, H-9), 5.35-5.27 (m, 2H, H-2, H-3), 5.20
(d, 31, = 7.6 Hz, 1H, H-1), 5.12-5.06 (m, 1H, H-4), 3.83 (ddd, 3Js4 = 10 Hz, 3J56. = 7.3 Hz, 3Js6p = 2.7 Hz,
1H, H-5), 3.45 (dd, Yeaer = 13.3 Hz, 3Jeas = 7.3 Hz, 1H, H-6a), 3.35 (dd, Yev,6a = 13.3 Hz, 3Jep s = 2.7 Hz, 1H,
H-6b), 2.33 (s, 3H, Ar-CH3;COQ), 2.08 (s, 3H, CH3CO), 2.07 (s, 3H, CH3CO), 2.05 (s, 3H, CH3CO) ppm; 3C
NMR (126 MHz, CDCl3) 6 = 170.3, 169.6, 169.4, 169.3 (4C, 4CH5CO), 158.9 (C-7), 152.6 (C-18), 150.34
(C-13), 148.7 (C-12), 124.8 (2C, C-14, C-15), 124.1 (2C, C-10, C-11), 122.3 (2C, C-16, C-17), 117.4 (2C, C-
8, C-9), 98.8 (C-1), 73.8 (C-5), 72.6, 71.2 (C-2, C-3), 69.5 (C-4), 51.4 (C-6), 21.3 (Ar- CH5CO), 20.8, 20.7
(3C, CH3CO) ppm; ESI HRMS: m/z: calcd for Ca6H27NsO10 + H': 570.1831 [M + H*] found: 570.1829.

(E)-p,p’-bis-(2,3,4-tri-O-benzoyl-6-azido-6-deoxy-B-D-glucopyranosyloxy) azobenzene (23a).

General procedure A was applied to DHAB (97.0 mg, 450 umol) and donor 7 (690 mg, 1.00 mmol, 2,2
eq). Reagents and conditions: boron trifluoride etherate (63.0 plL, 500 umol, 1.1 eq), molecular sieves
(970 mg), acetonitrile (10.0 mL, ¢ = 45 mM). Column chromatography (PhMe:EtOAc 9:1 to 8:2 to
separate mono- from bis-glycosylated products; then cyclohexane:acetone 8:2) afforded the title
compound 23a (213 mg, 38 %) as an orange foam as well as the mono-glycosylated compound. Since
the latter was eluted in the same time as the hydrolysis products of the corresponding donor,
acetylation of these fractions needed to be performed to isolate the pure compound. Column
chromatography (cyclohexane:EtOAc 8:2) afforded 23b (85.0 mg, 25 %) as an orange foam. 23a: [a]*%
=+61.7 (c= 1 in CHCls); 'H NMR (500 MHz, CDCl3) & = 7.98-7.92 (m, 8H, 8Ar-Hg,), 7.87-7.83 (m, 8H, 4Ar-
Hez + 4Ar-Hortho), 7.56-7.49 (m, 4H, 4Ar-Hg,), 7.47-7.42 (m, 2H, 2Ar-Hg,), 7.41-7.35 (m, 8H, 8Ar-Hs,), 7.33-
7.28 (m, 4H, 4Ar-Hg,), 7.14 (d, J = 9.1 Hz, 4H, 4Ar-Hmeta), 6.00 (dd, /52 = 354 = 9.6 Hz, 2H, 2H-3), 5.81
(dd, 3J,3=9.6 Hz, 3J,,1 = 7.8 Hz, 2H, 2H-2), 5.58 (dd, /43 = /45 = 9.6 Hz, 2H, 2H-4), 5.49 (d, 3/1,= 7.8 Hz,
2H, 2H-1), 4.13 (ddd, 3Js5,4= 9.6 Hz, 3Js 6, = 7.5 Hz, ®Js 6 = 2.6 Hz, 2H, 2H-5), 3.62 (dd, %Jeaeb = 13.5 Hz, 3Ja s
=7.5Hz, 2H, 2H-6a), 3.48 (dd, Yeb,6a = 13.5 Hz, 3Jeb,s = 2.6 Hz, 2H, 2H-6b) ppm; *C NMR (126 MHz, CDCls)
0 =165.9, 165.5, 165.2 (6C, 6PhCO), 158.8 (2C, 2Ar-Cpara), 148.8 (2C, 2Ar-Cipso), 133.9, 133.6, 133.5 (6C,
6Ar-Cg,), 130.0, 129.9 (12C, 12Ar-Cg;), 129.1 (2C, 2Ar-Cg,), 128.8, 128.7 (6C, 6Ar-Cg;) 128.6 (6C, 6ArCs,)
128.5 (4C, 4Ar-Cg,), 124.6 (4C, 4Ar-Cortho), 117.6 (4C, 4Ar-Crmeta), 99.5 (2C-1), 74.4 (2C-5), 72.6 (2C-3),
71.7 (2C-2), 70.2 (2C-4), 51.6 (2C-6) ppm; ESI HRMS: m/z: calcd for CesHs2016Ng + H': 1213.3574 [M +
H*] found: 1213.3579.

(E)-p-(2,3,4-tri-O-benzoyl-6-azido-6-deoxy-B-D-glucopyranosyloxy)-p -acetoxy azobenzene (23b).

[@]?% = +20.2 (c = 1 in CHCl3); *H NMR (500 MHz, CDCls) & = 7.99-7.93 (m, 4H, 4Ar-Hs,), 7.92 (d, 3/=9.0
Hz, 2H, H-14, H-15), 7.89 (d, 3/ = 9.0 Hz, 2H, H-10, H-11), 7.88-7.84 (m, 2H, 2Ar-Hs,), 7.57-7.50 (m, 2H,
2Ar-Hg,), 7.48-7.43 (m, 1H, Ar-Hg,), 7.43-7.36 (m, 4H, 4Ar-Hg,), 7.34-7.28 (m, 2H, 2Ar-Hg,), 7.24 (d, *) =
9.0 Hz, 2H, H-16, H-17), 7.16 (d, 3/ = 9.0 Hz, 2H, H-8, H-9), 5.99 (dd, %/, = /34 = 9.6 Hz, 1H, H-3), 5.83
(dd, 323 = 9.6 Hz, )51 = 7.8 Hz, 1H, H-2), 5.59 (dd, 343 = 3as = 9.6 Hz, 1H, H-4), 5.50 (d, 3/1 = 7.8 Hz,
1H, H-1), 4.14 (ddd, 354 = 9.6 Hz, 3Js6. = 7.5 Hz, 3560 = 2.6 Hz, 1H, H-5), 3.62 (dd, Yeass = 13.5 Hz, 3Jeas
= 7.5 Hz, 1H, H-6a), 3.49 (dd, Yeb, 62 = 13.5 Hz, 3Jebs = 2.6 Hz, 1H, H-6b), 2.33 (s, 3H, CH3CO) ppm; :*C
NMR (126 MHz, CDCls) § = 169.3 (CHsCO), 165.9, 165.5, 165.2 (3C, 3PhCO), 159.0 (C-7), 152.6 (C-18),
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150.3 (C-13), 148.8 (C-12), 133.9, 133.6, 133.5 (3C, 3Ar-Cg,), 130.0, 130.0, 129.9 (6C, 6Ar-Cg,), 129.1,
128.7,128.7,128.6, 128.6, 128.5 (9C, 9Ar-Cs,), 124.8 (2C, C-11, C-10), 124.1 (2C, C-14, C-15), 122.3 (2C,
C-16, C-17), 117.6 (2C, C-8, C-9), 99.5 (C-1), 74.4 (C-5), 72.6 (C-3), 71.7 (C-2), 70.2 (C-4), 51.6 (C-6), 21.3
(CH3CO) ppm; ESI HRMS: m/z: calcd for C41H35010Ns + H*: 756.2300 [M + H*] found: 756.2297.

(E)-p,p’-bis-(2,3,4-tri-O-((tert-butyldimethyl)silyl)-6-O-acetyl-B-D-glucopyranosyloxy) azobenzene

(BB-24a).

Route 1. General procedure B was applied to DHAB (10.0 mg, 45.0 umol) and donor 8 (66.0 mg, 100
umol, 2.2 eq). Reagents and conditions: methyl trifluoromethanesulfonate (33.0 uL, 304 umol, 6.6 eq),
2,6-di-tert-butyl-4-methylpyridine (20.0 mg, 100 umol, 2.2 eq), molecular sieves (100 mg),
dichloromethane (1.00 mL, ¢ = 45 mM). Column chromatography (cyclohexane:CHCl; 1:1 to 0:1 then
cyclohexane:EtOAc 7:3) afforded an a:BB (1:5) anomeric mixture of the title compound 24a (30 mg,
50 %) as well as an a:B (1:10) anomeric mixture of mono-glycosylated compound 24b (7 mg, 20 %).
Route 2. General procedure C was applied to DHAB (10.0 mg, 45.0 umol) and donor 14 (66.0 mg, 100
umol, 2.2 eq). Reagents and conditions: 1-(phenylsulfinyl)piperidine (21.0 mg, 100 umol, 2.2 eq),
trifluoromethansulfonic anhydride (17.0 uL, 100 umol, 2.2 eq), 2,6-di-tert-butyl-4-methylpyridine (23
mg, 110 umol, 2.5 eq), molecular sieves (100 mg), CH,Cl2:bmimOTf (9:1, 1.00 mL, ¢ = 45 mM). Column
chromatography (cyclohexane:CH,Cl; 1:1 to 0:1 then cyclohexane:EtOAc 7:3) afforded an af3:BB (1:10)
anomeric mixture of the title compound 24a (11 mg, 18 %) as well as an a:B (1:5) anomeric mixture of
mono-glycosylated compound 24b (7 mg, 20 %).

For a proper characterisation of the aff anomer, the af3,fB mixture isolated after the glycosylation was
enriched in ap isomer after silica gel chromatography (see figures 7.6.25-7.6.28). BB-24a: *H NMR (500
MHz, CDCls) & = 7.87 (d, 3/ = 9.0 Hz 4H, 4Ar-Hortho), 7.06 (d, 3/ = 9.0 Hz 4H, 4Ar-Hmeta), 5.50 (d, 3/1.=6.0
Hz, 2H, 2H-1), 4.31 (dd, Yeaeo = 11.1 Hz, 3Jeas = 7.3 Hz, 2H, 2H-6a), 4.26 (dd, Yevea = 11.1 Hz, 3Jgp5 = 6.2
Hz, 2H, 2H-6b), 4.21-4.16 (m, 2H, 2H-5), 3.96 (d, *J;; = 6.0 Hz, 2H, 2H-2), 3.90-3.83 (m, 4H, 2H-3, 2H-4),
2.00 (s, 6H, 2CHsCO), 0.94 (s, 18H, 2C(CHs)s), 0.92 (s, 18H, 2C(CHs)s), 0.86 (s, 18H, 2C(CHs)s), 0.18 (s,
6H, 2CHs), 0.16 (s, 6H, 2CH3), 0.13 (s, 6H, 2CH3), 0.12 (s, 6H, 2CHs), 0.12 (s, 6H, 2CHs), 0.02 (s, 6H, 2CHs)
ppm; 13C NMR (126 MHz, CDCl3) & = 170.7 (2C, 2CHsCO), 159.1 (2C, 2Ar-Cpara), 148.0 (2C, 2Ar-Cipso),
124.4 (4C, 4Ar-Cortno), 116.2 (4C, 4Ar-Cmeta), 99.0 (2C-1), 79.0 (2C-5), 78.0 (2C-3), 76.5 (2C-2), 70.6 (2C-
4), 65.1 (2C-6), 26.0, 25.9 (18C, 6C(CHs)s), 20.9 (2C, 2CH3CO), 18.2, 18.1 (6C, C(CHs)s), -4.0, -4.3, -4.4, -
4.6, -4.7, -4.9 (12C, 12CHs) ppm; ESI HRMS: m/z: calcd for CesH118N2014Sie + H*: 1307.7271 [M + H']
found: 1307.7257.

(E)-p-(2,3,4-tri-O-((tert-butyldimethyl)silyl)-6-O-acetyl-a-D-glucopyranosyloxy)-p’-(2,3,4-tri-O-((tert-
butyldimethyl)silyl)-6-O-acetyl-B-D-glucopyranosyloxy) azobenzene (ap-24a).

'H NMR (500 MHz, CDCl3) & = 7.89-7.84 (m, 4H, 4Ar-Horno), 7.19 (d, 3/ = 9.0 Hz, 2H, H-8, H-9), 7.06 (d, 3/
=9.0 Hz, 2H, H-16, H-17), 5.52 (d, 3/1, = 3.5 Hz, 1H, H-1,), 5.50 (d, 312 = 6.0 Hz, 1H, H-1p), 4.34-4.24 (m,
4H, H-5,, H-6a,, H-6ap, H-6bg), 4.22-4.16 (m, 2H, H-6b,, H-5p), 4.06-4.03 (m, 1H, H-2,), 3.99-3.93 (m,
2H, H-3,, H-25), 3.90-3.83 (m, 2H, H-3p, H-4p), 3.70-3.67 (m, 1H, H-4,), 2.0 (s, 3H, CH3COp), 1.95 (s, 3H,
CH3COy), 0.96 (s, 9H, C(CHs)s), 0.93 (s, 9H, C(CHs)s), 0.92 (s, 9H, C(CHs)3), 0.92 (s, 9H, C(CHs)s3), 0.89 (s,
9H, C(CHs)s), 0.86 (s, 9H, C(CHs)s), 0.20 (s, 3H, CHs), 0.18 (s, 3H, CHs), 0.16 (s, 3H, CHs), 0.15 (s, 3H, CHs),
0.14 (s, 3H, CHs), 0.13 (s, 3H, CHs), 0.12 (s, 3H, CHs), 0.12 (s, 3H, CHs), 0.11 (s, 3H, CHs), 0.08 (s, 3H, CHs),
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0.02 (s, 3H, CHs), 0.02 (s, 3H, CHs) ppm; 3C NMR (126 MHz, CDCls) & = 171.0 (CHsCO,), 170.7 (CHsCOp),
159.6 (C-7), 159.1 (C18), 148.0 (C-13), 147.9 (C-12), 124.4 (2C, C-14, C-15), 124.3 (2C, C-10, C-11), 117.1
(2C, C-8, C-9), 116.2 (2C, C-16, C-17), 99.0 (C-1p), 94.9 (C-1), 79.2 (C-54), 78.0 (C-34), 76.6 (C-2), 76.0
(C-34), 73.1 (C-4), 72.8 (C-5,), 71.6 (C-24), 70.6 (C-4p), 65.1 (C-6p), 64.0 (C-6), 26.1, (9C, 3C(CHs)s, a-
side), 26.0, 25.9 (9C, 3C(CHs)s, B-side), 21.0 (CHsCO, a-side), 20.9 (CHsCO, B-side), 18.5, 18.2, 18.1 (6C,
6C(CHs)3), -3.2, -3.7, -4.0, -4.1, -4.3, -4.4, -4.6, -4.7, -4.8, -4.9 (12C, CHs) ppm; ESI HRMS: m/z: calcd for
CesH118N2014Si6 + H': 1307.7271 [M + H*] found: 1307.7257.

(E)-p-(2,3,4-tri-O-((tert-butyldimethyl)silyl)-6-O-acetyl-B-D-glucopyranosyloxy)-p "-hydroxy
azobenzene (B-24b).

'H NMR (500 MHz, CDCl3) & = 7.87-7.79 (m, 4H, H-10, H-11, H-14, H-15), 7.06 (d, 3/ = 9.1 Hz, 2H, H-8, H-
9), 6.91 (d, 3/ = 9.1 Hz, 2H, H-16, H-17), 5.91 (bs, 1H, Ar-OH), 5.52 (d, /12 = 6.0 Hz, 1H, H-1), 4.34 (dd,
2Jeaeb= 11.2 Hz, 3Jeas = 7.5 Hz, 1H, H-6a), 4.28 (dd, Yeb-6a= 11.2 Hz, *Jers = 6.3 Hz, 1H, H-6b), 4.23,4.18
(m, 1H, H-5), 3.97 (d, 3/51 = 6.0 Hz, 1H, H-2), 3.90 (d, /34 = 3.3 Hz, 1H, H-3), 3.87 (d, 3J43 = 3.3 Hz, 1H, H-
4),2.00 (s, 3H, CHsCO), 0.94 (s, 9H, C(CHs)s), 0.93 (s, 9H, C(CHs)s), 0.86 (s, 9H, C(CHs)s, 0.18 (s, 3H, CHs),
0.17 (s, 3H, CHs), 0.13 (s, 3H, CHs), 0.13 (s, 3H, CHs), 0.12 (s, 3H, CHs) 0.02 (s, 3H, CH3) ppm; *C NMR
(126 MHz, CDCl5) § = 171.1 (CHsCO), 159.0 (C-7), 158.3 (C-18), 147.9 (C-12), 147.2 (C-13), 124.8 (2C, C-
14, C-15), 124.4 (2C, C-10, C-11), 116.2 (2C, C-8, C-9), 115.9 (2C, C-16, C-17), 98.9 (C-1), 78.9 (C-5), 77.9
(C-3),76.4 (C-2), 70.6 (C-4), 65.2 (C-6), 26.0, 25.9 (9C, 3C(CHs)3), 20.9 (CH5CO), 18.2, 18.1 (3C, 3C(CHs)s),
-4.1,-4.3,-4.4,-4.6,-4.7, -4.9 (6C, 6CHs) ppm; ESI HRMS: m/z: calcd for CssHeaOsN,Sis + H*: 761.4043
[M + H*] found: 761.4017.

(E)-p-(2,3,4-tri-O-((tert-butyldimethyl)silyl)-6-O-acetyl-a-D-glucopyranosyloxy)-p -hydroxy
azobenzene (a-24b).

'H NMR (500 MHz, CDCl3) 8 = 7.88-7.79 (m, 4H, 4Ar-Horho), 7.18 (d, 3/ = 9.0 Hz, 2H, H-8, H-9), 6.91 (d, ¥/
= 9.0 Hz, 2H, H-16, H-17), 5.53 (d, %1, = 3.7 Hz, 1H, H-1), 4.32-4.27 (m, 2H, H-5, H-6a), 4.25,4.21 (m,
1H, H-6b), 4.07-4.03 (m, 1H, H-2), 3.97-3.93 (m, 1H, H-3), 3.72,3.68 (m, 1H, H-4), 1.97 (s, 3H, CH3CO),
0.96 (s, 9H, C(CHs)s), 0.93 (s, 9H, C(CHs)3), 0.90 (s, 9H, C(CHs)s), 0.20 (s, 3H, CH3), 0.16 (s, 3H, CH3), 0.14
(s, 3H, CHs), 0.13 (s, 3H, CHs), 0.12 (s, 3H, CHs), 0.09 (s, 3H, CHs) ppm; ESI HRMS: m/z: calcd for
C3sHeaOsN,Sis + H*: 761.4043 [M + H*] found: 761.4017. Since the isolated amount of a,-24b (o minor
anomer) was too small, no proper 3C-NMR characterization of the a species could be achieved.

(E)-p,p’-bis-(2,3,4-tri-O-((tert-butyldimethyl)silyl)-6-azido-6-deoxy-B-D-glucopyranosyloxy)
azobenzene (BB-25a).

General procedure B was applied to DHAB (21.0 mg, 97.0 umol) and donor 15 (136 mg, 212 umol, 2.2
eq). Reagents and conditions: methyl trifluoromethanesulfonate (70.0 uL, 636 umol, 6.6 eq), 2,6-di-
tert-butyl-4-methylpyridine (44.0 mg, 212 umol, 2.2 eq), molecular sieves (210 mg), dichloromethane
(2.12 mL, ¢ =45 mM). Column chromatography (cyclohexane:CH,Cl, 9.1 to 7:3 then cyclohexane:EtOAc
7:3) afforded an af:BP (1:4) anomeric mixture of the title compound 25a (13 mg, 10 %) as well as an
a:B (1:8) anomeric mixture of mono-glycosylated compound 25b (11 mg, 14 %). For a proper
characterisation of the aff anomer, the af3,fB mixture isolated after the glycosylation was enriched in
ap isomer after silica gel chromatography (see figures 7.6.33-7.6.35). BB-25a: *H NMR (500 MHz, CDCls)
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8=7.87(d, 3/ =9.0 Hz, 4H, 4Ar-Horno), 7.07 (d, 3/ = 9.0 Hz, 4H, 4Ar-Hmeta), 5.50 (d, 31, = 5.8 Hz, 2H, 2H-
1), 4.11-4.05 (m, 2H, 2H-5), 3.96 (d, 3/,1 = 5.8 Hz, 2H, 2H-2), 3.89, (bs, 2H, 2H-3), 3.85 (bs, 2H, 2H-4),
3.61 (dd, Yeaeb = 12.2 Hz, 3Jeas = 6.9 Hz, 2H, H-6a), 3.48 (dd, Yeb-sa = 12.2 Hz, *Jen,s = 7.4 Hz, 2H, H-6b),
0.94 (s, 18H, 2C(CHs)3), 0.92 (s, 18H, 2C(CHs)3), 0.86 (s, 18H, 2C(CHs)s), 0.18 (s, 3H, CHs), 0.17 (s, 3H,
CHs), 0.14 (s, 3H, CHs), 0.14 (s, 3H, CHs), 0.12 (s, 3H, CHs), 0.02 (s, 3H, CH3) ppm; *C NMR (126 MHz,
CDCl3) 8 = 159.0 (2C, 2Ar-Cpara), 148.1 (2C, 2Ar-Cipso), 124.5 (4C, 4Ar-Cortho), 116.2 (4C, 4Ar-Creta), 99.1
(2C-1), 79.8 (2C-5), 78.2 (2C-3), 76.5 (2C-2), 70.9 (2C-4), 53.2 (2C-6), 26.0, 25.9 (18C, C(CHs)s), 18.2,
18.1, 18.0 (6C, C(CHs)3), -4.1, -4.3, -4.5, -4.7, -4.8 (12C, CH3) ppm; ESI HRMS: m/z: calcd for
CeoH112010NsSis + H*: 1273.7190 [M + H*] found: 1273.7193.

(E)-p-(2,3,4-tri-O-((tert-butyldimethyl)silyl)-6-azido-6-deoxy-a-D-glucopyranosyloxy)-p’-(2,3,4-tri-O-
(tert-butyldimethyl)silyl)-6-azido-6-deoxy-B-D-glucopyranosyloxy) azobenzene (ap-25a).

'H NMR (500 MHz, CDCl3) 8 = 7.90-7.85 (m, 4H, 4Ar-Horho), 7.18 (d, 3/ = 9.1 Hz, 2H, H-8, H-9), 7.07 (d, ¥/
=9.0 Hz, 2H, H-16, H-17), 5.57 (d, 3/12 = 3.5 Hz, 1H, H-1,), 5.50 (d, J1,, = 6.0 Hz, 1H, H-1p), 4.36-4.32 (m,
1H, H-54), 4.11-4.05 (m, 2H, H-5p, H-2,), 3.96 (d, /2,1 = 6.0 Hz, 1H, H-2p), 3.94,3.91 (m, 1H, H-3,), 3.91-
3.88 (m, 1H, H-3), 3.87-3.83 (m, 1H, H-4p), 3.75 (m, 1H, H-4,), 3.61 (dd, Yeaep 12.3 Hz, 3Jeas = 6.9 Hz,
1H, H-6ap), 3.52,3.45 (m, 2H, H-6bp, H-6a,), 3.20 (dd, YJeaen = 13.3 Hz, 3Jeas = 5.5 Hz, 1H, H-6by), 0.96 (s,
9H, C(CHs)s3), 0.94 (s, 9H, C(CHs)s3), 0.92 (s, 9H, C(CHs)s), 0.92 (s, 9H, C(CHs)s), 0.88 (s, 9H, C(CHs)s), 0.86
(s, 9H, C(CHs)s), 0.22 (s, 3H, CHs), 0.18 (s, 3H, CHs), 0.17 (s, 3H, CHs), 0.16 (s, 3H, CHs), 0.14 (s, 3H, CHs),
0.14 (s, 3H, CH3), 0.12 (s, 3H, CH3), 0.12 (s, 3H, CH3), 0.09 (s, 3H, CH3), 0.07 (s, 3H, CH3), 0.02 (s, 3H, CH3),
0.02 (s, 3H, CHs) ppm; ESI HRMS: m/z: calcd for CeoH112010NsSie + H*: 1273.7190 [M + H*] found:
1273.7193; Since the isolated amount of af,BB-25a (af minor isomer) was too small, no proper 3C-
NMR characterization of the o, species by could be achieved.

(E)-p-(2,3,4-tri-O-((tert-butyldimethyl)silyl)-6-deoxy-6-azido-B-D-glucopyranosyloxy)-p -hydroxy
azobenzene (B-25b).

'H NMR (500 MHz, CDCls) § = 7.87 (d, 3/ = 9.0 Hz, 2H, H-10, H-11), 7.83 (d, 3/ = 8.9 Hz, 2H, H-14, H-15),
7.07 (d, 3/ =9.0 Hz, 2H, H-8, H-9), 6.93 (d, 3/ = 8.9 Hz, 2H, H-16, H-17), 5.51 (d, 3/12 = 5.9 Hz, 1H, H-1),
4.11-4.06 (m, 1H, H-5), 3.96 (t, 3J,1 = 5.9 Hz, 1H, H-2), 3.90-3.88 (m, 1H, H-3), 3.86-3.83 (m, 1H, H-4),
3.61 (dd, Yeago = 12.4 Hz, 3Jas = 6.9 Hz, 1H, H-6a), 3.48 (dd, Yevss = 12.4 Hz, 3Jeus = 7.4 Hz, 1H, H-6b),
0.94 (s, 9H, C(CHs)s), 0.92 (s, 9H, C(CHs)s), 0.86 (s, 9H, C(CHs)s), 0.18 (s, 3H, CH3), 0.17 (s, 3H, CHs), 0.14
(s, 6H, 2CHs), 0.12 (s, 3H, CHs), 0.02 (s, 3H, CHs) ppm; 3C NMR (126 MHz, CDCl5) § = 159.0 (C-7), 158.0
(C-18), 148.0 (C-12), 147.4 (C-13), 124.8 (2C, C-14, C-15), 124.4 (2C, C-10, C-11), 116.2 (2C, C-8, C-9),
115.9 (2C, C-14, C-15),99.1 (C-1), 79.8 (C-5), 78.2 (C-3), 76.5 (C-2), 70.9 (C-4), 53.2 (C-6), 26.0, 25.9 (9C,
3C(CHs)s), 18.2,18.1, 18.0 (3C, 3C(CHs)s3), -4.1, -4.3, -4.5, -4.7, -4.8 (6C, 6CHs) ppm; ESI HRMS: m/z: calcd
for CagHe106NsSiz — H*: 742.3857 [M - H*] found: 742.3861.

(E)-p-(2,3,4-tri-O-((tert-butyldimethyl)silyl)-6-deoxy-6-azido-a-D-glucopyranosyloxy)-p -hydroxy
azobenzene (a-25b).

IH NMR (500 MHz, CDCl5) & = 7.89-7.81 (m, 4H, H-10, H-11, H-14, H-15), 7.18 (d, 3/ = 9.1 Hz, 2H, C-8, C-

9), 6.93 (d, 3/ = 9.1 Hz, 2H, H-16, H-17), 5.57 (d, 312 = 3.5 Hz, 1H, H-1), 4.34 (ddd, 354 = 8.9 Hz, 3Jsp =

5.5 Hz, 3Js6a = 2.7 Hz, 1H, H-5), 4.11-4.07 (m, 1H, H-2), 3.94,3.91 (m, 1H, H-3), 3.75 (t, s = 8.9 Hz, 1H,
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H-4), 3.48 (dd, 2saeb = 13.3 Hz, 3Jga5 = 2.7 Hz, 1H, H-6a), 3.21 (dd, Yeb,ea = 13.3 Hz, 3Jeps = 5.5 Hz, 1H, H-
6b), 0.96 (s, 9H, C(CHs)3), 0.93 (s, 9H, C(CHs)s), 0.88 (s, 9H, C(CHs)s), 0.22 (s, 3H, CHs), 0.16 (s, 3H, CH3),
0.14 (s, 3H, CHs), 0.12 (s, 3H, CHs), 0.11 (s, 3H, CHs), 0.09 (s, 3H, CHs) ppm; ESI HRMS: m/z: calcd for
CasHe106NsSis — H*: 742.3857 [M - H*] found: 742.3861; Since the isolated amount of a,B-25b (o minor
anomer) was too small, no proper 3C-NMR characterization of the a species by could be achieved.

7.2.3. Synthesis and characterization of methylated azobenzenes

To a suspension of DHAB (214 mg, 1.00 mmol) in acetonitrile (10 mL) were added
diisopropylethylamine (0.348 mL, 2.00 mmol) and methyltrifluoromethanesulfonate (0.164 mL, 1.50
mmol) at RT. The mixture was stirred for 2 h at this temperature and then was concentrated and
purified by column chromatography (cyclohexane-ethyl acetate) to afford 4,4’ -dimethoxyazobenzene
S1 (34 mg, 11 %) and 4-hydroxy-4’-methoxyazobenzene S2 (72.8 mg, 32 %).

p,p -dimethoxyazobenzene (S1). 'H NMR (500 MHz, CDCl5) & = 7.93-7.78 (m, 4H, 4-Hortho), 7.05-6.87
(M, 4H, 4-Hueta), 3.89 (s, 6H, OMe) ppm; *C NMR (126 MHz, CDCls) & = 161.7 (2C, Ar-Cpara), 147.2 (2C,
Ar-Cipso), 124.5 (4C, Ar-Cortho), 111.3 (4C, Ar-Crmeta), 55.7 (2C, OCHs) ppm; ESI HRMS: m/z: calcd for
C14H1402N; + H™: 243.1128 [M + H*] found: 243.1124.

p-methoxy-p -hydroxyazobenzene (S2). *H NMR (500 MHz, CDCls) § = 7.90-7.80 (m, 4H, 4-Hortho), 7.02-
6.98 (M, 2H, 2-Hmeta, OMe side), 6.94-6.90 (m, 2H, 2-Hmeta, OH side), 5.51, (bs, 1H, OH), 3.88 (s, 3H,
OMe) ppm; 3C NMR (126 MHz, CDCls) & = 161.8 (1Ar-Cpara, OMe side), 157.9 (1Ar-Cpara, OH side), 147.3
(1Ar-Cipso, OH side), 147.1 (1Ar-Cipso, OMe side), 124.7 (2C, 2Ar-Cortno, OH side), 124.5 (2C, 2Ar-Cortno,
OMe side), 115.9 (2C, 2Ar-Creta, OH side), 114.3 (2C, 2Ar-Creta, OH side), 55.7 (OCH3) ppm; ESI HRMS:
m/z: calcd for C13H1202N; + H*: 229.0972 [M + H*] found: 229.0968.

7.2.4. Analytical proofs of the formation of N-dehydro-N-iodo-p-
hydroxyphenylhydrazoquinone 26

DHAB, upon treatment with NIS/TfOH gave compound 26, which after isolation underwent the
following rearrangement:

A\

l NIS/TfOH

Tl
-HI
26 27

The following data are thus concerning compound 27, however, the peak corresponding to 26 was
observed in HRMS.

26: ESI HRMS: m/z: calcd for C12HgIN,O2 - H*: 338.9636 [M - H*] found: 338.9636
27: ESI HRMS: m/z: calcd for C12HsN,O, + H*: 213.0659 [M + H*] found: 213.0663
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7.3. Palladium-catalyzed thioarylation

Compounds 28-34, 43-45 and 59 were synthesised according to known procedures,163189,319,358,359,368-

370 Compounds 46-49 were commercially available and used without further purification.

For symmetrical azobenzene bis-glycosides, assignments of NMR data for the azobenzene signals were
reported as Hortho, Hmeta, Cipso, Cortho, Cmeta, Cpara, regarding the position of the azo bond. In the case of
unsymmetrical compounds as well as diazocine conjugates, the following numbering was used (Figure
S1).

OAc
1 1.8.7
7@
OA C AcO
°o 12 N3] N3 (OTBOPS %S Cw Ao
10
18 1 ACO O O
CLR W ﬁo/gosz ‘w N‘

17 17 Bz0 7 308z

Figure 7.3.1. Numbering of unsymmetrical azobenzene glycoconjugates and diazocine glycoconjugates for assignment of
NMR data.

7.3.1. Homo-bis-functionalization of p,p’-diiodoazobenzene derivatives with glycosyl
thiols

General procedure A: In a flame-dried Schlenk tube were loaded the azo derivative (1eq), the thiol (3
eq), palladium acetate (10 mol%) and Xantphos (5 mol%), and vacuum was applied for 15 min.
Meanwhile, dry 1,4-dioxane was degassed by bubbling nitrogen through. Then, the Schlenk tube was
filled with a nitrogen atmosphere, and the solvent was added ([azo derivative] = 0.15 M), followed by
EtsN (2 eq). The tube was sealed with a screw cap and the reaction was stirred for 1 h at 100 °C. Then,
the mixture was cooled to RT, and the resulting suspension was filtered through celite, the filter was
rinsed with EtOAc, and the filtrate was concentrated in vacuo. Column chromatography afforded the
pure desired compound.

General procedure B: In a flame dried round bottom flask were loaded the azo derivative (1 eq), the
thiol (2 eq) and PdG3-Xantphos (2 mol%), and vacuum was applied for 15 min. Meanwhile the solvent
(dry dioxane or dry THF) was degassed by bubbling nitrogen through. Then the flask was filled with a
nitrogen atmosphere and the solvent was added ([azo derivative] = 0.05-0.3 M), followed by Et3N (2
eq). The reaction was stirred at the appropriate temperature for the appropriate time (if heating is
required, the flask may be equipped with a nitrogen flushed condenser). Then, the mixture was diluted
in EtOAc, washed with ag. 1N HCl and brine, and the aqueous phase was extracted with EtOAc. The
combined organic layers were dried over MgSQ,, filtered and concentrated in vacuo. Column
chromatography afforded the pure desired compound.

(E)-4,4’-bis-(2,3,4,6-tetra-O-acetyl-1-thio-B-D-glucopyranosyl) azobenzene (35).

Route A: General procedure A was applied to 4,4’-di-iodoazobenzene 28 (49 mg, 112 umol, 1.0 eq)
with thiol 31 (2.0 eq) in 1,4-dioxane (0.700 mL) with Pd(OAc); (10 mol%) and Xantphos (5 mol%) and
EtsN (2.0 eq); stirring at 100 °C for 1 h. Column chromatography (cyclohexane:EtOAc 4:1 to 1:1)
afforded the title compound 35 (92 mg, 101 umol) in 91% vyield as a yellow solid. Route B: General
procedure B was applied to 4,4"-di-iodoazobenzene 28 (65 mg, 150 umol, 1.0 eq) with thiol 31 (2.0 eq)
in THF (1.00 mL) with PdG3-Xantphos (2 mol%) and EtsN (2.0 eq); stirring at RT for 15 min. Column
chromatography (cyclohexane:EtOAc 4:1 to 1:1) afforded the title compound 35 (126 mg, 139 umol)
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in 93% yield as a yellow solid. [a]?° = -12.0 (¢ = 0.5 in CHCI3); *H NMR (500 MHz, CDCl3) 6 = 7.88-7.84
(m, 4H, 4Ar-Hortno), 7.64-7.59 (m, 4H, 4Ar-Hmeta), 5.27 (at, 33, = 9.3 Hz, 3/34 = 9.4 Hz, 2H, H-3), 5.08 (at,
345 = 10.1 Hz, 3J43 = 9.4 Hz, 2H, H-4), 5.05 (dd, 3/2.1 = 10.1 Hz, 3J,3 = 9.3 Hz, 2H, H-2), 4.82 (d, 3/1,=10.1
Hz, 2H, H-1), 4.26 (dd, 2Jeaep = 12.3 Hz, 3Jea5 = 5.3 Hz, 2H, H-6a), 4.21 (dd, 2Jeb6a = 12.3 Hz, 3Jep,5 = 2.5 Hz,
2H, H-6b), 3.79 (ddd, 3Js5,4 = 10.1 Hz, /56, = 5.3 Hz, 3Jsep = 2.5 Hz, 2H, H-5), 2.11 (s, 3H, C(O)CHs), 2.10 (s,
3H, C(O)CHs), 2.04 (s, 3H, C(O)CHs), 2.00 (s, 3H, C(O)CHs) ppm ; *C NMR (126 MHz, CDCls5) & = 170.6,
170.2, 169.4, 169.3 (8C, 8C(O)CHs), 151.9 (2C, 2Ar-Cipso), 135.9 (2C, 2Ar-Cpara), 132.6 (4C, 4Ar-Creta),
123.3 (4C, 4Ar-Corno), 85.3 (2C, C-1), 76.0 (2C, C-5), 73.9 (2C, C-3), 69.9 (2C, C-2), 68.2 (2C, C-4), 62.1
(2C, C-6), 20.8, 20.7, 20.6 (8C, 8C(0O)CHs) ppm ; ESI HRMS: m/z: clcd for CaoHaoN2018S; + H*: 907.22598
[M+H*] found: 907.22489.

(E)-2,2’,6,6’-tetrafluoro-4,4’-bis-(2,3,4,6-tetra-O-acetyl-1-thio-B-D-glucopyranosyl) azobenzene (36).

Route A: General procedure A was applied to 2,2°,6,6 -tetrafluoro-4,4’-di-iodoazobenzene 29 (51 mg,
100 umol, 1.0 eq) with thiol 31 (2.0 eq) in 1,4-dioxane (0.630 mL) with Pd(OAc), (10 mol%) and
Xantphos (5 mol%) and EtsN (2.0 eq); stirring at 100 °C for 1 h. Column chromatography
(cyclohexane:EtOAc 4:1 to 1:1) afforded the title compound 36 (35 mg, 36 umol) in 36% vyield as a red
foam. Route B: General procedure B was applied to 2,2°,6,6 -tetrafluoro-4,4’-di-iodoazobenzene 29
(76 mg, 150 umol, 1.0 eq) with thiol 31 (2.0 eq) in THF (3.00 mL) with PdG3-Xantphos (2 mol%) and
EtsN (2.0 eq); stirring at RT for 20 min. Column chromatography (cyclohexane:EtOAc 4:1 to 1:1)
afforded the title compound 36 (132 mg, 135 umol) in 90% yield as a red foam. [a]*% = +32.8 (c = 0.5
in DMSO); *H NMR (500 MHz, DMSO) & = 7.42 (d, 3¢ = 10.0 Hz, 4H, 4Ar-Humets), 5.69 (d, 3J12 = 10.1 Hz,
2H, 2H-1), 5.41 (dd, /3, = 9.4 Hz, /34 = 9.3 Hz, 2H, 2H-3), 5.04-4.97 (m, 4H, 2H-2, 2H-4), 4.29 (ddd, 3Js 4
=10.1 Hz, 35,6, = 5.5 Hz, ¥J56p = 3.1 Hz, 2H, 2H-5), 4.17-4.09 (m, 4H, 2H-6a, 2H-6b), 2.05 (s, 6H, C(O)CHs),
2.02 (s, 6H, C(O)CHs), 1.97 (s, 6H, C(O)CHs) ppm ; 33C NMR (126 MHz, CDCls) & = 169.8, 169.4, 169.2,
169.1 (8C, 8C(O)CHs), 154.6 (dd, Ycr = 261.5 Hz, 3Jcr = 4.9 Hz, 4C, 4Ar-Cortno), 140.4 (t, 3Jcr = 11.5 Hz,
2C, 2Ar-Cpara), 128.8 (t, 2Jcr = 9.6 Hz, 2C, 2Ar-Cipso), 112.6, 112.4 (d, % = 24.6 Hz, 4C, 4Ar-Creta), 81.3
(2C, 2C-1), 74.5 (2C, 2C-5), 72.6 (2C, 2C-3), 69.0, 67.9 (4C, 2C-2, 2C-4), 62.0 (2C, 2C-6), 20.3, 20.2 (8C,
8C(O)CHs) ppm ; ESI HRMS: m/z: clcd for CaoHa2F4N2018S; + HY = 979.18829 [M+H*] found: 979.18657.

(E)-2,2’,6,6’-tetrafluoro-4,4’-bis-(3,4,6-tri-O-acetyl-2-deoxy-2-trichloroethoxycarbonylamino-1-thio-
B-D-glucopyranosyl) azobenzene (37).

General procedure B was applied to 2,2°,6,6 -tetrafluoro-4,4’-di-iodoazobenzene 29 (50.5 mg, 100
pumol, 1.0 eq) with thiol 33 (2.2 eq) in THF (0.400 mL) with PdG3-Xantphos (5 mol%) and EtsN (2.2 eq);
stirring at RT for 10 min. Column chromatography (cyclohexane:EtOAc 9:1 to 1:1) afforded the title
compound 37 (101 mg, 81 umol) in 81% yield as a red solid. [a]*> = +39.8 (¢ =0.5 in DMSO); 'H NMR
(500MHz, CDCl3) & = 8.23 (d, 3/xu2 = 9.6 Hz, 2H, 2NH), 7.43 (d, 3Jur = 10.2 Hz, 4H, 4Ar-Hmeta), 5.38 (d,
3J12 = 10.4 Hz, 2H, 2H-1), 5.21 (t, J = 9.8 Hz, 2H, 2H-3), 4.98-4.87 (m, 4H, 2H-4, CH,CCl3), 4.76 (d, %) =
12.4 Hz, 2H, CH,CCls), 4.24-4.17 (m, 2H, 2H-5), 4.16-4.09 (m, 4H, 2H-6a, 2H-6b), 3.85-3.73 (m, 2H, 2H-
2),2.02 (s, 6H, C(O)CHs), 2.01 (s, 6H, C(O)CHs), 1.93 (s, 6H, C(O)CHs) ppm ; 3C NMR (126MHz, CDCl3) 6
=169.9, 169.4, 169.2 (6C, 6C(0)CHs), 154.6 (dd, Ycr = 261.6 Hz, 3Jcr = 4.8 Hz, 4C, 4Ar-Cortho), 154.2 (2C,
2C(0)OCH,CCl3), 141.0 (t, ®Jcr = 11.3 Hz, 2C, 2Ar-Cpara), 128.6 (t, 2Jcr = 9.6 Hz, 2C, 2Ar-Cipso), 112.3 (d,
2Jor=23.8 Hz, 4C, 4Ar-Crmeta), 96.0 (2C, CH,CCls3), 82.8 (2C, 2C-1), 74.6 (2C, 2C-5), 73.3 (2C, CH,CCl5) 73.0
(2C, 2C-3), 68.2 (2C, 2C-4), 61.9 (2C, 2C-6), 53.9 (2C, 2C-2), 20.3, 20.2 (6C, C(O)CHs) ppm ; ESI HRMS:
m/z: cled for C42H42ClsN4F4018S, + Na*: 1262.98950 [M+Na*] found: 1262.98932.
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(E)-4,4’-bis-(2,3,4-tri-O-benzoyl-6-0-(tert-butyldiphenyl)silyl-1-thio-B-D-glucopyranosyl) azobenzene
(38).

General procedure B was applied to 4,4’-di-iodoazobenzene 28 (65 mg, 150 umol, 1.0 eq) with thiol 32
(2.0 eq) in THF (1.00 mL) with PdG3-Xantphos (2 mol%) and EtsN (2.0 eq); stirring at RT for 5 min.
Column chromatography (cyclohexane:EtOAc 1:0 to 3:2) afforded the title compound 38 (224 mg, 134
umol) in 87% vyield as an orange solid. [a]*°% = +60.4 (c = 0.5 in CHCl3); *H NMR (500 MHz, CDCl3) § =
8.00-7.96 (m, 4H, 4Ar-H), 7.88-7.78 (m, 12H, 8Ar-H, 4Ar-Hortho), 7.74-7.70 (m, 4H, 4Ar-H), 7.69-7.65 (m,
4H, 4Ar-Hmeta), 7.63-7.59 (m, 4H, 4Ar-H), 7.56-7.51 (m, 4H, 4Ar-H), 7.44-7.25 (m, 22H, 22Ar-H), 7.22-
7.17 (m, 4H, 4Ar-H), 5.91 (at, 3J34 = 9.6 Hz, 3J3, = 9.4 Hz, 2H, 2H-3), 5.67 (at, 3/45 = 9.9 Hz, 3/43 = 9.6 Hz,
2H, 2H-4), 5.57 (at, /51 = 10.0 Hz, 3/,3 = 9.4 Hz, 2H, 2H-2), 5.16 (d, /1, = 10.0 Hz, 2H, 2H-1), 4.02-3.97
(m, 2H, 2H-5), 3.94-3.87 (m, 4H, 2H-6a, 2H-6b), 1.07 (s, 18H, C(CHs)3) ppm ; *C NMR (126 MHz, CDCls)
0 =166.0, 165.2, 165.1 (6C, 6C(0O)Ph), 151.9 (2C, 2Ar-Cipso), 136.8 (2C, 2Ar-Cpara), 135.7, 135.8 (8C, 8Ar-
C), 133.5, 133.4, 133.3 (6C, 6Ar-C), 133.0, 132.9 (4C, 4Ar-C), 132.3 (4C, 4Ar-Cmeta), 130.0, 129.9, 129.8
(16C, 16Ar-C), 129.3, 129.2,129.0 (6C, 6Ar-C), 128.6, 128.5, 128.4 (12C, 12Ar-C), 127.9, 127.8 (8C, 8Ar-
C), 123.6 (4C, 4Ar-Cortho), 86.0 (2C, 2C-1), 79.8 (2C, 2C-5), 74.7 (2C, 2C-3), 70.8 (2C, 2C-2), 68.9 (2C, 2C-
4), 62.9 (2C, 2C-6), 26.8 (6C, 2C(CHs)s), 19.3 (2C, 2C(CHs)s) ppm; ESI HRMS: m/z: cled for
CogHgoN2016S,Si> + H*: 1671.53431 [M+H"] found: 1671.53445.

(E)-2,2’,6,6’-tetrafluoro-4,4’-bis-(2,3,4-tri-0O-benzoyl-6-0-(tert-butyldiphenyl)silyl-1-thio-B-b-
glucopyranosyl) azobenzene (39).

General procedure B was applied to 2,2°,6,6 -tetrafluoro-4,4’-di-iodoazobenzene 29 (76 mg, 150 umol,
1.0 eq) with thiol 32 (2.0 eq) in THF (1.00 mL) with PdG3-Xantphos (2 mol%) and EtsN (2.0 eq); stirring
at RT for 3 h. Column chromatography (cyclohexane:EtOAc 1:0 to 7:3) afforded the title compound 39
(181 mg, 104 pmol) in 69% yield as a red foam. [a]*°p = -2.45 (c = 0.5 in DMSO); *H NMR (500 MHz,
DMSO) & = 7.90-7.85 (d, /i = 10.0 Hz, 4H, 4Ar-Hmeta), 7.83-7.79 (m, 4H, 4Ar-H), 7.75-7.70 (m, 4H, 4Ar-
H), 7.68-7.58 (m, 8H, 8Ar-H), 7.57-7.53 (m, 2H, 2Ar-H), 7.53-7.46 (m, 16H, 4Ar-Hmeta, 12Ar-H), 7.42-7.37
(m, 4H, 4Ar-H), 7.34-7.29 (m, 4H, 4Ar-H), 7.27-7.22 (m, 4H, 4Ar-H), 7.20-7.15 (m, 4H, 4Ar-H), 6.10 (d,
3J1,2 = 10.0 Hz, 2H, 2H-1), 6.08 (dd, 3/34 = 9.6 Hz, /3, = 9.2 Hz, 2H, 2H-3), 5.69 (dd, 3J45 = 9.8 Hz, 3J45 =
9.6 Hz, 2H, 2H-4), 5.54 (dd, 3/,1 = 10.0 Hz, 3/,3 = 9.2 Hz, 2H, 2H-2), 4.54-4.49 (m, 2H, 2H-5), 3.86-3.75
(m, 4H, 2H-6a, 2H-6b), 0.91 (s, 18H, C(CHs)s) ppm ; 3C NMR (126 MHz, CDCls) & = 165.0, 164.5, 164.4
(6C, 6COPh), 154.5 (dd, Ycr = 261.6 Hz, 3Jcr = 5.0 Hz, 4C, 4Ar-Cortno), 140.0 (2C, 2Ar-Cpara), 134.9 (8C,
8Ar-C), 134.8 (8C, 8Ar-C), 134.0 (2C, 2Ar-C), 133.8 (2C, 2Ar-Cisso), 133.8, 133.7 (4C, 4Ar-C), 132.2, 132.0
(4C, 4Ar-C), 129.2,129.1, 128.9, 128.8, 128.7 (24C, 24Ar-C), 128.4, 128.2, 128.1 (6C, 6Ar-C), 127.6 (8C,
8Ar-C), 112.7 (dd, Ycr = 23.7 Hz, Y = 3 Hz, 4C, 4Ar-Crmeta), 81.3 (2C, 2C-1), 77.5 (2C, 2C-5), 74.0 (2C,
2C-3),70.1 (2C, 2C-2), 68.4 (2C, 2C-4), 62.3 (2C, 2C-6), 26.2 (6C, 2C(CHs)s), 18.5 (2C, 2C(CH3)3) ppm ; ESI
HRMS: m/z: clcd for CogHgsFaN2016S,Si> + H = 1743.49662 [M+H*] found: 1743.49661.

(E)-4,4’-bis-(1-thiophenyl-2,3,4-tri-O-acetyl-6-deoxy-6-thio-B-D-glucopyranosyl) azobenzene (40).
Route A: General procedure A was applied to 4,4’-di-iodoazobenzene 28 (43 mg, 100 umol, 1.0 eq)
with thiol 34 (2.0 eq) in 1,4-dioxane (0.630 mL) with Pd(OAc); (10 mol%) and Xantphos (5 mol%) and
EtsN (2.0 eq); stirring at 100 °C for 1 h. Column chromatography (cyclohexane:EtOAc 4:1 to 3:2)
afforded the title compound 40 (73 mg, 72 umol) in 72% yield as a yellow solid. Route B: General
procedure B was applied to 4,4’ -di-iodoazobenzene 28 (65 mg, 150 umol, 1.0 eq) with thiol 34 (2.0 eq)
in THF (1.00 mL) with PdG3-Xantphos (2 mol%) and EtsN (2.0 eq); stirring at RT for 10 min. Column
chromatography (cyclohexane:EtOAc 4:1 to 1:1) afforded the title compound 40 (150 mg, 149 umol)
in quantitative yield as a yellow solid. [a]*’s = +71.6 (c = 0.5 in CHCl5); *"H NMR (500 MHz, CDCl;) 6 =
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7.84-7.80 (M, 4H, 4Ar-Hortho), 7.49-7.46 (m, 4H, 4Ar-Hspr), 7.43-7.39 (m, 4H, 4Ar-Hmeta), 7.33-7.28 (m,
6H, 6Ar-Hspr), 5.20 (at, 3/32 = 3J34= 9.3 Hz, 2H, 2H-3), 5.03 (at, 3/43 = 9.3 Hz, 3J45 = 10.1 Hz, 2H, 2H-4),
5.00 (dd, 3J,1 = 10.1 Hz, 3J,3=9.4 Hz, 2H, 2H-2), 4.71 (d, 3J1, = 10.1 Hz, 2H, 2H-1), 3.73-3.67 (ddd, 3J54
=10.1 Hz, 3Js.6o = 8.1 Hz, ¥J5.62 = 3.0 Hz, 2H, 2H-5), 3.22 (dd, Ysaep = 14.2 Hz, 3Ja5s = 3.0 Hz, 2H, 2H-6a),
3.12 (dd, Yep,ea = 14.2 Hz, 3Jeu,s = 8.1 Hz, 2H, 2H-6b), 2.08 (s, 6H, C(O)CHs), 2.06 (s, 6H, C(O)CHs), 2.00 (s,
6H, C(O)CHs) ppm ; 3C NMR (126 MHz, CDCls) & = 170.3, 169.8, 169.5 (6C, 6C(O)CHs), 150.9 (2C, 2Ar-
Cipso), 140.3 (2C, 2Ar-Cpara), 130.0 (4C, 4Ar-Cspn), 132.0 (2C, 2Ar-Cspn), 129.2 (4C, 4Ar-Cspn), 128.8 (4C,
4Ar-Creta), 128.5 (2C, 2Ar-Csph), 123.6 (4C, 4Ar-Cortno), 86.3 (2C, 2C-1), 77.1 (2C, 2C-5), 74.0 (2C, 2C-3),
71.6 (2C, 2C-4), 70.2 (2C, 2C-2), 35.3 (2C, 2C-6), 20.9, 20.8 (6C, 6C(O)CHs) ppm ; ESI HRMS: m/z: clcd
for CagHsoN2014S4 + H*: 1007.22176 [M+H*] found: 1007.22047.

(2)-2,9-bis-(2,3,4,6-tetra-O-acetyl-1-thio-B-b-glucopyranosyl)-11,12-dihydrodibenzo[c,g][1,2]
diazocine (41).

General procedure B was applied to 2,9-diiodo-11,12-dihydrodibenzo[1,2]diazocine 30 (35 mg, 75
pumol, 1.0 eq) with thiol 31 (2.0 eq) in THF (1.00 mL) with PdG3-Xantphos (2 mol%) and EtsN (2.0 eq);
stirring at 80 °C for 10 min. Column chromatography (cyclohexane:EtOAc 9:1 to 1:1) afforded the title
compound 41 (53 mg, 56 umol) in 75% yield as a yellow solid. [a]*» =-39.1 (c = 0.5 in CHCl3); *H NMR
(500 MHz, CDCls) & = 7.32 (d, 3/ = 8.1 Hz, 1H, H-9, rotamers), 7.27 (d, 3/ = 8.1 Hz, 1H, H-9, rotamers),
7.13 (bs, 2H, 2H-8), 6.80 (d, 3/ = 8.10 Hz, 2H, 2H-11), 5.21 (at, 3/ = 9.3 Hz, 2H, 2H-3), 5.02 (at, 3/ = 9.8 Hz,
2H, 2H-4), 4.92 (at, 3/ = 9.3 Hz, 2H, 2H-2), 4.65 (at, 3/ = 8.5 Hz, 2H, 2H-1), 4.21 (dd, *Jeae0 = 12.6 Hz, 3Jeas
= 4.8 Hz, 2H, 2H-6a), 4.15 (dd, “ep,6a= 12.6 Hz, Jep,5 = 2.4 Hz, 2H, 2H-6b), 3.70 (ddd, 3J54 = 10.1 Hz, *J56,
= 4.8 Hz, 3Js g = 2.4 Hz, 2H, 2H-5), 2.97 (bs, 2H, 2H-13a), 2.76 (bs, 2H, 2H-13b), 2.08 (bs, 6H, C(O)CHs),
2.06 (s, 6H, C(O)CHs), 2.02 (s, 6H, C(O)CH3), 2.00 (s, 6H, C(O)CHs) ppm ; 3C NMR (126 MHz, CDCl3) & =
170.5, 170.1, 169.4, 169.2 (8C, 8C(O)CHs), 155.2 (2C, 2C-12), 134.5, 134.0 (2C, 2C-8), 131.5, 131.1 (2C,
2C-9), 130.4 (2C, C-7), 128.5 (2C, C-10), 119.6 (2C, 2C-11), 85.4, 85.3 (2C, 2C-1), 75.8 (2C, 2C-5), 73.8
(2C, 2C-3), 69.8 (2C, 2C-2), 68.1 (2C, 2C-4), 62.0 (2C, 2C-6), 31.5, 31.4 (2C, 2C-13), 20.8, 20.7, 20.6, 20.5
(8C, 8C(O)CH3) ppm ; ESI HRMS: m/z: clcd for CaaHayClgNaF4018S; + H*: 933.24163 [M+H*] found:
933.24155.

(2)-2,9-bis-(3,4,6-tri-O-acetyl-2-deoxy-2-trichloroethoxycarbonylamino-1-thio-B-b-glucopyranosyl)-
11,12-dihydrodibenzo[c,g][1,2]diazocine (42).

General procedure B was applied to 2,9-diiodo-11,12-dihydrodibenzo([1,2]diazocine 30 (89.5 mg, 195
pmol, 1.0 eq) with thiol 33 (2.2 eq) in THF (0.980 mL) with PdG3-Xantphos (5 mol%) and EtsN (2.2 eq);
stirring at 80 °C for 30 min. Column chromatography (cyclohexane:EtOAc 9:1 to 1:1) afforded the title
compound 42 (139 mg, 116 umol) in 59% vyield as a yellow solid. [a]*’p = -27.8 (¢ = 0.5 in CHCIl5); H
NMR (500MHz, CDCls) § =7.35 (d, 3/ = 8.2 Hz, 1H, H-9, rotamers), 7.28 (d, 3/ = 8.2 Hz, 1H, H-9, rotamers),
7.14 (bs, 2H, 2H-8), 6.81 (d, 3/ = 8.20 Hz, 2H, 2H-11), 5.43 (d, 3Jyn,2 = 9.1 Hz, 1H, NH), 5.37 (d, 3/xu2 = 9.1
Hz, 1H, NH), 5.28-5.16 (m, 2H, 2H-4), 5.06-4.94 (m, 2H, 2H-3), 4.87-4.64 (m, 6H, 2H-1, 2H-6a, 2H-6b),
4.27-4.09 (m, 4H, 2CH,CCl3), 3.79-3.64 (m, 4H, 2H-2, 2H-5), 3.04-2.88 (m, 2H, 2H-13a), 2.82-2.66 (m,
2H, 2H-13b), 2.07 (bs, 6H, C(O)CHs), 2.03 (s, 6H, C(O)CHs), 2.01 (bs, 6H, C(O)CHs) ppm ; *C NMR
(125MHz, CDCl3) 6 = 170.7, 170.5, 169.7 (6C, 6C(0O)CHs), 153.9 (2C, 2C-12), 134.3, 133.2 (2C, 2C-8),
131.4, 130.5 (2C, 2C-9), 128.6, 128.5 (4C, 2C-7, 2C-10), 119.7 (2C, 2C-11), 95.4 (2C, 2CH,CCl5), 86.4,
86.2 (2C, 2C-1), 75.7 (2C, 2C-5), 74.5 (2C, 2CH,CCls), 73.0 (2C, 2C-4), 68.5, 68.4 (2C, 2C-3), 62.5, 62.3
(2C, 2C-6), 55.0 (2C, 2C-2), 31.7, 31.4 (2C, 2C-13), 20.8, 20.6 (6C, 6C(O)CH3) ppm ; ESI HRMS: m/z: clcd
for CaaHaaClgNaF401sS; + Na*: 1217.04284 [M+Na*] found: 1217.04306.
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7.3.2. Mono-functionalization of unsymmetrical azobenzenes with different thiols

General procedure C: In a flame dried round bottom flask were loaded the azo derivative, the thiol
and PdG3-Xantphos, and vacuum was applied for 15 min. Meanwhile the solvent (dry THF) was
degassed by bubbling nitrogen through. Then the flask was filled with a nitrogen atmosphere and the
solvent was added, followed by EtsN. The reaction was stirred at RT for the appropriate time (if heating
is required, the flask may be equipped with a nitrogen flushed condenser). Then, the mixture was
diluted in EtOAc, washed with 1N HCl and brine, and the aqueous phase was extracted with EtOAc.
The combined organic layers were dried over MgSQ,, filtered and concentrated in vacuo. Column
chromatography afforded the pure desired compound.

Table 7.3.1. Results of the mono-functionalisation of various azobenzenes (2-5) with different thiols (7, 19-22).

Entry Azobenzene R,SH Time Temp. Product, Yield
1 43 31 5 min RT 50, 90%
2 44 31 20 min RT 51, 87%
3 45 31 30 min RT 52, 93%
4 45 46 2.5h RT 53, 86%
5 45 47 16 h RT 54, 81%
6 45 48 4h 70°C 55, 47%
7 45 49 2h RT 56, 68%
8 29 31 15 min 0°C 57, 81%

Conditions: The thiol (1-1.2 eq) and azobenzene (1 - 1.2 eq) were stirred in THF (0.24 — 0.3 M) at the appropriate
temperature in presence of PdG3-Xantphos (1 — 5 mol%) and EtsN (1 — 1.4 eq); [a] The reaction was performed
at 0 °C, with an excess of azobenzene (2 eq), at a concentration of 0.05 M.

(E)-4-(2,3,4,6-tetra-O-acetyl-1-thio-B-D-glucopyranosyl) azobenzene (50).

General procedure C was applied to 4-iodoazobenzene 43 (92 mg, 300 umol, 1.0 eq) and thiol 31 (1.0
eq) in THF (1.00 mL) with PdG3-Xantphos (1 mol%) and EtsN (1.0 eq); stirring at RT for 5 min. Column
chromatography (cyclohexane:EtOAc 9:1 to 6:4) afforded the title compound 50 (148 mg, 272 pumol)
in 90% yield as a yellow solid. [a]?% = -24.6 (¢ = 0.5 in CHCls); *H NMR (500 MHz, CDCl3) § = 7.93-7.89
(m, 2H, H-14, H-15), 7.88-7.84 (m, 2H, H-8, H-9), 7.64-7.60 (m, 2H, H-10, H-11), 7.55-7.46 (m, 3H, H-16,
H-17, H-18), 5.26 (at, 3./3,2 =9.3 Hz, J34=9.3 Hz, 1H, H-3), 5.08 (at, 3]4,5 =10.1 Hz, 3./4,3 =9.3 Hz, 1H, H-4),
5.05 (dd, 3/1, = 10.1 Hz, 325 = 9.3 Hz, 1H, H-2), 4.81 (d, 31, = 10.1 Hz, 1H, H-1), 4.25 (dd, 2Jeaeo = 12.4
HZ, 3./53,5 =53 HZ, 1H, H—6a), 4.20 (dd, Zjeb,ea =12.4 HZ, 3./5[,,5 =25 HZ, 1H, H-6b), 3.79 (ddd, 3./5,4 =10.1
Hz, 3J562 = 5.3 Hz, )56, = 2.5 Hz, 1H, H-5), 2.10 (s, 6H, C(O)CH3s), 2.03 (s, 3H, C(O)CHs), 2.00 (s, 3H,
C(O)CHs) ppm ; 3C NMR (126 MHz, CDCls) 8 = 170.7, 170.3, 169.4, 169.3 (4C, 4C(O)CHs), 152.7 (1C, C-
13),152.2 (1C, C-12),135.6(1C, C-7), 132.8 (2C, C-8, C-9), 131.4 (1C, C-18), 129.3 (2C, C-16,C-17),123 .4
(c2, c-10, C-11),123.1 (2C, C-14, C-15), 85.5 (C-1), 76.1 (C-5), 74.0 (C-3), 70.0 (C-2), 68.3 (C-4), 62.3 (C-
6), 20.9, 20.7 (4C, 4C(O)CHs) ppm ; ESI HRMS: m/z: clcd for Ca6H2905N,S + H*: 545.15883 [M+H"] found:
545.15919.

(E)-4-(2,3,4,6-tetra-O-acetyl-1-thio-B-D-glucopyranosyl)-4°-bromo azobenzene (51).

General procedure C was applied to 4-iodo-4’-bromoazobenzene 44 (116 mg, 300 umol, 1.0 eq) and
thiol 31 (1.0 eq) in THF (1.00 mL) with PdG3-Xantphos (1 mol%) and Et3N (1.0 eq); stirring at RT for 20
min. Column chromatography (cyclohexane:EtOAc 9:1 to 7:3) afforded the title compound 51 (162 mg,
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260 pmol) in 87% yield as a yellow solid. [a]*p = -19.2 (¢ = 0.5 in CHCl3); *H NMR (500 MHz, CDCl5) & =
7.87-7.83 (m, 2H, H-10, H-11), 7.81-7.77 (m, 2H, H-14, H-15), 7.67-7.63 (m, 2H, H-16, H-17), 7.63-7.59
(m, 2H, H-7, H-8), 5.26 (at, /32 =9.3 Hz, 334 = 9.4 Hz, 1H, H-3), 5.07 (at, /45 = 10.2 Hz, 3J43=9.4 Hz, 1H,
H-4), 5.04 (at, 3,1 = 10.1 Hz, 3,5 = 9.3 Hz, 1H, H-2), 4.82 (d, 3J1, = 10.1 Hz, 1H, H-1), 4.25 (dd, Yeasp =
12.4 Hz, 3Jsas = 5.3 Hz, 1H, H-6a), 4.20 (dd, 2Jspea = 12.4 Hz, 3Jeus = 2.5 Hz, 1H, H-6b), 3.79 (ddd, 3J54 =
10.2 Hz, 3Js6a = 5.3 Hz, 3J56o = 2.5 Hz, 1H, H-5), 2.10 (s, 6H, C(O)CHs), 2.03 (s, 3H, C(O)CHs), 2.00 (s, 3H,
C(0O)CH3s) ppm ; 3C NMR (126 MHz, CDCl5) 6 = 170.7, 170.5, 170.4, 170.3 (4C, 4C(0O)CHs), 152.0 (1C, C-
12), 151.4 (1C, C-13), 136.1 (1C, C-7), 132.7 (2C, C-10, C-11), 132.5 (2C, C-16, C-17), 125.9 (1C, C-18),
124.6 (2C, C-14, C-15), 123.5 (2C, C-8, C-9), 85.4 (C-1), 76.1 (C-5), 73.4 (C-3), 70.0 (C-2), 68.3 (C-4), 62.3
(C-6),20.9, 20.7 (4C, 4C(O)CHs) ppm ; ESI HRMS: m/z: clcd for C6H2009N2BrS + Na*: 645.05128 [M+Na*]
found: 645.05042.

(E)-4°-(2,3,4,6-tetra-O-acetyl-1-thio-B-D-glucopyranosyl)-4°-hydroxy- azobenzene (52).

General procedure C was applied to 4-iodo-4'-hydroxyazobenzene 45 (97 mg, 300 umol, 1.0 eq) and
thiol 31 (1.0 eq) in THF (1.00 mL) with PdG3-Xantphos (1 mol%) and Et3N (1.0 eq); stirring at RT for 30
min. Column chromatography (cyclohexane:EtOAc 9:1 to 7:3) afforded the title compound 52 (155 mg,
277 umol) in 92% yield as a yellow solid. [a]*’p = -16.7 (¢ = 0.5 in CHCl3); *H NMR (500 MHz, CDCl5) 8 =
7.88-7.83 (m, 2H, H-14, H-15), 7.82-7.78 (m, 2H, H-10, H-11), 7.62-7.57 (m, 2H, H-8, H-9), 6.96-6.91 (m,
2H, H-16, H-17), 6.12 (bs, 1H, OH), 5.27 (at, 3J34 = 9.5 Hz, 33, = 9.3 Hz, 1H, H-3), 5.08 (at, 345 = 10.1 Hz,
3J,3 = 9.5 Hz, 1H, H-4), 5.04 (dd, 3/21 = 10.1 Hz, 3J53 = 9.3 Hz, 1H, H-2), 4.79 (d, 3J1, = 10.1 Hz, 1H, H-1),
4.26 (dd, 2Jeaeo = 12.3 Hz, ¥eas = 5.1 Hz, 1h, H-6a), 4.22 (dd, Ysvea = 12.3 Hz, 3Jeus = 2.5 Hz, 1h, H-6b),
3.78 (ddd, 3Js4 = 10.1 Hz, ¥Js6a = 5.1 Hz, 356, = 2.5 Hz, 1H, H-5), 2.11 (bs, 6H, C(O)CHs), 2.04 (s, 3H,
C(0)CHs), 2.01 (s, 3H, C(O)CHs) ppm ; 3C NMR (126 MHz, CDCl3) § = 170.8, 170.3, 169.6, 169.5 (4C,
4C(0O)CHs), 158.9 (1C, C-18), 152.3 (1C, C-12), 147.0 (1C, C-13), 134.2 (1C, C-7), 133.0 (2C, C-8, C-9),
125.2 (2C, C-14, C-15), 123.0 (2C, C-10, C-11), 115.9 (2C, C-16, C-17), 85.4 (C-1), 75.9 (C-5), 73.9 (C-3),
69.9 (C-2), 68.2 (C-4), 62.2 (C-6), 20.8, 20.6 (4C, 4C(0)CHs) ppm ; ESI HRMS: m/z: clcd for CagH2s010N2S
+ H*: 561.15374 [M+H"*] found: 561.15395.

(E)-4-((4-(phenylthio)-4’-hydroxy azobenzene (53). General procedure C was applied to 4-iodo-4'-
hydroxyazobenzene 45 (78 mg, 241 umol, 1 eq) and thiophenol 46 (1.2 eq) in THF (0.800 mL) with
PdG3-Xantphos (5 mol%) and Et3N (1.4 eq); stirring at RT for 2.5 h. Automated column chromatography
(cyclohexane:EtOAc 1:0 to 4:1 within 15 min) afforded the title compound 53 (64 mg, 207 umol) in 86%
yield, as a brownish solid. 'TH NMR (500 MHz, CDCl3) & = 7.88-7.82 (m, 2H, H-14, H-15), 7.81-7.76 (m,
2H, H-10, H-11), 7.48-7.43 (m, 2H, 2Ar-Hspr), 7.40-7.30 (m, 5H, 3Ar-Hspp, H-8, H-9), 6.97-6.89 (m, 2H, H-
16, H-17), 5.35 (bs, 1H, OH) ppm ; 3C NMR (126 MHz, CDCls) & = 158.3 (1C, C-18), 151.1 (1C, C-12),
147.2 (1C, C-13), 140.0 (1C, C-7), 134.1 (1C, 1Ar-Cspr), 132.5 (2C, 2Ar-Cspr), 129.8 (2C, C-8, C-9), 129.5
(2C, 2Ar-Cspn), 127.9 (1C, 1Ar-Cspn), 125.0 (2C, C-14, C-15), 123.3 (2C, C-10, C-11), 115.8 (2C, C-16, C-17)
ppm ; ESI HRMS: m/z: cled for C1gH14N20S + H*: 307.08996 [M+H*] found: 307.08985.

(E)-4-((2-hydroxyethyl)thio)-4’-hydroxy azobenzene (54).

General procedure C was applied to 4-iodo-4'-hydroxyazobenzene 45 (94 mg, 290 umol, 1 eq) and 2-
mercaptoethanol 47 (1.2 eq) in THF (1.20 mL) with PdG3-Xantphos (5 mol%) and EtsN (1.2 eq); stirring
at RT for 16 h. Automated column chromatography (cyclohexane:EtOAc 9:1 to 45:55 within 15 min)
afforded the title compound 54 (65 mg, 235 umol) in 81% yield, as a brownish solid. 'H NMR (500 MHz,
MeOD) 6 = 7.82-7.75 (m, 4H, H-14, H-15, H-10, H-11), 7.49-7.43 (m, 2H, H-8, H-9), 6.94-6.88 (m, 2H, H-
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16, H-17), 3.75 (t, 3/ = 6.8 Hz, 2H, CH,CH,O0H), 3.16 (t, 3/ = 6.8 Hz, 2H, CH,CH,OH) ppm ; 3C NMR (126
MHz, MeOD) & = 162.1 (1C, C-18), 152.0 (1C, C-12), 147.6 (1C, C-13), 141.2 (1C, C-7), 129.4 (2C, C-8, C-
9), 125.9 (2C, C-14, C-15), 124.0 (2C, C-10, C-11), 116.8 (2C, C-16, C-17), 61.6 (1C, CH.CH,OH), 36.1 (1C,
CH,CH,0H), ppm ; ESI HRMS: m/z: clcd for C1aH13N205S - H': 273.07032 [M-H*] found: 273.07068.

(E)-4-((2-aminoethyl)thio)-4"-hydroxy azobenzene (55).

General procedure C was applied to 4-iodo-4"-hydroxyazobenzene 45 (103 mg, 300 umol, 1.0 eq) and
cysteamine 48 (1.0 eq) in THF (1.00 mL) with PdG3-Xantphos (2.5 mol%) and EtsN (1.0 eq); stirring at
70 °C for 4 h. Column chromatography (DCM/MeOH + 0,1% EtsN 1:0 to 8:2) afforded the title
compound 55 (39 mg, 143 umol) in 47% yield, as a brownish foam.*H NMR (500 MHz, DMSO) 6 = 7.82-
7.75 (m, 4H, H-14, H-15, H-10, H-11), 7.55-7.50 (m, 2H, H-8, H-9), 7.00-6.94 (m, 2H, H-16, H-17), 3.28,
3.18 (m, 2H, CH,CH,NH,), 2.92 (t, ¥ = 7.2 Hz, 2H, CH,CH,NH,) ppm ; C NMR (126 MHz, DMSO) § =
161.0 (1C, C-18), 149.8 (1C, C-12), 145.0 (1C, C-13), 138.6 (1C, C-7), 127.7 (2C, C-8, C-9), 124.7, 122.7
(4C, c-10, C-11, C-14, C-15), 115.9 (2C, C-16, C-17), 39.2 (1C, CH,CH,;NH>), 31.3 (1C, CH,CH,NH,), ppm ;
ESI HRMS: m/z: cled for C14H15N3OS + H*: 274.10086 [M+H*] found: 274.10064.

(E)-4-((R)-2-((tert-butoxycarbonyl)amino)-3-methoxy-3-oxopropyl)thio-4’-hydroxy azobenzene (56).

General procedure C was applied to thiol 49 (50.0 ulL, 243 umol, 1.0 eq) and 4-iodo-4'-
hydroxyazobenzene 45 (1.2 eq) in THF (1.00 mL) with PdG3-Xantphos (5 mol%) and EtsN (1.1 eq);
stirring at RT for 2 h. Automated column chromatography (cyclohexane:EtOAc 1:0 to 7:3 within 15 min)
afforded the title compound 56 (71 mg, 165 pmol) in 68% yield, as an orange foam. [a]*% = +24.2 (c =
0.5 in CHCls); *H NMR (500 MHz, CDCls) & = 7.84-7.80 (m, 2H, H-14, H-15), 7.80-7.75 (m, 2H, H-10, H-
11), 7.49-7.44 (m, 2H, H-8, H-9), 6.95-6.89 (m, 2H, H-16, H-17), 5.41 (d, *Jun,cn = 8.2 Hz, 1H, NH), 4.67-
4.58 (m, 1H, CH), 3.60 (s, 3H, OMe), 3.47 (dd, 2Juamb = 14.1 Hz, *Juacn = 5.0 Hz, 1H, Ha), 3.42 (dd, *Jub ha
=14.1 Hz, 3Jupcn = 5.0 Hz, 1H, Hb), 1.43 (s, 9H, tBu) ppm ; *C NMR (126 MHz, CDCl5) & = 171.0 (1C,
C(0O)OCHs), 159.1 (1C, C-18), 155.2 (1C, HNC(O)OC(CHs)s), 151.2 (1C, C-12), 146.8 (1C, C-13), 137.7 (1C,
C-7),130.3 (2C, C-8, C-9), 125.0 (2C, C-14, C-15), 123.1 (2C, C-10, C-11), 115.9 (2C, C-16, C-17), 80.5 (1C,
HNC(O)OC(CHs)s3), 53.2 (1C, CH), 52.6 (1C, C(O)OCHs), 36.6 (1C, CH,), 28.3 (3C, HNC(O)OC(CHs)3) ppm ;
ESI HRMS: m/z: clcd for C21HsN30sS + H*: 432.15877 [M+H*] found: 432.15829.

(E)-2,2’,6,6’-tetrafluoro-4-(2,3,4,6-tetra-O-acetyl-1-thio-B-b-glucopyranosyl)-4°-iodo azobenzene
(57).

General procedure C was applied to thiol 31 (55 mg, 150 umol, 1.0 eq) and 2,2’,6,6 -tetrafluoro-4,4"-
di-iodoazobenzene 29 (152 mg, 300 umol, 2.0 eq) in THF (3.00 mL) with PdG3-Xantphos (1 mol%) and
EtsN (1.0 eq); stirring at 0 °C for 15 min. Column chromatography (cyclohexane:EtOAc 1:0 to 1:1)
afforded the title compound 57 (91 mg, 122 umol) in 81% yield, as an orange solid. [a]*°> = +20.3 (¢ =
0.5 in DMSO); 'H NMR (500 MHz, DMSO) & = 7.86 (d, 3+ = 8.6 Hz, 2H, H-16, H-17), 7.42 (d, 3Ju¢ = 10.1
Hz, 2H, H-8, H-9), 5.69 (d, %/1> = 10.1 Hz, H-1), 5.41 (at, J = 9.4 Hz, 1H, H-3), 5.03-4.98 (m, 2H, H-2, H-4),
4.31-4.27 (m, 1H, H-5), 4.17-4.09 (m, 2H, H-6a, H-6b), 2.05 (s, 3H, C(0)CHs), 2.01 (s, 6H, C(O)CHs), 1.97
(s, 3H, C(O)CHs) ppm ; **C NMR (126 MHz, CDCls) § = 170.0, 169.6, 169.4, 169.2 (4C, 4C(O)CHs), 154.7
(dd, Yecr = 261.7 Hz, 3Jcr = 4.7 Hz, 2C, C-10, C-11), 154.2 (dd, Ycr = 264.4 Hz, 3Jcr = 4.3 Hz, 2C, C-14, C-
15), 141.0 (t, *Jcr = 10.9 Hz, 1C, C-7), 130.3 (t, Ycr = 9.6 Hz, 1C, C-13), 128.8 (t, ZJcr = 9.3 Hz, 1C, C-12),
122.5 (dd, %Jcr = 22.0 Hz, *Jcr = 3.3 Hz, 2C, C-16, C-17), 112.5 (dd, %Jcr = 23.3 Hz, *Jcr = 2.6 Hz, 2C, C-8,
C-9),97.9 (t, 3Jcr = 10.1 Hz, 1C, C-18), 81.3 (C-1), 74.6 (C-5), 72.7 (C-3), 69.1, 68.0 (2C, C-2, C-4), 62.1 (C-
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6), 20.4, 20.3 (4C, 4C(O)CHs) ppm ; ESI HRMS: m/z: clcd for CagHasOsNaFalS + H*: 743.01778 [M+H?]
found: 743.01647.

7.3.3. Hetero-bis-functionalization via sequential and one-pot procedures

Table 7.3.2. Results of sequential or two-step one-pot synthesis of hetero-bis-functionalized azobenzenes.

Substrate Conditions Step 1 Conditions Step 2 Solvent Product, Yield
32 (1 eq), Pd® (1 mol%), EtsN (1 . o
51 eq), 60 °C, 15 min 1,4-dioxane 58, 73%
59 (2 eq), BFs-Et,0 (1.3 eq), 3A .
52 MS, 0 °C to RT, 24 h - CHaCla 60, 65%
31 (1 eq), Pd® (1 mol%), EtsN 32 (1.5 eq), Pd® (1 mol%), .
a4 1,4- 739
(1.5 eq), RT, 15 min EtsN (2.5 eq), 60 °C, 1.5 h AIOENS 58, 73%
31 (1 eq), Pd? (1 mol%), EtsN 49 (1.5 eq), Pd® (1 mol%), . o
44 (1.5 eq), RT, 15 min EtsN (2.5 eq), 60 °C, 1.5 h 1,4-dioxane 61, 70%
31 (1 eq), Pd® (1 mol%), EtsN (1 32 (1.2 eq), Pd® (1 mol%), o
29 eq),-10°C, 1 h EtsN (1.2 eq), RT, 30 min THF 62, 51%
45 31 (1.05 eq), Pd? (5 mol%), EtsN 63 (1.2 eq), K2COs3 (3 eq), 80 THF (step 1), 64 57%
(1.1eq),RT, 2 h °C,2h DMF (step2) 12070

Pd° = Xantphos-PdG3

(E)-4-(2,3,4,6-tetra-O-acetyl-1-thio-B-D-glucopyranosyl)-4’-(2°,3°,4"-tri-O-benzoyl-6"-O-(tert-
butyldiphenyl)silyl-1-thio-B-D-glucopyranosyl) azobenzene (58).

Sequential synthesis: General procedure C was applied to 51 (187 mg, 300 umol, 1.0 eq) and thiol 32
(1.0 eq) in 1,4-dioxane (3.00 mL) with PdG3-Xantphos (1 mol%) and EtsN (1.0 eq); stirring at 60 °C for
15 min. Column chromatography (cyclohexane:EtOAc 9:1 to 7:3) afforded the title compound 58 (284
mg, 220 umol) in 73% yield as an orange foam.

One pot synthesis: In a flame dried round bottom flask were loaded the azo derivative 44 (39 mg, 100
umol, 1.0 eq), the thiol 31 (1.0 eq) and PdG3-Xantphos (1 mol%), and vacuum was applied for 15 min.
Meanwhile the solvent (dry 1,4-dioxane) was degassed by bubbling nitrogen through. Then the flask
was filled with a nitrogen atmosphere and the solvent (1.00 mL) was added followed by EtsN (1.5 eq).
The reaction was stirred at RT for 15 min. Then, thiol 32 (1.5 eq) and further catalyst (1 mol%), which
had been kept under vacuum, were added, followed by further EtsN (2.5 eq), and the reaction was
stirred at 60 °C for 1.5 h. The mixture was then diluted in EtOAc, washed with HCI 1N and brine, and
the aqueous phase was extracted with EtOAc. The combined organic layers were dried over MgSQ,,
filtered and concentrated in vacuo. Column chromatography (cyclohexane:EtOAc 9:1 to 7:3) afforded
the title compound 58 (95 mg, 73 umol) in 73% yield as an orange foam. [a]*°, = +24.1 (¢ = 0.5 in CHCl5);
IH NMR (500 MHz, CDCls) 8 = 7.99-7.95 (m, 2H, 2Ar-H), 7.88-7.83 (m, 4H, 2Ar-H, H-10, H-11), 7.83-7.77
(m, 4H, 2Ar-H, H-14, H-15), 7.73-7.69 (m, 2H, 2Ar-H), 7.68-7.65 (m, 2H, H-16, H-17), 7.63-7.58 (m, 4H,
2Ar-H, H-8, H-9), 7.55-7.51 (m, 2H, 2Ar-H), 7.44-7.24 (m, 11H, 11Ar-H), 7.22-7.17 (m, 2H, 2Ar-H), 5.90
(at, 3]3,4 =9.6 Hz, 3]3,2 = 9.4 Hz, 1H, H-3), 5.66 (at, 3./4,5 =10.0 Hz, 3./4,3 =9.6 Hz, 1H, H-4), 5.56 (at, 3./2,1 =
10.0 Hz, 3J,3=9.4 Hz, 1H, H-2), 5.27 (at, *J3,» = 3J3 4 = 9.4 Hz, 1H, H-3’), 5.15 (d, 3J1,, = 10.0 Hz, 1H, H-1),
5.08 (at, 3Js 5 = 10.2 Hz, 3Js 3 = 9.4 Hz, 1H, H-4’), 5.06 (dd, 3J» 1 = 10.1 Hz, ¥,z = 9.4 Hz, 1H, H-2"), 4.82
(d, 3y 2 = 10.1 Hz, 1H, H-1’), 4.26 (dd, Yeaen = 12.4 Hz, ¥Jeas = 5.3 Hz, 1H, H-6"a), 4.21 (dd, Yepea = 12.4
Hz, 3Jeb,s = 2.5 Hz, 1H, H-6’b), 4.01-3.96 (m, 1H, H-5), 3.93-3.87 (m, 2H, H-6a, H-6b), 3.79 (ddd, 3J5,+ =
10.2 Hz, 3Js g2 = 5.3 Hz, Jebs = 2.5 Hz, 1H, H-5), 2.10 (s, 6H, C(O)CH3), 2.03 (s, 3H, C(O)CHs), 2.01 (s,
3H, C(O)CHs), 1.06 (s, 9H, C(CHs)s) ppm ; 3C NMR (126 MHz, CDCl3) & = 170.7, 170.3, 169.5, 169.4 (4C,
4C(0)CHs), 166.0, 165.2, 165.1 (3C, 3COPh), 152.1 (C-7), 151.9 (C-18), 136.9 (C-13), 135.9 (C-12), 135.8,
135.7 (4C, 4Ar-C), 133.5, 133.4, 133.3 (3C, 3Ar-C), 133.0, 132.9 (2C, 2Ar-C), 132.7 (2C, C-8, C-9), 132.3
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(2C, C-16, C-17), 130.0, 129.9 (6C, 6Ar-C), 129.9, 129.8 (2C, 2Ar-C), 129.3, 129.2, 129.0 (3C, 3Ar-C),
128.6, 128.5, 128.4, 127.9, 127.8 (10C, 10Ar-C), 123.6 (2C, C-14, C-15), 123.4 (2C, C-10, C-11), 85.9 (C-
1), 85.5 (C-1’), 79.8 (C-5), 76.1 (C-5'), 74.7 (C-3), 74.0 (C-3’), 70.8 (C-2), 70.0 (C-2’), 68.9 (C-4), 68.3 (C-
4), 62.9 (C-6), 62.3 (C-6'), 26.8 (3C, C(CHs)3), 20.9, 20.7 (4C, 4C(0)CHs), 19.3 (1C, C(CHs)s) ppm. ESI
HRMS: m/z: cled for CesHea017N2S,Si + H*: 1289.38014 [M+H*] found: 1289.38088.

(E)-4-(2,3,4,6-tetra-O-acetyl-1-thio-B-p-glucopyranosyl)-4’-(2°,3°,4°,6 -tetra-O-acetyl-B-D-
glucopyranosyloxy)azobenzene (60).

In a flame dried round bottom flask were loaded the azobenzene glycoconjugate 52 (42 mg, 74 umol)
and thioimidate 59 (2.0 eq) and vacuum was applied. After 15 min, activated 3A molecular sieves (150
mg) was added under N; and then dry CH,Cl, (740 uL). The mixture was cooled to 0 °C and BF3.0OEt;
(12.0 pL, 93 umol, 1.3 eq) was added. The mixture was stirred 15 min at 0 °C and then overnight at RT.
Then the mixture was filtered over celite, washed with saturated NaHCOs;, dried over MgSO,4 and
concentrated in vacuo. The crude was acetylated with Ac;O in pyridine, and after removal of the
pyridine and Ac;0, column chromatography (cyclohexane:EtOAc 4:1 to 3:2) afforded the title
compound 60 (43 mg, 48 umol) in 65% yield as an orange solid. [a]?°> = +6.36 (c = 0.5 in CHCIls); *H NMR
(500 MHz, CDCl5) 6 = 7.92-7.88 (m, 2H, H-14, H-15), 7.85-7.81 (m, 2H, H-10, H-11), 7.63-7.58 (m, 2H, H-
8, H-9), 7.14-7.09 (m, 2H, H-16, H-17), 5.36-5.29 (m, 2H, H-2", H-3"), 5.26 (at, ¥/3.4 = 9.4 Hz, 3/5,= 9.3 Hz,
1H, H-3), 5.22-5.17 (m, 2H, H-1", H-4"), 5.07 (at, /a5 = 10.1 Hz, */s3 = 9.4 Hz, 1H, H-4), 5.04 (dd, 31 =
10.1 Hz, 323 = 9.3 Hz, 1H, H-2), 4.80 (d, 1H, 3J12 = 10.1 Hz, 1H, H-1), 4.31 (dd, Ysaeb = 12.4 Hz, 3Jgas =
5.5 Hz, 1H, H-6"a), 4.25 (dd, Yeago = 12.3 Hz, 3Jgas = 5.2 Hz, 1H, H-6a), 4.22-4.17 (m, 2H, H-6b, H-6'b),
3.93 (ddd, 3./5',4' =10.1 HZ, 3./5',5'3 =55 HZ, 3J5’,6'b =25 HZ, 1H, H-SI), 3.78 (ddd, 3./5,4 =10.1 HZ, 3./5,53 =5.2
Hz, 3Js6, = 2.5 Hz, 1H, H-5), 2.10 (bs, 6H, C(O)CHs), 2.09 (s, 3H, C(O)CHs), 2.08 (s, 3H, C(O)CHs), 2.07 (s,
3H, C(O)CHs), 2.05 (s, 3H, C(O)CHs), 2.03 (s, 3H, C(O)CHs), 2.00 (s, 3H, C(O)CHs) ppm ; *C NMR (126
MHz, CDCls) & = 170.5, 170.2, 169.4, 169.3, 169.2 (8C, 8C(0)CHs), 159.0 (1C, C-18), 152.0 (1C, C-12),
148.5 (1C, C-13), 135.1 (1C, C-7), 132.8 (2C, C-8, C-9), 124.7 (2C, C-14, C-15), 123.1 (2C, C-10, C-11),
117.1 (2C, C-16, C-17),98.6 (C-17), 85.3 (C-1), 75.9 (C-5), 73.9 (C-3), 72.6 (C-3"), 72.2 (C-5), 71.1 (C-2"),
69.9 (C-2), 68.2 (2C, C-4,C-4"), 62.1 (C-6), 61.9 (C-67), 20.8, 20.7, 20.6 (8C, 8C(O)CH3) ppm ; ESI HRMS:
m/z: clcd for CaoHas019N2S: + H*: 891.24882 [M+H*] found: 891.24779.

(E)-4-(2,3,4,6-tetra-O-acetyl-1-thio-B-D-glucopyranosyl)-4°-((R)-2-((tert-butoxycarbonyl)amino)-3-
methoxy-3-oxopropyl)thio azobenzene (61).

In a flame dried round bottom flask were loaded the azo derivative 3 (39 mg, 100 umol, 1.0 eq), the
thiol 31 (1.0 eq) and PdG3-Xantphos (1 mol%), and vacuum was applied for 15 min. Meanwhile the
solvent (dry 1,4-dioxane) was degassed by bubbling nitrogen through. Then the flask was filled with a
nitrogen atmosphere and the solvent (1.00 mL) was added followed by EtsN (1.5 eq). The reaction was
stirred at RT for 15 min. Then the rest of the catalyst (1 mol%) and a solution in degassed 1,4-dioxane
(1.00 mL) of cysteine derivative 49 (1.5 eq) were added, followed by more EtsN (2.5 eq), and the
reaction was stirred at 60 °C for 1.5 h. The mixture was then diluted in EtOAc, washed with HCI 1N and
brine, and the aqueous phase was extracted with EtOAc. The combined organic layers were dried over
MgSQ0,, filtered and concentrated in vacuo. Column chromatography (cyclohexane:EtOAc 4:1 to 3:2)
afforded the title compound 61 (55 mg, 70 umol) in 70% yield as an orange foam. [a]*% = +7.69 (c =
0.5 in CHCls); *H NMR (500 MHz, CDCls) & = 7.87-7.82 (m, 4H, H-10, H-11, H-14, H-15), 7.61 (d, 3/ = 8.4
Hz, 2H, H-8, H-9), 7.49 (d, 3J = 8.7 Hz, 2H, H-16, H-17), 5.36 (d, */n-cH = 7.6 Hz, 1H, NH), 5.26 (at, 334 =
9.6 Hz, 3J3,=9.2 Hz, 1H, H-3), 5.07 (at, 3J45 = 10.1 Hz, 3Js 3 = 9.6 Hz, 1H, H-4), 5.04 (at, 3/,1 = 10.1 Hz, 3/53
=9.2 Hz, 1H, H-2), 4.81 (d, /1, = 10.1 Hz, 1H, H-1), 4.69-4.62 (m, 1H, CH), 4.25 (dd, Ysaeo = 12.3 Hz, 3Jgas
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= 5.4 Hz, 1H, H-6a), 4.20 (dd, Yeb6a = 12.3 Hz, 3Jep5 = 2.3 Hz, 1H, H-6b), 3.70 (ddd, /54 = 10.1 Hz, 3J562 =
5.4 Hz, 3Js6p = 2.3 Hz, 1H, H-5), 3.63 (s, 3H, COOCHs), 3.55-3.42 (m, 2H, CH,), 2.11 (s, 3H, C(O)CHs), 2.10
(s, 3H, C(O)CHs), 2.03 (s, 3H, C(O)CHs), 2.00 (s, 3H, C(O)CHs), 1.42 (s, 9H, C(CHs)3) ppm ; 3C NMR (126
MHz, CDCls) § = 170.8 (1C, COOCHs), 170.6, 170.2 169.4, 169.3 (4C, 4C(0)CHs), 152.0 (1C, C-12), 150.9
(1C, C-13), 139.6 (1C, C-18), 135.5 (1C, C-7), 132.7 (2C, C-10, C-11), 129.8 (2C, C-14, C-15), 123.5 (2C, C-
16, C-17), 123.2 (2C, C-8, C-9), 85.3 (C-1), 80.3 (C(CHs)3), 76.0 (C-5), 73.9 (C-3), 69.9 (C-2), 68.2 (C-4),
62.1(C-6), 53.3 (1C, COOCHs), 52.6 (CH), 36.3 (CH,), 28.3 (C(CHs)s), 20.8, 20.6 (4C, 4C(O)CHs) ppm ; ESI
HRMS: m/z: clcd for C3sHa3sN3013S; + H: 778.23101 [M+H*] found: 778.23040.

(E)-2,2’,6,6’-tetrafluoro-4-(2,3,4-tri-O-benzoyl-6-O-(tert-butyldiphenyl)silyl-1-thio-B-D-
glucopyranosyl)-4’-(2°,3°,4°,6"-tetra-O-acetyl-1-thio-B-D-glucopyranosyl) azobenzene (62).

In a flame dried round bottom flask were loaded the azo derivative 29 (101 mg, 200 umol, 1.0 eq), the
thiol 31 (1.0 eq) and PdG3-Xantphos (1 mol%), and vacuum was applied for 15 min. Meanwhile the
solvent (THF) was degassed by bubbling nitrogen through. Then the flask was filled with a nitrogen
atmosphere and the solvent (4.00 mL) was added followed by EtsN (1.0 eq). The reaction was stirred
at-10 °Cfor 1 h. Then, thiol 32 (1.2 eq) which had been kept under vacuum with the rest of the catalyst
(1 mol%) were added, followed by more EtsN (1.2 eq), and the reaction was stirred at RT for 30 min.
The mixture was then diluted in EtOAc, washed with HCl 1N and brine, and the aqueous phase was
extracted with EtOAc. The combined organic layers were dried over MgSO0,, filtered and concentrated
in vacuo. Column chromatography (cyclohexane:EtOAc 9:1 to 1:1) afforded the title compound 62 (140
mg, 103 umol) in 51% yield as an orange/red foam. [a]*’5 = +8.23 (¢ = 0.5 in DMSO); *H NMR (500 MHz,
DMSO) & = 7.91-7.86 (m, 2H, 2Ar-H), 7.85-7.80 (m, 2H, 2Ar-H), 7.76-7.71 (m, 2H, 2Ar-H), 7.70-7.59 (m,
4H, 4Ar-H), 7.58-7.54 (m, 1H, 1Ar-H), 7.53-7.47 (m, 8H, 6Ar-H, H-16, H-17), 7.45-7.38 (m, 4H, 2Ar-H, H-
16, H-17), 7.38-7.31 (m, 2H, 2Ar-H), 7.29-7.24 (m, 2H, 2Ar-H), 7.21-7.15 (m, 2H, 2Ar-H), 6.12 (d, 31 » =
10.0 Hz, 1H, H-1), 6.10 (at, 3J5.4 = 9.6 Hz, 33> = 9.2 Hz, 1H, H-3°), 5.71 (at, 345 = 10.2 Hz, 343 = 9.6
Hz, 1H, H-4"),5.69 (d, 3J12 = 10.1 Hz, 1H, H-1), 5.55 (at, 3J> 1- = 10.0 Hz, 3/, 3 = 9.2 Hz, 1H, H-2"), 5.41 (at,
J=9.4 Hz, 1H, H-3), 5.01 (at, J = 9.8 Hz, 2H, H-2, H-4), 4.56-4.49 (m, 1H, H-5°), 4.32-4.26 (m, 1H, H-5),
4.18-4.08 (m, 2H, H-6a, H-6b), 3.88-3.76 (m, 2H, H-6"a, H-6'b), 2.05 (s, 3H, C(O)CHs), 2.02 (bs, 6H,
C(O)CHs), 1.97 (s, 3H, C(O)CHs) ppm ; 3C NMR (126 MHz, DMSO) & = 169.8, 169.4, 169.2, 169.1 (4C,
4C(0)CHs), 165.0, 164.5, 164.4 (3C, 3C(O)Ph), 154.6 (dd, Ycr = 262.1 Hz, ®Jcr = 5.2 Hz, 2C, C-14, C-15),
154.5 (dd, Yer = 261.3 Hz, 3Jcr = 5.4 Hz, 2C, C-10, C-11), 140.3 (t, ¥cr = 11.2 Hz, 1C, C-12), 140.1 (t, %
¢ =10.9 Hz, 1C, C-13), 135.0, 134.8 (4C, 4Ar-C), 134.0, 133.8, 133.7 (3C, 3Ar-C), 132.3, 132.0 (2C, 2Ar-
C), 129.7 (2C, 2Ar-C), 129.2,129.1, 129.0, 128.8, 128.7 (12C, 8Ar-C, C-8, C-9, C-16, C-17), 128.5, 128.2,
128.1 (3C, 3Ar-C), 127.6 (4C, 4Ar-C), 112.6 (t, 2C, C-7, C-18), 81.3 (2C, C-1, C-17), 77.5 (C-5"), 74.5 (C-5),
74.0 (C-3°), 72.6 (C-3), 70.1 (C-2°), 69.0 (C-2 or C-4), 68.4 (C-4"), 67.9 (C-2 or C-4), 62.2 (C-6"), 62.0 (C-
6), 26.2 (3C, C(CHs)s), 20.3, 20.2 (4C, 4C(O)CHs), 18.5 (1C, C(CHs)s) ppm ; ESI HRMS: m/z: clcd for
CeoHeaFaN2017S,Si + H*: 1361.34246 [M+H*] found: 1361.34282.

(E)-4-(2,3,4,6-tetra-O-acetyl-1-thio-B-p-glucopyranosyl)-4°-((26-oxo0-3,6,9,12-tetraoxa-25-
thiaheptacosyl)oxy)azobenzene (64).

General procedure C was applied to thiol 31 (20 mg, 55 umol, 1 eq) and azobenzene 45 (1.05 eq) in
THF (0.250 mL) with PdG3-Xantphos (5 mol%) and EtsN (1.1 eq). After stirring at RT for 2 h, the mixture
was concentrated to dryness then the residue dissolved in N,N-dimethylformamide (0.150 mL) and
potassium carbonate (3 eq) was added, followed by tosylate 63 (1.2 eq) dissolved in N,N-
dimethylformamide (0.100 mL). The mixture was heated up to 80 °C then stirred for 2 h. After cooling
to RT, the mixture was diluted with ethyl acetate and washed with 2N aq. HCl then with water. The
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aqueous phase was extracted with EtOAc, then the combined organic layers were washed with brine,
dried over MgSQ,, filtered and concentrated in vacuo. Column chromatography (cyclohexane:EtOAc
45:55 to 2:3) afforded the title compound 64 (30 mg, 31 umol) in 57% yield, as an orange oil. [a]*% = -
5.03 (c = 0.5 in CHCl3); *H NMR (500 MHz, CDCls) & = 7.93-7.88 (m, 2H, H-14, H-15), 7.84-7.79 (m, 2H,
H-8, H-9), 7.62-7.57 (m, 2H, H-10, H-11), 7.06-7.00 (m, 2H, H-16, H-17), 5.26 (at, 352 = 3J54 = 9.4 Hz, 1H,
H-3), 5.07 (at, 3/45 = 10.2 Hz, 343 = 9.4 Hz, 1H, H-4), 5.04 (dd, 3/21 = 10.1 Hz, 3J,3 = 9.4 Hz, 1H, H-2), 4.80
(d, 312 =10.1Hz, 1H, H-1), 4.29-4.16 (m, 4H, H-6., H-6,, PAOCH,CH-0), 3.92-3.88 (m, 2H, PAOCH,CH0),
3.78 (ddd, 3Js54 = 10.1 Hz, 3Js6a = 5.3 Hz, 3J5,62 = 2.4 Hz, 1H, H-5), 3.76-3.73 (m, 2H, PEG-CH,), 3.71-3.63
(m, 8H, PEG-CH,), 3.60-3.56 (m, 2H, PEG-CH,), 3.47-3.40 (m, 2H, OCH,CH,CH,), 2.88-2.83 (m, 2H,
CH,SC(O)CHs), 2.32 (s, 3H, SC(O)CHs), 2.11 (s, 3H, OC(O)CHs), 2.10 (s, 3H, OC(O)CHs), 2.03 (s, 3H,
OC(O)CHs), 2.00 (s, 3H, OC(O)CH3), 1.59-1.53 (m, 4H, Aliph-CH,), 1.36-1.24 (m, 14H, Aliph-CH;) ppm ;
13C NMR (126 MHz, CDCl3) & = 196.1 (1C, SC(O)CHs), 170.6, 170.2, 169.4, 169.3 (4C, 40C(O)CHs), 161.6
(1C, C-18), 152.3 (1€, C-12), 147.0 (1C, C-13), 134.6 (1C, C-7), 132.8 (2C, C-8, C-9), 124.9 (2C, C-14, C-
15), 123.0 (2C, C-10, C-11), 114.9 (2C, C-16, C-17), 85.5 (C-1), 75.9 (C-5), 73.9 (C-3), 71.6 (1C,
OCH,CH,CHy), 70.9 (1C, PEG-CH,), 70.7, 70.6 (4C, 4PEG-CH,), 70.1 (1C, PEG-CH,), 69.9 (C-2), 69.6 (1C,
PhOCH,CH,0), 68.2 (C-4), 67.8 (PhOCH,CH0), 62.2 (C-6), 30.7 (SC(O)CHs), 29.6, 29.5, 29.4, 29.2, 29.1,
28.8,26.1 (11C, 11Aliph-CH,), 20.8, 20.6 (4C, 40C(0)CHs) ; ESI HRMS: m/z: clcd for Ca7HgsN201sS2 + H*:
965.41339 [M+H*] found: 965.41156.

7.3.4. Oxidation of glycosidic sulfur atoms
(E)-4-(2,3,4,6-tetra-0O-acetyl-1-thio-B-D-glucopyranosyl)-4’-methoxy azobenzene (65).

To the azo derivative 45 (200 mg, 617 umol, 1 eq) in DMF (6.2 mL), was added tBuOK (76 mg, 680 umol,
1.1 eq) at RT. The mixture was stirred 5 min, and then methyl iodide (58 pL, 926 umol, 1.5 eq) was
added. After 2 h, the reaction was diluted with EtOAc and washed twice with HCI 1N. Then the organics
were dried over MgS0, and concentrated in vacuo. The obtained residue was dried under vacuum for
2 h, then were added PdG3/Xantphos (1 mol%) and the thiol 31 (1 eq) under N, atmosphere. Then THF
(5.7 mL) was added followed by EtsN (94 uL, 678 umol, 1.2 eq). The mixture was stirred at RT for 10
min. Then it was diluted with EtOAc, washed with HCI 1N, the organics were dried over MgSO, and
concentrated in vacuo. Column chromatography (cyclohexane:EtOAc 8:2 to 7:3) afforded the title
compound 65 (253 mg, 440 umol) in 71% yield over two steps. *H NMR (500 MHz, CDCl3) § = 7.94-7.89
(m, 2H, H-14, H-15), 7.84-7.80 (m, 2H, H10, H-11), 7.62-7.58 (m, 2H, H-8, H-9), 7.04-6.99 (m, 2H, H-16,
H-17), 5.26 (at, 334 = 9.6 Hz, /3, = 9.3 Hz, 1H, H-3), 5.07 (at, /45 = 10.1 Hz, /45 = 9.6 Hz, 1H, H-4), 5.04
(dd, 3J21 = 10.1 hz, 3J53 = 9.3 Hz, 1H, H-2), 4.80 (d, 3/1, = 10.1 Hz, 1H, H-1), 4.25 (dd, Yeaeo = 12.3 Hz,
3Jeas = 5.3 Hz, 1H, H-6a), 4.20 (dd, %Jenea = 12.3 Hz, Jen,s = 2.5 Hz, 1H, H-6b), 3.90 (s, 3H, OCHs), 3.77
(ddd, 3J5,4=10.1 Hz, 3J5 62 = 5.3 Hz, 3J5.6o = 2.5 Hz, 1H, H-5), 2.10 (bs, 6H, C(O)CHs), 2.03 (s, 3H, C(O)CHs),
2.00 (s, 3H, C(O)CHs) ppm ; 3C NMR (126 MHz, CDCl3) & = 170.6, 170.2, 169.4. 169.3 (4C, 4C(O)CHs),
162.3 (1C, C-18), 152.3 (1C, C-12), 147.0 (1C, C-13), 134.05 (1C, C-7), 134.5 (2C, C-8, C-9), 124.9 (2C, C-
14, C-15), 123.0 (2C, C-10, C-11), 114.3 (2C, C-16, C-17), 85.5 (C-1), 75.9 (C-5), 73.9 (C-3), 69.9 (C-2),
68.2 (C-4), 62.1 (C-6), 55.6 (OCH3), 20.8, 20.7, 20.6 (4C, 4C(O)CHs) ESI HRMS: m/z: clcd for Cy7H30N2010S
+H*: 575.16939 [M+H"*] found: 575.16942.

(R,S)-(E)-4-(2,3,4,6-tetra-O-acetyl-B-D-glucopyranosyl-1-sulfinyl) azobenzene (66a).

To 50 (102 mg, 187 umol, 1.0 eq) in CH,Cl, (1.87 mL) was added 70% meta-chloroperbenzoic acid (69
mg, 1.5 eq) at RT. The mixture was stirred for 2h. Then EtsN (50 pL) was added, and the crude mixture
was directly purified by column chromatography (cyclohexane:Et,O 1:1 to 0:1) to afford sulfoxide
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derivative 66a (45 mg, 81 umol) in 43% yield as an orange solid, and sulfone derivative 66b (57 mg, 99
pmol) in 53% yield as a pale orange solid. Note that sulfoxide 66a was obtained as a 2.2:1 mixture of
diastereomers which were not separated. *H NMR (500 MHz, CDCl;) & = 8.09-8.03 (m, 2.9H, H-10, H-
11), 7.98-7.92 (m, 2.9H, H-14, H-15), 7.88-7.83 (m, 2H, H-7, H-9), 7.83-7.78 (m, 0.9 H, H-7, H-9), 7.59-
7.49 (m, 4.35H, H-16, H-17, H-18), 5.38 (at, 3J,1 = 9.8 Hz, 3,3 = 9.1 Hz, 0.45H, H-2), 5.33-5.24 (m, 2.45H,
H-2, H-3), 5.01 (dd, 3Ja5 = 10.0 Hz, /43 = 9.5 Hz, 0.45H, H-4), 4.97 (dd, /45 = 10.1 Hz, 3J53 = 9.3 Hz, 1H,
H-4), 4.47 (d, )1, = 9.5 Hz, 1H, H-1), 4.33 (d, 31, = 9.8 Hz, 0.45H, H-1), 4.29-4.09 (m, 2.45H, H-6a, H-
6b), 4.03 (dd, %eaeb 12.4 Hz, 3Jens = 2.2 Hz, 0.45Hz, H-6b), 3.73 (ddd, 354 = 10.1 Hz, 3Js6, = 4.5 Hz, 3J5 6,
= 2.4 Hz, 1H, H-5), 3.62 (ddd, %54 = 10.0 Hz, /56, = 5.8 Hz, /sy = 2.2 Hz, 0.45H, H-5), 2.11 (s, 1.35H,
C(O)CHs), 2.02 (s, 1.35H, C(0)CHs), 2.01 (s, 3H, C(O)CHs), 2.00 (s, 4.35H, C(O)CHs), 1.97 (s, 3H, C(O)CHs),
1.96 (s, 3H, C(O)CHs), 1.91 (s, 1.35H, C(O)CHs) ppm ; *C NMR (126 MHz, CDCl3) & = 170.4, 170.1, 169.4,
169.2,169.1, 169.0 (5.8C, 4C(0O)CHs, 1.8C(0O)CHs), 154.6 (1.45C, C-12),152.4 (1.45C, C-13), 141.1, 140.8
(1.45C, C-7), 131.9, 131.8 (1.45C, C-18), 129.2 (2.9C, C-16, C-17), 126.8, 126.6 (2.9C, C-8, C-9), 123.2,
123.1 (5.8C, C-10, C-11, C-14, C-15), 92.5, 90.0 (1.45C, C-1), 76.7, 76.4 (1.45C, C-5), 73.8, 73.5 (1.45C,
C-3), 67.7, 67.6, 67.5, 67.4 (2.9 C, C-2, C-4), 61.7, 61.3 (1.45C, C-6), 20.7, 20.6, 20.5 (5.8C, 4C(O)CHjs,
1.8C(O)CHs) ppm ; ESI HRMS: m/z: clcd for CaeH2sN2010S + H*: 561.15374 [M+H*] found: 561.15394.

(E)-4-(2,3,4,6-tetra-O-acetyl-B-D-glucopyranosyl-1-sulfonyl) azobenzene (66b).

[a]®5 = -46.5 (c = 0.5 in CHCI5); *H NMR (500 MHz, CDCls) & = 8.10-8.03 (m, 4H, H-8, H-9, H-10, H-11),
8.00-7.94 (m, 2H, H-14, H-15), 7.59-7.52 (m, 3H, H-16, H-17, H-18), 5.31-5.23 (m, 2H, h-2, H-3), 4.94-
4.88 (m, 1H, H-4), 4.58-4.51 (m, 1H, H-1), 4.18-4.13 (m, 2H, H-6a, H-6b), 3.77-3.71 (m, 1H, H-5), 2.15
(s, 3H, C(O)CHs), 2.00 (bs, 6H, C(O)CHs), 1.96 (s, 3H, C(O)CHs) ppm ; **C NMR (126 MHz, CDCl5) §=170.3,
170.0, 169.4, 169.2 (4C, 4C(0)CHs), 156.0 (1C, C-12), 152.4 (1C, C-13), 135.6 (1C, C-7), 132.3 (1C, C-18),
131.8 (2C, C-8, C-9), 129.3 (2C, C-16, C-17), 123.4 (2C, C-14, C-15), 122.9 (2C, C-10, C-11), 88.9 (C-1),
76.3 (C-5), 73.3 (C-3), 67.2 (C-4), 66.9 (C-2), 61.1 (C-6), 20.7, 20.6, 20.5 (4C, 4C(0)CHs) ppm ; ESI HRMS:
m/z: cled for Ca6H28011N,S + H*: 577.14866 [M+H*] found: 577.14774.

(E)-4-(2,3,4,6-tetra-O-acetyl-B-D-glucopyranosyl-1-sulfinyl)-4 -methoxy azobenzene (67a)

To 65 (40 mg, 70 umol, 1 eq) in CHxCl, (0.7 mL) was added 70% meta-chloroperbenzoic acid (26 mg,
104 umol, 1.5 eq), and the mixture was stirred for 1 h at RT. Then it was directly purified by column
chromatography (cyclohexane:Et,0 1:1 to 0:1) to afford the title compound 67a (20 mg, 34 umol) in
48% vyield along with an a/B mixture of 67b (21 mg, 35 umol, 49%). Note that pure B-67b was
sinthesized independently. *H NMR (500 MHz, CDCl5) = 8.03-7.99 (m, 3.2H, H-10, H-11), 7.97-7.92 (m,
3.2H, H-14, H-15), 7.84-7.81 (m, 2H, H-8, H-9), 7.80-7.76 (m, 1.2H, H-8, H-9), 7.06-7.01 (m, 3.2H, H-16,
H-17), 5.37 (m, 0.6H, H-2), 5.34-5.24 (m, 2.6H, 1.6H-2, 1H-3), 5.04-4.94 (m, 1.6 H, H-4), 4.46 (d, 3J1,, =
9.4 Hz, 1H, H-1), 4.31 (d, /12 = 9.8 Hz, 0.6H, H-1), 4.19-4.09 (m, 2.6H, 1.6H-6a, 1H-6b), 4.30 (dd, ep,6a
= 12.4, 3jeb,5 =22 HZ, 0.6H, H-6b), 3.91 (S, 4.8H, OCHg), 3.71 (ddd, 3./5,4 =10.1 HZ, 315,6b: 4.5 HZ, 3-]5,63 =
2.4 Hz, 1H, H-5), 3.62 (ddd, 3J5,4 = 10.1 Hz, 3Js,6a = 5.9 Hz, 3J5 6 = 2.2 Hz, 0.6H, H-5), 2.10 (s, 1.8H, C(O)CHs),
2.01 (s, 1.8H, C(O)CHs), 2.00 (s, 7.8H, C(O)CHs), 1.96 (bs, 6H, C(O)CHs), 1.91 (s, 1.8H, C(O)CHs) ppm ; *C
NMR (126 MHz, CDCls) 6 =170.4, 170.1, 169.4, 169.2, 169.1, 169.0 (6.4C, C(O)CHs), 168.8 (1.6C, C-18),
154.8 (1.6C, C-12), 146.9 (1.6C, C-13), 140.3 (1C, C-7), 140.0 (0.6C, C-7), 126.7, 126.6 (3.2C, C-8, C-9),
125.2 (3.2C, C-14, C-15), 122.4 (3.2C, C-10, C-11), 114.4 (3.2C, C-16, C-17), 92.4, 90.1 (1.6C, C-1), 76.6,
76.4 (1.6C, C-5), 73.8, 73.5 (1.6C, C-3), 67.7 (0.6C, C-4), 67.6 (1C, C-2), 67.5 (0.6C, C-2), 67.4 (1C, C-4),
61.7, 61.3 (1.6C, C-6), 55.7 (1.6C, OCHs), 20.6, 20.5 (6.4C, C(O)CHs) ppm ; ESI HRMS: m/z: clcd for
Ca7H30011N2S + H*: 591.16431 [M+H*] found: 591.16451.
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(E)-4-(2,3,4,6-tetra-O-acetyl-B-D-glucopyranosyl-1-sulfonyl)-4"-methoxy azobenzene (67b)

To 65 (100 mg, 174 umol, 1eq) in CHxCl; (1.7 mL) was added 70% meta-chloroperbenzoic acid (83 mg,
339 umol, 1.95 eq), at -40 °C. After 3 h, Amberlyst A21 was added, and after 5 min the solution was
directly purified by column chromatography (cyclohexane:EtOAc 7:3) to afford the title compound 67b
(33 mg, 54 umol) in 31% yield. *H NMR (500 MHz, CDCls) 5 = 8.06-7.95 (m, 6H, H-8, H-9, H-10, H-11, H-
14, H-15), 7.07-7.02 (m, 2H, H-16, H-17), 5.31-5.23 (m, 2H, H-2, H-3), 4.94-4.87 (m, 1H, H-4), 4.55-4.51
(m, 1H, H-1), 4.17-4.12 (d, 3Jeas = *Jebs = 3.6 Hz, 2H, H-6a, H-6b), 3.92 (s, 3H, OCHs), 3.73 (dt, /54 = 10.0
Hz,3Js6a = 3Jseo = 3.6 Hz, 1H, H-5), 2.15 (s, 3H, C(O)CHs), 2.00 (bs, 6H, C(O)CHs), 1.95 (s, 3H, C(O)CHs)
ppm ; C NMR (126 MHz, CDCls) § = 170.3, 170.0, 169.4, 169.1 (4C, 4C(O)CHs), 163.2 (1C, C-18), 156.3
(1C, C12),146.9 (1€, C-13), 134.4 (1C, C-7),131.7 (2C, C-8, C-9), 125.6 (2C, C-14, C-15), 122.6 (2C, C-10,
C-11), 114.4 (2C, C-16, C17), 88.9 (C-1), 76.3 (C-5), 73.3 (C-3), 67.3 (C-4), 67.0 (C-2), 61.2 (C-6), 55.7
(OCHs), 20.7, 20.6, 20.5 (4C, 4C(O)CHs) ppm ; ESI HRMS: m/z: clcd for Cy7H30012N,S + H*:607.15922
[M+H*] found: 607.15942.

(E)-4-(2,3,4,6-tetra-O-acetyl-B-D-glucopyranosyl-1-sulfonyl)-4"-bromo azobenzene (68).

To 51 (93 mg, 150 umol, 1.0 eq) in CH,Cl, (1.5 mL) was added 70% meta-chloroperbenzoic acid (74 mg,
300 umol, 2.0 eq) at RT. The mixture was stirred for 1.5 h. Then the mixture was diluted with EtOAc,
washed with NaOH 1M (3x). The water phase was extracted with EtOAc and the combined organic
phases were washed with brine, then dried over MgSO, and concentrated in vacuo. Column
chromatography (cyclohexane:EtOAc 9:1 to 3:2) afforded the title compound 68 (86 mg, 131 umol) in
87% yield as an orange/red solid. [a]?% = -50.6 (c = 0.5 in CHCls); *H NMR (500 MHz, CDCls) & = 8.09-
8.03 (m, 4H, H-8, H-9, H-10, H-11), 7.87-7.83 (m, 2H, H-14, H-15), 7.72-7.68 (m, 2H, H-16, H-17), 5.29-
5.23 (m, 2H, H-2, H-3), 4.93-4.87 (m, 1H, H-4), 4.57-4.52 (m, 1H, H-1), 4.16-4.14 (m, 2H, H-6a, H-6b),
3.77-3.72 (m, 1H, H-5), 2.15 (s, 3H, C(O)CHs), 2.00 (s, 3H, C(O)CHs), 1.99 (s, 3H, C(O)CHs), 1.96 (s, 3H,
C(O)CHs) ppm ; 3C NMR (126 MHz, CDCl5) = 170.3, 170.0, 169.4, 169.2 (4C, 4C(0O)CHs), 155.7 (1C, C-
12),151.1 (1C, C-13),135.9(1C, C-7), 132.6 (2C, C-16, C-17),131.9 (2C, C-8,C-9),127.1 (1C, C-18),124.8
(2C, C-14, C-15), 123.0 (C-10, C-11), 88.9 (C-1), 76.3 (C-5), 73.3 (C-3), 67.2 (C-4), 66.9 (C-2), 61.1 (C-6),
20.7, 20.6, 20.5 (4C, 4C(0)CHs) ppm ; ESI HRMS: m/z: clcd for CagH27BrN,013S + Na*: 677.04111 [M+Na*]
found: 677.04077.

(E)-2,2’,6,6’-tetrafluoro-4-(2,3,4,6-tetra-0O-acetyl-B-D-glucopyranosyl-1-sulfonyl)-4°-iodo
azobenzene (69).

To 57 (72 mg, 97 umol, 1.0 eq) in CH,Cl; (1 mL) was added 70% meta-chloroperbenzoic acid (53 mg,
214 umol, 2.2 eq) at RT. The mixture was stirred for 2 h. Then the mixture was diluted with EtOAc,
washed with NaOH 1M (3x). The water phase was extracted with EtOAc and the combined organic
phases were washed with brine, then dried over MgSOs and concentrated in vacuo. Column
chromatography (cyclohexane:EtOAc 4:1 to 6:4) afforded the title compound 69 (51 mg, 66 umol) in
68% vyield as an orange/red solid. [a]*p = -1.18 (¢ = 0.5 in DMSOQ); *H NMR (500 MHz, CDCl3) 6 = 7.93
(d, 3Jur = 9.0 Hz, 2H, H-16, H-17), 7.72 (d, 3Jus = 7.7 Hz, 2H, H-8, H-9), 5.41 (d, 3/1, = 9.7 Hz, 1H, H-1),
5.36 (t, 332 =3J34=9.3 Hz, 1H, H-3), 5.26 (at, 321 = 9.7 Hz, 3,3 = 9.3 Hz, 1H, H-2), 4.94 (at, 3Js5 = 9.9 Hz,
3J43 = 9.3 Hz, 1H, H-4), 4.14-4.05 (m, 3H, H-5, H-6a, H-6b), 2.07 (s, 3H, C(O)CH3), 1.98 (s, 3H, C(O)CHs),
1.95 (s, 3H, C(O)CHs), 1.90 (s, 3H, C(O)CHs) ppm ; *C NMR (126 MHz, CDCls) 8 = 169.7, 169.4, 169.0,
168.8 (4C, 4C(0O)CHs), 154.3 (dd, YJcr = 267.0 Hz, *Jcr = 4.0 Hz, 2C, C-14, C-15), 153.5 (dd, YJcr = 262.8
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Hz, 3Jcr = 3.1 Hz, 2C, C-10, C-11), 137.2 (t, 3Jcr = 8.7 Hz, 1C, C-7), 134.5 (t, 2Jcr = 10.4 Hz, 1C, C-12), 129.8
(t, Ycr = 9.5 Hz, 1C, C-13), 122.6 (dd, Zcr = 22.0 Hz, “Jcr = 3.3 Hz, 2C, C-16, C-17), 115.0 (d, ¥Jcr = 23.4
Hz, 2C, C-8, C-9), 100.2 (t, 3Jcr = 10.1 Hz, 1C, C-18), 87.1 (C-1), 74.9 (C-5), 72.3 (C-3), 67.0 (C-4), 66.1 (C-
2), 61.0 (C-6), 20.3, 20.2, 20.1, 20.0 (4C, 4C(O)CHs) ; ESI HRMS: m/z: clcd for CaeHa3FaIN;01:S + H*:
775.00761 [M+H*] found: 775.00746.

(E)-4-(2,3,4,6-tetra-O-acetyl-B-D-glucopyranosyl-1-sulfonyl)-4'-(2°,3°,4°,6"-tetra-O-acetyl-1-thio-B-D-
glucopyranosyl) azobenzene (70).

General procedure C was applied to 68 (66 mg, 100 umol, 1 eq) and thiol 31 (1 eq) in 1,4-dioxane (330
uL) with PdG3-Xantphos (1 mol%) and EtsN (1 eq); stirring at 70 °C for 6 h. Column chromatography
(CH2Cly:Et,0 9:1 to 7:3) afforded a fraction of 55 mg containing impurities along with the target
compound. The residue was dissolved in a minimal amount of CH,Cl;, diluted with Et,O, and
precipitated by addition of cyclohexane and filtered to afford the pure title compound 70 (43 mg, 46
umol) in 46% yield as a red solid. [a]*% = -33.7 (c = 0.5 in CHCl3); *H NMR (500 MHz, CDCl3) & = 8.09-
8.03 (m, 4H, H-8, H-9, H-10, H-11), 7.94-7.89 (m, 2H, H-14, H-15), 7.66-7.62 (m, 2H, H-16, H-17), 5.30-
5.23 (m, 3H, H-2, H-3, H-3"), 5.12-5.04 (m, 2H, H-2", H-4"), 4.94-4.88 (m, 1H, H-4), 4.86 (d, 3/1-» = 10.1
Hz, 1H, H-1), 4.58-4.52 (m, 1H, H-1), 4.27 (dd, %Jgaeb = 12.3 Hz, *Jgas = 5.3 Hz, 1H, H-6a), 4.22 (dd,
2Jebea = 12.3 Hz, ¥ens = 2.5 Hz, 1H, H-6'b), 4.16 (d, Jeas = Jev,s = 3.5 Hz, 2H, H-6a, H-6b), 3.82 (ddd,
315',4' =10.1 HZ, 3./5',5'3 =53 HZ, 3-/5',6'b =25 HZ, 1H, H-SI), 3.75 (ddd, 3./5,4 =10.1 HZ, 3j5,63 = 3-]5,6b =3.5 HZ,
1H, H-5), 2.15 (s, 3H, C(O)CHs), 2.12 (s, 3H, C(0)CHs), 2.11 (s, 3H, C(O)CHs), 2.04 (s, 3H, C(O)CHs), 2.01
(s, 3H, C(O)CHs), 2.11 (bs, 6H, C(O)CHs), 1.96 (s, 3H, C(O)CHs) ppm ; *C NMR (126 MHz, CDCl3) § =170.5,
170.2, 170.1, 170.0, 169.4, 169.3, 169.2 (8C, 8C(0)CHs), 155.8 (1C, C-12), 151.6 (1C, C-13), 137.6 (1C,
C-18),135.8 (1C, C-7), 132.2 (2C, C-16, C-17), 131.9 (2C, C-8, C-9), 123.7 (2C, C-14, C-15),123.0 (2C, C-
10, C-11), 88.9 (C-1), 85.0 (C-17), 76.3 (C-5), 76.0 (C-5), 73.8 (C-3"), 73.3 (C-3), 69.8 (C-2°), 68.1 (C-4"),
67.2 (C-4), 66.9 (C-2), 62.1 (C-6°), 61.1 (C-6), 20.8, 20.7, 20.6, 20.5 (8C, 8C(O)CHs) ppm ; ESI HRMS: m/z:
cled for C40H47020N,S; + H': 939.21581 [M+H*] found: 939.21541.

(E)-2,2’,6,6’-tetrafluoro-4-(2,3,4,6-tetra-O-acetyl-B-b-glucopyranosyl-1-sulfonyl)-4°-(2°,3",4",6"-
tetra-O-acetyl-1-thio-B-D-glucopyranosyl) azobenzene (71).

General procedure C was applied to 69 (51 mg, 66 umol, 1.0 eq) and thiol 31 (1.0 eq) in 1,4-dioxane
(0.660 mL) with PdG3-Xantphos (1 mol%) and EtsN (1.0 eq); stirring at RT for 1 h. Column
chromatography (CH,Cl,:Et,0 95:5 to 9:1) afforded the title compound 71 (39 mg, 39 pumol) in 59%
yield as a red solid. [a]*p = +0.444 (c = 0.5 in DMSO); 'H NMR (500 MHz, CDCl3) 8 = 7.71 (d, 3Jue = 7.7
Hz, 2H, H-8, H-9), 7.48 (d, 3 r = 10.4 Hz, 2H, H-16, H-17), 5.74 (d, 31 » = 10.0 Hz, 1H, H-1"), 5.44-5.38
(m, 2H, H-1, H-3), 5.35 (¢, 3./3,2 = 3./3,4 = 9.4 Hz, 1H, H-3), 5.25 (at, 3]2,1: 9.6 Hz, 3]2,32 9.4 Hz, 1H, H-2),
5.06-4.99 (m, 2H, H-2', H-4’), 4.93 (at, 3Js5s= 9.8 Hz, *J43= 9.4 Hz, 1H, H-4), 4.33-4.28 (m, 1H, H-5"), 4.15-
4.06 (m, 5H, H-5, H-6a, H-6b, H-6"a, H-6"b), 2.06 (s, 3H, C(O)CHs), 2.06 (s, 3H, C(O)CHs), 2.02 (s, 3H,
C(O)CHs), 2.02 (s, 3H, C(O)CHs), 1.98 (s, 3H, C(O)CHs), 1.98 (s, 3H, C(O)CHs), 1.95 (s, 3H, C(O)CHs), 1.90
(s, 3H, C(0)CHs) ppm ; 3C NMR (126 MHz, CDCls) & = 169.8, 169.7, 169.4, 169.3, 169.1, 169.0, 168.8
(8C, 8C(O)CHs), 154.9 (dd, YJcr = 263.5 Hz, 3Jcr = 4.5 Hz, 2C, C-14, C-15), 153.5 (dd, Ycr = 262.5 Hz, 3Jcr
=2.9 Hz, 2C, C-10, C-11), 142.9 (t, 3Jcr = 11.4 Hz, 1C, C-18), 136.8 (t, 3Jcr = 8.6 Hz, 1C, C-7), 134.7 (t, e
= 10.5 Hz, 1C, C-12), 128.3 (t, 2cr = 9.3 Hz, 1C, C-13), 114.9 (d, 2cr = 26.2 Hz, 2C, C-8, C-9), 112.2 (d,
2Jor=23.2 Hz, 2C, C-16, C-17), 87.1 (C-1), 81.0 (C-1"), 74.9 (C-5"), 74.5 (C-5), 72.6 (C-3"), 72.3 (C-3), 68.9
(C-2), 67.9 (C-4°), 67.0 (C-4), 66.1 (C-2), 62.0 (C-6'), 61.1 (C-6), 20.3, 20.2, 20.1, 20.0 (8C, 8C(O)CHs)
ppm ; ESI HRMS: m/z: clcd for CaoH42020N2F4S; + Na*: 1033.16007 [M+Na*] found: 1033.15872.
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(E)-4,4"-bis-(2,3,4,6-tetra-O-acetyl-B-D-glucopyranosyl-1-sulfonyl) azobenzene (72).

To 35 (30 mg, 33 umol, 1.0 eq) in CH,Cl, (330 pL) was added 70% meta-chloroperbenzoic acid (36 mg,
146 umol, 4.4 eq) at RT and the mixture was stirred for 3 h. Then it was diluted with EtOAc, washed
with NaOH 1M (3x) and brine. The water phase was extracted with EtOAc and the combined organic
phases were washed with brine, then dried over MgSO, and concentrated in vacuo. Column
chromatography (CH,Cl,:EtOAc 9:1 to 7:3) afforded the title compound 72 (25 mg, 26 umol) in 79%
yield as a pale red solid. [a]*°> =-36.9 (c = 0.5 in DMSO); *H NMR (500 MHz, CDCl5) & = 8.12 (s, 8H, 4Ar-
Hortho, 4Ar-Hmeta), 5.30-5.23 (m, 4H, H-2, H-3), 4.94-4.88 (m, 2H, H-4), 4.59-4.55 (m, 2H, H-1), 4.22-4.14
(m, 2H, H-6a, H-6b), 3.79-3.74 (m, 2H, H-5), 2.16 (s, 6H, C(O)CHs) , 2.01 (s, 6H, C(O)CHs), 2.00 (s, 6H,
C(O)CHs), 1.98 (s, 6H, C(O)CHs) ppm ; 3C NMR (126 MHz, CDCls) & = 170.2, 170.0, 169.4, 169.2 (4C,
4C(O)CHs), 155.4 (2C, 2Ar-Cipso), 136.9 (2C, 2Ar-Cpara), 132.1 (4C, 4Ar-Crmeta), 123.3 (4C, 4Ar-Cortho), 89.0
(C-1), 76.4 (C-5), 73.3 (C-3), 67.2 (C-4), 66.9 (C-2), 61.1 (C-6), 20.7, 20.6, 20.5 (4C, 4C(O)CHs) ppm ; ESI
HRMS: m/z: clcd for CaoHasN2022S, + H': 971.20564 [M+H*] found: 971.20535.

(E)-2,2’,6,6’-tetrafluoro-4,4"-bis-(2,3,4,6-tetra-O-acetyl-B-D-glucopyranosyl-1-sulfonyl) azobenzene
(73).

To 36 (77 mg, 79 umol, 1.0 eq) in CH,Cl, (780 uL) was added 70% meta-chloroperbenzoic acid (85 mg,
346 umol, 4.4 eq) at RT and the mixture was stirred for 3 h. Then Then it was diluted with EtOAc,
washed with NaOH 1M (3x). The water phase was extracted with EtOAc and the combined organic
phases were washed with brine, then dried over MgSO, and concentrated in vacuo. Column
chromatography (CH,Cl,:EtOAc 9:1 to 4:1) afforded the title compound 73 (64 mg, 61 umol) in 78%
yield as a pale red solid. [a]*°s = -1.67 (c = 0.5 in DMSO); *H NMR (500 MHz, CDCls) & = 7.76 (d, e =
7.9 Hz, 4H, 4Ar-Hmeta), 5.42 (d, 3J12 = 9.7 Hz, 2H, H-1), 5.36 (t, 3J32 = 334 = 9.3 Hz, 2H, H-3), 5.28 (at, /21
=9.7 Hz, 3J,3=9.3 Hz, 2H, H-2), 4.96 (at, 3J45 = 9.9 Hz, 3J43 = 9.3 Hz, 2H, H-4), 4.15-4.05 (m, 6H, H-5, H-
6a, H-6b), 2.07 (s, 6H, C(O)CHs), 1.98 (s, 6H, C(O)CHs), 1.95 (s, 6H, C(O)CHs), 1.90 (s, 6H, C(O)CHs) ppm
; 3C NMR (126 MHz, CDCl5) 6 = 169.8, 169.6, 169.2, 169.0 (8C, 8C(0O)CHs), 153.9 (dd, Ycr = 263.9 Hz,
3Jer = 2.7 Hz, 4C, 4Ar-Cortho), 138.4 (t, 3Jcr = 8.7 Hz, 2C, 2Ar-Cpara), 134.2 (t, Ucr = 10.2 Hz, 2C, 2Ar-Cipso),
115.3 (dd, %Jer = 22.4 Hz, “Jer = 3.4 Hz, 4C, 4Ar-Cmeta), 87.3 (C-1), 75.1 (C-5), 72.5 (C-3), 67.1 (C-4), 66.2
(C-2), 61.1 (C-6), 20.4, 20.2, 20.1 (8C, 8C(O)CHs) ppm ; ESI HRMS: m/z: clcd for CaoH42F4N202,S, + Na*:
1065.14990 [M+Na*] found: 1065.14969.
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7.3.5. Photochromic properties of selected AB glycoconjugates
7.3.5.1. Compound 50

®  Absorbance at 351 nm
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Figure 7.3.2. Left: UV-vis spectra of molecule 50 at 25 °C in DMSO (50 uM) in the trans state (black line), and after 2 min
irradiation at 365 nm (red line) and 435 nm (blue line); Right: Exponential growth of the absorbance at 351 nm of a cis/trans
mixture of 50 after irradiation at 365 nm in DMSO (50 uM) at 40 °C; The rate constant is given by: k = 1/t;.
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Figure 7.3.3. Expansion in the aromatic region of the *H NMR spectrum (DMSO-dg, 300 K) of an equilibrium mixture of trans
and cis-50 (1 mM) after irradiation at 365 nm (2 min).
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Figure 7.3.4. Expansion in the aromatic region of the 1H NMR spectrum (DMSO-ds, 300 K) of an equilibrium mixture of trans
and cis-50 (1 mM) after irradiation at 435 nm (2 min).
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7.3.5.2. Compound 66a

= Absorbance at 334 nm
ExpDec1 Fit of Sheet2 B"Absorbance”

1,0 4 —
—— trans-66a — et
—— 66a@PSS 365 ...-'
—— 66a@PSS 435 08 -
14 [}
3 OAc 8 o [Model ExpDecl
3 o § 06 - Equation y = Al¥exp(-x/t1) + y0
5 o ¢ 5 " Absorb:
] AcO St 51 .l Plot sorbance
§ AcO é‘ o 40 71,0877 £ 0,00295
OAc N 041 i Al ~0,92315 % 0,00263
N . t 28,5863 = 0,24815
0,24 . Reduced Chi-Sqr 1,26712E-5
- R-Square (COD) 0,9998
Adj. R-Square 0,99979
0 T T T T 1 0.0 T T T T T T T T ]
300 400 500 600 700 -0 0 10 20 30 40 50 60 70 80
Wavelength (nm) time (h)

Figure 7.3.5. Left: UV-vis spectra of molecule 66a at 25 °C in DMSO (50 uM) in the trans state (black line), and after 2 min
irradiation at 365 nm (red line) and 435 nm (blue line); Right: Exponential growth of the absorbance at 334 nm of a cis/trans
mixture of 66a after irradiation at 365 nm in DMSO (50 uM) at 40 °C; The rate constant is given by: k = 1/t;.
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Figure 7.3.6. Expansion in the aromatic region of the 1H NMR spectrum (DMSO-ds, 300 K) of an equilibrium mixture of trans
and cis-66a (1 mM) after irradiation at 365 nm (2 min).
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Figure 7.3.7. Expansion in the aromatic region of the *H NMR spectrum (DMSO-ds, 300 K) of an equilibrium mixture of trans
and cis-66a (1 mM) after irradiation at 435 nm (2 min).
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7.3.5.3. Compound 66b
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Figure 7.3.8. Left: UV-vis spectra of molecule 66b at 25 °C in DMSO (50 uM) in the trans state (black line), and after 2 min
irradiation at 365 nm (red line) and 435 nm (blue line); Right: Exponential growth of the absorbance at 327 nm of a cis/trans

mixture of 66b after irradiation at 365 nm in DMSO (50 uM) at 40 °C; The rate constant is given by: k= 1/t;.

|

| ‘ M
W Ly

——t

\ /
S ——

I
1l
| i H,

W

l| |
I ||‘||‘

——
[=}
o
I~
)

| Y N

T T T T T T r T T T T T T T
7.60 7.50 7.40
f1 (ppm)

7.30

7.20

710

7.00

rBE+05
r7E+05
~6E+05
~5E+05
F4E+05
-3E+05
-2E+05
F1E+05
ro
r-1E+05

~-2E+05

Figure 7.3.9. Expansion in the aromatic region of the 'H NMR spectrum (DMSO-ds, 300 K) of an equilibrium mixture of trans

and cis-66b (1 mM) after irradiation at 365 nm (2 min).
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Figure 7.3.10. Expansion in the aromatic region of the 'H NMR spectrum (DMSO-ds, 300 K) of an equilibrium mixture of trans

and cis-66b (1 mM) after irradiation at 435 nm (2 min).
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7.3.5.4. Compound 65
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Figure 7.3.11. Left: UV-vis spectra of molecule 65 at 25 °C in DMSO (50 uM) in the trans state (black line), and after 2 min
irradiation at 365 nm (red line) and 435 nm (blue line); Right: Exponential growth of the absorbance at 370 nm of a cis/trans
mixture of 65 after irradiation at 365 nm in DMSO (50 uM) at 40 °C; The rate constant is given by: k = 1/t;.
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Figure 7.3.12. Expansion in the aromatic region of the 'H NMR spectrum (DMSO-ds, 300 K) of an equilibrium mixture of trans
and cis-65 (1 mM) after irradiation at 365 nm (2 min).
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Figure 7.3.13. Expansion in the aromatic region of the 'H NMR spectrum (DMSO-ds, 300 K) of an equilibrium mixture of trans
and cis-65 (1 mM) after irradiation at 435 nm (2 min).
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Figure 7.3.14. Expansion in the aromatic region of the 'H NMR spectrum (DMSO-ds, 300 K) of an equilibrium mixture of trans
and cis-65 (1 mM) after irradiation at 520 nm (2 min).
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Figure 7.3.15. Expansion in the aromatic region of the *H NMR spectrum (DMSO-ds, 300 K) of an equilibrium mixture of trans
and cis-65 (1 mM) after irradiation at 435 nm for 2 min, and then 590 nm for 5 min.
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7.3.5.5. Compound 67a
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Figure 7.3.16. Left: UV-vis spectra of molecule 67a at 25 °C in DMSO (50 uM) in the trans state (black line), and after 2 min
irradiation at 365 nm (red line) and 435 nm (blue line); Right: Exponential growth of the absorbance at 365 nm of a cis/trans
mixture of 67a after irradiation at 365 nm in DMSO (50 uM) at 40 °C; The rate constant is given by: k = 1/t;.
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Figure 7.3.17. Expansion in the aromatic region of the 'H NMR spectrum (DMSO-ds, 300 K) of an equilibrium mixture of trans
and cis-67a (1 mM) after irradiation at 365 nm (2 min).
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Figure 7.3.18. Expansion in the aromatic region of the 'H NMR spectrum (DMSO-ds, 300 K) of an equilibrium mixture of trans
and cis-67a (1 mM) after irradiation at 435 nm (2 min).
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Figure 7.3.19. Expansion in the aromatic region of the 'H NMR spectrum (DMSO-ds, 300 K) of an equilibrium mixture of trans
and cis-67a (1 mM) after irradiation at 520 nm (2 min).
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Figure 7.3.20. Expansion in the aromatic region of the *H NMR spectrum (DMSO-ds, 300 K) of an equilibrium mixture of trans
and cis-67a (1 mM) after irradiation at 520 nm for 2 min and 590 nm for 5 min.
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7.3.5.6. Compound 67b
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Figure 7.3.21. Left: UV-vis spectra of molecule 67b at 25 °C in DMSO (50 uM) in the trans state (black line), and after 2 min
irradiation at 365 nm (red line) and 435 nm (blue line); Right: Exponential growth of the absorbance at 368 nm of a cis/trans
mixture of 67b after irradiation at 365 nm in DMSO (50 uM) at 40 °C; The rate constant is given by: k = 1/t;.
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Figure 7.3.22. Expansion in the aromatic region of the *H NMR spectrum (DMSO-dg, 300 K) of an equilibrium mixture of trans
and cis-67b (1 mM) after irradiation at 365 nm for 2 min.
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Figure 7.3.23. Expansion in the aromatic region of the 'H NMR spectrum (DMSO-ds, 300 K) of an equilibrium mixture of trans
and cis-67b (1 mM) after irradiation at 435 nm for 2 min.
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Figure 7.3.24. Expansion in the aromatic region of the 'H NMR spectrum (DMSO-ds, 300 K) of an equilibrium mixture of trans
and cis-67b (1 mM) after irradiation at 520 nm for 2 min.
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Figure 7.3.25. Expansion in the aromatic region of the 'H NMR spectrum (DMSO-ds, 300 K) of an equilibrium mixture of trans
and cis-67b (1 mM) after irradiation at 435 nm for 2 min and then 590 for 10 min.
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7.3.5.7. Compound 35
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Figure 7.3.26. Left: UV-vis spectra of molecule 35 at 25 °C in DMSO (50 uM) in the trans state (black line), and after 2 min
irradiation at 365 nm (red line) and 435 nm (blue line); Right: Exponential growth of the absorbance at 374 nm of a cis/trans
mixture of 35 after irradiation at 365 nm in DMSO (50 uM) at 40 °C; The rate constant is given by: k = 1/t;.

16 1,64
1,4 1.4
trans-35 ' —— trans-35
2] ::g:gg 253 then 590 5 mi 1,24 35@PSS 365
— en min . X
8 e - 35@PSS 520 then 590 10 min 35@PSS 365 then 590 5 min
g 7 ——— 35@PSS 520 then 590 15 min 1.0 ——— 35@PSS 365 then 590 10 min
& .
-~ 35@PSS 520 then 590 20 min 5 35@PSS 365 then 590 20 min
S 08+ 80,84
< g
87 2 061
0.4 - / 0]
0,24\
00
00

T T T T T T T T 1
300 350 400 450 500 550 600 650 700
Wavelength (nm)

T T T T T T T T 1
300 350 400 450 500 550 800 650 700
Wavelength (nm)

Figure 7.3.27. UV-vis analysis of the time required to reach the PSS 590 nm at 25 °C in DMSO (50 uM) starting from the
cis/trans mixture of 35 at PSS 520 nm (left), and starting from the cis/trans mixture of 35 at PSS 365 nm (right).
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Figure 7.3.28. Expansion in the aromatic region of the 'H NMR spectrum (DMSO-ds, 300 K) of an equilibrium mixture of trans
and cis-35 (1 mM) after irradiation at 365 nm (2 min).
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Figure 7.3.29. Expansion in the aromatic region of the *H NMR spectrum (DMSO-ds, 300 K) of an equilibrium mixture of trans

and cis-35 (1 mM) after irradiation at 435 nm (2 min).
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Figure 7.3.30. Expansion in the aromatic region of the *H NMR spectrum (DMSO-dg, 300 K) of an equilibrium mixture of trans

and cis-35 (1 mM) after irradiation at 520 nm (2 min).
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Figure 7.3.31. Expansion in the aromatic region of the 'H NMR spectrum (DMSO-ds, 300 K) of an equilibrium mixture of trans

and cis-11 (1 mM) after irradiation at 590 nm (15 min after PSS 520 nm).
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7.3.5.8. Compound 70
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Figure 7.3.32. Left: UV-vis spectra of molecule 70 at 25 °C in DMSO (50 uM) in the trans state (black line), and after 2 min
irradiation at 365 nm (red line), 435 nm (blue line) and 520 nm (green line), and 5 min irradiation at 590 nm after the PSS 520
(violet line); Right: Exponential growth of the absorbance at 366 nm of a cis/trans mixture of 70 after irradiation at 365 nm

in DMSO (50 uM) at 40 °C; The rate constant is given by: k = 1/t;.
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Figure 7.3.33. Expansion in the aromatic region of the 'H NMR spectrum (DMSO-ds, 300 K) of an equilibrium mixture of trans

and cis-70 (1 mM) after irradiation at 365 nm (2 min).
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Figure 7.3.34. Expansion in the aromatic region of the 'H NMR spectrum (DMSO-ds, 300 K) of an equilibrium mixture of trans

and cis-70 (1 mM) after irradiation at 435 nm (2 min).
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Figure 7.3.35. Expansion in the aromatic region of the *H NMR spectrum (DMSO-de, 300 K) of an equilibrium mixture of trans
and cis-70 (1 mM) after irradiation at 520 nm (2 min).
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Figure 7.3.36. Expansion in the aromatic region of the 'H NMR spectrum (DMSO-ds, 300 K) of an equilibrium mixture of trans
and cis-70 (1 mM) after irradiation at 590 nm (5 min after PSS 520 nm).
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7.3.5.9.

Compound 36
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Figure 7.3.37. Left: UV-vis spectra of molecule 36 at 25 °C in DMSO (50 uM) in the trans state (black line), and after 2 min
irradiation at 365 nm (red line), 435 nm (blue line) and 520 nm (green line); Right: Linearized Arrhenius plot In(k) = f(1/T) for

Ea
compound 36; the ordinate at the origin gives the natural logarithm of the pre-exponential factor InA and the slope gives e
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Figure 7.3.38. Exponential growth of the absorbance at 370 nm of a cis/trans mixture of 36 after irradiation at 365 nm in
DMSO (50 uM) at 65, 70, 75 and 80 °C; The rate constant at each temperature is given by: kr = 1/t;.
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Figure 7.3.39. UV-vis analysis of the time required to reach the PSS 590 nm at 25 °C in DMSO (50 uM) starting from the
cis/trans mixture of 36 at PSS 365 nm (left), and starting from the cis/trans mixture of 36 at PSS 435 nm (right).
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Figure 7.3.40. Expansion in the aromatic region of the *H NMR spectrum (DMSO-dg, 300 K) of an equilibrium mixture of trans
and cis-36 (1 mM) after irradiation at 365 nm (2 min).
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Figure 7.3.41. Expansion in the aromatic region of the 'H NMR spectrum (DMSO-ds, 300 K) of an equilibrium mixture of trans
and cis-36 (1 mM) after irradiation at 435 nm (2 min).
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7.3.5.10.

Compound 71
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Figure 7.3.44. Left: UV-vis spectra of molecule 71 at 25 °C in DMSO (50 uM) in the trans state (black line), and after 2 min
irradiation at 365 nm (red line), 435 nm (blue line), 520 nm (green line), and 10 min irradiation at 590 nm (violet line); Right:
Linearized Arrhenius plot In (k) = f(1/T) for compound 71; the ordinate at the origin gives the natural logarithm of the pre-

Ea
exponential factor InA and the slope gives ]
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Figure 7.3.45. Exponential growth of the absorbance at 358 nm of a cis/trans mixture of 71 after irradiation at 365 nm in
DMSO (50 uM) at 65, 70, 75 and 80 °C; The rate constant at each temperature is given by: kr = 1/t;.
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Figure 7.3.46. UV-vis analysis of the time required to reach the PSS 590 nm at 25 °C in DMSO (50 uM) starting from the
cis/trans mixture of 70 at PSS 365 nm (left), and starting from the cis/trans mixture of 70 at PSS 435 nm (right).

F1E+06
M F5E+05
MRL
i — i —

(=]
9
[es]
=]
T
5.80 575 570

3170

T T
5.65 5.60 5.55 5.50 545 5.40
1 (ppm)

T
5.35 5.30 5.25 5.20

Figure 7.3.47. Expansion in the carbohydrate region of the IH NMR spectrum (DMSO-ds, 300 K) of an equilibrium mixture of
trans and cis-71 (1 mM) after irradiation at 365 nm (2 min).
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Figure 7.3.48. Expansion in the carbohydrate region of the 'H NMR spectrum (DMSO-ds, 300 K) of an equilibrium mixture of
trans and cis-71 (1 mM) after irradiation at 435 nm (2 min).
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Figure 7.3.49. Expansion in the carbohydrate region of the 'H NMR spectrum (DMSO-ds, 300 K) of an equilibrium mixture of
trans and cis-71 (1 mM) after irradiation at 520 nm (2 min).
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Figure 7.3.50. Expansion in the aromatic region of the 'H NMR spectrum (DMSO-ds, 300 K) of an equilibrium mixture of trans
and cis-71 (1 mM) after irradiation at 590 nm (14 min after PSS 365).
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7.3.5.11. Compound 73
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Figure 7.3.51. Left: UV-vis spectra of molecule 73 at 25 °C in DMSO (50 uM) in the trans state (black line), and after 2 min
irradiation at 365 nm (red line), and 435 nm (blue line), and 520 nm (green line); Right: Exponential growth of the absorbance
at 310 nm of a cis/trans mixture of 73 after irradiation at 365 nm in DMSO (50uM) at 40 °C; The rate constant is given by: k =

1/t1.
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Figure 7.3.52. UV-vis analysis of the time required to reach the PSS 590 nm starting from the cis/trans mixture of 73 in MeCN
(50 uM) at PSS 520 nm (left), and starting from the cis/trans mixture of 73 in MeCN (50 uM) at PSS 365 nm (right).
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Figure 7.3.53. Expansion in the aromatic region of the IH NMR spectrum (MeCN-d3, 300 K) of an equilibrium mixture of trans
and cis-73 (1mM) after irradiation at 365 nm (2 min).
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Figure 7.3.55. Expansion in the aromatic region of the IH NMR spectrum (MeCN-d3, 300 K) of an equilibrium mixture of trans
and cis-73 (1mM) after irradiation at 520 nm (2 min).
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Figure 7.3.56. Expansion in the aromatic region of the 'H NMR spectrum (MeCN-ds, 300 K) of an equilibrium mixture of trans
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Figure 7.3.57. Left: UV-vis spectra of molecule 41 at 25 °C in DMSO (50 uM) in the cis state (black line), and after 2 min
irradiation at 365 nm (red line), 400 nm (blue line), and 30 s irradiation at 520 nm (green line), 630 nm (violet line) and 660
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Figure 7.3.59. Expansion in the aromatic region of the 'H NMR spectrum (DMSO-ds, 300 K) of an equilibrium mixture of trans
and cis-41 (1 mM) after irradiation at 365 nm (2 min).
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Figure 7.3.61. Expansion in the aromatic region of the 'H NMR spectrum (DMSO-ds, 300 K) of an equilibrium mixture of trans

and cis-41 (1 mM) after irradiation at 520 nm (2 min).
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Figure 7.3.62. Expansion in the aromatic region of the 'H NMR spectrum (DMSO-ds, 300 K) of an equilibrium mixture of trans
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7.3.6.1.

rthogonal switching experiments

Orthogonal switching with a mixture of 35 and 73
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Figure 7.3.63. Expansion in the aromatic region of the H NMR spectrum of an equilibrium mixture of 35 and 73 in d3-MeCN
(500 uM) after irradiation at 365 nm (2 min), with integration of the proportion of trans and cis-35.
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Figure 7.3.64. Expansion in the aromatic region of the H NMR spectrum of an equilibrium mixture of 35 and 73 in ds-MeCN
(500 uM) after irradiation at 365 nm (2 min), with integration of the proportion of trans and cis-73.
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Figure 7.3.65. Expansion in the aromatic region of the 'H NMR spectrum of an equilibrium mixture of 35 and 73 in ds-MeCN
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Figure 7.3.66. Expansion in the aromatic region of the H NMR spectrum of an equilibrium mixture of 35 and 73 in d3-MeCN
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Figure 7.3.67. Expansion in the aromatic region of the H NMR spectrum of an equilibrium mixture of 35 and 73 in d;-MeCN
(500 puM) after irradiation at 435 nm (2 min), with integration of the proportion of trans and cis-35.
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Figure 7.3.68. Expansion in the aromatic region of the H NMR spectrum of an equilibrium mixture of 35 and 73 in d3-MeCN
(500 uM) after irradiation at 435 nm (2 min), with integration of the proportion of trans and cis-73.
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7.3.6.2.  Orthogonal switching with a mixture of 41 and 73
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Figure 7.3.69. Expansion in the aromatic region of the IH NMR spectrum of a mixture of 17 and 44 in d>-MeCN (500 pM) in
the ground state.
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Figure 7.3.70. Expansion in the aromatic region of the H NMR spectrum of an equilibrium mixture of 41 and 73 in ds-MeCN
(500 uM) after irradiation at 400 nm (2 min), with integration of the proportion of each isomer. For trans-41: (7.05-2)/7.05 =

0.72 = 72%; for cis-73: (0.18x2)/(11.97+0.36) = 0.029 = 2.9%.
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Figure 7.3.71. Expansion in the aromatic region of the H NMR spectrum of an equilibrium mixture of 41 and 73 in d3-MeCN
(500 uM) after irradiation at 520 nm (2 min), with integration of the proportion trans and cis 73. Note that cis-41 was
quantitatively recovered.
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7.4. Synthesis of AB-glycophanes
7.4.1. Macrocyclization via thiourea bridging

General procedure: The di-isothiocyanate 1 (20 mg, 22.9 umol, 1 eq)?%® was dissolved in DMSO (1
mM) and the solution was irradiated at 365 nm for 10 min. Then was added a DMSO solution (100 mM,
1.05 eq) of the diamine dropwise at RT. The mixture was stirred for 2 h and then diluted with EtOAc,
washed with water (2x) and brine (2x), and then the organics were dried over MgSO, and concentrated
in vacuo. Column chromatography (cyclohexane:EtOAc) afforded the pure macrocycle.

Macrocycle (74)

Macrocycle 74 (17.8 mg, 18.8 umol), was isolated in 82% yield as a yellow solid. [a]®p = +405 (c = 0.1
in CHCl3); *H NMR (500 MHz, DMSO) 6 = 7.75 (d, 3/ = 8.9 Hz, 4H, 4Ar-Hortho), 7.47 (bs, 2H, 2NH), 7.26 (bs,
2H, 2NH), 7.15 (d, 3/ = 8.9 Hz, 4H, 4Ar-Hmeta), 5.51 (bs, 2H, H-1), 5.44 (at, /32 = 9.4 Hz, 3J34 = 9.6 Hz, 2H,
H-3), 5.14 (dd, J,3 = 9.4 Hz, J,1 = 8.2 Hz, 2H, H-2), 4.88 (at, 3J43 = 9.6 Hz, 3/45 = 9.5 Hz, 2H, H-4), 4.23-
4.07 (m, 2H, H-5), 3.97-3.81 (m, 2H, H-6a), 3.29-3.13 (m, 6H, H-6b, 2N-CH,), 2.09 (s, 6H, CH5CO), 2.05
(s, 6H, CH3CO), 1.99 (s, 6H, CH3CO), 1.83-1.66 (m, 2H, NCH»-CH,) ppm; **C NMR (126 MHz, DMSO) & =
169.5, 169.16 (6C, 6CH3CO), 157.5 (2C, 2Ar-Cpara), 147.8 (2C, 2Ar-Cipso), 123.7 (4C, 4Ar-Cortho), 118.4 (4C,
AAr-Creta), 97.0 (C-1), 72.2 (C-3), 71.0 (C-5), 70.7 (C-2), 70.6 (C-4), 44.2 (C-6), 28.0 (NCH,), 22.1 (NCHa-
CH,), 20.2 (6C, 6CH3CO) ppm; ESI HRMS: m/z: calcd for Ca1Hsg016N6S2 + Na*: 969.26141 [M + H*] found:
969.26169.

Macrocycle (75)

Macrocycle 75 (15.6 mg, 16.3 umol) was isolated in 71% yield as a yellow solid. [a]*°> = +365 (c=0.1in
CHCl3); *H NMR (500 MHz, DMSO) & = 7.75 (d, 3/ = 8.9 Hz, 4H, 4Ar-Hortho), 7.54 (bs, 2H, 2NH), 7.31 (bs,
2H, 2NH), 7.17 (bs, 4H, 4Ar-Hmeta), 5.47 (bs, 2H, H-1), 5.42 (at, 3J3, = 9.3 Hz, 334 = 9.6 Hz, 2H, H-3), 5.13
(dd, 3J23 = 9.3 Hz, 3J51 = 8.1 Hz, 2H, H-2), 4.87 (at, 3/s3 = 9.6 Hz, 345 = 9.5 Hz, 2H, H-4), 4.25 (bs, 2H, H-
5), 3.86 (bs, 2H, H-6a), 3.40-3.12 (m, 6H, H-6b, 2N-CH>), 2.07 (s, 6H, CH3CO), 2.04 (s, 6H, CH3CO), 1.98
(s, 6H, CH3CO), 1.52 (bs, 4H, NCH»-CH>-CH,-CH,N) ppm; *C NMR (126 MHz, DMSO) & = 169.8, 169.7,
169.4 (6C, 6CH3CO), 158.0 (2C, 2Ar-Cpara), 147.9 (2C, 2Ar-Cipso), 123.8 (4C, 4Ar-Cortno), 118.5 (4C, 4Ar-
Cmeta), 97.2 (C-1), 72.3 (C-3), 70.9 (C-5), 70.8 (4C, C-2, C-4), 44.5 (C-6), 26.3 (NCH,), 20.6, 20.5, 20.4 (6C,
6CH5CO) ppm; ESI HRMS: m/z: calcd for C43Hs,016N6S2 + H*: 961.29453 [M + H*] found: 961.29440.

Macrocycle (76)

Macrocycle 76 (11.3 mg, 12.1 umol) was isolated in 53% yield as a yellow solid. [a]*’p = +1178 (¢ = 0.1
in CHCls); *H NMR (500 MHz, DMSO) & = 7.75 (d, 3/ = 8.9 Hz, 4H, 4Ar-Horno), 7.33 (bs, 2H, 2NH), 7.16 (d,
3) = 8.9 Hz, 4H, 4Ar-Hmeta), 7.09 (bs, 2H, 2NH), 5.46 (d, 3/12 = 8.1 Hz, 2H, H-1), 5.42 (at, 35, = 9.4 Hz, 334
= 9.4 Hz), 5.12 (dd, 3J23 = 9.4 Hz, 3/, = 8.1 Hz, 2H, H-2), 4.85 (at, 343 = 9.4 Hz, 345 = 9.6 Hz, 2H, H-4),
4.14-4.05 (m, 2H, H-5), 3.69-3.58 (m, 2H, H-6a), 3.45-3.27 (m, 4H, H-6b + N-CH,), 3.26-3.13 (m, 2H, N-
CHa), 2.09 (s, 6H, CH3CO), 2.03 (s, 6H, CH3CO), 1.99 (s, 6H, CH3CO) ppm; *C NMR (126 MHz, DMSO) § =
169.5, 169.2 (6C, 6CH3CO), 157.1 (2C, 2Ar-Cpara), 148.0 (2C, 2Ar-Cipso), 123.6 (4C, 4Ar-Conno), 119.5 (4C,
4Ar-Crea), 97.2 (C-1), 72.3 (C-3), 71.0 (C-4), 70.7, 70.8 (C-2, C-5), 44.2 (C-6), 42.6 (NCH.), 20.4, 20.3 (6C,
6CH3CO) ppm; ESI HRMS: m/z: calcd for CaoHa9016NeS2 + H*: 933.26410 [M + H*] found: 961.26172.
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Macrocycle (77)

Macrocycle 77 (12.5 mg, 12.7 umol) was isolated after 5 days of reaction in 56% yield as a yellow solid.
[a]2% = +527 (c = 0.1 in CHCls); *H NMR (500 MHz, DMSO) & = 9.66 (bs, 2H, 2Ar-NH), 7.70 (bs, 2H, 2NH),
7.60-7.48 (m, 8H, 4Ar-Hortho + CeHa), 7.13 (d, 3/ = 9.0 Hz, 4H, 4Ar-Hmeta), 5.54-5.43 (m, 4H, H-1, H-3), 5.16
(dd, 3J3=9.5 Hz, 3J,1 = 8.2 Hz, 2H, H-2), 4.93 (at, 3/45 = 9.5 Hz, 2H, H-4), 4.60-4.48 (m, 2H, H-5), 3.98-
3.86 (m, 2H, H-6a), 3.37-3.29 (m, 2H, H-6b), 2.08 (s, 6H, CHsCO), 2.07 (s, 6H, CH3CO), 2.00 (s, 6H, CHsCO)
ppm; 3C NMR (126 MHz, DMSO) & = 169.6, 169.5, 169.2 (6C, 6CH3CO), 157.9 (2C, 2Ar-Cpara), 147.4 (2C,
2Ar-Cipso), 135.4 (2C, 2Ar-Cpara CsHa), 123.8 (4C, 4Ar-Cortno), 121.3 (4C, CsHa), 117.7 (2C, 2Ar-Cmeta), 97.3
(C-1), 72.3 (C-3), 71.2 (C-4), 70.5 (C-2), 69.7 (C-5), 43.8 (C-6) ppm; ESI HRMS: m/z: calcd for
CaaH48016N6S; + H*: 981.26410 [M + H*] found: 981.26280.

7.4.2. Macrocyclization via palladium-catalyzed thioarylation

Compounds 17, 81, 82, 83, 89 and 90 were synthesized according to known procedures.?30¢354358 Tg
avoid overloading the document, and because their characterization was incomplete, compounds 84-
88 and 96-100 are not described.

DMAB-Dithioacetate (87°)

To thiol 90 (240 mg, 630 umol, 2eq) and EtsN (87 pL, 624 umol, 1.98 eq) in CH,Cl, (3.15 mL) was added
the azobenzene 83 (116 mg, 315 umol, 1 eq) at RT. The mixture was stirred 15 min, then it was directly
purified by column chromatography (cyclohexane:EtOAc 3:2 to 1:1), to afford the desired compound
87’ (278 mg, 287 umol) in 91% yield as an orange solid. *H NMR (500 MHz, CDCl;) 8 = 7.88 (d, 3/ = 8.4
Hz, 4H, 4Ar-Horno), 7.48 (d, 3J = 8.4 Hz, 4H, 4Ar-Hmet), 5.12 (at, /34 = 9.5 Hz, 33, = 9.1 Hz, 2H, H-3), 5.07
(at, 3]2,1 =9.9 Hz, 3]2,3 =9.1 Hz, 2H, H-2), 4.98 (at, 3./4,3 =9.5 Hz, 3]4,5 =9.6 Hz, 2H, H-4), 4.31 (d, 3./1,2 =9.9
Hz, 2H, H-1), 4.02 (d, ¥ = 12.9 Hz, 2H, CH,a), 3.88 (d, 2J = 12.9 Hz, 2H, CH,b), 3.56 (ddd, 3/54 = 9.6 Hz,
3560 = 7.1 Hz, 3J562 = 3.0 Hz, 2H, H-5), 3.27 (dd, “eaeb = 14.3 Hz, 3Jea5 = 3.0 Hz, 2H, H-6a), 3.06 (dd, Yen,6a
=14.3 Hz, 3Jebs = 7.1 Hz, 2H, H-6b), 2.37 (s, 6H, SC(O)CHs), 2.07 (s, 6H, OC(O)CHs), 2.02 (s, 6H, OC(O)CHs),
1.98 8s, 6H, OC(O)CHs) ppm; 3C NMR (126 MHz, CDCl;) 8 = 194.6 (2C, SC(O)CHs), 170.1, 169.8, 169.5
(6C, 60C(0)CHs), 151.8 (2C, Ar-Cipso), 140.2 (2C, Ar-Cpara), 129.9 (4C, Ar-Creta), 123.1 (4C, Ar-Cortho), 81.7
(C-1), 77.0 (C-5), 73.6 (C-3), 70.5 (C-4), 69.8 (C-2), 33.3 (CH,), 30.5 (SC(O)CHs), 30.4 (C-6), 20.6 (6C,
60C(0)CH3) ppm; ESI HRMS: m/z: calcd for CsHsoO016N2Ss + NHs* @ 984.23814 [M + NH;*] found:
984.23468.

DMAB-Dithiol (88°)

To 87" (225 mg, 233 umol) in N,N-dimethylacetamide (2.3 mL) were added EtsN (32 puL, 233 umol, 1
eq) and dithiotreitol (215 mg, 1.4 mmol, 6 eq) at RT. The mixture was stirred overnight, then it was
diluted with EtOAc, washed twice with HCl 1N, and once with sat. ag. NaHCO; solution. Then the
organics were dried over MgSO,4 and concentrated in vacuo. Column chromatography (CH,Cl,:acetone
98:2 to 96:4) afforded the dithiol 88" (135 mg, 154 umol) in 66% yield as an orange solid. *H NMR (500
MHz, CDCl3) & = 7.89 (d, 3/ = 8.7 Hz, 4H, 4Ar-Horno), 7.51 (d, 3/ = 8.7 Hz, 4H, 4Ar-Hmea), 5.14 (at, 334 =
9.6 Hz, 3J3, = 9.0 Hz, 2H, H-3), 5.07 (at, 3/,1 = 10.0 Hz, 3,3 = 9.0 Hz, 2H, H-2), 5.01 (at, *Jas = %/43=9.6
Hz, 2H, H-4), 4.37 (d, 3/1,, = 10.0 Hz, 2H, H-1), 4.06 (d, % = 13.2 Hz, 2H, CH»a), 3.90 (d, 2/ = 13.2 Hz, 2H,
CHa,b), 3.50 (ddd, 3J5,4= 9.6 Hz, )5 62 = 6.5 Hz, *Js 6p = 3.9 Hz, 2H, H-5), 2.68-2.62 (m, 4H, H-6a, H-6b), 2.03
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(s, 6H, CHsCO), 2.02 (s, 6H, CH3CO), 1.99 (s, 6H, CH3CO), 1.73 (dd, /s 62 = 8.0 Hz, ¥Jsii62 = 9.1 Hz, 2H, SH)
ppm; 3C NMR (126 MHz, CDCl3) & = 170.1, 169.6, 169.5 (6C, 60C(0)CHs), 151.9 (2C, 2Ar-Cipso), 140.3
(2C, 2Ar-Cpara), 129.9 (4C, 4Ar-Creta), 123.2 (4C, 4Ar-Cortno), 81.9 (C-1), 78.5 (C-5), 73.7 (C-3), 71.0 (C-4),
69.9 (C-2), 33.6 (CH,), 26.3 (C-6), 20.7, 20.6 (6C, 60C(O)CHs) ppm; ESI HRMS: m/z: calcd for
CasHas014N2S4 + NH4* : 900.21701 [M + NH,*] found: 900.21338.

Macrocycle (91)

The dithiol 88" (10 mg, 11.3 umol), the 4,4’-diiodoazobenzene 28 (4.9 mg, 11.3 umol, 1 eq) and the
catalyst PdG3-Xantphos (1 mg, 1.13 umol, 10 mol%) were charged in a flask and put under vacuum.
Meanwhile the solvent (THF) was degassed by bubbling N, through. Then, the solvent (4.52 mL, 2.5
mM) was added to the reaction flask under N;, and then EtsN (3.2 pL, 22.6 umol, 2 eq) was added at
RT. After 1 h, the reaction was diluted with EtOAc, washed with HCI 1N and brine, and then the organics
were dried over MgS0O,4 and concentrated in vacuo. Column chromatography (CH»Cl,:acetone 98:2 to
95:5) afforded macrocycle 91 (8.4 mg, 7.92 umol) in 70% yield as an orange solid. *H NMR (500 MHz,
CDCl3) 6 =8.03 (d, *J = 8.8 Hz, 4H, 4Ar-Horho DSAB), 7.43 (d, 3/ = 8.8 Hz, 4H, 4Ar-Hmeta DSAB), 7.33 (d, 3J
= 8.3 Hz, 4H, 4Ar-Hortho DMAB), 7.10 (d, 3J = 8.3 Hz, 4H, 4Ar-Hmeta DMAB), 5.10-4.98 (m, 6H, H-2, H-3, H-
4),4.02 (d, ¥ = 12.9 Hz, 2H, CH-a), 3.98 (d, 3/1, = 9.3 Hz, 2H, H-1), 3.68 (d, 2J = 12.9 Hz, 2H, CH,b), 3.63-
3.56 (m, 2H, H-5), 3.48-3.41 (m, 2H, H-6a), 3.00 (dd, %ev,62 = 15.5 Hz, *Jen,s = 9.3 Hz, 2H, H-6b), 2.14 (s,
6H, CH3CO), 1.99 (s, 6H, CH3CO), 1.96 (s, 6H, CH3CO) ppm; *C NMR (126 MHz, CDCl;) 8 = 170.1, 169.7,
169.4 (6C, 60C(0)CHs), 151.2 (2C, 2Ar-Cipso DMAB), 150.3 (2C, 2Ar-Cipso DSAB), 139.7 (2C, 2Ar-Cpara
DSAB), 139.4 (2C, 2Ar-Cpara DMAB), 129.9 (4C, 4Ar-Crneta DMAB), 126.6 (4C, 4Ar-Crmeta DSAB), 124.1 (4C,
4Ar-Cortho DSAB), 123.0 (4C, 4Ar-Cortno DMAB), 80.8 (C-1), 74.1 (C-5), 73.7,72.2,69.7 (C-2, C-3, C-4), 33.0
(CH, DMAB), 32.7 (C-6), 20.8, 20.6 (6C, 60C(0)CHs) ppm; ESI HRMS: m/z: calcd for CsoHs3014N4Ss + H* :
1061.24356 [M + H*] found: 1061.24306.

Macrocycle (92)

The dithiol 88" (10 mg, 11.3 umol), the 4,4’ -diiodo-2,2’,6,6"-tetrafluoroazobenzene 29 (5.7 mg, 11.3
pumol, 1 eq) and the catalyst PdG3-Xantphos (1 mg, 1.13 umol, 10 mol%) were charged in a flask and
put under vacuum. Meanwhile the solvent (THF) was degassed by bubbling N, through. Then, the
solvent (2.26 mL, 5 mM) was added to the reaction flask under N, and then Et3N (3.2 uL, 22.6 umol, 2
eq) was added at RT. After 2 h, the reaction was diluted with EtOAc, washed with HCI 1N and brine,
and then the organics were dried over MgS0, and concentrated in vacuo. Column chromatography
(CH,Cly:acetone 98:2 to 95:5) afforded macrocycle 92 (7 mg, 6.18 umol) in 55% yield as a red solid. *H
NMR (500 MHz, DMSO-ds ) & = 7.45 (d, 3/ = 8.4 Hz, 4H, 4Ar-Hortno DSAB), 7.39 (d, 3¢ = 10.7 Hz, 4H, 4Ar-
Hmeta TFAB), 7.21 (d, 3/ = 8.4 Hz, 4H, 4Ar-Hmeta DSAB), 5.33 (at, 332 = 9.4 Hz, 3J34 = 9.2 Hz, 2H, H-3), 4.95
(at, 3./4,5 = 9.6 Hz, 3./4,3 =9.2 Hz, 2H, H-4), 4.91 (at, 3./2,1 =10.0 Hz, 3]2,3 =9.4 Hz, 2H, H-2), 4.60 (d, 3./1,2 =
10.0 Hz, 2H, H-1), 4.04-3.96 (m, 2H, H-5), 3.92 (d, 2/ = 13.0 Hz, 2H, CH,a), 3.76 (d, 2J = 13.0 Hz, 2H, CH,b),
3.74-3.68 (m, 2H, H-6a), 3.13 (dd, Jev,6a = 15.5 Hz, 3Jens = 9.2 Hz, 2H, H-6b), 2.07 (s, 6H, CH3CO), 1.95 (s,
6H, CH5CO), 1.93 (s, 6H, CH3CO) ppm; *C NMR (126 MHz, DMSO-ds) & = 169.6, 169.5, 169.2 (6C,
60C(0)CHs), 155.3 (dd, Ycr = 262.6 Hz, 3Jcr = 4.7 Hz, 4C, 4Ar-Cortho TFAB), 150.3 (2C, 2Ar-Cipso DMAB),
144.2 (t, 3Jcr = 10.7 Hz, 2C, 2Ar-Cpara TFAB), 140.8 (2C, 2Ar-Cpara DMAB), 130.0 (4C, 4Ar-Crmeta DMAB),
127.7 (t, Jor = 8.8 Hz, 2C, 2Ar-Cipso TFAB), 122.4 (4C, 4Ar-Cortho DMAB), 110.6 (d, %Jcr = 23.7 Hz, 4C, 4Ar-
Cmeta TFAB), 79.3 (C-1), 73.5 (C-5), 72.9 (C-3), 71.3 (C-4), 69.7 (C-2), 31.8 (C-6), 31.7 (CH, DMAB), 20.7,
20.4, 20.3 (6C, 60C(0)CHs) ppm; ESI HRMS: m/z: calcd for CsoHa9014N4F4Ss + H* : 1133.20587 [M + H*]
found: 1133.20602.
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Macrocycle (78)

To macrocycle 91 (17.1 mg, 16.1 umol) in CH,Cl;:MeOH (4:1, 1.6 mL) was added MeONa (1M in MeOH,
5 uL), at RT. The reaction was stirred for 3 h, then Amberlyte IR 120 H* was added, and the mixture
was stirred another 10 min. Then it was filtered and concentrated in vacuo. Column chromatography
(CH2Cl;:MeOH 9:1 then MeOH:H,0 9:1) afforded the macrocycle 78 (12 mg, 14.8 umol) in 92% vyield
as an orange solid. [a]®> = +234 (c = 0.2 in DMSO); *H NMR (500 MHz, DMSO-ds) 8 = 7.99 (d, 3/ = 8.9
Hz, 4H, 4Ar-Hortno DSAB), 7.54 (d, 3/ = 8.9 Hz, 4H, 4Ar-Hmets DSAB), 7.14 (d, 3/ = 8.2 Hz, 4H, 4Ar-Hortno
DMAB), 7.07 (d, 3/ = 8.2 Hz, 4H, 4Ar-Hueta DMAB), 5.45 (d, 3Jou -4 = 5.9 Hz, 2H, OH-4), 5.24 (d, 3Jop -3 =
4.8 Hz, 2H, OH-3), 5.15 (d, *Joun-2 = 5.9 Hz, 2H, OH-2), 3.96-3.88 (m, 4H, H-6a, CH»a), 3.73 (d, &/ = 12.8
Hz, 2H, CHab), 3.63 (d, 312 = 9.6 Hz, 2H, H-1), 3.31-3.24 (m, 2H, H-5), 3.15-3.06 (m, 4H, H-2, H-4), 3.05-
2.95 (m, 4H, H-3, H-6b) ppm; 3C NMR (126 MHz, DMSO-ds) & = 150.0 (2C, 2Ar-Cipso DMAB), 149.1 (2C,
2Ar-Cipso DSAB), 141.6 (2C, 2Ar-Cpara DMAB), 141.1 (2C, 2Ar-Cpara DSAB), 130.0 (4C, 4Ar-Cmeta DMAB),
126.1 (4C, 4Ar-Cmeta DSAB), 123.5 (4C, 4Ar-Cortno DSAB), 122.2 (4C, 4Ar-Cortno DMAB), 81.9 (C-1), 78.2 (C-
3), 74.9 (C-5), 74.1 (C-4), 72.6 (C-2), 32.2 (C-6), 31.3 (CH, DMAB) ppm; ESI HRMS: m/z: calcd for
C3sH4108N4S, + H* : 809.18017 [M + H*] found: 809.17941.

Macrocycle (79)

To macrocycle 92 (20 mg, 17.7 umol) in CH,Cl>:MeOH (1:1, 2 mL) was added MeONa (5.4 M in MeOH,
3 drops) at RT. The reaction was stirred for 2 h, then Amberlyte IR 120 H* was added, and the mixture
was stirred another 10 min. Then it was filtered and concentrated in vacuo. During the concentration,
the product precipitated. The remaining solvent was pipetted in another flask, and the solid was rinsed
with EtOAc, affording the desired compound 79 (15.4 mg, 17.5 umol) in 99% yield as an orange solid.
[a]? = 4920 (c = 0.44 in DMSO); *H NMR (500 MHz, DMSO-de) & = 7.39-7.33 (m, 8H, 4Ar-Hme. TFAB,
4Ar-Hortho DMAB), 7.2 (d, 3/ = 8.4 Hz, 4H, 4Ar-Humeta DMAB), 5.35 (d, 3Jonn-4 = 5.8 Hz, 2H,0H-4), 5.18 (d,
3Jomn-3 = 4.3 Hz, 2H, OH-3), 5.16 (d, *Jon -2 = 5.2 Hz, 2H, OH-2), 3.93 (d, &/ = 12.8 Hz, 2H, CH,a), 3.86-3.79
(m, 4H, H-1, H-6a), 3.76 (d, 2J = 12.8 Hz, 2H, CH,b), 3.30-3.24 (m, 2H, H-5), 3.17-3.05 (m, 8H, H-2, H-3,
H-4, H-6b) ppm; 3C NMR (126 MHz, DMSO-ds) & = 155.5 (dd, Ycr = 261.6 Hz, 3 = 4.9 Hz, 4C, 4Ar-Cortno
TFAB), 150.1 (2C, 2Ar-Cipso DMAB), 145.0 (t, *Jcr = 11.0 Hz, 2C, 2Ar-Cpara TFAB), 141.7 (2C, 2Ar-Cpara
DMAB), 130.0 (4C, 4Ar-Cmeta DMAB), 127.4 (t, % = 8.9 Hz, 2C, 2Ar-Cipso TFAB), 122.1 (4C, 4Ar-Cortho
DMAB), 110.0 (d, %Jc = 23.3 Hz, 4C, 4Ar-Crmet TFAB), 82.4 (C-1), 77.8 (C-3), 75.9 (C-5), 73.6 (C-4), 72.6
(C-2), 32.6 (C-6), 31.4 (CH, DMAB) ppm; ESI HRMS: m/z: calcd for CssH370sN4F4S4 + H* : 881.14249 [M
+ H*] found: 881.14213.

CAB-dithioacetate (93)

General procedure B (part 7.3.1) was applied to 2,9-diiodo-11,12-dihydrodibenzo[1,2]diazocine 30 (31
mg, 67 umol, 1.0 eq) with thiol 90 (2.0 eq) in THF (1.3 mL) with PdG3-Xantphos (2 mol%) and EtsN (2.0
eq); stirring at 80 °C for 10 min. Column chromatography (cyclohexane:EtOAc 3:2) afforded the
compound 93 (48.4 mg, 50.2 umol) in 75% yield as a yellow solid. *H NMR (500 MHz, CDCl3) = 7.33-
7.24 (m, 2H, 2H-9), 7.16 (bs, 2H, 2H-8), 6.83 (d, 3/ = 8.3 Hz, 2H, 2H-11), 5.19-5.14 (m, 2H, H-3), 4.94-
4.85 (m, 4H, H-2, H-4), 4.60 (bs, 2H, H-1), 3.62 (bs, 2H, H-5), 3.30-3.18 (m, 2H, H-6a), 3.12-2.94 (m, 4H,
H-6b, CH,a CAB), 2.88-2.76 (bs, 2H, CH,b CAB), 2.35 (s, 6H, SC(O)CHs), 2.07 (s, 6H, OC(O)CHs), 2.05 (s,
6H, OC(0)CHs), 1.98 (s, 6H, OC(O)CHs) ppm; 3C NMR (126 MHz, CDCls) 6 = 194.5 (2C, SC(O)CHs), 170.3,
169.4 (6C, OC(O)CHs), 155.4 (2C, 2C-12), 134.7, 134.3 (2C, 2C-8), 131.7, 131.6 (2C, 2C-9), 130.4 (2C, 2C-

-152 -



7), 128.7 (2C, 2C-10), 119.7 (2C, 2C-11), 85.3, 85.2 (C-1), 77.1 (C-5), 73.9 (C-3), 70.4, 70.3, 70.0, (4C, C-
4, C-2), 31.7 (2C, CH, CAB), 30.6 (2C, SC(0)CHs), 30.4 (2C, C-6), 20.8, 20.7 (6C, 6 OC(O)CHs) ppm; ESI
HRMS: m/z: calcd for CasHagO16N2Ss + NHa* : 982.22249 [M + NH4'] found: 982.21967.

CAB-dithiol (94)

To 93 (40 mg, 47 umol) and dithiotreitol (32 mg, 207 umol, 5 eq) in N,N-dimethylacetamide (0.82 mL)
was added EtsN at RT. The mixture was stirred overnight, then it was diluted with EtOAc, washed with
HCI 1N (3x), and the organics were dried over MgS0,4 and concentrated. Column chromatography
(CH2Cl,:acetone 95:5) afforded the dithiol 94 (15.3 mg, 17.4 umol) in 37% yield as a yellow solid. Due
to the very small quantity obtained only an NMR was measured to identify the product. *H NMR (500
MHz, CDCl3) & = 7.31-7.26 (m, 2H, 2H-9), 7.20 (bs, 2H, 2H-8), 6.81 (d, 3/ = 8.5 Hz, 2H, 2H-11), 5.19 (at,
3) = 9.3 Hz, 2H, H-3), 4.97-4.88 (m, 4H, H-2, H-4), 4.71 (d, 31, = 10.2 Hz, 2H, H-1), 3.55 (bs, 2H, H-5),
3.00-2.89 (m, 2H, CH,a CAB), 2.82-2.71 (m, 2H, CH,b CAB), 2.67-2.56 (m, 4H, H-6a, H-6b), 2.05 (bs, 6H,
OC(O)CHs), 2.03 (s, 6H, OC(O)CHs), 1.98 (s, 6H, OC(O)CHs), 1.70-1.62 (m, 2H, SH) ppm; *C NMR (126
MHz, CDCls) & = 170.3, 169.7, 169.4 (6C, OC(O)CHs), 155.2 (2C, 2C-12), 133.8, 133.6 (2C, 2C-8), 131.0
(2¢C, 2C-9), 130.8 (2C, 2C-7), 128.8 (2C, 2C-10), 119.9, 119.8 (2C, 2C-11), 85.2 (C-1), 78.9, 78.8 (C-5),
73.8 (C-3), 70.9, 70.2 (4C, C-2, C-4), 31.6 (2C, CH, CAB), 26.3 (C-6), 20.9, 20.8, 20.7 (6C, 6 OC(O)CHs)
ppm.

Macrocycle (95)

Dithiol 94 (15 mg, 17 umol) was charged in a flask and put under vacuum. In a separate flask the 4,4’-
diiodoazobenzene 28 (7.4 mg, 17 umol, 1eq) and the catalyst PdG3-Xantphos (1.6 mg, 1.7 umol, 10
mol%) were charged and put under vacuum. Meanwhile the solvent (THF) was degassed by bubbling
N, through. Then, the solvent (6.8 mL, 2.5 mM) was added to 94 under N,, and the solution was
irradiated at 405 nm for 10 min. Then, the catalyst and the azo derivative 28 were added under N,,
and finally EtsN (4.7 uL, 34 umol, 2 eq) was added at RT. After 20 min, the mixture was diluted with
EtOAc, washed with HCl 1 N, and the organics were dried over MgS0O, and concentrated in vacuo.
Column chromatography (CH,Cl,:acetone 98:2 to 9:1) afforded the macrocycle 95 (4.6 mg, 4.3 umol)
in 26% yield as a yellow residue. Once again, only the NMR characterization was done. *H NMR (500
MHz, CDCl3) 8 =7.92-7.86 (m, 4H, 4Ar-Horho DSAB), 7.69 (d, 2H, 3J = 8.2 Hz, 2Ar-Hmeta DSAB), 7.66 (d, 2H,
3) = 8.2 Hz, 2Ar-Hmeta DSAB), 6.58 (s, 1H, H-8), 6.49 (s, 1H, H-8'), 6.36 (d, 3/ = 8.2 Hz, 1H, H-10), 6.30 (bs,
2H, H-9, H-9), 6.14 (bs, 1H , H-107), 5.20-5.12 (m, 2H, H-3, H-3°), 5.10-5.00 (m, 2H, H-4, H-4"), 4.81 (at,
3./2,1 =99 HZ, 3]2,3 =93 HZ, lH, H-Z), 4.62 (at, 3]2',1' =99 HZ, 3]2',3' =93 HZ, 1H, H-ZI), 4.55 (d, 3./1,2 =99
Hz, 1H, H-1), 4.41 (d, /12> = 9.9 Hz, 1H, H-1"), 3.80-3.68 (m, 2H, H-5, H-5"), 3.29-3.18 (m, 2H, H-6a, H-
6a’), 3.10-2.99 (m, 2H, H-6b, H-6b"), 2.78-2.65 (m, 2H, CH,a CAB), 2.43-2.27 (m, 2H, CH,b CAB), 2.08
(s, 3H, OC(0O)CHs), 2.06 (s, 3H, OC(O)CHs), 2.04 (s, 3H, OC(O)CHs), 2.02 (s, 3H, OC(O)CHs), 1.99 (s, 3H,
OC(0)CHs), 1.96 (s, 3H, OC(O)CHs) ppm; 3C NMR (126 MHz, CDCl3) =170.2, 169.6, 169.5, 169.3, 168.9
(6C, OC(0O)CHs), 155.5, 155.2 (2C, C-12, C-127), 150.9, 150.5 (2C, 2Ar-Cipso DSAB), 140.6, 140.5 (2C, 2Ar-
Cpara DSAB), 136.6 (2C, C-8), 134.7 (C-8"), 133.8 (C-9), 132.2 (4C,2Ar-Cmeta DSAB, C-10, C-9°), 129.5 (3C,
2Ar-Cmeta DSAB, C-107), 127.8, 127.7 (3C, C-11, C-117, C-7°), 123.4, 123.3 (4C, 4Ar-Cortho DSAB), 119.1,
118.8 (2C, C-11, C-117), 85.9, 85.3 (C-1, C-1"), 80.4, 79.1 (C-5, C-57), 74.1, 73.9 (C-3, C-37), 70.5 (C-4, C-
4’), 70.1 (C-2), 69.7 (C-27), 35.9, 33.8 (C-6, C-6"), 31.3, 30.8 (CH,a, CH,b CAB), 20.8, 20.7, 20.6 (6C,
OC(O)CHs) ppm.
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DMAB-bis-conjugate (101)

To the diol 85 (48 mg, 39 umol) in CH,Cl,:MeOH (1:1, 1 mL) was added MeONa (5.4 M in MeOH, 1 drop)
at RT. The mixture was stirred for 2 h, then Amberlyte IR 120 H* was added, and after further stirring
for 10 min, the mixture was filtered and concentrated. The crude was dissolved in MeOH and the
product was precipitated with Et,0, to afford the compound 101 in 73% yield as an orange solid. *H
NMR (500 MHz, DMSO-de) & = 7.84 (d, 3J = 8.4 Hz, 4H, 4Ar-Hortho), 7.56 (d, 3/ = 8.4 Hz, 4H, 4Ar-Hmeta),
5.12 (bs, 2H, OH), 5.02 (bs, 2H, OH), 4.94 (bs, 2H, OH), 4.68 (m, 2H, OH-6), 4.07-4.00 (m, 4H, CH,a, H-
1), 3.87 (d, 2/ = 13.1 Hz, 2H, CH;b), 3.78-3.72 (m, 2H, H-6a), 3.50-3.43 (m, 2H, H-6b), 3.11-3.01 (m, 8H,
H-2, H-3, H-4, H-5) ppm; *C NMR (126 MHz, DMSO-ds) & = 150.8 (2C, 2Ar-Cipso), 142.4 (2C, 2Ar-Cpara),
130.2 (4C, 4Ar-Creta), 122.6 (4C, 4Ar-Cortno), 82.8 (C-1), 81.2 (C-5), 78.3 (C-3), 73.2 (C-2), 70.3 (C-4), 61.4
(C-6), 31.9 (CH,) ppm; ESI HRMS: m/z: calcd for CyeH34010N,S> + Na*: 621.15624 [M + Na*] found:
621.15381.

DSAB-bis-conjugate (103)

General procedure B (part 7.3.1) was applied to 4,4’-diiodoazobenzene 28 (15 mg, 34.6 umol) with
thiol 102 (2.0 eq) in THF (1 mL) with PdG3-Xantphos (2 mol%) and EtsN (2.0 eq); stirring at RT for 10
min. Then, crude residue was dissolved in CH,Cl,:MeOH (1:1, 2 mL) and KzCOs5 (7 mg, 1.5 eq) was added
at RT. After 2 h, Amberlyte IR 120 H* was added, and after further stirring for 10 min, the mixture was
filtered and concentrated. Column chromatography (CH,Cl,:MeOH 1:0 to 8:2) afforded the compound
103 (20.7 mg, 34.6 umol) in a quantitative yield as an orange solid. *H NMR (500 MHz, DMSO-ds) & =
7.81(d, 3/ = 8.6 Hz, 4H, 4Ar-Horho), 7.50 (d, 3/ = 8.6 Hz, 4H, 4Ar-Hmeta), 5.28 (d, *Jonu-4 = 5.7 Hz, 2H,0OH-
4), 4.89 (d, 3Jouns = 4.9 Hz, 2H,0H-3), 4.80 (d, *Jonu2 = 6.4 Hz, 2H,0H-2), 4.54 (d, 31, = 3.7 Hz, 1H, H-
1), 3.59-3.52 (m, 4H, H-5, H-6a), 3.40-3.35 (m, 2H, H-3), 3.27-3.21 (m, 8H, OMe, H-2), 3.12-3.04 (m, 4H,
H-6b, H-4) ppm; 3C NMR (126 MHz, DMSO-ds) 8 = 149.4 (2C, 2Ar-Cipso), 142.1 (2C, 2Ar-Cpara), 127.1 (4C,
4Ar-Cmeta), 123.1 (4C, 4Ar-Cortho), 99.8 (C-1), 73.4 (C-4), 73.1 (C-5), 71.9 (C-2), 70.5 (C-3), 54.3 (OMe),
34.1 (C-6) ppm; ESI HRMS: m/z: calcd for CagH34010N,S, + Na*: 621.15471 [M + Na*] found: 621.15356.

TFAB-bis-conjugate (104)

General procedure B (part 7.3.1) was applied to 4,4’-diiodoazobenzene 28 (15 mg, 34.6 umol) with
thiol 102 (2.0 eq) in THF (1 mL) with PdG3-Xantphos (2 mol%) and Et3N (2.0 eq); stirring at RT for 10
min. Then, crude residue was dissolved in CH,Cl,:MeOH (1:1, 2 mL) and K2COs5 (7 mg, 1.5 eq) was added
at RT. After 2 h, Amberlyte IR 120 H* was added, and after further stirring for 10 min, the mixture was
filtered and concentrated. The crude was then dissolved in water, and washed with EtOAc. Then it was
concentrated until 2-3 mL of water remained, and allowed to crystallize overnight in the fridge. The
solid was filtered and dried by co-evaporation with toluene to afford the compound 104 (20 mg, 29.8
umol) in 75% yield. *H NMR (500 MHz, DMSO-ds) & = 7.30 (d, 3/ur = 10.6 Hz, 4H, 4Ar-Hmetw), 5.34 (d,
3J0H,H.4 =538 HZ, ZH, OH-4), 4.92 (d, 3JOH,H-3 =51 HZ, ZH, OH-3), 4.83 (d, 3JOH,H-2 =6.4 HZ, 2H, OH-Z), 4.54
(d, 3J1,2 = 3.6 Hz, 2H, H-1), 3.62-3.51 (m, 4H, H-5, H-6a), 3.37-3.33 (m, 2H, H-3), 3.24 (s, 6H, OMe) 3.19-
3.13 (m, 2H, H-6b), 3.11-3.06 (m, 2H, H-4) ppm; 3C NMR (126 MHz, DMSO-ds) & = 155.9, 154.2 (4C,
4Ar-Cortho), 145.6 (2C, 2Ar-Cpara), 127.5 (2C, 2Ar-Cipso), 110.2, 110.0 (4C, 4Ar-Creta), 99.9 (C-1), 73.2 (C-4),
73.1(C-3),71.2 (C-2), 70.5 (C-5), 54.4 (OMe), 33.7 (C-6) ppm; ESI HRMS: m/z: calcd for CaeH34010N2F4S>
+ Na*: 693.11702 [M + Na*] found: 693.11689.
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7.5.

7.5.1. Properties of AB glycophanes 74-77

Photochromic properties of the synthesized AB-glycophanes

Extinction coefficients (€) were calculated using the Beer-Lambert law (see equation below), plotting
the absorbance at the respective Amqsx against the concentration (5 different concentrations in a range
of 2.10° to 6.10° mol.L}). A linear fit gave the value of € as the slope of the linear plot.

A=¢g.c.l|
A = absorbance
€ = extinction coefficient = slope of the plot
=mol tration i lL?
C = molar concentration in mol.
| = optical path length in cm
Macrocycle 74:
m frans-T4 €+
13 Linear Fit of Sheet2 B"Absorbance at 350 nm" (a.u.) 010
¥ » i 1
¢—-1‘2 T —_—
5 50,094
ERER s
£ . £ 0,08
<104 £
(=] w
n (7]
© 09 . < 0,07 4
@ Equation y=a+tb'x %
8 0.8 Plot Absorbance at 350 nm @
§ Weight No Weighting § 0.06
20,74 - Intercept Ot- 2
2 Slope Z1567,77778 + 456,116 S 0,05
2 0,6 - Residual Sum of Squar 0,00749 2
Pearson's r 0,99911 0.04 -
0.5+ " R-Square (COD) 0,98821 ’
Ad). R-Square 099777
04 T : : : : 0,03
0,00002  0,00003 000004 000005  0,00006

Concentration (mol.L™")

trans-74 Eqp
Linear Fit of Sheet2 C"Absorbance at 436 nm" (a.u.)

-
Equation y=a+b™x
" Plot Absorbance at 436
Weight No Weighting
Intercept 0x-—-
= Slope | 162566667 +32.9
Residual Sum of Squ! 3,9061E-5
Pearson's r 0,99918
R-Square (COD) 0,99836
Adj. R-Square 099795

T
0,00002

T T T T
0,00003 0,00004 0,00005 0,00008

Concentration (mol.L'")

Figure 7.5.1. Plot of the absorbance at the Ay and An—q+ against the concentration for trans-74; the slope of the linear fit
gives the value of the molar extinction coefficient . Measured at 298 K in DMSO in concentrations from 2.10- to 6.10"> mol.L-

1 (left) trans-74, absorbance at 350 nm; (right) trans-74, absorbance at 436 nm.
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Figure 7.5.2. Plot of the absorbance at the Apmq and A,—n+ against the concentration for 74 at the PSS 365; the slope of the
linear fit gives the value of the molar extinction coefficient €. Measured at 298 K in DMSO in concentrations from 2.10° to

6.10> mol.L? (left) cis-74, absorbance at 305 nm; (right) cis-74, absorbance at 446 nm.
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Figure 7.5.3. Exponential growth of the absorbance at 350 nm of a cis/trans mixture of 74 after irradiation at 365 nm in DMSO
(50uM) at 60, 65, 70 and 75 °C. The rate constant at each temperature is given by: kr = 1/t.
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Figure 7.5.4. Eyring plot for macrocycle 74. The slope of the linear fit gives the value and the ordinate at the origin .
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Figure 7.5.5. Expansion in the carbohydrate region of the 1H NMR spectrum (DMSO-ds, 300 K) of an equilibrium mixture of
trans and cis-74 (1 mM) after irradiation at 365 nm (2 min).
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Figure 7.5.6. Expansion in the carbohydrate region of the 1H NMR spectrum (DMSO-ds, 300 K) of an equilibrium mixture of

trans and cis-74 (1 mM) after irradiation at 520 nm (2 min).
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Figure 7.5.7. Expansion in the carbohydrate region of the 1H NMR spectrum (DMSO-ds, 300 K) of a mixture of trans and cis-

74 (1 mM) after irradiation at 520 nm (2 min) followed by 625 nm (10 min).
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Figure 7.5.8. Evolution of the UV-vis spectra of macrocycle 75 in DMSO (50 uM) at 298 K upon irradiation with red-light,
starting from the PSS 520 (left) or the PSS 365 (right).
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Figure 7.5.9. Plot of the absorbance at the Amax and An—n+ against the concentration for trans-75; the slope of the linear fit
gives the value of the molar extinction coefficient €. Measured at 298 K in DMSO in concentrations from 2.10- to 6.10"> mol.L-

1 (left) trans-75, absorbance at 350 nm; (right) trans-75, absorbance at 436 nm.
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Figure 7.5.10. Plot of the absorbance at the Amax and Aq—x+ against the concentration for 75 at the PSS 365; the slope of the
linear fit gives the value of the molar extinction coefficient €. Measured at 298 K in DMSO in concentrations from 2.10° to
6.10> mol.L? (left) cis-75, absorbance at 307 nm; (right) cis-75, absorbance at 448 nm.

-158 -



m 75 relaxation 60 °C m 75 relaxation 65 °C

ExpDec1 Fit of Sheet1 B"Absorbance @350 nm" (a.u.). ExpDec1 Fit of Sheet1 C"Absorbance @350 nm" (a.u.)
1,2
1,2 :
. gamEEmE s =
—~_ - weet 114 — = "
2104 h 3 -
e =" | Model ExpDect 2107 " ExpDec1
E = Equation y = Af*exp(=i1) + YO E s - Model P
Q0.8+ o Plot Absorbance @350 nm 2 Equation y = Al*exp(xitl) +y
® ¥0 1,20016 £ 4,8193E-4 5081 - Plot Absorbance @350 n
© a Al -1,34756 + 0,00139 © 07 o y0 1,175625 £ 5,43661E
G 0.6 . I 1876,34566 £ 3,64471 gl A1 -1,2984 £ 0,00176
g s Reduced Chi-Sar 1.04772E-6 £ o061 o t 1164,20476 + 2,747
o o
o4 ;‘T"‘;"S""Lf:s”) ggg:g: 2,5 Reduced Chi-s | 4,80288E-7
< i : < R-Square (COD| __ 0,09999
024 ® 0,4 4 . Adj. R-Square 0,99999
- : . - . ‘ . : ) 03 : : . - )
0 1000 2000 3000 4000 5000 6000 7000 8000 9000 0 1000 2000 3000 4000 5000
Time (s) Time (s)
®m 75 relaxation 75 °C
= 78 relaxation 70 °C ExpDect Fit of Sheet1 E"Absorbance @350 nm" (a.u.)
1,21 ExpDec1 Fit of Sheet! D"Absorbance @350 nm” (a.u.) 1,27
s =" s ===
1,14 oY i
_ - PREE
3 - 3 "
£1.04 Model ExpDec1 & . Model ExpDec1
E *  |Equation y = Al"exp(-xit) + E 101 Equation y = Al*exp(-xitl) + y0
2 0.9 . Plot Absorbance @350 2 Plot Absorbance @350 nm
@gs v0 1,1602 + 4,03598E- @09 . ¥0 115023 £ 6,12887E-4
s A1 -1,37748 £ 0,00243 8 Al 154381 0,01123
.‘éj 0,7 1 . t1 802,40233 +£1,7879 _‘é’ 0,8 t1 511,36282 + 2,94824
8 Reduced Chi-S | 2,02233E-7 2 Reduced Chi-Sqr 1,22603E-6
<081 R-Square (CO 0,99999 <74 J R-ﬁquare (COD) 0,99996
0.5 . Adj. R-Square 0,99999 Adj. R-Square 0,99995
0.6

T T T T T T T 1 T T T T T T T
500 1000 1500 2000 2500 3000 3500 4000 500 1000 1500 2000 2500 3000 3500
Time (s) Time (s)

Figure 7.5.11. Exponential growth of the absorbance at 350 nm of a cis/trans mixture of 75 after irradiation at 365 nm in
DMSO (50uM) at 60, 65, 70 and 75 °C. The rate constant at each temperature is given by: k7 = 1/t;.
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Figure 7.5.13. Expansion in the carbohydrate region of the H NMR spectrum (DMSO-dg, 300 K) of an equilibrium mixture of
trans and cis-75 (1 mM) after irradiation at 365 nm (2 min).
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Figure 7.5.14. Expansion in the carbohydrate region of the 1H NMR spectrum (DMSO-ds, 300 K) of an equilibrium mixture of
trans and cis-75 (1 mM) after irradiation at 520 nm (2 min).
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Figure 7.5.15. Expansion in the carbohydrate region of the 1H NMR spectrum (DMSO-ds, 300 K) of a mixture of trans and cis-
75 (1 mM) after irradiation at 520 nm (2 min) followed by 625 nm (10 min).
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Figure 7.5.16. Evolution of the UV-vis spectra of macrocycle 76 in DMSO (50 uM) at 298 K upon irradiation with red-light,
starting from the PSS 520 (left) or the PSS 365 (right).
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Figure 7.5.17. Plot of the absorbance at the Amax and An—r+ against the concentration for trans-76; the slope of the linear fit
gives the value of the molar extinction coefficient €. Measured at 298 K in DMSO in concentrations from 2.10- to 6.10"> mol.L-

1 (left) trans-76, absorbance at 350 nm; (right) trans-76, absorbance at 446 nm.
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Figure 7.5.18. Plot of the absorbance at the Amqx and A—x* against the concentration for 76 at the PSS 365; the slope of the
linear fit gives the value of the molar extinction coefficient €. Measured at 298 K in DMSO in concentrations from 2.10- to

6.10"° mol.L%; (left) cis-76, absorbance at 305 nm; (right) cis-76, absorbance at 446 nm.
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Figure 7.5.19. Exponential growth of the absorbance at 350 nm of a cis/trans mixture of 76 after irradiation at 365 nm in
DMSO (50uM) at 60, 65, 70 and 75 °C. The rate constant at each temperature is given by: kr = 1/t;.
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Figure 7.5.21. Expansion in the carbohydrate region of the 1H NMR spectrum (DMSO-ds, 300 K) of an equilibrium mixture of
trans and cis-76 (1 mM) after irradiation at 365 nm (2 min).
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Figure 7.5.22. Expansion in the carbohydrate region of the 1H NMR spectrum (DMSO-ds, 300 K) of an equilibrium mixture of
trans and cis-76 (1 mM) after irradiation at 520 nm (2 min).
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Figure 7.5.23. Expansion in the carbohydrate region of the 1H NMR spectrum (DMSO-d, 300 K) of a mixture of trans and cis-
76 (1 mM) after irradiation at 520 nm (2 min) followed by 625 nm (10 min).

Note: In the case of macrocycle 76, some signals that were not present in the first spectrum taken after
chromatography (Figure 7.5.24), started appearing after several switching forth and back. It seems that
these new signals also change upon irradiation. At this point it is not known whether this could be a
contamination during the preparation of the solutions, or perhaps hints of the very minor presence of
the isomer of opposite helical chirality. For example, the intensity of the doublet at 5.61 ppm changes
from one PSS to the other, and the doublet at 5.67 ppm is not present in the PSS 365 whereas it appears
in the PSS 520 and fades away again after red-light irradiation. Similarly, the triplet at 5.21 ppm seems
to disappear when converting the macrocycle further to the ground state. Of course this raises doubts
about the accuracy of the integration, but the obtained values fit well with the evolution of the UV-Vis
spectra and the observed trends with the macrocycles 74, 75 and 77 and 105.
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Figure 7.5.24. Expansion in the carbohydrate region of the H NMR spectrum (DMSO-dg, 300 K) of trans-76 directly after
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Figure 7.5.25. Evolution of the UV-vis spectra of macrocycle 77 in DMSO (50 uM) at 298 K upon irradiation with red-light,
starting from the PSS 520 (left) or the PSS 365 (right).
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Figure 7.5.28. Exponential growth of the absorbance at 350 nm of a cis/trans mixture of 77 after irradiation at 365 nm in
DMSO (50uM) at 60, 65, 70 and 75 °C. The rate constant at each temperature is given by: kr= 1/t;.
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Figure 7.5.30. Expansion in the carbohydrate region of the 1H NMR spectrum (DMSO-ds, 300 K) of an equilibrium mixture of
trans and cis-77 (1 mM) after irradiation at 365 nm (2 min).
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Figure 7.5.31. Expansion in the carbohydrate region of the 1H NMR spectrum (DMSO-ds, 300 K) of an equilibrium mixture of
trans and cis-77 (1 mM) after irradiation at 520 nm (2 min).
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Figure 7.5.32. Expansion in the carbohydrate region of the 1H NMR spectrum (DMSO-d, 300 K) of a mixture of trans and cis-
77 (1 mM) after irradiation at 520 nm (2 min) followed by 625 nm (10 min).
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Figure 7.5.33. Enthalpy-entropy compensation plot for compounds 74-77.
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Figure 7.5.34. van't Hoff plot for compounds 74-77. The linear fits give linear function equations, and the resolution of f(x) =
g(x) gives the intersection between each functions, of which the abscissa corresponds to the isokinetic temperature.
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7.5.2. Properties of glycoazobenzenophanes 78, 79 and 95
Thermal relaxation of linear conjugates 101, 103 and 104

ExpDec1 Fit of Sheet1 B"Relative concentration” (%)

s =B
=" -
ey |
= ]
= 801 = Model ExpDecl
2 2 Equation y = Al*exp(-x/t1) +y
g f Plot Relative concentrati
s N {
8 & y0 100,15446 + 0,2102
g .‘J’ Al -90,3371  0,22416
O 404 o t1 237,66179 + 1,6240
2
B .'- Reduced Chi-Sq 0,14303
2 . R-Square (COD 0,99982
204 4 Adj. R-Square 0,99981
]
-
0 T T T T T ]
0 200 400 600 800 1000
Time (min)

Figure 7.5.35. NMR monitoring (600 MHz, 323 K) of the exponential growth of the concentration of trans-101 starting from
a cis/trans mixture of 101 after irradiation at 365 nm in DMSO-ds (1 mM); The rate constant is given by: k = 1/t;.
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Figure 7.5.36. NMR monitoring (600 MHz, 323 K) of the exponential growth of the concentration of trans-103 starting from
a cis/trans mixture of 103 after irradiation at 385 nm in DMSO-ds (1 mM); The rate constant is given by: k = 1/t.
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Figure 7.5.37. NMR monitoring (600 MHz, 323 K) of the exponential growth of the concentration of trans-104 starting from
a cis/trans mixture of 104 after irradiation at 385 nm in DMSO-ds (1 mM); The rate constant is given by: k = 1/t.
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7.5.2.2. Determination of the PSS composition of linear conjugates 101, 103 and
104
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Figure 7.5.38. Expansion in the aromatic region of the IH NMR spectrum (DMSO-ds, 300 K) of an equilibrium mixture of trans

and cis-101 (1 mM) after irradiation at 365 nm (2 min).
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Figure 7.5.39. Expansion in the aromatic region of the IH NMR spectrum (DMSO-ds, 300 K) of an equilibrium mixture of trans

and cis-101 (1 mM) after irradiation at 385 nm (2 min).
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Figure 7.5.40. Expansion in the aromatic region of the IH NMR spectrum (DMSO-ds, 300 K) of an equilibrium mixture of trans

and cis-101 (1 mM) after irradiation at 405 nm (2 min).
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Figure 7.5.41. Expansion in the aromatic region of the IH NMR spectrum (DMSO-ds, 300 K) of an equilibrium mixture of trans

and cis-101 (1 mM) after irradiation at 435 nm (2 min).
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Figure 7.5.42. Expansion in the aromatic region of the IH NMR spectrum (DMSO-ds, 300 K) of an equilibrium mixture of trans
and cis-101 (1 mM) after irradiation at 435 nm (2 min).
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Figure 7.5.43. Expansion in the aromatic region of the 'H NMR spectrum (DMSO-ds, 300 K) of an equilibrium mixture of trans
and cis-101 (1 mM) after irradiation at 470 nm (2 min) followed by 625 nm (15 min).
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Figure 7.5.44. Expansion in the aromatic region of the 'H NMR spectrum (DMSO-ds, 300 K) of an equilibrium mixture of trans
and cis-103 (1 mM) after irradiation at 365 nm (2 min).
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Figure 7.5.45. Expansion in the aromatic region of the 'H NMR spectrum (DMSO-ds, 300 K) of an equilibrium mixture of trans
and cis-103 (1 mM) after irradiation at 385 nm (2 min).
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Figure 7.5.46. Expansion in the aromatic region of the IH NMR spectrum (DMSO-ds, 300 K) of an equilibrium mixture of trans
and cis-103 (1 mM) after irradiation at 405 nm (2 min).
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Figure 7.5.47. Expansion in the aromatic region of the IH NMR spectrum (DMSO-ds, 300 K) of an equilibrium mixture of trans
and cis-103 (1 mM) after irradiation at 470 nm (2 min).
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Figure 7.5.48. Expansion in the aromatic region of the IH NMR spectrum (DMSO-ds, 300 K) of an equilibrium mixture of trans
and cis-103 (1 mM) after irradiation at 470 nm (2 min) followed by 625 nm (10 min).
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Figure 7.5.49. Expansion in the carbohydrate region of the 'H NMR spectrum (DMSO-ds, 300 K) of an equilibrium mixture of
trans and cis-104 (1 mM) after irradiation at 365 nm (2 min).
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Figure 7.5.50. Expansion in the carbohydrate region of the 'H NMR spectrum (DMSO-ds, 300 K) of an equilibrium mixture of
trans and cis-104 (1 mM) after irradiation at 385 nm (2 min).
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Figure 7.5.51. Expansion in the carbohydrate region of the 1H NMR spectrum (DMSO-ds, 300 K) of an equilibrium mixture of
trans and cis-104 (1 mM) after irradiation at 405 nm (2 min).
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Figure 7.5.52. Expansion in the carbohydrate region of the 1H NMR spectrum (DMSO-ds, 300 K) of an equilibrium mixture of
trans and cis-104 (1 mM) after irradiation at 470 nm (2 min).
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Figure 7.5.53. Expansion in the carbohydrate region of the 1H NMR spectrum (DMSO-ds, 300 K) of an equilibrium mixture of
trans and cis-104 (1 mM) after irradiation at 625 nm (12 min).
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7.5.2.3. Thermal relaxation of glycoazobenzenophanes 78 and 79

The fitting of the thermal relaxation data was performed by Prof. V. Pimienta, Paul Sabatier University,
Toulouse. A homemade program SA was used to fit the kinetic data. The corresponding differential
equations were integrated numerically using a semi-implicit Runge-Kutta method. The unknown
parameters were fitted automatically using an iterative algorithm of the Powell type, designed to
minimize the residual quadratic error E = 3j Zi [cij - €ij]2/(n -N) where cij and eij are the computed and
experimental values of concentrations respectively, n is the number of data point in a given run, and

N is the number of runs.

The thermal relaxation of macrocycles 78 and 79 is described by the following differential equations:

dA(t
L0 = —kA®) - kA® (1)
dB(t
O = KAL) - ksB(D) 0)
dc(t
O = kAWM - kC(®) )
PO = ksB(2) + kC(2) (4)
With A(t) = [Z,2]s, B(t) = [Z,E],, C(t) = [E,Z]: and D(t) = [E,El..
B B
C C
D D
Macrocycle 78 o & Macrocycle 79 S5,
120 : A ZE 120 A ZE
> EZ * EZ
& EE & EE
4
: 18
2 2
350 400 500 1000 1500 2000

time / min

time / min

Figure 7.5.54. Fits of the kinetic traces of thermal reversal of PSS mixtures of macrocycles 78 (left) and 79 (right) after
irradiation at 365 nm. The obtained values for the thermal relaxation constants are given in Tables 5.6 and 5.9.
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7.5.2.4. Determination of the PSS composition for macrocycle 78
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Figure 7.5.55. Expansion in the aromatic region of the 'H NMR spectrum (DMSO-ds, 300 K) of an equilibrium mixture of (E,E),
(Z,E), (E,2) and (Z,2)-78 (1 mM) after irradiation at 365 nm (6 min).
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Figure 7.5.56. Expansion in the aromatic region of the IH NMR spectrum (DMSO-dg, 300 K) of an equilibrium mixture of (E,E),
(Z,E), (E,2) and (Z,2)-78 (1 mM) after irradiation at 385 nm (2 min).
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Figure 7.5.57. Expansion in the aromatic region of the IH NMR spectrum (DMSO-ds, 300 K) of an equilibrium mixture of (E,E),
(Z,E), (E,2) and (Z,2)-78 (1 mM) after irradiation at 405 nm (2 min).
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Figure 7.5.58. Expansion in the aromatic region of the IH NMR spectrum (DMSO-ds, 300 K) of an equilibrium mixture of (E,E),
(Z,E), (E,2) and (Z,2)-78 (1 mM) after irradiation at 470 nm (2 min).
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Figure 7.5.59. Expansion in the aromatic region of the 'H NMR spectrum (DMSO-ds, 300 K) of an equilibrium mixture of (E,E),
(Z,E), (E,2) and (Z,2)-78 (1 mM) after irradiation at 625 nm (15 min).

7.5.2.5. Selective multistate switching of macrocycle 78
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Figure 7.5.60. Expansion in the aromatic region of the 'H NMR spectrum (DMSO-ds, 300 K) of an equilibrium mixture of (E,E),
(Z,E), (E,2) and (Z,2)-78 (1 mM) after irradiation at 365 nm (6 min).

-6E+05
‘ I l L4E+05
n h A ||\ ‘}l\ h ) l‘ ||, ﬁ fL 'U\‘ ﬁ‘ n F2E+05
“"***JUW’UL«J'“L,M_JHMWWWWU“QU J mn N ,
e - S
g E i g -2E+05
s1 80 79 78 77 26 75 74 ‘ ‘ 71 720 69 68 67 66 65 64

7.3 7.2
1 (ppm)

Figure 7.5.61. Expansion in the aromatic region of the 'H NMR spectrum (DMSO-ds, 300 K) of a mixture of (E,E), (Z,E), (E,2)
and (Z,2)-78 (1 mM) after irradiation at 365 nm (6 min) followed by 625 nm (1 min).
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Figure 7.5.62. Expansion in the aromatic region of the IH NMR spectrum (DMSO-ds, 300 K) of an equilibrium mixture of (E,E),
(Z,E), (E,2) and (Z,2)-78 (1 mM) after irradiation at 365 nm (6 min) followed by 625 nm (1 min) and 405 nm (2 min).
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Figure 7.5.63. Expansion in the aromatic region of the IH NMR spectrum (DMSO-ds, 300 K) of an equilibrium mixture of (E,E),
(Z,E), (E,2) and (Z,2)-78 (1 mM) after irradiation at 365 nm (6 min) followed by 625 nm (1 min), 405 nm (2 min) and 625 nm

(20 min).
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Figure 7.5.64. Expansion in the aromatic region of the 'H NMR spectrum (DMSO-ds, 300 K) of an equilibrium mixture of (E,E),

(Z,E), (E,2) and (Z,2)-78 (1 mM) after irradiation at 405 nm (2 min).
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Figure 7.5.65. Expansion in the aromatic region of the 'H NMR spectrum (DMSO-ds, 300 K) of an equilibrium mixture of (E,E),

(Z,E), (E,2) and (Z,2)-78 (1 mM) after irradiation at 405 nm (2 min) followed by 365 nm (4 min).
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Figure 7.5.66. Expansion in the aromatic region of the H NMR spectrum (DMSO-ds, 300 K) of a mixture of (E,E), (Z,E), (E,2)
and (Z,2)-78 (1 mM) after irradiation at 405 nm (2 min) followed by 365 nm (4 min) and 625 nm (2 min).
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Figure 7.5.67. Expansion in the aromatic region of the 1H NMR spectrum (DMSO-ds, 300 K) of a mixture of (E,E), (Z,E), (E,2)
and (Z,2)-78 (1 mM) after irradiation at 405 nm (2 min) followed by 365 nm (4 min) and 625 nm (22 min).

7.5.2.6. Determination of the PSS composition for macrocycle 79
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Figure 7.5.68. Expansion in the aromatic region of the 'H NMR spectrum (DMSO-ds, 300 K) of an equilibrium mixture of (E,E),
(Z,E), (E,2) and (Z,2)-79 (1 mM) after irradiation at 365 nm (2 min); the signal at 7.36 ppm was integrated to ascertain the
accurate integration of the signal at 7.20 ppm.
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Figure 7.5.69. Expansion in the aromatic region of the 'H NMR spectrum (DMSO-ds, 300 K) of an equilibrium mixture of (E,E),
(ZE), (E,2) and (Z,2)-79 (1 mM) after irradiation at 385 nm (2 min); the signal at 7.36 ppm was integrated to ascertain the
accurate integration of the signal at 7.20 ppm.
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Figure 7.5.70. Expansion in the aromatic region of the IH NMR spectrum (DMSO-ds, 300 K) of an equilibrium mixture of (E,E),
(Z,E), (E,2) and (Z,2)-79 (1 mM) after irradiation at 405 nm (2 min); the signal at 7.36 ppm was integrated to ascertain the
accurate integration of the signal at 7.20 ppm.
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Figure 7.5.71. Expansion in the aromatic region of the IH NMR spectrum (DMSO-ds, 300 K) of an equilibrium mixture of (E,E),

(Z,E), (E,2) and (Z,2)-79 (1 mM) after irradiation at 470 nm (2 min); the signal at 7.36 ppm was integrated to ascertain the
accurate integration of the signal at 7.20 ppm.
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Figure 7.5.72. Expansion in the aromatic region of the 1H NMR spectrum (DMSO-ds, 300 K) of a mixture of (E,E), (Z,E), (E,2)

and (Z,2)-79 (1 mM) after irradiation at 470 nm (2 min) followed by irradiation at 625 nm (5 min); the signal at 7.36 ppm was
integrated to ascertain the accurate integration of the signal at 7.20 ppm.

7.5.2.7. Determination of the PSS composition for macrocycle 95
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Figure 7.5.73. Expansion in the aromatic region of the IH NMR spectrum (DMSO-dg, 300 K) of an equilibrium mixture of (E,E)
(Z,E), (E,2) and (Z,2)-95 (1 mM) after irradiation at 385 nm (2 min).
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Figure 7.5.74. Expansion in the aromatic region of the 'H NMR spectrum (DMSO-ds, 300 K) of an equilibrium mixture of (E,E)
(ZE), (E,2) and (Z,2)-95 (1 mM) after irradiation at 405 nm (2 min).
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Figure 7.5.75. Expansion in the aromatic region of the TH NMR spectrum (DMSO-ds, 300 K) of a mixture of (E,E), (Z,E), (E,2)
and (Z,2)-95 (1 mM) after irradiation at 405 nm (2 min) followed by 660 nm (30 s).
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Figure 7.5.76. Expansion in the aromatic region of the 'H NMR spectrum (DMSO-ds, 300 K) of an equilibrium mixture of (E,E),
(Z,E), (E,2) and (Z,2)-95 (1 mM) after irradiation at 520 nm (2 min).
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Figure 7.5.77. Expansion in the aromatic region of the 'H NMR spectrum (DMSO-ds, 300 K) of a mixture of (E,E), (Z,E), (E,2)

and (Z,2)-95 (1 mM) after irradiation at 520 nm (2 min) followed by 625 nm (5 min). The integrals are not shown because of
a too small signal-over-noise ratio for the integration of (Z,2)-95.
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7.6. NMR spectra of the synthesized compounds
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Figure 7.6.1. 'H NMR spectrum of B-12 (500 MHz, CDCls, 300 K).
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Figure 7.6.2. 3C NMR spectrum of B-12 (126 MHz, CDCls, 300 K).
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Figure 7.6.3. ™H NMR spectrum of B-13 (500 MHz, CDCls, 300 K).
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Figure 7.6.4. 3C NMR spectrum of B-13 (126 MHz, CDCls, 300 K).
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Figure 7.6.32. 13C NMR spectrum of a mixture (af:BB; 44:56) of 25a, (126 MHz, CDCls, 300 K).
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Figure 7.6.39: 13C NMR spectrum of p,p-dimethoxyazobenzene S1 (126 MHz, CDCls, 300 K).
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Figure 7.6.44. 3C NMR spectrum of 27, (126 MHz, CDCls, 300 K).
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Figure 7.6.48. 13C NMR spectrum of 36 (126 MHz, DMSO-ds, 300 K).
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Figure 7.6.54. 13C NMR spectrum of 39 (126 MHz, DMSO-ds, 300 K).
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Figure 7.6.56. 13C NMR spectrum of 40 (126 MHz, CDCls, 300 K).

- 208 -



r1E+09
F1E+09
r1E+09
F1E+09
FOE+08
BE+08
F7E+08
F6E+08
{-SE+08
+4E+08
-3E+08
F2E+08
r1E+08
F-1E+08

- g 3
7 7 7 7 7 7 7 7 7 7 7 7 7 i@ o =
B B B tH ¥ ¥ ¥ " A ! H H H o i
M P4 TR . N P P M | T
n
e
=
= [ o 4570
6502
280
| 94 (e
=}
T 1E
15°1E
=
Fa
P
n
[ =
e w
HiR e 6Tl L 2
bt — = T —— 202l
m_u.m.t\n R
; [ M 10°29—
56T .
srz> N Fore 2089
6T = Fwz} 2 pREa-"
BES ORI~
OE Q o 08's~
0£E < <
05 O o . puy
168 o o <
e — < - - mz E o Pr]
O ,W o =
9T Lag
382 X -l oM
3 = L &
@t * O
9t L a
sapL — o - [ we N ©
9" N Sn g ~
Thr < = b I
2t i L=
Pt ] .0 >
o5 —== |- &z o
205 S
(e L e
615 = w —
1257 0 - - SSEI—
s
z - . M 05'821
Mo o hm,mm_%v
8C'0E1
€ R
n = :,E%w
F f— .
3 = 25 1gl
. » O 66651
189 by — Q ——— 5] m b bEl
e mun g FR “
mth = o - — o =<
TEL . - =, Wt =
s | =
=
w e £2's5l—
< 3 | o N
wA ® : EIRCED
< © zz6al
- N 95691
o5 FI0LT—F
° m m¢,_uh_L\
=]
20
[

OAc
OAc

OAc
150 140 130 120 110 100 90
f1 (ppm)

160

170

Figure 7.6.58. 13C NMR spectrum of 41 (126 MHz, CDCls, 300 K).
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Figure 7.6.60. 13C NMR spectrum of 42 (126 MHz, CDCls, 300 K).
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Figure 7.6.61. IH NMR spectrum of 50 (500 MHz, CDCls, 300 K).
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Figure 7.6.62. 13C NMR spectrum of 50 (126 MHz, CDCls, 300 K).
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Figure 7.6.64. 13C NMR spectrum of 51 (126 MHz, CDCls, 300 K).
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Figure 7.6.66. 13C NMR spectrum of 52 (126 MHz, CDCls, 300 K).

-213-



BELRRE RBASES A L1E+09
EERERR OmRREZ i
L
f loE+08
|r |
[
| | F8E+08
[ (
| [|
[ i ‘ {
J JJ J J |7E+08
6E+08
O
\©\N¢N\©\ | sE+08
H
53 0 l4E+08
' |-3E+08
|
[ II
|-2E+08
I1E+08
I
i M Lo
ot T e
5 88 2 o
[ o I3 =3
T T T T T T T T T T T T T T T T
8.0 7.5 7.0 6.5 6.0 5.5 5.0 45 4.0 35 3.0 2.5 2.0 15 1.0 0.5 00 05
1 (ppm)
Figure 7.6.67. 'H NMR spectrum of 53 (500 MHz, CDCls, 300 K).
A 35 53F=T554 & F1E+09
B CZ: A3MEERSE %
N S e
F1E+09
9E+08
S
-N
N
L7E+08
53 OH
H6E+08
FS5E+08
LaE+08
F3E+08
L2408
H1E+08
I |
— » | N ,U
F-1E+08
: | . : : ' T : T
% 80 70 6 50 40 30 v 0 10

T T T : T T T T 1 T T T
210 200 190 180 170 160 150 140 130 120 110 100
f1 (ppm)

Figure 7.6.68. 13C NMR spectrum of 53 (126 MHz, CDCls, 300 K).
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Figure 7.6.70. 13C NMR spectrum of 54 (126 MHz, MeOD, 300 K).
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Figure 7.6.72. 13C NMR spectrum of 55 (126 MHz, DMSO-ds, 300 K).
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Figure 7.6.74. 3C NMR spectrum of 56 (126 MHz, CDCls, 300 K).
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Figure 7.6.79. 'H NMR spectrum of 60 (500 MHz, CDCls, 300 K).
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Figure 7.6.81. IH NMR spectrum of 61 (500 MHz, CDCls, 300 K).
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Figure 7.6.82. 13C NMR spectrum of 61 (126 MHz, CDCls, 300 K).
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Figure 7.6.83. H NMR spectrum of 62 (500 MHz, DMSO-ds, 300 K).
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Figure 7.6.84. 13C NMR spectrum of 62 (126 MHz, DMSO-ds, 300 K).
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Figure 7.6.85. IH NMR spectrum of 64 (500 MHz, CDCls, 300 K).

F2E+09
riE+09

F1E+09

F1E+09

r1E+09

r1E+09
F9E+08
~BE+08
~7E+08

F6E+08

-5E+08

r4E+08

~3E+08
F2E+08
F1E+08

—-1E+08

06'04
S85'TL
LB'EL
T6'S

25'58—

BRI

£6'E8 —
ECR T b

LETET~
95 PEl—

10°LkT—

bZIEI—

S8 191 —

£2'691
LE'801
L1041
BS'0LT

60961~

10

200 190 180 170 160 150 140 130 120 110 100 [0 80 70 60
1 (ppm)

210

Figure 7.6.86. 13C NMR spectrum of 64 (126 MHz, CDCls, 300 K).
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Figure 7.6.90. 13C NMR spectrum of 66a (126 MHz, CDCls, 300 K).
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Figure 7.6.92. 13C NMR spectrum of 66b (126 MHz, CDCls, 300 K).
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Figure 7.6.93. IH NMR spectrum of 67a (500 MHz, CDCls, 300 K).
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Figure 7.6.102. 13C NMR spectrum of 70 (126 MHz, CDCls, 300 K).
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Figure 7.6.116. 13C NMR spectrum of 77 (126 MHz, DMSO-ds, 300 K).
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Figure 7.6.132. 13C NMR spectrum of 94 (126 MHz, CDCls, 300 K).
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Figure 7.6.140. 13C NMR spectrum of 104 (126 MHz, DMSO-ds, 300 K).
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