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General introduction

With scientific and social progress, various methods for the specific and sensitive detection of metals,
proteins and other biomolecules are widely utilized in environmental protection, disease
surveillance, drug therapy, agricultural production, industry and other significant areas. Fluorescent
probes are widely developed based on ICT, PET, FRET and other fluorescence mechanisms, and
applied to the detection of contaminants or in cell imaging. But the ACQ effect usually quenched
the fluorescence intensity and thus limited the applications of organic probes in cell imaging and
living systems. Therefore, the concept of aggregated-induced emission (AIE) appears as a possible
solution to these problems and several fluorescent glycoclusters, glyco-probes and glyco-complexes

were designed and reported for biological analysis.

Our first project aimed to design and synthesize fluorescent glyco-polymers with multiple
glycosides for cell targeting and drug delivery while fluorescence will allow the detection of the
targeted cells. To overcome the ACQ effect and interference from natural biological background
fluorescence, we conjugated dicyanomethylene-4H-pyran (DCM) and tetraphenylethene (TPE) to
obtain near-infrared AIE fluorescent probes. The glycosides provided good water solubility and self-
assembly in water led to detection systems and imaging cancer cells.

TPE-based glycopolymers were synthesized from TPE monomers incorporating two
monosaccharides by CuAAC conjugation and these monomers were polymerized by either CuAAC
or thiol-ene “click” reactions. The TPE-based glycopolymers did not display a large chain length
(typically less than 7 units) and the expected fluorescent properties could not be reached.

We then designed and synthesized glyco-dots self-assembled by DCM probes and TPE-based
glycoclusters. The glyco-dots displayed high water-solubility and selective response to peroxynitrite
(ONOO") both in vitro and in cell assays. The glyco-dots could detect endogenous and exogenous

ONOO" but no specific cell recognition.

We designed and synthesized AIE fluorescent probes which could self-assemble with TPE-based
glycoclusters. The resulting glyco-dots were readily water soluble and displayed excellent
sensitivity and selectivity for thiophenol detection in vitro and in environmental water samples.

We finally combined both TPE and DCM moieties to synthesize a novel AIE fluorophore (TPE-
DCM) with long-wavelength emission. Then conjugation with glycosides through CuAAC led to
AIE fluorescent probes with long-wavelength emission, excellent water-solubility. Application to
the detection of glycosidases in vitro and in cell assays or animal models was possible with these

probes.






Résumé

Avec le progres scientifique et les besoins sociétaux, diverses méthodes de détection spécifiques et
sensibles des métaux, des protéines et d’autres biomolécules sont largement utilisées dans la
protection de I’environnement, la surveillance des maladies, la pharmacothérapie, la production
agricole, I’industrie et d’autres domaines importants. Les sondes fluorescentes sont largement
développées sur la base des phénomeénes de transfert d’énergie (ICT, PET, FRET) et appliquées par
exemple a la détection de contaminants ou a I'imagerie cellulaire. Mais I’effet d’agrégation (ACQ)
atténue généralement ’intensité de la fluorescence et limite ainsi les applications de sondes
organiques (souvent peu solubles dans I’eau) dans I’imagerie cellulaire et les systémes vivants. Par
conséquent, le concept d'« agregated induced emission » (AIE) représente une solution a ces
problémes d’agrégation et plusieurs glycoclusters, glyco-sondes et glyco-complexes fluorescents
ont été congus et reportés pour des applications en analyse biologique.

Notre premier projet visait a concevoir et a synthétiser des glyco-polymeéres fluorescents pour le
ciblage cellulaire et I’adressage de médicaments, tandis que la fluorescence permettrait la détection
des cellules ciblées. Pour surmonter I'effet ACQ et les interférences provenant de la fluorescence
biologique naturelle, nous avons conjugué le dicyanométhyléne-4H-pyrane (DCM) et le
tétraphényléthéne (TPE) afin d'obtenir des sondes fluorescentes (AIE) émettant dans le proche
infrarouge. Les glycosides ont fourni une bonne solubilité dans I'eau et l'auto-assemblage a conduit
a des systémes de détection et a une imagerie des cellules cancéreuses.

Les glyco-polyméres a base de TPE ont été synthétisés a partir de monomeéres de TPE incorporant
deux monosaccharides par conjugaison azide-alcyne (CuAAC) et ces monomeres ont été
polymérisés par des réactions de CuAAC ou thiol-éne. Les glyco-polymeéres a base de TPE ne
présentaient malheureusement pas une assez grande longueur de chaine (généralement moins de 7
unités) et les propriétés fluorescentes attendues ne pouvaient donc pas étre atteintes.

Nous avons ensuite congu et synthétisé des glyco-dots auto-assemblés par des sondes DCM et des
glycoclusters a base de TPE. Les glyco-dots ont présenté une hydrosolubilité élevée et une réponse
sélective au peroxynitrite (ONOQO") a la fois in vitro et dans des analyses cellulaires. Les glyco-dots

pourraient détecter ONOO™ endogéne et exogeéne, mais sans reconnaissance cellulaire spécifique.

Nous avons congu et synthétisé des sondes fluorescentes AIE pouvant s'auto-assembler avec des
glycoclusters a base de TPE. Les glyco-dots résultants étaient facilement solubles dans l'eau et
présentaient une sensibilité et une sélectivité excellentes pour la détection du thiophénol in vitro et
dans des échantillons d'eau environnementaux.

Nous avons finalement combiné les deux fragments TPE et DCM pour synthétiser un nouveau
fluorophore AIE (TPE-DCM) avec émission a longue longueur d'onde. Ensuite, la conjugaison avec
des glycosides par CUAAC a conduit a des sondes AIE fluorescentes a émission de longue longueur
d'onde, avec une excellente solubilité¢ dans I'eau. Une application a la détection de glycosidases in
vitro et dans des dosages cellulaires ou sur des modéles animaux a été possible avec ces sondes.
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Chapter [

Introduction






With scientific and social progress, various methods for the specific and sensitive detection of
ions, proteins and other biomolecules are widely utilized in environmental protection, disease
surveillance, drug therapy, agricultural production, industry and other significant areas!'-*. The
detection methods are developed through several analytical techniques such as electrochemical
analysis, high performance liquid chromatography, atomic absorption spectroscopy*7’l. However,
expensive price, complex operations or long testing time limit their use in non-specialized
environments. Fluorescence analysis shortens the testing time, increases the analytical sensitivity,
and simplifies the process among other advantages!®l. For these reasons, it plays an important role
in many fields such as chemistry, biology, medicine, pharmacy and diagnostics®'?l. Herein, we will
introduce some general fluorescent dyes including their characteristics, development, synthesis, and

recent applications in biological systems.

1.1 Small molecular fluorescent probe

Modern chemical analysis and chemical biology depend on the design of efficient “fluorescent
probes” for the accurate deciphering of biological processes. Such fluorescent probes are typically
composed of a fluorophore unit decorated with special targeting or detecting groups. Since Roger
Yonchienien and co-workers!!?! designed and synthesized the first fluorescence sensor that could
produce luminescence by complexation of aromatic dyes with calcium ion in 1980s, fluorescent
probes as advanced methods entered a fast-developing period from detecting simple ions in vitro to

imaging biological processes in vivo.

I.1.1 Fluorescent probes

Fluorescent probes are composed of a reporting group (fluorophore) and a detecting group (e.g.
chelating ions). To be applied in several biological imaging, additional moieties have been
introduced such as DNA, peptides and carbohydrates on fluorophores to selectively recognize
particular proteins, organelles, cells, or tissues!!*. The fluorescent probes were classified as
substitutional probes, chelating-coordinating probes, and reactive probes according to their diverse

detection mechanisms.
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Figure 1: Three main principles for fluorescent probes. (A) Substitutional probe, (B) chelating-coordinating probe,

(C) reactive probe.

Substitutional probes (Fig. 1A) were obtained by turn-off the fluorescenc upon binding to
receptors. Then the analyte to be detected will bind to the receptor and release the fluorescent probe
to generate a fluorescence signall'> 161,

Chelating-coordinating probes (Fig. 1B) should follow the 3R rule (Receptor-Relay-Reporter)
meaning that the receptor and reporter are linked through a covalent bond or interacted with non-
covalent bond. When the analyte is interacting with the receptor, the reporter generates a different
signal due to the intramolecular variation of electron density based on additional interactions on the
scaffold (hydrogen bond, electrostatic force, coordinating bond)!'7-1°1.

As fluorescent reporter and analyte detector, reactive probes can be divided into two categories
(Fig. 1C). The analyte can interact with the probe and trigger a fluorescence signal by changing its
electronic properties. Also, the analyte can catalyse an intramolecular reaction in the probe leading
to a change in fluorescence signal. These reactive probes are usually sensitive, selective, and reliable
for the recognition of specific analytes due to the irreversibility of the chemical reaction!?0-22,

I.1.2 Organic fluorescent probes

Aromatic molecules after absorbing light with specific wavelength can activate intramolecular
electron in higher energy level. Fluorescence is one method to release redundant energy from a
singlet excited state to ground state through photo-emission(?*). However, many factors impact the
energy release including structure difference, solvent influence, solubility, n-w stacking, responding
modes and others which effect molecular energy transfer. Here, three typical fluorescence
mechanisms and a novel fluorescence emergence process will be introduced.

[.1.2.1 Mechanisms influencing fluorescence

Three main types of fluorescence mechanisms can be distinguished according to their interaction
between probes and analytes: Intermolecular Charge Transfer (ICT), Photo-induced Electronic



Transfer (PET), Forster Resonance Energy Transfer (FRET).

Intermolecular Charge Transfer (ICT) is an essential mechanism, characterized by an
intramolecular charge transfer between positive and negative charges generated upon excitation of
a ground state, which is commonly used to design fluorophore, change emissive wavelength, and
decorate fluorescent properties®*. The ICT probe (Fig. 2) had usually a “push-pull” electronic
system with electronic donor (D such as alcohol, amine) and electronic acceptor (A such as carbonyl,
nitrile) connected with covalent bonds, and capable of transferring charges through n-n conjugated
systems. The charge of the analyte or positive ions will influence the variation of wavelength and

fluorescence intensity.
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Figure 2: The mechanism of intermolecular charge transfer (ICT).

Ionic probes are usually modified in their density distribution of intramolecular electronic cloud
to quench or increase fluorescence after chelating ions with electronic charges. Many probes
followed by sensitive fluorescence enhancement were applied to detect metal ion in sewage and
intracellular biomarker for disease diagnosis. Two quinoline-based probes for Zn?" detection and
imaging the ions in lysosomal have been designed!>l. The probes provided ratiometric and blue-
shift fluorescence changes upon coordination with zinc ion in aqueous solution, and detected
intracellular and subcellular ions sensitively. A sensitive Zn?' probe incorporating 1,8-
naphthalimide as fluorophore and DPA as detector emitted green fluorescence for Zn>* and blue
luminescence for Cd** (Fig. 3)?%]. Two different chelating models influenced the density distribution
of electronic cloud in whole fluorophore. However, the chelating bond connecting probe and analyte
is unstable, reversible and non-specific when others similar analytes existed. But ICT mechanism is
still widely studied in various designs thought and applied to regulate and decorate properties of

fluorophores with other essential mechanisms?7: 281,
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Photo-induced Electronic Transfer (PET) involves the intramolecular electronic transfer between
donor (D) and acceptor (A) after excitation of the probe with light to stimulate the fluorescent core
and reach an excited state. Due to the intramolecular electronic density changes, the fluorescent
probe can respond accurately and provide a specific signal difference (Fig. 4)!?% 1. Compared with
the quenched ground state, the fluorescence intensity usually has a remarkable enhancement, or the
emissive wavelength shifts drastically upon interaction of the probe with the analyte. As classic PET
application of probe design, many rich-electronic chemical groups (such as amino linkers or phenols)
were decorated on fluorophores but not connected through m-m conjugation (double bond). The
electronic cloud is activated after absorbing excited light, then transferred to fluorophore leading to
break or weaken the electronic D-A system to quench the whole fluorescence. After coordinating or
reacting with analyte, the fluorescence is recovered followed by PET process blocked and D-A

31-33

system rebuiltl®'-33], However, the fluorescence response is not stable and sensitive enough since

electron-rich groups were usually interfered at different pH or in the presence of cations, which

restricted its application in acidic environments** 331,

PET PET
Fluorophore Receptor Fluorophore Receptor
thIu

Figure 4: The mechanism of photo-induced electronic transfer (PET).

A novel PET probe for HCIO detection in cancer cells consisted of BODIPY fluorophore and 2,4-
dimethylpyrrole as detector. The green fluorescence (Aem= 505 nm) was recovered when the probes
was oxidized by HCIO along annihilation of the PET state (Fig. 5)1*%l. Similarly, near-infrared
fluorescent probe showed red increased luminescence after detection of electron-rich group with
Pim protein kinases (an important biomarker in brain and cancer, prostate cancer, breast cancer)37),
Some probes were also designed to detect specific intracellular small molecules for cancer imaging
through neutralizing the ion pair electron of amine or decreasing electron density. A turn-on
fluorescein-based probe through NO-induced deamination of an aromatic primary amino group
showed fluorescence increase and high selectivity for NO detection in solution and in cancer cells,
but only responded in neutral and weakly basic solution!*®],



(o]

B

HN_ = N >

/| Enhanced | x

\ A £/ oL HCIO \ /
=N B N/

FF 2 il

I B AN NN NNNY

500 550 GOD 650 700 » O 0 . 2 O O 0P
Wavelength (nm) Q\'D‘\ O 01‘@‘?‘ R <«

Fluorescence Intensity (a.u.)

Figure 5: The probe based on PET effect for HCIO detection[3%],

Forster Resonance Energy Transfer (FRET) is not a radiative process. A ground state acceptor (A)
releases luminescence after absorbing the fluorescence from an excited donor (D) through dipole-
dipole interactions (Fig. 6). The absorption of the acceptor must overlap with the emission of the
donor and the efficiency of the energy transfer depends on several parameters such as the extent of
spectral overlap between D and A, the relative orientations of the transition dipoles, the distance
between D and AP 401, The distance appears as the most essential parameter because FRET occurs
with about 10 to 100 A distances between D and A, largely compatible with the dimensions of most
biomacromolecules. FRET was therefore prevalently applied for bioanalysis and biological imaging
due to the simple ratiometric fluorescent system. Unlike one-signal probes, FRET sensors contain
two different fluorophores which can release a ratiometric fluorescence signal, used for the
quantitative detection of analytes and eliminating ambiguities arising. Conventional FRET probes
have been designed in the form of two covalently linked fluorescent moieties. However, the two
organic fluorophore systems can still be hard to synthesize owing to the proper controlling of the
D/A distance, and limited modifiable position for fluorophore connection and detector decoration.
Recently, fluorophores were self-assembled with nanoparticles, carbon nanodots or quantum dots
to build up new supramolecular FRET systems overcoming some disadvantages[*l.
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Figure 6: The mechanism of Forster resonance energy transfer (FRET) and relative spectra overlapping between

donor and acceptort*!l,

A FRET-based ratiometric fluorescent probe consisting of amino-coumarin and fluorescein for



HNO detection and imaging in cancer cells (Fig. 7)*?l. The blue emission (470 nm) of coumarin
(excited at 415 nm) was observed when the FRET was blocked due to a change in absorption of
acceptor (A) moiety and quenching its fluorescence. The fluorescence signal of fluorescein (517 nm)
was observed with a decreased fluorescence of coumarin when the probe reacted with HNO and
released the two hydroxyls on fluorescein. Meanwhile, FRET system was recovered with new
absorption at 495 nm receiving energy from coumarin. The probe exhibited good selectivity for
HNO, good sensitivity (1.4 pM) and obvious colour change in cell imaging.
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Figure 7: The FRET probes composed of coumarin and fluorescein for HNO detection?],

However, complicated fluorophore design, high synthetic difficulty, low water-solubility and
uncertain activity for analytes detection restricted applications and development of several FRET
probes. Therefore, intermolecular self-assembly through hydrogen bond, n-n stacking, aggregation
or others Van der Waal’s forces, is a simple, fast, and efficient choice to construct FRET-based
ratiometric fluorescent systems. A special probe consisting of green quantum dots and red
fluorescent proteins for visualizing intracellular pH variation (Fig. 8). The pH-sensitive protein
could respond red fluorescence after absorbing energy from quantum-dot and quenching the green
signal in basic environment. This probe with high sensitivity, wide working range, ratiometric

responding signal, allowed to monitor different pH environmental changes in vitro and in vivol*!.
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Figure 8: Self-assembled FRET probe as pH variation monitor(*3!,



1.1.2.2 Organic fluorophore and its application

Various organic fluorescent scaffolds including pyrene, coumarin, fluorescein, rhodamine, 1,8-
naphthalimide, BODIPY, DCM derivatives, cyanine, tetraphenylethylene and their structural
analogues, were frequently applied in advanced areas. Here, we introduced some classic
fluorophores and their derivatives that have excellent fluorescent characteristics and the exemplary
use of sophisticated, custom-made probes.

The coumarin scaffold is a particular structure in organic chemistry, occurring in numerous
natural products and performing excellent functions in pharmacology. Normally decorating the 7-
position (Fig. 9A) with electronic-donating groups highly increases the fluorescence intensity. The
structure of 7-hydroxycoumarin (Fig. 9B) which absorbs UV light (A= 360 nm) and emits blue
light (Aem = 450 nm) was sensitive for pH with wavelength changes!**. The 7-aminocoumarin
scaffold is another common fluorescent core with tunable emission through the 7-amino was
modification with electronic-poor groups*3. Coumarins are usually synthesized by the Pechmann
condensation involving the acid-catalyzed reaction of a phenol and a B-carbonyl ester6],

The boron dipyrromethene (BODIPY) is employed as a reactive probe in various bioanalysis,
because of its characteristic properties of neutral charge, small Stokes shift, insensitivity of
fluorescence to environmental changes (Fig. 9C and 9D)7l. Scientists designed and synthesized
series of infrared emitting BODIPY through extending m-m conjugated systems or changing the
boron ligands to affect fluorescence properties and use it to detect some important ions in living
system in combination with proteins!*], to generate singlet oxygen for photodynamic therapy, as
well as to build up various FRET systems through bioluminescence resonance energy transfer
(BRET) effect!*®- 301,
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Figure 9: (A) Synthesis of 7-hydroxylcoumarin, (B) 7-aminocoumarin derivatives. (C) Synthesis of BODIPY
scaffold, (D) aza-BPDIPY derivatives. (E) Synthesis of fluorescein, (F) Si-fluorescein. (G) is disulfonic

rhodaminel?3].

Fluorescein including its derivatives (Fig. 9E and 9F) and rhodamines (Fig. 9G) are two similar
fluorescent scaffolds, which have become ubiquitous small-molecular fluorophores since their
synthesis in 18710 and 188702, Fluorescein having two hydroxyl is very sensitive to
environmental pH changes and acting as a special “on-off” pH probel®* 341, Therefore, protecting
hydroxyl with some electronic-rich groups could weaken the pH sensitivity in solvent and increase



the quantum yield®. Compared with fluorescein, rhodamine has more advantages including lower
pH-sensitivity, higher photostability, outstanding quantum yield, and sustainable spectral properties.
The traditional rhodamines absorb the green light and emit a yellow light (Aex/Aem = 565 nm/586
nm). Usually, modification on the phenyl ring or changing the substituent patterns on the aniline
nitrogen of rhodamine can modulate the fluorescence properties®®. Decorating the carboxyl with
amino-compounds, could quench the fluorescence due to prevented cyclization disturbing the -1t
conjugated and electronic “push-pull” systems. Utilizing this characteristic, scientists designed and

synthesized some rhodamine-based probes to coordinate ion or react with aminel>7-%1,

Most of traditional fluorophore with short wavelength emission were usually interfering with
biological background light which restricted their application in cell imaging, monitoring drug
delivery or disease diagnosis. Therefore, near-infrared (NIR) fluorescent scaffolds have been
designed with decreased energy loss when penetrating skin, imaging tissue and avoiding the
interference of blue background light!®-62, Dicyanomethylene-4H-pyran (DCM) is a NIR
fluorophore displaying a typical ICT-based chromophore with standard structure of donor-r-
acceptor (D-n-A)l%l. DCM attracted considerable views from chemists owing to its excellent
photophysical advantages such as wide absorption range, high sensitivity for electronic changes,
long emission wavelength, high fluorescent quantum yield, and controllable fluorescence properties
(Fig. 10). Normally, chemists decorated specific detector on the hydroxyl or amino groups to control
the DCM fluorescence. Recently, numerous DCM derivatives have been reported in OLED
materials, logic gates, optical chemosensors, biological imaging, and disease diagnosis[®*l.

Acceptor-n-Donor

R = OH, NH,

HACO
DCMJTB

DCMTHBP

1
Figure 10: The ICT process of DCM and some chemical structures of typical reported DCM dyes(®4].

Pyrophosphate anion (PPi) is an essential biomolecule in metabolic system, bioenergetic,
intercellular information transfer, and protein synthesis, but it is easy to detect with metal ions. An
“on-off-on” probe (Fig. 11A) which could change fluorescence intensity through coordinating with
Cu?" and PPi was reported®]. The probe-Cu complex displayed near-infrared wavelength emission
(Aemis= 650nm) and efficient quantum yield (® = 0.4) after detecting PPi and enhanced fluorescence.
According to the excellent response for PPi, a macromolecular probe (Fig. 11B) was studied for the
detection of Cu?" and PPi. The hydrophilic probe exhibits fluorescence-off upon detection with Cu?*
selectively and recover the fluorescence-on after polymer-Cu system responding to molecules such
as ATP, ADP, AMP, phosphate and other analogues of PPil®®, However, poor water-solubility of
both probes restricted the further applications in intracellular detection.
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Figure 11: (A) DCM probel®! and (B) relative polymer for detecting Cu?" and PPil%],

DCM and its derivatives are extensively developed red brighter emission by extending n-w
conjugated systems or decorating aromatic rings. Hydrogen peroxide (H,O>) is an important reactive
oxygen species (ROS) in physiological and pathological processes such as cancer,
neurodegenerative diseases, Alzheimer’s diseases, and cardiovascular disorders [¢7-%°], A two-photon
excitation (860 nm) NIR probe for monitoring H,O, based on DCM fluorophore exhibited obvious
fluorescence variation (13-fold enhancement), excellent sensitivity and selectivity for responding
H>0, in short time. The perfect photostability of the NIR probe could allow to monitor the
endogenous and exogenous H>O» in cancer cells!’?). Through decorating the phenol on a similar
fluorophore, a colorimetric molecular probe for intracellular glutathione detection was designed
(Fig. 12C and 12D). 2,4-Dinitrobenzensulfonyl group, as electron-poor substituent could quench
the fluorescence. The resulting DCM-sulfonate have high activity to react with GSH, DTT, Cys,
Hcys accompanied by fluorescence recovery. The probe has good photostability for H,O» detection
in HeLa cellst"!.
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Figure 12: (C)" and (D)!"! is two DCM-derivatives for monitoring intracellular biomarkers.

The photostability, near-infrared wavelength emission and high quantum yield attracted chemists
to develop DCM to other imaging areas. Tracking and delivering activated drugs in vivo or in situ
is critical but remains mainly challenging. The quenched fluorescence of near infrared amino-DCM
dye and decorated camptothecin (CPT) was achieved by disulfide bond (Fig. 13)7?. The two
released thiol groups after cleavage of disufide bond by excess intracellular GSH, could clean the
amide bond on DCM to recover the red emission and release the CPT in cancer celll”!> 731, The novel
complex exhibited preferable sensitivity and selectivity for biological thiols, wider responding pH
range, excellent water-solubility, short reactive time. Meanwhile, the particular recognition between
carbohydrates and lectins was applied to design probes for HepG2 cell imaging and liver cancer
diagnosis via ASGPr receptors on cell surface. Several functional 2D materials (2D graphene oxide,
MoS») conjugated with monosaccharide decorated DCM interacted with lectin (peanut agglutinin)
and then pull the water-soluble probe out of 2D materials to generate a fluorescence signal
enhancement(’*7¢], These functional fluorescent materials self-assembled with galactose-based
DCM dyes, displayed selective recognition of HepG2 cells.
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Figure 13: NIR amino-DCM probes traced drug releasing through intracellular biological thiols[”2].

However, typical DCM core with pyran or benzopyran ring are too hydrophobic restricted its
further application. Improved DCM dyes (Fig. 14B-D) through replacing pyran or benzopyran by
pyridine or quinolinel’”). The nitrogen atom increased the electronic pull-push system resulting to
the red-shift of its absorption and emission. Some hydrophilic groups (Fig. 14E) such as sulfonate
group (SO3?%) or oligoethyleneglycol (TEG) linker was substituted on the nitrogen of fluorophore to
improve its water solubility and biological compatibility’®. Another classic method was N-ethyl
substitution to endow an excellent AIE property, which overcame ACQ effect resulting to quench
or decrease fluorescence intensity in aqueous solution (more details will be introduced in the next

section).
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Figure 14: (A) Typical DCM dye, (B-D) series of novel N-substituted DCM dyes!””), and (E) the application process

of BSA detection in aqueous solution!””),

I.1.3 Novel design principle -- Aggregated-induced emission (AIE)

Organic fluorescent probes have mainly hydrophobic structures with poor water-solubility. But
biological applications or intracellular assays are in aqueous environment therefore excellent water-
solubility becomes a decisive parameter for evaluating applicability of organic probes. However,
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aggregated-caused fluorescence quenching (ACQ) is another limiting process restricting application
of many NIR fluorophores in cell imaging and disease diagnosis.

[.1.3.1 Aggregation-induced emission (AIE effect)

ACQ effect is concentrated quenched or aggregation-caused quenched (Fig. 15). Light emissions
from familiar fluorophores usually quenched in aggregate state (such as in poor solvent) or at high
concentration. This ACQ effect highly limits the fluorescent sensors application in biological
imaging and acquired diluted solution of probes for bioanalysis, which reduced the sensitivity and
decreased the accuracy of tracing intracellular biomolecule. Aromatic molecules can accumulate on
the surface of some biomolecules or in hydrophobic micro-environments thus increasing the
concentration of probes and quench the fluorescence, partially or completely!”® 81, The aromatic

rings on fluorophores usually display intensive intermolecular m-n stacking interactions in high

concentration or in aggregated states.
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Figure 15: ACQ effect quenched fluorescence with water ratio increasef®!l,

Aggregation-induced emission is also called as AIE effect. The studies of AIE fluorophores
developed rapidly since Prof. Benzhong Tang and co-workers put forward the concept in 2001,
designed and synthesized the first typical AIE probes!®2. AIE probes are fluorogenic molecules
without light emission when dissolved in compatible organic solvents but reaching intensive
emission after intermolecular aggregation (Fig. 16) in solvent such as water or aqueous buffers. For
example, the luminescence of perylene was quenched but the fluorescence of hexaphenylsilole (HPS)
was enhanced by increasing ratio of water fraction in THF solution.
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Figure 16: AIE effect enhanced fluorescence with water ratio increasel®!l,

AIE phenomenon is normally derived from intramolecular rotating units such as benzene rings.

Comprehension of the potential mechanism for AIE phenomenon is crucial and necessary to search
for fundamental photophysical knowledge on account of its guidance for the design of novel
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fluorophores, exploring the biological application and promote technological innovations. Many
researchers speculated that decisive factors influencing properties of AIEgens were conformational
planarization, E/Z isomerization, twist intermolecular charge transfer or structural restriction, and
J-aggregation formation!®3l. Benzhong Tang and co-workers recently elucidated the influence
factors of AIE is RIR, RIV and RIM, proved by experimental and theoretical results!®4.

RIR is restriction of intramolecular rotation, the most important parameter of influencing the
fluorescence intensity (Fig. 17A). The rotor-containing fluorophores keep low-frequency motions
in dilute solvent, leading to fast nonradiative decline of the excited states that quenched the
fluorescence. However, the restricted rotation of benzene rings in aggregated states blocked the
energy release through radiationless pathway, meanwhile the radiative channel is recovered
followed by fluorescence signal increase!®). Besides, compared to traditional organic fluorophores
with large n- stacking plans, the highly twisted structure of AIEgens impedes intermolecular nt-nt
stacking by keeping certain distance to protect the “turn-on” fluorescent states®>. The
environmental temperature and pressure sometimes can affect the fluorescence intensity of AIEgen
due to interfering intramolecular rotation and changing solvent density!®®l. Lifetime is an essential
parameter for evaluating the properties of AIE fluorophores when the molecule was aggregated in
poor solvent to extend lifetime from picosecond to nanosecond®”). Moreover, other effects such as
electronic conjugation as well impose some influence for RIR process. The aromatic part with
polycyclic substituents, compared with phenyl, enhanced the quantum yield in good solvent, but
decay the AIE ability due to the large molecular volume when increased the water ratio in THF
solution[% %1, Reported AIE mechanisms are typically through AIE properties of hexaphenylsilole
(HPS), but applications have been done by others AIE cores such as tetraphenylethylene (TPE)
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Figure 17: (A) RIR effect of TPE generates AIE properties. (B) and (C) are two AlEgens affected by RIM effect
(RIR and RIV)[34],

Restriction of intramolecular vibrations (RIV) is another pathway to generate AIE phenomenon.
Different from RIR, RIV cores usually control the molecular vibrations to affect fluorescent signall®>
%1, Restriction of Intramolecular Motions (RIM) mixes intramolecular rotation and vibration
together so that it exhibits characteristics of both mechanisms (Fig. 17B and 17C)P4l,

1.1.3.2 Popular AIE fluorophores and their imaging application

Even though the traditional fluorophores have excellent optical properties and applications,
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molecules can undergo compact packing and thus strong m-m stacking interactions in aggregated
states, further leading to the undesirable ACQ effect. Therefore, researchers developed various
strategies to optimize present organic dyes to maintain their properties of the conventional
luminescence and granted the benefits of AIE characteristics. The improvements of ACQgens
promoted development of novel fluorophores and diversified the known AlEgens. The following
discussion was categorized into three main groups: 1. conjugating AIE fluorescent structures on
ACQgens; 2. replacing moieties of AlEgens with specific ACQ units; 3. designing new AIE
structures from ACQ archetype based on the RIM principle. We will focus on the first strategy.
Combining AIE archetype into traditional ACQgens, is the most direct and popular method to
improve intrinsic properties and reserve the excellent advantages of ACQ dyes. With AlEgens
electronically conjugated to ACQ units, the resulting fluorescence probes can decay ACQ

interference and provide AIE effect while keeping peculiarities of the building blocks.

Tetraphenylethylene (TPE), 2,3,3-triphenylacrylonitrile (TPAN), and triphenyl ethylene (TPEH)
are three classic AIE archetypes decorated on ACQcores such as anthracene, pyrene, perylene
diimide, and BODIPY, because of their simple synthetic method and outstanding AIE properties
(Fig. 18). Experiments showed that TPE derivatives decorated on the perylene diimide dramatically
increased the AIE effect on fluorophore, improve emissive wavelength and quantum yield owing to

the electron-rich TPE structures.
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Figure 18: (A) is TPE-decorated pyrene and AIE effect in THF and water. (B) is different number of TPE decorated
perylene diimide, and (C) is two TPE-BODIPY34],
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Tetraphenylethylene (TPE) is the a typical AIE fluorescent scaffold applied in bioanalysis and
cell imaging. TPE derivatives normally release energy through nonradiative states through
intramolecular phenyl rotation in good solvent after absorbing light but emit strong luminance (470
nm) when dissolved in aqueous environment due to phenyl rotation blocked. The crystal structure
indicated a twist angle (~50°) between phenyl rings and the central vinyl bond. The immediate -1
stacking conformation promotes nonradiative recombination and red-shift emission. Intermolecular
multiple C-H...w interactions between aromatic hydrogens and the vinyl bond reinforce the stability
of the whole molecule in solid or aggregated state (Fig. 19A)1°> %1, The four phenyl rings rotation
around the olefin centre can be triggered in the diradical diphenylmethane groups in excited state.
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As the H-NMR spectrum showed (Fig. 19B), broken vinyl bond in excited state transform the ratio
of the Z / E isomer from 93:7 to 50:50P7], The friction caused by intramolecular twisting and
rotational motion in solvent media induce an energy relaxing pathway changing from photonic to
thermal. In aggregated state, congenerous RIR effects and highly twisted structures impeding the

intermolecular n-w stacking energy transfer, leading to recovering the fluorescence emission®’-?1.
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Figure 19: (A) Molecular packing pattern of TPE and intermolecular C-H...r interaction in the crystalline statel®3,

(B) Z/ E isomerization of TPE in excited states®7].

For the AIE properties, simple structure and intense fluorescence emission, researchers explored
a number of synthetic and modified routes to functionalized TPE derivatives. McMurry coupling
(Fig. 20A) is a typical method to afford symmetric TPEs. The ketones are condensed to the
corresponding alkene catalysed by low valent titanium reduced from TiCls / Zn system!'%! or TiCls
/ Li system!%%- 1011 McMurry reaction is particularly prominent in homocoupling. Nevertheless, non-
symmetric TPE were generally obtained in low yield and complex mixtures through McMurry
reaction due to its nonselective coupling. Knoevenagel condensation is another efficient choice to
construct double bonds that was frequently applied for non-symmetric TPEs (Fig. 20B)['%], The
yield of Knoevenagel condensation depends on the pK, of the base, usually requires electron-rich

ketones, and electron-poor diphenylmethanes.
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Figure 20: The schemes of (A) McMurry reaction and (B) Knoevenagel condensation for TPE synthesis.

Besides improving ACQgens structural to change their inherent optical properties, TPE has
participated in probes design chelating heavy-metal ions, thiols, explosive gases, carbohydrates, and
combined with proteins or DNAs. Song Song, The AIE effect of TPE in water (Fig. 21A) was studies
with three types of TPE analogues with different glycol units to increase the solubility in water and
evaluation of their AIE properties in CH2Cl, and hexane. The fluorescence intensity of TPE
derivatives was quenched after adding y-cyclodextrin, because the aggregated TPE was separated
as cyclodextrin-TPE mono-metric species. Addition of cholate in the mixture could recover the TPE
aggregated fluorescence intensity due to competition with y-cyclodextrin(!'®3l. BSA-TPE derivatives
with AIE properties were designed as fluorescent probes for label-free detection of protease and a1-
antitrypsin, which could provide the “off-on-off”” fluorescence signals in water (Fig. 21B)[34],

[84]

Figure 21: (A) AIE altered fluorescence of TPE derivatives!!?3] and (B) relative application of TPE in bioanalysis

TPE derivatives are usually designed as energy providers or indicators due to their high
photostability. A TPE-based probe for imaging mitochondria membrane through
triphenylphosphonium (TPP) tracking was reported (Fig. 22A). Introduction of a phosphonium
reactive electron-poor group on the TPE core enhanced the electronic “pull-push” effect and red-
shifted the emission wavelength (525-535 nm). Outstanding AIE properties in aqueous media were
observed for biomolecules, showing clear imaging and sensitive mitochondria membrane targeting
but no fluorescence after incubating with the phosphonium reactive carbonyl cyanide m-
chlorophenylhydrazine (CCCP) in HeLa cells?®!l. Ratiometric NIR fluorescent probes for detecting
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intracellular pH variation were obtained with TPE as the energy donor because of its AIE properties,
conjugated with hemicyanine-rhodamine derivatives that have sensitive “turn-on” response acidic
media (Fig. 22B). The probe emitted blue fluorescence (TPE light) in neutral solution excited at 420
nm without through-bond energy transfer (TBET). When n-n stacking recovered in rhodamine
moiety in acidic pH, the intense red emission (740 nm) appeared followed by a blue fluorescence
decay. The probe exhibited good ratiometric fluorescent response under pH range from 7.4 to 2.5
without any disturbance by common ions and biomolecules. Excellent photostability and

nontoxicity facilitated monitoring pH changes with different colours in HeLa cells [1%4,
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Figure 22: (A) TPE as indicator targeted mitochondira membranel®!. (B) Ratiometric near-infrared TPE

hemicyanine-rhodamine probes for intracellular acidc pH detection 1041,

The advantages of DCM dyes have been introduced above. Even though TPE dyes exhibit
outstanding optical properties and wide application, the shorter emissive wavelength still restricted
its biological imaging and further experiments in tissue or in vivo due to interference of the blue
biological fluorescence background. From simple structures of DCM and TPE, combining the two

105] The probes incorporated

units together to extend the emissive wavelength has been reported!
TPE, DCM and triphenylamine (TPA) exhibited fluorescence quenched inceptively by twisted
intramolecular energy transfer (TICT)but enhanced in aqueous solution due to AIE effect. The probe
can self-assemble with bovine serum albumin (BSA), nanoparticles, to imaging in vitro and in vivo.
Nevertheless, the complex structure, intricate synthetic route and large organic aromatic system
restricted excellent water-solubility, biocompatibility, and further functionalization. Hence,
quinoline-malononitrile based fluorophores displayed obvious AIE effect and simple synthesis [78],
Compared with long-chain group on the nitrogen atom, short alkyl chain as ethyl have less resistance
of rotation to perform good AIE effect. The reverse effect influences fluorescent properties even if
the two structure are similar (Fig. 23A). The specific N-substituted DCM structures still possessing
NIR emission and high affinity for BSA, was designed as indicator to cell imaging and trypsin
tracking in cells. Besides, dyes were functionalized with various electron-poor groups to construct
“turn-on” probe for detecting small biomolecules. The AIE DCM-based fluorescent “turn-on”

19



probes for detecting galactosidase that is an essential biomarker for primary ovarian cancers and
cell senescence have been developed!!% 1971, The electron-poor galactose conjugated on the phenolic
hydroxyl group quenched the fluorescence but slightly improved its water-solubility. Galactosidase
hydrolysed the glycosidic bond recovering the phenol and fluorescence. Meanwhile, the change in
solubility did not alter the fluorescence intensity due to AIE effect. The probe displayed good
enzyme selectivity, preferable linear relationship with enzyme increasing, distinct fluorescence

signal in intracellular imaging (Fig. 23B)!%8],
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Figure 23: (A) Nanoparticles composed of AIE-DCM and BSA for cell imaging [781. (B) AIE fluorescent “turn-on”

probe for intracellular galactosidase detection! 98],

1.2 Glycoconjugate as fluorescent probes

Even though fluorescent probes have been applied in biological imaging, detection of
biomolecules, tracking drug release and diagnosis with proven results, the low affinity or specificity
for cells or tissues, high toxicity, non-recognition and poor solubility were still challenging for
further biological or medical applications. Carbohydrate play an indispensable role in living cells
not only for energy source, but also transfer information between cells. Here, we will introduce

carbohydrates and some typical designs of glycoclusters and carbohydrate-decorated systems.

[.2.1 Carbohydrates in biology

Carbohydrates are one of the most necessary elements in living organisms, and play important
roles in energy supply and signal transmission widely present in cell and its surface. Numerous
carbohydrates present in living organisms, are normally conjugated with other fundamental
biomolecules to form different glycolipids or glycoproteins. These glycoconjugates existing in most
tissue, and participate in basic biological processes such as cell adhesion, cell recognition, cell
differentiation, development of the neuronal works, immune response, signal transmission,

intracellular trafficking of proteins, metastasis and bacterial infections!'%’l. As the relationship of
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carbohydrates and biological processes are elucidated, scientists are interested in biology, chemistry,
biochemistry and pharmacy to define the biological roles and functions to examine its potential
therapeutic application!!!*-112],

As the crucial molecules for signal transmission, glycoproteins are widely presented in
mammalian cells and tissues, especially on the surface of the cytomembrane. The function of
oligosaccharide chains in glycoprotein include: (a) Participating in fold and association of
glycoproteins to form and maintain the correct structure. (b) Influencing and regulating the secretion
and stability of glycoproteins. (c) Participating in the recognition between biomolecules (such as

antigen-antibody, enzyme-substrate and hormone-acceptor) and different cells!!!'- 1121,
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Figure 24: (A) Importance of glycoconjugates in biological processes!'? and (B) the main pathway model for

endocytosis mediated by ASGPrl!!3],

Asialoglycoprotein Receptor (ASGPr) is secreted from parenchymal liver cells, and have two
characteristics: hepatocyte-specific, and high affinity of galactose and N-acetylgalactosaminel!!4],
Oligosaccharide or glycoproteins with galactose residues are recognized by ASGPr in the
cytomembrane. The conjugate binding to ASGPr is present on the surface of the cell then aggregated
and internalized through clathrin-mediated endocytosis ['1> 1131, Hence, fluorescent probes decorated
with monosaccharides were designed for bioanalysis and biological imaging.

1.2.2 Glycosylated fluorescent probes

Based on the specific ASGPr recognition, fluorescent probes decorated with monosaccharide or
oligosaccharide were reported. These glycosylated fluorescent probes have excellent water-
solubility to improve their application in biochemistry. The reported probes displayed similar
properties to the original fluorophore as reporting-group, and their monosaccharide could be used
electively with particular proteins or lectins for targeting special cancer cells.

Yanhui Tang, Guorong Chen and co-workers decorated fluorophores at C3, C4-position on a
glucose by azide-alkyne “click” reaction!''®), The fluorescent probe could coordinate Cu?* to quench
the luminescence and then released a fluorescence signal after addition of CN- in aqueous solution.
Min Hee Lee, Ji Hye Han, Jong Seung Kim and co-workers reported a reactive fluorescent probe
responding with intracellular thiols, that was modified 4-aminonaphthalimide scaffold with
triethyleneglycol galactose as targeting-group and disulfide bond as detecting group (Fig. 25A)17],
The glyco-probe performed different fluorescence colour from blue to green because the thiols
broke the disulfide bond and then release the amino group. This probe can work in a wide pH range
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(4-10) Tris-HCI buffer, accurately provide a ratio fluorescence signal, specifically target HepG2
cells to detect the endogenous thiols. In our previous work, we decorated galactose or glucose on
fluorescent quenched 4-aminonaphthalimde by “click” conjugation(!!®], These two glyco-probes
exhibited sensitive “turn-on” signal after chelating Zn?" ion in aqueous buffer. Glycol-probes have
lower limit of detection (LOD), fluorescence enhancement, wider pH working range, and lower cell
toxicity when compared to similar structures. The probes could detect Zn?" in environmental water
accurately, respond to different concentration of intramolecular Zn**, recognize, target and image
HepG2 cells (Fig. 25B).
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Figure 25: (A) Disulfide galactosyl naphthalimide detected intracellular thiols [''7! and (B) glycosylation enhanced

traditional probes for Zn>** detection 18],

The galactosyl naphthalimide probe detecting the thiophenol have higher water-solubility than
other probes. The LC-MS titration verified the mechanism of the probe reacting with thiophenol
(1191 Kaibin Li, Xiaopeng He and co-workers reported series galactosyl fluorescent probes and
glucosylated derivatives as negative control!'?’], Therein the rhodamine glycoconjugated probes
could measure the Hg?" in buffer solution and water samples from Huangpu River (Shanghai), target
HepG2 cell, detect the exogenous Hg?* and decrease the cytotoxicity in biological assays. It’s
notable that they certified that the probe recognized HepG2 cell through ASGPr pathway based on
receptor knocked-down experiments (Fig. 26A). The self-quenched pyrene-naphthalimide scaffold
decorated with galactose and mannose respectively was synthesized, to interact to different lectins
such as PNA and ConA 2!, Because of the -7 conjugation between pyrene and naphthalimide, the
specific lectins bonded to the glycosyl moiety disrupted the n-m conjugation to recover the FRET
fluorescence. The molecular and biological experiments conformed the hypothesis and mechanism
(Fig. 26B).

Glyco groups are not only water-soluble or targeting groups, but sometimes, they can act as an
electron-poor group, controlling the fluorescence properties. The common pathway is to decorate
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galactose on phenolic hydroxy which typically plays the role of electron provider in probe systems.
The resulting probes usually monitor galactosidasel?> 1221241 However, typical fluorophores
generally possess only one modifiable position for controlling their fluorescent switch. Access to
two decorating positions will increase difficulty of compound synthesis but change intrinsic optical
properties. Hence, researchers have to develop others novel pathways to realize their purpose.

oL

Hglll)

8,y

i

.. . o SAXS resolved
' s ‘QS' ‘_‘ " probe-protein
b m| 4 § @» ¥ complexation
\ R’
n | P&-.’ i model
J FRET Receptor protein [ ] '] A%

Figure 26: (A) Galactosyl rhodamine detected exogenous Hg?* 2% and (B) the self-quenched pyrene-

naphthalimide recognizing specific lectins(!?',

1.3 Glycoclusters and self-assembled glyco-probes

Biomolecular recognition between carbohydrates and proteins are essential for the initiation of
critical processes in living organic systems such as fertilization, intercellular signal transmission,

1251 However, monosaccharide

host-pathogen interactions, immune response and cancer metastasis
or individual carbohydrate residues tend to combine weakly with their complementary proteins.
Since multivalent recognition leads to stronger affinity enhancements than predicted from
constitutive interaction which is called “glycoside cluster effect”, glycoclusters have found a wide

range of biological applications!!26-1281,

1.3.1 Glycoclusters

The “glycoside cluster effect” is the combination of the multiple ligand copies on a central core
leading to improved binding with biological targets!!>-1*1 . Hence, to design multivalent
glycoclusters, a wide series of “artificial glycoforms™ have been synthesized and studies in complex
multivalent binding interactions. Aromatic cores are excellent and polyvalent platforms for the
design of glycoclusters!'33l, Since J. Yariv, M. M. Rapport and Liselotte Graf firstly reported the
“aromatic core” containing clustered glycosides in 1962[3¢] the development of multivalent
glycoclusters have been driven on the expressways. Despites the hydrophobic aromatic core, the
multihydroxyl carbohydrates or glycans efficiently improved water-solubility to promote
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applications in suitable biophysical measurements and biological investigations. Well-defined
glycoclusters and glycodendrimers composed of single aromatic or heteroaromatic cores have been
reported, and gradually applied in various areas such as anti-adhesins, drug delivery systems,
imaging agents, biosensors, and vaccines, combined with advanced nanomedicine!'?!l. Here, some
typical models of glycoclusters were summarized containing aromatic scaffolds as multi-substituted
benzenes, polyaromatic cores, and fused-polycyclic cores.

The multiple-substituted benzenes were classified as disubstituted, trisubstituted, tetra- and hexa-
substituted benzene cores. The construction of divalent glycoclusters depends on with multivalent
lectins that would form homogeneous and cross-linked lattices with multivalent glycoclusters (Fig.
27)[137: 1381 The glycoside moieties are connected on the aromatic cores with N-, O-, S-, or C-linkers
through direct glycosylation or “click” reaction catalysed with Cu™ ion or organometallic
strategies!'*”], Even though these glycoclusters have excellent water-solubility and biological
activates, the small n-system, non-fluorescence and limited assembly strategies restricted further

applications and development.
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Figure 27: Example of (A) tetravalent and (B) hexavalent glycoclusters with benzene core and (C)

hexaphenylbenzene corel'*0l,

Based on the glycoclusters with individual benzene core, some glycoconjugates using
polyaromatic cores were presented with more substituents, simple synthesis, wider n-n stacking
systems and excellent optical properties. Series of prevalent polyaromatic scaffold have been
designed including hexaphenylbenzene, cyclotriphosphazene, tetraphenylmethane, azobenzene,
tetraphenylethylene, cyclotriveratrylene and perylenediimide. Here, we will discuss two aromatic
cores, tetraphenylethylene (TPE) and perylenediimide (PDI) based glycoclusters!'4%,

TPE have good AIE properties and are widely exploited in the development of AIE- based
bio/chemosensors for detection of ions, DNA, ATP, nuclease and acetylcholinesterase assay. Qi
Chen, Ning Bian, Baohang Han and co-workers reported the first TPE glycoclusters application for

141" The electropositive glycoclusters self-assembled with the

alkaline phosphatase detection!
anionic monododecylphosphate to provide an aggregating fluorescence. The increasing enzyme
hydrolysing the phosphate disrupted the aggregation to disperse the glycoclusters with fluorescence
“switch-off” (Fig. 28A). The ionic glucosamine conjugated on TPE decreased the detecting
sensitivity and selectivity due to nonspecific electrostatic interactions. Hence, decorating
neutral targeting groups on TPE scaffolds was investigated for the fluorescence “turn-on”

detection of lectins. Since first TPE-based glycoclusters recognized Ricinus Communis and
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Sambucus sieboldiana agglutinins, TPE was widely applied in lectin or protein detection through
AIE effect!!*?]. A specific TPE sensor was exploited to detect influenza virus such as cholera toxin
through specific aggregation (Fig 28B). The reported compound showed high lectin selectivity for
cholera toxin without signal interference from BSA U431,

A —_— B
e hv hy
Low PL

> X
oty PSmaroyne gy’ @
i
Monododecylphosphate % :::‘fs'r;‘; o ~ 2 )—t\ Multivalent lectin
- —_—
1 ~ 2
e . - » Recognition process
: b YL = Pl
é ’ Emissive
TPE-glycoclusters
'l N o via AIE
PL "turn off" by disassembly Direct detection of lectins with “turn on” luminescent probes

Figure 28: (A) First TPE-based glycoclusters for alkaline phosphatase detection!'#!1. (B) Intermolecular aggregation

for influenza viruses recognition[!#31,

Complementary studies have shown glucosyl TPE sensors to monitor glucosidase %4, The
glucoside was hydrolyzed by specific enzyme enhancing fluorescence intensity in aqueous buffer
based on the solubility change and molecular aggregated (Fig. 29A). In parallel, classic aggregation
phenomena was applied to recognize some lectins (ConA) by o-thiomannosylated TPE.
Carbohydrates interacted with ConA, and then a fluorescent signal was emitted due to restricted
rotation of benzenes (Fig. 29B). However, addition of thyroglobulin (Tg), whose structure is
similar to ConA, could interrupt the recognition between the epitope and lectins ['43]. Overall, similar
tendencies were observed the efficiency of recognition depended on the protein and the surface
characteristics such as size, valency, shape, and hydrophobicity.
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Figure 29: (A) Solubility changed after enzyme cutting glucoside!'**! and (B) fluorescence switched TPE

aggregation through recognition!'*],

Perylenediimide (PDI) scaffold is another excellent aromatic centre with four or six modifiable
positions to decorate two different functional groups!'#?l. The large conjugated m-system and
electronic “pull-push” systems from bay region to imide region, generates red fluorescence emission
(about 600 nm). Kerang Wang, Hongwei An, Xiaoliu Li and co-workers designed and synthesized
water-soluble PDI-glycocluster decorated with 12 mannoses for ConA detection!!4’]. Due to
multiple mannoses, compound exhibited high affinity for ConA with two order of magnitude higher
than the corresponding monosaccharide. The intermolecular n-n stacking interactions quenched
fluorescence in basic states. With increasing concentration of ConA, the carbohydrate-lectin

recognition disrupted the stacking and recovered red emission. The reported glycoclusters displayed
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good selectivity for ConA but no response for BSA and peanut agglutinin (PNA). In cell imaging,
the compound can recognize and dye macrophage-like cells. Although numerous glycoclusters
presented preferable affinity for lectin and protein recognition and detection, the weak fluorescence
restricted its application in cell imaging so that it was utilized as carrier to target and transport other

molecules.
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Figure 30: PDI-glycoclusters conjugating with mannoses for Con A response[147].

1.3.2 Self-assembled nanoparticles and glyco-probes

Nanoparticles (NPs) are in the advanced areas of rapidly developing nanotechnology and drew
numerous attentions on the design and applications of these novel nanomaterials. Traditional NPs
commonly contains two- or three-dimension carbon materials such as graphene, carbon dots, carbon
nanotubes, quantum dots, rare earth doped NPs, gold NPs, and silica NPs. Because of the particular
shape- or size-dependent structure and optical properties, these nanomaterials play an important role
in several scientific fields!'*¥]. Due to obvious targeting and water-soluble characteristics of
glycoclusters and glycoconjugates, nowadays NPs are employed as specific carrier combined with
glycoclusters to self-assemble into biological nanomaterials, which widely exhibited excellent
functions in biology and medicine including proteomic and genomic studies, disease diagnostics,
targeting drug delivery, pharmaceutical screening, biological therapeutics and medical imagining
(including in vivo imagining, cancerous sensors, and selective recognizing tumours) [ 1491501, Here,

we introduced glycoconjugate NPs and their prevalent designs and applications.

Gold nanoparticles (GNPs) normally have a relative narrow size from 2-100 nm range but
typically in 2-20nm range. The reported GNPs with carbohydrates displayed spherical geometry,
and other morphologies of nanostructures such as nanorods and nanostars may also be observed!(!3!],
Quantum confinement, scattering and surface plasmon resonance are three main essential factors
affecting the optical, electronic, fluorescent properties due to the difference of size, shape size,
distribution in solution and the surface functionalization with GNPs [13%154], Prevalent methods for
the combination of carbohydrates with nanoparticles use neoglycoconjugates with thiol-terminated
linkers (or disulfide), or ligand exchange of thiol-terminated carbohydrates on the performed GNPs
(Fig. 31A)1331, Glycoconjugated GNPs exhibited excellent response based on colorimetric assays
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through multivalent interactions with lectins combined with a change in optical properties by self-
conjugation (161, Detecting proteins by electrochemical sensing and mass spectrometry analysis
also has been reported [1°7- 1581, The other field using glycosyl-GNPs is diagnosing some disease in
aqueous environment. Vargas-Berenguel and co-workers designed specific systems to transport drugs

through the recognition between lactose and peanut agglunin (PNA) / galectin-3 (Gal-3) (Fig. 31B)!'*,
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Figure 31: (A) The main pathways to construct glyconanoparticles!'>*], and (B) the multivalent interactions of

GNPs and lectins [15]

Carbon nanomaterial is another classic candidate for conjugation with carbohydrates.
Buckminsterfullerenes (0D), carbon nanotubes (CNTs, 1D) and graphene oxide (GO, 2D) are three
common kind of materials with unique and extraordinary physical and electrical properties. Many
researchers modified the surface of carbon materials constructing specific systems to apply in
photovoltaics, drug delivery, materials chemistry, biological recognition and imaging diagnosis.
Through the plethora of chemistry, decorating on the surface of carbon materials is a popular method
to build up a covalent bond with carbohydrates typically through cycloaddition reactions [11%],
Noncovalent functionalization usually requires some hydrophobic compound or molecules for
adsorption on the surface of materials through m-m interactions. These conjugations quenched
fluorescence and increased concentration on relatively in small area. Yang and co-workers first
reported sensors constructed by stacking of specific human thrombin aptamer labelled with
fluorophore and GO, which have efficient low limit of detection (2 nM) [1®°]. Xiaopeng He and his
co-workers decorated monosaccharides on fluorescent scaffolds (such as pyrene, rhodamine,
Dicyanomethylene-4H-pyran) and conjugated them with graphene to construct functional carbon
nanomaterials to recognize different lectins and release electrical or fluorescent signals (Fig.
32A)[161-1631 - Carbon materials have excellent performance, however their toxicity restricted s
applications in vivo experiments or clinical medicine. Due to their pure carbon structure, the
materials cannot be removed through metabolism, and then aggregate in organs such as liver. Even
though some glycoconjugated carbon materials could be hydrolyzed by lysosome, the exposed

materials still existed after glycolysis and remained toxic [164 1631,

Considering the cytotoxicity of nanomaterials in living systems, cyclodextrins (CDs) are specific
macrocyclic oligosaccharides, built from 1,4-limited linked a-D-glucopyranose units. Common CDs
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possess six, seven or eight glucopyranose units to form a-, -, and y- type of CDs with hydrophilic
surface and hydrophobic core. Therefore CDs, have been widely applied in various multivalent
systems to be employed in molecular recognition, catalysis, polymerization, drug delivery, and
hydrolysis!'?®), Multivalent carbohydrate systems with terminal sugar ligands bind lectins through
glycoside clustering. The hydrophobic CD cavity enable to hold hydrophobic organic molecules and
assemble into “lectin- carbohydrate- ligand” guest complexes, which are employed in lectins
recognition, drug delivery, metal complexes, rotaxanes and other systems!!%®). For example, the
pyrene decorated B-CDs could quench the fluorescence of glycosyl rhodamine by n-w interactions
to form a water-soluble, self-assembly system (Fig. 32B). The fluorescence signal was emitted with

a colour change, after the lectins recognized the glycoside and disrupted the primary system!!67],
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rhodamine-CDs systems for lectin detection [167]

We have designed and synthesized a self-assembly composed of near infrared DCM dye and PDI-
based glycoclusters. Glycoclusters constructed amphiphilic glyco-dots with hydrophilic surface and
hydrophobic core containing DCM probes with organic structure (Fig. 33A)['%®]. Extensive n-n
stacking with the large PDI planar aromatic moiety, influenced electronic distribution of DCM dyes
and quenched fluorescence. The experimental data of HRTEM, and DLS showed individual shape
and size for glycoclusters that became larger after addition of DCM (Fig. 33B). The quenched
fluorescence cannot be interfered by pH variation in aqueous buffer after conjugation. The
fluorescence was recovered by DCM leaving the whole system when high affinity proteins for DCM
were added in solution such as BSA, HSA and FBS, whereas no obvious signal change was observed
for some lectins such as PNA, ConA and SBA (Fig. 33C). According to cell imaging data, the PDI-
DCM glycol-dot have excellent cell selectivity through selective carbohydrate-protein recognition
(Fig. 33D). Knocking down specific receptors from the cell surface decreased the fluorescence
intensity demonstrated the specific recognition process.
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Figure 33: (A) The working diagram of glyco-dots. (B) HRTEM and DLS measuring size before and self-assembly

with DCM. (C) and (D) respectively are lectin selectivity and cell recognitiont! 681,

1.5 Conclusion

In this chapter, we have introduced general basic information about organic fluorescent probes.
Three principles and fluorescence mechanisms are essential for the design of fluorophores, the
control of optical properties, the understanding of working mechanisms of probes for detections and
improve biological applications. Forster resonance energy transfer (FRET effect) is a prevalent
mechanism, because it can provide ratiometric fluorescence variation with increasing concentration
of analysts. Based on the poor water-solubility and aggregated caused quenched (ACQ effect)
decaying fluorescence intensity of typical fluorophores, the concept of aggregated induced emission
(AIE effect) was put forward in 2011, which improved the weak emission of organic fluorophores
through decorating AIE part. The three mechanisms including RIR, RIV and RIM plays decisive
roles guiding novel AlEgens design and synthesis. Then several typical fluorophores were presented,
DCM derivatives, as a standard ICT dye, with advantages such as preferable Stokes shift, near
infrared emissive wavelength, simple structure, convenient synthetic route. s one of classic AIEgens,
tetraphenylethylene (TPE) was applied to DNA imaging and protein detection because of its good
photostability.

Carbohydrates play essential roles in biology such as energy source, information transfer, or
immunity. ASGPr acceptor is a receptor at the surface of hepatic (HepG2) cells, which can recognize
and internalize galactose into cells. Hence, conjugation of galactosides on traditional fluorophore is
an efficient pathway to enhance water-solubility, promote cell compatibility and endow specific cell
targeting and selectivity. Some small glyco-probes were reported for ions or biomolecular detection
and imaging specific cells through fluorescence variation targeting particular tumor. Nevertheless,
low affinity between protein and single glycoside leading to limited selectivity, and complicated
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fluorophores design impeded further application in biological assay.

According to the “glycoside cluster effect”, numerous carbohydrates on a core have multivalent
recognition with a protein, improving affinity. “Click” reactions including copper catalysed azide-
alkyne cycloaddition (CuAAC) or thiol-ene reaction are applied due to high yield and convenient
modification. Aromatic cores with modifiable positions for conjugation with carbohydrates were
welcomed because they can aggregate and form a hydrophobic moiety for adsorption of organic
molecules. TPE, as a classic AIE fluorophore, was frequently applied in lectin or protein detection
through modified solubility or RIR effect triggering fluorescence. However, the large volume of
glycoclusters makes difficult to cross the cytomembrane even if it has remarkable receptor affinity.
Nanoparticles are a good choice for lectin detection with distinct UV change or another signal
variation. Gold nanoparticle, carbon nanomaterials and cyclodextrin are prevalent materials for
carbohydrate conjugation which can increase partial concentration of sugars, control optical
properties and enhance lectin affinity. Intermolecular self-assembly is another suitable manner to

improve properties of probes and transport into cells.

1.6 Project purpose

In our previous studies, glycoclusters with different cores have been reported for their interactions
with cell or bacteria lectins. Fluorescent reporters, based on rhodamine 2%, naphthalimide ['%°1 and
DCM U621 were designed, synthesized, and applied to detect particular ions, biomolecules, lectins,
or cancer cells. However, single monosaccharide conjugation only allowed limited affinity and
sensitivity for proteins. Glycoclusters have an increased valency for a better affinity to receptors but
also a large volume leading to restricted penetration into cells. We will design glyco-probes with
high recognition and affinity ligands for receptors, possessing sensitive and selective detection for
biomolecules and cell imaging and that can be used as delivery systems.
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We have designed TPE-based glycopolymers from TPE monomers incorporating two
monosaccharides by CuAAC reaction and thiol-ene “click” reactions. After intermolecular
polymerization, we expected the TPE-based glycopolymer having more than 20 units and emitting
intense fluorescence. The multiple glycosides will give high affinity to cell receptor and target
specific cells through “glycoside cluster effect”. Meanwhile, the TPE hydrophobic core of the
polymer will enable to contain and transport organic fluorescent probes or drugs for delivery to
cancer cells, for imaging, and therapeutics diagnosis (Fig. 34).
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Figure 34: Two synthesis routes of TPE-based glyco-polyer through CuAAC reaction or Thiol-ene “click” reaction.
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Dicyanomethylene-4H-pyran (DCM) probes have excellent optical properties and convenient
access through simple synthesis. We have designed and synthesized two DCM based probes with
different response mechanisms for peroxynitrite (ONOQO") detection and cell imaging. However, the
poor water-solubility of probes normally led to quench the fluorescence emission by ACQ effect.
Thus, we will self-assemble with TPE-based glycoclusters bearing two or four glycosides and DCM
probes together to construct supramolecular glyco-dots. TPE-glycoclusters could capture the DCM-
probes into their hydrophobic core to disperse probes in aqueous solution. The hydrophilic surface
of glyco-dots will interact with recognize specific receptors on the cell membrane, and transport

probes into cells for peroxynitrite detection in the meantime (Fig. 35).
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Figure 35: The response mechanism of glyco-dots self-assembled by TPE-glycoclusters and DCM probes for

peroxynitrite (ONOO") detection, and some relevant compound structures.
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ACQ effect always restricts the fluorescence intensity of traditional probes working in aqueous
solution. We have combined TPE moieties and DCM cores together through C=C bond, to design
novel AIE fluorophore (TPE-DCM) with long-wavelength emission, excellent photostability and
tunable optical properties. After obtaining TPE-DCM, we have decorated 2,4-nitrobenzene-
sulfonate on the fluorophore to quench the emission before thiophenol detection. However, the ACQ
effect may influence the fluorescence when AIE probes have been aggregated in aqueous solution.
So, we have used TPE-glycoclusters to contain the TPE-DCM probes for thiophenol response, but
displaying the AIE properties of probs after intermolecular self-assembly (Fig. 36).

Aey = 480 NM
X =7
SH

. @ Precipitation

AlE Weaker emission
Self-assembly

w =480 nm %//\ﬁ;‘em =575nm

‘ . -SH
L

Good solubilit
3 AIE, Emission stable

o
0—,
— —_ \

an "LN»N/\{\/O\//Z\O/‘E‘/‘-}*OH

/

=
-~

el
R /O‘S/\/ x
e, Oy iyt fropme L JL/@ % J
o—

TPE-glycoclusters TPE-DCM probes TPE-DCM-OH
(TPE2S)

=

Figure 36: The response mechanism of glyco-dot for thiophenol and relevant compound structures.
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Although TPE-glycoclusters improve the water-solubility and transport of probes into cells, the
stability of the supramolecular assemblies can be limited when incubated with cells and in the
presence of proteins such as BSA or HSA. Hence, based on the TPE-DCM fluorophore, we have
decorated several monosaccharides by CuAAC. The covalent bond between glycoside and
fluorophore provide probe excellent water-solubility, and control fluorescence in aqueous solution
through AIE effect. The TPE-DCM-based glycoclusters will be employed to detect 3-galactosidase
in vitro and in vivo, and further applied for imaging cancer cells or senescent cells. After hydrolysis
of the galactose by the enzyme, the water-solubility decreased leading to intermolecular aggregating
and release fluorescence emission signal by AIE effect (Fig. 37).
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Figure 37: The response mechanism of TPE-DCM-based glycoclusters for glycosidase detection through AIE effect,

and relevant glycoclusters with different linkers.
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II.1 Introduction

Tetraphenylethylene (TPE) is a representative AIE fluorophore with excellent photostability and
multiple modifiable positions for functionalization. Many studies have reported applications for
lectin recognition, enzyme detection and cell imaging. However, the blue emissive wavelength of
the TPE core is overlapping with biological background fluorescence, so that it is not adapted for
imaging cells. TPE remains a good aromatic core for the design of glycoclusters with relative
hydrophobic core leading to aggregation in aqueous buffer. Hence, we have designed TPE-based
glycopolymers with different monosaccharides based on the following monomers and thiol-ene
reaction or azide-alkyne “click” reaction. The glycopolymers will have high water-soluble surface
and hydrophobic cavities deliver of specific probes.

Thiol-ene reaction and azide-alkyne “click” conjugations were related since both are compatible

with aqueous conditions for the final stage polymerization process (scheme 1).
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Scheme 1: The structures of monomers and the processes of thiol-ene reaction or azide-alkyne conjugation.

II.1.1 Conjugation methodologies

II.1.1.1 Cu(]) catalysed azide-alkyne “click” reaction (CuAAC)

Traditional azide-alkyne cycloaddition required high temperatures and long reaction times
without any catalysts and produced mixtures of 1,4- and 1,5-disubstituted triazole regioisomers.
However, the copper-catalyzed azide-alkyne cycloaddition (CuAAC), has been applied to the
synthesis of glycoclusters, glycopolymers and nanoparticlest!’%). Compared with the others metal
catalysts, such as the Ru-catalyzed “click” reaction that produced 1,5-disubstituted triazoles,
CuAAC has lower sensitivity towards solvent and reaction conditions, less stringent steric demand
of the azide substituent than found for RUAAC, and higher yield (Fig. 1A). CuAAC click reaction
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is a stepwise process different from general “[3+2]” cycloadditions, which is supported by DFT
calculations and kinetic evidence ['7!- 1721, The mechanism of CuAAC has two plausible pathways
distinguished by two Cu species in the transition states. At the beginning, Cu(I) is coordinated with
the alkyne after removing the proton from terminal alkyne. The intermediate I, reacts with the
nucleophilic azide and forms an unstable six-membered ring intermediate I1l.. Rearrangement to
the five-membered ring IV followed by reductive elimination affords the desired triazole!'”3]. Later
on , Fokin and co-workers could demonstrated the CuUAAC mechanism using isotopically labelled
8Cu / Cu and discovered the gem-di-copper defining intermediated IIl, through Path 2 (Fig.
1B)I71,
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Figure 1: (A) Regioseletive comparison of azide-alkyne cycloadditions with different catalyst and (B) two

mechanisms of click reaction catalyzed with Cu(I) ['7],

According to the mechanism, the Cu(I) play an important role in the whole processes. Hence,
how to choose the three sources of Cu(l) is critical in CuAAC reaction, including (a) direct
utilization of Cu(I); (b) reduction from Cu(Il), and (c) oxidation from elemental Cu(0). Normally
the second source (b) that reducing from Cu(Il) such as copper sulfonate or copper acetate have
been more practical because the catalytic system is compatible with aqueous conditions and provide
high concentration of Cu(I). The aqueous condition can dissolve the CuSOs-sodium ascorbate
system which catalyzed the “click” reaction and resulted in the formation of triazole products with
high yield and excellent regioselectivity. Cu(l) salt is another prevalent method to catalyse this
cycloaddition without reductant. This situation normally required deoxygenated aprotic solvents
such as THF, CH3CN, CH2Clo. The copper iodide, copper bromide, copper chloride and coordinated
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complexes have been reported addition of some common bases to improve the reaction efficiency.
In addition, “click” reaction could be performed in polar solvents including water and others

174 Combination of “click”

aqueous alcohol depending on the solubility of starting materials!
reaction with microwaves (LW) or ultrasound irradiation under continuous flow conditions, aqueous
media, solid supports, and room-temperature ionic liquid, are reported as useful tools to improve
the reaction. For example, the microwave assistance can reduce the reaction time (from 12 h to 10-

15 min) and generate to desired cycloaddition with higher yield.

I1.1.1.2 Thiol-ene reaction

Encouraged by the useful applications of CuAAC, thiol-ene reaction, as an ancient reaction
known for over 100 years, begins to recover specific interest in different synthetic systems (Fig.
2A). Thiol-ene have four features which attract much attention in versatile process: (a) Thiol-ene
conjugation easily occurs in various conditions such as radical pathway, or accelerated with
nucleophiles, acids and bases in some high polar solvent such as water and DMF. (b) Many types
of double bonds can participate in the hydrothiolation including activated and non-activated species
and multiple-substituted olefinic bonds. (c¢) Thiols are employed for the reaction although the
reactive activities depend on the length of S-H bond and the cleavage mechanism. (d) Air and water
insensitive procedures can be completed in a matter of seconds at room temperature and normal

pressure [173],

r‘«
RS-H + r \—<
320-390 nm

Figure 2: Hydrothiolation of C=C bond with anti-Markovnikov orientation!!7>],

Generally, thiol-ene reaction involves radical process induced by UV light, which goes through
the initiation, propagation, and termination steps (Fig. 2B). The thiol is stimulated with photo
initiator under irradiation to generate a thiyl radical after the hydrogen radical cleavage. The thiyl
radical then adds to the C=C bond on olefin to yield an intermediate carbon-centered radical which
subsequently combines with another thiol to transfer a hydrogen radical. The newly produced thiyl
radical continues to repeat the propagation process. And the termination steps involve typical
radical-radical coupling processes. The thiol-ene reaction is a radical step-growth polymerization
with anti-Markovnikov orientation. The reactive speed and yield depend on the structure and
activities of both thiol and ene partners. Three classic thiols, alkyl 3-mercaptopropionates, alkyl
thioglycolates, and alkylthiols have high reactivity to yield radical and combine with C=C bond.
And the activities of alkene lie on their structure obviously: norbornene > vinylether > propenyl >
alkene = vinylester > N-vinylamide > allylether = allyltriazine = allylisocyanurate > acrylate > N-
substituted maleimide > acrylonitrile > methacrylate > styrene > conjugated diene. TEC has been
widely employed in polymerization, for the synthesis of multivalent glycoclusters,

gylconanoparticles and self-assembled systems 1761 1771,
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Figure 3: Radical mechanism of thiol-ene reaction 761,

I1.1.1.3 McMurry reaction

The McMurry reaction is a general method starting from aromatic ketone to obtain symmetric
TPE. TiCls-Zn catalyst system have been largely used for diversified TPE construction!!’®], Ketones
were easily given electrons by Ti to provide a radical anion which will self-condense to the dianion
(Scheme 2).
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Scheme 2: Two proposed mechanisms of McMurry reaction [17°]

Elimination of two molecules of TiO; affords the tetra-substituted olefin!’®. Even though the
McMurry reaction appears as a powerful tool to obtain highly substituted alkene, it is not suitable
to provide non-symmetrical alkene, since a statistical distribution will be obtained and will have to
be purified hardly when two different ketones will be used (Scheme 3). When synthesized TPE with
two functional groups, it’s not a most suitable method due to complicated products from two starting

materials cross reaction.

1 3 1 3
R R McMurry reaction R . R

>:O + O=< _— +
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RS RS R R4 R' RZ R' R R* RS

RZ_<R4 ’ R2:<R3 * R2_<R1 * R2_<R2 ' R2_<R4
By-products

Scheme 3: Statistical products were obtained when synthesis of non-symmetric TPE through McMurry reaction.

We therefore investigated a Julia olefination approach that would allow the chemoselective
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coupling of non-symmetric TPE.

I1.1.1.4 Julia olefination

Julia olefination is a method to synthesize alkene from ketones or aldehydes. The synthesis of non-
symmetric TPE will then proceed through the reaction of a sulfone and a ketone under basic
conditions (Scheme 4). A diphenylmethanol derivative can be readily converted to the sulfone.
Condensation with a diarylketone will afford a TPE derivativel'80- 1811,

N

3 o x@ oVe

/%SH S %,
H,0, or m-CPBA |

D O Oxidize ‘ O Base catalysed R O O R

Scheme 4: Synthesis of non-symmetric TPE through Julia olefination.
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II.1.1.5 Knoevenagel condensation

Knoevenagel condensation is another approach to synthesize TPE or non-symmetric TPE!2 182],
Butyllithium was used as a strong base to remove a proton on diphenylmethane in dry THF at -78°C.
The Li-intermediate would then condense with the carbonyl to generate the alcohol intermediate
which would lead to the desired olefin after p-toluene sulfonic acid catalysed dehydration (Scheme
5).
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Li O
MeO OMe

OMe

n-BuLi/ THF PTSA
—_—

‘O ‘O -78°C O O THF / RT

2 el 2

Scheme S: Synthesis of non-symmetric TPE through Knoevenagel condensation.

II.1.2 Project design

We have previously reported TPE-based glycoclusters decorated with four monosaccharides have
been reported for bacteria lectin detection!'83]. For glycopolymers construction, the synthesis of a
TPE-based glyco-monomer containing two different functional groups for incorporation of
carbohydrates on one side and polymerization on the other side. However, traditional McMurry
reaction is only appropriate to synthesize symmetric TPE cores. Julia olefination is a general method
to build double bonds and was never applied for TPE synthesis. Knoevenagel condensation is an
excellent method for the synthesis of non-symmetric TPE cores. Therefore, choosing a coupling
pathway is the first question to be investigated (Scheme 6).
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Scheme 6: Julia olefination and Knoevenagel condensation for TPE-core synthesis

We propose to polymerize monomers through two different “click” reactions: Thiol-ene reaction
catalysed by UV-light is a convenient choice for glycopolymerization with water-soluble glyco-TPE
monomers under 365 nm light catalysis. CuAAC is also investigated for the preparation of
glycopolymers. The TPE-monomer will be desymmetrized through a dimethoxybenzophenone
hosting the carbohydrate moieties and a precursor system for the polymerizable functionalities (thiol,

ene, azide, alkyne).
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Scheme 7: Synthesis routes of thiol-ene reaction and CuAAC for polymerization of TPE monomers.
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I1.2 Design and synthesis of bisymmetric TPE-scaffold
I1.2.1 Synthesis of TPE by Julia olefination

4,4’-Dimethoxybenzophenone was reduced with NaBH4 at 0°C to obtain alcohol II-1 then
substitution by 2-mercaptobenzothiazole (BtzSH) in H,O or benzene to afford thioether [!84 1851 TI-
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2 oxidation with H,O; and (NH4)sM07024#4H,0 in ethanol failed'®]. Hence, 3-chloroperbenoic
acid (m-CPBA) was used as more moderated oxidant but still obtained the fail results. We supposed
that the electron-rich aromatic groups may decrease the reactivity of the sulphur atom (Scheme 8).
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Scheme 8: Two TPE synthesis routes through Julia olefination.

We therefore decided to synthesize the sulfone II-5b from diphenylmethanol. Compound I1-4
was obtained after substitution with BtzSH and followed by oxidation with m-CPBA in CH»Cl,
afforded a mixture of sulfoxide II-5a and sulfone II-5b. Re-oxidation of II-5a can provide more
sulfone II-5b. In Julia olefination steps, compound II-5b was deprotonated then condensation with
4,4’-dimethoxybenzophenone failed even with BF3*OEt, to activate the carbonyl group or with
heating. We speculated that the main reason leading to unsuccessful Julia olefination was the large
molecular volumes of both starting materials. The tertiary a-sulfonyl anion was too hindered with
two aromatic rings and so its nucleophilicity towards dimethoxybenzophenone was too poor to
allow condensation (Scheme 8). Julia olefination was not efficient to synthesize the TPE core (II-
6).

I1.2.2 Synthesis of TPE by Knoevenagel condensation

Diphenylmethane used as starting material was deprotonated by n-butyllithium!('82l. The resulting
Li-substituted intermediate was stable in THF solution and condensation with 4,4°-
dimethoxybenzophenone afforded the tertiary alcohol, which was dehydrated leading to the non-
symmetric TPE II-6. The compound II-6 exhibited standard AIE properties!'®? that non-
fluorescence in organic solvent but emit blue fluorescence on TLC plates. BBrs; was used to obtain
the bis-phenol II-7. Propargylation could only achieve in the presence of BusNI acting as a cation
for the insoluble phenolate. Dipropargyl TPE (I1-8) has two positions to conjugate monosaccharides
and two blank phenyl ring will then be used for further functionalization (Scheme 9).
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Scheme 9: Knoevenagel condensation to provide non-symmetric TPE.

11.2.3 Nitration of TPE

We next turned our attention to the introduction of two para-amino-substituents on the
unsubstituted phenyl rings. These resulting aniline moieties will then be used to introduce the
polymerizable functionalities. Nitration is rather difficult and the outcome of the reaction is highly
dependent on the NO>" source and reaction conditions. Referring to similar nitrification on aromatic
ring %71, concentrated HNOj3 and H,SO4 were mixed in a CH>Cl, solution of compound I1-8 at 0°C .
The by-product (IT-9¢) with four nitro groups were obtained (Table 1, Entry 1) according to 'H-
NMR analysis. We supposed that compound II-8 with two methoxy groups has high reactivity to
nitration since it is electron-rich. AcOH was used as catalyst without H>SO4 at 0°C to smoother the
nitration conditions (Table 1, Entry 2). But a similar result was obtained and we then considered

weaker acidic environment and decreased the temperature drastically (Table 1, Entry 3).
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Scheme 10: Nitration of TPE II-8 and relevant products

Table 1 : Nitration of TPE II-8 under different conditions

Entry Reaction Conditions 11-9 11-9a 11-9b 11-9¢
1 HNOs / H2SOs, CH2Clz2, 0°C 0 0 0 Major
2 HNOs /AcOH, 0°C 0 0 0 Major
3 HNO3 / H2SO4, CH2Cly, -78°C Major Minor Major Major
4 HNO3, CH2Cla, -78°C Major Minor Minor Minor

Condition: TLC analysis traced the reaction process
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But the best condition were found with concentrated HNOj as initiation agent without HoSO4
stirring in CH>Cl at -78°C to obtain the I1-9 with 75% yield (Table 1, Entry 4). But some pivotal
factors influenced the reaction yield and the distribution of by-products. Nitric acid dropwise and
slow addition was required to provide optimal yield of the desired di-nitro-TPE II-9. TLC analysis
was the easiest method to monitor the reaction with typical Ryvalue 0f 0.31, 0.42,0.17, and 0.07 for
11-9, 11-9a, II-9b, 1I-9¢ respectively.Vigorous stirring was also required for homogenous system
from the biphasic water / CH,Cl, layers. Quenching the reaction totally to basic pH was mandatory
before purification to avoid that would decompose or further react to o-nitrated species.

Compound I1-10 was obtained from II-9 by SnCl, in 1,4-dioxane with concentrated HCl solution.
After reduction, the fluorescence colour of compound II-10 changed to blue compared with the
yellow fluorescence of II-9 due to intramolecular electronic “pull-push” system disappearance
(Scheme 11).

O,N o} H,N 0o
slal slal
o SnCl, / HCI
1,4-dioxane —
80°C/6h
OQy = OOy
O,N o H,N o
-9 1-10

Scheme 11: II-9 was reduced to obtain bis-propargyl-bis-anilino-TPE II-10.

A "H-NMR analysis of compounds II-9 and I1-10 provided a typical para-substituted phenyl ring
pattern with two sets of AB systems for each TPE (Fig. 4). The bis-propargyl-bis-anilino-TPE I1-10
was therefore a key intermediate in our project with two propargyl groups available for conjugation
with azido-carbohydrate via CuAAC and the two aniline moieties for conjugation with

polymerizable functionalities.
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Figure 4: '"H-NMR spectra of compound II-9, and II-10.

45



I1.3 Synthesis of TPE-based glycopolymers by thiol-ene “click” reaction

I1.3.1 Synthesis of mannose-decorated TPE monomer

Allyl chloroformate and 3-(acetylthiol)propionic acid were reacted with the diamino TPE core
affording carbamates I1-11a and II-11b. Then acetyl protected mannosides with an azide group was
on the TPE core. Microwaves irradiation accelerated “click” reaction and improved reaction yield
were obtained with elevated temperaturel'®3l. 1t’s worth noting that copper should be removed
completely with EDTA solution during workup because the compounds containing two triazole and
several oxygen atoms could chelate copper ions easily. Residual copper was difficult to clear away
in subsequent steps which would influence cytotoxicity in biological assay. For acetyl deprotection,
compound II-12a was stirred in basic aqueous solution during 18h then purified to obtain the glyco-
monomer II-12¢. When II-12b was subjected to deacetylation under the same conditions, the
corresponding monomer II-12d wasn’t obtained but got a dimer analogue emitting intense blue
fluorescence which molecular weight measured from mass spectrometry. The exposed thiols would
generate disulfide bonds and conjugated together in basic aqueous solution after acetyl deprotection.
Hence, compound II-12b was deprotected by KOH in THF / MeOH solution under inert atmosphere
(Ar) to obtain the other glycol-monomer II-12d without dimerization (Scheme 12).

RO.

oR o
A oac RO - Q HN‘<‘\:
P\ - ro ~ °
— A0
o e b O
SR AeYs' Mo oo
o A 20 o
— = L
DIPEA/ CH,Cly / 18 h = Cul/ DIPEA / DMF 0\4/\0%\/ N O O o
o NH; 63% uM / 110°C /40 min 2 -
Kvls S8, e
% 11a HN% = I-12a
— o AcO
OAc RO
AcO - R
\ /O HN{SAC “Aco RO - [’(o HN~<_\SR
— 0
° e M i/\ 7 O O O\’Q\O/}st RO O\/é\ />VN N O O
i 2 OR o N
HO SAc R A
EDC / HOBT / DIPEA - Cul/DIPEA / DMF ROR& —
CH,Cl,/RT /18 h O Q pM/ﬂo“cﬂ/M)min N’N\\N
64% \ 44% 0\4\0/%\:&
>
° HN*<_\SA° d HN‘<_\SR

I1-11b o 1-12b 0
EtsN / MeOH / H,0 122 R=Ac  KOH/THF/H,0 I112b R =Ac
RT /32h Ar/RT/2.5h
94% IM2c R=H 90% I-2d R=H

Scheme 12: Synthesis scheme of two glycol-TPE monomers for thiol-ene reaction.

I1.3.2 Synthesis of TPE-based glycopolymer by thiol-ene reaction

The TPE monomer II-12¢ and II-12d were stirred in a solution of MeOH and H>O under 365 nm
UV irradiation. "H-NMR indicated that the two starting materials remained unchanged in solution.
Excess 2,2-dimethoxy-2-phenylacetophenone (DPAP), as a useful photoinitiator, was added in
solution to promote free radical generation under 365 nm UV light. After stirring 5 h, the resulting
solution became cloudy and a suspension appeared with some undissolved materials. Hence, the
obtained solid and solution were separated, concentrated and dried before "H-NMR and MS analysis.
For liquid portion, 'H-NMR showed the characteristic peaks of the allyl moiety on monomer II-12¢
had almost disappeared, but the peaks of mannose could not be observed. Besides, MS analysis
didn’t find any relevant molecular weight of the polymer but only a series peaks at m/z 1300-1500
which indicated that no polymer was present in the filtrate. The solid could not dissolve in water,
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MeOH, THF even DMSO and DMF thus no '"H-NMR spectrum could be obtained while analysis
did not provide any useful data. From this disappointing result, we hypothesized that TPE dyes
could absorb UV light, release energy by intramolecular rotation or fluorescence emission, therefore
free radical generation was restricted preventing polymerization in solution. As a conclusion, thiol-

ene conjugation was not suitable for the polymerization of TPE glyco-monomers (Fig. 5).
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Figure 5: (A) Synthesis scheme of TPE-based glycopolymer by thiol-ene reaction. (B) 'H-NMR and MS analysis

of filtrate after polymerization.

I1.4 Synthesis TPE glycol-polymers through double “click” reaction

I1.4.1 Synthesis of galactose-decorated TPE-monomer for “click” reaction

Starting from diamino TPE II-10, acetyl protected galactose derivative with an azide group was
conjugated by CuAAC. Under microwave irradiation, compound II-13 was obtained in low yield
(25%) catalysed by Cul and DIPEA at 110 °C. Therefore, CuSO4and sodium ascorbate catalysis at
room temperature imrpoved reaction yield to 72%. Vigorous stirring was necessary to mix the
biphasic solvent system of CH>Cl, for II-10 and water for salts. When purifying the crude compound
I1-13, copper should be removed by EDTA solution.
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Scheme 13: Synthesis scheme of two TPE glyco-monomers for “click” polymerization.
The diamino glyco-monomer II-13 was modified with propargyl chloroformate and 2-chloroethyl
chloroformate respectively in basic solution to synthesize carbamates II-15a and II-14. Then the

chlorine atoms on II-14 were substituted by azide group to obtain the other TPE glyco-monomer
I1-15b (Scheme 13).

I1.4.2 Synthesis of galactose-decorated TPE polymer

The two monomers II-15a with propargyl and II-15b with azide were used for polymerization
by CuAAC “click” reaction, using different conditions to explore the largest molecular weight.
Meanwhile, we attempt the direct polymerization of compound II-13 through carbamoylation
(Scheme 14).
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Scheme 14: Synthesis scheme of TPE glyco-polyemr construction by “click” reaction and amidation.

Classical reactive conditions A (scheme 14) catalysed by CuSO4 and sodium ascorbate were used
for monomer II-15a and II-15b polymerization in CH>Cl, / water biphasic system to synthesize
polymer II-16a. With the size of the polymer increasing, the water solubility would decrease and
intramolecular ring closing might occur leading to cyclic oligomers. We therefore used MeOH
instead of water (conditions B, Scheme 14), even though a minimal amount of water was necessary
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to guarantee the oxydo-reduction cycle of CuSO4 / VcNa. Then we increased the reaction time from
18 h to 5 days (conditions C, Scheme 14) leading to polymer II-16¢c, expecting a larger reaction
time to lead to higher degree of polymerization. Finally, Cul catalysis was also investigated
(conditions D, Scheme 14) to evaluate another CuAAC conjugation method leading to polymer II-
16d. Direct polymerization by carbamoylation of diamine-TPE II-13 was polymerized to provide
polymer II-17.

All polymers II-16a-d and II-17 displayed fluorescence emission from TLC plates analysis (Aex
=490 nm). 'H-NMR analysis of the polymer I1-16a indicated disappearance of the alkyne monomer
peak (6=2.5 ppm, Fig. 6A) while a new signal (6 =4.3 ppm, Fig. 6B) could be observed for polymer
I1-17 corresponding to the symmetric ethylene linker between two monomer units.
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Figure 6: "H-NMR comparisons of polymers and relevant starting materials.

However, 'H-NMR could not measure molecular weight or polymerization degree. Hence, size
exclusion chromatography (SEC) analysis, as efficient chromatography normally used to separate
each portion and analyse molecular weight for polymers, was employed to measure the average
molecular weight of our polymers. Through this specific chromatography, molecules with larger
volume would be eluted earlier than smaller compounds. First, compound II-16a, II-16d, and 11-17
were submitted to SEC analysis (Fig. 7A). Compared with II-17, II-16a and II-16d showed wider
molecular ranges and higher molecular weight with higher polymerization degree which certified
that CuAAC was more efficient than direct carbamoylation for TPE synthesis of TPE-based
polymers. Then, SEC data of CuAAC polymers revealed that CuSO4/ VcNa catalysis provided the
largest molecular weight whether in water or MeOH. Lengthening reactive time didn’t increase the
degree of polymerization but rather the opposite. Microwaves irradiation promoted intramolecular
cyclization to obtain low degree of polymerization. DOSY NMR analysis certified that homogenous
molecular weight distributions of polymers II-16a and II-17 were obtained with a narrow
distribution below 5 m? / s was observed (Fig. 7B).
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Figure 16: (A) Molecular size of series polymers were measured by SEC analysis. (B) Homogenous size of

components in compound II-16a and II-17.

After calculating the molecular weight of monomer and compared with molecular weight of each
polymers measured from SEC data, the compounds of II-16a or II-16b contained six monomers
units and should be called oligomers but not polymers, which was far less than our anticipation of
15 units or more (Table 2). The polymerization failed probably because: (i) the large volume and
molecular weight of TPE monomer increased the difficulty of polymer generation; (ii) after a few
(2-4) monomers polymerized, the oligomers may aggregate into micelles with TPE inside that

would prevent propargyl or azide to further react with other monomers.

Table 2: Molecular weight distribution analysed by SEC and DOSY

SEC analysis DOSY analysis
Degree of
Sample Mw (g/mol,
Mn (g/mol)  Mw (g/mol) b D calc* D obs polymerization
monomer)
1I-16a 7340 9427 1.28 3365 2.57 2.70 6
1I-16b 7383 9687 1.31 3365 2.54 2.70 6
1I-16¢ 5639 7082 1.26 3365 2.88 3.16 4
1I-16d 4349 6517 1.50 3365 Not measured Not measured 4
11-17 6459 7290 1.37 1595 2.84 2.62 6

[a]: The calculation of D cal” referred to reported study 1381,
Even though the polymerization was difficult and led too low molecular weight species, we

deacetylated the polymers II-16a-d and II-17. The resulting polymers were supposed to be water
soluble with the carbohydrate moieties. But the material obtained was poorly soluble in water and
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also in organic solvents. So unfortunately, we could not investigate further these polymers for
biological assays or interactions with proteins.

A possible improvement would be to graft larger saccharide units (as oligosaccharides or
glycodendrons) or to use a solubilizing moiety such as a carboxylic acid or a specific protein of the
TPE-monomer. Nevertheless, we have decided to stop this project this stage and to focus on other
approaches.

I1.5 Conclusion

Tetraphenylethylene is a typical AIE fluorophore with multiple modifiable position. TPE-based
glycoclusters have designed, synthesized, and applied to recognize specific cells, target lectins and
detect glycosidases. Aggregation in aqueous solution made TPE emit strong fluorescence without
ACQ influence. Hence, we have designed and synthesized TPE-based glycopolymers with high
fluorescence intensity in aqueous solution for probe or drug delivery and cell targeting.

We attempted to construct our basic TPE core through Julia olefination and Knoevenagel
condensation. Julia olefination was not suitable to synthesize disymmetric TPE with two functional
groups. We synthesized TPE core with two “blank” positions on phenyl rings by Knoevenagel
condensation. Then, a moderated reactive condition was explored for bisymmetric  dinitro TPE
core synthesis. Reduction of the nitro to amino groups provided the desired TPE core with two
functional groups.

We tried “thiol-ene” reaction to conjugate TPE monomers together. Through amidation was
decorated vinyl or acetyl-protected thiol groups on TPE then conjugation with mannose derivatives
with TEG linkers was accomplished. After deprotection, two water-soluble TPE-based monomers
were mixed with photoinitiator (DPAP) in water irradiated by 365 nm UV light. But probably TPE
absorbing 365 nm light, restricted the radical reaction process. A substance with low solubility in
water, as we speculated, could be the targeted polymers but no direct evidence could prove its
structure.

Hence, we changed structure of TPE monomers and adopted two “click” reactions to construct
the polymer. Relevant propargyl and azide groups were modified on TPE through amidation before
conjugation with galactose on fluorophore. Then, we explored the best reactive conditions for the
second “click” reaction including CuSO4 / VcNa, Cul / microwave, and additional amidation.
Through SEC and DOSY analysis, CuSO4 / VcNa system was the best condition providing the

highest polymerization degree and molecular weight.

However, polymerization of the TPE core resulted in ball-shape structures restricting
intermolecular polymerization, leading to only oligomers containing six monomers. And after
deprotection, the limited number of glycosides were not sufficient to offset hydrophobicity from
conjugated TPE core. Resulting TPE glyco-oligomers neither dissolve in aqueous nor organic
solution, which probably explains why compounds generated by thiol-ene have similar solubility

properties.
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Chapter 111

Self-assembled Glyco-dots for
Peroxynitrite Detection and Cell
Imaging
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II1.1 Introduction

Peroxynitrite (ONOOQO") is an important reactive oxidant and nitration agent found physiological
and pathological processes. It has been demonstrated to cause neuronal death in vivo such as brain
ischemia, amyotrophic lateral sclerosis, Alzheimer’s disease and Parkinson’s diseasel!8% 1901,
ONOO" can damage tissue by releasing hydroxyl radical ("OH) and nitrogen dioxide (NO;™). Also,
due to its efficient nitration and oxidant properties, biomolecules such as DNA, proteins, thiols and
lipids were easily damaged triggering cancer, septic shock, atherosclerosis and multiple sclerosis
(1911 Peroxynitrite was normally generated from ubiquitous superoxide radical anion (O") and
enzymatically produced nitric oxide radical ("NO), but quickly formed to ONOOH and then

192] Fluorescent analysis is sensitive, rapid, accurate

decomposed in acidic environment (Scheme 1)
to capture the ephemeral ONOO-in cells. Hence, detecting the level of intracellular ONOO" is a key
indicator for monitoring or predicting diseases effectively. Over the past decade, fluorescent probes

for ONOO- detection and imaging in cell with different mechanisms were reported frequently.

H+

Oy* +'NO ONOO" ONOOH —"0OH + "NO,

Scheme 1: The production and decomposition of peroxynitrite (ONOO").

II1.1.1 Fluorescent probes for intracellular peroxynitrite detection

Peroxynitrite has high oxidative activity towards weak or unstable chemical bonds and groups,
such as heteroatom (Se, Te) oxidation, activated C=C bond oxidative cleavage, phenol oxidation,
ether oxidation and arylboronic acids oxidation.

Keli Han and co-workers reported two near-infrared reversible cyanine (Cy) based fluorescent
probes for ONOO- detection (Fig. 1A). Selenium (Se) or tellurium (Te), as detectors, were
incorporated in a cyanine dye to quench fluorescence by redundant lone pair electrons on
heteroatoms. Active peroxynitrite could oxidize these heteroatoms to generate Se=0 or Te=O bond
quenching the original PET effect and recovering fluorescence emission. However, reductant such
as cysteine or GSH could restore the Se or Te and recovered the intramolecular PET effect. The two
probes exhibited sensitive fluorescent response and linear increase with increasing concentrations
of ONOO" until saturations with 23.3-fold enhancement. Excellent selectivity for ONOO™ was
observed in comparison with other oxidants in solution. Near-infrared probes emitted red
fluorescence when reacted with endogenous ONOO-, thus sufficiently avoiding the biological
background interference. Nevertheless, the 600s required to reach maximum fluorescence and weak
quantum yield were not satisfactory for further biological applications!'?3 1941,

Phenol oxidation is another prevalent design for fluorescence modification and the design of
probes. A phenol group can be readily oxidized to semiquinone which will redistribute the phenyl
electrons system. The phenone was further oxidized leading to C-N bond cleavage. According to
this mechanism, JinHee Park, Jong-In Hong and co-workers reported two-photon fluorescent probe

1951 However, long reaction time, nonlinear concentration relationship

for peroxynitrite detectionl
and fluorophore instability for ONOO- prevented application in cell assay. Xiulan Li, Jingli Hou,

Yangping Liu and co-workers decorated 4-(methylamino)phenol and triphenylphosphonium
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bromide on 1,8-naphthalimide to design a fluorescence “turn-on” probe. The probe exhibited
selectivity to oxidants, lower limit of detection and distinctly imaging in RAW264.7 cell (Fig. 1B)
(191 Tao Peng, Xingmiao Chen, Dan Yang and co-workers designed a rhodamine-based
fluorescence “turn-on” probe through improving rhodamine’s stability to ONOO™ and water-
solubility. The terminal probes showed fluorescence enhancement in chemical and biological media,
imaging ONOO-" in live cells and tissues!!*’l. However, long response time was still restricting this

type of detection model.
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Figure 1: (A) Cyanine probe for ONOO- detection by Se oxidation!'*4l. (B) 1,8-naphthalimide based probes for
ONOO- detection through phenol oxidation!?¢],

To control fluorescence, trifluoromethyl ketone is another moiety for ONOO- detection. Based on
this mechanism, Dan Yang, Huali Wang, Jiangang Shen and co-workers modified trifluoromethyl
ketone derivatives on the hydroxy of fluorescein to “turn-off” fluorescence (Fig. 2A)!'%8l. After
reaction with ONOO-, the trifluoromethyl caging moiety was removed and restoring the
intramolecular electronic “pull-push” system. The probe showed more obvious fluorescence
intensity variation for ONOO" than other oxidants and linear relation to ONOO- concentrations after
stirring 15 min. Detection of ONOO" in neuronal cells was also possible. Zhenning Sun, Huali Wang,
Dan Yang and co-workers designed BODIPY-based fluorescent probe working by PET effect!!%%,
Green signal was emitted after oxidation by ONOO" in aqueous buffer or in vivo. Shorten emissive
wavelength and little Stokes shift are the main defects restricting fluorescence intensity
measurements and further applications. Hence, Jianjian Zhang, Xu Zhen, Jianfeng Zeng and Kanyi
Pu developed a near-infrared (NIR) fluorescence and photoacoustic (PA) dual-model probe for
ONOO- detection?], The cyanine-based probe was quenched through disrupting the intramolecular
ICT effect by carbonate modification. The probes showed higher NIR (59-fold) and PA (5-fold)
enhancement, excellent water-solubility, and are the first detecting systems for endogenous ONOO-
in living systems by NIR and PA dual-mode imaging.

Fluorophores playing dual-roles as reporter and detector are a smart model for probe design.

Xiaotong Jia, Qiangqgiang Chen, Xuhong Qian and co-workers developed molecular probes
composed of two cyanine fluorophores (Cy3 and Cy5) with different reactivity towards ONOO" (Fig.
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2B). The fluorescence signal was changed from red (660 nm) to green (530 nm) when the structure
of probe PNCy3Cy5 was decomposed by peroxynitrite. The ratiometric probe exhibited high
selectivity and sensitivity for ONOO™ detection which can be applied in semiquantitative
determination of ONOO"in living cells. Notably, the probes particularly localized on mitochondria,
where endogenous ONOO" was principally generated [2°!l. Dan Cheng, Yue Pan, Young-Tae Chang
and co-workers conjugated coumarin and rhodamine to construct a two-photon and FRET
fluorescent system. Rhodamine emitting red fluorescence (~650 nm) was the fluorescent reporter
and detector. When ONOO- added to the activated C=0O" bond of the pyrylium moiety, the
conjugated system in rhodamine derivatives was disrupted. The coumarin, as energy provider,
released blue fluorescence signal. This probe exhibited excellent ONOO- selectivity versus other
reactive oxygen species (ROS) and reactive nitrogen species (RNS) and monitored endogenous
ONOO" with minimal cytotoxicity. Moreover, a ratiometric probe could monitor ONOQO- variation
produced by LPS stimulation in inflamed mouse model which was useful for biological imaging
and disclosed ONOOr state in physiological and pathological conditions (Fig. 2C)12%2],
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Figure 2: (A) Cyanine-based probes for ONOO" detection by trifluoromethyl ketone oxidation!?*], (B) Cyanine-
based®!l and (C) coumarin-rhodamine-based?”?! FRET probes for ONOO- detection through fluorophore

decomposing.

Arylboronic acid oxidation is a rapid, sensitive and accurate pathway which was employed for
ONOO- detection. Adam Sikora, Jacek Zielonka, B. Kalynaraman and co-workers reported boronic
acid pinacol ester have high reactivity towards ONOO~ which is 200 times faster than HCIO and a
million times faster than H,O,?%3]. The nucleophilic addition of ONOO-" to the boron atom led to the
elimination of a molecule of NO, “insertion” in the B-C bond leading to an aryl-pinacol-borate
intermediate. Further decomposition to generate phenol and a pinacol borate after reaction with
water (Fig. 3A). Currently, arylboronic acids and pinacol esters are frequently designed for ONOO-

monitoring in biological imaging.
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Figure 3: (A) The mechanism of pinacol boronate responding to ONOO2%31. (B) Boronate probe detecting ONOO-

and imaging in cells!?!]

Arylboronic acid pinacol ester was conjugated on the hydroxyl group of fluorophores without
any direct ©- conjugation through a methylene bridge (benzylic bond). This electron-rich system
could quench fluorescence by PET effect. Jiyoung Kim, Jeesook Park, Youngmi Kim and co-
workers developed a blue fluorescence-enhanced probe for ONOO- detection. After the cleavage of
the boronic acid group leaving, exposing the negative oxygen atom, intramolecular condensation on
adjacent nitrile group and generated a new fluorophore by cyclization. The probe exhibited
preferable selectivity for ONOO in presence of series ROS and RNS, along with distinct response
to exogenous or endogenous ONOO- in cells (Fig. 3B)2!.

Boronic acid could also be directly conjugated on fluorophores to “turn-off” emission by
quenching the ICT effect. After reacting with ONOO-, the newly formed and electron-rich hydroxyl
group restored the intramolecular ICT effect to enhance signal intensity. Boronic acid pinacol ester
were introduced from the corresponding aryl bromides. Some probes based on pyrene and
phenoxazine were developed with sensitive fluorescence enhancement after adding ONOO", but
short emission wavelength impeded further biological application (Fig. 4A)i?%% 205 Adam C.
Sedgwick, Haihao Han, Tony D. James and co-workers reported two long-wavelength fluorescent
boronate probes with a fluorophore similar to DCM dyes (Fig. 4B). The probe decorated boronic
acid derivative on fluorophore, exhibited better water-solubility and could monitor exogenous and
endogenous ONOO- sensitively, and mitochondria localisation in living cells??°], However, these
probes with low water-solubility displayed usually decreased emission intensity by ACQ effect,
therefore restricting their application.

Boronic acid part could be condensed with polyhydroxylated molecules (fructose, lactulose)

leading to a boronate. PET effect was therefore impeded then recovered by hydrogen bond with the
adjacent N-Me amine then ONOO" would generate the corresponding phenol to recover the PET
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signal. The self-assembly pathways promote water-solubility of organic probes. Xiaolong Sun,
Karel Lacina, Tony D. James and co-workers reported a system based on 1,8-naphthalimide (Fig.
4C) 2971, The exposed boronic acid was condensed with a diol from fructose. The addition of ONOO"
removed the boronic acid to recover PET. The PET effect was impeded when the electron-rich
nitrogen was H-bond to the boronic acid, and then recovered after clevage of the boronic acid by
ONOO:'. After conjugation with fructose, high water-soluble fluorescent “on-off-on” model showed
selectivity for ONOO", but interfered by C1O- 2, Whereafter, Kaibin Li and co-workers designed
long-wavelength DCM based probes using a similar pathway (Fig. 4D). They demonstrated that
fructose could easily construct B-O bond to block PET effect in contrast to weak fluorescence

improvement by galactose, glucose, mannose, fucose and other disaccharides without fructose units
[190]
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of DCM probe and lactulose to monitor ONOO0,

III.1.2 Project design

Even though TPE-based polymers displayed poor solubility which prevented application for
detection or drug delivery, we considered the excellent ability of TPE-glycoclusters to self-assemble
with hydrophobic partners. In our previous studies, DCM-based probes have been designed,
synthesized and self-assembled into “glyco-dot” materials to imaging cells. Excellent optical
properties, long-wavelength emission and simple synthetic procedures certified their fluorescent
properties for biomolecule detection and cell imaging.

We designed two DCM-probes with different boronic acid moieties: (i) boronic acid pinacol ester
was connected on phenyl ring (III-11) through blocking intramolecular electronic “push-pull”
system to quench fluorescence; (ii) the same phenyl boronic acid pinacol ester was connected with
a methylene bridge (III-12) on hydroxyl DCM to quench fluorescence by PET effect. However,

such organic structure may possess low water-solubility leading to weak emission influenced by
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ACQ effect in aqueous buffer.

We have therefore used TPE-based glycoclusters as water-solubility agents (Scheme 2A). “Click”
conjugation of different monosaccharide azide derivatives on dipropargyl- or tetrapropargyl-TPE
obtained two kinds of TPE-based glycoclusters to recognize and target specific cells (Scheme 2B).
In our previous studies, an interesting FRET relationship was found between TPE-glycocluster and
DCM dyes when mixed in aqueous solution. This phenomenon showed that TPE-based
glycoclusters could capture DCM molecules and construct “glyco-dot”. According to this discovery,
we decided to adopt TPE-glycoclusters to transport DCM probes and improve their water-solubility.
Self-assembled glyco-complex would construct glyco-balls with hydrophilic surface for dissolving
in water and hydrophobic centre containing DCM probes. Amphiphilic glyco-dots would be
responding to ONOO" cancer cell and monitor intracellular ONOO" for biological imaging.
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Scheme 2: (A) The self-assembly process of glyco-probes for ONOO" detection. Synthetic routes to (B) TPE-
glycoclusters and (C) DCM probes.
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II1.2 Synthesis of TPE-glycoclusters and DCM probes

II1.2.1 Synthesis of TPE-based glycoclusters

TPE-based glycoclusters containing two monosaccharides was started from dipropargyl TPE
compound II-8. Through “click” reaction, acetyl protected galactose or glucose was decorated on
TPE cores under microwave (Scheme 3). To avoid Cu metal ion interfering in biological assay, the
purification should remove residual copper ions by using EDTA solution during aqueous extraction
workup. Then TPE-based glycoclusters I1I-2a,b was deprotected in MeOH solution with Et;N to
obtain final products I1I-3a,b. TPE-based glycoclusters containing four monosaccharides I11I-5a-d
are similarly!'%3]. As a negative control, mono-azido-triethyleneglycol III-6 was conjugated with
tetrapropargyl-TPE core 11I-4 to afford compound II1-7 with TEG linkers.
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Scheme 3: Synthesis of TPE-based glycoclusters and a negative control compound.

II1.2.2 Synthesis of DCM probes
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Scheme 4: Synthesis scheme of hydroxyl DCM dye

DCM dyes synthesis was started from 2,6-dimethyl-4H-pyran-4-one to obtain two active methyl
positions for further symmetrical modifications. In our project, blocking one side of the 2,6-
dimethylpyranone to synthesize the desired monofunctionalized DCM core was required. Hence,
methyl pivalate and 2,4-pentanedione were used as starting materials to synthesize compound III-
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8 with tert-butyl blocking one side of the pyranone. Then malononitrile was condensed in a
Knoevenagel reaction generated compound III-9. Aldolization with 4-hydroybenzaldehyde
afforded the DCM dye I11-10 (Scheme 4).

DCM probe III-11 was synthesized from compound III-9 and 4-formylphenylboronic acid
pinacol ester in CH3CN piperidine. 4-Bromomethylphenylboronic acid pinacol ester was substituted
on hydroxyl DCM dye (I1I-10) catalysed by K.COj3 and tetrabutylammonium(rn-BusNI) in refluxing
CH3CN. Adding 18-crown-6 in the mixture could increase reactivity through detection of the K*

cation (Scheme 5).
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Scheme 5: Synthesis scheme of two DCM-based probes.
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IT1.3 Self-assembly of glyco-probes and detection of ONOO-

In this section, the fluorescence data of two DCM probes (II1-11 and III-12) were discussed
including optical variation after conjugating with TPE-based glycoclusters and response to ONOO".
The water-solubility of TPE glycoclusters with different monosaccharides and further ASGPr
recognition in biological assay prompted us to select TPE-glycoclusters decorated with two or four
galactoses. In this section, the TPE2S was III-3a decorated with two galactosides, and TPE4S was

I11-5a decorated with four galactosides.

II1.3.1 Detection of ONOO™ using DCM probes

Even though the DCM probes III-11 and III-12 have several heteroatoms, the major part of their
structures is still highly hydrophobic. Hence, 20% MeCN was required in PBS buffer to dissolve
the probes in aqueous solution (Fig. 5).
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Figure 5: UV absorption and fluorescence emission changes of III-11 (40 pM) and I1I-12 (40 uM) upon addition
of ONOO" (excess) in PBS buffer with 20% MeCN.

After addition of ONOO-, the maximum absorption wavelength of both probes were red-shifted.
Two newly formed absorption peaks (red line) replacing initial absorption peaks (black line)
illustrated that the distribution of electrons was changed after reaction with ONOO". Fluorescence
emission intensity was increased as expected after exposition to ONOO". The maximum absorption
wavelength of III-11 was red-shifted from 405 nm to 480 nm and a fluorescence emission peak was
generated at 625 nm (Table 1). Similarly, the maximum absorption wavelength of III-12 was red-
shifted from 435 nm to 480 nm and fluorescence emission peak was generated at 625 nm. For probe
III-12, PET effect didn’t quench fluorescence sufficiently resulting in higher basic fluorescence
intensity and weaker fluorescence enhancement compared with ITI-11.

Table 1: Comparison of Acx, Aem, Stokes shift and quantum yields for probes ITI-11 (10 pM) and
I11-12 (10 uM) before and after adding ONOO" in PBS + 20% MeCN

Aex (Nnm) Aem (NM) Stokes shift (nm) ~ Quantum yield (®)

I-11 405 550 145 0.001 (470 nm)
I1-11+ONOO" 470 625 155 0.111 (470 nm)
1-12 435 580 145 0.008 (480 nm)
I1-12+ONOO 480 625 145 0.106 (480 nm)

Nevertheless, 20% MeCN in PBS buffer is not suitable for applications in biological system.
Hence, we measured fluorescence variations of both probes in PBS buffer without any organic
solvent (Fig. 6). Minor and unstable signal variations were obtained in pure water after adding
ONOOr'. Poor water-solubility leading to quenching of fluorescence by ACQ effect, or low reactivity
of probes with ONOO- in aqueous buffer were speculated as two main reasons. Therefore, mass
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spectrometry analysis of mixtures of probes with ONOO indicated the presence of compound III-
10 as a proof of proper reactivity of probes with ONOO". The resulting restricted fluorescence signal
was therefore due to the ACQ effect observed for compound III-10. Next, we measured the
fluorescence intensity variations of probe III-12 (10 uM) before and after adding ONOO- in PBS
buffer with different ratio of MeCN. Fluorescence intensity was persistently decaying with H,O
portion increasing in the presence of ONOO". ACQ effect almost quenched fluorescence in 100%
PBS buffer even though probe III-12 had been switched-on fluorescence through DCM dye

generation.
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Figure 6: ACQ effect decayed fluorescence intensity after III-12 responding to ONOO" in solution with increasing

l1I-12+ONOO-

Intensity(a.u.)

H20 portion.

I11.3.2 Analysis of the mechanism of DCM probes (III-11 and 12) for ONOO"
detection
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Scheme 6: Mechanism of DCM probes (A) 11I-11 and (B) III-12 for ONOO" detection.
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The mechanisms of DCM probes (ITI-11, 12) for detecting ONOO- were speculated and shown
in Scheme 6[2%1. For probes ITI-11, the electron-poor boron atom was electrophilic enough to allow
condensation with the negative oxygen atom on peroxynitrite. Rearrangement to the borate with
loss of nitrite and further hydrolysis afforded the desired phenol ITI-10. In this process, fluorescence
emission was recovered through ICT effect.

The mechanism of probe I1I-12 was different from III-11, which fluorescence was quenched by
PET effect from phenyl boronic acid pinacol ester. After generating the similar borate and hydrolysis
to the intermediate phenol, spontaneous elimination of quinone methide afforded the desired phenol
III-10. The corresponding mass peak at m/z = 339 certified III-10 after DCM probes had been
exposed to ONOO" in PBS buffer with 20% MeCN. HPLC analysis also indicated that probes I11-
11 and III-12 are readily converted into DCM phenolic dye I11-10 after addition of ONOO" (Fig. 7).
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Figure 7: (Top) mass spectrometry and (bottle) HPLC analyses of DCM probes (III-11 and III-12) upon addition
of ONOO.

II1.3.3 Glycoclusters selection for perfecting water-solubility of DCM probes

168 PDI-based glycoclusters (PDI) have been synthesized and displayed

In our previous studies!
sufficient water-solubility and high affinity for DCM dyes. In a similar approach, TPE-based
glycoclusters (TPE2S, III-3a) having a central hydrophobic core would self-assemble in water into
aggregate with DCM probe inside to promote its solubility. Hence, DCM probe (I11-12, 10 uM) was
mixed with two glycoclusters (100 uM) based on PDI or TPE core in PBS buffer before adding

ONOO" (Fig. 8).
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Figure 8: PDI-based and TPE-based glycoclusters self-assembled with III-12 for ONOO" response in PBS buffer.

In our PDI study!'%®l, we have demonstrated that the PDI glycocluster could self-assemble with
the DCM dye to generate a glyco-dot and also allow cell penetration and more importantly
disruption of these glyco-dots to release the DCM dye and trigger the turn-on fluorescence. The
same PDI glycocluster with DCM probe I11-12 did self-assemble into glyco-dots, then addition of
ONOO- did trigger the formation of II1-10, but the DCM dye did not escape from the PDI-based
glycoclusters since no emission could be observed (Fig. 8 left). On the contrary, TPE2S glycocluster
allowed the formation of glyco-dots with DCM dye II1-12 and addition of ONOO- triggered the
disruption of these aggregated since a strong emission was observed due to DCM phenolic dye I1I-
10 (Fig.13 center). TPE2S glycocluster would prevent the ACQ effect of probe I11-10 and therefore
promote the detection of ONOO- analyte. Based on these positive results, we changed the addition
sequence of the three molecules (IT1I-12, TPE2S, ONOO") and monitored fluorescence variations of
TPE (Aex = 320 nm) and DCM (hex = 480 nm) (Fig. 9).
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Figure 9: Fluorescence variations in different addition sequence: (A) III-12, TPE2S and ONOO", Aex = 320 nm; (B)
I11-12, TPE2S and ONOO", Aex =480 nm; (c¢) III-12, ONOO™ and TPE2S, Aex = 480 nm.

Intense fluorescence emission appeared at 490 nm after addition of TPE2S (100 uM) in a PBS
solution of ITI-12 (10 uM) with excitation wavelength at 320 nm. The signal intensity decayed after
adding ONOO- (Fig. 9A) and we speculated that ONOO" partially oxidized the TPE structure, or
emission from TPE was absorbed by the DCM dye in a FRET process. In order to prove our
speculation, the excitation wavelength was changed to 480 nm to monitor the DCM fluorescence
variations (Fig. 9B). Compared with the low intensity of DCM dye I1I-12 (black line) in PBS buffer,
TPE2S addition enhanced fluorescence intensity since intermolecular self-assembly improved
solubility and impeded ACQ effect. Fluorescence enhancement of the DCM signal was observed
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with a short red-shift after adding ONOO" (Fig. 9B). These results demonstrated that the TPE2S
glycoclusters could self-assemble with the DCM probe III-12 and generate a slight increase of the
fluorescence signal through partial inhibition of the ACQ effect in pure PBS buffer. Then we
adjusted the addition sequence of each molecule by mixing I1I-12 with ONOO", and then adding
TPE2S in the solution. The small intensity enhancement before adding TPE2S could certify that
probe III-12 reacted with ONOO" but emission was influenced by ACQ. Adding TPE2S increased
the intensity of the fluorescence signal meaning that the glycoclusters TPE2S could self-assemble
with DCM dye I111-10 (Fig. 9C).

I11.3.4 Explore combination mode between TPE-glycoclusters and DCM probes

In this section, the combination of DCM probes II1-11 and I11-12 with TPE-based glycoclusters
(TPE2S and TPE4S) in aqueous buffer were explored. For all the measurements in vitro, the TPE2S
and TPE4S were the TPE core decorated with several galactosides (Scheme 7).
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Scheme 7: The structure of TPE2S and TPE4S for fluorescence measurements in vitro.

II1.3.4.1 Intermolecular interactions of DCM probes III-11 and I1I-12 with glycoclusters TPE2S
and TPE4S

The fluorescence intensity variations were measured with increasing concentration of probes
II-11 (0 to 30 uM) and III-12 (0 to 80 uM) in glycoclusters TPE2S and TPE4S (20 uM) in PBS
solution with excitation wavelength at 320 nm (Fig. 10).
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Figure 10: Fluorescence variation of addition of DCM probes III-11 (0-30 uM) and I11-12 (0-80 uM) with TPE2S
or TPE4S (20 pM) in PBS solution (Aex = 320 nm).

The fluorescence emission of the two DCM probes were different after incubation with TPE-
glycoclusters. TPE2S or TPE4S are emitting intense blue signal in their aggregated states even
though they have been modified with monosaccharides. Probe III-11 quenched the fluorescence of
TPE when it was added in glycoclusters solution. But the emission of DCM at 600 nm did not appear
as it could have been expected from receiving energy from TPE. Two possible pathways may explain
this phenomenon: (i) The fluorescence switch of III-11 was still quenched by the boronate moiety
even though it could accept energy transfer from TPE glycoclusters. (ii) The distance between the
two molecules should be close enough so that energy transfer could happen. However, the energy
from TPE was released through nonradiative pathways but not through fluorescence emission. The
fluorescence spectrum of III-12 (Fig. 10, bottom) demonstrated that the fluorescence emission
intensity of DCM probe at 600 nm was increasing when adding II1-12 in the mixture. Intramolecular
PET effect didn’t quench fluorescence of III-12 completely so that the probe could absorb energy
from TPE and then release its specific emission.

111.3.4.2 Intermolecular interaction of compound III-10 with glycoclusters

We performed a titration of the two DCM probes III-11 (0 to 30 uM) and I1I-12 (0 to 50 uM)
into a solution of a TPE-based glycoclusters (TPE2S or TPE4S, 20 uM) and excess ONOO- (100
uM) to further explore their self-assembly mode. After reaction with ONOO-, both probes were
oxidized to the phenolic DCM III-10. Hence, this experiment would investigate the association

modes between glycoclusters and DCM derivatives.
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Figure 11: Fluorescence variation of adding DCM probes ITI-11 (0-30uM) and II1-12 (0-50uM) in TPE2S or TPE4S
(20 uM) PBS solution mixed with excess ONOO~ (100 uM) (Aex = 320 nm).

DCM II1-10 was the common product after probes I1I-11 and I1I-12 reacted with ONOO". So,
the compound interacting with TPE-glycoclusters should be III-10 which generated single
fluorescence peak at 620 nm (Aex = 320 nm). With increasing the concentration of probes III-11 (Fig.
11A) or III-12 (Fig. 11C) in TPE2S solution with excess ONOO-, a ratiometric fluorescence signal
was observed with emission intensity at 620 nm increasing along with blue emission decreasing at
490 nm. FRET phenomenon relationship observed between I1I-10 and TPE2S indicated that the
distance between the two molecules was close enough and that the two molecules were still in
contact after reaction with ONOO". But the complexes formed with TPE4S and each DCM probe
displayed different fluorescence signal changes. After III-11 was reacted with ONOO, the
newly generated III-10 didn’t emit fluorescence even though it received energy from TPE4S (Fig.
11B). This observation supposed that TPE4S could contain III-10 in a smaller molecular volume in
its hydrophobic core for a good energy transfer, but intermolecular FRET effect was observed in
opposition to III-11 conjugated with TPE4S for detection of ONOO" (Fig. 10). IT1I-12 and TPE4S
complex exhibiting FRET effect seemed to provide inconsistent results since the same product ITI-
10 generated from the III-12 after reaction with ONOO™ should provide the same fluorescence
signal as the TPE4S associated with III-11 (Fig. 11B). But we thought this result was still correct
because the red fluorescence with two peaks (Fig. 11D) was from unreacted I1I-12 aggregating with
TPEA4S but not phenolic DCM probe III-10. This incomplete reactivity of DCM probe I1I-12
towards ONOO" was not observed with TPE2S (Fig. 11C) with the stronger fluorescence signal of
II1-10 after conjugation with TPE2S overlapping the signal of unreacted ITI-12.
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Figure 12: Fluorescence variation by adding TPE-glycoclusters (0-200 M) in DCM probes I11-11 and III-12 (10
uM) solutions pre-mixed with ONOO™ (100 uM) (Aex = 480 nm).

In order to verify that TPE-glycolusters could still interact with IT1I-10 and improve its
fluorescence, we titrated TPE2S and TPE4S into the solutions of III-11 or III-12 pre-reacted with
ONOO" (Fig.12). DCM probes III-11 and II1-12 were incubated with ONOO" and the fluorescence
of the generated compound IT1-10 was quenched by ACQ effect in PBS solution. Following addition
of TPE-glycoclusters, DCM compound III-10 an emitted strong fluorescence signal at 620 nm due
to water-solubility improvement and inhibition of the ACQ effect. Higher concentration of
glycoclusters in buffer would construct more amphiphilic glyco-dots to contain DCM and promote
intense fluorescence emission. We selected 150 pM as a suitable concentration of glycoclusters for
DCM conjugation in subsequent experiments. This fluorescence enhancement proved that TPE-
glycoclusters could aggregate and contain all the three DCM derivatives (III-10, ITI-11 and ITI-12).
The FRET effect depended on intermolecular distance and molecular size of probes and
glycoclusters (Table 2). At least, TPE-glycoclusters (TPE2S and TPE4S) have excellent ability to
interact with DCM probes for the detection of ONOO- in PBS buffers.

Table 2: Combination between DCM probes and TPE-glycoclusters

II-11 I1-12 11-10
TPE2S Aggregation FRET FRET
TPE4S Aggregation FRET Aggregation

Aggregation: TPE energy transfer but no emission from DCM excited at 320 nm. FRET: TPE energy transfer and

DCM emitted fluorescence at ~ 600 nm when excited at 320 nm.

II1.3.5 Size and shape variation of DCM probes after self-assembly with TPE-based
glycoclusters

In order to further verify that DCM probes could self-assemble with TPE-glycoclusters occurred,
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we measured molecule size changes and shape variations before and after self-assembly. To compare
size changes of DCM probes, glycoclusters and self-assembled glyco-dots, dynamic light scattering
(DLS) was a useful tool to observe the main diameter of each system.
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Figure 13: Aggregate size variation of DCM probes, TPE-glycoclusters and their complexes after self-assembly.

The size of TPE4S was larger than TPE2S due to two more monosaccharides decorated on the
TPE core (Fig. 13). For the diameter of the DCM probes, II1-11 displayed around 10 nm molecular
size, larger than the size of single molecules, which demonstrated that the hydrophobic probe was
aggregated in aqueous solution. Probe II1-12 was displayed a larger size around 100 nm probably
due to the extra phenyl ring on DCM dye increasing its hydrophobicity. After incubation of ITI-11
with TPE2S or TPE4S, the novel size of the resulting glyco-dot was increased distinctly, and the
small aggregates disappeared which indicated that the two molecules had been totally self-
assembled together. The size of glyco-dots obtained from TPE2S and III-12 was similar to the
probes in solution. We supposed that TPE2S could dissolve the aggregate state of the DCM dye and
then capture them in its hydrophobic core. The size of glyco-dot obtained from TPE4S and I1I-12
certified our hypothesis indirectly with the observation of size shrinking after aggregation.
Meanwhile, we speculated that DCM probes are indeed contained in hydrophobic TPE aggregate
because the size of glyco-dot was slightly increased in comparison with the size of TPE4S.
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Figure 14: Aggregation of DCM probes, TPE-glycloclusters and their complexes after self-assembly obtained by
TEM.

Even though structures were similar, the shapes of the two DCM probes were since I1I-11 had a
sheet shape while III-12 displayed a filament structure. The shape of TPE4S aggregates was
irregular and shape larger than for TPE2S. After self-assembly, all glyco-dots displayed similar
appearance as glycoclusters. Nevertheless, the particular shape of the DCM probes was not
demonstrating that DCM probes were associated to TPE aggregation (Fig. 14). Hence, DLS and
TEM data illustrated that DCM probes could self-assemble with TPE-glycoclusters in aqueous
solution, and TPE-glycoclusters could play the same role as organic solvents (20% MeCN was
required for proper solubility) to improve water-solubility of DCM probes (Fig. 15). After addition
of ONOQr, the solution color of ITI-11 was darker than III-12, which indicated that the reactivity of III-
11 was higher than III-12 whether TPE-glycocluster or organic solvent improving the solubility and
impeding the ACQ effect.
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Figure 15: Solution colour comparisons in different condition before or after adding ONOO".
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I11.3.6 Influence of time on fluorescence intensity

Detection of ONOO- require reaching reaction completion rapidly within a few minutes.
Especially since ONOO" is decomposed quickly and displays short lifetime in biological systems.
Rapid fluorescence detection could provide accurate measurements. Hence, excess ONOO™ (150
uM)[2%] was generated from reaction of sodium nitrite with hydrogen peroxide then added in a
solution of DCM probes (10 pM) and TPE-glycoclusters (150 pM) in PBS buffer. Fluorescence
intensity was measured over time until fluorescence signal was reaching a maximum (Fig. 16).
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Figure 16: Fluorescence enhancement for ONOO- detection as a function of time. DCM probes (10 uM), TPE-
glycoclusters (150 uM), ONOO" (150 uM) in PBS buffer (Aex = 480 nm).

Glyco-dots obtained from DCM probes self-assembled with TPE-glycoclusters exhibited a
fluorescence “turn-on” response to ONOO" in PBS aqueous buffer. Excess ONOO- ensured that all
probes could react and release maximal signal intensity. Obvious fluorescence enhancements were
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observed after addition of ONOO- with increasing time. The DCM probe III-11 displayed
instantaneous fluorescence emission with a rapid signal enhancement and maximal signal intensity
(60-80 a.u.) with 2 minutes. The DCM probe I1I-12 showed similar results as III-11 but with longer
time to reach maximum and with lower fluorescence intensity (15-18 a.u.). The DCM probe III-11
would generate the fluorescent dye III-10 by a single “synthetic” step while probe III-12 would
require two mechanistic steps with the elimination of quinone methide. This second step might be
slower in the case of III-12 and this would be a plausible explanation for the lower intensity and
longer reaction time observed for I11-12 vs ITI-11.

Also, TPEA4S performed better than TPE2S in terms of fluorescence improvement leading to
TPE4S / III-11 as the best combination for such glyco-dots.

II1.3.7 ROS and RNS selectivity of series glyco-dots

Reactive oxygen species (ROS) and reactive nitrogen species (RNS) participate in intracellular
metabolism and influence physiological processes. Some reported probes were reacting with H>O»,
ClO", NO and other common ROS or RNS when responding to ONOO2%3], Hence, selectivity for
different ROS and RNS is another requirement to evaluate probes for ONOO- detection. Different
ROS /RNS (150 uM) were added in solutions of DCM probes (10 uM) and TPE-glycoclusters (150
puM), and stirred during 10 min (determined as an optimal reaction time from Fig. 16).

All glyco-probes exhibited high emission intensity enhancement at 620 nm compared with no
signal change for other ROS or RNS. These results demonstrated that glyco-dots self-assembled
from DCM probes and TPE-glycoclusters could detect ONOO- selectivity among another ROS and
RNS.
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Figure 17: Selectivity of glyco-dots self-assembled from DCM probes (10 pM) and TPE-glycoclusters (150 pM)
for ROS and RNS (150 pM) stirred 10 min in PBS buffer (Aex = 480 nm). Please see the Experimental Section for

more details.

I11.3.8 ONOO titration

Now that glyco-dots performed excellent properties for ONOO- detection, the concentration
relationship between glyco-dots and ONOO-was studied. Hence, different concentrations of ONOO"
were added in glyco-dots solution (Fig. 18).
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Figure 18: Fluorescence emission enhanced with increasing ONOO" concentration. DCM probes (10 uM), TPE-
glycoclusters (150 uM) in PBS buffer (Aex = 480 nm). Reaction time (10 min).

With ONOO- concentration increasing, the fluorescence emission of glyco-dots were “turn-on”
and the increase was monitored. Again, the TPE4S / III-11 association provide the best results in
terms of maximal fluorescence signal. TPE4S or TPE2S did not influence the concentration of
ONOO' required to reach the maximum signal (nearly 120 uM in all cases). The only difference
between the glycoclusters would rely on the shaper increase in fluorescence signal for TPE4S versus

76



TPE2S. At low ONOO" levels, almost no fluorescence signal could be detected because the ONOO-
pieces had a very low probability to encounter DCM probes in solution as these are embedded in a
TPE-based aggregate. Then, at nearly 40 uM concentration of ONOO, the reaction can now occur
and trigger a sharp fluorescence signal increase for the next higher concentrations up to ~120 uM
and then reaching saturation (>120 uM) of complete reaction of the DCM probes.

I11.4 Detection of ONOO- in biological systems

Glyco-dots exhibited excellent fluorescence properties for ONOO- detection at the molecular
level. Multiple monosaccharide copies conjugated on the TPE core were expected not only to
increase water-solubility, but also to target receptors on the cell membrane and deliver DCM probes
into cells. Hence, cell imaging experiments was performed to evaluate glyco-dots for biological
application in cells.

II1.4.1 Series glyco-dots responding ONOO™ in cells

In order to measure the fluorescence response of DCM probes and the delivery ability of TPE-
based glycoclusters, the glyco-dots self-assembled from galactosylated TPE-based glycocluster
TPE2S (I11-3a) and TPE4S (I11-5a) were incubated with SIN-1 (ONOO- initiator) with HepG?2 cells.
Such galactosylated glyco-dots would interact with HepG2 cells through binding to the ASGPr.
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Figure 19: Glyco-dots self-assembled with DCM probes (111-11, 11I-12, 10 uM) and TPE-glycocluters (I1I-3a, III-
5a, 150 pM) for intracellular ONOO- detection and HepG2 cells imaging.

The samples without SIN-1 incubation emitted weak basic fluorescence signal similar as blank
samples, which illustrated that DCM probes did not emit fluorescence due to boronate moiety
blocking the ICT effect and no interference from others intracellular biomolecules could be observed
(Fig. 24). The samples incubated with SIN-1with glyco-dots exhibited a fluorescence “turn-on” state
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to release yellow emission in cells. From cell imaging pictures, the yellow fluorescence emission
didn’t overlap with the blue fluorescence emitted from the cell nucleus indicated that DCM probes
was remained in the cytoplasm. Probe III-11 had twice higher fluorescence signal response to
ONOO" than probe III-12 as previously observed in HepG2 cell. The fluorescence detection
required incubation with TPE-based glycoclusters. TPE4S performed better than TPE2S in terms of
fluorescence improvment ability also similarly observed in vitro. I11-11 was performing better than

I11-12 and was therefore used in the next experiments.

I11.4.2 Cytotoxicity of self-assembled glyco-probes

Same fluorophores have high cytotoxicity and influence cell viability. Hence, cytotoxicity is an
important factor to evaluate the further biological applications for experiments in vivo. High
concentration of glyco-dots might influence bioactivity and viability of cells. Here, the four glyco-
dots conjugated from two DCM probes (III-11 and III-12) and two TPE-based glycoclusters
(TPE2S and TPE4S) with different concentrations were incubated with HepG2 cells during 24 h
and 48 h before measuring cell viability (Fig. 20).
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Figure 20: Cytotoxicity of glyco-dots with different concentrations during 24 h or 48 h for HepG2 cells.

The results showed that DMSO has no cytotoxicity for HepG2 cells. With increasing DCM probes
concentration (0-40 uM), the concentration of TPE-based glycoclusters was kept 15-fold more than
the DCM probes. All of glyco-dots exhibited almost 100% cell viability for HepG2 cells which was

similar as DMSO. Hence, such glyco-dots had low cytotoxicity and are suitable for further cell
assays.

I11.4.3 Glyco-dots responding to endogenous ONOO"

Glyco-dots could detect exogenous ONOO™ in HepG2 cells. How about detecting endogenous
ONOO" which is needed because endogenous ONOO™ has low concentration in cells, not as high as
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when incubating SIN-1 to produce exogenous ONOO". RAW264.7 cells are mouse macrophages
that was usually used to generate endogenous ONOO" induced by LPS.
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Figure 21: Glyco-dots self-assembled from III-11 and TPE-based glycoclusters responding to endogenous ONOO-
in RAW.264.7 cells.

Endogenous ONOO- generated by LPS (Fig. 21), could “switch-on” yellow fluorescence from
DCM probes in RAW264.7 cells. According to emission intensity comparison, the signal with LPS
were a little higher than without LPS. This result shows that the DCM probes had reacted with
minute amount of endogenous ONOO- sensitively. But the emission intensity had no distinct
difference when incubating DCM probes with or without TPE-based glycoclusters. Hence, the
functions of TPE2S and TPE4S could not be verified. Also, all DCM probes into cells could not
completely react with endogenous ONOO-, since induction of SIN-1 provided a dramatic increase
of the fluorescence signal due to exogenous ONOO". In this case, all the DCM probes had reacted
completely with ONOO- and released the strongest fluorescence emission. In assumption, even
though pure DCM probes, glyco-dots with TPE2S and glyco-dots with TPE4S were incubated at 5
uM, 10 uM and 20 uM, LPS generating endogenous ONOO- only existed 1 uM which could not
generate enough endogenous ONOO- to react with probes hence leading to the minimal emission
intensity. However, glyco-dots provide enough fluorescence signal to trace of endogenous ONOO"
induced by LPS.

I11.4.4 Cell selectivity of glyco-dots

To explore the cell recognition and selectivity obtained through monosaccharides on glyco-dots,
we incubated glyco-dots containing TPE2S or TPE4S conjugated with galactosides with HeLa cells
(2081 1,02 cells 12T and 293T cells !9, which expressed almost no galactose-selective receptor (e.g.
ASGPr) on the cell membrane (Fig. 22). SIN-1 as exogenous ONOO- initiator was incubated
together with glyco-dots to measure fluorescence response to ONOO".
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Figure 22: Glyco-dots self-assembled from ITI-11 and TPE-based galactoclusters (III-3a and III-5a) detection of
exogenous ONOO" in (A) HeLa cells, (B) L02 cells and (C) 293T cells.

After incubating ONOQO- into cells, all samples incubated with the DCM probes displayed
homologous fluorescence signal changes. Meanwhile, the samples incubating glyco-dots (with
TPE-based glycoclusters) emitted higher fluorescence intensity than pure DCM samples with
TPEA4S samples exhibiting obvious intensity enhancement in comparison with TPE2S in all the cell
line. The fluorescence signal observed here with these three cell lines lacking galactose receptors
should have been zero or background level, if the internalization had happened through receptor-
mediated endocytosis. The fluorescence signal observed have for the DCM probes reacting with
ONOOr is therefore indicating that DCM probes could be internalized into cells through a passive
mechanism across the cell membrane. This result is very different from the selective targeting of
HepG2 cells that we obtained with PDI-based glyco-dots!'®®]. To further demonstrate our hypothesis,
we prepared glyco-dots self-assembled from III-11 and TPE-based glycoclusters with different
number or kind of monosaccharides such as glucose, mannose and fucose (Fig. 23). Then the
resulting glyco-dots were incubated with HepG2 cells together with SIN-1.
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Figure 23: Glyco-dots conjugated with glucose, mannose or fucose TPE- based glycoclusters response to exogenous

ONOO in HepG2 cells.

All samples incubated TPE-based glycoclusters released stronger fluorescence signal than the
corresponding with pure DCM probes. TPE4S exhibited higher ability to promote DCM probe
detection of ONOO"™ in HepG2 cells. However, all the glyco-dots showed similar enhancement
tendency as galactose-probe, which was unreasonable because mannose- and fucose-probes could
not recognize ASGPr receptors on the cell membrane. To further illustrate the non-requirement of
ASGPr for the endocytosis of the glyco-dots, we used a HepG2 cell line with the ASGPr knock-
down, meaning no more galactose receptor at the cell membrane (Fig. 24). The results obtained
highlighted the similar fluorescence signal too ONOO™ in both cases, therefore proving that
endocytosis would not occur through a receptor-mediated process.
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Figure 24: Galactose-probe responding ONOO- in HepG2 cells with ASGPr knocking-down (sh-HepG2 cells).

SIN-1

HepG2

SIN-1

In conclusion, glyco-dots incorporation DCM probe III-11 and the TPE4S species were the best
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system for the detection of ONOO" in cell. Nevertheless, while the carbohydrate moieties could
provide proper water solubility, selectivity in targeting a specific cell line was not possible. This
results is in sharp contrast with the high selectivity observed in a similar context with PDI-based

glyco-dots!!68],

I11.4.5 Combination e between DCM probes and glycoclusters in biological assays

According to above introduction, TPE-based glycoclusters could self-assemble with DCM probes
to construct glyco-dots in aqueous solution at the molecular level. When incubating glyco-dots in
biological assays, TPE-glycoclusters could improve water-solubility of DCM probes and promote
cells imaging, but could not recognize ASGPr on the cytomembrane for targeting specifically
HepG2 cells and transport probes into cells through endocytosis pathways. Hence, the possible
combination mode between glycoclusters and DCM probes cannot be fully explained.

When mixing TPE-glycoclusters and DCM probes in aqueous solution, the resulting glyco-dot
was obtained from TPE-glycoclusters adopting ball-structure with hydrophilic surface from its
monosaccharides and hydrophobic core to contain DCM probes inside. This stable structure could
dissolve aggregated DCM probes and improve fluorescence intensity by blocking the ACQ effect at
the molecular level. The glyco-dots might not keep stable structure in biological assays when
incubating with cells and responding to ONOO". We speculated two possible processes when glyco-
dots were incubated cells:

(i) The glyco-dots were decomposed by organic elements in cell culture. That is to say, the glyco-
dots could not assemble when incubating with cells. For this possibility, glycoclusters improving
fluorescence intensity of DCM probes into cells demonstrated its poor reliability, because the
fluorescence intensity of glyco-dots should be same as samples with single DCM probes if glyco-
dots were decomposed when incubated in cell culture.

(ii) The stability of glyco-dots was good in cell culture for proper contact with the cell membrane,
which kept delivering and dispersing DCM probes to quench ACQ effect. Several monosaccharides
on surface of glyco-dots could improve molecular water-solubility. The glyco-dots detecting
ONOO and imaging several cells without influence from sugar-receptor recognition, verified our
hypothesis that glycoclusters could work in biological assays. Whereas, DCM probes probably have
higher affinity for protein or lipid bilayer to leave the TPE core, then crossed the cytomembrane and
combined with serum proteins such as HSA in cytoplasm. After responding to ONOO-, oxidized
DCM dye kept binding with intracellular protein and blocking the ACQ effect to release intense
fluorescence in the cytoplasm.

II1.5 Conclusion

Peroxynitrite (ONOO") is an important reactive oxidant and nitrating agent existing in
physiological and pathological processes. It has been demonstrated to cause neuronal death in vivo
such as brain ischemia, amyotrophic lateral sclerosis, Alzheimer’s disease and Parkinson’s disease.
Compared with others conventional detection methods, fluorescent analysis is sensitive, rapid,
accurate tools to capture the ephemeral ONOO" in cells. Hence, detecting the level of intracellular
ONOO is a key indicator for monitoring or predicting diseases effectively. Over the past decade,

fluorescent probes for ONOO™ detection and imaging in cells with different mechanisms were
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reported frequently including phenyl group oxidation, aryl ether group oxidation, heteroatom (Se,
Te) oxidation, aryl boronate oxidation. However, hydrophilic fluorescent probes for rapid ONOO-
detection, was still necessary to design and further develop efficient probes.

Through further modifying monosaccharide on TPE core with several propargyl groups, TPE-
based glycoclusters containing different glycosides were designed and synthesized. Meanwhile, two
DCM-based aryl boronate probes (I1I-11, 12) for ONOO" detection, were designed and synthesized.
The probes could detect ONOO" in PBS buffer mixed with 20% MeCN, but displayed quenched
fluorescence emission in pure PBS buffer by ACQ effect even if probes reacted with ONOO .

For improving water-solubility and blocked ACQ effect of DCM probes, we attempted to self-
assemble TPE-glycoclusters and DCM probes to construct glyco-dots with hydrophilic surface and
hydrophobic core. The two combinational relationships between glycoclusters and DCM dyes was
explored and the intermolecular distance was closed enough to block ACQ effect, but FRET
occurring depended on the volume of DCM and glycoclusters molecules. The 15:1 ratio of
glycoclusters to DCM probes was the best concentration to construct glyco-dots and block ACQ
effect. The glyco-dots conjugated with TPE4S had better performance than TPE2S due to two
additional monosaccharides further improving water-solubility. DCM probes I1I-11 showed higher
activity than III-12 for responding ONOO- in short time. The resulting glyco-dots could respond to
ONOOr selectively and showed concentration dependent relationship with ONOO™ in PBS aqueous
buffer. Through DLS and TEM analysis, we supposed that the DCM core was contained into the
hydrophobic core of aggregated TPE glycoclusters, and not aggregate in solution to break ACQ
effect. The glyco-dots self-assembled with II1-11 and TPE4S was the best combination for detecting
ONOO- at the molecular level.

In biological assays, even though all the glyco-dots had lower cytotoxicity, I1I-11 conjugated
TPE glycoclusters exhibited better fluorescence enhancement than III-12. The glyco-dots self-
assembled with III-11 and TPE-glycoclusters could respond to endogenous ONOO™but no obvious
improvement for glycoclusters was observed because lower concentration of endogenous ONOO-
didn’t react completely with probes. The experiments of cell selectivity and glycoside selectivity,
TPE-based glycoclusters could transport DCM probes into several cells and responding to ONOO-
without any restriction from ASGPr recognition. Hence, we hypothesized that glyco-dots had high
cell compatibility for transporting DCM on cell surface, then DCM probes crossed the
cytomembrane and combined with proteins in cytoplasm but TPE-glycoclusters still stay outside.

In conclusion, we have designed and synthesized a kind of glyco-dots self-assembled by DCM
probes and TPE-glycoclusters. The glyco-dots having high water-solubility could respond to
ONOO-with fluorescence enhancement at the molecular and biological level. The glyco-dots could
detect endogenous and exogenous ONOO- but no specific cell recognition for targeting HepG2 cells
could be observed.

83



84



Chapter IV

Self-assembled AIE glyco-dots for
thiophenol detection
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IV.1 Introduction

Thiophenol (PhSH) is an important organosulfur compound. This colorless liquid is the simplest
aromatic thiol extensively applied in organic synthesis of agrochemicals, pharmaceuticals and dye
industries!?'!-213], Aliphatic thiols such as cysteine (Cys), homocysteine (Hcy), glutathione (GSH)
or other biological thiols participate in a range of biological functions?'*], But thiophenol and
aromatic derivatives are polluting compounds with high toxicity in fish and mouse that the median
lethal dose (LCso) of 0,01 to 0,04 mM or 46.2 mg / kg[?!>- 2161 Exposure to the thiophenol liquid or
vapor in water or soil for a long time is highly detrimental human health, and triggers series of
severe systemic injures, such as damage of the central nervous system, muscle weakness and even
death(?!7],

IV.1.1 Fluorescent probes for thiophenol detection

Many efficient methods have been reported to detect aromatic thiols including HPLC2!8), UV
detection and chromatography-mass spectrometry analysis?’l. Fluorescent probes are widely
developed and applied for thiophenol detection due to their high sensitivity, simple process and low
detection limits. Normally, 2,4-dinitrophenyl group is common moiety in the design of fluorescent
probes to modify fluorescence properties through intramolecular charges transfer (ICT), photo-
induced electronic transfer (PET), forster resonance energy transfer (FRET) or through-bond energy
transfer (TBET). The 2,4-dinitrophenyl group can be conjugated on the fluorophore with a
sulfonyl ester?*], sulfonamide!??!! or ether???,

Fluorescent probes based on N-phenyl-1,8-naphthalimide were reported with various positions of
dinitrobenzenesulfonyl group (DNs) as detector on phenyl ring!??3l. The probe with DNs on ortho-
position of the phenyl ring exhibited better fluorescence response than other position. The probe
could release 20-fold fluorescence emission at 548 nm after responding to PhSH, rapidly, sensitively
and selectively. An efficient two-photon fluorescent probe with red emission was developed for

2241 A moiety with two photon property was conjugated with a BODIPY ring

PhSH imaging!
transferring energy by TBET effect. The fluorescence was quenched by DNs due to PET effect.
After reaction with thiophenol, the intramolecular electron density was recovered followed by DNs
elimination to disrupt the initial PET structure. The probe displayed yellow fluorescence signal at
586 nm, liner variation of emission with PhSH concentration, high selectivity for thiophenol and
distinct fluorescence imaging in HeLa cells. However, this large hydrophobic structure required 50%
ethanol to improve solubility for PhSH detection (Fig. 1A). A squaraine-based near infrared
fluorescent probe was developed for PhSH detection®>]. As a colorimetric and “off-on”
fluorometric dual-channel chemosensor, the probes exhibited high sensitivity (LOD: 9.9 nM),
selectivity and rapid response in aqueous solution. Mannose was connected on fluorophore for
water-solubility improvement. The fluorescence property of the probe was selective for PhSH over
other thiol species in neutral environmental water samples (Fig. 1B).
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Figure 1: (A) Two-photon BODIPY-based fluorescent probe for thiophenol detection. (B) The colorimetric and near-
infrared PhSH probe

The response mechanism of probes with sulfonamide connection are similar to the probes with
sulfonate connection. Thiophenol has high nucleophilicity to react with the C-S bond between 2,4-
dinitrobenzene and sulfonyl in basic environments. After SO,-C bond cleavage, the residues with
0-SO;, or NH-SO; decomposed to release sulfur dioxide and generate hydroxy or amine groups,
which could recover original electron distribution on the fluorophore to change emission intensity
in aqueous solution. Hence, detection of thiophenol would require neutral or basic environment to
(Fig. 2).
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Figure 2: The response mechanism of probes for thiophenol detection.

A dicyanomethylene-benzopyran based NIR fluorescent probe was reported for thiophenol
detection. 2,4-dinitrobenzene was combined on fluorophore and emission was quenched through a
sulfonamide bond (Fig.3A)[?%¢]. After responding to thiophenol, the fluorescence emission at 670
nm had distinct enhancement in aqueous solution. This probe features remarkable large Stokes shift
and displayed a rapid, highly selective and sensitive response to the analyte. The potential
applications of this probe were demonstrated by the quantitative detection of thiophenol in
environmental water and in living cells. But poor water-solubility required 30% MeCN which
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altered emission intensity (Fig. 3A). A fluorescent probe based on triarylboron compound was
developed for thiophenol detection. 2,4-dinitrobenzene could modulate the fluorescence emission
through controlling PET and ICT effect. The probe showed very fast response toward thiophenol
(within ~ 5 min) with limits of detection (LOD) in the micromolar range (Fig.3B)??!, With similar
response mechanism, a novel fluorescent probe to detect thiophenol over aliphatic thiols was
reported based on dicyanomethylene-4H-pyran as fluorophore!??7). The piperazine moiety between
the fluorophore and the detector quenched the fluorescence by PET effect. The fluorescent probe
displayed excellent long-wavelength emission enhancement at 613 nm after responding to
thiophenol and its derivatives sensitively and selectively. However, poor water-solubility was still
to be improved for further applications (Fig. 3C).
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Figure 3: Three NIR fluorescent probes based on DCM dye for thiophenol detection through (A) ICT effect!??) and
(C) PET effect!?2!> 227,

2,4-Dinitrophenyl ether is another detector for thiophenol response without sulfur dioxide
generation. Nucleophilic thiophenol in basic solution could react with the C-O bond to promote the
formation of the corresponding phenol. A benzothiazole based “turn-on” fluorescent probe for
thiophenol detection was reported. The probe could release fluorescence emission at 480 nm with
sensitive signal change (LOD = 3.3 ppm) in aqueous solution with 45% DMF[?28], Through
decoration of dicyanomethylene-benzopyran, a NIR colorimetric probe was developed with longer
Stokes shift and distinct fluorescence enhancement. This probe showed sensitive and selective for
detection of thiophenol in aqueous solution with 50% DMSO, and could respond to analyte in
environmental sample, HeLa cells and living zebrafish??°l. Lei Yang, Yuanan Su, Xiangzhi Song
and co-workers reported an excellent fluorescent probe for discriminatory detection of cysteine /
homocysteine, glutathione / hydrogen sulphide, and thiophenol™!#l. Through structural changes of
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fluorophores, the probes contained three moieties each reacting with a specific analyte and
generating a fluorescence signal with variant emission wavelength. This probe showed good
selectivity for thiols and other common amino acids and anions. The sensing mechanism of this
probe towards thiols was proved by the optical, HPLC and mass spectrometry analysis. Meanwhile,
the probe could still detect each thiol with different signal in living cells (Fig. 4).

Site 1 Sited Blue Green Red F Selectivity i PhSH titration ]
o, Granp for biothish b " probetGSH probesCys 1 150uM
Grong lor tilophinet | bl it m‘-h“a' * * 900 { I probasticy ] ¥ PhSH
Wy 3 800 o S 700
g/ GSHH,S K > "N "
" - = o no; ‘»* z 700 - probe+PhSH %-500 %\ / E
N ¥, 4
¥ a5, g & £ ol //~\\lowm -~
o % [} “ £ s00 £
e WY/ AN/A
e ° et 8 300l// =/
g 300 § [/~ = /—\\‘\ \
e propesothers g 2004/ / N e
Cys/Hey GSH/HS PhSH g ) & 400 y‘\ e ———
°

1 e — 3 >
0l v ' - 3
- ... ... * 0 “ . 5;‘) "‘n e “ = g = oy e
Wavelength (nm) Wavelength (nm)

Figure 4: Triple-emission fluorescent probe for discriminatory detection of Cys/ Hey, GSH / H2S and thiophenol?'4],

IV.1.2 Project design

Some fluorescent probes have been reported for thiophenol detection with sensitive and selective
fluorescence response in environmental samples and living cells. However, poor water-solubility
usually decreased their emission intensity, restricted LOD and application of some probe with NIR
emission by ACQ effect. Tetraphenylethylene (TPE) have excellent AIE properties and stable
photostability, but the short emission wavelength is limiting further applications in biological
systems. DCM based fluorophore with long emission wavelength, good quantum yield and large
Stokes shift, have been developed and applied for many analyte detections. However, the ACQ
effect quenching fluorescence always restricted its performance in aqueous solution. To utilize the
advantages of DCM and overcome the ACQ drawbacks, a novel fluorophore composed of
conjugated TPE and DCM cores was designed. The new fluorophore (TPE-DCM) was predicted to
display AIE properties from the TPE core, red fluorescence emission from the DCM moiety and

outstanding photostability, when decorating 2,4-dinitrobenzenesulfonate on fluorophore (Scheme

1.

NO,
PhSH

NO,

Probe Fluorophore

Scheme 1: TPE-DCM based probe for thiophenol detection.

The probe with large hydrophobic structure should hardly dissolve in water leading to aggregation
or precipitation in aqueous solution, which may influence sensitivity and accuracy for thiophenol
detection. According to the results of chapter 111, TPE-glycolcusters could improve the solubility of
probes and block ACQ effect for fluorescence intensity. Due to similar structures between TPE-
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DCM and TPE-glycoclusters, we supposed that these two molecules could interact together to
construct a glyco-dot with increased water-solubility (Fig. 5). We will not consider the stability of
glyco-dots in vivo due to the absence of endogenous PhSH in living cells.

w: 480 nm %ﬁ?\ ,,,,, =565-575 nm
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Figure 5: The response process of glyco-dots for thiophenol detection in aqueous solution.

IV.2 Synthesis of probe for PhSH detection

For probe detecting thiophenol in a 1:1 ratio, only one modifiable position on fluorophore is
necessary to regulate fluorescence emission and combine with detector moiety. Hence, we should
design and synthesize specific TPE core with one hydroxy protected by methyl and a carbonyl for
DCM conjugation. After fluorophore construction and deprotection, combining 2,4-dinitirobenzene
sulfonate and fluorophore will be explored.

IV.2.1 Synthesis of 1-carbonyl-1’-methoxy-tertraphenylethylene

(0]

- __ACI3/CHyCl,
* TOC/RTI35h o
Br OMe OMe
V-1

99%
Scheme 2: Synthesis of 4-bromo-4’-methoxybenzophenone (IV-1).
According to Friedel-Crafts acylation!?3%], 4-bromobenzoyl chloride and methoxybenzene were

dissolved in CH>Cl, at 0°C under aluminium chloride (AlCl3).This step displayed a high yield (99%)
of ketone compound I'V-1 after purification by silica gel chromatography (Scheme 2).
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Scheme 3: The synthesis of compound I'V-2 through McMurry reaction or Knoevenagel condensation, and synthesis

of compound IV-3.

For synthesis of compound IV-2, we tried McMurry reaction to conjugate two kinds of ketone
but only obtained 30% yield. So, we supposed Kolevengel condensation could be employed to
synthesize the target TPE compound, because the carbonyl of IV-1 has higher reactivity for the
lithiated intermediate than bromine when adding in solution after diphenylmethane activated by n-
butyllithium. Compound IV-2 was synthesized in 73% yield by Kolevengel condensation (Scheme
3). In this step, the ratio of BuLi and diphenylmethane should be appropriate and the ketone I'V-1
should be used in excess and added rapidly in the solution to prevent excess Li-intermediates from
substituting bromine. Then, lithium-halogen exchange followed by formylation with DMF provided
IV-3 in 66% yield.

IV.2.2 Synthesis of the DCM fluorophore (TPE-DCM)

OHC [ ! OMe
| +

Iv-3 -9

Piperidine
MeCN/83°C/66h
64%

BBr3

A

CH,Cl, / 0°C / RT
2min/ 18 h
70%

Scheme 4: The synthesis of the AIE fluorophore (TPE-DCM-OH, IV-5).

An aldol condensation between the carbonyl TPE IV-3 with compound III-9 catalysed by
piperidine in MeCN during 66 h afforded the fluorophore 1V-4 with AIE moiety. Then, BBr; was
used to deprotect the methyl group and obtain phenol IV-5 for subsequent detector decoration
(Scheme 4).
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IV.2.3 Synthesis of probes by sulfonylation

Et;N
CH,Cl,/0°C /3 h

SO,CI 70%

O,N
¥ NC.__CN
NO,
EDC / DMAP / Et3N
V-6

CH,Cl, /RT /19 h
51%

Scheme 5: Synthesis scheme of two probes through the changes of reaction condition.

Sulfonylation of phenol IV-6 provided two different outcomes depending on the reaction
conditions. While standard conditions provided the sulfonate 1V-7, extended reaction time and
addition of a carbodiimide (EDC) led to the diarylether IV-7a. We hypothesized related mechanism
that the S-CA" bond was cleaved by ArO- (IV-6) easily, then generate ArO" (IV-6), SO, and
diarylether IV-7a (Scheme 6). The chemical shift of the three aromatic protons on 2,4-
dinitrobenzene at the range of 8-9 ppm was different when compared the H'-NMR of the two
products (Fig. 6A). And HRMS results showed the mass of IV-7 and IV-7a were 803.2177
(Ca6H35N403S) and 739.2555 (CasH35N4Os) respectively (Fig. 6B). Nevertheless, the fluorescence
response to thiophenol is still possible while the ether IV-7a as previously reported?!-2*21, Hence,
the fluorescence changes will be measured and compared to select the better candidate for
subsequent thiophenol detection.

0, v
Y NO, AOT(IV-6) o + 50,4+ ArOQNOZ

O,N O,N
V-7 IV-6 IV-7a

Scheme 6: The transform mechanism from sulfonate IV-7 to diarylether IV-7a.
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Figure 6: (A) H'-NMR and (B) HRMS analysis of probe IV-7 and IV-7a.

IV.3 Novel AIE probe for thiophenol detection

The two TPE-DCM based fluorescent probes IV-7 and IV-7a have been synthesized and
characterized before measuring fluorescence properties for thiophenol detection in vitro. Although
the probes have specific AIE properties, the influence of fluorescence intensity and reactivity with
analyte should be verified. Meanwhile, the TPE-based glycoclusters will be investigated to improve

the water-solubility for a better detection.

IV.3.1 The fluorescence response of TPE-DCM probes to thiophenol detection

The basic fluorescence variation of probes IV-7 and 1V-7a were measured to select the best
candidate for subsequent experiments. Due to hydrophobic structures of probes and thiophenol, the
PBS buffer required 10% THF to improve solubility in aqueous solution. The thiophenol (100 uM)
was stirred with probes (10 pM) during 2-3 min and the fluorescence measured exciting at the
longest absorption wavelength. The fluorescence intensity of IV-7 have been quenched enough due
to the electron-poor 2,4-dinitrosulfonate group. However, the missing sulfonate in diarylether I'V-
7a did not prevent ICT effect which was still active leading to fluorescence (Fig. 7A). After adding
thiophenol and reacting with probes, the distinct fluorescence enhancement of probe I'V-7 at 570
nm was observed while a decrease of probe IV-7a. The mass spectrometry illustrate that the
sulfonate detector has been removed from I'V-7 after responding to thiophenol and generate hydroxy
TPE-DCM (IV-5). But Ar-O bond on I'V-7a was not cleaved by thiophenol (Fig. 7B). Hence, the
probe IV-7 is the best candidate to detect thiophenol, and will be investigated in subsequent
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experiments with 10 uM concentration.
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Figure 7: (A) The fluorescence variation of probe IV-7 and I'V-7a after reacting with thiophenol in aqueous solution.

(B) Mass spectrometry analysis to verify the response to PhSH.

IV.3.2 Fluorescence properties of IV-7 for thiophenol response

To determine the largest excitation and emission wavelength of probe IV-7 for subsequent
parameter measurement, the probe was dissolved in PBS buffer with 10% THF and the absorption
and emission spectra measured, before adding thiophenol in solution and measuring the same

parameter after 3 min stirring.

044 —— Probe 400
+PhSH
03 3004
El
éo.b E 2004
?5
c
&L 5
Probe 0.003
300 400 500 600 700 800 500 550 600 650 700 Probe+PhSH 0.083
Wavelength (nm) Wavelength (nm)

Figure 8: The absorption and emission of IV-7 before and after adding thiophenol in solution.
The wavelength of absorption was shifted from 450 nm to 480 nm. Meanwhile, intense

fluorescence emission was released followed by a slight emission wavelength red-shift from 550
nm to 570 nm. These phenomena demonstrated that the ICT effect was recovered when PhSH
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reacted with the electron-poor detector and release hydroxy on fluorophore. The Stokes shift (90
nm) and 28-fold emission enhancement demonstrated that this probe could respond to thiophenol in
aqueous solution.

IV.3.3 The response mechanism of I'V-7 to thiophenol detection

B Nl 1-16.165
j2- 14861
F'\
[\
i \
J \ = —— = =
T
13-14.853
14 -16.157
-
2-14.853
1
.‘—“_I
6.0 8.0 10.0 120 ld'O 160 18.0 2C

Figure 9 (A) The response mechanism of I'V-7 to thiophenol detection was proved by (B) HPLC analysis.

According to some reported probes with similar response mechanism!?2% 223225 pegative
aromatic thiol ion have high nucleophilicity to react at the aromatic carbon on dinitrobenzene and
cleave the S-O bond. The resulting intermediate was unstable with the loss of SO, to generate
hydroxy TPE-DCM (IV-5) followed by SO; released. Hence, the probe responding in neutral or
basic solution was a critical element to generate negative thiophenol (Fig. 9A). After IV-5 generation,
poor water-solubility led molecules to aggregate with intense fluorescence emission induced by AIE
effect. To demonstrate the mechanism, HPLC analysis was employed to separate each compound.
The probe I'V-7 displayed lower polarity than I'V-5 due to sulfonylation of the hydroxy group. The
probe IV-7 could react with PhSH and generate the hydroxy TPE-DCM IV-5 completely followed
by fluorescence enhancement. Hence, the probe IV-7 has reactivity for thiophenol detection and
generate AIE fluorescence from hydroxy TPE-DCM IV-5.
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1V.3.4 Solvent influence

Due to the hydrophobicity of IV-7 and thiophenol, adding appropriate organic solvent mixed with
PBS was helpful to disperse molecules in solution, which could avoid aggregation. Hence, we
compared the fluorescence enhancement in PBS solution with 10% of different organic solvents
(Fig. 10).
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Figure 10: Solvent affected fluorescence intensity for thiophenol detection in PBS buffer mixed with 10% of

different organic solvents.

Before adding thiophenol in solution, the probe emitted weak fluorescence. Then, THF displayed
the best property to improve the fluorescence enhancement when reacted with PhSH. We speculated
that THF with lower polarity could dissolve and disperse the probe and analyte in aqueous solution
sufficiently, leading to an optimal access of PhSH to the probe in solution. Therefore, we would use
10% THF in PBS buffer as the solvent media for thiophenol experiments.

IV.3.5 pH influenced fluorescence of probe for thiophenol detection

The working pH range is an essential parameter to evaluate the optical properties and applications
of the TPEDCM probe IV-7. Due to the response mechanism leading to a phenol IV-5, we
speculated that the working pH of solution would influence fluorescence enhancement. Hence, the
probe’s response thiophenol was measured at different pH (from 3 to 10) in PBS buffer with 10%
THF.
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Figure 11: Probe IV-7 detecting thiophenol in aqueous solution at different pH.

When the probe working in the acidic solution (pH = 3), the fluorescence intensity didn’t increase
after adding thiophenol, which illustrate the absence of PhS- which could not trigger fluorescence
when pH increased, the fluorescence intensity kept increasing to the maximum when pH reached
neutral or basic range. The fluorescence variations with different pH certified that the negative
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aromatic thiol ion was the crucial factor controlling “fluorescence-switch”.

IV.3.6 Selectivity for thiophenol detection

The selectivity for specific analyte is another critical parameter in functional evaluation. It is
worthy to explore that if aliphatic thiols or common oxidants could influence the fluorescence.
Therefore, we measured emission intensity with a series of common amino acids, oxidants and ions
(50 uM) in 90% PBS bufter (pH 7.3, 10 mM) with THF, before adding excessive thiophenol and
measuring fluorescence changes (Fig. 12A). The black is the fluorescence intensity of I'V-7 after
responding to other analytes. And the red bar is the emission intensity of IV-7 after adding
thiophenol with corresponding analytes co-existence in the solutions. Then, I'V-7 was explored for
its selective response some thiols including aliphatic thiols and thiophenol derivatives (Fig. 12B).
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Figure 12: The selectivity of probe IV-7 for (A) series of amino acids, oxidants, ions, and (B) thiols. Reagent: (B)
blank, (S0) 1,2-ethanedithiol, (S1) Cyclohexanethiol, (S2) 4-aminothiophenol, (S3) 3-aminothiophenol, (S4) 4-
methoxythiophenol, (S5) 4-nitrothiophenol, (S6) 4-methylthiophenol, (S7) 2-methyl-2-propanethiol, (S8)
pyrimidinethione, (S9) a-thioglycerol, (S10) 2-mercaptobenzothiazole, (S11) 4,4'-thiobisbenzenethiol, (S12) 2-

aminoethanethiol hydrochloride.

The absence of fluorescence variation proved that the probe had no response for some oxidants,
amino acids with thiols and ions. After adding excess PhSH, the enhanced fluorescence emission
verified that the existed ingredients could not disturb I'V-7 from responding to thiophenol in aqueous
solution (Fig. 12A). The probe exhibited fluorescence enhancement for thiophenol and its
derivatives, but no signal increase for aliphatic thiols detection (Fig. 12B). The probe emitting
weaker emission for 4-nitrothiophenol (S5) was probably due to the electron-poor nitroaryl group
thus decrease its nucleophilicity. So, the probe 1V-7 was allowed to detect several thiophenols and

overcome interference from other analytes.

IV.3.7 AIE fluorescent performance for thiophenol detection

In order to overcoming the ACQ effect quenching DCM emission in aqueous solution, the TPE
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moiety was conjugated with DCM to alter the optical properties. We investigated the fluorescence
variation to thiophenol in neutral PBS buffer with different ratio of THF.
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Figure 13: AIE fluorescence variation of IV-7 for thiophenol detection with water ratio increase in THF.

The probe IV-7 displayed fluorescence quenching influenced by ACQ effect with water ratio
increasing. This phenomenon was probably due to the large volume of 2,4-dinitrobenzene on the
fluorophore restricting the rotation of phenyls on TPE, thus changing the optical properties as
traditional dyes with ACQ effect. After incubating thiophenol, the intramolecular rotation was
recovered to exhibit AIE properties followed by water ratio increasing from 50% to 80%. Then the
fluorescence intensity continued to decrease above 80% water ratio. We suppose that the aggregated
molecules could be considered as a unit which fluorescence was quenched by ACQ effect when
further aggregating together. The fluorescence intensity of probe was influenced by the balance
between AIE and ACQ effect. Even though AIE effect has efficient ability to improve emission
intensity of hydrophobic probe in aqueous solution, enough water-solubility is still a necessary

parameter for further application.

1V.3.8 Time influence

Response time is an important parameter not only to evaluate the sensitivity of the probe for the
analyte, but might influence subsequent experimental results such as concentration titration. Thus,
we incubated with probe I'V-7 (10 uM) and excess thiophenol (100 pM) in aqueous solution with
10% THF, and monitored the fluorescence variation over time.
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Figure 14: The fluorescence variation of probe responding to thiophenol in aqueous solution with 10% THF.
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The fluorescence variation was monitored in the range of 0 - 3 min after adding thiophenol in
probe solution. The emission intensity enhanced rapidly under stirring until reaching the maximum
after 2 min. The fast emission release illustrated that the probe has high and rapid reactivity with
PhSH. From 1 min to 3 min, the fluorescence intensity was stable states. However, the fluorescence
intensity began to decrease after 4 min. The probe has low photostability due to the low water-
solubility. With increasing stirring time, the poorly water-soluble hydroxy TPE-DCM IV-5 could be
aggregated and precipitated, separated out from the solution, leading to a decrease of the emission
signal in solution. The probe could provide a rapid fluorescence enhancement when the excess
thiophenol (100 uM) reacted completely with relatively small amount of probe (10 uM). Due to the
unstable fluorescence signal, we could not use this probe for subsequent concentration titration

because the response time couldn’t be ascertained when detecting traces of thiophenol.

IV.4 Self-assembly of TPE-glycocluster and TPE-DCM-based probe for PhSH

detection

According to our previous work (Chapter III), TPE-glycoclusters could capture DCM probes into
their hydrophobic core. TPE-DCM probes with similar structure was speculated to self-assemble
with TPE-glycoclusters easily, thus could improve the water-solubility, reactivity, and photostability.

IV.4.1 TPE-glycoclusters self-assembly with I'V-7 for thiophenol detection

We have synthesized TPE-based glycoclusters with two or four glycosides. TPE-glycoclusters
were only utilized to promote water-solubility of the probe. Because thiophenol was not an
endogenous element existing in cells, Hence, we didn’t consider the biological influence from
different glycosides, and just chose TPE-glycoclusters with galactose for subsequent investigation.
Firstly, we mixed TPE2S (III-3a, 1000 pM) and I'V-7 concentration during 20 min in PBS buffer
with 5% THF (the best condition explored in 1V.4.3) and measured fluorescence variation, before
adding thiophenol (100 uM) in the mixture (Fig. 15).
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Figure 15: TPE2S improving fluorescence intensity of IV-7 for the detection of thiophenol.
The basic fluorescence intensity of the glyco-dots (blue line) was higher than only I'V-7 (black

line) in solution, which illustrated that TPE2S could interact with probe and influence the emission

properties. The low emission intensity was still suitable for thiophenol detection. After adding
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thiophenol and stirring during 5 min, the glyco-dots emitted twice higher emission intensity (pink
line) than I'V-7 (red line) in aqueous solution. Therefore, we compared the ability of TPE2S and
TPEA4S self-assembly with IV-7 to improve the fluorescence intensity. The same concentration
(1000 uM) of TPE2S (I11-3a) and TPE4S (11I-5a) was incubated with I'V-7 (10 uM) respectively
during 30 min, and then addition of thiophenol (100 pM) in PBS solution.
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Figure 16: The comparison of TPE2S and TPE4S heightening the emission intensity.

The probe IV-7 showed a red-shifted but lower fluorescence emission (red line) after incubation
with thiophenol when highly aggregated in PBS solution. We didn’t add THF in solution because
the water-solubility of glyco-dot was enough after self-assembly with TPE4S. Blue-shifted
fluorescence emission of glyco-dot was observed after reacting with thiophenol, which was
indicated that TPE-glycoclusters partly decreased the aggregation degree of probe in PBS buffer.
TPE2S (blue line) exhibited much better ability to increase emission intensity than TPE4S (pink
line). For weaker performance of TPE4S, a mechanism was speculated: TPE2S has a higher affinity
with IV-7 due to the small volume and one side on the TPE core without glycosides decoration
decreasing the steric hinderance. The glycosides on TPE4S may impede TPE-DCM from entering
the hydrophobic core of aggregated TPE4S thus decreasing its fluorescence. TPE2S showing a
better performance, it will be conjugated with IV-7 to construct glyco-dot for thiophenol detection.

To explore appropriate ratio between TPE2S and IV-7, the fluorescence variation was measured
with different concentrations of TPE2S. The TPE2S was self-assembled with probe (10 uM) during
30 min, and then incubated with excess thiophenol (100 uM) in PBS buffer (Fig. 17).

[TPE2S]: 250 -

—0uM
200+ —— 250 M
——500 pM [
—— 750 uM 200+ " :
. 150+ ——1000pM —
g — 1250 uM ; 150 —
) 3
% 101 2 100
g g K
= 50 ﬁ
7 50 -
01— T T T ' 0 T T T T T
500 550 600 650 700 0 250 500 750 1000 1250
Wavelength (nm) Concentration (uM)

Figure 17: Glyco-dots conjugated by different concentration of TPE2S for thiophenol response.
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The TPE2S could promote the emission intensity of IV-7 in PBS buffer. Following concentration
of TPE2S increase, the enhancing tendency was slowing down until reaching maximum at 1000 uM
(TPE2S:IV-7 = 100:1). The emission wavelength slightly blue-shifted from 600 nm to 560 nm,
indicating that the TPE2S had captured the probe, disrupted the aggregated state and improved the
water-solubility. Hence, we will self-assemble 1000 uM TPE2S with 10 uM probe IV-7 during 30
min in advanced, and then utilize the resulting glyco-dots for subsequent thiophenol detection.

IV.4.2 AIE affecting fluorescence of glyco-dots for thiophenol response

The hydrophilic TPE2S could self-assemble with hydrophobic probe I'V-7 to generate glyco-dots
with good water-solubility. To explore the AIE properties, the glyco-dots were incubated with
thiophenol (100 uM) during 5 min in aqueous solution with different ratio of THF.
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Figure 18: The AIE properties of glyco-dots for thiophenol response in THEF/PBS mixtures.

The fluorescence variation was measured before and after incubating with thiophenol in
THEF/PBS solutions with water ratio increase. The AIE performances of I'V-7 and relative glyco-
dots were compared to display the effect of TPE2S (Fig. 18). The fluorescence emission quenching
of glyco-dots upon increase of water without thiophenol, illustrated that the glyco-dot still displayed
ACQ characteristics when the sulfonate detector was still on the fluorophore. After incubating
thiophenol in each sample, the fluorescence intensity increased up to 90% then decreased slightly
after 90% PBS ratio. This weak emission intensity in aqueous solution with trace THF was
associated with slightly poor water-solubility of glyco-dots to overcome the ACQ effect. while the
molecules have conjugated with TPE2S. According to these results, probe conjugated with TPE2S
displayed the AIE property and almost completely overcome ACQ effect quenching fluorescence to
increase emission intensity.
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IV.4.3 Response time of glyco-dots for thiophenol detection

We measured the responding time of glyco-dots after incubating excess thiophenol (1000 uM) in
100% or 95% PBS buffer with THF.
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Figure 19: Response time of glyco-dots for thiophenol detection in (A) 100% PBS buffer or (B) 95% PBS buffer
with THF.

After incubating excess thiophenol, the fluorescence variation of both samples displayed similar
fluorescence increasing tendency over time. When the emission intensity reached its maximum, the
fluorescence signal was stable indicating that TPE2S would increase the water-solubility and
prevented the precipitation in aqueous solution mixed with less THF. The glyco-dots required longer
time (more than 30 min) to reach of probe I'V-7 maximal intensity in 100% PBS buffer than in 95%
PBS buffer (about 5-6 min). We believed that the hydrophobic core constructed by TPE2S and probe
could have good affinity for the dissociative thiophenol, thus increasing the reaction probability.
Small amount of THF would spread thiophenol in solution thus shortening the responding time. The
glyco-dots detection of thiophenol with stable emission intensity in 95% PBS solution during 5 min
was sufficient for subsequent applications.

IV.4.4 Influence of thiophenol concentration

Concentration titration for analyte is the most essential parameter for evaluation of fluorescent
probes, which could not only reflect the sensitivity, but also calculate the limit of detection (LOD)
and the standard titration curve. The glyco-dots self-assembled from TPE2S and IV-7 were
appropriate to explore the relationship between fluorescence enhancement and concentration of
thiophenol. Hence, the fluorescence variation of prefabricated glyco-dot with IV-7 (10 uM) and
TPE2S (1000 uM) was monitored, followed by adding thiophenol continuously and stirring 5 min
in 95% PBS solution with THF. Meanwhile, the concentration titration of I'V-7 without TPE2S was
measured as a control.

103



200 - v-7 200+ v-7

[PhSH]:
—_—0 pM
—1 uM
150 4 —3pM 150 |
—5uM
E —ry 3
3 —sy s
;1007 = 1004
Z 7
8 8
£ 504 = 50 —_—
= ~ T
0_ T T T T T T 1 0 T T T T T T T T T T 1
500 550 600 650 700 0 2 4 6 8 10
Wavelength (nm) [PhSH] (uM)
Glyco-probe Glyco-probe
250 - y P 250 - y P
§/ifi~i
200 200 e
- S
j P
3150 3 150 I
z = I/I
£ 100 2 100 //
-— @
£ = A
30+ 501 *
. "
./
01— v : 04 | | | ! | | . . . )
500 550 600 650 700 0 2 4 6 8 10 12 14 16 18 20
Wavelength (nm) [PhSH] (M)

Figure 20: Fluorescence variation of I'V-7 and glyco-dots responding to different concentration of thiophenol.

The probe IV-7 without TPE2S did not display a fluorescence signal with increasing
concentration of thiophenol. This result shows that the probe IV-5 precipitated leading to
fluorescence quenching. However, the glyco-dot after self-assembling with TPE2S, exhibited
homogenous fluorescence enhancement upon sequential addition of 1 pM thiophenol and stirring 5
min. The improved water-solubility gave the excellent photostability in 95% buffer avoiding from
probe precipitation. The approximate linear fluorescence enhancement from 0 to 14 puM
demonstrates that the glyco-dot could monitor the concentration of thiophenol accurately. Above 14
1M, the fluorescence intensity slowly reached a maximum probably due to a complete reaction of
IV-7 (10 uM) with excess PhSH (>14 uM, Fig. 20). Therefore, we calculated and fitted the
concentration line to obtain the standard linear relation between thiophenol concentration and
fluorescence increase (I-1Io, Fig. 21).

We calculated fluorescence increase value but not fluorescence intensity to consider the
difference of fluorescence that could arise from glyco-dot concentration. According to
computational formula of LOD, the limit of determination was 9.5 nM (according to 36/k) which is
an excellent ability to detect traces of thiophenol in aqueous solution. We believed that outstanding
water-solubility could improve the reactivity with thiophenol thus becoming more sensitive than
other probes.
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Figure 21: The standard titration of glyco-dot for thiophenol quantification. (I: fluorescence intensity. lo: initial

fluorescence intensity)

IV.4.5 Detection of thiophenol in environmental water samples

Thiophenol as a pollutant, usually exists in industrial wastewater which is harmful for wildlife
(fish) and environment. The desirable performance of glyco-dot quantifying thiophenol in
environmental water samples is adapted for further application. Hence, the two environmental water
samples from Saone River and Rhone River (Lyon, France) will be evaluated for thiophenol
quantification (Fig. 22). The glyco-dot was stirred with different concentration of thiophenol and
fluorescence variation was monitored every 5 min in river samples with 5% THF. Then, the acquired
fluorescence data was related to the relevant PhSH concentration from the standard titration line,
and compared with the results in PBS buffers.
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Figure 22: Fluorescence variation of glyco-dot for quantifying different thiophenol in Saone River and Rhone River

(Lyon, France).

The glyco-dot provided homogenous fluorescence enhancements upon addition of different
concentrations of thiophenol (0-3 uM). Even though the initial fluorescence intensity of two samples
is slightly different, the fluorescence increasing value (I-I,) were similar to the data measured in
PBS solution. We have known concentration of PhSH (0-3 uM) in environmental water samples

aole . € Tluorescence signal recove was always near o from the expected intensities
Table 1). The fl ignal ry Iway 100% from the expected intensiti
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from the titration curve. Therefore, we can assume that the glyco-dot self-assembled by TPE2S and
IV-7 can detect and quantify the thiophenol in environmental water samples.

Table 1: The glyco-dot self-assembled by TPE2S and IV-7 quantified thiophenol in environmental

samples
Sample Thiophenol spiked Thiophenol recovered Recovery
(nM) (nM) (%)
Saone River water 0 Not detect 0
1.00 0.97+0.09 97
2.00 1.844+0.12 92
3.00 2.86+0.11 95
Rhone River water 0 Not detect 0
1.00 1.05+0.06 105
2.00 2.06+0.08 103
3.00 3.07+0.14 102

IV.4.6 Size variation of glyco-dots after intermolecular self-assembly

To verify the process of intermolecular self-assembly between probe IV-7 and TPE2S, dynamic
light scattering (DLS) was employed to measure the size of IV-17, TPE2S and supramolecular
glyco-dot in aqueous solution mixed with 5% THF (Fig. 23).
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Figure 23: Particle size of I'V-7, TPE2S and the relevant glyco-dot in aqueous solution.

The probe I'V-7 (green bars) and TPE2S (blue bars) have a large size (100 nm), which indicated
that both molecules were highly aggregated in aqueous solution. Based on the two glycosides with
TEG linker, the size of TPE2S was larger than IV-7, but the water-solubility was insufficient in 95%
PBS buffer. When self-assembling the IV-7 and TPE-glycoclusters together, the size of the resulting
glyco-dot was average between the two independent ingredients. This result revealed the TPE2S
could dissociate the initial aggregation state of IV-7 and create a shell around the probe to construct
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the amphiphilic glyco-dot with I'V-7 inserted into the hydrophobic cavity of the aggregated TPE2S

glycoclusters.

IV.5 Conclusion

Thiophenol is an important organosulfur compound frequently applied in organic synthesis,
agrochemical, pharmaceutical and dye industries. Thiophenol and its relevant derivatives are a main
kind of polluting compounds with terrible toxicity for wildlife and environment. Fluorescence
analysis, as a convenient, cheaper, sensitive, rapid and accurate detecting method, is widely explored.
2,4-dinitrobenzene has high reactivity with thiophenol and its conjugation on fluorophore, quenched
the fluorescence through a sulfonate. Many fluorescent probes have been designed and synthesized
for thiophenol detection with distinct emission signal variations, excellent sensitivity and selectivity,
long-wavelength emission, quantifying thiophenol in environmental samples and other advantages.
However, major probes with low water-solubility displayed ACQ effect thus requiring organic
solvents including MeCN, EtOH, DMSO and THF.

To overcome these drawbacks, we designed a novel AIE fluorophore with large Stokes shift, good
photostability and long-wavelength emission. The TPE moiety with AIE property and a DCM core
were conjugated through C=C double bond to build up an electronic “pull-push” system. The probe
IV-7 with sulfonyl ester bond and IV-7a with ether bond were obtained and evaluated for thiophenol
detection. The fluorescence of IV-7a was not quenched enough and had no reactivity for thiophenol
after verification by HRMS. Probe IV-7 displayed obvious fluorescence enhancement for
thiophenol detection.

Then, some fundamental parameters of probe IV-7 were measured about thiophenol detection.
The probe could release 25-fold fluorescence enhancement at 565-575 nm with slight red-shifting
absorption and emission after reacting thiophenol. The response mechanism was demonstrated
through mass spectrometry and HPLC analysis. The probe IV-7 could detect thiophenol and its
derivatives selectively but no fluorescence changes for other thiolated amino acids, ions and
aliphatic thiols in neutral or basic pH aqueous solution mixed with 10% THF. Even though the probe
displayed obvious AIE performance in solution mixed 60%-80% THF, but the emission intensity
was still quenched by ACQ effect due to the limited water-solubility. Unfortunately, the fluorescence
emission was not stable after responding to thiophenol, because of precipitation leading to emission
intensity decrease in 90% PBS buffer with THF. Therefore, the probe IV-7 by itself wasa not an
appropriate candidate to detect and quantify thiophenol in aqueous solution.

To improve the water-solubility of IV-7, TPE-glycoclusters were self-assembled with IV-7 to
construct a glyco-dot for thiophenol detection. After comparison with TPE4S, TPE2S performed
better for fluorescence emission in 95% PBS buffer. After stirring TPE2S and IV-7 during 30 min,
the self-assemble glyco-dot still displayed AIE properties in aqueous solution, and exhibited stable
fluorescence intensity over time. The water-soluble glyco-dot showed a linear fluorescence intensity
enhancement upon addition of thiophenol, leading to a lower limit of detection of 9.5 nM for PhSH.
The standard titration curve was calculated for thiophenol in 95% PBS bufter. This glyco-dot could
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detect thiophenol in environment water samples (Sadne River and Rhone River, Lyon, France).

In conclusion, we have designed and synthesized AIE fluorescent probes, which could self-
assemble with TPE-glycoclusters. The resulting glyco-dot have high water-solubility, excellent
sensitivity and selectivity for thiophenol detection, distinct AIE properties in aqueous solution, and
could be applied to environmental samples.
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Chapter V

Long-wavelength AIE Fluorescent
Glycoclusters for Glycosidase Detection
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V.1 Introduction

Glycosylation is one of most ubiquitous modifications for more than 50% proteins. The
carbohydrates can be associated to protein (glycoprotein, proteoglycans and glycosphingolipids).
They play an essential role in many biological processes such as fertilisation, neuronal development,
inflammatory responses. Therefore, numerous glycosidases are necessary to hydrolyse stable
glycosidic  linkages®®l.  Exoglycosidases are hydrolysing the non-reducing terminal
monosaccharide units, operating both in the process of transglycosylation and the reverse hydrolysis
modes (Fig.1)[?34. The concentration level of glycosidases is usually the critical marker for several
pathological conditions including Gaucher’s disease, Parkinson’s disease and cancert!06 107, 235],
Fluorescent analysis is a popular pathway to trace concentration of cellular enzymes and imaging
cells or tissues in the meantime. Here, some typical fluorescent probes for glycosidases detection
will be introduced.

R?OH R'OH

Glycosyl-O-H

Figure 1: Hydrolysis by glycosidases.

V.1.1 Fluorescent probes for glycosides detection

B-Galactosidase is one of the most important enzymes involved in examine transcription and
transfection efficiencies. It has been also demonstrated as a critical biomarker for cell senescence,
cell growth, transcriptional regulation, gene expression and primary ovarian cancer diagnosisl!%623¢]
in vivo. The numerous significances of B-galactosidase have attracted attention from researchers for
the design of highly sensitive and selective detection methods. In comparison to detection methods
including magnetic resonance imaging (MRI)?*7], single photoemission computed tomography

(SPECT)?38l, positron emission tomography (PET)>*], colorimetric!?*%l, fluorogenic(?*!,

(2431 fluorescent probes are widely designed and

chemiluminescencel?*?! and bioluminescence
reported to detect B-galactosidase due to high sensitivity, inexpensive instruments and bioimaging
ability. At present, a few fluorescent probes have been reported to monitor -galactosidase activities
in live cells or tissues. Traditionally, conjugating galactose on phenolic hydroxy group through
glycosylation was the most prevalent method to control fluorescence intensity. The phenol
substitution would quench the fluorescence emission through decreasing intramolecular electron
density to block the ICT effect. f-Galactosidase could hydrolyse glycosidic bond (C-O) between
galactose and the phenolic fluorophore in suitable reacting conditions and generate fluorescence
enhancement. The hydrophilic galactose will improve water-solubility of the whole probe thus
increasing biological compatibility for cell imaging.

A rhodamine derivative fluorescent probe was designed and synthesized>*4l. Galactose was
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modified on the phenolic hydroxyl of the rhodamine ring to quench fluorescence emission
efficiently. After incubation with B-galactosidase, a 76-fold fluorescence emission was obtained in
PBS buffer which allowed the detection of intracellular enzyme and imaging cells (Fig. 2A).
However, short Stokes shift, green emission wavelength, high sensitivity for pH variation frequently
interfered the accuracy of results. Based on 4-hydroxyl-1,8-naphthalimide, a versatile two-photon
probe was reported for ratiometric imaging of B-galactosidase in vivo (Fig. 2B)?%]. Galactose
decoration on fluorophore didn’t quench the fluorescence but blue-shifted the absorption and
emission wavelengths. With glycosidic bond cleavage by enzyme, weak yellow fluorescence peak
was found at 545 nm accompanied by a decrease at 440 nm. Even though 680-fold enhancement of
Fsas / Faso ratio was observed in vitro, the weak fluorescence imaging intensity was still not enough

to detect endogenous enzyme variations in cells or in tissues.
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Figure 2: (A) Rhodamine based probes enhanced 76-fold fluorescence intensity after responding to [-
galactosidase[244]. (B) 4-hydroxyl-1,8-naphthalimide based two-photon probe ratiometricly detect f-

galactosidase?*+),

A near-infrared probe based on cyanine derivatives was designed to detect enzyme with colour
variation of probes in solution (Fig. 3A)?*. This probe exhibited high cell compatibility, efficient
cell entry, a strong enzyme-associated fluorescence response in visible region and prolonged
retention of the intracellular fluorescence signal. 6-Aminostyryl-benzothiazole was conjugated with
galactose to construct a glyco-probe for enzyme detection in senescent cells (Fig. 3B)?4]. After
incubation with pB-galactosidase rapidly, the fluorescence emission displayed a 200-fold increase
due to the recovered ICT effect. The probe could track -galactosidase selectively in senescent cells

and monitor the concentration variation followed by whole process of cell senescence.
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Figure 3: (A) Cyanine based fluorescent probes for B-galactosidase detection!?*3]. (B) Highly sensitive probes

applied to the real-time monitoring of intracellular 3-galactosidase in senescent cells!?40],

Traditional organic fluorescent probes exhibited excellent optical properties for f-galactosidase
detection but ACQ effect usually limited the emission intensity in aqueous solution. Intermolecular
self-assembly systems were reported to detect enzymes. However, some self-assembly were too
unstable or the fluorescence quenching mode for enzyme detection were not suitable to monitor
instantaneous variation of B-galactosidase accurately in cell imaging®*’> 2*81. Hence, AIE
fluorophores were investigated based on their excellent fluorescence properties in aqueous
environments. Tetraphenylethylene is a classic AIE dye with high fluorescence emission and
outstanding photostability. On account of these advantages, TPE derivatives were conjugated with
galactose on pyridine moieties to quench fluorescence through the positively charged pyridinium
[249]_ Glycosidic bond cleaved by B-galactosidase resulted in a phenol intermediate, accompanied by
1,6-elimination of p-quinone to generate TPE dyes with poor water-solubility. Aggregated TPE dyes
in aqueous solution could release strong fluorescence signal based on AIE and overcome biological
luminescence interference. The TPE-based probes exhibited good selectivity for B-galactosidase in
vitro and monitored higher enzyme level of OVCAR-3 cancer cell than HeLa cells in vivo (Fig. 4).
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Figure 4: TPE-based glyco-probe for f-galactosidase detection and imaging intracellular enzyme in OVCAR-3

cells249],

The short-wavelength emission of TPE was not suitable for further biological applications. DCM
derivatives are promising due to their simple synthesis, near-infrared emission and good
photostability. Hence, the probe with benzopyran structure was reported for [-galactosidase
detection (Fig.5A)1>%. After enzyme cleavage of the glycosidic bond, the probe could release two
types of fluorescence emission when excited at different wavelengths, followed by colour change
of probe in solution. The NIR probe exhibited sensitive and selective response for f-galactosidase
and excellent photostability in vitro. In vivo, it could monitor intracellular B-galactosidase with
colour variation of emission in HEK-293T or OVCAR-3 cells, and selective detection of the enzyme
in mice tumor. Due to the ACQ effect, the solution of poor water-soluble probe had to be mixed
with 30% DMSO to maintain the fluorescence maximal intensity which impaired its biological
compatibility. Hence, ethylamino substituted nitrogen on the fluorophore was introduced (Fig. 5B)

108] The new core has particular AIE

to synthesize a new probe with quinoline structure (QM)!
properties through controlling the rotation of the ethyl groups. The AlE-active QM probe was
composed of a hydrophilic galactose moiety that could recognize and react with B-galactosidase
leading to fluorescence enhancement. The hydrolysed QM dye (QM-OH) was aggregated due to
poor water-solubility which was verified by DLS data and SEM analysis. In HEK-293T cells, the
probe could respond to excess enzyme in SKOV-3 ovarian cells with green fluorescence. After
cleavage, QM-OH tended to accumulate in mitochondria and endoplasmic reticulum mainly through
subcellular colocalization. Compared with the DCM probe with ACQ structure, AIE-active QM

probe exhibited long-term tracking of B-galactosidase overexpressed in living cells with high fidelity.
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Figure 5: (A) ACQ-active DCM probel>*" and (B) AIE-active QM probel%! for B-galactosidase detection in aqueous

solution.

a-L-fucosidase (AFU), as a lysosome enzyme widely existing in all mammalian cells at low
concentrations, is another critical glycosidase to catalyse L-fucose residues hydrolysis from
glycoconjugates with high activity at pH 4 to 6.5. AFU is an important biomarker closely related to
several human diseases such as fucosidosis!?>!! and carcinomal?>> 233, Some studies demonstrated
that AFU was overexpressed in hepatocellular carcinoma (HCC)!?>#, hence this enzyme became a
specific and sensitive indicator for early HCC diagnosis. Several fluorescent probes or system were
reported with some drawbacks including low photostability, weak emission, susceptible interference
by biological factors. The difficult glycosylation of fucose to generate glycosylated phenols towards
fluorescent AFU probes, prevented the design of fluorophores.

A ratiometric fluorescent probe based on a naphthalimide derivative was designed for AFU
detection (Fig. 6)3]. A similar conjugation strategy as probes for galactosidase was applied and
fucose was modified on the hydroxy group to blue-shift the emission wavelength through ICT
influence. After incubation with AFU, the variation of emission wavelength allowed a sensitive
detection even in low concentration of enzyme. HPLC and HRMS analyses confirmed verified the
response mechanism directly. The probe could trace endogenous enzyme and change fluorescence
signal from green to red in HEK293T cells over time. Meanwhile, the probe able to detect the
enzyme in zebrafish showing that the probe has enough photostability for detection in living systems.
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Figure 6: Ratiometric fluorescent probe based on 1,8-naphthalimide derivatives for endogenous AFU detection(?*3,

B-Glucosidases are a group of glycosyl hydrolases for cleavage of B-glucosidic disaccharides or
others glucose-containing molecules. As an abundant enzyme widely existing in microorganisms,
plants, mammals and humans, it is essential in biological processes. Therefore, a FRET fluorescent
probe was designed for B-glucosidase (GCD) and phosphodiesterase I (PDE) detection with two
fluorescence emission (Fig.7A)1?*%l. Based on 7-hydroxycoumarin and meso-tetraphenylporphyrin
(TPP), glucose was glycosylated on hydroxyl groups to quench fluorescence and block energy
transfer through a phosphoester bond. This probe displayed preferable response for two enzymes
and distinct colour variation in Huh7 cell imaging. Besides, a novel coumarin probe, based on
excited-state intramolecular proton transfer (ESIPT) phenomenon, for evaluation of B-glucosidase
with fluorescence enhancement was designed (Fig.7B)?*7l. The p-fluorophenyl group modified on
hydroxycoumarin could extend the emission wavelength efficiently. Poor solubility, low
photostability and short emission wavelength were still impairing further development of probes for

glycosidase detection.
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Figure 7: (A) 7-hydroxycoumarin and meso-tetraphenylporphyrin based FRET probe detecting B-glucosidase and

phosphodiesterase 112°¢1. (B) Flavonol-based fluorescent indicator for determination of p-glucosidase activityl

V.1.2 Project design

257

A fluorescent probe should be designed with different response mechanisms and several
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improvements including near-infrared emission wavelength, distinct emission intensity variation,
high water-solubility, preferable photostability, sensitive and selective response for enzyme,
universal structural design for different glycosidase and AIE properties. As previously reported('44],
water-solubility can be improved by glycoclusters conjugation to control optical properties of the
probe through AIE effect in aqueous solution. Therefore, several monosaccharides conjugated on a
NIR fluorophore with AIE properties maybe quench fluorescence in aqueous solution primarily.
After glycosidase hydrolysis, water-solubility variation will reduce and the probe will aggregate
followed by fluorescence enhancement due to AIE effect (Fig.8).

: Probe : Fluorophore ®: Glycoside == Linker

og’ : Glycosidase

Figure 8: The responding process of AIE probe for glycosidases through water-solubility variation.

V.1.2.1 AIE fluorophore design

As typical AIE fluorophore, the short emission wavelength of TPE restricted its further biological
imaging in cells or tissues, while it performs excellent AIE fluorescence properties. DCM
derivatives have red fluorescence emission, good photostability and simple synthesis procedures,
but poor water-solubility interferes with fluorescence intensity by ACQ effect in aqueous solution.
Hence, combining TPE and DCM may be a reasonable approach to synthesize a novel fluorophore
with the advantages of TPE and DCM derivatives. Multiple modifiable positions on the fluorophore
to control emission wavelength or intensity, is necessary for fluorophore design.

Due to the detection of glycosidases through fluorescence enhancement, how to quench or decay
original emission intensity is a critical aspect to determine relative optical properties for enzyme
detection. There are two different ways to quench fluorescence intensity of a dye: (i)
monosaccharide is glycosylated with hydroxy on TPE-DCM directly to quench fluorescence by
blocking the ICT effect, (ii) after conjugation several monosaccharides with linkers, sufficient
water-solubility allows probe to disperse in aqueous solution alone with low initial fluorescence
emission. The appropriate number of monosaccharides decorating on fluorophore should be
explored, because suitable water-solubility can influence the sensitivity of probes. Here, we will
design and synthesize probes with different modifications, and explore their water-solubility for
enzyme response in vitro (Scheme 1).

We will use either no linker or a Cs-linker or a TEG-linker to study the influence of the ICT
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quenching approach. We will also design a dendron with 6 galactosides available for enzyme
hydrolysis to investigate the influence of valency.
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Scheme 1: Chemical structures of TPE-DCM-based glyco-probe for enzyme response.

V.2 Synthesis of the TPE-DCM probes

V.2.1 Synthesis of a carbonyl TPE moiety

For the synthesis of compound V-1, the Knoevenagel condensation ['%] is an appropriate method
to synthesize bisymmetric TPE with multiple functional groups. Therefore, 4-
bromodiphenylmethane reacted with n-butyllithium then with 4,4’-dimethoxybenzophenone in THF.
Acidic dehydration afforded the dimethoxy TPE but not compound V-1 because the bromine atom
has higher reactivity for n-butyllithium than hydrogen on methylene leading to compound V-0. We
then used employ McMurry reaction to synthesize the target compound V-1 while many by-products
would be generated in the meantime (Scheme 2).
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Scheme 2: Synthesis scheme of carbonyl TPE V-2.

V.2.2 Synthesis of the NIR fluorophore (TPE-DCM)
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Scheme 3: Synthesis of dihydroxy TPE-DCM (V-4).
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Through aldol condensation, the TPE V-2 and DCM I11-9 were combined with piperidine catalysis
at 83°C to obtain the AIE fluorophore V-3 (Scheme 3). Then, we measured the AIE fluorescence
variation of TPE-DCM V-3 with addtion of water in THF (Fig. 9). Compound V-3 displayed long
emission wavelength fluorescence at 610 nm due to estalishing intramolecualr electron “pull-push”
system and extending 7m-m conjugation system. Compound V-3 exhibited a fluorescence
enhancement in high water ratio in agreement with AIE definition. Hence, compound V-3 was
demethylated with BBr3 to obtain dihydroxy TPE-DCM V-4 for further conjugation with glycoside.
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Figure 9: AIE property of fluorophore V-3 with water ratio increase.

V.2.3 Carbohydrates decorated on fluorophore through glycosylation
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Scheme 4: Carbohydrates decoration of TPE-DCM probe through glycosylation without linkers.

1,2,3,4,6-Pentaacetyl-p-D-galactopyranose was reacted with compound V-4 in basic CH>Cl,
solution catalysed by BusNI at 40°C. NaOH as a base, was sufficient to remove proton on hydroxy
and promote glycosylation. Compound V-5 emitted low fluorescence intensity due to galacosides
blocking the ICT effect. After deprotection in EtsN aqueous solution, compound V-6 with two
galactosides exhibited low initial fluorescence intensity and good solubility in aqueous solution.

The fluorescence response of probe V-6 to -galactosidase was measured in PBS buffer (pH 6.0
and 7.4). Different concentrations of enzyme (0.01 to 0.06 U/mL) were added in the probe solution
(10 uM) and incubated during 10 min before measuring emission intensity. After incubating 0.01
U/mL enzyme, the fluorescence intensity have been increased to maximum at pH 6.0 (Fig. 10A).
The emission intensity was not enhanced any more while adding more enzyme in solution. However,
the performence of V-6 at pH 7.4 was different since the fluorescence intensity was decaying with
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enzyme concentration increase (Fig. 10B).
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Figure 10: Fluorescence variation of V-6 with enzyme response at (A) pH = 6 and (B) pH=7.4. (C) Fluorescence

enhancement due to molecular aggregation. (D) Enzyme reduced to fluorescence decay.

Subsequently, we measured fluorescence variation of the probe V-6 alone with time increase in
PBS buffer at pH 7.4 (Fig. 10C). The emission intensity reached a maximum after stirring 20 min,
and similar to the sample incubated enzyme at pH 6.0 (Fig. 10A). This phenomenon indicated that
the initial emission intensity was not stable due to molecules aggregating slowly in PBS solution.
Two galactosides improved water-solubility of V-6 but did not disperse molecules in PBS
sufficiently and quench the AIE fluorescence completely. Therefore, the probe still emitted strong
fluorescence after molecular aggregation. After incubating with the enzyme, the newly generated
fluorophore V-4 released weaker emission than V-6 in aggregated state, which could explain why
fluorescence intensity was decreased (Fig .10D). We speculated that aggregated molecules (V-4 or
V-6) displayed emission intensity influenced by their solubility in aqueous buffer which was similar
to AIE effect. So, this model was not applicable for galactosidase detection because fluorescence
“turn-on” was not reliable after incubation with the enzyme.
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V.2.4 Conjugation through Cs or TEG linkers
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Scheme 5: Synthesis of two glycosylated TPE-DCM probes with C3 (V-9) or TEG (V-11) linkers.

Propargylation of the dihydroxy TPE-DCM V-4 was catalysed by BusNI in basic MeCN solution
to synthesize dipropargyl TPE-DCM V-7. Monosaccharides with different azide linker were
combined with fluorophore V-7 through Cu?" / VcNa catalysis “click” reaction (CuAAC). After
deacetylation in EtsN aqueous solution, the probe V-11 was supposed to have higher water-solubility
and lower initial fluorescence intensity than probe V-9, because the hydrophilic TEG linkers could
efficiently promote probes to disperse in solution compared with the C; linker. Hence, the
fluorescence changes of both probes (10 uM) after incubating galactosidase were compared in
neutral PBS buffer (Fig. 11).
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Figure 11: Fluorescence emission of V-9 and V-11 upon addition of galactosidases in neutral PBS solution.

The two probes with different linkers, presented similar high fluorescence emission in PBS buffer.
These phenomena illustrated that the water-soluble molecules have been at least partially aggregated
before adding the enzyme, even though carbohydrates were decorating the fluorophores. With
increasing concentration of galactosidase, the monosaccharide hydrophilic moiety was cleaved
leading to poorer water-solubility. However, the decreasing trends of emission were similar to the
performance of probe V-6, which explained that the good solubility obtained from the linker could
still influence optical properties while the AIE effect enhanced emission intensity of the probes. Due
to the large hydrophobic fluorophore, two monosaccharides were not enough to block AIE

fluorescence through high water-solubility of molecules in aqueous environment.

V.2.5 Design and synthesis of TPE-DCM-based glycoclusters

Only two modifiable positions on the TPE-DCM core restricted the conjugation with more
carbohydrates directly through “click” reaction, although TEG linkers were expected to provide
enough hydrophilic ability to improve the probe dispersion in aqueous solution. We therefore
conjugated two trivalent dendrons bearing each three monosaccharides to obtain a higher water

solubility.

V.2.5.1 Synthesis of the propargylated dendron.
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Scheme 6: Synthesis scheme of tripropargyl linker.
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Tris(hydroxymethyl)aminomethane (Tris) was protected by di-z-butyl dicarbonate (Boc) in
MeOH solution with 10% i-propanol. Then three equivalents of propargyl bromide were condensed
with the compound V-12 catalysed by KOH and BusNI in DMF and H>O solution. In this procedure,
reacting temperature was the most important parameter for the yield due to low stability of
intermediates decomposed by KOH at higher temperatures. The two steps of Boc-deprotection and
amidation were combined to synthesize compound V-14 with three propargyl for “click” reaction
and a bromine atom as a precursor for conjugation to the fluorophore (Scheme 6).

V.2.5.2 Synthesis of TPE-DCM-based glycoclusters
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Scheme 7: Synthesis of TPE-DCM-based glycoclusters for glycosidase detection.

Two equivalents of compound V-14 were substituted at the phenol of fluorophore V-4 to
synthesize compound V-15 with six propargyl moieties for “click” reaction. Compound V-16a was
obtained from the propargyl fluorophore V-15 with azido-galactoside catalysed by Cul in basic DMF.
Microwaves could accelerate the reaction rate and promote conjugation on the fluorophore
overcoming steric hinderance. After deprotection in EtsN aqueous solution, the terminal probe V-
17a displayed good water-solubility without any organic solvent assistance. The probe emitting
lower fluorescence intensity demonstrated that it was readily soluble and it could detect
galactosidase in aqueous solution. Hence, through “click” reaction and deprotection, we synthesized
similarly probe V-17b for glucosidase and probe V-17¢ for fucosidase detection.
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V.3 Water-soluble TPE-DCM-based glycoclusters for galactosidase detection

The novel TPE-DCM-based glycoclusters with six monosaccharides displayed high water-
solubility, long emission wavelength and excellent AIE properties, and should have ability to detect
glycosidase and respond by fluorescence enhancement. Here, we will display some essential
fluorescence data of probe V-17a for B-galactosidase (B-Gal) response, and discuss about the

relevant working mechanism.

V.3.1 Fluorescence detection of B-galactosidase

For B-galactosidase detection, basic optical data including absorption wavelength, fluorescence
wavelength, quantum yield, Stokes-shift and other basic parameters should be measured. Hence,
probe V-17a (10 pM) was incubated with f-Gal (10 U/mL) during 50 min at 37°C, and the

fluorescence varation was then measured (Fig. 12).
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Figure 12: Fluorescence variation of probe V-17a after incubation with B-Gal.

The probe dissolved in PBS displayed higher absorption at 420 nm and lower emission at 625
nm, which verified that molecules were in soluble or in a low aggregation state due to high-water
solubility. After incubating with B-Gal, the glycosidic bond cleavage led to less hydrophilic probes,
thus increasing fluorescence emission through intermolecular aggregation of residues. The
unchanged wavelength of absorption and emission after adding B-Gal, illustrated that the
fluorophore structure was overall stable apart from the enzyme hydrolysing glycosides. Compared
with the fluorophore DCM-OH (I1I-10, Aex = 480 nm, Aem = 625 nm), V-17a displayed a larger
Stokes shift from shorter absorption wavelength and with the same emission wavelength. The
response mechanism through AIE effect allowed the probe to perform detection in aqueous solution
directly without solubility improvement from other glycoclusters (such as TPE-glycoclusters) or co-
solvent. This stable process excluded some interference from interaction between the fluorophore
and serum protein (such as BSA and HSA). Hence, V-17a exhibited distinct fluorescence
enhancement for $-Gal in PBS buffer.
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V.3.2 Influence of probe concentration

For detection of the enzyme through AIE effect, the original concentration of the probe was a
crucial parameter to influence initial fluorescence intensity. Therefore, we measured the emission
intensity with different concentrations of the probe V-17a (Fig. 13).
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Figure 13: Initial fluorescence intensity with different concentration of V-17a.

The fluorescence intensity enhanced with increasing the probe’s concentration in aqueous buffer.
Although six galactoses were modified on fluorophore, the fluorescence was not totally quenched.
We thought that the large hydrophilic moieties may partly impede the rotation of phenyl ring leading
to weaker emission. At higher concentration of the probe, a portion of molecules would aggregate
together to enhance the emission signal. Hence, for low initial emission and distinct fluorescence
response, 10 puM appears as a suitable concentration of V-17a for subsequent parameter

measurements.

V.3.3 Reverse AIE effect of TPE-DCM-glycoclusters

According to the prospective response mechanism, the sufficient water-solubility of probes was
an essential condition for enzyme detection in aqueous solution, so that the molecules would
aggregate and release fluorescence by AIE effect after enzyme hydrolysis of the glycosides. To
explore the AIE properties, the fluorescence of probes V-17a and V-11 were measured with
increasing fraction of water in THF.
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Figure 14: AIE effect influencing the fluorescence intensity of V-11 and V-17a with increasing water ratio in THF.

For probe V-11, the water-solubility in THF solutions was too poor to provide a fluorescence
signal. Adding water from 0 to 30% into THF promoted the solubility of V-11 quenching the
fluorescence slightly. With continually increase of the water ratio (>50%), the hydrophilic solubility
of V-11 was inadequate leading to fluorescence enhancement rapidly by AIE. Hence, the water-
solubility of V-11 limited its application for galactosidase detection. The probe V-17a with six
glycosides has optimal water-solubility. Compared with other AIE organic probes, this probe
exhibited reverse AIE fluorescence effect when increasing the water ratio from 0 to 100% in THF
(Fig. 14). Therefore, probe V-17a with weak initial fluorescence intensity in pure water was

appropriate to detect galactosidase in vitro.

V.3.4 Influence of time for B-Gal detection with probe V-17a

While glycoside hydrolysis is not an instantaneous process, the response time needs to be
measured for determining enzyme incubation. Hence, we incubated different concentrations of f3-
Gal with V-17a, and measured the fluorescence variation in PBS buffer (Fig. 15).
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Figure 15: The response time of V-17a incubated with increasing concentrations of f-Gal.
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The fluorescence intensity kept increasing with time after adding different concentrations of -
Gal, which illustrated that V-17a could respond to B-Gal (5.0 U/mL) in aqueous solution. The
highest concentration of B-Gal could hydrolyse the glycosides to reach the maximal fluorescence
intensity with shorter time (~40 min) and more distinct signal changes (from ~40 to ~130 a.u.). After
50 min incubation with 2.5 or 5.0 U/mL, the fluorescence did not further increase indicating that
the enzyme had complete hydrolyse the probe’s glycosides. Hence, we will incubate B-Gal with V-
17a during 50 min in subsequent experiments.

V.3.5 pH influence

We incubated B-Gal (5 U/mL) and V-17a together during 50 min and subsequently measured the
fluorescence enhancements in different pH PBS solution (Fig. 16). The pH was adjusted by adding
Na;HPO4 or NaH,PO4 aqueous solution.
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Figure 16: The influence of B-Gal hydrolysis activity in PBS buffer with different pH values.

The basic fluorescence intensity was almost stable at different pH. After incubating $-Gal during
50 min, the samples have no fluorescence emission in acidic (pH 3-6) and basic (pH 9-10) PBS
solution. The fluorescence intensity was distinctly changed after incubating enzyme in weak acidic
or neutral aqueous solution. The maximal fluorescence enhancement illustrated that the pH range
of 6.8-7.8 was the best condition for enzyme hydrolysis. For the responding process, the pH value
didn’t interfere with the original fluorescence properties of probes, but seriously influenced the
enzyme activity for hydrolysing glycosides to change the water-solubility. Hence, the neutral PBS
solution (pH 7.4) was applied in subsequent experiments.

V.3.6 TPE-DCM-glycoclusters quantifying $-Gal concentration

The ability of TPE-DCM-glycoclusters for enzyme quantification is the most important
requirement for further applications in cell supernatant and biological assay. Therefore, the probe
V-17a was incubated with different concentrations of B-Gal in neutral PBS buffer during 50 min
(Fig. 17)
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Figure 17: Fluorescence enhancement of V-17a upon addition of f-Gal, and relative standard titration line.

The probe V-17a emitted low fluorescence emission in PBS buffer before incubating with the
enzyme. When incubating different concentrations of B-Gal during the same time (50 min), the
fluorescence intensity was increased linearly from 0 to 3 U/mL. The enhancement tendency was
weaker when incubating with f-Gal more than 3 U/mL, which illustrated that the hydrolysis of the
glycoside from the probe by the enzyme was almost completed. The fluorescence enhancement of
V-17a showed a linear relationship with enzyme concentration from 0 to 3 U/mL. Therefore, the
standard titration line was calculated and fitted to obtain the limit of detection (0.02 U/mL, LOD =
36/k) which was compatible with the B-Gal detection in vivo.

V.3.7 Selectivity of V-17a for B-Gal detection

Although the probe exhibited excellent linear relationship with f-Gal concentration, the specific
fluorescence enhancement for only B-Gal response was necessary. The DCM fluorophore and its
derivatives normally have high affinity to combine with many proteins such as BSA and HSA, which

168]Since the response mechanism to the enzyme is based on

could amplify the fluorescence signall
AIE effect, the protein selectivity of V-17a was required to verify the lack pf interference from other
enzymes. Hence, we mixed probe V-17a with many common amino acids, proteins, lectins and
glycosidase during 50 min in neutral PBS solution, and measured the fluorescence variation (Fig.

18).
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Figure 18: Selectivity of V-17a when mixed with common amino acids, proteins, lectins and glycosidases.

Apart from a slight fluorescence enhancement with other proteins, the probe released a large
fluorescence signal for f-Gal, which demonstrated V-17a has excellent selectivity to recognize and

128



respond to its particular glycosidase. The weak emission changes after incubating with B-
glucosidase (B-Glc) could be due to aggregation into the enzyme through non-selective binding
affinity, therefore restricting rotations in the TPE core leading to a weak fluorescence emission based
on AIE. It’s worth noting that the probe has no fluorescence signal after mixed with BSA, certifying
that serum protein (BSA) cannot combine with TPE-DCM probe and interfere with its fluorescence

properties. The probe could therefore be employed to detect glycosidase in cells.

V.3.8 Carbohydrate selectivity with V-17a for B-Gal detection

According to the responding mechanism, the B-Gal specifically recognize and hydrolyse the
glycosides leading to fluorophore aggregation. The influence of exogenous glycoside in the solution
competing with the probe for enzyme hydrolysis can be determined to demonstrate the mechanism.
Thus, the different concentrations of galactose or glucose were mixed with V-17a before incubating
with B-Gal (5 U/mL) (Fig. 19).
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Figure 19: The competition of galactose or glucose with V-17 for B-Gal detection.

With addition of glucose in samples, the fluorescence intensity of each sample was similar after
incubating same concentration of B-Gal (red bars). These results illustrated that B-Gal could only
recognize the galactose residues on probes and hydrolyse them ignoring the interference from
exogenous glucose. But galactoses added in solution could compete with the glycosides and disturb
the reaction between enzyme and probe. Thus, the fluorescence enhancement decayed upon addition
of galactose. This experiment verified that $-Gal was highly dependent on galactose so that the
detecting results would be not accurate enough when abundant galactose would be present in

solution.

V.3.9 Dynamic light scattering analysis

According to the mechanism of action of the probe, mass spectrometry or HPLC analysis was
quite complicated because multiple residues are hydrolysed leading to multiple portions with lower
solubility and aggregated state in PBS buffer. Dynamic light scattering (DLS) was a useful tool to

observe the main diameter variation in this process (Fig. 20).
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Figure 20: DLS measurement of the size variation of V-17a before and after incubation with f-Gal.

Due to the large volume of the probe including fluorophore and multiple glycosides with TEG
linker, the size of the particle was 423 nm in PBS buffer (black line). After incubating with -Gal,
the glycosides on the probe were hydrolysed to decrease the water-solubility and promote
intermolecular aggregation, leading to aggregated units with increased size to 617 nm (red line).
Hence, DLS measurement verified that the enzyme detection though AIE effect was reasonable for
subsequently biological assays.

V.3.10 V-17a detection of endogenous -Gal and imaging cells.

B-Galactosidase is a secretory protein excessively existing in senescent cells and ovarian cancer
cells. Accurately detecting the enzyme and imaging the cells are fundamental requirement for the
probe evaluation. Therefore, the probe V-17a was incubated with senescent Wi38 cells, and normal
Wi38 cells as control (fibroblasts derived from lung tissue). Meanwhile, the probe V-17a was
incubated with SKOV3 cells (ovarian cancer cells), and normal HUVE cells (human umbilical vein
endothelial cells) as a control (Fig. 21).
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Figure 21: V-17a detecting endogenous [3-Gal and imaging cells.
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The images of normal Wi38 cells without B-Gal in cytoplasm were dark due to probe V-17a alone
which remain soluble. When incubating with senescent Wi38 cells with excessive endogenous [3-
Gal in cytoplasm, the glycosides on the probe could be hydrolysed to image the cells after
intermolecular aggregation (red fluorescence). Similarly, the probe V-17a was allowed to respond
to the enzyme and release fluorescence signals in ovarian cancer cells. When comparing the images
of the cell nucleus (blue), the B-Gal activity was mainly localizing in the cytoplasm (red). The red
fluorescence imaging illustrated that the concentration of B-Gal in SKOV-3 cells was lower than in
senescent Wi38 cells. But the fluorescence signal was not found in normal HUVE cells without
enzyme. Hence, these results demonstrated that the probe V-17a could respond to the endogenous
B-Gal and image cells through water-solubility changes and AIE effect.

V.4 Conclusion

Glycosylation is a ubiquitous modification for more than 50% of proteins. Numerous
glycosidases participate in the process of polysaccharides hydrolysis. Glycosidases, as important
biomarkers, were widely employed to detect diseases such as cancers or cell senescence.
Galactosylated fluorescent probes were reported for galactosidase detection in vitro and in vivo.
However, these probes normally have low water-solubility with quenched fluorescence emission by
ACQ effect. The short emission wavelength and weak photostability were restricting their further
application in biological assays. Besides, direct glycosylation of the phenol on the fluorophore was
typically used to control the emission intensity. The glycosylation reactivity was restricting this
pathway to detect B-galactosidase (B-Gal).

For overcoming these drawbacks and detecting multiple glycosidases by one probe design model,
we combined the TPE and DCM moieties to synthesize a novel AIE fluorophore (TPE-DCM) with
long-wavelength emission. The probes emitted fluorescence by AIE effect but not by traditional ICT
effect and their water-solubility was changed after enzyme hydrolysis of the glycosides. We
designed and synthesized probes containing two glycosides with different linkers (V-6, V-9 and V-
11), but their limited water-solubility were not suitable for B-Gal detection. For improving their
water-solubility, we designed fluorescent glycoclusters with six glycosides (V-17a) which were
soluble in PBS buffer and displayed low emission intensity.

The best conditions for B-Gal detection with V-17a were found when incubating B-Gal with probe
(10 uM) in neutral PBS solution during 50 min. The probe V-17a displayed excellent enzyme
selectivity for galactosidase, with no influence from serum proteins such as BSA. DLS measurement
certified the aggregation process before and after incubating with $-Gal. The probe V-17a exhibited
linear homogenous fluorescence enhancement with addition of f-Gal. The lower LOD (0.02 U/mL)
was sufficient to apply in biological assay. The standard titration of V-17a for B-Gal quantification
was calculated and fitted. After incubating in senescent cells (Wi38) and ovarian cancer cells
(SKOV-3), V-17a could respond to the endogenously B-Gal in cytoplasm and imaging the cells with
red fluorescence emission.
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At present, the measurements of V-17b and V-17c¢ for each glycosidase detection in vitro and in
vivo are under way in ECUST, China.

In conclusion, the AIE fluorescent probe V-17a with long-wavelength emission, excellent water-

solubility and novel response mechanism, could sensitively and selectively detect B-Gal in vitro and

in vivo.
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Experimental Section
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V1.1 General information

VI.1.1 Reagents and solvents

Commercially available reagents were purchased from Sigma-Aldrich, ThermoFisher Scientific,
TCI chemicals, Fluorochem or Carbosynth. The solvents were purchased from ThermoFisher
Scientific and VWR. Dry solvents (CH,Cl,, THF and DMF) were obtained from a PureSolv solvent
purification system from Innovative Technology, or purchased from Sigma-Aldrich and
ThermoFisher Scientific. Water for HPLC was obtained from an ACCU 20 Ultra Pure Water from
Fisher Scientific. Analytical Thin Layer Chromatography (TLC) was carried on Macherey-Nagel
silica gel 60 F254 and revealed with a UV lamp at 254 nm. Flash silica gel column chromatography
was conducted with a Macherey-Nagel silica 60 M (0.04-0.063 nm).

VI.1.2 Nuclear magnetic Resonance

'H, 3C, DEPT, COSY, DOSY, HSQC, HMBC experiments were performed on Bruker
spectrometers: AV 300, AVL 300, AV 400, and AV 500 at 298K in the CCRMN of the University
Lyon. The chemical shifts are indicated in ppm (parts per million) in reference to the solvent residual
peak. Coupling constants (/) are indicated in Hz (Hertz). The abbreviations used for the multiplicity
are: s (singlet), b (broad), d (doublet), dd (doublet of doublet), t (triplet), td (triple of doublet), q
(quadruplet) and m (multiplet).

VI.1.3 Mass spectrometry
High and low resolution mass spectrometry were performed on an MicroQTOF 11 (50-20 000 m/z)
apparatus from Bruker. Electrospray ionization was used in all cases.

VI1.1.4 High Performance Liquid Chromatography.

HPLC analysis was performed on UPLC Thermo Scientific Dionex UltiMate 3000 system
equipped with a binary pump, an auto-sampler and a variable wavelength UV detector. The column
for HPLC analysis was Thermo Scientific Accucore C8 80 A, 2.1x50 mm, 2.6 pm. The eluent
system was HoO:MeCN = 1:0 to 0:1 during 20 min.

VI.1.5 C18 Chromatography

C18 Chromatography was performed on a CombiFlash Companion system from Serlabo
Technologies with a 40 g C18 Reversed-Phase column.

VI.1.6 Absorption and fluorescence and analysis

UV-absorbance spectra were carried out on a Varian Cary 500 spectrophotometer. Fluorescence
spectra were recorded on a Varian Cary Eclipse fluorescence spectrophotometer.
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VI.1.7 High-resolution transmission electron microscope (TEM)

A droplet of glycocluster (100 pM) with or without DCM probes (10 uM) was dropped onto
carbon copper grids for HRTEM characterizations. JEOL 2100 equipped with a Gatan Orius
charged-coupled device camera and Tridiem energy filter operating at 200 kV was used for TEM
images, and the data were processed using Image J software.

VI1.1.8 Dynamic light scattering (DLS).

Dynamic light scattering carried out using a Horiba LB-550 Dynamic Light Scattering Nano-
Analyzer.

VI1.1.9 Cell culture

HepG2, HeLa and 293T cells were cultured in Dulbecco’s Modified Eagle’s Medium (Invitrogen,
Carlsbad, CA, USA) supplemented with 10% fatal bovine serum (Gibco, Gland Island, NY, USA).
A549 cells were cultured in F12 supplemented with 10% FBS in a humidified atmosphere of 5%
CO; and 95% air at 37 °C and split when the cells reached 85% confluency. LO2 cells were cultured
in Roswell Park Memorial Institute (1640) supplemented with 10% FBS. SKOV-3 cells (human
ovarian cancer cell) were cultured at 37 °C under a humidified 5% CO, atmosphere in McCoy’s SA
(Gibco, Gland Island, NY, USA), which were supplemented with 10% fetal bovine serum (Gibco,
Gland Island, NY, USA) and 1% penicillin-streptomycin. WI-38 cells (human embryonic lung
diploid fibroblasts cell) were cultured in 5% CO, atmosphere under 37°C in Dulbecco’s modified
Eagle’s medium (Sigma, USA) supplemented with 10% fetal bovine serum (Gibco, Gland Island,
NY, USA). HeLa cells (human cervical cancer cell) were cultured in 5% CO» atmosphere under
37°C in Dulbecco’s Modified Eagle’s Medium (Invitrogen, Carlsbad, CA, USA) supplemented with
10% fetal bovine serum (Gibco, Gland Island, NY, USA)

VI1.1.10 Generation of shASGPR 1

HepG?2 cells were plated in a 12-well plate 24 h prior to viral infection. The cells at approximately
50% confluency were infected with the lentiviral particles. The plates were incubated overnight and
the medium was then changed to fresh complete medium. Two days after infection, the cells were
splited at 1:5 and incubated for another 24 h in complete medium. Then puromycin (4 pg/mL) was
added to select the stable clones expressing the shRNA. Medium was replaced with fresh
puromycin-containing medium every 3-4 days until resistant colonies can be identified. Several
colonies were picked, expanded, and then assayed for stable ShRNA expression by evaluating level
of ASGPR1 mRNA via real-time quantitative polymerase chain reaction (qQPCR).
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V1.2 Synthesis

V1.2.1 General procedures

General procedure A for formation of TPE core by Knoevenagel condensation

To a solution of diphenylmethane (1.3 eq.) in dry THF (30 mL) was added n-butyllithium (1.3 eq.,
2.5 M in hexane) dropwise at 0°C and the resulting solution was stirred at 0°C under argon during
45 min. A solution of ketone (1 eq.) in dry THF (20 mL) was then added in the reaction. The solution
was stirred at RT under argon during 3.5 h then quenched with saturated aqueous NH4Cl (40 mL).
The solvent was evaporated off and the aqueous layer was extracted with CH>Cl, (4%30 mL). The
combined organic layers were washed with brine (3%x30 mL), dried (MgSO4) and concentrated. p-
Toluenesulfonic acid (0.2 eq.) was added to the solution of crude product in toluene (70 mL). The
resulting solution was stirred at 110°C during 18 h. The solvent was evaporated off and the residue
dissolved in CH>Cl, (70 mL), washed with saturated aqueous NaHCO3 (2x50 mL), brine (50 mL),
dried (MgS0s), concentrated and purified by silica gel column chromatography to obtain TPE core.

General procedure B for formation of TPE core by McMurry reaction

To a solution of ketone (A) (1 eq.) and ketone (B) (1.2 eq.) in dry THF (50 mL) was added Zn
powder (8 eq.). Pure TiCls (4 eq.) was added to the reaction at 0°C during 30 min, and the mixture
was heated to reflux during 20 h. The mixture was then quenched with H,O (100 mL), evaporated,
diluted with EtOAc (150 mL) and filtered over a Celite pad. The organic solution was washed with
brine (3x50 mL), dried (Na,SOs), concentrated and purified by silica gel column chromatography
to obtain the TPE core.

General procedure C for formation of TPE-CHO core

To the solution of TPE-Br (1 eq.) in dry THF (10 mL) was added n-butyllithium (2.5 eq., 2.5 M in
hexane) at -78°C and continually stirred during 3 h. Then DMF (2-3 mL) was added and stirring
was continued at RT during 18 h. The reaction was quenched by saturated aqueous NH4C1 (15 mL),
and diluted with EtOAc (100 mL). The organic layer was washed with brine (2x50 mL), dried
(MgSO0s), concentrated and purified by silica gel column chromatography to obtain the TPE-CHO.

General procedure D for aldol condensation

To the solution of carbonyl moiety (R-CHO) (1 eq.) and III-9 (DCM) in CH3CN (30 mL) was added
piperidine (2.4 eq.,) and acetic acid (1.2 eq.). The resulting solution was stirred at 83°C during 18-
96 h. The mixture was evaporated and diluted with EtOAc (50 mL), washed with brine (2x50 mL).
The organic layer was dried (NaxSOs), concentrated and purified by silica gel column
chromatography to obtain the relevant fluorophore.

General procedure E for methyl deprotection by BBr3

To a solution of fluorophore with methoxy group (1 eq.) in dry CH»>Cl> (10-15 mL) was added BBr3
(1.5-2.5 eq., I M in CH2Cl) at 0°C. The resulting solution was stirred at 0°C during 10 min, and
then at RT during 18 h. The solution was poured into ice-water (50 mL) and the solid compound
was dissolved with EtOAc (100-150 mL). The aqueous layer was extracted with EtOAc (2x40 mL).
The organic layers were combined, washed with brine (3x50 mL), dried (MgSO4), concentrated,
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and purified by silica gel column chromatography to obtain the hydroxy fluorophore.

General procedure F for substitution of propargyl bromide

To a solution of hydroxy fluorophore (1 eq.), K2COs3 (6 eq.) and tetrabutylammonium iodide (4 eq.)
in DMF (50 mL) was added propargyl bromide (4 eq., 80 wt% in toluene). The resulting mixture
was stirred at 90°C under argon during 18 h. The solvent was evaporated off and the residue diluted
with EtOAc (50 mL) and filtered. The filtrate was washed with brine (3x40 mL), dried (MgSOs),
concentrated, and purified by silica gel column chromatography to obtain the fluorophore with

propargyl groups.

General procedure G for the azide-alkyne “click” conjugation catalysed by CuSQ4/ VcNa

To a solution of alkyne moiety (1 eq.), azide moiety (1-2.2 eq.), and copper sulfate (1-2 eq.) in
CHClo/H,0O (20 mL, 3:1, v/v) was added L-ascorbic acid sodium salt (3-4 eq.). The resulting
mixture was stirred vigorously at RT during 20 h. The reaction was diluted with CH»Cl, (40 mL),
H>0O (20 mL) and then separated. The aqueous layer was extracted with CH>Cl> (2x30 mL). The
combined organic layers were washed with saturated aqueous EDTA (240 mL), dried (MgSOs),
concentrated and purified by silica gel column chromatography (CH2Cl,:EtOAc = 2:1) to afford the
desired compound.

General procedure H for the azide-alkyne “click” conjugation catalysed by Cul / DIPEA

To a solution of alkyne moiety (1 eq.), azide moiety (7 eq.) and copper iodide (0.6 eq.) in dry DMF
(4 mL) was added N,N-diisopropylethylamine (7 eq.). The resulting mixture was stirred under
microwaves activation at 110°C during 60 min. Then the mixture was diluted with EtOAc (50 mL),
washed with EDTA aqueous solution (3x50 mL). The combined aqueous layer was extracted with
EtOAc (30 mL). The organic layers were combined, dried (MgSQOs), concentrated and purified by
silica gel column chromatography to obtain the desired compound.

General procedure I for the acetyl deprotection of carbohydrates

To a solution of acetyl protected compound (1 eq.) in mixed solvent with MeOH (8 mL) and H,O
(2 mL) was added EtzN (2 mL). The resulting mixture was stirred under argon at RT during 20 h.
The solution was evaporated and crude product was dissolved with H,O (2 mL) and purified with
C'8 reverse phase column (H>O / MeOH system) to afford the terminal product.

VI1.2.2 Synthesis

4,4'-Dimethoxybenzhydrol (II-1)

OH
MeO II I OMe
11-1

Prepared according to the literature!>>®! from 4,4’-dimethoxybenzophenone (3 g, 12.4 mmol, 1 eq.)
and NaBH4 (660 mg, 17.4 mmol, 1.4 eq.) affording compound II-1 (2.5 g, 83%) as a pure white
powder.

R,=0.24 (CH,CL,)
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Di(4-methoxyphenyl)-benzothiazolylthiomethane (1I-2)
)
S/kS
MeOO Me
11-2

The suspended solution of II-1 (500 mg, 2.1 mmol, 1 eq.) and 2-mercaptobenzothiazole (685 mg,
4.1 mmol, 2 eq.) in water (25 mL) was stirred intensively at 80°C during 72 h. The mixture was
diluted with EtOAc (50 mL) and separated. The aqueous layer was extracted with EtOAc (2x30
mL). The combined organic layer was washed with brine (2x40 mL), dried (MgSOs), concentrated
and purified by silica gel column chromatography (Petroleum ether:CH>Cl, = 1:0 to 1:2) to afford
compound II-2 (394 mg, 48%) as a pale yellow amorphous solid.

R;= 0.6 (CH,CL,)

'H NMR (300 MHz, CDCls): § (ppm) 3.79 (s, 6H, 2xOCHs), 6.87 (d, J = 8.7 Hz, 4H, H-Ar), 6.93.-
6.96 (m, 1H, H-Btz), 7.03-7.08 (m, 1H, H-Btz), 7.15-7.18 (m, 1H, H-Btz), 7.22 (d, J= 8.7 Hz, 4H,
H-Ar), 7.43-7.46 (m, 1H, H-Btz).

Benzhydrol (II-3)
OH

-3

Prepared according to the literature >*°1 from benzophenone (4.5 g, 24.6 mmol, 1 eq.) and NaBH,4
(3.76 g, 100 mmol, 1.4 eq.) affording compound II-3 (2.5 g, 83%) as a pure white powder.

Ry= 0.3 (CH2Cly:Petroleum ether = 3:1)

Dipheny-lbenzothiazolylthiolmethane (II-4)

To suspended solution of II-3 (1.5 g, 8 mmol, 1 eq.) and 2-mercaptobenzothiazole (2.7 g, 16 mmol
2 eq.) in THF (80 mL) was added conc. H>SO4 (0.8 mL) at 0°C. The resulting mixture was stirred
at 66°C during 24 h. The solvent was evaporated and the residue was diluted with EtOAc (50 mL)
and washed with saturated aqueous NaHCOj3 solution (2x30 mL) and brine (50 mL). The organic
layer was dried (MgSOs), concentrated and purified by silica gel column chromatography
(Petroleum ether:CH>Cl, = 1:1) to afford compound I1-4 (2.6 g, 98%) as a pale yellow amorphous
solid.
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Ry=0.35 (CH2Cly:Petroleum ether = 1:1)

'H NMR (300 MHz, CDCls): § (ppm) 7.23-7.42 (m, 8H, 6xH-Ar, 2xH-Btz), 7.48-7.52 (m, 4H, H-
Ar), 7.69 (d, J = 8.1 Hz, 1H, H-Btz), 7.86 (d, J= 7.5 Hz, 1H, H-Btz).

Diphenyl-benzothiazolylsulfonylmethane (II-5a)

The solution of II-4 (250 mg, 0.75 mmol, 1 eq.) and m-chloroperoxybenzoic acid (650 mg, 3.75
mmol, 5 eq.) in CH2Cl, was stirred at RT during 20 h. The mixture was quenched with 2M Na»S,03
aqueous solution (30 mL), extracted with CH>Cl, (2x30 mL). The combined layers were washed
with saturated aqueous NaHCOs3 (2x30 mL), dried (MgSOs), concentrated and purified by silica gel
column chromatography (Cyclohexane:CH>Cl, = 1:3) to afford compound I1-5a (195 mg, 72%) as
a pale yellow amorphous solid.

Ry=0.44 (Cyclohexane:CH>Cl, = 1:5)

'H NMR (300 MHz, CDCL): & (ppm) 7.30-7.34 (m, 6H, H-Ar), 7.51 (dd, J = 0.9 Hz, 6.0 Hz, 1H,
H-Btz), 7.56 (dd, J = 1.2 Hz, 7.2 Hz, 1H, H-Btz), 7.61-7.65 (m, 4H, H-Ar), 7.86 (d, J=7.5 Hz, 1H,
H-Btz), 8.21 (d, J= 7.5 Hz, 1H, H-Btz).

1,1-Di-(4-methoxyphenyl)-2,2-di-phenyl-ethylene (II-6)

OMe

OMe

11-6
Prepared according to the general procedure A from diphenylmethane (3 g, 17.9 mmol, 1.3 eq.),
4,4’-dimeoxybenzophenone (2.59 g, 13.8 mmol, 1 eq.), n-butyllithium (7.2 mL, 17.9 mmol, 1.3 eq.,
2.5 M/L in hexane) affording compound I1-6 (4.43 g, 95%) as a white powderl'0%,
Rr=0.26 (Cyclohexane:EtOAc = 10:1)
1,1-Di-(4-hydroxyphenyl)-2,2-di-phenyl-ethylene (1I-7)

OH
| OH

1-7
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Prepared according to the general procedure E from compound II-6 (2 g, 5.1 mmol, 1 eq.) and BBr3
(7.5 g, 30.6 mmol, 6 eq., ] M in CH»Cl,) affording compound II-7 (1.75 g, 90%) as a pale yellow

powder [132],
Ry=0.12 (CH2Cl)
1,1-Di-[4-(2-propyn-1-yloxy)phenyl]-2,2-di-phenyl-ethylene (II-8)
O
QO
axay
11-8 0

Prepared according to the general procedure F from compound I1-7 (1.75 g, 4.6 mmol, 1 eq.), K»CO3
(3.8 g, 27.6 mmol, 6 eq.), tetrabutylammonium iodide (6.8 g, 18.5 mmol, 4 eq.) and propargyl
bromide (2.5 mL, 8.5 mmol, 4 eq., 80 wt% in toluene) affording compound I1-8 (1.43 g, 64%) as a

white powder 2601,

R,=0.67 (CH,CLy)

1,1-Di-[4-(2-propyn-1-yloxy)phenyl]-2,2-di-(4-nitrophenyl)-ethylene (I1-9)
0N

0]
oxal
alay
O,N o/
1-9

[
To the solution of II-8 (356 mg, 0.81 mmol, 1 eq.) in CH>Cl, (10 mL) was added the solution of
HNO3(2-3 mL) in CH»Cl, (5 mL) at -78°C. The reaction was monitored by TLC until disappearance
of starting materials disappearing completely. The resulting mixture was extracted with CH>Cl,
(2x30 mL) after quenching with water (30 mL). The combined organic layers were washed with
brine (2x30 mL), dried (MgSOs), concentrated and purified by silica gel column chromatography
(Cyclohexane:EtOAc = 5:1) to afford main product of compound II-9 (320 mg, 75%) as a yellow

amorphous solid.

Ry=0.31 (Cyclohexane:EtOAc = 5:1)

"H NMR (300 MHz, CDCls): 6 (ppm) 2.52 (t, 2H, J = 2.4 Hz, HC=C), 4.65 (d, 4H, J = 2.4 Hz,
CH,-C=CH), 6.76 (d, 2H, J = 9.0 Hz, H-Ar), 6.94 (d, 2H, J = 9.0 Hz, H-Ar), 7.15 (d, 2H, J = 9.0

Hz, H-Ar), 8.00 (d, 2H, J = 9.0 Hz, H-Ar).

1,1-Di-[4-(2-propyn-1-yloxy)phenyl]-2,2-di-(4-aminophenyl)-ethylene (1I-10)
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H,N o)
oxal
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H,N o/

1-10

To the solution of compound II-10 (104 mg, 0.2 mmol, 1eq.) and SnCl,*H,O (185 mg, 0.8 mmol, 4
eq.) in 1,4-dioxane (15 mL) was added conc. HCI1 (3 mL). The resulting mixture was stirred at 78°C
under argon during 7h. Then, the mixture was quenched by 2M NaOH aqueous solution (40 mL),
the residue was filtered. The filtrate was extracted with EtOAc (2x40 mL) and washed with brine
(2x30 mL), dried (MgSOs4), concentrated and purified by silica gel column chromatography
(CH2CL:MeOH =90:1 to 50:1) to afford compound II-10 (86 mg, 91%) as a pale yellow amorphous
solid.

R,=0.41 (CH,CL:MeOH = 60:1)

'H NMR (300 MHz, CD;OD): & (ppm) 2.91 (t, 2H, J = 2.4 Hz, HC=C), 4.63 (d, 4H, J = 2.7 Hz,
CH,-C=CH), 6.47 (d, 4H, J = 8.7 Hz, H-Ar), 6.70 (d, 4H, J = 8.7 Hz, H-Ar), 6.74 (d, 4H, J = 8.7
Hz, H-Ar), 6.90 (d, 4H, J= 8.7 Hz, H-Ar).

1,1-Di-[4-(2-propyn-1-yloxy)phenyl]-2,2-di-[4-N-(O-allylcarbamoyl)phenyl]-ethylene (II-11a)

o
N =

2e¥e )

To the solution of compound II-10 (935 mg, 2 mmol, 1 eq.) and allyl chloroformate (840 mg, 7
mmol, 3.5 eq., 0.75 mL) in dry CH»Cl, (30 mL) was added N, N-diisopropylethylamine (DIPEA, 1.4
mL, 8 mmol, 4 eq.). The resulting solution was stirred at RT under argon during 20 h. Then the
solvent was evaporated and the residue was purified by silica gel column chromatography (CH2Cl»)
to afford the compound II-11a (802 mg, 63%) as a pale yellow amorphous solid.

R;=0.35 (CH,CLy)

'H NMR (300 MHz, CDsCN): & (ppm) 2.78 (t, 2H, J = 2.4 Hz, HC=C), 4.57 (t, 2H, J = 1.5 Hz,
CH,-CH=CH>), 4.59 (t, 2H, J = 1.5 Hz, CH,-CH=CH,), 4.57 (d, 4H, J = 2.4 Hz, CH,-C=CH), 5.21
(dd, 2H, J = 1.5 Hz, 9.0 Hz, CH,-CH=CH,), 5.34 (dd, 2H, J = 1.5 Hz, 9.0 Hz, CH,-CH=CH.), 5.90-
6.03 (m, 2H, CH,-CH=CH>), 6.74 (d, 4H, J = 8.7 Hz, H-Ar), 6.92 (d, 4H, J = 6.6 Hz, H-Ar), 6.95
(d, 4H, J = 6.6 Hz, H-Ar), 7.20 (d, 4H, J = 8.7 Hz, H-Ar), 7.69 (s, 2H, NH)
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1,1-Di-[4-(2-propyn-1-yloxy)phenyl]-2,2-di-[4-V-(3-acetylthiopropionamide)phenyl]-ethylene

(II-11b)
/O N{SAC

\ 2 Q
Aol

I-11b o

SAc

To the solution of compound II-10 (1.18 g, 2.5 mmol, 1 eq.), 3-acetylthiopropanoic acid (1.11 g,
7.5 mmol, 3 eq.) and 2-(6-chloro-1-H-benzotriazole-1-yl)-1,1,3,3-tetramethylammonium
hexafluorophosphate (3.1 g, 7.5 mmol, 3 eq.) in dry CH>Cl, (30 mL) was added N,N-
diisopropylethylamine (1.3 mL, 7.5 mmol, 3 eq.). The mixture was stirred at RT under argon during
20 h. Then the reaction was diluted with CH>Cl, (50 mL), washed with saturated NaHCO3 aqueous
solution (40 mL) and brine (2x50 mL). The organic layer was dried (MgSOs), concentrated and
purified with silica gel column chromatography (CH,Clo:MeOH = 100:1 to 60:1) to afford
compound II-11b (1.16 g, 64%) as a pale yellow amorphous solid.

=0.29 (CH,CL:MeOH = 50:1)

'HNMR (300 MHz, CDsCN):  (ppm) 2.23 (s, 6H, CHsCO), 2.57 (t, 4H, J = 6.9 Hz, O-CH,-CH, ),
2.79 (t, 2H, J = 2.4 Hz, HC=C), 3.10 (t, 4H, J = 6.9 Hz, CH,-CH,-SAc), 4.67 (d, 4H, J = 2.4 Hz,
CH,-C=CH), 6.74 (d, 4H, J = 8.7 Hz, H-Ar), 6.92 (d, 4H, J = 6.3 Hz, H-Ar), 6.95 (d, 4H, J = 6.6
Hz, H-Ar), 7.31 (d, 4H, J= 8.7 Hz, H-Ar), 8.23 (s, 2H, NH).

1,1-Di-(4-{1-[1-(2,3,4,6-tetra-0-acetyl-a-D-mannopyranosyloxy)-3,6-dioxaoct-8-yl]-1,2,3-
triazol-4-yl-methoxy}phenyl)-2,2-di-[4-N-(O-allylcarbamoyl)phenyl]-ethylene (II-12a)

AcO

OAc 0]
AcO - HN 1
" [’( O O

b o
0 NN
\4/\0/9;/ \\&o N«Ol
11-12a °
Prepared according to the general procedure H from compound II-11a (802 mg, 1.26 mmol, 1 eq.),
ManEGN;?°1 (1.6 g, 3.15 mmol, 2.5 eq.), copper iodide (Cul, 245 mg, 1.26 mmol, 1 eq.) and
DIPEA (0.63 mL , 3.78 mmol, 3 eq.) affording compound II-12a (1.41 g, 68%) as a pale yellow

amorphous solid.
=0.23 (CH2Cl2:MeOH = 60:1)
"HNMR (300 MHz, CDCl3): § (ppm) 1.98, 2.02, 2.09, 2.14 (4s, 4x6H, CH3CO), 3.61-3.67 (m, 14H,

Man-OCH,, OCH,), 3.75-3.82 (m, 2H, Man-OCH,), 3.90 (t, 4H, J = 4.8 Hz, OCH,CH,-triaz), 4.02-
4.12 (m, 4H, H-5, H-6"), 4.28 (dd, 2H, J = 4.8 Hz, 12Hz, H-6), 4.57 (t, 4H, J = 5.1 Hz, OCH:CH>-
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triaz), 4.63 (t, 2H, J = 1.5 Hz, CH»,-CH=CH>), 4.65 (t, 2H, J= 1.5 Hz, CH,-CH=CH>»), 4.85 (d, 2H,
J=1.8 Hz, H-1), 5.12 (s, 4H, OCH)-triaz), 5.22-5.38 (m, 10H, H-2, H-4, H-3, CH,-CH=CH,), 5.88-
6.01 (m, 2H, CH>-CH=CH>»), 6.72 (d, 4H, J = 9.0 Hz, H-Ar), 6.76 (s, 2H, NH), 6.90-6.96 (m, 8H,
H-Ar), 7.13 (d, 4H, J = 8.4 Hz, H-Ar), 7.79 (s, 2H, H-triaz).

1,1-Di-(4-{1-[1-(2,3,4,6-tetra-O-acetyl-a-D-mannopyranosyloxy)-3,6-dioxaoct-8-yl]-1,2,3-
triazol-4-yl-methoxy}phenyl)-2,2-di-{4-N-[3-(S-acetylthiol)propionamide|phenyl}-ethylene
(1I-12b)

AcO
OAc
AcO & 0 HN~<—\SAC
AcO /,:(7 o)
L 49§
o N
2

AcO OAOCO
AcO - —
AcO N/N\\

o dro MY § 0 D
O 2 \:&
o HN~<—\SAC
11-12b o)

Prepared according to the general procedure H from compound II-11b (960 mg, 1.32 mmol, 1 eq.),
ManEGN; 2611 (1.67 g, 3.29 mmol, 2.5 eq.), copper iodide (251 mg, 1.32 mmol, 1 eq.) and DIPEA
0.67 mL , 4 mmol, 3 eq.) affording compound I1-12b (894 mg, 39%) as a pale yellow amorphous
solid.

Ry=0.34 (CH2Cl::MeOH =40:1)

'H NMR (300 MHz, CDCL): 6 (ppm) 1.96, 2.01, 2.07, 2.13 (4s, 4x6H, CH:CO-Man), 2.31 (s, 6H,
CH3CO-S), 2.63 (1, 4H, J = 6.6 Hz, O-CH>-CH>), 3.16 (t, 4H, J = 6.6 Hz, CH»-CH>-S), 3.59-3.65
(m, 14H, Man-OCHa, OCH,), 3.76-3.79 (m, 2H, Man-OCHb,), 3.87 (t, 4H, J = 5.1 Hz, OCH,CH,-
triaz), 4.02-4.11 (m, 4H, H-5, H-6"), 4.26 (dd, 2H, J = 4.8 Hz, 12Hz, H-6), 4.56 (t, 4H, J= 5.1 Hz,
OCH,CHo-triaz), 4.84 (d, 2H, J = 1.5 Hz, H-1), 5.10 (s, 4H, OCH.-triaz), 5.23-5.32 (m, 6H, H-2,
H-4, H-3), 6.70 (d, 4H, J = 8.7 Hz, H-Ar), 6.91 (d, 8H, J = 8.7 Hz, H-Ar), 7.26 (d, 4H, J = 8.7 Hz,
H-Ar), 7.78 (s, 2H, NH), 7.79 (s, 2H, H-triaz)

1,1-Di-(4-{1-[1-(0-D-mannopyranosyloxy)-3,6-dioxaoct-8-yl]-1,2,3-triazol-4-yl-methoxy}
phenyl)-2,2-di-[4-NV-(O-allylcarbamoyl)phenyl]-ethylene (II-12¢)

HO OH o
HO ° o} N \—
HO /ﬁ(i o
1o o1 O PEOXW,
OHo o7/, N
HO =
HO

11-12¢
Prepared according to the general procedure I from compound II-12a (500 mg, 0.3 mmol, 1 eq.),
MeOH (10 mL), H>O (3 mL) and Et;3N (2-3 mL) affording compound II-12¢ (372 mg, 94%) as a

pale yellow solid.

'H NMR (300 MHz, CD;OD): & (ppm) 3.54-3.62 (m, 16H, OCH,, Man-OCH,), 3.65-3.75 (m,
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OCH.CHa-triaz, H-5, H-6"), 3.80 (d, J = 2.7 Hz, 2H, H-6), 3.83-3.87 (m, 4H, CH>-CH=CH,), 3.90
(t, 4H, J = 4.8 Hz, OCH,CHo-triaz), 4.58-4.61 (m, 6H, H-2, H-4, H-3), 4.80 (d, 2H, J= 1.8 Hz, H-
1), 5.09 (s, 4H, OCH.-triaz), 5.23 (dd, 2H, J = 1.2 Hz, 10.5 Hz, CH,-CH=CH.,), 5.34 (dd, 2H, J =
1.5 Hz, 17.1 Hz, CH,-CH=CH,), 5.90-6.03 (m, 2H, CH,-CH=CH.), 6.76 (d, 2H, J=8.7 Hz, H-Ar),
6.87-6.92 (m, 8H, H-Ar), 7.16 (d, 4H, J = 8.1 Hz, H-Ar), 8.06 (s, 2H, H-triaz).

1,1-Di-(4-{1-[1-(0-D-mannopyranosyloxy)-3,6-dioxaoct-8-yl]-1,2,3-triazol-4-yl-methoxy}
phenyl)-2,2-di-[4-/V-(3-thiolpropionamide)phenyl]-ethylene (II-12b)

l-12d

Prepared according to the general procedure I from compound II-12b (500 mg, 0.3 mmol, 1 eq.),
MeOH (10 mL), H>O (3 mL) and Et;N (2-3 mL) affording compound II-12¢ (372 mg, 94%) as a
pale yellow amorphous solid.

"H NMR (300 MHz, DMSO-ds): J (ppm) 2.57 (t, J = 6.6 Hz, 2H, O-CH»-CH>), 2.70 (t, 2H, J= 6.6
HZ, CH,-CH»-S), 3.59-3.64 (m , 24H, Man-OCH», OCH,, H-5, H-6°, H-6, H-2, H-4, H-3), 3.81 (t,
4H, J =5.1 Hz, OCH.CH>-triaz), 4.52 (t, 4H, J= 5.1 Hz, OCH,CHb>-triaz), 4.62 (d, 2H, J= 1.5 Hz,
H-1), 5.03 (s, 4H, OCH-triaz), 6.78-6.88 (m, 12H, H-Ar), 7.35 (d, 4H, J = 8.4 Hz, H-Ar), 8.15 (s,
2H, H-triaz)

1,1-Di-(4-{1-[1-(0-D-mannopyranosyloxy)-3,6-dioxaoct-8-yl]-1,2,3-triazol-4-yl-methoxy}
phenyl)-2,2-di-(4-aminophenyl)-ethylene (II-13)

Koo an o
%@%¢KOO

1-13

Prepared according to the general procedure H from compound II-10 (510 mg, 1.09 mmol, 1 eq.),
compound GalEGN;?°11 (1,12 g, 2.23 mmol, 2.5 eq.), copper iodide (Cul, 103 mg, 0.54 mmol, 1
eq.) and DIPEA (427 mg , 3.3 mmol, 3 eq., 0.54 mL) affording compound II-13 (1.16 g, 72%) as a
pale yellow amorphous solid.

=0.43 (CH2CI2:MeOH = 30:1)
"H NMR (300 MHz, Acetone-de): 6 (ppm) 1.90, 1.98, 1.99, 2.11 (4s, 4x6H, CH3CO), 3.55-3.61 (m,

12H, OCH,), 3.66-3.72 (m, 4H, Gal-OCH.), 3.86-3.89 (m, 2H, H-5), 3.92 (t, 4H, J = 5.1 Hz,
OCH:CHo-triaz), 4.11-4.17 (m, 6H, H-1, H-6, H-6"), 4.60 (t, 4H, J = 4.8 Hz, OCH,CHx-triaz), 4.74-
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4.76 (m, 2H, H-3), 5.10 (s, 4H, OCH»-triaz), 5.11-5.12 (m, 2H, H-2), 5.37 (dd, 2H, J=1.2 Hz, 3.0
Hz, H-4), 6.41 (d, 2H J= 8.1 Hz, H-Ar), 6.73 (d, 2H J = 8.4 Hz, H-Ar), 6.80 (d, 2H J = 8.7 Hz, H-
Ar), 6.95 (d, 2H, J = 8.4 Hz, H-Ar), 8.07 (s, 2H, H-triaz).

1,1-Di-(4-{1-[1-(o-D-mannopyranosyloxy)-3,6-dioxaoct-8-yl]-1,2,3-triazol-4-yl-methoxy}
phenyl)-2,2-di-{4-N-| O-(2-chloroethyl)carbamoyl|phenyl}-ethylene (I11-14)

O
%%% oo
SEL bt OO

O

Cl
1-14

To the solution of the compound I1-13 (100 mg, 0.068 mmol, leq.) and DIPEA (44 mg, 0.34 mmol,
5 eq.) in dry CH2Cl (3 mL) was added 2-chloroethyl chloroformate at 0°C. The resulting mixture
was stirred at RT during 16 h. The mixture was diluted with CH>Cl, (20 mL), washed with saturated
NaHCOs3 aqueous solution (20 mL) and brine (20 mL). The organic layer was dried (MgSOs),
concentrated and purified by silica gel column chromatography (CH2Cl,:MeOH = 60:1 to 50:1) to
afford compound II-14 (62 mg, 54%) as a pale yellow amorphous solid.

Ry=0.33 (CH2Cl::MeOH =40:1)

"HNMR (300 MHz, CDCl3): 6 (ppm) 2.00, 2.05, 2.06, 2.16 (4s, 4x6H, CH3CO), 3.61-3.65 (m, 12H,
OCHy>), 3.69-3.77 (m, 6H, CH,CH,-Cl, Gal-OCH>), 3.90-3.95 (m, 8H, Gal-OCH, H-5, OCH>CH>-
triaz), 4.16-4.18 (m, 4H, H-6, H-6"), 4.42 (t, 4H, J = 5.4 Hz, OCH,CH:Cl), 4.54-4.60 (m, 6H, H-1,
OCH,CH,-triaz), 5.04 (dd, 2H, J= 3.6 Hz, 10.5 Hz, H-3), 5.16 (s, 4H, OCH»-triaz), 5.22 (dd, 2H, J
= 2.7 Hz, 7.8 Hz, H-2), 5.40 (d, 2H, J = 3.6 Hz, H-4), 6.75 (d, 2H, J = 8.7 Hz, H-Ar), 6.82 (s, 2H,
NH) 6.95 (d, 2H, J=2.7 Hz, H-Ar), 6.98 (d, 2H, J= 2,7 Hz, H-Ar), 7.16 (d, 2H, J=8.7 Hz, H-Ar),
7.79 (s, 2H, H-triaz).

1,1-Di-(4-{1-[1-(0-D-mannopyranosyloxy)-3,6-dioxaoct-8-yl]-1,2,3-triazol-4-yl-methoxy}
phenyl)-2,2-di-[4-V-(O-propargylcarbomyl)phenyl]-ethylene (II-152)

e HNJ</
ISV eTs

= <5
B PVAELS L

To the solution of compound II-13 (160 mg, 0.108 mmol, 1 eq.) and propargyl chloroformate (40
mg, 0.33 mmol, 3 eq.) in dry CH>Cl, (4 mL) was added EtzN (55 mg, 0.54 mmol, 5 eq.) at 0°C. The
resulting mixture was stirred at RT during 17 h. The solution was diluted with CH>Cl, (40 mL),

11-15a

washed with saturated NaHCO3 aqueous solution (30 mL) and brine (30 mL). The organic layer was
dried (MgSO04), concentrated and purified by silica gel column chromatography (CH2Cl.:MeOH =
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60:1 to 50:1) to afford compound II-15a (120 mg, 67%) as a pale yellow amorphous solid.
= 0.4 (CH2Cl2:MeOH = 40:1)

'H NMR (300 MHz, CDCls): § (ppm) 1.98, 2.03, 2.04, 2.14 (4s, 4x6H, CH5CO), 2.52 (t, 2H, J =
2.4 Hz, HC=C), 3.60-3.73 (m, 14H, OCH,, Gal-OCH,), 3.91-3.98 (m, 8H, Gal-OCH,, H-5,
OCH,CHo-triaz), 4,13-4.18 (m, 4H, H-6, H-6"), 4.54 (d, 2H, J = 7.8 Hz, H-1), 4.60 (t, 4H, J = 5.1
Hz, OCH,CH,-triaz), 4.78 (d, 4H, J=2.4 Hz, CH,-C=CH), 5.02 (dd, 2H, J = 3.6 Hz, 10.5 Hz, H-3),
5.16-5.23 (m, 6H, OCH,-triaz, H-2), 5.38 (d, 2H, J = 3.3 Hz, H-4), 6.75 (d, 4H, J = 8.7 Hz, H-Ar),
6.93 (s, 2H, NH), 7.15-7.25 (m, 12H, H-Ar), 7.89 (s, 2H, H-triaz).

1,1-Di-(4-{1-[1-(c-D-mannopyranosyloxy)-3,6-dioxaoct-8-yl]-1,2,3-triazol-4-yl-methoxy}
phenyl)-2,2-di-{4-N-[O-(2-azidoethyl)carbamoyl]phenyl}-ethylene (II-15b)

Wl N
ESEWEY-Se¥s il
%%&Kox

1I-15b

A solution of compound II-14 (62 mg, 0.037 mmol, 1 eq.), sodium azide (NaN3, 7 mg, 0.1 mmol,
2.6 eq.) and BusNI (3 mg, 0.008 mmol, 0.2 eq.) in DMF (2 mL) was stirred at 75°C during 16 h.
The mixture was diluted with EtOAc (20 mL), washed with saturated NaHCOj3; aqueous solution
(20 mL) and brine (20 mL). The organic layer was dried (MgSQOs), concentrated and purified by
silica gel column chromatography (CH2Cl.:MeOH = 60:1 to 45:1) to afford compound II-15b (63
mg, 99%) as a pale yellow amorphous solid.

Ry=0.35 (CH2Cl:MeOH = 40:1)

'"HNMR (300 MHz, CDCL): & (ppm) 1.98, 2.02, 2.03, 2.14 (4s, 4x6H, CH3CO), 3.54-3.63 (m, 16H,
OCH,, Gal-OCH,, CH,CH,N3), 3.89-3.93 (m, 8H, Gal-OCH,, H-5, OCH,CHa-triaz), 4.04-4.20
(OCH,CH,Ns, H-6"), 4.34 (t, 2H, J = 5.1 Hz, H-6), 4.52-4.59 (m, 6H, H-1, OCH,CH,-triaz), 5.02
(dd, 2H, J=3.6 Hz, 10.5 Hz, H-3), 5.17-5.23 (m, 6H, H-2, OCH-triaz), 5.38 (d, 2H, J=3.3 Hz, H-
4), 6.75 (d, 2H, J = 8.7 Hz, H-Ar), 6.93 (s, 2H, NH), 7.18-7.31 (m, H-12, H-Ar), 7,85 (s, 2H, H-

triaz).

1,1-Di-(4-{1-[1-(2,3,4,6-tetra-0O-acetyl-B-D-galactopyranosyloxy)-3,6-dioxaoct-8-yl]-1,2,3-
triazol-4 -yl—methoxy}phenyl)-Z 2-di-phenyl-ethylene (II1-2a)

%@¢% 9%y
%%%«% Q

lll-2a
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Prepared according to the general procedure H from compound I1-8 (360 mg, 0.82 mmol, 1 eq.),
GalEGN; 2611 (1.26 g, 2.5 mmol, 3 eq.), copper iodide (155 mg, 0.82 mmol, 1 eq.) and DIPEA
0.42 mL, 2.5 mmol, 3 eq.) affording compound I1I-2a (566 mg, 48%) as a pale yellow amorphous

solid.
Rr=0.31 (CH2Cl:MeOH = 40:1)

'"H NMR (300 MHz, CDCl;): 6 (ppm) 1.96 ,2.01, 2.02, 2.12 (4s, 4x6H, CH3CO), 3.55-3.61 (m, 12H,
OCH,CH-0), 3.64-3.73 (m, 2H, Gal-OCH.>), 3.86-3.96 (m, 8H, OCH,CH>N, H-5, Gal-OCH>), 4.09-
4.12 (m, 4H, H-6, H-6"), 4.50-4.54 (m, 6H, H-1, OCH,CH1N), 4.99 (dd, 2H, J = 3.6 Hz, 10.5 Hz,
H-3), 5.08 (s, 4H, OCH»-triaz), 5.15 (dd, 2H, J = 7.8 Hz, 10.5 Hz, H-2), 5.35 (dd, 2H, J = 0.9 Hz,
3.3 Hz, H-4), 6.69 (d, 4H, J= 8.7 Hz, H-Ar), 6.91 (d, 4H, J= 8.7 Hz, H-Ar), 6.96-6.99 (m, 4H, Ph),
7.03-7.07 (m, 6H, Ph), 7.77 (s, 2H, H-triaz).

13C NMR (75 MHz, CDCL): & (ppm) 20.6, 20.7, 20.7, 20.8 (4xCOCHs3), 50.3 (OCH,CH,N), 61.3
(C-6), 61.9 (OCH,-triaz), 67.1 (C-4), 68.8 (C-2), 69.1 (Gal-OCH,), 69.4 (OCH,CH,N), 70.2 (OCH,),
70.56 (OCH,), 70.61 (OCH,), 70.7 (C-5), 70.9 (C-3), 101.3 (C-1), 113. 8 (CH-Ar), 124.0
(CH"%%)126.1 (Ph), 127.7 (Ph), 131.3 (Ph), 132.6 (CH-Ar), 136.8 (C*-C=C), 139.6 (C™-C=C),
139.8 (C=C), 144.1 (C'"*), 156.9 (CA"-0), 169.4,170.1,170.2,170.4 (4xCOCH3).

HR-ESI-MS m/z: calcd. for C72HgeNsO26Na, [M+2Na]** 748.2670, found 748.2688.

1,1-Di-(4-{1-[1-(2,3,4,6-tetra-0-acetyl-p-D-glucopyranosyloxy)-3,6-dioxaoct-8-yl]-1,2,3-
triazol-4-yl-methoxy}phenyl)-2,2-di-phenyl-ethylene (III-2b)

O

Ac 0
AcO 0 /ﬁ(
o N. N
AcO o075 N

OAc

OAc

N

5 W () O
AcO O\f(\ /é\/ —
A:O% 0" /3 \_Lo

OAc
1-2b

Prepared according to the general procedure H from compound I1-8 (385 mg, 0.88 mmol, 1 eq.),
compound GIcEGN3 [2¢11(1.3 g, 2.63 mmol, 3 eq.), copper iodide (165 mg, 0.88 mmol, 1 eq.) and
DIPEA (0.45 mL, 2.63 mmol, 3 eq.) affording compound III-2b (1.11 g, 87%) as a pale yellow
amorphous solid.

R;= 0.30 (CH,Cl:MeOH, 40:1)

'HNMR (300 MHz, CDCL): d (ppm) 1.98, 2.00, 2.01, 2.05 (4s, 4x6H, CH3CO), 3.57-3.60 (m, 12H,
OCH:CH;0), 3.63-3.71 (m, 4H, H-5, Glc-OCH>), 3.85-3.93 (m, 6H, OCHCH:N, Glc-OCH>), 4.11,
(dd, J=2.4 Hz, 12.3 Hz, 2H, H-6"), 4.24 (dd, J = 4.5 Hz, 12.3 Hz, 2H, H-6), 4.53-4.58 (m, 6H, H-
1, OCH>CH,N), 4.97 (dd, J= 7.8 Hz, 9.6 Hz, H-2), 5.06 (t, J = 9.6 Hz, 2H, H-4), 5.11 (s, 4H, OCH>-
triaz), 5.19 (t, J = 9.6 Hz, 2H, H-3), 6.71 (d, J= 8.7 Hz, 4H, H-Ar), 6.93 (d, J = 8.7 Hz, 4H, H-Ar),
6.98-7.01 (m, 4H, Ph), 7.05-7.09 (m, 6H, Ph), 7.78 (s, 2H, H-triaz).
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13C NMR (75 MHz, CDCls): 8 (ppm) 20.68, 20.69, 20.76, 20.83 (4xCOCH3), 50.5 (OCH,CH,N),
60.2 (C-6), 60.2 (OCH,-triaz), 68.5 (C-4), 69.2 (Gle-OCH,), 69.5 (OCH,CH,N), 70.3 (OCH,),
70.66 (OCHa), 70.68 (OCH,), 71.4 (C-2), 71.9 (C-5), 72.9 (C-3), 100.9 (C-1), 113.9 (CH-Ar), 124.0
(CH'), 126.2 (Ph), 127.8 (Ph), 131.4 (Ph), 132.7 (CH-Ar), 136.9 (CP*-C=C), 139.7 (CA-C=C),
139.9 (C=C), 144.2 (C"*%), 157.0 (C*-0), 169.4,169.5,170.3,170.7 (4xCOCHs).

HR-ESI-MS m/z: calced. for C72HgsNgO26 [M+2H]*" 726.2842, found 726.2869.

1,1-Di-(4-{1-[1-(B-D-galactopyranosyloxy)-3,6-dioxaoct-8-yl]-1,2,3-triazol-4-yl-
methoxy}phenyl)-2,2-di-phenyl-ethylene (II1-3a)

OH OH 0

- 300
HO 0\4/\0/%/”\,\['

OH ? _
OH _oH N
%&v% AN
HO o/ \:&o

OH

lll-3a

Prepared according to the general procedure I from compound III-2a (510 mg, 0.35 mmol, 1 eq.),
MeOH (15 mL), H>O (5 mL) and Et;N (4 mL) affording compound I11-3a (370 mg, 95%) as a pale

yellow amorphous solid.

'HNMR (300 MHz, CDsOD): § (ppm) 3.40-3.47 (m, 4H, H-3, H-5), 3.54-3.66 (m, 14H, H-4, OCH.),
3.68-3.71 (m, 4H, H-6, H-6), 3.80 (d, 2H, J = 2.4 Hz, H-2), 3.84 (t, 4H, J = 5.1 Hz, OCH,CH.N),
3.89-3.96 (m, 4H, Gal-OCH,), 4.20 (d, 2H, J = 7.2 Hz, H-1), 4.54 (t, 4H, J = 4.8 Hz, OCH,CH.N),
5.03 (s, 4H, OCH,-triaz), 6.71 (d, 4H, J = 8.7 Hz, H-Ar), 6.88 (d, 4H, J = 8.7 Hz, H-Ar), 6.92-6.95
(m, 4H, Ph), 7.01-7.04 (m, 6H, Ph), 8.05 (s, 2H, H-triaz).

13C NMR (75 MHz, CD;0D): 6 (ppm) 51.5 (OCH2CH:N), 62.2 (C-6), 62.5 (OCHo-triaz), 69.6 (Gal-
OCH), 70.2 (OCH,CH:N), 70.3 (C-2), 71.29 (OCH,), 71.38 (OCH>), 71.4 (OCH,), 72.5 (C-4), 74.8
(C-5), 76.6 (C-3), 105.0 (C-1), 115.1 (CH-Ar), 126.5 (CH"*), 127.3 (Ph), 128.8 (Ph), 132.4 (Ph),
133.7 (CH-Ar), 138.1 (C™-C=C), 141.1 (C*-C=C), 141.3 (C=C), 145.5 (C"*%), 158.3 (C*-O).

HR-ESI-MS m/z: calcd. for CssH70NsO1sNa [M+Na]* 1137.4647, found 1137.4644.

1,1-Di-(4-{1-[1-(B-D-glucopyranosyloxy)-3,6-dioxaoct-8-yl]-1,2,3-triazol-4-yl-
methoxy}phenyl)-2,2-di-phenyl-ethylene (III-3b)

OH o
RN H QO
OH 2 .
= g O
0, N" N
HO o\/Q\ /}\/ —
}-;J% o /3 %O
OH

11-3b
Prepared according to the general procedure I from compound III-2b (1.05 g, 0.72 mmol), MeOH

(15 mL), H,O (5 mL) and EtsN (4 mL) affording compound III-3b (774 mg, 96%) as a pale yellow
amorphous solid.
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'H NMR (300 MHz, CD;0D): d (ppm) 3.18-3.29 (m, 8H, H-2, H-3, H-4, H-5), 3.54-3.66 (m, 14H,
OCH,, H-6"), 3.79-3.91 (m, 10H, Gle-OCH,, OCH,CH,N, H-6), 4.24 (d, 2H, J = 7.8 Hz, H-1), 4.56
(t, 4H, J = 5.1 Hz, OCH,CH:N), 5.05 (s, 4H, OCHa-triaz), 6.71 (d, 4H, J = 8.7 Hz, H-Ar), 6.89 (d,
4H, J = 8.7 Hz, H-AT), 6.93-6.96 (m, 4H, Ph), 7.03-7.06 (m, 6H, Ph), 8.06 (s, 2H, H-triaz).

13C NMR (75 MHz, CD;0D): § (ppm) 51.5 (OCH>CH:N), 62.2 (C-6), 62.8 (OCH)-triaz), 69.7 (Gal-
OCH,), 70.3 (OCH,CH,N), 71.35 (OCH,), 71.41 (OCHa), 71.43 (OCHa), 71.6 (C-2), 75.1 (C-4),
77.9 (C-5), 78.0 (C-3), 104.4 (C-1), 115.1 (CH-Ar), 126.3 (CH'"*), 127.3 (Ph), 128.8 (Ph), 132.4
(Ph), 133.7 (CH-Ar), 138.1 (CP"-C=C), 141.4 (CM-C=C), 144.8 (C=C), 145.5 (C"%%), 158.4 (CA'-
0).

HR-ESI-MS m/z: calcd. for CssH70NsO1sNa [M+Na]" 1137.4645, found 1137.4644.

Synthesis of TPE-based glycoclusters with four glycosides (III-5a,b,c,d)

HONO\%\ /#/N O O N/K\/O\%AO/VXOH 1 HO OH &v o H&L\
Lon

HO‘/Q/o [:>

Ho./wové\oﬁw Ny O ﬁw”@ v}\o/v OH Gly § a(B Gal) b (p-Glc) c(a Fuc)  d (o- Man)

I11-5(a-d)

The TPE-based glycolclusters with four glycosides were synthesized in our previous works!!33],

1,1-Di-(4-{1-[1-hydroxyl-3,6-dioxaoct-8-yl]-1,2,3-triazol-4-yl-methoxy}phenyl)-2,2-di-phenyl-
ethylene (II1-7)

HO\’%\O/%/N/N:"N( O Q ‘R?N/\é/o\%;\OH

-7
Prepared according to the general procedure H from compound III-41'%31 (100 mg, 0.18 mmol, 1
eq.), 2-[2-(2-azidoethoxy)ethoxy]ethanol [1#3] (I11-6, 192 mg, 1.09 mmol, 6 eq.), copper iodide (14
mg, 0.073 mmol, 0.4 eq.) and DIPEA (0.2 mL, 1.09 mmol, 6 eq.) affording compound III-7 (130
mg, 57%) as a pale yellow oil.

R;=0.27 (CH,CL:MeOH = 10:1)

'H NMR (300 MHz, CDCl;): 6 (ppm) 3.48 (t, 8H, J = 4.8 Hz, OCH,CH,OH), 3.53 (s, 16H,
OCH,CH-0), 3.63 (t, 8H, J = 4.2Hz, OCH,CH,OH), 3.81 (t, 8H, J = 5.4 Hz, OCH,CH,N)4.48 (,
8H, J= 5.1 Hz, OCH,CH,N), 5.04 (s, 8H, OCHo-triaz), 6.66 (d, 8H, J= 8.7 Hz, H-Ar), 6.87 (d, 8H,
J=8.7 Hz, H-Ar), 7.79 (s, 4H, H-triaz).

13C NMR (75 MHz, CDCLs): 8 (ppm) 50.6 (OCH,CH:N), 61.9 (OCHs-triaz), 62.2 (CH,OH), 69.6
(OCH,), 70.6 (OCHa), 70.9 (OCHa), 72.9 (OCH,), 114.3 (CH-Ar), 124.6 (CH"*), 132.9 (CH-Ar),
137.5 (C™-C=C) 138.9 (C=C), 144.2 (C"#%), 157.0 (CA-0).

HR-ESI-MS m/z: calcd. for Ce2HgoN12016[ M+2H]** 625.2986, found 625.2956.

150



(E)-2-[2-2-(4-Hydroxystyryl)-6-(tert-butyl)-4 H-pyran-4-ylidene| propanedinitrile (I11-10)

1n-10

Compound III-9 was synthesized according to the literaturel??]. Prepared according to the general
procedure D from compound II1-9 (200 mg, 0.93 mmol, 1 eq.), 4-hydroxybenzaldehyd (0.2 mL,
1.86 mmol, 2 eq.) and piperidine (0.2 mL, 1.86 mmol, 2 eq.) in 1-propanol (10 mL) affording
compound III-10 (118 mg, 40%) as a red amorphous solid.

Ry= 0.4 (Cyclohexane:EtOAc, 2:1)
"H NMR (300 MHz, Acetone-ds): 0 (ppm) 1.34 (s, 9H, CMes), 2.72 (s, 1H, OH) 6.45 (d, 1H, J =

2.1 Hz, H-3pyran), 6.65 (d, 1H, J= 2.1 Hz, H-5pyran), 6.83 (d, 2H, /= 8.7 Hz, H-Ar), 7.01 (d, 1H,
J=15.9 Hz, HC=CH-Ph), 7.53 (d, 1H, J=16.2 Hz, HC=CH-Ph), 7.55 (d, 2H, J = 8.4 Hz, H-Ar).

13C NMR (75 MHz, CDCL): 6 (ppm) 28.0 (CMes), 36.7 (CMes), 57.9 (C(CN)y), 102.5 (C-3pyran),
106.1 (C-5pyran), 115.1 (CN), 115.5 (HC=CH-Ph), 116.1 (C-Ar), 126.2 (HC=CH-C*"), 129.8 (C-
Ar), 138.3 (HC=CH-Ph), 157.2 (CA-OH), 159.6 (C-2pyran), 160.0 (C-6pyran), 172.4 (C-4pyran).

HR-ESI-MS m/z: caled. for C20H19N>O2 [M+H]™ 319.1440, found 319.1441.

(E)-2-{2-[4-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)styryl]-6-(tert-butyl)-4 H-pyran-4-
ylidene}-propanedinitrile (III-11)

n-11 O\E

Prepared according to the general procedure D from compound ITI-9 (200 mg, 0.93 mmol, 1 eq.),
4-formylphenylboronic acid pinacol ester (324 mg, 1.4 mmol, 1.5 eq.) and piperidine (0.2 mL, 1.86
mmol, 2 eq.) affording compound III-11 (120 mg, 30%) as a red amorphous solid.

Ry=0.25 (Cyclohexane:EtOAc, 6:1)

'H NMR (300 MHz, CDCL3): 6 (ppm) 1.35 (s, 12H, 2xCMey), 1.38 (s, 9H, CMes), 6.56 (d, 1H, J =
2.1 Hz, H-3pyran), 6.70 (d, 1H, J = 2.1 Hz, H-5pyran), 6.80 (d, 1H, J = 16.2 Hz, HC=CH-Ar), 7.41
(d, 1H, J= 15.9 Hz, HC=CH-Ar), 7.54 (d, 2H, J= 7.8 Hz, H-Ar), 7.85 (d, 2H, J= 8.1 Hz, H-Ar).

13C NMR (75 MHz, CDCl3): § (ppm) 25.0 (2xCMe»), 28.2 (CMes), 36.8 (CMe3), 60.1 (C(CN)),
84.2 (2xCMe»), 102.8 (C-3pyran), 107.7 (C-5pyran), 115.1 (CN), 119.4 (HC=CH-Ph), 127.1(CH-
Ar), 128.8 (CA™-B), 135.5 (CH-Ar), 137.0 (HC=CH-Ph), 137.7 (HC=CH-C*"), 156.7 (C-2pyran),
158.7 (C-6pyran), 172.4 (C-4pyran).
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HR-ESI-MS m/z: caled. for C2sH30BN203 [M+H]" 429.2364, found 429.2344.

(E)-2-(2-{4-]4-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)-benzyloxy|styryl}-6-(zert-butyl)-
4H-pyran-4-ylidene)-propanedinitrile (ITI-12)

n-12 K@ﬁs’o
RS

Compound III-10 (118 mg, 0.37 mmol, 1 eq.), 4-(bromomethyl)benzeneboronic acid pinacol ester
(133 mg, 0.45 mmol, 1.2 eq.) and tetrabutylammonium iodide (BusNI, 137 mg, 0.37 mmol, 1 eq.)
were dissolved in acetonitrile (8 mL). Potassium carbonate (103 mg, 138 mmol, 2 eq.) and 18-
crown-6 (49 mg, 0.19 mmol, 0.5 eq.) were added to the solution. The resulting mixture was stirred
at 80°C during 18 h. The mixture was diluted with EtOAc (50 mL), washed with brine (50 mL), 2M
HCI (20 mL), and brine (50 mL). The organic layer was dried (MgSOs), concentrated and purified
by silica gel column chromatography (cyclohexane:CH>Cl, = 3:1) to afford compound I11-12 (36

mg, 19%) as a yellow amorphous solid.
Ry= 0.4 (Cyclohexane:EtOAc, 3:1)

'H NMR (300 MHz, CDCls): § (ppm) 1.35 (s, 12H, 2xCMe3), 1.37 (s, 9H, CMes), 5.14 (s, 2H, O-
CH,-Ph2), 6.54 (d, 1H, J= 1.8 Hz, H-3pyran), 6.59 (d, 1H, J = 15.9 Hz, HC=CH-Ph1), 6.64 (d, 1H,
J=2.1 Hz, H-5pyran), 6.98-7.08 (m, 2H, H-Ar2), 7.36 (d, 1H, J = 15.9 Hz, HC=CH-Ph1), 7.42 (d,
2H, J=10.2 Hz, H-Arl), 7.48 (d, 2H, J = 8.7 Hz, H-Arl), 7.83 (d, 2H, J = 7.8 Hz, H-Ar2).

13C NMR (75 MHz, CDCL3): & (ppm) 25.0 (2xCMey), 28.2 (CMes), 36.8 (CMes), 59.2 (C(CN)y),
70.2 (O-CH,-Ph2), 84.0 (2xCMey), 102.7 (C-3pyran), 106.6 (C-5pyran),115.5 (CN), 115.7 (C-Ar2),
116.3 (HC=CH-Phl), 126.6 (C-Arl), 127.6 (C*2-B), 129.6 (C-Arl), 1352 (C-Ar2), 137.6
(HC=CH-Ph1), 139.5 (O-CH,-C*?), 156.8 (CA"'-OCH,), 159.4 (C-2pyran), 160.8 (C-6pyran),
172.2 (C-4pyran).

HR-ESI-MS m/z: calcd. for C33H3sBN2O4 [M+H]" 535.2763, found 535.2768.

4-bromo-4’-methoxybenzophenone (IV-1)

O
Br II II OMe

V-1
According to the literature?®3, to a solution of 4-bromobenzoylchloride (2 g, 9.2 mmol, 1 eq.) and
aluminum chloride (1.82 g, 13.8 mmol, 1.5 eq.) in dry CH>Cl> (14 mL) was added anisole (1.6 g,
13.8 mmol, 1.5 eq., 1.62 mL) at 0°C. The resulting mixture was stirred at RT during 4 h. The reaction
was quenched by 2M HCI (20 mL), diluted with CH>Cl» (30 mL) and separated. The aqueous layer
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was extracted with CH2Cl, (2x20 mL). The combined organic layers were washed dried (MgSOs),
concentrated and purified by silica gel column chromatography (Cyclohexane:CH>Cl, = 1:3) to
afford compound IV-1 (2.66 g, 99%) as a white powder.

R=0.15 (Cyclohexane:CH-Cl, = 1:1)

4-bromo-4’-methoxytetraphenylethene (IV-2)

Br l ! OMe
|

V-2

Prepared according to the general procedure A from diphenylmethane (1.4 g, 8.3 mmol, 1.2 eq.), n-
butyllithium (3.4 mL, 8.3 mmol, 1.2 eq., 2.5 M in hexane), compound IV-1 (2 g, 6.9 mmol, 1 eq.)
and p-toluenesulfonic acid (240 mg, 1.4 mmol, 0.2 eq.) affording compound IV-2 (2.21 g, 73%) as

pale yellow amorphous solid. The compound has been reported?®4],
Rr= 0.6 (Cyclohexane:CH,Cl, = 3:1)

'HNMR (300 MHz, CDCL): 8 (ppm) 3.75 (s, 3H, OCHs), 6.65, (d, 2H, J= 8.7 Hz, H-Ar), 6.92 (dd,
4H, J=3.9 Hz, 8.7Hz, H-Ar), 7.01-7.05 (m , 4H, H-Ar), 7.10-7.13 (m, 6H, H-Ar), 7.23 (d, 2H, J=
8.7 Hz, H-Ar).

13C NMR (75 MHz, CDCls): § (ppm) 55.3 (OCH3), 113.3 (CH-Ar), 120.5 (CA-Br), 126.6 (CH-Ar),
126.7 (CH-Ar), 127.9 (CH-Ar), 128.0 (CH-Ar), 130.9 (CH-Ar), 131.4 (CH-Ar), 131.41 (CH-Ar),
132.6 (CH-Ar), 133.2 (CH-Ar), 135.5 (CA™-C=C), 139.4 (CA-C=C), 140.8 (CA™-C=C), 143.1 (CA"-
C=C), 143.7 (C=C), 143.9(C=C), 158.4 (C*-OMe).

4-bromo-4’-methoxytetraphenylethene (IV-3)

OHC O O OMe
|

V-3
Prepared according to the general procedure C from compound I'V-2 (700 mg, 1.6 mmol, 1 eq.), n-
butyllithium (1 mL, 2.4 mmol, 1.5 eq., 2.5 M in hexane), DMF (2-3 mL, excessive) affording
compound IV-3 (410 mg, 66%) as a yellow amorphous solid!?6],
Ry=0.21 (Cyclohexane:CH,Cl, = 2:1)

'H NMR (300 MHz, CDCL:): § (ppm) 3.03 (s, 3H, OCHs), 6.67 (d, 2H, J= 8.7 Hz, H-Ar), 6.92 (d,
2H, J= 9.0 Hz, H-Ar), 6.99-7.06 (m , 4H, H-Ar), 7.0.8-7.26 (m, 6H, H-Ar), 7.62 (d, 2H, J= 8.1 Hz,
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H-Ar), 9.90 (s, 1H, CHO).

13C NMR (75 MHz, CDCls): 6 (ppm) 55.3 (OCH3), 113.5 (CH-Ar), 126.9 (CH-Ar), 127.0 (CH-Ar),
127.94 (CH-Ar), 128.01 (CH-Ar), 129.3 (CH-Ar), 131.4 (CH-Ar), 131.5 (CH-Ar), 132.6 (CH-Ar),
133.2 (CH-Ar), 134.4 (CA-C=C), 135.8 (CA-C=C), 139.5 (CA-C=C), 142.3 (CA-C=C), 143.38
(C=C), 143.43(C=C), 151.03 (C*-CHO), 158.4 (CA-OMe), 192.1 (CHO).

(E)-2-{2-{4-[2,2-diphenyl-1-(4-methoxyphenyl)-1-vinyl]styryl}-6-(tert-butyl)-4 H-pyran-4-
ylidene}-propanedinitrile (IV-4)

Prepared according to the general procedure D from compound I'V-3 (400 mg, 1.03 mmol, 1 eq.),
compound III-9 (241 mg, 1.13 mmol, 1.1eq.) and piperidine (0.21 mL, 2.06 mmol, 2 eq.) affording
compound I'V-4 (410 mg, 64%) as a red amorphous solid.

Rr=0.17 (Cyclohexane:CH-Cl, = 1:4)

'"H NMR (300 MHz, CDCls): 6 (ppm) 1.37 (s, 9H, C(CHs)3), 3.75 (s, 3H, OCH3), 6.57 (d, 1H, J =
2.1 Hz, H-3pyran), 6.60-6.67 (d, 1H, H-3pyran), 6.61-6.68 (m, 4H, H-5pyran, 2xH-Ar, HC=CH-
Ph), 6.94 (d, 2H, J = 8.7 Hz, H-Ar), 7.02-7.08 (m, 5H, H-Ar), 7.09-7.14 (m, 7H, H-Ar), 7.27-7.35
(m, 3H, 2xH-Ar, HC=CH-Ph).

BC NMR (75 MHz, CDCl3): 6 (ppm) 28.2 (C(CH3)3), 36.8 (C(CHs)3), 55.2 (OCH3), 59.7 (C(CN)y),
102.7 (C-3pyran), 107.2 (C-5pyran), 113.4 (CH-Ar), 115.3 (2xCN), 118.0 (HC=CH-Ph), 126.7
(CH-Ar), 126.8 (CH-Ar), 127.3 (CH-Ar), 127.9 (CH-Ar), 127.93 (CH-Ar), 131.4 (CH-Ar), 131.5
(CH-Ar), 132.3 (CH-Ar), 132.5 (CA-CH=CH-Pyran), 132.7 (CH-Ar), 135.6 (CA-C=C), 137.7
(HC=CH-Ph), 137.7 (CA-C=C), 141.5 (CA-C=C), 143.72 (C=C), 143.75 (C=C), 146.9 (C*-C=C),
156.7 (C-6pyran), 158.4 (CA-OMe), 159.0 (C-2pyran), 172.3 (C-4pyran).

HR-ESI-MS m/z: calcd. for C41H3sN20, [M+H]" 587.2699, found 587.2693.

(E)-2-{2-{4-[2,2-diphenyl-1-(4-hydroxyphenyl)-1-vinyl|styryl}-6-(ter+-butyl)-4 H-pyran-4-
ylidene}-propanedinitrile (IV-5)
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Prepared according to the general procedure E from compound I'V-4 (280 mg, 0.48 mmol, 1 eq.),
BBr3 (0.62 mL, 0.62 mmol, 1.3 eq., 1 M in CH>Cl,) affording compound IV-5 (204 mg, 50%) as a
red amorphous solid.

R,= 0.26 (CH,CL,:MeOH = 70:1)

"H NMR (300 MHz, CDCls): 6 (ppm) 1.37 (s, 9H, C(CH3)3), 6.57 (d, 1H, J = 2.1 Hz, H-3pyran),
6.60-6.67 (m, 4H, H-5pyran, 2xH-Ar, HC=CH-Ph), 6.89 (d, 2H, J = 8.4 Hz, H-Ar), 7.02-7.13 (m,
12H, H-Ar), 7.27-7.36 (m, 3H, 2xH-Ar, HC=CH-Ph).

3C NMR (75 MHz, CDCl3): 6 (ppm) 28.2 (C(CH3)3), 36.8 (C(CH3)3), 59.3 (C(CN)y), 102.8 (C-
3pyran), 107.1 (C-5pyran), 114.9 (CH-Ar), 115.3 (2xCN), 118.0 (HC=CH-Ph), 126.66 (CH-Ar),
126.7 (CH-Ar), 127.3 (CH-Ar), 127.85 (CH-Ar), 127.9 (CH-Ar), 131.4 (CH-Ar), 131.5 (CH-Ar),
132.3 (CH-Ar), 132.4 (CA-CH=CH-Pyran), 132.8 (CH-Ar), 135.5 (CA-C=C), 137.9 (HC=CH-Ph),
139.7 (CA-C=C), 141.5 (CA-C=C), 143.69 (C=C), 143.71 (C=C), 146.9 (CA-C=C), 154.8 (C-
6pyran), 156.9 (CA-OH), 159.2 (C-2pyran), 172.4 (C-4pyran).

HR-ESI-MS m/z: caled. for C40H33N20, [M+H]" 573.2542, found 573.2552.

(E)-2-{2-{4-|2,2-diphenyl-1-(4-[2,4-dinitrophenylsulfonate|phenyl)-1-vinyl|styryl}-6-(tert-
butyl)-4 H-pyran-4-ylidene}- propanedinitrile (IV-7)

To a solution of 2,4-dinitrobenzenesulfonyl chloride (IV-6, 298 mg, 1.12 mmol, 16 eq.) and EtzN
(0.16 mL, 1.26 mmol, 18 eq.) in CH>Cl, (7 mL) was added the solution of compound I'V-5 (40 mg,
0.07 mmol, 1 eq.) in CH2Cl> (3 mL) at 0°C. The resulting solution was stirred at 0°C under argon
during 3 h. The mixture was evaporated when compound IV-5 disappeared after TLC monitoring,
and purified by silica gel column chromatography (Cyclohexane:CH>Cl, = 1:4) to obtain compound
IV-7 (39 mg, 70%) as a red powder.

R;= 0.4 (CH,CL,)
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"H NMR (300 MHz, CDCls):  (ppm) 1.36 (s, 9H, C(CH3)3), 6.56 (d, 1H, J = 2.1 Hz, H-3pyran),
6.65 (d, 1H, J = 2.1 Hz, H-5pyran), 6.66 (d, 1H, J = 16.2 Hz, HC=CH-Ph), 6.91-7.04 (m, 10H, H-
Ar), 7.11-7.16 (m, 6H, H-Ar), 7.28-7.34 (m, 3H, 2xH-Ar, HC=CH-Ph), 8.10 (d, 1H, /= 8.7 Hz, H-
Ar2),8.47 (dd, 1H, J= 2.1 Hz, 8.7 Hz, H-Ar2), 8.61 (d, 1H, J= 2.4 Hz, H- Ar2).

13C NMR (75 MHz, CDCLy): § (ppm) 28.2 (C(CH3)s), 36.8 (C(CHa)s), 59.9 (C(CN)y, 102.8 (C-
3pyran), 107.4 (C-5pyran), 115.3 (CH-Ar), 115.3 (2xCN), 118.5 (HC=CH-Ph), 120.3 (CH-Ar2),
121.7 (CH-Ar), 126.2 (CH-Ar2), 127.1 (CH-Ar), 127.4 (CH-Ar), 127.08 (CH-Ar), 128.02 (CH-Ar),
131.27 (CH-Ar), 131.34 (CH-Ar), 132.1 (CH-Ar), 133.0 (CA-CH=CH-Pyran), 133.2 (CH-Ar),
133.6 (CA-C=C), 133.9 (CH-Ar2), 137.3 (HC=CH-Ph), 138.3 (CA"-C=C), 142.8 (CA?-NO»), 142.9
(CA2-NOy), 143.7 (C=C), 143.8 (C=C), 145.4 (CAM-C=C), 147.3 (C*-C=C), 150.1 (C-6pyran),
155.5 (CA™-S0y), 156.9 (CA-0S0»), 158.9 (C-2pyran), 172.3 (C-4pyran).

HR-ESI-MS m/z: calcd. for C46H3sN4OsS [M+H] * 803.2176, found 803.2170.

(E)-2-{2-{4-]2,2-diphenyl-1-(4-[2,4-dinitrophenoxy]|phenyl)-1-vinyl]styryl}-6-(tert-butyl)-4 H-
pyran-4-ylidene}- propanedinitrile (IV-7a)

To a solution of compound I'V-5 (50 mg , 0.087 mmol, leq.), 2,4-dinitrobenzenesulfonyl chloride
(IV-6, 298 mg, 1.12 mmol, 16 eq.), 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride
(EDCI, 84 mg , 0.44 mmol, 5 eq.), 4-dimethylaminopyridine (DMAP, 11 mg, 0.087 mmol, 1 eq.) in
and in CH2Cl, (10 mL) was added EtN (0.2 mL, 1.49 mmol, 17 eq.). The resulting solution was
stirred at RT under argon during 20 h. The mixture was diluted with CH>Cl, (50 mL), washed with
2M HCI aqueous solution (30 mL) and brine (2x50 mL). The organic layer was dried (MgSOs),
concentrated and purified by silica gel column chromatography (Cyclohexane:CH>Cl, = 1:3) to
obtain compound I'V-7a (33 mg, 51%) as a red powder.

R,=0.7 (CHCL,)

"H NMR (300 MHz, CDCl3): d (ppm) 1.37 (s, 9H, C(CHs)3), 6.56 (d, 1H, J = 2.1 Hz, H-3pyran),
6.66 (d, 1H, J= 2.1 Hz, H-5pyran), 6.67 (d, 1H, J=15.9 Hz, HC=CH-Ph), 6.91 (d, 1H, J=8.7 Hz,
H-Ar), 6.95 (d, 1H, J= 9.0 Hz, H-Ar2) 7.03-7.10 (m, 5H, H-Ar), 7.12-7.19 (m, 9H, H-Ar), 7.30-
7.35 (m, 3H, 2xH-Ar, HC=CH-Ph), 8.34 (dd, 1H, J= 3.0 Hz, 9.3 Hz, H-Ar2), 8.61 (d, IH, J=2.7
Hz, H- Ar2).

3C NMR (75 MHz, CDCl3): d (ppm) 28.2 (C(CH3)3), 36.8 (C(CH3)3), 60.0 (C(CN)z), 102.8 (C-
3pyran), 107.4 (C-5pyran), 115.3 (2xCN), 118.44 (CH-Ar2), 118.46 (HC=CH-Ph), 120.1 (CH-Ar),
122.3 (CH-Ar2), 127.28 (CH-Ar), 127.31 (CH-Ar), 127.6 (CH-Ar), 128.04 (CH-Ar), 128.11 (CH-
Ar), 128.9 (CH-Ar2), 131.35 (CH-Ar), 131.39 (CH-Ar), 132.2 (CH-Ar), 133.0 (CA-CH=CH-Pyran),
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133.7 (CH-Ar), 137.4 (HC=CH-Ph), 138.6 (C*-C=C), 139.6 (C*-C=C), 141.6 (CA2-NO,), 142.0
(CA2NO,), 142.94 (C=C), 143.12 (C=C), 143.6 (C-C=C), 145.7 (CA-C=C), 152.1 (C-6pyran),
155.5 (CA2-0), 156.7 (CA-0), 158.9 (C-2pyran), 172.3 (C-4pyran).

HR-ESI-MS m/z: caled. for C4sH3sN4Os [M+2Na]?" 739.2557, found 739.2551.

1-(4-bromophenyl)-2,2-(4-methoxyphenyl)-1-phenyl-ethene (V-1)
Q"
\
MeO O O OMe
\'

-1
Prepared according to the general procedure B from bromobenzophenone (2 g, 7.7 mmol, 1 eq.),
4,4’-dimethoxybenzophenone (2.23 g, 9.2 mmol, 1.2 eq.), Zn powder (4 g, 61.6 mmol, 8 eq.), pure
TiCl4 (2 mL, 16.8 mmol, 4 eq.) affording compound V-1 (1.27 g, 33%) as a pale yellow amorphous

solid [266],
Ry=0.27 (Cyclohexane:CH>Cl, = 3:1)
1-(4-formylphenyl)-2,2-(4-methoxyphenyl)-1-phenyl-ethene (V-2):
Q"
\
MeO O O OMe
V-2

Prepared according to the general procedure C from compound V-1 (1.265 g, 2.7 mmol, 1 eq.), n-
butyllithium (2.7 mL, 6.7 mmol, 2.5 eq., 2.5 M in hexane) and DMF (1.2 mL) affording compound
V-2 (873 mg, 77%) as a yellow amorphous solid?6],

Ry=0.34 (Cyclohexane:CH2Cl, = 1:1)

(E)-2-{2-{4-[2,2-di-(4-methoxyphenyl)-1-phenyl-1-vinyl]styryl}-6-(tert-butyl)-4 H-pyran-4-
ylidene}-propanedinitrile (V-3)

Prepared according to the general procedure D from compound V-2 (880 mg, 2.1 mmol, 1 eq.),
compound ITI-9 (492 mg, 2.3 mmol, 1.1 eq.), piperidine (0.5 mL, 5 mmol, 2.4 eq.) and acetic acid
(0.15 mL, 2.5 mmol, 1.2 eq.) affording compound V-3 (819 mg, 63%) as a red amorphous solid.
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Ry=0.29 (Cyclohexane:CH,Cl, = 5:1)

"H NMR (300 MHz, CDCls): 6 (ppm) 1.37 (s, 9H, C(CHs)3), 3.75 (d, 6H, J = 3.3 Hz, 2xOCH3),
6.55 (d, 1H, J = 2.1 Hz, H-3pyran), 6.62-6.68 (m, 6H, H-5pyran, 4xH-Ar, HC=CH-Ph), 6.95 (dd,
4H, J="7.8 Hz, 9 Hz, H-Ar), 7.00-7.14 (m, 7H, H-Ar), 7.26-7.37 (m, 3H, 2xH-Ar, HC=CH-Ph).

3C NMR (75 MHz, CDCl3): 6 (ppm) 28.1 (C(CH3)3), 36.7 (C(CHa)s3), 55.11 (OCH3), 55.14 (OCH3),
59.5 (C(CN)y), 102.6 (C-3pyran), 107.0 (C-5pyran), 113.1 (CH-Ar), 113.2 (CH-Ar), 115.2 (2xCN),
117.7 (HC=CH-Ph), 126.4 (CH-Ar), 127.3 (CH-Ar), 127.9 (CH-Ar), 131.4 (CH-Ar), 132.0 (C**-
CH=CH-Pyran), 132.2 (CH-Ar), 132.61 (CH-Ar), 132.67 (CH-Ar), 135.9 (CA-C=C), 136.0 (C**-
C=C), 137.7 (HC=CH-Ph), 138.3 (CA"-C=C), 141.6 (CA-C=C), 143.8 (C=C), 147.2 (C=C), 156.6
(C-6pyran), 158.3 (CA-OMe), 158.4 (CA-OMe), 159.0 (C-2pyran), 172.1 (C-4pyran).

HR-ESI-MS m/z: caled. for C42H37N>O3 [M+H]" 617.2783, found 617.2799.

(E)-2-{2-{4-]2,2-di-(4-hydroxyphenyl)-1-phenyl-1-vinyl|styryl}-6-(tert-butyl)-4 H-pyran-4-
ylidene}-propanedinitrile (V-4)

Prepared according to the general procedure E from compound V-3 (439 mg, 0.71 mmol, 1 eq.),
BBr3 (1.8 mL, 1.78 mmol, 2.5 eq., 1 M in CH,Cl) affording compound V-4 (204 mg, 50%) as a red

amorphous solid.

R;=0.26 (CH,Cl:MeOH = 70:1)

"H NMR (300 MHz, Acetone-d):  (ppm) 1.42 (s, 9H, C(CHs)3), 6.56 (d, 1H, J= 2.1 Hz, H-3pyran),
6.61 (t,4H, J=9.0 Hz, H-Ar), 6.80 (d, 1H, J = 2.1 Hz, H-5pyran), 6.87 (t, 4H, J= 9.0 Hz, H-Ar),
7.03-7.15 (m, 7H, H-Ar), 7.21 (d, 1H, J = 16.2 Hz, HC=CH-Ph), 7.50 (d, 2H, J = 2.1 Hz, H-Ar),
7.59 (d, 1H, J=19.2 Hz, HC=CH-Ph), 8.30 (d, 2H, J = 11.4 Hz, HO-Ph)

13C NMR (75 MHz, Acetone-ds): 6 (ppm) 28.2 (C(CH3)3), 37.5 (C(CH3)3), 59.2 (C(CN),), 103.1
(C-3pyran), 107.8 (C-5pyran), 115.5 (CH-Ar), 115.7 (CH-Ar), 119.4 (HC=CH-Ph), 127.2 (2xCN),
128.5 (CH-Ar), 128.8 (CH-Ar), 129.6 (CA-CH=CH-Pyran), 132.3 (CH-Ar), 132.9 (CH-Ar), 133.5
(CH-Ar), 133.6 (CH-Ar), 133.8 (CH-Ar), 135.9 (CA™-C=C), 136.0 (CA"-C=C), 138.5 (HC=CH-Ph),
138.8 (CA-C=C), 143.2 (CA-C=C), 145.2 (C=C), 148.1 (C=C), 157.3 (CA-OH), 157.4 (CA"-OH),
157.7 (C-6pyran), 160.7 (C-2pyran), 173.7 (C-4pyran).

HR-ESI-MS m/z: caled. for C40H33N2O03 [M+H]* 589.2462, found 589.2486.
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(E)-2-{2-{4-[2,2-di-(2,3.,4,6-tetra-O-acetyl-o-D-galactopyranosyloxyphenyl)-1-phenyl-1-
vinyl]styryl}-6-(tert-butyl)-4 H-pyran-4-ylidene}-propanedinitrile (V-5)

OAc

AcO OAc

V-5

Compound V-4 (100 mg, 0.24 mmol, 1 eq.), 2,3,4,6-tetra-O-acetyl-1-bromo-a-D-galactose (400 mg,
0.97 mmol, 4 eq.), and tetrabutylammonium iodide (358 mg, 0.97 mmol, 4 eq.) were dissolved in
CHCl, (10 mL). 2M aqueous NaOH (6 mL) was added to the solution and vigorous stirring was
continued at 45°C during 20 h. The mixture was diluted with CH,Cl, (50 mL), and washed with 2
M aqueous HCI (2x30 mL) with a colour change from dark to orange. The aqueous layers were
combined and extracted with CH»Cl, (2x30 mL). The organic layers were combined, dried (MgSOs,),
concentrated and purified by silica gel column chromatography (CH,Cl,:MeOH = 150:1) to obtain
compound V-15 (50 mg, 20%) as red amorphous solid.

Ry=0.31 (CH2Cl2:MeOH = 100:1)

'H NMR (300 MHz, CDCL): 6 (ppm) 1.36 (s, 9H, C(CHs)s), 2.00, 2.01, 2.05, 2.17 (4s, 4x6H,
CH;CO), 4.01 (t, 2H, J = 6.9 Hz, H-5), 4.07-4.19 (m, 2H, H-6"), 4.18-4.23 (m, 2H, H-6), 4.99 (d,
2H,J=4.2 Hz, H-1), 5.08 (dd, 2H, J = 3.3 Hz, 10.2 Hz, H-3), 5.42-5.48 (m, 4H, H-2, H-4), 6.55 (d,
1H, J = 2.1 Hz, H-3pyran), 6.66 (d, 1H, J= 2.1 Hz, H-5pyran), 6.64 (d, 1H, J = 15.9 Hz, HC=CH-
Ph), 6.75 (dd, 4H, J = 5.7 Hz, 8.7 Hz, H-Ar), 6.91-7.14 (m, 12H, H-Ar), 7.28-7.34 (m, 2H, H-Ar,
HC=CH-Ph).

13C NMR (75 MHz, CDCL): 6 (ppm) 20.6, 20.7, 20.75, 20.8 (4xCOCH3), 28.2 (C(CHs)3), 36.8
(C(CHs)3), 59.6 (C(CN)a, 61.4 (C-6), 66.9 (C-4), 68.7 (C-2), 70.9 (C-5), 71.0 (C-3), 99.3 (C-1),
102.7 (C-3pyran), 107.2 (C-5pyran), 115.3 (HC=CH-Ph), 116.1 (CH-Ar), 116.3 (CH-Ar), 118.1
(2xCN), 126.8 (CH-Ar), 127.4 (CH-Ar), 128.1 (CH-Ar), 131.3 (CH-Ar), 132.1 (CH-Ar), 132.5
(CA-CH=CH-Pyran), 132.6 (CH-Ar), 132.64 (CH-Ar), 132.67 (CH-Ar), 137.5 (HC=CH-Ph), 138.3
(CA-C=C), 138.5 (CA1-C=C), 139.8 (CA-C=C), 140.5 (CA-C=C), 143.2 (C=C), 146.4 (C=C), 155.4
(CA0), 155.6 (C*-0), 156.7 (C-6pyran), 158.9 (C-2pyran), 170.2, 1703, 170.4, 170.43
(4xCOCH3), 172.3 (C-4pyran).

HR-ESI-MS m/z: calcd. for CesHesN2NaxO21 [M+2Na]** 647.2022, found 647.2049.
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(E)-2-{2-[4-(2,2-di-pB-D-galactopyranosyloxyphenyl-1-phenyl-1-vinyl)styryl]-6-(¢ert-butyl)-
4H-pyran-4-ylidene}-propanedinitrile (V-6)

Prepared according to the general procedure I from compound V-5 (50 mg, 0.04 mmol, leq.),
MeOH/EtN (11 mL, 10:1, v/v) affording compound V-6 (23 mg, 63%) as a red amorphous solid.

"H NMR (300 MHz, CD30D:DMSO-ds = 3:1): 6 (ppm) 1.42 (s, 9H, C(CHs)3), 3.55 (dd, 2H, J=2.4
Hz, 8,7 Hz, H-3), 3.66-3.76 (m, 8H, H-4, H-5, H-6, H-6"), 3,87-3.88 (m, 2H, H-2), 4.83 (dd, 2H, J
=2.4 Hz, 7.8 Hz, H-1), 6.58 (d, 1H, J = 2.1 Hz, H-3pyran), 6.85-7.19 (m, 17H, H-5pyran, 16xH-
Ar), 7.45-7.51 (m, 3H, HC=CH-Ph, 2xH-Ar).

3C NMR (75 MHz, CD;0D:DMSO-ds = 3:1):  (ppm) 28.4 (C(CH3)3), 37.8 (C(CH3)3), 59.0
(C(CN)), 62.3 (C-6), 70.1 (C-4), 72.2 (C-2), 74.8 (C-5), 76.9 (C-3), 101.3 (C-1), 102.6 (C-3pyran),
108.1 (C-5pyran), 109.2 (HC=CH-Ph), 116.9 (CH-Ar), 117.0 (CH-Ar), 115.8 (2xCN), 127.75 (CH-
Ar), 127.77 (CH-Ar), 128.8 (CH-Ar), 128.9 (CH-Ar), 129.2 (CH-Ar), 132.4 (CA-CH=CH-Pyran),
133.1 (CH-Ar), 133.5 (CH-Ar), 133.6 (CH-Ar), 138.7 (HC=CH-Ph), 140.5 (CA-C=C), 141.3(C**-
C=0), 14.2.5 (CA-C=C), 145.2 (CA-C=C), 147.8 (C=C), 148.9 (C=C), 158.1 (CA*-0), 158.4 (C**-
0), 160.8 (C-6pyran), 161.2 (C-2pyran), 174.2 (C-4pyran).

HR-ESI-MS m/z: calcd. for CspHs3N2O13 [M+H]*913.3542, found 913.3552.

(E)-2-{2-(4-]2,2-di-O-propargyloxyphenyl)-1-phenyl-1-vinyl]styryl)-6-(tert-butyl)-4 H-pyran-
4-ylidene}-propanedinitrile (V-7)

Prepared according to the general procedure F from compound V-4 (1.31 g, 2.2 mmol, 1 eq.),
propargyl bromide (0.7 mL, 6.6 mmol, 3 eq.), n-tetrabutylammonium iodide (2.4 g, 6.6 mmol, 3
eq.), KoCO; (1.2 g, 8.8 mmol, 4 eq.) and 18-crown-6 (290 mg, 1.1 mmol, 0.5 eq.) affording
compound V-7 (1.35 g, 92%) as a red amorphous solid.
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Ry=0.31 (Cyclohexane:CH,Cl, = 1:2)

"H NMR (300 MHz, CDCls): J (ppm) 1.36 (s, 9H, C(CH3)3), 2.51 (dd, 2H, J = 2.4 Hz, 3.9 Hz,
C=CH), 4.62 (t, 4H, J = 2.1 Hz, CH»,-C=CH), 6.55 (d, 1H, J= 2.1 Hz, H-3pyran), 6.64 (d, 1H, J =
15.9 Hz, HC=CH-Ph), 6.65 (d, 1H, J = 2.1 Hz, H-5pyran), 6.72 (dd, 4H, J = 5.7 Hz, 9 Hz, H-Ar),
6.93-7.14 (m, 12H, H-Ar), 7.29-7.33 (m, 2H, H-Ar, HC=CH-Ph).

13C NMR (75 MHz, CDCls): 6 (ppm) 28.2 (C(CH3)3), 36.8 (C(CH3)3), 55.86 (CH,-C=CH), 55.90
(CH2-C=CH), 59.7 (C(CN)»), 75.6 (CH=C), 75.7 (CH=C), 78.56 (CH=C), 78.59 (CH=C), 102.7 (C-
3pyran), 107.1 (C-5pyran), 114.1 (CH-Ar), 114.2 (CH-Ar), 115.3 (2xCN), 117.9(HC=CH-Ph),
126.7 (CH-Ar), 127.4 (CH-Ar), 128.0 (CH-Ar), 131.5 (CH-Ar), 132.2 (CH-Ar), 132.3 (CA*-
CH=CH-Pyran), 132.69 (CH-Ar), 132.76 (CH-Ar), 136.8 (CA-C=C), 136.9 (CA-C=C), 137.7
(HC=CH-Ph), 138.9 (CA-C=C), 141.3 (CA-C=C), 143.6 (C=C), 147.0 (C=C), 156.5 (C-6pyran),
156.6 (CA™-O-propargyl), 156.7 (CA™-O-propargyl), 159.0 (C-2pyran), 172.3 (C-4pyran).

HR-ESI-MS m/z: calcd. for C46H37N203 [M+H]" 665.2799, found 665.2722.
(E)-2-{2-[4-(2,2-di-(4-{1-[1-(2,3,4,6-tetra-O-acetyl-p-D-galactopyranosyloxy)-3-propyl]-1,2,3-

triazol-4-yl-methoxy} phenyl)-1-phenyl-1-vinyl)styryl]-6-(zer-butyl)-4 H-pyran-4-ylidene}-
propanedinitrile (V-8)

OAc

AcO™ acO
AcO

Prepared according to the general procedure G from compound V-7 (150 mg, 0.22 mmol, 1 eq.),
GalC3N3 (214 mg, 0.49 mmol, 2.2 eq.)*7), copper sulfate (80 mg, 0.44 mmol, 2 eq.) and L-ascorbic
acid sodium salt (178 mg, 0.9 mmol, 4 eq.) affording compound V-8 (247 mg, 74%) as a red

amorphous solid.
Rr=0.2 (CH2Cl2:EtOAc= 2:1)

"H NMR (300 MHz, CDCls): § (ppm) 1.36 (s, 9H, C(CHs)3), 1.99, 2.02, 2.09, 2.16 (4s, 4x6H,
CH3CO), 2.13-2.24 (m, 4H, OCH2CH»CH>-triaz), 3.46-3.56 (m, 2H, H-6"), 3.88-3.93 (m, 4H, H-5,
H-6), 4.13-4.17 (m, 4H, OCH>CH,CH>-triaz), 4.47 (d, 2H, J = 7.8 Hz, H-1), 4.41-4.51 (m, 4H,
OCH,CH,CHo-triaz), 5.02 (dd, 2H, J= 3.3 Hz, J=10.5 Hz, H-3), 5.12 (d, 4H, J = 2.1 Hz, OCH>-
triaz), 5.18-5.29 (m, 2H, H-2), 5.40 (d, 2H, J= 3.3 Hz), 6.55 (d, 1H, J = 1.8 Hz, H-3pyran), 6.659
(d, 1H, J=2.1 Hz, H-5pyran), 6.66 (d, 1H, J= 8.4 Hz, HC=CH-Ph), , 6.74 (dd, 4H, J= 6.6 Hz, 8.7
Hz, H-Ar), 6.91-7.14 (m, 12H, H-Ar), 7.30-7.35 (m, 2H, H-Ar, HC=CH-Ph), 7.62 (d, 2H, J = 7.8
Hz, H-triaz).
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3C NMR (75 MHz, CDCl;3): § (ppm) 20.7, 20.78, 20.79, 21.0 (4xCOCH3), 28.2 (C(CH3)3), 30.3
(OCH2CH>CHp-triaz), 36.8 (C(CHs)s), 46.9 (OCH>CH:CHb»-triaz), 59.6 (C(CN)z), 60.5
(OCH,CH,CH>-triaz), 61.4 (CH»-triaz), 65.9 (C-6), 67.1 (C-4), 68.9 (C-2), 78.88 (C-5), 78.89 (C-
3), 101.3 (C-1), 102.7 (C-3pyran), 107.1 (C-5pyran), 113.96 (CH-Ar), 114.09 (CH-Ar), 115.3
(2xCN), 117.9(HC=CH-Ph), 123.3 (CH"#), 127.4 (CH-Ar), 128.0 (CH-Ar), 131.5 (CH-Ar), 132.2
(CH-Ar), 132.3 (CA-CH=CH-Pyran), 132.75 (CH-Ar), 132.77 (CH-Ar), 132.8 (CH-Ar), 136.50
(CA-C=C), 136.57 (CA-C=C), 137.7 (HC=CH-Ph), 138.9 (CA-C=C), 141.4 (CA-C=C), 143.6
(C=C), 144.4 (C"7), 147.0 (C=C), 156.7 (C-6pyran), 157.2 (CA-0), 157.4 (C*"-0), 159.1 (C-
2pyran), 169.7, 170.2, 170.3, 170.5 (4xCOCH3) 172.3 (C-4pyran).

HR-ESI-MS m/z: caled. for CsgHsgNgOo3 [M+2H]" 764.2976, found 764.2947.

(E)-2-{2-(4-[2,2-di-(4-[1-(1-B-D-galactopyranosyloxy-3-propyl)-1,2,3-triazol-4-yl-
methoxy]phenyl)-1-phenyl-1-vinyl|styryl)-6-(zert-butyl)-4 H-pyran-4-ylidene}-
propanedinitrile (V-9)

N
N HO

\/\/O%OH
HO

HO

HQ

HO
Prepared according to the general procedure I from compound V-8 (115 mg, 0.075 mmol, leq.), and
in MeOH/H,O/EtsN (17 mL, 12:3:2, v/v/v) affording compound V-9 (92 mg, 95%) as a red
amorphous solid.

'"H NMR (300 MHz, CD3OD): d (ppm) 1.40 (s, 9H, C(CH3)3), 2.17-2.21 (m, 4H, OCH,CH>CH>-
triaz), 3.34-3.58 (m, 8H, H-2, H-3, H-5, H-67), 3.72-3.76 (m, 4H, OCH,CH,CH>-triaz), 3.82-3.91
(m, 4H, H-4, H-6), 4.20 (dd, 2H, J=2.1 Hz, 7.2 Hz, H-1), 4.56-4.61 (m, 4H, OCH,CH,CH>-triaz),
5.09 (s, 4H, OCHo»-triaz), 6.58 (d, 1H, J = 2.1 Hz, H-3pyran), 6.74-6.80 (m, 5H, H-5pyran, 4xH-
Ar), 6.91-7.12 (m, 12H, HC=CH-Ph, 11xH-Ar), 7.40-7.47 (m, HC=CH-Ph, 2xH-Ar), 8.12 (d, 2H,
J=2.1 Hz, H-triaz).

13C NMR (75 MHz, CD;OD): & (ppm) 28.3 (C(CHs)3), 31.5 (OCH,CH,CHo-triaz), 37.7 (C(CHs)s),
48.3 (OCH,CH,CH,-triaz), 59.1 (C(CN)a), 60.8 (OCH,CH,CHy-triaz), 62.5 (CHa-triaz), 66.7 (C-6),
70.3 (C-4), 72.5 (C-2), 74.9 (C-5), 76.7 (C-3), 102.9 (C-3pyran), 105.0 (C-1), 108.1 (C-5pyran),
115.1 (CH-Ar), 115.3 (CH-Ar), 118.7(HC=CH-Ph), 120.2 (2xCN), 126.1 (CH"*), 128.67 (CH-Ar),
127.70 (CH-Ar), 129.0 (CH-Ar), 132.5 (CA-CH=CH-Pyran), 133.1 (CH-Ar), 132.7 (CH-Ar), 132.8
(CH-Ar) , 134.1 (CH-Ar), 137.76 (C*-C=C), 137.8 (C*-C=C), 138.8 (HC=CH-Ph), 140.3 (C"-
C=C), 141.4 (C'#7),144.5 (CA-C=C), 143.6 (C=C), 145.2 (C'%), 152.0 (C=C), 155.0 (C-6pyran),
158.6 (CA-0), 158.7 (CA-0), 159.3 (C-2pyran), 172.2 (C-4pyran).
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HR-ESI-MS m/z: calcd. for CesH72N3O1s [M+2H]** 596.2553, found 596.2537.

(E)-2-{2-[4-(2,2-di-(4-{1-[1-(2,3,4,6-tetra-O-acetyl-B-D-galacopyranosyloxy)-3,6-dioxaoct-8-
yl]-1,2,3-triazol-4-yl-methoxy} phenyl)-1-phenyl-1-vinyl)styryl]-6-(¢ert-butyl)-4 H-pyran-4-
ylidene}-propanedinitrile (V-10)

AcQ OAc

AcO
Prepared according to the general procedure H from compound V-7 (140 mg, 0.21 mmol, 1 eq.),
compound GalEGN;3; (242 mg, 0.48 mmol, 2.3 eq.), copper iodide (10 mg, 0.05 mmol, 0.2 eq.) and
N, N-diisopropylethylamine (0.2 mL, 1.05 mmol, 5 eq.) affording compound V-10 (185 mg, 53%)
as red amorphous solid.

R,= 0.20 (CH,Cl:MeOH = 40:1)

'H NMR (300 MHz, CDCL): 6 (ppm) 1.35 (s, 9H, C(CHs)s), 1.96, 2.01, 2.02, 2.12 (4s, 4xGH,
CH;CO), 3.56-3.63 (m, 12H, OCH,CH,0), 3.66-3.72 (m, 2H, Gal-OCH,), 3.86-3.96 (m, SH,
OCH,CH:N, H-5, Gal-OCH,), 4.09-4.15 (m, 4H, H-6, H-6"), 4.51-4.58 (m, 6H, H-1, OCH,CH.N),
5.00 (dd, 2H, J = 3.0 Hz, 9.0 Hz, H-3), 5.11 (s, 4H, OCHo-triaz), 5.15-5.22 (m, 2H, H-2), 5.37 (d,
2H, J=3.3 Hz, H-4), 6.53 (d, 1H, J = 1.8 Hz, H-3pyran), 6.65 (d, 1H, J = 1.8 Hz, H-5pyran), 6.66
(d, 1H, J = 15.9 Hz, HC=CH-Ph), 6.73 (dd, 4H, J = 6.9 Hz, 9 Hz, H-Ar), 6.91-7.13 (m, 12H, H-Ar),
7.26-7.34 (m, 2H, H-Ar, HC=CH-Ph), 7.78 (d, 2H, J = 5.4 Hz, H-triaz).

BC NMR (75 MHz, CDCl3): J (ppm) 20.7, 20.76, 20.79, 20.8 (4xCOCH3), 28.2 (C(CH3)3), 36.8
(C(CH3)3), 50.4 (OCH2CH2N), 59.5 (C(CN)y), 61.3 (OCH»-triaz), 61.9 (C-6), 67.1 (C-4), 68.9 (C-
2), 69.3 (Gal-OCH>), 69.5 (OCH,CH:N), 70.3 (C-5), 70.65 (OCH>), 70.70 (OCH>), 70.8 (OCH>),
70.9 (C-3), 101.4 (C-1),102.7 (C-3pyran), 107.1 (C-5pyran), 113.96 (CH-Ar), 114.09 (CH-Ar),
115.3 (2xCN), 117.9(HC=CH-Ph), 124.1 (CH"%), 127.4 (CH-Ar), 128.0 (CH-Ar), 131.5 (CH-Ar),
132.2 (CH-Ar), 132.24(CA-CH=CH-Pyran), 132.71 (CH-Ar), 132.74 (CH-Ar), 132.8 (CH-Ar),
136.4 (CA-C=C), 136.5 (CA-C=C), 137.7 (HC=CH-Ph), 138.8 (CA-C=C), 141.3 (C*-C=C), 143.7
(C=C), 144.0 (C%a7), 147.0 (C=C), 156.7 (C-6pyran), 157.2 (CA-0), 157.4 (CA-0), 159.1 (C-
2pyran), 169.5,170.2, 170.3, 170.5 (4xCOCH3) 172.3 (C-4pyran).

HR-ESI-MS m/z: calcd. for CssH10oNsO27 [M+2H]*" 838.3343, found 838.3352.
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(E)-2-{2-[4-(2,2-di-(4-{1-[1-(B-D-galacopyranosyloxy)-3,6-dioxaoct-8-yl]-1,2,3-triazol-4-yl-
methoxy}phenyl)-1-phenyl-1-vinyl)styryl]-6-(¢ert-butyl)-4 H-pyran-4-ylidene}-
propanedinitrile (V-11)

HQ

HO
Prepared according to the general procedure I from compound V-10 (120 mg, 0.072 mmol, 1 eq.),
and in MeOH/H,O/Et3N (8 mL / 2 mL / 2 mL) affording compound V-11 (92 mg, 95%) as a red
amorphous solid.

"H NMR (300 MHz, CDs0D): d (ppm) 1.37 (s, 9H, C(CH3)3), 3.64-3.73 (m, 22H, OCH», H-2, H-3,
H-4, H-5, H-67), 3.82-3.99 (m, 10H, OCH,CH>N, Gal-OCH», H-6), 4.23 (dd, 2H, J=2.4 Hz, 7.2
Hz, H-1), 4.58 (m, 2H, OCH,CH>N), 5.07 (s, 4H, OCH»-triaz), 6.55 (d, 1H, J= 2.1 Hz, H-3pyran),
6.74-6.78 (m, 4H, H-5pyran, HC=CH-Ph, 2xH-Ar), 6.90-7.10 (m, 13H, H-Ar), 7,35-7.38 (m, 3H,
2xH-Ar, HC=CH-Ph), 8.09 (s, 2H, H-triaz).

13C NMR (75 MHz, CD;0D): 26.9 (C(CHs)s), 36.3 (C(CHs)3), 50.1 (OCH,CH,N), 57.7 (C(CN)y),
60.6 (OCHo-triaz), 68.2 (C-6), 68.87(Gal-OCH,), 68.93 (OCH,CH,N), 69.7 (OCH.), 69.85 (OCH.),
69.89 (OCH,), 70.0 (C-4), 71.1 (C-2), 72.1 (C-5), 73.5 (C-3), 102.0 (C-3pyran), 103.6 (C-1), 106.6
(C-5pyran), 113.75 (CH-Ar), 113.94 (CH-Ar), 115.0 (2xCN), 118.0 (HC=CH-Ph), 125.0 (CH"*),
127.3 (CH-Ar), 127.6 (CH-Ar), 131.1 (CH-Ar), 131.7 (CH-Ar), 131.8(C*-CH=CH-Pyran), 132.37
(CH-Ar), 132.41 (CH-Ar), 132.7 (CH-Ar), 136.38 (CA-C=C), 136.4 (CA-C=C), 137.5 (HC=CH-
Ph), 138.9 (CA-C=C), 141.3 (CA-C=C), 143.7 (C=C), 144.1 (C"*%), 146.6 (C=C), 156.0 (C-6pyran),
157.2 (C*-0), 157.3 (CA-0), 159.7 (C-2pyran), 172.8 (C-4pyran).

HR-ESI-MS m/z: caled. for C70HgaNgO19o [M+H]" 670.2921, found 670.2914.
N-(t-butyloxycarbonyl)tris(hydroxymethyl)aminomethane (V-12)
HO
ho N0
Frox
HO
V-12

A suspension of tris(hydroxymethyl)aminomethane (4 g, 33 mmol, 1 eq.) and di-z-butyl dicarbonate
(9.4 g, 43 mmol, 1.3 eq.) in MeOH/i-PrOH (30 mL, 2:1, v/v) was stirred at 82°C during 18 h. The
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reaction was then evaporated when all starting material had been dissolved. The solid residue was

diluted with EtOAc (50 mL) then filtered and washed with EtOAc (3%x40 mL) and dried under

vacuum to obtain compound V-12 (5.05 g, 70%) as a white powder!263],

N-(-butyloxycarbonyl)tris(propargyloxymethyl)aminomethane (V-13)
N
\O )
7 O%NTOK
o ©
S

To a solution of compound V-12 (1 g, 4.5 mmol, 1 eq.), potassium hydroxide (KOH, 1.5 g, 27.3
mmol, 6 eq.) and tetrabutylammonium iodide (360 mg, 0.45 mmol, 0.1 eq.) in DMF/H,O (18 mL,
5:1, v/v) was added propargyl bromide (2.15 g, 18.1 mmol, 4 eq.). The resulting solution was stirred
at 38°C during 20 h. The solution was diluted with EtOAc (50 mL) and washed with brine (2x40
mL), 2M aqueous HCI (20 mL). The organic layer was dried (Na>SO4), concentrated and purified

V-13

by silica gel column chromatography (Cyclohexane:EtOAc = 4:1) to obtain compound V-13 (285

mg, 20%) as a pale yellow oil?%8],
Ry=0.57 (Cyclohexane:EtOAc = 4:1)

N-(2-bromoacetyl)tris(propargyloxymethyl)aminomethane (V-14)
AN
\O )
/\ Oﬂ/N Y\ Br
o}
0

Z
V-14

To a solution of compound V-13 (250 mg, 0.75 mmol, 1 eq.) in CH>Cl, (4 mL) was added
trifluoroacetic acid (1 mL). The reaction was stirred at 30°C during 2 h. The mixture was then
evaporated and toluene (2x10 mL) was used to co-evaporate TFA. The resulting crude product was
dissolved with CH2Cl, (10 mL) before adding triethylamine (0.22 mL, 1.5 mmol, 2 eq.) and 2-
bromoacetyl bromide (0.08 mL, 0.97 mmol, 1.3 eq.). The solution was stirred at room temperature
during 18 h. The solution was then diluted with CH>Cl, (50 mL), washed by brine (50 mL), 2M
aqueous HCI (30 mL), and brine (50 mL). The organic layer was dried (MgSQOs), concentrated, and
purified with silica gel column chromatograph (Cyclohexane:EtOAc = 3:1) to obtain compound V-
14 (204 mg, 77%) as a pale yellow oil 1269,

Ry=0.2 (Cyclohexane:EtOAc = 3:1)
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(E)-2-{2-]4-(2,2-di-{N-[tris(propargyloxymethyl)methyl]-2-oxy-acetamido}phenyl-1-phenyl-
1-vinyl)styryl]-6-(tert-butyl)-4 H-pyran-4-ylidene}-propanedinitrile (V-15)

V-15

To a solution of compound V-14 (152 mg, 0.26 mmol, 1 eq.) and compound V-4 (200 mg, 0.56
mmol, 2.2 eq.), potassium carbonate (141 mg, 1.02 mmol, 4 eq.) and tetrabutylammonium iodide
(189 mg, 0.52 mmol, 2 eq.) in acetonitrile (15 mL) was added 18-crown-6 (35 mg, 0.13 mmol, 0.5
eq.). The resulting solution was stirred at 60°C during 18 h. The mixture was concentrated, diluted
with EtOAc (50 mL), washed with brine (50 mL), 2M aqueous HCI (30 mL) and brine (30 mL).
The aqueous fractions were combined and extracted with EtOAc (40 mL). The organic layers were
combined, dried (MgSO4), concentrated, and purified by silica gel column chromatography
(Cyclohexane:EtOAc = 2.5:1) to obtain compound V-15 (241 mg, 83%) as a red amorphous solid.

Rr=0.17 (Cyclohexane:EtOAc = 2.5:1)

'H NMR (300 MHz, CDCl3): 1.37 (s, 9H, C(CHj)3), 2.42-2.44 (m, 6H, HC=C), 3.87 (s, 12H, (O-
CH,);-C), 4.15 (d, 12H, J = 2.7 Hz, CH,-C=CH), 4.34 (s, 4H, OCH,CO), 6.56 (d, 1H, J= 2.1 Hz,
H-3pyran), 6.49-6.71 (m, 6H, H-5pyran, HC=CH-Ph, 2xH-Ar), 6.88 (d, 2H, J = 3 Hz, NH), 6.39-
6.70 (m, 8H, H-Ar), 7.14-7.16 (m, 3H, H-Ar), 7.29-7.32 (m, 3H, 2xH-Ar, HC=CH-Ph).

BC NMR (75 MHz, CDCls): 28.2 (C(CH3)3), 36.8 (C(CH3)3) 58.7 (CH,-C=CH), 59.3 ((O-CHa)3-
C), 59.7 (C(CN)y), 67.4 (OCH2CO), 68.4 ((O-CH,)3-C), 74.85 and 74.9 (HC=C), 79.51 and 79.54
(HC=C), 102.7 (C-3pyran), 107.2 (C-5pyran), 114.2 (CH-Ar), 114.3 (CH-Ar), 115.2 and 115.23
(2xCN), 118.1 (HC=CH-Ph), 126.8 (CH-Ar), 127.4 (CH-Ar), 128.1 (CH-Ar), 131.4 (CH-Ar), 132.1
(CH-Ar), 132.4 (CA-CH=CH-Pyran), 132.7 (CH-Ar), 132.8 (CH-Ar), 137.1 (CA™-C=C), 137.2(C**-
C=C), 137.5 (HC=CH-Ph), 139.3 (CA"-C=C), 140.8 (CA"-C=C), 143.4 (C=C), 146.7 (C=C), 156.0
(C-6pyran), 156.1 (CA-O-propargyl), 156.6 (CA-O-propargyl), 158.9(C-2pyran), 167.8 and 167.87
(CH>CONH)172.2 (C-4pyran).

HR-ESI-MS m/z: calced. for C70He7N4O11 [M+H]" 1139.4801, found 1139.4807.
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(E)-2-{2-[4-(2,2-di-{N-[tris{1-[1-(2,3,4,6-tetra-O-acetyl-B-D-galacopyranosyloxy)-3,6-
dioxaoct-8-yl]-1,2,3-triazol-4-yl-methoxy} methyl]-2-oxy-acetamido}phenyl-1-phenyl-1-
vinyl)styryl]-6-(tert-butyl)-4 H-pyran-4-ylidene}-propanedinitrile (V-16a)

AcO
0\)/\0 & OAc
o) J NWQ/ p o
/‘C,\‘, OAc
N o) Jd W AcO
OAc ".‘/J/\O HN AcQ
AcO N—/ el ° /\&/0\}/\0 OAc
oo k~o"T, N o LN > % o
AcO OAc NN / P NN AcO OAc
Y e
OAc JCQ 2 N=N \7L\
AcO O, 2 O

O OAc
OAc
AcO AcO

V-16a Ao
Prepared according to the general procedure H from compound V-15 (100 mg, 0.088 mmol, 1 eq.),
GalEGN3 (354 mg, 0.7 mmol, 8 eq.) 33 copper iodide (10 mg, 0.052 mmol, 0.6 eq.) and N,N-
diisopropylethylamine (0.13 mL, 0.7 mmol, 8 eq.) affording compound V-16a (185 mg, 53%) as
red amorphous solid.

R;y=0.26 (CH2Cl2:MeOH = 20:1)

'H NMR (300 MHz, CDCls): 1.35 (s, 9H, C(CHs)s), 1.96, 2.02, 2.021, 2.12 (4s, 4x18H, CH;CO),
3.57-3.61 (m, 36H, OCH,CH,0), 3.67-3.74 (m, 8H, Gal-OCH,), 3.80 (s, 12H, (O-CH,);-C), 3.85-
3.97 (m, 24H, OCH,CH:N, H-5, Gal-OCH,), 4.08-4.19 (m, 12H, H-6, H-6"), 4.28 (s, 4H, OCH,CO),
4.50-4.61 (m, 30H, H-1, OCH,CH,N, OCH,-triaz), 5.02 (dd, 6H, J = 3.3 Hz, 10.5 Hz, H-3), 5.14-
5.21 (m, 6H, H-2), 5.37 (dd, 6H, J = 3.3 Hz, 10.5 Hz, H-4), 6.53 (d, 2H, J = 2.1 Hz, H-3pyran),
6.60-6.75 (m, 6H, H-5pyran, HC=CH-Ph, 2xH-Ar), 6.90-7.04 (m, 10H, 2xNH, 8xH-Ar), 7.14-7.16
(m, 3H, H-Ar), 7.29-7.32 (m, 3H, 2xH-Ar, HC=CH-Ph), 7.70 (s, 6H, H-triaz).

13C NMR (75 MHz, CDCL): 20.5, 20.56, 20.58, 20.7 (4xCOCHs), 28.0 (C(CHs)s), 36.6 (C(CHs)s),
50.0 (OCH,CH:N), 53.5 ((O-CH,)3-C), 59.6(C(CN)y), 61.1 (C-6), 64.6 (OCH,-triaz), 67.0 (C-4),
67.1 (OCH,CO), 68.6 (C-2), 68.7 ((O-CH,)3-C ), 69.0 (Gal-OCH,), 69.3 (OCH,CH,N), 70.1 (C-5),
70.37 (OCHa), 70.47 (OCH,), 70.5 (OCHy,), 70.7 (C-3), 101.2 (C-1), 102.5 (C-3pyran), 107.0 (C-
Spyran), 113.9 (CH-Ar), 114.1 (CH-Ar), 115.1 (2xCN), 118.0 (HC=CH-Ph), 123.7 (CH"*), 126.6
(CH-Ar), 127.3 (CH-Ar), 127.9 (CH-Ar), 131.2 (CH-Ar), 131.94 (CH-Ar), 131.98 (CH-Ar),
132.3(CA-CH=CH-Pyran), 132.6 (CH-Ar), 136.90 (CA-C=C), 136.92 (CA-C=C), 137.4 (HC=CH-
Ph), 139.1 (CA-C=C), 140.7 (CA-C=C), 143.3 (C=C), 144.3 and 144.4 (C"*), 146.4 (C=C), 155.7
(CA-0), 155.9 (CA-0), 156.6 (C-6pyran), 158.9 (C-2pyran), 167.4 (NHCOCH.,) 169.3, 170.0,
170.1, 170.2 (4xCOCH3), 172.1 (C-4pyran).

HR-ESI-MS m/z: calcd. for Ci9oH25:N22NasOs3 [M+4Na]* 1065.3936, found 1065.3937.
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(E)-2-{2-[4-(2,2-di-{N-[tris{1-[1-(2,3,4,6-tetra-O-acetyl-B-D-glucopyranosyloxy)-3,6-dioxaoct-
8-yl]-1,2,3-triazol-4-yl-methoxy} methyl]-2-oxy-acetamido} phenyl-1-phenyl-1-vinyl)styryl]|-6-
(tert-butyl)-4H-pyran-4-ylidene}-propanedinitrile (V-16b)
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V-16b

Prepared according to the general procedure H from compound V-15 (90 mg, 0.079 mmol, 1 eq.),
GIcEGN; (320 mg, 0.63 mmol, 8 eq.) ['81, copper iodide (9 mg, 0.047 mmol, 0.6 eq.) and N,N-
diisopropylethylamine (0.1 mL, 0.63 mmol, 8 eq.) affording compound V-16b (185 mg, 53%) as
red amorphous solid.

Ry=0.20 (CH2Cl2:MeOH = 25:1)

'H NMR (300 MHz, CDCls): 1.30 (s, 9H, C(CHs)s), 1.92, 1.94, 1.941, 2.00 (4s, 4x18H, CH;CO),
3.51-3.57 (m, 36H, OCH,CH,0), 3.63-3.71 (m, 12H, H-5, Gle-OCH.), 3.74 (s, 12H, (O-CH,):-C),
3.79-3.90 (m, 18H, OCH,CH,N, Glc-OCHo,), 4.06 (dd, 6H, J = 2.4 Hz, 12.3 Hz, H-6"), 4.16-4.22
(m, 10H, H-6, OCH,CO), 4.54 (t, 12H, J = 5.4 Hz, OCH,CH,N), 4.50-4.54 (m, 18H, H-1, OCH,-
triaz), 4.88-4.94 (m, 6H, H-2), 4.97-5.04 (m, 6H, H-4), 5.14 (t, 6H, J = 9.3 Hz, H-3), 6.47 (d, 2H, J
= 1.8 Hz, H-3pyran), 6.54-6.69 (m, 6H, H-5pyran, HC=CH-Ph, 2xH-Ar), 6.84-6.98 (m, 10H, 2xNH,
8xH-Ar), 7.04-7.06 (m, 3H, H-Ar), 7.23-7.28 (m, 3H, 2xH-Ar, HC=CH-Ph), 7.63 (s, 6H, H-triaz).

13C NMR (75 MHz, CDCL): 20.55, 20.56, 20.6, 20.7 (4xCOCHs), 28.0 (C(CHs)s), 36.6 (C(CHs)s),
50.1 (OCH,CH,N), 53.5 ((O-CH,):-C), 59.6(C(CN)y), 61.9 (C-6), 64.7 (OCH,-triaz), 67.1
(OCH,CO), 68.3 (C-4), 68.6 ((0-CH2)-C), 69.1(Gle-OCHy), 69.4 (OCH,CH,N), 70.1 (OCH.), 70.4
(OCH,), 70.5 (OCH,), 71.2 (C-2), 71.7 (C-5), 72.7 (C-3), 100.7 (C-1), 102.5 (C-3pyran), 107.1 (C-
Spyran), 114.0 (CH-Ar), 114.2 (CH-Ar), 115.1 (2xCN), 118.0 (HC=CH-Ph), 123.68 and 123.73
(CH"%%), 126.6 (CH-Ar), 127.4 (CH-Ar), 127.9 (CH-Ar), 131.25 (CH-Ar), 131.29 (CH-Ar), 132.0
(CH-Ar), 132.3(CA-CH=CH-Pyran), 132.6 (CH-Ar), 136.94 (CA-C=C), 136.96 (CA-C=C), 137.4
(HC=CH-Ph), 139.1 (CA-C=C), 140.7 (C*-C=C), 143.4 (C=C), 144.3 and 144.4 (C"*%), 146.5
(C=C), 155.8 (CA-0)), 155.9 (CA-0), 156.6 (C-6pyran), 158.9 (C-2pyran), 167.4 (NHCOCH,)
169.2, 169.3, 170.1, 170.5 (4xCOCH3), 172.2 (C-4pyran).

HR-ESI-MS m/z: calcd. for C19oH256N220s3 [M+4H]** 1043.4116, found 1043.4168.
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(E)-2-{2-[4-(2,2-di-{N-[tris{1-[1-(2,3,4-tri-O-acetyl-a-L-fucopyranosyloxy)-3,6-dioxaoct-8-yl|-
1,2,3-triazol-4-yl-methoxy}methyl]-2-oxy-acetamido} phenyl-1-phenyl-1-vinyl)styryl]-6-(tert-
butyl)-4H-pyran-4-ylidene}-propanedinitrile (V-16¢)
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V-16¢c

Prepared according to the general procedure H from compound V-15 (35 mg, 0.031 mmol, 1 eq.),
FucEGN; (97 mg, 0.215 mmol, 7 eq.) ['¥], copper iodide (4 mg, 0.019 mmol, 0.6 eq.) and N,N-
diisopropylethylamine (0.036 mL, 0.215 mmol, 7 eq.) affording compound V-16¢ (185 mg, 53%)

as red amorphous solid.
Rr=10.20 (CH2Cl:MeOH = 30:1)

'HNMR (300 MHz, CDCls): 1.04 (d, 18H, J = 6.6 Hz, H-6), 1.29 (s, 9H, C(CHz)s),1.90, 1.97, 2.08
(3s, 3x18H, CH5CO), 3.50-3.59 (m, 36H, OCH,CH,0, Fuc-OCHy), 3.66-3.73 (m, 6H, Fuc-OCHo,),
3.74 (s, 12H, (O-CH»)s-C), 3.81 (d, 12H, J = 5.1 Hz, OCH,CH,N), 4.14 (q, 6H, J = 6.6 Hz, H-5),
421 (s, 4H, OCH,CO), 4.45 (t, 12H, J = 5.4 Hz, OCH,CH,N), 4.51 (bs, 12H, OCH,-triaz), 4.99-
5.05 (m, 12H, H-1, H-2), 5.19-5.21 (m, 6H, H-4), 5.24-5.30 (m, 6H, H-3), 6.47 (d, 2H, J = 2.1 Hz,
H-3pyran), 6.54-6.69 (m, 6H, H-5pyran, HC=CH-Ph, 2xH-Ar), 6.84-6.98 (m, 10H, 2xNH, 8xH-
Ar), 7.04-7.06 (m, 3H, H-Ar), 7.23-7.28 (m, 3H, 2xH-Ar, HC=CH-Ph), 7.63 (s, 6H, H-triaz).

13C NMR (75 MHz, CDCls): 15.8 (C-6), 20.6, 20.63, 20.7 (3xCOCH3), 28.0 (C(CHs)s), 36.9
(C(CHs)s3), 50.0 (OCH,CH:N), 53.5 ((O-CH,)3-C), 59.6(C(CN)), 64.2 (C-5), 64.61 and 64.67
(OCHa-triaz), 67.1 (OCH,CO), 67.3 (Fuc-OCHa), 67.9 (C-3), 68.1 (C-2), 68.6 (O-CH,)3-C), 69.4
(OCH,CH;,N), 70.1 (OCH>), 70.44 (OCHs,), 70.48(0CH,), 71.1 (C-4), 96.1 (C-1), 102.5 (C-3pyran),
107.0 (C-5pyran), 113.9 (CH-Ar), 114.1 (CH-Ar), 115.1 (2xCN), 118.0 (HC=CH-Ph), 123.62 and
123.66 (CH"), 126.5 (CH-Ar), 127.3 (CH-Ar), 127.9 (CH-Ar), 131.3 (CH-Ar), 132.0 (CH-Ar),
132.3 (CA-CH=CH-Pyran), 132.6 (CH-Ar), 132.61 (CH-Ar), 136.91 (CA-C=C), 136.93 (CA-C=C),
137.4 (HC=CH-Ph), 139.1 (CA-C=C), 140.7 (CA-C=C), 143.3 (C=C), 144.3 and 144.4 (Cviez),
146.5 (C=C), 155.8 (CA-0), 155.9 (C*-0), 156.6 (C-6pyran), 158.9 (C-2pyran), 167.4 (NHCOCH,)
169.9, 170.3, 170.5 (3xCOCHs), 172.1 (C-4pyran).

HR-ESI-MS m/z: calcd. for C17sH244N2071 [M+4H]*" 956.4034, found 956.4035.
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(E)-2-{2-[4-(2,2-di-{N-[tris{1-[1-(B-D-galacopyranosyloxy)-3,6-dioxaoct-8-yl]|-1,2,3-triazol-4-
yl-methoxy}methyl]-2-oxy-acetamido}phenyl-1-phenyl-1-vinyl)styryl]-6-(tert-butyl)-4 H-
pyran-4-ylidene}-propanedinitrile (V-17a)

OH

N SRS
HO N

HO

HO

V-17a

To a solution of compound V-16a (238 mg, 0.057 mmol, 1 eq.) in MeOH/H-O (12 mL, 5:1, v/v)
was added KOH powder (84 mg, 1.48 mmol, 26 eq.). The resulting mixture was stirred under argon

at RT during 90 min. The solution was neutralized (pH = 7) with 0.6 M HCI aqueous solution and
concentrated. The crude product was dissolved with H,O (4 mL) and purified with C'3 reverse phase
column (H,O/MeOH = 1:0 to 0:1) to afford compound V-17a (153 mg, 85%) as a red amorphous
solid.

'H NMR (300 MHz, D,0/6CD;0D): 1.48 (s, 9H, C(CHs)3), 3.66-3.77 (m, 54H, OCH,, H-2, H-3,
H-5), 3.82-3.92 (m, 30H, Gal-OCHa, (O-CH,)3-C, H-6"), 4.00-4.14 (OCH,CH:N, H-4, H-6), 4.43
(dd, 6H, J=2.7 Hz, 5.4 Hz, H-1), 4.51 (s, 4H, OCH,CO), 4.67-4.72 (m, 24H, OCH,CH,N, OCH,-
triaz), 6.67 (d, 1H, J= 1.5 Hz, H-3pyran), 6.78-6.86 (m, 6H, H-5pyran, HC=CH-Ph, 2xH-Ar), 7.00-
7.13 (m, 10H, 2xNH, 8xH-Ar), 7.23-7.24 (m, 3H, H-Ar), 7.47-7.53 (m, 3H, 2xH-Ar, HC=CH-Ph),
8.13, 8.16 (bs, 6H, H-triaz).

BC NMR (75 MHz, D,0/eCD;0D): 28.3 (C(CH3)3), 37.6 (C(CH3)3), 51.3 (OCH,CH:N), 58.0
(C(CN)2), 60.9 ((O-CH2)3-C), 62.2 (Gal-OCH), 65.1 (OCHb»-triaz), 68.2 (OCH,CO), 69.55
(OCH>CHaN), 69.56 (C-6), 70.0 ((O-CH»);-C), 70.07 (C-4), 71.0 (OCH), 71.1 (OCHyz), 71.2
(OCH>»), 72.3 (C-2), 74.5 (C-5), 76.4 (C-3), 103.4 (C-3pyran), 104.6 (C-1), 108.0 (C-5pyran), 115.2
(CH-Ar), 115.4 (CH-Ar), 116. 5 (2xCN), 119.4 (HC=CH-Ph), 126.2 (CH"#%), 127.8 (CH-Ar), 128.6
(CH-Ar), 129.0 (CH-Ar), 131.2 (CH-Ar), 132.9 (CH-Ar), 133.52 (CH-Ar), 133.57 (CH-Ar), 133.9
(CA-CH=CH-Pyran), 138.28 (CA-C=C), 138.3 (CA"-C=C), 138.3 (HC=CH-Ph), 140.7 (CA*-C=C),
142.0 (CA™-C=C), 144.5 (C'#7), 147.6 (C=C), 157.4 (CA*-0), 157.5(CA™-0), 158.8 (C-6pyran), 161.4
(C-2pyran), 170.5 (NHCOCH»), 174.7 (C-4pyran).

HR-ESI-MS m/z: caled. for C142H207N2:0s9 [M+3H]*" 1054.7952, found 1054.7901.
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(E)-2-{2-[4-(2,2-di-{N-[tris{1-[1-(B-D-glucopyranosyloxy)-3,6-dioxaoct-8-yl]-1,2,3-triazol-4-
yl-methoxy}methyl]-2-oxy-acetamido}phenyl-1-phenyl-1-vinyl)styryl]-6-(tert-butyl)-4 H-
pyran-4-ylidene}-propanedinitrile (V-17b)

HO,
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V-17b

Prepared according to the general procedure I from compound V-16b (260 mg, 0.062 mmol, 1 eq.)
MeOH (14 mL), H>O (3 mL) and EtsN (3 mL) affording the compound V-17b (170 mg, 87%) as a

red amorphous solid.

"H NMR (300 MHz, D,0/eCD;0D): 1.60 (s, 9H, C(CHs)3), 3.43-3.49 (m, 24H, H-2, H-3, H-4, H-
5), 3.78-3.87 (m, 36H, OCH>), 3.89-3.98 (m, 12H, Glc-OCH, H-6"), 4.00-4.06 (m, 12H, (O-CH>)3-
C), 4.08-4.15 (m, 18H, H-6, OCH>CH>N), 4.17-4.23 (m, 6H, Glc-OCH>), 4.57 (dd, 6H, J= 2.1 Hz,
6.0 Hz, H-1), 4.61 (s, 4H, OCH.CO), 4.78-4.79 (m, 24H, OCH,CH:N, OCH,-triaz), 6.79 (d, 1H, J
= 1.5 Hz, H-3pyran), 6.90-6.99 (m, 6H, H-5Spyran, HC=CH-Ph, 2xH-Ar), 7.12-7.26 (m, 10H, 2xNH,
8xH-Ar), 7.33-7.37 (m, 3H, H-Ar), 7.60-7.66 (m, 3H, 2xH-Ar, HC=CH-Ph), 8.21, 8.23 (bs, 6H, H-
triaz).

BC NMR (75 MHz, D,0/eCD;0D): 28.5 (C(CH3)3), 37.9 (C(CH3)3), 51.6 (OCH,CH:N), 58.4
(C(CN)2), 61.3 ((O-CH2)3-C), 62.8 (Gal-OCH2»), 65.4 (OCH-triaz), 68.2 (OCH>CO), 69.8 (C-6),
69.9 ((O-CH»)3-C), 70.3 (OCH2CH2N), 71.3 (OCHa»), 71.36 (OCH>»), 71.4 (OCH>), 71.6 (C-2), 75.0
(C-5), 77.85 (C-3), 77.89 (C-4), 103.6 (C-3pyran), 104.3 (C-1), 108.1 (C-5pyran), 115.5 (CH-Ar),
115.7 (CH-Ar), 116. 7 (2*CN), 119.7 (HC=CH-Ph), 126.2 (CH"#), 127.9 (CH-Ar), 128.8 (CH-Ar),
129.2 (CH-Ar), 132.4 (CH-Ar), 133.1 (CH-Ar), 133.74 (CH-Ar), 133.79 (CH-Ar), 134.2 (CA*-
CH=CH-Pyran), 138.56 (CA™-C=C), 138.62 (CA-C=C), 139.1 (HC=CH-Ph), 141.0 (CA-C=C),
142.2 (CA™-C=C), 144.8 (C'7), 147.8 (C=C), 157.7 (CA*-0), 157.8(CA™-0), 158.9 (C-6pyran), 161.4
(C-2pyran), 170.6 (NHCOCH»), 174.9 (C-4pyran).

HR-ESI-MS m/z: caled. for C142H207N2:0s9 [M+3H]*" 1054.7952, found 1054.7942.
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(E)-2-{2-[4-(2,2-di-{N-[tris{1-[1-(a-L-fucopyranosyloxy)-3,6-dioxaoct-8-yl]-1,2,3-triazol-4-yl-
methoxy}methyl]-2-oxy-acetamido} phenyl-1-phenyl-1-vinyl)styryl]-6-(tert-butyl)-4 H-pyran-

4-ylidene}-propanedinitrile (V-17¢)
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Prepared according to the general procedure I from compound V-16¢ (101 mg, 0.026 mmol, 1 eq.)
MeOH (8 mL), H>O (2 mL) and EtsN (2 mL) affording the compound V-17¢ (52 mg, 66%) as a red
amorphous solid.

'"H NMR (300 MHz, D-O/¢CDsOD): 1.40 (d, 9H, J = 1.8 Hz, C-6), 1.42 (d, 9H, J = 1.8 Hz, C-6),
1.61 (s, 9H, C(CHas)3), 3.79-3.87 (m, 44H, Fuc-OCH2, OCH2), 3.92-3.93 (m, 6H, C-4), 3.95-4.03
(m, 30H, C-2, C-3, Fuc-OCHa, (O-CH»)3-C), 4.13 (m, 12H, OCH2CH2N), 4.18-4.24 (m, 6H, H-5), ,
4.61 (s, 4H, OCH>CO), 4.78-4.79 (m, 24H, OCH>CH:N, OCH»-triaz), 5.04 (t, 6H, J=2.4 Hz, H-1),
6.78 (d, 1H, J = 1.5 Hz, H-3pyran), 6.90-7.00 (m, 6H, H-5pyran, HC=CH-Ph, 2xH-Ar), 7.13-7.26
(m, 10H, 2xNH, 8xH-Ar), 7.32-7.35 (m, 3H, H-Ar), 7.60-7.66 (m, 3H, 2xH-Ar, HC=CH-Ph), 8.20,
8.22 (bs, 6H, H-triaz).

3C NMR (75 MHz, D>0/eCD30D): 16.7 (C-6), 28.3 (C(CH3)3), 37.7 (C(CH3)3), 51.4 (OCH>CH2N),
58.4 (C(CN)2), 61.1 ((O-CH2):-C), 65.2 (OCHr-triaz), 67.6 (C-5), 68.2 (Fuc-OCH»), 68.4
(OCH>CO), 68.4 ((O-CH)3-C), 69.9 (C-2), 70.2 (OCH2CH>N), 71.17 (OCHy), 71.19 (OCH>»), 71.2
(OCH»), 71.5 (C-3), 73.4 (C-4), 100.4 (C-1), 103.4 (C-3pyran), 108.0 (C-5pyran), 115.32 (CH-Ar),
115.5 (CH-Ar), 116.4 (2xCN), 119.4 (HC=CH-Ph), 125.9 (CH"%), 127.7 (CH-Ar), 128.7 (CH-Ar),
129.0 (CH-Ar), 132.2 (CH-Ar), 133.0 (CH-Ar), 133.56 (CH-Ar), 133.62 (CH-Ar), 134.1 (CA*-
CH=CH-Pyran), 138.36 (CA-C=C), 138.42 (CA-C=C), 138.9 (HC=CH-Ph), 141.8 (CA-C=C),
142.1 (CA-C=C),144.6 (C=C), 145.5 (C"#?), 147.6 (C=C), 157.5 (CA™-0), 157.7 (CA"-0), 158.7 (C-
6pyran), 161.2 (C-2pyran), 170.4 (NHCOCH>), 174.7 (C-4pyran).

HR-ESI-MS m/z: caled. for C142H207N20s3 [M+3H]** 1022.8054, found 1022.8077.
V1.3 Fluorescence measurements
V1.3.1 Supramolecular glyco-dots with DCM probe and TPE-glycocluster for ONOO"

detection

Supramolecular self-assembly of glyco-dots. DCM probe (1 mM, DMSO) was added to a solution
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of TPE-based glycoclusters (15 mM, PBS buffer). The resulting mixture was stirred during 30 min
to produce the supramolecular glyco-probes for subsequent experiments.

General. DCM probe (1 mM, DMSO, 10 pL) or glyco-dots (10 uL) was added in 1 mL PBS buffer
or mixed with MeCN to prepare the probe solution and measured the fluorescence. Then the
prefabricated ONOO- solution was adding in the solution and stirred 30s before measuring the

fluorescence intensity.

Preparation of ROS/RNS

H>0: : The purchased hydrogen peroxide was diluted in deionizer water to afford the solution. The
concentration of H,O» was determined from the absorption at 240 nm (¢ = 43.6 M-'cm™).

ClO" : The purchased sodium hypochlorite was dissolved in NaOH solution(0.1 mol L). The
concentration of Cl1O- was determined from the absorption at 292 nm (e = 350 M-'em™).

ROO:-: ROO- was generated from 2,2'-azobis-(2-amidinopropane) dihydrochloride. AAPH (2,2’
azobis-(2-amidinopropane) dihydrochloride,1 M) was added into deionized water, and then stirred
at 37 °C for 30 min.

*OH : Hydroxyl radical was generated by the Fenton reaction. To prepare *OH solution, hydrogen
peroxide (H,0», 10 eq.) was added to Fe(ClO4), in deionized water.

Oy : Superoxide was generated from KO,. KO, and 18-crown-6 ether (2.5 eq.) was dissolved in
DMSO to afford a 0.25 M solution.

NO : Nitric oxide (NO) was prepared by treating sulfuric acid (3.6 M) solution with sodium nitrite
solution (7.3 M) and its stock solution (2 mM) was prepared by bubbling NO into deoxygenated
deionized water for 30 min.

NO; : The purchased sodium nitrite was dissolved in deionizer water to afford the solution.

HNO: The purchased Angeli’s salt was dissolved in PBS buffer (0.05 M, PBS, pH 7.4) to afford the
solution. Angeli’s salt can readily decompose at physiological pH to yield nitroxyl anion (HNO) and
nitric oxide (NO).

ONOO" : Simultaneously, 0.6 M KNO», 0.6 M in HC1, 0.7 M in H20O, was added to a 3 M NaOH
solution at 0 °C. The concentration of peroxynitrite was estimated by using extinction coefficient of
1670 cm 'M ! at 302 nm in 0.1 M sodium hydroxide aqueous solution.

Fluorescence imaging of cells. Cells were seeded on a black 96-well microplate with optically clear
bottom (Greiner bio-one, Germany) overnight. Then, the cells were incubated with glyco-dots in
the absence and presence of SIN-1 for 30 min. Then, the cells were gently washed with PBS
(phosphate buffered saline) three times, and stained with Hoechst 33342 (5 pg/mL) at 37 °C in a
humidified atmosphere of 5% CO; in air for 5 min. Then, cells were washed with PBS three times.
The fluorescence images were recorded using an Operetta high content imaging system and
quantified by the Columbus image data analysis system (Perkinelmer, US).

V1.3.2 Supramolecular glyco-dot with TPE-DCM probe and TPE2S for thiophenol
detection

Supramolecular self-assembly of glyco-dots. TPE-DCM probe (1 mM, DMSO) was added to a
solution of TPE-based glycoclusters (TPE2S, 10 mM, PBS buffer). The resulting mixture was
stirred during 30 min to produce the supramolecular glyco-dots for subsequent experiments.
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General. TPE-DCM probe (I mM, DMSO, 10 pL) or glyco-dots (10 pL) was added in 1 mL PBS
buffer with different ratio of THF, to prepare the probe solution and measured the fluorescence.
Then the prepared thiophenol (in EtOH) was adding in the solution and stirred 5 min before

measuring the fluorescence intensity.

VIL.3.3 TPE-DCM-based glycocluster for glycosidase detection

General. TPE-DCM glycoclusters (1 mM, PBS buffer, 10 pL) was added in 1 mL PBS buffer to
prepare the probe solution and measured the fluorescence. Then the glycosidase solution was added
in the solution and incubated during 50 min before measuring the fluorescence intensity.

Fluorescence imaging of cells. Cells were seeded on a black 96-well microplate with optically clear
bottom (Greiner bio-one, Germany) overnight. Then, the cells were incubated with TPE-DCM
glycoclusters for 30 min. Then, the cells were gently washed with PBS (phosphate buffered saline)
three times, and stained with Hoechst 33342 (5 pg/mL) at 37 °C in a humidified atmosphere of 5%
COz in air for 5 min. Then, cells were washed with PBS three times. The fluorescence images were
recorded using the Laser Scanning Confocal Microscopy.
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TITRE:

Conception et syntheése de glyco-sondes fluorescents pour des applications en detection

RESUME

Les sondes fluorescentes sont largement appliquées par exemple a la détection de contaminants ou

a l'imagerie cellulaire. Mais 1’effet d’agrégation (ACQ) atténue généralement ’intensité de la
fluorescence. Par conséquent, le concept d'« agregated induced emission » (AIE) représente une
solution a ces problémes d’agrégation et plusieurs glycoclusters, glyco-sondes et glyco-assemblages
fluorescents ont été congus et reportés. Nous avons congu et synthétisé des glyco-polymeéres
fluorescents pour le ciblage cellulaire et I’adressage de médicaments, avec la fluorescence
permettant la détection des cellules ciblées. Pour surmonter I'effet ACQ, nous avons conjugué le
dicyanométhyléne-4H-pyrane (DCM) et le tétraphényléthéne (TPE) afin d'obtenir des sondes
fluorescentes (AIE) émettant dans le proche infrarouge. Nous avons congu et synthétisé des sondes
fluorescentes AIE pouvant s'auto-assembler avec des glycoclusters a base de TPE. Nous avons
congu et synthétisé des sondes fluorescentes AIE pouvant s'auto-assembler avec des glycoclusters a
base de TPE. Nous avons finalement combiné les deux fragments TPE et DCM pour synthétiser un
nouveau fluorophore AIE (TPE-DCM). Ensuite, la conjugaison avec des glycosides a conduit a une
excellente solubilité¢ dans 1'eau. Une application a la détection de glycosidases in vitro et dans des
dosages cellulaires ou sur des modéles animaux a été possible avec ces sondes.

MOTS-CLES: aggregation induced emission (AIE), glycosylation, tétraphényléthéne, Click
Chemitry, imagerie des cellules

TITLE:

Design and synthesis of fluorescent glyco-dots for detection and cell imaging

ABSTRACT

Fluorescent probes are widely developed and applied to the detection of contaminants or in cell

imaging. But the ACQ effect usually quenched the fluorescence intensity. Aggregated-induced
emission (AIE) appears to solve these problems and several fluorescent glycoclusters, glyco-probes
and glyco-complexes were designed and reported for biological analysis. We designed and
synthesized fluorescent glyco-polymers with multiple glycosides for cell targeting and drug delivery.
To overcome the ACQ effect and interference, we conjugated dicyanomethylene-4H-pyran (DCM)
and tetraphenylethene (TPE) to obtain near-infrared AIE fluorescent probes for detection and
imaging cancer cells. We designed and synthesized AIE fluorescent probes which could self-
assemble with TPE-based glycoclusters for thiophenol detection in vitro and in environmental water
samples. We finally combined both TPE and DCM moieties to synthesize a novel AIE fluorophore
(TPE-DCM), and n conjugated with glycosides to obtained AIE fluorescent probes with long-
wavelength emission, excellent water-solubility. Application to the detection of glycosidases in vitro
and in cell assays or animal models was possible with these probes.

KEY WORD: aggregation induced emission (AIE), glycosylation, tetraphenylethene, Click
Chemistry, cell imaging
DISCIPLINE: Chimie Organique

UMR-CNRS 5246, ICBMS, Laboratoire de Chimie Organique 2, Batiment Lederer, 43 boulevard
du 11 Novembre 1918, F-69622 Villeurbanne CEDEX.
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