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Abstract of this thesis
The present thesis deals with the synthesis of upper rim functionalised calixarenes and the
study of their properties under dissipative conditions or in biological media for the recognition
of protein and bacteria cell wall constituents. These two apparently distant topics, artificial
machines under dissipative control and biomolecular recognition might merge, in a close
future, in artificial systems whose recognition properties toward biomolecules is triggered by
a chemical fuel.
The first chapter of this thesis studies artificial molecular machines whose functions depend
on the conformational changes experienced by the macrocycles under dissipative conditions.
Among the chemical stimuli used for the modulation of the conformational motion we used
2-cyano-2-phenylpropanoic acid or thrichloroacetic acid as chemical fuels. They allow to
change the status of the system for a certain time and when all the fuel is consumed, the
system turns back to its original state. The presence of two pyrene nuclei in distal positions
at the upper rim of the calixarenes, allows to combine the fuel triggered conformational
motion with the switch off/on of the fluorophore. The possibility of modulating the
conformation of this calix[4]arene-based molecular machine using trichloroacetic acid as
chemical fuel has been studied and the proposed “conformational cycle” will be discussed.
In the second chapter it was demonstrated that the host—guest interaction of a
trisaminocalix[6]arene receptor with N-methylisoquinolinium trifluoromethanesulfonate can
be dissipatively driven by means of 2-cyano-2-(4’-chlorophenyl)propanoicacid used as the
most convenient chemical fuel. When the fuel is added to a dichloromethane solution
containing the inclusion complex, the host is induced to immediately release the guest in the
bulk solution. Consumption of the fuel allows the guest to be re-uptaken by the host.
In the third chapter it is reported the progress done in the development of a new approach for
the selective identification of different bacterial strains using supramolecular receptors based
on calix[4]arenes decorated with zwitterionic amino acids at the upper rim. Amino acids are
attached to the upper rim of calixarenes, preserving their zwitterionic structure, using the
Mannich reaction. The screening of the recognition properties of these calixarenes towards
different bacteria strains was achieved using on-cell STD NMR experiments. The zwitterionic
calixarene receptors are able to selectively bind Gram-negative bacteria. It was also evidenced

that the selective recognition possibly takes place via recognition of LPS present on the Gram-



negative bacteria cell wall. The rapid and on-site identification of bacteria strains and viruses,
using cheap, abiotic and portable devices, is of great appeal and interest also because it will
allow a timely selection of the most appropriate antibiotic class to treat the patient, thus
avoiding the administration of useless or broad-spectrum antibiotics which are responsible
for the continuous and fast growth of antimicrobial resistance (AMR).

The last part of this thesis deals with the screening of zwitterionic calix[4]arenes and the p-
methylsulfonatocalix[4]arene as molecular glues for proteins. This work has been carried out
in a six-month study period at the University of Galway (IE). Surface recognition is shown to
drive protein assembly in the solid state only in the case of the p-
methylsulfonatocalix[4]arene. The preliminary results of the crystal structure obtained by
SOLEIL synchrotron in Paris between this ligand and RSL-KMe?2 is discussed.
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Introduction

1.1 Movement in Molecular Machines

In Nature, movement is one of the most important attributes of life and a key characteristic in
many technological processes. In living organisms there are some extremely complex systems
formed over billions of years of evolution, called motor proteins, which work in the cell like
ordinary machines. The structure and the functioning of these systems have been clarified
only in a small number of cases. While artificial movement is provided by engines powered
by electrical energy or combustion, in living organisms it is caused by machines and motors
of molecular size that usually exploit the energy of chemical fuels at ambient temperature to
generate forces and finally execute work. Among the most important motor proteins, the best
known are those of ATP,! the kinesin,?2 and myosin® families and the bacterial flagellar
motors.* In the past few decades, thanks to the progress in different areas of science and to
the inspiration given by these bio-nanodevices, chemists have developed artificial systems
able to exhibit directionally controlled and stimuli-induced movement of their parts. During
the past thirty years, chemists have developed, built, and investigated a large number of
molecular devices by exploiting electronic, photonic and chemical inputs to stimulate
supramolecular systems®*2, The scientific value of this field has been recognized in 2016
thanks to the award of the Nobel Prize in Chemistry to Jean-Pierre Sauvage, Fraser Stoddart
and Ben Feringa.'® The Nobel Committee recognized the potential of molecular machine for
progress in several areas of technology and medicine with applications limited only by
imagination.!* The term “molecular machine” refers to an assembly of a discrete number of
molecules or supramolecule system which is able to perform a mechanical movement in
response to an external stimulus. The most significant features of the nanoworld regarding
movement, is the fact that molecular-sized objects are subject to the random motion caused
by thermal energy (Brownian motion). Such random thermal fluctuations could preclude the
controlled precision typical of machines. Motor proteins, however, use an external chemical
energy source to influence thermal agitation and make the movement in a given direction

1
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more likely than that in other directions. This principle is illustrated in Figure 1. Initially, a
more stable state is destabilized by an input that brings the system in a non-equilibrium

condition.

Destabi-
lization
®

Energy
<

Coordinate of motion

Thermally
ﬂ driven
motion

Reset

Fig.1: Schematic representation of the thermally driven motion of a system in relation to an energy input

After that, the thermal motion will push the system over the decreased barrier to reach the
lower energy state. Hence, the thermal agitation causes the movement which is made
directional by the input energy. Reset occurs when the energy input ends, or an opposite input
is activated.’® The study of motion in molecular machines is a fascinating topic and a

promising field for a lot of applications.

1.2 Energy supply

As discussed in the previous paragraph, Brownian motion at thermal equilibrium cannot be
exploited to achieve directed and controlled movement of a molecular machine. Thus, an
external input of energy is necessary for a molecular machine to operate. Molecular machines

are, like their macroscopic counterparts, characterized by:
i.  The type of energy input required to make them work
ii.  The type of movement (oscillatory, linear, rotatory...)
iii.  The function used monitor the movement

Iv.  The possibility to repeat their movement
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v. The time taken to complete a cycle

The first point is probably the most important; one of the most obvious ways to supply energy
to this kind of systems is through a reactant (“fuel”) that can perform an exergonic reaction.
This is what happens in biomolecular machines?® that usually are powered by ATP hydrolysis.
In a molecular machine driven by chemical power, the fuel needs to be delivered where and
when necessary. The reaction with the fuel will lead to the formation of wastes that could be
accumulate in the reaction medium unless they are removed.

One more feature of chemically powered molecular machine is the way in which they utilize
the fuel. After the reaction with the fuel, if the system has been brought into a new state of
equilibrium, another reactant (“anti-fuel”’) must be added to the solution to bring back the
process and close the cycle as shown in Figure 2a. Hence, this operation requires the alternate
addition of the two reactant and makes the working cycle operator dependent. In this case the
machine is not capable of using the input of the fuel in autonomous way. This is what happen
in artificial molecular machine developed until now which are, in fact, mechanical switches.
An example of this kind of system is the paramagnetic [2]rotaxane shown in Figure 3a. This
compound consists in two mechanically interlocked components: one nitroxide crown ether
containing seven ethereal oxygen atoms and a cationic guest in which are present two different

recognition sites, a dialkylammonium and 4-4’-bipyridinium site.!’

State A State A

+ WASTE
WASTE FUEL

+ FUEL + ANTI-FUEL

StateB StateB

Fig.2: a) Schematic representation of molecular switches that use fuel and anti-fuel to change between two
different equilibrium states. b) Autonomous chemically driven molecular machines that use the catalytic

decomposition of the fuel to move between the two different states.
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In this example, at the beginning (state A) the paramagnetic macrocycle is positioned at the
ammonium site as a result of strong N*-H--O hydrogen bonds. The shuttling of the red
macrocycle toward the secondary bipyridinium station is promoted by using an appropriate
base, such as diisopropylethylamine. This base is strong enough to deprotonate the
dialkylammonium site and, as a consequence, the platform loses affinity to this station and
moves to the second one (State B) in which the complex is stabilized by charge-transfer
interaction between the m-electron rich aromatic units of the paramagnetic macrocycle and
the m-electron poor bipyridinium units. Upon addition of an acid, such as TFA, the ammonium
sites are protonated again, allowing the return movement of the red macrocycle onto the
preferred ammonium site. This motion can be repeated by the consecutive addition of a basic
fuel and an acid anti-fuel. The one-shot addition of both these reactants to a solution

containing the [2]rotaxane would lead to their annihilation.

stateA

-
\L N CN =
N\ Ar—<::—cn, NNy state B
Q { + COH ":T': N +
o Z N
0 A Lol D)
S N = - 2 0 6
(V%3 [ e , ¥
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Z*0 j X () N 0 ¢
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0} o J
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W state A MR
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Ng / LY
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Fig.3: a) Shuttling of the paramagnetic macrocycle between the two different stations after addition of TFA
to state A and after addition of DIPEA to state B. b) Schematic mechanism for the back-and-forth motions of

paramagnetic rotaxane triggered by the chemical fuel 2-cyano-2-phenylpropanoic acids.

On the other hand, biomolecular machines are able to autonomously repeat their operation as
long as the fuel is available Figure 2b. The reason why this is possible is because such systems
use the fuel in a catalytic way; in fact, state B acts as catalyst for the fuel decomposition to
waste. An example of an artificial supramolecular machine able to autonomously close the

switching cycle with the addition of a single chemical fuel is shown in Figure 3b. The system
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is the same [2]rotaxane shown above (Figure 3a) but in this case phenylpropionic acid is used
to drive the switchable molecular shuttle.® When 1 equiv of acid fuel is added to the rotaxane
in state A, the carboxylic acid donates a proton to the amine station and the red macrocycle
shifts to the dialkylammonium station (state B’). The following decarboxylation produces the
carbanion that, thanks to its high basicity, promptly re-extracts back the proton (szate B’’) and
induces the crown ether to return to the initial bipyridinium station (state A). The [2]rotaxane
thus acts as a catalyst for the base-promoted decarboxylation of the fuel and completes a

mechanical switching cycle for each processed fuel molecule.
1.3 Calix[n]arenes

Metacyclophanes such as calixarenes, resorcinarenes, or pyrogalloarenes are a very
interesting class of macrocyclic compounds. Their ability to act as receptors for a large variety
of guest species, the easy way to tune their size, structure and functional groups attached make
these scaffolds very promising in the field of supramolecular chemistry.®2¢ Among
metacyclophanes, calixarenes are probably the most relevant for their use as components of
molecular machine.

Calixarenes can be synthesized from the reaction between para-substituted phenol and
formaldehyde in basic conditions. This family of macrocyclic compounds can have a variable
number (between 4 and 20) of aromatic units linked by methylene bridges in ortho position-
The most commonly used calixarenes, shown in Figure 4, are those made by 4-8 aromatic
units and they can be synthetized by changing the solvent, the temperature, the base, and the

ratio of the reactants used in the condensation reaction.2%30

A

jeeane

RO
- <
L
- e/ TOR RO~y
¢ o8
_om
}(\ orn M
. == _F?:(}‘ 2
Y %
R
calix[4]arene calix[Slarene calix[G]arene calix[8]arene

Fig.4: Calix[n]arenes with different valency (n=4,5,6 and 8)
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The term calixarenes was coined by Gutsche in 1978 and was inspired by the cup-like shape
of the tetrameric derivative that resembles a Greek vase called calyx krater, in Latin. The
suffix arene recalls the aromatic nature of the repeating units that form the macrocycle. As
shown in Figure 5, it is possible to differentiate a lower rim, characterized by the presence of
the hydroxyl groups, and an upper rim identified by the region containing the atoms para to

the hydroxyl phenolic groups.

Upper rim l:>
Annulus :>
Lower Rim E

Fig.5: Example of calix krater (left) Generic structure of a calix[4]arenes with indication of the lower and
upper rim (right)

While calix[n]arenes with n > 5 show high conformational mobility in solution, for the smaller
homolog, calix[4]- and calix[5]arenes, the conformational behaviour is much more
complicated. For the scope of this thesis we will restrict the discussion to the smaller
calix[4]arenes, leaving the description of the conformational properties of calix[5]arenes to

specialised literature. 333
1.4 Conformational behaviour of calix[4]arenes

Calix[4]arenes have been widely used as abiotic scaffolds in Supramolecular Chemistry and
most of their supramolecular properties depend on the conformational features of their
scaffold. Tetrahydroxycalix[4]arenes, both at the solid state and in solution, are kept in a cone
conformation by the establishment of a strong homodromic intramolecular hydrogen bond
network between the phenolic hydroxyl groups. All the four phenolic aromatic nuclei form
equal angles with the average plane defined by the four methylene bridge carbon atoms and
a tridimensional =n-rich cavity is well defined. The molecule has a C4y symmetry, and this

conformation is also named regular cone. Increasing the temperature, the rotations around
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the C-C o-bonds of the methylene bridges allow for a ring flipping (cone to cone inversion)

as shown in Figure 6.

Fig.6: Ring flipping in Tetrahydroxycalix[4]arenes

When the hydroxy groups present at the lower rim are functionalised with R groups, in
addition to the already mentioned cone, calix[4]arenes can exist also in three other limiting
conformations identified as partial cone, 1,2-alternate and 1,3-alternate®* characterized by
different orientations of the aromatic rings, as shown in Figure 7. When R groups have a
limited steric hindrance compared to the dimension of the calixarene annulus, i.e. R <
CH.CHs, calix[4]arenes are conformationally mobile. On the other hand, when R groups
larger than ethyl are introduced, the macrocycle can be locked into one (or a mixture) of the

four conformations.

CONE PARTIAL CONE 1,2-ALTERNATE 1,3-ALTERNATE
Fig.7: The four limiting conformations adopted by calix[4]arenes (R > CH,CHs)

The adopted conformation can be easily identified using *H NMR spectroscopy, since each
structure gives rise to a very typical pattern of signals for the protons of the methylene bridge.
In fact, in the case of a cone calix[4]arene, these methylene groups are equivalent (being
related by a C4v symmetry axis) but the two protons of each bridge are diastereotopic as
shown in Figure 8: taking the average plane of the annulus as a reference, one is nearly parallel
and is called equatorial, while the other is nearly perpendicular and is called axial. These two

protons thus show two doublets in the 'H NMR spectra with a typical geminal coupling

7
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constant (J=13-16 Hz). The equatorial protons are upfield shifted compared to the axial ones
due to the shielding effect of the aromatic nuclei. On the other hand, in the partial cone, 1,2-
alternate and 1,3-alternate conformations, some of the aromatic nuclei are oriented anti one
to the other and the two protons of the bridge comprised among them are chemically

equivalent giving rise to a singlet in the *H NMR spectrum.

a) b)
X X X
A\
// OR H
/ Heq H
OR RO OR
ax

Fig.8: Proton disposition in the methylene bridges between two aromatic rings oriented a) syn, the same

direction or b) anti, in opposite direction

A calix[4]arene blocked in the cone geometry, even if functionalized at the lower rim with
four bulky R groups, can rapidly interconverts between two equally stable pinched cone
conformations as a result of the swinging of the aromatic rings around the carbon atoms of
the bridge. Consequentially, the regular cone conformation of Cs Symmetry, can be
considered as the transition state of the interconversion between the two limiting pinched cone
conformations, that are equally stable and have Ca, symmetry®® as shown in Figure 9. The
interconversion between these two limiting structures, often called “breathing of the calix”,
is fast compared to the NMR timescale, thus the *H NMR spectrum reflects the Cay Symmetry
as an average between the Coy pinched cone conformations. Moreover, when a tetraalkoxy
calix[4]arene, is functionalized at the upper rim with two substituents in 1,3-distal positions,
this equilibrium is usually fixed in one of the two possible pinched structures as a result of
attractive or repulsive interactions between the upper rim distal substituents as shown in

Figure 10.
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VOSSR Ve (G (V|

Fig.9: Residual mobility in the conformation of a cone calix[4]arene (“breathing of the calix”)

Typically, the conformation with the para-substituted aromatic rings pointing outwards is
called open pinched cone conformation. On the other hand, in case of attractive interactions
between the substituents, the two para-substituted aromatic rings come closer (nearly parallel
each to the other) and the conformation adopted by the calix[4]arene is called “closed pinched

cone” conformation.

OR ORORRJ
Fig.10: Open (left) and closed (right) pinched cone conformation of 1,3-para-substituted calix[4]arene

The ability to form intramolecular interactions among the para-substituents, the solvent used
and the presence of potential guests may modulate the calix[4]arene pinched cone equilibrium

towards the closed or open conformation.

1.5 State-of-the-art in controlling calix[4]arene geometry by means of chemical

fuels

In nature, one of the most used tools to control chemical properties is the modulation of the
conformation of complex molecular architectures. Among them, chemically induced
conformational changes are employed to modify binding capability or catalytic activity in
proteins. In case of man-made supramolecular systems, important examples of chemically
induced conformational control of properties and reactivity have been reported, mainly based
on molecular machines.®-°2 Among them, our attention was directed to systems that exploit

a chemical fuel to drive a conformational change.>*% In these cases, the changes of the
9
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conformation from state A to state B (A—B) and the variation of their chemical properties
are carried on as long as the fuel is available. As soon as the fuel is exhausted, the system
reverts to its original state (B —A) and chemical properties change again. In 2020, our
research group, in collaboration with professor Di Stefano’s group at the Roma University
“La Sapienza”, reported the use of a chemical fuel to conveniently control the conformational

equilibrium of the diamino-calix[4]arene shown in Figure 11.7

Fig.11: Conformational interconversion between the open and closed pinched cone conformation of 1,3-
distal diaminocalix[4]arene (unlocked state)

As chemical fuel, it was employed the 2-cyano-2-phenylpropanoic acid and its derivatives,
previously used as chemical fuels to control the movement of acid-base operated molecular
machine.58-72

In the basic form, the so called “unlocked” state represented in Figure 11, calix[4]arene 2 is
in a mobile situation where it is free to interconvert between the two nearly equally stable
pinched cone conformations. In the presence of one equivalent of the acid fuel (1),
monoprotonation of compound 2 results in the conjugated acid 2H*. The intramolecular
hydrogen bond forces the calixarene conformation in a “locked” state (closed pinched cone)

with the two aniline rings convergent to share the proton as shown in Figure 12.

10



Chapter 1: Dissipative control of the fluorescence of a 1,3-dipyrenyl calix[4]arene in the cone conformation

Fig.12: Intramolecular hydrogen bond in conjugated acid 2H* (locked state)

When the fuel is exhausted, the calixarene reverts to its original “unlocked” state. This design

is illustrated in Figure 13

NC CH,
1, X=H
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X
X
HoN NH,
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NS
goo ? o)
o8 08
(0]
J y U { N CO;
state A 2 C
s
X
HaG N state B"
H” \(j
5, X=H X

X= C|,H,CH3,0CH3

Fig.13: Proposed “conformational cycle” experienced by diaminocalix[4]arene 2 under the action of fuels
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Addition of 1 mol equivalent of fuel 1,H immediately causes a series of shifts in the *H NMR
spectrum, due to the protonation of 2 (Figure 14). In fact, aromatic signals marked in red (para
unsubstituted) and blue (para-amino substituted) are shifted towards lower and higher fields,
respectively. This proves the formation of an ion pair in the state B’, with the calixarene
scaffold assuming a rigid pinched-cone conformation (“locked” state). In this conformation,
the two amino functionalized aromatic rings are nearly parallel to each other as a consequence
of the intramolecular hydrogen bond and experience the shielding effect of the other two ring
facing outwards. From 3 minutes on, decarboxylation and fast back proton transfer regenerate
the native unlocked cone conformation. At the end of the process (t = 245 min), the solution

only contains calixarene 2 in state A and the waste product 5.

-

”“_m).__lh j l : M 2 0564
YN | [ T N/ - 1
zassmin, | Lﬂ [ ,EN "
— S fly L
SN | YT [N ™
S | | Y| o
oo i1 NI

B.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 35 3.0 25 2.0 1.5 1.0 0.5

Fig.14: 'H NMR time-monitoring of the reaction between 4.0 mM 2 and 4.0 mM fuel 1,H, in CD,Cl, at 25
°C. The bottom trace is the spectrum of 4.0 mM 2 taken before the addition of the fuel

1.6 Aim of this work

With the aim of studying the conformational locking/unlocking mechanism using chemical
fuels we decided to synthesize compound 6, similar to compound 2 but adorned with two

additional pyrene units at the upper rim, as shown in Figure 15a.

12
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Fig.15: a) Chemical structure and b) z-z interactions between pyrene functions of compound 6

The two pyrene groups of compound 6 have the purpose of inserting a further conformational
control mechanism as they could interact with each other through n-m interactions and
therefore block the conformation of the calix[4]arene as shown in Figure 15b. Moreover, the
presence of the two pyrene functions would allow to study the conformational mechanism
also through fluorescence spectroscopy. This is due to the fact that when the pyrenes are
involved in the intramolecular interaction, the typical excimer emission band would appear
in the fluorescence spectrum” as shown in Figure 16. The excimer fluorescence has a

substantially longer wavelength than the monomer emission.

Q!l = Monomer
Ground stated pyrene R N T Excimer
Ex: 345 mmn Monamer g
by =2
\‘ fluorescence E
ﬁ Em: 375 nm # N
= LY
S0 8
LI s
o =3 h
Excited pyrene =2
- et
Ex: 343 nm g& Excimer T
\ fluorescence 1 T T T 1
Em: 473 nm 400 500 600

@".‘ . Wavelength (nm)

Diimeric pyrene

Fig.16: Interaction mechanism leading to the formation of an excimer (left). Typical fluorescence emission

spectrum (right) of the pyrene monomer and excimer

Therefore, the idea behind our hypothesis is that when the calixarene conformation is
“unlocked”, the two pyrene units are allowed to get close together and the fluorescence
spectrum would be characterized by the excimer emission. On the other hand, the addition of
a fuel acid would trigger a first conformational change to the “locked” pinched-cone structure.
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In this state, the interactions between the two amino groups would prevail, and the two

chromophores would be forced far apart, thus turning off the excimer fluorescence as shown

in Figure 17.
? oy
Hfghﬂugrt?scence Ogij eo )o v
emission )O) (

Fig.17: Schematic representation of the excimer formation in molecular machine 6
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Results and Discussion

1.7 Synthesis

Calix[4]arene 6 was synthesized in five steps from tetrahydroxy calix[4]arene 1 (Scheme 1).
The synthesis of compounds 1-4 are already known in literature and the described protocols

were followed.”

O,N NO2
X A\ X A\
CH3COOH ~ Jil\ v // NaH 60% ‘ ‘ﬂg’ ‘Q

0 Br O~
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CF4CO0 Ag | CHCl, THF, E,O M
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S \ Pd(dppf)CI2 )
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4 5 6
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Scheme 1: Synthetic strategy for the synthesis of compound 6

Starting from 25,26,27,28-tetrahydroxy calix[4]arene 1, the first step was the alkylation of
the hydroxyl groups, using NaH as a base for the deprotonation of the phenolic ring and 2-
bromoethyl ethyl ether as alkylating agent. The four 2-ethoxyethoxy groups at the lower rim
guarantee that the structure maintains its cone conformation ensuring also the solubility in a
wide range of solvent. The second step was the nitration of compound 3, using fuming HNO3

and acetic acid as nitrating agent. Due to the equivalence of the four reactive positions of the
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upper rim of compound 2, the nitration reaction leads to the formation of a mixture of different
nitrated by-products. To minimize the formation of tri and tetra nitrated products, the reaction,
monitored by TLC, was quenched after 3 hours. The crude product was then purified by a
flash chromatography column to separate the unreacted reagent and the mono nitrated
compound from the 1,3-dinitrated compound 3 and its regioisomer, the 1,2-dinitrated
calixarene. Finally, the 1,3-distal dinitro compound was separated from the 1,2-vicinal by
crystallization in methanol to give the pure compound 3 as colourless needles.

To attach the pyrene units at the calixarene upper rim we planned to exploit the Suzuki cross-
coupling reaction. The first strategy tested for obtaining derivative 5, illustrated in scheme 2,
involved the use of compound 7 as a reagent. This derivative was prepared using NBS as a

source of bromine in DMF.

) os se

A S
Pd(dppfCl, -
CH2C|2, Nach3

)§< ? ) L«

°)
7 5

Scheme 2: First strategy for the synthesis of compound 5

Derivative 7 was then used as a substrate for the Suzuki reaction using the 4,4,5,5-tetramethyl-
2-(pyren-1-yl)-1,3,2-dioxaborolane as coupling partner with Pd(dppf)Cl. as a catalyst. The
reaction was carried out in refluxing toluene for 24 hours in an inert atmosphere to avoid
oxidation of the catalyst. Unfortunately, the reaction did not lead to the obtainment of the
desired product. In fact, tH-NMR analysis of the crude product revealed the presence of
different species in solution, which could not be identified. To try to foster the Suzuki reaction
it was decided to use a more reactive dihalogen calixarene and therefore we decided to
synthesize the di-iodo compound 4. The addition of iodine should increase the reactivity in
oxidative addition compared to bromine. Compound 4 was then synthesized according to
literature protocol. The reaction was performed using silver trifluoroacetate and I> in
chloroform (Scheme 1). After heating at reflux for 24h, the reaction mixture was filtered to

eliminate the Agl that forms during the reaction. After several washing with sodium
17
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thiosulfate, the organic phase was dried to give 4 as a yellow solid in high yield. Derivative 4
was then used for the Suzuki reaction using the same conditions adopted for compound 7. In
a Schlenk tube, under argon atmosphere, Pd(ddpf)Cl,, compound 4 and 4,4,5,5-tetramethyl-
2-(pyren-1-yl)-1,3,2-dioxaborolane were dissolved in THF. Then 1.35mL of 2M solution of
Na>COz was added and the reaction was stirred at 80°C for 48h. After purification by flash
chromatography column compound 5 was obtained as a pale-yellow solid in a 60% yield.
Calix[4]arene 5 was fully characterized by 1D *H and *3C NMR, 2D (COSY, HSQC, NOESY)
and ESI mass spectrometry. The *H NMR spectra at room temperature of 5 both in CDCls
(Figure 1) and in toluene-ds, are characterized by relatively sharp peaks for the calixarene
protons and broad ones for the protons of the pyrenyl units, indicative of a hindered rotation
of these groups around the calixarene-pyrene C-C bond. In this case, the calixarene 5 adopts
in solution a pinched cone conformation with the aromatic calixarene nuclei bearing the
fluorophores nearly parallel because of a strong m-m interaction between the two pyrenyl units.
The signal of the protons ortho to the pyrenyl groups is high-field shifted (singlet at 6.83 ppm)
due to the shielding effect of the nitro-substituted, outward-oriented aromatics (that give a
singlet at 8.21 ppm) .™>7"®

4.31 ~‘|'
4.29 1
8.63

3.96

3.93

4.40 —
1.69 —|
4.49 —
4.00 —
4.17 -
4.56 —
4.32 -
4.36 -
5.21 ]

~

—
N
6.5

T T T T T T T T T T T T
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Fig. 1: '"H NMR (400MHz, CDCls) of compound 5
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The XRD analysis performed on a single crystal of 5 grown from acetone displays a pinched
cone conformation similar to that present in solution. The molecular structure (Figure 2)
shows the partial n-nt stacking between the two aromatic fragments. The partial overlap
involves three (colored in yellow and cyano) out of four aromatic rings of each pyrene moiety.
The two pyrene units are slightly divergent with the closest contact between the C(29) and
C(51) atoms (3.51 A), whereas the longest one is between the C(39) and C(60) atoms (3.71
A), The intramolecular distance between C(4) and C(17) is of 4.46 A, whereas C(10) and
C(24) are separated by 9.79 A.

- r‘c}g.,éc’;}‘.ff o
v P S N~
.

Fig. 2: XRD solid state molecular structure of calix[4]arene 5

The last step of the synthesis to obtain the final product 6 is the reduction of the two nitro
group of derivatives 5. The reaction was carried out in ethanol, using hydrazine hydrate as a
source of hydrogen and Pd/C as a catalyst. The reaction was refluxed for 24 hours, and after
filtration of the catalyst, the pure product was obtained with an 80% vyield. Calix[4]arene 6
was fully characterized by 1D *H and 3C NMR, 2D (COSY, HSQC, NOESY) and HR mass
spectrometry. In the *H NMR spectrum of 6 in different solvents (CDCls, CD.Cl,, CDs0D,
CH2CI2/CH3CN (1:1) and toluene-ds) the signals of the pyrene protons are always quite broad,
while the calixarene peaks remain sharp, suggesting, also for this compound, the presence of

a m—T interaction between the pyrene units.
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Fig. 3: 'H NMR (400MHz, CD,Cl,/CHCN) of compound 6

As expected, the main difference with the 'H NMR spectrum of compound 5 is the
disappearance of the signal at 8.21 ppm (ArNO2) and appearance at higher fields (6.59 ppm)
of the signal related to the protons ortho to the amine group (ArNH.) as a consequence of the
NO2 to NH reduction.

1.8 Spectroscopic characterization

Calix[4]arenes 5 and 6 were studied by absorption and steady-state fluorescence
spectroscopy. The absorption spectra were collected in CHCI3z while the fluorescence spectra
in a 1/1 mixture of CH2Cl2/CH3CN as shown in Figure 4. It is already known in the literature
that nitroaromatic compounds are often used as fluorescence quenchers.””% In the
fluorescence emission spectrum of compound 5, it can be seen that the excimer band is not

present, probably due to an electron/charge transfer mechanisms.81-8
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Fig. 4: Fluorescence (top right) and absorption (top left) spectra of 5.0 uM 6 (CH2Cl/CH3CN 1/1, 25 °C,
Aexe = 345 nm, slit = 1 nm). Fluorescence (bottom right) and absorption (bottom left) spectra of 5.0 uM 5,
(CH2CI2/CH3CN 1/1, 25 °C, Aexe = 353 nm, slit = 1 nm).

The presence of a strong excimer band (Figure 4, top right) in the fluorescence spectrum of 6
confirms that the two pyrene units are close together and the calixarene conformation is in the
unlocked state with the two pyrenyl moieties in close proximity. The comparison of the
excitation spectra at the monomer and at the excimer emission wavelength can be used to
investigate the origin of the pyrene dimer. If the spectra are identical, then the pyrene dimer
is an excimer (a dimer formed in the excited state). If, on the contrary, one of the spectra is

shifted, the dimer is already formed in the ground-state.

—— Excitaion at 525 nm
— Excitation st 400 nm

T T T T T T
28D 00 20 40 ¥ 250
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Fig. 5: Excitation spectra of 2.50 pM 6 + 2.50 uM TFA in CH2CIl,/CHsCN 1/1monitored at 400 nm (red
trace) and at 525 nm (black trace).
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Some authors® 8 consider the first dimer a “dynamic excimer” and the second a “static” one.
The spectra in Figure 5 show that the excitation spectrum monitored at 525 nm is red-shifted
with respect to that monitored at 400 nm, suggesting that the excimer band is emitted by a

pyrene dimer formed at the ground-state (“static excimer”).

1.9 'H-NMR and fluorescence titration with TFA

The 'H NMR titration of 2.0 mM 6 with TFA, illustrated in Figure 6, shows that the
protonation of 6 initially causes an up-field shift of the signal related to the aromatic protons
ortho to the NH2 groups from 6.59 ppm to lower values, which is a characteristic feature of
the “locked” pinched-cone conformation with the aniline rings slightly convergent.®® One
aniline N atom is protonate and the NH2 group of the unprotonated aniline is intramolecularly
H-bonded to the first one. On the contrary, the pyrene-substituted calixarene aromatics are
downfield shifted and divergent. This unusual upfield shift of the protons ortho to the NH:
upon catching the proton is due to the shielding effect that the divergent aromatic rings exert
on the convergent ones. In addition, such protonation dramatically affects the aromatic signals
of the pyrenyl moieties, which are shifted to lower fields and become sharper, suggesting a
break-up of the n—m interaction and a higher conformational freedom. Upon further addition
of TFA (more than 2 mol equiv.), the signal of the NH»-substituted aromatic rings tends to
shift downfield and becomes broader. On the contrary, the pyrene-substituted aromatic rings
signal moves upfield even if much more slowly. Also, the pyrene signals are again slightly
shifted to higher fields and become broader. These latest pieces of evidence point to a second
protonation of the calixarene structure to give 6H,?* with one proton on each of the two amino

groups, whose electrostatic repulsion brings again together the pyrenyl moieties.
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Fig. 6: Titration of 2.0 mM 6 with 1, 2, 3, 4, 5, 7 and 20 eq TFA. For clarity only the aromatic portion of the
spectrum is shown (*H NMR monitoring; CD,Cl,/CDsCN 1:1, 25 °C)

Fluorescence titration of 0.15 mM 6 with TFA in the same mixture of solvents, shown in
Figure 7a (Aexce = 385 nm, CH2CIo/CH3CN 1:1, 25 °C), shows a decrease of the excimer
emission band at 475 nm and a corresponding increase of the band at 408 nm due to the
monomeric emission of the pyrenyl units. These data confirm the formation of the mono-
protonated form 6H* in its pinched-cone conformation with the two pyrenyl units pointing far
from each other. Conversely, the addition of a larger excess of TFA (up to 50 mol equiv.,
shown in Figure 7b), causes the excimer band at 475 nm to increase again. This confirms what
observed also by *H NMR: the protonation of both the amino groups to ammonium groups,
causes a repulsion of the anilinium units that translates into a re-approaching of the pyrenyl

groups.
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Fig. 7: a) Titration of 0.15 mM 6 with TFA (fluorescence monitoring, Aexc = 385 nm; CH,CI,/CH3CN 1:1,

25 °C). b) Fluorescence spectra obtained after addition of further TFA (7, 30 and 50 mol equivs). The

excimer bands again re-increases due to re-approaching of the pyrenyl groups.

To be certain that any disappearance of the excimer band is due to the conformation that 6

assumes with the protonation to 6H* and not to a possible quenching of the fluorescence by

the trifluoroacetate ion, a base stronger than aniline such as triethylamine is added to the

system 6 + 3 mol equiv TFA (Figure 8). After the addition of trimethylamine (3 mol equiv),

the spectrum returns to that of the unprotonated 6, thus excluding any quenching of

fluorescence by the trifluoroacetate ion.
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Fig. 8: a) Titration of 0.15 mM 6 (green), 0.15 mM 6 with 3 mol eq TFA (red) and 0.15 mM 6 with 3 mol eq

TFA and 3 mol eq EtsN (fluorescence monitoring, Aexc = 385 nm; CH,CI,/CH3CN 1:1, 25 °C). b)
Fluorescence emission under UV lamp of 6 + 3 eq TFA (violet) and 6 + 3 eq TFA + 3 eq EtsN (cyan)
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Compound 6 in the neutral state shows a fluorescence emission shifted towards a higher
wavelength due to the presence of the excimer while, after addition of the acid, the protonated
6H+ shows a shift in the wavelength towards the violet. After the base addition to deprotonate

the amino group, the fluorescence of the excimer returns as shown in Figure 8b.

1.10 'H NMR and fluorescence studies with chemical fuels 8 and 10

Having demonstrated that the protonation with TFA is effective in producing the expected
conformational variations of 6, we then started to explore the use of a chemical fuel to achieve
a temporal control of the conformation and fluorescence properties of calixarene 6. Initially,
2-(4-chlorophenyl)-2-cyanopropanoic acid 8 was employed as the fuel as in the case of a
previous work. 8 The addition of 2 mol equiv of fuel acid 8 to calixarene 6 was monitored by
'H NMR from 3 minutes to more than 10 h (in Figure 9) and corroborated our hypothesis.
The first spectrum (second trace from the bottom in Figure 9) recorded after 3 min showed
shifts of the signals of the free calixarene 6 (first trace from the bottom in Figure 9) that
closely remember those observed in the titration with TFA, proving the formation of the
monoprotonated form 6H" and the adoption of the “locked” conformation. In the following
4-5 hours, no substantial variations can be detected in the spectra (traces 3-5 from the bottom
in Figure 9) except for the building up of the signal belonging to the waste product 9 produced

during the complete cycle (decarboxylation of the fuel and its protonation).
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Fig.9: *H NMR monitoring of the reaction between 4.0 mM of acid 8 and a 2.0 mM solution 6 (2 mol equiv),
(CD2CI2, 25 °C). The bottom trace is relative to 2.0 mM 6, before the addition of the fuel. Following spectra
were recorded after the addition of fuel, at the given reaction time, upward increasing.

The reaction between 8 and 6 is followed by monitoring the decrease of fuel concentration

and increase of waste concentrations over time, as well as the chemical shift of the proton

signals of the amino-substituted rings (Figure 10).
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Fig.10: (a) Plot of the concentration of the waste product 5 vs. time as monitored by *H NMR for the
reaction between 2.0mM 6 and 2 mol equiv. of fuel 8, in CD2Ci2 at 25 °C.(b) Chemical shift variation, over
the time, of the signals related to the protons of the substituted amino rings.

The kinetic profiles obtained from this first experiment are similar to those obtained with 11

in the previous work,% so that it can be assumed that the reaction mechanism is similar.

Compared with the reaction conducted with the same calixarene:fuel ratio, in the case of the

diamino calix[4]arene 11 the reaction is slower as shown in Figure 11. The fact that at the

same calixarene:fuel ratio the complete cycle lasts longer in the case of 6 compared to 11

suggests that in the former case something in the system stabilizes the conjugate base of the

fuel.
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Figure 11: Comparison of waste products fractions produced over time using 11 and 6
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Comparing the *H NMR spectra of the reaction between 8 and the two different calix[4]arene
derivatives 6 and 11 (Figure 12), it can be seen that both the signals of the ArH and CHs
protons of the conjugate base of the fuel are shielded in case of calixarene 6 compared with
the diaminocalix[4]arene 11. This could be due to a stacking interaction of the aromatic
portion of the fuel conjugate base with the pyrenyl substituents that stabilise the ion pair

between 6 and 8, slowing down the decarboxylative step.

7 OIT TG 75 A4 T3 72 AL R0 G 6B 67 6 182 188 1.4 .80 176 172
F1 (ppm}

Fig.12: Comparison of fuel signals in the case of reaction mediated by 6 (bottom) and by calix[4]diamino 11
(top). Portion of the spectra of the ArH signals (left) and of the CHj3 signals (right)

Unfortunately, while the *H NMR monitoring of the reaction corroborated our hypothesis as
shown in Figure 7, we were unable to observe the expected fluorescence quenching of the
excimer emission during the reaction, probably due to an interposition of the aromatic portion
of this fuel between the two pyrenyl moieties of 6. This was confirmed by a new experiment
between 4mM of fuel and 2mM of triethylamine using 10°® M calix[4]arene 6 as a
fluorescence indicator. Since triethylamine is more basic than 6, it should react with the fuel,
promoting its decarboxylation. In the absence of interaction between 6 and the conjugate base

of the fuel, it is expected that the fluorescence spectrum of 6 remains constant over time.
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Fig.12: Fluorescence emission of 6 before (black), during (red) and after (green) the reaction between EtsN
and fuel 8

As can be seen from Figure 12, the fluorescence emission of 6 changes when fuel 8 was added
and only returns to its initial state at the end of the transformation of the fuel in the waste 9.
This supports the hypothesis of an interaction between the conjugated base of the fuel and
calixarene 6 and therefore makes fuel 8 unsuitable to be used to monitor the reaction with
calix[4]arene 6 by fluorescence. Moreover, since the fluorescence spectrum of 6 returns to its
initial state at the end of the reaction, an interaction with the waste product 9 can be excluded.
We then resorted to trichloroacetic acid 10 as an acid fuel, although it was found less
manageable due to its deliquescence. The addition of 2.3 mol equiv of trichloroacetic acid to
2.0 mM 6, shown in the second trace (5 min from the addition) of Figure 13, results in a series
of shifts that closely resemble those observed in the titration of 6 with TFA or 8. Indeed, in
case of trichloroacetic acid, a larger separation of the calixarene aromatic signals (red and
green stripes, Figure 13) and the down-field shift together with an increase of resolution of
the pyrenyl signals are observed, proving the adoption of the “locked” pinched-cone

conformation for 6.
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Fig.13: 1H NMR monitoring of the reaction between 2.0 mM 6 and 2.3 mol equiv of 10. (CD.Cl,/CD3CN
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1:1, 25 °C)

In the following 12-13 hours, no substantial variations can be detected in the *H NMR

spectrum except for the building up of the signal at 7.49 ppm corresponding to CHCI3

produced as a waste during the decarboxylation of 10 (blue stripe on Figure 13). From this

point (t > 12 h), all the signals corresponding to the calix[4]arene scaffold begin to revert to

the initial chemical shift values and, at the end of the reaction, after 21 h, the 'H NMR

spectrum turns to be superimposable to the initial one. This clearly demonstrates that the

whole cycle A—B'—B’""—A shown in Figure 14 has occurred. In other words, the “locked”

pinched-cone structure persists as long as an excess of fuel is present.
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Fig.14: Expected conformational cycle of 6 controlled by means of chemical fuel 10

The kinetics of the reaction between 10 and 6 were also followed by monitoring fuel and
waste concentrations over time (Figure 15), as well as the chemical shift of the proton signals

of the amino-substituted aromatic rings.

S S et ies & ¢ & ¢ @ .

715 1 .
710

7.05

ppm

Figure 15: (a) *H NMR monitoring of the reaction between 2.3 mol equiv. 10 catalysed by 2.0 mM 6,
(CD:Cly, 25 °C). The chemical shift of the pyrenyl substituted aromatic rings of 6 vs time is reported.
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The time in which the calix[4]arene scaffold remains in the “locked” state depends on the
amount of the added fuel. In fact, the addition of 2.3 mol equiv. of fuel maintains the locked
form for 13 h, while the presence of 4.0 mol equiv of fuel keeps the locked form for 32 h, as

shown in Figure 16.

@ 20MmM6+4.6
mM 10

@ 20MmM6+8.0
mM 10

time (hours)

Fig.16: Percentage of 6 in its locked conformation in function of time for the reactions carried out in the
presence of 2.3 mol equiv. (red trace) and 4.0 mol equiv. (blu trace) of 10

Then, we monitored the reaction using a spectrofluorometer, recording over time the emission
intensity at 475 nm (Aexc = 385 nm) of a 0.15 mM 6 solution (CH2Cl2/CH3CN 1:1 at 25 °C) to
which 5.0 mol equiv. of fuel 10 were added. As shown in Figure 17a, after the addition, an
immediate decrease of the intramolecular excimer fluorescence emission takes place,
witnessing the unpairing of the pyrenyl moieties and the formation of the locked
conformation. The reaction proceeds and, after approximately 3 h, the emission intensity at
475 nm is recovered as a result of the completion of the cycle A - B’ — B"” — A and,
consequently, of the formation of pyrene-pyrene interactions. The observation that the
reaction rate is faster at these concentrations (0.15 mM of 6) than that observed at higher
concentrations (2.00 mM of 6, *H NMR experiments), is likely due to a weaker ion pairing
between 6H+ and RCO2™ at more diluted concentrations, which destabilizes the RCO>™ anion
and facilitates the decarboxylation step. As a matter of fact, decarboxylation does not proceed
at any extents if dichloromethane alone is used as a solvent instead of the mixture
dichloromethane : acetonitrile 1:1, both at high and low concentrations, suggesting an
important role of the solvent in influencing the ion pair character. Eventually, Fig. 17b shows

that the system is robust and reversible. Four subsequent A — B’ — B” — A cycles have
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been achieved by means of four successive shots of fuel 10, as witnessed by the loss and
recovery of the fluorescence at 475 nm.
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Fig.17: (a) Time course monitoring of the fluorescence emission at 475 nm (Jexc = 385 nm) before and after
the addition of 5.0 mol equivs of 10 (CH2CI,/CH3CN 1:1 at 25 °C). The cartoon on the left schematically
shows the conformations relative to the high and to the low fluorescence emission. (b) Up to four dissipative
conformational cycles were obtained by the subsequent addition of 10 (CH2Cl,/CHsCN 1:1 at 25 °C).

1.11 Conclusion

In this chapter, we have shown that the shape of calix[4]arene scaffold in its cone
conformation can be temporary controlled by means of chemical fuels. In particular the cone
1,3-distal di pyrenyl calix[4]arene 6 offers a unique solution for this purpose. The basicity of
the system is enhanced by the possibility of the two amino groups to share the proton in the
conjugate acid. This basicity enhancement enables the calix[4]arene 6 to promote the
decarboxylation of activated acids 10 and 8 which act as chemical fuels. During the
decarboxylation reaction, the vast majority of the calixarene molecules persist in the closed
pinched cone conformation with the two amino groups convergent and H-bonded each to the
other, while the two pyrenyl group strongly divergent (locked state). The time spent by the
calix[4]arene scaffold in the locked state can be regulated by controlling the amount of added
fuel. A conformational cycle of calix[4]arene 6 in a dissipative fashion can be monitored by
!H NMR. With trichloroacetic acid 10 it was also possible to monitor the conformational
cycle by means of fluorescence. Given the presence of the two pyrenyl units in the opposite
positions of the upper rim of calix[4]arene 6 such control translates into the dissipative time-

33



Chapter 1: Dissipative control of the fluorescence of a 1,3-dipyrenyl calix[4]arene in the cone conformation

modulation of the solution fluorescence. In no other systems for which the fluorescence due
the intramolecular excimer between two pyrenyl units is switched ON/OFF or viceversa was
observed the operation under dissipative conditions. 99

We believe that the possibility to fine-tune the conformational interconversion of the
calixarene in a time-dependent fashion and without recurring to solvent changes opens the
way to new perspectives in calixarene chemistry, ranging from molecular receptors to sensing

devices whose active state could be switched on.
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Experimental Part

1.12 General information

All moisture sensitive reactions were carried out under nitrogen or argon atmosphere, using
previously degassed solvents. Analytical TLC were performed using prepared plates of silica
gel (Merck 60 F 254 on aluminium) and then, according to the functional groups present on
the molecules, revealed with UV lights or using staining reagents. Merck silica gel 60 was
used for flash chromatography (40-63 pm). *H-NMR and 3C-NMR spectra were recorded on
Bruker AV400 spectrometers and partially deuterated solvents were used as internal standards
to calculate the chemical shifts (5 values in ppm). All 13C-NMR spectra were performed with
proton decoupling. Electrospray ionization (ESI) mass analysis were performed with a Waters
single-quadrupole spectrometer in positive mode using MeOH or CH3CN as solvents. High
resolution mass spectra were recorded on a LTQ Orbitrap XL instrument in positive mode
using MeOH as solvent. Melting points were determined on an Gallenkamp apparatus in
closed capillaries. Absorption spectra were collected with a Perkin-Elmer Lambda 250
spectrophotometer on freshly prepared solutions at room temperature. Emission
measurements were performed on diluted solutions (concentration ~10-°M) with a
Fluoromax-3 Horiba Jobin-Yvon fluorometer. During the measurements the samples were

thermostated at a temperature of 23 °C

Synthesis of 25,26,27,28-Tetra[2-(ethoxy)ethoxy]calix[4]arene (2)

Calix[4]arene (2.54 g, 5.41 mmol) was dissolved in dry DMF (76 ml) and cooled down to 0
°C. Sodium hydride (2.16 g of a 60% dispersion in oil, 54.1 mmol) was added portion wise
and the mixture was stirred for 30 min under nitrogen atmosphere. 1-bromo-2-ethoxyethane
(49, 26 mmol) was then added portion wise and the mixture was allowed to warm up to r.t.
After that time the mixture was warmed up to 80 °C and stirred overnight. The reaction was
guenched with 1M HCI solution (100 ml), and the organic solvents were evaporated. The

residue was dissolved in CH2Cl> (100 ml) and washed with an ag. sat. solution of NH4Cl (100
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ml). The organic layer was separated and washed with water, dried over Na>SOs and
concentrated under reduced pressure. The obtained oil was treated with cold methanol and
calix[4]arene 1 was obtained by crystallization as a white solid (2.13 g, 55%). *H-NMR (400
MHz, CDCls): 6.56 — 6.64 (m, 12H, ArH). 4.50 (d, 4H, J = 13.4 Hz, Ar-CHax-Ar), 4.12 (t, 8H,
J = 5.8 Hz, OCH2CH-0), 3.85 (t, 8H, J = 5.8 Hz, OCH.CH0), 3.55 (g, 8H, J = 7.0 Hz,
OCH2CHz3), 3.15 (d, 4H, J = 13.4 Hz, Ar-CHeq-Ar), 1.21 (t, 12H, J = 7.0 Hz, CHz3). The

compound showed the same physico-chemical properties as those reported in literature.?

Synthesis of 5,17-Dinitro-25,26,27,28-tetra[2(ethoxy)ethoxy]calix[4]arene (3).

To asolution of 2 (1 g, 1.40 mmol) in a mixture of CH2Clz/acetic acid 17:1 (50 ml) was added
nitric acid (5 ml, 70 mmol) at 0 °C under nitrogen atmosphere. The mixture was stirred for 2
hat0°Cand 1 h at r.t. Water (100 ml) was added to the mixture, and it was extracted with
CH2Cl> (2x100 ml). The organic layer was then washed with an ag. solution K2COs (5%) until
pH 7. The combined organic layers were dried over Na>SO4 and concentrated under reduced
pressure. The residue was purified by a silica gel flash column chromatography
(hexane/AcOEt 9:1 to 7:3) to afford dinitrocalix[4]arene 3 which was further recrystallized in
MeOH to give a colourless needles (0.350g, 31%). H-NMR (400 MHz, CDCls): 7.66 (s, 4H,
ArH), 6.53-6.59. (m, 6H, ArH), 4.58 (d, 4H, J = 13.7 Hz Ar-CHax-Ar), 4.30 (t, 8H, J = 5.1
Hz, OCH2CH0), 4.07 (t, 4H, J = 5.2 Hz, OCH2CH0), 3.83 (t, 4H, J = 5.1 Hz, OCH,CH-0),
3.78 (t, 4H, J = 5.2 Hz, OCH2CH0), 3.54 (q, 8H ,J = 7.0 Hz, OCH>CH3), 3.49 (q, 8H,J= 7.0
Hz, OCH2CHs); 3.25 (d, 4 H, J = 13.7 Hz, Ar-CHeq-Ar), 1.21 (t, 6 H, J = 7.0 Hz, CH3), 1.16
(t, 6 H, J = 7.0 Hz, CHz3). The compound showed the same physico-chemical properties as

those reported in literature.®?

Synthesis of 5,17-diiodo-11,23-dinitro-25,26,27,28-tetrakis(2-
ethoxyethoxy)calix[4]arene (4).

To a suspension of CFsCOOAg (0.370g, 1.7 mmol) in refluxing CHCIs, (20mL) was added a
solution of 2 (0.450g, 0.56mmol) in 10 mL of CHCI3z and the resulting suspension was
refluxed for 15 min. Then iodine (0.430g, 1.7 mmol) was added until the purple colour was
permanent. The reaction mixture was then refluxed for 24 h. After cooling to room

temperature, the yellow precipitate was filtered over Celite and the solution was washed with
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a 10% ag Na>S:03 (2x30mL), water (30mL), brine (30mL) and dried over Na;SOa. The
solvent was removed under reduce pressure to give a yellow solid. The pure product 4 was
obtain after a trituration in MeOH as a pale-yellow solid (0.6g, 99%). 'H NMR (400 MHz,
CDCls) 6 (ppm) 7.71 (s, 4H, ArH), 6.93 (s, 4H, ArH), 4.57 (d, 4H, J=13.7 Hz, ArCHax-Ar),
4.32 (t, 4H, J=4.9 Hz, OCH2CH:0), 4.06 (t, 4H, J=4.7 Hz, OCH,CH:0), 3.81 (t, 4H, J=4.4
Hz, OCH.CH:0), 3.76 (t, 4H, J=5.3 Hz, OCH.CH0), 3.54 (q, 4H, J=7 Hz, OCH2CH3), 3.48
(9, 4H, J=7 Hz, OCH,CHa), 3.25 (d, 4H, J=13.7 Hz ArCHeg-Ar), 1.22 (t, 6H, J=7 Hz,
OCH:CHg), 1.15 (t, 6H, J=7 Hz, OCH.CHzs). The compound showed the same physico-

chemical properties as those reported in literature.®

4,4,5,5-tetramethyl-2-(pyren-1-yl)-1,3,2-dioxaborolane (13)

A mixture of commercially available 1-pyreneboronic acid (29, 8 mmol) and pinacol (2.9 g,
24 mmol) in ether (40 mL) and tetrahydrofuran (10 mL) was stirred at 60°C for 24h. After
the evaporation of solvent, the residue was purified by a silica gel flash column
chromatography (hexane/AcOEt 20:1) affording 13 as a white solid (3g, 79%). *H NMR (400
MHz, CDClIs) 6 (ppm) 8.98 (d, 1H, J=9.2 Hz, ArH), 8.44 (d, 1H, J=8 Hz, ArH), 8.09 (d, 1H,
J=7.6 Hz, ArH), 8.05 (d, 1H, J=8 Hz, ArH), 8.04 (t, 2H, J=9.2 Hz, ArH), 7.96 (m, 2H, ArH),
7.87 (t, 1H, J=7.6 Hz, ArH), 1.37 (s, 12H, CH3). The compound showed the same physico-

chemical properties as those reported in literature.®

Synthesis of 5,17-(dipyren-1-yl)-11,23-dinitro-25,26,27,28-tetrakis(2-
ethoxyethoxy)calix[4]arene (5)

A mixture of calix [4]arene 4 (0.233 g, 0.22 mmol,), 4,4,5,5-tetramethyl-2-(pyrenl-yl)-1,3,2-
dioxoborolane (13) (0.160 g, 0.48 mmol) and [1,1'-bis
(diphenylphosphino)ferrocene]dichloropalladium(ll) (0.018 g, 0.022 mmol) was prepared
under an argon atmosphere in a Schlenk tube. THF (5.2 mL) and 2 M Na>COz (1.35 mL) were
added sequentially, and the mixture was stirred at 80 °C for 2 days. After cooling, the reaction
was quenched with distilled water. The crude product was extracted with dichloromethane (3
x 50 mL) and the combined organic phases were dried over anhydrous Na>SO4 and evaporated
under reduced pressure. Purification by column chromatography (silica gel, eluent:
dichloromethane/ethyl acetate 95:5) yielded the pure product 5 as a light-yellow solid (0.161
g, 60%). Mp 247.7-248.2 °C. *H NMR (400 MHz, CDCls) § (ppm) 8.21 (4H, broad s, ArH),
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7.68 (4H, broad s, ArH(Py)), 7.50 (4H, broad s, ArH(Py)), 7.25 (4H, broad s, ArH(Py)), 6.94
(2H, broads s, ArH(Py)), 6.84 (4H, broad s, ArH), 6.56 (2H, broad s, ArH (Py)), 5.98 (2H,
broad s, ArH(Py)), 4.87 (4H, d, ArCHHeAr, J = 13.3 Hz) 4.75 (4H, broad s, OCH,CH-0),
4.15 (4H, broad s, OCH.CH-0), 4.08 (4H, broad s, OCH2CH-0), 3.91 (4H, br s, OCH2CH-0),
3.68 (4H, q, OCH.CH3z J = 7.0 Hz), 3.59 (4H, g, OCH2CHs, J = 7.0 Hz), 3.53 (4H, d,
ArCHHaxAr, J = 13.3 Hz), 1.36 (6H, t, OCH.CH3s, J = 6.5 Hz) 1.25 (6H, t, OCH2CH3, J = 7.0
Hz). *C NMR (100 MHz, CDCls) § 163.57, 154.04, 142.73, 138.17, 135.76, 135.08, 132.15,
131.23, 130.57, 129.60, 129.07, 126.62, 126.03, 125.52, 124.86, 124.21, 124.02, 123.07,
122.80, 77.24, 74.79, 73.81, 70.15, 69.65, 66.64, 66.31, 31.22, 15.37. ESI-MS: m/z calcd for
C76H7:N2012 [(5+H)*] 1203.38 found 1203.47 calcd for C76HesN2012Na [(5+Na)*] 1225.36,
found 1225.64, calcd for C76HsoN2012K [(5+K)*] 1241.47 found 1241.69.

Synthesis of 5,17-(dipyren-1-yl)-11,23-diamino-25,26,27,28tetrakis(2-ethoxyethoxy)

calix[4]arene (6)

To a solution of calix[4]arene 5 (0.160 g, 0.133 mmol) in ethanol (15 mL), hydrazine hydrate
(0.126 mL, 3.99 mmol) and a catalytic amount of Pd/C (10%) were added. The reaction
mixture was refluxed for 24 h and quenched by catalyst filtration. The filtrate was evaporated
under reduced pressure; the residue was dissolved with dichloromethane and washed with
distilled water. The organic layer was separated, dried over Na2SO4 and evaporated to
dryness under reduced pressure to obtain the pure product as a light-yellow solid (0.121 g,
80%). Mp 180.7-181.2 °C. *H NMR (400 MHz, CD2Clo/CH3CN) & (ppm) 7.66 (4H, broad s,
ArH(Py)), 7.53 (2H, brosd s, ArH(Py)), 7.41 (2H, broad s, ArH(Py)), 7.25 (4H, broad s,
ArH(Py)), 6.90 (4H, broad s, ArH(Py), 6.86 (4H, s, ArH,), 6.59 (4H, broad s, ArH), 6.25 (2H,
s, ArH(Py)), 4.61 (4H, d, ArCHHegAr, J = 13.0 Hz), 4.36 (4H, t, OCH>CH-0, J = 8.6 Hz),
4.11 (4H, t, OCH.CH.0 J = 8.6 Hz), 4.03 (4H, t, OCH.CH0O J = 6.2 Hz), 3.88 (4H, t,
OCH2CH3s, J = 6.2 Hz,), 3.62 (8H, g, J = 9.3 Hz), 3.25 (4H, d, ArCHHaxAr, J = 13.0 Hz), 1.27
(6H, t, OCH2CHs, J = 9.3 Hz), 1.23 (6H, t, OCH2CHj3, J = 9.3 Hz). *C NMR (100 MHz,
CD2Cl2) o (ppm) 154.16, 150.40, 141.72, 137.44, 136.54, 134.57, 133.43, 130.71, 130.54,
129.80, 128.70, 126.83, 126.14, 125.71, 125.70, 124.69, 124.18, 123.99, 123.84, 123.63,
123.37, 123.06, 115.57, 74.54, 72.93, 70.22, 69.83, 66.48, 66.30, 31.04, 15.34, 15.16. HR-
MS, m/z calculated for C76H7sN20s [(6+H)"]1143.55179, found 1143.55037.
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Table 1. Crystal data and structure refinement for calixarene 5

Empirical formula

Formula weight
Temperature/K

Crystal system

Space group

a/A

/A

c/A

I:ﬂ'l}

B"IID

e

Volume/A?

z

Peaicg/em?

wmm!

F{000)

Crystal size/mm?
Radiation

20 range for data collection/®
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F2
Final R indexes [[==2c (1)]
Final R indexes [all data]
Largest diff. peak/hole / e A

CraHzgN20g2

1203.34

150.0

triclinic

P-1

14.238(3)

14.993(3)

15.638(2)

70.194(7)

B5.592(T)

T77.672(8)

3068.1{(9)

2

1.303

0.709

1272.0

011 = 0,03 =0.03

CuKa (1= 1.54178 A)
T.18to 136.48
Al7=h=16-18=k=18 -18=1= 18
37030

11007 [Riw = 0.1530, Raipme = 0.1346]
11007/37/843

1.017

R =0.0790, wR2 =0.1737
R =0.1757, wR2=0.2211
0.28/-0.34
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Chapter 2: Temporal control of the host-guest properties of a calix[6]arene receptor by the use of a chemical fuel

Introduction

2.1 Out of equilibrium systems

The majority of man-made materials are in equilibrium, which means that the forward and
backward rates of assembly and bond formation are balanced. Under equilibrium conditions,
we understand and can control the properties of current materials or even create new materials
with new functions.! Out-of-equilibrium structures and materials can exist when there is a net
exchange of matter and energy with their surroundings (dissipative system). Life and living
systems are in thermodynamically unstable status and thus cannot exist in equilibrium. The
smallest organizational unit that expresses life characteristics is a cell.? Cells develop, divide,
procreate, interact with their environment, and adjust its status to changes taking place around
it.2 These characteristics need a constant supply of energy, that enters the cell in the form of
high-energy nutrients; when the energy supply stops, death occurs. The energy released
during nutrient breakdown is used to create lipids, peptides, carbohydrates and nucleic acids.
These substances then self-assemble in a thermodynamically controlled manner to create the
fundamental cell structures, such as membranes, proteins, and the genome. Importantly,
energy is also required for the synthesis of molecules with high chemical potentials, such as
acetyl-CoA, NADH, and ATP, which act as the chemical fuels for the biological engine.*
These molecules are transformed into waste molecules with lower chemical potentials, and
the energy released from these molecules drives molecular pumps and motors, causing
sustained concentration gradients and directional movement signs of a non-equilibrium
system.>8 Chemical fuels also control the self-assembly processes in time and space, directly
contributing to the structural organization of the cell.”® Chemical fuels also enable the
formation of high-energy structures, which is another indication of the non-equilibrium nature
of life, through a direct coupling of self-assembly processes and energy dissipation. Nature
can make considerable use of high-energy transient self-assembly structures capable of
performing work via dissipative processes. While the out-of-equilibrium nature of these

structures confers unique features on the resulting biological materials, the creation of
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equivalent man-made out-of-equilibrium supramolecular materials is still in its early stages.
Implementing this type of non-equilibrium process in synthetic systems is certain to have a
dramatic impact on the fields of chemistry, materials science, and synthetic biology, leading
to novel dissipative structures capable of converting and storing chemical energy.
Supramolecular chemistry is fast advancing into uncharted area in which the composition of
a dynamic system is dictated not by the relative thermodynamic stabilities of the components,
but by the components ability to occupy high-energy states through energy-dissipating
processes. This capability means that such systems may store and transfer energy, bringing
us one step closer to replicating the amazing features of living systems in synthetic ones.®
This progress has resulted in energy-driven molecular machines,*®** materials,*4*® pattern
formation'®!” and chemical reactivity'® demonstrating the broad range of possibilities
afforded by out-of-equilibrium chemistry. For this reason, a great effort is nowadays devoted
to the design of artificial machineries that operate under dissipative conditions, that is until
the stimulus (fuel) is present.*® A number of dissipative systems have been recently developed
in the fields of self-assembly, 2>?2 DNA-based systems,?>?> molecular machines and

pumps,?-2 and host—guest chemistry,?®3° with a clear predominance of the first category.

2.2 Self-assembly and dissipative self-assembly

Self-assembly process is common and essential to life. The term self-assembly refers to the
spontaneous and independent arrangement of unconnected parts into formal structures and
has become a powerful method for developing intelligent and useful materials. The smallest
biological unit of life, the cell, for example, is made up of multiple self-assembling building
parts that work together to create a sophisticated and useful system. Phospholipids and
proteins are combined to form the complete cell wall, a semipermeable barrier that protects
the cell and controls trans-cellular communication. Self-assembly has become also the most
effective method for creating artificial molecular nanostructures during the past few decades.
It has enabled significant advancements in the domains of materials chemistry and
nanotechnology®! as well as the creation of novel diagnostic and catalytic systems. Molecular
self-assembly is the direct result of non-covalent interactions between individual molecules,
such as electrostatic interactions, hydrogen bonds, n-r interactions or hydrophobic effects and
it is thermodynamically favoured because these interactions are strong enough to overcome

the loss of entropy brought on by the organization of the building components. Often, the
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reversibility of these systems ensures that the self-assembled state is dynamic and that there
will always be interchange with unassembled building blocks. Self-assembly is a particularly
versatile and attractive method for the creation of novel artificial functional systems due to
the dynamic nature of the self-assembled state, its spontaneity, and the fact that it is
thermodynamically favourable. Although there are many successful artificial materials based
on self-assembly, these structures cannot compete with the extremely complex and
sophisticated architectures found in natural systems. Many self-assembly processes are
associated with an energy-consuming process and these processes are defined as dissipative
self-assembly.”3? Nature takes advantage of dissipative self-assembly to gain temporal

control over the chemical functions linked with the assembled state33:34,

In-equilibrium assembly Dissipative nonequilbrium self-assembly

.....

‘.':_..

>

Free energy

Fig.1 Thermodynamic energy landscape of (a) equilibrium self-assembly, (b) dissipative self-assembly. Blue
colour denotes building-blocks and assemblies at thermodynamic minimum, whereas red one denotes entities
at lower energies®

In terms of the thermodynamic description of the assemblies, there are two categories of
molecular self-assembly: equilibrium self-assembly and out-of-equilibrium self-assembly.3¢
When equilibrium self-assembly occurs, the system does not produce or consume any Gibbs
free energy since the created structures are at thermodynamic minimum (Figure 1).
Dissipative self-assembly results in the formation of inherently unstable assemblies that can
only be kept in a steady condition by a steady stream of energy. Then, by means of irreversible
entropy-producing processes, this energy is lost (Figure 1). There is currently a strong interest
to implement the same principle in synthetic systems, with the ultimate goal of creating
intelligent materials and devices capable of performing different functions based on stimuli

provided in the form of energy.3"3 In recent years, this has led to the development of various
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chemical systems that require energy to self-assemble into functional structures.®® The most
frequent way of supplying energy to these systems is in the form of physical stimuli such as

light!4441 put also electrical current*?,ultrasound**™or, alternatively, by changing the pH.*4

2.3 Host-guest chemistry

Supramolecular Chemistry*®4’ concepts and methodologies have been regarded as useful
tools for assembling the components of nanodevices and thus for the development of
nanotechnologies.*®4° Supramolecular chemistry is a discipline of chemistry that focuses on
chemical systems made of a finite number of molecular subunits or components that
spontaneously assemble through non-covalent interactions. Unlike classical chemistry, which
focuses on the manipulation of covalent bonds, supramolecular chemistry takes advantage of
reversible non-covalent interactions between distinct chemical species, either charged or
neutral, in the solid, liquid, or gas phase. Although these interactions are very weak, they may
create stable supramolecular complexes when they work together, making them a potent tool
for organizing chemical species in space to give the aggregates specialized functionalities.
These aggregates have brand-new characteristics and capabilities that set them apart from the
single components.*®5%51 One of the core ideas of supramolecular chemistry is molecular
recognition. It results in the development of host-guest complexes and is based on the
geometrical and electrical complementarity between the species involved. According to this
definition, a host is a chemical compound that has convergent binding sites, whereas a guest
has complementary and divergent binding sites. The host is typically, but not always, a big
molecule or aggregation, such as an enzyme with a central hole or cavity or a synthetic
macrocycle. The guest might be a neutral species, an ion pair, a cation, an anion, or a more
complex molecule. The free energy gain, caused by intermolecular interactions that lead to
aggregation, drives complex development. When compared to their acyclic counterparts,
complexes generated by macrocyclic hosts have an extra stability due to what is known as the
macrocyclic effect.> This impact is related not only to the guest binding by many sites, but
also to their pre-organization. Complementarity between the host and the guest in terms of
binding affinity is another important criterion for modelling and creating Host-Guest
complexes. To be efficient, a host must supplement the guest binding sites with a precise
arrangement of its own binding activities. Based on this, supramolecular chemistry concepts

and methodologies may be useful tools for tuning the reactivity and desirable features of the
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guests.>® Nature makes considerable use of supramolecular chemistry to utilize a wide range

of biological activities.

Inclusion
complex

Host Guest

Fig.2 Schematic representation of the formation of a Host-guest complex

Enzymes, in particular, are excellent examples of supramolecular catalysts and how
intermolecular interactions may direct a process down the proper paths.

In recent decades, there has been a lot of interest in using Host-Guest chemistry to produce
novel supramolecular devices and machine prototypes. Countless instances of operational
devices and molecular level machines equipped with specific functionalities have been
created by employing well-defined and shaped molecules exploring the concepts of the
"bottom-up approach".>+>°

2.4 Host-guest system controlled in a dissipative way by means of chemical fuel

The first examples of how chemical fuels control the host-guest properties are starting to
emerge in the literature. In 2015, Nitschke et al.?® described a self-assembled cage made of
porphyrin building blocks and Cu(l)-metal ions that dissociated when triphenylphosphine
(PPh3) was added.

Fig 3: Transient displacement of fullerene from a molecular cage driven by triphenylphosphine?
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This happened because heteroleptic N,P-complexes formed preferentially with Cu(l) (Figure
3). However, when PPhs was introduced under oxidative conditions (with pyridine N-oxide
as an oxidant and the oxo-transfer catalyst ReCat as an accelerator), it was gradually oxidised
to triphenylphospine oxide, which no longer coordinated Cu(l). As a result, the system
restored to its assembled condition. By introducing a new batch of PPhs, a new cycle can be
started. Transient dissociation of the cage occurred because the oxidation rate is much slower
compared to rate of the ligand exchange. The approaches described above enable time-
dependent regulation of guest binding and rotaxane production, and they have the potential
to be coupled to even more complex responses, such as those displayed by molecular
machines.®® The ability to incorporate time delays into complex molecular systems is
important in the context of designing intricate responses, as demonstrated by examples from
both natural systems and artificial systems.®’

In 2016, Di Stefano et al.*® introduced, for the first time, the use of a particular class of
chemical fuel, carboxylic acid activated by electronwithdrawing groups in alpha positions,*°
able to trigger cycles of motion of molecular machines by a single pulse (see also Chapter 1).
Among the different machines studied by this group, the one reported in 20213° shown that
nitroacetic acid (Oo.NCH.CO2H) can be conveniently used to control the pH of a water
solution over time and consequently the uptake/release of a guest from a host cavity. Time-
programmable sequences of the type pH1(high)-pH2(low)-pH3(high) can be obtained, where
both the magnitude of the initial pH jump and the time necessary for the subsequent pH rise
can be predictably controlled by prudent reagent concentration selection. Subsequent
additions of nitroacetic acid can produce pHZ1(high)-pH2(low)-pH3(high) sequences. As a
proof of concept, the nitroacetic acid-driven pH21(high)-pH2(low)-pH3(high) time-
programmed sequence was applied to the well-known host-guest pH dependent interaction
between alpha-cyclodextrin and p-aminobenzoic acid, which can be easily monitored using
a spectrofluorometer.>® The protonation state of p-aminobenzoic acid can be easily controlled
by adjusting the solution pH. In the presence of excess of alpha-cyclodextrin, the zwitterionic
form of p-aminobenzoic acid, is firmly bound by the cyclodextrin cavity, resulting in a high

fluorescence emission (Figure 4).%°

54



Chapter 2: Temporal control of the host-guest properties of a calix[6]arene receptor by the use of a chemical fuel

+

NH, NH; NH, Q
= HO HO"
\—j + ———————— il Tl + —— — rl‘—“ +

F L /’NH;\
o \eo) &
pH=3 pH=4.9 pH=11

Fig.4: State of charge of p-aminobenzoic acid at different pHs and corresponding affinity for alpha-
cyclodextrin,®

When the acid is positively charged (lower pH), the host—guest interactions weaken and the
guest is partially released, resulting in a mild quenching of fluorescence emission (Figure 4).
Binding is even less strong for the negatively charged form of p-aminobenzoic acid (high
pH), and emission is noticeably less effective (Figure 4). Thus, fluorescence fluctuations are
mostly caused by the extent to which the acid is incorporated into cyclodextrin.

Another example of dissipative host-guest complex formation driven by chemical fuels was
reported by Schmittel et al.®° in which the design of the pseudorotaxane-based rotor included
a 3-fold complete self-sorted library of dynamic patterns. The five-component rotor is based
on the association/dissociation of the pyridyl head of the pseudorotaxane rotator arm between
two zinc(Il) porphyrin stations. The addition of TFA or 2-cyano-2-phenylpropanoic acid as a
chemical fuel to a zinc release mechanism and the loose rotor components allowed the
liberated zinc(ll) ions and protons to function in concert, establishing the rotor via the

development of a heteroleptic zinc complex and a pseudorotaxane linkage (Figure 5).
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Fig.5: Representation of the pseudorotaxane rotor studied by Schmittel driven by chemical fuels®®

The dissipative device was successfully pulsed three times with chemical fuel. Because of the
dual role of the fuel acid, two kinetically separate processes were involved in both the out-of-
equilibrium assembly and disassembly of the rotor, emphasizing the difficult issues in
chemical fuel multitasking.

2.5 Calix[6]arenes as a host in supramolecular chemistry

In the previous chapter it was shown that calix[4]arenes are suitable scaffold for the
construction of molecular machine. In addition, they have demonstrated to be versatile for the

construction of selective receptors for cation®! and neutral molecules.23
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Fig.6: The limiting conformations of calix[6]arene. White ellipse denotes benzyl ring is up, black means
down.1%®

Calix[6]arenes have received less attention as molecular building block for host-guest
chemistry, mainly because it is more difficult to control their conformation but also because
the reaction to functionalize the upper and lower rim are often more difficult and sometimes
impossible. The control of the conformation of calix[6]arenes scaffold has been a major target
over recent years. The functionalization at the phenolic groups with large substituents is not
sufficient to restrict the conformational motion in p-tert-butylcalix[6]arenes because
Reinhoudt et al.%* and others have shown that also the tert-butyl groups can rotate through the
annulus in these larger macrocycles. To make this class of macrocycle suitable for their use
as a molecular receptor a strategy is to rigidify them in a cone shape structure. C. David
Gutsche's primary objective for developing calixarene chemistry was to use these macrocyclic
structures as molecular baskets to build enzyme analogues.®® The technique relied on a
calix[6]arene that was covalently capped at the lower rim to limit its conformational mobility
and functionalized at the upper rim by catalytic protein residue mimics. Although this study
did not achieve the anticipated catalytic promises, it inspired Gutsche and others to devise
novel ways for selectively functionalizing a calix[6]arene core. Inspired by this work, many
research groups have tried to develop calix[6]arenes as molecular receptors. Rigidified
calix[6]arenes have been studied as receptor for cations®®®’ (organic and inorganic), anions®®
e neutral molecule.®® Among the most active research group in this field, the one of Reinaud
and Jabin et al’® described the synthesis and characterization of two new calix[6]arene-based
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ligand represented in Figure 7. Both compounds are capped by a trenamide core at the upper
rim that prevents the uptake/release exchange of guest molecules through the upper rim and
one of them presents three imidazole residues at the lower rim. The first important
consequence of covalent capping is the resultant limited conformational freedom and the

freezing of the cone conformation.

Fig.7: structure of the novel calix[6]arene ligand developed by Reinaud, Jabin et al.

The trenamide tripod can bind a metal ion like Zn?* where the metal ion is coordinated to the
three carbonyl groups of the amide functions. The Zn?* ion preferentially binds at the lower
rim even when the trisimidazole groups are present. Guest ligand exchange must then take
place via a metal ion decoordination/recoordination mechanism. The upper rim capping
modifies and rigidifies the calixarene conformation, which strengthens metal ion coordination
at the lower rim. This results in a selective metallo-receptor able to discriminate the size of
primary amines, being able to readily bind EtNH. but not PrNH.. As a result, the cavity
covalent capping does not forbid ligand exchange, but imposes a drastic selectivity change on
guest binding. The increased rigidity of the receptor, however, weakens the host—guest
interactions, precluding important induced-fit behaviours that are at work in the parent, upper
rim opened, funnel complex.

In 2000 Arduini et al.”* discovered that a guest with axial symmetry and appropriate chemical
information, such as N,N'-4,4'-bispyridinium salt, can thread the calix[6]arene annulus to
create supramolecular interlocked system, namely a pseudorotaxane.”>" In this work they
reported the first example of a calix[6]arene being utilized as a wheel in the generation of
pseudorotaxanes and rotaxanes. This calixarene host is characterized by the presence of three
phenylureido groups at the upper rim and three methoxy groups and three octyloxy chains in

alternate positions at the lower rim. This tris-(N-phenylureido)calix[6]arene in a solution of
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weakly polar solvents (chloroform, dichloromethane, benzene or toluene), assumes a cone
conformation on the NMR time scale.

The chosen guests for the formation of the pseudorotaxane complex was N,N'-4,4'-
bispyridinium salt functionalised with two octyl chains (Figure 8). Thus, this calix[6]arene
was shown to be able to take up viologen salts in weakly polar solvents and form
pseudorotaxane structures, with an apparent association constant logK~ 6+7, as estimated

using UV/vis measurements.’®

Upper Rim

Lower Rim

Fig.8: Formation of a pseudo-rotaxane in weakly polar solvents (toluene) for a triphenylureido
calix[6]arene-based wheel and an N,N'-dioctyl viologen axle

A plethora of non-covalent intermolecular interactions hold this complex together. The wheel
and axle are kept together by the cooperative action of n-n, CH-n and charge transfer (CT)
interactions, but the formation of six hydrogen bonds between the three phenylureido groups
of the host and the two counteranions (iodide) of the salt is particularly important in stabilizing

the complex.

2.6 Aim of this work

Taking inspiration from all the works shown in the previous sections, we planned to exploit
the chemical fuels to trigger the uptake/release of guests inside the preorganized cavity of a
calix[6]arene scaffold. As already explained, calix[6]arenes are floppier and less organized
than the calix[4]arene scaffold but their cavity is larger and potentially more suitable to host

small guest molecules. 77.78
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Moreover, the purpose is to drive and temporally control the host—guest complexation
between host 5 where three alternate aromatic moieties are functionalized with three amine

groups and a suitable guest molecule by means of carboxylic acid fuels under dissipative

conditions.
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Results and Discussion

2.7 Synthesis

The triamino-hexamethoxycalix[6]arene 5 was obtained in a few steps from the known 1,3,5-
trimethoxycalix[6]arene (Scheme 1) following the already know protocol. The synthetic
strategy relies on the regioselective introduction of three nitro groups at the upper rim of
calix[6]arene scaffold obtained thanks to the different reactivity of methylated phenols

compared to triflated ones (regioselective nitration from 2 to 3 in Scheme 1).

HNO3/AcOH
DCM, 0°Ctort
Y=86%

Tf,0, pyridine
—
DCM, 0°Ctort
Y=95%

Mel THF/DMF dry
NaH | 80°C

Y=94%

NH,NH,* H,0
Pd/C

EtOH, reflux
Y=85%

Scheme 1: Synthesis of compound 5

Although the regioselective nitration has been also carried out on compound 17°, thanks to
the higher reactivity of phenols compared to anisoles,®® the vyields of 1,3,5-
trinitrocalix[6]arene are low and its purification from differentially nitrated products quite
difficult. For this reason, it was devised to increase the difference in nucleophilicity of the
two aromatic nuclei and to sulphonate the three free hydroxyl groups of 1, using pyridine as
a base and triflic anhydride, to obtain compound 2. The reaction was carried out in
dichloromethane and the triflic anhydride was added dropwise at 0 °C. After 24 h the reaction

was quenched with 1M HCI and the organic phase was evaporated to dryness. The pure
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product was obtained with a yield of 95% after trituration in acetonitrile. Electron-
withdrawing groups, such as triflate, connected to the phenol O atoms of 2, deactivate the
corresponding aromatic units of the calix[6]arene toward electrophilic attacks, thus allowing
a highly selective ipso-nitration at the upper rim of the anisole units. Compound 2 was then
nitrated to obtained 3 by using fuming HNO3 and acetic acid as nitrating agent. To a solution
of 2 in dichloromethane the two acids were added dropwise at 0 °C and the reaction was left
to return to room temperature. After 6h the reaction was quenched with water and the organic
phase was separated and evaporated to dryness. Pure compound 3 was obtain after purification
by flash chromatography with an 86% vyield. To increase the stability of our final host
molecule to hydrolysis, we decided to replace the triflic groups with methyl groups.
Therefore, we reacted a mixture of compound 3 and iodomethane as methylated agent in a
Schlenk tube in THF/DMF. This allowed the simultaneous removal of triflates and insertion
of the methyl groups. The reaction was heated to 80 °C for 5h, then quenched with water and
the organic products were extracted in dichloromethane. The crude product was then purified
by a chromatography column to give pure 4 with a 94% yield. Finally, product 4 was reduced
to the triamino-hexamethoxy calix[6]arene 5 using hydrazine as a source of hydrogen and Pd
supported on carbon as catalyst. The reaction was carried out in refluxing ethanol for 24h.

After catalyst filtration the pure product 5 was obtained in 85% yield.

2.8 'H NMR titration between calix[6]arene 5 and N-methyl isoquinolinium
trifluoromethanesulfonate 7

To investigate the potential host ability of compound 5 we registered a series of *H NMR
spectra of 1:1 mixture of 5 and alkylammonium ions in CD2Cl; solution. It is in fact well
known that calixarenes, thanks to their electrondonating cavities form complexes with
quaternary ammonium ions thanks to cation-r interactions.8-82 We noticed significant shifts
of the host only in the presence of N-methyl-isoquinolinium trifluoromethanesulfonate 7.
Therefore, the calix[6]arene 5 was titrated with 7 by *H NMR and the most significant portion
of the resulting spectra, 300 MHz in CD2Cl. at 25 °C, are reported in Figure 1. Trace a,
spectrum of the free host 5, presents two singlets at 3.0 and 3.6 ppm corresponding to the
methoxy groups of the two different anisole nuclei and a singlet at 3.8 ppm due to the 12
protons of the methylene bridges. The presence of a single singlet for the protons of the

methylene bridges indicates that calix[6]arene 5 is conformationally flexible®, due to a fast
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rotation of the aromatic rings around the methylene hinges on the NMR time-scale. Singlets
at 6.0 ppm and 7.2 ppm are due to the aromatic protons of the rings bearing the amino and t-

butyl groups (a and b in Figure 1), respectively.
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Fig 1. Titration of 2.00 mM calix[6]arene 5 (light red areas) with 7 (light blue areas), in CD.Cl, at 25 °C.
Trace a is related to 2.00 mM calix[6]arene 5; traces b—i are related to the same calixarene solution to
which a solution of increasing amount of guest 7 and 2mM host 5 was added (to maintain the concentration
of 5 constant along the titration).

The presence of a single set of signals for the protons of host and guest along the titration
indicates the presence of a fast exchange regime with the complex on the NMR timescale.
For this reason, the shape and multiplicity of the methylene bridge protons, which are

expected to change in the complex, only broaden upon complex formation
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Fig.2 *H NMR spectra (CD,Cl,, 300 MHz) of 2.00 mM 5 + 100 mM 7 (approximately 98% complex 5¢7, vide
infra for Kass determination) at different temperature. Blue arrows show the splitting of the signals belonging
to the methylene bridges upon cooling.

Upon increasing the concentration of guest 7, the aromatic singlets of the calixarene aromatic
protons a and b diverge. In the meantime, the methoxy signals are downfield shifted, and the
singlet related to the methylene bridges becomes broader and broader, due to a rigidification
of the structure when guest 7 is hosted inside 5. This loss of conformational flexibility is
confirmed by the low-temperature spectra of 5 in presence of a 50-fold molar excess of 7,
with the appearance, at —10 °C, of two doublets for the diastereotopic methylene protons (see
blue arrows in Figure 2), typical of a more rigid cone conformation of the calixarene.®* At the
same temperature, in the absence of the guest, the methylene protons give only a slightly

broadened singlet.
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Fig.3. *H NMR spectra (CD.Cl,, 300 MHz) of 2.00 mM 5 at different temperatures.

Interestingly, along the titration of 5 with 7, a significant shift of the signals of the guest 7 is
also observed. In the first point of the titration (see Figure 1, trace b), when added titrant 7 is
equimolar to calix[6]arene host 5, the percentage of added 7 complexed to 5 is significant
(38% according to Kass). Inclusion of guest 7 into the aromatic cavity of host 5 is proved by
the marked shielding effect observed on the signals of the guest upon complexation. Under
the above-mentioned conditions, a 0.68 ppm up-field shift is observed on the signal of the
methyl group of the guest (6 = 4.61 ppm is the chemical shift of the methyl group of
uncomplexed 7, and 6 = 3.93 ppm is the observed chemical shift in trace b). Among the
aromatic signals related to 7, that of the alpha proton (Ha) is the most upfield shifted (it is
found at 9.30 ppm in trace b of Figure 1 as a broad singlet and at 9.95 ppm in uncomplexed 7

as a sharper singlet) indicating that the inclusion must occur as depicted in Scheme 2

Scheme 2. Schematic representation of the host-guest complex between 5 and 7
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The fit of the experimental points obtained in the titration of 5 with 7 with a 1:1 binding
isotherm gives a binding constant Kass of 500 + 30 M~ with a very nice agreement of the
experimental data with the calculated ones.
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8 (ppm) ArH
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7.14

712
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Fig.4:'"H-NMR (CD.Cl,, 300 MHz, 25 °C) titration of a 2.0 mM 5 solution with an increasing
concentrationof of 7. The chemical shift of the signal of the aromatic protons ortho to the t-Bu substituted is

plotted vs. added molar equiv of 7. The curve is a 1:1 binding isotherm calculated with the best fitted values
Kass = 500 M_l, and &omplex = 724 ppm

2.9 'H NMR titration between calix[6]arene 5 and TFA

Next, we tested the basic properties of calix[6]arene 5 by titration with trifluoroacetic acid
(TFA). Addition of the first molar equiv of TFA to a 2.00 mM solution of 5 causes a general
downfield shift of all signals due to the protonation of one of the three amino groups as shown
in Figure 5. Further significant variations are observed when a second and a third molar equiv
of TFA are added to the solution. In the latter case, most of the signals related to 5 appear
broader, and some of them begin to show multiplicity as a consequence of an increased

conformational rigidity (red box Figure 5).
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Fig.5: *H NMR titration of the calix[6]arene 5 with TFA, (CD,Cly, 25 °C). From bottom to top: spectrum of
2.00 mM 5, and spectra registered after the addition of increasing amounts of TFA, as reported.

'H NMR spectra (see Figures 5) do not seem to change significantly upon subsequent
additions of TFA (up to 12 molar equiv). A definite assessment of the protonation degree of

5 after the addition of 3 or more molar equiv of TFA is not easy.
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Fig.6. Plot of the chemical shift of the t-Bu substituted aromatic rings signal on increasing the amount of
TFA
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Doubly protonated 5H,?* with one of the two protons on one of the three amino groups and
the other shared between the remaining two amino groups (see Figure 4), or, alternatively, a
triply protonated form (5Hs%*) with one proton on each of the amino groups, could be formed.
However, the doubly protonated state 5H,?* seems to be more probable considering the
following arguments. First, in strict analogy to what was observed in the case of the
monoprotonated form of diaminocalix[4]arene shown in a previous work,® the
monoprotonated form 5H+ obtained by the addition of one molar equiv of TFA to 5 is not
deprotonated to any extent by the addition of excess p-anisidine (up to 20 molar equiv) as
shown in Figure 7 proving that 5 has a much more basic character than p-anisidine probably
due to the chance given to two amino groups to share the proton (in the presence of 1 molar

equiv of TFA, the proton could be also shared by all the three amino groups).

hydrogen bonding

+2 H*

-2 H*

Scheme 3. Protonation equilibria involving calix[6]arene 5 in excess of TFA.

An additional clue in favour of the 5H.%* hypothesis in the presence of 3 or more molar equiv
of TFA, comes from the pattern of the methylene bridge signals of the 'H NMR spectrum
obtained under these conditions (see Figure 5). They appear as two broad doublets, a typical
feature of an almost blocked or slowly interconverting cone conformation. Such conformation
is hardly ascribable to a triprotonated 5Hs®* structure, which would adjust to keep the three
positive groups as far as possible but is fully compatible with the 5H.2* form in which the two

protons can be rapidly scrambled among the three amino groups.
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Fig.7 *H NMR (CDCly, 300 MHz, 25 °C) titration of 5H+ :CF3CO, ™ (2.00 mM 5 + 2.00 mM TFA) with p-
anisidine 6. From bottom to top: spectrum of 2.00 mM 3H+ -CF3CO; 7, and spectra registered after the
addition of increasing amounts of p-anisidine 6.

We then tested the effect of protonation on the binding ability of 5 toward N-
methylisoquinolinium triflate 7 (Figure 8). Trace a is the *H NMR spectrum of a CD2Cl.
solution of 2.00 mM 5 and 6.00 mM 7. Under these conditions, 70% 5 is in the form of 5¢7
complex. The addition of 3 molar equiv of TFA causes the complete expulsion of guest 7
from host 5 as can be seen in the resulting trace b of Figure 8. Trace b is indeed the sum of
the *H NMR spectrum of 7 (trace ¢) and that of 5 + 3 molar equiv of TFA (trace d). The reason
is probably electrostatic in nature: once host 5 is protonated, it loses any affinity for the

positively charged N-methylisoquinolinium.
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Fig 8. Effect of protonation on the binding ability of 5 (light red) toward N-methylisoquinolinium triflate 7
(light blue). (a) 2.00 mM 5 and 6.00 mM 7; (b) 2.00 mM 5 and 6.00 mM 7 and 6.00 mM TFA; (c) 6.00 mM 7;
(d) 2.00 mM 5 and 6.00 mM TFA. CD2CI2, 25 °C Signal labelling as in Figure 1.

2.10 Operation of 5 under dissipative conditions

We then investigated if calix[6]arene 5 is able to promote the decarboxylation of the fuel
acids. As expected, it was found that the decarboxylation of acid 8d (the most activated among
2-cyano-2-phenylpropanoic acids) promoted by 5 occurs in relatively quick times (the
reaction is complete within 6.2 h in CD2Cl; at 25 °C). In the latest years, activated carboxylic
acids like 2-cyano-2-phenylpropanoic acid®®’ 8a and its derivatives (8b—d),%®°
trichloroacetic acid,® and nitroacetic acid® (Chart 1) have been conveniently used as
chemical fuels to drive whole cycles of motion of molecular machines, both switches and
motors. Among 2-cyano-2-phenylpropanoic acid derivatives (8a—d, see Chart 1), 2-cyano-2-
(4'-chlorophenyl)propanoic acid 8d was chosen because its decarboxylation is promoted by
calixarene 5 in convenient times: it is over within 6.2 h under the adopted conditions, thus
being complete within one work day. The reaction is slower and less convenient with acids
8a—c. Decarboxylation of nitroacetic acid is instead too fast to be experimentally convenient
under the adopted conditions. Eventually, we prefer to use 2-cyano-2-phenylpropanoic acid

derivatives (8a—d) rather than trichloroacetic acid for practical convenience. All 2-cyano-2-
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phenylpropanoic acid derivatives are easy-to-handle solids. Conversely, trichloroacetic acid
is a deliquescent, hard to handle and weigh solid. We always find very difficult the preparation
of a trichloroacetic acid stock solution, as already explain in the first chapter of this thesis,

with an exactly known concentration.

COH X 5 0,NCH,CO,H
H3;C-C-CN — [ : nitroacetic acid
8 |H :
8b |OCHjz CCl;CO,H
8c |CHs . trichloroacetic acid
X 8d | Cl :

Chart 1. Activated carboxylic acids employed for the operation of molecular machines.

To an initial 2.00 mM solution of 5 (trace a, Figure 9), fuel 8d (3 molar equiv) is added and
5 is immediately protonated (trace b, Figure 9). Decarboxylation starts and, within 6.2 h (371
min, trace f), the singlet at 1.75 ppm (green box in Figure 9) due to the methyl group of the
deprotonated form of 8d, is transformed into the doublet at 1.60 (red box in Figure 9) ppm
belonging to the waste product. The typical quartet at 3.95 ppm of the benzylic proton of the

waste product also appears

f m_mmJLﬁme __JLLA. %Mg
ek_uwui L JJ__J __4._11_
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S
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—
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Fig.9: Reaction between 2.00 mM 5 and 6.00 mM 8d (3 molar eq.) in CD.Cl, at 25 °C followed by *H NMR;

trace a was recorded before addition of 8d, traces b, c, d, e and f were recorded from 6 to 371 min
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Contextually, calix[6]arene 5 returns to its original nonprotonated form demonstrating the
perfect reversibility of the process. Interestingly, the reaction does not occur to any extent
within the same time delay when p-anisidine (6.00 mM) is added instead of 5, strongly
pointing to the sharing of the proton between two of the three amino groups in 5H+ as a reason
for the increased basicity of 5.

The same experiment of decarboxylation of the fuel was then repeated in the presence of 2.00

mM calixarene 5 and guest 7 (1:1 ratio).
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Fig.10 Reaction between 2.00 mM 5 and 6.00 mM 8d in the presence of 2.00 mM 7 in CD.Cl, at 25 °C
followed by *H NMR; trace a was recorded before addition of 8d. Traces b, ¢, d, e and f were recorded from
6 to 177 minutes. Schematic cartoon representing the release—reuptake 5¢7 — 5H" + 7 — 5¢7 dissipative
cycle driven by fuel 8d (left).

Under these conditions, 38% 5 is engaged in the formation of complex 5¢7 (trace a, Figure
10). Now, fuel 8d is added (3 molar equiv with respect to 5), host 5 is immediately protonated,
and guest 7 is released into the bulk solution (trace b, Figure 10). Decarboxylation of the
deprotonated form of 8d slowly occurs, 5 is contextually deprotonated again, and 7 is re-
uptaken by host 5 (traces c—f, Figure 10). Thus, a release-and-reuptake cycle of guest 7 from
and into host 5 has been realized under dissipative conditions. No difference of the chemical
shift of the 'H NMR signals of the fuel waste product is apparent in the presence or absence
of calixarene 5 in all its protonation states, reasonably excluding any inclusion of the waste
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product into 5. Little (in no case higher than 0.020 ppm) differences are observed for the
signals of the protonated or deprotonated forms of fuel 8d in the presence or absence of 5,
reasonably excluding inclusion in the calixarene cavity also in this case. The process can be
satisfactorily reiterated as shown by Figure 11, where four subsequent cycles triggered by
four successive additions of fuel 8d are monitored by following the variation of the chemical

shift of the methyl group of 7 over the time.
0.8 1
0.6

0.4 1

0.2 1

0.0 ¢

Fraction of released 7 at each cycle

vvvvvv

time (min)

Fig.11 Four subsequent 5¢7 — 5H" + 7 — 5¢7 dissipative cycles triggered by four successive additions of
fuel 8d (in each cycle, 3 mol equiv of 8d were added to an equimolar 2.00 mM solution of 5 and 7).

Unexpectedly, during this release-reuptake experiment (Figure 10), a second waste product
accounting for about 25% of 8d (Figure 10, trace f, yellow singlet at 1.95 ppm to be compared
with the red doublet at 1.60 ppm) appears among the reaction products. Peroxide 9 in Figure
12 was tentatively proposed as this unexpected waste product. It does not form in the absence
of 7 (Figure 9).
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re-oxidation

H,C=CN l HzCe CN ‘

A
N

+
Cl Cl

Fig.12 Proposed mechanistic pathway to peroxide 9.

Furthermore, the formation of 9 is not seen when the same reaction is carried out in the

presence of guest 7 but substituting 5 with EtsN (a base able to promote the decarboxylation

of 8d). In other words, it is only formed when calix[6]arene 5 and N-methylisoquinolium

triflate are both present in the reaction mixture. We hypothesize that this is due to the

oxidation of the carbanion of the decarboxylated fuel by 7,%2° immediately followed by

oxygen capture, see Figure 12. The resulting N-methylisoquinoline radical must be then re-

oxidized to N-methylisoquinolinium (very likely by O2) since the latter is found untouched at

the end of each cycle. The identification of the waste co-product 9 was quite puzzling. First

of all, the product was eluted through a Pasteur pipette by column chromatography carried

out on the solution of the H NMR experiment described in Figure 10. The Figure 13 shows

the *H NMR of the fraction containing tiny amounts of 9.
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Fig.13 'H NMR (300MHz, CD2CI2, 25 °C) of peroxide 9
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The AB system centred at 7.5 ppm and the singlet at 1.80 ppm belong to compound 9. The
same signals are easily found for example in the top spectrum of Figure 10. This spectrum

compares well with the spectrum simulated for the peroxide 9 shown in Figure 14.

CH; CHs,

CN CN
9 \

7 6 5 4 3 2
PPM

Fig.14: Simulation of the 1H NMR spectrum of peroxide 9

When the above CD2Cl; solution was subjected to MS analysis, we found the same mass
spectra that is obtained for p-chloroacetophenone (Figure 15). This fact can be justified by
the loss of cyanogen in the injector of the mass spectrometer according to the mechanism

illustrated below.
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Fig.15: Comparison between MS spectra of 9 and p-chloroacetophenone

However, the structure of the waste coproduct is certainly not that of p-chloroacetophenone
whose methyl group signal is found at 2.56 ppm (*H NMR in CDCl.). Oxidation to a radical
species of a carbanion similar to that reported in Figure 12 by aromatic quaternary salts and

subsequent capture of O, is well documented.®* Furthermore, structure S1 deriving by the

76



Chapter 2: Temporal control of the host-guest properties of a calix[6]arene receptor by the use of a chemical fuel

direct coupling of two just formed carbon radicals can be excluded since it is known®® that
the methyl groups of the possible diasteroisomers (a couple of enantiomers and the meso
compound) have slightly different absorption at tH NMR (we should observe two singlets

around 1.8 ppm and not one only).

CHs; CH,

CN CN

The above considerations, together with the findings that the contribution of the collateral

pathway definitely decreases when:

) exclusion of O2 from the solution was attempted through freeze-pump-thaw cycles
operated on the NMR tube (passing from 25% to 15%)

i) higher excesses of fuel 8d, 10.5 mM (5.25 mol equiv) and 18.4 mM (9.2 mol equiv)

were added (passing from 25 to 15 and 10%, respectively. See Figure 15 and 16) were
employed
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Fig.15 *H NMR monitoring (CD2Cl,, 300 MHz, 25 °C) of the decarboxylation of 10.5 mM 8d catalysed by
2.0 mM 5 in the presence of 2.00 mM 8d. The bottom trace is relative to 2.00 mM 5 + 2.00 mM 7, before the
addition of 8d. Following spectra were recorded after the addition of acid 8d, at the given reaction time,
upward increasing. Signal belonging to by-product 9 is highlighted in the orange box

From the comparison of the spectra shows in Figures 15 and 16, it can be seen that after the
addition of 10.5mM and 18.2mM of 8d, respectively, the guest is released into solution as
expected. As can be seen from the orange boxes in the two spectra (Figure 15 and 16), the
intensity of the signal belonging to the by-product 9 decreases in the case where a larger
amount of fuel equivalents was used.

These two experiments strongly points to the peroxide 9 as the structure of the waste co-
product This collateral pathway is somewhat facilitated by calix[6]arene 5. A hypothetical,
tentative explanation is that calixarene 5 may favour the electron transfer between carbanion
R~and 7 by complexing the transient ion pair 7R~ and properly orienting the two species in
close proximity.

Eventually, time control of the dissipative release—reuptake cycle could be achieved by

varying the amount of fuel 8d added in the solution.
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Fig.16 *H NMR monitoring (CDCl,, 300 MHz, 25 °C) of the decarboxylation of 18.2 mM 8d catalysed by
2.0 mM 5 in the presence of 2.00 mM 7. The bottom trace is relative to 2.00 mM 5 + 2.00 mM 7, before the
addition of 8d. Following spectra were recorded after the addition of acid 8d, at the given reaction time,
upward increasing. Signal belonging to by-product 9 is highlighted in the orange box

Figure 17 shows three experiments where increasing amounts of fuel 8d were added to

mixtures of 5 (2.0 mM) and 7 (2.0 mM). The percentage of 7 temporarily escaped from 5 and

the time spent outside increase on increasing the amount of the fuel added. When 3 molar

equiv of 8d are added (6.0 mM, Figure 17, yellow points), 63% of the guest is released by the

host, and the reuptake process takes 150 min. When 5.25 molar equiv of 8d are added (10.5

mM, Figure 17, orange points), 75% of 7 is released and reuptake takes 300 min. Eventually,

when 9.2 molar equiv of 8d are added (18.4 mM, Figure 17, azure points), 85% of 7 is released

and reuptake takes more than 900 min. In other words, the higher the fuel excess, the longer

the time needed to consume such excess, the longer the time spent by the host in the unloaded

state.
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Fig.17 Time-controlled dissipative 5¢7 — 5H* + 7 — 57 cycles triggered by increasing amounts of
fuel 8d (CD-Cly, 25 °C). In all experiments, equimolar amounts of 5 and 7 were used (2.0 mM) while
concentration of 8d was varied. The advancement degree of the reaction over time (right axis) was
calculated as [(0 — 3.87)/(4.61-3.87)x100], where ¢ is the chemical shift of the N-methylisoquinolium methyl
signal (left axis) observed at a given reaction time, 4.61 is the chemical shift of the methyl signal of
uncomplexed N-methylisoquinolium, and 3.87 is the chemical shift of the N-methylisoquinolium methyl
signal under the initial conditions, that is, when 38% complex 5+7 formation is observed (which corresponds
t0 0.76 mM 5¢7)

The particular shape of the kinetic profiles in Figure 17 after the exhaustion of excess fuel is
probably due to an autocatalytic path involving deprotonated 5 itself as the catalyst. Such
complex mechanism has been studied in detail in the simpler case of diaminocalix[4]arene.®
In that case, it was shown that the fact that the rate of the autocatalytic process does not slow
down on decreasing the substrate (fuel) concentration, with the consequent presence of a cusp
just before the final plateau, can be explained considering the autocatalytic path to be

kinetically zero order with respect to the substrate itself.

The observation of a pseudo zero-order substrate dependency for an autocatalytic reaction

occurring in homogeneous solution can arise due to one of two possible mechanisms:

0] the autocatalyst is involved in a rate-limiting process preceding the reaction with
the substrate;

(i)  the substrate is involved in a strong pre-equilibrium binding that saturates a
catalytic species present in minute amounts, the resulting complex then reacts with

the autocatalyst in the rate-limiting product formation. In this case, the autocatalyst
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Is the calixarene in its neutral form and the substrate is the fuel acid. However, if
mechanism i) were operating, the rate of the autocatalytic process would be
independent of the nature of the fuel. Nevertheless, in the case of
diaminocalix[4]arene®investigation of the kinetics of the reaction with different
fuels (2-cyano-2-phenylpropanoic acids, differently substituted at the aromatic
ring) showed that the rate of the autocatalytic process is fuel-dependent, thus ruling

out mechanism i), and leaving mechanism ii) as a viable option.

The presence of minute amounts of cationic impurities in dichloromethane was shown to be

likely responsible for such bizarre kinetic behaviour.
2.11 Conclusion

In this chapter the host—guest interaction between calix[6]Jarene 5 and N-
methylisoquinolinium triflate 7 was show. This assembly can be dissipatively driven by fuel
acid 8d. The addition of the fuel into a solution containing the complex 5¢7 causes the
temporary release of guest 7 by the host into the bulk. The former is re-uptaken by the latter
once the fuel is exhausted. The amount of released guest and the duration of the unloaded
state can be controlled at will by a fine modulation of the quantity of added fuel. Thus, the
fully abiotic host—guest couple (5¢7) described above is capable of operating under dissipative
conditions (out of equilibrium, as long as the fuel is present), which are typical, operative
conditions of systems with life-like properties.

A possible development of the present work could be the design of systems where the
dissipative complex dissociation gives rise to a secondary effect. The temporal control of
catalytic activity may be, for example, obtained in case the guest is a catalyst of a given

reaction.%®
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Experimental Part

2.12 General information

All moisture sensitive reactions were carried out under nitrogen or argon atmosphere, using
previously degassed solvents. Analytical TLC were performed using prepared plates of silica
gel (Merck 60 F 254 on aluminium) and then, according to the functional groups present on
the molecules, revealed with UV lights or using staining reagents. Merck silica gel 60 was
used for flash chromatography (40-63 pm). *H-NMR and 3C-NMR spectra were recorded on
Bruker AV400 spectrometers and partially deuterated solvents were used as internal standards
to calculate the chemical shifts (5 values in ppm). All 3C-NMR spectra were performed with
proton decoupling. Electrospray ionization (ESI) mass analysis were performed with a Waters

single-quadrupole spectrometer in positive mode using MeOH or CH3CN as solvents.

Synthesis of the 38,40,42-trimethoxy-p-tert-butylcalix[6]arene-37,39,41-triol (1)

To a suspension of p-tert-butylcalix[6]arene (3g, 3.08mmol) and K>COs (1.28g, 9.26mmol)
in dry acetone (200mL) CHsl (1.53mL, 24.7mmol) was added and the solution was stirred at
the reflux temperature for 24h. The mixture was filtered, and the filtrate was concentrated
under reduce pressure to dryness. The residue was dissolved in chloroform and washed with
1M HCI solution (3 x 100mL), water (50mL) dried over anhydrous Na>SO4 and concentrated
under reduce pressure to give a crude product which was purified by a silica gel flash column
chromatography (hexane/ tetrahydrofuran 95:5) to afford 1 as a white solid (0.8g, 26%). *H
NMR (400 MHz, CDCls) 6 (ppm) 7.04 (s, 6H, ArH), 6.93 (s, 6H, ArH), 3.91 (broad s, 6H,
Ar-CH2-Ar), 3.49 (s, 9H, OCHs), 1.23 (s, 27H, C(CHa)3), 1.04 (s, 27H, C(CHz3)3). The

compound showed the same physico-chemical properties as those reported in literature.®’

Synthesis of the 38,40,42-Trimethoxy-37,39,41-tristriflate-p-tert-butylcalix[6]arene (2).
To a solution of 1 (1.5g, 1.48 mmol) in dry dichloromethane (75mL), pyridine (1.05mL,
1.3mmol) and trifluoromethanesulfonic anhydride (1.1mL, 6.54 mmol) were successively

added dropwise under a nitrogen atmosphere at 0 °C. After cooling to room temperature, the
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resulting solution was quenched with 30 mL of a 1M aqueous solution of HCI. The organic
phase was separated, washed with brine (30mL), dried over Na>SO4 and concentrated under
reduce pressure. The crude product was purified by precipitation in acetonitrile to give 2 as a
white solid (1.9g, 95%). *H NMR (400 MHz, CDCls) & (ppm) 7.27 (s, 6H, ArH), 6.80 (s, 6H,
ArH), 4.33 (broad s, 6H, Ar-CHax-Ar), 3.69 (broad s, 6H, Ar-CHeg-Ar ), 2.41 (s, 9H, OCH3,),
1.35 (s, 27H, C(CHs)3), 0.87 (s, 27H, C(CHas)s). The compound showed the same physico-

chemical properties as those reported in literature. %

Synthesis of the 38,40,42-Trimethoxy-37,39,41-tristriflate-11,23,35-trinitro-5,17,29-tri-
tert-butylcalix[6]arene (3)

To a solution of 2.(1.47g, 1.04mmol) in dichloromethane (100mL) a (1/1) mixture of fuming
nitric acid and glacial acetic acid (13 mL) was slowly added at 0 °C. The reaction mixture
was then warmed to r.t. and stirred for 6h. The resulting solution was poured into 120 mL of
iced water. The organic layer was separated, and the aqueous layer was extracted with
dichloromethane (30 mL). The organic layer was washed with distilled water until the solution
reach pH=7, dried over anhydrous Na,SO4 and concentrated under reduce pressure to give a
crude product which was purified by a silica gel flash column chromatography
(hexane/dichloromethane 60:40) to afford 3 as a white solid (1.2g, 84%). *H NMR (400 MHz,
CDCls) & (ppm) 7.85 (s, 6H, ArH), 7.01 (s, 6H ArH), 4.10 (s, 12H, Ar-CH2-Ar), 3.33 (s, 9H,
OCHpz), 1.12 (s, 27H, C(CHa)3). The compound showed the same physico-chemical properties

as those reported in literature.*

Synthesis of the 37,38,39,40,41,42-hexamethoxy-11,23,35-trinitro-5,17,29-tri-tert-butyl
calix[6]arene (4).

In a (1/1) mixture of N,N-dimethylformamide and tetrahydrofuran (15 mL) under a nitrogen
atmosphere, calixarene 3 (1g, 0.73mmol) and sodium hydride (60% wt. in mineral oil, 435
mg, 0.0109 mol) were added in a Schlenk pressure tube. Then iodomethane was slowly added
(800 pL, 0.0131 mol) and the mixture was warmed to 80°C and stirred for 5h. After cooling
to r.t the reaction was quenched with water (25mL). The solvent was concentrated under
reduce pressure and the residue dissolved in dichloromethane (50mL). The organic layer was
separated and washed with distilled water (4 x 30mL), dried over anhydrous Na>SO4 and

concentrated under reduce pressure. The crude product was purified by a silica gel flash
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column chromatography (dichloromethane/cyclohexane 70/30) to yield 4 as a white solid
(700mg, 93%). 'H NMR (400 MHz, CDCls) & (ppm) 7.83 (s, 6H, ArH), 7.04 (s, 6H, ArH),
3.97 (s, 12H, Ar-CH>-Ar), 3.43 (s, 9H OCH5), 3.14 (s, 9H, OCHz3,), 1.21 (s, 27H, C(CHz3)3).

The compound showed the same physico-chemical properties as those reported in literature.®

Synthesis of the 37,38,39,40,41,42-hexamethoxy-11,23,35-triamino-5,17,29-tri-tert-butyl
calix[6]arene (5).

To a suspension of calix[4]arene 4 (0.140 g, 0.133 mmol) in ethanol (15 mL), hydrazine
hydrate (0.46 mL, 9.mmol) and a catalytic amount of Pd/C (10%) were added. The reaction
mixture was refluxed for 24 h and quenched by catalyst filtration. The filtrate was evaporated
under reduced pressure; the residue was dissolved with dichloromethane and washed with
distilled water. The organic layer was separated, dried over anhydrous Na>SO4 and evaporated
to dryness under reduced pressure to obtain the pure product 5 as a white solid (0.1 g, 80%).
!H NMR (400 MHz, CDClIs) & (ppm) 7.08 (s, 6H, ArH), 6.01 (s, 6H, ArH), 3.89 (s, 12H, Ar-
CH2-Ar), 3.59 (s, 9H, OCH3), 3.06 (s, 9H, OCH3,), 1.12 (s, 27H, C(CHz3)3,). The compound

showed the same physico-chemical properties as those reported in literature.%
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Introduction

3.1 Bacteria and their cell wall

Bacteria are small single cell organisms and millions of bacteria exist in the human body. The
majority of bacteria are harmless to humans and are necessary for the production of vitamins,
the death of sick cells, and play an important role in digestive tract.* However, certain bacteria
have the capability to result in fatal illnesses. For instance, the World Health Organization
(WHO) listed a few pathogens that might be particularly harmful to human health.?
Additionally, due to the overuse of antibiotics, multidrug-resistant pathogenic bacteria are
becoming a significant global issue.® Thus, identifying bacterial strains is crucial for treating
bacterial illnesses and for targeting antibiotics. The first barrier that an antibacterial agent
must overcome is the cell wall.. The cell wall complex polymers provide bacteria with
strength and a barrier to the outside world, allowing them to survive in a variety of conditions,
including the human body. Bacteria may be divided into three main groups based on their cell
surface composition: Gram-positive, Gram-negative and mycobacteria.>’ Gram-positive
bacteria are distinguished by thicker, more cross-linked peptidoglycans and the absence of an
outer membrane.® Gram-negative bacteria, on the other hand, have a thin layer of
peptidoglycan (PG) wall and an outer membrane composed of lipoproteins such as
phospholipids and lipopolysaccharide (LPS).° In mycobacteria cell wall peptidoglycan is
covalently attached to arabinogalactan, which is then bonded to mycolic acids. An outermost
capsule made of polysaccharides, proteins, and lipids surrounds the top section of this cell

wall and interacts with free lipids.°
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Teichoic acid represents 60% of the wall of Gram-positive bacteria, is obtained by the
polymerisation of glycerol or rubitol, and is rich in phosphoric diesters. Lipopolysaccharides
(LPS) and lipooligosaccharides (LOS) make up 75% of the cell wall of Gram-negative
bacteria, exposing the polysaccharide chain, while the core, the so-called Lipid A, has two
saccharide residues with negatively charged phosphate groups in the form of monoester. In
mycobacteria, on the other hand, the molecular pattern is hydrophobic, due to chains of
myecolic acid, a fatty acid belonging to the homologous series of C60-C90 a-alkyl-B-hydroxy
long-chain fatty acids
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3.2 Bacteria Detection

The key control point in the prevention of illnesses caused by harmful bacteria is
monitoring.!! Effective detection procedures are required to limit this impact and have been
developed throughout time through the use of traditional microbiological approaches.*?*
These conventional procedures have been in use for almost a century and are still widely
utilized for this sort of detection.** These traditional procedures nearly entirely rely on the
employment of particular agar medium lines to isolate, cultivate, and count live cells in
samples. The conventional sample technique normally comprises bacteria culture and
isolation, followed by confirmation by biochemical and serological assays, which can take up
from five to seven days to obtain a verified result for a specific organism.*® Some of the most
common methods for confirming pathogen presence are culture and colony counting methods,
as well as the polymerase chain reaction (PCR).® For both selectivity and dependability, these

techniques have often been analytically concrete.’

-PCR

The polymerase chain reaction (PCR) is a nucleic acid amplification technology that was
created in the 1980s and is commonly used to identify microorganisms.'® In general, the
approach is designed for the isolation, amplification, and quantification of a short DNA

sequence that includes the genetic material of the target microorganisms.*8

Denature to single strands T
and anneal primers ¥ ¥ I
sAL | Denature
L Lt /
P i primer A J
¥ l‘lllll’llllllllllllllllTrmrmﬂ_’
Bitend the primars with T IS IR R RN RN NRIRRERIRNTN;
Taq DNA polymerase 5 1 -
IBRBREERRER R R R R R RN N, ExtendpcR
¥y ¥
+ Primers with Tag
TTTTTTTTT T T T I T T T T T o T T
AR E RN R R R R R R AR RN RN} DNA Polymerase

Repeat denaturing and e l -

annealing of primers o 7 -I 5

o i Unit-length strand Primers ¥
Extend the primers and Taq ¥ oy Y  Longer

TTT
DNA polymerase TLaarrarr R e r RNy y than
Y TTTTTTTTTITTITTIT T T ITTITTITTT T 0T > o unit=
ALy ¥ length

®@ 0 6 0 ©

Repeat the denaturation } Unit-length strand strand Repeat
and annealing of the STTTTTTTIT T T T T T
Y. y
primers T
yALLLLLLILL IR R ety 'y
YTITT l y Unit-
Extend the primers with P [ e
Taq DNA polymerase STITTITTTTTITTTTTITTTTTITTITTTITTI0T % | sranded
¥ 1 ¥ ) ona

Continued cycles to amplify DNA

Fig.3: Schematic representation of a PCR cycle.!®
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Some examples of developed PCR methods for bacterial quantification are real-time PCR,
multiplex PCR and reverse transcriptase PCR. PCR is much less time-consuming than other
conventional techniques utilising culture and plating. PCR usually takes anywhere between 5
and 24 hours to produce a result but this is dependent on the specific PCR variation and
excludes enrichment stages.?° Figure 3 depicts the fundamental stages of PCR, which include
denaturation, primer annealing, and primer extension.?! To denature the targeted double-
stranded DNA, different synthesis cycles are conducted and heat over the melting point of
DNA is used. Following purification, DNA is extended using primers and a thermostable
polymerisation enzyme. As a result, each new double-stranded DNA serves as a target for the
next cycle, resulting in exponential amplification. A polymerase enzyme extends the primers
from 5’ to 3’ to overlap the copies of the original template. Subsequent detection of the
amplified sequence is performed through gel electrophoresis.?> One of the most evident
disadvantages of PCR methods is the inability to distinguish between viable and non-viable
cells.?® This is due to the fact that DNA is always present, whether the cell is alive or dead.
To address this lack of discrimination, reverse transcriptase PCR (RT-PCR) was deviced,
which is capable of distinguishing live cells.?* Because PCR is so sensitive, contamination of
the material might yield false DNA readings. Prior sequencing data are necessary for
generating primers, which allows the approach to identify only the presence or absence of
recognized infections or genes. Furthermore, the primers employed might be annealed with
comparable DNA as well as the target DNA, giving inaccurate results. Furthermore,
erroneous nucleotides might be improperly integrated by PCR, producing misleading results.
With the significant growth in research to discover, measure, and characterize the human
microbiome, unique human-associated genetic markers have been created to decrease false

positives and enhance the capacity to target species related to the host.

-Colony counting and culturing

Until recently, attempts to discover and identify organisms relied heavily on in vitro
techniques. This is the most established approach for detecting bacteria and is based on

directly growing and plating the organisms.
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Fig.4: Photograph of the S. aureus culture and plating process

Microbial culture has opened up a world of microscopic life detection, with Robert Koch first
conveying the guidelines, known as Koch's postulates.?® Koch's postulates are a set of ground
principles that establish if a particular organism has the ability to cause illness. One of the
guidelines specifies that a bacterium must be demonstrated to be disease ready by being able
to grow outside of the human body. Bacterial colony counting may be accomplished using a
variety of techniques. The traditional counting method is simple to use, but aseptic procedures
must be strictly followed to prevent contamination. First, a targeted bacterium culture should
be diluted and grown in a plate. Then the total colony forming units (CFUs) are calculated
using a proper equation. The bulk of traditional tests for bacteria detection use culture-based
techniques. Due to their reliability in effectiveness, sensitivity, and variety of application
bases, they are the fundamental tools utilized for detection around the world. Beyond these
benefits, the conventional culture techniques for pathogen detection need a significant
quantity of laboratory supplies, consumables, and time. Unfortunately, it takes a lot of training
for laboratory staff to compile and evaluate findings, which makes widespread, non-specialist

use challenging.

-Biosensors

A biosensor?®?” js an analytical tool that combines a biological element with a
physicochemical detector and is used to identify small chemicals or large biomolecules. An
appealing method for the precise identification of bacteria is optical transducers.?® The
measurement may be sensitive to changes in thickness when the cells connect to the receptors
on the transducer surface since optical transducers may pick up even the tiniest variations in

refractive index.?° The benefit of biosensors is that they can analyse samples quickly and do
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not require the transportation of samples to a bio-medical laboratory for pathogen diagnosis.
Due of their ease of use, colorimetric sensors are the most widely used type of these sensors.
Without the need of any additional instruments, the infections are plainly visible with the
naked eye by changing colour.

Despite several breakthroughs, it is still difficult to construct receptors that can selectively
distinguish between structurally identical species.®® The interaction of matrix compounds,
calibration techniques, the need for dependable and low maintenance functioning over long
periods of time, sterilization (especially for clinical applications), reproducible fabrication of
numerous sensors, the ability to manufacture the biosensor at a competitive price, disposable
format, and a clearly defined market are some of the technical challenges facing the
development of biosensors. There is no biosensor system available today that offers the same
bacterial specificity as the plate culture approach, which is a critical requirement in today's
market. Obviously, improving the specificity of biosensor systems and including all of the
best properties into a single bacterial biosensor device is a difficult task. This is the primary

reason for the delayed market penetration of biosensors.

-Supramolecular sensors

Supramolecular chemistry has drawn inspiration from highly specific host-guest interactions
found in nature over the last few decades, and as a result, supramolecular chemists are
mimicking and exploiting such interactions in the design and development of supramolecular
synthetic receptors and sensors. 33?Traditional sensing assays like the indicator spacer
receptor approach (ISR) involving covalent connections between the signal unit and the
binding site are rarely employed to provide productive results in a shorter amount of time
with great selectivity, sensitivity, and application (Figure 5a). Researchers have developed
innovative methods to get around this issue making use of a variety of non-covalent
interactions. 3334

Indicator displacement assays (IDAs), a competitive sensing displacement assay in
supramolecular analytical chemistry, are the most well-liked of the different contemporary
sensing assays (Figure 5b).% In this displacement assay, the indicator binds to the receptor
(host) reversibly and forms a supramolecular ensemble via intermolecular interactions such

as H-bonding, electrostatic interactions, coordinate bonding, stacking interactions,
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hydrophobic effect, and so on, depending on the solvent system and the appropriate geometry,
charge, and hydrophobicity of an indicator. 36-38

Following that, the addition of a competitive analyte (guest) causes the indicator to be
displaced from the host, resulting in a modified optical response if the indicator binding
affinity with the receptor is less than that of the analyte with the same receptor. The
supramolecular ensembles created in the competitive IDA technique, either between the
receptor and the chosen indicator or between the receptor and the target analyte, are
Kinetically reversible and correspond to the intended system's thermodynamic minimum via
association and dissociation processes.®® The IDA method has several advantages over
traditional sensing techniques. First and foremost, this assay does not rely on synthesis and
employs non-covalent/supramolecular linkages between the indicator and the receptor.
Second, these supramolecular connections allow for the use of multiple indicators with the
same receptor, allowing for the tuning of sensitivity or selectivity. Third, this well-known

sensing approach works equally well in both aqueous and organic liquids.*°

cEtne

Reporter Receptor Binding event causes change in
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reporter group

® 1o e
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Fig.5: The working principles of luminescent sensors based on the receptor-spacer-reporter (ISR) approach
(a) and the indicator displacement (IDA) approach (b).

a)

Receptor-indicator assembly

Rotello et al.*! in 2008, demonstrated that noncovalent conjugates of gold nanoparticles and
poly(paraphenyleneethynylene) (PPE) successfully identify bacteria with high selectivity and
within minutes. Interactions between nanoparticles and bacteria release the bound fluorescent
polymer from the gold-nanoparticle quencher, allowing the polymer fluorescence to be
activated. The identification of the different bacteria is made possible by the use of LDA

(linear discriminant analysis), a quantitative statistical method used in pattern recognition.
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Fig.6: Schematic representation of the nanoparticle—conjugated polymer sensor array.*:

As shown in Figure 6, cationic gold nanoparticles are initially linked to an anionic PPE in
aqueous solution to produce complexes that quench fluorescence. The anionic PPE is released
in the presence of bacteria, whose surfaces are always negatively charged. Fluorescence is
thus restored as a result of the existence of free PPE after the addition of bacteria to the
nanoparticle-PPE conjugate. In this work, p-conjugated polymer provides the molecular wire
effect 2 and multivalency to assist in the efficient creation of signals during the sensing
process. Functional patches (charged residues and hydrophobic regions) are common on the
wall of cells and microorganisms hence this approach may be used to identify a variety of
microorganisms. Using this method, they can also discern all twelve microorganisms, which

contain both Gram-positive and Gram-negative species.

3.3 Calixarene-based ligands for biochemical application

Many calixarene-based compounds are being developed for biological purposes.***’ The
unique conformational properties, functionality, low toxicity, and low cost make calixarene-
based compounds a valuable candidate for biochemical application. One of the most
important properties of calixarenes is their ability to spatially direct functional groups or other
small ligating units in order to create desired interactions with biological components of
interest (e.g., proteins, cell surfaces). Examples include calixarene-based glycoclusters for

trypanocidal activity,*® guanidinium functionalized calixarenes for antibacterial activity 4%°0,
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and polyanionic calix[4]arenes or anti-HIV activity.>! In our research group we have already
investigated guanidinium-functionalised calixarenes (Figure 7, left) as potential cell
transfection agents.5>~°° In these studies the upper-rim or lower-rim functionalized guanidino-
calixarenes were first used to demonstrate their ability to interact with DNA and transfect
cells. The lower-rim substituted guanidinium calixarenes are efficient cell transfection agents

with reduced cytotoxicity compared to the upper-rim derivatives.
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Fig.7: Guanidinium functionalized calixarenes and “multicalixarene” for biological application

Similar to this, Lalor et al.*® proposed dendritic calixarenes with ammonium functionalization
as possible gene delivery systems (Figure 7, right). These researchers discovered that the
"multicalixarenes” bonded to DNA (by balancing the DNA negative charges) and were not
hazardous to the human cells used in the study. More recently, Sansone et al demonstrated
that calixarenes functionalised with arginine residues are extremely potent agents able to
transfect several cell lines with DNA,>” miRNA?® and even artificial nucleic acids such as
PNA.>

Calixarenes have been, however, also used for other biological applications. Kenek et al.®°
used carbohydrate-functionalized calix[4]arenes (glycocalixarenes) as natural killer cell

stimulants to elicit a response to tumor cells.
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Fig.8: carbohydrate-functionalized calix[4]arenes for biological applications

The calixarenes in Figure 8, which were comparable to the dendritic octaglycan previously
studied by the authors,%! performed better than the monomeric sugar unit detached from the
macrocycle. The tetrasubstituted calix[4]arene performed better than the 1,3-alternate
conformer and the bis-substituted. Thus, carbohydrate multivalency seems to play an
important role in the binding to natural killer cells.

Guo et al.%? studied the potential biosensor properties of a variety of sulfonate-functionalized
calixarenes (Figure 9) towards acetylcholine. The authors selected to use commercially
available tetrasulfonato calixarenes and a fluorescent dye, lucigenin, in an Indicator
Displacement Assay.
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Fig. 9: calixarenes investigated as potential sensors with fluorescence probe, lucigenin (up), the
acetylcholine hydrolysis of acetylcholine to choline followed by oxidation to betaine (down)
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When a strong competitor, like acetylcholine, is present, the dye is displaced from the
calixarenes cavity, resulting in a luminous reaction, while no displacement and hence no
fluorescence raised from the samples when choline was transformed to the weaker binding
betaine. The authors claimed that such a molecule may be used to monitor
acetylcholinesterase (an enzyme implicated in Alzheimer's disease) during Alzheimer's

dementia therapy.

3.4 Zwitterionic calix[4]arene ligands

A zwitterion (or inner salt, formerly dipolar ion) is a molecule, macromolecule or a peptide
with the same number of cationic and anionic functional groups. Zwitterions have been used
in a wide range of topologies intended for biological purposes (Figure 10). Zwitterionic inner
salts as protein chaperones and stabilizers,%® zwitterionic polymer-protein conjugates,®*
zwitterion-conjugated surfaces,® zwitterionic nanoparticles,®® hydrogels,®” and liposomes are

some of these architectures.58
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Fig.10: Schematic representation of different architectures in which zwitterionic moieties have been applied

in biological systems. These include liposomes (a), zwitterionic polymer—protein conjugates (b), zwitterion-

conjugated surfaces (c), hydrogels (d), zwitterionic inner salts as protein chaperones and stabilizers (e), and
zwitterionic nanoparticles (f).%3
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In literature are present numerous examples that involved functionalised calixarene with
positive or negative charged residues, but the employment of calixarene bearing zwitterionic
groups is not common.

In 2018 Mocerino at al.®® described the proline-functionalised calix[4]arene that operates as
a hydrogelator, but only in the presence of particular anions, with the gel characteristics fine-
tuned by altering the associated cation. Furthermore, the gels are stable throughout a pH range
of 0-7 and may be dismantled reversibly by raising the pH above 7. The proline functionalised

calixarene is significantly water soluble (up to 500 g/ L).

Fig 11: Gel formation of 0.2 M of proline-functionalised calix[4]arene solutions, and salts. (a) LiCl, 1.26 M
, stable gel, (b) NaCl, 1.26 mol M , incomplete gel, (c) La(NOs)s, 0.01 M, stable translucent gel, and (d) Nal,
0.10 M, transient gel.®

Zhang et al.”® demonstrated that proline-functionalised calix[4]arene, in the presence of basic
amino acids, will also form hydrogels in neutral to acidic conditions. The results reveal that
distinct amino acids result in different distinct hydrogel backbones (Figure 12), which could
be detected using a combination of atomic force microscopy, transmission electron
microscopy, and scanning electron microscopy. Furthermore, all the generated low molecular
weight hydrogels are thermoreversible, with the gel-to-sol transition temperature (Tgel)
dependent on calixarene concentration, giving these hydrogels the capacity to entrap and

release model dye molecules.
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Fig 12: Schematic illustration of gel generation from proline-functionalised calix[4]arene induced by basic
amino acids.™

Recently Yilmaz et al.” studied the synthesis of upper rim- and lower rim-functionalized L-
proline-based calix[4]arene derivatives and the assessment of their cytotoxic ability for

human cancerous cells.

Fig.13: The structure of L-proline based calix[4]arene derivatives in Yilmaz study

The lower rim L-proline derivative (blue in Figure 13) was shown to be the most toxic for
human CRC (DLD-1) and lung cancer (A549) cells. In addition, several substances
demonstrated dose-dependent proliferation of various human malignant cells, including liver,
prostate, lung, and colorectal carcinomas.

In 2016, Mocerino et al’?, demonstrated that chiral proline-modified calix[4]arenes prevent
the assembly of the human papillomavirus 16 L1 pentamer. The effect of L- and D-Proline
modified calix[4]arenes (Figure 14) on the assembly of HPV 16 L1 pentamer (L1-p) was
examined in this study. Matrix-Assisted Laser Desorption/lonization, Time of Flight Mass
Spectrometry (MALDI-TOF-MS) and Nuclear Magnetic Resonance (NMR) were used to
explore the mechanism of action using model peptides, which demonstrated that the binding

was targeting the basic residues at the L1 interface. The trypsin digestion studies and
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molecular simulations performed on the full-length L1 pentamer confirmed this. The
substantial differences in energy and shape reported by molecular simulations explain the
binding disparity of L- and D- Proline modified calix[4]arenes to L1 pentamer, and thus their

selective suppression of L1-p production.
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Fig.14:Structure of the L- and D- Proline modified calix[4]arenes derivative in Mocerino study 17

L- and D-Proline modified calix[4]arenes indeed binds to the positively charged residues (Arg
and Lys) and therefore protects it from trypsin degradation when allowed to interact with
glutathione S-transferase fused L1 (GST-L1). In addition, the comparison of grey values in
SDS-PAGE pages indicated that L- Proline calix[4]arene provided a better protection than D-
Proline calix[4]arene, which can be attributed to the enantiomeric differences in binding to
GST-L1.

The current discovery opens the way for the development of enantioselective and cost-
effective inhibitors as novel anti-HPV drugs, which might then be expanded to other viruses

using the same chemical mechanism.

3.5 Attachment of amino acids to calix[4]arenes by Mannich reaction

Different strategies have been used to obtain amino acid functionalised calixarene but only a
few of these allow the amino acid to retain its zwitterionic character. The two classical
approaches often used for attach an amino acid to a calixarene scaffold are: the N-linked and
the C-linked approach. Using these two approaches will result in the formation of a new amide
bond between calixarene and amino acid. The C-linked approach utilises an appropriately

functionalised calixarene at the upper edge with amino groups that will then be exploited in
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the formation of the amide bond with the amino acids carboxyl groups. Vice versa the N-
linked approach differs in that the new amide bond is formed from the carboxylic group on

the calixarenic scaffold and the amino group of the amino acid.
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Fig.15: Schematic representation of the N-linked and C-linked approach

Amines and amino acids can be connected to the upper rim of calixarenes through a methylene
group in cases when an amide is not desired. General approaches include the Mannich
reaction and halomethylation followed by a nucleophilic substitution of the halide at the upper
rim of calixarenes. ”® Functionalization of calixarenes at the upper-rim has been achieved via
halomethylation and nucleophilic substitution. Yang et al "3. studied the nucleophilic
replacement of bromomethylated calix[4]arene by a number of nucleophiles including minor
alcohols (e.g. MeOH), thiols (e.g. PhSH), and carboxylic acids (e.g. AcOH).

X
halomethylation RoNH
—_— -
c non-nuclecphilic base
Ha) CHy) ,
OH OH
RaNH, CHO

(Mannich reaction)

Fig.16: General scheme for attaching amino acids to calixarenes via methylene linkage.

This method required two different step and several purifications of the products using

chromatography and sometimes the yield of the entire process is low. Another convenient
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method to obtained amino functionalized zwitterionic calixarenes is through the Mannich?7
reaction. The Mannich reaction occurs when a C-H activated molecules (such as phenol or
ketone), a primary or secondary amine, and a non-enolizable aldehyde react together. The
Mannich reaction is not restricted to amines. Agababyan et al.”® shown that amino acids may
be employed as the amine component in a variety of Mannich reaction. In the past, calixarenes
and secondary amines were used to create Mannich bases (Figure 17) by Gutsche and Nam.””

This approach was expanded to functionalized calixarenes with substances based on the
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Fig.17: Selected calix[4]arene Mannich bases prepared by Gutsche and Nam.

Additionally, Gutsche and Nam discovered that by quaternarization of the Mannich adducts
in Figure 17 with methyl iodide (without alkylating the phenols), it was possible to substitute
the ammonium moiety by a nucleophile (passing through a p-quinonemethide as
intermediate). A Mannich reaction may easily functionalize calix[4]arenes at the upper-rim
in a single step when they lack substituents at the position para to the phenol. Ogden et al.8°
attached proline to the calix[4]arene by the Mannich reaction in good yield. In order to
evaluate how macrocycle size and as a consequence, the spatial arrangement of the proline
moieties influenced the self-assembly properties of such motifs calix[5]arene and
calix[6]arene scaffolds was also tested.8! While using calix[5]arene scaffold, the reaction
resulted in the product being obtained, even if in lower yields than the calix[4]arene, with the

calix[6]arene, under the same conditions, the product was not formed. This was suspected to
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be a result of the lower solubility of the partially substituted calix[6]arene in the
tetrahydrofuran-water solvent system. The dipropoxy calix[4]arene in Figure 18 was also
subjected to the Mannich reaction with proline in an effort to selectively functionalize
calix[4]arene with proline moieties, but this failed to give any products; the starting material

was recovered.??

@ 0 CHjOM"
HoNE THF, I-I:,Or-t
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Fig.18: Mannich reaction on 1,3-dipropoxycalix[4]arene

This suggested that for the Mannich reaction to occur efficiently, the para Ar-H needed to be
activated by the hydrogen bonding between nearby phenolic molecules. This is in line with
Gutsche theory®®, which postulated that under Mannich conditions, the higher acidity of the

free phenol calixarenes led to a higher reactivity of the para aromatic position.

3.6 Saturation transfer difference (STD) NMR to study molecular interactions

NMR spectroscopy is a unique tool for studying molecular interactions in solution, and it has
become a crucial technique for characterizing molecular recognition events and obtaining
information on the interactions of small ligands with physiologically relevant
macromolecules® (proteins or nucleic acids). Ligand-based NMR screening and NMR
determination of a ligand binding conformation are critical tools in the rational drug-
discovery process. For many years, the saturation transfers difference NMR (STD-NMR)
experiment has been utilized to describe ligand-receptor complexes. The Nuclear Overhauser
Effect (NOE) and the measurement of ligand resonance signals are at the heart of the STD-
NMR experiment. It can be used as a screening strategy, to discover lead structures, or to find
ligand moieties critical for binding. In the STD-NMR literature, the term binding epitope is
widely used to define the hydrogens of the ligand that are closest to the protein following
binding.2> The STD-NMR experiment relies on the fact that, for a weak-binding ligand

(dissociation constant, Kp, ranging from 108 mol L™* to 10~3 mol L™), there is exchange
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between the bound and the free ligand state. An STD experiment implies subtracting a
spectrum in which the protein was selectively saturated (on-resonance spectrum obtained by
irradiating at a region of the spectrum that contains only resonances of the receptor/protein
such as 0 ppm to 1 ppm) with signal intensities Isat from one without protein saturation (off-
resonance spectrum) with signal intensities lo. Only the signals of the ligand(s) that got
saturation transfer from the protein (through spin diffusion and/or nuclear Overhauser

effect®®) appear in the difference spectrum (Isto = lo - Isa7).
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Fig. 19: The STD-NMR experiment scheme. Intermolecular transfer of magnetization from the receptor to
the bound small molecule is enabled by the interchange of free and bound ligand.®’

Other substances that could be present but do not bind to the receptor will not experience
saturation transfer; their signals will be equally strong on the on-resonance and off-resonance
spectra as a result, and after subtraction, no signals from the nonbinding small molecule will
show up in the difference spectrum. It is possible to quantify the difference in intensity
brought on by saturation transfer (Isto = lo Isat), which serves as a sign of binding. Only the
signals of the hydrogen atoms that are in close contact with the protein (< SA) and receive
magnetization transfer will show up in the difference spectrum for a molecule that binds to
the receptor. Of those, the hydrogen atoms closest to the protein will have stronger signals
due to a more effective saturation transfer. The last 10 years have seen considerable use of
STD NMR spectroscopy to investigate receptor-ligand interactions. 8- By utilizing samples
containing platelets or entire cells and liquid state NMR spectroscopy, this method has also

been utilized to analyse molecular recognition events involving membrane receptors and their
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ligands.%*%® This approach allowed the fundamental issues caused by the tremendous
difficulty of isolating and keeping individual membrane receptors in solution with the right
folding and the necessary functioning to be solved, at least in some specific circumstances.
However, cells generated from solid tissues have a significant propensity to aggregate,
making it difficult or impossible to use STD NMR investigations on them. In fact, these cells
are only in suspension for a short period of time, which results in the capture of extremely
poor STD spectra. In light of these considerations, Nicotra et al.® in 2011 develop a robust
NMR methodology to study the interaction between cell membrane proteins and ligands by
directly employing whole, vital cells. They considered it would be crucial to have access to a
technique unaffected by limitations associated with the original tissue characteristics. As a
result, the use of high-resolution magic angle spinning (HR-MAS) NMR methods with
rotation at a relatively high speed has been investigated. This approach aims to keep the cells

in the sample "active window."
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Fig.20: Schematic representation of HR-MAS STD experiment. Due to the centrifugal force, cells distribute
along the internal walls of the MAS rotor and remain in the sample active window.*

Indeed, when a regular liquid state NMR probe is used, cells tend to settle to the bottom of
the NMR tube instead of dispersing along the internal walls of the MAS rotor and forming a
homogeneous layer that is visible through visual inspection of the rotor insert after spectrum
acquisition and replicates cell disposition on tissue surface®’. The rotor walls, in contrast to
the tube bottom, fit inside the detecting zone of an HR-MAS probe. As a result, every ligand
that dissociates from its receptor is immediately detectable in the rotor cell-free central core.
When a sample is placed in a tube, the ligand must diffuse from the bottom of the tube, where

the pellet settles, to the "active window."
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3.7 Aim of this work

Antimicrobial resistance (AMR) is one of the major threats of the last century. The availability
of fast, economical, and selective methods for the identification of bacterial strains is therefore
a topic of great interest since it will rapidly allow a timely selection of the most appropriate
antibiotic class to treat the patient. The aim of this project is to create chemical tools that are
stimuli-responsive and intelligent, allowing for the quick identification of bacterial species in
vitro through the molecular identification of whole bacterial cells and/or small molecules

(microbial metabolites) produced by bacteria under normal and pathological circumstances.
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Fig.21: Representation of nanosensor for the detection of bacteria metabolite (left) and of bacteria cell wall
(right)

Recognition of the target relies on molecular receptors, such as calix[n]arens. Interactions
established between receptor and analyte may include electrostatic interactions, hydrogen
bonds, hydrophobic effects, dispersive forces, and generally all the necessary non-covalent
interactions typical of supramolecular chemistry. Each nanosensor must, through appropriate
functionalization and as a result of interaction with the target, cause a signal modulation so
that the analyte can be detected by the chosen technique. Advanced NMR techniques, such as
NMR chemosensing, STD-NMR, EPR techniques and fluorescent indicator displacement
assays (IDA) will be used to screen the different nanostructures, and to select the most
promising ones for further development.
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With the aim of testing different family of calix[4]arenes ligand for the bacteria wall targeting
we decided to synthetize the calixarenes shown in Scheme 1. These ligands were selected and

designed with the aim of testing different interacting groups and different charged
calix[4]arenes.

Scheme 1: Structure of the ligands studied in this chapter for bacteria wall recognition

The different bacterial classes differ in their cell wall composition. These molecular patterns
are different for the different class of bacteria and the ligands have been functionalized with

different functional group and different charges.
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Fig.22: Schematic representation of the aim of this work.%

The screening of the recognition properties of these calixarenes towards different bacteria
strains were studied using on-cell STD NMR experiments by professor Airoldi group from

University Milano Bicocca.
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Results and Discussion

3.8 Synthesis

The guanidino derivatives 9 and the methylsulfonato derivative 5 were already available in
our laboratory since previously synthesised by a master degree student,® while 3 was

synthesized as reported in the literature.®®

CH,0

THF,H,0,
CH3COOH
rt, 96h

Scheme 1: Synthetic strategy for the synthesis of compound 3

Proline is added to the upper rim of calix[4]arene in a single step by reaction with
formaldehyde in acetic acid and secondary amine. The reaction was monitored via ESI-MS
until the signals related to partial functionalization intermediates disappear. After 96h the
predominant signal was that related to the molecular ion of 3 and its sodium adduct. The
solution was then concentrated under reduced pressure, and the precipitate formed was
filtered and triturated with acetone. The pure product is obtained after recrystallization in an
ethanol/water/acetone mixture (1:1:2). Calix[4]arene 3 has also a very high solubility in water
which was estimated to be approximately 0.5 g/mL. Since the Mannich reaction provided a
relatively easy access to amino acid functionalized calix[4]arenes, other amino acids were
investigated. Following this same synthetic procedure, we were able to synthetize also

derivative 1, 6 and 7.
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Scheme 2: Synthesis of compounds 1, 6 and 7

Again, the reaction was monitored by ESI-MS analysis of the crude reaction mixture. In the
case of compound 1 after 96h it is still possible to see from the ESI-MS analysis (Figure 1)
the presence of the di- and tri-substituted intermediate even after several additions of the
reagents. The reaction mixture was then concentrated under reduced pressure. The solid
formed was filtered and washed with water to remove traces of acetic acid and the unreacted
amino acid. Calix[4]arene 1 is then obtained pure after trituration in THF and then methanol
with a 35% vyield.
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Fig. 1: ESI-MS spectrum after 96h of the reaction mixture to obtain 1. The analysis confirms the presence of
the product 1 and its intermediates.
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In the case of compounds 6 and 7, however, ESI-MS analysis performed on the crude after
96h still shows the presence of intermediates (Figure 2 and 3). As also in the case of 1, the
presence of several unknown species with molecular weights similar to the intermediates,
probably formed due to some secondary reaction, was also noted. From ESI-MS analyses
conducted on successive reactions, it was found that the intensity of signals related to these
by-products increases with increasing reaction times. Then after 96h the suspended solid was
filtered and washed with water to remove traces of acid. Compound 6 was triturated in
methanol to remove unreacted leucine and finally with THF in an attempt to solubilize any
traces of intermediates. The product was then obtained pure in 29% yield. Compound 7 also
precipitates from the reaction environment and this precipitate was filtered and washed with
water. The resulting solid was then triturated in methanol and then acetone and obtained pure
with a yield of 31%.
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Fig. 2: ESI-MS spectrum after 96h of the reaction mixture to obtain 7. The analysis confirms the presence of
the product 7 and the partially functionalised intermediates.

Unlike 3, these three derivatives are sparingly soluble in water. This is probably due to the

greater hydrophobic character of valine, leucine and phenylanine compared to proline. To
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analyze by ESI-MS the crude reaction samples are solubilized by addition of 1M NaOH
solution until the suspended solid is completely soluble and then diluted with methanol.

Compounds 1, 6, and 7 were fully characterised by 1D *H and 3C NMR, 2D (COSY, HSQC)
and ESI mass spectrometry. Stacked *H-NMR spectra of compounds 1, 6 and 7 are shown in
Figure 4. Due to their poor solubility in neat water, these compounds were characterised as
sodium salts after the addition of a 20 pL of a solution of NaOD in D20 (40 %w/v) to a
suspension of these compounds in D>0. The addition of the base allowed complete
solubilisation of what was the insoluble residue at neutral pH. At this pH the four carboxylic
moieties and at least one phenol ring of this compounds are deprotonated improving the

solubility in water.

32

\( 941.538
788.455 29.71%
304
28.55% i ‘S v/ %ﬁ
28] o ¢ )
o
635.382 =5 Y
264 A S 2 0
24.64% HO —_
24 on HO
6
224
- Y
18 fg T
781.394 NHz
16 14.76% ‘ /¢
14 \‘/\/0
12| ON o
o 934.49(
10| 636.355 9.27%
8.29% 789.517 —
8 r 7.33%
’l 856.450 935.477 942'7073
6 782.491 5.34% 5.14% _5.80%
44% -
4]
27 H ‘
Q‘IH | [N ’th‘\u\\\l‘\u um‘\m‘\m‘m‘.\m.‘“\\‘H.ILM\LM‘I“IJ\Mn‘l b m“\‘..‘ ‘HnLll.“m\m ‘MJ\ b dh . ‘Mﬂ‘h‘m.‘.‘ Ll Lm“lJ.‘l\u\‘\h.l.u\‘”‘Hw“hnmm‘\M.‘H. . mmWM\M‘u‘.mmmh\.‘ .\‘I‘ M ‘. Ju.\.“ alle i
2

620 640 660 680 700 720 740 760 780 800 820 840 860 880 900 920 940 960 980 100
m/z (Da)
Fig. 3: ESI-MS spectrum after 96h of the reaction mixture to obtain 6. The analysis confirms the presence of

the product 6, some intermediated and by-products.

The *H-NMR spectra of 6 and 7 are obviously very similar since leucine has only one
additional methylene group in its side chain compared with valine. In fact, as can be seen
from the NMR spectrum, the signal related to the proton bound to the chiral carbon of the

amino acids at about 2.6 ppm changes from doublet in valine to triplet in leucine.
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Furthermore, the presence of a unique enlarged singlet signal related to the aromatic protons
of calix[4]aren at about 6.9 ppm confirms that only the tetra functionalized product was
obtained.

In all three spectra it is possible to observe the two broadened signals related to the protons
of the axial methylene bridges of calixarene at about 4.2 ppm and those related to the
equatorial protons at about 3.2 ppm overlapped by the signal of newly formed methylene
between the calix[4]arene and the amino acids. In the spectrum of 1, it can be seen that the
signals relating to the aromatic protons of phenylalanine are broadened and overlap with the
calixarene signal. By analysing the integral of the aromatics proton and normalising the signal
relating to the benzyl CH2 of phenylalanine it was possible to confirmed the obtainment of

the product.
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Fig. 4: Stacked *H-NMR (450 pL D,0+20 pL NaOD, 400MHz, 25°C) of compounds 7 (red), 6 (blue) and 1
(green)
The presence of only a signal for the Ar-CHa-Ar carbon atoms, in the 3C-NMR spectra of
these compound, around 31 ppm indicate that these calix[4]arenes derivative are in cone
conformation at room temperature!® (calix[4]arenes in the partial cone or 1,3-alternate
conformations have *3C chemical shifts at ~37 ppm). Indeed, this chemical shift is compatible

also with a calixarene structure rapidly interconverting between the two inverted cone
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conformations, as is indeed expected. Cone conformation is certainly preferred because of the
presence of an array of H-bonds between the phenolic OH groups and the deprotonate
phenoxide O atom which is known to be present already from pH > 4. In fact, it is was
determined that the first deprotonation constant Ka in calix[4]arenes might be as low as 10733
hﬂ.lOl

In an attempt to obtain highly water-soluble calix[4]arenes derivatives, the classical procedure
was also applied to amino acids with polar side groups such as tyrosine, lysine, aspartic acid
and glutamic acid. Unfortunately, using these amino acids, the reaction does not lead to the
formation of the desired product, as also confirmed by the ESI-MS analysis, and at the end of

the process only the starting reagents are recovered.

_ (0]
o} H+
0 _
j/OH
. HN _ CHO
| THF,MeOH,
CH3;COOH
reflux, 96h

Scheme 3: Synthesis of compound 8

This is probably due to the higher polarity of these amino acids which makes them less soluble
in the reaction solvent. The procedure reported in the literature was then varied but the
reaction did not lead to the desired products even when changing the solvent mixture of the
reaction to more polar solvents such as DMF or 1,4-dioxane or heating the reactions to reflux.
Supposing that the higher water solubility (and higher yields) of 3 compared to 1, 6 and 7
might be related to the presence of a tertiary amine in the structure, we also tested the reaction
with sarcosine (N-methylglycine), that possesses, as proline, a secondary amine in place of
the primary amine of phenylalanine, valine and leucine. An effort to synthesize the sarcosine
functionalized calix[4]arene 8 using the same chemical conditions as for 3 (Scheme 1 and 2)
failed to produce a Mannich adduct: only the starting calix[4]arene was recovered. However,
when the solvent system was changed to tetrahydrofuran-methanol (1:1) to increase the
solubility of the reactants and the reaction solution was heated at reflux, the expected product

8 was produced in 54% vyield (Scheme 3).
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Fig. 5: Stacked *H-NMR (400MHz,25°C) of compounds 8 in D,O before in presence of a solid precipitate
(top) and after, clear solution (bottom) the addition of 20 uL of NaOD.

Upon cooling to room temperature the product precipitated as a white solid from the reaction
solution. The *H NMR spectrum of the D.O-soluble component was consistent with the
desired product 8: a singlet for the calixarene Ar-H, a singlet for the N-methyl group and two
singlets for the CH. groups of the NCH.CO group and of the ArCH:N between the
calix[4]arene and the sarcosine. Also, in this case, the presence of only a signal for Ar-CH,-
Ar around 31.5 ppm, in the *C-NMR spectra of this compound, indicates that these
calix[4]arenes are mainly present in a cone conformation. After the addition of a 20 pL of
NaOD solution, the entire solid is solubilized. The two NMR spectra, before and after addition
of NaOD in Figure 5 show no significant differences in signal composition, demonstrating
the homogeneity of product 8. Finally, as supposed, the water solubility of this compound is
not significantly lower than that of compound 3.

Following the “classical” procedure (THF/H20, CH3COOH) we were able to observe the
formation of the product and its intermediates by ESI-MS analysis also when glycine was
used as amino acid in the Mannich reaction. Unfortunately, the crude reaction mixture is

difficult to purify because contains several by-products with a higher molecular weight than
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the 2 (Figure 6). and despite different triturations in different solvents of the solid precipitated

by the reaction, attempts to obtain the pure product 2 were unsuccessful (Figure 7).
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Fig. 6: ESI-MS spectrum after 96h of the “classical” Mannich reaction with Glycine. The analysis confirms
the presence of the product but there are also by-products with much higher molecular weights.

Following the “classical” procedure (THF/H20, CH3COOH) we were able to observe the
formation of the product and its intermediates by ESI-MS analysis also when glycine was
used as amino acid in the Mannich reaction. Unfortunately, the crude reaction mixture is
difficult to purify because contains several by-products with a higher molecular weight than
the 2 (Figure 6). and despite different triturations in different solvents of the solid precipitated
by the reaction, attempts to obtain the pure product 2 were unsuccessful (Figure 7).
Resorcinarenes'®? have also been used as the C—H active compound in Mannich reactions.
Konovalov et al.,'%synthesized a glycine functionalized resorcinarene in the absence of a
protic acid catalyst. Acceptable yields were indeed obtained by heating the reaction at reflux

in a benzene/ethanol 1:1 mixture.
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Fig. 7: 'H-NMR (D,0+20uL NaOD, 400MHz,25°C) of the crude product of the “classical” (THF/H,0,
CH3COOH) Mannich reaction with glycine.

Taking inspiration from this works we also tested these conditions in an attempt to obtain
product 2 with glycine. The reaction was carried out in a Toluene/Ethanol 1:1 mixture without
the addition of protic acids as catalyst. A white precipitate began to form a few hours after
the reaction started. After 72 hours, the reaction was cooled to room temperature and the white

solid in suspension was filtered.

(0]
|
CH,0 (0]
—_—
Toluene/EtOH
reflux,72h
Y=69%

Scheme 3: Modified reaction conditions for the synthesis of compound 2

The precipitate is poorly soluble in water alone and the *H NMR spectrum (Figure 8) was

recorded in a solution of D20 with the addition of a 20 uL of NaOD. The *H-NMR spectrum
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of 2 is quite similar to that of the sarcosino 8 since the only difference in the structure of the

two molecules is the presence of methyl on the nitrogen atom for sarcosine.
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Fig. 8: Stacked *H-NMR (450 pL D,0+20 puL NaOD, 400MHz, 25°C) of compounds 2 (top) and 8 (bottom)

Furthermore, XRD analysis of a crystal of 2 (Figure 9) obtained in a H.O/MeOH/DMF
mixture shows that a DMF molecule is include within the cavity of calix[4]arene 2. The DMF
molecule is complexed within the calixarene cavity thanks to the formation of a CH-n
interaction between one of the methyl groups of DMF that points inside the cavity and an

aromatic nucleus of the calixarene.

Fig. 9: Crystal structure of compound 2 shows inclusion of one DMF molecule

The Mannich reaction thus proved to be efficient for link amino acids to the upper rim of

calix[4]arenes via a methylene group in only one synthetic step. In the case of all the products
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obtained, the tetra substituted compound, once formed, spontaneously precipitates from the
reaction mixture. This characteristic makes separation of the product easy as it can be isolated
simply by filtration. Given the poor solubility of these compounds in a wide range of organic
solvents and in water, purification from any unreacted amino acid is performed by trituration
in different solvents. A preliminary analysis of the reaction yields shows that there appears to
be a relationship between the water solubility of the amino acid used and the yields of the
reaction. In fact, when proline, glycine and sarcosine are used, the reaction leads to acceptable
yields. On the other hand, when amino acids with apolar side residues such as valine, leucine
and phenylalanine are used, the reaction yield is significantly lower and sometimes even half

of those with the previous amino acids.

3.9 STD NMR experiments

As already explained in the introduction of this chapter the STD-NMR experiment relies on
the fact that, for a weak-binding ligand, there is exchange between the bound and the free
ligand state. STD experiments were carried out on a suspension of bacteria in a solution of
the calixarene ligand and implies subtracting an on-resonance spectrum (a spectrum where
the bacteria cell wall was selectively saturated in a region with no signals of the ligand) from
an off-resonance spectrum (no saturation of the bacteria cell wall) of the same sample. In the
resulting difference spectrum, only the signals of the ligands that experience a saturation
transfer from the biomolecules (through spin diffusion and/or nuclear Overhauser effect)
appear.194 The feasibility of on-cell STD NMR experiment for the detection of the ability of
ligands 1, 2 and 3 to interact with bacteria were carried out on samples containing the three
following different bacteria as representatives of Gram-negative, Mycobacteria and Gram-

positive bacteria:

Pseudomonas putida (Gram-negative bacteria)
Mycobacterium smegmatis (Mycobacteria)

:\:0 Staphylococcus epidermidis (Gram-positive bacteria)
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In this preliminary studies only calix[4]arenes 1, 2 and 3 were employed for the class of
zwitterionic calix[4]arenes. For further analysis, positively charged calix[4]arene 9
functionalised at the upper rim with four methyl guanidinium units and calix[4]arene 5

functionalised at the upper rim with 4 methyl sulfonate groups were also tested.

Fig.10: Structure of the ligands studied in this chapter for bacteria cell wall recognition

Ligands were employed in the millimolar range of concentration (2 mM) and dissolved in a
mixture composed by d-PBS and de-DMSO. For experiments with bacteria cells, 2 aliquots
of freeze-dried cells (ODgoonm = 1.5 in 750 pL) were resuspended in distilled water and then
washed in d-PBS 10 mM, by centrifugation. Pellets were reunited and suspended in 32 pL of
d-PBS and added to the disposable insert. The best on-resonance selective irradiation
frequency, assuring a good saturation transfer from the receptor to ligands without the direct
saturation of its resonances were 5.15, 0.5 or -1.0 ppm. Notably, a high signal-to-noise ratio
was achieved with a very low number of scans (256), implying acquisition times of about 30
min. These acquisition times are short enough to assure that cell integrity and viability are

preserved during measurements.
3.9.1 On-cell STD NMR experiments with ligands 1, 2 and 3

The screening of the recognition properties of calixarenes 1, 2 and 3 towards different bacteria
strains were studied using on-cell STD NMR experiments by Professor Cristina Airoldi group

at University Milano Bicocca.
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Fig.11: *H-NMR (d-PBS +20% ds-DMSO) on-resonance spectra of a sample containing calixarene 2 (2
mM) and Pseudomonas putida (OD 1 in 750uL x 2 pelleted resuspended in 25 pL of d-PBS) (trace 1),
Staphylococcus epidermidis (OD 1 in 750uL x 2 pelleted resuspended in 25 uL of d-PBS) (trace 3),
Mycobacterium smegmatis (OD 1 in 750uL x 2 pelleted resuspended in 25 pL of d-PBS) (trace 5). STD NMR
spectra (trace 2, 4 and 6) acquired in presence of ligand 2 and the three different bacterial strains. Ligand 2
interact only with the surface of gram-negative cells, as some of the compound resonances appeared in the
STD spectrum (trace 2).

STD spectra acquired of calixarene 2 in presence of the different bacteria strain are shown in
Figure 11. STD spectra showed that neither Mycobacterium smegmatis (Figure 11, trace 6),
nor Staphylococcus epidermidis (Figure 11, trace 4) interact with this ligand, as no resonances
of these ligands appears in the resulting STD spectra. In stark contrast, the STD experiment
with the Pseudomonas putida would appear to show an interaction with calixarene 2 as
evidenced by the appearance of ligand signals in the corresponding STD spectrum. From this
STD spectrum it can also be seen that both the aromatic signals related to the calixarene
scaffold and the singlet signals related to glycine are present suggesting that both are involved
in the molecular recognition process and that the scaffold could contribute to stabilize the
interaction with the bacteria cell wall constituents. The same experiment was then repeated
for calixarene 1 and 3 to evaluate the degree of the interaction when other groups are present
on the calixarene scaffold. STD spectra acquired of calixarene 1 in presence of the different

bacteria strain are shown in Figure 12.
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Fig.12: *H-NMR (d-PBS +20% ds-DMSO) on-resonance spectra of a sample containing calixarene 1 (2
mM) and Pseudomonas putida (OD 1 in 750uL x 2 pelleted resuspended in 25 pL of d-PBS) (trace 1),
Staphylococcus epidermidis (OD 1 in 750uL x 2 pelleted resuspended in 25 pL of d-PBS) (trace 3),
Mycobacterium smegmatis (OD 1 in 750uL x 2 pelleted resuspended in 25 pL of d-PBS) (trace 5). STD NMR
spectra (trace 2, 4 and 6) acquired in presence of ligand 1 and the three different bacterial strains. Ligand 1
interact only with the surface of gram-negative cells, as compound resonances appeared in the STD
spectrum (trace 2).

Also in this experiment it is possible to note how calixarene 1 selectively interacts only with
the cell wall of the Pseudomonas putida bacterium as demonstrated by the appearance of the
ligand signals in the resulting STD spectrum (Figure 12, trace 2). As in the previous case,
also in this case in the experiments conducted with Staphylococcus epidermidis (Figure 12,
trace 4) and Mycobacterium smegmatis (Figure 12, trace 6), no ligand signals can be seen in
the STD experiments because of the absence of interaction with these cell walls. Unlike the
previous case (Figure 11, trace 2), in the STD NMR experiment with 1, the ligand signals
appear clearer and more intense. As already explained in the introduction the hydrogen atoms
closest to the cell surfaces will have stronger signals due to a more effective saturation
transfer. Given the greater intensity in the STD spectra of the signals relating to 1 compared
to 2, it can be concluded that the binding between the bacterial surface and the ligand is
stronger in the case of 1. From the STD spectrum it can also be seen that the aromatic signals

related to the calixarene scaffold and the signals related to phenylalanine are present
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suggesting that both are involved in the molecular recognition process. Finally calix[4]arene

3 was also tested with the three different bacteria strain.
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Fig.13: *H-NMR (d-PBS +20% ds-DMSO) on-resonance spectra of a sample containing calixarene 3 (2
mM) and Pseudomonas putida (OD 1 in 750uL x 2 pelleted resuspended in 25 pL of d-PBS) (trace 1),
Staphylococcus epidermidis (OD 1 in 750uL x 2 pelleted resuspended in 25 L of d-PBS) (trace 3),
Mycobacterium smegmatis (OD 1 in 750uL x 2 pelleted resuspended in 25 pL of d-PBS) (trace 5). STD NMR
spectra (trace 2, 4 and 6) acquired in presence of ligand 3 and the three different bacterial strains. Ligand 3
interact only with the surface of gram-negative cells, as compound resonances appeared in the STD

spectrum (trace 2).

The results of this experiments are shown in Figure 13. Also in this case, it seems that there
is a preferential interaction with the gram-negative bacterium (Figure 13, trace 2). As in the
previous case, it appears to be a greater interaction of 3 with the bacterial cell wall compared
to calixarene 2.

In parallel to zwitterionic calixarenes 1-3, similar experiments were also performed with the
p-methylsulfonato calixarene 5 and the p-methylguanidino calixarene 9. The STD
experiments with these families of calixarenes are not reported here. However, it has been
shown that calixarene 5 shows a complete lack of affinity towards all three bacterial families

(no ligands signals appear in the STD spectra). This may not be surprising since the cell wall
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of gram-positive and -negative bacteria expose negative charges of the phosphate groups thus
unfavourably interfering in the binding of the negative charged ligand.

In the case of positively calix[4]arene 9 the situation is quite different. In fact, this ligand is
totally aspecific towards gram-positive and -negative bacteria as it recognizes both of them
with high affinity. This is not surprising considering the high affinity that guanidinium groups
possess towards phosphate groups.1®
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Fig.14 Schematic and qualitative representation of the results obtained from the screening experiments
between the three different bacteria classes and the calixarenes 1, 2, 3, 5 and 9. The red crosses on the
cartoon of the bacteria strains mean very weak or no binding

3.9.2 STD NMR experiments with ligands 1, 2 and 3 and LPS

As already mentioned in the introduction, the principal and more typical component of the
cell wall of gram-negative bacteria is LPS. Lipopolysaccharides (LPS) are large molecules

consisting of a lipid and a polysaccharide (Figure 15).
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Fig.15 Schematic representation of a generic LPS structure
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It was hypothesised that LPS, being the principal component exposed on the cell wall of gram-
negative bacteria was also the component responsible for the interaction with zwitterionic
ligands. To shed lights on this point, STD NMR experiments with calixarene 3 and LPS from
Escherichia coli were carried. Two different experiments were conducted, shown in Figure
15. In the first case, a 10 mM stock solution in d-PBS of LPS from E. coli was added to a
solution of 3 (2mM) in d-PBS. In the second STD experiment, LPS was dispersed in d-SDS
(deutero Sodium Dodecyl Sulfate) micelles in an attempt to mimic the bacteria cell wall
conditions. These two experiments together seem to confirm the presence of an interaction
between LPS and calixarene 3. In fact, the ligand signals emerged in STD experiment with
both free LPS (Figure 15, trace 2) and LPS dispersed in d-SDS micelles (Figure 15, trace 4)
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Fig.15: 'H-NMR (trace 1 and 3) and STD NMR (trace 2 and 4) spectra of a sample containing calixarene 3
(2 mM) and LPS (0.2 mg/mL) in d-PBS +20% ds-DMSO (trace 1 and 2) and LPS (0.8 mg/mL) d-PBS +20%
ds-DMSO+ d-SDS (10 mM) (trace 3 and 4).

3.10 Conclusion

Amino acids were attached to the upper rim of calixarenes, preserving their zwitterionic
structure, thanks to the general and fast methods of the Mannich reaction. In this work, it was

further extended the previous reported study, applied only to proline, by using also other
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natural amino acids. This reaction provided a relatively easy access to zwitterionic
calixarenes, but only when Glycine, Sarcosine, Valine, Leucine and Phenylalanine were used.
The X-ray structure of 2 was obtained showing the inclusion of a DMF molecule in the
calixarene cavity.

The screening of the recognition properties of these calixarenes towards different bacteria
strains were studied using on-cell STD NMR experiments by Professor Airoldi group at
University Milano Bicocca. Calixarene 1, 2 and 3 were proved to have greater affinity and
selectivity with Pseudomonas putida, a gram-negative bacterium while calixarene 9 show
affinity with both Gram-positive and Gram-negative bacteria. It was finally shown that the
zwitterionic calixarene 3 binds to LPS, exposed on Gram-negative bacteria cell wall, and
might therefore be the component recognized by this class of zwitterionic calixarene ligands

in the “on-cell experiments”.
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Experimental Part

3.11 General information

'H-NMR and *C-NMR spectra were recorded on Bruker AV400 spectrometers and partially
deuterated solvents were used as internal standards to calculate the chemical shifts (6 values
in ppm). All ¥C-NMR spectra were performed with proton decoupling. Electrospray
ionization (ESI) mass analysis were performed with a Waters single-quadrupole spectrometer
in positive mode using MeOH or CH3CN as solvents. High resolution mass spectra were
recorded on a LTQ Orbitrap XL instrument in positive mode using MeOH as solvent. Melting

points were determined on an Gallenkamp apparatus in closed capillaries.
3.12 Bacterial strains and media

Pseudomonas putida (ATCC® 47054™), Escherichia coli MG1655 (ATCC® 700926™) and
Mycobacterium smegmatis (ATCC® 700084™) were grown in LB broth at 37 °C aerobically
under agitation in orbital shaker at 150 rpm, for 24 hours; Staphylococcus epidermidis
(ATCC® 12228™) was grown in Nutrient Broth at 37 °C aerobically under agitation in
orbital shaker at 150 rpm, for 24 hours. Bacterial cells were harvested and washed 2 times
with PBS 10 mM at 1500 xg for 15 minutes at 4°C. Pellets were resuspended in PBS 10 mM
(ODeoonm = 1.5) and freeze-dried in 750 pL aliquots.

3.13 On-cell STD NMR experiments
- Sample preparation
8 pL of 10 mM stock solution in de-DMSO of test molecule were added to Disposable Kel-F

inserts for 4 mm ZrO, MAS rotor (final concentration 2 mM).

For experiments with ligand alone, 32 pL of deuterated PBS 10 mM were added to the

disposable insert (total volume 40 pL).

For experiments with cells, 2 aliquots of freeze-dried cells (ODesoonm = 1.5 in 750 pL) were

resuspended in distilled water and then washed in d-PBS 10 mM, by centrifuging for 7.5 min
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at 3000 xg. Pellets were reunited and suspended in 32 uL of d-PBS and added to the

disposable insert (total volume 40 puL).

For experiments with LPS, 3.2 or 6.4 uL of 5 mg/mL in d-PBS 10 mM stock solution of LPS
from E. coli were added to the disposable insert (final LPS concentration 0.4 or 0.8 mg/mL).
28.8 or 25.6 pL of d-PBS 10 mM were then added to the disposable insert to reach the total
volume of 40 L.

For experiments with LPS dispersed in d-SDS micelles, 3.2 or 6.4 pL of stock solution 5
mg/mL in d-PBS 10 mM of LPS from E. coli, and 4 uL of 100 mM in d-PB (20 mM) stock
solution of d-SDS, were added to the disposable insert (final LPS concentration 0.4 or 0.8
mg/mL; final d-SDS concentration 10 mM). 24.8 or 21.6 puL of d-PBS 10 mM were then

added to the disposable insert to reach the total volume of 40 pL.

- NMR spectra acquisition
NMR spectra were acquired by using a Bruker Avance 11l 600 MHz NMR spectrometer,
equipped with a HR-MAS probe. *H-NMR spectra were acquired with 16 scans. STD NMR
spectra were acquired with 256 scans, selective irradiation frequency 5.15, 0.5 or -1.0 ppm,
saturation time 3.0 s, off-resonance irradiation frequency 30 ppm, at 310 K and at a spinning
rate of 3 kHz.

Synthesis of p-(L-proline-N-methyl)calix[4]arene 3

In a round bottom flask calix[4]arene (2 g, 4.8 mmol), tetrahydrofuran (45 mL), L-proline (6
mmol for each aromatic of the scaffold) dissolved in water (7 mL), glacial acetic acid (5.6
mL) and formaldehyde (2.0 mL, 37% w/v, 27 mmol) were combined and left stirring at room
temperature for 96 hours. The liquid was decanted and drained well from the product that
deposited on the flask wall. The flask was triturated with acetone and the solution then
filtered. The precipitate was washed with acetone and then recrystallised from water/ethanol
acetone (1:1:2)- to yield a white solid (3.7 g; yield 77%). 'H NMR (D20): & (ppm) 7.03 (s,
8H, ArH), 3.88-3.83 (broad s, 8H, ArCH>Ar), 3.82-3.67 (s, 8H, ArCH:N), 3.67-3.54 (broad
t, 4H, NCH), 3.35-3.18 (broad m, 4H, CH2N), 2.98-2.75 (broad m, 4H, CH2N), 2.20-1.82
(broad m, 4H, CHCHy), 1.82-1.40 (broad m, 12H CHCHy>). The compound showed the same

physico-chemical properties as those reported in literature.1%
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General procedure for the Mannich reaction to form the zwitterionic calix[4]arenes 1,
6,7and 8

In a round bottom flask calix[4]arene (Lmmol), tetrahydrofuran (15 mL), amminoacids (6
mmol for each aromatic of the scaffold) dissolved in water (2 mL), glacial acetic acid (2.8
mL) and formaldehyde (0.5 mL, 37% w/v, 7 mmol) were combined and left stirring at room

temperature for 96 hours. The precipitated solid was filtered and washed with cold water.

Synthesis of p-(L-phenylalanine-N-methyl)calix[4]arene 1

The pure product was obtained by trituration with tetrahydrofuran then methanol to give a
pale-yellow solid (0.450g, yield 35%) mp >320°C dec; *H NMR (400 MHz, DO+NaOD) &
(ppm) 6.69-6.66 (broad m, 28 H, ArH), 4.11(broad s, 4H, ArCHaxAr), 3.15-2.97 (broad m,
16H, ArCH2N+ArCHegAr+NCHCOOH), 2.43-2.63 (m, 8H, CH2 Phe); 13C NMR (100 MHz,
D>0O+NaOD) 181.3 (C=0), 151.8 (C-OH), 137.8 (Ar), 130.9 (Ar), 129.5 (Ar), 128.6 (Ar),
128.1 (Ar), 126.2 (Ar), 63.1 (N-CH-COOH), 50.2 (Ar-C-N), 38.6 (Ar-CH>-CH), 31.6 (Ar-
CHz-Ar). ESI-MS m/z calcd for CesHeoN4O12 [(1+H)*] 1134.29, found 1134,51, calcd for
CesHs7N4O12Na [(1+Na)*] 1155.27, found 1155.51, calcd for CesHe7N4O12K [(1+K)] 1171.38
found 1171.52

Synthesis of p-(L-valine-N-methyl)calix[4]arene 7

The pure product was obtained by trituration with methanol then acetone to give a white solid
(0.350g, yield 31%) mp >300°C dec; *H NMR (400 MHz, D,0+NaOD) & (ppm) 6.89 (s, 8H,
ArH), 4.78 (broad s, 4H, ArCHaxAr), 3.37-3.11 (m, 12H, ArCH2N+ArCHegAr), 2.67 (d, J= 6
Hz, 4H, NHCHCOOH), 1.67-1.60 (m, 4H, CH(CH3)2), 0.73-0.79 (dd, J= 7 Hz, 24H,
(CH3)2); 13C NMR (100 MHz, D,0+NaOD) § (ppm)181.5 (C=0), 152.2 (C-OH), 130.6 (Ar),
129.7 (Ar), 128.4 (Ar), 68.1 (N-CH-COOH),50.4 (Ar-CH2-N), 31.6 (Ar-CH.-Ar), 30.3
(CH(CHs5)z2), 18.6 (CHa), 18.3 (CHz3). ESI-MS: m/z calcd for Cs2HesN4O12 [(7+H)*] 941.12,
found 941.43, calcd for Cs2He7N4O12Na[(7+Na)*] 963.10 found 963.79

Synthesis of p-(L-leucine-N-methyl)calix[4]arene 6
The pure product was obtained by trituration with methanol then tetrahydrofuran to give a
white solid (0.320g, yield 29%) mp >310°C dec, *H NMR (400 MHz, D20+NaOD) & (ppm)

6.73 (s, 8H, ArH), 4.06 (broad s, 4H, ArCHaxAr), 3.24-2.99 (m, 12H, ArCH:N+ArCHeAr),
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2.73 (t, J=7 Hz, 4H, NHCHCOOH), 1.10-0.98 (m, 8H,CH>(CH3)2 ), 0.47 (d, J= 6.3 Hz, 12H,
CHs), 0.24 (d, J= 6.3 Hz, 12H, CHz3); 3C NMR (100 MHz, D2O+NaOD) & (ppm) 183.1
(C=0), 152.8 (C-OH), 130.3 (Ar), 129,1 (Ar), 128.3 (Ar), 61.1 (N-CH-COOH), 50.3 (Ar-
CH2-N), 42.2 (CH-CH2-CH(CHBa)2), 31.1 (Ar-CHz-Ar), 24.4 (CH(CHz3)2), 21.8 (CHs), 21.4
(CHg); ESI-MS: m/z calcd for CsgH77N4O12 [(6+H)"] 997.22, found 997.65, calcd for
CssH7sNsO12Na [(6+Na)*] 1019.20, found 1019.67, calcd for CsgH7sNsO12K [(6+K)*]
1035.31 found 1035.56

Synthesis of p-(L-sarcosine-N-methyl)-calix[4]arene 8

The pure product was obtained by trituration with hot methanol and then acetone to give a
white solid (0.200 g, yield 54%) mp >293 °C dec, *H NMR (400 MHz, D.O+NaOD) & (ppm)
6.92 (s, 8H, ArH), 4.17 (broad s, 4H, ArCHaxAr), 3.27 (broad s, 12H, ArCH2N+ArCHegAr),
2.87 (s, 8H, N-CH-COOH), 1.99 (s, 12H, OCHs); *C NMR (100 MHz, D20+NaOD); §
(ppm) 178.6 (C=0), 152.8 (C-OH), 130.4 (Ar), 129,9 (Ar), 127.3 (Ar), 59.8 (N-CH2-COOH),
59.5 (Ar-CH2-N), 40.6 (N-CH3), 31.5 (Ar-CHz-Ar); ESI-MS: m/z calcd for CasHs3N4O12
[(5+H)*] 829.90, found 829.53, calcd for CasHs1N4O12Na [(5+Na)*] 850.89, found 850.98.

Synthesis of p-(L-glycine-N-methyl)calix[4]arene 2

In a round bottomed flask calix[4]arene (0.5 g, 1.18 mmol), ethanol (3 mL), toluene (10 mL),
glycine (5 mmol for each aromatic of the scaffold) dissolved in water (2 mL), and
formaldehyde (0.5 mL, 37% w/v, 27 mmol) were combined and left stirring at 100 °C for 72
hours. After cooling to room temperature, the white solid was filtered and triturated with hot
ethanol to give the pure product as a white solid (0.630g, yield 69%) mp >280 °C dec, H
NMR (400 MHz, D,0+NaOD) & (ppm) 6.99 (s, 8H, ArH), 4.15 (broad s, 4H, ArCHaxAr),
3.83 (s, 8H, NH-CH2-COOH), 3.24 (broad s, 12H, ArCH2N+ArCHgAr); 3C NMR (100
MHz, D,0+NaOD) & (ppm) 171.1 (C=0), 153.5 (C-OH), 131.3 (Ar), 129,8 (Ar), 122.1 (Ar),
49.9 (NH-CH2-COOH), 47.7 (Ar-CH2-N), 31.4 (Ar-CH2-Ar). ESI-MS: m/z calcd for
CaoHasN4O12 [(6+H)"] 773.80, found 773.22, calcd for CaHasN4O12Na [(6+Na)™] 794.78,
found 794.24, calcd for C40H43N4O12K [(6+K)*] 810.89 found 811.02.

Table 1 Crystal data and structure refinement for 2
Empirical formula Cu2.25H62.06N4.75NaO19.95
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Formula weight 978.76
Temperature/K 200.0

Crystal system monoclinic

Space group P2i/n

alA 9.8654(3)

b/A 27.7900(9)

c/A 17.9538(6)

a/° 90

p/e 102.504(2)

v/° 90

Volume/A3 4805.5(3)

Z 4

Peaicg/cm?® 1.353

wmm?t 0.988

F(000) 2078.0

Crystal size/mm3 0.08 x 0.07 x 0.02
Radiation CuKo (A =1.54184)
20 range for data collection/° 6.362 to 140.732
Index ranges -12<h<12,-33<k<33,-21<I<18
Reflections collected 89011

Independent reflections 9122 [Rint = 0.1094, Rsigma = 0.0404]
Data/restraints/parameters ~ 9122/6/698

Goodness-of-fit on F? 1.027

Final R indexes [[>=26 (I)] R1=0.0697, wR, =0.1938

Final R indexes [all data] R1=0.1027, wR; = 0.2231

Largest diff. peak/hole / e A 0.75/-0.41
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Introduction

4.1 Protein

Proteins! are big macromolecules that have several roles in living organisms. They are made
up of one or more polypeptide sequences that give them a complex and distinctive 3D
structure known as protein folding? and define their specific biological function. Proteins are
recognized to act as enzymes and antibodies in living organisms, catalysing many type of
biological transformations® and overseeing immune response activation?, respectively. They
also contribute in cell signaling®® acting as selective receptors on the cell surface to regulate
cell proliferation, growth, and differentiation’, and transporting or storing numerous types of
chemicals across the cell membrane. Protein receptors are often also the targets of viruses and
bacteria to attach the cell membrane’, and in cancer, where they may enhance metastasis
growth and its spread. ° Furthermore, proteins can play a variety of crucial mechanical and
structural roles, since they are constituents of connective tissues, cell cytoskeletons, animal
shells, and muscles.®'%! The identification of particular counterparts, which can be
macromolecules such as nucleic acids, polysaccharides, and other proteins, or tiny molecules
such as oxygen, metal cations, peptides, and other forms of ligands?~4, is a property shared
by all proteins. To properly understand how these processes occur, it is critical to get the most
detailed characterization of the mechanism of the interactions involving the given protein-
ligand pair, both energetically*>® and structurally.!”*8 Understanding the nature of these
interactions will help medicinal chemists to propose drug to inhibit or, on the contrary, restore
the (self)recognition functions lost as a result of alterations, aiding in the development of
effective therapies. Indeed, many drugs are already on the market, which are often also
mimics of their natural substrates and interact with target proteins to interfere with or control
their function. In details, these interactions may either prevent protein aggregation®® or
particular protein-protein interactions?®, which have a pathological effect on the human body,

or they can promote, control, and maintain oligomerization processes®®, which have a
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favourable physiological effect. To improve the binding efficiency and selectivity of designed
ligands, chemists try to optimize the complementarity of their lead compounds with the
selected counterparts in protein structures, identifying hydrophobic domains, charged groups,
polarized residues, hydrogen bonding donors and acceptors, and their reciprocal positions and
distances. Moreover, for targets with relatively extended surfaces or multiple binding sites a

powerful tool, multivalency, can be also taken in account to give a helpful contribution.

4.2 Multivalency

Multivalency?! is the capacity of one entity, particle, or molecule to bind another entity,
particle, or molecule at the same time, producing several binding site-ligand complexes or
contacts, each governed by non-covalent interactions (Figure 1). Nature exploits multivalency
as a potent tool to produce selective and strong, yet reversible interactions, especially when
the single complex formed by the substrate and the corresponding binding site is relatively
low (Kp in the millimolar range). One of the most fundamental characteristics of a multivalent
interaction is that it increases the overall binding constant in comparison to the sum of the

binding constants of the equivalent single monovalent events.

[C = = (o

monovalent monovalent monovalent
receptor ligand complex

. = G-
—C = _, B

-
+ = P =
——
&
multivalent multivalent multivalent

receptor ligand complex

Fig. 1: monovalent and multivalent complex formation comparison??

A multivalent ligand can bind to a multivalent receptor in a variety of ways (Figure 1). The

initial contact is obviously intermolecular. Following that, once a complexed form has been
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created, both inter- and intra-binding events are possible. If the former is predominant, the
binding results in intermolecular aggregates of varied stoichiometry; if the latter is
predominant, the binding results in the creation of a 1:1 receptor-ligand multivalent complex.
Multivalency is also typically associated with a positive avidity entropy, a statistical term that
grows fast with complex valency, constantly favoring binding and compensating for the loss
of conformational entropy that occurs during multivalent complex formation. According to
Jenks?, the following formula may be used to a multivalent binding from a thermodynamic

perspective:

eql)  AG°mui =n AG°mono + AG interaction
where AG°mono IS the standard free energy provided by a ligand monovalent binding to a
receptor and AG°mui IS the standard free energy provided by a multivalent ligand in the
interaction with the same receptor. AG°muri takes into account avidity (AG®interaction), Which is
an extra free energy component that balances the positive and negative impacts of tethering.
Kitov and Bundle®* proposed a new parameter to simplify thermodynamic analysis by
rearranging the terms in eq 1, based on the idea that multivalent interactions are the
consequence of an initial intermolecular binding, followed by subsequent intramolecular
interactions. As a result, AG°mono = AG®inter, Which is distinct from the free energy of all future
interactions (n-1) AG®intra = (N-1) AG°mono + AG®interaction. AS @ consequence, the following

eq.2 is valid:

eq2)  AG°muti =N AGPinter + (N-1) AGintra - RT In Qn
governed by the Boltzmann-like distribution law. A third term (- RT InQ,) was added to eq 2,
which conforms with the generalized Boltzmann-Gibbs concept of entropy and is given in
entropy units. This last element was given the label of "avidity entropy,"” AS°avidiy, because it
expresses the probability of the interaction rather than its strength. Furthermore, because it
measures the chaos in the distribution of microscopically different complexes, this form of
entropy is specific to multivalent interactions. When the number of binding sites per protein
receptor and the number of ligand branches increase consistently, AS®aidgiy may not always
be favourable. In fact, Kitov and Bundle explore an interaction between an oligomeric protein
receptor and a multivalent ligand under the two limiting circumstances. The first is that all of
the n receptor binding sites and all of the branches of the multivalent ligand are independent

but have similar binding characteristics. The second is that only one multivalent ligand may
150



Chapter 4: Calix[4]arenes-based ligands for proteins surfaces recognition

attach to the oligomeric receptor at a time. If, upon formation of the complex, the steric
crowding increases, it may happen that no additional interaction can occur or they take place
less favourably that in the monovalent binding, even with vacant binding sites. As a
consequence, the number of available binding sites decreases consistently and AS°®avidity

becomes unfavourable.

] T e

H H(“‘2)AG:m -
P
= 3\
~
multivalent complex intermolecular aggregate

Fig. 2: Different ways in which a multivalent ligand can bind to a multivalent receptor??

\
I
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To quantitatively evaluate multivalency, Whitesides and co-workers®® created the
enhancement factor B. This is the ratio between a multivalent ligand binding constant (Kmurti)
for a multivalent binding to a multivalent receptor and a monovalent ligand binding constant

(Kmono) for monovalent binding to the same multivalent receptor:

eq 3) B= Kmutti/ Kmono
When B >> 1 there is a clear positive effect in tethering monovalent ligands in a multivalent

one. This enhancement factor has the advantage of being used even if the number of the
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effective single binding interactions is unknown. One disadvantage is that it does not allow
to properly evaluate the effects of cooperativity?® and of the symmetry effect.

Another parameter ofter used to evaluate multivalency is the relative potency (rp), which is
defined as the ratio of the 1Cso values of the monovalent ligand (ICso mono) and the

multivalent ligand (1Cso multi):

eq 4) rp = 1Cs0 mono /1Cs0 mutti

where the 1Cso value of a substance is the concentration required to block the examined
process by 50% and provides a measure of its efficacy. Also in this case if rp >> 1 there is a
positive effect of the multivalent ligand.

When the cluster valency n is known, the enhancement factor and relative potency rp can both
be normalised by dividing their values by n, yielding the p/n and rp/n parameters, which
measure the gain of each ligating unit obtained by its multivalent presentation in comparison
to the same ligating unit used alone in a monovalent interaction with the multivalent receptor.
These characteristics are excellent tools for comparing the efficiency of clusters with varying
valency, topology, and linker. Clusters with high B/n or rp/n values (>>1) are more efficient
ligands/inhibitors than their monovalent counterpart (the single ligating unit) and thus have a
positive multivalent effect, whereas clusters with low B/n or rp/n values have a lower
affinity/inhibition than the monovalent ligand and thus have a negative multivalent effect. f/n
or rp/n values lower than 1 indicate there are only disadvantages in linking monovalent units
together.

Based on these concerns and information, in recent years, numerous research groups
interested in the creation of protein ligands have used multivalency to design and manufacture
multivalent systems as potentially extremely effective protein modulators. Numerous copies
of multivalent ligands have unique features because they can probe multivalent cell/protein
surfaces with multiple binding events. They also offer several benefits since the scaffold
structure, identity of binding elements, number of binding units, and linker joining ligating
units to the scaffold may all be changed systematically based on the structural and chemical
characteristics of the target proteins?’. Furthermore, protein-protein or protein-ligand
interactions need a high amount of preorganization in some circumstances. Multivalent

ligands can exhibit many copies of the ligating units in a pre-organized manner, giving these
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designed compounds unusual features. There are various scaffold families with varying
structure, flexibility, and valency that are crucial in the synthesis of synthetic multivalent
ligands for targeting protein-protein and protein-ligand interactions?®. They differ chemically,
but they often have a central core, the scaffold, that carries multiple covalent connections that
determine the valency of the cluster, linkers or spacers, and peripheral functions or ligating

units.

4.3 X-ray crystallography as a technique for the study of protein-ligand
interactions

Several experimental approaches may be used to investigate the various aspects of protein-
ligand interactions. X-ray crystallography, nuclear magnetic resonance (NMR), Laue X-ray
diffraction, small-angle X-ray scattering, transmission electron microscopy (TEM), scanning
electron microscopy (SEM), and cryo-electron microscopy (cryo-EM) provide (near-)atomic-
resolution of the structure of protein ligand-complexes and related larger aggregates while
isothermal titration calorimetry (ITC) is the most effective method for obtaining a
comprehensive thermodynamic characterization of the corresponding binding processes?.
Among them one of the most dependable method for determining the structural
characterisation of these processes in the solid state continues to be X-ray diffraction of
protein-ligand co-crystals.>*32Since the three-dimensional structure of these macromolecules
governs their functionality, protein crystallization is a potent technique to get definitive
structural information. To create therapeutic treatments and novel medications, it is
imperative to be able to see how proteins and ligands interact.

The stability of the protein-ligand complexes and the strength of the connections that permit
the crystallization of the entire complex rather than just a single ligand or macromolecule are
limiting factors for the structural determination of these complexes. Additionally, crystals
containing both counterparts must be large enough and possess the correct physical quality to

permit diffraction. The fundamental stages of the crystallization process are:

e Nucleation, in which a sufficient number of molecules combine to create the critical

nucleus, which provides the surfaces essential for crystal formation.
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e Growth, in which new molecules diffuse from the bulk solution to the surface of
crucial nuclei and adhere to them to create the crystal lattice via particular and highly
directed interactions.

e End of growth, occurs when the protein content in the bulk solution falls below the
saturation level or when the developing lattice is destabilized by deformation-induced
strain or the presence of contaminants.

The protein-ligand co-crystallization process can be described as a subset of protein
crystallization in which the presence of the ligand is one of the variables that must be
optimized to obtain the desired co-crystals, along with pH, temperature, protein concentration,
precipitant agent concentration, and other additives.®*-%> Bi-dimensional phase diagrams,
which are commonly used to describe standard protein crystallization (Figure 5)3%33 can
thus be used to conveniently represent this process. In these diagrams, the stable states of the
protein (liquid, crystalline, and amorphous solid) are each shown as a function of only two of
these parameters at a given time, with the initial protein concentration typically acting as one

of these parameters.

stable

soluble state
(undersaturation) solubility line

Precipitant concentration—»

Protein concentration —»
§]

Fig.5: Schematic illustration of a protein crystallization phase diagram36

The following schematic regions may be identified: an undersaturation zone, which is

bordered by the values of [P] (Protein concentration) and the other adjustable variable where
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the protein is soluble in the examined medium, and a supersaturation zone. The latter region

is further subdivided into three sections:

- the precipitation zone, when supersaturation levels are too high and amorphous aggregates

form;

-the nucleation one, in which crystal formation around crucial nuclei begins and crystal

growth begins;

-and the metastable zone, where nucleation is kinetically inhibited and only slowdown growth

may OcCcCur.

To achieve ideal crystallization conditions, the many factors that influence the process should
be modified to push the system as near to the border with the metastable nucleation zone as
possible. As a result of the progressive drop in protein concentration during the process, once
nucleation starts, the system will easily move into the metastable zone, where growth happens
slowly and the final crystal will be of higher quality. Despite substantial research into the
physicochemical principles that govern protein crystallization, a complete understanding of
this phenomena has not yet been reached, and obtaining protein crystals appropriate for X-
ray diffraction remains a difficult issue. When the goal is to crystallize the target protein
together with its ligand, additional problems arise since the presence of the binding partner
represents an additional parameter to be adjusted. However, according to the great interest
connected to this topic, several methods for protein-ligand co-crystallization have been
developed over the years. The vapour-diffusion experiment®’-3 which has also been employed
in this thesis study, is by far the most widely used. This method involves equilibrating an
aqueous droplet containing the protein, the ligand, the buffer, and the precipitating agents
(typically inorganic salts or high molecular weight polyethylene glycols (PEGs)) against a
reservoir solution made up of the same buffer and precipitant agents but in a higher
concentration. Since they contain differing amounts of buffer and precipitants, water will
slowly diffuse from the crystallization mixture to the reservoir solution, increasing the
concentrations of the protein and ligand and, in certain situations, resulting in their co-
crystallization. These tests are carried out on suitable plates with hermetically sealed wells,
where the relative positions of the two solutions can vary. The crystallization mixture is

placed on the cover slides that shut the wells and suspended above the reservoir solution in
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the so-called hanging drop design, whereas in the seated drop design the crystallization
mixture is placed in a dedicated compartment in direct communication with the reservoir
(Figure 6).

Hanging drop Sitting drop
Cover slip (sealed
with grease) or clear

‘ tape
Drop of proteind  ____L —>

mother liguor
{e.g., 1yl of each)

<€— Reservoir of mother —>
liquor {e.q., 100-500 pl)

Fig.6: Schematic representation of vapour diffusion experiments in the hanging drop (left) and the sitting
drop (right) configurations.

From a purely practical standpoint the seated drop studies are simpler to set up, but they
occasionally have disadvantages since the crystals may stick to the support where they are
positioned, making it difficult to collect them. ** While the setup for the hanging drop
experiments is more challenging, they frequently produce better results because the crystals
do not adhere to the cover slide and the greater distance from the reservoir solution ensures a
slower rate of droplet evaporation and, consequently, a higher quality of the crystals. The easy
experiment setup and minimal protein and ligand requirements, which allow systematic
exploration of a wide range of diverse experimental condition, are the most favourable aspects
of the vapour diffusion approach in both of its possible configurations. 3433 In fact, multi-
well plates (Figure 7c) are commercially available and can be used to equilibrate very small
droplets of protein and ligand in varying concentrations against reservoirs of various
compositions. These reservoirs can be prepared manually or obtained from commercial
crystallization kits. Crystallization screening Kits are commercially accessible and may be
acquired from numerous companies. These Kits include a number of pre-made reservoir
solutions (Figure 7a) that differ greatly from one another. In this approach, several tests may
be completed quickly, simultaneously, without wasting any time, taking advantage of
extremely diverse settings. Additionally, robotic technologies to automate the setup of the

experiments have been developed for both the sitting drop and in the hanging drop
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configurations (Figure 7b), allowing to further reduce the time and raw materials (droplets

volume of less than 1uL) required to carry out the crystallization tests.*°

‘®-@ Jena Bioscience
®

Fig.7: a) commercial crystallization Kits with 96 different reservoir solutions; b) robot for automatized
hanging drop vapour diffusion screening; c) well plates commonly used to set up manual hanging drop
vapour diffusion experiments

These facts are extremely important because protocols for the systematic co-crystallization of
protein-ligand complexes have not yet been established, and the ability to quickly and easily
screen in-depth for the various factors that affect these phenomena can be crucial to the

success of their occurrence.

4.4 Calixarene-based multivalent ligands for proteins

Ligands built on calixarenes have demonstrated very interesting capability to interact with
proteins, evidencing high efficiency and selectivity in the studied recognition phenomena
thanks to their intrinsic multivalent nature, the wide variety of functionalities that can be
linked to their structure at different distances from the aromatic units, and the different
geometries of presentation of the ligating units that they can furnish. Furthermore, since the
synthesis of water-soluble derivatives of these macrocycles was reported, their use as ligands
for biological macromolecules such as enzymes*3, proteins, nucleic acids, and
lypopolysaccharides has been investigated in order to test their potential use as anti-tumor
agents, immune response effectors, gene- or drug-delivery systems, and anti-adhesion agents
against viruses, bacteria, and bacterial toxins. The ability to exploit the various non-covalent
interactions provided by both the lipophilic cavity* of these macrocycles and the wide variety
of functional groups® that can be easily inserted at both its upper and lower rim is a powerful

tool for achieving the desired binding events. Moreover, the ability to modulate the number
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and orientation*>4547 of the hinding units present on the calix[n]arene scaffold is especially
advantageous for the development of multivalent ligands*? tailored to fit the surfaces of target

macromolecules.

(a) (b)

Fig.8: Different complexes formed with a) a cone calix[5]arene and cholera toxin and b) a 1,3-alternate

glycocalyx[4]arene and a tetrameric lectin of Pseudomonas Aeruginosa

A comprehensive assessment of the literature on calix[n]arene-based ligands for bio-
macromolecules*®>! is beyond the scope of this paragraph. Thus, in the following pages, a
general description of the properties that allow these compounds to be effective ligands for
proteins and, in some cases, to influence their biological activity will be reported, with a
special emphasis on calix[4]arene derivatives, as they are the sub-family of these macrocycles
on which this chapter has been focused. The many geometries that calixarene-based ligands
can assume, result in a variety of mechanisms of binding to biomacromolecules. A cone
derivative, for example, can interact with large surface areas or with species that have
recognition domains very close to each other and convergent, resulting in multivalent 1:1
complexes (figure 8a). The 1,3-alternate shape, on the other hand, organizes the ligating units
in two opposed directions of the space and is therefore more ideal for connecting various
receptors, resulting in multivalent cross-linked aggregates, as illustrated in figure 8b. Instead,
conformationally mobile calixarenes can benefit from the potential of an induced fit re-
arrangement of the ligating units in the presence of the protein, which can compensate for a
larger loss in entropy. Proteins may interact with their counterparts via surface interactions,
as seen above, exploiting large regions. In this regard, examples of calixarene compounds that
can interact with protein surfaces via three distinct mechanisms of binding have been

identified, as shown schematically in figure 9:
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1) recognition of “hot-spots”;

2) single point recognition, that means substantial complexation of the side chain of a selected

amino acid of the peptide sequence;

3) recognition and stoppage of lipophilic pockets.

a b c

Fig.9: schematic representation of three different binding modes of calixarene-based multivalent ligands: a)
recognition of “hot spots”’; b) recognition and stoppage of pocket in a protein, c¢) interaction with a specific
residue in the protein backbone. 12

Cone-calix[4]arene derivatives, have been reported to be useful for the optimal orientation of
binding units capable of interacting the hot-spots of proteins®?. Hamilton et al. used this
characteristic to create compounds 1 and 2 (Figure 10)>3°* which are adorned at the upper
rim with four polypeptide loops. Taking inspiration from the function of antibodies, these
derivatives were engineered to bind the target proteins by recognizing a vast portion of their

surfaces by using both hydrophobic and electrostatic multiple contacts at the same time.
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Fig. 10: Cone-calix[4]arene derivatives tested as ligands for cytochrome c.

The first protein-ligand system studied consisted of 1 and cytochrome c (cyt c¢). The catalytic
heme group in cyt ¢ is surrounded by a lipophilic area with a positively charged belt that may
be covered by 1 to produce a very stable 1:1 complex (Ka 108 M). The binding process was
proposed to take place due to the presence of four cyclic GlyAspGlyAsp loops containing
hydrophobic and negatively charged amino acid residues at the upper rim of the calix[4]arene,
which provide the complementary interactions required to recognize the protein hot spot.
Furthermore, it was proposed that the 3-aminobenzoyl moieties present in each peptide
sequence contribute to the recognition process by providing extra hydrophobic interactions
with the protein surface. Because of the presence of 1, the reduction of the Fe(l11) ion present
in the protein heme group by ascorbate was hindered, as was the interaction with its catalytic
partner cyt ¢ peroxidase.> Similarly, when evaluated as a ligand for a-chymotrypsinase, 1
was shown to bind the target protein with a dissociation constant in the nanomolar range while
avoiding complex formation with soybean trypsin®. The same authors also examined
compound 2 as an inhibitor of growth factor binding to the relevant receptors implicated in
angiogenesis and tumour development. More specifically, the capacity of this calix[4]arene
to block the connection of platelet derived growth factor (PDGF) and its membrane receptor
(PDGFR)®%3, which is a critical event for the maintenance of blood vessels in oncogenesis, was
investigated. PDGF, like cytochrome ¢ and a-chymotrypsinase, has a hydrophobic area on its
surface with a positively charged belt, and compound 2 was a significant inhibitor of the
adhesion process (IC50=250nM). This appears to be detrimental to the development of many
human cancers transplanted in nude mice. Inhibitor properties were also reported for
calix[4]arene 3,%" where the upper rim was functionalized with monobenzylester isophthalic
acid moieties to achieve the alternation of negatively charged and hydrophobic groups, and it

has thus been presented as a simplified version of compounds 1 and 2. Both PDGF and the
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vascular endothelial growth factor VEGF were inhibited (IC50= 190 and 480 nM,
respectively). The in vivo administration of this chemical to mice resulted in the suppression
of transplanted human cancers.

Cone-calix[4]arenes can also allow single-point recognition of studied target proteins by
taking advantage of their aromatic cavity in combination with the action of appropriate
functional groups at its upper rim, to host lipophilic or positively charged amino acid residues.
Examples of protein-ligand interactions of this type have been described for the tetrasulfonato
calix[4]arene 4. (Figure 9c). This compound®® is soluble in water and buffer solution and
assumes a rigid cone conformation in these media at neutral pH, thanks to the instauration of
a network of tight hydrogen bonding at its lower rim. Crowley et al.>® established the capacity
of 4 to bind cyt ¢ via NMR titrations and the resolution of the X-ray crystal structure of the
associated protein-ligand complex. More specifically, the X-ray diffraction data revealed that
this compound can recognize three lysine residues by utilizing the insertion of the alkyl
portion of the side chains into its hydrophobic cavity and the interaction of the ammonium
group with the four sulfonate units at the upper rim. The three molecules of 4 were found at
the interface of a cytochrome c dimer, whose aggregation was thought to be aided by the
burying of the target lysine residues. Additional CH-m and van der Waals contacts formed
between the opposite protein monomer apolar amino acid side chains and, respectively, the
external part of the calix[4]arene cavity and the phenolic/phenolate moieties at the lower rim
were supposed to allow cyt ¢ oligomerization during the co-crystallization process (molecular
glue effect). Following the determination of the X-ray crystal structure of the related protein-
ligand complex®, similar findings were reported for the lysozyme-4 system. In this case, the
calix[4]arene derivative 4 recognized the C-terminal Arg128 rather than lysine residues, but
the binding characteristics were very similar to those observed for the 4-cyt ¢ couple, because
the bound amino acid side chain sits in the macrocyclic cavity and the charged guanidinium
head group established salt bridge interactions with the sulfonate groups. The preference for
Argl128 over other arginine residues was attributed to the fact that it is the most exposed
residue from the protein surface, making it the most accessible to the ligand. In this scenario,
the ligand was also found to serve as molecular glue by causing the target protein to crystallize
as a tetramer. A shift in selectivity was seen when the lysine side chains of lysozime were bis-

methylated in a subsequent study. ! In this situation, 4 binds preferentially to the dimethylated
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Lys116, the most accessible of the six lysine residues found in the protein backbone. The
findings of NMR and X-ray diffraction tests revealed that, contrary to prior crystal structures,
the dimethyl ammonium head group penetrates the cavity of the calix[4]arene to form a
cation-interaction, while the remaining lysine side chain remains outside the cavity. The
selectivity of 4 for dimethylated lysine side chains has been described as a mimic of the
activity of proteins involved in gene regulation and signalling networks, such as
chromodomains.

The cone-calix[4]arene scaffold has also been found to function as a stopper of lipophilic
spaces derived from protein quaternary structure. De Mendoza et al.%? provided a notable
example of this action in a research study where compounds 5-9 (Figure 11) were investigated

as inhibitors of the activity of voltage-dependent potassium channels.
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Fig. 11: Cone-calix[4]arene derivatives tested as stoppers of voltage-dependent ionic channels

The study hypothesis was that the cup-like form of the investigated compounds would fit the
portals of these channels, while the guanidinium groups at their upper rim would be used to
bind the carboxylate moieties present at the channel entry. The compounds tested were able
to inhibit reversibly the action of the Shaker potassium channels, with 7 having the highest
inhibitor activity due to its rigid-cone structure, which was imparted by the presence of crown
ether-like motifs at its lower rim, allowing a better fit to the target channel surface. The
presence of substituents at the lower rim of tested calix[4]arenes, on the other hand, was not
always recognized as helpful to their biological activity. Compounds 8 and 9, for example,
were discovered to cause a significant, but irreversible, decrease in ionic current for the
channels expressing oocytes, and this disadvantage was attributed to the ligand amphiphilic

nature, as provided by their propyl and benzyl groups at the lower rim, respectively. In reality,
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both calix[4]arene derivatives were designed to behave as a disruptive detergent against cell
membranes containing the target ionic channels. Control experiments with carboxylate- or
ammonium-bearing calix[4]arenes and a monofunctional model compound of 5 revealed no
appreciable activity for the tested derivatives, confirming the importance of both the

macrocyclic cavity and positively charged guanidinium groups in obtaining effective

inhibitors.
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Fig. 11: Calix[4]arene derivatives used to restore the activity of p53 mutated form.

Compounds 10 and 11, illustrated in Figure 12, were synthesized with a similar design by the
same scientists and shown to restore the physiological function of a mutant variant of the
tetrameric p53 transcription factor. 3

The wild type version of p53 has significant anti-tumor effect in the human body, operating
as a "genome guardian™ when properly associated as a tetramer. Arg337 plays an important
role in this process by recognizing equivalent Asp residues on opposing protein units and
thereby maintaining the resultant oligomer. Unfortunately, p53 can occasionally be found in
a mutant version in which Arg337 is replaced by a histidine residue, that, being not completely
protonated at physiological pH, leads to the disruption of tetramers and to a consistent
decrease of the anti-tumor efficacy. The presence of a Glu336 and Glu339 couple on the
extremities of each of their four protein monomers, that provide a squared distribution of
negative charges at the two bases of each oligomeric protein, is a common feature of the
tetramers formed by the association of both the wild type and the mutated form of p53. This
collection of negatively charged residues was shown to be an excellent anchoring site for the
four guanidinium groups of 10, which were predicted to approach each extremity of the
tetrameric altered protein via its lower rim side. The inclusion of 10 at 400 mM concentration
increased the stability of the resultant tetramer. ESI mass spectrometry was able to validate
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the creation of a complex including two calix[4]arene molecules and the related protein. On
the other had, the addition of the ligand had no effect on the stability of the wild-type
tetrameric protein, as predicted. Compound 11, which was alkylated with simple propyl
chains at the lower rim, was even more successful than its more rigid bis-crown-3 homologue
10 in holding the four units of mutant p53 together.®* Indeed, DSC experiments revealed that
a 25mM concentration of this chemical is adequate to restore target protein oligomerization,
and this increase in activity was attributed to a distinct property of its molecular scaffold.
More specifically, it was assumed that the residual flexibility of 11 allowed for better
rearrangement of its guanidinium groups at the upper rim to fit the target Glu residues and
that the propyl chains at the lower rim can penetrate the protein lipophilic pocket to establish
additional hydrophobic interactions.

Other important instances of protein recognition by calix[4]arene-based ligands include the
interactions of glycocalixarenes (calixarenes adorned with glycosyl units) with sugar binding
proteins, generally known as lectins*43, Lectins play an important role in a variety of
physiological and pathological processes by acting as receptors for specified glycosylated
binding partners/ligands. This type of binding mechanism may be defined as a specific form
of multivalency known as the glycoside cluster effect.®® Several calix[n]arene derivatives have
been functionalized with saccharide units in order to interact with lectins and alter the
biological processes in which they are engaged. Focusing on calix[4]arenes, important
examples of glycocalyx[4]arenes, are compounds 12-14 (Figure 12)¢¢7 which are blocked
in different macrocyclic geometries and functionalized with distinct glycoside units at the
lower rim. The tetrameric galactose-binding lectins PA-IL from Pseudomonas aeruginosa (a
bacterium responsible for chronic respiratory illnesses) were chosen as the target for the
galactosylated ligands 12 and 13, and their inhibitor action was shown to be dependent on
their structural characteristics. ITC titrations revealed that the 1,3-alternate calix[4]arene 13
outperformed the equivalent conical isomer 12 in binding the target protein, with dissociation
constants of 176 nM and 420 nM and stoichiometry of 1:4 and 1:3, respectively. As a result
of the complex stoichiometries, the reduced binding affinity of 12 comes from the fact that
only three out of four binding units may interact with PA-IL. Because the binding sites of this
protein are known to be located two by two in the minor faces of its parallelepipedon-like

structure, it was proposed that 13 provides an orientation of its four galactoside groups
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suitable to bridge two protein tetramers at the same time, whereas for the cone-calix[4]arene
derivative 12 the geometry of complexation is disadvantaged because all tis binding groups

are disposed on the same side of the macrocycle.
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Fig.12: Glycocalix[4]arenes of different conformation tested as inhibitors of PA-IL and/or PA-IIL lectines.

The in vivo investigations on mice revealed a block in bacterial growth after administration
with both calix[4]arene-based ligands, validating the suppression of the target lectins
function. In contrast to the 13-PA-IL system, it has been postulated that fucosylated cone
calix[4]arene 14 interacts with PA-IIL by binding four separate protein tetramers rather than
bridging two of them at a time. Despite the fact that the structures of PA-IL and PA-IIL are
quite similar, it is known that the binding sites for fucose in the latter protein tetramer are
further apart, and so an interaction with two of them by the same calix[4]arene derivative was
thought to be unlikely.

All the examples provided demonstrate the use of calixarenes as interesting ligands for protein
identification and inhibition. Several of these important proteins have been demonstrated to

interact with calixarenes with high affinity and selectivity via surface recognition or via
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interaction with binding sites or single residues. The success shown by calixarene in protein
binding is essentially due to the high versatility of these macrocycles that can be properly
manipulated to modulate their structural characteristics such as the valency and the

stereochemical disposition of their ligating units in the space.

4.5 Aim of this work

The rational design of ligands as inhibitors for specific proteins is a critical step in the
development of new drugs, while the ability to restore the activity of other types of proteins
by using synthetic molecules capable of reinforcing and stabilizing their oligomeric structure
has been reported as a promising approach for the same purpose. Since of the variable
orientation of the binding groups supplied by the aromatic scaffold, calix[4]arenes deserve
special attention because they can be blocked in different conformations, which might induce
a strong selectivity even towards very comparable target proteins. Of course, the type of the
substituent present on the calix[4]arene scaffold, which collaborates with the aromatic cavity
of these compounds to generate distinct modalities of binding, influences how target proteins
are recognized. Crowley et al., for example, reported that the sulfonato-calix[4]arene 4 is able
to recognize single positively charged amino acid residues on the surface of both cytochrome
c and lysozyme, owing to the synergistic action of the negatively charged groups at its upper
rim and the macrocyclic cavity, which can host a portion of the bound amino acid side
chains.>%6%88 Furthermore, this compound has been shown to stimulate the crystallization of
target proteins as oligomers. Based on these discoveries, we decided to conduct research with
the same group to investigate the interaction between two protein Ralstonia solanacearum
lectin (RSL) or his counterpart dimethylated on the lysine motif (RSL-KMe2) and the ligands
shown in Figure 13. Particularly, derivatives belonging to two classes of calixarenes were
studied: the methylsulfonate 5 and the zwitterionic calix[4]arenes 1,2,3,6,7 and 8. The lower
rim of these compounds was left unfunctionalised to exploit the array of H-bonds which keeps
the structure rigid at physiological pH. In fact, at this value of pH, one of the four hydroxyl
groups at the lower rim is deprotonated and the network of H-bond is strengthened and keep

the structure in its cone conformation.
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Fig.13: structure of the ligands studied in this chapter as surface protein

The derivative 5 is functionalised at the upper rim with four methyl sulfonate groups. As
mentioned in the introduction to this chapter, calixarene functionalised with sulfonate groups
gave good results in the recognition of lysine residues on protein surfaces. With intermediate
5, the aim is to study how the greater conformational freedom of the group responsible for the
surface recognition influences its binding capacity and thus its ability to act as a molecular
glue. As already mentioned in the previous section, there are numerous examples of
recognition of biological surfaces by negatively charged calix[4]arenes in the literature.
However, the recognition ability of calixarenes bearing zwitterionic motifs remains
unexplored. Part of the work shown in this chapter involves the study of zwitterionic
calix[4]arenes and their possible interaction with proteins. Unfortunately, due to the low
solubility of these ligands in water at physiological pH, only the intermediates 2, 3 and 8 were

used for crystallisation trials.
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Results and Discussion

4.6 Target proteins

Protein-protein and protein-ligand interactions are the heart of many pathological and
physiological processes. As a result, these macromolecules are the prime targets of novel
bioactive chemicals. These latter ones might be developed to restore activities lost by a protein
due to genetic or post-translational changes or, in other cases, they may be inhibitors of
protein-protein interactions, which are at the origin of illnesses. Using crystallization
techniques, we investigated the capacity of several multivalent calix[4]arenes to bind to
protein surfaces, side chain residues, and recognition sites during a term spent in Professor
Crowley's laboratory at the National University of Galway (Ireland).

In the next paragraph it is reported the description of one of the proteins selected for these
studies, that is Ralstonia solanacearum lectin (RSL). The protein was chemically
dimethylated®®° onto the e-NH> group of Lysine to yield RSL-KMe; with four modified sites,
K25Me2, K34Me, K83Me: and the N-terminus S1Mes.

4.6.1 Ralstonia solanacearum lectin (RSL): Carbohydrate binding proteins (CBS)

Ralstonia solanacearum lectin come from this bacterium, which is found all over the world
and causes deadly wilt in many agricultural crops. Ralstonia solanacearum is a soil-borne
plant pathogen that belongs to the B-proteobacteria family.”* R. solanacearum generates three
distinct soluble lectins: RSL (9.9 kDa), RS-IIL (11.6 kDa), and RS20L. (20 kDa). However,
in this chapter, the focus is on the first protein: RSL. This is a tiny protein of 90 amino acids
with a tandem repeat in its amino acid sequence that is a powerful L-fucose-binding lectin
with high affinity for fucose residues, particularly Fucl-2Gal and Fucl1-6Gal links. The sugar
affinity order, in particular, is as follows: L -fucose > L -galactose > D -arabinose > D -
fructose > D -mannose.’? This protein’s 3D structure is well-known, and RSL crystal analysis

revealed a symmetrical trimeric structure, producing a so-called six-bladed -propeller, with
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each monomer composed of two tiny four-stranded anti-parallel B-sheets (see figure below).
The resultant hexavalent trimer can bind fucosylated glycolipid-containing lipid
membranes.”> RSL was also co-crystallized with two sugars (methylfucose and 2-
fucosyllactose). Co-crystallization with methylfucose indicated the presence of two sugar
binding pockets in each monomer: one in the monomer itself and one at the interface where
two monomers meet, for a total of six binding sites in a trimer.”* Therefore the discovery of
ligands with higher affinity with this protein than natural carbohydrates, might prevent native

interactions and shed light on the use of this novel ligands to fight the plant diseases.

Fig.1: a) Cartoon representation of RSL and b) electrostatic potential of the protein surfaces with blue and
red areas corresponding to positively and negatively charged regions, respectively

4.6.2 Dimethylated Ralstonia solanacearum lectin (RSL-KMey)

Methylation of amino acid side chains is a post-translational modification (PTM) that is
essential for gene regulation and developmental signaling pathways.”>"® Lysine residues that
have been selectively mono-, di-, and trimethylated by methyltransferase enzymes serve as
recruitment sites for new protein-protein interactions. The study field was made even more
interesting by the finding that lysine side chains are methylated at high levels in hundreds of
nonhistone proteins.”®-8! Additionally, uncontrolled levels of methylation have been linked to
a number of cancer types.8?

It has been shown that the well-known host p-sulfonatocalix[4]arene 4 may bind ammonium
ions in pure water exploiting its rigid multiaromatic cavity and the assistance of charge
complementary sulfonate head groups.3-% Hof at al demonstrated that the affinity of 4 for
lysine peptides increases with the increasing of their methylation degree, with an overall 70-

fold selectivity for Lys(Mes) versus Lys.®® Moreover, the increase of the methylation degree
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of lysine is accompanied by significant increases in enthalpic driving force and smaller
favourable changes in entropy. Moreover, unlike acylation, the methylation of Lys does not
change the charge of the protein and is often non-perturbing its overall structure. In fact, the
majority of spectroscopic and crystallographic studies have found that although protein
crystallization properties may be significantly altered, lysine dimethylation results in only
minor structure perturbations.®"% So the methylation of RSL was performed in order to

increase the affinity of the ligands for this protein.

Fig.2: Cartoon representation of RSL-KMe2

Methylated lysines (LysMen) present a unique hotspot for recognition by reader proteins that
possess an aromatic cage motif. As a result, artificial receptors that can identify LysMen have
enormous promise as system probes for methylated lysines and as inhibitors of protein-protein
interactions,90.96-101

4.7 The ligands

4.7.1 p-methylsulfonatocalix[4]arene

The p-methylsulfonatocalix[4]arene 5 was previously synthesised in our group.i? Its ability
to bind cytochrome c lysine cation residues has already been investigated by another PhD
student in Ireland. The use of 5 appears to induce much more efficient crystallisation and
better quality crystals than p-tetrasulfonato calix[4]arene 4 (Figure 3). Crystallisation tests

with 5 leads to crystal formation in 25 out of 96 cases while with 4 in only 1 out of 96 cases.
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Fig.3: Photographs of crystallisation tests using the same conditions (1mM cyt-c and 2mM calixarene) in the
presence of sclx4 (above), and in the presence of smclx4 (below). Each condition is differentiated by a
different reservoir composition.

Crowley and his research team were also able to solve the X-ray structure (Figure 5) of one
of these crystals. The unit cell contains two proteins and three ligands 5. Each calixarene
includes a single lysine unit and, in particular, on protein unit A Lys54 and Lys86 are
included, while on unit B only Lys86 is included. The conformation of the CH2SO3™ groups
generally projects the anionic groups outwards from the macrocycle. Only in some
calixarenes the CH>SO3 group is facing inwards to form a salt bridge with the lysine
ammonium cation. The inclusion of the lysine side chains has many similarities with the
resolved structures of the calix[4]arene 4 and of the tetramethylphosphonate calix[4]arene 9°°,
whereby cation-r and CH-rt bond interactions with the CH2 groups in € of the lysine are

observed

Fig.4: Structure of the tetramethylphosphonate calix[4]arene 9
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Ligand smclx,
Space group P2,2,2,
Resolution (A) 1.8

Solvent content (%) |49
Cell (A) 5154 84

Fig.5: X-ray structure of the complex cyt ¢ smclx 4

The encapsulation of the lysines by 5 leads to a coverage of approximately 300 A? of protein
surface area, which is equivalent to almost 10% of the total available surface area.
Furthermore, in addition to the masking effect of the side groups of the included lysines, the
calixarene increases the total surface area of the particle by approximately 600 A? and
provides numerous other non-covalent interactions with adjacent proteins in the crystal, thus
leading to the typical 'molecular glue' effect and promoting crystallisation. The resulting
structure is also similar to that previously obtained by Parma Galway collaboration with
tetramethylphosphonato calix[4]arene 9, in which the ligand complexes the same lysine
residues (Lys54 and Lys86), but with a slightly different crystal packing.!*® Thus, 5 would
appear to act as a better molecular glue than its 4 analogue, at least in the case of cytochrome
c. Part of the work carry out in the group of professor Crowley regarded the use of 5 as a
molecular glue also for the case of a symmetrical and neutral proteins such as RSL and RSL-
KMe:

4.7.2 Zwitterionic calix[4]arenes

As already been thoroughly explained in the previous chapter amines and amino acids can be
attached to the upper rim of calixarenes, preserving theirs zwitterionic structure, thanks to the
general and fast methods of the Mannich reaction.!®The Mannich reaction provided a
relatively easy access to zwitterionic calix[4]arenes and we have further extended the previous
reported study, which exploited only proline, by using also other natural amino acids. In this

way we were able to obtain several new products, shown in Figure 5.
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Fig.6: Compounds obtained via Mannich reaction.

This reaction gave good results only when using lipophilic amino acids such as: proline,
valine, leucine and phenylalanine. We were also able to obtain good results with glycine and
sarcosine but changing the reaction condition previously reported in the literature for
compound 3.1% In this work we wanted to study this new class of calix[4]arens as a potential

ligands for protein.

Fig.7: Crystal structure of compound 2 shows inclusion of one DMF molecule

The inclusion of a DMF molecule within the calixarene cavity in the X-ray structure of
compound 2 (Figure 7) encouraged us to think that this class of calixarenes could also host
amino acid side chains. Due to the poor solubility under physiological conditions of ligands
1, 6 and 7, we were able to study only compounds 2, 3 and 8. In fact, compounds 2 and 8 are

completely soluble only at pH=8.5 and 9.5 respectively. Only ligand 3 is instead completely
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soluble at pH=7. It was therefore decided to test these three calixarene derivatives with RSL

due to its high chemical stability and low isoelectric point.

4.8 Crystallization tests between zwitterionic calix[4]arenes and RSL

For RSL, co-crystallization experiments'®1% with 2, 3 and 8 were carried out in an effort to
gain information about this system concerning their reciprocal interactions from the solid state
structure of the corresponding complex. The sitting drop vapour diffusion method was then
used to perform a robot screening over a commercially available kit of 96 different reservoir
solutions. We also decided to adopt the “three drops experiment” where in one of the three
drops is present only the ligand and this is used as a control. In fact, since these ligands were
not tested before for protein crystallisation, the control drop allows to exclude the possibility
that the ligand alone crystallizes in those conditions. The other two drops contained the
ligands at different concentrations and the protein at 1 mM concentration. Firstly, we tried
calixarene 3 with this set up. Crystals were obtained in several different conditions. The most
promising conditions were easily replicated in manual hanging drop tests where the same
protein and ligand concentrations of the experiment performed with robot trials were tested.
The best results were obtained in the conditions in which the reservoir solutions were

composed by:

- 20 % wiv polyethylene glycol 3350, 200 mM ammonium formate; pH 6.6 (Figure 8)

- 10 % wl/v polyethylene glycol 8000, 100 mM TRIS; pH 7.0, 200 mM magnesium chloride
(Figure 13)

- 10 % wi/v polyethylene glycol 3000, 100 mM TRIS; pH 7.0, 200 mM zinc acetate (Figure
15)

- 10 % wi/v polyethylene glycol 8000, 300mM magnesium chloride (Figure 16)

Fig.8: Crystal formation observed during crystallization tests for the RSL-3 complex performed by a robot
sitting drop. The first drop is the control with only compound 3 without protein. The other two drops are
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made by 1 mM protein + 1mM and 10 mM of ligand, respectively). The crystallization mixtures were
equilibrated over reservoir solutions composed of 20 % w/v Polyethylene glycol 3350, 200 mM Ammonium
formate; pH 6.6

It was considered useful to perform some cycles of optimization of the experimental
conditions to prompt the system to afford better crystalline precipitates and to test the
reproducibility of these crystals. In case of the first reported condition (20 % w/v Polyethylene
glycol 3350, 200 mM Ammonium formate; pH 6.6) we decided firstly to change the
concentration of the precipitant in the reservoir solution. These investigations pointed out that
the crystallization process was promoted between pH 8 and 9 and in the presence of 20-22%
PEG 3350 and at both 1 or 10 mM 3, while it was prevented at acid pH or by increasing the
PEG concentration. In fact, at higher concentration of the latter, some precipitant starts to

appear in the drops (Figure 9).

Fig.9: Precipitation formation observed during crystallization tests for the RSL-3 complex. The two drops
are made by 1 mM protein + 1mM and 10mM of ligand respectively. The crystallization mixtures were
equilibrated over reservoir solutions composed of 200 MM Ammonium formate; pH 6.6 and 24 % and

26%w/v Polyethylene glycol 3350, respectively

We then tested different buffer composition and different pH to evaluate the effect of the
different protonation state of the ligand on the capability to promote crystallization (Figure
10). We keep constant the concentration of both the precipitant and salt. As in the previous
case we tested two different concentrations of ligand. A control drops of the only 3 and the

protein only were also tested.
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Fig.10: Crystal formation observed during crystallization tests for the RSL-3 complex varying the buffer
composition. The first drop for each row is the control with only compounds 3 without protein. The other two
drops are made by 1 mM protein + 1mM and 10mM of ligand respectively. The crystallization mixtures were

equilibrated over reservoir solutions composed of 20 % w/v Polyethylene glycol 3350, 200 mM Ammonium
formate and a)100mM sodium citrate pH=3, b)100mM sodium citrate pH=4, ¢) 100mM sodium citrate
pH=5, d)100mM TRIS pH=7, €)100mM TRIS pH=8, f) 100mM TRIS pH=9

From the resulting pictures in Figure 10 it is possible to see how increasing the pH is possible
to promote the crystal growth. The crystals growth in the presence of TRIS at pH=8 and 9
appears to be the most promising regarding the quality and the dimension. To rule out the

possibility that the crystals formed were protein-only crystals, a crystallisation test was
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conducted with the protein alone under conditions d and f shown in Figure 12. In both of the
conditions tested the drop remains clear. So, it seems that is the presence of the ligand to
promote the crystallization. Finally, we tested if different concentration of the ligand could
promote the formation of different morphology in the crystals obtained using the reported
condition at pH=8 and 9 (Figure 11).

1mM 4mM 8mM 10mM 16mM

Fig.11: Crystal formation observed during crystallization tests for the RSL-3 complex varying the ligand
concentration. The crystallization mixtures were equilibrated over reservoir solutions composed of 20 % w/v
Polyethylene glycol 3350,200 mM Ammonium formate and a)100mM TRIS pH=8, b) 100mM TRIS pH=9.

It can be seen from Figure 11 that by increasing the ligand concentration, the morphology of
the resulting crystal does not change significantly. The crystals in Figure 12 were sent to be
analysed in Paris at the SOLEIL synchrotron, but the structure obtained revealed the presence
of the protein alone. Since crystallisation tests with the protein alone did not result in the
formation of any crystals, it can be concluded that under these conditions the addition of
calixarene 3 probably promoted the crystallisation of the protein due to the increased ionic

strength of the solution upon addition of 3.

Fig.12: Crystals choose to be analysed by synchrotron in Paris. The drops are made by 1 mM protein +
10mM of ligand 3. The crystallization mixtures were equilibrated over reservoir solutions composed of 20 %
w/v Polyethylene glycol 3350,200 mM Ammonium formate and 100mM TRIS pH=8 (left) and 100mM TRIS

pH=9 (right).
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In the second promising reported condition (10 % w/v Polyethylene glycol 8000, 100 mM
TRIS; pH 7.0, 200 mM Magnesium chloride) we were able to see crystal growth in the sitting
drop vapour diffusion experiment performed by the robot but only when the concentration of
the ligand was raised from 10 mM to 25 mM. Unfortunately, this crystal forms a sort of cluster

that are difficult to use for the data acquisition (Figure 13, left)

Fig.13: Images obtained by optical microscopy of the crystallization tests performed by robot (left) and using

manual hanging drop (right) between RSL and 3. The drop is made by 1mM protein + 25mM of ligand. The

crystallization mixtures were equilibrated over reservoir solution composed of 10 % w/v Polyethylene glycol
8000, 100 mM TRIS; pH 7.0, 200 mM Magnesium chloride

Also in this case, it was considered useful to perform some cycles of optimization of the
experimental conditions in order to improve the quality of the crystals. Firstly, a manual
hanging drop tests was carried to test the reproducibility of the crystals keeping the same
experimental conditions. Thanks to the manual experiment, it was possible to obtain crystals
of better quality as shown in Figure 13 (right). To rule out the possibility that the crystals
formed are protein-only or ligand-only crystals, crystallisation test was conducted for both
the protein and the ligand alone. The resulting drops remain clear also after several weeks so
it can be concluded that is the presence of the ligand to promote the crystallization. As in the
previous experiment we tested different buffer composition and different pH to evaluate the

effect of the different protonation state of 3 on the capability to promote crystallization.
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Fig.14: Images obtained by optical microscopy of the crystallization tests for the RSL-3 complex varying the
buffer composition and the pH. The drops contain 1 mM protein + 25mM of ligand. The crystallization
mixtures were equilibrated over reservoir solutions composed of 10 % w/v Polyethylene glycol 8000, 200
mM Magnesium chloride and a) without buffer, b) 100mM sodium citrate pH=3, ¢) 100mM TRIS pH=7, d)
100mM TRIS pH=8, €) 100mM TRIS pH=9. Under each drop of the RSL-3 solution are reported the
crystallisation tests done in the same experimental conditions but in the presence of 3 only.

From the resulting pictures in Figure 14 it is possible to see the different behaviour between
the drops containing the RSL-3 solution (Figure 14, top) and the calixarene 3 alone in the
same experimental condition (Figure 14, bottom). From these images it can be seen that at
basic pH, no crystal growth is noticeable (Figure 14 d and e) but, on the other hand, crystal
grow when the buffer is composed of sodium citrate buffer at pH=3. Interestingly, under the
same conditions, calixarene 3 alone crystallized with a different crystal morphology.
Furthermore, under these conditions, it can be seen that when both protein and 3 are present,
the solution evolves into the formation of a gel (Figure 14b) in which, however, crystalline
material is dispersed. If no buffer is added to the reservoir composed of PEG and Magnesium
chloride tubular-shaped crystals grow (Figure 14a). This marked difference in the properties
of the protein-ligand systems could be probably ascribed to the different degree of protonation
of 3. All the three crystals shows in Figure 14 a,b and ¢ were sent to be analysed in Paris by
the SOLEIL synchrotron. Unfortunately, the crystals obtained in the absence of buffers are
degraded during transport and the acquisition of the crystals obtained with sodium citrate
buffer gave a low-resolution data and it was impossible to identify the electron density of 3
in the complex. Finally, the third crystal obtained revealed the presence of the protein alone.
Using the third promising condition (10 % wi/v Polyethylene glycol 3000, 100 mM TRIS; pH

7.0, 200 mM Zinc acetate), we were able to see crystal growth in the sitting drop vapour
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diffusion experiment performed by the robot but these crystals were too small to be used.
They grew under the conditions reported but only when 3 was added to the protein solution
at the 10mM concentration. Higher concentrations of ligand were tested but resulted in the
formation of precipitates while with lower concentrations of 3 no crystal formation was
observed. Thanks to the manual experiment, it was possible to obtain crystals of better quality

as shown in Figure 15.

Fig.15: Images obtained by optical microscopy of the crystallization tests performed by robot (left) and using

manual hanging drop using a paraffin barrier (right) between RSL and 3. The drop is made by 1mM protein

and 10mM of ligand. The crystallization mixtures were equilibrated over reservoir solution composed of 10
% wi/v Polyethylene glycol 3000, 100 mM TRIS; pH 7.0, 200 mM Zinc acetate

In an attempt to improve the quality of the crystal and to obtain some crystals suitable for X-
ray studies, other manual hanging drop test were prepared using paraffin oil as a barrier to
reduce the evaporation rate of the reservoir, in order to reduce the nucleation rate. In this way
we were able to produce crystals bigger and with different morphology in respect of the
crystal obtained with the robot trials (Figure 15). As it is possible to observe the reservoir
solution contain zinc salt and, when the reported conditions were varied by adding different
salts with cations different from zinc, the resulting solutions did not result in the formation of
crystalline material indicating an important role of zinc cation in the crystals formation.
Unfortunately, even in this case, after analysis at the Paris synchrotron, the structure of the
crystals, shows in the right side of Figure 17, was demonstrated to be the only protein.

The last promising condition (10 % wi/v Polyethylene glycol 8000, 300mM Magnesium
chloride) obtained from the robot crystals trials between RSL and 3 led to the formation of

tiny crystals impossible to use to solve the structure.

Fi e
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Fig.16: Images obtained by optical microscopy of the crystallization tests performed by a) robot and b-c)
using manual hanging drop between RSL and 3. The drop is made by 1mM protein and a)10mM of ligand b)
25mM of 3, ¢) 50mM of 3. The crystallization mixtures were equilibrated over reservoir solution composed
of 10 % w/v Polyethylene glycol 8000, 300 mM Magnesium chloride

It was considered useful to perform some cycles of optimization of the experimental
conditions to improve the quality of the crystals changing the concentration of the ligand and
the concentration of the salt. The best results were obtained by increasing the concentration
of 3 to 25mM. In fact, thanks to this method, crystals of excellent quality were obtained, and
they seem to maintain the same morphology as those obtained with the robot (Figure 16). In
this case, a test was also done by increasing the ligand concentration from 25 to 50 mM, and
again, crystals with very different morphology grew from the resulting solution than those
obtained with 3 concentrations of 25mM. Unfortunately, the crystals were not analysed at the
synchrotron because of the difficulty encountered in taking a high-quality crystal from the
solution. In contrast, it was possible to obtain the structure relative to the crystals obtained
when the ligand is present at 25mM concentration (Figure 16b), but the size of the unit cell

led to the conclusion that the crystal is of calixarene 3 alone.

Fig.17: Images obtained by optical microscopy of the heavy precipitant formed during the crystallization
between RSL and 2 (top) or 8 (bottom).

We decided also to test calixarens 2 and 8 as ligands for interaction with RSL but, probably
because of the poor solubility of these compounds at pH below 8.5, the crystallization tests
done resulted in the formation of heavy precipitates under most conditions (Figure 17). It was
possible to observe crystals formation only in two conditions both composed by 10mM of 8
and 1mM of RSL equilibrating over a reservoir solution composed by 20% PEG 3350, TRIS

pH=8 and 9 and 200mM Ammonium formate.
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Fig.18: Images obtained by optical microscopy of the crystallization tests performed by manual hanging
drop between RSL and 8. The drop is made by 1mM protein and 10mM of ligand. The crystallization
mixtures were equilibrated over reservoir solution composed of 10 % w/v Polyethylene glycol 3000, 200 mM
Zinc acetate and 100 mM TRIS; pH 8.0 (left) or 100 mM TRIS; pH 9.0 (right)

These crystals were also sent to the synchrotron in Paris, and thanks to the structure obtained,
it was possible to conclude that the crystals were also of the protein alone.

Given the excellent results obtained using compound 5 to co-crystallise cytochrome c, our
interest shifted to evaluating the use of this ligand for other proteins as well. We therefore
decided to try to use compound 5 to obtain complex structures with more neutral and
symmetrical proteins than cytochrome c. We therefore tried to use this ligand to obtain a co-
crystal with RSL. Although numerous crystallisation tests have been performed between
compound 5 and RSL, none have resulted in crystal growth even when trying different ratios
between 5 and the protein.

As already explained in the previous section Hof at al demonstrated that the affinity of 4 for
lysine derivatives increases with increasing methylation. Since compounds 4 and 5 are very
similar, we imagined that this higher affinity of 4 for methylated lysine residues might also
be valid for compound 5. So, the methylation of RSL was performed to increase the affinity
of the ligands for this protein. Following a known protocol, lysine and N-terminal methylation
were obtained (Figure 19). The process involves reductive methylation, which is done when
formaldehyde and a reducing agent such sodium cyanoborohydride or dimethylamino borane
(DMAB) complex are present. Depending on the stoichiometric ratios of the reagents, this
procedure produces mono-methyl and di-methyl lysine. In fact, RSL may be completely

converted to RSL-LysMe> by applying excess of formaldehyde.
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Fig.19: Schematic representation of the methylation reaction. The protein is represented as a grey sphere.
(DMAB = dimethylamino borane)

To verify that the reaction was successful, *H->"N HSQC NMR measurements were taken
(Figure 20) by comparing the assigned backbone amide NHs resonances to native RSL.
Overall, resonances did not seem to be much shifted, supporting the conclusion that the
modification had little impact on RSL folding. Small chemical shift perturbations in lysines
were present, supporting that the modification had taken place. The N-terminal end, or Serl
cannot be detected by NMR as well as Ser2. Therefore, the closest probe to N-terminus is
valine 3 (Val3). Chemical shift perturbation at Val3 corroborates methylation of the N-

termini.
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Fig.20: Overlaid *H-">N HSQC spectra of original RSL (black outlines) and modified RSL (red) exhibited
small chemical shift disturbances caused by dimethylation.

After the methylation process, the new RSL-KMe> was used for the crystallization tests with
calixarene 5. Although the protein was methylated, the sitting drop vapour diffusion method
tests resulted in the formation of promising crystals in only two out of 96 different conditions
and only when 5 is in a concentration between 1mM and 10mM. The best results were

obtained in the conditions in which the reservoir solutions were composed by:

-20% wi/v polyethylene glycol 8000, 100mM CHES pH=9.5
-20% w/v polyethylene glycol 6000, 100mM tri-sodium citrate pH=4.0, 1M Lithium chloride

The first condition was easily replicated in manual hanging drop tests where the same protein
and ligand concentrations of the experiment performed with robot trials were tested. We also
tested if the calixarene or the protein alone can crystalize in the same experimental condition.
While the protein alone does not lead to crystal formation even after several weeks (Figure
21e), crystals begin to form after a few days in the solution containing calixarene 5 alone in
the concentration of 10mM (Figure 21d). However, the crystals of the ligand alone are
completely different in morphology to those obtained when RSL-KMe: is present (Figure 21

a, b and c). These crystals were also sent to the synchrotron in Paris, and thanks to the structure
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obtained, it was possible to conclude that also in this case the crystals were composed of the
protein alone.

Finally, the last promising condition (20% w/v Polyethylene glycol 6000, 100mM tri-Sodium
citrate pH=4.0, 1M Lithium chloride) was also replicated in manual hanging drop tests. The
experiment, carried out keeping the protein concentration at 1mM, evidenced that the
presence of 10 or 20 mM ligand (Figure 22) caused the formation of crystals. Furthermore,

by reducing the PEG percentage below 12%, crystal growth is not observed.

a) b) c) d) e)
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Fig.21: Images obtained by optical microscopy of the crystallization tests performed by a) robot and b-¢)
using manual hanging drop between RSL-KMe; and 5. The drop were made by 1mM protein and a)10mM of
5, b) 15mM of 5, ¢)10mM of 5. Drop d) is the control with 5 alone and drop e) is the control with the protein

alone. The crystallization mixtures were equilibrated over reservoir solution composed of 20% w/v
polyethylene glycol 8000, 100mM CHES pH=9.5

_

The concentration of LiCl would also seem to be important for crystal growth. In fact, when
this concentration is brought below 800mM, the solution does not lead to the formation of
any crystals (Figure 23). We then tested the importance of the cation by testing the standard
condition but varying the salt composition using magnesium chloride instead of lithium

chloride while keeping the ionic strength of the solvent constant.

a) b) c) d)

Fig.22: Images obtained by optical microscopy of the crystallization tests performed by using manual
hanging drop between RSL-KMe; and 5. The drop were made by 1mM protein and ¢)10mM of 5, d) 20mM of
5. Drop a) is the control with 5 alone and drop b) is the control with the protein alone. The crystallization
mixtures were equilibrated over reservoir solution composed of 20% w/v polyethylene glycol 6000, 1200mM
tri-sodium citrate pH=4.0, 1M lithium chloride
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We then performed an experiment keeping constant the polyethylene glycol 6000 and the tri-
sodium citrate but replacing the 1M solution of LiCl with a 330mM solution of MgCl.. In this
way, we can evaluate the effect of the cation on the crystals growth while keeping the ionic
strength of the solution constant (Figure 24). The presence of salts cations can help
crystallization forming salt bridges with the proteins. We then decided also to test the crystal
growth between RSL-KMe: and 5 with a lower amount of MgCl. (Figure 24b).

a) b) c) d)

Fig.23: Images obtained by optical microscopy of the crystallization tests performed by using manual
hanging drop between RSL-KMe2 and 5. The drop were made by 1mM protein and 10mM of 5. The
crystallization mixtures were equilibrated over reservoir solution composed of 20% wi/v polyethylene glycol
6000, 100mM tri-sodium citrate pH=4.0 and a) 800mM lithium chloride, b) 600mM lithium chloride, ¢)
400mM lithium chloride, d) 200mM lithium chloride

As can be seen from Figure 24, it appears that the cation does not play a major role in crystal
formation. In fact, when replacing 1M lithium chloride with 330mM magnesium chloride, the
crystals grow in solution with a morphology very similar to those obtained with LiCl (Figure
24b). Furthermore, nucleation is favoured when magnesium chloride is present at a lower
concentration (Figure 24a), resulting in the formation of many more crystals. This could be
encouraging because in a complexation study, salts are used in lower concentration in respect
of the crystallization of the free protein, in order to facilitate the interaction between the

macromolecule and a charged ligand and then, to favour the crystallization of the complex.

a) b)

Fig.24: Images obtained by optical microscopy of the crystallization tests performed by using manual
hanging drop between RSL-KMe; and 5. The drop were made by 1mM protein and 10mM of 5. The
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crystallization mixtures were equilibrated over reservoir solution composed of 20% wi/v polyethylene glycol
6000, 100mM tri-sodium citrate pH=4.0 and a) 200mM magnesium chloride, b) 330mM magnesium chloride

From a preliminary analysis it appears that crystal growth is pH dependent. In fact, for pH
higher than 5.5 there is no growth of crystals. This could be explained because of the
isoelectric point of this protein that is 6.5. This means that by increasing the pH we
progressively deprotonate the protein and this could weaken the interaction with the anionic

ligand.
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Fig.25: Images obtained by optical microscopy of the crystallization tests performed by using manual
hanging drop between 1mM RSL-KMe; and 20mM 5. The drops were made by 1mM protein and 10mM of 5.
The crystallization mixtures were equilibrated over reservoir solution composed of 20% w/v polyethylene
glycol 6000,1M lithium chloride and a)100mM tri-sodium citrate pH=5, b) 100mM tri-sodium citrate
pH=5.5, ¢) 100mM tri-sodium citrate pH=6, d) 100mM TRIS pH=8

In an attempt to improve the quality of the crystal and to obtain some of them suitable for X-
ray studies, other manual hanging drop test were prepared using paraffin oil as a barrier to
reduce the evaporation rate of the reservoir, in order to reduce the nucleation rate and obtained
bigger crystals. In this way we obtained bigger crystals promising for the X-ray studies
(Figure 26)

Fig.26: Images obtained by optical microscopy of the crystallization tests performed using a paraffin barrier
between RSL-KMe; and 5. The drop is made by 1mM protein and 20mM of ligand. The crystallization
mixtures were equilibrated over reservoir solution composed of 20 % w/v polyethylene glycol 8000, 100mM
tri-sodium citrate pH=6, 1M lithium chloride

We finally sent some of the crystal shown in the left picture of Figure 26 to the synchrotron

in Paris and after the collection of diffraction data the structure was solved. A preliminary

188




Chapter 4: Calix[4]arenes-based ligands for proteins surfaces recognition

study shows that the asymmetric unit comprised a trimer and a monomer of RSL-LysMe> and
only one calixarenes (Figure 27). Surprisingly calixarene 5 seems to interact only with one
(Lys34) out of four lysine residues. This could be due to the higher flexibility of the SOz
group in 5 compared to 4 because of the presence of methylene groups between the aryl units
and the SOs3™ groups. This feature could disadvantage ligand 5 to fix the binding units
according to a spatial disposition suitable to crystallize with RSL-KMe>, thus rendering
trickier the complexation. Lys34 from a symmetry mate forms a cation-pi bond with the
exterior of an aromatic nucleus of the calixarene. This can be seen in Figure 28 in which the

symmetry mate is shown as light pink.

Fig.27: Cartoon representation of the asymmetric unit of the complex between RSL-KMe; and 5. Only Lys34
is encapsulated

The encapsulated Lys34 forms cation-pi bonds with one of the aromatic rings of the calixarene
and, in addition a salt bridge interaction with the two sulfonates pointing inward the cavity.
Of all the lysine residues exposed on the protein surface, residue Lys34 is the most accessible

one so it is not surprising that calixarene encapsulated that residue, at least.
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Fig.28: Detailed view of the 5-LysMe, complex. a) electron density of the calixarene and Lys34Mey, b) 5 is
acting as a molecular glue between two RSL-LysMe; and Lys34 from a symmetry mate forms a cation-pi
bond with the calixarene 5. The symmetry mate Lys is shown as light pink.

In another PhD thesis'®’ the structure of a co-crystal obtained between RSL-KMe; and p-
suolfonato calix[4]arene 4 was obtained. The structure (unpublished result) was solved in
space group P2:12:2; by molecular replacement using PDB entry 2bt9 as a search model.
Comparing the two asymmetric unit of the co-crystal obtained with 5 and that obtained with
4 shows that the latter would appear to act as better molecular glue. In fact, the asymmetric
unit comprised a trimer of RSL-LysMe; and 6 units of 4 (Figure 29). Calixarene 4 mediated
the interface between two protein trimers, by interacting with backbone NHs of Lys83Me;

and Trp81 chain A from the symmetry related molecule

Fig. 29. The asymmetric unit comprises a trimer of RSL-LysMe, and 6 molecules of 4. LysMe; and an
entrapped PEG fragment and 4 are represented as sticks.
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4.9 Conclusion

In this chapter the results obtained in the crystallizations trials between zwitterionic
calix[4]arene 2,3 and 8 and RSL were shown. Unfortunately, no crystals of complexes were
obtained, although a rather large screening testing different conditions was tried. In fact, all
the crystals obtained during this tests proved to be either calixarene alone or ligand alone.

The use of p-methyl sulfonato calix[4]arene 5 appears to induce much more efficient
crystallisation and better quality crystals than p-tetrasulfonato calix[4]arene 4 when
cytochrome ¢ was used as a model proteins. In an attempt to study the difference in solid-
state binding between these two calixarene and a less cationic and more symmetrical protein,
crystallization tests with RSL and 5 were performed. Unfortunately, even in this case the trials
did not result in obtaining crystals from the complex. In an attempt to increase the affinity of
the ligand 5 for the protein a lysine residue dimethylation reaction was carry out on the RSL.
The obtained RSL-KMe, was then tested as a model protein in crystallization tests with 5.
Nice crystals were obtained in the condition fomed by 20% wi/v polyethylene glycol 6000,
100mM tri-sodium citrate pH=4.0, 1M lithium chloride. After the collection of diffraction
data the structure was solved. A preliminary study shows that the asymmetric unit comprised
a trimer and a monomer of RSL-LysMe; and only one calixarenes. Surprisingly calixarene 5
seems to interact only with one (Lys34) out of four lysine residues. Comparing the two
asymmetric unit of the co-crystal of RSL-KMe> obtained with 5 and that obtained with 4
shows that the latter would appear to act as better molecular glue. In fact, the asymmetric unit
comprised a trimer of RSL-LysMe; and 6 units of 4. Future studies will also be conducted in
solution by titration NMR to see if this particular behavior is also adopted in solution as well

as in solid phase.
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Experimental Part

4.10 Protein production

Unlabelled and °N-labeled RSL were over-expressed in Escherichia coli BL21 and purified
according to literature methods%-11°, The concentration and purity of the protein were
estimated by using 15% SDS polyacrylamide gel electrophoresis (SDS-PAGE) and UV-vis
spectroscopy (Perkin Elmer Lambda 35). Luria-Bertani (LB) medium was prepared by
dissolving in 1L of water 10 g yeast extract, 10 g N-Z amine, 5 g NaCl and then by adjusting
pH to 7. LB Agar plates were prepared according to same procedure, but with the addition of
15 g Agar and 2 mM MgSOa4. **N labelled minimal medium (MM) was produced with 50 mM
Na;HPOs, 50 mM KH2PO4, 2g/L D-glucose, 1 g/L (**NH4)2S04, 20 mM citrate, 20 mM
succinate pH 7.0, 20 mL/L 50x5052, 30 mg/L Thiamine, 1 uL/mL Carbenicillin (75 mg/mL),
where 50x5052 contains 25 g glycerol, 7 mL water, 2.5 g glucose, 10 g lactose monohydrate.
According to known procedures, the amino groups were dimethylated using formaldehyde

and dimethylaminoborane complex!t12,

4.11 Stock solutions of the ligands and proteins

Stock solutions of the ligand 3 was prepared in water at pH 7.0 at a concentration of 100 mM.
For ligands 2 and 8 the stock solutions were prepared in water at pH=9.5 and 8 respectively.
In this way we were able to prepare a 11mM solution of 2 and a 35 mM solution of 8.

For ligand 5 a stock solution was prepared in water at pH=7 at a concentration of 50 mM.
Stock solution of the proteins were prepared in a 4.5 mM solution to avoid precipitation

phenomenon.

4.12 NMR spectroscopy

1>N-labelled RSL-LysMe, samples were prepared to a concentration of 0.1 mM in 20mM

potassium phosphate, 50 mM sodium chloride, 1.2 mM a-methyl-Lfucoside, 10 % D-O at pH
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6.0. *H-N HSQC spectra of 1°N-labelled RSL-LysMe; were acquired at 25 °C on a 600 MHz
Varian NMR spectrometer with a HCN cold probe.

4.13 General experiment for the crystallization tests

The sitting drop vapour diffusion methods!**11> were used for crystallization tests at 20°C.
Drops for the former experimental configuration were prepared manually in 24-well plates,
by mixing 1 pL volumes of the protein, the ligand and the reservoir solution. Control drops
were obtained by replacing the solution of the ligand with 1 pL of water. For the general
screening of all the 96 conditions we used a sparse matrix screen (JCSG++, Jena Bioscience)
in sitting drop vapour diffusion format, prepared with an Oryx 8 robot (Douglas Instruments),

with same strategy, but by decreasing the volumes of the combined solutions to 0.3 L.

4.14 SDS-PAGE

A total of 20 pL cell/protein extract was mixed with SDS buffer and boiled at 95°C for 5 min.
The purity of denatured, reduced samples were tested on 15% SDS polyacrylamide gel
electrophoresis (80 minutes, 140 V). As a protein size marker 5 uL of EZ-Run™ Pre-Stained
Rec Protein Ladder (Fisher BioReagents) were loaded. Coomassie Blue staining was

performed as reported in literature'®,

4.15 General procedure for the dimethylation of lysine residues on RSL

To 1 mM RSL in 50 mM KPi, 50 mM NaCl buffer pH 7.5, 20 eq of DMAB 1M is added,
followed by 40 eq of a 1M H>CO solution. The reaction is left to proceed at 4°C, with some
gentle mixing. After 2 h, the above additions are repeated, and the reaction is left at 4°C. After
another 2 h, 10 eq of DMAB 1M is added and the reaction is left to proceed overnight (18 h)
at 4°C. The reaction is quenched with 125 yL of 1M TRIS buffer, pH 7.5, and left to
equilibrate for 15 minutes. The mixture is then transferred to a filtration tube, centrifuged 4
times at 4000 rpm for 30 min while topping up with distilled water, in order to get rid of the
salts. Mass analysis (Agilent 6460 Triple Quadrupole LC/MS) of RSL (9726 Da) of the
dimethylated protein (9838 Da) allowed to verify the complete dimethylation of all 3 lysines

and of the N-terminus.
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4.16 X-ray diffraction and structure determination

Crystals were transferred to the reservoir solution supplemented with 20 % glycerol as
cryoprotectant. Data were collected at the SWING beamline (SOLEIL Synchrotron) using the
direct injection mode. The structure was solved by molecular replacement in Phaser*2®,

The presence of 5 was clear in the unbiased electron density map. Iterative model building
and refinement in COOT!!® and REFMAC were performed
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