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General introduction
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1.1 Supramolecular chemistry

Supramolecular chemistry was defined by Jean-Marie Lehn as “the chemistry
beyond the molecule”. It relies on the formation of intermolecular non-covalent
bonds between two or more chemical species.!?3* The host-guest system
formed by a receptor (host) and the substrate (guest) bound, through non-
covalent interactions (i.e. electrostatic interactions, hydrogen bonding, Van der

Waals forces, etc.) is a supermolecule (Figure 1).
*—0
./. "covalent chemistry" "supramolecular chemistry"
» >
O

Figure 1. Schematic representation for the covalent and the supramolecular chemistry.

The receptor-substrate interaction can be considered a recognition event that
requires shape and size complementarity between the two partners. To obtain
specificity in the recognition of a substrate a high degree of synthetic design is
required for the receptor. In this Nature is the major source of inspiration for
supramolecular chemists. Highly specific molecular interactions such as those
taking place between proteins, in enzyme-substrate complexes or between the
two helix of the DNA are responsible for the efficiency of all the processes
occurring in biology. Supramolecular chemistry is a wide area as demonstrated
by the pioneering works by J. M. Lehn and coworkers in the 90’s! that is
increasingly spreading nowadays and includes not only molecular recognition
processes, but also the development of functional devices such as molecular
machines®, and plays a fundamental role in many fields like catalysis®,

photochemistry?, self-replication?, etc.



UNIVERSITAT ROVIRA I VIRGILI
DESIGN AND SYNTHESIS OF ZN(II)-SALOPHEN DERIVATIVES: FROM CHEMOSENSING TO CATALYSIS
Martina Piccinno

Chapter 1

1.2 Metal sal(oph)en complexes

Metal-sal(oph)en complexes are a popular class of compounds in
supramolecular chemistry. They can be obtained from the condensation
reaction of a salicylaldehyde and a diamine in the presence of a metal salt

(Scheme 1)°.

OH O ;:2
I Q Mz+
. — —=N___N=
2 2H,0
HoN NH.
E> NN, doﬁo

Scheme 1. General scheme for the synthesis of a metal-salophen complex.

The amine can be aliphatic or aromatic, giving rise to the distinction between
salen (for the former) and salophen (for the latter). They are tetradentated Shiff-
bases with the N202 atoms belonging to the ligand lying in the same plane. The
metal is well positioned in this plane, with the phenolic oxygens and the imine
nitrogens participating to metal binding through covalent and coordinative
bonds, respectively. Their properties are strictly connected to the nature of the
metal, and in particular to its coordination geometry. These features recall
porphyrins, but in this case the accessibility to huge amount of compounds is
much greater. The possibility to functionalize both the diamine and the
salicylaldehyde together with the ease of their preparation render them
excellent candidates for the preparation of libraries of compounds.®!01! When
the diamine is the trans-1,2-diaminocyclohexane the resultant salen is chiral and
can be used as chiral catalyst (Figure 2). They became popular in 1990 when
Jacobsen and Katsuki described Manganese-salen derivatives as catalysts in the

enantioselective epoxidation of unfunctionalized olefins.!213
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Figure 2. Structure of the metal-salen derivative used as catalyst in many asymmetric reactions.
Later on, salen derivatives of different transition metals were exploited in many
other asymmetric reactions such as ring-opening (ARO) of epoxides,#1516
addition of cyanide to imines (Strecker reaction),” addition of terminal alkynes
to ketones,'® Henry Reaction,’ and asymmetric [2+2] cyclocondensation of acyl
halides with aliphatic aldehydes.?
As mentioned above, chiral salen ligands have received much attention in
asymmetric catalysis. However, when one of the building units is
o-phenylendiamine, extended conjugated m-system are available (Scheme 1). In
this kind of systems the m-conjugation imparts a rigid geometry around the
metal center, and its Lewis acid character can be easily modulated. Also, new
photophysical properties arose that render them excellent candidates as
chemosensors. The application of such systems in catalysis is less widespread
but some important contributions have to be mentioned.?
The group of Mandolini investigated the application of uranyl salophens in
catalysis. They found that uranyl complexes catalyzed the 1,4-thiol addition to
enones.??? When an aromatic side arm on the salophen structure was present,
the molecule was able to stabilize the transition state of a Diels-Alder reaction
(Figure 3).¢ Notably, nor the quinone reactant or the reaction product were
bound by the catalyst 1. The uranyl center behaved as a Lewis acid and bound
one of the benzoquinone oxygens whose Lewis basicity increased during the

reaction. The same reaction was not catalyzed by model compound 2 lacking
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the aromatic sidearm, indicating the existence of weak interactions with the

sidearm of 1 during the catalysis.

Ci12H5Q  OC1aHzs Ci2HzsQ  OCyaHzs CyoHpsQ  OCyzHos

=N 0, N= =N OzN —N 02
/L|J\ Koat
o” o — o’ Vo
\

\ \
O, O,

\ @

1- benzoquinone

Figure 3. Diels-Alder reaction between benzoquinone and 1,3-cyclohexadiene catalyzed by uranyl-
salophen.

Vecchio and co-workers reported the synthesis and spectroscopic
characterization of a Mn(lll)-salophen complex conjugated with a
B-cyclodextrin. The biological activity of the complex was evaluated and
superoxide dismutase (SOD)-like activity was determined. It resulted that the
presence of the cyclodextrin not only increased water solubility, but also
imparted a slight increase to the antioxidant activity of SOD.? The same group
also described the non-covalent conjugation of a Mn(lIll)-salophen with bovine
serum albumin to prepare an artificial SOD enzyme. According to the authors,
the protein has a positive effect and the adduct showed increased SOD
activity.?

Dimeric Cr(Ill)-salophen 3 connected through a flexible linker was exploited as
bifunctional catalyst in the ring-opening polymerization (ROP) of
[-butyrolactone and CO:/propylene oxide (PO) copolymerization (Figure 4).
The dimeric complex 3 gave 5 times higher yield and higher molecular weight

of the polymeric product compared with the monomeric one.”
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Figure 4. Bifunctional catalyst for the ring-opening polymerization (ROP) of 3-butyrolactone (1) and
CO2/propylene oxide (PO) copolymerization (2).

1.3 Zinc salophen

An extensive work involving salophen implied their application as ligands in
the formation of zinc complexes. Zinc is an essential metal in the biological
world, being the second most abundant transition metal in organisms. It is the
only metal present in all six enzyme classes. In solution, zinc exists in the +2
oxidation state and has pronounced Lewis acid character because of its small
radius to charge ratio. For this reason it can form strong covalent bonds with S,
N and O donors.?® These unique properties of the zinc metal were exploited in
Zn(Il)-salophen complexes, that found application in many different fields
spreading from anion sensor, catalysis, and material chemistry. Below are
reported some representative examples regarding the use of Zn(II)-salophen

complexes.

1.3.1 Zinc salophen in the formation of supramolecular assemblies

The high Lewis acidity of the zinc metal center in Zn(II)-salophen complexes,
together with their strong absorption band in the region of 300-500 nm
(depending on the substitution on the salophen ligand) render them excellent
candidates as chemosensors. In 2007 Dalla Cort et al. studied the ability of some

Zn(Il)-salophen complexes to bind tertiary amines. They could find that the
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binding of a series of tertiary amines was dominated by steric effects. With
quinuclidine, for which the steric hindrance around the N atom is minimal, the
authors could estimate a binding constant higher than 106 M- in chloroform.?
The binding of N donor to Zn(Il)-salophen was also exploited by Kleij for the
absorption/desorption of alkaloids. They studied the binding event for different
alkaloids guests through UV-vis, NMR and X-Ray techniques and measured a
binding constant (Ka) for this assemblies in the order of 105.3 When the titration
was carried out in a relatively acidic solvent such as chloroform demetalation of
Zn(II)-salophen occurred through the activation of a water molecule by a
nearby Zn(Il)-salophen. However, in the presence of suitable N-donor ligands
such as alkaloids, Zn>* could be reincorporated in the salophen backbone.
Interestingly, this event gave rise to a color response.?!

Zinc salophens has also a high affinity for O-anions, such as phosphates and
acetates. This tendency allowed Dalla Cort and co-workers to design a receptor
for biologically relevant anions such as AMP, ADP and ATP. This receptor
featured an extended aromatic wall on the diamine linker that can serve as a
second binding site through m-mt stacking interactions. The best result could be
obtained with ADP where the distance between the phosphate group and the
adenine matched the one between Zn?* and the naphtalene ring in the salophen
skeleton.®? The same research group reported a water soluble version of zinc
salophen complexes that was able to bind carboxylate anions in water and more
interestingly ~a-aminoacids are detected with a slight degree of
enantioselectivity in all cases, with the exception of phenylalanine for which the
discrimination between the two enantiomers is much higher. This finding was
explicated by the authors as due to a multiple interaction that is zinc-
carboxylate coordination and hydrogen bonding between the ammonium

group of the aminoacid and two oxygen atoms of one D-glucose moiety, and in
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the case of phenylalanine a preferential - interaction between one of the
enantiomers and the aromatic rings of the salophen ligand.

As reported by Kleij, various anions are bound by the zinc metal center of
salophens, giving rise to 1:1 complexes. However, in the case of acetate the
situation is slightly different. At low concentration of AcO- guest, the 2:1
complex is preferentially formed. Beyond 0.5 equivalents of AcO-, the

equilibrium is shifted toward the formation of the 1:1 complex (Figure 5).3¢

Figure 5. The different equilibria involved in the binding of acetate anion to the Zn(II)-salophen.

1.3.2 Photophysics of Zinc-salophen complexes

Zinc salophen complexes are known to be moderately fluorescent. Hupp and
co-workers described the photophysical properties of supramolecular boxes
constituted of four Zn(Il)-salen (or salophen) held together by rhenium
complexes at the edges. The inclusion of another Zn(lII)-salen (or salophen) in
the box allowed the formation of a pentakis(salen) assembly in which the guest
inside and the host square underwent energy transfer.’

In 2007, Knapp, described the fluorescence quenching of a Zn(Il)-salophen by
nitroaromatics. Based on the measurement of the redox potentials the authors
proposed a phothoinduced electron-transfer from the excited state of the

salophen complex to the nitro compound as responsible for the quenching.?

8-



UNIVERSITAT ROVIRA I VIRGILI
DESIGN AND SYNTHESIS OF ZN(II)-SALOPHEN DERIVATIVES: FROM CHEMOSENSING TO CATALYSIS
Martina Piccinno

Chapter 1

Recently, we described the quenching of the emission of the 1,8-naphthalimide
by a Zn(Il)-salophen complex (See Chapter 2). The quenching occurred both in
the covalently linked and in the supramolecular assembly and was ascribed to a
photoinduced energy transfer. Interestingly, the supramolecular, non-
fluorescent 1:1 complex constituted of a pyridyl derivative of the 1,8-
naphthalimide and a Zn(Il)-salophen complex was exploited as an on-off-on
anion receptor according to the fluorescent displacement assay approach.?” This

system will be further discussed in Chapter 2.

1.3.3 Zinc salophen in catalysis

A sophisticated example regarding the use of Zn(Il)-salophen in catalysis is the
resorcin[4]arene 4 fused to a salophen moiety reported by Rebek (Figure 6).
This molecule was able to accelerate the hydrolysis of the para-nitrophenyl
choline carbonate (PNPCC).3 Energy minimized structure of the complex and
the PNPCC suggested the occurrence of a simultaneous cation-mt interaction
and a C=O----Zn coordination bond. The supramolecular catalyst showed higher
reactivity compared with the Zn(Il)-salophen without the cavity. Also, the
hydrolysis of a substrate lacking the ammonium “knob” is not catalyzed by 4,
highlighting the importance of the binding event into the cavity. This system
will be further discussed in Chapter 3. The same molecule was demonstrated to
be able to catalyze the synthesis of acetylcholine from choline and acetic

anhydride (Figure 6, right).
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Figure 6. Resorcin[4]arene fused to a Zn(ll)-salophen moiety reported by Rebek exploited for the

hydrolysis of the PNPCC and synthesis of acetylcholine, left. Mechanism proposed for the synthesis
of acetylcholine from choline and acetic anhydride, right.
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Reek and co-workers exploited the Zn(II)-salophen functionality for the
construction of encapsulated transition metal catalyst. Pyridylphosphanes and
Zn(Il)-salophen complexes could form higher order assemblies through Npy:-Zn
coordination. This supramolecular assembly could encapsulate rhodium and
participate in the hydroformylation of 1-octene.

One year later, the same group, reported the usage of a bis-Zn(Il)-salophen as
template in the formation of chelating heterobidentate ligands by self-assembly
of two different monodentate ligands, 5 (Figure 7, left). These assemblies were
studied in the rhodium-catalyzed asymmetric hydroformilation of styrene.
Control experiments using homocombination of the ligands or combination of
the ligands in the absence of the template gave lower values in term of
conversion and/or enantioselectivity.*4 Recently the same group reported the
construction of a supramolecular “box”, 6, constituted of a bis-Zn(II)-salophen
derivative and a chiral phosphorus ligand functionalized with pyridine

moieties (Figure 7, right).

-10-
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Figure 7. Supramolecular catalysts developed by Reek and co-workers involving the use of bis-
Zn(Il)-salophen as template. Left: template heterobidentate complex; Right: confined rhodium
catalyst for the asymmetric hydroformylation of unfunctionalised internal alkenes.

This extremely robust 2+2 assembly was tested in the Rh-catalyzed asymmetric
hydroformylation of cis- and trans-2-alkenes. In the presence of chiral ligand 6
the innermost aldehyde was produced preferentially with good
enantioselectivity. The confinement in the active site was proposed by the
authors as the main reason for the observed selectivity.*

Recently, Kleij and co-workers, used Zn(IlI)-salophen 7 as catalyst in the
cycloaddition of carbon dioxide to terminal epoxides to obtain cyclic
carbonates. The scope was quite broad and the reaction could be performed in
mild conditions.# Later on, Kleij and Pescaramona could achieve higher
catalytic efficiencies working in green CO: medium, ie. solvent-free
conditions.> The mechanism proposed by the authors involved coordination of
the epoxide to the zinc metal center as the first step, followed by ring opening
of the epoxide by the halide anion (co-catalyst). Then insertion of the CO: in the

Zn-Oepoxyde bond and carbonate cyclization (Figure 8).

-11-
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R

Figure 8. Zinc salophen complex used by Kleij in the synthesis of carbonates. Left: mechanism
proposed for the Zn(Il)-salophen catalyzed cycloaddition of COz to oxiranes.

1.3.4 Zinc salophen in material chemistry

Thanks to the high Lewis acidity of the zinc metal center, Zn(II)-salophens
provide useful synthons for the construction of supramolecular boxes.

In 2005 Reek reported the construction of supramolecular box assemblies, 8 and
9, exploiting the strong Npyr -Zn interaction. A series of supramolecular boxes
based on bis-salophen and axial bipyridine ligands were reported (Figure 9).
Luckily these structures easily crystallized, allowing a complete
characterization through X-Ray analysis.* This porous material has the
advantage that is formed by neutral building blocks and the channels were not
blocked by counterions. The authors also reported that when smaller ditopic
ligands were present, the formation of coordination polymers occurred

preferentially.+

-12-
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Figure 9. Supramolecular assemblies formed by mono- and bis-Zn(II)-salophen with ditopic amines.

Few years later, the same authors, described a Zn(II)-salpyr building block that
self-assembled in a molecular vase structure. Again, the guiding force was the
highly favorable Npyr -Zn interaction. The tetrameric assembly was
spontaneously formed in solution thanks to the presence of both Lewis acid (the
zinc metal center) and Lewis base (the pyridine ring) in the salophen skeleton.#
Zinc and nickel salophen complexes were also tested in the field of metal-
organic frameworks (MOFs). Mastalerz et al. could obtain a polymeric porous
material, 10, from the condensation of a tetrakis salicylaldehyde and
o-phenylenediamine in the presence of the metal acetate salt. The resultant
metal-functionalized porous organic framework showed selective gas

adsorption properties (Scheme 2).4
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Scheme 2. Reaction of formation of the salophen covalent organic framework described by
Mastalerz ef al.

Because of the five-coordinate square pyramidal geometry of the zinc atom,
Zn(II)-salophen complexes tend to dimerize in non-coordinating solvents
(chloroform, dichloromethane, toluene, etc.) in the absence of a donor guest.
The dimerization occurs through the axial coordination of the phenolic oxygen
of one molecule with the zinc atom of an adjacent molecule and gives rise to a

Zn-O-Zn-O square (Figure 10).%

Figure 10. Line drawing structure showing the formation of the Zn(II)-salophen dimer mediated by
Zn--O interactions.

Dimer formation was investigated both in solution and in the solid state
varying the substitution on the salicylaldehyde rings. In particular, the
substitution on the 3- and  3'-positions is  crucial®® = The

aggregation/disaggregation properties of amphiphilic Zn(II)-salophen were
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deeply investigated by Consiglio et al. The effect of the solvent was
comprehensively studied and the absorption/emission spectra at different
concentrations were recorded.>

The tendency of Zn(ll)-salophen to dimerize was also exploited in the field of
functional materials. In 2007 MacLachlan reported the formation of gels and
nanofibers promoted by Zn--O interactions between adjacent salophen
complexes. The gel formed in toluene and other aromatic solvents could be
disrupted by the addition of pyridine that coordinated the zinc. The presence of
bulky tert-butyl groups in the 3- and 3’-positions of the salophen skeleton
prevented the formation of the gel .

More recently, Di Bella and co-workers investigated a series of Zn(II)-salophen
functionalized with alkoxy substituents able to self-assemble into nanofibers.
The effect of the solvent in the formation of the nanofibers was evaluated and
according to the authors the driving force for the formation of the
supramolecular aggregates was dominated, again, by intermolecular Zn--O

interactions (Figure 11).5*
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Figure 11. Schematic representation of the nanofibers studied by Di Bella.
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-SALOPHEN DERIVATIVES:

1.4 Aim of this thesis

FROM CHEMOSENSING TO CATALYSIS

Thanks to the unique properties of Zn(II)-salophen complexes, many different

application can be explored. Their versatility and synthetic accessibility allow

an easy derivatization with specific functional groups to impart them the

desired behavior.

We focused our attention on three fields: recognition of anions, catalysis and

supramolecular gels.

In Chapter 2 is described our attempt to prepare a fluorescent receptor for

anions based on a Zn(Il)-salophen skeleton. To achieve this goal, we designed

and prepared and non-symmetrically substituted Zn(II)-salophen covalently

decorated with a 1,8-naphthalimide wunit,

a well know fluorophore.

Unfortunately, from the comprehensive study we performed, it resulted that

the attachment of the 1,8-naphthalimide unit to the Zn(II)-salophen complex

provokes a significant emission quenching of the former one. To explain this

phenomenon, we proposed and demonstrated the existence of a photoinduced

energy transfer process between the naphthalimide unit (donor) and the

salophen (acceptor).
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Figure 12. Schematic representation of the on-off-on fluorescent receptor for anions described in

Chapter 2.
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However, from our studies we cannot exclude the existence of a photoinduced
electron transfer as an alternative pathway for emission deactivation.

On the basis of these findings, we developed a supramolecular system
characterized by the presence of the two fluorophores and exploited the strong
emission quenching experienced by the naphthalimide component to detect
anions (e.g. acetate) by means of a typical “turn-on” fluorescent indicator
displacement assay (Figure 12).

This study has been published in Eur. J. Inorg. Chem. 2015, 2664-2670.

In Chapter 3 are reported our efforts in the development of a supramolecular
catalyst bearing a binding site close to a catalytic group. We designed and
synthesized an unprecedented resorcin[4]arene derivative featuring a
Zn(II)-salophen unit covalently attached through a triazole ring (Figure 13).
Resorcin[4]arenes cavitands are known to bind alkylammonium salts by
cation-7t interactions while Zn(II)-salophens can act as a Lewis acids activating
a carbonyl group through an electrostatic C=O----Zn interaction. The synthesis
was successfully completed and the final compound was characterized by

means of mono- and bi-dimensional NMR, exact mass and X-ray analysis.

a) tBu b)

o,N

Zn-Cav PNPCC

Figure 13. a) Line-drawing structure of the molecule synthetized Zn-cav (left) and para-nitrophenyl
choline carbonate, PNPCC (right); b) energy-minimized complex Zn-cav-PNPCC.
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On this derivative we performed kinetic studies of the hydrolysis of the
para-nitrophenyl choline carbonate (PNPCC). The hydrolysis was followed by
UV-vis spectroscopy, following the para-nitrophenolate absorbance. By
comparison of the obtained results, a moderate increase in the reaction rate
constant was detected in the presence of the catalyst. Model compounds were
also tested in order to check the effectiveness of the catalytic performance of the

molecule under study.

In Chapter 4 is described a project performed in collaboration with Prof. Beatriu
Escuder (Universitat Jaume I, Castello, Spain). We designed and prepared two
peptides functionalized Zn(Il)-salophens, 1a and 1b (Figure 14) and tested their

gelation properties in different solvents.
7 o
1a; R= ?(/\/H ; JL
RS g aa<

=N_ N=
N :< Zn >: Ns,
N= AN =N
Z-val-p
,lll / O [0} \ ’1‘~ al-Pr
Q ~ o
St
1b; R= 2"\ \n/\N 0
H & H

Z-Val-val-Pr
Figure 14. Line drawing structures of the molecules prepared and studied in Chapter 4.
Preliminary gelation experiments revealed the ability of 1b to form a gel in

acetonitrile when previously dissolved in small amounts of dimethyl sulfoxide

(Figure 15).

] ]
e ! 3
Figure 15. Picture of the tube inversion tests with gelator 1b previously dissolved in DMSO.

Finally, the effect of the presence of a guest in the formation of the gel was
evaluated. The obtained preliminary results gave an insight into the

intermolecular interactions involved in the formation of the gel.
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Unexpected Emission Properties of a
1,8-Naphthalimide Unit Covalently

Appended to a Zn-Salophen

This study has been published in Eur. . Inorg. Chem. 2015, 2664-2670.
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2.1 Introduction

The importance and ubiquity of anions in many chemical and biological
processes have boosted the field of anion coordination chemistry research.!?3
Anions are not only important in many sustaining life processes (i.e. enzymatic
processes) but also represent a serious environmental problem
(e.g. eutrophication).

Many elegant studies have been reported dealing with the development of
optical sensors for anions and the understanding of their binding modes and
sensing mechanisms.'*5 Of particular interest are optical molecular probes
based on a recognition site covalently linked to a chromophore/fluorophore
unit.¢”8 In these systems, the recognition unit binds selectively the target species
and the molecular recognition event is transduced through the modulation of
the optical properties of the signaling unit (chromophore). For decades,
chromogenic/absorbing organic dyes have been widely used as signaling units.
Nowadays, however, fluorescent dyes are preferred because they provide
increased sensitivity to the sensing methodology.>°

In the last years, zinc-salophen complexes have attracted increasing attention
owing to the Lewis acidity of the Zn(Il) center that makes them excellent
receptors for electron-rich substrates including neutral molecules and anions.!
Such interesting properties come along with an easy synthetic access and
reasonable chemical stability. The recognition event is generally monitored by
absorption spectroscopy because the quantum yield of the Zn-salophen
fluorescence is usually very low.112 We envisaged that the decoration of the
Zn-salophen scaffold with a highly fluorescent unit could produce a
chemosensor able to signal the binding of target molecules to the Zn-center

through changes in the emission properties of the attached chromophore. Our
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goal was to increase the sensibility of the sensing system by changing the
transduction of the binding event from absorption to fluorescence signaling. We
focused our attention on the 1,8-naphthalimide fluorophore as reporter unit.
The 1,8-naphthalimide unit is characterized by unique photophysical properties
(i.e. high quantum yield), and straightforward tunability by simple
modifications of the naphthalene skeleton and/or at the imide unit.®
1,8-naphthalimide based receptors covalently linked to Zn? complexes have
already been reported in the literature.'#!516 Recognition of an anion or a cation
by the binding center is able to modulate the emission properties of the
naphthalimide fluorophore, giving rise to a signaling optical response.

Herein, we report the synthesis and characterization of a non-symmetrically
substituted Zn-salophen complex having one 1,8-naphthalimide unit tethered

by a triazole ring (1a, Figure 1).
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Figure 1. Line-drawing structures of the molecules prepared and studied in this work.

The presence of two tert-butyl groups in one half of the salophen unit of 1a was
aimed to prevent its dimerization through intermolecular Zn-O interactions."”
On the other hand, the N-octyl chain introduced in the naphthalimide
component served to increase the solubility of 1a in organic solvents. We

investigated the absorption and emission properties of 1a, as well as its binding
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properties towards acetate anion, used to test the behavior of the system in the
presence of a coordinating anion. Our studies revealed unexpected features in
the emission properties of 1a, see paragraph 2.2.2 - Emission spectroscopy studies
of salophen 1a. To rationalize such results, we designed and studied a
supramolecular model system based on the pyridine naphthalimide derivative
2a and the symmetrically substituted Zn-salophen 1b. In solution, these
components assembled into a 1:1 complex through axial coordination of the
pyridine group of 2a with the Zn metal center of 1b. We describe the
spectroscopic and thermodynamic characterization of the 1b®2a complex. The
obtained results with the supramolecular model 1be*2a indicated that the
quenching of the naphthalimide emission was caused by a photoinduced
process that involved the Zn-salophen component. This result also explains the
unexpected emission properties found for the naphthalimide unit in the

covalently connected receptor 1a.

2.2 Results and Discussion

2.2.1 Synthesis and characterization of Zn-salophen 1a

5-(azidomethyl)-2-hydroxybenzaldehyde 3 was obtained by reacting sodium
azide with 5-(chloromethyl)-2-hydroxybenzaldehyde. On the other hand,
commercially available 4-Bromo-1,8-naphthalic anhydride was first converted
to the corresponding imide derivative. Then, an ethynyl substituent was
introduced by Sonogashira coupling followed by deprotection of the
trimethylsilyl group to finally afford the ethynyl-naphthalimide derivative 4
(See Experimental Section). Cu(]) catalyzed reaction of the azide salycilaldehyde
derivative 3 with alkyne 4 afforded the 1,8-naphthalimide triazole 5 in 69%

yield after column chromatography purification. The condensation reaction of
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monoimine 6 with the functionalized salycilaldehyde 5 produced Zn-salophen

1a as an orange solid in 75% yield (Scheme 1).

O
o)
N

-z

N
O

2

=N NH,

tBu

Scheme 1. Synthesis of non-symmetrical salophen 1a. Reagents and conditions: a)
[Cu(CHsCN)4]PFs, TBTA, DMSO, room temperature, 48 h, 69%; b) ZnCl, EtsN, DCM/MeOH 2:1,
room temperature, 18 h, 75%.

The '"H NMR spectrum of salophen 1a in CDCls solution displayed broad
signals for the aromatic protons of the salophen core. Most likely, the
broadening of the signals is caused by a chemical exchange process between
monomer and dimer forms of 1a that occurred at an intermediate rate on the
chemical shift timescale. The tendency of Zn-salophen derivatives to dimerize
at millimolar concentration in weak or non-coordinating solvents is
well-known."”

Conversely, the '"H NMR spectrum of 1a in DMSO-ds solution showed sharp
and well-defined proton signals, which were easily assigned using 2D NMR
experiments. The imine protons Hs and Hs resonances appeared separately at
& = 8.99 and 8.94 ppm respectively, confirming the non-symmetrical nature of

the Zn-salophen core. Moreover, the triazole proton His appeared as a sharp
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singlet at 6 = 8.89 ppm. NOE cross-peaks were observed between the triazole
proton His and aromatic protons Hius and His present in the naphthalimide unit.
This is an expected result if we consider the free rotation of the C-C bond
connecting the triazole ring and the 1,8-naphthalimide unit.

A DOSY experiment performed on a DMSO-ds solution of 1a at 298 K assigned
a diffusion coefficient of 1.41x10°© m?/s to the molecule. This diffusion
coefficient value corresponds to a hydrodynamic radii (rexp) of 7.66 A, which is
in good agreement with the dimensions of the molecule estimated using

molecular modeling (Figure 2).18

a)

Figure 2. Top (a) and side (b) views of the MM3 energy minimized structure of salophen 1a shown
in stick representation. Non-polar hydrogen atoms are omitted for clarity. A sphere centered on 1a
and with a radii of 8 A that corresponds to the value determined from the DOSY experiment is
shown in (b).

2.2.2 Solution binding studies

Thermodynamic characterization of the complex of 1a with acetate anion.
Zinc-salophens are known to be good receptors for anions.®20 Preliminary
studies to examine the behavior of 1a in the presence of an anion were
performed with acetate.

The interaction of 1la with acetate was probed using 'H NMR spectroscopy

(Figure 3). The addition of incremental amounts of tetrabutylammonium

acetate, TBA(AcO), to a ~1 mM solution of 1a in CDClIs resulted in chemical
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shift changes of its proton signals and the sharpening of some of them that

initially were broad.

H(_asﬁmw

A
b
) M MM A
A
W
9.0 8.5 8.0 7.5 7.0 6.5 [ppm]

Figure 3. Selected region of the 'TH-NMR of 1a in CDCls (4.49x103 M) upon addition of 0 (a), 0.5 (b),
1 (c) and 1.5 (d) equivalents of TBA(AcO).

This observation confirmed that acetate anion coordinated to the zinc metal
center of the salophen core of 1a and disrupted its dimerization. The addition of
more than 1 equivalent of acetate did not induce any additional change in the
NMR spectra. We concluded that a 1:1 complex 1la*AcO- is formed with an
association constant higher than 10* M-1. In order to assess an accurate stability
constant value for the 1a® AcO- complex we next performed a UV-Vis titration
experiment.

The UV-Vis spectrum of the zinc-salophen 1a in chloroform solution displayed
two broad absorption bands with maxima centered at 300 nm and 365 nm,
respectively. This spectrum closely resembles the sum of the absorption profiles
of the two separated chromophores in 1b and 2b. Such result suggested that the
electronic interaction of the two chromophores in the ground state of 1a is weak

(Figure 4).
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Figure 4. Absorption spectra in molar absorption coefficient scale of 1a (solid line), 1b (dotted line)
and 2b (dashed line) in chloroform.

A dilution experiment of 1a in a range of concentrations of 107 + 105 M showed
that the absorption spectra in epsilon scale remained constant. Hence, in
complete agreement with a previous report for a related system?' we concluded
that in this range of concentrations 1a should exist in solution as a monomeric
species.

The addition of increasing amounts of TBA(AcO) salt (0-6 eq) to a 10° M
chloroform solution of 1a caused the decrease of the absorption bands centered
at 300 and 365 nm and the simultaneous appearance of a new band with a

maximum at 405 nm (Figure 5).
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0.7 \
< 1.06 >

12 l
/ \¥ 1.02
1 ‘ 2 2=370
\ - 0.98
7 2 3 4 5
0.8 eq of AcO’
< 0.6
0.4
0.2
0 .
280 330 380 430 480 530 580

A (nm)

Figure 5. Absorption spectra of 1a (3.69x10° M) upon addition of incremental amounts of AcO-(0-6
eq) in chloroform. Inset: fit of the experimental data at 405 nm and 370 nm to the calculated
theoretical binding curve for a 1:1 binding model considering two coloured species (free 1a and
la*AcO- complex).
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The titration spectra provided a clear isosbestic point centered at 380 nm
suggesting the existence in solution of a single equilibrium involving the two
species. Accordingly, the UV-Vis titration data were analyzed using a
theoretical 1:1 binding model that considered two colored species (free 1a and
1a* AcO- complex). The fit was good and returned an association constant value
of K« = (1.73 + 0.10)x10° M for the la*AcO- complex. The determined
association constant value is in agreement with those reported for analogous

zinc-salophen receptors binding acetate anion."”

Emission spectroscopy studies of salophen 1a.

The decoration of the salophen complex with the 1,8-naphthalimide unit was
expected to improve the spectroscopic emission properties of the system and
promote its use at low concentrations (10 — 107 M) to detect the presence of
anions. To test this hypothesis we decided to study the complexation of acetate
ion by 1a at micromolar concentration using emission spectroscopy.

Figure 6 shows the emission spectrum in chloroform of 1a (Aexc = 360 nm). Two
broad emission bands centered at 420 and 620 nm, respectively, are visible. By
comparison with the emission spectra of 1b and 2b we attributed them to the
separate emission of the two chromophores present in the structure of 1a: the
1,8-naphthalimide (420 nm) and Zn-salophen (620 nm).

However, the 1,8-naphthalimide chromophore in 2b is a significantly better
emitter than zinc-salophen chromophore of 1b, see Figure 6. In fact, the
emission quantum yield (®em) of the 1,8-naphthalimide chromophore 2b was
measured to be 0.8, much higher than the reported value for the zinc-salophen
complex 1b, ®em = 0.3.2 Notably, the high emission exhibited by the
1,8-naphthalimide in 2b is strongly quenched when the chromophore is

covalently incorporated in the structure of 1a. This indicates the existence of a
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quenching mechanism for the naphthalimide wunit emission in 1a,

i.e. photoinduced electron transfer (PET) or energy transfer (ET).
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Figure 6. Emission spectra of 1a (solid line, 1x10-¢ M), 1b (dotted line, 1x10-¢ M) and 2b (dashed line,
1x107 M) in chloroform Aex = 360 nm. Please notice the break in the scale of normalized emission

intensity.

The emission spectrum of 1a showed quite similar intensities for the bands
assigned to the 1,8-naphthalimide and zinc-salophen units which did not match
with the different quantum yield values observed for the two separated units.
The observed unexpected quenching in the emission of the 1,8-naphthalimide
covalently attached to the Zn-salophen in 1a prompted us to further investigate
the system by using a model in which the two chromophores were kept close in

space through a coordinative bond, yielding a supramolecular complex.

2.2.3 Synthesis of the components of the supramolecular complex

Thermodynamic characterization of the complex.

The designed supramolecular system is based on the symmetrically substituted
Zn-salophen 1b and pyridine derivative 2a decorated with a 1,8-naphthalimide
unit (Figure 1). The Zn-salophen 1b was synthesized following a procedure

reported in literature.?> Naphthalimides 2a and 2b were prepared by Cu(l)
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catalyzed reactions of N-ethyl-6-ethynil-1,8-naphthalimide S1 with 4-
(azidomethyl)pyridine S2 or benzyl azide S3, respectively (See Experimental
Section).

Compounds 1b and 2a are expected to self-assemble in solution through axial
coordination of the nitrogen atom of the pyridine-ligand to the Zn metal center.
Based on literature precedents the association constant for the assembly 1b<2a
was estimated as ~ 105 M1.2# Derivative 2b was used as a control compound
because clearly it cannot form a coordination complex with 1b.

The '"H NMR spectrum of 1b in CDCls showed broad proton signals (similar to
1a) due to the dimerization process experienced by Zn-salophen at millimolar
concentration in non-polar solvents (vide supra). When increasing amounts of 2a
were added to the solution of 1b, the proton signals of the latter became
sharper. No further changes were observed in the chemical shift values of 1b
when more than 1 equivalent of 2a was added. These results indicated the
disruption of the dimeric aggregates of 1b and the formation a 1:1 coordination
complex between 1b and 2a for which we assessed a binding constant higher
than 10* M in complete agreement with the previous estimate. In the early
stages of the titration the proton signals corresponding to the pyridyl group of
the naphthalimide 2a appeared upfield shifted compared to those of free 2a.
Most likely, the magnetic anisotropy caused by the nearby Zn-salophen unit in
the coordination complex 1b*2a is responsible for the observed upfield shift.2*
A 2D-NOESY spectrum showed an intense cross peak between the protons a to
the nitrogen atom of the pyridine ring in 2a and those of the fert-butyl group in
the salophen 1b (Figure 7) thus providing support to the formation of the 1b*2a

supramolecular complex with axial coordination geometry.
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Figure 7. Selected area of the 2D NOESY spectrum of the 1:1 complex 1b*2a in CDCls solution . The
MM3 energy minimized structure of the 1b*2a complex is shown as an inset.

The interaction of 1b with 2a was also studied in chloroform using UV-Vis
absorption spectroscopy. The coordination of the pyridine of 2a to the
Zn-salophen 1b resulted in a slight increase and bathochromic shift of the
absorption band at 420 nm (AA~6 nm), which is the expected behavior for the
formation of an axial pyridine:Zn-salophen coordination complex.?® The fit of
the titration data to a 1:1 binding model was good and the calculated stability
constant for the 1b*2a complex was Ka = (4.66+ 0.41)x105 M-1.

An analogous titration experiment performed with the reference compound 2b
did not produce noticeable changes in the absorption spectra of the

Zn-salophen 1b.

Emission properties of the supramolecular complex 1b*2a.

The emission spectra of the symmetrically substituted Zn-salophen 1b
(Aexe = 360 nm) in chloroform solution displayed a weak band centered at
550 nm (Figure 6). In contrast, the separate emission spectra of compounds 2a
and 2b showed strong bands with maxima at 420 and 430 nm, respectively.?

The strong fluorescence shown by naphthalimides 2a and 2b indicated that
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fluorescence quenching observed in 1la was not caused by the intervention of
the triazole ring connector.

The interaction of the pyridyl derivative 2a with the symmetric Zn-salophen 1b
was probed also by emission spectroscopy. For practical reasons, we performed
a reverse titration, where Zn-salophen 1b was added to a 107 M chloroform
solution of naphthalimide 2a. We observed an intense quenching of the
emission band of 2a as the amount of 1b in solution was increased. Conversely,
the incremental addition of Zn-salophen 1b to a solution of the reference
naphthalimide 2b had a negligible quenching effect on its emission. Taken
together, these results indicated that the quenching of the emission of the
1,8-naphthalimide unit by the Zn-salophen required a spatio-temporal
proximity of the two chromophores, naphthalimide and Zn-salophen. Using
steady-state fluorescence experiments is not possible to unequivocally assign
the nature of the quenching process that takes place in the 1be2a
supramolecular complex. Interestingly, we observed that the emission spectrum
of a solution containing 1b and 2a showed a slight increase in the emission
band of the Zn-salophen (A = 550 nm) compared to an analogous one containing
1b and 2b (Figure 8). In addition, the absorption band of the Zn-salophen 1b
centered at 420 nm perfectly overlaps the emission band of the
1,8-naphthalimide 2a. All these observations suggested that the nature of the
quenching process can be related to an energy transfer process. However, based
on our results we cannot exclude the existence of a photoinduced electron
transfer process as responsible of the quenching.?

The strong overlap that existed between the absorption spectra of the two
chromophores did not allow the selective excitation of one of them. This
limitation prevents the possibility to unequivocally demonstrate the energy

transfer process.
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Figure 8. Comparison of the emission spectra at the final point of the titration of a solution of 2a
(red line, 6.62x10-7 M ) and 2b (green line, 6.84x10-7 M) with 11 eq of 1b. Aex=310 nm.?”

In close analogy to the results obtained in the supramolecular 1b®2a complex,
we assigned the unexpected emission properties featured by the naphthalimide
unit of the receptor 1a in chloroform solution to the existence of a photoinduced

quenching process (ET or PET) with the Zn-salophen moiety.

2.2.4 Sensing studies

Although the emission properties of receptor 1a were not the expected ones, we
decided to test its behavior in the presence of acetate using emission
spectroscopy. Our expectation was that the binding of a coordinating anion to
receptor 1a could be transduced in changes in the emission properties of the
naphthalimide unit (e.g. fluorescence restore). As shown in Figure 9a, the
addition of 10 equivalents of TBA(AcO) to a micromolar solution of 1a caused a
hypsochromic shift of the emission band corresponding to the salophen unit.
Unfortunately, the photoinduced process responsible for the quenching of the
naphthalimide fluorescence in 1la (i.e. electron or energy transfer) was not

strongly influenced by acetate binding.
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Figure 9. (a) Changes observed in the emission spectra of 1a (1.51x10¢ M) in chloroform solution
upon addition of acetate (0-10 eq). Aex = 380 nm. (b) Recovery of fluorescence emission upon
addition of acetate anion (as tetrabutylammonium salt, 0-10 eq) to a chloroform solution of 2a (8.29
x10-6 M) and 1b (1.75 x105 M). Aex = 360 nm.

Finally, we studied the behavior of the supramolecular complex 1b<®2a as a
“turn-on” -fluorescent sensor-ensemble for the detection of anions. In this case,
the addition of the acetate anion (0 to 10 eq) to the solution containing the
partially assembled 1b®2a complex caused an increase in the emission of the
1,8-naphthalimide unit (Figure 9b). This observation is in complete agreement
with the displacement of the pyridine-functionalized naphthalimide 2a in the
1be2a complex by the acetate anion yielding the 1b*AcO- complex. The

reported association constant for Zn-salophen 1b ®* AcO- complex is one order of
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magnitude higher than the one we calculated for the 1be2a complex.”
Therefore, acetate effectively competes with the pyridine-functionalized
1,8-naphthalimide bound to the Zn-salophen. The free naphthalimide 2b that is

released to the bulk solution recovers its emission properties.

2.3 Conclusions

In conclusion, we have synthesized a Zn-salophen receptor, 1a, covalently
decorated with a 1,8-naphthalimide unit. We have shown that the attachment of
the Zn-salophen to a 1,8-naphthalimide provokes a significant quenching in the
emission of the latter. We have also designed and characterized a
supramolecular system based on the symmetric Zn-salophen 1b and the
1,8-naphthalimide pyridyl derivative 2a. In chloroform the two components
form a 1:1 complex in which the pyridyl residue is axially coordinated to the
Zn-salophen. By means of UV-Vis titrations, we determined the association
constant of the 1b*2a complex to be Ko = (4.66+ 0.41)x10°> M. Interestingly, the
emission of the naphthalimide 2a is also quenched upon formation of the 1b*2a
complex. The results of the investigation of the emission properties of the
supramolecular system 1b¢2a suggested that a photoinduced energy transfer
process could be responsible for the quenching of the naphthalimide unit. We
ascribed the existence of a similar photoinduced process in the covalently
linked structure of receptor la to explain the observed quenching of the
fluorophore component. Unfortunately, the performed steady-state fluorescent
experiments were not suitable to discard the existence of a photoinduced
electron transfer between chromophores as an alternative pathway for emission
deactivation.

The Zn-salophen receptor 1a equipped with the naphthalimide unit transduces

the binding of acetate anions to the Zn-center in significant changes of the
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UV-Vis absorption spectrum. Conversely, the emission properties of la are
almost unaffected by the recognition event. Finally, we used the
supramolecular system 1be®2a as a “turn-on”-fluorescent sensor ensemble in
which the presence of the anion was signaled through a typical indicator

displacement assay.

2.4 Experimental Section

General Methods and Instrumentations

Reagents and solvents were obtained from commercial suppliers and used
without further purification. Spectrophotometric grade chloroform containing
amylene as stabilizer was purchased from Sigma Aldrich and freshly
deacidified with basic aluminum oxide before each UV-Vis measurement. The
H and *C NMR spectra were recorded at 300MHz, 400 MHz or 500 MHz for 'H
or at 75 MHz, 100 MHz and 125 MHz for ®C, respectively. The chemical shifts
(0) for 'H and 3C are given in ppm relative to residual signals of the solvents
(CHCIs, d = 7.26 ppm for '"H NMR, d = 77.16 ppm for *C NMR or DMSO,
0 =2.50 ppm for 'H NMR, & = 39.52 ppm for ®*C NMR). When necessary, 'H and
13C signals were assigned by means of COSY, HSQC, NOESY and ROESY 2D-
NMR sequences. High-resolution mass spectra (HRMS) were obtained on
MicroTOF II from Bruker Daltonics (HPLC-MS-TOF) with positive ionization
mode (ESI+). UV-Vis measurements were carried out on a Shimadzu
UV-2401PC spectrophotometer equipped with a photomultiplier detector,
double beam optics, and D2 and W light sources. Fluorescence measurements
were performed in a Spectrofluorimeter Fluorolog Horiba Jobin Yvon. Dilute

solutions (A < 0.05) were prepared in order to minimize inner filter effects.
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Fluorescence quantum yield for naphthalimide 2a was determined by using
quinine sulphate in 0.1 N (0.05 M) sulphuric acid solution as reference standard
(®=0.53).

The determination of the unknown quantum yields was performed by
comparing the absorption and the integrated fluorescence intensity of solutions
whose absorbance is maintained below 0.05 at the excitation wavelength (350

nm). The unknown quantum yield was then calculated applying Eq 1.

_ grady \(n?s
Dy = ®ST<QfadST><_n2S_T> (1)

Where X and ST are the sample and the standard, respectively; ®is the

fluorescence quantum yield; grad is the gradient of the plot of the integrated
fluorescence intensity vs absorbance; and # is the refractive index of the solvent

(X=CHCls n=1.45, ST=H25040.1 N, n=1.35).

Synthesis and characterization

Monoamine 6%, Zinc-salophen 1b%, 5-(chloromethyl)-2-hydroxybenzaldehyde?!,
5-(azidomethyl)-2-hydroxybenzaldehyde 3%, 2-ethyl-6-ethynyl-1H-
benzo[de]isoquinoline-1,3(2H)-dione S133, 6-bromo-2-octyl-1H-
benzo[delisoquinoline-1,3(2H)-dione* and (azidomethyl)benzene S3%, were

prepared according to previously reported procedures.

OxN._O

' CC

Cu(l), TBTA
+ XN ——— —>

| ] DMF/H03:1, 1t NS

X N-N

1 §2,X=N "
s3;X=C \x /

2a; X=N

2b; X=C
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Synthesis of 2-octyl-6-(ethynyl)-1H-benzoldelisoquinoline-1,3(2H)-dione (4).
6-bromo-2-octyl-1H-benzo[de]isoquinoline-1,3(2H)-dione  (1g, 2.58 mmol),
Pd(PPhs)Cl2 (0.36g, 0.052 mmol), Cul (0.02 g, 0.103 mmol) and PPhs (0.027 g,
0.103 mmol) were added in a round bottom flask and vacuum/argon cycles
were performed. Then, dry EtsN (4 mL) and dry THF (10 mL) were added.
Finally ethynyltrimethylsilane (0.51 mL, 3.61 mmol) was added drop wise. The
reaction was refluxed for 6 hours and after that time cooled down. The black oil
was solubilized in CHCls and washed with water. The crude was partially
purified on a silica column (Hex/EtOAc 20:1). The trimethylsilyl compound
(0.95 g, 2.35 mmol) was dissolved in MeOH (60 mL) at 60°C and TBAF 1M in
THF (8.4 mL, 8.4 mmol) was added. The reaction was stirred at 60°C for 60
minutes and monitored by TLC. After 1 hour the reaction was cooled down,
diluted with water and extracted with EtOAc. The organic layers were
collected, dried on Na:SOs and the solvent was removed under vacuum. The
solid was purified on silica (Hex/CH:Clz 10:1). Yield 79%. The 'H NMR and *C-
NMR are coincident with the one previously reported.3

Synthesis of 2-hydroxy-5-((4-(2-octyl-1,3-dioxo-2,3-dihydro-1H-
benzoldelisoquinolin-6-yl)-1H-1,2,3-triazol-1-yl)methyl)benzaldehyde (5). 6-
ethynyl-2-octyl-1H-benzo[de]isoquinoline-1,3(2H)-dione 4 (0.5 g, 1.5 mmol) was
solubilized in DMSO (10 mL) and 5-(azidomethyl)-2-hydroxybenzaldehyde
(0.27 g, 1.5 mmol), [Cu(CH3CN)4]PFs (11 mg, 0.03 mmol), tris((1-benzyl-1H-
1,2,3-triazol-4-yl)methyl)amine (8 mg, 0.015 mmol) were added. The reaction
was left 48h at room temperature. Then the mixture was diluted in EtOAc
(20mL) and washed with water. The crude was purified by silica column using
CH2Cl2/Hex 10:1 to CH2Cl2/AcOEt 10:1 as eluent. Yield 69%.

TH NMR (400 MHz, CDCls) 6 11.11 (s, 1H), 9.94 (s, 1H), 9.02 (dd, ] = 8.6, 1.2 Hz,
1H), 8.65 (dd, ] =7.3, 1.2 Hz, 1H), 8.60 (d, ] = 7.6 Hz, 1H), 7.92 (s, 1H), 790 (d, ] =
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7.6 Hz, 1H), 7.80 (dd, ] = 8.6, 7.3 Hz, 1H), 7.66 (d, ] =2.4 Hz, 1H), 7.60 (dd, ] = 8.6,
2.4 Hz, 1H), 7.09 (d, ] = 8.6 Hz, 1H), 5.68 (s, 2H), 4.23 - 4.14 (m, 2H), 1.81 - 1.68
(m, 2H), 1.48 - 1.21 (m, 10H), 0.92 - 0.83 (m, 3H).

Synthesis of Zn-Salophen 1la. Aldehyde 5 (113 mg, 0.221 mmol) was
solubilized in 3 mL of CH2Clz and a solution of the Monoimine 6 (71.8 mg, 0.221
mmol) in CHxCl: (2 mL) was added. ZnCl> (33.2 mg, 0.243 mmol) was
solubilized in 2.5 mL of MeOH and added to the reaction mixture. Finally 30 uL
of EtsN were added. The reaction was stirred for 18h at room temperature. The
solvent was partially evaporated and the flask was stored at -20°. After 1 hour
the solid was filtered and washed with cold MeOH. The pure compound was
obtained as an orange solid in a 75% of yield.

H NMR (500 MHz, DMSO-ds) 5 9.17 (d, | = 8.6 Hz, 1H), 8.99 (s, 1H), 8.94 (s, 1H),
8.89 (s, 1H), 8.55 (d, ] = 7.4 Hz, 1H), 8.53 (d, ] = 7.8 Hz, 1H), 8.14 (d, | = 7.8 Hz,
1H), 7.93 (dd, ] = 8.6, 7.4 Hz, 1H), 7.89 — 7.83 (m, 2H), 7.57 (d, ] = 2.6 Hz, 1H),
742 -7.32 (m, 3H), 7.31 (d, [ =2.8 Hz, 1H), 7.21 (d, ] = 2.8 Hz, 1H), 6.70 (d, ] = 8.8
Hz, 1H), 5.60 (s, 2H), 4.04 (m, 2H), 1.63 (m, 2H), 1.47 (s, 9H), 1.23-1.33 (m, 19H),
0.87 —0.80 (m, 3H).

3C NMR (125 MHz, DMSO) & 172.46, 170.78, 164.06, 163.90, 163.58, 162.59,
145.31, 141.10, 140.56, 139.49, 136.79, 134.91, 134.49, 133.85, 133.06, 131.37,
130.95, 130.06, 128.98, 128.73, 128.65, 128.11, 127.97, 127.62, 127.11, 12551,
124.39, 122.86, 122.02, 119.93, 119.51, 118.58, 116.95, 116.85, 53.60, 40.45, 40.36,
40.28, 40.20, 40.12, 40.03, 31.76, 30.04.

HRMS-MALDI+ calc for [M*] 878.3492, found: 878.3493

Synthesis of 4-(azidomethyl)pyridine (S2). 4-(bromomethyl)pyridine
hydrobromide (0.1 g, 0.395 mmol) was dissolved in 1 mL of DMF and
potassium carbonate (55 mg, 0.395 mmol) was added and stirred 15 min. Then

sodium azide (39 mg, 0.593 mmol) was added and the reaction was stirred for
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3h at room temperature. CH2Cl2 and water were added to the mixture and the
organic layer was separated. The aqueous layer was extracted with CH2Cl2 and
the combined organic layers were washed with water. The organic layer was
then dried over Na:50s and the solvent was evaporated. Quantitative yield.

H NMR (300 MHz, CDCls) d 8.67 — 8.59 (m, 2H), 7.29 — 7.20 (m, 2H), 441 (s,
2H).

13C NMR (100 MHz, CDCls) 6 150.30, 144.34, 122.34, 53.30.

HRMS-ESI+ calced for [M+H]: 135.0665 found 135.0669.

Synthesis of 6-(1-benzyl-1H-1,2,3-triazol-4-yl)-2-ethyl-1H-
benzoldelisoquinoline-1,3(2H)-dione (2b). 2-ethyl-6-ethynyl-1H-
benzo[de]isoquinoline-1,3(2H)-dione S1 (32 mg, 0.128 mmol) was solubilized in
1.3 mL of DMF/water 3:1 and (azidomethyl)benzene S3 (100 mg, 0.751 mmol),
tris((1-benzyl-1H-1,2,3-triazol-4-yl)methyl)amine (0.7 mg, 1284 pmol),
[Cu(CH3CN)4]PFs (1 mg, 2.57 umol) were added. The reaction was stirred 18h at
room temperature. The reaction mixture then was poured into ice water and the
yellow solid was filtrated, washed and dried. The product was obtained with a
79% yield.

H NMR (400 MHz, CDCls) 8 9.03 (dd, ] = 8.6, 1.2 Hz, 1H), 8.65 (dd, ] =7.3, 1.2
Hz, 1H), 8.60 (d, J=7.6 Hz, 1H), 7.89 (d, ] = 7.6 Hz, 1H), 7.87 (s, 1H), 7.79 (dd, | =
8.6, 7.3 Hz, 1H), 7.50 — 7.30 (m, 5H), 5.69 (s, 2H), 4.26 (q, | =7.1 Hz, 2H), 1.35 (t, ]
=7.1 Hz, 3H).

3C NMR (100 MHz, CDCls) d 164.18, 163.90, 146.57, 134.34, 134.26, 132.88,
131.53, 130.74, 129.51, 129.42, 129.28, 128.99, 128.44, 127.53, 127.41, 123.32,
123.05, 122.75, 54.71, 35.71, 13.50.

HRMS-ESI+ caled for [M+Na+] 405.1322, found 405.1310.

Synthesis of  2-ethyl-6-(1-(pyridin-4-ylmethyl)-1H-1,2,3-triazol-4-yl)-1H-
benzoldelisoquinoline-1,3(2H)-dione (2a). 2-ethyl-6-ethynyl-1H-
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benzo[de]isoquinoline-1,3(2H)-dione S1 (28 mg, 0.112 mmol) was solubilized in
1.2 mL of DMF/water 3:1 and 4-(azidomethyl)pyridine S2 (30 mg, 0.224 mmol),
tris((1-benzyl-1H-1,2,3-triazol-4-yl)methyl)amine (0.6 mg, 1.123 umol) and
[Cu(CHsCN)4]PFs (0.8 mg, 2.247 umol) were added. The reaction was stirred
18h at room temperature. Then the mixture was diluted with water and
extracted with DCM. The aqueous layers were extracted with CH2Cl2 and the
combined organic layers were washed with a solution of NH4Cl and dried over
Naz504. The compound was purified on silica column (eluent: CH2Cl. /MeOH
1%). Yield 58%.

'H NMR (400 MHz, CDCls) 5 9.00 (dd, | = 8.6, 1.2 Hz, 1H), 8.72 — 8.63 (m, 2H),
8.65 (dd, | =7.3, 1.2 Hz, 1H), 8.61 (d, ] =7.6 Hz, 1H), 7.97 (s, 1H), 7.92 (d, ] = 7.6
Hz, 1H), 7.80 (dd, ] = 8.6, 7.3 Hz, 1H), 7.28 - 7.21 (m, 2H), 5.72 (s, 2H), 4.26 (q, | =
7.1 Hz, 2H), 1.35 (t, ] = 7.1 Hz, 3H).

3C NMR (100 MHz, CDCls) & 164.09, 163.81, 150.96, 146.96, 143.22, 133.76,
132.60, 131.58, 130.70, 129.38, 128.99, 127.65, 127.52, 123.64, 123.13, 123.00,
122.41, 53.24, 35.74, 13.49.

HRMS-ESI+ caled for [M+H*] 384.1455, found 384.1447.
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Hydrolysis of Carbonates Catalyzed
by a Resorcin[4]arene Cavitand

Decorated at the Upper rim with a

Zn(I1)-salophen
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3.1 Introduction

Supramolecular catalysis is a discipline that aims to develop artificial enzymes,

able to mimic the functions and the structures of natural enzymes (Figure 1).123

Inspiration
from nature

Figure 1. Representative example to show the concept of supramolecular catalysis.*

The growing interest in this field can be attributed to the important role of
enzymes, sophisticated structures able to catalyze a number of reactions with
high efficiency and substrate specificity.5

A key aspect in enzyme catalysis is the recognition of the substrate mediated by
non-covalent interactions (i.e. hydrogen bonding, electrostatic, Lewis acid-
Lewis base and hydrophobic ones). The progresses in both supramolecular
chemistry and catalysis together with the proficiency in the modulation of
non-covalent interactions are exploited in supramolecular catalysis were
destabilization of the substrate ground state/stabilization of the transition state
are the typical strategies adopted to increase the reaction rate.'678 Natural
enzymes bind the appropriate substrate in the active site, generally in close
proximity to the catalytic groups that decorate the binding pocket. Taking
inspiration from this concept, sophisticated systems have been designed and
prepared.®10

Resorcin[4]arenes are generally obtained by acid-catalyzed condensation

reaction of resorcinol with aldehydes (Scheme 1).112 The resultant macrocycles
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are quite conformationally flexible and the elaboration of their aromatic cavity
by installing four methylene bridges at the upper rim reduces their
conformational flexibility and produces cavitands, compounds with a

permanent aromatic cavity.!®

functional group

™~

/\O A binding site
HO OH o oo O %I/Qo_’
LA Y NESE
R’ H - R >
R
R R

Resorcinol R = alkyl
rigid

Resorcin[4]arene
flexible

Scheme 1. Synthesis of a resorcinarene macrocycle and installation of the methylene bridges. Right:
decoration of the cavity with a functional group.

Deep cavitands with extended aromatic walls, are able to bind small guests
both in water and in organic solvents isolating them from the bulk solution.!41>
Further decoration of these cavitands with appropriate functional groups
provides molecules capable of performing specific functions, spreading from
recognition to catalysis of diverse reactions.®!¢ In particular, the covalent
linkage of a catalytic group close to the cavity affords enzyme-mimic structures
which show catalytic activity in the hydrolysis/solvolysis of choline
carbonates.17,18,19,20,21

In these systems the binding event is governed by cation-7t interactions between
the trimethylammonium group and the electron rich aromatic cavity of the
macrocycle. 2223

Specifically, the functionalized resorcin[4]arene cavitand 4 (Chapter 1, Figure 6)
fused to a Zn(Il)-salophen complex was exploited by Rebek et al. as a catalyst
both for the hydrolysis of the para-nitrophenyl choline carbonate (PNPCC) and
for the synthesis of acetylcholine.’®? Zinc salophen complexes are in fact Lewis

acids and are able to activate carbonyl groups through metal-ligand
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interactions. In self-folding cavitands like 4 the ammonium group of choline is
included deep inside of the aromatic cavity and the in-out exchange of the
bound guest is kinetically slow on the chemical shift timescale. Moreover, the
thermodynamic stability of the inclusion complex formed by the cavitand and
the reaction product is highly stable thermodynamically resulting in not
desirable catalyst inhibition.

Herein we report a novel resorcin[4]arene cavitand derivative, Zn-cav,
featuring a Zn(Il)-salophen unit attached covalently through a triazole ring at
its upper rim (Figure 2). The resorcin[4]arene cavity is shallower than the ones
previously reported, and this might be beneficious to speed up the kinetics of
the host-guest equilibrium and increase the turn over frequency. In the design
we also tried to gain some conformational flexibility by linking the catalytic
group (i.e. the Zn(Il)-salophen) through the insertion of a methylene unit.
Conformational flexibility is in fact a fundamental aspect in enzymatic
catalysis.* We report the synthesis of the cavitand derivative Zn-cav and
disclose preliminary catalytic studies regarding its use as catalysts for the

hydrolysis of carbonates.

O,N

R =CgH
5H11 Zn-cav PNPCC

Figure 2. Line drawing structure of the molecules used in this study.
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3.2 Results and Discussion

3.2.1 Synthesis and characterization of Zn-cav

Monobromo bridged resorcin[4]arene 3 (Scheme 2) was prepared in three steps
following a previously reported procedure for similar compounds.?5% First, acid
catalyzed condensation of methyl-resorcinol and hexanal gave resorcin[4]arene
macrocicle. Then, reaction of the conformationally flexible macrocicle with
CH:BrCl allowed the installation of four methylene bridges between the
phenolic oxygens of the resorcin[4]arene to afford cavitand 1 in high yield.
Monobrominated methyl-resorcin[4]arene 3 was then prepared by reacting the
bridged resorcinarene 1 with 1 equivalent of NBS. Despite the formation of a
mixture of different brominated compounds (i.e. mono-, di-, tri-brominated),
the desired mono-brominated derivative could be easily isolated by column
chromatography. The bromine was subsequently substituted for an azide group

upon reaction with NaN; affording the azido-derivative 4.

R=CsHy1
\ N A \ A\ A \ AN A
R I Nan OO e, R
Y =N B WSl
h benzene h DMF :
R R
R R 3% g R 1 R 87% g R 1 R
1 3 4
oH 0
tBu
DMF
tBu l 75%
Q / 5
3N Cu(l), TBTA
o \N@ oH
; Q ;
=N NH,
NN tBu OH
N
tBu 7
ZnCly, Et;N
DCM/MeOH 2:1

75%

Scheme 2. Synthesis of Zn(II)-salophen functionalized resorcin[4]arene Zn-cav.
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Finally, cavitand 4 underwent a copper-catalyzed azide—alkyne cycloaddition
(CuAAC, click reaction) with 5-ethynyl-2-hydroxybenzaldehyde 5 to yield the
hydroxyl aldehyde derivative 6. Resorcin[4]arene cavitand 6 was reacted with
the monoimine of the 3,5-di-tert-butyl-salicylaldehyde (7) in the presence of
ZnCl: to give the Zn(Il)-salophen functionalized resorcin[4]arene Zn-cav.
Unfortunately, the high solubility of the final complex Zn-cav did not allow to
collect it by simple filtration from the reaction media. This feature had usually
facilitated the isolation and purification of analogous salophen derivatives. The
pure compound Zn-cav was obtained by re-crystallization from acetonitrile in a
74% yield.

The 'H NMR of Zn-cav in DMSO-ds displayed sharp signals consistent in

number with a Cs symmetry (Figure 3).

~ >
N=
VA/ 2 N._/ Bu
H H = Zn{
. 7 -0
b 4 3 0
0~ r SO tBu

l

|

P

9 8 7 6 5 4[ppm]

Figure 3. '"H NMR of Zn-cav in DMSO-ds.

The two different iminic protons at 9.07 ppm and 8.96 ppm proved the non-
symmetric substitution of the Zn(Il)-salophen. The correct functionalization of
the resorcin[4]arene with the Zn(II)-salophen was confirmed by the presence of

the proton belonging to the 1,2,3-triazole ring as a sharp singlet at 8.21 ppm.
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There are two CH. bridging units in the resorcin[4]arene macrocicle that are
chemically non-equivalent and each one contains two protons also chemically
non-equivalent. Thus, the methylene bridging protons resonated as two sets of
two doublets.?” The protons signals of the methylene bridges could be easily
assigned by means of 2D NOESY and HSQC analysis. In the NOESY spectrum
(Figure 4, a), the NOE cross peaks observed for one set of doublets of one
methylene bridge with the benzylic protons allowed the assignment of the two
different methylene groups (see green and red in Figure 3). The two carbons of
the bridges appeared as two separated singlets in the *C NMR (97.25 and 97.89
ppm) and by HSQC we could confirm the chemically non equivalent nature of

the CH2 protons in two chemically non equivalent bridges (Figure 4, b).

a b

JL_J“\ )’\ '\“'\_J'u.uiL

o9

H H

“L_;’] I\ )’ '\_‘_J\_/UL

4.0F1 [ppm]
F1 [ppm)]

5
5

6 o 0P -

6.0 55 50 45 F2 [ppm) ’ 6o 55 50 T s ’ F2 [ppm)

=

105

Figure 4. 2D NMR experiments used for the assignment of the protons of the methylene bridges of
Zn-cav. a: selected region of the NOESY spectrum; b: selected region of the 'H 3C HSQC spectrum.

Crystals suitable for X-Rays analysis grew from acetonitrile solution and
demonstrated the strong tendency of the Zn(Il)-salophen unit to dimerize
through axial oxygen coordination with adjacent molecules, even in the
presence of a coordinating solvent (Figure 5). This tendency is well known and
could be observed both in solution and in the solid state especially when bulky
groups (e.g. t-Bu groups) in the 3,3’-position were absent.2? In our case the
presence of a t-Bu group in only one of the 3-positions of the ligand skeleton

was not enough to prevent the formation of dimers in the solid state.
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Figure 5. X-Ray structure of (Zn-cav)o.

The existence of Zn-cav in its dimeric form could be also detected in the
gas-phase. The MALDI-TOF spectra of Zn-cav showed the ion peaks for both
the monomer (m/z 1429.9) and the dimer (m/z 2860.8) displaying a perfect fit

between experimental and theoretical isotopic patterns.

3.2.2 Binding studies

Before starting the kinetic studies, we tested the binding of PNPCC to receptor
Zn-cav. From molecular modeling studies, we could estimate that the distance
between the resocinarene cavity and the zinc metal center was appropriate to
allow the simultaneous cation-m interaction of the ammonium group with the
electron rich cavity, and the axial coordination of the carbonyl oxygen with the

Zn(II) metal of the salophen unit, (Figure 6).

4 C=0-2n

3 J
\ & S0 | cation-n
Ty
< -
\ >\ \\) H
4™
| §

o=

Figure 6. Energy-minimized complex Zn-cav-PNPCC

-52-



UNIVERSITAT ROVIRA I VIRGILI
DESIGN AND SYNTHESIS OF ZN(II)-SALOPHEN DERIVATIVES: FROM CHEMOSENSING TO CATALYSIS
Martina Piccinno

Chapter 3

However, during the NMR titration in CD2Cl2/MeOD 99:1 the PNPCC was
easily hydrolyzed by Zn-cav, rendering the analysis of the spectra much more
complicated. To overcome this problem, we chose Acetylcholine (ACh) as a
suitable model for PNPCC. Acetylcholine is hydrolyzed much slower under
these conditions and possesses an analogous ammonium knob that can be
recognized by the resorcinarene binding site. Moreover the carbonyl group is
located at the same distance of the trimethylammonium groups than in PNPCC.
When 1 equivalent of ACh was added to a solution of Zn-cav in CD2Cl2/MeOD
95:5, the protons belonging to the trimethylammonium groups in the ACh
experienced a reduced shielding effect (Figure 7). The signals corresponding to
the methyl groups of the ACh were upfield shifted (Ad =-0.1 ppm) with respect
to free ACh. This is indicative of the binding of the trimethylammonium groups
of ACh into the aromatic cavity of Zn-cav. The binding equilibrium is fast on
the NMR timescale and the binding constant of the formed complex is too low

to be measured accurately.

(o}
| _*
Ach = ] -
= /MgAvyx

1eqAch

Figure 7. 'TH NMR spectra of Zn-cav in CD2Cl2/MeOD 95:5 upon addition of ACh.

3.2.3 Kinetic studies
Kinetic studies of the hydrolysis of the PNPCC (as iodide salt) were performed

in CH2Cl2 solution under basic conditions, according to already reported
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procedures.'”1® As stated by Rebek, the hydrolysis was carried out by the water
present in the commercial CH:ClL2!83 and was expected to give choline, CO,
and the p-nitrophenolate anion (Scheme 3), which formation could be easily

followed by UV-vis absorption measurements (A = 405 nm).

(€] (€]
O,N o | |
I l!l/ basicbuffer, N—< >—oe + l!l/ + CO.
0" 0@ T ey, 2 HO @™ ?
Amax = 405 nm choline iodide

para-nitrophenyl choline carbonate
(PNPCC)
Scheme 3. Hydrolysis reaction of PNPCC.

In Figure 8 the experimental kinetics curves obtained using different additives
are presented. The reaction is known to proceed through a first order reaction
model‘l7,18,21

The rate constant values (kos) calculated from the initial reaction rate are

summarized in Table 1 and are consistent with the previously reported ones.®
0,5
04

¢ blank
® Zn-tBu20%
2Zn-cav 20%

A 405 nm
=} =]
[N w
X
X

" ..llllllll...-. < Zn-cav 50%
0.1 . .u.""’!!!!ooooooo“""" Zn-cav 100%
ol
nad
om
0 30 60 % 120 150 180

time (min)

Figure 8. Plots of the absorbance at 405 nm versus time, at different concentration of catalyst.

In the presence of a basic buffer, but in the absence of any catalyst, the reaction
is quite slow (entry 1), and after 3 hours only 25% of the starting material is
hydrolyzed. The addition of Zn-cav caused a moderate increase in the reaction
rate constant, which is increased almost four-fold when stoichiometrically
amount of Zn-cav was used as catalyst (entries 1-4). Symmetrically substituted
Zn-salophen derivative with t-butyl groups, Zn-tBu, was used as a model

compound since it could simulate the potential catalytic site (i.e. the zinc Lewis
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acid) without having the recognition moiety, (i.e. the resorcin[4]arene
macrocycle). In the presence of 20% of Zn-tBu, the increase measured in the
reaction rate constant is smaller than the one observed adding the same amount

of Zn-cav (compare entry 5 with entry 2).

Table 1. Effect of different additives on the rate of the hydrolysis of PNPCC. 2l

entry catalyst (mole %)  kobs x103mn®l  kobs/kolc]

1 - 1.3 1

2 Zn-cav (20) 2.3 1.8
3 Zn-cav (50) 3.3 2.5
4 Zn-cav (100) 5.0 3.8
5 Zn-tBu (20) 1.7 1.3

[a] Conditions: 40 uM PNPCC, 20 mM DIPEA/0.5 mM TFA buffer in CH2Clz at 25°C. [b] Standard
errors +10%. [c] Background hydrolysis.

Carbonate 2, lacking the ammonium group, is supposed not to be bound by the
resorcinarene cavity. Its hydrolysis, in fact, proceeded with the identical rate
constant in the presence of the two potential catalysts Zn-cav or Zn-tBu. This
result indicated that the cavity of the Zn-cav plays no role when carbonate 2 is
used as a substrate. In this case only the zinc metal center is responsible for the
observed catalysis.

Further confirmation of this finding derived from the absence of catalysis when
cavitand 1 was used as catalyst. The zinc metal center of the salophen is clearly

the catalytic center.

3.3 Conclusions

In this project we designed and prepared a novel resorcin[4]arene derivative,
Zn-cav, functionalized with a Zn(II)-salophen unit. This molecule, shallower

and more flexible than similar resorcin[4]arene derivatives, was exploited as

-55-



UNIVERSITAT ROVIRA I VIRGILI
DESIGN AND SYNTHESIS OF ZN(II)-SALOPHEN DERIVATIVES: FROM CHEMOSENSING TO CATALYSIS
Martina Piccinno

Chapter 3

catalyst in the hydrolysis of PNPCC. The catalysis observed was not very high
compared to the one observed with a model compound (Zn-tBu). This result
can be explained considering that the binding constant between Zn-cav and
PNPCC is low and consequently there is little amount of Zn-cav-PNPCC
complex in solution in the experimental conditions. To overcome this problem,
future studies will be devoted to the modification of the resorcin[4]arene
macrocycle through the insertion of aromatic walls in order to create a deeper

cavitand.

3.4 Experimental section

Methyl-resorcin[4]arene’, bridgded methyl-resorcin[4]arene 1%, monobromo
bridged resorcin[4]arene 3% and PNPCC® were prepared according to reported
procedures. 5-ethynyl-2-hydroxybenzaldehyde 5 was prepared as described in
Chapter 4.

Synthesis of 4. The monobrominated resorcinarene 3 (0.3 g, 0.32 mmol) was
solubilized in 3 mL of dry DMF and NaNs (0.03 g, 0.47 mmol) was added. The
reaction was stirred overnight at room temperature. The day after a white
precipitate was formed. The reaction mixture was poured into water at 0° C and
the white precipitate was collected upon filtration and dried. Yield: 87%.

'H NMR (500 MHz, CDCls) 6 7.19 (s, 1H), 6.99 (m, 3H), 5.94 (d, ] = 7.0 Hz, 2H),
5.89 (d, ] =7.0 Hz, 2H), 4.78 (dt, ] = 16.5, 8.1 Hz, 4H), 4.56 (s, 2H), 440 (d, ] =7.0
Hz, 2H), 4.28 (d, | = 7.0 Hz, 2H), 2.29 — 2.14 (m, 8H), 2.05 (s, 3H), 1.98 (s, 6H),
1.50-1.29 (m, 24H), 0.94 (t, ] = 7.2 Hz, 12H).

13C NMR (125 MHz, CDCls) o 153.53, 153.44, 153.28, 153.20, 138.53, 138.14,
137.76, 137.15, 123.99, 123.90, 122.09, 121.40, 117.28, 117.15, 99.43, 98.26, 45.55,
36.99, 36.94, 32.06, 32.00, 31.94, 30.13, 30.00, 27.64, 27.59, 22.67, 22.60, 14.10,
14.08, 10.49, 10.16.
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HRMS-ESI+ calc for [M+Na*]: 936.5133, found: 936.5147.

Synthesis of 6. Azidomethyl-resorcinarene 4 (183 mg, 0.2 mmol), 5-ethynyl-2-
hydroxybenzaldehyde 5 (29 mg, 0.2 mmol), [Cu(CH3CN)4PFs (37 mg, 0.1
mmol) and tris((1-benzyl-1H-1,2,3-triazol-4-yl)methyl)amine (11 mg, 0.02
mmol) were solubilized in DMF and stirred at room temperature for 2h. The
reaction mixture was diluted with EtOAc and washed with saturate solution of
ammonium chloride. The organic layer was died over Na2SOs and the solvent
was removed under reduced pressure. The crude was solubilized in a minimal
amount of DCM and purified by column chromatography (Hex/AcOEt 2:1).
Yield 75%.

H NMR (500 MHz, CDCls) 6 11.06 (s, 1H), 9.96 (s, 1H), 8.02 (d, ] = 2.2 Hz, 1H),
7.92 - 7.84 (m, 2H), 7.24 (s, 1H), 7.07 (d, ] = 8.6 Hz, 1H), 6.98 (m, 3H), 5.84 (d, ] =
7.0 Hz, 2H), 5.68 (d, ] = 7.0 Hz, 2H), 5.44 (s, 2H), 4.75 (dt, ] = 16.5, 8.1 Hz, 4H),
4.45 (d, ] =7.0 Hz, 2H), 4.05 (d, ] = 7.0 Hz, 2H), 2.29 — 2.14 (m, 8H), 2.04 (s, 3H),
1.87 (s, 6H), 1.48 — 1.28 (m, 24H), 0.91 (m, 12H).

3C NMR (125 MHz, CDCls) o 196.41, 161.61, 153.82, 153.55, 153.37, 153.13,
146.05, 138.40, 138.26, 137.71, 136.75, 134.07, 130.52, 124.03, 123.87, 122.48,
122.29, 120.72, 120.03, 119.66, 118.43, 117.13, 117.10, 99.45, 98.32, 44.48, 37.01,
36.98, 32.07, 32.02, 30.19, 30.16, 27.66, 27.63, 22.69, 14.10, 10.46, 10.32.
HRMS-ESI+ calc for [M+Na]: 1082.5501, found: 1082.5459.

Synthesis of Zn-cav. Salicylaldehyde 6 (0.1 g, 0.09 mmol) and the monoimine 7
(0.03 g, 0.09 mmol) were solubilised in 2 mL of DCM. ZnClz (14 mg, 0.1 mmol)
was solubilized in 1 mL of MeOH and added to the reaction mixture. Lastly, 30
uL of EtsN were added. The reaction was stirred 2 hours and the solvent was
evaporated. The crude was solubilized in AcCN and the yellow precipitate that

forms upon slow evaporation was filtered and dried. Yield: 74%.
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H NMR (500 MHz, DMSO-ds) 5 9.08 (s, 1H), 8.98 (s, 1H), 8.22 (s, 1H), 7.97 — 7.86
(m, 3H), 7.69 (dd, | = 8.8, 2.4 Hz, 1H), 7.62 (s, 1H), 7.44 (s, 2H), 7.43 — 7.31 (m,
4H), 7.24 (d, ] =2.7 Hz, 1H), 6.72 - 6.74 (d, 1H), 6.02 (d, | = 7.6 Hz, 2H), 5.88 (d, |
=7.6 Hz, 2H), 5.33 (s, 2H), 4.62 (dt, | = 8.0 Hz, 4H), 4.31 (d, ] = 7.6 Hz, 2H), 4.22
(d, J=7.6 Hz, 2H), 2.48 — 2.20 (m, 8H), 1.92 - 1.91 (s, 6H), 1.91 - 1.90 (s, 3H), 1.50
(s, 9H), 1.45 - 1.35 (m, 8H), 1.35 - 1.26 (m, 25H), 0.87 (td, ] = 7.2, 6.1 Hz, 12H).

13C NMR (125 MHz, DMSO) 5 171.14, 169.55, 162.78, 161.53, 152.05, 151.81,
151.70, 151.61, 145.54, 139.80, 139.29, 138.25, 137.59, 137.12, 136.90, 136.26,
132.49, 131.66, 130.88, 128.79, 127.66, 126.58, 125.77, 122.97, 122.86, 122.81,
122.13, 120.84, 118.91, 118.46, 118.17, 117.31, 115.68, 115.59, 114.83, 97.88, 97.24,
42.63, 36.10, 36.05, 34.34, 32.71, 30.64, 30.50, 28.79, 28.38, 28.32, 26.59, 26.56,
21.45,21.41,13.11, 9.15.

HRMS-ESI+ calc for [M+Na*]: 1450.6732, found: 1450.6736.
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3.5 NMR Spectra

H NMR (500 MHz, CDCls) of compound 6
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4.1 Introduction

Gels are well known materials that as stated by Dr. Dorothy Jordan Lloyd in
1926 “are easier to recognize than to define”.!
Gels find numerous applications in our everyday life, such as pharmaceutics,

cosmetics and food industries among all, Figure 1.

Figure 1. Scheme showing the different applications of gels in our everyday life.

Typically, they are composed of 99% liquid and only 1% of solid, this latter
known as gelator. Despite this composition they have a “solid like” behavior. A
gel can be easily recognized because of its flow characteristics, imparted by a
three-dimentional fibrillar network. In this 3D network the molecules of solvent
are entrapped by capillary forces that prevent its flow.23

Despite many commercial gels derived from polimers, nowadays, there is
growing interest in gels obtained from low-molecular-weight gelators
(LMWGs) that self-assembly through specific non-covalent interactions such as

hydrogen bonding, r-mt stacking, electrostatic and van der Walls ones.45678
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The field of supramolecular gels has increased enormously in the last decades.
This can be seen as a consequence of the progresses in the field of
supramolecular chemistry and in the related self-assembly processes that
allowed the control of the gelation properties. Another important factor to
consider is the development of analytical methods to understand the gel
structure, mainly electron microscopy and NMR methods that are commonly
used in the majority of the laboratories.?

Gels are generally obtained after solubilization of the gelator in a hot solvent
followed by slow cooling at a given temperature.® The intrinsic reversible
nature of supramolecular gels and the ease to control the sol-gel transition,
render them excellent candidates in many different hi-tech applications
spreading from biomaterials to electronic devices.>'° Some interesting examples
reported in the literature regard the use of gels as media for organic reactions®!!
and crystal growth.’2’® The introduction of specific functionalities on the
molecular gelator, able to respond to physical (e.g. temperature, light or
sonication) or chemical stimuli allows the tuning of the gel properties upon
application of the chosen stimulus.?>* The most commonly used chemical
stimuli are the variation of pH, changes in the oxidation state, addition of ions
or neutral species, incorporation of metals and enzymes.21516171819 In particular,
anion responsive gels can be prepared introducing anion binding sites such as
hydrogen bond donors like amides and ureas.?
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Scheme 1. Competition between gel formation and binding of the anion of a urea derived gelator.
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The binding of the anion to the gelator can compete with the gelator self-
assembly and cause the gel-sol transition (Scheme 1).21721

However, there are cases where the addition of an anion induces a variation in
the strength of the gel (i.e. weakening or strengthening).””?! Gel properties
affected by anion binding are generally the rheology, i.e. flow characteristics,
morphology, but also absorption or fluorescence.

The ability of Zn(II)-salophen to behave as Lewis acids and strongly coordinate
in the apical position Lewis bases such as anions and amines is well
documented.?? The binding event is generally followed by changes in
absorption or emission. The five-coordinate zinc metal center also promotes the
formation of dimers through the coordination of the zinc atom of a salophen to
the phenoxy oxygen of another, as already discussed in Chapter 1, Figure 10.2
MacLachlan and co-workers demonstrated the capacity of Zn(Il)-salophens in

Figure 2 to form 1D nanofibers and gels upon Zn--O interactions.?*?

OH

RO OR
11fR= H Q
o
OH
=N N= HOOH
Zn
9 Sa T a WEIIN SN
Ol

11aR = CH,

11b R = CgHy3

11¢ R = 2-ethylhexyl
11d R = Cy4Hy9

11e R = CygHas

Figure 2. Molecules studied by MacLachlan and co-workers.

More recently Olivieri et al. reported the formation of nanofibers upon self-
assembly of Zn(II)-salophen having alkoxy substituents as lateral groups. They
also investigated the effect of different solvents on the aggregation properties of
these Zn(II)-salphen complexes and on the fibers morphology.26?” Surprisingly,

the response of these supramolecular assemblies to the addition of suitable
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donor ligands that can coordinate to the Zn(II) metal center is almost
unexplored.

In this study, we aimed to investigate the gelation properties of a
Zn(II)-salophen functionalized with a small peptide known to act as a gelator
and its response to anions and neutral guests. The addition of an anion to a gel
most commonly caused the disruption of the gel but also cases where the
weakening or strengthening of the gel occurred have been reported.”2!

In collaboration with Prof. Beatriu Escuder (Universitat Jaume I, Castelld,
Spain) we designed and prepared two peptide functionalized Zn(II)-salohpens,

1a and 1b (Figure 3) and tested their gelation properties in different solvents.

WY o
1a; R= AN A NJ\O
\g/\H /\@

_N\Z N=
=N, n, N=
E / o Yo N E Z-Val-Pr
y N
o ~ o
R A
1b; R=2 "y \n/\N o)
H &oH

Z-Val-Val-Pr
Figure 3. Line drawing structures of the molecules prepared and studied in this chapter.
L-valine derivatives have been extensively studied by Escuder and co-workers
as molecular gelators.2#? We expected that the presence of the metal could
further assist the molecular gelation and also behave as a binding site for guests

species.!>17

4.2 Results and Discussion

4.2.1 Design and synthesis of 1a and 1b
Compounds 2 and 3 were prepared by the group of Prof. Escuder and have an
azide group that allows the functionalization of the salophen skeleton through

1,2,3-triazole ring junction.
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From our side, we dealt with the synthesis of 5-ethynyl-2-
hydroxybenzaldehyde 1 through the Sonoghashira coupling reaction between
the  commercially  available  5-bromo-2-hydroxybenzaldehyde  and
ethynyltrimethylsilane followed by deprotection with tetrabutylammonium
fluoride (Scheme 2). Aldehydes 4 and 5, functionalized with derivatives
Z-Val-Pr and Z-Val-Val-Pr respectively, were obtained through the Copper
catalyzed Alkyne-Azide Cycloaddition (CuAAC), also known as “click

reaction”.
OH ? OH (I')

a) Sonogashira coupling

B + RN

b) deprotection 2: R =2Z.Val-Pr

Br | | 3; R =Z-Val-Val-Pr ~ o
R A
1 R= WA \ﬂ/\ﬁ o
(e}
¢ ©) CurAC ZVal-Pr
OH IO o) H \_/ o)
- N A
R= W\N \n/\NJJ\O
d) H o H
1a; 1b -
Z N Z-Val-Val-Pr
1
NN
R
4; R =Z-Val-Pr

5; R = Z-Val-Val-Pr

Scheme 2. Synthetic pathway showing the preparation of compounds 1a and 1b. Reaction
conditions: a) ethynyltrimethylsilane, Pd(PPhs)2Clz, Cul, EtsN, 80°C, 18 h; b) TBAF 1M in THF,
MeOH, room temperature, 1 h; c¢) Cu(CH3CN)4PFs, TBTA, THF/H20 1:1, room temperature, 48 h. d)
benzene-1,2-diamine, ZnClz, EtsN, DCM/MeOH 2:1, r.t., 3-6 h.

The synthesis of the Zn-salophens was accomplished using standard
conditions. Contrary, the purification step was slightly modified in order to
avoid the loss of material. Generally the product that precipitates in the reaction
media is collected upon filtration and washed with cold methanol. In this
specific case, however, the tiny solid particles tended to pass through the filter
so we decided to recover and purify it through several steps of

dissolution/centrifugation. The final compounds were fully characterized
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through mono and bi-dimensional NMR techniques and high resolution mass

spectra.

4.2.2 Preliminary gelation experiments

With the pure final compounds in hands we started the gelation experiments in
different organic solvents. The methodology reported in the literature to obtain
a gel, generally involves the dissolution of the solid in the chosen solvent
through sonication and/or heating followed by slow cooling. After a certain
amount of time (minutes or hours), the tube inversion test is performed. If the
solvent does not flow, this means that the gel is formed. This methodology was
chosen because of its simplicity and it is well accepted by chemists active in the
field.?

Gelators derived from L-Valine derivatives are known to gel in solvents as
water and acetonitrile,®® while Zn(Il)-salophens forms gels in methanol or in
aromatic solvents such as benzene and toluene.?*

In Table 1 are reported the gelation abilities of 1a and 1b in various solvents.
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Table 1. Summary of the gelation experiments with 1a and 1b in different solvents. Concentration: 3
mg/mL; Y =yes ; N =no.

Solvent Gelator Sonication/Temperature Solubility Gel

1la Y N N
MeOH
1b Y N N
1la Y N N
EtOH
1b Y N N
1la Y N N
Toluene
1b Y N N
la Y Y N
DMF
1b Y Y N
la Y Y N
Pyridine
1b Y Y N
1a Y N N
EtOACc
1b Y N N
1a Y N N
THF
1b Y N N
1a Y N N
DCM
1b Y N N
1la Y N N
CHClIs
1b Y N N
1la Y N N
ACN
1b Y N N
1la Y N N
H20
1b Y N N

As can be evidenced in Table 1, none of the solvent tested was gelated by 1a
neither 1b. This result could be ascribed to the low solubility of both the
compounds in the majority of the solvent tested. On the other hand,
coordinating solvents such as dimethyl sulfoxide (DMSO), pyridine or N,N-

dimethylformamide (DMF) where both 1a and 1b are soluble, prevented the
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formation of gels. For these reasons we decided to prior dissolve 1a and 1b in a
small amount of DMSO and than add the other solvent. In Table 2 are
summarized the results obtained with this second technique. Now, both 1a and
1b are soluble in toluene and tetrahydrofuran (THF) while only 1b resulted
soluble in chloroform (CHCls) and acetonitrile (ACN). Furthermore, 1b was
able to gelate acetonitrile as can be seen in Figure 4. The gel formed
instantaneously after the addition of few drops of acetonitrile to a concentrated

solution of 1b in DMSQO, without sonication or heating.

Table 2. Gelation experiments with 1a and 1b dissolved in a small amount of DMSO.

Solvent Gelator Sonication/Temperature Solubility Gel

la Y N N
MeOH
1b Y N N
la Y N N
EtOH
1b Y N N
1la Y Y N
Toluene
1b Y Y N
la Y N N
EtOAc
1b Y N N
1la Y Y N
THF
1b Y Y N
1a Y N N
DCM
1b Y N N
1a Y N N
CHCls
1b Y Y N
1a Y N N
ACN
1b N Y Y
1a Y N N
H20
1b Y N N
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However, the formation of this gel does not seem to be reversible and after
dissolution of the gel upon sonication and heating we were not able to obtain

the gel again.

Figure 4. Picture of the tube inversion tests with gelator 1b previously dissolved in DMSO.

The presence of aggregates was also evidenced in the gas phase. MALDI
spectra of the complex 1b show the peak corresponding to the molecular ion
with the expected isotopic pattern, but also revealed the existence of aggregates

up to five units of monomers (Figure 5)

100

[1b,+H]
[1b+H]
% 50
[1b,+H]
[1b+H]' .
+|
o lL. HLJ | T o
0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000

m/z

Figure 5. MALDI spectrum of compound 1b.

4.2.3 Effect of a guest addition on the formation of the gel

As stated before, Zn(ll)-salophen complexes are good receptors for tertiary
amines and anions.?2 In order to evaluate the effect of the addition of neutral
species or anions on gel formation, we dissolved 2-3 equivalents of a chosen

guest in acetonitrile before adding it to the gelator 1b in DMSO. In all the cases,

-72-



UNIVERSITAT ROVIRA I VIRGILI
DESIGN AND SYNTHESIS OF ZN(II)-SALOPHEN DERIVATIVES: FROM CHEMOSENSING TO CATALYSIS
Martina Piccinno

Chapter 4

the gel did not form instantaneously as when pure acetonitrile was added.
However, after few  minutes, the solutions containing 1,4-
diazabicyclo[2.2.2]octane, (DABCO) tetrabutylammonium chloride,
tetrabutylammonium acetate and quinuclidine became cloudy and the gel

formed as can be seen in Figure 6.

Figure 6. Photograph of the gelation tests with gelator 1b in DMSO/ACN in the presence of
different guests.

In the presence of tetrabutylammonium acetate the gel was not strong enough
and was easily broken during the tube inversion test. Few equivalents of
pyridine were instead able to prevent the gel formation. These preliminary
results suggested that both the basicity and the size of the guest are important
factors in the formation of the gel. In fact, we could assume the existence of a
double contribution that govern gelation ability i.e. the intermolecular Zn---O
interactions as observed by MacLachlan and co-workers®*? and multiple
hydrogen bonds between Z-Val-Val-Pr residues as already described for
similar LMWGs gelators.® The evidence that the gel is still formed when small
guests that coordinate to the zinc are present can be an indication of the fact
that the major contribution for gel formation arose from the H-bond network

created by the L-valine derivatives as schematically illustrated in Figure 7.
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Figure 7. Schematic representation for the proposed aggregation mode of compound 1b.

4.3 Conclusions

The synthesis of two different Zn(II)-salophens functionalized with gelators Z-

Val-Pr and Z-Val-Val-Pr was successfully accomplished. Preliminary gelation

tests revealed the capability of salophen 1b to gelate acetonitrile when

previously dissolved in DMSO. Finally, we investigated the behavior of the gel

in the presence of different guests.

In the presence of DABCO,

tetrabutylammonium chloride and quinuclidine the gel was still formed,

suggesting that the zinc metal center is not involved in the formation of the gel

network. Further insights into the gel properties will be carried out in

collaboration with Prof. Escuder in the next future.

4.4 Experimental section

Synthesis of 2-hydroxy-5-((trimethylsilyl)ethynyl)benzaldehyde. 5-bromo-2-

hydroxybenzaldehyde (0.5 g, 2.5 mmol), Pd(PPhs)2Clz> (52 mg, 0.08 mmol) and
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Cul (24 mg, 0.12 mmol ) were added in a dry schlenk tube and vacuum/Argon
cycles were performed. Dry EtsN (8 mL) was added and stirred at 80°C. Lastly,
ethynyltrimethylsilane (0.53 mL, 3.73 mmol) was added and the reaction was
capped under Argon atmosphere and stirred at 80° for 24h. The reaction was
transferred in a round bottom flask and the solvent was evaporated under
vacuum. The crude was plugged on silica with EtOAc and then purified on
silica column (Hex/EtOAc 99:1). Yield 89%.

H NMR (500 MHz, CDCls) 6 11.12 (s, 1H), 9.88 (s, 1H), 7.73 (d, ] = 2.1 Hz, 1H),
7.63 (dd, J=8.7,2.1 Hz, 1H), 6.96 (d, ] = 8.7 Hz, 1H), 0.28 (s, 9H).

3C NMR (125 MHz, CDCls) & 196.01, 161.52, 140.14, 137.36, 120.34, 117.96,
115.13, 103.13, 93.82, -0.08.

Synthesis  of  5-ethynyl-2-hydroxybenzaldehyde  (1). 2-hydroxy-5-
((trimethylsilyl)ethynyl)benzaldehyde 094 g 4.3 mmol) was partially
solubilized in 15 mL of MeOH and TBAF 1M in THF (15 mL, 15 mmol) was
added. The reaction was stirred at room temperature for 2 hours. Then water
was added to the reaction mixture and extracted with DCM for three times. The
organic layers were combined and dried over Na:SOs: and the solvent was
evaporated. The crude was purified on silica column (eluent: Hex/EtOAc 95:5).
Yield 70%.

'H NMR (300 MHz, CDCls) 6 11.14 (s, 1H), 9.88 (s, 1H), 7.74 (d, ] = 2.1 Hz, 1H),
7.64 (dd, J=8.7,2.1 Hz, 1H), 6.98 (d, ] = 8.7, 1H), 3.06 (s, 1H).

Synthesis of (S)-benzyl (1-((3-(4-(3-formyl-4-hydroxyphenyl)-1H-1,2,3-triazol-
1-yDpropyl)amino)-3-methyl-1-oxobutan-2-yl)carbamate ~ (4).  5-ethynyl-2-
hydroxybenzaldehyde (120 mg, 0.82 mmol) was dissolved in 2 mL of THF and a
solution of (S)-benzyl (1-((3-azidopropyl)amino)-3-methyl-1-oxobutan-2-
yl)carbamate (274 mg, 0.82 mmol) in 2 mL of THF was added. Subsequently
Cu(CHsCN)4PFs (15 mg, 0.04 mmol) and TBTA (tris((1-benzyl-1H-1,2,3-triazol-

-75-



UNIVERSITAT ROVIRA I VIRGILI
DESIGN AND SYNTHESIS OF ZN(II)-SALOPHEN DERIVATIVES: FROM CHEMOSENSING TO CATALYSIS
Martina Piccinno

Chapter 4

4-ylymethyl)amine, 13 mg, 0.02 mmol) were added to the reaction mixture.
Before capping 2 mL of water were added. The reaction was stirred at room
temperature for 48 hours, then diluted with water and extracted with EtOAc.
The organic layer was dried over Na2SOs and the solvent was removed under
vacuum. The crude was purified on silica (eluent: AcOEt/Hex 9:1). The
compound was obtained as a white solid. Yield 50%.

'H NMR (300 MHz, CDCls) 6 11.07 (s, 1H), 9.98 (s, 1H), 8.13 (d, ] = 2.2 Hz, 1H),
7.94 (dd, ] =8.7, 22 Hz, 1H), 7.89 (s, 1H), 7.41 - 7.28 (m, 5H), 7.07 (d, ] = 8.7 Hz,
1H), 6.30 (m, 1H), 5.28 (m, 1H), 5.12 (s, 2H), 4.48 - 4.37 (m, 2H), 3.95 (dd, ] = 8.2,
6.1 Hz, 1H), 3.39 - 3.26 (m, 2H), 2.27 - 2.08 (m, 3H), 0.97 (dd, ] =15.0, 6.8 Hz, 6H).
3C NMR (125 MHz, CDCls) o 196.61, 171.89, 161.41, 156.54, 146.35, 136.07,
134.27, 130.70, 128.57, 128.31, 128.07, 122.94, 120.72, 119.75, 118.23, 67.23, 60.94,
47.49, 36.21, 30.56, 30.24, 29.70, 19.39, 17.84.

HRMS-ESI+ calc for [M+Na*]: 502.2061, found: 502.2054.

Synthesis of 1a. (S)-benzyl (1-((3-(4-(3-formyl-4-hydroxyphenyl)-1H-1,2,3-
triazol-1-yl)propyl)amino)-3-methyl-1-oxobutan-2-yl)carbamate (100 mg, 0.2
mmol) was solubilized in 1 mL of DCM and benzene-1,2-diamine (11 mg, 0.1
mmol) in 0.5 mL of DCM was added. ZnClz (16 mg, 0.12 mmol) was dissolved
in 0.5 mL of MeOH and added to the reaction mixture. Finally 29 pL of EtsN
(0.2 mmol) were added. The reaction was stirred 6 hours at room temperature.
The reaction was transferred in an Eppendorf and centrifuged. The liquid was
collected, concentrated and centrifuged again. The centrifuged solid was
washed with MeOH 2 times and then solubilized with DCM, transferred in a
flask and concentrated.

H NMR (500 MHz, DMSO-ds) d 9.13 (s, 2H), 8.30 (s, 2H), 8.14 - 8.08 (m, 2H),
7.99 (d, ] =2.4 Hz, 2H), 7.96 (m, 2H), 7.68 (dd, ] = 8.8, 2.4 Hz, 2H), 7.46 - 7.40 (m,
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2H), 7.39 - 7.27 (m, 12H), 6.81 (d, | = 8.8 Hz, 2H), 5.04 (s, 4H), 4.40 (t, 4H), 3.80 (t,
2H), 3.20 - 3.07 (m, 4H), 2.06 - 1.91 (m, 6H), 0.88 (dd, ] = 6.7, 2.2 Hz, 12H).

13C NMR (125 MHz, DMSO) & 172.52, 171.88, 163.23, 156.65, 147.18, 139.88,
137.50, 133.06, 132.32, 128.78, 128.23, 128.11, 127.98, 124.05, 119.78, 119.67,
117.10, 116.41, 65.88, 61.03, 47.62, 46.26, 36.20, 30.51, 30.29, 19.73, 18.83.
HRMS-MALDI+ calc for [M+Na*]: 1115.3841; found: 1115.3873

Synthesis of benzyl ((R)-1-(((R)-1-((3-(4-(3-formyl-4-hydroxyphenyl)-1H-1,2,3-
triazol-1-yl)propyl)amino)-3-methyl-1-oxobutan-2-yl)amino)-3-methyl-1-
oxobutan-2-yl)carbamate (5). Benzyl ((5)-1-(((5)-1-((3-azidopropyl)amino)-3-
methyl-1-oxobutan-2-yl)amino)-3-methyl-1-oxobutan-2-yl)carbamate (76 mg,
0.18 mmol) was solubilized in 12 mL of THF and 5-ethynyl-2-
hydroxybenzaldehyde (28 mg, 0.19 mmol) was added. Suddenly 0.6 mL of
water were added to the reaction mixture. Lastly Cu(CHsCN)4PFs (32 mg, 0.09
mmol) and TBTA (tris((1-benzyl-1H-1,2,3-triazol-4-yl)methyl)amine, 9 mg, 0.018
mol) were added and the reaction was stirred at room temperature overnight.
Then was diluted with water and extracted with DCM. The organic layers were
combined and dried over Na:SOs The solvent was evaporated and the
compound was purified by silica column chromatography (eluent: DCM/MeOH
95:5). Yield 96%.

'H NMR (400 MHz, CDCls) 6 11.07 (s, 1H), 9.98 (s, 1H), 8.13 (d, ] =2.2 Hz, 1H),
7.98 (s, 1H), 7.94 (dd, ] = 8.7, 2.2 Hz, 1H), 7.40 - 7.30 (m, 5H), 7.06 (d, ] = 8.7 Hz,
1H), 6.76 - 6.71 (m, 1H), 6.52 (d, ] = 8.2 Hz, 1H), 5.37 (d, ] = 6.5 Hz, 1H), 516 (d, |
=123 Hz, 1H), 5.08 (d, ] = 12.3 Hz, 1H), 444 (t, ] = 6.6 Hz, 2H), 4.28 - 420 (m,
1H), 4.03 (t, | = 6.1 Hz, 1H), 3.34 (m, 1H), 3.21 (m, 1H), 2.31 - 2.12 (m, 4H), 1.02
(d, J=6.8 Hz, 3H), 0.96 (t, | = 6.9 Hz, 6H), 0.85 (d, ] = 6.8 Hz, 3H).

3C NMR (125 MHz, CDCls) o 196.68, 171.65, 171.43, 161.33, 156.94, 146.19,
135.92, 134.29, 130.70, 128.62, 128.57, 128.40, 127.96, 123.07, 120.71, 120.08,
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118.16, 67.38, 61.32, 59.02, 47.49, 36.15, 30.39, 30.14, 29.80, 29.70, 19.48, 19.31,
17.88, 17.76.

HRMS-ESI+ calc for [M+Na*]: 601.2738, found: 601.2745.

Synthesis of 1b. Benzyl ((S)-1-(((S)-1-((3-(4-(3-formyl-4-hydroxyphenyl)-1H-
1,2,3-triazol-1-yl)propyl)amino)-3-methyl-1-oxobutan-2-yl)amino)-3-methyl-1-
oxobutan-2-yl)carbamate (58 mg, 0.1 mmol) was solubilized in 1 mL of DCM
and a solution of benzene-1,2-diamine (5.42 mg, 0.05 mmol) in 0.5 mL of MeOH
and ZnClz (7.51 mg, 0.05 mmol) were added. Finally 14 puL of Ets:N were added
and the reaction was stirred 3 hours at room temperature. Then, the reaction
was transferred in an Eppendorf and centrifuged. The solvent was removed
and the solid was washed with DCM and MeOH. Yield 40%.

H NMR (500 MHz, DMSO-ds)  9.13 (s, 2H), 8.30 (s, 2H), 8.17 — 8.12 (m, 2H),
7.99 (d, ] =2.5Hz, 2H), 7.96 (dd, ] = 6.2, 3.5 Hz, 2H), 7.75 (d, | = 8.6 Hz, 2H), 7.68
(dd, J = 8.8, 2.5 Hz, 2H), 7.42 (dd, ] = 6.2, 3.5 Hz, 2H), 7.40 - 7.29 (m, 12H), 6.81
(d, ] =8.8 Hz, 2H), 5.04 (s, 4H), 4.40 (m, 4H), 4.13 - 4.09 (m, 2H), 3.93 (dd, ] =9.0,
7.0 Hz, 2H), 3.12 (m, 4H), 1.98 (m, 8H), 0.95 — 0.80 (m, 24H).

3C NMR (125 MHz, DMSO) & 172.55, 171.53, 171.37, 163.34, 156.55, 147.15,
139.84, 137.53, 133.07, 132.37, 128.77, 128.20, 128.08, 128.04, 127.95, 124.04,
119.76, 119.64, 117.11, 116.45, 65.82, 60.78, 58.41, 47.58, 36.16, 30.98, 30.67, 30.26,
19.68, 18.84, 18.63.

HRMS-MALDI+* calc for [M+Na*]: 1313.5209; found: 1313.5223
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4.5 NMR Spectra

H NMR (300 MHz, CDCls) of compound 4
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H NMR (400 MHz, CDCls) of compound 5

DESIGN AND SYNTHESIS OF ZN(II)-SALOPHEN DERIVATIVES
Chapter 4

UNIVERSITAT ROVIRA I VIRGILI
Martina Piccinno

fa24:3

o

WA

PR

M

l

VU

A

A

i

Y

o/

v

BYPO'LL

88LLY

6920°1
00€0'}

€920°} |

910°}

2090°Z |

£591Z |

SZS6°0 |

v68°0

80l |
620L°S

£¥S0'T |

6£96°0

126670 |

0000}

tppm]

0

2v66°8S
S.82°19

9L¥E'L9

10

13C NMR (126 MHz, CDCls) of compound 5

SLEL'BLL 4

699L°9v1

0916'951 -
060€°194

YOOV LLL
6EEILLL

6v99'961

[ppm]

-81-

100

i,

150

200

o



gx9ey

/
//?

FROM CHEMOSENSING TO CATALYSIS

Zn

corng~

TH NMR (500 MHz, DMSO-ds) of compound 1b

Chapter 4

~e

DESIGN AND SYNTHESIS OF ZN(II)-SALOPHEN DERIVATIVES

UNIVERSITAT ROVIRA I VIRGILI
Martina Piccinno

1819'ST

£9SY'8 |

[271% 4

£291°2

8EL5°T

L0S¥'Y

LEVO'Y |

£896'}

—~ 8yozTL
$880 |

(4% 1% 4
1SL6°L

601 |

9€£86°}
Z150T

00002

tppm]

8€91°8L

YELE'SL -

62Z1Z'61L

10

13C NMR (125 MHz, DMSO) of compound 1b

125€°59

YE69'9VL

5260'9S1

1628°Z91
1Z16°0L1

L020°bLL -

¥S60°ZLL

L

/|

\
[

?.

R

tppm]

50

100

-82-

150

200



UNIVERSITAT ROVIRA I VIRGILI
DESIGN AND SYNTHESIS OF ZN(II)-SALOPHEN DERIVATIVES: FROM CHEMOSENSING TO CATALYSIS
Martina Piccinno

Chapter 4

4.6 References

1 Lloyd, D. Jordan, Colloid chemistry 1926, 1, 767-782

2M. D. Segarra-Maset, V. ]. Nebot, J. F. Miravet, B. Escuder, Chem. Soc. Rev. 2013, 42,
7086-7098.

3]. W. Steed, Chem. Commun. 2011, 47, 1379-1383.

4¢D.]J. Abdallah, R. G. Weiss, Advanced Materials 2000, 12, 1237-1247.

5]. H. van Esch, B. L. Feringa, Angew. Chem., Int. Ed. Engl. 2000, 39, 2263-2266.

¢ A. R. Hirst, I. A. Coates, T. R. Boucheteau, J. F. Miravet, B. Escuder, V. Castelletto, I. W.
Hamley, D. K. Smith, J. Am. Chem. Soc. 2008, 130, 9113-9121.

7]. A. Foster, . W. Steed, Angew. Chem., Int. Ed. Engl. 2010, 49, 6718-6724.

8V.]. Nebot, J]. Armengol, ]. Smets, S. F. Prieto, B. Escuder, J. F. Miravet, Chem. Eur. J.
2012, 18, 4063-4072.

°B. Escuder, F. Rodriguez-Llansola, J. F. Miravet, New ]. Chem. 2010, 34, 1044-1054.

10 A, R. Hirst, B. Escuder, J. F. Miravet, D. K. Smith, Angew. Chem., Int. Ed. Engl. 2008, 47,
8002-8018.

17, E. Miravet, B. Escuder, Tetrahedron 2007, 63, 7321-7325.

12]. A. Foster, M. O. M. Piepenbrock, G. O. Lloyd, N. Clarke, J. A. K. Howard, J. W.
Steed, Nat. Chem. 2010, 2, 1037-1043.

1BH.Y.Li, Y. Fujiki, K. Sada, L. A. Estroff, CrystEngComm 2011, 13, 1060-1062.

14 K. Tiefenbacher, H. Dube, D. Ajami, J. Rebek, Chem. Commun. 2011, 47, 7341-7343.
15F. Fages, Angew. Chem., Int. Ed. Engl. 2006, 45, 1680-1682.

16 ]. A. Saez, B. Escuder, J. F. Miravet, Chem. Commun. 2010, 46, 7996-7998.

7M. O. M. Piepenbrock, G. O. Lloyd, N. Clarke, ]J. W. Steed, Chemical Reviews 2010, 110,
1960-2004.

18 B. Verdejo, F. Rodriguez-Llansola, B. Escuder, J. F. Miravet, P. Ballester, Chem.
Commun. 2011, 47, 2017-2019.

K. Q. Fan, J. Song, J. J. Li, X. D. Guan, N. M. Tao, C. Q. Tong, H. H. Shen, L. B. Niu, J.
Mater. Chem. C 2013, 1, 7479-7482.

20 H. Maeda, Chem. Eur. ]. 2008, 14, 11274-11282.

21 G. O. Lloyd, J. W. Steed, Nat. Chem. 2009, 1, 437-442.

22 A. Dalla Cort, P. De Bernardin, G. Forte, F. Y. Mihan, Chem. Soc. Rev. 2010, 39, 3863-
3874.

2 A. W. Kleij, M. Kuil, M. Lutz, D. M. Tooke, A. L. Spek, P. C. J. Kamer, P. W. N. M. van
Leeuwen, J. N. H. Reek, Inorg. Chim. Acta 2006, 359, 1807-1814.

2], K. H. Hui, Z. Yu, M. J. MacLachlan, Angew. Chem., Int. Ed. Engl. 2007, 46, 7980-7983.
%], K. H. Hui, Z. Yu, T. Mirfakhrai, M. J. MacLachlan, Chem. Eur. ]. 2009, 15, 13456-13465.
26 [. P. Oliveri, S. Failla, G. Malandrino, S. Di Bella, J. Phys. Chem. C 2013, 117, 15335-
15341.

271. P. Oliveri, G. Malandrino, S. Di Bella, Dalton Trans. 2014, 43, 10208-10214.

28 B. Escuder, J. F. Miravet, Langmuir 2006, 22, 7793-7797.

2 V.]. Nebot, J. Armengol, J. Smets, S. F. Prieto, B. Escuder, ]. F. Miravet, Chem. Eur. J.
2012, 18, 4063-4072.

-83-



UNIVERSITAT ROVIRA I VIRGILI
DESIGN AND SYNTHESIS OF ZN(II)-SALOPHEN DERIVATIVES: FROM CHEMOSENSING TO CATALYSIS
Martina Piccinno

Chapter 4

30 A. R. Hirst, I. A. Coates, T. R. Boucheteau, J. F. Miravet, B. Escuder, V. Castelletto, I. W.
Hamley, D. K. Smith, J. Am. Chem. Soc. 2008, 130, 9113-9121.

-84-



UNIVERSITAT ROVIRA I VIRGILI
DESIGN AND SYNTHESIS OF ZN(II)-SALOPHEN DERIVATIVES: FROM CHEMOSENSING TO CATALYSIS
Martina Piccinno



UNIVERSITAT ROVIRA I VIRGILI
DESIGN AND SYNTHESIS OF ZN(II)-SALOPHEN DERIVATIVES: FROM CHEMOSENSING TO CATALYSIS
Martina Piccinno



UNIVERSITAT ROVIRA I VIRGILI
DESIGN AND SYNTHESIS OF ZN(II)-SALOPHEN DERIVATIVES: FROM CHEMOSENSING TO CATALYSIS
Martina Piccinno



UNIVERSITAT ROVIRA I VIRGILI
DESIGN AND SYNTHESIS OF ZN(II)-SALOPHEN DERIVATIVES: FROM CHEMOSENSING TO CATALYSIS
Martina Piccinno



	Frontespizio+acknowledgements+table of contents final
	Cap. 1-final
	Cap. 2-final
	Cap. 3-final
	Cap. 4-final
	pagina bianche fine



