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Summary
The scope of this Ph.D. thesis deals with the synthesis of molecular cages based on tris(2pyridylmethyl)amines (TPMAs) scaffold and characterized by the presence of metals
having a non-saturated coordination sphere in the inner part of the system. The new
molecular architectures were synthesized taking advantage of Dynamic Covalent
Chemistry DCC, in particular imine condensation, on opportunely functionalized TPMA
metal complexes. The main objective was to control the self-assembly of the TPMA metal
complexes in order to obtain new functional systems. The cages obtained have allowed to
describe several molecular events within a confined space.
In the Introduction chapter, after a brief overview of TPMAs synthesis and the coordination
chemistry, the supramolecular applications of TPMAs complexes are reported. The latter is
mainly focused on chirality sensing and recent supramolecular structures involving these
ligands. A part of the survey is dedicated to the applications of TPMAs complexes as metal
receptor and anion sensor and the capability of this ligand to coordinate the metal center in
helical fashion which allowed the use of these ligands as molecular switches. Afterwards,
this property is further analyzed toward the application of these metal complexes in the
determination of enantiomeric excess (e.e) and other functions. In the last section, TPMAs
are envisaged as capping agents to obtain several supramolecular structures.
In Chapter 1 the synthesis of a novel supramolecular cage built from the self-assembly of
TPMA zinc complexes through imine condensation chemistry is reported. The cage
recognition properties over a variety of structurally related dicarboxylic acid guests, together
with the kinetic study of the template assembly and disassembly, have been investigated in
detail. This knowledge has been used to selectively modulate the rate of both assembly
and disassembly processes. In particular, a novel disassembly method induced by strain
release of the guest has been developed.
In Chapter 2 is reported the extension of the cage series varying the structural parameter
and the metal ion coordinated to the TPMA unit. These cages have been obtained through
the self-assembly of modified tris(pyridylmethyl)amine complexes and different diamines
have been chosen to vary their size and flexibility. The recognition properties of this cage
series were characterized with a novel rapid method based on ESI-MS therefore the
determination of binding profiles for linear saturated dicarboxylic acids within the cage
series was studied. This methodology has allowed to gather how small changes in the

structure of the host and guest can contribute to the recognition events. Moreover, it was
possible to study molecular systems which contains paramagnetic metals that are not
suitable for classical binding constant determination by 1H NMR.
In Chapter 3 is discussed the synthesis of a novel chiral supramolecular cage and the
capability of this structure to control the helicity of a perfluorinated carbon chain are
reported. The helix configuration of the perfluoroalkyl chain was evaluated with a
combination of theoretical calculations of the host-guest complex and the support of
Vibrational Circular Dichroism (VCD) experiments
In Chapter 4 a detailed study on homo and hetero co-encapuslation processes within a
supramolecular cage is reported. In particular, the model case under study regards the
possibility to have different p-substituted benzoic acid, within a supramolecular cage
containing two metals. While electron-withdrawing EWG substituents are preferential
guests, it has been possible to evaluate the conditions in which hetero co-encapuslation is
favoured. This part of the study has been carried out in part at the University of Cambridge
(UK) in the group of Prof. C.A. Hunter. In the Appendices are contained the experimental
information related to each chapter.

Riassunto
Lo scopo di questa tesi di dottorato consiste nella sintesi di gabbie molecolari basate su
tris(2-piridilmetil)ammine (TPMAs) e caratterizzate dalla presenza di metalli con centri di
coordinazione non saturi nella parte interna del sistema. Le nuove architetture molecolari
sono state sintetizzate traendo vantaggio della Dynamic Covalent Chemistry DCC, in
particolare della reazione di condensazione imminica su complessi metallici di TPMA
opportunamente funzionalizzati. Il principale obiettivo è stato il controllo del self-assembly
dei complessi metallici di TPMA al fine di ottenere questi nuovi sistemi funzionali. Le
gabbie ottenute hanno permesso di descrivere diversi eventi molecolari in uno spazio
confinato.
Nel capitolo introduttivo dopo una rapida panoramica sulla sintesi e sulla coordinazione
delle TPMA vengono riportate le loro applicazioni in chimica supramoleculare. Quest'ultime
consistono principalmente in sensori per la chiralità e recenti strutture supramolecolari che
coinvolgono questi leganti. Una parte dell'indagine è dedicata alle applicazioni dei
complessi metallici di TPMA come recettori di metalli e sensori di anioni e alla loro capacità
di coordinarsi a centri metallici in maniera elicoidale, questo ha permesso di utilizzare
questi leganti come switch molecolari. Questa proprietà è stata poi analizzata per ulteriori
applicazioni

di

questi

complessi

metallici

come

la

determinazione

dell'eccesso

enantiomerico (e.e) e altre funzioni. Nell'ultima sezione le TPMAs vengono descritte come
capping agents al fine di ottenere diverse strutture supramolecolari.
Nel primo capitolo viene riportata la sintesi di una nuova gabbia supramolecolare costitutita
dal self-assembly di due complessi TPMA di zinco attraverso condensazione imminica. Le
proprietà di riconoscimento molecolare della gabbia nei confronti di una serie di acidi
dicarbossilici come guests sono state investigate in dettaglio, assieme allo studio cinetico
del assemblaggio e disassemblaggio della struttura. Queste conoscenze hanno portato alla
modulazione selettiva della velocità dei processi di assembly e disassembly ed in
particolare è stato possibile programmare un nuovo metodo di disassembly basato sulla
pressione esercitata dal guest all'interno della gabbia.
Nel Capitolo 2 viene descritta una serie di gabbie omologhe ottenute variando i parametri
strutturali e il metallo coordinato all' unità TPMA. Queste gabbie sono state ottenute
attraverso il self-assembly di complessi trispiridilmetilamminici opportunamente modificati e
varie ammine, scelte al fine di variare la dimensione e la flessibilità della strutture finali.
Le proprietà di riconoscimento molecolare di questa serie di gabbie sono state investigate
con metodo rapido e innovativo basato sull'analisi ESI-MS, in questo modo è stato

possibile determinare diversi profili di binding per una serie di acidi dicarbossilici saturi.
Questa metodologia ha permesso di concludere che piccole variazioni strutturali delle
gabbie molecolari in questione modificano le loro proprietà di riconoscimento molecolare.
È stato inoltre possibile studiare sistemi molecolari contenenti centri metallici paramagnetici
che non risultano adatti per la determinazione delle costanti di binding via 1H NMR.
Nel capitolo 3 viene descritta la sintesi di una gabbia supramolecolare chirale e la sua
capacità di controllare l' elicità preferenziale in una catena perfluorurata inclusa nella cavità
della struttura. La configurazione dell'elica della catena perfluoroalchilica è stata valuta con
una combinazione di calcoli teorici del complesso host-guest e col supporto di esperimenti
di dicroismo vibrazionale circolare (VCD).
Nel capitolo 4 viene affrontato uno studio dettagliato sull' omo ed etero co-incapsulazione in
una gabbia supramolecolare. In particolare il modello in esame ha riguardato la possibilità
di incapsulare acidi benzoici diversamente sostituiti in posizione para in una gabbia
contente due metalli. I gruppi elettronattratori risultano essere guest preferenziali ed è stato
possibile valutare le condizioni in cui l'etero co-incapsulazione viene favorita. Questo studio
è stato condotto in parte presso l'Università di Cambridge (UK) nel gruppo del prof. C.A.
Hunter.
Nelle appendici sono contenuti i dettagli sperimentali relativi ad ogni capitolo.
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Introduction
Tris(2-pyridylmethyl)amines as Emerging Scaffold in
Supramolecular Chemistry

1

ABSTRACT tris(2-pyridylmethyl)amines (TPMA)s represents a series of ligands
which are emerging in many branches of chemistry due to their ability to form stable
and catalytically active metal complexes with a wide variety of metals and to assume
a helical arrangement around the metal center. This two features make TPMA
eligible for several supramolecular applications.
In this introduction, after a brief overview of the synthesis and the coordination
chemistry, the supramolecular applications of TPMAs complexes are reported. A
part of the survey is dedicated to the use of TPMAs complexes as metal receptor
and anion sensor. In S 1.4.2 the capability of this ligand to coordinate the metal
center in helical fashion allowing the use of these ligands as molecular switches is
described. Afterwards, in S 1.4.3, this property is further analyzed reviewing the
studies of Canary in the 90s toward the application of these metal complexes in the
determination of enantiomeric excess (e.e). This seminal work, followed by the
extensive research carried out by Anslyn, have increased the use of these ligands
also to other applications. In the last section, S 1.4.4 TPMAs are envisaged as
capping agents to obtain several supramolecular structures.

2

I.1 Introduction
In coordination chemistry, ligands are used to control the environment of the metal
centers modulating the electronic and steric properties of the corresponding
complexes, thus controlling metals functional properties. While a considerable
number of ligands are present in literature, few of them are defined as privileged
(e.g. BINOLs, BINAPs, Josiphos, Salens and Cinchona alkaloids).[1]
To a similar extent, some ligand classes and their relative metal complexes have
found wide applications in supramolecular chemistry.[2] In other words, some classes
of metal complexes have constituted the cornerstones for the development of
supramolecular structures, active sites towards molecular recognition of specific
functions and, to a minor extent, active catalytic sites within supramolecular
architectures.[3] Among the large number of coordination compounds exploiting the
above mentioned functions, nitrogen ligands containing metal complexes , and more
in particular porphyrins and polypyridines, have been recurring motifs in several
nano-architectures (Figure 1). The large variety of metals suitable for these ligands
combined with the well-defined geometry of the resulting complexes, have
contributed to make them “ligand of choice” for supramolecular architecture design
since the early days of supramolecular chemistry.
While porphyrins, [4], bipyridines [5] and terpyridines

[6]

have been largely used in the

development of supramolecular structures, more recently, tris(2-pyridylmethyl)amine
(TPMA) ligands have emerged within the field due to their ability to form stable and
catalytically active metal complexes with a wide variety of metals. In addition, due to
their particular feature to assume a helical arrangement around the metal center,
they have been extensively used in chirality recognition.

3

(a)

(b)

(c)

Figure 1 Supramolecular structures based on nitrogen ligands. a) M6L4-type coordination nanocage with
2,2'-bipyridine ancillary ligands cage,[5a] b) self-assembling metallosupramolecular cage based on
cavitand–terpyridine subunit,[6] and c) porphyrin [2]rotaxanes.[4a]

Tris(2-pyridylmethyl)amines TPMAs are a general class of metal chelating ligands
which consist in a central aliphatic nitrogen atom attached to three methyl-2-pyridyl
arms. Beside the formation of stable complexes, the straightforward possibility to
differently functionalize TPMAs skeletons gave rise to a large number of ligands and
relative metal complexes. Furthermore, molecular functions have been added to
modify steric, electronic and chiral properties of the ligands. As example, the TPMA
skeleton can be modified with one (BPQA), two (BQPA), or three (TMQA) 2-quinolyl
groups leading to different ligands which maintain similar coordination chemistry
(Figure 2).

4

Figure 2. Tris(2-pyridylmethyl)amine TPMA, BPQA, BQPA and TMQA ligands.

It should be noted that while the application of TPMA based systems in molecular
recognition is recent, TPMA complexes have a broad and successful story as
catalysts for many different reactions. This is due to their ability to often leave one or
two coordination sites unoccupied for reagents activation, mimicking enzyme and
biological environment. Important applications in catalysis with TPMA metal
complexes are oxidation with manganese,[7] iron,[8] rutenium,[9] copper[10], zinc,
hydrolisis of phosphoric esters,[11], atom-transfer radical addition and polymerization
with Cu(I)/Cu(II).[12] (Figure 3).

5

(a)

(b)

(c)

Figure 3. Example of a) catalytic oxidation reaction with iron TPMA[8a] b) Atom Transfer Radical
Polimerization (ATRP) with copper TPMA[12b] and c) zinc hydrolysis of phosphodiester.[11c]

In this introduction, after a rapid overview of the synthesis and the coordination
chemistry, the supramolecular applications of the TPMA complexes will be reported.
The latter is mainly focus on chirality sensing and recent supramolecular structures
involving TPMA. This description will open the opportunity to discuss some of the
results reported by the group where the thesis has been carried out.
In the second part (S 1.4.1), a survey of the applications of TPMA complexes as
metal receptor and anion sensor is presented. In section S 1.4.2 it is described the
use of these ligands as molecular switches due to their particular feature to adopt a
propeller-like arrangement around the coordinated metal. Afterwards, in S 1.4.3,
this property is further analyzed reviewing the studies of Canary in the 90s toward
the application of these metal complexes in the determination of enantiomeric
excess (e.e). This seminal work, followed by the extensive research carried out by
Anslyn, have increase the use of these ligands also to other functions. In the last
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section, S 1.4.4 TPMA are envisaged as capping agents to obtain several
supramolecular structures.

I.2 TPMA Synthesis
The first synthesis of TPMA dates back to Andregg and Wenk in 1967.[13] In their
work

the

synthetic

method

was

based

on

the

alkylation

of

primary

(pyridil)methylamine 1 with two equivalents of (chloromethyl)pyridine 2 in aqueous
NaOH

solution

(Scheme

1a).

The

reaction,

yielded

a

brown

tris(2-

pyridylmethyl)amine after recrystallization from water with total yield of 55%.
Generally, alkylation methods remain the most common procedure for preparation of
TPMA core, even though bromide are usually preferred than chloride, and ammonia
is used as nitrogen source for the preparation of symmetric molecules. The
functionalization by direct substitution of pyridine rings of the ligand is not suitable to
prepare TPMA derivatives, as a consequence of the low reactivity of pyridines. To
overcome this problem, previously functionalized pyridine precursors are used. More
recently, the use of reductive amination of pyridine-carbaldehyde precursors with
sodium triacetoxyborohydride has shown to be an interesting alternative method that
could be used in the presence of sensitive groups (Scheme.1b).[14]

Scheme 1. tris(2-pyridylmethyl)amine TPMA main synthetic routes a) alkylation b) reductive amination
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I.3 Complexes and their geometry
The first reported synthesis of a TPMA metal complex dates back to 1969 and it was
a Ni(II) complex.[15] Since then, a large variety of metal complexes have been
reported in literature. TPMAs can form tetra-dentate complexes, binding with three
pyridyl nitrogens and the central tertiary amine a large variety of metals ranging from
transition metals to lanthanide ions, as well as most of the Group 1 and Group 2
metals and some actinides.[16] According to a survey on the Cambridge
Crystallographic Data Centre (CCSD) of November 2016, among over one thousand
of structures containing TPMA and derivative ligands transition metal complexes,
iron complexes accounts for one fourth of the entire series, followed by copper.
Other widely used metals are Co, Zn, Ni, Ru and Mn (Figure 4).

26.91

19.14

11.96

10.17
8.97
7.18

5.98

1.20

V

1.44

1.79

Cr Mn Fe Co

Ni

0.60

1.20
0.96

0.84

0.96

0.72

Cu Zn Ru Rh Ag Cd La Re Os Hg

Figure 4 Percentage crystallographic structure distribution of TPMA transition metal complexes within the
Cambridge Crystallographic Data Centre (CCDC) in 2016.

In general, TPMA metal complexes show a 1:1 metal to ligand stoichiometry. An
exception is represented only by lower metal/ligand ratio in 1:2 [M(TPMA)2]n+
complexes, being formed by metal ions having radii greater than 0.9 Å such as
Ca2+.[17] Tetrahedral coordination is rarely observed because the bite angle of these
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molecules is not wide enough to afford the binding of every coordination site around
the metal ion. The most common geometry is trigonal bipyramidal (TBP), where
TPMAs occupy one apical and the three equatorial positions around the metal
center and the empty apical coordination site is taken by a solvent molecule or by
another monodentate ligand (L). Octahedral complexes are less common than
TBP,they have a general formula [M(TPMA)X2]n+ and they are formed predominantly
by nichel and iron.[18] Another important exception is observed for d8 metal ions,
such as Pt2+ and Pd2+, which tend to adopt a square planar geometry.

[19]

In this

case, TPMA is forced to bind in a hypodentate fashion as a tridentate ligand in
which one pyridine arm remains uncoordinated. Hypodentate coordination is also
observed in some copper (I) complexes where tetrahedral geometry about the ion is
preferred and one TPMA arm is displaced by a much more mobile ligand L (solvent
molecule or anion) capable of positioning in a more favored way (Figure 5).[20]
(a)

(b)

(c)

Figure 5 Common geometries in TPMA complexes. a) Trigonal bipyramidal TBP; b) octahedral and c)
hypodentate fashion coordination of a TPMA in a Cu(I) complex.

As already mentioned, TPMA metal complexes are characterized by a propeller-like
arrangement of the ligand around the metal. The ligand rapidly interconverts, at
room temperature, between two enantiomeric forms, nominally Δ and Λ, differing for
the handedness of the arms twist (Figure 6). The exploitation of this property is one
of the key features that have promoted the use of TPMA ligands in supramolecular
applications, besides their capability to coordinate several metal ions and the
possibility to functionalize their scaffolds.
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Figure 6. Λ (counterclockwise) and Δ (clockwise) conformation of TPMA ligands wrapped around a metal
center.
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I.4 Application of TMPA in Supramolecular Chemistry
In this part of the introduction, the attention will be focused on supramolecular
application that have involved tris(pyridylmethyl)amine TPMA and its derivatives as
building blocks for construction of: i) anion sensor-metal receptors ii) molecular
switches, iii) supramolecular analytical assembly for detection of enantiomeric
excess (e.e.) and iv) confined systems.

I.4.1 TPMA as anion sensor and metal receptor
I.4.1.1 Anion sensor
The capability of the metal centres to coordinate anions has been largely explored in
TPMA complexes.[21] In particular, luminescence properties of TPMA lanthanide
complexes can be used for anion sensing. Lanthanide complexes have attracted
considerable attention as promising sensory materials, because of their unique
coordination chemistry and intense luminescence with long excited-state lifetimes.[22]
In this context, Tsukube has reported since 2002 a series of these complexes
exhibiting anion-specific sensor function, and their anion selectivity and response
sensitivity were modulated by a combination of lanthanide centre and TPMA.[23] As
example, it was demonstrated that Eu3+ complex with ligand 3 acts as a luminescent
receptor effective for NO3- anion, while corresponding Tb3+ complex exhibits Clanion selectivity. The luminescence of the europium complex is enhanced 4.9 times
in the presence of NO3- relative to other anions while the terbium complex results
selective for Cl-, with an enhancement of 5.4 times respect to the initial complex
(Figure 7).
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(b)

(a)

Figure 7 Luminescence spectral changes of (a) [Eu-3](CF3SO3)3 and (b) [Tb-3](CF3SO3)3 by the addition
of NO3-, Cl- and CH3CO2- anions in acetonitrile, excitation at 260 nm. Adapted from reference [22].

The outstanding features of the system can be explained in term of the effective
arrangement of the three pyridine to act as effective photon antenna, and to the
presence of several vacant sites of the lanthanide coordination sphere available for
anion binding. The initial system was further developed removing one pyridine arm
in favour of a hard amide oxygen. These mixed donor tripods formed more stable
1:1 complexes with Eu(NO3)3, La(NO3)3 and Tb(NO3)3 than the corresponding
TPMA, allowing Cl− anion-selective luminescence enhancement that was easily
observed even by naked eye.[24]
Another modification involved the incorporation of a fluorescent quinolone as in 4 M.
This feature, combined with a stereo-controlled substituent in the tetradentate
skeleton and the lanthanide metals, offered the possibility to perform multiple anion
sensing combining fluorescence, luminescence, and circular dichroism spectra
(Figure 8) [25]
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(b)

(a)

Figure 8. a) Tripodal ligand 4 for multiple anion sensing with lanthanide as metal center. b) CD anion
sensing profiles of 4-La3+ complex. Adapted from reference [25].

I.4.1.2 Metal receptor
The TPMAs ability to coordinate a wide variety of transition metal cations offered the
possibility to use this ligand as metal receptor for Cd[26],Cu[27] and Zn.[28] In particular,
the determination of zinc concentration and its imaging in brain tissues is of major
interest due to the implication of this metal in brain diseases such as epilepsy,
Alzheimer’s, and Parkinson’s diseases. The research has been mainly focused on
the design of TPMA based ligands in order to: i) improve their sensitivity towards
zinc, ii) increase the quantum yield to facilitate the fluorescence detection and iii) to
enhance the solubility in organic and aqueous solvents.[29]
As example, fluorescent sensor 5 demonstrated femtomolar sensitivity for zinc ions
with a 14-fold enhanced quantum yield upon chelation. In particular, it has also
exhibited high selectivity over other physiological relevant divalent metals and in the
presence of EDTA as competing ligand. This peculiar affinity was explained by the
X-ray crystal structure of zinc complex which revealed that an acetic carboxylic
group participates in metal coordination(Figure 9).[30]
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Figure 9. Coordination of Zn2+ to Ligand 5. From the fluorescence emission spectra the fitting of the
titration point data results to a 1:1 binding model to generate a log Kd = 15.35 ± 0.03. Adapted from
reference [30].

While in molecule 5 is the quinolone moiety responsible for the fluorescence, Canary
reported zinc fluorescent TPMAs.

[31]

Fluorescence properties of 6-8 zinc complexes

could be explained by charge-transfer phenomena and possible contributions from a
planarization of the pyridyl-trimethoxyphenyl groups in the excited state. As example
in the case of ligand 7, the fluorescence emission maximum showed a pronounced
red shift of∼80 nm (from 376 to 457 nm) which was enhanced by a factor of >100
when measured at 520 nm in the presence of zinc ions (Figure 10).
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Figure 10. Excitation spectra of 7 and its zinc complex in CH3CN, the emission wavelengths are 375 and
457 nm, respectively. Adapted from reference [31].

A remarkable example of the application of this system in imaging is represented by
BPQA ligand 9 Figure (11).[32] This probe showed the possibility to exploit its
functions under two-photon excitation detection. This technique is becoming widely
used in biology because of low phototoxicity, good spatial resolution and negligible
background fluorescence. The use of 9 as zinc detection probes was investigated,
under two photon excitations, after introduction in HeLa cells. Ligand 9 showed a
large red shift upon Zn2+ binding with 14-fold emission enhancement exhibiting high
ion selectivity and sensitivity for Zn2+ in a neutral aqueous solution. The in vivo twophoton microscopy imaging experiments demonstrated that the new probes were
cell permeable and could be used for imaging Zn2+ in living cells (Figure 11).
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Figure 11. Tripodal ligand X and the coordination complex with Zn2+. Imaging of the Zn2+ after incubation
in HeLa cells. Adapted from reference [32a].
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I.4.2 TPMA Molecular Switches
At the beginning of 90s, the interest on TPMA coordination chemistry was mainly
related to copper and iron complexes capability to act as biomimetic oxygen
activating species.[10b] In particular, how modification of TPMA units were influencing
the electrochemistry of the complexes and their reactivity toward oxygen was deeply
investigated.[33] Moreover, crystallographic data of the resulting complexes showed
that TPMA ligands wrap around the metal center in a helical fashion. Initial hints
came from the work of Karlin which reported the crystal structure of various copper
TPMA complexes, showing a trigonal bipyramidal geometry in which a propeller-like
C3-symmetrical arms arrangements are diplayed.[34] The conformation of the
complex rapidly interconverts, at room temperature, between two enantiomeric
forms, nominally Δ and Λ, differing for the handedness of the arms twist (Figure.6).
The mainstay of consecutive studies was to notice that the twist of TPMA ligand
wrapped around a metal could be forced to show propeller helicity toward one single
direction. This characteristic was initially achieved by placing a substituent on the
methylene carbon of one TPMA arm.[35] The methyl group in the benzylic position
adopt preferentially a pseudo axial conformation in anti position with respect to the
proximal pyridine moiety 11.

Figure 12. Chirally modified TPMA ligand with its relative conformational diasteromers in coordination
with generic metal ion (M). On the right the favored 11 diastereoisomer.

This arrangement favours the formation of one diastereoisomer, thus a S
stereocenter induce a P (right-handed) propeller-like twist, whereas a R stereocenter
would induce the opposite one (Figure 12). The presence of a unique propeller like
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conformation was confirmed both by the crystallographic structure of the racemic
Zn(II) complex and by the CD spectra of the enantiopure complex. The versatility of
this approach was demonstrated by extending this family of compounds to other
metals such as Cd (II) and Cu(II), and to different substituents on the methylene
position (i.e. methyl, phenyl).[36] Moreover, it was also possible to crystallize an
optically pure complex and to correlate the absolute configuration of TPMA ligand
around the metal to the molecular spectroscopic data.[37]
These preliminary studies were fundamental for the successive works on TPMA
ligands, principally TMQA based molecular switches, published since 1998. A
molecular switch is a simple molecular machine capable of reversibly interchange
between two different stable states in response to external stimuli.[4d] The interest on
these compounds increased in the past years because of two main features: their
nano-size scale and their envisioned usage for optical displays, telecommunications,
and most of all data storage.[38] For our purposes, we will focalize on chiroptical
switches defined as molecules capable of changing their interaction with polarized
light under an impulse. These systems are interesting because they can be easily
followed by absorption spectroscopic methods such as circular dichroism (CD).
Chiroptical switches have been already reported in an exhaustive and detailed
review,[39] therefore our main focus will be on TPMA based switches.
The first application of TPMA ligands as molecular switches was performed by
Canary group whose initial works date back to 1998.[40] In the system described, the
operating mechanism is based on the redox process of the ionic couple Cu(I)/Cu(II).
Switching abilities of ligands are modulated over the oxidation state of the metal
center, for this reason these structures are defined as redox-driven. In general,
systems that are considered redox-switch must fulfill some basic requirements: i)
stability of the optically active forms, ii) chemical reversibility of the redox processes,
iii) high sensitivity of the chiroptical response and iv) potential application in
multimode switching.
In Canary systems, the difference between the two oxidation states of the metal
complexes affects the coordination mode of the TPMA derivative, Cu(I) generally
prefers tetrahedral environment while Cu(II) undergoes a TBP arrangement. As
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example, Cu(II) TMQA complex with a chiral modified tris(quinolinmethyl)amine 12
displayed an intense exciton-coupled circular dichroism (ECCD) absorption in the
CD spectrum due to the chromophores coupling of the most stable diastereoisomer
present in solution. On the contrary, Cu(I) complex 13 showed a weak signal in the
CD spectrum because the ligand undergoes to tetrahedral coordination, therefore no
chromophore coupling and CD signal were present.

SCN
Cu I N
N

N
N

NCS
N

Cu I N
N

N

Figure 13 Cu(I) (dashed line) and Cu(II) (solid line) complexes CD spectra with a highlight on the
intensity at 240nm in each redox cycle. Adapted from reference [40].

This capability to modify the coordination geometry of TMQA complexes, depending
on the metal, was demonstrated by the redox process occurring between 12 and 13.
Chemical reduction of complex 12 was performed with sodium ascorbate while the
oxidation of 13 to 12 was performed by addition of ammonium persulfate. The redox
process was demonstrated to be reversible for several cycles (Figure 13).
This kind of molecular switch is called ON/OFF because it can reversibly
interchange from a state with a peculiar spectroscopic property to a state in which
the same property is totally lost.
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In order to optimize the functionalities of the redox switch, a detailed study on the
influence of the chromophores and a possible mechanism of interconversion was
reported. In this system, copper was chosen as metal center because of its fast
ligand

exchange

properties,

potentially

fast

electron-transfer

kinetics,

stereoelectronic structure, corresponding sensitivity to coordinating anions and
stability to the environment.
To envisage the mechanism of this transformation, Canary reported another
example of ON/OFF switch which involved a TPMA derivative containing a
piperidine moiety with two stereocenters (Figure 14).[41] In this example, the redox
switch of the complex was able to control the chair conformation of the piperidine
ring. In the Cu(II) state 15, the higher-coordination number metal ion coordinated the
three quinolines and the piperidine was forced to adopt a higher energy chair with
two axial and one equatorial substituents. On the other hand, in the lower Cu(I)
oxidation state 14, the piperidine switched to a more stable cyclohexane chair
conformation. This conformation was due to the tetrahedral geometry adopted by
Cu(I) TPMA complexes, in which only two quinoline were coordinated to the metal
center. Also in this case, while a strong CD signal was observed for Cu(II) complex,
Cu(I) species did not give any signal. Differently from the above mentioned case, the
rate of interconversion between the two states was slower as a consequence of the
piperidine ring rigidity.

Figure 14. ON/OFF switch based on the piperidine modified TQPA (X=solvent molecule). Adapted from
reference [41].
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It is remarkable that an improvement on ON/OFF devices was obtained by a
process in which the ligand is capable to invert its helicity, and so its CD sign, upon
redox change. In this context, it was discovered an amino acid derivative based on
methionine and a bis(quinolinemethyl)amine 16-17.[42]
This ligand has three nitrogens as coordinating sites and the methionine can
potentially coordinate with carboxylate or sulfide moiety (Figure 16). The methionine
groups have different affinity for copper, depending on its oxidation state. With Cu(II)
the carboxylate group binds the metal together with the three nitrogens and a
solvent molecule 16. The propeller's twist is dictated by the sulfide position, which
has to be on the opposite side with respect to the ligand arms. When the metal is
reduced to Cu(I), the carboxylate pivots away leaving a coordination site free for the
more stable sulfide, allowing the tetrahedral geometry which is preferred by this
cation because of its longer arm 17. In this case, the carboxylate dictates the
direction of the twist, which will be opposed to the previous one. The spectra
intensities of the Cu(I) and Cu(II) are identical because there is no displacement of
any quinoline arm (Figure 15).
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Figure 15. Description of Canary’s +/- switch; complexes, their spectra (Cu(I) dashed line, Cu(II) solid
line) and CD intensity at 239nm in each redox cycle. Adapted from reference [42].
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I.4.3 Determination of Enantiomeric Excess
The knowledge developed in Canary studies paved the way for the development of
molecular sensors based on TPMA. A sensor is defined as a receptor (host) that
interacts with an analyte (guest) producing a detectable change in a generic
signal.[43] The link between TPMA molecules and their use as sensors is
represented by the dynamic process of helical interconversion of these ligands. This
property is exploited by TPMA acting as stereodynamic optical probes.
In general, stereodynamic optical probe are characterized by the presence of at
least one labile-stereogenic element which can racemize at a specific temperature.
The addition of a chiral analyte, which contains one or more stereogenic units,
moves this equilibrium toward the formation of one preferential diasteroisomer
among the possible ones, then this information is translated in a measurable.[44]
In the context of stereodinamic optical probe, TPMA and derivative ligands are
finding an ever-increasing interest for their ability to act as molecular sensors for
enantiomeric excess (e.e.) determination of chiral compounds. The information
provided byTPMA sensors is translated in a measurable signal by chiroptical
spectroscopy, especially by circular dichroism (CD). This analytical tool is preferred
among others due to the widespread availability of sensitive CD instruments (Figure
16).[45]
In order to develop more efficient TPMA based chemosensors, many efforts were
directed towards the enhancement of the CD absorbance and the synthesis of
molecular systems which preferentially form only one diasteroisomer, modulating the
supramolecular associations between the probe and the analyte by intermolecular
interactions. The continuous improving of these parameters and the possibility to
use reversible interactions, rather than the covalent modification of the TPMA
skeleton, were the key features that implemented these systems as suitable sensors
for e.e. determination of asymmetric reaction screening.
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Figure 16 General working of a TPMA based stereodinamic probe. The formation of the preferential
diasteroisomer could be via a) covalent or b) reversible modification of the ligand and c) binding of the
chiral molecule to the metal center.

I.4.3.1 Covalent modification of TPMA derivative scaffold with a chiral analyte
While the general interest is nowadays in reversible modification of the TPMA unit,
early examples reported by Canary were related to e.e. determination of chiral
primary amines and α-amino acids by covalent linkage in a bis(quinolylmethyl)amine
BQPA scaffold.[46]

In these formed system, the amine or the α-amino-acid 18

becomes part of the chelating ligand. After complexation with copper(II), propellerlike structures are obtained, and the direction of the twist is controlled by stereogenic
elements of the analytes 20-21. The absolute configuration of the investigated
molecules can be interpreted from the couplets of CD spectra of the derivatized
complexes (Figure 18).[47] Moreover, it was possible to determine e.e. of chiral
primary amines and α-amino acids because it was linearly related to the differential
extinction coefficient observed in the CD spectrum for each sample and efficiently
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estimated with a standard curve. In these systems, quinolyl arms are chosen over
pyridyl ones because of their ability to couple and give rise to strong CD spectra.

Figure 17 e.e. determination of amino acids embedded in the probe scaffold. Adapted from reference
[47].

I.4.3.2 Reversible modification of TPMA and derivative scaffold with the chiral
analyte
A fundamental contribution for the development of new sensors based on reversible
modification of TPMA scaffold for e.e. determination was provided by Anslyn et al in
2011. At the beginning, they discovered a new metal-mediated dynamic multicomponent assembly based on the association between 2-picolinaldehyde and di(2-picolyl)amine assisted by Zn(II). The stability of the resulting metal complex
provides the driving force for the assembly with an equilibrium constant for complex
formation of 6.6*103 M-1. Moreover, the synthesis of this system is based on the
dynamic covalent chemistry (DCC),so the reversibility of the assembly combined
with the possibility of exchange the components present in solution paved the way
for several applications as library creation and molecular recognition. [48]
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Scheme 2. Illustration of the equilibria for secondary alcohols binding. a) Lewis acid activation of
carbonyls via chelation control, and reversible binding of secondary alcohols to give hemiacetals. b) Zinc
templated three-component dynamic assembly to create hemiaminal. c) Proposed TPMA based iminium
ion for alcohol binding and metal complex formation. d) Four-component reversible covalent assembly for
secondary alcohol binding, probably through iminum ion as intermediate. Trifluoromethanesulfonate
triflate (OTf) is the counterion for all the intermediates. Adapted from reference [48].
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This assembly was successfully applied for chirality sensing of secondary alcohols,
embedding them directly in the TPMA skeleton using DCC. The strategy includes
the carbonyl activation and hemiaminal stabilization, leading to a four-component
reversible assembly that creates a tetradentate ligand and incorporates secondary
alcohols with exceptionally high affinity (Scheme 2).[49] In this process, the
intermediate responsible of binding and exchange of alcohols is an iminium ion.
The enantiomeric excess determination of chiral secondary alcohol was possible
due to the induced twist of the Zn complex, caused by the new formed stereocenter.
It could be a preferential P (clockwise) or M (counterclockwise) twist that depends
upon the handedness of the stereocenter formed in the TPMA ligand and it is
related to which enantiomer of the analyte was embedded. The preferential twist
could be observed as a Cotton effect in circular dichroism (CD) spectra resulting
from exciton coupled circular dichroism (ECCD). The novelty of this four-component
assembly was the large and reproducible signals in the CD spectra for secondary
alcohols with respect to other detection systems, CD spectra of the assemblies for
six chiral alcohols 22-24 are displayed in Figure 18. S-stereocenters in the alcohols
resulted in a positive Cotton effects at 269 nm, whereas the R-stereocenters gave
equal intensity negative Cotton effects. Hence, the sign of the signals is indicative of
the handedness of the alcohol stereocenter. Moreover, in this work the e.e. of
unknown samples was determined after the registration of the CD spectra of 11
samples with known e.e. values which were used to build a calibration curve.
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Figure 18. CD spectra of the four component assembly derived from three alcohols 22-24. Adapted from
reference [49].

The overall results obtained with this dynamic four-component assembly have
opened the way to a new typology of synthetic receptors applicable in
supramolecular analytical chemistry.[50] Many efforts were directed in enlarging the
variety of chiral chemical species detectable with this system. As example, monosecondary amines[51] resulted also suitable for e.e sensing.
Beside the versatility of the presented systems, the prediction of spectral properties
by using well-established steric parameters for the analytes turned out to be useful
for a rapid e.e. screening because the need for calibration curves and
enantiomerically enriched samples were avoided.[52] In this context, the dynamic
multicomponent covalent assembly incorporating chiral secondary alcohols differing
for steric parameters were explored using linear free energy relationship (LFER)
based steric parameters.[53] The diastereomeric ratio (d.r.) between the two possible
four component assembly (TPMA + chiral analyte) was correlated with the
magnitude ECCD induced by chiral alcohols. Moreover, Charton steric parameters
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were successfully correlated with the d.r. values. Through the combination of these
correlations, both the d.r. and CD intensity were predicted for test alcohols. Finally,
the hypothesized enantiomeric excess (e.e.) of test samples with various alcohol
structures was experimentally confirmed (Figure 19).

Figure 19. Correlation between ΔCD values predicted from Charton steric parameters for the alchol
analyzed at 268 nm and the corresponding experimental values. Adapted from reference [53].

The CD spectra of the dynamic multicomponent covalent assembly were also
rationalized by qualitative chemical models and computational studies. In particular,
qualitative models were proposed to predict the preferential diastereoisomer and its
twist.[54] The analysis of crystal structure of the hemiaminal compound combined
with the structure of the chiral secondary alcohol gave a model that correlate the
chirality of the analyte with the resulting twist. In fact, R and S alcohols will
preferentially create S and R hemiaminal ether stereocenters respectively and as a
result, R alcohols was associated to P twists and S alcohols to M twists. This stericbased model took into account only the kinetic of the nucleophilic attack geometries,
while in a reversible reaction the outcome is thermodinamically controlled. To test
this consideration, computational approaches were employed for complex
embedding chiral alcohol X to predict diastereomeric ratios and the preferential twist
on the basis of the configuration of the newly created stereocenter. The calculations
confirmed and supported the predictions made above, concerning a correlation
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between the kinetic and thermodynamic preferences at the newly formed
stereocenter as well as the dominant helical twists.
The continuous

efforts to understand

and predict the behavior

of

this

multicomponent covalent assembly, combined with its reliability and efficacy for e.e.
determination, allowed its use in a High-Throughput Screening methodology (HTS)
for asymmetric synthesis. HTS methods are becoming increasingly essential in
discovering chiral catalysts or auxiliaries for asymmetric transformations due to the
advent of parallel synthesis and combinatorial chemistry. Both parallel synthesis and
combinatorial chemistry can lead to the exploration of a range of structural
candidates and reaction conditions in order to obtain the highest enantiomeric
excess of a desired transformation. One current bottleneck in these approaches to
asymmetric reactions is the determination of e.e., which has led researchers to
explore a wide range of HTS techniques.[45]
Chiral HPLC and GC are conventionally used for e.e. determination. However, they
are not suitable for HTS of e.e. when hundreds to even thousands of reactions must
be analyzed. For this reason, optical assays for e.e. determination using
colorimetric, fluorescence, or circular dichroism (CD) spectroscopy, are being
developed for the analysis of chiral organic compounds. In this context, as described
by Krische, the asymmetric Ir-catalyzed C–C coupling of primary alcohols with allylacetates to form chiral secondary homo-allylic alcohols were performed in parallel
to optimize the e.e. values of this specific reaction.[55] Approximately 400 examples
of this reaction were performed by varying the catalyst, added acids and bases, and
starting reactants, to form 4-phenyl-1-butene-4-ol.
Furthermore, a parallel and rapid quantitative TLC method to pre-screen the
allylation by measuring the yield of each reaction, revealed in which conditions
detectable and reliable e.e. values in the CD-based assay can be obtained.
Afterwards, the e.e. values for the transformations were determined in a highthroughput fashion using the 4-component assembly, since the circular dichroism
signal generated is indicative of the extent of asymmetric induction. Combining TLC
and CD-assay methods to measure yields and e.e. values respectively, it was
possible to optimize the reaction conditions to obtain higher e.e. values. The
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fundamental highlight of this work is the huge amunt of e.e. data which can be
recorded with a supramolecular assembly, in a rapid and reliable fashion, to
simultaneously analyze different synthetic routes.

I.4.3.3 Reversible modification and/or binding of chiral analyte to TPMA and
derivative scaffolds
The reversible modification of TPMA ligand have demonstrated how the
incorporation of a chiral molecule in the TPMA skeleton led to a dynamic
multicomponent covalent assembly usefull to measure the enantiomeric excess. The
same application was envisaged directly binding the chiral analyte to the metal of
TPMA complex. In this context, one of the first examples of stereodynamic probe
consisted in an achiral ligand like BQPA and exerted its function in the presence of
a chiral guest. This system took advantage of the equilibrium between the two
enantiomeric propeller-like complexes present in solution.
Specifically, the dichroic analysis of BQPA complexes gave no signals in an achiral
environment because their enantiomers were in a fast equilibrium at room
temperature and in solution were present as a "racemic" mixture. After the addition
of a chiral guest to the system, the most stable diasteromer is favored in solution
and gives rise to a dichroic signal in which the sign, given by the chromophores twist
around the metal, is directly influenced by the guest handedness (Figure 16).[56]
Advancement within this approach were reported by Anslyn and Canary in 2011.[57]
In this case, it was demonstrated that copper(II) complexes of BQPA could be used
as sensors for ee detection of chiral carboxylates. A chiral carboxylate binds to the
apical position of the metal center leading to a preferential enantiomeric complex.
The novel formed complex produces a CD signal which is characterized by a
magnitude and shape for each guest molecule and this feature allowed the
determination of the configuration of the guest analyte. In this work,linear
discriminant analysis (LDA) was used as statistical analysis technique for pattern
recognition protocol. This data analysis allowed the identification of R and S chiral
carboxilic acid (Figure 20).
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Figure 20. CD spectra of BQPA system for the determination of chiral carboxylic acid e.e. Starting
complex (blue) and the two opposite diasteromers (red and violet). LDA analysis of the CD signals, R and
S carboxylic acid are distinguished along PC1. Adapted from reference [57].

Therefore, a model was created for the host-guest complex able to predict the sign
of the observed CD signal. For a quantitative analysis, calibration curves were built
for e.e. calculation, showing an average error of 3% when applied to unknown
composition substrates.
Using the same approach, chiral discrimination of α-amino acids and β-homoamino
acids was possible due to the association between the copper(II)-containing
assembly and the chiral analytes.[58] The observed ECCD signals for the
enantiomers of each embedded molecule were equal but opposite, showing different
size and shape depending from the individual amino-acid investigated. Also in this
work, LDA was applied to differentiate the amino acids, both enantio- and chemoselectively, giving the absolute configuration and identity of the amino acid. These
analyses showed good differentiation of the amino acid guests with the use of only
one host molecule.
A system for e.e. determination of chiral α-amino acids that combines the
incorporation of the chiral analyte in the sensors scaffold and its coordination to
TPMA metal center were investigated by the research group where this thesis has
been carried out. The reported novel multicomponent assembly was formed by a
modified tris(pyridylmethyl)amine complex functionalized with an aldehyde moiety, a
series of chiral α-amino acids and a zinc salt.[59] This system exploied the DCC of
imine bond, the amino-acid reacts with the aldehyde bringing its carboxylate function
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close to the zinc metal ion of the complex. The amino acid handedness influences
directly the overall twist of the propeller-shaped TPMA based molecule. In this
system, the TPMA complex, as expected, does not show any circular dichroism
spectrum due to the equilibrium of the two propeller-like enantiomers with opposing
twist. On the contrary, the amino acid functionalized complex gives rise to a sharp
CD spectrum that results from only one diasteroisomer which is favored in solution,
and the two different diasteromers show mirror spectra. Intensity and shape of the
spectra are different for each different α-amino acid, therefore calibration curves
built from solution of known composition of the chiral analyte show a good linear fit
and were utilized to obtain the e.e. of unknown samples.
A closer and more recent investigation on the same system revealed that in solution
the dimeric dinuclear complex is the main species present.[60] In this supramolecular
architecture two amino acid carboxylic ends bind the metal ion of another TPMA,
bridging them together (Figure 21). In the presence of another equivalent of metal
ion the complex becomes trinuclear, with the third metal ion bound to the pocket
generated by the condensed amino acids.
Interestingly, the trinuclear complex showed an increase in the intensity of the CD
spectrum of one order of magnitude. This behavior could be explained by the extra
metal which brings closer in space the two chromophore responsible of the
excitation process.
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Figure 21. Dinuclear 27 and trinuclear 28 complex with bridging amino-acids. Adapted from reference
[60].

An evolution of this system was recently reported by the same group.[61] In this case,
the modification of the aldehyde position in the TPMA skeleton, led to a dinuclear
architecture more stable to water than the previous one. Moreover, a much more
intense CD spectrum was obtained as well as a structure which resulted less
sensitive to an excess of metal ions. However, beside these advantages they were
not effective with every amino acid.
A slightly different approach was followed in 2016 by the same authors, using the
TPMA-α amino acids architecture previously reported.[62] In this case, the chirality of
the analyte was sensed via VCD (vibrational circular dichroism), exploiting the fact
that some transition metals such as Co2+, displayed strongly enhanced VCD
spectra. As example, increased VCD bands in the assembly 28-Co3 respect to the
28-Zn3 (Figure 22) helped to overtake one of the main back draws of VDC analysis
that consists in weak signals, requiring long acquisition time and high substrate
concentration. Using this protocol, absolute configuration of amino acids was
obtained in shorter time if compared with previous works.
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Figure 22. Trinuclear complex 28-Co3 crystal structure and comparison between VCD spectrum of cobalt
and zinc complexes. Counterion is perchlorate and it is omitted for clarity. Adapted from reference [62].

A new supramolecular application that involves the stereodinamic probe behavior of
a modified BQPA ligand was recently reported by J. Clayden et al.[63] The molecule
mimics a G-protein-coupled receptor (GPCR) and it is made of a binding site outside
the bilayer (BQPA), an helical foldamer core that inserts into a membrane and a
conformationally labile fluorophore (two interacting pyrenes). In this system, upon
binding a chiral substrate to BPQA a specific conformational change of the
propeller-like probe is induced, and this signal is propagated over several
nanometers into a phospholipid bilayer by a membrane bound synthetic receptor.
The signal transmitted is capable of altering the fluorescence spectrum of the
bipyrenes moiety by coupling or uncoupling the responsive fluorophores. (Figure 23)
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Figure 23. A description of the GPCR mimic receptor and its working mechanism. Adapted from
reference [63].
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I.4.4 TPMA as Capping unit in Confined spaces
In recent years, the advancement of synthetic supramolecular capsules, cages and
confined spaces in general has led to new molecular systems displaying outstanding
properties in molecular recognition and catalysis. The applications of these systems
are widely treated in exhaustive reviews about molecular containers and confined
stimuli-responsive assembly.[64] In this part, we want to highlight the use of TPMA
complexes as building block for the synthesis of novel confined space, taking
advantage of their straightforward functionalization, chemical stability and the
capabilities to coordinate several metal ions.
Early reports on the subject date back to 2006 with the work of Reinaud who used
TPMA as a functional moiety to cap a calixarene skeleton. This new C3-symmetric
host behaves as a single proton sponge, good ammonium ion acceptor and binds
strongly sodium ion. In addition, the novel adduct binds neutral guest molecules
such as urea, alcohol or amide in a cooperative way. These systems, Calix[6]TPMA
29 and its sodium and protonated derivatives (29-Na+ and 29-H+), display
conformational features that differ from the properties observed for all the other
calix[6]-azacryptands due to the high sterical constrains inferred from the TPMA cap
(Figure 24).[65]

Figure 24 Reinaud TPMA capped Calix[6]TPMA calixarene.
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Thus, the covalently attached rigid TPMA cap gives rise to a restricted mobility of
this host. This property is reflected, as example, into the capability of the system to
respond in a different manner to several stimuli. The per-ipso-nitrated TPMA-capped
calix[6]arene (30-32) has showed a particular behavior during guests recognition.
The complexation of the TPMA cap (by H+ or Cu+) associated with the encapsulation
of a guests (acetone, acetonitrile or benzonitrile) triggers an induced-fit process
leading to the loss of the typical cone conformation 30 of the host in favor of
alternate conformations 31 and 32.[66] This "pivoting" response of one or two walls of
the calixarene core, induces a large mechanical motion of the corresponding
aromatic units leading correspondingly to the partial cone conformation 31 and to
the 1,3 alternate conformation 32 (Scheme 3).

Scheme 3. Different conformers of the per-ipso-nitrated TPMA-capped calix[6]arene 30-32. Adapted from
reference [66].

The role of the rigid TPMA to pre-organize and influence the conformation of the
calix[6]arene strucuture was investigated in a selective demethylation reaction of a
series of calix[6]arene.
This reaction relies on two key points: (i) the nucleophilic attack of iodide using TMSI
as a reagent and (ii) the correct orientation of the methoxy groups that must be
projected away from

the cone structure. Only the rigid TPMA capped

calix[6]azacryptand adopts spontaneously the conformation favorable to the reaction
of the methoxy groups and the reaction is fast and selective.[67]
TPMA capability to coordinate metal ions was exploited in these systems providing
several metal functionalized Cu(II) funnel complexes that accept not only neutral

38

guests but also anionic such as a hydroxide[68] and fluoride.[69] The stability of this
Calix-TPMA Cu based was proved also for Cu(I) oxidation state leading to cuprous
complexes based on calix[6]tpma ligand able to promote a reaction in the solid state
(Scheme 4).[70]

Scheme 4. Cu-calix[6]TPMA 33 oxidation process in solid state. Adapted from reference [70].

This system represents a unique case of oxygenation in the solid state of an organic
moiety (a CH2 group of TPMA) by O2 mediated by a single Cu(I) center. The
reaction is chemo- and regioselective, giving a keto product. This selectivity attests
to a metal-centered four-electron oxidation reaction, a process that has been
scarcely reported with other model complexes. Interestingly, Cu(I) and Cu(II)
calix[6]tpma complexes have been object of a detailed study in which binding and
redox properties are controlled by a cavity.[71] Moreover, calix[6]tpma has showed to
retain host-guest properties in both Cu(I) and Cu(II) oxidation state and this
phenomenon was investigated also in aqueous solvent.[72] The works of Reinaud et.
al. highlighted the role of TPMA ligand as part of a supramolecular structure. The
capability to provide a rigid cap for calix[6]azacryptand and to coordinate metal ions
led to the above mentioned supramolecular applications.
Recent works involving TPMA as part of novel confined spaces were developed by
Badjic and Martinez groups.
Badjic reported a nesting structure assembly that reminds a “Russian stacking
doll”.[73] This structure is made by a zinc(II) TPMA complex opportunely
functionalized with amines in order to be complementary to concave molecular
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baskets, and having correspondingly gliycine and (S)-alanine amino acids at the rim
(Figure 25). The assembly formation was confirmed by 1H NMR and ESI-MS
analysis, and it was determined that TPMA zinc complex could be entrapped into
the molecular baskets with a Kb= (2.0 ± 0.2) × 103 M−1. A property of this system is
related to the C3-symmetric enantiopure molecular baskets, containing (S)-alanine
groups at the rim. It was found to transfer its static chirality to the TPMA complex,
twisting the ligand pyridine rings into a left-handed (M) propeller. This phenomenum
was promoted via intermolecular contacts between the two components and the
molecular basket was acting like a second coordination sphere. These findings and
this specific assembly extended the catalytic function and chiral discrimination
capability of TPMA.

Zn TPMA@Xin

Zn TPMA@Xout

Figure 25. “Russian staking doll” assembly of a TPMA and a basket molecule. Adapted from reference
[73].

Another example of supramolecular structures incorporating a TPMA unit was
recently reported by Martinez.[74] These assemblies, namely hemicryptophane
cages, was synthesized combining a cyclotriveratrylene unit and a TPMA ligand.
The straightforward synthesis and successful modification of size and shape of the
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cavity, changing the linker between the two units, demonstrated the versatility of
these structures.
One remarkable feature of these cages is the chirality provided by the
cyclotriveratrylene part. The synthesis of these cages produced a racemic mixture
that could be easily resolved using chiral HPLC, giving unprecedented enantiopure
cages (Figure 30). After zinc (II) coordination to the TPMA unit, it was possible to
perform molecular recognition toward a series of zwitterionic guests.
According to the metal binding abilities of the TPMA, these cages represents
enantiopure hosts available as chemical platforms for recognition and catalysis
within a confined space.

Figure 26 Enantiomers of the hemicryptophane cage. Adapted from reference [74].
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I.5 Aim of the thesis
The increasing importance of TPMA applications in supramolecular chemistry
combined with the above-mentioned features of the ligand led to the scope of this
Ph.D. thesis. It deals with the synthesis of molecular cages based on TPMA scaffold
and characterised by the presence of metals having a non-saturated coordination
sphere in the inner part of the system. The new molecular architectures were
synthesized taking advantage of Dynamic Covalent Chemistry DCC, in particular
imine condensation, on opportunely functionalized tris-(pyridylmethyl)amines TPMA
metal complexes. The main objective is to control the self-assembly of the TPMA
metal complexes in order to obtain new functional systems.
In Chapter 1 is reported the synthesis of a novel supramolecular cage built from the
self-assembly of tris(2-pyridylmethyl)amine TPMA zinc complexes through imine
condensation chemistry. The cage recognition properties over a variety of
structurally related dicarboxylic acid guests, together with the kinetic study of the
template assembly and disassembly, have been investigated in detail. This
knowledge has been used to selectively modulate the rate of both assembly and
disassembly processes. In particular, a novel disassembly method induced by strain
release of the guest has been developed.
In Chapter 2 is reported the extension of the cage series varying the structural
parameter and the metal ion coordinated to the TPMA unit. These cages have been
obtained through the self-assembly of modified tris(pyridylmethyl)amine complexes
and different diamines have been chosen to vary their size and flexibility. The
recognition properties of this cage series were characterized with a novel rapid
method based on ESI-MS leading to the systematic study of the binding profiles of a
series of linear saturated dicarboxylic. This methodology has allowed to detect the
contribution of small structural changes can contribute to the recognition events.
Moreover, it was possible to study molecular systems which contains paramagnetic
metals that are not suitable for classical binding constant determination by 1H NMR.
In Chapter 3 the synthesis of a novel chiral supramolecular cage and the capability
of this structure to control the helicity of a perfluorinated carbon chain are reported.
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The helix configuration of the perfluoroalkyl chain was evaluated with a combination
of theoretical calculations of the host-guest complex and the support of Vibrational
Circular Dichroism (VCD) experiments
In Chapter 4 a detailed study on homo and hetero co-encapuslation processes
within a supramolecular cage is reported. In particular, the model case under study
regards the possibility to have different p-substituted benzoic acid, within a
supramolecular cage containing two metals. While electron-withdrawing EWG
substituents are preferential guests, it has been possible to evaluate the conditions
in which hetero

co-encapuslation is favoured. This part of the study has been

carried out in part at the University of Cambridge (UK) in the group of Prof. C.A.
Hunter.
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Chapter 1
Triggering Assembly and Disassembly of a
Supramolecular Cage

ABSTRACT A novel supramolecular cage built from the self-assembly of tris(2pyridylmethyl)amine TPMA zinc complexes through imine condensation chemistry is
reported. The cage recognition properties over a variety of structurally related
guests, together with the kinetic study of the template assembly and disassembly,
have been investigated in detail. This knowledge has been used to selectively
modulate the rate of both assembly and disassembly processes. In particular, a
novel disassembly method induced by strain release of the guest has been
developed.
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1.1 Introduction
Self-assembly of small molecules in complex architectures is becoming the leading
strategy for the formation of novel functional systems and materials.[1] Among the
different bond-formation synthetic strategies, reversible bond formation involving
Dynamic Covalent Chemistry (DCC), in particular imine-condensation combined with
coordination chemistry has been extensively used to obtain a large variety of
molecular architectures ranging from supramolecular cages to topological structures
(Figure 1).[2]
(a)

(b)

(c)

Figure 1. Examples of molecular containers: a) Rebek’s nanocapsule driven by hydrogen bonds b)
Fujita’s cage driven by metal coordination and c) Nitschke' s cage driven by dynamic covalent chemistry
(DCC).

Nowadays, the challenge for self-assembled systems is to "time control” their
functions and properties which could be modified in response to an external stimulus
(pH, light, or the presence of a chemical species).[3] The possibility to time molecular
functions (e.g. delivery,[4] structural reorganization,[5] stimuli programmed molecular
events,[6]…) strongly relies on thermodynamic and kinetic parameters of both
assembly and disassembly processes.
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Figure 2. General scheme for a stimuli-responsive system.

However, while the thermodynamic of recognition processes is currently well
interpreted, the kinetic aspects of self-assembled molecular architectures remain still
unexplored.
In this chapter a novel molecular cage resulting from the self-assembly of two tris(2pyridylmethyl)amine (TPMA)

zinc

complexes

is

presented. The molecular

recognition properties of the formed cage, together with the experimental kinetic
data of assembly and disassembly, reveal interesting and unexpected properties. In
particular, a novel method to trigger the disassembly of a supramolecular structure
was devised.

1.2 Results ad Discussion
1.2.1 Synthesis of Cage building block Complex 1
Initially, the synthesis of opportunely functionalized TPMA complex 1 as building
block for supramolecular cage 2 were optimized. The approach adopted for the
synthesis of 1 consisted in three step involving a) triple reductive-amination reaction
of the commercialy available 5-bromo-2-pyridinecarboxaldehyde 3 b) Suzuki
coupling of product 4 with 4-formylphenylboronic acid for the introduction of the
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aldehyde moiety and c) complexation of the resulting ligand 5 with Zn(ClO4)*6H2O
(Scheme 1).
O

2ClO4-

O
O

O
(a)

Br

Br

(b)

N

N

(c)
N

N

O

N

3
3

4

N
N

3
5

Zn2+
N
N
1

Scheme 1. Synthesis of 1 starting from 5-bromo-2-pyridinecarboxaldehyde. a) NH4OAc NaBH(OAc)3
CH2Cl2 N2, r.t., 12h (79%); b) 4-formylphenylboronic acid Pd(PPh3)4, K2CO3; Toluene/H2O/Methanol
1:1:0.5 N2, 100°C, 48 h (82%) c) Zn(ClO4)2*6H2O CH3CN, r.t. (90%).

The formation of complex 1 has been confirmed with ESI-MS and 1H NMR analysis.
In the 1H NMR spectra the CH2 signals of TPMA are shifted downfield respect to the
free ligand 5 because of the coordination to the Zn(II) (Figure 2).
2 M has been also identified via ESI-MS with the signal at 765.11 m/z. The
experimental isotopic pattern overlaps the calculated one (Figure 3).
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(a)

(b)

Figure 2. a) 1H-NMR in CD3CN of complex 1; b) 1H-NMR in CDCl3 of free ligand 4.
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Figure 3. Experimental a) and calculated b) isotopic distribution in the ESI-MS of 1 corresponding to
[C39H30N4O3Zn+ClO4]+.
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1.2.2 Synthesis of the Novel molecular Cage 2
Taking advantage of dynamic covalent chemistry,[7],[8] a polyimine self-assembled
cage based on the opportunely designed TPMA zinc complex 1 was synthesized.
The reaction of 1 with ethylenediamine en in acetonitrile results in the selective
formation of the bimetallic molecular cage 2 in 12 hours (Scheme 2).

Scheme 2. Synthesis of cage 2 formation from complex 1 and ethylendiamine en. [1]0 = 1.50 mM (1.0
eq.), [en]0 = 3.75 mM (2.5 eq.). Perchlorate counter anions and embedded en have been removed for
clarity.

Within this time, the aldehyde protons signal at 10.03 ppm disappears and the
formation of the imine signal at 8.82 ppm is observed. 1H NMR reflects the D3
symmetry of the cage with only two signals in the aliphatic region and six signals in
the aromatic region. 2D-NMR and ESI-MS experiments confirm the presence of a
single species in solution (See Appendix, Fig. A19-21). Along the improvement of
the synthetic method, it has been noticed that in order to obtain high conversion of
the cage the reaction needs to be performed in high dilution conditions and
employing an excess, up to two equivalents, of ethylenediamine. The diamine, as
revealed by DOSY and ROESY experiments, is embedded within the cage.
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1.2.3 Recognition properties of cage 2
TPMA metal complexes have already shown their capability to perform molecular
recognition.[9],[10] For this reason, dicarboxylic acids inclusion in cage 2 has been
explored. Addition of suberic acid C8 in acetonitrile in sub-stoichiometric amount
(from 0.2 to 0.9 equiv.) leads to the formation of a new set of signals that we
assigned to the cage filled with the diacid, viz. C8@2. An excess of C8 (1.3 equiv.)
results in a complete conversion to the filled cage (Figure 4).
0 eq.

(a)

(b)

0.2 eq.

Ka

0.4 eq.

(c)
≡

(d)

0.6 eq.

0.9 eq.

(e)
≡

(f)

1.3 eq.

Figure 4. 1H NMR inclusion experiments. Addition of suberic acid C8 to cage 2 in CD3CN. (a) Preformed
cage 2 (0.001 M cage). The number of peaks is related to the D3 symmetry of the system. (b)-(e) Addition
of sub-stoichiometric amounts (0.2-0.9 equiv) of C8 results in the formation of a new species that
maintains the original symmetry. (f) Addition of 1.3 equiv of suberic acid totally shift the system to the new
species C8@2. Counter anions are perchlorates.

These data allow to establish a 1:1 stoichiometry with a binding constant (K2) for the
association process of 3.6 x 104 M-1. The formation of the inclusion complex C8@2 is
confirmed by two-dimensional NMR spectroscopy (ROESY, DOSY) and ESI-MS
experiments (Figure 5 and See Appendix, Fig. A22-26). As revealed by NMR
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experiments, addition of diacid results in the protonation of the embedded
ethylenediamine and binding of the dicarboxylate anion (See Appendix, Fig. A2-4).
The successful binding of suberic acid C8 by cage 2 encouraged us to study the
complexation of the diacids ranging from succinic acid C4 to tetradecandioic acid C14
in order to find out the dependence of the free energy of complexation from the
aliphatic guest chain length. In other words, the experiment is not designed to find
the best binder, but to understand how minimal structural variations affect the
encapsulation phenomena.[11] Binding constants for the whole series of diacids have
been determined and they are reported in Figure 5.

H2O
DMSO

Figure 5.. DOSY spectrum (400 MHz, 301 K, DMSO-d6) of C8@2.The diffusion coefficient was calculated
to be 1.0 x 10-10 m2 s-1, corresponding to a hydrodynamic radius (rH) of 12.1 Ǻ for C8@2,as calculated by
using the Stokes-Einstein equation.[12]

Interestingly, it is possible to highlight a pseudo-Gaussian profile, typical for
processes occurring in confined spaces,[13] centered on suberic acid C8. Longer C9-14
and shorter C4-7 diacids bind both metal sites simultaneously, but to do so requires a
conformational rearrangement of the host and guest which has a higher
thermodynamic cost.
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Figure 6. 1H NMR binding constants (K2) for the inclusion of diacids C4-C14 within cage 2 (embedded en
and perchlorate counter anions are removed for clarity)

In order to gather more information on the formed structures and to explain the cage
selectivity, semiempirical PM6 calculations for the inclusion complexes for the whole
C4-14 inclusion series have been performed.[14]

As shown in Figure 7a (See

Appendix, Fig. A10), the guests are binding at both ends inducing deformation in the
cage. This deformation is more evident for shorter diacids as shown by the
calculated Zn-Zn distance (Figure 7b). After diacid C8 the distance among the two
metals is not varying, independently by the guest (Figure 7c) and the dicarboxylic
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acid tends to coil within the cage. It is worth to notice that PM6 calculations are able
to reproduce the trend of binding energies (Figure 7b).
(a)

(b)

(c)

Figure 7. (a) Stick representation of the PM6 minimized structures C5@2, C8@2 C11@2 and C13@2. The
whole series ranging from C4@2 to C14@2 is in Supplementary Figure S6. (b) PM6 calculated binding
energies (a.u) and (c) zinc-zinc distances for the Cn@2 series..
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1.2.4 Assembly and disassembly in the presence of diacids
After the analysis of the binding, rates of cage 2 formation (assembly) and hydrolysis
(disassembly) have been measured in the presence of the different diacids. Initial
rates for both processes have been determined using 1H NMR without guest and
with every single diacid of the C4-14 series. In Figure 8a the initial relative rates have
been reported in order to better highlight the effect of the different diacids in the
cage formation. As example, synthesis templated by diacid C8 speeds up cage 2
formation twelve times in comparison with the untemplated process (vC8/vblank =
12).[15] On the other hand, initial rate of cage 2 hydrolysis in the presence of C8
diacid is comparable to the empty cage (v’C8/v’blank = 1.0 Figure 8b).
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Figure 8. Initial relative rates of assembly (a) and disassembly (b) of cage 2 in the presence of diacids C4C14. Initial rates for the formation and hydrolysis of the cages have been measured using 1H NMR and
they have been compared with the rates of the empty cage 2. Initial conditions for: (a) assembly [1]0 =
1.50 mM (1.0 eq.), [ethylenediamine]0 = 2.25 mM (1.5 eq.), [Cn] = 0.75 mM(0.5 eq.) and (b) disassembly
[Cn@2]0 = 0.30 mM, [D2O]0 = 16 M. In the case of a monocarboxylic acid (hexanoic acid), the rate of
formation is 2.5 times faster than the case of the empy cage while the initial relative rate of hydrolysis is
0.7 time slower than the case of the empy cage. In all the structures, the counter anions are perchlorates.
The error bars are reported in the Appendix to Chapter 1.
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In the whole C4-C14 series (Figure 8a), initial relative rates for this templated
synthesis highlight a trend which mirrors the binding constant capabilities of cage 2
(Figure 6).This observation suggests that the molecular origin of the rate
enhancement can be qualitatively interpreted, besides the capability of the diacids to
pre-organize the two TPMA complexes 1, similarly to the abovementioned
recognition properties of formed cage 2.
In other words, while it is not possible to compare binding energies with transition
state energies, we can hypothesize that the stabilization of the diacids toward the
cage formation has a molecular origin common to those of the formed cage.
On the other hand, an unexpected profile is observed for the initial relative rates of
cage hydrolysis (disassembly). In this case, no relationships with the previously
measured profiles is present (Figure 8b). The initial relative rate of cage hydrolysis
constantly increases with the diacids length. Diacids from C4 to C6 show hydrolysis
rates lower than the empty cage, in particular up to five time slower for the shortest
diacid (v’C4/v’blank = 0.4). Shorter diacids tend to keep the two TPMA Zn complex
units together. In this case, the opening of the cage is associated to a strain gain to
keep the interaction of the carboxylates with both metal centers. In between, C7 and
C9 have an influence towards the hydrolytic process similar to those of the solvent
molecules within the empty cage (v’C8/v’blank = 1).[16] On the opposite side of the
profile, the presence of longer diacids C10-C14 within the cage is speeding up the
hydrolysis, up to almost two times faster for the longest C14 (v’C14/v’free = 2.0).
A plausible explanation of the diacids active role in the rate of cage hydrolysis can
be found in the conformation adopted within the cage by the alkyl chains, which
behave as a spring.[17] Therefore, longer diacids are expected to push toward both
TPMA Zn complex units of the cage in virtue of their coiled conformation. The
energy coming from the acids strain release is responsible for the observed
acceleration (viz. to an opening of the structure a better binding of the longer diacids
is expected) (See Appendix, Section 1.3-1.5).
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1.2.5 Triggering the assembly and disassembly of cage 2
As proof of principle, an experiment in which the addition of a diacid triggers the
assembly of the cage has been devised. The reaction between aldehyde 1 and
ethylendiamine results in the slow formation of cage 2 (Figure 9a). However, after
the addition of the diacid C8 (red arrow) an increase of the rate of cage formation is
observed leading to a total conversion of the reagents. While this experiment
reminds many examples of template synthesis, the triggering method designed for
the disassembly is novel. When an excess of water is added to a solution of 2 in
which C5 is present, only 7% of the cage is hydrolyzed after 40 minutes (Figure 9b).
Noteworthy, the addition of diacid C13 gives a sharp enhancement of the
disassembly rate and allows complete disassembly within 2 hours (See Appendix,
Fig. A16-17).[18] In order to exclude general acid catalysis and steric hindrance effect
of the guest, in the same conditions

monocarboxylic acid and myristic acid,

hexanoic acid, have been added in two different experiments instead of a
dicarboxylic acid. The addition of hexanoic acid and myristic acid does not results in
a change in the rate of hydrolysis. (See Appendix, Fig. A14-15). It has to be noticed
that despite C5 and C13 diacids having a similar binding constant for 2, they have an
opposite behavior in the hydrolysis process. These guests tune the kinetic activity in
virtue of their push/pull effects (viz. strain gain/release or pressure/vacuum
generation within the cage) within the host.
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Figure 9. (a) Kinetic profile for the formation of cage 2. Addition of C8 increases the assembly rate. (b)
Kinetic profile for the hydrolysis of cage 2 in the presence of C5. The addition of C13 increases the
disassembly rate. [C5@2]0 = 0.30 mM, [D2O]0 = 16 M, [C13]= 0.30 mM

1.3 Conclusions
In conclusion, we have reported the synthesis of a novel self-assembled iminebased supramolecular cage. The detailed study of the kinetic and thermodynamic
parameters guiding the assembly/disassembly processes reveals interesting
patterns related to the size of the guest. The possibility to use guests of increasing
molecular length has highlighted the link between the thermodynamic of the process
formation and the kinetic of the assembly/disassembly. Moreover, two experiments
in which the assembly/disassembly is triggered by the presence of a guest have
been set up. In particular, the disassembly experiment represents the first example
of rate enhancement exerted by strain release of the guest
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1.4 Experimental
1.4.1 tris((5-bromopyridin-2-yl)methyl)amine 4
In a 250 ml double neck flask, anhydrous NH4OAc (1.38 g, 17.9 mmol) and 5bromo-2-pyridinecarboxaldehyde 3 (10.00 g, 53.7 mmol) were dissolved in dry
CH2Cl2 (170 mL) under N2 and left under stirring for 1 hour. Three aliquots of
NaBH(OAc)3 (3.80 g, 17.9 mmol) were added waiting one hour between each
addition. After that the reaction was stirred for 12 hours at room temperature. The
solvent was removed under reduced pressure. The resulting white solid was
dissolved in AcOEt and the solution extracted with 0.1 M solution of KOH (3x100
ml). The organic phases were dried on anhydrous MgSO4 and the solvent was
removed under reduced pressure. The resulting solid was precipitated by
crystallization from THF/hexane to yield a white solid (7.43 g, 79%).
m.p. 95-98 °C 1H NMR (200 MHz, CDCl3) δ (ppm): 8.60 (d, 3H, J = 2.0 Hz, ArH),
7.78 (dd, 3H, J = 2.0 Hz, J = 8.0 Hz, ArH), 7.41 (d, 3H, J = 8.0 Hz, ArH), 3.81 (s, 6H,
CH2).

13C

NMR (72.5 MHz, CDCl3) δ (ppm): 157.7, 150.5, 139.3, 124.7, 119.4, 59.5.

HRMS (ESI-TOF) (m/z): [M+H]+ calcd. for [C18H15Br3N4+H]+, 524.8920; found
524.8788.FT IR (KBr) ν(cm-1): 1573, 1469, 1365, 1089, 1008. Elemental analysis: C.
40.07; H, 2.92; N, 10.85. Required: C. 41.02; H, 2.87; N, 10.63.

1.4.2

4,4',4''-(6,6',6''-(nitrilotris(methylene))tris(pyridine6,3-diyl))

tribenzaldehyde 5
A mixture of 4 (3.00 g, 5.69 mmol), 4-formylphenylboronic acid (3.84 g, 25.6 mmol),
Pd(PPh3)4 (65 mg, 0,0057 mmol, 1 mol%) and K2CO3 (5.51 g, 39.8 mmol) was
dissolved in 60 ml of H2O/toluene/CH3OH (1:1:0.5). The mixture was stirred under
N2 for 48 hours at 100°C. The solvent was removed under reduced pressure. The
resulting yellow oil was dissolved in CHCl3 and the solution extracted with H2O (3x50
mL). The organic phases were dried on anhydrous MgSO4, filtered on celite and
then the solvent was removed under reduced pressure. The resulting solid was
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precipitated by crystallization from THF/hexane to yield a pale yellow solid (2.89 g,
82%).
m.p 138 °C
1H

NMR (200 MHz, CDCl3) δ (ppm): 10.11 (s, 3H, CHO), 8.89 (d, 3H, J = 2.0 Hz,

PyrH), 8.02 (dd, 3H, J = 8.0 Hz, J= 2.0 Hz, PyrH), 7.97 (d, 6H, J = 8.25 Hz, ArH),
7.83 (d, 6H, J = 8.25 Hz, ArH), 7.72 (d, 3H, J = 8.0 Hz, PyrH), 4.09 (s, 6H, CH2).
13C

NMR (75 MHz, CDCl3) δ (ppm): 191.8, 159.4, 147.9, 143.8, 136.0, 135.3, 134.0,

130.7, 127.8, 123.5, 60.1.HRMS (ESI-TOF) (m/z): [M+H]+ calcd. for [C39H30N4O3+H]
+,

603.2391; found 603.2433. FT-IR (KBr) ν(cm-1): 1700, 1605, 1214, 1174, 825.

Elemental analysis: C. 77.15; H, 5.06; N, 9.25. Required: C. 77.72; H, 5.02; N, 9.30.

1.4.3 Synthesis of complex 1
To a suspension of ligand 4,4',4''-(6,6',6''-(nitrilotris(methylene))tris(pyridine6,3diyl))tribenzaldehyde 5 (100 mg, 0.17 mmol) in acetonitrile (15 ml) zinc (II)
perchlorate hexahydrate was added (40.5 mg, 0.17 mmol) . The solution was stirred
at room temperature for 1 hour and the reaction was followed by 1H NMR and ESIMS. At the end of the reaction diethyl ether (25 ml) was added obtaining
quantitatively a crystalline solid then centrifuged and dried. 1 results as a pale yellow
solid (128 mg, 90%).
Caution! Perchlorate salts of metal complexes with organic ligands are potentially
explosive. They should be handled in small quantity and with caution.
1H

NMR (300 MHz, CD3CN) δ (ppm): 10.09 (s, 3H, CHO), 8.82 (d, 3H, J= 2.0 Hz,

PyrH), 8.44 (dd, 3H, J=8.0 Hz, J=2.0 Hz PyrH), 8.07 (d, 6H, J=8.0 Hz, ArH), 7.94 (d,
6H, J=8.0 Hz, ArH), 7.75 (d, 3H, J=8.0 Hz, PyrH), 4.40 (s, 6H,CH2).
HRMS (ESI-TOF) (m/z): [M+ClO4]+ calcd. for [C39H30N4O3Zn+ClO4]+, 765.1094;
found 765.1165.
Elemental analysis: C. 54.08; H, 4.01; N, 6.85. Required [1](ClO4)2. C 54.03; H,
3.49; N, 6.46.
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1.4.4 Synthesis of cage 2
To 500 µl (1.0 µmol) of a 0.002 M solution of complex 1 in CD3CN, 125 µl (2.5 µmol)
of a 0.02 M solution of ethylendiamine in CD3CN were added in 6 portions over a
period of 6 hours. The mixture was left for 12 hours at room temperature (yield 70%
based on internal standard p-xilene).
1H

NMR (400 MHz, CD3CN) δ (ppm): 8.82 (d, 6H, J=2.0 Hz PyrH), 8.36 (s, 6H,

NHimm), 8.13 (dd, 6H, J=8.0 Hz, J=2.0 Hz, PyrH), 7.82 (d, 12H, J=8.5 Hz, ArH), 7.68
(d, 12H, J=8.5 Hz, ArH), 7.47 (d, 6H, J=8.0 Hz, PyrH), 4.46 (s, 12H, CH2), 3.95 (s,
12H, CH2eda), 2.94 (s, 8H, CH2eda-embedded).
HRMS (ESI-TOF) (m/z): [M+2ClO4]2+ calcd. for [C84H72N14Zn2+2ClO4]2+, 801.1083;
found, 801.1597; [M+HCOO+ClO4]2+ calcd. for [C84H72N14Zn2+HCOO+ClO4]2+,
774.2049;
747.2295;

found, 774.1958; [M+2HCOO]2+ calcd. for [C84H72N14Zn2+2HCOO]2+,
found,

747.2105;

[M+HCOO+CH3CN]3+

calcd.

for

[C84H72N14Zn2+HCOO+CH3CN]3+, 496.8291; found, 498.4780; [M+HCOO+C2H8N2]3+
calcd.

for

[C84H72N14Zn2+HCOO+C2H8N2]3+,

503.5124;

found,

504.4592;

[M+C2H8N2+CH3CN]4+ calcd. for 376.3895 [C84H72N14Zn2+C2H8N2+CH3CN]4+,found,
376.1180; [M+2C2H8N2]4+ calcd. for 381.4019 [C84H72N14Zn2+2C2H8N2]4+,found,
381.8012.
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1.4.5 Synthesis of C8@2

a) To 500 µl (1.0 µmol) of a solution 0.002 M of complex 1 in CD3CN, 50 µl (0.5
µmol) of a solution 0.01 M in CD3CN of suberic acid and 125 µl (2.5 µmol) of a
solution 0.02 M in CD3CN of ethylendiamine were added in a NMR tube. The
mixture was left for 1 hour at room temperature and checked via 1H NMR (yield 80%
based on internal standard p-xilene).
b) To 500 µl (0.5 µmol) of a solution 0.001 M in CD3CN of cage 2 were added 60 µl
(0.6 µmol) of a solution 0.01 M in CD3CN of suberic acid C8 in a NMR tube. The
mixture was checked via 1H NMR (yield 95% based on internal standard p-xilene).
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1H

NMR (400 MHz, CD3CN) δ (ppm): 9.22 (d, 6H, J=2.0 Hz PyrH), 8.51 (s, 6H,

NHimm), 8.40 (dd, 6H, J=8.0 Hz, J=2.0 Hz, PyrH), 7.97 (d, 12H, J=8.5 Hz, ArH), 7.80
(d, 12H, J=8.5 Hz, ArH), 7.71 (d, 6H, J=8.0 Hz, PyrH), 4.37 (s, 12H, CH2), 3.97 (s,
12H, CH2eda), 2.66 (m, 4H, CH2acid) , 1.66 (m, 4H, CH2acid).
1H

NMR (400 MHz, DMSO) δ (ppm): 9.07 (s, 6H, J=2.0 Hz PyrH), 8.52 (m, 6H+6H,

NHimm, PyrH ), 7.94 (d, 12H, J=8.0 Hz, ArH), 7.81 (m, 12H+6H, PyrH+ArH), 4.41 (s,
12H, CH2), 3.91 (s, 12H, CH2eda), 1.84 (m, 4H, CH2acid) , 1.54 (m, 4H, CH2acid).
HRMS (ESI-TOF) (m/z): [M]2+ calcd. for [C92H84N14O4Zn2]2+,
788.3544.
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788.2686

found;
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While the rate of exchange between empty to filled cage is slow in the 1H NMR timescale, a fast
exchange is observed in the inclusion of two different carboxylic acids in solution.
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Chapter 2
Binding Profiles of Self-Assembled Supramolecular
Cages from ESI-MS Based Methodology

Rapid Evaluation of Binding Profile
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ABSTRACT. A rapid method based on ESI-MS for the determination of binding
profiles for linear saturated dicarboxylic acids within a series of different
supramolecular cages is reported. These cages have been obtained through the
self-assembly of modified tris(pyridylmethyl)amine (TPMA) complexes and different
diamines have been chosen to vary their size and flexibility. This methodology has
allowed to gather how small changes in the structure of the host and guest can
contribute to the recognition events. Moreover, it was possible to study molecular
systems which contains paramagnetic metals that are not suitable for classical
binding constant determination by 1H NMR.
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2.1 Introduction
Molecular cages and capsules have been valuable source of knowledge in the
understanding of molecular recognition phenomena.[1] The main feature of these
structures, is their ability to perform the confinement of guest molecules as
molecular host with a well-defined space. Since the early studies by Rebek,[2] it has
been accepted that confinement process is ruled by the complementarity and
adaptability, in terms of size and shape among host, guest and solvent (Figure 1).[3]

Figure 1. Simplified scheme of the 55% formula of Rebek. With this rule is showed how the binding of
guests in self-assembled or covalently linked capsules is related to the occupancy factor or packing
coefficient of the guests. Guests A-C with packing coefficient about 55% are the most favourable for
binding within the capsule, instead D (in red) has lower binding constant

Specifically, the interplay of these parameters is determining the thermodynamic and
kinetic of the association process. The overall information achieved by these studies
has been the foundation for the preparation of supramolecular cages with
application in sensing, catalysis, transport and delivery.[4]
More recently, the use of Dynamic Covalent Chemistry (DCC)[5] to obtain confined
systems has largely eased the synthesis of supramolecular architectures with an
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increasing structural complexity.[6] However, while in principle it is possible to obtain
a high number of chemical entities, the fast and reliable determination of the
energies involved in binding events still remains a time demanding issue. In other
words, most of the time the bottleneck is represented by the binding constant
determination using 1H NMR analysis.[7] Beside the large amount of information that
can be gathered by this technique,[8] competitive experiments where more than one
partner is present in solution are difficult to analyse and, as a consequence, every
single guest must be investigated individually. In addition, 1H NMR has several
limitations in the presence of paramagnetic metals, therefore related 1H NMR
spectra are most of the times difficult to interpret. For these reasons, high
throughput screening (HTS) experimental analytical techniques are increasingly
used to gather recognition data from DCC experiments.[9]
On this regard, TPMA cage system discussed in the previous chapter was extended
to other fifteen novel molecular cages which differ for the linker and the metal
centres of the two TPMA units, together with a study on their recognition properties.
However, while taking advantage of DCC chemistry for the extension of the cage
series with different linker is straightforward,[10] the determination of the molecular
recognition properties of the novel formed systems via 1H NMR binding experiments
requires a titration for every guest. A fast and reliable method would be preferable
for a rapid assessment of the binding capabilities of the newly developed
systems.[11]
The latter was gathered with ESI-MS based competition experiments. The
methodological approach developed, allowed not only the rapid evaluation of the
binding profile of the newly developed Zn(II) cages, but also of other eight
corresponding Cu(II) cages, which were completely silent in 1H NMR spectroscopy.
Even if the displayed profiles represent relative and not absolute binding energies,
deep information on how host and guest small structural variations affect the binding
process were retrieved.
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2.2 Results ad Discussion
2.2.1 Synthesis of novel supramolecular cages with different linkers
In the initial part of the study, the cages family were extended to diamine linkers
different from that used in the previous work, to demonstrate the synthetic versatility
of this class of molecular cages and to verify how these linkers were modifying the
recognition properties.
Specifically, we envisaged to extend the cages series started with cage 1a•Zn (viz.
cage 1 in Chapter 1),[12] to four aliphatic diamines differing for length of the spacer
(1,3-diaminopropane 3b; 1,4-diaminobutane 3c, 1,5-diaminopentane 3d, (1R,2R)cyclohexyldiamine 3h) and three xylylenediamines (ortho-xylylenediamine 3e, metaxylylenediamine 3f, para-xylylenediamine 3g) (Scheme 1). As in our previously
reported synthesis, the novel cages were formed by the slow addition of the
appropriate diamine linker to a diluted solution of complex 2•Zn in the presence of a
dicarboxylic acid chosen according to the expected length of the cage.[13]

Scheme 1. Synthesis of cages 1a-h•M. The reaction of 2•M (1 equiv) with a diamine 3a-h H2N-R-NH2
(2.5 equiv) in the presence of a suitable diacid Cn in DMSO-d6 gives the corresponding bimetallic
molecular cages Cn@1a-h•M in 24 hours. The counteranion is the perchlorate for all the metals.
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As example, the addition of 3b diamine linker (2.5 equiv.) to a solution containing
suberic acid C8 (0.5 equiv) and complex 2•Zn (1 equiv) led to the corresponding
cage C8@1b•Zn (See Appendix, Fig. A14). Cage formation was confirmed with 2DNMR (COSY,DOSY) (See Appendix, Fig. A15-16). and MS analysis.
Similarly, the extension of the cages series was undertaken for the other diamine
linkers. High yields were obtained for all the different linkers confirming the reliability
of the synthetic method. Beside the classic characterisation analysis performed for
all the cages(See Appendix, Fig. A10-33). DOSY NMR was also carried out in order
to have information on the effect of the diamine linkers length towards the size of the
resulting cage. The experimental hydrodynamic radius obtained (See Appendix,
Table A1) showed a good correlation with the radius estimated with semiempirical
PM6 calculations for each structure (See Appendix, Figure A3). These results
confirmed the cage formation in solution and they highlighted the influence of the
linker in the modulation of the size of the inner cavity.

2.2.2 ESI-MS Competition Experiment for Cage 1a•Zn
Once the eight molecular cages were synthesised, we started to investigate how the
linkers can influence the binding capability of the novel formed systems toward
dicarboxylic acids. In this context, classical 1H NMR titrations would result in more
than 80 single titration experiments. For this reason, we explored the possibility to
use ESI-MS for a qualitative determination of the molecular recognition properties of
the new formed systems. ESI-MS represents an ever-growing technique with an
increasing capability to interpret molecular recognition events.[14]
At first, we set up a competition experiment where all the eleven dicarboxylic acids,
ranging from C4 to C14, were introduced in a solution containing the components for
the formation of cage 1a•Zn (Scheme 1). In a typical experiment, the dynamic
system is allowed to explore all the possible combinations of binding between the
cage and the guests, and to equilibrate thermodynamically toward the more stable
inclusion cages.

73

Figure 2.ESI-MS profile for the competition experiment of guests, ranging from C4 to C14 (1 eq. of each
guest), in the presence of cage 1a•Zn. Each isotopic pattern labelled with Cn represents the inclusion
complex Cn@1a•Zn.

24 hours after mixing the forming components of cage 1a•Zn together with the
eleven dicarboxylic acids, the reaction mixture, diluted to suitable concentration for
MS technique, was injected in the ESI ion source.
The MS spectrometry trace displayed a series of m/z peaks corresponding to the
eleven different inclusion cages (Figure 2) Cn@1a•Zn. In particular, in the region
between 759 to 839 m/z were present the double charged clusters related to the
inclusion complexes Cn@1a•Zn with their characteristic isotopic pattern.
As it can be seen at first glance, the MS trace of the competition experiment strongly
reminds the binding constant profile measured using single 1H NMR experiments. In
fact, 1H NMR binding constant experiments revealed a pattern displaying a pseudoGaussian profile centred on C8 (Figure 6, Chapter 1). In this case, the highest peak
is corresponding to the C6@1a•Zn inclusion complex and it is still possible to
observe the characteristic odd-even distribution pattern present also in the 1H NMR
titration experiment. This is noteworthy, taking into account that the energetic
difference from neighbor guests in the series is small (e.g. the energy difference
calculates from 1H NMR between C9@1a•Zn and C10@1a•Zn is 0.5 kJ/mol).
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Figure 3 Comparison between the ΔG obtained via 1H-NMR binding constant determination profile (x
axis) and the ΔΔG values obtained performing the competition experiment with ESI-MS (y axis).

In order to have a more detailed comparison among the two analyses, the relative
intensity of the monoisotopic peaks in the ESI-MS was correlated with the NMR
experiments (Figure 3). In particular, the binding constant values obtained via 1H
NMR and the intensity peaks of ESI-MS were converted into the corresponding ΔG
and ΔΔG respectively (See Appendix, Section A 2.3). A good linear correlation
confirms the initial visual impression of the ESI-MS trace. The experimental points
tend to stay close to the trend line and the slope of the linear correlation is close to
unity. As the inclusion complexes Cn@1a•Zn are structurally similar, and the
correlation expressed between ΔG and ΔΔG obtained respectively from 1H NMR
and ESI-MS is linear, we assume that ESI-response factor is similar along the
Cn@1a•Zn series.[15] However, it is worth of notice that the signals related to
inclusion complexes with smaller binding constants (C4, C5, C11, C12, C14) are slightly
over estimated and they tend to have high values of standard deviation. This error
can arise from a more important contribution of the baseline noise. Nevertheless, the
developed methodology can offer in a couple of minutes of acquisition a qualitative
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determination of the selected inclusion cage, which open to the possibility to have a
good estimation on cage selectivity toward guest of increasing size.

2.2.3 ESI-MS Competition Experiment for Cages 1a-h•Zn
After establishing the reliability of the ESI-MS competition method, we applied this
approach to other cages with the same diacids series. The analysis was carried out
in a similar fashion to the 1a•Zn cage. Molecular cages 1b-h•Zn were prepared in
acetonitrile solution performing a competition experiment in which were present all
diacids, from succinic C4 to tetradecandioic C14. The solution was checked after 24
hours by 1H NMR, to evaluate the complete disappearance of the aldehyde signal,
and by ESI-MS analysis.
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Figure 4. ESI-MS selectivity profiles for Cn@•1a-h Zn in the competition experiments. The general
observation for all the profile series relies that to an elongation of the diamine linker corresponds a shift to
longer diacids as more suitable guests. In the same fashion increasing the flexibility of the linker a wider
distribution of the preferential guests is observed. The analysis of the binding profile lead to the following
values of weighted arithmetic mean(xc): a=8.05; b=9.23; c=9.57; d=9.67; e=9.77; f=10.76; g=10.95;
h=6.39.
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The results expressed for each competition experiment as selectivity profiles are
reported in Figure 4 (See Appendix, Figure A1 ).
From the set of experiments, it is possible to notice that the new cages can
incorporate all the diacids of the series. Interestingly, there is an evident modulation
on the selectivity profile dictated by the characteristics of the diamine linker. As
example, in the case of propyl linker 1b it is possible to observe a widespread
pseudo-Gaussian profile centred between suberic acid C8 and sebacic acid C10. In
general, C10 shows the strongest interaction within the cage while shorter diacids C49,

as well as longer diacids C11-14, display a lower intensity. This behaviour is due to

the thermodynamic cost for a conformational rearrangement of the host and the
guest to perform the recognition process.
In other words, to an elongation of diamine linker, from ethylendiamine 1a to 1,3propylendiamine 1b, the main effect is the shift of the maximum in ESI-MS spectra
from C6 to C10. This observation could be translated in a quantitative data
considering the weighted arithmetic mean of each distribution (xc).
In the case of ethylendiamine 1a the xc value is 8.05 and it shifts to 9.23 for the
propyl linker 1b. In the case of longer diamine linkers, namely 1,4-butyldiamine 1c
and 1,5-pentyldiamine 1d, it is possible to observe a small and continuous shift
toward longer dicarboxylic guests. While the preferential guest is still the diacid C10
for both cages formed by the longer linkers (xc=9.57 for 1c and 9.67 for 1d), longer
diacids tends to be recognized to a higher extent. Similar considerations explain the
ESI-MS traces for the three xylylendiamine linkers (ortho-xylylenediamine 1e, metaxylylenediamine 1f, para-xylylenediamine 1g). In these systems, to an enlargement
of the size cavity due to the presence of xylyl linkers, corresponds a small shift
towards longer diacids, though the preferential guest still remains the diacid C10
(xc=9.77 for 1e, 10.76 for 1f and 10.95 for 1g).
A remarkable change in the shape of the competition curve is observed for the cage
formed by 1R,2R-cyclohexyl linker 1h•Zn. A narrow selectivity profile centred on
adipic acid C6 (xc=6.39) is observed for the competition experiment of 1h•Zn cage.
This peculiar selectivity toward shorter diacids with respect to the previous case can
be explained by the decreased geometrical distance between the two imine nitrogen
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atoms present in the cage. On the other hand, the higher selectivity of 1h•Zn
towards two diacids is a direct consequence of the restriction in the available
conformations imposed by the cyclohexyl ring of the c linker. While it has been
previously observed that tight linkers support cage formation,[16] this is the first
example of inclusion complex in which to a tightening of the supramolecular
architecture corresponds a higher selectivity.
In summary, 1a-b•Zn cages are characterized by a recognition profile centred
between C6 and C10. To an increase of the length of the aliphatic diamine linker
(from ethyl 1a to pentyl 1d), longer diacids get preferentially recognised and the
distribution of guests’ selectivity becomes slightly wider. In the same fashion, the
selectivity of the xylylen series of cages 1e-1f-1g is modulated by the size of the
host and the 1h•Zn cages selectivity has a profile ruled by the geometry and
stiffness of the linker.

2.2.4 Copper cages and X-Ray crystal structure of C10@1b•Cu
A strong limitation of binding constant determination via 1H NMR is represented, in
the

chemistry

of

self-assembled

architectures,

by

structures

containing

paramagnetic metals. In fact, paramagnetic metal centres are known to make
complicate spectral assignment due to line broadening and large changes in
chemical shifts.[17]
In this context, we were interested in the use of a paramagnetic metal, such as
Cu(II) coordinated to TPMA unit,[18] but these systems are typical examples of
structures that are difficult to monitor by 1H NMR. It was also impossible to achieve
values of the binding constants by UV titrations because the cage chromophores
were only slightly influenced by the binding event and significative variations in the
absorption bands, before and after the guest addition, were not detected.
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(a)

(b)

(c)

Figure 5. (a) X-ray crystal structure of C10@2b•Cu in CPK model displaying the entrapment of sebacic
acid C10 (ball & stick model) inside the cage. (b) Section of 3-D packing to highlight π-π stabilization of
C10@1b•Cu cage entities. The sebacic acid C10 is shown in CPK model. (c) 1-D polymer formation.

To evaluate if the ESI-MS methodology was able to support also paramagnetic
metals, we synthetised Cu(II) cages starting from the TPMA copper complex 2•Cu
(Scheme 2), following the same conditions previously described. As for zinc cages,
for each of the eight diamine linkers the corresponding copper cages were obtained,
and the recognition properties toward a single dicarboxylic acid were investigated.
Among these structures, good quality single crystals suitable for X-ray were
obtained for the C10@1b•Cu inclusion complex (Figure 4) during a short term
mission at Jyväskylä University (FI) in prof. Kari Rissanen group. Cage C10@1b•Cu
is very compact and has 15.5 Å between the two metal centres (Fig. 4a) to
accommodate sebacic acid C10.
Because of the flexible cage side arms, and close packing, C10@1b•Cu units
remarkably displays π-π interactions at centroid-to-centroid distances of 3.629 Å
(Figure 5b), subtly responsible for disordered encapsulated C10. The π-π
interactions are extended one dimensionally (Figure 5c), and the resultant 1-D
polymers inter-digitates to promote an efficient and complex 3-D network.
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Figure 6. ESI-MS profile for the competition experiment of guests ranging from C4- to C14 (1 eq. of each
guest) in the presence of 1 equivalent of cage 1a•Cu. Each isotopic pattern labelled with Cn represents
the inclusion complex Cn@1a•C

After establishing the recognition properties of copper(II) cages, competition
experiments of the diacid C4-C14 toward the 1a-h•Cu family were performed as for
1a-h•Zn cage series. ESI-MS trace (Figure 6) is analogous, beside the difference
related to the isotopic pattern of copper, to the profiles reported for the zinc cages
(Figure 2). Also in these cases, it is possible to observe selectivity profiles which are
similar in shape and intensity to the corresponding 1a-h•Zn family (Figure 7) and
similar considerations on the effect of the linkers can be taken. Interestingly, a closer
look to the selectivity profiles reveals a small difference with respect to zinc cages.
The selectivity profiles in fact, are always slightly shifted towards longer guests. This
variation was expected, and it arises from the shorter distance between the copper
and the tertiary amine of the ligand, allowing to accommodate longer guests than the
zinc(II) series.[19] The strong correlation between zinc(II) and copper(II) profiles,
together with the possibility to accommodate longer diacids for the copper(II) series,
corroborate the use of ESI-MS profiles for the analysis of copper(II) cages, which
was not possible otherwise.
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Figure 7. ESI-MS selectivity profiles for Cn@1a-h•Cu in the competition experiments. The general
observation for all the profile series is similar to that obtained for 2•Zn complex. A moderate shift of the
maximum is observed in the Cn@1a-h•Cu cages as expected by the already know shortening of the
distance of the metal from the tertiary amine of the ligand. In virtue of this structural variation, longer
diacids can accommodate within these cages with respect to the corresponding zinc cages. The analysis
of the binding profile lead to the following values of weighted arithmetic mean (xc) respect to the diacid
series: a=8.27; b=8.85; c=8.93; d=10.40; e=10.00; f=10.64; g=11.32; h=6.84.

2.3 Conclusions
In conclusion, seven zinc(II) and eight copper(II) novel molecular cages differing in
size have been synthesized. The selectivity profiles have been investigated using an
ESI-MS methodological approach that allows to perform a competition experiment in
which all the eleven diacid guests are present in the reaction mixture. This approach
has shown to furnish selectivity profiles that are well correlated with NMR titration in
the case of 1a•Zn cage. More importantly, the technique proposed can be used also
for copper(II) systems which cannot be investigate either via 1H NMR or UV-Vis
titrations.
In summary, all molecular cages synthesized in this work are able to bind
dicarboxylic acids, and competition experiments have shown trends in molecular
recognition properties dictated by the complementarity and adaptability of the
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binding partners. These results give interesting knowledge on how different linkers
can modulate the flexibility and size of the resulting molecular cages, and their
influence in the recognition events. Besides increasing the knowledge on molecular
recognition events, the possibility to have high throughput information on the binding
capabilities of these systems pave the way for the development of more selective
and functional cages.
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2.4 Experimental
2.4.1 General procedure for the synthesis of complexes
0.10

mmol

of

ligand

4,4',4''-(6,6',6''-(nitrilotris(methylene))tris(pyridine6,3-

diyl))tribenzaldehyde 1 were dissolved in acetonitrile (15 ml) and 0.10 mmol of the
corresponding metal perchlorates hexahydrate were added. The solution was stirred
at room temperature for 1 hour and the reaction was followed by 1H NMR and ESIMS. At the end of the reaction diethyl ether (25 ml) was added obtaining
quantitatively a crystalline solid then centrifuged and dried.
2•Zn (pale yellow solid, yield 95%). 1H NMR (300 MHz, CD3CN) δ (ppm): 10.09 (s,
3H, CHO), 8.82 (d, 3H, J= 2.0 Hz, PyrH), 8.44 (dd, 3H, J=8.0 Hz, J=2.0 Hz PyrH),
8.07 (d, 6H, J=8.0 Hz, ArH), 7.94 (d, 6H, J=8.0 Hz, ArH), 7.75 (d, 3H, J=8.0 Hz,
PyrH), 4.40 (s, 6H,CH2). HRMS (ESI-TOF) (m/z): [M+ClO4]+ calcd. for
[C39H30N4O3Zn+ClO4]+, 765.1094; found 765.1165. Elemental analysis: C. 54.08; H,
4.01; N, 6.85. Required [2•Zn](ClO4)2. C 54.03; H, 3.49; N, 6.46.
2•Cu (dark green solid, yield 98%).1H NMR (300 MHz, CD3CN) δ (ppm): 10.11 (s),
8.57

(d),

8.29

[C39H30N4O3Cu+ClO4

(s).
]+

HRMS

(ESI-TOF)

(m/z):

[M+ClO4]+

calcd.

for

760.1135; found, 760.1202. Elemental analysis: C. 54.23; H,

4.02; N, 5.88. Required: [2•Cu](ClO4)2 C 54.14; H, 3.50; N, 6.48.

2.4.2 General procedure for the synthesis of molecular cages Cn@1ah•Zn
To 500 µl (1.0 µmol) of a solution 0.002 M of complex 1 in DMSO-d6, 50 µl (0.5
µmol) of a solution 0.01 M in DMSO-d6 of dicarboxylic acid Cn and 125 µl (2.5 µmol)
of a solution 0.02 M in DMSO-d6 of a diamine 4a-h were added in a NMR tube. The
mixture was left for 12 hour at room temperature and checked via 1H NMR and ESIMS. The yield for all the cages are >90% (Determined via 1H NMR on internal
standard p-xilene).
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C6@1a•Zn 1H NMR (400 MHz, DMSO-d6) δ (ppm): 9.06 (s, 6H, PyrH), 8.46 (dd, 6H,
J=8.0 Hz, J=2.0 Hz, PyrH), 8.40 (s, 6H, NHimm), 7.93 (d, 12H, J=8.0 Hz, ArH), 7.80
(m, 12H+6H, PyrH+ArH), 4.36 (s, 12H, CH2), 3.94 (m, 12H, CH2-am), 2.55 (m, CH2αacid),

1.77 (m, 4H, CH2-βacid). MS (ESI-MS) (m/z): [M]2+ calcd. for [C90H80N14O4Zn2]2+,

775.3 found; 775.4
C8@1b•Zn 1H NMR (400 MHz, DMSO-d6) δ (ppm): 9.09 (s, 6H, PyrH), 8.55 (dd, 6H,
J=8.0 Hz, J=2.0 Hz, PyrH), 8.47 (s, 6H, NHimm), 7.98 (d, 12H, J=8.0 Hz, ArH), 7.81
(m, 12H+6H, PyrH+ArH), 4.44 (s, 12H, CH2), 3.69 (m, 12H, CH2-αam), 2.55 (m, 4H,
CH2-αacid), 2.04 (m, 6H, CH2-βam), 1.88 (m, 4H, CH2-βacid), 1.55 (m, 4H, CH2-γacid). MS
(ESI-MS) (m/z): [M]2+ calcd. for [C95H90N14O4Zn2]2+, 810.8 found; 810.7
C10@1c•Zn 1H NMR (400 MHz, DMSO-d6) δ (ppm): 9.14 (s, 6H, PyrH), 8.56 (dd, 6H,
J=8.0 Hz, J=2.0 Hz, PyrH), 8.47 (s, 6H, NHimm), 7.90 (d, 12H, J=8.0 Hz, ArH), 7.83
(m, 12H+6H, PyrH+ArH), 4.41 (s, 12H, CH2), 3.67 (m, 12H, CH2-αam), 1.89 (m, 4H,
CH2-βacid), 1.75 (m, 12H, CH2-βam), 1.49 (m, 8H, CH2-γ,δacid). MS (ESI-MS) (m/z): [M]2+
calcd. for [C100H100N14O4Zn2]2+, 845.9 found; 845.7
C10@1d•Zn 1H NMR (400 MHz, DMSO-d6) δ (ppm): 9.11 (s, 6H, PyrH), 8.52 (dd,
6H, J=8.0 Hz, J=2.0 Hz, PyrH), 8.45 (s, 6H, NHimm), 7.94 (d, 12H, J=8.0 Hz, ArH),
7.80 (m, 12H+6H, PyrH+ArH), 4.43 (s, 12H, CH2), 3.62 (m, 12H, CH2-αam), 1.85 (m,
4H, CH2-βacid), 1.70 (m, 12H, CH2-βam), 1.25 (m, 8H, CH2-γ,δacid). MS (ESI-MS) (m/z):
[M]2+ calcd. for [C103H106N14O4Zn2]2+, 866.9 found; 866.9.
C8@1e•Zn 1H NMR (400 MHz, DMSO-d6) δ (ppm): 9.11 (s, 6H, PyrH), 8.62 (s, 6H,
NHimm), 8.54 (dd, 6H, J=8.0 Hz, J=2.0 Hz, PyrH), 7.99 (d, 12H, J=8.0 Hz, ArH), 7.82
(m, 12H+6H, PyrH+ArH), 7.30 (m, 12H, ArHam), 5.01 (s, 12H, CH2-αam), 4.39 (s, 12H,
CH2), 2.58 (m, 4H, CH2-αacid), 1.84 (m, 4H, CH2-βacid), 1.51 (m, 4H, CH2-γacid). MS
(ESI-MS) (m/z): [M]2+ calcd. for [C110H96N14O4Zn2]2+, 903.8 found; 903.9.
C10@1f•Zn 1H NMR (400 MHz, DMSO-d6) δ (ppm): 9.11 (s, 6H, PyrH), 8.61 (s, 6H,
NHimm), 8.53 (dd, 6H, J=8.0 Hz, J=2.0 Hz, PyrH), 7.96 (d, 12H, J=8.0 Hz, ArH), 7.83
(m, 12H+6H, PyrH+ArH), 7.34 (m, 6H, ArHam), 7.23 (m, 6H, ArHam) 4.81 (s, 12H,
CH2-αam), 4.41 (s, 12H, CH2), 1.82 (m, 4H, CH2-βacid), 1.42 (m, 4H+4H, CH2-γ,δ
MS (ESI-MS) (m/z): [M]2+ calcd. for [C112H100N14O4Zn2]2+, 904.4 found; 904.4.
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acid).

C10@1g•Zn 1H NMR (400 MHz, DMSO-d6) δ (ppm): 9.09 (s, 6H, PyrH), 8.56 (s, 6H,
NHimm), 8.51 (dd, 6H, J=8.0 Hz, J=2.0 Hz, PyrH), 7.95 (d, 12H, J=8.0 Hz, ArH), 7.80
(m, 12H+6H, PyrH+ArH), 7.32 (s, 6H, ArHam), 7.32 (s, 12H, ArHam) 4.81 (s, 12H,
CH2-αam), 4.38 (s, 12H, CH2), 1.74 (m, 4H, CH2-βacid), 1.34 (m, 4H+4H, CH2-γ,δ
MS (ESI-MS) (m/z): [M]2+ calcd. for [C112H100N14O4Zn2]2+,
C6@1h•Zn

1H

904.4

acid).

found; 904.5.

NMR (400 MHz, DMSO-d6) δ (ppm): 8.88 (s, 6H, PyrH), 8.41 (s, 6H,

NHimm), 8.35 (dd, 6H, J=8.0 Hz, J=2.0 Hz, PyrH), 7.82 (m, 12H+6H, PyrH+ArH),
7.98 (d, 12H, J=8.0 Hz, ArH), 4.37 (m, 12H, CH2), 3.45 (m, 6H, CH-αam), 2.19 (m, 4H,
CH2-αacid), 1.67 (m, CH2-βam), 1.51 (m, 4H, CH2-βacid), 1.18 (m, CH2-γam). MS (ESI-MS)
(m/z): [M]2+ calcd. for [C102H98N14O4Zn2]2+, 856.9 found 857.0.

2.4.3 General procedure for the competition experiments
200 µl (1.0 µmol, 1 equiv) of a solution 0.005 M of complex 2•M in DMSO-d6, 50 µl
(0.5 µmol, 0.5 equiv) of a solution 0.01 M in DMSO-d6 of dicarboxylic acids C4-C14
and 125 µl (2.5 µmol, 2.5 equiv) of a solution 0.02 M in DMSO-d6 of the desired
diamine 3a-h were added in a NMR tube. The mixture was left for 24 hours at room
temperature and checked via 1H NMR and ESI-MS.
In order to override artifacts coming from the ionization method or the MS analysis,
the experiments have been carried out using two different instruments (Applied
Biosystems

ESI-TOF

Mariner

Biospectrometry

Workstation

and

Technologies LC/MSD Trap SL AGILENT) which gave comparable results.
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Chapter 3
Helicity Control of a Perfluorinated Carbon Chain
within a Supramolecular Cage

ABSTRACT A novel chiral supramolecular cage and the capability of this structure
to control the helicity of a perfluorinated carbon chain are reported. The helix
configuration of the perfluoroalkyl chain was evaluated with a combination of
theoretical calculations of the host-guest complex and the support of Vibrational
Circular Dichroism (VCD) experiments.
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3.1 Introduction
Helicity represents a major chiral motif found in nature.[1] It is manifested at the
macro- and supramolecular level in a large number of structures, as example α-helix
in the secondary structure of proteins, and the double helix formed by two strands of
DNA are the most prominent examples. Also perfluorinated-n-alkanes with more
than four carbon atoms adopt an helical conformations in contrast to the zigzag (allanti) of corresponding perhydroalkanes (Figure 1a-b). [2] [3]

(a)

(c)

(b)

Figure 1. Optimized structure for (a) n-hexane and (b) perfluoro-n-hexane. (a) The most stable
conformation is all-anti, (b) the global minima is for the helical structure. (c) . Schematic representation of
the projected 1-5 F•••F angle in a perfluorinated carbon chain (θ =27°).

The twisted nature of perfluorinated carbon chain is due to electrosteric repulsions of
fluorine atoms in the relative carbon chain 1,3-positions. This particular feature have
been observed in solid state

[4]

and also in solution.[5] In particular, from the solid

state analysis, a full 360° twist occurs in 33.6 Å (13 zigzags or 26 chain atoms) and
the angle between F1 and F5 respectively bound to C1 and C3 (projected 1-5 F···F
angle) is 27° (Figure 1c). This helical conformation allows to form in principle two
enantiomeric helixes which are not superimposable mirror images one of the other
(Figure 2).[6]
In recent years, due to the interest in the development of functional materials with
defined helicity in the structure, stereo-induction phenomena were investigated.[7] In
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particular, it was expoited the covalent attachment of functionality owning a
stereogenic centre in order to bias the helicity of a perfluoro-chain.[8]

Figure 2. The helical structure of perfluorinated carbon chain compounds. In the case of helix-shaped
molecules the P/M or Δ/Λ nomenclatures are used. A right-handed helix is described as P (or plus) and a
left-handed as M (or minus).

A relevant example, in which the presence of a stereogenic center induces
preferential helical chirality in a perfluorinated chain, was reported by Monde.[9] In
particular, the covalent linkage of a chiral benzyl alcohol to a perfluorinated chain
resulted in a preferential induction of the handedness of the helical chain. In order to
confirm this phenomena, Vibrational Circular Dichroism (VCD) technique was
successfully applied to reveal the absolute configuration (AC) of the biased helix of
perfluoroalkyl chains in solution. The study was supported with the aid of theoretical
calculations and by X-ray crystallography. As expected, inversion of configuration of
the benzyl carbon results in an inversion of the helicity of the chain (Figure 3).
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VCD Spectra

Figure 3. Comparison of experimental VCD spectrum of perfluorinated Monde compound (solid line,
upper frame) with the calculated (solid line, lower frame) in the C-F stretching region. The inversion of
configuration of the stereoegenic center leads to the mirror image spectrum (dotted line, upper frame).

Inspired by this study, we were wondering if it was possible to induced biased
chirality by encapsulation in a chiral confined space. Many supramolecular systems
have shown interesting properties in the chirality control,[10] and within this context,
supramolecular cages and capsules are of great interest because they help to define
the confinement phenomena. In particular, along the recognition process the
properties of guest molecule bound within the cavity of these systems are influenced
by the structural features of the host.[11] A remarkable example was described by
Rebek in the incorporation of an alkyl chain within a supramolecular capsule which
led the alkyl chain from the fully extended conformation as its lowest-energy shape
to assume a coiled, compressed conformation.[12] While this capsule exerts the
ability to "coil" the guest present in the interior cavity, the possibility to control the
direction of the twist of the guest chain still represents a challenge for a confined
system.
In this chapter is reported initial attempts to induce chirality on a perfluorinated
dicarboxylic acid by inclusion on a chiral cage. This has been achieved by the
synthesis of two molecular cages similar to those described in the previous
chapters.[13] . The helix configuration of the perfluoroalkyl chain was evaluated with a
combination of Vibrational Circular Dichroism (VCD) experiments combined with
theoretical calculations of the host-guest complex.
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3.2 Results ad Discussion
3.2.1 Synthesis of Molecular Cage (R,R)-C6F@2
The initial part of the study deals with the synthesis of chiral supramolecular cage
(R,R)-C6F@2 based on TPMA ligand. The novel structure was formed by slow
addition of the chiral diamine linker (1R,2R)-cyclohexanediamine (R,R)-dach (2.5
equiv.) to a diluted solution of initial complex 1 (1.0 equiv.) in the presence of a
octafluoroadipic acid C6F (1.0 equiv.), a perfluorinated dicarboxylic acid chosen
according to the expected length of the cage (Scheme 1).

Scheme 1. Imine condensation reaction between metal-complex 1, (R,R)-dach and C6F acid as
templating agent.

Formation of cage 2 was followed by 1H NMR, while the aldehyde proton signal at
10.03 ppm disappears the formation of the imine signal at 8.49 ppm is observed
(Figure 4). In addition in the 1H NMR spectra is possible to assign four signals to the
aliphatic region belonging to (R,R)-dach protons and methylene of TPMA, and the
six signals in the aromatic region to the aromatic systems (See Appendix Fig A1).
The presence of the cage in solution was confirmed also by 2D NMR experiments
COSY and DOSY (See Appendix Fig A2-4).
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Figure 4. 1H-NMR (400 MHz, 301 K, DMSO-d6) of cage C6F@1.

ESI-MS analysis confirmed the formation of inclusion complex (R,R)-C6F@2
displaying a signal at 929.2 m/z relative to the molecular ion [C102H90F8N14O4Zn2]2+
with a perfect agreement between the experimental and calculated isotopic pattern
(See Appendix Fig A5).

3.2.2 IR analysis
While the first part of the study was dedicated to the synthesis and characterization
of the desired (R,R)-C6F@2 cage, in the second part, to get information for the VCD
analysis, IR of the host-guest system was performed. It should be noted that VCD
approximately 4 to 6 orders of magnitude less sensitive than IR and for this reason
the synthesis has to be optimized to have the inclusion cage compound at suitable
concentrations.[14]
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In the initial attempt, (R,R)-C6F@2 was present at 1 mM concentration revealing the
diagnostic signals related to the perfluorinated guest, in particular the C=O
stretching (1690 cm-1), C-O stretching (1360 cm-1) and the C-F stretching 1170 cm-1.
While these signals were in agreement with the calculated IR spectrum for this cage
(See Appendix Fig A6), the intensity were low (~0.2-0.1) to record a VCD spectrum.
For this reason, different samples of (R,R)-C6F@2 at increasing cage concentration
were prepared only modifying the concentration of all components. The cage
samples were synthetized at 5, 10 and 15 mM final concentration and they were
monitored via

1H

NMR (See Appendix Fig A10). Suitable absorbance for the VCD

analysis, values between 0.2-0.9 A, were obtained for the sample containing the
cage at 10 mM (Figure 5).
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0.8

(R,R)-C6F 10 mM
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0
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Wavenumber (cm-1)

Figure 5. IR spectrum of (R,R)-C6F@2 (red line 1 mM concentration, black line 10 mM concentration,
l=0.1 mm. DMSO-d6)

Vibrational Circular Dichroism Experiments for the Determination of
Diacid Helicity
Vibrational Circular Dichroism (VCD) is currently a reliable method to assign the
absolute configuration (AC) of organic molecules.[15] VCD is generally applicable,
because all molecules display a vibrational spectrum, in contrast to Electronic CD
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(ECD), which depends on the existence of chromophores and their coupling.[16]
Although VCD technique has several limitations, in particular the disadvantage
regarding the sensitivity, the main reason that allowed this technique to develop as
an essential method for the identification of AC of chiral molecules is to calculate the
VCD for each stereoisomer and compare the computed and experimental spectra.[17]
In order to calculate the spectra of (R,R)-C6F@2 a conformational analysis, which
take of all possible diastereoisomer, was carried out considering the stereochemical
elements present in the system. As a consequence of the propeller-like arrangement
of the ligand around the metal17] the cage can be present in three main different
diastereoisomers. Two cages with D3 symmetry in which the two helical
arrangements of TPMA are the same (RR-MM, RR-PP) and one in which the two
helical arrangements are opposite (RR-MP). Within this three cages the
perfluorinated carbon chain can adopt two helical forms forming a total of six
diasteroisomers (RR-MM-M, RR-MM-P, RR-MP-M, RR-MP-P, RR-PP-M, RR-PP-P
Figure 6).

Figure 6. Cage C6F@2 possible conformational diastereoisomer and the two helix conformation of the
perfluorinated dicarboxylic acid. The combination of this elements gives six possible diastereoisomer

Energy and VCD spectra of each diastereoisomer were calculated using Guassian09 ((See Appendix Table A1).The energy data obtained shows that the most stable
diastereoisomer is RR-PP-P ( Figure 7). According to theoretical calculations the
other diasteroisiomers should be present in small concentration in solution, thus we
expect to have a VCD spectra which is only coming from the contribution of RR-PPP.
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Figure 7. The lower energy diastereoisomer RR-PP-P of C6F@3.

VCD spectrum, carried in collaboration with Prof. Abbate (University of Brescia), of
(R,R)-C6F@2 was recorded at room temperature in DMSO. As reported in Figure 8 a
partial overlap between the experimental (red line) and calculated (black line)
spectra is present. As example, in the region of C-O an C-F stretching (1370 cm-1,
1150 cm-1) the vibronic absorptions are well reproduced by the computed spectrum.
While these results are still preliminary, initial experimental observation are in line
with the calculated data on the capability of the cage to induce a preferential helicity
of the perfluorinated guest.
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Figure 8. Experimental (red line) and calculated (black line) VCD spectrum of cage C6F@2-c (c=10 mM,
l=50 µm. DMSO-d6).

Moreover, to have a confirmation of the vibronic feature, the enantiomeric cage
(S,S)-C6F@2 was synthesized introducing the opposite chiral moieties (1S,2S)cyclohexanediamine (S,S)-dach (Scheme 1). The characterization of (S,S)-C6F@2
confirmed the presence of the enantiomeric cage respect to (R,R)-C6F@2 (See
Appendix Fig A6-9). As expected, VCD spectrum of (S,S)-C6F@2 reports mirror
absorptions respect to (R,R)-C6F@2. In particular, characteristics C-O signal are
opposite respect to the previous measure. This experimental data, coupled with the
calculated spectra, indicates an inversion of the helix configuration of the guest
within the cage (Figure 9).
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Figure 9. Experimental VCD spectrum for (R,R)-C6F@2 (red line) and (S,S)-C6F@2 (blue line). (c=10
mM, l=50 µm. DMSO-d6).

1.3 Conclusions
In this chapter is reported the synthesis of a chiral molecular cage able to control the
helicity of a octafluoroadipic dicarboxylic acid embedded within its cavity. The
reaction conditions were optimized to obtain a suitable instrumental response of the
VCD analysis, and computational studies were carried to identify the most stable
diastereoisomer cage in solution. Initial VCD experiments indicate that the cage is
able to induce a preferential helix configuration of the embedded perfluoroalkyl
chain.
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3.4 Experimental

To 500 µl (1.0 µmol) of a solution 0.002 M of complex 1 in DMSO-d6, 100 µl (1.0
µmol) of a solution 0.01 M in DMSO-d6 of octafluoroadipic acid C6F and 75 µl (1.5
µmol) of a solution 0.02 M in DMSO-d6 of (1R,2R)-cyclohexanediamine (R,R)-dach
or (1S,2S)-cyclohexanediamine (S,S)-dach were added in a NMR tube. The mixture
was left for 12 hour at room temperature and then other 50 µl (1.0 µmol) of chiral
diamine solution 0.02 M in DMSO-d6 of checked via 1H NMR (NMR yield>90%
determined with internal standard p-xylene).
The procedure is the same adopted for the preparation of higher concentration
samples. The concentration of complex 1 solution are 0.01, 0.02 and 0.03 mM
respectively for cage 5 mM, 10 mM and 15 mM, and the stock solution for the chiral
diamine and C6F are respectively 0.2 M and 0.1 M.
1H-NMR

(400 MHz, (DMSO-d6) δ (ppm): 9.12 (s, 6H, J=2.0 Hz PyrH), 8.48 (s, 6H,
NHimm), 8.43 (d, 6H, J=8.0 Hz, J=2.0 Hz, PyrH), 7.97 (d, 12H, J=8.5 Hz, ArH), 7.72
(m, 12H+6H, J=8.0 Hz, PyrH), 4.51 (s, 12H, CH2), 3.18 (s, 6H, CH-dach) 1.76 (m,
12H, CH2-dach), 1.38 (s, 6H, CH2-dach). ESI-MS: m/z: calcd for [C102H90F8N14Zn2]2+
929,7 [M]2+ found 929,2 [M]2+. FT-IR (optical path: 0,1 mm, DMSO-d6): 1690 cm-1
(νC=O, s), 1360 cm-1 (νC-O, w), 1170 cm-1 (νC-F, m).VCD (optical path: 0,1 mm, DMSOd6): 1700 cm-1 (νC=O, s), 1370 cm-1 (νC-O, w), 1160 cm-1 (νC-F, w).
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Chapter 4
Elements for Mastering Hetero Co-Encapuslation
within a Supramolecular Cage

ABSTRACT Beside sensing and delivery, another promising property arising from
confinement in discreet molecular hosts comes from the possibility to have in close
proximity, and in a defined position molecules. This peculiar feature of confined
spaces is opening to novel emerging properties in functional systems and catalysis.
The major interest is to have hosts filled with two different molecules, hetero coencapsulation, which is ruled by steric and electronic properties of the guests. In this
chapter, a detailed study on homo and hetero co-encapuslation processes within a
supramolecular cage is reported. In particular, the model case under study regards
the possibility to have different p-substituted benzoic acid, within a supramolecular
cage containing two metals. While electron-withdrawing EWG substituents are
preferential guests, it has been possible to evaluate the conditions in which hetero
co-encapuslation is favoured. This part of the study has been carried out in part at
the University of Cambridge (UK) in the group of Prof. C.A. Hunter.
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4.1 Introduction
The understanding of molecular recognition processes is fundamental for the
development of novel functional assemblies.[1] For this purpose, molecular cages
and capsules have been valuable source of information and their capability to act as
host for a large variety of guest molecule have been well established.[2] The binding
process is generally dictated by the complementarity of the host-guest assembly in
terms of shape, size and interactions.[3] This knowledge has constituted the basis for
the development of functional containers and their use as molecular reactors.[4], In
this particular field, the capability of cages and capsule to accelerate reactions within
their cavity is reported for chemical rearrangements of single guests (Figure 1) or
reactions involving two different partners.[5] Mastering these processes is crucial for
the development of novel functional systems, and the prediction of how two different
molecular species could preferentially bind and get in close proximity within a cage,
viz. hetero co-encapsulation, represents an important task.

(a)

(b)

Figure 1. Arrangement of Co(II) ion and the bridging ligand to obtain a [Co8L12](BF4)16 cage and (b) Kemp
elimination reaction occurring within the cage.

In this chapter is reported a detailed study on the homo and hetero co-encapuslation
of four differently substituted monocarboxylic acid within TPMA cage system
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discussed in the previous chapters.[6] The study has shown how a delicate interplay
of guests parameter tune the possibility to have homo or hetero complexation.

4.2 Results ad Discussion
4.2.1 Recognition Properties of cage 1 towards p-substituted benzoic
acid series 2a,2d
The initial part has been dedicated to study molecular recognition properties of cage
1 towards four different benzoic acid: 4-Nitrobenzoic acid 2a, 4-Chlorobenzoicacid
2b, 4-Methoxybenzoic acid 2c and 4-(Dimethylamino)benzoic acid 2d. From these
experiments, we expected to understand: i) if the system binds mono carboxylic
acids, ii) the stoichiometry of the binding and iii) how variations in the electronic
characteristic of the carboxylic acids would influence binding to the metal centre. It
should be noted that substituents have been chosen to keep somehow similar the
steric hindrance among the guests.
In the first binding experiments, sub-stoichiometric addition of 4-Nitrobenzoic acid 2a
to cage 1 in acetonitrile leads to the formation of a new set of signals that could be
assigned to the cage filled with two guest molecules at the same time (2a-2a)@1.
This observation is confirmed because along the titration points is always observed
a 1:2 ratio between the integrals of the host and the guest (8.2 ppm) without any
evidence of 1:1 adduct (See Appendix, Fig. A2-3). Moreover, after the addition of
more than 2 equivalents of 2a, the 1H NMR spectrum results in a complete
conversion to the filled cage (2a-2a)@1 (Figure 2). Unexpectedly, the formation of
the cage with only one acid is not observed, therefore it is not possible to
decompose the contribution of the total process in two constant.
Beside the evidence of a 1:2 stoichiometry and the binding constant determination
for the host-guest association process by 1H-NMR titration, the inclusion cage (2a2a)@1 was confirmed by two-dimensional NMR spectroscopy (ROESY, DOSY) and
ESI-MS experiments (See Appendix, Fig. A15-18).
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Figure 2. 1H NMR inclusion experiments. Addition of p-Nitrobenzoicacid 2a to cage 1 in CD3CN. (a)
Preformed cage 1 (0.001 M cage).(b)-(F) Addition of sub-stoichiometric amounts (0.2-1.8 equiv) of 2a
results in the formation of a new species that maintains the original symmetry. (f) Addition of 2.3 equiv of
2a totally shift the system to the new species (2a-2a)@1. Counter anions are perchlorates.

Similar considerations can be taken from the titration experiments for the other
monocarboxylic acid 2c,2d, and an Hammet correlation plot was built to correlate
the binding constant and the σ parameter for each guest (Figure 3). The results
show a linear correlation (R2=0.938) highlighting that the binding process is favored
in the presence of electron withdrawing (EWG) group in the substituted guests.
These results indicate that substituents able to stabilize the anionic form of the
carboxylate are providing a stronger binding to the metal center. This is in
agreement with the ionic bond character between the metal and the carboxylate.
More importantly, these results dismiss a relevant contributions coming from the
mutual interactions of the π system of the guests in the binding process (See
Appendix, Fig. A6).[7]
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Figure 3. 1H NMR binding constants (Kb) for the inclusion of 2a,2d within cage 1in binding stoichiometry
1:2 (embedded en and perchlorate counter anions are removed for clarity)
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4.2.2 Competition Experiment
The binding constant determination describes a trend in the substituent effect for the
guests series 2a,2d, but to gain preliminary information on hetero co-encapsulation
processes a competition experiment between two guests was performed. More in
detail, to formed cage 1, a 1:1 solution of 2a and 2d was added in sub-stoichiometric
amounts (0.2 equiv.). This experimental setup would offer the possibility to
understand how two different guests arrange within cage cavity and the chemical
shifts of the formed complexes. Indeed, due to the slow exchange in the NMR
timescale for the binding, four different signals in the region of the pyridine ring α
proton are observed. With the help of 1H-1H ROESY cross correlations, two signals
are attributed to the homo co-encapsulated species, 9.375 ppm for (2a-2a)@1 and
9.395 ppm for (2d-2d) @1. The other two signals corresponds to the nonsymmetrical cage containing the hetero co-encapsulated species (2a-2d)@1 (Figure
4).
Interestingly, ROESY correlations allow to describe a mechanism for the
interconversion between the homo and the hetero-species, in which the exchange of
a guest between the two TPMA units is permitted only if it goes through an homo
species (See appendix Scheme A9). After the attribution of all the signals, their
integration allowed to determine a ratio between (2a-2a)@1, (2d-2d)@1 and (2a2d)@1 are respectively of 1.00:0.52:1.55. This observation agrees with binding
constant determination, therefore confirming the substituent effect for the affinity of
this guests toward cage 1.
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4.2.3 Displacement Experiments
Maximize the hetero co-encapsulation is a main goal for many systems in order to
gain new functional properties or for catalytic purposes. However, if one of the two
guests has a higher binding constant, its homo co-encapsulation is favored. In our
case, 2a is the strongest binder, therefore it has greater tendency to homo co-
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encapsulate. In the last part of the study, our interest was driven to understand how
is possible to have the highest concentration of hetero co-encapsulated guests in
the presence of two different binders. It should be noted that in our case the
differences in binding constants within different partner are small. This is a perfect
model to highlight how small variations in the concentration of the different partners
influence cage inclusion.
For this purpose, a displacement experiment starting from the strongest binder 2a
toward hetero co-encapsulated species with lower affinity 2b,d has been performed.
This will open the possibility to underline how it is possible, even in the presence of
differences in the binding strength, to have hetero partners within the same system.
Starting from (2a-2a)@1, additions of increasing aliquots of monoacid 2d to the
solution were performed and monitored using 1H NMR (Scheme 1). In this case,
only one signal of the pyridine ring α proton is observed for the three possible
species. This indicates the interchange between homo and hetero cage is a fast
process on NMR timescale.

Scheme 1. General displacement experiment starting from cage (2a)2@1. In each displacement
experiment towards cage (2a-2a)2@1 the values for K1 and K2 are respectively for guest 2b 0.650 and
0.325; 2c 0.440 and 0.220; 2d 0.264 and 0.132

The changes in chemical shift for each signal were recorded and analysed with
purpose-written software. This program uses a procedure to fit the data to a
displacement isotherm that monitors the sequential formation of (2a-2d)@1 and (2d2d)@1. The fitting procedure yielded to two displacement constants (K1 and K2),
taking into account of three chemical shifts that vary during the displacement (See
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appendix A11-13). In the case of displacement by 2d the first and second
displacement constants are minor than one (K1 = 0.529 and K2 = 0.132) confirming
the stronger preference of the cage for the 2a guest.
As seen in Figure 5, 4-Nitrobenzoic acid 2a is not totally displaced even at ratio
between displacer and initial guests of 8.0 (Addition of more than 16 equivalent of 4(Dimethylamino)benzoic acid 2d). Interestingly, from one to three equivalent of 2d
the major species in solution is the hetero cage (2a-2d)@1.
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Figure 5. Concentration graph of the displacement experiment of cage (2a)2@1 with acid 2d.

In a similar fashion, the displacement experiment has been performed also for the
other acids and the displacement constants are reported in Scheme 1. The
explanation of the observed trends pair the measurement of the homo cage binding
constants.
Particular attention should be given for the concentration of the three hetero cages
in the displacement profiles (Figure 6). It could be noticed that the formation of the
hetero co-encapsulated species is related to the affinity of each acid to the cage.
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As expected, the better displacer 2b reach the maximum in the concentration of
hetero cage at lower concentrations in comparison with worse displacers 2c,2d.
However, being a better displacer results in a lower concentration of hetero species
at higher displacer concentration. On the other hand, the formation of hetero coencapsulated species is favoured at higher displacer concentration for the worst
binder 2d (Figure 6). This counterintuitive result describes how the addition of a
worse displacer (benzoic acid with ED group) favour the formation of the hetero coencapsulated species when it is added in increasing quantity, respect to a better
displacer (benzoic acid with EWG group).

3.00E-04

2.50E-04
(2a-2b)@1

(2a-2c)@1

(2a-2d)@1

Conc. (M)

2.00E-04

1.50E-04

1.00E-04

5.00E-05

0.00E+00
0.0

1.0

2.0

3.0

4.0

5.0

6.0

7.0

8.0

9.0

:

Ratio

Figure 6. Concentration graph of the hetero co-encapsulated species for the displacement experiment of
cage (2a)2@1 with diacid 2a-d.
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4.3 Conclusions
In this chapter, the co-encapuslation process within a molecular cage of several
monocarboxylic acid differing for electronic properties is reported. The binding
process is characterized by a host-guest stoichiometry 1:2 and it is favoured if the
substituent in the benzoic acid is an electronwithdrawing (EWG) group. Competition
and displacement experiments have confirmed this trend in the substituent effect
and have contributed to build model to predict the formation of ethero or homo coencapuslated species. The results showed that the hetero co-encapsulated species
is preferred at lower displacer concentration for benzoic acid with more EW group
(better displacer), while at higher concentration the hetero species are favoured by
benzoic acid with more ED group.
This observation apparently counterintuitive open the possibility to master how two
guests can get in close proximity within a confined space with subsequent
application in supramolecular catalysis.
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4.4 Experimental

4.4.1 General Procedure for Binding Experiment
To 500 µl (0.5 µmol) of a solution 0.001 M of the cage 1 (based on p-xylene
standard) in CD3CN, 20 µl (0.24 µmol) of a solution 0.012 M in CD3CN of p-xylene
were added. Small aliquots of guests solution were titrated into this NMR tube. The
solution was allowed to equilibrate at room temperature during 30 seconds before
acquiring the 1H NMR spectrum.
(2a-2a)@1 1H NMR (500 MHz, CD3CN) δ (ppm): 9.37 (d, 6H, J=2.0 Hz PyrH), 8.45
(s, 6H, NHimm), 8.43 (dd, 6H, J=8.0 Hz, J=2.0 Hz, PyrH), 8.14 (d, 4H, J=8.0 Hz, ArHNO2) 7.91 (d, 12H, J=8.5 Hz, ArH), 7.80 (m, 12H, ArH+4H ArH-NO2), 7.73 (dd, 6H,
J=8.0 Hz, J=2.0 Hz, PyrH), 4.40 (s, 12H, CH2), 3.93 (s, 12H, CH2eda).
ESI-MS (m/z): [M]2+ calcd. for [C98H80N16O8Zn2]2+, 869.7 found; 869.9.
(2b-2b)@1 1H NMR (500 MHz, CD3CN) δ (ppm): 9.33 (d, 6H, J=2.0 Hz PyrH), 8.44
(s, 6H, NHimm), 8.38 (dd, 6H, J=8.0 Hz, J=2.0 Hz, PyrH), 8.06 (m, J=8.0 Hz, ArH-Cl)
7.90 (d, 12H, J=8.5 Hz, ArH), 7.73 (m, 12H+4H+6H, ArH; ArH-NO2, Pyr), 4.37 (s,
12H, CH2), 3.94 (s, 12H, CH2eda).
ESI-MS (m/z): [M]2+ calcd. for [C98H80Cl2N14O4Zn2]2+, 857.2 found; 857.3.
(2c-2c)@1 1H NMR (500 MHz, CD3CN) δ (ppm): 9.33 (d, 6H, J=2.0 Hz PyrH), 8.44
(s, 6H, NHimm), 8.39 (dd, 6H, J=8.0 Hz, J=2.0 Hz, PyrH), 7.99 (m, 4H, ArH-OCH3)
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7.89 (d, 12H, J=8.5 Hz, ArH), 7.68 (m, 12H, ArH+6H PyrH), 6.97 (m, 4H, ArHOCH3), 4.37 (s, 12H, CH2), 3.94 (s, 12H, CH2eda).
ESI-MS (m/z): [M]2+ calcd. for [C100H86N14O6Zn2]2+, 853.3 found; 853.2
(2d-2d)@1 1H NMR (500 MHz, CD3CN) δ (ppm): 9.40 (d, 6H, J=2.0 Hz PyrH), 8.45
(s, 6H, NHimm), 8.38 (dd, 6H, J=8.0 Hz, J=2.0 Hz, PyrH), 7.97 (m, 4H, ArH-N(CH3)2)
7.90 (d, 12H, J=8.5 Hz, ArH), 7.71 (m, 12H, ArH+6H PyrH), 6.50 (m, 4H, ArHN(CH3)2), 4.39 (s, 12H, CH2), 3.93 (s, 12H, CH2eda).
ESI-MS (m/z): [M]2+ calcd. for [C102H92N16O4Zn2]2+, 866.3 found; 866.1

4.4.2 General Procedure for Competition Experiment
To 500 µl (0.5 µmol) of a solution 0.001 M of the cage 1 (based on p-xylene
standard) in CD3CN, 20 µl (0.24 µmol) of a solution 0.012 M in CD3CN of p-xylene
were added. Then 10 µl (0.1 µmol) of a 0.01 M mixed solution of two guests of the
series 2a,2d were introduced. The mixture was monitored with 1H NMR.

4.4.3 General Procedure for Displacement Experiment
To 500 µl (0.5 µmol) of a solution 0.001 M of the cage (2a)2@1 (based on p-xylene
standard) in CD3CN, 20 µl (0.24 µmol) of a solution 0.012 M in CD3CN of p-xylene
were added. Small aliquots of 2b,2d competitors guests solution were titrated into
this NMR tube. The displacement was monitored by 1H NMR.
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Conclusions
In this Ph.D. thesis, we have reported the synthesis and the supramolecular
applications of a novel series of self-assembled imine-based supramolecular cages.
In Chapter 1, the molecular recognition properties and a detailed study of the kinetic
and thermodynamic parameters guiding the assembly/disassembly processes has
revealed interesting patterns related to the size of the guest. The possibility to
control the assembly/disassembly of the supramolecular architecture has led to a
novel method to induce the disassembly of the cage structure. In this direction we
are now studying the detailed mechanism of this process. In Chapter 2, we have
extended the cage series to seven zinc(II) and eight copper(II) novel molecular
cages differing in size. The selectivity profiles have been investigated using a novel
ESI-MS methodological approach . This technique has allowed the analysis also for
copper(II) systems which cannot be investigate either via 1H NMR or UV-Vis
titrations. In Chapter 3 is reported the synthesis of a chiral molecular cage able to
control the helicity of a octafluoroadipic dicarboxylic acid embedded within its cavity.
A combination of VCD analysis and computational studies were carried out to
identify the most stable diastereoisomer cage in solution. Initial VCD experiments
indicate that the cage is able to induce a preferential helix configuration of the
embedded perfluoroalkyl chain. In Chapter 4, the co-encapuslation process within a
molecular cage of several monocarboxylic acid differing for electronic properties is
reported. We have established a host-guest stoichiometry 1:2 of binding and this
process is favoured if the substituent in the benzoic acid is an electronwithdrawing
(EWG) group. Competition and displacement experiments have contributed to build
model to predict the formation of ethero or homo co-encapuslated species.
The novel molecular cages are now under investigation for catalytic porpoises. The
cages capability to undergo a straightforward functionalization and their capability to
perform

molecular

recognition

makes

supramolecular applications.
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APPENDIX

Appendix to Chapter 1
A1.1

Binding constant determination to 2 (Kb)

To 500 µl (0.5 µmol) of a solution 0.001 M of the cage 2 (based on p-xylene
standard) in CD3CN, 20 µl (0.24 µmol) of a solution 0.012 M in CD3CN of p-xylene
were added. Small aliquots of the guest solution were titrated into this NMR tube.
The solution was allowed to equilibrate at room temperature during 30 seconds
before acquiring the 1H NMR spectrum. The binding constant values for each
dicarboxylic acid (C4-C14) are displayed in Table A1. The error reported for each
affinity value is the formal standard error calculated using two characteristic peaks in
the 1H NMR spectra and performing the titrations three times.
In the case of C8 no influence in the value of the binding constant has been
observed in the presence of HClO4 (up to 5 µmol) or NEt3 (up to 5 µmol).[1]

Diacid

Kb (M-1)

±σ (M-1)

C4

14601

1188

C5

17267

1399

C6

34165

2550

C7

23504

3560

C8

35721

1988

C9

13026

1782

C10

14115

2553

C11

8388

1124

C12

9344

674

C13

7763

763

C14

5818

908

Figure A1. Binding constant values for each dicarboxylic acid [C4-C14].
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A1.2

Titration Experiment of Suberic Acid with Molecular Cage 2

The 1H NMR spectrum of the molecular recognition of suberic acid C8 is shown in
Figure A2. The spectrum is then divided in two regions in order to clarify the NMR
signals. The blue region (Figure A3) is related to the proton signals of the molecular
cage 2 , while the red (Figure A4) is mainly related to the proton signals of the
ethylendiamine embedded in the cage and the aliphatic signals of the protonated
diamine in solution. In the red region it is also possible to distinguish the proton
related to the dicarboxylic acid within the cage.

(a) 0 eq.

(b) 0.2 eq.

(c) 0.4 eq.

(d) 0.6 eq.

(e) 0.9 eq

(f) 1.3 eq

Figure A2. 1H NMR inclusion experiments Addition of suberic acid C8 in the preformed
cage 2 in CD3CN. The blue region of the spectrum is related to molecular cage proton signals
. The red region is related to the embedded and the protonated amine in solution and also to
the dicarboxylic acid proton signals.
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(a) 0 eq.

(b) 0.2 eq.

(c) 0.4 eq.

(d) 0.6 eq.

(e) 0.9 eq

(f) 1.3 eq

Figure A3. 1H NMR inclusion experiments Addition of suberic acid C8 in the preformed
cage 2 in CD3CN. The red circle indicates cage 2 while the blue stick indicates the
dicarboxylic acid C8. a) Preformed cage 2 (0.001 M cage). The number of peaks is related to
the D3 symmetry of the system. b-e) Addition of sub-stoichiometric amounts (0.2-0.9 equiv) of
suberic acid results in the formation of a new species that maintains the original symmetry. (f)
Addition of 1.3 equiv of suberic acid shifts completely the system to the new species C8@2.
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(a) 0 eq.

(b) 0.2 eq.

(c) 0.4 eq.

(d) 0.6 eq.

(e) 0.9 eq

(f) 1.3 eq

Figure A4. 1H NMR inclusion experiments Addition of suberic acid C8 in the preformed
cage 2 in CD3CN. The red circle indicates cage 2, blue stick indicates the dicarboxylic acid
C8, blue triangle indicates ethylendiamine embedded within the cage and green triangle
indicates the ethylendiamine protonated in solution.

In this spectrum the addition of diacid results in the protonation of the embedded
ethylenediamine within the cage. The diacid displaces the ehtylendiamine
embedded within the cage as it is shown by the decreasing of the integral of relative
signal (2.95 ppm). As consequence there is an increase of the integral value of the
protonated ethylendiamine in solution (red triangle). The signals at 2.62 and 1.65
ppm correspond to the aliphatic protons of the diacid within the molecular cage. In
Figure A5 the trend of the integral values of all the signals is reported, which
confirms the displacement of the diamine and the binding of the dicarboxylic acid. In
addition the sum of the normalized area of proton signals related the diacid within
the cage and the ethylenediamine embedded is constant during the titration
experiment.
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EDAembedded
EDAout
Guest(CH2)

Integral Values
(a.u.)

10

5

0
0,0

0,5

1,0

1,5

Guest (eq.)
Figure A5. Integral trend of 1H NMR inclusion experiments. Addition of suberic acid C8 in
the preformed cage 2 in CD3CN. The red circle indicates cage 2, blue stick indicates the
dicarboxylic acid C8, blue triangle indicates ethylendiamine embedded within the cage and
green triangle indicates the ethylendiamine protonated in solution.
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A1.3 Thermodynamic considerations over the observed effects.
In

order

to

complete

the

thermodynamic

framework

for

the

cage

formation/disassembly, the binding constants for the entire dicarboxylic acid series
toward 1 (K1) have been measured (Supporting Information, Figure A8). As
expected, all the association constant K1 are similar. This association process can
be regarded as the pre-equilibria for the template formation process and it allows the
calculation of the binding constant for the diacid in the transition state (KTS). In
particular, for the template formation process KTS is the product of K1 with initial
relative rates of assembly (vCn/vblank).[2]

Figure A6. Calculated transition states binding constant KTS from the assembly reaction with
the thermodynamic cycle illustrating the relationship between the binding in transistion state
(KTS) of the assembly reaction and (K'TS) disassembly reaction (See Supporting information
for a full theoretical treatment).
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As expected, being the binding constants K1 similar in value for all the dicarboxilyc
acids, the diacids binding constants in the TS of the cage formation process strongly
remind the initial relative rate of formation (Figure 8). Similarly, diacids binding
constants in the TS of the disassembly reaction (K'TS) can be obtained by the
product of the binding of the formed cage K2 and the initial relative ratio of hydrolysis
(v'Cn/v'blank). In this case, being initial relative rates of hydrolysis similar in value, K'TS
strongly remind K2. It can be noticed that a linear correlation of the two calculated
binding energies in the transition states is observed (Figure A7).
From these experimental observations the following three general considerations
can be taken: i) correlation of the calculated KTS suggests a similar transition state
for the formation and hydrolysis reactions; ii) transition states structures should
resemble he formed cage structure being the KTS and K2 very similar. However, iii)
the transition state structure should present a longer Zn-Zn distance in comparison
with the formed cage. This is expected as a consequence of the increased binding
constant for longer diacids in the TS in respect to the formed cage. The latter
observation is in line with the overall result of the hydrolytic process which is the
opening of the formed structure. The strain gain/release of the guest from 2 to the

(1*104 M-1)

transition state is the thermodynamic responsible of the observed effect.
4
C8
3.5
C6

3

K'TS disassembly

2.5

C7

C10

2
C13

1.5

C14

C12

C9

1

C11

C5

0.5

y = 1.0199x
R² = 0.8438

C4

0
0

0.5

1

1.5

2
K TS assembly

2.5

3

3.5
(1*104 M-1)

Figure A7. Calculated transition states binding constant from the assembly and disassembly
reactions. The values are in good agreement suggesting the same TS for both pathways.
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A1.4

Binding Constant Determination K1
2+

N
N

Zn

2+

N
N

O

O
N
N

Zn
N

N

HO

O
OH
n-2

CD 3CN, r.t

O

O

O

O
O

n-2

O

O

O
O

O
O

O

n=2-12
N

1

N
Zn

N

N
Cn @S5

To 500 µl (0.5 µmol) of a solution 0.001 M of complex 1 in CD3CN, 50 µl (0.25 µmol)
of a solution 0.005 M in CD3CN of p-xylene as internal standard were added. Small
aliquots of a solution 0.01 M of each dicarboxylic acid ranging from C4 to C14 have
been added into this NMR tube. The stock solution of the dicarboxyilic acid contains
a stoichiometric quantity of triethylamine to reproduce the formation of the
dicarboxylate at the beginning of the reaction. The solution was allowed to
equilibrate at room temperature during 30 seconds before acquiring the 1H NMR
spectrum. The binding constant values K1 for each dicarboxylic acid (C4-C14) are
displayed in Figure A8. The error reported for each affinity value is the formal
standard error calculated using two characteristic peaks in the 1H NMR spectra and
performing the titrations three times.

124

Diacid

K1 (M-1)

±σ (M-1)

C4

2420

600

C5

2074

330

C6

3149

415

C7

2905

600

C8

2774

401

C9

2507

262

C10

2206

421

C11

2653

450

C12

2446

234

C13

3103

152

C14

2364

331

Figure A8. Formation rate of each inclusion complex Cn@2 for the whole series ranging from
C4@ to C14@2.
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A1.5

Titration Experiment for determination of binding constant K1 of

Adipate C6

(a) 0 eq.

(b) 0.18 eq.

(c) 0.32 eq

(d) 0.48 eq.

(e) 0.56 eq

Figure A9. 1H NMR Binding constant determination experiments Addition of adipate to
complex 1 in CD3CN. The red semicircle indicates complex 1 while the blue stick indicates the
dicarboxylate C6. a) Complex 1 (0.001 M ). b-d) Addition of sub-stoichiometric amounts (0.10.4 equiv) of adipate results in the formation of a new species that is corresponding with the
two TPMA units preorganized by the adipate. (e) Addition of 0.56 equiv. of adipate shifts
completely the system to the new species C6@S5. The integration of the final system signals
are compatible with the illustrated molecule.The peak at 7.21 ppm corresponds to the internal
standard p-xylene.
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A1.6

Semiempirical PM6 Calculations

Semiempirical PM6 calculations have been performed for the series of the filled
cages. Any cage has been initially minimized with the diacid in all-anti conformation
at the PM6 level using Gaussian 09.[3] The obtained structure has been used as a
starting point for a conformer distribution search using Spartan 16.[4] During the
search the heavy atoms of the cage were frozen. The best structure from the
conformational search has been optimized using semiempirical PM6 calculations
using Gaussian 09.
C4@2

C5@2

C6@2

C7@2

C8@2

C9@2

127

C10@2

C11@2

C12@2

C13@2

C14@2

Figure A10. PM6 minimized structures for the inclusion complex Cn@2 for the whole series
ranging from C4@2 to C14@2.
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A1.7

Assembly Experiment

To 500 µl (1.0 µmol) of a solution 0.002 M of complex 1 in CD3CN, 20 µl (0.24 µmol)
of a solution 0.012 M in CD3CN of p-xylene, 50 µl (0.5 µmol) of a solution 0.01 M in
CD3CN of diacid Cn and 75 µl (1.5 µmol) of a solution 0.02 M in CD3CN of
ethylendiamine were added in a NMR tube. The mixture was monitored at 298 K via
1H

NMR. Initial rates have been calculated integrating characteristic signals up to

20% conversion. Blank is the reaction without the acid. In the case of a
monocarboxylic acid (hexanoic acid) rate of formation is 2.8 times faster than the
case of the empy cage (blank). The kinetic experiments have been carried out at
least two times.
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Figure A11. Assembly rate of each
inclusion complex Cn@2 for the whole serie
ranging from C4@2 to C14@2.
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A1.8

Disassembly Experiment

To 500 µl (0.25 µmol) of a solution 0.5 mM of Cn@2 in CD3CN and 20 µl (0.24 µmol)
of a solution 0.012 M in CD3CN of p-xylene, 250 µl of D2O were added in a NMR
tube. The mixture was monitored at 298 K via 1H-NMR. Initial rate has been
calculated integrating characteristic signals up to 20% conversion. In the case of a
monocarboxylic acid (hexanoic acid) relative rate of hydrolysis is 0.7 time slower
than the case of the empy cage (blank). The kinetic experiments have been carried
out at least two times.

Diacid
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Relative rate of
Disassembly
(v'Cn/v'blank)
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Figure A12. Disassembly rate of each
inclusion complex Cn@2 for the whole serie
ranging from C4@2 to C14@2.
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A1.9

Trigger Disassembly Experiment
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Figure A13. Kinetic profile for the hydrolysis of cage 2 in the presence of C5. The addition of
C13 (red square) increases the dissasembly while addition of hexanoic acid HexA (blue circle)
and MyrA (green triangle) does not increase the disassembly rate. [Cn@2]0 = 0.30 mM,
[D2O]0 = 16 M. In the case of a monocarboxylic acids [MirA]0 = 0.60 mM or [HexA]0 = 0.60
mM. In the case of dicarboxylic acids [C13]0 = 0.30 mM.
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Figure A14. 1H NMR Trigger Disassembly Experiment with Myristic acid (MyrA). Cage
disassembly starting from cage C5@2 (red cyrcle filled with blue stick) in CD3CN. a) Cage
C5@2 (0.30 mM ). b) Addition of D2O (16 M), c) after 35 minutes the cage is disassasembled
less than 10 % NMR yield. d) Addition of the trigger MyrA (0.60 mM ). e); f) after the trigger
addition complex 1 is formed (the signals with the red semicircle are related to the aldheyde
protons and the aromatic protons system of the complex) less than 10% NMR yield even after
100 minutes. g) Complex 1 as reference. The peak at 7.21 ppm corresponds to the internal
standard p-xylene.
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Figure A15. 1H NMR Trigger Disassembly Experiment with Myristic acid (MyrA). Cage
disassembly starting from cage C5@2 (red cyrcle filled with blue stick) in CD3CN. a) Cage
C5@2 (0.30 mM ). b) Addition of D2O (16 M), c) after 35 minutes the cage is disassasembled
less than 10 % NMR yield. d) Addition of the trigger MyrA (0.60 mM ). e); f) after the trigger
addition complex 1 is formed (the signals with the red semicircle are related to the aldheyde
protons and the aromatic protons system of the complex) less than 10% NMR yield even after
100 minutes. g) Complex 1 as reference. The peak at 7.21 ppm corresponds to the internal
standard p-xylene. The moderate shift of the proton of complex 1 in (b-f) are due to the
presence of a large amount of D2O during the reaction.
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Figure A16. 1H NMR Trigger Disassembly Experiment with C13. Cage disassembly starting
from cage C5@2 (red cyrcle filled with blue stick) in CD3CN. a) Cage C5@2 (0.30 mM ). b)
Addition of D2O (16 M), c) after 35 minutes the cage is disassasembled less than 10 % NMR
yield. d) Addition of the trigger C13 (0.30 mM ) results in the formation of the starting complex
1 (the signals with the red semicircle are related to the aldheyde protons and the aromatic
protons system of the complex). e-g) The system is shifted to 1 within one hour after the
addition with 95% of NMR yield. h) Complex 1 as reference The peak at 7.21 ppm
corresponds to the internal standard p-xylene.
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Figure A17. 1H NMR Trigger Disassembly Experiment with C13. Cage disassembly starting
from cage C5@2 (red cyrcle filled with blue stick) in CD3CN. a) Cage C5@2 (0.30 mM ). b)
Addition of D2O (16 M), c) after 35 minutes the cage is disassasembled less than 10 % NMR
yield. d) Addition of the trigger C13 (0.30 mM ) results in the formation of the starting complex
1 (the signals with the red semicircle are related to the aldheyde protons and the aromatic
protons system of the complex). e-g) The system is shifted to 1 within one hour after the
addition with 95% of NMR yield. h) Complex 1 as reference. The peak at 7.21 ppm
corresponds to the internal standard p-xylene. The moderate shift of the proton of complex 1
in (b-g) are due to the presence of a large amount of D2O during the reaction.
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A1.10 Cage 2

H2O

Figure A18. 1H NMR spectrum (400 MHz, 301 K, CD3CN)of cage 2.

Figure A19. 1H-1H COSY spectrum (400 MHz, 301 K, CD3CN)of cage 2.
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CH3CN

CH3CN

H2O

Figure A20. DOSY spectrum (400 MHz, 301 K, CD3CN) of 2.The diffusion coefficient for the
molecular cage 2 was calculated to be 7.9 x 10-10 m2 s-1, corresponding to a hydrodynamic
radius (rH) of 10.2 Ǻ. The diffusion coefficient for the ehtylendiamine embedded into cage 2
was calculated to be 1.0 x 10-9 m2 s-1, corresponding to a hydrodynamic radius (rH) of 8.2
Ǻ.The diffusion coefficient for the ehtylendiamine protonated in solution was calculated to be
2.8 x 10-10 m2 s-1, corresponding to a hydrodynamic radius (rH) of 3.6 Ǻ. All the hydrodynamic
radius have been calculated by using the Stokes-Einstein equation.[5]
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Figure A21. Experimental (top) and calculated (bottom) isotopic distribution in the HRMS
(ESI-TOF) of 2 corresponding to [C84H72N14Zn2+2HCOO]2+.
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A1.11 C8@2

Figure A22. 1H NMR (400 MHz, 301 K, CD3CN) of inclusion complex C8@2.

Figure A23. 1H NMR (400 MHz, 301 K, DMSO-d6) of inclusion complex C8@2.
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N

Figure A24.1H-1H ROESY spectrum (400 MHz, 301 K, DMSO-d6) of inclusion complex C8@2.
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H2O

DMSO

Figure A25. DOSY spectrum (400 MHz, 301 K, DMSO-d6) of C8@2.The diffusion coefficient
was calculated to be 1.0 x 10-10 m2 s-1, corresponding to a hydrodynamic radius (rH) of 12.1 Ǻ
for C8@2,as calculated by using the Stokes-Einstein equation.[5]
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Figure A26. HRMS (ESI-TOF) of inclusion complex C8@2. Experimental (top) and calculated
(bottom) isotopic distribution in the HRMS (ESI-TOF) of C8@2 corresponding to
[C84H72N14Zn2+C8H12O4]2+.
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Appendix to Chapter 2
A 2.1 ESI-MS Competition experiments Cn@1a-h•M
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Figure A1 High resolution electrospray ionization mass spectrometry HRMS (ESI-TOF) selectivity profiles
of the inclusion competition experiments for Cn@1a-h•Zn. Cn symbol represent the corresponding
inclusion complex Cn@1a-h•Zn.
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Figure A2 High reolution electrospray ionization mass spectrometry HRMS (ESI-TOF) selectivity profiles
of the inclusion competition experiments for Cn@1a-h•Cu. Cn symbol represent the corresponding
inclusion complex Cn@1a-h•Cu.
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A 2.2 Cage

structure

analysis.

Comparison

of

experimental

hydrodynamic radius obtained via DOSY NMR and theoretical values
obtained with semiempirical PM6 calculations
Cages Cn@1a-h•Zn described in section 2.2 has been characterized with DOSY
NMR in order to evaluate how a modification of the diamine linker is reflected into
the size of the cages. The diffusion coefficient for each cage and the corresponding
hydrodynamic radius (rH) was calculated by using the Stokes-Einstein equation.[1]
This data have been compared with the values obtained by semi-empirical PM6
calculations (Gaussian 09).[2] Theoretical hydrodynamic radius values have been
estimated measuring the distance between the two tertiary amine nitrogen atom of
the calculated structures (Figure S4). and compared with the experimental
hydrodynamic radius obtained via DOSY NMR.(Table S1).

Cage

rH PM6-calc. (Å)

rH DOSY-exp (Å)

C6@1a•Zn

9.5

9.0

C8@1b•Zn

9.6

10.0

C10@1c•Zn

10.6

12.0

C10@1d•Zn

10.6

12.5

C8@1e•Zn

10.5

10.3

C10@1f•Zn

10.9

10.6

C10@1g•Zn

10.9

11.7

C6@1h•Zn

8.1

8.6

Table A1 Experimental and theoretical hydrodynamic radius (rH) of the Cn@1a-h•Zn cage series.
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C6@1a•Zn

C8@1b•Zn

C10@1c•Zn

C10@1d•Zn

C8@1e•Zn

C10@1f•Zn

C10@1g•Zn

C6@1h•Zn

Figure A3 PM6 minimized structures for the cage series Cn@1a-h•Zn.
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A 2.3 Correlation between

1

H NMR and MS experiment for the

Cn@1a•Zn series
For each recognition profile, the intensity of the m/z monoisotopic peak (ICn) has
been converted to a selectivity factor (ICn/∑ICn). We thus correlates these relative
values as the probability that a single cage could be occupied by a guest of the
series (pCn). This allows to obtain the relative energy of each structure in solution
(ΔΔG) using the Gibbs free energy equation. The error is calculated from the
standard deviation values obtained taking three different point in each cluster
corresponding to an inclusion complex Cn@1a•Zn.
∆∆𝐺 = −𝑅𝑇 ln 𝑝𝐶𝑛

Cage

1H

NMR ΔG (KJ/mol)

ESI-MS ΔΔG (KJ/mol)

C4@1a•Zn

-23.75±0.20

7.33±1.06

C5@1a•Zn

-24.16±0.24

6.64±0.87

C6@1a•Zn

-25.85±0.24

3.78±0.13

C7@1a•Zn

-24.92±0.37

5.15±0.14

C8@1a•Zn

-25.96±0.18

4.28±0.21

C9@1a•Zn

-23.46±0.40

5.99±0.28

C10@1a•Zn

-23.99±0.41

5.58±0.44

C11@1a•Zn

-22.37±0.37

6.98±0.72

C12@1a•Zn

-22.64±0.20

8.05±0.70

C13@1a•Zn

-22.18±0.27

8.48±1.23

C14@1a•Zn

-21.47±0.42

9.94±1.01

Table A2ǀ ΔG values obtained from binding constant determination of diacid series towards cage 1a•Zn.
Cn@1a-h•Zn ΔΔG values obtained from the intensity of ESI-MS peaks related to the series Cn@1a•Zn.
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A 2.4 X-ray analysis
Single crystal X-ray data for 2•Cu, 2•Zn and C10@2b•Cu were collected with Agilent
Super-Nova dual source wavelength diffractometer with an Atlas CCD detector
using multilayer optics monochromatized Cu- Kα (λ = 1.54184 Å) radiation. The data
collection and reduction for 2•Cu, 2•Zn and C10@1b•Cu were performed using the
program CrysAlisPro,[3] the intensities are corrected for Gaussian face index
absorption correction method.[4] All the structures were solved with direct methods
(SHELXS)[4] and refined by full-matrix least squares on F2 using the OLEX2,[6] which
utilizes the SHELXL-2013 module.[5] No attempt was made to locate the hydrogens
for some solvent molecules, and for some hydrogen atoms involved in hydrogen
bonds were introduced from difference Fourier maps. Constraints (EADP) and
restraints (DFIX and ISOR) are used where appropriate, and for disordered solvent
molecules.

A 2.4.1

Crystal Data for 2•Cu

C53H57Cl2CuN5O17, Mr = 1170.47gmol⁻ 1, Crystal dimensions: 0.20 x 0.15 x 0.11
mm, triclinic, space group P-1, a = 11.0687(3) Å, b = 16.0785(5) Å, c = 16.3022(5)
Å, α = 101.371(3)º,  = 91.084(3)º, γ = 109.650(3)°, V = 2667.23(16) Å3, Z = 2, Dc =
1.457 Mg/m3, µ= 2.158 mm-1, F000 = 1218, T = 124.44(10) K, θ range for cell
measurement: 4.2-73.0°, R1 = 0.0417 (0.0494), wR = 0.1084 (0.1161), Rint = 0.0324,
15416 reflections are measured with 9333 independent reflections of which 8026 are
Io>2σ(Io), 741 parameters, 48 restraints, GooF = 1.029, 0.496<∆ρ<-0.372 e/Å3.
CCDC 1424389 contains the supplementary data for this structure.

A 2.4.2

Crystal Data for 2•Zn

C85H77Cl4N9O25SZn2, Mr = 1929.15gmol⁻ 1, Crystal dimensions: 0.19 x 0.16 x 0.05
mm, triclinic, space group P-1, a = 13.5765(9) Å, b = 13.7524(13) Å, c = 27.153(2)
Å, α = 77.707(8)º,  = 78.655(6)º, γ = 71.136(7)°, V = 4642.3(7) Å3, Z = 2, Dc = 1.380
Mg/m3, µ= 2.557 mm-1, F000 = 1988, T = 123.00(10) K, θ range for cell
measurement: 3.36 - 66.75°, R1 = 0.1384 (0.2233), wR = 0.3660 (0.4082), Rint =
0.1224, 30997 reflections are measured with 26511 independent reflections of which
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10506 are Io>2σ(Io), 1210 parameters, 95 restraints, GooF = 1.096, 1.618<∆ρ<1.110 e/Å3. CCDC 1424390 contains the supplementary data for this structure.

A 2.4.3.

Crystal Data for C10@1b•Cu

C105H106Cl2Cu2N18O12, Mr = 2010.05gmol⁻ 1, Crystal dimensions: 0.20 x 0.15 x 0.11
mm, triclinic, space group P-1, a = 13.2041(5) Å, b = 20.1922(7) Å, c = 21.3280(9)
Å, α = 73.468(4)º,  = 74.480(4)º, γ = 78.017(3)°, V = 5199.1(4) Å3, Z = 2, Dc = 1.284
Mg/m3, µ= 1.527 mm-1, F000 = 2100, T = 120.00(10) K, θ range for cell
measurement: 3.57-66.75°, R1 = 0.0709 (0.1096), wR = 0.1839 (0.2040), Rint =
0.0632, 32997 reflections are measured with 18298 independent reflections of which
11632 are Io>2σ(Io), 1327 parameters, 53 restraints, GooF = 1.053, 0.783<∆ρ<0.633e/Å3. The alkyl chains of sebacic acid are disordered, and were modelled in
two positions with 40:60% occupancy, and the distances and anisotropic
displacement are also restrained for respective disordered carbon atoms. The
disordered solvent molecules and some residual electrons are masked during
refinement; the mask information is included in the cif file. CCDC 1424391 contains
the supplementary data for this structure.
Complexes 2•Cu and 2•Zn crystallizes in the triclinic space group P-1, as shown in
Figure S4a and Figure S4b. Both the complexes were crystallized from
CH3CN/dioxane as solvent conditions, however, in case of 2•Zn, drop of DMF and
DMSO were added to dissolve the precipitates. As a result, the complex 2•Zn has
two crystallographically different entities with metal centers coordinated by DMF and
DMSO solvent molecules. Cu(II) has distorted trigonal pyramidal geometry (5 =
0.82)[7] with an N5 coordination environment. The two Zn(II) metal centers in 2•Zn
complex adopts N4O coordination spheres, also revealed distorted trigonal
pyramidal geometries with tau (5) values of 0.86 and 0.83. All the Cu-N [1.943(2) 2.092(2) Å][8] and Zn-N [2.036(11) - 2.226(13) Å][9] bond distances are in the typical
range and are similar to previous reports. The respective crystal packing is shown in
Figure A5 and A6.
C10@1b•Cu system crystallizes in the triclinic P-1, a low degree symmetry space
group. The cage built with two copper(II) ions carries four positive charges, counter
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balanced with two non-coordinating perchlorate anions outside the cavity and an
encapsulated sebacic acid C10 carrying two negative charges.

(a)

(b)

Figure A4 Ball and stick view of complexes (a) 2•Cu, and (b) 2•Zn. The non-coordinating perchlorate
anions and solvent molecules are omitted for clarity.
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Figure A5 3-D Crystal packing of complex 2•Cu. Representation: 2•Cu entities in capped stick model
(colored green), non-coordinating perchlorate anions in capped stick model (colored red) and dioxane
solvent molecules in CPK model (colored orange).

Figure A6 3-D Crystal packing of complex 2•Zn. Representation: 2•Zn entities in capped stick model
(colored green), non-coordinating perchlorate anions in capped stick model (colored red) and dioxane
solvent molecules in CPK model (colored orange).

152

Figure A7 The 3-D Crystal packing of complex C10@1b•Cu in capped stick model. Representation: The
C10@1b•Cu entities in capped stick model (colored green and orange), non-coordinating perchlorate
anions and solvent molecules in capped stick model (colored red).
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A 2.5 1H NMR and HRMS characterization
A 2.5.1 Complex 2•Cu

Figure A8 1H NMR spectrum (400 MHz, 301 K, CD3CN)of complex 2•Cu.
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Figure A9 Experimental (top) and calculated (bottom) isotopic distribution in the HRMS (ESI-TOF) of
2•Cu corresponding to [C39H30CuN4O3+ClO4]+.
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A 2.5.2 C6@1a•Zn

Figure A10. 1H NMR spectrum (400 MHz, 301 K, DMSO-d6)of cage C6@1a•Zn.
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Figure A11. 1H-1H COSY spectrum (400 MHz, 301 K, DMSO-d6)of cage C6@1a•Zn.

Figure A12 DOSY spectrum (400 MHz, 301 K, DMSO-d6) of C6@1a•Zn.
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A 2.5.3 C8@1b•Zn

Figure A13 1H NMR spectrum (400 MHz, 301 K, DMSO-d6)of cage C8@1b•Zn.
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Figure A14 1H-1H COSY spectrum (400 MHz, 301 K, DMSO-d6)of cage C8@1b•Zn.

Figure A15 DOSY spectrum (400 MHz, 301 K, DMSO-d6) of C8@1b•Zn.
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A 2.5.4 C10@1c•Zn

Figure A16 1H NMR spectrum (400 MHz, 301 K, DMSO-d6)of cage C10@1c•Zn.
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Figure A17 1H-1H COSY spectrum (400 MHz, 301 K, DMSO-d6)of cage C10@1c•Zn.

Figure A18 DOSY spectrum (400 MHz, 301 K, DMSO-d6) of C10@1c•Zn.
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A 2.5.5 C10@1d•Zn

Figure A19 1H NMR spectrum (400 MHz, 301 K, DMSO-d6)of cage C10@1d•Zn.
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Figure A20 1H-1H COSY spectrum (400 MHz, 301 K, DMSO-d6)of cage C10@1d•Zn.

Figure A21 DOSY spectrum (400 MHz, 301 K, DMSO-d6) of C10@1d•Zn.
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A 2.5.6 C8@1e•Zn

Figure A22 1H NMR spectrum (400 MHz, 301 K, DMSO-d6)of cage C8@1d•Zn.
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Figure A23 1H-1H COSY spectrum (400 MHz, 301 K, DMSO-d6)of cage C8@1e•Zn.

Figure A24 DOSY spectrum (400 MHz, 301 K, DMSO-d6) of C8@1e•Zn.
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A 2.5.7 C10@1f•Zn

Figure A25 1H NMR spectrum (400 MHz, 301 K, DMSO-d6)of cage C10@1c•Zn.
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Figure AS26 1H-1H COSY spectrum (400 MHz, 301 K, DMSO-d6)of cage C10@1f•Zn.

Figure A27 DOSY spectrum (400 MHz, 301 K, DMSO-d6) of C10@1f•Zn.
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A 2.5.8 C10@1g•Zn

Figure A28 1H NMR spectrum (400 MHz, 301 K, DMSO-d6)of cage C10@1g•Zn.
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Figure A291H-1H COSY spectrum (400 MHz, 301 K, DMSO-d6)of cage C10@1g•Zn.

Figure A30 DOSY spectrum (400 MHz, 301 K, DMSO-d6) of C10@1g•Zn.
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A 2.5.9 C6@1h•Zn

Figure A31 1H NMR spectrum (400 MHz, 301 K, DMSO-d6)of cage C10@1h•Zn.

170

Figure A32 1H-1H COSY spectrum (400 MHz, 301 K, DMSO-d6)of cage C10@1h•Zn.

Figure A33 DOSY spectrum (400 MHz, 301 K, DMSO-d6) of C10@1h•Zn.
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Appendix to Chapter 3
A 3.1 1H NMR and MS characterization
A 3.1.1 (R,R)-C6F@2
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Figure A1. 1H NMR spectrum (400 MHz, 301 K, DMSO-d6)of cage (R,R)-C6F@2.
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Figure A2. 1H-1H COSY spectrum (400 MHz, 301 K, DMSO-d6)of cage (R,R)-C6F@2.

Figure A3 DOSY spectrum (400 MHz, 301 K, DMSO-d6) of (R,R)-C6F@2. The diffusion coefficient
corresponding hydrodynamic radius (rH) was calculated to be 9.5±0.4 Å by using the Stokes-Einstein
equation.[1]
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Figure A4. Experimental (top) and calculated (bottom) isotopic distribution in ESI-MS of (R,R)C6F@2.corresponding to [C102H90F8N14O4Zn2]2+.
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Figure A5. (b) Experimental (red line) and calculated (black line) IR spectrum of the cage (R,R)-C6F@2-c
(c=10 mM, l=0.1 mm. DMSO-d6)
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Figure A6. 1H NMR spectrum (400 MHz, 301 K, DMSO-d6)of cage (S,S)-C6F@2.
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Figure A7. 1H-1H COSY spectrum (400 MHz, 301 K, DMSO-d6)of cage (S,S)-C6F@2.

Figure A8 DOSY spectrum (400 MHz, 301 K, DMSO-d6) of (S,S)-C6F@2. The diffusion coefficient
corresponding hydrodynamic radius (rH) was calculated to be 9.5±0.2 Å by using the Stokes-Einstein
equation.[1]
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Figure A9. Experimental (top) and calculated (bottom) isotopic distribution in ESI-MS of (S,S)-C6F@2.
corresponding to [C102H90F8N14O4Zn2]2+.
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Figure A10 . 1H NMR (400 MHz, 301 K, DMSO-d6). Cage (R,R)-C6F@2a-d. The cage was synthesized
with different concentration 1 a) 1 mM, b) 5 mM c) 10 mM d) 15 mM. The cage formation and the
characteristic peaks are confirmed in each synthesis attempt.
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Figure A11 . 1H NMR (400 MHz, 301 K, DMSO-d6). Cage (S,S)-C6F@2a-d. The cage was synthesized
with different concentration 1 a) 1 mM, b) 5 mM c) 10 mM d) 15 mM. The cage formation and the
characteristic peaks are confirmed in each synthesis attempt.
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A 3.2 CD measurement of (R,R)-C6F@2 (S,S)-C6F@2
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Figure A12 . CD spectra of (R,R)-C6F@2 and (S,S)-C6F@2. (c=1*10-5 mM, l=0.1 mm. CD3CN)
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400

A 3.3 Computational study on cage C6F@2 diasteroisomers
The calculated energy and the corresponding VCD spectra were obtained using
Guassian-09.[2] The optimised energy of the six inclusion cages were carried out at
B3LYP/6-31g(d,p) level using scrf=(solvent=acetonitrile) and the results are in Table
1. It should be noticed that calculations have been done using acetonitrile as
solvent, while the experiment have been carried in DMSO-d6.

Cage C6F@2
Diastereoisomer

Energy
(Hartree)

Relative
Energy
(Kcal/mol)

RRPP-P

9365,685408

0,0

RRPP-M

9365,676903

5,3

RRMM-P

-9365,67392

7,2

RRMM-M

9365,673465

7,5

RRMP-M

9365,679607

3,6

RRMP-P

9365,683693

1,1

Table a1. Calculated energy for the six possible diastereoisomers. Calculations have been carried out at
B3LYP/6-31g(d,p) level using scrf=(solvent=acetonitrile)
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Appendix to Chapter 4
A4.1

Binding constant determination towards cage 1 Kb

To 500 µl (0.5 µmol) of a solution 0.001 M of the cage 1 (based on p-xylene
standard) in CD3CN, 20 µl (0.24 µmol) of a solution 0.012 M in CD3CN of p-xylene
were added. Small aliquots of guests solution were titrated into this NMR tube. The
solution was allowed to equilibrate at room temperature during 30 seconds before
acquiring the 1H NMR spectrum. The binding constant values for each p-substituted
benzoic acid 2a,2d are displayed in Figure A1. The error reported for each affinity
value is the formal standard error calculated using two characteristic peaks in the 1H
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Figure A1. Binding constant values for each p-substituted benzoic acid 2a,2d
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A4.2

Determination of Binding Stoichiometry along the titration

points for (2a-2a)@1

Figure A2. 1H NMR inclusion experiments. Addition of p-Nitrobenzoicacid 2a to cage 1 in CD3CN. (a)
Preformed cage 1 (0.001 M cage).(b)-(F) Addition of sub-stoichiometric amounts (0.2-1.8 equiv) of 2a
results in the formation of a new species that maintains the original symmetry. (f) Addition of 2.3 equiv of
2a totally shift the system to the new species (2a-2a)@1. Counter anions are perchlorates.

The determination of binding stoichiometry was possible thanks to the integration of
the signals of the pyridine ring α proton of the filled cage (2a-2a)@1, a free host
signal and a guest signal.
In the region highlighted it was possible to monitor three diagnostic peaks and in
Figure A3 are reported the integrals of the signal at 8.152 ppm which combine a free
host signal with a guest signal included in the cage. The experimental values
compared with theoretical values calculated in case of 1:1 or 1:2 binding confirm an
host-guest stoichiometry 1:2.

186

(a)

0 eq.

(b)

0.2 eq.

(c)

0.8 eq.

(d)

1.3 eq.

(e)

1.8 eq.

(f)

Guest Peaks 2.3 eq.

Titration Experiment

Experimental Value

Theoretical Value 2:1

Theoretical Value 1:1

Binding

Binding

(b)

70.20

70.16

68.16

(c)

21.20

20.93

18.93

(d)

14.34

13.27

11.27

(e)

7.15

6.92

4.62

(f)

4.39

4.00

2.00

Figure A3. 1H NMR inclusion experiments. Addition of p-Nitrobenzoicacid 2a to cage 1 in CD3CN. (a)
Preformed cage 1 (0.001 M cage).(b)-(f) Addition of sub-stoichiometric amounts (0.2-1.8 equiv) of 2a
results in the formation of a new species that maintains the original symmetry. (f) Addition of 2.3 equiv of
2a totally shift the system to the new species (2a-2a)@1.
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A4.3

Binding constant determination towards starting complex S1

To 500 µl (0.5 µmol) of a solution 0.002 M of the complex S1 (based on p-xylene
standard) in CD3CN, 20 µl (0.24 µmol) of a solution 0.012 M in CD3CN of p-xylene
were added. Small aliquots of the triethylammonium salt of each guest solution
2a,2d were titrated into this NMR tube. The solution was allowed to equilibrate at
room temperature during 30 seconds before acquiring the 1H NMR spectrum. The
binding constant values for each p-substituted benzoic acid 2a,2d are displayed in
Figure A4 with a stoichiometry of binding 1:1. The error reported for each affinity
value is the formal standard error calculated using two characteristic peaks in the 1H
NMR spectra and performing the titrations three times. The 1H NMR titration
experiment for 2a is displayed in Figure A5
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Figure A4. Binding constant values for each p-substituted benzoic acid 2a,2d
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Figure A5. 1H NMR inclusion experiments of p-Nitrobenzoic acid 2a triethylammonium salt towards
complex S1 in CD3CN. (a) Complex S1 (0.002 M).(b)-(f) Addition of sub-stoichiometric amounts (0.2-0.8
equiv) of 2a results in the formation of a new species that maintains the original symmetry. (f) Addition of
1.1 equiv of 2a totally shift the system to the new species 2a@S1. Counter anions are perchlorates.
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A4.4

Evaluation of π-Stacking between the guests within cage 1

The correlation between the Hammet σ parameter for each guest and the ΔΔG
values derived from the binding process of the guests within cage 1 and the binding
toward the initial complex confirms non relevant contributions coming from the
mutual interactions of the π system of the guests in the binding process (Figure A6).
7
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Figure A6. Contribution of π-Stacking of the guests 2a,2d in the case of homo co-encapsulated species.
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A4.5

Competition Experiments
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To 500 µl (0.5 µmol) of a solution 0.001 M of the cage 1 (based on p-xylene
standard) in CD3CN, 20 µl (0.24 µmol) of a solution 0.012 M in CD3CN of p-xylene
were added. Then 10 µl (0.1 µmol) of a 0.01 M mixed solution of two guests of the
series 2a,2d were introduced. The mixture was monitored with 1H NMR.
The 1H NMR spectrum of the characteristic region related to the α proton of the
pyridine ring of the filled cage at different guests ratio are displayed in Figure A7-8.
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Figure A7. 1H NMR of competition experiments between p-Nitrobenzoicacid 2a and
Dimethylaminobenzoic acid 2d in different guests ratio between 2a:2d a) 1.0:0.5 b) 1.0:1.0 c) 1.0:6.0
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Figure A8. 1H NMR of competition experiments between p-Nitrobenzoicacid 2a and 4-Methoxybenzoic
acid 2c in different guests ratio between 2a:2c a) 1.0:0.5 b) 1.0:1.0 c) 1.0:6.0
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Scheme A9. Mechanism of the proposed equilibria between the homo (2a)2@1, (2d)2@1and ethero
(2a,d)@1 co-encapsulated species.
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A 4.6

Displacement Experiments

To 500 µl (0.5 µmol) of a solution 0.001 M of the cage (2a-2a)@1 (based on pxylene standard) in CD3CN, 20 µl (0.24 µmol) of a solution 0.012 M in CD3CN of pxylene were added. Small aliquots of 2b,2d competitors guests solution were titrated
into this NMR tube. The displacement was monitored by

1H

NMR and the

displacement constants K1 and K2 of (2a-2a)@1 towards guests 2b,2d were
obtained taking into account the relation (explicated in displacement experiment with
guest 2d).
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∗

@

+

@

∗

@

In which the values of the chemical shift (δ) for each species is known and the
concentration are obtained through the fitting of the chemical shift variations in each
displacement experiment (Figure A8-10). The chemical shifts of the host spectra
were monitored as a function of guest concentration and analysed using a purpose
written software in Microsoft Excel.
The correlations between K1 and K2 with the Hammet constant parameter are
reported in Figure A10.
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Figure A10. Correlations between K1 and K2 with the Hammet constant parameter for each displacement
experiment towards cage (2a-2a)@1.
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Figure A11. 1H NMR displacement experiment of cage (2a)2@1 with guest 2d (Aromatic Region).

Figure A12. 1H NMR displacement experiment of cage (2a)2@1 with guest 2c (Aromatic Region).
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Figure A13. 1H NMR displacement experiment of cage (2a)2@1 with guest 2b (Aromatic Region).
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A 4.7 1H NMR and MS characterization
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Figure A14. 1H NMR spectrum (500 MHz, 301 K, CD3CN)of cage (2a-2a)@1. (p-xylene is used as
internal standard 7.095 ppm)
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Figure A15. 1H-1H COSY spectrum (500 MHz, 301 K, CD3CN)of cage (2a-2a)@1

Figure A16 DOSY spectrum (500 MHz, 301 K, CD3CN) of (2a-2a)@1. The diffusion coefficient
corresponding hydrodynamic radius (rH) was calculated to be 12±0.3 Å by using the Stokes-Einstein
equation.[1]
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Figure A17. Particular of 1H-1H ROESY spectrum (500 MHz, 301 K, CD3CN)of cage (2a-2a)@1
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Figure A18. Experimental ESI-MS of (2a-2a)@1corresponding to [C98H80N16O8Zn2]2+.
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Figure A19. 1H NMR spectrum (500 MHz, 301 K, CD3CN)of cage (2b-2b)@1. (p-xylene is used as
internal standard 7.095 ppm)
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Figure A20. 1H NMR spectrum (500 MHz, 301 K, CD3CN)of cage (2c-2c)@1. (p-xylene is used as
internal standard 7.095 ppm)
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Figure A21. 1H NMR spectrum (500 MHz, 301 K, CD3CN)of cage (2d-2d)@1. (p-xylene is used as
internal standard 7.095 ppm)
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